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1. Abstract (English)

This thesis consists of several independent projects, covering three aspects of organic chemistry:
total synthesis, development of new synthetic methodology and mechanistic investigation. The
total synthesis part is devoted to the synthesis of chondramide A analogs and their biological
evaluation. The methodology part describes several new catalytic transformations of alkynes and
creation of new palladium catalysts for alkyne activation. The third and the biggest part describes
experimental mechanistic investigations of gold, palladium, platinum and mercury catalyzed

reactions of alkynes.

structure of the work

—[Chondramide A analogs } [New palladium catalysts for alkyne activation}

Spirocyclization
[Thesis]——[Synthetic methodology Pyrrole synthesis —[Gold catalyzed hydroalkoxylation]
Nitrone synthesis —[Gold catalyzed hydroamination ]

—[Mechanisms of transition metal catalyzed reactions of alkynes ];—[Coordination chemistry of gold catalysts}

A[sz" catalyzed spirocyclization J

—[ng" catalyzed spirocyclization]

—[ Pt2* catalyzed spirocyclization ]

Chondramide A is a natural product belonging to the class of cyclodepsipeptides isolated from
myxobacteria. It possesses antitumor activity due to its stabilizing effect on F-actin filaments. In
2009 our group reported the first total synthesis of Chondramide A. To better understand the
mode of action, to establish which structural motifs are critical for its action and which parts could
be modified without loss of biological activity, the synthesis and biological study of analogs of the
above-mentioned cyclodepsipeptide was undertaken. Using the known route to chondramide A,

seven unnatural analogues with modified B-tyrosine moiety were synthesized.

The synthesis of complex bioactive molecules would not be possible without having strong
synthetic methods. Therefore, development of new synthetic methodology goes hand in hand with
total synthesis. Within the great variety of all synthetic methods, the highest diversity and
productivity is provided by catalytic methods. Besides the high synthetic potential, catalytic
methods offer high versatility, and high atom economy, and low waste generation. These aspects

make the catalytic methods favored for industrial applications.

Homogeneous gold catalysis has emerged as a new flourishing area of research since around the
year 2000. While the arsenal of synthetic methods based on gold catalysis significantly increased
since then, the knowledge about the mechanisms of the corresponding transformations remained
more limited and this area has actually just began to emerge. Indeed, most papers about new gold
catalyzed reactions confine themselves to "proposed” mechanisms, without going into deep
experimental mechanistic investigations and characterization of the actual gold intermediates.
Often mechanistic investigation is conducted theoretically, using computational methods, without
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getting strong support from experimental evidence. This might be partly caused by relatively low
accessibility and the high expense of gold materials. It should be stressed, that the mechanistic
knowledge obtained from computational methods is less reliable than the knowledge obtained
directly from nature in appropriately designed experiments. Often theoretical viewpoints are
controverted by subsequent experimental studies. There are numerous examples particularly in
gold catalysis. That is the reason why it is preferable to investigate mechanisms also experimentally.
The biggest part of this thesis is dedicated to purely experimental investigations of mechanisms of
various gold catalyzed processes: hydroalkoxylation, hydroamination, and spirocyclization. All
these processes are based on electrophilic activation of alkynes towards nucleophilic attack. The
mechanistic study involves synthesis, characterization and study of relevant organogold
intermediates, coordination chemistry of gold catalysts, determination and analysis of chemical
kinetics and direct observation of actual organogold intermediates in situ during catalytic processes.
The whole study uses NMR as the main research method to study reactions and species in solution.
Additional compound characterization data was obtained from single crystal X-ray structure

analysis and high resolution mass spectrometry (ESI HRMS).



2. Abstract (German)

Diese Arbeit besteht aus mehreren unabhingigen Projekten, die sich mit drei Aspekten der organischen
Chemie befassen: Totalsynthese, die Entwicklung neuer Synthesemethoden und mechanistische
Untersuchungen. Im Totalsynthese-Teil wird die Synthese von Chondramid A-Analoga und deren
biologische Bewertung vorgestellt. Der Methodik-Teil beschreibt mehrere neue katalytische
Umwandlungen von Alkinen und die Entwicklung von neuen Palladium-Katalysatoren fir Alkin-
Aktivierung. Der dritte und grofite Teil beschreibt experimentelle mechanistische Untersuchungen Gold-,

Palladium-, Platin- und Quecksilber-katalysierter Reaktionen von Alkinen.

Struktur der Arbeit

—[Chondramide A-Analoga ] [Neue Palladium-Katalysatoren fiir AIkin—Aktivierung}
[Dissertation ]——[ Synthesemethoden} L Pyrrol- Synthese —[Gold—katalysiede Hydroalkoxylierung]
M 4[Go|d-katalysierte Hydroaminierung]
4(Mechanismen Ubergangsmetall-katalysierter Reaktionen von Alkinen]——[Koordinationschemie von Gold—KataIysatoren]

ﬁ[sz*-katalysierte Spirocyclisierung}

4[ Hg?*-katalysierte Spirocyclisierung

—[ Pt2+—katalysierte Spirocyclisierung]
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5. Objective and Expected Output of the Thesis

The primary objective of the thesis was to gain new knowledge and to have fun disclosing the

secrets of Nature.

The knowledge obtained in my research enables a high level of understanding of mechanisms in
gold catalysis. This information can be practically used to design catalytic conditions and explain
the observed results in gold catalysis and also to better understand the scope and limitations of gold

catalysis.

Besides gold, the work provides insights for Pd, Hg and Pt catalysis and it allows comparison of
several aspects of catalysis by Au, Pd, Hg and Pt. In particular, a new Pd catalyst for alkyne

activation was developed, which might expand the scope of catalytic reactions of alkynes.



6. Results and Discussion

6.1. Synthesis of Chondramide A Analogs with Modified B-Tyrosine
and Their Biological Evaluation

[ This study was published in Paper N1, Chem. Eur. ]. 2011, 17, 13349-13357]

The reason for this project was to possibly find chondramide analogs that would bind
preferentially to the F-actin of parasites. Because there is no high resolution X-ray structure of a
chondramide/F-actin complex, the exact binding mode is not known. However, differences in
amino acids that are in the binding region are known. Based on some molecular modelling the
collaboration partners L. David Sibley and David Sept suggested to synthesize analogs with a
modified tyrosine. In a later paper they indeed were able to show that our synthetic chondramide A

analogs stabilize filamentous actin and block invasion by Toxoplasma gondii.!

A total synthesis of chondramide A (1) was previously developed in our laboratory.? Originally
this depsipeptide was synthesized from three building blocks (2-4) in a concise manner (Scheme
1). In order to synthesize several analogs of the natural product, the same synthetic approach was

used.

Chondramide A: X =O0OH

Scheme 1. Rethrosynthetic analysis of chondramide A.

According to this synthetic plan, several trans-cinnamic esters (Sa-e) were synthesized from
easily accessible commercial starting materials using Wittig reactions, Knoevenagel reactions or
Heck coupling (Scheme 2). In particular, the Heck coupling was performed according to a modern
procedure, under low catalyst loading and ligand-free conditions, using Pd(OAc); as a catalyst.?

This method is especially effective for electron deficient aryl bromides.
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Wittig o)
/©/CHO PhsP=CHCO,Me N “OMe
R CH,Cly, rt. R
_0B%
R = NO, (a), Ph (c), (81-96%)
5a, c
Knévenagel (R = NO, (a))
1) CHx(COOH),, pyperidine, EtOH, 4
2) SOCl,, MeOH, 4
Heck
CH,=CHCO,Me, o
NaOAc,
/©/ Pd(OAC), (0.04%), X-"“0oMe
NMP, 120°C, 1 h NC (99%)
5b
1) LiAlH,, THF Br CHO  Wittig “
i OMe
(©/ _ort,12h nBuLi, THF, 90 °C PhsP=CHCO,Me
—_—T —_—
— 0, i
oM TBSCI imid, DMF, 10 °C, 30 min CH,Cly, 1. 5d
CH,yCly, rt, 1h OTBS oTBS OTBS  (a3%)
(53%)
Heck
CH,=CHCO,Me,
NaOAc, . 1) NaBH, MeOH, “
/@/ Pd(OAC); (0.04%), OMe rt, 1h OMe
NMP, 120 °C, 1 h OHC . 2) TBSCI, imid, 5e
(99%) CHClLrt,1h  org  (82%)

Scheme 2. Synthesis of trans-cinnamic esters Sa-e.

The cinnamic esters were first elaborated into B-tyrosine esters 6a-e (Scheme 3), that were

further elaborated into seven chondramide analogs 1a-g conveniently, using the methods known

from the original chondramide A synthesis with only minor optimizations (Scheme 4). Noteworthy

in this regard is the introduction of the amino function by a Mitsunobu reaction with hydrazoic

acid.

KsFe(CN)g K,CO;3

Q K,080,(OH),; (0.4-1%)
X-"“oMe (DHQD),PHAL 2% OMe
B ——
R Sa-e t-BUOH — H,0 R
[¢]
R=NO, (a),CN (b), Ph(c), ° clort
CH,CH,OTBS (d) (39-93%)
CH,OTBS (e)
PPh; (1.2 eq)
HN; (3 eq) Na O Me;O* BF,, Ns
DEAD (1.3 eq) OMe Proton sponge, OMe
—_—
THF — Toluene, R OH DCM or DCE R OMe
-25°Ctor.t. r.t. or 40 °C
(38-80%) (56-92%)
N O Hy, Pd-C, WHy O
OMe MeOH, r.t. OMe gb-e
R OMe (85-99%)
Ny O
: PPhs, THF, H,0
OMe '
O,N OMe (80%)

Scheme 3. Synthesis of B-tyrosine esters 6a-e.
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NH, O
OMe
« OMe HOBt, TBTU,
6a-e DIPEA, DMF, 0 °C
CO,H 83 - 88% HN~

1. CH,Cl/TFA 10:1, rt.

o

N._O

NHBoc

B
Me” jN/H

Chondramide A analogs 1a-g:

o OMe O

2. HOBt, TBTU,
DIPEA, DMF, r.t.
3. (For d and e: K,COs3,
H,O/MeOH r.t.)
45 - 58%,
for e: 20%

”,
’

R =NO, (a), CN (b), Ph (c), CH,CH,OH (d),
CHQOH e ——— R=CN
Hy0,, ch:o3 DMSO R = CONH, (f
—— R=NO,
H,/Pd, MeOH
2 R =NH, (9)

X =

2 %

NHBoc

NaOH, H,0,
THF, MeOH, r.t.

e ——

80 - 99%,

X
o)
PN OH
G N (go OMe
N._O

“ X
NHBoc
Wcozt Bu

PPh; DEAD or DIAD,

THF, r.t.
. 56 - 87%
tBu0,C
NO, (a),
CN (b),
Ph (c),
CH,CH,OTBS (d),
CH,OTBS (e)

Scheme 4. Synthesis of chondraminde A analogues 1a-g.

Upon the biological assays, most of the chondramide A analogs exhibited biological activity
similar to the natural chondramide A. It was concluded that the 4-position of the aryl ring in the -

tyrosine of chondramide A can be structurally modified without significant loss of the biological

activity. Surprisingly the amide derivative 1f showed the weakest growth inhibition activity.
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6.2. Synthetic Methodology

6.2.1. Gold(l), Palladium(ll), Platinum(ll) and Mercury(ll) catalyzed
Spirocyclization of 1,3-Enynediols

[ This study was published in Paper N6, Eur. J. Org. Chem. 2014, 3411-3422]

During investigations towards the total synthesis of natural products in our laboratory a method
was needed that would allow to synthesize mono unsaturated spiroketal structures 9, a common
structural motif appearing in several natural products, from simple precursors. The desired
spirocycles were suggested to be synthesized by a transition metal catalyzed double cyclization of
1,3-enynediols 7 (Scheme S). Here, the potential problem to overcome is the regioselectivity of the
cyclization that may occur at each carbon atom of the C=C bond in case of n = 2. The starting
materials are easily available by Sonogashira coupling between terminal alkynes and cis-vinyl
bromides under mild conditions. The general approach to the starting enynediols 7 is shown in
Scheme 6.

control of regioselectivity?

—

=
(0]
O + o O
9 10
[6,6]-spirocycle [5,7]-spirocycle

desired product

[5,6]-spirocycles

Scheme S. Routes to unsaturated spiroacetals. The arrows indicate the formal cyclization

modes.

1) NBS, AgNO; (3%)

OH acetone, r.t. Br OPg
\) —_—

2) protection

(/

Pg =Ac, THP
1) HC=C—(CH,),OH
1) Cy,BH, Pd(PPhj3),Cl, (cat.) OH
PE/Et,O OPg CuCl (cat.), Et,NH o
— HO Y
_—
e\ _ 4

2) AcOH 2) deprotection n 7,8

Scheme 6. General approach to starting enynediols 7, 8 used in this study.

Unfortunately we could not achieve an efficient synthesis of the [6,6]-spirocycles 9 (n =2, m =
1). The reason of this negative result is poor regioselectivity of the first cyclization event and
competitive spirocyclization/decomposition of the intermediate dienol ethers 12, 13 upon the
second cyclization event (Scheme 7). Obviously, the conjugated double bond in 7 has little or no
impact on regioselectivity of the alcohol addition to the triple bond (reaction remains not
selective). In addition, the hydroxyl group coming from the alkenol side and being seemingly well

preorganized for cyclization was found to be the least reactive, making ~90% of cyclization to
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originate from the saturated side (alkynol side). The inability of the alkenol side to selectively
cyclize in a 6-exo-dig mode ahead of the alkynol side has made the selective synthesis of [6,6]-

spirocycles principally impossible.

decomposition decomposition

alkynol side alkenol side

HO ~_ clean reaction

[M] = Au, Pt, Hg
o , @

7a <10% 5-exo-12a 6-endo-13a

H+ H+
QQ [5,7]-10a

spirocyclization products

[6,6]-9a

Scheme 7. Unselective first cyclization and competitive spirocyclization/decomposition of

dienol ether intermediates 12, 13 make the overall reaction unsuitable for synthetic purposes.

However, we found that spirocyclization of various (3Z)-oct-3-en-S-yne-1,8-diols 8 yields the

corresponding [5,6]-spiroacetals 11 in almost quantitative yields. The reaction occurs under mild

conditions at room temperature, and is characterized by short reaction times and low catalyst

loading (0.5-1%). The reaction provides a thermodynamical mixture of epimers

at the acetal

carbon, subject to control by the side chain substituents (Scheme 8). Thus, simple shortening of the

substrate by just one methylene unit completely eliminated the regioselectivity and decomposition

problems as explained on Scheme 9.
H Au, Pd, Pt, Hg Z

@)
OH P \J catalyst, 0.2-1% 0] /—R 10 examples,
y /\ R ¢ To 83-99% yield
R 8 CH20|2’ r.t. R 11

Scheme 8. Highly efficient synthesis of [5,6]-spiroacetals 11.

O —
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=
OH decomposition o
OH — O
8 >’< fa/str 1
— high yield,
M]=H
M 9 /‘ single product
e

this distance ensures 6-ex0-15
successful reaction

N\

Scheme 9. Fast ring closure of dienol ether intermediates 14, 15 saves them from

decomposition.
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6.2.2. New Palladium Catalysts for Alkyne Activation

[The information regarding synthesis and use of complex 18 was published in Paper N6, Eur. ]. Org.
Chem. 2014, 3411-3422, other information has not yet been published]

This work was inspired by a report from Michael and Cochran concerning the hydroamination
of alkenes catalyzed by cationic palladium pincer complexes.* One of the complications of Pd-
catalyzed additions to alkenes is the strong tendency for the alkylpalladium intermediates 16 to
undergo B-hydride elimination (Scheme 10). Accordingly, the purpose of a tridentate pincer ligand
is to block the open coordination site required for the -hydride elimination, and thereby to prevent
this process and promote other reactions of the alkylpalladium species. Simply saying, installation of
a tridentate pincer ligand reduces the intrinsic "specialization” of the palladium center by blocking
any Pd(II) /Pd(0) redox processes. After such a "restyle", cationic pincer complexes become similar
to simple gold catalysts LAu*.

Pd cat.
Overall process: || + NuH L» H_/_Nu

Nu _)—Nu
L— Pd2+—|| — - Pd"—/_ > L—Pd™H 4+ g
B-hydride L
elimination

(undesired)

= L-Pd"
L
L 16

B-Ihy.drid_e L,PdO
elimination . .
/ inactive catalyst

b NuH Nu e N
L— Pd2+—|| — - Pd"—/_ —
L -H* L

desired product

Scheme 10. Use of tridentate pincer ligands to prevent the undesired B-hydride elimination.

The original publication by Michael and Cochran uses dicationic pincer complexes bearing a
neutral PNP pincer ligand, Figure 1. The catalyst is generated in situ upon action of 2 equivalents of
AgBF, on 17. In our work we created a new catalyst 18 that contains an easily accessible anionic bis-
phosphinite (PCP) ligand, which is also known from the literature. The synthesis of 18 is shown in
Scheme 12. The known complex PdPCP-Cl was synthesized according to a modified literature
procedure in one pot, using simple commercially available starting materials.” Then, halogen
abstraction using AgSbFs in the presence of acetone immediately gave rise to a new cationic
palladium complex 18.° To our delight, this monocationic complex exhibited high catalytic activity
in the synthesis of spiroacetals (see above). Successful application of this well-defined catalyst in the
spirocyclization reaction (Section 6.2.1 and Paper N6) opens new perspectives for chemistry of
alkynes, which could become complementary to modern gold catalysis.

Ph
p/Ph—‘ o- p/Ph—‘ SbFg-
N Pd Cl AgBF4 Pd-O—T/
2x mol% |
P‘Ph O‘P\;Eh
18
Michael and Cochran (2006) This work

Figure 1. Pincer complexes used in the work of Michael and Cochran and our work.
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Ph,PCl (2.7 equiv), Ph Ph —,
OH  EtN (3.7 equiv), o-p-Ph AgSbF O—P"Ph—‘ SbFg~
Toluene | DCM/acetone, |
Pd-Cl F’d‘O_T/
then Pd(MeCN),Cl,, | r.t., 5 min |
0, - -
OH 100°C, 5h (69%) O P\;Eh (92%) O P\;Eh 18

Scheme 12. Synthesis of cationic palladium pincer complex 18.

In addition to conventional gold catalysts, new palladium complexes may offer different
reactivity and selectivity patterns, expanding the scope of catalytic reactions of alkynes. Encouraged
by the successful initial result, we synthesized a number of new cationic palladium pincer complexes
for future catalytic and mechanistic studies (Figure 2). Preliminary investigations indicated that the
catalytic activity is strongly dependent on both the nature of the pincer ligand and the nature of the
remaining counterion/ligand on the other side. We conducted ligand exchange reactions to find
out, that MeCN and OTf bind the palladium center considerably stronger than hexyne-3, a model
substrate. Not surprisingly, the cationic complex with MeCN or the corresponding triflate exhibits
very low catalytic activity (at room temperature). It can be concluded, that palladium pincer
complexes are much less alkynophilic than gold catalysts (which are compatible with MeCN and
OTf). In case of palladium, only cationic pincer complexes bearing a very weak remaining ligand
(e.g H2O or acetone) and a non-nucleophilic anion (eg. SbFs) can be highly active at room
temperature. On the other hand, the nature of the pincer ligand also has strong influence on the
catalytic activity of the complex. Increase of electron donation or steric hindrance around the
palladium center leads to loss of catalytic activity. Use of an NCN type of pincer ligand led to an

inactive catalyst.

—|’Ph—| SbFg~ ’Ph—‘ SbF~ ’Ph T’Pﬂ SbFg~ _T T
P|d 0 Pd NCMe de oTf Cgrj OH, P|d—OH2 SbFy-

0~ P‘Ph

—P\ P\
\ Ph Ph Ph
Ph o\)\(
actlve sllghtly actlve mact:ve slightly active
inactive
Ar
Ph . \F A —‘+ i
0-F-PN | spre- O—P/% + o T SbFe
| | —‘ SbFg™ B840
P|d—o:< Pd—o:< |
O-P~
0-R~ 0-P Ra
\"Ph
Ph %i Ar

Ar = 3,5-(CF3)2C6H3
inactive not verified

not verified

Binding affinity to Pd(PCP)*: water, acetone, hexyne << MeCN < OTf~

Figure 2. New palladium catalysts for alkyne activation. Preliminary assessment of catalytic

activity is written below the structures.
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6.2.3. Cyclization of Alkynyl Hydroxylamines. Synthesis of Pyrroles and
Nitrones

[ The information of this section has not yet been published; see Appendix 1 for experimental details]

In the presence of gold catalysts alkynes are known to react with a variety of nucleophiles.”
However, reaction of alkynes with hydroxylamines has not been described in the literature. First of
all, the occurrence of the intramolecular version was tested. For this purpose, a few alkynyl
hydroxylamines 19 were synthesized. The general approach to these substrates is shown in Scheme
13. Here we utilized the Mitsunobu reaction with subsequent deprotection, a method known from
literature.® The Mitsunobu reaction with the sterically hindered hydroxylamine derivative
BocNHOBoc occurs sluggishly. We found it only applicable if the substrate is a primary alcohol. In
case of n = 2, 3 high yields are achievable. In case of homopropargylic alcohols (n = 1) the yields are
somewhat lower because of elimination to a conjugated enyne (RC=C-CH=CH,) occurring as a

competitive side reaction. Deprotection of the hydroxylamines by TFA occurs smoothly in CH,Cl.

BocNHOBoc (1.3 equiv)
PPhj (1.5 equiv)

R DEAD or DIAD (1.5 equiv) R CF3CO,H R
n OH THF, 0to25°C n NBoCOBoC  CH,Cl, rt. n NHOH
n=123 Mitsunobu reaction 19

Scheme 13. General approach to starting alkynyl hydroxylamines 19 used in this study.

Pleasingly, in the presence of L2AuNCMe* SbFs~ (L2 = o-(di-tert-butylphosphino)biphenyl),
alkynyl hydroxylamines 19a-c underwent fast and efficient reactions (Scheme 14). Pyrrole
derivatives 20a, b were obtained from 19a, b as a result of a S-endo-dig reaction. Nitrone 21 was
obtained from 19c as a result of a S-exo-dig reaction. These very first observations (achieved
without any optimizations) demonstrated that gold catalyzed addition of hydroxylamine can be a
promising new reaction, which may find applications in organic synthesis. High yield, selectivity,
mild reaction conditions and the importance of pyrroles and nitrones in organic chemistry add
value to this finding. However, the utility of the reaction may be diminished owing to the difficult

accessibility of the starting alkynyl hydroxylamines.’

. 9AC I oauNcMet /NH OAc
HOHN N
7 cDCl, 20a
19a >95 in situ yield 5
\V SbFg
®
OAc OAc P—Au-NCMe
- L2AUNCMe* (1%) NH OBn
HOHN 7 OBn ° 4 O O
> AN
19b CDCly 20b
>95 in situ yield L2AuNCMe"*
83% isolated yield
L2AUNCMe* W°
19¢ CDCly

>95 in situ yield

Scheme 14. New gold catalyzed transformations of hydroxylamines.
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6.3. Mechanisms of Transition Metal Catalyzed Reactions of Alkynes

6.3.1. Coordination Chemistry of Gold Catalysts
[ This study was published in Paper N2, Chem. Eur. ]. 2012, 18, 14732-14744]

Coordination chemistry of gold catalysts is essential for understanding mechanisms of gold
catalyzed processes in general. Therefore, prior to our mechanistic investigations, we performed a
thorough study of coordination chemistry of several gold catalysts. This study provided
supplementary information which was used in the subsequent mechanistic studies of gold catalyzed

processes. The following primary results were obtained:

1. Binding affinity of various ligands (negatively charged X~ or neutral Nu) to an LAu* unit

was determined qualitatively and quantitatively.

+ +
LAuNu1_| +Nu? == LAuNu? ]+ Nu? SN2 at
CDClj, r.t. gold

affinity to L2Au” in CDCl; (L2 = o-(di-tert-butylphosphino)biphenyl):
15 2 1.7
YR R PPhz < Cy;P
MeOH < DMF << 3-hexyne < MeCN ~ OTf << MeyS < Lut < Pic < OTFA™ ~DMAP ~TMTU < PPh3<CI7, OH~

W 1-2-10° - 4-5-102
26

2. Acid/base dependent interconversions of gold hydroxide LAuOH and oxonium species
(LAu);0* and (LAu),OH* were established. Similar acid/base dependent interconversions
of LAuSH, (LAu),SH*, (LAu);S* were established.

3. NMR spectroscopic data of all new complexes LAu(Nu)*, LAuX, LAuOH, (LAu);0",
(LAu),OH*, LAuSH, (LAu),SH*, (LAu);S* were collected (often in various solvents).
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6.3.2. Mechanism of Gold Catalyzed Hydroalkoxylation

[ This study was published in the following papers: Paper N3, Chem. Eur. J. 2013, 19, 3932-3942;
Paper N4, Organometallics 2013, 32, 2000-2006; Paper NS, Chem. Eur. ]. 2014, 20, 1918-1930]

An extensive experimental study of the mechanism of gold(I) catalyzed hydroalkoxylation of
internal alkynes was conducted using NMR spectroscopy. The study focused on the chemistry of
organogold intermediates, observations of actual catalytic intermediates in situ and the reaction
kinetics. Based on the experimental results a complete mechanistic picture was established. The
reaction starts from a reversible anti-addition of an alcohol onto an alkyne gold n-complex A to
form a highly unstable adduct BH which quickly undergoes proton transfer to give vinyl gold B.
Subsequently, the vinyl gold species B undergoes protonation by the previously released acid to
form enol ether m-complex E which participates in the global ligand exchange equilibrium, releasing
product C. Competitively, B undergoes reversible addition of a second LAu* unit to form diaurated
species D. Depending on the level of acidity in the system, C may stay as the end product or further

transform into acetal L by means of a classical Bronsted acid catalysis.

We established, that D is an off-cycle intermediate. Its formation is a negative issue of gold
catalysis. Structural factors controlling stability of diaurated species D were investigated. Electron
donor substituents at the a-carbon atom of the enol ether core increase stability as well as electron
donor ligands at gold. Any conjugation of the enol ether residue with a simple double bond or an
aryl residue will decrease the stability. Steric factors play a crucial role on the stability of diaurated
species and can readily dominate over the electronic factors. Therefore, it is preferred to use
sterically hindered catalysts to prevent or reduce formation of D. In a kinetics study we determined,
that formation/dissociation of D can be considered as an ordinary ligand exchange reaction,

occurring through an associative Sy2 mechanism at gold.

@ ’\< Keq ~10%-10° +
B OR

ROH H ireversible H* LAU(SOl)
RO —_— =
transfer to a \ N
. AuL SO') /
reversible C-O  nearby molecule --Aul

bond formation

irreversible H*
+
--AuL addition
K RO_{ AL

substr E /_H

(Sol)
LAu(Sol)" or ~H' cat RO OR

Start (® —
=
H C products

Scheme 15. The mechanism of gold(I) catalyzed hydroalkoxylation of internal alkynes.
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Ligand effects. In addition, we explained a number of effects for gold catalyzed
hydroalkoxylation: ligand, counterion and silver effects. The overall ligand effect is determined by

the following elementary ligand effects found in our research:

1. Use of electron poor ligands at gold catalysts increases electrophilicity of A, greatly enhancing

transition from A to B.

2. Electron rich and/or sterically less demanding L increase stability of D, making its formation

favored (or more likely). Favoring formation of D is a negative issue for the reaction.
3. Protodeauration is favored for electron rich L.

4. Because ligand exchange at gold occurs by an associative Sy2 mechanism, the ligand exchange
will be faster in case of sterically less demanding LAu* than in case of sterically hindered ones.
Nevertheless, the ligand exchange equilibria are established very fast even at LAu* bearing very
sterically hindered L. We suggest, for the majority of gold catalyzed processes the influence of the
ligand L on the rate of ligand exchange at LAu* will play only a minor role while the aforementioned
factors 1-3 will play a dominant role, determining the overall ligand effect for the entire catalytic

process.

5. To complete the picture, here one should place the effect of L on the stability of a catalyst and
its organogold species towards irreversible decomposition, competitively occurring along the
desired catalytic process. This factor was not systematically investigated in our research.
Nevertheless, from our experience and from the data reported in the literature, simple ligands like
PPh;, PMes, IMes should generally not be recommended because of the reduced stability of derived

organogold species, slowly decomposing to give gold mirrors.

According to these factors, a ligand can accelerate one part of catalytic cycle while diminishing
the rate of another part. Since rate limiting step varies depending on a number of factors (nature of
reactants, catalyst), it is not possible to recommend a ligand for the best catalyst, which would be
most effective for all hydroalkoxylations. But it is possible to give some recommendations for

particular types of hydroalkoxylation:

1. Sterically hindered electron deficient ligands are recommended for intermolecular
hydroalkoxylation and intramolecular ones starting from 6-exo-dig cyclization and larger ring
formation. This ligand category is currently poorly represented in gold catalysis, some promising

examples were recently introduced by Alcarazo."

2. Sterically hindered electron donating ligands are recommended for intramolecular S-endo-dig

and possibly S-exo-dig/6-endo-dig cyclizations (e.g. all electron-rich Buchwald ligands).

3. Because of increased probability of formation of D, the use of sterically less hindered catalysts

is generally not recommended for any type of hydroalkoxylation (e.g. L= PPhs, PMes;).
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6.3.3. Explanation of Counterion Effects in Gold(l)-Catalyzed
Hydroalkoxylation of Alkynes

[ This study was published in Paper N8, ACS Catal., 2014, 4, 2770-2775]

Cationic gold(I) complexes are typically applied with various anions (most often X~ = SbF¢’,
NTf,, OTf). Dependence of a reaction from the counterion (the counterion effect) is well
documented in many papers on gold catalysis methodology, but it is left without in depth
explanation. Specific investigations into the counterion effects are scarce and mostly based on
theoretical methods. Using purely experimental approaches and NMR spectroscopy as the main
investigation method, we conducted a detailed investigation into the counter effects occurring in
the hydroalkoxylation of alkynes. We disclosed a number of simple counterion effects operating at
different steps of the catalytic process and explained the overall counterion effect as a superposition

of the elementary effects (Scheme 16), in a similar manner as was explained for the ligand effects.

Thus, counterions X~ facilitate the transition from A to B within ion pairs A|X" in the order
SbFs < NTf, < ClOs < OTf < OTs". But use of anions with higher affinity to gold should be
avoided because they disfavor formation of A|X" simply by binding gold into LAuX (provided there
are no stronger nucleophiles in the system and no diaurated species formed). Counterions X
reduce the reactivity of H* in the order SbFs~ < NTf, < ClO4~ < OTf < OTs’, reducing the rate of
protodeauration. Counterions X~ negligibly influence (if at all) simple ligand exchange equilibria at
cationic gold species, unless there is specific interaction arising within the ion pairs or unless the

counterion itself binds the metal to form neutral LAuX species.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

o) :

d + LAUX . Overall ion effect can be positive or nedgative
AuL i - - - _ Products

B ! SbF6 < Nsz < CIO4 < OTf <OTs T

' Substrate S 3

| X |

' + Sol AL* ! X

1 T ox- ‘ 1 H _

FOT AUl ‘ X s == l o Sol O HXsa 0

: ¢ B+ (‘ — \ | Ao
l "AuL O*H’/Xi

AuL H
sol ! AuL sol B E

Sol s jon pair A|X BH*.. X~
Sol :

B + LAu(Sol)*|X~
Sol = everything else in solution

Global ligand exchange equilibrium

General ion effects:

1) hydrogen bonding of ROH to X~ will enhance every equilibrium with alkynol S to
the side of A. Besides that, there is no ion effect on any simple ligand exchange
equilibriums (not to confuse with binding of LAu* by X~ to form LAuX);

2) nucleophilicity of X~ enhances formation of LAuX (which should be avoided)

3) hydrogen bonding of ROH to X~ will enhance reactivity of A towards alcohol
addition (valid for intra- and intermolecular alcohol addition);

4) solvation of H* with X~ will decrease reactivity of acid for protodeauration of B.
Also any other parallel Bronsted acid catalyzed processes will be affected.

Scheme 16. Explanation of ion effects in gold catalyzed hydroalkoxylation.
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6.34. Explanation of “Silver effect” on Gold(l)-Catalyzed
Hydroalkoxylation of Alkynes

[ This study is described in unpublished manuscript N9 ]

For a long time silver salts AgX have been routinely used to activate gold chloride complexes
LAuClI by halogen abstraction for use in gold catalysis or synthesis of various gold complexes and
the role of silver in gold catalysis has not been discussed beyond this simple ligand exchange
process:

[LAuNu™] X~
or LAuX
Nu = any molecule or anion with coordination ability to gold,

X~ = SbFg~, NTf,, OTf, etc.

LAUCI + Ag*X™ (+ Nu) ———> +AgCl |

Since recently there has been increased amount of experimental observations suggesting that
silver is not totally innocent in gold catalysis."' Moreover, these observations even questioned
fundamental mechanistic principals of gold catalysis. Therefore, an in depth study is required to
clarify the situation. In our research, we focused on the influence of silver salts (AgOTf or AgClO.)
on gold catalyzed hydroalkoxylation. We found that addition of a silver salt can cause a negative,
positive or no effect on a reaction. Every time when a non-zero silver effect was observed, it was
associated with formation of argento vinyl gold species G. Silver was found to be essentially
innocent (plays no role) with regard to the mechanism of the catalytic process itself, exhibiting only
off-cycle reactivity as summarized on Scheme 17. Considering material balance of the catalytic
system, it can be seen that formation of G induces variations of concentrations of in-cycle

intermediates, and these variations account for the silver effect.

No silver effect is observed if the catalytic system forms no G. This can take place in two cases.
First, if a reaction is accompanied by complete formation of strong diaurated species D so that silver
is unable to shift the equilibrium towards G (and cause change of the actual concentrations of the
in-cycle intermediates). And second, when transition from A to B is the rate limiting step of the

whole process so that no off-cycle intermediates D or G are formed.

22



OR_‘ *
3 S

LAU---AuL

/\<‘ \50\\ D
Na
,4 I Ag’
ROH 57 (Sol)
\l
> LAu(Sol)*

+
(Sol g(SoI)—‘
“'AUL+ RO AuL
G
Ro_/ AuL”*

substr E /_ H

. (Sol)
LAu(Sol) OR M cat
Start T RO OR
7 —_—

H € products

Scheme 17. The mechanism of hydroalkoxylation. The steps responsible for the silver effect are

shown in blue.
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6.3.5. Mechanism of Gold Catalyzed Hydroamination

[This study was published in Paper N7, Angew. Chem. 2014, 126, 7894-7898; Angew. Chem. Int. Ed.
2014, 53,7760~7764]

Using similar experimental approaches, a mechanistic study was conducted for the gold
catalyzed hydroamination. This study revealed formation of conformationally flexible auro iminium
salts Au-Im, which originate from protonation of vinyl gold species B. Rotation around the C-CAu
is the fundamental reason of protodeauration of B being not stereospecific, unlike protodeauration
of other vinyl gold species. Correspondingly, this can lead to loss of stereospecificity of the entire
reaction, which results in formation of the enamine product as thermodynamic mixture or
geometric isomers (or the most thermodynamically stable isomer as a main product), Scheme 18.
In particular, the intermolecular hydroamination of alkynes was previously reported by Stradiotto
to selectively yield syn-enamines, which was erroneously interpreted as evidence for an inner sphere
mechanism being operative.' In contrary, the syn-enamine arises as a thermodynamically more
stable isomer upon complete reversal of initially occurring anti-addition of amine onto a gold alkyne
n-complex A (Scheme 19). Therefore, our study resolves a long standing ambiguity: should the
entire reaction be described by outer or inner sphere mechanisms, in favor of the outer sphere

mechanism.

outer sphere mechanism

. RoNH Rz/\( H* Rzi RNH R2N|
Lo AuL —»
AuL AuL —LAU(NHR)* H

A Au-Im E

Scheme 18. Mechanism of gold catalyzed hydroamination.

Overall catalytic process :
Ph

o Au catalyst Ph %N/\
Ph

N dioxane, 4 H o

H reported by Stradiotto in 2010 Syn-enamine

Explanation:

0]
+ . Ph
AuL o Ph . [+j ligand oh

_— [ j LAU%N/\ H N exchange w%\@

Ph + Ph H o)
N -H Ph Ph
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Ph Ph

H [LAuU* or H*] Ph
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Ph K/O isomerization through auro H k/o
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Scheme 19. Explanation of stereochemical outcome of gold-catalyzed hydroamination.
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6.3.6. Mechanism of Palladium Catalyzed Spirocyclization
[ This study is included in unpublished manuscript N10]

Ph o,
0-F-Ph | spFs

P:d'o_ﬂ/ 18

OH O—R~ t.
\"Ph ca =
OH — \J Ph (0] R
L, Z ¢ To”
R CH20|2, r.t. R

The mechanistic study of spirocyclization catalyzed by our cationic palladium pincer complex
18 revealed formation of vinyl palladium species B as a key intermediate. Strong inhibition of
catalysis by MeCN or OTf, ligands with stronger binding affinity to palladium than an alkyne,
indicates that formation of a cationic alkyne w-complex A is necessary for a catalytic reaction. These
findings allow proposing the same mechanism for alcohol addition to an alkyne as found in the gold

catalyzed variant (Scheme 20).

I'! ® OH
6] H*
|
PdPCP
ROH BH jrreversible H* o
transfer to a | OH
reversible C-O nearby molecule Ph +
bond formation B  PdPCP o-p-Ph
irreversible H* PdPCP(Sol)* = Pd-Sol

— o
HO\\/W/\ addition ‘
PdPCP* O-R~pp
A Ph

substr
H PdPCP*

(Sol)
PdPCP(Sol)* cat
Start
products

Species directly observable by NVIR: PAPCP(Sol)*, A, B, E.
Scheme 20. The mechanism of palladium catalyzed spirocyclization.

Besides that, our experimental work revealed the following features of catalysis by cationic

palladium pincer complex 18 that makes it different to gold catalysis:

1. In contrast to gold catalysis, the palladium pincer complex 18 is unable to inhibit itself by

building up any sort of an off-cycle intermediate analogous to gem-diaurated species.

2. Catalysis by 18 is less tolerable to the presence of nucleophiles that are able to
competitively bind the catalytic Pd center. For example, MeCN and OTf are well
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compatible with gold catalysis but not compatible with catalysis by 18 (at room

temp erature).

This aspect limits the scope of solvents applicable as a reaction medium. For example,
palladium catalyzed reactions running fast in a non-coordinating solvent like CH,Cl,
become significantly inhibited in methanol (but yet possible). In case of gold catalysis, fast

reactions are possible in either solvent.

The palladium pincer complex 18 appears to have milder Lewis acidic character and its 7-
complexes with unsaturated hydrocarbons will possess less reactivity as compared to gold
complexes. This is exemplified by the inability of PdAPCP* to catalyze isomerization of 5-

exo-enol ether C.

Protodepalladation requires somewhat stronger acidic conditions as compared to
protodeauration. Nevertheless, either gold catalysis or palladium catalysis is well

compatible with the presence of mild bases (like TMU or tBu,Py).
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6.3.7. Mechanism of Platinum Catalyzed Spirocyclization
[ This study is included in unpublished manuscript N10]

OH
OH —_J [Pt(C,H4)Clyl, cat. N
= X o
o R ¢ o
R CH,Cly, rt. R

R

Mechanistic study of spirocyclization catalyzed by Zeise's dimer [Pt(C,H4)Cl,], was attempted.
No organoplatinum intermediate could be identified. However, the trans-effects controlling the rate
of the ligand exchange at platinum has been demonstrated to be crucial for catalytic activity of
platinum complexes. This means that any ligand in a square platinum(Il) complex directly
influences the rate of ligand exchange specifically at the opposite position. The rate of ligand
exchange may vary in a very broad range, from being immediate to taking many hours (consider
compounds 22 and 23 as examples). The fast ligand exchange is the primary reason why Zeise's
dimer [Pt(C,H4)CL ], or complex 22 are by far more catalytically active than, for example, PtCl, or
23. Formation of cyclobutadiene complexes (like 24) was found to slowly occur in some catalytic
reactions. This can be seen as a process of catalyst deactivation. Formation of cyclobutadiene

complexes is unlikely for bigger alkyne substrates.

MeCN_ CI
slow ligand exchange Pt 23-trans
at this position ~ — cl” 'NCMe
IN_ e .
Pt fast ligand exchange MeCN_ NCMe
cl” "NCMe at this position P 23-cis
22 - Cl Cl

slow substitution of MeCN in
both

Et Et. Et
cl
2 || + 12[PtCH)Cll, —— [Pt
cl
Et Bt Et
24
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6.3.8. Mechanism of Mercury Catalyzed Spirocyclization
[ This study is included in unpublished manuscript N10]

OH Hg(OTFA), cat.
(iH P e X\ or Hg(ClOy), cat. I6) 7R
“” R CH,Cl, rt & Jo
R 20l r.t. R

Mechanistic study of spirocyclization catalyzed by simple mercury salts was conducted. A
number of organomercury intermediates were identified and characterized for the title reaction.
Based on in situ NMR observations of catalytic reactions and stoichiometric studies the following

mechanism was proposed:

H
\

cess
/ \ o z

- - B L -
\\/\ng1+ HoX \""HgX

A Blfurcanon START ] 60,0 HgX "
N\
HgX* / S o
- @ ; H ° Hox*
H

HO // _ /

—HgX =
Substrate ol. XHg o
‘\/ OH XHg
HgX HoX" v
/ OH
—HgXx*

Color code:

blue - organomercury species that
were identified and studied in solution,

rose - organic intermediates that were
observed and studied in solution

Final product

Scheme 21. Mechanism of Hg(OTFA), catalyzed spirocyclization.

From a first sight this mechanism might look complicated. However, there are simple principals
inside. This mechanism has much in common with other transition metal catalyzed
hydroalkoxylation processes. The main common feature is that the whole reaction starts the same:
from formation of acetylene n-complex A. However, this complex remains hypothetical. Some extra
steps appear due to the reactivity of organomercury intermediates. Let’s consider the reasons that

make this mechanism look more complicated (in comparison with Au and Pd catalyzed versions).

At first, several steps include formation of a single type of intermediate: a-mercurated oxonium
ion (species I, III). These species are formed by three processes, from three different types of
precursor. The structure of the a-mercurated oxonium can be displayed as a series of resonance
structures (Scheme 22). This species is believed to be involved in the known mercury(II)-catalyzed
transetherification of enol ethers. The exact structure of this species was not established. But from
the reactivity patterns we may suggest that it should be best described as a-mercurated oxonium ion
and not as a m-complex (a situation similar to that of a-aurated iminium ion, Section 6.3.5). In
contrast, gold complexes of enol ethers are qualified rather as 7-complexes.
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Scheme 22. Formation of a-mercurated oxonium ion and its resonance structures. Comparison

with gold enol ether w-complex.

In addition to a-mercurated oxonium ion there are also a,a-dimercurated oxonium ions possible

(species II, IV), which is formed by mercuration of any vinyl mercury intermediate. These ions are

even more stabilized by hyperconjugation with mercury:

XH\)\
9P >or

XHg

=

XHg

HgX*

The double bond character in a-mercurated oxonium ions is at least partially lost; therefore they

must give a mixture of alkene isomers upon ligand exchange. Therefore, protodemercuration

should not be considered as a stereospecific process. The situation resembles that described for a-

aurated iminium ion and conjuncted isomerization of enamines (Section 6.3.5). Without strong

thermodynamic forces to control alkene configuration, an equilibrium mixture of alkenes will be

eventually obtained. Under catalytic conditions the equilibrium is reached fast.

W

R/:\OR
/ HgX* cat.
ligand exchange fast cis/trans isomerization of
XHg>—+\\\\ enol ethers
R OR

rotation, or \ R, I R, K

conformational change
ligand exchange

Scheme 23. The origin of cis/trans isomerization of an enol ether.
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Abstract: Starting from cinnamates 9,
obtained by Wittig reaction or Heck
coupling, the diols 17 were prepared by
asymmetric dihydroxylation. This was
followed by a regioselective substitu-

with the dipeptide acid 6 furnished the
tripeptide part of the chondramides.
The derived acids 21 were combined
with the hydroxy ester 7 to the esters
22. Cleavage of the tert-butyl groups

and intramolecular lactam formation
gave rise to the chondramide A ana-
logues 2b-k. Growth inhibition assays
showed most of the analogues to be
biologically active. Some of them even

tion of the 3-OH group with hydrazoic
acid under Mitsunobu conditions.
Methylation of the 2-OH group and re-
duction of the azide group led to the f3-
tyrosine derivatives 8. Condensation

Introduction

Cyclodepsipeptides comprise a unique class of secondary
metabolides. They frequently contain unusual amino acids,
like p-amino acids or N-methylated amino acids and hy-
droxy acids that typically originate from the polyketide
pathway. Incorporation of the hydroxy acid results in an
ester bond, explaining the term “depsi”.*? Many cyclodep-
sipeptides have been isolated from marine sponges and
found to display interesting biological activities.”! Thus, cy-
clodepsipeptides with anti-HIV or anti-tumor activity are
known. With the peptide subunit cyclodepsipeptides are
clearly protein-like and therefore it is not surprising that
they very often modulate protein—protein interactions.™
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reach the activity of jasplakinolide. It
can be concluded that the 4-position of
the aryl ring in the pB-tyrosine of chon-
dramide A tolerates structural modifi-
cations quite well.

cyclo-

Very prominent examples of such cyclodepsipeptides, dis-
playing anti-tumor activity are the jasplakinolides and the
chondramides. Jasplakinolide (1) was isolated from the
marine sponge Jaspis splendans many years ago (Figure 1).5

jasplakinolide (1)

R R?
chondramide A (2) | OMe H
chondramide B (3) | OMe CI
chondramide C (4) | H H
chondramide D (5) | H Cl

Figure 1. Structures of jasplakinolide (1) and the chondramides A-D (2—
5).

Independently, it was also found in a Jaspis sponge and
named jaspamide.! In the meantime jasplakinolide was iso-
lated from many other sponges. Furthermore, several addi-
tional jasplakinolides could be isolated by the groups of
Zampellal” and Crews.[’! In contrast, so far only four natural
chondramides are known, namely chondramides A-D (2-5)
(Figure 1). They were isolated by the Hofle/Reichenbach
group from myxobacteria.’! The chondramides are quite
similar in structure to jasplakinolide, in that they contain a
tripeptide subunit consisting of an L-alanine, an N-methyl-D-
tryptophan, and an L-B-tyrosine. Jasplakinolide and the
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chondramides differ essentially in the hydroxy acid that
bridges the tripeptide part to form the cyclodepsipeptide.
Whereas jasplakinolide contains an 8-hydroxy acid, in the
chondramides the corresponding sector is a 7-hydroxy acid.
Accordingly, jasplakinolide features a 19-membered macro-
cycle, while the chondramides are 18-membered.

Over the years several total syntheses of jasplakinolide
have been achieved.!'”! Most of them close the macrocyclic
ring by intramolecular amide or ester formation. The Wald-
mann/Arndt synthesis!'"”®! relies on a relay ring-closing meta-
thesis reaction. Furthermore, syntheses of simplified jaspla-
kinolide analogues have been reported.'? Surprisingly,
syntheses of chondramides were achieved only recently. The
reason was that the configuration at the stereogenic centers
was not given in the original article. Even though it could be
assumed that the configurations in the peptide part and
even the overlapping hydroxy acid might be similar to the
ones in jasplakinolide. The Waldmann™! and Kalesse!'
groups independently secured the configuration of the hy-
droxy acid in the chondramides by synthesizing various ste-
reoisomers of chondramide C. Our group had developed a
concise synthesis of the hydroxy acid through an asymmetric
vinylogous aldol reaction.™™ Subsequently, we reported the
total synthesis of chondramide A (chon A).'" Instead of a
B-tyrosine, this chondramide contains a 3-amino-2-methoxy-
3-arylpropanoic acid, whose configuration was determined
to be (25,3S). The ester bond could be established either by
Yamaguchi esterification or via a Mitsunobu reaction!'” that
was then followed by macrolactam formation. While the f3-
tyrosine derivative in chondramide A seems more compli-
cated on first sight, it is easily available by asymmetric dihy-
droxylation of a cinnamic ester precursor.

The potent antitumor activity of these cyclodepsipeptides
is due to their stabilizing effect on F-actin filaments.""! Be-
cause of this property jasplakinolide became an important
tool in cell biology. Together with microtubules and the in-
termediate filaments, actin filaments (F-actin) make up the
cytoskeleton which has a key role in cell shape and division.
According to a binding model recently refined by the Wald-
mann group, chondramide C is located in a shallow binding
pocket made up by three independent actin subunits in the
filament."” The binding site is identical to the one of the bi-
cyclic heptapeptide phalloidin.” There seems to be a hy-
drophobic interaction of the indole moiety with a loop
region of one of the actin subunits (subunit X). The phenol-
ic group of the B-tyrosine occupies a larger cavity with the
hydroxyl group close to an Asp of G-actin monomer Y. It
seems that the hydroxy acid not only serves to provide a
scaffolding role, but rather parts (C1-C3) of it are close to
the protein surface of subunit Z and contribute substantially
to efficient binding. This model was supported by the activi-
ty of the available jasplakinolide and chondramide ana-
logues (Figure 2).? For example, omitting the phenolic ring
essentially results in an inactive jasplakinolide analogue.
With regard to the hydroxy acid, it turned out that the con-
figuration at C2 of the methyl-bearing carbon and the E-
configuration of the C4-C5 double bond are crucial. Jaspla-
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can be omitted aryl rings are important

(0]

H.
N"™12>~>"10"09
can be omitted

(2S,4E)-preferred

jasplakinolide (1)

Figure 2. Key structure-activity relationships for good biological activity
of jasplakinolides and chondramides illustrated with the jasplakinolide
structure.

kinolide analogues with this feature are still active even if
they lack some of the other methyl groups of the hydroxy
acid. For chondramide C analogues it could be shown that
the configuration at C6 and C7 of the hydroxy acid is less
critical.

Due to their interesting biology and structural similarity
analogues of the above-mentioned cyclodepsipeptides
should help to understand protein—protein interactions and
further advance the binding site model.'” With an efficient
route to chondramide A we embarked on the synthesis of
chondramide A analogues with modified (3-tyrosine deriva-
tives. In this paper we report on the synthesis of ten ana-
logues and their biological activity.

Results and Discussion

Synthesis of the analogues: The synthetic route towards nat-
ural chondramide A (2a), recently disclosed from our labo-
ratory,'! was put as a basis for synthesis of new chondra-
mide analogues, containing variations in the p-tyrosine
unit.'® Accordingly, this implied the use of differently sub-
stituted [-amino esters 8 that had to be synthesized from
substituted trans-cinnamic esters 9. At this point, taking into
account the compatibility of the substituents at the aromatic
ring with all the synthetic steps, we have chosen eight cin-
namic esters 9b—e, 9g—i, and 9k as precursors for the de-
sired chondramide analogues (Scheme 1).

All the trans-cinnamic esters 9 were synthesized from
easily accessible commercial starting materials as outlined in
Scheme 2. Enoates 9b—e, 9k were prepared by Wittig reac-
tion of the corresponding aldehydes 10 with the stabilized
ylide [(carbomethoxy)methylene]triphenylphosphorane®! in
dichloromethane. Enoate 9e could also be obtained by
Knoevenagel condensation with subsequent esterification in
high 93% yield. In case of enoate 9Kk, its low solubility in
methanol, allowed for efficient isolation of the product by
simple filtration. The 4-cyanocinnamate 9i was synthesized
by Heck reaction from 4-bromobenzonitrile under low cata-
lyst loading and ligand-free conditions, using Pd(OAc), as
catalyst.”” This method is especially efficient for electron
deficient aromatic bromides and enoate 9i was obtained in

Chem. Eur. J. 2011, 17, 13349 -13357
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R
R
H P i
N3 Y
., 1
y-N 7 2::,%0 OMe

ring closure ===""//1

© 6 _N

Chon A (2a) Me I
2 R 2 R NHBoc
a OH g CHOH
b Me h  CH,CH,OH
¢ OMe i CN
d F j CONH,
e NO, k Ph
f NH,

Scheme 1. Synthetic strategy and key fragments for the synthesis of chon-
dramide A analogues 2b-k.

CHO X COMe
/@ Ph3;P=CHCO,Me /E:'/\/
—_—
R 10 CH.Cl,, RT,3d R

9
10,9 R yield (%)of 9
b Me 98
c OMe 96
d F o4
e NO, 81
kK Ph 9
Br . CO,Me
/©/ CH,=CHCO,Me /Ej/V
CHp=CHCOMe
NG Pd(OAc), (0.04 mol%)  NC
11 NMP, 120°C, 1h (99%) 9i
B
/@/ " CHy=CHCO,Me /©/\/002Me
CH=CHCOMe
oHe PA(OAC), (0.04 mol%) o
12 NMP, 120 °C, 1 h (99%) 13
1) NaBH,, MeOH . CO,Me
RT,1h
2) TBSCI, imid.
CH,Cly, RT, 1h otes 99
(82%)
Br 1) LiAlH,, THF Br
RT.12h nBuLi, THF, 90 °C
_ _
2) TBSCI, imid. DMF, —10 °C, 30 min
CH,Cly, RT, 1h
COM 14 (53%) oTBs 15
CHO x_CO,Me

PhsP=CHCO,Me
CH,Cl, RT, 12h

(83% from 15)
OTBS 16 OTBS 9h

Scheme 2. Synthesis of cinnamic acid building blocks 9 by Wittig reaction
or Heck coupling; NMP = N-methyl-2-pyrrolidone.

essentially quantitative yield. This result stipulated the
choice of 4-bromobenzaldehyde as a precursor for prepara-
tion of the CH,OTBS-substituted enoate 9g, that was finally
done in three steps in high overall yield. Thus, the Heck re-
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action to (E)-methyl 4-formylcinnamate (13) was followed
by NaBH, reduction of the aldehyde group and silylation of
the primary alcohol. Cinnamate 9h with a CH,CH,OTBS
substituent in 4-position was prepared from the arylacetic
acid 14 through reduction with LiAlIH, and silylation of the
resulting primary alcohol. A subsequent halogen-metal ex-
change on aryl bromide 15 and quenching the anion with
DMF furnished aldehyde 16 which was extended via Wittig
reaction in good yield. The synthesis of the last derivative,
enoate 9h initially was also attempted using Heck reaction,
however, the corresponding substrate 15 did not react nei-
ther under ligand free conditions nor in the presence of
PPh;. Here, formation of palladium black was observed and
starting material was recovered unchanged. This is explained
by the low reactivity of the aromatic bromide, which is not
activated by an electron-withdrawing substituent. In all
cases the cinnamates 9 were obtained configurationally pure
and no cis-isomers could be detected by NMR in the prod-
ucts.

With several cinnamic esters in hands we next turned to
the synthesis of amino esters 8 (Scheme 3). Sharpless asym-
metric dihydroxylation (AD)®! under standard conditions

OH
3 COMe  [K20SO5(OH)] CO,Me
/(j/V [(DHQD),PHAL]
R [KaFe(CN)el K.COs g OH
9 MeSO,NH, 17
tBUOH/H,0, 0 °C to RT
PPhg, HN Ns Me;OBF
3 3 H 3 4
DEAD COMe proton sponge
_— —_—
THF/toluene OH CH,CI, or DCE
—25°CtoRT R 18 RT or 40 °C
Ns NH,
~ CO,Me Hy, PAIC ~ CO,Me
R —
R OMe MeOH, RT OMe
19 8
yield [%]
9,17-19,8 R 17 18 19 8
b Me 80 38 78 99
c OMe 89 48 73 98
d F 72 36 75 99
e NO, 39 58 92
g CH,OTBS 93 63 68 99
h (CH,»,OTBS 77 80 77 99
i CN 42 55 81 85
i CONH, 56
k Ph 47 77 81 97
N3 NH2
Jij/’\l/C%Me PPh,, THF, 45 °C /@/‘\rCOZMe
—_—
OMe then H,0, 45 °C OMe
O,N (80%) O,N
19e 8e
N3 N3

COMe 16, k,CO, CO,Me
: ,
NG OMe MeOH,RT,2h O OMe
(56%)

19i NHz  19j

Scheme 3. Conversion of the cinnamates 9 to the B-tyrosine derivatives
19, respectively; DCE =dichloroethane, DEAD =diethyl azodicarboxy-
late.
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(0.4 mol% Os catalyst, 2 mol% ligand) was used initially,
but this proved problematic providing the diols only in mod-
erate yield (30-68 % ). After some experimentation, possible
reasons for these problems became clear. Due to the elec-
tron-deficient nature of the alkenes, especially of the nitro
and cyano derivatives, dihydroxylation occurred with re-
duced rate and saponification of the methyl ester became a
significant side reaction. In the case of the nitro-substituted
diol 17e the corresponding acid was partially isolated and
characterized (see the supporting information). The dihy-
droxylation reactions with the NO,-, Ph-, and CN-substitut-
ed cinnamates were additionally hampered by very limited
solubility of the alkenes in the reaction medium. As soon as
the ester saponification seemed to be the only problem and
otherwise the reaction was clean, attempts were made to im-
prove the yield by addition of KHCO; to the reaction mix-
ture, to make it less alkaline, but this was again not suffi-
ciently successful. Finally, the situation was significantly im-
proved when increased catalyst loading was used together
with buffering the reaction mixture with KHCO;. Indeed, in
the presence of 1mol% K,0sO,(OH),/1.5mol% chiral
ligand, the reaction required somewhat shorter time and the
diol 17g was obtained in 93 % yield. Although the synthesis
of other diols was not attempted under the optimized condi-
tions, we believe that increasing the catalyst loading (e.g.,
up to 2 mol %) should be the most efficient way to increase
the yield in the AD of these relatively unreactive and hardly
soluble alkenes. This is in line with the observations given in
the literature.™ For three of the diols (17e, 17g, 17i) the
optical purity was assessed by means of HPLC on a chiral
column (see the Supporting Information), and in no case the
opposite enantiomer could be detected, which implies at
least 98 % ee for these compounds.® For the other diols the
enantiomeric purity was tentatively assessed to be “high” by
the observation of no significant side peaks in the 'H and
BC NMR spectra on later steps when diastereomers would
appear.

Diols 17 were next transformed to (-azides 18 by means
of a Mitsunobu reaction with hydrazoic acid.” Initial ex-
periments revealed only moderate conversion of the diols,
accompanied by significant nitrogen evolution. This side re-
action was caused by hydrazoic acid decomposition of the
ternary mixture in the presence of triphenylphosphine and
DEAD. Mixing all three components together caused rapid
nitrogen evolution, while the binary mixture of HN; and
PPh; was stable at room temperature. This undesired side
reaction was diminished when the DEAD solution was in-
troduced into the reaction as the last component at —25°C
rather than at 0°C. Thereafter, the mixture was allowed to
stand at room temperature until the reaction stopped.
Under these conditions, the desired azides were obtained in
better yields as pure stereoisomers in accordance with litera-
ture data.’ The structure and purity were additionally con-
firmed by careful comparison of NMR spectra with previ-
ously described compounds (see supporting information). In
these Mitsunobu reactions, diols 17e (NO,), 17i (CN), and
17k (Ph) were used as hardly separable mixtures, slightly

13352 ——

www.chemeurj.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

contaminated with MeSO,NH,, resulting from the previous
step. We found MeSO,NH, to have no influence on the re-
action.

Subsequently, azides 18 were smoothly methylated by tri-
methyloxonium tetrafluoroborate in the presence of proton
sponge to give the a-methoxy propanoates 19. The cyano
derivative 19i was hydrolyzed with H,0,/K,CO; to provide
amide 19j, the precursor for chondramide analogue 2j. The
hydrolysis was performed in DMSO, MeOH and DMF
media and was found to be the fastest in DMSO (complete
conversion was observed already in 1-2 min), but in this
case the product was isolated only as inseparable mixture
with dimethyl sulfone as by-product. Pure amide 19j was
obtained in MeOH, but in this case the reaction took much
longer time and gave the product in reduced yield most
likely due to hydrolysis of the ester.

Azides 19 were conveniently hydrogenated in presence of
Pd/C to afford the amino esters 8. Nitro derivative 19i was
selectively reduced by treatment with PPh; followed by hy-
drolysis of the iminophosphorane intermediate to afford
amine 8e, that was used without further purification.

In several steps amino esters were transformed into chon-
dramide analogs 2b-k (Scheme 4). First, peptide coupling
with the known dipeptide acid,[''**! 6 afforded tripeptides
20 in good yields. Subsequent saponification of the methyl
ester, either with Me;SnOH (20b-d) or simply with NaOH
[20e (NO,), 20i (CN), 20j (CONH,), 20k (Ph)] occurred in
quantitative yields and without epimerization. But saponifi-
cation of the CH,OTBS- and (CH,),OTBS-substituted tri-
peptide esters 20g and 20h was accompanied by partial de-
protection of the alcohol functions. Still, pure acids 21g and
21h were successfully isolated by chromatography in re-
duced, but good yields (~80%). Thus, there was no need to
call upon the milder Me;SnOH procedure. On the next
stage, acids 21b-d were initially esterified with hydroxy
ester 7-epi-7 under Yamaguchi conditions to give the seco-
compounds 22b-d in reasonable yields. However, later we
found it more convenient to perform the esterification reac-
tion under Mitsunobu conditions since the synthesis of hy-
droxy ester 7 is shorter than the one for 7-epi-7.%! There-
fore, the acids 21 were esterified with alcohol™ 7 under
Mitsunobu conditions in quite good yields. Here, the correct
use of either DEAD or DIAD reagents in each case is im-
portant for successful separation of the esterification prod-
uct. Otherwise, the corresponding hydrazodicarboxylate by-
product would be inseparable (or hardly separable) from
the product. Unfortunately, the acid 21j (CONH,) could not
be esterified under Mitsunobu conditions. Other methods
(Yamaguchi esterification, DCC/DMAP conditions) were
unsuccessful either. Eventually, the corresponding chon A
derivative was prepared by nitrile hydrolysis on the macro-
cycle 2j (see below). For macrolactam formation, the NBoc
protected tert-butyl esters 22 were subjected to double de-
protection under acidic conditions. Initially, the reaction was
carried out in a mixture of TFA/CH,Cl, (1:30) as previously
described."! The progress of the deprotection was easily
monitored by TLC and NMR and under these conditions

Chem. Eur. J. 2011, 17, 13349 -13357
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R
CO.Me
HoN, HOBt, TBTU
“ M
6 4 OMe  Pr,NEt, DMF " COMe
—10°C to RT
2-6h H’N Y, ,,,“(go OMe

O

R Me”

NHBoc

Me3SnOH

20
(CICHy),, 80 °C ; PPha, DEAD or DIAD
5hor H ThF, THF,0°Cto RT, 12h _

NaOH,H0 | »>—.,

THF/MeOH 2 COtBu
Me” j /\|/Y\|/
NHBoc 7

RT12h

1) TFA/CH.Cly, 0 °C, 20 h

2) HOBt, TBTU, iProNEt
DMF, RT, 20 h

3) deprotection/saponification,
reduction, when applicable

R
tBuO,C

chondramide A analogues (2)

yield [%]
20-22,2 R 20 21 22 2
b Me 75 - 67 33
c OMe 7 - 61 31
d F 68 - 64 39
e NO, 76 - 86 48
f NHz 47
g? CH,OTBS 88 82 73 20
h@ (CH,),OTBS 86 80 66 60
i CN 86 - 78 45
i CONH, 67
k Ph 83 - 56 54

Scheme 4. Synthesis of chondramide A analogues 2b-j. Esters 22b-d
were also prepared by Yamaguchi esterification using hydroxy ester 7-
epi-7; TBTU =2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tet-
rafluoroborate, HOBt=1-hydroxy-benzotriazole, DIAD =diisopropyl
azodicarboxylate. [a] For compound 2, R=CH,0OH and (CH,),0OH, re-
spectively.

the conversion was not complete even after 2 d. In particu-
lar, the carboxylic ester cleavage is quite slow. However
with more concentrated acid (1:10) complete and clean de-
protection was observed for each compound after about
20 h. Interestingly, under these reaction conditions the TBS
groups of 22g and 22h were quantitatively transformed to
the corresponding TFA esters, as suggested by NMR of the
crude products. In each case the crude amino acids were
subjected to macrolactamization in the presence of TBTU,
which afforded chondramide A analogs 2e (NO,), 2i (CN),
and 2k (Ph) directly. In order to obtain the analogues 2g
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(CH,OH) and 2h [(CH,),OH] the crude cyclization prod-
ucts were stirred in aqueous K,CO;/MeOH for 5-10 min
before purification. This resulted in complete hydrolysis of
the corresponding TFA esters. Unfortunately, the presence
of the benzylic trifluoroacetate negatively affected cycliza-
tion of the amino acid generated from 22g (CH,OTBS),
yielding after short hydrolysis with aqueous K,CO;/MeOH
two products as judged by TLC. The more polar substance
turned out to be the desired chondramide A analogue 2g.
The second substance was shown to be the corresponding
benzotriazolyl ether that was characterized by 'H NMR and
HRMS analysis (see Supporting Information for details).
Thus, for this analogue it can be concluded that the TBS
group is not ideal and revision of the synthetic scheme
would be required in this case for an optimized synthesis.
But for the other cases the described synthetic Scheme is
considered reliable. With the NO,-substituted analogue 2e
we attempted reduction of the nitro group to obtain the
NH, derivative 2 f. This was tried with catalytic hydrogena-
tion and sodium dithionite. Both methods afforded the de-
sired amino chondramide 2 f in moderate yield. Finally, the
CONH,-substituted analogue 2j was prepared by hydrolysis
of the cyano group of 2i with H,0,/K,CO;/DMSO under
mild conditions in good unoptimized yield.

Biology: The biological activity of the chondramide A (chon
A) analogues 2 was evaluated in a cytotoxicity assay on
human primary foreskin fibroblast (HFF) cells. These data
are included in Table 1. We also included the natural prod-

Table 1. Cytotoxicity of jasplakinolide (1) and chondramide A deriva-
tives 2.4

Entry Compound ECs, (HFF) [um]  ICs, (L-929) [um]

1 jasplakinolide_np (1) 0.028 £0.004

2 chon A_np (2a) 0.1184+0.023 0.056+0.013

3 chon B_np (3) 0.044 £0.005

4 chon C_np (4) 0.036£0.007

5 chon A_synth (2a) 0.109 £0.007

6 chon A_Me (2b) 0.027 £0.002 0.0079£0.0013
7 chon A_OMe (2¢) 0.066 4 0.008 0.0083 £0.0021
8 chon A_F (2d) 0.02940.002 0.0080+0.0013
9 chon A_NO, (2e) 0.04040.006 0.017£0.005
10 chon A_NH, (2f) 0.0574+0.001 0.03140.002
11 chon A_CH,OH (2g) 0.05240.010 0.03540.002
12 chon A_ (CH,),0OH (2h) 0.059+0.010 0.0334+0.004
13 chon A_CN (2i) 0.027 4£0.001 0.01140.001
14 chon A_CONH, (2j) 1.424+£0.017 0.2234+0.042
15 chon A_Ph (2k) 0.2134+0.016 0.02540.002

[a] np=natural product (isolated), synth =synthetic compound.

ucts jasplakinolide and other chondramides in this assay. As
can be seen, several of the chon A analogues are slightly
more active than the natural product itself. Three of the an-
alogues [2b (Me), 2d (F), 2i (CN)] are even comparable to
jasplakinolide (1) itself (ECs, in the range of 30 nm). These
are characterized by small substituents. Other analogues
show intermediate activity, being about half as active as jas-
plakinolide (ECs, in the range of 60 nm). These analogues
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include 2¢ (OMe), 2e (NO,), 2f (NH,), 2g (CH,0OH), and
2h ((CH,),0OH). Somewhat surprising is the activity of ana-
logue 2k (Ph) (ECs,=213 nm). With this large substituent
one would not expect that the analogue would fit in the
binding pocket.” Although the amide substituent in 2j is
not very large, this compound is much less active. A similar
trend in activity can be seen on the mouse fibroblast cell
line L-929, which is more sensitive to these cyclodepsipepti-
des.

In general, it can be concluded that the aryl ring on the
tyrosine derivative accepts a range of substituents. One ex-
planation could be that the 4-position of the aryl ring pro-
trudes out of the binding pocket. Thus, some of the pre-
pared derivatives might be used for the preparation of la-
beled derivatives. The recent finding that jasplakinolide V
with a catechol in place of the phenol substituent is also
quite active shows this region to be less sensitive to structur-
al modifications than the other parts.[*"]

Conclusion

Based on our previous synthesis of chondramide A, a range
of analogues was prepared that feature modifications in the
4-position of the f3-tyrosine derivative. The required building
blocks, 3-aryl-3-amino-2-methoxypropanoates 8 were pre-
pared from cinnamates 9 by asymmetric dihydroxylation, re-
gioselective Mitsunobu substitution with hydrazoic acid, O-
methylation and reduction of the azide group. Subsequently,
amino esters 8 were condensed with dipeptide acid 6. After
hydrolysis of the methyl ester function, esterification of the
tripeptide acids 21 with the 7-hydroxy ester 7 or 7-epi-7, re-
spectively furnished the seco-compounds 22. Deprotection
of both the amino and the ester group was followed by mac-
rolactam formation to give analogues 2.

In cell growth assays several of the derivatives surpassed
natural chondramide A in its biological activity. Among the
derivatives only the amide derivative 2j was not very active.
Otherwise, it appears that the aryl ring of the f3-tyrosine tol-
erates a broad range of substituents in the 4-position. These
derivatives should be useful for probing a number of cellular
questions in different systems that rely on actin filaments
for important aspects of biology.

Experimental Section

Only part of the experimental material is given here. For further details
and for compound characterization see Supporting Information. Proce-
dures are given for the sequence leading to chondramide A analogue 2e
(NO,) and the reduction of 2e to analogue 2 f (NH,).

(E)-Methyl 4-nitrocinnamate (9¢) (by Knoevenagel reaction): A solution
of nitrobenzaldehyde (1.51 g, 0.01 mol), malonic acid (1.14 g, 1.1 equiv),
and pyridine (0.25mL, 0.31 equiv) in ethanol (2mL) was heated at
reflux. Already after 10-15 min a white solid began to precipitate. After
1.5 h, when TLC (EtOAc/petroleum ether, 1:2) indicated complete con-
sumption of the aldehyde, the reaction mixture was cooled and acidified
with diluted aqueous HCIl. The precipitate was filtered, washed with
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water and dried in vacuo to afford crude but pure (2E)-3-(4-nitropheny-
l)acrylic acid in quantitative yield (Note: the free acid is soluble in ace-
tone, DMSO, but hardly soluble in CH,Cl,, EtOAc). It was taken up in
methanol (20 mL), thionyl chloride (1.3 equiv) was carefully added and
the resulting suspension was heated at reflux for 1 h. At this time TLC
(EtOAc/petroleum ether, 1:2) indicated complete consumption of the
acid and the volume of precipitates visually increased. The product was
obtained by recrystallization directly from the reaction mixture as fol-
lows. The reaction mixture was concentrated in vacuo till a thick suspen-
sion resulted, that was filtered on a glass frit and the precipitate was
washed with a small amount of cold methanol to afford 1.52 g (93%) of
pure methyl (2E)-3-(4-nitrophenyl)acrylate (9e) as a slightly yellow solid.
Analytical data were in agreement with literature data.”!

(2S,3R)-Methyl 3-(4-cyanophenyl)-2,3-dihydroxypropanoate (17e): A
mixture of K;Fe(CN), (7.22¢, 22.0 mmol, 3equiv), K,CO; (3.04¢g,
22.0mmol, 3equiv), MeSO,NH, (0.70g, 7.37 mmol, 1 equiv),
K,0s0,(OH), (10 mg, 0.027 mmol, 0.0037 equiv), and the ligand
(DHQD),PHAL (57 mg, 0.073 mmol, 0.01 equiv) was stirred in a mixture
of water (35 mL) and rBuOH (35 mL) until dissolved and then the solu-
tion was cooled to 0°C in an ice bath. At this point cinnamate 9e (1.52 g,
7.34 mmol) was added and the reaction mixture was allowed to reach
room temperature slowly while being stirred overnight, at which time a
yellow suspension was formed and complete or almost complete conver-
sion was observed according to TLC (petroleum ether/EtOAc, 1:1). Then
solid Na,SO; (9.2 g, 73.4 mmol, 10 equiv) was added and the mixture was
stirred for several min. The suspension was filtered, and the filter cake
was washed with EtOAc. The filtrate was transferred to a separatory
funnel, the organic phase was separated, and the water phase was ex-
tracted twice with EtOAc. The combined organic extracts were washed
with saturated NaCl solution, dried with Na,SO,, filtered, and evaporat-
ed. The residue was purified by flash chromatography (CH,Cl,/MeOH,
95:5) to afford pure diol 17e (0.698 g, 39%) as a colorless solid. Some-
times it was difficult to purify the diol from CH;SO;NH, (as a contami-
nant in different compounds comes at 0=3.08-3.10 (s, 3H), 4.67—
4.79 ppm (brs, 2H)), but the sulfone amide impurity did not influence
the next Mitsunobu azidation as was established later. Also, a better pro-
cedure but for another substrate (17g) utilizing 1% of the catalyst is de-
scribed in the Supporting information. "H NMR (400 MHz, CDCl,): 6 =
2.81 (brs, 1H, OH), 3.13 (brs, 1H, OH), 3.86 (s, 3H, OCHj;), 4.39 (brs,
1H, 2-H), 5.14 (brs, 1H, 3-H), 7.59 (d, /=8.4 Hz, 2H, Ar), 8.23 ppm (d,
J=8.4Hz, 2H, Ar).

Preparation of hydrazoic acid solution: CAUTION: Hydrazoic acid is a
highly volatile, toxic and explosive liquid in individual state. However, in
solution it is stable and safe. In this study solutions up to 5m were used.
Sodium azide (3.0 g, 46 mmol) was mixed with water (1.5 mL) and tolu-
ene (10 mL). The suspension was cooled to near 0°C and concentrated
H,SO, (~2 g, ~1.09 mL, 20 mmol) was carefully added while cooling and
shaking the round bottom flask (stirring with magnetic stirring bar is not
sufficient). Crystals were kneaded with a spatula shortly after the addi-
tion of the acid. Then the mixture was filtered under positive pressure
and dried with Na,SO, (there was no water phase remained, and no need
to separate it from toluene solution). To rapidly estimate the resulting
concentration of hydrazoic acid, a known amount of NaOH was dissolved
in a small amount of water, phenolphthalein was added and the pink so-
lution was titrated with the hydrazoic acid solution from an analytical
pipette (the concentration was found to be 3.3m against theoretical
4.0Mm).

(28,35)-Methyl 3-azido-2-hydroxy-3-(4-nitrophenyl)propanoate (18e): To
a stirred solution of diol 17e (0.228 g, 0.946 mmol), triphenylphosphine
(0.297 g, 1.14 mmol, 1.2 equiv), hydrazoic acid (0.86 mL, 3.3Mm in toluene,
3 equiv) in THF (2.0 mL) at —25°C was added DEAD (0.56 mL, 0.535 g,
1.23 mmol, 40 % wt. solution in toluene, 1.3 equiv), then the cooling bath
was removed (slight evolution of N, was observed) and the resulting mix-
ture was stirred overnight at ambient temperature (TLC control: petrole-
um ether/EtOAc, 1:1; NMR control: a sample portion was taken from
the reaction mixture, evaporated and directly analyzed by NMR). Then
the reaction mixture was concentrated in vacuo. The residue was purified
by flash chromatography (petroleum ether/EtOAc, 4:1 to 2:1) to yield
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18e (0.145 g, 58 %) as a slightly orange oil which solidified into a waxy
solid upon standing. R; (petroleum ether/EtOAc, 1:1) = 0.55; [«]d = +
101.1 (¢ = 1.00, CH,Cl,); '"H NMR (400 MHz, CDCl,): §=3.11 (brs, 1H,
OH), 3.73 (s, 3H, OCHs;), 4.58 (d, 1H, 2-H), 5.08 (d, /=3.8 Hz, 1H, 3-
H), 7.53 (d, /J=8.7Hz, 2H, Ar), 823 ppm (d, /=87Hz, 2H, Ar);
BCNMR (100 MHz, CDCly): 6=53.1 (OCH,), 66.4 (C-3), 73.7 (C-2),
123.7 (C,), 128.7 (C,,), 141.8 (C,,), 148.1 (C,,), 171.3 ppm (CO,CHs;);
HMRS (ESI): m/z caled for C,\H;(N,O5 [M+Na]*: 289.05434; found:
289.05431. Note. The product 18e was slightly contaminated with diethyl
hydrazodicarboxylate (~3-5 mol%), having signals 0=1.28+0.01 (t,
6H), 4.22+0.01 ppm (q, 4H). This impurity did not cause problems in
the subsequent steps.

(25,35)-Methyl 3-azido-2-methoxy-3-(4-nitrophenyl)propanoate (19e): To
a solution of a-hydroxy ester 18e (0.495g, 1.86 mmol) in dry 1,2-di-
chloroethane (1.9 mL) was added trimethyloxonium tetrafluoroborate
(0.495 g, 3.35 mmol, 1.8 equiv) and proton sponge (0.876 g, 4.09 mmol,
2.2 equiv). The flask was covered with alumina foil. After stirring the sus-
pension at 40°C overnight, a small probe was taken from the reaction
mixture and quenched with EtOAc/HCl,, for TLC (petroleum ether/
EtOAc, 1:1), that indicated full conversion. The reaction mixture was
cooled, treated with EtOAc/H,0, and acidified with In HCI to pH 2-3.
The precipitate was filtered off and the filtrate was separated. The aque-
ous phase was extracted once with EtOAc and the combined organic ex-
tracts were washed with water, and saturated NaCl solution, dried with
Na,SO,, filtered, and concentrated in vacuo. The residue was chromato-
graphed (petroleum ether/EtOAc, 3:1 to 2:1) to yield 19e (0.48 g, 92%)
as a slightly orange oil. R; (petroleum ether/EtOAc, 2:1) = 0.54; [«]& = +
49.5 (¢ = 1.00, CH,CL); 'HNMR (400 MHz, CDClL;): 6=3.38 (s, 3H,
OCH,), 3.75 (s, 3H, CO,CH,), 3.99 (d, J=6.1 Hz, 1H, 2-H), 4.89 (d, /=
6.1 Hz, 1H, 3-H), 7.55 (d, /=8.7 Hz, 2H, Ar), 822 ppm (d, /J=8.7 Hz,
2H, Ar); ®*CNMR (100 MHz, CDCly): §=52.5 (OCH;), 59.3 (OCHs),
65.0 (C-3), 83.0 (C-2), 123.8 (C,), 129.0 (C,), 142.4 (C,), 148.1 (C,)),
169.6 ppm (CO,CH;); HMRS (ESI): m/z caled for C;;H,,N,O5 [M +Na] ™"
:303.06999; found: 303.07002.

Reduction of azide 19e and coupling of amine 8e with acid 6 to tripep-
tide 20e (NO,): A solution of azide 19e (89.6 mg, 0.32 mmol) and PPh;
(92.2 mg, 0.352 mmol, 1.1 equiv) in of THF (1 mL) was stirred at 40—
50°C for 1 h for clean and complete conversion to the corresponding imi-
nophosphorane (TLC control: CH,ClL,/MeOH/NH;, 10:1:0.1, R; 0.5 for
the iminophosphorane). Selected 'H NMR (400 MHz, CDCl;) data for
the iminophosphorane: 6=7.91 (d, 2H), 3.67 (s, 3H), 3.13 ppm (s, 3H).
Then water (0.1 mL) was added and the mixture was further stirred at
40-50°C for ~8 h. Because the R; values of the iminophosphorane, Ph;P=
O and the resulting amine were all the same, the reaction progress was
conveniently monitored by analyzing small evaporated probes taken
from the reaction mixture by NMR. Selected 'H NMR (400 MHz,
CDCl;) data for the amine: 6=28.15 (d, 2H), 3.65 (s, 3H), 3.39 ppm (s,
3H). When appropriately clean and high (~86%) conversion was ach-
ieved, the mixture was evaporated to yield 0.166 g of a sticky oil, contain-
ing ~36% w/w amine 8e (assuming the conversion was 80% as the
lowest). Then, to a solution of this crude mixture (108 mg), containing
amine 8e (approx. 38.9 mg, 0.153 mmol, 1.24 equiv of the amine) in
DMF (2.3 mL) were added acid 6 (47.7 mg, 0.123 mmol), HOBt (24.9 mg,
0.184 mmol, 1.5equiv), iPr,NEt (0.064 mL, 0.369 mmol, 3 equiv). At
—10°C TBTU (59 mg, 0.184 mmol, 1.5 equiv) was added and the reaction
was stirred for 5-6 h at room temperature. The mixture was diluted with
water (5 mL) and extracted with ethyl acetate (3x8 mL). The combined
organic layers were washed with 1N NaHSO, solution (5 mL), saturated
NaHCO; solution (5mL), saturated NaCl solution (5mL), dried with
Na,SO,, filtered, and concentrated in vacuo. Purification of the residue
by flash chromatography (petroleum ether/EtOAc, 2:1) gave tripeptide
20e (58.7 mg, 76 %) as a white foam. R; (petroleum ether/EtOAc, 2:1) =
0.48; [a]¥=+4.0 (c = 1.00, CH,CL); '"HNMR (400 MHz, CDCL,): 6=
0.97 (d, J=6.9 Hz, 3H, Ala CHj,), 1.40 (s, 9H, rBu), 2.98 (s, 3H, NCH,),
3.17 (dd, J=15.5, 9.4 Hz, 1H, CH,), 3.38 (s, 3H, OCHj;), 3.38 (m, 1H,
CH,), 3.61 (s, 3H, CO,CH;), 4.07 (d, J=5.1Hz, 1H, CHOCH,;), 4.48-
4.54 (m, 1H, Ala CH), 5.33 (d, J=7.4 Hz, 1H, Ala NH), 5.44 (dd, J=8.1,
5.1Hz, 1H, p-Tyr CH), 5.53 (dd, /=8.9, 7.4 Hz, 1H, Trp CH), 6.89 (s,
1H, Trp Hy,), 7.08 (ddd, J=7.9, 7.1, 0.8 Hz, 1H, Trp H,,), 7.16 (ddd, J=
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7.9,7.1,0.8 Hz, 1H, Trp H,,), 7.21 (d, J=8.1 Hz, 1H, -Tyr NH), 7.31 (d,
J=79Hz, 1H, Trp Hy,), 7.34 (d, /=83 Hz, 2H, Ar), 7.57 (d, J=7.9 Hz,
1H, Trp H,,), 8.06 (d, /=83 Hz, 2H, Ar), 821 ppm (s, 1H, Trp NH);
BCNMR (100 MHz, CDCLy): 6=17.8 (Ala CH;), 23.5 (CH,), 283 (C-
(CH3;);), 30.9 (NCHs;), 46.7 (Ala CH), 52.1 (OCHs;), 53.8 (3-Tyr CH), 56.8
(Trp CH), 59.3 (OCHs;), 79.7 (C(CHs;);), 81.8 (CHOCH;), 110.5 (quat.
Trp), 111.2, 118.5, 119.5, 1222 (2C, Trp), 1234 (2C, Ar), 127.1 (quat.
Trp), 128.7 (2C, Ar), 136.1 (quat. Trp), 144.3 (quat. Ar), 147.5 (quat. Ar),
1552 (Boc), 169.5, 169.6, 174.5 ppm; HMRS (ESI): m/z calced for
C3H3N5O, [M +Na]*: 648.26400; found: 648.26502.

Tripeptide acid 21e (NO,): To a solution of methyl ester 20e (55.3 mg,
0.0884 mmol) in THF (0.4 mL) were added water (0.6 mL), methanol
(0.3 mL) and NaOH (7.5 mg, 0.188 mmol, 2.1 equiv). The initial biphasic
mixture became homogeneous with progressing saponification. After
being stirred for 1 h at room temperature until complete conversion (con-
trolled by TLC), the mixture was diluted with water (5mL) and ethyl
acetate (8 mL). It was carefully acidified with 1M NaHSO, to pH ~2
before the layers were separated and the aqueous phase extracted once
with ethyl acetate (8 mL). The combined organic layers were washed
with water, saturated NaCl solution, dried with Na,SO,, filtered, and con-
centrated in vacuo to afford the crude acid 21e as a colorless foam. R;
(EtOAc/AcOH 100:1) = 0.4; '"HNMR (400 MHz, CDCl;): 6=0.83 (d,
J=6.9 Hz, 3H, Ala CHj;), 1.39 (s, 9H, Bu), 2.93 (s, 3H, NCHs;), 3.18 (dd,
J=15.3, 9.9 Hz, 1H, CH,), 3.28-3.34 (m, 1H, CH,), 3.34 (s, 3H, OCHj;),
3.98 (d, J=6.3 Hz, 1H, CHOCH,;), 4.42-4.49 (m, 1H, Ala CH), 5.40 (dd,
J=17.6, 71 Hz, 1H, -Tyr CH), 5.46 (d, J=7.4Hz, 1H, Ala NH), 5.59
(dd, J=9.9, 7.4 Hz, 1H, Trp CH), 6.88 (s, 1H, Trp Hy,,), 7.05 (app t, /=
7.0 Hz, 1H, Trp H,,), 7.13 (app t, J=7.0 Hz, 1H, Trp H,,), 7.21 (d, /=
8.6 Hz, 1H, B-Tyr NH), 7.28 (d, /=79 Hz, 1H, Trp H,,), 741 (d, J=
8.4 Hz, 2H, Ar), 7.53 (d, /=79 Hz, 1H, Trp H,,), 8.04 (d, /=84 Hz, 2H,
Ar), 836 ppm (s, 1H, Trp NH); "CNMR (100 MHz, CDCl;): §=17.0
(Ala CH;), 23.2 (CH,), 28.3 (C(CHs;);), 30.6 (NCH;), 46.6 (Ala CH), 54.0
(B-Tyr CH), 56.7 (Trp CH), 58.8 (OCH,), 80.8 (C(CH,);), 82.5
(CHOCH;), 110.2 (quat. Trp), 111.2, 118.4, 119.5, 122.1, 122.3, 123.5 (2C,
Ar), 127.1 (quat. Trp), 128.4 (2C, Ar), 136.1 (quat. Trp), 145.2 (quat. Ar),
147.4 (quat. Ar), 156.3 (Boc), 169.5, 170.7, 174.8 ppm; HMRS (ESI): m/z
caled for C3HyNsO, [M +Na]™*: 634.24835; found: 634.24819.

Depsipeptide 22e (NO,): The crude acid 21e (52 mg, 0.0851 mmol) and
alcohol 7 (32.8 mg, 0.128 mmol, 1.5 equiv) were dissolved in THF (1 mL)
and Ph;P (40 mg, 0.152 mmol, 1.8 equiv) was added at 0°C. This was fol-
lowed by the dropwise addition of DIAD (0.030 mL, 0.152 mmol,
1.8 equiv). The cooling bath was removed and the mixture stirred over-
night at room temperature. The reaction mixture was concentrated in
vacuo and the residue purified by flash chromatography (petroleum
ether/EtOAc 2:1 to 1:1) to give ester 22e (62 mg, 86%) as a colorless
foam. R; (petroleum ether/EtOAc 1:1) = 0.30; [a]¥ =—4.0 (¢ = 1.00,
CH,CL,); '"H NMR (400 MHz, CDCly): =0.77 (d, J=6.6 Hz, 3H, CH,),
091 (d, J=6.1Hz, 3H, CH;), 0.96 (d, J=6.8 Hz, 3H, Ala CHj;), 1.01 (d,
J=6.8 Hz, 3H, CH;), 1.40 (s, 9H, rBu), 1.41 (s, 9H, Bu), 1.56 (s, 3H,
CH;), 1.92 (dd, /=139, 7.6 Hz, 1H, CH,), 2.33 (dd, /=13.9, 6.8 Hz, 1H,
CH,), 2.40-2.51 (m, 2H, 2 CH), 2.97 (s, 3H, NCHs;), 3.17 (dd, /=154,
9.6 Hz, 1H, CH,), 3.37 (dd, /=154, 7.1 Hz, 1H, CH,), 3.40 (s, 3H,
OCHs;), 4.06 (d, J=4.5Hz, 1H, CHOCHs;), 4.46-4.61 (m, 2H, Ala CH,
CO,CH), 4.84 (d, J=99Hz, 1H, =CH), 534 (d, /=73 Hz, 1H, Ala
NH), 5.43 (dd, /=823, 45Hz, 1H, p-Tyr CH), 5.52 (dd, /=9.6, 7.1 Hz,
1H, Trp CH), 6.88 (s, 1H, Trp Hy,,), 7.07 (ddd, /=738, 7.1, 0.8 Hz, 1H,
Trp Hy,), 7.15 (ddd, J=8.1, 7.1, 0.8 Hz, 1H, Trp H,,), 7.21 (d, /=8.3 Hz,
1H, B-Tyr NH), 7.30 (d, J=8.1 Hz, 1H, Trp H,,), 7.39 (d, J=8.6 Hz, 2H,
Ar), 756 (d, /=78 Hz, 1H, Trp H,,), 8.04 (d, /J=8.6Hz, 2H, Ar),
825 ppm (s, 1H, Trp NH); *CNMR (100 MHz, CDCl,): 6=16.4, 16.6,
17.1, 17.6, 17.9, 23.5 (CH,), 28.0 (C(CHs;);), 28.3 (C(CHy;);), 30.9 (NMe),
37.5, 38.6, 43.4 (CH,), 46.7 (Ala CH), 53.8 (B-Tyr CH), 56.8 (Trp CH),
59.3 (OCHj), 764 (CO,CH), 79.6 (C(CHs);), 79.9 (C(CHs);), 81.4
(CHOCH,), 110.5 (quat. Trp), 111.1, 118.4, 119.5, 122.1, 122.2, 123.3 (2C,
Ar), 127.1 (quat. Trp), 127.5 (=CH), 129.1 (2C, Ar), 134.0 (=C<), 136.1
(quat. Trp), 144.3, 147.4, 1552 (Boc), 168.6, 169.5, 174.5, 175.7 ppm;
HMRS (ESI): m/z caled for C;sHgNsO,, [M+Na]t: 872.44163; found:
872.44212.
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Chondramide 2e (NO,): To a stirred solution of compound 22e (62.7 mg,
0.0738 mmol) in CH,Cl, (22mL) was added TFA (0.22mL, 034 g,
2.98 mmol) at 0°C. The reaction mixture was allowed to warm to room
temperature and after stirring for 22 h, the solvent was removed in vacuo
(TLC control: CH,Cl,/MeOH/NHj,, 10:1:0.1). For azeotropic removal of
TFA the residue was taken up in toluene (3x0.5 mL) and concentrated
in vacuo each time. The crude product was dissolved in DMF (30 mL)
and iPr,NEt (64 pL, 47.7 mg, 0.369 mmol, 5equiv), HOBt (19.9 mg,
0.147 mmol, 2equiv) and TBTU (47.4 mg, 0.147 mmol, 2 equiv) were
added. The solution was stirred at room temperature for 20 h and then
diluted with water (20 mL) and EtOAc (20 mL). The aqueous layer was
extracted with EtOAc (3x20 mL) and the combined organic layers were
washed with 5% aqueous KHSO, solution (20 mL), water (20 mL), satu-
rated NaHCO; solution (20 mL), water (2x20 mL) and saturated NaCl
solution (20mL). The combined organic extracts were dried over
Na,SO,, filtered, and concentrated in vacuo. The crude product was puri-
fied by flash chromatography (petroleum ether/EtOAc, 1:3 to 0:1) to
give depsipeptide 2e (27.3 mg, 48%) as a colorless foam. R; (EtOAc) =
0.41; [a]¥ = +18.5 (¢ = 1.00, CH,Cl,); "HNMR (400 MHz, CDCL,): 6 =
0.84 (d, J=6.6 Hz, 3H, CHj;), 0.85 (d, J=6.1 Hz, 3H, CHj;), 1.07 (d, /=
6.8 Hz, 3H, CHj;), 1.17 (d, /J=6.8 Hz, 3H, CH;), 1.64 (s, 3H, CH;), 1.88
(d, J=13.1Hz, 1H, CH,), 2.36-2.51 (m, 3H, 2 CH, CH,), 2.95 (s, 3H,
NCHs;), 3.17 (dd, /=152, 8.6 Hz, 1H, CH,), 3.22 (s, 3H, OCH;), 3.31
(dd, J=152, 7.8 Hz, 1H, CH,), 3.75 (d, J=8.1 Hz, 1H, CHOCH,), 4.77-
4.83 (m, 2H, Ala CH, CO,CH), 4.90 (d, /=9.1 Hz, 1H, =CH), 5.30 (t,
J=83Hz, 1H, B-Tyr CH), 5.60 (t, J=8.1Hz, 1H, Trp CH), 6.50 (d, J=
7.3 Hz, 1H, Ala NH), 6.82 (s, 1 H, Trp H,,), 7.06 (d, J=8.8 Hz, 1H, B-Tyr
NH), 7.10 (ddd, /=81, 7.1, 0.8 Hz, 1H, Trp H,,), 7.17 (ddd, /=81, 7.1,
0.8 Hz, 1H, Trp H,,), 7.24 (d, J=8.6 Hz, 2H, Ar), 7.32 (d, /=8.1 Hz, 1H,
Trp Hy,), 7.59 (d, J=8.1 Hz, 1H, Trp H,,), 8.06 (d, /=8.6 Hz, 2H, Ar),
8.11 ppm (s, 1H, Trp NH); "CNMR (100 MHz, CDCl,): 6=15.8, 16.6,
17.3, 18.6, 20.0, 23.6 (CH,), 30.2 (NCHs;), 37.0, 40.2, 44.1 (CH,), 45.2 (Ala
CH), 54.4 (B-Tyr CH), 56.0 (Trp CH), 58.2 (OCHs;), 76.8 (CO,CH), 81.9
(CHOCH,;), 110.2 (quat. Trp), 111.2, 1185, 119.6, 122.2, 122.3, 1234,
127.1 (quat. Trp), 127.8 (=CH), 127.9, 134.3 (=C<), 136.1 (quat. Trp),
144.5, 147.3, 169.77, 169.82, 174.1, 174.5 ppm; HMRS (ESI): m/z calcd for
C36HysNsOg [M +Na]*: 698.31603; found: 698.31672.

Chondramide 2 f (NH,): By catalytic hydrogenation: A solution of chon-
dramide 2e (6.1 mg, 9.03 umol) in methanol (0.5 mL) was hydrogenated
overnight in a round bottom flask connected to a hydrogen filled balloon,
using 10% Pd on carbon (TLC control: CH,Cl,/MeOH, 10:1). Upon
complete conversion, the solvent was evaporated and the residue purified
by flash chromatography (CH,Cl,/MeOH, 30:1 to 20:1) to afford chon-
dramide 2f (2.7 mg, 47 %) as white foam. A mixed fraction, containing
2f and another unknown compound as major component was also isolat-
ed. Complete conversion was observed, but the reaction was not very
clean, likely because of formation of RNO and/or RNHOH, as suggested
by LC/MS examination of the mixed fraction. No evidence for competi-
tive hydrogenation of the double bond was found (by ‘H NMR).

By reduction with sodium dithionite: Alternatively, reduction of chondra-
mide 2e (5.8 mg, 8.58 umol) was carried out in THF (0.5mL), H,O
(0.5mL) in the presence of Na,S,0, (20 mg, 0.115 mmol) overnight at
room temperature. Conversion was high but not complete. The reaction
mixture was diluted with saturated NaCl solution and EtOAc with addi-
tion of some saturated NaHCO; solution. The water phase was extracted
once more with EtOAc. The combined organic extracts were dried with
Na,SO,, filtered, and evaporated. The desired NH,-chondramide 2f
(2 mg, 36 %) was isolated successfully by flash chromatography (CH,Cl,/
MeOH 30:1 to 20:1) as a white foam. R; (CH,Cl,/MeOH 20:1) = 0.26;
[a]y=+424.9 (¢ = 0.35, CH,Cl,); '"H NMR (400 MHz, CDCL,): 6=0.80
(d, /=63 Hz, 3H, CH;), 0.85 (d, /J=6.8Hz, 3H, CH;), 1.03 (d, /=
6.8 Hz, 3H, Ala CH;), 1.15 (d, /=7.1 Hz, 3H, CHj;), 1.63 (s, 3H, CH,),
1.80 (d, /=13.9 Hz, 1H, CH,), 2.33-2.40 (m, 2H, 2 CH), 2.53 (d, /=104,
13.6 Hz, 1H, CH,), 2.94 (s, 3H, NCH,), 3.14 (dd, /=155, 9.2 Hz, 1H,
CH,), 3.23 (s, 3H, OCH,;), 3.27 (dd, J=15.5, 6.8 Hz, 1H, CH,), 3.68 (brs,
2H, NH,), 3.75 (d, /=73 Hz, 1H, CHOCHy;), 4.77-4.84 (m, 2H, Ala CH,
7-H), 4.90 (d, J=8.8 Hz, 1H, =CH), 5.25 (dd, /J=7.3, 9.1 Hz, 1H, p-Tyr
CH), 5.60 (dd, /=7.1, 9.1 Hz, 1H, Trp CH), 6.58 (d, /=7.3 Hz, 1H, Ala
NH), 6.58 (d, /=83 Hz, 2H, Ar), 6.81 (d, /=22 Hz, 1H, Trp H,,), 6.92—
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6.96 (m, 3H, B-Tyr NH, Ar), 7.11 (ddd, /=8.1, 7.8, 1.0 Hz, 1H, Trp H,,),
7.17 (ddd, /=81, 7.8, 1.0 Hz, 1H, Trp H,,), 7.30 (d, /=7.8 Hz, 1H, Trp
H,,), 790 (d, /=7.8Hz, 1H, Trp H,,), 7.87 ppm (s, 1H, Trp NH);
“C NMR (100 MHz, CDCL): 6=15.3, 16.6, 17.6, 18.6, 20.5, 23.3 (CH,),
30.1 (NCH;), 37.1, 40.3, 43.8 (CH,), 45.3 (Ala CH), 53.9 (B-Tyr CH), 55.7
(Trp CH), 58.0 (OCH,;), 77.2 (CO,CH), 82.6 (CHOCH,;), 110.7 (quat.
Trp), 111.0, 115.0 (2C, Ar), 118.6, 119.4, 122.05, 122.11, 127.2 (quat. Trp),
127.7 (quat. Ar), 127.9 (2C, Ar), 128.4 (=CH), 134.1 (=C<), 136.1 (quat.
Trp), 145.9, 169.6, 170.6, 174.0, 174.5 ppm; HMRS (ESI): m/z calcd for
C3H,7N5O4 [M +Na]*: 668.34186; found: 668.34224.

Cytotoxicity assay and ECs, determination: Human foreskin fibroblast
(HFF) cells grown in Dulbecco’s modified Eagle’s medium with 10 %
fetal bovine serum and 10 uygmL ™' gentamicin were seeded at 2000 cells
per well in 96-well microtiter plates. After 2 h of incubation at 37°C in a
humidified atmosphere with 5% CO,, jasplakinolide and chon A ana-
logues were added to reach the final concentrations of 0.0049-5 um (in
two-fold increments). The number of viable cells was determined 72 h
later using the CellTiter 96 AQ,..s One Solution Cell Proliferation
Assay (Promega). Absorbance at 570 A (As;) measured was normalized
to percentage of control (untreated) and plotted against logarithmic con-
versions of compound concentrations using Prism 5.0 (GraphPad Soft-
ware). The log (inhibitor) vs. response curve with variable slope was gen-
erated from triplicates of data to calculate ECs, values with Prism 5.0.

MTT test with the L-929 mouse fibroblasts: Growth inhibitory activity
on L-929 mouse fibroblasts were determined after incubation with serial
dilutions of the compounds for 5 d using an MTT assay.””-*! The 1Cs, was
estimated from the concentration dependent activity curves.
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Abstract: Coordination chemistry of
gold catalysts bearing eight different li-
gands [L=PPh;, JohnPhos (L2), Xphos
(L3), DTBP, IMes, IPr, dppf, S-tolBI-
NAP (L8)] has been studied by NMR
spectroscopy in solution at room tem-
perature. Cationic or neutral mononu-
clear complexes LAuX (L=L2, L3,
IMes, IPr; X=charged or neutral
ligand) underwent simple ligand ex-
change without giving any higher coor-
dinate complexes. For L2AuX the fol-
lowing ligand strength series was deter-
mined: MeOH <hex-3-yne <MeCN ~
OTf™ <Me,S <2,6-lutidine < 4-pico-

line < CF;CO,” ~* DMAP < TMTU <

PPh; <OH =~CI". Some heteroligand
complexes DTBPAuX exist in solution
in equilibrium with the corresponding

plexes dppf(AuOTf), and S-tolBINAP-
(AuOTY), showed different behavior in
exchange reactions with ligands de-
pending on the ligand strength. Thus,
PPh; causes abstraction of one gold
atom to give mononuclear complexes
LLAuPPh;* and (Ph;P),Au™, but other
N and S ligands give ordinary dication-
ic species LL(AuNu),**. In reactions
with different bases, LAut provided
new oxonium ions whose chemistry
was also studied: (DTBPAu);O*%,
(L2Au),0H*, (L2Au);0™,
(L3Au),0OH", and (IMesAu),OH™. Ul-
timately, formation of gold hydroxide

Keywords: gold - ligand effects -
ligand exchange - NMR spectrosco-
py * oxonium ions

LAuOH (L=L2, L3, IMes) was stud-
ied. Ligand- or base-assisted intercon-
versions between (L2Au),OHT,
(L2Au);07, and L2AuOH are descri-
bed. Reactions of dppf(AuOTf), and S-
tolBINAP(AuOTY), with bases provid-
ed more interesting oxonium ions,
whose molecular composition was
found to be [dppf(Au),];0,°%,
L8(Au),OH™, and [L8(Au),];0,**, but
their exact structure was not establish-
ed. Several reactions between different
oxonium species were conducted to ob-
serve mixed heteroligand oxonium spe-
cies. Reaction of L2AuNCMe™* with
S? was studied; several new complexes
with sulfide are described. For many
reversible reactions the corresponding
equilibrium constants were determined.

symmetrical species. Binuclear com-

Introduction

Gold catalysis has emerged as an extensive area of research
that continues to evolve very rapidly today.!! However,
while the arsenal of synthetic methods available to an or-
ganic chemist benefited enormously from gold catalysis,
knowledge about the mechanism of the corresponding trans-
formations remains more limited, and this area has just
begun to emerge as a major topic in gold catalysis.”) Indeed,
most papers dealing with gold-catalyzed reactions confine
themselves to “proposed” mechanisms, without going into
deep experimental mechanistic investigation and characteri-
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zation of the gold intermediates. Often, instead of experi-
mental elucidation of mechanisms, computational investiga-
tions are conducted to support the mechanism.?!

Although general coordination chemistry of gold as a sub-
ject of inorganic chemistry has been investigated with a
broad range of ligands, the coordination chemistry of gold
compounds that are used nowadays as catalysts in organic
transformations is largely unexplored.” This actually is not
too surprising, since many of them appeared after 2000.5)
Here we present our pure coordination-chemistry investiga-
tions, which were conducted in parallel with our mechanistic
studies.

The present paper describes reactions of gold complexes
of the types LAuX and LAuNu™*, where L is a strong, base
or parent ligand, respectively, X is a negatively charged
group in neutral complexes and Nu is a neutral weaker
ligand in cationic complexes.®! Abbreviations, widely adopt-
ed in the text, are clear from the starting materials depicted
in Figure 1. Almost all reactions were conducted in deuter-
ated solvents (CDCl;, CcDg, [Dg]JTHF (used pure or as a
15 vol% mixture with simple THF), CD,Cl,, MeOD) and
were directly monitored by 'H and *'P NMR spectroscopy at
room temperature. Most of the reactions were conducted as
NMR titrations, which allowed us to get the necessary infor-
mation from changes observed in the spectra. We classify all

Chem. Eur. J. 2012, 18, 14732 -14744
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Figure 1. Structures of gold complexes together with ligand abbreviations
used in the text.

homoligand exchanges LAuNu*/Nu as “fast” if Nu gives a
single set of broadened signals, and as “slow” if bound and
free Nu give clear or broadened separate signals. Complexes
1 and 4-8 were prepared by reaction of the corresponding
chlorides with silver triflate.

Results and Discussion

Simple ligand exchange chemistry of gold catalysts: It has
long been known that Phy;PAut (with weakly or noncoordi-
nating anions) reacts with PPh; to provide mixtures of
higher coordinate complexes (Ph;P),Aut (n=2-4). Howev-
er, individual components of the equilibria [Figure 2,
Egs. (2), (3)] could not be observed by NMR spectroscopy
at room temperature because of fast exchange. The system
simply gives one broadened phosphorus resonance averaged
for all species.”! We reproduced this situation and describe it
with detailed spectra in the Supporting Information. Since
many of Ph;PAu-containing complexes had been previously
described, we largely focused on new species derived from
other ligands. The following known species were considered
of relevance for this study: PhyPAuNu™ (Nu=Me,S,* 2,6-lu-
tidine,” 2,6-di-tert-butylpyridine, NMe;,'”! PPh;), Ph;PAuN-
(SiMe,),!"" and (Ph;PAu),0+.["%

Initially, we studied the reaction of L2AuNCMe*SbF,~
(2) with different ligands: MeOH, hex-3-yne, Me,S, 2,6-luti-
dine, 4-picoline, DMAP, TMTU, PPh; and Cy;P in CDCl,.
All ligands except MeOH and hex-3-yne stoichiometrically
substituted acetonitrile from 2 to give 1:1 products whose
composition was established as L2AuNu*SbF,~ [Figure 2,
Eq. (4)], and in all these cases, before the equivalence point,

Chem. Eur. J. 2012, 18, 1473214744
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PhsPAUOTf + PPhy ——»  (PhgP),Au* 1)

(PhsP),Au* + PPhy s==——=—==(PhsP);Au’ @)

(PhsP)sAu* + PPhy s=====(PhsP),Au* @3)
L2AUNCMe* + Nu  —>  [2AuNu* + MeCN @
L3AuNTfy+ Nu —  [3AuNu*+ NTf,~ (6)
IMesAuOTf + Nu  ——»  IMesAuNu* + OTf" ©)
IPrAUOTf + Nu  —>  IPrAuNu* + OTf" 7)

Nu = Me,S, Lut, Pic, DMAP, TMTU, PPh3

DTBPAUOTf + Me;S —  DTBPAuSMe,*, (DTBP)Au”,...  (8)

DTBPAuUOTf + Lut —  DTBPAuLut* + OTf" ©)

Keq

L2AuPPhy* + 2 PPhy <= (PhyP);Au* + tBu 0.15L mol! (10)

L2Au(MeOH)* + MeCN === [ 2AUNCMe* + MeOH  ~1-103  (11)

L2Au(3-hexyne)* + MeCN === L2AuNCMe* + 3-hexyne 15 (12
L2AuNCMe* + OTf === L2AuOTf + MeCN ~2 (13)
L2AuNCMe* + Me;S === L2AuSMe;" + MeCN ~1-2-10° (14)
L2AuSMey* + Lut === L2AuLut* + Me,S 26 (15)
L2AuLut* + Pic === L2AuPic* + Lut 1.7 (16)
L2AuLut® + DMAP === L2AuDMAP"* + Lut 4-5-102 (7)
(DTBP)Au” + Lut === DTBPAuLut* + DTBP 4 (18)

2 DTBPAUPPh;* === (DTBP),Au* + (PPhy),Au* 0.06 (19)
L3AuSMe,* + Lut === L3AuLut* + Me,S 25-4 (20
L3AuLut* + Pic == L3AuPic" + Lut 13 @1
LL(AUOTf,) + (>3) PPhy —» LLAUPPh3* + (PhsP),Au* @2)
LL(AuOTf); + 2Nu —— LL(AuNu),2* (23)

LL = dppf, S-Tol-BINAP, Nu = Lut, Pic, DMAP, TMTU

Figure 2. Equations (1)—(23) for the reactions of gold(I) complexes with
nucleophiles; Lut =2,6-lutidine, Pic=4-picoline, DMAP =4-dimethylami-
nopyridine, TMTU = tetramethylthiourea.

MeCN gave a single broad resonance, indicating fast ligand
exchange in the L2AuNCMe*/MeCN system. After the
equivalence point, MeCN became completely free, giving
the normal sharp signal at 2.00 ppm in the 'H NMR spec-
trum. For example, in the reaction of 2 with PPh; the corre-
sponding heteroligand complex L2AuPPh;* was formed as
sole product, giving two doublets in the *'P NMR spectrum
due to P—P coupling. As a characteristic feature of the
'"H NMR spectrum, the protons at the 3',5'- and 4'-positions
of the biphenyl ring are significantly shifted upfield, presum-
ably due to the influence of the inductive currents in the tri-
phenylphosphine rings situated in close proximity. Beyond
the equivalence point gradual substitution of the L2 ligand
started to occur. Experimentally we found also that this
process can be better described as Equation (10) in Figure 2,
with an equilibrium constant of approximately 0.15 Lmol'.
This demonstrates much higher preference of L2 versus the
PPh; ligand for gold. Even 17.5 equiv PPh; were able to sub-
stitute only one-half of L2. Formation of stable L2AuPPh;*
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heteroligand complex in solution was confirmed also by ESI
HRMS analysis, while the presence of higher coordinate
L2Au(PPh;),* could not be confirmed. The absence of
L2Au(PPh;),* was also evident from the NMR spectra.
Thus, if any appreciable amount thereof was formed in solu-
tion, it would either give new signals or shift the
L2AuPPh;" signals due to the dynamic equilibrium that
would be established. However, even in the presence of
such a large excess of PPhs, the resonances of L2AuPPh;*
broadened only slightly and appeared at constant chemical
shift, which also points to a “slow” mode of exchange in the
L2AuPPh;*/PPh; system. The significant kinetic stability of
the L2AuPPh;* complex is in sharp contrast to the behavior
of the corresponding triphenylphosphine analogue
(PhsP),Au’ and must be a consequence of increased steric
hindrance of the L2 ligand. If liberated, the free L2 ligand
also gave a sharp constant resonance, while an excess of
PPh; gave a broadened resonance due to fast exchange with
the partially liberated gold in the classical (PhsP),Aut/Ph;P
dynamic system [Figure 2, Egs. (2) and (3)].

Similarly, in the reaction with Cy;P, formation of the cor-
responding L2AuPCy;" occurred, which in the presence of
excess Cy;P readily underwent substitution of L2 from gold
to give (Cy;P),Au” [Eq. (24)].

L2AuPCys* + CysP (CysP)Au + L2 (24)

Other L2AuNu® complexes with Nu=Me,S, Lut, Pic,
DMAP, and TMTU where readily obtained by reaction of 2
with the corresponding ligand; they all were completely
stable in the presence of excess of ligand, giving neither
higher coordinate complexes nor liberating the original
phosphine ligand. For Nu=Me,S, Lut, Pic, DMAP, and
TMTU, fast ligand exchange between L2AuNu* and Nu
was observed, but for Nu=Lut, remarkably, both free and
bound forms gave separate clear resonances indicating a
“slow” mode of ligand exchange, which is probably a conse-
quence of increased steric bulk of this ligand.

Reactions of 2 with MeOH and hex-3-yne in CDCl; did
not reveal stoichiometric substitution of MeCN, that is, the
resulting complexes would be weaker than the starting one.
We determined that MeOH is a weaker ligand than hex-3-
yne, and both are weaker than MeCN [Figure 2, Egs. (11)
and (12)]. The complex with methanol is so weak that only
in pure MeOD solution (/7000 equiv) does it exist as pre-
dominant form over acetonitrile. Complexes of 2 with sever-
al alkynes and alkenes were recently studied by Widenhoe-
fer etal.,, and hex-3-yne exhibited the strongest binding
among a range of several alkynes and alkenes.I"") Therefore,
it can be taken as a general rule for gold catalysis that bind-
ing of a cationic gold catalyst to a C=C or C=C bond of a
substrate would be generally weaker than with acetonitrile
by a factor of 10-100. This provides a ready explanation
why acetonitrile is often not a preferable solvent for a
gold(I)-catalyzed reaction: obviously, it would seriously
compete with an alkyne substrate for the gold center, slow-
ing down the overall process."

14734 ———
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Since gold catalysts are often prepared and used as tri-
flates or trifluoroacetates, it was of interest to compare their
binding abilities. For this purpose we prepared L2AuOTf
and L2AuOTFA and found that OTf™ as a ligand is bound
to gold slightly more strongly than MeCN [Figure 2,
Eq. (13)], but more weakly than Me,S. The OTFA salt was
found to be quite strong, comparable to the complex with
DMAP. This finding directly correlates with efficacy of cat-
alysis: while triflates still provide fast reactions, the trifluor-
oacetates are in fact very sluggish catalysts. However, al-
though binding of a catalyst to a substrate is important, it is
not the only factor determining the efficacy of gold catalysis.

Similar studies using Me,S, 2,6-lutidine, 4-picoline,
DMAP, TMTU, and PPh; in CDCI; were conducted with
L3AuNTHf, (3), which displayed exactly the same properties
[Figure 2, Eq. (5)]. The corresponding heteroligand complex
L3AuPPh;* was formed as a sole product with triphenyl-
phosphine, and beyond the equivalence point gradual substi-
tution of the L3 ligand started to occur. As in the case of
L2, L3 proved to be a much better ligand for gold than
PPh;, comparable to L2, but the equilibrium constant could
not be found due to signal overlaps. With Nu=Me,S, Lut,
Pic, DMAP, and TMTU the corresponding complexes
L3AuNu* were formed, which revealed fast L3AuNu™/Nu
ligand exchange for Nu=Me,S, DMAP, and TMTU and
slow ligand exchange for Nu=Lut and Pic. Ligand exchange
in L3AuNu*/Nu was always slower than in L2AuNu*/Nu,
as was evident from the line shapes, and this can be regard-
ed as a consequence of increased steric hindrance of the L3
ligand in comparison to L2.

Then we studied reactions of DTBPAuOTf (4) having a
phosphite ligand, which revealed several unexpected differ-
ences from the chemistry described above. First, 4 was
found to give a heteroligand complex DTBPAuPPh;*, which
does not exist in individual state but undergoes reversible
ligand metathesis to (Ph;P),Au* and (DTBP),Au", so that
all three species are simultaneously observed in solution.
The equilibrium constant was estimated to be K, =0.06
[Figure 2, Eq. (19)]. On further addition of PPh;, DTBP is
completely displaced from gold to give (Ph;P),Au* as a sole
product. During this process higher coordinate species
(DTBP),AuPPh;* and DTBPAu(PPh;),™ were not detected.
The homoligand complex (DTBP),Aut was generated in
the reaction between 4 and DTBP and revealed slow ligand
exchange in the presence of excess DTBP. Here again, no
higher coordinate (DTBP),Au* (n>2) complexes were de-
tected. One of the phosphite ligands in (DTBP),Au* is
bound rather weakly: it is already substituted by 2,6-lutidine
with an equilibrium constant K.,~4 [Figure 2, Eq. (18)]. We
believe that such weak binding is a consequence of both
high steric hindrance and weak donor ability of the DTBP
ligand. Rather in contrast with the previous chemistry, com-
plex 4 reacts with Me,S and TMTU to give no clear picture
of what is really happening in solution. In the case of Me,S
a complex dynamic mixture of DTBPAuSMe,?,
(DTBP),Au”*, and (Me,S),_;,Au* is formed due to ligand
exchange [Figure 2, Eq. (8)]. In contrast, lutidine reacted
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cleanly to give DTBPAuLut* as a single product undergoing
fast DTBPAuLut*/Lut exchange [Figure 2, Eq. (9)].

Next, IMesAuOTf (5) was treated with PPh; to give the
expected IMesAuPPh;t, which beyond the equivalence
point displayed fast exchange with PPh;. No other com-
pounds were formed, that is, IMesAuPPh;*/PPh; continues
to be a simple binary system with PPh; exchange as the only
process, which is not surprising, since N-heterocyclic carbene
(NHC) cannot be easily substituted by a phosphine. With
other ligands Nu=Lut, Pic the corresponding complexes
IMesAuNu* were formed, and both revealed slow IMesAu-
Nu*/Nu ligand exchange [Figure 2, Eq. (6)]. Another similar
NHC carbene complex, namely, IPrAuOTTf (6), displayed ex-
actly the same chemistry as 5. Ligand exchange in the IMe-
sAuNu*/Nu system was found to be fast only for Nu=Me,S
and slow for other cases [Nu=Lut, Pic, DMAP, TMTU,
PPh;; Figure 2, Eq. (7)].

Further, we studied ligand-exchange chemistry of two bi-
nuclear complexes of gold. For example, when dppf(AuCl),
was titrated with PPh;, the system displayed dynamic behav-
ior with single sets of broad signals for dppf and PPh;, but
at some point sharp signals for the dppf unit were observed,
together with broad signals for PPh; (in both 'H and
'P NMR spectra), indicating formation of a single dppf
complex. This can be either dppfAuCl or [dppfAuPPh,]*
Cl". Complex dppfAuCl was previously described and its
spectra did not match those observed by as, so we suppose
[dppfAuPPh;]*Cl™ could be formed in our case. The com-
plex [dppfAuPPh;]* was previously described as the per-
chlorate salt and its spectra matched those observed by us
pretty well.l™

When dppf(AuOTf), (7) was titrated with PPh;, the early-
stage spectra were complicated, indicating formation of a
multicomponent mixture. However already at three equiva-
lents of PPh;, sharp signals for the dppf unit arose, together
with broad signals for PPh; (in both 'H and *'P NMR spec-
tra), indicating formation of a single dppf complex. Similar
properties were displayed by another binuclear complex,
namely, L8(AuOTf), (8). The observed behavior was clear
from the NMR spectra and additionally supported by ESI
MS. The observations were consistent with complete ab-
straction of one gold atom from the initial complex and for-
mation of mononuclear complexes LLAuPPh;t and
(PhsP),Aut [Figure 2, Eq. (22)]. In case of dppfAuPPh;*
the spectra matched those reported in the literature.™ All
sharp signals (in both 'H and *'P NMR spectra) were as-
signed to the LL unit of LLAuPPh;*, and broad, time-aver-
aged signals were assigned to a PPh; unit which experiences
fast exchange between all the species. This also causes the
phosphorus resonance of LL to appear as a singlet rather
than a doublet. Formation of free LL was not observed with
an excess of PPh;, that is, while abstraction of one gold
cation from the initial dicationic complex was easy, abstrac-
tion of the second gold ion is rather difficult. This might be
explained by a cooperative action of both phosphorus atoms
rather than the nature of each of them. Such an interaction
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might be described as a chelate or fast jumping of gold be-
tween the two phosphorus atoms.

In contrast to PPh;, reactions with weaker N and S ligands
revealed formation of the corresponding dicationic com-
plexes dppf(AuTMTU),**, dppf(AuLut),”*, L8(AuLut),*",
L8(AuPic),**, L8(AuDMAP),**, and LS8(AuTMTU),**,
without any sign of gold abstraction [Figure 2, Eq. (23)]. In-
terestingly, the complexes with TMTU were slightly reactive
in the presence of excess TMTU, and this suggests a further
reversible unidentified process but with the equilibrium
shifted to the left.

As a result of this study, the following ligand strength
series was established, with some key K, values indicated
(Scheme 1). Conveniently, the ligands before OTf  can be

15 2 17
for L2Au* P o
MeOH << 3-hexyne < MeCN ~ OTf~ << Me,S < Lut < Pic < OTFA™ ~ DMAP

10° 1-2:10° 4-5:10?
PPhj < Cy;P
continued: DMAP < TMTU < PPh; < CI” ~ OH"~ 10
RS

for DTBPAu*: DTBP < Lut  IMesAu*: CI” < PPhy PhsPAu*: DMAP < TMTU

Scheme 1. Ligand strength series for cationic gold complexes with some
key K, values.

regarded as weak, from Me,S till TMTU as moderately
strong and beyond PPh; very strong. The range of binding
affinities from MeOH till DMAP spans approximately ten
orders of magnitude. During further research we were able
to determine indirectly the equilibrium constant for DM AP/
TMTU exchange at Ph;PAu®, which appears to be 10 in
favor of TMTU. Unfortunately, it was not possible to quan-
titatively determine the difference in binding affinities for
TMTU/PPh;, but we suppose this may reach several (2-4)
orders of magnitude.

Reaction of gold catalysts with bases: formation of LAuOH
and oxonium species and their transformations: It has long
been known that Ph;PAu™ reacts with base and water to
give triaurated oxonium salts (Ph;PAu);O* (9) stable in sol-
ution and in the solid state.? Indeed, when proton sponge
(PrSp) was added to a freshly prepared solution of
Ph;PAUOTf (1) in CDCl;, a fast and quantitative reaction
with traces of water (naturally contained in CDCl;) occurred
to give (PhsPAu);O*t as the sole product [Scheme 2,
Eq. (25)]. Before the equivalence point, P NMR showed a
single broadened resonance indicating fast exchange in the
Ph;PAuOTI/(Ph;PAu);O™" system. In sharp contrast, 2 react-
ed with proton sponge to give diaurated oxonium ion
(L2Au),OH* (10) as a single product together with the
proton sponge salt (PrSpH*) [Scheme 2, Eq.(26)]. Its
proton spectrum exhibits a characteristic triplet at
—0.42 ppm (*Jyp=1.7 Hz) corresponding to a single OH
proton. The stoichiometry of the whole reaction was deter-
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Scheme 2. Reactions of gold complexes with proton sponge.

mined by integration, which showed that 1 mol of 10 is gen-
erated together with 1 mol of proton sponge salt. Observa-
tion of a single resonance in the P NMR and a triplet for
OH suggests a symmetrical structure for this cation with two
equal Au—O interactions, possibly stabilized by a single au-
rophilic interaction. Other diaurated oxonium ions
(LAu),OH* were obtained also with ligands L=L3 (11),
IMes (12), IPr (13) as sole products of reactions of 3, 5, and
6 with proton sponge according to Equation (26a) in
Scheme 2. However, DTBPAuOT({ (4) reacted with proton
sponge to give triaurated oxonium ion (DTBPAu);0* (14)
[Scheme 2, Eq. (27)]. Proof of the molecular composition of
oxonium ions obtained by these reactions comes not only
from the presence or absence of OH protons, but simply
from reaction stoichiometry, easily established by integra-
tion of relevant peaks in their spectra. (IPrAu),OH* (13)
was previously described by Nolan et al. in 2010 and until
now was the only known example of diaurated oxonium
jions.!'0! According to Nolan et al., the X-ray structure of 13
contained Au--Au interactions somewhat longer than it
would be expected for aurophilic interactions. Therefore, it
is doubtful whether they contribute to the stability of this
type of structures in our case.
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The cation (L2Au),OH* (10) can also be generated with
other bases. For example, even 2,6-di-tert-butylpyridine
reacts with 2 to give 10, but the reaction is reversible: two
equivalents of the base are able to transform only half of
the starting complex. Solid LiOH, and even simple water ex-
traction, trigger quantitative formation of 10, but when a
solution of 2 in CDCl; is treated with 10% aqueous KOH,
fast reaction occurs to give L2AuOH 15 as sole product
[Scheme 3, Eq. (28)]. Its proton spectrum exhibits a charac-
teristic broad singlet at —0.73 to —0.76 ppm corresponding
to the OH proton. The exact chemical shift of the proton is
slightly affected by the presence of water, which forms
strong hydrogen bonds and causes exchange of the protons,
so that no coupling to phosphorus is observable.!'”! Indeed,
in an extra-dry solution of 15 in C,D, (above solid KOH)
the OH proton could be observed as a doublet at
—0.20 ppm (*J.p=4.8 Hz), and the doublet was also nicely
observed in the NMR spectrum of 15 in C¢Dg layered above
saturated aqueous KOH solution.

Complex L2AuOH (15) is an example of a gold hydrox-
ide, a new class of gold complexes. Currently, only a single

CcDcl
L2AUNCMe" + OH" ———2» [2AuOH + MeCN (28)
KOH,,
2 q 15
2 L2AuNCMe* + OH- ——» (L2Au),0OH" + MeCN (29)
2 10
(L2Au),0H" + OH" ——» 2 L2AuOH (30)
10 15
(L2Au),OH" + L2AUOH === (L2Au)30" + H,0 (31)
10 15 17
16 + CHx(CO,Me), —> L2AuCH(CO,Me), + H,O (32)
(32a)
PPh t.
L2AuOH + CDCl, & L2AuCCls + H20 (33a)
CDCl3 16
L2AuOH + CDCl; ——— L2AuCl + products (33b)
originated from :CCl,
L2AuUOH + PPhy  <=—== L2AuPPh;" + OH" (34)
OH +CDCl; — HOD +CCl;y~ (3%)
L2AuPPhs* + CCl;  — L2AuCCl; + PPh; (36)
heat
CCl3~ CIm+:CCl, —==» CyCl4, CO ... (37)
L2AuPPhs* + CI©  ——» L2AuCl + PPh; (38)

%iA”‘OH Au/ O\\Au

/AN
L L
|

(L2Au);0* 17

(R
O
N
=
(]
oCeo
'U?OQ

L2AuCH(COsMe), L2AuCCl3 16

Scheme 3. Formation of gold hydroxide and its transformations.
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example is known in the literature. In 2010 Nolan described
IPrAuOH and studied the chemistry of this compound,
which exhibited strongly basic properties.™®'® In complete
accordance with expectations, L2ZAuOH appeared to be a
strong base as well. It readily reacted with dimethyl malo-
nate to give L2AuCH(CO,Me), [Scheme3, Egq.(32)]. In
CDCl; solution L2AuOH slowly reacts with the solvent
(over many hours at room temperature), but the reaction
can be strongly accelerated by PPh; [Scheme3, Egs. (33a)
and (33b)]. Thus, when a catalytic amount of PPh; (=1-
5%) was added to a solution of L2ZAuOH in CDCl; and the
solution concentrated in vacuo, the residue already con-
tained only the products of the reaction. Normally, a mix-
ture of L2AuCl and L2AuCCl; (16) is formed. The chloride
ion in L2AuCl must come from CDCI; [Scheme 3, Eq. (37)].
We found that the ratio of the products can be controlled by
temperature. Thus, when evaporation of the reaction mix-
ture was conducted below room temperature, 16 could be
obtained as a main product (/95 %), only slightly contami-
nated with L2AuCl, while formation of L2AuCl is favored
at higher temperature. Interestingly, 16 has exactly the same
phosphorus chemical shift as 10 and L2AuDMAP*
(57.43 ppm) in CDCI; solution, but the proton spectra differ
sufficiently to allow differentiation. Unfortunately, a "*C
spectrum did not prove the presence of the CCl; residue.
However the structure was unambiguously established by X-
ray analysis (Scheme 3). The catalytic action of PPh; in this
reaction is explained by its enhancing dissociation of
L2AuOH, to provide OH", which is very reactive in organic
solution due to lack of solvation and should deprotonate
chloroform more readily [Scheme 3, Eq. (34) and (35)]. Con-
trol experiments in C4,D; revealed that PPh; is unable to sto-
ichiometrically displace OH™ from gold (even in excess) and
the reaction is thus highly reversible [Scheme3, Eq. (34)].
Another test performed on 15 with TMTU indicated no sign
of any exchange even if TMTU was present in excess.
Rather, prolonged warming of the reaction mixture caused
hydrolysis of TMTU to give (Me,N),CO and some com-
plexes with sulfur. These results might seem surprising,
given the general low oxophilicity of gold, but on the other
hand OH™ is a highly nucleophilic ion whose elimination
from a covalent compound like LAuOH is disfavored in the
absence of good OH™ acceptors. Obviously, the OH of gold
hydroxide has strong desire to interact with more suitable
electrophiles, (e.g., with a proton). In other words, LAuOH
can be viewed as soluble covalent organic analogue of
KOH.

Since gold hydroxides are promising catalyst precursors
activated by protonation and useful reagents for the synthe-
sis of various organogold compounds,’” we turned our at-
tention towards their improved synthesis. Thus, the previ-
ously described example IPrAuOH was synthesized by heat-
ing a solution of IPrAuCl in THF/toluene with solid KOH
for 24 h, which is a rather long and harsh procedure but nev-
ertheless gave the product in high yield. We were pleased to
find that the analogous reaction of L2AuCl with solid KOH
occurred in less than 1 min at room temperature under me-
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chanical stimulation. Thus, when a benzene solution of the
starting gold complex was ground in a small mortar with
solid KOH followed by simple filtration through Celite, a
solution of about 95% pure product was obtained
[Eq. (39)]. We were even more surprised when we found
that this reaction occurs within 5 min at room temperature
upon shaking a benzene solution of L2AuCl with concen-
trated aqueous KOH. It appears that OH™ can displace Cl™
from gold even in solution, which was not previously recog-
nized. In the same way, IPrAuOH and IMesAuOH were
prepared as well. However the corresponding chlorides re-
acted more sluggishly than L2AuCl. Notably, neither of
these methods was successful for the preparation of
Ph;PAuUOH, whose existence has so far not been confirmed.

CeDs

LAUCI + KOHg — >
grinding in mortar

LAUOH + KCl) (39)

L=1L2, IMes, IPr

We further studied the chemistry of (L2Au),OH* (10)
and L2AuOH (15). When a solution of 10, generated by re-
action of 2 with PrSp, was treated with another nucleophile
(Nu), quantitative formation of L2AuNu* occurred
[Eq. (40)]. Accordingly, PrSp is completely restored from
the salt. This transformation is triggered already by Me,S,
which demonstrates high reactivity of 10 in the presence of
a proton donor. In the absence of a proton donor, however,
other pathways are followed (see below).

(LAU),OH* + 2Nu + PrSpH* — LAuNu* + PrSp + H,0 (40)

With regard to chemoselectivity, an interesting subject
would be the reaction with simple amines, as they can act
both as bases and ligands. To check this possibility, we con-
ducted NMR titration of 2 with triethylamine. An interest-
ing situation occurred before the equivalence point:
L2AuNEt;*, 10, and the remaining 2 were all simultaneous-
ly observed, together with the corresponding amount of
Et;NH*. Closer to the equivalence point, the amount of
(L2Au),OH* (10) and 2 decreased, while L2AuNEt;t was
formed as the major product. This situation can be described
by Equations (41) and (42). Traces of (L2Au),OH* were
still detectable in the presence of 1.5 equivalents of Et;N.
This experiment demonstrated that initially some competi-
tion took place, but with increasing amount of Et;N it react-
ed preferentially as a ligand and not a base.’” When TMTU
was added to this solution, complete substitution of Et;N oc-
curred to give the L2ZAuTMTU™* complex. In contrast, Lut,
Pic, and DMAP reacted with 2 exclusively as ligands and
not as bases, regardless of the molar ratios, as was described
above [Figure2, Eq. (4)].

L2AuNCMe"* + Et;N
L2AUNEt3* + L2Au* + H,0

L2AuUNEt;* + MeCN (41)
(L2Au),OH* + Et;NH* (42)
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Then we titrated a freshly prepared (Ph;PAu);0O* (9)/
PrSpH™* mixture with triethylamine and found that gradual
formation of Ph;PAuNEt;t occurred, but the equilibrium
now lay on the left: approximately nine equivalents of Et;N
were able to transform only about 60% of 9 into the trie-
thylamine complex [Eq. (43)]. During this experiment both
9 and Ph,PAuNEt;* were observed clearly by *'P NMR.
When TMTU was added to the final solution, one broad
phosphorus resonance was observed for all the species. This
suggests that Et;N was completely substituted from gold,
but then Ph;PAUTMTU™ got involved in a fast exchange
process, together with (Ph;P),Au*, which was present in sol-
ution as impurity from the beginning but was not involved
in any fast exchange before TMTU was added. Also, this ex-
periment allowed the stability of the two species (LAu);O*
and (LAu),OH' to be compared. Obviously (LAu),O*
should be more stable because it is stabilized by three auro-
philic interactions, while (LAu),OH* has only one, albeit
doubtfully. The situation may change with the size of the
ligand, and we postulate that this accounts for the relative
instability of (LAu);O" when a bulky phosphine ligand is
present; there is simply not enough space around the
oxygen atom for three big fragments, and only formation of
less aurated (LAu),OHT is possible.

(Ph3PAu);0* + 3 Et3N + 2 PrSpH* == Ph3PAuUNEt;* + 2 PrSp + H,0  (43)

Also, we studied conversions of (L2Au),OH* (10) and
L2AuOH in both directions in three different solvents
(CDCl;, CD,Cl,, [Dg]THF). When PPh; was added to a solu-
tion of (L2Au),OH™, formation of new species was ob-
served, which eventually were converted to L2ZAuOH when
more PPh; was added [overall Eq. (44) in Scheme 4]. The
same species were detected during the synthesis of
L2AuOH, when a solution of 2 in CDCIl; was shaken briefly
with 10% aqueous KOH. On further brief shaking,
L2AuOH was cleanly formed, according to Equation (28) in
Scheme 3. From these observations, we concluded that these
new species adopt the intermediate position between
(L2Au),0OH* and L2AuOH during the reaction with hy-
droxide ions. From general Equations (46)—(48) in Scheme 4
it becomes clear that the quantity of hydroxide ions per

(L2Au),0H* + PPhy — L2AUOH + L2AuPPhz* (44)
10 15

(L2Au),0H* + L2AuOH (L2Au)30* + H,0 (45)
10 15 17

base per

1 mol gold:

0.5 2LAU* + OH- —> (LAu),OH* (46)
0.67 3LAU* +20H  —> (LAu);0" + H,0 (47)
1 LAu* + OH- — LAUOH (48)

Scheme 4. Reaction of (L2Au),OH* with PPh;.
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mole of gold increases for the following syntheses:
(LAu),OH* < (LAu);0* <LAuOH. Hence, we concluded
that the new species intermediately arising and disappearing
on the way from (L2Au),OH* (10) to L2AuOH (15) must
be (L2Au);,0" (17). We automatically concluded that 10
and 15 react with each other to give (L2Au);0* (17) ac-
cording to Equation (45) in Scheme 4. This process was
found to be reversible, because 17 was often observed in
mixture simultaneously with both 10 and 15 and not just
with one of them or pure. Accordingly, brief appearance of
17 during the synthesis of L2ZAuOH by Equation (28) in
Scheme 3 corresponds to incomplete reaction when a mix-
ture of 10 and 15 arises [Scheme3, Egs. (29)-(31)]. Howev-
er, only in THF was (L2Au);O% observed free of 10 and 15.
It remains unclear if this is due to better stability of
(L2Au);0™ in this solvent or some kinetic circumstances.
Note that (L2Au);07 is not an intermediate on the way
from 10 to 15; it is rather a temporary side product. The
same is valid when 15 is transformed into 10 by addition of
2. Formation of (L2Au);O% was rather unexpected given
the increased steric bulk of the building blocks, but this ion
is stable enough to be detected by ESI MS.

Compound (L2Au),OH™ (10) can be viewed as a complex
of L2Au™ with L2AuOH as ligand, and thus Equation (44)
in Scheme 4 can be viewed as simple ligand exchange. To
get an idea how strong L2AuOH is as a ligand, we conduct-
ed reactions with weaker nucleophiles in place of PPh; and
found that this reaction reversibly occurs already with Me,S,
and with lutidine the equilibrium is much shifted to the
right.

Thereafter, the analogous interconversion of
(L3Au),OH* (11) and L3AuOH (18) was studied
[Eq. (49)], but in contrast to the previous case it appears to
be a mechanistically “clean” transformation giving no inter-
mediate species. In no situation was the corresponding triau-
rated oxonium ion (L3Au);0" observed [Eq. (50)]. Possibly,
it cannot exist at all given the increased steric hindrance in
comparison to (L2Au);07.

(L3Au),0H"* + PPh,
(L3AU),OH* + L3AUOH ===

— > L3AUOH + L3AuPPh;* (49)
(L3Au);0* + H,0 (50)

Finally, we studied reaction of 2 with proton sponge in
methanol [Eq. (51)]. In contrast to the previous solvents, no
clear situation was observed. Possibly, an equilibrium mix-
ture of several oxonium and methoxonium species was
formed. However, when solid KOH was added to this mix-
ture, L2ZAuOMe (19) was generated cleanly. Its identity was
established by reaction with PPh;, giving clean substitution
and no other products. Obviously, proton sponge was not
strong enough to generate this methoxide.

PrSp__ unidentified KOH PPhs .
2 eoD~ mixture — L2AuOCD; ~0CD; L2AuPPhg* (51)
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So far no oxonium species have been described for binu-
clear gold complexes. Therefore, in line with the previous
chemistry, we studied reactions of 7 and 8 with proton
sponge. As above, by integration it was established that 7
reacts with proton sponge to give triaurated oxonium ions
for which the simplest molecular composition was establish-
ed to be (dppfAu,);0,** (20) according to Equation (52) in
Scheme 5, while 8 gave a kind of diaurated oxonium ion, for

3 dppf(AUOTF), + 4 PrSp + 2 HyO —> (dppfAu,)30,2* + 4 PrSpH* + 60T

7 20 (52)
S-Tol-BINAP(AUOTF), + PrSp + Hy0 —»
8 S-Tol-BINAP(AU),OH* + PrSpH* + 2 OTf~  (53)
21
3 S-Tol-BINAP(AUOTT), + 4 LIOH —»>
8 (S-Tol-BINAP(AU),);0,2* + 4 LIOTf + 2 OTF  (54)
22

3 S-Tol-BINAP(AU),OH* + LIOH —» (S-Tol-BINAP(AU),)30,2* + Li* + H,0
8 22 (55)

possible structures for (dppfAu,)30,2* 20
and (S-Tol-BINAP(Au),);0,%* 22

@
P S OH
A 0 Ah<k—vAu\/
H%/\ / Au/ Au
——Au—P
HO/
® LL

possible structures for S-Tol-BINAP(Au),OH* 21

Scheme 5. Reactions of binuclear gold complexes with bases.

which the simplest molecular composition was established
as L8(Au),OH™ 21, [Scheme 5, Eq. (53)]. In the 'H NMR
spectrum 21 exhibits a characteristic, slightly broad singlet
at +5.36 ppm, corresponding to a single OH proton (in rela-
tion to 2Au), while in the *'P NMR spectrum it shows a
single sharp resonance at 22.85 ppm. In comparison with
other such species the position of the OH signal is abnor-
mal. On addition of solid LiOH to a solution of 21 a new
species is formed, which was tentatively assigned the formu-
la [L8(Au),];0,*" (22). This can be directly obtained by re-
action of 8 with solid LiOH, its '"H NMR spectrum exhibits
no protons assignable to OH, and its *'P NMR spectrum ex-
hibits a single sharp resonance at 21.35 ppm. However,
exact structures were not determined for either of these spe-
cies. Based on the information on structures of known oxo-
nium species, and from the fact that 20, 21, and 22 all exhibit
a single phosphorus resonance, symmetric structures are
proposed (Scheme 5).
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So far we described homoleptic aurated oxonium species
and it is of interest to check whether some mixed aurated
oxonium complexes, a previously unknown type of com-
pounds, can be observed. For this purpose we studied the re-
action of (L3Au),OH* (11) with 2 in the presence of excess
proton sponge and found that 11 and 10 exist in equilibrium
with the mixed species (L2Au)(L3Au)OH™ (23), and the
equilibrium constant was determined to be 0.87 [Scheme 6,

CDCly

(L2Au),OH* + (L3Au),OH* 2 (L2Au)(L3AU)OH*  Koq=0.87 (56)
10 1 23

4 (PhaPAU);0" + 3 (L2AU),OH* + PrSp <—=

9 10 & (PhsPAU)(L2AU)O* + PrSpH* + H,0 (57)
24

2 (PhsPAU)y(L2AU)O" + (L2Au),OH" + PrSp ===
24 10
4 (PhsPAU)(L2Au),0" + PrSpH* + H,0  (58)

25
4 (PhsPAU);0* + 3 (L3AU),0H" + PrSp =—=
9 n 6 (PhsPAU),(L3AU)O" + PrSpH* + H,0  (59)
26
o®
/ \\\ 24:L,=PPh; L, = L2
AU<AEAU 25:L4=L2, L,=PPhs
L VoL 26: Ly = PPhy Ly = iPr
L

Scheme 6. Formation of mixed oxonium species.

Eq. (56)], .1 In the 'H spectrum 23 exhibits a triplet for the
OH proton with a chemical shift (—0.36 ppm) between the
corresponding values for the homoleptic species. In the
P NMR spectrum 23 exhibits two singlets in a 1:1 ratio.
Further, we conducted titration of (Ph;PAu);O* (9) with 2
in the presence of excess proton sponge. In the early stage,
formation of 10 did not occur at all. Rather, formation of a
single product (Ph;PAu),(L2Au)O™ (24) occurred quantita-
tively until almost all 9 had reacted [Scheme 6, Eq. (57)]. In-
terestingly, in the *'P NMR spectrum this compound exhibits
no P-P coupling and gives two singlets in 2:1 ratio. On fur-
ther addition of 2, the simultaneous formation of two com-
pounds (10 as major and (Ph;PAu)(L2Au),0O* 25 as minor
product) indicates a reversible process [Scheme 6, Eq. (58)].
Obviously, formation of (Ph;PAu),(L2Au)O* (24) with
three possible aurophilic interactions is rather favored over
formation of 10 in the presence of 9, but this does not hold
true for (Ph;PAu)(L2Au),0% (25). This directly reflects the
stability of these species, which decreases as they become
more crowded. Thus, in the case of (L3Au),OH* (11) for-
mation of 26 is already highly reversible [Scheme 6,
Eq. (59)], while formation of (Ph;PAu)(L3Au),0*" was not
observed at all. Notably, phosphorus chemical shifts of the
ligand residues in these mixed oxonium species are very
close (within 0.3 ppm) to those observed in (Ph;PAu);0"
and (L2Au);07, which demonstrates similarities between all
of these compounds. Assuming that the equilibrium
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[Scheme 6, Eq. (58)] is pH-dependent, we attempted to shift
it to the right with KOH, a stronger base. However, the
equilibrium did not change significantly: both 24 and 25
were still observed; however, 10 completely transformed
into L2ZAuOH. We suppose that reaction of 10 with KOH to
give 15 [Scheme 3, Eq. (30)] simply happened much faster
than complex rearrangement by Equation (58) in Scheme 6.

Finally, we titrated L8(Au),OH™ (21) with 9 in the pres-
ence of proton sponge and found that two new products
were formed simultaneously, [Scheme 7, Egs. (60), (61)].

6 S-Tol-BINAP(AU),OH* + (PhsPAU);0* + PrSp
21 3 {(STOFBINAP(AU),),0H}(PhsPAU)O? + PrSpH* + H,0  (60)
27

3 {(S-Tol-BINAP(Au),),OH}(Ph;PAU)O2" + (PhsPAu),0" + PrSp <~—=

6(S-Tol-BINAP(Au),)(PhsPAU)O" + PrSpH* + H,0  (61)
28

L °©

N P LL*
Au—\—;AU\ —Au PhsR

NN /

Au Au A _—Au P

HO// i / \PPh3 N
® LL* e

e} 28
27

{(S-Tol-BINAP(AU),),OH}(Ph;PAU)0*  (S-Tol-BINAP(Au),)(PhsPAU)O*

PhsR S

\ _— AIU'—“‘CAU\ \\Au }
Au /\\Au/ \Au - \ possible structures
e PPh,

LL*
28

{(S-Tol-BINAP(Au),)(PhsPAU)O},2*

Scheme 7. Formation of mixed oxonium species bearing bidentate li-
gands.

However, one of them completely transformed into another
species when more 9 was added. The molecular composition
of this intermediate species was established as
{(L8(Au),),0OH}(Ph;PAu)O*t (27) since in the 'H spectrum
it exhibits OH and Me signals in the ratio 1:12:12. The final
product did not contain any OH signals, and its simplest mo-
lecular composition was established as {L8(Au),}-
(Ph;PAu)O* (28) which can be a monomer or dimer. The
exact structures of these ions were not determined; possibly,
symmetric structures are formed.

The interconversion between different kinds of oxonium
ions and gold hydroxide can be explained by a general
mechanism outlined in Scheme 8, consisting of principally
all reversible steps, so that position of the real system at
equilibrium primarily depends on the molar ratio and
nature of reactants. Accordingly, reaction between LAu*
and a base might begin with formation of a hydrate I, which
would undergo a second addition of LAu™ to give tetracoor-
dinate oxonium ion II, which would readily expel one
proton to give intermediate (LAu),OH* (III). If high OH~
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Scheme 8. General mechanism of formation and transformation of oxoni-
um species and gold hydroxide.

concentration is provided from the beginning, direct substi-
tution at gold might take place as ordinary ligand exchange.
Further, III reacts with LAu* to finally give oxonium ion V
via tetracoordinate oxonium ion IV or, alternatively, III
reacts with OH™ to give two equivalents of LAuOH. This
process can be viewed as a simple ligand exchange at gold,
if one considers III as a complex of LAut with LAuOH as a
ligand. Correspondingly, it is easy to trace the process back
when acid is added to LAuOH or V. The intermediacy of
tetracoordinate oxonium species like I and IV is postulated,
but gains support from the ability of V to form isolable tet-
racoordinate oxonium ion VI, which has been known since
1995.72 Obviously, despite the cationic character of Il and
V, the oxygen atom still can act as a nucleophile, providing
its fourth electronic pair to a proton or gold. The relative
nucleophilic nature of oxygen in these species becomes
clearer if one considers electronic density distribution within
a molecule. Indeed, according to the concept of hard and
soft Lewis acids and bases, there should be relatively weak
interaction between Au and O, with little positive charge
transfer from gold to oxygen. It can be argued that the
oxygen atom in V is more electron rich than that in IIT and
far more electron rich than that in H;O%, despite the fact
that gold is more electronegative than hydrogen. This hy-

Chem. Eur. J. 2012, 18, 14732 -14744


www.chemeurj.org

Coordination Chemistry of Gold Catalysts in Solution

pothesis gains further support from NMR spectra, which
typically show chemical shift of OH in III below 0 ppm. The
same statements can be made to account for the strongly
basic properties of LAUOH.

However, to account for reversible formation of V during
transformation of (LAu),OH*' into LAuOH under basic
conditions, equilibria V=IV=III are not feasible, due to
the absence of H*. In this case we propose alternative
mechanisms, which are also given in Scheme 8. Thus, one
might consider direct reaction of V with water, through hy-
drogen-bond activation, to give an equilibrium mixture of
III and LAuOH. From here, transformation of III to
LAuOH in the presence of OH™ is clear. Alternatively, one
can consider the possibility of V reacting directly with OH",
but then formation of gold oxide VIII would follow. Howev-
er, at present, such gold derivatives remain unknown and
their intermediacy is thus highly speculative. But if formed,
they would be highly basic substances and would react im-
mediately with water to give initially IIl and OH™ and final-
ly lead to LAuOH. We conclude that, depending on the
availability of H* and OH", gold may undergo transforma-
tions in different directions through different pathways, but
the final outcome of a reaction would be dependent on the
molar ratio and nature of reactants.

Formal LAu*t exchange at oxygen between (LAu);O%
and (L'Au);O% was previously observed, but nothing was
said about formation of any mixed intermediate species on
the way.®! In our study, due to the presence of at least one
large unit, such exchanges were observed as stepwise proc-
esses for the first time.

Reaction of 2 with Li,S: complexes with sulfur and their in-
terconversion: When 2 was allowed to react with substoi-
chiometric amounts of Li,S in a biphasic CDCl;/H,0 mix-
ture, (L2Au);S* (29) was formed as a sole product
[Eq. (62)]. Under these reaction conditions formation of tet-
raaurated sulfonium ion (L2Au),S** could be expected, and
exclusive formation of 29 evidences for inability of any
higher coordinated compound to exist due to steric rea-
sons.” On further addition of excess Li,S, multiple process-
es occurred. Thus, 29 predominantly transformed into hy-
drosulfide L2AuSH (30), but the reaction was also accompa-
nied by formation of several minor products [Egs. (63) and
(64)]. Among them, free ligand L2 was identified. Libera-
tion of free L2 implies that part of the gold was converted
to Au,S, and this idea gains support from the fact that some
brown precipitate was indeed observed. The same decompo-
sition was described in the case of (PhsPAu),S long ago,!
and later the structure of this compound could be establish-
ed by X-ray analysis.”® Accordingly, we concluded that neu-
tral sulfide (L2Au),S would also be unstable: it either de-
composes to Au,S and L2 or is hydrolyzed back to hydrosul-
fide 30. Notably, complete precipitation of Au,S and libera-
tion of L2 could not be achieved, at least within a short
time interval. The structure of (L2Au);S* was established
by X-ray analysis (Scheme 9). The ligand residues are locat-
ed in such a way that the cation can be described as having

Chem. Eur. J. 2012, 18, 1473214744

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

CDCly : .
L2AUSH + LiOHg) + Li*g  (65)

L2Au* + LipS(g) + H0
2 grinded in mortar 30

CDCl,

L2AUSH + L2AU* ——2»  (L2Au),SH* (66)
30 2 31
(L2Au),SH* + L2AUSH ~ ———  (L2Au),S* + H,S (67)
31 30 29
2 L2AUSH + L2Au* ——— (L2Au)3S* + H,S (68)
30 2 29
(L2AU);S* + HoS + L2AU*  ——» 2 (L2Au),SH* (69)
29 2 31
(L2Au),SH* + L2Au* (L2Au);S* + H* (70)

31 2 29

(L2Au);S* 29

(L2Au),SH* 31

Scheme 9. Formation and transformations of complexes with sulfur.

a C; symmetry axis passing through the central sulfur atom
and perpendicular to the base of the Au,S pyramid.

DCly/H

JL2AW + LSy 20O (1 oauSt 4 2 Li%gg (62)
2 29

CDCly (L2, and other
(L2Au);S*  — L2AuSH +  unidentified (63)
29 Li2S(aq, excess) 30 products)

(L2Au)3S* +2 S% + 3 H,0 3 L2AuSH + 3 OH- (64)

29 30

Interestingly, when a chloroform solution of 2 was ground
in a mortar together with excess of solid Li,S (even without
addition of water), clean formation of L2AuSH (30) occur-
red and no brown Au,S color or free L2 was observed,
[Scheme 9, Eq. (65)]. Based on this fact, we suppose that 30
is the only stable ultimate product of the reaction with sul-
fide (correspondingly, formation of LiOH should be invoked
to account for this process). In the "H NMR spectrum 30 ex-
hibits a characteristic doublet at —1.44 ppm corresponding
to a single SH proton.

Transformations of L2AuSH (30) were further studied in
the following experiment. When 2 was added to a fresh solu-
tion of 30 in CDCl;, (L2Au);S* (29) was formed as sole
product [Scheme 9, Eq. (68)]. This reaction is accompanied
by liberation of H,S, which could be also recognized by
smell. On further addition of 2, 29, H,S, and 2 reacted to
give (L2Au),SH™T 31 as sole product, [Scheme 9, Eq. (69)].
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In the '"H NMR spectrum it exhibited a characteristic triplet
at —0.41 ppm (*Jp=>5.3 Hz), corresponding to a single SH
proton. Ultimately, when more 2 was added, 29 reappeared
again, but now reversibly [Scheme 9, Eq. (70)]. These inter-
esting transformations are explained as follows. Initially,
when L2AuSH reacts with 2, (L2Au),SH* would be expect-
ed as a direct product [Scheme 9, Eq. (66)]. Observation of
29 at an early stage implies that (L2Au),SH* quantitatively
reacted with 29 to give (L2Au);S* and H,S [Scheme 9,
Eq. (67)], and only when no more 30 is present in solution
is further reaction possible. Next, when (L2Au),SH™ reacted
with an excess of 2, formation of (L2Au),S* occurred, but
now liberation of super acid HSbF, makes this process re-
versible. However, the equilibrium could be completely
shifted to the right on extraction with water. Such an inter-
esting appearance, disappearance, and reappearance of
(L2Au);S* 29 is completely understandable if one considers
material balance in the system. Thus, the initial formation of
29 happens before one equivalent of gold is added according
to Equation (68) in Scheme 9. At this moment the molar
ratio of elements in the system is Au®/S* /H*=3/2/2 (1S
and 2H are present as H,S and unreactive). Stoichiometric
formation of 31 happens exactly when the molar ratio is
Au*/S*/H* =2/1/1, as in the compound. Finally, 29 reap-
pears again when Au/S>2/1 and becomes complete provid-
ed Au*/S*”=3/1 and no acid is present.

From these two experiments it can be concluded that the
outcome of the reaction between 2 and S*~ depends on the
molar ratio of reactants and availability of reactive protons.
The mechanism of these transformations would resemble
the previously described mechanism for oxonium species.

An attempt was made to synthesize the elusive neutral
(L2Au),S by reaction of 30 and 15 in C4Dy, but this led to
mixtures of products. Interestingly, liberation of free L2 was
observed, but now it was not accompanied by any brown
precipitate, which suggests that formation of colorless prod-
ucts of general formula (L2Au),S-x Au,S could be possible.
Four new components were observed in the NMR spectra of
these mixtures; two of the compounds contained character-
istic singlets at —0.61 and —0.66 ppm (in C¢Dg); none of
them was identified. One of the products precipitated from
benzene. The solid was soluble in chloroform and did not
exhibit any signals below 0 ppm. The crystals, however, were
not analyzed by X-ray analysis leaving this puzzle to be
solved in the future.

Conclusion

We have thoroughly investigated the coordination chemistry
of modern gold catalysts by NMR spectroscopy in solution.
This included simple ligand-exchange reactions at gold, as
well as formation and transformations of different oxonium
and sulfonium species. Success in this study relied on the
presence of bulky ligands in gold complexes, which allowed
the transformations to be traced by NMR clearly without
being spoiled by the dynamic situations that often happen
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with complexes bearing small ligands. By observation of dis-
crete rather than continuous changes in NMR spectra, we
were able to detect and characterize intermediates and got
closer insight to mechanisms of processes involving multiple
reactive species.

Experimental Section

Synthesis of 2: An improved literature procedure was used.’” AgSbF
(0.213 g, 0.620 mmol) was quickly weighed in a vial. To this was added
cold MeCN (~0.3 mL) and CH,Cl, (0.3 mL) to make a clear solution
(dissolution of AgSbF, in MeCN is rather exothermic). To this solution
was added a solution of L2AuCl (0.329 g, 0.620 mmol) in CH,Cl, (3 mL).
A white precipitate immediately formed. The reaction mixture was al-
lowed to stand in the dark for about 15 min (rather than overnight as is
often given in the literature) before it was passed through Celite (we rec-
ommend conducting halogen abstraction reactions by silver in CH,Cl, as
a main co-solvent; see our remarks on synthesis of LAuOTf in the Sup-
porting Information). The reaction flask and filter cake were washed
with copious CH,Cl,. The clear colorless filtrate was evaporated in vacuo
till dryness and redissolved in a minimum amount of MeCN (~0.2 mL).
This solution was layered with benzene (= 1.5 mL) to allow for slow crys-
tallization. First crystals appeared rather slowly, but then crystal growth
occurred faster and rather big crystals were obtained. The supernatant
was removed by Pasteur pipette and the crystals washed once with ben-
zene and dried in vacuo to yield 2 in about 95 % yield. We note that both
commercial and self-made 2 normally contain only 0.93 equiv MeCN
rather than 1 equiv, and some 10 (=3 %) as impurity or as hydrolysis
product. However, when the final product was moistened with MeCN
and dried in vacuo immediately, but not strongly at first, and then mixed
with pentane and finally dried thoroughly, it was possible to obtain the
product with 1 equiv MeCN as in the formula.

Synthesis of dppf(AuCl), (7): Solid dppf (0.170 g, 1 equiv) was added to a
suspension of Me,SAuCl (0.101 g, 0.343 mmol, 2.02 equiv) in CH,Cl,
(2mL). All insoluble material soon dissolved to give an almost clear
orange solution containing trace amounts of a tiny dark precipitate. The
solution was filtered through Celite into a 10 mL flask and additional
amounts of CH,Cl, were used to quantitatively transfer all of the materi-
al. The filtrate was concentrated in vacuo to about 0.5 mL. At this point
a major part of dppf(AuCl), may already precipitate from the solution.
The filtrate was triturated with MeOH to enhance precipitation of the
product. The supernatant solution was carefully sucked out (by a Pasteur
pipette with a piece of cotton at the end) and the residue washed once
with MeOH and dried in vacuo (all in the same flask) to give the desired
complex as orange microcrystalline solid in quantitative yield (0.173 g).
Note: Me,SAuCl, dppf and dppf(AuCl), are all practically insoluble in
MeOH; therefore it is not recommended to keep more significant devia-
tions from 2/1 molar ratio of the reactants.

S-TolBINAP(AuCl), 8 was synthesized by the same method in quantita-
tive yield. It is also insoluble in MeOH.

Synthesis of (Ph;PAu);0" OTf™ (9): A solution of Ph;PAuCl (171.3 mg,
0.345 mmol) in THF (2 mL) was added to a solution of AgOTf (89.2 mg,
0.347 mmol) in THF (2mL). AgCl immediately precipitated. The reac-
tion mixture was kept in the dark for 5 min and filtered through a pad of
Celite. To the clear colorless filtrate was added a solution of NaOH
(15 mg) in water (0.4 mL) and the emulsion was shaken briefly. The prod-
uct formed as a gray precipitate. The resulting suspension was evaporated
almost till dryness. The residue was taken up in CH,Cl, and water. Any
remaining precipitate was filtered off and washed with portions of
CH,Cl,. The clear biphasic filtrate was collected, the water phase separat-
ed, and the organic phase dried with Na,SO,. After filtration, the clear
filtrate was transferred to a weighed round-bottomed flask. Most of the
solvent was removed in vacuo and the residue diluted with THF to cause
spontaneous precipitation of the pure product as white crystals. The su-
pernatant solution was decanted by Pasteur pipette and the precipitate
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washed with THF once, decanted, and the product dried in vacuo to
yield 0.166 g (93 %) of the title compound. Note: Clearly, the synthesis
would be better performed in CH,Cl, solution (change of the solvent
from THF to CH,Cl, would be not necessary).

Synthesis of gold hydroxides LAuOH (L=L2, IMes, IPr), mechano-
chemical method: A suspension of L2AuCl (33.8 mg, 43.8 umol) and
KOH (23.5 mg, 420 umol, 9.6 equiv) in C,D¢ (0.5 mL) was ground in a
small mortar for 30-60s (10s is enough for smaller loadings, and less
KOH can also be used). On filtration through Celite (prewashed with
C¢Dy) a clear solution of 15 was obtained, which was used directly with-
out isolation. IPrAuCl reacted more slowly, but complete conversion was
reliably achieved. Surprisingly, IMesAuCl reacted even more slowly, and
complete conversion was not achieved. However, the reaction was clean,
and this suggests that prolonged reaction time should achieve complete
conversion. We suppose that solubility of the initial and final gold com-
plexes in benzene would be important. We found that L2AuCl and
L2AuOH are quite soluble, while IPrAuCl and IMesAuCl are less solu-
ble.

Extractive variant: A solution of LAuCl in CH,Cl,/benzene (1/5) was
shaken with concentrated (but not saturated) aqueous KOH for 5 min.
The small amount of CH,Cl, was used to improve the solubility of
IPrAuCl and IMesAuCl. In principal, pure CH,Cl, can be used, but the
efficacy of emulsion generation on shaking and determination of phase
separation is lower, while benzene is much better suited. No phase-trans-
fer catalysts are required. Again, reaction of IMesAuCl was found to be
rather sluggish. We recommend the mechanochemical method as the sim-
plest and most reliable for synthesis of 15, while for larger scale synthesis
of IPrAuOH some adaptation would be required due to lower solubility
in benzene. More remarks on these two procedures are given in the Sup-
porting Information.

Generation of oxonium species (LAu),OH* (10-13); comparison of dif-
ferent reagents: Of all bases used in this study only proton sponge gener-
ated this species essentially in 100 % yield according to Equation (26a) in
Scheme 2 regardless of the excess of base. In case of water extraction of
a chloroform solution of 2, reaction naturally does not reach completion,
but was at least 95% complete (trace amounts of unconverted 2 always
remained, as evidenced by the MeCN resonance not exactly at 2.00 ppm
and broadening of the OH triplet). When a chloroform solution of 2 was
extracted with dilute NaHCO; solution, the resulting solution contained
traces of products of reaction beyond 10, that is, 15 and 17 (as evidenced
by the MeCN resonance exactly at 2.00 ppm and broadening of the OH
triplet). The use of solid inorganic bases such as LiOH or KOH gave dif-
ferent results depending on the amount of base, particle size, and reac-
tion time. Thus, on brief shaking of a chloroform solution of 2 with rela-
tively coarse LiOH powder, 10 was observed cleanly (at least 95%),
while on shaking with bigger amounts of finer powder reaction occurred
till exclusive formation of 15. Despite these ambiguities, shaking of a sol-
ution of 10 generated by reaction of 2 and PrSp according to Equa-
tion (26a) in Scheme 2 with LiOH powder was reliably used several
times to get rid of PrSpH™ while not disturbing 10.
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Abstract: A number of enol ether-de-
rived diaurated species were synthe-
sized directly from different alkynols
and cationic gold complexes in the
presence of a non-nucleophilic base
(proton sponge). The reaction can be
easily applied for in situ generation of
diaurated species from all common

salts. Whereas diaurated species are
obtained reliably from all conventional
mononuclear gold catalysts, application
of binuclear ones often gave diaurated
species with unusual properties. The
preliminary results point to complexi-
ties of behavior of binuclear gold cata-
lysts and would require more research

in future for this subclass. The forma-
tion of diaurated species from various
gold-oxo  compounds (LAu),OH*Y,
(LAu);0*, and LAuOH (L=phos-
phine ligand) was also studied. Of
these three types, only (LAu),OH?* is
reactive, whereas (LAu);O" and
LAuOH are not reactive alone but re-

types of hydroalkoxylation substrates:
5-endo, 5-exol6-endo, 6-exol7-endo and
intermolecular types. Six examples
were also synthesized in individual
state as stable hexafluoroantimonate

mediates

Introduction

Molecules containing an alkyne functionality allow a
number of useful transformations.'! A classical reaction is
the hydration of alkynes to ketones, which typically is per-
formed in presence of Hg" salts and acid. Related to this is
the hydroalkoxylation of alkynes. In recent years, addition
reactions to alkynes have benefited a lot from gold catalysis.
For example, alkynes with internal hydroxyl functions can
be converted to cyclic enol ethers by using an Au' catalyst.
However, knowledge about the mechanism of gold-cata-
lyzed transformations involving alkynes remains much more
limited.?! This also holds true for the hydroalkoxylation of
alkynes. The current understanding of this mechanism still
largely relies on computational methods. The addition is
thought to proceed through the following steps: 1) coordina-
tion of gold onto an alkyne to give a m-complex A, 2) nu-
cleophilic attack of an alcohol to give a vinyl gold inter-
mediate B, and 3) subsequent protodeauration to give the
primary product C (Scheme 1).1l The last event liberates the
gold catalyst, ready to start the next catalytic cycle.
However, it is known by now that vinyl gold complexes
exhibit strong aurophilic properties that may result in for-
mation of gem-diaurated species D. Although the phenom-
enon of gem-diauration has long been known (since 1974),F!
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quire acidic promoters to enable the
reaction. These differences in reactivity
were explained by ability of these com-
pounds to generate the necessary ace-
tylene m-complex intermediate.

RO OR

-—
— =

LAu* \
products H C
H

OR§‘+
\)\ —~LAU+ RO\ ! +
xZ = AuL fii~AuL
Aul- - -Aul B A
D
H* H,
> :O‘R ROH
Aull

BH

Scheme 1. Key steps in the gold-catalyzed hydroalkoxylation and concur-
rent formation of gem-diaurated species D.

it was somehow overlooked by the gold catalysis community
until 2009 when Gagné and co-workers observed the gem-
diaurated species for the first time in a catalytic allene hy-
droarylation.!”! Later, diaurated species were detected in
other catalytic processes.” Since diaurated species do not
undergo protodeauration as easily as vinyl gold species, it
was soon realized that they should be inhibitory for cataly-
sis. Therefore, the knowledge about formation of these spe-
cies and their behavior within a catalytic cycle is of funda-
mental importance for practical applications of gold cataly-
sis, because avoiding this species should decrease the cata-
lyst loadings and benefit the catalytic cycle. The current
knowledge about this problem still primarily relies on model
systems, that is, the aryl diaurated species Ar(AuL),*.!l In
contrast, direct experimental elucidation of the role of diau-
rated species in a catalytic process has only begun to
emerge, as exemplified by mechanistic investigations of

Chem. Eur. J. 2013, 19, 39323942



CHEMISTRY

A EUROPEAN JOURNAL

gold-catalyzed hydroalkoxylation of allenes recently publish-
ed by Wiedenhoefer, Gagné, and co-workers.”] Nevertheless,
catalytic intermediates of the gold-catalyzed hydroalkoxyla-
tion of alkynes still remain to be experimentally explored.!'”)

In connection with the gold-catalyzed spiroacetal forma-
tion of certain alkynediols, we discovered that enol ether-de-
rived diaurated species D are formed directly if an alkynol
is allowed to react with a gold catalyst in the presence of a
base. The intermediancy of this kind of species in a catalytic
hydroalkoxylation process was first suggested by Fiirstner
and co-workers in 2010."" In that report, a boron-to-gold
exchange reaction, rather than direct synthesis from an
alkyne, was used for the synthesis of diaurated species and
only one example of enol ether-derived diaurated species
was described, which still remains the only example up to
now.

Prompted by the fact that nothing else is known about
chemical properties of this kind of diaurated species, the
properties of the enol ether-derived vinyl gold species, the
ligand effects during their formation, or the exact pathways
of transformations of the diaurated species within the cata-
lytic cycle, we embarked on a project with the aim to under-
stand the role of diaurated species in more detail, at least
for catalytic hydroalkoxylation. Subsequent investigation on
the behavior of this species should provide important in-
sights on their role in Au'-catalyzed hydroalkoxylation reac-
tions. In the current paper we describe the formation of
enol ether-derived diaurated species from alkynols by using
ten gold complexes bearing different ligands (Figure 1).

SbFE

€]

Q SbFg j ® Q\( NTF
@ — - —Au™ 2

@P_AU_NCMe P—Au-NCMe P

oo O

PhsPAUNCMe* 1 L2AUNCMe* 2 L3AuNTf, 3
CF3
Kj[ FsC
F1C <
SbFéa o SoFe
\Q\O . Au NGMe P—-Au—NCMe
FaC /@\
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tBu ’Bu : CFs
DTBPAUNCMe* 4 L5AUNCMe* 5
— P
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Au Alu ® o
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Figure 1. Gold catalysts used in this study.
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Since only methodologies towards the synthesis of model
diaurated species Ar(AuL),* have been described so far,>*
our strategy can be considered as the first to target diaurat-
ed species that are real intermediates in gold catalysis.

Results and Discussion

Formation of diaurated species from mononuclear catalysts:
Thus, simple addition of a gold catalyst (substoichiometric
amount) to a solution of 3-heptyn-1-ol and proton sponge in
CDCl; triggered an immediate reaction resulting in forma-
tion of diaurated species D as a single organogold product
(Scheme 2).'¥ Under such conditions, the transformation
was accompanied by competitive enol ether formation.
Analogously, the diaurated species could be directly gener-
ated in [Dg]THF by using MeLi or another soluble strong
base to stoichiometrically generate the alkoxide, which
would then react with two equivalents of gold in a strictly
stoichiometric manner. An important requirement for the
successful formation of diaurated species is that the base
should be well soluble in the reaction media, otherwise
simple gold-catalyzed hydroalkoxylation will predominantly
occur with (almost) complete regeneration of the initial cat-
alyst. After some experimentation, we concluded that the
use of proton sponge as a base in CDCl; or CD,Cl, as sol-

LAUT1-7
Prsp R AU'— Me,N” NMe2
R/\/OH CDCly O — ” | ' b
or CD,Cly,
r.t, 6 min D1-10 PropH*
Species R Cat Yield®| Species R Cat
D1 nPr 2 90% D6 Me 7
D2 nPr 5 47% D7 nPr 7
D3 Me 1 80% D8 Ph 2
D4 nPr 1 D9 nPr 3
D5 Me 2 88% D10 nPr 4

Blisolated yield of the corresponding SbFg salts is given.
In other cases diaurated species were observed in situ.

N
R /?”L—‘
- )

—‘ +
<N R + +
/\/\OHL—ZJ> Y “AuL + ‘ PrSpH

(¢] ---AuL T enol ethers

R same )
AuL
D16, 18, 19, 21 D17, 20
R Cat Species Yield!?)
Me 1 D16, D17 (1:1.6)°]
n-CsHyy 2 D18
Me 2 D19, D20 (1:0.07) D19 (69%)
Me 7 D21
Blisolated yield is given
PIMolar ratio of the species obtained in situ
1,2 Et +
OH  same o AuLZ—\
/\/\/ + PrspH*
Et 1hr AUL2 + enol ethers

Cat. 2: D22, 44%
Cat. 1: D23

Scheme 2. Synthesis of diaurated species from alkynols.
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vents provided the most practically simple and reliable
route for generation of diaurated species not only for char-
acterization purposes, but also for the subsequent direct
study in solution. This is associated with the following bene-
fits: mixtures of proton sponge and its salt (bearing weakly
and non-nucleophilic counterions such as OTf™ or SbF;"),
which are present as byproducts in solution, form separate,
sharp, easily integrated signals that enable accurate quanti-
tative analysis of the NMR spectra (a representative NMR
spectrum of the reaction mixture is given on Figure 2). Next,
PrSpH™ can be easily neutralized by using a base that is not
soluble in the organic solvent. This provided, after filtration,
clear solutions of untouched diaurated species free of active
protons, which is necessary for the subsequent generation of
vinyl gold species and for study of the equilibrium between
vinyl gold and diaurated species. For this purpose, LiOH or
K,CO; were successfully used. Further, in case of volatile
enol ethers, they can be completely evaporated from the re-
action mixture in vacuo to provide simplification of the mix-
ture upon subsequent dissolution. Since diaurated species
are formed in competitive conditions, an excess of alkynol
should be used, typically 2 equiv. It can be said that the use
of proton sponge simply ensures strong inhibition of the cat-
alytic reaction, which virtually stops as soon as all the gold
is bound in the form of diaurated species.

We applied these conditions to a series of 3-alkyne-1-ols
and a series of mononuclear gold catalysts 1-7 and found
that 5-endo diaurated species D1-D10 were successfully
formed as the only organogold products in all the cases
without exclusion in 99 % in situ yield (Scheme 2). With cat-

OH Me,N  NMe,
/\/ + L2AUNCMe* SbFg™ 4 CDCly
rt.
pen 2 PrSp
excess (~2.5 equiv)
D5 3 ~
3P NVIR ;3
80 70 60 50

alysts 1-3, 5, and 7 the reaction is essentially clean, generat-
ing the diaurated species, enol ethers, PrSpH*, and free
MeCN as the only new components of the mixture (also
shown in Figure 2)."

In a completely similar manner as was performed with 3-
alkyne-1-ols, we conducted reactions with other alkynols
with the aim of collecting characterization data for the cor-
responding diaurated species D16-D23 (Scheme 2). Interest-
ingly, 4-alkynols reacted with catalysts 2 and 7 selectively
providing 5-exo diaurated species D18, D19, and D21 (how-
ever the corresponding enol ethers are still obtained as mix-
tures of 5-exo/6-endo isomers with low selectivity). This indi-
cates that even if the cyclization event is not selective, the
corresponding 5-exo/6-endo isomers of vinyl gold B bearing
the bulky ligands differ enough in reactivity so that the 5-
exo diaurated species is formed preferentially or even exclu-
sively (Scheme 3). In contrast, catalyst 1 normally provided
a mixture 5-exo/6-endo species D16 and D17 with low selec-
tivity (1:1.6 ratio). The following general reactivity series
was observed for substrates: 3-yne-1-ols>4-yne-1-ols>
5-yne-1-ols. The former two types reacted rather instantly
(ca. 5 min), whereas the latter required prolonged time and/
or heating.

The described approach is not only applicable for the effi-
cient generation of diaurated species in situ, but also for
synthesis of these compounds in their individual state. In
this study, six examples of diaurated species (D1-3, DS5,
D19, and D22) were isolated as stable hexafluoroantimonate
solid salts in 44-90% yields (Scheme 2). Even though com-
plete conversion of the starting gold complexes to diaurated

+

,/I\ULZ—‘ * MeQN'H'NMez
o:\yi\é SbFs 4 SbFs 4+ 9N\
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Figure 2. Representative 'H NMR spectrum of the reaction mixture generated from pentynol (pen), gold catalyst 2, and the proton sponge (PrSp) in
CDCl,. Assignments of all peaks are given. The spectrum shows the presence of enol ether C5 and diaurated species D5 in a ratio of about 1.05:1. The
CH,—OR peaks appear as apparent triplets at 6 =4.30 and 4.21 ppm, respectively. The tert-butyl groups in each of the phosphine ligands are diastereotop-
ic and additionally are split up due to the coupling with the phosphorus atom. They integrate well with regard to the protons in D5. The *'P NMR (inset)

confirms the formation of D5 as a single organogold product.
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Scheme 3. Kinetic resolution concept to explain predominant formation
of 5-exo diaurated species.

species was always reached in situ, the yield of the isolated
species was naturally dependent on the success in recrystalli-
zation, which was performed on a 20-100 mg reaction scale.

All new diaurated species were characterized by various
NMR spectroscopic methods and ESI mass spectra (see the
Experimental Section and the Supporting Information). In
the ESI mass spectra, the species show a strong, easily de-
tectable signal of the cation in the positive mode and the
corresponding anion signal in the negative mode. Their
common feature in "H NMR spectra is always the simple
pattern of enol ether signals (e.g., always one triplet for
CH,O unit), whereas the pattern of ligand signals may be
different depending on molecular dynamics and symmetry.
For example, the diaurated species derived from L2 always
exhibit two doublets for Bu residues instead of only one in
the catalyst. This is a consequence of the symmetrical struc-
ture of diaurated species, which
possesses only one symmetry
element: the symmetry plane
passing through the enol ether
unit, as exemplified in Figure 3.
This symmetry plain is now per-
pendicular to the symmetry
planes of the ligands, meaning
that the elements of the ligands
being previously in equivalent
environments are NOW no
longer equivalent and exhibit
different chemical shifts, that is,
they are diastereotopic. The enol core/ligand 1:2 ratio is
simply established in all cases by integration and is indica-
tive to the overall molecular composition of the species.

In the *'P NMR spectra, all diaurated species (derived
from mononuclear catalysts 1-5) exhibit a single resonance,
which is in accordance with the symmetry of the species.

Figure 3. Symmetry plain pass-
ing through the enol ether unit
accounts for the NMR spectro-
scopical features observed.
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Several attempts to measure the "F resonance of SbF;,
either in diaurated species or in starting catalysts, were all
unsuccessful as no signal appeared. ’F NMR data is applica-
ble only for L5 derivatives; giving signals of the CF; group
around 0 =—63 ppm.

In four cases (D1-3 and D19) “C NMR spectra were re-
corded. Here, the observation of the CAu, ipso-carbon
signal is very intriguing since this signal is often not found,
especially in case of known aryl diaurated species Ar-
(AuL),*. In our case, a small triplet, almost equal to noise,
was observed around d=100 ppm in all the four carbon
spectra. In the HMBC spectra of D1 and D2 this signal
shows no cross-peaks, but in the other two cases clear cross-
peaks were observed, proving that this weak signal is not
noise, but the necessary carbon signal (Figure 4). The */¢_p

ipso-C
103.6 1 06 8

a-C ( ! (
; 206.5--
196.4 N/ +
O‘/t\ "),/Exuu\‘ AuL5 —‘
“AuL2 “AuLs
D1 D2

109.0 o7
197.7 . (J} T

+
AuL2 _‘

+ 190.8--..._; /' “AuL2
o N\ AuPPh3 S
“AuPPh;
D3 D19

Figure 4. Key HMBC correlations (arrows) and chemical shifts of a- and
ipso-carbon signals (dashed arrows) in diaurated species D1-3 and 19.

coupling constant was found to be 58-65 Hz, the same as
was earlier reported by the group of Fiirstner.'!l It can be
concluded, that in contrast to aryl-based diaurated species
Ar(AuL),*, enol ether-derived diaurated species should
generally exhibit this signal in NMR spectroscopic analyses.
Likely in Ar(AuL),* this signal is also not absent, but diffi-
cult to recognize because it might be hidden in the aromatic
region behind other stronger signals. Another important fea-
ture in the *C NMR spectra is the appearance of the a-C
atom at relatively low fields at 6 =191-207 ppm. Interesting-
ly, in HMBC spectra this carbon gives strong cross-peaks to
all the hydrogen atoms located up to three bonds away
(Figure 4).

In addition to the spectroscopic methods, in one case the
structure of diaurated species was fully confirmed by X-ray
analysis (D1, Figure 5). In the X-ray structure an apparent
aurophilic interaction (Au—Au 2.95 A) is still present despite
the large size of the ligand. The C=C (136.3 pm) bond is
lengthened and the C-O to the enol ether carbon
(134.0 pm) is shortened compared with normal enol ether
geometry, in complete accordance with previous observa-
tions."]
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Figure 5. X-ray structure of the diaurated complex D1.

Formation of diaurated species from binuclear catalysts: Be-
sides the mononuclear catalysts, we also examined three bi-
nuclear ones (8-10) in reaction with 3-heptyn-1-ol under
standard conditions. Theoretically, from a binuclear gold cat-
alyst one may expect formation of a cyclic diaurated species.
This was indeed found to be true in the case of catalyst 8
giving cyclic diaurated species D11, whose composition was
established by NMR spectroscopy showing a single set of
signals of the enol ether core, a single phosphorus resonance
and a single molecular ion peak at 1059.11573 in the ESI-
HRMS spectrum (Scheme 4).

In contrast to catalyst 8, binuclear catalysts 9 and 10 dis-
played some peculiarities that deserve special attention.
Thus, diaurated species obtained from 9 exhibited a very
complicated inconclusive 'H NMR spectrum. No informa-

PrSp
CDCI3 rt.

G

hPh —‘

OH /
Z 8, PrSp f oTf
CDC|3 r.t. D11

R
Ph/ Ph

Scheme 4. Formation of the dppf-derived diaurated species D11.

tion could be obtained also from *P NMR spectroscopy,
which showed a number of weak broad resonances. This
precluded us from establishing the exact composition of this
material. However, ESI-HRMS analysis of the reaction mix-
ture exhibited a signal at m/z 1183.27406, which is consistent
with the presence of diaurated species D12 with the molecu-
lar composition as shown in Scheme 5; their monomeric
monocationic composition was evident from the isotope pat-
tern. However, it cannot be excluded that this is a result of
the HRMS conditions and that in the normal reaction mix-
ture at room temperature, oligomeric diaurated species of ir-
regular or unknown structure might also be present. There-
fore, although a species with the exact structure as shown
for D12 might exist, we may not confirm if this is the only
possible component in the mixture. Anyway, whatever the
exact structure is, the conclusion that this substance has to
consist of diaurated units follows from the experimental ob-
servations performed on this material in situ (Scheme 5).
We found that it reacted with excess PPh; to give a clear
mixture of PPh;-derived vinyl gold B2 and (S)-Tol-BINAP-
AuPPh;* as a byproduct." In another experiment, it was
treated with Et,N*Cl". NMR spectra of the resulting mix-
ture clearly indicated formation of two kinds of vinyl gold
species (assigned to B3a and B3b) and the corresponding
(S)-Tol-BINAP(AuCI), complex. This also proved that the
initial chaotic spectrum for the diaurated species with the

\
1. LOHHO OO <

Simplest formula

LY(AUOTf), 9

3P NMR resonances (ppm):
37 68

zl »AU

23.24

B3a

:I\Tol

Exact structure unknown

Au-PPh;
P PPhs / PhsPAU
0 . ™
/
Tol
1. LIOH-H,0
2. E4yN* CI-
38. 21 both 21.97 both

\ ' Au
ToI
/ Au

Scheme 5. Observation of diaurated species D12 with unknown structure and subsequent transformations to confirm the diaurated nature of the com-

pound. Key phosphorus resonances are shown (dashed arrows).
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simplest structure D12 is not the sign of decomposition or
some undesired process, but indicates the unusual complexi-
ty of the system, which cannot be conveniently analyzed by
room-temperature NMR spectroscopy.

In case of catalyst 10, interesting chemistry was also ob-
served. The diaurated species generated from 3-heptyn-1-ol,
the proton sponge, and the catalyst in CD,Cl, rather unex-
pectedly displayed two triplets for the CH,O units. In the
'P NMR spectrum, two clear resonances at 6 =32.4 and
30.3 ppm were observed. The H,H-COSY spectrum indicat-
ed that the CH,O triplets belong to two different enol ether
units. Even more surprisingly, monitoring the reaction mix-
ture revealed the evolution of this diaurated species; in the
'P NMR spectrum, the two initial resonances gradually dis-
appeared and four new signals arose at d=41.4, 35.9, 35.7,
and 32.0 ppm, respectively. With a longer reaction time, the
signal at 0=32.0 ppm also disappeared so that at the end
only the three signals remained. At this point, the 'H NMR
spectrum showed the CH,O units as two multiplets, indica-
tive of an asymmetric environment. The resonance at 6=
41.4 ppm was assigned to [dpppAu],”", which exists as di-
meric dication. Accordingly, the two remaining signals were
therefore assigned to new gold complexes. These interesting
observations are explained as follows (Scheme 6). Initial ob-
servation of the two enol ether residues and the two phos-
phorus resonances indicates that the dimeric diaurated spe-
cies D13 is formed, which naturally exists as a mixture of
two geometric isomers, giving duplication of spectra. Due to
symmetry reasons, each isomer exhibits a single phosphorus
resonance and a single CH,O triplet (homotopic groups).
With time, this compound expels a [dpppAul,* unit and
gives rise to a triaurated species D14, which features a sand-
wich-type complexed gold and exists also as a pair of geo-
metric cis/trans isomers. Due to the lack of a symmetry
plane passing through each enol ether ring, the CH,O pro-
tons are now diastereotopic and give more complicated pat-

[¢] (0]

\ Ph W Ph
Ph 25 Ph A
heptynol Ph\,‘:’/ WOy !Ph Ph\;:,/ "‘“@-~5’4u\P//Ph
PrSp P
10 G L
- - €
CD,Cly, 1. > : > Vo
5 min ) Cv P P. P
Ph™ ) SAy-oo-: 0 \UPh o PhT ) g s\ Ph
fast Ph UGN Ph Ph Auz g N Ph
A ;
Ph Ph
F’h\l\:'-Au—F;'F'h °© ©
> H D13-cis D13-trans
12+
phe P AV TR pp slow
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Scheme 6. Evolution of (dppp)Au,’*-derived diaurated species.
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terns, whereas in the *’P NMR spectrum, each isomer exhib-
its a single resonance due to the equivalence of both phos-
phorus atoms in each isomer. The remaining signal at 6=
32.0 ppm was tentatively assigned to monomeric diaurated
species D1S temporarily arising in the reaction mixture.
These conclusions are supported by ESI-HRMS of the reac-
tion mixture, which exhibits the following ions: m/z
122521283 (D14), 917.16416 (D15), and 609.153 for
[dpppAul,>*. The isotope pattern of the ion at miz
917.16416 corresponded exclusively to a single charged
cation. Unfortunately, the formation of dimeric dicationic
species D13 could not be confirmed by ESI-HRMS, but
their existence follows from the aforementioned features of
the NMR spectra.

Synthesis of diaurated species from intermolecular hydroal-
koxylation: The possibility to synthesize diaurated species
from simple internal alkynes and alcohols in an intermolecu-
lar manner was also briefly investigated. Thus, when 3-
hexyne was treated with complex 1 or 2, the proton sponge
or tBu,Py, and an excess of MeOH in CDCl; no reaction
with the organic substrate was observed (aurated oxonium
ion was the only product). But when methanol was used as
a solvent, diaurated species D24 could be quickly generated,
as evidenced by the appearance of the corresponding signals
in the NMR spectra (Scheme 7). However, conversion of 2

OMe
tBuyPy, /\/\/
MeOD, r.t., 7 min D

MeO OMe

_Z
; \ o'p

2 OMe +
/\/\/ D24
L2AU--AuL2
Scheme 7. Formation of diaurated species D24 from hexyne, MeOH, and
complex 2 in presence of tBu,Py.

to D24 reached only about a 60% maximum, with the re-
mainder of material being the unbound form of the catalyst.
Further monitoring of the reaction mixture after a pro-
longed time revealed a decrease in diaurated species as con-
sumption of 3-hexyne progressed. This implies that D24 is
not entirely stable under the reaction conditions, eventually
slowly turning back to the free catalyst when 3-hexyne is no
longer available.

The ability of the reaction to occur only in the presence
of a huge excess of an alcohol (taken as a solvent) under-
scores the high reversibility of the primary interaction be-
tween the alcohol and an alkyne m-complex, which is now
intermolecular and more strongly shifted to the left com-
pared with the intramolecular process in alkynols, slowing
down the overall process. The same phenomenon explains
the aforementioned reactivity series for alkynols
(Scheme 8).
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Scheme 8. Reversibility of the initial interaction between an alcohol and
an alkyne m-complex.

Use of aurated oxonium salts and gold hydroxide as gold
sources: Besides the LAut/PrSp combination, we also con-
sidered the possibility to use aurated oxonium salts as pre-
cursors for diaurated species. Recently diaurated oxonium
salts (LAu),OH* have been described.'">'® These com-
pounds can be viewed as being constructed from two LAu*
electrophilic units and one basic OH™ unit, which represents
a gold/base 2:1 stoichiometry that is exactly required for the
synthesis of diaurated species. Accordingly, one might antici-
pate the direct synthesis of diaurated species without using
additional base, according to Equation (1) in Scheme 9. This

[RH] + (LAu),OH* —— >  R(AuL)," + H,0 (1)
alkynol
2[RH] + (LAu)30* ———  R(AuL),* + RAuL + H,0 (2)

3[RH] +2 (LAu)30" + H* — 3 R(AuL)," + 2 H,O 3)

[RH] + LAuOH

—_—

RAUL + H,0 )

Scheme 9. Reactions of alkynols with oxonium salts (hypothetical bal-
anced equations, see main text for the experimental results).

possibility was verified and was found to be true. Indeed,
(L2Au),0OH* was smoothly converted to diaurated species
D1 upon simple treatment with heptynol. However, the
process was again accompanied with competitive enol ether
formation so that the overall result is similar to the case of
the cat. 2/PrSp combination.

Correspondingly, triaurated oxonium salts would be ex-
pected to react with an alkynol to give a mixture of vinyl
gold and diaurated species according to Equation (2) in
Scheme 9. Surprisingly, (Ph;PAu);O* reacted only very slug-
gishly with heptynol to give the diaurated species and
Ph;PAuCl as the only gold products.””! Notably, if
(Ph;PAu);0* was allowed to react with heptynol in the
presence of proton sponge salt PrSpH™, diaurated species
D4 was immediately formed according to general Equa-
tion (3) in Scheme 9.

Finally, gold hydroxides LAuOH, a new type of useful
gold compounds, can be envisaged as potential precursors
for direct vinyl gold synthesis, avoiding diaurated species
formation, according to Equation (4) in Scheme 9. However,
treatment of L2AuOH with heptynol in C,D; demonstrated
that this is hardly applicable in practice; monitoring the re-
action mixture at room temperature revealed gold alkoxide
L2AuOR formation as the only process. At elevated tem-
peratures, some quantity of vinyl gold could be generated,
but the process was largely accompanied by decomposition
and therefore cannot be considered of practical value.
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The different reactivity of these oxo-compounds is in line
with their different ability to undergo ligand exchange with
an alkyne to generate alkyne m-complex A. The formation
of this common active intermediate of gold-catalyzed hydro-
alkoxylation is the initial step of the whole process. Natural-
ly, the more stable the gold compound is towards the ligand
exchange, the less reactive it is. Thus, the (LAu),OH* I spe-
cies appears to be the most active because it is able to inter-
act already with weak nucleophiles to give reversibly
LAuNut and LAuOH, which was already demonstrated in
our previous work. According to our ligand strength
series,"” the K., for reaction of (LAu),OH* with an alkyne
is expected to be approximately 10~ to 107>, This value ap-
pears to be high enough to trigger fast formation of diaurat-
ed species ([Eq.(1)] in Scheme 10). In contrast to I,

W cocl; | A oW
SAUTAL | [i-AuL + Al-Au —— 1 ()
I i‘ | Y .

L A n

] very strongly disfavored
H 24+
AT o | |‘| |
+H*
iy, ANy S
t L -y \At" L |
L A
I L
v \ ) /
highly reactive dication LAu
K<1010  Au’
<10-
Lo +_Z 2 son )
CDCl3 A

very strongly disfavored

Scheme 10. Initial steps in reaction of aurated oxonium salts and LAuOH
with an alkyne. L =phosphine ligand.

(LAu);0* II appears to be a more stable complex with the
charge stabilized on all three gold units and being addition-
ally stabilized with more aurophilic interactions (three vs.
one in I). Not surprisingly, the extremely low reactivity of II
alone is explained by its virtual inability to interact with an
alkyne to give A. Indeed, the aurophilic interactions would
be broken and currently non-existing (LAu),O III would be
formed in such a process ([Eq. (2)] in Scheme 10). This also
explains why (LAu);O% would be inefficient as a catalyst
for a catalytic process.’®! However, the reactivity of II gets
drastically increased in the presence of an acidic promoter.
This acceleration effect may be explained in two ways. First,
the acid would allow a fast and irreversible protonation of
III to give I, pushing the initially disfavored equilibrium to
the right ([Eq. (2)] in Scheme 10). Second, the acid would
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allow protonation of II itself to reversibly form a hypotheti-
cal dication IV as intermediate or transition state ([Eq. (3)]
in Scheme 10). This species should be highly reactive to-
wards even weak nucleophiles such as alkyne, making the
formation of A easy. Of these two hypotheses, the former is
less feasible because if the formation of III would be possi-
ble at all, it would definitely not hesitate to deprotonate any
other molecules in solution (H,O, CDCl;, alkynol) that are
already acidic enough.™ So there would be no need to use
any additional stronger proton source to enhance the reac-
tivity of gold. Rather, the latter hypothesis gains strong sup-
port from the fact, that (LAu);O* can be aurated to form
the isolable dicationic (LAu),0**, as was established by
Schmidbaur and co-workers almost 20 years ago.? It can be
concluded, that despite being cationic, cation II still has the
ability to add electrophiles and undergo electrophilic substi-
tution at oxygen through these reactive dicationic adducts.”"
Therefore, we conclude that protonation of (Ph;PAu);07 to
form IV is indeed necessary prior to formation of the active
species A.?>%! This was previously not recognized. Being
formed, dication IV would either undergo ligand exchange
to give A or would dissociate spontaneously to active gold
electrophile LAu* eventually also leading to A.

Similarly as was described for II, the extremely low reac-
tivity of gold hydroxide LAuOH in forming vinyl gold spe-
cies is also explained by its inability to form A in the corre-
sponding ligand-exchange reaction ([Eq. (4)] in Scheme 8).
As can be understood from our ligand strength series,” the
equilibrium between LAuOH and an alkyne can be estimat-
ed to be far beyond 107", virtually making alkyne activation
impossible. Naturally, an alkyne is unable to displace OH™
from gold! Likewise it was described for II, LAuOH also re-
quires an acidic promoter to initiate the reaction (being a
strong base it will react with H* to release the active LAu*
catalyst and H,0).

Conclusion

We have demonstrated that enol ether-derived diaurated
species can be directly obtained from cationic gold(I) cata-
lysts and alkynols by using a proton sponge as a base or by
using diaurated oxonium salt (LAu),OH™ as the sole reac-
tant. Other oxo compounds of gold (LAu);0" and LAuOH
were found to be almost inactive towards alkynols, which
was explained by their inability to interact with the C=C
bond due to increased stability of these complexes towards
nucleophilic attack. This study demonstrates that the forma-
tion of diaurated species is generally not precluded even by
bulky ligands at gold. This has led to the development of a
practical general route for the synthesis of diaurated species
in situ or in an individual state. The described synthesis
occurs in catalytically relevant manner, that is, it must
follow the same mechanism as shown in Scheme 1, but the
catalytic turnover is blocked by trapping active protons. This
suggests the involvement of diaurated species also in a
standard catalytic hydroalkoxylation process, which was
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indeed proven by direct observation of the species in situ
during catalytic runs.” Extensive studies on the role of
these species as catalytic intermediates in gold catalysis are
underway in our laboratory.

Experimental Section

General: Since the exact outcome of the competition between auration/
protodeauration was a priori not known, the following syntheses were
performed under NMR control. All manipulations were performed with-
out the use of an inert atmosphere.

Synthesis of D1: In one shot, complex 2 (789 mg, 0.102 mmol,
2.00 equiv) was added to a solution of 3-heptynol-1 (17.07 mg,
0.152 mmol, 2.98 equiv) and the proton sponge (15.1 mg, 0.0706 mmol,
1.38 equiv) in CDCl; (1.4 mL), with the reaction flask being shaken by
hand. A white crystalline precipitate appeared soon (PrSpHY-SbF,").
After being shaken for 1 min, a part of the solution was transferred into
an NMR tube. 'H and *'P NMR analysis revealed complete consumption
of the starting complex and formation of diaurated species as a sole gold-
containing product. The molar ratio of the components in the reaction
mixture at this moment was enol ether/D1/heptynol/PrSp=
1:1.08:1.22:0.44. TLC analysis indicated the presence of unreacted hepty-
nol and the remainder of the material simply stayed on the starting line
(petroleum ether/EtOAC, 2:1). Since the starting heptynol and proton
sponge were still available in the mixture, the content of the NMR tube
was combined with the rest of the material and an additional amount of
2 (24.9 mg 0.032 mmol, 0.63 equiv) was added and the mixture was ana-
lyzed again after 5min. 'H and *'P NMR analysis now indicated a ratio
enol ether/D1/heptynol/PrSp=1:1.17:0.49:0.10. At this moment, the reac-
tion mixture was filtered to separate most of the PrSpH*-SbF,~ from the
system (the filter cake was washed with CDCl;). Since the final product
will be obtained by crystallization from benzene, the rest of proton
sponge salt has to be neutralized because it is also insoluble in benzene.
For this purpose, freshly powdered LiOH-H,O (43 mg) was added to the
clear filtrate and the suspension was ultrasonicated for 3 min (Note:
NMR analysis indicated that still some quantity of PrSpH* was present
in solution and more LiOH-H,O powder (56 mg) was added). At this
moment, NMR indicated complete disappearance of PrSpH*. Then, the
suspension was filtered through celite and the filter cake washed with
CH,Cl,. The clear filtrate was transferred to a weighted receiver flask
and evaporated in vacuo until dry (the volatile enol ether also disap-
peared at this stage). The residue was redissolved in a minimum volume
of CH,Cl, and layered with benzene; tiny crystal needles soon appeared.
As most of the material had crystallized, the mixture was concentrated to
further remove CH,Cl, and a fresh portion of benzene (about 1 mL) was
added. The final product is insoluble in benzene and the supernatant sol-
ution was easily removed by filtration performed by using a Pasteur pip-
ette with a piece of cotton at the end. The crystalline material in the
flask was washed twice with benzene and dried in vacuo to yield the dia-
urated species (87.2 mg, 90 %) as very small white needles. NMR analysis
confirmed that the compound crystallized as benzene solvate (1 molecule
of benzene per 1 molecule of the cation). These crystals were unsuitable
for X-ray analysis; the benzene-free material obtained by crystallization
from CH,Cl,/pentane was also unsuitable. Finally, we found that the com-
pound was sparingly soluble in methanol and simple crystallization from
this solvent provided very good crystals for X-ray analysis, containing no
incapsulated solvent molecules. '"H NMR (400 MHz, CDCl;): 6="7.87—
7.93 (m, 2H), 7.48-7.52 (m, 4H), 7.32-7.43 (m, 6H), 7.26 (d, 2H), 7.08-
7.16 (m, 4H), 4.20 (t, J=9.3 Hz, 2H), 2.28 (m, 2H), 1.67 (t, J=9.3 Hz,
2H), 1.74 (overlapped sextet, J=7.4 Hz, 2H), 1.51 (d, /=15.3 Hz, 18 H),
1.32ppm (d, J=152Hz, 18H), 0.88 (t, J=7.4Hz, 3H); *PNMR
(162 MHz, CDCLy): 0=63.94 ppm; “CNMR (100 MHz, CDCL): 6=
196.4 (t, J=2.9 Hz), 149.0 (d, J=14.6 Hz), 142.7 (d, J=5.9 Hz), 134.47,
133.9 (d, J=7.3 Hz), 130.9, 130.1, 129.6, 128.4, 127.9, 127.1 (d, J=5.9 Hz),
125.2 (d, J=39.5 Hz), 103.6 (t, /=60 Hz), 74.4, 38.01 (d, J=22.7 Hz),
37.97 (d, J=21.2 Hz), 36.3, 35.9, 31.5 (d, J=7.3 Hz), 30.7 (d, /=6.6 Hz),
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22.6, 14.2 ppm; HRMS (ESI) m/z caled for C;HgsAuw,OP,*: 1101.3836
[M*]; found 1101.3832.

Note: Later we found that PrSpH*-SbF,~ in chloroform solutions is
much more readily neutralized by freshly powdered K,CO; (by shaking
the reaction mixture for 10 seconds, without ultrasound). This does not
apply however for CH,Cl,, in which PrSpH*-SbF,~ is much more soluble.
Also, the rate of neutralization is dependent on the amount or residual
water in solution; it occurs more sluggishly in a highly dry (freshly
opened) CDCl,.

Synthesis of D2: Since the corresponding fast-forming oxonium species
(L5Au);0% is not soluble in CDCl,, thus preventing the formation of dia-
urated species, this synthesis should be performed in CH,Cl,. In one shot,
complex 5 (81.8 mg, 0.0715 mmol, 2.00 equiv) was added to a solution of
3-heptynol-1 (8.03 mg, 0.0706 mmol, 1.97 equiv) and the proton sponge
(12 mg, 0.0561 mmol, 1.57 equiv) in CD,Cl, (0.7 mL), with the reaction
flask being shaken by hand. The resulting solution was filtered by using
cotton and a Pasteur pipette (to remove traces of Ag,O, coming from
Ag* impurity in the catalyst) and transferred into an NMR tube. 'H and
*'P NMR analysis revealed complete consumption of the starting complex
and formation of diaurated species as a sole gold-containing product. The
molar ratio of the components in the reaction mixture at this moment
was enol ether/D2/heptynol=0.59:1:0.60. Then, freshly powdered K,CO;
was added and the reaction mixture was shaken and analyzed by NMR
from time to time to observe sluggish neutralization of PrSpH*. This way
approximately 80 % of the proton sponge was neutralized. Since we plan-
ned to obtain the final product by crystallization from MeOH, we hy-
pothesized that minor quantities of PrSpH* would not cause problems.
Also we knew that this diaurated species will slowly decompose if excess
of base is present in solution. Therefore, without waiting for complete
neutralization the suspension was filtered through celite (the filter cake
was washed with CH,Cl,) and the clear filtrate was transferred to a
weighted receiver flask and evaporated in vacuo until almost dry (the
diaurated species had crystallized already during the time of evapora-
tion). The wet residue (containing tiny crystal needles) was mixed with
methanol and allowed to stay in the cold for about 30 min. The superna-
tant solution was easily removed by filtration performed by using a Pas-
teur pipette with a piece of cotton at the end, the crystals washed with
cold MeOH and dried in vacuo to yield diaurated species (34.9 mg, 47 %)
as white needles. The material additionally obtained from the mother
liquor was of bad quality and therefore was disregarded. Surprisingly, the
compound was found to be insoluble in CDCl,. 'HNMR (400 MHz,
CD,Cl,): 6=8.20 (s, 6H), 7.98 (d, /=12.4 Hz, 12H), 4.77 (t, J=9.1 Hz,
2H), 2.97 (t, J=9.1Hz, 2H), 2.82 (t, J=7.4 Hz, 2H), 1.74 (sextet, J=
7.4 Hz, 2H), 0.91 ppm (t, J=7.4 Hz, 3H); *'P NMR (162 MHz, CD,Cl,):
0=40.77 ppm; “FNMR (376 MHz, CD,CL,): 0 =-63.69 ppm; “C NMR
(100 MHz, CD,Cl,): 6=206.5 (t, /=4 Hz), 134.3 (d, /=16 Hz), 134.0 (dq,
JP=12Hz, J*=35Hz), 1302 (d, J=55.6Hz), 128.0, 122.7 (d, J'=
273 Hz), 106.8 (t, /=66 Hz), 77.7, 36.8, 24.0, 13.9.

Synthesis of D3: Complex 1 (58.5mg, 0.0795 mmol, 2.00 equiv) was
added in one shot to a solution of 3-pentynol-1 (11.5 mg, 0.137 mmol,
3.4 equiv) and the proton sponge (16.5 mg, 0.0771 mmol, 1.9 equiv) in
CDCl; (1.4 mL), with the reaction flask being shaken by hand. A white
crystalline precipitate soon appeared (PrSpH*-SbF, ). After being
shaken for 1 min, part of the solution was transferred into an NMR tube.
'H and *'P NMR analysis revealed complete consumption of the starting
complex and formation of diaurated species as a sole gold-containing
product. The mole ratio of the components in the reaction mixture at this
moment was enol ether/D3/pentynol/PrSp=0.67:1:1.03:0.43. Since the
starting pentynol and proton sponge were still available in the mixture,
the content of the NMR tube was combined with the rest of the material
and additional 1 (28.7 mg) was added and the mixture analyzed again
after 5 min; however, that was still not enough and more 1 (5.07 mg) was
added. At this moment the reaction mixture was filtered to separate
most of PrSpH*-SbF,~ from the system (the filter cake was washed with
CDCl;). Freshly powdered K,CO; (19 mg) was added to the clear filtrate
and the suspension was briefly shaken (the crystals changed their appear-
ance almost instantly) and then ultrasonicated for 5 more seconds. NMR
analysis indicated complete disappearance of PrSpH* and even that

3940 ——

www.chemeurj.org

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

traces of (Ph;PAu);0% formed, so even this short ultrasonication was not
necessary. Then the suspension was filtered through celite and the filter
cake washed with CH,Cl, directly to a weighted receiver flask and evapo-
rated in vacuo until dry (volatile enol ether also disappeared at this
stage). As judged by NMR spectroscopy, the oily residue was already
quite pure diaurated species, the mole ratio of the components in the
mixture was diaurated/pentynol/PrSp=1:0.09:0.20 (which could be
~94% mass of pure material). The subsequent crystallization of the ma-
terial proved more difficult than in other cases. Attempted crystallization
from CH,Cl,/pentane was unsuccessful (the concentrated oily residue re-
mained uncrystallized even if cooled to —30°C). The use of CH,Cl/
MeOH proved more successful: the product crystallized soon as a solid
powder. Obviously, crystal growth rate is rather slow. Nevertheless, the
pure product was obtained as creamy, very small crystals after several at-
tempts of crystallizations from CH,Cl,/MeOH. Cold MeOH should be
always used because of the moderate solubility of the product. Bigger
crystals arose from slow evaporation of the mother liquor. The product is
well soluble in CH,Cl,, chloroform, sparingly soluble in MeOH. With
benzene it forms an insoluble oil (so crystallization from benzene is prac-
tically impossible). '"H NMR (400 MHz, CDCl,): 6 =7.46-7.55 (m, 6H),
7.36-7.42 (m, 24H), 4.69 (t, J=9.1Hz, 2H), 2.87 (t, J=9.1 Hz, 2H),
2.52 ppm (s, 3H); *'P NMR (162 MHz, CDCl;): 6 =37.07 ppm; “C NMR
(100 MHz, CDCLy): 6=197.7 (t, J=4 Hz), 133.9 (d, /=139 Hz), 132.2,
129.6 (d, J=11.7 Hz), 128.7 (d, J=57.1 Hz), 109.0 (t, J=65Hz), 76.0,
37.5,20.2 ppm.

Synthesis of D5: Complex 2 (70.0 mg, 0.0907 mmol, 2.00 equiv) was
added in one shot to a solution of 3-pentynol-1 (7.79 mg, 0.0926 mmol,
2.04 equiv) and a proton sponge (10.2 mg, 0.0477 mmol, 1.05 equiv) in
CDCl; (0.7 mL), with shaking in hand. A white crystalline precipitate
soon appeared (PrSpH* SbF,"). At this moment, the reaction mixture
was filtered to separate the most of PrSpH* SbF,~ from the system (the
filter cake was washed with CDCl,). 'H and *'P NMR spectroscopic anal-
yses revealed complete consumption of the starting complex and forma-
tion of diaurated species as a sole gold-containing product. The molar
ratio of the components in the reaction mixture at this moment was enol
ether/D5/pentynol/PrSp=0.98:1:0.02:0.06, indicating that the initial
amounts of the reagents were chosen well and no corrections were re-
quired. Then freshly powdered K,CO; (20 mg) was added for complete
neutralization of the remaining PrSpH™. The suspension was filtered
through celite (the filter cake was washed with CH,Cl,) and the clear fil-
trate was transferred to a weighted receiver flask and evaporated in
vacuo until almost dry. The residue was layered with methanol and al-
lowed to remain at room temperature for 30 min and then cooled for
about 30 min. Crystallization occurred smoothly and the cold supernatant
solution was easily removed by using filtration performed with a Pasteur
pipette with a piece of cotton at the end. The crystals were washed with
cold MeOH and dried in vacuo to yield diaurated species (52 mg, 88 %)
as white needles. The compound was characterized by 'H, and *'P NMR
spectra. '"HNMR (400 MHz, CDCl;): 6=7.88-7.92 (m, 2H), 7.48-7.52
(m, 4H), 7.31-7.39 (m, 6H), 7.21 (d, 2H), 7.10-7.13 (m, 4H), 4.21 (t, J=
9.1 Hz, 2H), 1.98 (s, 3H), 1.74 (t, J=9.1 Hz, 2H), 1.52 (d, J=15.3 Hz,
18H), 1.32 (d, J=152Hz, 18H); *PNMR (162 MHz, CDCL): =
63.91 ppm; HRMS (ESI): m/z calcd for C,sHg Au,OP,*: 1073.3523 [M*];
found 1073.3531.

Synthesis of D19: Complex 2 (39.0 mg, 50.5 umol) was added in one shot
to a solution of 4-hexynol-1 (3.2 mg, 32.6 pmol), the proton sponge
(5.93 mg, 27.7 umol) in CDCl; (0.6 mL), with the reaction flask being
shaken by hand. A white crystalline precipitate soon appeared (PrSpH™*
SbF,"). After 2 min, the supernatant solution was filtered into an NMR
tube by using a piece of cotton and a Pasteur pipette. NMR examination
revealed complete formation of diaurated species. The molar ratio of the
components in the reaction mixture at this moment was S-exo diaurated/
6-endo diaurated/S5-exo enol ether/6-endo enol ether/hexynol/PrSp=
1:0.08:0.06:0.07:0.07:0.05. From this spectrum it became clear that the ini-
tial amounts of the reagents were chosen well and no corrections were
required. Next, the reaction mixture was treated with freshly powdered
K,CO; (ca. 15 mg) to achieve complete neutralization of PrSpH*. Then
the suspension was filtered through celite directly into a weighted receiv-
er flask (the filter cake washed with CH,Cl,). The solution was evaporat-
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ed in vacuo until dry (the volatile enol ethers also disappeared at this
stage). The residue was diluted with few drops of CH,Cl, and layered
with benzene. Crystallization did occur, but the precipitate was too diffi-
cult to separate from the supernatant solution, therefore crystallization
was performed with methanol (about 1 mL) at —30°C. The product was
washed with cold methanol (—30 to —60°C). The solid residue was dried
in vacuo to yield diaurated species (23 mg, 69 %) as white needles. From
the mother liquor, a mixture of 5-exo diaurated/6-endo diaurated species
(1:0.13) could be obtained (6.5 mg). '"HNMR (400 MHz, CDCLy): 6=
7.87-7.91 (m, 2H), 7.45-7.50 (m, 4H), 7.25-7.38 (m, 6H), 7.08-7.17 (m,
6H), 4.46 (t, J=6.7Hz, 2H), 2.71 (t, J=7.3 Hz, 2H), 2.04 (app pent,
2H), 1.49 (d, /=152 Hz, 18H), 1.32 (d, /J=15.2 Hz, 18H), 1.05 ppm (s,
3H); YPNMR (162MHz, CDCL): 6=63.66; “CNMR (100 MHz,
CDCl;): 6=190.8 (t, J=3.3Hz), 1493 (d, /J=14.6 Hz), 1426 (d, J=
5.9 Hz), 134.4, 133.8 (d, /=8.0Hz), 130.7, 129.5, 129.2, 128.4, 128.3,
128.1, 126.9 (d, J=6.6 Hz), 125.4 (d, J=38.8 Hz), 97.9 (t, /=58 Hz), 73.8,
38.4 (d, J=22.0 Hz), 38.3 (d, J=20.5Hz), 36.7, 31.5 (d, /J=7.3 Hz), 30.8
(d, J=6.6 Hz), 24.5, 22.5; HRMS (ESI): m/z caled for C,HgAu,OP,*:
1087.3680 [M*]; found 1087.3682.

Synthesis of D22: Complex 2 (24.0 mg, 31.1 pmol, 2.00 equiv) was added
in one shot to a solution of 5-octynol-1 (2.22 mg, 17.6 umol), the proton
sponge (3.55 mg, 16.7 umol, 1.07 equiv) in CDCl; (0.6 mL), with the reac-
tion flask being shaken by hand. A white crystalline precipitate appeared
soon (PrSpH* SbF("). Because of insufficient rate of the 6-exo cycliza-
tion, the resulting rate of diaurated species formation is slow, therefore at
this moment only oxonium salt (L2Au),OH" was generated. After shak-
ing for 1 min, the solution was filtered into an NMR tube using a piece
of cotton and a Pasteur pipette. The reaction mixture was heated at 40°C
for 30 min. After this time, NMR examination revealed complete con-
sumption of octynol and formation of diaurated species, but the oxonium
salt was still present. Therefore, more octynol (about 1 mg) was added
and the reaction mixture was brought to a condition when only small
traces of oxonium salt were present. Then, the reaction mixture was fil-
tered once again and treated with freshly powdered K,CO; (about
20 mg). NMR examination showed complete neutralization of PrSpH™.
At this moment the reaction mixture was filtered through celite into a
weighted receiver flask and evaporated in vacuo until dry (volatile enol
ethers also disappeared at this stage). Then MeOH (about 0.8 mL) was
added to the residue and the solution was kept at —30°C for 30 min. The
product precipitated as a white solid. The supernatant solution was re-
moved by using a Pasteur pipette with cotton. The solid was washed with
small portions of cold (—30 to —60°C) MeOH and dried in vacuo to
afford the first crop of the title compound as a white solid, 9.3 mg
(44%). '"H NMR (400 MHz, CDCL;): 6 ="7.88-7.92 (m, 2H), 7.44-7.48 (m,
4H), 7.29-7.39 (m, 6H), 7.03-7.17 (m, 6H), 432 (t, J=6.0 Hz, 2H), 2.49
(t, J=6.8 Hz, 2H), 1.95 (app. pent, 2H), 1.71 (app pent, 2H), 1.51-1.58
(m, 2H), 1.469 (d, J=15.2 Hz, 18H), 1.35 (d, /=15.3 Hz, 18 H), 0.60 (t,
J=74Hz, 3H)ppm; *PNMR (162MHz, CDCL): 6=64.51ppm;
HRMS (ESI): m/z caled for CgHgAuw,0OP,*: 1115.3993 [M*]; found
1115.3995.
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Prior to the generation of vinyl gold, the initial PrSpH™ has to be
neutralized to prevent protodeauration, occurring otherwise imme-
diately (LiOH was used as indicated on the Scheme). The identity
of B2 follows from the independent synthesis from D2. The complex
(S)-Tol-BINAPAuPPh;* is known from ref. [15].

A. Zhdanko, M. Strobele, M. E. Maier, Chem. Eur. J. 2012, 18,
14732-14744.

S. Gaillard, J. Bosson, R. S. Ramén, P. Nun, A. M. Z. Slawin, S. P.
Nolan, Chem. Eur. J. 2010, 16, 13729—-13740.

A related intramolecular aminoauration of alkenes by (Ph;PAu);O*
was reported. This process also required a prolonged reaction time.
See: R. L. LaLonde, J. Brenzovich, W. E. D. Benitez, E. Tkatchouk,
K. Kelley, W. A. Goddard III, F. D. Toste, Chem. Sci. 2010, 1, 226—
233.

The inability of (Ph;PAu);O™ to give diaurated species nicely dem-
onstrates that any catalytic process with this salt taken as a catalyst
will occur sluggishly (or not at all), not because of slow protodeaura-
tion, but simply because of inability to form the necessary organo-
gold intermediates.

Since LAuOH is known to be a strongly basic compound, it is quite
sure to assume that if (LAu),O existed it would be even more basic;
it would be considered as an organic soluble analogue of K,O (simi-
larly as LAuOH can be considered as organic soluble analogue of
KOH).

H. Schmidbaur, S. Hofreiter, M. Paul, Nature 1995, 377, 503-504.
Similarly, protonation of (LAu),OH* can be considered in addition
to the simple ligand exchange possible with this complex.

PrSpH™ naturally is a very weak acid to react with (Ph;PAu);O*
alone and the total equilibrium (Ph;PAu);0%* +2 PrSpH™* +3 Sol«-3

[23]

[24]

Ph;PAu(Sol)* +2 PrSp+H,O is strongly shifted to the left (rather
(Ph;PAu),07 is stoichiometrically obtained by this equation). But
there is no doubt that the highly reactive dicationic species IV has
to be involved in the equilibrium in an undetectable amount. If
strong acid is used instead of PrSpH* (for example TfOH),
(Ph;PAu);O* will simply undergo electrophilic substitution at
oxygen to give Ph;PAuOTSf and H,O as final products. More discus-
sion about mechanisms of formation and interconversion between
various aurated oxonium ions, LAUOH and LAu(Sol)* was given in
ref. [15].

Although sometimes (Ph;PAu);O7 is used alone as a sole catalyst,
its activity is naturally much less than the activity of normal cationic
LAu(Sol)™* catalysts. This is evidenced by prolonged reaction times
or diminished yields of the catalytic reactions. However, the milder
reactivity of (Ph;PAu);O* becomes advantageous in the case of sen-
sitive substrates in which the active LAu(Sol)* catalysts caused de-
composition or an unselective reaction. This can be understood
from the reports of Toste et al. concerning cycloisomerizations of
enynes: a)P. H.-Y. Cheong, P. Morganelli, M. R. Luzung, K.N.
Houk, F. D. Toste, J. Am. Chem. Soc. 2008, 130, 4517-4526; b) B. D.
Sherry, F. D. Toste, J. Am. Chem. Soc. 2004, 126, 15978—15979. Ac-
cording to our data, activity of (Ph;PAu);O* can be greatly en-
hanced (while still maintaining the mild conditions) if it is used in
combination with a suitable mild acid (PrSpH* and stronger) or an-
other suitable oxophilic electrophile.

A. Zhdanko, unpublished results.
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ABSTRACT: The reactivity of diaurated species toward nucleophiles was
investigated. The reaction yields vinyl gold species and is described as simple Sy2
ligand exchange at gold. Using suitably strong nucleophiles, equilibrium
constants were determined to measure the stability of various diaurated species.
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On the basis of these equilibrium constants the influence of ligand and the nature

of vinyl cores on the stability were analyzed. These results have direct implication for gold catalysis: it was demonstrated that
vinyl gold intermediates bind the catalytic LAu* species generally stronger than an alkyne (the substrate) by a factor of 10°~10°.
This demonstrates that the formation of diaurated species from vinyl gold intermediates is thermodynamically favored in a

catalytic reaction.

1. INTRODUCTION

Since 2012 the scientific community witnessed a rapid growth
of publications in the chemistry of gem-diaurated species,
important intermediates in gold catalysis."” At this time,
involvement of this class of compounds has been confirmed for
several catalytic processes and their role in gold catalysis is
currently a major topic of research.’ In our previous study we
provided a convenient route to enol ether derived diaurated
species in a catalytically relevant manner.* As part of our study
on mechanisms of gold catalysis we report herein on
quantitative evaluation of stability of gem-diaurated species in
reactions with nucleophiles and provide insights into the
mechanism of these reactions.

Reversible formation of diaurated species (eq 1) is one of the
central processes in the mechanism of catalytic hydro-
alkoxylation.” This reversible reaction is responsible for the
removal of gold from the catalytic cycle because D is an inactive
intermediate, while B is a reactive participant of the living
catalytic cycle. However, the position of this equilibrium or
even whether it is established at all during the catalytic process
has not been investigated. This depends on thermodynamic
stability of diaurated species and on the corresponding reaction
rates, a subject which has not been looked at so far.

2. RESULTS AND DISCUSSION

Since thermodynamic stability constants of diaurated species D
(eq 1) were experimentally inaccessible, much useful
information was obtained from reactions with nucleophiles
(eq 2).

Previously we established a ligand strength series for LAu®
(MeOH < 3-hexyne < MeCN < Me,S < 2,6-lutidine < 4-
picoline < DMAP < TMTU < PPh;) with binding affinities
covering ~11 orders of magnitude.” Now, using 4-picoline,
DMAP, and TMTU as suitably strong nucleophiles we
determined equilibrium constants of ligand exchange reactions
with a number of enol ether derived diaurated species D1-D16

-4 ACS Publications  © 2013 American Chemical Society
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(Table 1; for the ligand abbreviations see Figure 1). The choice
of these nucleophiles came from the reaction of the diaurated
species with some ligands from the above series. For example,
PPh, destroyed all diaurated species while Me,S did not touch
them at all. Species D2, DS, D6, D12, and D14—D16 were
used as SbF4™ salts prepared in individual states, and in all other
cases the species were obtained from catalysts (Figure 1) and
manipulated in situ.* All reactions were performed at constant
26.1 °C temperature, and amounts of equilibrium participants
were determined by integration of NMR spectra. A
representative example is given in Figure 2. Here the CH,0
signals of the vinyl gold and the diaurated species appear at
different chemical shifts and their integrals could be
immediately used for the calculation of K. The peak at 2.34
ppm contains the methyl group of 4-picoline but also the
methyl group of the L2AuPic" salt and an endocyclic methylene
group of vinyl gold complex BS. In the case of a fast LAu"
exchange the molar ratio B/D was determined from the exact
position of the CH,0 peak common for these species.
Complete experimental details are given in the Supporting
Information. In these ligand exchange reactions the vinyl gold
species B serves as a ligand and the equilibrium is achieved
through the competition of B and a nucleophile for the
electrophilic LAu" center. The results are summarized in Table
1.

(1)

(2)
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Table 1. Reactions of Diaurated Species with Nucleophiles: Equilibrium Constants

N Reaction? Keq N  Reaction Keq
+ - N _|+
AuL3
AuPPh;‘ O™\ . O\ X
L3AUPic" ——= <
1 O —awpph, + PhpAPc —= N +Pic  2-10% 14 AuLs  + e g e T
“AuPPhg B10 D10
B1 Ph Ph +
D1 o o //_qu4_|
2 B1 + PhPAUDMAPY <—= D1 + DMAP 52 15 S—Au4  + L4APICT ———= N +Pic M
“AuL4
3 B1 + PhsPAUTMTU* _ D1 + TMTU 5.5 B11 D11
+
AuPPh;‘
O™\ .+ O\ ! 104 CD,Cl,
4 l\J>7A”PPh3 * PhsPAuPic™ < K\J> +Pic 110 16 U D—Aus  + LsawPict + Pic  5-6-107
AuPPh3 rt.
B2 D2 B12 D12
5 B2 + PhsPAUDMAP" =—= D2 + DMAP 24 +
AuPMe—|
o — o) o e
6 B2 * PhsPAUTMTU D2 *IMTU 25 17 &:uPM% + MesPAUTMTU? N +TMTU 6.6
Ph Ph + "AuPMe3
o o ‘,AuPPhs—‘ B13 D13
7 N—AuPPh + PhiPAUPict ~—= [ M} + Pic 35107 +
B3 AuPPhs o o I,AUPM93—|
N 2 18 N—AuPMe; + MezPAUTMTU* N +TMTU 2.6
= + "AuPMe3
,AuPPh;‘ B14 D14
8 QN auwph, + Phpawricr —= 9T\ + Pic  2-10°
B4 "AuPPh; 19 B14 +  Me;PAuPict D14  + Pic 310°
D4
_‘+ Ph Ph *
AuL2 AuPMeg
O (o] e
9 I AuL2 + L2AuPict® —~—= s N + Pic 36 20 &AuPMEa + MezPAUPic* i\> + Pic 2102
“AuL2 "AuPMe;
8 D5 . B15 D15
. . ,AuLZ—‘ NMe, NMe;, _|+
10 N—Au2 + L2AUPicT == N +Pic 66
B6 ‘AuL2 D6 CD,Cl,
"
2 + MesPAUTMTU m o e, + TMTU 45
Ph Ph + N AuPMe; A
o o ALz "AuPMe;
1 NoAuz 4 L2AWPIct =——= N +Pic 54 B16 D16
B7 ‘AuL2
D7 CD,Cl
A " 22 B16  + MesPAuPic* D16  + Pic 7-10°
- rt.
AuL2—|
(e} o +
12 Nopuz  + L2AWPc =—= ¢ \:\2\ Lot Pic 30 ‘,/;\uPPh;|
u L . A )
2 —@—AuPPh + PhsPAuPic® ==—= @ i + Pic 1.6
B8 D8 3 ot T “AuPPh,
. B17 D17
o o ,,AUL3—| 24 B17 + PhsPAuLut* D17 + Lut 1.9
13 N—puLs  + L2AuPict ——= < +Pic 13
B9 AuL3 25 B17  + PhsPAuSMe,* D17 + Me,S 42
D9

“All reactions in CDCl; at 26.1 °C except otherwise noted. Abbreviations: Pic, 4-picoline; DMAP, 4-dimethylaminopyridine; TMTU,

tetramethylthiourea ((Me,N),C=S); Lut, 2,6-lutidine.

Substrate Effect on Stability of Diaurated Species.
First of all, these equilibrium constants allow direct comparison
of the stability of diaurated species bearing different vinyl cores
but having the same ligand or, in other words, establishing the
substrate effect on the stability of diaurated species. In order to
avoid too much steric influence, it seemed better to study these
substrate effects on species bearing nonbulky ligands such as
PMe; and PPh;. This way it could be established that changing
a propyl to a methyl substituent decreases the stability of PPh;-
based diaurated species by a factor of 2 (compare entries 1 and
4,2 and S, and 3 and 6), indicating that with a more electron
rich substituent the stability of diaurated species increases. The
same trend was found for PMe;-based diaurated species
(compare entries 17 and 18). In contrast, installation of a
conjugated 7 system in the side chain decreases the stability of
the diaurated species rather significantly, be it a simple double
bond or a phenyl substituent (as evidenced from entries 1 and

2001

7, 1 and 8, and 19 and 20). These effects are rather surprising,
since conjugation with a 7 system should help in stabilization of
a positive charge and should increase the stability. Obviously
this principle does not apply here and other effects must
account for the decrease of stability. We hypothesize that this is
due to an increase in the stability of the vinyl gold species, the
dissociation product. Indeed, in this case there is also a nicely
conjugated 7 system in vinyl gold (e.g, B3), which gets
disturbed with introduction of a second LAu" moiety. This
effect might dominate over stabilization in the diaurated
species, making them more prone to dissociation, together with
a small —I effect of the sp* carbon favoring the same trend.
Introduction of an electron-rich substituent (NMe,) in the
aromatic side chain increases the stability (entries 20 and 21),
while an electron-withdrawing substituent (CN) decreases the
stability dramatically.” Use of an electron-deficient ligand also
negatively affects the stability (see below).

dx.doi.org/10.1021/0m400083f | Organometallics 2013, 32, 2000—2006
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Figure 1. Precursors for diaurated species used in the study and
abbreviations of the ligands.

On the basis of this information the following can be
concluded about the influence of a substituent at the enol ether
core on the stability of diaurated species: (1) electron-rich
substituents will increase the stability, while electron-poor
substituents decrease it; (2) any conjugation will decrease the
stability in comparison to nonconjugated systems.

Ligand Effect on Stability of Diaurated Species.
Further, the equilibrium constants disclose ligand effects on
the stability of diaurated species. Thus, among the five ligands
the most stable diaurated species are formed with PPh; and
PMe; and the stability decreases in the order PMe; = PPh; >
L4 =~ L5 > L2 > L3. According to this series electron-donor
phosphines favor the formation of diaurated species; however,
in the case of L2 and L3 steric effects obviously predominate
and the stability drastically decreases.

Changing the PPh; ligand to a more bulky one (L2, L3) not
only generally reduces the stability but also might cause some
transpositions in the aforementioned trends of the substrate
effects. Thus, in some cases a conjugated 7 system in the side
chain decreases the stability as before (compare Table 1, entries
9 and 11 and 9 and 12), but in others the stability increased
(entries 13 and 14). This must be caused by a steric effect
which becomes more and more pronounced as the ligand gets
larger. Indeed, a free-rotating propyl side chain now brings

more destabilization in the system than the more rigid and flat
alkenyl or phenyl group. The same steric effect must cause an
increase of stability with the change of a propyl substituent to a
smaller methyl group (entries 9 and 10), while in case of the
PPh; and PMe; ligands the opposite was true.

Another good illustration of the impact of steric effects is
given by the reaction of sterically hindered alcohol $4. Thus,
when S$4 was reacted with catalyst 1 and PrSp (Proton
Sponge), diaurated species D18 smoothly formed, but only
minor formation of diaurated species was observed with 2
(Scheme 1). Instead, the oxonium salt (L2Au),OH’ was

Scheme 1. Steric Effects Greatly Reduce Stability of
Diaurated Species

+
AuPPh, Ph
1, PrSp A 0
0‘_:(71 E + T
CDCl, rit. AuPPh,
D18
c4 c4
OH
JAuL2
= 2, PrSp ? "
— HO@.
4 "wet" CDCl3, rt. “AuL2
moisture,
c4 PrSp
2, Prsp } L,@/?“LZ
[Pl
CDClj rit,
under CaH, AuL2

D19

formed as a major gold product resulting from residual water in
the system.® When the reaction was repeated under essentially
water-free conditions in the presence of CaH,, the new species
D19 could be generated. Not surprisingly, D19 appears to be
highly unstable toward nucleophilic attack and readily reverts
back to (L2Au),OH" upon simple manipulation of the reaction
mixture in open air. Obviously, installation of two methyl
groups in close proximity to the bulky diaurated core drastically
reduced the stability of D19 in comparison to the less crowded
situation for D18 with the PPh; ligand. It appears that in
sterically hindered diaurated species the steric effects naturally
become more and more important and in many cases may
dominate over electronic effects.

e B B5
D52 T -
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o D5 + Pi BS o 7
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Figure 2. Representative NMR spectrum of the reaction mixture in CDCl, for determination of the equilibrium constant for DS/BS (entry 9, Table

1).
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However, since the affinities of various LAu" species for the
spectator ligands are also slightly different, rigorous comparison
(in terms of thermodynamic stability constants) is not possible
without an auxiliary equilibrium constant (3). Such a constant
was also experimentally inaccessible. In order to evaluate the
ligand effect in a situation closely analogous to catalytic
conditions, we determined an auxiliary constant for MeCN (4).
With this value it was possible to compare equilibria (5) and
(6) theoretically. The ratio of the constants is now related to
the experimentally established picoline constants (7) and (8)
by the simple expression (9). For example, this way it could be
established that diaurated species D1 is 1500 times more stable
than DS (in chloroform). That is the impact of the bulky
ligand!

K(qu
Ph,PAuPic” + L2Au™ = Ph,PAu” + L2AuPic*

()
Ph,PAuPic” + L2AuNCMe™"
K, =0.37 4 +
= Ph,PAuNCMe" + L2AuPic (4)

K
RAuPPh, + Ph,PAuNCMe* = R(AuPPh,),* + MeCN

()
KZ
RAuL2 + L2AuNCMe" = R(AuL2),” + MeCN (6)
RAuPPh, + Ph,PAuPic” = R(AuPPh,),* + Pic )
K"
RAuL2 + L2AuPict = R(AuL2),” + Pic (8)
K K’ 2 x 10*
L = = 1500
K, K'K, 36 X037 (9)

Since the auxiliary constant (3) for different LAu* can be
assumed to be generally around 1, since it is an equilibrium
between species of similar nature, direct comparison of
equilibria with picoline can be used to roughly compare
thermodynamic stabilities of diaurated species bearing different
ligands. It can be suggested that PPh;-based species should be
generally 1000 times stronger than with L2. Given the
inhibitory effect of diaurated species in catalysis, this constitutes
one of the reasons why catalyst 2 is far more efficient than 1 in
many reactions in this study and in the literature.”

Comparison with the Previously Known Aryl Diau-
rated Species. Finally, we synthesized one example of the
well-known aryl diaurated species D17 in order to compare the
stability of this compound with those of our enol ether derived
species.10 As can be concluded from Table 1, entries 1 and 23,
installation of an enol ether moiety in place of an aryl ring
increases the stability of diaurated species by a factor of 10000!
Thus, the aryl diaurated species Ar(AuL)," should be generally
much less stable than the enol ether derived analogues. Even
dimethyl sulfide can be used to cause reversible dissociation of
this weak species (entry 25).

Outlook. In our previous report on the coordination
chemistry of gold catalysts we established a ligand strength
series for a number of ligands covering 11 orders of
magnitude.” Now we can supplement the series with our new
data on binding affinities of vinyl gold to a LAu" unit (Figure
3). Using the intermediate equilibrium constants it could
thereby be estimated that enol ether derived vinyl gold binds
LAu* generally 10°—10° times more strongly than the alkyne

2003

>2:108 11! e
VEETIY _—WVinyl gold species

MeOH << 3-hexyne < MeCN << Me,S < Lut < Pic < DMAP < TMTU < PPhs CI

Substrates NS T A
W 12103

26 10
Figure 3. General ligand strength series showing thermodynamic
binding affinities of the key catalytic intermediates to a LAu" unit.
Some key equilibrium constants are given for ligand exchange at
L2Au".

4-5-102

substrate! Obviously vinyl gold species represent the strongest
binding partners among all species in the whole hydro-
alkoxylation reaction mixture, and this binding to a LAu" unit is
remarkably strong. It can be also suggested that the
corresponding alkene derived diaurated species should be
generally weaker than the corresponding enol ether derived
analogues by 2—3 orders of magnitude.

Kinetic Aspects. Unfortunately, the determination of
equilibrium constants in reactions with nucleophiles was not
possible in a number of cases due to kinetic reasons (slow
reaction). For example, an equilibrium of DS with 2,6-lutidine
is not established even after 2 h reaction time. Some other
examples are given in Scheme 2. Thus, diaurated species D20—

Scheme 2. Slowly Reacting Diaurated Species

+ +
«A”Lz—l + AulPr
< * AuIPr—‘
[ hu2 O AuL2 o= | [ Aurpr
0 Aotz N Y
“AulPr
D20 > D21 > D22 > D23
(in order of reactivity decrease)
initial concentrations (CDClj, r.t.) conversion k, L'mmol~"-h™"
D20 (3.0 mM), Pic (144 mM, 48 equiv) 50% in 1 h

D20, TMTU, PrSpH* (see text)® 90% in 0.47 h 3.02
D21 (2.5 mM), Et,N* CI™ (5.5 mM, 2.2 equiv) 100% in <5 min

D21 (2.5 mM), Pic (160 mM, 64 equiv) 19% in 40 min

D21 (2.94 mM), TMTU (7.23 mM, 2.5 equiv)? 85% in1.3h 0.27
D22 (1.3 mM), TMTU (6.6 mM, 5 equiv) 90% in 2 h 0.2
D23 (1.8 mM), Et,N* CI™ (8.5 mM, 4.7 equiv) 66% in4 h 0.03
D23 (2.2 mM), Pic (22 mM, 10 equiv) 61%in46 h

D23 reacted with picoline slowly within hours. Reactions with
stronger nucleophiles (TMTU and Et,N*Cl”) occurred
considerably more quickly. However, in the case of D23
reaction even with CI™ (a strong and unhindered nucleophile)
is slow (66% conversion in 4 h), which is unprecedented for
diaurated species. In all these slow cases liberation of vinyl gold
is accompanied by subsequent slow protodeauration, taking
place at the cost of water in the system (11), so that
equilibrium constants (10) cannot be determined. In contrast,
all vinyl gold products generated from D20—D23 are kinetically
reactive, like all other vinyl gold species from Table 1, reacting
immediately already with the weak acid PrSpH*OTf". Thus,
addition of PrSpH*OTf~ to the mixture of D23 and Et,N*Cl~
immediately removes all vinyl gold but cannot speed up
decomposition of diaurated species themselves (12). This
further proves the kinetic inertness of this species.

ky
R(AuL),” + Nu = RAuL + LAuNu*
k_y

(10)
k
RAuL + H,0 = RH + LAuOH (11)
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PrSpH™
—— RH
fast

R(AuL),” + CI” — [RAuL]

slow

(12)

The aforementioned examples point out that diaurated
species derived from the sterically hindered IPr ligand are the
most kinetically inert among all other diaurated species in this
study (despite the fact that they should be the least stable
thermodynamically). The reactivity also depends on the vinyl
core (Scheme 2). Thus, 5-endo and 6-endo diaurated species are
generally more reactive than S-exo or 6-exo species. There are
also ligand effects on the reactivity. Thus, PPhs-derived
diaurated species are the most kinetically reactive (but at the
same time thermodynamically stable), which is evident from
the fact that R(AuPPh,),"/RAuPPh; mixtures always exhibit a
single set of sharp signals in proton NMR spectra, indicating
fast exchange of the Ph;PAu’ unit.'' A similar situation is
observed for DTBP and LS based species, but the rate of
exchange is less, which is evident from the broader shape of the
signals. In the case of L2 and L3, the corresponding R(AuL),"/
RAuL mixtures always exhibited separate sets of signals,
indicating a slow mode of LAu" exchange (despite the fact
that these diaurated species are thermodynamically less stable).

Slow reactions of D20 and D21 with TMTU were used to
conveniently study the reaction kinetics and reaction
mechanism.

Thus, the kinetics of reaction of D21 with TMTU was
investigated in CD,Cl, under water-free conditions in the
presence of CaH, (Scheme 3). In a completely closed and dry
system the appearing vinyl gold species B21 remained stable
during the entire course of the reaction. Correspondingly, the
reaction system was free of any side processes, including
protodeauration. The reaction cleanly displayed general

Scheme 3. Second-Order Kinetics of Reaction of D21 with
TMTU
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second-order kinetics with the rate constant k 0.27

L-mmol"+h™!, as evidenced from the linear graph
_ In([D] + (T, - [D]o) — In[D]
[T], - [D],

where [D], and [T], are starting concentrations of the
reactants (derivation of this equation is given in the Supporting
Information). Importantly, the reverse reaction did not have
any impact because the equilibrium theoretically could be
prognosticated to be reached only at >99% conversion.'* Thus,
the entire process can be accurately described as an irreversible
one-way reaction (Scheme 3).

To further demonstrate that the reaction is not influenced by
the reverse process and does not involve predissociation of D21
to free vinyl gold species B21, the reaction kinetics were
performed in the presence of acid additives at various
concentrations (Scheme 4). In comparison with the previous

= kt + const

Scheme 4. Second-Order Kinetics of Reaction of D21 with
TMTU in the Presence of an Acid Additive
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case here one should consider the expenditure of an additional
1 equiv of TMTU to immediately bind the gold liberated upon
protodeauration of the vinyl gold intermediate. The whole
reaction sequence now consists of slow liberation of the vinyl
gold species B21 and subsequent fast protodeauration with
formation of additional L2ZAuTMTU". In complete accordance
with our expectations, the reaction nicely followed general
second-order kinetics. Importantly, the kinetics was independ-
ent not only on the acid concentration but also on the acid
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strength (two differently strong acids were used: PrSpH"OTf~
and tBu,PyH"OTf"), which is consistent with the rate-limiting
vinyl gold formation step. The rate constant k = 0.27 = 0.01 L
mmol ™" h™' determined in this series is equal to that obtained
in the previous experiment above, which further demonstrates
the independence of the reaction of any acid.

Analogously the rate constant k = 3.0 L mmol™' h™" for
reaction of D20 with TMTU was found. Therefore, D20 reacts
with TMTU 11 times more quickly than D21, which reflects
the easier accessibility of gold in D20 toward nucleophilic
attack. This can be associated with both the reduced steric
hindrance (methyl substituent vs ethyl) and the higher rigidity
and flat character of the five-membered ring in comparison to
the six-membered ring.

These experiments unambiguously point to an associative
Sn2 mechanism for the reaction of diaurated species with
nucleophiles. In order to establish the thermodynamic
parameters of this reaction, we performed a series of
experiments at various temperatures (-10.2, —4.1, 4.9, 15,
26, and 36.9 °C). From this, the Arrhenius activation energy E,
for the reaction of D21 with TMTU was found to be 60.1 kJ
mol™". Analysis of the Eyring equation gave the followmg
activation parameters for the reaction: AHY = 57.7 k] mol™!
and AS* = —73.6 ] mol™! K™'. The negative value of AS* is
consistent with an associative process.

That reaction of diaurated species with nucleophiles occurs
as an associative process additionally follows from a number of
observations. We mentioned that the equilibrium in the
reaction of DS with Lut is established much more slowly
than with Pic. This fact unambiguously points to an associative
Sx2 mechanism for the reaction. Indeed, if the reaction
followed a dissociative Syl-like route, the dependence of the
overall reaction rate on the nature of the nucleophile would not
be so pronounced (if at all)."* Similar nucleophile effects are
revealed in reactions of Scheme 2 and the aforementioned
comparisons of R(AuL),*/RAuL exchange rates. Indeed, if the
reaction followed a dissociative Sy 1 mechanism, the least stable
L2 and L3 derived diaurated species should dissociate more
easily and undergo fast exchange, which is not the case. It
therefore can be generally accepted that the reaction of
diaurated species with nucleophiles occurs via an associative
Sx2 nucleophilic substitution at gold (Scheme ). It is known
that gold complexes undergo ligand exchange by an associative
Sn2 mechanism, and our experiments established that diaurated
species are not an exception.14

Scheme S. Sy2 Mechanism of the Reaction of Diaurated
Species with Nucleophiles

AT
Oé Au/L -y ‘\J}A”L

LAuNu*

—

3. CONCLUSION

In summary, we have investigated the reactivity of diaurated
species toward nucleophiles and determined the corresponding
equilibrium constants. On the basis of these constants, the
influence of various structural factors on the stability of
diaurated species was analyzed. Thus, electron-donor sub-
stituents at the a-carbon atom of the enol ether core increase

2005

stability, as do electron donor ligands at gold. Any conjugation
of the enol ether residue with a simple double bond or an aryl
residue will decrease the stability. Steric factors also play a
crucial role in the stability of diaurated species and can readily
dominate over the electronic factors. Thus, diaurated species
derived from the very bulky ligands L2, L3, and IPr will be
considerably less stable than the PPh;- or PMe;-derived
analogues. Additionally, we have found that the rate of reaction
with nucleophiles drastically depends on steric factors. While
diaurated species bearing small or nonrigid ligands such as
PMe;, PPh;, L4, and LS always reacted quickly with suitably
strong nucleophiles, some species bearing very bulky ligands
reacted very sluggishly, even if the reaction was thermodynami-
cally favored. This is a consequence of the mechanism of the
reaction, which was found to occur as an associative Sy2
process.

The results presented herein have direct implications for gold
catalysis, because they demonstrate that the formation of
diaurated species from vinyl gold intermediates generally is
thermodynamically very favored but will strongly depend on
the catalyst and substrate used. Also, the kinetic reactivity of
diaurated species can vary significantly depending on the steric
accessibility of gold: sterically hindered diaurated species are
less reactive and at the same time less stable than their less
hindered analogues.

It can be also concluded that formation/dissociation of
diaurated species in a catalytic cycle should be considered as an
associative Sy2 process with any suitable molecule acting as a
nucleophile (solvent, substrate, product, water, MeCN, etc.).
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Alexander Zhdanko* and Martin E. Maier*™

/Abstract: An extensive experimental study of the mecha-
nism of gold(l)-catalyzed hydroalkoxylation of internal al-
kynes has been conducted by using NMR spectroscopy. This
study was focused on the organogold intermediates, obser-
vations of actual catalytic intermediates in situ, and the reac-
tion kinetics that are involved in this reaction. Based on the

\experimental results, a complete mechanistic picture was es-

\

tablished, including on- and off-cycle processes that explain
the role of diaurated species. We have shown that gold-cata-
lyzed hydroalkoxylation of internal alkynes is a reaction that
requires only one gold atom for the catalytic cycle, disprov-
ing a recent hypothesis regarding the involvement of coop-
erative gold catalysis.

/

Introduction

The hydroalkoxylation of alkynes catalyzed by cationic gold(l)
complexes was first described 15 years ago,"? and has long
been considered to occur through four key steps (Scheme 1).

> i -AuL*
LAG" - AuL B A
D
H H.,
>_<3‘R ROH
LAu

Scheme 1. Gold-catalyzed hydroalkoxylation and concurrent formation of
gem-diaurated species D.

The first step is complexation of the gold catalyst to the sub-
strate to form ;t complex A. Upon complexation, the substrate
becomes activated towards nucleophilic attack by an alcohol
(either inter- or intramolecularly). Nucleophilic attack leads to
the formation of the vinyl gold complex, B, with the liberation
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Auf der Morgenstelle 18, 72076 Tiibingen (Germany)
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Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/chem.201303795.
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of a proton. Following this, protodeauration occurs to give
enol ether C. Further transformation of C into acetal F is con-
sidered to be a classical proton-catalyzed process. A number of
7t complexes (A) have already been described;® however, the
properties of vinyl gold species B have never been investigat-
ed experimentally. The closest analogue to this structure was
described by Hashmi and co-workers in 2009. Further infor-
mation was provided by experimental model studies on vinyl
gold species not bearing a heteroatom at the double bond. In
particular, protodeauration was found to be a highly stereose-
lective process, occurring with retention of the configuration
at the double bond.”! In addition to this experimental evi-
dence, there have been a number of theoretical studies on the
mechanism of this reaction.” However, no experimental re-
search focusing on the actual catalytic intermediates has been
carried out; only the catalytic process as a whole has been re-
ported so far”? Some theoretical studies continue to support
syn-alcohol addition, introducing even more ambiguity into
the mechanistic picture.

In 2010 it was reported, by Firstner et al., that enol-ether
derived vinyl gold species B is very aurophilic and can readily
form gem-diaurated species D by attracting a second LAu*
unit.®? In a previous study, we provided a convenient route to
enol-ether derived diaurated species D and confirmed the hy-
pothesis of Firstner etal Our previous study provided
access to the relevant catalytic intermediates, allowing in-
depth research on the role of D within the catalytic cycle.
Herein, we provide a detailed NMR investigation into the
mechanism of gold-catalyzed hydroalkoxylation. The aim of
this investigation was to gain insight into each of the elemen-
tary steps in the catalytic cycle.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Results and Discussion

The mechanism of protonolysis of diaurated species

Originally, diaurated species D was proposed as an off-cycle in-
termediate.” However, to fully understand the mechanism of
hydroalkoxylation, it is necessary to understand whether D
continues to contribute to the overall process, or if the gold
center gets trapped as species D. Therefore, we have studied
the possibility that D can undergo protodeauration.

There are two possibilities that have to be considered
(Scheme 2). Firstly, a nucleophile-assisted dissociative pathway,
in which D first forms vinyl gold species B, which undergoes

Nucleophile assisted dissociative mechanism:

RO AuJ LAu(Sol)" RO e RO

sol+ N I c

\‘/:\uL +LAu Sol)* Aul LAu Sol)* H
D

Associative Sg2 mechanism:

" AuL —‘
,S AuL RO ZSoI
—2LAu( Sol

A

RO
J\/
H

Scheme 2. Preliminary consideration of the possible protonolysis pathways
of the diaurated species.

subsequent protodeauration to finally liberate the product and
the catalyst. Secondly, one might also envision the reaction to
occur as a direct Sg2 process. However, in a different example,
Gagne and Wiedenhoefer have already reported that an S;2
process does not operate.”? Because the S;2 process for the
gold exchange at diaurated species cannot be completely
ruled out,"” we have investigated the possibility of protodeau-
ration to resolve any ambiguities.

To establish the correct mechanism, we studied the reaction
of D2 and D1 (Figure 1) with acids (tBu,PyH*, TfOH-(Me,N),CO)
under several conditions. We found that protonolysis is greatly

;tLZ

Figure 1. The diaurated species used in protonolysis studies.

) b( AuL—‘ 5 AuL2—|

AuL2

D1, L =PPh; D2
D3,L=L2

enhanced in the presence of a suitable nucleophile, unambigu-
ously suggesting that the nucleophile-assisted dissociative
mechanism is operating (see the Supporting Information). To
confirm this mechanism, we conducted a series of kinetic ex-
periments. Species D3 was reacted with tBu,PyHtOTf™ in
CD,Cl,, in the presence of various amounts of Me,S (8-
29 equivalents), as shown in Scheme 3. The reaction was moni-
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AULZ—I + acid, 2-4.6 equiv OH
S Me,S, 8-29 equiv (H20)

AuL2
o =r0 ! = —
“AuL2  CDCl,rt. ) o
o

[D3], = 2.92 mm L2AuSMe," B3

K1

first order graphs y = In[D3]/[Me,S], = —k4t + const:

time/h
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~ * (Bu,PyH* (2), Me,S (8.4)
°
)
R +

g V«»25.78x-125 R?=0.999 m {BuPyH" (2), Me,S (16)
= =~ - Y.9998
a a tBUPYH" (2), Me,S (22)
[<
= Y=-2566

t- 240, R2:0~9983 x tBU,PyH" (4.6), Me,S (29)

Explanation:

Me,S excess
R(AuL),* RAuL
D3 k;=259m"-h" B3 fast
slow

{Bu,PyH*, Me,S

RH + LAuSMe,*

D3
pseudo 1st order kinetics: M =

p k4[D3][Me,S] = —ker[D3]

Scheme 3. Kinetics of the nucleophile-assisted protodeauration of D3.

tored by NMR spectroscopy (the CH,O signal was used for
quantitative determination of D3). As expected, the reaction
followed pseudo-first-order kinetics. The rate of the reaction is
independent of the concentration of the acid, indicating that
the reaction does not occur as a direct Sg2 process, but rather
as a stepwise process through initial formation of the vinyl
gold species B3 as the rate-limiting step (Scheme 3). Impor-
tantly, fast protodeauration ensures that an equilibrium be-
tween D3 and B3 is never established. Therefore, in this case,
the conversion of diaurated species D3 into vinyl gold species
B3 can be considered as an irreversible rate-limiting step.

These findings unambiguously indicate that protodeauration
of the diaurated species cannot occur through the direct reac-
tion with an acid as a Sg2 process, but must occur by means of
a nucleophile-assisted dissociative process that involves the
formation of free vinyl gold species B. This finding is in accord-
ance with conclusions by Gagne et al.*"

Protonolysis of enol-ether derived vinyl gold

Our attention was then turned to the reactivity of vinyl gold
species B towards acids. During this study we realized that this
type of vinyl gold species is more susceptible to protodeaura-
tion than any other vinyl gold species described in the litera-
ture.'™ Most of the vinyl gold species encountered in this
study undergo protodeauration immediately even by using
PrSpH* (1,8-bis(dimethylamino)naphthalene salt) in CDCl; or
MeOD. More interestingly, these species also undergo proto-
deauration immediately in methanol. However, strong elec-
tron-withdrawing groups slow down this process significantly.
Conjugation with the mt system of an alkene or phenyl ring
also slows down protodeauration.

To quantitatively describe the structural effects of the sub-
strate and ligand on the protodeauration, we studied the reac-
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R(AuL),*
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tiz
v rel [min]
B1 0.63 9.2
B2 095 265
B3 1.00 25
B4 0.17 92
B5 1.68 0.95
B6 1.06 1.95
B12  0.50 9.6

B1, 3.3 equiv CI~
0.4

02 | B2

normalized concentration

B3

20 time / min 30 23.3 equiv CI~ was used

Figure 2. Protonolysis of vinyl gold species B1-6 by 4-tert-butylphenol.

tions of vinyl gold species B1-B6 (generated in situ) with 4-
tert-butylphenol, which is a suitably strong acid (Figure 2). Un-
fortunately, rigorous quantitative comparison of the rate of
protodeauration was not possible because none of the reac-
tions displayed general second-order kinetics. This is explained
by the formation of molecular aggregates between free
phenol and its phenoxide product, accounting for the autore-
tardation of the reaction.'” Nevertheless, some quantitative in-
formation could be obtained; we estimated the relative initial
rates and vinyl gold species half-life periods (measured from
0-50% conversion) and found that the rate of protodeauration
increases in the presence of electron-donating ligands. Also, it
is likely that steric interactions play no (or an insignificant) role
in this reaction. Thus, protodeauration of vinyl gold species B3,
bearing bulky ligand L2, reaches 50% conversion almost four
times faster than B1 (bearing a PPh; ligand), and 37 times
faster than B4 (bearing electron-deficient ligand L5; see
Scheme 5 for structure). Furthermore, because the reaction
was insensitive to an excess of Et,N* Cl-, it can be concluded
that protodeauration does not require any precoordination to
the gold center and starts upon interaction of the double
bond with the proton source.

An important aspect of protodeauration, established by
these experiments, is the stereo- and regioselectivity of the
process. The protodeauration can be concluded to be a one-
way reaction, towards product C, because the alkyne substrate,
S, cannot be reformed during the protodeauration reaction
(Scheme 4). This behavior is opposite to that of vinyl gold spe-
cies B’, an intermediate in the gold-catalyzed hydroalkoxylation
of allenes.” This difference in behavior is due to the strong
mesomeric effect of oxygen, making the carbon atom the only
possible site for protonation in B, but not in B'. Also, the proto-
deauration of B5 and B6 occurred with complete retention of
configuration, as revealed by the NOESY spectra of the corre-
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Scheme 4. Stereo- and regiospecific protodeauration of vinyl gold species B
as opposed to B'.

sponding enol-ether products. This result is in accordance with
another model study."

Competitive experiments on protodeauration or auration of
the vinyl gold species

Diaurated species are reluctant to undergo protonolysis, there-
fore, it can be concluded that fast product formation in gold-
catalyzed hydroalkoxylation can only occur by protodeauration
from the vinyl gold intermediate. However, this protodeaura-
tion process is in competition with the formation of a diaurated
species. Therefore, it is important to understand the depend-
ence of this competition on the structural parameters of the
vinyl gold species.

To address this issue, we conducted competitive studies on
the protodeauration or auration of vinyl gold intermediates.
For this purpose, diaurated species D1, D3, D4, and D5 were
treated with Et,N* CI~ (1 equivalent) to quantitatively generate
the corresponding vinyl gold species in situ. These species
were then treated with a solution of tBu,PyH* and the LAUNC-
Me* SbF,~. The results strongly depend on the ligand attached
to the gold center (Scheme 5). When the bulky L2-containing
species was used protodeauration was favored, whereas when
PPh; and L5 ligands were used the formation of a diaurated
species was favored. These results directly correlate with the
stability of diaurated species and the trends in the protodeau-
ration of vinyl gold species."™ Based on this result, it can be

+ + -
Autl . _ tBu,PyH* OTF
L Et,;N*CI', 1 equiv + N
oO=F i Ry, —AuNCMe R(AuL),
+ protonolysis products
Al CDLrt gy g o CDClhrt p ysis produ
D1, 3-5
: CF
‘ P FsC 8
85\ o) ALz | @ o { FsC
: P
AuL2 AuPPhy AuLs | Q_
B1 B4 1 FaC Q
protodeauration/auration: : 1 FC CFs
1:0.18 1:<0.05 | <0.05:1 <0051 | L5

protodeauration favored auration favored

Scheme 5. Competitive protodeauration/auration of vinyl gold species.
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concluded that sterically hindered electron-rich ligands (L2)
will favor protodeauration over the formation of D. For other li-
gands (PPh;, L5), formation of D is favored.

nt-enol-ether gold complexes as intermediates

Enol-ether product C is a component in the system even if it is
eventually transformed into an acetal, therefore, it is necessary
to consider its complexation to the gold catalyst. The corre-
sponding complexes E have been independently reported by
A. Jones et al."® During our investigation, we discovered that if
catalytic hydroalkoxylation is performed under buffered condi-
tions (using 2,6-di-tert-butylpyridine, tBu,Py, as an additive),
the targeted synthesis of enol ethers becomes possible. Under
these conditions, we were able to observe m complexes of
enol ethers with gold centers.

Thus, when 3-heptynol, S2, was treated with catalyst 2
(L2AUNCMe™ SbF,~, 5%) in the presence of tBu,Py (34%), in
CDCl;, cyclization occurred immediately (within 5 min), provid-
ing enol ether C2 in quantitative yield (in situ). At the end of
this reaction, the gold catalyst was predominantly present as
a new m-enol-ether complex E2 which was characterized in
situ and exhibited typical spectroscopic values for a complex
of this type, analogous to the literature data (Scheme 6).'® The

0 SbFg
Qj/\/ (quant) @ °
P Au NCMe

cat. 2 (5%),
tBuyPy ( 34%

=
MH CDCl
s2

cat. 2
L2AUNCMe* 2
PrSp, AuL2—| o
- H,0 o-; -
A C2 + L2AuSMe,*
2’
H g2

Ligand-strength series:
alkyne < MeCN < enol ether << Me,S

0 _ow ]
I B2

elementary step

AuL2  within a catalytic process

Scheme 6. t-enol-ether complex E2 and its stability. PrSp = proton sponge
(1,8-bis(dimethylamino)naphthalene).

uncomplexed and complexed enol ether showed two clear
separate signal sets, indicating slow mode of LAu(C2)*/C2
ligand exchange in CDCl;. However, in methanol this exchange
becomes a fast equilibrium [Eq. (1)], as evidenced by a single
doublet for the tBu groups. Ligand-exchange reactions charac-
terize the enol ether as a weak ligand for gold(l) centers,
taking an intermediate position between MeCN and Me,S, in
accordance with the literature data.'®

E2 + MeOH L2Au(MeOH)* + C2 (1)

Since E exists as an individual compound, it is reasonable to
postulate that the addition of a proton to the vinyl gold spe-
cies is a necessary step in the mechanism of catalytic hydroal-
koxylation (Scheme 6).
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However, E is a cationic complex that could be susceptible
to deprotonation, resulting in the formation of vinyl gold spe-
cies B. Therefore, it is important to determine whether the for-
mation of E from B is reversible under catalytic conditions. For
this purpose, we attempted the auration of enol ether C2
under basic conditions. Treatment of C2 with catalyst 2 and
a proton sponge, in CDCl,, did afford diaurated species D2 as
the only product, but in low yield (8%, in situ) after 19 h at
room temperature (Scheme 7). On the one hand, this result

catalyst 2 AuL2—| ¥
PrSp l B
o\ O ==
CDClj, r.t. ‘AuL2
€2 g%after19h D2

Scheme 7. Direct auration of enol ether C2.

proved that the direct auration of enol ethers, a hitherto un-
precedented process, is possible.'” However, because this pro-
cess occurred so slowly, even under basic conditions, it would
be virtually impossible under the weakly acidic conditions of
catalytic hydroalkoxylation. Therefore, proton addition to the
vinyl gold species to provide E can be considered as an irrever-
sible process within the catalytic cycle, whereas release of C
from E is an ordinary reversible ligand-exchange process at the
gold center.

Catalytic performance of diaurated species in the hydroal-
koxylation reaction

Diaurated species are unable to undergo direct protonolysis,
therefore, it is important to ascertain whether there are other
ways in which they might contribute to the catalytic process.
To investigate this subject, we performed four experiments by
using two substrates and two diaurated species (10mol% Au;
see Scheme 8). We found that in both cross-experiments no
circulation of gold was observed through the diaurated spe-
cies. The fact that the diaurated species remained completely
unreacted indicated that the catalytic activity was due to the
turnover of traces of free LAu* species, and that these species
performed so many catalytic cycles that the substrate had
completely reacted before the diaurated species could be re-
newed. Furthermore, this observation suggests that tricoordi-
nate gold complexes, LAu(B)(Alkyne)* (T), do not trigger hy-
droalkoxylation, but are only transition states in the Sy2 ligand-
exchange processes, otherwise the diaurated species would be
renewed (see below for further corroboration). Hence, we have
demonstrated that the diaurated species themselves are not
active catalysts and are only able to communicate with the cat-
alytic cycle through the ligand-exchange pathway. This finding
implies that in processes that have used diaurated species as
catalysts, these species were not acting as direct catalysts, but
instead through dissociation."® Accordingly, the less stable D2
was more active because it can dissociate more easily than D3.

In addition, we observed circulation through diaurated spe-
cies in other experiments. Thus, partial circulation was ob-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

:@2 ChemPubSoc
rerof Europe
OH R R 1 *
2z D2 or D3 (10% Au) @ [ Az )
Z TR, oS sbr
R/:\0;72 CDCly, 1. - Chuz ¢
e C1,R=Me D2 (R' = nPr),
R = Me (81), nPr (S2) C2,R =nPr D3 (R' = Me)

NO circulation of gold through diaurated species
(For NMR spectra see the Supporting Information)

_‘

—e—heptynol, D2
—a— heptynol, D3
heptynol, D2

—— heptynol, D3

normalized concentration

time/h

0 2 4 6

a L
Road ) Rad P
A T JH* \H*
L R= R\)?
) N T . 0 c1+C2

b) /
R ,AUL*
c‘)§7 /// :
AuL + R—="—
HO

traces of free LAu*
continue the catalytic cycle
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Scheme 9. Observation of gold circulation in catalysis by diaurated species.

served when a less-reactive alcohol S4 was used (Scheme 9).
Formation of D7 is possible owing to preferential protodeaura-
tion of electron-rich B2 compared with that of the vinyl gold
species bearing an electron-withdrawing group (EWG). This re-
action liberates L2Au(Sol)*, which eventually ends up in the
new diaurated species D7. Fast circulation (leading to com-
plete and immediate renewal of the diaurated species) was ob-
served in the cyclization of S2, catalyzed by D1/TfOH in MeOD
(Scheme 9). Again, no circulation was observed for the same
reaction in CDCl; (despite the overall catalytic reaction taking
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place smoothly). This observation demonstrates nucleophilic
catalysis by the solvent, consisting of speeding up the circula-
tion of the gold species through establishing additional fast-
working ligand-exchange equilibria that do not affect the
global equilibrium. This kind of nucleophilic catalysis, by
a weakly nucleophilic solvent or indifferent third nucleophile,
is frequently observed in ligand exchange at gold centers.

Direct observation of catalytic intermediates in situ

To get a complete understanding of the mechanism of gold-
catalyzed hydroalkoxylation, we conducted kinetic studies by
using NMR spectroscopy. In each experiment we monitored
the disappearance of the substrate with time, the presence of
organic intermediate products, and the development of the
final products. Besides this, particular attention was given to
the observation of catalytic organogold intermediates (resting
states) in situ. Complete tables, diagrams, explanations, and
spectra are given in the Supporting Information.

Initially, catalytic hydroalkoxylation of 3-pentyn-1-ol (S1), in
CD;0D, in the presence of catalyst 1 (Ph;PAUNCMet SbF")
was investigated (Scheme 10)."" This reaction is characterized

/\I PhsPAUNCMe* SbFg™ (1), 0.84-3%
OH

0CD;
o—X_D
s1 MeOD, r.t. D

o =0.172-0.174 F1-d

Resting state of the catalyst: only D1
Stoichiometry of D1 formation: $1 + 2 PhyPAUNCMe* —= D1 + H* + 2 MeCN

kinetics law established: — % = k[S1]"2[1] = k[S1]"?

Linear [S1]"2 = —kt + const plots: Linear Inkgg; = nIn(%Au) + const plot:

-1 -

%Au

. -3000"/ P 08 In(%Au)
& .00%
- 0,
i 4226% -2 7 Inkgy=1.09In(%Au) - 4.06,
b *1.50% R? = 0.9994
S %0.84%
E 3| Ik
£
o
c

0 4 Orderingoldn=1

0 time / min 50

Scheme 10. Cyclization of S1 catalyzed by 1.

by immediate and complete formation of diaurated species
D1, as observed by NMR spectroscopy. According to the reac-
tion stoichiometry, formation of D1 is accompanied by the for-
mation of the same amount of a strong acid (HSbF). This acid
further catalyzed the transformation of the enol ether so that
only a negligible amount (< 0.4%) of the enol ether is detecta-
ble. The overall reaction was found to be half-order in sub-
strate and first-order in gold (see below).

In contrast, when using the more bulky catalyst 2, we found
that diaurated species D3 does not form as quickly as when
catalyst 1 was used.”” Rather, D3 accumulates relatively slowly
(within few minutes) and eventually becomes predominant, re-
sulting in the appearance of a characteristic “rush” period and
the L-shape curve of the kinetic plot shown in Scheme 11. The
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Scheme 11. Observation of the "rush” period.

shape of this curve is readily explained; the reaction starts very
fast, but the gold species inevitably starts to form the diaurat-
ed species, resulting in significant slowing of the reaction.
Indeed, an experiment with 0.15% catalyst loading allowed us
to observe accumulation of D3, during an extended period of
time, and to register the signals of L2Au(Sol)* and B3 disap-
pearing at the end of the rush period. Therefore, it can be sug-
gested that formation of the diaurated species accounts for
catalyst deactivation. This problem is not encountered at
higher loadings of 2. When more gold catalyst is present, it is
possible that the reaction can reach completion during the
very fast rush period, before any D3 can accumulate.”” Howev-
er, after the rush period (when formation of diaurated species
is complete) the system establishes half-order kinetics for the
rest of conversion (see below).

Catalyst 2 (less likely to form the diaurated species) is more
active than 1 for the cyclization of S1. Therefore, we investigat-
ed whether the pure vinyl gold species could be observed if
the formation of the diaurated species is completely sup-
pressed. Recalling that sterically hindered alcohol S7 forms ex-
tremely unstable diaurated species with catalyst 2,"* we used
this substrate for the reactions with catalyst 2. We performed
catalytic runs at different catalyst loadings (0.04-0.13 mol %)
and in all cases the gold catalyst rested as a single compound,
which was unambiguously proven to be vinyl gold species B8
by comparison with an authentic sample prepared in situ
under noncatalytic conditions (Scheme 12). This finding is the

OH Ph Ph
Pz cat. 2, 0.04-0.13%
= )
s e TR, O D O™ AuL2
7 MeOD, r.t. B8
co=0.173m )
C7-d resting state

Scheme 12. Direct observation of vinyl gold species.

first direct evidence of the intermediacy of a vinyl gold species
in a catalytic alkyne hydroalkoxylation process. Next, we estab-
lished that the reaction is drastically accelerated by acid, prov-
ing protodeauration to be the rate-limiting step of this pro-
cess.

Similarly, we investigated an intermolecular hydroalkoxyla-
tion of hex-3-yne S8, a more challenging reaction type, in the
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Scheme 13. Hydroalkoxylation of hexyne S8.

presence of various catalysts in CDCl; (Scheme 13). This study
indicated that bulky electron-rich catalysts 2 and 3 did not
form diaurated species at all, whereas more electron-deficient
and less-crowded catalysts (1, 4, and 5) readily formed the cor-
responding diaurated species. Therefore, in this case, the reac-
tion is much more efficiently catalyzed by electron-deficient
catalysts, even though the catalysis might be accompanied by
the formation of the corresponding diaurated species.

The above experiments demonstrated that the formation of
a diaurated species is, generally, not obligatory for gold cataly-
sis and the formation of this species can vary broadly (from 0
to 100%). Secondly, and very importantly, thorough monitor-
ing of resting states should be performed to allow unambigu-
ous conclusions to be made.

Probing the early stages of the catalytic cycle

Our experimental data has provided a clear understanding of
the mechanism of gold-catalyzed hydroalkoxylation, starting
from the formation of the vinyl gold species. All that remained
was to define what happens before the formation of this spe-
cies, at the early stages of the catalytic cycle. It is well known
that alkynes form a w complex A which is a reasonable propos-
al for the first step of the catalytic process.”? However, exactly
how A transforms into the vinyl gold species continues to be
a subject of debate. According to one model, @ complex A
reacts directly with an alcohol to give cationic addition prod-
uct BH, which immediately expels a proton to give vinyl gold
species B (Scheme 14, route a).”” The only experimental study
that investigated the viability of this hypothesis was conducted
in the gas phase under strictly bimolecular collisions. Under
these conditions, formation of the C—O bond was found to be
impossible.”?) A number of theoretical studies have been pub-
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Scheme 14. Current viewpoints to account for the C—O bond-forming event.

lished, concluding that alcohol addition to m complex A must
be thermodynamically disfavored and that the subsequent
proton transfer can only occur in the presence of neighboring
molecules in the condensed phase.”” Recently, a new hypothe-
sis based on theoretical calculations was proposed.?” This hy-
pothesis suggested that diaurated species could form by the
direct reaction of two gold-containing species, cationic T com-
plex A and a neutral molecule of gold methoxide LAUOMe (co-
operative catalysis, Scheme 14, route b). However, LAuOMe
must arise from a reversible reaction of the gold catalyst with
methanol (Scheme 14, [Eq. (2)]). This reaction is highly disfa-
vored because LAuOMe is a highly basic compound that may
not exist under the weakly acidic conditions that are typical for
gold-catalyzed hydroalkoxylation.

In order to resolve the above ambiguities, we relied on ki-
netic experiments. We hypothesized that information about
the early stages of the catalytic cycle may only be obtained if
formation of the vinyl gold species becomes the rate-limiting
step and the formation of any diaurated species is suppressed.
These two conditions were applied in a series of experiments
described below.

Catalysis by IPrAuNCMe* SbF,~

The reaction of hex-3-yne with MeOH, catalyzed by
IPrAuNCMet SbFs~  (IPr=1,3-bis(2,6-diisopropylphenyl)-1,3-di-
hydro-2H-imidazol-2-ylidene), in CDCl; or CD.Cl, exhibited
zero-order dependence in substrate, but first-order in gold
(Scheme 15). The examination of the reaction mixtures by NMR
spectroscopy revealed complete formation of IPrAu(hex)t
(hex=hex-3-yne) A3, the concentration of which remains con-
stant during the conversion and eventually converts into

IPrAuNCMe* (2.3-4.8%),

MeOH (2.3-20 equiv), H3CO OCH o
— 3 3
/
\/58\ \M + Et)l\Pr

CDClj3, r.t.
Co=0.12M F8 K8

0 S
kinetics law:

= —k[MeOH]"-3[A3]" = —k[MeOH]"-3cy(Au)

ds]
dt

keeps strongly to the right when a high
/ excess of hexyne is available

IPrAu(Sol)* + S8
excess

IPrAu(S8)* + Sol Sol = MeCN, H,0, etc.

A3
\— formed immediately, in an amount equal
to the amount of catalyst added (pseudo-
rush period)

Scheme 15. Addition of methanol to 3-hexyne.
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IPrAu(Sol)* (Sol =solvent, MeCN, H,0, etc.). This result is signifi-
cant because it demonstrates that, A3 is the necessary inter-
mediate. Also, because A3 is formed quantitatively, the first-
order dependence with respect to the gold center also means
that the reaction is first-order in A3. Finally, quantitative forma-
tion of A3 indicates that the ligand-exchange equilibrium
(Scheme 15) remains strongly to the right during most of the
conversion. This finding explains why the reaction is zero-order
in substrate; on reaching saturation the change in concentra-
tion of the substrate does not lead to a substantial change in
the concentration of A3. However, closer to the end of reac-
tion the concentration of A3 will not be equal to the concen-
tration of Au and the reaction will deviate from the zero-order
law. Interestingly, the reaction exhibited 1.3-order kinetics in
MeOH, the reason for which will be discussed below.

The role of the ligand-exchange equilibrium

In order to confirm that A (the necessary starting point of hy-
droalkoxylation) arises as the result of the ligand-exchange
equilibrium with a LAuX species and S, we studied the chemi-
cal kinetics of a number of reactions (Scheme 16). The resting
state of the catalysts was monitored in each case by NMR
spectroscopy. Thus, the reaction catalyzed by a L2AuSMe,*/

a) L2AuSMe,", 0.48-1.6% ocD ]
P OH ' \le,S, 0.8-4.6% ® g
Z 0 b .

TfOH, 2-4% D g
[S1p=0.18 M MeOD, 26 °C Fi-d @
8
dyst,
d[T] = —k[S1]'[L2AuSMe,*]'[Me,S] ", k = 3.8£0.2 h™" =
Resting state of the catalyst: L2AuSMe," only 31p NMR
Keq S —
L2AuSMe," + S1 L2Au(S1)" + MeyS  (4) i T
= A 70 65 60
strongly shifted to the left ppm

b) L2AUCl, 1.0-7.4% ocD ©

OH b 8 =
/\/ TfOH, 0.7-4% (‘)§<D 3
f MeOD, 26 °C D _
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Scheme 16. Reaction kinetics and resting states.
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Me,S system (see Scheme 16 a), exhibited first-order kinetics in
S1, first-order kinetics in gold species, minus first-order kinetics
in Me,S, and had L2AuSMe,* as a resting state. The reaction
catalyzed by L2AuCl (see Scheme 16 b), exhibited first-order ki-
netics in S1, half-order kinetics in gold species, and had L2AuCl
as a resting state. In these cases, the ligand-exchange equili-
bria (Scheme 16, [Eq. (4 and 5)]) are strongly on the side of the
resting states.

The intermolecular reaction catalyzed by 2 (see Scheme 16 c)
exhibited pseudo-half-order kinetics in substrate and first-order
kinetics in gold.”® In each experiment, the '"H NMR spectrum
of catalyst 2 exhibited a single doublet, the chemical shift of
which gradually changed from 1.46 to 1.43 ppm (correspond-
ing to the pure catalyst in methanol). This observation indi-
cates that the catalyst existed as a L2Au(hex)*/L2Au(Sol)* mix-
ture undergoing fast ligand exchange. As the reaction pro-
gresses to completion, only L2Au(Sol)* remains and the spec-
troscopic values of the free catalyst are restored.?” In this case,
the ligand-exchange equilibrium (Scheme 16, [Eq. (6)]) does
not favor any side strongly.

All reactions were independent from acid, to establish that
protodeauration is not the rate-limiting step in these cases.
The kinetics laws were theoretically derived based on the as-
sumption that the necessary intermediate A must arise as
a result of the corresponding ligand-exchange equilibrium.
Also, the material balance of the system was taken into ac-
count. The theoretically derived rate laws (Figure 3) were in ac-
cordance with experimentally observed laws, confirming the
following: 1) The hydroalkoxylation is only possible from A;
2) The reaction will follow first-order kinetics with respect to A,
but the order of the reaction with respect to the catalyst and
substrate S may vary, depending on the functional depend-
ence [A]=A(S, c(Au)) being operative; 3) Hypothetical tricoordi-
nate complexes LAu(N)(Alkyne)* are only intermediates (or
transition states) of Sy2 ligand-exchange processes and pro-
ductive hydroalkoxylation is not triggered in this state;
4) Simple ligand-exchange equilibria (known to be very fast
processes for the coordination of gold)**® are established.

This result fully supports the original model (Scheme 14a),
and the cooperative catalysis mechanism (Scheme 14b) is con-
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tradicted by our experimental study.”” The cooperative cataly-
sis mechanism is contradictory to all of our kinetic observa-
tions (it would require second-order kinetics with respect to
the gold species, which was never observed). Also, the cooper-
ative catalysis mechanism is contradictory to the direct obser-
vation of vinyl gold species in situ (Scheme 12). Furthermore,
the presence of an acid promoter would diminish the equilibri-
um shown in [Eq. (2)] (Scheme 14), and negatively affect the re-
action. For the reactions carried out in this section no acid de-
pendence was observed. However, in many cases, the reaction
can be greatly accelerated in the presence of additional acid in
comparison with the use of a gold catalyst alone.

The transformation of gold-alkyne complex A into vinyl
gold species B: the role of hydrogen bonding

Although the results of the above experiments excluded the
possibility of a cooperative catalysis pathway, these experi-
ments did not reveal exactly how A was transformed into vinyl
gold species B. However, we have shown that the catalytic re-
action occurs because of the availability of A and that the reac-
tion must proceed via B (and not D). Therefore, we propose
the involvement of BH, resulting from pure anti-addition
(Scheme 17). This elusive intermediate cannot be observed di-
rectly and remains hypothetical. However, based on the cur-
rent knowledge of related species, we are able to predict the

R inter-or intramolecular H .,
I K, R OR x R OR
-AuL* (+ ROH) — —2 . S anr
ka Lad R LAV R
R A strongly to the left BH B

k1 << ko; kq << k_4, butif k_q << ky, then:
kq ko

A (+ ROH) BH B +H*"
d[BH] first-order in A irrespective
“qr = KiIAIROHP) — kolBH] —k[BH] =0 Of kg << k; or not
. . d[S] _ d[B] kqky
overall reaction rate: - —— = —=— = k,[BH] = ——= [A]([ROH[*
o - ar - lelBHI= RE AIROHP)

Scheme 17. The transformation of A into B.

. . diS]_ , Ky[SIc(Au)
kinetics law: Frala k—KW d[S]

[A] = K4[S][LAu(Sol)*] = K4[S](c(Au)-[A]) L2AuSMe,* + S

Catalysis by LAuUSMe,*/Me,S "Auro buffer"

o =—kK4[S][L2AuSMe,*|[Me,S] ™’ K1

_ K4[LAuSMe,"]iS]

Catalysis by LAuCI:

L2AuCI + Sol L2Au(Sol)* + CI~

A + Sol

K
A+ Me,S S + LAu(Sol)* Z

A=K,[LAuSOI"][S]

[LAUSOI*][CI]=K4[LAUCI]

(zero order in S) (first order in S)

S + LAu(Sol)* A + Sol [A]=
. . [Me,S]
[Sol] = const, included in K4
material balance for Au: c(Au) = [LAu(Sol)*] + [A] /ﬂ\

= —K[A] = -k*f(S, Au)

=—K[A][ROHJ*

(IBH], [B], [E], [D] disregarded) dis]
U/ \U/ Q dt (for alkynols)
. ) d[s]
if [A] = c(Au), then:  if c(Au) = [LAu(Sol)*] , then: —
d[s] d[s] dt
q = keAu) 5 —kK4[S]-c(Au)

for intermolecular
hydroalkoxylation

General route

material balance for Au: c(Au) = [LAUCI] + [LAuSol*]
([A], [BH], [B], [E], [P] disregarded)

material balance for CI: ¢(Cl) = ¢(Au) = [LAuCI] + [CI"]

[LAuSoI*] = [CIT], then [A] = K "2K,[S][LAuCI]"2

kinetics law: %[tgl— = —kK4 2K, [S][LAuCI]"?

Figure 3. The first-order dependence in [A] is the common root of the kinetics laws shown.

Chem. Eur. J. 2014, 20, 1918-1930 www.chemeurj.org

1925

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

:@‘* ChemPubSoc
x Europe

properties of BH. Thus, it is well known, that any species of the
type LAu—C=C—X and LAu—C—C—X are prone to elimination,
resulting in the parent alkyne or alkene (depending on the
quality of X as a leaving group).B” Also, the inability of hydro-
alkoxylation to proceed in the gas phase, under conditions of
bimolecular collisions,® is in agreement with proton transfer
from BH only being possible in solution phase, as was suggest-
ed by earlier computational studies.”” It can be concluded that
the formation of BH (the C—O bond forming event) must be
a highly reversible endothermic process (always k, <k_,). Fur-
thermore, we are able to conclude that proton loss by BH is ir-
reversible. This follows from the experimental observations
and considerations discussed above and in Scheme 4.

However, two important aspects remain unclear with regard
to the A into B transformation: 1) The importance of the hy-
drogen bonding involving ROH, as suggested by the computa-
tional study; 2) The elimination of H* is considered to be
a very fast step (k, is large), therefore, it becomes unclear
whether the whole sequence, from A to B, should be consid-
ered as a combination of one reversible step and a second irre-
versible step (if k_;xk,), or as a sequence of two irreversible
steps (if k_, <k,). Remarkably, all of the experiments described
above do not provide an answer. Regardless of the real situa-
tion, both considerations result in the same kinetics, that is,
first-order kinetics with respect to A (Scheme 17).

To begin to answer these questions, we studied the effect of
various hydrogen-bond donors (PhOH) and acceptors (THF,
DMF) in the reaction of hexyne S8 in CDCl; (Scheme 18). A dra-

cat. 3 (2.2%) MeO OMe o

\/\ , MeOH _ additive \)&/\ . )j\
S8 3.3 equiv Et Pr
CDClg, r.t. Fs K8
0.12m H,0

resting state of the catalyst: A3 .
Molecular associates:

disappearance of S8: (\
X H,C. .\.-HOPh
c .
£ o8| —e— no additive | unreactive
£ \ —— THF 9 equiv
g 06 \ —=— DMF 10 equiv H3C\O/H ““““ 0
o .
3 04 —»— PhOH 10 equiv i} ;1 yifferent
]
® 0.2 H
£ \ N
S i H H-.... 2
] 0l b i tlmellh i 30\0‘/) "OJ\NMeZ
0 5 10 15 20

more reactive

Scheme 18. Effect of hydrogen-bond donors and acceptors.

matic increase in the reaction rate was seen in the presence of
DMF (10 equivalents), whereas phenol slowed down the reac-
tion. Given the fact that DMF and PhOH behave as chemically
inert additives, not influencing the formation and reactivity of
gold-acetylene complex A3 and not giving rise to any new
products, the changes in the reaction rate are, presumably,
due to their influence on the reactivity of MeOH through hy-
drogen bonding.®" This influence can be explained by the for-
mation of molecular aggregates with variable reactivity to-
wards A3. It can be concluded that the association of MeOH to
a strong hydrogen-bond acceptor (DMF) increases the nucleo-
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philicity of the oxygen atom, activating methanol for addition
(at the same time enhancing deprotonation of BH), whereas
association with a strong hydrogen-bond donor (PhOH) has
the opposite effect. THF did not exhibit any substantial effect,
despite having the ability to form hydrogen bonds. This indi-
cates that the strength of the hydrogen-bond effect depends
on the “quality” of an associated molecule as hydrogen-bond
donor or acceptor. Together with the average 1.3-order kinetics
in methanol that was previously established for this reaction,
this fact suggests that hydrogen bonding with ether or alcohol
has a weak influence on the reaction kinetics.

The hydrogen-bond effect can be interpreted, with regards
to chemical kinetics, as shown in Scheme 19. Thus, considering
the formation of homo- and heteromolecular species that are

ROH + ROH (ROH), (ROH); ... etc.
2 3
ROH +Z z (ROH...Z) (heteromolecular associates)
K4
A + ROH P B — Material balance for ROH:
A+ (ROM), 2+ B — ¢(ROH) = [ROH] + 2[(ROH),] ...
O1C. o At low concentration of

MeOH the molar fraction of
associates can be
disregarded

always first order in A
as) _ *

~—gr = [Al{ky[ROH] + koKo[ROH]2 + ...

k
A+(ROH..Z)—%—> B —

+ k,K,[ROHI[Z]}
1.3 order in MeOH indicates that the first term predominates

Scheme 19. An interpretation of hydrogen-bond effects by chemical kinet-
ics.

in equilibrium with each other (K,, K;..., K,), each of them is re-
active towards A (k;, k..., k) and the rate law appears as
a polynomial equation. According to this treatment, if the for-
mation of these associated species was really necessary for
a simple reaction with MeOH, very strong dependence on the
concentration of MeOH would be observed because the molar
fraction of the associated species depends on the concentra-
tion of MeOH in the order > 2, which at low concentrations of
MeOH will lead to at least second-order kinetics in methanol.

The chemical shift of the OH proton in solvents such as
CDCl; or CD,Cl, strongly depends on the concentration of the
alcohol, a direct consequence of the formation of molecular as-
sociates. That effect is the same as that observed in our earlier
experiments: d(OH) changes from 1.37 to 3.25ppm as the
amount of MeOH increases from 23 to 20 equivalents
(Scheme 15). Evidently, the molar fraction of the molecular as-
sociates increased significantly, whereas the average order in
MeOH was 1.3, which is close to 1. This indicates that the over-
all effect of hydrogen bonding between MeOH molecules is
not strong and the reaction system still behaves as if it was
simply a bimolecular reaction with a free molecule of MeOH in
the solvent. This experimental finding is in contrast with the
earlier computational study, which suggested that the associa-
tion of the alcohol is crucial. Our experiments have established
that hydrogen bonding is not obligatory for simple MeOH ad-
dition to take place. However, the reactivity of MeOH can be
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changed significantly in the presence of a third additive (or
a co-solvent), which forms strong molecular associates with dif-
ferent reactivity (and also changes the 6(OH) chemical shift).
From a practical point of view it is worth noting the strong
positive effect of DMF, which can be used as a solvent or co-
solvent. However, this advantage can be invalidated by DMF’s
basicity, which can negatively affect an acid-dependent reac-
tion (see below).

Generalized mechanistic picture

Based on the experimental evidence, a complete mechanistic
picture of the catalytic process can be assembled (Scheme 20).
From this mechanism all experimentally observed kinetics laws
are derived. The kinetics of the reactions characterized by rate-
limiting formation of vinyl gold species B and no formation of

H\
\ O-R H
LA r@\< o ~108-10° 'ﬂ
ROH irreversible H* LAU(S°|

transfer to a \ Sol

reversible C-O  nearby molecule
bond formation

AuL
irreversible H*
i~AuL* addition
Step 5 is reversible S\2
ligand exchange at gold.
Formation of D is
RO—( AuL* favored.

AuL

substrate
. (Sol)
LAu(Soly Or ~H'cat RO OR
Start —
® AT

Steps 1, 6, 7 are very
fast and reversible Sy2 H
ligand exchanges at gold

c products

Species directly observable by NMR: LAu(Sol)*, A, B, D, E.

Scheme 20. The mechanism of the gold-catalyzed hydroalkoxylation of al-
kynes.

— OH OCD; resting state: D1 in all
ki I B + LAu(N)* /\/ Catalytic system (@) D exper?ments'
A H N / \ MeOD D

ko ko
B + A D+S<—=KD>
k_ k5
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diaurated species are derived from v=—k[A], in which [A]l=
f(S, c(Au)) by using the ligand-exchange equilibrium and mate-
rial balance that is shown in Figure 3.

The kinetics of the reaction accompanied by formation of
a diaurated species requires a more sophisticated treatment
because three key steps need to be considered; the formation
of vinyl gold species B (k;), the formation of diaurated species
D (k,/k_,), and protodeauration (k;) (Scheme 21). The (k,/k_,)
equilibrium is part of global ligand-exchange equilibrium.
However, in contrast with the other equilibria discussed, this
equilibrium is dependent on the concentration of vinyl gold
species B, which itself depends on the rate of protodeauration
(k;) and, hence, from the acidity of the system. In turn, because
the formation of D is accompanied by the formation of an
equal amount of acid, the acidity of the system actually de-
pends on D. It is clear that all parts of the system become
highly interrelated. Still, the behavior of a catalytic system that
results in immediate and complete formation of D is amenable
to easy analysis. Thus, by using the steady-state approximation
shown in [Eq. (8)] (Scheme 21), for B (always present in unde-
tectable amounts) and the steady-state approximation shown
in [Eq. (9)] (Scheme 21), for D (always present, contains all of
the gold in the system), the expression for A shown in
[Eq. (10)] (Scheme 21), can be calculated.®? Putting this expres-
sion into the overall reaction rate ([Eq. (7)], Scheme 21), results
in the rate law shown in [Eq. (11)] (Scheme 21).2% According to
this law the reaction kinetics are characterized as being half-
order in substrate, half-order in D and half-order in acid. The
following important consequences are drawn from this work-
ing law: 1) If the formation of D is complete, the reaction will
always depend on acidity, regardless of whether protodeaura-
tion is the rate-limiting step of the catalytic cycle or not;
2) The reaction does not depend on the presence of any indif-
ferent nucleophile (N), unless it causes significant deviations
from the necessary condition for the material balance c(Au)=
2[D], which would become c(Au)=2[D]+[LAu(N)*]1;3) The reac-
tion follows this law regardless of how the catalytic system is
created, either from the catalyst alone (giving rise to 0.5 equiv-

$1 s . no "rush" period
Catalytic systems applied: acetdl
1) diaurated D1 + TfOH Me,S has no influence
2) catalyst 1 alone unless it is present in an
3) catalyst 1 + TFOH or TsOH amount high enough to
)

cause substantial deviation
from the necessary
condition c(Au)=2[D1]

4) catalyst 1 + Me,S (<20% to gold)

rate laws:

[D] = ¢(D1) d[

S]
= = dT = —keff[S]”zc(D1 )1/ZC(H+)1/Z
[H*] = c(H") catalysis by D1 + acid \

gy c(1
[H]—[D1]-%) das] 1 kef = 0.270.02

ROH B + LAu(Sol)*
overall reaction rate: _%S] = kAl (7) gl(gﬁng%aggl;ilibrium

d[B

B = koAl - kBT BT + KDJST =0 (8)

d[D =0

A - kiBiia - kD11 = 0 ©

1/2

[A] < D) [S]1/2[D]1/2[H ]1/2 (10)
%S] <k k2> [S]1/2[D]1/2[H ]1/2 7keff[S]1/2[D]1/2[H+]1/2 (11)

e _Ekeff[s]1/20(1) ——— L"2mmol "2:min"

catalysis by catalyst 1 alone
c(1
[b1= % 112 /
dIs] _ ke SI'2 (%”) <ﬂ e, Complete kinetics

1/2
c(1) dt 2 ) diagrams in the )
H]= 2 +h catalysis by catalyst 1 + acid (h) Supporting Information

Scheme 21. Reaction kinetics at immediate and complete formation of the diaurated species.
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alents of H™ and 0.5 equivalents of D per 1 equivalent of gold
catalyst), or from the catalyst and acid or from D and acid.
4) Proton delivery, from BH to E, does not occur intramolecu-
larly through a chain of alcohol molecules clustered around BH
by hydrogen bonding (as suggested by an earlier computa-
tional study™). Rather, the proton from BH is removed, becom-
ing free in solution, and then proton addition to B occurs to
give E as an independent intermolecular event.

These principles were demonstrated by the reaction of penty-
nol S1 in methanol using various catalytic systems. We experi-
mentally determined that this reaction can be described by the
rate laws shown in Scheme 21, originating from the general rate
law [Eq.(11)] containing k.=0.27£0.02 L"> mmol="? min~',
irrespective of the catalytic system. In particular, first-order ki-
netics with respect to the gold species is established by cata-
lyst 1 alone, leading to the rate law shown in Scheme 10. Ac-
cording to the tolerance of the system to an indifferent nucle-
ophile, the kinetic profile is insensitive to small amounts of
Me,S.

If a reaction is characterized by the partial formation of D,
the reaction kinetics cannot easily be analyzed because the
steady-state approximation cannot be applied to either of the
resting states of the catalyst. This situation takes place in reac-
tions with a rush period (a kinetic effect caused by accumula-
tion of diaurated species with time, Scheme 11) or for a reac-
tion, in which partial formation of D is caused by a relatively
low Kj value, with the result that the actual concentrations of
the equilibrium participants do not allow the equilibrium
system to stay entirely on the side of species D, whereas the
equilibrium K is established at any time. In the latter case the
catalyst will rest in at least two resting states and will follow
a kinetic profile that fits between the kinetic profile at com-
plete formation of D and the kinetic profile at complete forma-
tion of the other resting states. These principles are exempli-
fied by the following experimental observations. The reaction
of pentynol S1 in MeCN follows first-order kinetics with respect
to the substrate, despite being accompanied by the formation
of D3 (14% maximum). This means that the catalytic system
has resting states (major: LZAUNCMe™ and minor: D3) that are
close in ratio to that of L2AuUNCMe*/MeCNy,,, which is an auro
buffer (see above, Figure 2). For example, the reaction of S4 in
MeOD follows the order in substrate between half- and first-
order because of significant, but not complete, formation of
D7. These cases are considered in more detail in the Support-
ing Information.

Conclusion

Based on experimental observations, a complete mechanism
for gold-catalyzed hydroalkoxylation was constructed
(Scheme 20). The reaction starts with reversible coordination of
the alkyne at the gold center, forming = complex A (within the
global ligand-exchange equilibrium among all possible
LAu(N)* complexes).?¥ The binding affinity of alkynes is gener-
ally low and is weaker than MeCN. The &t complex A then un-
dergoes reversible anti-addition of an alcohol to form BH. This
equilibrium is strongly shifted to the left because BH is a good
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substrate for 1,2-elimination, the reverse process. However, BH
is also a highly acidic species that can partake in rapid proton
transfer to a nearby molecule. Therefore, some of the extreme-
ly elusive short-lived BH molecules will succeed in the transfor-
mation into vinyl gold species B. The difficulty of the alcohol
addition to A, which will eventually form B, is the reason for
the reaction rate order: intermolecular < 6-exo-dig < 5-endo-
dig. Intermolecular hydroalkoxylation is, therefore, the most
challenging, typically requiring excess alcohol. Neutral hydro-
gen-bond acceptors facilitate, whereas hydrogen-bond donors
inhibit, the transformation of A into B. Electron-poor ligands
increase the electrophilicity of A, greatly enhancing the trans-
formation of A into B. The formation of B is irreversible, provid-
ing a fundamental basis for the reaction to proceed until no
alkyne is left in the mixture. Vinyl gold species B is also
a highly reactive species; it can competitively undergo proto-
nolysis or auration to give m complex E or diaurated species D,
respectively. Formation of E is a necessary step in the process,
whereas formation of D is a drawback for the whole catalytic
cycle. Although formation of D is reversible, it is strongly fa-
vored thermodynamically; B binds the catalytic LAu* species
more strongly than an alkyne (the substrate) by a factor of
10°-10°."" Furthermore, D is completely unable to undergo
direct protodeauration. Therefore, any gold centers that are
trapped in this species are simply unable to take part in the
catalytic cycle. Hence, D is viewed as an off-cycle inert com-
plex, participating in the global ligand-exchange equilibrium in
the same way as any other LAu(N)" complex. Destruction of D
by using an indifferent nucleophile (N) will further inhibit the
overall catalytic reaction. The application of very bulky ligands
at the gold center, branched substrates, and acidic promoters
can totally eliminate the formation of D. To complete the cata-
lytic cycle, the resulting enol ether gold complex E will quickly
undergo ligand exchange with any nucleophile (including the
substrate) to finally liberate enol ether product C. The latter
will stay as such or will be transformed into the corresponding
acetal by means of a classical acid-catalyzed process, depend-
ing on the acidity of the reaction mixture. It is important to
highlight that the formation of D is accompanied by the libera-
tion of an equal amount of a super acid, which can drastically
change the outcome of the initial gold-catalyzed process by
speeding up additional acid-catalyzed processes (desired or
undesired). Catalytic systems that are not accompanied by the
formation of D will be less acidic than the systems with a high
concentration of D (B quickly undergoes protodeauration so
there will be no significant accumulation of H*, unless D is
formed). As a consequence, the outcome of a gold-catalyzed
reaction in the presence of various ligands (for example, PPh,
or L2) can differ because of the level of acidity developed in
the mixture, a reason that is not directly related to the gold
catalysis itself.

With regard to the problem of the formation of diaurated
species, we have shown that gold catalysis would be even
more powerful if there was not an intrinsic property of gold
centers to form this idle species. In perspective, new catalysts
could be designed to result in increased reaction rates, produc-
tivity, and scope for gold catalysis. For example, the inability to
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form diaurated species could be the reason for the exception-
ally high efficiency of the catalyst recently reported by Hashmi

eta

| [35]
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The spirocyclization of different 1,3-enynediols was investi-
gated. The reaction was only efficient for the synthesis of
[56,6]-spiroacetals. In this case, the reaction was characterized
by almost quantitative yields, short reaction times, and low
catalyst loadings (0.5-1%). When the synthesis of [6,6]-
spiroacetals was attempted, the reaction suffered from poor
regioselectivity and a higher propensity of the intermediate
dienol ethers to decompose under the acidic conditions, and
it became no longer viable. But it is possible to generate the

dienol ethers cleanly under milder conditions as a mixture of
regioisomers. This striking difference in reaction efficiency
was explained by the unstable dienol ethers cyclizing more
quickly to give [5,6]-spiroacetals than to give [6,6]-spiro-
acetals. In this study, the successful application of a new cat-
ionic palladium pincer complex for electrophilic alkyne acti-
vation at room temperature has been demonstrated for the
first time.

Introduction

The spiroketal unit is frequently found in natural prod-
ucts of various types, including insect pheromones and
polyether antibiotics.'! Prominent and recent examples in-
clude the spongistatins/altohyrtins.”) Some of them, like
avermectin A, salinomycin,™ and okadaic acid,P! have
a double bond in one of the rings. A double bond can be
an important functional group for the introduction of ad-
ditional substituents into a spiroketal substructure. During
investigations towards the total synthesis of natural prod-
ucts in our laboratory, the question arose as to whether
monounsaturated spiroketal structures can be synthesized
by a transition-metal-catalysed double cyclization of 1,3-
enyne diols.! A similar cyclization of propargylic triols was
reported by Aponick,[ and later extended by Deslong-
champs!® (Scheme 1). In these cases, the double bond is
formed by the elimination of water during the spirocycliza-
tion.

Our approach would be a good alternative for the syn-
thesis of this type of structure because the starting materials
are easily available by Sonogashira coupling between ter-
minal alkynes and cis-vinyl bromides under mild condi-
tions. It is also well known that transition-metal-catalysed
addition to internal alkynes suffers from poor regioselectiv-
ity; the addition can occur at either atom of the triple bond,
resulting in a mixture of products.”-'" Spirocyclization is

[a] Institut fiir Organische Chemie, Universitdt Tiibingen,
Auf der Morgenstelle 18, 72076 Tiibingen, Germany
E-mail: vinceeero@gmail.com
martin.e.maier@uni-tuebingen.de
http://www.uni-tuebingen.de/uni/com/welcome.htm
Supporting information for this article is available on the
WWW under http://dx.doi.org/10.1002/ejoc.201402029.
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[Hg] Deslongchamps, 2011

1 n ,2 (
m=1,2 " 3
OH —
»> M]
Z ™ OH
n ‘\‘\_/ this investigation
2 n=1,2

m=1

Scheme 1. Routes to unsaturated spiroacetals. The arrows indicate
the formal cyclization modes.

not an exception.'?! In our case, this would lead to two
possible regioisomers, 3 and 4 (Scheme 1). Therefore, we
investigated whether the regioselectivity is controlled, and
to what extent, by the double bond. The double bond might
have a purely electronic effect, but it may also have confor-
mational effects, since the two hydroxy groups at the left
and right sides of the alkyne have different approaches to
the reaction centre.

Results and Discussion

Starting enynediols 10a—10i were obtained in a straight-
forward manner by the general strategy shown in Scheme 2.
The five-step sequence is illustrated with the preparation of
enynediol 10a. Thus, (Z)-vinyl bromide 8a was obtained
from alkynol Sa by converting it into the corresponding
bromoalkynel'3! (i.e., 6a), followed by protection of the
hydroxy function, subsequent hydroboration with dicyclo-
hexylborane,'¥ and acidic work-up.l'>) As protecting
groups, acetate, tetrahydropyranyl (THP), and terz-butyldi-

Wiley Online Library 3411
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methylsilyl (TBS) were used. Vinyl bromide 8a was then
subjected to Sonogashira coupling!'® with alkynol 5b to
give enyne 9a. Final deprotection delivered enynediol 10a.

OH NBS, AgNOj; (cat)  Br OR a)Cy,BH, PE
A — e \) it o e
acetone, r.t. b) AcOH
5a 6a R=H
AcCl, Et;N [
7a R=Ac
OH
OAc K/& 5b OH OR
Br/:\) // —
8a Pd(PPh3),Cl, (cat.) KB 9a R=Ac
CuCl (cat.), Et,NH [
THF/MeOH/H,0 10a R=H

Scheme 2. General approach to starting enynediols 10 used in this
study; NBS = N-bromosuccinimide.

Figure 1 shows the (Z)-vinyl bromides (i.e., 8a-8d) that
were prepared and used in this study. In addition, aryl iod-
idel'”1 8e also served as a substrate for the Sonogashira cou-
pling reaction.

OH OR
X
\\) — BI'/:\)
5a 8a R=Ac
8b R=THP
S OH OAc
= —
D
5g OBn 8c OBn
- OTBS OTBS
R —
™  Br
5d 8d
g
|
8e
Figure 1. (Z)-Vinyl bromides 8a-8e prepared according to
Scheme 2.

The yields for the individual steps leading to the vinyl
bromides are listed in Table 1. As can be seen, the yields
were generally high. In case of the homoallylic acetates (i.e.,
8a, 8¢) a small amount (4-8%) of the corresponding (E)-
isomer was also present. This can be explained by intra-
molecular addition of the acetate to the vinylborane, bond
rotation, and anti elimination (see Supporting Infor-
mation). The isomerization could be avoided by using the

Table 1. Yields for the transformation of alkynols 5a, 5d, and Sg
into (Z)-vinyl bromides 8a-8f.

Vinyl Bromination Protection R Hydroboration

bromide product product yield [%)]
(yield [%]) (yield [%])

8a 6a (88) 7a (96) Ac 83

8b 6a (88) 7b (99) THP 80

8¢ 6¢ (99) 7c (98) 97

8d 6d (95) 91

3412 WWW.eurjoc.org
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THP protecting group instead. Alkynol 5g!'8! and protected
alkynol 5d!'°! were prepared as described in the literature.

The alkynols that were used for the cross-coupling reac-
tion are shown in Figure 2. Compound 5a was bought,
whereas alkynols 5b,2% 5¢,211 5d,11%1 5e, and 5f1>21 were pre-
pared according to the literature.

OH
OH OTBS
Z
5a
X/ TB;.H/?i/
TBDPSO

OBn
5e

Figure 2. Alkynols used for the Sonogashira coupling with (Z2)-
vinyl bromides. TBDPS = rert-butyldiphenylsilyl.

Classical conditions were used for the coupling reaction,
i.e., catalytic amounts of Pd(PPh;),Cl, (0.6 mol-%) and Cul
(1.2 mol-%) in a mixture of THF and diethylamine. The
yields ranged from 77 to 90%. Subsequently, the protecting
group was removed under appropriate conditions (NaOH
in THF/MeOH/H,O for acetate, HCI in MeOH for THP
and TBS).

Enynediols 10 that were prepared for this study are
shown in Figure 3. They can be divided into enynediols
with either two or three carbon atoms on the alkyne ter-
minus. On the side of the alkene, there are always two car-
bon atoms between the alkene and the hydroxy terminus.

OH
WOBn
Z
10b
OH
W

w
10c
OH
OH — OBn
=
10e
OH

OH
OH — OBn
=
10f

OH

OH —

Z
10h
OH

TBS(? OH OH

TBDPSO
Figure 3. Enynediols 10a-10i prepared in this study.

The yields for the individual steps leading to the enynedi-
ols are listed in Table 2. Both the coupling and the depro-

tection steps proceeded in good yield.

Eur. J. Org. Chem. 2014, 3411-3422
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Table 2. Yields for the preparation of enynediols 10a—10i by Sono-
gashira coupling and deprotection.

Alkynol Vinyl  Coupling yield Deprotection yield  Enynediol
bromide [%0] [%]
5b 8a 80 99 10a
5b 8c 71 99 10b
Sa 8b 79 71 10c
5d 8d 79 81 10d
5a 8c 89 99 10e
5S¢ 8c 68 99 10f
Se 8c 79 99 10g
Sa 8d 90 91 10h
5f 8a 87 90 10i
5a 8e 70 10§

With the substrates in hand, we began our studies with
the spiroketalization of diols 10a and 10b, with the aim of
synthesizing 1,7-dioxaspiro[5.5]-undec-4-ene ring systems 3
([6,6]-acetals). This is probably the most important olefin-
containing spiroketal structure found in natural products.

Some of the catalysts used in this study are shown in
Figure 4. This includes Zeise’s dimer, new pincer complex
11, and gold(I) complex>1 12.

Hg(OTFA), o- P’Ph—‘ SbFg \k SbF¢
Hg(OT¥), P " o=< pP— Au NCMe
AuCly

L2AUNCMe* (12)

O- P\\ Ph
(PY(CH4)Cly), Ph

Zeise's dimer PdPCP-ac* (11)

Figure 4. Catalysts for the spirocyclization.

But using various gold, platinum, and mercury catalysts
in different solvents, we could not achieve an efficient syn-
thesis of the desired [6,6]-acetals.>*23] This screening is dis-
cussed in more detail in the Supporting Information. Our
results show that the failure to synthesize [6,6]-acetals is
associated with the poor regioselectivity of the first cycliza-
tion event, and decomposition of the intermediate dienol
ethers competing with the second cyclization event, as
exemplified in Scheme 3. It is possible to cleanly generate
the dienol ethers (e.g., 13a and 14a) as a mixture of
regioisomers under less acidic conditions in situ, but the
higher level of acidity required for the second cyclization
causes unavoidable competitive decomposition, making the
spiroacetals isolable only in a low yield. We think that the
decomposition of 13a and 14a is facilitated by the ad-
ditional unsaturation, which makes them more vulnerable
towards competitive side-reactions (carbocation is more
stable, lives longer, and becomes more susceptible to inter-
molecular processes such as cationic polymerization and/or
Diels—Alder reactions). Such processes should decrease the
level of unsaturation, which is indeed observed in the 'H
NMR spectra.?! This is supported also by the fact that a
saturated analogue (non-3-yne-1,9-diol) gave no decompo-
sition in Au-, Pd-, and Pt-catalysed reactions, even when
the reaction mixture was left overnight.[*”]

Eur. J. Org. Chem. 2014, 3411-3422

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Organic Chemistry

decomposition decomposition
OH
<10%
I [M] Au, Pt, Hg
\\ clean reaction
5-exo-13a 6-endo-14a
H+ +
HO K ki1 <ko
10a EO)@
5,7]-4a
o [5.7]
[6,6]-3a

spirocyclization products

Scheme 3. Competitive spirocyclization and decomposition of di-
enol ether intermediates.

Obviously, the conjugated double bond in 2 has little or
no impact on the regioselectivity of the alcohol addition to
the triple bond (the reaction remains unselective). This is
somewhat surprising: the hydroxy group coming from the
alkene substituent (alkenol hydroxy group) and being ap-
parently well preorganized for cyclization generally ap-
peared to be the least reactive, so ca. 90% of the cyclization
originated from the saturated side (alkynol hydroxy group).
It appears that the rule about the preference for 5-exo over
6-exo cyclization is valid also here.*®]

Besides Au, Pt, and Hg catalysts, we tried to solve the
regioselectivity problem by using a Pd catalyst. Since the
Pd(MeCN),Cl,-catalysed reaction was found to be inef-
ficient, we supposed that cationic palladium pincer com-
plexes might work better. Prompted by the fact that com-
plexes of this kind have been already used for the electro-
philic activation of alkenes, but not of alkynes,””! we syn-
thesized a new catalyst, PAPCP-ac™ SbF4 (Figure 1, avail-
able in two easy steps), and investigated its ability to cata-
lyse the spirocyclization. To our delight, this catalyst ap-
peared to be very active, giving a mixture of dienol ethers.
However, this catalyst favours the 5-exo product with high
selectivity (ca. 90%, determined in situ by NMR spec-
troscopy). This makes the reaction synthetically valuable,
but again unsuitable for [6,6]-spiroacetal synthesis
(Scheme 4). The successful application of this well-defined

OH  pypcp-act SbFg (15%) MO/ rath:
NaHCO, 5-ex0-13b: 1
OB - 6-endo-14b:  0.07
10b n CDCls, 30 min 6-ex0-15b:  0.09
OH 0.085 M 94% clean conversion
OH =
(0] x z
= =
| OH ¢
[ NgZ OBn OBn
5-exo0-13b 6-endo-14b  OBn  OH  6.ex0-15b

Scheme 4. Pd pincer catalyst 11 provided 5-exo dienol ether 13b
most selectively.
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catalyst in this reaction opens new perspectives for the
chemistry of alkynes that could become complementary to
modern gold catalysis.

Having failed to achieve the synthesis of [6,6]-acetals, we
continued to search for another type of unsaturated spiro-
acetal system that could be formed more efficiently. We
found that the cyclization of (3Z)-oct-3-en-5-yne-1,8-diol
10c occured cleanly to give the corresponding [5,6]-
spiroacetal (i.e., 3¢c; Table 3). The reaction is applicable to a
wide range of differently substituted diols, and occurs
equally well in CH,Cl,, CHCIl;, THF, and MeOH in the
presence of different Au, Pd, Pt, and Hg catalysts. Gen-
erally, the reaction is fastest in CH,Cl, or CHCls, solvents
that neither solvate H* nor coordinate to a catalyst. The
overall process is characterized by short reaction times, and
the initial monocyclization products are detectable by TLC
as reaction intermediates that eventually completely disap-
pear. For example, the cyclization of model substrate 10c¢ in
the presence of various catalysts was monitored by NMR
spectroscopy, and a quantitative in situ yield of the corre-
sponding spiroacetal product (i.e., 3c) was achieved within
4 min (Table 3, entries 1-4). The less active Hg(OTFA), cat-
alyst (OTFA = trifluoroacetate) also gave a quantitative
yield, but the reaction was slower (Table 3, entry 5). The
reaction catalysed by gold catalyst L2ZAuNCMe* (12; Fig-
ure 4) was slower in methanol than in CDCl; (Table 3, en-
tries 1 and 6).

Table 3. Efficient formation (in situ) of spiroacetal 3¢ with various
catalysts.

OH =
OH — catalyst 0]
Z CDClg, r.t. o
10c 3c
Entry Catalyst Amount Time Yield of
[mol-%]  [min] 3c [%]
1 L2AuNCMe* SbF4 (12) 0.8 4 99
2 Ph;PAUNCMe™ SbF¢~ 1.0 4 99
3 Zeise’s dimer 1.1 4 99
4 PdPCP-ac* SbF4 (11) 0.7 4 99
5 Hg(OTFA), 4.1 26 99
6lal L2AuNCMe* SbF¢ (12) 0.8 18 95

[a] Reaction in CD3OD.

Similarly, reaction of a chiral substrate 10d led to the
formation of spirocycle 3d as a thermodynamic mixture of
diastereomers (Table 4, entries 1-3). Notably, catalysis by
PdPCP-ac™ (11) was rather slow in methanol (Table 4,
entry 3).13% The parent spiroacetal 3c is known in the litera-
ture. Originally, it was prepared from the saturated
spiroacetal by bromination and elimination.*!! In another
route, a dihydrofuran with an alkenol side-chain was sub-
jected to proton-catalysed acetalization.??) While natural
products with a double bond in a pyran ring of a spiro-
acetal are rare, derivatives of compounds 3¢ have been used
as synthetic intermediates en route to bis-spiroacetals.[**]

Some preparative examples are given in Table 5. Gen-
erally, these reactions gave the spiroacetals in high yield
with virtually no decomposition. When the starting enyne-
3414
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Table 4. Efficient formation (in situ) of spiroacetal 3d with various
catalysts.

OH >
OH — catalyst o
Z CDClj, rt. 0
g 10d & 3d(181)

Entry Catalyst Amount Time  Yield of
[mol-%]  [min] 3d [%)

1 L2AuNCMe™" SbF4 (12) 0.8 7 95

2 PdPCP-ac* SbF¢ (11) 1.0 10 95

3lal PdPCP-ac* SbF¢ (11) 4.6 7 25Mb1

[a] Reaction in CD3OD. [b] 95% after reaction overnight.

diol contained a chiral centre, the spiroacetal products were
obtained as thermodynamic mixtures of epimers at the
acetal carbon. Thus, some substrates provided mixtures of
both epimers (Table 5, entries 8, 9, and 11), while all other
substrates provided a single isomer, due to the strong con-
trol from the side-chain, which favours an equatorial posi-
tion in the ring (Table 5, entries 1-6, and 8). From a practi-
cal point of view, all the catalysts gave equally good yields.
Interestingly, AuCls, which could not be used in the pre-
vious reaction at all, now appears to be one of the most
active catalysts! The catalyst loading could be further re-
duced to 0.1 mol-% without the addition of an extra acidic
promoter (see Supporting Information).’¥ However, for
preparative purposes, we recommend a catalyst loading of
0.2-1 mol-%, and a substrate concentration of >0.1 M.

From our experiments, it follows that the striking efficacy
of [5,6]-3¢ formation over [6,6]-3a or [5,7]-4a relies on the
faster cyclization of the intermediate monocyclization prod-
ucts, Scheme 5. As we will show later,*> formation of the
[5,6]-3¢ spiroacetal occurs via either 5-endo-16¢ dienol ether
(for Au, Pd, and Pt) or 6-exo-17¢ ether (for Hg), and both
of these intermediates appear to ring-close to form the sec-
ond cycle faster than do the previously described examples
5-exo0-13a and 6-endo-14a (Scheme 3).13% This difference is
explained as follows: 5-endo enol ether 16¢ suffers from
some ring strain because of the deviation from the 120°
angle for both sp? carbons, and this strain is released upon
the second cyclization. 6-exo Enol ether 16¢ does not suffer
from this strain, but then formation of a five-membered
ring occurs, which is faster than six- or seven-membered
ring formation to give [6,6]-3a or [5,7]-4a. This further sup-
ports our viewpoint that the inability of 5-exo-13a and 6-
endo-14a to cyclize quickly enough makes them more sus-
ceptible to decomposition, which may become a major pro-
cess, while 5-endo-16¢ and 6-exo-17¢ avoid decomposition
due to a fast cyclization to give more stable spiroacetal
[5,6]-3¢ (Scheme 5). It can be also pointed out that due to
the “harsher” conditions required for the cyclization of 5-
exo-13a and 6-endo-14a, their [6,6]-3a or [5,7]-4a products
may open reversibly and decompose as a result of such an
equilibration.

Although these explanations are quite clear, it was rather
surprising to find that simply shortening the substrate by
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Table 5. Spirocyclization of (3Z)-oct-3-en-5-yne-1,8-diols. Preparative examples.

Entry Substrate Solvent Catalyst Catalyst Time Product Yield [%]
loading
[mol-%]
1 OH CH,Cl, Hg(OTFA), 10 24h Z 92
OH — OBn o OBn
=z @
3e
10e
2 10e CH,Cl, L2AUNCMe" 0.5 10-15min  3e 93
3 10e CH.Cl, PdPCP-ac* 0.8 10-15min e 90
4 10e THF/MeCN (15:1) Hg(OTf), L5 12 min 3e 93
5 10e CH,Cly/traces of  AuCl; 0.5 10 min 3e 90
MeCN
6 OH CH.CL/MeCN  Hg(OTH), 0.5  10-15min o = 90
OH > — OBn (50:1) - OBn
10f 3f
7 10f CH,Cl, L2AuNCMe" 0.8 10 min 3f 92
8 0Bn OH CH,CL/MeCN  Hg(OTf), 0.5 5min OBn 5. F 83
S (50:1) 0
HO 109 3g (1.1:1)
4 WOH CH,Cl, L2AuNCMe™ 04 4min olf 830!
10h o
3h (2:1)
10 CH,Cl, L2AuNCMe" 04 10 min 95
OH
o)
HO // 10j O
3
11 IBSL: ok > CDCly L2AUNCMe" 1.0 10 min ﬁiof;ojfj 94
TBDPSO o
TBDPSO T N

s 3

[a] The yield is lower because of the presence of a trans-alkene impurity (ca. 10%) in the starting substrate. [b] Volatile compound.

o T
[M] = Au m
Pt, Ho 5-endo-16¢
=
\fai(
=
o decomposition g
OH = O
Z 106 % y [5,6]-3c
[M] = Hg = high yield
/o
HO 6-exo-17¢c

Scheme 5. Fast ring closure saves dienol ether intermediates from
decomposition.

just one methylene unit may dramatically change the situa-
tion so that a low-yielding and unselective reaction becomes
an efficient process.

Conclusions

In conclusion, we investigated gold(I)-, palladium(II)-,
platinum(IT)-, and mercury(Il)-catalysed spirocyclizations
of 1,3-enynediols 10, and found that the reaction is only
efficient for the synthesis of [5,6]-spiroacetals. The failure
to efficiently provide [6,6]-spiroacetals is due to both the
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poor regioselectivity of the first cyclization event, and the
high propensity of the dienol ether intermediates (i.e., 5-
exo-13a and 6-endo-14a) to decomposition under acidic
conditions (which is necessary to complete the spirocycliza-
tion sequence). But it is possible to generate dienol ethers
5-exo0-13a and 6-endo-14a cleanly under milder conditions
in situ as a mixture of regioisomers. In contrast, enol ethers
5-endo-16¢ or 6-exo-17¢ are much more difficult to generate
in situ, because of their higher propensity to undergo the
second ring closure.

Thus, spirocyclization of (3Z)-oct-3-en-5-yne-1,8-diols is
a very convenient new route to unsaturated [5,6]-spiroacet-
als. The starting materials are easily available in high yield
by Sonogashira coupling of two subunits. The yields of the
[5,6]-spiroacetals are close to quantitative, and are achiev-
able with a broad range of Au, Pd, Pt, and Hg electrophilic
catalysts used at low catalyst loadings (<1 mol-%). The re-
action provides a thermodynamic mixture of epimers at the
acetal carbon, and the reaction product is therefore influ-
enced by the side-chain substituents.

Experimental Section
4-Bromobut-3-yn-1-ol (6a): Silver nitrate (0.6 g, 6 mol-%) was added
to a solution of but-3-yn-1-ol (4.20 g, 60 mmol) in acetone (60 mL).
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Then NBS (11.0 g, 1.03 equiv.) was added in portions. The reaction
was exothermic, and the reaction flask was cooled in a water bath.
After the addition of NBS, the reaction mixture was stirred at room
temperature for 1 h (TLC control: EtOAc/petroleum ether, 1:1 or
1:2). The resulting milky solution was concentrated in vacuo, then
diethyl ether (50 mL) was added, and the mixture was washed with
water (60 mL). The aqueous phase was extracted with diethyl ether
(2X 30 mL). The combined organic phases were washed with satu-
rated NaCl solution, dried with MgSOy, filtered, and concentrated.
The residue was purified by chromatography on a silica column
(13X 3 cm) to give bromoalkyne 6a (7.9 g, 88%) as a colourless
liquid. The '"H NMR spectroscopic data were in accordance with
the literature.!'3!

1-(Benzyloxy)-5-bromopent-4-yn-2-ol (6c¢): Silver nitrate (0.199 g,
3mol-%) was added to a solution of 5g (7.61 g, 39.0 mmol) in acet-
one (40 mL). Then NBS (7.15 g, 1.03 equiv.) was added in portions.
The reaction was exothermic, and the reaction flask was cooled in
a water bath. After the addition of NBS, the reaction mixture was
stirred at room temperature for 1 h (TLC control: EtOAc/petro-
leum ether, 1:1 or 1:2). The resulting milky solution was concen-
trated in vacuo, then diethyl ether (20 mL) was added, and the mix-
ture was washed with water (20 mL). The aqueous phase was ex-
tracted with diethyl ether (2X10mL). The combined organic
phases were washed with saturated NaCl solution, dried with
MgSO,, filtered, and concentrated. The residue was purified by
chromatography on a silica column to give bromoalkyne 6¢ (10.6 g,
99%) as a colourless oil. "H NMR (400 MHz, CDCl;): § = 2.45 (d,
1 H, OH), 2.47 (d, /= 6.1 Hz, 2 H, CH,), 3.48 (dd, J = 6.4, 9.4 Hz,
1 H, CH,), 3.59 (dd, J = 4.1, 9.4 Hz, 1 H, CH,), 3.92-3.99 (m, 1
H, CH), 4.56 (s, 2 H, CH,), 7.28-7.38 (m, 5 H, Ph) ppm. *C NMR
(100 MHz, CDCls): 0 = 24.7 (CH,), 40.3 (quat.), 68.7, 72.7, 73.4,
76.1 (quat.), 127.7, 127.8, 128.5, 137.7 (quat.) ppm.

{[(2S)-4-Bromo-2-methylbut-3-ynyl]oxy}(zert-butyl)dimethylsilane (6d):
Silver nitrate (0.061 g, 3.5mol-%) and NBS (1.91 g, 1.05 equiv.)
were added to a solution of alkyne 5d (2.02 g, 10.2 mmol) in acet-
one (10 mL), and the mixture was stirred at room temperature for
1 h (TLC control: petroleum ether/Et,0O, 40:1). The resulting milky
solution was concentrated in vacuo, then diethyl ether (20 mL) was
added, and the mixture was washed with water (20 mL). The aque-
ous phase was extracted with diethyl ether (2 X 10 mL). The com-
bined organic phases were washed with saturated NaCl solution,
dried with MgSQ,, filtered, and concentrated. The residue was
purified by flash chromatography to give bromoalkyne 6d (2.69 g,
95%) as a colourless liquid. Ry (petroleum ether/Et,0, 40:1): 0.66.
'"H NMR (400 MHz, CDCls): 6 = 0.05 (s, 6 H), 0.89 (s, 9 H), 1.15
(d, J = 6.9 Hz, 3 H), 2.58 (app. sext, 1 H), 3.46 (dd, J=9.7, 7.6 Hz,
1 H), 3.65 (dd, J = 9.7, 5.9 Hz, 1 H) ppm. 3C NMR (100 MHz,
CDCly): 6 = -5.4,-5.3, 16.9, 18.3, 25.8, 30.3, 39.1, 66.9, 82.4 ppm.

4-Bromobut-3-ynyl Acetate (7a): Et;N (9.5mL, 1.3 equiv.) was
added to a solution of 4-bromobut-3-yn-1-ol (6a; 6.11g,
52.6 mmol) and AcCl (4.3 mL, 1.15equiv.) in EtOAc (30 mL) at
0 °C. A white precipitate formed immediately. An additional small
amount of AcCl (0.1 mL) was added to reach full conversion (TLC
control: petroleum ether/EtOAc, 2:1). The precipitate was removed
by filtration and washed with Et,O. The filtrate was concentrated
in vacuo, and the residue was purified by flash chromatography
(Et,O/petroleum ether, 1:1) on a short column to give 7a (9.64 g,
96%) as a colourless oil. Ry (petroleum ether/Et,0, 5:1): 0.37. 'H
NMR (400 MHz, CDCly): 6 = 2.07 (s, | H, CHy), 2.54 (t, J =
6.7Hz, 2 H, CH,), 4.14 (t, J = 6.7 Hz, 2 H, CH,) ppm.

2-[(4-Bromobut-3-yn-1-yl)oxy|tetrahydro-2 H-pyran (7b): pTsOH-H,O
(23 mg) was added to a solution of 4-bromobut-3-yn-1-ol (6a;
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1.811 g, 12.2mmol) and dihydropyran (1.33mL) in CH,Cl,
(10 mL). An exothermic reaction soon started. The solution was
cooled in a water bath. When the reaction was complete (ca.
30 min, TLC control: petroleum ether/EtOAc, 2:1), the reaction
mixture was quenched with Et;N (0.02 mL), and the solvents evap-
orated to dryness in vacuo. The crude compound 7b was used for
the hydroboration without further purification.

1-|(Benzyloxy)methyl]-4-bromobut-3-ynyl Acetate (7c): AcCl (3.3 mL,
1.2 equiv.) was added to a solution of crude 1-(benzyloxy)-5-
bromopent-4-yn-2-ol (6¢; 10.5 g, 39.0 mmol) in Et,O (60 mL) and
petroleum ether (40 mL). The solution was cooled to —10 °C, and
Et;N (7.6 mL, 1.4 equiv.) was added. Initially, a thick, heavy oil
precipitated. The flask was shaken, and the temperature was al-
lowed to rise, whereupon the oil slowly disappeared, and a solid
precipitate formed. At this stage, the reaction mixture was stirred
for a few min at room temperature. If necessary, additional AcCl
and Et;N can be added to achieve complete conversion of the
alcohol into the ester (TLC control: petroleum ether/EtOAc, 2:1).
When complete conversion was achieved, the reaction mixture
(with precipitate) was directly passed through a short column of
silica gel (1.5 3.5 cm), which was further eluted with petroleum
ether/Et,0, 3:1. The fractions containing the acetate were evapo-
rated to give pure acetate (11.89 g, 98 %) as a yellow oil. The combi-
nation petroleum ether/Et,O is probably not the best solvent for
the filtration, because of the precipitation of polar components as
an oil that must be crystallized by scratching with a spatula, but it
allows very easy separation of the product when the reaction is
finished and no oil is left (no need to extract, wash and purify). 'H
NMR (400 MHz, CDCls): 0 = 2.08 (s, 1 H, CH3), 2.57 (dd, J =
5.6, 16.8 Hz, 1 H, CH,), 2.63 (dd, J = 6.6, 16.8 Hz, 1 H, CH,),
3.60 (dd, J = 4.6, 10.4 Hz, 1 H, CH,), 3.64 (dd, J = 5.1, 10.4 Hz,
1 H, CH,), 452 (d, J = 122 Hz, 1 H, CH,Ph), 4.58 (dd, J =
12.2 Hz, 1 H, CH,Ph), 5.06 (app. quint, 1 H, CH), 7.26-7.37 (m,
5 H, Ph) ppm. '3C NMR (100 MHz, CDCls): 6 = 21.1 (CH3), 22.0
(CH,), 40.4 (quat.), 69.4, 70.3, 73.3, 75.3 (quat.), 127.6, 127.8,
128.4, 137.7 (quat.), 170.3 ppm.

Dicyclohexylborane: A three-necked round-bottomed flask
equipped with a magnetic stirrer, a gas inlet, and a thermometer
was flushed with nitrogen, and cyclohexene (5.8 mL, 4.70 g,
57.7 mmol, 2.4 equiv.) and absolute Et,O (15 mL) were added. The
flask was immersed in an ice-water bath. At +10 °C, borane di-
methyl sulfide complex (2.65mL, 27.9 mmol, 1.15equiv.) was
added in one portion by syringe to the stirred mixture. The flask
was partially removed from the bath to prevent further cooling, but
to keep the temperature around +10 °C. The reaction mixture was
stirred in this position until a precipitate began to form (ca. 5 min).
The reaction was exothermic. Then the reaction mixture was al-
lowed to stir without cooling for ca. 20 min (during this time, the
mixture may reach room temperature; moreover, a lot of precipitate
was already formed).

(32)-4-Bromobut-3-enyl Acetate (8a): The slurry of dicyclohexyl-
borane in Et,O prepared as described above was cooled again to
+15 °C. Starting from this temperature, a solution of bromoalkyne
7a (4.66 g, 24.3 mmol, 1 equiv.) in petroleum ether (15mL) was
added from a dropping funnel. The reaction was exothermic, and
it started to occur actively in the region of 17-22 °C. The rate of
addition and depth of immersion of the reaction flask in the cool-
ing bath can be regulated so as to keep the temperature within this
region. The initially formed precipitate dissolved. Following this
regime, the exothermic phase of the reaction lasted ca. 5 min. After
the addition was complete, and when most of the precipitate had
dissolved, the cooling bath was removed, and the temperature was
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allowed to rise to ca. 25-27 °C. The mixture was stirred for some
10 min to form an almost clear solution (higher temperatures were
avoided). Then the solution was cooled back to ca. 20 °C, and
acetic acid (1.5 mL, 1.1 equiv.) was added by pipette. The solution
was stirred for ca. 5 min (this step was only slightly exothermic).
Then ethanolamine (H,NCH,CH,OH; 3.16 mL, 2.3 equiv.) was
added by pipette at ca. 20 °C, and the mixture was stirred for an-
other 30 min. Eventually, a sticky crystalline precipitate formed.
Then the reaction mixture (with the precipitate) was passed
through a short column of flash silica gel (1.5X 3.5 cm), and fur-
ther eluted with petroleum ether/Et,0, 4:1. The filtrate was evapo-
rated to give the crude vinyl bromide (3.9 g, 83%) as a sufficiently
pure yellow oil. Alternatively, purification by flash column
chromatography (petroleum ether/Et,0O, 5:1) can be performed. Ry
(petroleum ether/Et,0, 5:1): 0.37. '"H NMR (400 MHz, CDCl5): 6
=6.28 (dt, J = 7.1, 1.3Hz, 1 H), 6.12 (app. q, J = 7.1 Hz, 1 H),
4.13 (t, J = 6.6 Hz, 2 H), 2.54 (app. dq, 2 H), 2.05 (s, 3 H) ppm.
HRMS (ESI): calcd. for C¢HoBrO, [M + Na]* 214.96781; found
214.96795.

2-|(4-Bromobut-3-yn-1-yl)oxy]|tetrahydro-2 H-pyran (8b): This com-
pound was prepared by a similar method to that described for 8a.
Thus, dicyclohexylborane was prepared from cyclohexene (2.30 g,
2.84 mL, 28.0 mmol, 2.3 equiv.) and borane dimethyl sulfide com-
plex (1.27 mL, 13.4 mmol) in Et,O (10 mL). A solution of crude
bromoalkyne 7b (2.84 g, 12.2 mmol) in petroleum ether (10 mL)
was added to the resulting suspension. Flash chromatography
(pentane/Et,0, 10:1) gave alkenyl bromide 8b (2.27 g, 80% over two
steps) as a colourless oil. R (petroleum ether/Et,0, 5:1): 0.4. 'H
NMR (400 MHz, CDCl;): 0 = 1.47-1.61 (m, 4 H), 1.68-1.73 (m, 1
H), 1.77-1.85 (m, 1 H), 2.46-2.52 (m, 2 H), 3.48 (dt, J = 6.6,
9.6 Hz, 1 H, CH,), 3.48-3.53 (m, 1 H), 3.78 (dt, J = 6.8, 9.6 Hz, 1
H, CH,), 3.85 (ddd, J = 3.3, 7.8, 11.1 Hz, 1 H), 4.60 (dd, J = 2.8,
4.3 Hz, 1 H, OCHO), 6.19 (app. q, J = 6-7 Hz, 1 H, =CH), 6.23
(d, J =7.1 Hz, 1 H, =CH) ppm. '3C NMR (100 MHz, CDCl;): ¢
=19.5, 25.4, 30.5, 30.6, 62.3, 65.4, 98.7, 109.2, 131.7 ppm. HRMS
(ESI): caled. for CoH;sBrO, [M + Na]" 257.01476; found
257.01469.

(32)-1-|(Benzyloxy)methyl]-4-bromobut-3-enyl Acetate (8c): This
compound was prepared by a similar method to that described for
8a, starting from cyclohexene (6.15 g, 4.99 g, 60.7 mmol, 2.3 equiv.)
and borane dimethyl sulfide complex (2.76 mL, 29.1 mmol,
1.1 equiv.) in Et,0O (25mL), and bromoalkyne 7¢ (8.21g,
26.4 mmol, 1 equiv.) in petroleum ether (25 mL). Flash chromatog-
raphy (petroleum ether/Et,0, 4:1) gave alkenyl bromide 8c (7.85 g,
95%) as a colourless oil. Ry (petroleum ether/Et,O, 4:1): 0.4. 'H
NMR (400 MHz, CDCl,): 6 = 2.06 (s, 1 H, CH3), 2.56 (dt, J = 1.5,
6.9 Hz, 2 H, CH,), 3.52 (dd, J = 4.6, 10.5 Hz, 1 H, CH,), 3.55 (dd,
J=15.6,10.5Hz, 1 H, CH,), 4.51 (d, J = 12.1 Hz, | H, CH,), 4.58
(dd, J = 12.1 Hz, 1 H, CH,), 5.14 (app. quint, 1 H, CH), 6.09 (q,
J=7.1Hz, 1 H, =CH), 6.26 (dt, J = 1.5, 7.1 Hz, | H, =CH), 7.26—
7.36 (m, 5 H, Ph) ppm. 3C NMR (100 MHz, CDCl): 6 = 21.1
(CH3), 31.6 (CH,), 70.5, 71.1, 73.2, 110.6 (=CH), 127.6 (Ph), 127.7
(Ph), 128.4 (Ph), 129.7 (=CH), 137.9 (Phqy,), 170.5 ppm. HRMS
(ESI): caled. for C4H;BrO; [M + Na]® 335.02533; found
335.02540.

{1(25,3Z)-4-Bromo-2-methylbut-3-enyl]oxy} (tert-butyl)dimethylsil-
ane (8d): This compound was prepared by a similar method to that
described for 8a, starting from cyclohexene (2.36 mL, 23.3 mmol,
2.4 equiv.) and borane dimethyl sulfide complex (1.06 mL,
11.2 mmol, 1.15 equiv.) in Et,O (7 mL), and bromoalkyne 6d
(2.692, 9.7 mmol, 1 equiv.) in petroleum ether (10 mL). Flash
chromatography (petroleum ether/Et,0, 4:1) gave alkenyl bromide
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8d (2.33 g, 91%) as a colourless oil. "TH NMR (400 MHz, CDCls):
0=10.04 (s, 6 H), 0.88 (s, 9 H), 1.01 (d, J = 6.9 Hz, 3 H), 2.79-2.89
(m, 1 H), 3.47 (dd, J = 9.8, 5.7 Hz, 1 H), 3.53 (dd, J = 9.8, 6.3 Hz,
1 H), 595 (dd, J = 8.9, 6.9Hz, 1 H), 6.14 (d, J = 7.1 Hz, 1 H)
ppm. '*C NMR (100 MHz, CDCl;): § = -5.4, 15.9, 18.3, 25.9, 37.5,
66.4, 107.3, 137.6 ppm.

(Z)-9-Hydroxynon-3-en-5-yn-1-yl Acetate (9a): THF (19 mL) and
diethylamine (5 mL) were added to alkenyl bromide 8a (2.46 g,
12.7 mmol) and pentynol (5b; 1.18 g, 14.03 mmol, 1.1 equiv.) under
a nitrogen atmosphere. The mixture was stirred to dissolve the
starting materials. Then Pd(PPhj3),Cl, (55 mg, 0.6%) and Cul
(30 mg, 1.2%) were added, the flask was closed, and the nitrogen
flow was disconnected. The reaction mixture was stirred for 24 h
at room temperature (TLC control: petroleum ether/EtOAc, 2:1).
The white precipitate was removed by filtration and washed with
portions of EtOAc, the filtrate was evaporated in vacuo, and the
residue was purified by flash chromatography (petroleum ether/
EtOAc, 2:1—1:1) to give 9a (1.99 g, 80%) as a slightly orange oil.
R (petroleum ether/EtOAc, 1:1): 0.38. '"H NMR (400 MHz,
CDCly): 0 = 1.74 (br. s, 1 H, OH), 1.78 (ap. quint., J = 6.6 Hz, 2
H, 8-H), 2.04 (s, 3 H, CH3), 2.46 (dt, J = 2.0, 6.9 Hz, 2 H, 7-H),
2.60 (ap. dq, J = 1.2, 6.9 Hz, 2 H, 2-H), 3.76 (t, J = 6.1 Hz, 2 H,
9-H),4.12 (t, J= 6.9 Hz, 2 H, 1-H), 5.54 (br. d, J = 10.7 Hz, | H, 4-
H), 5.81 (dt, J=7.1,10.7 Hz, 1 H, 3-H) ppm. '*C NMR (100 MHz,
CDCl3): 0 = 16.0 (C-7), 21.0 (CH3), 29.5, 31.3, 61.5 (C-9), 63.1 (C-
1), 77.3, 94.5, 112.1, 137.0, 171.2 ppm. HRMS (ESI): calcd. for
Cy1H ;605 [M + Na]* 219.09917; found 219.09920.

(Z)-1-(Benzyloxy)-10-hydroxydec-4-en-6-yn-2-yl Acetate (9b): Benz-
ene (16 mL) and diethylamine (4.2 mL, 2.97 g, 40.6 mmol, 3 equiv.)
were added to alkenyl bromide 8¢ (4.21 g, 13.5 mmol) and pentynol
(1.20 g, 14.3 mmol, 1.1 equiv.) under a nitrogen atmosphere. The
mixture was stirred to dissolve the starting materials. After that,
Pd(PPh;),Cl, (57 mg, 0.6%) and Cul (43 mg, 1.7%) were added,
the flask was closed, and the nitrogen flow was disconnected. The
reaction mixture was stirred for 5 h at room temperature (TLC con-
trol: petroleum ether/EtOAc, 2:1; the reaction was slightly exother-
mic, the initial light solution darkened, and a precipitate formed).
After that, the precipitate was removed by filtration and washed
with portions of EtOAc, the filtrate was evaporated in vacuo, and
the residue was purified by flash chromatography (petroleum ether/
EtOAc, 2:1—1:1) to give 9b (3.28 g, 77%) as a slightly orange oil.
The yield was higher if pure substrate was used. The use of 5 equiv.
of Et,NH instead of 3 equiv. is recommended. Ry (petroleum ether/
EtOAc, 1:1): 0.40. 'TH NMR (400 MHz, CDCls): § = 1.75 (quint.,
J = 6.6Hz, 2 H), 2.06 (s, | H, CH;), 2.44 (dt, J = 2.0, 6.8 Hz, 2
H, CH,), 2.57-2.69 [m (ddt), 2 H, CH,], 3.53 (d, J = 5.1 Hz, 2 H,
CH,), 3.73 (t, J = 6.3 Hz, 2 H, CH,), 4.50 (d, J = 12.2Hz, | H,
CH,), 4.58 (dd, J = 12.2 Hz, 1 H, CH,), 5.12 [tt (almost quint), 1
H, CH], 5.53 (br. d, J = 10.7Hz, | H, =CH), 5.81 (dt, J = 7.3,
10.7 Hz, 1 H, =CH), 7.26-7.36 (m, 5 H, Ph) ppm. 3C NMR
(100 MHz, CDCly): 6 = 16.0, 21.2 (CHs3), 31.2, 31.5, 61.4, 70.6,
71.9, 73.2, 77.4, 94.6, 112.6 (=CH), 127.6 (Ph), 127.7 (Ph), 128.4
(Ph), 136.2 (=CH), 138.0 (Phgy,,), 170.7 ppm. HRMS (ESI): calcd.
for Cj9H»,04 [M + Na]* 339.15668; found 339.15662.

(Z)-8-|(Tetrahydro-2 H-pyran-2-yl)oxyloct-5-en-3-yn-1-ol (9¢): This
compound was prepared similarly to 9b starting from alkenyl
bromide 8b (0.224 g, 0.952 mmol), butynol Sa (78 mg, 1.11 mmol),
diethylamine (0.5 mL, 0.354 g, 4.84 mmol), toluene (1 mL),
Pd(PPh;),Cl, (4.2 mg), and Cul (3.2 mg). The residue was purified
by flash chromatography (petroleum ether/EtOAc, 2:1—1:1) to give
enynol 9c (0.475 g, 79%) as a slightly yellow oil. Ry (petroleum
ether/EtOAc, 1:1): 0.39. '"H NMR (400 MHz, CDCl;): § = 1.49-
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1.61 (m, 4 H), 1.66-1.73 (m, 1 H), 1.78-1.86 (m, 1 H), 2.04 (t, J =
6.4 Hz, 2 H), 2.54-2.64 (m, 4 H), 3.46-3.52 (m, 2 H), 3.71-3.88 (m,
4 H), 4.61 (dd, J = 3.0, 3.0 Hz, 1 H), 5.52 (br. d, J = 10.9 Hz, 1
H), 5.94 (dt, J = 7.3, 10.6 Hz, 1 H) ppm. 3C NMR (100 MHz,
CDCly): 6 = 19.5, 24.0, 25.4, 30.6, 61.2, 62.3, 66.1, 79.1, 91.1, 98.6,
110.8 (=CH), 139.4 (=CH) ppm. HRMS (ESI): calcd. for C,3H,005
[M + NaJ* 247.13047; found 247.13041.

(3Z.,7S)-8-{|tert-butyl(dimethyl)silyljoxy}-7-methyloct-3-en-5-ynyl
Acetate (9d): This compound was prepared from alkenyl bromide
8a (0.169 g, 0.876 mmol), alkyne 5d (191 mg, 1.1 equiv.), dieth-
ylamine (2 mL), Pd(PPh;),Cl, (6.1 mg), and Cul (3.3 mg). The resi-
due was purified by flash chromatography (petroleum ether/EtOAc,
15:1—10:1) to give enynol 9d (0.215 g, 79%) as a slightly yellow
oil. Ry (petroleum ether/EtOAc, 10:1): 0.42. '"H NMR (400 MHz,
CDCl;): 6 = 0.05 (s, 6 H, CH3), 0.89 (s, 9 H), 1.18 (d, J = 6.8 Hz,
3 H), 2.04 (s, 3 H), 2.61 (app. q, 2 H), 2.67-2.76 (m, 1 H), 3.47 (dd,
J=94,75Hz 1 H), 3.68 (dd, J =9.4,57Hz, 1 H), 4.11 (t, J =
6.7Hz, 2 H), 5.55(d, J = 10.7 Hz, 1 H), 5.81 (dt, J = 7.2, 10.8 Hz,
1 H) ppm. '*C NMR (100 MHz, CDCl,): 6 = -5.3, 17.4, 18.3, 21.0,
25.9,29.5, 29.9, 63.2, 67.2, 77.5, 97.4, 112.0, 137.1, 171.0 ppm.

(Z)-1-(Benzyloxy)-9-hydroxynon-4-en-6-yn-2-yl Acetate (9¢): This
compound was prepared similarly to 9b starting from alkenyl
bromide 8¢ (0.626 g, 2.0 mmol), butynol (5a; 0.154 g, 2.20 mmol,
1.1 equiv.), benzene (2.4 mL), and diethylamine (1 mL, 0.71 g,
9.67 mmol, 4.8 equiv.). The mixture was stirred to dissolve the
starting materials. After that, Pd(PPh;),Cl, (8.4 mg, 0.6 mol-%)
and Cul (6.6 mg, 1.7 mol-%) were added, the reaction flask was
closed, and the nitrogen flow was disconnected. The components
of the catalytic system soon dissolved to give a yellow-green solu-
tion. The reaction mixture was stirred overnight at room tempera-
ture (TLC control: petroleum ether/EtOAc, 2:1; almost complete
conversion was observed already after 2.5 h, when a precipitate was
formed). After that, the precipitate was removed by filtration and
washed with portions of EtOAc, the filtrate was evaporated on a
rotary evaporator, and the residue was purified by flash chromatog-
raphy (petroleum ether/EtOAc, 2:1—1:1) to give enynol 9e (0.535 g,
899%) as a slightly yellow oil. R; (petroleum ether/EtOAc, 1:1): 0.41.
'"H NMR (400 MHz, CDCls): 6 = 2.06 (s, 1 H, CH3), 2.28 (t, 1 H,
OH), 2.58 (dt, J = 2.0, 6.1 Hz, 2 H, CH,), 2.65 (t, J/ = 7.3 Hz, 2
H, CH,), 3.53 (d, J = 5.1 Hz, 2 H, CH,), 3.70 (q, J = 6.1 Hz, 2 H,
CH,), 4.52 (d, J =122 Hz, 1 H, CH,), 4.58 (dd, J = 12.2 Hz, 1 H,
CH,), 5.10 (app. quint, 1 H, CH), 5.55 (br. d, / = 10.7 Hz, 1 H,
=CH), 5.81 (dt, J = 7.6, 10.7 Hz, 1 H, =CH), 7.26-7.36 (m, 5 H,
Ph) ppm. 3C NMR (100 MHz, CDCl;): 6 = 21.2 (CH3), 24.0, 31.5,
61.1, 70.4, 71.9, 73.2, 78.6, 92.0, 112.4 (=CH), 127.6 (Ph), 127.7
(Ph), 128.4 (Ph), 136.7 (=CH), 137.9 (Phqy,), 170.8 ppm. HRMS
(ESI): caled. for C;gH»,04 [M + Na]* 325.14103; found 325.14109.

(£)-1-(Benzyloxy)-9-hydroxy-9-methyldec-4-en-6-yn-2-yl Acetate
(9f): Prepared from alkenyl bromide 8¢ (0.313 g, 1.0 mmol), 2-
methylpent-4-yn-2-ol 5¢ (78 mg, 0.79 mmol), diethylamine (0.5 mL,
354 mg, 4.8 mmol), THF (1.3 mL), Pd(PPh;),Cl, (4.9 mg), and Cul
(2.7 mg). The residue was purified by flash chromatography (petro-
leum ether/EtOAc, 2:1—1:1) to give enynol 9f (0.178 g, 68%) as a
slightly yellow oil. R; (petroleum ether/EtOAc, 2:1): 0.25. '"H NMR
(400 MHz, CDCls): 0 = 1.30 (s, 6 H, CH3), 2.05 (s, 3 H, CH3), 2.12
(br. s, 1 H, OH), 2.50 (d, J = 1.8 Hz, 2 H, CH,), 2.66 (app. t, J =
7.3 Hz, 2 H, CH,), 3.51 (dd, J = 4.8, 10.6 Hz, 1 H, CH,), 3.55 (dd,
J =5.3,10.6 Hz, 1 H, CH,), 4.50 (s, J = 12.1 Hz, 1 H, CH,), 4.56
(s, J=12.1Hz, 1 H, CH,), 5.10 (tt, J = 5.1, 6.3 Hz, 1| H, CH), 5.57
(br. d, J = 109 Hz, 1 H, =CH), 5.82 (dt, J = 7.6, 109 Hz, 1 H,
=CH), 7.26-7.36 (m, 5 H, Ph) ppm. 13C NMR (100 MHz, CDCl5):
0 =21.2 (CH5CO), 28.70 (CH3), 28.73 (CH3;), 31.7, 35.2, 70.0, 70.5,
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71.8, 73.2, 79.6, 91.7, 112.4 (=CH), 127.6 (Ph), 127.7 (Ph), 128.4
(Ph), 136.8 (Phga). 138.0 (=CH), 170.7 ppm.

(3Z2)-9-(Benzyloxy)-8-hydroxy-8-methylnon-3-en-5-ynyl Acetate
(9g): Prepared from alkenyl bromide 8a (0.255 g, 1.14 equiv.), alk-
ynol 5e (238 mg, 1.16 mmol), diethylamine (2 mL), Pd(PPh;),Cl,
(8.1 mg), and Cul (4.4 mg). The residue was purified by flash
chromatography (petroleum ether/EtOAc, 4:1—2:1) to give enynol
9g (0.289 g, 79%) as a slightly yellow oil. Ry (petroleum ether/
EtOAc, 2:1): 0.38. '"H NMR (400 MHz, CDCl;): 6 = 1.29 (s, 3 H,
CHs), 2.03 (s, 3 H), 2.53-2.63 (m, 5 H), 3.37 (d, / = 9.0 Hz, 1 H),
349 (d, J =9.0Hz, 1 H), 4.10 (t, J = 6.7 Hz, 2 H), 4.58 (s, 2 H),
5.55(d, J =10.6 Hz, 1 H), 5.83 (dt, J = 10.6, 7.3 Hz, 1 H), 7.27-
7.36 (m, 5 H) ppm. 3C NMR (100 MHz, CDCls): § = 20.9, 23.7,
29.6, 30.6, 63.1, 71.8, 73.5, 75.9, 79.0, 91.3, 112.0, 127.6, 127.7,
128.4, 137.5, 171.1 ppm.

(57,75)-8-{|tert-Butyl(dimethyl)silyljoxy}-7-methyloct-5-en-3-yn-1-
ol (9h): Prepared from alkenyl bromide 8d (0.319 g, 1.14 mmol),
alkynol 5a (88 mg, 1.1 equiv.), diethylamine (2 mL), Pd(PPhj;),Cl,
(8.1 mg), and Cul (4.5 mg). The residue was purified by flash
chromatography (petroleum ether/EtOAc, 4:1) to give enynol 9h
(0.276 g, 90%) as a slightly yellow oil. Ry (petroleum ether/EtOAc,
4:1): 0.33. '"H NMR (400 MHz, CDCls): 6 = 0.04 (s, 3 H, CH3),
0.04 (s, 3 H, CH3), 0.88 (s, 9 H), 1.00 (d, J = 6.8 Hz, 3 H), 1.84
(br., 1 H), 2.59 (dt, J = 6.1, 2.0 Hz, 2 H), 2.85-2.96 (m, 1 H), 3.45
(dd, J = 6.6,9.9 Hz, 1 H), 3.51 (dd, J = 6.1, 9.9 Hz, 1 H), 3.73 (t,
J=64Hz 2 H), 544 (d, J = 11.4Hz, 1 H), 5.69 (dd, J = 104,
9.9 Hz, 1 H) ppm. '3C NMR (100 MHz, CDCls): § = -5.37, -5.31,
16.5, 18.4, 24.0, 25.9, 37.7, 61.2, 67.3, 79.5, 90.2, 109.1, 146.0 ppm.

Acetate 9i: Prepared from alkenyl bromide 8a (14.3 mg, 1.2 equiv.),
alkynol 5f (32.4 mg, 0.0617 mmol), diethylamine (0.5 mL),
Pd(PPh;),Cl; (0.5 mg), and Cul (0.3 mg). The residue was purified
by flash chromatography (petroleum ether/EtOAc, 10:1) to give en-
ynol 9i (39.3 mg, 87%) as a slightly yellow oil. R; (petroleum ether/
EtOAc, 4:1): 0.55. '"H NMR (400 MHz, CDCl;): = -0.19 (s, 3 H,
CH;), —-0.03 (s, 3 H), 0.78 (s, 9 H), 1.00 (d, J = 7.3 Hz, 3 H), 1.03
(s, 9 H), 1.19 (d, J = 7.1 Hz, 3 H), 2.04 (s, 3 H), 2.14-2.19 (m, 1
H), 2.65 (app. q, 2 H), 2.73-2.83 (m, 1 H), 3.51-4.13 (m, 7 H), 5.62
(d, J =109 Hz, 1 H), 582 (dt, J = 10.8, 7.1 Hz, 1 H), 7.37-7.44
(m, 6 H), 7.62-7.66 (m, 4 H) ppm. '*C NMR (100 MHz, CDCls):
0 =-52,-47,10.2, 17.6, 17.8, 19.2, 21.0, 25.7, 26.8, 29.6, 31.3,
34.6, 63.3, 64.3, 73.8, 77.7, 98.0, 112.4, 127.8, 129.9, 133.2, 135.48,
135.53, 137.0, 177.8 ppm.

General Procedure for the Synthesis of Diols 10 from Acetates 9:
Typically, methanol (0.4 mL) and water (1 mL) were added to a
solution of acetate (I mmol) in THF (2 mL). Solid NaOH or KOH
(1.5-2 equiv.) was then added to this mixture with stirring. The
resulting biphasic mixture was stirred at room temperature. The
reaction was normally finished within 2 h, but it can be left to stir
overnight. When TLC (petroleum ether/EtOAc, 1:1) showed com-
plete conversion, the mixture was diluted with diethyl ether and
water. The organic phase was separated, washed with a small
amount of saturated NaCl solution, and dried with Na,SO,. After
filtration, the solvent was evaporated, and the residue was purified
by chromatography to give the diols as sticky oils in quantitative
yields.

(Z)-Non-3-en-5-yne-1,9-diol (10a): This diol was prepared from
acetate 9a in quantitative yield as a colourless oil. Ry (EtOAc): 0.32.
'"H NMR (400 MHz, CDCl;): 6 = 1.78 (ap. quint., J = 6.5 Hz, 2
H, 8-H), 2.09 (br. s, 1 H, OH), 2.46 (dt, J = 2.0, 6.9 Hz, 2 H, 7-
H), 2.55 (ap. dq, J = 1.2, 6.4 Hz, 2 H, 2-H), 3.68 (t, / = 6.9 Hz, 2
H, 1-H), 3.76 (t, J/ = 6.1 Hz, 2 H, 9-H), 5.56 (br. d, J = 10.7 Hz, 1
H, 4-H), 5.85 (dt, J = 7.4, 10.7Hz, 1 H, 3-H) ppm. *C NMR
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(100 MHz, CDCly): 6 = 16.1 (C-7), 31.2, 33.6, 61.6, 61.8, 77.6, 94.2,
112.0, 138.1 ppm.

(Z)-10-(Benzyloxy)dec-6-en-4-yne-1,9-diol (10b): Prepared from
acetate 9b in quantitative yield as a colourless oil. Ry (EtOAc): 0.5.
'H NMR (400 MHz, CDCl;): 6 = 1.76 (quint., J = 6.6 Hz, 2 H,
CH,), 2.44 (dt, J = 6.8, 2.0 Hz, 2 H, CH,), 2.50 (t, J = 7.0 Hz, 2
H, CH,), 3.39 (dd, J = 7.3, 9.6 Hz, 1 H, CH,), 3.52 (dd, J = 3.5,
9.6 Hz, 1 H, CH,), 3.73 (t, J = 6.2 Hz, 2 H, CH,), 3.92 (app. dq,
1 H, CH), 4.56 (s, 2 H, CH,), 5.55 (br. d, J = 10.7 Hz, 1 H, =CH),
5.90 (dt, J = 7.4, 10.7 Hz, 1 H, =CH), 7.27-7.37 (m, 5 H, Ph) ppm.

(Z£)-9-(Benzyloxy)non-5-en-3-yne-1,8-diol (10e): Prepared from acet-
ate 9e (0.245 g, 0.810 mmol), dissolved in THF (1.5 mL) and
MeOH (0.3 mL). Compound 10e (0.211 g, 99%) was obtained as a
colourless oil. Ry (EtOAc): 0.54. '"H NMR (400 MHz, CDCls): 6 =
2.14 (br. s, 2 H, OH), 2.51 [m (app. t), 2 H, CH], 2.57 (dt, J = 2.0,
6.1 Hz, 2 H, CH,), 3.39 (dd, J = 7.3, 9.6 Hz, 1 H, CH,), 3.52 (dd,
J=35,9.6Hz 1 H, CH,), 3.70 (q, J = 6.1 Hz, 2 H, CH,), 3.92
(app. dq, 1 H, CH), 4.55 (s, 2 H, CH,), 5.57 (br. d, J = 10.7 Hz, 1
H, =CH), 5.94 (dt, J = 7.6, 10.7 Hz, 1 H, =CH), 7.27-7.37 (m, 5
H, Ph) ppm. '3C NMR (100 MHz, CDCls): 6 = 23.9, 34.0, 61.1,
70.0, 73.4, 73.9, 79.0, 91.7, 111.8 (=CH), 127.7 (Ph), 127.8 (Ph),
128.5 (Ph), 137.9 (Phqy,), 138.2 (=CH) ppm. HRMS (ESI): calcd.
for CsH5003 [M + Na]* 283.13047; found 283.13034.

(Z)-1-(Benzyloxy)-9-methyldec-4-en-6-yne-2,9-diol (10f): Prepared
from acetate 9f in quantitative yield as a colourless oil. "H NMR
(400 MHz, CDCl3): 6 = 1.29 (s, 6 H, CH3), 2.19 (br. s, 2 H, OH),
2.50 (s, 2 H, 8-H), 2.51 (t, J = 7.1 Hz, 2 H, 3-H), 3.39 (dd, J = 7.3,
9.6 Hz, 1 H, 1-H), 3.51 (dd, J = 3.5, 9.6 Hz, 1 H, 1-H), 3.92 (app.
dq, J =3.5,7.1 Hz, 1 H, 2-H), 4.55 (s, 2 H, CH,Ph), 5.57 (br. d, J
=109 Hz, 1 H, 5-H), 5.94 (dt, J = 7.6, 10.9 Hz, 1 H, 4-H), 7.26-
7.36 (m, 5 H, Ph) ppm. '3C NMR (100 MHz, CDCls): § = 28.7,
34.1, 35.2, 70.0, 70.1, 73.4, 73.9, 79.9, 91.5, 111.8 (=CH), 127.7
(Ph), 127.8 (Ph), 128.4 (Ph), 137.9 (Phgy,,), 138.1 (=CH) ppm.
HRMS (ESI): caled. for C1gH»,03 [M + NaJ* 311.16178; found
311.16195.

(Z)-9-(Benzyloxy)-8-methylnon-3-en-5-yne-1,8-diol (10g): Prepared
from acetate 9g (0.270 g, 0.853 mmol) in THF (1.2 mL), McOH
(0.2 mL), KOH (76 mg, 1.6 equiv.), and H,O (0.8 mL) according to
the general procedure. Compound 10g (0.225 g, 99 %) was obtained
as a colourless oil. Ry (petroleum ether/EtOAc, 1:1): 0.27. '"H NMR
(400 MHz, CDCls): 0 = 1.29 (s, 3 H, CH3), 2.53 (app. q, 2 H, CH,),
2.62 (s, 2 H, CH,), 3.38 (d, J = 9.1 Hz, 1 H, CH,), 3.49 (d, J =
9.1Hz, 1 H, CH,), 3.68 (t, / = 6.3Hz, 1 H, CH,), 4.58 (s, 2 H,
CH,), 5.57 (br. d, J = 10.6 Hz, 1 H, =CH), 5.89 (dt, J = 7.3,
10.6 Hz, 1 H, =CH), 7.27-7.37 (m, 5 H, Ph) ppm. '’*C NMR
(100 MHz, CDCly): 6 = 23.7, 30.5, 33.6, 61.8, 71.9, 73.4, 76.0, 79.4,
91.0, 112.0 (=CH), 127.6 (Ph), 127.7 (Ph), 128.4 (Ph), 138.0
(Phgyay), 138.6 (=CH) ppm. HRMS (ESI): caled. for C;H»,05 [M
+ Na]* 297.14612; found 297.14603.

(78,85,9R,10R,Z)-10-|(tert-Butyldimethylsilyl)oxy]-11-|(zert-butyl-
diphenylsilyl)oxy]-7,9-dimethylundec-3-en-5-yne-1,8-diol (10i): Pre-
pared from acetate 9i. Compound 10i (32 mg, 90%) was obtained
as a colourless oil. Ry (petroleum ether/EtOAc, 2:1): 0.45. '"H NMR
(400 MHz, CDCl;3): 0 = -0.20 (s, 3 H, SiCH3), —-0.04 (s, 3 H,
SiCH3), 0.79 (s, 9 H), 1.00 (d, J = 7.4 Hz, 3 H, CH3), 1.03 (s, 9 H),
1.18 (d, / = 6.9 Hz, 3 H, CHy), 1.72 (br. s, 2 H, OH), 2.17 (app.
br. q, 1 H, CH), 2.50 (s, 2 H, CH,»), 2.58 (q, / = 6.6 Hz, 2 H, CH,),
2.76 (app. quint., 1 H, CH), 3.58 (dd, / = 9.4, 14.2 Hz, 1 H, CH,),
3.71 (t, J= 6.4 Hz, 2 H, CH,), 3.71-3.77 (overlapped m, 2 H, CH),
393 (d, J=1.5,87Hz 1 H, CH), 5.65 (br. d, J = 10.7 Hz, 1 H,
=CH), 5.89 (dt, J = 7.5, 10.7 Hz, 1 H, =CH), 7.35-7.46 (m, 6 H,
Ph), 7.64 (app. t, 4 H, Ph) ppm. 3C NMR (100 MHz, CDCl,): §
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=-52,-4.7,10.2,17.5,17.8, 19.1, 25.7, 26.8, 31.2, 33.7, 34.4, 61.9,
64.2,74.0, 77.7, 78.4, 97.6, 112.4 (=CH), 127.77 (Ph), 127.80 (Ph),
129.83 (Ph), 129.86 (Ph), 133.06 (Ph), 133.06 (Phgy,.), 133.22
(Phgyuat), 135.48 (Ph), 135.52 (Ph), 138.21 (=CH) ppm. HRMS
(ESI): caled. for C35H5404Si, [M + Na]* 617.34528; found
617.34561.

General Procedure for the Synthesis of Diols 10 from Alkoxytetra-
hydro-2 H-pyrans 9 or tert-Butyldimethylsilyl Ethers 9: Deprotection
of THP acetals or tert-butyldimethylsilyl ethers 9 can be carried
out in MeOH (0.4-0.5 M) in the presence of a few drops of concd.
HCI (about 2 drops for 3 mL of MeOH) at room temperature in
high yield (ca. 90%). Reactions were monitored by TLC (petroleum
ether/EtOAc, 1:1), and aqueous HCI was used in such amounts
that the reactions were complete within 5-30 min. The HCI was
neutralized by adding Et;N (about 4 drops for 3 mL of MeOH),
and then the mixture was concentrated in vacuo. The residue was
purified by flash chromatography (petroleum ether/EtOAc, 1:1 to
0:1) to give enynediols 10.

(Z£)-Oct-3-en-5-yne-1,8-diol (10c): Prepared from 9¢ (0.289 g,
1.29 mmol) in MeOH (3 mL), and concd. aqueous HCI (2 drops).
The reaction time was 20 min. The acid was quenched with Et;N
(4 drops). Diol 10c (0.126 g, 71%) was obtained as a colourless oil.
R; (EtOAc): 0.3. '"H NMR (400 MHz, CDCl5): 6 = 1.63 (br., 1 H),
2.19 (t, 1 H), 2.54-2.62 (m, 4 H), 3.70-3.77 (m, 4 H), 5.60 (dtt, J
=10.7,2.2, 1.3Hz, 1 H), 5.92 (dt, J = 10.7, 7.5 Hz, 1 H) ppm.

(S,Z)-7-Methyloct-3-en-5-yne-1,8-diol (10d): MeOH (0.5 mL) and
concd. aqueous HCI (0.02 mL) were added to a solution of 9d
(0.2 g, 0.64 mmol) in THF (1 mL). The reaction mixture was stirred
at room temperature for 30 min to achieve complete removal of the
TBS group (TLC petroleum ether/EtOAc, 1:1). Then H>O (0.5 mL)
and NaOH (52 mg) were added to the reaction mixture. The reac-
tion mixture was stirred further at room temperature until the acet-
ate had been completely saponified. The mixture was diluted with
diethyl ether and water. The organic phase was separated, washed
with a small amount of saturated NaCl solution, and dried with
Na,SO,. After filtration, the solvent was evaporated, and the resi-
due was purified by chromatography (petroleum ether/EtOAc,
1:1—1:2) to give diol 10d (79 mg, 81%) as a colourless oil. R¢
(EtOAc): 0.44. "TH NMR (400 MHz, CDCl3): 6 = 1.19 (d, J =
7.1 Hz, 3 H, 9-H), 1.54 (br. s, 1 H, OH), 2.10 (br. s, 1 H, OH), 2.56
(ddt, J = 1.2, 6.8, 7.3 Hz, 2 H, 2-H), 2.77-2.86 (m, 1 H, 7-H), 3.53
(dd, J = 10.1, 7.2 Hz, 1 H, 8-H), 3.61 (dd, J = 10.1, 5.3 Hz, | H,
8-H), 3.73 (t, J = 6.1 Hz, 2 H, 1-H), 5.61 (br.d, J=10.7 Hz, | H, 4-
H), 5.92 (dt, J=7.4,10.7 Hz, 1 H, 3-H) ppm. '*C NMR (100 MHz,
CDCl3): 0 = 16.9, 30.3, 33.5, 61.8, 67.0, 78.9, 96.4, 112.0,
138.8 ppm.

(S,Z)-2-Methyloct-3-en-5-yne-1,8-diol (10h): Prepared from silyl
ether 9h (0.276 g, 1.02 mmol) in MeOH (3 mL), and concd. aque-
ous HCI (2 drops). The acid was quenched with Et;N. Diol 10h
(0.140 g, 91%) was obtained as a colourless oil. Ry (EtOAc): 0.44.
'"H NMR (400 MHz, CDCl;): 6 = 1.00 (d, J = 6.8 Hz, 3 H), 1.72
(t, 1 H), 2.35 (t, 1 H), 2.59 (t, 2 H), 2.97-3.06 (m, 1 H), 3.41-3.49
(m, 1 H), 3.55-3.61 (m, 1 H), 3.74 (app. q, 2 H), 5.56 (d, J =
10.6 Hz, 1 H), 5.68 (dd, 1 H) ppm. 13C NMR (100 MHz, CDCl5):
0=16.2,24.0,37.7, 61.2, 67.6, 79.2, 91.4, 110.7, 145.3 ppm.

4-|2-(2-Hydroxyethyl)phenyl|but-3-yn-1-ol (10j): Prepared from aryl
iodide 8e (0.347 g, 1.4 mmol), alkynol 5a (108 mg, 1.1 equiv.), di-
ethylamine (2 mL), Pd(PPh;),Cl, (7.1 mg), and Cul (3.8 mg). The
residue was purified by flash chromatography (EtOAc) to give en-
ynol 10§ (0.186 g, 70%) as a slightly yellow oil. Ry (EtOAc): 0.25. 'H
NMR (400 MHz, CDCly): 6 = 2.42 (br., 1 H), 2.67 (t, J = 5.9 Hz, 2
H), 3.04 (t, J = 6.8 Hz, 2 H), 3.07 (br., 1 H), 3.80 (br., 2 H), 3.86
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(t, J = 6.7Hz, 2 H), 7.13-7.24 (m, 3 H), 7.38 (d, J = 8.3 Hz, 1 H)
ppm. '*C NMR (100 MHz, CDCLy): § = 22.9, 38.0, 61.1, 63.4, 80.9,
91.1, 123.5, 126.4, 128.1, 129.4, 131.9, 140.7 ppm.

General Procedure. [5,6]-Spiroacetals 3 from Enynediols 10: Enyne-
diol 10 was dissolved in CH,Cl, or another solvent, and the catalyst
was added, either as a solid or in solution (in CH,Cl, or MeCN
or a mixture of these two solvents). The progress of reaction was
monitored by TLC, and when the conversion was complete, the
reaction was quenched by the addition of Et;N (about 1 drop per
0.1 mmol of substrate). The mixture was directly loaded onto a
small silica column and further eluted with petroleum ether/EtOAc,
4:1 (or pentane/Et,O, 4:1 for volatile compounds) to give spiro-
acetal 3.

7-|(Benzyloxy)methyl]-1,6-dioxaspiro[4.5]dec-9-ene (3e)

Method A: A solution of 10e (26.5 mg, 0.102 mmol) in CH,Cl,
(1 mL) containing Hg(O,CCF3), (0.47 mg, 1 mol-%) was stirred for
24 h at room temperature. Et;N was added, the mixture was con-
centrated in vacuo, and the residue was purified by flash
chromatography to give spiroacetal 3e (24.4 mg, 92%) as a colour-
less oil.

Method B: A solution of 10e (50.7 mg, 0.195 mmol) in CH,Cl,
(1.3 mL) containing L2ZAuNCMe™* SbF4 (0.75 mg, 0.975 pmol,
0.5 mol-%) was stirred for 10-15 min at room temperature. Et;N
was added, the mixture was concentrated in vacuo, and the residue
was purified by flash chromatography to give spiroacetal 3e
(47.2 mg, 93%).

Method C: A solution of 10e (43.0 mg, 0.165 mmol) in CH,Cl,
(1.4 mL) containing [PdPCP-ac]* SbF4 (1.16 mg, 0.132 pmol,
0.8 mol-%) was stirred for 10-15 min at room temperature. Et;N
was added, the mixture was concentrated in vacuo, and the residue
was purified by flash chromatography to give spiroacetal 3e
(38.7 mg, 90%).

Method D: A solution of 10e (32.1 mg, 0.123 mmol) in THF
(1.1 mL) and acetonitrile (0.074 mL) containing Hg(O,CCF3),
(0.85 mg, 1.5 mol-%) was stirred for 10-15 min at room tempera-
ture. Et;N was added, the mixture was concentrated in vacuo, and
the residue was purified by flash chromatography to give
spiroacetal 3e (38.7 mg, 90%). R; (petroleum ether/EtOAc, 4:1):
0.5. '"H NMR (400 MHz, CDCls): § = 1.82 (ddd, J = 12.1, 9.3,
8.3 Hz, 1 H), 1.89-1.98 (m, 2 H), 2.01-2.19 (m, 3 H), 3.51 (dd, J
=104, 4.6 Hz, 1 H), 3.51 (dd, J = 10.4, 5.6 Hz, 1 H), 3.89-3.99
(m, 2 H), 4.14-4.20 (m, 1 H), 4.58 (d, J = 12.1 Hz, 1 H), 4.60 (d,
J=12.1Hz, 1 H), 5.63 (ddd, J = 9.9, 2.7, 1.5 Hz, 1 H), 5.99 (ddd,
J =99, 56, 22Hz, 1 H), 7.26-7.34 (m, 5 H) ppm. '3C NMR
(100 MHz, CDCly): 6 = 24.6, 26.9, 37.4, 67.3, 67.7, 72.6, 73.1,
103.5, 127.5, 127.6, 128.3, 128.5, 138.5 ppm.

7-[(Benzyloxy)methyl|-2,2-dimethyl-1,6-dioxaspiro[4.5]dec-9-ene (3f)

Method A: A solution of 10f (28.8 mg, 0.100 mmol) in a mixture of
CH,Cl, (1.0 mL) and acetonitrile (0.02 mL) containing mercury(II)
trifluoromethanesulfonate [Hg(OTf),] (0.25 mg, 0.5 pmol, 0.5 mol-
%) was stirred for 10-15 min at room temperature. Et;N was
added, the mixture was concentrated in vacuo, and the residue was
purified by flash chromatography to give spiroacetal 3f (25.9 mg,
90%).

Method B: A solution of 10f (23.7 mg, 0.082 mmol) in CH,Cl,
(1.0 mL) containing L2ZAuNCMe™* SbF4 (0.51 mg, 0.656 pmol,
0.8 mol-%) was stirred for 10 min at room temperature. Et;N was
added, the mixture was concentrated in vacuo, and the residue was
purified by flash chromatography to give spiroacetal 3f (21.8 mg,
92%). Ry (petroleum ether/EtOAc, 4:1): 0.5. '"H NMR (400 MHz,
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CDCly): 6 = 1.23 (m, 3 H), 1.38 (m, 3 H), 1.80 (m, 1 H), 1.89-1.97
(m, 2 H), 2.02-2.17 (m, 3 H), 3.50 (dd, J = 10.5, 4.5 Hz, 1 H), 3.57
(dd, J=10.5, 5.6 Hz, 1 H), 4.20-4.26 (m, 1 H), 4.56 (d, J = 12.4 Hz,
1 H), 461 (d, J = 124 Hz, 1 H), 5.60 (d, J = 9.9 Hz, 1 H), 5.95
(ddd, J = 9.9, 5.6, 2.0 Hz, 1 H), 7.23-7.33 (m, 5 H) ppm. '*C NMR
(100 MHz, CDCly): § = 26.9, 29.1, 30.3, 37.3, 38.1, 66.9, 72.7, 73.1,
82.3,103.7, 127.4, 127.5, 128.2, 129.0, 138.5 ppm.

2-|(Benzyloxy)methyl]-2-methyl-1,6-dioxaspiro[4.5]dec-9-ene (3g): A
solution of 10g (32.5 mg, 0.118 mmol) in a mixture of CH,Cl,
(1.2 mL) and acetonitrile (0.024 mL) containing mercury(Il) tri-
fluoromethanesulfonate [Hg(OTf),] (0.29 mg, 0.59 umol, 0.5 mol-
%) was stirred for 5 min at room temperature. Et;N was added, the
mixture was concentrated in vacuo, and the residue was purified
by flash chromatography to give spiroacetal 3g (27.0 mg, 83%) as
a mixture of epimers (1:1.1 mol ratio). Ry (petroleum ether/EtOAc,
4:1): 0.5. "H NMR (400 MHz, CDCls): 6 = 1.29 (s, minor, 3 H),
1.35 (s, major, 3 H), 1.72-2.03 (m, 4 H), 2.06-2.18 (m, 1 H), 2.19—
2.31 (m, 1 H), 3.29 (d, J = 9.5 Hz, major, 1 H), 3.34 (d, / = 9.5 Hz,
major, 1 H), 3.43 (d, J = 9.1 Hz, minor, 1 H), 3.48 (d, / = 9.1 Hz,
minor, 1 H), 3.69 (dd, J = 11.2, 6.1 Hz, minor, 1 H), 3.75 (dd, J =
11.2, 6.1 Hz, major, 1 H), 3.93 (ddd, J = 11.6, 11.6, 3.8 Hz, minor,
1 H), 4.01 (ddd, J = 11.6, 11.6, 3.7 Hz, major, 1 H), 4.53 (d, J =
12.1 Hz, major, 1 H), 4.57 (d, J = 12.1 Hz, major, 1 H), 4.57 (d, J
= 12.1 Hz, minor, 1 H), 4.61 (d, J = 12.1 Hz, minor, 1 H), 5.60 (d,
major, minor, 1 H), 5.96-6.00 (m, major, minor, 1 H), 7.24-7.36
(m, 5 H) ppm. '3C NMR (100 MHz, CDCl;): 6 = 24.5, 26.1, 33.6,
33.9, 37.3, 38.4, 58.46, 57.51, 73.41, 76.8, 78.2, 83.8, 83.9, 103.0,
103.2, 127.4, 128.3, 128.5, 128.2, 128.3, 128.78, 128.83, 128.87,
129.03, 138.7, 138.7 ppm.

(85)-8-Methyl-1,6-dioxaspiro[4.5]dec-9-ene (3h): A solution of 10h
(32.7mg, 0.212 mmol) in CH,Cl, (0.8 mL) containing
L2AuNCMe* SbF¢ (0.655 mg, 0.848 pmol, 0.4 mol-%) was stirred
for 4 min at room temperature. Et;N was added, the mixture was
concentrated in vacuo, and the residue was purified by flash
chromatography to give spiroacetal 3h (27.1 mg, 83%) as a mixture
of epimers (2:1 mol ratio). R (petroleum ether/EtOAc, 4:1): 0.5. 'H
NMR (400 MHz, CDCl;): 0 = 0.89 (d, J = 7.1 Hz, major, 3 H),
1.05 (d, J = 7.1 Hz, minor, 3 H), 1.76-1.84 (m, major, minor, 1 H),
1.88-2.18 (m, major, minor, 3.3 H), 2.33-2.43 (m, major, 1 H),
3.43-3.51 (m, major, minor, 1 H), 3.67 (ddd, J = 11.1, 5.7, 1.4 Hz,
major, 1 H), 3.87-4.00 (m, major, minor, 2 H), 4.04 (dd, J = 11.4,
3.8 Hz, minor, 1 H), 5.53-5.59 (m, major, minor, 1 H), 5.82 (ddd,
J=10.0, 1.6, 1.5 Hz, major, 1 H), 5.95 (ddd, J = 10.0, 5.2, 1.3 Hz,
major, 1 H) ppm. 3*C NMR (100 MHz, CDCl5): 6 = 15.8 (major),
17.7 (minor), 24.5 (minor), 24.6 (major), 28.8 (minor), 29.0 (major),
37.4 (major, minor), 65.2 (minor), 65.8 (major), 67.4 (major), 67.5
(minor), 102.5 (major), 102.6 (minor), 127.2 (minor), 127.4 (major),
134.5 (minor), 135.5 (major) ppm.

4,5-Dihydro-3 H-spiro|furan-2,1'-isochroman] (3j): A solution of 10j
(20.1 mg, 0.212 mmol) in CH,Cl, (0.8 mL) containing
L2AuNCMe* SbFg (0.4 mol-%) was stirred for 10 min at room
temperature. Et;N was added, the mixture was concentrated in
vacuo, and the residue was purified by flash chromatography to
give spiroacetal 3j (19.1 mg, 95%) as a colourless oil. Ry (petroleum
ether/EtOAc, 4:1): 0.56. '"H NMR (400 MHz, CDCls): 6 = 2.04-
2.17 (m, 1 H), 2.18-2.34 (m, 3 H), 2.60 (ddd, J = 16.0, 2.5, 2.4 Hz,
1 H), 3.03 (ddd, J = 16.0, 12.1, 5.8 Hz, 1 H), 3.90 (ddd, J = 11.1,
5.8, 1.8 Hz, 1 H), 4.01-4.13 (m, 3 H), 7.07-7.11 (m, 1 H), 7.18-
7.29 (m, 3 H) ppm. 3C NMR (100 MHz, CDCl;): § = 25.1, 28.8,
39.5, 59.5, 68.0, 105.6, 126.4, 127.7, 128.4, 135.2, 136.3 ppm.

(5R)-2,2,3,3,9,9-Hexamethyl-5-{(1R)-1-[(2S5,3S)-3-methyl-1,6-di-
oxaspiro[4.5]dec-9-en-2-yl]ethyl}-8,8-diphenyl-4,7-dioxa-3,8-disila-
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decane (3i): A solution of 10i (13.6 mg, 0.0313 mmol) in CH,Cl,
(0.3 mL) containing L2AuNCMe" SbF¢~ (0.242 mg, 0.313 pmol,
1.0 mol-%) was stirred for 10 min at room temperature. Et;N was
added, the mixture was concentrated in vacuo, and the residue was
purified by flash chromatography to give spiroacetal 3i (12.8 mg,
94%) as a mixture of epimers (0.56:0.44 mol ratio). R; (petroleum
ether/Et,0, 10:1): 0.41 and 0.49. 'H NMR (400 MHz, CDCls): 6 =
—0.04 (s, minor, 3 H), —-0.03 (s, major, 3 H), 0.04 (s, major, 3 H),
0.08 (s, minor, 3 H), 0.80 (d, minor, 3 H), 0.84 (d, major, 3 H), 0.88
(s, major, 9 H), 0.89 (s, minor, 9 H), 0.98 (d, major, 3 H), 1.04 (d,
minor, 3 H), 1.04 (s, major, minor, 9 H), 1.47 (dd, /= 12.1, 11.9 Hz,
major, 1 H), 1.63 (dd, J = 12.9, 6.8 Hz, minor, 1 H), 1.73-1.89 (m,
2 H), 1.95-2.13 (m), 2.16-2.26 (m, major, minor, 1 H), 2.30-2.40
(m, major, H), 3.61-3.87 (m, 6 H), 5.53 (d, 1 H), 5.86-5.93 (m, 1
H), 7.33-7.41 (m, 6 H), 7.66-7.70 (m, 4 H) ppm. 3C NMR
(100 MHz, CDCly): 6 = 5.1, -5.0, 4.1, -4.0, 8.5, 9.4, 16.7, 17.7,
18.10, 18.13, 19.25, 24.4, 24.5, 25.9, 26.0, 26.89, 26.92, 34.8, 36.1,
38.8, 39.3, 46.4, 47.0, 58.4, 59.5, 66.5, 66.6, 75.5, 75.7, 84.0, 86.3,
101.4, 102.4, 127.2, 127.5, 128.1, 129.4, 129.5, 129.6, 133.7, 133.8,
133.84, 133.9, 135.70, 135.73, 135.77, 135.79 ppm.

Supporting Information (see footnote on the first page of this arti-
cle): Synthesis of some starting materials, synthesis of pincer com-
plex 11, description of unselective cyclization reactions with enyne-
diol 10b, description of in situ NMR experiments, copies of 'H and
13C NMR spectra of key intermediates and final products.
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Abstract: An experimental mechanistic study of the gold(I)-
catalyzed hydroamination shows the formation of conforma-
tionally flexible auro-iminium salts Au-Im, which originate
from the protonation of a vinyl gold species. Rotation around
the C—CAu bond is the reason for the loss of stereospecificity
of protodeauration, which explains the stereochemical result of
the Stradiotto reaction. The ambiguity about inner or outer
sphere mechanism is thus resolved in favor of the outer sphere
mechanism.

Gold(I)-catalyzed hydroamination of alkynes is an impor-
tant synthetic tool for the functionalization of C=C bonds.™
Like some other processes in gold catalysis, it was already
described in 1987, but did not receive much attention until
around 2000, when the interest in gold catalysis started to rise.
Nowadays, the scope of gold(I)-catalyzed hydroamination of
alkynes is not limited to the synthesis of imine or enamine
structures by the formal addition of various N—H reagents
onto the C=C bond.”* Rather, a number of complex cascade
reactions were reported, using this addition as one step within
a complicated multistep process.”! However, the hydroami-
nation reaction often requires harsh conditions, which limits
its scope. Last but not least, the development of the method is
also limited because of the lack of understanding of the
reaction mechanism. In several studies gold—amine complexes
[LAu(amine)]|* were identified as reaction intermediates. This
fact, together with the stereoselective formation of syn-E in
the intermolecular reaction described by Stradiotto and co-
workers, was considered as sufficient evidence for the inner
sphere mechanism (Scheme 1).”*% However, ionic organo-
gold complexes formed upon intramolecular 5-endo-dig and
5-exo-dig addition of a tertiary amine moiety described by
Bertrand and co-workers!”! as well as a single vinyl-gold
complex described by Hashmi and co-workers,® provided
evidence for the outer sphere mechanism. It should be
stressed, that according to the current understanding of
protodeauration, the outer sphere mechanism should lead to
the product of anti-addition (anti-E), which is in contradiction
to the formation of syn-E described by Stradiotto and co-
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gold-catalyzed processes)

Scheme 1. Short representation of inner and outer sphere mechanism
proposed for the hydroamination of alkynes.

workers.®¥ As it stands, there is still an unresolved ambiguity:
should the reaction generally be considered as proceeding
through an inner or outer sphere mechanism (Scheme 1)?

As part of our studies on mechanisms of gold catalysis,”’
we report herein an experimental NMR investigation of the
mechanism of the gold(I)-catalyzed hydroamination of
alkynes. We describe the key organo—gold intermediates
originating from catalysts [Ph;PAuNCMe]|" SbF,~ (1) and
[L2AuNCMe]* SbF,~ (2) (L2 = o-(di-tert-butylphosphino)bi-
phenyl) as well as the chemistry of gold complexes relevant to
the process, leading to a consensus: the gold(I)-catalyzed
hydroamination reaction is best described by the outer sphere
mechanism, whereas the inner sphere mechanism cannot be
accepted anymore as an explanation.

The addition of catalyst 2 (4 mol%) to alkyne-amine S1 in
CDCI; led to a sluggish catalytic reaction. Monitoring by
"H NMR spectroscopy showed the immediate formation of
two organo-gold species Aul and Au2, but after a few
minutes only Au2 remained (Scheme 2). After 8 h 60-70%
conversion of S1 was achieved, giving a mixture of enamines
E1E2 as the main product.” In a stoichiometric study,
1.5 equiv of S1 reacted with 1 equiv of 2 in CDCl; instantly
giving complex Au2 which was isolated in its individual state
(80% yield, 100% yield in situ) and fully characterized by
NMR spectroscopy and X-ray analysis. However, reaction of
a slight excess of 2 with S1 led to the immediate formation of
Aul (>90 % in situ). Reaction of the sterically less hindered
catalyst 1 led to a mixture of diaurated species D1 and Au3.

Complexes Aul-Au3 are depicted as auro-iminium salts
and not as gold enamine m-complexes. This structure assign-
ment and understanding of bonding follows from the NMR
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Catalytic reaction:

NHB cat. 2 (4%), CDClj, r.t. I|3n II3n
n
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ca. 65% conversion after 8 h AUZ E1 E2

equilibrium mixture

Stoichiometric reactions:

Bn ;
| '
cat. 2 (1.1 equiv) NT : SbF>
$1,1equiv —————— S Aul ﬂ ® 6
CDCly ; P-Au-NCMe
(>90%) AuL2 :
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S$1,13equv ————> Q/ + S NAuPPh
CDCl, | --AUPPh, <—7/\ 3

D1 AuPPhy Au3

Scheme 2. Reactions of amine S1 with catalysts 1 and 2.

spectra in solution and X-ray analysis. The '"H NMR spectrum
of pure Au2 in CD,Cl, at room temperature contains simple
signals (including the doublet at 1.91 ppm, J, =8.9 Hz of the
CH,Au group), but at low temperature the spectrum shows
a complicated pattern (Figure 1). Structural parameters
determined from the solid structure of Au2 are between the
typical values for known gold-enol ether complexes and
gold—ene-1,1-diamine complexes (Figures?2 and 3).'Y This
unambiguously characterizes the alkyl enamine E1 as a ligand
with a high degree of slippage when coordinated to gold.

4.45

—2.90

T=193K

=

L

<

<
-

A _ \
| T=283K A )

|
!
. 2w
‘5 Coalescence
D
‘ o >
~ o~
& |
| T=208K ‘
) iy i
(NN L J
T T T T T T 1
45 4.0 35 3.0 25 20 1.5

ppm

Figure 1. "H NMR spectra of Au2 at various temperatures in CD,Cl,.

BNy
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~
(_7)<AuL2

Figure 2. Structure of the Au2 cation in the solid state. All hydrogens
are omitted except for the CH,Au fragment.
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N L2Au* N. _  ‘slippage" NT 2
J—— = _ > N
(_f O 7 L2 (_71/\AuL2
E1 Au2
Bn |+
1/ % N 2
/( .AuL2 o =
1
AuL2 N
angle:
C1-C2-Au  88.8° 99.9° 112.8°
torsion angle X-C1-C2-Au:
101.2° 86.7° 73.2°
atom distances:
Au-C1,A 2548 2.749 2.977
Au-C2,A  2.176 2.129 2.087
C1-C2,A 1373 1.42 1.463

Figure 3. Slippage mechanism and structure comparison of represen-
tative gold—enol ether,"'¥ gold—enamine, and gold—ene-1,1-diamine
complexes.""!

Correspondingly, Au2 exhibits a high degree of n'-coordina-
tion mode to gold and a predominant loss of the double-bond
character of the C1—C2 bond; this enables easy rotation
around this bond and therefore Au2 should rather be
considered an alpha auro-iminium salt than a m-alkene
complex. This property is the key to understand the stereo-
chemical outcome of alkyne hydroamination reactions (see
below).

In order to conclude about the role of auro-iminium salts
in the hydroamination mechanism, the origin of these species
has to be established. First, the chemistry of Aul and Au2 was
studied. The addition of free S1 to a solution of Aul led to the
rapid rearrangement of Aul, thereby forming Au2 (with
concomitant slow catalytic reaction). The same occurs upon
addition of a moderately strong nucleophile (Me,S) to Aul.
However, the addition of CI™ as a strong nucleophile either to
Aul or Au2 led to complete liberation of [L2AuCl] and the
formation of free enamines E1/E2 as an equilibrium mixture
(Scheme 3). It becomes clear that the rearrangement of Aul
to Au2 is simply a ligand exchange with free E1, giving the
thermodynamically more stable Au2. This process can be
considered as catalytic in enamine (or another nucleophile).

?n ll3n
N7 S1 or Me,S NZ
b QAAuLZ
CDCly, rt.
AuL2
Au1 Au2

rearrangement through ligand exchange with exo-enamine E1:

Aut + Nu E2 + [L2AuNu]*
~H+
E2 ———— E1 driving force
E1 + [L2AUNu]"==—=—= Au2 +Nu
l?n I|3n
N N

ELN* CI
A2 —=— > poact +_ T+ )

CD20|2, r.t. E1 6.1:1 E2

equilibrium mixture

Scheme 3. Reaction of auro-iminium salts with nucleophiles.
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To confirm that Au2 arises as a product of ligand exchange
and not as a direct participant of the catalytic cycle, we
performed the hydroamination of S1 in the presence of an
acid  (1,8-bis(dimethylamino)naphthalene triflate  salt,
PrSpH*-OTf"). Under these conditions the formed enamines
are immediately protonated, giving iminium salt I1 as a single
final product (Scheme 4).'?) Because of the negligible con-

Bn
PrSpH* OTF (1.1 equiv) o p Adl

cat. 2 (4%), CDCls | resting state

: Bn
NHBN  cat. 2 (4% Bn PN
/\/ ( o) N Ph : N Ph
Ph s2 cDCl, U’ ;
E3 | Aud AuL2

resting state

Scheme 4. Observation of resting states.

centration of free enamine at all times, the rearrangement of
Aul to Au2 should be suppressed. Indeed, gold was exclu-
sively present as Aul (directly evidenced from NMR spectra).
This confirms that Aul is the primary organo-gold inter-
mediate, originating from pure 5-endo-dig cyclization, and
that Au2 is a thermodynamically more stable isomer origi-
nating from ligand exchange with free E1. In addition, the
application of phenyl-substituted alkyne-amine S2 leads to
single enamine E3. Accordingly, the single auro-iminium salt
Aud was observed as a resting state (Scheme 4).

In the next step the mechanism of the formation of the
auro-iminium salt was analyzed. Since the 5-endo-dig cycliza-
tion cannot be triggered by a proton, we hypothesized that the
auro-iminium salt Aul forms as a result of the protonation of
vinyl-gold complex B1, which itself is undetectable because
of its very high affinity to protonation (Scheme 5). Indeed,
attempts to deprotonate Au2 to generate exo-vinyl-gold
failed, suggesting that this species is highly basic (and
definitely more basic than simple enamines). To confirm the
vinyl-gold complex as an essential organo—gold intermediate,
we studied substrate S3 having a sulfonamide functionality to

Bn
Bn\ e N .
LY J— - {‘I (_2/ Aut
AuL2 Aul 2
vinyl gold B1
NHTs 2, Ts + MeyS Ts
| | PrSp N n-Bu§| or picoline N nBu
s3 — | )i - .
CDClj, r.t. /\--IAuL2 (_Z/
B D2 AuL2 g2 AuL2
cat. 2 (1.9%), Ts Ts
tBu,yPy (3.4%) N 2 N
S3 nBu -~ . n-Bu
i J » g
0,073y CPClar T4, 10 min UH <hifted loft C s
100% Au5

Scheme 5. Origin of auro-iminium. Confirmation of the intermediacy of

vinyl-gold.
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reduce the basicity of the relevant species. When S3 was
treated with 1,8-bis(dimethylamino)naphthalene (PrSp) and
catalyst 2, the diaurated species D2 was generated as the
single organo—gold product. Upon treatment with K,CO;,
Me,S, or picoline, D2 readily gives rise to B2 (Scheme 5). In
addition, diaurated species were found in the aforementioned
reaction of S1 with catalyst 1 (D1, Scheme 2). Even though B1
or B2 cannot be directly observed under normal catalytic
conditions, the formation of the diaurated species confirms
that vinyl-gold indeed has to be an intermediate of the
hydroamination process, because diaurated species are
known to be the product of trapping vinyl-gold intermediates
with an LAu* unit."*! Correspondingly, the auro-iminium
salt is considered to be the product of protonation of the
vinyl-gold species.

After the work of Bertrand and co-workers,”! these
observations further confirm the outer sphere mechanism at
least for intramolecular gold-catalyzed hydroamination reac-
tions since the formation of vinyl-gold complex B as an
essential intermediate is simply not possible by an inner
sphere mechanism. However, there is no reason to assume the
mechanism to be different for the intermolecular version.!!
So far, the stereochemical outcome of the intermolecular
hydroamination reaction as described by Stradiotto and co-
workersP was the only experimental evidence which was
seemingly inconsistent with the outer sphere mechanism.
However, from now on with the knowledge of the nature of
auro-iminium salts, it is possible to correctly explain these
experimental results also with regard to this mechanism. Thus,
even though the anti-addition of an amine onto a gold—alkyne
complex would lead to vinyl-gold in a stereospecific manner,
this stereochemical information is completely lost upon
formation of the conformationally flexible auro-iminium
salt Au-Im, which makes the overall protodeauration process
no longer stereospecific, unlike it is generally considered for
other vinyl-gold species (Scheme 6a). It is clear, that via Au-
Im, gold will also catalyze the isomerization of one geo-
metrical isomer of an enamine into another until the
thermodynamic equilibrium is reached, regardless of the
exact stereochemical outcome of the ligand exchange itself
(Scheme 6b).1! Likewise, the isomerization of enamines will
additionally occur through the classical protonation/deproto-
nation pathway promoted by traces of Brgnsted acid in the
reaction mixture. In literature, the E-enamine is known to be
thermodynamically more stable than the Z-enamine, and this
simple fact explains the selective formation of E-enamine in
the reaction described by Stradiotto and co-workers."" The

NR, "NR,
H* %J\ \Kéu
a) z — NR;
AulL H AuL LA H
Au-lm
+
NR, (LA NR;
b) % _— %J\ —+‘ \%\NRZ
H H A AT

Scheme 6. a) Loss of stereoselectivity due to protodeauration and
b) isomerization of enamines through auro-iminium salt Au-Im.
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overall stereochemical outcome of the reaction is thus
determined solely by the thermodynamics of the final
enamines. With this explanation, the consensus is reached
that gold-catalyzed hydroamination reactions should be
described by the outer sphere mechanism, same as other
hydrofunctionalization reactions of alkynes."”!

To confirm this conclusion experimentally, we generated
auro-iminium salt Aué from the corresponding E-ES. The
"H NMR spectrum of Au6 exhibits a similar temperature
dependence as was described above for Au2, confirming the
rotation around the C1—C2 bond (see the Supporting
Information). Addition of Me,S to a solution of Au6
regenerates E-ES with >95% stereoselectivity, Scheme 7.

O
Ph [L2AUNCMe]* SbFg [ j Ph
. +
Ph%\N o-dichlorobenzene N ‘_,_,H%\N
H K/O over CaH, ph T2 Ph Ph K/O
E-ES Aué AuL2 Z-E5
T Me,S, CDCly |

~[L2AuSMe,]*

Scheme 7. Preparation of an enriched sample of Au6 and its conver-
sion back to E-ES5.

The fast rotation of the C1—C2 bond in Au6 implies that the
formation of this compound is independent of the initial
geometric configuration of the double bond at the enamine.
Therefore, the same compound would be formed from the
corresponding Z-isomer of ES. This argument together with
the stereoselective regeneration of E-ES from Aué confirms
the mechanism of enamine isomerization which is proposed in
Scheme 6 and that our explanation of the stereochemical
outcome of the intermolecular hydroamination reaction is
consistent with the outer sphere mechanism.

To gain a deeper understanding of the course of the
hydroamination process, we determined the binding affinity
of the L2Au" unit to representative neutral compounds using
the ligand exchange with auxiliary nucleophiles with known
binding affinities (Scheme 8)."®! From the ligand strength
series it is clear that simple alkyl amines and alkyl enamines
would be > 10° stronger ligands than the alkyne substrate.
Not surprisingly, [LAu(amine)]" complexes were previously
as well as in our research observed as resting states. It appears
that the ligand exchange equilibrium strongly disfavors the
formation of the activated gold—alkyne complex A. This is the
principal reason why hydroamination reactions often require

R R
L2AuNU'l + Nu" L2AuNu"l + Nu'

hexyne-3 << Pic <Et;NH < E1 <DMAP

P L NN
64240“ﬂ\\\\\\319§ﬂ///}

E4, E5 [b] equilibrium constants:
TosNHMe [ < hexyne-3 < MeCN [a] in CDCl3, Ref. [18]
PhC=CPh [b] in CDCl3, this work

Scheme 8. Binding affinity scale for L2Au* (pic=4-picoline).
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elevated temperature. However, the situation improves sig-
nificantly when amide substrates with a reduced binding
affinity to gold are used. For example, the reaction of S3 takes
only a few minutes (or less), whereas the reaction of S1
requires many hours (Schemes 5 and 2). The same accounts
for the reactivity series established by Tanaka and co-workers
(anilines with electron-deficient substituents react faster)."

In summary, the gold-catalyzed hydroamination reaction
is described by the outer sphere mechanism which is also the
case for other hydrofunctionalization reactions of alkynes.
The process includes the formation of gold—-enamine com-
plexes as intermediates. These complexes exhibit a loss of the
double bond character, which enables an easy rotation around
the C—CAu bond, and therefore they are viewed as auro-
iminium salts. Because of the rotation, the liberation of an
enamine from the auro-iminium salt upon ligand exchange is
not stereospecific. This is responsible for the fact that the
protodeauration of enamine-derived vinyl-gold complexes B
is not stereospecific, thereby constituting the fundamental
difference from other protodeaurations known to occur with
retention of the configuration at the double bond.' Via
intermediate auro-iminium salts, gold will also catalyze the
isomerization of one geometrical isomer of an enamine into
the other until the thermodynamical equilibrium is reached.
Furthermore, the positional rearrangement of the enamine
double bond can occur as a Brgnsted-acid-catalyzed process.
It can be concluded, that the gold-catalyzed hydroamination
reaction yields enamines as a thermodynamically controlled
mixture of isomers and can only be selective if the dominant
isomer is considerably more stable than the other. The overall
mechanism of the gold-catalyzed hydroamination reaction
appears to be similar to hydroamination reactions catalyzed
by other transition metals (e.g. palladium(IT1)? and iridium-
(TIT)2Y),
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ABSTRACT: Using gold(I)-catalyzed hydroalkoxylation of alkynes as a model
reaction with a well-known mechanism, a systematic experimental study was
conducted to disclose the influence of the counterion X~ of a gold catalyst
LAuNCMe" X~ on every step of the catalytic cycle. The overall ion effect is

o OR
— [LAU]" X \H\ [HY] RO OR
—_— a —_—
+ROH ion effect H
X~ =8bFg", NTf,~, ClO,~, OTf~, OTs™, HSO,~, CF3CO,™, CI~

determined as a superposition of several effects, operating on different steps of
the reaction mechanism. All effects were explained from a position of hydrogen bonding, coordination chemistry at gold, and

affinity for a proton.

KEYWORDS: gold catalysis, hydroalkoxylation, counterion effect, kinetics, reaction mechanism

ydroalkoxylation of alkynes catalyzed by cationic gold(I)

complexes was first described 15 years ago at the dawn of
the era of homogeneous gold catalysis."> However, only
recently has the mechanism of this fundamental reaction been
systematically investigated using experimental approaches,
yleldmg a high level of understanding of the process (Scheme
1). Thus, the reaction starts from reversible anti addition of an

Scheme 1. Mechanism of Gold-Catalyzed Hydroalkoxylation

X H,
\
\‘ O-R HIX
LA Keg = 10°-10°
ROH BH reversible H* RO LAu(SoI \)\ X~
transfer to a \ AL (Sol)
reversible C-O  nearby molecule LAG--~AuL
bond formation B 5
irreversible H*
+ HY X~
X H"AuL addition '
A &
AuL*
\\ substr E )_
o (Sol)
LAU(Sol)” X or ~HX"cat RO OR
Start
\)\
b e products

alcohol onto alkyne gold 77-complex A to form a highly unstable
adduct BH that quickly undergoes proton transfer to give vinyl
gold B. Subsequently, B undergoes protonation by the
previously released acid to form enol ether z-complex E that
participates in global ligand exchange equilibrium, releasing
product C. Competitively, B undergoes reversible addition of a
second LAu" unit to form diaurated species D. Depending on
the level of acidity in the system, C may stay as the end product
or further transform into acetal L by means of a classical

-4 ACS Publications  © 2014 American Chemical Society
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Bronsted acid catalysis. All cationic species are accompanied by
a counterion X .

Cationic gold(I) complexes of general composition [LAu-
(Sol)]* X~ are the most frequently used type of catalysts for
gold-mediated transformations of alkynes. They are typically
applied with various anions (most often X~ = SbF,~, NTf,,
and OTf"). The dependence of a reaction from the counterion
(the counterion effect) is well-documented in many papers on
gold catalysis methodology, but the mechanism by which the
anion actually influences the process is still largely unknown.*
An impressive example, highlighting the importance of a
counterion, has been reported by Toste and co-workers. They
showed that high enantioselectivity in gold-catalyzed reactions
can be s1mply achieved using a catalyst with a chiral
counterion. Specific investigations into the counterlon effects
are scarce and mostly based on theoretical methods.’ A nuclear
magnetic resonance (NMR) investigation revealed that the
prevalent position of a counterion within ion pairs is dependent
on the ligands at gold.”® This finding suggests that the strength
of the ion effect may be dependent on the ligand at gold. In
particular, the counterion effect has never been explained
properly for hydroalkoxylation.'"® Herein, using gold(I)-
catalyzed hydroalkoxylation of alkynes as a model reaction
with a well-established mechanism, we provide a systematic
experimental study to disclose the role of counterion X~ on
every step of the reaction mechanism.

To understand the ion effect, we conducted kinetic studies
by NMR. In every such experiment, we monitored the
disappearance of the substrate with time, the presence of
organic intermediates, and the development of final products.
Besides this, particular attention was given to observations of
catalytic organogold intermediates (resting states) in situ during
the whole process. Because of space limitations, complete
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tables, diagrams, explanations at a more narrow level, and
spectra are given in the Supporting Information.

Gold-catalyzed hydroalkoxylation can be performed in a wide
range of solvents: aprotic ones (CH,Cl,, toluene, and dioxane)
or an alcohol (MeOH). The occurrence and strength of the ion
effect will thus depend on the nature of the solvent. We
performed the whole study in CD,Cl, because ion pair effects
are quite pronounced in this solvent because of its weak
solvation ability.” At the same time, ionic components are
sufficiently soluble in this solvent. Thereafter, we performed a
control study in CD;OD to demonstrate that all ion effects
disappear in this highly polar solvent with strong solvation
ability. As starting materials for the preparation of catalytic
systems, we used [Ph;PAuNCMe]* SbF;~ (catalyst 1) and
[L2AuNCMe]" SbF,~ (catalyst 2) [L2 = o-(di-tert-butylphos-
phino)-biphenyl].

Prior to discussion of the ion effects, we studied simple
ligand exchange and proton exchange processes. This was done
as in our previous publication on coordination chemistry."’
Thus, we performed reactions of 2 with various anions as well
as some neutral molecules in CD,Cl,. Upon direct NMR
observation, we have built affinity scales for L2Au* (Scheme 2).

Scheme 2. Ligand Exchange Equilibria and Affinity Scale in
CD,(Cl,

P(t-Bu),
L
L2AuNu* + MeCN O D

ca. 10°

CD,Cly
L2AUNCMe* + Nu ———s
2

affinity to L2Au* in CD,Cl,: g

—
ClO4~ << hexyne ~ TMU ~ NTf,” < MeCN < OTf" << OTs™ < Me,S

MeOH < DMF < hexyne 37 \ 3 ¥
\_ca. 10> 4 ca.2

These experiments are described in the Supporting Informa-
tion. According to this scheme, anions SbF¢~ and ClO,™ can be
regarded as very little-coordinating to LAu®, NTf,~ and OTf"
as weakly nucleophilic, and OTs™ as a rather nucleophilic anion.
Thus, displacement of OTs™ from LAuOTs by an alkyne
substrate is difficult, preventing formation of z-alkyne complex
A, the necessary intermediate of the catalytic cycle. We can
conclude that application of a more nucleophilic anion like
carboxylate will further prevent formation of A (generally in an
aprotic solvent like CD,CL,).

To approximately determine a binding affinity scale to H" for
our study in CD,Cl,, we conducted experiments with TfOH,
the strongest acid available to us in a pure state. As described
for benzene and CDCl, in the literature,"" simple addition of a
small amount TfOH (~1 mg) to CD,Cl, upon making an
NMR sample caused immediate formation of an emulsion,
which is ascribed to protonation of residual water in the
solvent. The 'H and '’F NMR spectra of the emulsion showed
several signals. To prepare a clear anhydrous solution of TfOH,
a larger amount of the acid (~50 mg) was mixed with CD,Cl,
(~0.8 mL) and allowed to settle. The clear CD,Cl, phase was
taken for analysis. An NMR spectrum of this solution showed a
single '°F resonance at —76.41 ppm and a single 'H resonance
at 921 ppm. Addition of a small amount of CF;CH,OH
allowed us to establish the ratio of H" and OTf™ residues
through a combination of 'H and 'F NMR spectra and to
confirm the existence of at least 95% pure, water free TfOH in
the initial binary TfOH/CD,Cl, solution. Presumably, TfOH
exists in such a solution as an undissociated molecule, waiting

2771

to protonate anything that would be added. Thus, addition of
MeOH to the clear extract immediately gives a heavy emulsion,
which is ascribed to the formation of a less soluble ROH,*|
OTf" salt, forming the new polar liquid phase.

On the other hand, addition of MeOH (6.5 equiv) to a slight
emulsion prepared by addition of TfOH (<1 mg) to an undried
CD,Cl, sample (0.5 mL) gives a clear solution. Obviously, the
initial polar phase was dissolved with the help of excess MeOH.
The "F resonance in this solution appears at —79.07 ppm,
which now corresponds to the OTf™ ion (see the Supporting
Information for more details), confirming dissociation of TFOH
by MeOH. Because HSbF,, HNTT,, HCIO,, and TfOH are all
regarded as super acids,'* they all will protonate an alcohol so
the proton will exist in solution as an ROH,IX™ oxonium ion
pair. In contrast, TSOH was shown not to dissociate in CD,Cl,
even in the presence of MeOH. Interestingly, even
[L2AuNCMe]" does not trigger dissociation of TsOH in the
presence of MeOH (neutral [LAuOTs] would be formed), but
partial dissociation occurs in the presence of TMU
(tetramethylurea) as a weak base (eqs 1 and 2). The last fact
points to the higher strength of TMU-H" versus that of TsOH
as an acid in CD,Cl,. The proton affinity scale was built upon
these observations (Scheme 3).

Scheme 3. Proton Exchange Equilibria and Affinity Scale in
CD,Cl,

affinity to H* in CD,Cl,: (SbFg~, NTf,~, CIO,~, OTf") < MeOH < TMU < OTs"
CD2C|2

L2AuUNCMe* + MeOH + TsOH L2AuOTs + MeCN + MeOH,*
(strongly shifted to the left)

(M

CD,Cl,

L2AuNCMe* + nTMU + TsOH L2AuOTs + MeCN + TMU-H* (2)
(shifted to the left)

The aforementioned basic observations should help us to
unambiguously determine the origin of the counterion effect.
Because the counterion effect may apply at every step that
includes ionic species, the overall effect on the entire reaction
may be difficult to understand because of the superposition of
the effects. It is therefore important to study the counterion
effect under properly selected conditions, excluding the
situation with multiple effects. It is convenient first to describe
and explain the effects for a reaction in which the transition
from A to B is rate-limiting, because for such a reaction type
there is no need to consider diaurated species D and
protodeauration. A suitable case is the reaction of hexyne S1
with MeOH catalyzed by 2 ([L2AuNCMe]* SbF,~) in CD,CL,
which was previously shown to fit these requirements.” Now
this reaction was conducted in the presence of various salts and
neutral additives (Scheme 4). In all runs, except entries 8 and 9
(OTs"), gold predominantly existed as [L2Au(S1)]* (A1) (*'P,
5 65.6 ppm) and the reactions exhibited the apparent “half-
order” kinetics in substrate. Obviously, all additives in these
cases, being very weak ligands, did not lead to substantial
changes in the global equilibrium. This circumstance allows us
to assign the observed overall effect to a single effect acting
exclusively at the stage of alcohol addition on complex Al.
However, in the two experiments with OTs™, gold predom-
inantly existed as [L2AuOTs] (*'P, § 56.6 ppm). This is
obviously because of the higher binding affinity of OTs™ for
gold, which now shifts the global equilibrium entirely to
[L2AuOTs], establishing an [L2AuOTs]/OTs™ auro buffer
system. Correspondingly, the kinetics of the reaction entirely

dx.doi.org/10.1021/cs500446d | ACS Catal. 2014, 4, 2770-2775
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Scheme 4. Ion Effects in CD,Cl,

MeOH, 6.2 eq, o
P L2AUNCMe* SbFe™ (2), 3.3% MeQ_OMe iy
~ Pr Et
additive (see table), CD,Cl,, rt N

HE,
MeoN™ "NMe;

changed to pure first-order in substrate. In this case, the overall
effect of OTs™ is not directly comparable to the effects of the
other additives, because it rather consists of two components:
the effect on alcohol addition and the effect on binding of gold.

On the basis of the relative reaction rates shown in Scheme 4,
we can conclude that the reactivity of the A1IX™ ion pair toward
alcohol addition increases in the following order: SbFs~ <
NTf,” < ClO,” < OTf < OTs™ (following the basicity of
anions). This suggests that the origin of this effect is in
activation of the incoming MeOH molecule toward addition to
A within the AIX™ ion pair by means of hydrogen bonding
(Scheme S). Observation of positive effects in the presence of

L2Au(S1)* (=A1)

Sol = other nucleophiles (anions,
neutral molecules, solvent)

PrSpH* =

§1,017 M hydrolysis by moisture
Additive % Viel 1 ! Disappearance of S1
1 no no 1 o8
I entry 1 ("1/2" order,
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6 PrSpH*OTF 35 157 110275¢
7 PrSpH* OTf~ 6.4 1.9 Ei 04 ©
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10 TMU 17 1.02 1 Global ligand exchange equilibrium:
pow e T o
13_TsOH 56 108 i 7/ N
*another kinetics profile, i L2AUNCMe" L2Au(Sol)*
see example on the graph ' \ /

Scheme 5. Explanation of the Counterion Effect for a
Reaction with the Rate-Limiting Step Being That from A to
B

“Xs<

X (‘Hf\' R s
ROH | X707 R PRI sol
AuL* _ _ >—< —> Bsq + HXq
i —== LAu R
sol AuL® |sol BH sol
ion pair interaction with the gni_on release of free vinyl gold
AX- enhances nucleophilicity of and acid in solution

alcohol within ion pair

neutral hydrogen bond acceptors like TMU (entries 10 and 11)
and DMF (our previous study)® in this reaction supports this
hypothesis. Correspondingly, this effect increases with the
ability of the anion to act as a hydrogen bond acceptor. In case
of OTs™, the ion effect should be the strongest, as OTs™ is the
most nucleophilic and basic among the other anions tested, but
here the strong ion pair effect is mostly overridden by the
binding of gold to give the inert neutral species L2AuOTs,
preventing the formation of Al (eq 3). Correspondingly, the
rate of reaction in the presence of OTs™ (entry 8) is
comparable to the rate of the control reaction (entry 1).

K.4~10°-10°

[L2Au(S1)]" + OTs™
Al

S1 + [L2AuOTs]
shifted to the right

©)
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In some cases, a neutral additive may also cause an ion effect
if it is, for example, a strong acid. Thus, use of TfOH caused a
positive effect (entry 12), which is ascribed to the ion effect of
OTf" arising upon complete dissociation of this acid in the
reaction medium (eq 4). Addition of TsOH also caused a

TfOH + MeOH — MeOH," + OTf~
causes positive ion effect

“4)

positive effect (entry 13), but this effect is rather small because
the acid stays predominantly undissociated. These two
examples demonstrate that care should be taken when
considering assignment of an effect. The conclusion is reached
upon consideration of several experimental facts (knowledge of
the rate-limiting step, resting state of the catalyst, reaction
kinetics, and binding affinity of the relevant species for H* and
LAu*).

Our reasoning about the origin of the counterion effect was
further corroborated in the reaction of pentynol S2 catalyzed by
auro buffer [L2AuSMe,]*/Me,S in CD,Cl, in the presence of
MeOH. We previously established this reaction to be first-order
in substrate, first-order in gold, and minus-first-order in MeZS.z’b
Under these conditions, the transition from A to B is rate-
limiting and there is no need to consider diaurated species and
protonolysis.*® Use of the auro buffer system ensures an easy
functional dependence of [A] from the starting inputs, which is
determined from eq 5.

Kg~107"

$2 + [LAuSMe, "X~

Me,S + [LAu(S2)]* X~

CD,Cl, AlX

©)
Because [LAuSMe,"] = ¢,(LAuSMe,") and [Me,S] = c,(Me,S)
during the entire reaction course, the following expression for
[A] is obtained (eq 6).
_ Kcy(LAuSMe, ")[S2]

A= co(Me,S)

(6)

Taking this expression into the rate law defined by eq 7 gives a
simple overall reaction rate expression (eq 8).

AlX™ _*t B — products
rate-limiting (7)
d82] _ _prax)
dt
_ Key(LAuSMe,")[S2]
- co(Me;S)
= —k4[S2] (8)

To study the ion effect, this reaction was conducted in the
presence of various salts but at constant starting concentrations
of all other inputs (Scheme 6). Here again, all the reactions
were pure first-order in substrate; the resting state was solely
[L2AuSMe,]*, and the positive ion effect increased in the same
order: SbFs~ < NTf,” < ClO,” < OTf™ < OTs™. Notably, the
ion effect in this reaction was much more pronounced than the
effect in the reaction of S1 described above. Thus, addition of
2.9% OTs™ led to a 33-fold increase in the reaction rate!
Because this reaction occurs through a ligand exchange
equilibrium (eq 5), we hypothesized that an additional positive
effect was provided by shifting this equilibrium toward A
because of the presence of the OH group already in the
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Scheme 6. Ion Effects in CD,Cl,
MeOH (2.4 eq),

oH cat. 2, 1.9%, Me,S, 3.5%, OCHj;
= TfOH, 0.037% 0o
7 32 acetal
Additives, CD,Cly, r.t.
Co=017M
1 o Disappearance of S2 Additive P% Vil
s —— - P P
& o PrSpH*SbFg |29 110
g —=— Me,N*NTh,” 1 27 1
§ —+— nBuN*CIO,~ ! 33 ! 24
z —e— PrSpH*OTf~ ! 29 ' 438
2 —%— Me4N*OTs™ 129 1 326
€
S
<
0 4 : :
0 1 time/h 2
Explanation of the ion effect:
OH
_ AuL*
X Keq :_ . ool Sol
+ == Me,S + == == |[BH"..X7|— -
+ —
I LAuSMe, strongly shifted O_H"X
sol to the left sol sol
ion pair A|X~

interaction with X~ enhances both K4 and nucleophilicity of
the alcohol in the ion pair A|X".

molecule available for hydrogen bonding within the internal ion
pair.

To confirm this hypothesis, we conducted a model study to
determine if counterions may influence simple ligand exchange
equilibria between various [LAuNu]* cationic species. Thus,
model equilibria (eqs 9 and 10, in which Lut = 2,6-lutidine)
were found to be rather independent, but the equilibrium with
dimethylaminoethanol (eq 11) appeared to be obviously
dependent on the counterion (Scheme 7). This result nicely

Scheme 7. Ion Effects on Ligand Exchange Equilibria in
CD,Cl,

CD,Cly
~——= [L2AuLut]* SbFg + Me,S Keq=78

[L2AuSMe,]* SbFg™ + Lut 9)
no ion effect upon addition of OTf and OTs~
oA SbFg™ K //:\UPPhs—|
AuPPh; + [PhyPAUDMAP]" === 0 5 | SbFs +DMAP
CD,Cly, rt. A
B1 25,1 D1 AuPPhs (10)
Additive Keq
no 59
nBugN* ClO4~ (2.2 equiv) 58.3  (No or weak ion effects)
MeyN* OTs™ (3.3 equiv) 66
SbFg~
L2Au ¢ CD,CI SO g
,'il/\ +Me,S (L2AuSMe,]* SoF5™ + | an
o] eq =
X---H i1 significant ion effect upon addition of OTf~
L2Au. ﬁ /\/(') i and '(')Ts" (Kegq 'reductj:‘s from 5 till 1.6) '
/] 11 stabilization of ion pairs through hydrogen bonding

SbFg™ < OTf" < OTs™

demonstrates that simple equilibria should be generally
unaffected by the counterion unless some specific interaction
becomes possible within the ion pairs. Presumably, the
presence of a hydrogen bond donor (OH group) in
dimethylaminoethanol does indeed provide substantial stabili-
zation of ion pairs increasingly as the basicity of the counterion
increases (eq 11). We can conclude that the equilibrium (eq S)
must also depend on the counterion (although it is always
shifted to the left). It becomes clear that the strong counterion
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effect in the reaction of Scheme 6 consists of two cumulative
effects: enhanced formation of A by stabilization of the AIX™
ion pair through hydrogen bonding and, at the same time,
enhanced reactivity of the alcohol toward the intramolecular
attack (Scheme 6, bottom).

With these explanations in hand, we are ready to explain the
ion effects for a more complicated system, a reaction
accompanied by the complete formation of diaurated species.
A suitable reaction is the cyclization of pentynol S2 catalyzed by
1 ([Ph;PAUNCMe]" SbF;") in CD,Cl, in the presence of
MeOH. As shown in our previous work, this reaction is
characterized by immediate and complete formation of the off-
cycle diaurated species D1, correspondingly releasing an equal
amount of H'.*® The overall reaction is half-order in substrate,
half-order in D1, and half-order in H* (being always dependent
on acidity regardless of whether protodeauration is the rate-
limiting step of the catalytic cycle).® Therefore, not only the
aforementioned ion effects but also the effects associated with
the reactivity of H" are expected here. In the work presented
here, this reaction was repeated in the presence of various salts
and neutral additives (Scheme 8). Rather in contrast with the

Scheme 8. Ion Effects in CD,Cl,

MeOH (2.9 eq),
[PhsPAUNCMe]* SbFg™ (1), 0.47%,
additives, CD,Cl,

\

OCH;
(e}
acetal

- +
=017 M Aupphﬂ
O, \7‘: i +H*
b1 AuPPh;
drsz 11214 71/214+71/2 172
Rate law: TR = —k[S2]"2[D1]"2[H*]"2 = —k{S2] (half order law)

Resting state: only D1 in all, except entries 20, 21, 25, 26, 27
D1 + [Ph;PAUOTFA] in entries 20, 21
D1 + [PhsPAuSMe,]* in entries 25, 26, 27

= (9)172 = .
¥y =(S)"* = -kt + const graphs: Entry colour code:

1 Entry i black - obeys half order law from
_‘g/ o 1 : the beginning (w/o rush period);
3 = 24
.g —— 25 ' blue - obeys the half order law
S06 + 12 ! but after a slight rush period,;

o 14
— 20 ' red - slightly obeys the half order
E law, or disobeys, no rush period.
02 E
0 10 20 30 i
Additive % Vrel Additive % Vrel

1 no no 1 22 ArCO,H? 1 0.93

2 PrSpH* SbFg~ 0.53 0.95 23 Me,S 0.08 1.02

3 Mes,N*NTf,~ 055 0.9 24 " 0.11  0.90

4 nBuN*ClO,~ 090 078 25 " 0.34 0.82

5 " 1.16 0.84 26 " 0.57 0.58

6 " 2 0.98 27 " 08 055

7 " 217 0.86 28 MeOH (3P 1

8 PrSpH*OTf 0.35 067 29 " 3.1 1

9 " 04 081 30 " (4.1)° 1.03

10 " 042 0.77 31 " (7.1)° 0.93
11 " 242 087 32 " 86)° 09
12 PrSpH*OTs™ 024 043 33 " (12)> 0.9
13 " 0.54 0.99 34 TMU 2 0.43
14 " 1.1 148 35 " 79 032
15 " 2.07 1.58 36 DMF 28 077
16 PrSpH*OMs~ 02 0.37 37 " 41 068
17 " 0.8 1.00 38 PhOH (7.4)° 0.63
18 " 16 121 . . .

19 nBu,N" HSO, 08 097 @4-nitrobenzoic acid,

20 PrSpH* OTFA- 033 020 b total amount of MeOH, equiv
21 " 067 024 ¢amount of PhOH, equiv
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previous reactions, weak negative effects were noted here,
increasing in the following order: SbFs~ < NTf,~ < ClO,” <
OTf™ (Scheme 8, entries 1—11). This indicates that the positive
ion effect operating at the alcohol addition stage was overridden
by some negative effect. The origin of the negative part is
definitely not associated with a change in the equilibrium
toward A [see the global ligand exchange equilibrium in Figure
1 (because, as we know from the previous paragraph, this effect

: B

! Substrate S
| x

; + AuL*
¥e) Aulj X S =
R B+
| ‘AuL

X H
O-H !
Sol s ion pair A|X : BH*..X
Sol :
B + LAu(Sol)*|X~

Sol = everythingi
else in solution |

0
Products ~=— <J(AuL*
H

E|X

’H*|x
N

0 sol O

< |=-d

AuL
sol B

Global ligand exchange equilibrium
General ion effects:
1) hydrogen bonding of ROH to X~ will enhance every equilibrium with
alkynol S to the side of A. Besides that, there is no ion effect on any
simple ligand exchange equilibriums (not to confuse with binding of LAu*
by X to form LAuX);

2) nucleophilicity of X~ enhances formation of LAuX (which should be
avoided)

3) hydrogen bonding of ROH to X~ will enhance reactivity of A towards
alcohol addition (valid for intra- and intermolecular alcohol addition);

4) solvation of H* with X~ will decrease reactivity of acid for
protodeauration of B. Also any other parallel Brénsted acid catalyzed
processes will be affected.

Figure 1. General ion effects.

should also be positive)]. Because the overall process was
demonstrated to be always dependent on acidity (the
aforementioned half-order in H*), it is now the only possibility
to associate the negative effect with the reduced reactivity of the
acid. The predominant acid under these conditions will be an
ROH, "X~ oxonium ion pair (for X~ = SbF,~, NTf,~, ClO,~, or
OTf"), or neutral acid in the case of TsOH. In the case of the
oxonium ion pair, we suggest that the reactivity of this ion pair
should decrease as the affinity of the anion for a proton
increases (to form a hydrogen bond). In other words, H" is
better solvated and less reactive in the presence of a more basic
anion. This provides a logical explanation for why the more
nucleophilic anions led to retardation of the reaction.

The behavior of OTs™ deserves special consideration (entries
12—1S5). Thus, if OTs™ is present in a small amount [~0.5
equiv to gold (entry 12)], it causes a negative effect. This is
associated with quantitative quenching of MeOH,*IX™ pairs to
form a neutral molecule of TsOH, which is a weak acid in
comparison to MeOH,'IX™ ion pairs (eq 12).

MeOH," + OTs™ — TsOH + MeOH (12)

Therefore, as all MeOH," is titrated, there is no more OTs~
left in solution, and the catalytic system is equivalent to D1l
SbF¢™ + TsOH in a 1:1 ratio. Next, if more OTs™ is added, the
overall effect becomes positive (entries 13—15). Now an excess
of OTs™ is present in solution (together with neutral TsOH).
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As we already know, OTs™ possesses a huge positive effect,
which now overrides the negative effect of the reduced acidity.
The same explanations apply for OMs™~ and HSO,~ (entries
16—18 and 19, respectively).

Application of a more basic OTFA™ anion causes a
substantial negative effect (entries 20 and 21), which is
associated with its higher affinity for both gold and a proton. It
binds a proton to form a weak acid TFA, and its high binding
affinity for gold inhibits the reaction so that even D1 is not
completely formed, leaving the rest of gold to stay as
Ph;PAuOTFA (eq 13). A similar equilibrium accounts for the

N
,AuPPh;l o
O =< | +OTFA- =— <I +PhsPAUOTFA  (13)

D1 AuPPhy AuPPh,

decrease in rate upon addition of neutral nucleophile Me,S [to
increasingly form [Ph;PAuSMe,]* as the amount of Me,S
increases (entries 23—27)]. We can conclude that highly
nucleophilic anions are not beneficial for gold catalysis even
though they would exhibit a high level of activation of the
alcohol toward addition into the AIX™ ion pair simply because
the ligand exchange equilibrium for forming this pair is too
small.

Like anions, neutral weak bases TMU and DMF also
exhibited a substantial negative effect (entries 34—37). Because
they are known to exhibit a positive effect on the alcohol
addition step,” the negative effect associated with their basicity
obviously overrides the positive effect. MeOH exhibited no
notable effect, which suggests that positive and negative effects
were equal (entries 28—33). Addition of a hydrogen bond
donor PhOH (entry 38) caused a negative effect, which is
associated with alcohol deactivation (eq 14), as demonstrated
in our previous study.*®

H
|

O~_,,.O.
/\/ H™Ph (14)

associate with lower reactivity

OH
/\/ + PhOH

In summary, the overall effect of an inert additive (be it an
ionic salt or a neutral compound) is determined as a
superposition of effects, which are different on different steps
of the reaction mechanism (Figure 1).

To demonstrate that the aforementioned effects indeed are
present within contact ion pairs, we conducted a small study in
methanol. In this highly polar solvent, the salts would exist as
freely solvated separate ions; therefore, most of the effects must
disappear. Indeed, we found that catalytic hydroalkoxylation of
$2 in CD;0D in the presence of catalyst 1 is not influenced by
the presence of any weakly coordinating anions [SbF¢~, NTf,,
ClO,~, OTf", or OTs~ (Supporting Information)]. However,
strong inhibition is observed if the anion possesses a higher
affinity for LAu* (Cl7) or H* (CF;CO,"). In the case of Cl,
the catalyst is stoichiometrically transformed into LAuCl and
the catalytic reaction becomes strongly inhibited. In the case of
CF;CO,7, the catalyst is not inhibited, the diaurated species is
still formed, but the whole reaction is inhibited because the
active H" is bound to form weak acid CF;CO,H. This result
can be easily generalized: weakly coordinating anions of strong
acids (at least TsOH and stronger) will have no influence on
gold catalysis in methanol, regardless of whether diaurated
species are formed. These anions are weakly aurophilic, and
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their conjugated acids are equally strong in methanol because of
complete dissociation, providing equally efficient protodeaura-
tion.

In summary, various counterion effects were established in
gold(I)-catalyzed hydroalkoxylation of alkynes. By hydrogen
bonding with ROH, the counterion X" facilitates the transition
from A to B within AIX™ ion pairs in the following order: SbF,~
< NTf,” < ClIO,” < OTf" < OTs™. However, the use of anions
with a higher affinity for gold should be avoided because they
disfavor formation of AlX™ simply by binding gold into LAuX
(provided there are no stronger nucleophiles in the system and
no diaurated species formed). We suggest OTf™ to be a good
compromise for the majority of cases. Counterions X~ reduce
the reactivity of H in the following order: SbF,~ < NTf,” <
ClO,” < OTf < OTs™ (reducing the rate of protodeauration).
Counterions X~ negligibly influence (if at all) simple ligand
exchange equilibria at cationic gold species, unless there is
specific interaction arising within the ion pairs or unless the
counterion itself binds the metal to form neutral LAuX species.
In summary, the overall ion effect is generally determined as a
superposition of (at least) the aforementioned elementary
effects.
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ABSTRACT: An extensive experimental NMR study of gold catalyzed hydroalkoxylation was conducted to explain the influence of a silver
salt additive on the gold catalyzed process (silver effect). Addition of silver salt may have no, a negative or positive effect on gold catalyzed
hydroalkoxylation. However, the silver was shown to be essentially innocent (plays no role) with regard to the mechanism of the catalytic pro-
cess itself. The effect occurs only if silver induces variations of fraction of in-cycle organogold intermediates and H*. This is associated with
formation of argento vinyl gold species G that was proved to be an off-cycle intermediate. This species is formed by trapping vinyl gold B with
Ag’, the same way as diaurated species D (another possible off-cycle intermediate) is formed by trapping B with LAu". If no G is formed, no
variations of concentrations of in-cycle participants occur, and, as a consequence, no silver effect takes place. Furthermore, bringing together
our results and the topical research of others, we introduced classification of silver effects, to put in order the confusion around interpretation
of various erratic effects. The chemical sense of all these silver effects is single: a change (decrease or increase) of the fraction of the non-silver
catalytic cycle participants. Ironically, in certain cases a silver effect is not at all "silver” in nature. It can be caused by the absence of MeCN that
is secured by the use of LAuCl/AgX system instead of a commercial LAUNCMe* X catalyst. Pertinent examples were discussed in detail. Cor-
rect interpretation of silver effects allows conclusion that silver should not be considered as a partner to cooperate with gold. Reactions that are
separately catalyzed either by silver or by gold were beyond the scope of this study (for those reactions a "true” silver effect would indeed take
place).

1. Introduction will apply the term "argento vinyl gold” to emphasize the predomi-
nant vinyl gold vs. vinyl silver character of these species. Further-
more, Gagné and Weber observed GO as a resting state of the cata-
Iytic reaction, and this remains the only direct evidence of involve-
ment of Au/Ag bimetallic intermediates in gold catalysis. In their
case, the reaction was retarded by additions of AgNTf, (that would
be called a "negative silver effect”). Also, no investigation into the
role of G in reaction mechanism was provided.

For a long time silver salts AgX have been routinely used to acti-
vate gold chloride complexes by halogen abstraction for use in gold
catalysis or synthesis of various gold complexes (Eq. 1).' Precipita-
tion of AgCl is normally considered stoichiometric and complete.
Therefore, for a long time the role of silver in gold catalysis has not
been discussed beyond this simple ligand exchange process.

+y— _, [LAuNUTX .. . . .
LAUCI + Ag™X" (+ Nu) orLAuX HAgCH (1) Scheme 1. Reactivity of Vinyl Gold and Diaurated Species To-
Nu = any molecule or anion with coordination ability to gold, ward Ag'" Observed by Gagne.

X~ = SbFg", NTf,~, OTf", etc.
. . Catalytic reaction:
However, since recently there has been increased amount of ex-

perimental observations suggesting that silver is not totally innocent MeO.C,_COMe PhsPAUNTY, cat. MeO,C_ COMe
in gold catalysis. The first mechanistic evidence is observation of with and without AgNT,
mixed Au-Ag intermediates in reaction mixtures, briefly reported by 7
Gagné and Weber in 2009.> They showed that silver is able to react Resting state: DO or GO

. . . . . MeO OMe MeO’ OMe
with the key organogold intermediates to generate new bimetallic
intermediates (Scheme 1). Diaurated species D0 and vinyl gold BO Stoichiometric studies:

react with AgNTf, to give argento vinyl gold GO, which was even
. : R._AuPPhg

isolated and characterized by NMR and MS. Unfortunately, no X- T AGNTS

ray analysis could be performed and the exact structure remains to BO \
be speculative, based on inspection of previously known examples ij\ﬁuppm HNTf RT
of various Au/Ag bimetallic species.3 This suggests the structure of AgNTf,

GO must pertain much of the planar vinyl gold character with only y/ GO MeO,C CO,Me
AuPPh;

H

side-on coordination of silver, with maintenance of Au-Ag metallo-

philic interaction. In other words, the 3-center-2-electron interac- R N " - R
tion which was equal in DO now is not equal in GO with the C-Au ~~AuPPhy N

bond dominating the structure.” In accordance with this notion we DO MeO OMe



An extended work reported in 2012 by Shi et al. demonstrated
that the rate (and yield) of many gold catalyzed reactions can be
largely influenced by the presence of Ag" (in addition to already
present gold catalyst).* These observations not only questioned the
innocence of silver in gold catalysis, but they even questioned fun-
damental mechanistic principals of gold catalysis at that time.
Therefore, an in depth study is required to clarify the situation. In
the following years there have been increased efforts to investigate
and explain this "silver effect" in more detail. Notable examples
include recent works from the groups of Echavarren,” Hammond
and Hu (to be discussed below).® Due to the ambiguous role of
silver, several methods for activation of a gold catalyst have been
developed that avoid use of silver salts. ”®

In our laboratory we have been involved in mechanistic investiga-
tions of gold catalysis. Recently we have reported extensive experi-
mental studies on gold(I)-catalyzed hydroalkoxylation of alkynes
(the mechanism and definitions of species are shown on Scheme
21).” Herein, using this model reaction with a well-established
mechanism, we provide a systematic mechanistic experimental
study to disclose the origins of the silver effect. Based on our obser-
vations and works of others we propose a generalized classification
of multiple origins of the silver effect. This would put in order the
understanding of erratic results associated with this effect.

2. Results and discussion

In our practice we used silver free gold catalysts PhsPAuNCMe*
SbFs (1) and L2AuNCMe* SbFs (2, L2 = 2-(di-tert-
butylphosphino)biphenyl). For observation of silver effects the
reactions were performed in the presence of silver salt AgOTL.
MeOD was used as a solvent to ensure complete solubility of the
catalytic system and also to eliminate any counterion effect. We
found that argento vinyl gold species were involved every time
when we observed a silver effect. Therefore, it is necessary to de-
scribe properties and reactive pathways of this species prior to dis-
cussion and explanation of the effects (Sections 2.1.-2.3.). The sil-
ver effect is then explained for a number of catalytic hydroalkoxyla-
tion reactions (Sections 2.4.-2.5.). In Section 2.6. we propose a
generalized picture of silver effects using the knowledge obtained in
our research and that of others.

2.1. Synthesis of Argento Vinyl Gold in Situ and Reac-
tions with Nucleophiles. In 2013 we reported formation of di-
aurated species D using an alkynol, a gold catalyst and a non-
nucleophilic base PrSp (1 ,8-bis(dimethylamino)-naphthalene).10
Using AgOTf as additional reactant, the same method was initially
attempted for the synthesis of the corresponding argento vinyl gold
species. However, AgOTf was found to be incompatible with PrSp,
causing immediate formation of a black precipitate (reduction of
silver). Therefore, tBu.Py was used as a redox stable base.

Scheme 2. Formation of Diaurated Species D and Argento Vi-
nyl Gold G from Alkynol.
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Thus, simple treatment of a concentrated THF-d8 solution con-
taining a gold catalyst (1 or 2) and AgOTf with a CDCl; solution
containing tBu,Py and alkynol (S1 or $2) led to immediate quanti-

o Ag*
%
AuL

argento vinyl gold G

tative formation of the corresponding organometallic species, ac-
companied by minor competitive enol ether formation. Argento
vinyl gold species G1 and G4 were formed exclusively (Table 1,
entries 1, 4), while G2 and G3 were accompanied yet with a minor
formation of the corresponding diaurated species (entries 2, 3).
Important requirement for successful formation of argento vinyl
gold is that the silver salt should be dissolved prior to the reaction,
otherwise formation of D and/or gold catalyzed hydroalkoxylation
will predominantly occur. But AgOTf is negligibly soluble in
CDClL. That is why it was dissolved in a minimum of THF-d8. Syn-
thesis of G2-G4 in CDCIl; occurs under kinetic control, because
D2-D4 are thermodynamically favored (to be discussed below).

We attempted isolation of argento vinyl gold in individual state.
But G4 decomposed upon crystallization attempts. G1 was stable,
albeit it did not provide any crystalline material, at least after brief
attempts. Therefore, all characterizations and reactions were per-
formed in solution, using enriched samples prepared in situ.

Table 1. Stoichiometric Formation of Argento Vinyl Gold in
Situ.

OH LAUNCMe" SbFg™ (1 or 2),
= tBuyPy,
S1 AgOTf

— > G1-G4 + D1-D4
P OH  CDClj, r.t., <56 min
Z s2 (THF-d8 minor amount)

Amounts of reactants (equiv.) and molar ratio of G:D

Alkynol Gold® tBu,Py AgOTf G:D

1 81(11) 2(1.0) 15 1.1 1:0
2 S2(20) 1(1.0) 13 11 1:0.1
3 S1(11) 1(1.0) 16 11 1:0.03

4 S2(15) 2(1.0) 2 14 1:0

a1 (L = PPhy), 2 (L = L2 = 2-(di-tert-butylphosphino)biphenyl)

Y AgOTf AuL2 gOTf AuPPh
AuL2 AuPPh,
“AuL2 “AuPPhy

Tf
AgOTf d AuPPh | dgo d _AuL2
AUPPh; AuL2

uPPh3 1 ‘AuL2

"H NMR spectra of each of G1-G4 exhibit simple patterns, de-
spite the molecules being unsymmetrical. A possible reason of the
degeneracy of the CH, and C(CHs). protons is a fast silver ex-
change, occurring in the presence of a slight excess of AgOT{. This
process might occur by a nucleophile assisted dissociative pathway
or through a doubly argented intermediate. The last scenario was
proposed by Gagné to explain the spectrum of GO.> Treatment of
G1 in CDCl; with CaH,, a routine procedure to dehydrate a solu-
tion, led to slight darkening of the suspension. This might be caused
by slow reduction of the residual AgOTf by CaH.. Surprisingly,
under this condition the spectrum of G1 revealed the unsymmet-
rical structure. Upon addition of extra AgOTH, the spectrum simpli-
fied again (Figure 1). This strongly supports the occurrence of fast
silver exchange in the presence of additional Ag*.

Complex G1 was characterized in CDCls solution using 'H, *'P,
F, “C and various two dimensional NMR techniques. With the
help of CF;:CO:Me as an internal standard, the overall 1:1:1 ratio of



organic core:Au:Ag could be confirmed by 'H and F NMR spec-
tra.

Observation of the CAu carbon signal in “C is very intriguing
since this signal is often not found. In our case, it could be observed
as a doublet at 125.1 ppm, *Je = 93.7 Hz. The ] phosphorus cou-
pling through the two bonds of the C-Au-P link appears to be big-
ger than the 'J coupling through the single C-P bond (36.5 Hz).
Also it appears to be comparable to the value typical for vinyl gold
(ca. 105 Hz) and more distant from the value typical for diaurated
species (ca. 60 Hz)."! This is in accordance to the planar vinyl gold
character being only slightly disturbed by the side-on coordination
of silver. The enol ether a-carbon atom appeared at 173.3 ppm as a
doublet, ’Jp = 9.1 Hz. The coupling to the magnetically active Ag
was not observed, presumably because of the fast silver exchange in
solution.

Figure 1. Dynamic Behavior of Argento Vinyl Gold in the Pres-
ence of AgOTH.
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Very intriguing is the binding situation and coordination chemis-
try at silver. Besides vinyl gold moiety on one side it must have at
least one ligand from the other side (at least OTf"). To get some
insight we conducted NMR titrations of G1 with various nucleo-
philes in CDCls (Me,S, Lut, TMTU, PPh;, OAc”, CI"), monitoring
'H, *'P, F NMR spectra after each addition of the nucleophile. No
clear picture about the coordination mode of silver could be ob-
tained in most cases. The difficulty was associated with ambiguous
interpretation. All reaction mixtures exhibited fast ligand exchange
at silver in the NMR time scale, as evidenced by a single set of sig-
nals of enol ether core and the ligands. Stoichiometric substitution
of the OTf by 1 equiv of OAc™ at G1 could most convincingly be
confirmed by observation of no changes in the 'H, *'P, “F NMR
spectra of G1 at >1 equiv of OAc™ (Scheme 3). G1 was resistant
towards detachment of vinyl gold in the presence of excess Me:S,
Lut, or OAc". Partial detachment was observed in the presence of 4
equiv TMTU. Stronger nucleophiles PPhs and CI” caused stoichi-
ometric cleavage of G1 to form vinyl gold B1 and Ag(PPhs).* (n =
2-4) or AgCl precipitate. No evidence for the alternative cleavage
to vinyl silver RAgL and LAuL" was obtained, so this pathway ap-
pears improbable. Whereas the reaction with Cl™ required 1 equiv
of the nucleophile for complete cleavage, the reaction with PPh;
required 2 equiv PPhs. The last fact suggests that G1 can accept no
more than 1 equiv PPhs at silver without detachment of the vinyl
gold moiety, whereas the second equivalent of PPh; causes the
cleavage. This finding suggests that the silver in G1 has a coordina-
tion number of two. However, a related gold acetylide derivative
[PhC=C(AuPPh;)(Ag(PPh;),)]* was reported to have a coordina-

tion number of three (in solid state).'? In cases where incomplete

cleavage of G1 takes place either due to reversible reaction
(TMTU) or before the equivalence point (PPhs and CI°) the enol
ether core exhibits a single set of pretty sharp or severely broadened
signals, evidencing for fast equilibrium between G1 and B1. This is
interpreted as fast vinyl gold exchange at silver.

Based on this NMR data, in the absence of sufficiently strong nu-
cleophiles, OTf is suggested to be covalently bound to silver in
CDCl; solution of G1. Rather, in CD3OD solution G1 appears to
be a cationic complex. This follows from observation of a ’F reso-
nance at the constant —-80.1 ppm, the same as AgOTf, PrSpH* OTf
, TfOH, unambiguously indicating complete dissociation of OTf
from silver in CD;OD.

Scheme 3. Stoichiometric Reactions of G1 with Various Nucle-
ophiles (OAc’, CI" and PPhs).

Ph

gOTf nBu4N OAc™ (0] \/AgOAc
AuL2 cocl, AulL2

\ G1'
B1

CDCly
Ph
o)
G1+2PPh; ———————> AuL2 +AI(PPhs) 0T
CDCly u L oph
3
B1 Ag(PPh,),OTf

This all characterizes argento vinyl gold as flexibly reactive spe-
cies, that would undergo fast silver exchange (in the presence of
extra Ag"), fast ligand exchange at silver (in the presence of extra
Nu) and fast vinyl gold exchange at silver (in the presence of extra
vinyl gold).

2.2. Mechanism of Protodeauration of Argento Vinyl
Gold. In order to understand the role of argento vinyl gold in the
catalytic cycle it is necessary to ascertain the mechanism by which it
can be protodemetallated, releasing gold and silver back in solution.
Similarly as was previously described for diaurated species, also
here there is a choice between the nucleophile assisted dissociative
mechanism and bimolecular Sg2 mechanism (Scheme 4).

Scheme 4. Possible Mechanisms of Protodemetallation of Ar-
gento Vinyl Gold

Nucleophile assisted dissociative mechanism:
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G
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.
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Preliminary experiments were conducted with argento vinyl gold
G1 generated in situ. Thus, TfOH, CF;CO:H and tBu,PyH* OTf
all caused instant (<S min) protodemetallation of this compound in
MeOD at room temperature (G1 was stable towards tBu.PyH*
OTf in CDCl though). Reaction with AcOH occurred slower and
was found to be inhibited in the presence of additional AgOTf but
accelerated in the presence of Me:S. These results already suggest
the nucleophile assisted dissociative mechanism. However, it was
difficult to find suitable conditions to allow accurate determination
of chemical kinetics that would prove this mechanism more rigor-

ously. Therefore, we turned to a catalytic study instead.




Theoretical analysis of a gold catalyzed hydroalkoxylation in case
of complete and immediate formation of argento vinyl gold as a
single resting state comes to different results depending on whether
it undergoes protodemetallation by nucleophile assisted dissocia-
tive mechanism or Sg2. Analysis of the kinetics with the anticipated
nucleophile assisted mechanism is shown in Scheme 5. Using steady
state approximation for B (always present in undetectable amounts,
eq S) and steady state approximation for G (always present in full
amount, keeping all the gold of the system, eq 6) one easily comes
to the following expression for B (eq 7). Putting this into the reac-
tion rate (eq 8) gives the following final expression for the rate law
(eq 9). According to this analysis, the reaction should have zero
order in substrate, first order in gold, first order in acid and minus
first order in silver. Analysis of kinetics in case of Sg2 mechanism is
given in the Supporting Information. It leads to zero order in sub-
strate, first order in gold, first order in acid and zero order in silver.
Therefore, the order in silver in a catalytic process would be indica-
tive of the actual mechanism of protodemetallation of argento vinyl
gold.

Scheme S. Derivation of the Rate Law for a Catalytic Reaction
Having G as a Single Resting State.
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We determined kinetics of cyclization of S1 in the presence of
various amounts of catalyst 2, AgOTf and TsOH in CD;OD
(Scheme 6). In each run gold rested as single species G1, directly
observable by '"H NMR. Protodemetallation of G1 becomes visible
only upon complete consumption of S1 (the signal of L2Au(Sol)*
appears). [S1] decreased almost linearly with time, therefore zero
order in substrate was accepted for further analysis (Supporting
Information). The analysis indicated first order in gold, first order
in acid and, importantly, minus first order in silver. This finding
proves protodemetallation of argento vinyl gold to occur by the
nucleophile assisted dissociative mechanism. Therefore, argento
vinyl gold is considered as an essentially off-cycle intermediate.

Scheme 6. Kinetics of a Gold Catalyzed Reaction in the Pres-
ence of Ag" and H'.
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2.3. Reactivity of Silver Salt toward Diaurated Species.
Following the work of Gagné,”> we studied transmetallation of di-
aurated species by silver salts. To our surprise, diaurated species D2
did not exhibit any appreciable reactivity, giving no argento vinyl
gold species (eq 10). Rather, the opposite reaction was found to
occur immediately (eq 11). However, the less stable diaurated spe-
cies D4 slowly reacted with Ag" in methanol affording G4. This
transformation can be described by two mechanisms: nucleophile
assisted dissociative mechanism and bimolecular Sg2 mechanism
(Scheme 7). In contrast to protodeauration of diaurated species
that occurs only by the nucleophile assisted mechanism, here also
Sk2 appear likely (the transition state would be stabilized by multi-
ple metallophilic interactions). It is easy to see that the transmetal-
lation must be considered as a reversible process (if the strong pref-
erence of one of the sides is not known beforehand).

AgOTf excess,

+
o] ;
\ _—AuPPh;‘ no reaction (10)

N CDCl3 or MeOD
AuPPh;
D2
o) Ag(Sol)* PhsPAUNCMe* (1 equiv)
&\g( ’ b2eag (1)
AuPPhg immediately
G2

Scheme 7. Possible Mechanisms of Transmetallation of Di-
aurated Species
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We hoped that the slow reaction of D4 with Ag* would give us

insight into the actual reaction mechanism. This reaction was per-

formed at a constant initial concentration of D4 using various

amounts of Ag* (10 - 80 eq) and catalyst 2 (0 - 2 eq) in MeOD
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(Scheme 8). Unfortunately, kinetics of this reaction could not be
analyzed to differentiate between the two possible mechanisms,
because the reaction appeared to be reversible and did not reach
100% conversion even in the presence of 80 eq Ag”. But, as a small
reward, we were able to determine the equilibrium constant (Keq =
0.025+0.005). Since D2 is >1000 more stable than D4 it is not
surprising that D2 does not show any signs of transmetallation even
in the presence of a large excess of a silver salt."”

Scheme 8. Slow and Reversible Transmetallation of D4.
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We found that the equilibrium between D and G can be strongly
influenced by addition of a nucleophile (Scheme 9). Thus, using
MesS, Lut, TMTU, PPhs it is possible to entirely shift the equilibri-
um towards G even if it was completely on the side of D before the
addition of a nucleophile. The main driving force is provided by
binding gold to form LAuNu". Clearly, there is the opposite driving
force provided by binding silver to form Ag(Nu)." (n =2 - 4), but
it does not play a role, being dominated by gold as indicated by a
model study of the binding preferences.14 The stability of LAuNu*
increases in the order Nu = Me;S < Lut < TMTU < PPhs,' there-
fore the ability of a nucleophile to shift the equilibrium between D
and G increases in the same order.

Scheme 9. Influence of a Nucleophile on Transmetallation of
Diaurated Species.

o —‘ * MeOD, r.t. o—( Ag(sol)*
\\--AuPPh; | +Ag*+ Nu s=——= W + PhsPAUNU*
: fast (<5 min) AuPPhy

‘AuPPh;
D2 G2
+ -
Ag*,eq Nu,equiv D2/G2 (Sol = MeOD, Nu)
1 122 none 1:0
2 122 Lut, 15.5 0.47:0.53
3 108 TMTU, 3.6 0.46:0.54
4 102 TMTU, 13 0:1
5 1.12  PPhs, 2.0 0:1
—‘ + MeQOD, r.t. 0 Ag(so|)+
W--AuL2 | +AgtENU —————— W + L2AuNU*
N AuL2
AuL2
D4 G4
Ag*, eq Nu, equiv conversion
1 1762 MeS, 118 92% in 2h

TMTU, 2.7 ca 40% in 15 min
TMTU, 3.6 100% <5 min

2 13
3 13

3Ag* exists as an undetermined Ag(Nu),* (n = 2 - 4) or their mixture
Background equilibriums:

Ag(Nu)n_¢" + Nu
D + Nu

Ag(Nu),*
B + LAuNu*

These findings allow the conclusion that not every diaurated spe-
cies D can be transmetallated by silver salts. This appears to be a
reversible reaction that obviously depends on thermodynamic sta-
bility of D and G. In most cases D would be reluctant to undergo
transmetallation, rather the opposite reaction would be favored. In
case if D is highly destabilized by steric bulk of the LAu, would for-
mation of G be more favored (stability of G is obviously less sensi-
tive to steric bulk of LAu moiety and enol ether core than that of
D). Also binding of LAu* by additional nucleophile provides a driv-
ing force that may shift this equilibrium toward G (this may take
place under catalytic conditions, see below).

2.4. Influence of Silver and Acid Additives on Catalysis
by Diaurated Species. Having briefly investigated the properties
of argento vinyl gold we performed a series of catalytic runs to un-
derstand the silver effect in gold catalysis. Particular attention was
given to observation of catalytic intermediates in situ during the
whole process. Then, we will straight away explain all the effects
using the knowledge of properties of argento vinyl gold and mecha-
nism of gold catalyzed hydroalkoxylation.

First of all we verified catalytic cyclization of 3-pentyn-1-ol using
individual diaurated species D4 as a catalyst (Scheme 10). Without
any additives this reaction is known to occur very sluggishly, taking
several hours.” However, the reaction gets drastically accelerated in
the presence of an acid promoter. NMR examination indicated that
diaurated species fully survived during the whole reaction course,
being not transformed into L2Au(Sol)* to any appreciable
amounts. The huge acid effect is clear to understand if one consid-
ers material balance of the catalytic system. With catalysis by D4 the
reaction sluggishly proceeds because of the negligible dissociation
of D4 (eq 12, Kp is very small). Under these conditions the
amounts of all in-cycle intermediates are negligible (including the
necessary H*). Addition of acid as a promoter obviously benefits
the catalytic system by increasing active H". In consequence, also
the amount of in-cycle intermediates is slightly altered. The overall
effect is strongly positive.

Kb
D4 ——nn

B4 + L2Au(sol)* (12)



In the presence of AgOTf the reaction is initially retarded but
then occurs with acceleration and the overall silver effect is positive
(Scheme 10, a). Importantly, NMR examination indicated that D4
partially transformed into argento vinyl gold G4, in accordance with
our expectations. Since interaction of silver with D4 is slow, the
strength of the positive effect increases with time, accounting for
the rate acceleration. If silver and acid additives are applied together
the overall reaction rate is much slower than in the presence of an
acid additive alone (Scheme 10, b).

Scheme 10. Silver Effect on a Reaction Catalyzed by Diaurated
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In order to understand this silver effect it is also useful to consid-
er the material balance of the catalytic system. As seen from eqs 13,
14, 15, every equivalent of D4 that gets transmetallated by silver
would give rise to 2 equiv. of G4 and 1 equiv. of H*. Both D4 and
G4 are off-cycle intermediates, but replacement of D4 by G4 is
accompanied with liberation of H*. Moreover, the dissociation
constant of G4 (eq 16, Kc) is bigger than that for D4. This makes
the overall effect positive.

G4 + L2Au(Sol)*  (13)

D4 + Ag*

$2 + L2Au(Sol)* + Agt —— G4 +H*  (14)

balance:
S2 +D4 +2Ag" —> 2G4+ H* (15)

dissociation of G4:

Ks
G4 === B4+ Ag" (16)
In its turn, the negative silver effect on the acid promoted reac-
tion is explained by shifting the equilibrium (eq 16), decreasing the
amount of all in-cycle organogold intermediates.

2.5. Influence of Silver and Acid Additives on Catalysis
by Conventional Gold Catalysts. As a next step we investigated
the influence of silver on catalysis by conventional gold catalysts.
We started from the cyclization of 3-pentyn-1-o0l (§2) in CD;OD in
the presence of catalyst 1 (Scheme 11). No acid and silver effects
were observed since all experiments delivered identical kinetic
curves. In the absence of any additives this reaction is characterized
by complete formation of D2 (leaving only undetectable steady
state concentrations of other gold species). NMR examination con-
firmed that the same situation is observed in both experiments with
the additives. The absence of an acid effect is explained by the low
strength of this acid in comparison to MeOH," that has been
evolved. Indeed, application of 1.5% catalyst 1 results in liberation
of 0.75% of a super acid in solution. The presence of additional
1.8% of a weaker acid does not influence the situation in any appre-
ciable way.

Absence of a silver effect is fully consistent with the inability of
Ag" to influence the distribution of organogold species by changing
the resting state from D2 to G2 in any appreciable way. In other
words, if diaurated species is too stable, the silver effect does not
take place.

Scheme 11. Absence of Acid and Silver Effects on Cyclization
of S2 in Presence of Catalyst 1.
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Next we performed a similar study of the cyclization of 3-pentyn-
1-ol (S$2) in CDsOD in the presence of catalyst 2 (Scheme 12).
This reaction is also accompanied by formation of diaurated species
D4 (at low catalyst loading). The reaction exhibited a strong posi-
tive silver and acid effect. The acid effect is now explained by the
ability of acid to prevent formation of diaurated species, which is ok
because D4 is >1000 less stable than D2. This is secured by acceler-
ating the protodeauration step. As a consequence, the amount of in-
cycle organogold intermediates is drastically increased, as well as
H*.

In the presence of Ag" the corresponding argento vinyl gold G4
becomes directly observable by NMR as a single resting state, total-
ly replacing D4. Considering the material balance of the catalytic
system one comes to conclusion that in the presence of silver we
have 1 equiv G4 and 1 equiv H* instead of 1/2 equivof D2 and 1/2
equiv of H* before (Scheme 13). Secondly, Kb < Kc. As a conse-
quence, the gold/silver catalyzed reaction benefits from higher
fraction of in-cycle organogold intermediates and higher concentra-
tion of H*. This adds together to account for the positive silver
effect.

Despite Kp < Ko (D4 is more stable than G4, see Section 2.3.)
the catalytic system rests entirely at G4. This can be due to kinetics
reasons (if G4 forms faster and is reluctant to equilibrate to D4).
Also, this does not necessarily contradict the thermodynamics be-
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cause additional driving force is certainly provided by binding LAu*
by the reactive substrate, eventually turning both gold and silver
into G4 (eq 14), disfavoring formation of D4 to some extent. This
driving force, however, was unable to cause any changes in resting
state in the aforementioned reaction with catalyst 1 (D2 is simply
too much more stable than G2).

Scheme 12. Positive Acid and Silver Effects on Cyclization of
$2 in the Presence of Catalyst 2.
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Scheme 13. Changes in the Catalytic System Caused by Addi-
tion of Ag".
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Completely similar explanations can be applied to the positive
acid and silver effects that were observed in the cyclizations of 4-
phenylbut-3-yn-1-ol (S3) and 4-(4-cyanophenyl)-butyn-3-ol-1
(84) in the presence of catalyst 2 (Schemes 14 and 15). In case of
83 the resting state was entirely changed from D$ to GS upon addi-
tion of silver, resembling the situation explained for alcohol S2
above (Schemes 12 and 13). Only partial changes in resting states
were noted in the case of alcohol $4 (see Supporting Information
for more details).

Scheme 14. Positive Acid and Silver Effects on Cyclization of
83 in the Presence of Catalyst 2.
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Scheme 185. Positive Acid and Silver Effects on Cyclization of
$4 in the Presence of Catalyst 2.
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As a further case we examined the reaction of 2,2-dimethyl-4-
phenylbut-3-yn-1-ol (S1) which is unable to form diaurated species
with catalyst 2. In the absence of any additives this reaction is char-
acterized by complete formation of vinyl gold B1, and having pro-
todeauration as the rate limiting step.” Application of silver should
bind this vinyl gold into argento vinyl gold. In complete accordance
with our expectations, a negative silver effect was indeed observed
(Scheme 16). As expected, vinyl gold completely disappeared and
argento vinyl gold G1 was instead observed by NMR as the only
species. The kinetics of this reaction was analyzed in Section 2.2.

Scheme 16. Negative Silver Effect on the Cyclization of S1 in
the Presence of Catalyst 2.
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These findings bring us closer to the conclusion that silver effects
are caused only by changes in concentrations of in-cycle organogold
intermediates and H*, associated with formation of a new off-cycle
intermediate G, and that silver has no direct role in the catalytic
cycle itself. One thing remained to be proved: that silver has indeed
no influence on the reactivity of a gold acetylene n-complex A, the
starting point of the catalytic cycle. For this purpose, we conducted
reactions were transition from A to B is rate limiting and formation
of any off-cycle intermediate is excluded. The first reaction we
looked at in this regard is cyclization of 6-phenylhex-S-yn-1-ol (SS)
in the presence of catalyst 2 (Scheme 17). In the absence of any
additives this reaction is characterized by vinyl gold formation as
the rate limiting step and the catalyst being present almost exclu-
sively as L2Au(Sol)* (only minor amounts of diaurated species do
accumulate). Predictably the reaction has almost no acid and silver
effect, which is consistent with all our viewpoints about the mecha-
nism of the entire process. This shows silver has no impact on en-
hancing vinyl gold formation. This unambiguously proves that sil-
ver has no business with the substrate and neither can cooperate
with gold. This conclusion is even better confirmed by reaction of
hexyne-3 (S6) that did not exhibit any detectable silver effect
(Scheme 18).

Scheme 17. Lack of Significant Acid and Silver Effects on Cy-
clization of SS Catalyzed by 2.
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Scheme 18. No Silver Effect on Hydroalkoxylation of S6 Cata-
lyzed by 2.
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2.6. Classification of Silver Effects. Our research and the top-
ical reports found in literature indicate that silver effect has many
origins, but it is not always "silver" in nature (that is, silver is not
involved in the catalytic process itself). Therefore, it is convenient
to introduce classification of silver effects. Besides our effect being
associated with formation of G, there are several other effects. After
a brief overview it will be possible to make a general conclusion
about the nature of a silver effect.

2.6.1. Silver effect associated with incomplete equation 1. In certain
conditions the halogen abstraction reaction may not reach comple-
tion, leading to other gold complexes instead. In 2012 Straub et al.
performed a reaction of a very bulky IPr**AuCl with AgSbFs under
extremely weak nucleophilic conditions and isolated
[IPr**AuClAg]*, where silver is adjacent to the Au-Cl bond (eq
17).' This finding shows that idealistic halogen exchange reaction
(eq 18) would be reversible under virtually non-nucleophilic condi-
tions."* This complex is considered as the very early intermediate of

eql.
R R R
/:\
N\/N;E
R ¥R
R R

In 2013 Echavarren et al. described formation of bridged chloro-
nium complexes (LAu).Cl" as products of incomplete halogen
abstraction (eq 19).° Since (LAu).Cl" is a precatalyst that has to
react through ligand exchange equilibrium (eq 20), it is clear that
the best theoretical performance of 1 equiv of (LAu).Cl* (with
regard to gold) can not be higher than activity of 0.5 equiv of formal
LAu*. We estimated the equilibrium constant of ligand exchange of
(L2Au).Cl* with MeCN (eq 21) which indicates that (L2Au).Cl*
would be slightly more stable towards reaction with a substrate than
L2AuNCMe".

R

DCE + :
IPr*AuCl + Agt ————> IPr***AL{*/CI—‘ (17) | \pp* =
Ag

LAUCI + Ag*

LAU* + AgCl  (18) R= -

v CHCl, "
2 L2AUCI + Ag'X- ———222 = (1 2Au),CI* + AgCll  (19)

(L2Au),CI* + Substr

L2AuSubstr* + L2AuCI  (20)
Koq ~0.4

(L2Au),CI* + MeCN L2AUNCMe* + L2AuCl  (21)

cDcl,

In 2013 yet another complex was identified by Jones et al. as a
component of LAuCl/Ag" mixtures. They reacted L2AuCl with
AgSbFs under extremely weak nucleophilic conditions and isolated
a mixed silver-gold chloride complex 3 (eq 22)." They determined
that precipitation of AgCl from LAuCl/Ag" 1:1 mixtures is incom-
plete under nucleophile free conditions at short times and more
AgCl precipitates if a nucleophile is added to bind the arising LAu*
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(and thus fulfil the stoichiometry of equation 1). They also noted
immediate precipitation of AgCl if a nucleophile (e.g. a substrate) is
added to a solution of 3 (eq 23). This fact means that 3 is very un-
likely to be formed under real catalytic conditions.

CH.Cl,  Cl 12+
2 L2AUCI + 2Ag* X" ——= ad-l-au! +AgCll  22)

L2° Ag ‘L2
3

3+ 2 Substr ———— 2 L2Au(Substr)* + AgCI{  23)

These findings can be combined together to provide an overview
of the halogen abstraction reaction, that can be displayed as a series
of reversible ligand exchange events (Scheme 19). It can be con-
cluded, that precipitation of AgCl and the presence of a nucleophile
(even a weak one, like H.O, MeCN) or a counterion able to bind
gold, are the two driving forces which are simultaneously required
for the halogen abstraction to occur stoichiometrically complete. In
the absence of an external nucleophile (Sol), the LAuCl molecule
plays a role as a nucleophile, leading to [LAuClAg]*, (LAu).Cl" or
3.

Scheme 19. Pathway of the Halogen Abstraction Reaction as
Compiled Using the Knowledge from ref. 5, 16 and 17.

+Ag* Sol
L-Au-Cl =—= LAUCh ——

LAu(Sol)* + AgCl{

Ag
+LAu(Sol)* +LAuCl
2+ +
Cl cl
Au/: *\Au—| ‘— Au/*\Au‘|
Y Ag L #Ag" Y L

Sol = any molecule or anion able to coordinate to gold

Besides that, yet another factor should be taken into account:
simple solubility of the starting AgX salt. This idea came to mind
after reading the paper of Echavarren, where they observed incom-
plete halogen abstraction with AgNTf, and AgOTf in CH.CL.*
These salts have coordinating anions; therefore the halogen ab-
straction should have occurred stoichiometrically according to Eq.
1. However, silver salts AgX typically used for the halogen abstrac-
tion are rather insoluble in CH2Cl: or CHCl; alone. Presumably,
this might be the likely reason for the incomplete reaction: a certain
part of AgX may remain in the precipitate. In our own practice, we
always dissolved silver salts in a minimum amount of acetone or
MeCN prior to halogen abstraction reaction. It never failed under
these conditions. In particular L2AuOTf was synthesized in quanti-
tative yield from L2AuCl and AgOTf taken in 1:1 ratio.

Without giving it any further investigation, we propose the fol-
lowing condition for reliable and 100% complete halogen abstrac-
tion to use in laboratory practice: use the starting silver salt not as a
solid, but as a solution in a minimum amount of a weakly coordinat-
ing solvent (acetone, MeOH, THF or MeCN). Besides providing
solubility of the silver salts, these cosolvents provide a nucleophilic
medium that accelerates all equilibria (Scheme 19). This ensures
immediate and complete reaction strictly according to eq 1, avoid-
ing accumulation of any intermediate complexes like [LAuClAg]*,

(LAu).CI* or 3.

2.6.2. Silver effect associated with reactivation of a gold catalyst, that
was poisoned by impurity or celite filtration. It was demonstrated that
the reactivity of gold catalysts generated in situ from a LAuCl/AgX
system can dramatically decrease if they are filtered through celite
prior to the reaction.* Since filtration was shown to remove AgCl
and Ag'* but not gold from the filtrate, it was (wrongly) concluded
that silver is crucial for some gold catalyzed reactions. Later, Ham-

mond and Hu nicely explained, that this has nothing to do with
silver itself, but poisoning of a gold catalyst by traces of high gold
affinity impurities in celite.® They described reactivation of a gold
catalyst by using H*, Ag* and other Lewis acids as sacrificial electro-
philes to bind possible catalyst poisons and set the gold catalyst free.
This enabled successful reactions at very low gold catalyst loading.
Clearly, such a silver effect has nothing to do with the mechanism of
the catalytic transformation itself.

2.6.3. Silver effect wrongly associated with the negative role of
MeCN. In connection with the use of a LAuCl/AgX system instead
of a commercially available family of silver free catalysts LAUNC-
Me* X~ we would like to especially stress, that for some substrates
the LAuCl/AgX system would work more efficiently than
LAuNCMe', but this is not a silver effect! This might be the effect
of absence of MeCN in the system. In fact, many alkynes and al-
kenes have very weak binding affinity to the catalyst, and for them
even MeCN ligand would be a catalyst poison. This is nicely exem-
plified by cis-/trans-isomerization of enol ether C1 (Scheme 20)
which is much more efficiently catalyzed by a gold hydrate, a cata-
lyst lacking MeCN."® Another example is a reaction of enyne §7
taken from literature (the authors did not interpret this effect).’ We
believe the confusing role of MeCN is encountered (but over-
looked) in many gold catalyzed reactions of substrates with very
low binding affinity to gold. Those reactions would have LAuNC-
Me" as a resting state and, often they would not involve any neutral
organogold intermediates in their mechanism. Clear to see, this
phenomenon has nothing to do with silver itself. Simply the
LAuCl/AgX system provides the activated LAuS* (S = substrate)
complex more easily (eq 23) than does LAUNCMe* (eq 24). The
gold hydrate can be quantitatively prepared by rotary evaporation
of a commercial LAUNCMe" catalyst from EtOH (2 times) and
then from CDCl; (one time) as exemplified in eq 25. This proce-

dure can be considered as a way to boost a silver-free gold catalyst.
S + LAUCI + AgX ————> LAuS* X~ + AgCl} (23)
S + LAuUNCMe* LAuS* + MeCN (24)

1) evap. from EtOH
2) evap. from CDCl3

L2AUNCMe* SbFg~ L2AUOH," SbFg~  (25)

0,
MeCN 100%

Scheme 20. A Negative Effect of MeCN on a Reaction Rate
Should not be Confused With a Silver Effect.

OMe gold cat. OMe

Ph._A Ph

Ph CDCls4 Ph

L2AuNCMe*: many hours
L2AuOH,*: few minutes

C1

ligand strength series: C1 < H,0O << MeCN

= Ph

MeO,C = Ph (ref. 5) MeO,C
_—

MeO,C \ CD,Cly, 2 h MeO,C

s7 L2AUCI 3% + AgSbFg 3%: 77%

L2AuUNCMe* SbFg™: no reaction!
ligand strength: 87 << MeCN

2.7. Outlook. The knowledge obtained in our research (Sec-
tions 2.1.-2.5.) and literature (Section 2.6.) adds together to explain
the origin of silver effect within the mechanism of gold catalyzed
hydroalkoxylation (Scheme 21). This scheme illustrates two main
conclusions: 1) Ag* is found to be essentially innocent with regard
to the mechanism of the catalytic process; 2) The silver effect (posi-
tive or negative) occurs only if silver causes variations of concentra-
tions of in-cycle organogold intermediates and H, which can be
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associated either with formation of a new off-cycle intermediate
argento vinyl gold G, or incomplete halogen abstraction by Ag*, or
reactivation of a poisoned catalyst by Ag*. The steps that cause
these variations are shown in blue.

Scheme 21. The Mechanism of Gold(I)-Catalyzed Hydroal-
koxylation (in Black) Showing the Steps Responsible for the
Silver Effect (in Blue).

.y
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LAW-“AuL
= D
’N %
l Ag*
ROH © 57 (Sol)
U
" LAu(Sol)*

SoI A SOIJ
N “AuL
‘ -AuL*
formation of the off-
ROJ AuL* cycle intermediate G

substrateS

LAu(Soly* (Soh
OR

Start H" cat RO OR

—

AgCl \2\
Ag+* ol H C©  products

incomplete halogen
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3. Conclusion

The chemistry pioneered by Gagné (Scheme 1) was expanded to
complete the explanation of the silver effect (Scheme 21). In situ
NMR monitoring of gold catalyzed hydroalkoxylation in the pres-
ence of a silver salt revealed formation of argento vinyl gold G in all
cases when a silver effect took place.

Stoichiometric studies indicated argento vinyl gold to be a reac-
tive species, undergoing in the presence of Ag*, Nu or vinyl gold B,
correspondingly, fast silver exchange, fast ligand exchange at silver
and fast vinyl gold exchange at silver. Sufficiently strong nucleo-
philes will cause cleavage of G to yield B.

Protodemetallation of G was found to occur by the nucleophile
assisted dissociative mechanism (through B). Therefore, G is con-
sidered as an off-cycle intermediate of the catalytic process (same as
D). Considering the material balance of the catalytic system, it was
demonstrated that formation of G will induce changes of the con-
centrations of in-cycle organogold intermediates and H*, and only
these changes are responsible for the observed effect (not silver
itself). The effect can be positive or negative (see explanations in
the main text). No silver effect takes place if there is no accumula-
tion of G in the reaction mixture. We foresee that formation of
mixed silver-gold acetylide complexes [RC=C(AuL)(Ag)]* might
account for a silver effect in reactions of some terminal alkynes.'’
This subclass remains to be explored.

Despite the ability to influence the rate of gold catalyzed hy-
droalkoxylation, Ag" is found to be essentially innocent with regard
to the mechanism of the catalytic process itself. This is supposed to
be valid for many reaction types, including those for which the sim-
ultaneous presence of silver and gold components was previously
(erroneously) suggested to be crucial.* Some reactions that are

separately catalyzed either by silver or by gold are beyond the scope
of this conclusion (for those reactions a "true" silver effect associat-
ed with direct participation of silver in the catalytic process would
indeed take place).?’

Besides formation of G, a silver effect may be associated with in-
complete equation 1 (negative outcome) or reactivation of a gold
catalyst by silver from halogenide poisoning (positive outcome).
Whatever reason applies, the chemical sense of a silver effect is al-
ways the same: a change (decrease or increase) of the concentration
of non-silver catalytic cycle participants.
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ABSTRACT: Experimental mechanistic investigations of gold(I), palladium(1II), platinum(II) and mercury(II) catalyzed spirocyclization
reactions of 5-en-3-yn-1,8-diols was conducted in order to observe various organometallic species and explain the differences in the reactivity

of each metal catalyst and the corresponding organometallic species.

Introduction

In our laboratory we recently investigated spirocyclizations of
internal enyne diols and found that 5-en-3-yn-1,8-diol systems
furnished the corresponding [5,6]-spiroacetal products very
efficiently with a number of gold(I), palladium(II), platinum(II)
and mercury(Il) catalysts.! Herein, using this well-functioning
reaction (Scheme 1) we disclose mechanistic investigations and try
to make an attempt to compare the differences of action of each of
these metal catalysts, defining their weaknesses and advantages.

Scheme 1. Spirocyclization of the Model 1,3-Enyne Diol S1.
OH o 7
— 19
HOWOBn catalyst (0.2-1%)
solvent, r.t., 5-20 min
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Catalysis by Cationic Gold Complexes

Recently we reported a thorough experimental study of gold
catalyzed inter- and intramolecular hydroalkoxylation of alkynes
reaching a high level of understanding of the process (Scheme).
Now, we would like to report on a mechanistic study of a related
gold catalyzed spirocyclization which involves an intramolecular
hydroalkoxylation step as well.

Here our studies also began with the detection and
characterization of a relevant organogold intermediate in the
presence of a base. Indeed, treatment of the substrate S1 with
freshly prepared PhsPAuOTf (1 equiv) in the presence of 1,8-
bis(dimethylamino)naphthalene (PrSp, 1.3 equiv) in CDCL
allowed direct observation of a single organogold compound. In
complete accordance with the previously published research, this
appeared to be diaurated species D1, which was characterized in
situ by 'H, *C and *'P NMR, H,H-COSY and HMBC spectra and
exhibited typical spectral values (*'P = 37.19 ppm). Also a high

resolution ESI MS spectrum showed a signal at 1177.248,
consistent with the presence of D1 cation.

Scheme 2. Previously Established Mechanism of Gold
Catalyzed Hydroalkoxylation.
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Besides formation of diaurated species, which is presently a
trivial fact, interesting transformations were discovered upon
continuous monitoring the reaction mixture during a 30 h period.
The complete panorama of the reaction is presented in Figure 1. At
first, PhsPAuOTS reacts with the substrate in a fast manner (<6
min) to give D1 and results in binding only 50% of S1 according to
reaction stoichiometry. By this time yet 21% of dienol ether $-
endo-1 was formed competitively. The remainder of the substrate
disappears in a 7 — 8 h period to give dienol ether 5-endo-1. Then
another process becomes evident, namely isomerization of S-endo-
1 to 6E-1. Yet, very minor amount of another isomer 6Z-1 was
observed (starting from <0.01 equiv at 7 h till 0.05 equiv at 25 h).
The stereochemical assignment of these compounds was
confirmed by NOESY spectra. Notably, during the entire time of
the monitoring no traces of Spiro-1 were formed. Simply, the
reaction conditions were not acidic enough to trigger the proton-
assisted spirocyclization of any of the dienol ethers.



A number of important conclusions were already suggested by
this single experiment: 1) the starting enynediol first cyclizesina S-
endo-dig manner to give the corresponding dienol ether as a single
primary product (>99% regioselectivity); 2) all other dienol ether
regioisomers are products of isomerization of this dienol ether and
not the products of cyclization of the starting enynediol; 3) the
isomerization of the dienol ether into another dienol ether is a gold
but not a Brensted acid catalyzed process; 4) formation of a
spiroacetal final product is rather a Bronsted acid and not a gold
catalyzed process.

In order to corroborate these conclusions we conducted a
number of control experiments. First, a related enynediol S2
reacted with PhsPAuOTf and PrSp under the same conditions as
above to immediately (<S5 min) yield a single diaurated species D2
(*'P = 37.33 ppm) and a single dienol ether 5-endo-2 as a primary
product, further slowly evolving into 6E-2. This demonstrates, that
even a more hindered tertiary alcohol from the alkynol side chain
cyclizes much faster than a primary alcohol from the alkenol side
chain.
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Figure 1. Stoichiometric in situ NMR experiment: a) the entire reaction course, b) first 50 minutes of the same reaction

Scheme 3. Demonstration of a Selective 5-endo-dig Cyclization.
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To study the enol ether isomerization, various catalysts were
added to a solution of $5-endo-3 and the reaction mixtures were
monitored by NMR. The starting S-endo-3 was prepared in situ by
palladium catalysis (to be discussed below in Table 2). The results
are given in Table 1, that shows conversions and the ratio of
products calculated with regard of the starting dienol ether
(referenced as “1 equiv”).? Thus, addition of tBuw.PyH" OTf at 4%
level led to a sluggish reaction, yielding no dienol ether
isomerization products, but only the Spiro-3 (entry 1). In contrast,
all gold catalysts yielded only dienol ether isomerization products
6E-3 and 6Z-3 and no spiroacetal (entries 1-3). The formation of
Spiro-3 in the presence of Bronsted acid and its inability to form in
the gold catalyzed conditions is the main criterion to differenciate
the reaction mechanisms. It clearly indicates that Bronsted acid
catalysis was switched off under gold catalyzed conditions,*
confirming that the isomerization of 5-endo-3 into the other dienol
ethers is a gold catalyzed process, being orthogonal to the Bronsted
acid catalyzed spirocyclization.

Table 1. Control Experiments on Isomerization of Dienol

Ether.
o] S Catalyst
\ OH
CD20|2 rt.
S-endo-3 6E- 3 Z-3 Spiro-3

N cuas o, oEezse
1 Bu,PyH" (4%) ;go/r‘;in 0:0:017
2 L5AUNCMe" (33%)? ;0[2:{;” 0.1:09:0
3 PhsPAUNCMe" (36%) ;0[2:{;” 0.1:09:0
4 L2AuNCMe" (41%) ggnﬁq’in 0.58:0.06: 0

@) 15 = (3,5-(CF3),CeHa)sP

The rate and outcome of gold catalyzed isomerization clearly
depended on the ligand at gold. Application of the relatively
electron deficient catalysts (entries 2, 3) rapidly led to the
equilibrium mixture of 6E-3/6Z-3 dienol ethers, of which the 6Z-
3 appears as the major isomer (being thermodynamically more
stable). The electron rich catalyst (entry 4) led to a slow reaction,
yielding 6E-3 as the major product, that very slowly further
transforms into 6Z-3. Yet, the 6E- type was the major isomer
during  the within  the
stoichiometric experiments (Figure 1 and Scheme 3). These results
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imply, that gold stereoselectively catalyzes isomerization of S-endo
into 6E as the first relatively fast step and then 6E into 6Z as the
second slower step (automatically indicating the following order of
thermodynamic stability for the dienol ethers: 5-endo < 6E < 6Z).

Scheme 4. Two Mechanisms of Enol Ether Isomerization.
a) Mechanism involving intramolecular transetherification
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The stereoselective 6E formation can be rationalized by the
catalytic cycle shown on Scheme 4, a). It includes formation of
dienol ether m-complexes, stereospecific and reversible
intramolecular anti-addition/elimination of the alcohol at the C=C
bond and conformation changes. As a whole this process represents
a case of intramolecular transetherification. All the steps are seen as
reversible and the thermodynamic driving force is provided by the
release of the unsaturated ring strain from the 5-endo dienol ether.
Formation of dienol ether m-complexes and their fast ligand
exchange equilibriums are well observable on 'H and *'P NMR
spectra of the reaction mixtures. Clear to see, that if a Bronsted acid
enters this catalytic cycle same way as gold (take H" instead of LAu*
in all parts of the scheme), the system arrives at the stable

spirocycle which is unable to ring-open in any direction.

Formation of 6Z from 6E cannot be rationalized by the
transetherification mechanism. Rather, it requires isomerization
through simple bond rotation at the dienol ether m-complex
(meaning that the double bond character is partially lost), as
exemplified on Scheme 4, b). This was corroborated in a series of
control experiments on a model substrate Z-C1 to especially ensure
that isomerization was caused by gold and not by a Brensted acid
(and yet does not require any intermolecular transetherification).
Short summary of these experiments is given on Scheme S. Surely,
protonation of dienol ether by Brensted acid can also cause
isomerization through bond rotation in the arising carbocation and
lead to the corresponding enol ether isomer, but this is only
possible under alcohol free and water free conditions, otherwise an
acetal or ketone are formed.

Scheme S. Model Study of Gold Catalyzed Enol Ether
Isomerization.
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This study indicated very weak intrinsic reactivity of a gold enol
ether w-complex toward nucleophilic attack, which makes
intermolecular transetherification almost impossible (at room
temperature). However, it can slowly occur at elevated temperature
according to a single report.

Based on these experimental facts and also knowledge from our
mechanistic study of gold catalyzed hydroalkoxylation we can give
a detailed view of the mechanism of gold catalyzed spirocyclization
(Scheme 6). It features the main catalytic cycle that produces §-
endo dienol ether as a single regioisomer. Other regioisomers 6E
and 6Z are (competitively) produced by gold catalyzed enol ether
isomerization of 5-endo by the mechanisms shown above (Scheme
4). The isomerization of S-endo to 6E is considered as
stereospecific intramolecular transetherification of the enol ether.
This stereochemical result, however, can be spoiled by a
competitive isomerization of 6E into 6Z. The final spirocycle is
produced by a classical Bronsted acid catalyzed acetalization of
each of the dienol ether regioisomers (cyclization of S-endo being
the fastest process).

Scheme 6. Mechanism of Gold Catalyzed Spirocyclization.
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Catalysis by a Cationic Palladium Pincer Complex

Palladium catalyzed hydroalkoxylation of alkynes is known since
1983 from the work of Utimoto and only associated with the use of
neutral Pd complexes.® Although the reactions mostly required
elevated temperatures and long reaction times (hours or days) the
chemistry achieved considerable progress mainly due to in situ
combination with cross-coupling processes. Simple intramolecular
alcohol addition was proposed to take place through
alkoxypalladation with subsequent protodepalladation. However
until now this mechanism has not been investigated and verified.
The only evidence for formation of vinylpalladium species was
obtained in palladium mediated stereoselective addition of
methanol to activated acetylenes giving the corresponding stable
complexes, which were isolated and characterized.”

We hypothesized, that the drawback of previously employed
palladium catalysts for hydroalkoxylation is mainly associated with
poor affinity of the catalysts to a triple bond and P-hydride
elimination, which gives catalytically even less active Pd(0)
species.® Also alkyne trimerization is known to be catalyzed by Pd.’
To address these problems we proposed to use cationic Pd(II)
pincer complexes. This idea was inspired by a report from Michael
and Cochran concerning the hydroamination of alkenes catalyzed
by cationic palladium pincer complexes.'® They supposed that the
cationic nature of these complexes should enhance the activation of
a triple bond while the tridentate nature of the ligands would
prevent [-hydride elimination and alkyne oligomerization
processes. Simply saying, installation of a tridentate pincer ligand
reduces the intrinsic "specialization” of the palladium center by
blocking any Pd(II)/Pd(0) redox processes. After such a "restyle",
cationic pincer complexes should become similar to simple gold
catalysts LAu®.

Scheme 7. Preparation and X-ray Structure of Pd Catalyst.
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In our preceding publication we introduced a simple palladium
catalyst L’Pd-ac for activation of alkynes at room temperature.'
This catalyst is the complex of palladium with the tridentate pincer
ligand and the weakly bound acetone ligand. The molecular
composition of the complex as 1:1 adduct with acetone was initially
suggested from integration of the '"H NMR spectrum but not from
the chemical shift of acetone, because it gets displaced by residual
water in solution. Here we confirm coordination of acetone to Pd
by single crystal X-ray analysis (Scheme 7).

In the current paper we used this catalyst to get insight into the
mechanism of palladium catalyzed spirocyclization. We again
applied the tactics of catching an organometallic intermediate in

the presence of a base. Indeed, treatment of the substrate S1 with
L’Pd-ac (1  equiv) in the presence of 18-
bis(dimethylamino)naphthalene (PrSp, 1.3 equiv) in CDCl; or
THEF led to immediate formation of a single organopalladium
compound. This turned out to be simple vinyl palladium species §-
endo-Pd-1 which was characterized in situ by 'H, °C, *'P and
various two dimensional NMR spectra. Remarkably, protonolysis
of 5-endo-Pd-1 by PrSpH* occurs slowly enough to allow
characterization in solution during extended period of time, but
eventually all $-endo-Pd-1 is transformed to the corresponding
dienol ether S-endo-1. The fact that vinyl-palladium species
tolerates PrSpH* indicates its much higher resistance to
protonolysis in comparison to the corresponding vinyl-gold
species, that are known to undergo protodeauration by PrSpH*
immediately.

The 'H NMR spectrum of S-endo-Pd-1 exhibits a molar ratio
pincer ligand:dienol ether core of 1:1. In the *'P NMR it exhibits
one singlet at 146.31 ppm (which is 1.4 ppm lowfield from L*Pd-
ac). Furthermore, the species does not react with PPh; or Cl™ (to
exclude formation of any cationic dipalladium species which would
be similar to diaurated species).

Scheme 8. Formation of Vinyl Palladium Intermediate S-endo-

Pd-1 in the Presence of a Base.
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In order to test the existence of cationic dipalladium species,
fresh catalyst L*Pd-ac was added to a solution of S-endo-Pd-1.
Instead of giving new organopalladium species di-Pd-1, complete

O P’Ph—l SbFg™ 81, 1 equiv
PrSp 1.2 equiv
Pd 0:<
THF or CDCl3, r.t.
P
Ph <5min

protodepalladation immediately occurred (Scheme 9). This
indicates that cationic dipalladium species (if able to exist) must be
extremely unstable and will certainly not arise under real catalytic
conditions. Given the fact that diaurated species exist even with
very bulky ligands, the existence of any dipalladium species is likely
precluded by nature of the metal rather than by simple steric
reasons.

Scheme 9. Reactivity of Vinyl Palladium Species Toward
Pincer Palladium Cation.
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After finding the key vinyl palladium intermediate we turned our
attention to formation of a palladium alkyne n-complex, the
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precursor of vinyl palladium in the catalytic cycle. When hexyne-3
was added to solutions of cationic L*Pd-ac or L’Pd-H,O in CDCl;,
a dynamic situation took place as indicated by NMR spectrum.
Free and bound hexyne gave separate sets of broadened signals,
demonstrating that the alkyne interacts readily and reversibly with
the cationic metal center (Scheme 10). The arising palladium
hexyne complex L*Pd-hex was characterized in situ by 'H and *'P
NMR. The bound hexyne signals appear at 0.85 and 1.85 pm, both
being shifted upfield in comparison to free hexyne. Attempts to
isolate this complex by crystallization were unsuccessful. Addition
of a stronger nucleophile (MeCN, TMTU or PPh;) to L°Pd-
hex/hexyne mixtures led to complete displacement of the bound

hexyne.
Scheme 10. Coordination Chemistry of Palladium Catalyst.
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After these stoichiometric experiments we proceeded to study
palladium catalysis in action. We found that application of the
corresponding [L*Pd-MeCN]* SbFs or the neutral L’Pd-OTf
complex causes much slower reactions than L*Pd-ac. A model
ligand exchange study was conducted to establish the binding
affinity series to L’Pd in CDCls: acetone, H,O, hexyne < MeCN
<< OTf (Scheme 10). The inability of hexyne (a model substrate)
to readily displace MeCN and OTf nicely explains the decrease of
catalytic activity of L*Pd-X observed in the same order X = acetone
> MeCN >> OTf. Moreover, this finding confirms that a
palladium alkyne m-complex must be the necessary intermediate of
the catalytic cycle (similarly as gold alkyne m-complex in gold
catalysis). It can be concluded that catalysis by L*Pd-ac is less
tolerable to the presence of MeCN and OTf, the nucleophiles that
are well compatible with gold catalysis (at room temperature). This
aspect limits the scope of solvents applicable as a reaction medium.
For example, palladium catalyzed reactions running fast in a non-
coordinating solvent like CH>Cl> become drastically inhibited in
methanol. In case of gold catalysis, fast reactions are possible in
both solvents.

Further we conducted a catalytic study under buffered
conditions. Pleasingly we found that L*Pd-ac in combination with
a mild base tBu,Py allows the cyclization of 83 and 84 to stop at the
stage of S-endo dienol ethers, that are selectively formed in situ in
ca. 90% yield (Table 2).' Only minor amounts of the
corresponding 6Z dienol ethers and spiroacetal are competitively
formed. These dienol ethers are sensitive and could not be isolated
in individual state. The corresponding vinyl palladium species
could be directly observed by 'H and *'P NMR as the resting state
of this reaction. This means that protodepalladation is the rate
determining step under these mildly buffered conditions. Addition
of a high amount of fresh L*Pd-ac catalyst (35 mol %) to S-endo-3
caused a slight shift and broadening of the dienol ether signals. This
indicates formation of a palladium enol ether w-complex
undergoing fast ligand exchange within the [L*Pd-diene]*/diene
system. Importantly, no fast catalytic transformation of the dienol
ether followed. After 80 minutes of reaction time only ca. 30%

conversion of the dienol ether directly to the spiroacetal was
observed.'? This reveals the very mild nature of L*Pd that can
hardly cause isomerization of the very sensitive 5-endo dienol ether
(unlike gold catalysts).

Table 2. Palladium Catalyst Enables Selective Synthesis of 5-
Endo Dienol Ether 5-endo-3 and 5-endo-4.
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\__/ OH
see Table
HO 7 e 20
83 (w/o phenyl), 5-endo OH 6Z Spiro
S4 (with phenyl)
Substrate . conv. 5-endo : 6Z : Spiro
(conc., M) Catalytic system Solvent attime mol ratio
L3Pd-ac (1%), 100%
> .92:0.08 : <0.
1 83,0.14M (Bu,Py (5%) CDCly 20 min 0.92:0.08 : <0.02
L3Pd-ac (2%), 100%,
2 S3,0.09M Bu,Py (5%) CDCl; 4o 0-90:0.1:<0.02
L3Pd-ac (2%), 100%
3 S4,0. CDCI. L 0.94 :0.06 : <0.01
H0.04M tBu,Py (6%) 3 40min

Based on these experimental facts and also knowledge from gold
catalysis we can propose the mechanism for palladium catalyzed
spirocyclization (Scheme 11). It is essentially the same as the
mechanism of the gold catalyzed version but without formation of
any off-cycle bimetallic species and without any dienol ether
isomerization steps. Similarly to gold, all ligand exchange processes
at L*Pd-Sol appear to be fast.

Scheme 11. Palladium  Catalyzed
Spirocyclization that are Consistent With Experimental
Findings.
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Catalysis by Zeise’s Dimer and Other Platinum Compounds

Here again we tried to obtain a key organoplatinum intermediate
in the presence of a base. Unfortunately this tactics was not fruitful
in this case. Mixing the substrate S1, Zeise’s dimer and 1,8-
bis(dimethylamino)naphthalene (PrSp) triggered a fast catalytic
reaction which soon retarded and left no organoplatinum
intermediate in solution (Scheme 12). Rather, the base and Zeise’s
dimer reacted with traces of water to produce a salt which was
identified as [Pt(C.H:)Cl;]~ PrSpH*. Partial formation of dienol
ether product indicates that catalysis was running competitively
until all the platinum bound into catalytically less active species.
Absence of organoplatinum intermediate implies that no
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compound resistant to protodeplatination was formed. So the
hypothetical vinyl platinum intermediate must be highly reactive.
Interestingly, a part of ethylene became free but we could not
identify what other complementary complex of platinum should
have been formed according to the balance.

Scheme 12. Reaction of Zeise’s Dimer With Substrate in the
Presence of PrSp.
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The identity of [Pt(C.H4)CL]~ PrSpH* was confirmed by
independent synthesis from Zeise’s dimer and either PrSp or
PrSpH* Cl and also by the X-ray analysis (Scheme 13). Formation
of [Pt(C.H,4)CL] is rather unexpected because the known trans-
[Pt(C.H4)(OH)CL]" would be formed upon the action of a base
and water on Zeise’s dimer.'> A control reaction of Zeise’s dimer
and PrSp in CD:CL performed under NMR control did not give
stoichiometrical amount of [Pt(C2H4)Cl;]™ (there is no Cl source
in the system) but showed some other unidentified products. The
uptake of OH™ (0.58 equiv) was also less than 1 equiv per 1 equiv of
Pt (as evidenced by the PrSpH* peak). Based on this fact we
conclude, that trans-[Pt(C:Hs)(OH)CL]™ would be too basic to
exist with PrSpH* as a counterion in CDCl or CD:ClL.
Correspondingly, [Pt(C.H4)Cls]™ possibly arises as a result of the
incomplete OH~ uptake and the subsequent ClI" and OH-
redistribution among several species. Unfortunately, those new
products could not be identified.

Scheme 13. Synthesis and Structure of [Pt(C.H.)Cl;]” PrSpH*
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Coordination chemistry of platinum complexes.
Importance of trans-effects in rates of ligand exchange at
Pt. In order to achieve a deeper understanding of the behaviour of
various platinum species in solution we further studied
coordination chemistry of Zeise’s dimer (Scheme 14). We found
that this complex is highly reactive toward ligand exchange in
solution. Thus, it reacts immediately with hexyne, Me.S, PPh;,
PrSp and MeCN. In reactions with Me:S or PPh; the exchange goes
till the final PtL.Cl. (L = Me:S or PPhs), no monosubstitution
product PtL(C.H4)CL could be detected as intermediate. In
contrast, the reaction with MeCN stopped rigorously at the stage of

monosubstituted product trans-Pt(C;Hs)(MeCN)CL. In the
presence of an excess of MeCN it undergoes fast ligand exchange as
evidenced by a single averaged signal of bound and free MeCN, but
no ethylene exchange occurs. Trans-Pt(C.Hs)(MeCN)ClL slowly
isomerizes to cis-Pt(C:H4)(MeCN)CL in solution (56%
conversion over 4 days at 40 °C in CDCL). Notably, cis-
Pt(C;Hs)(MeCN)CL was inert toward ligand exchange. For
example, it does not liberate MeCN when dissolved in CD;CN,
unlike trans-Pt(C.Hs) (MeCN)Cl.

Next, an NMR spectrum of a Zeise’s dimer/hexyne mixture was
recorded to observe dynamic situation, that also would indicate fast
ligand exchange processes. The exact composition of this mixture
remained unknown. However we did obtain useful information
from the reactivity of the mixture. We found that in the presence of
a sufficient excess of hexyne the ethylene gets almost completely
liberated (as evidenced by the common ethylene signal
approaching the chemical shift value of pure ethylene at 5.39 ppm
in CDCL). Passing fresh air into Zeise’s dimer/hexyne mixtures led
to complete elimination of ethylene from the solution, leaving only
alkyne complexes. Initially there are at least two compounds, but in
the presence of a large excess of hexyne only one compound
remains. Based on the recently reported data, this was tentatively
identified as [Pt(hex).CL], while the former temporary
intermediate is suggested to be a Zeise’s dimer analogue
[Pt(hex)CL]>."* Both these complexes exhibit slow mode of hexyne
exchange as evidenced by separate sets of free/bound hexyne
signals (but the hexyne signals remain slightly broadened). When
EtuN* Cl” was added to this mixture, immediate reaction followed
to form a single platinum complex, which was identified as
[Pt(hex)CL] ' All the dynamic ligand exchanges got frozen, sharp

signals of hexyne excess were completely restored.

These facts points to the importance of trans-effects in platinum
chemistry, which means that any ligand in a square platinum(II)
complex directly influences the rate of ligand exchange specifically
at the opposite position.'¢ Simply MeCN or CI', have a much lower
trans-effect than ethylene or alkyne and this makes the ligand
exchange at the trans- position to MeCN or CI rather slow. This
conclusion was additionally verified in experiments with a simple
complex Pt(MeCN),Cl, (available as a mixture of cis- and trans-
isomers).”” Indeed, this complex was completely unreactive
towards hexyne. Pt(MeCN).CL/MeCN mixtures exhibited
separate signals for bound and free MeCN, indicating slow ligand
exchange. In contrast to Pt(C.H:)(MeCN)CL, the complex
reacted slowly with Me,S but quickly with PPhs to provide the
corresponding PtLCL. It demonstrates that ligand exchange with
sufficiently strong ligands may occur smoothly regardless of the
trans-effects. In contrast, the presence of a suitable trans-ligand (e.g.
ethylene) becomes crucial when weak ligands (MeCN, alkyne,
alkene) come to play! Typical substrates and products in platinum
catalyzed alkyne chemistry would qualify as weak ligands, therefore
we suggest that the huge trans-effects in ligand exchange at Pt is a
very important factor controlling catalytic activity of Pt
compounds. Due to the knowledge of the trans-effects, we may
suggest that simple PtCl, the most often used catalyst for alkyne
reactions, simply does not allow the best exploitation of intrinsic Pt
abilities. Solid PtCl. has a polymeric structure, where Pt is
surrounded only by the CI ligands with their poor trans-effects,
making PtCL to be reluctant in ligand exchange. It makes sense
because PtCl requires boiling in MeCN for several minutes to



become Pt(MeCN).CL.”” And it does not give Pt(alkene).ClL
upon reaction with alkenes.

Now it is easier to understand what happens in Zeise’s
The NMR line broadening of all
components in the system indicates that both ethylene and hexyne

dimer/hexyne mixtures.

should have comparable binding affinities and a high trans-effect to
Schemel4. Coordination Chemistry of Platinum Compounds.*

Bt _
Et/\ b W

H\ ,cJ

enable fast ligand exchange. As soon as a third strong ligand is
added (CI"), it quickly substitutes only one alkyne or alkene from
one side of platinum. Because of the low trans-effect of CI” the
second ligand is left without ability to undergo fast exchange.
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*All reactions in CDCl; at r.t. All reactions are immediately fast except otherwise noted

Formation of platinum cyclobutadiene complex as a
side-process in catalysis. Encouraged by the fast Zeise’s
dimer/hexyne reaction we attempted to isolate the possible hexyne
complexes by evaporation of the reaction mixture. However, this
led to complete formation of the known cyclobutadiene complex
[Pt(C4Ets)CL] (shown on Scheme 14).18 It appears that formation
of this complex is slow in a diluted solution, but becomes fast upon
concentration. Indeed, if the Zeise’s dimer/hexyne solution is left
to stay overnight, all initial dynamic processes disappear and
[Pt(C4Ets)CL] is formed as a sole product. This complex was inert
toward weak ligands like hexyne-3 or MeCN, but it did react with
Me:S to give  [Pt(CisEts)(Me:S)CL].  The  mixture
[Pt(C4Ets)(Me2S)CL]/MeaS  exhibited fast mode of ligand
exchange as evidenced by a single common Me,S peak. Based on
this result it was concluded, that [Pt(CsEts)CL] may additionally
coordinate only sufficiently strong ligands, while binding of weak
alkyne or MeCN is strongly disfavored.

Since this dimerization of an alkyne could be a competitive side
process during platinum catalyzed transformations in general, we
investigated if [Pt(CsEts)Cl] possesses any catalytic activity.
Control experiments indicated that it possesses very poor catalytic
activity. For instance, after 19 h only 37 % conversion of 3-
pentynol-1 (a very reactive substrate) was achieved in the presence
of [Pt(C4Ets)CL] (1.7 %) in CDCls. This complex was unable to
catalyze intermolecular hydroalkoxylation of hexyne in MeOH. In
light of the aforementioned inertness of [Pt(C4Ets)CL] to accept
additional weak ligands it is not surprising that its catalytic activity
is drastically decreased. Therefore, formation of Pt cyclobutadiene
complexes can be regarded as catalyst deactivation. In order to
check the occurrence of this undesired process under catalytic
conditions, Zeise’s dimer was mixed with a large excess of hexyne in
acetonitrile and ethylene was eliminated by passing fresh air
through the solution. Immediate formation of trans-
Pt(hexyne)(MeCN)CL occurred as evidenced by NMR. When the
reaction mixture was allowed to stay overnight, a high conversion
of hexyne to hexanone occurred as a result of hydration by the
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moisture in the system. After this time 26% of all Pt had
transformed into [Pt(C4Ets)Cl:], while the other 74% remained as
trans-Pt(hexyne) (MeCN)CL. Based on this result we suggest that
alkyne dimerization should be generally slow and should not
compete if the desired catalytic reaction is fast (especially in case of
more complicated substrates).

Scheme 15. Competitive Formation of [Pt(CsEts)CL.] During
Alkyne Hydration.

[Pt(C2H4)Clol, (10% PY),

fresh air (-C,Hy) Et Et
= i A o Cl
= Pt/ slow catalyst | L-pf
Bt PY deactivation Cl
CD4CN, rt. C" NCMe 0 Pt Ef Et

immediately
CD3CN, r.t.

/\)CL/

75% in situ yield

\/\ slow catalysis in the

+Hy,0 presence of moisture

Mechanism of Mercury (II) Catalyzed Reaction

Introduction. Although mercury catalyzed hydroalkoxylation of
alkynes is known for a century, it has not gained widespread
application in laboratory synthesis. Primarily this is associated with
the lack of efficient catalysts being able to operate efficiently at low
catalyst loadings and mild conditions. In fact, most of the research
work done in the past involved harsh conditions (HgO, H.SO,,
heat) or substantial (if not stoichiometric) amounts of toxic
mercury(II) salts, the reason for which these methods have been
practically banned.® Only recently milder methods dealing with
active, highly electrophilic salts, such as mercury triflate, appeared
in the literature.”” However the mechanism or the corresponding
reactions has not been investigated in detail. Our current
understanding of catalytic hydroalkoxylation process is primarily
based on the knowledge of solvomercuration/demercuration
processes, which have long been known as reactions being
stoichiometric in mercury (Scheme 16).2

Scheme 16. Preliminary Consideration
Mechanisms for Mercury Catalyzed Reaction.
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Stoichiometric experiments with Hg(OTFA).. At first we
conducted stoichiometric reactions with Hg(OTFA), with the aim
to observe some intermediates directly by NMR.?! According to the
proposed catalytic cycle, protonolysis of vinylmercury species is
required to release the product from the metal center. Therefore,
addition of a base should inhibit this process and allow observation
of some organomercury intermediates. Indeed, treatment of

substrate S1 with Hg(OTFA). (1 equiv) in the presence of proton
sponge (PrSp, 1.3 equiv) in CDCl; allowed direct observation of a
organomercury compound (Scheme 17). However the product
appeared to be not a vinylmercury species, but a mercurated
spirocycle Spiro-Hg-1 formed as a single diastereomer (as
confirmed by 'H, ®C NMR, HH-COSY, HMBC and NOESY
spectra). In the '"H NMR spectrum it exhibits a characteristic triplet
at 2.76 ppm, corresponding to the CH-Hg fragment (the accurate
position of mercury satellites was not located because of signal
overlapping), and the alkene CH=CH fragment gives a coupling
pattern corresponding to a cyclized product. Also, in the “C
spectrum it exhibits a characteristic acetal signal at 104.5 ppm. In
the ’F NMR spectrum a single signal at ~73.50 ppm is observed
(which is distinctive from pure Hg(OTFA), at -71.91 and free
OTFA" at -74.87). Together with reaction stoichiometry it proves
that the compound is monoalkyl mercury with OTFA~ being
covalently bound to the metal. Upon addition of Et,N*Cl it
completely transformed into the corresponding chloride.

Scheme 17. Formation of the Key Organomercury

Intermediate in the Presence of a Base.

OH Hg(OTFA), (1 equiv), H~

— i OBl
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>90%
Et,N*CI-

|: X =OTFA Spiro-Hg-1
X=Cl Spiro-HgCl-1

Subsequently we found that yellow oxide HgO can be used as a
base and mercury source in combination with Hg(OTFA). to
synthesize Spiro-Hg-1. While in CDCl; and especially in CD,Cl
the reaction is accompanied with competitive formation of Spiro-
1, in THF the competition is highly suppressed so it becomes
possible to generate Spiro-Hg-1 virtually free of any side products,
according to the equation:

2 81 + Hg(OTFA), + HgO 2 Spiro-Hg-1 + H,0

Using this method, crystalline Spiro-HgCl-4 was synthesized in
individual state (84% yield, counting on Hg(OTFA): as a limiting
reagent). It was characterized by various NMR spectra ('H, "°C,
NOESY and other) and its structure was additionally confirmed by
X-ray analysis (Scheme 18). The unambiguously determined
relative stereochemistry of Spiro-HgCl-4 in connection with the
NOESY spectrum makes us sure that the stereochemistry of Spiro-
HgCl-1 was also determined correctly.

Scheme 18. Synthesis and X-ray Structure of Spiro-HgCl-4.
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Catalytic experiments with Hg(OTFA). and the role of

Spiro-Hg-1 in the catalytic cycle. Reaction of S1 with

Hg(OTFA): (0.3 equiv) in CDCl; led to complete conversion of

the starting material already after 18 min, giving a mixture of Spiro-
1 and Spiro-Hg-1 (an equivalent amount of TFA is also formed).
Spiro-Hg-1 (0.27 equiv after 18 min) further slowly transformed
to Spiro-1, but even after 4.7 h 0.07 equiv of Spiro-Hg-1 still
remained (Scheme 19). At a lower loading of Hg(OTFA), (4%) in
CDCl; the reaction was monitored for 1.3 h till 92% conversion.
Again, Spiro-Hg-1 was detected as a single organomercury
compound but no organic intermediates were detected. Formation

of any dienol ether intermediate could not be detected because of

the fast spirocyclization catalyzed by TFA. The overall reaction was
found to be half-order in S1.

Scheme 19. Catalytic Reaction at High Hg(OTFA); Loading.
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Replacing CDCl; as solvent with THF slowed down the
Bronsted acid catalyzed processes and allowed observation of both
organomercury and organic intermediates. We performed a
catalytic run with 0.28 equiv catalyst loading in THF and
monitored the reaction during a 50 h period. The complete
diagram is shown in Figure 2. As can be seen, the reaction starts
with a characteristic "rush" period, which lasts ca. 20 min. During
this short period a number of organomercury intermediates were
observed: dimercurated species and its ring opening products
evolving toward Spiro-Hg-1 as a single organomercury species at
the end of this period. Then a slow phase begins, which is
characterized by almost constant concentration of Spiro-Hg-1.
Notably, 6Z-1 was all the time observed as a single regioisomer of a
dienol ether intermediate (the configuration of the double bond
was established by a NOESY experiment). After all the substrate
had reacted, Spiro-Hg-1 still remained stable for many hours.
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Figure 2. Complete Panorama of Hg(OTFA), Catalyzed Reaction at High Catalyst Loading, Showing the Intermediate Products.

The  high  resistance  of  Spiro-Hg-1 toward
protodemercuration might question whether it is a necessary
intermediate of the catalytic cycle. Therefore, we turned our
attention to study the reactivity of this species (Scheme 20). We
found that addition of an excess of TMTU to a solution of Spiro-
Hg-1/TFA 1:1, generated from S1 and Hg(OTFA), in THF, led
to instant conversion of Spiro-Hg-1 to a 6Z-1/6E-1 dienol ether
1:0.07 mixture (which is close to the 1:0.1 equilibrium mixture).
The same result was obtained upon treatment of Spiro-Hg-1
with excess of PrSpH* CI". Importantly, treatment of 6Z-1 with

Hg(OTFA): in the presence of PrSp furnished Spiro-Hg-1 back

as a sole product. This reaction corresponds to an
alkoxymercuration of an enol ether, which was previously
represented in literature with few examples.”> The
alkoxymercuration/elimination are believed to be the
mechanistic steps of mercury catalyzed enol ether

transetherification.?

In addition to these stoichiometric experiments, we also
performed some manipulations on catalytic mixtures. We noted
that addition of tBu,PyH" to a mixture of §3 and Hg(OTFA); in
THEF greatly accelerates conversion of the substrate. Under these
conditions we noted fast scrambling of mercury between Spiro-
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Hg-3 and 6Z-3, which is evidenced by the line broadening of
their signals (Scheme 21). This phenomenon was not observed in
the presence of TFA that arises during catalysis by Hg(OTFA),
alone, indicating the higher strength of tBu,PyH® as acid.
Notably, tBu,PyH" catalyzes the mercury scrambling faster than
spirocyclization of 6Z-3, but eventually 6Z-3 disappears and the
signal of Spiro-Hg-3 sharpens. A mixture of Spiro-Hg-3 and epi-
Spiro-Hg-3 was found to immediately and completely epimerize
toward Spiro-Hg-3 in the presence of tBuw,PyH" (Scheme 22).
This process occurs in the absence of mercury scavengers and is
not accompanied by protodemercuration.

These observations indicate, that Spiro-Hg is amenable to fast
protodemercuration but only in the presence of a suitable
nucleophile as mercury scavenger. This process involves a
regiospecific opening of the S-membered ring. If there is no
suitable mercury scavenger in the mixture, Spiro-Hg keeps
integrity but can undergo fast epimerization of the acetal carbon
(which is believed to occur also through the S-membered ring
opening). Within the catalytic cycle, the substrate should play the
role of a nucleophile, taking mercury from Spiro-Hg and starting
a new catalytic cycle. The aforementioned mercury scrambling
would be considered as a "passive" background process, because it
does not contribute to productive conversion of the substrate.

Scheme 20. Stereoselective Protodemercuration of Spiro-Hg-
1 in the Presence of TMTU or ClI- as Mercury Scavengers.
Stereoselective Mercuration of 6Z-1 Back to Spiro-Hg-1.
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Scheme 21. Observation of Fast Brensted Acid Catalyzed
Mercury Scrambling.
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Scheme 22. Fast Bronsted Acid Catalyzed Epimerization of
Spiro-Hg-3.
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Attempts to detect vinyl mercury species. Formation
and chemistry of gem-dimercurated species. In order to
confirm the origin of Spiro-Hg we turned our attention towards
detection of vinyl mercury a possible precursor. Because of the
possible high reactivity of this hypothetical species we sought to
detect it under essentially acid free conditions. Thus, substrate S1
was first treated with 1 equiv of MeLi in THF in order to
stoichiometrically and irreversibly transform it to the
corresponding alkoxide in situ. This was treated with 1 equiv
Hg(OTFA).. Unfortunately, no vinyl mercury resulted, but
instead, formation of half equivalent of gem-dimercurated species
di-Hg-1 was observed. The other half equivalent of the substrate
remained simply unreacted. Obviously, even though acid free
conditions precluded protonolysis of any vinyl mercury, it reacted
with another half of mercury instead.

Scheme 23. Formation of Dimercurated Species and its
Protonolysis in the Presence of Cl".
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The identity of di-Hg-1 and di-Hg-3 was confirmed by
stoichiometric synthesis from the substrate, MeLi (or PrSp) and
Hg(OTFA), taken in 1:2:2 molar ratio (Scheme 23). It was
characterized in situ by "H and “C NMR spectra. Protonolysis of
di-Hg-3 in the presence of TMTU excess was not stereoselective
and yielded two vinyl-mercury isomers 6Z-Hg-3 and 6E-Hg-3
(stereochemical assignment of 6Z-Hg-3 was confirmed by a
NOESY spectrum).

Finally, a vinyl mercury compound could be generated in situ
by transmetallation of a vinyl palladium species by HgCL (taken
as a limiting reagent). Currently it remains unknown if this is an
R:Hg or RHgCl type of species. This material undergoes
immediate protodemercuration by PrSpH* CI to yield pure §-
endo-3 free of any isomerization products (Scheme 24). This
interesting finding suggests that the intermediate a-mercurated
oxonium ion can be intercepted by a strong nucleophile prior to
cyclization/isomerization. This finding does not contradict the
failure to form traces of S-endo under catalytic condition,
because formation of 5-endo may be precluded by the absence of
strong nucleophiles, that would bind mercury prior than $-endo-
Hg would cyclize into Spiro-Hg.

Scheme 24. Transmetallation of Vinyl Palladium Species by
HgCl, and Subsequent Mild Protodemercuration of the Vinyl
Mercury in the Presence of an Excess of ClI".
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Further stoichiometric experiments with Hg(OTFA).
and the origin of Spiro-Hg in the catalytic cycle. The above
experiments clearly showed how Spiro-Hg further evolves first
into 6Z and then into the final Spiro. Unfortunately, they do not
give a clue about how the substrate transforms into Spiro-Hg.
Being unable to detect the primary vinyl mercury that arises upon
the first cyclization event, we have no better idea other than
appealing to catalysis by other metals. We know that the first
cyclization event in gold, palladium and platinum catalyzed
reactions is a S-endo-dig cyclization. It is reasonable to suggest
that mercury may not be an exception. However, S-endo dienol
ethers were never observed even in trace amounts in all
experiments with Hg(OTFA),, which is seemingly inconsistent
with our reasoning. Given the high affinity of mercury to carbon,
we propose that the primary vinyl mercury intermediate does not
release the S-endo upon protodemercuration, but rather
undergoes the second alcohol addition eventually leading to
Spiro-Hg. Given this consideration we conclude that 6Z may not
be the primary product of cyclization of the substrate, but the
result of ring opening of Spiro-Hg.

In order to get some experimental support to this explanation,
we reasoned to perform experiments on alkoxymercuration of a
S-endo dienol ether. Our reasoning is based on an assumption,
that either protonation of vinyl mercury or mercuration of enol
ether both occur through the same a-mercurated oxonium ion,
and that the eventual products originating from this ion in both
processes should be the same (Scheme 25). Thus, 5-endo-3 was
selectively prepared in situ by palladium catalysis. It was further
treated with 0.5 equiv of Hg(OTFA); in the presence of excess
PrSp (Scheme 26). This led to instant (<5 min) formation of two
organomercury products: Spiro-Hg-3 and epi-Spiro-Hg-3 at full
mercury loading. In parallel, the remaining 5-endo-3 slowly (30
min) isomerized to give a mixture of 6E-3/6Z-3. After S-endo-3
had finished, the reaction mixture continued to slowly evolve
toward 6Z-3 and Spiro-Hg-3. As we already mentioned before,
epi-Spiro-Hg-3 immediately epimerizes into Spiro-Hg-3 in the
presence of a stronger acid {Bu,PyH", and this process appears to
be just slower in the presence of PrSpH*.

Scheme 25. Assumption that Protonation of Vinyl Mercury
or Mercuration of Enol Ether Both Occur Through the Same
a-Mercurated Oxonium Ion, Eventually Giving the Same

Products.
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Formation of epi-Spiro-Hg-3 at least as a predominant
organomercury product suggests that it must also arise upon
protonolysis of hypothetical $-endo-Hg-3. However, epi-Spiro-
Hg-3 was never observed as intermediate under real catalytic
conditions, suggesting it is immediately epimerized by acid. It
also remains unknown whether protonolysis of 5-endo-Hg as
well as mercuration of S$-endo-3 are both intrinsically

stereospecific processes that would vyield epi-Spiro-Hg-3,
followed by the acid catalyzed epimerization to Spiro-Hg-3.
Anyway, this experiment provided some basis to conclude, that
Spiro-Hg must eventually arise from S-endo-Hg during the
catalytic process.

Scheme 26. Alkoxymercuration of 5-Endo Dienol Ether.
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6E/6Z/spiro-Hg/epi-spiro-Hg/5-endo = 1 : 0.35: 0.53 : 0.79 : 0.15 at 6 min
5-endo disappears at 30 min

reaction mixture slowly evolves toward 6Z/spiro-Hg

epi-spiro-Hg rapidly isomerizes into spiro-Hg in the presence of a
stronger acid tBu,PyH"*

Mechanism of Hg(OTFA), catalyzed spirocyclization.
Based on the above experimental evidence we propose a
mechanistic scheme for the whole catalytic process (Scheme 27).
It starts by means of S-endo-dig cyclization essentially the same
way as all other gold, palladium, platinum catalyzed versions,
forming S-endo-Hg as the primary organomercury intermediate,
concomitantly liberating acid in solution. Further, S-endo-Hg
undergoes two competitive processes, occurring without the
cleavage of the C-Hg bond. Thus, S-endo-Hg undergoes
mercuration to deliver gem-dimercurated species di-Hg. As a
second option it undergoes protonolysis to deliver epi-Spiro-Hg,
and possibly Spiro-Hg. Notably, the protonolysis cannot end up
with the mercury cleavage to deliver S-endo (because the
opposite process is rather favored). This property constitutes the
major difference from the other transition metal catalyzed
versions.

Further, di-Hg evolves toward Spiro-Hg through a series of
ring-opening/ring-closing events (involving neutral 6E-Hg and
6Z-Hg on the way). In parallel, any epi-Spiro-Hg formed from
protonolysis is immediately epimerized by acid to form Spiro-Hg
as a single thermodynamically stable epimer. The total mixture of
di-Hg, 6E-Hg and 6Z-Hg quickly evolves toward Spiro-Hg,
which is observed as the single resting state during the whole
remaining reaction time. This evolution period was found to be
very fast in CDCL; (<S min, no di-Hg, 6E-Hg and 6Z-Hg are
observed at all), but slower in THF (ca. 20 min).

Spiro-Hg is rather resistant to protodemercuration by itself.
Only in the presence of a HGOTFA" scavenger it would quickly
react releasing the 6Z dienol ether as the major regioisomer
(>90%). Indeed, the opposite reaction is alkoxymercuration of
6Z, giving Spiro-Hg 100% back. It is the diol substrate to bind
the arising HGOTFA" moieties, to provide the fundamental basis
for the catalytic turnover of mercury. The 6Z released on this step
is further transformed to the Spiro final product by means of
classical Bronsted acid catalysis.
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Scheme 28. Formation of a-Mercurated Oxonium Ion and Its Resonance Structures. Comparison With Gold Enol Ether z-Complex.

Overall, the mechanism of mercury catalyzed spirocyclization
looks a bit complicated. Several steps include formation of a
single type of intermediate: a-mercurated oxonium ion (species I,
III). These species are formed by three processes, from three
different types of precursors (Scheme 28). The structure of the a-
mercurated oxonium can be displayed as a series of resonance
structures. This species is believed to be involved in the known
mercury(II)-catalyzed transetherification of enol ethers. The
exact structure of this species was never established. But from the
reactivity patterns we may suggest that it should be best described
as a-mercurated oxonium ion and not as a 7-complex (a situation
similar to that of a-aurated iminium ion).?* In contrast, gold
complexes of enol ethers are qualified rather as w-complexes.

In addition to a-mercurated oxonium ions there are also a,a-
dimercurated oxonium ions possible (species II, IV), which are
formed by mercuration of any vinyl mercury intermediate. These
ions must be even more stabilized by hyperconjugation with
mercury.

We suggest that the double bond character in a-mercurated
oxonium ions should be partially lost, enabling rotation around

the C-C bond as shown in Scheme 27. Therefore eventually they
must give a thermodynamic mixture of alkene isomers upon
Therefore,
protodemercuration should not be considered as a stereospecific

elimination of mercury by ligand exchange.
process (but it can be very selective if the difference in
thermodynamic stabilities of the competing products is
sufficiently big, such as in our case with 6E/ 6Z). The situation
resembles that described for a-aurated iminium ions and the
conjunct isomerization of enamines.

Conclusion

We investigated mechanisms of gold(I), palladium(II),
platinum(II) and mercury(II) catalyzed spirocyclizations. From
our broad mechanistic survey we can draw comparisons of
catalysis by each of these metals, defining similarities and
differences, advantages and disadvantages. A few of them are
listed below.

1. First cyclization event is 5-endo-dig for each of the metals:
OH

— M=Au,Pd, Pt Hg o/ OH
HO 7 - - \
M

90-100% 5-endo-dig
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2. Comparison of reactivity of various cationic species toward
nucleophilic addition at the C—O carbon is suggested:

gem-Diaurated species:

o + highly stabilized structure includes 1
R RO aurophilic interaction,
‘ AL F e charge is highly delocalized in
L AUl refatively big volume.
AuL AuL
predominant form no (negligible) reactivity at carbon,
reactivity only at gold
Enol ether palladium n-complex:
+
RO + RO
‘, —-pdL3| = > no reactivity at C and H,
/\H PdL® high reactivity at Pd only
H
predominant form
Enol ether gold n-complex: o
+ )
RO RO, ©
- AuL + low reactivity at C, ®
/\ u AuL high reactivity at Au, =~
H H very low reactivity at H ;’
predominant form =
gem-Dimercurated oxonium ion: 3‘
+ N
RO " RO, =
/‘I *Hg;‘ “ > HgX high reactivity at C o
HgX ©
¢ HX N
predominant form =
a-Mercurated oxonium ion:
RO\/ + RO+ . L
t- ,Hg)q - high reactivity at C
PN HgX
H
H
predominant form
Regular oxonium ion:
the least stabilized structure,
RO RO+ charge is delocalized in a
L “ * smaller volume.
/\H H
H high reactivity at C,
predominant form high reactivity at H 84

3. Au, Pd and Hg complexes all undergo fast ligand exchange. In
contrast, Pt complexes do not always undergo fast ligand
exchange, being strongly dependent on the trans-effect.

4. L’Pd-ac catalysis does not inhibit itself by building up any
off-cycle species like Au.

S. L*Pd-ac catalysis is ineffective to promote isomerization of §-
endo, but the other metals do cause isomerization. Therefore,
L’Pd-ac catalysis can be more suitable for synthesis of
sensitive enol ethers.

6. Among these metals Hg seems to have the highest ability to
activate the substrate but the lowest ability to liberate the
product.

7. Despite some differences in mechanistic details, all the metals
are suitable as catalysts for synthesis of Spiro.
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Appendix 1. Synthesis of hydroxylamine 19b and pyrrole 20b

The information of Appendix 1 concerns the Section 6.2.3.

(3Z)-1-[(benzyloxy)methyl]-8-(hydroxyamino)oct-3-en-5-ynyl acetate (19b)

OAc

OAc
_Boc — —
BocO-N" 7 OBn TFA HOHN 7 OBn

DCM, r.t. 19b

The bis-Boc protected hydroxylamine (93 mg, 0.18 mmol) was dissolved in CH,CL, (1 mL) and
TFA (0.2 mL, ca. 14 equiv) was added. The reaction mixture was left to stay at room temperature
for several hours until TLC indicated complete conversion. The reaction mixture was diluted with
EtOAc and extracted with aqueous NaHCO;. The organic phase was dried with Na,SO, and
evaporated. The residue was purified by flash chromatography (DCM/MeOH 20:1) to yield the
title product as oil (51.7 mg, 91% yield). Figure Al shows 'H and '*C NMR spectra of 19b.
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Figure Al. 'H and *C NMR spectra of 19b.

(3Z)-1-[ (benzyloxy)methyl]-8-(hydroxyamino)oct-3-en-5-ynyl acetate (19b). R¢
(DCM/MeOH 20:1) 0.4, R¢ (EtOAc) 0.46. "H NMR (400 MHz, CDCl;): 7.26-7.36 (m, SH), 5.79
(dt,J =7.4,10.7 Hz, 1H), 5.53 (d, J = 10.9 Hz, 1H), 5.12 (m, 1H), 4.56 (d, ] = 12.2 Hz, 1H), 4.51
(d,J=12.2Hz, 1H), 3.53 (app d, ] = 5.1 Hz, 2H), 3.04 (t, ] = 6.4 Hz, 2H), 2.59-2.66 (m, 4H), 2.06
(s, 3H). *C NMR (CDCl): 170.7, 138.0, 136.7, 128.4, 127.7, 127.6, 112.3, 92.5, 78.2, 73.1, 71.8,

70.6,52.2,31.6,21.2,17.9.



(3Z)-1-[(benzyloxy)methyl]-4-(1H-pyrrol-2-yl)but-3-enyl acetate (20b)

OAc
OAc

L2AuUNCMe"* (1% NH OBn
HOHN wosn uNCMe* (1%)
= =
CDCly 20b

19b

>95 in situ yield
83% isolated yield
Catalyst L2AuNCMe* SbFs (0.5 mg, 0.65 pmol, 1%) was added to a solution of hydroxylamine
19b (15.2 mg, 47.9 pmol) in CDCl; (0.55 mL). The reaction mixture was left to stay at room
temperature. After 2 h NMR spectrum indicated ca. 95% conversion to the title product (Figure
A2). The reaction mixture was evaporated and the pure product was obtained by flash

chromatography (petroleum ether/EtOAc 2:1) as colotless oil (13 mg, 83% yield).
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Figure A2. 'H and “"C NMR spectra of the crude reaction mixture after 2 h reaction time
showing 95% conversion of 19b into 20b. The signals of the residual 19b are marked with (*).

(3Z)-1-[ (benzyloxy)methyl]-4-(1H-pyrrol-2-yl)but-3-enyl acetate (20b). R; (petroleum
ether/BtOAc 4:1) 0.32, R¢ (petroleum ether/EtOAc 2:1) 0.61. '"H NMR (400 MHz, CDCl;): 9.52
(br, 1H), 7.29-7.38 (m, SH), 6.54 (m, 1H), 6.35 (d, ] = 11.6 Hz, 1H), 6.14-6.18 (m, 2H), 5.25 (dt, |
= 8.4, 11.8 Hz, 1H), 5.04 (dddd, ] = 8.3, 5.6, 4.2 Hz, 1H), 4.61 (d, J = 11.9 Hz, 1H), 4.55 (d, ] =
11.9 Hz, 1H), 3.69 (dd, J = 10.7, 4.4 Hz, 1H), 3.65 (dd, ] = 10.7, 3.8 Hz, 1H), 2.63-2.77 (m, 2H),
2.10 (s, 3H). ®C NMR (CDCL): 171.3, 137.5, 129.2, 128.5, 128.0, 127.8, 123.2, 119.1, 118.6,
110.8,108.9,73.5, 73.0, 69.9, 30.2, 21.2.
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