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Abbreviations 

Ac  acetyl 
aq.  aqueous 
Bn  benzyl 
br  broad (NMR) 
b.p.  boiling point 
Bz  benzoyl 
COSY  correlation spectroscopy 
Cy  cyclohexyl 
DCM  dichloromethane 
DEAD  diethyl azodicarboxylate 
DIAD  diisopropyl azodicarboxylate 
DIPEA  diisopropylethylamine 
DMAP  4-dimethylaminopyridine 
DMF  N,N-dimethylformamide 
DMSO  dimethylsulfoxide 
dr  diastereomeric ratio 
ee  enantiomeric excess 
ESI  electronspray ionization 
Et2O  diethyl ether 
EtOAc  ethyl acetate 
HMBC  heteronuclear multiple bond correlation (NMR) 
HOBt  N-hydroxybenzotriazole 
HRMS  high resolution mass spectrometry 
Hz  Hertz 
iPr  isopropyl 
J  coupling constant 
LDA  lithium diisopropylamide 
Ms  methanesulfonyl 
NBS  N-bromosuccinimide 
NMP  N-methylpyrrolidone 
NOESY nuclear Overhauser effect spectroscopy 
OTFA  trifluoroacetate 
PE  petroleum ether 
Ph  phenyl 
Py  pyridine 
Rf  retention factor (TLC) 
r.t.  room temperature 
TBAF  tetrabutylammonium fluoride 
TBS   tert-butyldimethylsilyl 
TBTU  O-(Benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium tetrafluoroborate 
THF  tetrahydrofuran 
TFA  trifluoroacetic acid 
TfO (OTf) triflate, trifluoromethanesulfonate 
TMS  trimethylsilyl 
TMTU  N,N,N´,N´-tetramethylthiourea 
TsOH  para-toluenesulfonic acid 
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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. 

 

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 β-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). 
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Diese Arbeit besteht aus mehreren unabhängigen 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 für Alkin-

Aktivierung. Der dritte und größte Teil beschreibt experimentelle mechanistische Untersuchungen Gold-, 

Palladium-, Platin- und Quecksilber-katalysierter Reaktionen von Alkinen. 
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Paper 1: Zhdanko, A.; Schmauder, A.; Ma, C. I.; Sibley, L. D.; Sept, D.; Sasse, F.; Maier, M. E. 

Synthesis of Chondramide A Analogues with Modified β-Tyrosine and Their Biological Evaluation, 

Chem. Eur. J. 2011, 17, 13349–13357. 

I synthesized seven chondramide analogs (compounds 2e-k) and wrote ca. 70% of the 

manuscript. Part of compound characterization (1H, 13C, H,H-COSY, HSQC, DEPT, HMBC, 

NOESY NMR spectra, optical rotation measurements) was performed by me. 

A. Schmauder synthesized three chondramide analogs (compounds 2b-d). C. I. Ma, L. D. Sibley, 

D. Sept, F. Sasse provided the biological study. 

Paper 2: Zhdanko, A.; Ströbele, M.; Maier, M. E. Coordination Chemistry of Gold Catalysts in 

Solution: A Detailed NMR Study, Chem. Eur. J. 2012, 18, 14732–14744. 

I designed and performed the complete project and wrote the complete manuscript. Compound 

characterization was performed by me (except X-ray analysis and HRMS). 

Dr M. Ströbele performed two X-rays analyses and provided the structure solutions. Dr D. Wistuba 

performed the HRMS measurements. 

Paper 3: Zhdanko, A.; Maier, M. E. Synthesis of gem-Diaurated Species from Alkynols, Chem. Eur. 

J. 2013, 19, 3932–3942. 

I designed and performed the complete project and wrote the complete manuscript. Compound 

characterization was performed by me (except X-ray analysis and HRMS). 

Dr M. Ströbele performed one X-rays analysis and provided the structure solution. Dr D. Wistuba 

performed the HRMS measurements. 

Paper 4: Zhdanko, A.; Maier, M. E. Quantitative Evaluation of the Stability of gem-Diaurated 

Species in Reactions with Nucleophiles, Organometallics 2013, 32, 2000–2006. 

I designed and performed the complete project and wrote the complete manuscript. Compound 

characterization was performed by me (except HRMS). 

Dr. M. Kramer provided assistance for the various temperature NMR experiments (setting up the 

temperature in the instrument and running spectra). Dr D. Wistuba performed HRMS 

measurements. 

Paper 5: Zhdanko, A.; Maier, M. E. The mechanism of gold(I) catalyzed hydroalkoxylation of 

alkynes: an extensive experimental study, Chem. Eur. J. 2014, 20, 1918–1930. 

I designed and performed the complete project and wrote the complete manuscript. Compound 

characterization was performed by me (except HRMS). Dr D. Wistuba performed the HRMS 

measurements. 
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Paper 6: Zhdanko, A.; Maier, M. E. Gold(I), Palladium(II), Platinum(II) and Mercury(II) 

catalyzed Spirocyclization of 1,3-Enynediols: Reaction Scope, Eur. J. Org. Chem. 2014, 3411–3422. 

The initial idea to use a transition metal catalyst for the synthesis of mono unsaturated spiroketal 

structures was provided by Prof. Dr. M. E. Maier. This was the starting point for how I got involved 

in catalysis. I performed the complete project and wrote the major part of the manuscript. Some 

sections were written by Prof. M. E. Maier. Compound characterization was performed by me 

(except HRMS). Dr D. Wistuba performed HRMS. 

Paper 7: Zhdanko, A.; Maier, M. E. Mechanistic Study of Gold(I)-Catalyzed Hydroamination of 

Alkynes: Outer or Inner Sphere Mechanism? Angew. Chem. 2014, 126, 7894–7898; Angew. Chem. 

Int. Ed. 2014, 53, 7760–7764. 

I designed and performed the complete project and wrote the complete manuscript. Compound 

characterization was performed by me (except X-ray analysis and HRMS). 

Dr. M. Kramer provided assistance for the various temperature NMR experiments (setting up the 

temperature in the instrument and running spectra). Dr M. Ströbele performed one X-rays analysis 

and provided the structure solution. Dr D. Wistuba performed HRMS measurements. 

Paper 8: Zhdanko, A.; Maier, M. E. Explanation of counterion effects in gold(I) catalyzed 

hydroalkoxylation of alkynes, ACS Catal., 2014, 4, 2770–2775. 

I designed and performed the complete project and wrote the complete manuscript. 

Paper 9: Zhdanko, A.; Maier, M. E. Explanation of "Silver effect" on Gold(I) Catalyzed 

Hydroalkoxylation of Alkynes, Manuscript. 

I designed and performed the complete project and wrote the complete manuscript. 

Paper 10: Zhdanko, A.; Ströbele, M.; Maichle-Mössmer, C.; Maier, M. E. Experimental 
mechanistic investigation on Gold(I), Palladium(II), Platinum(II) and Mercury(II) catalyzed 
spirocyclizations, Manuscript. 
 
I designed and performed the complete project and wrote the complete manuscript. Dr M. Ströbele 

performed one X-ray analysis and Dr. C. Maichle-Mössmer performed two X-ray analyses and 

provided the corresponding structure solutions. 

 

In cases where I wrote the complete manuscripts, they were checked and corrected by Prof. Martin 

E. Maier before submission to the journals. 
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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. 
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[This study was published in Paper N1, Chem. Eur. J. 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.1 

A total synthesis of chondramide A (1) was previously developed in our laboratory.2 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. 

 

Scheme 1. Rethrosynthetic analysis of chondramide A. 

According to this synthetic plan, several trans-cinnamic esters (5a-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)2 as a catalyst.3 

This method is especially effective for electron deficient aryl bromides. 
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Scheme 2. Synthesis of trans-cinnamic esters 5a-e. 

The cinnamic esters were first elaborated into β-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. 

 

Scheme 3. Synthesis of β-tyrosine esters 6a-e. 
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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 β-

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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[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 5). 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. 

 

Scheme 5. Routes to unsaturated spiroacetals. The arrows indicate the formal cyclization 

modes. 

 

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. 

 

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-5-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. 

 

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

 

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

decomposition. 
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[The information regarding synthesis and use of complex 18 was published in Paper N6, Eur. J. 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.4 One of the complications of Pd-

catalyzed additions to alkenes is the strong tendency for the alkylpalladium intermediates 16 to 

undergo β-hydride elimination (Scheme 10). Accordingly, the purpose of a tridentate pincer ligand 

is to block the open coordination site required for the β-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+. 

 
Scheme 10. Use of tridentate pincer ligands to prevent the undesired β-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 

AgBF4 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.5 Then, halogen 

abstraction using AgSbF6 in the presence of acetone immediately gave rise to a new cationic 

palladium complex 18.6 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. 

 
Figure 1. Pincer complexes used in the work of Michael and Cochran and our work. 
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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 (e.g. SbF6
–) 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. 

 

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

activity is written below the structures. 
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[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.7 

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.8 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=CH2) occurring as a 

competitive side reaction. Deprotection of the hydroxylamines by TFA occurs smoothly in CH2Cl2. 

 

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

Pleasingly, in the presence of L2AuNCMe+ SbF6
– (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 5-endo-dig reaction. Nitrone 21 was 

obtained from 19c as a result of a 5-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.9 

 

Scheme 14. New gold catalyzed transformations of hydroxylamines. 
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[This study was published in Paper N2, Chem. Eur. J. 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. 

 

2. Acid/base dependent interconversions of gold hydroxide LAuOH and oxonium species 

(LAu)3O+ and (LAu)2OH+ were established. Similar acid/base dependent interconversions 

of LAuSH, (LAu)2SH+, (LAu)3S+ were established. 

3. NMR spectroscopic data of all new complexes LAu(Nu)+, LAuX, LAuOH, (LAu)3O+, 

(LAu)2OH+, LAuSH, (LAu)2SH+, (LAu)3S+ were collected (often in various solvents). 
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[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 N5, Chem. Eur. J. 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 π-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 π-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 Brönsted 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 α-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 SN2 mechanism at gold. 

 

Scheme 15. The mechanism of gold(I) catalyzed hydroalkoxylation of internal alkynes. 
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 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 SN2 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 

PPh3, PMe3, 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.10 

2. Sterically hindered electron donating ligands are recommended for intramolecular 5-endo-dig 

and possibly 5-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= PPh3, PMe3). 
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[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– = SbF6
–, 

NTf2
–, 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 

SbF6
– < NTf2

–< ClO4
– < 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 SbF6
– < NTf2

–< 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.  

 

Scheme 16. Explanation of ion effects in gold catalyzed hydroalkoxylation. 

Overall ion effect can be positive or negative 
SbF

6

– < NTf
2

– < ClO
4

– < OTf– < OTs– 
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[This study is described in unpublished manuscript N9] 

For a long time silver salts AgX have been routinely used to activate gold chloride complexes 

LAuCl 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: 

 

Since recently there has been increased amount of experimental observations suggesting that 

silver is not totally innocent in gold catalysis.11 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 AgClO4) 

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

shown in blue. 
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[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.12 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 

π-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. 

 

Scheme 18. Mechanism of gold catalyzed hydroamination. 

 

Scheme 19. Explanation of stereochemical outcome of gold-catalyzed hydroamination. 
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[This study is included in unpublished manuscript N10] 

 

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 π-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). 

 

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 



 

26 

 

compatible with gold catalysis but not compatible with catalysis by 18 (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 CH2Cl2 

become significantly inhibited in methanol (but yet possible). In case of gold catalysis, fast 

reactions are possible in either solvent. 

3. The palladium pincer complex 18 appears to have milder Lewis acidic character and its π-

complexes with unsaturated hydrocarbons will possess less reactivity as compared to gold 

complexes. This is exemplified by the inability of PdPCP+ to catalyze isomerization of 5-

exo-enol ether C. 

4. 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 tBu2Py). 
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[This study is included in unpublished manuscript N10] 

 

Mechanistic study of spirocyclization catalyzed by Zeise's dimer [Pt(C2H4)Cl2]2 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(II) 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(C2H4)Cl2]2 or complex 22 are by far more catalytically active than, for example, PtCl2 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. 
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[This study is included in unpublished manuscript N10] 

 

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: 

 

Scheme 21. Mechanism of Hg(OTFA)2 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 π-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: α-mercurated oxonium 

ion (species I, III). These species are formed by three processes, from three different types of 

precursor. The structure of the α-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 α-mercurated oxonium ion 

and not as a π-complex (a situation similar to that of α-aurated iminium ion, Section 6.3.5). In 

contrast, gold complexes of enol ethers are qualified rather as π-complexes.  
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Scheme 22. Formation of α-mercurated oxonium ion and its resonance structures. Comparison 

with gold enol ether π-complex. 

In addition to α-mercurated oxonium ion there are also α,α-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: 

 

The double bond character in α-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 α-

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.  

 

Scheme 23. The origin of cis/trans isomerization of an enol ether. 
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Introduction

Cyclodepsipeptides comprise a unique class of secondary
metabolides. They frequently contain unusual amino acids,
like d-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”.[1,2] Many cyclodep-
sipeptides have been isolated from marine sponges and
found to display interesting biological activities.[3] 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.[4]

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]

Independently, it was also found in a Jaspis sponge and
named jaspamide.[6] In the meantime jasplakinolide was iso-
lated from many other sponges. Furthermore, several addi-
tional jasplakinolides could be isolated by the groups of
Zampella[7] and Crews.[8] In contrast, so far only four natural
chondramides are known, namely chondramides A–D (2–5)
(Figure 1). They were isolated by the Hçfle/Reichenbach
group from myxobacteria.[9] 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

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-
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 b-
tyrosine derivatives 8. Condensation

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 2 b–k. Growth inhibition assays
showed most of the analogues to be
biologically active. Some of them even
reach the activity of jasplakinolide. It
can be concluded that the 4-position of
the aryl ring in the b-tyrosine of chon-
dramide A tolerates structural modifi-
cations quite well.
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Figure 1. Structures of jasplakinolide (1) and the chondramides A–D (2–
5).
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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.[10] Most of them close the macrocyclic
ring by intramolecular amide or ester formation. The Wald-
mann/Arndt synthesis[10g] relies on a relay ring-closing meta-
thesis reaction. Furthermore, syntheses of simplified jaspla-
kinolide analogues have been reported.[11,12] 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[13] and Kalesse[14]

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.[15] Subsequently, we reported the
total synthesis of chondramide A (chon A).[16] Instead of a
b-tyrosine, this chondramide contains a 3-amino-2-methoxy-
3-arylpropanoic acid, whose configuration was determined
to be (2S,3S). The ester bond could be established either by
Yamaguchi esterification or via a Mitsunobu reaction[17] that
was then followed by macrolactam formation. While the b-
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.[18] 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.[19] The binding site is identical to the one of the bi-
cyclic heptapeptide phalloidin.[20] 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).[12] 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-

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.[12] With an efficient
route to chondramide A we embarked on the synthesis of
chondramide A analogues with modified b-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 (2 a), recently disclosed from our labo-
ratory,[16] was put as a basis for synthesis of new chondra-
mide analogues, containing variations in the b-tyrosine
unit.[16] Accordingly, this implied the use of differently sub-
stituted b-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 9 b–e, 9 g–i, and 9 k 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 9 b–e, 9 k were prepared by Wittig reac-
tion of the corresponding aldehydes 10 with the stabilized
ylide [(carbomethoxy)methylene]triphenylphosphorane[21] in
dichloromethane. Enoate 9 e could also be obtained by
Knoevenagel condensation with subsequent esterification in
high 93 % yield. In case of enoate 9 k, its low solubility in
methanol, allowed for efficient isolation of the product by
simple filtration. The 4-cyanocinnamate 9 i was synthesized
by Heck reaction from 4-bromobenzonitrile under low cata-
lyst loading and ligand-free conditions, using PdACHTUNGTRENNUNG(OAc)2 as
catalyst.[22] This method is especially efficient for electron
deficient aromatic bromides and enoate 9 i was obtained in

Figure 2. Key structure-activity relationships for good biological activity
of jasplakinolides and chondramides illustrated with the jasplakinolide
structure.
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essentially quantitative yield. This result stipulated the
choice of 4-bromobenzaldehyde as a precursor for prepara-
tion of the CH2OTBS-substituted enoate 9 g, that was finally
done in three steps in high overall yield. Thus, the Heck re-

action to (E)-methyl 4-formylcinnamate (13) was followed
by NaBH4 reduction of the aldehyde group and silylation of
the primary alcohol. Cinnamate 9 h with a CH2CH2OTBS
substituent in 4-position was prepared from the arylacetic
acid 14 through reduction with LiAlH4 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 9 h 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
PPh3. 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)[23] under standard conditions

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

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

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 17 e the corresponding acid was partially isolated and
characterized (see the supporting information). The dihy-
droxylation reactions with the NO2-, 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 KHCO3 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 KHCO3. Indeed, in
the presence of 1 mol % K2OsO2(OH)4/1.5 mol% chiral
ligand, the reaction required somewhat shorter time and the
diol 17 g 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.[23] For three of the diols (17 e, 17 g, 17 i) 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.[16] For the other diols the
enantiomeric purity was tentatively assessed to be “high” by
the observation of no significant side peaks in the 1H and
13C NMR spectra on later steps when diastereomers would
appear.

Diols 17 were next transformed to b-azides 18 by means
of a Mitsunobu reaction with hydrazoic acid.[24] 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 HN3 and
PPh3 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 8C
rather than at 0 8C. 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.[24] 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 17 e (NO2), 17 i (CN), and
17 k (Ph) were used as hardly separable mixtures, slightly

contaminated with MeSO2NH2, resulting from the previous
step. We found MeSO2NH2 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 19 i was hydrolyzed with H2O2/K2CO3 to provide
amide 19 j, the precursor for chondramide analogue 2 j. 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 19 j 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 19 i was
selectively reduced by treatment with PPh3 followed by hy-
drolysis of the iminophosphorane intermediate to afford
amine 8 e, that was used without further purification.

In several steps amino esters were transformed into chon-
dramide analogs 2 b–k (Scheme 4). First, peptide coupling
with the known dipeptide acid,[11c,25] 6 afforded tripeptides
20 in good yields. Subsequent saponification of the methyl
ester, either with Me3SnOH (20 b–d) or simply with NaOH
[20 e (NO2), 20 i (CN), 20 j (CONH2), 20 k (Ph)] occurred in
quantitative yields and without epimerization. But saponifi-
cation of the CH2OTBS- and (CH2)2OTBS-substituted tri-
peptide esters 20 g and 20 h was accompanied by partial de-
protection of the alcohol functions. Still, pure acids 21 g and
21 h were successfully isolated by chromatography in re-
duced, but good yields (~80 %). Thus, there was no need to
call upon the milder Me3SnOH procedure. On the next
stage, acids 21 b–d were initially esterified with hydroxy
ester 7-epi-7 under Yamaguchi conditions to give the seco-
compounds 22 b–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.[15] There-
fore, the acids 21 were esterified with alcohol[15] 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 21 j (CONH2) 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 2 j (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/CH2Cl2 (1:30) as previously
described.[16] The progress of the deprotection was easily
monitored by TLC and NMR and under these conditions
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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 22 g and 22 h 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 2 e (NO2), 2 i (CN),
and 2 k (Ph) directly. In order to obtain the analogues 2 g

(CH2OH) and 2 h [(CH2)2OH] the crude cyclization prod-
ucts were stirred in aqueous K2CO3/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 22 g (CH2OTBS),
yielding after short hydrolysis with aqueous K2CO3/MeOH
two products as judged by TLC. The more polar substance
turned out to be the desired chondramide A analogue 2 g.
The second substance was shown to be the corresponding
benzotriazolyl ether that was characterized by 1H 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 NO2-substituted analogue 2 e
we attempted reduction of the nitro group to obtain the
NH2 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
CONH2-substituted analogue 2 j was prepared by hydrolysis
of the cyano group of 2 i with H2O2/K2CO3/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-

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 [2 b (Me), 2 d (F), 2 i (CN)] are even comparable to
jasplakinolide (1) itself (EC50 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 (EC50 in the range of 60 nm). These analogues

Scheme 4. Synthesis of chondramide A analogues 2 b–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= CH2OH and (CH2)2OH, re-
spectively.

Table 1. Cytotoxicity of jasplakinolide (1) and chondramide A deriva-
tives 2.[a]

Entry Compound EC50 (HFF) [mm] IC50 (L-929) [mm]

1 jasplakinolide_np (1) 0.028�0.004
2 chon A_np (2a) 0.118�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 (2 a) 0.109�0.007
6 chon A_Me (2b) 0.027�0.002 0.0079�0.0013
7 chon A_OMe (2c) 0.066�0.008 0.0083�0.0021
8 chon A_F (2 d) 0.029�0.002 0.0080�0.0013
9 chon A_NO2 (2e) 0.040�0.006 0.017�0.005
10 chon A_NH2 (2 f) 0.057�0.001 0.031�0.002
11 chon A_CH2OH (2 g) 0.052�0.010 0.035�0.002
12 chon A_ (CH2)2OH (2 h) 0.059�0.010 0.033�0.004
13 chon A_CN (2 i) 0.027�0.001 0.011�0.001
14 chon A_CONH2 (2j) 1.424�0.017 0.223�0.042
15 chon A_Ph (2k) 0.213�0.016 0.025�0.002

[a] np= natural product (isolated), synth= synthetic compound.
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include 2 c (OMe), 2 e (NO2), 2 f (NH2), 2 g (CH2OH), and
2 h ((CH2)2OH). Somewhat surprising is the activity of ana-
logue 2 k (Ph) (EC50 =213 nm). With this large substituent
one would not expect that the analogue would fit in the
binding pocket.[12] Although the amide substituent in 2 j 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.[8b]

Conclusion

Based on our previous synthesis of chondramide A, a range
of analogues was prepared that feature modifications in the
4-position of the b-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 2 j was not very active.
Otherwise, it appears that the aryl ring of the b-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
(NO2) and the reduction of 2 e to analogue 2 f (NH2).

(E)-Methyl 4-nitrocinnamate (9 e) (by Knoevenagel reaction): A solution
of nitrobenzaldehyde (1.51 g, 0.01 mol), malonic acid (1.14 g, 1.1 equiv),
and pyridine (0.25 mL, 0.31 equiv) in ethanol (2 mL) 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 HCl. The precipitate was filtered, washed with

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 CH2Cl2, 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.[26]ACHTUNGTRENNUNG(2S,3R)-Methyl 3-(4-cyanophenyl)-2,3-dihydroxypropanoate (17 e): A
mixture of K3Fe(CN)6 (7.22 g, 22.0 mmol, 3 equiv), K2CO3 (3.04 g,
22.0 mmol, 3 equiv), MeSO2NH2 (0.70 g, 7.37 mmol, 1 equiv),
K2OsO2(OH)4 (10 mg, 0.027 mmol, 0.0037 equiv), and the ligand
(DHQD)2PHAL (57 mg, 0.073 mmol, 0.01 equiv) was stirred in a mixture
of water (35 mL) and tBuOH (35 mL) until dissolved and then the solu-
tion was cooled to 0 8C in an ice bath. At this point cinnamate 9 e (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 Na2SO3 (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 Na2SO4, filtered, and evaporat-
ed. The residue was purified by flash chromatography (CH2Cl2/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 CH3SO3NH2 (as a contami-
nant in different compounds comes at d=3.08–3.10 (s, 3 H), 4.67–
4.79 ppm (br s, 2 H)), 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 (17 g) utilizing 1 % of the catalyst is de-
scribed in the Supporting information. 1H NMR (400 MHz, CDCl3): d=

2.81 (br s, 1 H, OH), 3.13 (br s, 1H, OH), 3.86 (s, 3 H, OCH3), 4.39 (br s,
1H, 2-H), 5.14 (br s, 1 H, 3-H), 7.59 (d, J=8.4 Hz, 2 H, Ar), 8.23 ppm (d,
J=8.4 Hz, 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 5 m 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 8C and concentrated
H2SO4 (~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 Na2SO4 (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 3.3 m against theoretical
4.0m).ACHTUNGTRENNUNG(2S,3S)-Methyl 3-azido-2-hydroxy-3-(4-nitrophenyl)propanoate (18 e): 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, 3.3 m in toluene,
3 equiv) in THF (2.0 mL) at �25 8C 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 N2 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. Rf (petroleum ether/EtOAc, 1:1) = 0.55; a½ �20

D = ++

101.1 (c = 1.00, CH2Cl2); 1H NMR (400 MHz, CDCl3): d=3.11 (br s, 1 H,
OH), 3.73 (s, 3H, OCH3), 4.58 (d, 1 H, 2-H), 5.08 (d, J=3.8 Hz, 1H, 3-
H), 7.53 (d, J=8.7 Hz, 2H, Ar), 8.23 ppm (d, J=8.7 Hz, 2H, Ar);
13C NMR (100 MHz, CDCl3): d=53.1 (OCH3), 66.4 (C-3), 73.7 (C-2),
123.7 (Car), 128.7 (Car), 141.8 (Car), 148.1 (Car), 171.3 ppm (CO2CH3);
HMRS (ESI): m/z calcd for C10H10N4O5 [M+Na]+ : 289.05434; found:
289.05431. Note. The product 18 e was slightly contaminated with diethyl
hydrazodicarboxylate (~3–5 mol %), having signals d=1.28 �0.01 (t,
6H), 4.22 �0.01 ppm (q, 4H). This impurity did not cause problems in
the subsequent steps.ACHTUNGTRENNUNG(2S,3S)-Methyl 3-azido-2-methoxy-3-(4-nitrophenyl)propanoate (19 e): To
a solution of a-hydroxy ester 18e (0.495 g, 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 8C overnight, a small probe was taken from the reaction
mixture and quenched with EtOAc/HClaq for TLC (petroleum ether/
EtOAc, 1:1), that indicated full conversion. The reaction mixture was
cooled, treated with EtOAc/H2O, and acidified with 1n HCl 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
Na2SO4, 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. Rf (petroleum ether/EtOAc, 2:1) = 0.54; a½ �20

D = ++

49.5 (c = 1.00, CH2Cl2); 1H NMR (400 MHz, CDCl3): d=3.38 (s, 3 H,
OCH3), 3.75 (s, 3 H, CO2CH3), 3.99 (d, J=6.1 Hz, 1H, 2-H), 4.89 (d, J=

6.1 Hz, 1H, 3-H), 7.55 (d, J=8.7 Hz, 2 H, Ar), 8.22 ppm (d, J=8.7 Hz,
2H, Ar); 13C NMR (100 MHz, CDCl3): d=52.5 (OCH3), 59.3 (OCH3),
65.0 (C-3), 83.0 (C-2), 123.8 (Car), 129.0 (Car), 142.4 (Car), 148.1 (Car),
169.6 ppm (CO2CH3); HMRS (ESI): m/z calcd for C11H12N4O5 [M+Na]+

: 303.06999; found: 303.07002.

Reduction of azide 19 e and coupling of amine 8e with acid 6 to tripep-
tide 20e (NO2): A solution of azide 19e (89.6 mg, 0.32 mmol) and PPh3

(92.2 mg, 0.352 mmol, 1.1 equiv) in of THF (1 mL) was stirred at 40–
50 8C for 1 h for clean and complete conversion to the corresponding imi-
nophosphorane (TLC control: CH2Cl2/MeOH/NH3, 10:1:0.1, Rf 0.5 for
the iminophosphorane). Selected 1H NMR (400 MHz, CDCl3) data for
the iminophosphorane: d= 7.91 (d, 2 H), 3.67 (s, 3H), 3.13 ppm (s, 3 H).
Then water (0.1 mL) was added and the mixture was further stirred at
40–50 8C for ~8 h. Because the Rf values of the iminophosphorane, Ph3P=

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 1H NMR (400 MHz,
CDCl3) data for the amine: d=8.15 (d, 2H), 3.65 (s, 3 H), 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, 1.5 equiv), iPr2NEt (0.064 mL, 0.369 mmol, 3 equiv). At
�10 8C 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 (3 � 8 mL). The combined
organic layers were washed with 1n NaHSO4 solution (5 mL), saturated
NaHCO3 solution (5 mL), saturated NaCl solution (5 mL), dried with
Na2SO4, 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. Rf (petroleum ether/EtOAc, 2:1) =

0.48; a½ �20
D = ++4.0 (c = 1.00, CH2Cl2); 1H NMR (400 MHz, CDCl3): d=

0.97 (d, J=6.9 Hz, 3 H, Ala CH3), 1.40 (s, 9 H, tBu), 2.98 (s, 3 H, NCH3),
3.17 (dd, J=15.5, 9.4 Hz, 1 H, CH2), 3.38 (s, 3 H, OCH3), 3.38 (m, 1 H,
CH2), 3.61 (s, 3 H, CO2CH3), 4.07 (d, J=5.1 Hz, 1H, CHOCH3), 4.48–
4.54 (m, 1 H, Ala CH), 5.33 (d, J=7.4 Hz, 1H, Ala NH), 5.44 (dd, J=8.1,
5.1 Hz, 1H, b-Tyr CH), 5.53 (dd, J= 8.9, 7.4 Hz, 1H, Trp CH), 6.89 (s,
1H, Trp HAr), 7.08 (ddd, J=7.9, 7.1, 0.8 Hz, 1 H, Trp HAr), 7.16 (ddd, J=

7.9, 7.1, 0.8 Hz, 1 H, Trp HAr), 7.21 (d, J=8.1 Hz, 1 H, b-Tyr NH), 7.31 (d,
J=7.9 Hz, 1H, Trp HAr), 7.34 (d, J=8.3 Hz, 2H, Ar), 7.57 (d, J=7.9 Hz,
1H, Trp HAr), 8.06 (d, J=8.3 Hz, 2H, Ar), 8.21 ppm (s, 1H, Trp NH);
13C NMR (100 MHz, CDCl3): d=17.8 (Ala CH3), 23.5 (CH2), 28.3 (C-ACHTUNGTRENNUNG(CH3)3), 30.9 (NCH3), 46.7 (Ala CH), 52.1 (OCH3), 53.8 (b-Tyr CH), 56.8
(Trp CH), 59.3 (OCH3), 79.7 (C ACHTUNGTRENNUNG(CH3)3), 81.8 (CHOCH3), 110.5 (quat.
Trp), 111.2, 118.5, 119.5, 122.2 (2C, Trp), 123.4 (2C, Ar), 127.1 (quat.
Trp), 128.7 (2C, Ar), 136.1 (quat. Trp), 144.3 (quat. Ar), 147.5 (quat. Ar),
155.2 (Boc), 169.5, 169.6, 174.5 ppm; HMRS (ESI): m/z calcd for
C31H39N5O9 [M+Na]+: 648.26400; found: 648.26502.

Tripeptide acid 21 e (NO2): 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 (5 mL) and ethyl
acetate (8 mL). It was carefully acidified with 1 m NaHSO4 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 Na2SO4, filtered, and con-
centrated in vacuo to afford the crude acid 21 e as a colorless foam. Rf

(EtOAc/AcOH 100:1) = 0.4; 1H NMR (400 MHz, CDCl3): d=0.83 (d,
J=6.9 Hz, 3H, Ala CH3), 1.39 (s, 9H, tBu), 2.93 (s, 3 H, NCH3), 3.18 (dd,
J=15.3, 9.9 Hz, 1 H, CH2), 3.28–3.34 (m, 1 H, CH2), 3.34 (s, 3 H, OCH3),
3.98 (d, J=6.3 Hz, 1H, CHOCH3), 4.42–4.49 (m, 1 H, Ala CH), 5.40 (dd,
J=7.6, 7.1 Hz, 1H, b-Tyr CH), 5.46 (d, J=7.4 Hz, 1H, Ala NH), 5.59
(dd, J=9.9, 7.4 Hz, 1H, Trp CH), 6.88 (s, 1 H, Trp HAr), 7.05 (app t, J=

7.0 Hz, 1H, Trp HAr), 7.13 (app t, J=7.0 Hz, 1H, Trp HAr), 7.21 (d, J=

8.6 Hz, 1H, b-Tyr NH), 7.28 (d, J=7.9 Hz, 1H, Trp HAr), 7.41 (d, J=

8.4 Hz, 2H, Ar), 7.53 (d, J=7.9 Hz, 1H, Trp HAr), 8.04 (d, J=8.4 Hz, 2H,
Ar), 8.36 ppm (s, 1H, Trp NH); 13C NMR (100 MHz, CDCl3): d=17.0
(Ala CH3), 23.2 (CH2), 28.3 (C ACHTUNGTRENNUNG(CH3)3), 30.6 (NCH3), 46.6 (Ala CH), 54.0
(b-Tyr CH), 56.7 (Trp CH), 58.8 (OCH3), 80.8 (C ACHTUNGTRENNUNG(CH3)3), 82.5
(CHOCH3), 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
calcd for C30H37N5O9 [M+Na]+ : 634.24835; found: 634.24819.

Depsipeptide 22e (NO2): The crude acid 21 e (52 mg, 0.0851 mmol) and
alcohol 7 (32.8 mg, 0.128 mmol, 1.5 equiv) were dissolved in THF (1 mL)
and Ph3P (40 mg, 0.152 mmol, 1.8 equiv) was added at 0 8C. 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. Rf (petroleum ether/EtOAc 1:1) = 0.30; a½ �20

D =�4.0 (c = 1.00,
CH2Cl2); 1H NMR (400 MHz, CDCl3): d=0.77 (d, J=6.6 Hz, 3 H, CH3),
0.91 (d, J= 6.1 Hz, 3H, CH3), 0.96 (d, J=6.8 Hz, 3H, Ala CH3), 1.01 (d,
J=6.8 Hz, 3H, CH3), 1.40 (s, 9H, tBu), 1.41 (s, 9 H, tBu), 1.56 (s, 3 H,
CH3), 1.92 (dd, J=13.9, 7.6 Hz, 1H, CH2), 2.33 (dd, J=13.9, 6.8 Hz, 1 H,
CH2), 2.40–2.51 (m, 2H, 2 CH), 2.97 (s, 3H, NCH3), 3.17 (dd, J=15.4,
9.6 Hz, 1 H, CH2), 3.37 (dd, J=15.4, 7.1 Hz, 1 H, CH2), 3.40 (s, 3H,
OCH3), 4.06 (d, J=4.5 Hz, 1 H, CHOCH3), 4.46–4.61 (m, 2 H, Ala CH,
CO2CH), 4.84 (d, J=9.9 Hz, 1H, =CH), 5.34 (d, J=7.3 Hz, 1 H, Ala
NH), 5.43 (dd, J=8.3, 4.5 Hz, 1H, b-Tyr CH), 5.52 (dd, J=9.6, 7.1 Hz,
1H, Trp CH), 6.88 (s, 1H, Trp HAr), 7.07 (ddd, J=7.8, 7.1, 0.8 Hz, 1 H,
Trp HAr), 7.15 (ddd, J= 8.1, 7.1, 0.8 Hz, 1H, Trp HAr), 7.21 (d, J=8.3 Hz,
1H, b-Tyr NH), 7.30 (d, J=8.1 Hz, 1 H, Trp HAr), 7.39 (d, J=8.6 Hz, 2H,
Ar), 7.56 (d, J=7.8 Hz, 1 H, Trp HAr), 8.04 (d, J=8.6 Hz, 2H, Ar),
8.25 ppm (s, 1H, Trp NH); 13C NMR (100 MHz, CDCl3): d= 16.4, 16.6,
17.1, 17.6, 17.9, 23.5 (CH2), 28.0 (C ACHTUNGTRENNUNG(CH3)3), 28.3 (C ACHTUNGTRENNUNG(CH3)3), 30.9 (NMe),
37.5, 38.6, 43.4 (CH2), 46.7 (Ala CH), 53.8 (b-Tyr CH), 56.8 (Trp CH),
59.3 (OCH3), 76.4 (CO2CH), 79.6 (C ACHTUNGTRENNUNG(CH3)3), 79.9 (C ACHTUNGTRENNUNG(CH3)3), 81.4
(CHOCH3), 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, 155.2 (Boc), 168.6, 169.5, 174.5, 175.7 ppm;
HMRS (ESI): m/z calcd for C45H63N5O11 [M+Na]+ : 872.44163; found:
872.44212.
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Chondramide 2e (NO2): To a stirred solution of compound 22e (62.7 mg,
0.0738 mmol) in CH2Cl2 (2.2 mL) was added TFA (0.22 mL, 0.34 g,
2.98 mmol) at 0 8C. The reaction mixture was allowed to warm to room
temperature and after stirring for 22 h, the solvent was removed in vacuo
(TLC control: CH2Cl2/MeOH/NH3, 10:1:0.1). For azeotropic removal of
TFA the residue was taken up in toluene (3 � 0.5 mL) and concentrated
in vacuo each time. The crude product was dissolved in DMF (30 mL)
and iPr2NEt (64 mL, 47.7 mg, 0.369 mmol, 5 equiv), HOBt (19.9 mg,
0.147 mmol, 2 equiv) 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 (3 � 20 mL) and the combined organic layers were
washed with 5% aqueous KHSO4 solution (20 mL), water (20 mL), satu-
rated NaHCO3 solution (20 mL), water (2 � 20 mL) and saturated NaCl
solution (20 mL). The combined organic extracts were dried over
Na2SO4, 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 2 e (27.3 mg, 48%) as a colorless foam. Rf (EtOAc) =

0.41; a½ �20
D = ++18.5 (c = 1.00, CH2Cl2); 1H NMR (400 MHz, CDCl3): d=

0.84 (d, J=6.6 Hz, 3 H, CH3), 0.85 (d, J=6.1 Hz, 3H, CH3), 1.07 (d, J=

6.8 Hz, 3 H, CH3), 1.17 (d, J=6.8 Hz, 3 H, CH3), 1.64 (s, 3H, CH3), 1.88
(d, J=13.1 Hz, 1 H, CH2), 2.36–2.51 (m, 3H, 2 CH, CH2), 2.95 (s, 3 H,
NCH3), 3.17 (dd, J=15.2, 8.6 Hz, 1 H, CH2), 3.22 (s, 3H, OCH3), 3.31
(dd, J=15.2, 7.8 Hz, 1 H, CH2), 3.75 (d, J=8.1 Hz, 1 H, CHOCH3), 4.77–
4.83 (m, 2 H, Ala CH, CO2CH), 4.90 (d, J=9.1 Hz, 1 H, =CH), 5.30 (t,
J=8.3 Hz, 1H, b-Tyr CH), 5.60 (t, J=8.1 Hz, 1H, Trp CH), 6.50 (d, J=

7.3 Hz, 1 H, Ala NH), 6.82 (s, 1 H, Trp HAr), 7.06 (d, J=8.8 Hz, 1 H, b-Tyr
NH), 7.10 (ddd, J= 8.1, 7.1, 0.8 Hz, 1 H, Trp HAr), 7.17 (ddd, J=8.1, 7.1,
0.8 Hz, 1H, Trp HAr), 7.24 (d, J= 8.6 Hz, 2H, Ar), 7.32 (d, J=8.1 Hz, 1H,
Trp HAr), 7.59 (d, J= 8.1 Hz, 1 H, Trp HAr), 8.06 (d, J=8.6 Hz, 2H, Ar),
8.11 ppm (s, 1H, Trp NH); 13C NMR (100 MHz, CDCl3): d= 15.8, 16.6,
17.3, 18.6, 20.0, 23.6 (CH2), 30.2 (NCH3), 37.0, 40.2, 44.1 (CH2), 45.2 (Ala
CH), 54.4 (b-Tyr CH), 56.0 (Trp CH), 58.2 (OCH3), 76.8 (CO2CH), 81.9
(CHOCH3), 110.2 (quat. Trp), 111.2, 118.5, 119.6, 122.2, 122.3, 123.4,
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
C36H45N5O8 [M+Na]+: 698.31603; found: 698.31672.

Chondramide 2 f (NH2): By catalytic hydrogenation : A solution of chon-
dramide 2e (6.1 mg, 9.03 mmol) 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: CH2Cl2/MeOH, 10:1). Upon
complete conversion, the solvent was evaporated and the residue purified
by flash chromatography (CH2Cl2/MeOH, 30:1 to 20:1) to afford chon-
dramide 2 f (2.7 mg, 47 %) as white foam. A mixed fraction, containing
2 f 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 1H NMR).

By reduction with sodium dithionite : Alternatively, reduction of chondra-
mide 2e (5.8 mg, 8.58 mmol) was carried out in THF (0.5 mL), H2O
(0.5 mL) in the presence of Na2S2O4 (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 NaHCO3 solution. The water phase was extracted
once more with EtOAc. The combined organic extracts were dried with
Na2SO4, filtered, and evaporated. The desired NH2-chondramide 2 f
(2 mg, 36%) was isolated successfully by flash chromatography (CH2Cl2/
MeOH 30:1 to 20:1) as a white foam. Rf (CH2Cl2/MeOH 20:1) = 0.26;
a½ �20

D = ++24.9 (c = 0.35, CH2Cl2); 1H NMR (400 MHz, CDCl3): d=0.80
(d, J=6.3 Hz, 3H, CH3), 0.85 (d, J=6.8 Hz, 3 H, CH3), 1.03 (d, J=

6.8 Hz, 3H, Ala CH3), 1.15 (d, J=7.1 Hz, 3H, CH3), 1.63 (s, 3 H, CH3),
1.80 (d, J=13.9 Hz, 1 H, CH2), 2.33–2.40 (m, 2H, 2 CH), 2.53 (d, J=10.4,
13.6 Hz, 1H, CH2), 2.94 (s, 3H, NCH3), 3.14 (dd, J=15.5, 9.2 Hz, 1 H,
CH2), 3.23 (s, 3 H, OCH3), 3.27 (dd, J=15.5, 6.8 Hz, 1H, CH2), 3.68 (br s,
2H, NH2), 3.75 (d, J=7.3 Hz, 1H, CHOCH3), 4.77–4.84 (m, 2H, Ala CH,
7-H), 4.90 (d, J=8.8 Hz, 1 H, =CH), 5.25 (dd, J=7.3, 9.1 Hz, 1H, b-Tyr
CH), 5.60 (dd, J=7.1, 9.1 Hz, 1 H, Trp CH), 6.58 (d, J=7.3 Hz, 1 H, Ala
NH), 6.58 (d, J=8.3 Hz, 2 H, Ar), 6.81 (d, J= 2.2 Hz, 1H, Trp HAr), 6.92–

6.96 (m, 3 H, b-Tyr NH, Ar), 7.11 (ddd, J=8.1, 7.8, 1.0 Hz, 1H, Trp HAr),
7.17 (ddd, J=8.1, 7.8, 1.0 Hz, 1 H, Trp HAr), 7.30 (d, J= 7.8 Hz, 1H, Trp
HAr), 7.90 (d, J= 7.8 Hz, 1H, Trp HAr), 7.87 ppm (s, 1 H, Trp NH);
13C NMR (100 MHz, CDCl3): d=15.3, 16.6, 17.6, 18.6, 20.5, 23.3 (CH2),
30.1 (NCH3), 37.1, 40.3, 43.8 (CH2), 45.3 (Ala CH), 53.9 (b-Tyr CH), 55.7
(Trp CH), 58.0 (OCH3), 77.2 (CO2CH), 82.6 (CHOCH3), 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
C36H47N5O6 [M+Na]+: 668.34186; found: 668.34224.

Cytotoxicity assay and EC50 determination : Human foreskin fibroblast
(HFF) cells grown in Dulbecco�s modified Eagle�s medium with 10 %
fetal bovine serum and 10 mg mL�1 gentamicin were seeded at 2000 cells
per well in 96-well microtiter plates. After 2 h of incubation at 37 8C in a
humidified atmosphere with 5 % CO2, jasplakinolide and chon A ana-
logues were added to reach the final concentrations of 0.0049–5 mm (in
two-fold increments). The number of viable cells was determined 72 h
later using the CellTiter 96 AQueous One Solution Cell Proliferation
Assay (Promega). Absorbance at 570 l (A570) 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 EC50 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.[27, 28] The IC50 was
estimated from the concentration dependent activity curves.
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Introduction

Gold catalysis has emerged as an extensive area of research
that continues to evolve very rapidly today.[1] 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.[2] Indeed,
most papers dealing with gold-catalyzed reactions confine
themselves to “proposed” mechanisms, without going into
deep experimental mechanistic investigation and characteri-

zation of the gold intermediates. Often, instead of experi-
mental elucidation of mechanisms, computational investiga-
tions are conducted to support the mechanism.[3]

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.[4] 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.[6] 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 (CDCl3, C6D6, [D8]THF (used pure or as a
15 vol% mixture with simple THF), CD2Cl2, MeOD) and
were directly monitored by 1H and 31P 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

Abstract: Coordination chemistry of
gold catalysts bearing eight different li-
gands [L=PPh3, 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� !Me2S<2,6-lutidine<4-pico-
line<CF3CO2

� �DMAP<TMTU<

PPh3 <OH� �Cl�. Some hetero ACHTUNGTRENNUNGli ACHTUNGTRENNUNGgand
complexes DTBPAuX exist in solution
in equilibrium with the corresponding
symmetrical species. Binuclear com-

plexes dppf ACHTUNGTRENNUNG(AuOTf)2 and S-tolBINAP-ACHTUNGTRENNUNG(AuOTf)2 showed different behavior in
exchange reactions with ligands de-
pending on the ligand strength. Thus,
PPh3 causes abstraction of one gold
atom to give mononuclear complexes
LLAuPPh3

+ and (Ph3P)nAu+ , but other
N and S ligands give ordinary dication-
ic species LL ACHTUNGTRENNUNG(AuNu)2

2+ . In reactions
with different bases, LAu+ provided
new oxonium ions whose chemistry
was also studied: (DTBPAu)3O

+ ,
(L2Au)2OH+ , (L2Au)3O

+ ,
(L3Au)2OH+ , and (IMesAu)2OH+ . Ul-
timately, formation of gold hydroxide

LAuOH (L=L2, L3, IMes) was stud-
ied. Ligand- or base-assisted intercon-
versions between (L2Au)2OH+ ,
(L2Au)3O

+ , and L2AuOH are descri-
bed. Reactions of dppfACHTUNGTRENNUNG(AuOTf)2 and S-
tolBINAPACHTUNGTRENNUNG(AuOTf)2 with bases provid-
ed more interesting oxonium ions,
whose molecular composition was
found to be [dppf(Au)2]3O2

2+ ,
L8(Au)2OH+ , and [L8(Au)2]3O2

2+ , but
their exact structure was not establish-
ed. Several reactions between different
oxonium species were conducted to ob-
serve mixed hetero ACHTUNGTRENNUNGli ACHTUNGTRENNUNGgand oxonium spe-
cies. Reaction of L2AuNCMe+ with
S2� was studied; several new complexes
with sulfide are described. For many
reversible reactions the corresponding
equilibrium constants were determined.
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homo ACHTUNGTRENNUNGli ACHTUNGTRENNUNGgand 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 Ph3PAu+ (with weakly or noncoordi-
nating anions) reacts with PPh3 to provide mixtures of
higher coordinate complexes (Ph3P)nAu+ (n=2–4). Howev-
er, individual components of the equilibria [Figure 2,
Eqs. (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.[7] We reproduced this situation and describe it
with detailed spectra in the Supporting Information. Since
many of Ph3PAu-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: Ph3PAuNu+ (Nu=Me2S,[8] 2,6-lu-
tidine,[9] 2,6-di-tert-butylpyridine, NMe3,

[10] PPh3), Ph3PAuN-ACHTUNGTRENNUNG(SiMe3)2
[11] and (Ph3PAu)3O

+ .[12]

Initially, we studied the reaction of L2AuNCMe+SbF6
�

(2) with different ligands: MeOH, hex-3-yne, Me2S, 2,6-luti-
dine, 4-picoline, DMAP, TMTU, PPh3 and Cy3P in CDCl3.
All ligands except MeOH and hex-3-yne stoichiometrically
substituted acetonitrile from 2 to give 1:1 products whose
composition was established as L2AuNu+SbF6

� [Figure 2,
Eq. (4)], and in all these cases, before the equivalence point,

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 1H NMR spec-
trum. For example, in the reaction of 2 with PPh3 the corre-
sponding hetero ACHTUNGTRENNUNGli ACHTUNGTRENNUNGgand complex L2AuPPh3

+ was formed as
sole product, giving two doublets in the 31P NMR spectrum
due to P�P coupling. As a characteristic feature of the
1H 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 L mol�1.
This demonstrates much higher preference of L2 versus the
PPh3 ligand for gold. Even 17.5 equiv PPh3 were able to sub-
stitute only one-half of L2. Formation of stable L2AuPPh3

+

Figure 1. Structures of gold complexes together with ligand abbreviations
used in the text.

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.
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hetero ACHTUNGTRENNUNGli ACHTUNGTRENNUNGgand complex in solution was confirmed also by ESI
HRMS analysis, while the presence of higher coordinate
L2AuACHTUNGTRENNUNG(PPh3)2

+ could not be confirmed. The absence of
L2AuACHTUNGTRENNUNG(PPh3)2

+ 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
L2AuPPh3

+ signals due to the dynamic equilibrium that
would be established. However, even in the presence of
such a large excess of PPh3, the resonances of L2AuPPh3

+

broadened only slightly and appeared at constant chemical
shift, which also points to a “slow” mode of exchange in the
L2AuPPh3

+/PPh3 system. The significant kinetic stability of
the L2AuPPh3

+ complex is in sharp contrast to the behavior
of the corresponding triphenylphosphine analogue
(Ph3P)2Au+ 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
PPh3 gave a broadened resonance due to fast exchange with
the partially liberated gold in the classical (Ph3P)nAu+/Ph3P
dynamic system [Figure 2, Eqs. (2) and (3)].

Similarly, in the reaction with Cy3P, formation of the cor-
responding L2AuPCy3

+ occurred, which in the presence of
excess Cy3P readily underwent substitution of L2 from gold
to give (Cy3P)2Au+ [Eq. (24)].

Other L2AuNu+ complexes with Nu=Me2S, 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=Me2S, 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 CDCl3 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, Eqs. (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 et al. , and hex-3-yne exhibited the strongest binding
among a range of several alkynes and alkenes.[13] 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.[14]

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 Me2S. 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 Me2S, 2,6-lutidine, 4-picoline,
DMAP, TMTU, and PPh3 in CDCl3 were conducted with
L3AuNTf2 (3), which displayed exactly the same properties
[Figure 2, Eq. (5)]. The corresponding hetero ACHTUNGTRENNUNGli ACHTUNGTRENNUNGgand complex
L3AuPPh3

+ 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
PPh3, comparable to L2, but the equilibrium constant could
not be found due to signal overlaps. With Nu=Me2S, Lut,
Pic, DMAP, and TMTU the corresponding complexes
L3AuNu+ were formed, which revealed fast L3AuNu+/Nu
ligand exchange for Nu=Me2S, 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 hetero ACHTUNGTRENNUNGli ACHTUNGTRENNUNGgand complex DTBPAuPPh3

+ , which
does not exist in individual state but undergoes reversible
ligand metathesis to (Ph3P)2Au+ and (DTBP)2Au+ , so that
all three species are simultaneously observed in solution.
The equilibrium constant was estimated to be Keq �0.06
[Figure 2, Eq. (19)]. On further addition of PPh3, DTBP is
completely displaced from gold to give (Ph3P)2Au+ as a sole
product. During this process higher coordinate species
(DTBP)2AuPPh3

+ and DTBPAuACHTUNGTRENNUNG(PPh3)2
+ were not detected.

The homo ACHTUNGTRENNUNGli ACHTUNGTRENNUNGgand complex (DTBP)2Au+ 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)nAu+ (n>2) complexes were de-
tected. One of the phosphite ligands in (DTBP)2Au+ is
bound rather weakly: it is already substituted by 2,6-lutidine
with an equilibrium constant Keq �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 Me2S and TMTU to give no clear picture
of what is really happening in solution. In the case of Me2S
a complex dynamic mixture of DTBPAuSMe2

+ ,
(DTBP)2Au+ , and (Me2S)n=1,2Au+ 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 PPh3 to give the
expected IMesAuPPh3

+ , which beyond the equivalence
point displayed fast exchange with PPh3. No other com-
pounds were formed, that is, IMesAuPPh3

+/PPh3 continues
to be a simple binary system with PPh3 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, IPrAuOTf (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=Me2S
and slow for other cases [Nu=Lut, Pic, DMAP, TMTU,
PPh3; Figure 2, Eq. (7)].

Further, we studied ligand-exchange chemistry of two bi-
nuclear complexes of gold. For example, when dppfACHTUNGTRENNUNG(AuCl)2

was titrated with PPh3, the system displayed dynamic behav-
ior with single sets of broad signals for dppf and PPh3, but
at some point sharp signals for the dppf unit were observed,
together with broad signals for PPh3 (in both 1H and
31P NMR spectra), indicating formation of a single dppf
complex. This can be either dppfAuCl or [dppfAuPPh3]

+

Cl�. Complex dppfAuCl was previously described and its
spectra did not match those observed by as, so we suppose
[dppfAuPPh3]

+Cl� could be formed in our case. The com-
plex [dppfAuPPh3]

+ was previously described as the per-
chlorate salt and its spectra matched those observed by us
pretty well.[15]

When dppf ACHTUNGTRENNUNG(AuOTf)2 (7) was titrated with PPh3, the early-
stage spectra were complicated, indicating formation of a
multicomponent mixture. However already at three equiva-
lents of PPh3, sharp signals for the dppf unit arose, together
with broad signals for PPh3 (in both 1H and 31P NMR spec-
tra), indicating formation of a single dppf complex. Similar
properties were displayed by another binuclear complex,
namely, L8 ACHTUNGTRENNUNG(AuOTf)2 (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 LLAuPPh3

+ and
(Ph3P)nAu+ [Figure 2, Eq. (22)]. In case of dppfAuPPh3

+

the spectra matched those reported in the literature.[15] All
sharp signals (in both 1H and 31P NMR spectra) were as-
signed to the LL unit of LLAuPPh3

+ , and broad, time-aver-
aged signals were assigned to a PPh3 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 PPh3, 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

might be described as a chelate or fast jumping of gold be-
tween the two phosphorus atoms.

In contrast to PPh3, reactions with weaker N and S ligands
revealed formation of the corresponding dicationic com-
plexes dppf ACHTUNGTRENNUNG(AuTMTU)2

2+ , dppf ACHTUNGTRENNUNG(AuLut)2
2+ , L8 ACHTUNGTRENNUNG(AuLut)2

2+ ,
L8 ACHTUNGTRENNUNG(AuPic)2

2+ , L8 ACHTUNGTRENNUNG(AuDMAP)2
2+ , and L8 ACHTUNGTRENNUNG(AuTMTU)2

2+ ,
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 Keq values indicated
(Scheme 1). Conveniently, the ligands before OTf� can be

regarded as weak, from Me2S till TMTU as moderately
strong and beyond PPh3 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 DMAP/
TMTU exchange at Ph3PAu+ , 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/PPh3, 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 Ph3PAu+ reacts with base and water to
give triaurated oxonium salts (Ph3PAu)3O

+ (9) stable in sol-
ution and in the solid state.[12] Indeed, when proton sponge
(PrSp) was added to a freshly prepared solution of
Ph3PAuOTf (1) in CDCl3, a fast and quantitative reaction
with traces of water (naturally contained in CDCl3) occurred
to give (Ph3PAu)3O

+ as the sole product [Scheme 2,
Eq. (25)]. Before the equivalence point, 31P NMR showed a
single broadened resonance indicating fast exchange in the
Ph3PAuOTf/ ACHTUNGTRENNUNG(Ph3PAu)3O

+ system. In sharp contrast, 2 react-
ed with proton sponge to give diaurated oxonium ion
(L2Au)2OH+ (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 (3JH-P =1.7 Hz) corresponding to a single OH
proton. The stoichiometry of the whole reaction was deter-

Scheme 1. Ligand strength series for cationic gold complexes with some
key Keq values.
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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 31P 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)2OH+ 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, DTBPAuOTf (4) reacted with proton
sponge to give triaurated oxonium ion (DTBPAu)3O

+ (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)2OH+ (13)
was previously described by Nolan et al. in 2010 and until
now was the only known example of diaurated oxonium
ions.[16] 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.

The cation (L2Au)2OH+ (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 CDCl3 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.[17] Indeed,
in an extra-dry solution of 15 in C6D6 (above solid KOH)
the OH proton could be observed as a doublet at
�0.20 ppm (3JH-P =4.8 Hz), and the doublet was also nicely
observed in the NMR spectrum of 15 in C6D6 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

Scheme 2. Reactions of gold complexes with proton sponge.

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.[2e, 18] In complete
accordance with expectations, L2AuOH appeared to be a
strong base as well. It readily reacted with dimethyl malo-
nate to give L2AuCH ACHTUNGTRENNUNG(CO2Me)2 [Scheme 3, Eq. (32)]. In
CDCl3 solution L2AuOH slowly reacts with the solvent
(over many hours at room temperature), but the reaction
can be strongly accelerated by PPh3 [Scheme 3, Eqs. (33a)
and (33b)]. Thus, when a catalytic amount of PPh3 (�1–
5 %) was added to a solution of L2AuOH in CDCl3 and the
solution concentrated in vacuo, the residue already con-
tained only the products of the reaction. Normally, a mix-
ture of L2AuCl and L2AuCCl3 (16) is formed. The chloride
ion in L2AuCl must come from CDCl3 [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 CDCl3 solution, but the proton spectra differ
sufficiently to allow differentiation. Unfortunately, a 13C
spectrum did not prove the presence of the CCl3 residue.
However the structure was unambiguously established by X-
ray analysis (Scheme 3). The catalytic action of PPh3 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 C6D6 revealed that PPh3 is unable to sto-
ichiometrically displace OH� from gold (even in excess) and
the reaction is thus highly reversible [Scheme 3, 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 (Me2N)2CO 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,[19] 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-

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
Ph3PAuOH, whose existence has so far not been confirmed.

We further studied the chemistry of (L2Au)2OH+ (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 Me2S,
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).

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:
L2AuNEt3

+ , 10, and the remaining 2 were all simultaneous-
ly observed, together with the corresponding amount of
Et3NH+ . Closer to the equivalence point, the amount of
(L2Au)2OH+ (10) and 2 decreased, while L2AuNEt3

+ was
formed as the major product. This situation can be described
by Equations (41) and (42). Traces of (L2Au)2OH+ were
still detectable in the presence of 1.5 equivalents of Et3N.
This experiment demonstrated that initially some competi-
tion took place, but with increasing amount of Et3N it react-
ed preferentially as a ligand and not a base.[20] When TMTU
was added to this solution, complete substitution of Et3N oc-
curred to give the L2AuTMTU+ 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 [Figure 2, Eq. (4)].
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Then we titrated a freshly prepared (Ph3PAu)3O
+ (9)/

PrSpH+ mixture with triethylamine and found that gradual
formation of Ph3PAuNEt3

+ occurred, but the equilibrium
now lay on the left: approximately nine equivalents of Et3N
were able to transform only about 60 % of 9 into the trie-
thylamine complex [Eq. (43)]. During this experiment both
9 and Ph3PAuNEt3

+ were observed clearly by 31P NMR.
When TMTU was added to the final solution, one broad
phosphorus resonance was observed for all the species. This
suggests that Et3N was completely substituted from gold,
but then Ph3PAuTMTU+ got involved in a fast exchange
process, together with (Ph3P)2Au+ , 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)3O

+

and (LAu)2OH+ to be compared. Obviously (LAu)3O
+

should be more stable because it is stabilized by three auro-
philic interactions, while (LAu)2OH+ 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)3O

+ 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)2OH+ is possible.

Also, we studied conversions of (L2Au)2OH+ (10) and
L2AuOH in both directions in three different solvents
(CDCl3, CD2Cl2, [D8]THF). When PPh3 was added to a solu-
tion of (L2Au)2OH+ , formation of new species was ob-
served, which eventually were converted to L2AuOH when
more PPh3 was added [overall Eq. (44) in Scheme 4]. The
same species were detected during the synthesis of
L2AuOH, when a solution of 2 in CDCl3 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)2OH+ 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

mole of gold increases for the following syntheses:
(LAu)2OH+ < (LAu)3O

+ <LAuOH. Hence, we concluded
that the new species intermediately arising and disappearing
on the way from (L2Au)2OH+ (10) to L2AuOH (15) must
be (L2Au)3O

+ (17). We automatically concluded that 10
and 15 react with each other to give (L2Au)3O

+ (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 L2AuOH by Equation (28) in
Scheme 3 corresponds to incomplete reaction when a mix-
ture of 10 and 15 arises [Scheme 3, Eqs. (29)–(31)]. Howev-
er, only in THF was (L2Au)3O

+ observed free of 10 and 15.
It remains unclear if this is due to better stability of
(L2Au)3O

+ in this solvent or some kinetic circumstances.
Note that (L2Au)3O

+ 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)3O

+ 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)2OH+ (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 PPh3 and
found that this reaction reversibly occurs already with Me2S,
and with lutidine the equilibrium is much shifted to the
right.

Thereafter, the analogous interconversion of
(L3Au)2OH+ (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)3O

+ observed [Eq. (50)]. Possibly,
it cannot exist at all given the increased steric hindrance in
comparison to (L2Au)3O

+ .

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, L2AuOMe (19) was generated cleanly. Its identity was
established by reaction with PPh3, giving clean substitution
and no other products. Obviously, proton sponge was not
strong enough to generate this methoxide.

Scheme 4. Reaction of (L2Au)2OH+ with PPh3.
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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 (dppfAu2)3O2

2+ (20) according to Equation (52) in
Scheme 5, while 8 gave a kind of diaurated oxonium ion, for

which the simplest molecular composition was established
as L8(Au)2OH+ 21, [Scheme 5, Eq. (53)]. In the 1H NMR
spectrum 21 exhibits a characteristic, slightly broad singlet
at +5.36 ppm, corresponding to a single OH proton (in rela-
tion to 2 Au), while in the 31P 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)2]3O2

2+ (22). This can be directly obtained by re-
action of 8 with solid LiOH, its 1H NMR spectrum exhibits
no protons assignable to OH, and its 31P 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).

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)2OH+ (11) with 2 in the presence of excess
proton sponge and found that 11 and 10 exist in equilibrium
with the mixed species (L2Au) ACHTUNGTRENNUNG(L3Au)OH+ (23), and the
equilibrium constant was determined to be 0.87 [Scheme 6,

Eq. (56)], .[21] In the 1H 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
31P NMR spectrum 23 exhibits two singlets in a 1:1 ratio.
Further, we conducted titration of (Ph3PAu)3O

+ (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 (Ph3PAu)2ACHTUNGTRENNUNG(L2Au)O+ (24) occurred quantita-
tively until almost all 9 had reacted [Scheme 6, Eq. (57)]. In-
terestingly, in the 31P 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 (Ph3PAu) ACHTUNGTRENNUNG(L2Au)2O

+ 25 as minor
product) indicates a reversible process [Scheme 6, Eq. (58)].
Obviously, formation of (Ph3PAu)2 ACHTUNGTRENNUNG(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 (Ph3PAu) ACHTUNGTRENNUNG(L2Au)2O

+ (25). This directly reflects the
stability of these species, which decreases as they become
more crowded. Thus, in the case of (L3Au)2OH+ (11) for-
mation of 26 is already highly reversible [Scheme 6,
Eq. (59)], while formation of (Ph3PAu) ACHTUNGTRENNUNG(L3Au)2O

+ 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 (Ph3PAu)3O

+

and (L2Au)3O
+ , which demonstrates similarities between all

of these compounds. Assuming that the equilibrium

Scheme 6. Formation of mixed oxonium species.

Scheme 5. Reactions of binuclear gold complexes with bases.
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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 L2AuOH. 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)2OH+ (21) with 9 in the pres-
ence of proton sponge and found that two new products
were formed simultaneously, [Scheme 7, Eqs. (60), (61)].

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)2)2OH} ACHTUNGTRENNUNG(Ph3PAu)O2+ (27) since in the 1H 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)2}-ACHTUNGTRENNUNG(Ph3PAu)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)2OH+ (III). If high OH�

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 LAu+ 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 II 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.[22] Obviously, despite the cationic character of III 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 III and
far more electron rich than that in H3O

+ , despite the fact
that gold is more electronegative than hydrogen. This hy-

Scheme 8. General mechanism of formation and transformation of oxoni-
um species and gold hydroxide.

Scheme 7. Formation of mixed oxonium species bearing bidentate li-
gands.
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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)2OH+ into LAuOH under basic
conditions, equilibria VÐIVÐIII 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 III 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+ exchange at oxygen between (LAu)3O
+

and (L’Au)3O
+ was previously observed, but nothing was

said about formation of any mixed intermediate species on
the way.[23] 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 Li2S: complexes with sulfur and their in-
terconversion : When 2 was allowed to react with substoi-
chiometric amounts of Li2S in a biphasic CDCl3/H2O mix-
ture, (L2Au)3S

+ (29) was formed as a sole product
[Eq. (62)]. Under these reaction conditions formation of tet-
raaurated sulfonium ion (L2Au)4S

2+ could be expected, and
exclusive formation of 29 evidences for inability of any
higher coordinated compound to exist due to steric rea-
sons.[24] On further addition of excess Li2S, 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 [Eqs. (63) and
(64)]. Among them, free ligand L2 was identified. Libera-
tion of free L2 implies that part of the gold was converted
to Au2S, 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 (Ph3PAu)2S long ago,[25]

and later the structure of this compound could be establish-
ed by X-ray analysis.[26] Accordingly, we concluded that neu-
tral sulfide (L2Au)2S would also be unstable: it either de-
composes to Au2S and L2 or is hydrolyzed back to hydrosul-
fide 30. Notably, complete precipitation of Au2S and libera-
tion of L2 could not be achieved, at least within a short
time interval. The structure of (L2Au)3S

+ 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

a C3 symmetry axis passing through the central sulfur atom
and perpendicular to the base of the Au3S pyramid.

Interestingly, when a chloroform solution of 2 was ground
in a mortar together with excess of solid Li2S (even without
addition of water), clean formation of L2AuSH (30) occur-
red and no brown Au2S 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 1H 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 CDCl3, (L2Au)3S

+ (29) was formed as sole
product [Scheme 9, Eq. (68)]. This reaction is accompanied
by liberation of H2S, which could be also recognized by
smell. On further addition of 2, 29, H2S, and 2 reacted to
give (L2Au)2SH+ 31 as sole product, [Scheme 9, Eq. (69)].

Scheme 9. Formation and transformations of complexes with sulfur.
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In the 1H NMR spectrum it exhibited a characteristic triplet
at �0.41 ppm (3JH-P =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)2SH+ would be expect-
ed as a direct product [Scheme 9, Eq. (66)]. Observation of
29 at an early stage implies that (L2Au)2SH+ quantitatively
reacted with 29 to give (L2Au)3S

+ and H2S [Scheme 9,
Eq. (67)], and only when no more 30 is present in solution
is further reaction possible. Next, when (L2Au)2SH+ reacted
with an excess of 2, formation of (L2Au)3S

+ occurred, but
now liberation of super acid HSbF6 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)3S

+ 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+/S2�/H+ =3/2/2 (1S
and 2 H are present as H2S and unreactive). Stoichiometric
formation of 31 happens exactly when the molar ratio is
Au+/S2�/H+ =2/1/1, as in the compound. Finally, 29 reap-
pears again when Au/S>2/1 and becomes complete provid-
ed Au+/S2� =3/1 and no acid is present.

From these two experiments it can be concluded that the
outcome of the reaction between 2 and S2� 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)2S by reaction of 30 and 15 in C6D6, 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)2S·x Au2S 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 C6D6); 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

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.[27] AgSbF6

(0.213 g, 0.620 mmol) was quickly weighed in a vial. To this was added
cold MeCN (�0.3 mL) and CH2Cl2 (0.3 mL) to make a clear solution
(dissolution of AgSbF6 in MeCN is rather exothermic). To this solution
was added a solution of L2AuCl (0.329 g, 0.620 mmol) in CH2Cl2 (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 CH2Cl2 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 CH2Cl2. 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 ACHTUNGTRENNUNG(AuCl)2 (7): Solid dppf (0.170 g, 1 equiv) was added to a
suspension of Me2SAuCl (0.101 g, 0.343 mmol, 2.02 equiv) in CH2Cl2

(2 mL). 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 CH2Cl2 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 ACHTUNGTRENNUNG(AuCl)2 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: Me2SAuCl, dppf and dppf ACHTUNGTRENNUNG(AuCl)2 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 ACHTUNGTRENNUNG(AuCl)2 8 was synthesized by the same method in quantita-
tive yield. It is also insoluble in MeOH.

Synthesis of (Ph3PAu)3O
+ OTf� (9): A solution of Ph3PAuCl (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 (2 mL). 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 CH2Cl2 and water. Any
remaining precipitate was filtered off and washed with portions of
CH2Cl2. The clear biphasic filtrate was collected, the water phase separat-
ed, and the organic phase dried with Na2SO4. 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 CH2Cl2 solution (change of the solvent
from THF to CH2Cl2 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 mmol) and
KOH (23.5 mg, 420 mmol, 9.6 equiv) in C6D6 (0.5 mL) was ground in a
small mortar for 30–60 s (10 s is enough for smaller loadings, and less
KOH can also be used). On filtration through Celite (prewashed with
C6D6) 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 CH2Cl2/benzene (1/5) was
shaken with concentrated (but not saturated) aqueous KOH for 5 min.
The small amount of CH2Cl2 was used to improve the solubility of
IPrAuCl and IMesAuCl. In principal, pure CH2Cl2 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)2OH+ ACHTUNGTRENNUNG(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 NaHCO3 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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Introduction

Molecules containing an alkyne functionality allow a
number of useful transformations.[1] A classical reaction is
the hydration of alkynes to ketones, which typically is per-
formed in presence of HgII 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 AuI catalyst.
However, knowledge about the mechanism of gold-cata-
lyzed transformations involving alkynes remains much more
limited.[2] 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 p-complex A,[3] 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).[4] 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),[5]

it was somehow overlooked by the gold catalysis community
until 2009 when Gagn� and co-workers observed the gem-
diaurated species for the first time in a catalytic allene hy-
droarylation.[6] Later, diaurated species were detected in
other catalytic processes.[7] 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 ACHTUNGTRENNUNG(AuL)2

+ .[8] 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

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
types of hydroalkoxylation substrates:
5-endo, 5-exo/6-endo, 6-exo/7-endo and
intermolecular types. Six examples
were also synthesized in individual
state as stable hexafluoroantimonate

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-
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Scheme 1. Key steps in the gold-catalyzed hydroalkoxylation and concur-
rent formation of gem-diaurated species D.
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gold-catalyzed hydroalkoxylation of allenes recently publish-
ed by Wiedenhoefer, Gagn�, and co-workers.[9] Nevertheless,
catalytic intermediates of the gold-catalyzed hydroalkoxyla-
tion of alkynes still remain to be experimentally explored.[10]

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 F�rstner
and co-workers in 2010.[11] 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 AuI-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).

Since only methodologies towards the synthesis of model
diaurated species Ar ACHTUNGTRENNUNG(AuL)2

+ have been described so far,[5,8b]

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
CDCl3 triggered an immediate reaction resulting in forma-
tion of diaurated species D as a single organogold product
(Scheme 2).[12] Under such conditions, the transformation
was accompanied by competitive enol ether formation.
Analogously, the diaurated species could be directly gener-
ated in [D8]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 CDCl3 or CD2Cl2 as sol-

Figure 1. Gold catalysts used in this study. 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 SbF6

�),
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
K2CO3 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-

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).[13]

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, D5,
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

Figure 2. Representative 1H NMR spectrum of the reaction mixture generated from pentynol (pen), gold catalyst 2, and the proton sponge (PrSp) in
CDCl3. 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
CH2�OR peaks appear as apparent triplets at d=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 31P NMR (inset)
confirms the formation of D5 as a single organogold product.
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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 1H NMR spectra is always the simple
pattern of enol ether signals (e.g., always one triplet for
CH2O 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 tBu 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 31P 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.

Several attempts to measure the 19F resonance of SbF6
�,

either in diaurated species or in starting catalysts, were all
unsuccessful as no signal appeared. 19F NMR data is applica-
ble only for L5 derivatives; giving signals of the CF3 group
around d=�63 ppm.

In four cases (D1–3 and D19) 13C NMR spectra were re-
corded. Here, the observation of the CAu2 ipso-carbon
signal is very intriguing since this signal is often not found,
especially in case of known aryl diaurated species Ar-ACHTUNGTRENNUNG(AuL)2

+ . 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 2JC�P

coupling constant was found to be 58–65 Hz, the same as
was earlier reported by the group of F�rstner.[11] It can be
concluded, that in contrast to aryl-based diaurated species
Ar ACHTUNGTRENNUNG(AuL)2

+ , enol ether-derived diaurated species should
generally exhibit this signal in NMR spectroscopic analyses.
Likely in Ar ACHTUNGTRENNUNG(AuL)2

+ 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 13C NMR spectra is the appearance of the a-C
atom at relatively low fields at d=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 �) 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.[11]

Scheme 3. Kinetic resolution concept to explain predominant formation
of 5-exo diaurated species.

Figure 3. Symmetry plain pass-
ing through the enol ether unit
accounts for the NMR spectro-
scopical features observed.

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

Chem. Eur. J. 2013, 19, 3932 – 3942 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 3935

FULL PAPERSynthesis of gem-Diaurated Species

www.chemeurj.org


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 1H NMR spectrum. No informa-

tion could be obtained also from 31P 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 PPh3 to give a clear
mixture of PPh3-derived vinyl gold B2 and (S)-Tol-BINAP-
AuPPh3

+ as a byproduct.14 In another experiment, it was
treated with Et4N

+Cl�. NMR spectra of the resulting mix-
ture clearly indicated formation of two kinds of vinyl gold
species (assigned to B3 a and B3 b) and the corresponding
(S)-Tol-BINAP ACHTUNGTRENNUNG(AuCl)2 complex. This also proved that the
initial chaotic spectrum for the diaurated species with the

Figure 5. X-ray structure of the diaurated complex D1.

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

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 CD2Cl2 rather unex-
pectedly displayed two triplets for the CH2O units. In the
31P NMR spectrum, two clear resonances at d=32.4 and
30.3 ppm were observed. The H,H-COSY spectrum indicat-
ed that the CH2O 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
31P 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 d=32.0 ppm also disappeared so that at the end
only the three signals remained. At this point, the 1H NMR
spectrum showed the CH2O units as two multiplets, indica-
tive of an asymmetric environment. The resonance at d=

41.4 ppm was assigned to [dpppAu]2
2+ , 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 CH2O triplet (homotopic groups).
With time, this compound expels a [dpppAu]2

2+ 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 CH2O pro-
tons are now diastereotopic and give more complicated pat-

terns, whereas in the 31P 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 d=

32.0 ppm was tentatively assigned to monomeric diaurated
species D15 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
1225.21283 (D14), 917.16416 (D15), and 609.153 for
[dpppAu]2

2+ . The isotope pattern of the ion at m/z
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 tBu2Py, and an excess of MeOH in CDCl3 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

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 p-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).Scheme 6. Evolution of (dppp)Au2

2+-derived diaurated species.

Scheme 7. Formation of diaurated species D24 from hexyne, MeOH, and
complex 2 in presence of tBu2Py.
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Use of aurated oxonium salts and gold hydroxide as gold
sources : Besides the LAu+/PrSp combination, we also con-
sidered the possibility to use aurated oxonium salts as pre-
cursors for diaurated species. Recently diaurated oxonium
salts (LAu)2OH+ have been described.[15,16] 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

possibility was verified and was found to be true. Indeed,
(L2Au)2OH+ 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, (Ph3PAu)3O

+ reacted only very slug-
gishly with heptynol to give the diaurated species and
Ph3PAuCl as the only gold products.[17] Notably, if
(Ph3PAu)3O

+ 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 C6D6 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.

The different reactivity of these oxo-compounds is in line
with their different ability to undergo ligand exchange with
an alkyne to generate alkyne p-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)2OH+ I spe-
cies appears to be the most active because it is able to inter-
act already with weak nucleophiles to give reversibly
LAuNu+ and LAuOH, which was already demonstrated in
our previous work. According to our ligand strength
series,[15] the Keq for reaction of (LAu)2OH+ with an alkyne
is expected to be approximately 10�4 to 10�5. 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,

(LAu)3O
+ 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)2O III would be
formed in such a process ([Eq. (2)] in Scheme 10). This also
explains why (LAu)3O

+ would be inefficient as a catalyst
for a catalytic process.[18] 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

Scheme 8. Reversibility of the initial interaction between an alcohol and
an alkyne p-complex.

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

Scheme 10. Initial steps in reaction of aurated oxonium salts and LAuOH
with an alkyne. L=phosphine ligand.
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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 (H2O, CDCl3, alkynol) that are
already acidic enough.[19] 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)3O

+ can be aurated to form
the isolable dicationic (LAu)4O

2+ , as was established by
Schmidbaur and co-workers almost 20 years ago.[20] 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.[21]

Therefore, we conclude that protonation of (Ph3PAu)3O
+ to

form IV is indeed necessary prior to formation of the active
species A.[22,23] 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,[15] the
equilibrium between LAuOH and an alkyne can be estimat-
ed to be far beyond 10�10, 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 H2O).

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)2OH+ as the sole reac-
tant. Other oxo compounds of gold (LAu)3O

+ 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

indeed proven by direct observation of the species in situ
during catalytic runs.[24] 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 (78.9 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 CDCl3 (1.4 mL), with the reaction flask being shaken by
hand. A white crystalline precipitate appeared soon (PrSpH+ ·SbF6

�).
After being shaken for 1 min, a part of the solution was transferred into
an NMR tube. 1H and 31P 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 5 min. 1H and 31P 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+ ·SbF6

� from the
system (the filter cake was washed with CDCl3). 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·H2O (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·H2O 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
CH2Cl2. 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 CH2Cl2 and layered with benzene; tiny crystal needles soon appeared.
As most of the material had crystallized, the mixture was concentrated to
further remove CH2Cl2 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 CH2Cl2/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. 1H NMR (400 MHz, CDCl3): d=7.87–
7.93 (m, 2 H), 7.48–7.52 (m, 4 H), 7.32–7.43 (m, 6 H), 7.26 (d, 2 H), 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, J=15.3 Hz, 18H),
1.32 ppm (d, J=15.2 Hz, 18H), 0.88 (t, J= 7.4 Hz, 3 H); 31P NMR
(162 MHz, CDCl3): d=63.94 ppm; 13C NMR (100 MHz, CDCl3): d=

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, J=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, J=6.6 Hz),
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22.6, 14.2 ppm; HRMS (ESI) m/z calcd for C47H65Au2OP2
+ : 1101.3836

[M+]; found 1101.3832.

Note: Later we found that PrSpH+ ·SbF6
� in chloroform solutions is

much more readily neutralized by freshly powdered K2CO3 (by shaking
the reaction mixture for 10 seconds, without ultrasound). This does not
apply however for CH2Cl2, in which PrSpH+ ·SbF6

� 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) CDCl3.

Synthesis of D2 : Since the corresponding fast-forming oxonium species
(L5Au)3O

+ is not soluble in CDCl3, thus preventing the formation of dia-
urated species, this synthesis should be performed in CH2Cl2. 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 CD2Cl2 (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 Ag2O, coming from
Ag+ impurity in the catalyst) and transferred into an NMR tube. 1H and
31P 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 K2CO3

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 CH2Cl2) 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 CDCl3.

1H NMR (400 MHz,
CD2Cl2): d=8.20 (s, 6 H), 7.98 (d, J=12.4 Hz, 12 H), 4.77 (t, J=9.1 Hz,
2H), 2.97 (t, J=9.1 Hz, 2H), 2.82 (t, J=7.4 Hz, 2 H), 1.74 (sextet, J=

7.4 Hz, 2H), 0.91 ppm (t, J=7.4 Hz, 3H); 31P NMR (162 MHz, CD2Cl2):
d=40.77 ppm; 19F NMR (376 MHz, CD2Cl2): d=�63.69 ppm; 13C NMR
(100 MHz, CD2Cl2): d=206.5 (t, J=4 Hz), 134.3 (d, J=16 Hz), 134.0 (dq,
JP=12 Hz, JF =35 Hz), 130.2 (d, J=55.6 Hz), 128.0, 122.7 (d, JF =

273 Hz), 106.8 (t, J= 66 Hz), 77.7, 36.8, 24.0, 13.9.

Synthesis of D3 : Complex 1 (58.5 mg, 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
CDCl3 (1.4 mL), with the reaction flask being shaken by hand. A white
crystalline precipitate soon appeared (PrSpH+ ·SbF6

�). After being
shaken for 1 min, part of the solution was transferred into an NMR tube.
1H and 31P 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+ ·SbF6

� from the system (the filter cake was washed with
CDCl3). Freshly powdered K2CO3 (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

traces of (Ph3PAu)3O
+ formed, so even this short ultrasonication was not

necessary. Then the suspension was filtered through celite and the filter
cake washed with CH2Cl2 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 CH2Cl2/pentane was unsuccessful (the concentrated oily residue re-
mained uncrystallized even if cooled to �30 8C). The use of CH2Cl2/
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 CH2Cl2/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 CH2Cl2, chloroform, sparingly soluble in MeOH. With
benzene it forms an insoluble oil (so crystallization from benzene is prac-
tically impossible). 1H NMR (400 MHz, CDCl3): d=7.46–7.55 (m, 6H),
7.36–7.42 (m, 24 H), 4.69 (t, J=9.1 Hz, 2 H), 2.87 (t, J=9.1 Hz, 2H),
2.52 ppm (s, 3H); 31P NMR (162 MHz, CDCl3): d=37.07 ppm; 13C NMR
(100 MHz, CDCl3): d= 197.7 (t, J=4 Hz), 133.9 (d, J=13.9 Hz), 132.2,
129.6 (d, J=11.7 Hz), 128.7 (d, J=57.1 Hz), 109.0 (t, J=65 Hz), 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
CDCl3 (0.7 mL), with shaking in hand. A white crystalline precipitate
soon appeared (PrSpH+ SbF6

�). At this moment, the reaction mixture
was filtered to separate the most of PrSpH+ SbF6

� from the system (the
filter cake was washed with CDCl3). 1H and 31P 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 K2CO3 (20 mg) was added for complete
neutralization of the remaining PrSpH+ . The suspension was filtered
through celite (the filter cake was washed with CH2Cl2) 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 1H, and 31P NMR
spectra. 1H NMR (400 MHz, CDCl3): d= 7.88–7.92 (m, 2H), 7.48–7.52
(m, 4H), 7.31–7.39 (m, 6 H), 7.21 (d, 2H), 7.10–7.13 (m, 4H), 4.21 (t, J=

9.1 Hz, 2 H), 1.98 (s, 3H), 1.74 (t, J=9.1 Hz, 2H), 1.52 (d, J=15.3 Hz,
18H), 1.32 (d, J=15.2 Hz, 18H); 31P NMR (162 MHz, CDCl3): d=

63.91 ppm; HRMS (ESI): m/z calcd for C45H61Au2OP2
+ : 1073.3523 [M+];

found 1073.3531.

Synthesis of D19 : Complex 2 (39.0 mg, 50.5 mmol) was added in one shot
to a solution of 4-hexynol-1 (3.2 mg, 32.6 mmol), the proton sponge
(5.93 mg, 27.7 mmol) in CDCl3 (0.6 mL), with the reaction flask being
shaken by hand. A white crystalline precipitate soon appeared (PrSpH+

SbF6
�). 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 5-exo diaurated/
6-endo diaurated/5-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
K2CO3 (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 CH2Cl2). 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 CH2Cl2 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 8C. The product was
washed with cold methanol (�30 to �60 8C). 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). 1H NMR (400 MHz, CDCl3): d=

7.87–7.91 (m, 2H), 7.45–7.50 (m, 4H), 7.25–7.38 (m, 6 H), 7.08–7.17 (m,
6H), 4.46 (t, J=6.7 Hz, 2H), 2.71 (t, J= 7.3 Hz, 2 H), 2.04 (app pent,
2H), 1.49 (d, J=15.2 Hz, 18 H), 1.32 (d, J=15.2 Hz, 18H), 1.05 ppm (s,
3H); 31P NMR (162 MHz, CDCl3): d=63.66; 13C NMR (100 MHz,
CDCl3): d=190.8 (t, J=3.3 Hz), 149.3 (d, J=14.6 Hz), 142.6 (d, J=

5.9 Hz), 134.4, 133.8 (d, J=8.0 Hz), 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, J=58 Hz), 73.8,
38.4 (d, J=22.0 Hz), 38.3 (d, J=20.5 Hz), 36.7, 31.5 (d, J=7.3 Hz), 30.8
(d, J= 6.6 Hz), 24.5, 22.5; HRMS (ESI): m/z calcd for C46H63Au2OP2

+ :
1087.3680 [M+]; found 1087.3682.

Synthesis of D22 : Complex 2 (24.0 mg, 31.1 mmol, 2.00 equiv) was added
in one shot to a solution of 5-octynol-1 (2.22 mg, 17.6 mmol), the proton
sponge (3.55 mg, 16.7 mmol, 1.07 equiv) in CDCl3 (0.6 mL), with the reac-
tion flask being shaken by hand. A white crystalline precipitate appeared
soon (PrSpH+ SbF6

�). 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)2OH+ 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 8C
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 K2CO3 (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 8C 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 8C) MeOH and dried in vacuo to
afford the first crop of the title compound as a white solid, 9.3 mg
(44 %). 1H NMR (400 MHz, CDCl3): d=7.88–7.92 (m, 2 H), 7.44–7.48 (m,
4H), 7.29–7.39 (m, 6 H), 7.03–7.17 (m, 6 H), 4.32 (t, J= 6.0 Hz, 2H), 2.49
(t, J=6.8 Hz, 2H), 1.95 (app. pent, 2 H), 1.71 (app pent, 2 H), 1.51–1.58
(m, 2 H), 1.469 (d, J=15.2 Hz, 18 H), 1.35 (d, J=15.3 Hz, 18H), 0.60 (t,
J=7.4 Hz, 3H) ppm; 31P NMR (162 MHz, CDCl3): d= 64.51 ppm;
HRMS (ESI): m/z calcd for C48H67Au2OP2

+ : 1115.3993 [M+]; found
1115.3995.
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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 SN2
ligand exchange at gold. Using suitably strong nucleophiles, equilibrium
constants were determined to measure the stability of various diaurated species.
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 106−109.
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.1,2 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.3 In our previous study we
provided a convenient route to enol ether derived diaurated
species in a catalytically relevant manner.4 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.5 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 ≪ Me2S < 2,6-lutidine < 4-
picoline < DMAP < TMTU < PPh3) with binding affinities
covering ∼11 orders of magnitude.6 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

(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,
PPh3 destroyed all diaurated species while Me2S did not touch
them at all. Species D2, D5, D6, D12, and D14−D16 were
used as SbF6

− salts prepared in individual states, and in all other
cases the species were obtained from catalysts (Figure 1) and
manipulated in situ.4 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 CH2O
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 Keq. 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 B5. In the case of a fast LAu+

exchange the molar ratio B/D was determined from the exact
position of the CH2O 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.
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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
PMe3 and PPh3. This way it could be established that changing
a propyl to a methyl substituent decreases the stability of PPh3-
based diaurated species by a factor of 2 (compare entries 1 and
4, 2 and 5, and 3 and 6), indicating that with a more electron
rich substituent the stability of diaurated species increases. The
same trend was found for PMe3-based diaurated species
(compare entries 17 and 18). In contrast, installation of a
conjugated π 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

7, 1 and 8, and 19 and 20). These effects are rather surprising,
since conjugation with a π 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 π 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 sp2 carbon favoring the same trend.
Introduction of an electron-rich substituent (NMe2) in the
aromatic side chain increases the stability (entries 20 and 21),
while an electron-withdrawing substituent (CN) decreases the
stability dramatically.7 Use of an electron-deficient ligand also
negatively affects the stability (see below).

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

aAll reactions in CDCl3 at 26.1 °C except otherwise noted. Abbreviations: Pic, 4-picoline; DMAP, 4-dimethylaminopyridine; TMTU,
tetramethylthiourea ((Me2N)2CS); Lut, 2,6-lutidine.
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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 PPh3 and
PMe3 and the stability decreases in the order PMe3 ≈ PPh3 >
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 PPh3 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 π 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
PPh3 and PMe3 ligands the opposite was true.

Another good illustration of the impact of steric effects is
given by the reaction of sterically hindered alcohol S4. Thus,
when S4 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)2OH+ was

formed as a major gold product resulting from residual water in
the system.8 When the reaction was repeated under essentially
water-free conditions in the presence of CaH2, the new species
D19 could be generated. Not surprisingly, D19 appears to be
highly unstable toward nucleophilic attack and readily reverts
back to (L2Au)2OH+ 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 PPh3 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.

Figure 1. Precursors for diaurated species used in the study and
abbreviations of the ligands.

Figure 2. Representative NMR spectrum of the reaction mixture in CDCl3 for determination of the equilibrium constant for D5/B5 (entry 9, Table
1).

Scheme 1. Steric Effects Greatly Reduce Stability of
Diaurated Species
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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 D5 (in chloroform). That is the impact of the bulky
ligand!
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3 3
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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 PPh3-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.9

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)2

+ 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.6 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 106−109 times more strongly than the alkyne

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 D5 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−

D23 reacted with picoline slowly within hours. Reactions with
stronger nucleophiles (TMTU and Et4N

+Cl−) occurred
considerably more quickly. However, in the case of D23
reaction even with Cl− (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 Et4N

+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.

+ ++ +

−

H IooR(AuL) Nu RAuL LAuNu
k

k
2

1

1

(10)

+ → +RAuL H O RH LAuOH
k

2
2

(11)

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+.

Scheme 2. Slowly Reacting Diaurated Species
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+ ⎯ →⎯⎯ ⎯ →⎯⎯⎯⎯⎯⎯+ −
+

R(AuL) Cl [RAuL] RH2 slow fast

PrSpH

(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 5-exo or 6-exo species. There are
also ligand effects on the reactivity. Thus, PPh3-derived
diaurated species are the most kinetically reactive (but at the
same time thermodynamically stable), which is evident from
the fact that R(AuPPh3)2

+/RAuPPh3 mixtures always exhibit a
single set of sharp signals in proton NMR spectra, indicating
fast exchange of the Ph3PAu+ unit.11 A similar situation is
observed for DTBP and L5 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)2

+/
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 CD2Cl2 under water-free conditions in the
presence of CaH2 (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

second-order kinetics with the rate constant k = 0.27
L·mmol−1·h−1, as evidenced from the linear graph

=
+ − −

−
= +y kt

ln([D] [T] [D] ) ln[D]
[T] [D]

const0 0

0 0

where [D]0 and [T]0 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.12 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

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 L2AuTMTU+. 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

Scheme 3. Second-Order Kinetics of Reaction of D21 with
TMTU

Scheme 4. Second-Order Kinetics of Reaction of D21 with
TMTU in the Presence of an Acid Additive
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strength (two differently strong acids were used: PrSpH+OTf−

and tBu2PyH+OTf−), which is consistent with the rate-limiting
vinyl gold formation step. The rate constant k = 0.27 ± 0.01 L
mmol−1 h−1 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−1 h−1 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 EA
for the reaction of D21 with TMTU was found to be 60.1 kJ
mol−1. Analysis of the Eyring equation gave the following
activation parameters for the reaction: ΔH⧧ = 57.7 kJ mol−1

and ΔS⧧ = −73.6 J mol−1 K−1. The negative value of ΔS⧧ 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 D5 with Lut is established much more slowly
than with Pic. This fact unambiguously points to an associative
SN2 mechanism for the reaction. Indeed, if the reaction
followed a dissociative SN1-like route, the dependence of the
overall reaction rate on the nature of the nucleophile would not
be so pronounced (if at all).13 Similar nucleophile effects are
revealed in reactions of Scheme 2 and the aforementioned
comparisons of R(AuL)2

+/RAuL exchange rates. Indeed, if the
reaction followed a dissociative SN1 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
SN2 nucleophilic substitution at gold (Scheme 5). 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

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 α-carbon atom of the enol ether core increase

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 PPh3- or PMe3-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
PMe3, PPh3, L4, and L5 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 SN2
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 SN2 process with any suitable molecule acting as a
nucleophile (solvent, substrate, product, water, MeCN, etc.).
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Pereź, A.; Sabater, M. J. Chem. Rev. 2011, 111, 1657−1712.
(c) Bandini, M. Chem. Soc. Rev. 2011, 40, 1358−1367. (d) Boorman,
T. C.; Larrosa, I. Chem. Soc. Rev. 2011, 40, 1910−1925. (e) Hashmi, A.
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equilibrium constant for the exchange L2AuLut+/Pic is 1.7 and is
established immediately,6 indicating that any LAu+ would react almost

equally quickly with both Pic and Lut. Therefore, if the reaction of D5
with Pic and Lut followed this stepwise dissociative pathway, it would
have a closely comparable reaction rate.
(14) (a) Brown, T. J.; Dickens, M. G.; Widenhoefer, R. A. Chem.

Commun. 2009, 6451−6453. (b) Brown, T. J.; Dickens, M. G.;
Widenhoefer, R. A. J. Am. Chem. Soc. 2009, 131, 6350−6351. (c) Zhu,
Y.; Day, C. S.; Jones, A. C. Organometallics 2012, 31, 7332−7335.
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Paper 5 

For the Section 6.3.2. 

Gold-Catalyzed Hydroalkoxylation 

  


