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SUHIDFH

7KH IROORZLQJ 3K' WKHVLV FRQVLVWYV RI D VXUYH\ RQ WKH
PHWK\OLGHQH FRPSOH[HV D VXPPDU\ Rl WKH PDLQ UHVXOW
KDV EHHQ FDUULHG RXW DW WKH ,QVWLWXW I+U $QRUJDQLYV
7 ELQJHQ *HUPDQ\ RYHU WKH SHULRG IURP 1RYHPEHU
VXSHUYLVLRQ RI 3URI 'U 5HLQHU $QZDQGHU )XQGLQJ KD
'"HXWVFKH JRUVFKXQJVJHPHLQVFKDIW ')*

3DUWV Rl WKLV WKHVLV KDYH EHHQ SUHVHQWHG DW LQWF
FRQWULEXWLRQV



$FNQRZOHGJHPHQWYV

J)LUVW RI DOO , ZRXOG OLNH WR H[SUHVV P\ JU
BURI 5HLQ$%QZDQGHU 7KDQN \RX IRU DFFHSWLQJ PH D IRU|
VIQWKHVLY ODERUDWRU\ ZLWKRXW DQ\ UHVHUYDWLRQV \R
UHVHDUFK WRSLF IRU WKLV WKHVLY 7KDQN \RX IRU WKH RS.
FRQIHUHQFHV IRU WKH VXFFHVVIXO H[FKDQJH ZLWK RWKHU

6SHFLDO WKDQNYV & ROWMRL AK CH FO|GAIMiBYystdl stricture determinations
DQG KHU KHOSIXO GLVFXVVLRQRW EKDVEOHU | VK XKGINVDW KR L'DH
UHDGLQJ P\ SDSHUV DQG WKLV WKHVLV

0\ WKDQNYV DOVIRDXN.FMKRHOWH DQGJLVMMMIRIOPDLHU IRU PDLQW
KLJK VWDQGDUG HTXLSPHQW DV ZHOO DV WKHLU KHOS LC
JXUWKHU WKDQNV JR+WB U RORFDB GHWBWRANLQJ HOHPHQWDO DC
KLIKO\ IOXRULQDWHG VDPSOHYV

7TKDQNV WR WKH VWDII RI WKH PHWDO HOHFWURQLFV DQ
UHSDLULQJ ODE HTXLYRHEQIRO| DXQUW K @®BNHEKDGIOWW IRU WKHLU
VXSSRUW DQG WKHLU IULHQGO\ DQG DOZD\V KHOSIXO QDWX

ODQ\ WKDEDNELKHBOLFK IRU DOO KHU DGPRLQMYPWWBWILYH IRRIUI
WKH GHVSHUDWHO\ QHHGHG ,7 KHOS

, DOVR ZRXOG OLNH WR WKDQN P\ FXUUHQW DQG IRUPHU F
WKDQNWYZH RRUH®RBOBRGURY 0ORUWLYHOQBUQ@HU IRU DO
IXQQ\ PRPHQWY ZLWK \RX WKH QLFH DWPRVSKHUH \RX FUH
FKHPLVWU\ UHODWHG R @RMDP7KBQN\RRY VXSSRUW \RXU |
\RXU ZRUGV RI HQFRXUDJHPHQW ZKHQ QHHGHG ,W ZDV D ¢
ZLWK \RX )XUWKH D PW BDUNDD LIFRIVR R DK % X U J K'BIQQWV

% XVFKPREQQLEHWKH&KUUV VR SHR OO DHDAQGIKEB W] H Q P)BI\GIL
.UDFKOMW VXFNXDNNREERQ<XBDQUDQJ/HUOMRULBRLQHWMUHVD
5LHVHW Y UEF K Q HLEGUSQ V WRRR) JERNVU L GRS B K O RW\W WS K O
6LPROU]PLHOHQMDRIOQ DIQEELQJ IRU WKH YHU\ VXSSRUWL)
DWPRVSKHUH LQ WKH ODE

O\ VSHFLDO WK DNWILR WIRDQN \RX IRU EHLQJ ERWK WKH EH
ZLVK IRU DQG P\ ORYH <RX PDNH LW VR HDV\ WR VSHQG ZR
\RXU ZRQGHUIXO FKDUDFWHU 7KDQN \RX IRU \RXU ORYH DQ

IDVW EXW QRW OHDVW JHE*KUW PHLQHU )DPLOLH HLQ JDQ
ZLOO LFK PLFK (BAMHP@ARIIHG XQG 2WWPDU EHGDQNHQ |
8QWHUVWW]XQJ GLH PLU PHLQ 6WXGLXP HUVW HUP|JOLFK!
PLFK U LKUH XQHLQJHVFKUIQNWH 8QWHUVWW]XQJ XQG I
PHLQHU 6 FRXDWY®GE PHLQHRHQUHEBIMIWH LFK PLFK I-U LKUH
EHGDQNHQ PLW GHU VLH PLFK LPPHU ZLHGHU ]XP /IDFKHQ E
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6 XPPDU\

,Q FRQWUDVW WR ZHOO HVWDEOLVKHG WUDQVLWLRQ PHWDC
PHWDO DON\OLGHQH FRPSOH[HV LV VWLOO FKDOUHRUE®J Ol
LOQWHUHVW GXH WR WKHLU UHDFWLYLW\ LQ RUJDQLH WUDQV
UDUH HDUWK PHWDO YDULDQWY LV VWLOO XQH[SORUHG

,Q D ILUVW DSSURDFK IRU WKH JHQHUDWLRQ RI WHUPLQD
VWDELOL]JHG E\ D VXSHU EXON\ WULV S\UD]JRO\QVERDQ®& R (
PHWK\O DON\O "WRBEBOHHPHV/QS < /X 5 2ZYONADI ZHUH LQYHVV
SHDFWLRY BUOHR UMXSYOH $O0OHZLWKSIOMH7I RWBLOIWIOHG WR WKH
VXFFHVVIXO LVRANDWHRGIRRYIBOH 171 UHVSHFWLYHO\ $WV
UHDFWLRQV , Z/L WK DVKEBD B3 KW KRZHG QR UHDFWLYLW\ WRZDU
DEVWUDFWLRQ )XUWKHU HIMUYW;0OHG&DR W B GRHWP DAL ¢
7$%XIKOH&O IRU LWV DSSOLFDWLRQ LQ VDOW PHWHD/QIGHV LV
WKH VXFFHVVIXO"MRIMOMHMWI RG R&#FS&#H6LOH +RZHYHU HYHQ
HOHYDWHG WHPSHUDWXUHY QR DEVWUDFEX\W Q RWHKHW KRHUY F
DFWLYDWLRQ DW WKH OLJDQG EDFNERQH ZDV REVHUYHG

YXUWKHU LOQWHUHVW LQ UHDFWLYH WHUPLQDO PHWK\O FRP
PL[HG PHWK\O DU\OR[*E HOPRIPBIRXQGBY 78 /X 29H 2&

2&+ 13U 2 & W X OH 28&8&) 7KH GHVLUHG UDUH HDUW
FRPSOH[HV ZHUH REWDLQHG E\ DSSO\LQJ VDOW PHWDWKHYV
7HXIXKOHDQA*YFOHOH $O0BQG WKH UHVSHFWLYH .2%U RU +2%L

([FKDQJH RI WKH OLJDQG V\VWHP OHG WR WKH JHQHUDWLRC
PHWDO FRPS®KELMWQ $BO0H/Q < [X \ f ZKLFK VKRZHG
LQWUDPROHFEXODU &++ ERQG DFWLYDWLRQ WR D&IRUG UDUH
SLQFHU OLJDQGV

6XFFHVVIXO LVRODWLRQ RI YDULRXV PL[HG WULPHWDOOL
FRPSOH[HYQ &S —: — &+ WKI/Q < /D ; &O5 %WBOH &S

&OH6LOH ZDV DFKLIBRORU LQGXFHG WHWUDPHWK\ODOXPLQD
+ ERQG DFWLYDWQR® ORI ;@ &SDFWLYLW\ WHVWV ZLWK FDU
UHYHDOHG D EHKDYLRWWQQOPDRIGWVDWE WKHUHIRUH WKRVI



FRQVLGH&IBEHZZ W/VSGH QXFOHRSKLOLF FDUEHQHV )XUWKHUPRL
PHWDO FRPSOH[HV ZHUH DFWLYH LQ WKH SRO\PHUL]DWLRQ



=XVDPPHQIDVVXQJ

P *HJHQVDW] ]X hEHUJDQJVPHWDOO $ON\OLGHQ .RPSOH]
BHOWHQHUGPHWDOO $ON\OLGHQHQ LPPHU QRFK HLQH +HUD
YRU DOOHP GXUFK LKUH 5HDNWLYLWIW LQ GHU 8PZDQGOX
GHVVHQ LVW GLH &KHPLH GHU 6HOWHQHUGPHWDOO $QDORJ

,Q HLQHP HUVWHQ $QVDW] ]XU 6\QWKHVH YRQ WHUPLQDOHC
VWDELOLVLHUW GXUFK HLQHQ VWHULVFK DQVSUXFKVYROC
JHPLVFKWH OHWK\O 7ULIODW XQ 0 MKEO $FQN\© /RPSOHIHI 7
171 $ON\O XQWHUVXFKW YWHIN6eHD X QVERIBHYHR @ ODFP L W

OH6L271 RGHUIOHM*KUWH ]X GHU ,VROLHU®X&QOHRD7 H L\QRAL\HH L
7%XIHOH 171 9HUVXFKH GLHVHMHSPIDWHEBHPSKXP]XVHW]HQ XP HL
$EVSDOWXQJ GHU $EJDQJVJUXSSH ]X HU]JLHOHQ JHLJWHQ
ZHLWHUH $QVWUHQJXQJHQ JHOD®J GLH 880OQWKKEYB YRQ DE
7$%XIKOH&O 6R JHODQJ GLH 8PVHWPBXQH @ LML QW Q &DG] P HAMD
SHDNWLR X0HS5 5 &+ &#6LOH $XFK HUK|KWH 7HPSHUDW X
QLFKW ]XU $EVWUDNWLRQ GHV $ONDQV XQG GHU %LOGXQJ ¢

‘HLWHUHV ,QWHUHVVH DQ GHU &KHPLH YRQ UHDNWLYHQ OH\
*EHU JHPLVEKWH OHWK\O $U\ORIMGHIMUELQGXQIHQX7R$ U
28&+ OH 2& 13U 2& WX OH  28&&) 8P GLH HUZ+-QVFK)
9HUELQGXQJHQ ]X HUKDOWHQ ZXUGHQ VRZRKO 6DO]PHWDW
78X I9KOH XQG %78H0OH $O0HXQG GHQ HQWVSUHFKHQGHQ :
DQJHZDQGW

'XUFK GLH 9HUZHQGXQJ HLQHV DQGHUHQ /LIDQGHQV\VWHPF
6LOVODPLG VWDELOLVLHUWHQ [8KOLWMHQ $HQGP/IIOW DO P RPSOH|

\ £ GLH GXUFK LQWUDPROHNXOD B H&&HQ %H QG RO 3 DBINA
JHQHULHUWHOQ

'LH HUIROJUHLFKH ,VROLHUXQJ YRQ YHUVFKLHGHQH
+DORJHQLG OHWK\OLGH/@ ~RPSOHLH®+ &BKI/Q < /D ; &O

%U ° &®H &HB6LOHNRQQWH GXUFK 'RQRU LQGX]JLHUWH 7HW |
JHIROJW YRQ &++ %LQGXQJVDNWLYLHUXQJ HUJLHOW ZHUGH(

&DUERQ\O )XQNWLRQDOLWIW WUDJHQ (9% HWD BIPQTF H 2 N WA 1AM
9,,



GLHVH OHWK\OLGHQ .RPSOH[H DO¥+3QXNUOSWR 8K RO H VDU B/H QI
NIQQHQ =XGHP ZXUGHQ GLH 6HOWHQHUGPHWDOO OHWK\
SRO\PHULVDWLRQ YRQ UG 9DOHURODFWRQ JHWHVWHW



SXEOLFDWLRQV

3XEOLFDWLRQV LQFRUSRUDWHG LQWR WKLV WKHVLYV

3DSHU , 3BRWHQWLDO 3UHFXUVRUV IRU 7THUPLQDO OHWK\OLC(
6XSSRUWHG E\ D 6 XSHUEXON\ 7ULV S\UD]JRO\O ERUD
9 0 %LUNHOEDFK 5 7KLP & 6WXKO & ODLFKOH O

&KHP (XU -
KWWSV GRL RUJ FKHP

3DSHU ,0L[HG OHWK\O $U\OR[\ 5DUH (DUWK OHWDO &RPSOHI
7ULV S\UD]J]RO\O ERUDWR /LJDQG
9 0 WLUNHOEDFK & 6WXKO & ODLFKOH O|VVPHU
2UJDQRPHWDOOLFYV
KWWSV GRL RUJ DFV RUIJDQRPHW E

3DSHU ,,(OXFLGDWLRQ RI &\FORSHQWDGLHQ\O 6XSSRUWHG
&RPSOH[HVY 6FRSH RI &ROLJDQGYVY DQG 7THEEH ROHIL
9 0 %LUNHOEDFK + 0 'LHWULFK & 6WXKO & O0DL
PDQXVFULSW

S3RVWHU SUHVHQWDWLRQV

3RVWHU&S VWDELOL]HG +RPRPHWDOOLF 5DUH (DUWK OHWD ¢
9 0 %LUNHOEDFK & 6WXKO & ODLFKOH O|VVPHU
©29,,, 7DJH GHU 6HOWH.QQH® QU @HWREP\U

3RVWHUS5DUH (DUWK OHWDO OL[HG +DOLGH OHWK\OLGHQH &F
SHDFWLYLW\
9 0 %WLUNHOEDFK & 6WXKO & ODLFKOH O|VVPHU
UG ,QWHUQDWLRQDO &RQIHUHQFH RM @B R U G-LDEDW)
X0\ $XIXVW

3RVWHUG5DUH (DUWK OHWDO OL[HG +DOLGH OHWK\OLGHQH &F
SHDFWLYLW\
9 0 %WLUNHOEDFK & 6WXKO & ODLFKOH O|VVPHU
WK ,QWHUQDWLRQDO :RUNVKRS RQ 7URBNQIWH®RQ O
*HUPDEHSWHPEHU

SRVWHU3RWHQWLDO 3UHFXUVRUV IRU 7THUPLQDO OHWK\OLG!|
9 0 %LUNHOEDFK & 6WXKO & ODLFKOH O|VVPHU
SRUWUDJVWDJIXQJ I $QRUJ &KHPLH GHU )DFKJU X
X )HVWN|USHUFKHPLH X 58 DMHWUEOWI R BRABRBIERIH U



SHUVRQDO &RQWULEXWLRQ

3DSHU ,

$00 UHDFWLRQV DQG DQDO\WHV GHVFULEHG ZHUH SODQ
7%XIKOH&O $QDO\WHV LQFOXE6H&ROH)GEPHQVLRQBO

(37 WZR GLPHQWLREABO & +0%& 105 VSHFWURVFRSLF PH
'5,)7 VSHFWURVFRS\ ODQXVFULSW ZULWLQJ ZDV DOVR (
78X IKOH&O ZDV SODQQHG E\ 'U 5HQLWD 7KLP

(OHPHQWDO DQDO\WVHV ZHUH SHUIRUPHG E\ :ROIJDQJ %RFI!
FU\VWDO ; UD\ GLITUDFWLRQ ZHUH SHUIRUPHG E\ 'U &IFLOL
6 WXKO

3DSHU ,,

$00 UHDFWLRQV DQG DQDO\WHV GHVFULEHG ZHUH SODQQHC
RQH GLPHQWL&OYDO% ™M )A+° WZR GLPHIQWLRODD &

+0%&+ < +64& 105 VSHFWURVFRSLF PHWKRGV DQG '5,)7 V
ZULWLQJ ZDV DOVR GRQH E\ PH

(OHPHQWDO DQDO\WHV ZHUH SHUIRUPHG E\ :ROIJDQJ %RFN!
FU\VWDO ; UD\ GLITUDFWLRQ ZHUH SHUIRUPHG E\ 'U &IFLOL
6 WXKO

3DSHU ,,,

$00 UHDFWLRQV DQG DQDO\WHV GHVFULEHG ZHUH SODQQH/¢
RQH GLPHQWLR®DO WZR GLPHOQWLR@DO+ & +0%&+ <

+64& 105 VSHFWURVFRSLF PHWKRGV DQG '5,)7 VSHFWURVF
GRQH E\ PH 7KH VIQWKHVLV ORI/Q SOHFXUDRGY >
> ®H /D $00H @ZDV SODQQHG E\ 'U + ODUWLQ 'LHWULFK

(OHPHQWDO DQDO\WVHV ZHUH SHUIRUPHG E\ :ROIJBDDQH] %RFI
FU\VWDO ; UD\ GLITUDFWLRQ ZHUH SHUIRUPHG E\ 'U &IFLOL
6 WXKO



2EMHFWLYH RI WKLV 7KHVLV

7KH PDLQ HPSKDVLV RI WKLV WKHVLV LV WR GHYHORS QHZ
UDUH HDUWK PHWDO PHWK\O RU PHWK\OLGHQH FRPSOH[HV

&KDSWRU WKLY WKHVLV JLYHV D EULHI RYHUYLHZ RI WKH F
FRPSOH[HV LQ JHQHUDO )XUWKHU HPSKDVLV LV SXW RQ
SUHEXUVRUV LQ UDUH HDUWK PHWDO DON\OLGHQH FKHPL\
DON\OLGHQH FRPSOH[HV DUH JLYHQ LQ D KLVWRULFDO RY
DON\OLGHQH FRPSOH[HV DQG WKHLU UHVSHFWLYH /Q& DO
GLIIHUHQFHV LQ UHDFWLYLW\ DUH GLVSOD\HG IBHQWMKH D
FRPSOH[HV

, ZEKDSWWHKHoPDLQ UHVXOWY RI WKLV WKHVLY DUH SUHVHQW
DVSHFWYV

f 6\QWKHVLV RI OHWK\O &RPSOH[HV DV 3RWHQWLDO 3UHF

f 6\QWKHVLY DQG 5HDFWLYLW\ RI OL[HG OHWK\O $U\ORJ\ &£

f OL[HG +DORJHQLGR OHWK\OLGHQH O5DUH (DUWK OHWDC
SHDFWLYLW\

&KDSWHRIQSWDLQV D PDQXVFULSW ZLWKEXRLXEOL DG UBWX
PHWDO FRPSOH[HV

&EKDSWIHWJU OO FRPSLODWLRQ RI SXEOLFDWLRQV DQG D PDQXVF






OHWK\O DQG $0
&RPSOH[HV RI W
(DUWK OHWD
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1 OHWDO &DUEHQH YV $ON\OLGHQH &RPSOF}

,Q JHQHUDO FDUEHQH FRPSOH[HV FDQ EH EHVW GHVFULEH
D PHWDOIHHRWHWPDO FDUERQ PHWDO GRXEOH ERQG 'HHSHU |
DQG WKH HOHFWUR RU QXFOHRSKLOLFLW\ RI WKH UHVSHF
FODVVLILFDWLRQ LQWR WKUHH GLIITHUHQW W\SHV Rl WUDQV

1XFOHRSKLOLF FDUEHQZK ARPASWKHHMR XU HOHFWURQV RI WK
ERQG DUH VROHO\ SURYLGHG E\ WKH OLJDQG V\VWHP 6F
ZLWKGUDZLQJ JURXSV WR VWDELOL]H WKH QXFOHRSKLOLF |
FHQWHU 7KHUHIRUH WKH ERQGLQJ VLWXDWLRQ LV EHVW G
oLJDQG SHSUHVHQWDWLYHV IRU WKLV FODVV DUH SLQFF
FRPSOH[HV IRUPHG IURP JHPLQDO GEiD®LRQV DQG WKH PHW

),6&+(5W\SH FDUEHQH FRPE® NIHQWOHW FDUEHQH FRPSOH[HV
FDUERQ VSHFLHV ZLWK 5 UHSUHVHQWLQJ KHWHURDWRPV 6}
VKRZV D 1 W\SH HOHFWURQ GRQDWLRQ IURP WKH FDUEHQH
WKH PHWDO O0ODLQO\ VXFK FRPSOH[HV DUH DFFHVVLEOH IR
VWDWHY 7KH VAaQWKIBWLNVDRIEHQHY FDQ HHDIGKLWYRG RIKUIRA
DON\OV WR 0+&2 DQG VXEVHTXHQW DON\ObWLRQ®RU SURWR

Nucleophilic carbene Fischer type carbene Schrock type alkylidene
complexes complexes complexes
R/, _ R/, R |:{/, —_
R'C_M RvC—M R'C_M

o) — S odd — S oD ~— B

6FKHPH&ODVVLILFDWLRQ RI WKH GLIITHUHQW F DWHW Q&6IF KR P B OHG R % WH&
VOLJKWO\N PRGLILHG IURP UHI > 1@
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6e+52&. W\SH DON\OLGHOH FR®SOMUHBEOHW FDUEHQH FRPSC
QXFOHRSKDOQLIPW&BLWK 5 UHSUHVHQWLQJ K\GURJHQ DQG DO
LQ D IRUPDO KLJK R[LGDWLRQ VWDWH 6FKHPH ULJKW 7}
1 DQG & ERQGLQJ ZLWK WZR VLQJOH HOHFWURQWG®II®FK IU
PRLHW\ )XUWKsH&PRMMOBGHQH FRPSOHMH VI FRP & H SIHRQMRIQ DV
RI DON\O JURXSV RU WUDSSL®J UHDFWLRQV RI IUHH FDUEH!

7KH UHDFWLYLW\ RI WKHVH GLIIHUHQW W\SHV RI FDUEHQF
),6&+(5FDUEHQH FRPSOH[HV ZLWK WKHLU HOHFWURISKLOLF F
DGGLWLRQ UHDFWLRQV Rl QXFOHRSKLOHV OLNH DPLQHV R
FDUEHQHV V\QWKHVLV Rl FDUERF\FOHV FDUEHQH WUDQV
ZKHUHDV WKH QXFOHRSKL®452&FDO EHIHG KKQH W FRR SWKIH BDQ

PHWDWKHVLY UHDFWLRQV R U7HMWHG HP RO \LOPLSRHQWHD & WD V. (3
@

$OWKRXJK WKH ERQGLQJ VLWXDWLRQ Rl WUDQVLWLRQ PHW
WUDQVIHUUHG WR UDUH HDUWK PHWDO FKHPLVWU\ UDUH H
E\ EDFN GRQDWLRQ DQG IHDWXUH D PDLQO\ LRQLF ERQGLQ
SDUDJUDSK WKH DQDORJ\ WR WUDQVLWLRQ PHWDO DON!
VLPLODULWLHV LQ WKHLU UHDEWLYLW\

,Q WKH IROORZLQJ ZH ZLQ®52RDM\GE\ DRRXOLRPQH UDUH
FRPSOH[HV ,QWHUHVWLQJO\ GHVSLWH WKH QXPHURXV H
FRPSOH[HV ODQWKDQLGH DON\OLGHRHYFRPG ®HD[HYOD EH DWW
WR DQ HQHUJHWLF RUELWDO PLVPDWFK EHWZHHQ WKH | HO
EDVHG DONSO®UGHH®BIUWK PHWDOV DUH PRVW VWDE&HAK WK
LV GXH WR WKHLU HOHFWK RGU® ERQBLA XADDWERQ DQG /X

>H@ G VDQG WKH FRQVHTXHQFH RI D FORVHG YDOHQFH VK
'XH WR WKHI IPFRL WBOW KDYH D VPDOOHU UDGLDO H[WHQVL
/Q PHWDO FHQWHU WKH RYHUODS ZLWK WKH OLJDQG RUEL\
HQHUJHWLF RUELWDO PLVPDWFK UHVXOWYV LQ D SUHGRPLQI
WKH DON\OLGHQH PRLHW\ DQG IXUWKHU WKH FKHPLVWU\ LV
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2 SHDFWLYH /Q ,,, OHWK\O &RPSOH[HV

2QH DSSURDFK IRU WKH VXFFHVVIXO VIQWKHVLV RI UDUH HI
ERQG DFWLYDWLRQ ®I BHDMPWINME >$AGBFXUVRUV VWDELOL
PRQRDQLRQLFOPHQUBOQG\/LQ WKH3®DIWH SRUWHG RQ WKH V)
VIQWKHVLYORWPHG® RZHYHU LW ZDV Wik COYGRY HID RI
WKH V WKDRRLOIWSHY DUH FDSDEOH®@RY PHWKD® @ DW WU YLO)
IXUWKHU HIIRUWV IURP RXU JURXS OHG WR WKH GLVFRYH!
/IQOH 6F < +R /X DFFHVVLEOH WKURXJK GRQRU LQGXFH
UHVSHFWLYH @XBONR WKLV YHU\ UHDFWLYH QDWXUH WKH
PHWDO PHWK\O ERQGV LV VWLOO FKDOOHQJLQJ DQG HVSH
FRPSOH[HV DUH FRQVLGHUKIG DNVDFERAMW LWADEMWWLKHVH FRPSO
WKHLU FRPSRVLWLRQ UDUH HDUWK PHWDOV /Q ,,HJdLWK OC
/D c < c /X c 6F ¢ QG WKH PHWK\O OLJDQ
HQKDQFHG EDVLFLW\ FDXVLQJ ®HVISR Q/LHF VERIQVG LGLI INHLUAXQDWV
DUH NQRZQ IRU WKH IRUPDWLRQ RI KRPRPHWDOOLF OLJI
FRPSOH[HV IRUQGQNE&WD S F/IECAFKHP H &UXFLDO IRU WKH D
WKHVH VIVWHPV LV WKH VWDELOL]JLQJ HIIHFW Rl WKH PRQREL
GRQRUV 7KHUHIRUH LW LV QRW VXUSUIHNERRS OEKBW PDQ\
KDYH EHHQ VWUXFWXUDOO\ FKDUDFWHUL]JHG PDBILOO\ VXS

L

L\;a/L i
Me’ Me
n

n=1/ \n=2 n=3/ n=21 n=1\‘+xd0
+ x do

L

L Me
Me Me /SQ\ Me L
Me Me ;! ?
Q Me Me M Q‘\(do)x
(do)y Me e
L L L Me Me L Me  Me
I L

Me _ .
x = 0 with L x =0 with L

saturating the
coordination sphere

saturating the
coordination sphere

monoanionic ancillary ligand

-
1l

6FKHPH3UHYLRXVO\ UHSRUWHG VWUXFWX@DD &RV ki@ DDUGD 8 WH\E K BR H W
FRPSOH[HYV
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+ MelLi
I [CpoLnCl(thf),], ———— > [CpoLnMe(thf),],
- LiCl

+ do
! Cp,Ln(AlMey) — > [CpoLnMe(do),l,
- AlMej-do

6FKHPB\QWKHVLY SDWKZD\ WR PHWK\O FRPSOH[/MQWHE@®WK WKH JHQHUDO

XQVXEVWLMIWEB® >&S <E &S~ @RQRPRWULF &SEOH WKI
RU DON\O VXEVWLWXWHG 8B&EBRPSOHHHY >&S83Q0H @

IRUGF IRU /X &BH > & &YX0H@&E &HBU & &QoH@
/IQ &H 1G ™/'E &®HBMX DOV ZHOO DV YDULRXV NQOH\@ GHULYD
< 6P &SPH6&O0H S &IPLYQOH@Q 1G 6P°H&XOH 6LOH

> P& ESWQOH@/Q < 6P FfXW&SEH 6L(W > @ZR GLIIHUHQW
VIQWKHVLY SDWKZD\V DUH NQRZQ /IRW-HE KK LIHMW UDHWL REF RHI
3DWIKV ZLGHO\ XVHG DQG GLVSOD\V D VDO WQRKSADMAXHMR/U D
IRU WKH UHDFWLRQ ZLWK D PHWK\OERRZQIWEKHHGWQ®IUNHO 6i}
&S/Q $O0HD VR FDOOHG 3DON\O LQ GLVJIJXLVH" GXH WR WKH \
IURP WKH WULPRVWKKE DLQXWPULRERFHG GRQRU (VR OFH® W DVKIH C
SDLU $GBRHWR JHQHUDWH WKH WHUPLQDO PHWK\O JURXS

3DUWLFXODU FKDOOHQJLQJ LV WKH NLQHWLF VWDELOL]DWL
W\SH >//@DKLFK VWURQJO\ GHSHQGV RQ WKH VWHILEORXON
&S EDVHG GLPHWK\O FRPSOH[HV GLVSOD\ PHWK\O EULGJHG
VWUXFWXWBDI SPRIWEIVE>- & ST/ @@HQ 7P /5% QG >&S @Q/@H

< +R '\ 7EP/X® FRQWUDVW WR WK L1VF R/RAVHALLGFIDW I0Q JG B P DY
DFFHVV WR PRQRPHWDOO®FHYRBHMHHE BY/QUHD\ VWUXFW X
H[DPSOH ~ 'IM8)S &&%X 1 'LSS "6FI0O%IS +&8U > @ 1'LSS

33K1%$U & '6FOA %X 9H0OH /Q +R MX%IWULV SWERH]RONO
ERUDWR @ DQG IXUWKHURU 3 GRQRU VXSSRUWHG
N1'LSS& 3K+ R& 1'LSS'6F0A 1 BU PHWK\OSKEB\® DQG
AOH& 1'LSS &+& OH N1 &+ &+LO0H <O0H> @ | WKH FRRUGLQDWLRQ
QRW FRPSOHWHO\ VDWXUDWHG IURP WKH EXON\ DQFLOODU
JLYH ULVH W R PRQRPHWDOOLF FR RS KT HV DV
A1 6LOHLSS "/XWKI"®OQG ~ 'LSS 1& OH &+& OH 1WIKSS, Q6FO0OH
DGGLWLRQ WR V\QWEBW R Y DVW/GDBSBHRASIVH[HYV @HRPEH H[HV
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FDQ DOVR EH DFFHVVHG IURP WKH: 6 ROFRG AONHDENLDIH LRIJ DNV
6FKHPH ,,3MmMWIHDQG YYBWRWRQRO\VLV UHBRUMHIFRXQW RU & /2L Ok
6FKHPH ,,3DWWK UHVSHFW WR UDUH HDUWK PHWDT DON\O
RU WULPHWS OQOMERZHUH DOUHDG\ SURYHQ WR EH VXLWDEC

+ 2 Meli
I [LLNCly(thf),], ——— > [LLnMey(do),],
- 2 LiCl
LLnMe(MMey,) + do
Il or ——— > [LLnMey(do),], M =Al, Ga
LLn(MMey), - n MMej-do
+ HL
1l [LnMes], —————> [LLnMey(do),l,
- CHy4

6FKHPB\QWKHVLY SDWKZD\ WR PHWK\O FRPSOH[BIN@GZLWK WKH JHQHUDO



+,6725,&%99(59,(: 2)5%5( ($57+0(7%/%/.</,"(1(6

3 +LVWRULFDO 2YHUYLHZ RI 5DUH (DUWK OF

$OUHDG\ LQ WKBoQDWHSRUWHG RQ WKH VIQWKHVLV RI OXWH
>/L @R>/Q ®RLHOH &+6L0@ LD VLODQH HOLPL@DHVY REVSWCRIMRFDRD
ILQGLQJV ZLWK 105 VSHFWURVFRSLF DQDO\VLV DV ZHOO DV
VWUXFWXUDO HOXFLGDWLRQ 'HVSLWH WKLV JUB@WQ@DFKLHY
VXFFHHGHG LQ WKH IRUPDWLRQ RI WKH ILUVW VWUX
DON\OLGHB®HO6IEHKP 1&\ WKIZLWK D SLQFHU OLNH VWUXFWXL
WKH SURWRQBW H& IOKEDWIGH KRPROHSWLF VDPDULXFDPLGH
&U\WWDO VWUXFWXUH DQDO\VLYVY UHYHDOHG D YHU\ VKRUW E
c DOO ERQG OHQJWKY PHQWLRQHG LQ WKLV FKDSWHL
DIWHU WKLV GLVFRYHU\ VLPLODU VDPDULXP DQG WKXC
>A 3K6&/Q,@Q 6P 7P ZHUH IRXQG |WBRMB S\LIQH HEUW OV\S K LW
DQG /WKIZLWK ERQG OHQJWKV IRU /Q+& DON\OLGHQH RI
UHVSHFWLYHO\ )XUWKHU BI6RUQY® >0H®V LR ERQEMHQH 3RRP ¢
ZLWK ERQG OHQJWKV RI DQG c IRU VDPDULXP D
IRU WKXOLXP GHY#®RSINE EWKRXJIJK FRPSDULVRQ RI WKHV
K\SHUYDOHQW JHPVQDE LOUODBGRMLIDQG VHW DQG D WULYDO
HDUWK PHWDO FRPSOH[HV EHPRLBW DVOXPYHRISIKILOXLEG W +U H
KDYH SURYHQ VLPLODU WUHQGY WRZDUG FDUERQ&OLF 1XQ
DON\OLGHQH FRPSOH[HV DOORZV IRU WKHLU SRVLWLRQ LQ !
ZLOO EH JLYHQ LQ FKDSWHU

Ph Ph
Ph Ph \ o
Ph~p B-Ph Ph-p_ __ p~
e + Sm(NCys)s(th) I 167\ _
H2 N > N (N\ Cy—C6H11
./N Na: 7 SiMeg
Me;Si SiMe; Mej3Si N thf
\
(NCN)-H, cy Cy

6FKHPB\QWKHVLYV RI WKH ILUVW VWUXFW XU D OWD FFXWUMXPF WRIRISQHHG ELV LI

, Q RXU JURXS VXFFHVVIXOO\ XWLOL]J]HG WKH GRQRU LQ(
DFWLYDWLRQ RI D &S VWDELOL]J]HG KHWRWREQPHWDWOOLF SU
[ /Q /D \ [ IRU WKH VI QWKHVLYVY RI D WULPHWDOOLF

PHWK\OLGHQH FRPSQ@{H&¥O&&+ WKI/Q < /DZLWK EULGJILQ.
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FKORULGR OLJDQGA7TKIBFRRIPH RI WKLV PHWK\OLGHQH FOX\
KH[DJRQDO ELS\UDPLGDO JHRPHWU\ ZLWK WKH VWULNLQJ
ODQWKDQLGH PHWDO FHQWHUV %RQG OHQJWKV IRU WKH |
UDQJH IURP WR c IRU\WWULXP DQG ~ @ WR

. toluene, thf
[Cp*Ln(AIMey),Clyl, ———————

Ln=Y (z=2;x=Yy)
La (z=6;y = 2x)

6FKHPB\QWKHVLYV RI WKH ILUVW WULPHWDOOLF UDUH HDUWK PHWDO PH

2Q0\ WZR \HDUV ODWHU LQ D QHZ VWUXFWXUDO PRWLI
JURXS PQGs0OQG FRZRUNHUNM DDABHOWDELOL]HG UDUH HDUW
RI WKH W\SH $0QH&+ 6 FKHPH 7KH VWULNLQJ IHDWXUH RI

VLPLODULMéY% W RDVKBALW&ESO$SO0HKH JURXS2RIXONLOBIBG D
SLQFHU ®13DQS I3V PHWK\OSKIRQ\GOV&H UHDFWLRQ RI WKH |
SUHFX3I\RBOHZLWK WULPHWK\ODOMNPWQOUR QURDIBBRP& DON\OL
OHQJWK RI > @2XWk JURXS VKRZHG WKDW WKH UHDFWL
WULV S\UD]JRO\O ERUM\YRD OLDOW G HVSDW K HW L F D O VSRS ORIGF k
WR ®%WOLNH ODQWKDQXPWKRBPSH[& PHWK\OLGHQH @ERQG F
$QRWKH&UDFLG VWDELOL]J]HG PHWK\OLGHQH ZDV DOVR DFK
SURWRQRO\VLV UHDEWERDLWIRI <+¥G0BQG JDYH LRQL
>7X POOH@ >< $POVHSO0H $O0HD <+ &+ > @

e E Me M
o
e tBu

M e
tBu
/ tBu
Me SMe
A
Me—"" LHa2 ,/AI\

Me Me Me

[Tp®BuMeAIMe]

3 4 5

6FKHPHA(%%OLNH UDUH HDUWK PHWDO PHWK\OLGHQH FRPSOH[HYV
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2Q WKH ZD\ WR GRQRU VROYH@Y\L BWKHH URHRIPR/OLHR B ZR ¥V R0 B O 0
GRQRUV DRXWHURXS REVHUYHG ODQWKDQXP FOXVWHUV FR
FDUELGH DOVR PHWK\OLGH®HK PR LRHAVF XKW HGF KHKRIR X JK P X OV
DFWLYDWLRQV E\ LPSOHPHQWDWLRQ RI GRQRUNQEGVKD Y H F

/ID+& &+ERQG OHQJWKYV EHWZHHQ DQG C
LasAlg(CH)4(CH2)2(CH3)20(PMeg3) 6
+ PMe3
[La(AIMe,);] ——>  La,Alg(C)(CH),(CH,),(CHs)po(toluene) 7

[LasAlg(CH)s(CH3)24][(CH3)3AI(P(CH3),)]

+ other products
6FKHPHQDSVKRWY RI WKH VWHSZLVH DO®PLQDWH FOHDYDJH RI >/D $00t

,Q DQG XS WR QRZ IROOsREZ/6XS LREHRPIIHVUNL BV ROOH& WR VLPL
FRPSOH[HV IRXQBQRB\)/e+ 6FKHPH LPSOHPHQ&IL QIQFHU
VIVWHP ZLWK 1R$62DHR U 1B41& Y JURXS¥HYHUDO VWUXFWXUL
FRQWDLLYXSSRUWHG UDUH HDUWY PFHWDO DGN\®H/Q+&

c <! oW XOH c (4§ 3K c GL SLQFHIDB'7Q+&
c 18UV c DQG KDOLGH FRF%L@'H[HV IQ +/&HV
c (EJ-OH c ZHUH HOKXFLGDWHG
o P Mo
Ph\;:,/ S\/Ph Ph\T/ <,\/F’h ph\}:,/ S/Ph
N N, N N, S S
./ SiMe 4 E R
Me;Si i g 3 R ﬁ
3 g thf do© | do do” g do
R = CH,Ph, CH,SiMes, R = SiMes, Mes R = CI, CH,Ph, N(SiMe3),,
N(SitBuMey), Ln=Y, La, Er P(SiMe3),
Ln =Y, Dy, Er Ph Ph do = thf o o do = t:‘; Py
8 Ph~p B-Ph 10 o ! hon
// \\ P P\
N N, R
R R /N N_
RNPPh, H Ph,PNR DippO ODipp
R = SiMes, iPr
Ln =La, Ce, Pr, Nd, Sm, Gd
9 11

6FKHPABWUXFWXUDO PRWLIV RI UDUH HDUWK PHWDO SLQFHU W\SH DON\C
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, Q ¢ DQG FRZRUNHUV IRXQG WKH &H ,0 WRNRXUGHRIHGD
Rl WKH UHVSHFWLYH &H ,,, GL DONRJ\ SUHFXUVRU D¢
N 3B 16LOK &H YLB[LGDWLRQ ZL W KESIW3HKW X U D O (

HOXFLGDWHG FRPSOIBRHE\SLROFBE DILWKQWKHEW, Z¢ddUH IRXQG E
ZLWK 8 BK'6F 5 (GRDQG FRPSGH & 8K &+ 6 33K LPLODU WR
ZLWK 6F+& DON\OLGHQH ERQG OHQJWRWUEWKWIZWPHRUH UDUF
ELV PHWKDQGLLGH ¥ RRSOFH@HVL@WK3K c DQG
>N 3XK6&/Q@>. F @QWK&H c "\ C
HI[SDQGHG WKH VHULHV Rl GL FDUBKQHQ F\RKH BHDHHDW MRXQ G
6FKHPHR @

o Cooe e T ]
Ph\P P/Ph Ph~p I:,/Ph O/_\O

// \\S thf // \\N/SIMe3 \\ t ,f’,

S LF Me;Si—N <o R o>

S s7 % i—N N—SiMe

W el f N MesSITAN T M 1 e )
Ph] F=Ph Ph R=Ph P

Ph Ph i Ph Ph i

Ln =Y, Ce, Dy
13 14

6FKHPHRQLF ELV PHWKDQHGLLGH FRPSOH[HYV

6LPLODU WR RXU DSSURPXBGCGLRHWK\OLGHQH FOXVWHUV WK
KRPROHSWLF WULV WHWUDPHWIKWXD GX PIHYH\® WY EXR®@MKRO @QH X
OLIJDQG&# HUH WKURXJK VWHULF SUHVVXUH WKH V\VWHP ZC
JHQHUDWBQGPRQIJVW RWKHU PHWK\O DQG PHWK\OLG\QH FF
oLJDQG V\VWHPV WKH ERQG OHQJWKV IRU HDFK PHWDO FH

QDPHO\ IRU \WWULXP c IRUODQWKDQXP
c DQG IRU VDPDULXP (o]
LLn{AI(CH3)sH{(CH)[AI(CH3)3]2}  Ln=Y, La 15
+L
Ln(AIMes)3  ———  LLn(Me3AICH,AIMe,CH,AIMe;)  Ln = La, Pr, Sm 16
{LLnKLn2(CH3)K(C)IAI(CH3)3]sH(CH2)AI(CH3)3},  Ln =Y, Sm 17

+ other products

L = (R)NCH,N(R)CH,N(R)CH,, with R = Me (TMTAC), iPr (TIiPTAC) or tBu (TtBTAC)

6FKHPHLIITHUHQW UDUH HDUWK PHWDO PHWKIOGRERH 60XDXQAWGMJ YV VWDEL
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,VRFKURQDO WR WKHVH GLVFRY¥#VKXHRVHMWKHGZRQY W.KH VY URWN
ILUVW KHWHURELPHWDOOLF UDUH HD®WHK\PXWILDCOL |W G DY L\W

SRO\K\GULGH FRPSOH] IRU WKH UHDPYWGERQIJIH@HWEW H
&S + 2 &+ &++,U &S ZLWK D EULGILQXPIRPRWRWKNWMGCGRARH <t
& &+ ERQG OHQJWKV DUH DQG c VOLJKWO\ H(

DON\OLGHQH FRPSOH[HVY SUHVHQWHG VR IDU

%HWZHHQ DQG VHYHUDO WULPHWDOOLF /BLfHG PHW
OH —O0H— &+ WKIZLWK GLIITHUHQGW RMWERRWELQ@WLQJ PRQRI
DQFLOODU\ OLJDQGV / ZHUH IRXQG $V PHQWLR@HH®H Q &K
REWDLQHG E\ XWLOL]JLQJ &++ ERQG DOg BN DPXW\RRU \B U R RVARS(
GHSLFWHG LG 6FKARHY VWUXFWXUDO PRWLI LVZILWXKY BRXEW
OHQJWKV IRU WKH UDUH HDUWK PHWDO FHQWHU DQG WKH E
ERQG OHQJWB QRU ¢c ORQJHVW GLVWB®RPISORILYV

QRW VWUXFWXUDOO\ FKDUDFWHUL]JHG EXW LV PHQWLRQHG

(thf), L
L = N(SiMe3)(Dipp)  Ln=Y, Nd, Ho, Lu 18

W

)%ﬁ\;’{‘

Me Me L = PhC(NDipp)2 Ln=Sc, Y, Lu 19
L = C5Me4SiMes Ln=Tm, Lu 20

L\& ¢
Mé L = CsMes Ln=Y, Ho 21

(thf), (thf),

6FKHPHOL[HG PHWK\O PHWK\OLGHQH UDUH HDUWK PHWDO FRPSOH[HV

JXUWKHU KHDWLQJ WKHRPGKWEH[ WR WHWUDPHWDOOLF FXE
PHWK\OLGHWKVIRXU3&STNMQLWY 6FKHPH $GGLWLRQDOO)
EH JHQHUDWHG |URMH @ 8B HHF&XBIMBOUYWLSOH &*+ ERQG DFWL
UHOHDVH RI PHWKDQH ,RYFRPSDUd VRMXK N BREGEO®HQIWKYV
VOLJKWO\ GHFUHDVHG/ ¥RU FXEDQH OkNH Q&

¢cE® ®KH VDPH WUHQG FDQ EH IRXQG VFRPU WKH WKXOL

c 7 ST >E@W LV QRWHZRUWK\ WKDW VLP
>&S /I X@HRU WKH IRUPBW LRBEHRWKHUPRO\VLV R @PRFGS Q/HR[ > ¢
KH[DPHWDOOLF PL[HG PHWK\O PHWE+OZGWEBHD FRRSF-OHD & SH
& ERQG OHQJWKYV c 7KLV LV GXH WR LVVXHV LC
PHWK\OLGHQH XQLWV LQ WKH VRO VWDWH VWUXFWXUH G
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Cp'sLns(u-Me)s(u3-Me)(u3-CHy)(thf)s

20 CpR = CsMes CsMe,SiMes

Ln=Tm, Lu
22

[CpRLu(u-Me),]s
6FKHPH6\QWKHVLY SDWKZD\V IRU FXEDQH OLNH UDUH HDUWK PHWDO FR

$OVR LQ ,$&21(648DQG FRZRUNHUV IRXQG D IHUURFHQHGLDP
DOXPLQXP PHWK\OLGHQH IURP WKH UHDFWERQ ZRIWW K$O ¥ D
11F IF #XO0H ZLWK / DV WKH WULGHQWDWH LPLGD]ROH I
& DON\OLGHQH ERQG OH@EIWKVRERQG OHQJIWK LV VOLJIKW
FRPSDULVRQ WR RWKHUF6F + DEJ*N DO WAHQHK ZKQEK ZDV DOVR
KHWHURELPHWDOQO&F &S%F,U &3 @

6RPH \HDU\W, /XWHHIV W XOO\ EURXJKW EBFHN WKRIPFWHKPILVWU'

7TKURXJK DSSOLFDWLRQ RI D WKBUPRWYW XY GCS WKW RHARLCF IRHXQ )

DEVWUDFWLRQ WKH ILUVW IRXU FRRUGLQMWN REWEDQBGL

$FFRUGLQJOGLOM WKIZDV UHDFWHG ZLWK D SURWRQDWHG

%2'"", + 'LSS 1& OH &+&2&+& OH 1 'LSS IRU WKH UHOHDVH

;5' PHDVXUHPHQWY UHYHDOHG D UHODWLY HO\PRLRIWN EIRQIKG
C

. = A
_ N 2 Lu(CH28|Me3)3(thf)2‘ | |

. _ _N_O N
__NH O HN, Dipp /(;J Q Dipp 23
Dipp Dipp MegSiHzC EL “CH,SiMes

hf thf
€3

6FKHPHB6\QWKHVLV RI IRXU FRRUGLQDWH PHWKDQHGLLGH OXWHWLXP FR

BKRUWO\+RIWBG FRRZRUNHUV IRXQG WKDW GLPHUL]DWLRQ C
VFDQGLXP PHWK\O SKRVSKLGH SUHFXUVRU OHG WR

QDFQDF 6F"3+ 'LSS ~ DQG WKH PL[HG PHWK\DLVEK @ A+BK&V SK
ERQG OHQJWKV RI DQG > BLPLOBBKWRHWVKH ©®FKLHYH
FRPSOH[WKH ZRUNLQJ1JDAGXB RIQWKHVL]HG DQ DON\OLGHQ
FRPSOH[ EHDULQJ D QHXWUDO WULV S\UDJRO\O PHWK
&7% °H/X &+B6LOHGPSJZLWK D /X+& DON\OLGHQH ER®G OHQJW
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Dlpp

. Dlpp
W eoe < NmN

N__ N. * Di “Di
Dipp” @ Dipp ipp” ipp
M ; (Dipp)HP  PH(Dipp)
€  PH(Dipp) D|pp D|pp

6FKHPHO\QWKHVLYV RI PL[HG PHWK\OLGHQH SKRVSKLQLGHQH FRPSOH]

Q WKH JURX¥SURBRUWHG RQ WKH V\QWKHVLV RI WKH
ELV DON\OULGRPH GLOLWKLR EXVIDEDBGBY\BQR SEHREWD G |
VFDQGDF\FORSURSH®H 6FKHPH

SiMeg

RO 4 ScCls 25

X Li R = Ph, p-MeC6H4Y p-tBUC6H4

R
SiMe3

6FKHPH )RUPDWLRQ RI EULGJHG ELV DON\OLGHQH UWFD®SH XL WR FRSIDOA |
DON\OLGHQH PRLHW\ LV KLIKOLJKWHG

2Q0\ UHFHQWO\ D VHULHV RI GLIIHUHQW PRR®EG PW XGI®IOF S
DV VLO\O WKLRSKRVSKLQR\O DON\OL GHQUH UBLMF RDKWHKGP W
VWDELOL]DWMMR.@® LEQDWR OLJDQGV DV I'lGESFQDF QB FKAA® MV U L C
6RPH RI WKHVH FRPSOH[HV GLVSOD\ WKH VKRUWHVW ERQC
UHVSHFWLYH PHWD® NQRRZZLWE WR QRBXZLWK c

6FPH ZLWK c /IR@BWK ¢ &REBAHWK BY LV QRW
VWUXFWXUDOO\ FKDUDFWHUL]HG KRZHYHU LW LV PHQWLRC
UHDFWLYLW\ LQ FKDSWHU

g

N.  N—Dipp

. ool
Dipp” e DIPP Dipp” D'PP Dlpp/ Dipp [ S
/ N _\_\P
—P\ [ -~
Ph R \ Ph
PPy MesSI TPPRs  yeisi” Rt Ph
R = Me, |, OTf Ln=3Sc,Y, La, Sm, Lu
R = Me, Ph; R' = Me, iPr
26 27 28 29

6FKHPH'LITHUHQW PRQRPHWDOOLF DON\OLGHQH UDUH HDUWK PHWDO FFR



/Q+& $ON\OLGHQH

4 /IQx& $ON\OLGHQH

7TDEOH

%RQG /HQIJWKV

%RQG /

VKRZVY DQ RYHUYLHZ RI VWUXFWXUDOO\ FKIDWUDFWH L

DQG WKHLU FRUUHVSRQGLQJ /Q+& DON\OLGHQH ERQG OHOQ.

7DEOBHDUH HDUWK PHWDO DON\OLGHQH FRPSOH [HEHD ER QWK KIHD FW K Y H\E

Alkylidene Complex

Ln +
C(alkylidene)
bond length [A]

ref.

Sc

(PNP)Sc(CH)(AlMe3)2 3 2.317(2) 271
(SCISC[N(SiMe)2](thf) 12-Sei(SiMes)2 2.247(2) [38]
(SC3Sc[P(SiMe)2](py)2 12-SEEMe3)2 2.200(3), 2.225(3] =8
(SCISc[CH(S=PPH.](thf) 2.204(4) [38]
[(SCS2Sc][Li(thf)2] 13 2.212(8)-2.243(8)| 1%
(PhC(NDipp})sSa(u-Me)s(Hs-Me) (us-CHz)(thf)s 19-Sc av. 2.367 [42a]
fc(Me2Al) 2CH2Sc(NStBuMez),AlMe> 2.692(2) [44]
(Dipp-nacnac)Sc(CH(PDipp)Sc(Dipp-nacnad4 2.193(3)-2.232(3) 18
(Dipp-nacnac)Sc(CHPR)Me 26-Sée 2.105(2) [49a]
(Dipp-nacnac)Sc(CHPRH 26-S¢ 2.044(5) [49a]
(Dipp-nacnac)Sc(CHPRJ{OTf) 26-S& 2.060(3) [49a]
(Dipp-nacnac)ScC(SiM¥PPh) 28-Sc 2.089(3) [49b]

Y

Cp'3Y 3(U-CN3(ps-Cl) (Us-CHy) (thf)s 2-Y

2.424(2)-2.450(2)

(33]

[TptBu,MeA| Me] [Y(A||\/|e 4){(CH 2)A|Me3} 2(A|M€2)] 29

2.344(8), 2.411(9

(20]

(NCNSMe3)y (CH,Ph)(thf) 8-YCH2Ph

2.357(3)

[36a]

(NCNSMe3)Y (CH,SiMes)(thf) 8-YCH2SiMe3 2.406(3) [36d]
(NCNSMe9)Y(N(SitBuMey),)(thf) 8-YN(SitBuMe2)2 2.357(3) (361
(NCNSMe3Y(])(thf) , 10-YSiMe3 2.356(3) [36e]
(TiPTAC)Y{AI(CH 3)a}{(CH 2)[AI(CH3)4]2} 15-Y"Fr 2.376(3) [40b]

(TMTAC)Y{Y 2(CH3)H{C[AI(CH 3)3]3{CH 2AI(CH3)a}2 17-Ye

2.367(5), 2.452(5

[40a]

{Cp IY 4(H)2(0)2}(CH 3)(CH2)HIr(Cp*)

2.520(1), 2.567(1

(41]

[SiMes(Dipp)N]sY 3(p-Me)s(ps-Me) (us-CHz)(thf)s 18-Y

2.345(5)-2.424(4)

(52]

Cp 3Y 3(U-Me)s(us-Me) (us-CHz)(thf)2 21-Y

2.283(4)-2.477(3)

[22b]

Cp*sYeMes(CH2)4

2.46(1)-2.61(1)

(43]

(N-nacnac)Y[C(SiMe)(SPPh)] 29-YVe

2.256(3)

[49c]

(N-nacnac)Y[C(SiP$)(SPPh)] 29-Y™"

2.316(2)

[49c]
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La
Cp'sLaz(u-Cl)s(us-Cl)(us-CHy) (thf)s 2-La 2.537(3)-2.635(3)| 23
TpBuMeLa(CHy)(AIMes), 4 2.519(2) 341

LasAlg(CH)a(CHz2)2(CHa)20(PMe3) 6

2.588(4)-2.629(4)

(35]

LasAlg(C)(CH)(CH2)2(CHz)2o(toluene)7

2.549(7)-2.889(7)

(35]

(NCNSMe3)_a[CH(PhP=NSiMe),] 9-LaSMe3 2.512(2) 1360)
(NCNMe9)Lal(thf)s 10-LaMes 2.5284 [36]
(TMTAC)La{Al(CH 3)4{(CH 2)[AI(CH3)4]2} 15-LaMe 2.549(2) [40a]

(TIPTAC )La(MeAICH ;AIMe 2CH,AIMe3) 16-LaP"

2.521(4), 2.542(4

[40d]

(TtBTAC )La(MesAICH ,AIMe2CHAIMe ) 16-LaB

2.491(3), 2.502(3

[40d]

(N-nacnac)La[C(SiPH(SPPh)] 29-LaP"

2.465(2)

[49c]

Ce

(NCNSMeJCe[CH(PRP=NSiMe);] 9-CesMe3

2.472(4)

[36b]

(NCNSMe3Ce(ODipp) 11

2.441(5)

[36h]

{(Ph.P=NSiMe)C}.Ce

2.385(2)-2.399(3)

(37]

[{(Ph2P=S}C}2Ce][K(18¢c6)(thf}] 14-Ce

2.385(2), 2.399(3

(37]

Pr

(NCNSMe3Pr[CH(PRP=NSiMe),] 9-PrsSiMe3

2.458(5)

[36D]

(TMTAC)Pr(MesAICH ,AIMe CH,AIMe3) 16-Pre

2.456(6), 2.489(5

[40d]

(TtBTAC)Pr(MeAICH2AIMe2CH,AIMe3) 16-Preu

2.436(3), 2.459(3

[40d]

Nd

(NCNP)NA[CH(PP=NiPr),] 9-Nd""

2.592(3)

[36¢]

{SiMe3(Dipp)N}3Ndz(p-Me)s(us-Me) (us-CHz)(thf)s 18-Nd

2.425(7)-2.505(8)

(5]

Sm

(NCNSMEJSm(NCy)(thf) 1 2.467(4) (31]
[(SCISmI], 2.371(6) [322]
[(SCSSm[Li(thf)] 2.491(5), 2.507(5] 32
(NCNSMeE)Sm[CH(PRP=NSiMe),] 9-Sm 2.40(2) [366]

(TMTAC)Sm(MesAICHAIMe2CHAIMes) 16-Srite

2.426(5), 2.441(5

[40a]

(TIPTAC )Sm(MeAICH AIMe CHzAIMe3) 16-Sni"

2.464(8)

[40c]

(TMTAC)SM{SMCHs}{C[AI(CH 3)3]3CHAI(CH3)3} 2
17-Sni%e

2.408(4), 2.515(4

[40a]

(N-nacnac)Sm[C(SiMg(SPPh)] 29-Snie 2.296(2) [49¢]
(N-nacnac)Sm[C(SiP)(SPPh)] 29-Snfh 2.357(4) [49¢]
Gd

(NCNSMe3G[CH(PhP=NSiMe)] 9-GdSiMe3 2.406(2) 1360)
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Dy

[{(Ph-P=S)C}.Ce][K(18c6)(thfy] 14-Dy

2.434(6), 2.433(6

(39]

Ho

{SiMe3(Dipp)N}zHoz(u-Me)s(uz-Me) (u-CHo)(thf)z 18-Ho

2.36(1)-2.43(1)

(5c]

Cp sHos(p-Me)s(ps-Me) (us-CHz)(thf)2 21-Ho

2.275(4)-2.468(4)

[22a]

Er

(NCNPME9Er(CHPh)(thf) 8-ErcH2h 2.339(4) [360)
(NCNSMe3)Er|(thf), 10-ErSiMe3 2.322(2) [36e]
Tm

[(SCSTmI]2 2.325(5) [32b]
[(SCTm][Li(thf) 4] 2.423(9), 2.368(3] 3%

& SMms(p-Me)s(uz-Me) (us-CHz)(thf)z 20-Tm

2.330(5)-2.365(5)

(5b]

> & S [I:FCH)]4 22-Tm& ST

2.319(5)-2.424(5)

[5b]

Lu

{SiMe3(Dipp)N}sLus(pu-Me)z(us-Me)(us-CHy)(thf)z 18-Lu

2.310(5)-2.383(5)

[52]

(PhC(NDipp})sLus(p-Me)s(us-Me)(us-CHz)(thf)s 19-Lu

2.371(9)-2.381(8)

[42a]

& Slfus(u-Me)s(us-Me) (us-CHy)(thf)s 20-Lu & ST

av. 2.49(1)

[5b]

[Cp*Lu(ps-CH2)]4 22-Lucr”

2.333(4)-2.396(4)

(43]

> & S [UbXCH2)]4 22-Lu &S T

2.32(1)-2.41(1)

[5b]

(BODDI)Lu2(CH2SiMez)2(CHSIMes)(thf)2 23 2.309(6) (4]
& 7% /X &+6LOHGPS] 2.300(6) 471
'LSS QDFQDF /X&B6BBK /X 2.19(1) [49a]

(N-nacnac)Lu[C(SiMg)(SPPh)] 29-LuMe 2.204(3) [49c]

(N-nacnac)Lu[C(SiP}(SPPR)] 29-LuP" 2.245(3) [49c]
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5 5HDFWLYLW\ RI 5DUH (DUWK OHWDO $ON\C

7KH UHDFWLYLW\ RI UDUH HDUWK PHWDO DON\OLGHQHYV LV
WKH 59%&QLW )RU EHWWHU FRPSDULVRQ RI WKH GLIITHUHQW
FRPSOH[HVY DQG WKHUHRI WKH YDULRXV UHDFWLYLW\ REVHI
ZLOO EH VXEFODVVLILHG LQ WKUHH GLITHUHQW FDWHJRULH
VXEVWUDWHY 7KLV FKDSWHU ZLOO VROHO\ IRFXVHRD UHDF
OLJDQG EDVHG UHGXFWLRQ DY REVHUYHG IRU FRPSOH]

Ph~p |_Ph : coo

/ s\ X 3( X R/N N\R
HoC Q™
E@E S @i }@
do -

X X R

A B C
pincer-type complexes multimetallic alkylidene and monometallic donor-

Tebbe-like complexes stabilized complexes

6FKHPH6XEFODVVLILFDWLRQ RI WKH GLIITHUHQW DO N VOR G\HKHL W DJWHHD HWD U

5.1 Pincer-Type Rare-Earth-Metal Alkylidenes

6LQFH WKH UDUH HDUWK PHWDO DON\OLGH §k//FKHEH WLV Z
GLVFRYHULHV DERXW SLQFHU OLNH UDUH HDUWK PHWDO DO
UHDFWLYLW\ Rl WKH DON\OLGHQH VWLOO QHHGHG WR EH HY
RXW UHDFWLYLW\ VLPLOD WkWR. WUDH QXW DRI PHLVOLR 6 EDVHIG
DQG WKHUHERDWWHPSWHG WKIB BRDERW, IZRQ/ R IEHQIRSKHQRQF
VXFFHHGHG LQ WKH IRUPDWLRQ RI W KH*W HSAS M FAD EWH. YRLOM\I L

Ph Ph ﬁ S
Ph\; S\/Ph +2 Ph,C=0 PhoP— . —PPh;
> 2
S S -2"O=Lnl" )'\
Ph” “Ph
L ' d2
Ln=Sm, Tm

6FKHPH: 77, *W\SH UHDFWLYLW\ RI SLQFHU OLNH UDUH HDUWK PHWDO FRHI
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6LQFH WKHQ LW DSSHDUHG WKDW WKH UHDFWLYLW\ RI D
GLDQLRQ FRRUGLQDWHG WR D P HM DROX © WQ WHW DLOYOLLEEPSD WD |
DON\OLGHQH FRPSOH[HV DQG W(Hekhl(WH DB B 6 Wd=%DW&DWL\MPR. O D U
SURYHG WKLV UHDFWLYLW\ IR %&H PVE XX N W KFHRUPIRIDH U
<6L0H 7DV VKRZQ WR WROLYGWR/ WEH UHVSHBWLMERHERBX ILQ 3K
KRZHYHU DPLQHVUBWHD®HIG RQO\ DGGLWLRQ> VRV WRH <=
QRWHZRUWK\ WKDW FRPSOH[HV ZLWK DON\O JURXSV 5 LQVW
WKHVH GLVSODFHPHQW UHDFWLRQV ZLWK WK&2 D/ORN\\WKEH QG
UHVSHFWLYH DON\O 5 7KH VDPH UHDFWLYLW\ ZBV ®EVHU
6LPLODU VB & BK@VKH WHWUDYDOHQ3W1BHUHRXBH Q'DERJ "~ 3K
ZDV IRXQG WR XQGHWIRHDDHWIRFWLRQV ZLWK FDUERQ\O
EHQJ]DOGHK\GH> H%\G \RMHKHIHD FWLYLW\ RI SLQFHU OLNH U
FRPSOH[HV LV QRW WKH PDLQ HPSKDVLV Rl WKLV WKHVLV Z
LQWHUHVWYV LQ WKLV SBUWLFXODU FKHPLVWU\

5.2  Multimetallic and T EBBE-like Rare-Earth-Metal Alkylidenes

6LQFH WKH UHDFWLYLW\ Rl WKH UDUH HDUWK PHWDO DON\C
FKDUDFWHU DQG WKH H[SHFWHG GRXEOH ERQG FKDUDFWH}
SRODUL]HG XQVDWXUDWHG ERQGV OLNH 5Y5& 2 VHHPHG SU
WRe+%2& . W\SH DON\OLGHQHV ,QWHUHVWLQJO\ FRPSOH[HV
ROHILQDWLRQ UHDFWLRQV ZLWKHYIJDUQRRWVHRDRIER QED FIRSS
EHQJDOGHK\GH DQG F\FORKH{BQRQH UDRY HPWWIKXOFEHW DO F

protonolysis CH2 olefination

+ H,NR /- CHy - H,C=CH'R \+ RN=CHR'

6FKHPH BURWRQRO\VLY DQG ROHILQDWLRQ UHDPWQM[LNMWM R R U DVWKHHDNV
UHDGDELOLW\ D PHWK\OLGHQH PRLHW\ LV VKRZ@RDPSWHK[RIXNIK DA R B C
FRQYHUW IRU H[DPSOH FDUERQ\OLF VXEVWUDWHV
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> GWULPHWDOOLF FERSCGHL®W ZEWKDY @ /@D Fe p @

FXEDQH OQNH®DQG DOVR WKH PHWKDQGLL@NKAXWGE WIRRG F
FRQYHUVLRQ RI WKH FDUERQ\OLF IXQFWLRQDOLW\ WR WK}
'LIlTHUHQW WR WKLV QR & 2 ERQG FOHDYDJH ZDV REVHUYHC
7P EXW WKH VHOHFWLYH DGGLWLRQ WR WKH PHWK\OLGHC
DFWLYDWLRQ RI WKH SKHQ\0O JURXSV ® WKH EHQ]RSKHQRQ

20-Tm, L = Cp'

6FKHPH GGLWLRQ UHDFWLRQ RIPEHQ]RSKHQRQH WR

,W LV RQO\ SODXVLEOH WKDW UDUH HDUWK PHWDO PHWK\O
RWKHU XQVDWXUDWHG ERQGV DV & 1 DQG 1 1 7KH LQYHVW

/IQVKRZHG FRQYHUVLRQ RIVDREHREQR2ZMB EWEKHQEHRQG F
6FKHPH 9XUWKHUPRUH WKHVH FRPSOH[HKFHNKAGHDGDEQ IHO!
WR WKH UHVSHFWLYH UDUH HDUWK PHWDO LPLGH FRPSOH]I
OXWHWLXP PHWKDQGLLGHK #RPBGHPL®ANVKI/XDV DOVR WUHD\
ZLWK 3K1 & 2 DQG LQVHUWERQQA @QWR RVERHHXAHBBH /X+& ERQ
FOHDYDJH ZDV DOVR IRXM®GGIRHWDFRMIOALMMK WULSOH ERQG
WX1& DV LVRHOHFWURQYEF DQDORJ WR &2

L
+ /é\

_*PON=NPh et i
- HZC CH,

6FKHPHL 1 ERQG FOHDYDJH RI D]JREHQ]JHQH ZLWK

19-Ln, Ln =Y, Lu; L = PhC(NDipp)»
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6FDQGLXP FRIPSOH/WKHU FDSDEOH RI QXFOHRSKLOLF DGGLYV
WKH PRQRDGGLWLRQ SURGXFW 6FKHPH PROHFKWHYDRNL
>&+&2 @ DQLRQ EULGJLQJ WKH PHWDO FHQWHURUMNM ZHOO
HWKHQH GLWKLRODWH VFDQGLXP FRPSOH[ 6FKHPH OHIW

?ipp
P
g9
0] Q +2CO,
NG Diop Diop
) C 0 + Ph=C=N

Ha L—@/ S—L

7
||3ipp é‘;CHz
B +CS; Ph—
<

S

Y L = Dipp-nacnac

CH,

6FKHPH5HDFWLYLW\ RWRRPSOG#MGI2QG EHQ]JRQLWULOH

W LV QRWHZRUWK\ WKDW UDUH HDUWK PHWDO /Q/QERQGYV
KRZHYHU D WZR VWHS UHDEWLRY*L VRQ YRBN HES *& +°
6FKHPH

+ 0=CRR @zo + S=C=NR
- H,C=CRR' - 0=C=NR
(Lp:cH) ? W=s
# _-CH, - RP=C=NR
+ H,PR W-PR —5Zc-nR

6FKHPH6FKHPDWLF SUHVHQWDWLRQ RI WKH WZR RWBY UHDFWLRQ IRU W

$GGLWLRQDOO\ UDUH HDUWK PHWDO PHWK\OLGHQH FRPSC
UHDFWLRQM RWBK +RU WKH JHQHUDWLRQ RI LPLGH RU SK
6FKHPH OHIW 7KH ++1 ERQG FQHRYDJIH/ R| HRESOK[HYV
+1'LSS ZHUH VXFFBWWXPSWLQJ SURWRQR®YGYV+SKEBDFWLR
KRZHYHU GLG QRW OHDG WR WKH UHVSHFWLYH LPLGH EXW
FRPSOMSHDFWLYLW\ VWXGIHVQLQ¥XROXLOPRGVRREZHG JRRG
FRQYHUVLRQ WR D UDUH PL[HG PHWK\O SKHQVIKLOLGHQH |
OH—33KR @
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,Q DGGLWLRQ WR WKH UHDFWLYLW\ GLVFXVVHG/BOVHDG\ W
UDUH HDUWK PHWDO UHSUHVHQWDW VYLH ZRIMAKD VIRO HLAQ W H Q HS
EHIRUH FRP$QB[HV FDSDEQHWFRIH: ROHILQDWLRQV 6FKHPH
)XUWKHU WKH OXWHWLXP FRPSOH[ DOVR H[KLELWV UHDFW.L
&+ ERQG IRU WKH IRUPDWLRQ RI DQ LQWHUPHGLDWH DF\O
ELV NHWHQH GLDQLRQ OXWHWLXP PHWK\OLGHQH FRPSOH]
&2 LQVHUWHG FRPSOH[ DV ZHO G T \XK @QLKM OB & & IHA QYHHKBDWYLHRE,
RI /X ZLWK RQH HTXLYDOHQW RI D FDUERGLLPLGH IDYRUV
OXWHWLXP FRPSOH[ LQ DQ DGGLWLRQ GsiIPAV®DRI® \ 6 WHKHHP bl H
WRZDUG XQVDWXUDWHG & 6 ERQGV DV LQ SKHQ\OLVRWKLRF
6FKHPH ERW®RDFOMIRIG RIWK IRXU HTXLYDOHQWYV RI SKF
WR D PDORQRGLLPLGDWH OXWHWLXP PHWK\OLGHQH FRPS
XQVDWXUDWHG VXEVWMRWWM G & HBHNV & WBIRIR BHQRO\VLYV DWV
VKRZHG FRQYHUVLRQ WR WKH UHVSHFWLY IB\K\GCQH GRH WKW K |
H[DPSOHV RI PL[HG PHWK\O K\GULGH UDUH HDUWK PHWDO F
DOVR WKH VHOHFWLYH SURWRQRO\VLV RI YRROHO\ RQH PHW!|

Cp
o@ o@

| |
Phe ~C.Cs Ph @
N N @O——CH
| -N-c- *C/ fi- C/ -~

pl

2]

©
C<
=
+H,
[Cp'LuMeH],4 -  Cp
+ Ph=N=C=)S/ \+113rN=C=NiPr
22-Lu
K i
GUNFCNC PrQ-C~ Q- Pr

6FKHPHS5HDFWLYILXWRZIDUG SKHQ\OLVRF\DQDBWHIAR?2 SKBIQEB GVLR WIKG&IR F\D
DQG GLK\GURJHQ )RU LPSURYHG UHDGDPHIDJIPWQ RQLOA @/HKSIL FMWGHEU D W H G

JRU DOO SDWKzZD\V VKRZLQJ UHDFWLRQV ZLWK XQVDWXUDW
WZR IRU &2 DQG 3+1&2 PHWK\OLGHQH PRLHWLHV UHDFW Z|



5($&7,9,7< Bp5( ($57+0(7$/$/.</,"(1(6

WKH FOXVWHU LQWHJULW\ RX QLKWHVUHPDK QLIQH FRAQUE&FDUH H
DQG WKH UHPDLQLQJ EULGJLQJ PHWK\OLGHQH XQLWV LV UH

5.3  Monometallic Donor-Stabilized Rare-Earth-Metal Alkylidenes

'LITHUHQW WR WKH WVSIRD OB \URBDFRMULYWH® \: RI WKH UDUH HI
FRPSOH[HV EFKDSWHU WKH UHFHQWO\ GHYHORSHG PRQF

GR QRW VKRZ ROHILQDWLRQ UHDFWLRQV ZLWK XQVDWXUTL
ZHUH REVHUYSHF®&HRH W R HIDLFIW MRZQ. \RK EHQJ\OLGHQHPHWK
OHG WR LQVHUWLRQ LQWR WKH 6F+3 ERQG DQG D&®IHWLRQ |
UHDFWLRQ ZLWK GLIIHUHQW VWHULFDOO\ GHPDQGLQJ D
F\FORDGGLWLRQ UHDFWLRQ ®RCGHRWL R QDDAHOW WRW WIRID FW L
R[LGH B6FKHPH WRS OHIW DV ZHOO DV GLPHWK\OLVRJL
DQDORJRXV ZLWXHBRWRO&H?2 &+*1 DQG &+% ERQG FOHDYD
6F+2 ERQG IRUPDWLRQ GXH WR WKH KLJRK R[RSKLOLFLW\ RI

0
AN
\/\O% ) ij O/@}fSiM%

7N
N N
“>>—SiMes o
Ph,P ‘*\L\

N N~

Dipp”~ Dipp
thf 7 .
N \~Ph VRN

N N + alkynes Mes3Si Ph + PhHC=NMe N N
R 28 \N/%—SiMe3
Ph,P N
_ /C~PPh2
Me;Si R Ph

6FKHPH ([HPSODU\ UHDPMRZDIWMBWRIURS\OHQH R[LGH F\FORKHDPM@GRQH EH
DON\QHV 7KH 'LSS QDFQDF OLJDQG LV DEEDEYDRWMNG LQ WKH SURGXFW

6XSSOHPHQWDO WR WKH UHDFWLYLWDOYXRZ2QQ GO BIFRKHW K& + +
DFWLYDWLRQ RI S\ULGLQH GHULYDW®2YHV DQG S\UD]ROHYV
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[ 2 h SN
N\ Nl/N W | _ N N
NN +)\/) Di|0|o/N N~pipp " H
H_SiMe; —R> c-SiMe;
=N e tht” |1 NG\
N PPh, MesSi \ R =H, NMe, | _ th
28 R

6FKHPH5HDFWLYLW\ RALAMRR SOH[{GLQH GHULYDWLYHYVY DQG S\UD]JROHV

W LV QRWHZRUWK\ WKDW FRQWUDPR QRRPWW B QOILDAHWAERMEY N |
ZLWK EHQ]\OLGHQHPHWKDQDPLQH XQGHU DGGLWLRQ WR WK
RI RQH SKHQ\0O JURX%® 6FKHPH

ZAEEN
’ \
' '

+ PhHC=NMe N N—Dipp

N__ N-p;
Dipp” Dipp Dipp”
[ Y
e3S| PPh3 H/C H Eh
Ph 2

27
6FKHPH5HDFWLYLW\ REVHUYHGKREHGRPEGCGHRQHPHWKDQDPLQH

JXUWKHU KHWHURELPHWDOOLF FRPSOH[HV ZLWK FRSSHU D

RI' /QZLWK 0, DV ZHOO DV GLIIHUHQW PRWLIV IRU WKH F\I
> F G@

N-— Dlpp + Ml N— Dlpp
[ - + Ph=C=N

SiMes

6FKHPH *HQHUDWLRQ Rl KHWHURELPHWDOOLF UDUH HDUW®WKIIFHHUIWMDW WL
F\FORDGGLWLRQ UHDFWLRQV ZLWK EHQ]RQQADVROAMAHOULDRW LYRWKREAQY BN



JHV



6 XPPDU\ RI WKH 0
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1 5DUH (DUWK OHWDO &RPSOH[HVY DV 3UHFX

,Q WUDQVLWLRQ PHWDO FKHPLVWU\ FRPPRQ SURWRFROV
DEVWUDFWLRQ RI D OHDYLQJ JURXS IROORZHG E\ GHSURWRF
IRXQG IRU WKH JHQHUDRRWLRIQ RI 13LWBMRIRS\OSKRVSKLQR

PHWK\OSKHQ\O W U L P HWH $ CDDQQE. ORLRS 2 RADEHAWVWP RUHR Y HU
WKHUPRO\VLY DQG DENDRH7® ILRHPIWORQE DY ZHOO DV
&S7L 5 &+tOH 5 OH &OH @+HUH WKH UHDFWLYH DON\C

&S/L &+5 LV JHQHYDWMEOHYDWHG WHPSHUDWXUHYVY +HWHFE
FRPSOH[HV VXLWDEOH WR DGRSW WKLV FRQFHSW VWLOO Ql

6LPLODU WR WKH DERYH PHBWORQBQGE3I7ONUDY G WHKIAV 7B5X V
PHWK\O S\UD]JRO\O ERUDWR UHSUHVHQWY D YHU\ EXON\ WL
VWDELOL]DWLRQ RI WHUPLQDO DON\OLGHQH FRPSOH[HV DC
FRPSOBRDW& DV ZHOO DV ELV WY IDQGMH HF RPGWKHNL]HG
78X IHOOH $00HE/Q < /X MRIWEH ©E\ DSSO\LQJ D VLODQH H(
SURWRFRO )LIXOHW6E6LWDQRWHZRUWK\ WKDW DOO REWDLQ
GHFRPSRVLWLRQ DW DPELHQW WHPSHUDWXUH KRZHYHU
WHPSHUDWXUHV XS WR f& 7UHDWRBHO Q&GEIL V& QWIKKW H U R O
UHDJH&QW3KGLG QRW JLYH UHDFWLYLW\ DQDORJRXV WR WU
HOHYDWHG WHPSHUDWXUHV RQO\ OME PR HBW+ H\R®RG WKW IO

Me HMe H Me

ofe A

Me OTf Me NTf,
AL, Me HMe Me Cc Me HMe

Ln=Y, Lu B
N N N
O w? o
N N4AUN
tBu :Qb/tsu Bu ©/tBu Bu

OTf OTf NTf, NTf,
B D

JLIXUH#HWHUROHSWLF PHWK\O WULIODWH DQG WUW&LPLGH UDUH HD
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JLIXUHBROLG VWDWH ¥WBOOHWE X$hH \D QG HBXOH 17 1&

OLJDQRG 1RQHWKHOHVV WKHVH YHU\ UWDEK®RPW XH OPQ [MHREWOLHY &
\HW EHHQ IRXQG IRU 7S VXSSRUWBGSHIUH HDUWK PHWDO F

$V GHVFULEHG EHIRUH DQRWKHU FRQFHSW RI WDUJHWL
PHWK\O DON\O FRPSOH[HV FDSDEOH RI LQWUDPROHFXODU
WKHUPRO\VLY RU WUHDWPHQW @7 KWWK HVRWHR QB L BRX BW HFLXU
HVWDEOLVKHG E\ "WUW9DWRBOQWVRZHGH*BINORSZLWK PLOG

KDORJHQLGR WUDQVIHU BEBDJHRWVWHKIBH HQHUDWLRQ RI EL

PHWK\O KDOLGH FRPSOH[HV +HQFH WKH LVRODVFER® GRH G L
6FKHPH 6

+ 2 SiMesX Me  HMe

toluene N/IIB
RT - 50 °C, 3-6 h ,I\OF\\J
TpBuMeL nMe(AMe,) = N 4 N
-2 S|M94 tBu <, tBu fBu
- AlMey

X X
+ 2 SiMe3X EL X

toluene X=Cl, |

RT = 50 °C Ln=Y Lu
2 SiMe, '
Me H Me e

tBu,Me f /B

Tp™""*LuMe, + SiMezX N '\0 N

> I
toluene N l\,l ,\
rt, 3h tBu ’@/ Bu sy
- SiMe4 Me/ \CI

6FKHPH+BWHUROHSWLF PHWK\O WULIODWR WULIOLRVGRN DEL® KHGREH ¢
78X 0O LIDQG
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$GGLWLRQDOO\ RWKHU PL[HG PHWK\O KDORJHQLGR FRPEL
VFUDPEOLQJ DQG WKHUHIRUR FRXKBO E & H3.IVERROEDSMHEHY
QRWHZRUWK\ WKDW WKH LVRODWLRQ RI KHWHUROHSWLF K
OLJDQG LV NQRZQ WR EH FRPSOLFD®E G LOWHR QIRQ®% L VER\QGV
OLNH FRPSQHAANQLLWK R HTXLOYH®R IR MQLGHQWLILHG FRPS
PL[WXUHV PDLQO\ IROORZHG E\ OLJDQG GHJUDGDWLRQ

$LPLQJ DW UDUH HDUWK PHWDO(7ERPSOBJHQ W L FMKID W HDR \
7%X9KOHLQ ROHILQDWLRQ UHDFWLRQV ZLWK IOXRUHQRQH
WKH UHVSHFWLYH DONR[LGH VSHFLHV ZDV IRXQG ,Q DQRW
VIQWKHVL]HG)E\QXWDLGDA [PE W DWK H V L&L 0 HDFGV LERQW RZ DM IR UIGE
FRPSOHDHMG6FKHPH 6 )JLJXUH 6 +HUH FDUHIXO DGMXVWP
LV FUXFLDO VLQFH HVSHREIQD GRP BN IQH WIHDFE VZILRVE RILW KL XF
WHPSHUDWXUHV IDYRUV WK H%X®G a8 VRLRIG\E URVE DWR RVK RV / WV,
+ QHHGHG SURORQJHG UHDFWLRQ WLPHYV

B
71
NO
+ LICH,SiMes N 2 N
> Bu L Bu

Me HMe _-Licl Bu
B 35°C - 0°C,3h M’ CH,SiMe;

tBu ﬁtBU Bu —1 toluene

Me H Me e
F ,B

Nk

+ KCH,Ph U\

> N N4UN

- KCl tBu @/ Bu By
RT, 24 h
’ Me”  CH,Ph

6FKHPHEBQWKHV¥EYIXKIOAS&BLOH* OHIW "MFA®WOHS&3IK + ULJIKW

7KH H[DPLQDWLRQ Rl WKH WKHUPRO\VLV ADE®EHLYHDDHE WK
* LV DOUHDG\ VORZO\ GHFRPSRVLQJ DW DPELHQW WHPSHUD
+ ERQG DFWLYDWLRQ RI WKH DQEsPIDWG CCHW QBR PRO HE V
VWDEOH DW DPELHQW WHPSHUDWXUH EXW VKRZV WKH VDP|



5$5( ($57+0(7%$/&203/(;(6 $635(&856256 )B3.</,'(1(6

GRQRU LQGXFHG DONDQH HOLPLQADWUR® QRUNK WISH RQWUY R
XQGHU PLOG FRQGLWLRQV KRZHYHU IDLOHG

JLIXUHE®\VWDO VW WX HIWXH BFLRH7SOHIW "I A®OHS&3IK + ULJIKW

7KH VXFFHVVIXO LVRODWLRQ RI WKHVH KHWHUROHSWLF P
PHWK\O FKORULGR DQG PL[HG DON\O*FR®OBEOMH)BV VS XS IRE
LOQWHUHVW LQ WKH VWHULF HIITHFWV RI WKLV OLJDQG VHW I
oLJDQGV ,Q RUGHU WR GHWHUPLQH WKH VWHULF VKLHOGL(
PDWKHPDWLFDOO\ HIDFW FRQH DQJOHYV ZHUH FDOFXODWHOC
OXWHWLXP FRPSOH[HV DSDEHISLEWHD VY QRIMOEG® WEDW WKH Y
WULJRQDO ELS\UDPLGDO JHRPHWU\ DURXQG WKH PHWDO FH
UHYHDOHG WKDW WKH VFRUSLRQDWH OLJDQG DGDSWV RQO

7TDEOH26HUYLHZ RI PDWKHPDWLFDOO\ H?) BBYREBDOFXODWHE FRQH DQJIJOH)

ALu C ELuI F G H
@ | 278.0/280.9| 280.4 278.2 278.9 277.1 277.3

IHYHUWKHOHVY WKH FDOFXODWHG FRQH DQJOHV VKRZ D
FRPSOH[BI#*GLQYROYH WKH VPDOOHVW FRQH DQJOH IROORZ
FRPSOHYHDWYE ORUHRYHU WKH PRVW IOH[LEOH DQG PRVW ZH
WULIOLPLGR OLJDQGYV DOORZ IRU WKH ODUJHVW FRQH DQJC
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2 OL[HG OHWK\O $U\OR[\ 5DUH (DUWK OHWDC

7KH FKHPLVWU\ RI UDUH HDUWK PHWDO PHWK\O RU DON\O
FKDOOHQJLQJ GXH WR WKH YHU\ UHDFWLYH QDMXBK RV W]
LQGLFDWHG E\ WKH ODUJH RUELWDO HQHUJ\ PLVPDWFK EH
IUDJPHQW P 2@H REMHFWLYH RI WKLV ZRUN ZDV WR LQYHYV
HOXVLYH FRPSRXQGV ZLWK WKH LQWURGXFWLRQ RI D VWD
IRUPDWLRQ RI KHWHUROHSWLF UDUH HDUWK PHWDO FRPSR’
DFKLHYHG WKURXJK WKH XWLOL]DWLRQ RI WKH YHU\ EXOTI
LQWURGXFWLRQ RI YDULRXV DU\OR[\ OLJDQGYV

JLUVW H[DPLQDWLRQ RI WKH SHUIRUPD¥FEKORI ®WRH UHL
SURWRQRO\VLY UHDFWLRQW OMRZDU&I3U23U &3 &) &
& + Mo X OH ZDV HOXFLGDWHG )LIJXUHV 6 6 ,(QWHUHVW

/B B
wN I $/
O Q Y v
N//N ,N N/,N 'N

OAr OAr Me o Me O
I OAr = OCgHsMe,-2,6 Bu Bu
J  OAr= OCgH,iPry2,6
K OAr= OCgH3CF4-3,5
IVILn
Lin Ln=Y, Lu
Ln=Y, Lu

Me H Me Me H Me

@“ W?@ Qi

Me \o
iPr< i _iPr i
FsC CF3
NLn oLn
Ln=Y, Lu Ln=Y, Lu
JLIXUHORQRQXFOHmMU2BY), -. OHIW DQG PL[HG BHWK0OB DINOB[Q 7S

1/0 2/o PLGGOH DQG ULJKW
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JLIXUH&®\VWDO VW WUWXEY KMUXB/ORI 7S0< OHIW “IO®OHS2& 13U 1/x
ULJKW

LQWURGXFHG DU\OR[R OLJDQG FRQWUROV WKH-IPDUWQPRDWLRQ
RU ZLWK LQFUHDVHG VWHULF EXON LQ DQG BRVLWLRQ
6XEVHTXHQWO\ D VDOW PHWDWKHWLF D% BiSGH BSDPKRZDV FK
/Q < /X WR DFFHVV VPDOOHU DU3DS&HLG BW XOF \R WQE XPK
RSWLPL]DWLRQ RI WKH UHDFWLRQ FRQGLWLRQV LV FUXFLDC
FOHDYDJH RI WKH DQFLOODU\ 7S OLJDQG LI QRW/SUHYHQW
DQX WKH ODWWHU ZLWK WKH HOHFWURQ GHILFLHQW DU\OR
WKH /Q+0H ERQG ,QWHUHVWLQJO\ WKH VAW UOLNL® IDQ\SUXFW
2/ GHWHUPLQHG E\ ;5' PDLQARBRNGLQWWURE® WIKWKH 7S OL.
URXWLQHO\ REVHUYHG GLVWRUWHG WULJRQDO ELS\UDPLGTE
J)LIXUHV 6 DQG 6

JLIXUHEE\VWDO VW WX BWXHIGNABRA2,8-8H-4) /1x OHIW “IIBOHS2& &)
S 2. ULJKW

7R JDLQ IXUWKHU LQVLIJKW LQWR WKH UHDFWLYLW\ RI WKHYV
lig LQ LVRSUHQH SRO\PHUL]DWLRQ ZDV H[HPSODULO\ H[DP|
1RWHZRUWK\ WKH DGGLWLRQ RI '0$3 GXULQJ WKH SURW



O,;(" O(7+</ $B</2;<5%5( ($57+0(7$/&203/(;(6

7$X9H0OH $O0BQG +2®HX OH WKH LRIPUIAV/VMBHPHMEY )LIXUH €
8QIRUWXQDWHO3o PRIMS @RWVDFWLYH DV VLQJOH FRPSRQH
SRO\PHUL]DWLRQ 7KH NKZHDP HQPDPWQHEG O UMY RDOLQJ WKD\
FRPSOH[ GHFRPSRVHV DW DPELHQW WHPSHUDL\BXUHWRYR DQ
FOHDYDJH RI WKH DQFLOODU\ OLJDQ GV , QUHUIM X\& VDR O\ & Kk
DW HOHYDWHG WHPSHUDWXUHYV LQWUDPR®XBEXRXS\&Z+\VER Q
/IXtOH PRLHW\ RFFXUV 7R FRQFOXGH WKH IHDVLELOLW\ V
FRPSOH[HV VWURQJO\ GHSHQGY RQ WKH SUHFXUVRU )XUWK
FRPSOH[HV GHSHQGY RQ WKH UDUH HDUWK PHWDO OXWHWL
LQWURGXFHG DUAOR[R ZILMK K& PRVW VWDELOL]LQJ HIIHF
DQG HOHFWURQ GHILFLHQW PHWK\O DU\OR[\ FRPSOH[HV GH
3DSHU ,,

JLIXUH &U\WWDO VWUXEWXUH® >FRM2 & WX OH @& OHIW D¥XG 7S

£ WX O 2& WX  OH  WXS™X O0H K\GURELWW)OIS\UDIROWH" O8H&+
S\UD]JRO\O 4&R WD WRW

6XEVHTXHQWO\ WKH VWHULFDO DVSHKNWEFDRIF XWKMHWIL@WY URI
PDWKHPDWLFDOO\ H[DFW ERQB\ D/NDXF W KFJHHY B QIPD@W\PHYV ZH U
7KHYS*RPSOH[HVY DGRSW D WULJRQDO ELS\UDPLGDO JHRP
ZHUH GHWHUPLQHG ZLWK UHJDUG R$ FAUK HQ PHHW Bl @ WFIHQQIVWO M Ul R
FRPSOH[HV PHWK\O JURXSV LQ DQG SRVLWLR@RUHMKH D
WKBQ JURXSV R RXKSV &)Q DQG 1SRYLWERQPLODU WUHQC
REVHUYHG IRU WBH /KNxFRQJIR/QHU

7TDEOH2SHUYLHZ RI PDWKHPDWLFDOO\ H}p BWRFDQFXO DYWH & 3F RBIAHGD QJOH
49

I J K Lin Mtn NLn Ovn Py QLn

@ |Y 273.9 | 276.1 | 278.6 | 276.8
Lu |276.1 | 272.5 | 280.4 | 278.1 | 276.1 | 279.2 | 280.3 286.3
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3 &S 6 XSSRUWHG 5DUH (DUWK OHWDO OHWK

,Q FRPSDULVRQ WR WUDQVLWLRQ PHWDO DON\OLGHQH FKI
YDULDQWY KDV EHHQ RQ@ONAVWBSDWHH K HYS ®RWHGLGHQH FKH
JDLQHG LQWHUHVW GXH WR LWV LPSRUWDQFH LQ V\QWKH
FDUERQ\OLF VXEVWUDW H\V*PW WkEHAA DA ARV WKHU: XWLOL]DV
WKH QXFOHRSIQUOL M @®RZV IRU VXFFHYV VI X ®RRHWCKM IOHHWIWY |
VIQWKHVLVY RI UDUH HDUWK PHWDO DON\OLGHQHV UHSUHV
VWDELOL]JLQJ HQYLURQPHQW H\ JRKHLWKRWY HQ PLUGIE B\ \&\S
SUHYLRXV VWXGLHV WKH VI\QWKHVHV RI UDUH*BDOWK PHW
FOXVWHU FRPSRXQGV E\ GRQRU LQGXFHG DON\ODOXPLQDW
KDYH EHHQ HODERUDWHG

$ UDWLRQDO DSSURDFK WRIZEBHF® XWKHMH PLfHBKH UHDFWL
&3/Q $00H®/Q < /D 1G°® /X0 S&HB6LOHZLWK PLOG KDORJF
WUDQVIHU UHDJHQ@WYV % UOH W LV QRWHZRUWK\ WKDW WK|
PHWDO VL]H GHSHQGHQW

X =Cl, Br, |

+1.3 n SiMe;X

n==6 -h
n CpRLN(AIMe,), n-hexane

n=5
n=2 \M\_S n SiMezX
. n-hexane
+ 0.9 n SiMe3X
n-hexane

Me—Al =
'TMe R
Me \ Me
Me —
/

N

CsMes xX

X = Cl, Br, |
CsMe,SiMes yX '

X _
CsMe,SiMe, TLn  Ln=Y, Lu CsMes VX _ ¢ Br, |

u,X X=ClBrl CsMe,SiMe; WX

6FKHPHEBQWKHVLY RI PL[HG KDORJHQLGR DOXELGDWHR 8 WLH HDUWK PHW

<
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ORUH SUHFLVHO\ WHWUDP/IQWIDDEH,. FAB/R P& HiH 8/ &B8U H
IRUPHG IRU VPDOOHU UDUH HDUWK PHWDOV DV \WWULXP D¢
FOXVWHU FRPSRXQGV RILGW®BH-W\SH &S ¢ DQG
> &S/D $00H—; @;' < IRU ODUJHU UDUH HDUWK PHWDOV U
JLIXUH 6 OHIW 7KH LQWHQGHG LQWURGXFWLRQ RI SVHXG
GLG QRW OHDG WR GHFDPHWDOOLF FOXVWHUV IRU ODQWKD
RI WKH WULIODWR PRLHVWH KRZBYHY 2FRBOOMW K& ZLWK
— DV ZHOPUDGJLQJ WULIODWR OLJDQGV ZDV REVHUYHG

JLIXUH&B\VWDO VWU XHBLDOHAY $I0H-&& 0@ <4° OHIW OH GD &271 —
271 $O0HWK#E ULJIKW

7KH 7+) LQGXFHG FOHDYDJH R
DQG ODQWKDQXP FRPSOH[HV
IRUPDWLRQ RI WULPHWDOOLF F
%% DQ&& ZLWK WKEMHHGILQJ
KDORJHQLGR OLJDEAENGILRQH
KDORJHQLGR DQGEULRBQHQJ
PHWK\OLGHQH LQ DSLFDO SRV
6 )LIXUH 6 6LPLODU FRI
/| 1Q —0H —OH— &+ WKI
GHYHORSHG E\ RXU JURXS VKR
JLIXUHSROLG VWDWH O/MVADXPANKUH RWBLNLQJ WULPHWD® O/ FLVW U X
5% QRWHZRUWK\ WKDW FDUHIXO D
UHDFWLRQ FRQGLWLRQV LV
WHPSHUDWXUHV EHORZ DPELHQ










C. 8QSXEOLVKHG 5HVXOWYV









PJ PPRO + 105 0+] @EHQJHEH



,5 . % Wa YZ YZ

4 YZ YZ YZ YZZ YZ YZ YZ YZ
YZ YZ YZ YZ P Yz YZ YZ YZ YZ

4 Z 4 YZ Z7Z \% YZ 4 vV Z

P P YV P YV V P z YZ YZ Z 4

4 4 P YZ YZ YZ ZFPHOHPHQWDO DQDO\VLV FDO
& + /X126L& + 1 & + 1

OH3K6ML< $O0H )X $ VROXWLRQ RI <P’OOH PPR®&HLMQH P/ ZDV DGGHG
D VWLUUHG VXVSHQVLRQ RJ .1 6L PHREHK H[LMQ H P/ 7KH UHDFWLRQ PL
VWLUUHG RYHUQLJKW DW DPELHQW WHPSHUDWXRB8XWLRK ZWDNWERE B\ D I/
ILOWUDWLRQ 7KH VRXHGDZDH ZDVKHG LMK FROOHFWHG VROXWLRQV ZH
LQ YDRRORUOHVV FU\WWDOV ZHUH REWDLQHG IURP D RMRMOXUPWHG VRO

105 0+] @EHQ]H@®H 4H, R-H), 7.21-7.17 (m, 4H, AH), 7.11-7.07 (m, 2H,
Ar-H), 0.36 (s, 12H, SECHs), 9.37 (d,2J(YH) = 2.5 Hz, 24H, AKCHs) SSP &7+ F 105 0+]
>'@EHQ]HBH & $U &U &U &U &G+ $0+
& SSP6LA GHSW 105 @ H|H@H U + 8SIM5 IURP< +64&
0+] >@EHQ]JHQH f& i KESP ,5YZ%U YZ YZ YXz
YZ z z z Wz YZ YZ ZYz
Yz YZ YZ P Pz P P Z VvV V
Vv Vv Vv YV YV YV YV z z ZP Vv
P P P P Z V RPAOHPHQWDO DQDO\WLYCEB®IOFG IRU
& + 1 & + 1

OH3K6L/D $O0H ))o $ VROXWLRQ RI /DP§OO0OH PPR®HLMQH ZDV DGGHG W

VWLUUHG VXVSHQVLRQ RPJ1 6L3KPPRIKHLRQH 7KH UHDFWLRQ PL[WXU}

RYHUQLJKW DW DPELHQW WHPSHUDWXUHV 7KH SUHMN\S MHBWEHDIDH/G D O

ILOWUDWLRQ 7KH VRXIHGDZDN ZDVKHG LMK FROOHFWHG VROXWLRQV ZH

LQ YDRRPORXUOHVV FU\WWDOV ZHUH REWDLQHGPIURP D PPHRMOXYDWHG VR

105 0+] @EHQIH®H i 4H, M-H), 7.23-7.19 (m, 4H, AH), 7.10-7.05 (m, 2H,

Ar-H), 0.29 (s, 12H, SCHs), 9.41 (s, 24H, AKCH3) SSP &+ 105 0+] @EHQ]H@H i

$ W& &U &U &U &O+ &t+ SSP6L4" GHSW

105 0+] @EHQ]H®H U * SSP K& .%U YZ YZ z z
z z z YZ Wz z YZ P z

z P YZ P P VoV v YV YV YV

P
\% \Y P Z P V P P Z HAQHFIRQWDO DQDO\VLYV
IRU+&$0D16L& + 1 & + 1

OH3K6ML/X $O0H ))x $ VROXWLRQ RI /XPEOOH PPRBHLMQH ZDV DGGHG W
VWLUUHG VXVSHQVLRQ RPJ1 6L3KPPMRIKHLRQH 7KH UHDFWLRQ PL[WXU}
RYHUQLJKW DW DPELHQW WHPSHUDWXUHV 7KH SUHM\S MHSWLEDIDA/G D O
ILOWUDWLRQ 7KH VRXHGDZDY ZDVHKHG LMK FROOHFWHG VROXWLRQV ZH
LQ YDRRORUOHVV FU\WWDOV ZHUH REWDLQHG IURP D RPRIXUDPWHG VRO

105 0+] ®EHQJH®H U 4H, Rr-H), 7.21-7.17 (m, 4H, AH), 7.11-7.07 (m, 2H,
Ar-H), 0.36 (s, 12H, SIEH3), 9.37 (s, 24H, AbCHz) SSP &7+ 105 0+] @EHQ]HEH
$& &U &U &U &+ O+ SSP6LA"
GHSW 105 O@EHQIH@RH U * SSP K& .%UYZ YZ YZ
Z z YZ YZ YZ P Z Z ZZ
YZ P P P V P \Y; \Y; P VYV \Y;
YV \Y YV \Y; Pz Z P P P P P
YZ P =] P P V YZ FROHPHQWDO DQDO\VLV FDC
& + $OX16L & + 1 & + 1

OH3KL1< $O0H ** $ VROXWLRQ RI <P¥OOH PPRRH[IDQH ZDV DGGHG WR D

VXVSHQVLRQ ®RH .1 6LP3K PPREBHLMQH 7KH UHDFWLRQ PL[WXUH ZDV \

DPELHQW WHPSHUDWXUHV 7KH SUHFLSLWDWH DBNHLEDOWR Z B & WRR) V A KHN

ZDV ZDV K HBK  LDAQH [ PO WKH FROOHFWHG VROWWDRIEIZAXNR FRF

&RORXUOHVV FU\WWDOV ZHUH REWDLQHG I®PRP D VPWRO DWHE5 VROXWLF
0+] S@EHQ]H@H 8H, A-H), 7.20-7.16 (m, 8H, AH), 7.14-7.10 (m, 4H, AH),

0.63 (s, 6H, SiEH3), H.31 (d,2J(YH) = 2.4 Hz, 24H, AEEH;) SSP &~+ 105 0+] @EHQ]HQH



&™+" 105 0+] @EHQ]HfRH & $U
$& &U &U &+ ®O+ SSP

3K6L& 1< WKI++ $ VROXWLRQ RI +1PE8L3K PPRO LQ WKI P/ zZDV DG
VWLUUHG VXVSHQVLRIQ RI <PRRO LQ WROXHQH P/ KHWVR N B HYWRW HATS
DOORZHG WR VWLU IRU DGGLWLRQDO K RRVZKLEFWH7WR BHDRWH RIH G L [WK
ZDV ILOWHUHG DIQ®G WREXSRD@QWH FW NN DOV ZHUH REWDLQHG IURP D VDW,

+ f& PJ PPR©O 105 0+] @WKf& P+ + $U
P + $U + P + $U+ + $U + P P + $U + P+
+ P + $U + V. WXKIP&MT MSWKIO+] @WKf& @ G
LJ(YC) = 43 Hz, Y£2), 155.4 (S &L+ &U &U &U
$ & &U &U &U WK VWKH " SSSHPS W 105
0+] >@WKfF& u + SSIP5 IURP< +64& O+] @WK f& 1] SSP ¢
. % UKa Z Z Z Z YWZ YZ YZ Z
YZ YZ YZ YZ YZY Z YZ \Y P vV P
Z P YZ V Z YV P Z YZ YZ Z P
YV Z V Z HOERPH@EWDO DQDO\V¥LM BXORG IRU &
1 & + 1
3K6L& 1/X WKI++x $ VROXWLRQ RI +1P8L3K PPRO LQ WKI P/ zZDV DG

VWLUUHG VXVSHQVLRPQ RI /X®P®RO LQ WROXHQH P/ 7KW DRESHQWL R}
ZDV DOORZHG WR VWLU IRU DGGLWLRQDOQJHIG DWRP Z&LWKHWRIBREWQRE
VROXWLRQ ZDV ILOWHU} & MDRXR FRRE HFYWIDMWMHG ZHUH REWDLQHG IURP

WKI WROXHQH DW + f& P3 105 PPR®] @WKf& P+
$ Ut P + $U + P + $UP+ + $U + P + $U +
V. WKI V&WKILEBESP 0+] @WKf& C2) X155.4 (StE
6 L& &U &U &U &U &U &U
$ W& WKI WK &$HBW 105 @EHYH@H 0 + SSP ,5 .%U
Ka Z P P z YZ YZ YZ Y ZP
YZ YZ YZ YZ P V P YV Z V P

YV YV 4 P P Z YV z Vv Pz Z F
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Table 1. Selected bond lengths §] of 1-Lu, 3-Lu, 4-Lu, 5-Lu, 6-Lu, 7-Lu, 8-Lu, 9-Lu.
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tion for calculations)®
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Ligand
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Reiner Anwander®!
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1# HA B @ DT 2B 27 CHiH#H#HH @ DT 2BAFD##H###H# @/TEE"2E#

" HH AR 2T FDEABHHHHHH @[ T2 FTHH##HIH## @ 2T 2D2ACH

2# 1 St @ T FADEEH#HHH#HH 2T B2/ 2###HH#H##@2T/7TDAD#
A# HHIMHH T CICIBH#HH#HHIHH Q" TFA2E2##HH#HIH @ " TATBCCH#

E# HH 3 @"T 1 ECEB##H#H##H#HH T BD/EF##HH#H#HIH @ "T27TFFD#

B# HHIMHHHIHHA 2T 21 2E#HIH1#HH @' T DF 2 A2##H#H#H#H# @ "TDCC/E#

F# H#H# 3t @"T ADET CHtHHHIH# T 1 B2EB##HH#HH QT TF2/F#

C# T SHHHHHHH AT 2E2THiHEH#HH @ 2TIE T #HtHHHHH @ TBF/"#

T# 1 St @ 2T EF/F A #HHIH#2T CE/IE##HH#HHH @I TE/ID7#
/D# HH S T 1 IFICHEHHHH@IT/' DT F####H##@DT7AB"B

11# HH I @IT AIICTHIHHEHH T CIB 7 2#H##H#H### @DTCEB2F

I'# St QT CED"Ef##HHH# @ 2T 72BEA###HIHAQ@DT "ETA/
12# HH S @ 2T FAFClHH#HIH##@" T CBAHHH#H#H#@DT"'DA"
IA# i St 2T CCIFF##H#HH#H# @ DTE 7" EA##HH#H##@DTDC"C7
[E# St @ DT TEF/BH##H#H#HH#2T CD 7 IB###H#H#H###DTDIFET
/B# St @"'T BCR/IE##HIH#HIH QT 7 BC " Bi###H#HH#H#DTB"/C/
IF# HHIBHHHHHA2T " 2B #HHAHD T/ T CEAHHHHH##HDTC "ATD

IC# ## 3t @ DT DCB/E##HH#HHA2TIT CTRHHHHHAHHDTC7227
17# HH SR @ITER"T THHHHHH @IT TECT [#HHH##/T2DE/C

"D# HH I @ 2T A"D/ " #iHHH#HH @ 2TF 7 C2HH#H#HHHHI#HITBCA2A
"# A2 TEB T A2#H#HH#H##H DT 7 FEB 28 #HH##TTFBCC

" HH I IHIHAHDT BB/D /2T CD 2/ CtitHH#H#H#" TDAIA2

"2 H#H# 3t @/ TBD/IDEHHHIHAHQIT C"[2T##t#H#H#HH## TBCE2B
"AH #H# 3t @ DTBFB2 "t #H#H# @ DTCDGECH#H#H###H#"TCE/DD
"E# H#H# It HIH? @ DT/I2FCCHHHH#HH @ DT " AEBDH#HHIH#HIHATI 7TD2
"B# HHOMHHIHHR# 2T C"Cl2HHH#HH @[T TEID 2##H#HH#@ATDAFEF
"F# HHOMHHHHHHH @' T 27 A" THH 2T FD 7/ AtHHH#HH#H @ 2T 7/C2F
"C# HHOMHHIHHHH 2T DC A/ HiHH#H @ DTB/ATBH#HHH#HI#H Q@ 2 TEFA/F
"T# HHOMHH I @ DT 7 C2BF###HH#H##H 2T DCECHH#HHH##@2TACTFD
2D# HHOMHHHHHE T DDIT AHHHEHH Q 2 T AA2 HFHHHIHH#@2T/IEF2A
2/# HHOMHHHIHHAHATEBCE T#H#HH#H# @DT7"BI@##HH#H##@2TDBAB"
2"# H#HHOMHHHHIHH @ 2T BCCD/#HH#H#HHHH#HITF2ICBH#HIH#H@2TD27'D
22# HHOMHHHHHH QT A" IBEHHIHHHEATE" FTH#itHHH#@"TTAD"2
2A# HHOMHHH AT ICEB##H#HIHH#? @"T DFATBiH#HH##H# @ "TCCFC2
2E# HHOMHH I @"'T " AEEB##H##H#HTDFB/BEit#H#HH##@"TC/ECT
2B# HHOMHHHIHHBRAT " EABTHIHHE#H @ 2TF 7 2/BHH#HHH##@"TADTEY
2F# HHOMHHIHIHHT @ AT 2D F/HHH#HHIH#H2T 1" EEI#H#H#H##H#@"T"22AD
2C# HHOHHHHHHHHT 2T EF TH##HHIH# @ 2T/ AICBH##HIH##@/TFDCAE
27# HHOHHHHHHRAT 77T EB2##HH#H @ ' TFA" #iHHHHQ/TAEB2/
AD# HHOMHH I @ 2T TR 228 #HHHH T F D #H#@/TB//DD
Al# HHOMHHHHHIH @ 2T 2" C #HHHHHHIHEAT FA"F2#iH#HH#H @/ T"CEAE
A"# HHOMHHIHHAH 2T TR AR @ 2T B2AIB#HH##H#@DTCCAAA
A2# HHOMHHH I @IT ADAEB#H#H#H##H# @ 2T A"CF [###H###H#@DTT7EB"C
AA# HHOMHHIHIHHE @ 2T 2D Ef#HH#HIH @[TFD"BF ##H##H##H# @DT7/BCF
AE# HHOMHHIHIHR @ 2T 77 AF"#HHH#HHIHH# 2T AE2RR#HHHIH#H#@DTF"'BA
AB# HHOMHHHHIHH @"T AF2CA###H#HH# @ AT ECECCHiH#HH# @DTBFFF/
AF# HHOMHHHHHHH @ AT 2ABFBH#H##H#HH#H# @"TCCHD##H#H#H#HH#@DTB2CC"
AC# HHOMHHHHHBRAT CICT 2HH1HHHH @ DTFATRF#H#H##H#@DTI/IB2E
AT# HHOMHH I QT D" P AT FEB###H#H###DTDDCBF
ED# HHOMHHHIHIHHHE QT |ED " ##HH#HH##H @ ATAD 7 " Bi##H##H##DT " 7TABE
E/# HHOMHHHHHH @ AT "BFAMHBHHH## Q[T B2 "BR#HHH#HH#H#DT2ECD2
E"# HHOMHHIHHE @ 2T 7/DT7BHHHHHHH QAT 2" TR H#H#HHH#HIT2"BIC
E2# HHOMHHIHHHH2TEE" " HHHHHHHT 7" AB D #H#H##/TCBBC2
EA# HHOMHH AT B " 2 ACHHHHIH#H#2TBFCT Bi#H#HH##/TTDBCC
EE# HHOH#HHIHH#ATFA"BD#H##H#H#H#DT CBBRD######## TDDE"2
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EB# HHOMHHIHHAHDT AB/ " DittHHH#HHH AT FBD GAHH#HH##H#"TDTA/2
EF# HHOMHHHHHHHH? @"'T CBTEAH#H#HHEH QAT 2" B E###HIHHIH"T"2/ED
EC# HHOMHHHHEHH @ 2T 7 CADDH###HHIH @ 2T 2/ AT #it#H#HEH## T "EABA
E7# HHOMHH T DF DD FHHIHHHH T FCHHH T2 AFAE
BD# HHOMHHHIHA#2T 2F T DA#HIHHH##DTBAER T#ittHH#H#H"TCI"'A2
B/# HHOMHHHHHH## DT 2CCEB##HH#H#HH# 2T 2B B/ B###H#H##H"TCFAE"
B"# HHOMHHH IR @"T D2 AR "HH##HHHR @ T 21 2C #i#HHHH##2T2F"IC
B2# HHOMHHHHHADT FBT C2#HH#HH# @ DT A2BB 7 #HH#HIHH#ATIBAA/
BA# HHOMHHH I @ DTADBEE#H#HH#HH##HH#D T B2F2 7 #H##H###ATICCCA
BE# HHOMHHH I @ DTEF2AE##H#H#HH @ DT F27 CAHHHIHHAHATE72B7
BB# HHOHHHHIHHHDT FID T THHHHHHIDT FE/BEHHHHHHHR T 2//2"
BF# HHSHHHHHTFDCD/#H##HH#H# @D TBE7 F##H#H#HH#@DTECA/E
BC# HHSHHH I @ DT C2D/CHiHHH#HHTBAT BF###H#H#Q@DTE2/AE
B7# HHSHHHHHHRT CT A" [ D TIEAB "Hi#H###DTE/EAD
FD# HUSHHH I @ DTD/FB###HH#HHH T CCT " @HH#HH###DTEEEDD
Fl# HHSHHH I @ DT 7 CAB"#H#H#HIH @[T D 7B H ###HH#H#H#DTB2FCY
F"# HHSHHHAEH @ DT 2D C/FH#HH#H#H# @ DT 2FBE FH##HHIH#HITB"AFF
D#
#
QH"S#O(+611%)"N_"#
#
1# HN B @ DT 2CCA"HHH#HIHE @I T 2F C2E#####H#@DTF/12D#
" H#H# 3 @ DT C2/ AEH#H#HIH#HH#DT /T CEDHH##HIHAHQET "' EAT#
2# i ST ECICRH#HH#HHH#DT ClTIFH#HH#H QAT 7D/D"#
A# HHIHHHHBADT 22 CFTHEHHHAHHD T T C #HHHHHH QAT "' CF#
E# HHIMHHHIHHHDT B" T CCHEHHIHHHE QITITDIDH#HIHHHQ@2TFB/" 2#
B# HH 3T @ DT BT BH#H##HHH#HH"T AR EA##HHH#HIHQ@2TDD2A#
F# H#H# 3t @ DT DD CHHHHHIHETIDET [##HH##H# @ 2TD2BFD#
C# 1 St @ DT 2FCECH#HHHH#HIH T C22Cl#H#H#HH# @/TBC/FE#
T# St @ DTEFFAT#HH#HHH#HH AT/ICIBB###H#HH# @/TDCD/A#
/D# HH S 2TE " TBE##H#HHHH# @' T D2D " H#H#H#HH#@DT7B2EE
11# HH S 2T EB " 2 CH#t#HHH#1 @/ T C2/ AE#HHHI#H#H#DTEECE"
I"# #HH tHHHHHHHHE T DD CCCHHHIHIH @ TEAAD##H#HH#HH## DT TEFB2
12# HH St T BT ACT#i#HH## @ DTB2CBH##H#HH#HH##H#DT 7TAAB2
IA# i St 2T DC2CE##HIHHIH @ 2T D 7RI ##HHH#HHIT"CE2E
[E# St @ AT 2 AFEHHB#HH#HE @"'T CI27 HiHHHHHH##ITFATE/
/B# TSt @"'T 77 AEE#H#H##H# " TBD 7 AB###H#HH###/TB2DBE
IF# HHIMHH I @"T B27 D" tHHHHHIHHRTIE " CT#ilHH#HIH##/TB"IDC
IC# HH SR @IT T 2ACEH##HH## @ 2T AB " REHHHIHIH#TFE/"2
[7# HH S IHHEH 2T DADT DE#HH#HHHHHDT 2F ETINFHEHHHHIHIT C'22A
"D# H#HH 3 @"TETFFDH#HH#H#H# @[T DA/BBH##HH#H#/TCB"DA
"# HHSHHHHHHRT TFBE "HHHHHHIT " ABCD###HH##HH#ITCEFTC
" HH ST @ 2T 22 AA#HRH#HH#HH DT D7 BIB##H#H#HHH#H# " TIAEFB
"2 HH 3R @"T 7T AACAHH#HIHHH## @"TAABE2##HHH#HH# " T"CEE/
"AH HH ST CI2ACHHHHH#HIH T ACBF 2###HH##H#" TBB2AD
"E# HHSHHHIHIHR @"T 7 CA"28HH#H#HH @' TACD @BH#HHHHHH2TC E/
"B# HHOMHH#HH# @ DTEFEBE##H##H##@DT 2"GH T##H##H#H#@BTD/DCD
"F# HHOMHHHHHHT CEA AtHHIHIHI#H#DT " ADCBHIHHAH#H#QETBA27F
"C# HHOMHHHHEHH @ITDACBT#HHIHHHZTI2 AE#HIH#HH##@ETED"2D
"T# HHOMHH T 2FE/ [ #H#H##TFIEDE#HHHH##@ET "A™B
2D# HHO#HHHHH @ITBIAF #i###HH## @ DT DCRB##H#H##HH#H@ATCD/D/
2/# HHOMHHHIHHAADT 7" D2 " #iHHHIHH# QT 7 BB###HIH#H# Q@ATE"BE2
2"# HHOMHHHIHHHE T 2117 AR DT CFT27HBH#HIHH# @AT"ED/2
22# HHOMHHHHH @ DT " A2F/#HH#H#HH# 2T DEEEH#HH#HHIH @ 2TFE"F7
2A# HHOMHH I @ DTICIATHIHHHHH QI TEC" [ FHHH#HHH# @2T2FEAC
2E# HHOMHH T 22CT DH#HH#H @I TIFAEB##HH###@2TDCEEA
2B# HHOMHHH I @ DTB2ATBHH#HH#HH AT CE " RDHH#H#HHIHAHQITFT"/7
2F# HHOMHHHIHHBH2TECDT [ #HH# @[T/ 7 AB HHHHHH#H @/TADC/D
2C# HHOHHHHHHR AT IBIAEH##H#HHIHH Q" T F2BD#H#H#HHAR@/T"/AD7
27# HHOMHHHHHE T B "EBCH#H#HIHH @"T " CR2BH#HH#HHA@IT "27FC
AD# HHOMHH I @IT ADBDD##HH#HHIHAATICRE #Hit#H##H#@DTEEF'E
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Al#
A"#
A2#
AA#
AE#
AB#
AF#
ACH#
AT#
ED#
E/#
E"#
E2#
EA#
EE#
EB#
EF#
EC#
E7#
BD#
B/#
B"#
B2#
BA#
BE#
BB#
BF#
BC#
B7#
FD#
Fl#
F'#
D#
#

HHOHHHHHHARDTIF T DI#HHHHHAT 27 2DE###HIH##@DTATAAE
HHOMHHHIHHAHETECF2AH#HHHHHH @' T "BADD###H##H#DTB"CEY
HHOMHHHHBRET T[T [#HH#HHH# @DTB7" ICHit#H#HH##DTEBE/F
HHOMHHHHEH @ AT 2AID2#H#HHH## @"'TFFCEB###H#H###DTFBTFE
HHOMHHH IR @ 2T " FDARHHHEHHE'T CTRT tH#H##DTF'DEB
HHOMHHHHIH @[T 7TE" 22##H##HH#H## @ 2T AEBB A##H#HHHH#DTFF/B/
HHOMHHHHHHH#2TE C2DB###HHH#H# Q@ 2T CF HE##H#HH#HHH#DT TE/AF
HHOMHHHHEHH @ DT 2DD 7 DT AB B #HHHH##DT77ADD
HHOMHH I T F T CHHHEHH @ 2T B [#HHH#HH#H#/T/'DC7
HHOMHHIHHHHET DF2C/#HHHHHH @ITAT 2" ERH#HHHHHHTT2AA2
HHOMHHHHHH @ ATEC " E/#H#H#HHHH# @ 2T FIC B ##HH#H#H# " TDA2BC
HHOMHHH I @ETDDER"#H#H#H##H @ "TIFAGCHHH#HHH## TDTAFF
HHOMHHHEHH @"'TIFDF 7 QAT 2EFGB###H#HIH#H " TDFA"E
HHOMHHHIHR @ T 2/7 HHHHHH2T T BCHEHH#H#H##/T TBDFD
HHOMHH AT CCCIA#HHIHHIH#2 T BCEB##HH#HHH## TDFBA2
HHOMHHHIHIHHR @ITD2FT [#HHH#HH# @ 2T F T #t#HH#HAH## TDBA2A
HHO#HHHHHHH @ 2T FBFD/#H##HHHHE T FE2 BB #HHH#HHH T BT
HHOMHHHIHHH2T " 27 CD#HHHH @' T 7 7TF TR #HHHHHH# T "ACB"
HHOBHAHH#H#2T CE2ECHH#HHAHAHHH#D T AEAEBHHHHHHH"T2DF7C
HHOMHH I @ ATIETFHH#HH#HH DT 2BABH#H#HHHHHH " TBIA2"
HHOBHAHHAHHADT 72" A" HHHHHHH#H TAC2 " CHHHAHHHAAHH2TD T AA
HHOMHHH I TEI 2 [#HHH#HHHTE AR DH#lH#HHHH 2T 2ATEE
HHOMHH I @ 2T "EFD"#H##H#HHH @ 2T 2F 2B HHH#HHAH AT AEA
HHOMHHH I @ 2T B"F 28 #H# @[T CIB T Hi#H#HH##H#AT/ED2B
HHOMHHIHIHR @"T DT 2A28HH#HIH @' T " FEABHHHHIHHHATIF T2/
H#HHSHHH I @ DTDECC " ##H##H#H#H## DT B " 2BB##HH#H#HI#H@/TFFCCC
HHSHHHIHH @ DT " FE2/#H#HHH##TBTEBBHH##HH###@DT72E/D
HHSHHHHIHHT AAT IBHH#HHH#H Q@ DTA" 2/ #Ht#H#HH##DTAEFEC
HHSHHHHIHHT DT 211 DT FB 7" D+ T D™
HUSHHH IR @ITATCClHHIHHIH#DTBFCRE#H#H#H#HH#H#/TDBED2
HHSHHHHIHH @ITABTIF##HHH## @ DT FDARBHHHHHH T "DIA
HHOHHHHHH @ DT "BBD7##HH#HH#TEDFEA#HH#HIH#HDTET2AE

QH2SH#O(+611%)"1%)3<#
#

1#
"
2#
A#
E#
B#
F#
C#
T#
/D#
11#
I'#
12#
IA#
[E#
/B#
IF#
IC#
17#
"D#
"I#
"
"2
"AH
"E#

HABHHHAH#T D" FBCH#HHHH @ T"B"DB####H###@DT2FDAR#
HHIHHHHHAHDT B2 @/ TBF 77 D###H#HH## @ETDADF2#
ST @"'T DC 2 At #HH# @' TIBEF T ##HHHH QAT 2"F'F#
H#H 3 @ DTBC2AEH#HHH#HH @ /TFB7EB##H#H#H#H#H@2TCA222#
HH 3 QT "BCD2#H#H#HH# DT FBCAH#HHH#H@2TBE7AB#
HH 3T @ DTFB7 AI#HHIH#HIH @ DT A2 A HHHHHA@2TIBI T#
H#HSHHH IR @ DT/ICBT [#HH#HH @ T CED/A###HIH#H@"TCTB2"#
H#H 3tHHHHHHH @ [T BFCED##H##H##2T DCBF/##HH##H#@"TB/EB#
TSt QT B2l#HHH#H#HH#HTBFEEE###H#HH#H#@"TB2"Cl#
HHSMHHIHHAHDT 7 D" CH#HHHHH AT "AAD/#H#H##H##H#DTBDDC7
HHIMHH AT ED/ AtHHEHHHHT CTCB2##HH####DTFBBE2
HHSHHHHHHHHETICDT D##HH#HH#DTE"E/D#ttt#H#H##H#/TDCFF"
#H 3t @IT CBBC " #H#HiHH @ 2T BFE/E#HHHIH#HITIB2E"
TSt TR AN ERHE IR TEEAI AT 2D2F2
TS TE T AT B 2" AtHHHHHIHEIT"FBAC
St @ 2T DAE "R #HHHH# TIBE T #it##HH##/TBBADB
HHIHH AR 2T ATFCCHEFHHIHR QITITFFBIHHEHHH#TBTB"/
HH St @"T 2CBA2##H#HH#H1#H#DT CADIB#H#H#HIH##TBI"AB
H#H SR # 2T CBFDA#HHHHHH DT " FID 28 #H##H##TC"C/E
H#H S HIHH @ITFF2FD#H#HHIH @[T " TE "D #HIEH#HIHITCCT/2
TSI @' T BT 22" #H#HH## QDT 2" C7 ittt #HH T "F 72"
HH SR @ITBT DI THHHIHAH @ TF2" BT#HHHIHIHT22722
H#H 3t @ DT 2BFBA##HIH#HH @ 2T DD FH#H#HH##H#2TD2"D"
#H IR AT DED CA##HHIHH#DTECNE "HHHHHIHH2T 2IBF7
HHSHHHIHIHE @"T Cl"BRHEHHHH# @' T 777 C2HHH#HIH##2T22BDB
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"B#
"F#
"C#
"T#
2D#
2/#
2"#
22#
2A#
2E#
2B#
2F#
2C#
27#
AD#
Al#
A"#
A2#
AA#
AE#
AB#
AF#
AC#
AT#
ED#
E/#
E"#
E2#
EA#
EE#
EB#
EF#
EC#
E7#
BD#
B/#
B"#
B2#
BA#
BE#
BB#
BF#
BC#
B7#
FD#
Fl#
F'#
D#
#

HHOMHHHH# @ DTDF/"E##H#HH#H QT DI 2 Gt Hi#H# @ETBFA"/
HHOMHHHHHHHADT 2/ BFE###HHHH @ " TEE2ER##H#HHA#H#@ETAC "AA
HHOMHHHEHH @"T ADADAH#H#HIH#HH @ [TED A #HHHH#HHE@AT TF2AA
HHOMHH I @"T DA"EH#HH#H1#H @ 2T DABGRHH##HHIHA@ATFE2F7
HHOMHHHHHHTIEFABH#HE#HAH @ TAIF " E##H#H#H# @ATF2/2B
HHOMHHH I @I TEFF " #HHHHHHDT 77 I DitHHHH## @ATEA"CE
HHOMHHHIHH @"'T BT 2FA##HHHHH @"'T "DIBB###H#HH# @2TEB"F/
HHOMHHHHH @' T/ 217 2T C2E "#HltHH## @ 2TA27DD
HHOMHHHEHH @ DT"/B"BH###H#H#H#H# @ 2TF/ CEF##HH#HH @2T2AC//
HHOMHHHHHHDT F2AF TH#HHHHH# Q" T BE/ THH#HH##@"TB"7D"
HHOMHH I @ DT CT 7 2R 2T BFCR "#iHH#HH#H Q" "TEE//
HHOMHHH I @ DTFET ClH#H#HHHH#H# @"T CFEB/###H#HH#H#@"T/D//2
HHOMHHHHHHT @"'T " B22AHHBHHIHH2T "2 2B BHHHIHH @/TCAI27
HHOMHHHHHHH## DT CBABD#H#HHHHHIH AT ABTEAH#HH##H# @DT2E"BC
HHOMHHHHHAHET DBD " DiHHHHHHHHADT 22" GBH#HHAHH#DT/2"C/
HHOMHHHHHHH @[T DAFETH#HH AT A2ICOH#H#HH## @DTD2AA"
HHOMHHHIHIHH @ITI2BCCHiHHHHIH @ 2TE2FAB#H##H#HIH##DTE"2C"
HHOMHH I @"'TF " 2BF#H##HHH# @ 2T ATAKCHE#HH#HH#DTF'ECF
HHOMHHH I @ 2T AEB/#H#H#HHE T A2 ADA##H##HHIH#H#DTFCA2A
HHOMHHIHH# 2T AA2T DA @I T A2FBF##HHH#HH#DTFAFAF
H#HHOMHHH 1 @ DTDDBA##H#HHHHH AT ABFD##HIH#H##DT TF/ED
HHOHHHHHT AAC2[HHIH#HE#AT 7 DBBRH#HHHHIHH#HITDF"'7
HHOMHHHHHHE T AAAFERHHHEHHT AB" BT "DDB"
HHOMHHIHHHHET CFTETHiHHH#HH @DT DE@ T B##H#H#H#H#/TAEDF7
HHO#HHHEH @QIT CER2CHHHH##H @ ATBD/FCHHHHIHAHITAC"2B
HHOMHH 2T 2FBE CHiHH#HH# 2 TIEDEAdt#HEH##HHITB2/2D
HHOMHHIHIHHR @"T A2FCTHIHHHHHE T CF AGH#HHIH#HIAH "TDD " 7"
HHOMHHHIHHAATICIABHHEH#HIH @[ TFABAFHHHIHHETI2"TF
HHOMHHHIHEH T B T B 28 #HH#E @[T 2EEBBHHHEHHHE T 2"T
HHOMHHH I @ 2T F7 CCR#H AT DFGA #it#H#H#H## " T2DD"'D
HHOMHHHIHHAHDT 2BB2F##HHH#HH @' T CB22BHH#HH#HH T2TF27
HHOMHHHHHH @ 2T B" D" AH#HHHH#H#H @"'T C2CR T #iHHH#HH#H"TCAFFF
HHOMHH I @ 2T ADBDE#H#HH#H### @ DTABD C " #Ht###H#"TCTEDA
HHOMHHHHHRAT 22" DF#HHEHHIH# T EIBARHHEH##H#2TA™ DT
HHOMHH I @ DT 2ED/FHH##HHIH# @ 2T 7" GF THH#HHHHIH2T2E227
HHOMHHHHHH @"'TFIBD2##HH#H#H#H @ 2T 7" | Dt #H###2TETDDD
HHOMHHHIHHAH AT F2AFDH##H#HHIH# @ DTDDRC CH#HHIHAHHH2TB T E/
HHOMHHHHHH 2T D2Ef#H#HHHHDT AA" FDR#H#HH#H##2TFCBCB
HHOMHHH I @ DT "BE/D#HHIHH QT 27/ TEHH#HHH#HH2TFIDD7
HHOMHH I @"TBAAEE##HH##HIH @ T ADBCB##H#HH#H#HH##ATDB2C"
HHOHHHIHIHH @ DTEFF DA TEE"|B##H#HHH# @DTD7E2"
HHSHHHHHHH QDT 27" [#HH#HH QDT AT HHH#HHAQITCTIE/
HHSHH I @ DTBFCA #H#HHHHHT DEAFE###H#HIHQ@I/TEB2C/
HHSHHHIHHHHDT CCET AT FEB BA#HH#HIHHH##DT2CET"
HHSHHH T BCEAE#HIH#HH##DTBC "ED##HH##H##DTBTFTC
HHSHHH IR @QIT " TD7 At #HHHH#H##DTEFDDE#H##1H#H###DTC2DBF
HHSHHHHHH @ DT CT7CA2#H#H#H#H# @ DTFEBF/###HH#H#H#H#DT77TDTE
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HABHHHIHH# DT AB™ At #HHH @ DTBAFABH#HHH#H#H# @/ TE/FDF#
HHIMHHH IR @ 2T 2E7 [ T#H##H##H# D TIDDCAHHHIHBH @AT/TBC2#
TSI @' T 27D" [#HHHH @[T C2AD THH#HHHA@"TTAC2E#
HH 3T @ 2T 2DAETHHHHH#H# @DTB"2 " FH##HH#HH @ " TCA"/I#
HH 3T @ AT 2B HH#HHHHH @/ TDET 7 #it#H#HH# @"TAB"EE#
HH AR AT AEEEB###HH#HH"T D"EED#H#H#HH# @' "TDAAF2#
HH SR 2TEBTFEH####H## @DT"CC"B###H#H#@/TFFEER#
St @"'TF7BD/#H##HH##DT 2 ACBCHiH#H#H#@/TCD/DB#
ST @ 2T 27" 2HHHHHH 1T ECFBCHHHIHHH @ITAB™ T#
HHSBHHHHBH 2T 17" " DT 7B CCliEHH#HIH# @ITD2EDA
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HH I @"'T E"2CE##HH#HHE"TDT 22 AtlitHiH#H#@DTAFDD7
I SHHHHHHARE TIATBR#HH#HH##DTB2" B " HiltHH#H##@DTDFB22
H#H St T CA2EARHHHFHHITE" D" #i#liH#H## @DT"EC"
HHE ST @ DT 7" CHttHHHH# @ AT 2D 2 AHH#HHIHHH#D T ABD
St @"'TET C22H#HHHHHH#2T A" D" #t###H##DT " CED
ST CCB 7 #iHH#HE#"T BIAFCHit#HH###DTB2EDE
HH I TID DT H#HiHH 7 @ 2TE/D 7 FitH#HH##DTFER"/
HH IR TEEC A T B C2/ THitHH##HH#/T/IEDCF
HH DT BF7/EH#HHH#HH @ 2T BC/ AT "CFT/
HHIHHHHAHDT " DF A @"'T 2" DB##HH#H#HIH#/TFIB"D
HH SHHHHHHHADT 7 7B ClHH 7 #HIH 2T BED AHHHHH#H"TI27CT
HH DT FADDA##H#HH#H @ AT BIE BT ##t##HH### TEDCCA
H#H St @ DT FAF/ 7 @ DTB2E " HiHt#H#H#HH## " TC27FD
HH It @ DT 2C2FAHH#HIH#H @[T TEBAD#H##HH#H#H"T T ABEB
HHSHHHHIHHR @I T 21" 1D T "BFECD###HIH#HH#2TCCC2C
HHOMHHH I @ 2T BEC/2###HH#H## @ DTE"AACH##H#HHH# QAT C7DA#H
HHOMHHHHHHH @' T ABFBB###H#H###H DT A2BEHCHIHH#HHIHQ@ATA"A'B
HHOMHH IR @ 2T 7 CF" /1 DT CEI2 M #H#H#HQ@AT/A/IBA
HHOMHH IR @"TFF/7 CHHHHHH Q" TAFF2BHH#HH#HIH#@2TEC/CA
HHO#HHHHHHH# @ETDCD2" #itHHH# @/T BEDH T###HH#H#@2T/EC2A
HHOMHHH I @I TEDFA##HIH#HIH @ TEACBB####HIH#@2T"B2CE
HHOMHHHHHHHET D7D " HHH#HIEH#TBFAD "#it#HH##@"TEB"BA
HHOMHHHHHHH#2 T FIBCB###HH#HIH T " AADBH#H#HH###@"TBEDC7
HHOMHH I QET" " TBCTHiHHH##H# QDT "FDHCH##HH#H Q" T2FTET
HHOMHHH T CEBC #iH###H @ DT DBCE [##H###H#@" "TAIIBE
HHOMHHHHHAAT 22CR2#HH#HH @D TBEBEF###H####@"T"B/DA
HHOMHHH I @ T 2D 2D 2###H#HHH# @"T"EE/H#H#HH#H#H# @ "TDBF/A
HHOMHHHHHHH @ AT D7TECB##HH#H#H#HH#"'T DDIBD##HH##H#@/TCADED
HHOHHHHHHAR AT F2E2F#HHHHHT C2AF H#HH##H# @/TEBBF"
HHOMHH I @ ATFD/FH##HH## @ITE2C@2####HH##@/TBDFBD
HHOHHHHHHA2 T AIACHIH#HIH# @ DT TED TE##HH##HH @I/ T/2"EB
HHOMHHHHAHET 1 DBAIBHH#HHHA#D T " FC2BitH#H##H## @DTECT7FB
HHOMHH I @ DT E"7 CHH#HHIH @ 2T F " 2BA###HH##H# @DTEBAFE
HHOMHH I @ 2T 2ADACHH#HHIHH2T 1 2BE " #i#HH#H##@DT/ADCF
HHOMHHHIHHHAHD T/ ICECHIHIH#HH @QET/C2 THHHH#HH#@DTD"B7"
HHOMHHH I TDTDT THEH#HIEH# @' T TIFAGHHH##H#@DTD™2B
HHOMHHHHHH @ ITFEFAR#H#HHH#HH2T CT 7T BD#H##HIH###DTD7FB/
HHOMHHHHHHET A" BF FHHHEHHEH#T AA2 I BHHIHB#H#DT 27CT"
HHOMHH T ABIABHHHHHHH @ AT 2 CE E##H##HH##DTATCD2
HHOMHHHIHHHRAT CE/B "#H#HHH# @D TDADEB###H#H#H#H##DTEF/C/
HHO#HHHHHH @ITI2EEH#HH#H##H# @ ATAD/AB###HH##H#DTECE"7
HHOMHH 12T EE2E T #HHHHH2TIT CB I #HH#H##DTC"FBF
HHOMHH I @"T FAB" FH#H#HHHHHI2T " BE T 2##H##HH###TICEEC
HHOMHH T BBFE2#HH#HH 1 @ 2T/ DI At #HIH#ITAEET/
HHOMHHIHHHBHDT " F27 Dt ATIB" B@H#HHH#HITF"ED
HHOMHHH I @ DT 7T F2CBH#HHH#HHH T CBDR#H#HH##H##/TFE"CB
HHOMHHHHHHRT 2IED#HiHHHH @ ETAFADEH#HHIHHIH T AE22
HHOMHH AT ED " ETHHHHHEH# AT B2 2#HHH##HH " TA2ACT
HHOMHH I @ DTIBEATHIH#HHH# @ AT FBEF#H#H#HH##TCEA//
HHOMHH DT BAEABH#HHIHIHH#2 T IBIDF#HH#HH##H" T T/2E/
HHOMHHHHHHHR T T FEHHBHH#H QAT "DE" 28 ##HH##2T "DF2/
HHOMHHHIHIHE @"T DT F2B#HH#H#HHHH DT F22DHiH#HIH##H#2TE2DCD
HHOMHHH I @ DTABA"FHH#HHIH @''T EDRFB#H#HHIHHH2TFIE"/
HHOMHHH I @ DTB2AFDH###H#HHHHDT 7" BR T #HH#HH#ATIEICE
HHOMHHH I @ITEFAFFH#HHH#H @ DT B2 D##HH##HH#ATBBCTF
HHUSHHH IR QITF" D7 2###HHH##DT D77 FHHH#HH#H @/TDAFEA
HHSHHHHHHRT B2/2" #iHH#H###DT 1 EDCA##H#HH###@DT"ACDD
HHSHHH I QITEET TH#HHEHTIC2ATHHH#HH#@DT"/DF7
HHSHHHHHHHDT C2EA HHHHHHIHIT BFE 7" [#itHH#HH#DTBIIF/
HHSHHIHHA#DT DBET D#Hi#HHHH @[T " C21D##HH#H#H## DT CEAFA
HHSHH I @ DTAFR"ClH#H#HHHH# @ DT " 2EAt#HH#H#H#HH##/ TEFBAC
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HNBHHHAHH DT FE2F D###HH## @/ T " DAC2####H##@DT77BCE#

H#HH I @ DTA"FD 7T##HIH#HH# DT 2FEB 7T#####H# @ETACFECH

ST @"'T FIE2D#HH#HHHHAD T [FHHHHIHQ@ATACAT #
HH S QT DB " FH#HHHEH#HIDT D" 7" [#HHH#H#HH# @ AT 'D2D 7#
3t @ DTCCR"28#H#HH#H @[T 27BABH##HHIHH@2TFTE"A#
HHIMHHH T @ DT 77" EFfHHH#HHHHE T 2CAECH#HHIH#H @2 T/DB/A#
H#H# 3t @ DT CB"/7T##H##HH#DT 7 7BE/[##H###H# @ 2T/DFFF#
S @ DT B/A"CHiHH T CID" " CHHH#HH@/TCE/'B#
1 @ DTEFCFR#H##HHH#H AT 'DDFCHEHHIHHQ/T2DE"A#t
H#H# SR @"T FDAF"#HHHHHH @ 2T D2FER ##HH#H#H#H# @DT"2"C7
HH 3T 1 CCC A @"'T BB/ D#fH##H##DTFCEBF
HHSHHHHHH? @' T 2" 1" HHHHHEHH @ TEAD T AHHHEHHIHIT " 2"ET
HH SMHHHHHAHET DA 2CHEHHH#HH @ TEA2 AHHHHEHHHHHITBAT"/
TSR @IT T B2D THHHIHHA Q[T CET HHHHHIHH#IT2TTE"
St T CR T2 CHtHHHH# @ DT " CAIBHHHIHHHITEA2A2
1 St @I TIACIFH#HEHH#HH @ 2T B2AEB##H#HH#HH##I TBA22A
HH ST " CDD D##HHHIH T CE " D28 #HHH#HITB2F/A
HH IR 2T EIFFCH#HHIH# QI T B2 BAH#H#HIHH##TFFBTD
HH S TIFD 2 DitHHH#H# 2T 2/ DD B##HH#HH#/TCTFCD
HH IR @ITTETE#HH#H##DT CE/EHHHHHHHITTEE"2
T SHHHHHHA2 T 2N " #HHEHHADT 7 ACDBH#HH#HHH#"T/D/'C
HH SR @ 2T 2" B 2##HHH#H @ 2T/IE2F [#H#H##HH## " T2B"FB
HHSMHHHIHIHH @"'TEFFT TH###HHH# @ DT2AARTHEHHEH#HEH T FIE
HH SR @ T "2B2D#HHHH#HIHE T DEF[#itHHH#HIH " TE™E"
HH# St 2TIE AEEH#H#HH#HH @' T DCDBD##H#HH##2T"/IAD
HHOMHHHIH# @ DTBFD2F##H###HH @ DT "EAF DH###HIHAQ@BT/TF/C
HHOMHH I @ DTBE/7T#HH#H#HH#HH T CBC@H#HHHIHH#@ETFB7"A
HHOMHHIHIHHH @"T TED/ " #iH#H##H# @ DTABT GCHA#HH#HH QET™AE
HHOMHHIHHHHDT E2AEBH#HHIHHHADT 2| AR BHHHHHHQET 2/"27
HHOMHHHHHH @"'T 7 AD 27T DE/ABH###HH##@ATF2DD"
HHOMHHHIHIHE @I TIEAE2##HIH#H##H Q" TDD T/ [#HHH#H QATE/2/"
HHOMHHHIHIHHE @IT"CE"EH##HHHHHHT T CAF#HHHH@2TC"F'B
HHOMHHHHHH @ 2T"|E[ " #Hi##HH#H# @ DT/ BCT#itHH#H#HH#@2TBC/2/
HHOMHH DT DFEBA##HH#HH @[T AC IEHHHHHAH#@2TB2A"C
HHOMHH I @IT 2FFAD#H##H#HHH# @[T B/C2AH#H#HH##@"TTFEC"
HHOMHH I @ DTFAC2 AHH#HIHH AT C2 PAF##HHHHIH @ "TD"CB7
HHOMHHIHHAHDT 2D 2/ HHH#HH# AT 2FEB HHHIHHI#@DT7/E2C
HHOMHHHHH @IT 7 222F#HH#HIH @ T CFC 2 ###H##@DTC/ETB
HHOMHHHHHH QT "BB2FH#HHHHH AT T CRI##H#H#HH##@DTB/A"D
HHOMHH I @ 2T AAIT DHHHIHAH Q" TAEDY HHHH#HHHE@DTATTTT
HHOMHHHHHHH @"T 71 CBAD##HIHIHIH @ 2T 7R B ####H##@DT2/"EE
HHOMHHH A1 2TIBACAHH#HIHE @" T 2E2EB####HH##@DT/'FFF
HHOHHHIHHHHET "R T ATHHBHHH#H QI T"T CR2HH#HIHB##DTF'TFB
HHOMHHH IR 2T A2 7T BE##HIHHH @ 2T E/CD##HHH#H#H#DT72ADB
HHOMHHH I @ DT "2 AADH##H#HHIHE T B2EBA###H#HH#H#DT C"2AE
HHOMHH T D" 2E2HH#HHH#HH @' TFF2/BH#HH#HIHHDT 7121/
HHOMHHHHHE TIE T2 EH#HIH#HH#2TF T AERHH#HH#1#/TDABFB
HHOMHH I @ DT 2FDDA##HIH#HIH @ 2T AZAAT #iHH#H#HH#/TDCDBB
HHOMHH I @IT ADID CHtH#HHIH @ AT EF2F DH##HH#HHITE"TBF
HHOMHHHHHAHE T AADIFHH#HEH#H# Q" T AIIAGHB#H#HH#TCBCT"
HHOMHHHHHH @' TAFD " CHA#HHH#HH"T C 12 B#tHHH#HHHITFTBCT
HHOMHHIHHAHET 2C" [CHiHH#H#H @ DT CB "ED###H#HH#H# " T'BB2F
HHOMHH I @ ATICA2 AHHHHIH# @' TFDNEE#H##HI#HH"T"//IBB
HHOMHH I @ 2T AEFFDH###HH#E @ AT/ EffHH#HHH#HHT2AEFF
HHOMHH I T 1 2FEEH##HHHHH 2T BDAGHHE #HHH#H# TA2/C/
HHOMHHIHHHT 2 A" B 2RI 2T AT 2| EdHH#HHH# " T2CF7D
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HHO#HHHHHHH# @ DT 7" CARHH#HHIH @ 2T ABEBF###H#HIH#H ' TEC"[7
HHOBHHHIHRH 2T 1 2T F2HHHEHHEHR T[T EA#HIH#HH"TBCEDD
HHOMHHHEHH @ 2T"FC/ " #ittHHH# @ DTATCHCHHH#HH#"TCED"C
HHOMHH I @ITA2CA H#HHHHHH" T E2E2E #it#H#H#HH#H'T TCBDF
HHOMHHHHHHE Q" T 7 C" | At TIAT 2" il HHHH#H#2T/IEEC2
HHOMHHHHIH# @"T 7 BC/BH#HH#HH#H# @"T CCCABH#HHHHHHIH2T "2ETF
HHOMHHHEHH#2TEAEED#HIHHHH @' T 7B" AT i #HHHH##2T2CFBE
HHOMHHHEHHE TIFT T 24 @ " T/ 2" B2#H#H#HH##2T2DD72
HHOMHHH 12 TED CD THEH#HIH#? @[T A2" BR##HH#HH###2TCEEB7
HHOHHHHIHH @ DTDI2CTHHHHHH#HITB2" 28###HH##H##DTADT'E
HHSHHHHHH @DTADTFA####HH##DTECBE "###HH#H##@/T7/DCT
HHSHHH I @ DT "BDATH#HHHHHIHRTEIC BHHHHH QT TAA
HHSHHH I @/TDDF R #H#H @ DT FDBE F###HH###DTBEAEC
HHSHHHHHHHTET Cl #H#HH @DT/A"C2H##HHH####DTFBC/D
HHSHHHHIHHHT AT COHHHEHHIHITIC ETHH#HH#-H#DTC"27D
HHSHH I @QITDIA2 #H#HH### DT B2 DD BH##H#H####TDDTEF
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HN B @IT 2" [BA#HIHHH#@DTFCC/7T#H##HI#H##@DTCDBDA#
HH SR TEAC! [HHHHH @ 2TFR2/ TH#H#H#HHH#@2TBTFTT#
ST CR T CH#tHEH#H QI T " CTEF##H#HH#H##@"T2ED"D#
HHIMHH AT CED/#HH#HIHH @ 2T 2BE 7 DH##HHIH#HH@"T"A2C"#
HHIMHHHHBH 2T EBT 1T IDBA " #HH#HH##@/T 72DBA#
HHIMHHHIHHRT BT D2 AHHHHHF @QIT 77T TR#H#H# @ "TDDFACH#
H#H St @ DT/ICBA2##HH#HH @ 2TEFATEHHH#HIHAQ@IT7/7"D#
S @ AT 2CI DEH#HHH#HHT TED 2 CH##HHH# @/TBEEC/H
St TR T 22CHHHHHHHH# @D TDD 7 FR#HH#H#HH# @/TCA/BF#
HH SR TIAD T ERH#HHH# QAT "B 17 @/T2DCD/
HH ST DB" B FH#HHH#HHH AT "Bl 7 CHitltH#H##Q@DTFE/2/
TSI QT AR A2 TR [T FHHH#H## @DTBFDC7
H#H St @ DT/27 CO###HHH#HH 2T 2F I [E#H#HIH#H# Q@DTBAET"
ST @ " T/TAE"#HHHEH#HE TE2CT AtHH#H#H##@DTE"D7/
St @ 2T BCIAF#H#HIH#HH#"T 2BIFBiH#H#H#HH##@DTA/A2B
St @ AT DEDE2###H###H## DT CTBE B##H#H##H##@DT"C/AF
HH S @ ATIFIBE###H#HH#HH 2T ID 2 AD#HHIH#H##DTCAIIA
#H St @ DT 2R/ FD##HH#HHIH @ 2T A|AZCHH#HHIHHE TIT2AE
HH ST B2IBHHHHHHHHDTE " FAHHBH#HH " T22AFA
HH S T FBB T DH##HH#HHH#T AFAA HHIHHIHE TE"CTF
HH SR DT D" E2D##HH#HHHH# @ DT 7TFF"@####H#HH## TEE"EE
HHSMHHHHIHR Q" T 7" BD#H#HH @IT7DI7B##HH#HH"TCCBA2
#H# 3t @ DT CDBAB##H#HIH @''TIFI 2F###H#HH#H##2TD"EDF
HH ST DCD2D###HH## @ DT 2B" BF HH#HIHBAH2T ™ T"A
#H# 3T @ DTFEFF ###HH# @"T/IEBGBHH##HHH#HHATETC'E
HHOMHHIHHAHDT T FCC2HIHHIHH @ 2T " A|AHHHHHHH QAT "T2A7
HHOMH T ACTEAR#HH#HIHHE @ 2T BI2ABH#HH#HHH#H@ 2T 7/FE"
HHOMHHHIHHRI T2 A2 THHH#HIHH @ AT R A" 28t #H# @ 2T C/2DB
HHOMHHH 72T BDABF#H##H#H#H# @/ TBBDE ##HH####@"TC2FA"
HHOMHHHHHHR AT E" 2ED#HH#HH##DT C2B2D#HIHHIH@ " TATE/2
HHOMHHH I @ AT DFDFFR###HHHHH"T AC" DE##HH#H#HI# @ "TAECD2
H#HHOMHHH I @ DTF"7TBA#HH#HI#@"T TR CHt#H##HIH#@"TAB7DD
HHOMHHHHHHH 2T 2222 DHH#HIHHHIHIT CTIAAHBHH#R@"T2"IFA
HHOMHH I @ DTA22 A HHH#HIH#H @ ATEDZEA###HH##H# @ "T//IDE/
HHOMHH I @ AT/IBBBF#HHHHHIHHI2T T D2RH #HHHHIHH@ITF"T/F
HHOMHH I @ ET 2EDB"###HH#HH"T C27RR#HH#HHH##@ITEBFAC
HHOMHHH 12T DCTEF#HH#H#HIHH Q ATI2BEBH#H#H#H##H#@ITE"2CC
HHOMHHHHHHHRT CTDC #HHHHHH# QET/ 7" EBf#HHHHH@ITA"7C"
HHOMHHH 7T BECBBH#HH#HHH2T TDC " HHHH#H@ITAATID
HHOMHHIHHHADT FCIDTHH#HHHHHHETBIF Git#HH##H#@DT7C/B/
HHOMHHHH @ 2T FBAT CHHH#HHHHHDT AI2GR##HH###@/TDCE//
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HHOMHHHIHHHHAT DTEE THEHHIEHHT 2" FAHHH#HH##@/TD2A2B
HHOMHH I @ DT2A2BB###HH#H## @ 2T 2C2BE#####H##@DT7TFD7D
HHOMHHHHIEHH @[T C"CB/#HH#HHHEATE7TBAB#HH#HHH##@DTFB7BA
HHOMHHHEHT T C2/ " HHHHHH Q2T 77" 1H#HHH#HH#@DT 2FBE"
HHOMHH IR @ET D" T #H#H##DT Cl'BBH##HH#H##@DT/FFBB
HHOMHHHHHHH T E2BA HHHHHH#HHIH AT "B2D tHHH#H#H###DT/DB™
HHOMHHHEHHE T D" C2 "#ttt T CCFD 2H###H###DTDDB2B
HHOMHH I @ 2T BD2"BH##H#H#H#H## D TE/F i ###H#H###DTEDA2F
HHOMHH IR @ 2T 7" AFHHEIHIHHEAT DAT 2BHHHH#HH#H##DTFFCT/
HHOMHHHHHHH @ ET/IAB2B#H#HH#H#HH##2 T D" COE##HH#HH##DTTDEE7
HHOMHHH I @ DTBABF7##H##H#H @ 2T"7 ND CH#tHH##HH#/T"BD/D
HHOMHH I @ 2T FEFF"#iHHHHHH#"TFDF " @###HH##H#/TB2BFD
HHOMHH 12T ACCT EHHEHHEHH T "E2CRHHHHH#HIITTDA2E
HHOMHHHIHIHH @ TE2ATHHHHHH @ITF 77T FHHHHHHHIT T 2AF/
HHOMHHHIHHH#DT BD/E2#HH#HIH#HE @ 2T E2BT #iH#HH#HH T " 2FE2
HHOMHHH T AEFF "t T 2CT D AdHHEHHHE T 2B/ID
HHOMHH I @ DTF77B2#H#H#H#HH# QAT "[FREAH##H#HH## TEECBF
HHOMHHH I @"TF7EBCHH#H# @"T BEBE D###H#H##H1#2T"EBBB
HHOMHHIHEH @"'TE"2B2###HH#HH## @[T DC" GEH###H#HH#2T2BBBE
HHOHHHHHHR2T DT C" AtttHH#H1HT ADEB At ##H 2T AACFF
HHOMHHH AT 2BDD CHHHH#HH#H @ DT E™ EF #H##HIH#HHAT"'BC
HHOMHHHHBAD T Al @' T ACEB T###H#HHH##AT TDAJA
HHOMHHHIHIHHR @ITABT[#H#HH @''T F212FHH#H#HH#H AT TE2BB
HHOMHHIHIHE @ DTCT"2BHH#H#HHIH# QT "2 CR2HHHHHHAT 12"/
HHOHHHHIHHT T EAD#HHHHARTIF2F At @DT/ATA"
HHSHHHHHHH#DT 1 DCBBH#H#HH#H##H# @/ TDC"BCHHH#HIH@I/T2"C'C
HHSHHHHIHHRTECT CIHHBHHHHD T/ DA#HHH@/T"D2F
HHSHHHHIH @ DTDBER"##H###HH##"'TD"EBR####HH#@DTATB"E
HHUSHHHHIHHR @IT2AA2THHHHEHHITED 2/ AHH##H#H#@DTA™F
HHSHHHHHARDT 1 2F DFH#HIHHHHH#DT A2 A2F #it#HH#HITIFA2B
HHSHHH I @ DTDBC/ T####H# @DTATGRE##HH#H##H#/T TCIE
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HNBHHHHHDT 7D " 2EH#HHI#H#H Q[T C2EA##HIH#HH#@DTDED/A#
HH I @' T 2B2FE##HH#HH Q@ T 7" CCA##H#HH##H @ 2 TFEDFF#
T SHHHHHHHA 2T P CD###HEHHHHH T 27BB2#H#HHH## @ 2T 27DAF#
HH S TBCT 2B##H#HHH## @D TD"2 " EH#H#HHHH @ 2T "E"D/#
HH IR @ DT/7 " DItHHIH#HH @ 2T 2" AD2#H##HH#H##@"TEACD/#
H#HH 3 @ITFDCDEH#HHH#H @ 2T " AF22####HH#H Q" T2TEEA#
#H St T COAF AT CI2I1#H#H#HH## @ "TAA/ECH
TSt @"'T"AIB "#it#H#HIH# @ AT E7TB2F##H#H#H@ITTD 7/ T#
HH S DTFEC2E##HIHHHH#E'T CA2 AD#HH#HH##@"TDD2"2#
HH ST ARITER## 17T BEBBD##H#1H#H#@/TCA'"CC

HH ST @"TID" [P #HE# @' TIBECD##H#H#H#H#H @/TAITDA

T SHHHIHHH 2T CAI 2ER BT 2CHH#HHAH@/T 2" DF

H#H SR @ DT 2F DI AHHEHHEHHE T " 2tHHH#HH# @I T"IA2C

1 St @IT ABAD D###HIHH##H 2T F BEHH#H#H##HH##@/TDD"C7
St @ 2T 2F BEB###H#H### @[T CBDEB####H###@DT7EFDA
TSt @ 2T 27 CD#H##H# @ DT FEDB/###HH#H#H#H#@DT/E/TF
HH S @ AT " TBET#####H# @ DTDDRICHHH#H#HH##DTE7BBD
HH St T CTIBDH#HHHH#HH @I TE"C " 2#tHHH### TEB2/F

#i St @ DT CDED/AHHHE#H T " FAEMHHIH#HIH " TTF"AB
HHIHHHHBRT DT FAHHHHBHHHHD T TD " HiHHH##H2TDC227

HHSHHHHHHH QT TTBATHEHH#HHHE T AN CHHHHHH##2T "FIIE

H##IHHHHHAH2T AAD " CHiHHHHHH#DT BT BE2HHH#HIHH#2TE"BFA
HH St T A"BECH##HHH# @D TA2C " BHHHHHH##H#2TEDTE/
HHSTHHHHAHDT " CT AR DT 7" CD2#HHHIH## 2T C A/

HH SR T " CCT 28 #HH# @ITD"ETRHHHAHHHAAT 1/77C
HHOMHH IR @"TIFCATHIH#HIH @ 2T BEA@ ####HH#H QAT 2C'EE
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HHOMHHHHEHHE T B2F A2#H#HEHHEH T AC27 CllHHH#HIH#@AT2/D7
HHOMHHHIHHE @IT 77 CABH##HHH#A Q" TDCT AT #HHHIHH#A@AT/D/D2
HHOMHHH T DB/BB##H#H#H##H##DTIDFAB##HIHHHH@2T77"7D
HHOHHHHHHATIE CEAH#HEHHEHHTIFF HiHH#HH Q@ 2TFAEAA
HHOMHHH IR @ 2T 22/ CAHHHHIH @' T C2CTBHHHHHHH#H @ 2TB2/A"
HHOMHHHHIEH##2TEB T2 CHttHHH#H# @DT"BEBE##H###H#@2TBDC"E
HHOMHHHHHH##DT D2 ABEH#H#H#HHHH# @ 2T 77 ARHHHIHH#@2T"'B/2
HHOBHHHIHH2T 2" P2 T A2F THHHH##@ " TCTTFD
HHOMHHHEHH @"T DD Bi#H#H#H#H## QET" 1 2REH####HH#H# @ "TEEAEE
HHOMHHIHHHADTIE2/ " tHH#HH# @"T AATDR#H#H#HH#@"TC"AC2
HHOMHH T 2B E##H#HHH# @ DTFADBE#####H#@"TBF/DE
HHOMHHHHHHHADT 77 CB2#HHHHHHHH 2T ECE#H #iHi#H#H#H# @ "TEAAED
HHOMHHHHHEHH @ 2T" [FDI#HH##H# @ ATEEDBD####H###@/TC"A"F
HHOMHHHHBR AT FI2ETHHHAHHHDT 7D 2 HHHHHH# QITF"[F
HHOMHHHHHH @[T 22CT AHHHEH#HH AT AFClHHHIHHIH @I TB/E"A
HHOMHHHHHAHDT "DTFAH##HHHHH @ 2T EFBABH#HHIHH@/TBT/FT
HHOMHHHEHH @ ATICIIBHHHHH#@"'T 2" AF A #HH#H @I/T/EECE
HHOMHHIHIHH @"T 22/ 21 2T 2D/ D #H# @/ T/FFDF
H#HHOMHHH 1 @IT CABFCHt#H#HIH# @ AT CDEE/#t#HHH#@/TD2FAE
HHOMHHIHHAH2T 1 IDAE#HH#HEH##T TBDDMH#HH##@DTC/T"7
HHOMHHH 72T EB2" DD T AD/CEH#H#HH#H#H#@DTF/7D"
HHOMHH I @IT A2C2" #iHHHHH# AT DAAZBHH##HH#H# @DTDFF77
HHOMHHHIHH @ AT 2D" [ THHHHHHDT 7 2D/ 283 ##DT2DCTE
HHOMHHH I @ ET/FIAE####HH# @ DTAD R A##H#HIHHHDTAI2/C
HHOMHHHHHH @' TI2BA " HHHH#HEH#HTBEA" [H#HH#H##DTET27F
HHOMHHHHIHH @AT/IDDD#HH##H# @DTDE"BT###HH###/TEEF/F
HHOMHHHHH#2T D" B2 T#HH#HH#H @/ TIAT CRitHH#HH##/TBBCTB
HHOMHH I T [ 2E [ HHHH# @' T "2 AFCHlH#H## TEIT"A
HHOMHHH 12T EDAFEH T DT DED###HHH#H#H#"TB2/'D
HHOMHHIHIHR @ITTT2ATHIHHIHH T 1D 7 CEHHHIH#HH"TBCE"7
HHOMHHHHHH## 2T F2E CRHHHIH# @[T 7 DEAD##HH#HH#H# TCCCBF
HHOMHH I @"'T CIACAH#HHHHHH T BDE RRH##HHHH#HHH2TIIFTD
HHOMHH AR AT 2| BEEHH##HHHHHHD T 2 ACER##HHHHIHHH#2TF TAEF
HHOMHH 72T IE" BBH##HH#HHH#T 2C" CO#t#HH#HH#ATIBACFE
HHOMHHHHEH @IT 7 BAF/HH#HEH#HH"T AIE 2 FHHHHHIHH# AT 'DEC”
HHOMHHHHAHDT 2" CR T #HH#HIHHH T ICE it AT F2D2E
HHOMHHHHAHTET | D#HHHEHH @I TFIEA HHHEH#HHAT 7"DI7
HHOMHHHHBH 2T AIE I @ T A" 2 28 H#HHHET [12DF
HHOMHHH T DAAB##H#HEHH @ DT 21 2 AR #HHHH#HHIHHETEAFED
HUSHHHIHHAHDT CIED##HH#HH#H#DT CA" ARHHHHH##@DT77EDB
HHSHHHHH QT ICFD####HH# @QIT"CFFR##H#H#H#H#@DT7/'CD
HHSHHH I @ DT 22 A/ [HH#HHHH#HHTEIF [HH#HH## @D TBDF22
HHSHHH I QT T 2ED D##HH#HIH @ DT 27BA/#H#HH#HH#@DT/22D7
HHUSHHIHIHHT @ DTER"/[##H##H## DT FDD AAHHHIHHHHITFF2E/
HHSHHHIHH##DTBDCRCH#HIH#HH @ DT D" DB D####HH###/TC2BD7
HHOHH T @IT 2IFBEH#HHBHH#HHDT 7" F 7 /##H##H#DTA"EAC
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HA B @ DT/2FFD###HH#H#H# @1 T A" DB2##H###H##DTC/BD/#

HHIHHHIHHHHDT ACBD "#HHHH#HIH @ 2T A" TR THHHHHH Q2T TFC/2#
St @"'T 2BBECHA#HH#HHT " E2CBH#HHIHHH @ 2TA"FFA#
HH I @ITABF2BHH#HHHH Q[T T2ECHAHH##H @2TAE2B"#
HH S @ITEB2F THH#HIHEH @ AT " FRAMHMH#HHIHHQ@"TC2BA"#
H#H 3 @/TBDBFBH#HH#H####DTDE"BE##H##H#@" "TTDIFT#
H#H# 3t @ DT 2" ADCHH#HIHEH @ 2T Al 2B#HH#HHIH##@"TBDC7B#
H ST @D TFC" [CHIHHHHH Q[T TEE" [###HH#H#H Q@ "TE" AB#
TSR T Bl 2T " DEBB####H## @[T TDD2E#
HHSHHHHAHDT 271" P @ 2T CI'T HHH##@ITAA2EA

HHIMHHHIHIHHRT CET2CHH T DED 2 B#itHH###@DT 7C/I2A
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P SHHHHHHHR 2T DT DT [HHHHHHHIHT Bl 2 T#itHA##@DTABDBB
H#H It @"TEBED CHH#H#H##H##2 T EF " BE##H#H#HH#H#DTDEAT"
i St 2 TECCI T##HH#HHHH# @[T C" DD #H##HH###DT2EDDB
i T CD/B" #iHH#H##H#DTABB/B#f#H#HH#### DT "F2CE
T SHHHHHHHRETIC2F I D TIA" ABHHHH#HHHHDTTA"A
HHIBHHHIHH @"T/27 2 AtHHHHEHHE T A22" AtHH#H##H##DT 72DAB
HH# IR 2T FB " BCHHIH#HEH @D TA"BBI#HHHHHA#TD/7"C
H#H# IR @ T A"CAAH I T  FCRtt##HH## T"ECFC
HH I 2T 2 ABCD##HH#HH#H @ DTEEGD [##HH#H#HH# " TACETB
IR @ITFTCT [T D2 AT FHt#HiH#HH# " TETBD7
HH IR @DT777BD##H#H#HH#@DT 7 COCE#H##HH##H#2TCEB"F
HH I @ITFATDB#HHHHIHHDT 2EEMNHHIHHIHH2TT2TTF
HH SR @ 2T 7D/ 2HHHHHHD T/ D2/HHHHHHHRHATA2 AT
HH IR @IT D2CAFHHHEHHI T " F 27 28HHHHHHAAT 12" A
HHOMHHHIH# @ DT/D"EE#H#H#HIH @ 2T/EEBCH##HH##@ATF/D7D
HHOMHHHHHH @"'T FD/" Bt #HH#H##TDBDBD##HHI#H#H#H @AT2"CB2
HHOMHHIHH##DT CIC2B#HHHH @ AT 22B E##H#H#H#H#@AT/IAFFB
HHOMHHH I @ITFFCDE##H#H#HH QT AFCE T #H#HH#H#H#H#@AT2DAE2
HHOHHHHH T A" C2#HHHHH# Q"' T CID2F##HHH#HH@2TTIF'F
HHOMHHH IR @"T D2C " DH#HHHH#H# @ 2T 7 BEAH#H###HI##@2TB2ECC
HHOMHH I @ITFBT AE###HH#HH"T D" TER#H#HH##@2TABDF"
HHOHHHHH @IT"TIAA#HIHHIH Q@ET D7 AR#HH##H# @"T7BD22
HHOMHHHEHH @ 2T " 22#HHHIHHET AAF FE##HHI#HH@"TC2ADF
HHOMHHHHHT " CCB/#H#HH T CFAB2##H#HH##@"TFBDDF
HHOMHHHHIEHH @"T/IEBDF##H#H#HIH @AT"IDIBH###HH##H# @ "TDE7/B
HHOMHHH T AEEBHHHH#HH#H#2T FDI" FiHH#HH#H @ " TDA2AA
HHOMHHHHHHAH DT F2ED D###HHH#H @ AT F " tH#H#HIH#H#@/TEB7D/
HHOMHHHHH##DT T EAT B2 T COD H#H#HH##@ITATCETY
HHOMHH I @ DTFF"CHHHHEHE TIT" FB#HH#HHH##@/TABB//
HHOMHHHHHHRT 277 DR @ 2T7CT 2HBHH#HH @[T 72"
HHOMHHHHE @ 2T D"FACHHHHHHH 2 T 2" THHH#HH#@DTF2EAA
HHOMHHHIH? @ DT "DF 7" ##H##HH#HH#H @ 2TF T AGCHt#H#H#H#@DTBBCT7
HHOMHHH AT DDIF2#HH#HH# @I TR 2DiHH#H#H#HH##@DTBD//"
HHOMHHIHHRH 2T T AA2[HHIHHH T DI 2" #itHH#H##@DTEC/BE
HHOMHHH I @ITFFET B ##H## AT DCDF Ef#HH#HI#@DT ™ CA/
HHOHHHHHAHET AT "B2HHIHHHHDT"ET7 CHH##HH##HDTD/AA
HHOMHH I @ 2T IFD7 THHHHEHHHEATIET TRHHEHHHIHH#DTEE" 27
HHOMHH T 1 DTED##H#H#H##H#H @"T " AAIRBHHHH###DTAAE2B
HHOMHHIHHHAAT ABFC #iHHHHH @' T 2FFBE##H#HHH#H##DTFC2/7
HHOHHHHHHAHETIC2CDH#HHAHH#IT DBAT ZHHHIHHFIT FI2/
HHOMHHIHHAHET FC " DF##HHH#HH @DTADDF 2##H###H##TATBCF
HHOMHH T ABE"BH##HH##H @DT 7 C"|BH#HH#HHIH# TE27TAB
HHOMHH IR @ T TE" " THHHHHIH T EB T [#HH #HH# TC'BT"
HHOMHHIHHHARAT DD "2EH#HHH#HH @I T/D C2HHH#HIH##H"T TBE"2
HHOMHH IR 2T 2D BT THHHIHHHHH DT 22 EHHHH#HHH#HH"TCTER/
HHO#HHHHHHH QT ABTFEH##H#HHH QT ECDD "HH##HHH#H#H2T "272A
#HOMHHH#HHHH @ DTDCCECHHH#H#HIH @DT GHA"EA#HHFHHH#H2TE" 772
HHOMHHIHIH @ 2T B27 22###HHH## @ DTE/FRI#HHH#HH##2TC2CBD
HHOMHH I @ 2T BCDAF####H#H DT 7 BHT F#H#HHHAATA"FAC
HHOMHHHHHH @ DT/ AED#H#HIH#HHT A" D C2HH##H#H#H#H##ATB2CDA
HHOMHHHIHIHH @ DT 7B "EAHHHHIHH QT 2CT @R ##HHAHHH#ATFAB/F
HHO#HHHEH @ ITEDBT D##H#HHHH T2 " BEHH#HIH#HHAT TFECB
HHOMHHH IR Q2T IFD " THHtH#HH# @ DT 27 B #HHHIHHHHET 2AAEE
HHOMHHH I @ITD2AT D#H#H#HIH# DT CERIDH#HHHHHETC/CB7
HHSHH T QT DD2FA#H#HH#H DT DE " iB##H#H##H#@/TFDEEB
HHSHHHHHH @DTACT D2#H#H#H#HH#@IT/7CAHH##HH##Q/TAEETB
HHSHHHHHBRDT 7" AT FHEHHEHT D7D AHH#H###@DTEB"FC
HHSHHHHHHHT AFEDAHHBHHHHHHD T | A" FH#HIH##DT "DET2
HHSHH I QT 2BE"#H##H##T AD/ AB##HH#H##H#DTAF/7B
HHSHHH I QITIA22 AR #H## DT E" DB A HHHHHIHITE"2E7
HHCHIHHHHHH @ DTET7AEBHHHIHAHT TE " #iH#HH#H# @DTCEDC2
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#A B @ DT/DBBB###H#H#H# @/ TB"ABD###H#HH##DTDFBC"#
HH I @[T 27FBBH#HH###H##DTD/DBE####H## @ETDBAC"#
AR DT " ED " #iHHHH#HH @/ TEFE/E##HH#HI# @ 2TCFE/T#
H#HH I @T DE2/ [##H#H#HH# @ DTB/2/ 1###HH#H## Q@2 TFDFC2#
HHIMHH IR @" T 2D " ATHHIH#HIH Q[T 2CBD " ###HH#H#H#H Q2T B2/#
HH I @ DT FB™ T##H#HHHHT CAAFE##H#HH#HIH#H@"TCCFA2#
## 3t @ DTFICB #iH#HH#H##H# DT ABE2CHiHH#HIH Q@ "TFDF"A#
#H 3t @ DT AD"BR#H#HHHEHHE T AD"Fl##HH##H# @/TBBBFA#
T SHHHHHHR AT F22E2###HHH# @/ T FFBECHH##H#H#H##@Q/T/IFABCH
#H# 3t @ DT 2ACBB#H#HH#H#HH#2 T CEDF #it##HH#H#@/T"C2D/
HH ST EIFF THH#HEH#H# @ 2T D2/ /B #H#@DT27ET7"
HHSHHHIHHHH 2T CDTFARH#HIH#? @"T D2 A2 H#HHH#HI#H#DTDIA2/
#i St @ AT ADECCHtHH#HEH# @ITIC " 2Ht##HIH#H##DTE2AB7
St 2 T  IDED###HH#H# @ DT E2B#H##H##H###DTAETDE
St 2 T CBIA2#HHHHH##DT 27 DD MHHH#H#H##DT 7TEDEB
St AT BABA/#HHH#HHH# @' T B/BFEH#HH#HH#H#ITIBTCF
HH ST CC"FBHHHHHHHIT 222 CCHHHHIHEITIBA2F
HH SR 2T D2DF2###HHH#HHH" T F 2D B At #HH##I TBCHE
HHSMHHHIHR@"T 7" 2CARHHHHIH @' T C" [FRHHHEHHIHITC T"
#H# 3t @ 2T BDCDA##H#HIH# @QIT 2B #HHH#HHA#TT'DT"
ST @"'T EFI2F#HH#H#HEH# @ DT AF/F#HHHHIAH " TDAE7
HH I @[T A"BFCHH#HH#HTEEFD D #HHH#HIH# TEC27/
HH I @ ATB272CHIHHHH Q[T 2B" BHHEHHHHHE T 1771/
HH 3t @"TEECBBH####H###H# DT CAGFB###HH#HIH " TCTD7C
#H# 3t @DTCAT CBH##t#HHIH T FC"@CHHHH#HH#H#2T"B2DE
HHOMHHH I @ITE2"FCHtHH#HH# @DTFD/22###H#HH## @QETF'ATB
HHOMHHHH#HHH @ DT BB/DF#HH##HH###DTECFRE##H#H#HH#@ET2EACT
HHOMHHHHIHH @"T"|EBD##H#HHH#HHDTEADBE#H#HH#H#H#Q@AT7C'FC
H#HHOMHHH I @ DTDT72DAH###HIH# @' T " ABHH##HH# @ATEEBFF
HHOHHHHBRDT 7/7Bl#HH#HH# @ITDF 2 CB#HH#HHH##@AT/EAEA
HHOMHHH I @"TEBCAD##HH#HH @"T D2EAD##HH##H# @2T7/DE2
HHOMHHHIHIHHH @ DT 77" BCHH#HE#H T 2D 7 IFiH#HH#HH# @ 2TBC2FA
HHOMHHHHHHH @ 2T D2BFF###H##H## @ DTFEBCT ######H# @2TDBCT7
HHOMHHHHHAHDT 2DAF "HHHH#@"TD" " 27 2#H##H#HH#H#@2TD"2DB
HHOMHH I @"T D7 22B##HH#H##H @[T CECB2##H#H#H#HH@"T27"7D
HHOMHH I @ DTE2E2D##HIH#HHHEAT ADA At #HI#@ " TDB7/D
HHOMHHIHHBR AT IDF"#HHH#H @ T AIC2IHHHHH#@IT 72/ 7
HHOHHHHHHHETIEFC2#H#HH#H# @"TB/B" [ #H#H##@/TAAFDD
HHOHHHHHHHET A" EHHIHHIH @ T/ TIFHH#HHA#R#Q@QDT7/CT7
HHOMHH I TIC" [BiHH#HHIH# Q" TBACD ##HH##HIH @/ T/™'DB
HHOMHHHHHH##DTEAA2 T #HHHHH#H# AT DBABE#HH#H#HIH#@DT72C72
HHOMHHIHHBH2TI2 AT D##H#HH## @ 2T CB2GA###H#HH#H#@DTFD/22
HHOMHH I @ITD/BT FH#HHHHEAT D2" Rt #H#H##@DTEC7CD
HHOMHHH I @ 2T F7 CRA#HHHH @/ T2EAGD####HH#H#@DT"/EBD
HHOMHHH I @ET/E"FD##H##HIH @[T C/IE " E####H#H#H##DTED" "F"
HHOMHHH I @ATFAT AEH#HHH## QDT "BB2E##H###HH##DTAF2"'D
HHOMHHHHHHHETIAD P @ 2T IBCCHH#HH#H#HDT2F2CT7
HHOMHHHHHHHE T/ 22BHHHH#HH @ 2T A" BB#H#H##HH###DTCB"C/
HHOHHHHIFHHHT FBB2T#HHH#HIH2T 2F D" At #HH###DT 7 7"'BF
HHOMHHHHHHBRAT F T BAHHBH#HHDT ACER #H#HH#HHITIDFC2
HHOMHHHHH @"T A" 2B #H#@"'T CTDFR#H#H#H##H##DT7C/IDA
#HOH##HIHH#DTA"BDE##H#H##HIH TECADBHHH#H#H#H#DTCTEFA
HHOMHHIHHHHET 2D 2 CD#HiHHH @[T TE/ AbH#HH#HHHT ABEF"
HHOMHHHIH @ 2T Bl TIE##HH#H#H @ 2TE/[7 BitH##H#H##TCAEFC
HHOMHHHIHHARAT DEB2CH##HH## Q" T CABAAH#HHIHHIHITT/CB/
HHOMHHIHHAH 2T 1 B2F THHHHHHHT CCT " BHHHIHHHIHRIT T27BF
#HOHHHHIHHHT AEFDD###HEHH#'T CACBCHH##HHIHHH# " TAF72
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HHOMHHHIHH QET " 77 EF##HHHIH Q" "TDB "B "####H#H#H# " TC"'D"B
HHOMHHHEHH @"'T 2//BCHHHIHAH@"TTACFD##HHH#H#H# " TEFETC
HHOMHH I @ DTFDB 7" #1712 T ACHT R #HH# " TETC2C
HHO#HHHHHHH# @ETDCBAE###HH###@DTATE DEH####H#HH#2TD"/EE
HHOMHHH I @ 2T "DE2/H# T DBBD #tHH##HHIH#2TEE27
HHOMHHHEHH @ AT D7D D###H#HHH @ T E2DHHH#HHH#HH#H2TCBAT
HHOMHHHHH##DT DDAB 28T EEI AR HHHHH#HHIH2TBC "EA
HHOMHH I @IT AFAICHEHEHHHHH# 2T IDIE BHHEH#HH#HH#2TTAC"F
HHUSHHHHIHH @ DT2ATEAHHHHHHHD T/ 1 IGDHHHHH##@ITA2EF/
HHSHHHHHH @ DTIAT D " HHEHHIEH T 277 B #ttHH#H##H#@DTC/B/E
HHSHHHHIHHT CFAAE#H##HH#H# @ DTATRT 2###HH#H###DT2F/DD
HHSHHHHIHHT BB T 2[##HHH#HHHH#D TR 777 HHEH#HHH##DTC" 7B
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ABSTRACT: Various mixed methyl aryloxide complex&$MijnMe(OAr) (Ln e HMe e
=Y, Lu) were obtained in moderate to high yields according to distinct synthgsis ,BA

protocols dependent on the metal size and sterics of the phenolic proligan @%V\IO NQ

reaction of TH"MLuMe, and TF“MyMe(AIMg) via protonolysis with 1 or 2 N ,L L tBu o
equiv HOGH,tBu,-2,6-Me-4 inn-hexane gave the desired complexés g Bu - O—AIMe,
Tp®*MLnMe(OAr). Corresponding treatment of*fff1.uMe, with the sterically , /@/\ ;

less demanding H@EMe,-2,6, HOGH4iPr,-2,6 and HOGH4(CFy) 3,5 led to '~ cH, o tBu

the formation of the bis(aryloxy) lutetium complex€%™pu(OAr),. Application
of a salt-metathesis protocol employin“fhnMe(AIMeg) and the potassium aryloxides KOAr made complexes

Tp®“ML_nMe(OAr) accessible for the smaller aryloxy ligands as well. All complexes were analyzed by X-ray crystallography to

compare the terminal LMe bond lengths and to evaluate the implication of the methyl/aryloxy coordination for the exact
cone angles® of the [Tg®"“Mq ancillary ligand. Treatment of 8"¢_.nMe(AIMe) (Ln = Lu, Y) with HOGHtBu-2,6-Me-

4 in the presence of 4-(dimethylamino)pyridine (dmap) produced ion-separated compfeXdsnNTEgdmap)]-
[Me,AIOCHtBu-2,6-Me-4)]. The thermal instability of®F'L.uMe(OGHtBw-2,6-Me-4) was revealed by the formation

of (Tp(BURIBW2MY)| ,(OCH,tBu,-2,6-Me-4) via intramolecular I8-bond activation.

INTRODUCTION or P-donor supported [2 {N(Dipp)C(Ph)N},CH N-

. ipp)]ScMe (1V),*® [MeC(N(Dipp))CHC(Me)N-
The quest for methyl compounds has clearly and unmlstaka§ ipp)] 9
coined the development of organorare-earth-metal (Lnr)ne':ﬁ)ﬁ':tggﬁggrﬁ)g?\%e%YM% (V)™ and N[2-FPr-4-

chemistry®> Upon proving their existence, feasibility, and no .
y= Upon p g ' Y, External donor stabilization was exploited for complexes

annuga_lted high reactivity (fLhnMey(tmeda)], Schumann Cp*ScMe(OPtBu) (VI1),%: [N(SiMey)(Dipp)]-
1978); it was the discovery by Watson and Bercaw that [Ln] %2 and .

CH, moieties (Ln = Sc, Y, Lu) engage in methane activation LUM&(THF)> (VIIl),™ and [(Dipp)NC(M§CHC(Me)N-
that triggered immense research. The synthesis of such higffiPPISCM&(THF) (1X).

reactive metallocene derivative JOpMel, (x = 1 for Scx ro _rr:lenkoS_ l:jni]f]ue Tg _scor[;]ionate I_ig%%f seerr:]
= 2 for Lu, Yx = 3 for Sm; Cp= C;Me:) from LnCL(THF) . especially suited for studying the reactivity of such [(L)-

precursors, however, involves a rather elaborate multistefM&l dimethyl compounds. Only very recently, we reported

procedure to ensure the formation of unsolvated, non-a tB?’Mg_eries of c_érr]ent mixed alkyl Iutel}(iulm complexes
derivative$.® Notwithstanding, cyclopentadienyl ancillary 'P uRMe with R representing alkyl (SiMe,

ligands have played a key role in advancing Ln(lll) meth;ﬁHZPh) or weakly coordinating groups (chloridaCB¢or
chemistry, and many homometaIIiCRECip)Me(do)y]x com- (SOCFy),).”” The latter complexes were obtained from

plexes { = 0, 1:x = 1, 2, 3) have been structurally TptB‘f'MeLuMez by applying SiMeelimination and salt-meta-
characterizéd *® However, the kinetic stabilization of discretetn€sis protocols. , .

dimethyl Ln(lll) derivatives of the type [(L)Lniieproved \{r\éﬁ h\//lvere furgger mter_ested in whether thg dimethyl complex
particularly challenging and depended on the monoanionT(PtBu'Mq-UMGZ or mled meth&l!alummate complex
ancillary ligand £° 2 Not considering any prevailing ligand [P~ LhMe(AIMe) (Ln = Y, Luy**" would also engage
redistribution processes, methyl-bridged dimerized and oligB-Selective protonolysis reactions. Aryloxy groups stand out for
merized species display solid-state structural motifs favorec®gype Of steric and electronic tunability, chemical robustness,
half-sandwich complexes, e.g*Y&®)];*"* [Cp ScMg],> and ready availabilffy.Importantly, aryloxy ligands were

or [Cp LnMeyj5 (Ln = Tm, Lu; Cp = CsMe,SiMe).?® So far, shown to stabilize half-sandwich hydrocarbyl complexes
only sterically demandirg-coordinating ligands provided [CP*LNR(OAN)], (R = Me, CH(SiMg),, AlMe; Ln = Sc,

access to monometallic complexes [(L)bLhNI€hart ), Y, La, Ce, Luj ** and were probed in-ole n polymer-
comprising [(Dipp)NCBu)CHC({tBu)N(Dipp)]ScMe (I, ization. To the best of our knowledge, mixed methyl aryloxy
Dipp = GHaiPr,-2,6)7" [(1-(NDipp)-2-(PPh NDipp)-
CeHolScMe (11),%° Tp®“MinMe, (I, Ln = Ho, Lu; September 17, 2019
Tp®BUMe= tris(pyrazolyiBu-3-Me-5)boratdf* as well asl- Published: November 8, 2019
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Chart 1. Structurally Characterized Monometallic Rare-
Earth-Metal Dimethyl Complexes (L)LnMe

HMe
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CH,SiMe, CH,Ph)3° Therefore, it was reasoned that the role

of these versatile precursors might be expanded to selective
protonolyses with phenols as well as salt metatheses with
potassium phenolates, respectively. We set out to treat
Tp®“My_uMe,, supposedly the most reactive because sterically
least hindered, with various alkyl-substituted phenol derivatives
HOAr (HOCgHsMe,-2,6, HOGH,iPr-2,6, HOGH4(CF3) -

3,5, HOGHtBu-2,6-Me-4) $cheme )L The reaction of
Tp®B“ML uMe, with an equimolar amount of the least bulky
HOC¢H;Me,-2,6 in n-hexane at ambient temperature was
indicated by an instant methane evolution. After evaporation of
the solvent, crystallization fronexane arded colorless
crystals idented as bis(aryloxy) derivatives®FH¥Lu-
(OCgH3sMe,-2,6), (1-Lu) and reactant THM{LuMe, viaH

NMR spectroscopy. The formation blu (via ligand
redistribution or double protonolysis) could not be prevented
by performing the reaction at lower temperatud® {C).

The same behavior was found when carrying out the reaction
in toluene. In order to obtain the bis(aryloxy) lutetium
complex more eciently, the reaction was carried out with 2
equiv of the respective phenol. Similarly, protonolysis of
Tp®“ML_uMe, with 1 equiv HOEH4iPr,-2,6 inn-hexane led

to the bis(aryloxy) derivative "L u(OCsH,iPr,-2,6), (2-

Lu), even though the sterics of the respective phenol were
markedly increased. Tié and**C{*H} NMR spectra ofl-

Lu and2-Lu at ambient temperatures showed only one set of
signals for the pyrazolyl grc:ﬁu{gs of tHe*¥sligand, similar to

that of the starting compouftd.

rare-earth-metal complexes have not been characterized by Xhe X-ray diraction (XRD) analyses &fLu and 2-Lu

ray crystallography to date. Herein, we present the synthesiséfealed isomorphous structuréigiLfe S49 and 950As
various tris(pyrazolyl)borato-stabilized lutetium and yttriumypically observed for a coordination number CN = 5, the
methyl complexes FpMLnMe(OAr) bearing distinct aryloxy TpBUMeligand adopts a*-coordination mode, thus accom-
ligands. Further exemplary reactivity studies revealedphshing an environment of the lutetium center that is best

thermally induced intramolecular HEbond activation of

described as distorted trigonal bipyrariffidais is indicated

the ancillary ligand backbone and a donor (= 4-bythe Lu N(pz) (pz = pyrazolyl) bond lengths, with the axial

(dimethylamino)pyridine (dmap))-promoted cationization.

RESULTS AND DISCUSSION
Synthesis of Heteroleptic Bis(aryloxy) and Mixed Me/

Lu N distance being longer than the equatorial ones.
Moreover, the LuN(pz) bond lengths ii-Lu (2.335(2)
2.439(3) A) are in the same range as those reported for the
starting compound ¥3MLuMe, (2.339(2) 2.483(2) AY*°

OAr Ln(lll) Complexes.We have shown previously that while the ones @&-Lu (2.365(1) 2.517(1) A) appear slightly
scorpionate-supported rare-earth-metal methyl cosnplexaongated. This can be attributed to the increased steric bulk of

Tp®*MLuMe, and TE"MLin(AIMeg)Me give access to

mixed methyl alkyl Ln(lll) complexes®F . uRMe (R =

the [OGH;iPr,-2,6] moieties. Interestingly, the Ku
distances as well as the Ou C bond angles ift-Lu and

Scheme 1. Synthesis Pathways towar§*Mi_u(OAr), and Mixed Methyl Aryloxy Ln(lll) Complexes TM9_nMe(OAr)

tmeda, n-hexane, rt, 1 h

TptB“'MeLuMez TptB“*MeLnMe(A|ME4) Ln=Y, Lu
—tmeda - AlMe3
2 HOAr | n-hexane HOAr toluene KOAr
-35°C >t | ortoluene o\ r-hexane, -35°C >t /=CHy;  _Kame,| —35°C >t
2-6h | -2CH, Bl 2-6h — AlMe, 4-6h
H Me
M |
Me 'T' Me Me e 5 Me Me E Me Me
A
//B N ¢ N ZIA
N N / \ N N
O | Wk
N ,\’, ,\\, N NAN N ,L N
= N7\ tBu “h " tBu =y X
Bu /@b\/ Bu gy ;‘b\/ By fBu g;b\/ Bu my
Me (0]
ArO OAr Me' OAr

tBu

1-Lu (Ar = CgHsMe,-2,6)
2-Lu (Ar = CgH3iPr,-2,6)
3-Lu (Ar = CgH3(CF3),-3.5)

4-Ln

4486

tBu

5-Ln (Ar = CgH3Me,-2,6)
6-Ln (Ar = CgH3iPr,-2,6)
7-Ln (Ar = CgH3(CF3),-3,5)
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Table 1. Selected Structural Parameters°JAChemical Shifts in Benzerg-[ppm], and Mathematically Exact Calculated
Cone Angles ° [°] of Selected TF“Ma_u(OAr), or TpB“Me_uMe(OAN>

Tp®BMLuMe,? 1-Lu 2-Lu 3-Lu 4-Lu 5-Lu 6-Lu 7-Lu 8-Lu 9-Lu
Lul N(pz) 2.339(2) 2.335(2) 2.365(1) 2.315(2) 2.321(3) 2.328(2) 2.323(1)  2.319(4) na. 2.306(3)
2.339(2) 2.362(9) 2.370(1) 2.318(2) 2.345(3) 2.334(2) 2.330(1) = 2.322(4) 2.380(3)
2.483(2) 2.439(9) 2517(1) 2.397(2) 2.626(3) 2.492(2) 2.502(1) = 2.442(4) 2.390(3)
Lul 01/02 n.a. 2.052(2) 2.072(1) 2.064(2) 2.092(2) 2.053(2) 2.0548(9) 2.085(3) n.a. 2.068(2)
2.06(2)  2.038(1) 2.090(2)
Lul C(Me) 2.364(3)/2.375(2) n.a. n.a. n.a. 2.338(4) 2.358(3) 2.362(1)  2.339(6) n.a. 2.381(3)
Lul O1 C26/25 n.a. 170.9(2) 171.8(1) 145.3(2) 168.2(2) 167.2(2) 168.35(9) 150.9(3) n.a. 175.9(2)
174(3) 175.4(1)  147.3(2)
H (Lu Me) 0.08 n.a. n.a. n.a. 0.67 0.55 0.50 037 0.0% na
BC  (Lu Me) 33.0 n.a. n.a. n.a. 40.4 32.2 32.1 32.2 P 26.7n.a.
cone angle °° 277.1 276.1 272.5 280.4 278.1 276.1 279.2 280.3 n.a. 286.3

2n.a. (not availabléfMeasured in THEg. “See theSupporting Informatidior calculations.

2-Lu are quite similar T@able ). The treatment of  of benzenes but could be unequivocally ideet by'H *H
Tp®'MLuMe, with 2 equiv of the increasingly electron COSY NMR spectroscopy. TRE NMR spectroscopic
de cient phenol HOgH4(CF3),-3,5 under reaction con- analysis gave a signal for theNle moiety at = 40.4 ppm
ditions chosen as fot-Lu and 2-Lu led to rapid (Figure S17in Sl). It is noteworthy that an excess of
decomposition of the dimethyl complex and a complicatedOC¢H,tBu,-2,6-Me-4 (>2 equiv) did not lead to a
reaction mixture. Therefore, a precooled solution of thbis(aryloxy) lutetium complex, mainly attributable to sterics.
reactant TH“MLuMe, in toluene was prepared and the The XRD analysis 4fLurevealed a monometallic complex
respective phenol was added. Crystallization of the residwiéh a distorted trigonal bipyramidal coordination geometry of
from toluene gave the bis(aryloxy) derivativ&Yhu- the lutetium center, consistent with the aforementioned
[OC¢H4(CF3)-3,5) (3-Lu) in good yield. TheH NMR complexesHigure L. The Ln Tp®“Me entity exhibits one
spectrum 08-Lu showed the pyrazolyl signals slightly shifted
to higher elds compared to the starting material. Again, the
solid-state structure analysis revealed a distorted trigonal
bipyramidal coordination geometry, consistent with the
aforementioned congenerSigire S51 The marginally
shortened LnN(pz) bond lengths compared witH.u and
2-Lu (2.315(2) 2.397(2) A for3-Lu) could be attributed to
the decreased steric bulk of 3,5-substituted aryloxy ligand.
Striking is the bending of the L@ C linkages (145.3(2) and
147.3(2Y), which, however, was found even more pronounced
in transition metal complexes, e.g., fo¥CfH;-2,6-
(CH,PtB,) ,Ir(CH3)[OC ¢H4(CF3)-3,5] (131.4(49)*° and
(PPh),Ni[OC¢H4(CF5)-3,5} (122.4(2), 121.0(2).*° Un-
fortunately, the protonolysis reactions &t Me(AlMe) Figure 1.0RTEP representation of the crystal structute.ofwith
with 2 equiv HOAr to give the respective bis(aryloxy) yttriumatomic displacement parameters set at the 50% level. Hydrogen atoms
congeners did not give any clean conversion; howevexcept for BH are omitted for clarity. Selected bond lengths [A] and
degradation of the ancillary ligand was observed. angles  for 4-Lu are given iable 1

The targeted mixed methyl aryloxy Ln(lll) complexes could

be eventually achieved by utilizing the sterically demandiggyni cantly elongated LIN(pz) bond of 2.626(3) A
phenol HOGH.tBu-2,6-Me-4. As for the aforementioned compared to the respective precursor, which nicely displays
syntheses, instant methane evolution, when treating tide coordinationexibility of the scorpionate ligand. The Ln
suspension of T{¥MLuMe, in n-hexane with theéBu- C(Me) bond length of 2.338(4) A ofe-coordinate complex
substituted phenol, indicated a successful protonolysisLu compares well with those of similar methyl complexes,
reaction. The formation of complex '®Fy'eLuMe- e.g., TB"MLuMe, (2.364(3)/2.375(2) AY® but is slightly
(OCgHtBu-2,6-Me-4) 4-Lu) could be corrmed by'H elongated compared with the methgll até complex

and **C NMR spectroscopy. The proton resonances of tha@p'®":Mq. uMe(OTf) (2.327(4) A)®® as well as
pyrazolyl moieties appeared in the same region as for t[{®ippN),C],LuMe (2.314(3) A)S.7 Additionally, the LnO
precursor. Furthermore, the lutetium-bonded methyl ligandistance of 2.092(2) A éfLuis slightly elongated compared
shows one narrow singlet at= 0.67 ppm, which is to the range observed for 4-coordinate LyKRBu,-

signi cantly shifted doweld in comparison with the reactant 2,6),(AlMe,;) (1.999(3) and 2.006(3) A} and homoleptic

( = 0.08 ppm§® A broad resonance at 1.40 ppm is “3-coordinateLu(OCsH4tBu-2,6) (2.02 A)*®

attributable to the overlapping signals of tdrebutyl In order to access mixed methyl aryloxy rare-earth-metal
substituents of the pyrazolyl moieties as well as of the arylmgmplexes of sterically less demanding aryloxy ligands, we
ligand. Furthermore, the methyl groups of the pyrazolyl ligarekamined complexes ®F'inMe(AIMe) (Ln = Y, Lu)

gave one broad singlet & 2.08 ppmigure S1& Sl). The according to salt metathesis reactions. Here, precipitation of
aromatic protons of the aryloxy ligand overlap with the signKlAIMe, is considered more advantageous than release of non-
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Figure 2.0RTEP representation of the crystal structute¥ @&ft) and6-Lu (right) with atomic displacement parameters set at the 50% level.
Hydrogen atoms except for BH are omitted for clarity. Selected bond lengths [A] arfdl fandie¥ 4nd6-Lu are given ifables land?2.

innocent AlMgwhen applying a protonolysis protocol. Initial already observed for the aforementioned complexes. Also, the
synthesis attempts with the stericaiypst favored pair resonances of the Ln(lll)-bonded methyl group appeared in
Tp'BUMeyMe(AIMa)/KOC ¢H, tBu-2,6-Me-4 toward putative the same region. Comp&¥ shows a doublet for the Me
TpBUMyMe(OGHtBw-2,6-Me-4) 4-Y), however, failed in  moiety at = 0.46 ppm wittFXYH) = 1.8 Hz (cf.,6-Y:
di erent solvents. To our great surprise, protonolysis afoublet at = 0.50 ppm2XYH) = 1.9 Hz), whereas the
Tp®U“MeyMe(AIMe) with the respective phenolic proligand terminal methyl group BfLuis detected at= 0.55 ppm &-
instead succeeded under mild reaction conditions (235 at Lu: singlet at = 0.50 ppm), slightly shifted to loweld. For
°C; rapid decomposition of the yttrium complex in solution athe yttrium congener the respectii#@ signal revealed a
ambient temperature) to yieltY (Scheme )L Other doublet at = 22.5 ppm{AYC) = 51.2 Hz) and théH &Y
protonolysis attempts at mixed methyl/aryloxy Ln(lll) HSQC NMR spectrum shows a cross peak &80 ppm. As
complexes employing ®"i.nMe(AIMg) (Ln =Y, Lu) expected, the LiMe carbon shift was found at 32.2 ppm,
and less bulky HOAr led to complicated mixtures of productslightly shifted doweld compared witts-Y. The carbon
and no clean conversion. Single-crystélveas obtained in  resonances of the terminal methyl ligands of compleres
good yields from a saturated solution in toluene. The protoboth give a singlet at = 32.1 ppm; however, the @
NMR spectrum of-Yin tolueneds shows a broad singletat  coupling for6-Y could not be observed. Additionally, the
= 0.27 ppm for the terminally bonded Me ligand butid Y  *H #Y HSQC NMR shows a cross peak at 578 ppm,
coupling could be detectéddure S1in S1,%%Y: nuclear spin  almost identical to tH8Y resonance &Y.
1/2, natural abundance 100%). Therefore, NMR spectroscopicComplexe§-Ln and6-Ln were further analyzed by means
analyses were performed in Td§Fto exclude signal of XRD (G-Yand6-Lu, Figure 25-Lu, Figure S5ih SI;6-Y,
coalescence. Rapid decompositiof-¥fn donor solvents,  Figure S53n Sl). The crystal structures show a distorted
however, required low-temperature experiments. Remarkalpligjonal bipyramidal geometry around the rare-earth-metal
the change of the NMR solvent led to a strong shift of the Y center as expected. The determinedNi(pz) bond lengths
Me resonance revealing a doublet at 0.36 ppm with  are in line with those discussed above and in the respective
2JYH) = 1.8 Hz. ThéH ®% HSQC NMR spectrum éfY  precursors (e.g., PpM¥Me(AIMg): 2.357(2) 2.418(2)
at 0°C shows a cross peak a 556 ppm on thé% NMR A).3" Furthermore, all complexes nicely demonstrate the
scale Figure S15n Sl), located higleld compared to the scorpionate character of the Tp ligand with two similar Ln
reactant TE“M&YMe(AIMe) ( = 798 ppmY.’ The 13C{'H} N(pz) bond lengths and the third slightly elongated.
NMR spectrum displays a doublet at26.8 ppm for the Y Additionally, the LnC(Me) distances5(Y 2.409(2) A;5-
Me moiety with"XYC) = 44.6 Hz. Despite several attempts, Lu 2.358(3) A;6-Y 2.404(2) A;6-Lu 2.362(1) A) and the
single crystals @f-Y suitable for an X-ray crystallographic Ln O distances5Y 2.080(1) A;5-Lu 2.053(2) A); 6-Y
study could not be obtained. 2.087(1) A;6-Lu 2.0548(9) A) compare well and et the
The salt metathesis reactions involvin§UhnMe- distinct size of the metal centers. For further comparison, the
(AIMeg) (Ln =Y, Lu) and the sterically less bulky terminal Y C(CH,) distances §-Y: 2.409(2) A, 6-Y:
KOCgH3Me,-2,6 and KOgH4iPr,-2,6 proceeded as envisaged 2.404(2) A) are similar to those detected fdFUTSyMe-
(Scheme )1 Combining a solution of the rare-earth-metal(AlMe,) (2.382(3) Ay’ and Y(CH)[(AIMe,){OSi-
precursor in toluene and a suspension of the potassiuf@tBu)},][OSi(OtBu)] (2.438(2) A)*° Similarly, the Ln
aryloxide in toluene and stirring the mixture for 6 h gave® distances in compleX®&n and6-Ln lie in the expected
complexes ML nMe(OGH;Me,-2,6) G-Ln; Ln =Y, Lu) range, e.g., Y(Q8,Me;-2,4,6)THF); (Y O: 2.104(4)
or Tp®*MLnMe(OGH,iPr,-2,6) 6-Ln; Ln = Y, Lu) along  2.114(5) A)>° [Y( -OCgH;Me,-2,6)(OCsH;Me,-
with insoluble K(AIMg. Upon separation of the latter via 2 ,6),(THF)], (Y Ominai 2.046 (6) A, 2.075(6) A), 1-Lu
Itration, crystals dB-Ln and 6-Ln could be grown from (2.052(2), 2.06(2) A), Ln(OgH4iPr-2,6%(THF), (Y:
saturated solutions of toluene in moderate to good yields. Tke065(7) 2.086(7) &? and 2.069(3)2.086(2) A>® Lu: av.
'H and '°C{H} NMR spectroscopic analyses clearly2.044 Ay*Moreover, the LnO C bond angles dstLnand
corroborated the formation of mixed methyl aryloxy Ln(lll)6-Ln range from 167.2(2) to 168.35(9)
complexes. The fMesignals of both comple¥ekn and6- The salt-metathesis protocol was also applicable for the pairs
Ln are very similar and feature only one set of signals, &p®®"MinMe(AIMe)/KOC ¢H4(CF3),-3,5 (Ln = Y, Lu),
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subject to certain restrictions. While the synthesis of th2.319(4) 2.442(4) A) are slightly shortened compared with

lutetium complex TH"MinMe[OCH4(CF3),-3,5] (7-Lu)

5-Ln, likely reecting the decreased steric hindrance in the 2-

succeeded in toluene under the reaction conditions previouslyd 6-positions of the aryloxy ligand. The Q(Me)

applied fors-Ln and 6-Ln (Scheme )L 'H NMR reaction
studies revealed decomposition of th&“Yligand for
yttrium. Subsequently, milder reaction conditions (4 85at
°C) were chosen for the extive synthesis @fY. The *H
NMR spectra of-Lu and7-Y show similar shifts of the Ln
C(Me) moiety at = 0.37 and 0.27 ppm (doublet wilfy H)

distances of 2.45(1) A<Y) and 2.339(6) A 7-Lu) as well

as the Ln O distances of 2.10(1) &) and 2.085(3) A1-

Lu) are in the expected range. As already obsena&difor

the Ln O C bond angles7¢Y: 148(1F, 7-Lu: 150.9(3Y)

appear strongly bent compared to the complexes bearing other
aryloxy ligands.

= 1.8 Hz). Compared to other Me/OAr congeners a shift to For better comparabilifyable landTable 2show selected
higher elds was observed, which is in accordance with th&tructural parameters, aridand**C NMR chemical shifts of

electron-withdrawing GRroups of the aryloxy ligarté-
NMR spectroscopy clearly ideati both complexes at=
62.6 ppm T-Y and 7-Lu), but unfortunately the expected
quartet for the CF coupling was hardly visible in*fi@{*H}
NMR spectrumq-Y: 132.3 ppm7-Lu: 132.1 ppm) and could

the important LnMe moieties. Furthermore, we were
interested in the evaluation of the coordination behavior of
the [Tp®“M§ ancillary ligand in the presence ofedint
sterically demanding coligands. Hence, we calculated the
mathematically exact cone angfeéTables landTable%

also not be detected with longer measurement times due &@cording to a method previously developed by Alletr et al.

decomposition of the complexes in solution, especiaHy. for
Despite this, LnC(Me) carbon resonances were found=at
22.3 ppm as a doublet for yttriukifYC) = 50.8 Hz) and as a
singlet for lutetium at= 32.2 ppm. ThéH &Y HSQC NMR
spectrum shows a cross peak at620 ppm, considerably
shifted dowreld compared with compleXe¥, 5-Y, and6-Y.

and implemented by our group for scorpionate ligaAds.
noticeable trend was revealed: the cone angles reach a
maximum in the presence of therinated aryloxy ligand
[OCgH4(CF3)»-3,5] ( °: 5-Ln < 6-Ln < 7-Ln). Apparently,

the CRK substituents in the peripheral 3- and 5-positions
exhibit the least interactions with the ancillary ligand. Cone

Suitable crystals for XRD were obtained from saturateghgles of similar complexes of lutetium were already reported

solutions in toluene at35 °C (7-Y, Figure 3 7-Lu, Figure

Figure 3.0RTEP representation of the crystal structureYofith

to range from 277.10 280.9.° This compares well with the
mixed methyl aryloxy rare-earth-metal complexes under study.
The calculations also nicely document that the cone ahgles

of 5-Ln, 6-Ln, and7-Lnincrease with decreasing metal size, as
expected for a given ligand set. Comparing only the lutetium
complexes, it is interesting to note that the cone angle is
marginally larger in the presence of aryloxy ligands with the
sterically more demandii®y andtBu groups in 2- and 6-
positions ( °: 5-Lu < 4-Lu < 6-Lu).

Reactivity Pattern. The overall thermal stability and
reactivity toward additional donor molecules was probed
exemplarily for methyl aryloxidesn. As mentioned before,

4-Y is temperature-sensitive and hence, expected to be the
most reactive derivative. Accordingly, the pdits"tmMe-

atomic displacement parameters set at the 50% level. Hydrogen at¢®iMe,)/HOC gH.tBu,-2,6-Me-4 (Ln = Lu, Y) were examined
except for BH, the other molecules in the unit cell, and the disorder in the presence of dmacheme )2 After 1 h a white
one Cf group are omitted for clarity. Selected bond lengths [A] anchrecipitate 08-Ln had formed, which could be separated and

angles q for 7-Y are given iTable 2

further analyzed. Fortunately, the yttrium congener could be
subjected to a crystal structure analysis, whicimeahthe

S54in SI). In both complexes, the Ln(lll) centers adopt theformation of ion pairs [THMLnMe(dmap)[MeAl-
typical distorted trigonal bipyramidal geometry. The Ln (OCgH.tBu-2,6-Me-4)] Figure 4 left). The formation of

N(pz) bond lengths 7-Y: 2.33(1) 2.52(1) A; 7-Lu

ionic homoaluminates in donor solvents is well-known (e.g.,

Table 2. Selected Structural Parameters®JAChemical Shifts, and Coupling Constants in Benzeygpm, Hz], and
Mathematically Exact Calculated Cone Anglég[°] of Complexes T[F"MeyMe(OAr?

[Tp®UMeyMe(AlIMg)] 272537 4-Y 5-Y 6-Y 7-Y 8-Y

Y1 N(pz) 2.357(2), 2.361(2) n.a. 2.381(2), 2.387(2)  2.375(1), 2.384(2)  2.33(1), 2.40(1) 2.407(2), 2.456(2)
2.418(2) 2.530(2) 2.561(2) 2.52(1) 2.459(2)

Y1 01 n.a. n.a. 2.080(1) 2.087(1) 2.10(1) n.a.
Y1 C(Me) 2.382(3) n.a. 2.409(2) 2.404(2) 2.45(1) 2.389(2)
Y1 O1 C26 n.a. n.a. 167.2(1) 176.9(1) 148(1) n.a.
H (Y Me) 0.28/0.25 0.3¢ 0.46 0.50 0.27 0.09
C (Y Me) 05 26.8 225 321 223 269
2XYH)/ 1XYC) n.o./n.o. 1.8/44.6 1.8/51.2 1.9/n.0. 1.8/50.8 n.0./47.4
H ®y HSQC 798 588 580 578 620 555
cone angle °¢ 276.1 n.a. 273.9 276.1 278.6 276.8

n.o. (not observed); n.a. (not availai®easured in THE,. “See theSupporting Informaticior calculations.
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Scheme 2. Reactivity of 4-Ln toward DMAP and under
dmap
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(2.407(2) 2.459(2) A) are markedly elongated. Unfortu-
nately, comple8-Y did not show any activity in isoprene
polymerization.

We were further interested in the thermal stability of such
mixed methyl aryloxy rare-earth-metal complexes. As men-
tioned before}-Yis very sensitive toward temperatures above
0 °C and already starts to decomposes at ambient temperature
after 30 min, indicated by a color change from colorless to
yellow. NMR studies indicated extensive degradation of the
ancillary ligand and therefore, the formation of an nikde
mixture of products. In contradtl.u is stable for days in
benzene or toluene solution; however, it shows intramolecular
C H-bond activation of one of thertbutyl groups of the
pyrazolyl rings through the terminal methyl group at elevated
temperatures (60C) (Scheme )2 This is indicated by
methane evolution as found in the proton NMR spectrum as
well as XRD analysis of suitable cry$tajare 4right). This
C H-bond activation for reactive terminal methyl groups was
observed before for the [fp"q ligand set; howeveé-Lu
revealed in accordance with its lower coordination number,

[YMe,(THF) J[AIMe,]),°" but solvent-separated heteroalu- |, C(CH,) distances (2.381(3) A) shorter than in
minates are less common comprising, e.g., amidoalumingigs, (Bur2/BuMs| ,(AIMe{B(NDippCH),})] (2.391(3) A)

[Li(THF) (tmeda)][AIPh(tmp)] (tmp = tetramethylpiper-
idido)*® or [Ca(THF)¢][AIMey(NPhy)] ,.>°
The H and ®C{*H} NMR spectra 08-Ln show only one

set of signals for the ®#p"eligand, slightly shifted compared

with4-Ln. The Ln Me moieties were both found & 0.09
ppm in the!H NMR spectrum; however, no i coupling

but only a broad signal could be observed. Additidfally,
NMR spectroscopy also revealed almost identical &h¥fts (

d, 26.9 ppmiJYC) = 47.4 Hz);8-Lu 26.7 ppm) and the
characteristic YC coupling. It is noteworthy that o€y
shows a cross peak at 555 ppm in théH &Y HSQC
NMR spectrum (solvent THdg), identical to that of
TpBUMyMe(OGHtBu,-2,6-Me-4) 4-Y) in THF-0g (Table

2); however, the shifts in thd NMR spectrum strongly vary

(4-Y:  0.36 ppm). Furthermore, the shift & in the
H 8y HSQC NMR compares well to ionic [YM&IF) -
[AIMe,] (*H 8Y HMBC: 535 ppmj/ Complexe$-Ln are
stable at ambient temperature, however, undeiyddad
cleavage at elevated temperature {€30dn THF. The 6-
coordinate cationic yttrium centeBHY displays a YC(Me)
distance of 2.389(2) A, which is sigaitly shortened
compared to those of methyl aryloxide compieXes§-Y,
and 7-Y. On the other hand, the LN(pz) distances

and [(TpUtBuH2/1BUMY| (AIMes)] (2.418(5) A)
(TplBUH/BUME = Ky dro(3-Me-GBu-pyrazolyl)bisf(3-Me-
5-MeC CH, pyrazolyl)}borate}® In comparison tal-Lu,
the“sting Ln N6(pz) bond length is drastically decreaged (
Lu: 2.626(3) A9-Lu 2.390(3) A)), and also the L® bond

is shorter4-Lu 2.092(2) A9-Lu 2.068(2) A). Interestingly,
the Ln O C bond angle is even closer to linear due to the
reduced steric bulk around the metal ceaterr(168.2(2};

9-Lu 175.9(2)).

CONCLUSION

In summary, the monomeric methyl compleXg$™ipuMe,

and TPP“MLnMe(AlMe) (Ln = Lu, Y) provide access for
various bis(aryloxy) and mixed methyl aryloxy rare-earth-metal
complexes. Applying protonolysis protocols with phenolic
proligands HOAr, only the sterically most demanding
derivative HOEH,tBu,-2,6-Me-4 eciently aorded the
desired complexes {"1.nMe(OAr). In contrast, such
methane elimination reactions with sterically less hindered
phenols reproducibly led to bis(aryloxy) derivatives
Tp'B“MeL u(OAr),. On the other hand complexes
Tp®“M{_nMe(OAr) with smaller aryloxy ligands can be

Figure 4 ORTEP representation of the crystal structuBe¥ @eft) and9-Lu (right) with atomic displacement parameters set at the 50% level.
Hydrogen atoms except for BH and,@ht the disorder in omertbutyl group are omitted for clarity. Selected bond lengths [A] and §ngles [

for 8-Y and9-Lu are given ifables land?2.
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readily obtained from ®¥MinMe(AlMe) via a salt was ltered and the solution was concentrated in vacuo.
metathesis protocol employing KOAr and generatingrystallization at35 °C yielded compoun#Lu (60.0 mg, 0.063
KAIMe, as a coproduct. Examination of the pairsmmol, 80%) as colorless crystHINMR (250 MHz, benzerd; 26
TPBUM{ nMe(AIME)/HOC ¢HytBuy-2,6-Me-4 in the presence C). 712 (5, 4H, AH), 6.90 (t°XHH) = 16.2 Hz, 2H, AH), 5.62
; . 3H, 4-pH), 4.73 (v br d2XBH) = 286 Hz, 1H, Bi), 3.32 (sept,
of the strong neutral donor dmap led to the ion-separat HH) =
M ) = 6.8 Hz, 4H, GI(CH,),), 2.08 (s, 9H, pz48y), 1.27 (s,
complex [TE"MLnMe(dmap)][Me ;AI(OCHtBu,-2,6-Me- 27H 3 -
. \am : ; , pz-C(®13), 1.13 (d,2XHH) = 7.1 Hz, 24H, CH(Gls),) ppm.
4)] featuring an anionic h_eteroa_lummato moiety. Thel3c{1H}NMR(63 MHz, benzends, 26°C) 165.9 (3-pL), 158.6
proneness of the [f§"] ancillary ligand for GH-bond  (\'~1) "146.3 (5-p5), 137.9 (AC2/6), 123.6 (AIC3/5), 118.5
activation in the presence of highly reactivélenmoieties  (ar.c4), 105.0 (4-pg), 32.1 (pzE(CH-)s), 31.4 (pz-CCH,)s),
was further revealed by the isolation of complexg 3 C(CH,),), 25.5 (CCH-),), 13.7 (pz-CCH,)) ppm. HB{IH}

[(Tp (BuHI(BU2MY) ,(OCH tBU-2,6-Me-4). NMR (80 MHz, benzerdy; 26°C) 8.6 (br s) ppm. IR (KBr)
3051 (vw), 3016 (vw), 2963 (s), 2865 (m), 2576 (vwHIB 1589
EXPERIMENTAL SECTION (w), 1515 (s), 1493 (w), 1461 (s), 1431 (vs), 1380 (s), 1363 (s),

] 1335 (s), 1321 (s), 1274 (s), 1256 (s), 1201 (vs), 1180 (m), 1115
~General Procedures. All operations were performed with (w), 1103 (w), 1071 (m), 1064 (m), 1042 (w), 1025 (w), 1018 (W),
rigorous exclusion of air and water by using standard Schlenk, higBs (w), 934 (vw), 888 (m), 869 (m), 859 (w), 807 (s), 795 (s), 774
vacuum, and glovebox techniques (MBraun 200B; <0.1 ppm of Qs), 751 (m), 732 (m), 696 (vw), 657 (w), 646 (M), 574 (w), 517
<0.1 ppm of BD). Solvents were pued by using Grubbs-type (yw), 464 (vw) cm'. Elemental analysis calcd (%) for
columns (MBraun SPS, solvent jmation system) and stored inside ¢, H.,BLUN,O,: C 60.50, H 7.83, N 8.82; found C 61.21, H 8.15,
a glovebox. Benzemeand toluenel; were obtained from Sigma- N 858, Although these results are outside the range viewed as
Aldrich and degassed. Benzgneas dried over NaK alloy for 2 estaplishing analytical purity (C: +0.71%), they are provided to

days, and toluemgwas stored over Na. Both weltered prior to illustrate the best values obtained to date.

use. THFd; was obtained from Sigma-Aldrich, stirred over NaK alloy TptBuMe y[OGH,(CR),-3,5], (3-Lu). A precooled solution of
and distilled. HOgH:Me,-2,6, HOGH,iPr,-2,6, and HOGH tBu,- HOCgH(CF5)»-3,5 (36.3 mg, 0.158 mmol) in toluene (5 mL) was
2,6-Me-4 were purchased from Sigma-Aldrich, angHAQE;),- added to a precooled solution of®*tH¥LuMe, (50.0 mg, 0.080

3,5 and dmap from ABCR and sublimed prior to use. Reagenigmol) in toluene (5 mL) and stirred for 2 h &5 °C. The reaction
KOGH3iPR-2,6, KOGH tBW,-2,6-Me-4, and KQB5(CFy)>-35  mixture was ltered and the solution was concentrated in vacuo.
were prepared from the respective dry phenol and KH irgrygaliization at 35 °C yielded compoun@-Lu (21.0 mg, 0.020
tetrahydrofuran at ambient temperature, and were dried in vacyomq| 379) as colorless crystal®IMR (250 MHz, benzer; 26

prior to use. TH*"LnMe(AMa),*® and TF“YLuMe’ were  oc)"'7 35 (s 2H, AH), 7.03 (s, 4H, AH), 5.54 (s, 3H, 4-pt),
synthesized according to literature procedures. The NMR spectra pig (v br d, THLXBH) = 140 Hz, BY), 2.10 (s, 9H, pz4a,), 1.23

air- and moisture-sensitive compounds were recorded by usinggJ. 57y pz-,C(G’) ppm. C{1H) NMR 63 MHz t’)enzenég 26
Young valve NMR tubes on a Bruker AVII+500 spectrorttgter ( °C) 165.7 (3_513) 165.2 (AC1), 147.5 (5-pE), 133.2 (Ar
500.00 MHz/C, 125.72 MHz{ 24.496 MH2), a Bruker AVIl  oCpy 155 4 (arcafis). 119.4 (AS2/6), 110.7 (ArcA). 104.5 (4-

+400 spectrometetH, 400.13 MHZz'*C, 100.61 MHZ%, 376.31 - )
MHz), and a Bruker AVII+250 spectrometst €50.00 MHZ!B, Eéﬁ).' 133C2'f\|,\(,Ipécggéﬂ;)r'lcig'ﬁoﬁpﬁcgggﬁpli'ﬁo\%’jdcfg33:
80.21 MHzC, 62.86 MHz). IR spectra were recorded on a Thermocoupling.llB{lH} NMR (80 MHz, benzends, 26°C) 8.2 (br s)

Fisher Scientt NICOLET 6700 FTIR spectrometer using a DRIFTRppm.lgF{lH} NMR (376 MHz, benzeng; 26°C)  62.8 ppm: IR

chamber with dry KBr/sample mixture and KBr windows; (
: KBr) 2972 (w), 2935 (vw), 2866 (vw), 2558 (vw,H, 1605
(DRIFT) data were converted by using the Kubdlkenk m), 1556 (), 1533 (vw), 1471 (m), 1466 (m), 1456 (w), 1435 (w),
(/e nerr’:/ﬁrghglémgntal analyses were performed on an Elemen 99 (s), 1385 (vs), 1360 (M), 1352 (M), 1332 (vw), 1275 (w), 1243
ario ube. ! ; . ) y :
\Bu,M ) ) . ) (w), 1204 (w), 1167 (vs), 1128 (vs), 1099 (w), 1084 (w), 1068 (w),
26/(19.3 mg, D158 e herans. (5 mi) was. addec to a 1028 (). 1016 (), 997 (m), 964 (5), 893 (. 883 (w). 878 (w),
' : ey 859 (w), 856 (w), 845 (w), 806 (w), 799 (w), 774 (vw), 764 (w),

suspension of H¥ML.uMe,(50.0 mg, 0.080 mmol) imhexane (5
mL) and stirred for 6 h at ambient temperature. The reaction mixturé32 (W), 700 (w), 682 (m), 643 (w), 628 (vw), 613 (vw), 411 (vw)

. ; L [ %) fHGBFLUNGO,: C 45.47
was ltered and the solution was concentrated in vacuo‘™ Elementz'al analysis calcd (% 12--1 62 '
Crystallization at 35 °C yielded compount-Lu (62.0 mg, 0.074 H 4.39, N 7.95; found C 46.00, H 3.53, N 8.52. Although these results

0 i are outside the range viewed as establishing analytical purity (C:
Zr(';r;’o"79f1/"()daiﬂ%§,ﬂis)s:°r7yﬂ§"\,"Am)zsg 7“2'4(552,?'?42)6%422 +0.53%, H: 0.86%, N: +0.57%), they are provided to illustrate the
Hz 2H'ArH)’ 568 (s, 3H 4'-p'2|) 471 ({, br le'BH) =119 Hz best values obtained to date. Due to the high F content, no better

lemental analysis could be obtained.
1H, BH), 2.15 (s, 12H, C(Hjy)), 2.10 (s, 9H, pz-85), 1.28 (s, 27H, € .
pz-C(CHy)) ppm. BC{iH) NSMR (63 MHz, benzends, 26 °C) Tp'BuMeyMe(OGH,tBu,-2,6-Me-4) (4-Y).A precooled solution

i RPN f HOGH,tBu-2,6-Me-4 (18.0 mg, 0.082 mmol)rimexane (5
166.2 (3-p£5), 161.5 (Arcl), 146.6 (5-pg), 128.7 (Arc2/6), 0 2 X

126.5 (ArE3/5), 117.4 (ArCA), 104.9 (4-pB), 32.5 (p2E(CH2)s), mL) was added to a prec_ooled suspenmon‘%fMPﬂ\/I(z(Aqu)
30.8 (pz-CCH5)), 18.1 (CCH2)), 13.4 (pz-CCH2)) ppm. 1B{H} (50.0 mg, 0.081 _mmol) |n-hexarle (5 mL) at 35 C The
NMR (80 MHZz, benzend; 26°C) 8.7 (br s) ppm. IR (KBr) suspension was stirred for 2 h 3% °C. The reaction mixture was

2959 (m), 2924 (m), 2863 (W), 2560 (vw, ), 1590 (w), 1543 evaporated to d(yness in vacuo an_d washed-hétkane (X 2
(s), 1470 (s), 1426 (vs), 1380 (m), 1373 (m), 1356 (m), 1329 (M), mL). Crystallization from toluene yielded comp?uh{d47 mg,
1292 (vs), 1276 (vs), 1235 (s), 1195 (s), 1178 (s), 1136 (vw), 1099-063 mmol, 789} NMR (500 MHz, tolueneg, 26°C) 7.17 (s,
(m), 1065 (m), 1025 (w), 984 (w), 916 (vw), 875 (m), 840 (w), 809 2H, ArH), 5.50 (s, 3H, 4-pa), 4.55 (v br d,JBH) = 100 Hz, 1H,
(w), 793 (w), 783 (m), 769 (m), 759 (M), 742 (w), 729 (w), 709 BH), 2.39 (s, 3H, C(B)), 1.9 (br s, 9H, pz4y), 1.55 (s, 18H,
(W), 680 (vw), 645 (w), 535 (W), 512 (vw) chnElemental analysis ?(CHs)s): 1.29 (s, 27H, pz-C(&)), 0.27 (br s, 3H, YB3) ppm.
calcd (%) for GHsgBLUNLO,: C 57.15, H 6.95, N 10.00; found C "H NMR (500 MHz, THFég, 0°C)  6.70 (s, 2H, AH), 6.20 (s,
57.15, H 6.95, N 10.07. 3H, 4-pzH), 4.74 (v br d,l;(BH) =100 Hz, 1H, Bl), 2.44 (s, 3H,
Tp®“MLu(OGH,iPr,-2,6), (2-Lu). A solution of HOGH,iPr- C(CHy)), 2.09 (br s, 9H, pz4dy), 1.43 (s, 18H, C(8y),), 1.37 (s,
2,6 (28.1 mg, 0.158 mmol) mhexane (5 mL) was added to a 27H, pz-C(®iy), 0.36 (d, 3H2XYH) = 1.8 Hz, YEi;) ppm.
suspension of B¥MLuMe, (50.0 mg, 0.080 mmol) imhexane (5  “C{'H} NMR (101 MHz, THFdg, 0°C) 165.2 (3-p£), 159.6
mL) and stirred for 6 h at ambient temperature. The reaction mixturéAr-C1), 149.2 (5-pg), 138.6 (Arc2/6), 124.8 (Ar€3/5), 119.9
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(Ar-C4), 105.8 (4-pB), 35.4 (Ar€(CHs)s), 32.9 (pZ£(CH3)s), (%) for CHsBNOY: C 61.12, H 8.08, N 12.96; found C 61.43, H
31.5 (Ar C(CHa)9), 31.1 (pz-CCH,)4), 26.8 (dXJ(YC) = 44.6 Hz,  8.15, N 12.78.

YCH,), 21.5 (Ar C(CH,)), 13.6 (pz-CCH3)) ppm. *B{*H} NMR TptBUMeLuMe(OGH;Me,-2,6) (5-Lu). A suspension of
(80 MHz, benzend;;, 26°C) 8.8 (br s) ppmY NMR (from KOC¢HsMe+2,6 (23.0 mg, 0.144 mmol) in toluene (5 mL) was
H 8%y HSQC, 25 MHz, THiEy, 0°C) 556 ppm; IR (KBr) added to a solution of FpMiuMe(AlMa) (100 mg, 0.143 mmol)

2957 (s), 2931 (m), 2857 (m), 2566 (vw, HB, 1539 (s), 1489 in toluene (5 mL). The reaction mixture was stirred for 6 h at ambient
(vw), 1473 (m), 1464 (m), 1458 (m), 1426 (vs), 1382 (w), 1354 temperature. The precipitate was removeditiation and the
(m), 1348 (m), 1325 (w), 1286 (s), 1261 (vw), 1240 (vw), 1184 solution was concentrated in vacuo. Crystallizati®3 a€ yielded
(M), 1161 (vs), 1135 (W), 1071 (m), 1062 (w), 1028 (w), 984 (vw), compound-Lu(51.0 mg, 0.069 mmol, 48%) as colorless criidtals.
888 (vw), 866 (m), 859 (m), 859 (w), 847 (m), 812 (w), 804 (w), NMR (250 MHz, benzerdy; 26°C)  7.02 (d, 2HXHH) = 7.4
788 (w), 779 (w), 760 (s), 730 (vw), 682 (m), 675 (m), 659 (m), Hz, ArH), 6.66 (tFJ(le) =13.4 Hz, 1H, AH), 5.62 (s, 3H, 4-pz-
644 (m), 590 (vw), 575 (vw), 548 (W), 524 (W), 472 (vw), 439 (vw), H), 4.69 (v br d, 1H,XBH) = 150 Hz, Bi), 2.12 (s, 9H, pzidy),
426 (m) cm™. Elemental analysis calcd (%) faHgBNOY: C 1.82 (s, 6H, C(B9), 1.39 (s, 27H, pz-C(Ey), 0.55 (s, 3H, Lu
64.34, H 8.91, N 11.25; found C 63.65, H 8.43, N 10.38. AlthougfHa) PPm.*C{*H} NMR (63 MHz, benzene;, 26°C) 165.8 (3-
these results are outside the range viewed as establishing analy@s), 161.9 (Ar€l), 146.3 (5-pg), 128.3 (Arc2/6), 127.0 (Ar-
purity (C: 0.79%, N: 0.87%), they are provided to illustrate the C3/5), 116.8 (Ar€4), 104.0 (4-pg), 32.5 (pze(CHy)g), 32.2
best values obtained to date. Due to fast decomposition at ambidhp  CHa), 31-11 (E)Z-CCH3)3), 17.1 (Ar C(CHg), 13-§ (pz-
temperature no better elemental analysis could be obtained. C(CHy)) ppm. “B{'H} NMR (80 MHz, benzends, 26 °C)
TptB”'MeLuMe(OQHZtBuz-Z,G-Me-4) (4-Lu). A solution of 8.5 ppm. IR (KBr) 3002 (vw), 2962 (s), 2909 (m), 2863 (w),
HOCH,tBu,-2,6-Me-4 (35.0 mg, 0.159 mmolyihexane (5 mL) 2863 (vw), 2571 (vw, B), 1589 (vw), 1542 (s), 1465 (s), 1435
was added to a suspension StM1LuMe,(100 mg, 0.158 mmol) in  (VS), 1360 (), 1351 (m), 1338 (w), 1307 (vw), 1288 (vs), 1239 (m),
nhexane (5 mL) and stirred for 6 h at ambient temperature. Th&198 (S), 1174 (vs), 1132 (w), 1090 (w), 1075 (m), 1062 (m), 1027
solution wasltered and concentrated in vacuo. Crystallizatigsat (W) 1013 (w), 987 (w), 877 (w), 863 (w), 849 (vw), 804 (w), 788
°C yielded compoung-Lu (100 mg, 0.121 mmol, 77%) as colorless (8): 768 (), 757 (s), 745 (w), 731 (vw), 708 (w), 676 (vw), 657
crystalsiH NMR (400 MHz, benzert; 26°C)  7.17 (s, 2H, Ar- (W), 645 (m), 537 (), 516 (), 487 (w), 401 (m) cm
H), 5.66 (s, 3H, 4-pl), 4.66 (v br dLYBH) = 100 Hz, 1H, BI), Elem(?ntal analysis calcd (%) fgHgBLUN;O: C 53.96, H 7.14, N
2.30 (s, 3H, C(6), 2.08 (br s, 9H, pz46), 1.40 (br s, 45H, 1144 found C 53.88, H 6.99, N 11.37. .
C(CH,)2), 0.67 (s, 3H, LuB;) ppm. 3C{*H} NMR (101 MHz, Tp™Y eYMe(OQH3IPr2-2,§) (6-Y).A suspension of KQEiPr,- _
benzenek, 26°C) 166.0 (3-pL), 162.5 (AIC1), 138.6 (5-pL), 2,6 (35.3 mg, 0.163 mmol) in toluene (5 mL) was added to a solution

f TP M&yMe(AlMa) (100 mg, 0.163 mmol) in toluene (5 mL).
126.1 (Ar€3/5), 124.1 (Arc4), 120.4 (AIC2/6), 104.9 (4-pL), 0 . . 5 '
40.4 (Lu CHy), 32.5 (Ar€(CHy)3), 31.0 (CCHy)a), 21.3 (Ar The reaction mixture was stirred for 6 h at ambient temperature. The

111 precipitate was removed bitration and the solution was
bcéﬁ'z_g)])de 1§é4°éfz'C%Hf))(bf2T'ppn?_{ IHR} (Egﬂr? é%(é?'\?\'jvs) concentrated in vacuo. Crystallization3&t°C yielded compound
3026 (vw), 2961 (vs), 2928 (s), 2865 (M), 2563 (WHP 1544 &E(Bto mg, O'Oécaéo'gmo'fg%éaas ﬁﬂorleisﬁcH%t%EHARﬁfo
(vS), 1464 (m), 1428 (vs), 1409 (s), 1353 (s), 1328 (m), 1264 (vs), g 852'(t {{ﬁﬁ;‘iﬁﬁ X I—?z i ALI)' 15 60) (5. 31 4%&9 e )('V
1232 (vs), 1217 (vs), 1198 (), 1170 (m), 1155 (W), 1129 (W), 1121 "'s3ay 86 iz 11 Bi) 3.00 (br s, 2H. B(CHy),). 2.13 (5
(), 1070 (m), 1055 (m), 1025 (m), 1017 (m), 1004 (w), 984 (W), g1 "'17.a43 1.39 (s, 27H, pr-Cl), 1.12 (4. SXHH) = 7.0 Hz,
767 (m), 731 (W), 679 (W), 646 (W), 639 (W), 525 (m), 512 (W), 503 1SC{iH} NMR3(6?’) MHZ be’nzen’dg 26°C) 165 3 ’(3_p£3) 158 7
(w), 438 (w), 404 (w) cm'. Elemental analysis calcd (%) for Ar-CL). 146 3 (5-pE ' 138.0 A@/6 1230.Ar€3/5 ’117'7
CaoHesBLUNO: C 57.69, H 7.99, N 10.09; found C 58.27, H 8.19, N (AT CL): 146.3 (5-p8), 138.0 ( ), 1230 ( ), 117.

Ar-C4), 104.3 (4-pg), 32.3 (pz&(CHa),), 32.1 (Y CHJ), 31.1

9.86. Although these results are outside the range viewed )
establishing analytical purity (C: +0.58%), they are provided t 2gggﬂzgf)ppzrﬁSllé?lﬁ:}HlEl(i/lHR’S)(zf)aozl\lllll—?z (Ab;r(]zzi(ni;'%%oé)s's
iIIustrtaBteh}Ee best values obtained to date. _ 8.5 (br s) ppm‘?éY NMR (from'H 8% HéQC, o5 MHz, benzene-
Tp " YMe(OGH;Me,-2,6) (5-Y). A suspension of . "55°¢)" 578 ppm; IR (KBr) 3017 (ww), 2960 (s), 2862 (w),
KOGeHsMe;2,6 (26.1 mg, 0.163 mmol) in toluene (5 ML) Was >55g (w, BH), 1587 (vw), 1540 (s), 1458 (m), 1433 (s), 1379
added to a solution of PpMeyMe(AIMg) (100 mg, 0.163 mmol) in W), 1354 (m), 1335 (s), 1274 (s), 1241 (w), 1209 (m), 1194 (m)
toluene (5 mL). The reaction mixture was stirred for 6 h at ambien};7g m) 1119 (W) 1074 w) 1011 (vw) 984 (vw) 388 (w) 866
temperature. The precipitate was removedlttation and the (w), 798 ’(m), 766 (n"]), 750 (m'), 730 (w), 695 (w), 679 (w), 660
solution was concentrated in vacuo. Crystallizati@ &€ yielded (W), 646 (W), 570 (vw), 515 (vw), 464 (vw), 437 (vw), 403 (w)
compounds-Y (62.0 mg, 0.096 mmol, 59%) as colorless crifstals. ¢m'L Elemental analysis calcd (%) feHGBNOY: C 63.07, H
NMR (250 MHz, benzerdgy; 26°C) 7.01 (d, 2H,3-:(HH) =73 8.58, N 11.93; C 62.74, H 8.49, N 11.67.
Hz, ArH), 6.66 (t"XHH) = 14.4 Hz, 1H, AH), 5.57 (s, 3H, 4-pz- TpBuMe | Me(OGHAiP,-2,6) (6-Lu). A suspension of KO-
H), 4.72 (v br d, 1H,JBH) = 130 Hz, Bl), 2.12 (s, 9H, pzHy), CeH3iPr-2,6 (31.1 mg, 0.144 mmol) in toluene (5 mL) was added
1.82 (s, 6H, C(6), 1.36 (s, 27H, pz-Cly), 0.46 (d, 3H, 1o a solution of TH*MLuMe(AIMe) (100 mg, 0.143 mmol) in
XYH) = 1.8 Hz, YE&I3) ppm.“C{*H} NMR (63 MHz, benzene;, toluene (5 mL). The reaction mixture was stirred for 6 h at ambient
26°C) 165.1 (3-p%), 161.9 (Ar€1), 146.3 (5-pL), 128.2 (Ar- temperature. The precipitate was removedlttation and the
C2/6), 126.8 (Arc3/5), 116.8 (Arc4), 103.8 (4-pB), 32.6 (pz- solution was concentrated in vacuo. Crystallizati@s &€ yielded
C(CH3)3), 31.0 (pz-CCH3)3), 22.5 (d, CH;, AXYC) = 51.2 Hz), compounds-Lu (80.0 mg, 0.101 mmol, 71%) as colorless criidtals.
17.1 (Ar C(CHy), 13.4 (pz-CCH3)) ppm. “B{*H} NMR (80 MHz, NMR (250 MHz, benzerdy; 26°C)  7.11 (d,2XHH) = 7.5 Hz,
benzeneg, 26°C) 8.9 (br s) ppm®Y NMR (from'H %Y 2H, ArH), 6.85 (t3XHH) = 15.1 Hz, 1H, AH), 5.60 (s, 3H, 4-pz-
HSQC, 25 MHz, benzedg-26°C) 580 ppm; IR (KBr) 3002 H), 4.70 (v br d,*XBH) = 150 Hz, 1H, Bi), 3.08 (br s, 2H,
(vw), 2961 (vs), 2927 (m), 2862 (m), 2569 (vwHB, 1589 (W),  CH(CH2),), 2.12 (s, 9H, pz4gy), 1.38 (s, 27H, pz-C(€y), 1.11
1541 (s), 1464 (vs), 1425 (vs), 1381 (w), 1359 (s), 1348 (M), 1336(br s, 12H, CH(G-),), 0.50 (s, 3H, LUCHs) ppm. 3C{*H} NMR
(vw), 1308 (vs), 1284 (s), 1238 (s), 1197 (vs), 1173 (m), 1119 (W), (63 MHz, benzenes; 26°C) 165.5 (3-pL), 158.6 (ArCL), 146.3
1090 (m), 1074 (m), 1063 (m), 1026 (M), 1013 (w), 986 (W), 876 (5-pz<), 137.7 (A€2/6), 122.9 (ArE3/5), 117.8 (Arc4), 104.3
(W), 862 (w), 848 (vw), 802 (s), 787 (m), 766 (M), 756 (), 757 (S), (4-pz<), 32.4 (pZE(CH2)s), 32.1 (Lu CHy), 31.1 (pz-CCH2),),
745 (w), 730 (w), 708 (W), 657 (vw), 657 (m), 645 (m), 537 (W), 25.8 (ArCH(CHs),), 24.5 (Ar CH(CH.),), 13.3 (pz-CCHs))
514 (vw), 478 (vw), 464 (w), 420 (w) clnElemental analysis calcd ppm.B{*H} NMR (80 MHz, benzend; 26 °C) 8.5 (br s)
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ppm; IR (KBr) 2964 (s), 2863 (w), 2564 (vw, Bl), 1542 (s),

was allowed to settle and washed with cold toluen2 (BL). The

1488 (vw), 1472 (w), 1463 (m), 1456 (m), 1435 (vs), 1380 (vw), precipitate was dried in vacuo and §aves white solid (80.0 mg,
1355 (m), 1339 (s), 1277 (m), 1241 (w), 1210 (w), 1194 (m), 1174 0.075 mmol, 46%). Crystals suitable for XRD analysis could be
(m), 1139 (vw), 1099 (vw), 1073 (m), 1061 (w), 1043 (vw), 1028 obtained by performing the reaction under the same conditions
(w), 1013 (vw), 989 (vw), 892 (w), 870 (w), 848 (vw), 805 (w), 790 without stirring*H NMR (500 MHz, THFeg, 0°C)  7.70 (br s, 4H,

(s), 766 (m), 747 (m), 696 (vw), 677 (vw), 661 (vw), 646 (w), 640 dmap), 6.70 (s, 2H, At), 6.44 (s br, 4H, dmap), 6.03 (s, 3H, 4-pz-

(w), 572 (vw), 517 (w), 491 (vw), 421 (vw), 401 (w) ¢m

Elemental analysis calcd (%) foHGBLUN;O: C 56.20, H 7.65, N

10.63; found C 56.50, H 7.64, N 10.68.

TpBUMeYMe[OGH;(CR),-3,5)] (7-Y).A precooled solution of

H), 4.93 (v br dXXBH) = 100 Hz, 1H, Bl), 2.95 (s br, 12H, dmap,

N(CHs),), 2.50 (s, 9H, pz4&,), 2.08 (s, 3H, C(E5)), 1.37 (s, 18H,

C(CH3)3), 1.09 (s, 27H, pz-C(d€3)3), 0.09 (s br, 3H, Y&,),
1.01 (s, 9H, AlE:) ppm. *C{*H} NMR (101 MHz, THFe, 26

KOGCsH4(CF5),-3,5 (40.1 mg, 0.150 mmol) in toluene (5 mL) was °C) 165.2 (3-p£), 159.9 (Arcl), 155.7 C3, dmap), 149.7 (5-pz-

added to a precooled suspension &#fyMe(AlMa) (75.0 mg,

C), 148.4 C1, dmap), 138.8 (AB2/6), 124.8 (Ar€3/5), 120.8 (Ar-

0.122 mmol) in toluene (5 mL) at35 °C. The suspension was C4), 107.2 (4-p£), 105.8 C2, dmap), 38.8 (8H;, dmap), 35.4

stirred for 4 h at 35°C. The precipitate was removed lyation
and the solution was concentrated in vacuo. CrystallizatB&f @t

yielded compound-Y (79.0 mg, 0.104 mmol, 69%) as colorless 13.6 (pz-CCH5)),

crystalstH NMR (250 MHz, benzergg; 26°C)  6.98 (s, 1H, Ar-
H), 6.36 (s, 2H, AH), 5.53 (s, 3H, 4-p&), 4.73 (v br d, 1H\XBH)
=150 Hz, Bl), 2.12 (s, 9H, pz4&y), 1.32 (s, 27H, pz-C(dy)), 0.27
(d, 3H,2XYH) = 1.8 Hz, Y CH,) ppm. “C{*H} NMR (63 MHz,
benzenel, 26°C) 165.0 (Ar€l), 164.8 (3-pL), 147.0 (5-pBH),
132.2 (Ar CCF,), 121.2 (A€4), 119.4 (AIC2/6), 109.3 (ArC3/
5), 103.7 (4-pD), 32.4 (pz&(CH2)4), 31.1 (pz-CCH2)4), 22.3 (d,
2JYC) = 50.8 Hz, YCH2), 13.1 (pz-CCH4)) ppm. XC NMR
resonances for the £§roups showed no & coupling'B{*H}
NMR (80 MHz, benzendy; 26 °C) 7.9 (br s) ppmIF{H}
NMR (376 MHz, benzerdy; 26°C)  62.6 ppm®Y NMR (from
14 8% HSQC, 25 MHz, benzedg-26°C) 620 ppm; IR (KBr)
2966 (m), 2933 (W), 2907 (), 2861 (W), 2559 (WHB, 1601 (w),

(Ar-C(CH3)), 32.7 (pz-CCH3)3), 31.7 (pz&(CH3)3), 30.9 (Ar-
C(CHy)3), 26.9 (d2XYC) = 47.4 Hz, YCH,), 21.5 (Ar C(CH,)),

2.7 (ACH;) ppm. B{!H} NMR (80 MHz,
THF-dg, 26 °C) 8.7 ppmE NMR (from*H 8 HSQC, 25

MHz, THFdg, 26°C) 555 ppm; IR (KBr) 3057 (vw), 3016 (w),
2958 (s), 2915 (m), 2863 (w), 2723 (vw), 2561 (vwHJ]B 1640

(m), 1616 (s), 1557 (m), 1539 (vs), 1456 (m), 1436 (m), 1418 (s),
1386 (m), 1355 (m), 1313 (w), 1286 (w), 1265 (m), 1236 (s), 1200
(m), 1160 (w), 1132 (w), 1120 (w), 1066 (m), 1037 (vw), 1023 (w),
1004 (s), 985 (w), 949 (w), 887 (vw), 861 (w), 833 (m), 819 (m),
806 (m), 792 (w), 781 (m), 760 (w), 729 (w), 689 (w), 646 (w), 614
(vw), 533 (w), 520 (w), 502 (vw), 458 (vw), 439 (vw), 419 (vw),
412 (vw) cm?. Elemental analysis calcd (%) fgHGAIBN,(OY: C

64.40, H 9.01, N 13.17, found C 64.91, H 8.54, N 13.74. Although
these results are outside the range viewed as establishing analytical
purity (C: +0.51%, N: +0.57%), they are provided to illustrate the

1558 (vw), 1541 (vs), 1506 (vw), 1471 (s), 1458 (s), 1447 (m), 1435best values obtained to date.

(s), 1392 (vs), 1359 (s), 1351 (m), 1334 (w), 1311 (vw), 1273 (vs),

[TpMeL_uMe(dmap)][Me;Al(OGH,tBu,-2,6-Me-4)] (8-Lu).

1252 (w), 1242 (w), 1205 (m), 1194 (m), 1170 (vs), 1123 (vs), 1100A solution of HOEH4tBL-2,6-Me-4) (15.7 mg, 0.071 mmol) in
(w), 1073 (m), 1064 (m), 1027 (m), 1013 (w), 996 (w), 986 (w), toluene (5 mL) was added to a solution of‘TfiLuMe(AIMe)

963 (s), 882 (W), 876 (w), 866 (w), 843 (w), 802 (s), 765 (s), 731 (50.0 mg, 0.071 mmol) in toluene (5 mL). A solution of dmap (26.1
(w), 681 (m), 658 (w), 643 (m), 622 (w), 612 (m), 569 (vw), 516 mg, 0.214 mmol) in-hexane (1 mL) was added to the solution and

(w), 472 (w), 464 (w), 442 (w), 409 (s) ch Elemental analysis

the reaction mixture was stirred for 1 h at ambient temperature. The

calcd (%) for GH,BRNLY: C 52.40, H 6.13, N 11.11; found C precipitate was allowed to settle and washed with cold tolue2e (3

52.78, H 6.25, N 11.21.

Tp'BMeLuMe[OGHs(CR),-3,5] (7-Lu). A suspension of

mL). The solid was dried in vacuo and gaveas white solid (25.0
mg, 0.022 mmol, 31%). Crystals could be obtained by performing the

KOC:H4(CF3) 3,5 (38.2 mg, 0.142 mmol) in toluene (5 mL) was reaction under the same conditions without stiffhIMR (500

added to a solution of PpMLuMe(AIMe)](100 mg, 0.142 mmol)

MHz, THFdg, 26°C) 7.82 (br s, 4H, dmap), 6.70 (s, 2H,Hr-

in toluene (5 mL). The reaction mixture was stirred for 6 h at ambier.45 (s br, 4H, dmap), 6.04 (s, 3H, 44)z4.94 (v br d}XBH) =

temperature. The precipitate was removedltiation and the
solution was concentrated in vacuo. Crystallizati®% &€ yielded

compound-Lu (80.0 mg, 0.095 mmol, 67%) as colorless criidtals.

NMR (250 MHz, benzert; 26°C) 7.03 (s, 1 H, AH), 6.34 (s,
2H, ArH), 5.57 (s, 3H, 4-pt), 4.66 (v br d, 1HL(BH) = 120 Hz,
BH), 2.12 (s, 9H, pz4&y), 1.35 (s, 27H, pz-C(&)), 0.37 (s, 3H,
LuCH,) ppm. *C{*H} NMR (63 MHz, benzend;, 26°C) 165.7
(3-pz<), 165.5 (A€1), 147.0 (5-pE), 132.1 (Ar CCFy), 126.9
(Ar-C4), 119.5 (AC2/6), 109.2 (ArC3/5), 104.2 (4-pL), 32.3
(pzC(CHs)2), 32.2 (Lu CHy), 31.0 (pz-CCH.)s), 13.0 (pz-

C(CH,)) ppm. *3C NMR resonances for the Qffoup showed no

C F couplingB{*H} NMR (80 MHz, benzend;, 26°C) 8.3
(br s) ppm.2°F{*H} NMR (376 MHz, benzengdy 26°C)  62.6

ppm; IR (KBr) 2963 (m), 2936 (m), 2910 (w), 2862 (w), 2560 (w,

100 Hz, 1H, Bl), 2.95 (s br, 12H, dmap, NK),), 2.50 (s, 9H, pz-
CH.), 2.10 (s, 3H, C(6)), 1.38 (s, 18H, C(8)), 1.12 (s, 27H,
pz-C((H3)2), 0.09 (s br, 3H, YB,), 1.01 (s, 9H, A8, ppm.
13C{1H} NMR (101 MHz, THFds, 26°C) 165.1 (3-p£), 159.8
(Ar-Cl), 155.8 C3, dmap), 149.6 (5-p2; 148.3 C1, dmap), 138.7
(Ar-C2/6), 124.8 (ArC3/5), 120.8 (Arc4), 107.1 (4-pg), 105.7
(C2, dmap), 38.8 (N8H;, dmap), 35.4 (AE(CHj)), 32.7 (pz-
C(CH2)s), 31.6 (pZE(CHy)), 30.9 (Ar€(CHy)s), 26.7 (Lu CH2),
21.4 (Ar C(CHj)), 13.6 (pz-CCHy)) ppm. C NMR resonances
for the AICH group could not be detectétB{*H} NMR (80 MHz,
THF-Og, 26°C) 8.8 ppm. IR (KBr) 2959 (m), 2909 (m), 2812
(vw), 2563 (vw, BH), 1616 (vs), 1543 (vs), 1506 (w), 1487 (w),
1457 (m), 1422 (s), 1393 (m), 1351 (m), 1327 (w), 1288 (m), 1267
(vw), 1238 (s), 1195 (m), 1182 (m), 1168 (m), 1117 (w), 1063 (m),

B H), 1601 (m), 1541 (s), 1470 (s), 1433 (m), 1391 (vs), 1357 (m), 1023 (w), 1003 (vs), 986 (w), 949 (vw), 888 (vw), 862 (w), 848 (m),
1334 (w), 1310 (vw), 1273 (vs), 1251 (w), 1242 (w), 1195 (m), 818 (m), 809 (m), 798 (m), 782 (w), 770 (w), 761 (vw), 728 (vw),
1169 (vs), 1125 (vs), 1099 (w), 1071 (m), 1062 (m), 1028 (w), 1015681 (s), 642 (w), 612 (w), 554 (w), 537 (w), 511 (w), 480 (vw), 442

(w), 996 (w), 986 (w), 963 (m), 881 (w), 866 (w), 843 (w), 802 (vw), 412 (w) cm?!. Elemental analysis calcd (%) for

(m), 765 (m), 731 (w), 704 (w), 680 (m), 658 (vw), 643 (w), 612 CsHgsAIBLUN}O: C 59.57, H 8.33, N 12.19, found C 60.09, H

(w), 516 (vw), 410 (w), 403 (w) crh Elemental analysis calcd (%) 8.21, N 12.41. Although these results are outside the range viewed as
for C;H4BRLUNGO: C 47.04, H 5.50, N 9.97; found C 47.52, H establishing analytical purity (C: +0.52%), they are provided to

5.42, N 10.11.
[TpBvMeyMe(dmap)][MesAl(OGH,tBu,-2,6-Me-4)] (8-Y). A

illustrate the best values obtained to date.
Thermal Activation of 4-Lu (9-Lu).In a glovebox, compoudéd

solution of HO@HtBu,-2,6-Me-4 (35.9 mg, 0.163 mmol) in toluene Lu was dissolved in benzegand placed in a J. Young valve NMR

(5 mL) was added to a solution of®®fj'%yMe(AlMa) (100 mg,

tube. The NMR tube was heated t¢®dor 2 h, and a color change

0.163 mmol) in toluene (5 mL). A solution of dmap (29.8 mg, 0.243rom colorless to slight yellow was observed. The deuterated solvent
mmol) inn-hexane (1 mL) was added to the solution and the reactiomnvas evaporated, and few crystals suitable for XRD could be obtained
mixture was stirred for 1 h at ambient temperature. The precipitafeom a saturated solution®f.uin toluene at 35 °C.
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~ X-ray Crystallography and Crystal Structure Determina- (3) Schumann, H.; Mier, J. Tris[(N,N,N,N -

tions. Single crystals dflLu, 2-Lu, 3-Lu, 4-Lu, 5-Ln, 6-Ln, 7-Ln, 8- tetramethylethylendiamin)lithium]-hexamethylerbat(lll) und -lutetat-

Y, ar_1d 9-I__u were grown by standard techniques from_saturateq”D. Angew. Chert978 90, 307 308.

solutions im-hexane, toluene, or THF &85 °C as stated in the  (4) watson, P. L. Methane exchange reactions of lanthanide and
Experimental Sectio8uitable crystals were collected in a 9|0VebO)éarIy-transition-metaI methyl comple)esm. Chem. Sb@83 105

and coated with Parabar 10312 (previously known as Paratone kg1 6493.

Hampton Research) anded on a nylon loop/glasiser. X-ray data (5) Thompson, M. E.; Baxter, S. M.; Bulls, A. R.; Burger, B. J.;
for all compounds were collected on a Bruker APEX Il DUO\jan, M. C.: Santarsiero, B. D.: Schaefer, W. P.: BercasBahcE.
instrument equipped with anSl microfocus sealed tube and meathesis for carbon-hydrogen bonds of hydrocarbons and Sc-R (R

QUAZAR optics for MoK ( = 0.71073 A) and CuK( = = H alk - :
> . .= H, alkyl, aryl) bonds of permethylscandocene derivatives. Evidence
1.54184 A) radiation. The data collection strategy was determln%ir noninvolvement of the system in electrophilic activation of

using COSME& employing -scans. Raw data were processed usin . L~
APEX? and SAINT®? corrections for absorptioneets were applied “romatic and vinylic C-H bondsAm. Chem. Sp87, 109 203

using SADAB%.The structures were solved by direct methods and19-

re ned against all data by full-matrix least-squares methods on [0) Evans, W. J.; Perotti, J. M.; Ziller, J. W. Synthetic utility of
using SHgELXT‘i_5 and She)I/XI‘éG. Disorder modeqls were calculated [(CsMes),Ln][( -Ph),BPh] in accessing [(Wles),LnR], unsolvated

using DSR, a program fornimg structures in ShefXICompound alkyl _anthanide metallocenes, complexes with high C-H activation
7-Y was rened as a twin, using hklf4 format. Restraints were givefgactivityJ. Am. Chem. S2@03 127 3894 3909. _
(RIGU/ISOR) because the complex showed additional disorder. (7) Thompson, M. E.; Bercaw, J. E. Some aspects of the chemistry of
Lu was also twinned, and mement in hkIf5 format decreased the alkyl and hydride derivatives of permethylscanddtenee Appl.

WR2 from 0.48 to 0.085. Restraints were given for the disordgred CEhem1984 56 1 11. _ _

groups. All graphics were produced employing ORTERRIPOV- (8) Ziegler, T.; Folga, E.; Berces, A. A density functional study on
Ray®” Further details of the mement and crystallographic data are the activation of hydrogen-hydrogen and hydrogen-carbon bonds by
listed inTable S1(SI) and in the CIF les (CCDC depositions  Cp,Sc-H and Cgsc-CH. J. Am. Chem. Sb@93 115 636 646.

1952857 1952868 (9) Watson, P. L.; Parshall, G. W. Organolanthanides in catalysis.
Acc. Chem. R£885 18 51 56.
ASSOCIATED CONTENT (10) Sadow, A. D.; Tilley, T. D. Homogeneous catalysis with
* ] . methane. A strategy for the hydromethylation of olefins based on the
Supporting Information nondegenerate exchange of alkyl groups and sigma-bond metathesis at

The Supporting Information is available free of charge on thgandiumJ. Am. Chem. S2@03 125 7971 7977.
ACS Publications websitg DOI: 10.1021/acs.organo- (11) Dietrich, H. M.; Grove, H.; Tioroos, K. W.; Anwander, R.
met.9b00631 Multiple C-H bond activation in group 3 chemistry: synthesis and

. tructural characterization of an yttrium-aluminum-methine dluster.
NMR spectra and crystallographic data for compound%m. Chem. S@Q06 128 1458 1450,

1-Lu, 2-Ly, 3-Lu, 4-Lu, 5-Ln, 6-Ln, 7-Ln, 8-Y, and9- (12) Holton, J.; Lappert, M. F.; Ballard, D. G. H.; Pearce, R.;
Lu, as well as cone angle calculatigbs)( Atwood, J. L.; Hunter, W. E. Alkyl-bridged complexes of the d- and f-
Structure dataX(Y2) block elements. Part 2. Bis[bisyclopentadienyl)methylmetal(lll)]
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ppm;
JALu®: 2.17/1.87 ppm, J4Lu®B: 2.19/1.88 ppm, JiLu':
2.23/1.86 ppm), one for the SiMe unit and one for the Al
Me moieties (]4Y®: 0.18 ppm,]4Y®: 0.15 ppm,]4Y'": 0.13
ppm; J4iLu®: 0.05 ppm, ]4Lu®: 0.01 ppm, J4Lu': 0.01
ppm). Again, the signals compare well with those of the
starting compounds (CGsMesSiMes)Ln(AlMe 4)2 (Y: 2.00/1.75
ppm, 0.31 ppm; Lu: 1.99/1.75 ppm{.14 ppm). For the yt-
trium half-sandwich complexes, a doublet for the AlMe,
signal with a 2XYH) coupling constant around 2.3 Hz was
observed, except forl*-Y' indicating a highly fluxional na-
ture. The respective Lu complexes display very broad sig-
nals for the Lu Me moiety, indicating a less pronounced
dynamic behavior of the bridging and terminal Me groups
in solution as expected for the smaller-sized Lu(lll) center.
The X NMR spectra clearly shows the same trend of the
halogenido ligands on the T chemical shift and, as ex-
pected, two signals for GMes and six signals for
CsMe4SiMes, respectively. For most of the complexes, the
Al CHs signals could not be detected, due to their low sol-
ubility as well as the relatively fast ligand redistribution
process, which is consistent with literature *> The 8Y NMR
resonances fromH-8Y HSQC measurements revealed also
highfield-shifted signals in the presence of the more elec-
tron-withdrawing halogenido ligand (e.g., 1*-Y¢: 208 ppm
versus 1*-Y8': 246 ppm), but only a marginal effect of the
cyclopentadienyl ligand (e.g.,1*-Y¢": 208 ppm versus]4Y®":
206 ppm). For comparison, the starting compounds
CpRY(AIMey). display 8Y NMR resonances at 175 ppm (Cp
= GMes) and 170 ppm (CB = GMe4SiMes). Due to solubil-
ity issues, long measurement periods, and rapid ligand re-
distribution, H-8%Y HSQC spectra could not be obtained
for 1*-¥Y* and ]4Y' (detection of precursors only).
X-ray diffraction (XRD) analyses were performed onl*-Yer,
1*-¥, and 1*-LuBr (Figures 2, S59 and S60). The mentioned
[(CsMes)Ln(AIMe 4)(p-X)] . complexes revealed the dimeric
solid-state structure with seven-coordinate Ln centers: the
monoanionic Cp ligand occupies three coordination sites
and the methyl groups as well as the bridging halogenido
ligands occupy two each. The crystal structures are
isostructural to 1*Y°'.“2 The Y C(Me) distance appears
slightly decreased for the heavier halide complexed *-Y®"
and 1*-Y' as an impact of the changed halogen electroneg-
ativity (1*-YC: av. 2.573 A2 1xYe": 2.531(2)/2.566(2) A1*-
Y': 2.529(4)/2.563(4) A,), but compare well with the reac-
tant (CsMes)Y(AIMe )2 (2.549(3)-2.655(3) AYs As expected,
the Lu C(Me) bond lengths in 1*-Lu® are shortened
(2.486(3)/2.529(3) A) compared to1*-Y®', reflecting the
smaller Ln(lll) size. This is further supported by the differ-
ences in the Ln Br distances (*-Y®": 2.8493(8)/2.8687(10)
A, 1*LuP": 2.7961(7)/2.8257(8) A) as well as the Ln--Al in-
teratomic distances (1*-Y°: 3.0584(12) A2z 1x-¥e:
3.0970(10) A1*-LuB": 3.0434(10) A). Only few complexes
with bromido ligands bridging two rare-earth-metal cen-
ters are known including dimeric 3-(2,6-iPr.CsHg)-1-[2-(1



and
2.868(1) AY" and [(R, B-Cp-CMexflurenyl)Y(u-Bn)].
(2.8055(13)/2.8065(12) A the latter showing shorter Y Br
distances compared tol*-Y®',

The tetramethylaluminato/halogenido exchange was also
probed for the lanthanum complexes CpglLa(AlMes)s,.
Treatment of the respective bis(tetramethylaluminato)
half-sandwich complexes with 1.3 equiv. of TMSX resulted
in the formation of hexalanthanum clusters of the general
composition  [CpRiLag(AIMe s)2(u-X)4]2.  All - reactions
yielded colorless crystals from restingn-hexane solutions
at ambient temperatures, and XRD analyses were carried
out exemplarily for 2*-La®" and ~-La® (Figures S61 and 3).
Due to the insolubility of all complexes 2-La in non-polar
and aromatic NMR solvents, solution NMR spectroscopic
analysis was not accessible. The crystal structures df*-
La®" and ~-La® with formally 8-coordinate La(lll) centers
are isostructural to the previously reported complex
(CsMes)sLas{(u-Me) sAIMe}4(Us-Cl)2(p-Cl)s (2%-Lac).#2 Two
LasAl, subunits, related by C,-symmetry feature distinctly
coordinating halogenido ligands (u2, 1s) and a strand of (-
R-Me,)Al(Me)( u- KMe)-interconnecting aluminato  lig-
ands. Striking is the Ln:X ratio of 1:1.3 which is different
from that of the dimeric yttrium and lutetium complexes

in this work (1:1). Unsurprisingly, the La X bond lengths of
2*-Lal (3.2323(4)-3.3455(4) A) are elongated compared to
2*-La® (La Cl: 2.8049(9)-3.0708(9) A)*2 while the La
C(Me) bond lengths as well as the La---Al distance appear
slightly shortened (2*-La®: La C(Me) 2.774(4)-2.955(3) A;
La---Al 3.3150(11)-3.3534(1%¢ B*-La': La C(Me) 2.771(4)-
2.777(4) A, La---Al 3.3159(12)-3.3192(12) A). For further com-
parison, the precursor (GMes)La(AlMey);*° displays La
C(Me) bond lengths (2.694(3)-2.802(4) A) as well as La--Al
distances (3.0141(9)-3.2687(9) A) which are shorter than in
2*-La® and 2*-La'. Overall, the different CpR ligand in "
La® has only a small impact on the molecular structure,

Figure 3. ORTEP representation of the crystal structure of
A-Lac with atomic displacement parameters set at the 50
% level. Hydrogen atoms are omitted for clarity. Selected
oot Zte%o—Se %  fet fe%-Lad La@CI1"*”
3.0787(6), LalCI2 2.8382(7), LalCI3 2.8298(7), La2Cl1
3.0725(7), La2Cl2 2.8421(7), LaZXll4 2.8395(7), La3Cl1
3.0111(6), La®I3 2.8101(7), La&¥l4 2.8087(7), LalC1l

A .I.

2.809(3), LalC2 2.774(3), La2C5 2.742(3), La2C6
2.764(3),La3 _i "ae'c _ a f_ ci Naec\ _ & f] -
Lan -~ rgalca - Maa\la f] AU
3.2849(9); LalCl1 La2 100.878(19), LaCl1 La3

100.870(18), LaCl2 La2 113.20(2), Lall3 La3 112.70(2),
La2 CI1 La3 100.579(19), LaZl4 La3 111.91(2), L& AI2
85.28(10), LalC2 Al2 86.40(10), La2C5 All 85.40(10),
La2 C6 All 84.78(10), ClalC2 75.19(9), CHa2 C6
cbaad e B3 _ti cca_e e a

but the bond lengths become significantly elongated from
2*-La® to ~La® (La Cl, 2.8087(7) to 3.0787(6) A; La
C(Me), 2.742(3)-2.970(3) A; La---Al, 3.2849(9)-3.3371(9) A).

The introduction of electron-withdrawing pseudo-

halogenido ligands such as triflato (OTf) proved more dif-
ficult but was successful for the system
(CsMes)La(AlMe,) /SiMesOTf yielding crystalline heterobi-

metallic complex (CsMes)sLag(AIMe 4)(U-OTH) 3( s
OTf)(THF), (3*-La®™) (Scheme 3). The solubility of this
complex in non-polar and aromatic solvents is limited,
while decomposition to several C F-bond cleavage prod-
ucts occurred in THF over time (monitored with 'H NMR

spectroscopy), if not prevented by lower temperatures.

Scheme 3. Reactivity of (C sMes)La(AlMe 4), toward
pseudo-halogenido-transfer reagent SiMe  ;OTf.

+1.3 n SiMe;OTf N =
n-hexane, RT /Q\
crystallized in THF W z P
(CsMes)La(AMey), 0 é, C) f
- 1.3 n AlMe3 v N S % 0
-1.3 n SiMey ‘ .






Lal O1 2.527(13), La®2 2.593(3), La303 2.611(2)LalClLa2 98.63(10), LaxC1 La3
98.03(10), LalC1 La3 98.60(10), LaTl1 La2 85.24(2), LaiCl2 La3 84.93(2), La2CI3 La3 85.36(2), LalCl4 La2 80.234(19),
LalCl4 La3 79.859(19), LaZl4 La3 80.434(18).
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