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SUHIDFH

7KH IROGRZWR®BHVLY RROMKHN WWDFWILYRWS RHWBLQLGHQH FR
WRZDUGV GLIIHSHIOAD DOFRK®ROW WKLRSKHQB OAX PRIBUGROQR|
WKH PDLQWURHYXIIWPYO VFLHQWLILF SDSHAKL\D Q& UNQ & B KE ORI
FDUULHG RXW LQ 7+<ELQJH@R DD QUK/HF K I VAKIHVP X W RIUWSKH (
S8QLYHUVLWIW 7+ELQJHQ LQ *HUPDQ\ RYHU WKH SHULRG IUR
WKH VXSHUYLVLRQ RI 3URI 'U 5HLQHU $QZDQGHU 7KH UHV
JRUVFKXQJVIJHPHLQVFKDIW ')*



$FNQRZOHGJHPHQWYV

)LUVW RI DOO , DP YHU\ JBDRIHIXO5SWMRQFH UREGABYWEWBRIUP H L Q
KLV ZRUNLQJ JURXS DQG SURYLGLQJ PH ZLWK WKLV YHU\ LQ
DQG IRU HYHU\ VELHQWLILF GLVFXVVLRQ DQG DGYLFHV RQ
PDNLQJ LW SRVVLEOH IHRWHMH VR COVM[IFRBQN KFRGHDYV ZLWK

6SHFLDO WKDQNV IRU VROYLQJ DQG RBRIFXOPMIL@PI 0K A KU
O|VVPHIRG \RXU KHOSIX)OXUSNKEFXVWKR@WOD URHQ WRQDWK
VXSHUYLVRU GXULQJ WKH PDVWHU WKHVLVY ZKR DOVR WRR
WKLV WKHVLYV

O\ WKDQNWMRD V.R DRV (DRIGHOBUNXYV . IROPWKH KHOSIXO LQWH
Rl WKH 105 VSHFWUD $GGLW.LRIQDOLAAD ,§ GRIORBD QAR DW KR DQ N
HTXLSPHRWIDDGJ RRFNHUIRUPLQJ HOHPHQWDO DQDO\VHYV

, ZRXOG DOVR OLNH WR WKDQN W KRR EH@W DRIG \MM SI08\L DO \W
ILTXHRU PDLQWDLQLQJ WKH ODERUBQ®O\ BOKLEOWDIM\D R BC
7KDQN \RX JRGIVED QM R KAUEBD DFKO WKH DG P L Q D\GWIUDD \M MMHHZR. @
IRU WKH ,7 VXSSRUW

$GGLWLROQODUR\ZRXOG OLNH WR WKDQN P\ FXUUHQW DQG Il
JURXS (V9B BINXYO.\DW ]HIKRHUIHWYD BQEVHH[D Q G UR MR URDOVR W K H
QLFH PRPHQWYYD @& WRXWR X XS SR U WLYWM K IHUL HQICIVED'S W RQW R
%RQDWRLU %DURVVYEOR %IQUYH® XUJKDHGOLY %XVFKPDQQ
'RPLQLHWKHU-RFKHQ ) UUHRKWILAMMNVRSK YROO[HODBHODW V'U
+LUQHIDIN-RE /HERQFDQJ /LDQJIHLOHIUIXR ORLQHWURWKHD
6FKIGOH'DYLG 6F K(@HELWGHDU 6 RQV VB K ALV W R'SK6 BIWRK@E GU]PLHO
'U%EMDPLQ *ROQRWDOSEULDQ -FHRUQWHKH YHU\ VXSSRUWLYH
DWPRVSKHUH LQ WKH ODE

OHLQ EHVRQGHUHU 'DQ &KIDOMO BXRER N QV\IRZEDEQP HLQHP % U X ¢
7KHRILODNWRBYH %HJOHLWXQJ DXI PHLQHP BLWK WP

HLQKHUJHKHQGH EHGLQJXQJVORVH 8QWHUVW-W]XQJ (LQ 2
JUHX$SDEDQ +DEHWPLU LQ MHGHU /HEHQVODJH PLW :LW] XQ



VWDQG +HUYRUKHEHQ P|FKWH LFKYBRQRKH GRRHAFKHQPIL FWH
LQVEHVRQGHUH ZIKUHQG GHU 3URPRWLRQV]JHLW XQWHUVW-
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6 XPPDU\

5HSRURNLRIRXS PHWK\OHQH FRPSOH[HV DUH VHYHUHO\ OLF
VWXGLHV WE@BQ®&K@ZDV VIQWKHVL]HG E\ .DUO =LHJOHU LQ

\HDUV XQWLO ODUWLQ %RQDWK VXFFHHGHG LQ V\QWKH
JDOOLXP PHWK\OHQH LQ

7KH IRFXV Rl WKLV ZRUN LV WKH V\QWK BV RX 0 B WK O\WDOHWHH
FRPSRXQGV DV ZHOO DV WKH +G @U L YD W/LLFDHRMIRUD LARHOWSHED H
FKHPLVWU\ DV ZHDOQWIXVPIHWDOURHWK\OHQH FKHPLVWU\ D
SURWRFROV DOUHDG\ H[LVW IRU WKH HQH SSOHWLW DR YRH VI ;
DQDORJRXV WR WK 4 \@W WHWL F RRJI UHIESURW IG IPGIIVDIDWHR F H Q H
>&S/X $00@ ZDV XVHG WR VIQWKHVL]H DQ DOXPLQXP PHWK\
PHWDO PHWK\OHQH FOXVWHU DZ LW/ $W K+ +P R®H X ZDY R U
REWDLQHG B6XEVHTXHQW@DWRB GHBLW R FELRAVE@E W KH 7HE
UHDJHQW &&&0 $0O &+ 7KH LQGLYLGXDO UHDFWLRQV OHG WF
PHWK\ODOXPLQRPHWKEGBQH IR WKS® BHD RRROMHE HOWK 105
VSHFWURVFRSLF VWXGLHV UH Y H DFGDIKG WHKB IGQHWF R PVSPROVCLAOVHLR €
FRRUGLQDWHG VROYHQW DQG EULGJLQJ PHWK\OHQH XQLWYV
XQLW ZHHW VXFOO\ WUDQVIHUUHG WR NHWRQHV OLNH EHQ]RS

,QVSLUHG E\ WKH VXFFHVVIXO UHDFVEER@ RLWROSBMP Pt
PHWK\ODOXPLQRPHWK\OHQH JDOOLXP PHWK\OHQH ZDV IX!
SKHQROV DQLOLQHVQDDRGWRWRORBQRIO/ UHDFWLRQ 7KH FR
WKH JHQHUDO VW UX&W X&HD O—PIRM@. 1Z+"DK EULGJILQJ PHWK\OH
PHDQV RI LQFRPSOHMWBFSWRWRE®RHO WRVWKH LQFUHDVLQJ VV
SHQWDPHWDOOLF JDOOLXP PHWK\OHQH DU\OR[LGH FRPSOI
&+ 2&+ WX @ ZDV IRUPHG



7KH VXFFHVVIXO SURMWRQ@RDOGLW RH H[MWHQUH R WBDXGRMNV |
PHVRSRURXV VLOLFDWH VXSSRUW PDWH WD @ LOHDG WX WIKE
VXEVWUDWH IRU JUDIWLQJ UHDFWLRQV 7KH UHDFWLRQ RI .
6%$ ODUJH SRUHV D@BD0&ROWBHRUDMWHG LQ YDULRXV K\EUL
KLJK PHWDO FRQWHQW 7KH K\EULG PDWHULDOV REWDLQHC
DQG IRUPHG LQWDFW EULGJLQJ PHWK\OHQH XQLWV )XUWKFE
XVHG DV PHWIK\O WD MOV XVLQJ EHQ]JRSKHQRQH



=XVDPPHQIDVVXQJ

%HULFKWH *EHU +DXSWJUXSSHQPHWK\OHQ .RPSOH[H VLQG L
BWXGLHQ ZXUGH@GCRQY GS@WBRQ .DUO =LHJOHU LP -DKU V\Q
QDFK ZHLWHUHQ -DKUHQ JHODQJ HV ODUWLQ %RQDWK LP
OHWK\OHQH ]X VIQWKHWLVLHUHQ XQG FKDUDNWHULVLHUHQ

'HU )RNXV GLHVHU S$UEHLW OLHJW LQ GHU QHRMWKHVI
+DXSWJIJUXSSHQPBHMDELQFBHKWKHHIHYRZLH GHU 'BYWL@PONLVLHU
GHU 1HEHQJURSBWH@GEH@IDD OOV DXFK LQ GHWKASBGHEHR HUGHF
H[LVWLHUW EHUHLWY HLQH 9LHO]D KU \DWQHO\QXWKH ZHS WRIW R
OHWKVBIHQYDWH =XQIFKVW ZXUGH DQR®R@ JXHIU6 H@WR/HS\UHH YK
BHOWHQHU ORI DO BBF QD@ |XU 6\QWKHVH HQOBWK\GOXPL
OHWK\OHQV KHUDQJH]RJHQH P DV PR WOHEHRVY KB GHRMDK U G H U
6XPPHQIRUPHX3C &8+ &+ @ HUKDOWHQ ZHUGHQ 1DFKIROJF
GHP >8> @OV DXFK GHPDIHDFE &S &0 $0 @+ GLH 6 HALN
$O0HXIJHVHW]IW 'LH HLQJHOQHQ SN ER B 8 G IQKUKMHN G [XHIV F
OHWKHOWK\OHQ PLW GHU 6XRPHQ@RUPHGOGLHBWHLIHQGHUH
VSHNWURVNRSLVFKH 8QWHUVXFKXQJH Q& QHKIVIMWHHDY GIQH N=OHH
JUDJPHQWH PLW NRRUGLQLHUHWMEPR «FNHHPG MV HH WKQGH QH |
ZHLWHUI*KUHQGHQ 5HDNWLYLWIWVUHDNWLRQHQ NRQQWH ¢
*EHUWUDJHQ ZHUGHQ

,QVSLULHUW GXUFK GLH HUIROJUHLFKH 8%+ HaW Pl $H\WH *D
ZXUGH GLHVHVHBEHWQ I WKEW WLWXLHUWHQ 3KHQROHQ $QLC
SURWRQRO\WVH XPJHVHWIW 'LH HUKDOWHQHQ .RPSOH[H IR
>*D—&+ &+ —$U@ PLW YHUE+*FNHQGH QO DWWKK\I®RHMMH\ Y KHIEIW
SURWRQROUVWMKH® GHV | XQHKPHQGHQ VWHULVFKHQ $QVSUXF
[*QINHUQLHU *DOOLXPRPMHIWNKKHDHGDW\ORBHG 6XPPHQIRUPHC
&+ 2&+ WWX @



'LH HUIROJUHLFKH 3URW R® RM\E H5 GHH \K PHMDQ JU MR EKBNY 6 WX G
YHUVFKLHGHQHQ PHVRSRUWRBWHBELODONBYW I+KUWHQ XU $
>*D&+ @ KLHUIsU HLQ JHHLJQHWHY 6XEVWUDW GDUVWHOOV
PLW PHVRSRU|VHQ ODWHURBH BRUHS X QNSO BRUHQ HUJDE
YHUVFKLHGHQH +\EULGPDWHULDOLHQ PLW\KRKGPDNWHVUDO O
JHLJWHQ GLPHUH B6WUXNWXUHQ DQ GHU 2EHUIOIFKH X
OHWK\OHQHLQKHLWHQGLHLWHWLERDWWHIQDOLHQ KUIROJU
7UDQVIHUUHDJHQ]LHQ DP %HLVSLHO YRQ %HQ]JRSKHQRQ HL



SXEOLFDWLRQV

SXEOLFDWLRQV LQFRUSRUDWHG LQWR WKLV WKHVLYV

3DSHU , > &+$0 &® OHWK\ODOXPLQRPHWK\OHQH 0$%$0
* 6SLULGRSRYDRNU ) & UDPKRKOWHPHIBSQZDQGHU
&KHP (XU - H
"2, https://doi.org/10.1002/chem.202200823

3DSHU ,*DOOLXP OHWK\QORBNMHMNW WK
* 6SLULG RS ReEOFDMNWXD L BKVOVHP HY $QZDQGHU
2UJDQRPHWDOOLFV
"2, https://doi.org/10.1021/acs.organomet.2c00391

ODQXVFUIRPROHSWIFF DIDG *DOBDIWLQJ RQWR OHVRSRURXYV
DQG 6%$
* BSLULGRSRXGR$QZDQGHU

SXEOLFEWWRPLQRU FRQWULEXWLRQV

3DSHU &+ %RQG S$FWLYDWLRQ DQG ,VRSUHQH 3RO\PHU
3HQWDPHWK\OF\BABSRQWEGLHQ\O (DUBEBWBO
%LV THWUDPHWK\ODOXPLQDWH DQG 'LPHWK\O &RP ¢
& 2 +ROOIHOGHU OHHUPPHUPDQ@SLULGRSRXORYV
7|JUQUK RVDLPKVWPHU 5 $QZDQGHU
OROHFXOHYV
‘2, PROHFXOHV
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SBRVWHU SUHVHQWDWLRQV

3RVWHU*DOOLXP OHWK\OHQH LQ WKH 3RFNHW
* 6SLULGRSRXORYV\&P DIDLFXKDGG H U
$QZDQGHU3RIRNKISU 6HEVDRAQ 2H WHREMU

SRVWHU &4+ % RQGFAWNEYDWLROQ UBWWODWBIORFHQH $ON\ODOXPLQD\V
* 6SLULGRSRRQRWKO &0 ODNAHKWH $QZDQGHU
;7 7TDIJH GHU 6HOWHQUYOQ H bR/ HHODQHMSWHPEHU



3HUVRQDO &RQWULEXWLRQ

3DSHUY&+$0 &®@ OHWKVODOXPLQRPHWK\OHQH 0%$0

$00 UHDFWLRQV DQG DQDO\WHV GHVFULEHX® B8 UWH 8 OLIMFEQ K
RQGBILPHQVLRQBO+ 105 VSHFWURVBERS\ BHHGEWURGERS)\
H[SHULPHQWY ZHUH SHUIRUPHG ZLWK WEKMXWFSSSWWZRLWL G
DOVR GRIQH E\

(OHPHQWDQ HWHHD SHWHRUPHG E\ ;RDVDBQIYVLCRAMNLRQ ZHUH SH
‘U &ILOLD 0@ NVWVKROIK

S3DSHUDOOLXPPHWK\OHQH LQ WKH 3RFNHW

$00 UHDFWLRQV DQG DQDO\VHV GHVEWURBHID Z HLOHD © OLHY/QHA
RQGILPHQVLRQ&RO 105 VSHFWURVFRSLF5PHAWISRIGWUBRYERS
ODQXVRZULSWM. QJ ZDV POMROGRQH E\

(OHPMIO DQDO\WVHV ZHUH SHUIR U® BIGHE F URSDWERDIJZ BRI NR @
SHUIRUPH&IELOUD MDY V¥REH

ODQXVFWRBWOHSWEF PG *DIOHD IWLQJ RQWR OHVRSRURXV 6L
DQG 6%$

$00 UHDFWLRQV FUQGE HE 2 B UBH B CEORIGHGE W HG FENSARM VWA Q W K H \
RI 6%$ DQG 0&0 ZHUH SHUIRUPHG E\ 'U <XFDQJ /LDQJ

SK\VLVRUSWLRIPQ \RERHIDEOVSHFWURVFRSLF PHWKRGYV DQG '5
ZULWLQJ ZDV DOMRH&ERD BI$B\PPHDVXUHPHQWY ZHUH GRQH E\

(OHPHQWDO DQDO\VHV ZHUH SH 8 ERWHHBUEY WS 0iDQRPWA R BN 2
SHUIRUPHG E\ODL RRPUHORB U

3DSHU &% %RQG $FWLYDWLRQ DQG ,VRSUHQH 3RO\PHU
3HQWDPHWK\OF\BOXBSRQWHOUBBWIBO %LV 7HWUDPHWK\ODO
'LPHWK\O &RPSOH[HV

,Q WKLV SXEOLFDWLRQ WZR UHDFWLRQV ZHUH FRQGXFWHG



2ZEMHFWLYHKRVMWKLV

7KH PDLQ HPSKDVLV RI WKLV WKHVLV LV WR VWXG®» WKH U
FRPSOH[ WRZDUGQEMWHGUHFWGEKU FRPSRXQGVY OLNH DOFR
WKLRSKHQROV GRQRUV DQG WKH VIQWKHVLV RI RWKHU PDlI

&KDSWHUYKBY DQ KLVWRULFDO RYHUYLHZ RI WKH VIQWKHVL)
DQG PDLQ JURXS PHWDO PHWK\OHQHYV

&KDSWHRQWDLQV D VXPPDU\ RI WKH PDLQ UHVXOWYV RI WKL)

f $OXPLQRPHWK\OHQH
f SHDFWLYLW\ RINTTHIXOHL XP OHWK

,Q&KDSWHKIQ RXEOLVKHG UHVXOWY ZKLFK DUH QRW SDUW R
SUHVHQWHG 7KLV FRQWDL@W | @U WK D @W B EWY DWIWHRD SS DR
PHWK\OHQH

&EKDSWHW ¥ FRPSLODWLRQ RI SXEOLFDWLRQV






OHWDHW K\OHQF

&KHPLVWU\
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+LVWR2ZMHDODYRHAEHWDND GLGHQHYV

J)LUVW UHSRUWYV RI VIQWKHVL]HG FB&BHQKHYQ&GBDWH EDFN W
*5,%25-(:3 VIQWKHVL]HG WKH ILUVW SODWLQXP FDUEKIKH ZLW
VWUXFWXUDO HOXFLGDWLRQ RI WKLV FRPSRXQG KDV UHPD

(1(0$5.ZDV DEOH WR HOXFLGDWH WKH)HJXEW P RIOHF ¥@ DU /R
WKH ILQGLQJV IURP

JLIXUHLUVMDBWHQH> VBSHFLHV

ODQ\ \HDUV DIWHU WKLV XQUHERJQGUHSRVUMH® RQ GLKH RYGIV
EORFN PHWK\@E@HQHWMG/>0@&+ 6FKHPH 7TKH UHVXOWLC(
S\URSKRULF SRZGHUV DUH%SUHVXPDEO\ SRO\PHULF

A
|  2nLiCH; ——> [Li(CHy)I,
-Nn CH4 2
A
Il n[Mg(CHz),] — > [MgCHy];
-Nn CH4 3

6FKHPE\QWKHVLYV RI S\WUREKRDQEBE >/0@ &+

, QWHUHVWLQJO\ =LHJOWD/VWW BERUWN. RUH BHHWSHAV D WKH SDWF
LQGXVWULDO DSSOLFDWLRQV IRU H[DPSOH @\HKYHH UBIO RWD Y A

ODWHU DIWH W HYVWQ HDZHEG QHAV Hs Q6 IDJIGE:s| LRP WIONPERLF
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FRPSRX@E\NG ©678&.<V XFFHHGH® & UGUKHR O/WGDWH VWUXFWXUF
GHXWHUDWHG &R& SRRQ\GIDIMMH U WKH JURXQGEUHDNLQJ GLVI
FDUEHQHV E\ 1REHO2 9k}IEHT+Q @HUD Q& +b)(sUHSRUWHG RQ W
LVRODWLRQ DQG FKDUDFWHUL]DWLRQ Rl BAWHREBHQHCELIVHD
RI ~@

A 2 Hy
4 Al+ 3 CH,Cl, ———> ) —Alxl—C —

Cl

+ ClLAICH,AICI,
4

6FKHPHE\QWKHVLV RI PHWK\OHQH ELVY DOXPLQLXP GLFKORULGH

S8QIRUWXQDWBD VWU WXUHKPDIVFRR®SRHWG EHI$Q DEBOHRW R X VP LVQF
FRPSRXQWKH SUHVXPDEO\ LVRVWMUXENDANRD OZERKSEXNQBLOH
LQVWHDG RI FKORULQH ZDV (REW EEL QMG HE® MNFKMAKBHEFREELAR D O
PHWRRXKH LQWHUHVW LQ DQ DOXPLQXP PHWK\OHQH ZDV FR
S\URO\VLV PQGL&F &(*/(5 DOVR DWWHPSWHG WKH78%URO\VLV
EXW WKH LVRODWLRQ RI SXWDWLYH DOXP L&MX R X¥HW K\®HH® H
LQ VIQWKHVLILQJ) PHBRRHNRAXPHQWD UWLQILEADRW IR P Q

IROG H[FHVV RoIFK® RH®

300 h, rt. H;
Cp,TiCl, + 100 AlMe; - > _All—C —
-X CH4 CH3
n
6

6FKHPHE\QWKHVLYV RPOSWRHRMKNOBRYPILQLXP

W LV UHPDUNDEOH WKDW WKH SXW DMkYUHH D QRQHA P BIGLLIDKWV B
SXEOLVKHG DQ® HORFKLGDW+HG&.UHSRUWHG RQ WKH ILUVW \
KLJK R[LGDWLRQ VW DPWHDQ.IX)\ \\LKGLH/Q FADRKRIBSJRHHB\DEVWUD FW
SURGXFH &+0MD &+&0@ 6FKHPH DSPURDKEKVKLY GLVFRYHU
\HDUV DIWHU WD LIQR CHE EHORGR BEDW RHQWHRH DQG WKH VX
GHILQLW bR®@2RDWKHOLGHQH FKHPLVWU\ 5LFKDUG BIRKWRFEN |

WKWXSHULREGLQIJYV LQ PHWDW®HYVLYKUW DLFRQWL R QRARZHRRNH@D U
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DEVWUPFWIMVMRQFH EHHQ XVHG WR SUHSDUH PDQ\ GLIITHUHQ
EHQJ]\OLGHQH” FRPSWMKHY VoG RQ RMMHDELOL]IDWLRQ RI 7D
FRPSOHBYHWWHULFDOO\ PRUH GHPDQGLQJ OLJD®QGM @DOO\ F\F
\LHOGHG D SWDRWD®RXRRY@.GHBFKHPH DSSURDFK ,,

+ 2 LiCH,-t-Bu

H
o-H abstraction
I M(CH,-t-Bu);Cl, > (MescCHz)sM%
- CMey t-Bu
- 2 LiCl
M = Ta (7), Nb (8)
+ [Ph;C]BF,4
Il Cp,TaMes > [Cp,TaMe,]"BF 4
- Ph;CMe

+ Me3P=CH2 - PMe4+BF4_

Cp,Ta(CH;)(CHg)
9

6FKHPH. ITHUHQW VI\QWKHVLYV DGNM\OREHQHVY WR PHWDO

7KH PHWK\OL G HDMV FIRPRSAIDIKN H B FINQEBWE KHHGV D P H +\ 65D 1 1
DOVR VXFFHHGHG LQ VIQWKHVL]LQJ D GLQXFOHDU PDQJDQH
DQG PDUNHG DOVR D PLOHVWRQRHW®OW R HWIK VORGSR | F KVHLF

H>
+ CH,N, /C\ COo
2 (RCsH,)Mn(CO),THF > M —— o4 CO
-N v: .
(R = H, CHy) o THE oC %o ﬂ
10

6FKHPBE\QWKHWWVURIDOQfV EULGJLQJ PHWK\OH®H PDQJDQHVH FRPSOH]

2YHU WKH \HDUV WKH OLEUDU\ RI 6FKURFN PHWK\OHQH FR
WKLV W\SH RI FRPSOH[HV KDV VSUHDG RY+W AWWKH WUDQVLW
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78 &U OR :°* 5% DQG 'OQON\OLGHQH FRPSOH[HV IRU F
&+5 7L &+&0BOH@ 5 + “OH®¥SDUW IURRRGWIRHHQ DEVWUDFW
DQERO\DON\OV Rl HDUO\ WUDQVLWLRQ PHWDOV WKDW DUH
PHWDOV=WEPDQG®?EFDQ EH R[LGL]JHG WR DONWMDLGWQIRFRP SC
7TKA(%%UHDJHQW LV D Z64®XQ&HWW\8BEFOHWKHIGHQH ZLWK DSSOL
ODERUDWRU\ VFDOH DQG %Q6s/% KH:%4cH B QED QRGN & WK DW V
UHDFWLRQ Rl WLWDQRFHQHV ZLWK RUJDQRDOXPLQXP SUR
HWXHQH ZKHUHE\ ELPHOVPODWVHGE BEBPSOH[HV DUH WKH FDWDO
@ W ZDV QRW XQWLO WKH FKDUDFWHUL]DWLRQ RI VXFK
LQYHVWLIBWIRQQ R1OWKMDMZDV DEOH WR V\QW KHVYH W KD G
DUFKHWH»SW® DJHQM—8&+S —+&0 $0 & LQ WKH \HDU ZLW
VLPSOH DQG VWUDLJKWIRUZ® DX @ HDFRV IHR QX LR IT@#MW YV R 4
UHDJHQW FDQ DOVR EH V\QWK&V@]BQ ERPHDHVXRYRBABQW R
6FKHPH®

H>
. + 2 Al(CH3)3 ﬁ WCs,  Me 4 A|(CHj3),CI .
Cp2TiCly - T A, = Cp,Ti(CH3),
- AlCH),Cl S Yel” “me - CHs
- CH,

6FKHPHE\QWKHVLV SBRVKEZDA BAFPIHQW

7KH LQFUHGLEOH UDQJH RI DON\OLGHQH FRPSOH[HV LV Gl
WKHWUFDO FDOFXODWLRQV DQG PDWUL[ LVRODWLRQV VWX
WKHRULHV RQ WKH ERQGL®HWILOV R BIWIKRQHRIHW UFID@\QLRW. FEQ
EORFN PHWDOV RU LIQ RX® b B0 GNKKH PDRL WY H V. PHWK\OHC
DOVR H[SDQGHDBUWKORHER UFK ZDV VOLJKWO\ VXUSULVLQJ ¢
ERQGLQJ VLW XD VPIHRD R N VWWDD/@RVE QG RW EWHWK UPDHOW DHIMIKH G D\
PHWDOV FDQQRW VWDEL®IHHEDFP UERIOAWDRIL WQ&5KDYH SU
ERQGV %HFDXVH PRVW RI WKH ODQWKDQLGHD® R EIQN DG
PLVPDWFK HROHPKIQW PHWDO FHQWHU DQG WKH FDUERQ DW
UHVXOWLQJ ERQGLQJ Rl WKH PHWDO FHQW HU HADRH FWKWR R MAD
DQG VWHULFPIDFWRUYV
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'"HVSLWH WKH WKHR B&H\aolsE DUH SR OW XGDWYL RV O DW H V R
WKH ILUVW OXWHWLXP DQG YLDUELXPLO D@H\OHGHPHYI
>/L G@®>/Q RHOH &+6L0E GR GRQRUHDQWKPBHNMWDO 8QIRU\
DQ YD\ VWUXFWXUH7BRRBIRYARME NMUWFWXUH ZDV FRQILUPH
PHWKRGNOB®BQWDO2BHYBOWH WKH JUHDW HIIRUWV LW WR
&$9(// VXFFHGHG LQ WKH \HDU WR  HHDORWROINOND € WEHHIQ HH
ZLWK D GLREHWUXFWXUHSWRMKPW SRLQW LW VKRXOG EH QR
HODERUDWARH DLAONWULGHQHY ZLOO QRW EH GLVFXVVHG IXL

Ph Ph
o2 Ph—P.___P%Ph
Ph,P” " “PPh,  *+Sm(NCyz)s(thf) 7 20 \ N
NN 2 HNC T NN T
~ - o/ m .
SiMes” Me;Si & SiMe; 7\  MesSi
Nt
Cy Cy

6FKHPHE\QWKHVLYV RHDIWWKWOORUMHLGHQH FRPSOH]

%DVHG RQ WKLV GLVFRY HUWH DAKMKIOQMAIDW I8 VY HR K EDXHAG UV KJ
0DQ\ GLIIHUHQW PROHFXOHV FRQWDLOQLGW6PKRXOG G FE i HURH
WKDW LQ RXU JURXS VXFFHVVIX0OO\ VIQWKHVL]HG DQG V'
HDUWK PHWDO PHWK\V@QHRO FROSGH] Wa&@ /Q < /D E\

UHD FS\SV@DELOL]HG KHWHURELRMB/DOO OLF]>&S\/Q[$QQH /D ]

\ [ SUHFXUVRU ZLWK WKI B\VERQRRRW LW R VDR FEIFWKI
thf\L Cp
n
thf, toluene CI/"’/\CI
[Cp*Ln(AIMey)Cl,)], > | wCaly |
* /I—n‘ H2 I—n\C *
Ln=Y, La CPmyN 7y P
thf Cl thf
14

6FKHPBE\QWKHVLV SWWKZDW ROCAMFRIBAVK\OHQH FRPSRXQG
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7KH FKHPLVWUARKISPPHWDO DON\OLGHQHY KDV UHPDLQHG H
LQ WKH QXPEHUPRMW D/Q DEO/NL VDL R3IRE Q7td 8A/ X 'BXAHH WWR X O VA\QW K H
>%30&$0%@A) WEKHVWLRQ DURVH ZKHWKHU WKLV LV DOVR S|
HJ ,Q )XUWKHUPRUH LQ 78WNXFBHMEBGFIKQJWRXSVRO W K
UD\ FU\WWDO VWUXFWXUH GHWHUPLQDWLRQ RI DQ LVR
>&M&FQ&AO('$S @ 70('$ 111MIWHWUDPHWK\OHWKDQHGL
>80 %U,@RG0('$S @ YLD WKH UHDBF@GRQ;R| ,Q®&0 %U LQ D F
RI GLFKORURPHWKDGQH 70('$ WROXHQH

CH,ClI, \ / ol H, X \ /

toluene,

TMEDA \ V C\‘/
InCl3 + InX > ‘ \ + XInCl,

/\ CI CI/\

X = CI (15), Br (16)

6FKHPBE\QWKHVMNQE LXKIP PHWK\OLGHR®IGFRPSOH[HV

OROHFXOHV OLNB GFRPSHR ZBG O PNIARAQPPLSOKDY EHHQ GHPRQ
W KPR & 4@V PIHW K\OHQH W UD Q% RZH YWHOH UGS RUWY WKDW GHI
JURXS PHWDO FRPSRXQGV ZLWK EULGJLQJ([FHW KPOIQGNHQ K V/\
DOXPLQXP DON\OV D QGNHD ORWWKR K® DXQEBBEKL\DY KLKP GHG XQLG
FRPSRXG@GIWUHE\ RWKHU DON\ODOXPLQXP FRPSRXQGV DQG ¢
ZHUH VXJIBQWWE&HU IHZ \HDUV KDYH SDV V& ZIMEMHLWR
VIQWKHVL]H DQG GHWHUPLQH WKH FU\VWDO VBABZFW XUH RI
$0 5@ 5 &+ 6LOH YLD VDOW PHWDWKHVLY UHDFWLRQ
ELV WULPHWK\OVLDLERKRHWKVOL BIXDICEPRE@S FKHP H @

. H, .
F4LICH(SMey), (MesSHC 7 CH(SiMes),
ClLAICHAAICl, ——— > ﬁ' A'\
S (Me3Si),HC CH(SiMe3),
17

6FKHPHE\QWKHPHWRYOHQH ELV DOXPLQXP GLDON\O
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'XH WR WKH IDFLOH KDQG O L GROQEORE B/KHRLYVRIUYXEF® G &\
VIQWKHVLV Rl FRBERXWQRQDO PRIBHENOTANUBGILNH W KHVL]IHG
1 6LOH @ 1 &0o+&+ &+ ~G@)XUWKHUPRUH WKH PL[HG GH
WKH IRUPXOR 5 ®R0D&KD @ 5 &+ 6ZOW REWDLQHG E\ D VDOV
UHDPWLRQDQ DWWHPSW WR XVH OHVV GHPDQGLQJ OLJDC
FRPSRXQGV DQG XQLGHQWLILHE? ISIMVR @ RPW ¥ XDHDUH VRAEWKIFID
DOXPLQXP DQG D EULGJLQJ PHWK\OLGHQH/XQ@LW DNFLBGOIMR W
SUHVHQFH RI DQ DGGLWLRQHUMHEDWERGREBWYO0ZLWK VHYHUDC
PRWLIV ZHUH REWDLQEE> VBFK DM >71912DV H> @1 > @
&+&2 ~°QG ®&H+30H > @ DQG >/@BEDVE +> @&+ W
%X ~@H ~@QwX >@% &6LOH ~6& &WoX ~6@& &3K > @
DQG &33K ~>@RUHRYHU XVLQJ D PRUH G\HP DLH®LEH GO E R/KS
>/L EB@H;, @ ; DUWO  &L.3U IHDWWKHQUDPH VWUW®2FWXUDQ
'HVSLWH WKH VXFFHVVIBO DQIGH JOXDEH U HRMXODLY RURXS PH
UHPDLWHODWLYHO\ PRGHUDWH 7KH VBNVUXGE®X WD OWKKRIW LI S
EULGJLQJ PHWK\RRGHRUHXBQW LY WKH VWUXFWXUDOO\ FKI
PHWK\O 668 QBINOXFLGDWLRQ LQ SURYLGHG WKH ODUJHV
PDLQ JURXS PHWD®DLRFHW KW&HGHQWW FKDUDFWHWHKHBL&ERPRIC
\HDUV KDYHNEDW¥®HS+IURP RXU JURXS VIQWKHVL]HG DQG I.
KRPROHSWLF JDOOLX®&+P W K\ ®FIGHTHY WK X W L0 DDBAULLWVRKQ R
PHWDO FRPSOHDHMV&VY@ >/Q & /X FRPSOH[HV KDYH GHPRQVW!
UHDFWLYLWLHYV®%Q WHKHF BMOW* &H *DOH@ /Q < /X ZLWK D
HLJKWIROG H[FHDWW R& *TWORYLGHG DFFHVV WR D AHOORZ SU
LQGHQWLILHG DV WKH KRRWOHARWWK\FRWPISHD H[VR QDWHG LQV
LQVLIJKW LQWR W KRUP B WHPRIN. RO IRGHQ HV VAR IHAVIBW ER Q ORI\
JDOOLXP PHWHOHTGHO@HED I8P @IQ WKUFHV WKHWRRDHFXOH
PHPEHU H G*PO-&AW KK
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+ exc. GaMe;

Cp*,Ln({u-Me},GaMe, > Gag(CH2)12
-4 CH,
Ln=Y, Lu 35
6 GaMes + exc. GaMe; + th
-4 CH,
[Cp*2LNn3({u3-Me}sGag(k-Mey)e] Gag(CHz)o(thf)e
37 36

6FKHPHO\QWKHVLYV RIJBEEOR®ON K WILHQH
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5HDFWLYLW\QRN\OH. W B Q HV

1. Overview ofthe reactivity ofmetal alkylidenes

$IWHU WKH GLVFRYHU\ Rl WKH ILUVW FDUEHQH FRPSOH[HV
VWHDGLONLDOWMWH®LHY BHPRQVWUDWHG WKH FRQYHUVLRQ
DQG KLJKHU KRPRORJV RQ D KHWHU EHGHR RD ®RDH BGHQRIPY
DIWHUZDUGV ZLWK D KRPRJHQMH RX\H PIHVD Q@AMPLHF DIORFHOH/ P H
FUXFAQ@WKHVLY URXWH IRU GL IHNUHRUH XMW & LIMORIUIR QX F WV
DV LQ PRGHUQ RUJDQRPHWDOOLF FKHPLVWU\ 7KH IROORZ

UHDFWLYLWLHV RI, FEWDRQDO WR\UHEPPOMMRHAVRVY PHW DW K H
DQOULQJ RSHQLRQQYIDMHEWHMRIH V LV

R4
O:< R,
R, ML, R,
| \f > Ry N\ Ry + O=ML,
R4
R3
R1 R1 R1 R1
I ﬂ+ | = = +

6FKHPHSHDFWLYLWO RVORLIGBWRQE®IWD LQ FDUERQ\O ROHILQDWLRQ DQG PHWDW
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2. Carbonyl olefination

.| ZH ORIRNSDRRFIEFKHPH D FDUERQ\O ROHILQDWLRQ LV >
SURGXFH & & GRXEOH ERQGV IURP D FDUERQ\O JURXS $V D
LPSRUWDQFH LQ ODERUDWRU\ DQG LQGXVWQRZQ SHDFMM\R-
VXFK DV WKH :2V¥WEE H HPIHAWRL\ @ G DADINRHGEG D “RE R ZIHQYTHW L RVX H
RULJLQ JRHV EDFN WR WKH :LWWLJ UHDFWLRQ ,Q WKH O
DOGHK\GHY DQG NHWRQHV FDQ EH FRQY PHRHG M.MDWS K RALS\
DZDUGHG WKH 1REHO KAVDL]GILYBRY HUBRHE28 )XQVHG 7D DQG 1E
QHRSHQW\OLGHQ@H GRR SKHRIHWKDW YDULRXV FDUERQ\OV ZH
FDUER[\OLF DFU'G®GHULYDWLYHV

$ IHZ \HDUV ODWHU WKKHRZHBEHWYHDSBHQWDWLRQ LQ WKH P
DQG DOGHK\GHVY PRUHRYHU WKH IRUPDWLRQ RI 7THEEHTV L
WKH YHDYXUWKHUPRUN SWKIHHD FRMLW KH 7HEEHSJ3IDJH@W 6FK

FRXOG DOVR FRQYHUW FDUER[\OLWVXEMWLG/EKKWH® \W DHH L/
WR WKH 3HWRBELVE&UBFIHQW

& .c
\T”\\C//,,' Me 4 Lewis base

Ti Al » ,Ti—=CH,
@\le ‘Me - AlCH3):Cl @
11 38

6FKHPHE\QWKHVLYV RI 7THEEHTV UHDJHQW DFWLYH VSHFLHV

$V M:,6 EDVH RULJLQDOO\ SLPHAI\D DP\L RRIS\ULGLQH '0$3 KI
DV /D:,6 EDVH &RPF®RKOG QRW EH LVRODWHG DQG VWUXFV
SKRVSKLQH FRTLEHDMHEY >E@R B0HIKOQG PR&+3 (W KDYH EHHOQ
VIQWKHAPEFBE® QG ZRRINHU VKRZHG WKDWFR{EEHIW VUADUERQ
FRPSRXQGV DQG FDUER[\OLF DFLG GHULYDWLYHY LQWR WH
@DEOH FRPSLOHV PHWK\OHQ DHGL R QJDD FWLXFEYW D Q & K\ V|
DOGHK\GHVY HVWHUV ODFWRQHY WKMLGHEEBQGHDBHGMV 7
VLIJQLILFDQWO\ KLJKHU WKDQ LQ WKH :LWWLJ UHDFWLRQ

GHPRQVWUDWHY WKH BBYHD@QWDJH RI 7THEEHYTV U
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7TDEORYHUYLPAVWVK\OHQDWLRQ UHDFWLRQV RI 7THEEHTV UHDJHQW

(QWU\ &DUERQ\( <LHGGHOG 5HI
cLWWLJ UL
O

tBu > @

O
Ph)J\Ph - @

O
R/U\H > @

O
Ph\OJ\Ph > @
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O

JRWKH PHWK\OHQDWLRQ RI NHWRQHV WKH XMAIK/® *DSSOLF
UHDFWLRQ EHFRPHY SDUWLFXODUO\ QRWLFHDEOH 6WHULFI
HQWULHV DQG 3 O H D V RAGHOMH] \BVAKSOH VD ERW | XWRVPKSHL O 1)
DUWLF®HS$SELY UHFRPPH@QGHBPSDULVRQ WKHUH DUH RQO\
PHWK\OHQDWLRQ7BE®HO GHR@®MYLQJ WKH PHWK\OHQDWLRQ
GHULYDWLYHV IRU H[DPSOH HVWHUYV WSGE \CIKRWRM W O TI5HC
ZKHUHE\ UHEDIGIEW XVHG VXFFHVVIXOO\ 6LPLODU UHDFWLR
ZLWK DPLGHV DQG LPLGHV 7DEOH HQWULHYV 7(%\G "H
UHDJHQW VHYHUDO DQDORIVHY \DHFEFNEDE®RE QP BVKIHAY LDAPH DTQ |
KDYH EHHQ LQYHVWLJDWHG IRU RERPISRRR/ERQ+UH@BWLRQV
; KDOLGHY UHDGLO\” RDOIGQWWH RUHVDRERMM WDQL
X S7TL ; &8J; 0J;@ ; KDOLGHVY FRQYHUW EHQ]RSKH
GLSKHQ\OH®KM@WHWKH \HDUV RWKHU UHDIH QWG R HHP\H U
VXFK DV WKH 3HWDVL&+ UHDIRQWWRIS 7DNHGD ROHILQDW
X S7L3 2(W@ LQ WKH DUHBDR/FHERSRXDLE®M Q\ RWKHU WUDQV
PHWDO DON\OLGH@ RHMRKBN KK EHIKQ@ LQ FDUERQ\O ROHILQDWL
FRPSRXREWBOH[HV FREWQLRORDIQWS QXRECYRO\EGHEXP
DQG WXQJYDMWHONQRZQ WR EH DFWRLW HR@ W D @EFEOXPROLIHP Q
QHRSHQW\OLGHQBMQBRPEPAH)PVR EHHQ VKRZQ WR EH YHU\ °
ROHILQDWLRQ UHDFWLRQV )XUWKHUPRUH 6&Wsk & WH SIHRP SO |
DON\OPEHQWKH IROORZLQJ RYHUYLHZ 6FKHPH DOO UHE
f& LQ GLHWK\O HWKHU SHQWDQH RU KH[DQH ,W VKRXOG
IRU REWDHEQW\D VXEVWLWXWHG ROHILQWREKILGXHLW R H/QKIH
LQFUHDVHG VWHAKHH GHPDRGY VKRZQ LQ 6FKHPH DUH DOV
FRPSOHXH WR WKH UHODWLYHO\ VPDOO QXPEHU RI PDLQ
FDUERQ\O ROHILQDWLRQ DUH DOVR VFDUFH S5HDIPWK RQ RI
IOXRUHQHFRRR AW \DR RQY KV BOH@RH HQ H
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EtO
90 %
cis:trans=1:1

35 % 65 %

77 % 80 %

> 95%, one isomer

6FKHPHLITHUHQW FDUERQROSRXMGEYQODMOQRQVEPRWDOXP QHRSHQW\OLGHQH
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3. Olefin Metathesis

SUHYLRXVO\ SPR\NQM BRIQHMM.HVRIHQHRXYV DQG KRPRJHQHRXV F
LQVIORQHWR D JUHDW LQGXVWULDO XVH DV ZHOO DKWWHWR D 2
UHDFWLRQ SDWKZD\V DUH JRYHUQHG E\ WKH PHWDRD ®®N\O
EHWZHHQ GLIIHUHQW PHWDWKH,V]LY UWDIPWDRRQR FEFHKMP WV K D
DUH UHODWLYHO\ WKHUPR QH 2\WWUBVX HHUT XR G IDEOYFDOIRDRIKMR W LZ
PDGH RQ WKA\VQWRERHOHPWXUHDWH @REHEWHYUXRER YA@D UL I\

WKH SRVVLEOH UHDFWIYRQ VRKHES® BAVW PVKH ILUVW ZKR SUHC
PHFKDQLVP FRUUHFWO\ E\ SRVWXODWLQJ D PHWDO DON\OL
+HUH WKH DONO® h @HRMY XMW W KQHW HRF'W UYW KFFH \HD UV : OR !
5X FRPSRXQGYV KDYH HPHUJHG DV SDUWLFXODUO\ H[FHOOHC

R H
/:/ H2C:|\/| Hzc:<
A VRV
M M
| | | | M =W, Mo, Re, Ru

Ry R4

R4
2 —
CH,=H,C
)k I_l)J\R1

Ry H
6FKHPH6LPSOLILHG UHDFWLRQ PHFKWD QKDFYWIRFRUGLQJ WR

6e+52&. VXFFHVVIXOO\ VIQWKHVL]HG DQG EKIMIDFWANUL]HG
%X &%+ &DH @ 1$U > 288)0@ : DQG OR>&W

%X &&+ &DH @ 1$U >280@ LQWHUPHGLDWHYV LQ FRQILU
RI WKH PHPKDRWMP @XUWKHU RSWLPLIDWWRQZRIUW KH & DMHIG
*580% %P QB&+52&. 7TKH PRVW IDPRXV FDWDO\SWRURBWAR GRPSO|
5XFRPSOH{UXEEDMWE®ZLWK/®LQFW UHDFWLYLW\ )LJXUH
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\ _Ar " _Ar
rov rov Mo
RO RO
(@) @)

Ar = 2,6-(iPr),CgH; Ar = 2 6-(iPr),CgH3
OR = OCMe,(CF3) OR = OCMe,(CF3)
43 44

Ar
7~
N PCy;
A
; > RuU —
RCI)?‘O‘ C/CMezPh 'IU~ C'Ph
| Cl PCys
Ar = 2,6-(iPr)2C6H3
R = t-Bu
45 46

JLIXUBFKURHNVDOODF\FORGEWDBDRKIWR FNQGBGXEEV PHWD G DVWMNOOVYWHQH

W WXUQHG RXW WKDW WKH PRUH HOHFWURQ ZLWKGKHZLQ.
PRUH UHDFWLYH LV WKH FDWDO\VW LQ WKH PHWDWKHVLV R
WKDW WKH WROHUDQFH RI FHUWD L Q% DUHFRR RIMULO/ B Q RISV KL
*UXEEV FDWIHOANBOKIGIKHU WRXEBWQRB DRI2JIRXBV
+RZHYHU FRPSRQMB®HFWLY HQIFRR@H R/DVHALLE D QRO DGWK HV L V
UHDFWLRQV RIWHQ RFFXU RQ KHWHURJHQHRXY F®WDO\V
8QIRUWX QDKM DUH QR UWBRS VPV VRD OP\DNARNALOQJG BEW LY LW
PHWDWKHVLY UHDFWLRQV
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4, Cross Metathesis

&URVV PHWRWKUHY 2B BIR RBEKHOO +LIJKHU 20HILW KM ENVXV I8¢
RQ D ODUJH LQGXVWULDO VFDOH WR REWDAUR R\OFD IMD\O RW IGH
ROLJRPHUL]DWLRQ LVRPHULYDAHLRQY D\WQ G| W WRDWY R MMLKA AU
SURGXKW&URIRUP\ODWLRQ DQIRWHBE WR JHOIRKIRROQY ZLWK FKD
& & O9DULRXV WUDQVLWLRQ PHWDO FRFHSSOMHWN QDD XY/ H (
PHWDWKHVLV BRVWDG ¥MYVHBUFRP SR YGY SURFEVNWLRQ PF
DON\OUDGHQUHP HG ZKLFK DFOMD OPW DEFKHEPHNV LV LPSRUWDQ!
HPSKDVL]H WKDW WKLV SURFHVV LV D KHWHURJHQHRXV ED
RQWR WKH WROLG FDWDO\V

|| .- /
—Mo CR; > —Mo=CR,
4| {|
R =H, alkyl active cat.

6FKHPH3IRVVLEOH IRRFPO\WGRIQXR DON\OLGHRUDAWURVF W IPFHIWBIMWKBIOLWWUHD |
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5. Ring openingand ring closing metathesis (ROM / RCM)

$ QRZ LQGLVSHQVDEOH WRRONK® RUJW®HN LAK RP LA/WQU\ G RIU
SURGXFWV LV 5&0 DQG WK H HEDMFEHNE %O LR Y HY20LIDWH G
PRO\EGHQXP FDWWEQRVW FKDQJH RI WKH DONR[\ WR D 10X]
>0R 1$U &+BHOH2&0B) @ WR EH D YHUVDWLOH UHDJHQW WF
EHDULQJ DGGLWLRQDO IXQFW L RXDM I WROFKV DIYQIEW K HIDHEQ KD J
EXWHQHSURG BEFWNPH ©CHVSLWH WHOVKRUKYDR®G OR FDWDO\V
WKH\ SURYHG WR EH XVHIXO LQ RUJDQLF VAQWKREWLRXSR SH L
ZDMYHQ DEOH WR VXFFHVVRUOW®K B S5 QDN HRIPG GBHIRG XFW 10
% YLD ULQJPHWRDMRHYXVYQJ WKH PRO\EGHWQKIP GDRHT\ VW
*58% %l [DPLR¥XGDWDIKVMKYDUH PRUH VWDEOH WRZIDUWAS DLU D
EDVHG V\WWHPV [DSED LFOPHRUEGQLF P)QWWHKWINP RUH W
PHFKDQLVP RI PHWDWKHVHV UHDFWLRQV JRHV EDFN WR <
IRUPLQJ WKH PHWDOODF\FORFEKXWHQ® LV D NH\ VWHS VHH

@)
O
\ Ph - 2 butene Ph
Me \
Me 92 %

0] O Ph
Me\[( Ph - C,H, /O/
—~
N
Me
92 %
6FKHPH5&0 UHDFWLRQV RI FDWDO\VW

8QIRUWXQDWHO\ WKHUH DUH QR UHSRUWYV RI PDLQ JURXS
520 UHDFWLRQV






6XPPDRI WKH ODLQ
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OHWK\ODOXPLQRPHWK\OHQH

(DUOLHU H[SHULBKOQOWN EDUHDGD & NBRANIDMK OMBGBDMH O\ WR
IRUP2VRRINQRWKHDUVY WR GHWHWPR\GH WW HXVFR\OUEH @1 KRPR(
E\678&.<>@)XUWKHU VXFFHWP8HVIRAD PMK HU HO H P HDHAD HUDXP L Q X
FRPSRXQBL&+@X®&+ $0>&+ 6L@H ZLWK D EULGJLQJ PHWK\OHQ
GHWRLYGHHFLHZ VHHEKDY S WW WK HO HV V6, W KB QIGhS RFUANIVY R
IXUWKMUG HRIFM R X S PHWK\OHQH VSHVDIQ\GZL%K UHRIPR/DL-
XS /X$00H® $ ZLWK WULPHWKVOBDOXWPKDXWHWLXP FRPSR)
>&S/X$0 &+ &+ @ FDQ EH REWWDH D FGNDIWRE IIDWXULQJ
DPL[HFGHWK\ODOXPLQRPEWKEGHQ@H FRWH 6FKMPHHU UHDFWLF
SDWBIKQ IRIDWXHD\ WKH VFDGHGLSS WHDNF VWIHD@® BR B PHDM Q XO®LRQ
WKH UHDFWLRQ RI JDOTOSXPIIRH D KAORHLQOD I LWWASULX IFRAUYHUH H7
EHWZHHQ WKH VW UXFWR B BMQW DV K B @\ @&KSBI XK@ IHNWWH. X® DFHREX S
E\ DHOOBIURXNR DIIRU&G+>8> @$ 6FKHPHERWWRWP DQ
DOWHUQDWLYH DSSURDFK WKH SWHYFZRXVON LFOWVAHL BVQ LD KVHHG
SUHFLVHO\ WKH 7UKR®FANIMWRIQ HHFEHYS8 70$G$DIY EREHRHX QW K H
7HEEH UHDJHQW IIHMD\W XV KP H@GVBMBER H G L DWW RVGK LW KURIUHDFW
X S7L—&+ —&0 $0 &FLWK 70$ ZzZDV DOVR FDUULHG KRXRGRBEW \L
6FKHPHPLGGOH SDUW

4 AlMe, R
500 h, 130 °C | Me
Cp*oLu(AlMe,) cH R— M—CH\z n _CH; \AI
o4 s /CH
A H\zcﬁ;\"c'*z"/i'\ e
Cp,TiCly /I\/Ie CH» CH ‘Me
300 h, rt Me-Al \/ \/CH2
-CH,4 H2C \ /A| Me
“NA)— CH \/
_'Al 2 M—R
Me™ | H,C
CeHe Me \
rt, 3 hn R

Gag(CH2)12 +24 AIMe3
A3

A2 (M =Lu,R= C5Me5)
A4 (M = Al, R = CHs)

6FKHPH\QWKHVLYV ZDW kZDOVPRLRKN K\® HQH



JLIXUKRU\VWDO VWHRERXQE@NIWS$ DO KW

,Q DFFRUG ZLWK WKH GLIITHUHQFHV LQ WKH L R&ELFVWD®LAHR I
LQ FRPSIRXOQWB FRQVLGHUDEO\ VKRUWHU WKDQ ¥WKRVH RI W
&+ *D &+ @ ZKLFK zZDV LVRODWHG DV LQWHWBRH@EDWH LQ \
7KH VRODGH VWU PR XUHWH BEDRHIEGG L Q J  \ZIKW MVBXWM LIRADCDUMR P V
HLWKHU FRRUGLPBWK\® EQ HR YWZR PHWK\OHQH DQG WZR PHYV
JURXS DQG WKUHH )RHWKRE H @BHDOXIQ LGALYW W D Q F R P SRRIBRBW K
DQ$s DUH FRPSDUDEOH WR WKH VWDUW L QU HADIFEHHKBODDIOR DO R | 7
DWQXFOHRSKLOLE XONVOHEMQHE YDULRXV FOORKRQHIDR Q@H N
EHQJRSKHQRQH DQG DFHWRQH DW DPELHQW WHPWRUDWXUFL
PHWK\IDHK@RHU HQHSKHQ\OHWK\OHQH DQG LVREXWHQH UHVSHI
DON\ODWHG SURGXFW ZDM B R/\SBOIEMHLFI HSX WD WIKYHH P HW K\ C
0$2 DV D FREBRBKREW

O
thf, rt
[l (H3-CH;)(CHa)1o] + 12 )k =T,
A4 R R

R R

6FKHPHHDFWBROLWKOXRUHBRQMIRSKHQRQH DQG DFHWRQH
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,Q VXPPDU\ WKEHRWKURPWXBHEFRRBIWEHHHOHOXFLGDWHG DIW
GLVFRY&GHUPRUH WKDQ \HDUV DJR 7KLV SPRIYQ GHWR OSGHHBI
DON\OLGHQH FKHPLVWU\ DQG PLJKW FRQWULEXWH WR D EH
FDWDO\VLV



SHDFWLY LW LXIP*OHWK\OHQH

7UDQVRMMWRQ FRPSOH[HV DUH ZLGHO\>XV H €&+R DHFEIHWKREQ HO/ R C
RQ WKGW KHWHDBWREYRIL Q JURXS P HADD®F D O&#0 LHOW QOHD
UHSRUWHG RQ WKH VHPDQDBOREWDRRYAOH DRU KBIQ LXP PHWK\
DIERQG PHWDWKHVLY DQG DONDKBQRPHQEBWLRN) 5 FRW KE
H[FHVV WULP R ®HK\IO JDEDOWDO\WLF VIQWKRVL@D | IRQY KHGK>*D
\L HO QVKLWF WIKRQIRFWKHWRREWELRZMIGY GLIIHUHQWO\ VXEV
DV ZHOO DV WKH FRUUHVSRQGLQJ DQLOLQHYV

,QLWLDOO\ VWRLFKLRBP ZMWUWADFU UHDEWDRWDVZIRWK  HTXLYDC
WULPHWK\O S KH@PRIOV RS KW Q RPH W K\ O W K MRELKPIBIGRKD QEH

GLPHWK\QDQ&BPWQBPELHQW WHPSHUDVSXS R WK KHHM® IFB P
FRPSRVADLRO &+ —;$U@; 2 6 +BFKHPH

Gag(CHy)12 A3

8 HXAr 8 HoNAr
thf, rt, 20 min thf, 60 °C, 3 h
R2 R2 R2 R2
1 R1 1 R
R ey RY Ch,
O\\\\\\\\\ \\\\\\\\\ o O HN e l llllll ity NH 1
R / R R ‘ R
‘ H,C H2 ' H,C H
5 Hs;CGar ..u‘uC miGaCH4 ) H3C"Ga ....... it ||C e Ga-'CH3
1 R!
R1 Qi GgrmmmnnQ R 1 Nmm a "“”HN
AN
CH; R1
R1 R1
R2
R? 1 R2 =
A5 (X =0, R", R? = Me) A8 (R', R = Me)
A6 (X = O, R" = Me, R? = H) A9 (R1 Me, R? = H)

A7 (X =S, R" R?2=Me)

6FKHPHO\QWKRHVERPS®HI HBY\HDULQJ EULGJLQJ DU\OR[\ DWOIDRAGWR DQG Wik
3DSHU
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JLIXUBU\WVWDO VW UXHWXSUBIQEI KW ,,3DSHU

, QWHUHVWLQJO\ WKH UHDFWLRQ ZLWK GLIIHUHQW PRODU L
VDPH SURGCRZHNMHESEEDGLYDXLYDMOHQWRGXFWY FRXOG EH REW

KLIJK \LHOG RI DSSUR[LBBWHOLQJHHO DXy WNVHWKFDOO\ PR
GHPDQGIKRHQRO +¥M2X \LHKDGGD SHQWDJDOOLXPDFRPSOH]

&+ 2&+ WX WK ZLWK EULGJIJLQJ PHWKUMHHQH XQLWYV

, £ .C2* Ga2' V) o3' \
Ga2 -
03 (:‘901
\ Ga2'%£1) Cct

JLIXUBU\WWDO VWUIBBHXWH RI
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JLIXUBU\WVWDO VW UXHWXSUBIQREI KW ,,3DSHU

,Q D VLPLODVWKH BKIRRBQ ROWKLG LRIHUHQW O\ V X EQVAERN X W H
WHWUDQXFOHDU JD O OsLPKPH P FTLKGH URRIPRS/OIH B W LPHV RI WKH S
DQLOLQHV DUH VLJQLILFDQW OW KIGFHIDHRIDM G XAHR R/ERDAMHEEG \U R 2
DFLGULMH %ROUGWDEOMMWMRUHRYHU WKH \LMOBGDUH$RUIRU

UHVSHFMWQGE HDOMH DOVR ORZHU FRPSDUHG WR WKH JDOOLXP
LVRVWUXFWXUDO PRWLIV G+I1B%NGHRW DD H7K YRUGIEXWRIQMD BY
EDUULHURWHKINMIEEWR QG LQ FRPIEXFBLFK LV LQGLFDWHG E\ \
RI WRKGH VLIJQDOV VHHWLUKRXOG EH QRWHG WKDWOWKH VLJIQ
JURXSV DUH YHU\ VLPLODU WR VLPLODU JDOOLXP FRPSRXQ
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JLIXUH 105 VSHFWUXP R$ FRIPSHRX QG

,Q VXPPDU\ , 3ARSHHUV WKH VWXG\ RQ WKH SURWRQDWLRC
*D &+ @ XVLQJ GLIIHUHQW SKHQROV DQG DQLOLQHV ZKL

FKHPLVWU\ RI QHZ WHWUDQRRGHDU\OD®DGXPFRBBSRX[QGY Z
PHWK\OLGHQH XQLWYV



+RZHYHU P DRIQWIDGR DOSFRFCELABHBMUD UH DQG QRW \HW ZHOO V
HIWHQG WKH UHDFWLDL&A RI$ KRZMHRDHOSMWLRQWHUHVWHG LQ
RUJDQRPHWDOOLF FKHPLR@ D\SRHU W KIHWV RBRERXY W QGLED 6
3V P DSOROUMHVR SR WRROLFD 0&0OHH 6 FKHPHKHUHIRUH WKH VLOLF
0&0 DQG 6%$ZHUH WUHDWHG ZLWK H[FHVV Rl WKH RUJDC
PHWK\® HIMMG WULPHVSK\DQDWRILXRQHUDWH WKK*KSEULG PD\
$GGLWLRQRDW\DOVRRIUMERWHGLQ GFRRR UG L QD W IQEH \DRGHY H Q W
LQVWHDG RI WKI DV D VWDQGDUG 1RWHZRUWK\ WRRKWXSHL
D VPDOO DPRXQUW RUW KM SVWKIHE X/ DP H $NVE PW K \W\KK-HH US-DDURHAQLVR @
ZDV PRQLWRUHG E\ 105 VSHFWURVFRS\ LQGLFDWLQJ WKDW

SBA-15509, MCM-4154,

thf, rt, 18 h Gag(CH,)1,@SBA-155,, AH1
Gag(CHy)42 >

A3 Gag(CHy)12@MCM-4155 AH2

SBA-15549, MCM-41540

thf, rt, 18 h Ga(CH SBA-1559, AH3
B(CHa). _ (CH3);@ 500
A10 Ga(CH3)3@MCM-41509 A
SBA-15500
n-hexane, rt, 18 h
Ga(CH3); > (Ga(CH3);@SBA-1550y AH®
A10

6FKHPHUDIWLQJ H[SHULP HQ WEFR IRQUEPEFK ID\QRAU 0 &0

TKHVWAXARGLFDWHG WKDW WKHUPRHRLKYXOM EH X Q MWVDWV VR (3 D/OKOH. >
JUDIWEE@GJ WRUIRPHMEK\OHQDWLRRKHDFWQBRQWLYV RI WKH K
PDWHULDOV UHYHDOHG D FRP2®& HWR XERA WKKPEHEWSL EQ (RG WIKR
SDUHQW PDWHULDOGGAVIDEIBEDDGPRVW FRPSOHWI3B06 )LJIXU
PHDVXUHPHQWY DQ& HUHHHMHIDOQWBGOD DKLD& \FHWDO FRRWHQW 2z
JUDIWIPRHWDOOLF VXUIDFH VSHFUSWLRIQHP@IDW X B P @ GW W VK
GHFUHDVH RI WKH SRUH GLDPHWHUV DREVYR® PPMWHULWR YV (
WR QP IRU 0&0
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Kubelka-Munk

4,000 3.500 3.000 2,500 2,000 1.500
Wavenumbers [cm™)

YJLIXUH5,)7 VSHF@DDHRIW PDW H E DD 6%\ E U L G$P DRUHU@BDHOWH B Q G
$* EODBNQXVFULSW

7R GHPRQVWUDWH @& RHW)OWA/IBHEAFRHFRODU FRPSOH[ ZDV V\QV
XVLQJ WAKHEDIWVR[NY VLOR[\ OLJDQ%* DRKH @ HDOLPMIR RIQOERN@
DIIRUEBBBHPGHHW DOOLF JD CGODIOXR &R SRIZEGEKROY SUHYLRXVO\ LVR

IURP WKH UHDFNELQRE?2 R VIb X@ @7 KLV 2*DRXAHP EHUIHED LV
FRPPRQUUXFWXUDO PRWLI

7KH ODVWZDYZHWWIKRIQY PHWK\OLGHQH)RQ LWR/L B USK VSRV SUK
PDWHBLI3OVZHUH XVHG DQG UHDFWHGQZRWE&HEH QR SKHRA
FRUUHVSR GGBRIWKOOYHDHRXS WUDQVIWULVHQRWHRRUWK\ W
FRQYHUVIPRYLEHEOH E\ KHDWWOQDPNRGLER&YSHFWURYFRS\

FRPSDULVRQ WKH PROHFX@HM G DO ORX PV KRIP SREPPIEHLIIVQAWR Q [
WHPSHDRW XUHWR K DMSKHQO HADF@HHIMUHO\ UHEBRYLIDIE OH
WKDW WKH K\BUDR GEP BEDVHW LDAM FW PHWK\OLGBRMHRELWYV RQ



benzophenone
Gag(CH,)1,@SBA-155,, AH1 thf, 80 °C, 16 h

> 1,1-diphenylethylene
Gag(CHz)12@MCM-41509 A"

6FKHPHSHDFWLYLW\ RI KMWYEDQE WRIBUGDEHQ]RSKHQRQH
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SHDFWIERQ ®RUXP OHWRYDREGH& 2

1.2 Introduction

$V VKRZQ EHIRUHR ISIDRO/R @ R CPYIWEK O @6 HALWW K GLITHUHQW SK
DQG DQLOLQH YV WEDHOUEH 6 VOEVAIIPMP HX P FRPSOH[HV ZLWK EULC
PHWK\OLGHQH XQLWV 7KHUHIRUH LW ZRY RIBEQE@HUHVW W]
WRZDUG &2

1.3 Results and Discussion

7KHUHD FRMLRIQOOLXP PHWRADHEHUIRWPKH G LQ D - <RXQJ 105 )
ZKHUH WKH DUJRQ DWPRVSKHUMWPD V$ URHRSRFGIIGY B\GEPH FL S
LPPHGLBWKIORH Q WK BO5VSHFWD YRROEMBW SSPZKLFK FDQ
EH DVVLIGHBKWRRORUOHVYV SUHFLSLWDWH LV VWDEOH LQ
7KH UHDFWLRQ RI WKH SUBF¥FHSDWHDWLHF ZLALIG . &6AVWDOOL]D
HOXFLGDWLRQ QRAHWWH &S URG X F\®) X D W KDBRBMWUWRK G ¥ HALMWVX Y D
GRQRUV WHWUDK\S\WR S\WHURZ®D QG SULPD U3 UXG¥REBQROV
(WoL2+13U6L2+ DRK6L2+DQG GLITHUHQWLW QLOLDQRHAVRPHWK\OL
ZHUH FDUULHG RXWV SBFR LLWXQDWKHFWPQRWERXOG EH RE

1) xs CO,
2) thf-dg rt
Gag(CH»)12 - ( Ga(OAc)3>
A3 - C2H4 C1
1) KHSO,4
2)rt
<Ga(OAc)3> - HOAc + unidentified
c1 c2 co-products

6FKHPHARQYHUVLRQ RI JD® UXWPKP&AWK\OHQH



1.3Experimental Section

General Procedures. All manipulations were performed under an inert atmosphere (Ar) using a
glovebox (MBraun 200B; <0.1 ppm Oz, <0.1 ppm H20), or according to standard Schlenk techniques in
oven-dried glassware. The solvents were purified with Grubbs type columns (MBraun SPS, solvent
purification system) and stored in a glovebox. Gas(CH2)12 was synthesized according to literature
procedures.® THF-ds was purchased from Euriso-top and pre-dried over NaK alloy and filtered prior to
use. Additionally, THF-ds was recondensed. NMR spectra were recorded at 26 °C with a Bruker
AVII+400 (*H: 400.13 MHz, 3C, 100.61 MHz) using J. Young valve NMR tubes. *H NMR resonances
are referenced to solvent residual signals and reported in parts per million (ppm) relative to
tetramethylsilane. Analyses of NMR spectra were performed with Bruker TopSpin 3.6.0. CO: reactions
were performed at a Schlenk line with a CO:2 lecture bottle (Westfalen). The pressure was setto 1 bar

by a regulator.

Reaction of Ga s(CHz)12 with CO2 : In a J. Young NMR valve tube, a solution of Gas(CH2)12 (23 mg,
0.032 mmol) in thf-ds was treated with CO2 (1 atm) at room temperature (J. Young NMR valve tube was
evacuated before). After 5 min a colorless precipitate is forming. *H NMR (thf-ds, 400.13 MHz, 26 °C): /
=5.35(s, 4 H, C2Ha4), 0.19 (s, 24 H, Ga #CH?2), 0.12 (d, 2Jun = 9.1 Hz, 6 H, Ga #CH2), #©.10(s,6 H, Ga +
CH2), .49 (d, 2Jun = 8.8 Hz, 6 H, Ga #CH>). The yield and subsequent analytics could not be

determined more precisely
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SOWHUQDWLYH DSOURD BK WKR\OHQH

2.1 Introduction

'KLOH WKH FKHPLVWU\ DQG HVSHRLD@3 WBRWY EHGH®GEHVLV
LQYHVWLIDWHG ZL&XK/ XWHH ®WHF XRVREAKKHW®R®KHUH LV DQRW
SRVVLELOLW\ WR VIQWKHVL]H WKH KRPRCHZB®I 5 UBBXOWUXR UF
DH6L &+ @ @DV VIQWKHVL]HG WR DWW HEPSA PDIUKPLODU |
DLPLQUHBW &' /X*DOH@ QIGNV UHDPWLERQ@ H[FHWVY RI *DOH

2.2 Results and Discussion

JRU WKH VI\QWKHVLV RI JDOOLXPS PXH\B B HEH\QBFWWAHKGH 73 WHKF XDU
HIFHVV Rl WULPHW&HMDWIO L&P R D SDOH \HOORXKISQH FLSL)
VWXG\LQJ WK H HMIEX\PL P H WHORIRQQG-H WHHG HIDWKINV D DUHUHF X UV
FRXOG EH PRGLILHG L®DRHG $ W R GHIG MG & DH) RI§H
OLJDOHBL &S+ @VKDW LWDWDHEDG\DKHE OHP BQW FR Ul PLR/RAHU \
WLPH @ KH VIQWKHVLY URXWH LV GHSLFWHG LQ 6FKHPH

JROORZLQJ WKH VI\QWKHARDRUBRNWH MURZWDGV FRXOG EH RE
PLIWXUH IRU K DW fI&KHVIE VISIKFBMU XRRZV WZR VLQJOH!
DQG S B EDHW\KIDIMP HG OMRIWR KS&/SZLWK DQ LQWHJUDO RI
WKH&G QIURXSV UHWRRDX\EDWW DQ@G SSP ZLWK DQ LQWHJIUDC
7KH+8t JURVSIRY VG IOHW DW SSP ZLWK DQ LQWHJUDO R
WHK VWUXFWXUH LQ VROXWLRQVWDWE B REBIFEWZY W R OVORK UM
VWUXFWXUH GHBWHURUMH/GL RRQU ZKRIP W GFHVKWHG LQDQYRBQ R
OLJDQE&WI&EWQJIRIH fLV UHODW L RKMOR RIPFESOMH E/IRQH RN KW R H
&S /X XQLWRIX $00@BDQGES/X *DOMODUH f DQG f
UHVSHEWINYBWLEX @B P DUN DLED HWIKEHJWE® BIMW K\ O EHRWZHH Q
DOXPLQXPXWRI&URPDQ DOPRVWLRHUHHBW DSETOAKHE @R O H
GLVWDQFHV DUH c ZKLFK DUH VOLJKWO\ VKRUWHU W
XS /X $00@ ®7KH #80O0H GLVWDQFHV+DUH ¢ IRU WKH EULGJ
PHWK\O JURXS®Y DQG ¢ IRU WKH W HUPROQIMD RMHWHWKVOD PH UDQJ
RWKHIH$PRPSRXQGYV OL®H $0 &+
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thf, 5 d, rt

MezsiC|2 +2 LiCpMe4 > MeZSi(CpMe4H)2
- 2 LiCl
C3
- CHy 1) Lu(AlMe,)3
- AlMe; |2) 2h, 130 °C
n-hexane
o~ Med thf, 18 h, rt o Med
Me,Si(Cp™®*);LuMe(THF) —= Me,Si(Cp™e*)sLu(AlMe,)
€5 ca
1) 2 GaMe;
2)2h,rt
toluene

Me,Si(CpMe4),Lu(GaMe,)

C6

6FKHPHE\QWKHVLBL RISO/M) 0O0OH 0 $O *D

JLIXUBU\WWDO VWRRPBWXQEWDHRWVE DQIG KW

7KH QH[W WDUJHW ZDV WR V\QWKHVL]H WIXH DXWHGE RBDHOQHN O
WKH ORBLRU WKLYV FERAUSSEREBY PL[HG ZLWXKD YHALBEKG [D Q H
7KLV UHVXOW H® OFRDM MD LURW FRORUO HVMVWHRISONBGIORZ 6L C
REWDLQHG RMHUQLIKW 105 VSHRMUK® '« L&KRRQH VHW RI
VLJIQIXMVVLJIQDIOW RRRUGL QD VWHERHAN +) VDO@EP AV \VBKE DQ LQWHJ
UDWLRHORKKHEUURNSVRODAMEZR VLQJOBQYE BWMQG WKH /X



OH PRLHW\ \(DH& R Q®IPHFRUH SUHFLVH DVVLWO&ESEW RIQWRN V
SUR YWHRGEIH | L FXOWK H U P R#&HO HB KYWRW FHVc DQG LV VLIJQLILFD
VKRUWHU WKIRWWW K HE G L& WIQIFPH W& \BDXW. Q OF R/KSHRYXDBH UDQ.
W K&S /XO0H WVERR Q J A @K \§ 1& W BLQWH B LV PRUH REWXVH FRP
& ITHYHUWKHOHVV WE & \RHQMW K DRIANGWM K BKWIRUZDUG

7KH DGGLWURIQ RTX.YDOHQWYV \RR VD UIRRUNSNMESYCPIEDVWD DQ X R FHQ F
FRPSOHMpBL &S /X *DOM®& VHHFKHPH$IWHU UHPRYLQJ WKH VR
FRORUOHVV SUHFLSLWDWH ZDV UHGLVVRQY HGVIRQYWWIRHD X HQ +
GHVLUHG & WUXFWXUH

JLIXUH&U\WVWDO VWUXFWXUH RI FRPSRXQG

7KH 105 VSHFWRUXPYHDOHG D VLPLO WKIVARRDROX SHEWMHUQ |
WZR VLQJOHWM SRIR WKGVEBW DQG SSP ZLWK:tDQ LQW
&+ JURXS UWV/RIQDMHW DW SSP ZLWK DQ LQWHJUDO RI
DW SSP DQG SSP DUH DVVLJQHG WR WKH EULGJLQJ DQG V
*DOHPRLHW\ ZLWK LQWHJUDOV RI ZKLFK LV LQ DKRRUG ZlI
&WIEWQJIJOH RLV VOLIJKWO\ PRUH& DIFQEY H1 A K FCBHMKHHGW\M R / X
& OHGLVWRRQFHV+ ¢ DUH FRPSDUDEOH WR WK& BQBWDQF
OXWHWSHNGDO® ZKH #8D0HGLVWRRQF c DQG
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+ c IRU WKH WHUPLQDO DQG EULGJLQJ PHWK\O JUF
, QWHUHVWLQJO\ WKH GLVWDQFHV WRSWX H DVHYUPKIQDHD W K M/ |
*Dt& &+ GLVWDQFHYVY DUH ML XQWMKBRQWMDO\ VKRUWH

1) 8 GaMej
2) 130 °C, 3d
Me,Si(CpMe*)JLuGaMe, o >  Gag(CHy)2
C6 A3

6FKHPHE\QWKHVLWRWNWHP EBWPROHSWLRBJIDOOLXP PHWK\OHQH

1HW WKH HQYLVLRQHG V\QWKHYVLNVKIL WVHGBLEP PHWIKADWQT
*DOHZLVWOKQWPBIWDO@GREBYHLQYHVWLIDWHG BXW BRKRIPWXQD
SUHFLSLWDWLRQ RI JDOOLXP PHWK\OHQH ZDV QRW REVHUY

'XH WR WKH JRRG DFFOIEBEERSQW\BREBEWEH DOVR H[DPLQHG
UHDFWLRQV WR WEXWHRMLXPY ER Y GIQIRWQWKLFRESOSIRVH FI
> QBX$0O0HZ Y VIQWKHVL]HG DFFRUGLQJ WS RQWHDBWKRE 3
7+) WKH FRUUHVSRQG@XQH B@R GXFRVRDLQHG VHHXPUWKHH
GHULYDWR]BRWBRQDWL ¥HQRRXPSOH@DLOHG



JLIXURRU\WVWDO VWUXFWXUH RI



8138%/,6+(5(68/76

Experimental Section

General Procedures. All manipulations were performed under an inert atmosphere (Ar) using a
glovebox (MBraun 200B; <0.1 ppm Oz, <0.1 ppm H20), or according to standard Schlenk techniques in
oven-dried glassware. The solvents were purified with Grubbs type columns (MBraun SPS, solvent
purification system) and stored in a glovebox. Me2Si(Cp“e*H)2,[*36 Lu(AlMe4)3!**° and (Ind)2LUAIMe 4*39)
were synthesized according to literature procedures. CsDs were purchased from Euriso-top and pre-
dried over NaK alloy and filtered prior use. NMR spectra were recorded at 26 °C with a Bruker AVII+400
(*H, 400.13 MHz; 3C, 100.61 MHz) and Bruker AVII+500 (*H, 500.13 MHz; 3C, 125.76 MHz) using J.
Young valve NMR tubes. 'H NMR resonances are referenced to the solvent residual signal and reported
in parts per million (ppm) relative to tetramethylsilane. Analyses of NMR spectra were performed with
Bruker TopSpin 3.6.0. Infrared spectra were measured with a Bruker Vertex 70 using as Nujol mull
sample with Csl plates. The IR data were converted using the Kubelka-Munk refinement ( & 4000 +400

cm). Elemental analyses (C, H) were performed on an Elementar vario MICRO cube.

Me:2Si(Cp™Me*)2LuAIMe 4 (C4). In a pressure tube, a mixture of 0.5 equivalents Lu(AlMea)s (145 mg, 0.33
mmol) and 1 equivalent of Me2Si(CpMe*H)2 (200 mg, 0.66 mmol) in toluene were heated to 130 °C. After
stirring for 16 h all volatile parts were removed under reduced pressure and the resulting colorless solid
was redissolved in 2 mL toluene to yield colorless crystals of Me2Si(CpMe*)2LuAlIMes (C6) (135 mg, 0.229
mmol, 73 %). 'H NMR (CsDs, 400.13 MHz, 26 °C): / = 1.83 (s, 12 H, 0 £C(CH3)), 1.82 (s, 12 H, m-
C(CHs)), 0.83 (s, 6 H, Si #CH3), #.38 (s, 6 H, AliCH3), #.43 (s, 6 H, Al #£CH3) ppm. ¥C{*H} NMR (100.6
MHz, CeDs, 26 °C): / =127.2 (Cp £C), 120.4 (Cp %), 102.1(Cp %), 14.4 (Cp *>(Me)), 11.7 (Cp £ (Me)),
11.4 (Al ££(Me)), 4.1 (Al #£(Me)) ppm; elemental analysis (%) calcd. for C2sHasLUAISI (590.27): C 52.87,

H 8.19; found: C 52.55, H 8.91. Due to the insufficient resolution, the carbon atoms cannot be assigned.

MezSi(CpMe*)LuMe(THF) (C5). In a glovebox, Me2Si(CpMe*):Lu(AlMes) (61 mg, 0.11 mmol) was
dissolved in 1.5 mL of THF and layered with 4 mL n-hexane. The mixture was stored at #0 °Cfor 2 d
to afford colorless needles of Me2Si(CpMe4)2.LuMe(THF) (C5) (40 mg, 0.071 mmol, 66 %). *H NMR (CeDs,
400.13 MHz, 26 °C): / =3.13 (m, 4 H, O #CH>CH>), 2.23 (s, 6 H, Cp #CHs), 2.20 (s, 6 H, Cp iCHz3), 2.18
(s,6 H, Cp #CHs), 1.63 (s, 6 H, Cp 4CH3), 1.07 (s, 3 H, Si 4CHs), 1.02 (m, 4 H, OCH2CH?>), 0.96 (s, 3 H,
Si #CHs), 0.76 (s, 3 H, Lu #CHs) ppm. 13C{*H} NMR (100.6 MHz, CeDs, 26 °C): / = 124.3 (Cp «C), 122.8
(Cp £€), 117.6 (Cp £C), 102.1 (Cp «C), 70.5 (OCH2CH?>), 25.2 (OCH2CH>), 21.8, 14.9, 14.8,12.3, 11.1,
4.8, 4.5 ppm; elemental analysis (%) calcd. for C2sH41LuO (560.23): C 53.56, H 7.37; found: C 53.94, H

8.18. Due to the insufficient resolution, the carbon atoms cannot be assigned.

Me:zSi(CpMe*).LuGaMes (C6). In a glovebox, a solution of Me2Si(CpMe*).LuMe(THF) (C7) (81 mg,
0.14 mmol) was dissolved in 4 mL of toluene, treated with GaMes (49.8 mg, 0.43 mmol) and stirred for
2 h at ambient temperature. After stirring for 2 h all volatiles were removed under reduced pressure and
the resulting colorless solid was redissolved in 2 mL toluene and stored 16 h at #0 °C to yield colorless
crystals of Me2Si(CpMe4).Lu(GaMes) (C8) (79 mg, 0,131 mmol, 94 %). *H NMR (CeDs, 400.13 MHz,
26 °C): / =1.88 (s, 12 H, 0-C(CHs3), 1.84 (s, 12 H, m-C(CHz3)), 0.85 (s, 6 H, Si {CHs3)), #.14 (s, 6 H,
Ga 2 #CH3)), #.33 (s, 6 H, Ga {CHa)) ppm. BC{*H} NMR (100.6 MHz, CeDs, 26 °C): / = 126.6 (Cp =



C), 119.8 (Cp ), 14.1 (Cp £(Me)), 11.3 (Cp #£(Me)), 3.7 (Al £2(Me)) ppm ; elemental analysis (%)
calcd. for C24H42LuGa (602.17): C 47.78, H 7.02; found: C 47.89, H 7.33.

(Ind)2LuMe(THF) (C7). In a glovebox a solution of Lu(AlMeas)s (100 mg, 0.23 mmol) in toluene (2 mL)
was added to a suspension of lithium indenyl (56 mg, 0.46 mmol) in toluene (2 mL). After 16 h atambient
temperature, the mixture was centrifuged, washed with toluene (3 x 3 mL) and reduced under vacuo.
Storage of this solution at #0 °C gave C7 as colorless crystals. Due to impurities in the crude product,
no yield was determined. *H NMR (CsDs, 400,13 MHz, 26 °C): = 7.53-7.35 (m, 4H, 5/8 IndH), 6.92 (s,
4H, 6/7 IndH), 6.29 (m, 2 H, 2 IndH), 6.06-5.97 (m, 4 H, 1/3 IndH), 2.73 (s, 4 H, OCH2CH?>), 0.91 (s, 4
H, OCH2CH>), #.90 (s, 3 H, Lu {CHs) ppm.
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7TDEOBRPSUHKHQVLYH FU\VWDOORJ&B&KLF GDWD IRU FRPSRXQGYV

C4 C5 Cé C7
formula CaaHaoAlLUSI C2sHa1LUOSI CasH42GalLusSi CasHasLUO
M [g-mol-1] 56061 560.64 603.35 492.40
>c@ 0.71073 0.71073 0.71073 0.71073
color colorless colorless colorless colorless
crystal dimensions ~ 02°9% 0-198X 0.203x 0.154x 0.203x 0.1 x 0.189x 0.1l x
[mm] 0.163 0.149 0.149 0.109
crystal system orthorombic Triclinic orthorombic orthorombic
space group PRee$ P$ P29 98 P29 $$
a[A] 10.07928) 10.04873) 10.08737) 8.5092)
b [A] 15.389112) 10.13773) 15.371411) 12.521(3)
c[A] 15.76382) 13.71494) 15.746@q11) 17.7594)
. >f@ 90 70.3 90 90
>f@ 90 71.6 90 90
>f@ 90 65.9 90 90
V [A3] 2445.13) 1174.966) 2441 .53) 1892.0(8)
z 4 2 4 4
F(000) 1136 568 1208 968
T [K] 100(2) 173(2) 100(2) 100(2)
lealcd [g-CM3] 1.523 1585 1.641 1.729
> P P 4.129 4.265 5.179 5.225
Da:)%grensé[gfs“s I 7462/0/280 7190/ 0/ 264 7448/ 01280 5765/ 0/ 231
Goodness of fit 1.003 1.108 0.999 1.036
Rt , ! 18 0.0190 0.0157 0.0191 0.0230
&R2 (all data)®! 0.0413 0.0397 0.0422 0.0460
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Gallium methylene GECH)12> was immobilized onto largpore and smaipore mesoporous silica
materials SBA5s00 and MCM41sq, thermally pretreated at 500 °G-or comparability reasons,
www.rsc.org/ trimethylgallium was employed as a grafting reagehlbe hybrid materials GECH)12@ SBAL5sqo,
GaMe@ SBAL5s00, Ga(CH)12@MCM4 1500 and GaMe@MCM4 1500 were characterized by IGPES,
N physisorption, elemental analysis, sefithte 1H/13C/2°Si NMR spectroscopy and diffuse reflectance
infrared Fourier transform (DRIFT) spectroscopy. To §aither insightinto potential surface species,
the molecular compound GECH)1> was treated withexcess & equivalent3 of HOSi(@Bu), which
gave thedimeric species [GaMfOSi(@Bu)k}]., being isolable also from theeactionof GaMe with 1
equivalent ofsilanol Thehybrid materials revealedigh metal contentsind surface species withtact
GatCh tGa linkages as proposed By NMR spetroscopythe reactiity toward benzophenoe.

DOI: 10.1039/x0xx00000x

grafted onto solid surface are the absence of extensive
Introduction aggregatior((?lustering), relative stgpilization of highly reactive

surface speciesnd enhanced reactivity316In termsof surface
Since the discovery of tHest transitionmetal alkylidens,! the organogallium chemistryGeRs (R = Me,Bu, CHSiMe) were
interestin metal compainds with multiple bonded hydrocarbyl ;ymobilized on (mesoyeolited”23 or amorphous silic#26
Ilgan.dshas |ncreased_tremendoqslﬂ'he application of S_UCh generating gallium(lll) surfacespeciesvia releaseof alkane
alkylidene entailed unique chemistryof relevance bothin \yhensilicawas used as aupport material the formation of
natural product synthesis and industrial catalytic processegjiconmethyl species was detecteas well24 In addition,the
such as, Fischer Tropsand olefination synthesi® Given the grafting of gallium siloxides such as Ga[OSBO)]s(thf)
plethora of transitioametal alkylidenes,tiis noteworthy that complees on zeolite??? or silica was also investigated
there is only a limited number @hain group metaterivatives comprehensively? Very ecently, ve investigated on the
Not until the 1950s, Ziegler reported on the synthesis of [&‘]i’CHprotonolysis of homoleptic gallium methylene £@H)> with a
and [MgChl» as pyrophoric powdersOnly recently, our group geries ofphenols and anilines, resulting in calijee structural
succeeded inthe synthesis and full characterization ofqqtifs with bridging methylene groupsi{CH) of the type
Ga(CH)1. featuring the first molecular homoleptic main [Gau(pz-CH)2(CH)a(1-XR)] (X = O, HN; R = ar$#)Herein, the
alkylldenecomplexg _ _ _ immobilization ofgallium complexes GECH)12 and GaMe on
In parallel with alkylidene chemistryudace organometallic periodic mesoporoussilica SBASso (large mesgpores) and
chemistry (SOMCZJ)eveIope_d into an important br_anch “Eld_ MCM-41s00 (small mesoporesin different solventsis reported
of organometallics.Accordingly, the grafting of highly reaCt'Veleading to the proposal of new galliusurface species. In
(toward hydroxy functlon_al groups) has ge_nerated NoVelydition, the reactivity ofgalliummodified hybrid materials
heterogeneous catalystsvith molecularly defined surface y\yard benzophenone is investigateBinally the isolation ofa

species, giving accessriew catalytidransformations such as nsential model complexcorroborates the uniqueness of ¢h
Ziegler Natta depolymerizationor alkane metathesi$? gopmc approach.

Especially, lie immobilization of molecular complexes on
periodic mesoporous siliéa 12 allowed for the synthesis of
nanodructured catalysts with a high loading wefell-defined Results and Discussion

surface species.Potential advantage of organometallis -
P 9 9 A largepore mesoporous silica SBA?%30 and a smaipore

mesoporous silica MCM112 were selected as support
2Institut far Anorganische Chemie, Eberhard Karls Universitat Tibingen, Auf  materials to assess the occurrence of any pore blockiffejcts.
Morgenstelle 18, 72076 Tubingen, Germany. Enraiher.anwande@uni The silanol populations of thsilicasactivated at 500 °@&nd 10
tuebingen.de pop

Electronic Supplementary Information (ESI) available: [details of any supplem 3 mbar (labelledasSBA15s00and MCM41s5q0) were determined
informationavailable should be included here]. See DIDI:1039/x0xx00000x
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by the corresponding carbon content of silylated matesigi The parent and hybrid materials were characterizgdDRIFT
For MCM41s00, amonodisperse spherical shape and hexagonapectroscopy!H NMR spectroscopy and; lWhysisorption. In
structure were confirmed by scanning electron microscopgddition, the Ga(Ch)iz was reacted with trigért-
(SEM)images and Xay diffraction analysis (Rige S1 and S2 butoxy)silanol [HOSi{@u)] as a model for terminal surface
Supporting Information)}Homoleptic Gg(CH)12(1)8and GaMe silanol groups. Finally, the reactivity of the gallium hybrid
(2) grafted onto SBA5s00 and MCM415q0 in different solvents materials towards a carbonylic substrate was investigated.
(THF,n-hexane)to form hybrid materials id1-H5, Scheme 1).

Scheme 1. Grafting of gallium complexes(Gh)12 (1) andGaMs; (2) onto SBA15sq0and MCM41sq parent materiaband proposed surface
species

DRIFT spectroscopy content in material H3 ( 116%), obtained in n-hexane as a

The IR spectra of thearent materials SBASsgoand MCM41soo solvent might point to the formation of formation of digallium
showthe characteristicO-H band (about 3742 c) from the sites in a norcoordinatng solvent while the relatively low
isolated silanol group and SD-Si vibrations (1000~1200, g10metal content inH2 and H5 suggestmonometallic surface
~670400 cmt) from the silica framework(Figure 1$2 Upon SPE€ces

grafting of compound4 or 2 and formation othybrid materials

H1-H5, the sharp band at about 3742 chalmostcompletely

disappeared, whereas a very weak absorption band assigned to

inaccessible silanol groups is still observEdyfres 1 and SR

Moreover, a relatively broadand newband in the region of

3000 to 2850 crd appeaed. This corresponds to the

asymmetC ] V *eCuu SE] *SE StHA)offmeatiyl « T~

and methylene groups bonded to the gallium centamsainly

species of type/ SiOGaMex. ThelR spectraof Ga(Ch)12 (1)

and GaMe (2) derived grafted materials ardifficult to

distinguish but the results are in good agreement withahof

previousy reported GaMe immobilizationon nonporous silica

via gasphase transfe# Strikingfor hybrid materialdHlandH4

arethe metal contentqca. 15 wt.%dletermined bythe ICPOES

which are much higher thamhe respective amount ofarbon

obtained byelemental analyseélable 1) This can be explained

by the existencef bi- and/or multimetallic surface speciegith .

bridged Chigroup. Assuming the formation of surface specie59ure 1. DRIFT spectra of support material -S&4 (blue),
/ Si0GaMe (monopodal) or/ SiGGa(Me)OSi/ (bipodal) Ca(CH)12@SBALSw (H1) (orange), GaMg@ SBALSs00 (H2) (red)
the molar ratio of C/Gavould correspond t& or 1, respectively, and GaMe@SBALSso (n-hexane,H3) (black) from bottom to top.
in the absence of donor solve(Bcheme does not show any

bipodally bound surface species line with the presence of H-NMR Spectroscopy

multimetallic surface species for g@H).-grafted materials ¢ primary intereswvaswhether the reaction of G&CH)12 (1)
arethe comparatively lowmetal content of hybrid materialsli2 4 the mesoporous silica materialwould release methane

and H5 derived from GaMe ( 18-9 wt.%) The high metal y1ing the grafting processicoordingly and as comparison,

2| J Name, 2012,00, 1-3 This journal i®© The Royal Society of Chemistryx0



the reaction of Ga(CH)12 or GaMe with SBA1550 was
performedin THFds usingmolar ratios OH GaCH or OH/Ga
CH of 1. As anticipated théH NMR spectm of thereactionof
GaMe with SBA15s00 shows theevolution of methangFigure
S4).Thisis in ageement withthe reactions of GaMewith silica
or Ga(-Bu} with zeolite, respectivelywhich led to alkane
elimination?-24 Cruciallythe reaction of GgCH)i2 (1) with

shown in Figure S610, 1H signals for hybrid materiald1l and
H4 appeared at 0.7 and 1.78 ppm, respectivelgrrespondng
to GatCHy group. For hybrid materialdH2 and H5, a sharp
resonance att0.5 ppmcan beassignedo GatCHsz groups, while
H3 showsa sharp signal at 0.9 ppnThe chemical shifts of
molecular complexe€?) appearedn a similar range oft0.03 to
t0.5 ppm33-35 Thel3C CP/MAS NMR spectratif and H4 show

SBA15s00under identical condition did not form methane everbroad peaks att11.0 and t9.4 ppm,distinct fromthose of the

when the reaction continued for 4 days at ambient

temperature Eigure S). This reaction behavioris in good
accordance with thaof the protonolysis ofl with phenols and
anilines forning tetranuclear Ga complexes with two intact
bridging methylene groups in the cot&Therfore it could be
hypothesized about the existence lmfidging methylene grops

on Ga(CH)1>-grafted SBAL5sq0.

Figure 2.13C CP/MAS NMR spectra of g(&t})1.@ SBAL5s00 (H1)
(blue), GaMe@SBA15s500 (H2) (red) and GaMg@SBA15q0 (H3)
(green)from bottom to top.

Figure 3.13C CP/MAS NMR spectra ofg(@H)1,@MCM4 1500 (H4)
(blue) and GaMg@MCM4 1500 (H5) (red) from bottom to top

SolidStateNMR Spectroscopy

To verify the existence of methyleamdmethyl group in hybrid
materialsH1-H5, the 1H MAS NMR spectmsere measured. As

This journal i®© TheRoyal Society of Chemistry 20xx

GaMe-grafted materials with sharp peaksf the GatCHz units
at t10.2 ppm H2) and t11.0 ppm HY) (Figure2 and 3)Thel3C
CP/MAS NMR spectrum of hybrid mateH#shows a chemical
shift at t4.7 ppm similar to otherGaMe-grafted silica
material?* For all hybrid material$i1-H5, two carbonsignals
attributed to THRvereobservedat 26 and 66 ppmimplying the
coordination of THF with Ga centér addition,-OCH groups
could be detected which originate from surfactant
removalextraction with HClacidifiedmethanol Moreover, the
signal att55 ppm in the?°Si CP/MAS NMR spectrum of the hybrid
material H3 Jv ] 8§ §Z (}Eu 3]}Me pfoupst]For
comparison, a similar chemical shift ®2 ppm was reported for
silica materials that were treated with different metlaying
agents36

N2 Physisorption

The pecific surface aresmof all materials were characterized
usingthe BrunauerEmmettTeller (BETmethod®” andthe pore

diameteis were determined usingthe BarrettJoynerHalenda
(BJH) method® The N-physisorptionisotherms indicated the
characteristic mesoporous structures footh activatedparent

materials SBA5sppand MCM41s00. Thetype 1V isothernof the

SBAl5sqp silica revealed typical H1 hysteresis logpvhile that

of the MCM-41500 sample featuresa reversible capillaryoop

(Figure 4 Figure %. The specific BET surface area, pore volume
and pore diameter e 887 n? g1, 0.96 cm?® gt and 6.8 nm for
SBA15s00, 1228 nig?t, 1.17 cnd gt and 2.5 nm for MCMt1sqo,

respectively(Table 1)

Figured. N, adsorptiondesorption isothermsf parent material SBA
15500 (black), G@(CH)lz@SBAl&,oo (Hl) (red), GaM@SBA’L&OQ
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(H2) (blue) and GaM@ SBAL5so (n-hexane) (H3) (green)nset is
the corresponding pore size distributions.
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Tablel. Important Data ofthe Parent 8ica Suppor$and Hylid MaterialsH1-H5

material agef(M?g™)  Vpor?(cm?P gtt) dpore® (NM)  Gsurfacesio(mmol g) wt % metal

SBA15s00 887 0.96 6.8 3.01 -
Ga(Ch)12@ SBAL5s00 (H1) 501 0.39 5.0 - 14.86
GaMe@SBAL5s00 (H2) 455 0.27 5.7 - 9.15
GaMe@ SBAL5s0o(H3, n-hexane) 482 0.32 6.0 - 15.83
MCM-4 1500 1228 1.17 2.5 2.05 -
Ga(Ch)12@MCM4 1500 (HE) 1010 0.26 1.9 - 14.99
GaMe@MCM41s00 (H5) 899 0.28 2.1 - 7.88

aBET surface are calculated between @07 and 0.15° BJH desorption cumulative pore volurbhetween 4.0 and 10.0 nn
for SBA15s00 and 1.5 to 3.5 nm for MCM1so0. © Maximum pore diameter from the BJH desorption bran¢ktalculated
according to published proceduré%s Metal content determined by ICRES.

pore diameter of materiaH4 and H5 point cansiderable pore
blockagein materialH4. Overall the distinct dhanges of surface
area, pore volume and pore size as weltlesdifferent gallium
contents dependent on themolecular size othe precursor,
picture to some extent thesurface Ga speciesTo further
corroboratethe formation of galliunmsurface species on silica,
the preparation of moleculamodelcomplexhas been pursued

Molecular model of grafted gallium catalysts

The tristert-butoxy)siloxy ligand is routinely employexs a
molecularmodel for silica surfaces by mimicking the grafting
reaction on a molecular scat@343%-42 Accordingly, the
treatment of homoleptic GgCH)1» (1) with 8 equivalents of
tris(tert-butoxy)silanol HOSIi(OtBu)ed to the isolation of
[GaMe{OSi(@Buk}l2 (3) (Scheme 2). Interestingly, the
equimolar reaction of GaMe(2) with trisgtert-butoxy)silanol
alsoafforded the dimeric complex3.3334 The structural motif of
3with the typical fourmembered GgO, ring was also observed

) ) o . in reactions of gallium complexes with aliphatic alcohols,
Figureb5. N, adsorptiorrdesorption isotherms ofhe parent material phenols and amine€% Furthermore, the reactivity of

MCM4ls00 (black), GeCH)1.@MCM4lsoo (H4) (red) and 5 0cyjar complex&l and2 with silanokof the surface of silica
GaMe@MCM41s0 (HY) (green).Inset is the corresponding pore jngjicatesthe formation of dimeric species in the hybrid material.
size distributions. The latter reaction was previously examined by Sewiti co

. . . workers?4 Additionally, the formation of bridging methylené (
For the hybrid materialdH1-H5, prior to measurement, every CH) units duringthe grafting reaction ofL with SBAL5s and

samplewas degassed for 12 h at 30 “The grafted materials \,~n141.,is suggested in this woitky *H NMR spectroscopy
H1-H5 are stable until 80 °@erforming thegrafting reactiorof due to theevolution ofno methanemonitored

1 in THF (involving an G#p-CH)12/Gas(-CH)s oligomer
switch),affordingH1, implied a drastic decrease of tlepecific

BET surface area, pore size and pore volumwbat
percentage??@able 1) in agreement with thehigh gallium

content found by IC®ES analysidor GaMegrafted SBA

15500 (H2), the specific BET surface area and pore volumeee

even significantyower than those oH1, most likelydue to the

presence ofarger amounts oflonor ligand THF insidke pores.

Note thatpore size is biggeh). When the reaction of GaMge

wth SBA15sgowasconductedin hexane, the obtainel3shows
aslightlyincreased specific BET surface area, pore volume and

pore sizeas well as high Ga content comparedH8 due to the

absence of THF. Similarly, whBtCM-41500 was used as the

support for the grafting ofl and 2 in THF, the hybrid materials Scheme 2lllustration of the reaction ofmolecular complex with
H4 and H5 indicate a similar trend on surface aread pore HOSIi(OtBu)
volume as those ofil and H2 (Table 1)However, the similar



Reaction of the Hybrid Materials/iith Benzophenone and water by using standard Sehk, highvacuum, and
glovebox techniques (MBraun 200B; <pgm Q, <0.1 ppm
H,O). Solvents were purified by using Grultygse columns
(MBraun SPS, solvent purification system) and stored inside a
the hybrid materials were exposed to benzophenonan glovebox.THFds was obtained from SigmAIdrich, stirredover

NaK alloy for at least 24 h, and distilled before use. Gades

methylenation reaction took placéorming the corresponding . . .
; ) . purchased from Dockweiler Chemicals and used as received.
1,1-diphenylethylene The reaction process in TidE was . . )
Ga(CH)12 (1) was synthesized according to literature

monitored by!H NMR spectroscopys can be seen in Figure .
S11 and S12he IH NMR spectrum of the reacticat ambient procedures. The NMR spectra were recorded by using J. Young

. valve NMRtubes on a Bruker AVII+400 spectrometéH,(
temperature for6 h shows only thepresence of the starting 40013 MHz 33C. 100.61 MH NMR chemical shift
materials. Changing theconditionsto 80 °C for 16 h,the ) & ) 2). chemical shilts “are

- . referenced to internal solvent resonancasd reported in parts
formation of 1,1-diphenylethylenecould beclearly observed, . . . .
o per million relative to tetramethylsilane (TMS)he solidstate
confirming the occurrence ad methylenetransferfor H1 and

. NMR spectra were recorded @Bruker Avance IIl HD 300 with
H4. Forcomparisonthe molecular complex G&CH)12 (1) also . . ) .
. MAS (magic angle spinnintgchniqueat ambient temperature

reacted slowly with benzophenonat room temperature forl6 . . .
h to form 1,kdiphenylethylene (Figure SiL3However, the with samples ‘packed in @m ZrQ rotors at a rotation

- : - '~ o~ frequency of 5 or 8 kHZH|, 300.13 MHZ3C, 75.47 MHZ9S;,
amount of1,1-diphenylethylene increased significandy 60 °C 50.62 MHZ). Elemental analyses were performed an
for 2 h(Figure S14)nterestingly the reaction ofbenzophenone ) ’ y P

it i st 2Bt 0 C for 23 bnyresuted | ST VA et Cube, R specka were feconen 1 &
in the formation of methane (Figure S15 and Bldearly P 9

corroboratingthe absence of methylenetransfer reaction a DRIFT chamber with dry KBr/sample mixture and KBr windows.
The IR data were converted using the Kubélkank refinement.
The N-physisorption measurements were performed on a
ASAP2020 volumetric adsorption apparatus from Micromeritics
IveSE U VS }E % Kb, B7K)& G162rnm?2). All samples
were degassed prior to analysis. In the case of the pure silica
materials at 523 Kof 4h and for the hybrid materials at 313 K
for 12 h to avoid degradation of the grafted gallium complexes.
The BrunauetEmmetttTeller (BET) specific surface area was
calculated from nitrogen adsorption branch of the isotherm in

Scheme 3.Reactivity of hybrid materialdHl and H4 toward ihe relative pressure rargg of 0.07t0.15 for the pure Si©

benzophenone. materials and the hybrid materials. The pore size distributions
(dv/dD) were calculated from the nitrogen desorption branch
using the BarrettJoynertHalenda (BJH) method.

For hybrid materialsH1 and H4, the existence ofsurface
methylene groug was further verified by their reactivity
towards benzophenone in THF. As shown in Schem&h#n

Conclusions Parent Material

Mesoporous silicaMCM-41s5q0 (pore diameter ca. 2.5 nm) and

SBA15s00 (pore diameter ca. 7 nm) are both suitable for theSBAl_5500--|—h_e parent material wasysthesizedand activated
synthesis of gallium(lll) hybrid materials via direct grafting"jlccordlng to literature procedurg. r  d 606 69 Voore 0.96
reactions of homoleptic GE&CH)1>. The resulting hybrid
materials (pore diameter of 5 nm for SBBspoand 1.9 nm for
MCM41s00) display metal contents of approximately 15%.

1098 (vs), 1060 (vs), 818 (m), 467 (m), 446 (s), 426 (5) cm

- ) : _ ThI?/ICM-4]500 Monodisperse mesoporous silica nanoparticles
capability of these hybrid materials to engage in keton\%ith MCM-41-like structure (MMSMCM-41) was prepared
olefination along withnegative control reactions employing according to a slightly modifiegrocedure described in the
respective trimethylgalliungrafted silicaggive clear evidence literature 12 A typical process is as follows:

for intact methylene graps. Nevertheless, themethylenation cetyltrimethylammonium bromide (CTAB, 2.014 g) was
efficiency of the hybrid materials is somewhat decrease&ilssolved in water (960 gind aNaOH aqueous solution (2M, 8
compared to the molecular COﬂgener in the homoger)oul%l_) was added under stirring. The resulting solution was stirred
reaction. The analyses of the gallivmethylene grafted hybrid at 65 °C for 1 h. Tetraethyl orthosilicate (TEOS, 10.017 g) was
?athFals Squ?St thath the surface sz(;'(e/\s g |nr\]/folve then added dropwise ovet min and vigorously stirred at 65 °C
ClgaGIumC Ov 2 t ;A v type 1 ECR)(thf) (- for 2h. After being cooled down tambienttemperature, the
H)Ga(Clls ~ S Z (]~ ] solid was collected by centrifugation ath210* rotations per
minute for 5 min, and dried at 60 °C in the oven overnight to
obtain assynthesized MSIMCM41. Surfactant template CTAB
_ _ _ was removed by stirring as/nthesized MSWICM41 in a HCI
All operations regarding the organometallic precursors and thgidified methanol solution under reflux. The surfactérmte
hybrid materials were performed under rigorous exclusion of ajisNMCM-41 was dried at 60 °C in the oven, and then activated

Experimental Section
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at 500 °C for 4 h under high vacuum and starethe glovebox GaMe@MCM41s0 (H5) MCM-41s00 (231 mg, 0.474 mmol of
under argon atmospheras MCM41sqo for further use SiOH) was suspended in 5 mL THE GaMe; (54.4 mg, 0.474
Grafting Reactions mmol) was dissolved in 2 mL of TiWBs thenadded under

Gas(CH)12@SBAL5s00 (H1) SBAL5s00 (200 mg, 0.617 mmol of stirring. After beingstirred atambienttemperaturefor 18 h, the
SiOH) was suspended in 3 ofTHF Ga(CH)12 (448 mg, 0.617 hybrid material was separated via centrifugation and washed
mmol) dissolved in 3 mbf THRwasthen addedunder stirring  With THF (3 x 5 mL). The residual solvent was removelérun
The suspension was stirred for 18 haatbienttemperature and reduced pressure for at least 48 to yield 278ng of
then the hybrid material waseparated via centrifugation and GaMe&@MCM41soo (HS) as a colourless powder. Elemental
washed with THF (45 mL). The residual solvent was removed@nalysis found%) Ga 7.88 (IGRES); C 9.28, H 1.96:£1899
under reduced pressure for at least A8to yield 32amg of M?g", Vpore 0.62 cnigt, dpore 2.1 NM.DRIFTSE= 2958 (vw),
Ga(CH)12@SBAL5s0 (H1) as a colourless powder. The2904 (vw), 1461 (s), 1181 (s), 1002 (s), 919 (w), 817 (s), 729 (W),
supernatant was filtered and dried under reducedessure. 669 (w) cnit.
From the THF extracts 366 mg ofy(@t3)12could be recovered. [GaMe{OSi(@Bu)}]2 (3): Ga(CH)12 (26.2 mg, 0.036 mmol) was
Elemental analysis foun(¥) Ga 14.86 (IGRES); C 11.94, Hdissolved in 0.3 mL ofHFds. BuO)sSIOH (76.3 mg 0.289
1.99. rger501 NG, Vpore 0.38 cnigt, dpore 5.1 nm. DRIFTS= mMmol) was also dissolved in 0.3 rof. THFds. After 1 d, the
2959 (vw), 2901 (vw), 1460 (vw), 1367 (vw), 1346,(¥2)9 (s), solution was filtered into a small vial. Colourless crystals could
1003 (s), 917 (vw), 825 (w) ¢m be obtained att40 °C (60 % crystalline yield). TH¢ NMR
GaMe@SBAL5sq0 (H2) SBA15s00 (200 mg, 0.617 mmol of sPectrum and the XRD cell check is in acance with the
SiOH) was suspended in 4 WLTHE GaMe (80 mg, 0.618 already published literaturé?
mmol) dissolved in 2 mL of TM&s thenaddedunder stirring Reactiorswith Benzophenore
The suspension was stirred for 18 haatbienttemperature and &) Ga(CH)12@SBAL5s00 (H1) (20mg, 0.043 mmol of Ga) was
then the hybrid material was separated via centrifugation anguspended in 0.4 mL ofHFds in a J.Youngvalved tube,
washed with THF (3 x 5 mL). The residual solvent was remobefzophenone (7.77 mg, 0.043 mmol) dissolved in 0.3 mL of
under reduced pressure for at least 48 h to yield 274 mg &HFdswas thenadded. Aftebeing heatecat 80 °C for 16 h, the
GaMe@SB\ 1500 (H2) as a colourless powder. ElementatH NMR spectrum was recorded monitor the formation of
analysis found%) Ga 9.15 (IGRES); C 11.08, H 2.44e455 1.1-diphenylethylene.H NMR THFds, 400.16 MHz, 26C) w
m2gt, Vpore 0.25 cnigt, dpore 5.7 NM.DRIFTSE= 2964 (vw), 7-29 (10H,KisG)2C=CHh), 5.43 (2H, (bC6)2C=CEh) ppm.
2903 (s), 1461 (vw), 1100 (vs), 800 (w), 728 (W), 678 (vw), $86a(CH)12@MCM41s00 (H4) (20mg, 0.043 mmol of Ga) was
(w) cmtL, suspended in O0.#nL of THFds in a J.Youngvalved tube,
GaMex@SBAL5s00 (H3) SBA15sg (200 mg, 0.617 mmol of benzophenone (7.77 mg, 0.043 mmol) dissolved in 0.3 mL of
SiOH) was suspended in 4ofin-hexane GaMe (80 mg, 0.618 THFdswas thenadded. Aftebeing heatedat 80 °C for 16 h, the
mmol) dissolved in 2 mL othexanewasaddedunderstirring. *H NMR spectrum was recorded monitor the formation of
The suspension was stirred for 18 haatbienttemperature and 1.1-diphenylethylene!H NMR THFdg, 400.16 MHz, 26C) w
then the hybrid material was separated via centrifugation ané-29 (10H,KsCs)>2C=CH), 5.43 (2H, (Gs)2C=C1) ppm.
washed withn-hexane (3 x 5 mL). The residual solvent was
removed under reduced pressure for at least 48 h to y&30 . .
mg of GaMe@SBAl5y (H3) as a colourless powder.Al'r[hor Contributions
Elemental analysis four(@) Ga 15.83 (IGRES); C 7.39, H 1.80We strongly encourage authors to include author contributions and
reet482 ntgt, Vpore 0.30 cnig ™, dpore 6.0 Nm. DRIFTE= 2964 recommend usior standardised contribution
(vw), 2900 (s), 1178 (s), 1018 (s), 801 (w), 744 (w), 602 (viv) Bascriptions. Please refer to our gengzathor guideline
1 information about authorship.
Ga(CH)12@MCM41s00 (H4) MCM41s00 (230 mg, 0.472 mmol of
SiOH) was suspended in 5 WILTHF.Ga(CH)12 (342 mg, 0.472
mmol) dissolved in 4 mdf THRvas thenaddedunder stirring.
The suspension was stirred for 18 raatbienttemperature and !N @ccordance with our policy fonflicts of interegplease
then the hybrid material was separated via centrifugation angnSure that a conflicts of interest statement is includegaur
washed with THF (3 x 5 mL). The residual solvent was remol&@uscript here.Please note that this statement is required
under reduced pressure for at least 48 h to yield 280 mg fgr all submitted manuscriptslf no conflicts exist, please state
Ga(CH)12@MCM41s00 (H4) as a colourless powder. Elementa®Z S "dZ & & v} }v(o] S+ S} o & _X
analysis found%) Ga 14.99 (ICBES); C 11.38, H 2.18¢
1010 n¥gt, Vpore 0.44 cmigt, dpore 1.9 Nm. DRIFTS= 2954 %knowledgements
(vw), 2900 (vw), 1234 (s), 1137 (s), 1012 (s), 830 (s), 1003'(s),
617 (s) cntt. The acknowledgements come at the end of an article after the
conclusions and before the notes and references.
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SEM images and PXRD patterns of the parent material MSN -MCM-41500

Figure S1. SEM images of MSN-MCM-41sq0.

Figure S2. Low-angle PXRD pattern of MSN-MCM-41sq.



IR data

Figure S3. DRIFT spectra of support material MCM-41s000 (blue), Gas(CH2)12@MCM-41500
(H4) (red) and GaMe;@MCM-41s0 (H5) (black) from bottom to top.



NMR Spectra

Figure S4. 'H NMR spectrum of the grafting reaction of GaMes (2) onto mesoporous SBA-
15500. (A).

FigureSh. IH NMR grafting of &(CH)12 onto mesoporous SBESsq (B)



Figure 8. IH MAS NMR of hybrid materidiL

Figure 3. 'H MAS NMR of hybrid materidR.



Figure 8.1H MAS NMR of hybrid materidB.

Figure 8.1H MAS NMR of hybrid materid#.



Figure $0.'"H MAS NMR of hybrid materidb.

Figure $1. IH NMRof hybrid materiaH1towards benzophenone.



Figure $2. IH NMRspectra of hybrid materiaf4 towards benzophenone

Figure $3. IH NMRof molecular @g(CH):» with benzophenone (after 16 h at room temperature).



Figure $4. IH NMR of moleculaBag(CH)1» with benzophenone (after 2 h at 60 °C).

Figure $5. IH NMR ohybrid materiaH2with benzophenone (21h at 80 °C)
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Figure $6. IH NMR ohybrid materialH5 with benzophenone (21h at 80 °C)
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Figure 7. 2°Si NMR ohybrid materiaHL
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Figure $8. 29Si NMR ohybrid materialH2.

Figure $9. 2°Si NMR ohybrid materialH3.
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Figure 80. 2°Si NMR ohybrid materialH4.

Figure 81. 2Si NMR ohybrid materialH5.
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