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Synthesis of Z- or E-Trisubstituted Allylic Alcohols and Ethers by Kinetically Controlled
Cross-Metathesis with a Ru Catechothiolate Complex
Xu, C.; Liu, Z.; Torker, S.; Shen, X.; Xu, D.; Hoveyda, A. H., J. Am. Chem. Soc. 2017, 139, 15640-15643.

Abstract: The first examples of kinetically controlled cross- Me Me
metathesis rgactions that genergte Z- or E-trisubstituted M’ \—OH(En) AN < NAT 8 \—oH@En)
alkenes are disclosed. Transformations are catalyzed by <6.0 TS c
. r o 0
mol % of a Ru catechothiolate complex and afford ~ -« ° P i U H =R — '
. . . . o . R OH(Bn) Me Me d;‘ \ —OH(Bn)
trisubstituted allylic alcohols and ethers in up to 81% yield /[ O s
o . . . /N I-Pr cl /=N
and >98% stereoisomeric purity. The method has Me  Me R Me
considerable scope, as olefins containing an alcohol, an by reduction of up 10 81% yield,
. . . i t Y
aldehyde, an epoxide, a carboxylic acid, or an alkenyl group comm avail esters room femp >98% Zor £

may be used. Mechanistic models that account for the
observed levels and trends in efficiency and stereochemical
control are provided, based on DFT studies.
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Ref 1a Ref 1b
~ — [\ Ru Catechotiolates are [\
MesN.__.NMes MesN._NMes 0.002-0.1 mol % MesN x_—NMes Efficient & Z-Selective MesN _—NMes
T T @ Ru complex k@* To Olefin Metathesis Catalysts Ts
Hu, Ru Ha _gu 22 °C, CH,Cl, n He_Ri but Ru Catecholates are not. Ho_gi V
d_ g o 7 ° <~ o S~
e o V _10mol%6a \> <’ pY %
>98% Z in most cases for ROMP and ROCM; 20 equiv /\ G { conv to dichloride & exchange with alcohols no conv to dichloride or exchange with alcohols
4 R olefin coordination stereo-determining metallacycle formation stereo-determining

TON = up to 43,000; robust; alcohol tolerant
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22 °C, thf (0.5 M)
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Ref 2a,b; Z-ZIRHIAL T4 A3 XD HAER
Ref 3a Ref 3b Mes N i NMQS potytopal MesN NMes
highly  py — “' o M
oen Wma o "
) \/jﬁ 1 ®= \x m >98% 2, 56% syndiotactic,
/\ \ " a R X=H [monomer] =005M
Q VU v
97% yeeld, >58:2 ” 88% yield, > 83% yield, > 67? M:: 2dr 9 M'M - “" >00% Z, 00% syndiotactc,
alx lm' nol ethers Ilylic alcohols unpurified 001 mol % loading, benzene, 22°C, 1 h X=F, imonomed =05 M
hetercaryl alkenes . o allyl n or no glove box AV IR VY
>98% 2, 95% syndiotactic,
X = F, [monomer] =50M
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Ref 3¢
MesN«_NMes ligand rotation McsN/_\NMes
T‘S’ (S, /S, exchange) T ,
Hon, Ag.f N = He AP
ZARA e\

relative rates of ligand rotation:
OR < | = C(O)OR < NR; = SR = HC=CH; < CNR = P(OR);

(16 complexes characterized by X-ray crystaliography)
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Ref 4a Ref 4b Ref 4c f o i' Q‘
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HO —\_/—OH 33
. 24nh
1 3.0 mol% R | HO Ph
Commercially available {0 mol% Ru complex o/ NHC-catalyzed B(pin) Sm-catalyzed dlasterecselective
+ —— enantioselective conjugate addition ketone reduction -
THF, 22°C,9h 3 MeO Mo-catalyzed ring-closing metathesis/ ™
_/—Ph diastereoselective catalytic
= with Ru-2: 70% conv., 50% yield, 91:9 Z:E (*nsopekolide HN o Srogenstion weh PRC)
: . . o Y Y- - . v
2 with Ru-3a: 50% conv., 42% yield, 98:2 Z:E Mo-catalyzed . ring-opening/cross-metathesis on
I - EF _‘S:E k | N Z-selective cross-metathesis/- -~ 4
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Introduction 2: Eﬁﬂﬂbﬂxiﬁltbx-capping agent

Ref 5a
3.0-5.0 mol % Mo-1d

G/ + C|/\/C| > G
benzene, 22 °C, 2-4 h

N

Ref 5b

HO CF,
2a o CF, N/_\:/
(10 equiv.) N 3 0 mol% Mo-6b Nﬁ\:/ Ref. 24 HO!
used as received . {Bu o — [ 0
+-Bu 5.0 equiv. 7, HO l’_‘i‘ "
CeHg 22°C, 20 8r 10
>98% conversion, 80% yield, (Glycosidase inhibitor)
Mo-1d >98:2 Z.E
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Ref 6

MestNMos "

A~\COH HN

=t G

Ml { Mc'
tagl F
capping agent prostaglandin F2a stapled peplide

>\|/ COMe

72% yield,

98% Z 16 G G Ru
NHBoc e w £ f_RUL _ o /ﬁ>
i favorable G
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/\R1 L G G
a

— /Q\ ?LRUﬂ T G/=\R‘

e e Hu., i~
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© 0 : H —_ | v or Ru-2
» LnHufﬂH + G/ \R

(excess) steric R ix iii

_ 59%yleld, >08% Z  precursor 1o opioid receptor agonist | 52% yield, 95% E A Re more  |eeoomooooeo! OIS O
X ) b iv favorable /—\
<2% conv without capping agent. Not feasible with other catalyst families (Ru-, Mo- or W-based). L ¢, 6
2-buteneZcapping agent& L Thix A, HFAAIZAF1) TUBANTES A o oo — Z . LAv=0, R —
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Ref 8a-d
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48-99% solated yweld
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Mes NYN Mes U"a..s\
Cl, 1 __ _Ph R, | Ycien
cn"rq“ | S Ry _13mo  POn 3
PCy, RS =2 . N
P CH,Clp, 40°C, 12 e
A Mes = CgH2,4,6-(CHy)y R . R, = CHy CHLOR, CHACH,)L.CHy or
\K + PR 5 mol% \l/ " Ra = H. Cy, CHCHy neat, 23 °C, 12 be
CHLCl
°C/ 53-87% isolated yield 2
40°C / 12 hours ° ye I ‘ R s iy
N RT/LRJ d\:l‘l:rnsmq R?
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Introduction 3: =SB 7YILZILaA—ILFZEBEDERL

Ref 9 Ref 10a: 7L 7 )La—)LDEFRMRERAVN-AHE RO KR
AL W Ref 10b Chem. Rev. 1993, 93, 1307.

o F OEt | [Rulood L), ‘ ,
OoH (SHokbinap . e
KOH

M\/J\
w E V 1wopropyt eiconal » J
e ° 2 100°C. 2 A
OAc 1 2

. 78% yiekd A2
v v N R edr> 501
/g/\/& z « topological diversification
OAc * >30 examples
_ _ e R  selectivity rationale
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P==CHCH —_ =
3=<- TPy \-—<— —refEEN T Am. Chem. Soc. 1985, 107, 6639.
) 2 Ref 12b

MejAl Me, AlMe, Me, H Me, H
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J. Org. Chem. 1980, 45, 4260. " OAlMe; 0 OH

3 9 4
RETONIILFILTILA—=ILDOAIRTILIIZKDRETYIILTILO—ILERKR
J. Org. Chem. 1997, 62,784.

Ref 12c
i. RZ,BH, 0°C OH
ii. R%,Zn, -78°C RL&Jn'
Br—-—R‘ —_
iii. R*CHO R?

(2)-Trisubstituted Allylic Alcohols
up to 92% vyield
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Rr<—OH 5.0 mol % "

Me

R=H, 1a
R =Me, 1b
(5.0 equiv)

BnO,C

2a

This Work 1: Catalyst & Substrate Scope
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Scheme 2. Reactions with a Dichloro-Ru Complex”

MesN y_NMes
T >95% conv in all cases
Cl,
+\C| BnO,C Ve
Oi-Pr —
Ru-2

OH

E-3a
with 1a: 61% yield, 87:13 E:Z
with Z-1b: 64% yield, 88:12 E:Z
with E-1b: 71% yield, 91:9 E:Z

CH,Cly, 40°C, 12 h

“Conversion (loss of 2a) determined by analysis of '"H NMR spectra
of unpurified mixtures. Yields correspond to purified products. See the
Supporting Information for details.
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Table 1. Initial Evaluation with Ru Catechothiolate

Complexes”
Ru-1a Ar=2,4,6-Mes-CgH,; R =H
Me BnO,C 1.0 mol % Ru COI"F"er Me AN NAr Ru-1b Ar=2-F6-Me-CeHg R =H
/=& Zbutene, thf, 22 °C, 1 h; — o Ru-1c Ar = 2-F,6-Me-C¢Hg; R =Ph
R OH — > oA Mo
5.0 mol % Ru complex, BnO,C d{u\
laor z1b 2a 100 torr, thf, 22 °C, 1 h, Z3a .
(5.0 equiv) ; Cl
then ambient pressure, 15 h
entry Ru complex; equiv Z-1b; conv (%);? ZEb
allylic alcohol equiv Z-butene yield (%)¢
1 Ru-1b; 1a 5.0;5.0 82; <5 na EEBPYIE2aDHREAREL XK
2 Ru-1a; Z-1b 5.0;10 81; 31 >982 Z-1b®D I TldZ-3ah LA R
3 Ru-1b; Z1b 5.0;10 90; 76 >982 fRIEDIIFE/NET HENER L
4 Ru-1b; Z1b 3.0;10 86; 65 >082 Z-1bZiEod EUINEET
E Ru-1b; Z1b 5.0;5.0 95; 74 >08:2 | Z-2-buteneZ i@ 5 g LUK A LFA L
6 Ru-1b; Z1b 5.0; none 21;15 >082 Z-2-butenefEL TIXUNE KIFET

“See the Supporting Information for details. bConversion (loss of Z-
Me-substituted alkene derived from 2a) determined by analysis of 'H
NMR spectra of unpurified mixtures. “Yields correspond to purified

products. na = not applicable.



This Work 2: Catalyst Screening

HEERAGEROSoELRR(ZEREE) HEEERAGEROSoTLRR(ZEREE)

ETITEVWTILEALNFRESND 0Bn 1.0 mol % Ru-1b, OBn M
— 5.0 equiv Z-butene, thf, 22 °C, 1 h; - OH
Scheme 3. Scope I: Z-Trisubstituted Allylic Alcohols” M i T
C omam I zon LU SRR CIE4BRBE6T %R 1S
.0 mol % Ru- atches), ort, thf, 90% , 62% yield, N
Me 1.0 mol % Ru-1b, Ve 22°C, 1 h, then ambient pressure, 30 h o rn Horner-Wadsworth-EmmonsiH 2
/=<— ,/~  5.0-10 equiv Zbutene, thf, 22 °C, 1 h; /=<_ e I
1 > |
Me OH R Rl \—oH ' Ref 15 s o '
Z1b 2 5.0 mol % Ru-1b, 23 | x OR Ho L |
(>98:2 ZE; 100 torr, thf, 22 °C, 1 h, ' oA A)\ * NH !
5.0-10 equiv) then ambient pressure, 15 h I o CHs CH !
| i !
1
Me OPMB  Me Me ! N |
- - Br - ! coH :
OH OH OH : HO, ¢ HO, 1
) =CH, NH, 1
o} CH. |
Z-3b Z-3c Z-3d : N OH 1
i . 0 . i . Bi OR Br. WO 0 1
(10 equiv Z-1b): (5.0 equiv Z-1b): (5.0 equiv Z-1b): : — r mj S ©\/OLOH \
92% conv, 70% yield, 95% conv, 78% yield, 95% conv, 68% yield, 1 o o = o CH CHs :
>98:2 ZE >98:2 ZE >98:2 ZE : oo™ Lo : !
" : X iCHa \ o CHZOH CHZOH :
Me I HO @(\'j\cm — 1
- 1
— v 1R IBTE I HE R HY !
i} lﬂf@ o | NS =, momazs |
1
1
1

5.0 eii/ez-m): 5.0 quL;i?/fZJb): (5.0 quL-J:i;ngJb): H ﬁ p 3] FH ZE D oY/ é* § (EﬁKﬁ ﬁ)

87% conv, 55% yield, 92% conv, 77% yield, 90% conv, 75% yield, Scheme 4. Scope II: E-Trisubstituted Allylic Alcohols”
>98:2 ZE >98:2 ZE >98:2 ZE
OH 1.0 mol % Ru-1b,
Me Me OH
— — 5.0-10 equiv Z-butene, thf, 22 °C, 1 h;
ﬂOH sowo| /=_,,, BOM = PhCH,0CH, we  Me R RF(M:
E-1b 2 5.0 mol % Ru-1b,
Ph Ph (benzyloxymethyl) (>98:2 ZE: 100 tor, thf, 22 °C, 1 h, E3
Z-3h Z-3i Z-3j B{M (: Jj\mi 5.0 equiv) then ambient pressure, 15 h
(5.0 equiv Z-1b): (5.0 equiv Z-1b): (5.0 equiv Z1b): lll_.? /J\L,{E_F
95% conv, 70% yield, 83% conv, 63% yield, 75% conv, 40% yield, LD OH OH Rvg OH
>98:2 ZE >98:2 ZE >98:2 ZE C‘3/f_/=<;e e
Vle MeO Me Me E-3a E-3d E-3g

ﬁ — 96% conv, 75% yield, 90% conv, 63% yield, 94% conv, 77% yield,
\—OH MeO Q OH — \OH >98:2 E:Z >98:2 £:7 >98:2 £:7
Ph

Z3 Z3m OH — 7"
10 equiv Z1b (5.0 equiv Z-1b): (10 equiv Z-1b): Ve )s_ Me — e
88% conv, 55% yield, 90% conv, 81% vyield, 91% conv, 58% yield, J Ph
98:2 ZE >98:2 ZE >98:2 ZE E-3h E-3m®
88% conv, 60% yield, 91% conv, 52% yield,
" : 2EZ 2 E:
“Same conditions as Table 1, except 10 equiv of Z-butene for Z-3k. ~%8 82E2
Conversion (loss of Z-Me-substituted alkene from 2) determined by “Same conditions as Table 1; 5.0 equiv Z-butene used except for 3m
analysis of 'H NMR spectra of unpuriﬁed mixtures. Yields correspond (10 equiv). Conversion (loss ?f Z-Me-substituted alkene derived from
f . . . _ 2) determined by analysis of '"H NMR spectra of unpurified mixtures.
to purified products. See the Supporting Information for details. Fc = ‘ ; :
Yields correspond to purified products. “10 equiv E-1b used. See the
ferrocenyl. Supporting Information for details.



This Work 3: Mechanistic Study
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ref 3aDHIRVOARAZEL AT T ILI—TILIEZEHTET

2RMICTYILT ILA—ILEY [FIREED
Scheme $S. Scope III: Z- and E-Trisubstituted Allylic Ethers”

Me Me
OBn <-_’—/_<—OPMB
Z4 z5

81% conv, 72% yield, 86% conv, 50% vyield,

73% conv, 51% yield,

>98:2 ZE >98:2 ZE >98:2 ZE
MeO Me
: Me
= —
MeO@E‘—OBn OPMB

Z-8
91% conv, 40% vyield, >98:2 ZE

z7
85% conv, 55% yield, >98:2 ZE

Me Me
— —
OBn OAc
z-9b Z10
71% conv, 38% yield, >98:2 ZE 85% conv, 48% yield, >98:2 ZE
R
OPMB OPMB OPMB
— B =
Me Me e
Ph
E-11 E-12 E-13
83% conv, 50% yield, 6% conv, 54% yield, 70% conv, 41% yield,

>982 E:Z >982 E:Z 982 E:Z

“Same conditions as in Tabl 1; 10 and 20 equiv allylic ether used for
Z-9 and Z-10, respectively.\Conversion (loss of Z-Me-substituted
alkene derived from a-olefin) determined by analysis of '"H NMR
spectra of unpurified mixtures. \ields correspond to purified products.

Same conditions as eq 1. See the Supporting Information for details.
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Scheme 6. Allylic Heteroatom Is Required for High
Efficiency”

Me
BnO,C \_/=<_\
OH

Me n-nonyl
BnO,C m BnO,C \_/—(
Ph

15 16
83% conv, <5% yield 79% conv, <5% yield 70% conv, <5% yield
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“Same conditions as Table 1. Conversion determined by analysis of 'H
NMR spectra of unpurified mixtures. See the Supporting Information
for details.
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(0

(for d/subsn!uted alkenes)
S++*HOCH,C« feasible:
minimizes O-S e—e repulsion;
lowers trans influence

KFHFEEFIDEN

OH(benzyl)

11
(for trisubstituted alkenes)
S++*HOCH,C /3 association
not feasible (too distal);
minimal O-S e—e repulsion

Figure 1. Unlike reactions leading to 1,2-disubstituted alkenes, H-
bonding and e—e repulsion play less of a role en route to trisubstituted

olefins.
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a. DiHe;enl modes o;ﬂn;elallacyclobulane frmalion and ,::ee resulting energetiz:: - B ‘j:AJ: LJ E_L{as Bﬁ%gf; U
7> N/:\N‘é,\\, = N/:\N‘)\ /TS‘NCN‘Q,\ SIRLF—LR
e Ter w 1o i w To | ClEEEZROBEOMe LMD
>:"\“ I\ X N X I\ TILXTUBRFDMes
N ,}H:\ ‘ Meo;}:\ van der Waalst8E{EF ?
overall A B c (ref 17[i%®$ﬁﬁ'ﬂzﬁﬁo) X)
barrier  16.3 kcal/mol 17.9 kecal/mol 15.8 keal/mol
b. Key transition states for reactions viaB and C:
= ts1gldts2gL LERTILDMeH

mc

ts1g (16.8 kcal/mol)

pressure

ore steric
1@ stenc ts2g (17.9 kcal/mol)

ArN NAr

]

| \Ru._

%"

ts1¢ (14.9 keal/mol)

NHC LD I7vRITGEWLWDTOLREE

(ts1ctt520%)lﬁl$§)

ArN/\_/\NAr tS1BJ:UtS1CO)7‘J_7fJ§E§$J§U[:
T TABEAENDTRE

_.-Ru, N
110.5°
(o]

| less steric
pressure

ts2¢ (15.8 kcal/mol)

Figure 2. (a) Mechanistic analysis with model reactions that proceed via
A—C. (b) Selected transition states with free energy values (PBEO-
D3BJ/Def2TZVPP ysmp))- See the Supporting Information for details.
Ar = 2-F,6-MeC¢H,; ts = transition state; SMD = solvation model based
on density.



Other Experiments and Next Approach
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