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Mo and W MonoAryloxide-Pyrrolide (MAP) olefin metathesis catalysts can couple terminal olefins
to give as high as >98% Z-products in moderate to high yields with as little as 0.2% catalyst. Results
are reported for 1-hexene, 1-octene, allylbenzene, allyltrimethylsilane, methyl-10-undecenoate,
methyl-9-decenoate, allylB(pinacolate), allylOBenzyl, allyINHTosyl, and allyINHPh. It is proposed
that high Z-selectivity is achieved because a large aryloxide only allows metallacyclobutanes to form
that contain adjacent cis substituents and because isomerization of Z-product to E-product can be
slow in that same steric environment.

rrs@mit.edu.

Supporting Information Available: Experimental details for the synthesis of all compounds and metathesis reactions. Supporting
Information is available free of charge via the Internet at http://pubs.acs.org.
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Highly reactive monoaryloxide-pyrrolide (MAP) olefin metathesis catalysts of Mo? (1) have
been prepared from bispyrrolide precursors? in situ and employed for enantioselective olefin
metathesis reactions, such as a total synthesis of quebrachamine (when R = 2,6-i-Pr,CgH3, R’
= Me, R" = Br).2 Cross-metatheses with 1 (when R = 1-adamantyl) were found to be Z-
selective, as well as enantioselective, as a consequence, we proposed, of restrictions imposed
on substituents within the metallacyclobutane in the TBP intermediate by a "large" axial
aryloxide in combination with a "small" imido group.* The above principle guided the synthesis
of related complexes 2 (R' = H (2y) or Me (2pe)), which have been shown to catalyze the Z-
selective metathesis of selected internal Z-olefins and to polymerize substituted norbornadienes
to yield >99% cis and >99% syndiotactic polymers.> We report here that the principles of Z-
selectivity by MAP catalysts can be extended to homocoupling of terminal olefins.
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The principles of Z-selective homocoupling of R{CH=CH> by a syn,rac-MAP complex are
shown in equation 1. (Only syn isomers! have been observed to date in NMR or X-ray studies.)
The terminal olefin enters the coordination sphere trans to the pyrrolide (Pyr)®:6 to generate
an intermediate metallacyclobutane with adjacent Rq substituents pointing away from the axial
OR™ group; this scenario holds if OR™ is sufficiently large to prevent formation of any
metallacycle in which Ry is oriented toward OR™. Loss of Z-R{CH=CHR; yields a methylene
complex with an inverted configuration at the metal center (S—R in eq 1). A productive
metathesis reaction between the methylene species and R{CH=CH, then yields ethylene and
reforms (S)- M(NR)(CHR1)(Pyr)(OR™). Inversion of configuration at the metal center is a
consequence of each forward metathesis step.>:8 Inversion itself should not be an important
feature of a homocoupling reaction, but if OR™ is enantiomerically pure, then both
diastereomers must be Z-selective.

J Am Chem Soc. Author manuscript; available in PMC 2010 November 25.
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(1)

Initially, we concentrated on small-scale experiments involving 1-hexene (S;) or 1-octene
(Sy; Table 1; eq 2) with 4 mol % catalyst in a closed system (NMR tube or vial). On the basis
of extensive screening (see Supporting Information) we conclude that (i) a relatively small
imido group is not necessary for highly Z-selective couplings of a terminal olefin, and (ii) W-
based complexes deliver higher %Z than Mo complexes. Examples of higher selectivity
furnished by W include 3yy versus 3y and 5y versus Syo.” Compound 4,52 is as effective
as 3y, and 95% Z-product is obtained at low conversion. The Z-product isomerizes to E with
time and conversion (e.g., see 5y). The results for the homocoupling of 1-hexene are similar
to those shown in Table 1 in all cases; for example, catalyst 4\ gave 95% Z-5-decene at 33%
conversion after three days.

cat

2 /: —_— C2H4 + /=\

R R R

R = n-butyl (S;), n-hexyl (S,), CH,Ph (S3), CH,SiMes (S), (CH,)3CO,Me (Ss),
0

7’

(CH,),CO,Me (S¢), CH,~B jé (S5), CH,OBenzyl (Sg), CH,NHTosyl (Sg), CH,NHPh(S )
O

(2)

A selection of some of our findings in connection with initial screening of substrates S3—Sg is
shown in Table 2.7 Note that 7y, and 3y both give high %Z for S7, although a direct
comparison of Mo and W is not possible since 1-adamantyl imido species of W are not known.
It should be noted also that moderate conversion is satisfactory since the product can be
separated easily from the unreacted substrate, which can be recycled.

In order to test the degree to which ethylene might be deleterious to Z-selectivity, we explored
reactions involving several of the higher boiling substrates under a 0.5 or 10 mmHg vacuum
with 1 or 2 mol % catalyst on larger scales, and compared the findings with those obtained at
1 atm of nitrogen (Table 3). The results suggest that the effects of carrying out reactions at
reduced pressure are not significant. Only the coupling of S carried out with 8y, over 15 h
suggests that reduced pressure may be required to maintain high %Z for long periods. Some
loss of monomer at ~0.5 mm naturally is observed over extended times (~14% measured in
the case of 8y after 15 h).

J Am Chem Soc. Author manuscript; available in PMC 2010 November 25.
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The results of reactions performed at 80-120 °C (bath temp), larger scales, and lower catalyst
loadings are shown in Table 4. In several cases, the remaining monomer was removed in
vacuo and the Z-product yields were established. A number of reactions proceed with >90 %
Z-selectivity and in good yield.

We propose that the efficiency of the mechanism of formation of Z-product shown in eq 1
depends upon a ligand combination that allows only a syn,syn-a,R1/B,R1 metallacyclobutane
to form from a syn alkylidene. Therefore, a large OR™ ligand is required in order to form Z-
product with high selectivity, as we proposed previously. A "small" imido group is not required,
most likely because the steric demands of a syn,syn-a,R1/B,R; metallacyclobutane are less
severe than the steric demands of an all syn, trisubstituted metallacycle.®

A critical question relates to the mechanism of formation of E-product. Three possible direct
ways of forming E-product are (i) approach of monomer to the syn alkylidene to yield a
metallacycle with Ry pointed toward OR™; (ii) reaction of monomer with a highly reactive
(unobservable) anti alkylidene (in equilibrium with a syn alkylidene) to give a trans
disubstituted metallacyclobutane intermediate; (iii) approach of the monomer in a manner
different from that shown in eq 1 to generate a different type of metallacyclobutane. On the
basis of what we know at present we propose that a significant amount of E-product is not
formed through a direct method if OR™ is sufficiently large (equation 1); formation of Z-product
in the primary step obviously is required for a Z-selective reaction.

One possible indirect mode of forming E-product is for the Z-product to be isomerized through
reaction with a M=CHR species to afford a trisubstituted metallacycle that contains two
adjacent trans substituents. Such a process is likely to be relatively slow in many circumstances
for steric reasons® because two Ry groups must be oriented toward the large OR™ in the
metallacyclobutane, if that metallacyclobutane is the only type that forms. A second possible
indirect mode is for the reverse of eq 1 to be fast (ethenolysis®), but only if the monomer is
reformed and recoupled many times in the presence of ethylene, and if a "mistake" that results
in formation of E-product in any single step (eq 1 and immediately above) is thereby magnified.
On the basis of the results summarized in Table 3, rapid and repeated ethenolysis is probably
not the main pathway giving rise to E-products with the catalysts and substrates explored here.
Therefore, at this stage we propose that E-product forms primarily through isomerization of
the initial Z-product.

Formation of high %Z homocoupled acyclic products, as described herein, has, to the best of
our knowledge, never been observed. The experiments detailed here have evolved as a
consequence of our discovery and investigation of MAP catalysts.1=6:8 We expect that the
results will continue to depend sensitively upon a combination of steric factors within each
catalyst and substrate, and upon experimental conditions.

It should be noted that intermediate metallacyclobutanes in ruthenium-based metathesis
catalysts that contain two chlorides® are proposed to be 14 electron TBP species with the
chlorides in axial positions.10 Axial chlorides would not be able to control the substitution
pattern in the ruthenacyclobutane in the manner that we have achieved with the MAP
complexes described here. No comparable Z-selectivities in homocoupling reactions have been
reported for ruthenium-based catalysts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 1
Homocoupling of 1-Octene (S,).2
Catalyst time %Conv. %Z
2ute Mo(NAd)(Me,Pyr)(CHR,)(OHIPT)P 3h 43 68
3mo Mo(NAR)(Pyr)(CHR,)(OHIPT)P 20m 80 40
3w W(NA)(Pyr)(CHR,)(OHIPT)? 26h 88 88
4y W(NA(Pyr)(C5Hg) (OHIPT) 3h 33 95
5o Mo(NAF)(Pyr)(CHR,)(Mes,Bitet)* 15m 58 70
5w W(NAD)(Pyr)(CHR,)(Mes,Bitet)*? 30m 38 93
2h 72 88

a4 mol %; cat in CgDg at 22 °C; R2 = CMe2Ph; Ad = 1-adamantyl; Ar = 2,6-i-ProCgH3; OHIPT is the aryloxide shown in structure 2; Mes2Bitet is the

ligand in structure 1 with R" = mesityl.

b L . .
Prepared in situ; see Supporting Information.

J Am Chem Soc. Author manuscript; available in PMC 2010 November 25.



Page 7

Jiang et al.

‘nys ul uemae&g

‘ng-1 = €Y {JAISBN = .4 Yum T a1n1onas ui puebi| syl Jo

Boreue payosjold-|AyrawW ay3 s1 SN OISHGCSAIN g = .. UM T ainonais ul puebi| ayp st1sugaig ‘€H9DCaN-9'2 = AV ‘€H9DCID-9' = 15V ‘UdCaIND =2y aqni HIAIN Ul D, 2z e 909D Ul 182 94 jow vm.

86 s € q<NE°saN)(CYHD) GAd) (5 VN)M Mg 6g
86 4 ST « (1N g%s0N) (CIHO) (HAd) ([, VNIM MrT 8g
86 €e € ﬁ_Ns_m_sm_xfonémmzxgzvoﬁ ony ig
9% 0L ST #(LdIHO)(EYHO)UA) (W N)M Mot ‘s
6 0¢ € (LdIHO)(CdHO)(Ad) BYNIM Mg ig
06 ee € q*(LdIHO)CUHO)UA) (YNIM Mg 9
6 69 ST +(8NOINEGSIN) (CuHO) (1Ad) (AVN)M Mg 5g
86 €e € qUeNE4a) (CdHO) (HAd°aN) (PYN)ON oN vg
€6 29 € q<(eng°saN) (CYHD) UAd) (A VN)M Mg 2
6 s T (%2) (LdIHO)CHED) AL IV N)M My &S
16 or € o(LdIHO) CdHO) (AL IYN)M Mg &g
7% "AU0D% (un 15A[e18D ug

NIH-PA Author Manuscript

2'65—£g sajensqns Jo Buiusalog

za|qeL
NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Am Chem Soc. Author manuscript; available in PMC 2010 November 25.



Page 8

Jiang et al.

“(8INOIBNECSBIN) (CHHD) (WA) (IWN)ON = os_NHo

"y GT Jaye plaIk e\%wg

"p110S © Se pappe 1sAJe1es ‘ajensgns Jesu ‘B 00z~ aJeds uonoeay,,

56 0L T G0~ (%2)"zT RS
96 ras z 092~

6 9 z G0~ We ‘s
06 rag 6T 092~

88 29 6T 01T We °s
(86<)86< (2ot (t2) s 092~ My 5s
(86<)86< (z2) L (12§ g0~ My ES
(69) 19 (v2) vz (91) 9°0 09.~ et °s
(19) 19 (ve) 98 (1) 90 50~ N4 Sg
(88) 16 (98) ¥8 (sT) ST 09~ (%z) M8 S
(g86<)86< (86<)52 (GlaRA 50~ Mg 5s
7% "AU0D Y% (Y)own (BHWW)d 18Aje1ed aleisqns

NIH-PA Author Manuscript

o' (122 04 [OW T) JUBIUOD-Z UO 3INSSald Paonpay Jo 198113
€ 9|qel

NIH-PA Author Manuscript NIH-PA Author Manuscript

J Am Chem Soc. Author manuscript; available in PMC 2010 November 25.



Page 9

Jiang et al.

.Cn___._ovaxmox;ax_:\zvig

"N J3pun paxn|gal Sem aInIXIw 8y “uoiod suo Ul pappe Sem a1esgns pue auazuag Jo W T~ Ul PAAJOSSIP SeM 1sAjered ‘6 4~ 01 6 G0~ aJeds uonoeay,,

9g 6 0S 06 4 v Mot
06 16 6 00T 81 v My bg
ra% 86< oy 00T 4 v Mg 8s
6 i 00T 81 z0 Mot
6 o 00T T z0 My Lg
08 18 16 00T o1 T g€l °s
s6 16< 0ot €2 z g et 5s
9 98 8z 06 8T z0 o€ S
g9 88 6 00T 74 20 Mot
95 €6 €9 0zT 14 z0 My ts
LL Ll 86< 0zT > z0 Mot
8/ 98 6 0zT 4 70 My ‘s
85 g6 L 08 8y 70 My s
PIBIAY% Z% "AU0D % (yreg)0, (Yawn % 15Ajere aresans
e'SaInjesadwa | pajeAs|d 1e N0 palLie) suoldesy
v a|gel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Am Chem Soc. Author manuscript; available in PMC 2010 November 25.



