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ABSTRACT
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Homoallylic alcohols with anti-allylic substituents display enhanced E-olefin selectivity in cross-metathesis (CM) reactions with allyltrimethylsilane.
The high selectivity can be explained via a five-membered chelate intermediate in which the hydroxyl group of the homoallylic alcohol coordinates
to the ruthenium metal center of Grubbs’ catalyst.

Olefin metathesis chemistry and its application to organic for the synthesis of allylsilane homoallylic alcohols (AHAS)

synthesis have advanced significantly in the past few years. as cyclopropane precursars.

The primary engine for the recent growth of metathesis In our initial studies, we were limited to the use of the

chemistry was the development of an air-stable ruthenium ruthenium benzylidene catalys# It quickly became appar-

benzylidene catalyst. The benzylidene catalyst (Grubbs’ ent that while catalyst was effective in RCM reactions, it
reacted sluggishly in cross-metathesis (CM) reactions be-

M tween unprotected homoallylic alcohols and allyltrimethyl-
PCys Mes—N_ N-Mes

Cl_|__Ph  Clu Y=/ph silane (Table 1§. However, with_in the past year and the

ar cVRT advent of the second-generation benzylidene catayst
PCys PCy, containing the 1,3-dimesityl-4,5-dihydroimidazol-2-ylidine
1 2 ligand? we again explored the more concise CM route to

_ ) ) ) our cyclopropane precursotsin that account we first
catalyst) has consistently displayed its wide tolerance of

functional groups and versatility in a variety of metathesis  (2) (a) Taylor, R. E.; Engelhardt, F. C.; Yuan, Brg. Lett. 1999, 1,

reactions. These characteristics coupled with its stability 1257. (b) Taylor, R. E.; Schmitt, M. J.; Yuan, Brg. Lett.2000,2, 601.
h i de it th t lent tathesi talvst (3) Unpublished results: The lack of reactivity of benzylidene catalyst
ave easlly made It the most prevalent metatnesis catalysl jn the presence of a free hydroxyl in the homoallylic position is well-

in the current literature. Our group has successfully employed established. To circumvent the low reactivity problem in the CM reactions,

; ; ; ; ; we employed high catalyst concentrations {80 mol %) of 1. Though
the use ofl in the rng cIosmg metathesis (RCM) reaction effective in facilitating the CM reaction (yields 2@10%), the highly colored
metathesis products proved difficult to purify. Additionally, the highly
(1) For recent reviews of olefin metathesis, see: (a) Grubbs, R. H.; Chang, colored products gave poor yields in later reactions due to lingering catalyst

S. Tetrahedron1998, 54, 4413. (b) Blackwell, H. E.; O’Leary, D. J; contaminants.

Chatterjee, A. K.; Washenfelder, R. A.; Bussmann, D. A.; Grubbs, R. H. (4) Scholl, M.; Ding, S.; Lee, C. W.; Grubbs, R. Brg. Lett.1999,1,
Am. Chem. So000,122, 58. (c¢) Roy, R.; Das, S. KxChem. Commun. 953.

2000, 519. (d) Grubbs, R. H.; Trnka, T. Mcc. Chem. Re2001,34, 18. (5) Taylor, R. E.; Engelhardt, F. C.; Schmitt, M. J.; Yuan, H.JQAm.
(e) Furstner, AAngew. Chem., Int. E2000,39, 3012. Chem. Soc2001,123, 2964.
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Table 1. Cross-Metathesis Reaction of Homoallylic Alcohols
with Allyltrimethylsilane

either 'H or 13C NMR, suggesting a greater than 95:5
selectivity in favor of theE-olefin. Thus, when the relate
stereochemistry between the homoallylic hydroxyl group and
the allylic substituent is anti, there is a noticeable preference
for the E-olefin products.

Homoallylic Alcohol Cross-Metathesis Product

(E:2f In two recent independent publications, Fursthand
OH OH Smith’® have noted the reversible nature of the olefin
ph/\)\/\ s, ph/\)\/\w\ms metathesis reactions using the newer ruthenium metathesis
3 2 9  (70:30) catalysts, specifically cataly&t Intrigued by these results,

OH OH

81%
Ph/\M — Phw\TMs
a

10 CH; (80:20)

we first explored the possibility that the observed difference

in our E:Zratios was a result of a reversible thermodynamic

process. To evaluate this, we subjected isomerically pure
Z-olefin 11 to the CM conditions with catalys, affording

™ oM an E:Z mixture of olefins (54:46) after 18 h (Scheme 1).

/\)\/\ 86% /\)\/\H* ~
Ph X — Ph < TMS

° o " o ze) I
OH OH . . .
74% N Scheme 1. Reversible Nature of Cross-Metathesis Reaction
Ph X — Ph ™S 2 (5 mal
6 COEt 2 12 CO,Et (80:20) (5 mol%),
OH o~ TMS on
/\)O:/\ 67% /J:N Ph 7S (4 equiv.) o M\TMS
~ CH —_—> :
Ph N ——ph : ™S 1 (i 5 “TMS CH,Cl (reflux), 18 hr 11 GH (54:46)
7 CO,Et 13 CO.Et (92:8) (Zisomer) :
OH OH
/\)\/\ 5% /\)\/\f\ i i ibili 1
Ph v — Ph < ™S This served to verify the reversibility of the reaction, but
= a = . . . . .
8 OAN_/(O 14 OAN_/(O the isomerization was slow relative to the time scale of the

CM reactions in Table 1 (4 h). In fact, the product ratios in
Table 1 were also shown to be independent of both reaction
time and concentratiohThese observations, combined with
our results in Scheme 1, suggested that on the time scale of
our CM reactions, isomerization of the olefin is slow and
the observed product ratios in Table 1 are not thermody-
namically controlled. Rather, the product ratios are better
explained using a kinetic rationale based only on the relative
energy differences of the corresponding metallacyclobutane
d intermediates.

It is well established that the active form of Grubbs’
catalystl is a 14-electron species derived from the dissocia-

e

w K/O
w (>95:<5)

aReaction conditions: (a) allyltrimethylsilane (4 equi2)(5 mol %),
CH:ClI; reflux, 4 h. *E:Z) ratios were determined by using bdth and
13C NMR.

observed the higk-olefin selectivity in the cross-metathesis
reactions ofanti-hydroxypropionates with allyltrimethylsi-
lane. This Letter will further report on these observe
enhancements and elaborate on the potential origin.
The first substrate subjected to the cross-metathesis’ , , :

reaction with allyltrimethylsilane was homoallylic alcohol tion Of & tricyclohexylphosphine grodpin this electron-
3 derived from hydrocinnamaldehyde. With no allylic def|C|ent_ state, an _a\_/allable lone pair of electrons can eas_|ly
substituent, this substrate easily afforded the desired CM elef:tronlcally sub5|d|ze the metal center. Such an interaction
product9 as an inseparable mixture Bf andZ-isomers (70: typlca_lly occurs intramolecularly and usually only serves to
30) in 84% yield® Similarly, the syn-allylic substituted ~ d€activate the catalyst. Work by several grdfipkas

homoallylic alcohols4 and6 provided their corresponding described this phenomenon. In t.he case Of, homoallylic
CM productsl0 and12, again in good yield, with typically alcoholls or esters, the oxygen m0|e_ty is coordmatgd to the
observedE:Z ratios (80:20¥. However, when the relative ruthenium center of catalydt, essentially sequestering the

stereochemistry between the hydroxyl group and the allylic catalyst in an unrgactive forf.Recently, Hoveyqlé re-
substituents waanti, increased selectivity for thE-olefin ported that with 2-isopropoxystyrene the ruthenium center

was observed. Boantl—aIIyllc .subst|tuted homoallyllc_: (7) (@) Firstner, A- Thiel. O. R.; Ackermann, Qrg. Lett. 2001, 3,
alcohols5 and7 provided the desired CM products, but with 449, (b) Smith, A. B., Ill: Adams, C. M.; Kozmin, S. A. Am. Chem. Soc.
notably higher selectivities for th&-isomer (92:8). This  2001,123, 990.

. d selectivi d wh h (8) The CM reactions in Table 1 were run at varying concentrations-(0.1
Increased selectivity was even more pronounced when th€g o1°m) and reaction times {424 h) for several substrates. Despite the

enantiopure substrawas subjected to CM conditions. In  variant of conditions used, the obsered ratio for the CM products was
; i always the same for the respective substrate.
the product mixturel4, theZ-isomer was not detected by (9) () Grubbs, R. H.- Dias, E. L.: Nguyen, SB. T.Am. Chem. Soc.
1997,119, 3887. (b) Schaaf, P. A. V. D.; Kally, R.; Hafner, &hem.
(6) For comparableH:Z) ratios in similar cross-metathesis reactions, see  Commun2000, 1045.

ref 1 and the following: (a) Chatterjee, A. K.; Grubbs, R. Gkg. Lett. (10) (a) Furstner, A.; Langemann, &.Am. Chem. So4997 119, 9130.
1999 1, 1751. (b) Crowe, W. E.; Goldberg, D. R.; Zhang, ZTdtrahedron (b) Ghosh, A. K.; Cappiello, J.; Shin, Detrahedron Lett1998,39, 4651.
Lett. 1996,37, 2117. (c) Roy, R.; Das, S. KChem. Commur2000, 519.
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of either catalystl or 2 not only chelates to oxygen but chelate also defines a sterically biased environment and from
actually forms a new stable, isolable carbene. Grubbs hasthis the enhancel-olefin selectivities can be rationalized.
also added credence to these chelate models, providing Analyzing the chelate ofanti-propionate homoallylic

evidence for stable five- and six-membered ring chelates alcohol16, it is apparent that both faces of the=RD carbene

between catalys2 and the carbonyl of an amide functional
group®® Most interesting in this last paper though is the

are somewhat blocked by substituents. @kkace is blocked
by the methyl group while thg-face is inhibited by the large

proposal that the metallacycle intermediate itself can also R group (PhCHCH,-). For thesyn-propionate chelats,

be involved in the chelation.

In the CM reaction, once the ruthenium benzylidene
catalyst2 reacts with the terminal olefin of a homoallylic
alcohol (such a8), a new alkylidendl5is generated (Figure
1). After which, a dynamic equilibrium ensues where the

Mes~ N‘Mes
o o T,
_Ru‘\CI
/\/'\A —— /%
Ph [ Rl pyon (& _OH
15
"Non-Chelate" 16 R
"Chelate"
Mes-N N-Mes
o o 1o
—ru©
Ph//\\//l\]//§>R L) —_ C(\‘
ul OH
" CH;
17
"Non-Chelate" 18 R
"Chelate”

Figure 1. Five-membered chelate of alkylidene with Grubbs’
catalyst.

ruthenium center coordinates with the free hydroxyl group
in 15 to generate chelate6. On the basis ofH NMR and
the upfield shift* (17.18 ppm) of the carbene proton, it
appears that chelafié is the favored structure (Figure ¥5
Similarly alkylidene 17, arising from thesyn-substituted
homoallylic alcohol4, provides chelatd 8. Interestingly,

despite being chelated, the catalyst retains reactivity, sug-

gesting that the chelate is highlighted by a labile oxygen
ruthenium bond. This lability allows the catalyst to undergo
further metathesis reactidfisrather than siphoning the

the g-face is blocked by both the methyl and the R group,
while the a-face is completely uninhibited. As a result of
these chelates, new steric considerations emerge, biasing the
approach of allyltrimethylsilane to form the metallacyclobu-
tane intermediates (Figure 2). It is in these metallacycle

Intermediates Leading to Z-Product

HsC

R = CH,CH,Ph

Intermediates Leading to E-Product

H4C

R= cHchzph

Figure 2. Metallacyclobutane intermediates with five-membered
ring chelate.

intermediates that the enhancementEholefin selectivity
can be understood.

For simplicity, the following discussion will be limited to
intermediates formed from the approach of allyltrimethyl-
silane from theo-face of chelated structurels and 181°

catalyst into an unreactive reservoir. The presence of aThe intermediatesanti-A and anti-B are drawn for the

(11) This sequestering effect sufficiently explains our difficulty in using
catalystl in the CM reaction of unprotected homoallylic alcohols with
allyltrimethylsilane (ref 3).

(12) (a) Hoveyda, A. H.; Bonitatebus, P. J., Jr.; Harrity, J. P. A;;
Kingsbury, J. SJ. Am. Chem. S0d.999,121, 791. (b) Hoveyda, A. H.;
Gray, B. L.; Kingsbury, J. S.; Garber, S. B. Am. Chem. So000,122,
8168.

(13) Choi, T.-L.; Chatterjee, A. K.; Grubbs, R. Angew. Chem., Int.
Ed. 2001,40, 1277.

(14) All NMR work was performed in CDGland chemical shifts were
reported relative to residual CHQIH: & 7.26 ppm). The carbene proton
in the parent benzylidene cataly@ appears 19.14 ppm, while the
propagating methylidene appears at 17.78 ppm. The upfield shift of the
carbene proton in structurE5/16 is highly suggestive of a chelate and
matches well with Hoveyda's results of similar oxygemthenium chelated
structures (ref 12a).

Org. Lett., Vol. 3, No. 14, 2001

formation of the metallacycle between allyltrimethylsilane
and the ruthenium alkylidene &6 (Figure 1). As all of these
metathesis reactions are reversible, these two intermediates
can either break down to starting materials or go on to

(15) It is important to note that with trgyn-alkylidenel8 the formation
of the metallacycle intermediate will be controlled by the two substituents
on the-face. The approach of the allyltrimethylsilane 18 will occur
predominantly from thex-face, as it is unfavorable to approach from the
more hindere@-face; thus no added steric interactions occur, leading to
typical E:Z ratios in the CM products. However, witdmnti-alkylidenel6,
approach from thes-face is still a possibility. In this new metallacycle
intermediate, similar steric interactions exiah{-A), but now between the
R group (-CHCH,Ph) and trimethylsilane, providing a similar argument
for the enhancedt-olefin selectivity.
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s silyl ethers would disfavor the chelated intermediates.

Scheme 2. Silylated Alcohols as Non-Chelating Systems Subjecting terminal alkene$9 and 21 to the conditions
OTMS  35%- 45% OTMS provided their corresponding CM products albeit in low
converslon S conversion®¥ (Scheme 2). Silyl ethet9 provided allylsilane
Ph N ———=Fn TMS 20 (E:Z = 92:8), while silyl ether21 yielded allylsilane22

19 Co.Et 20 CO:Et (92:8) (E:Z= 89:11)!" The presence of the silyl protecting group
oTMS 33% - 45% OTMS in both systems does appear to disrupt the proposed chelate,
Ph o Conversen ph/\)\_/\w\ms and the enhanced selectivity for taeti substrate is no longer
21 COEt 2 22 CO,Et (89:11) observed.
Reaction Conditions: (a) Allyltrimethylsilane (4 equiv.), In conclusion, allylic substituted homoallylic alcohols are
2 (5 mol%), CHyCl, reflux, 24 hrs. excellent cross-metathesis partners with allyltrimethylsilane
and result in enhanced-olefin selectivities if the relative
stereochemistry between the alcohol and the allylic substitu-
product. If they break down productively, thenti-A will ent is anti. These enhancements are rationalized by the
provide thez-olefin product andanti-B the E-olefin product. chelation of the ruthenium metal center in a five-membered

In these intermediates as drawn, it becomes readily fing to the free hydroxyl of the homoallylic alcohol in the
apparent that the a||y||c substituent can have an effect on meta”acyde intermediate. The reSUltlng ordered intermedi-
their relative energies. The allylic methyl group 16 can ates impose added steric considerations in the cross-metath-
significantly hinder the approach of the allylsilane, favoring esis reactions, ultimately Ieading to hlgher selectivities for
anti-B, where the silyl group rotates away from its cross- theE-olefin cross-metathesis products via a kinetic process.
coupling partner, the homoallylic alcohol. It is clear that an
unfavorable steric interaction exists between the bulky —Acknowledgment. We gratefully acknowledge support
trimethylsilane and the allylic methyl group of the homoal- from the National Science Foundation and also support from

lylic alcohol inanti-A (Figure 2). This steric congestion can the Petroleum Research Fund. We also wish to thank
be relieved though as seen amti-B. The added steric  Professor Seth Brown for his insightful comments. F.C.E.

considerations in intermediaseti-A are significant enough ~ @cknowledges and thanks the University of Notre Dame for
for the favored reaction pathway to proceed through inter- & Rohm & Haas Graduate Fellowship Award, and M.J.S.
mediateanti-B, ultimately leading to a higher preference for thanks the University of Notre Dame for the Amoco
the E-olefin product Kani—s > Kani_a). When the analogous Fellowship. R.E.T. is an Eli Lilly Grantee award recipient.

metallacycle intermediates are drawn for $iye"propionate” Note Added in Proof: Concurrent to our most recent
homoallylic alcoholl8, we see that no added steric consid- publication (ref 5), Cossy et al. (J. Organomet. Chafo1
erations exist in eithesyn-Aor in syn-B (keyn-s ~ ksyn-a)- 624, 327) reported the use of a variety of homoallylic
Using a chelate model, it is the steric congestion caused by yicohols as cross-metathesis partners wigB-unsaturated
having the allylic substituent anti to the hydroxyl group in - gigehydes, esters, and allyltrimethylsilane. HigBelectivi-

a homoallyllp alcohol that enhances _selectwlty fqr the  ties were observed witth,S-unsaturated aldehydes and esters
E-olefin favoring the reaction pathway with a less sterically  yhjje the single example reported for allyltrimethylsilane

crowded intermediate. ~ provided a selectivity similar to the observations reported
Throughout this discussion, we have made the assumption,gein (3— 9).
that the propagating alkylidene species of the catalyst is the

homoallylic alcohol alkylidene. It is important to remember, ©L016061Z

however, that regardless of the propagating alkylidene the 16 The . e eiem — .

; ; ; 16) The low conversions of the silyl ethers to their corresponding CM
same Com_mon _meta”acyde mtermedlates .WIH be acclesse_d'products suggest a more sterically encumbered environment. This limitation
Thus, the identity of the propagating alkylidene species is can be overcome by recharging the reaction flask with more allyltrimeth-

irrel nt an nlv the relati nerai fthe r i ylsilane (4 equiv) and fresh catalyat(5 mol %). Ultimately conversions
cleva . do y € e tie energ e.s 0 € _espe_@ﬁa of >80% for the CM producR2 were achievable. Th&:Z ratios were
chelated intermediates (Figure 2) are important in rational-  jndependent of the percent conversion to the CM product.

izing the observed olefin selectivities. (17) The E:Z ratios were based on reactions of low conversion and

. . - determined usingH NMR. The higherE:Z ratios observed fo20 and22
Finally, we attempted to both verify and disrupt the indicate the additional steric bulk incorporated into the molecules by the

chelated model proposed in Figure 1. We anticipated that large TMS protecting group.
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