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Abstract: In recent years, olefin cross metathesis (CM) has emerged as a powerful and convenient synthetic
technique in organic chemistry; however, as a general synthetic method, CM has been limited by the lack
of predictability in product selectivity and stereoselectivity. Investigations into olefin cross metathesis with
several classes of olefins, including substituted and functionalized styrenes, secondary allylic alcohols,
tertiary allylic alcohols, and olefins with a-quaternary centers, have led to a general model useful for the
prediction of product selectivity and stereoselectivity in cross metathesis. As a general ranking of olefin
reactivity in CM, olefins can be categorized by their relative abilities to undergo homodimerization via cross
metathesis and the susceptibility of their homodimers toward secondary metathesis reactions. When an
olefin of high reactivity is reacted with an olefin of lower reactivity (sterically bulky, electron-deficient, etc.),
selective cross metathesis can be achieved using feedstock stoichiometries as low as 1:1. By employing
a metathesis catalyst with the appropriate activity, selective cross metathesis reactions can be achieved
with a wide variety of electron-rich, electron-deficient, and sterically bulky olefins. Application of this model
has allowed for the prediction and development of selective cross metathesis reactions, culminating in
unprecedented three-component intermolecular cross metathesis reactions.

Introduction factors: first, low catalyst activity to effect a reaction without
) ) . . a strong enthalpic driving force (such as ring-strain release in
Olefin cross metathesis (CM) is a convenient route 10 ponp) or the entropic advantage of intramolecular reactions
functionalized and higher olefins from simple alkene precursors. (such as RCM), second, low product selectivity for the CM
Cross metathesis has recently gained prominence due to0 theoqyct, and, third, poor stereoselectivity in the newly formed

avaﬂz;blll_ty of catalysts with varied activities, such &3 2 olefin. While the development of increasingly active catalysts
and3® (Figure 1). These catalysts have expanded the variety of ) 5 yesolved many of these concerns, the inability to accurately
functional groups amenable to CM and have demonstrated the, o qict selectivity of cross metathesis reactions remains a

ability to prepare highly subst_ituted o!efins by CM, often in a pertinent issue for the practical application of cross metathesis.
stgrgoselecnve manner. The installation of struct.ural elements By placing sterically large and electron-withdrawing groups

within complex natural products and the synthesis of reagents
for further synthetic transformations can now be accomplished product selectivity and stereoselectivity. As a result of our

by CM using active and functional group tolerant metathesis j,\estigations with catalysts and 2, a significant number of

catalysts. However, cross metathesis remains an underreprep,, s hstrates classes that participate in selective olefin cross

sented arga of olefiq mgtathesis when co_mpared.to ring'Openingmetathesis reactions have been discoveénsfthile a descriptive
metathesis polymerizations (ROMRnd ring-closing metath- 1,4 of selective CM processes had not yet been disclosed,

esis (RCMJ: This has been predominantly a result of several \ye onserved that several different types of olefins could be
properly matched to provide highly selective CM reactions.

near the reacting olefin, we expected to be able to improve CM
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Figure 1. Commonly used olefin metathesis catalysts.
21 Type |- Rapid homodimerization, homodimers consumable Scheme 1. Homodimerization in Cross Metathesis
.:gi Type Il - Slow homodimerization, homodimers sparingly consumable 2 R1/\ Cross Metathesis 1/\.er1 NG T
£ Type Il - No homodimerization
2 . .
© | Type V- Olefins inert to CM, but do not deactivate catalyst (Spectator) sterically hindered and/or electron-deficient olefins falling into
Reaction between two olefins of Type | = Statistical CM Types I through V.
Reaction between two olefins of same type (non-Type 1) = Non-selective CM Olefin Categorization for Metathesis Catalysts of Various
Reaction between olefins of two different types = Selective CM Activities. Table 1 categorizes all reported CM substrates for
Figure 2. Olefin categorization and rules for selectivity. catalystsl, 2, and 3 and provides chemists with two basic

functions. First, it provides a starting reference point for the
design of potentially selective CM reactions. Second, for those
working to develop more active metathesis catalysts, it provides
a challenging set of olefins that are not active with current
catalysts in CM (i.e., Type IV olefins). Up to this point,
gnethodology developed in the area of olefin metathesis has been
marked by repeated use of the most active catalyst available.
While simple modification of the steric or electronic properties
of an olefin (i.e., by choice of protecting groups) is often

tathesis. Given the various possible alkylidene intermediates squf|C|tf3nt to crlgngeé?/le reiact;yqy of an ollefmband rﬁsult (|jn ba
and the numerous primary and secondary metathesis pathwayg_e ective reag on, s€ ec.|V|ty. may aso. .e ac 'e\{e y
involved in a cross metathesis reaction, it is difficult to simply choo.s[ng a gatalyst with differing activity, as will be

accurately predict how the complex interplay of steric and sh?vlvn tspeC|f|caIIy n the” case'loLISty.rtene sM hS{]clnce tk(;etse
electronic factors will determine the ability of various sets of catalysts are commercialy avaraple, It Is straightiorward to
olefins to participate in selective CM reactions. Due to the emplqy the most sc_electwe catalyst. As_new types of ole_flns are
multitude of factors influencing olefin reactivity in cross used in CM, assigning them an appropriate olefin type will allow

metathesis, a more straightforward, empirical ordering or them to be used more effectively in selective CM.
categorization of olefin reactivity is required. The most con-  An olefin’s general reactivity (as shown in Figure 2) with a
venient way to rank olefin reactivity is to examine their ability ~9iven catalyst determines the role of secondary metathesis, that
to homodimerize (Scheme 1). However, instead of simply is, subsequent reactions of a product olefin with the propagating
looking at theabsoluteability of an olefin to undergo ho- ~ catalyst. Predicting the ability (or inability) of the catalyst to
modimerization, we looked at its ability to undergo homodimer- Perform secondary metathesis on a newly formed CM olefin is
izationrelative to other olefins and describe olefins on a gradient important for the development of selective CM reactions.
scale of their propensity to undergo homodimerization, and Efficient secondary metathesis occurs when all components in
importantly, the subsequent reactivity of their homodimers. This the reaction are readily accessible to the metal alkylidene
analysis leads to a general model that comprises four distinctcomplex, including homodimers and the CM product. The key
olefin types which can be used to predict both selective and 0 CM reaction selectivity is minimizing the number of
nonselective CM reactions (Figure 2). undesirable CM side products (such as the homodimers of the
Type | olefins are Categorized as those able to undergo a rapidstarting Olefins) either by aVOiding their initial formation or by
homodimerization and whose homodimers can participate in CM €nsuring that they are fully consumed in secondary metathesis
as well as their terminal olefin counterpart. Type Il olefins events. It is also important that the desired cross product not
homodimerize slowly, and unlike Type | olefins, their ho- be redistributed into a statistical product mixture by these same
modimers can only be sparingly consumed in subsequentsecondary metathesis events.
metathesis reactions. Type lll olefins are essentially unable to  Throughout this paper, examples of both selective and
be homodimerized by the catalyst but are still able to undergo nonselective CM reactions with combinations of olefins from
CM with Type | and Type Il olefins. Type IV olefins are not  various types (categorized in Table 1) will be presented to
able to participate in CM with a particular catalyst but do not illustrate how the general model shown in Figure 2 accounts
inhibit catalyst activity toward other olefins. Outside these for CM selectivity with a wide variety of substrates and how it
categories are olefins that deactivate the catalyst. In general, acan be used to predict selectivity in new CM reactions. Specific
reactivity gradient exists from most active type (Type | olefin) attention will be paid to how the manipulation of the rates of
to least active Type (Type IV), with sterically unhindered, homodimerization and the role of secondary metathesis in CM
electron-rich olefins categorized as Type | and increasingly through the modification of the steric and electronic properties

These trends from our CM results, in addition to the trends
derived from the rapidly expanding body of CM literature,
provide the foundation for an empirical model for product
selective CM. In this article, we will present a general model
based on the categorization of olefin reactivity which can be
used to predict both selective and nonselective cross metathesi
reactions for a number of commercially available metathesis
catalysts with varying activities.
Olefin Reactivity and Product Selectivity in Cross Me-
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Table 1. Olefin Categories for Selective Cross Metathesis

—QN N—Q—
oY al Tcy3 i—PrQ\i—Pr
2 2 N
Ru=\ Ru™=\ i Ph
| ~ciIPh | >cIPh Mo A
CH3C(CF3),0! Hs
PC 3 3/2 4
Olefin type Y3 4 PCy; 2 CHaC(CFa),0 Cﬁ;; 3
terminal olefins,® 1° allylic alcohols, terminal olefins,®
esters,®"20 allyl boronate esters,* allyl silanes, 41819
Typel allyl halides,5®' styrenes (no large 1° allylic alcohols, ethers, terminal olefins, 1101214
(fast ortho substit.),8¢4fi esters, 21921 allyl silanes'"®
homodimerization) allyl phosphonates,® allyl silanes,?®  allyl boronate esters, "
allyl phosphine oxides,®" allyl allyl halides'”
sulfides, %" protected allyl amines®”
styrenes (large ortho substit),ad'f
acrylates, %1 acrylamides,® styrene, '®
Type ll acrylic acid,®° acrolein, 2° allylic alcohols, styrene, 12110
vinyl ketones,®® vinyl dioxolanes allyl stannanes'®
(slow unprotected 3° allylic alcohols,®™" inyl b tes®
homodimerization) P Y! , vinyl boronates
vinyl epoxides,‘Sb 2° allylic alcohols,
perfluorinated alkane olefins®®23
1,1-disubstituted olefins 529
non-bulky trisub. olefins,6%9
vinyl phosphonates,“
Typ.e i o phenyl vinyl sulfone,?? vinyl siloxanes'® 3° allyl amines, "
(no homodimerization) 4° allylic carbons (all alky! acrylc)nitrile12
substituents),
3° allylic alcohols (protected)
1,1-disubstituted oleﬁns,a
disub. a,B-unsaturated
Type IV vinyl nitro olefins, carbonyls,
tators to CM trisubstituted allyl alcohols 4° allylic carbon-containing 1,1-disubstituted olefins''2
(spectators to CM) (protected) olefins,®
perfluorinated alkane olefins,®
3° allyl amines (protected)
Scheme 2. Equilibration of Cross Products product. However, the reaction with catalyisyields a much
RN & g AR Cross Metathesis N N higher amount of the more thermodynamically favorable trans

isomer, presumably due to secondary metathesis on the CM
product formed in the reaction. Therefore, the increased trans
ratio is simply an effect of the higher activity of catalyst
toward the product than cataly&t This brings up the compli-
cated and multifaceted role of secondary metathesis. As will
be shown in subsequent sections, in some instances, we observe

ood product selectivity due to the stability of the cross product
iqoward redistribution by secondary metathesis but poor stereo-
selectivity due to the inability of the cross product to readily
undergo cis/trans isomerization via these same secondary
metathesis processes.

of an olefin or the appropriate choice of catalyst can lead to
selectivity in cross metathesis.

Nonselective Cross Metathesis with Two Type | Olefins.
When two Type | olefins are used in a CM reaction, the rates
of homodimerization are similar and the reactivities of the
homodimers and cross products toward secondary metathesi
events are high. In these reactions, the desired cross produc
will be equilibrated with the various homodimers through
secondary metathesis reactions (Scheme 2). This will result in
a statistical product mixture. For these reactions, one must use
nearly 10 equiv of one CM partner to provide 90% of the CM Selective Cross MetathesisTo avoid the statistical product
product (Scheme 3). More generally, when two olefins of the distributions produced by these inefficient reactions, one can
same type are combined, nonselective product mixtures aredesign selective CM reactions using olefins from two different
usually obtained. For example, two Type Il olefins (such as types, whose rates of dimerization are significantly different
methyl vinyl ketone and methyl acrylate) can react with each and/or slower than CM product formation. The first approach
other but will generally undergo nonselective CM, albeit with toward selective CM involves the reaction of a Type | olefin
reduced yields due to the lower overall olefin reactiity. with a less reactive Type Il or Type Il olefin that undergoes

A good example of nonselective CM is the reaction of allylic homodimerization at a significantly lower rate, if at all. In this
alcohols using either catalydt or 2 (Scheme 4). The CM reaction, although the Type | olefin may initially homodimerize,
reaction between allylbenzene and an allylic alcohol equivalent the product distribution is driven toward the desired cross
affords the CM product in 80% isolated yield with either ~ product as ethylene is driven from the system (preventing the
catalystl or 2, with good to moderate stereoselectivity. Since regeneration of terminal olefins) and the Type | homodimer
both reaction partners are Type | olefins, four allyl acetate readily undergoes secondary metathesis with the Type I/l
equivalents are required to provide an 80% vyield of the CM olefin (Scheme 5). This desired cross product will not be

11362 J. AM. CHEM. SOC. = VOL. 125, NO. 37, 2003
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Scheme 3. Statistical Distribution of CM Products
R{:Ry CM product

selectivity
R1V/"‘~R1 11 50%
Cross Motathesi 2:1 66%
R + ross Metathesis R -

I~ P R, AR, 4:1 80%
10:1 9M%

sz/"th
20:1 95%

Scheme 4. Nonselective Olefin Cross Metathesis

= e 1 or 2 (3 mol%) _— OAc E/Z ratio
* AO Ohc catalyst1  7:1
CH,Cl, 40°C, 12 h y :

1 equiv. 2 equiv. 4 catalyst2 3.2:1
80% isolated yield

Scheme 5. Primary Reactions in Cross Metathesis of Type | with Type II/1ll

M
RO + RN e -l IEERNG |
X+ X M] AR M] AeRe |+ X
Ry Ry R S —C RO Ry
Ry X
M
RS+ RN gk RO ¢ N
Scheme 6. Cross Metathesis of Type | Olefin with Methy! if protecting groups were required to provide stereoselectivity
Fumarate in this system, similar to our previous work with catalyst
i 5mol% 1 We hypothesized that increasing steric bulk through the addition
ACO_~_~F + MeOJ\/\WOMe ——————  NoCM product f . o
3 CH,Clp, 40°C, 12 h of protecting groups would decrease CM reactivity but would
(2 equiv) increase the trans selectivity. Interestingly, although the reactiv-

ity trends were as expected, the product stereoselectivity trends

equilibrated to a statistical product mixture due to the inability were opposite to our hypothesis. Greater selectivity was
of the catalyst to efficiently convert the cross product to other observed with the unprotected alcohol (entry 3) than with a
products (i.e., the homodimer of the Type II/Type IlI olefin) pulky protecting group, such astert-butyldiphenylsilyl ether
via secondary metathesis. (Entry 5). It is not clear why a smaller protecting group (entry

Selective Cross Metathesis of Type | with Type Il Olefins. 2 ys entry 5) allows for greater trans selectivity but may in part
For example, reactions between Type | terminal olefins and pe due to greater steric accessibility of the cross product with
Type Il olefins such asa,f-unsaturated carbonyl olefins, the smaller protecting group to isomerization via secondary
including acrylates, acrylamides, acrylic acid, and vinyl ketones metathesis.
result in highly selective CM reactions with high stereoselec-  gglective Cross Metathesis of Type | with Type Il Olefins.
tivity (B/Z > 20:1)*>¢In this case, methyl acrylate is a Type Il puring the course of our earlier studies with catalsve found
olefin because it undergoes homodimerization to a small extentinat olefins with fully substituted allylic carbons/quaternary
under the reaction conditions, allowing for selective reactions centers did not participate in CRThey did not eliminate
with Type | olefins® To illustrate the low reactivity of the  4ctivity of the catalyst but simply did not participate in the
homodimers of these Type Il olefins, when methyl fumarate, reaction (Type 1V). However, due to the greater activity of
the trans homodimer of methyl acrylate, is resubjected to catalystcatalyst 1, CM reactions of quaternary allylic olefins with
1 and 5-hexenyl acetate, no CM product is observed (Schemeg_ojefins are now possible with excellent stereoselectivity due
6). This is similar to our previously reported results using the o their great steric bulk (Table 3). These reactions are useful

homodimer of 2-vinyl-1,3-dioxolane with catalyaf ~ because they are able to install highly substituted carbons in a
Secondary allylic alcohols are another class of Type Il olefins stereodefined manner.

which can be utilized in CM with moderate to high cross product

yields and good stereoselectivityithout using large stoichio- o, ample of exclusive trans olefin selectivity in CM based solely
metric EXcesses of one reagent (Table 2)j It is |.n.terest|ng that g the sterics of alkyl substituents. For example, an unprotected
the addition of a methyl group at the allylic position leads 10 tgtiary alcohol (entry 1) provides an excellent yield of the CM
much greater trans selectivity, compared to the &/ ratio product with only the trans isomer observedsyNMR. Alkyl

obtained with a primary alllgllc alcohol. Similar results were g htityents have also been explored in the reaction and work
also obtained using cataly8F* Interestingly, most of the trans quite nicely with catalysfi with a variety of terminal olefins

selectivity obtained in entry 1 is retained when a simpielefin  gnyries 2 and 3). There are several key differences observed

is used in the reaction (entry 2). We decided to also investigate yhen comparing the selectivity of tertiary allylic substrates in

(8) Blackwell, H. E.; O’Leary, D. J.; Chatterjee, A. K.; Washenfelder, R. A,; CM (Tat_"e 2) with quajtemary gllyllc substrates (Table 3)' Whlle
Bussmann, D. A.; Grubbs, R. H. Am. Chem. So200Q 122, 58. the steric bulk of tertiary allylic substrates leads to the initial

We were pleased to discover that these reactions are the first
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Table 2. Secondary Allylic Alcohol Cross Metathesis

Iso. Yield

Product (%) E/Z ratio®

BZQM Ohe 38 18:1

Entry  2° Allylic Alc. Cross Partner (Equiv)

= OAc
f\/ (1.8)

1 BZOJ\/
AcO 5
2 Bzoj\/ = 0Ac (20) gy NF OAc 82 10:1
6
3 HOJ\/ Z oAc 20 o ~F OAc 92 13:1
7
W 50 14:1
NN
4 HO Z OAc (1.0) Ho OAc

b .
7 62 14:1

©5) TBDPSOJ\%“/\/\OAc 53 6.7:1
8

R

\§
3

5 TtBDPSO

aDetermined by*H NMR. P Reaction performed at 23C.

Table 3. Quaternary Allylic Olefin Cross Metathesis?@

Isolated
Entry  4° Allylic Olefin Equiv. CM Partner Product Yieldb(%)
NN
HO 7 HO = OAc
9
2 \/\></ PN \/\)4/\/\/\
P 2.0 OAc = OAc 90
10
/\/\/OBZ ></\/\/
3 >I\/ excess = > OBz 99
— M\ 1"
4 030 1.0 T O~ 91
Xz OAc
12
Lo = o._ 0O
5 0.0 2.0 )V\@ 70
X~
13

a3—5 mol % of catalystl used, CHCI, 40 °C, 12 h.P Only E isomer observed biH NMR.

Scheme 7. Altering Cross Metathesis Selectivity Using Steric Effect

catalyst1 6 mol%

Z o« _
AcO = ACOW
2 /%H CH,Cl, 40 °C, 12 h 2 oH
1 equiv Type Il 14
2.2 equiv. 58% isolated yield
— catalyst1 6 mol% —
a0 HT I U
2 OTBS CH,Clp, 40 °C, 12 h 2 oTBS
1 equiv. Type lll . 15 .
2.2 equiv. 97% isolated yield

formation of moderately trans product distribution, it also similar tertiary alcohol was used, a reduced yield of CM product
hinders secondary metathesis with the result being moderatewas observed (Scheme 7). In addition, the independent dimer-
trans selectivity. However, the greater steric bulk of the ization of this tertiary allylic alcohol can be performed in
quaternary allylic substrates presumably leads to the initial excellent yields. However, if this isolated dimer is subsequently
formation of an exclusively trans product distribution which is reacted with a terminal olefin, no CM product is observed. This
unchanged by secondary metathesis events. In addition, theindicates that once the dimer is formed, it does not undergo
homodimerization of the quaternary allylic olefins is negligible secondary metathesis presumably due to steric bulk. In addition,
in many cases, allowing for greater CM product selectivity. For we found homodimers of olefins with tertiary allylic carbons
example, with 2-methyl-2-vinyl-1,3-dioxolane (Table 3, entries were not accessible for secondary metathesis either. As a result
4 and 5), there was no observation of the dimer of the cyclic of these observations, unprotected tertiary allylic alcohols can
ketal, characteristic of a Type Il olefin. However, when the be considered to be Type Il olefins. Interestingly, this undesired
tertiary alcohol in entry 1 was used in the CM at 4D, there dimerization could be suppressed to a large extent by increasing
was a background dimerization of the tertiary alcohol. When a steric bulk via the addition of a silyl protecting group, effectively

11364 J. AM. CHEM. SOC. = VOL. 125, NO. 37, 2003
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Table 4. Cross Metathesis of 1,1-Disubstituted Olefins

Isolated
Entry  1,1-disub. CM partner (equiv.) Product Yield (%) E/Z ratio®
NN,
1 BzO/Y ~ OAc (2.0) BZOWOAC 80 4:1

(0]

16
o
2 HZNJ\l/ /\Mg\/OTBS (12) HZNWOTBS 71 >20:1
17

o
5 HOJ\K /\Mg\ a1

o
=
o o 18

4 HJ\"/ WOAC (1.0) H)Y\/\/\OAC 97 >20:1
19

apDetermined by'H NMR, confirmed by!H NMR NOE experiments.

23 4:1

changing the substrate to a Type Ill olefin (Scheme 7). This acrylate (Type II) and ethyl vinyl ketone (Type Il) compete with
simple substrate modification results in increased CM selectivity the CM formation, resulting in a considerable amount of
by suppressing the unwanted homodimerization side reaction.homodimer side products. However, by capping withraethyl
These reactions represent the control of product and stereosegroup, the dimerization is suppressed and higher selectivity
lectivity in CM based purely on steric considerations, which toward CM product is obtained. Another strategy is to utilize
may be manipulated through the judicious choice of protecting slow addition of the Type Il olefin in order to maintain a low

groups. concentration of the more reactive Type Il olefin, thereby,
Other examples of CM with Type Il olefins, such as 1,1- minimizing the amount of dimerization (Table 5, entry 7).
disubstituted olefins, using catalybtre shown in Table #° Cross Metathesis with Olefins that Bridge Type Catego-

Even functionalized 1,1-disubstituted olefins are excellent ries. While protection of tertiary allylic alcohols has been shown
substrates for CM which can give high stereoselectivity (Table to change their CM behavior leading to enhanced CM selectiv-
4, entries 2 and 4). Highly active catalyishas also been shown ity, other olefins, such as styrenes, bridge the broad type
to perform secondary metathesis on trisubstituted prenyl diéfins categories outlined previously. The CM behavior of styrenes
(Entry 4) allowing for a regio- and stereoselective formal allylic depends strongly on their substitution patterns, providing far
oxidation of one of the terminal methyl groups. The reason more flexibility in terms of functionalization/substitution and
methacrylic acid (entry 3) gives relatively poor yield alBtZ catalyst choice in order to achieve selective reactions. Styrenes
ratio is unclear. The results in Table 4 demonstrate the ability represent one of the classes of olefins used widely in CM with
to use olefins with functionalities of several different oxidation ill-defined catalyst systenfsas well a2l and 3,11 because of
states in the CM reactions. high trans selectivity in the CM product. In all these cases, the
Selective Cross Metathesis of Type Il with Type IlI dimerization of styrene to stilbene was reported to be slow,
Olefins. A second approach to selective CM processes utilizes allowing for moderate to good selectivities in CM (Type 11).
two olefins whichbothdimerize at much slower rates than the However, catalysl showed a significantly different reactivity
formation of productive cross-metathesis product. The inability and prompted further investigation into this family of CM
of Type lll olefins to homodimerize allows them to also undergo substrates. For example, with 2.5 mol % of catalystthe
selective reactions with Type I CM partners. In these reactions, dimerization of styrene tdc-stilbene was achieved in 94%
formation of cross product dominates if the rates of homodimer- isolated yield. Consequently, the CM reaction of styrene with
ization of Type Il olefins and secondary metathesis of the CM a terminal olefin employing catalyst produces a statistical
products are very slow. For example, most 1,1-disubstituted product distribution (Table 6, entry 1) and is different from the
olefins will readily perform selective CM with terminal (Type  results using cataly&, as reported by Crowe and Zhang (entry
) olefins as well as acrylaté&(Type 1) and acrolein acet&fs 2)1 To confirm that homodimerized styrene can undergo
(Type 1) but will not homodimerize. However, given the low efficient secondary metathesis during CM with catalyst
reactivity of some Type Il olefins, reduced CM yields may be E-stilbene was successfully used as a styrene surrogate in CM
obtained. Also, since the undesired dimers of Type Il olefins with an allylic acetate equivalent (Entry 7). The reaction
are essentially inactive for further CM (unlike Type | dimers), produced a statistical ratio of CM products. This is unprec-
stoichiometric excesses of the less reactive Type Il olefin may
be required to produce hlgh yle_lds of cross product, such as (% \(/gs’ifl\:ﬂgegéf-i:\'/\ggkgmiiUgRg\’N&;Méjlliuggfa}\-.l%??ﬁ%nﬁgm . K.@hem.
the CM of acrylates carried out in neat isobutylée. Commun1997, 1186. (b) Biagini, S. C. G.; Gibson, S. E.; Keen, SJP.

imi i i i Chem. Soc., Perkin Trans.1998 2485. (c) Huwe, C. M.; Woltering, T.
In a similar manner, cross metathesis was carried out in neat 3.: Jiricek, J.: Weitz-Schmidt, G.: Wong, G.-Bioorg. Med. Cheml999

3,3-dimethyl-1-butene to drive the CM between the Type llI 773. (d) Seshadri, H.; Lovely, C. Qrg. Lett.200Q 2, 327. () Eichelberger,

i i i ; i U.; Mansourova, M.; Henning, L.; Findeisen, M.; Giesa, S.; Muller, D.;
olefin and yarlous Type Illoleflns (Table 5, entnesa.). Entries Welzel P Tetrahedror2001 57, 6737, (f) Yammamoto, V.. Takahashi,
5 and 6 illustrate the importance of the relative rates of M.; Miyaura, N.Synlett2002 128.

i i7ati ; ; i (11) (a) Crowe, W. E.; Zhang, Z. J. Am. Chem. Sod 993 115 10998. (b)
dimerization of the Type Il olefins. Even_ Wlth 4_ equiv of Crowe, W. E.; Goldberg, D. R.; Zhang, Z. Tetrahedron Lett1996 37,
2-methyl-1-heptene (Type lll), the rates of dimerization of ethyl 2117.
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Table 5. Cross Metathesis between Type Il and Type Il Olefins

Entry Type ll Type lll (Equiv) Product Isolated Yield (%)

(o}

o
1 o M~ />< (neat) HOW 73
o o}
2 Xo)l\/ /X (neat) XOW 73
o 0
3 (O )\/ /X (neat) (O )\/X 75
o o
4 HO)J\/ )\/\/\ “.0) HO)I\)\/\/\ 83°
0 0 55 R=H
s /\O)J\/\R %I\/\/\ “0 /\O)I\)\/\/\ 832 R=Me
Q 0 26* R=H
6 \)J\/\R /I\/\/\ @0 \)j\)\/\/\ 68° R=Me
0 (o}
7 (Ao M (-0 {;K)\/(vy\ 67°
o 5 5

aE/Z = 2 determined byH NMR, confirmed by*H NOE experiments? Vinyldioxolane (3 equiv) added slowly in four equal parts oae6 hperiod.
E/Z = 3 determined byH NMR, confirmed!H NOE experiments.

Table 6. Cross Metathesis of Styrenes with Terminal Olefins

. Aromatic : Isolated
Entry Catalyst Aromatic Olefin Cross-Partner CM Partner Product® Yield (%)

OTHP 1:1 47
Z 2 ©\/\(\/)/\/OTHP
4:1 2 71
90
= Br
2
1:1 Br 80
OAc
=
2 3:1 @/\M/Vo’*c 98
2
NN NO.
2:1 48
=
F
= OAc
F
= OA
F
= OAc

g\ g g\ g\
:\%
e

=z
o

98

50

2\“ 2\“§\N
x
(@]
-

: ©/\/y
S

aQnly E isomer observed bjH NMR.

51

edented since catalys?sand3, as well as ill-defined catalysts, Crowe and Zhang, styrene is a Type Il olefin. Styrene CM
are not able to efficiently use stilbene as a CM partner, providing clearly demonstrates how matching the olefin with an appropri-
another example of the unique reactivity of catalysfThese ate catalyst (shown in Table 1) can be equally as important as
results clearly indicate that styrene is a Type | olefin for the matching olefins in order to achieve selective CM.

more active catalyst; however, for catalys8 employed by In addition to the possibility of using a less active catalyst to
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Table 7. Styrene Cross Metathesis with Acrylate Esters

(0]
| NN \)(J)\ | catalyst 1 (2-5 mol%) AN OR
R/ Z OR CHCly, 40°C, 12 h S '
1.5-2 equiv. All E isomer
Entry R R' Isolated Yield (%)?
1 H CHs 92
2 2,4-Dimethy CH,CHs 87
3 2,4,6-Trimethyl CH,CHj 5P
4 2-CF3 CH,CH3 44
5 3,4-Dimethoxy n-Butyl 89
6 4-NOy CHs 89
7 4-CHO CH,CH3 83
8 2-F CH,CH3 72
9 2-Cl CH,CH3 62
10 2-Br CHoCH3 49
11 2,6-Difluoro CH,CH3 15°

aOnly E isomer observed bjH NMR. P Determined by*H NMR.

achieve selectivity, alterations in styrene structure allow for that styrenes are excellent CM partners with electron-deficient
selective CM reactions with terminal olefins using catalyst o,f-unsaturated carbonyls, such as acrylates using cathlyst
by changing styrene from a Type | olefin to a Type Il or Type (Table 7). This CM complements Wittig or Horrewad-
Il olefin. For example, the use of 2-bromostyrene as the CM sworth-Emmons chemistry since unprotected benzaldehydes
partner leads to selective formation of the CM product (entry work well (entry 7). Similar results were also obtained using
3). By simply using an excess of this substituted styrene, we acrylamides and vinyl phosphonates as the “enone” compéffént.
achieved near quantitative conversion of hexenyl acetgte. In the We discovered that the reactivity trends of styrenes were
case of 2-bromostyrene, both the steric bulk of the bromine atom . . : .
. 4 : . .~ different in these CM reactions when compared to terminal
and its electron-withdrawing character contribute to make it a . . . .
. . olefin CM in Table 6. While Type | styrenes (Table 7, entries
Type Il olefin. Crowe and Zhang also were able to incorporate . .
1 and 6) were excellent CM partners with acrylates, it was

ortho-substituted styrenes in CM with catalysbut found that ) ) N
their reactivity is low with terminal olefins (entry 4}.This observed thabrtho-substituted styrenes that did not dimerize

may be due to low catalyst activity toward electronic-deficient readily (Ty_pe II"or Type il .oleflns) were glso not good CM
styrene substrates, since the accompanying terminal olefin wasPartners with acrylates (entries-a, 9-11). Simpleortho-alkyl
dimerized efficiently. Due to the higher reactivity bfwe only groups did not reduce the reaction yield with acrylates (entry
observed reduced activity whenultiple electron-withdrawing ~ 2); however, when electron-withdrawing functionalities (entry
substituents were present. For example, 2,6-difluorobenzene wa#) or significant steric bulk (entry 3) was added to ttho
subjected to CM conditions, and only moderate yields of CM position, CM yields fell dramatically due to the low reactivity
product were isolated (entry 6). of both cross partners with the catalyst. Therefore, for proper
With the differences in reactivity observed with substituted CM selectivity, the two olefins in CM need to have a difference
styrenes, we began to investigate CM of styrenes with a variety in rate of reaction with the metal alkylidene complex (e.g., the
of non-Type | olefins. We had previously disclosed that a variety olefins must be of different types and, preferably, one should
of Type Il olefins such asf-unsaturated esters, amides, be able to readily react with the catalyst to make an active
ketones, and acids are excellent CM partners with terminal alkylidene).
olefins82¢In addition, it has been demonstrated by Crowe and

Goldberg that CM ofr-conjugated olefins, such as acrylonitriles, based on substitution patterns, we investigateitio-phenol

was not compatible with CM V.V'th styreneg using ca_talgst styrene derivatives. These are interesting substrates for catalytic
because they possessed similar electronic properties. They

. . .. _’reactions, since severattho-phenol derivatives form stable
suggested that CM required matching of a more nucleophilic, . . R
X S - benzylidene complexéd However, instead of inhibiting catalyst
electron-rich olefin with either styrene or acrylonitrifeHow-

ever, in contrast to Crowe’s work with cataly@t we found activity, a variety of protected phenols are ac_tlve for catalytic
CM (Scheme 8). We found that small protecting groups, such

(12) Crowe, W. E.; Goldberg, D. R.. Am. Chem. S0d.995 117, 5162. as acetate, allowed for excellent CM with acrylates (Type |

As additional evidence for alteration in styrene reactivity
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Scheme 8. ortho-Phenol Cross Metathesis

_~_OAc
A X COzEt
@f\/\OAC AcO” 2equiv. @f\wCHﬂ' 2 equiv. ©(\V COoEt
OR catalyst 1 (5 mol%) OR catalyst 1 (5 mol%) oR

94% yield R =TBS
20

Scheme 9. Chemoselective CM Based on Olefin Categorization

21 30% yield R =TBS
22 87%yield R =Ac

'/Type |
\ﬂ/\/\/\ N AcO S\ catalyst 2 (10 mol%) N X ~0Ac
J € ( CHiClz, 40°C, 12h [ 2
Type IV Type | 2equiv. OAC 78% isolated yield
4.5:1 E/Z ratio
Scheme 10. Chemoselective Cross Metathesis Using Catalysts 2 and 3
(A) Blechert, et al.
o OoTr o OTr
%) .
wn it L. Sive, CRANSLZEMO%) o) N
Mot A CH,Cl, 40°C, 41 Ao
Type | Type IV Typel
1.5 equiv 50% isolated yield of only regiosisomer
1.5:1 E/Z ratio
4 /\/SiMeg catalyst mol% SiMes
Clh¢” N 5 che” N7 F
N (Type " \Type| CH,Cly, 40°C, 16 h N
1.5 equiv. 98% isolated yield
All E isomer
(B) Crowe and Zhang
Type Il
Type IV J)w . 2\ catalyst 3 (1 mol%) )I\/\/\
) Ph  CH,Clp, 23°C, 1h ’ “Ph
Type | 2.0 equiv. 89% isolated yield

Type Il, respectively). The balance of the material in this

All E isomer

Importantly, the CM model outlined in Figure 2 also is

reaction was recovered as the stilbene dimer. This protectionconsistent with results previously reported by other groups. For
pattern is similar to other unhindered styrenes in Table 4. example, Blechert, et al. used steric constraints and heteroatom
However, when a larger protecting group is employing, such functionality to demonstrate that a highly substituted allylamine
as tert-butyldimethylsilyl, CM of the hindered styrene with  (Type IV for catalyst2) could be benign to CM in the presence
acrylate (Type IlI+ Type Il, respectively) gives poor yields. of two Type | olefins (Scheme 10%.Interestingly, in the same
In contrast, the reaction provides a very good yield with allyl report by Blechert, catalysB was used to effect a highly
acetate equivalents (Type Wt Type I, respectively). In this  selective CM reaction of that protected allylamine (Type IlI
case, this substrate reacts like Type Il due to steric bulk and is for catalyst3) with allylsilanes (Type 1) in excellent yield
very selective in CM with Type bi-olefins. Collectively, the (Scheme 10). In addition, this is one of the first examples of
disclosed work in styrene CM provided an important contribu- using steric bulk at the allylic carbon to obtain high olefin
tion to the development of the categorization model described stereoselectivity and is comparable to the results we observed
in this paper. Both the steric and/or electronic effects of in Tables 1 and 2 with cataly4dt
substituents on the styrene, as well as the catalyst choice, can Similarly, Crowe and Zhang performed a selective CM
be manipulated to achieve CM selectivity. between a Type | terminal olefin and styrene (Type Il for
Regioselective and Chemoselective Cross Metathesifie catalyst3) in the presence of a 1,1-disubstituted olefin (Type
model outlined so far provides a foundation for predicting 1V).112As demonstrated previously in our 1&9with the more
product selectivity in CM, but it also can be applied to the active catalyst, 1,1-disubstituted olefins are a Type IlI olefin
prediction of chemoselective CM, which is critical for dif-

ferentiating olefins in the synthesis of complex molecules. The (14) Brummer, O.; Ruckert, A.; Blechert, Ehem—Eur. J.1997 3, 441.
.. (15) Feng, J.; Schuster, M.; Blechert, §ynlett1997 129.
CM of a Type | or Type Il olefin in the presence of a Type IV (16) (a) Pietraszuk, C.; Marciniec, B.; Fischer, Bganometallics200q 19,
Olef|n |S a good example Of thls type Of Chemoselect|v|ty For g(l)gz(g)lKgﬁ)wa—Welten, M.; Pietraszuk, C.; MarleeC,(BganOmetal“CS
example, using catalys®, a disubstituteda,S-unsaturated (17) Blanco, O. M.; Castedo, LSynlett1999 557.
HY ; H i (18) Faure, S.; Piva-Le Blanc, S.; Piva, Tetrahedron Lett1999 40, 6001.
carbonyl _contammg olefin (Type 1V) is not gﬁe_cted, allowing (19) Langer, P.: Holtz, ESynlett2001. 110,
for selective reactions between a Type | olefin dimer and a Type (20) Zhang, L.; Herndon, J. WLetrahedron Lett2002 43, 4471.
; (21) Maishal, T. K.; Sinha-Mahapatra, D. K.; Paramjape, K.; Sarkar, A.
I olefin (Scheme 9). Tetrahedron Lett2002 43, 2263

(22) Grela, K.; Bieniek, MTetrahedron Lett2001, 42, 6425.
(13) (a) Garber, S. B.; Kingsbury, J. S.; Gray, B. L.; Hoveyda, AJHAmM. (23) Imhof, S.; Randl, S.; Blechert, &hem. Commur2001, 1692.
(24) BouzBouz, S.; Cossy, @rg. Lett.2001, 3, 1451.
(25) BouzBouz, S.; De Lemos, E.; CossyAdlv. Synth. Catal2002 344, 627.

Chem. Soc200Q 122 8168. (b) Wakamatsu, H.; Blechert, 8ngew.
Chem., Int. Ed2002 41, 2403.
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Scheme 11. Three Component Olefin Cross Metathesis

Q o)
/K XN+ \)I\ catalyst1 (5-7 mol%) w

40°C,12h 24
neat 3eq. 1eq. ) )
Type lll Type | Type Il 89% isolated yield
All E isomer
Table 8. Three Component Olefin Cross Metathesis?
Ratio
Entry Method® CM partnerY  CM partner Z (Diene:Y:2) Product Isolated Yield (%)
i M
1 A /K A 3:neat:1 X X 89
24
i W
2 A /& VI\OEt 3:neat:1 X X OEt 60
26
(0]
/K 8 )\/\/\rf'g b
3 A \/P\v., Et 3:neat:1 \ 'é)Et 57
o8 27 OFt
o) (0]
X N
4 A >r\ vj\ogt 1:neat:1 WOH 67°
28
o) (o]
5 B Ph VJ\OEt 1:3:1 P N ot 34
29
(0] (@]
6 B PR X A 2:3:1 PN N 47

ayUsing 5-7 mol % of1 in 0.1-0.2 M refluxing CHCl,, 12 h.° E/Z = 8:1 by 'H NMR. ¢ Reaction at 23C. 9 Method A= added all components at
one time. Method B= added component Z and then added component Y after 4 h.

that is active for CM to form trisubstituted olefins. This shows Scfeéme 12 One-Pot Three Component Olefin Cross Metathesis

that while more active catalysts have a larger set of CM active o 1) catalyst 1 (5 mol%) o
olefins (Type I, II, 1), it is useful to identify Type IV olefins >N + AN 40°C.3h NN
for less active catalysts, to help elucidate possible chemoselec- ., Teq. 2) catalyst 1 (5 mol%) 25

tive CM reactions (Scheme 10). While electronic and steric Tye | Type i PR 3 equiv. 47% isolated yield
parameters of olefins account as key contributing factors in ways Type | All (E,E) isomer
olefins are classified, other factors are often implied in 40°C, 12h

determining selectivity, including chelating ability of certain

functional groups to metal catalysts. For example, the effects Somer. This reaction is successful because the Type Ill and Type
Of Carbony| groupsi SUCh as acetate protecting groupsi and a||y||c” Olefins react at a mUCh SIOWer rate W|th eaCh Other than theil’
heteroatoms have been implied to alter reactivity in CM. It is respective reactions with the Type | olefin. In addition, the
for these reasons that a comprehensive empirical model isProduct olefin from the diene-methyl vinyl ketone CM does
necessary that can simplistically account for all of these Not readily undergo secondary metathesis reactions with isobu-
observations in the CM methodology literature. tylene, allowing for a selective reaction.

Three-Component Cross Metathesis Reactionsn addition The formation of a kinetic CM product also allows for
to describing selectivity in the simple homologation of two chemoselective coupling, where a one-pot sequential CM
olefins in a CM reaction, the olefin classification in Table 1 reaction can occur (Scheme 12). For example, if two CM
also provides an opportunity to develop new reactions, such aspartners that can react with each other are used in a three-
multicomponent processes. While a three-component reactioncomponent reaction, such as styrene and methyl vinyl ketone,
has always been theoretically possible, the large mixture of then a sequential addition strategy is necessary to avoid the
compounds that would form via nonselective processes has madeinwanted side reaction between these components. Using these
this a challenging method to develop. However, with the current two types of three-component CM reactions, a variety of
model of selective CM described here, two important concepts asymmetrically substituted dienes have been prepared (Table
have been learned. First, under selective CM conditions, 8). These reactions illustrate the use of olefin categorization to
secondary metathesis of the resulting olefins can be significantly effectively predict proper three-component reactivity. In theory,
slower than productive CM. Second, by using two olefins that any combination of a Type | diene with a Type Il and a Type
do not perform CM with each other or do so only very slowly, Il olefin would provide a three-component product (Method
then a third diene-containing olefin can be functionalized at both A, entries 1-4). As mentioned previously, if two Type | olefins
olefinic sites to provide an unsymmetrical product (Scheme 11). need to be coupled, then this coupling must be performed after

In such a reaction, olefins of three different types may be coupling of the Type Il olefin (Method B, entries 5 and 6). The
converted predominantly into one product as a single stereoi- reactions add a new level of complexity to olefin metathesis
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reactions and are possible due to development of a better Compound 5. cis-2-Butene-1,4-diacetate (160, 0.9 mmol) and

understanding of CM reactivity patterns. 2-benzyloxy-3-butene (96L, 0.51 mmol) were added simultaneously
via syringe to a stirring solution df (11 mg, 0.015 mmol, 2.8 mol %)
Conclusions in CH,Cl, (2.5 mL). The flask was fitted with a condenser and refluxed

. . . . under nitrogen for 12 h. The reaction mixture was then reduced in
In conclusion, a general empirical model for olefin reactivity /e to 0.5 mL and purified directly on a silica gel columnx(2L0

in cross mgtathesis has been_developed for the_ predic_tion Ofcm), eluting with 9:1 hexane:ethyl acetate (500 mL). Pale oil was
CM selectivity, in terms of olefin product selectivity, regiose- gptained (48 mg, 0.19 mmol, 38% yield). Spectra was compared to
lectivity, and chemoselectivity. A general ranking of olefin reported compound; see Blackwell, H. E.; O'Leary, D. J.; Chatterjee,
reactivity in CM is achieved by categorizing olefins by their A, K.: washenfelder, R. A.: Bussmann, D. A.Am. Chem. So200Q
relative ability to undergo homodimerization via cross metathesis 122, 58. R = 0.36 (9:1 hexane:ethyl acetate).

and the susceptibility of their homodimers toward secondary  compound 24.To an oven dried, 100 mL FischePorter bottle
metathesis reactions. Product selectivity can be achieved bywith Teflon stir bar, ruthenium metathesis catalgs(14 mg, 0.017
suppressing the rate of homodimerization of one component andmmol, 7.0 mol %) was added. The bottle was capped with a rubber
controlling the rate of secondary metathesis on the desired crosseptum and flushed with dry nitrogen and cooled @8 °C.
product. These rates can be controlled through the choice of1,5-Hexadiene (8L, 0.72 mmol) and methyl vinyl ketone (26L,
olefins with significantly different activities, which can be 0.24 mmol) were injected into the bottle. Once the substrates were
modified by altering their steric and electronic properties through frozen, a pressure regulator was attached to the bottle. The bottle was
substituents, functionalities, or protecting groups. In addition, evacuated and backfilled with dry nitrogen 3 times. Subsequently,
an appropriate choice of olefin metathesis catalyst is critical iSObutylene (10 mL) was condensed into the bottle. The bottle was
for product selectivity, regioselectivity, or chemoselectivity. This Packfilled to~2 psi with nitrogen, sealed, and allowed to slowly warm
empirical approach toward understanding cross metathesisto rooom tempgrgture, at which time it was transferred to an 0|I.bath at
selectivity by categorizing the reactivity provides a convenient 40°C. After stirring for 12 h, the bottle was removed from the oil bath

- . - . -~ and allowed to cool to room temperature. The isobutylene was slowly
starting point for the prediction and design of new, selective )
. . vented off at room temperature until the pressure apparatus could be
CM reactions, such as multicomponent CM processes.

safely disassembled. The reaction mixture was then reduced in volume

to 0.5 mL and purified directly on a silica gel column €10 cm),

eluting with 10:1 hexane:ethyl acetate. Clear oil was obtained (32 mg,
General Information. Analytical thin-layer chromatography (TLC)  0.21 mmol, 89% yield)!H NMR (300 MHz, CDC}, ppm): ¢ 6.78

was performed using silica gel 60 F254 precoated plates (0.25 mm (1H, dt,J = 15.9, 6.6 Hz), 6.07 (1H, dil = 15.9, 1.5 Hz), 5.125.06

thickness) with a fluorescent indicator. Flash column chromatography (1H, m), 2.26-2.14 (7H, m), 1.69 (3H, s), 1.60 (3H, $§:= 0.53 (9:1

was performed using silica gel 60 (23800 mesh) from EM Science. hexane:ethyl acetate). Spectra matches that of a previous characteriza-

All other chemicals were purchased from the Aldrich or TCI America tion; see Coxon, J. M.; Garland, R. P.; Hartshorn, MABst. J. Chem.

and used as delivered unless noted otherwiseQGHvas purified by 1972 25, 353.

passage through a solvent column prior to use. Catalgstd2 were Compound 25.1,5-Hexadiene (7L, 0.59 mmol) and methy! vinyl

storeq and manipulated on the bench. NMR spectra were recorded OMNyatone (254L, 0.30 mmol) were added simultaneously via syringe to

a Varian Mercgry 300 MHz NMR] ) a stirring solution ofl (18 mg, 0.021 mmol, 7.1 mol %) in G&al,
Representative ProcedureQlefin A (1.0 mmol) and Olefin B (1.0 (2 o mL) under a nitrogen atmosphere. The flask was fitted with a reflux

mmol) were added via syringe to a stirring solution2of0.05 mmol, condenser stirred at 4T with a continuous flow of nitrogen for 3 h.

5.0 mol %) in CHCI, (2.5 mL). The flask was fitted with a condenser At yhat point, a solution of styrene (25 mL, 0.30 mmol) and catalyst
and refluxed under nitrogen for 12 h. The reaction mixture was then (16 mg, 0.019 mmol, 6.2 mol %) in G#&l, was cannula transferred

reduced in volume to 0.5 mL and purified directly on a silica gel column The reaction mixture was stirred at 4G for an additional 8 h. The

(2 > 10 cm), e!utlng with hexang:ethyl aCEtat_e (500 mL). . resulting solution was then reduced in volume to 0.5 mL and purified
Representative Procedure Using One Olefin as SolvenDlefin directly on a silica gel column (2 10 cm), eluting with 15:1 hexane:
A (0.28 mmol) was added via syringe to a stirring solutionlofl8 ethyl acetate to provide cross produl € 0.33 in 9:1 hexane:ethyl

mg, 0.021 mmol, 7.6 mol %) in 3,3-dimethylbutene (1.5 mL, excess) acetate) as a clear oil (28 mg, 0.14 mmol, 47% yiel)NMR (300
under a nitrogen atmosphere. The flask was stirred under acontinuousM'_|Z CDCh, ppm): d 7.35-7 '21 (5H, m) 6 876.79 (1H, m), 6.42
, 13, . . . , , O. . , , O.

flow of nitrogen for 12 h at room temperature (23). The reaction (1H, d,J = 15.9 Hz), 6.27-6.10 (2H, m), 2.41 (4H, app s), 2.26 (3H,

mixture was then reduced in volume to 0.5 mL and purified directly s). Spectra match those of a previously characterized compound: see

on a silica gel column (Z 10 cm), eluting with hexane:ethyl acetate ) i
to provide cross product. Johns, A.; Murphy, J. A.; Sherburn, M. Betrahedronl 989 45, 7835.

Compound 4. cis-2-Butene-1,4-diacetate (164, 1.0 mmol) and

allylbenzene (5%L, 0.50 mmol) were added simultaneously via syringe
o a stirring solution o (11 mg, 0.014 mmol, 2.7 mol %) in Gl Helen E. Blackwell, Dr. John P. Morgan, Dr. Steven D.

(2.5 mL). The flask was fitted with a condenser and refluxed under Golc!berg, Dr..Brlan T. Connell,. Prof. .F' Dean Toste, and Prof.

nitrogen for 12 h. The reaction mixture was then reduced in volume to Justin P. Gallivan for helpful discussions and encouragement.
0.5 mL and purified directly on a silica gel column 210 cm), eluting The authors gratefully acknowledge the generous funding
with 9:1 hexane:ethyl acetate (500 mL). Pale oil was obtained (76 mg, provided by the National Institutes of Health.

80% yield,trandcis as determined by integration of peaks at 4.73 and

Experimental Section

Acknowledgment. The authors would like to thank Prof.

4.55 ppm)H NMR (300 MHz, CDC}, ppm): 6 7.34-7.17 (5H, m), Supporting Information Available: Experimental procedures
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