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Abstract: The first examples of kinetically controlled cross-
metathesis reactions that generate Z- or E-trisubstituted
alkenes are disclosed. Transformations are catalyzed by ≤6.0
mol % of a Ru catechothiolate complex and afford
trisubstituted allylic alcohols and ethers in up to 81% yield
and >98% stereoisomeric purity. The method has
considerable scope, as olefins containing an alcohol, an
aldehyde, an epoxide, a carboxylic acid, or an alkenyl group
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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attaining Z selectivity. Nonetheless, reaction via such an
intermediate would be energetically disfavored for several
reasons (cf. Figure 1): electron−electron repulsion between
the axially and equatorially situated syn Cl ligands,9 high dipole
moment,10,11 and steric repulsion between the NHC and
ruthenacycle substituents. Accordingly, the preferred pathways
generally involve the intermediacy of entities represented by
IIanti,

12 as depicted in Figure 1. The symmetric nature of IIanti,
however, translates into the predominant formation of the
thermodynamically favored E isomer in most instances.13,14

To conceive a Z-selective Ru catalyst, we opted to pursue a
scaffold that possesses the structural attributes of complex IIsyn
and has the ability to avoid the intermediacy of a species
represented by IIanti. We envisioned that replacement of the
halogen groups with a bidentate dianion such as a catecholate or a
related S-based analogue would allow us to achieve the
aforementioned objective, as the two anionic ligands would be
forced to adopt a syn orientation9 (III in Figure 1).
Replacement of chlorides of a Ru complex with a catecholate

has previously been accomplished, but by procedures that require
toxic thallium salts and sensitive pyridyl complex precursors.15

To devise a more practical and easily generalizable route, we
envisaged a transformation between the robust and commercially
available phosphine-free Ru carbene 116 and disodium
catecholate (2) (Scheme 1). The above considerations led us

to establish that double displacement of the chlorides proceeds to
completion in 3 h [22 °C in tetrahydrofuran (thf)], affording
complex 5 in 65% yield after purification. Similarly, the dithio-
based carbenes 6a and 6b were synthesized and isolated in 68−
82% yield. The polarity of Ru carbenes 5, 6a and 6b (calculated
dipole moments: 7.9, 7.7, and 17.3 D, respectively)17 allowed for
ease of purification and removal of trace impurities, including any
unreacted 1 (2.0 D), which is highly active and typically gives rise
to E-selective reactions. The latter characteristics minimized the
possibility of competitive nonselective side reactions by any
catalytically active contaminants.
We obtained X-ray structures for complexes 5 and 6a, which

elucidate some of their key structural characteristics (Figure 2).
The isopropoxy ligands are chelated syn to the NHC moiety,9

reflecting the manner in which a substrate alkene might associate
with a catalytically active Ru carbene.18 Another prominent

feature relates to the tendency to avoid unfavorable donor−
donor interactions between the strongly donating NHC and an
anionic ligand, as evidenced by the deviation from linearity of the
C1−Ru−O3 (149.2°) and C1−Ru−S2 (143.4°) angles (Figure 2).
Finally, the C1−Ru and O1−Ru bonds are longer in 6a than in 5,
probably as a consequence of stronger electron donation (trans
influence) by S versus O.
Next, we evaluated the ability of Ru carbenes 5, 6a, and 6b to

promote ROMP processes (Table 1). Polymerization of

norbornene (7) took place readily in the presence of 0.1 mol
% 5 at 22 °C in dichloromethane (96% yield of 8 after 1 h), albeit
with a minimal preference for Z isomers (58:42 Z:E; Table 1,
entry 1). In contrast, with S-containing complexes 6a and 6b, the
same reaction proceeded with similarly high efficiency but was
exceptionally Z-selective (>98% Z; entries 2 and 3).19 To
evaluate the robustness of the catalytic system, we carried out
these latter transformations without purification of the
norbornene monomer. The high stereoregularity of the poly-
(norbornene) (8) generated through the use of 6a or 6b (vs 5) is
clearly illustrated by comparison of the olefin regions of the
corresponding 13C NMR spectra (Table 1).20 A similar trend in
the Z content was observed for 10 obtained from ROMP of less

Scheme 1. Preparation of Ru-Based Complexes 5, 6a, and 6ba

aSee the Supporting Information for details. Mes = 2,4,6-Me3C6H2.

Figure 2.ORTEP representations of the X-ray structures of (left) 5 and
(right) 6a with selected bond lengths and angles.

Table 1. Z-Selective Ru-Catalyzed ROMP Reactionsa

entry monomer complex; mol % time (h); yieldb Z:Eb TON

1 7 5; 0.1 1.0; 96 58:42 960
2 7 6a; 0.1 1.0; 93 >98:2 930
3 7 6b; 0.1 1.0; 90 >98:2 900
4 9c 5; 0.1 24; 88 72:28 880
5 9c 6a; 0.1 24; 75 >98:2 750
6 9c 6b; 0.1 24; 75 >98:2 750
7 7c 6b; 0.01 1.0; 92 >98:2 9200
8 7c 6b; 0.002 1.0; 86 >98:2 43000
9 9c 6b; 0.01 24; 35 >98:2 3500
10 9c 6b; 0.01 48; 54 >98:2 5400

aSee the Supporting Information for experimental details. bDeter-
mined by 1H NMR analysis of the purified products. cThe substrate
was passed through a short column of basic alumina before use.
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strained 1,5-cyclooctadiene (9 ): whereas 72% Z selectivity21 was
obtained with Ru carbene 5 , there was a complete preference for
the higher-energy isomer when 6a or 6b was used (>98% Z;
entries 5 and 6).20 To gain further insight into the activity levels
that can be provided by complex 6b, we performed the
aforementioned polymerizations with reduced catalyst loadings
(entries 7−10). With as little as 0.002 mol % 6b, 8 was generated
with a TON of 43 000 in 1 h (entry 8). Equally notable is the
TON of 3500 achieved for polymerization of 9 after 24 h at a 6b
loading of 0.01 mol % (entry 9), a value that increased to 5400
after 48 h (entry 10), underlining the considerable longevity of
the catalytically active Ru carbene. These findings compare
favorably with the Z selectivities (e.g., 88:12 Z:E for 8 and 96%
Z21 for 10 ) and TONs (e.g., 38 in 72 h for 10 ) reported recently
for the same ROMP process catalyzed by a Ru-based catalyst.22

We then examined Z-selective ROCM,3a,e,5e which to date has
been limited to enol ether cross-partners when a Ru catalyst is
involved.5e Catalytic ROCM of 7 with styrene in the presence of
1.0 mol % 6a generated 11a in 75% yield with 98:2 Z:E (Table 2,

entry 1). Such exceptional stereoselectivity underscores the
efficient stereocontrol induced by the Ru catalyst to disfavor the
corresponding E alkene, which is 2.9 kcal/mol lower in energy
than the Z isomer.17 Catalytic ROCM of 7 with more hindered
and less reactive vinylcyclohexane delivered 11b in 59% yield
with complete Z selectivity (<2% E; entry 2). The disulfide
complexes are fully tolerant of alcohols, as evidenced by the
efficient ROCM of 12 with styrene (entry 3), which readily
afforded substituted styrene 13a in 92% yield with high Z
selectivity (97%). The Ru-catalyzed ROCM reactions of 12 were
found to be exceptionally Z-selective with different cross-
partners, regardless of their electronic or steric attributes (entries
3−6). Finally, the ROCM of 2,3-dibenzyloxycyclobutene (14 )
with styrene proceeded to completion in 12 h at 40 °C in the
presence of 3.0 mol % 6a, affording the desired 1,5-diene 15 in
63% yield with 93:7 Z:E (entry 7).23 The present class of Ru-
catalyzed olefin metathesis reactions are operationally simple to
perform. For example, when a sample of 6a (1.0 mol %) was
weighed in air and the ROCM in entry 3 of Table 2 was
performed under a N2 atmosphere in a typical fume hood, the

transformation proceeded with the same level of efficiency and Z
selectivity (1.0 h, 22 °C, thf).
Analysis of the calculated free energy surfaces of the four

possible modes of reaction involving carbenesA andB associated
with ROCM of 7 and styrene catalyzed by 6a (cf. Table 2, entry
1), as outlined in Figure 3, lends credence to the proposed

stereochemical model (cf. Figure 1).24 The transition states
ts1Z‑B and ts1E‑B associated with the formation of metallacycles
mcbZ‑B andmcbE‑B, respectively, appear to be strongly disfavored
because of unfavorable steric repulsion between the carbene’s
phenyl group and the NHC ligand, which forces the heterocyclic
moiety and the Mes plane to undergo a tilt (cf. ts1E‑B). The latter
effect is evident in the distortion of the Ru carbene to give a S−
Ru−C angle of 139° in ts1E‑B (vs 109° and 110° in ts1Z‑A and
ts1E‑A, respectively).

24 Furthermore, comparison of the energeti-
cally favored modes of reaction involving isomer A suggests that
ts1Z‑A (3.2 kcal/mol), which leads to the Z alkene, is energetically
more favored than ts1E‑A (6.4 kcal/mol); unlike the bridgehead
of the bicyclic moiety in ts1Z‑A, which is oriented away from the
NHC, this substrate moiety suffers from unfavorable propinquity
with the bulky heterocyclic ligand in ts1E‑A.
In brief, we have designed Ru complexes that catalyze ROMP

and ROCM reactions with high efficiency and Z selectivity; their
tolerance of hydroxyl units, high turnover numbers, and ease of
use foreshadow substantial utility. The preparation of derivatives,
made feasible by the readily modular nature of the complexes,
should result in the identification of analogues that possess
special features; related investigations are in progress.

Table 2. Z-Selective ROCM with Styrenes and
Vinylcylohexanea

aSee the Supporting Information for details. In entry 7, 3.0 mol % 6a
was used at 40 °C. bDetermined by 1H NMR analysis of the unpurified
mixtures. cYields of isolated and purified products.

Figure 3. Stereochemical model and rationale for the Z selectivity (mcb
= metallacyclobutane, ts = transition state).
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Z selectivity10. It is therefore likely that the anionic ligand is especially
enriched in electron density (trans influence16) and prone to isomeriza-
tion (compare A). The latter hypothesis gained credence when we iso-
lated Ru-4 (Fig. 1d), which contains the aforementioned C–S bond in B.

We pondered whether placement of electronegative atoms (X 5 Cl;
Fig. 1e) within the catechothiolate ligand (versus X 5 H) might dimin-
ish the rate of the proposed isomerization. We chose to assess the plau-
sibility of such an approach by computationally (using density functional
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via olefin-derived alkylidenes that then react
with a halo-olefin reagent. Reactions with wide-
ly used complexes (e.g., dichloro-Ru carbenes)
are either inefficient and/or nonstereoselective
(27). Designing a kinetically E-selective variant,
however, poses several distinct challenges. Not
only was there no blueprint for high-yielding and
kinetically controlled E-selective olefin meta-
thesis when these studies were initiated, but
the desired products would also be thermo-
dynamically less favored: The Z-haloalkenes are
the more preferred isomers, as indicated by the
relative energies shown in Fig. 1B (6).
In contemplating a strategy for achieving

kinetic E selectivity, we evaluated the stereo-
chemical model proposed for the corresponding
Z-selective CM reactions (28), realizing an im-
plicit principle. Reaction via metallacyclobutane
I is preferred versus reaction via II (Fig. 1C) be-
cause the eclipsing interaction between the C–R
and C–G bonds in I is less destabilizing than the
steric repulsion between the C–R unit and the
larger catalyst ligand in II. The question then be-
came: If an alkylidene complex were to react with

E-1,2-dichloroethene via III, would metallacycle
IV or its corresponding diastereomer V be fa-
vored? In IV, the eclipsing interactions between
Ca–G or Ca–Cl and Cb–H bonds in a structurally
flat (29) molybdacyclobutane (nonpuckered due
to the longer C–Mo bonds) would be less severe
compared with those involving the Ca–G and
Cb–Cl bonds of V (the Ca–Ca distance is ~2.75 Å).
Whereas in IV, which would release an E-alkene,
the Cb–Cl bond is oriented toward the more size-
able ligand, inV it would be a Ca–Cl unit that is so
disposed. Moreover, collapse of IV would yield a
presumably lower-energy syn-alkylidene (Cl point-
ing toward the imido ligand) (30). The resulting
highly active (27) chloro-substituted syn-alkylidene
(syn-i) would then react with the olefin substrate
via the lower-energy a,a′-disubstituted metalla-
cyclobutane ii (minimal eclipsing interaction or
steric repulsion with the aryloxide ligand, with G
and Cl oriented toward the smaller imido unit) to
generate complex iii, which could be converted
to III. It was unclear which of the latter pathways
would be dominant and how high the stereo-
selectivity would be.

In search of more clues, we examined the crystal
structure of an unsubstituted molybdacyclobutane
derived from a MAP complex (29), noting that
the molybdenum–Cb distance is longer than the
metal–Ca bond length (2.33 versus 2.05 Å) (Fig.
1C). This observation suggested that there might
be less steric repulsion between the halogen and
the larger aryloxide ligand in IV (versus in V),
which could translate to an E-selective process.
However, the above analysis pointed to another pos-
sible complication: The vinyl chloride by-product
might cause a diminution in selectivity by re-
action via metallacyclobutane I, affording the
thermodynamically favored Z-alkenyl halide. The
use of vacuum (28) would not be an option:
Although the volatility of E-1,2-dichloroethene
allows it to be easily handled and readily re-
moved (boiling point: 48°C), a substantial amount
(if not all) would be lost under even mildly re-
duced pressure.
The above reasoning implied that an entirely

distinct catalyst construct would not be needed
for achieving high kinetic E selectivity and could
be validated experimentally: CM of alkene 1 and

SCIENCE sciencemag.org 29 APRIL 2016 • VOL 352 ISSUE 6285 571

Fig. 2. Kinetically controlled E-selective CM reactions that generate alkenyl chlorides. (A) Model studies involving commercially available and easy-to-
handle E-dichloroethene (2a) indicated that structural adjustment of the catalyst’s aryloxide ligand is needed for maximal efficiency and stereoselectivity. b.p.,
boiling point; ND, not determined. (B) A range of alkyl-, aryl-, and heteroaryl-substituted E-alkenyl chlorides can be obtained in up to >98/2 E/Z selectivity. Yields
are for purified products. TBS, tert-butyldimethylsilyl; Et, ethyl; G, functional group; Ac, acetyl; pin, pinacolato; Boc, tert-butoxycarbonyl. See the supplementary
materials for details.
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Z-crotyl–pinacolatoboron. (2) The development of  compounds that 
contain a Z-trifluoromethyl-substituted olefin and/or a related 
 derivative with desirable biological activity has probably been 
 hampered by the absence of direct and practical methods to obtain 
such species, despite their considerable potential9,10.

Density functional theory calculations shed light on why MAC 
 complexes are singularly effective. We first probed the influence 
of several anionic ligands on the reaction of Z-2-butene with Mo-7  
(Fig. 4Aa). Although the energy for distortion of the chloro 
 complex is relatively high (8.9 kcal mol−1), the ensuing metallacy-
clobutane (mcb) formation (Td,dist/pc →  ts1, where Td,dist is the 
distorted  tetrahedral complex, pc is the π   complex and ts1 is the 
transition state for metallacylobutane formation) is the most facile, a 

characteristic that is more evident in Fig. 4Ab, in which Td,dist is the 
reference point. There is strong correlation between the barrier to ts1 
and the extent of C–C double bond  activation in the Mo π  complex (pc,  
Fig. 4Ac). Whereas the methyl–Mo complex emerges as the least activated  
(C= C, 1.350 Å), the more Lewis acidic chloro species has the longest 
(most tightly) chelated C= C bond (1.368 Å), a trend consistent with the 
lowest unoccupied  molecular orbital (LUMO) energies for the distorted 
ground-state complexes (Td,dist; see the Supplementary Information for 
detailed study of electronic effects). The overall energy  requirement 
appears to be derived from a combination of the cost of structural 
 distortion (Td →  Td,dist) and mcb formation (Td,dist/pc →  ts1); the 
model MAC system has the smallest barrier (12.5 kcal mol−1) and  
the largest is for the methyl and methoxy derivatives (Fig. 4Aa). These 
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Figure 3 | Utility and functional group compatibility. a, Mo MAC-
catalysed cross-metathesis provides direct access to biologically active 
molecules. This includes the preparation of 8r, precursor to glycosidase 
inhibitor 10 (ref. 24). Styrenyl compound 8s, which has been converted to 
hvR1 receptor inhibitor 13 (ref. 25), is notable because it involves reaction 
between severely hindered alkenes. b, MAC complexes can be used to 
prepare and probe the activity of Z-trifluoromethyl derivatives of new 
drug candidates, benefitting from the advantages of a trifluoromethyl unit. 
One example is conversion of previously reported 15 (ref. 26) to 8t en 
route to a trifluoromethyl-substituted derivative of hormaomycin;  

alternatively, 8u may be applied to synthesis of the trifluoromethyl 
analogue of zucapsaicin. c, Despite their high Lewis acidity, Mo MAC 
complex tolerate Lewis basic functional groups that regularly appear in 
therapeutic agents (for example, 8v–8x). TBS, tert-butyldimethylsilyl; 
Boc, tert-butoxycarbonyl; Tf, trifluoromethylsulfonyl; DMAP, 
4-dimethylaminopyridine. Stereoselectivities measured by  
1H NMR analysis (± 2%); yields are for isolated/purified products  
(± 5%). All experiments were performed in triplicate (at least).  
See Supplementary Information for details.
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must be directly reflected in the final product. Because excess A
would have to be removed later, it is imperative that it is readily
accessible, inexpensive, and appropriately volatile.
3. Identifying an Effective Methylene Capping Agent.

We began by investigating the homocoupling reactions of 1a
and Z-1,2-disubstituted alkenes 1b−d (Scheme 3). There was
minimal conversion to 2 when 1a was subjected to 2.0 mol %
Ru-2a (<5% conversion (conv), 100 Torr, 22 °C, 8 h). In
contrast, with methyl-substituted 1b (G = Me), the desired
product (2) was obtained in 74% yield and >98:2 Z:E ratio.

There appears to be a strict requirement on the size of G:
reactions with a slightly larger ethyl- and n-butyl-substituted 1c
and 1d were far less efficient (26% and <5% conv, respectively).
These findings indicated that Z-butene (Z-3) would be a
suitable capping agent. Indeed, treatment of a 1:5 mixture of 1a
with a THF solution of commercially available Z-3 (unpurified)
to 3.0 mol % Ru-2a afforded 2 in 70% yield and 98:2 Z:E
selectivity. Although when a single batch of 5.0 mol % Ru-2a
was used, the efficiency and stereoselectivity were similar, the
sequential addition procedure allowed for lower total catalyst
loading, and we therefore adopted it from here on.
4. Z-Selective Cross-Metathesis with a Methylene

Capping Agent. We then investigated Z-selective CM with

focus on cases where high efficiency and/or stereoselectivity are
possible only with the combination of Ru-2a and Z-3 (Scheme
4). With 5.0 mol % Ru-2a, homoallylic alcohol 4 was isolated in
56% yield and 95:5 Z:E selectivity; there was <20% conversion
without Z-3. With Ru-1a there was <5% conversion when the
derived Z-methyl-substituted alkenes were used as substrates,
and with the corresponding terminal alkenes under the
previously disclosed conditions11b,12 [5.0 mol %, THF (0.5
M), 35 °C, 8 h], 4 was isolated in 49% yield and 68:32 Z:E
selectivity. Unlike other instances to be discussed below
(Scheme 4), where 1.0 mol % Ru-2a and 1 h is sufficient at
the first stage, longer reaction times were needed for the
homoallylic alcohol, perhaps because internal chelation of the
hydroxyl group with the metal center can lower catalyst activity.
Despite the presence of excess carboxylic acid (3.0 equiv),

products that also contain an unprotected indole (5b), a
hydroxy unit (5c), an aldehyde group (5d), or a β-branched
substituent (5e,f) were isolated in 58−74% yield and 97:3 to
>98:2 Z:E selectivity; in all cases, there was <5% conversion
without the capping agent. When 2.0 mmol of the unsaturated
ester substrate was used, ∼0.3 g of 5a could be isolated (87%
conv, 56% yield) in 98:2 Z:E selectivity. para-Ketone-
substituted phenol 6a was prepared efficiently and with high
Z-selectivity; this alkene was isolated in 28% yield and 88:12
Z:E selectivity with Ru-1a (under formerly reported con-
ditions11b,12). Compounds 6b and 6c were secured in 58% and
47% yield and 98:2 and 90:10 Z:E selectivity, respectively; in
the case of 6b, the terminal alkene bearing an allylic methyl
group does not readily undergo homocoupling and was
therefore used directly (without methylene capping). More-
over, when 6.5 mol % Ru-2a was used in the second stage of
the process, 6b was isolated in 82% yield (89% conv vs 58%
yield with 4.0 mol %) and 98:2 Z:E selectivity. Again, with Ru-
1a, reactions between the corresponding terminal alkenes were
much less efficient and stereoselective (6b and 6c in 76:24 and
55:45 Z:E selectivity and 14% and 29% yield, respectively). The
lower efficiency in the formation of allylic alcohol 6c is not due
to adventitious alkene isomerization because none of the
ketone byproduct could be detected. Chelation of the hydroxy
group with the Ru center might reduce catalytic activity, an
effect that is likely less critical with reactions of less substituted,
and thus more reactive, primary allylic alcohols.6

With monosubstituted aryl olefins, yields were low due to
swift stilbene/methylidene complex formation. Accordingly, Z-

Scheme 2. Concept of in Situ Methylene Capping in Olefin Metathesis

Scheme 3. Preliminary Studies: Identifying an Effective
Capping Agenta

aReactions were carried out under N2 atm. Conversion and Z:E ratios
determined by analysis of 1H or 13C NMR spectra of unpurified
product mixtures (±2%). Yields for purified products (±5%).
Experiments were run in duplicate or more. See the Supporting
Information for details.
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Isomkisation cis trans r6giosglective de doubles liaisons trisubstituees. 

par T. Cuvigny, C. HervQ du Penhoat et M. Julia: 

Laboratoire de Chimie de 1'Ecole Normale Superieure 

24, rue Lhomond - 75231 PARIS Cedex 05 FRANCE. 

Summary : At moderate temperatures aqueous sulphur dioxide equilibrates trisubstituted double 

bonds. 

L'equilibration Z/E sans migration est ai&e pour les doubles liaisons C=C disubstituks, 

mais il n'en est pas toujours de mgme pour les doubles liaisons trisubstituees 1 : un chauf- 

fage de quelques heures B 190-210°  en prdsence d'ac%yla&tonate de ruthenium sans solvant 

a 6th recommande en 1978 pour effectuer cette isom&-isation 2 
.D'autre part, Rogic a 

observe recemment que le dioxyde de saufre set 1 temperature ordinaire provoquait la regio- 

-equilibration d'olefines alors qu'en presence d'eau lourde il deuteriait les positions CL 

sans migration de la double liaison. Le passage par des derives ally1 sulfiniques rend compte 

3 
des faits . I1 nous a semble que ceci pouvait fournir un moyen de rdaliser l'equilibration 

de doubles liaisons trisubstituees dans des conditions tres deuces, 
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eoselective preparations of both cis and trans disubstituted 
olefins have become available.2 Corresponding prepara- 
tions of trisubstituted olefins from unstabilized ylides, 
however, have remained a problem. Although pertinent 
methodology based on electrophilic substitution of inter- 
mediate P-oxido ylidesi has been d e v i ~ e d , ~  a direct Wittig 
route would be a desiraible and convenient alternative. We 
have found that the lithium-free Wittig reaction of various 
a-alkoxy ketones with unstabilized ylides leads to pro- 
tected trisubstituted alilylic alcohols in which the 2 isomer 
has been formed stereoselectively (e.g., 1 - 2). 

The system which we have studied most thoroughly is 
the simplest one imaginable: ethylidenetriphenyl- 
phosphorane and derivatives of hydroxyacetone. Given 
these reactants, stereoselectivity was examined as a 
function of the hydrox:yl protecting group and the reaction 
medium. As summarized below, selectivity for the 2 iso- 
mer was always observed and was highest with the tetra- 
hydropyranyl group and with potassium hexamethyl- 
disilazide in a basic solvent. Under these optimum con- 
d i t i o n ~ , ~  the angelic alcohol derivative 2 (R = THP) was 
produced in 83% iso1,sted yield and with 97.5% stereoi- 
someric purity (VPC). Yields with the other protecting 
groups listed below rringed from 85-95% .5 

J .  Org. Chem., Vol. 45, No. 21, 1980 4261 

potential for the construction of complex molecules. Thus 
certain additional substituents may be added to either of 
the reactants without any compromise in stereoselectivity 
or yield. The ylide, for example, may be substituted by 
various alkyl chains so long as the carbon p to phosphorus 
is not branched (eq 1). The carbonyl partner may also be 
substituted within limits. In general, substitutions at the 
a-carbon of an a-alkoxy ketone tend to improve stereo- 
selectivity whereas a'-substitutions tend to diminish it (eq 
2 and 3). Chemical yields are typically quite high provided 
that the atoms being joined are relatively unhindered. In 
systems where steric hindrance causes the coupling to 
proceed sluggishly, use of a less bulky protecting group 
(e.g., (benzy1oxy)methyl) is often advantageous (eq 4, ex- 
periment performed by J. C. Barrish). 

OTHP Ph3P=CHR - Qy-CTd? 
(1) 

Z : E  yield 

CH,CH,CH, 60 : l  87% 
6 : l  45% 

O = C  

R 

C H ( C H 3 ) 2  

\ \ 

1 2 
R condi t ions  Z:E6 

T H P  10% HMPAITHF,  KN(SiMe,), 41:  1 
CMe,OMe 10% HMPAITHF,  KN(SiMe,), 30: 1 
CPh,  10% I IMPA/THF,  KN(SiMe,), 18:l 
SiMe,-t-Bu 10% I IMPA/THF,  KN(SiMe,), 14:l 
CH,Ph 10% I IMPA/THF,  KN(SiMe,), 1 2 :  1 
T H P  THF, KN(SiMe,), 29 :  1 
T H P  10% I IMPA/THF,  n-BuLi 28: 1 

T H P  Et,O, n-BuLi 5 : l  

As shown by the examples which follow, this Wittig 
route to trisubstituted allylic alcohols has considerable 

T H P  T H F ,  n-BuLi 11:l 

(2) M. Schlosser and K. V. Christmann, Angew. Chem., Int. Ed. Engl., 
5, 126 (1966); M. Schlmser, G. Miiller, and K. F. Christmann, ibid., 5,667 
(1966). 

(3) (a) E. J. Corey and H. Yamamoto, J. Am. Chem. SOC., 92, 226 
(1970); (b) M. Schlosser, K. F. Christmann, A. Priskala, and D. Coffinet, 
Synthesis, 29 (1971); (c) M. Schlosser and D. Coffinet, ibid., 575 (1972); 
(d) E. J. Corey and A. Venkatesvarlu, Tetrahedron Lett., 3231 (1977). 

(4) A typical experimental procedure follows: To a suspension of 1.4 
mmol of ethyltriphenylpho!3phonium bromide (or fluoborate) in 4.5 mL 
of anhydrous tetrahydrofuran and 0.5 mL of anhydrous hexamethyl- 
phosphoric triamide under nitrogen wm added 1.3 mL of 1 M potassium 
hexamethyldisilazicle in tetrahydrofuran (prepared from KH and 
(Me3Si)2NH). After being stirred for 10 min at 25 "C, the bright red 
solution was chilled to -7E; "C and was treated with 1.0 mmol of the 
a-alkoxy ketone. The reaction mixture was allowd to warm to room 
temperature over a 60-min period and was worked up by partitioning 
between water and petroleum ether. Flash chromatography (W. C. Still, 
M. Kahn, and A. Mitra, J. Org. Chem., 43, 2923 (1978)) gave the pure 
allylic alcohol derivative. :Products having significant water solubility 
(e.g., 2, R = THP) were more effectively isolated by dilution of the 
reaction mixture with an q u a l  volume of petroleum ether followed by 
direct application to a silica gel column for chromatography. For rela- 
tively large-scale preparations (> 10 g), flash chromatography may be 
replaced by simple filtration through a thick pad of silica gel in a Buchner 
funnel with a solvent which moves the desired product on TLC to R, - 0.25. The Wittig procedure using hexamethyldisilazide in tetra- 
hydrofuran is taken largely from Bestmann and co-workers (cf. H. J. 
Bestmann, W. Stransky, and 0. Vostrowsky, Chem. Ber., 109, 1694 
(1976)). 

(5) The starting a-alkoxyacetones were prepared either by direct 
protection of commercial hydroxyacetone (acetol) or by protection and 
ozonolysis of methallyl alcohol. 

(6) These ratios were determined by 'H NMR, VPC, and/or high- 
performance LC, with stereochemical assignments being made by com- 
parison with authentic materials prepared from tiglic or angelic acids. 

Z : E  

200:l  (>95%) 

- WCTHP (3) 
PhJP=CHCH3 

/ i 
Z : E  

1:l ( 8 0 % )  

C4H9 

0 ph3P=CHC4H2 C 4 H 9 , 4 - - 0 C H i . E k  (4)  

z :  E 
>50:1 ( > 9 5 % )  

The Wittig synthesis of a-santalol shown below provides 
a simple illustration of the utility of this process.3a The 
ylide shown was prepared from the corresponding iodide' 
in the usual way and was reacted in tetrahydrofuran (with 
or without added HMPA) with [ (2-methoxypropyl)oxy]- 
acetone (1, R = CMe20Me). The reaction product was not 
isolated but was hydrolyzed in situ with aqueous acetic acid 
to give a-santalol in approximately 85% yield with at least 
99% stereoisomeric purity.8 

c4?-0cH20Bn 

As a final note, we might add that the stereoselectivity 
of these reactions may be marginally increased by using 
the phosphonium fluoborate instead of the more common 
phosphonium halide. Such a counterion exchange typically 
results in a 20-50% increase in selectivity for the 2 isomer 
and is readily accomplished by mixing concentrated 

(7) The phosphonium salt was prepared from a-santalol by (1) 03, 
MeOH; (2) NaBH,; (3) p-TsC1, C&N; (4) NaI, CH3COCH3; (5) Ph3P. 
We thank Dr. J. B. Hall of International Flavors and Fragrances for a 
generous sample of pure a-santalol. 

(8) Product analysis was carried out by VPC and 'H NMR compari- 
sons with authentic samples of (2)- and (E)-a-santalol. 

Ref 11

Wittig
�8=>�%�A[\A\Ha\9��
J. Org. Chem. 1980, 45, 4260.

must involve the preferen t ia l format ion of an eight -
membered aluminacycle. The differences in the ease and
scope between stereoisomer iza t ion of termina lly unsub-
st itu ted ˆ-a lkynols and tha t of ˆ-silyl-subst itu ted ana-
logues are st r iking. One plausible explana t ion for the
observed differences might be tha t isomer iza t ion of
unsubst itu ted ˆ-a lkynols must be not only thermody-
namica lly dr iven by chela t ion but a lso kinet ica lly chela -

t ion-in it ia ted and tha t the la t ter benefit must be prac-
t ica lly limited only to the cases of 3-butyn-1-ols. On the
other hand, isomer iza t ion of the Si-subst itu ted der iva-
t ives must kinet ica lly rely on their in t r insic configura-
t iona l instability,10 and chela t ion is sign ifican t only in a
thermodynamic sense. Regardless of their mechanism,
these favorable isomer iza t ion react ions observed even
with 4-pentyn-1-ol and 5-hexyn-1-ol der iva t ives were
quite unexpected but of considerable synthet ic potent ia l.
For example, t reatment of 14e (Z /E ) 88/12) with NaOMe
in MeOH at 65 °C for 12 h gave an 85% yield of the
desilyla ted product , i.e., 6-iodo-5-methyl-5-hexen-1-ol
(15), which was a lso 88% Z .
The conversion of 4a in to (3Z )-R-fa rnesene11 (16) as

summarized in Scheme 3 provides an example of natura l
products synthesis employing the newly developed st ra t -
egy.
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menta l da ta .
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well as spect ra l da ta of 7, 8, 12a , 12b , 13, 14d , 14f, 14g , 14h ,
and 15 (7 pages).
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(11) For a recent synthesis of (3Z ,6E )-R-fa rnesene, which was 80%
stereoselect ive, see: Ramaiah , P .; Pegram, J . J .; Milla r , J . G. J . Org.
Chem . 1995, 60, 6211.

Scheme 1

Scheme 2

Table 1. Ant i -Carboalumination of Homopropargyl
Alcohols and The ir Higher Homologues a

a Unless otherwise sta ted, the react ion was car r ied out in
CH2Cl2 by using 1 equiv of Cp2ZrCl2. b Isolated yield with the NMR
yield in parentheses. c The thermally equilibrated rat io of the ant i-
carboa lumina t ion to syn-carboa lumina t ion products. d The reac-
t ion was car r ied out in (CH2Cl)2 using 25% of Cp2ZrCl2. e 5 )
4-pentyn-2-ol. f 6 ) 2-methyl-3-butyn-1-ol. g 19 ) 5-(t r imethylsi-
lyl)-4-pentyn-2-ol. h Not determined.

Scheme 3
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This Work 1: Catalyst & Substrate Scope

single vessel. There was 82% consumption of the terminal alkene
(2a) with 1,1-disubstituted olefin 1a (entry 1). Analysis of the 1H
NMR spectrum of the product mixture indicated the major
component to be derived from homometathesis of Z-methyl-
substituted (capped)6 2a (<5% 3a). Reaction of Z-1b with 2a in
the presence of Z-butene (10 equiv) and 6.0 mol % Ru-1a
afforded Z-3a in just 31% yield (81% conv) as a single
stereoisomer (>98% Z; entry 2); thus, homometathesis of the
capped terminal alkene derivative was again predominant. To
increase CM efficiency, we turned to Ru-1b,4c a complex with a
smaller NHC ligand (entry 3). Accordingly, under otherwise
identical conditions, 3a was isolated in 76% yield and >98% Z:E
ratio. Further optimization (entries 4 and 5) revealed that with
5.0 equiv Z-1b and Z-butene, 3amay be obtained in 74% yield, as
pure Z isomers.14 The data in entry 6 confirm the central role of
the capping agent.6 The transformation is scalable: 0.6 g 2a was
converted to 0.57g of Z-3a (77% yield, >98:2 Z:E).

Various Z-trisubstituted allylic alcohols were prepared in up to
81% yield and exceptional stereoisomeric purity (Z-3b-3m,
Scheme 3). This included compounds with a hydroxy (Z-3b), a
Lewis basic phthalimide (Z-3f), an epoxide (Z-3g), or an
aldehyde (Z-3h). Comparison of the yields forZ-3i (63%) andZ-
3j (40%) demonstrates that CM with β-branched alkenes can be
more sluggish. Benzylic trisubstituted olefins Z-3k and Z-3l were
isolated in 55% yield with 98:2 Z:E ratio and 81% yield and >98:2
Z:E ratio, respectively. The transformation leading to Z-3k was
more efficient with 10 equiv Z-1b (vs 40% yield with 5.0 equiv).

Chemoselective synthesis of Z,E-diene Z-3m further underscores
utility.
The reaction leading to o-benzyloxy-substituted Z-3n (eq 1),

recently used to prepare and ascertain the structure of naturally

occurring antiproliferative agent xiamenmycin A,15 was challeng-
ing: use of 6.0 mol % Ru-1b in two equal portions was necessary.
The Z-trisubstituted allylic alcohol was synthesized in 62%
overall yield, compared to 67% reported before,15 from a
commercially available phenol (benzyl protection in 96% yield).
This is more step-economical than the more traditional sequence
(two vs four steps), as reduction of the enoate generated by a
Horner−Wadsworth−Emmons reaction (LiAlH4, thf, reflux)
was not necessary.15
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aConversion (loss of 2a) determined by analysis of 1H NMR spectra
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Scheme 3. Scope I: Z-Trisubstituted Allylic Alcoholsa

aSame conditions as Table 1, except 10 equiv of Z-butene for Z-3k.
Conversion (loss of Z-Me-substituted alkene from 2) determined by
analysis of 1H NMR spectra of unpurified mixtures. Yields correspond
to purified products. See the Supporting Information for details. Fc =
ferrocenyl.

Journal of the American Chemical Society Communication

DOI: 10.1021/jacs.7b10010
J. Am. Chem. Soc. 2017, 139, 15640−15643

15641

52AA���
%
0?@0@3C@��)��

E,Z�'#,)0?@0@3C@/
��( $+�".+E����BBB

591>:���
%
0?@0@3C@��)��

single vessel. There was 82% consumption of the terminal alkene
(2a) with 1,1-disubstituted olefin 1a (entry 1). Analysis of the 1H
NMR spectrum of the product mixture indicated the major
component to be derived from homometathesis of Z-methyl-
substituted (capped)6 2a (<5% 3a). Reaction of Z-1b with 2a in
the presence of Z-butene (10 equiv) and 6.0 mol % Ru-1a
afforded Z-3a in just 31% yield (81% conv) as a single
stereoisomer (>98% Z; entry 2); thus, homometathesis of the
capped terminal alkene derivative was again predominant. To
increase CM efficiency, we turned to Ru-1b,4c a complex with a
smaller NHC ligand (entry 3). Accordingly, under otherwise
identical conditions, 3a was isolated in 76% yield and >98% Z:E
ratio. Further optimization (entries 4 and 5) revealed that with
5.0 equiv Z-1b and Z-butene, 3amay be obtained in 74% yield, as
pure Z isomers.14 The data in entry 6 confirm the central role of
the capping agent.6 The transformation is scalable: 0.6 g 2a was
converted to 0.57g of Z-3a (77% yield, >98:2 Z:E).

Various Z-trisubstituted allylic alcohols were prepared in up to
81% yield and exceptional stereoisomeric purity (Z-3b-3m,
Scheme 3). This included compounds with a hydroxy (Z-3b), a
Lewis basic phthalimide (Z-3f), an epoxide (Z-3g), or an
aldehyde (Z-3h). Comparison of the yields forZ-3i (63%) andZ-
3j (40%) demonstrates that CM with β-branched alkenes can be
more sluggish. Benzylic trisubstituted olefins Z-3k and Z-3l were
isolated in 55% yield with 98:2 Z:E ratio and 81% yield and >98:2
Z:E ratio, respectively. The transformation leading to Z-3k was
more efficient with 10 equiv Z-1b (vs 40% yield with 5.0 equiv).

Chemoselective synthesis of Z,E-diene Z-3m further underscores
utility.
The reaction leading to o-benzyloxy-substituted Z-3n (eq 1),

recently used to prepare and ascertain the structure of naturally

occurring antiproliferative agent xiamenmycin A,15 was challeng-
ing: use of 6.0 mol % Ru-1b in two equal portions was necessary.
The Z-trisubstituted allylic alcohol was synthesized in 62%
overall yield, compared to 67% reported before,15 from a
commercially available phenol (benzyl protection in 96% yield).
This is more step-economical than the more traditional sequence
(two vs four steps), as reduction of the enoate generated by a
Horner−Wadsworth−Emmons reaction (LiAlH4, thf, reflux)
was not necessary.15

Another key attribute is showcased by reactions with E-1b.13

The E-trisubstituted allylic alcohols were prepared with
efficiency and stereoretention (Scheme 4) similar to those of
the Z isomers (Scheme 3). Here too, the catalytic stereoretentive
approach was broadly applicable.

Scheme 2. Reactions with a Dichloro-Ru Complexa

aConversion (loss of 2a) determined by analysis of 1H NMR spectra
of unpurified mixtures. Yields correspond to purified products. See the
Supporting Information for details.

Table 1. Initial Evaluation with Ru Catechothiolate
Complexesa

aSee the Supporting Information for details. bConversion (loss of Z-
Me-substituted alkene derived from 2a) determined by analysis of 1H
NMR spectra of unpurified mixtures. cYields correspond to purified
products. na = not applicable.

Scheme 3. Scope I: Z-Trisubstituted Allylic Alcoholsa

aSame conditions as Table 1, except 10 equiv of Z-butene for Z-3k.
Conversion (loss of Z-Me-substituted alkene from 2) determined by
analysis of 1H NMR spectra of unpurified mixtures. Yields correspond
to purified products. See the Supporting Information for details. Fc =
ferrocenyl.

Journal of the American Chemical Society Communication

DOI: 10.1021/jacs.7b10010
J. Am. Chem. Soc. 2017, 139, 15640−15643

15641

����*2a);=<8746�
Z-1b)��%*Z-3a�� ��

Synthesis of Z- or E‑Trisubstituted Allylic Alcohols and Ethers by
Kinetically Controlled Cross-Metathesis with a Ru Catechothiolate
Complex
Chaofan Xu, Zhenxing Liu, Sebastian Torker, Xiao Shen, Dongmin Xu, and Amir H. Hoveyda*

Department of Chemistry, Merkert Chemistry Center, Boston College, Chestnut Hill, Massachusetts 02467, United States

*S Supporting Information

ABSTRACT: The first examples of kinetically controlled
cross-metathesis reactions that generate Z- or E-trisub-
stituted alkenes are disclosed. Transformations are
catalyzed by ≤6.0 mol % of a Ru catechothiolate complex
and afford trisubstituted allylic alcohols and ethers in up to
81% yield and >98% stereoisomeric purity. The method
has considerable scope, as olefins containing an alcohol, an
aldehyde, an epoxide, a carboxylic acid, or an alkenyl group
may be used. Mechanistic models that account for the
observed levels and trends in efficiency and stereochemical
control are provided, based on DFT studies.

In 2013, we discovered that Ru catechothiolate complexes,
prepared from readily accessible starting materials, can

promote Z-selective ring-opening cross-metathesis (ROCM).1,2

We subsequently demonstrated that yields, diastereoselectivities,
and Z selectivities are higher when an allylic alcohol group is
involved in ROCM3 or cross-metathesis (CM),4 and mod-
ification of the bidentate and/or the N-heterocyclic carbene
(NHC) ligand can be beneficial (e.g., Ru-1a−c, Scheme 1a).
Two features, the combination of which are unavailable in other
stereoselective Ru- or Mo- and W-based catalyst systems,4b,5 are
notable: (1) The catalytic active Ru dithiolates are especially
robust, and reactions may be performed in the presence of a
Brønsted acid (e.g., a carboxylic acid), an electrophilic site (e.g.,
an aldehyde), a Lewis base (e.g., an amino acid), or a bulky allylic
substituent.4a,6 (2) Acyclic 1,2-disubstituted olefins may be used
as substrates,4a a crucial attribute not shared by other Ru-basedZ-
selective catalysts,4a providing the opportunity for the develop-
ment of efficient stereoretentive transformations. We recently
demonstrated that with Z- or E-butene as capping agents,6 the
intermediacy of unstable methylidene complexes4a,7 can be
avoided and a considerable array of linear and macrocyclic Z- or
E-alkenes, including those containing the aforementioned polar
or hindered substituents, accessed efficiently and with high
stereoisomeric purity.
A compelling unaddressed question is whether, through

bypassing unstable methylidene species by the capping strategy,6

Ru catechothiolate catalysts can promote efficient stereo-
retentive CM to generate trisubstituted Z- or E-alkenes (Scheme
1b). Such transformations would be challenging for several
reasons, including the intermediacy of more congested metalla-
cyclobutane (mcb) intermediates. CM protocols designed for
synthesis of trisubstituted olefins are indeed scarce,8 and the few
extant methods afford the lower energy E isomer only in up to

80% selectivity8a,c as the result of smaller energy gaps between
stereoisomers (vs 1,2-disubstituted alkenes).9 Herein, we
disclose the first examples of kinetically controlled CM processes
that furnish trisubstituted olefins efficiently and with high Z:E or
E:Z ratios.
We focused on synthesis of trisubstituted allylic alcohols

because these moieties are found in many biologically active
compounds and have considerable utility in chemical synthesis
(e.g., directed reactions10). There are a limited number of
approaches to stereoselective synthesis of trisubstituted allylic
alcohols, such as those involving α-alkoxy ketones11 or alkynes.12

CM offers a distinct and important disconnection, with
considerable versatility owing to the relative stability of alkenes
in the presence of strongly nucleophilic or basic reagents.
We first examined representative CM with dichloro complex

Ru-2 (Scheme 2). Regardless of whether 1,1-disubstituted allylic
alcohol 1a or Z- or E-1b13 was used, the thermodynamically
favored E-3awas formed predominantly (61−71% yield and 87−
91% E selectivity).
We then probed the ability of Ru catechothiolate complexes to

serve as catalysts (Table 1); all reactions were carried out in a
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single vessel. There was 82% consumption of the terminal alkene
(2a) with 1,1-disubstituted olefin 1a (entry 1). Analysis of the 1H
NMR spectrum of the product mixture indicated the major
component to be derived from homometathesis of Z-methyl-
substituted (capped)6 2a (<5% 3a). Reaction of Z-1b with 2a in
the presence of Z-butene (10 equiv) and 6.0 mol % Ru-1a
afforded Z-3a in just 31% yield (81% conv) as a single
stereoisomer (>98% Z; entry 2); thus, homometathesis of the
capped terminal alkene derivative was again predominant. To
increase CM efficiency, we turned to Ru-1b,4c a complex with a
smaller NHC ligand (entry 3). Accordingly, under otherwise
identical conditions, 3a was isolated in 76% yield and >98% Z:E
ratio. Further optimization (entries 4 and 5) revealed that with
5.0 equiv Z-1b and Z-butene, 3amay be obtained in 74% yield, as
pure Z isomers.14 The data in entry 6 confirm the central role of
the capping agent.6 The transformation is scalable: 0.6 g 2a was
converted to 0.57g of Z-3a (77% yield, >98:2 Z:E).

Various Z-trisubstituted allylic alcohols were prepared in up to
81% yield and exceptional stereoisomeric purity (Z-3b-3m,
Scheme 3). This included compounds with a hydroxy (Z-3b), a
Lewis basic phthalimide (Z-3f), an epoxide (Z-3g), or an
aldehyde (Z-3h). Comparison of the yields forZ-3i (63%) andZ-
3j (40%) demonstrates that CM with β-branched alkenes can be
more sluggish. Benzylic trisubstituted olefins Z-3k and Z-3l were
isolated in 55% yield with 98:2 Z:E ratio and 81% yield and >98:2
Z:E ratio, respectively. The transformation leading to Z-3k was
more efficient with 10 equiv Z-1b (vs 40% yield with 5.0 equiv).

Chemoselective synthesis of Z,E-diene Z-3m further underscores
utility.
The reaction leading to o-benzyloxy-substituted Z-3n (eq 1),

recently used to prepare and ascertain the structure of naturally

occurring antiproliferative agent xiamenmycin A,15 was challeng-
ing: use of 6.0 mol % Ru-1b in two equal portions was necessary.
The Z-trisubstituted allylic alcohol was synthesized in 62%
overall yield, compared to 67% reported before,15 from a
commercially available phenol (benzyl protection in 96% yield).
This is more step-economical than the more traditional sequence
(two vs four steps), as reduction of the enoate generated by a
Horner−Wadsworth−Emmons reaction (LiAlH4, thf, reflux)
was not necessary.15

Another key attribute is showcased by reactions with E-1b.13

The E-trisubstituted allylic alcohols were prepared with
efficiency and stereoretention (Scheme 4) similar to those of
the Z isomers (Scheme 3). Here too, the catalytic stereoretentive
approach was broadly applicable.

Scheme 2. Reactions with a Dichloro-Ru Complexa

aConversion (loss of 2a) determined by analysis of 1H NMR spectra
of unpurified mixtures. Yields correspond to purified products. See the
Supporting Information for details.

Table 1. Initial Evaluation with Ru Catechothiolate
Complexesa

aSee the Supporting Information for details. bConversion (loss of Z-
Me-substituted alkene derived from 2a) determined by analysis of 1H
NMR spectra of unpurified mixtures. cYields correspond to purified
products. na = not applicable.

Scheme 3. Scope I: Z-Trisubstituted Allylic Alcoholsa

aSame conditions as Table 1, except 10 equiv of Z-butene for Z-3k.
Conversion (loss of Z-Me-substituted alkene from 2) determined by
analysis of 1H NMR spectra of unpurified mixtures. Yields correspond
to purified products. See the Supporting Information for details. Fc =
ferrocenyl.
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ing: use of 6.0 mol % Ru-1b in two equal portions was necessary.
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overall yield, compared to 67% reported before,15 from a
commercially available phenol (benzyl protection in 96% yield).
This is more step-economical than the more traditional sequence
(two vs four steps), as reduction of the enoate generated by a
Horner−Wadsworth−Emmons reaction (LiAlH4, thf, reflux)
was not necessary.15

Another key attribute is showcased by reactions with E-1b.13

The E-trisubstituted allylic alcohols were prepared with
efficiency and stereoretention (Scheme 4) similar to those of
the Z isomers (Scheme 3). Here too, the catalytic stereoretentive
approach was broadly applicable.

Scheme 2. Reactions with a Dichloro-Ru Complexa

aConversion (loss of 2a) determined by analysis of 1H NMR spectra
of unpurified mixtures. Yields correspond to purified products. See the
Supporting Information for details.
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moiety and the unsaturated side chain would make the syn-
thesis more effective in terms of the number of steps. Specifi-
cally, our retrosynthetic analysis of 1 is shown in Scheme 1.
We envisioned that the threonine moiety could be installed at
a later stage via one-pot Pd-catalysed aminocarbonylation of
the corresponding aryl bromide A with methyl threonine.7,8

The homoprenyl carbon chain might be elaborated from 10 via
Wittig olefination. In addition, the key intermediate 10 in our
strategy could later be amenable to analogue synthesis to
probe biological activity, which in turn could be derived from
allyl alcohol Z-5 via Sharpless epoxidation and subsequent de-
protection along with regio- and diastereo-selective cyclization.

Our first work was to prepare the key intermediate diol 7
from commercially available 2-hydroxyphenylacetic acid 2
(Scheme 2). Protection of 2 with a benzyl group followed by
reduction with DIBAL-H afforded the aldehyde 3 in 78% yield.9

Horner–Wadsworth–Emmons olefination of aldehyde 3 with

Ando’s reagent10 provided 4 (Z/E 20/1). Reduction of Z-4 with
LiAlH4 afforded allyl alcohol Z-5. Next, Sharpless epoxidation11

of allyl alcohol Z-5 with D-(−)-DIPT/titanium tetraisopropoxide/
t-BuOOH gave (2R, 3S)-epoxide 6a as an oil but only in moder-
ate ee (77% ee). Initial attempts to promote the enantiomeric
purity of 6a via reducing the reaction temperature and increas-
ing the catalyst load were unsuccessful. However, the enantio-
meric purity of 6a could be improved to 94.5% by converting it
to the corresponding 3,5-dinitrobenzoate 6b followed by recrys-
tallization and hydrolysis.

After the removal of the benzyl group by hydrogenation, the
acid catalytic cyclization12 was carried out under various con-
ditions (Table 1). An inseparable mixture of 7 and 7′ was
obtained, and the best 7/7′ ratio, as determined by HPLC
analysis, was approximately 7.36 : 1 when the reaction was per-
formed in the presence of 5% BF3–Et2O in CH2Cl2 (entry 11).
The pure isomer 7 could be obtained in 76% yield using the
optimized conditions after it was treated with NaIO4 and then
purified by column chromatography. As expected, a pseudo-
SN2 epoxide opening resulted in the trans orientation between
3-OH and 2-CH3 in compound 7,13,14 which was established on
the basis of 1H-NMR spectra and NOE analyses. The NOE cor-
relation between 4-Hax (δ 3.05 ppm) and 2-CH3 (δ 1.18 ppm)
showed that the 2-CH3 group was in an axial orientation. More-
over, analysis of the coupling constants of 3-H (δ 4.10 ppm,

Scheme 1 The retrosynthetic analysis of 1.

Scheme 2 The synthesis of diol 7.

Table 1 The optimization of the transformation of 6a to 7 and 7’a

Entry Catalytic acid Solvent Temp. Conv. (%) Ratio 7 : 7′

1 2 M HCl/Et2O CH3CN rt 70 5.8 : 1
2 10% TsOH CH2Cl2 rt 93 2.42 : 1
3 20% TsOH CH2Cl2 rt 90 2.38 : 1
4 10%TFA CH2Cl2 rt 91 1.68 : 1
5 10% BF3–Et2O CH2Cl2 rt 94 6.51 : 1
6 10% BF3–Et2O CH3CN rt 82 9.19 : 1
7 10% BF3–Et2O Toluene rt 86 5.8 : 1
8 20% BF3–Et2O CH2Cl2 rt 94 6.96 : 1
9 10% BF3–Et2O CH2Cl2 Reflux 94 6.47 : 1
10 5% BF3–Et2O CH2Cl2 Reflux 94 6.67 : 1
11 5% BF3–Et2O CH2Cl2 rt 94 7.36 : 1

aGeneral experimental conditions: 5 μmol of 6a, 1 mL of solvent, 1 h.
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In Z-selective and diastereoselective ROCM with Ru catecho-
thiolate catalysts, unlike allylic alcohols, there is typically <5%
conversion to the desired products when allylic ethers are used.3a

This is however not the case here: CM under the same
conditions used to obtain trisubstituted allylic alcohols afforded
Z-4 in 72% yield (81% conv) and >98:2 Z:E ratio (Scheme 5).
Several other Z- or E-trisubstituted allylic ethers were accessed
likewise, although yields were somewhat lower (vs allylic
alcohols; Scheme 5). Carboxylic acid 9 and allylic acetate 10
were particularly difficult cases, and more of the trisubstituted

allylic ether (10 and 20 equiv, respectively) was needed (38% and
48%, respectively). The high conversion implies that homo-
metathesis of the Z-methyl-substituted olefin is facile but not the
formation of the trisubstituted alkenes. The lower efficiency for
Z-9may be attributed to competitive decomposition of the active
Ru complex, a complication less problematic for reactions
leading to 1,2-disubstituted alkenes.4a It should be emphasized
that no other stereoselective catalyst class, Ru-based or
otherwise, can be used for kinetically controlled synthesis of a
stereoisomerically pure trisubstituted alkene that contains a
carboxylic acid group.
Trisubstituted allylic ethers are formed more readily than their

1,2-disubstituted variants likely because in the corresponding
mcb intermediates, the hydroxyl/alkoxy unit is attached to Cβ so
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that ts1B is higher in energy due to A(1,2) involving (C3−C4 and
C2′−C3′) and A(1,3) strain18 (involving C2−C3 and C2′−

Scheme 4. Scope II: E-Trisubstituted Allylic Alcoholsa

aSame conditions as Table 1; 5.0 equiv Z-butene used except for 3m
(10 equiv). Conversion (loss of Z-Me-substituted alkene derived from
2) determined by analysis of 1H NMR spectra of unpurified mixtures.
Yields correspond to purified products. b10 equiv E-1b used. See the
Supporting Information for details.

Scheme 5. Scope III: Z- and E-Trisubstituted Allylic Ethersa

aSame conditions as in Table 1; 10 and 20 equiv allylic ether used for
Z-9 and Z-10, respectively. Conversion (loss of Z-Me-substituted
alkene derived from α-olefin) determined by analysis of 1H NMR
spectra of unpurified mixtures. Yields correspond to purified products.
bSame conditions as eq 1. See the Supporting Information for details.

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.

Scheme 6. Allylic Heteroatom Is Required for High
Efficiencya

aSame conditions as Table 1. Conversion determined by analysis of 1H
NMR spectra of unpurified mixtures. See the Supporting Information
for details.

Journal of the American Chemical Society Communication

DOI: 10.1021/jacs.7b10010
J. Am. Chem. Soc. 2017, 139, 15640−15643

15642



This Work 3: Mechanistic Study

In Z-selective and diastereoselective ROCM with Ru catecho-
thiolate catalysts, unlike allylic alcohols, there is typically <5%
conversion to the desired products when allylic ethers are used.3a

This is however not the case here: CM under the same
conditions used to obtain trisubstituted allylic alcohols afforded
Z-4 in 72% yield (81% conv) and >98:2 Z:E ratio (Scheme 5).
Several other Z- or E-trisubstituted allylic ethers were accessed
likewise, although yields were somewhat lower (vs allylic
alcohols; Scheme 5). Carboxylic acid 9 and allylic acetate 10
were particularly difficult cases, and more of the trisubstituted

allylic ether (10 and 20 equiv, respectively) was needed (38% and
48%, respectively). The high conversion implies that homo-
metathesis of the Z-methyl-substituted olefin is facile but not the
formation of the trisubstituted alkenes. The lower efficiency for
Z-9may be attributed to competitive decomposition of the active
Ru complex, a complication less problematic for reactions
leading to 1,2-disubstituted alkenes.4a It should be emphasized
that no other stereoselective catalyst class, Ru-based or
otherwise, can be used for kinetically controlled synthesis of a
stereoisomerically pure trisubstituted alkene that contains a
carboxylic acid group.
Trisubstituted allylic ethers are formed more readily than their

1,2-disubstituted variants likely because in the corresponding
mcb intermediates, the hydroxyl/alkoxy unit is attached to Cβ so
that steric pressure is minimized (II vs Cα in I, Figure 1). There is
accordingly lesser electron−electron repulsion between the
heteroatom and the apical sulfide, dispensing with the need for
H-bonding to counter unfavorable interactions.3a

CMbetween 2a and some other trisubstituted olefins (Scheme
6) indicated that reactions involving the homoallylic alcohol
derivative of Z-1b (cf. 16) or those with an alkyl group give little
of the desired products (<5% yield; 70−83% homometathesis).
These findings, along with those in Table 1 and Schemes 3−5,
show that an allylic heteroatom is needed for efficient
transformation.

To understand better why an allylic heteroatom is crucial to
efficiency, DFT calculations were carried out.16 We investigated
the model reactions represented as A−C (Figure 2a). Congruent
with the experimental results, the overall barriers for modes A
and C (16.3 and 15.8 kcal/mol) were found to be lower than for
B (17.9 kcal/mol).17

Transition-state analysis points to a rationale regarding the
origin of the observed reactivity trends (Figure 2b). We propose
that ts1B is higher in energy due to A(1,2) involving (C3−C4 and
C2′−C3′) and A(1,3) strain18 (involving C2−C3 and C2′−

Scheme 4. Scope II: E-Trisubstituted Allylic Alcoholsa

aSame conditions as Table 1; 5.0 equiv Z-butene used except for 3m
(10 equiv). Conversion (loss of Z-Me-substituted alkene derived from
2) determined by analysis of 1H NMR spectra of unpurified mixtures.
Yields correspond to purified products. b10 equiv E-1b used. See the
Supporting Information for details.

Scheme 5. Scope III: Z- and E-Trisubstituted Allylic Ethersa

aSame conditions as in Table 1; 10 and 20 equiv allylic ether used for
Z-9 and Z-10, respectively. Conversion (loss of Z-Me-substituted
alkene derived from α-olefin) determined by analysis of 1H NMR
spectra of unpurified mixtures. Yields correspond to purified products.
bSame conditions as eq 1. See the Supporting Information for details.

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.

Scheme 6. Allylic Heteroatom Is Required for High
Efficiencya

aSame conditions as Table 1. Conversion determined by analysis of 1H
NMR spectra of unpurified mixtures. See the Supporting Information
for details.

Journal of the American Chemical Society Communication

DOI: 10.1021/jacs.7b10010
J. Am. Chem. Soc. 2017, 139, 15640−15643

15642

�GJ4<�c&?(Z,E
o�|��G)
ref 3acO2s�w�yxvw_dn��o�|�dJ4_X\


6bn��n�u��ikd�1	f

In Z-selective and diastereoselective ROCM with Ru catecho-
thiolate catalysts, unlike allylic alcohols, there is typically <5%
conversion to the desired products when allylic ethers are used.3a
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allylic ether (10 and 20 equiv, respectively) was needed (38% and
48%, respectively). The high conversion implies that homo-
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Z-9may be attributed to competitive decomposition of the active
Ru complex, a complication less problematic for reactions
leading to 1,2-disubstituted alkenes.4a It should be emphasized
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otherwise, can be used for kinetically controlled synthesis of a
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mcb intermediates, the hydroxyl/alkoxy unit is attached to Cβ so
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accordingly lesser electron−electron repulsion between the
heteroatom and the apical sulfide, dispensing with the need for
H-bonding to counter unfavorable interactions.3a

CMbetween 2a and some other trisubstituted olefins (Scheme
6) indicated that reactions involving the homoallylic alcohol
derivative of Z-1b (cf. 16) or those with an alkyl group give little
of the desired products (<5% yield; 70−83% homometathesis).
These findings, along with those in Table 1 and Schemes 3−5,
show that an allylic heteroatom is needed for efficient
transformation.

To understand better why an allylic heteroatom is crucial to
efficiency, DFT calculations were carried out.16 We investigated
the model reactions represented as A−C (Figure 2a). Congruent
with the experimental results, the overall barriers for modes A
and C (16.3 and 15.8 kcal/mol) were found to be lower than for
B (17.9 kcal/mol).17

Transition-state analysis points to a rationale regarding the
origin of the observed reactivity trends (Figure 2b). We propose
that ts1B is higher in energy due to A(1,2) involving (C3−C4 and
C2′−C3′) and A(1,3) strain18 (involving C2−C3 and C2′−
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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
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aSame conditions as Table 1. Conversion determined by analysis of 1H
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thiolate catalysts, unlike allylic alcohols, there is typically <5%
conversion to the desired products when allylic ethers are used.3a

This is however not the case here: CM under the same
conditions used to obtain trisubstituted allylic alcohols afforded
Z-4 in 72% yield (81% conv) and >98:2 Z:E ratio (Scheme 5).
Several other Z- or E-trisubstituted allylic ethers were accessed
likewise, although yields were somewhat lower (vs allylic
alcohols; Scheme 5). Carboxylic acid 9 and allylic acetate 10
were particularly difficult cases, and more of the trisubstituted

allylic ether (10 and 20 equiv, respectively) was needed (38% and
48%, respectively). The high conversion implies that homo-
metathesis of the Z-methyl-substituted olefin is facile but not the
formation of the trisubstituted alkenes. The lower efficiency for
Z-9may be attributed to competitive decomposition of the active
Ru complex, a complication less problematic for reactions
leading to 1,2-disubstituted alkenes.4a It should be emphasized
that no other stereoselective catalyst class, Ru-based or
otherwise, can be used for kinetically controlled synthesis of a
stereoisomerically pure trisubstituted alkene that contains a
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Trisubstituted allylic ethers are formed more readily than their

1,2-disubstituted variants likely because in the corresponding
mcb intermediates, the hydroxyl/alkoxy unit is attached to Cβ so
that steric pressure is minimized (II vs Cα in I, Figure 1). There is
accordingly lesser electron−electron repulsion between the
heteroatom and the apical sulfide, dispensing with the need for
H-bonding to counter unfavorable interactions.3a

CMbetween 2a and some other trisubstituted olefins (Scheme
6) indicated that reactions involving the homoallylic alcohol
derivative of Z-1b (cf. 16) or those with an alkyl group give little
of the desired products (<5% yield; 70−83% homometathesis).
These findings, along with those in Table 1 and Schemes 3−5,
show that an allylic heteroatom is needed for efficient
transformation.

To understand better why an allylic heteroatom is crucial to
efficiency, DFT calculations were carried out.16 We investigated
the model reactions represented as A−C (Figure 2a). Congruent
with the experimental results, the overall barriers for modes A
and C (16.3 and 15.8 kcal/mol) were found to be lower than for
B (17.9 kcal/mol).17

Transition-state analysis points to a rationale regarding the
origin of the observed reactivity trends (Figure 2b). We propose
that ts1B is higher in energy due to A(1,2) involving (C3−C4 and
C2′−C3′) and A(1,3) strain18 (involving C2−C3 and C2′−
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Scheme 5. Scope III: Z- and E-Trisubstituted Allylic Ethersa

aSame conditions as in Table 1; 10 and 20 equiv allylic ether used for
Z-9 and Z-10, respectively. Conversion (loss of Z-Me-substituted
alkene derived from α-olefin) determined by analysis of 1H NMR
spectra of unpurified mixtures. Yields correspond to purified products.
bSame conditions as eq 1. See the Supporting Information for details.

Figure 1. Unlike reactions leading to 1,2-disubstituted alkenes, H-
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C3′); these unfavorable interactions are exacerbated as the mcb
forms (namely, as sp2-to-sp3 rehybridization occurs). With the
smaller methoxy group inC, steric pressure is diminished (Figure
1b); this is reflected in the smaller C2−C3−O bond angles,
compared to those in ts1B and ts2B (107.1° and 110.5° vs 112.4°
and 112.5°, respectively), which alleviate most of the strain.16,19

Development of additional Ru-based olefin metathesis
catalysts and studies of their applications in stereoselective
chemical synthesis are in progress.
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