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ABSTRACT:  Achieving regio- and stereoselective formation of products from simple chemical building blocks is one
the most important roles of catalysis in organic synthesis. Repositioning an alkene functional group through catalytic alkene
isomerization represents a powerful synthetic strategy for preparing valuable alkene products from comparatively simple
chemical feedstocks. The utility of this approach, however, hinges on the ability to control the positional and stereoisomerism
to access a single product among numerous potential isomeric byproducts. Here, a positionally selective alkene isomerization
in which modulation of the ligand environment of the homogeneous tungsten catalyst grants access to either the (£)- or (2)-
stereoisomer is described. Compared to previously reported alkene isomerization methods, this reaction offers exquisite
chemo- and regioselectivity from a simple, commercially available precatalyst and ligand. Preliminary mechanistic studies
suggest that tungsten’s ability to adopt 7-coordinate geometry is crucial for stereoselectivity and that substrate directivity
prevents over-isomerization to the conjugated alkene, as is commonly observed with other catalysts. These features allows
for exclusive formation of B,y-unsaturated carbonyl compounds that are otherwise difficult to prepare.

Introduction

Alkenes are common functional groups in numerous natural products,'” fragrances,® and materials, and they serve
as versatile intermediates in organic synthesis.”!! Accessing alkenes as single positional and E/Z-stereoisomers is
essential, given that their chemical, physical, or biological properties stem from these structural features, as does
their synthetic utility. Due to the importance of these motifs, a chemical method that can accomplish the controlled
formation of either E- or Z-alkenes from a single starting material would be highly desirable.
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Figure 1: (a) Possible stereo- and regioisomeric outcomes of alkene isomerization. This model free energy diagram
depicts a hypothetical isomerization from terminal, to (Z) 2-alkene (kinetic product), to the conjugated alkene
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(thermodynamic product). (b) Holland’s cobalt catalyst that exhibits high Z-selectivity.** (¢) Fatty acid synthesis
involving formation of different £- and Z-alkenes from a single enzyme FabA. Protein image taken from rcsb.org;
PDB code: 7BIS (d) Classic disconnections towards alkenes synthesis and the pitfalls of using them to synthesize
B,y-unsaturated carbonyls. (e) This approach: ligand-controlled formation of £ or Z alkenes using a low-valent
tungsten catalyst.

Catalytic alkene transposition represents a promising and atom-economical strategy for alkene synthesis’*'*'” but
necessitates multiple levels of selectivity control to access the product as a single positional and stereoisomer.'®%*
In particular, most catalytic alkene isomerizations are thermodynamically controlled and bring about migration of
the alkene into conjugation with adjacent functional groups (Figure 1a).”>° Selecting for a single kinetic internal
alkene isomer remains difficult in general,***® particularly when the newly formed products possess C(allylic)-H
bonds that are activated by an adjacent functional group (e.g., carbonyl). Such non-conjugated internal alkenes are
valuable synthetic targets as there are fewer associated retrosynthetic disconnections compared to their conjugated
counterparts (Figure 1d). In these cases, classical methods such as Wittig olefination,*” Mizoroki—Heck reaction,**"
*# alkenyl Suzuki-Miyaura coupling,’®>' and alkyne semi-hydrogenation®>’ can readily promote isomerization of
the initially formed alkene product to the thermodynamically favored conjugated alkene due to the presence of
catalytic base or transition metal, such as palladium.

Over the past 60 years, a variety of kinetic alkene isomerization catalysts have emerged, mostly using precious
metals (e.g., Ru, Ir, and Pd). In rare instances, non-precious metals can be utilized, including Holland’s Co catalyst
providing the challenging Z-isomer with high (>10:1) selectivities (Figure 1b),**** and Doberiner’s Mo catalyst
furnishing moderate (~3:1) selectivity.*' However, these catalysts and most others require multi-step synthesis
under rigorously inert conditions, thus limiting their accessibility and appeal to the synthetic community. The Ni-
catalyzed methodology of Hilt offers variable Z-selectivity (ranging from 3:1 to >99:1) and requires cryogenic
temperatures, which introduces substrate insolubility issues and makes it difficult to scale up.* E-Selective
transposition catalysts based on precious metals that offer high E-selectivity do so at the cost of varying levels of
“over-isomerization” to give a mixture of multiple alkene isomers.'**'2*25-26.28 We sought to address this limitation
by developing a method exhibiting high functional group tolerance, minimal over-isomerization of the desired
kinetic product, and operational simplicity using a simple (ideally commercially available) non-precious metal
catalyst and ligand.

In nature, simple building blocks can be converted into either £- or Z-alkene isomers by enzymatic machinery; for
example, in the type II fatty acid synthase system of Escherichia coli., a single enzyme FabA converts -hydroxyl
esters into an E-alkene and subsequently its deconjugated Z-isomers (Figure 1¢).”*>® Taking inspiration from this
biosynthetic approach, here we demonstrate a method in which readily accessible y,5-unsaturated carboxylic acid
derivatives are isomerized into ,y-unsaturated products, granting access to a single positional isomer with control
of E/Z-stereochemistry.

Based on our recent findings™ ™" on the tungsten-catalyzed tandem alkene isomerization/functionalization
using the W(0)/(IT) redox couple, we envisioned that the ability of 7-coordinate W(II) to readily adopt different
molecular geometries and ligand configurations could be exploited to control the stereochemical outcome of the
products. Specifically, we sought to develop an alkene isomerization whereby ligand induced modulation of the
key 7-coordinate W(II)intermediate would allow for selection for either the E- or Z-product (Figure 1e). In addition,
we believed high positional selectivity for the kinetic (i.e. non-conjugated) product could be achieved using a W(0)
catalyst, even with substrates that can readily form the thermodynamically favored conjugated alkene.

59-60

Reaction optimization

We began this study by evaluating the commercially available W(MeCN)3(CO); precatalyst and commercial ligands
for their ability to perform kinetic isomerization of y,5-unsatuated amide 1a. This substrate was selected based on
the established ability of the amide group to coordinate to the tungsten catalyst® and because it offered a challenging
test case in selectivity control in which over-
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W(MeCN)3(CO)3
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oA~ ——— M + Lz
THF, 75°C,2h PhHN \M PRHN
1a [standard conditions] 2a © 2ab

entry deviation from standard conditions 2a (%) 2a (ZE) 2ab (%)

1 (none) 90 1.8:1 n.d.

2 NHC-1-CO; (5 mol%) 88 18:1 nd.

3 NHC-1-CO; (10 mol%) 88 >50:1 nd.

4 NHC-2 (5 mol%) 16 1:1 4

5 NHC-3 (5 mol%) 12 2.0:1 n.d.

6 2-MeTHF as solvent 90 1:3.0 n.d.
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NHC-1-CO, NHC-2 NHC-3

Table 1: Optimization of the reaction conditions for Z-selectivity.” E/Z ratio and product distributions determined '"H NMR (n.d. = not
detected). Remaining material was unreacted 1a in all cases.

isomerization would need to be avoided. Early observations showed that using THF as the solvent provided the Z-
isomer in 1.8:1 selectivity, suggesting that THF may serve as a ligand (Table 1, entry 1). In support of this
hypothesis, the use of less-coordinating 2-MeTHF gave the E-isomer as the major product (entry 6). With this
hypothesis in mind, we next turned to N-heterocyclic carbene (NHC) ligands, which have a similar 5-membered
ring structure as THF, from which we identified NHC-1 as the optimal ligand giving 18:1 Z-selectivity (entry 3).
Excess ligand (entry 4) was used to ensure that no background isomerization occurred from non-ligated tungsten
species, resulting in >50:1 Z-selectivity. Increasing the steric bulk of the nitrogen substituents decreased the Z-
selectivity and yield (entries 4-5). Starting from the carboxylate “pre-NHC” allows for base-free activation to
form the free carbene and thus circumvents base-mediated over-isomerization observed when using KO#-Bu and
the imidazolium salt (See Table S3).®' E-Selective conditions were also identified using a non-coordinating
solvent, CDCI3, without added ligand (See Table S1 for optimization). The E/Z ratios obtained under these
conditions of approximately 3:1—4:1 are in line with the expected thermodynamic ratios based on an energy
difference between the (E)- and (Z)-isomers of ~0.4 kcal/mol at 23 °C.%? Although the selectivity is seemingly
modest, our results are on par with even the best catalysts for this type of alkene transposition.***? In general, the
inability to gain higher E-selectivity can explained if the isomerization is kinetically selective in terms of alkene
position but thermodynamically controlled in terms of alkene stereochemisty. While there are specific substrates
which can overcome the thermodynamic control of E-stereochemistry, this remains an unmet challenge.

Substrate scope

We next investigated the generality of the Z-selective isomerization method with various 7,5-unsaturated
carboxamides. A range of secondary N-aryl amides with functional groups at the para position proceeded in high
yield with >50:1 Z-selectivity (2a—d). Potentially reactive functional groups were tolerated, including an iodo
substituent (2f), providing a handle for further derivatization of these valuable products via cross-coupling (vide
infra). An unhindered ketone, which could be readily reduced by the propagating M—H species generated in other
isomerization methods also gave the product in high yield and selectivity (2g). Additionally, secondary N-alkyl
alkenyl amides were effective substrates, offering very good Z-selectivity (2h-2j, 10-17:1) even with the bulky
tert-butyl group (2i). Tertiary amides with pharmaceutically relevant heterocycles provided high yields with slightly
diminished selectivity (2k and 21, 8-10:1). In general, alkyl substituents on the amide decreased Z-selectivity, which
could potentially be due to the stronger coordination of the more Lewis basic amide carbonyl to tungsten enabling
the catalyst to reengage the product in secondary Z-to-E isomerization. A-Branched substrates 2m and 2n gave
>50:1 Z-selectivity, despite the increased allylic strain. In addition to amides, esters (20 and 2p) and ketones (2q
and 2r) also performed well, providing excellent selectivity and high yields. That the method is compatible with
these substrates supports a mechanism involving coordination of tungsten through the carbonyl and not the nitrogen
of the amide. We then assessed the substrate scope with the optimized E-selective conditions and found the protocol
to give high to quantitative yields when using the same alkenyl amides previously assessed with the Z-selective
conditions. The reaction was scalable, providing more than 1 gram of product without change in yield and only a
modest erosion of £/Z selectivity under both conditions. Notably, substrate 3e, which possesses an aryl boronate
motif, performed well under these conditions, despite giving no reaction when tested with the Z-selective conditions.
For all substrates, the E/Z selectivity appears to reflect the thermodynamic ratio for internal 1,2-dialkyl-substituted
alkenes.”” These finding are in line with previous one-position isomerizations with non-precious-metal catalysts,
with improved E-selectivity observed in only rare cases typically involving precious metal catalysts.'®? The higher
E-selectivity for a-branched substrates 3m and 3n (4-5.1:1) can be explained by increased allylic strain.
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Table 2: Substrate scope for Z- (left) and E- (right) selective alkene transposition of y,5-unsaturated carbonyl

compounds.
o 5 mol% W(MeCN)3(CO)3 o o
10 mol% NHC-1-CO. 5 mol% W(MeCN)3(CO
Jl\/\Z - W ( (0% JI\A/ME
THF, 75°C,2h CDCl3, 75°C, 1 h E
Me
2a-r [Z-selective] 1a-r [E-selective] 3a-r
N-aryl amides
g i Q\ i X @\ i
O
\©\ | NJ\/\ [ NJ\N Me
N N H Vie N U Me N
Me 2f, 80%, 23:1 H 3f, 99%, 3.2:1
2a, 88%, >50:1 (X = H) o 3a, 99%, 3.4:1 (X = H)
[88%, 29:1 (gram-scale)] [99%, 2.9:1 (gram-scale)] 9
2b, 70%, >50:1 (X = F) o. NJ\/\ 3b, 98%, 3.7:1 (X = F) o. NMMe
2¢, 72%, >50:1 (X = Cl) H 3c, 98%, 3.0:1 (X = Cl) H
2d, 79%, >50:1 (X = Br) Me . Me 3d, 99%, 3.0:1 (X =Br) Me
2e, n.d., — (X = Bpin) 2g, 84%, >50:1 3e, 99%, 3.0:1 (X = Bpin) 39, 97%, 4.0:1
N-alkyl amides
0 0 o)
O
R M M JWMe
. N A R. X Me N
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Me N Me H
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i, 54%, 15:1 (R = t-Bu) Bz 3i, 95%, 2.6:1 (R = +-Bu) Bz
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i I i JOl\/\/
X Me
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Me (6) Me O
2k, 90%, 10:1 21, 85%, 8:1 3k, 99%, 4.2:1 31, 87%, 3:1
a-branched amides
o) o O O
Ph X Me Ph X Me
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Ho Ve H M Me
e e Ph e Ph
2m, 73%, >50:1 2n, 75%, >50:1 3m, 97%, 5.1:1 3n, 98%, 4:1
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X _Me M
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20, 75%, 19:1 2p, 74%, 20:1 30, 99%, 2.8:1 3p, 87%, 3.1:1
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(0] o) (0] o
X _Me
A Me)l\/\ Me MMe
Me Me
2q, 92%, 10:1 2r, 77%, 22:1 3q, 95%, 2.6:1 3r, 95%, 2.8:1

@ Reaction performed at room temperature.

Synthetic applications and product diversification
To demonstrate applications of this method in the context of a challenging drug discovery problem, we chose to
modify the FDA approved drug FK506 (Tacrolimus®) (Scheme 1a). Interestingly, synthesis of this analog (3s) has
not been previously reported, and therefore we anticipate this new analog to garner much interest from medicinal
chemistry. Specifically, this portion of the molecule binds calcineurin,® and small modifications to this section of
the molecule have been shown to have enhanced effects such as with the analog FK520. To further demonstrate
applications to the food and fragrance industry, we were able to derivatize the natural product 1p which is derived
from the dark-spotted cherry (Prunus phaeosticta) and has a sweet ethereal scent (Scheme 1b).% By affecting olefin
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isomerization, we were able to synthesize two new scented compounds (2p and 3p) via the Z- and E- selective
protocols respectively.

We envisioned that the substrate-directed nature of this isomerization system and the exquisite chemoselectivity
of the tungsten(0) catalyst could be leveraged to achieve selective isomerizations that are inaccessible via alternative
approaches. To this end, exposing diene 1t to the standard E-selective conditions brought about exclusive
isomerization of the proximal alkene on the carbonyl side of the amide, demonstrating differentiation based solely
on the presence of an intervening NH group (Scheme 1c).

By parlaying the stereoselective isomerization into a subsequent cross-metathesis we devised a two-step sequence
to access a variety of internal P,y-unsaturated amides that are otherwise difficult to prepare in a stereoselective
fashion (Scheme 1d). The utility of this approach stems from the widespread availability of terminal alkenes and
v,0-unsaturated carboxylic acid derivatives, the latter of which can be conveniently prepared via Johnson—Claisen
rearrangement and other established methods. Evaluation of several ruthenium metathesis catalysts revealed that a
stereoretentive diothiolate catalyst® could convert the Z-alkenyl amide into the desired final product with >50:1
selectivity, showing no E/Z-erosion compared to the first step. Moreover, Grubbs third-generation bis-pyridine
catalyst®’ could be used to furnish the E-enriched internal alkene product in the thermodynamic 2.7:1 product ratio.

a. Analog synthesis of an FDA approved drug d. Isomerization/cross-metathesis sequence to access diverse products

o}

gt by
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5b, 86%, E/1Z=2.9:1
Scheme 1: (a) Late-stage modification of FDA approved to form a new synthetic analog 3s. (b) Derivatization of
known fragrance compound 1p, which is extracted from the leaves of the dark-spotted cherry shown in the picture.
(c) Highly chemoselective isomerization of only one alkene of a diene based on substrate directivity. (d) Application
of sequential stercoselective alkene isomerization/stereorententive cross-metathesis. Reported yields and
selectivity’s correspond to the second step. (e) Application of a one-pot alkene isomerization followed by
Sonogashira cross-coupling reaction to diversify the aryl iodide substrates 2f and 3f.

To demonstrate the utility of this procedure, derivatization of latent functional handles was performed after alkene
isomerization. Crude products 2f and 3f smoothly underwent a telescoped Pd/Cu-catalyzed Sonogashira coupling,
maintaining the alkene stereochemistry established during isomerization without removal of the spent tungsten
catalysts (Scheme le).

Mechanistic studies

To determine the origins of stereoselectivity, we sought to understand catalyst speciation and the ligand
environment around the metal during catalytic turnover. Regarding the Z-selective conditions, we reasoned that
catalyst deactivation was likely at play, as extending the reaction time from 2 to 48 h did not increase conversion
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of unreacted starting material to product beyond 88% and did not change the final £/Z-selectivity. In situ monitoring
of a stoichiometric reaction by NMR revealed the emergence of multiple '*C peaks from W(NHC-1), species after
1 h. At extended reaction times, these converged to a single W(NHC-1), species, W-1 (Scheme 2). Complex W-1
was isolated, and its structure confirmed by single-crystal X-ray crystallography. Resubjecting W-1 to the standard
reaction conditions resulted in no isomerization of the alkene, with complete recovery of both starting material and
catalyst, even when the temperature was increased to 150 °C. This result establishes that W-1 is not catalytically
competent and is thus off-cycle and formed irreversibly. The formation of bis-NHC tetracarbonyl species W-1
appears to be favored irrespective of the amount of NHC added (0.5—4 equiv) and likely arises from CO ligand
disproportionation, as previously observed by our lab®® and Figueroa® in the synthesis of low-valent W complexes.
A priori, we envisioned two potential mechanisms for alkene transposition; (1) a metal-hydride insertion-
elimination pathway, and (2) a W(n-allyl)(H) pathway.®’ Radical based pathways can be ruled out as this would
require tungsten have unpaired electrons, which is energetically infeasible with the strong ligand field of low-valent
W-CO complexes.”””" A concise set of deuterium-labeling experiments were performed to gain insight into the
mechanism of isomerization. An initial experiment with N-D labeled secondary amide 1a-d; provided no deuterium
incorporation under E- or Z-selective conditions, ruling out N—H/D oxidative addition as a mechanism for
generating a W(II)(H/D) species (Scheme 3b top). This result in combination with there being no other clear hydride
sources from the substrate, ligands, or the solvent strongly disfavors pathway 1. On the other hand, D-labeling of
the allylic C—H position (1a-d>) resulted in the expected 1,3-H/D shift, supporting the formation of a W(II)(n-
allyl)(H) through allylic C-H/D oxidative addition (Scheme 3b, middle). Interestingly, whereas the Z-selective
conditions had high fidelity of intramolecular deuterium retention, the E-selective conditions resulted in significant
intermolecular D-scrambling. Further evidence for an intermolecular D-exchange was observed in a crossover
experiment between la-d; and tertiary amide 1k (Scheme 3b, bottom). While intermolecular H/D scrambling is
typically an artifact of pathway 1, Ogoshi has shown that bis alkene complexes M(alkene),L, can also undergo
intermolecular H/D scrambling through pathway 2 type mechanisms albeit as a minor side pathway, with similar
D-labeling experimental results as this study.”” Although no D-labelling was done, Szymanska-Buzar has also
shown that W(alkene),CO4 complexes are known to isomerize the alkene through 1,3-H shift mechanisms,
suggesting bis alkene intermediates may be catalytically competent and involved in minor side pathways.”

in situ monitoring to identify

o™\ 1 equiv Me-N_N-Me active/inactive W-species
Me=N N~Me W(MeCN)3(CO)3 0C., | <CO mW-1is the only W(NHC),
+1a — "W species in solution after 6 h
c?lo 2 dg THF by _(| ~co _
75°C,6h co m W-1 forms preferentially,
(1 equiv) (1 equiv) N\ N.NIe even with limiting NHC-1-CO,
m W-1 is formed irreversibly
W-1 [X-ray] and lies off-cycle
; 1 equiv W-1 Q 1a: fully recovered
a + MeCN —K—> N
_ THE PRHN W-1: fully recovered
(0-20 equiv)  75-150°C, 6 h nd. Me
Scheme 2. Determination of catalyst speciation and characterization of off-cycle species that results in catalyst

death.

We then sought to identify catalytically active or off-cycle species by in situ NMR. However only free alkene 1a
and 3a could be observed over a range of temperatures (4—75 °C) with no substrate coordinated species easily
identified. For this reason, we sought to target stable progenitor complexes through independent synthesis that
could be converted into a reactive W(II)(n-allyl)(H) species to shed light on the underlying coordination chemistry
and reactivity. To this end, treatment of amide-containing allyl acetate SM-1 with W(MeCN)3(CO); in THF at room
temperature yielded chelated W(II)(n-allyl)(acetate) oxidative addition adduct W-2 (Scheme 3a). Concentration of
the solution and recrystallization afforded the dimeric species W-3. This structure provides further evidence for
coordination of tungsten through the carbonyl of the amide and explains why sterically bulky groups on nitrogen
have minimal effect on the reaction. In each of the monomeric units of W-3, the metal center is approximately
capped octahedral geometry, with the CO ligands oriented in the most thermodynamically favored configuration
facing the “open face” of the m-allyl fragment.”™* While at present it is difficult to determine the exact geometries
and 3D ligand configuration responsible for £ versus Z-selectivity, it appears that the CO ligands and the amide
carbonyl play a critical role in controlling the geometry of the W(II) intermediate and preventing over-
isomerization into conjugation.

Reaction between W-2 and LiAlH4 at —40 °C furnished a mixture of organic products, with the major products
being E/Z-B,y-unsaturated amides 2a and 3a and the minor product being y,5-unsatuated amide 1a. Mechanistically,

6
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this is consistent with a sequence involving transmetalation to furnish reactive W(II)(n-allyl)(H) intermediate W-4
(which could further react via reversible hydride insertion to form metallocyclobutane W-4°).” C(allyl)-H
reductive elimination from W-4 forms 1a, 2a, or 3a. Interestingly, the Z/E ratio (2a:3a = 1.3:1) is approximately
equal to the ratio obtained when only THF is used as solvent without additional ligand (1.8:1, see Table 1, entry
1), which corroborates the validity of this model system. Formation of y,5-unsatuated amide 1a (the starting material
in the catalytic kinetic isomerization) suggests that the initial C(allyl)-H activation step may be reversible. Attempts
to exchange a CO ligand for NHC-1 or exchange the acetate for another X-type ligand were unsuccessful, resulting
in decomposition of W-2 and formation of intractable product mixtures that could not be separated or assigned by
NMR. Although these experiments were not performed under the exact conditions of the catalytic reaction, the
results nevertheless support the involvement of many of the key proposed organometallic intermediates.

a. Potential mechanisms and deuterium-labeling experiments
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Davg/molecule 1.97D 1.96 D 1.80 D
b. Proposed catalytic cycles
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Scheme 3: (a) Potential pathways for alkene isomerization and catalytic reactions using different D-labelled
substrates. (b) Plausible catalytic cycles under E- and Z-selective conditions. Z-to-F£ isomerization of Z-product
under E-selective conditions (right side). (¢) Synthesis, characterization, and reactivity of model n-allyltungsten(II)
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complex W-2. Under vacuum, W-2 was converted to dimeric species W-3 (bottom left). In the 3D structure of W-
3, the N-phenyl groups and all H atoms are removed for clarity (CCDC 2224919). “ CHCls instead of CDCl; for
E-selective conditions.

Plausible catalytic cycles consistent with the above data are depicted in Schemes 3d and 3e for Z- and E-selective
conditions, respectively. To rationalize the observed intermolecular D-exchange under E-selective conditions, a
potential pathway arises from a bis alkene complex that undergoes allylic C—H oxidative addition with one alkene,
and insertion of the hydride into the other alkene to afford W(II)(n-allyl)(alkyl) species. The intermolecular H/D
transfer may occur in a concerted or step-wise fashion. Lastly, to support thermodynamic scrambling to the of Z-
to E-product we subjected pure Z-alkene (2a) to the E-selective conditions and observed identical selectivity as the
catalytic reaction (3a; E/Z 3.4:1), establishing that 2a is a competent intermediate en route to 3a (Scheme 3c).*

Conclusion

Control of molecular geometry and the use of high coordination number organometallic intermediates has been an
overlooked tactic in organic synthesis for achieving stereoselective reactions. This work demonstrates how the
stereoselectivity of kinetic alkene isomerization can be affected by different ligand environments, highlighting the
sensitivity of the congested 7-coordinate intermediates. We anticipate this method will be useful, particularly when
paired with stereoretentive cross-metathesis to form a variety of internal alkenes in which high chemoselectivity is
needed.

Methods
Supplemental experimental procedure B (E conditions)

An oven-dried 8-mL screw-cap reaction vial containing a Teflon®-coated magnetic stir bar was charged with the
alkenyl amide, ketone, or ester 1 (0.10 mmol). The vial was introduced into an argon-filled glovebox, where it
was further charged with W(MeCN)3(CO)s (1.9 mg, 5 mol%) in CDCl; (1.0 mL). The tube was sealed then
removed from the glovebox and stirred (approximately 800 rpm) at 75 °C for 1 h. After this period of time, the
reaction mixture was directly assayed by 'H NMR. The crude material was purified by flash column
chromatography on silica gel with a mixture of hexane/EtOAc as eluent.

Supplemental experimental procedure C (Z conditions)

An oven-dried 8-mL screw-cap reaction vial containing a Teflon®-coated magnetic stir bar was introduced into
an argon-filled glovebox, where it was charged with W(MeCN)3(CO); (1.9 mg, 5 mol%) and NHC-1+ CO2 (1.4
mg, 10 mol%) in THF (1.0 mL). The solution was stirred at room temperature for 5 min, at which point alkenyl
amide, ketone, or ester 1 (0.10 mmol) was added. The tube was removed from the glovebox, and the reaction
mixture was stirred (approximately 800 rpm) at 75 °C for 2 h. After this period of time, the reaction mixture was
filtered through Celite, and the bed of Celite was washed with acetone. The filtrate was concentrated, and the
crude material was purified by flash column chromatography on silica gel with a mixture of hexane/EtOAc as
eluent.

Supporting Information

Details about the materials and methods, experimental procedures, mechanistic studies, characterization data and
NMR spectra are available in the Supplementary Information. Accession Codes CCDC 2144251, 2224919
contain the supplementary crystallographic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/ data_request/cif, or by emailing data request@ccdc.cam.ac. uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.
Additional data are available from the corresponding author upon reasonable request.
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