
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 5
:4

3:
40

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Tungsten-catalyz
Department of Chemistry, The Scripps Resea

La Jolla, CA 92037, USA. E-mail: keary@scr

† Electronic supplementary information
2224919. For ESI and crystallographic dat
DOI: https://doi.org/10.1039/d4sc07093c

‡ These authors contributed equally to th

Cite this: Chem. Sci., 2025, 16, 2307

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 18th October 2024
Accepted 2nd December 2024

DOI: 10.1039/d4sc07093c

rsc.li/chemical-science

© 2025 The Author(s). Published by
ed stereodivergent isomerization
of terminal olefins†

Tanner C. Jankins, ‡ Camille Z. Rubel, ‡ Hang Chi Ho, Raul Martin-Montero
and Keary M. Engle *

Catalytic alkene isomerization is a powerful synthetic strategy for preparing valuable internal alkenes from

simple feedstocks. The utility of olefin isomerization hinges on the ability to control both positional and

stereoisomerism to access a single product among numerous potential isomers. Within base-metal

catalysis, relatively little is known about how to modulate reactivity and selectivity with group 6 metal-

catalyzed isomerization. Here, we describe a tungsten-catalyzed, positionally selective alkene

isomerization reaction in which tuning the ligand environment grants access to either the E- or Z-

stereoisomer. The reactions employ simple, commercially available precatalysts and ligands. Preliminary

mechanistic studies suggest that the ligand environment around 7-coordinate tungsten is crucial for

stereoselectivity, and that substrate directivity prevents over-isomerization to the conjugated alkene.

These features allow for exclusive formation of b,g-unsaturated carbonyl compounds that are otherwise

difficult to prepare.
Alkenes are common functional groups in natural products,1

fragrances,2 and materials, and they are versatile intermediates
in organic synthesis.3 The ability to access alkenes as a single
positional and E/Z-stereoisomer is key for many applications;
isomers have different physical and chemical properties.
Further, internal alkenes are pro-chiral intermediates in chem-
ical synthesis, so stereoselective preparation is needed to maxi-
mize enantiomeric excess in downstream functionalizations.4

While catalytic alkene transposition of terminal olens is an
atom-economical way to access internal olens,3a–c,5 control of
stereoselectivity and regioselectivity remains challenging,6

especially when performing isomerization to unactivated posi-
tions. Due to the importance of these motifs, chemical methods
that can control the formation of either E- or Z-alkenes from
a single starting material are highly desirable.

Divergent synthetic methods are an efficient way to access
multiple products from a single intermediate (Fig. 1A).7 Ster-
eodivergent synthesis is particularly important for the deriva-
tization of late-stage intermediates.8 Particular attention has
been paid to the stereodivergent preparation of internal olens.
Stereodivergent Markovnikov hydrofunctionalizations of
terminal alkynes and hydrogenations of internal alkynes have
been reported to access E- or Z-olen products (Fig. 1(B1)).8a
rch Institute, 10550N. Torrey Pines Road,

ipps.edu
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a in CIF or other electronic format see

is work.
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Compared to transformations of alkynes, stereodivergent
kinetic isomerization to access E- or Z-alkenes from unsub-
stituted, 1-alkenes are rare. Nevertheless, impressive examples
Fig. 1 Stereodivergent synthesis and its application to the preparation
of internal olefins.
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of alkene isomerization that achieve either E- or Z-selectivity
have been disclosed. Several examples of E-selective kinetic
alkene isomerization are reported with precious metals Ru,1a,9

Ir,10 and Pd.6s,11 Kinetic isomerization methods toward E-olens
with base-metal Fe6b,12 and Mn13 catalysts have also been
demonstrated. Ligand and reagent control has enabled access
to Z-selective and E-selective kinetic isomerization processes
with Co6g,14 and Ni.6m,11a,15 Our lab and the Oliveira lab have
demonstrated stereodivergent alkene isomerization with Ni,
which rely on changes to the ligand, solvent, and additives to
achieve E- or Z-selectivity from a common Ni(0) precatalyst
(Fig. 1(B2)).16

Group 6 metals are considered base metals due to their
abundance in Earth's crust and are therefore attractive candi-
dates as homogeneous catalysts. However, apart from olen
metathesis, applications of these metals as catalysts in olen
functionalization and kinetic olen isomerization remains
underexplored (Scheme 1).17 Zeng and Dobereiner have inde-
pendently reported kinetic olen isomerizations with chro-
mium18 and molybdenum,19 respectively. A seminal study by
Gray in the 1970s demonstrated olen isomerization with
W(CO)6.20 Despite these pioneering reports, a signicant
knowledge gap remains about how to design and employ
ligands to control selectivity with these metals.19a The high
affinity for p-accepting ligands (e.g. CO) of group 6 metals
compared to later transition metals, and their propensity to
adopt geometries up to seven-coordinate, suggest that these
systems may require a new conceptual framework to achieve
regio- and stereoselectivity.

Based on our studies of the W(0)/W(II)-catalyzed tandem
alkene isomerization/functionalization,21 we envisioned that
the different molecular geometries and ligand congurations of
7-coordinate W(II) could be exploited to control the stereo-
chemical outcome of olen isomerization. Specically, we
sought to develop an alkene isomerization whereby the ligands
control formation of either the E- or Z-product. Previous work in
our lab has established the ability of amide carbonyls to coor-
dinate to a W(0) center.21b Accordingly, a g,d-unsaturated amide
Scheme 1 Reported methods that use group 6 metals for the prep-
aration of internal olefins.

2308 | Chem. Sci., 2025, 16, 2307–2315
was selected as model substrate. g,d-Unsaturated carbonyls are
simple to access via the Johnson–Claisen rearrangement,
whereas the b,g-unsaturated isomers are much harder to make
due to competitive base- or transition-metal-promoted isomer-
ization into conjugation. In addition to isomerization from
terminal olens, b,g-unsaturated ketones, esters, imines, and
analogous species can be accessed through deconjugative
isomerization in the presence of light or transition-metal cata-
lysts, but reports rely on thermodynamics to form trisubstituted
or conjugated alkenes from a,b-unsaturated starting materials,
making such methods complimentary to this work.22

From amide substrate 1a, isomerization to the Z-isomer
occurred with 1.8 : 1 selectivity in THF (tetrahydrofuran) as
solvent (Scheme 2, entry 1). Use of the less-coordinating 2-
MeTHF gave the E-isomer as the major product, which suggests
that THF acts as a ligand and affects the selectivity (entry 2). Use
of N-heterocyclic carbene (NHC) ligands, which, like THF, have
a 5-membered ring structure and engage in L-type coordination
to metals, further enhanced Z-selectivity. We identied NHC-1
as the optimal ligand, which provided 18 : 1 Z-selectivity (entry
3). Excess ligand (entry 4) was used to ensure that no back-
ground isomerization occurred from a non-ligated tungsten
species, resulting in >20 : 1 Z-selectivity. Increasing the steric
bulk of the nitrogen substituents on the NHC decreased the Z-
selectivity and yield (entries 5–6). Starting from the carboxylate
“pre-NHC” allows for base-free activation to form the free car-
bene and thus circumvents base-mediated over-isomerization
observed with KOt-Bu and the imidazolium salt.23,24 Notably,
the corresponding conjugated isomer (2ab) was not observed,
which indicates high kinetic selectivity.

Ligand-free conditions and noncoordinating solvent led to E-
selectivity in a 2.8 : 1 E/Z ratio (entry 3). The E/Z ratios obtained
under these optimal conditions are in line with expected ther-
modynamic ratios based on an energy difference between the E-
and Z-isomers of non-conjugated alkenes of ∼0.4 kcal mol−1 at
75 °C.25 Thus, while the E-selective reaction remains under
Scheme 2 Optimization of the reaction conditions. Reactions were
performed on 0.100 mmol scale. Selectivity and conversions were
determined by 1H NMR (n.d. = not detected). Remaining mass balance
was unreacted 1a.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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kinetic regiocontrol, the stereochemistry of the products is
under thermodynamic control (vide infra). Further optimization
attempts revealed that although substoichiometric coordi-
nating additives could enhance the E-selectivity above the
thermodynamic ratio, regioselectivity suffered.23

The generality of the stereodivergent isomerization was
investigated with various g,d-unsaturated carboxamides, esters,
and ketones (Fig. 2). Under the Z-selective conditions, a range of
secondary N-aryl amides with functional groups at the para
position proceeded in high yield with >20 : 1 Z-selectivity (2a–d).
Potentially reactive functional groups were tolerated, including
an iodo substituent (2f), which provides a handle for further
derivatization via cross-coupling (vide infra). An unhindered
ketone, which could be reduced by a propagating M–H, was
tolerated here to form product 2g in high yield and selectivity.
Additionally, secondary N-alkyl alkenyl amides were effective
substrates, offering very good Z-selectivity (10 : 1 to >20 : 1, 2h–
j), even for a substrate that contained an N-t-butyl group (2i). We
envisioned that the substrate-directed nature of the reaction
systems could be leveraged to achieve selective isomerization in
a substrate withmultiple terminal olens. To this end, exposing
diene 1k to the reaction conditions brought about exclusive
isomerization at the carbonyl side of the amide, which shows
that the catalyst can differentiate solely by the presence of an
Fig. 2 Substrate scope. Reactions performed on 0.100 mmol scale unle
(obtained as mixtures of E and Z isomers where indicated) unless otherw
were determined by 1H NMR. a Reaction performed using 15 mol% NH
5 mol% NHC-1$CO2.

c Reaction performed at room temperature. d Yield
performed on 0.200 mmol scale.

© 2025 The Author(s). Published by the Royal Society of Chemistry
intervening NH group. Tertiary amides with pharmaceutically-
relevant heterocycles provided high yields but slightly dimin-
ished selectivities (8 : 1–19 : 1, 2l and 2m). In general, alkyl
substituents on the amide decreased Z-selectivity, which could
be due to stronger coordination of the more Lewis basic amide
carbonyl to tungsten, which enables the catalyst to reengage the
product in a secondary Z-to-E isomerization. a-Branched prod-
ucts 2n and 2o formed in >20 : 1 Z-selectivity despite the
increased allylic strain. In addition to amides, esters (2p and 2q)
and ketones (2r and 2s) also gave excellent selectivity and high
yields. Notably, 2q and the corresponding E-product 3q are
derivatives of a natural product derived from the dark-spotted
cherry tree (Prunus phaeosticta), which is relevant to fragrance
production.26

We then assessed the substrate scope with the E-selective
conditions and found the protocol to give high to quantitative
yields with the same alkenyl amides, esters, and ketones
assessed with the Z-selective conditions (Fig. 2, right).27 Notably,
substrate 3e, which possesses an aryl boronate, performed well
under these conditions, despite not reacting under the Z-
selective conditions. For all substrates subjected to the E-
selective conditions, the stereoselectivity reects the thermo-
dynamic ratio for internal 1,2-dialkyl-substituted alkenes.25 The
stereoselectivity could be further improved by isolating the
ss otherwise noted. Percentages represent yields of isolated products
ise noted and are adjusted for remaining starting material. Selectivities
C-1$CO2 and 10 mol% W(MeCN)3(CO)3.

b Reaction performed using
was determined by 1H NMR. e CHCl3 used instead of CDCl3.

f Reaction

Chem. Sci., 2025, 16, 2307–2315 | 2309
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product using preparative SFC, which was demonstrated on 3a
to provide >20 : 1 E/Z ratio of the product in 62% isolated yield.
The stereodivergent isomerization was scalable; on 1 gram
scale, high yield and only modest erosion of E- or Z-selectivity
occurred.

To access internal b,g-unsaturated amides that are otherwise
difficult to prepare in a stereoselective fashion, we parlayed the
stereoselective isomerization into cross-metathesis
(Scheme 3A). Evaluation of several stereoretentive ruthenium
metathesis catalysts revealed that dithiolate catalyst28 HG-Z
could convert the Z-alkenyl amide into the desired cross-
metathesis product with >20 : 1 selectivity, with no erosion of
stereochemistry from the starting Z-olen. Moreover, the
Grubbs third-generation bis-pyridine catalyst29 could be used to
furnish the E-enriched internal alkene product in the thermo-
dynamic 2.7 : 1 product ratio. The utility of this approach stems
from the widespread availability of terminal alkenes and g,d-
unsaturated carboxylic acid derivatives, the latter of which can
be conveniently prepared via the Johnson–Claisen rearrange-
ment, among other methods.

Taking advantage of the isomerization reactions' tolerance
of arenes that contain potentially reactive functional groups,
further product derivatization was performed. Namely, aryl
iodides 2f and 3f, generated in situ from 1f, smoothly underwent
a one-pot Pd/Cu-catalyzed Sonogashira coupling, maintaining
the alkene stereochemistry established during isomerization
(Scheme 3B).

To determine the origins of stereoselectivity, we sought to
understand how the NHC ligand controls the olen geometry of
the product. In initial control experiments, subjecting pure Z-
alkene 2a to the E-selective conditions resulted in a 3.4 : 1 E/Z
ratio, identical to that obtained in the E-selective isomerization
of 1a (3a; E/Z 3.4 : 1),25 which establishes that 2a is a competent
intermediate en route to 3a (Fig. 3A, top). As expected, when E-
alkene 3a was subjected to the Z-selective reaction conditions,
the E/Z ratio remained unchanged, which demonstrates that 3a
Scheme 3 Product derivatization. Reactions were performed on
0.100 mmol scale. Yields are isolated and adjusted for remaining
starting material. Selectivities were determined by crude 1H NMR. See
ESI Schemes S7–S10† for detailed reaction conditions.

2310 | Chem. Sci., 2025, 16, 2307–2315
is not an intermediate to 2a under the Z-selective conditions
(Fig. 3A, bottom). These ndings suggest that the presence of
coordinating ligands like NHCs disfavors reassociation of the
product to the metal center, leading to kinetic selectivity under
the Z-selective conditions. On the other hand, under the E-
selective conditions, the product can reengage the metal center,
leading to secondary isomerization to the thermodynamic
distribution of E/Z isomers. In this system, the product is pre-
vented from isomerizing into conjugation due to the coordi-
nation of the amide. As such, the Z-selective reaction is doubly
kinetically selective, in positional and geometric isomerism,
whereas the E-selective reaction is only positionally kinetically
selective.

A priori, we envisioned two potential mechanisms for alkene
transposition; (1) a metal–hydride insertion–elimination
pathway, and (2) a W(p-allyl)(H) pathway (Fig. 3B).3a,b,5a–e,30

Radical based pathways are implausible; it is energetically
infeasible for low-valent tungsten to have unpaired electrons in
the presence of strong-eld CO ligands.6d,20,31 To differentiate
between the two closed-shell mechanisms above, an initial
experiment with N–D labeled secondary amide 1a–d1 was per-
formed. Reaction with 1a–d1 did not lead to deuterium incor-
poration under E- or Z-selective conditions, suggesting that an
N–H/D oxidative addition for generation of a W(II)(H/D) species
is unlikely (Fig. 3C). This result contrasts with previous ndings
from our lab in which a similar experiment positively impli-
cated N–H/D oxidative addition in W-catalyzed hydro-
carboxylation.21a The compatibility of ketone and ester
substrates also evince a mechanism that does not require X–H
oxidative addition to form the active catalyst.

Efforts to detect a resting state or catalytically relevant
organotungsten species by in situ NMR were inconclusive.20b

When performing NMR monitoring over a range of tempera-
tures (4–75 °C), no alkene-bound metal species could be
observed.32 In situ 13C NMR revealed multiple peaks corre-
sponding to W(NHC-1)n species that may or may not be cata-
lytically relevant and could not be characterized by NMR alone.
Instead, we turned to independent synthesis to shed light on
the underlying coordination chemistry and reactive intermedi-
ates. A stable progenitor complex that could be converted into
a reactive W(II)(p-allyl)(H) was devised. To this end, treatment
of amide-containing allyl acetate 7 with stoichiometric
W(MeCN)3(CO)3 in THF at room temperature yielded chelated
W(II)(p-allyl)(acetate) oxidative addition adduct W-1 (Fig. 3D).
Concentration of the solution and recrystallization afforded the
dimeric species W-2. This structure supports coordination of
tungsten through the lone pair of the amide carbonyl, sug-
gesting that this directivity effect prevents over-isomerization
into conjugation.33 Tungsten coordination to the carbonyl in
this structure also claries why sterically bulky groups on
nitrogen have minimal effect on the reaction. In each of the
monomeric units of W-2, the metal center has approximately
capped octahedral geometry, with the CO ligands oriented in
the most thermodynamically favored conguration toward the
“open face” of the p-allyl fragment.34 While it is difficult to
determine the exact geometries and 3-D ligand congurations
responsible for E versus Z-selectivity at present, it appears that
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Mechanistic investigations. Reactions were performed on
0.100 mmol scale unless otherwise noted. Yields are isolated and are
adjusted for remaining starting material unless otherwise noted.
Selectivities were determined by crude 1H NMR. a Reactions were not
isolated and were analyzed by crude 1H NMR only. b Reaction per-
formed on 0.06 mmol scale. c CHCl3 used as solvent. d Reaction
performed on 0.05 mmol scale.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the CO ligands and the amide carbonyl play a critical role in
controlling the geometry of the W(II) intermediate.

Reaction between W-1 and LiAlH4 at −40 °C furnished
a mixture of E/Z-b,g-unsaturated amides 2a and 3a and g,d-
unsaturated amide 1a. Mechanistically, this is consistent with
a sequence involving transmetalation to furnish reactive
W(II)(p-allyl)(H) intermediate W-30 (which could further react
via reversible hydride insertion to form metallocyclobutane W-
40).35 C(allyl)–H reductive elimination fromW-40 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 Scheme 2, entry 1), which
corroborates the validity of this model system. Formation of
starting material 1a further supports that the C(allyl)–H acti-
vation step may be reversible, leading to erosion of geometric
selectivity in the absence of NHC ligand. Attempts to exchange
a CO ligand for NHC-1 or to exchange the acetate for another X-
type ligand were unsuccessful, resulting in decomposition and
formation of intractable product mixtures. A catalytic cycle
consistent with the involvement of these key organometallic
intermediates is depicted in Fig. 3E.
Conclusions

In summary, this work demonstrates how the stereoselectivity
of kinetic alkene isomerization can be affected by different
ligand environments, highlighted by the ability to achieve E/Z-
stereodivergence by changing the coordination environment in
these tungsten-catalyzed reactions. Mechanistic studies,
including stoichiometric mechanistic probes, support a 1,3-
hydride shi via a W(allyl)–H intermediate. Overall, this work
contributes to the growing eld of group 6 metal catalysis and
alkene isomerization. We anticipate this method will be useful,
particularly when paired with stereoretentive cross-metathesis,
to form a variety of internal alkenes in a highly selective
manner.
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deposited at the CCDC under 2144251 and 2224919, respec-
tively, and can be obtained free of charge from The Cambridge
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