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ABSTRACT: A nickel-catalyzed, branched-selective hydroalkylation of alkenes using diazo compounds has been developed. This
protocol enables the functionalization of both activated and unactivated alkenes, in both directed and nondirected manners. Mono-,
di-, and trisubstituted alkenes can be effectively transformed. Highly diastereoselective hydroalkylations have also been
demonstrated. The method provides a novel approach for introducing an a-carbonyl moiety to alkenes, which is currently
inaccessible by existing methods. Preliminary mechanistic investigations suggest a carbene-type mechanism, which is unusual for

nickel catalysis.

Versatile reactivity of a-carbonyl diazo compounds made
them an instrumental part of modern organic synthesis.'
Particularly important are their reactions with alkenes,
including cyclopropanation® (I) and allylic C—H insertion”
(I1) reactions (Scheme 1A).

More recently, the radical reactivity of diazo compounds”
with alkenes has been revitalized by Doyle and Qiu,® with the
demonstration of robust catalytic methods for converting
diazo compounds into C-centered radicals following by Giese-
type addition (III). This discovery gave rise to a series of
related works on the radical carbofunctionalization of alkenes
using diazo compounds.” Beyond reductive additions, our
group has recently reported a Heck-type C—H alkylation,
allowing the preservation of a valuable alkene moiety av).”
All of these methods further expanded the versatility of diazo
compounds and added them as an alternative source to
classical radical precursors. However, despite these advances,
certain limitations remain. Particularly, in all radical
approaches, the C—C bond between the alkene and the
carbon of the diazo group is always formed at the terminal
positions, such as in III and IV. Reactivity that would allow
for the general synthesis of otherwise unattainable branched
products from the same starting materials is currently absent
in the literature. Herein, we report a mild, branched-selective
(VII) nickel-catalyzed hydroalkylation protocol using diazo
compounds as coupling partners (Scheme 1B). This method-
ology offers a unique route for functionalization of both
activated and nonactivated alkenes V with diazo compounds
VI, in a directed or nondirected manner. Preliminary
investigation suggests an unusual mechanism for nickel
catalysis involving metal-carbene® intermediates, which offer
new synthetic opportunities.” Notably, the reaction can be
promoted by simple nickel salts without the need for
additional ligands.

General access to compounds with branched attachment of
the a-carbonyl moiety directly from alkenes is currently a
significant challenge (Scheme 1C). The aforementioned
intermolecular radical reactions inevitably lead to linear

© 2025 American Chemical Society

7 ACS Publications

8093

products due to the innate features of the addition step,
where the C-centered radical species tend to add at the less
hindered position (Scheme 1D). This limitation is not unique
to the chemistry of diazo compounds, as analogous radicals
generated from more classical radical precursors exhibit the
same selectivity trend.'’

To this end, the chemistry of transition-metal hydrides is of
interest, as the key hydrometalation step, depending on the
system, may proceed with either branched or linear
selectivity.'"'> There are few notable reports in the context
of reactions of alkenes with a-carbonyl-containing precursors.
Thus, Fu,"* Zhu,"* and Shang15 employed the latter in the
well-established nickel-catalyzed hydroalkylation process,'®
whereas Chang'” accomplish hydroalkylation with sulfur
ylides under iridium catalysis (Scheme 1E). In these reports,
the chain-walking isomerization mechanism allows for the use
of internal alkenes (and even mixtures of isomers) to perform
terminal-selective C—C bond formation via a series of
hydrometalations/f3-hydride eliminations. This approach
dramatically expands the scope of used alkenes compared
to traditional radical methods. Moreover, the involvement of
transition-metal intermediates provides an opportunity for
stereoselective synthesis. However, the chain-walking in these
particular reports almost always leads to the transition metal
being attached to a terminal carbon, even though an
alternative outcome is possible for both metals.'®"? Thus,
linear products are still the major outcome in these processes.
Following our recent studies on the reactions of diazo
compounds with alkenes,” we discovered that under certain
conditions, nickel salts promoted the hydroalkylation of
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Scheme 1. Overview of Reactions of Diazo Compound with Alkenes and Approaches towards Branched-Selective

Transformations
A. Reactivities of Diazo Compounds with Alkenes
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Scheme 3. Scope of Vinyl Arenes”
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alkenes with diazo compounds. Initially, mixtures of branched
and linear products were observed; however, upon further
investigation, it was found that branched-selective hydro-
functionalization could be achieved for many classes of
alkenes. Optimization studies identified conditions,” under
which N-vinylphthalimide reacted with ethyl diazoacetate 2 in
the presence of a simple nickel(II) salt, hydrosilane, and
alcohol, to deliver product 3 as the sole isomer (Scheme 2).
The observed regioselectivity was attributed to a directing
effect of the amide group in the nickel-catalyzed hydro-
alkylation reactions.”’ The most important aspect of these
conditions is the lack of a ligand. Surprisingly, it was found
that common ligands suppressed the efficiency of this
transformation. This observation contrasts with existing
literature reports, where nitrogen-based ligands are prereq-
uisite in promoting similar transformations.'®**

Like the phthalimide-containing product 3, pyrrolidinone
and caprolactam derivatives (4 and S) could be synthesized
with exclusive selectivity and moderate to good efficiency.
However, employment of a 1,2-disubstituted N-alkenyl amide
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led to nonselective hydroalkylation (6). We found this result
to be promising toward achieving p-selective functionaliza-
tion. Indeed, the cyclohexene derivative bearing a phthalimide
directing group yielded product 7 with excellent diastereo-
and regiocontrol. It was also found that, in addition to
phthalimide, various nitrogen-containing heterocycles pro-
moted branched-selective transformations.”® Thus, benzotria-
zole 8, pyridine 9, pyrazole 10, and pyrollopyridine 11
derivatives could all be made with good to excellent efficiency
and perfect regiocontrol. These heterocycles were proven to
be the most effective at promoting the desired reaction, as
even di- and trisubstituted alkenes could be functionalized in
this manner (12 and 13). Unsymmetrical trisubstituted
alkenes reacted with perfect regiocontrol, albeit with a
modest diastereoselectivity (14). The chiral center a-to-
nitrogen in acyclic systems did not exhibit a substantial effect
on diastereoselectivity of the reaction (15). In contrast, such
substitution in the cyclic system led to good diastereocontrol
(17). Initial studies proved that y-selective functionalization
could also be achieved with good efficiency (18).

https://doi.org/10.1021/jacs.4c17586
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Scheme 4. Scope of Unactivated Alkenes and Diazo Compounds®
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After establishing the scope of the directed transformation,
the focus shifted toward the functionalization of alkenes
which do not possess a directing group (Scheme 3). It was
hypothesized that vinyl arenes could undergo a regioselective
reaction due to the adjacency of the aryl group.”* Indeed, the
reaction demonstrated a high degree of regiocontrol;
however, to obtain a single isomer, another round of
optimization was necessary.”’ Triphenylphosphine was
identified as a ligand, enabling the desired levels of efficacy
and regioselectivity. Thus, products 19—22 were obtained in
good to excellent yields as single regioisomers. Excitingly,
even cinnamyl bromide underwent the desired transformation
to deliver product 23 in a moderate yield. This is particularly
surprising, considering that alkyl bromides are typically
competent substrates in nickel-catalyzed hydroalkylation
chemistry.*

The presence of a secondary or even tertiary carbon center
adjacent to the vinyl group did not hinder reactivity, giving
rise to products 24 and 25 in excellent yields. Cyclic alkenes
also smoothly converted to products 26 and 27. Markedly,
trisubstituted alkenes (28—33) underwent the desired
reaction in a highly regioselective manner. In contrast to
the substrates containing directing groups (vide supra),
unsymmetrical trisubstituted alkenes reacted highly diaster-
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eoselectively (30—33). The reaction appears to be stereo-
specific, as a particular alkene geometry led to particular
diastereoisomers (30 and 31). Moreover, compound 33,
containing three contiguous stereocenters, was also synthe-
sized as a single diastereoisomer, albeit in a lower yield. Next,
different substituents at the arene were tested. Importantly,
typical cross-coupling electrophiles, such as aryl chlorides
(34), bromides (35), iodides (36), and triflates (37), as well
aryl boron nucleophile (38), were all compatible with the
reaction conditions. Different vinyl heteroarenes could be
used as substrates with various degrees of efficiency (39—44),
although several vinyl heteroarenes were reduced under the
reaction conditions instead of undergoing the expected
transformation.”” The developed method was also applicable
for the synthesis of drug derivatives such as 45 and 46.
After developing an efficient and selective hydroalkylation
of activated alkenes was developed, analogous reactions of the
most challenging substrates, unactivated alkenes, were
examined (Scheme 4). Excitingly, it was found that reactions
with symmetrical cyclic alkenes worked with a high efficiency
(47-50). It was also found that certain unsymmetrical
alkenes reacted in a highly regioselective manner (52-54).
Upon employment of terminal unactivated alkenes possessing
an alkyl chain, formation of regioisomeric products beyond

https://doi.org/10.1021/jacs.4c17586
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Scheme 5. Mechanistic Studies
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the alkene’s position was observed. This pointed to the
possibility of a chain-walking process. It was hypothesized
that if a compound possessing a distant aromatic or directing
group was employed, selective remote functionalization could
potentially be achieved. Indeed, under slightly reoptimized
conditions, products §5 and 56 could be synthesized as sole
regioisomers. Importantly, these outcomes further confirm the
involvement of nickel-hydride species in this hydroalkylation
reaction.””*® Lastly, the reactivity of different diazo
compounds was evaluated (Scheme 4). For this purpose,
the cis-buten-1,4-diol derivative was used as a standard
alkene. Diazo esters derived from secondary or tertiary
alcohols, as well as phenol, all engaged in the studied
reaction, delivering the corresponding products 57—59 in
good to excellent yields. Similarly, a cholesterol-derived diazo
compound underwent the expected transformation (60).
Preliminary results indicated that diazo amides also appeared
to be capable alkylating agents; however, a significantly
prolonged reaction time was required to obtain a reasonable
amount of product (61). It was also found that diazo lactone
63 underwent a smooth reaction with styrene 62 delivering
product 64 in moderate yield.

While the reaction scope was investigated, a few
mechanistically relevant results were obtained (Scheme SA).
Next, in reactions of substrates containing nitrogen-based
heterocycles as directing groups with ethyl diazoacetate 2, a
side double alkylation product sometimes was observed. It
was found that the amount of this product could be
enhanced by altering the reaction solvents.”’ For instance,
the reaction of 65 in the MeCN/THF mixture selectively
provided double alkylation product 66 (Scheme SA), as
opposed to the selective monoalkylation obtained in MeCN/
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DMA (10, Scheme 3). The formation of 66 could be
rationalized via a migratory insertion of the nickel-carbene
complex A to form intermediate B, which would undergo
reaction with another 1 equiv of ethyl diazoacetate 2 in a
similar manner. The resultant seven-membered nickelacycle C
would yield the final product 66 upon protodemetalation.
Another result that points to the possible intermediacy of a
nickel-carbene bond is the reaction of a-fluorostyrene 67. Its
reaction under the standard conditions produced an a,f-
unsaturated ester 68 alongside its reduced version 68’ instead
of expected product 69. Control experiments”’ confirmed
that compounds 68 and 68’ did not form from 69. Thus, the
loss of fluoride could be explained by either an S-F
elimination from intermediate E or an E1’ type elimination
from enolate E’. The formation of these intermediates, in
turn, may occur via a migratory insertion from the nickel-
carbene complex D. Compound 68" probably formed via
reduction of 68 by a nickel hydride. Such reduction was
indeed observed for Michael acceptors of analogues type
under the conditions used.”” To gain further insight into the
potential mechanism for this hydroalkylation reaction,
deuterium labeling experiments were performed (Scheme
SB). Thus, the reaction performed in the presence of a
deuterated silane led to 19-D1 with exclusive deuterium
incorporation at the terminal site. On the other hand, the
reaction in the presence of methanol-d, provided 19-D2, a
product of D-incorporation @ to the ester. These results point
to silane being a hydride source, while alcohol is a proton
source. Based on the experimental observations, as well as
literature precedents,”'® the following plausible mechanism is
proposed (Scheme SC). Nickel salt undergoes reactions with
silane and diazo compound to form nickel-hydride carbene

https://doi.org/10.1021/jacs.4c17586
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complex B. Preliminary DFT calculations™ suggest formation
of nickel-carbene-hydride complex B’ that is more favorably
engages in a hydrometalation step with alkene S to give
intermediate C, which upon a migratory insertion forms alkyl
nickel-carbene species D. A subsequent protodemetalation
would yield the product and recover the catalyst. Further
detailed mechanistic investigation is necessary to establish an
exact mechanistic pathway.

In summary, we developed a general protocol for the
branched-selective hydroalkylation of activated and non-
activated alkenes using diazo compounds as alkylating agents.
This novel nickel-catalyzed method is efficient and selective
for both directed and undirected hydroalkylation reactions.
This methodology further expands the utility of diazo
compounds and provides an alternative regioselectivity to
the currently existing methods. Notably, the reaction appears
to proceed through rare nickel-carbene intermediates, which
may lead to new opportunities in the field of alkene
functionalizations.
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