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Abstract: A versatile method to access differentially substituted 1,3-
and 1,4-diamines via a nickel-catalyzed three-component 1,2-
carboamination of alkenyl amines with aryl/alkenylboronic ester
nucleophiles and N-O electrophiles is reported. The reaction
proceeds efficiently with free primary and secondary amines without
needing a directing auxiliary or protecting group, and is enabled by
fine-tuning the leaving group on the N-O reagent. The transformation
is highly regioselective and compatible with a wide range of coupling
partners and alkenyl amine substrates, all performed at room
temperature. A series of kinetic studies support a mechanism in which
alkene coordination to the nickel catalyst is turnover-limiting.

Amines are a key functional group in organic synthesis and
medicinal chemistry. Free amines and nitrogen heterocycles are
prevalent in numerous biologically active small molecules.[l In
addition, owing to their nucleophilic character, free amines are
commonly used as chemical inputs in organic synthesis, including
in a number of well-developed reactions, such as Sn2 addition,
reductive amination, amide coupling, and Buchwald—Hartwig
amination.>! Diamines constitute an especially prized subclass,
given their unique applications as pharmaceuticals, ligands and
organocatalysts.®! Thus, novel strategies for preparing
structurally complex and differentially substituted diamines from
simple starting materials are valuable in both academia and
industry. In this context, we sought to develop methodology to
directly convert a wide variety of simple alkenyl amines (primary
or secondary), a family of readily available starting materials, into
differentially functionalized diamines, where the preexisting amine
directs the installation of a second amine through catalytic
aminative 1,2-difunctionalization.

In recent years, directed three-component alkene
difunctionalization has emerged as an effective strategy for
selective synthesis of highly substituted, multifunctional, and
stereochemically defined products from simple chemical inputs
(Scheme 1A). In this context, successful amine-based directing
groups have included those based on bidentate directing
auxiliaries.*® and monodentate protecting groups (e.g., amides
and sulfonamides) (Scheme 1B).! In these cases, attachment of
an electron-withdrawing group to the amine is critical as it

attenuates Brgnsted and Lewis basicity, diminishing its ability to
interfere with catalysis. Although this methodology is valuable in
its own right, when the corresponding free amine products are
desired, two additional steps for protection and deprotection are
needed. Moreover, with rare exception,®" these directing groups
cannot directly undergo N-functionalization, requiring further
manipulations to install desired N-alkyl or N-aryl substituents.
Hence, these limitations significantly diminish the synthetic utility
of this family of methods.

The goal of the present study was thus to achieve three-
component catalytic alkene difunctionalization directed by native
free amines. At the outset, we were aware of several potential
challenges with using free amines as directing groups. First, free
amines are prone to undesired oxidation to the corresponding
imines by various transition metals.['¥ In addition, the nucleophilic
nature of free amines can lead to intramolecular cyclization on the
alkene or direct coupling with the electrophile.l'"! Furthermore,
free amines often bind strongly to the transition metal catalyst and
sequester it off cycle.'? While important precedents have
demonstrated the ability of free amines to direct catalytic
hydrofunctionalization,['®'¥  Heck-type  coupling,'"™  and
homodiarylation,!'® three-component functionalization of free
amines remains unknown to the best of our knowledge.

In order to gain entry to differentially substituted diamine
products, we focused on catalytic three-component 1,2-
carboamination, as developed by our group and others (Scheme
1C).I6d. 17211 We recently demonstrated that native hydroxyl
groups can efficiently direct 1,2-carboamination of alkenes.['® 2
Enabling this advance was the discovery that a sterically and
electronically tuned 2,6-dimethoxybenzoyl activating group on the
N-O reagent prevented undesired B-hydride elimination and
transesterification pathways, thereby promoting high product
selectivity. Based on this precedent, we envisioned that 1,2-
carboamination of free alkenyl amines could be enabled by



careful tailoring of the amine electrophile and optimization of the
reaction conditions.
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Scheme 1. Background and synopsis of current work.

Initial experiments revealed that simply applying previously
published carboamination conditions from our group (for free
alkenyl alcohols)!" and from the Wang group (for alkenyl
picolinamides)®! to free alkenyl amine substrates led to
unsatisfactory results (<40% yield, see Sl). After extensive
screening, we identified tractable conditions using phenylboronic
acid neopentylglycol ester (PhB(nep)) as the nucleophilic
coupling partner, LiOt-Bu as base, Ni(cod)2 as precatalyst and t-
AmOH as the solvent. We then tested various N-O reagents
having different activating groups with both primary and
secondary alkenyl amine substrates, 3-butene-1-amine (1a) and
N-methyl 3-butene-1-amine (1b). O-Benzoylhydroxylamines with
electron-neutral or -withdrawing groups at the para position gave
poor yields with both substrates (2a and 2b). In contrast, the
pentafluorobenzoyl activating group delivered decent yields (2c).
More electron-rich benzoyl activating groups showed improved
reactivity (2d and 2e). Interestingly, carbamoyl activating groups
also delivered the desired products in good yield, especially with
the secondary amine substrate (2g and 2h). We next tested
leaving groups derived from aliphatic acids and were pleased to
observe excellent yields for both substrates when using tert-butyl-
(2i), tert-amyl- (2j), or cyclohexylcarbonyl-substituted N-O
reagents (2k). Notably, a cyclobutylcarbonyl-substituted
electrophile did not provide any desired product (21) A DFT
parameterization/correlation study revealed that the highest
yields were obtained with N-O electrophiles possessing LUMO
energies within a narrow range (1.02-1.06 eV) (see Sl). Finally,
we selected O-pivaloylhydroxylamine (2i) as an optimal
electrophilic coupling partner since it was the most general among

2i—2k across different substrates and coupling partners (see Sl).
Additionally, 2i is readily available from the corresponding free
amine or hydroxylamine on large scale and is also compatible in
several other types of transformations.??
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Scheme 2. Optimization of the leaving group for the N-O electrophile. [a]
Reaction conditions: 1a or 1b (0.1 mmol), Aryl/AlkenyIB(nep) (0.2 mmol), N-O
electrophile (0.2 mmol), LiO#-Bu (0.2 mmol), Ni(cod)2 (0.015 mmol), -AmOH (1
mL), 23 °C, 16 h.

Having optimized the reaction conditions, we explored the
scope with respect to the nucleophile. Arylboron reagents bearing
electron-donating substituents in the para-position delivered good
to excellent yields of the desired products (3b—3f). Interestingly,
aryl nucleophiles containing electron-withdrawing groups, which
gave poor yields in our previous alcohol-directed protocol, '
showed significantly improved product yields (3g—3k). It is also
notable that chloride (3f), ketone (3i), ester (3j), and nitrile (3k)
functional groups on the aryl nucleophile were compatible under
the reaction conditions, introducing handles for further product
modification. Furthermore, meta- and ortho-substituted aryl
nucleophiles and polycyclic groups performed well in this method
(31-3q). In addition, cyclic alkenylboronic ester nucleophiles gave
the desired products in moderate yields (3r and 3s).

Next, we examined the nitrogen electrophile scope using
phenylboronic ester as the standard nucleophilic component. Six-
and seven-membered azaheterocycle electrophiles delivered
excellent yields (3t—-3y). Notably, a comparatively lower yield was
obtained for the tetrahydroisoquinoline-derived electrophile (3x).
We observed 3,4-dihydroisoquinoline as a side product in this
case, which implies decomposition of the electrophile, resulting in
lower overall yield. We also investigated a sterically bulkier
azaheterocycle (3z) and acyclic-amine-derived electrophiles
(3aa—-3ac), which were low-yielding in previous work (0—21%
yield);!'" interestingly, we obtained substantially improved yields,
including with mono- (3ab) and di-allyl amines (3ac), which can
be readily deprotected and thus function as secondary and
primary amine surrogates. On the other hand, NH, N-Boc, and
heteroaromatic coupling partners were ineffective under the
reaction conditions.
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Scheme 3. Nucleophile and electrophile scope. [a] Reaction conditions: 1b (0.1
mmol), Aryl/AlkenylB(nep) (0.2 mmol), N-O electrophile (0.2 mmol), LiOt-Bu
(0.2 mmol), Ni(cod)2 (0.015 mmol), -AmOH (1 mL), 23 °C, 16 h. Percentages
represent isolated yields. [b] '"H NMR yield; reaction performed outside of the
glovebox using NiBrzeglyme instead of Ni(cod)2.

Turning our attention to the alkene scope, we first
investigated secondary alkenyl amine substrates containing
sterically differentiated N-substituents. Linear and a-branched
alkyl groups provided good to excellent yields (3ad—3af), while
a,a-disubstituted groups (i.e., tert-alkyl substituents) showed
decreased reactivity (3ag). This clearly shows the importance of
the coordinating interaction between the free amine group and the
nickel catalyst in this directed carboamination reaction. We further
tested a longer chain alkenyl amine and obtained an excellent
yield of the 1,4-diamine product 3ah. In addition, we were
delighted to obtain the desired 1,2-carboaminated products from
more sterically demanding 1,1- or 1,2-disubstituted alkenes (3ai—

3al). Notably, while cyclic and acyclic (Z)-alkenes yielded single
(>20:1 d.r.) diastereomers (3ak and 3al), we observed significant
erosion of diastereoselectivity with an (E)-alkene (3aj),
suggesting potential involvement of a competitive process
involving reversible alkyl-Ni(lll) homolysis to eject an alkyl radical
and Ni(I1).? Moving to N-aryl substrates, although we found an
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Scheme 4. Alkene scope. [a] Reaction conditions: alkene substrate (0.1 mmol),
Aryl/AlkenylB(nep) (0.2 mmol), N-O electrophile (0.2 mmol), LiO#-Bu (0.2 mmol),
Ni(cod)2 (0.015 mmol), :-AmOH (1 mL), 23 °C, 16 h. Percentages represent
isolated yields. [b] Unreacted starting materials remained, and no evidence of
(E)/(Z) isomerization was observed in the crude reaction mixtures.

alkene substrate with a simple N-phenyl group was low-yielding
(<20% 'H NMR yield), more electron-deficient N-pyrimidine and
N-pyrazine substituted amine directing groups efficiently
underwent 1,2-carboamination (3am and 3an). Though the focus
on this study was on free primary and secondary alkenyl amine
substrates, the robustness of this method prompted us to consider
substrates containing non-basic nitrogens as well. We found that
a simple secondary amide was tolerated (3ao). Notably, an N-
Boc-protected amine also proved compatible (3ap), which is
significant given the operational ease of employing this type of
protected amine substrate and its widespread in medicinal
chemistry. Based on this success, we further tested N-Boc-



protected amino acid (3aq) and aniline substrates (3ar) and
obtained excellent to good yields. Interestingly, Ellman’s chiral
sulfinamide functioned as a directing group, delivering
moderate yield and diastereoselectivity (3as), and the product
mixture could be conveniently separated using preparative
supercritical fluid chromatography (SFC). This result illustrates
the potential of a sulfinamide-based chiral directing auxiliary in
stereoselective alkene 1,2-difunctionalization. Control
experiments with tertiary amine and amide substrates under
standard conditions did not yield product, indicating that the
presence of an N—H bond in the directing groups is essential.

We next tested diene substrate 1at that bears two
potentially reactive terminal alkenes. Excitingly, the 1,4-diamine
product 3at was obtained exclusively, illustrating the excellent
chemoselectivity of this method for the distal (homoallylic) alkene
compared to the proximal (allylic) alkene. This unique
chemoselectivity likely arises from preferrential formation of a 5-
membered versus 4-membered nickelacycle intermediate. This
result also highlights an advantage of this free-amine-directed
method in distinguishing between two sterically and electronically
similar terminal alkenes solely on the basis of tether length, which
cannot be achieved with weaker directing groups or radical-
insertion-based reactions.[® 213l
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Scheme 5. [a] Reaction conditions: 1at (0.1 mmol), Aryl/AlkenylB(nep) (0.2
mmol), N-O electrophile (0.2 mmol), LiOt-Bu (0.2 mmol), Ni(cod)2 (0.015 mmol),
t-AmOH (1 mL), 23 °C, 16 h. Percentages represent isolated yields. M = Li, H,
or free lone pair (overall anionic complex).

To gain insight into the reaction mechanism, we conducted
a series of kinetic experiments. Using the method of initial rates,
we examined the representative three-component coupling of 1b,
2i, and 4. The reaction showed positive-order dependence on [1b]
and [Nilotar and zero-order dependence on the other reagents
(Scheme 6a). This result indicates involvement of the alkene and
nickel catalyst in the turnover-limiting step. Two plausible
scenarios are: (1) turnover-limiting associative ligand exchange of
the alkene for a ligand on nickel or (2) reversible alkene
coordination followed by turnover-limiting migratory insertion. To
disambiguate between these two possibilities, we further
investigated the initial reaction rates using four-electronically
varied arylboronic ester nucleophiles with 5. Interestingly, though
there was not a clear linear correlation in the resulting Hammett
plot (see Sl), electron-deficient p-F- and p-COMe-substituted
arylboronic esters led to faster reaction rates than electron-neutral
and electron-rich aryl groups (Scheme 6b), which is the opposite
trend that one would expect in turnover-limiting migratory
insertion.®l Overall, the data is consistent with the first scenario,
in which alkene coordination is turnover-limiting, though we
cannot rule out an alternative explanation that the turnover-

limiting step changes depending on the identity of the substrate
and coupling partners.

Based on the kinetic data and literature precedents, we
propose a plausible catalytic cycle in Scheme 6C.I"" As with our
earlier work on alcohol-directed carboamination, we envision a
Ni(l)/Ni(Ill) cycle involving successive transmetalation, migratory
insertion, oxidative addition, and reductive elimination.
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In conclusion, we have demonstrated the free-amine-
directed nickel-catalyzed 1,2-carboamination of unactivated
alkenes. Through fine tuning of the leaving group on the amine
electrophile, the reaction occurred efficiently and selectively at
room temperature. Using this method, we have synthesized >40
examples of new complex diamine derivatives from ubiquitous
alkenyl amine starting materials. Notably, several classes of
coupling partners that were low-yielding in earlier work, including
electron-deficient aryl nucleophiles and sterically bulky amine
electrophiles, were compatible in this protocol. Kinetic
experiments point to a catalytic cycle involving turnover-limiting
alkene coordination.
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- high regio/stereoselectivity « native, ubiquitous directing group
« modular, three-component « mild condition + kinetic study

A nickel-catalyzed, free-amine-directed 1,2-carboamination of unactivated alkenes with aryl/alkenylboronic esters and O-pivaloyl
hydroxylamine electrophiles is reported. This method enables synthesis of structurally complex diamines from the readily available
alkenyl amine starting materials. Kinetic experiments indicate that alkene coordination step is turnover-limiting in the catalytic cycle.



