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Abstract

By exploring a new mode of Ni-catalyzed cross-coupling, we have developed a protocol to
transform both aromatic and aliphatic aldehydes into either esters or amides directly. The success
of this oxidative coupling depends on the appropriate choice of catalyst and organic oxidant,
including the use of either a,a,a-trifluoroacetophenone or excess aldehyde. We present
mechanistic data that supports a catalytic cycle involving oxidative addition into the aldehyde C—
H bond.
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Developing nickel catalysts for the selective oxidation of C—H bonds is an emerging strategy
that overcomes the need for precious metals and enables new transformations.[*] Our
laboratory has previously focused on the oxidation of aldehydes under Rh, Ru, and Co-
catalysis.[?] Inspired by the promise of base metals, we considered that Ni-catalyzed cross-
coupling of aldehydes could be classified into three general types: redox neutral, reductive,
and oxidative (Figure 1). For example, Ogoshi's cross-coupling between two aldehydes is a
redox neutral method that generates ester bonds.[3! In comparison, reductive coupling
reactions generate carbon-carbon bonds in the presence of an external reductant (e.g.,
Et,Zn).l4l A complementary Ni-catalyzed cross-coupling in the presence of an external
oxidant, however, represents a mode of reactivity that warrants study.[®! Herein, we
showcase a unified approach for transforming aldehyde C—H bonds into both C-O and C-N
bonds using Ni-catalyzed dehydrogenative cross-coupling.®!

The transformation of aldehydes to esters and amides in onestep is an attractive goal that has
been pursued using precious metal-catalysts,[7] base-metal catalysts with peroxide oxidants
or elevated temperatures, 8 and NHC-catalysis.[®] While these methods are promising, a
protocol that couples aromatic and aliphatic aldehydes with alcohols, anilines, and amines
has yet to be achieved. Towards this challenge, we chose to examine carbonyl compounds as
mild oxidants by hydrogen transfer.[10]
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Our initial studies focused on cross-coupling benzaldehyde (1a) and isopropanol (2a) in the
presence of various hydrogen acceptors. We discovered that NHC ligands in 1,4-dioxane
produced the most promising results (Table 1).[11] In the absence of any Ni-salts, we
observed no reactivity. However, in the presence of nickel with benzaldehyde as both the
substrate and hydrogen acceptor we observed the desired ester 4a and Tishchenko
homodimer 5ain a 5.9:1 ratio. To suppress the Tishchenko pathway, we sought an acceptor
that undergoes reduction faster than benzaldehyde (1a). While acetone (3a) and
cyclobutanone (3b) decreased the rate of the desired crosscoupling, both benzophenone (3c)
and a,a,a- trifluoroacetophenone (3d) showed a remarkable enhancement in rate and
selectivity for 4a. As a result, we were able to use equimolar quantities of the coupling
partners and 1.1 equivalents of oxidant 3d, with no observation of dimer 5a. Related
oxidations typically require excess alcohol,[12] or alcohol as the solvent.[13]

Under our optimized conditions, aromatic aldehydes couple with primary (4b, 97%),
secondary (4c, 98%) and tertiary (4d, 79%) alcohols at 30 °C (Table 2). Our protocol is the
first intermolecular oxidative esterification to achieve high yields using only one equivalent
of tertiary alcohol nucleophiles.[*4] Comparatively less nucleophilic partners such as benzyl
alcohol also work well (4e, 96%). Both electron rich (4f, 96%) and electron deficient (4g,
72%) aromatic aldehydes can be transformed into esters. While many NHC-catalyzed
esterification reactions are limited to aromatic aldehyde substrates,[15] we found that
aliphatic aldehydes undergo oxidative functionalization with Ni-catalysis. Citronellal, a
natural product, can be readily converted to hindered ester 4h (83%), or methyl ester 4i
(97%). Hindered a-branched aldehydes are also well tolerated (4j, 91%).

In principle, coupling amines should present a greater challenge due to the possibility of
condensation or catalyst inhibition. However, we found that using the same protocol at
slightly elevated temperatures (40 °C) amide bond formation was observed using aniline
nucleophiles (Table 3). Thus, we can convert aldehydes to amides using base metal catalysis
without relying on highly reactive reagents, such as peroxidel8] or arylazidel! substrates.
Under these conditions, aldehydes containing electron donating (7b, 93%) or withdrawing
(7c, 97%) groups react efficiently, as well as aldehydes which would be sensitive to
peroxide oxidants (7d, 91%).[171 Aniline nucleophiles with electron withdrawing (7e, 93%)
and electron donating (7f, 90%) groups undergo coupling with similar efficiency. Hindered
anilines are suitable partners, including those with orthosubstitution (7f, 90%) or N-
substitution (7g, 83%). Few byproducts are observed in these transformations, even in the
presence of an aryl chloride (7h, 62%).

Aliphatic aldehydes are excellent coupling partners for amide synthesis (Table 3). At 30 °C
the reaction proceeds to full conversion with cyclopropyl carboxaldehyde without any ring
opening (7i, 96%). p-Branching (7j, 81%) is well tolerated, albeit pivaldehyde only provided
the N-phenyl amide in 36% yield (not shown). An aniline with a ketone in the para position
gives the desired amide (71) in 78% yield illustrating that ketone functional groups are
tolerated despite the transfer hydrogenation nature of this reaction. Hindered amide 7m
(72%) and tertiary amides 7k (78%) and 7n (83%) highlight the efficiency of this
transformation.
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In preliminary studies that focused on amine nucleophiles the reactions were plagued by
condensation side products. To avoid condensation with ketone 3d, we used a second
equivalent of the aldehyde as the oxidant. We were also able to suppress Ni(cod)2 catalyzed
condensation between the amine and the aldehyde by using 1tBu as the ligand and a
Ni:ligand ratio of 1:1.1 (Table 3).[22] Under these conditions the dehydrogenative coupling
proceeds with primary alkyl amines (70, 87%), hindered amines (7p, 60%), benzylic amines
(79, 91%), or even cyclic amines (7r, 97%). The synthesis of 7r represents a facile way to
convert aldehydes to morpholine amides that are versatile reagents for further
functionalizations.[*8] Amidation with amine nucleophiles is not limited to benzaldehyde
substrates and can be extended to electron donating (7s, 86%) or electron withdrawing (7s,
61%) aldehydes by using two equivalents of the aldehyde. Aliphatic aldehydes can also be
converted to N-alkyl amides by using benzaldehyde as an inexpensive oxidant (7u, 97%).

To understand the selectivity between nucleophiles we performed a competition experiment
between aniline (6a) and butanol (2b) with benzaldehyde (1a) (scheme 1, equation 1). The
N-aryl amide could be formed in preference to the ester in a 16:1 ratio and 86% overall
yield. Performing a similar experiment between butanol (2b) and N-butyl amine (60)
(scheme 1, equation 2), revealed a preference for amides in a 24:1 ratio, and 72% yield with
respect to NBuNH,.

Towards elucidating the mechanism, we performed a stoichiometric experiment between
NilPr, 2-naphthaldehyde (1b), and ketone 3d. In this experiment, we observed reduction of
the ketone and decarbonylation of the aldehyde at 30 °C (Scheme 2, eq 3). This result
supports the intermediacy of an acyl Ni-hydride species which can undergo decarbonylation
in the absence of a coupling partner. Moreover, a KIE measurement of 6.0 suggests that C—
H bond activation is rate determining (Scheme 2, eq 4).[29]

On the basis of initial studies and literature reports, we propose the mechanism shown in
Scheme 3.[20] Ketone 3d binds to nickel to form complex 8a, which can coordinate to an
aldehyde (1) to give intermediate 8b. Oxidative addition to the aldehyde C-H bond
generates 8c which reduces the hydrogen acceptor 3d to yield acyl-nickel alkoxide 8d.[2]
Ligand exchange with the nucleophile affords 8e, and reductive elimination provides the
final product. Coordination of the ketone 3d may occur prior to,[22] or immediately after
reductive elimination.[23]

Computational studies by Fu support the concept of electron deficient w-ligands on nickel
promoting oxidative addition into aldehyde C—H bonds.[24] As empirical support for this
claim we found that there was a significant increase in the reaction rate when using ketone
3d when compared to aldehyde 1a as the hydrogen acceptor.[*1] We propose that strong
binding of the ketone accelerates oxidative addition.[2®] This coordination also inhibits the
Tishchenko byproduct by disrupting the formation of a cycloisomerization intermediate
between two aldehydes.[26]

We have communicated a novel nickel-catalyzed dehydrogenative cross-coupling of
aldehydes. Our method generates hindered esters and provides a needed complement to
NHC catalyzed oxidative esterification. Secondary or tertiary amides can be accessed using
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both aniline and amine nucleophiles in a unified approach. The discovery of 3d as an
oxidant allows cross-couplings to proceed at 30—-40 °C in nearly equimolar amounts of
aldehyde, nucleophile, and acceptor. Future studies will include the use of Ni(ll)
precatalysts!!] and nucleophiles that can result in C-C bond formation. We are also
currently investigating the reaction mechanism in greater detail. Finally, the insights from
this study will contribute to the expanding field of Ni-catalyzed transfer hydrogenation.[27]
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Redox-neutral coupling (Ogoshi, Yamamoto)
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Figure 1.
Three general modes of Ni-catalyzed cross-coupling with aldehydes.
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Exploring selectivity for amidation over esterification.
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Scheme 2.
Mechanism experiments.
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Scheme 3.
Proposed mechanism for Ni-catalyzed cross dehydrogenative coupling via C—H bond
activation.
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Table 1

Examining organic hydrogen acceptors for oxidative esterification.[@

Ni{cod) (5.0 mol%)

j’\ . 1Pr (5.0 mol%) )OL . i
P ~H - HOPT idant (1.0 equiv)  Ph” “OPr  Ph” “OBn
1a 2a 1,4-dioxane, 60 °C 4a 5a

1.0 equiv 1.0 equiv

O

)CJ)\ O O O
Ph™ H Me)LIVI Ph)I\Ph Ph)I\CF

e
1a 3a 3 b 3c 3d

47% (5.9:1) 35% (4.4:1)[C]

3

12% (24:1) 78% @.7:1)¢ 95% (48:1)[]
98% (5.5:1)[b] 10% (>gg:1)[c, d]

(@ Conditions: 0.1 mmol 1a, 0.1 mmol 2a, 0.2 M. Yields were determined by GC analysis using dodecane as an internal standard. IPr = 1,3-
Bis(2,6- diisopropylphenyl)imidazole-2-ylidene. Yield of product 4a is shown, and the ratio of 4a:5a is shown in parentheses.

(0]
[l
(d]
[e]
(f

Using 2.5 equivalents of 1la.
Reaction performed at 80 °C.
Using 100 equivalents of 3a.
Using 3 equivalents of 3c.

Reaction performed at 30 °C.
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Table 2

Dehydrogenative cross-coupling of aldehydes and alcohols.[@

Ni(cod), (5.0 mol%)

i IPr (5.0 mol%) i
+ HOR! - 1
R™ "H 3d (1.1 equiv) R”™ "OR
1 2 1,4-dioxane, 30 °C 4
1.0 equiv 1.0 equiv

with aromatic aldehydes

o o o)
OR /©)J\08n /©)‘\On8u
MeO R

R = nBu, 4b, 97% 4e, 96% R = OMe, 4f, 97%
iPr, 4c, 98% CF3, 49, 72%
tBu, 4d, 79%

with aliphatic aldehydes(®!

Bn
Me Me O Me Me O i J/
Me™ X oiPr Me)\/\)\/U\OMe cy” "o
4h, 83% 4i, 97% 4j, 91%

[al
[b]

Conditions: 0.5 mmol 1, 0.5 mmol 2, 0.2 M, 8 h. Isolated yields are shown.

Reactions performed using 10 mol% of the catalyst.
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Table 3

Dehydrogenative cross-coupling of aldehydes and amines.[@

Ni(cod), (5.0 mol%) o
o i 0
)J\ . /H\ ligand (5.5 mol%) RJ\N’RZ
R™H R” °R? 3d or 1a (1.1 equiv) 9
6 1,4-dioxane, 30-40 °C 7 R

1.0 equiv 1.0 equiv

with aromatic aldehydes[bl

e J@A @* @AN,ph

7a, 96% 7b, 93% 7c, 97% @ 7d, 91%
o CF, /?L /@ o o /@q
Ph)J\N/©/ PN o o P e o
H CH,0H Me H
7e, 93% 7, 90% 79, 83% 7h, 62%

with aliphatic aldehydes!®

Me Me O (o]
.Ph )\/\)\/U\ - -
v)k e WP ,,Pr)LN Ph
H I
7i, 96% 7i, 81% 7k, 78% M€
o o OMe
Py ",r)J\N/@ o )J\N
iPr N H Me l
H 71, 78% 7m, 72% Me 7n, 83%
with amine nucleophiles!d]
o o) ] o
o SR oy 0 Ph)LNﬂ Aoy B
H H > L | H
o O Z
R = nBu, 70, 87% 7q,91% 7r,97% R =4-OMe, Ts, 86%
tBu, 7p, 60% 3-CF3, 7, 61%

Cy, Tu, 54%¢]

[a]
[b]
[c]
[d
le]

Conditions: 0.5 mmol 1, 0.5 mmol 6, 0.2 M, 8 h. Isolated yields are shown.
The reactions were performed at 40 °C using IPr as the ligand and 3d as the hydrogen acceptor.

The reactions were performed at 30 °C using IPr as a ligand and 3d as the hydrogen acceptor.

Using 1a rather than cyclohexanecarboxaldehyde as the hydrogen acceptor.
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The reactions were performed at 40 °C using ItBu as the ligand and an extra equivalent of the aldehyde as the hydride acceptor.
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