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Regioselective Hydrocarbamoylation of 1-Alkenes
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Nickel/Lewis acid cooperative catalysis derived from
[Ni(cod),], AlEt;, and N-heterocyclic carbene (NHC) effects
highly regioselective hydrocarbamoylation of 1-alkenes. Vari-
ously substituted formamides and 1-alkenes can be employed to
give a range of linear alkanamides regioselectively.

Preparation of amides under neutral conditions without the
need for toxic reagents and chemical wastes is still challenging
in synthetic organic chemistry,' although a number of methods
for the synthesis of amides are available.> Aminocarbonylation
of unsaturated C—C bonds would offer an alternative and waste-
free access to amides. Insertion of unsaturated compounds into
C-H bonds of formamides, namely, hydrocarbamoylation
reaction, would allow such transformations without the need
for toxic carbon monoxide. For example, ruthenium-catalyzed
hydrocarbamoylation reactions of alkenes have been reported,*
whereas we’ and others® have recently developed the reaction
across alkynes,”® 1,3-dienes,” and norbornene® catalyzed by
such transition metals as nickel,” palladium, and rhodium. The
ruthenium-catalyzed reactions across alkenes, however, require
either harsh reaction conditions,** high-pressure carbon mon-
oxide,* or a pyridyl group as a directing group.*® In addition,
regioselectivity of these ruthenium-catalyzed reactions is re-
portedly modest particularly with simple aliphatic 1-alkenes
such as 1-hexene, giving linear alkanamides contaminated with a
significant amount of branched amides as a minor component.*
The regioselective hydrocarbamoylation of alkenes can be
achieved via a radical pathway.® However, the addition reaction
competes with alkylation of N-substituents. The hydrocarba-
moylation of 1-alkenes with high linear selectivity and broad
scope of substrates is highly desired as a novel transformation
potentially applicable to industrial production of bulk chemicals
without use of toxic carbon monoxide. Given the importance
of such “anti-Markovnikov” functionalization of 1-alkenes,’ we
report herein that nickel/Lewis acid catalysis effects exclusively
linear selective hydrocarbamoylation of 1-alkenes.

Our initial attempt to establish the regioselective hydro-
carbamoylation was commenced with the reaction of DMF (1a)
with 1-tridecene (2a) in the presence of [Ni(cod),] (5 mol %)
various ligands, and 20mol % of AlMe; as a cocatalayst in
toluene at 130 °C (Table 1). Bulky phosphorus ligands such as
P(i-Pr); and P(z-Bu);, which were effective for the intramolec-
ular hydrocarbamoylation of alkenes,’ gave the corresponding
linear alkanamide 3aa exclusively albeit in low yield (Entries 1
and 2). Encouraged by the observed excellent regioselectivity,
which was never achieved with the reported ruthenium catalysis
with such simple aliphatic 1-alkenes as 2a, we further explored
other ligands to improve the yield of 3aa and found that NHC
ligands were highly effective (Entries 3-6). Particularly, IAd
was found optimum to give 3aa in 62% yield after 2 h (Entry 6).
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Table 1. Hydrocarbamoylation of 1-tridecene®

[Ni(cod),] (5 mol %)
1) ligand (5-10 mol %)

J\ LA (20 mol %) O
+ =z

Me,N~ “H /\m g~ MegNW
1a 2a 3aa

R =2,4,6-Me3—CgH,: IMes
N 2,6-i-Pro—CgHg: IPr
~ R t-Bu: ItBu
o 1-adamantyl: IAd

r-N

Temp  Yield of

Solvent LA /°C 3aa /%"

Entry Ligand

1 P(i-Pr);  toluene  AlMes 130 8
2 P(+-Bu); toluene  AlMes 130 15
3 IMes toluene  AlMe; 130 36
4 IPr toluene  AlMes 130 19
5 1tBu toluene  AlMe; 130 44
6 1Ad toluene  AlMe; 130 62
7 1Ad CPME AlMes 130 58
8 1Ad dioxane  AlMes 130 48
9 1Ad THF AlMes 130 46
10 1Ad NMP AlMes 130 2
11 1Ad DMF AlMes 130 19
12 1Ad toluene  AlMe; 100 81
13 1Ad toluene  AlEt; 100 92 (84)°
14 1Ad toluene  Al(oct); 100 91

#The reactions were carried out using 1a (0.50 mmol), 2a (0.75
mmol), n-CjHy4 (internal standard, 125 umol), [Ni(cod),]
(5.0mol %), ligand (10mol % for phosphines and 5.0 mol %
for NHC), and Lewis acid (LA) (20mol %) in a solvent
(0.50mL). "Determined by GC based on 1a as the limiting
reagent. ‘Isolated yield on a 1.0 mmol scale run for 3 h.

With TAd as a ligand, we next examined solvents for the reaction
(Entries 7-11). Generally, nonpolar solvents were found to give
yields of 3aa better than with polar solvents, and, thus, the use
of 1a as a solvent was not effective (Entry 11). At this stage,
we noted the formation of a significant amount of insoluble
precipitates, which were tentatively ascribed to decomposition
of either of the metal catalysts. Because this could cause the
observed modest yields of 3aa, we simply lowered the reaction
temperature to 100°C to find that the formation of the
precipitates was slowed and the yield of 3aa was improved
(Entry 12). Whereas the reaction run at lower temperature
slowed the reaction, the use of AlEt; and Al(oct); instead of
AlMe; showed improved homogeneity of the reaction mixture
without the formation of such precipitates, and the yield of 3aa
was further increased (Entries 13 and 14). Under the reaction
conditions thus optimized, alkanamide 3aa was isolated in 84%
yield from a reaction run on a 1.0 mmol-scale (Entry 13). Again,
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no trace amount of branched alkanamides was obtained under
the preparative reaction conditions.

We next investigated the reaction of other formamides with
2a under the optimized reaction conditions (Table 2). Various N-
alkyl-substituted formamides gave the corresponding alkan-
amides in good yields (Entries 1-6), whereas the reaction of N-
aryl-substituted one (1h) was sluggish (Entry 8). Notably,
optically active formamide (R)- and (S)-le gave enantiomeri-
cally pure alkanamide (R)- and (S)-3ea without any loss of
stereochemical information (Entries 4 and 5). Formamides
derived from primary amines did not give adducts at all under
these reaction conditions due presumably to the presence of
acidic hydrogen incompatible with the Lewis acid catalyst. The
hydrocarbamoylation of other 1-alkenes also proceeded to give
alkanamides having a range of functionalities including siloxy,
alkoxycarbonyl, internal double bond, and silyl groups (Entries
9-14). All the reactions showed exclusive linear selectivity
except for the reaction across styrene (2h), which gave a mixture
of linear and branched alkanamides (Entry 15). The formation of
a branched adduct in this particular case can be ascribed to the
contribution of a stable benzylnickel intermediate in a catalytic
cycle (vide infra).”!° On the other hand, the addition across 1,1-
or 1,2-disubstituted alkenes was unsuccessful.

The reaction path is understood in terms of the catalytic cycle
shown in Scheme 1. Formamides coordinating to the Lewis acid
catalyst through their carbonyl oxygen would undergo the
oxidative addition of the C(sp?)-H bond to a nickel(0) species
to give nickel hydride B via the formation of n>-formamide—
nickel intermediate A (Scheme 1).!' Alkenes coordinate to the
nickel center of B to form C, which undergoes migratory
insertion to give alkylnickel D. Reductive elimination followed
by ligand exchange reactions afford alkanamides and regenerate
A to complete the catalytic cycle. The exclusive formation of the
linear alkanamides results from regioselective migratory inser-
tion, which favors sterically less hindered primary alkylnickel D
rather than a secondary alkylnickel species. With vinylarenes, the
corresponding sec-alkylnickel species could be stabilized by the
aryl group'? to give branched adducts to some extent (Entry 15 of
Table 2). The reaction of 1d-d with 2g gave 3dg with 4% and
26% deuteration at the methylenes « and f to the carbonyl group
(eq 1). The yield of 3dg-d was 47% as estimated by 'HNMR.
Unreacted 1d-d and 2g showed loss of deuterium and incorpo-
ration of deuterium, respectively. These results show that the
elemental steps except for the reductive elimination in the
proposed catalytic cycle are reversible. Partial incorporation of
deuterium at the B-position of the silyl group in 3dg and
recovered 2g can also be understood in terms of the reversible
hydronickelation process to give a sec-alkylnickel species, which
is reluctant to undergo the final reductive elimination. The use of
highly bulky carbene ligands would be crucial to promote the
reductive elimination from linear alkylnickel intermediate D.

In summary, we have developed regioselective hydrocarba-
moylation of alkenes by nickel/Lewis acid cooperative catal-
ysis.'? The exceptionally high regioselectivity achieved with the
present catalytic system would be highly useful as a method to
access variously functionalized amides as well as a novel
transformation of anti-Markovnikov selective functionalization
of alkenes. Further efforts will be paid to understand the
mechanism of the cooperative catalysis and its further applica-
tion to functionalization of unreactive bonds.'3
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Table 2. Hydrocarbamoylation of 1-alkenes catalyzed by Ni/
AlEt3

[Ni(cod),] (5 mol %)

1) IAd (5 mol %) 1)
AlEt3 (20 mol %
RLN)J\H +  ORs 3 ) RLNJ\/\RS
. toluene, 100 °C '
R? R?
1 (1.0 mmol) 2 (1.5 mmol) = 3
@ NYN@
IAd

R', R2 = Me, Me (1a); Et, Et (1b); Me, Bn (1c); Bn, Bn (1d);
1-phenylethyl, Bn (1e); —~(CH,)s— (1f); =(CH,),0(CH,),— (1g); Me, Ph (1h)
R3 = C41Ha3 (2a); CgH43 (2b); (CH,)30SiMest-Bu (2¢); (CH,)3O0Piv (2d);
cyclohex-3-en-1-yl (2e); t-Bu (2f); SiMes (2g); Ph (2h)

Entry 1 2 Time/h Product Yield/%?
(0]
1 1b 2a 12 69
Et,N T
3ba

0
3 1d 2a 9 W 75
Bn,N
#" 3da 10
o}
4  (R)-1e® 2a 9 Bn\NW 78°
5 (S)1e® 2a 9 /L% 10 81°
Ph (R)- or (S)-3ea
o
6 1f  2a 9 J\AM/ 65
O o
3fa
o}
7 1g 2a 6 J\/\H/ 53
9 (\N 10

o 3ga
o
8¢ th 2a 9 Me.. )W 13
N 10
Ph 3ha
o]
9 1a 2b 6 81
Me,N A
3ab
o)
10° 1a 2c 6 MQZNJ\/\%OSNGZ"BU 77
3ac
o)
11¢ 1a 2d 6 MezNWOYt_BU 59
3ad ° [e)
o)
12d 1a 2e 6 MeoN 90
3ae
. o]
13 1d  2f 6 59
BnZNJ\/\t—Bu
3df
o)
14 id 29 19 83
anNJ\/\SiMeS
3dg
O e
15 id 2h 19 70
BngNk/\Ph

3dh

[solated yields based on 1. ®>95% ee. “Run with [Ni(cod),]
(10mol %), TAd (10 mol %), and AlEt; (40 mol %). YRun with
3.0mmol of 2. °16% of a regioisomer was also obtained.
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Scheme 1. Plausible catalytic cycle.
X
[Ni(cod),] (5 mol %)
BnN" D IAd (5 mol %) 26% D
1d-d (030 mmol) AlEt3 (20 mol o/o) u .
+ _ >
2g (0.45 mmol)  CgDg, 100°C, 3 h BnyN % SiMes M
4% D
3dg-d, 47% (NMR)
| recovered: 229% D
o 4% D g
+ S sive
Bn,N™ “H/D 1
3% D
40% D

' 1d, 41% (NMR) 2g, 48% (NMR)
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