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ABSTRACT

Unsymmetrical dialkyl ketones can be directly prepared by the nickel-catalyzed reductive coupling of carboxylic acid chlorides or (2-pyridyl)-
thioesters with alkyl iodides or benzylic chlorides. A wide variety of functional groups are tolerated by this process, including common nitrogen
protecting groups and C�B bonds. Even hindered ketones flanked by tertiary and secondary centers can be formed. The mechanism is proposed
to involve the reaction of a (L)Ni(alkyl)2 intermediate with the carboxylic acid derivative.

Besides being frequently found in natural products,
ketones are a nexus for organic synthesis.1 Methods to
chemoselectively convert ketones to a variety of functional
groups have long been important to organic synthesis, but
recently, it has also become important for the chemoselec-
tive linkingof functionalized fragments in vitro and in vivo.2

Themost often usedmethod for the synthesis of ketones
from carboxylic acid derivatives is acylation of a carbon
nucleophile, usually a preformed organometallic reagent.1

The synthesis of functionalized dialkyl ketones and hindered

dialkyl ketones requires protecting group manipula-
tions andmore reactive nucleophiles. The development of
transition metal catalysts to mediate these couplings has
enabled the use of less reactive carbon nucleophiles,3 such
as alkyltin,4 alkylzinc,5,6 dialkylzinc,7 or alkylboron8

derivatives. While these methods have allowed for the
synthesis of more functionalized ketones than previously
possible, the synthesis of hindered ketones remains
challenging9 and acidic protons, such as N�H protons
on a biotin precursor, must still be protected.6 A second,
less developed route is the coupling of a nucleophilic acyl
group with an organic halide (Figure 1).10

Both of these approaches rely upon a nucleophilic car-
bon reagent, which limits commercial availability of these
reagents11 and/or limits functional group compatibility.
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A method that utilizes more readily available starting
materials would be an attractive alternative, especially in
discovery efforts.
A potential solution for the synthesis of dialkyl ketones

is the direct reductive acylation of alkyl halides, but few
reports of such processes exist in the literature.5a,12 The
NiCl2/Zn-mediated acylation of alkyl iodides with substi-
tuted pyridyl carboxylates was reported byMukaiyama 30
years ago, but access to the esters required extra steps, an
excess of R-I (3 equiv) was needed, and a reaction with a
more hindered ester provided a low yield.12c Other studies
with either Pd/Zn5a or Ni/e�12e,f found that primary
benzylic chlorides could be acylated in good yield, but an
excess of benzyl halide was required to overcome compet-
ing dimerizationandnohindered substrateswere reported.

We report here a new catalyst (NiCl2 and 4,40-di-tert-
butyl-2,20-bipyridine) that is effective for the acylation of
alkyl iodides with acid chlorides and (2-pyridyl)thioesters.
Even relatively hindered ketones can by synthesized with a
nearly equimolar ratio of reactants (1.5 to 1:1 ratio).
Functional group tolerance is excellent.
Our previous studies on reductive cross-coupling

methods had demonstrated the importance of ligands,
especially bipyridine and terpyridine, in preventing the
formation of dimeric products, avoiding side reactions
of alkyl halides and improving cross-selectivity.13

4,40,400-Tri-tert-butyl-2,20:60,200-terpyridine produced
large amounts of alkyl dimer product (Table 1, entry 3),
but the formation of these side products was minimized
when 4,40-di-tert-butyl-2,20-bipyridine was used as a
ligand (Table 1, entries 1 and 3). As noted byMukaiyama,

reactions conducted without a ligand provided little
ketone product (entry 2).12a

Reactions runwith a slight excess of acid chloride at 0 �C
provided higher yields of product, presumably because
decomposition of the acid chloride is a side reaction
(entries 4 and 5 vs entry 1). Reactions conducted without
nickel or reductant did not produce significant product,
consistent with a nickel-mediated process (entries 6�8).
Finally, reactions in which zinc was the reductant instead
of manganese resulted in product but with a diminished
yield (entry 9).

While acid chlorides are readily available from car-
boxylic acids, in some cases, more stable starting materials
are advantageous. While aryl thioesters and carboxylic
acid esters produced only small amounts of product,
(2-pyridyl)thioesters were promising substrates (entry 10).
Yields of 3 were diminished by the competitive formation
thioether 4 (Y = (2-pyridyl)S-) by liberated (2-pyridyl)-
thiolate. Changing to zinc as the reductant14 and ensuring
complete coordination of the nickel catalyst before adding
substrate allowed an improvement in yield (entries 11�13).
We next applied these conditions to the synthesis of a

variety of ketone skeletons (Table 2). Carboxylic acid

derivatives which are mono-, di-, and trisubstituted all

couple with high efficiency with both primary and second-

ary organic halides. This is significant because the forma-

tion of relatively congested tertiary/secondary ketones has

presented a challenge for most of the methods reported

Figure 1. Majority of methods couple a nucleophile and an
electrophile, while this work couples two electrophiles.

Table 1. Reaction Optimization and Control Reactionsa

entry Y change in conditions yield 3 (%)b yield 4 (%)

1 Cl none 89 3

2 Cl no dtbpy 8 7

3 Cl terpyridine in place of dtbpy 27c <1

4 Cl 1 equiv 1 instead of 1.5 equiv 69 3

5 Cl 1.5 equiv 2, 1 equiv 1 56 2

6 Cl no nickel 6d 5

7 Cl no nickel, no dtbpy 8d 4

8 Cl no Mn 0d 25

9 Cl Zn in place of Mn 41 1

10 Spy none 37 43

11 Spy Zn in place of Mn 53 25

12 Spy prestir catalyst with Zn for 1 h 71 10

13 Spy as in entry 12, but 1 equiv 1 71 6

a dtbpy = 4,40-di-tert-butyl-2,20-bipyridine. Terpyridine = 4,40,400-
tri-tert-butyl-2,20:60,200-terpyridine. Reactions were run on 0.5 mmol
scale in 2 mL of N,N-dimethylacetamide (DMA). See Supporting
Information for details. bYield determinedbyGCanalysis, uncorrected.
cAlkyl dimer was the primary side product (54% with respect to
iodooctane). Alkyl dimer was not a significant byproduct in entry 1.
dGreater than 50% of R-I starting material remained.
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Onaka,M.;Matsuoka,Y.;Mukaiyama, T.Chem.Lett. 1981, 10, 531. (d)
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previously.Due to competingdimerization, benzylic chlor-

ides provided lower yields than unactivated alkyl iodides

(entries 3 vs 4 and 7 vs 8).
Although reductive methods are anticipated to have

improved functional group compatibility when compared

to the use of organometallic reagents, no previous reports

have investigated this concept in depth. Our results appear

in Table 3.
Alkyne, protected nitrogen, and silyl ethers were all well

tolerated (entries 1�4). Vinyl boron reagents are useful for

subsequent Suzuki coupling reactions, and product 16 is
obtained without loss of boron or loss of the stereochemi-
cal integrity of the olefin.
Functionalized (2-pyridyl)thioesters can be synthesized

directly from free carboxylic acids by di(2-pyridyl)disulfide
and triphenylphosphine,15 and the products are stable to
aqueous workup and chromatography on silica gel. As an
example of the utility of this approach, the thioester of
biotin (1g) was synthesized in one step (82% yield). This
thioester was then coupled with alkynyl iodide 2f to form
ketone 17 (Scheme 1). Although the yield of product is
modest, ketone 17 contains three orthogonal reactivities

Table 2. Scope of Ketone Synthesisa

aGeneral conditions: 1.5 mmol of 1, 1.0 mmol of 2, 0.05 mmol
NiCl2(dme), 0.055 mmol 4,40-di-tert-butyl-2,20-bipyridine (dtbpy),
3 mmol Mn, in 2 mL of DMA at 0 �C for 13�30 h. bYield of isolated,
purified product. cOne equivalent of thioester 1b were used in place of
acid chloride 1a, andZnwas used in place ofMn. dTwo equivalents of 1a
was used. eProduct contained a small amount of diethyl succinate; yield
of 5 determined by NMR. fRun at 30 �C instead of 0 �C.

Table 3. Functional Group Compatibilitya

aConditions as in Table 1. bYield of isolated, purified product. cOne
equivalent of thioester 1b was used in place of acid chloride 1a, and Zn
was used in place ofMn. dThe (2-pyridyl)thioester of biotin (1g) and Zn
were used in this reaction. eAverage of two runs.

(14) Eichman, C. C.; Stambuli, J. P. J. Org. Chem. 2009, 74, 4005.
(15) Kobayashi, S.; Iimori, T.; Izawa, T.; Ohno, M. J. Am. Chem.

Soc. 1981, 103, 2406.
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for ligation: (1) the ketone can be coupled with O-alkyl
amines (oxime formation2); (2) the alkyne can be coupled
with organic azides (Huisgen [3 þ 2] cycloaddition2); and
(3) the bicyclic urea portion could be used for binding to
streptavidin.16 The reaction of organozinc reagents with a
biotin precursor required N-benzyl protection.6b Functio-
nalized biotin constructs have many applications in bio-
organic chemistry and biochemistry. However, the typical
amide or ester bond linkages can be susceptible to pepti-
dases, which limits utility in vivo.2,17 No biotin conjugates
which replace the amide or ester with a ketone have been
reported previously.
Upon the basis of our observations and those of

Mukaiyama,12a Amatore, Jutand, and P�erichon,12f a hypo-
thesized mechanism is presented in Scheme 1. We propose
that (dtbpy)NiIICl2 (21) is reduced to (dtbpy)Ni0 (18),
which then reacts preferentially with the alkyl iodide
(R0-I) to form (dtbpy)NiII(R0)(I) (19).12f Rapid dispropor-
tionation then forms (dtbpy)NiI2 (21) and (dtbpy)Ni(R0)2
(20).18 Dialkyl complex 20 can react with carboxylic acid
derivative 1 to form ketone product 3 and regenerate 19.
Yamamoto reported that (bpy)Ni(Et)2 reacted with EtC-
(O)Cl to form (bpy)Ni(Et)(Cl) and EtC(O)Et in 68% yield
in only 10 min.18a While thioesters were not examined in
that study, an ester and an anhydride were reported to
react slowly with the related complex (Et3P)2Ni(Me)2 to
form ketone products in good yield. Themechanism of the
formation of 3 and complex 19 from complex 20 and an
acid chloride 1 is unclear and is under investigation in our
laboratories.
In conclusion, the direct reductive coupling of both

carboxylic acid chlorides and (2-pyridyl)thioesters with
alkyl iodides and benzylic chlorides produces unsymmetrical

dialkylketones in good to excellent yield. The simple
protocol and high functional group tolerance will enable
the synthesis of multifunctional products without recourse
to extensive protecting group manipulations.
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Scheme 1. Proposed Catalytic Cycle for Ketone Synthesis
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