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The addition of organochromium compounds to aldehydes

originally described by Nozaki and Hiyama et al. has evolved
into a very powerful method for C-C bond formation (Scheme
1).1,2 This transformation is highly chemoselective and displays
an exceptional compatibility with an array of functional groups
in both reaction partners. The nucleophiles are readily available
by oxidative insertion of Cr(2+) into a wide range of (func-
tionalized) substrates such as allyl, propargyl, aryl, or alkenyl
halides, alkenyl triflates, allyl phosphates etc.3 Kishi’s finding
that nickel salts exhibit a catalytic effect on the formation of
the C-Cr bond has greatly improved the reliability of this
process,4 which has ever since been frequently used as the key
step in most impressive total syntheses of natural products of
utmost complexity.5,6
Two major drawbacks, however, are pending. First, stereo-

chemical control over the newly formed chiral center in
Nozaki-Hiyama-Kishi reactions is still in its infancy.7 Second,
as Cr(2+) is a one-electron donor, 2 mol of this reducing agent
per mol of halide are required to form the organochromium
intermediate; in practice, a huge excess (usually 200-1600 mol
%) is mandatory. The toxicity of chromium (and nickel) salts,
however, obviously makes this versatile process inadequate for
applications to pharmaceutical chemistry as well as for any
large-scale synthesis. Herein we address this latter shortcoming
and report the first examples of Nozaki-Hiyama-Kishi reac-
tions catalytic in chromium.

Our approach relies on the following concept: CrCl2 can be
prepared by reduction of CrCl3 with different reducing agents.1,8

The low-valent salt inserts into the C-X bond of the substrate
with formation of 1 mol of CrX3 and the organochromium
nucleophileA, which then reacts with the aldehyde giving rise
to a chromium alkoxideB. The high stability of the O-Cr-
(3+) bond formed drives the conversion but makes catalysis a
difficult task. NeverthelessB might react with a chlorosilane
in view of the pronounced oxophilicity of silicon. Since this
would lead to the O-silylated productC and regenerate the
second mole of CrX3, a catalytic cycle might emerge (Scheme
2).
The stoichiometric reducing agent chosen must efficiently

reduce CrX3 but has to be inert toward the reducible substrates;
moreover, its salts should be significantly less toxic than those
of chromium. Our endeavors in low-valent titanium chemistry
suggested the use of the combination of Zn dust and TMSCl
for such a purpose.9 Although some turnovers could be reached,
this particular combination turned out to be impractical. Eno-
lizable aldehydes gave poor results since they were partly
transformed into the corresponding silyl enol ethers (Table 1,
entry 3) due to the Lewis acidity of the zinc halides accumulat-
ing during the course of the reaction.
A likely substitute for zinc is manganese: it is very cheap

and exhibits an appropriate reduction potential,10 and its salts
are nontoxic and rather weak Lewis acids. Moreover com-
mercial manganese powder does not insert into C-X bonds
except for very reactive allylic halides.11 This was confirmed
by a series of control experiments with iodobenzene and octanal
as the substrates (Table 1); with either Mn/chlorosilane or Mn/
chlorosilane/NiCl2 cat. no product was formed (GC yield<3%).
In contrast, a combination ofcatalytic amounts of CrCl2 (≈15
mol %, doped with NiCl2), Mn powder, and a chlorosilane
cleanly converted these substrates into a mixture of1a and its
silyl ether1b.12 A workup with aqueous Bu4NF gave alcohol
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1a in 67-72% yield, which favorably compares to the 65-
78% obtained under conventional conditions using 400 mol %
of CrCl2 as the reagent.
The experimental parameters of the catalytic process have

been carefully optmized. Reactions of aryl and alkenyl halides
(triflates) proceed properly with≈15 mol % CrCl2, while allylic
halides require only≈7 mol % of this catalyst. Except for
allylic substrates, the reactions were carried out at 50°C ((3
deg) in DME/DMF (20/3)13 since the conversion was too slow
at lower temperatures. The addition of catalytic amounts of
LiI to TMSCl as well as replacing TMSCl by TMSBr,
(EtO)3SiCl, ClMe2SiCH2CH2SiMe2Cl, or ClMe2Si(CH2)3CN (cf.
Table 2) did not significantly improve the yields.
The catalytic procedure nicely applies to a set of representa-

tive Nozaki-Hiyama type reactions.14 As can be seen from
Table 2, iodobenzene reacts smoothly with aromatic as well as
with different aliphatic aldehydes. Entry 4 highlights the
chemoselectivity of this process; thus, Cr(2+) exclusively inserts
into the aryl iodide while the alkyl chloride group of 6-chlo-
rohexanal is compatible. Aryl halides containing either potential
donor sites or reducible functional groups such as 2-iodo-
thiophene or ethyl 4-iodobenzoate can also be used. Alkenyl
iodides and, in particular, alkenyltriflates3a turned out to react
smoothly to the corresponding allylic alcohols. However, we
noticed some influence of the electronic properties of the chosen
aldehyde on the reaction path; aliphatic aldehydes, benzalde-
hyde, and analogues bearing electron-donating substituents
reacted properly, while methyl 4-formylbenzoate as the elec-
trophile gave the corresponding pinacol as the major product
(Scheme 3). In this case the ester group obviously facilitates a
single-electron transfer from Cr(2+) to the aldehyde function,
with formation and subsequent dimerization of the ketyl radical
anion. This observation is in good accordance with the
experience gained with other pinacolization methods.15 Allylic
bromides were found to react particularly well in THF at
ambient temperature rather than at 50°C, requiring only≈7
mol % CrCl2 which must not be doped with NiCl2 in order to
prevent Wurtz-coupling.16
In summary, we have described the first Nozaki-Hiyama-

Kishi reactions using catalytic amounts of CrCl2 (7-15 mol

%), which is constantly recycled by the relatively nontoxic
manganese. The limiting factor for the number of turnovers
seems to be the incompleteσ-bond metathesis between the
chromium alkoxide initially formed and the chlorosilane addi-
tive.12 We are now intensively working to refine this crucial
step in order to further reduce the quantity of toxic Cr(2+) and
to further explore the full scope of the new procedure.
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Table 1. Control Experiments for Cr(2+)-Mediated Reaction of
Iodobenzene with Octanal

entry
CrCl2

(mol %)a additives T (°C)
isolated
yield (%)b

1 400 20 78c

2 400 50 65
3 30 Zn, TMSCl 70 30-40d
4 15 Mn, TMSCl 50 67
5 15 Mn, ClMe2Si(CH2)3CN 50 72
6 9 Mn, ClMe2Si(CH2)3CN 50 58
7 0 Mn, ClMe2Si(CH2)3CN 50 0e

8 0 Mn, ClMe2Si(CH2)3CN, NiCl2 (cat.) 50 0e

aUnless stated otherwise the reactions were carried out in DME/
DMF (20/3) using CrCl2 doped with NiCl2 (≈15%). bAfter desilylation
of the admixed1b. c In pure DMF as solvent.d Formation of 1-(tri-
methylsilyloxy)-1-octene as side reaction, see text.eGC yield<3%.

Table 2. Nozaki-Hiyama-Kishi Reactions Catalytic in
Chromiuma

entry RX aldehyde product
ClMe2Si(CH2)3CN

yield (%)b
Me3SiCl
yield (%)b

aUnless stated otherwise, all reactions were carried out with CrCl2

(15 mol %, doped with cat. NiCl2), Mn powder (4.2 mmol), aldehyde
(2.5 mmol), RX (5 mmol), and chlorosilane (6 mmol) in DMF/DME
(20/3) at 50°C. bRefers to the product obtained after desilylation
(aqueous Bu4NF) of the crude mixture.c Isolated after acetylation of
the crude product.d 4,4′-Bis(ethoxycarbonyl)diphenyl as byproduct
(20% based on I-C6H4-COOEt).eThe reaction was performed with
undoped CrCl2 (7 mol %) at ambient temperature in THF.f The
R-methylene-γ-lactone was cyclized upon treatment of the crude product
with catalytic amounts ofp-TsOH‚H2O.

Scheme 3
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