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1. Introduction 

Chromium(II)-based methods have been developed 
for a wide range of important carbon-carbon bond 
forming reactions [ll. The emphasis in this review is on 
the more significant methodological developments, 
common mechanistic themes and the most recent re- 
search. The main thrust of research in this area has 
been to develop reactions which have no counterpart 
in conventional organometallic chemistry, or which 
show increased chemo-, regio- and stereo-selectivity 
over known transformations. The review is organized 
according to the particular type of functional group 
that is reduced to an active organometallic agent. Much 
of the carbon-carbon bond forming reactions devel- 
oped using chromium(H) chemistry can be broadly 
summarized as involving the coupling of an organic 
halide (or equivalent) with a carbonyl compound (eqn. 
(1)). 

CCl* 
RCHO + R’-Hal 

THF, DMF or DMSO (1) 

The carbonyl component is normally present in situ, 
because of the presumed instability of the intermediate 
organometallic species, and so the closest analogy with 
classical chemistry is found in the Barbier reaction [2]. 
The reducing power of chromium(H) salts is not as 
strong as with metals like Li, Mg and Zn, and some 
exquisite chemoselectivity with chromium(I1) salts can 
be observed between different types of halide and 
exploited in synthesis. The usual source of 
chromiumGO is commercially available CrCl, al- 
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though, less commonly, in situ reduction procedures 
from CrCl, have been applied. CrCl, does not gener- 
ally reduce carbonyl groups to, for example alcohols or 
pinacols to any significant extent in the solvents in 
which these reactions are most often conducted, i.e. 
THF or DMF (in which CrCl, is a stronger reducing 
agent) [3]. Recently however, Stevenson ef al. have 
reported that certain cY,p-unsaturated aldehydes are 
converted directly to cyclopropanols when treated with 
CrCl, in DMF in the presence of small quantities of 
NiCl, [4]. 

A particular advantage inherent in using low-valent 
metal halides to generate organometallic species di- 
rectly from organic halides, rather than by transmetal- 
lation from, for example, an organolithium and the 
metal(II1) halide, relates to the greatly enhanced range 
of compatible functional groups allowed in the starting 
organic halide. The chemistry is ideally suited to in- 
tramolecular reactions where the halide and elec- 
trophilic site (usually a carbonyl group) are present in 
the same molecule. Chromium(H) salts are single elec- 
tron transfer reducing agents in which the metal nor- 
mally ends up in the +3 oxidation state at the end of 
the reaction. Therefore, to form an organochromium 
species, the stoichiometry of the reaction dictates that 
a minimum of two equivalents of the starting metal 
halide are required per halide atom removed from the 
organic component. 

2. Ally1 halides 

Low-valent chromium salts have traditionally been 
widely used as reducing agents for a range of func- 
tional groups under aqueous conditions [5]. In 1976, 
Hiyama et al. in Japan first had the insight to examine 
the reduction of organic halides with CrCl, in aprotic 
solvents in the presence of a carbonyl compound, on 
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the basis that in the absence of water a transient 
organochromium intermediate might persist and un- 
dergo useful carbon-carbon bond forming reactions 
[6]. With ally1 halides this has proven to be one of the 
most useful ways of preparing homoallyl alcohols (eqn. 
(2) m. 

(2) 

A wide variety of substituted ally1 halides have since 
been examined. The reaction shows high chemoselec- 
tivity, for example, ester and cyano groups are toler- 
ated in the coupling step, and aldehydes react prefer- 
entially in the presence of ketones. This chemoselectiv- 
ity is a hallmark of most organochromium-mediated 
transformations. High regio- and stereo-selectivity is 
also evident in the coupling step. Reaction usually 
occurs through the most substituted end of the putative 
allylchromium species with high anti simple diastereos- 
electivity (e.g. eqn. (3) [71X 

p 
Me$ihBr + Me,Si 

v 

CrC12, PhCHO 
* Ph+ 

(2:i mixture) Br 
THF, 25”C, 2 h 

69% SiMe, 

(3) 

An example of the utility of this reaction, which 
exemplifies many of the points discussed so far, is 
Still’s and Mobilio’s elegant synthesis of the marine 
cembranoid antitumour agent Asperdiol (eqn. (4) [SD. 
Noteworthy aspects are the regio- and stereo-selectivity 
observed, and compatibility with the epoxide functional 
group which also serves to induce impressive diastere- 
oselective macrocyclic conformational control in the 
cyclization. This example also ushered in the powerful 
strategy of intramolecular chromium(II)-mediated re- 
actions. 

4: 1 remote diastereoseleotion 

(4) 

By comparison with Kochi’s extensive mechanistic 
studies on the reduction of organic halides using 
chromium(I1) salts in a mixture of an organic solvent 
and water [9], it seems likely that the formation of the 
allylchromium species in these reactions proceeds by 
halogen atom transfer to chromium(I1) (an inner-sphere 
process) followed by rapid reduction of the intermedi- 

ate ally1 radical by a second chromium(I1) species (eqn. 
(5)). 

-CpHal 
- x---tX&C+-- 

X&/H& 
LCP 

(5) 

The high regio- and stereo-selectivity in the reaction 
of an allylchromium with an aldehyde has been ex- 
plained by allylic transposition through a chair transi- 
tion state in which the chromium atom is located at the 
least sterically demanding end of the allylic system. 
The aldehyde coordinates to the metal centre through 
the oxygen atom lone pair of electrons which is trans 
to the aldehyde R group [lo] and this R group assumes 
an equatorial position to avoid interactions with lig- 
ands on the metal centre. The metal centre is likely to 
be hexa-coordinate, with the remaining four sites occu- 
pied by two halide ions and two solvent (usually THF) 
molecules or bridging halide ions from other chromium 
atoms. The y-monosubstituted organochromium 
reagents usually react through the E-ally1 organometal- 
lit form regardless of the starting alkene geometry [ll]. 
It is also inconsequential which regioisomeric ally1 
halide is used as they both converge to the same 
product. This loss of stereo- and regio-chemical in- 
tegrity could occur at the ally1 radical stage and/or by 
~i-17~ interconversion at the organochromium stage. 
Interestingly, recent work by Knochel et al. indicates 
that 3,3-dialkyl substituted allylchromium reagents re- 
tain geometrical integrity in the coupling step (eqn. (6) 
[121). 

, 99: 1 diastereoselection 

(6) 

As the two alkyl groups have similar steric and 
electronic demands, there will be little preference for 
one ally1 radical or organochromium. For these 3,3-dis- 
ubstituted ally1 systems, reduction of the ally1 radical is 
faster than isomerization and also reaction of the re- 
sulting allylchromium with an aldehyde is faster than 
77 l-q3 interconversion. 

Whilst normal anti simple diastereoselectivity is ob- 
served with acrolein dialkyl acetals, these results have 
been explained by a boat transition state with alkoxy- 
coordination to the metal centre in the allylchromium 
(eqn. (7) [13]). A similar coordination has been invoked 
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to explain stereoselectivity in the reaction of 1,Cdiene 
monoepoxides (eqn. (8) [141). 

87: 13 anti (shown): syn 

6h 
96:4 (RR) (shown): (R‘,s*) 

(8) 
Tadei et al. have recently shown that allylchromiums 

can also be induced to react with imines if BF, is 
present [15]. Simple diastereoselectivity was poor with 
crotylchromiums, however a promising diastereomeric 
excess was observed with allylchromium and the imine 
derived from benzaldehyde and (0valine (eqn. (9)). 

x Cr&, BF3.0Et, 

Ph’ 

CO$le -Br * 
x 

THF, 25”C, 4 h 

HNCO&k 75% (9) 

Ph 

diastereomeric excess = 86% 

3. Gem-dihalides 

Whilst the homologation of aldehydes to E-l,Zdif- 
unctionalized alkenes can often be accomplished using 
Wittig-type chemistry, certain substitution patterns are 
impossible to prepare using this strategy. In addition, 
the stereoselectivity obtained may not be satisfactory 
or functional groups elsewhere in the starting aldehyde 
may not be tolerated in the coupling step. For these 
cases, gem-dichromium reagents derived from gem-di- 
halides have provided some useful solutions [l]. E-1,2- 
Dialkyl-substituted alkenes, alkenyl halides, sulphides, 
silanes and stannanes can all be prepared using this 
chemistry, usually with good-to-excellent E-stereo- 
selectivity (eqn. (10)). 1,2-Addition is observed with 
@-unsaturated aldehydes, however stereoselectivity 
for the E-isomer is usually slightly lower than that seen 
with aliphatic and aromatic aldehydes. The reactions 
have found widespread use in natural product synthesis 
[161. 

RCHO 
Hal,CHX 

CfCI,* 
R&X X = R’, Hal, SiMes, SPh, (10) 

SnBuB 

The E-1,2-dialkyl-substituted alkenes prepared us- 
ing this chemistry require gem-diiodides [17J or l- 

acetoxy-l-bromides [18] to partner the aldehyde. The 
reactions are generally run in THF, small quantities of 
DMF are often added to facilitate reductive removal of 
the halogen atoms and sonication has also been used in 
difficult cases. Yields are usually excellent (80-95%). 
E : Z Stereoselection is in the region of 90 : 10 to 95 : 5. 

The conditions used to prepare alkenyl halides de- 
pend upon the specific halide required [19]. This reac- 
tion is the most popular of the chromium-mediated 
olefination procedures and is most often used to pre- 
pare alkenyl iodides because of the greater reactivity of 
the carbon-iodine bond for subsequent reactions. 
Alkenyl iodides are prepared in good yields (70-90%, 
with stereoselectivity (85 : 15-95 : 5) dependent on the 
nature of the aldehyde) using iodoform with CrCl, in 
THF. Stereoselectivity can be enhanced using 1,4-di- 
oxane as a co-solvent [20]. 

Alkenyl silanes are produced exclusively as the E- 
isomers from aldehydes and Br,CHSiMe, in THF in 
good yields (70-85%) [21]. Alkenyl stannane formation 
uses CrCl, with Br,CHSnBu, and requires LiI and 
additional DMF as a co-solvent with the THF [22]. 

Mechanistically, the reactions are thought to pro- 
ceed via two successive halogen atom transfers [9] to 
CrCl, where the intermediate radicals are immediately 
reduced to give ultimately a gem-dichromium species 2 
which adds to the aldehyde to give 3 (eqn. (11)). 
&Elimination from 3 then occurs to provide predomi- 
nantly or exclusively the E-alkene. 

Hal x -CpHal Hal xX 
Hal’H - <cp 

Hal X 

LCP 
-C+H - 

1 

OCP (11) 
cP”k” RCHO -OCr,m 
CPH -R ’ * &RX 

2 

As alkylchromium reagents are known to add to 
aldehydes (Section 51, one may question the intermedi- 
acy of gem-dichromium reagents and instead consider 
it possible that addition of the intermediate 1 to an 
aldehyde occurs to give the alkoxide 4 (eqn. (12)). 
Halogen atom transfer from the alkoxide 4 to 
chromium(B) would then be followed by trapping of 
the intermediate radical 5 by another chromium(B) 
species to give 6. However, deoxygenations of both E- 
and Z-Zbutene epoxides with chromium complexes 
gave the same E : Z ratio of 2-butene (N 55 : 45) [23], 
and treatment of l,l-diiodo-2-tridecanol with CrCl, 
produced a 1: 1 mixture of E- and Z-l-iodo-l-tride- 
cenes [19]. As these reactions are likely to proceed 
through intermediates 5 and 6 (R = X = Me for 2- 
butene preparation; R = C1iHu, X = I for l-iodo-l- 
tridecene preparation), it follows that E-alkene forma- 
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tion is not inherently favoured in the /I-elimination 
step, but must be dependent on the relative vic-stereo- 
chemistry in 6. That is, the carbon-chromium linkage 
in 6 is sufficiently stable to maintain stereochemical 
integrity until stereospecific p-elimination occurs. This 
p-elimination is likely to be a syn process [23]. The 
E : Z alkene ratio is then dependent on stereoselectiv- 
ity in the addition of a particular gem-dichromium 
species to an aldehyde. 

Hal X OCP OCP OCP 

CP+” “+R 
1 

(12) 
Given the importance of bridging halide ions in 

chromium chemistry [5], a reasonable mechanism for 
the olefination reaction is shown in eqn. (13). The 
minor Z-alkene arises from a less favourable transition 
state 7 (X and H interchanged). 

A remaining question relates to the lack of reaction 
between the monoalkyl chromium intermediate 1 and 
an aldehyde. It seems that the stability of the halide- 
substituted monoalkylchromium 1 renders it a poor 
species to react with an aldehyde and activation as the 
gem-dichromium reagent is required. 

4. Alkenyl and aryl halides (and enol tritlates) 

Activation of the (sp’)C-Hal bond and (sp2)C-0 
bond of enol triflates for reaction with an aldehyde 
using CrCl, requires DMF or DMSO as a solvent and 
trace amounts of a nickel(R) or palladium(I1) catalyst 
[24]. The mechanistic cycle that has been suggested for 
this process is shown in eqn. (14). 

The reaction has found extensive application in nat- 
ural product synthesis. Kishi in particular [25] has used 
the reaction to dramatic effect in the landmark synthe- 
ses of Palytoxin, the Halichondrins (in which five of 
the key C-C bonds were constructed using this chem- 

istry [26]) and more recently towards the taxane class of 
anticancer agents [271. A recent example of this type of 
reaction, which illustrates the excellent chemoselectiv- 
ity often found in organochromium-mediated pro- 
cesses, is found in the elegant approach of Parsons et 
al. towards the histrionicotoxins (eqn. (15) [28]). 

The different conditions required to activate gem- 
dihalides and alkenyl halides using CrCl, can be ex- 
ploited in ‘one-pot’ syntheses of allyl alcohols [19] and 
have been applied in a model study towards the dienyl 
alcohol unit of the maytansinoids (eqn. (16) [291). Iod- 
oform functions as a methine trianion in the reaction 
sequence. 

Bn 

T 

, r0 CH13, CrC12, THF 

then DMFDHO added Bnmh 

(16) 

Recently, the CrCl,-mediated NiCl,-catalysed 
method of (sp2)C-Hal bond activation has been ex- 
tended to carbometallation reactions (eqns. (17) and 
(181 [301X 

DMF, 25”C, 18 h 
52% (17) 

(18) 
Mechanistically, the tandem cyclization process (eqn. 

(18)) could proceed via oxidative addition into the C-I 
bond by a nickel(O) (or nickel(I)) species, followed by 
intramolecular syn-arylnickelation of the triple bond 
prior to transmetallation to chromium(II1) (or 
chromium(R)) with retention of geometry and then 
attack on the pendant electrophilic aldehyde. Concep- 
tually, the metal ‘switch’, which allows a carbometalla- 
tion followed by an intramolecular reaction with an 
aldehyde, complements Heck-style chemistry where the 
reaction can be terminated by an organic ‘anion’ (or 
hydride) via transmetallation from, for example, an 
organostannane [31]. 

5. Alkyl halides 

Alkyl halides (and tosylates) can be coupled with 
aldehydes using CrCl, in DMF under Co catalysis 
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(eqn. (19) [32]). The reaction has been postulated as 
passing through an organocobalt intermediate which 
cleaves to an alkyl radical. 

R’VX &Cl,, cat. Con, RCHO 
t RJR 

fi 

crm CP 

co’ & co= z 
(19) 

R’VCO”’ 

Support for this process is found in an elegant 
tandem carbon-carbon bond-forming process (eqn. 
(20)) which can be envisaged as proceeding via 5-exo- 
trig radical cyclization, and reduction of the resulting 
new radical to an alkylchromium prior to coupling to 
an aldehyde. The sequencing of free-radical steps and 
organometallic chemistry in a single operation is likely 
to be a rich source of tandem C-C bonding forming 
reactions in the future [33]. 

I CrC12, cat. cobalt 
phthalocyanine PhCHO 

-loi; 
71% (2O) 

DMF, 3O”C, 1 h 
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