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Abstract—Using CrCl, in THF at room temperature, trichloromethyl carbinols and trichloromethylalkanes are readily transformed
to the highly reactive a-chlorocarbenes, carbynes and a-chloro-a-chromium(III) vinylidene carbenoids. A mechanistic study is

carried out to determine the nature of the intermediates.
© 2007 Elsevier Ltd. All rights reserved.

As part of our continuing investigation of organochro-
mium methodology, we report herein the mechanistic
study of transformations with chromous chloride in
THEF. Previous studies have identified a chromium vinyl-
idene carbenoid as the penultimate intermediate in the
reaction of 1,1,1-trichloroalkanes.! The observation of
hydride migration led us to postulate new intermediates
for the chromium(IT)-mediated transformation of these
trichloromethyl derivatives. To provide a rationale for
this result we propose a carbene and a carbyne as key
intermediates.?

As a starting point we have assumed that the formation
of covalent Cr-alkyl intermediates proceeds initially
through the insertion of chromium(Il) into a C-CI
bond. Formally, the reduction of one C-Cl bond by
Cr(II) involves two consecutive single-electron transfers,
thus accounting for 2 equiv of CrCl,.> Depending on the
electronic environment and the solvation of the
chromium(II) salt, reactions pathways may differ. Com-
mercial chromous chloride was previously found to be a
mixture of anhydrous CrCl, and CrCl,-2H,0 so CrCl,
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in our reactions is assumed to be solvated by THF
and H,O.! Thus we assume a general complex:
CrCl,,nTHF-(6-n)H,O and oligomers.

The results of aromatic, aliphatic, and allylic 1,1,1-tri-
chloroethyl derivatives upon treatment with CrCl, are
summarized in Table 1 (entries 1-6).* 1-Chloro-1-alk-
enes 2, terminal alkynes 3, and terminal alkenes 4 are
observed as a consequence of competing pathways
(Eq. 1). Interestingly, the alkyne was observed without
heating of the reaction mixture as described in our pre-
vious results.!

The formation of chloroolefin 2, obtained from 1,1,1-tri-
chloroalkane 1, was previously described to occur via a
I-chloro-1-chromium(IIl) vinylidene carbenoid inter-
mediate 7 (Scheme 1):!> the unstable 1-chloro-1,1-bis-
chromium(IIl) alkane carbenoid 6 generated by the
reduction of two C—Cl bonds undergoes a syn B-elimina-
tion of chromium hydride and gives the known chloro-
vinylidene carbenoid, which was previously proven to
have a nucleophilic character.!-®

In presence of water, chloroolefin 2 is formed. As a con-
sequence of the steric requirements of the bis-chromium
intermediate 6, the stereochemistry of chlorovinylidene
carbenoid 7 is selectively trans, and (Z)-2 is obtained
as the major compound. The formation of 1-chloro-2-
di-1-alkene 2-d; (entries 3 and 5) is consistent with this
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Table 1. Results of the reduction of trichloroalkanes by chromium(II)
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CrCl (H/D) (H/D)
(H/D). (H/D) 2 (H/D)
R>\CCI3 \C | + H)Y /1
1/1-d, 2/2-d, 2/2d2 (Eq. 1)
(H/D) ’
R—=—(H/D) + R)\r“ (H/D)
3/3-d, 4 / 4-d,
Entry Trichloroalkane Solvent Ratio® (%)
R 2 (Z/E) 2-d, 2-d, 3 3-d; 4 4-d, (E/Z)

1 Phenyl 1a THF 53 (>99:1) 47 <1

2° 4-Biphenyl 1b THF 22 (7:1) 75 3

3 1b-d, THF 0 16 4 0 75 0 5
4 Ethyl-benzene 1c THF 41 (26:1) 59 <1

5 lc-d, THF 0 22 21 <1 57 0 <1
6 Vinyl-benzene 1d THF 95 (20:1) 5 <1

7¢ la THF 55 (13:1) 17 28

8 la THF/H,0 (3:1) 88 (50:1) <1 12

9 1b THF/H,0 (3:1) 89 (30:1) 4 7
10 1b-d, THF/H,0 (3:1) 89 0 <1 3 0 8 (3:1)
11 1c THF/H,0 (3:1) 92 (40:1) 5 3
12 1d THF/H,0 (3:1) 94 (60:1) <1 6

#GC analysis of crude material.
> GC analysis of the crude material is consistent with isolated yields.
¢ CrCl, pretreated with an equimolar amount of water.
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Scheme 1. Transformation mechanism of trichloroalkanes.

mechanism; however, 1-chloro-1,2-d,-1-alkene 2-d, can-
not be a result of the chlorovinylidene carbenoid hydro-
lysis. A second mechanism proceeding through 1,1-
dichloro-1-chromium alkane carbenoid 5, obtained by
the reduction of one C-Cl bond, would give, after fur-
ther o-elimination of CrCls, a-chlorocarbene 8. The
organochromium species most likely undergoes a rehy-
bridization by placing a positive charge in a p orbital

to produce a tight ion pair, and the formation of a chro-
mium(IIT)-carbene complex is postulated.” An intra-
molecular rearrangement involving a 1,2 migration of
hydride then gives 1-chloro-1-alkenes 2. Alkyne forma-
tion appears to proceed through a chlorovinylidene
carbenoid. In the absence of an electrophile, the carb-
enoid species most likely rehybridizes and undergoes
a-elimination of CrCls to give vinylidene 9. 1-Alkynes
3 arise from a Fritsch—Buttenberg—Wiechell (FBW) rear-
rangement.® An alternative mechanism postulates the
formation of a carbenyl anion equivalent: carbyne 10
obtained through an a-elimination of CrCl; from 1-
chloro-1,1-bis-chromium alkane carbenoid.? Subsequent
1,2 migration of hydride affords 1-chromium(III) alkene
11 and syn B-elimination of chromium hydride gives 1-
alkyne 3. Both pathways rationalize the formation of
1-d,-1-alkynes 3b-d; and 3c-d; from 1,1,1-trichloro-2,2-
d>-alkanes 1-d, (entries 3 and 5). Hydrolysis of 1-chro-
mium(III) alkenes affords 1-alkenes and is consistent
with the formation of bis-deuterated compound 4-d,
from 1-d,. Notably, 1,1-dichloroalkenes do not react
with chromium(II) chloride under these reaction condi-
tions, thus excluding them as intermediates in the overall
transformation, and no deuterium-hydrogen exchange
from terminal alkynes could be observed.’

In a THF-water biphasic medium, chloroolefins 2 are
also observed (Table 1, entries 8-12). However, the
transformation of 1,1,1-trichloro-2,2-d>-alkanes 1-d,
leads only to mono-deuterated 1-chloro-2-d,-1-alkene
2-d; (entry 10). The mechanism through 1-chloro-1,1-
bis-chromium(III) alkane carbenoid 6, which then
undergoes a P-elimination, is probably involved
(Scheme 2). The formation of alkenes 4 would also
involve 6 as an intermediate through an a-elimination.
In spite of the heterogeneous medium, water probably
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/{—CCI CrCl, cl CrCl,
Rwpy® THE 7 gy THFH0 R7-(H/D)
12a/12a-d, 13a/13a-d, 14a/14a-d; R =phenyl
12¢/12c¢c-d, 13c/ 13c-d, 14c / 14c-d; R = ethylbenzene

Scheme 2. Reduction of trichloromethylcarbinols.

increases chromous chloride reactivity by solvation and
favors the second reduction of a C-Cl bond by Cr(II),
thus precluding a rehybridization of 1,1-dichloro-1-
chromium alkane carbenoid 5 to a-chlorocarbene 8.

Contrary to what we previously reported,'® the reduc-
tion of trichloromethylcarbinols 12 with CrCl, in anhy-
drous conditions gives a-chloromethyl ketones
exclusively that can be readily reduced to methyl ketones
with CrCl, in an aqueous medium (Scheme 2). 2,2,2-Tri-
chloro-1-phenylethanol 12a and 1,1,1-trichloro-4-phen-
ylbutan-2-ol 12¢ produce 2-chloroacetophenone 13a
and 1-chloro-4-phenylbutan-2-one 13¢, respectively,
with complete conversion, upon treatment in THF
with CrCl, at room temperature.!! The formation of
o-chloromethyl ketones 13 proceeds via an insertion
of chromium into a C-Cl bond (Scheme 3). B-Oxy-di-
chlorocarbenoid species 15 then undergoes an a-elimina-
tion of CrCl; to give B-oxy-o-chlorocarbene 16. 1,2
Hydride migration converts intermediate 16 into an o-
chloroenol in equilibrium with o-chloromethyl ketone
13. No further reduction occurs in anhydrous condi-
tions, but with the addition of water, the C—CI bond is
reduced by CrCl, to give methyl ketones 14 in quantita-
tive yield (Scheme 2). The 1,2 hydride migration is con-
sistent with the formation of 2-chloro-2-d;-methyl-2-
ketones 13a-d; and 13c-d; from 1,1,1-trichloro-2-d;-2-
alcohols 12a-d; and 12c¢-d;, then converted to 2-d;-
methyl-2-ketones 14a-d; and 14c¢-d; in aqueous
conditions.

In a THF-water biphasic medium, chloroolefins 2, ter-
minal alkynes 3, and methyl ketones 14 are obtained
from trichloromethyl carbinols 12 and CrCl, (Eq. 2);!?
results are summarized in Table 2.'>'4 The formation
of 1-chloro-2-d;-1-alkene 2-d; from 2,2,2-trichloro-1-
d;-1-phenylethanol 12-d; does not suggest that a 1,2 hy-
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Scheme 3. Transformation mechanism of trichloromethylcarbinols.

dride migration has taken place, however the formation
of by-products 3a-d; and 14a-d; does (entry 4). The
mechanism of reaction in aqueous conditions is funda-
mentally different. The presence of water increasing
the solubility of CrCl, in the medium may make a sec-
ond C—-CI bond reduction faster than the o-elimination.
We propose a second C-Cl bond reduction by CrCl,
from the B-oxy-dichlorocarbenoid species 15 (Scheme
3, 15—17), as described for trichloroalkanes reduction,
then further syn p-elimination of chromium hydr-
oxide generates the 1-chloro-1-chromium(III) vinylidene

Table 2. Results of the reduction of trichloromethylcarbinols by chromium(II)

OH CrCl, (H/D) 0
RA-CClg /\/H + R=—(HD) + _X_(HD)
(H/D) R
(Ea.2)
12/12-dy 2/2-d, 3/3-d, 14a/ 14a-d,
Entry Trichloromethylcarbinols Solvent Ratio® (%)
R 2 (Z/E) 2-dy 3 3-d; 14 14-dy
1° Phenyl 12a THF 15 7 78
2 Phenyl 12a THF/H,0 (3:1) 88 (99:1) <1 12
3 12a THF/H,O0 (1:1) 87 (99:1) 5 8
4 12a-d, THF/H,O0 (1:1) 94 2 4
5 Ethyl-benzene 12¢ THF/H,O0 (3:1) 65 (99:1) 8 27
6 12¢ THF/H,O0 (1:1) 74 (70:1) 20 6

#GC analysis of crude material.
° CrCl, pretreated with an equimolar amount of water.
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carbenoid intermediate 7, which is quenched with water
to lead to chloroolefins 2. a-Chloromethyl ketone 13 is
likely to be reduced under aqueous conditions to give
chromium(I1I)-enolate 19, which undergoes either a B-
elimination to give alkynes 3 or a hydrolysis to generate
methyl ketone 14. Alternatively, enol 19 may be formed
through the rehybridization of 1-chloro-1,1-bis-chro-
mium(IIT) methylcarbinol carbenoid 17 and a subse-
quent 1,2 hydride migration (17—18—19).

In summary, we have demonstrated that trichloromethyl
alkanes and carbinols undergo chromium(II)-mediated
transformations to chromium(IIl)-carbene (8 and 16)
and —carbyne complexes (10 and 18). We do not demon-
strate the predominance of a single reaction mechanism
to the exclusion of all other alternatives, but competitive
mechanisms have been proposed which account for the
nature of the observed products: after further transfor-
mations, carbenes afford various alkenes (2 and 4), alky-
nes (3), and ketones (13 and 14).
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