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A new efficient and selective synthesis of ketones from alkanes
or cycloalkanes, CO, and silanes in the presence of aprotic superacids
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A new approach to the direct synthesis of ketones from alkanes or cycloalkanes (RH),
CO, and silanes is proposed. Ketones were obtained in 50—97% vyields from propane,
butane, cyclopentane, cyclohexane, and methylcyclopentane on treatment with CO and
silanes (MegSi, Et,Si, or m- and p-XC¢H, SiMe;, where X = Cl, Me, OMe) in the presence
of CX4 - 2AlBry (X = Br, Cl) superacids at 0 °C. The reactions with m- and p-XCgH, SiMe;
(X = Cl, Meg) occur regioselectively to give m-ketones from m-silanes and p-ketones from
p-silanes. However, the only product, p-MeOCgH,COR, is formed both from m- and
p-MeOC;H SiMe;. The reaction of cyclo-CsHyCO* with BzSiMe, results in an organosilicon
ketone, Me SiCH,CgH4COCsHg, while in the presence of an excess of an acylating system
(after alconolysis), Me;Si{OR"JCH,CgH4COR is formed.

Key words: alkanes, cycloaikanes, functionalization with CO and silanes; organosilanes;
carbon monoxide; acyldesilylation; polyhalomethanes, complexes with aluminum halides;

aprotic superacids.

Selective synthesis of organic compounds directly
from accessible alkanes and cycloalkanes is one of the
most important problems of organic chemistry. Although
significant success has been achieved in alkane chemis-
try over the last 20—25 vears,!™* examples of direct
functionalization of alkanes and cycloalkanes are rather
infrequent. In addition, nonselectivity is a drawback of
the majority of alkane reactions whose initiation re-
quires hard systems. [n the present work, we suggest a
new simple and efficient approach to the synthesis of
ketones from alkanes or cycloalkanes, CO, and organo-
stlanes.

Previously,5~11 we found that polyhalomethanes
combined with aluminum halides behave as extremely
strong aprotic organic supcracids, which efficiently ini-
tiate various transformations of n-alkanes and cyclo-
alkanes, including their setective functionalization.

Results and Discussion

Reactions of alkanes” and cycloalkanes®? with CO
occur according to the Koch—Haaf mechanism!? in-
volving carbocation generation from a saturated hydro-
carbon followed by addition of CO and formation of an
acylium cation. Alkyl carboxylates’™™9 and an aldehyde
(in the case of adamantane, AdH)!? have been obtained
in high yields and with high selectivity using acylium
cation trapping agents (an alcohol or methyleyclo-
pentanc).

Using a similar approach, we attempted to utilize
silanes as donors of alkyl and ary! groups for the initially
formed acylium cations. This approach made it possibie
to synthesize ketones from alkanes and cycloalkanes.
The reactions occur in high yields (50—97% with re-
spect to the clectrophile (E)) and with high selectivity,
and in some cases regiosclectively.

R’SIR,

AH -Erw R* —%» RCO* ——-(-b-)-l> RCOR’

RH = PrH, Bu™H. cyclo-CgHyq. €yClo-CeHyz. cyclo-CsHgMe;
E = CCl,- 2AIBr3; CBrg- 2A1Br3; R* = Me, £, m-MeCgH,,
D-M9C6H4, m-ClC5H4, p-ClCaHd; m-MeOC5H4, p-MeOC,;H.;;
R'SIR"; = Me,Si, Et,Si, m-XCgH4SiMey, p-XCgH SiMey

(X = Cl, Me, OMe)

The reactions of alkanes and cycloalkanes with CO
were carried out at atmospheric pressure at temperatures
from —20 to 0 °C in CH,Bry for 1 h (step a). After
adding a silane, the reaction was continued in a CO
atmosphere for 15—30 min at the same temperature
(step b). The structures of the ketones obtained were
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confirmed by their mass spectra. The positions of sub- Ketones of the cyclopentyt series, cyclo-CsHoCOR”,
stituents at the aromatic ring were determined from 'H are formed from cyclopentane (Table 1). The reactions
NMR spectra. starting from cyclohexane or from methylcyclopentane

Table 1. Direct synthesis of ketones from alkanes (cycloalkanes), CO, and silanes or aromatic hydrocarbons?
on treatment with CCl, - 2AlBry (E) in CH,Bry at 0 °C

RH Silane Ketone
Structure Yield (mol.% with
respect to E)
Cl
PriH m-CIC¢H,SiMe; Pr‘COO 72
PrH p-CICGH,SiMe, PHCOOCI 97
Cl
BurH® m-ClCqH, SiMe; EtCH(Me)CO@ 50
eyclo-CsH g Me,Si O‘COMe 97
cyclo-CsHyg  EtySi [:>-—cos-:z 68
Cl
cyclo-CsH g m-CICgH SiMe, QCO 81
M
O
cyclo-CsH;g  p-CICH4SiMey O-c -@-m 98
"
0
Me
cyclo-CsH g m-MeCgH SiMe; O—F O 65
i
O
cycio-CsHyg  p-MeCgH,SiMe, O—c —@—Me 66
i
0]
cyclo-CsH g PhMe O-C —@—Me 92
i .
. O‘—C OMe
cyclo-CsH g m-MeOCgH,SiMe; él) 60
cyclo-CsH g PhOMe O——ﬁ‘@OMe 81
0

cyclo-CgHy;  MegSi QCOMe 87
O—COMe 30

C}'C{O-CGH 12 !\‘1!745&“

(to be continued)
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Table 1 (continued)

RH Silane

Ketone

Structure

Yicld (mol.% with
respect to E)

Ci
cyclo-CgHyy  m-CICgH,SiMe; Qc-—@ 59
1]
o)

cyclo-CgH 3 p-CIC¢HSiMe;

it
Q

a A silane was added to the reaction mixture containing an acylium cation obtained from a hydrocarbon
and CO in CH;Bry at 0 °C in { h, and the reaction was continued for 1530 min. Treatment with an

alcohol or water gave a ketone.

4 Carbonylation was carried out at =20 °C in the presence of CBry* 2AlBr;, and the subsequent reaction

with a silane was carried out at 0 °C for 30 min.

¢ Carbonylation was carried out at —40 °C for 1 h, and the subsequent reaction with Me,Si was carried out

at =20 °C for 30 min.

afford either pure ketone cyclo-C¢H;(COR" (1) or a
mixture of compound 1 and cyelo-1,1-MeCsHgCOR’
(2) in a ratio depending on the reaction temperature. In
order to obtain pure ketone 2, the carbonylation of
cyclohexane was carried out at —40 °C, ie., under the
conditions of the formation of cyc[o—l,l-Mc:CSH,;CO“,9
but transfer of the methyl group from Me,Si was not
observed at this temperature. The reaction of
1,1-MeCsHgCO™ (synthesized from cyclohexane and
CO, —40 °C, | h) with Me,Si at —20 °C for 0.5 h gives
a mixture of two isomeric ketones 1 and 2 in 1.0 : 1.6
ratio. At 0 °C, both cycloalkanes give rise only to ketone
1. The reaction starting from propane gives exclusively
the Pr'COR’ ketones (sce Table 1).

We recently found that carbonylation of butane on
treatment with CO in the presence of CBry- 2AlBr; or
CCl, - 2A)Br; in CH;Bry at =20 to 0 °C for | h followed
by hydrolysis (or alcoholysis) gives pivalic acid (or its
ester) as the main product (in 80% yield). The yield of
an isomeric product EtCH(Me)COOH (or its ester) is
no higher than 20%.'3 In view of this, it was surprising
that the reaction of BuCO* with m-CIC¢H, SiMe; gives
m-CIC(H,COCH(Me)Et instead of the expected
m-ClCH,COCMe; (see Table 1).

We demonstrated that the use of activated arenes
(toluene or anisole) as trapping agents for acylium cat-
ton cyclo-CsHgCO* generated in situ makes it possible
to obtain individual p-substituted ketones CsHyCOAr
(where Ar = CgH Me, CcH,OMe) in high yields.

It should be noted that the use of silanes for the
synthesis of aromatic ketones has a number of advan-
tages in comparison with the use of arenes. First, passi-
vated arenes (chlorobenzene), unlike activated ones (tolu-
ene, anisole), are not acylated under the reaction condi-
tions. For example, cyclo-CsHgCO™ virtually does not
react with C¢H4Cl at 0 °C in CH;3Bry; at 20 °C, the
conversion of chlorobenzene increases markedly, but

diarylmethanes CIC4H4CH,C4H,Cl and products of their
cycloalkylation, CICaH,CH,CcH1(CHR (R = CsHy,
CsHy), are formed instead of carbonyl-containing
aromatic compounds. On the contrary, m- and
p-CICcH,4SiMe, give the corresponding ketones at 0 °C
in 15 min in 81 —98% vyields (see Table 1).

The second important advantage of using silanes
(both those with activating and passivating groups) is the
regioselectivity of the synthesis of aromatic ketones. For
example, it was found that if substituent X cannot
coordinate with an electrophile (X = Me, Cl), reactions
starting from the m-XCgH;SiMe; silanes give the
m-XC¢H,COR ketones, while those starting from
p-XCyHSiMe; afford the p-XC¢HCOR ketones, cor-
respondingly. The regioselectivity of these reactions in-
dicates that the reaction of RCO* with aromatic silanes
probably occurs by the acyldesilylation involving /pso-
attack (Scheme ).

Scheme |

+ RCO*AIZBr{
SiM e,

X
SiMe,
- { lBre-ALBr,
o
T3
0
X
— @\ + Me,SiBr
COR

—_—

————r
~ALBrg
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The acyldesilylation of substituted trimethylphenyl-
silanes on treatment with RCOCI - AICl; has been re-
ported previously. 415 The particular feature of the sug-
gested method for the synthesis of ketones is the use of
acylium salts prepared in situ from alkanes (cycloalkanes)
and CO in the presence of aprotic superelectrophiies.
Although reactions of activated arenes (toluene, anisole)
with RCO™* occur readily and in high yields, only para-
isomers can be obtained this way.

There are two facts deserving special comment. First,
the reaction of m-MeOCgH, SiMe, with cyclo-CsHyCO*
gives p-MeOC¢HCOCsHy (which is identical to that
obtained from anisole and cyclo-CsHgCO™) instead of
the expected meta-ketone. This result is quite unexpected,
especially considering that regioselective acyldesilylation
of m-MeOC¢H,SiMe; on treatment with the PhCOCI—
AlICl;—CS; system is known {Scheme 2).}5

Scheme 2

O-CO‘A!ZCL,'
OMe
e

OMe

OMe

SiM €,

PhCOCI-AICL,~CS,

COPh

Scheme 3

MeQ: —»E*

MeO:
+
SiMe3 SiMe,

E= O—cowzx,‘

MeQ:~»E*
& @_.COC5H9
'SiMe,
— MeQ:—»E*
T
@SiMes
CH,Ca H
MeO:~+E" MeC

——— e
-Me ;SiX

COC,H,

It is possible that the reason of the formation
of para-isomers in the reaction with CsHgCO* is
the initial coordination of the methoxy group with the
bulky superelectrophilic complex, which creates con-
siderable steric hindrance against the subsequent
ipso-attack of the meta-position by the bulky electrophile.
Probably, because of this the acylium cation attacks the
silane at the para-position, and the trimethylsilyl
group in the Wheland complex formed is intramole-
cularly replaced by a proton (Scheme 3). The fact
that acyldesilylation does not occur when CsH,CO*
is present in tenfold excess with respect to
m-MeOC¢H,SiMe; is consistent with the above as-
sumption and decreases the probability of the alternative
scheme involving protolytic cleavage of the initially
formed ketone, CsHyCOC H3(OMe)SiMe,.

In the reaction of CsHgCO™ with p-MeOCH,SiMe,
complexation at the methoxy group does not hinder
acyldesilylation.

The second unusual fact mentioned above is the
formation of the m-CIC(H,COCH(Me)Et ketone in-
stead of the expected m-CIC¢H,COCMe; product in the
reaction of butane, CO, and m-CIC¢H, SiMe;. This
result can be explained by the assumption that due to
steric factors, acyldesilylation occurs only with the less
bulky cation, Et(Me)YCHCO™. The reaction of the latter

with the silane shifts the equilibrium towards
Et(Mc)CHCO™* (Scheme 4).
Scheme 4
Me,C' =g EtCHMe
| J oo
Me,CCO* EtCH(Me)CO*
Ci
Me ccot
.-COCMe,
cl {
SiMe,
— Cli
SiMe, EtCH{Me)CO "
_.COCH{Me)Et
“SiMe,
Cl
CQOCH(Me)Et

The effect of steric hindrance is probably also re-
sponsible for the absence of ortho-isomers among the
products of reactions of acylium salts with arenes.

The reaction of Me3SiCH,Ph with CgHyCO* occurs
by acylation of the starting silane to give an organosilicon
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ketone, Me;SiCH,CgH,COCH,, in quantitative yield.
When an excess of cyclo-CsHgCO™ with respect to
benzylsilane is used, one of the Si—Me bonds of this
organosilicon ketone is cleaved, and alcoholysis with
R’OH gives ketones Me,Si(OR")CH,C¢H,COR (R™ =
Et, Pr) in 40—50% yields.

MegsiCHZPh + CSHQCO{» —— MagsiCH2C6H4COCSHg —

Fapym )
CHGCO AKX MeySi(X)CH,CqH COCsHg B0t

—+ Me,Si(OR")CH,CgHCOCsHg

In addition to the examples mentioned above, 415 it
was also reported!s that refluxing of a mixture of
RCOCI-AICH (R = Alk, Ar) with MegSi, Et,Si in
CH,Cl, for 18 h resuits in the formation of RCOR’
ketones in 30—80% yields.

The new, simple, and selective, and in some cases
regioselective, method for the preparation of ketones
from alkanes and cycloalkanes developed in this work
can be recommended for organic synthesis.

Experimental

The reaction mixtures were analyzed by gas chromatogra-
phy (GC) on a Finnigan 900! chromatograph with a flame
ionization detector (DB-5.625 quartz capillary column,
30 mx0.3 mm column, helium as the carrier gas) in a linear
temperature programming mode. GLC-MS analysis was per-
formed using a similar capiflary column. Mass spectra werc
recorded on an AET MS 1073 instrument (ionization energy
70 eV). 'H NMR spectra were recorded on a Bruker AMX-400
spectrometer (400.13 MHz) in CD,Cl; using SiMey as the
internal standard.

Reaction with propane (general procedure). A mixture of
anhydrous AlBry (0.56 g, 2.1 mmol) and CBr, (0.35 3,
1.0 mmol) was placed in a two-necked round-bottomed flask
(50 mL) equipped with a magnetic stirrer, and CH,Br; (1 mL)
was added with stirring. The homogencous solution that formed
was cooled to 0 °C, and the flask was filled with a gas mixture
containing propane and CO in 1.0 : 1.3 ratio. The contents of
the flask were stirred for I h at 0 °C under a smal excess
pressure of the gas mixture, then m-CIC¢H,SiMe; (0.16 g,
0.86 mmol) was added, and the mixture was stirred for 0.5 h.
PriOH (3 mL) was added after that. After another 15 min, the
reaction mixture was treated with water (20 ml.). The organic
products were extracted with CH;Bry, and the extracts were
dried with MgSQO, and analyzed by GC using benzophenone as
the internal standard. According to GC data, 0.113 g
(0.62 mmol) of m-CIC¢H,COPri (yield 72%) and a small
amount (4%) of the corresponding para-isomer were formed.

A similar procedure starting from AlBr; (0.62 g, 2.3 mmol),
CBry (0.38 g, 1.15 mmol), and p-CIC¢H,SiMey (0.18 g,
0.97 mmol) in the presence of a propane—CO mixture gave
0.174 g (0.95 mmol) of p-CIC¢H,COPr (yicld 97%): the
meta-isomer was not present.

Reaction with n-butane (general procedure). AlBry (1.0 g,
3.7 mmol), CBry (0.62 g, 1.85 mmol), and CH,Br; (1 mL) were
pliced in a two-necked round-botiomed flask (S0 mL) equipped
with a magnetic stirrer. The homogeneous solution that formed
was cooled with stirring to —20 °C. Afier 10 min, liqud

n-butane (1 mL, 0.6 g, 10 mmol) was added, the flask contents
were stirred for 1 h under a small pressure of CO, and then
m-CICgH, SiMe; (0.27 g, 1.47 mmol) was added. The reaction
mixture was stirred for 15 min at =20 *C and for 0.5 h at ¢ °C,
then EtOH (3 mLl) was added, and the mixture was treated with
water (20 mL) after another 30 min. The organic products were
extracted with CH,Bry, and the extracts were dried with MgSO,
and analyzed by GC using benzophenone as the internal stan-
dard. According to GC data, 0.142 g (0.73 mmol) of
m-CIC¢H4COCH(Me)Et (vield 50%) was formed.

Reaction with cycloalkanes (general procedure). A mixture
of anhydrous AlBr; (2 mmol) and CCl, (1" mmol) in CH,Br,
(0.5 mL) was stirred for 5 min on a magnetic stirrer. The flask
containing the reaction mixture was cooled with liquid nitro-
gen, and 5 mmol of cyclopentane (or 1.2—2.0 mmol of
cyclohexane or methylcyclopentane) was added. The reaction
flask was again cooled, evacuated, and connected to a system
for feeding CO at atmospheric pressure. The reaction mixture
was stirred for | h at 0 °C on a magnetic stirrer, a silane
(I mmol) was added, and the mixture was stirred for an
additional 15—30 min at the same temperature. The reaction
mixture was treated with EtOH (1 mL}, and a standard (nonan-
2-one or cyclododecanone) was added. The mixture was pourcd
into cald water and extracted with ether. The organic layer was
washed with a NaHCO; solution and water and then dried
with Na;SOy. The results of the experiments are given in
Table 1.

" m-Chloropheny! isopropyl ketowe. MS, m/z (1, (%)): 182
[M™] (12), 139 (100), 111 (49), 76 (8), 75 (30), 51 (10), 50
(15). "H NMR, & 791 (1, | H, J = 1.8 Hz); 7.82 (dt, | H,
J =78 Hz, 1.4 Hz); 752 (ddd, | H, J = 7.9 Hz, 1.1 Hz,
1.1 Hz); 742 (t, | H, J = 78 Hz); 349 (m, | H, /=
6.8 Hz); 1.18 (d, T H, J/ = 6.8 Hz).

p-Chlorophenyl isopropyl ketone. MS, m/z (£, (%)): 182
[M™*] (5), 139 (100), 111 (28), 76 (6), 75 (20), 51 (11), 50 (8).
'H NMR, 6: 787 (d, 2 H, /=85 Hz); 743 (d, 2 H, J =
85 Hz); 349 (m, I H, /= 68 Hz); 1.16 (d, 6 H, J =
6.8 Hz).

But-2-yl m-chlorophenyl ketone. MS, m/z (1, (%)): 196
[M*] (3), 168 (6), 161 (6), 139 (100), 111 (28), 76 (6), 73
(17), S(11). YH NMR, 8: 789 (1, t H, J = 1.8 Hz); 7.80 (dt,
| H,J= 78 Hz, 1.4 H2); 753 (ddd, | H, J = 7.8 Hz,
1.h Hz, 1.1 H2); 743 (¢, L H, J = 7.8 Hz); 2.2 (m, 2 H);
1.15(d, 3 H, /=69 H2),; 086 (1,3 H, J =74 Hz).

Acetylcyclopentane. MS, m/z (I, (%)): 112 [M*] (31), 97
(9), 71 (53), 69 (67), 68 (24), 43 (100), 41 (69).

Propionylcyclopentane. MS, m/z (I, (%)): 126 [M*] (5},
97 (11), 70 (7), 69 (100), 67 (12), 43 (6), 41 (73).

m-Chlorophenyl cyclopentyl ketome. MS, m/z (I, (%)):
208 [M™] (5), 173 (17), 167 (16), 141 (35), 139 (100), 111
(30), 75 (19), 69 (13), 67 (15). 'H NMR, 5:8.29 (1, I H, J =
2.1 Hz, 2.1 Hz); 8.19(dt, 1 H, / =7.4 Hz, 2.1 Hz, 1.1 Ha);
7.89 (ddd, t H, J = 7.4 Hz, 2.1 Hz, 1.1 Hz); 7.77 (¢, | H,
J = 7.4 Hz, 7.4 Hz).

p-Chlorophenyl cyclopentyl ketore. MS, m/z (/.. (%)): 208
[M™] (5), 167 (13), 141 (32), 139 (100), 113 (6), 111 (23), 75
(15), 69 (6). '"H NMR. 8: 7.90 (m, 2 H, J = 8.6 Hz); 7.43
(m, 2 H, J =86 Hz).

Cyclopentyl m-tolyl ketone. MS, m/z (£, (%)): 188 [M™]
(16), 173 (1), 147 (6), 120 (10), 119 (100}, 9t (40), 65 (13), 55
(5), 51 (13).

Cyclopentyl p-tolyl ketone. MS, m/z (1 (%)): 188 [M*] (),
173 (5), 147 (7), 120 (11}, 119 (100), 91 (35), 65 (13), 535 (4).
TH NMR, 6:8.25(d,2H, J =8 Hz), 764 (d, 2 H, J =8 Huz).

Acetylcyclohexane. MS, m/z (1, (%)): 126 (M*] (20), 111
(7), 108 (2), 97 (2), 83 (55), 71 (31), 67 (18), 55 (100).
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1-Acetyl-1-methylcyclopentane. MS, m/z (I (%)): 126
[M*) (7), 111 (3), 108 (2). 95 (1), 83 (100), 82 (30), 81 (7},
79 (4).

Cyclohexyl m-tolyl ketone. MS, m/z ({4 (%)): 222 [M™]
(14), 187 {28), 169 (11), 167 (24), 154 (16), 141 (39), 140
(14), 139 (100).

Cyclohexyl p-tolyl ketone. MS, m/z (I, (%)): 222 [M7]
(9), 187 (17), 169 (7), 167 (16), 154 (12), 141 (53), 140 (12),
139 (100), 108 (2), 95 (1), 83 (100), 82 (30), 8! (7), 79 (4).

Cyclopenty! p-methoxyphenyl ketone, MS, m/z (I, (%))
204 [M*] (6), 173 (6), 137 (7), 135 (100, 107 (5), 92 (8), 77
(10), 64 (7), 55 (4). 'H NMR, 5: 7.94 (m, 2 H, J = 9.0 Hz),
6.94 (m, 2 H, J = 9.0 Hz).

Cyclopentyl p-(trimethylsilylmethyl)phenyl ketone. MS, m/z
(1e1 (%)): 260 [M*] (23), 245 (4), 191 (22), 155 (4), 75 (6), 73
(100), 45 (10), 41 (8).

Cyclopentyl [p-dimethyl(ethoxy)silylmethyl]phenyl ketone.
MS, m/z (1.4 (%)): 290 [M*] (22), 244 (18), 170 (18), 103
(100), 75 (49), 59 (20), 45 (10), 41 (19).

Cyclopentyl [p-dimethyl(isopropoxy)silyimethyl]phenyl ke-
tone. MS, m/z (1,4 (%)): 304 [M™] (14), 261 (8), 117 (33), 104
(4), 75 (100), 69 (5), 45 (10), 41 (19).
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33255, 96-15-97341, and 97-03-32986) and the U.S.
Civilian Research and Development Foundation (Grant
CRDF RC1-274, prop. 506).

* 5

The authors of this paper were lucky to have been
working together with Mark Efimovich Vol pin, one of
them for 40 years, some for 20 years, others for much
shorter periods. But even those who have spent a rather
short time in his laboratory could not but feel the scale
of this scientist. Vol pin was endowed with a rare intu-
ition and had the will to utter his most fantastic ideas in
such a way as to be heard. His interests ranged very
widely, and his curiosity was infinite. He was never
bound by the limits of any narrow direction of chemistry
or even any single field of science. He took interest only
in big problems, and he always suggested simple and
unexpected solutions. Being quite free in his creative
work, he also gave his colleagues a lot of freedom,
leaving to himself the role of an arbiter and a producer,
who at a dress rehearsal just slightly changes the make-
up, and then, on finishing a play, suddenly switches the
troupe to something quite different, completely chang-
ing the play style and the scenery. The present work was

performed without Vol pin, but we constantly felt his
appraising look.
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