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Functionalization of saturated hydrocarbons by
aprotic superacids
5.* Regioselective carbonylation of propane in an organic solvent initiated by aprotic
organic superacids CX;*nAlBr; (X = Br, Cl; n = 1 or 2)
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Aprotic organic superacids CX, - nAlBry (X = Br, Cl; n = | or 2) are effective initiators
of carbonylation of propane with éO in an organic solvent at —10 to —20 °C.
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Carbonylation of C;,2 C3,3b and Cs—C, 4 alkanes
with CO in protic superacids has been described previ-
ously. It has been found3¢d that the nonselective
carbonylation of propane in an HF—SbFs mixture be-
comes selective in the presence of some halogen-con-
taining compounds (CCl,, CHCI;, Br,, and NaBr) and
gives the PriCO™* cation as the only (or the main)
product. In some cases (for example, when CCly is
used), the degree of conversion of propane also mark-
edly increases. The carbonylation of propane with CO in
the presence of Br, (—10 °C, | h)34 followed by treat-
ment of the reaction mixture with ethanol gives
PriCOOEt, its maximum yield based on propane being
67 % and that based on SbF; being only 11 %.

Conversely, carbonylation of propane catalyzed by
the Pd(OAc),—CuX, system in the presence of K;5,0;
in CF;COOH (80 °C, 20 h) is nonselective.’

Obviously, the reactions in organic solvents contain-
ing aprotic superacids have advantages over the reac-
tions carried out in protic superacids. However,
carbonylation of alkanes carried out under mild condi-
tions in an organic solvent and promoted by electrophiles
has not yet been described.

In the present work we report on the first example of
effective regioselective carbonylation of propane with
CO in CH;,Br, in the presence of aprotic organic
superacids CBry* nAlBry (n = 1, 2), CCl - 2AlBr3, and
CHBr; - 2AlIBr,. Previously these systems have been suc-
cessfully used to initiate cracking, isomerization, and
oligomerization of alkanes;$ ionic bromination of al-
kanes and cycloalkanes with bromine;’ carbonylation of
cyclopentane 8 cyclohexane, and methylcyclopentane®
with CO; and formylation of adamantane.!0

* For Part 4, see Ref. |.
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In the presence of aprotic superacids listed above,
propane reacts with CO at —20 °C to give, after the
treatment of the reaction mixture with isopropyl! alco-
hol, PCOOPr (1) in a 92—130 % yield based on the
superacid as the only product (Scheme I, Table 1).
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The activities of the CBr,- 2AlBr; and CBr, - AlBr,
systems are rather similar, that of CHBr, - 2AlIBr, is
markedly lower, and AlBr, in CH,Br, is absolutely inert;
the equimolar complex CCl, - AlBr, is also inert, and
this distinguishes it fundamentally from the correspond-
ing complex of the composition 1 : 2. Other systems
that exhibit high activity in promoting cracking and
isomerization of alkanes at ~20 °C, such as Br, - 2AlBr; !
or SOCI, - 2AIBr,,'? are also inert under the conditions
studied. Thus, the difference in the activities of
superacidic systems with respect to the carbonylation of
propane proves to be much more pronounced than that
in the case of the cracking of the C,—C, alkanes. This
is probably due to the fact that propane is less reactive
than its higher homologs and, consequently, abstraction
of a hydride ion from it requires the presence of a
stronger superacid.
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Selective carbonylation of propane in organic solvent

Table 1. Carbonylation of propane with CO in the presence of
aprotic organic superacids in CH,Br, (=20 °C, 2.5 h)

Superacid CO : CyHy Yield 1
(%, v/v) (mol. %)°
AlBr, 1.2:1.0 0
CBr, - AlBr, 1.2:1.0 114
CBry - 2AlBr, 1.1:1.0 130
CBr, - 2AIBr, 1.7:1.0 119
CBr, - 2AlBr, 1.4 1.0 130%
CBry - 2AlBr, 1.2:1.0 123¢
CCl,* 2AlBr, 1.2:1.0 92
CHBr, * 2AIBr, 1.2:1.0 23

? Based on the superacid.
b Duration of the reaction was 4 h.
¢ The reaction occurs at —10 °C,

The fact that the yield of compound 1 in the reaction
initiated by CBr, - 2A1Br; reaches 1.3 moles per mole of
the superacid is probably explained by the fact that the
CHBr; * 2A1Br; complex formed from CBry « 2A1Br; also
initiates the carbonylation of propane (see Table 1).

From the data of Table 1, one can also see that the
yields of the carbonylation product are slightly depen-
dent on the reaction conditions. In fact, an increase in
the content of CO in the gas mixture, with the CO : C;Hy
ratio changing from 1.1 to 1.7, only slightly decreases
the yield of ester 1 (see Table 1). Conversely, an oppo-
site and more pronounced dependence of the yield of
PriCO* on the CO : C;Hg ratio has been observed
previously in the carbonylation of propane in the pres-
ence of Br, in an HF—SbFs medium; this served as
evidence in support of the suggestion that this reaction
involves the BrCO" cation.3 A scheme involving par-
ticipation of the CCl;* and CHCIl,* cations in the
promotion of the carbonylation of propane has also been
proposed for this reaction3 (Scheme 2).
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Doubts on the correctness of this mechanism were
raised by the data of '3C NMR spectroscopy for the
CCl3* cation, which indicated that this carbocation
possesses only medium electrophilicity. Therefore, it has
been suggested!3 that the reaction (see Scheme 2 (b))
involves superelectrophiles 2, 3, or 4 (Scheme 3).

Russ.Chem. Bull., Vol. 45, No. 5, May, 1996 1155
Scheme 3
—25 4 CL,C*—Cl-»SbF,

CCly* — 2

L cict—crH 0
HF—SbF,
3

— CLC*™ + HCI

4

In one of the recent papers,3¢ structure of cation 5
has also been attributed to the reactive species.

Yy H¥.cl ClL.HTY
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On the basis of the results of quantum-chemical
calculations of the complexes CBry* nAIBry (n = 1, 2,
4) and cations CX;*, CHX,*, CH,X* (X =Cl, Br, or I
but not F), we assume that the key role in the accep-
tance of the hydride ion withdrawn from the alkane
molecule by the CX,* nAlBry systems is played by the
CX3*Y™ complexes (Y = AlBry or Al,Bry). Strictly
speaking, the latter are not carbenium cationic com-
plexes, since the positive charge of the cationic part of
the complex is localized exclusively at the halogen
atoms. More electrophilic though thermodynamically
extremely unfavorable dicationic complexes
[X+*=C=X*]Y,~, which are also responsible for minima
on the potential energy surface,! can hardly be re-
garded as real intermediates of the reaction of propane
with CO, the more so as no difference is observed
between the activities of the systems in which cationic
and dicationic complexes can be generated (CBry - AlBry
and CBry - 2A1Br;). Based on the foregoing we believe
that the superelectrophilic properties of these systems
are due to the halogenium cationic complexes contain-
ing a monocoordinated positively charged halogen atom.
Apparently, the key step of the carbonylation of pro-
pane in the presence of aprotic superacids is the gen-
eration of the isopropyl cation from the alkane; this

Scheme 4
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cation then adds CO according to the Koch—Haaf?®
reaction to give the PriCO™* cation, which is stable
under the reaction conditions (Scheme 4).

An alternative mechanism that includes the attack by
the superelectrophile on CO seems less probable.

Experimental

GC analysis was carried out on a Model’-3700 chromato-
graph equipped with a flame ionization detector (FID) on a
quartz capillary column (25 m x 023 mm, SE-54 as the
stationary phase, temperature programming from 25 °C to
200 °C, rate of heating 8 deg per min).

The reaction products were identified by GC/MS using a
VG 7070E (El, 70 eV) spectrometer equipped with a similar
capillary column. N

Carbonylation of propane (typical procedure). Anhydrous
AlBry (0.5 g, 1.87 mmol) and CBr, (0.31 g, 0.93 mmol) were
placed in a two-necked round-bottom flask (100 mL), and the
mixture was completely dissolved with stirming in | mL of
CH,Br,.

The system was evacuated at —30 °C and filled with a
mixture of propane (3.1 L) and CO (34 L) (1.0 : 1.1, mol/mol)
prepared beforehand in a rubber gas bag. Then the temperature
was rapidly increased to —20 °C, and the solution was stirred for
2.5 h under a pressure of the gas mixture that occurred in the gas
bag. After the reaction was completed, 3 mL of PrOH was
added, the mixture was stirred for an additional 0.5 h at ~20 °C
and hydrolyzed in the cold, and the aqueous layer was extracted
with ether. The combined extracts were washed with a 5 %
solution of NaHCO, and analyzed by GC using hexyl butyrate
as the internal standard. The yield of compound 1 was 0.157 g
(1.21 mmol, 130 % based on CBr,). The target isopropyl
isobutyrate was identified by GC/MS. The MS of PrCOOPF
(EL, 70 eV), m/z (I, (%)): 130 MY (D), 115 [M—Mel* (4), 89
IM~C,HJ" (17), 71 [M—CH 0] (36), 59 [M—C3H7CO]+
(6), 43 [M—C,H,CO0O0] (100).
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