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First examples of the selective carbonylation of C,~C,, linear alkanes to tertiary
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The carbonylation of C¢—C, n-alkanes with CO in the presence of CBr,-2AlIBr; at —40 °C and 1 atm CO leads to the products of
non-destructive carbonylation, i.e., the esters of tertiary carboxylic acids, RIC(Me),COOR and RZ(Et)C(Me)COOR, after the

workup of reaction mixtures with ROH.

Selective reactions of available alkanes and cycloalkanes with
CO are of a great synthetic potential as a direct way to valuable
carbonyl-containing products. Alkanes and carbon monoxide
are not reactive by themselves. Powerful electrophiles, active
metal complexes or free radicals are required to generate active
species capable of reacting with CO:
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Electrophilic (I),! organometallic (II),2 free-radical (III),? but
not nucleophilic (IV) carbonylations were performed stoichio-
metrically and, in rare cases, catalytically. However, the selec-
tivity of alkane carbonylation is generally very poor; particularly,
it is low for higher homologues containing different types of
C-H bonds similar in reactivity. Besides, higher alkanes easily
undergo destructive carbonylation. It is due to the increased
liability of R+, R-ML,, and R’ species for higher homologues,
which are the key intermediates of reactions (I)-(III). It is
a reason why selective reactions with CO are restricted by
C,,2D30) C,,10-2e) Cy,10)8) C,—Cslh alkanes described in
the last years, although the investigations on alkane carbonyla-
tion have been started* since early the 1930s. The carbonylation
of C4—Cy alkanes in proton superacid media occurs non-selec-
tively. At 30 °C and an alkane:SbF5:HF molar ratio of 1:2:10,
hexane forms a complex mixture from tert-C¢H ;COOH (15%
on hexane), sec-C¢H;;COOH (29%), and a series of destructive
carbonylation products, C;—C alkane carboxylic acids (24%),
after hydrolysis of the reaction mixture. Under these conditions,
heptane and octane form only products of destructive carbonyla-
tion.!(©) Heptane produces C,—Cjs acids in comparable amounts,
while n-octane yields predominantly Cj acids. In the presence
of an olefin or an alcohol in H,SO, or H,SO,/Ag* serving as
alkane hydride acceptors, the carbonylations of n-hexane>@ and
n-octane>® were failed: the reactions resulted in the products of
only olefin or alcohol carbonylation. In the presence of Cul in
HSO;F-SbF; or HF-SbF; media, n-octane> reacts with CO to
yield Bul'COOH.

We report here the first examples of carbonylation of linear
hexane, heptane, octane, nonane, and decane leading to the
products of non-destructive carbonylation, i.e., derivatives of
tert-RCOOH acids (where R = C¢H,;, C;H;5, CsH,;, CoH,4 or
C,oH,,). The reactions were carried out at —60 to —20 °C under
atmospheric CO pressure in the presence of the CBr,-2AlIBr;
superelectrophilic system in CH,Br,. The workup of the reaction
mixtures with H,O or PriOH (MeOH) led to corresponding
tertiary carboxylic acids or their esters with of 88—100% selec-
tivities. The reactions proceeded even at —60 °C. At —40 °C, the
yields of esters amounted 74-95% for 1-2 h (C¢—C,) and 54%
for 2h (C,y) (Table 1). The structures of esters 1-10, 12, 13
were proved by 13C NMR spectroscopy and those of esters 1-15
were supported by mass spectrometry.

Ester 4 is identical to the product of cyclohexane carbonyla-
tion in the presence of CBr,-2AlBr; at —40 °C for 1 h.6 Small

amounts of isomeric bromides RBr were formed as by-pro-
ducts. At both —40 and —60 °C, the isomeric mixtures of two
esters were formed preferably with their content being 76—-100%
of the total carbonyl-containing products after PriOH treatment of
the reaction mixtures. They were Alk!C(Me),COOPr! (A: esters
1,5,7,9 and 12) and Alk2C(Me)EtCOOPr! (B: esters 2, 6, 8, 10
and 13) with the ratio A/B (1.6—1.5):1. Practically no other iso-
meric esters were found in the products of C(—Cg alkane carbo-

t Typical procedure for alkane carbonylation. A solution of tetrabromo-
methane and anhydrous aluminium bromide in a molar ratio of 1:2 in
methylene bromide (2 ml per gramme of AlBr;) was cooled to —40 °C
(=20 or —60 °C), and the reaction flask was filled with gaseous CO. Then,
an alkane was added, and the mixture was stirred under a CO atmosphere
at —40 °C (or other constant temperature) for 0.5-2 h. Then, an excess of
PriOH was carefully added, the reaction mixture was left to warm up to
room temperature and additionally stirred for 30 min. After water workup,
extraction with diethyl ether and drying with MgSO,, the reaction pro-
ducts were analysed by GC and GC-MS. For NMR studies, ether and
other light products were distilled from ether extracts.

Selected spectral data.

1, R =Me: MS, m/z (%): 129 (1), 115 (9), 113 (5), 103 (5), 102 (85),
87 (18), 86 (10), 85 (100), 84 (20), 73 (12), 70 (9), 69 (22), 59 (18), 57
(34), 56 (14). 1, R = Pri: 3C NMR (CDCl;, 6 from TMS): 14.26 (Me, 1),
21.38 (Me, 2, ether), 24.87 (Me, 2), 17.85 (CH,, 1), 42.75 (CH,, 1),
66.76 (CH, 1, ether), 37.49 (C, 1), 177.71 (CO, 1). MS, m/z (%): 130
(19), 115 (2), 113 (9), 101 (5), 89(2), 88 (37), 87 (4), 86 (8), 85 (100), 84
(15),73 (4),70(7), 67 (4), 57 (24), 56 (25), 55 (15).

2, R =Pri: BC NMR: 8.50 (Mg, 2), 19.68 (Me, 1), 21.47 (Me, 2, ether),
31.29 (CH,, 2), 66.69 (CH, 1, ether), 41.77 (C, 1), 177.29 (CO, 1). MS,
miz (%): 144 (8), 130 (1), 115 (1), 113 (5), 102 (8), 101 (5), 87 (3), 86
(7), 85 (100), 84 (26), 70 (3), 69 (28), 67 (5), 59 (5), 57 (23), 56 (11), 55
(25).

3, R =Pri: MS, m/z (%): 131 (3), 130 (18), 115 (4), 113 (8), 89 (3), 88
(77), 87 (3), 86 (6), 85 (100), 84 (18), 73 (13), 70 (13), 69 (32), 67(5), 57
(23), 55 (14), 53 (5).

4, R =Pri: MS, m/z (%): M+ 170 (1), 129 (6), 128 (16), 113 (6), 111
(9), 87 (11), 84 (6), 83 (100), 82 (28), 81 (13), 80 (6), 79 (10), 77 (4), 69
(4), 67 (41), 65 (3), 59 (4), 56 (4), 55 (56), 54 (5).

5, R =Me: MS, m/z (%): 156 (0.06), 143 (0.15), 129 (0.3), 127 (0.5),
115 (2), 103 (3), 102 (39), 101 (4), 99 (18), 98 (3), 87 (7), 83 (4), 73 (4),
70 (7), 69 (9), 67 (1), 59 (7), 58 (6), 57 (100), 56 (13), 55 (17), 54 (5), 53
(3). 5, R=Pri: BCNMR: 13.38 (Me, 1), 21.11 (Me, 2, ether), 24.51
(Me, 2), 22.59 (CH,, 1), 26.53 (CH,, 1), 39.79 (CH,, 1), 66.24 (CH, 1,
ether), 40.89 (C, 1), 176.29 (CO, 1).

6, R =Me: MS, m/z (%): 130 (3), 129 (2), 116 (15), 103 (5), 102 (4),
101 (11), 99 (19), 98 (6), 74 (2), 69 (13), 59 (9), 57 (100). 6, R = Pri:
I3C NMR: 8.25 (Me, 1), 14.07 (Me, 1), 19.88 (Me, 1), 21.22 (Me, 2,
ether), 17.26 (CH,, 1), 31.43 (CH,, 1), 40.32 (CH,, 1), 66.19 (CH, 1,
ether), 41.32 (C, 1), 175.66 (CO, 1).

7,R =Me: MS, m/z (%): 115 (8), 113 (19), 112 (4), 102 (89), 101 (7),
97 (2), 95 (2), 87 (12), 83 (2), 73 (6), 71 (64), 69 (21), 59 (9), 58 (5), 57
(100), 56 (28), 55 (30). 7, R = Pri: 13C NMR: 13.46 (Me, 1), 21.14 (Me,
2, ester), 24.55 (Me, 2), 22.00 (CH,, 1), 24.02 (CH,, 1), 31.82 (CH,, 1),
40.12 (CH,, 1), 66.25 (CH,1, ether), 41.32 (C).

8, R =Me: MS, m/z (%): 144 (4), 129 (2), 116 (33), 115 (4), 113 (26),
112 (7), 102 (9), 101 (26), 97 (3), 87 (4), 84 (3), 83 (9), 71 (75), 70 (16),
69 (14), 68 (3), 67 (5), 59 (19), 58 (6), 57 (100), 56 (13), 55 (50) 8,
R =Pri. BCNMR: 8.29 (Me, 1), 17.23 (Me, 1), 21.28 (Me, 2, ether),
26.23 (Me, 1), 19.93 (CH,, 1), 22.71 (CH,, 1), 31.46 (CH,, 1), 38.23
(CH,, 1), 66.18 (CH, 1, ether), 41.99 (C, 1).
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Table 1 Carbonylation of C¢—C;, n-alkanes by CO in the presence of CBr-2AIBr; (S) in a CH,Br,¢ solution for 1 h.

Entry n-Alkane  7/°C E?é%ggf (?7; R!CCOPri, isomeric content (%)
Hexane PrC(Me),COOPri Et,C(Me)COOPri PrCH(Et)COOPr 1,1-(Me)(COOPri)-¢-C,Hg
by-product
10 20 100 60 20 20 0
2 —40 95 67 20 0 13
3 -60 26 55 27 0 18
Heptane BuC(Me),COOPr! PrC(Et)(Me)COOPri
4 —40 83 58 42
5 -60 10 81 19
Octane AmC(Me),COOPri BuC(Et)(Me)COOPri
6 —40 74 66 34
Nonane HexC(Me),COOPri  AmC(Et)(Me)COOPri  BuC(Pr)(Me)COOPr!
7 —40 75 48 37 15
Decane HeptC(Me),COOPri  HexC(Et)(Me)COOPri  AmC(Pr)(Me)COOPri  Bu,C(Me)COOPr!
8 —40 54 42 34 17 7
a[RH]/[S] = (1.2-8):1. bFor 0.5 h.
nylations or their yields under these conditions were very low,
while small amounts of other terr-RCOOPr! esters (15-37%) MeCH,CH;,(CH,),,CH;Me

were produced in the reactions of C4—C,, alkanes.

In the case of hexane, at —-40 and —60 °C, in addition to 1 and
2, l-methylcyclopentane carboxylic acid ester 4 in 13-18%
yield was also formed. A decrease in the temperature enhanced
the formation of 4. At —20°C, instead of 4, an ester of
secondary acid, sec-C¢H,;;COOPr' 3 was formed in amounts
comparable to 2.

The formation of the main products of alkane carbonylations
can be illustrated by Scheme 2.

Scheme 2 involves the formation of the active superelec-
trophilic complex” CBrjAl,Br;, the generation of carbocations
from alkanes followed by their isomerization into stable tertiary
cations, trapping CO molecules to form acyl cations, and, finally,
the corresponding esters. The bypath of cyclohexane carbonyla-
tion is probably a multi-step process starting from deprotonation
and cyclization of the 1-methylpentyl cation. Thus formed
1-methylcyclopentane generates the 1-methylcyclopentyl cation
and, finally, compound 4.

The polyhalomethane—aluminium bromide superelectrophiles
are unique systems, which are capable of transforming linear
C,—C,, alkanes by CO exclusively into tertiary carbonyl-con-
taining products. It is significant that destructive carbonylations
are completely suppressed in these cases. These properties of
these powerful superelectrophiles are due to their capability to

9, R =Pri. BCNMR: 13.69 (Mg, 1), 21.43 (Me, 2, ester), 24.76 (Me,
2),22.87 (CH,, 1), 24.53 (CH,, 1), 29.49 (CH,, 1), 31.69 (CH,, 1), 40.40
(CH,, 1), 66.55 (CH, 1 ether), 38.75 (C, 1), 176.94 (CO, 1). MS, m/z
(%): 130 (50), 127 (37), 115 (4), 111 (4), 88 (100), 87 (5), 65 (51), 69
(49), 57 (94), 56 (69), 55 (52).

10, R = Pri. 13C NMR: 8.46 (Me, 1), 13.76 (Me, 1), 20.68 (Me, 1), 21.36
(Me, 2, ether), 22.27 (CH,, 1), 22.92 (CH,, 1), 26.40 (CH,, 1), 31.41
(CH,, 1), 38.84 (CH,, 1), 66.63 (CH, 1, ether), 41.70 (C, 1), 176.33 (CO,
1). MS, miz (%): 186 (0.3), 144 (23), 127 (27), 115 (4), 102 (45), 87
(11), 85 (42), 83 (11), 71 (100), 70 (44), 57 (91), 56 (20), 55 (81).

11, R = Pri. MS, m/z (%): 172 (7), 158 (11), 130 (22), 127 (33), 116
(28), 87 (31), 85 (59), 84 (20), 83(15), 71(100), 57(99), 56 (67), 55 (99).

12, R = Pri. BC NMR: 13.81 (Me, 1), 21.53 (Me, 2, ether), 24.91 (Me,
2),22.46 (CH,, 1), 24.74 (CH,, 1), 28.99 (CH,, 1) 29.91 (CH,, 1), 31.81
(CH,, 1),40.53 (CH,, 2), 66.79 (CH, 1, ether), 38.92 (C, 1), 177.33 (CO,
1). MS, m/z (%): 186 (2), 141 (20), 130 (36), 115 (2), 112 (2), 101 (7),
99 (5), 88 (78), 85 (51), 71 (52), 70 (11), 69 (31), 67 (8), 57 (100), 56
(48), 55 (41).

13, R="Pri. BCNMR: 8.62 (Me, 1), 13.85 (Me, 1), 21.60 (Me, 2,
ether), 24.88 (Me, 1) 23.00 (CH,, 1), 24.74 (CH,, 1), 25.23 (CH,, 1),
29.68 (CH,, 1), 31.63 (CH,,1), 39.94 (CH,, 1), 66.87 (CH, 1, ether),
41.88 (C, 1), 176.71 (CO, 1). MS, m/z (%): 199 (0.7), 158 (3), 144 (33),
141 24), 111 (9), 102 (58), 99 (12), 87 (9), 85 (44), 83 (18), 71 (64), 57
(100), 56 (20), 55 (61).

14, R = Pri. MS, m/z (%): 186 (9), 158 (15), 144 (11), 141 (21), 116
(27), 97 (14), 87 (21), 70 (9), 69 (24), 67 (10), 57 (100), 56 (45), 55 (54).

15, R = Pri. MS, m/z (%): 186 (3), 172 (20), 141 (29) 140 (12), 130
(33),99 (11), 71 (61), 70 (21), 69 (20), 57 (100), 56 (54), 55 (61).
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initiate rapid generation of carbocations and their isomerization
into stable tert-R+. As a result, the accumulation of the most
stable tert-R+ and then tert-RCO* cations occurs. Importantly,
at —40 °C, tert-R+ are stable to fragmentation and zert-RCO+* are
resistant to decarbonylation.

In conclusion, with polyhalomethane-based superelectrophiles,
additionally to the earlier reported!)-(») selective carbonylations
of C,—C; alkanes and C5—Cy cycloalkanes, reactions of C¢—C,,
n-alkanes with CO leading to tertiary carbonyl-containing
compounds were performed. Taking into account considerable
interest in tertiary carboxylic acids (or their derivatives), both
individual or as mixtures, for practice,!® the first examples of
their selective preparation from alkanes are of interest.
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