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Abstract—Transformations of inert cyclohexane into dimethyldecalins under mild conditions in the presence
of a simple catalytic system consisting of auminum metal and halomethanes were studied.

The catalytic activation of C-H bonds in cyclic and
acyclic alkanes with transition metal complexes or
electrophilic agents such as Friedel-Crafts catalysts
is a promising field of research. As a rule, the cata-
lysts used for activating hydrocarbons are aprotic
Lewis acids based on salts of transition and main-
group metals in combination with active additives.

Superelectrophilic complexes RCOX - 2AlX5 and
CX4-2AlX3 (X = Cl, Br) are the most effective in
transformations of saturated hydrocarbons under mild
conditions [1-3]. It was shown recently [4] that the
reaction system consisting of an organoaluminum
compound (OAC) and halomethane in the presence of
catalytic amounts of transition metal complexes ex-
hibits similar activity toward cycloalkanes. The activ-
ity of this system was tentatively explained by gen-
eration of AICIl3 in the reaction of OAC with halo-
methane, catalyzed with a transition metal, which is
followed by formation of a superelectrophilic complex
with the starting halomethane, similar to CX,- 2A1X 3.
If this is true, then it will be possible to generate
a similar complex in situ using a simpler and more
available agent, aluminum metal [5]:

2Al + 6CCl, — 2AICI; + 3C,Clg. 1)

This work is the first study of chemical transforma-
tions of cyclohexane under the action of aluminum
halides generated in situ by the reaction of halometh-
anes (CCl,, CHCIl3, CHBr3, CH,Cl,, CH5Br,) with
aluminum metal preliminarily activated with iodine or
AlR3.

The choice of cyclohexane as investigation object
was governed by the large body of data available on
the effect of aluminum halides in combination with
various promoters on cyclohexane.

Pure anhydrous AICl3 is virtudly inert toward
cyclohexane [6]. However, in the presence of water
[6], HCI, and acetyl chloride [7] AlCI; effects isomer-
ization of cyclohexane into methylcyclopentane. The
reaction of cyclohexane with cyclohexyl bromide [8]
in the presence of AlCl; yields a mixture of dimethyl-
decalins. A similar mixture of dimethyldecalins is
formed by dimerization of methylcyclopentane, effect
by the reaction system AICl; + t-BuCl in the
HCI [9]. Dimethyldecalins were detected in the reac-
tion of chlorocamphor with AlBr5 in cyclohexane [9].
Heating of cyclohexane with AICI3 and HCl in an
autoclave for 1 day to 140-150°C results not only in
isomerization into methylcyclopentane but also in
formation of dicyclohexyl and di(methylcyclopentyl)
[10]. At 180°C, methylcyclopentane, 1,3-dimethyl-
cyclohexane, dicyclohexyl, and di(methylcyclopentyl)
C,,H5, were detected together with a small amount of
isobutane [11]. Formation of dimethyldecalins was
also reported in [12]. Transformation of cyclohexane
into alkyladamantanes was noted in [13].

Under the action of superelectrophilic systems
RCOX - 2AIBr3 [2] and CH\X,4_,-AlX3 (X = ClI, Br)
[3], cyclohexane transforms into dimethyldecalins at
room temperature or 40°C with 22 and 10% yield
based on cyclohexane, respectively. With excess
cyclohexane, dimethyldecalins are formed selectively
in low vyields.

Aluminum metal was activated by a common proce-
dure by heating under argon in the presence of several
iodine crystals until iodine sublimed virtually com-
pletely and was removed from the reaction vessdl. In
some cases, to accelerate the start of the reaction of
aluminum with halomethane, a small amount (~0.1 ml)
of i-BusAl and Et;Al was added to the reaction
mixture.
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Yields of major products of cyclohexane transformations under the action of the reaction system Al-halomethane*

C.-H.- con- Product yield,** mol %
Run no. | CXHy_,, | CgHyp 1 CXHa_py Al vgrsilcz)n, % _ _ _
alkylcyclohexanes | dimethyldecalin | tricyclanes
1 CcCl, 100:22:8 20 - 27 -
2 CcCl, 100:32: 20 62 4 47 13
3 CcCl, 100:45: 28 74 13 49 25
4 CcCl, 100:45: 28 80 19 40 28
5 CcCl, 100: 160 : 23 56 4 46 21
6 CHCl4 100:34: 25 48 6 35 13
7 CHCl4 100: 54 : 27 51 6 38 11
8 CHCl4 100: 100 : 49 47 4 50 14
9 CHCl4 100: 108 : 30 52 4 23 9
10 CHBrg 100:74: 31 49 9 48 13
11 CH,Br, 100: 154 : 40 21 29 33 -
12 CH,l, 100:80: 31 42 14 17 -
13 BuCl 100:57:27 47 24 22 13

* Some other products (see text for details) were detected
** Yield based on converted cyclohexane.

Transformations of the hydrocarbon start simulta-
neously with the onset of the reaction of aluminum
with halomethane. The exothermic reaction is accom-
panied by the release of HCI and tarring. The major
chlorinated reaction products in the case of CCl, are
CHCl3 and CH,Cl,. In contrast to the reaction of Al
with CCl, without a solvent, in which the yield of
hexachloroethane is virtually quantitative, in the pres-

in insignificant amounts.

ence of the hydrocarbon the yield of C,Clg is low.
Among other chlorinated prodcts, trace amounts of
tetrachloroethylene and tetrachloroethane were de-
tected.

According to GLC and GC/MS, the mgjor products
of cyclohexane transformation are isomeric dimethyl-
decalins (see table). The figure shows as example the
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Chromatogram of a mixture of products obtained in run no. 4 (see table) and their identification. (1) Intensity and (t) retention
time. (1) Methylene chloride, (2) methylcyclopentane, (3) cyclohexane, (4) alkylcyclohexanes, (5) perchloroethylene, (6) decalin,
(7) hexachloroethane, (8) methyldecalin, (9) methyl-substituted adamantanes, (10) isomeric dimethyldecalins, (11) trimethyl-
decalins, (12, 13) tricyclanes with [M]* 192, and (14) tricyclanes with [M]* 248.
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chromatogram of a mixture of products obtained in
run no. 4 (see table). The mass spectrum of each iso-
mer contains a fairly strong molecular pesk ([M]*
166) and the same set of fragment peaks characteristic
of dimethyldecalins (m/z 151, 137, 124, 123, 110, 109,
96, 82, etc.), corresponding to elimination of alkyl
radicals [14] from CH3 to CgH4, from the moleclar
ion. The isomeric mixture mainly consists of the most
thermodynamically stable [15] E3,E8-dimethyl-trans-
bicyclo[4.4.0]decane and E3,E9-dimethyl-trans-bicy-
clo[4.4.0]decane. The structures of these isomers were
determined from the 13C NMR spectra by comparison
with the reference data [16] after isolation of the
group of compounds corresponding to M 166 from the
product mixture by preparative chromatography. As
seen from the chromatogram (see figure), other iso-
mers of dimethyldecalin are also present.

Among other products, we detected akyl-substi-
tuted cyclohexanes whose total yields are also given
in the table. For example, in run no. 4 we detected
methylcyclohexane ([M]* 98, 2.5%), dimethyl- ([M]*
112, 4%), trimethyl- ((M]* 126, 2.4%), tetramethyl-
(IM]™ 140, 5.8%), ethyl- ([M]* 112, traces), methyl-
ethyl- ([M]* 126, 0.15%), and dimethylethylcyclohex-
anes ([M]™ 140, 1.5%). Also, in the same experiment
we detected methylcyclopentane ([M]* 84, 5%), dec-
din (M]* 138, 0.3%), methyldecain ([M]* 152,
1.3%), and trimethyldecalin ([M]* 180, 5.5%). These
compounds were identified by GC/MS. The mass
spectra obtained by us coincided with the reference
data (NBS library) to 90-96%.

In the mixture of products, we also detected small
amounts of methyl-substituted adamantanes: dimeth-
yladamantane ([M]* 164, 0.5%), trimethyladamantane
(IM]* 178, 1.4%), and tetramethyladamantane ([M]*
192, 1,1%). The assignment was based on comparison
with published data [17].

Peaks 12 and 13 in the chromatogram (see figure)
correspond to hydrocarbons with [M]* 192 and 206,
respectively. Group of peaks 14 mainly belongs to hy-
drocarbons with [M]* 248. The mass spectra of com-
pounds giving the strongest chromatographic peaks in
this group are characterized by the base peak at nvz
233 [M* — CH3] and medium-intensity peaks a mz
177, 163, 123, and 109. Some of them contain ions
with m/z 219 [M* — C,Hsg]. The products of oxidative
dimerization of cyclohexane formed under the action
of the superelectrophilic complex [3] CBry- 2AIBr3
contain hydrocarbons with [M]* 248 giving similar
mass spectra. Apparently, in our case these com-
pounds can also be identified as alkylated tricyclanes
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C,gH3, with methyl and, possibly, ethyl substituents.
In addition, compounds with molecular weights of
206, 220, 234, and 262 were identified in trace
amounts:

OA] CCly mMe Mek Me
20°C

R, Me
-0 L

where R = Me, Et; n = 1, 2, 3, 4.

The relative yields of al the heavy products are
listed in the table.

As in [2], in experiments with excess cyclohexane
alkylcyclohexanes and tricyclanes are not formed, and
the reaction products contain dimethyldecalins and
methylcyclopentane. As the content of halomethane
and aluminum in the starting mixture is increased, the
content of methylcyclopentane in the reaction prod-
ucts decreases simultaneously with an increase in the
content of dimethyldecalin, alkylcyclohexanes, and
tricyclanes. Analysis of the reaction products in vari-
ous steps showed a similar dependence of the product
concentrations on the reaction time. The content of
methylcyclopentane grows in the initial steps and then
decreases. This fact indicates that cyclohexane first
isomerizes into methylcyclopentane, transforming
then into dimethyldecalin and other products. This
result is consistent with the available data [6, 7] on
equilibrium isomerization of cyclohexane into methyl-
cyclopentane under the action of AICl3 with additions
of various promoters and on dimerization of methyl-
cyclopentane under the action of AICl3 and t-BuCl [9].

Cyclohexane is successfully involved in transfor-
mations also on replacement of CCl, by other halo-
methanes. Data obtained with chloroform, bromoform,
methylene bromide, methylene iodide, and butyl chlo-
ride are given in the table.

It should be noted that the order of adding reagents
[successively (see table, run no. 4), with CCl, added
to activated Al first and cyclohexane added after the
reaction completion, or simultaneously (run no. 3)]
have no noticeable effect on the yield of the magjor
products.

As it is difficult to isolate AlCl5 from the reaction
mixture and determine its content, we determined the
residual content of active aluminum in the reaction
mixture after the reaction completion. We found that
after activation of Al with iodine, the amount of Al3*
did not exceed 0.5% of the initial amount; after treat-
ment with CCl,, it was ~42%, and after the reaction

complex mixture
* of cyclic alkanes,
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with cyclohexane, ~64%. Carbon tetrachloride was
taken in 3:1 ratio relative to Al. A noticeable in-
crease in the AI3* content in the presence of cyclo-
hexane can be accounted for as follows. In the reac-
tion of Al with CCl, in the absence of the hydrocar-
bon, the main reaction products are C,Clg and AICl5
in the complex with CCl,, and also tars. On adding
cyclohexane, the complex AlCly- CCI3 reacts with the
hydrocarbon to form CHCI3 and cyclohexyl carbocat-
ion. Chloroform subsequently reacts with a new por-
tion of Al to give AlCI3. AlCI; effects transformations
of cyclohexane. Thus, AlCl3 is formed not only in the
initial step of the reaction, but aso directly in the
course of transformations of the hydrocarbon.

It should be noted that oxidative dimerization of
cyclohexane to dimethyldecalin under the action of
the system AI-CCl, occurs selectively when cyclo-
hexane is in excess.

Our results and published data suggest the follow-
ing reaction mechanism. In the first step, auminum
metal reacts with CCl 14 to give AICl3 which forms the
complex AICI3-CCl3 with the startlng halomethane:

AlCl; + CCl, — AlCIz-CCl3, @

Then formation of dimethyldecalins follows the
known scheme [9] according to which CCI3 abstracts
the hydride ion from a cyclohexane molecule to give
cyclohexyl cation and chloroform. Cyclohexyl carbe-
nium ion isomerizes into more stable methylcyclopen-
tyl carbenium ion:

CCI3-AICI; + ij O AAICIz + CHCI 5, (3)
O AlCI, é AICI, ()

The latter transfers the charge to the cyclohexane
molecule to give methylcyclopentane:

Ouci O — O
H+
+ O-Alc:l;. (5)

Alternatively, proton abstraction yields methylcy-
clopentene, AICl3, and HCI (HCI evolution is indeed
observed in the course of the reaction):

1133

éNq; — @ + HCl + AICl;.  (6)

Addition of the olefin to methylcyclopentyl carbe-
nium ion yields dicycloakylcarbenium ion, whose
rearrangement yields thermodynamically stable di-
methyldecalinium ion. The subsequent charge transfer
from the cyclohexane molecule to the dimethyldecali-
nium ion results in formation of dimethyldecalin and
generation of cyclohexyl cation:

& ety o
&G O
O:jvle *

Me
Me
O — (1
Me
H+
+©. 9

According to [3], the activity of the complex CCl,-
2AIBr5 toward cyclohexane is noticeably higher than
that of the complex CCl,-2AICI5. In our case, the
complex based on in situ generated AlCl5 shows high
activity, comparable with that of the superelectrophilic
complex CCl,- 2AIBr5 which is today one of the most
effective initiators of akane activation under mild
conditions, along with the system RCOX-2AIBrs.

©)

: :Me+

Me

EXPERIMENTAL

CCl,, CHCI3, CHBr3, CH,Br,, CH,l,, t-BuBr, and
cyclohexane (chemically pure grade) were dried and
distilled from P,Os. Aluminum (chemically pure
grade) was used as powder. For comparison, we tested
preliminarily ground granulated aluminum (analytical-
ly pure grade) and aluminum wire. The results were
identical. The 13C NMR spectra were recorded on a
JEOL-FX90Q spectrometer. The products were ana
lyzed on a Chrom-5 chromatograph with a capillary
column (25 m, SE-30). The GC/MS analysis was per-
formed on a VG TRIO 1000 device (the United King-
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dom). We used a JZW Scientific DB-5 capillary col-
umn (60 m x 0.25 mm x 0.2 um) (the Unted States) in
the linear heating mode and the NBS library of mass
spectra (the United States) containing 75000 mass
spectra.

To perform the reaction of cyclohexane with the
system AI-CCl,, a 50-ml glass reactor was charged
under Ar with 0.348 g (13 g-at) of Al and severd
crystals of iodine. The mixture was heated on an
alcohol burner until the iodine completely sublimed
and was removed from the reactor. The reactor was
placed on a magnetic stirrer, and 7 ml (65 mmol) of
cyclohexane and 2 ml (19 mmol) of CCl, were added.
Stirring was continued at room temperature for 2 h.
The reaction was accompanied by HCI evolution.
After reaction completion, two layers formed: a trans-
parent upper layer and a dark brown viscous lower
layer containing aluminum chloride and residual alu-
minum metal. The upper layer was separated and
filtered through Al,O4. Determination of the bromine
number showed the absence of unsaturated bonds in
the products. A GLC analysis of the resulting trans-
parent liquid revealed the presence of dimethyldeca-
lins (39%) nd unchanged cyclohexane (19. 6%) The
products giving a group of peaks with [M]* 166
(GC/IMS) were isolated by preparative chromatog-
raphy. Their 13C NMR analysis showed that the sam-
ples contained 45% E3,E8-dimethyl-trans-bicyclo-
[4.4.0]decane, 41% E3,E9-di methyl -trans-bicyclo-
[4.4.0]decane, four unidentified isomers of dimethyl-
decalin with [M]™ 166 (2-3% each), and five other
isomers with [M]* 166 (0.2-0.3% each).

E3,E8-Dimethyl-trans-bicyclo[4.4.0]decane. 3C
NMR spectrum (CDCIi), 8, ppm (in parentheses are
published data [16]): C1, €2, C®, C’ 43.0, (43.0); C°,
c® 33.1 (331); c* c° 356 (35.6); C° Ccl© 343
(34.2); C3 CHg, C® CH5 228 (22.8); [M]* 166.

E3,E9-Dimethy]-trans-bicyclo[4.4.0]decane, 13¢
NMR spegtrum: CL 2, C10 433 (43.3); %, C° 331
(33.1); C* 8 357(357) 5, ¢ 340(340) cb
42.9 (42.9); C3 CHg, C° CHg 22.9 (22.8); [M]* 166.

Mass spectra. Methylcyclopentane. Experiment:
rt [retention time (min)] 5.98; Mz (I,g, %): 84 [M]*
(17), 69 (59), 57 (5), 56 (100), 55 (28), 42 (24), 41
(51); published data [18]: 84 [M]* (16), 69 (32), 57
(5), 56 (100), 55 (26), 42 (28), 41 (64).

M ethylcyclohexane. Experiment: rt 8.13; 98 [M]*
(51), 84 (7), 83 (100), 82 (18), 70 (20), 69 (20), 67
(5), 56 (21), 55 (59), 42 (19), 41 (31); published data
[18]: 98 [M]* (41), 84 (7), 83 (100), 82 (17), 70 (20),
69 (21), 67 (4), 56 (28), 55 (83), 42 (30), 41 (46).

SADYKOV et al.

Ethylcyclohexane. Experiment: rt 11.85; 112 [M]*
(25), 84 (7), 83 (100), 82 (47), 69 (7), 67 (13), 57 (1),
56 (10), 55 (77), 42 (8), 41 (33); published data [18]:
112 [M]* (19), 84 (6), 83 (100), 82 (41), 69 (9), 67
(12), 57 (5), 56 (12), 55 (75), 42 (8), 41 (34).

Dimethylcyclohexane. Experiment: rt 9.83; 112
[M]* (29), 97 (100), 84 (2), 83 (5), 70 (8), 69 (17), 56
(15), 55 (63), 43 (6), 41 (19); published data [18]
(1,3-dimethylcyclohexane): 112 [M]* (28), 97 (100),
84 (3), 83 (5), 70 (10), 69 (19), 56 (21), 55 (88),
43 (9), 41 (27).

Methylethylcyclohexane. Experiment: rt 14.03;
126 [M]™ (19), 111 (2), 97 (100), 96 (14), 83 (2), 81
(7), 70 (3), 69 (19), 56 (9), 55 (86), 43 (7), 41 (21);
published data [18] (cis-1-methyl-3-ethylcyclohexane):
126 [M]* (15), 111 (2), 97 (100), 96 (14), 83 (2), 81
(5), 70 (3), 69 (20), 56 (10), 55 (91), 43 (8), 41 (23).

Trimethylcyclohexane. Experiment: rt 11.75; 126
[M]™ (26), 111 (97), 97 (3), 84 (2), 83 (4), 70 (10), 69
(100), 56 (12), 55 (51), 43 (8), 42 (9), 41 (26); pub-
lished data [18] (cis,cis-1,3-trimethylcyclohexane):
126 [M]" (23), 111 (95), 97 (2), 84 (2), 83 (4), 70
(20), 69 (100), 56 (12), 55 (56), 43 (10), 42 (5), 41
(30).

Tetramethylcyclohexane. Experiment: rt 14.82;
140 [M]* (2), 125 (100), 97 (1), 84 (7), 83 (40), 70
(12), 69 (99), 57 (14), 56 (9), 55 (33), 43 (12), 41
(26); published data [18] (1,1,3,5-tetramethylcyclo-
hexane): 125 (92), 97 (3), 84 (7), 83 (53), 70 (6), 69
(100), 57 (15), 56 (11), 55 (34), 43 (13), 41 (27).

Decalin. Experiment: rt 21.55; 138 [M]* (99), 110
(9), 108 (18), 96 (71), 95 (60), 82 (71), 81 (61), 69
(41), 68 (87), 67 (100), 55 (34), 41 (51); published
data [18] (trans-decalin): 138 [M]* (100), 110 (7),
109 (17), 96 (58), 95 (63), 82 (60), 81 (54), 69 (45),
68 (91), 67 (91), 55 (41), 41 (82).

Trimethyldecalin. Experiment: rt 29.25; 180 [M]*
(74), 165 (98), 138 (3), 137 (4), 123 (15), 109 (94),
95 (100), 83 (34), 82 (18), 81 (67), 69 (30), 67 (37),
55 (55); published data [18] (3,4,8-trimethyldecalin):
180 [M]* (74), 165 (97), 138 (5), 137 (6), 123 (21),
109 (94), 95 (100), 83 (40), 82 (21), 81 (70), 69 (30),
67 (39), 55 (68).

Dlmethyladamantane Experiment: rt 24.30; 164
[M]™ (10), 150 (13), 149 (100), 107 (18), 95 (6), 93
(31), 91 (9), 81 (7), 79 (9), 77 (7), 67 (6), 55 (6); pub-
lished data [17] (1,4-dimethyladamantane): 164 [M]*
(14), 150 (13), 149 (100), 107 (18), 95 (11), 93 (35),
91 (11), 81 (17), 79 (16), 77 (11), 67 (13), 55 (14).

Trimethyladamantane. Experiment: rt 24.67; 178
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[M]* (8), 164 (13), 163 (100), 150 (1), 149 (2), 135
(3), 121 (8), 107 (48), 93 (10), 91 (9), 79 (7), 77 (6),
55 (8): published data [17] (1,3,5-trimethyladaman-
tane): 178 [M]* (8), 164 (12), 163 (100), 150 (11),
121 (16), 107 (62), 93 (17), 91 (12), 81 (8), 79 (10),
77 (8), 67 (6), 55 (8).

Tetramethyladamantane. Experiment: rt 24.80;
192 [M]* (5), 178 (14), 177 (100), 163 (2), 135 (3),
121 (42), 107 (13), 95 (6), 93 (5), 91 (7), 81 (3), 79
(5), 77 (5), 67 (4), 55 (9); published data[17] (1,3,5,6-
tetramethyladamantane): 192 [M]* (7), 178 (16), 177
(100), 163 (4), 135 (5), 121 (37), 107 (25), 95 (9), 93
(8), 91 (10), 81 (6), 79 (7), 77 (6), 67 (6), 55 (13).

Tricyclane (see figure, peak 12). Experiment: rt
35.59; 192 [M]* (100), 177 (62), 151 (33), 149 (22),
135 (27), 121 (22), 109 (20), 107 (16), 95 (85), 93
(25), 81 (49), 79 (29), 77 (13), 67 (35), 55 (24).

Tricyclane (see figure, peak 13). Experiment: rt
37.32; 206 [M]* (100), 191 (70), 165 (15), 149 (18),
135 (44), 121 (19), 109 (61), 107 (17), 95 (72), 91
(16), 81 (43), 79 (26), 67 (34), 55 (33).

To determine active auminum, a three-necked
flask was charged under Ar with 100 mg of Al. Sever-
a crystals of iodine were added, and the flask was
heated until the iodine completely sublimed and was
removed from the vessel. To the resulting activated
Al, 50 ml of distilled water was added, and the mix-
ture was analyzed according to [19].

Two three-necked flasks were charged under Ar
with 100 mg of Al each. After actvation with iodine,
the reaction with 2 ml of CCl, was performed in both
flasks, and then the reaction with 5 ml of cyclohexane
was performed in one of them. After the reaction com-
pletion, the resulting mixtures were hydrolyzed with
50 ml of water. The subsequent analysis was per-
formed similarly.

CONCLUSION

The readily available reaction system consisting of
activated aluminum metal and halomethane efficiently
induces chemica transformations of cyclohexane at
20-60°C and atmospheric pressure. The major prod-
uct is an equilibrium mixture of dimethyldecalin iso-
mers, methyl-substituted cyclohexanes and tricyclic
compounds are formed in smaller amounts.
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