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In the alkylation of benzene with 3-pentanol and boron fluoride the stability of the product alkylate toward rearrangement 
is established. Unreacted starting alcohol was shown not to be rearranged. Olefins generally are not involved in alkylations 
with straight-chain secondary alcohols at 0°, although in some cases they apparently do participate to some extent as inter
mediates at 60°. 2-Pentanol and boron fluoride in pentane give no reaction under conditions that in benzene lead to rapid 
alkylation. The addition of a small amount of hexaethylbenzene to the pentane mixture leads to rapid decomposition of the 
alcohol with the formation of a polymeric olefin. These observations lead to a mechanism for the alkylation which involves 
a complex of some sort between the aromatic ring and a carbonium ion species, within which rapid rearrangements may take 
place. 

Despite the substantial application of alcohols 
and boron fluoride to the alkylation of aromatic 
compounds6 comparatively little research has been 
done on the mechanism of the reaction. Alcohols 
form relatively stable Lewis acid-base complexes 
with boron fluoride and there seems little doubt that 
such complexes are the actual reactants in the al
kylation. The old mechanism of elimination to an 
olefin followed by addition of benzene across the 
double bond6 was shown to be unlikely by Price and 
Ciskowski7 who demonstrated that cyclohexanol 
with BF3 gave no cyclohexene under conditions 
which in the presence of naphthalene resulted in 
rapid alkylation. This mechanism is conclusively 
disproved for some conditions by the deuterium 
experiment reported below. Price and Ciskowski 
suggested instead a heterolytic fission of the alco
hol-boron fluoride complex to a carbonium ion 
which subsequently reacts with the aromatic nu
cleus. A carbonium ion mechanism of some type is 
consistent with the high reactivity of secondary al
cohols relative to primary alcohols, with the ex
tensive rearrangements often observed,1 and is 
analogous to presumably closely related Friedel-
Crafts alkylations with alkyl halides and Lewis 
acids. A carbonium ion mechanism is also con
sistent with the reaction of optically active 2-buta-
nol and boron fluoride with benzene to yield 2-
phenylbutane with about 1% net inversion of con
figuration,8 although the significance of the large 
amount of racemization observed is obscured by the 
known facile rearrangements in these alkylations.1-9 

Even in a stereospecific reaction a concomitant 
+ + 

isomerization of the type C-C-C-C —»• C-C-C-C 
could result in racemization.9 

The boron fluoride alkylation reaction with alco
hols is presumably related closely to the corre
sponding alkylation with ethers. Important work 
on the mechanism of the latter reaction has been 
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done by Burwell, Elkin and Shields.9'10 There 
seem to be some significant differences between the 
reactions; their exact relationship has yet to be de
termined. 

The Leaving Group.—The exact nature of the 
leaving group which is formed with the carbonium 
ion is not definitely known. Alkylations with 
boron fluoride and alcohols are promoted by water 
and especially by acid.11 In alkylations with boron 
fluoride and ethers excess boron fluoride has been 
shown to be a potent catalyst.10 

A series of experiments was run in which a solu
tion of dried isopropyl alcohol in dried benzene was 
saturated with boron fluoride at 0°; the reaction 
was quenched after definite times at 0° by the addi
tion of cold pyridine which precipitated a pyridine-
boron fluoride complex. The intensity of the O-H 
stretching band in the infrared spectrum of the su
pernatant liquid was used as a measure of the 
amount of alcohol remaining using Beers' law. In 
several runs, the alcohol-benzene mixture was fur
ther dried by partial distillation to remove the azeo-
trope with water. The results are summarized in 
Table I. The three experiments with a reaction 
time of eight minutes gave extents of reaction within 
the range 68 ± 5%. The reproducibility is satis
factory and is within the estimated 10% experi
mental error. The additional drying process did not 
change the results. Although these experiments 
certainly were not carried out with the complete 
exclusion of water, the reproducibility obtained de
mands that if water is a required reagent the trace 
concentration of water in each experiment must be 
about the same, an unlikely but not a rigidly ex
cluded possibility. The eight-minute run with 
added water demonstrates the catalytic effect of 
small amounts of water. In these experiments the 
mixture was simply saturated with boron fluoride. 
Since the amount of excess boron fluoride was not 
controlled and probably varied from run to run, the 
reproducibility obtained in Table I suggests that in 
this reaction excess boron fluoride is not an impor
tant catalyst. We hope to do further experiments 
of this type with rigidly controlled conditions. For 
the present, however, our working hypothesis is 
that the leaving group is HOBF 3

- in the absence of 
promoters and of the type, HOBF3-HX -, with wa
ter or other acidic promoters. 

(10) R. L. Burwell, Jr., L. M. Elkin and A. D. Shields, ibid., 74, 
4567 (1952). 

(11) (a) N. F. Toussaint and G. F. Hennion, ibid.. 62, 1145 (1940); 
(b) C. E. Welsh and G. F. Hennion, ibid., 63, 2603 (1941). 
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TABLE I 
REPRODUCIBILITY OF R A T E OF REACTION OF BENZENE WITH 

ISOPROPYL ALCOHOL AND BORON FLUORIDE AT 0° 
Time, 
in in. 

0 
6.06 

7.8C 

8.06 

8.0 '^ 
8.(f 
8.0" 

12.0 

1»K 
0 

I a/1" 

.05 

.34 

.28 

.24 

.18 

.21 

.01 

Reaction, 
\-o 

48 
57 
63 
72 
68 
98 

~W! 

" Peak height at 2.9 M- ' 'Ordinary dried reagents used. 
" Ternary azeotrope removed from benzene-isopropyl alcohol 
mixture before reaction. d Pyridine mixture allowed to sit 
overnight before filtering. " Three drops of water added be
fore reaction. / Distillation of reaction mixture showed 
about 1% alcohol remaining. 

Product and Reactant Stability.—No adequate 
prior test has been made of the stability of the 
alkylation products to the reaction conditions. 
When boron fluoride was passed through a solution 
of 3-phenylpentane in benzene the 3-phenylpentane 
was recovered unchanged. The same result was 
found when the mixture contained added water. 
However, these experiments constitute inadequate 
controls since BF 3 and BF 3 -H 2O may differ signifi
cantly in catalytic power from other species present 
during the alkylation.12 An unambiguous demon
stration was obtained as follows: benzene contain 
ing 3-phenylpentane was alkylated with isopropyl 
alcohol and boron fluoride a t 0°. The phenylpen-
tane fraction was isolated from the product and 
was found to be unchanged 3-phenylpentane con
taining no 2-phenylpentane; i.e., the hydrocarbon 
persisted unchanged during an actual alkylation. A 
similar alkylation was carried out using w-propyl 
alcohol a t 60° for 20 hours. Again, the recovered 
3-phenylpentane contained no detectable 2-phenyl
pentane by infrared comparison. The alkylation 
of benzene with 3-pentanol gives a mixture of about 
two parts of 2-phenylpentane, one par t of 3-phenyl
pentane and probably some /-amylbenzene.1 The 
rearrangements involved must have occurred be
fore the product-forming step. 

In order to test the possibility tha t s tart ing alco
hols might be isomerized before reaction, an alkyla
tion in benzene solution a t 0° using 3-pentanol was 
interrupted at partial reaction. The recovered al
cohol was found to be pure unrearranged 3-penta
nol. Hence, the rearrangements observed in the 
alkylation experiments are not due to prior rear
rangement of start ing alcohol. 

I t should be noted tha t in the boron fluoride al
kylation of benzene with 2-methoxybutane, Bur-
well, et al.,1B carefully demonstrated the optical sta
bility of reactant and product. 

Aromatic Hydrocarbon Catalysis.—Price and 
Ciskowski7 have observed tha t cyclohexanol by it
self saturated with boron fluoride is stable under 
conditions which promote rapid alkylation in 
naphthalene. The full significance of this fact seems 
to have escaped notice. Similarly, when 2-pentanol 
in pentane is saturated with boron fluoride and is 
maintained a t 0° for one hour, the 2-pentanol is re-

(12) We wish to thank Professor H. C. Brown for pointing out this 
inadequacy. 

covered unchanged. In particular, there is no ob
servable decomposition or rearrangement to 3-pen
tanol. Yet, in benzene under similar conditions, 
rapid alkylation occurs. Benzene apparent ly is 
necessary in the rate-determining step of the alkyla
tion. The necessity of the aromatic hydrocarbon 
for reaction was emphasized by another experi
ment : Hexaethylbenzene should not be alkylatable 
by 2-pentanol for the equivalent of a secondary car-
bonium ion would be replaced by a much less stable 
ethyl cation. When 2-pentanol in pentane or hep
tane solution was saturated with boron fluoride and 
maintained a t 0° for one hour with 0.2 equivalent 
of hexaethylbenzene, a rapid reaction occurred; 
the alcohol decomposed completely to a polymeric 
unsaturated oil. The hexaethylbenzene was re
covered unchanged in good yield. The hexaethyl
benzene catalyzed the decomposition of the alcohol-
boron fluoride complex! A similar reaction using 
cyclohexene in place of the hexaethylbenzene gave 
no reaction. Since olefins are generally more reac
tive to addition than are aromatic rings this result 
suggests tha t some sort of complex, perhaps of the 
7r-complex type, with the aromatic ring is involved 
in the reaction (vide infra). 

At higher temperatures alcohol-boron fluoride 
complexes decompose to polymeric materials with
out additional catalysts. This uncatalyzed reaction 
may compete more or less effectively with the aro
matic hydrocarbon catalyzed reaction even a t low 
temperatures with favorably constituted alcohols. 
/-Amyl alcohol in heptane at 0° rapidly decomposes 
with boron fluoride. Similarly, 3-methyl-2-butanol 
with boron fluoride in an inert solvent at 0° gives 
an unsaturated polymer. I t seems significant tha t 
the alkylation of benzene with this alcohol gives a 
complex mixture containing large amounts of t-bu-
tylbenzene,1 1 3 which probably is formed from the 
cracking products of dimers, trimers or higher 
polymers. The facile reaction of 3-methyl-2-butanol 
probably is associated with the neighboring ter
t iary hydrogen. 

Olefins as Intermediates.—Alkylations with at 
least some secondary alcohols at 0° do not involve 
significant reaction via olefin. The alkylation of 
benzene with 2-butanol-<i a t 0° gave 2-phenylbutane 
with no detectable C - D stretching band in the in
frared. If a significant amount of alkylation pro
ceeded by way of carbonium ions produced via bu-
tene, partially deuterated product would be ex
pected because of the reactions 

C4H9OD-BF3 > C4H, + HOD-BF3 

C4H9
+ + BF 3 OD" C 4 H 8 D + -f- BF 3 OH" 

The reaction of 2-propanol-l-t? with benzene a t 0° 
gives 2-phenylpropane-l-rf, the infrared spectrum 
of which shows no observable loss or rearrangement 
of deuterium by comparison with similar material 
prepared below.14 No propene could be found in 

(13) B. S. Friedman and F. L. Morritz, T H I S JOURNAL, 78, 2000 
(1958). 

(14) A. Streitwieser, Jr., S. Andreades and W. D. Schaeffer, paper 
presented at the 132nd Meeting of the American Chemical Society, 
New York, N. Y., September 10, 1957; Absts., p. 33P. Details will be 
published separately. 
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the exit gases from an alkylation of benzene with 
isopropyl alcohol at 0°. 

At higher temperatures, however, olefins are ap
parently involved to some extent as intermedi
ates. The alkylation of benzene with 2-pentanol-
d at 61° gives a product alkylate having significant 
absorption in the C-D stretching region of the in
frared. Olefins are known to alkylate aromatic hy
drocarbons under comparable conditions.7'13'15 

Mechanism of the Reaction.—In an excellent 
review which summarizes many available data, 
Brown and Nelson16 recently have presented a com
prehensive mechanism of alkylation reactions de
veloped as a particular of electrophilic aromatic 
substitution. It is appropriate to discuss our re
sults in terms of an extension of this mechanism, as 
in Chart I. 

CHART I 

MECHANISM OF BORON FLUORIDE-ALCOHOL ALKYLATION 

B 
R^ + BF 3 OH" - ^ olefin + H2O-BF3 

D ! ROH-BF3 Polymers 
C 

IT * C9H6R 

-R' 

V 

Tertiary carbonium ions are probably formed 
so readily that reaction occurs entirely by path A 
with tertiary alcohols. Path A is apparently also 
important with secondary alcohols and some pri
mary alcohols at elevated temperatures as indi
cated by the experiments with deuterated alcohols 
and with the alcohol-boron fluoride compounds in 
inert media (vide supra). With some secondary 
alcohols at lower temperatures and with some pri
mary alcohols formation of the complex I can pre
dominate. The reaction of straight-chain second
ary alcohols in benzene at 0° proceeds entirely 
by path C. The necessity of an aromatic nucleus 
for any reaction to occur in this case brings to mind 
the kinetic results of Brown, et al.,17 in which the 
presence of the aromatic ring at the rate-determin
ing step was established in some Friedel-Crafts 
alkylation. The data do not suffice for the 
further structural characterization of the complex 
produced in the rate-determining step of our 
system [i.e., whether it be of the 7r-type (I) or <r-
type (II)16] although the hexaethylbenzene re

us) (a) V. N. Ipatieff and A. V. Grosse, THIS JOURNAL, 68, 2339 
(1936); (b) P, E. Condon, ibid., 70, 2265 (1948); (c) 71, 3544 (1949). 

(16) H. C. Brown and K. L. R. Nelson, Chapter 56 in B. T. Brooks, 
S. S. Kurtz, Jr., C. E. Boord and L. Sehmerling, "The Chemistry of 
Petroleum Hydrocarbons," Reinhold Publishing Corp., New York, 
N. Y., 1955, Vol. 3, p. 465. 

(17) (a) H. C. Brown and M. Grayson, T H I S JOURNAL, 75, 6285 
(1953); (b) H. C. Brown and H. Jungk, ibid., 77, 5584 (1955); (c) 
H. Jungk, C. R. Smoot and H. C. Brown, ibid., 78, 2185 (1956). 

suits (vide supra) strongly suggest a 7r-complex 
and that step C is rate-determining.18 In the 
formulation of this complex as I, the role of the 
leaving group has been omitted. This specie may 
still be present in a "tight" or "loose ion-pair" and 
may perhaps still be involved to some extent in cova-
lent bonding to the carbonium ion; indeed, there may 
be more than one such complex depending on the 
nature of the bonding, if any, to the leaving group. 

A step such as D involving the dissociation of 
I or II to a carbonium ion which can subsequently 
form olefin and polymerize is required to account 
for the formation of polymer in the hexaethyl
benzene experiment (vide supra) in which path G of 
the normal alkylation is blocked. The correspond
ing reverse step of D will account for the incorpo
ration of deuterium into the side chain of alkylation 
products of reactions at elevated temperatures with 
ROD. 

The identity of the product mixture from 2-
pentanol and 3-pentanol1 necessitates that the 
isomerization reaction E, be much faster than the 
product-determining alkylation reaction F. This 
facile isomerization further suggests that the 
complexes I and I ' are, indeed, 7r-complexes in 
which the groups R and R' retain much carbonium 
ion character. Although the rearrangement E is 
apparently more rapid than F or F ' whenever 
the rearranged cation I ' is of approximately equal 
or greater stability than I, reactions F and F ' are 
clearly more rapid than D. This conclusion is af
firmed by the results that neopentyl alcohol yields 
pure /-amylbenzene in good yield, undoubtedly 
by way of a i-amyl cation complexed to benzene, 
although t-a.my\ alcohol yields polymer undoubtedly 
by way of /-amyl cations not complexed to benzene 
in the same manner. 

The reaction of primary alcohols is slower than 
that of secondary alcohols undoubtedly because 
positive charge is being developed at a primary 
center. Nevertheless, the fact that w-propyl al
cohol reacts under conditions to which ethyl 
alcohol is inert suggests that the rearrangement to 
an isopropyl cation of some type is important and 
is reflected in the rate-determining step. The 
ethyl system, of course, cannot rearrange to a 
secondary carbonium ion. The role of such a 
rearrangement in the reaction sequence in Chart I 
cannot be detailed on the basis of the evidence pre
sented here but will be the subject of a subsequent 
paper. 

The reaction of benzene with boron fluoride and 
1-butanol-d or 1-pentanol-d gave deuterated 
product including side-chain deuteration as indi
cated by a medium band at 4.6/x in the infrared. 
A weak band at 4.4,u in these products is due to 
ring deuteration19 which undoubtedly arises by 
electrophilic reaction with D2O-BF3. The product 
from 2-pentanol-d at 61° does not contain this 
band—the reaction time was much shorter. Ap
parently, olefin intermediates are involved to some 
extent in the reactions of these alcohols, i.e., the 

(18) This proposition is supported by additional results still of a 
preliminary nature, which will be reported later. 

(19) The principal C-D stretching absorption for ring substituted 
deuteriotoluene occurs at 4.44-4.50 ^, see J. Turkevich, H. A. McKen-
zie, L. Friedman and R. Spurr, T H I S JOURNAL, 71, 4045 (1949). 
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reaction sequence A, B and D in Chart I is im
portant. When a heterogeneous mixture of 1-
pentanol, boron fluoride and hexane, either "dry" 
or in the presence of water, was maintained at 65° 
for three days, almost complete decomposition of 
the alcohol occurred. In alkylations with these 
alcohols a number of competing reactions probably 
take place; these systems are apparently quite 
complex and are little suited for further studies of 
mechanism. On the other hand, the reactions of 
w-propyl alcohol seem rather straightforward. 

1-Propanol-l-d (prepared from propionaldehyde 
and lithium aluminum deuteride) yields 2-phenyl-
propane-1-d (C-D band, 2188 cm."1) without 
significant loss or rearrangement of deuterium. 
The infrared spectrum is identical with that of the 
product obtained from the alkylation of benzene 
with 2-propanol-l-o! (vide supra). l-Propanol-2-
d yields a mixture of 2-phenylpropane-l-i and 
2-phenylpropane-2-<2 (C-D doublet, 2155, 2222 
cm. -1) with no significant loss of deuterium.14 1-
Propanol-i with benzene and boron fluoride at 61 ° 
yields cumene having only the weak band at 2260 
cm. - 1 due to ring deuterium. These results sub
sequently will be discussed in detail; we wish to 
point out at this time only that they demonstrate 
the absence of any significant involvement of 
propylene in this alkylation. The greater sim
plicity of the reactions in the w-propyl system lend 
themselves satisfactorily to further studies of the 
alkylation mechanism, although the reason for 
this difference from the other primary alcohols is 
not completely clear. 

Experimental 
Boron fluoride was obtained from Ohio Chemical and 

Manufacturing Co. and from the Matheson Co., Inc., and 
was used directly. Benzene was commercial thiophene-free 
benzene which was distilled and stored over sodium ribbon. 
Pentane, hexane and heptane were commercial grade sol
vents which were shaken repeatedly with fuming sulfuric 
acid, washed, dried, distilled, and stored over sodium ribbon. 
The infrared spectra were taken on a Baird infrared double 
beam recording spectrophotometer with sodium chloride 
optics. 

Approximate Rate of Reaction of Benzene with Isopropyl 
Alcohol and Boron Fluoride.—In each run a mixture of 90 g. 
of benzene and 10 g. of dry isopropyl alcohol was prepared. 
In some cases this mixture was used directly; in others the 
solution was further dried by distillation of 1.5-2 cc. of azeo-
trope. The solution was contained in a flask arranged for 
gas inlet and magnetic stirring and closed with a drying tube. 
While stirring in an ice-bath boron fluoride was rapidly bub
bled through the mixture; saturation was achieved within 
2-3 minutes, but boron fluoride was passed in during the en
tire course of the reaction. At the end of the indicated time 
14 g. of ice-cold pyridine was poured into the mixture to 
quench the reaction. After stirring for an additional 20 
minutes, a sample of the supernatant liquid was removed, 
dried with anhydrous potassium carbonate and filtered. 
The infrared spectrum was taken in a 0.117-mm. cell against 
a salt plate as the reference. The absorbance at 2.9 M was 
compared with that in a spectrum of a mixture prepared by 
the addition of 10 g. of isopropyl alcohol saturated with boron 
fluoride at 0° to a solution of 90 g. of benzene and 14 g. of 
dry pyridine at 0°. The 2.9 JJ band of the supernatant solu
tion from the latter mixture was comparable in intensity to a 
10% solution of isopropyl alcohol in benzene but differed 
significantly in shape. In those cases in which some azeo-
trope was removed from the isopropyl alcohol-benzene mix
ture before reaction, the initial concentration of isopropyl 
alcohol was not considered to be changed significantly. The 
results are summarized in Table I. 

Stability of 3-Phenylpentane to Boron Fluoride.—For two 
hours boron fluoride was passed slowly through a solution of 

9.0 g. of 3-phenylpentane in 100 g. of dry benzene. Thirty-
three grams of this mixture was decanted into 100 ml. of ice-
cold 10% potassium hydroxide. After separating and dry
ing the organic phase over anhydrous sodium sulfate, dis
tillation yielded 2.1 g. of material boiling between 180-193° 
and having an infrared spectrum identical with that of the 
starting 3-phenylpentane. 

To the remaining benzene solution was added 2 ml. of 
water, and boron fluoride was again introduced with stirring 
for two hours. The mixture was then worked up as above; 
distillation gave 5.1 g. of material, b . 186-192°, which was 
again identical with the starting 3-phenylpentane. 

Stability of 3-Phenylpentane during Alkylation.—A mix
ture of 8.0 g. of isopropyl alcohol, 100 g. of dry benzene and 
8.0 g. of 3-phenylpentane was saturated with boron fluoride 
with stirring at 0° . After one hour the mixture was worked 
up as usual; distillation gave 2.0 g., b . 120-186°, and 4.0 
g., b . 186-187°. An infrared spectrum of the latter frac
tion was essentially identical with a spectrum of the 
starting 3-phenylpentane. In particular, there was no ab
sorption at 10.1 ii; 2-phenylpentane has an intense absorp
tion at this point. 

A mixture of 100 ml. of dry benzene, 10 g. of w-propyl al
cohol and 6 g. of 3-phenylpentane was saturated with boron 
fluoride at 0° and maintained at 60 ± 0.5° for 24 hours. 
The mixture was worked up as usual. Distillation gave 1 cc. 
of a fraction, b . 191-192°. The infrared spectrum of this 
fraction indicated that it was impure 3-phenylpentane (di-
isopropylbenzenes were probably present), but the absence 
of absorption at 10.1 n demonstrated the absence of any 2-
phenylpentane. 

Non-rearrangement of Recovered Alcohol.—A mixture of 
150 ml. of dry benzene and 20 g. of 3-pentanol was treated 
with boron fluoride at 0° for 5 minutes. After the usual 
work-up, distillation through a small column gave 0.5 cc. of 
a fraction, b . 115-116°, with an infrared spectrum identical 
with that of the starting 3-pentanol; the strong peaks at 9.4, 
10.0 and 11.2 n present in 2-pentanol were completely ab
sent in the recovered alcohol. 

The Decomposition of 2-Pentanol-Boron Fluoride With 
Hexaethylbenzene.—A solution of 5.0 g. (0.0203 mole) of 
hexaethylbenzene, 100 g. of re-pentane and 10 g. (0.113 
mole) of 2-pentanol was saturated with boron fluoride at 0°. 
After several minutes an orange liquid phase separated. 
After stirring for an additional hour at 0° the mixture was 
poured into 150 ml. of cold 10% potassium hydroxide. An 
infrared spectrum of the dried organic phase showed the ab
sence of any alcohol band. The solution gave a positive 
unsaturation test with bromine. After removal of the pen
tane no further material could be distilled up to a pot tem
perature of 225°. The hot residue solidified on cooling but 
still gave a positive test for unsaturation. 

The experiment was repeated using re-heptanc as the 
solvent. After the work-up as above, distillation of the 
dried organic phase yielded no materia! boiling below re-
heptane (absence of pentenes). The solid pot residue was 
washed with pentane leaving 4.2 g. of a solid having m.p. 
129-130°, undepressed when mixed with hexaethylbenzene. 

Treatment of 2-Pentanol with Boron Fluoride in Heptane-
Cyclohexene.—The experimental conditions were the same 
as in the previous experiment except that 4.0 g. (0.049 mole) 
of cyclohexene was used instead of the hexaethylbenzene. 
Following the work-up, distillation gave 3.2 g. of material, 
b . 79-85°, which was identified as cyclohexene. The re
mainder of the material distilled between 95 and 98° to pot 
dryness (indicating an azeotrope between re-heptane and 2-
pentanol). An infrared spectrum of the distillate was iden
tical with that of a synthetic mixture of 2-pentanol in re-
heptane. 

Test for Evolution of Propene during Alkylation with Iso
propyl Alcohol.—A solution of 100 ml. of dry benzene and 12 
g. of isopropyl alcohol was distilled to remove 2 ml. of azeo
trope boiling up to 70 °. Boron fluoride was bubbled through 
the resulting solution for 10 minutes at 0° in a flask carrying 
an exit tube which led successively to a Dry Ice cooled trap, 
a calcium chloride tube, a gas trap containing water, a cal
cium chloride tube, and a trap containing a solution of bro
mine in carbon tetrachloride. The reaction vessel was re
placed with a fresh charge of dried isopropyl alcohol-ben
zene solution and the boron fluoride treatment was repeated. 
No propylene was found in the Dry Ice trap and no propylene 
dibromide could be recovered from the bromine-carbon tet
rachloride solution. 
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TABLE II 

BORON FLUORIDE ALKYLATION OP BENZENE WITH D E U -

TERATED ALCOHOLS 
Wt. in 

100 g. of 
benzene, Reaction 

conditions 

Infrared spectrum 
of product 

alkylate," p. 

10 
8.5 

10 

0° 
61° 
61° 
61° 
61° 

l h r . 
2 .5 hr. 
24 hr. 
68 hr. 
68 hr. 

61°, 20 hr.' 

No deuterium 
4.6(m)> 
4.43(w)° 
4.4(w),° 4 
4.4(w),c 4 
4.6(s),c 4 

m, medium; s, strong intensity. 

6 ( W 
6(m)6 

6(s)c 

"Side 

Alcohol 

2-Butanol-d 
2-Pentanol-d 
1-Propanol-d 
1-Butanol-if 
1-Pentanol-d 
1-Pentanol-i 

" w, weak, 
chain C - D . c Ring C - D . d Mixture was wet with several 
drops of D2O. Some unreacted alcohol was recovered from 
this run which had an infrared spectrum identical with 1-
pentanol. 

Alkylations with Deuterated Alcohols.—The hydroxy 
hydrogen of several alcohols was largely replaced either by 
two exchanges with deuterium oxide or by treatment of the 
sodium alkoxide with deuterium oxide. The infrared 
spectra showed that the alcohols used were 75-90% deu
terated. In all but one case the solution of the alcohol in 
benzene was saturated with boron fluoride at 0°, maintained 
at the appropriate temperature for a given length of time 
and worked up in the usual way. The alkylate products 
were examined for deuterium in the infrared. For the case 
of 2-pentanoW at 61°, the solution of alcohol in heptane 

was saturated with boron fluoride and added dropwise and 
with stirring to benzene maintained at 61°. The results are 
summarized in Table I I . 

Alcohol-Boron Fluoride Complexes in Inert Media.—A 
solution of approximately 10% of the alcohol in the hydro
carbon was saturated with boron fluoride; with the second
ary and tertiary alcohols the mixture was stirred in an ice-
bath for an hour and worked up with aqueous sodium hy
droxide in the usual way. In the primary cases, the dense 
complex was allowed to settle as a lower layer and the mix
ture was maintained in a constant temperature flask using 
hexane as the heating bath. The results are summarized in 
Table I I I . 

TABLE II I 

STABILITY OF ALCOHOL-BORON FLUORIDE COMPLEXES 

Alcohol 
2-Pentanol 
S-Amyl alcohol 
3-Methyl-2-

butanol 
1-Pentanol 
1-Pentanol" 

Medium 
Pentane 
Heptane 

Reaction 
conditions 

1 hr. 
1 hr. 

Result 
No reaction3 

Complete reaction6 

Complete reaction b,c 

Almost complete reacn/ 
Heptane 0°, 1 hr. 
Hexane 65°, 3 days 
Hexane 65°, 3 days Almost complete reacn. 

° No rearrangement to 3-pentanol evident in the infrared 
spectrum. b No recovered alcohol apparent in the infrared. 
" Solution after normal work-up gave positive tests for ole
fin. d Infrared showed traces of unreacted alcohol. Prod
uct was mostly a non-volatile oil. e One milliliter of water 
was added. 
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Under the influence of -y-rays, w-aliphatic aldehydes undergo hydrogen-chlorine exchange with excess of carbon tetra
chloride yielding the corresponding acyl chlorides. When carbon tetrachloride concentration was decreased, self condensa
tion of the aldehydes took place and the best yield of the corresponding dehydrated aldol was obtained when carbon tetra
chloride concentration was kept at one-fifth mole per mole of aldehyde. The aldol type of condensation with reactive 
methylenic compounds was found to be general when aliphatic or aromatic aldehydes were used. The yield of the reaction 
was found to be affected by the dose rate and by the substituents in the aromatic aldehydes. A proposed mechanism is 
discussed. 

Winstein and Seubold2 have reported that 
carbon tetrachloride inhibited the decarbonylation 
of isovaleraldehyde and /3-phenylisovaleraldehyde 
when methyl radicals derived from the thermal 
decomposition of di(i-butyl) peroxide were used 
as initiators. The formation of the corresponding 
acid chloride was suggested to be due to a chain 
reaction propagated by steps 2 and 3. 

H 
CH3 + R C = O — > • RCO + CH4 (1) 

RCO + ClCCl3 RCOCl + -CCU (2) 

RCHO + CCl3 —> RCO + HCCl3 (3) 
In the present investigation it has been found 

that these reactions are general when 7-rays are 
used as the chain initiator. When w-aliphatic 
aldehydes (1 mole) in solution in carbon tetra
chloride (6 moles) under a dry nitrogen atmosphere 
were irradiated, a significant amount of ionizable 
chlorine resulted and the acid chloride in the form 
of its acid was separated in a yield of 10 to 20%. 

(1) Post-Doctoral Fellow under Michigan Memorial Phoenix Proj
ect No. 98 given by the Chrysler Corporation. 

(2) S. Winstein and F. H. Seubold, T H I 3 JOURNAL, 69, 2916 (1947). 

The isolation of hexachlorethane from the re
action product indicates the formation of trichloro-
methyl radicals during the radiation; hexachloro-
ethane was not found in the absence of aldehydes. 

At low concentration of carbon tetrachloride the 
formation of acid chlorides diminished and self con
densation of the aliphatic aldehydes took place. 
The maximum yield of the corresponding aldol type 
of condensation was obtained when carbon tetra
chloride was present at 0.2 or 0.1 molar ratio of the 
aldehyde used. Under these latter conditions the 
crotonization of aliphatic aldehydes and the alkyla
tions of reactive methylenic compounds (RZCH2.-
COR") with aromatic aldehydes took place 
readily. None of these condensations was effected 
by 7-radiation in the absence of carbon tetra
chloride. 

Irradiation of aliphatic aldehydes alone or even 
in the presence of water3 did not produce any 
condensation products. The aldol type of con
densation under the influence of 7-rays and in the 
presence of carbon tetrachloride was not due to 
the presence of hydrochloric acid that might be 

(3) Compare Y. Hirshberg and L. Farkas, ibid., 59, 2453 (1937). 


