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Isomerization of di- and monomethylnaphthalenes in the system anhydrous hydrofluorie acid—boron trifluoride

has been investigated.

In accord with the previously reported observations with methylbenzenes the relative

concentrations of di- and monomethylnaphthalenes in the isomerisates depend on the amount of boron trifluoride.
The unique feature in the dimethylnaphthalene series is the existence of a number of discrete equilibrium sets of

isomer groups with no interconversion between the members of the different sets.
are in agreement with the postulated intramolecular 1,2-methyl shift.

The experimental rate data
The barriers to the intramolecular methyl

shift between the adjacent 3-8 as well as between the pers positions are rationalized in terms of the unfavorable

high-energy complexes required for these migrations.

It has long been recognized that aromatic hydro-
carbons dissolve in strong protonic acids. Solubility of
a number of aromatic hydrocarbons in liquid hydrogen
fluoride was reported by Klatt?; this was interpreted
by Hammett? as involving a formation of arene con-
jugate acids by the protonation of the aromatic nucleus.
The above postulate has been supported by the con-
ductivity measurements of solutions of benzene and
methylbenzenes in liquid HF* and also by the study of
electronic spectra of the dissolved aromatic cations.®

Aromatic hydrocarbons have only a moderate solu-
bility in liquid HF; however most of the arenes show
a greatly enhanced solubility as well as the much
faster H-D isotope exchange rate in the presence of
added promoters such as BF.6

The formation of the soluble arene conjugate acids
may be pictured as follows.

Ar + HF —= ArH+*F~ (1)
F- 4+ BF; — BF,~ (2)
Ar + HF + BF; — ArH+BF,~

The equilibrium for the reaction (1) is far to the left;
however, addition of BF; with the resulting formation
of the stable fluoborate ion drives the complex forma-
tion to completion. A number of ternary arene-
HF-BF; complexes have been prepared and character-
ized at low temperature.’

The alkyl groups in alkylarene cations may migrate
according to intermolecular or intramolecular mech-
anism. Ethyl-, isopropyl-, n-propyl-, and sec-butyl-
benzenes disproportionate by an apparently inter-
molecular pathway giving a mixture of benzene, di-
and trialkylbenzenes® while xylenes isomerize intra-
molecularly, presumably by a series of 1,2-shifts.?
Recently it was demonstrated that AlBr,~HBr cata-
lyzed isomerization of toluene-1-C!* proceeds by the
intramolecular 1,2-methyl shift. 10
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Isomerization of methylbenzenes with the HF-BF,
catalyst system has been investigated by MeCaulay
and Lien.® They demonstrated that the amount of
BF; used had a pronounced effect on the composition
of the isomerized equilibrium mixture. This result as
well as the differences in the isomerization rates be-
tween xylene isomers were interpreted by the above
workers on the basis of differences in the stabilities
of the protonated methylbenzene complexes. Thus,
the stabilities of the methylbenzene conjugate acids
and hence the basicities of the corresponding hydro-
carbons depend apparently on both the number and the
positions of the methyl substituents. The relative
basicities of methylbenzenes in HF-BF; systems have
been reported in three sets of independent experi-
mental data.4'112 A quantitative estimation of basic-
ities of methylbenzenes by a self-consistent LCAO-1[0
method based on the combined methyl-hyperconjuga-
tion and methyl-induction model has been shown to
correlate well with the experimental data.1®

In contrast to an extensive literature on the isomeri-
zation of alkylbenzenes little has been reported with
respect to the corresponding naphthalene derivatives.
Only two brief notes concerning the isomerization of
a dimethylnaphthalene isomer were found in the
literature.415

Experimental

Reagents.—The anhydrous hydrogen fluoride and boron tri-
fluoride were commercial reagents (Matheson Co.) and were
used directly without further purification.

The 1,5-, 1,8-, 2,3-, 2,6-, and 2,7-dimethylnaphthalenes
(DMNs) were purified by recrystallization from methanol from
commercially available samples (Aldrich Co., Henley Co., and
K and K Laboratories). These isomers were ~999, pure.

The liquid 1,2- and 1,6-isomers were less pure. The 1,2-isomer
assayed as 969, pure, containing a non-DMN impurity. The
1,6-isomer analyzed as follows: 1,6-DMN, 919%; 2,6- and 2,7-
DMNs, 3%; 1,7-DMN, 49,; 2,3-, 1,4-, and 1,5-DMNs, 29,
An attempt to purify the 1,6-isomer via the picrate salt was un-
successful.

The 1,3- and 1,4-dimethylnaphthalenes were synthesized from
m- and p-xylene, respectively, by the succinic anhydride-a-te-
tralone route's and were ~999, pure.

The 1,7-isomer was prepared from the 1,8-isomer by isomeriza-
tion with anhydrous HF by the following procedure. To a solu-
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Fig. 1.—Vapor phase chromatogram on a 12-ft. column, at
215°, with a He flow of 70 ml./min. of the ten dimethylnaph-
thalene and two monomethylnaphthalene isomers: A, 2-methyl-
naphthalene; B, 1-methylnaphthalene; C, 2,6- and 2,7-; D, 1,6-,
1,7-, and 1,3-; E, 2,3-, 1,4, and 1,5-; F, 1,2-; and G, 1,8-di-
methylnaphthalene.

tion of the 1,8-isomer in benzene (3-5 wt. 9;) contained in a stain-
less steel Hoke bomb was added a large molar excess of anhydrous
HF. The mixture was shaken mechanically at room temperature
over a 15-min. period, then quenched in ice-water. The 1,7-
dimethylnaphthalene was recovered from the benzene phage and
analyzed as ~999, pure.

The 1- and 2-methylnaphthalenes (from Humphrey-Wilkinson
Co. and Distillation Products, respectively) assayed at 98.4 and
997,

The physical constants of dimethylnaphthalenes corresponded
closely to those reported in the literature!’; purity of the indi-
vidual isomers was further ascertained by gas chromatography
(Fig. 1) and infrared absorption techniques.

Apparatus and Procedure.—Isomerization of di- and mono-
methylnaphthalenes was carried out in 80-ml. stainless steel
Hoke bombs equipped with two-needle valves; one of the valves
was adapted to an internal dip tube.

A measured quantity of anhydrous HF was transferred by
nitrogen pressure from a metering cylinder through a stainless
steel manifold into an evacuated Hoke bomb containing the
benzene or n-hexane solution of the DMN or MeN isomer. The
bomb was immersed in a constant-temperature bath and allowed
to equilibrate thermally over a short period of time (15-20
min.). In the rate study it was ascertained that no isomerization
occurred under these conditions, 7.e., prior to the addition of
BF;. A calculated quantity of BF; was then added from the BF;
metering cylinder, and the time count was initiated. The reac-
tor bomb was shaken by means of a Burrell wrist-action shaker at
250 times/min.

In most of the study 109 (wt.) solutions of di- or monomethyl
naphthalenes in benzene were employed, in a few instances n-
hexane was used as a solvent. A large molar excess of anhydrous
hydrogen fluoride (50~60 moles/mole of DMN and MeN) was
used throughout the investigation.

The quantities of materials in a single experiment were the
following: 3.0 g. of DMN or 2.7 g. of MeN, 27 g. of benzene or
n-hexane, 20-22 g. of anhydrous HF. On some occasions, for
reasons of economy, somewhat smaller quantities of DMN iso-
mers were used (1-2 g. with 1,4-, 1,7-, and 1,8-isomers).

The equilibration experiments carried out with 10 mole % of
BF; at 70° were followed by withdrawing ca. 1-ml. aliquots of the

(17) A. B. Bailey, K. C. Bryant, R. A. Hancock, 8. H. Morrell, and J. C.
Smith, J. Inet: Petrol., 88, 503 (1947).
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organic layer into a polyethylene container filled with crushed
ice. The supernatant hydrocarbon layer was separated, dried
over anhydrous potassium carbonate, and analyzed for the DMN
and MeN isomers by gas chromatography and infrared absorption
techniques.

In the isomerization rate study ca. 0.5-ml. aliquots of the acid
layer were withdrawn at measured time intervals and quenched
in crushed ice. After addition of a small quantity of pentane, the
aqueous acid was neutralized with potassium carbonate and the
organic layer was separated and dried with anhydrous potassium
carbonate. The product was again analyzed by gas chromatog-
raphy and infrared absorption techniques. Following the with-
drawal of the last sample from the acid layer a 5-10-ml. aliquot
of the supernatant organic solvent layer was withdrawn through
the dip tube and assayed for the DMN or MeN content.

Analytical Methods.—Analysis of the DMN and MeN product
mixtures was accomplished by gas chromatography and infrared
abgorption techniques by the method of King, Fabrizio, and
Donnell.'® Separation of the two methylnaphthalenes and resolu-
tion of the ten dimethylnaphthalenes into five groups (Fig. 1)
wag achieved with a Model 300 F and M gas chromatograph
under the following conditions: 12 ft. X 0.25 in. column packed
with Craig polyester succinate on Chromosorb P, 30-60 mesh.
The dimethylnaphthalenes under the unresolved peaks C, D, and
E (Fig. 1) were collected as the peak fractions emerged from the
gas chromatograph and analyzed at 11-15 4 using Perkin-Elmer
Model 21 spectrophotometer. The analytical wave lengths are
listed below.

Isomer Wave length, u (=0.02)
2,6- 12.37
2,7- 12.03
1,6- 12.33
1,7- 12.18
1,3 12.97
2,3- 13.49
1,4- 13.32
1,5- 12.76

Both the accuracy and the precision of the analytical method
were 19, based on the whole sample.

Calculation of Rate Constants and Activation Parameters.—
The first-order rate constants were obtained from the slope of the
straight-line plot of In (4¢ — A.)/(A: — A.) vs. time. The con-
centration terms Ao, A, and A., expressed as.the weight per cent
of the starting DMN or MeN isomer at times ¢ = 0, ¢, and t«,
respectively, were obtained from the measurement of the peak
areas on the gas chromatography scans. The rate constants were
found to be reproducible in the duplicate kinetic runs.

The Arrhenius activation energy E for the 2,6- — 1,6-DMN
interconversion was obtained from the plot of In k vs. 1/7 at four
different temperatures and for the other DMN and MeN isomers
from the rate constants at two different temperatures.

The activation entropy AS* was calculated from the Eyring
equation

k = kT/h exp(—AH*/RT) exp{AS*/R)
where AH* = E — RT.

Results

The isomerization procedure applied to di- and mono-
methylnaphthalenes was similar to that employed by
MecCaulay and Lien with xylenes and tri- and tetra-
methylbenzenes.® The isomerization experiments were
carried out in the presence of a large molar excess of
anhydrous hydrogen fluoride and with two different
added boron trifluoride concentrations, 10 and 110
mole 9, based on the arene used. The actual BF;—
arene molar ratios were probably somewhat smaller
(estimated 5 and 105 mole %) owing to basic impurities
in the commercial hydrogen fluoride. Since a number
of dimethylnaphthalene isomers are solid, the method

(18) R. W. King, F. A. Fabrizio, and A. R. Donnell in '“Gas Chromatog-
raphy,’’ Academic Press, New York, N. Y., 1962, p. 149.
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used entailed contacting the benzene solution of the
reactant arene with HF and BF; in the given order.
Addition of BF; resulted in the formation of the acid-
soluble complex as indicated by the pressure decrease in
the system. In the presence of excess BF; only a small
fraction of the (1-297) added arene remained in the
supernatant benzene layer.

It was established that the presence of BF; as a pro-
moter was not a prerequisite for the occurrence of the
isomerization reaction; thus both the 1,8- and 1,4-
DMN isomers could be readily isomerized with HF
alone at ambient temperature while a similar reaction
with the 2,6-isomer required an elevated temperature
(70°). However, the isomerization rates with HF
alone were in most instances too slow for a study at a
convenient temperature.

The analysis of the produet mixtures was accom-
plished by gas chromatography and infrared absorp-
tion techniques.!®

In accord with the findings of McCaulay and Lien,®
with methylbenzenes the isomer distribution in the
equilibrium isomerisates was found to depend on the
amount of added boron trifluoride.

The unique feature of the isomerization of dimethyl-
naphthalenes was the discovery of a number of discrete
equilibrium sets of isomer groups. Thus, isomeri-
zation of dimethylnaphthalenes within the group
is facile; however no interconversion of isomers belong-
ing to the different groups has been observed. The
1,2-isomer did neither isomerize to any of the nine other
dimethylnaphthalenes nor did the other isomers give
rise to 1,2-dimethylnaphthalene. The isomer groups,
together with the equilibrium concentrations of the
individual isomers with different amounts of added
BF; are given in Table I.

TasLe 1

EquiniBriuM CONCENTRATIONS OF DiI- AND
MONOMETHYLN APHTHALENES®

Conditions® Equilibrium

2,6-DMN — 1,6-DMN — 1,5-DMN

A 57 40 3

B 35 63 2

C 56 40 4
2,7-DMN — 1,7-DMN — 1,8-DMN

A 61 39 0

B 90 10 0
2,3-DMN — 1,3-DMN — 1,4 DMN

A 35 64 1

B <1 >99 <1

1,2-DMN %ﬁ other DMD isomers
1-MeN —— 2-MeN
A 23 77
B 12 88
% Values are given as weight per cent. ° A, benzene phase,
with catalytic amount of BF;, 70°; B, acid phase, with equi-

molar amounts of BF;, 28°; C, benzene phase, with HF alone,
70°.

The rates of isomerization of individual isomers were
determined in the homogeneous acid medium, with
equimolar or excess BF,. The constancy of the equi-
librium concentration values was verified from several
sides, 1.e., starting with all the equilibrium partners.
The approach to equilibrium with the isomers of the
2,6-, 1,6-, 1,5-, and 2,7-, 1,7-, 1,8-DMN and 1-MeN
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and 2-MeN sets as well as the irreversible conversion
of 1,4- and 2,3-DMNs to the 1,3-isomer were found to
be first order in the starting arene.

The most general forni, a coupled set of first-order
reactions involving three components, is the following.

k12
A, ————= 42
k21
XA
k31 kog v
LE
Any simpler set may be obtained from the general
scheme by setting certain rate constants equal to zero.
From the time vs. the produet composition analysis
the sequence of the appearance of the isomers in the
2,6-, 1,6-, and 1,5-DMN set was found to be as follows:
from 2,6-, first 1,6- then 1,5-; from 1,5-, first 1,6-,
then 2,6-; from 1,6-, both 2,6- and 1,5-, concurrently.
These observations are consistent with the postulated
intramolecular 1,2-methyl shift. Thus, a reaction
scheme for the two consecutive reversible first-order
reactions would be applicable.
k ks
2,6- —= 1,6- =— 1,5-DMN
ko ks
Further simplification was based on the fact that the
equilibrium concentration of the 1,5-DMXN isomer was
much smaller than those of the two other equilibrium
partners. Consequently, k; could be, as a first ap-
proximation, neglected in comparison with the other
three rate constants.
The kinetic scheme for the interconversion of the
2,6- and 1,6-isomers reduced then to a simple, reversible

.reaction.

k
2,6- —_—\‘k— 1,6-DMN
2

For the 1,5-isomer it reduced to a simple, first-order
reaction.

i k
1,5- —> 1,6-DMN

Introduction of the equilibrium concentrations into
the integrated rate expression and plotting the con-
centration term log A vs. time gave the effective rate
constants. In the case of two reversible first-order
reactions, the effective rate constant may be obtained
as the sum of the rate constants for the forward and
reverse reactions!?; the individual rate constants can
then be arrived at from the equilibrium constant.

The rate constants for the 2,7-, 1,7-DAIN, and 1-
and 2-MeN isomerization were obtained in an analogous
manner. Conversion of 1,4- and 2,3-DMNs to the 1,3-
isomer was practically complete and the rate constants
were obtained from the simple, first-order rate expres-
sion.

The rate of the irreversible isomerization of the 1,8-
isomer in the presence of BF; was too rapid for measure-
nent; thus at —22° 979 of the above isomer was con-
verted to the 1,7-isomer in less than 4 min. Even
in the absence of BF;, 7.e., with HI alone, 989, of the
1,8-isomer had reacted in 10 min. at room temperature.
Isomerization of the 1,4-isomer to 1,3-DMN was also

(19) A. A. Frost and R. P. Pearson, ““Kinetics and Mechanism” 2nd Ed.,
John Wiley and Sons, Inc., New York, N. Y., 1961, p. 186.
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TasLe II too fast to be measured at 28°; however measurable
ErrEcT oF TEMPERATURE ON THE EQUILIBRIUM PRODUCT rates could be obtained at —22 and —12°. The 1,2-
COMPOSITION OF THE 2,6-, 1,6-, anp 1,5-DMN ST DMN isomer was not converted to any of the other
Composition of product, DMN isomers under the above described conditions.
S % DMN The equilibrium concentrations of isomers varied
Temp., °C. Time min.  2.6- 1.6- L5 Other little over the temperature range employed, thus es-
20 15 94 6 0 sentially identical distributions were found in the ex-
20 2880 35 63 2 1 periments at 20, 28, 40, and 50° (Table II).
28 15 82 18 0 . Di . . : hvl-
98 1000 35 63 9 ) isproportionation  of both di ar}d. monomethy
28 7500 34 64 9 45 naphthaler}eg under the reaction conditions was foupd
40 15 57 42 1 to l?e negligible, e.g., ca. 19, at 28° over a 10-half-life
40 180 35 62 3 period.
50 15 38 59 3 The rate data for the homogeneous phase isomeri-
50 180 35 62 3 zation of di- and monomethylnaphthalenes are sum-
TasLe III
RaTEs oF ISOMERIZATION OF 2,6-, 1,6- AND 1,5-DIMETHYLN APHTHALENES®
2,6-DMN? 2,6-DMN© 2,6-DMN¢
Composition of product, Composition of product, Composition of product,
% DMN. % DMN % DMN
Time, min. 2,6- 1.6- 1,5- Titne, min. 2,6- 1,6- 1,5- Time, min. 2,6- 1,6- 1.5-
0 100 0 0 0 100 0 0 0 100 0 0
10 88 12 0 5 93 7 0 25 78 22 0
15 82 18 0 10 86 14 0 35 68 32 0
20 80 20 0 20 75 25 0 50 60 39 1
32 71 29 1 30 64 36 1 70 51 48 1
44 62 37 1 40 58 42 1 90 47 52 1
56 57 42 1 1000 35 63 2
68 52 47 1
80 48 50 2
92 46 53 2
170 37 61 2
1000 35 63 2
1,6-DMN? 1,6-DMN® 1,5-DMN? 1,5-DMN¢
Composition of product, Composition of product, Composition of produect, Composition of product
——% DMN ~———% DMN ———%, DMN ————% DMN
Time, min. 2,6- 1,6- 1,5- Time, min. 2,6- 1,6- 1,5- Time, min. 2,6- 1,6~ 1,5- Time, min. 2,6- 1,6- 1,5-
5 4 95 1 10 11 88 1 0 0 0 100 0 0 0 100
10 7 92 1 20 17 82 1 10 0 10 90 10 1 15 84
15 11 88 1 30 21 78 2 21 1 20 79 20 2 28 70
20 13 86 1 45 25 73 2 30 2 28 70 30 4 37 59
30 20 79 1 75 32 67 2 41 4 34 62 60 12 53 35
45 22 77 1 120 35 63 2 60 7 43 50
60 27 72 1 1160 36 62 2 80 11 52 37

100 15 56 29
121 19 59 21
140 22 60 18
1000 35 62 3
@ 1.1 moles of BF; and 55 moles of HF /mole of DMN at 28°. ¢ Dissolved in benzene, 109 solution. ¢ Dissolved in n-hexane, 109,
solution. ¢ Dissolved in benzene, 29 solution (275 moles of HF /mole of DMN). ¢ No solvent,

TaBLE IV TaBLE V
RATES OF ISOMERIZATION OF 1,7- AND RATE oF ISOMERIZATION OF 2,3-DIMETHYLNAPHTHALENE®
2,7-DIMETHYLN APHTHALENES® Composition of product,
1,7-DMN® 2,7-DMN? ] ‘ % DMN
... . Time, min. 2,3- 1,3-
Composition of Composition of
produect, % DMN % product, DMN 0 100 0
Time, min. 1,7- 2,7- Time, min. 2,7- 1,7- 5 85 15
0 99 1 0 100 0 10 71 29
10 91 9. 15 98 2 13 68 39
15 §6 14 3(3 97 3 17 59 41
27 78 22 45 96 ‘f 20 54 46
50 63 37 60 95 5 30 38 62
100 39 61 75 94 6 5
145 26 74 90 93 7 40 B 72
1140 10 90 400 90 10 60 15 85
1000 90 10 360 1 99
¢ 1.1 moles of BF; and 55 moles of HF /mole of DMN at 28°. @ 1.1 moles of BF; and 55 moles of HF /mole of DMN (dis-

b Dissolved in benzene, 109, solution. solved in benzene, 109 solution).
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TasLE VI

RATE oF ISOMERIZATION OF 1,4-DIMETHYLNAPHTHALENE®
~Composition of product, % DMN—

Time, min. 1,4- 1,3-
At —22°
0 100 0
3.7 88 12
8 72 28
13 57 43
18 45 55
33 25 75
75 3 97
120 1 99
At —12°
0 85 15%
3.0 56 44
7.2 29 71
11.0 13 87
15.1 8.5 91.5
19.0 5.5 94.5

s 1.1 moles of BF; and 55 moles of HF /mole of DMN (dis-

solved in m-hexane).

isomer prior to the addition of BFs.

b The extent of isomerization of the 1,4-

Tasre VII
RATES OF ISOMERIZATION OF 1- AND 2-METHYLNAPHTHALENES®
1-MeN? 2-MeN?
Composition of Composition of
product, product,
—% MeN—— — MeN——
Time, min. 1-MeN 2-MeN Time, min. 1-MeN 2-MeN
0 100 0 0 0 100
3 86 14 5 4 96
5 80 20 10 5 95
7 69 31 15 8 92
10 62 38 20 9 91
12 55 45 35 10 90
15 49 51 120 12 88
20 40 60 300 12 88
35 25 75
130 14 86
230 12 88
390 12 88

2 1.1 moles of BF; and 55 moles of HF /mole of DMN at 28°.
b Dissolved in benzene, 109, solution.

marized in Tables ITI-X and illustrated in Fig. 2 by
the kinetic plot for the conversion of the 2,6-, 1,6-,
and 1,5-DMN set. It nmust be emphasized that the
product compositions given in Tables ITI-VII refer
to the isomer distribution in the acid phase.

The temperature dependence of the rate of isomeri-
zation of 2,6-dimethylnapthalene is shown in Fig. 3.

Discussion

There are no apparent restrictions to an intramolecu-
lar migration of methyl groups around the periphery
of the benzene nucleus; thus the three xylene isomers
give rise to the same equilibrium mixture on isomeri-
zation with a eatalytic amount of BI3.° Therefore,
the existence of the discrete equilibrium groups of
dimethylnaphthalene isomers under similar circum-
stances may, at first sight, appear surprising.

It is evident from the isomer composition of the equi-
librium sets that there exist, in effect, migrational
barriers between the adjacent 3-3'-positions as well as
between the two rings of the naphthalene nucleus
(Fig. 4).
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Fig. 2.—Rates of isomerization of 1,6- (O), 2,6- (@), and 1,5-
dimethylnaphthalene (m) at 28°, 10 wt. 9} solution in benzene
(Table IIT); log A = log (Ay — Ae/4: — Ae).
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_Fig. 3.—Tgn1perature dependence of the rate of isomeriza-
tion of 2,6-dimethylnaphthalene (10 wt. ¢, solution in ben-
zene).

Figure 4.

A similar conclusion was reached recently by Russian
workers based on their results of an isomecrization study
of 1-Cl¢-labeled 1-methylnaphthalene over a hetero-
geneous catalyst.20

(20) N. N. Vorozhtsov, and V. A, Koptyug, J. Gen. Chem. USSR, 30, 090
(1960).
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TasrLE VIII
RATES oF ISOMERIZATION?

Temp., &, sec. ™! (12‘)”
Reactant °C. X 10¢ b2/ eq t1/2, min.
ki
2,6- == 1,6-DMN 20 1.1¢ 104.04
ko
28 3.3° 1.80 34.84
40 12.0¢ 9.64
50 34.0° 3.44
28 3.2¢ 36.0
28 4.4 26.2
k
1,5- —— 1,6-DMN 28 2.1 54.7
40 7.7 14.9
28 3.0/ 38.4
&
2,7- == L,7-DMN 28 2.0° 0.11 57.5¢
k2
2,3- —> 1,3-DMN 28 5.3 21.7
40 19.0 6.05
k
1,4- —> 1,3-DMN —-22 7.6 15.1
—-12 26.0 4.42
fo1
1- === 2-MeN 28 9.6° 7.33 12.09
k2
40 39.0¢ 2.954
¢ 1.1 moles of BF; and 55 moles of HF /mole of DMN. ¢ De-

termined experimentally as K.q. ¢ The effective rate constant,
the sum of the constants &k + k» for the forward and reverse
directions. ¢ Half-life of the over-all equilibration reaction.
HF-DMN molar ratio, 275:1. 7 In the presence of n-hexane.

TasLE IX
AcrtivarioN ENERGIES AND ENTROPIES OF ISOMERIZATION
- AS*,b
(301.1° K.),
_ cal. deg. 1
Reactant Product E.% kecal. T, °K. mole !
2,6-DMN 1,6-DMN 20.1 307.6 12.6
1,6-DMN 2,6-DMN 13.7
L,5-DMN 1,6-DMN 20.3 307.1 12.0
2,3-DMN 1,3-DMN 20.3 307.1 10.2
1,4-DMN 1,3-DMN 16.0 256.1 12.8¢
[-MeN 2-MeN 22.0 307.1 3.5
2-MeN 1-MeN 7.5
» Estimated experimental uncertainty 1.0 kcal. ° Based on

AH*, < At251.1°K.

The asymmetric nature of the naphthalene bond
structure is well established. The physical evidence
indicates different degrees of bond order but no pure
double or single bonds in the naphthalene nucleus while
the chemical reactivity suggests bond fixation in the
positions of the symmetrical Erlenmeyer formula
(Fig. 4.).2

The apparent conflict between the theoretical
quantum niechanical vs. the chemical reactivity con-
cept of the naphthalene molecule arises from the
different points of reference, 7.e., ground state as con-
trasted to polarization and localization of w-electron
charge by a reagent.

The subject matter has been treated by Wheland??
who suggested that the exclusive diazo coupling at the
1- or 8-positions of 2,7-dihydroxynaphthalene could be
explained on the basis of differences in the stabilities
of the corresponding activated complexes (transition

(21) L. F. Fieser and M. Tieser, ‘Advanced Organic Chemistry,” Rein-
hold Publishing Corp., New York, N. Y., 1961, Chapter 27.

(22) G. W. Wheland, J. 4m. Chem. Soc., 64, 900 (1942); also G. W.
Wheland, “‘Resonance in Organic Chemistry,” John Wiley and Sons, Inc.,
New York, N. Y., 1935, pp. 496, 497.
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TasLe X

ISOMERIZATION OF DI- AND MONOMETHYLN APHTH ALENES®"?
2,6- = 1,6- = 1,5-DMN

Composition of product,

% DMN
Reactant Reaction time, min, 2,6- 1,6- 1,5-
2,6-DMN 90 57 41 2
180 57 41 2.5
240 56 41 3
1,5-DMN 90 57 40 3
180 57 40 3
240 57 40 3
2,7- == 1,7- == 1,8-DMN
2,7- 1,7- 1,8-
2,7-DMN 90 64 36 0
180 62 38 0
240 61 39 0
360 61 39 0
1,8-DMN 60 56 44 0
150 61 39 0
340 61 39 0
2,3- == 1,3- == 1,4-DMN°
2,3- 1,3- 1,4-
2,3-DMN 90 42 58
180 38 62 L
240 37 63 0
1,3-DMN 90 (24) 76 (24)
180 (36 64 (36)
240 35.5 64 0.5
1,4-DMN 90 28 69 3
180 (34) 66 (34)
240 34 64 2
1-MeN —= 2-MeN
% MeN
1-MeN 2-MeN
1-MeN 90 23 77
180 23 77
240 23 77
2-MeN 90 22 78
180 22 I
240 22 I

* 0.1 mole of BF; and 65 moles of HF/mole DMN at 70°.
» Composition of the product in the organic phase. ¢ Values in
parentheses are composite values of 1,4- and 2,3-DMN.

states) for the coupling at 1- and 3-positions (I and II,
R = diazonium radical).

R H
+ +
HO OH HO OH
QU Tk
R
I IT

Since the complex I retains the resonance energy of
the intact benzene ring it is much more stable than the
complex IT and consequently the difference in the rates
of coupling at positions 1 and 3 would be of several
orders of magnitude.

The above rationale clearly obviates the necessity
of postulating bond fixation in the unreacting mole-
cule and may be extended to a variety of reactions of
the naphthalene nucleus.

The apparent existence of the migrational barriers
in di- and monomethylnaphthalenes may be similarly
rationalized on the above basis. Thus the postulated
first step in the isomerization reaction is the rapid,
reversible addition of a proton from the acid catalyst
to di- or monomethylnaphthalene to form the cor-
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responding conjugate acid, formulated as a o-complex
(IV).

The protonation step is followed by the reversible,
rate-determining, 1,2-methyl shift from an essentially
tetrahedral carbon to the adjacent electron-deficient
carbon with the result of formation of the new s-com-
plex (VI).

The above treatment is analogous to the mechanism
proposed by McCaulay and Lien® for the isomerization
of methylbenzenes.

There are ten available positions for the proton
attachment to the naphthalene nucleus; however
addition to the central C-9 and/or -10 would interrupt
the benzenoid resonance of both rings and would be
energetically unfavorable. The relative concentra-
tions of the various complexes formed in the initial
protonation step should be proportional to their rela-
tive stabilities, ¢.e., the extent of delocalization of the
positive charge and relief of steric strains present in
the original hydrocarbon.

By analogy to the previously suggested explanation
of the orientation of the diazo coupling in 2,7-dihydroxy-
naphthalene?? it may be postulated that the bond
structure of the protonated complexes would main-
tain an intact benzene ring. Since the intramolecular
methyl shift between the adjacent 8—8’-positions would
require an unfavorable, high-energy quinonoid complex
VII the migrational barriers are corollary to the pro-
posed protonation—isomerization mechanism.

A similar reasoning applies to the intramolecular
migration of methyl groups from one ring to the other.
Here again the consecutive methyl shifts would involve
quinonoid intermediates such as VIII.

H CH;,
-H +
Clk (1
H
VII VIII

As seen from Table I the equilibrium concentrations
of di- and monomethylnaphthalenes within the defined
groups depend on the amount of added boron trifluo-
ride. This result is in accord with the observations of
MecCaulay and Lien on methylbenzenes® who suggested
that with the equimolar or excess boron trifluoride
the effective equilibrium exists between the protonated
complexes in the acid (HI') phase, while with less than
equimolar or catalytic amounts the concurrent equi-
librium between the protonated complexes and their
conjugate bases, ¢.e., hydrocarbons in the organic
phase, results ultimately in the thermodynamic dis-
tribution of isomers in the latter phase. The same
process should be operable with di- and monomethyl-
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naphthalenes-—however, with the distinction that the
attainment of the true thermodynamic equilibrium is
here precluded by the limitation of the particular
mechanism.

Assuming that with excess boron trifluoride the
fraction of nonprotonated, i.e., physically dissolved,
di- and monomethylnaphthalenes in the acid (HF)
phase is small and that the equilibrium distribution
coefficients between the protonated and the non-
protonated species in the acid phase are comparable
with the various isomers, then the order of the decreas-
ing complex stabilities within the groups is 1,6
2,6-, 1,5-; 2,7-,1,7-,1,8; 1,3-,2,3-, 1,4-DMN; 2-MeN,
1-MeN.

It should be noted that the observed equilibrium
concentration values for each isomer represent a sum
of the concentrations of a number of possible protonated
complexes with the added proton at different ring car-
bons and do not necessarily reflect the relative basicities
of the corresponding isomers as determined by com-
petitive extraction experiments under nonequilibrating
conditions.

The isonerization studies of methylbenzenes???
and presently of methylnaphthalenes support an
intramolecular, 1,2-methyl shift as the mechanism
of the rearrangement. However, the term intra-
molecular 1,2-methyl shift implies no insight into the
mechanism of rearrangement, i.e., the structures and
the location along the reaction coordinate of the inter-
mediates and/or transition states. If one accepts
a gross mechanism based on the primary protonation
of the arene followed by the reversible, rate-determin-
ing methyl migration step, two factors, discussed by
McCaulay and Lien in their study on isomerization
of methylbenzenes, could affect the rates of rearrange-
ment of methylnaphthalenes. First, the rate of isom-
erization must depend on the concentration of the
protonated complexes in a “migrational configura-
tion,” .e., with a proton attached to the ring carbon
carrying the methyl group, and secondly on the rela-
tive charge stabilizations in the initial protonated
complex and the unstable tricentric intermediate and /or
transition state in which the methyl group is shared
by two ring carbons. A question relevant to the over-
all isomerization picture concerns the mechanism of
interconversion of various protonated complexes in-
volving the change in the site of attachement of the
added proton.

The facile interconversion of protonated complexes
is a corollary to the proposed intramolecular, 1,2-
methyl shift mechanism in which the rate-determining
step is the migration of a methyl group. The inter-
conversion may proceed either through (1) a reversible
intramolecular, 1,2-hydrogen shift analogous to the
proposed methyl shift and hence presumably subject
to the same migrational restrictions or (2) via a fast
equilibrium between the protonated complexes and their
respective conjugate bases either in the homogeneous
acid (HF) or in the hydrocarbon-solvent phase. No
migrational barriers should apply in this intermolecu-
lar exchange with the result of a complete equilibra-
tion between all the possible protonated complexes.
Obviously, both of the above processes may proceed

(23) M. Kilpatrick, J. A. 8. Bett, and M. L. Kilpatrick, J. Am. Chem.
Soc., 85, 1038 (1963).
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through the intervening w-complexes not indicated on
the previous scheme. Presently there is not sufficient
experimental evidence to distinguish between the several
possibilities, consequently the over-all isomerization
mechanism must remain speculative.

It follows from the preceding discussion that re-
straint should be exercised in drawing mechanistic
conclusions on the basis of the experimental rate and
equilibrium data.

Furthermore, the differences in the rate constants
(Table VIII) of various di- and monomethylnaph-
thalene isomers are, with two exceptions, small, while
even smaller differences in the activation parameters
(Table IX) are well within the limit of the experi-
mental error.

Comparison of the rates of isomerization of mono-
and dimethylnaphthalenes with those of p- and o-
xylenes® shows that the first-order rate constants are,
with the exception of the 1,4- (and 1,8-) DMN isomer,
of the same order. However, there are significant
differences in the activation parameters of the two
series. The activation energies for the naphthalene
series are ca. 7 keal. higher than those for the benzene
series, while the activation entropies are more positive
by ca. 20 entropy units. A possible explanation for
these differences may be the extra resonance stabili-
zation of the charge by the intact benzenoid nucleus
in the initially formed dimethylnaphthalenonium ions,
with the result of increase in the activation energy for
the isomerization. Correspondingly, the more posi-
tive activation entropy may derive from the decrease
in the solvent electrostriction due to the delocalization
of the charge in the above ions.

The observed rates of conversion of the 1,4- and the
1,8-DMN isomers to the 1,3- and 1,7-DMN isomers,
respectively, are much faster than the isomerization
rates of the other DMN isomers?*; thus the extrapo-
lated rate constant for the 1,4-isomer exceeds the
experimental rate constants for the other DMN iso-
mers by three orders of magnitude, while the conversion
of the 1,8-isomer is too fast for measurement even
at low temperatures. It is seen from Table I1X that
the rate enhancement for the 1,4-isomer is almost
entirely due to the lowering of the activation energy.

The magnitude of the rate enhancement for the 1,4-
and 1,8-DMN isomers is difficult to rationalize on the
basis of the previously discussed simple protonation-
methyl migration model (vide supra). Certainly, the
fraction of the protonated complexes in the migrational

(24) The electronic absorption spectra of 1,4- and 2,3-DMNs in HF-
BF; have been reported not to correlate with the calculated spectra.”® It
is likely that under the experimental conditions, conversion of both 1,4- and

2,3-DMNs to the 1,3- isomer occurred; indeed the observed spectra of the
two isomers are quite similar.
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configuration, ¢.e., with a proton added to the ring
carbon carrying a methyl group, must be close to unity
with the 1,4- and 1,8-DMN isomers; hence this con-
centration effect would result in a faster over-all ison-
erization rate. Also, if the transition state (or an
intermediate) resembles the tricentric intermediate V,
the additional stabilization of the charge by the benze-
noid resonance and methyl induction—-hyperconjuza-
tion would lower the energy in the 1,4-DMN case but
not in the case of 1,8-DMN.

An argument could be made for the rate enhance-
ment on the basis of the relief of the steric strain present
in 1,8- and 1,4-DMNs; thus a strain energy of 7.6
keal./mole has been estimated?® for the 1,8-isomer while
3.2 keal./mole of strain energy may be assumned for
1,4-DMN from the estimate of 1,6 keal./mole for the
1-MeN isomer. However, the above strain energies
present in the parent hydrocarbons would be relieved
to a large extent in their conjugate acids if the latter
are indeed o-complexes where the ring carbons with the
attached methyl group and the added proton are
essentially tetrahedral. Furthermore, the .isomeriza-
tion rate of the third peri-disubstituted isomer, 1,5-
DMN, is normal.

Consequently, neither the concentration effect nor
the steric strain inherent in a dimethylnaphthalene with
two peri-methyl groups seem to be adequate to account
for the magnitude of the rate increase in either the
1,4- or the 1,8-DMN isomer.

It is quite likely that the isomerization process in-
volving the protonation of the naphthalene nucleus
followed by the 1,2-methyl shift is more complex
than suggested by the previous scheme, there may be an
intervention of w-complexes of both the proton and the
methy! group in the rate-determining step. However,
since neither the #- nor the s-complex stabilities of
dimethylnaphthalenes are presently known, no cor-
relation of the latter with the rates of isomerization is
possible.

Thus, determination of the complex stabilities in the
alkylnaphthalene series in general, and mono- and
dimethylnaphthalenes in particular, would lead to a
better understanding of the mechanism of acid-
catalyzed migration of methyl groups in methyl-
naphthalenes.
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