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A series of 1-fluoro(chloro)-1-cycloalkyl cations have been prepared and investigated under stable ion condi-
tions. The structure of the ions was studied by proton, carbon-13, and fluorine-19 nmr spectroscopy. Chlorocar-
benium ions were found to be less stable than their corresponding fluorocarbenium ions, wherein strong fluorine
“back-donation” is the dominant factor to stabilize these ions.

Extensive work has been carried out on the study of sta-
ble carbocations in this laboratory.? The influence of sub-
stitution by heteroatoms, especially halogen atoms, on the
stability of carbenium ions has been noticed.* We have
studied the carbon-13 nmr of dimethylhalocarbenium ions
and found that the degree of halogen ‘“back-donation” in
these ions is dependent on the electronegativity of the
halogen atoms.4d

Among the reported various types of halogen-substitut-
ed carbenium ions,%® cyclic halocarbenium ions are of
particular interest. Recently we have reported the prepa-
ration of 2-halonorbornyl cations and found that only the
2-fluoronorbornyl cation was stable under low-nucleophili-
city superacid media.*® The 2-chloro- and 2-bromonor-
bornyl cations were rearranged to the corresponding pro-
tonated 4-halonortricyclenes under similar conditions. We
how have undertaken a detailed study of monocyelic
chloro- and fluorocarbenium ions by *H, *3C, and °F nmr
spectroscopy. The degree of halogen “back-donation” in
halocarbenium ions is discussed based on the observed
nmr data and the relative stabilities of these ions.

Results and Discussion®

1-Halo-1-cyclopentyl Cations. When 1,1- or trans-1,2-
dichlorocyclopentane was treated with SbF5-SO,CIF
(SO2) solution at —78°, 1-chloro-1-cyclopentyl cation (1-
Cl) was obtained. The pmr spectrum of ion 1-Cl is shown
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in Figure 1. As expected, it displays a AA’'BB’ type cou-
pling, somewhat similar to that of tetramethylenehalon-
ium ions,” but with substantial deshielding, particularly
of the a-methylene protons, a good indication for ion 1-Cl.
The proton chemical shifts of ion 1-Cl are solvent depen-
dent (Table I). In the less nucleophilic SOzCIF medium,
more deshielded absorptions are observed. Similar obser-
vation was found in many other carbocations.™

The formation of ion 1-Cl from trans-1,2-dichlorocyclo-
pentane is interesting and may involve the initial forma-
tion of the 2-chloro-1-cyclopentyl cation 2, which then
undergoes rapid 1,2-hydrogen shift. The mechanism has
been previously discussed.?
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In contrast, when 1,1-dibromocyclopentane was treated
with SbF5-SO:CIF solution at —120°, the corresponding

1-bromo-1-cyclopenty! cation 1-Br was not observed,® only
formation of the cyclopentenyl cation 3. The pmr spec-

trum of ion 3 has been reported previously.® The 1-chloro-
1-cyclopentyl cation 1-Cl is also not stable above —60°
and slowly transforms into ion 3. The mechanism for such
transformation may involve a reversible 1,2-hydrogen shift
between 1 and 2 with subsequent deprotonation and ion-
ization leading to the formation of ion 3.8 It is thus sug-
gested that this process may be extremely rapid (even at
—120°) in the case of transformation of 1-bromo-1-cyclo-
pentyl cation 1-Br (not observable) to ion 3.

The 1-fluoro-1-cyclopentyl cation 1-F could be prepared
at —78° when 1,1-difluorocyclopentane was treated with a
SbF5-SO2CIF solution. It was stable at temperatures
below —30°, but formed 3 at higher temperature. The flu-
orine-substituted cyclopentyl cation is thus more stable
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than its chlorine-substituted analog, which in turn is more
stable than the bromine analog. In SbF;5-30; solution, ion
1-F was unstable even at —60° and quickly gave ion 3
upon short standing. The pmr spectrum of 1-F (Figure 1)
consists of a set of doublet multiplets centered at 6 4.25
(Jar = 12 Hz) and a pentet at § 3.04, in a ratio of 1:1. The
19F nmr spectrum of 1-F displays a deshielded quintet at
¢ —149.4 from external CCl3F.

1-Halo-1-cyclohexyl Cations. When 1,1-difluorocyclo-
hexane was treated with SbF5-SO3CIF (SO3) solution at
—78°, the corresponding 1-fluoro-1-cyclohexyl cation 4-F
was obtained. The pmr spectrum of ion 4-F (in SOp)
shows a substantially deshielded doublet of multiplets at &
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3.95 (Jur = 20 Hz) for the a-methylene protons (Figure
1). The 8- and y-methylene proton absorptions are two
multiplets at § 2.38 and 2.10 (in a ratio of 2:1). The °F
nmr spectrum of ion 4-F displays a highly deshielded
quintet at ¢ —166.5 (from CFCly). All these data clearly
suggest the formation of ion 4-F. The proton chemical
shifts of ion 4-F are more deshielded in less nucleophilic
SO.CIF than in SO, (Table I). Ion 4-F is slowly trans-
formed to the methylcyclopentenyl cation 5 at higher
temperature (e.g., 5 min at —45°). Ion 5 could be readily
identified by comparing the pmr spectrum with that of the
ion reported previously .8

The 1-chloro-1-cyclohexyl cation 4-Cl could only be
formed from 1,1-dichlorocyclohexane in SbF5-SO2CIF so-
lution at —120°. (When the dichloride was ionized at
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Figure 1. Pmr spectra of 1-fluoro(chloro)-1-cycloalkyl cations (60
MHz).

—-78° only the methylcyclopentenyl cation 5 was ob-

served.) Ion 4-Cl was not stable and was slowly trans-
formed to 5 at. —90°, The pmr spectrum of ion 4-Cl shows
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proton absorption at 6 4.25, 3.00, and 2.21 for «-CHjs (4
protons), 8-CHa (4 protons), and v-CHz (2 protons), re-
spectively (TableI).

The great differences in stability between ions 4-Cl and
4-F as well as between 1-Cl and 1-F are interesting and
will be discussed subsequently.

1-Halo-1-cycloheptyl Cations. The 1-halo-1-cyclo-
hepty! cations 6-F and 6-Cl were prepared from 1,1-di-
fluoro- and 1,1-dichlorocycloheptane, respectively, in
SbFs-SO2CIF. solution. Ion 6-Cl can only be prepared at
—120°. It is extremely unstable and rapidly transforms to
the methylcyclohexenyl cation 7 at —100°. The 1-fluoro-
1-cycloheptyl cation 6-F, however, could be prepared at
—178° without rearrangement. Ion 6-F also slowly trans-
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forms to 7 at —45° (5 min). The pmr spectrum of 7 is
shown in Figure 1.

The transformation of both 4-F and 4-Cl to the methyl-
cyclopentenyl cation 5 as well as ions 6-F and 6-Cl to the
methylcyclohexenyl cation 7 is of mechanistic interest.®
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1,2-Hydrogen shifts in cations 4-F and 4-Cl to 8-Cl are
likely to occur, since trans-1,2-dihalocyclohexanes also
give the 1-methylcyclopentenyl cation 5 when treated with
SbF5-SO:CIF solution under similar conditions.® Ring
contraction may involve protonated cyclopropane inter-
mediates (10-X) which subsequently will lead to ions
12-X. Proton elimination of 12-X to 14-X is considered to
be favorable. Ionization of 14-X with SbF5-SO.CIF (SOs)
solution is a known process.?

Cyclohexenyl and cycloheptenyl cations have been
shown to be stable under these reaction conditions stud-
ied.8-? It is surprising that the ring contraction reaction is
faster than the formation of allylic cations. Cyclohexenyl
and cycloheptenyl cations have been shown to be directly
formed only from the allylic precursors and not from
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homeoallylic precursors.®:? Ring contraction (path b) of 16
and 17 to 5 and 7, respectively, must take place prior to
intramolecular hydrogen shift (path a).

O 0
-
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Table I
'H and *F Nmr Parameters of Halocarbenium Ions
Cation Solventa Hob Hgb Hyb @c Jurd
1-Cl A 4.40 2.98
B 4.05 2.50
1-Fe A 4.25 3.04 —149.4, q 12
B 3.92 2.54
4-Cl A, —105° 4.25 3.00 2.20
4.F¢ A 4.10 2.82 2.50 —166.5, q 20
B 3.95 2.38 2.10
6-Cl A, —105° 4.30 3.15 2.35
6-Fe A 4.34 2.65 2.38 —160.6, g 22
B 4.07 2.30 1.85
18-Cl A 4.38
18-F¢ A 4.63 —185, h 26
19-F¢ A 4.65 (CH,) 1.98 (CHy) —183.5, m 24
4.10 (CHy) 26
20-F A 4.45 1.90 —-173.7, q 24
21-Fe A 4.20 3.45 2.70 —126.4, t 17

¢ A, SbF;—SO.CIF; B, SbF;~S0.,. Ions were measured at —80° unless otherwise indicated. * Pmr chemical shifts () are
given in parts per million from capillary tetramethylsilane. < ¥F chemical shifts are given in parts per million from capillary
CCLF: q, quentet; h, heptet; m, multiplet; and t, triplet. ¢ In hertz. ¢ 'H chemical shifts of «-H in fluorocarbenium ions are
usually observed as doublet multiplets. Only averaged chemical shifts are given. Coupling constants [(J(H,F) ] are shown in

the last column.

Table I1

Carbon-13 Nmr Parameters of Halocarbenium Ions-
Cation Cc Ca Adr® C;j A Cy 05 Jerd
1-Cl 316.3 65.9 15.9 27.9 38
1-F 294 . 0¢ 50.0 27.4 25.6 439 .2
4-Cl 318.6 68.7 20.6 29.4 39.3 22.3
4-F 285, 3% 48.1 29.4 28.7 23.4 424.8
6-Cl 319.3 70.3 19.5 28.5 41.8 23.9
6-F 287.2°% 50.8 28.8 22.0 25.6 427 .7
18-Cl 313.7 50.5 13.3
18-F 282 . 8% 37.2 420.0
19-F 283 .6° 47.5 (CH,) 5.8 421.0

34.5 (CHy)
20-F 285.0°% 46.5 6.1 429.1
21-F 301.6° 56.1 53.9 2.2 29.3 36.4 422.6

« 13C chemical shifts [5(13C)] are given in parts per million from capillary TMS. Ions were measured according to the condi-
tions given in Table I, ® Carbenium carbon shifts in fluorocarbenium ions are usually observed as doublets with coupling con-

stants (Jcr) shown in the last column. Averaged 3C chemical shifts are therefore given. ¢ A3,

§(13Cq) (in chlorocarbenium

ions — 8(33C,) (in fluorocarbenium, ions). As: = 8(13C,) — 8(12Cg). ¢ In hertz.
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Nuclear Magnetic Resonance Spectroscopic Studies.
Table 1 summarizes the proton nmr parameters of the
studied 1-halo-1-cycloalkyl cations. We also have obtained
19F nmr parameters of the ions, as shown in Table I, along
with those of the model ions (18-21). Solvent dependency
of the chemical shifts was noticed when ions were pre-
pared in different acid systems. Protons a to the carben-
ium ion center in chlorocarbenium ions are generally more
deshielded than those in fluorocarbenium ions, indicating
that more positive charge is shared by the fluorine atom
than by the chlorine atom. Fluorine shifts in cyclic fluoro-
carbenium ions are generally less deshielded than those in
acyclic fluorocarbenium ions. This indicates that fluorine
back-donation is less substantial in cyclic than in acyclic
fluorocarbenium ions. Large deshielding of 1°F shifts ob-
served in fluorocarbenium ions indeed strongly implies
that significant charge delocalization unto fluorine oc-
curred. It is generally believed to be due to w-donation by
the fluorine lone pairs of electrons into the cationic cen-
ter. We have also prepared the geometrically rigid 2-flu-

CH, . CH, CHOH.; CH CHCH, , CHCH,
? ? i
X X X
18 19 20
F
21

oro-2-adamantyl cation 21, which gives a less deshielded
fluorine nmr shift (¢ —126.4), indicating that fluorine
back-donation is more feasible in conformationality mo-
bile systems than in conformationally rigid systems. The
extent of fluorine back-donation is therefore dependent on
the molecular conformation.

An even better indication of the differing degree of
back-donation in halocarbenium ions is revealed by the
13C chemical shifts of the ions. Table II summarizes cmr
parameters of the studied cyclic halorocarbenium ions and
several model ions. Carbenium carbon shifts in fluorocar-
benium ions are found to be about 20 ppm deshielded
from those corresponding chloro analogs. Owing to the
substantial contribution of the resonance forms involving
stronger fluorine back-donation, carbons « to the carben-
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jum ion center in fluorocarbenium ions should experience
less inductive deshielding effect than those in chlorocar-
benium ions. This indeed is found to be the case as « car-
bon shifts in chlorocarbenium ions are about 13-20 ppm
more deshielded than those in fluorocarbenium ions (Ady
in Table II). It is also found that carbon shift differences
(A82) between .« and 8 carbons in chlorocarbenium ions
are about 10-20 ppm larger than those in fluorocarbenium
ions.

The conformational dependency of fluorine back-dona-
tion is also revealed from 13C chemical shifts of carben-
ium ion centers, which in acyclic fluorocarbenium ions are
less deshielded than those in the cyclic analogs. A lesser
degree of fluorine back-donation should correspond to
more deshielded carbenium carbon shifts, since in this
case less positive charge should be shared by the fluorine
atoms.

Halogen “back-donation” has been demonstrated pre-
viously by comparing the carbon-13 shifts of dimethyl-
halocarbenium ions and a series of haloolefins.%d For com-
parison we have now also reinvestigated the carbon-13
shifts of dimethylhalocarbenium ions by the Fourier
transform method and data are included in Table II. The
carbenium carbon shift of dimethylfluorocarbenium ion is
found to be 6(13C) 282.8 (In our quoted paper, owing to a
computation error, a value of 345 was reported by the
INDOR method. The recalculated value is in good agree-
ment with the Fourier transform result.)*¢ The data for
(CH3)2C+F and (CHj)2*CCl further substantiate the im-
portance of fluorine “back-donation.” Thus, without com-
paring the differences in carbon-13 shifts [A§(13C)] be-
tween halocarbenium ions and their corresponding olefins,
the shielding of the carbenium carbon shift of (CHj3)2C*F
is a good indication of substantial charge being delocal-
ized unto the fluorine through 2p-2p interaction. This is
also in good agreement with the observed deshielded fluo-
rine shift at ¢ —181.91 for (CH3),C+F .44

Although steric and inductive effects may affect the 1°F
chemical shifts, they cannot be the dominating factors
which result in the observed variation for cyclic, acyclic,
and polycyclic fluorocarbenium ions. 1°F nmr chemical
shifts for the conformationally most rigid fluorocarbenium
ions appear the least deshielded and those of the less rigid
systems appear the most deshielded. Fluorine shifts of
conformationally labile systems appear inbetween. These
observations are in accord with the recent experimental
results reported by Farnum and Patton!® of the °F nmr
parameters of a series of tertiary p-fluorophenylcarbenium
ions in terms of steric restriction of rotation by solvation.
They also have found that the *°F chemical shifts fall into
three main groups: acyclic fluorinated carbenium ions at
lowest field, monocyclic at intermediate field, and bicyclic
at highest field. The total range of 8 ppm represents about 6
kcal energy difference in stability. For the presently stud-
ied fluorocarbenium ions, a range of 57 ppm is observed.

From Table 1I it also can be seen that J/cr values of flu-
orocarbenium ions are unusually large (>400 Hz). The
large Jor values also correspond to the deshielded 1°F
chemical shifts.!! Although Jcr values generally vary
widely depending on their environment, there are three
major factors contributing to Jcr, i.e., the extent of =-
bond formation and the ionic character of the C-F bond,
as well as the s character of the carbon orbital in the C-F
bond. Jcr usually increases in magnitude with decreasing
ionic character, decreasing s character, and increasing =-
bond formation. Jcr values given in Table II for cyclic,
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acyclic, and polycyclic fluorocarbenium ions do not show
substantial variation with the exception of the 1-fluorocy-
clopentyl cation, which also shows a more deshielded car-
benium 13C chemical shift. A consistent explanation of
the fluorine back-donation unto the large J.r values can-
not be given at the present time. The greater extent of -
bond formation and the decrease of ionic character might
be the major factors for larger Jcr values observed in fluo-
rocarbenium ions.

Conclusions

The study of 1-halo-1-cycloalkylcarbenium ions shows
that halogen “back-donation” as well as configuration
(ring size) are the two most important factors affecting
their stability. Owing to the better 2p-2p interaction in
fluorocarbenium ions, we have previously shown that the
degree of halogen ‘“‘back-donation” is in the order F > Cl
> Br. Our present data show good agreement with this
order. 1-Bromo-1-cycloalkylcarbenium ions could™ even
not be directly observed. For example, the 1-bromo-
1-cyclopentyl cation was not stable even at —120° and
immediately was transformed to the cyclopentenyl cation.
This result enhances our previous conclusion that bromine
“back-donation” is not significant in bromocarbenium
ions. Indeed, bromine destabilizes carbenium ion through
its obvious inductive effect. The different rate of transfor-
mation of 1-halo-1-cyclohexyl cations (4-F and 4-Cl) into
the 1-methyl-1-cyclopentenyl cation (5), on the other
hand, clearly suggests that fluorine “back-donation” is
more significant than that of chlorine.

Experimental Section

Materials. 1,i-Dichlorocyclopropane, -butane, and -pentane,
1,2-dichlorocyclopentane, and 1,1-difluorocyclohexane were ob-
tained from either K & K Laboratories or Aldrich Chemical Co. 1,1-
Difluorocyclopentanel22 and -cycloheptane!?® and 2,2-difluoroada-
mantane’?® were prepared from the corresponding ketones with SF,
according to literature procedures. 1,1-Dichlorocyclohexane and
-heptane were prepared by reaction of the corresponding ketones
with PCl3-PCls.

Antimony pentafluoride and fluorosulfuric acid were purified as
grevliously described.3 The purified reagents were stored in Teflon

ottles.

Nuclear Magnetic Resonance Spectra. Proton and fluorine
nmr spectra were obtained on a Varian Model A56/60A nmr spec-
trometer equipped with a variable-temperature probe. External
(capillary) TMS and CFCl; were used as references for *H and
19F spectra, respectively. Carbon-13 nuclear magnetic resonance
spectra were obtained by the Fourier transform method using a
Varian XL-100 nmr spectrometer equipped with a variable-tem-
perature probe. Carbon shifts are referred to capillary TMS.

Preparation of Ions. The procedure for the preparation of cy-
clic halocarbenium ion is essentially the same as that previously
reported.8.9

Acknowledgment. Support of our work by the National
Science Foundation is gratefully acknowledged.

Registry No.—1-Cl, 51608-49-2; 1-F, 51608-50-5; 4-Cl, 51608-
51-6; 4-F, 51608-52-7; 6-Cl, 51608-53-8; 6-F, 51608-54-9; 18-Cl,
24154-14-1; 18-F, 14665-81-7; 19-F, 51608-55-0; 20-F, 51608-56-1;
21-F, 51608-57-2.

References and Notes

(1) Part CLXX: G. A. Olah, P. W. Westerman, and G. Messina, J.
Amer. Chem. Soc., submitted.

(2) Taken in part from the Ph.D. Thesis of G. Liang, Case Western Re-
serve University, 1873.

(3) G. A. Clah and J. A. Ofah, “Carbonium lons,” Vol. !, G. A, Olah,
and P. v. R. Schleyer, Ed., Wiley-Interscience, New York, N. Y.,
1970, Chapter 17.

(4) For areview, see G. A. Olah and Y. K. Mo, Advan. Fluorine Chem.,
7, 89 (1972); (b) G. A. Olah, R. D. Chambers, and M. B. Comi-
sarow, J. Amer. Chem. Soc., 89, 1268 (1967); (¢) G. A. Olah and
M. B. Comisarow, ibid., 80, 2955 (1968): (d) G. A. Olah, Y. K. Mo,
and Y. Halpern, ibid., 94, 3551 (1972); (e} G. A. Olah, P. R. Clif-
ford, and C. C. Jeuell, ibid., 92, 5531 (1970); (f) G. A. Olah, C. A.
Cupas, and M. B. Comisarow, ibid., 88, 362 (1966); (g) G. A. Olah
and M. B. Comisarow, ibid., 89, 1027 (1967); (h) G. A. Olah and J.



2398 J. Org. Chem., Vol. 39, No. 16, 1974

M. Bollinger, ibid., 90, 947 (1968); (i) G. A. Olah and Y. K. Mo, J.
Org. Chem., 37, 1028 (1972); (j) G. A. Olah and T. E. Kiovsky, J.
Amer. Chem. Soc., 89, 5692 (1967); 80, 2583 (1968); (k) G. A.
Olah and C. U. Pittman, Jr., ibid., 88, 3310 (1966); (I) correction
submitted to J. Amer. Chem. Soc.

(5) (a) V. D. Shteingart, Y. V. Pozdnyakovich, and G. G. Kakobson,
Chem. Commun., 1264 (1969); (b) Y. V. Poznyakovich and V. D.
Shteingarts, Zh. Org. Khim., 6(8), 1753 (1970); (c) P. B. Sargeant
and C. G. Krespan, J. Amer. Chem. Soc., 91, 415 (1969); (d) R.
West and P. T. Kwitkowski, ibid., 88, 5280 (1966); (e) E. Linder
and H. Hranz, Chem. Ber., 99, 3800 (1966); (f) D. A. Tomalia, J.
Org. Chem., 34, 2583 (1969); (g) D. M. Brouwer, Recl. Trav.
Chim. Pays-Bas, 87, 335, 342 (1968); (h) D. M. Brouwer, E. L.
Mackor, and C. MacLean, ibid., 85, 109 (1986); (i) M. Ballester, J.
Riera-Figueras, and A. Rodrigurez-Siurana, Tetrahedron Lett., 3615
(1870); (j) H. Volzand W. D. Mayer, ibid., 4249 {19686).

(6) Attempts to prepare 1-halocyclopropyl and -cyclobuty! cations were

Wong and Keck

so far unsuccessful. Further efforts to generate these jons are un-
derway. .

(7) {a) G. A. Olah and P. E. Peterson, J. Amer. Chem. Soc., 90, 4075
(1968); (b) G. A. Olah, unpublished results.

(8) G. A. Olah, G. Liang, and Y. K. Mo, J. Amer. Chem. Soc., 94, 3544
(1972).

(9) G. A. Olah and G. Liang, J. Amer. Chem. Soc., 94, 6434 (1972).

) D. G. Farnum and D. S. Patton, J. Amer. Chem. Soc., 95, 7728

(1973).

(11) (a) J. B. Stothers, "Carbon-13 NMR Spectroscopy,” Academic
Press, New York, N. Y., 1872, p 362; (b) F. J. Weigert and J. D.
Roberts, J. Amer. Chem. Soc., 93, 2361 (1971).

(12) (a) C. A. Tolman, Ph.D. Thesis, University of California, Berkeley,
1964; (b) W. K. Hasek, W. C. Smith, and V. A. Englehardt, J.
Amer. Chem. Soc., 82, 543 (1960).

(13) G. A. Olah, D. H. O'Brien, and A. M. White, J. Amer. Chem. Soc.,
89, 5694 (1967).
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Of the rate equations 1-4 for 2-deuteration of imidazole vie the ylide mechanism involving the OD-, the im-
idazole free base, its conjugate anion, and D20, respectively, the experimental pD-rate profile conforms unique-
ly to eq 1. Rate expressions for the deuteration of the three ring sites in 1-methylimidazole by way of four inde-
pendent routes are also presented (eq Ila-d). Successive exchanges of the three ring hydrogens were studied in
D20 as a function of the medium acidity. In the region of pD 0-13, the profiles for the 2-, 4-, and 5-hydrogen ex-
change are similar and as predicted by eq IIb. At pD > 13, eq Ila contributes significantly to the reaction at the
2 and 4 position. In strong acids, the rate of deuteration of all the ring positions increased fairly linearly with
acidity as required by eq IId. Similar deuteration of 1,3-dimethylimidazolium iodide substantiates the above.
These findings also allow the determination of the theoretical second-order rate constants which provide a quan-
titative account of the intrinsic reactivity of the 2, 4, and 5 position of 1-methylimidazole in undergoing deut-
eration. The relative rates are 54,500:1.6:1, respectively, via the ylide mechanism and 1:73:120, respectively,

via the SEAr pathway involving the conjugate acid species.

The imidazole ring system has achieved textbook status
because many substances of biological and chemical inter-
est, both natural and synthetic, are imidazoles. Although
there are many electrophilic substitution reactions of im-
idazoles known in the. literature,! including, in some in-
stances, kinetic analysis of a particular product, no quan-
titative data are as yet available for comparing the posi-
tional reactivities of the three potentially different carbon
positions of the imidazole ring in any particular reaction.
To this end 1-methylimidazole, the simplest model which
possesses three unique ring positions, viz., the C-5 posi-
tion adjacent to a pyrrole nitrogen atom, C-4 to a pyridine
nitrogen, and C-2 to both, was chosen for the present
study of the reactive character of these three sites. Since
typical aromatic substitutions,® e.g., nitration, sulfona-
tion, and halogenation, have invariably yielded a single
product, they are unsuitable for a comparative study of
positional reactivity. We, therefore, decided on the deut-
eration reaction for a comprehensive kinetic investigation.
On account of what is known about the two general mech-
anisms of deuteration of heterocycles, viz., one that pro-
ceeds via electrophilic aromatic substitution? and another
via ionization of the carbon-hydrogen bond,? it is predict-
able that both of these pathways may be operative in the
deuteration of 1-methylimidazole depending on medium
acidity. This article details the kinetics and mechanisms
of successive isotopic exchanges of the three ring hydro-
gens, and the derivation of the theoretical constants for
the rate-determining steps which involve either a Whe-

land or an ylide intermediate. These rate constants allow
the first quantitative comparison of the positional reac-
tivities of this ring system, and may well be applicable to
predicting or interpreting the orientation of other substi-
tution reactions involving similar intermediates.

Results and Discussion

2-Deuteration of Imidazole. Consideration of General
Acid and General Base Catalysis. The most general
mechanism® of hydrogen-deuterium exchange in azoles
and azolium systems involving an ylide intermediate is
shown in Scheme I for the deuteration of imidazole at the

Scheme I
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2 position. By analogy to the rate expression derived for
thiazole exchange,32 the observed pseudo-first-order rate
constant for imidazole 2-deuteration is given by eq 1,



