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Abstract—The kinetic isotope effects in deuterium and tritium exchange in benzene, fluorobenzene,
pyridine, pyridine N-oxide, and quinoline with a solution of an alkali metal amide in liquid ammonia
kNHs/ki¥Hs were determined, whergiHs and KMz are the experimental rate constants of protodedeuteration
and protodetritiation, respectively. The variation of the tritium exchange rates in benzene in going frpm NH
to ND; (K¥Hz andkl¥Ps) was evaluated. The deviation of the observed rad¥s/kiHz andkNPs/klNPs from the
maximum possible values corresponding to the SwB&iaad equation suggests the reaction mechanism in
which both elementary stages, ionization of the CH acid and diffusion separation of the complex of the car-
banion with the ammonia molecule, are partially limiting. A small decrease in the secondary isotope effect of
the solvent, defined akPs/kis, as compared to the theoretical maximum of 2.4, is assumed to be due to
similar structures of the transition state and the equilibrium carbanion. A theoretical explanation was given
for the observed dependences of the primary isotope effect of the substrpt€, or deutero (tritio) deriv-

atives of fluorobenzene [4D(t) < 3D(t) < 2D(t)], for reactions in the series pyridine-2D(t) < pyridine-3D(t) <
quinoline3D(t), and for hydrogen exchange in pyridine-2DBoxide (R3Ms/k¥Hs ~ 1),

The modern state of the mechanistic studies oand weak solvation of anions) suggest that hydrogen
hydrogen isotope exchange of CH bonds in organitsotope exchange in liquid ammonia, being an ionic
molecules with basic reagents is contradictory. On thprocess, would be relatively weakly affected by the
one hand, owing to the maximum possible use omedium and hence would be largely controlled by
kinetic isotope effects of various nature in combinaforces acting between isolated reactants. The higher
tion with semiempirical correlations (like Brgnsted orprotophilicity of amide ions dissolved in liquid am-
Hammett equations), there has been a consideralieonia as compared to hydroxide ions in water follows
success in revealing the mechanism of reactions iftom simple comparison of their proton affinities in
hydroxyl-containing solvents. As shown in numeroushe gas phase, kcal mbl 419 for NH, and 384
studies, in these media the isotope exchange can lber OH".

a convenient test reaction for such protolytic processes An additional argument in favor of different reac-

as_enzymatic oxidatiemeduction, E2 elimination, tion mechanisms in these reaction media is provided

C;felzo\?vﬂlrl:cni?g St'rtggog %icmggat?]ee %?ﬂgftﬁ' :nsdafﬂ' y elemental chemical reactions. For example, nucleo-
. groups, etc. 140 N philic dehalogenation of halobenzenes [2], 3- and

mechanism of the reaction in strongly basic highl - . :

polar nonaqueous media such as solution of alkal-chloropyrldmes [3], and 2-chloropyridindl-oxide

L . 4] in a solution of potassium amide in liquid ammo-
metal amide in liquid ammonia (26.7 at—60°C [1]) . . : .
was practically beyond the scope of researchers’ intef'2 OCCUrs chiefly by the aryne mechanism, whereas in

est. AL he same ime, there are good grounds to £, 0101 SLOn 1 malor pebuct s addion o
pect that the hydrogen isotope exchange of organic [5] P y

compounds in this medium will show differefa- '

tures as compared to hydroxyl-containing media. In view of these facts, the goal of this work was to

Indeed, the features of liquid ammonia (high capabilfeveal, as fully as possible, the features of the mech-
ity for solvation of metal cations as compared everanism of deuterium and tritium exchange in a solution
with the most efficient dipolar aprotic solvents [1] of potassium (or sodium) amide in liquid ammonia
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1134 TUPITSYN, ZATSEPINA

Table 1. Rate constants of protodedeuteratid®(s) and  kp/ky = 2.1+0.1 (O°C, Cyyp, 0.02 M). We obtained
protodetritiation K¥™'3) and kiy"/kyHs ratio for deuterium  kp/ky = 1.9+0.1 (O°C, Cnyy, 0.05 M). The reason for
and tritium exchange of benzene-D(t) in a solution ofthis small difference is unclear, but it is of no princi-
potassium amide in liquid ammonieCyyy, 0.05 M@  pal importance. Along with measurements of the pri-
mary kinetic isotope effect, for revealing the exchange

Tempera-| k3Msx 10, K¥Ha  10°, N3/ mechanism it is important to study the kinetics of iso-
ture, °C s? st D T tope exchange in the catalytic systergHg-KND ,—
ND4(liquid) and to study the secondary isotope effect
0 1.1+0.1 0.57+0.02 1.9 of the substrate defined as the ratio of the rates of
25 11+2 6.1+0.6 2.0 deuterium exchange of separate isotopomers with the
40 92+2 48+3 1.9 solvent in the same liquid ammonia solution [system
CeDg—CgHsD-KNH,—NH,(liquid)]. These data are
a Average values from -56 runs at each temperature. listed in Tables 2 and 3.

To interpret the mechanistic features of the ex-
hange reaction under consideration, we use a kinetic
cheme taking into account the intermediate formation
of the primary and secondary contact complexes [7]:

with structurally related CH acids containing the same
exchange center, aromatic CH bond [benzene-D(tg
fluorobenzene-3D(t), fluorobenzene-4D(t), pyridine-
2D(t), pyridine-3D(t), quinoline-2D(t), quinoline-
3D(t), and pyridine-2D(t)N-oxide]. These compounds . .
cover a relatively broad range of kinetic CH acidity ¢c.H + NL3 = C -HNL, == C-LNLH

and therefore are convenient objects for studying the Ky

specific features of the multistage mechanism and N _

revealing the differences in the structures of the carb- & L+ N~ @
anionic transition states characterized by high locali-
zation of the excess negative charge. Among thgqiari;e formation and decomposition of the primary
chosen objects, the most convenient model compou ntact complexk, is the rate constant of the diffu-
is the simplest compound, benzene, whose hydrogef 2

; sion-controlled process of separation of the leaving
atoms are equivalent. Therefore, benzene was studigfent molecule from the primary complex and for-
in most detail. We attempted to apply the moder

: : ation of the secondary contact complex.
theoretical concept, that explains the whole set (;#n y P

experimental data on the values and variations of the In terms of scheme (1), the overall rate constant of
primary kinetic isotope effect and Bransted coefficiendeuterium exchangéy is given by relation (2):

o in isotope exchange reactions of OH, NH, and CH Kk

acids in hydroxyl-containing media [6, 7], to hydro- kp=—t2 )
gen isotope exchange of aromatic CH bonds in a solu- K+ ko

tion of potassium amide in liguid ammonia. Most . :
attention was given to the following problems: estima- Tg_e expef[:rt]ed btc_aha\?(z{] o ca? bte dlg‘f;rentlde-
tion of the contribution of the internal return effect PSNdN9 ON Iﬂf riloko the cons_alrg S Od © edemlen-
described by the ratio of the rate constants of théa.r)r/l ?rt]ages. .2 t—l’ elr_l k'?[ a bl a_mt wel eta
competing stagek ; andk, [scheme (1)]; evaluation vowt h e reaction _r;ohco_mp Ica 3. y Intermna re l:m;[
of the extent of structural transformation of the initial " the contrary, If the intermediate primary contac
CH acid in the carbanionic transition state whe complex is so reactive that it abstracts a proton from
moving along the reaction coordinate; and study o he solvent mole_*culg and this process occurs faster
the variation of the reaction mechanism dependin han transformation into the secondary contact com-

: lex k, > ky), then there is a simple correlation
on the molecular structure of the CH acid. between the rate constant of the exchange rea&fon

Primary kinetic effect of the substrate and in- and rate constant of ionization of the CH aéid The
ternal return. The average rate constants of proto-overall rate in this case is determined by the diffusion

dedeuteration i) and protodetritiation K\'s) of ~rate (rate constanky): kp = (ki/k ko = Kpreedo:
benzeneD(t) and the kinetic isotope effect of the reac- |nternal return seems to be an essentially dy-

tion (K3Hs/kHs) with a solution of potassium amide in namic process depending on many factors (structure
liquid ammonia are listed in Table 1. Previously, inof the CH acid and reacting base, viscosity of the
a paper on a similar problem [8], Shatenshtetral.  reaction medium, temperature). Therefore, in many
reported for the reaction of benzene-D(t) with a solu€ases detection of internal return plays a decisive
tion of potassium amide in liquid ammonia the ratiorole in elucidation of the reaction mechanism.

Here L = H, D, or T; the constantg andk ; char-
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KINETIC ISOTOPE EFFECTS IN HYDROGEN EXCHANGE 1135

Table 2. Conditions and results of experiments on deuterodeprotondfts)(and deuterodetritiatiork{Ps) of benzene-t
in a solution of potassium amide in liquid deuterated ammont& (Gnitial deuterium concentration 99 at. %Wy,
0.05 M)

Experi- Relative intensity of indicated peak in Masgs~ b | | NDy, KNDg
ment | my/ spectrum, % b | H SPx10%°  |Syx10%° T
£ at.% | 10°, (2P 1 10,
(_Jlura- m D ] counts min- | counts min ]
tion, h 78 79 80 | 81 | 82 | 83 | 84
15 82 | 3.0 | 158 [ 30.5| 306 15.6| 3.9| 03| 421 13 - - -
3.0 87 - 05| 53| 184 34.3| 30.8| 10.6| 70.2 14 184 146 21
4.0 76 - - 22|12.9| 1.8|36.9| 16.2| 75.3 15.3 386 286 21
6.0 87 - - - 14| 10.8| 38.1| 49.7 | 89.3 d 294 196 1.9

@ Here and hereinafterng, my number of moles of the solvent and substrate, respectipe(lglb) Concentration of deuterium atoms
in benzene after the experimenl‘é.(sg, S) Activities of benzene samples before and after the experiments, respectively.
Equilibrium.

Table 3. Conditions and results of experiments on protodedeuteration of the isotope mige® @nd GDg (1 : 1) in
a solution of potassium amide in liquid ammonia [systegh£D + CgDg + NHj3(liquid) + KNH, Cinpy, 0.05 MP

Tem-| Experi- Relative intensity of indicated peak < <
Run| pera{ ment | my in mass spectrum, % Cepg | Coghed: KeeDs X | KegHsd Keghgo!
no. | ture, |[duration{ mg at.% D| at. % D 159!; 159?L KeyDs
°C h 78 | 79| 80| 81 82 83 84

- - - — |11.8/88.2] - | - 30|195|775| 958 | 147 | - - -
1 0 3.0 (44.9|11.2|78.8| 0.7| 3.0 | 12.7| 36.9| 46.7 87.7 13.1 0.81 1.1 1.3
2 0 6.0 55.3(34.1|{65.9| 3.6 12.6 | 28.1| 35.0| 20.0 75.9 11.0 1.1 1.2 1.1
3 0 7.0 60.9(37.1/62.9/ 6.1 17.0| 31.1| 31.6| 14.1 71.1 10.5 1.1 1.3 1.2
4 25 0.25 |33.4/18.8(81.2| 0.8| 2.2 9.8 30.7 | 56.5 90.0 13.5 7.0 9.0 1.3
- - - - 8.1/91.9| - 0.8 39| 246 71.3 94.3 15.F - - -
5 25 0.33 |35.7(20.8|79.2| 2.7| 55 | 17.6| 37.5| 36.6 83.2 13.2 10.4 12.4 1.2
6 25 0.5 (44.9|123.3|76.7{ 3.4| 7.9 | 18.4| 31.8| 38.4 82.3 12.8 7.6 10.0 1.3

a (CCeDe)_ Co.ncent_ration of deuterium atgms‘fhgavy’ isoto.pomers (6De: CeDsH, CeD4Hy); (Cc i p) concentration of deuterium
atoms in Il.ght isotopomers pre.sen.t in the isotope mlxtur%ngz, C6H5D_, CgHe); (kceDe’ kCeHsD) rgte cor.15tant.s of.proto-
dedeuteration of the corresponding isotopic spedi@oncentration of deuterium atony, p_ andCc y p in the isotopic mixture
taken for run nos.14. 9 Concentration of deuterium atont . and CegHeD in the isotopic mixture taken for run nos. 5 and 6.

To find whether the isotope exchange of hydrogerthange in benzene-D(t) from the rate conste@‘)ﬂ%?*,
in benzene-D(t) with an alkali metal amide in liquid ki'"s, kP, and kiPs (0°C) found in this work,
ammonia is complicated by internal return, we eStiwhere kgHB and k_’I\_IHB are the rate constants of proto-
mated the deviation of the exponent in the Swan dedeuteration and protodetritiation, respectiveise{
Shaad equation from the maximal Val%ﬁax = 3.34 verse exchange);k{jDB and k_’I\_IDB are the rate con-
corresponding to the case when the stage with the raégants of deuterodeprotonation and deuterodetritiation,
constantk, fully limits the reaction rate [9]: respectively {direct” exchange, with solvent as deu-
terium donor).
log kNPIKRDs =y, log kEHa/k s, (3) :
In contrast to the constantgy s, kYHs, and K\"s,
Assuming, as usual, that the influence of the solobtained from direct measurements (Table 1), the
vent isotope effect on the primary kinetic isotopequantity k¥D3 was estimated indirectly on the basis
effect is negligible, we determined, following the of the fact that the hydrogen isotope exchange in the
above procedure, the exponentor the isotope ex- same reaction mixture occurs by two opposite path-
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1136 TUPITSYN, ZATSEPINA

ways (Table 2). The first pathway is incorporation ofapproximately equal, because these stages involve
deuterium atoms from the solvent to the nondeuteratetleavage of bonds with a similar strength: CD(T) and
benzene molecule; it prevails at short reaction timeS8ID(T) [12]. Hence, the preequilibrium constant
(1.5 and 3 h, Table 2). In view of the large isotopeKqoq = ki/k 5, similar to k;, tends to decrease with
effect of the solvent, the loss of the tritium content inincreasing temperature. As for the constdpf its
the benzene molecule in this period can be neglectedariation with temperature is governed by the close
As for the second pathway involving exchange of tri-correlation betweerk, and the diffusion motion in
tium in the benzene molecule with deuterium from theelatively bulky molecular complexes. Generally, the
solvent, we monitored its kinetics during a periodlower the solution viscosity, the lower the potential
sufficient for the equilibrium in the back deuterium barrier to escape of the emerging solvent molecule
exchange reaction to be arrained-@! h): from the nearest environment of the carbanion and
o hence the highek,. Naturally, variation with temper-
CeDst + NDs(liquid) —> CgDg + NDot.  (4)  ature of the kinetic isotope effect under the influence
pf the growing contribution ok, will have the oppo-
site sign as compared to variation KiD,eel{Kg,eeq
"he influence of temperature ok shouFd be espe-
cially significant in liquid ammonia which is charac-
ND, ~/* terized by a high viscosity at low temperatures and a
Then, ks 5 kT(C6D5t_N|533)l_<1D(C6H5D)/ kp(CeDe) = strong temperature dependence of the viscosity [13].
2x1.2x107 = 2.4x10™ s*. The exponenty =  Hence, the influence of two competing factors on the
2.86 determined by substituting the ratigy kT kinetic isotope effect of hydrogen isotope exchange
and ky~¥/k2 in relation (3) is lower than the limit- ot henzene with solution of potassium amide in liquid
ing valuey,, = 3.34 corresponding to the state whenymmonia causes the above-noted abnormal indepen-
the stage with the constaki in scheme (1), which is  gence of thekNMy/kN™: ratio from temperature. How-
sensitive to isotope substitution, is fully rate-determingyer, the relative contribution of the internal return to
ing. In other words, the kinetics of hydrogen iSotopée reaction mechanism cannot be estimated from the
exchange of benzene with a solution of potassiunemperature dependence &M To estimate
amide in liquid ammonia is complicated in part by theiye parametes.; = K'y/k, characterizing the extent of
internal return. internal return at tritium exchange, Streitwiesgral.
An additional unambiguous evidence of the interna[9] proposed the formula
return is the zero temperature coefficient of the pri-
mary kinetic isotope effect in deuterium and tritium [1 - ap(BWrx — 1)Pmax = A + ap(A - B), (5)
exchange of the aromatic CH bonds in benzene, found
by us: KN/ = 1.92.0 at 0, 25, and 4€C Wherey = 2.86; A = (kp/kp)"/(ky/k); B = (kp/ky)” x
(Table 1). In this connection, we should note theKlq; Klq is the equilibrium constant of the reaction
following. Despite numerous data accumulated in th€;H;T + NH;(liquid) <= CgHg + NH,T; Klq ~ 1.2
recent decades that the primary kinetic isotope effedi4].
T i, aorcire S Unforunately, Eq. (5)fo determiningy cano
with temperature [11], the views that the kinetic iSO_be solved analytically, and it was solved numerically

tope effect should always monotonically decrease wittqy the lteration pr_o_cedure. Knowing the extent of
increasing temperature still prevail in the Iiteraturem.ternal return in tritium exchange, we can _calculate,
Wwithout performing the experiment, the kinetic isotope

These views are based on the well-known theoretlc%\’ffect in the stage of hydrogen transféq‘f/k{) and

Finally, the true deuterodetritiation rate constan
k¥D3 was determined by correcting the apparent co
stant k;(Ci;Dst-ND3) for the secondary deuterium
isotope effect:ky(CgHsD)/kp(CgDg) = 1.2 (Table 3).

concept that the major contribution to the observe )
isotope effect is made by the difference in the zer he parametery; by Egs. (6) and (7):
vibration energies of the CD and CT bonds cleavin HoT _ T 1
in the course of the reaction. However, analysis shovgs Kitky = kyfkell — ar(Kedifkr — LI 6)
that this conclusion is valid only for exchange proc- ay = apK Skik]. @)
esses fully limited by the stage with the rate constant

k, [scheme (1)]. The internal return can be the only The extents of internal return of triton and proton,
factor responsible for the abnormal behavior of theobtained by this procedure, are low; = 0.058 and
ratio ky/ky, observed in this and some other [8, 10Jay = 1.05 (OC). Thus, we deal with a situation
works. Indeed, the temperature coefficient of the ki-already known for the hydrogen isotope exchange in
netic isotope effect in stages with the constaki{s normal CH acids with an alkaline aqueous or methan-
and k 4, irrespective of the mechanistic features, isolic solution (see, e.g., [7]): none of the three stages
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of scheme (1) is definitely limiting, with the rate (OD/OH secondary isotope effect). Namely, the ND
constants of the elementary staggsand k ; being ion in deuterated liquid ammonia is a stronger base
comparablek’, > kB, > k',. It is notable that even than the NH ion in nondeuterated liquid ammonia
a weak internal return effect has a significant influ-(Table 2), and the ODion in D,O is a stronger base
ence on the multistage mechanism of hydrogen isdhan the OH ion in H,O. Although the media being
tope exchange in benzene, decreasing the kinetic iseompared differ significantly from each other in the
tope effect in the stage of ionization of the CH acidProtophilic properties, the statistical thermodynamic
(K/k]) from the theoretically calculated value of 19 calculations taking into account small differences in
to 12 [estimation by formula (6)]. There is also an-the vibrational frequencies of J& and DO, as com-
other explanation for the decreased kinetic isotop@ared to NH and ND;, give similar values of | and
effect, taking into account the asymmetry of the threeKe/Keq Therefore, we believe that relationship (8)
centered linear model of the transition state [15]. Fofan be used to estimate the location on the reaction
better understanding of this problem, it was desirabléoordinate of the transition state of hydrogen isotope
to supplement the above data by studying of the se@xchange of benzene with a solution of potassium
ondary isotope effect of the solvent, characterizing th@mide in liquid ammonia, and to evaluate the proper-

energy and position of the transition state on the readies of this transition state. Knowing the ratio of the
tion coordinate. rate constants of tritium exchange in a solution of

potassium amide in deuterated arttight” liquid

: ND5 /1 NH - 5 5 —
and energy of the transition state of the reaction. g?mg)gaka Blkg 035 KA (.1|.'ng| 1g )/(O'gxtig % d_b
The goal of this part of our study was to apply the” (@C, Cinn, o ) (Ta © ) we estimated by
semiquantitative interpretation of the secondary isoEd: (8) the coefficient for this reaction:a = 0.85.
tope effect of the solvent, developed previously only! Nis value is close to thaty(> 0.8) obtained usually
for protolytic processes in water or alcohol [7, 16, 17],for reactions in which the negative charge in the
to isotope exchange of hydrogen in benzene with gprmlng carbanlo_ns is localized and its stabilization
solution of potassium amide in liquid ammonia. One'S due to thes-orbital effect of the carbon atom of the
of the main results of this approach was revealing keaction center and the electrostafuc interaction v_wth
direct correlation of the secondary isotope effect of théh€ other atoms of the molecule, including substitu-
solvent, defined as the ratid,,/k%,, with the coeffi- ents (see, e.g., [322]). A characteristic feature of the
cienta in the Bransted equation and with the maxi-feaction in question, an_d also of S|_m|Iar reactions of
mum attaniable value of this ratioKYo/kD)max other normal CH acids, is also partial preservation of
The latter, in turn, is determined as the product of théh€ solvation of the reactants in the transition state,
deuterium fractionation factor in aqueous alkalingVhich minimizes the contribution of the energy of
solution | by the deuterium isotope effect manifested€0rganization of the polar medium to the activation

Secondary isotope effect of the solvent. Structure

in the ionic product of waterk" /KD Then, we ° o9V
obtain [7] P watef Kuter Variation of the primary kinetic isotope effect of
hydrogen isotope exchange of aromatic CH bonds
kookdn = (Kop/kopimax = 2.4% @) as influenced by the CH acidity of the substrates.

When discussing the results of this section, we used a

Relationship (8) was frequently used to evaluatdelatively versatile Eigen's method for qualitative or
the extent of structural and energetic similarity be-Semiquantitative description of variation of the mech-
tween the transition state and the products of protoanism of hydrogen isotope exchange in aqueous solu-
transfer [7]. With data on the secondary isotope effecions as influenced by the reactant structure [6]. By
of the solvent, this relationship reproduces, as a rulénalogy with OH and NH acids, Eigen subdivided all
the values of: that were determined from usual corre-the CH acids into two groups: normal acids and pseu-
lation between the activation free energies oy do-acids. The' important distinctive featu_re of the
and (K. In the limiting case ofx = 0, the CH bond normal CH acids is that, when lég of their reac-

remains intact in the transition state, whereas in thHONS is correlated with 'ﬁr’]a, ]Ehehf'*‘or;ca”ed Eigen's
opposite limiting caseo = 1) the transition state is CUrVeS are obtained, each of which can be approxi-
actually a carbanion. mated by linear sections with the coefficiemtsequal

to unity and zero. In an Eigen’s curve there is a sharp

In this work we proceeded from an apparent asbreak in going from the section with = 1 (relatively
sumption that the secondary isotope effect of thearrow region where the differenegK, between K,
solvent in the reaction of tritium exchange in a solu-of the CH acids under consideration and,mf water
tion of potassium amide in liquid ammonia is due toautoprotolysis differs from zero) to the section with
the same factor as in the similar reaction in water. = 0 (a narrow region in the vicinity oApK, = 0).
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Table 4. Mean values of the rate constants of protode- Available data for verifying the validity of the
deuteration KNMs) and protodetritiation K¥™s) and the above relationships as applied to variations of the
ratios kN™s/klMs for deuterium and tritium exchange in kinetic isotope effect of hydrogen isotope exchange in
isotopically substituted fluorobenzenes in a solution ofbenzene and its derivatives with solutions of amides
sodium amide in liquid ammoniang/mg = 0.2f (NH; or CgH{;NH") in nonaqueous solutions are
extremely scarce. Nevertheless, it is possible to ex-

Tem- | | NH,, KNH; plain in terms of the Eigen's theory the data on the
Compound| P& 1Do5 105 b kps/  kinetic isotope effect in deuterium and tritum ex-
ture, i 1 ks change of a limited set of compounds (benzene and
°oC s s its fluorinated derivatives) with cyclohexylamine,
catalyzed with lithium cyclohexylamide. The Brgnsted
Fluoro- -10 | 7.6+£0.2| 2.9+0.1 | 17 2.6 coefficient a for this reaction is close to unity [23],
benzene- 0 | 16+2 6.3+0.2 - and hence we deal with normal CH acids. If, using
3D(t) data in [24, 25], we consider the trend in variation of
Fluoro- 0 | 1.1+0.1] 0.5+0.02 2.0 ko/ky depending on I, or the partial rate factor
benzene- 15 | 4.1+0.2] 2.1+0.2 1.1| 2.0 f = kp(CgHsX)/kp(CgHg) (X is a substituent), we see
4D(t) that the kinetic isotope effect increases with decreas-
25 | 9.6£0.5| 4.5+0.2 2.1 ing pK, or with increasing lodin the following order:
Benzene- 0 | 0.9+0.1 - 1.0| - benzene-D(t) Kp/ky 1.6, K, 43, logf 0), fluoroben-
D(t) zene-4D(t) kp/ky 1.9, K, 41.9, logf 0.03), fluoro-

benzene-3D(t) Ko/kr 2.0, K, 40, logf 1.95), trifluo-
@ Here and hereinaftemy, is the number of moles of sodium romethylbenzene-3D(t)k{/k; 2.4, no data on Ig,,
amide.? (f) Factor of the partial rate of deuterium exchange.logf 2.59), and fluorobenzene-2D(tkk; 3.0, K,
As for pseudo-CH acids, they exhibit a wide Iinear37'3’ Ilog‘ 5'4?' S';Ireltmeser_ antg Mka_lre? [24] thave nﬂcgt t
correlation between ldg, and @<, with the coeffi- revealed a sharp decrease in the KINetic 1Sotope etiec
in the range of K, values in which the exchange rate

cienta ranging from 0 to 1. Let us briefly discuss the.? determined not by the stage of ionization of the CH

mechanistic features of deuterium exchange of norm 4 " ;
Eigen’s CH acids. It is believed at present that variaiéorlCI but by another stage insensitive to the isotope

tions of o are due to a change in the limiting stage Ofsubstitution of hydrogen in the substrate. According to

the overall reaction mechanism. In particular, whenthe theory, this K, range should be located in the

the Brgnsted coefficient is equal to unity, two stages vicinity of pK, of cyclohexylamine autoprotolysis,
partially determine the reaction rate: diffusion separaflo'3 [26].
tion of the contact complexes, and ionization of

the CH acid k;) [scheme (1)] [7, 22]. In contrast, the
value a = 0 corresponds to the mechanism in whic

formation of the primary‘contact complex>CH-B~ : T : :
is a fully equilibrﬁjm pr}écess and thg rate-determinPOt@ssium amide in liquid ammonia was not studied at

: . : . |l. Shapiroet al. [27] compared, however, the relative
ing stage is separation of the primary and secondary . e . . —
contact complexes. rS’lnetlc acidities in this catalytic system with previous

ly published [24] data on the relative kinetic acidity of
Study in this respect of variations of the kineticsystems that strongly differ in the protophilic power
isotope effect of various protolytic processes in wateand are characterized loy= 1. The close coincidence
showed that, with a normal CH acid whos&_pis of the ratiosf = [ky(CgH5X)/kp(CgHg)] Suggests that
considerably greater than that of water autoprotolysighe behavior of benzene and its derivatives in this re-
the ratio kp/k; takes relatively low values (1.5 < action corresponds to the behavior of normal Eigen’s
ko/ks < 2.2). In going to related CH acids whosKp CH acids.
differs from that of water autoprotolysis to a lesser
extent, the ratioky/k; gradually increases, with the  To find whether the trends in variation of the kinet-
ionization of the CH acids remaining a partially limit- ic isotope effect in hydrogen isotope exchange of
ing stage. Fiinally, if K, of the CH acid is close to aromatic CH bonds with a solution of potassium (or
that of the conjugated acid of the reacting base, theodium) amide in liquid ammonia are consistent with
ratio ky/k; decreases jumpwise, becoming close tdhe Eigen’'s theory developed for aqueous solutions,
unity (1 <kp/ky < 1.1). In the latter case the limiting we measured the variations of the isotope effect of the
stage is the diffusion-controlled transition from thereaction in benzene as influenced by the fluorine
primary to the secondary contact complex. substituent and its position in the ring. When studying

The influence of substituents and heteroatoms on
hthe kinetic isotope effect of deuterium exchange of
aromatic CH bonds in benzene with a solution of

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 71 No.7 2001



KINETIC ISOTOPE EFFECTS IN HYDROGEN EXCHANGE 1139

the hydrogen isotope exchange of fluorobenzene-3D(tonditions when the exchange kinetics of the other
and fluorobenzene-4D(t), which is very fast, we usedompounds of the reaction series could not be studied
as catalyst not potassium amide but less soluble (sollby common procedures. Furthermore, to evaluate the
bility 0.012 M at 20C) sodium amide. The results are kinetic isotope effect, it was necessary to estimate
listed in Table 4. Their comparison with the abovepreliminarily what part of the dissolved alkali metal
data shows that the kinetic isotope effects of the hyamide can be spent in side reactions. It was found in
drogen isotope exchange in benzene and deutero derj28] that the color in the reaction mixtures originates
atives of fluorobenzene with solutions of alkali metalfrom reversible addition of amide ions to the substrate
amide in liquid ammonia and of lithium cyclohexyl- molecules. To elucidate the influence of this side
amide in cyclohexylamine vary similarlykf/k).ino>  Process on the kinetics of isotope exchange, we per-
(ko/k)meta > (Kpfkr)para * (Kplky)c,. This fact formed special experiments involving simultaneous
seems natural, because with respect ‘o the protophilmeasurement of the rate constants for the heterocycle
properties the latter catalytic system is close to solubeing tested and an indicator compound chemically
tions of amide ions in liquid ammonia. A note shouldinert toward amide ions under the reaction conditions.
be made, however, about the isotope exchange of thes such indicator we chose fluorobenzene-3D. The
o-hydrogen atoms in fluorobenzene. The rate of thigonditions and results of experiments on concurrent
reaction in the system NHNH;(liquid) is too high, exchange of pyridine-2D and pyridine-3D with the in-
and we could not determine the ratikh(3/kY), ..  dicator are listed in Table 5. Comparison of Tables 4
As seen from Tables 1 and 4, in both reaction serieand 5 shows that the exchange rate constants of both
the ratio kN 3/ky™s tends to increase with increasing CH acids are equal, within the experimental error, to
relative klnetlc acidity characterized by the facfor the values obtained for these compounds in control
There can be two reasons for the observed increase éxperiments under the same conditions. Thus, the
the kinetic isotope effect: influence of F either on thepotentially possible addition of amide ion to the aro-
mechanism of isotope exchange, decreasing the intamatic ring has no effect on the kinetics of deuterium
nal return, or on the structure of the transitionexchange in pyridine.
state. To choose between these two alternatives, we
used the models involving the basic physics of proton An opposite result was obtained in concurrent ex-
transfer in solution [18]. Indeed, previously the setchange in mixtures of pyridine-2N-oxide and ben-
of data on this problem were obtained with these mozene-D (indicator) and of pyridine-2D-oxide and
dels according to which the constant [scheme (1)] naphthalene-1D (indicator). The reaction of the indica-
is mainly related to the effective (statistical mean)tor hydrocarbon under the reaction conditions°(25
vibrational frequency of the nuclei in the solvent andCKNH 0.1 M) is fully suppressed, whereas in the
reactant moleculess{). Since the solvent molecules N- oxide the deuterium exchange is so fast that its
prevail, they make the major contribution to.4  kinetics cannot be measured. This fact indicates that
Therefore, for protolytic processes in the same catalytinder the reaction conditions potassium amide strong-
ic system,k ; is practically the same for different ly interacts with the molecules of the aromatic hetero-
reactions. Thus, we can conclude that the above-notexycle and that pyridineN-oxide is capable of active
influence of the strength of the CH acids on the kinethydrogen isotope exchange with the solvent even in
ic isotope effect is mainly due to the fact that thethe presence of very low concentrations of amide ions.
extremely asymmetrical structure of the transition
state in the case of benzene becomes less asymmetri-The above experiments have not allowed determi-
cal in going to the reactions aftr ando-H atoms in  nation of the true concentration of the Blkbns in
fluorobenzene. solution. To estimate, at least approximately, the
factor of the partial exchange rate, we compared the
Additional information on the mechanistic featuresexchange kinetics in benzene-D and pyridine-2D
of hydrogen isotope exchange of aromatic CH bondsl-oxide. In the latter compound the rate of deuterium
can be, generally speaking, derived from the comparexchange could be measured by common procedures
son of the influence of heteroatoms (N, NO) in theonly at low temperature-37°C, Table 6). For deuteri-
aromatic ring on the kinetic CH acidity and kineticum exchange in benzene-D as referendds was
isotope effect with that of fluorine substituent. How- determined by calculation from the experlmental acti-
ever, such a comparison involves methodical probvation energyE, 15.7+0.2 kcal mot! and the preex-
lems. First, the rates of hydrogen isotope exchange iponential factor lod\ 7.8. For the exchange rate con-
pyridine-3D(t) and pyridine-2D(tN-oxide were kinet- stant of benzene we obtained thus the vaiy& 3 x
ically measurable only at low temperatures (fre60 10 s, and for pyridine-2DN-oxide the exchange
to -25°C) in the presence of sodium amides,., under factor f was greater than 4300.
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Table 5. Conditions and results of experiments on protodedeuteration of a mixture of pyridimetibfluorobenzene-3D
(mg:m; = 1:1) in a solution of sodium amide in liquid ammohia

Run | Témpe- Experiment my(m + Il % KNHa 1P, 1", % (KN 105,
no. rature, | duration, m) <1 sl
°C h 96 97 98 79 80 81
1 0 2.0 102.2 79.9 | 20.1 - 151 42.2 | 54.3 3.5 2.1
2 3.0 96.7 86.8 | 12.9 0.3 13.7 47.7 | 50.1 2.2 1.6
3 -25 15 98.0 225 | 775 - 14 75.0 | 24.8 0.1 26
4 3.0 89.9 275 | 725 - 1.3 90.5 9.5 - 22

@ (m) Number of moles of the indicator compound. For run nos. 1 and 2: the heterocycle is pyridine-2D (initial relative intensity of
the peaks in the mass spectrum: 79, 37.0; 80, 61.0; 81, 2.0) and the indicator compound is fluorobenzene-3D (initial relative intensi-
ty of the peaks: 96, 40.7; 97, 59.2; 98, 0.1); for run nos. 3 and 4: heterocycle pyridine-3D (79, 4.9; 80, 90.5; 81, 4.6) and indicator
fluorobenzene-3D (96, 16.4; 97, 85.5; 98, 011, I",) Relative intensities of the peaks of the indicator compound and hetero-
cycle in the mass spectrum, respectively.

Table 6. Conditions and results of experiments on protodedeuteraﬁﬁﬁax of pyridine-2D N-oxide in a solution of
sodium amide in liqguid ammonia-87°C)

Relative intensity of indicated peak
Run Experiment in mass spectrum, % ka105,
no. duration, h my/mg Mhva/ M st
95 96 97 98
Initial sample 15.4 79.6 3.6 1.4 -
1 0.2 86 0.18 52.6 46.9 0.5 - 1100
2 0.25 129 0.22 71.8 21.8 6.3 - 1400

To estimate the partial rate factors of deuteriun2.2x 104 M. Based on these data on the true concen-
exchange in quinolines-2D and -3D, it was appropritration of amide ions and on the results of comparative
ate to compare the exchange rates of quinolines-6Kkinetic studies of deuterum exchange in quinoline-2D,
and -8D with those of naphthalenes-1D and -2Dquinoline-3D, and naphthalene-2D, we calculated the
These results are listed in Table 7. It seems from thenelative exchange rates of heterocyclic compounds,
comparison that the cyclic nitrogen atom stronglywith the rate of hydrogen isotope exchange in benzene
deactivates the 6 and 8 positions of the ring withat the same temperature and the same concentration
respect to the hydrogen exchange of the aromatic CHf amide ions taken as unity (Table 7). The average
bond: In going from naphthalene-1D to quinoline-8Drate constants of deuterium and tritium exchange in
(or from naphthalene-2D to quinoline-6D), the ratesome aromatic nitrogen-containing heterocycles, the
constant decreases by2orders of magnitude. How- corresponding partial rate factors, and the kinetic iso-
ever, actually this is not the case. According to pubtope effects required for subsequent discussion are
lished data, the pyridine ring of quinoline has a verygiven in Table 8.
weak effect on the reactivity of the annelated benzene
ring [29]. The drastic decrease in the deuterium ex- However, before discussing data in Table 8, we
change rate is due to formation of addition complexeshould examine the possibility of constructing the
of quinoline with amide ions in solution, resulting in general series including the deutero derivatives of
disappearance of free amidens. Assuming that the both fluorobenzene and heterocycles, as the structural
exchange in the 6 position of quinoline should occussimilarity of the compounds of these classes is not
at almost the same rate as in the 2 position of naplevident. We believe that the general consideration of
thalene and that the rate of deuterium exchange ihe electronic interactions in substituted benzenes and
approximately proportional to the catalyst concentraheteroaromatic compounds can be based on the tradi-
tion, we found that actually tda(BH3 of quinoline-6D tional op analysis. In terms of this approach, various
corresponds the concentration of amide i(E\g\,Hz types of electronic effects were distinguished and vari-
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ousc constants were obtained for the pyridine nitro-Table 7. Average rate constants of protodedeuteration
gen atom and théN-oxide group as local structural (k¥™s) of monodeutero-substituted naphthalenes and quino-
elements of the molecules [30]. Previously f3B], lines in a solution of potassium amide in liquid ammonia
using theses constants, the kinetic data on hydrogen(Cyy, 0.1 M)?
isotope exchange in substituted benzenes and the

heterocycles under consideration with alkali metal Temperatureg, | NH 1
amide in liquid ammonia were treated by correlation Compound °C kprox10%, s
analysis. In particular, a correlation was constructed
between the partial rate factors @substituents in the Naphthalene-1D 0 17+2
benzene rings and the, constants [32, 33]: 10 55+4
logf, o = 1235 — 0.37;r 0.991,s 0.3, n 8. (9) 25 20041
ortho ' ’ ’ ’ Naphthalene-2D 0 5+0.6
The influence of theN-oxide group on the acidity 12 21+3
of the adjacent aromatic CH bond follows relation (9) 25 100+8
with the induction constant of this groug(NO) 1.0, Quinoline-2D 25 1.9+0.2
following the conclusions in [30]. The correlation of  Quinoline-3D 0 1.6+0.%F
109 feta With the oo, CONStants is somewhat worse: 25 20£3°
Quinoline-8D 25 0.75£0.02
109 fieta = 8.855eta— 0.16;1 0.964,50.4,n7.  (10) 40 3.5+0.4
The point for pyridine-3D lies on the regression Quinoline-6D 4218 O'féfg'm
line if the action of the induction effect of the N atom B

is characterized by the value, {3 -N=) = 0.45 [30].
Note that the choice of the, and c,,., COnstants for
analysis of this reaction series is governed by the fact
that the negative charge arising on the hydrogen atom
in the transition state cannot efficiently interact with

the = system, and the resonance effects appear to be'
much less important than the inductive effect.

2 5.6 runs at each temperaturB. The true constankdMs at
Cynh, 0-1 M, 25C is 8.6x 103 571, f 50; for naphthalene-
2D the factorf was taken equal to G The true constarkNHB
at Ceny, 0.1 M, OC is 7.2x 103 5%, and at 25C, 9x
102 517 f 840 and 2700, respectively.

lated, with aromatic heterocycles this is not always the
Since substituted benzenes and aromatic nitrogeicase. For example, although the accelerating effect of
containing heterocycles can be covered by generatplacement of the 3-CH bond in the benzene molecule
correlations only when the reaction mechanism doey a nitrogen atom (Table 8) is significarit120), the
not change cardinally in going from one compound tmumber and accuracy of measurements are insufficient
another, it is appropriate to discuss the kinetic isotopto reliably differentiate the kinetic isotope effect of
effect in both groups of compounds from a commorhydrogen exchange in both compounds (1.9 and 2.1,
viewpoint. In this connection, it should be noted firstrespectively). With hydrogen exchange in quinoline-
that, whereas variations of the factbrand kinetic 3D(t), the pattern is somewhat different. The kinetic
isotope effect in deuterated fluorobenzenes are corrésotope effect increases to a considerably greater ex-

Table 8. Average rate constants of protodedeuteratid¥’), protodetritiation kY™s), and the ratidfyHs/k§Hz for deute-
rium and tritium exchange of some aromatic nitrogen-containing heterocycles in a solution of alkali metal amide in liquid
ammonid

Compound Tempera-| Alkali metal | kNHex10®, | kfHax10°, f kNHa/k NHs
ture, °C amide st st

Pyridine-2D(t) 0 NaNH, 2.1+0.1 1.5+0.1 2.2 1.3

-10 4.7+0.2 4.0+0.1 1.2
Pyridine-3D(t) -37 NaNH, 3.7+0.1 1.840.2 120 2.1
Pyridine-2D(t) N-oxide -37 NaNH, 1400+ 70 1300+ 70 4300 1.1
Quinoline-2D(t) 40 KNH, 26420 18+2P 50 1.4
Quinoline-3D(t) 15 KNH, 8.1+0.6° 3.0£0.1° | 1800+900 2.7

2 56 runs at each temperatuFéApparent rate constants, without taking into account the loss of amide ions from solution as a result
of interaction.
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tent as compared to benzene or pyridine-3D(t). Anis totally lacking &3F3/kYHs < 1.1) (Table 8). The
increase in f by a factor 0£1800 is accompanied by fact that introduction of the NO group considerably
the same increase in the ratig™¥/k'"s as that ob- enhances the CH acidity and simultaneously drastical-
served in going from benzene-D(t) to fluorobenzenely decreases the kinetic isotope effect strongly sug-
3D(t) (f 17). Despite the lower sensitivity of the kinet- gests that the above anomaly is due to the Eigen’'s
ic isotope effect to increase in the rate in the case afondition according to which in the poimtpK, the
pyridine-3D(t) and quinoline-3D(t), we conclude that,isotope effect is close to unity. To check this assump-
similar to 3-F substituent in benzene, incorporation ofion, it is necessary, however, to estimate, pf pyri-
the cyclic nitrogen atom into the aromatic system oidine-2D N-oxide as CH acid. The difficulty of deter-
the ring (1 position) does not alter the mechanism omining this quantity is due to the lack of reliable esti-
hydrogen isotope exchange in quinoline-3D but onlymates for the factof of deuterium exchange in pyri-
shifts the position of the transition state at the sameine-2D(t) N-oxide (see above). Therefore, we re-
reaction mechanism. stricted our task to estimating the order of magnitude
of pK, rather than determining its value. For this
urpose, we applied to the case of the aba&ke equi-
brium in liquid ammonia the approach used previ-
ously [23, 24] for calculating I§, of mono- and poly-
fluorinated benzenes in a solution of cesium cyclo-
exylamide in cyclohexylamine. Streitwieset al.

3, 24] proceeded from the fact that the coefficient
of the Brgnsted relationship in this catalytic system

- ; . is 1, and K, of the parent compound, benzene, is 43.
ggrlgg&ﬁ%g :2 Q’rﬂzgggp t'hsé)tggies tiixcr\'/?gvgg gﬁntr;loe his fact allowed calculation oflf, of each particular

. : 9 compound belonging to the examined reaction series

electron-acceptor inductive effect of nitrogen on theusing a simple formula K, (CsH-X) = pK (CaHe)
i i a\~6' '5 - a\~6' '6/ —

adjacent reaction center. Nevertheless, the low valqugf_ Since the relative kinetic acidities of the aromat-

of T andkp “/kr 2 which are difficult to explain in ic CH bonds in benzene and its derivatives do not

terms of a purely inductive effect, can be interprete . , .
. . ; -~ change in going from the above system to a solution
assuming that in the examined compounds the kineti f potassium amide in liquid ammonia [27], we esti-

isotope effect in the course of rearrangement of th L RN
intramolecular structure is determined by superposi: ated the upper level oftfy of pyridine-2DN-oxide:

tion of the inductive effect and an effect of the oppo-'tOO'Ta SSiSB;'I;r?J?dIZt:ﬁr;\éﬁli:e(és ggsi'tedrfgeoﬂﬁltjﬁzpég-s e
site sign originating from direct interaction of the lone y q a== ’

electron pairs of the nitrogen atom and the anioni@! Pyridine-2D N-oxide the reaction mechanism can

carbon atom i the acacet positon f he ing [G0JcF 1Terent, Wi e o conolled separation
The latter effect is manifested not only in the kinetics

of deuterium exchange or in tHlMs/k\™s values but  CONStantke) becoming the limiting stage.

also in variations of various physical quantities [inten- , , , , . N
sities of stretching vibrations of aromatic CH Thus, in this work, with quite a different kinetic

: material as compared to [7, 282] and with a strong-
bonds in the IR spectra, resonance frequene{&xCl) > ; : tong
in the NQR spectra, etc.], i.e., tases when the indi- ly protophilic medium, we confirmed the applicability

cator center lies in the aromatic ring plane. Judgin of the Eigen's theory to the mechanism of hydrogen

from the partial rate factor of deuterium exchange ifSotope exchange of aromatic CH bonds.
quinoline-2D, thea effect of the lone electron pair is

considerably weakened relative to that in pyridine;2D EXPERIMENTAL
(Table 8). Nevertheless, the kinetic isotope effect in
this reaction remains low as compared to the hydrogeg
exchange in benzene.

Certain problems arise in interpretation of the
abnormal decreases in both the rate and the rat
kSHs/kHs for hydrogen isotope exchange in pyridine-
2D(t) and ohuinoline-ZD(t) (Table 8). The factdrand
the ratiosky 3/ky¥s ~ 1.1-1.4 for these compounds
deviate from data obtained for the other examine
compounds. As the, constant of the cyclic nitrogen
atom is relatively larged, 0.45 [30]), the behavior of

Manipulations with solutions of alkali metal
mides in liquid ammonia were performed in special
apparatus resistant to high pressures and preventing

As already noted, the regular increase in the rate aiccess of moisture and oxygen. Commercial deute-
the hydrogen isotope exchange in pyridine-2DNf) rated organic compounds were used; they were puri-
oxide exhibiting the highest, constant among all the fied and dried before experiments. Tritium-labeled
examined CH acids confirms the assumed commodeuterated compounds were prepared via the corre-
induction mechanism of activation of the reactionsponding organomagnesium derivatives which were
center. At the same time, the isotope effect in isotoplaydrolyzed with deuterium and tritium oxide. Also,
exchange with pyridine-2D(tN-oxide is the lowest or the majority of nitrogen-containing heterocycles-D,t
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were prepared from the corresponding halo derivatives
by reduction with zinc dust in deutero(tritio)sulfuric
acid. Quinoline-2D(t) was prepared by decarboxylai4.
tion of quinaldic acid. Anhydrous liquid ammonia and
deuteroammonia (999 at. %) were used.

The rates of deuterium and tritium exchange weréS'
measured in solutions containing usually 080 mol
of a solvent per mole of an organic compound. The

16.

deuterium concentration was determined with an Mi-
1201 mass spectrometer at an ionizing electron energy

of 12-14 eV. The tritium activity was measured using
a scintillation counter with two coaxial photomultipli-

ers operating in the coincidence mode. The scintilla-
tion procedure was used in two versions: (a) sample
of organic compound before and after experiments™
were introduced directly into the scintillation solution;

(b) tritium-labeled ammonia was burned over CuO
and the resulting water was dissolved in the scintil-

lator. The measurement conditions were strictly fixed.

The rate constants of deuterium and ftritium ex-=21.

change, calculated by a first-order equation, had

stable values in all the systems studied.
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