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Abstract: The diphenylmethane—diphenylmethyl anion acid/base couple in N,N-dimethylformamide is taken
as an example for investigating the dynamics of proton transfer at carbon in a system where the acid is not
activated by an electron-withdrawing group or by removal of an electron. The laser flash electron
photoinjection technique is applied to the determination of the rate constant for the protonation of
diphenylmethyl anion by an extended series of acids that offers a range of driving forces encompassing
over 1.2 eV. The plot of the rate constant versus the pK, difference between diphenylmethane and the
acids or of the activation free energy versus the standard free energy of the reaction exhibits clear “inverted
region” behavior (by a factor of 80 in terms of rate constants). While such behaviors have been predicted
and observed for outersphere electron-transfer reactions, previous evidence for proton-transfer reactions
was scarce. Entropic factors, derived from an investigation of the temperature dependence of the
experimental rate constants, are also discussed.

Introduction limit. The purpose of the work depicted below was to apply
the technique to the reaction of a diphenylmethyl anion with

So far, the investigation of protonation/deprotonation dynam- ganqard acids so as to cover a driving force range large enough

ics at carbon has been limited to molecules where acidity is

boosted by introduction of an electron-withdrawing gréudp

or by removal of an electroh.!? These restrictions can be
removed by application of the laser flash electron photoinjection
technique. In a preceding papérwe have described the

procedures by which the protonation kinetics of carbanions not

bearing electron-withdrawing substituents or not modified by

removal of an electron can be measured by this technique under

a wide variety of conditions, up to values close to the diffusion
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a Scheme 1. Reactions Involved in an Electron Photoinjection
Experiment Where the Diphenylmethyl Anion, R—, Is Formed from
the Reduction of the Diphenylmethyl Radical, Re, Generated from
a Precursor, a-Chlorodiphenylmethane, by Means of Photoinjected
Electrons and Reacted with an Acid, AH
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Results

The experimental data consist, for each acid, and each
concentration of the acid, of a series of photocurreftt
potential sigmoid responses that are recorded as a function of
the measurement timé?.'2 The half-wave potentialEy, of
these currentpotential curves are plotted against Itfg For
R REAaN RRy LAR LARAY AR ARy each acid, the experiments are repeated fe6 yalues of the

0 1 2 3 4 5 6 7 acid concentration, leading to a set of data such as that shown
Figure 1. Reaction of diphenylmethyl anions with benzimidazole in DMF  in Figure 1a with the example where the acid is benzimidazole.
+0.1M EMN?% :ffgfg’r%réégs\iﬁ]afiigﬁgz ;ﬁ;ginh:g}vgac\{de Zggeenéi&(lmmers The set of data pertaining to a given acid is then fitted, following
irrr:el\i,sg';etrr?:game color as the dgta points); full lines, simulation for each ’prewou_sly _descnbed procedures leading to the _Set of full lines
acid concentratiof? (b) Pseudo-first-order rate constant as a function of Shown in Figure 1&} which corresponds to the various constants
benzimidazole concentration. involved in Scheme 1 and yielding the values listed in Table 1.
to make inverted region behavior, if any, appear. The solvent Among them is the protonation pseudo-first-order rate constant,
was N,N-dimethylformamide (DMF). While, such behaviors, which is then plotted against the acid concentration (Figure 1b),
exhibiting a decrease of the rate constant upon increasing thegiving rise to a straight line with a slope that is the second-
driving force of the reaction (decreasing the standard free energyorder protonation rate constatfy, we are looking for. The
of reaction), have been predictéénd observeld ¢ for outer- fitting procedure is exemplified in Figure 1, while the corre-
sphere electron-transfer reactions; previous evidence for proton-sponding data, fitting curves akg—[AH ] plots are displayed
transfer reactions is scarce. It concéfribe photochemically in the Supporting Information for all experiments that have been
generated benzophenoNgX-dimethylaniline radical ion pair  performed. The log of the protonation rate constant thus obtained
and is rather modest in amplitude, ranging from 0 to a factor of (Table 2) was then correlated with the difference ¢f,p
4 according to the nature of the solvent, the latter effect being between each acid and diphenylmethane (Table 2). Kas p
observed in cyclohexane. The entropy and enthalpy of activation were either taken directly from literature values or derived from
were derived from variation of the protonation rate constant pKy's in dimethylsulfoxide (DMSO) according tdapmr = 1.5
with temperature. The discussion of the entropic factors will + 0.96 x pKapmso!® They are listed in the third column of
shed some light on the structure of the precursor and successoilable 1. The K, of diphenylmethane derived from its value in
complexes. DMSO8is 32.4. The plot of lodkan againstApK, is displayed
in Figure 2.

[

[AH] (mM)
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from pKy's in dimethyl sulfoxyde (DMSO) according td@omr = 1.5+
0.96 x pKapmso ' In the case of benzhydrol, histamine, 4-methoxyphe-
nylacetic acid, 4,4,4-trifluorobutanol, 3,3,3-trifluoropropanol, and 1,1,1-
trifluoro-2-propanol, the i§5's in DMSO were derived from thelf in
water according to a correlation established in each series. Khofp
diphenylmethane derived from its value in DMS€ris 32.4. (b) Maran,

F.; Celadon, D.; Severin, G.; Vianello, H. Am. Chem. S0d 991, 113
9320. (c) Bordwell, F. GAcc. Chem. Red988 21, 456. (d) Bartmess, J.
E.; Scott, J. A.; Mclver, R. T., Jd. Am. Chem. S0d.979 101, 6056. (e)
Nielsen, M. F.; Hammerich, O.; Parker, V. Bcta Chem. Scand.984
B38 809. (f) Lide, D. RHandBook of Chemistry and Physi@issociation
constants of organic Acids and Bases, 81st ed; 2@002; section 846.

(g) http://scgc.epfl.ch/load/cours_chim/col_kj_2.pdf.
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Table 1. Characteristic Constants Used in the Treatment of the Ei; — log © Data?

compd temp I x 101 2Ky ~/D x 1071 kg~/Dx107°  k°x 1074 Kap X 108
AH no. pKa (°C) (mol cm~2) (mol~* cm? s7%2) —E° (V vs SCE) (s9) (s7Y (M~ts™h
tert-butanol 1 324 22 0.435 6.64 1.1035 2.21 6.79 0.002 21
water 2 315 4.8 1.092 11.07 1.097 221 3.096 0.002 58
14.5 0.58 10.45 1.125 2.21 8.39 0.007 72
22 0.308 5.06 1.102 2.21 6.42 0.010 96
48 2 10.75 1.48 - 0.020 60
2-propanol 3 30.6 22 0.49 1.9 1.1085 2.21 8.23 0.038 80
ethanol 4 30.1 22 0.99 6.64 1.1018 2.21 10.04 0.031 90
40 0.93 9.48 1.0975 2.21 5.24 0.050 91
4,4 ,4-trifluoro-butanol 5 29.85 22 0.85 6.64 1.1041 1.36 5.12 0.056 90
methanol 6 29.4 2 1.36 2.53 1.0994 2.85 7.11 0.056 40
16 1.51 3.8 1.1053 1.36 10.54 0.057 23
22 0.82 3.8 1.091 221 4.55 0.089 63
34 1.53 5.37 1.0974 1.36 7.44 0.102 60
benzhydrol 7 28.2 2 1.42 5.53 1.1072 2.21 10.94 0.1490
18 1.46 6.64 1.0931 1.36 8.72 0.1884
30 1.37 5.7 1.1033 0.95 9.37 0.2204
3,3,3-trifluoropropanol 8 28.05 22 0.95 6.64 1.099 2.21 9.10 0.6405
1.087
2,2,2-trifluoro 9 24 28 0.7 9.48 1.087 1.74 12.7 4.79
ethanol 42 0.69 18.97 1.088 1.42 18.1 4.48
52.5 0.82 18.97 1.087 1.48 12.4 4.76
1,1,1-trifluoro-2-propanol 10 23.15 22 0.68 11.07 1.1087 2.21 6.034 5.135
imidazole 11 19.35 21.5 0.94 7.9 1.0989 221 0.75 23.92
31 0.97 14.23 1.084 1.9 0.314 27.7
41.5 0.78 12.64 1.087 1.26 8.17 24.9
52.5 0.76 25.2 1.086 1.6 12.81 24.48
histamine 12 18.6 22 0.52 5.7 1.0946 2.21 1.458 16.72
benzimidazole 13 17.25 22 0.64 5.37 1.1024 1.64 14.04 27.04
benzyl mercaptan 14 16.3 -5 1.42 1.58 1.093 1.36 41.6 7.462
16 1.6 3.16 1.36 8.365
40 1.9 3.8 1.0995 1.36 8.45 9.346
50.5 2 5.37 1.36 11.437
triazole 15 15.6 22 0.68 5.37 1.099 221 14.78 10.97
acetic acid 16 13.3 —15.0 0.61 2.8 1.1006 2.8 15.2 0.612
1.0 0.61 4.7 1.1052 2.8 10.7 0.916
16.0 0.55 10.4 1.1053 1.6 7.95 1.349
44.0 0.47 21.5 1.0984 1.6 115 2.0047
58.0 0.49 37.8 1.1008 1.14 12.6 2.3108
benzotriazole 17 12.9 22 0.735 3.47 1.0917 2.21 7.68 3.974
4-methoxy 18 12.8 22 0.805 5.06 1.12 1.36 6.33 0.318
phenylacetic acid
phenylacetic acid 19 12.65 22 0.75 7.9 1.1016 2.21 5.65 0.836
benzoic acid 20 12.15 19 0.65 14.23 1.0935 2.21 15.25 1.424
26 131 6.32 1.111 221 6.1 2.120
35 0.58 15.8 1.0932 1.97 9.85 2.944
455 0.705 15.8 1.1014 2.21 12.9 3.342
perfluorotert-butanol 21 11.8 22 0.85 6.64 1.12 2.1 16.48 0.67

aT*: initial surface concentration of radical®: diffusion coefficient.ky: dimerization rate constank®: standard potentiak®: rate constant of the
reaction of the carbanion with the reaction medilkay: protonation rate constant.

The next step was carrying out an investigation of the noneN,N-dimethylaniline radical ion pair, thus involving a
temperature dependence of the protonation rate constant. Sincearbon acid. Its magnitude varies with the solvent but remains
gathering the experimental results and performing the simulation very modest in amplitude, being at best equal to a factor of 4
for extracting the protonation rate constants are rather tedious,in terms of rate constants (in the least polar solvent, cyclohex-
we restricted the investigation to a smaller list of acids, selecting ane). In the present case, the effect is much larger, the rate
representatives (Table 3) of each of the families in the global constant varying by a factor of 80 upon passing from the high
list of 21 acids (Table 2). Detailed results and simulation are driving force lower point to the maximum of the rate constant.
given in the Supporting Information. The Arrhenius plots are  The data points in the ldgny versusApKj, activation—driving
shown in Figure 3 (results in Table 3). force plot of Figure 2 may be fitted with the following parabola.

Discussion log Ky, = 5.33+ 0.62x ApK, — 0.024x (ApK,)?

The protonation rate constant starts to increase with the
difference in K, (Figure 2), passes through a maximum, and which may be converted into a quadratic correlation between
then decreases upon further increaseAmf,, thus exhibiting the free energy of activatiod\G*, and the standard free energy
clear-cut “inverted region” behavior. There are very few reports, of the reactionAG°. From a theoretical standpoint, models have
actually only on#’, of inverted region behavior in proton transfer been designed that lead to quadratic relationships between free
reactions. It concerns the photochemically generated benzopheenergy of activation and standard free energy of the reaction,

J. AM. CHEM. SOC. = VOL. 125, NO. 33, 2003 10121
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Table 2. Free Energy of Activation and Standard Free Energy of
the Reaction of Diphenylmethyl Carbanion with Acids

compd pKa log Kay AG® AG*
AH no. (DMF)  ApK, (M7ts™h)  (eV) (eV)
tert-butanol 1 3248 0.0 5.3 0.000 0.241
water 31.58acd 10 56 —0.056 0.204
2-propanol 3  30.6¢ 1.9 6.6 —0.109 0.167
ethanol 4 30.1:8e 2.3 6.4 —0.135 0.177
4,4 ,4-trifluorobutanol 5 29.85%0 26 6.7 —0.150 0.161
methanol 6  29.48ce 3.0 6.9 —0.176 0.149
benzhydrol 7 28.28d 42 75 —0.246 0.116
3,3,3-trifluoropropanol 8  28.05%9 4.3 7.8 —0.254 0.097
2,2,2-trifluoroethanol 9 248¢ 8.4 8.8 —0.491 0.038
1,1,1-trifluoro-2- 10 23.13%9 9.3 8.7 —0.543 0.043
propanol
imidazole 11  19.358¢ 13.1 9.4 —0.764 0.003
histamine 12 18.68af  13.8 9.2 —-0.808 0.013
benzimidazole 13 17.25% 152 9.4 —-0.888 0.001
benzyl mercaptan 14 16.38¢c 16.1 8.9 —0.943 0.031
triazole 15 15.68¢ 16.8 9.0 —-0.984 0.024
acetic acid 16 13.38c 191 8.1 —-1.119 0.077
benzotriazole 17 12.98¢c 19.5 8.6 —1.142 0.050
4-methoxyphenylacetic 18 12.8%f 19.6 7.5 —1.148 0.090
phenylacetic 19 12.658 19.8 79 —1.158 0.089
benzoic acid 20 12.158c¢ 20.3 8.2 —1.186 0.075
perfluorotert-butanol 21 11.8¢ 20.6 7.8 —1.208 0.114
10
logk (M)

5 LN LR LN LR
0 5 10 15 20

Figure 2. Reaction of diphenylmethyl anions with acids in DMF0.1 M
EuNCIO, at 22 °C. Variation of the protonation rate constant with the
driving force measured bjpKa

Table 3. Reaction of Diphenylmethyl Carbanion with Acids: Slope
and Intercept of the Arrhenius Plots and Activation Entropy and
Enthalpy

compd AH* AS*
AH no. slope intercept (ev) (meV/K)
water 2 3941 26.9 0.340 —0.217
ethanol 4 2195 22.5 0.189 —0.601
methanol 6 1712 21.7 0.147 —0.666
benzhydrol 7 1161 20.7 0.100 —0.666
2,2,2-trifluoroethanol 9 53.77 19.2 0.005 —-0.882
imidazole 11 —45.39 215 —0.004 —0.683
benzyl mercaptan 14 598.4 22.6 0.052 —0.585
acetic acid 16 1562 24.0 0.135 —0.465
benzoic acid 20 2990 29.16 0.258 —0.028

formally similar to the relationships applicable to outersphere
electron-transfer reactioR&.To test this type of relationship,
the log kay—ApK, plot is thus converted into AG*—AG®

(19) (a) See ref 19b,c and references therein. (b) Kiefer, P. M.; HynesJJ. T.
Phys. Chem. 2002 106, 1834. (b) Kiefer, P. M.; Hynes, J. T. Phys.
Chem. A2002 106, 1850.
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Figure 3. Reaction of diphenylmethyl anions with acids in DMF0.1 M
EuNCIO,. Arrhenius plots.

plot (Table 2), according to

a

AG°(eV) = RfT ApK

RT, Kmax
—1In
F ok

AG™ (eV)= 1)

In this conversion, the possibility of a partial diffusion control

of the reaction has been neglected, since the maximal value of

Kan, 2.7 x 10° M~1s71, is sufficiently below the diffusion limit,

10 M~1s~1, We have also adjusted the paramétgy so that

the reaction is barrierless at the apex of h&*—AG® curve.

This would requirekmax = 2.7 x 10° M~1 s71, In other words,

we consider that bringing the reactant together from infinite

separation, before proton transfer takes place, requires a work

term,wg = 0.195 eV, for the value oAG® corresponding to

the apex of the parabola. The valuekafx may also result, at

least partly, from a lack of adiabaticity of the proton-transfer

reaction. The ensuingG*—AG® plot is displayed in Figure 4.
The simplest approach is then to test the validity of the

classical quadratic eq 2, in which stands for the total

reorganization energy attending proton transfer:

AG®
4

4
4

AG" = (1 +AG°)2:/1 AG® @

Ji 4" 2

In fact, the best quadratic fitting (blue curve in Figure 4)

AG™ = 0.24+ 0.62AG° + 0.42AG°"

does not exactly match eq 2 in the sense that the coefficient of
the AG® term is significantly different from 0.5, the classical
value of the symmetry factor at zero driving force. This
observation points to a lack of symmetry in the response of the
reorganization factors (solvenrt intramolecular movements)

to the departure from equilibrium in the initial and final states.
We may therefore test another relationship deriving from the
intersection of the two following potential energy curves,
involving the reorganization coordinat¥, with two different
values of the reorganization factdR and AP, for the reactant
and product systems, respectively:

Gr = 4X%, Gp = AG® + A5(1 — X)?
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Figure 4. Reaction of diphenylmethyl anions with acids in DMF0.1 M ] AHJ:(SV)
EuNCIO, at 22°C. Variation of the activation free energy with the standard -
free energy of the reaction. Blue curve: fitting according to eq 2. Red 0.4 =
curve: fitting according to eq 3. ]
At the transition state, 0.3
Ar = Ap AG® E
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The fit of the data points with eq 3 (red curve in Figure 4) is ] AG° (V)
excellent, even better than with eq 1, leadinglgo= 1.15 eV UL LR AL LAY LEARY AL LAY LELL
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The activation entropies derived from the intercept of the Figure 6. Reaction of diphenylmethyl anions with acids in DMF0.1 M
Arrhenius plot, taking into account the definition AGHin eq E?mglroe‘lé‘\:/tiég:?non of the activation enthalpy with the standard free energy
1 (Table 3), are displayed as a function of the standard free
energy of the reaction in Figure 5. Rather than the entropy itself, the driving force results in a decrease followed by an increase
we have plotted its product by 295.16 K so as to get an idea of of AS" upon decreasing\G°.
the magnitude of the entropic effect in terms of energy. Itis  The enthalpy of activation\H*, may finally be derived from
remarkable that it starts to decrease wiG° and then passes  the Arrhenius slopes (Table 3). TRH*—AG® plot (Figure 6)
through a minimum, in the vicinity of thAG¥—AG°® minimum, exhibits even more striking inverted region behavior than the
before increasing upon continuing to decreA<s’. free energy plot, spanning over more than 0.35 eV.

These observations may be rationalized as follows. We may
divide the entropy of activation into two contributions. One
involves the change in solvation from the initial state to the  Taking the diphenylmethane/diphenylmethyl anion couple as
transition state. It is a positive contribution since the charge is an example of an acid/base system where the acid is not
more delocalized in the latter state than in the former A& activated by an electron-withdrawing group or by removal of
decreases, the symmetry factor decreases implying that thean electron, we may summarize the conclusions of the present
transition state resembles more and more the initial state, makingstudy and the preceding artiéfen the series as follows. The
the solvation contribution less and less important. The other proton transfer reaction is intrinsically slow, exhibits an
contribution pertains to the nuclear configuration of the reacting important isotope kinetic effect, and shows clear evidence of
system. It is negative in the sense that the transition state isinverted region behavior. The activatiedriving force plots
more ordered than the initial state. Upon entering the inversion may be fitted with the relationship deriving from the intersection
region, the reaction coordinate goes in the reverse direction of two potential energy curves in which the reorganization factor
making the transition state less ordered than the initial state. pertaining to the reactant and product systems is different. The
The combination of the variation of the two contributions with average value of the reorganization energy, of the order of 1

Concluding Remarks
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eV, points to a significant contribution of internal reorganization ing values of the acid added, leading to the parameter values
in addition to solvent reorganization. listed in Table 1, and curves of pseudo-first-rate constants as a

Supporting Information Available: Fitting of the half-wave function of acid concentration

potential versus measurement time curves obtained for increas-JA035268F
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