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Abstract: Picosecond absorption spectroscopy is employed in the study of the reaction dynamics for the
contact ion pairs produced upon the photolysis of a series of substituted diphenylmethyl acetates in the
solvents acetonitrile, dimethyl sulfoxide, and 2,2,2-trifluoroethanol. From the temperature dependence of
the rate constants, the activation parameters associated with covalent bond formation and diffusional
separation to the solvent-separated ion pair are obtained. The activation parameters for bond formation
are examined within the context of the Hynes theory for solvent dynamical effects on the passage through
the transition state; deviations from the transition-state theory are found to be large. Factors that control
nucleophilicity are discussed. Finally the validity of applying the Marcus equation to the Syl reaction

mechanism is addressed.

Introduction

Since the initial formulation of the 8 reaction mechanism

by Hughes and Ingold in the 1930s, elucidation of the parameters

that control reactivity continues to be a topic of intefe$tOne
long-sought goal is to correlate reactivity with structure. The

standard approach for examining reactivity of reactions proceed-

ing by the {1 mechanism has been to study the kinetics for
reaction of resonance-stabilized cations with a variety of
nucleophiles? Study of these processes has led Ritchie to
develop the N scale!l12 More recently, Marcus theory has
been employed in the correlation of rate constants with driving
force, the analysis of which produces a fitting parameter
identified as the intrinsic barrié?.The intrinsic barrier is thought
to reflect the energies associated with desolvation of the
nucleophile and the electrophile as well as electronic barrier
for electrophile-nucleophile reaction.

The application of the Marcus theory to the analysis of
electrophile-nucleophile combination has not met with uni-

reactions for electrophitenucleophile reaction precludes defin-
ing an intrinsic barrier; the intrinsic barrier found in the
correlation of the rate constant with the free-energy change for
reaction is nothing other than a fitting parameter which cannot
be given a precise physical interpretatiéiiowever the general
consensus of practitioners in the analysis of organic reactions
kinetics within the context of the Marcus theory is that there is
utility in deriving intrinsic barriers and that these barriers reflect
something fundamental about the reaction proéets?!e

In the present paper, we raise an issue regarding the
applicability of Marcus theory, in its present analytical form,
to the analysis of electrophitenucleophile reaction that here-
tofore has not been directly addressed. A fundamental assump
tion in the current analytical form of Marcus theory is that the
correlation of the rate constant with driving force for electro-
phile—nucleophile reaction assumes that the A factor is constant
throughout a series of reactions, normally assigned a value of
6.6 x 10% s71 that is solvent independefit.Recently, we
reported a series of experiments that examined the A factor for

versal acceptance. Ritchie has argued that the lack of identityine reactions of chloride and the bromide ions with diphenyl-
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methyl cationt®2°We found that the A factor for these reactions

is less than that predicted by transition state theory and depends

on the nature of the nucleophile as well as the solvent.
Diphenylmethyl chloride is an ideal molecular system for the

study of the §1 reaction mechanism as each molecular event

is kinetically resolved! 2> From our femtosecond and pico-
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Scheme 1 the transition state. Questions regarding the strength of the
Kege coupling between the collapsing ions and the solvent are
R addressed. From the analysis, the electronic barrier associated
J kq with the Sy1 reaction mechanism is then obtained. Finally, the
applicability of the Marcus theory for the analysis of the kinetics
GSS of covalent bond formation through th@Breaction mechanism

hv \\kcip is assessed.
k
keg 2

CIP <=2 SSIP 5 Experimental Section
k
K, } The picosecond laser system employs a Continuum Leopard D-10

’ Nd:YAG laser with a pulse width of 10 ps. The optical detection system
c-Cl and the methods for data analysis have been described previdusly.
The samples were irradiated at 266 nm and probed at 440 nm for single
second studies of the reaction dynamics of the diphenylmethyl wave_zlength measurements for the three cations. Transient spe_ctra were
chloride geminate radical pair and the diphenylmethy! chloride ogtamed over tdhe Wa‘é‘?lerllg?s of 49350 Qm for(t;e three cations.
contact ion pair, both produced upon the photolysis of diphe- The corresponding radicals do not absorb at 440'nm.

| hvl chloride i itrile. th ion di h The calculations of bond energies for homolysis and heterolysis are
_ny methyl ¢ er € In acelonitrile, the reaction diagram shown based upon B3LYP density functional theory at the 6-31G* level using
in Scheme 1 is formulated.

_ ) _ ) Spartan 04! The syntheses of 3-methoxy-diphenylmethyl acetate,
On the 100-fs time scale, the first excited singlet state, S  3-methoxy-4methyl-diphenylmethyl acetate, and 3cimethoxy-

decays by partitioning between the geminate radical pair, GRP, diphenylmethyl acetate are based on previous metffods.

and the contact ion pair, CR2 The transition to the GRP occurs The procedure for deriving the kinetic parameters depicted in Scheme

along the excited-state surface through an adiabatic process; thé from the experimental kinetic data has been discussed previbsly.

GRP, in acetonitrile, is an excited-state product. The transition Briefly, the time-dependent absorban) obtained from the kinetic

to the CIP is thought to pass through a conical intersection experiments results from the convolution of the instrument response

which is a nonadiabatic proce¥sThe GRP decays on the 100 function, 1(t) with the molecular kineticsi-()

picosecond time scale through two processes, diffusional _ _

separation to form free radicals (FR)s; and a transition onto Al = f e | (OF(t = 7) dr @

the ground-state surface (GS®), which partitions between  \yhere the instrument response functiof) is the result of the

ground-state reactant {€l) and the CIF* Whether the  convolution of the pump and probe beams and is assumed to have the
transition to the GSS should be modeled as a nonadiabaticanalytical form of a Gaussian

electron-transfer process or be viewed as a passage through a

conical intersection governed by LandsZener theory is still I(t) = (270)~*® exp(~(t — t))/207) (2
an open questiof? The CIP decays through the formation of a
covalent bondk;, or diffusional separation to the solvent-

separa_ted ion pair (SSIA:. The SSIP then can glther colla_pse is described in ref 23 and contains the kinetic paramégtgis, ko, ks,
reforming the CIPks, or undergo further separation to free ions 4y, “The five kinetic parameters are solved for simultaneously
(F1), ka. The transformation of F- SSIP is not resolved. Each  gmpoying the downhill simplex method of Nelder and Mead for
of the molecular processes envisioned by Winstein for e S minization3? A fundamental assumption in the present analysis is that
reaction mechanism is now observed direétly. the extinction coefficients for the CIP, SSIP, and FI are the same at

In this study, we turn to the reaction dynamics associated = 440 nm. This assumption is based upon observation that the
with various substituted 3-methoxy-diphenylmethyl acetates so absorption maximum for the diphenylmethy! cation, derived from the
as to examine the nucleophilic character of the acetate ion. ThePhotolysis of diphenylmethyl chioride, does not shift as one pair evolves
m-methoxy system is chosen, as the photochemically induced'mo anotheﬁS_W|_th|n the resolution of the experlm_ental appa_ratusl the
yield of ion pairs is substantially larger than that produced upon same behavior is observed for. each of the cations examined in t.he

. . . present study. Thus, the absorption spectra of the diphenylmethyl cation

the photolysis of diphenylmethyl acet&t€.The enhanced yield

. . and the various substituted 3-methoxy-diphenylmethly cations are not
from them-methoxy substituent is another example of the meta sensitive to the presence of the counterion at the resolution of the

effect first enunciated by Zimmermén?® We examine the  experiment. This behavior contrasts with that of the fluorenyl ion pairs
reaction dynamics for the collapse of the CIP giving rise t0 and the ketyl radical ion pairs which are sensitive to the counterion; a
covalent bond formation within the dynamical theory formulated shift in the absorption spectrum is observed with the change in ion
by Hynes and co-worke®. The theory allows for the assess- pair structuré

ment of the dynamical nature of the system as it passes througf’hesults

S, > GRP

Y

The parameters characterizing the Gaussian are obtained from the
calibration compounds, pyrene and perylene. The kinetic m&gg|,
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2997. (31) Hehre, W. J.; Yu, J.; Klunzinger, P. E.; Lou,A Brief Guide to Molecular
(25) Dreyer, J.; Peters, K. S. Phys. Chem1996 100, 15156-15161. Mechanics and Quantum Chemical Calculation&vefunction, Inc: Irvine,
(26) McClelland, R. A.; Kanagasabapathy, V. M.; Steenken]. m. Chem. CA, 1998.
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Figure 1. Transient absorption spectra following the 266-nm irradiation

of 10 uM 3-methoxy-diphenylmethyl acetate 4b), open diamonds, and Time (s)
of 10 uM 3-methoxy-4methyl-diphenylmethyl acetate (Methoxyi), filled
diamonds, in 2,2,2-trifluoroethanol, 2& at 100 ps. Figure 3. Dynamics of MethoxyB-, MethylD+, and Dt following the
266-nm irradiation of 1Q«M 3,4'-dimethoxy-diphenylmethyl acetate, 10
0.80 oo uM 3-methoxy-4-methyl-diphenylmethyl acetate, and A 3-methoxy-
ethoxyD+ diphenylmethyl acetate in acetonitrile at Z3. Open points are experimental
T kel - : ]
EFE[..JE;ELCFLW R AT L data which are the average of four experiments. The solid calculated curve
0.60 T MethyID+ is based upon Scheme 1 and the rate constants given in Table fowith
P W[FD“_MWEEEEE_EEE’E 75 ps, pulse widthy = 10 ps, andkg = 1.1 x 109s 1D+, kg = 1.1 x

Pﬁf' 100 571 for MethylD+, andky = 1.0 x 1019 s1 for MethoxyD+-.
e TR AL N

Absorbance
N
8
L

D+ and thus are not kinetically resolved. However, the second
0.20 - components are resolved; the second component-foappears
with a rate constant of 3.8 10'°s™1, while the corresponding
0.00 =pzecct | ' . rate constant for Methyl® is 2.7 x 10 s™! and for
0.0E+00 1.0E-10 2.0E-10 3.0E-10 4.0E-10 MethoxyD+ is 1.4 x 101°s™1, In TFE, there is no measurable
Figure 2. Dynamics of MethoxyB-, MethylD+, and D+ following the decay of the cations onto 4 ns time scale.
266-nm irradiation of 1«M 3,4'-dimethoxy-diphenylmethyl acetate, 10 By application of Scheme 1 to the analysis of the reaction

uM 3-methoxy-4-methyl-diphenylmethyl acetate, and A 3-methoxy- ; ; ;
diphenylmethyl acetate in 2,2,2-trifluoroethanol at°Z3 Open points are dynamics of the three acetates, the biphasic appearance of the

experimental data which are the average of four experiments. The solid Corresponding cations can be understood as arising by two
calculated curve is based upon Scheme 1 wita 75 ps, pulse widthy = processes. The fast component is associated with the decay of

10 ps, andg = 3.3 x 1005 for D+, ks = 2.7 x 10157 for MethyID+, the excited singlet state to produce a CIP as is observed in the
andky = 1.4 x 1097 for MethoxyD+- decay of the diphenylmethyl chloride excited singlet stafne
(TFE) produces a transient absorption spectrum, with an second component is associated with the decay of the GRP to
absorption maximum &t = 435 nm, Figure 1. The absorption give rise to the CIP, a process also observed in the diphenyl-
profile is virtually identical to the absorption spectrum of the methyl chloride radical pa#? The kinetics of the decay of the
diphenylmethyl cation, whose absorption maximum is also at GRP are governed by two processes: a nonadiabatic transition
A = 435 nm, and thus the transient species is assigned to theto GSS ky, and diffusional separation of the radical paise
m-methoxy-diphenylmethyl cation (B).2* Similarly, the 266- Scheme 1. Thus, the second component of the biphasic kinetics
nm irradiation of 3-methoxy-4methyl-diphenylmethyl acetate  reflects the decay of the GRP onto the GSS leading to the
in TFE produces a transient species with an absorption formation of the CIP. To obtain the rate constants for both
maximum ati = 450 nm, Figure 1. The-methyl-diphenylm- conversion onto GS%g, and diffusional separation to form FR,
ethyl cation has previously been observed with an absorption Keso the dynamics of the GRP must be monitored directly. This
maximum atL = 450 nm and thus again the transient species Will be a subject for future investigation.

is assigned to therxmethoxyp’-methyl-diphenylmethyl cation Kinetic Studies in Acetonitrile. The kinetic behaviors of
(MethylD+).36 Finally the 266-nm irradiation of 34limethoxy- the contact ion pairs for B, MethylD+, and MethoxyD* in
diphenylmethyl acetate in TFE also produces a transient speciesicetonitrile, monitored at = 440 nm, are shown in Figure 3;

absorbing atl = 450 nm, which is assigned to the,p'- the transient absorption spectra of the three species are virtually
dimethoxy-diphenylmethyl cation (MethoxyE). During the identical to those in TFE. To accurately account for the observed
time evolution of the transient absorption spectrum for each of dynamics, the kinetic model depicted in Scheme 1 is employed.
the three species, the absorption maximum does not shift.  In particular, the decay of the GRP to give rise in the G,

The kinetic behaviors of the three cations}-DMethylD+, must be taken into account; exclusion of this reaction pathway

and MethoxyDr in TFE are probed at 440 nm over the time does not give an acceptable fit of the model to the kinetic data.
course of 400 ps, Figure 2. The kinetics for the appearance ofAlso, the interconversion between CIP, SSIP, and FI must be
each the three cations is biphasic. The first components for theincluded into the model for an acceptable fit of the model to
appearance of each of the cations occurs within the laser pulsethe experimental data. The fitting parameters associated with
Scheme 1 are given in Table 1.

(36) Olah, G. A,; Pittman, C. U.; Symons, M. C. R.@arbonium lonsOlah, i ;
G. A, Schieyer. P. v. R.. Eds.. Johh Wiley & Sons: New York. 1970: The temperature o_lepe_ndenmes for _covalent bond formation,
Vol. 1, pp 154-217. ki, as well as the diffusional separation to the SR ,are
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Table 1. Kinetic Parameters from Scheme 1 for the lon Pair Table 3. Kinetic Parameters from Scheme 1 for the lon Pair
Dynamics Associated with D+, MethylD+, MethoxyD+, DPMC, Dynamics Associated with MethylD+ and MethoxyD+ in Dimethyl
and DPMB in Acetonitrile at 23 °C Sulfoxide at 23 °C
compound ki (x10%s™1)2 ky (x10°s7Y) ks (x108s7Y) ky (X108 s7Y) compound ki (x10° s7H)2 ky (x10°s7Y) ks (x108s7Y) ky (X108 s7Y)
D+ 3.0 35 4.0 8.0 MethylD+ 4.8 2.6 25 8.0
MethylD+ 2.2 3.0 3.9 8.0 MethoxyD+ 1.7 0.7 25 8.9
MethoxyD+ 0.6 1.3 3.9 8.0
DPMCH 3.8 2.9 131 7.8 aUncertainties in fits are+10%.°Values obtained in the fits of
DPMB® 3.2 5.6 c c MethylD+ where held constant.
aUncertainties in fits aret10%.° Values obtained in the fits of B 0.30
where held constant.Can not be resolved.Taken from ref 19¢ Taken
from ref 20. 0.25 -
Table 2. Activation Parameters, A Factor, and E, from Arrhenius 0.20 -
Analysis of k; for Covalent Bond Formation from Collapse of CIP
and k», Decay of CIP into SSIP in the Solvents Acetonitrile and 0.15 -
Dimethyl Sulfoxide
solvent D+ MethylD+ MethoxyD+ 0.10
CHsCN ka Ea (kcal/molp 1.9 3.2 5.4 0.05 -
A(x102s e 0.075 0.51 5.5
ke  Ea(kcal/molp 1.0 11 15 0.00 - -m——— : : :
A(x102she 0011 0023 0.06 0.0E+00  5.0B-11  10B-10  1.5E-10  2.0B-10  2.5B-10
DMSO kg Ea (kcal/molp a 35 2.8 )
A(x1012s 1) a 1.9 0.14 Time (s)
ke ia (kgglllsz’pi a 323 %J?)S Figure 5. Dynamics of Dt, following the 266-nm irradiation of 10M
(x10s7) a : : 3-methoxy-diphenylmethyl acetate in dimethyl sulfoxide at’Z3 Open
) ) ) points are experimental data that are the average of four experiments. The
aCan not be determined Estimated error4+20%. ¢ Estimated error solid calculated curve is based upon Scheme 1kane 6.9 x 10° s1
+50%. with to = 65 ps, pulse widthy = 10 ps, andkg = 5 x 10 s7L, The lack
0.25 of an acceptable fit is due to time-dependent kinetics.
Table 4. Energies for Bond Homolysis and Bond Heterolysis of
0.20 Substituted Diphenylmethyl Acetates, Chloride,s and Bromide in
%@‘ Acetonitrile
0.15 + i compound homolysis (kcal/mole) heterolysis (kcal/mole)
0.10 - %_ diphenylmethylactetate 58.7 32.2
. w@m% 3-methoxy- 59.1 30.8
AT P 3-methoxy-4-methyl- 59.0 27.0
0.05 3,4-dimethoxy- 58.9 21.3
o DPMC 61.8 27.4
0.00 -J= T T T I DPMB 46.0 21.8
0.0E+00 5.0E-10 1.0E-09 1.5E-09 2.0E-09 2.5E-09
Time (s) for D+ are not given in Table 4. This kinetic behavior is

Figure 4. Dynamics of Methoxy[, following the 266-nm irradiation of indicative of a time-dependent kinetic proc&3his behavior
10uM 3,4'-dimethoxy-diphenylmethyl acetate in dimethyl sulfoxide at 23  will be addressed in the Discussion.

peoben ports are xperimertal deta hat e the average, of [ The parameters from the Arthenius analysis of the temper-
rate constants given in Table 3 wih= 75 ps, pulse widtly = 10 ps, and ature dependencies of the collapse of the CIPs for MethexyD
ka=5x 10°0s7L and MethylDt+ in dimethyl sulfoxide resulting in covalent bond
formation,k;, and CIP separatiotk,, over the range of 2353

°C, are given in Table 2.

Radical-Pair and lon-Pair Energies. Since the energies
associated with the radical pairs and ion pairs encountered in
the present kinetic study have not been experimentally deter-
mined, an estimate is established through the analysis of a series
of thermodynamic cycles. We begin by considering the experi-
mentally determined gas-phase homolytic bond dissociation
energy of benzyl acetafé.

examined over the temperature range of 44 °C; data at nine
temperatures are obtained for each CIP. An Arrhenius analysis
of the temperature dependence laf and k; produces the
activation parametergy and E,, which are shown in Table 2.
Kinetic Studies in Dimethyl Sulfoxide. The ion-pair dynam-
ics of MethoxyDt in dimethyl sulfoxide, monitored at 440 nm,
are shown in Figure 4; the transient absorption spectra of the
three species are virtually identical to those in TFE. The fitting
parameters associated with the application of Scheme 1 in the

analysis of the kinetic data are given in Table 3. Similar behavior o

for MethylD+ in dimethyl sulfoxide is found whose fitting Hz,J_O_','J_CHS CH, ;)_E_CHS

parameters are also given in Table 3. When the decay of the

ion pair for D+ is examined in dimethyl sulfoxide, Figure 5, —_— AH = 67 = 2 keal/mole

application of the kinetic model associated with Scheme 1

cannot be fit to the experimental data. In particular, at early

; i R ; ; 37) Northrup, S. H.; Hynes, J. T. Chem. Physl978 69, 5246-5260.
times, there is a rapid decay of the CIP during the first 50 ps 5383 McMillen' D. - Golden. D. RAnnu. Re. Phys. Chem1982 33, 493
that cannot be fit to the model and thus the fitting parameters 526.
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From the isodesmic reaction calculated at the B3LYP/6-31G* through the §1 reaction mechanism is transition-state theBry.
level, the homolytic bond dissociation energy of diphenylmethyl

acetate is derived. kst = (K, T/h) exp(—AGilkb'D 3)
In recent years, the focus of analysis for such reactions has been
on the relationship between activation free eneig# and the
—_ driving force AG.1® A fundamental assumption for this form of
transition-state theory is that the solvent and the charged species

O_E— CHj; c Hy
P in the region of the transition state are always equilibrated with
H HZT—o—c— CH one another as the reaction progresses. The influence of solvent

“ is found only in the static effect upon the potential of mean
+

O O AH = -8.3 kcal/mole force. The dynamical aspect of solvation is not taken into
account.
When a charged species passes through the transition state,
i H 'o—@—cm the movement of charge will induce a polarization in the

PO . surrounding solvent molecules producing a retarding force by

O O = O O AH = 58.7 keal/mole the solvent on the charged reactants. The strength of the
) . ) _ . interaction between the charged molecular species and the

The energy of the diphenylmethyl cation/acetate ion pair is gojvent as well as the relaxation time of the solvent about the
estimated from the oxidation potential of the diphenylmethyl cnarged species should have a strong influence upon the overall
radical,E,/** (SCE/CHCN) +0.35 V, and from the oxidation  reaction dynamics. These considerations led Hynes and co-

potential of the acetate iork;* (SCE/CHCN) +1.5 V, workers to develop a theory for the dynamical coupling between

assumed to be reversible, to give the energy of bond heterolysisgq,te and solvent for reacting systeffis.

in acetonitrile3® The energy for the formation of the contact Employing the Langevin model as the description for the
ion pair should be of the order of 1 kcal/mol and thus is yeaction dynamics of charged species traversing the transition
ignored:? state, Hynes and co-workers addressed the nature of the coupling

o between the charged solute and the sol¢&ht.the transition

o
I . . . . .
o—g—cm H ©o0—C—cH state, the reacting species experiences two forces. The first is
due to the potential of mean force, the reaction baruigy this
AH = 32.2 keal/mole force drives the reacting species off of the transition state toward

product. In opposition is the force exerted by the solvent
produced by the movement of charged species off of the
transition state. In the Langevin model, the solvent force is
manifested as a time-dependent fricti@(t), exerted upon the
reacting species, and associated with the solvent force is an
electrostatic solvent frequencys. If ws is less thanwy, then

o—ﬁ;— CH, H the effect of the interaction of the solvent with the solute is to

CH;0 . retard the solute movement off of the transition state. This drag
O O + O — will reduce the rate of passage through the transition state, but

X the reacting species can still evolve into product without

relaxation of the solvent. A measure of the deviation from the
X =H, CHy, OCHs prediction of transition state theory can be found in the
transmission coefficient defined as the ratio of the prefactors

0
I
H
cH.O 0= C—CH, from the Arrhenius equation and from transition state thébry.
¢ : Model calculations reveal that the reduction in the rate constant
* k relative to that predicted by transition state thedggsr, is
X

small with a range in from 0.8 to 1.C%° Solvent dynamics do
The same procedure is used to determine the energies of theot have a profound effect upon the rate for reaction. The regime
various substituted diphenylmethyl acetate contact ion pairs, Wherews < wy is in the limit of “nonadiabatic solvation”. In
Table 4. Finally, the energies for homolysis and heterolysis for the opposite regime whetgs > wp, the forces exerted by the
diphenylmethyl chloride and diphenylmethyl bromide in aceto- solvent dominate the reaction barrier force and the reacting

nitrile, determined by the same protocol, are given in Table Species cannot move off of the transition state until the solvent
43839 relaxes. The time scale identified as characterizing the solvent

relaxation isr;, the longitudinal relaxation time. During this time
period, there will be multiple recrossings of the transition state

Reactions in Acetonitrile. The standard theoretical model by the reacting species significantly reducing the rate constant
employed in the analysis of the kinetics for reactions proceeding k from the prediction of transition state theory which assumes
as single crossing. Model calculations suggestthat0.1 can

The energies of the various substituted diphenylmethyl acetate
radical pairs are determined through a series of isodesmic
reactions, again calculated at the B3LYP/6-31G* level, the
results of which are given in Table 4.

Discussion

(39) l"‘{gyggrz'_'i-g?- M.; McPhee, D. J.; Griller, 0. Am. Chem. Sod 988§ be achieved:; the rate constant for reaction can be an order of
(40) Arnold, B. R.; Farid, S.; Goodman, J. L.; Gould, I. R.Am. Chem. Soc.
1996 118 5482-5483. (41) Kim, H. J.; Hynes, J. TJ. Am. Chem. S0d.992 114, 10508-10528.
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magnitude less than that predicted by transition state theory but R-X TS cIp TS SSIp
how much less has yet to be established by experiment. The 75x 10105
regime wherans > wy, is the “polarization caging” limi#® D+ Ea=19 o _ o LIxI100s!
To establishx, a model forkrst is required. For the \&
reaction mechanism, Hynes and co-workers proposed the MethyD+ 51x 101!

following form for the collapse of a CIP to form a covalent k=09 \ Ba=32

bond*

Fac 11 23x109g!

Ea=23

12 ¢-1
MethoxyD+ 55 x 107

krsr = (0727) (@0 (R0 (rN)(Qur/Qu(R) x
exp(-AG'/kgT) (4)

Ea=54

10 g1
Ba=15 6x10"0s

The solvent frequencies associated with the fluctuation of the
solvent forces about the CIP and the transition stateusg(fe)
andw(r"), respectively. The geometries are manifested in the
rotational partition functions for the CIP and the transition state,
Q(R) and Qu(r’). AG* represents the difference in the
equilibrium potential of mean force for the CIP and the transition
state. Finally,wR is the vibrational frequency associated with
the CIP whose motion moves the system into the transition state.
One of the great difficulties in determinirigsr is the lack = o D and Meth _
of methodology for establishing the solvent requencig) F0ue 7, Rescion ol o B MeUuDL, g Methoot
andwg(r') associated with the fluctuation of the solvent forces
about the CIP and the transition stateAlso, the ion-pair
frequency,wR, associated with the reaction coordinate has not
been measured, although in principle is obtainable. In our prior
analysis of the transition-state rate constant for the collapse of
the diphenylmethyl chloride CIP and the diphenylmethylbromide
CIP, we were forced to employ the values fayR) andws(r?)
obtained by Hynes and co-workers from their theoretical
modeling of the {1 reactions oftert-butylchloride andtert-
butylbromide!® The CIP vibrational frequenayR was estimated
based upon the vibrational frequencies of inorganic salts. The
estimated values for the frequency factors from transition state
theory for diphenylmethyl chloride and diphenylmethylbromide
are 5.7 and 3.3« 10"2 s1, respectively. However, given the
uncertainty in ascertaining the value of the parameters in eq 4,
this procedure for determining the frequency factors is clearly
problematic.

diphenylmethyl chloride CIP and the diphenylmethylbromide
CIP in acetonitrile are 0.16 and 0.15, both in the polarization
caging regime.

From the temperature-dependent studiek; @ndk, and the
determination of the energies of the ionic intermediates, Table
4, the reaction profile for B, MethylD+, and MethoxyD- in
acetonitrile is constructed, Figure 6. From the rate constants
and ks, the free-energy changes for the transformation of the
SSIP into the CIP are calculatetis (SSIP— CIP) = 1.3 kcal/
mol for D+, AG (SSIP— CIP) = 1.2 kcal/mol for Methoxy[>-,
and AG (SSIP— CIP) = 0.7 kcal/mol for Methoxyx. It is
important to note that, in Figure 6, the energy change associated
with R—X — CIP is a change in enthalpy while the energy
change associated with CHPSSIP is a change in free energy.
The free-energy change for= — CIP cannot be determined

One of the principle aims of the present study is to determine due to our inability to determine the entrqpy chqnge for this
the degree of breakdown of transition-state theory as measurea? rocess. For the collapse of the C.IP gving nse to bpnd
by x. Recognizing that the A factor for any reaction in solution .ormatlc.m (R_x.).’ the energy of actl\(anon increases .W'th
will always be equal to or less than the frequency factor derived increasing stability of the CIP. There is also a correlation of

from transition-state theory, comparison of A factors for a series X‘? d;ecre; sen th; energy ?f atc_tllvatlo?hWIth a dec:ceastg ":_ the
of reactions will yield an upper bound far This is illustrated actor. Fresumably, in acetonitiie, as the energy ot activation

by considering the series of A factors for reactions in acetoni- decreases, the curvature of the potential of mean force decreases,

trile, Table 2. Taking the A factor for MethoxyD, 5.5 x 1012 leading to a decrease in,. In turn, solvent forces reflected in
5L ’as the upper limit for the frequency factor, ’t/healue for ws increasingly dominate the dynamics of the passage through

MethylD+ is 0.09 while thex value for Dt is 0.013. Setting E.he tr.':lntsn;ﬁn statle: catli]smg ar;llncreggdbﬁilﬁ]d?[\gn o{;ransr
an upper bound to 5.5 10'2s~! then allows us to circumvent lon-state theory. For the reactions owrtand Methylbr wi

establishing an upper limit based upon theoretical modeling asthe acetate ion, the dynamics fall within the polarization caging

was done in prior studi€$:?°For D+, the passage through the ,lt'm't; 't.solvetntt ége(l)a x?:]lon tﬁontr:ols q t?v? t;r)]assag'e tlh rouo?h the
transition state is reduced by a factor of 77 relative to ransition staté’ On the other hand, MethoxyBis placed in

MethoxyD+, due to multiple recrossing of the transition state, the nonadiabatic solvation regime where the effect of solvent

which places the dynamics for the collapse of Bnd acetate ~ '° o retard tr.ansmon-state pas.sage.. ] . .
ion to form a covalent bond in the polarization caging regime. ~ On the basis of the data obtained in prior studies, the energies
It is the evolution of the solvent structure about the reacting for the reaction profile and the associated activation parameters
species that controls the passage through the transition statefor diphenylmethyl chloride (DPMC) and diphenylmethyl
For comparison, the values of for the collapse of the  bromide (DPMB) are shown in Figure'?2°The value for is
based on the determinationlafst employing eq 4. For DPMB,

(42) Kim, H. J.; Hynes, J. TJ. Am. Chem. Sod.992 114, 10528-10537. the rate constants for decay of the SHPandk,, could not be
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R-X TS == (CIP ~w==mim. TG i GG]D R-X == TS = CIP = TS == SSIP
MethyDs 92107
Ea=35
DPMC 9.2x10"s! 65x 1011 s! Bazn3 L3x10"s!
MethoxyD+
49x10!"'s'
DPMB —

Ea=3.0

1 ¢l
Ba=21 LOX100S

Figure 8. Reaction profile for Methyl=>- and MethoxyDt in dimethyl
sulfoxide based on data from Tables 2 and 3.

Figure 7. Reaction profile for DPMC and DPMB in acetonitrile based on ~ Scheme 2
data from refs 19 and 20.

resolved and thus it is not possible to determine the free energy
change for the transformation of the SSIP into the CIP.
Reactions in Dimethyl Sulfoxide.Two aspects of the kinetic
data for reactions occurring in dimethyl sulfoxide require
comment. The first is the nature of the reaction dynamics for
D+. The decay of B- through recombination with the acetate
ion is time dependent; the kinetics cannot be fit to a time-
independent model, Figure 5. At early times in the decay
process, the rate of recombination is faster than at later times.
Figure 5 displays the fit of the model, Scheme 1, assuming that
ky is 6.9 x 1®° s™1. This rate constant is substantially larger
than the rate constant forBrecombining with the acetate ion  in dimethyl sulfoxide is a factor of 17 slower than acetonitrile.
in acetonitrile k; = 3.0 x 10° s71, whose kinetic data is fitto It may be the slow response of the solvent that leads to the
a time independent rate constant. The faster decay in dimethyltime-dependent phenomenon found in Figure 5.
sulfoxide must then reflect a smaller electronic barrier. A The reaction profile for the recombination of Methytland
rationalization of the time-dependent behavior can be found in MethoxyD+ with acetate in dimethyl sulfoxide is shown in
works of Hynes¥’ At any given instance, there will be a Figure 8. The energies of the CIP are assumed to be the same
distribution of solvent structures surrounding the reacting as those found in acetonitrile. On the basis of the Onsager dipole
species. A subset of these structures may allow the reactingsolvation model, an increase in dielectric constant frors
species to evolve into product. Once this population is depleted, 37.5 (acetonitrile) te = 46.6 (dimethyl sulfoxide) will produce
further product formation will occur only with the redistribution  only a very small change in the energy of the C{Rviost
in solvent structures. If reaction of the initial substructure is surprising is that, as the energy of the CIP decreases on going
faster than the solvent redistribution time due to a small from MethylD+ to MethoxyD+, the electronic barrier for
electronic barrier, solvent reorganization will govern further covalent bond formation decreases, a trend opposite to that found
reaction dynamics and thus the kinetic profile will be time for the reactions in acetonitrile. It has been a central tenant of
dependent. Such behavior is not observed in acetonitrile, which organic reactivity, excluding electron and proton transfer, that
is accounted for by a larger electronic barrier and faster solventas the driving force decreases for a series of analogous reactions,
reorganization. Maroncelli and co-workers measured, through the electronic barrier for reaction should incre&s&o under-
time-resolved emission studies, the solvent-relaxation dynamicsstand the possible origin of this effect we turn to the theoretical
for numerous solvents about the excited state of coumarirt®53. formalism developed by Hynes and co-workers for the S
Acetonitrile has two time scales associated with its relaxation, reaction mechanisi.
0.089 and 0.63 ps. In contrast, dimethyl sulfoxide has three time The potential energy diagrams for thlSreaction mecha-
components, 0.214, 2.29, and 10.7 ps. If the long time-scale nism are based upon valence bond approach, Schethé® 2.
components of the solvent reorganization are important in In the gas phase, the ground-state diabatic surface correlates
establishing the redistribution of solvent structures about the with the covalent bond RX dissociating into the radical pair,
reacting species that allow for reaction, then the reorganization R---X. The excited singlet-state diabatic surface for the system

(43) Horng, M. L.; Gardecki, J. A.; Papazyan, A.; Maroncelli, MPhys. Chem. (44) Hammond, G. SJ. Am. Chem. Sod.955 334-338.
1995 99, 17311+17337. (45) Pross, A.; Shaik, S. $\cc. Chem. Red.983 16, 363.
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correlates with the ion pair ™. In polar solvents, the RX~ Dynamics of lon-Pair Interconversion. To date, there have
diabatic surface falls below the-RX diabatic surface as the been only a limited number of studies examining the dynamics
separation between R and X increases. and energetics associated with the interconversion between CIP

Hence along the bond-stretch coordinate there is a crossingand SSIP. By examination of the radical ion-pair dynamics of
between the two diabatic surfaces in polar solvents. At the 1.2,4,5-tetracyanobenzepetylene, Farid, Goodman, and Gould
crossing, there will be a mixing of the two states due to their obtained the free-energy change associated with the conversion
electronic coupling3(r), which is distance dependent. From ©f @ CIP into a SSIP in a wide range of solvents whose polarity
the perspective of the CIP collapsing to form-R, as the CIP ~ Spane = 7.2-24.67° The dependence of the energetics for CIP
stability increases relative to-RX, the position of the diabatic ~ @nd SSIP with solvent polarity are well described by the Onsager
state curve crossing moves toware R, which in itself should dipole model and the Born model for ion pairs. In another study,
give rise to a larger electronic barrier as the barrier moves towardWe obtained the activation parameters for the conversion of a
R—X, E2 > E1. However, as the curve crossing moves toward CIP into SSIP fotransstilbene/fumaronitrile in a series of alkyl
R—X, the electronic couplingd(r) also increases32 > A1, nitrile solvents!® Analysis of the activation parameters within
which serves to reduce the electronic barrier. Hynes and co- the Smoluchowski limit of the Kramers equation gave a good
workers found that, as the curve crossing moves towark R descript.ion of the kinetics for radical ion pair diffusional
B(r) increases in a highly nonlinear manner, which can more Separation. o _
than offset the increase in electronic barrier due to curve crossing N discussing the overall reactivity of a nucleophile, account
as the stability of CIP increases relative te-R.41 Again from must be taken for the kmetl_cs of the interconversion between
the CIP— R—X perspective, there will be regimes where the 10N Pairs. From the perspectlye of free ions reacting, the syste.m
increase in stability of CIP relative to-RK gives rise to an must pass through the SSIP into the CIP. For the present series

increase in the energy of the transition state relative to CIP and ©f reactions, the rate of conversion of SSIP into CIP is slower
other regimes there will be a decrease in the energy of the than the collapse of the CIP to form-X and thus transforma-

transition state relative to CIP. The demarcation of these two 10N of SSIP into the CIP will make a significant contribution
regimes will be a sensitive function of the nature of the two toward determining the overall reactivity. By examination of

diabatic curves, which are dependent on the characteristics ofth€ reaction profile for chloride reacting with diphenylmethyl

the nucleophile and the electrophile, their electronic coupling, cation and acetate reacting with Methytln acetonitrile, the

and the solvent. At this stage it is not possible predict into what OVerall energetics for the two systems are similar, which

regime a reacting system will fall as evidenced by the two sets facilitates comparison. The conversion of the chlonde_ SSIP into
the CIP occurs with a rate constant of %310° s™1, while the

of reactions in acetonitrile and dimethyl sulfoxide. . ‘ .
Comparison of Nucleohiles From the limited data that we conversion of the acetate SSIP into the CIP occurs with a rate
P P constant of 3.9« 108 s~1. While rate constant for SSH> CIP

have f"‘cq“'red thr.ough our plcoseconq stud|es,. we can begin tOls faster for the acetate, the collapse of CIP giving rise to bond
examine the relative reactivity of chloride, bromide, and acetate

leophiles t d the familv of diohenvimethvl cati | formation is faster for chloride. In another comparison, the
nucieopniies toward Ihe family ot diphenyimetnyl cations. I -, e sion sSIP~ CIP for MethylD+/acetate in acetonitrile
comparing reactivities, it is desirable to disentangle kinetics from

driving force: this is achieved by examining the reaction is fagterthan in dimethyl sulfoxide, and yet the c.ollapse of.CIP

. ' o - to give bond formation for MethylB/acetate is faster in
_dynamlcs for systems with S|m_|Iar c_irlvmg forces. For t_example, dimethyl sulfoxide than in acetonitrile. From these examples,
in the col_laps_e of the cip tq give rise toiX, th_e reactlon_ OT it is evident that developing models to account for nucleophi-
the chloride ion with the diphenylmethyl cation has similar

o . licity is going to be challenging.
dnvm_g force in terms c_>f ent_halpy,—27.4 kcal/mol, to the Comments on the Application of Marcus Equation to the
reaction of the acetate ion with Methyt) —27.0 kcal/mol,

; o Syl Reaction Mechanism.The Marcus equation has found
F'gll:;esf at:]d 7.hThe rate constantfotf] the Ch|0|’|d§ ;‘:,OLargler, 3'Sextens‘,ive application in the analysis of reaction kinetics in
; S ,thant N rate c?nstgntp tfe a(r:]etate, AUTS organic chemistry. The analysis has been applied to electron

owever, the energies o acyvanon. or the t\{vo Processes areyansfer, proton transfer, methyl transfer, as well as nucleophilic
the samelE; = 3.2 kcal/mol. It is the difference in the A factors

T ~2>  addition reaction® Central to the analysis is the determination
that distinguishes the two rates as the A factor for chloride is a

> < of the intrinsic reaction barrier obtained by extrapolation of the
factor of 1.8 larger than the A factor for acetate. Thus, chloride ;s for reaction to zero driving force. The importance of

is more reactive than acetate in this comparison, but it is the A an intrinsic barrier is that it allows for the analysis of relative

factors that are establishing the relative reactivities, not the reactivity for a series of reactions at a common driving fdfce.

energies of activation. In contrast, the reaction of bromide with 1,4 analysis assumes the standard form of the Marcus equation
diphenylmethyl cation has a similar enthalpy chang@1.8

kcal/mol, to the reaction acetate with MethoxyD—21.3 kcal/
mol. The rate of CIP collapse is greater for bromide, 8.20°
s71, than for acetate, 0.& 1° s~1. The factor determining the
higher reaction rate for bromide is the lower energy of activation

Ea= 3.0 keal/mol as compared B=>54 kca!/mol foracetate. o ofk, estimation ofAG, assumption of ar value of 6.6
From these two examples, in one instance it is the A factor that « 102 571, the intrinsic barrier is determinédlt is important

is controlling relative reactivity while in the other it is the energy to note that the standard form of the Marcus equation is based
of activation that governs relative reactivity. From these initial within the context of transition-state theory.

results, it is doubtful that a simply theory of nucleophilicity
can be developed. (46) Li, B.; Peters, K. SJ. Phys. Chem1993 97, 7648-7651.

k=Aexp (—( + AG)Y4ART) (5)

whereA is the frequency factor for the reactiohthe intrinsic
' barrier, andAG the driving force for the reaction. By measure-
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Ritchie has objected to employing the Marcus equation in one of the events must not be assumed to dominate. Both events

the analysis of nucleophilic addition reactid¥isn the original should be taken into account, which is not achieved by
Marcus formulation, the intrinsic barrier is viewed as the average employing the Marcus equation in form given in eq 5. The
of the intrinsic barriers for two identity reactiofAs.For second objection in the application of Marcus theory to reactions

nucleophilic addition, identity reactions cannot be established. proceeding through then® mechanism is that the theory is
In principle, this definition can be bypassed by assuming that based on the assumptions of transition-state theory. The effects
the intrinsic barrier is just the barrier obtained A6 = 0. of polarization caging and nonadiabatic solvation are not taken
However, to reach this limit the quadratic relationship between into account; in other words thefactor is assumed to be 1.0
the free energy of activationG* and AG must be assumed. inthe Marcus equation. If the reaction barriers for covalent bond
The quadratic relationship is derived by assuming the reactantformation are of the order of 3 kcal/mol or less, then the theory
and product wells are parabolic and have identical curvdture. can be in error by more than 1 order of magnitude as we have
This cannot be the case for a reaction proceeding through afound ax factor as small as 0.013 for a barrier of 1.9 kcal/mol.
Snl mechanism as the reactant and product wells will certainly Conclusions
have different frequencies and anharmonicities reflecting the
difference in covalent bonds and ion pditsdow much the The above studies reveal important new insights into the
AG*AG relationship deviates from the quadratic behavior for parameters that control reactivity for reactions proceeding
reactions associated with th@Sreaction mechanism has not through the §1 reaction mechanism. Organic chemists had
be established by experiment. However, Hynes theoretical studyoriginally sought to gain an understanding a§lSreactivity
of the S1 reaction mechanism foert-butyl chloride found that through the development of linear free-energy relationships.
the derived intrinsic barrier at zero driving force, employing More recently, the Marcus equation has been employed in the
the Marcus equation, is in error by more than a factor 6% 2.  pursuit to ascertain the basis for the variation in nucleophilicity.
The present study raises two further objections to the use of The present study reveals that for these series of reactions, the
the Marcus equation for the analysis of nucleophilic addition dynamics of the underlying processes are more complex than
reactions. In its application, the addition reactions are viewed had been originally assumed as a result of the breakdown of
as occurring in a single step, that is, there is one transition state transition-state theory. Given that solvent dynamics play a

and the A factor takes on the value obtained from gas-phasefundamental role in determining passage through the transition
transition-state theory, 6.& 102 s71.13 The results from the state, issues concerning reaction-barrier frequencies, solvent-

current study reveal that the nucleophilglectrophile recom-  relaxation times, and solvent frequencies come to the forefront.
bination passes through at least two transition states associatedine free energy relationships and the Marcus equation cannot
with SSIP— CIP and CIP— R—X; clearly free ions— SSIP capture the essence of the underlying molecular dynamical

will also be an activated event although it is not kinetically processes associated with thgl3nechanism.
resolved in this work. For the two kinetic events that are
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