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Marcus pointed out in 1956 that the fundamental parameter
to know for predicting outer-sphere electron transfer (ET)
activation free energies is the vertical free energy gap between
a non-interacting pair consisting of a neutral speditsand
its own radical ion 1T or M ™) in solution, and the same pair

in which an electron has been transferred between the two

components without allowing any relaxatibnlf the relaxed,
solvated neutral and radical cation are designated bandc,

and the charge present is shown as a superscript, this energ
gap for vertical “self-ET” between® andc™ may be written as

the sum of the relaxation energies for cationic and neutral
species (eq 13. A corresponds to 4 times the thermal barrier
for ET,
A=AG

(cat)+ AG [AG{(n™) — AG(c")] +

[AG((c”) — AG(nY)] (1)

rel rel(neu):
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removal has been documente@nd k;; values have been
measured by slow exchange region NMR line broadehifige
nitrogen lone pair, lone pair dihedral angt, is near O for
1/21and22/u22 which have the highest; values reported,
.85x 10*and 1.21x 10* M~1s71, respectively® 21/21has
ki1 26 times that for the slightly twiste®2/22 and 8.4 times
that estimated for th@ = 180 hydrazine33N), from NMR
line broadening studies in GDBl.® 1, should increase
significantly when6 changes greatly betweer? andc™, as
shown by measurements of the enthalpy portioAG¢(cat)
using photoelectron spectroscopy and high-pressure mass
spectrometry, but how large the effect might be remained
unmeasured until this work. By these criteria, thex 90°

assuming that ET is adiabatic. This concept has remainedtetraisopropylhydrazinePr;N),, should have a larget and
essentially unchanged for 40 years, although more modern ETlower ki;. We recently showed by isolatinBr2N),* that it is
theory has introduced other parameters which are also importantot necessary to have Bredt's rule protection to produce isolable
in determining the ET rate constantd is assumed to be the hydrazine radical cations; foar-branched substituents provide
sum of a solvation termi,., which is determined by molecular ~ sufficient kinetic protection from £-H bond Cleavage reac-
size and the solvent employed, and a solvent-independenttions®® The formal reduction potential faPr.N),* of +0.26
structural reorganization termin. i is rather small compared V (vs a saturated calomel electrode in acetonitrile containing
to Aout fOr many aromatic organic molecules, which results in 0.1 M tetraethylammonium perchlorate, abbrevid&dbelow)
self-ET rate constantky; (rate constants reported here are at is high enough for its radical cation to be a convenient oxidant
25 °C in CHCN containing 0.10 M tetrabutylammonium  for other compounds, allowing the cross-ET rate conskant
perchlorate) above #0~1 s~ for many aromatic compounds.  to be measured by stopped-flow techniques, as we have
For the particularly well studied tetramethyphenylenedi- previously reported for other ET reactions involving hydra-
amine, TMPDky1is 1.5x 10° M~1s714 J,, increases as the  zines®!! Marcus showed that if ET is assumed to be adiabatic
structural change between andc* increases, and tetraalkyl- andAij, for a cross-ET is assumed to be the averagé pand
hydrazines undergo especially large structural changes upomz2 for the two componentsq, is given by egs 2 and 3, where
electron loss, resulting in far highgp values and much smaller ~ Zizis the preexponential factor for the mixed EZTUsmg egs

ki; values® It is necessary to have mutual stability of both

oxidation states for direct measurementkgf, which requires k,(calc)= (k11k22K121‘12)1’2 2
special alkyl groups for tetraalkylhydrazines. Several bis-
(bicycloalkyl) hydrazines which give isolable radical cations Inf,= (K, 2)2/[4 In(Ky gk, 2/2122)] ©)

because of Bredt’s rule protection from-€H cleavagé have

been made, the size of their structural changes upon electron2 and 3 withZy, = 1012 M~ s1 works rather well for ET

reactions between a wide variety of transition metal coordination
complexes for which thé; values were independently deter-
mined! Equation 2 is quite insensitive to th&, employed
unlessKj; is very different from 2 Nevertheless, one might
expect deviations when the ET partners differ greatly electroni-
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Table 1. Comparison of Stopped-Flow Cross Rate Studies ustngN),"

Communications to the Editor

as Oxidant with the Directly Measured Value @ ,N),%*

reductant AG?Y, kcal/mol koo(obs), Mt st kio(obs), M1s1 f1o(calc) kis(calc), M1st
TMPD —-3.2 15x 10°2 (1.6+£0.1) x 1¢° 0.82 5.1x 1074
Cp'CpFe -3.1 8.5x 10°b (1.2+0.1) x 10* 0.84 18x 104
Cp'oFe -85 2.9% 107¢ (4.94+0.6) x 10 0.29 4.0x 107
21/21 —5.8 1.9x 10*P (2.64 0.02) x 1% 0.35 3.5x 104
33N) —6.2 2.2x 18P (1.1+£0.2) x 1(? 0.26 2.6x 1074
22/u22 —11.6 1.2x 10%¢ (1.1+£0.1) x 104 0.15 2.3x 104
22/22 —18.2 7.0x 10?4 (32+0.2)x 1® 0.01 6.4x 1074

6.0x 107 (av)
iPraN)2-ds 0 3.0x 1078 30 x 107“ (obs)

aFrom ref 4b.° From ref 8a.f From ref 11.9 From refs 7.
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Figure 1. Plot of AG*jy(calc) versus\G® for the reduction ofPr,N),*
by the seven reductants of Table 1, along with the observed value.

cally, because the paramet&sndhv;, used in more modern,
diabatic (“nonadiabatic”) ET theohpught to vary, causing the
preexponential factors fda, andk;, to differ. It is not at all
clear howZ;, ought to be predicted in such a case. Hydrazines
ferrocenes, and TMPD have all been argued to have significantl
diabatic ET’¢ but egs 2 and 3 witlZ;, = 101 M~1 s71 have
been shown to work as well for tetraalkylhydrazimaethylated
ferrocene cross-ET reactidtid as they do for reactions between
transition metal coordination complexes. The most stringent
tests of theliz = (411 + A22)/2 assumption occur when the
components differ greatly iii,, so thatky, is very different
from k. This effect has been examined in this work, where
TMPD, methylated ferrocenes GppFe and CipFe, and the

four hydrazines shown above have been used as reductants o

iProN)2t. The cross ET rate constantis,(obs), for these
reactions are summarized in Table 1, and a plot of the self-ET
activation free energyAG¥ij(calc), versus cross-reaction free
energy AG®, is shown in Figure 1. In spite of great differences
in the intrinsic reducing agent reactivity (the range of reducing
agentky, values is a factor of 2.k 10f), the kyy(calc) values
derived foriPr2N), from kip(0bs) are very similar, agreeing
within a factor of 8. Moreoverky(calc) is quite insensitive to
the substantial differences in electronic and molecular structure
of the reductants, and there is no significant trend with reaction
AG? for thekys(calc) values obtained. As observed previoisly,
cross-reactions employing Gpe produce slightly lowek;s(calc)
values than do reactions using ‘OpFe.

The self-exchange ET fdPr,N),%* is so slow that direct
measurement of;; was possible. Acetonds was employed
to introduce one CH(CE), group, producingPr,N),-ds, and
the concentration of labeled neutral material was monitored as
a function of time by botl#H- andH-NMR upon addition of
unlabeled radical cationk;i(obs) values foiPr,N)%* were
determined from four kinetic runs to be (30 0.3) x 1073
M~1s71, 5.0 times the averadai(calc) value.

This work extends the totd;; range measured for tetoa-
branched tetraalkylhydrazines to a factor of %6L.C°, a AG*
difference of 9.2 kcal/mol, between tife~ 0° compound21/

21 and thef ~ 90° iPr;N),. This would correspond to &y,
difference of 36.8 kcal/mol if the preexponential factor dpg
were the same for both hydrazines (which might not be the case).
The effect off onk;1, and thus presumably di, for hydrazines

is clearly much larger than that calculated by the AM1 me#iod.

(11) Nelsen, S. F.; Wang, Y.; Ramm, M. T.; Accola, M. A.; Pladziewicz,
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(12) Marcus, R. A.; Sutin, Nlnorg. Chem.1975 14, 213.

Our work demonstrates that the use of Marcus cross rate theory
producesk;s(calc) values foriPr,N),%+ within a factor of 13

of the correct value for compounds which differ tremendously
in ko2, range electronically from being diaminobenzenes to two-
atom z-centered to iron-centered radical cations, and range
sterically from having an unsubstituted cyclopentadieriglys-

tem to having a dinitrogem-system which is blocked by the
presence of fouro-branched alkyl substituents. Electronic
factors appear to be surprisingly unimportant in determining
kix(obs), and the reaction with the aromatic amine TMPD, which
haskyx(obs) 5x 10! times faster thanPr,N),, gives ak;-
(calc) value which is closer to the experimental value than do
reactions with three of the four hydrazines studied, which are
far closer in structure tdPr,N),. Higherk;;(obs) values than
kia(calc) from cross rate studies have resulted for all hydrazines
studied®!! The smallest ratios d€;1(obs) tok;;(calc) have been

' found for reactions involving CEpFe: the ratios are 2.2 for
y33N)2, 2.0 for22/u22 and from this work, 1.7 foiPr,N),. We

lack an internally self-consistent explanafidfor why ky(calc)
values are smaller than those obtained by direct measurement.
Recent work concludés that several classes of organic
electron transfer reactions occur by inner-sphere mechanisms,
including self-exchange reactions of alkyl halid@sromatic
radical anion/neutral exchanéfeand aromatic nitratio®® This
work compels us to consider the possibility that the reactions
onsidered here are influenced by partial bond formation in the
ransition state sufficient for their classification as inner-sphere.
Several characteristics of th#r,N), reactions make this
unlikely. In addition to there being no direct evidence for
bonded intermediates, the nitrogen atoms iBf,N), are
sterically hindered by the isopropyl groups in a manner that
greatly restricts close approach of the reactants used in this
study. Moreover, the agreement of the directly measkied
for iProN> with those derived from the varied cross-reactions
would require that all of the cross-reactions have approximately
the same degree of bond formation in the transition state and
be slightly less bonded than tlier,N), self-exchange. This
would be a remarkable coincidence and seems unlikely.
However, given the importance of this mechanistic question,
even more stringent tests of the assumptions implicit in our
treatment of théPr,N), reactions are being sought and will be
discussed in the future.
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