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In general the rate of any chemical reaction becomes faster with
increasing reaction temperature, since an activation is required to (@) 9=2.0027
reach the reaction transition state. However, there is a case where
the rate of reaction becomes slower with increasing reaction
temperature, provided that the reaction proceeds via an intermediate,
the energy of which is lower than that of the reactant pair, and the
energy difference between the reactant pair and the intermediate is AHppg = 0.240 G
larger than the activation energy from the intermediate. The first

definitive case for a negative temperature dependence was reported (b)

by Kiselev and Miller who have shown that a negative activation . .
enthalpy arises when the charge transfer (CT) complex formed

between 9,10-dimethylanthracene and tetracyanoethylene lies along )
the reaction pathway of the Dietf\lder reactiont In such a case, Bu
the observed rate constaftyy is given by

kops= KiKcr  [AHges = AH," (> 0) + AHcr (<0)]

wherek; is the intracomplex rate constant akgr is the formation

constant of the CT complex. The necessary condition to observe a 5G

negative activation enthalpy for reactions involving CT complexes = ==

is that the heat of formation of the CT compleXHcr < 0) is of AHpg =0.305G AHpg) = 0.390 G
greater magnitude than the activation enthalpy for the passage of '

the CT complex to the transition stat&H;* > 0), that is,—AHct @ ®

> AH;*! Such a CT complex has been regarded as a key

intermediate in a number of important chemical reactfofisA

negative temperature dependence has also been reported for the

rates of hydride transfer reactions from 10-methyl-9,10-dihydroacri-

dine to 2,3-dichloro-5,6-dicyanp-benzoquinone in chloroform to

afford the negative activation enthalpKio,s = —32 kJ mot )87 Figure 1. (a) ESR spectrum of ZnTF8u)PP* (5.0 x 10-% M) in toluene

However, there has been no report on a negative temperature effecét 313 K and (b) the computer simulation spectruhif,s = 0.240 G). (c)

caused by the presence of an intermediate for a simple electron-ESR spectrum of ZnTBU)PP™ in the presence of ZnTBu)PP (5.0x
y P P 104 M) in toluene at 313 K and (d) the computer simulated specteHyg

transfer re_actloﬁ. . . . . = 0.305 G). (e) ESR spectrum of ZrfTBuU)PP* in the presence of ZnT-
Porphyrinz radical cations are known to play a crucial role in - (t-Bu)PP (5.0x 104 M) in toluene at 233 K and (f) the computer simulated

biological electron-transfer systems such as respiration and pho-spectrum AHpg = 0.390 G).

tosynthesi€.We report herein a negative temperature dependence o

of the electron self-exchange between a zinc porphyriadical which is detected by ESR at 313 K as shown in Figure 1a. The

cation and the neutral form for the first time. Fine-tuning of the NyPerfine structure is well resolved as compared to the ESR spectra

substituent on the porphyrin ring and the proper choice of the sol- ©f Porphyrin radical cations reported thus frThe hyperfine
vent has enabled us to observe negative activation enthalpies forc@UPling constants (hfc) are determined by comparison of the
the simple electron self-exchange reactions based on the ESR lin?PServed spectrum with the computer simulated spectrum as shown

width variation of the ESR spectra of zinc porphyrin radical cations. 1" Figure 1t When an excess of Zn#Bu)PP (1.0x 10 M) is

The one-electron oxidation of ZnFBU)PP (T¢-Bu)PP~ = used for the oxi_dation with Ru(bpy) (5.0 x 1074 M) at 313 K, _
5,10,15,20-tetrakis(3,5-dért-butylphenyl)porphyrin dianion, 5.0 the ESR line width becomes broader than the spectrum obtained
104 M) by one equivalent of Ru(bpyd* (bpy = 2,2-bipyridine: in the equimolar condition (Figure 1c,d). The line broadening results

: o L ' from the electron self-exchange between zrBi¢)PP* and ZnT-
5.0 x 1074 M) results in quantitative formation of ZnFBu)PP™ 1B - g / s :
(t-Bu)PP which is left in solution. To our surprise, the line width

*To \/\llr}olr(n correépondﬁnce shouldkbe addressed: Fe&1(0)6-6879-7370. of the ESR signal of ZnT{Bu)PP*" becomes broader as the
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Figure 2. Arrhenius plots of electron self-exchange reaction between ZnT-
(t-Bu)PP* and ZnT(-Bu)PP in different solvents.

Table 1. Activation Parameters (AH*ons and A S¥os) for the
ZnT(-Bu)PP/ZnT(t-Bu)PP** and ZnTPP/ZnTPP** Systems

ZnT(t-Bu)PP-* ZnTPP*
A"Pcrhsa Astubsa AH*ubsa As*ohsa
kJ mol~! kJ mol~* kJ mol—* kJ mol—*
MeCN 0.6 —30 2.2 —-21
CHClI, -0.2 —14 0 —22
CHCl3 -1.0 —-17 - —
toluene -0.9 —-32 2.2 —24

aThe experimental error ig10%.

at a lower temperature. The rate constamts) (of the electron
exchange reactions between ZaB@)PP+ and ZnT{-Bu)PP were
determined using eq 1,

ko, = 1.52x 10'(AH, — AH® ) (1 —

P)[ZnT(t-Bu)PP} (1)
whereAH,q andAHC,q are the maximum slope line widths of the
ESR spectra in the presence and absence of excess-Ba)RP,

respectively, andP; is a statistical factor, which can be taken as
nearly zerd?2 From the slopes of the linear plots &f,s and [ZnT-

(t-Bu)PP] are obtained the electron self-exchange rate constants

(kew in different solvents at various temperatuté3he activation
parameters are determined from the Arrhenius plots in Figdité®2,
where the positive slopes for the data in toluene,Cll and CHC}

afford the negative activation enthalpies. In MeCN, however, a

normal negative slope is obtained to afford the posithMe¥os

value. The activation parameters were also determined for electron

self-exchange between ZnTPRand ZnTPP (TPP = tetraphen-

ylporphyrin dianion, see Supporting Information, S4). The results

are summarized in Table 1. TheH*,,s values of the ZnTP®/
ZnTPP system are larger than those of the ZiBU()PP*/ZnT-
(t-Bu)PP system.

The negative activation enthalpy indicates that electron self-
exchange reaction proceeds via an intermediate, the energy of which
is lower than that of the reactant pair, and the energy difference
between the reactant pair and the intermediate is larger than the
activation energy from the intermediate. In general, an electron-
transfer reaction proceeds via a precursor complex formed between

an electron donor and an acceptoin the case of electron self
exchange, an electron donor is Z&rBu)PP which may form a
charge-transferr complex with an electron acceptor, Zi'Bu)-

PP*.16 The formation of such & complex may be sensitive to the

t-Bu substitution on the phenyl group of ZnTPP, affectingMhe s
value. The negativé\S’,ps values in Table 1 are consistent with
the complex formation prior to electron transfer. In the electron
self-exchange reaction, there is no net change in solvation before
and after the electron transfer, when the solvent reorganization
energy of electron-transfer becomes smaller as the solvent polarity
decrease¥’ This may be the reason a negative activation enthalpy
is observed for the ZnTBu)PP/ZnT(t-Bu)PP system in less polar
solvents such as Gi&l,, CHCl;, and toluene as compared to the
case in MeCN (Table 1).
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