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ABSTRACT

A kinetic study of the H-atom abstraction reactions from 1,4-cyclohexadiene and triethylamine by the cumyloxyl radical has been carried out
in different solvents. Negligible effects are observed with 1,4-cyclohexadiene, whereas with triethylamine a significant decrease in rate constant
(kH) is observed on going from benzene to MeOH. A good correlation between log kH and the solvent hydrogen bond donor parameter r is
observed, indicative of an H-bonding interaction between the amine lone pair and the solvent.

Hydrogen atom abstraction reactions from a variety of
substrates by alkoxyl radicals have attracted considerable
interest.1-12 Among these studies, particular attention has
been devoted to the study of solvent effects on these

processes.13-17 In a 1993 paper,18 Ingold and Lusztyk clearly
showed the absence of any significant kinetic solvent effect
(KSE) for the H-atom abstraction reaction from cyclohexane
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by the cumyloxyl radical (CumO•), and the general statement
was made that “For alkoxyl radical hydrogen atom abstrac-
tion from alkanes (and from other substrates which are not,
themselves, solvated to a significantly greater extent in polar
relative to nonpolar solvents) we expect the abstraction rate
constants to be essentially solvent independent. Of course,
this rule will not hold if the substrate itself is strongly
solvated by certain solvents...”. Later, this expectation was
verified for the H-atom abstraction reaction from 1,4-
cyclohexadiene by the tert-butoxyl radical (t-BuO•),19 where
again no significant kinetic solvent effect (KSE) was
observed, and, in turn, for the H-atom abstraction reactions
from phenolic substrates,13,20-23 hydroperoxides,23 and
aniline,21 where significant KSEs were instead reported. With
the latter substrates, the rate constants for H-atom abstraction
from the OH or NH2 group by alkoxyl radicals (kH) were
observed to decrease with an increase in the solvent hydrogen
bond acceptor (HBA) ability. On the basis of the absence of
any relevant KSE in the H-atom abstraction reactions from
carbon described above,18,19 solvent effects on the H-
abstracting reactivity of the alkoxyl radical could be ruled
out, and accordingly, this behavior was explained in terms
of the modulation of the reactivity of these substrates via
hydrogen-bonding interactions between the substrate OH or
NH2 group and the solvent. Good correlations were observed
between log kH and the relative hydrogen bond acceptor
(HBA) properties of the solvents expressed by the �2

H

constant.13,20,21

Very recently, however, Pischel and Nau reported on the
observation of sizable solvent effects on H-abstraction
reactions from carbon by CumO• for a variety of substrates,24

showing that kH values generally decrease with increasing
solvent polarity, and suggesting, in contrast with previous
findings, that “the lower reactivity is likely due to a
stabilization of the polar reactive species itself. In particular,
the electronegative atoms of the abstracting species must
experience a desolvation in the course of the hydrogen atom
transfer similar to that postulated for the hydroxyl group in
phenols as hydrogen donors”.

On the basis of these observations, it seemed particularly
interesting to obtain additional information on the role of
solvent effects on H-abstraction reactions from carbon, and
for this purpose we have carried out a detailed time-resolved
kinetic study in five different solvents (benzene, chloroben-
zene, acetonitrile, 2-methyl-2-propanol, and methanol) on the
reactions of CumO• with two selected H-atom donors: 1,4-
cyclohexadiene (CHD) and triethylamine (Et3N).

CumO• has been generated by 266 or 355 nm laser flash
photolysis (LFP) of nitrogen-saturated solutions (T ) 25 °C)
containing dicumyl peroxide (eq 1).

As described previously, CumO• is characterized by a
broad absorption band in the visible region of the spectrum
centered at 485 nm,25,26 whose position is slightly red-shifted
in MeOH.27 Under these conditions, CumO• decays mainly
by C-CH3 �-scission,18,25 with the exception of the experi-
ments carried out in MeOH solution where H-atom abstrac-
tion from the solvent is instead the predominant reaction.29

The reactions of CumO• with CHD and Et3N have been
studied by LFP. It is well established that these reactions
proceed by C-H abstraction from the CH2 positions of both
substrates,30 as described in eqs 2 and 3.

A number of rate constants for the reactions of both CHD
and Et3N with t-BuO• and CumO•, measured under different
experimental conditions, are available in the literature.31,32

The time-resolved spectra observed after reaction of
CumO• with CHD and Et3N in MeCN solution are reported
in the Supporting Information (Figures S1 and S2).

Kinetic studies have been carried out by LFP following
the decay of the CumO

•
visible absorption band at 490 nm

as a function of the CHD or Et
3
N concentration. When the
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observed rate constants (kobs) have been plotted against
substrate concentration, excellent linear dependencies have
been observed, and the second-order rate constants for
H-atom abstraction from CHD and Et3N by CumO• (kH) have
been obtained from the slopes of these plots. As an example,
the plots of kobs vs [Et3N] and of kobs vs [CHD] for the
reactions between CumO• and both Et3N (filled circles) and
CHD (empty circles) carried out in benzene and MeOH
solution are shown in Figure 1.

Additional plots for the same reactions, carried out in
chlorobenzene, MeCN, and t-BuOH are reported in the
Supporting Information (Figures S3-S12). All the kinetic
data thus obtained are collected in Table 1.

The reactions have been initially studied in MeCN solution
employing 266 nm laser light for the generation of CumO•.
The kH values measured for H-atom abstraction from both
Et3N and CHD displayed in Table 1 are in reasonable
agreement with those measured previously by other
groups.31,32 Very interestingly, a substantial decrease in rate
constant has been observed for the reaction between CumO•

and Et3N when relatively small amounts of H2O have been
added to the solution. This decrease in kH indicates that water
exerts an important role on the H-atom abstraction process,
and accordingly, in order to obtain quantitative information
on the role of solvent effects on these processes we have
moved to 355 nm LFP. As compared to 266 nm LFP
experiments, under these conditions a larger variety of
solvents can be employed (in particular, benzene and
chlorobenzene, which absorb at 266 nm), and moreover,
significantly higher Et3N concentrations can be used.

With both substrates, no significant difference in reactivity
has been observed in MeCN solution when employing 266
or 355 nm LFP. The results displayed in Table 1 clearly
show that in benzene solution (Figure 1a) Et3N undergoes
R-C-H abstraction with a rate constant that is about three
times higher than that measured for CHD, whereas in MeOH
solution (Figure 1b) the opposite situation is observed with
kH that increases by a factor 2 on going from Et3N to CHD.

Very interestingly, with Et3N a 7-fold decrease in reactivity
has been observed on going from benzene or chlorobenzene
to MeOH. To our knowledge, this represents the largest KSE
observed for H-atom abstraction from carbon by an alkoxyl
radical.36 A reasonably good correlation (r2 ) 0.9714) has
been observed between log kH and the solvent hydrogen bond
donor (HBD) parameter R,37 as shown in Figure 2.

Griller and Scaiano have clearly shown that in the reactions
between tertiary amines and t-BuO• H-atom abstraction is
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Table 1. Second-Order Rate Constants (kH) for the Reactions of
the Cumyloxyl Radical (CumO•) with Triethylamine (Et3N) and
1,4-Cyclohexadiene (CHD), Measured in Different Solvents at
t ) 25 °Ca

solvent Rb

λex
c

(nm) kH (Et3N)d/s-1 kH (CHD)d/s-1

MeCN 0.19 266 2.0 ( 0.1 × 108 6.65 ( 0.02 × 107

1.47 ( 0.03 × 108 e

9.2 ( 0.1 × 107 f

355 2.19 ( 0.05 × 108 6.56 ( 0.03 × 107

benzene 0.00 355 2.8 ( 0.1 × 108 6.79 ( 0.04 × 107

PhCl 0.00 355 2.7 ( 0.1 × 108 6.90 ( 0.05 × 107

tBuOH 0.42 355 1.61 ( 0.03 × 108 8.3 ( 0.1 × 107

MeOH 0.98 355 3.8 ( 0.1 × 107 8.25 ( 0.03 × 107

a 266 nm LFP, N2-saturated, [dicumyl peroxide] ) 10 mM. 355 nm
LFP, N2-saturated, [dicumyl peroxide] ) 0.7-1.0 M. b Solvent hydrogen
bond donor (HBD) parameter (see ref 37). c Excitation wavelength.
d Determined from the slope of the kobs vs [substrate] plots, where in turn
kobs values have been measured following the decay of the CumO• visible
absorption band at 490 nm. Average of at least two determinations. e In
the presence of 1 M H2O. f In the presence of 4.7 M H2O.

Figure 1. Plots of the observed rate constant (kobs) against [substrate]
for the reactions of the cumyloxyl radical (CumO•) with triethyl-
amine (filled circles) and 1,4-cyclohexadiene (empty circles),
measured in nitrogen-saturated benzene (a) or MeOH (b) solutions
at T ) 25 °C, following the decay of CumO• at 490 nm. From the
linear regression analysis: (a) CumO• + Et3N: intercept ) 5.86 ×
105 s-1, kH ) 2.85 × 108 M-1 s-1, r2 ) 0.9994; CumO• + 1,4-
CHD: intercept ) 5.75 × 105 s-1, kH ) 6.77 × 107 M-1 s-1, r2 )
0.9989. (b) CumO• + Et3N: intercept ) 6.28 × 106 s-1, kH ) 3.94
× 107 M-1 s-1, r2 ) 0.9991; CumO• + 1,4-CHD: intercept ) 6.32
× 106 s-1, kH ) 8.26 × 107 M-1 s-1, r2 ) 0.9974.

Figure 2. Plot of log kH against the solvent hydrogen bond donor
parameter R for the reactions of the cumyloxyl radical with Et3N
in different solvents at t ) 25 °C. From the regression analysis:
intercept ) 8.48; slope ) -0.869; r2 ) 0.9714.
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most rapid when the R-C-H bond being broken can be
eclipsed with the nitrogen lone pair.35 Accordingly, 1,4-
diazabicyclo[2,2,2]octane (DABCO), where this overlap is
not possible, undergoes R-C-H abstraction by t-BuO• and
CumO• with rate constants that are between 6 and 16 times
lower than those measured in their reactions with Et3N.3b,34,35

Along this line, and following the correlation shown in Figure
2, the KSE observed for the CumO• + Et3N reaction can be
reasonably explained in terms of a hydrogen-bonding
interaction between the nitrogen lone pair and the solvent.
This interaction decreases the degree of overlap between the
R-C-H bond and the nitrogen lone pair in the transition state
for H-atom abstraction, thus lowering the reactivity. This is
in line with Ingold and Lusztyk’s prediction18 where,
however, in the present case, in contrast to the H-atom
abstraction reactions from phenols, hydroperoxides, and
aniline, the interaction with the solvent does not directly
involve the abstractable H atom. In particular, steric effects
due to the solvent on the H-atom abstraction reaction from
Et3N by CumO• can be reasonably ruled out on the basis of
the observation that kH decreases on going from t-BuOH to
MeOH.

With CHD, no significant difference in rate constant has
been observed when the reaction has been studied in MeCN,
benzene, or chlorobenzene, whereas a slight (and reproduc-
ible) increase in kH has been observed in MeOH and t-BuOH.
The former results are essentially in line with the previous
observation that this reaction shows no KSE,19 where,
however, the study has been limited to isooctane, CCl4,
benzene, and MeCN, suggesting moreover that the differ-

ences in kH observed, for the same reaction, by Pischel and
Nau between hexane, benzene, and MeCN are likely due to
experimental errors.24,31a In addition, the observation that
kH increases on going from benzene, chlorobenzene and
MeCN to alcoholic solvents is also in contrast with the
previous observation of a decrease in reactivity with increas-
ing solvent polarity,24 ruling out the hypothesis that in these
processes the reactivity is governed by a solvent-dependent
stabilization of CumO•. The observed solvent effects on the
reaction between CumO• and CHD can be reasonably
rationalized in terms of an increase in differential solvation
between reactants and transition state on going from aprotic
to protic solvents. Additional experiments on CHD and on
different C-H hydrogen atom donors may allow a better
understanding of this peculiar effect.

In conclusion, by means of a detailed time-resolved kinetic
study, we have clearly shown that the H-atom abstraction
reaction from Et3N by CumO• shows a significant KSE that,
on the basis of the correlation between log kH and the solvent
HBD parameter R, has been interpreted in terms of a
hydrogen-bonding interaction between the nitrogen lone pair
and the solvent. This represents the largest KSE observed
for H-atom abstraction from carbon by an alkoxyl radical.
Negligible solvent effects have been instead observed for
the corresponding reaction of 1,4-cyclohexadiene.
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