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ABSTRACT: A laser flash photolysis study on the role of solvent effects
on hydrogen atom transfer (HAT) from the C−H bonds of N,N-
dimethylformamide (DMF), N,N-dimethylacetamide (DMA), N-formyl-
pyrrolidine (FPRD), and N-acetylpyrrolidine (APRD) to the cumyloxyl
radical (CumO•) was carried out. From large to very large increases in the
HAT rate constant (kH) were measured on going from MeOH and TFE to
isooctane (kH(isooctane)/kH(MeOH) = 5−12; kH(isooctane)/kH(TFE) >
80). This behavior was explained in terms of the increase in the extent of
charge separation in the amides determined by polar solvents through
solvent−amide dipole−dipole interactions and hydrogen bonding, where
the latter interactions appear to play a major role with strong HBD solvents such as TFE. These interactions increase the electron
deficiency of the amide C−H bonds, deactivating these bonds toward HAT to an electrophilic radical such as CumO•, indicating
that changes in solvent polarity and hydrogen bonding can provide a convenient method for deactivation of the C−H bond of
amides toward HAT. With DMF, a solvent-induced change in HAT selectivity was observed, suggesting that solvent effects can
be successfully employed to control the reaction selectivity in HAT-based procedures for the functionalization of C−H bonds.

■ INTRODUCTION

The study of solvent effects on hydrogen atom transfer (HAT)
attracts continuous interest because these reactions are involved
in chemical and biological processes of fundamental impor-
tance. Relevant examples include the antioxidant ability of
radical-scavenging substrates,1 enzymatic reactions,2 the
oxidative damage to biomolecules,3 the decomposition of
organic compounds in the atmosphere,4 and procedures for the
functionalization of C−H bonds.5 In these studies, reactive
oxygen-centered radicals such as alkoxyls have received great
attention. These radicals can be conveniently generated by UV
photolysis from easily available precursors, are known to
undergo hydrogen abstraction from several classes of substrates,
and can tolerate a variety of experimental conditions.
Accordingly, these features make alkoxyl radicals particularly
convenient for the study of solvent and medium effects on
HAT reactions.6

Among the different classes of hydrogen atom donors,
phenolic compounds have been thoroughly studied because
these substrates represent the most extensive class of radical-
scavenging antioxidants.1,7 Accordingly, a description of the
mechanistic detailes of solvent effects on HAT reactions from
the O−H bonds of phenolic substrates to alkoxyl radicals (as
well as to other radicals) has been provided.8 In these studies,
significant kinetic solvent effects (KSEs) have been observed on
HAT reactions from a variety of phenols to two representative
tertiary alkoxyl radicals such as tert-butoxyl ((CH3)3CO

•,

tBuO•) and cumyloxyl (PhC(CH3)2O
•, CumO•), where an up

to 3 orders of magnitude increase in kH was measured on going
from 2-methyl-2-propanol and/or methanol to isooctane, i.e.
on decreasing solvent hydrogen bond acceptor (HBA) ability.
This behavior was accounted for on the basis of a hydrogen
bond interaction between the solvent and the phenolic OH,
with HAT that only occurs from the free OH group.
Accordingly, in HBA solvents HAT involves the desolvated
substrate, thus accounting for the observed KSE, with the
magnitude of this effect that reflects the strength of the
solvent−substrate hydrogen bond interaction.
In the study of solvent effects on HAT reactions from C−H

bonds, our research group has recently studied in detail KSEs
on the reactions of CumO• with a series of hydrogen atom
donor substrates, highlighting the role played by hydrogen
bond interactions.6,9−11 With hydrocarbon substrates such as
cyclohexane9 and 1,4-cyclohexadiene,10,11 kH values are
essentially solvent independent in aprotic solvents. A 3- to 4-
fold increase in kH has been measured on going from these
solvents to a strong hydrogen bond donor (HBD) solvent such
as 2,2,2-trifluoroethanol (TFE). As previously described, the
transition state for HAT from C−H bonds to oxygen-centered
radicals such as hydroxyl and alkoxyls displays a certain extent
of internal charge separation, with the development of a partial
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positive charge on the carbon of the incipient radical and a
partial negative charge on the oxygen atom of the abstracting
radical.12 According to this picture, the observed KSEs have
been explained in terms of a hydrogen bond interaction
between the solvent and the oxygen atom of the radical,
interaction that increases in strength on going from the
reactants to the transition state, leading, as compared to aprotic
solvents, to a larger extent of stabilization of the transition state
than of the reactants.
With substrates such as triethylamine (TEA),11 tetrahydro-

furan (THF),9 propanal (PA), and 2,2-dimethylpropanal
(DMPA),10 characterized by the presence of a HBA site in
proximity of the abstractable C−H, an up to 10-fold decrease in
kH was measured on going from isooctane to MeOH and/or
TFE. This behavior was rationalized on the basis of polar
contributions to the transition state. HBD solvents can interact
with the substrate heteroatom by hydrogen bonding, and such
interaction decreases the electron density in proximity of the
incipient carbon radical leading, as compared to non-HBD
solvents, to a destabilization of the transition state (Scheme 1,

showing the effect of an HBD solvent SOH on the transition
state for HAT from the formyl C−H bond of an aldehyde to
CumO•). In the reactions with TEA and THF it was proposed
that also the decrease in the degree of overlap between the α-
C−H bond and the heteroatom lone pair determined by
solvent hydrogen bonding plays an important role.9,11

Amides are relatively strong hydrogen bond acceptors,
displaying HBA abilities that are very similar to those of
alkylamines,13 and this feature suggests, on the basis of the
picture outlined above, that sizable KSEs should also be
observed in HAT reactions that involve these substrates. To the
best of our knowledge, however, no information is presently
available on the role played by solvent effects on HAT reactions
from amide substrates. Such information would be of great
interest because amides are often taken as simple models for
the peptide bond, and HAT reactions from amides to alkoxyl
radicals are currently employed in a large number of procedures
for C−H bond functionalization.15

Within this framework, in order to expand our recent
findings and to provide a more detailed understanding of the
role of the solvent on HAT from aliphatic C−H bonds to
alkoxyl radicals, we have performed a laser flash photolysis
study in different solvents (isooctane, benzene, MeCN, 2-
methyl-2-butanol (MBOH), MeOH, and TFE) on the
reactions of N,N-dimethylformamide (DMF), N,N-dimethyla-
cetamide (DMA), N-formylpyrrolidine (FPRD), and N-
acetylpyrrolidine (APRD) (Chart 1), with CumO•.
In order to obtain information on the role of solvent effects

on the HAT selectivity, the reactions of N,N-dimethylforma-
mide-d1 (DMF-d1), N,N-dimethylformamide-d6 (DMF-d6), and
N,N-dimethylformamide-d7 (DMF-d7) with CumO• have been
investigated in isooctane with comparison to the corresponding
reactions studied previously in MeCN solution.16

■ RESULTS
CumO• was generated by laser flash photolysis (LFP) (266 or
355 nm) of argon-saturated dicumyl peroxide solutions, at T =
25 °C (eq 1).

It is well-known that in isooctane, benzene, MBOH, and
MeCN, CumO• is characterized by a visible absorption band at
485 nm,17 whose position is shifted toward the red in solvents
such as MeOH18 and TFE.8c,19 With the exclusion of the LFP
experiments performed in isooctane and MeOH solution,
where competition with HAT from the solvent is observed,18,20

in all the other solvents the most important decay pathway of
CumO• is represented by cleavage C−CH3 (β-scission).

17,20

The kinetic study of the reactions of the amides displayed in
Chart 1 with CumO• was carried out by LFP. We have recently
shown that in acetonitrile, HAT from DMF and FPRD occurs
in competition between the formyl C−H and the C−H bonds
of the methyl or methlene groups that are α to nitrogen, with
the former site being the preferred one for DMF.16 With
FPRD, HAT mostly occurs from the pyrrolidine α-C−H bonds,
a behavior that reflects the operation of stereoelectronic effects
(i.e., the possibility of achieving optimal orbital overlap between
these bonds and the amide π-system).21 The reactions of
CumO• with DMA and APRD result in preferential HAT from
the N-methyl groups and pyrrolidine α-C−H bonds, with HAT
from the acetyl methyl group occurring in both cases as a minor
pathway, in agreement with the observation that the former C−
H bonds are weaker by at least 5 kcal mol−1 than the C−H
bonds that are adjacent to the carbonyl group.16,21

The time-resolved kinetic studies were performed monitor-
ing the decay of the CumO• visible band as a function of the
concentration of added substrate. When the observed rate
constants (kobs) were plotted against substrate concentration,
excellent linear relationships were observed and the second-
order rate constants for HAT to CumO• (kH) were derived
from the slopes of these plots. As a representative example, the
kobs vs [substrate] plots for the reactions of CumO

• with DMF,
DMA, FPRD, and APRD measured in isooctane solution (T =
25 °C) are displayed in Figure 1.
When the reaction of CumO• with DMF, DMA, and APRD

was studied in TFE solution, a decrease in kobs with increasing
substrate concentration was instead observed (Figures S1−S3
in the Supporting Information (SI)). In TFE, the unimolecular
rate constant for CumO• C−CH3 β-scission (kβ) is significantly
higher than in polar aprotic solvents (kβ = 6.1 × 106 and 6.3 ×
105 s−1, for TFE19 and MeCN,20 respectively) and a decrease in
kβ with increasing added amide by a dilution effect can be
reasonably expected. Along this line, the observed behavior
clearly indicates that the decrease in kobs determined by the
effect of added amide on kβ is larger than the contribution to
kobs determined by HAT from the amide to CumO•. In order to
test this hypothesis, the effect of MeCN on the decay of

Scheme 1

Chart 1
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CumO• in TFE was investigated, and a decrease in kobs with
increasing [MeCN] was observed (Figure S4 in the SI). The
electron-poor C−H bonds of MeCN are strongly deactivated
toward HAT to an electrophilic radical such as CumO• (kH <
104 M−1 s−1)6,12a,20 so that under these conditions no
significant contribution to kobs deriving from HAT can be
expected, and the observed decrease in kobs reflects the decrease
in kβ determined by MeCN addition. By comparing the dilution
effect of MeCN on kobs with those observed for DMF, DMA,
and APRD, a correction to the measured kobs values was applied
(see the SI for a description of the procedure) and an upper
limit to the kH values for reaction of CumO• with the amides in
TFE could be obtained as kH < 1 × 104 M−1 s−1 for DMF and
DMA and kH < 5 × 105 M−1 s−1 for APRD.
The plots for HAT from DMF, FPRD, DMA, and APRD to

CumO• in the different solvents and the plots for HAT from
DMF-d1, DMF-d6, and DMF-d7 to CumO• in isooctane are
displayed in the SI (Figures S6−S10). The kH values measured
for reaction of CumO• with the four amides in the different
solvents are collected in Table 1.
Table 2 displays the kH values for reaction of CumO• with

DMF, DMF-d1, DMF-d6, and DMF-d7 measured in isooctane
solution with comparison to the corresponding kH values
measured previously in MeCN.16

■ DISCUSSION
The data displayed in Table 1 show that for all four amides the
kH values for reaction with CumO• decrease by 5−12 times on
going from isooctane to MeOH. A much larger decrease in
reactivity has been observed in TFE, quantified on the basis of
the upper limit to kH obtained for reaction of CumO• with
DMF, DMA, and APRD, in a >790, >480, and >80-fold
decrease in kH as compared to isooctane. To the best of our

knowledge, these represent by far the largest KSEs observed for
HAT from C−H bonds to alkoxyl radicals.
Amides are characterized by a pronounced C(O)−N double

bond character exemplified, for a generic N,N-dimethylalkana-
mide, by the contribution of the dipolar structure B to the
resonance hybrid (Scheme 2). It is well established that the
relative importance of structure B increases with increasing

Figure 1. Plots of the observed rate constant (kobs) against [substrate]
for the reactions of the cumyloxyl radical (CumO•) with N,N-
dimethylformamide (DMF, black circles), N,N-dimethylacetamide
(DMA, white circles), N-formylpyrrolidine (FPRD, black triangles),
and N-acetylpyrrolidine (APRD, black squares), measured in argon-
saturated isooctane solution at T = 25 °C by following the decay of
CumO• at 490 nm. From the linear regression analysis: CumO• +
DMF, intercept = 1.06 × 106 s−1, kH = 7.83 × 106 M−1 s−1, r2 = 0.9990.
CumO• + DMA, intercept = 9.90 × 105 s−1, kH = 5.27 × 106 M−1 s−1,
r2 = 0.9954. CumO• + FPRD, intercept = 9.39 × 105 s−1, kH = 3.33 ×
107 M−1 s−1, r2 = 0.9991. CumO• + APRD, intercept = 1.07 × 106 s−1,
kH = 3.80 × 107 M−1 s−1, r2 = 0.9941.

Table 1. Second-Order Rate Constants (kH) for Reaction of
the Cumyloxyl Radical (CumO•) with Tertiary Amides,
Measured in Different Solvents at T = 25 °Ca

substrate solvent λex
b kH/M

−1 s−1 krel
c

DMF isooctane 266 7.7 ± 0.1 × 106 7.9
benzene 355 3.1 ± 0.1 × 106 3.2
MBOH 355 1.38 ± 0.03 × 106 1.4
MeCNd 266 1.24 ± 0.02 × 106 1.3
MeCN 355 1.32 ± 0.02 × 106 1.35
MeOH 355 9.8 ± 0.2 × 105 1.0
TFE 266 <1 × 104 <0.01

FPRD isooctane 266 3.31 ± 0.03 × 107 12.2
benzene 355 1.08 ± 0.02 × 107 4.0
MBOH 355 6.9 ± 0.2 × 106 2.5
MeCNe 266 4.93 ± 0.02 × 106 1.8
MeOH 355 2.72 ± 0.01 × 106 1.0

DMA isooctane 266 5.4 ± 0.1 × 106 4.8
benzene 355 2.6 ± 0.2 × 106 2.3
MBOH 355 1.73 ± 0.02 × 106 1.5
MeCNd 266 1.24 ± 0.03 × 106 1.1
MeOH 355 1.13 ± 0.03 × 106 1.0
TFE 266 <1 × 104 <0.01

APRD isooctane 266 3.9 ± 0.1 × 107 6.4
benzene 355 1.60 ± 0.02 × 107 2.6
MBOH 355 1.19 ± 0.03 × 107 2.0
MeCNe 266 9.0 ± 0.2 × 106 1.5
MeOH 355 6.1 ± 0.4 × 106 1.0
TFE 266 <5 × 105 <0.08

a266 nm LFP: Ar-saturated, [dicumyl peroxide] = 0.010 M. 355 nm
LFP: Ar-saturated, [dicumyl peroxide] = 0.7−1.0 M. The kH values
have been determined from the slope of the kobs vs [substrate] plots,
where the kobs values have been measured following the decay of the
CumO• visible absorption band. Average of at least two determi-
nations. bLaser excitation wavelength. cAs compared to MeOH.
dReference 16. eReference 21.

Table 2. Second-Order Rate Constants for Reaction of the
Cumyloxyl Radical (CumO•) with DMF, DMF-d1, DMF-d6,
and DMF-d7, Measured in Acetonitrile and Isooctane at T =
25 °Ca

kH/M
−1 s−1

acetonitrileb isooctane

DMF 1.24 ± 0.02 × 106 7.7 ± 0.1 × 106

DMF-d1 6.90 ± 0.06 × 105 4.8 ± 0.2 × 106

kH/kD 1.8 1.6
DMF-d6 7.47 ± 0.05 × 105 8.11 ± 0.05 × 106

kH/kD 1.7 0.95
DMF-d7 2.4 ± 0.1 × 105 4.2 ± 0.1 × 106

kH/kD 5.2 1.8
a266 nm LFP: Ar-saturated, [dicumyl peroxide] = 0.010 M. The kH
values have been obtained from the slope of the kobs vs [substrate]
plots, where the kobs values have been measured following the decay of
the CumO• visible absorption band. Average of at least two
determinations. bReference 16.
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solvent polarity, leading to a decrease in CO bond order and
to a corresponding increase in C(O)−N bond order. Evidence
in this respect has been provided by IR and NMR studies that
have clearly shown that with DMF and DMA, as well as with
other amides, an increase in solvent polarity leads to a decrease
in the frequency of the stretching vibration of the amide I band
(ν(CO)),22,23 a decrease in the 17O NMR chemical shift,22

an increase in the 13C NMR chemical shift,23 and an increase in
the activation free energy for rotation around the C(O)−N
bond.24 This behavior has been explained on the basis of
solvent−amide dipole−dipole interactions and of solvent
hydrogen bonding to the amide oxygen atom, with the largest
effects that have been observed in strong HBD solvents such as
water and fluorinated alcohols.
By increasing the extent of positive charge at nitrogen, polar

solvents will increase the electron deficiency of the C−H bonds
that are α to nitrogen in DMF, FPRD, DMA, and APRD,
deactivating these bonds toward HAT to an electrophilic radical
such as CumO•,12a thus providing a rationale for the observed
KSEs. On the basis of this picture, deactivation is also expected
for the formyl C−H bond of DMF and FPRD. As mentioned
above, the transition state for HAT from C−H bonds to
oxygen-centered radicals is characterized by the development of
positive charge on the incipient carbon-centered radical and
accordingly, as compared to apolar solvents, the increase in the
extent of charge separation in the amides determined by polar
solvents will lead to a destabilization of the transition state. This
explanation is in full agreement with previous studies that have
shown that the kH value for HAT from the formyl C−H bond
of compounds HCOX to tBuO• decreases in the order
aldehyde (X = alkyl, aryl) > amide (X = N(CH3)2) > ester
(X = OCH2CH3), i.e. with increasing the electron withdrawing
character of the X group.25,26

Interestingly, the KSEs obtained for the four amides follow a
trend that is very similar to that observed previously for the
reactions of CumO• with propanal and 2,2-dimethylpropanal,10

with the kH values that decrease in the order isooctane >
benzene > MBOH > MeCN > MeOH, but different from the
trend observed for the reactions of CumO• with triethyl-
amine,11 where kH decreases in the order isooctane ∼ benzene
> MeCN > tBuOH > MeOH. The 2- to 3-fold decrease in kH
measured on going from isooctane to benzene can be explained
on the basis of the formation of π-complexes between benzene
and the amide group,27 an interaction that is also possible for
aldehydes but not for tertiary amines where, accordingly,
comparable reactivities have been measured in these two
solvents. The inversion in the kH values for tertiary alkanols and
MeCN observed on going from the amides to triethylamine
reasonably reflects the operation of steric effects8c that limit the

accessibility of the hindered alcohol to an sp2 HBA center (the
amide oxygen) as compared to an sp3 one (the amine
nitrogen).28

The effect of TFE on kH is instead significantly more
pronounced for the amides than for the aldehydes. An almost
2-fold decrease in kH was measured for the reactions of CumO•

with propanal and 2,2-dimethylpropanal on going from MeOH
to TFE,10 a >100-fold decrease in kH was measured for the
corresponding reactions of DMF and DMA, and a >12-fold
decrease in kH for those involving APRD. TFE is a stronger
HBD solvent than MeOH (as measured by Abraham’s α2

H

parameters: 0.567 and 0.367, respectively),29 and amides are
characterized by HBA abilities significantly higher than those of
aldehydes (as measured by Abraham’s β2

H parameters: 0.66,
0.73 and 0.39, respectively, for DMF, DMA, and propanal).14

Along this line, a significantly stronger hydrogen bonding will
result from the interaction of TFE with an amide than with an
aldehyde, accounting, on the basis of the mechanistic picture
discussed above, for the very low HAT reactivity observed for
the amides in this solvent. This result highlights the important
role played by hydrogen bond interactions in HAT reactions
from tertiary alkanamides, showing that these interactions can
provide a very efficient method for C−H deactivation,
protecting these substrates from HAT to reactive oxygen-
centered radicals. In this context, it is worth mentioning that
strong HBD solvents such as TFE are known to influence the
conformation of peptides and proteins, a process where inter-
and intramolecular hydrogen bond interactions involving the
amide group play a very important role.30

The kH values for reaction of CumO• with DMF, DMF-d1,
DMF-d6, and DMF-d7 in MeCN and isooctane are collected in
Table 2. As previously discussed, the analysis of the kH/kD
values measured in MeCN clearly shows that with DMF, HAT
occurs from both the formyl C−H and the C−H bonds that are
α to nitrogen (Scheme 3, path a).16

On the other hand, when the reactions of these substrates
were studied in isooctane, very similar kH values were measured
for DMF and DMF-d6 and for DMF-d1 and DMF-d7. Analysis
of the kH/kD values shows that HAT from DMF-d6 displays no
significant kinetic deuterium isotope effect (kH/kD = 0.95)
while similar kH/kD values of 1.6 and 1.8 are observed for the
reactions of DMF-d1 and DMF-d7. These results clearly show
that in isooctane solution HAT from DMF mostly occurs from
the formyl C−H bond (Scheme 3, path b), indicating that
changes in solvent polarity can strongly influence the reaction
selectivity. Support to this mechanistic picture is also provided
by pulse radiolysis studies that have shown that in aqueous
solution, HAT from DMF to the hydroxyl radical exclusively
occurs from the C−H bonds of the N-methyl groups.31

On the basis of the discussion outlined above on the KSEs
observed for the reactions of CumO• with DMF and FPRD, it
appears that by increasing solvent polarity and, consequently,
the extent of charge separation in the amide substrate, C−H
deactivation is significantly more pronounced for the formyl
C−H than for the C−H bonds that are α to nitrogen, an
observation that is also supported by the relatively larger

Scheme 2

Scheme 3
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decreases in kH measured for DMF and FPRD as compared to
DMA and APRD, on going from isooctane to MeOH
(kH(isooct)/kH(MeOH) = 7.9, 12.2, 4.8, and 6.4, respectively, for
DMF, FPRD, DMA, and APRD. See Table 1).
Taken together, the results reported in this study expand our

previous findings, showing that in the reactions of amides with
alkoxyl radicals the HAT reactivity can be strongly influenced
by solvent effects. Very large decreases in rate constant have
been measured on going from apolar solvents to strong HBD
solvents such as TFE, where changes in solvent polarity can
provide a method for the deactivation of amide C−H bonds
toward HAT. With DMF, evidence for a solvent-dependent
change in HAT selectivity has been provided, suggesting that
these effects can be successfully employed as a tool to control
the C−H functionalization selectivity in synthetically useful
procedures based on HAT from formamides to alkoxyl radicals.

■ EXPERIMENTAL SECTION
Materials. Spectroscopic grade 2,2,4-trimethylpentane (isooctane),

benzene, 2-methyl-2-butanol (MBOH), acetonitrile, methanol, and
2,2,2-trifluoroethanol (TFE) were used in the kinetic experiments.
Dicumyl peroxide, N,N-dimethylformamide (DMF), N,N-dimethyl-
formamide-d1 (DMF-d1), N,N-dimethylformamide-d6 (DMF-d6), N,N-
dimethylformamide-d7 (DMF-d7), N,N-dimethylacetamide (DMA),
and N-formylpyrrolidine (FPRD) were of the highest commercial
quality available and were used as received. N-acetylpyrrolidine
(APRD) was available from a previous study.21

Laser Flash Photolysis (LFP) Studies. The time-resolved kinetic
studies were carried out by LFP, employing a laser kinetic
spectrometer using the third harmonic or the fourth hermonic (355
or 266 nm, respectively) of a Q-switched Nd:YAG laser, delivering
pulses of the duration of 8 ns. The laser energy was adjusted by the use
of the appropriate filter to ≤10 mJ/pulse. A 3.5 mL quartz cell
(Suprasil, 10 mm × 10 mm) was used in all the kinetic experiments.
Argon-saturated solutions containing dicumyl peroxide (10 mM for
the 266 nm LFP experiments, 0.7−1.0 M for the 355 nm LFP
experiments)) were employed. All the experiments were carried out at
T = 25 ± 0.5 °C under magnetic stirring. The observed rate constants
(kobs) were obtained by monitoring the decay of the cumyloxyl radical
(CumO•) absorption band (490−520 nm) at different substrate
concentrations. Substrate concentrations were obtained by direct
addition, i.e. by adding increasing amounts of the pure amides to
solutions of dicumyl peroxide in the different solvents employed
(isooctane, benzene, 2-methyl-2-butanol, acetonitrile, methanol, and
TFE). The kobs values obtained from the decay traces are the average
of two to five values and a reproducibility ≤5% was observed.
Second-order rate constants for the reactions of the cumyloxyl

radical with the amides (Chart 1), in the different solvents, were
obtained from the slopes of the kobs vs [substrate] plots. New solutions
were used for every amide concentration. The correlation coefficients
obtained from the linear regression were in all cases >0.99. The kH
values displayed in Tables 1 and 2 are obtained by averaging at least
two values obtained through independent experiments, with typical
errors being ≤10%.
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