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ABSTRACT: A time-resolved kinetic study on the effect of
trifluoroacetic acid (TFA) on the hydrogen atom transfer
(HAT) reactions from 1,n-alkanediamines (R2N(CH2)nNR2, R
= H, CH3; n = 1−4), piperazine, and 1,4-dimethylpiperazine to
the cumyloxyl radical (CumO•), has been carried out in
MeCN and DMSO. Very strong deactivation of the α-C−H
bonds has been observed following nitrogen protonation and
the results obtained have been explained in terms of substrate
basicity, of the distance between the two basic centers and of the solvent hydrogen bond acceptor ability. At [substrate] ≤ 1/2
[TFA] the substrates exist in the doubly protonated form HR2N

+(CH2)nN
+R2H, and no reaction with CumO• is observed. At

1/2 [TFA] < [substrate] ≤ [TFA], HAT occurs from the C−H bonds that are α to the nonprotonated nitrogen in
R2N(CH2)nN

+R2H. At [substrate] > [TFA], HAT occurs from the α-C−H bonds of R2N(CH2)nNR2, and the mesured kH values
are very close to those obtained in the absence of TFA. Comparison between MeCN and DMSO clearly shows that in the
monoprotonated diamines R2N(CH2)nN

+R2H remote C−H deactivation can be modulated through solvent hydrogen bonding.

■ INTRODUCTION

Synthetic procedures based on hydrogen atom transfer (HAT)
from aliphatic C−H bonds to radical or radical-like species have
attracted considerable interest as they can provide convenient
methods for selective C−H functionalization.1−8 In this
context, a procedure that allows for control over HAT
reactivity and selectivity through C−H deactivation has been
recently described by our research group, and exploits the effect
of acid−base interactions on HAT from the C−H bonds of
basic substrates such as tertiary alkylamines to the cumyloxyl
radical (PhC(CH3)2O

•, CumO•).9,10 Very large decreases in
the rate constants for HAT from the α-C−H bonds (kH) have
been observed following nitrogen protonation or complexation
by Mg2+, conditions under which only an upper limit to kH
could be obtained. This behavior has been explained on the
basis of the decrease in the degree of hyperconjugative overlap
between the α-C−H σ* orbital and the nitrogen lone-pair
determined by protonation or Mg2+-complexation. This
interaction increases the strength of the α-C−H bonds leading
to a destabilization of the HAT transition state and of the
carbon centered radical formed after abstraction (Scheme 1,
showing the effect of protonation on HAT from the α-C−H of
a generic tertiary alkylamine to CumO•).
Support for this mechanistic picture has been recently

provided by a computational study where it was shown that
interaction between Mg2+ and the nitrogen lone pair of
triethylamine leads to a 5.1 kcal mol−1 increase in the α-C−H
bond dissociation energy (BDE) and to a greater than 4 order
of magnitude decrease in kH.

11

Through the study of the effect of trifluoroacetic acid (TFA)
on the reactions of CumO• with 1,4-dimethylpiperazine, an
evaluation of the C−H deactivation determined by sequential
protonation of one or both nitrogen centers has been also
obtained,10 showing that deactivation is not limited to the α-
C−H bonds but also extends to more remote positions. Taken
together, the results of these studies have clearly shown that
Brønsted and Lewis acid−base interactions can provide an
extremely efficient method for the deactivation of otherwise
strongly activated C−H bonds, allowing for control over the
HAT selectivity.
Along this line, in order to obtain additional information on

these important aspects, we have carried out a detailed time-
resolved kinetic study in MeCN and DMSO on the effect of
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TFA on the reactions of CumO• with a series of substrates
differing in both the number of activated α-C−H bonds and the
distance between the two basic centers, namely, primary and
tertiary 1,n-alkanediamines (R2N(CH2)nNR2, R = H, CH3; n =
1−4), piperazine (PPZ), and 1,4-dimethylpiperazine
(DMPPZ), whose structures are displayed in Chart 1. As a
matter of comparison, the reactions of CumO• with N,N-
dimethylbutanamine in MeCN and with triethylamine in
DMSO have been also studied.

■ RESULTS AND DISCUSSION
CumO• has been generated by 355 nm laser flash photolysis
(LFP) of argon-saturated solutions (T = 25 °C) containing 1.0
M dicumyl peroxide (eq 1).

In MeCN and DMSO, CumO• is characterized by an
absorption band in the visible region of the spectrum centered
at 485 nm.12,13 The C−H bonds of both solvents are strongly
deactivated toward reaction with an electrophilic radical such as
CumO• (kH(MeCN) < 104 M−1 s−1, and kH(DMSO) = 1.8 × 104 M−1

s−1),14−16 and accordingly in these solvents the decay of
CumO• reflects almost exclusively C−CH3 β-scission.

12,15

The reactions of CumO• with the substrates displayed in
Chart 1 have been studied employing the LFP technique. It is
well established that with tertiary alkylamines these reactions
proceed by HAT from the α-C−H bonds.17,18 With primary
and secondary alkylamines competition between α-C−H and
N−H abstraction is observed, with the former pathway being
generally favored over the latter one.17

The time-resolved kinetic studies have been carried out
following the decay of the CumO• visible absorption band at
490 nm as a function of substrate concentration. In the
experiments carried out in the presence of TFA, fixed
concentrations of acid have been employed: [TFA] = 80 mM
in the reactions with EDA, PDA, and BDA, and [TFA] = 20−
30 mM in the reactions with the other diamines. Under these
conditions, the limited solubility displayed by EDA, BDA, and
PPZ in MeCN limited the study of the effect of TFA on the
reactions of CumO• with these substrates to DMSO.
With all substrates, excellent linear relationships have been

obtained when the observed rate constants (kobs) have been
plotted against substrate concentration and the second-order
rate constants for HAT from the substrates to CumO• (kH)
have been obtained from the slopes of these plots. The plots for
HAT from 1,n-alkanediamines, PPZ, and DMPPZ to CumO•

are displayed in the Supporting Information (SI, Figures S1−S6
and S8−S16). The kH values thus obtained in MeCN and
DMSO are collected in Tables 1 and 2, respectively. Also
included in these tables are the kinetic data obtained for

reaction of CumO• with these substrates in the presence of
TFA (see below).

Starting from the experiments carried out in MeCN, the
results displayed in Table 1 show that the kH values measured
for the primary (between 2.68 and 3.53 × 107 M−1 s−1) and
tertiary 1,n-alkanediamines (between 1.57 and 2.64 × 108 M−1

s−1) are in line with the values measured previously under
analogous experimental conditions for HAT from primary
alkylamines to CumO• (kH = 1.04 × 107 and 1.8 × 107 M−1 s−1,
for propylamine and butylamine, respectively),17 and with the
value measured in this study for HAT from N,N-dimethylbu-
tanamine to CumO• in MeCN (kH = (1.41 ± 0.02) × 108 M−1

s−1, the plot for which is displayed in the SI as Figure S7). The
up to 2-fold increase in kH observed going from the amines to
the diamines is in line with statistical factors as the latter
substrates are characterized by a double number of α-C−H
bonds as compared to the former ones. Among the two series,
the relatively lower kH values measured with EDA and
TMMDA can be explained on the basis of the electron
withdrawing effect exerted by the remote nitrogen atom that, in

Chart 1

Table 1. Second-Order Rate Constants (kH) for Reaction of
the Cumyloxyl Radical (CumO•) with 1,n-Alkanediamines,
Measured in MeCN, in the Presence of TFAa

substrate [TFA] kH/M
−1 s−1

EDAb - (2.68 ± 0.02) × 107

PDA - (3.53 ± 0.03) × 107

no reaction for [PDA] ≤ 1/2 [TFA]
80 mM kH1 = 1.30 × 107 for 1/2 [TFA] < [PDA] ≤ [TFA]

kH2 = 3.61 × 107 for [PDA] > [TFA]
BDAb - (3.0 ± 0.1) × 107

TMMDA - (1.57 ± 0.05) × 108

no reaction for [TMMDA] ≤ 1/2 [TFA]
30 mM kH1 = 3.37 × 107 for 1/2 [TFA] < [TMMDA] ≤

[TFA]
kH2 = 1.30 × 108 for [TMMDA] > [TFA]

TMEDA - (2.44 ± 0.09) × 108

no reaction for [TMEDA] ≤ 1/2 [TFA]
30 mM kH1 = 1.33 × 108 for 1/2 [TFA] < [TMEDA] ≤

[TFA]
kH2 = 2.46 × 108 for [TMEDA] > [TFA]

TMPDA - (2.53 ± 0.02) × 108

no reaction for [TMPDA] ≤ 1/2 [TFA]
30 mM kH1 = 1.32 × 108 for 1/2 [TFA] < [TMPDA] ≤

[TFA]
kH2 = 1.91 × 108 for [TMPDA] > [TFA]

TMBDA - (2.64 ± 0.04) × 108

no reaction for [TMBDA] ≤ 1/2 [TFA]
20 mM kH1 = 1.86 × 108 for 1/2 [TFA] < [TMBDA] ≤

[TFA]
kH2 = 2.46 × 108 for [TMBDA] > [TFA]

PPZb - (2.26 ± 0.01) × 108c

DMPPZ - (1.16 ± 0.04) × 108d

no reaction up to [DMPPZ] = 12 mM
24 mMe kH1 = 1.34 × 107 for 1/2 [TFA] < [DMPPZ] ≤

[TFA]
kH2 = 1.11 × 108 for [DMPPZ] > [TFA]

aMeasured in argon-saturated solution at T = 25 °C employing 355
nm LFP: [dicumyl peroxide] = 1.0 M. kH values have been 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. bFormation of a precipitate is observed
after addition of TFA. cref 19. dref 20. eref 10.
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the reaction with an electrophilic radical such as CumO•, leads
to a slight deactivation of the C−H bonds that are α to the
other nitrogen atom, deactivation that decreases with increasing
the distance between the two nitrogen centers.
When HAT from PDA, TMMDA, TMEDA, TMPDA, and

TMBDA to CumO• has been studied in MeCN solutions
containing TFA (between 20 and 80 mM), a very similar
behavior has been observed for all substrates (Figures S18−S21
in the SI). No significant increase in kobs has been measured up
to [substrate] ≅ 1/2[TFA]. A linear increase in kobs has been
then observed for 1/2[TFA] < [substrate] ≤ [TFA] and, with a
different slope, for [substrate] > [TFA]. The kH1 and kH2 values
obtained from the slopes of these plots in these concentration
ranges are displayed in Table 1. As an example, the plots of kobs
vs [substrate] for the reactions of CumO• with PDA in MeCN
containing 80 mM TFA are shown in Figure 1 (black circles).
As a matter of comparison, the kobs vs [PDA] plot obtained for
reaction of CumO• with PDA in MeCN in the absence of TFA
has also been included in Figure 1 (white circles).

An identical behavior has been observed previously when the
reaction between CumO• and DMPPZ has been studied in
MeCN containing 24 mM TFA,10 and has been explained on
the basis of the effect of sequential protonation of the DMPPZ
nitrogen atoms by TFA on the HAT reactivity, showing that in
MeCN TFA is sufficiently strong as an acid to protonate
quantitatively both nitrogen centers of DMPPZ. Along these
lines, the present results can be explained accordingly on the
basis of the sequential protonation equilibria of the diamines
R2N(CH2)nNR2 (R = H, CH3), as shown in Scheme 2 taking
PDA as a representative example, indicating that in MeCN TFA
can also protonate both nitrogen centers of PDA, TMMDA,
TMEDA, TMPDA, and TMBDA.21

At [substrate] ≤ 1/2[TFA], the diamine exists exclusively in
its doubly protonated form HR2N

+(CH2)nN
+R2H, strong

deactivation of the α-C−H bonds occurs, and no reaction
with CumO• is observed, in line with the greater than 4 orders
of magnitude decrease in kH that has been recently observed in
the reactions between CumO• and tertiary alkylamines
following protonation.10 At [substrate] > 1/2[TFA],
HR2N

+(CH2)nN
+R2H equilibrates with R2N(CH2)nNR2 and

both species are converted into the monoprotonated form
R2N(CH2)nN

+R2H that reaches its maximum concentration at
[substrate] = [TFA]. As nitrogen protonation strongly
deactivates the adjacent C−H bonds, the increase in kobs
observed by increasing [substrate] in this concentration range
(1/2[TFA] < [substrate] ≤ [TFA]), quantified by the kH1
value, reflects HAT from the C−H bonds that are α to the
nonprotonated nitrogen in R2N(CH2)nN

+R2H. At [substrate] >
[TFA] kH2 values that are very close to those measured in the
absence of added acid have been obtained, indicating that the
linear increase in kobs observed under these conditions reflects
HAT from the α-C−H bonds of the neutral substrate
R2N(CH2)nNR2. Thus, comparison between the kH1 and kH2
values displayed in Table 1 provides a quantitative evaluation of
the deactivation of the C−H bonds that are α to a nitrogen

Table 2. Second-Order Rate Constants (kH) for Reaction of
the Cumyloxyl Radical (CumO•) with 1,n-Alkanediamines,
Measured in DMSO, in the Presence of TFA

substrate [TFA] kH/M
−1 s−1

EDA - (4.14 ± 0.01) × 107

no reaction for [EDA] ≤ 1/2 [TFA]
80 mM kH1 = 1.46 × 107 for 1/2 [TFA] ≤ [EDA] ≤ [TFA]

kH2 = 4.53 × 107 [EDA] > [TFA]
PDA - (5.22 ± 0.04) × 107

no reaction for [PDA] ≤ 1/2 [TFA]
80 mM 4.26 × 107 for [PDA] > 1/2 [TFA]

BDA - (4.53 ± 0.05) × 107

no reaction for [BDA] ≤ 1/2 [TFA]
80 mM 3.84 × 107 for [BDA] > 1/2 [TFA]

TMMDA - (2.16 ± 0.09) × 108

no reaction for [TMMDA] ≤ 1/2 [TFA]
20 mM kH1 = 6.82 × 107 for 1/2 [TFA] < [TMMDA] ≤

[TFA]
kH2 = 1.53 × 108 for [TMMDA] > [TFA]

TMEDA - (3.44 ± 0.02) × 108

no reaction for [TMEDA] ≤ 1/2 [TFA]
20 mM kH1 = 1.11 × 108 for 1/2 [TFA] < [TMEDA] ≤

[TFA]
kH2 = 3.00 × 108 for [TMEDA] > [TFA]

TMPDA - (3.41 ± 0.07) × 108

no reaction for [TMPDA] ≤ 1/2 [TFA]
20 mM 2.54 × 108 for [TMPDA] > [TFA]

TMBDA - (3.40 ± 0.01) × 108

no reaction for [TMBDA] ≤ 1/2 [TFA]
20 mM 2.76 × 108 for [TMBDA] > [TFA]

PPZ (3.0 ± 0.1) × 108

no reaction for [PPZ] ≤ 1/2 [TFA]
30 mM kH1 = 7.64 × 107 1/2 [TFA] < [PPZ] ≤ [TFA]

kH2 = 1.58 × 108 for [PPZ] > [TFA]
DMPPZ - (1.89 ± 0.04) × 108

kH1 = 2.03 × 107 for [DMPPZ] ≤ [TFA]
24 mM kH2 = 2.30 × 108 for [DMPPZ] > [TFA]

aMeasured in argon-saturated solution at T = 25 °C employing 355
nm LFP: [dicumyl peroxide] = 1.0 M. kH values have been 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.

Figure 1. Plots of the observed rate constant (kobs) against [PDA] for
reaction of the cumyloxyl radical (CumO•) measured at T = 25 °C in
an argon-saturated MeCN solution (white circles) and in an argon-
saturated MeCN solution containing 80 mM trifluoroacetic acid
(TFA) (black circles), by following the decay of CumO• at 490 nm.
From the linear regression analysis: MeCN: kH = 3.55 × 107 M−1 s−1,
r2 = 0.9980. MeCN + 80 mM TFA: in the 40−80 mM [PDA] range:
kH1 = 1.30 × 107 M−1 s−1, r2 = 0.9793; in the 80−132 mM [PDA]
range: kH2 = 3.61 × 107 M−1 s−1, r2 = 0.9995. The dashed lines
highlight [PDA] of 40 and 80 mM.
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atom determined by protonation of the remote nitrogen atom.
Along this line the ∼3-fold decrease in the kH2/kH1 ratio
observed along the tertiary 1,n-alkanediamine series on going
from TMMDA (for which kH2/kH1 = 3.86) to TMBDA (for
which kH2/kH1 = 1.32) reflects the increased distance between
the positive charge and the activated α-C−H bonds.
Moving then to the results of the experiments carried out in

DMSO, comparison between the data displayed in Tables 1 and
2 clearly shows that for all the substrates investigated the kH
values increase on going from MeCN to DMSO, with
kH(DMSO)/kH(MeCN) ratios that vary between 1.3 and 1.6. To
the best of our knowledge these represent the first rate constant
values measured in DMSO for HAT from the α-C−H bonds of
alkylamines to alkoxyl radicals.
Solvent effects on HAT from triethylamine to CumO• have

been studied in detail,23 and a ∼7-fold decrease in kH has been
measured on going from isooctane to MeOH (for which kH =
2.9 × 108,20 and 3.8 × 107 M−1 s−1,23 respectively), i.e., on
increasing the solvent hydrogen bond donor (HBD) ability.
This behavior has been explained on the basis of polar
contributions to the transition state and of overlap between the
α-C−H bond and the nitrogen lone pair. It has been suggested
that the HAT transition state is characterized by a certain extent
of charge separation with the development of a partial negative
charge on the cumyloxyl oxygen atom and a partial positive
charge on the incipient carbon centered radical as described in
Scheme 1.14 Solvent hydrogen bonding to nitrogen determines
a decrease in electron density at the incipient radical center
leading to a destabilization of the transition state as compared
to non-HBD solvents (Scheme 3, where SOH represents a
generic HBD solvent).

In keeping with the effect of protic acids shown in Scheme 1
and discussed above, this hydrogen bond interaction also
decreases the degree of hyperconjugative overlap between the
α-C−H σ* orbital and the lone-pair, leading to an increase in
the strength of this bond and to a destabilization of the HAT
transition state and of the carbon centered radical formed after
abstraction. On the basis of this picture, the increase in kH
observed on going from MeCN to DMSO can be explained in
terms of the greater HBD ability of MeCN as compared to

DMSO (as measured by Abraham’s α2
H parameters: α2

H = 0.09
and 0.00 for MeCN and DMSO,24 respectively). As a matter of
comparison, the reaction between CumO• and triethylamine
has been also studied in DMSO (the plot for which is displayed
in the SI as Figure S17) leading to a value kH = (2.55 ± 0.05) ×
108 M−1 s−1, that is again higher than the value measured
previously in MeCN (kH = 2.19 × 108 M−1 s−1).23 Interestingly,
despite of the very different solvent properties, the kH value
measured in DMSO is very close to the values measured
previously in benzene and chlorobenzene (kH = 2.8 × 108 and
2.7 × 108 M−1 s−1,23 respectively), clearly indicating that the
kinetic solvent effects observed in HAT reactions from
alkylamines are mostly governed by the solvent HBD ability.
HAT from the substrates displayed in Chart 1 to CumO• has

been then studied in DMSO solutions containing TFA
(between 20 and 80 mM). With EDA, TMMDA, TMEDA,
and PPZ a behavior that is very similar to the one described
above for the reactions in MeCN has been observed (Figures
S22, S25, and S28 in the SI, showing the kobs vs [substrate]
plots). No significant variation in kobs has been measured up to
[substrate] ≅ 1/2[TFA]. A linear increase in kobs has then been
observed for 1/2[TFA] < [substrate] ≤ [TFA] and, with a
different slope, for [substrate] > [TFA]. The kH1 and kH2 values
thus obtained are displayed in Table 2. A different behavior has
been instead observed in the reactions of PDA, BDA, TMPDA,
and TMBDA (Figures S23, S24, S26, and S27 in the SI,
showing the kobs vs [substrate] plots) where no significant
increase in kobs has been measured up to [substrate] ≅ 1/
2[TFA], while a linear increase in kobs has been then observed
for [substrate] > 1/2[TFA] with no change in slope being
observed for [substrate] > [TFA]. The kH values thus obtained
are also displayed in Table 2. Two representative examples of
these different behaviors are provided by Figure 2, where the
kobs vs [substrate] plots for the reactions of CumO• with
TMEDA (black circles) and TMBDA (white circles) in DMSO
containing 20 mM TFA are displayed.
The behavior observed in the reactions with EDA, TMMDA,

TMEDA, and PPZ can be explained in terms of the sequential
protonation equilibria described above (Scheme 2), clearly
indicating that also in DMSO TFA is sufficiently strong as an
acid (pKa(DMSO) = 3.45)22 to quantitatively protonate both
nitrogen centers of these substrates.
Although limited information is presently available on the

basicity of alkylamines in DMSO,22 and no data are available for
1,n-alkanediamines, useful information in this respect can be
obtained from the comparison of the available data with the
corresponding pKa values measured in water. It is well
established that in water and DMSO alkylamines are
characterized by similar pKa values.

25,26 DMSO is a significantly
stronger hydrogen bond acceptor (HBA) than water (as
measured by Abraham’s β2

H parameters: β2
H = 0.78 and 0.38

Scheme 2

Scheme 3
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for DMSO and H2O,
24 respectively) and in this solvent the

stabilization of an ammonium ion is expected to decrease by
decreasing the number of hydrogens. Accordingly, in DMSO,
within an alkylamine series, the pKa values increase in the order
tertiary < secondary < primary. Comparison between DMSO
and water shows in particular that primary amines are stronger
bases in DMSO than in water (for the corresponding
ammonium ions pKa(DMSO) − pKa(H2O) ∼ 0.5), whereas
tertiary amines, that in the protonated form display a single N−
H bond, are considerably weaker bases in DMSO than in water
(pKa(H2O) − pKa(DMSO) ∼ 2).25,26 Along these lines, the
availability of pKa values for 1,n-alkanediamines in water allows
a reliable prediction of the corresponding pKa values in DMSO.
As the pKa1 and pKa2 values of 1,n-alkanediamines are known

to increase with increasing n,22,27,28 the observation that TFA is
able to protonate both nitrogen atoms of EDA, TMMDA,
TMEDA, and PPZ (i.e., of the substrates characterized by the
lowest numbers of CH2 units between the two nitrogens)
clearly indicates that the same must also hold for PDA, BDA,
TMPDA, and TMBDA, a hypothesis that is confirmed by the
observation that in the reactions of these substrates with
CumO• in DMSO containing TFA, no significant increase in
kobs has been measured up to [substrate] ≅ 1/2[TFA].
As mentioned previously, at [substrate] > 1/2[TFA], the

doubly protonated diamine HR2N
+(CH2)nN

+R2H (R = H,
CH3) equilibrates with R2N(CH2)nNR2 and both species are
converted into the monoprotonated form R2N(CH2)nN

+R2H,
with the result that in the 1/2[TFA] < [substrate] ≤ [TFA]
range, for every added molecule of neutral diamine two
molecules of the monoprotonated diamine are formed. Thus,
for [TFA] = 20 mM, the slope of the kobs vs [substrate] plots in
the 10−20 mM range should be divided by a factor of 2 to
account for this equilibration. At [substrate] > [TFA],
R2N(CH2)nN

+R2H is present at constant concentration that
is equal to the concentration of TFA, and the slope of the kobs

vs [substrate] plot now reflects HAT from R2N(CH2)nNR2.
Also in this case the slope should be divided by a factor 2 to
account for the fact that as compared to R2N(CH2)nN

+R2H,
R2N(CH2)nNR2 is characterized by a double number of
activated α-C−H bonds. On the basis of this picture, the
linear increase in kobs observed in the reactions of CumO• with
PDA, BDA, TMPDA, and TMBDA in DMSO for [substrate] >
1/2[TFA] and extending to [substrate] > [TFA] clearly
indicates that with these substrates the C−H bonds that are α
to the nonprotonated nitrogen in the monoprotonated diamine
and the α-C−H bonds of the neutral diamine display the same
reactivity toward CumO•. In other words, it appears that in
DMSO C−H deactivation is no longer observed when the
protonated nitrogen center is separated from the neutral one by
more than two CH2 units, in contrast with MeCN where a
certain extent of remote C−H deactivation is still observed
when the two centers are separated by four CH2 units. DMSO
is characterized by a significantly higher HBA ability than
MeCN (β2

H = 0.78 and 0.44,24 respectively) and can stabilize
more efficiently through hydrogen bonding the ammonium
moiety thus reducing its electron withdrawing effect and
explaining the different reactivity patterns observed in these
two solvents.
The effect of TFA on the reaction of CumO• with DMPPZ,

previously studied in MeCN,10 has been also studied in DMSO,
the plots for which are displayed in Figure 3.

In contrast with the results obtained with all the other
substrates investigated, and with DMPPZ in MeCN,10 where
no significant variation in kobs has been measured up to
[substrate] ≅ 1/2[TFA]; under these conditions a linear
increase in kobs has been observed for [DMPPZ] ≤ [TFA]
(Figure 3, black circles) and, with a different slope, for
[DMPPZ] > [TFA] (Figure 3, white circles). The kH1 and kH2
values obtained from the slopes of these plots are also displayed
in Table 2. In aqueous solution, DMPPZ is characterized by the
following pKa values: pKa1 = 8.38 and pKa2 = 3.81.29 By taking
into account that in DMSO tertiary amines are characterized by

Figure 2. Plots of the observed rate constant (kobs) against
[Me2N(CH2)nNMe2] for the reactions of the cumyloxyl radical
(CumO•) with TMEDA (n = 2, black circles) and TMBDA (n = 4,
white circles) measured at T = 25 °C in an argon-saturated DMSO
solution containing 20 mM trifluoroacetic acid (TFA), by following
the decay of CumO• at 490 nm. From the linear regression analysis:
TMEDA, in the 10−20 mM [TMEDA] range: kH = 1.11 × 108 M−1

s−1, r2 = 0.9989; in the 20−29 mM [TMEDA] range: kH = 3.00 × 108

M−1 s−1, r2 = 0.9998. TMBDA, in the 10−24 mM [TMBDA] range: kH
= 2.76 × 108 M−1 s−1, r2 = 0.9970. The dashed lines highlight
[Me2N(CH2)nNMe2] of 10 and 20 mM.

Figure 3. Plots of the observed rate constant (kobs) against the
concentration of 1,4-dimethylpiperazine (DMPPZ) for reaction with
the cumyloxyl radical (CumO•) measured at T = 25 °C in an argon-
saturated DMSO solution containing 24 mM trifluoroacetic acid
(TFA), by following the decay of CumO• at 490 nm. From the linear
regression analysis, in the 0−20 mM [DMPPZ] range (black circles):
kH = 2.03 × 107 M−1 s−1, r2 = 0.9942; in the 23−30 mM [DMPPZ]
range (white circles): kH = 2.30 × 108 M−1 s−1, r2 = 0.9949.
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pKa values that are lower by approximately 2 units than those
measured in water,25,26 it clearly appears that under these
conditions double protonation of DMPPZ by TFA (for which
(pKa(DMSO) = 3.45) can occur to a limited extent, indicating
that the kH1 value measured for [DMPPZ] ≤ [TFA] (kH1 =
2.03 × 107 M−1 s−1) reflects HAT from the monoprotonated
form DMPPZH+. At [DMPPZ] > [TFA] the slope of the kobs
vs [DMPPZ] plot now reflects HAT from the α-C−H bonds of
the neutral substrate DMPPZ, as confirmed by the observation
that the kH2 value obtained in this concentration range (kH2 =
2.30 × 108 M−1 s−1) is very similar to the value measured in
DMSO in the absence of added acid (kH = 1.89 × 108 M−1 s−1).
As compared to DMPPZH+, DMPPZ is characterized by a
double number of activated α-C−H bonds, accordingly, after
statistical correction, comparison between kH1 and kH2 shows
that protonation of one basic site in DMPPZ leads to a 5-fold
decrease in HAT reactivity. The different behavior observed in
MeCN and DMSO can be instead explained on the basis of the
inversion in the pKa values for TFA and DMPPZ observed on
going from the former solvent to the latter one.
In conclusion, the results obtained in this study clearly show

that protonation of one or two nitrogen centers in diamines
provides a very useful tool for selective C−H deactivation
toward highly reactive oxygen centered radicals such as
CumO•. Strong deactivation of the C−H bonds that are α to
a nitrogen center is obtained following protonation and under
these conditions no reaction with CumO• is observed.
Protonation of one basic center directs radical attack to the
C−H bonds that are adjacent to the nonprotonated center that,
however, as compared to the neutral substrate, are deactivated
to a certain extent by the inductive effect of the remote positive
charge. This remote C−H deactivation can be modulated by
changing the number of methylene units between the two
centers and by varying the solvent hydrogen bond acceptor
ability. As C−H deactivation is the results of substrate
protonation, similar effects should be also observed in HAT
reactions from basic hydrogen atom donor substrates to other
radicals and radical-like species. These aspects are currently
under investigation in our laboratory.

■ EXPERIMENTAL SECTION
Materials. Spectroscopic grade acetonitrile and DMSO were used

in the kinetic experiments. 1,2-Ethanediamine (EDA), 1,3-propanedi-
amine (PDA), 1,4-butanediamine (BDA), N,N,N′,N′-tetramethylme-
thanediamine (TMMDA), N,N,N′,N′-tetramethyl-1,2-ethanediamine
(TMEDA), N,N,N′,N′-tetramethyl-1,3-propanediamine (TMPDA),
N,N,N′,N′-tetramethyl-1,4-butanediamine (TMBDA), piperazine
(PPZ), 1,4-dimethylpiperazine (DMPPZ), triethylamine, and N,N-
dimethylbutanamine were of the highest commercial quality available
and were used as received. The purity of the substrates was checked by
GC prior to the kinetic experiments and was in all cases >99%.
Trifluoroacetic acid (TFA) and dicumyl peroxide were of the highest
commercial quality available (≥99%) and were used as received.
Laser Flash Photolysis Studies. LFP experiments were carried

out with a laser kinetic spectrometer using the third harmonic (355
nm) of a Q-switched Nd:YAG laser, delivering 8 ns pulses. The laser
energy was adjusted to ≤10 mJ/pulse by the use of the appropriate
filter. A 3.5 mL Suprasil quartz cell (10 mm × 10 mm) was used in all
experiments. Argon-saturated acetonitrile or DMSO solutions of
dicumyl peroxide (1.0 M) were employed. In the experiments carried
out in the presence of TFA fixed concentrations of acid were used
([TFA] between 20 and 80 mM). All the experiments were carried out
at T = 25 ± 0.5 °C under magnetic stirring. The observed rate
constants (kobs) were obtained by averaging 2−5 individual values and
were reproducible to within 5%. Second order rate constant for the

reactions of the cumyloxyl radical with the different substrates in the
absence or presence of TFA were obtained from the slopes of the kobs
(measured following the decay of the cumyloxyl radical visible
absorption band at 490 nm) vs [substrate] plots.
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