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ABSTRACT: A kinetic study on the reactions of the
cumyloxyl radical (CumO•) with N-Boc-protected amino
acids in the presence of the strong organic base DBU has
been carried out. CO2H deprotonation increases the electron
density at the α-C−H bonds activating these bonds toward
HAT to the electrophilic CumO• strongly influencing the
intramolecular selectivity. The implications of these results are
discussed in the framework of HAT-based aliphatic C−H bond
functionalization of amino acids and peptides.

The selective functionalization of aliphatic C−H bonds is
currently a mainstream topic of organic chemistry and one

of the most investigated approaches to develop new synthetic
methodology.1−3 Among the available procedures, those based
on hydrogen atom transfer (HAT) to radical or radical-like
species have attracted considerable interest.4−7 Because the
majority of the HAT reagents employed in these procedures
display an electrophilic character, the highest reactivities have
been generally observed for HAT from electron-rich C−H
bonds.8 Accordingly, in substrates such as amines, ethers and
alcohols, functionalization selectively occurs at the most
electron rich C−H bonds, i.e., those that are α to the
heteroatom.9−11

Within this framework, medium effects have also emerged as
a powerful tool that has been successfully employed to alter
both reactivity and site-selectivity. Time-resolved kinetic studies
have provided a quantitative evaluation of the effect of
hydrogen bond donor (HBD) solvents and acid−base
interactions on HAT from the aliphatic C−H bonds of
amine, amide, and ether substrates to the electrophilic radical
cumyloxyl (PhC(CH3)2O

•, CumO•).12 An up to 4 order of
magnitude decrease in the second-order rate constant for HAT
(kH) has been measured on going from acetonitrile to a strong
HBD solvent such as 2,2,2-trifluoroethanol or following
addition of protic acids and alkali and alkaline earth metal
ion salts, with the effect being most pronounced for amine and
amide substrates. These interactions convert an electron-
donating group into a strong electron-withdrawing one,
inverting the polarity of the adjacent C−H bonds and
decreasing their reactivity toward electrophilic hydrogen atom
abstracting species. Following these guidelines, remote non-
directed aliphatic C−H bond functionalization of amine, amide,
ether, and alcohol substrates has been successfully achieved
following deactivation of the proximal C−H bonds via

hydrogen bonding, protonation, or Lewis acid complexation
at the nitrogen or oxygen center.13−17

On the basis of the deactivating effects described above, it
can be reasonably expected that in the reactions with an
electrophilic HAT reagent an increase in electron density at the
C−H bonds that are α to a functional group can produce an
opposite effect, namely an activation of these bonds toward
HAT, thus enforcing site-selectivity. This increase in electron
density can be achieved via hydrogen bonding to a HBD
functional group such as the OH group of a primary or
secondary alcohol or, more efficiently, by deprotonation of an
OH or CO2H group (Scheme 1, where A represents an
hydrogen bond acceptor (HBA) additive and Z = O, CO2).

This approach has been successfully exploited by MacMillan
for the selective functionalization of alcohol α-C−H bonds11

and by Studer for the development of a radical based procedure
for aromatic hydrodeiodination.18

Within this framework, α-amino acids can represent
preferential substrates for a detailed understanding of the role
of structural and medium effects on HAT from aliphatic C−H
bonds. With these substrates the electron density at the α-C−H
bond can be strongly influenced by the protonation state of
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Scheme 1. α-C−H Activation via Hydrogen Bonding or
Deprotonation

Letter

pubs.acs.org/OrgLettCite This: Org. Lett. XXXX, XXX, XXX−XXX

© XXXX American Chemical Society A DOI: 10.1021/acs.orglett.7b03948
Org. Lett. XXXX, XXX, XXX−XXX

pubs.acs.org/OrgLett
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.orglett.7b03948
http://dx.doi.org/10.1021/acs.orglett.7b03948


both the NH2 and CO2H groups as well as by introduction of
protecting groups (Scheme 2).

Thus, by promoting C−H bond activation or deactivation,
structural and medium effects are expected to influence both
reactivity and site-selectivity in the reactions of these substrates
with electrophilic HAT reagents, allowing discrimination
between C−H bonds at the α- and more remote side-chain
positions.
Previous studies on the reactions of protonated or N-

acetylated amino acids with electrophilic Cl• and HO• radicals
have shown that HAT predominantly occurs from remote side-
chain C−H bonds rather than from the weaker α-C−H bond.
This behavior has been explained on the basis of an early
transition state where polar effects determined by the presence
of the electron-withdrawing H3N

+ or AcNH groups deactivate
the proximal C−H bonds toward HAT.19 Full support of this
picture has been provided by computational studies that have
probed moreover the matching/mismatching effect of the
philicity of both the abstracting radical and C−H bond on
HAT.20 However, although some data on the effect of pH on
the reaction of HO• and tBuO• with amino acids and
oligopeptides are available,21 to the best of our knowledge,
no systematic study on the effect of carboxylic group
deprotonation on HAT reactivity and site-selectivity is
available. This is quite surprising if one considers in particular
that the synthesis of modified amino acids and peptides is
attracting increasing interest,22 and that HAT based procedures
for aliphatic C−H bond functionalization play an important
role in this respect.23−25

For this purpose, herein we report on the results of a time-
resolved kinetic study in acetonitrile on the effect of CO2H
deprotonation on HAT from the C−H bonds of a series of N-
tert-butoxycarbonyl (N-Boc)-protected amino acids to
CumO•.26 The following substrates have been investigated:
N-Boc-glycine (N-BocGlyOH), N-Boc-alanine (N-BocAlaOH),
N-Boc-valine (N-BocValOH), N-Boc-leucine (N-BocLeuOH),
N-Boc-proline (N-BocProOH), and N-Boc-phenylalanine (N-
BocPheOH). The study has been also extended to the
dipeptide N-Boc-glycilglycine (N-BocGlyGlyOH). The results
have been discussed in comparison with those obtained
previously for the corresponding reactions of CumO• with
the neutral form of the amino acids and of the dipeptide.27

Efforts have been initially made in order to select a suitable
organic base for deprotonation of the amino acid CO2H group
via UV−vis spectrophotometric titration. The base should be
soluble in acetonitrile both in the neutral and protonated form,
sufficiently strong to promote stoichiometric deprotonation of
the N-Boc-protected amino acids, and unreactive in its
protonated form toward CumO•. 1,8-Diazabicyclo[5.4.0]-
undec-7-ene (DBU) has been tested for this purpose (in
MeCN pKa = 24.34 for DBUH+).28,29 UV−vis titration of
MeCN solutions containing N-BocAlaOH and N-BocPheOH
have been carried out employing DBU as the deprotonating
base. The spectroscopic analysis displayed in the Supporting

Information (Figures S1−S4 and S5−S8 for N-BocAlaOH and
N-BocPheOH, respectively) shows that this base is strong
enough to promote stoichiometric deprotonation of both
amino acids and has been thus selected for the kinetic studies.
CumO• has been generated by 355 nm LFP of nitrogen-

saturated MeCN or DMSO solutions (T = 25 °C) containing
1.0 M dicumyl peroxide. Under these conditions, CumO•

displays a visible absorption band centered at 485 nm and
mainly decays through C−CH3 β-scission.30 The kH for
reaction of CumO• with DBU has been measured employing
the laser flash photolysis (LFP) technique, following the decay
of the CumO• visible absorption band as a function of [DBU].
By plotting the observed rate constants (kobs) against [DBU],
an excellent linear relationship has been observed and the kH
value has been obtained from the slope of this plot (Figure 1,
black circles).

The kH value measured in MeCN (kH = 1.14 ± 0.03 × 108

M−1 s−1) is in line with those measured previously under
analogous experimental conditions for the reactions of CumO•

with tertiary amines (kH = 1−3 × 108 M−1 s−1),31 where HAT
occurs from the α-C−H bonds. This observation strongly
supports the hypothesis that HAT from DBU predominantly
occurs from the most electron-rich C−H bond (Scheme 3,
left).
In the presence of 0.20 M TFA, no increase in kobs has been

observed up to [DBU] = [TFA] (Figure 1, gray circles), a
behavior that is indicative of stoichiometric DBU protonation

Scheme 2. Possible Modifications for α-C−H Activation and
Deactivation

Figure 1. Plots of the observed rate constant (kobs) against [DBU] for
the reactions of CumO• measured in nitrogen-saturated MeCN (black
circles) and MeCN containing 0.20 M TFA (gray and white circles) at
t = 25 °C following the decay of CumO• at 490 nm. From the linear
regression analysis, MeCN (black circles): kH = 1.17 × 108 M−1 s−1, r2

= 0.9967. MeCN + 0.20 M TFA (white circles, [DBU] > [TFA]): kH =
9.00 × 107 M−1 s−1, r2 = 0.9984.

Scheme 3. Effect of TFA on the Reaction of CumO• with
DBU
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by TFA and of strong C−H bond deactivation in DBUH+

toward HAT to CumO• (Scheme 3, right), as described
previously for the effect of TFA on the reactions of CumO•

with other tertiary amines.12 On the basis of this observation,
an upper limit to the rate constant for HAT from DBUH+ to
CumO• could be derived as kH < 5 × 104 M−1 s−1. For [DBU]
> [TFA], a linear increase in kobs with increasing [DBU] has
been observed (Figure 1, white circles), and a kH value for HAT
has been obtained as kH = 9.0 × 107 M−1 s−1, a value that is very
close to that measured in the absence of TFA indicating that
the measured value now reflects HAT from the nonprotonated
DBU. By increasing [TFA] to 1.0 M, no increase in kobs has
been observed up to [DBU] = [TFA] so that the upper limit to
the rate constant for HAT from DBUH+ to CumO• could be
lowered to kH < 104 M−1 s−1, indicating that protonation
determines a greater than 4-order of magnitude decrease in kH
for HAT from the C−H bonds of this substrate to CumO•.
The kH values for reaction of CumO• with the N-Boc-

protected amino acids have been measured analogously by LFP
in MeCN containing an equimolar amount of DBU. The
pertinent kobs vs [substrate] plots are displayed in the SI
(Figures S9−S14). The kH values thus obtained are collected in
Table 1. Also included in Table 1 are the corresponding kH
values measured previously in MeCN,27 and the rate constant
ratios kH(DBU)/kH.

Previous studies have shown that in the reaction of CumO•

with N-BocGlyOH, N-BocAlaOH, and N-BocValOH, HAT
occurs exclusively or almost exclusively from the α-C−H
bonds.27 When the reactions of CumO• with the same
substrates were studied in MeCN containing DBU, a ≥10-
fold increase in reactivity has been observed, quantified on the
basis of the kH(DBU)/kH ratios (kH(DBU)/kH = 11.1, 9.8 and
16.6 for N-BocGlyOH, N-BocAlaOH, and N-BocValOH,
respectively). This behavior can be rationalized on the basis
of an increase in electron density at the α-C−H bonds
determined by CO2H deprotonation that leads to a
corresponding increase in kH for HAT from the α-C−H
bonds of these amino acids to the electrophilic CumO•.
Smaller activating effects have been instead observed in the

reactions of N-BocLeuOH, N-BocProOH, and N-BocPheOH,
for which kH(DBU)/kH = 4.0, 4.4, and 6.3, respectively.
Previous studies have shown that in the reaction of CumO•

with N-BocLeuOH, competitive HAT from the α- and γ-C−H
bonds occurs.27 With N-BocProOH, HAT predominantly
occurs from the δ-C−H bonds,32 a behavior that has been
explained on the basis of the contribution of activating and
deactivating polar effects exerted by the carbamate nitrogen and
carboxylic group, respectively (Scheme 4, top).27

Comparison between the kH values measured previously for
reaction of CumO• with N-BocGlyOH, N-BocAlaOH, and N-
BocValOH (kH = 2.0 × 105 (statistically corrected for the
number of hydrogens at Cα), 2.76 × 105, and 1.99 × 105 M−1

s−1, respectively) that, as mentioned above, undergo HAT
exclusively or almost exclusively from the α-C−H bonds, with
the value measured in this study for the corresponding reaction
of N-BocPheOH (kH = 3.2 × 105 M−1 s−1), indicates that with
the latter amino acid competitive HAT from the α-C−H and
benzylic β-C−H bonds occurs. Along these line, the lower
kH(DBU)/kH ratios measured for N-BocLeuOH, N-Boc-
ProOH, and N-BocPheOH as compared to N-BocGlyOH, N-
BocAlaOH, and N-BocValOH reflect again CO2H deprotona-
tion promoted by DBU, where, however, the activating effect
will now be mainly directed toward the most adjacent hydrogen
atom donor site of the former amino acids (Scheme 4, bottom),
i.e., the α-C−H bond, influencing to a lesser extent the
reactivity of the remote hydrogen atom donor site (namely the
γ-C−H bond of N-BocLeuOH, δ-C−H bonds of N-
BocProOH, and β-C−H bonds of N-BocPheOH), thus
changing the relative reactivity of the two sites and altering
the intramolecular selectivity.
In order to probe this mechanistic picture, we have extended

the kinetic study to the reaction of CumO• with the dipeptide
N-BocGlyGlyOH that in DMSO has been previously shown to
undergo competitive HAT from the α-C−H bonds of the two
glycine residues with kH = 5.8 × 105 M−1 s−1.27 In the presence
of DBU, a 6-fold increase in kH has been measured (kH = 3.5 ×
106 M−1 s−1), indicative of a change in the relative reactivity of
the two hydrogen atom donor sites, with HAT that now
predominantly occurs from the α-C−H bonds of the C-
terminal glycine residue, in full agreement with the reactivity
and selectivity patterns discussed above for the reactions of N-
BocLeuOH, N-BocProOH, and N-BocPheOH.
Taken together, these results clearly show that deprotonation

of the carboxylic acid group of amino acids and dipeptides can
be successfully employed for α-C−H bond activation toward
electrophilic hydrogen atom abstracting species. Kinetic effects
that can exceed 1 order of magnitude have been measured,
showing moreover that these activating polar effects can
strongly influence the intramolecular selectivity. The vast
majority of the available HAT-based procedures for aliphatic

Table 1. Second-Order Rate Constants (kH) for Reaction of
the Cumyloxyl Radical (CumO•) with N-Boc Protected
Amino acids, Measured in MeCN at t = 25 °C.a

substrate [DBU]b (M) kH (M−1 s−1) kH(DBU)/kH

N-BocGlyOH 3.96 ± 0.05 × 105c

0.50 4.4 ± 0.2 × 106 11.1
N-BocAlaOH 2.76 ± 0.02 × 105c

0.50 2.7 ± 0.2 × 106 9.8
N-BocValOH 1.99 ± 0.02 × 105c

0.50 3.30 ± 0.03 × 106 16.6
N-BocLeuOH 5.9 ± 0.2 × 105c

0.50 2.35 ± 0.03 × 106 4.0
N-BocProOH 2.51 ± 0.08 × 106c

0.20 1.1 ± 0.1 × 107 4.4
N-BocPheOH 3.2 ± 0.3 × 105

0.40 2.0 ± 0.2 × 106 6.3
aExperiments carried out at [substrate] = [DBU]. bInitial concen-
tration. cReference 27.

Scheme 4. Effect of CO2H Deprotonation on HAT from N-
BocProOH
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C−H bond functionalization of amino acids and peptides have
been carried out on substrates protected at the terminal CO2H
group.23−25 The results reported herein indicate, however, that,
where applicable, deprotonation of this group can represent a
powerful tool to implement reactivity and site-selectivity in
these processes.
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