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ABSTRACT: The selective functionalization of unactivated aliphatic C—
H bonds over intrinsically more reactive ones represents an ongoing
challenge of synthetic chemistry. Here we show that in hydrogen atom

.
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transfer (HAT) from the aliphatic C—H bonds of alkane, ether, alcohol,
amide, and amine substrates to the cumyloxyl radical (CumO®) fine

control over site and substrate selectivity is achieved by means of acid—

HOCH,(CH,)sCHNH, HOGH(CHz)sCH,NH3

base interactions. Protonation of the amines and metal ion binding to
amines and amides strongly deactivates the C—H bonds of these

substrates toward HAT to CumO°®, providing a powerful method for
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activation activation
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selective functionalization of unactivated or intrinsically less reactive C—H

bonds. With S-amino-1-pentanol, site-selectivity has been drastically changed through protonation of the strongly activating NH,
group, with HAT that shifts to the C—H bonds that are adjacent to the OH group. In the intermolecular selectivity studies,
trifluoroacetic acid, Mg(ClO,),, and LiClO, have been employed in a orthogonal fashion for selective functionalization of alkane,
ether, alcohol, and amide (or amine) substrates in the presence of an amine (or amide) one. Ca(ClO,),, that promotes
deactivation of amines and amides by Ca®* binding, offers, moreover, the opportunity to selectively functionalize the C—H bonds
of alkane, ether, and alcohol substrates in the presence of both amines and amides.

B INTRODUCTION

C—H bond functionalization is currently a mainstream topic of
synthetic chemistry and one of the most investigated
approaches to develop new synthetic methodology.'
Functionalization of aliphatic C—H bonds generally proceeds
at the most reactive center of an organic substrate. Accordingly,
the development of selective functionalization procedures that
are able to overcome the inherent or innate reactivity of
different C—H bonds, i.e., procedures that occur selectively at
an unactivated aliphatic C—H bond over a functional group or a
C—H bond that is activated by an adjacent functional group,
represents one of the major challenges of modern synthetic
organic chemistry. Among the available procedures, the use of
bulky transition-metal-based catalysts that are able to
discriminate between different C—H bonds on the basis of
sterical accessibility is emerging as a convenient strategy for
selective functionalization of primary and secondary unac-
tivated aliphatic C—H bonds™® and of methane over alkane and
cycloalkane substrates.”® Great interest has been also attracted
by directing group strategies, where site-selectivity is achieved
through binding of a transition-metal catalyst or an organic
activator group to a substrate functionality.” "' The need for
covalent installation and removal of the directing group
generally represents, however, a major drawback of this
strategy. An alternative approach is provided by enzymatic
and biomimetic C—H bond oxidations, where substrate
positioning via specific noncovalent interactions and steric
effects can promote site-selective C—H functionalization.'>~>°
Availability, stability, and substrate specificity of the enzymes
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and metal-based catalysts limit, however, the applicability of this
approach.

Deactivating polar effects can be also employed to control
site-selectivity. In aliphatic C—H bond functionalization
procedures based on hydrogen atom transfer (HAT) to radical
or radical-like species, the main factor that governs HAT
reactivity is represented by bond strengths, but other factors
such as steric, stereoelectronic, strain release, and polar effects
have also been shown to play an important role.”’ ™ As a
consequence of the electrophilic nature of the majority of the
hydrogen atom abstraction reagents employed,”* functionaliza-
tion generally occurs at the more electron-rich C—H bonds
(ie., the C—H bonds that are a to a heteroatom in substrates
such as amines, amides, alcohols, and ethers or C—H bonds
that are remote from an electron-withdrawing
group).”' 791793728 Along this line, remote, undirected
aliphatic C—H functionalization of amine substrates has been
successfully achieved following deactivation of the proximal C—
H bonds via protonation or Lewis acid complexation at the
nitrogen center.”” > These acid—base interactions convert an
activating electron-donating group into a strong electron-
withdrawing and deactivating group, inverting the polarity of
the adjacent C—H bonds and decreasing their reactivity toward
electrophilic hydrogen atom abstracting reagents.”””® Most
importantly, in these reactions site-selectivity is achieved by
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means of cheap and easily available Bronsted and Lewis acidic
additives.

Within this framework, recent studies have provided a
quantitative evaluation of the a-C—H bond deactivation of
basic substrates toward a genuine and electrophilic HAT
reagent such as the cumyloxyl radical (PhC(CH;),0°, CumO®)
determined by acid—base interactions. Transient kinetic and
computational studies have shown that in acetonitrile solution
protonation or Mg** complexation leads to a >4-order of
magnitude decrease in the rate constant for HAT (ky) from the
a-C—H bonds of aliphatic amines to CumO®.”>~* Strong
deactivating effects have been also observed in the presence of
Ca*",*® whereas significantly weaker effects have been observed
when the same reactions have been carried out in the presence
of Li*, quantified on the basis of a ~2-fold decrease in ky.*

C—H bond deactivation has been also observed in the
reactions of CumO® with tertiary alkanamides following
addition of alkali and alkaline earth-metal ions.”” Strong C—
H deactivation has been observed in acetonitrile solution after
addition of Li* and Ca?*, where in particular the latter metal ion
has been observed to promote deactivation of up to four
substrate equivalents. A significantly weaker deactivation has
been instead observed in the presence of Mg**, quantified on
the basis of a ~3-fold decrease in ky.

With aliphatic ethers, no significant effect on ki for HAT to
CumO® has been observed after addition of a Brensted acid
such as trifluoroacetic acid (TFA).>*" A <3-fold decrease in ky
has been instead measured when the corresponding reactions
have been carried out in the presence of Li* or Mg*",>” in line
with the relatively weaker Lewis basicity of ethers as compared
to amines and amides.

This behavior has been explained in terms of protonation or
metal ion (M™") binding to the basic center of these substrates.
These interactions increase the bond dissociation enthalpy of
the a-C—H bonds,””* decreasing the electron density of these
bonds and of the product radical, leading to a destabilization of
the HAT transition state and to an overall a-C—H bond
deactivation toward CumO® (Scheme 1, showing the effect of
metal ion binding on HAT from a tertiary alkylamine to
CumO®) 23334

Scheme 1
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Taken together, these results clearly show that C—H
deactivation can be modulated varying the Brensted or Lewis
basicity of the substrate as well as the nature and strength of the
acid, allowing for careful control over the HAT reactivity of
basic substrates toward alkoxyl (and, more generally, electro-
philic) radicals. Comparison between the results obtained with
the different substrates shows that deactivation of C—H bonds
that are proximal to amine or amide functionalities toward
HAT to electrophilic radicals can be achieved through

9270

protonation or proper selection of the added alkali or alkaline
earth-metal ion. Most importantly, these results suggest that
this approach can provide a method for site-selective C—H
bond functionalization of substrates bearing functionalities
characterized by different basicities (intramolecular selectivity,
Scheme 2) or for selective functionalization of an aliphatic or a

Scheme 2

intramolecular selectivity
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weakly basic substrate (alkane, ether, alcohol) in the presence
of a more basic and intrinsically more reactive amine and/or
amide substrate (intermolecular selectivity, Scheme 3). These
possibilities appear of great interest in the framework of the
development of synthetically useful selective C—H functional-
ization procedures based on HAT to electrophilic hydrogen
atom abstracting species.

Within this framework, in order to address these issues and
to obtain information on the effect of Bronsted and Lewis acids
on the intermolecular HAT selectivity, detailed transient kinetic
studies on the reactions of CumO® with a variety of selected
substrate couples and triads have been carried out. The
following substrates have been chosen for this purpose:
cyclooctane (COT), dibenzylether (DBE), tetrahydrofuran
(THF), cyclohexanol (CHXOH), N,N-dimethylacetamide
(DMA), cyclohexylamine (CHXNH,), triethylamine (TEA),
and 1,2,2,6,6-pentamethylpiperidine (PMP).

B RESULTS AND DISCUSSION

In these studies, CumO® has been generated by 355 nm laser
flash photolysis of acetonitrile solutions containing the parent
dicumyl peroxide, and the second-order HAT rate constants
(ki) have been obtained from the slope of the observed rate
constant (k) vs [substrate] plots, where in turn the k, values
have been measured following the decay of the CumO?® visible
absorption band (A, = 485 nm)” at the different substrate
concentrations. Most importantly, this laser flash photolysis
approach can provide direct and reliable information on the
HAT process, without complications generally associated with
indirect information extracted from catalytic procedures, where
multiple steps are involved and overfunctionalization can be
observed, often leading to mass balance problems, and partially
masking the intrinsic HAT selectivity.

It is well-established that with the chosen substrates, HAT to
alkoxyl radicals predominantly occurs from the a-C—H bonds
of ethers, alcohols, and amines*’ and from the N-methyl groups
of DMA.*' The ky; values measured in acetonitrile solution at T
=25 °C, for reaction of CumO® with the hydrogen atom donor
substrates employed in this study are collected in Table 1.
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Table 1. Second-Order Rate Constants (k) for Reaction of
CumO* with Different Hydrogen Atom Donor Substrates
Measured in Acetonitrile at T = 25 °C

kH (M—l s—l)a
(32 £ 0.1) x 10®
(5.8 + 0.1) x 10%
(5.62 + 0.02) x 10"
(2.66 + 0.05) x 10°°
(147 + 0.02) x 10"
(2.1 £ 0.1) x 107"
(2.0 + 0.1) x 10%
(1.70 + 0.02) x 10*7

substrate

cyclooctane (COT)

tetrahydrofuran (THF)

dibenzyl ether (DBE)

cyclohexanol (CHXOH)

N,N-dimethylacetamide (DMA)

cyclohexylamine (CHXNH,)

triethylamine (TEA)

1,2,2,6,6-pentamethylpiperidine (PMP)
“The given values are the average of at least two independent kinetic

experiments. “This work. “Ref 42. “Ref 40d.

TFA has been used as Bronsted acid for quantitative
protonation of the amine substrates, while LiClO,, Mg(ClO,),,
and Ca(ClO,), have been used for metal-ion binding to the
amine and/or amide substrates. Substrate couples and acid
additives have been chosen in such a way as to determine
selective C—H bond deactivation of one substrate via
protonation (amine) or metal ion complexation (amine or
amide) over a second hydrocarbon, ether, alcohol, amide, or
amine substrate. The HAT reactivity of substrate triads has

been studied exclusively in the presence of Ca(ClO,),, and the
triads have been chosen in such a way as to determine selective
deactivation of two substrates via metal ion complexation
(amine and amide), over a third hydrocarbon or ether
substrate.

Kinetic studies have been complemented by product analysis
of the reactions of CumQO® with COT and DBE, where the
intermolecular selectivity has been studied carrying out the
reactions in the presence of an amine substrate such as PMP
and of a stoichiometric amount of TFA. In these studies,
CumO® has been generated by visible light irradiation of
dichloromethane solutions containing cumyl alcohol
(CumOH), (diacetoxyiodo)benzene (DIB), and iodine (I,).*

Information on the effect of TFA on the intramolecular HAT
selectivity has been obtained through a detailed transient
kinetic study in acetonitrile solution on the reactions of CumO*®
with S-amino-1-pentanol (APOH), with comparison to the
corresponding reactions with pentane (PentH), l-pentanol
(PentOH), and 1-aminopentane (PentNH,).

Intermolecular Selectivity. Starting from the study of the
reactions of CumO® with COT, a representative saturated
hydrocarbon substrate, the following ky value has been
measured in acetonitrile, from the slope of the k., vs [COT]
plot: ky = (32 + 0.1) x 10° M™' 57" (Figure lab, black
circles). The intercept of this plot mostly reflects the
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Figure 1. Plots of k, vs [cyclooctane] for reaction with the cumyloxyl radical (CumO®). (a) In acetonitrile (black circles) and in acetonitrile
containing: (i) 0.1 M CHXNH, (white circles); (ii) 0.01 M PMP (red circles); (iii) 0.01 M PMP and 0.2 M DMA (green circles). (b) In acetonitrile
(black circles) and in acetonitrile containing: (i) 0.1 M CHXNH, and 0.1 M TFA (white circles); (ii) 0.01 M PMP and 0.01 M Mg(ClO,), (red
circles); (iii) 0.01 M PMP, 0.2 M DMA, and 0.2 M Ca(ClO,), (green circles). From the linear regression analysis: in acetonitrile, ky; = (3.2 + 0.1) X

10° M~ 574 () (i) ky = (3.05 £ 0.06) X 10° M~

s74 (i) ky = (3.2 £ 0.1) x 106 M~ 57 (iii) ky = (3.30 + 0.05) X 10° M ! 57, (b) (i) ky = (3.19

+0.05) X 10° M 57 (ii) kyy = (3.1 £ 0.1) X 10° M™* s7%; (iii) kyy = (3.40 + 0.04) X 10° M™' 5™, The different intercepts observed in graph (b)

reflect the effect of the acid additive on the CumQO® f-scission rate constant.””
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contribution from C—CHj f-scission in CumO®.*”* Negligible

effects on kyy have been observed after addition of 0.1 M TFA,
0.6 M LiClO,, or 0.2 M Ca(ClO,), (Supporting Information
(SI), Figure S1). No significant effect on ky has been also
observed when the reaction has been studied in the presence of
(i) 0.1 M CHXNH, (Figure 1a, white circles), (ii) 0.01 M PMP
(red circles), and (iii) 0.01 M PMP and 0.2 M DMA (green
circles). As compared to acetonitrile, the significantly higher
values of the intercepts for the kg, vs [COT] plots reflect the
kinetic contribution of HAT from the a-C—H bonds of the
added amines (CHXNH, and PMP) and from the N-methyl
groups of DMA, clearly indicating that under these conditions,
competitive HAT from COT and from the added amine and
amide substrates occurs.

Almost identical ky; values have been measured when the
same reactions have been carried out in the presence of
Bronsted and Lewis acid additives, namely (i) 0.1 M CHXNH,
and 0.1 M TFA (Figure 1b, white circles), (ii) 0.01 M PMP and
0.01 Mg(ClO,), (red circles), and (iii) 0.01 M PMP, 0.2 M
DMA and 0.2 M Ca(ClO,), (green circles), where, however, a
sharp decrease in the intercepts of the kg, vs [COT] plots has
been observed.” In particular, the different intercepts observed
in Figure 1b reflect the effect of the acidic additive on the
CumO® f-scission rate constant (see for comparison the
pertinent k., vs [COT] plots displayed in Figure S1).>**"*

The almost identical slopes observed for the kg, vs [COT]
plots under these diverse experimental conditions and, most
importantly, the sharp decrease in intercept clearly show that
protonation of CHXNH, by TFA, Mg** binding to PMP, and
Ca’ binding to PMP, and DMA can promote strong
deactivation of the C—H bonds of these substrates, with
HAT to CumO°® that now exclusively occurs from COT,
despite of the fact that the a-C—H bonds of CHXNH, and
PMP are significantly more reactive toward CumO® (ky = 2.1 X
107 and 1.7 X 10®° M™" s7', respectively), while the a-C—H
bonds of DMA display a comparable reactivity (ky = 1.47 X 10°
M s7!). A representative example is displayed in Scheme 4,

>Q< Mg(CIO4), > + >@<
(2-8)' ¢

|
CH, Mg CHs
CumO'J kn CumOy

PMP

Scheme 4

O :
COoT

where, according to the plot displayed in Figure lab (red
circles) for the reaction of CumO® with COT and PMP, the
effect of added Mg** on the intermolecular HAT selectivity is
shown.

Additional experiments where the concentration of COT has
been initially varied, followed by a concentration variation of
other hydrogen atom donor substrates [(i) PMP, (ii) DMA and
PMP, (iii)) DMA, (iv) CHXNH,], by addition of a Lewis or
Brensted acid [(i) Mg(ClO,),, (ii) Ca(ClO,),, (iii) LiClO,,
(iv) TFA)], and by a second variation in [COT], fully support
this mechanistic picture (Figures 2a,b, S3, and S4, respectively).

Competitive HAT from the C—H bonds of the different
substrates is initially observed, evidenced by the change in slope
of the k, vs [substrate] plots that accompanies addition of the
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different substrates (points 1—2 and points 1—3 in Figure 2a,b,
respectively). Successive addition of the Brensted or Lewis acid
(marked with # in Figure 2a,b, and indicative of the addition of
Mg(ClO,), and Ca(ClO,),, respectively) deactivates the basic
amine and/or amide substrates by protonation or metal ion
binding, as clearly shown by the sharp decrease in k,, observed
following addition. The increase in reactivity observed in the
last concentration range reflects selective HAT from COT to
CumO?®, as evidenced by the very similar slopes (i.e., ki values)
measured in the first and last region of the k, vs [substrate]
plots (points 3 and 4 in Figure 2ab, respectively). A
representative example is shown in Scheme 5, where, according
to the plots displayed in Figure 2a, the effect of sequential
addition of COT, PMP, Mg(ClO,),, and COT on the reaction
with CumO?® is shown.

Product studies on the reaction of CumO® with COT have
been also carried out following visible light irradiation (30—120
min) of argon saturated dichloromethane solutions containing
COT (0.4—1.0 M), CumOH (0.10 M), DIB (022 M), and I,
(0.11 M). Formation of cyclooctyl acetate (COTOAc) and
acetophenone (AcPh) as the exclusive reaction products has
been observed. Both COTOAc and AcPh increase with
increasing irradiation time, whereas an increase in substrate
concentration from 0.4 to 1.0 M leads to a 3-fold increase in the
COTOACc/AcPh ratio. These results can be accounted for on
the basis of the competitive pathways described in Scheme 6,
where AcPh derives from C—CHj fB-scission in the first formed
CumO?* (path a),””* whereas the formation of COTOACc can be
explained in terms of the acetolysis of cyclooctyl iodide, formed
following HAT from COT to CumO® (path b) and reaction of
the cyclooctyl radical thus formed with I, (path c), clearly
indicating that COTOAc represents the exclusive product
deriving from the HAT pathway. On the basis of this picture, an
increase in [COT] will increase the relative importance of the
bimolecular HAT pathway over the unimolecular f-scission
one.

By carrying out the reaction in the presence of PMP (0.05—
0.10 M) and of a stoichiometric amount of TFA, the same
product distribution has been observed, and quantitative
recovery of PMP has been obtained after workup. This result
is again indicative of the strong deactivation toward HAT of the
a-C—H bonds of PMP determined by protonation, in full
agreement with the mechanistic picture discussed above.

Moving to representative ether substrates such as THF and
DBE, the following ky values have been measured in
acetonitrile after reaction with CumO®: ky = (5.8 + 0.1) X
10° and (5.62 + 0.02) X 10° M~ 57, respectively. Negligible
effects on ky have been observed after addition of 0.1 M
TFA* or 02 M Ca(ClO,), (Figure SS), whereas a <3-fold
decrease in ky has been measured after addition of 1.0 M
LiClO, or Mg(ClO4)2.33 No significant effect on ky has been
also observed when the reaction with THF has been studied in
the presence of (a) 0.1 M CHXNH, and TFA, (b) 0.2 M PMP
and TFA, (c) 0.2 M TEA and TFA, and (d) 0.01 M PMP and
Mg(ClO,), (Figure S6) and when the reaction with DBE has
been studied in the presence of (a) 0.2 M PMP and TFA, (b)
0.2 M TEA and TFA, (c) 0.5 M TEA and TFA, and (d) 0.01 M
PMP, 0.2 M DMA, and 0.2 M Ca(ClO,), (Figure S7). These
results clearly indicate that also under these conditions,
protonation of the amine substrates (CHXNH, PMP and
TEA) by TFA, Mg** binding to PMP, and Ca®* binding to
PMP, and DMA promotes strong deactivation of the C—H

DOI: 10.1021/acs.joc.6b01842
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Figure 2. Plots of k, vs [substrate] for reaction with the cumyloxyl radical (CumO®) in acetonitrile, following sequential addition of: (a) COT
(black circles), PMP (red circles), Mg(ClO,), and COT (black circles); (b) COT (black circles), DMA (red circles), PMP (green circles),
Ca(ClO,), and COT (black circles). From the linear regression analysis: (a) kyy; = 3.51 X 10° M~ s74, kyp, = 1.36 X 10° M~ 571, kyy; = 3.38 X 10°
M s7h(b) kygy = 3.30 X 10° M 57 kypy = 1.92 X 10° M1 57 Ky = 1.87 X 105 M™! s7%, kyy, = 4.64 X 106 M~' 571, In (b), the shift in the intercept

of the first and fourth plot (black circles) reflects the effect of Ca(ClO,), on the CumO® f-scission rate constant.
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bonds of these substrates, with HAT to CumO?® that selectively
occurs from THF or DBE.

The same reactivity pattern has been observed in experi-
ments where the concentration of THF or DBE has been
initially varied, followed by a sequential concentration variation
of other hydrogen atom donor substrates, by addition of a
Bronsted or Lewis acid, and by a second variation in the
concentration of the ether substrate (for THF: (i) TEA and
TFA (Figure 3a); for DBE: (i) DMA, PMP and Ca(ClO,),
(Figure 3b); (ii) PMP and TFA (Figure S8)) and in
experiments where, starting from an acetonitrile solution
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containing the Lewis acid, the concentration of the ether
substrate has been initially varied, followed by a concentration
variation of other hydrogen atom donor substrates and by a
second variation in the concentration of the ether substrate (for
THEF, starting from an acetonitrile solution containing 0.6 M
LiClO,: DMA (Figure S9); for DBE, starting from an
acetonitrile solution containing 0.2 M Ca(ClO,),: DMA and
PMP (Figure S10).

When the sequential concentration variation of the hydrogen
atom donors (points 1—2 and 1-3 in Figure 3a,b, respectively)
has been followed by addition of the Bronsted or Lewis acid
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Figure 3. Plots of kg, vs [substrate] for reaction with the cumyloxyl radical (CumO®) in acetonitrile, following sequential addition of: (a) THF
(black circles), TEA (red circles), TFA and THF (black circles); (b) DBE (black circles), DMA (red circles), PMP (green circles), Ca(ClO,), and
DBE (black circles). From the linear regression analysis: (a) kyy; = 6.08 X 10° M~ s7%; kyy = 2.10 X 108 M~ 575 kyyy = 6.48 X 10° M~ s7% (b) Ky =
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fourth plot (black circles) reflects the effect of Ca(ClO,), on the CumO® f-scission rate constant.>”*
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(marked with # in Figure 3a,b, and indicative of the addition of
TFA and Ca(ClO,),, respectively), competitive HAT from the
C—H bonds of the different substrates has been initially
observed. Protonation deactivates the amine substrates while
Ca** binding deactivates both the amine and amide substrates,
as clearly shown by the sharp decrease in k., observed
following addition of TFA and Ca(ClO,),. The increase in
reactivity observed in the last concentration range (points 3 and
4 in Figure 3a,b, respectively) reflects in both cases selective
HAT from THF or DBE to CumO?®. A representative example
is shown in Scheme 7, where, according to the plots displayed
in Figure 3b, the effect of sequential addition of DBE, DMA,
PMP, Ca(ClO,),, and DBE on the reaction with CumO® is
shown.

‘When the sequential concentration variation of the hydrogen
atom donors has been carried out on an acetonitrile solution
containing the Lewis acid, the linear increase in reactivity
observed in the first and last concentration range reflects
selective HAT from the ether substrate to CumO®, as
evidenced by the very similar slopes measured in these regions
for the kg, vs [substrate] plots (Figures S9 and S10). The
negligible effect on reactivity observed after addition of DMA
(in the reaction carried out in the presence of LiClO,: Figure
S9) or after addition of DMA and PMP (in the reaction carried
out in the presence of Ca(ClO,),: Figure S10) is instead
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indicative of the strong C—H bond deactivation of these
substrates determined by metal ion binding.

Product studies on the reaction of CumO® with DBE (for
details see the SI) have shown the formation of benzaldehyde
and benzyl alcohol as the exclusive products deriving from
HAT from the benzylic C—H bonds of this substrate,
accompanied by acetophenone (AcPh) formed following
CumO?® f-scission. When the reaction with CumO® has been
carried out in the presence of 0.10 M PMP and 0.10 M TFA,
formation of the same products and quantitative recovery of
PMP has been observed, providing an additional example of the
selective deactivation toward HAT of the C—H bonds of a
more basic and intrinsically more reactive amine substrate over
an ether substrate determined by protonation.

Additional experiments on the reactions of CumO® with
selected substrate couples have shown moreover that selective
C—H bond deactivation of an amine (TEA or PMP) or amide
(DMA) substrate over an alcohol (CHXOH), amide (DMA),
or amine (PMP) one can be successfully achieved following
addition of TFA, Mg(ClO,),, or LiClO,. The k,, vs [substrate]
plots showing selective deactivation of DMA over CHXOH and
of DMA over PMP by LiClO, addition; of PMP over DMA,
TEA over DMA, and TEA over CHXOH by TFA addition; of
PMP over DMA, and PMP over CHXOH by Mg(ClO,),
addition, are displayed in Figures S11—S17, respectively. The
results obtained in the present study on the effect of Bronsted
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and Lewis acidic additives on the intermolecular HAT
selectivity for reactions of CumO® with hydrogen atom donor
substrate couples and triads are summarized in Table 2.

Table 2. Effect of Bronsted and Lewis Acidic Additives on
the Intermolecular HAT Selectivity for Reactions of CumO®
with Hydrogen Atom Donor Substrate Couples and Triads

strong C—H bond deactivation

additive for selective HAT from
H' amine alkane, ether (alcohol), amide
Mg* amine alkane, ether (alcohol), amide
Li* amide alkane, ether (alcohol), amine
Ca** amine and amide alkane, ether (alcohol)

Intramolecular Selectivity. In order to obtain information
on the role of acid—base interactions on the intramolecular
HAT selectivity, the effect of TFA on the reaction of CumO®
with S-amino-1-pentanol (APOH) has been investigated by
laser flash photolysis. As a matter of comparison the
corresponding reactions of CumO® with pentane (PentH), 1-
pentanol (PentOH), and 1l-aminopentane (PentNH,) have
been also studied. The ky; values thus obtained are collected in
Table 3. The pertinent k, vs [substrate] plots are displayed in
Figure S18.

Table 3. Second-Order Rate Constants (ky, M~ s7) for
Reaction of CumO® with Pentane Derivatives Measured in
Acetonitrile at T = 2§ °C

NN AAOH A AUNH,  HO A _A~UNH,
PentH PentOH PentNH, APOH
ke (3.120.1) x 10°  (1.4620.07) x 10°  (1.5520.02) x 107 (1.58+0.02) x 10’
kn(rel) 1 4.7 50 51

By taking into account that the C—H bonds of unactivated
methyl groups display an extremely low reactivity toward
alkoxyl radicals (ki;(CH;) < 1.3 X 10* M~ s7' per methyl
group),™ it can be reasonably concluded that the ky value
measured for reaction of CumO® with PentH (ky = 3.1 X 10°
M s7") mostly reflects HAT from the methylene groups. On
the basis of this observation, the ~5-fold increase in ky
measured on going from PentH to PentOH clearly indicates
that with the latter substrate HAT predominantly occurs from
the CH, that is a to the OH group. Along the same line, the
~50-fold increase in ky measured on going from PentH to
PentNH, and APOH indicates that with the latter two
substrates HAT almost exclusively occurs from the CH, that
is o to the NH, group, in full agreement with the results of
previous studies on the reactions of alkylamines with alkoxyl
radicals.* ™%

As compared to acetonitrile, when the reactions of CumO®*
with the same substrates have been studied in acetonitrile
containing 0.2 M TFA, no significant effect on ky has been
observed for PentH, and a slight decrease in ky has been
measured for PentOH (ky = (1.08 + 0.03) x 10° M™' s7
Figure S19), quantified on the basis of the rate constant ratio
ky/kg(TEA) = 1.35. On the other hand, when the reaction of
CumO°® with PentNH, has been studied in the presence of
TFA (0.1-1.0 M), no significant effect on reactivity has been
observed up to [PentNH,] = [TFA] (Figure 4, region 1: black
circles), indicating that in this concentration range, only an
upper limit to ky can be determined as kyy; < 10* M™! 7%
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Figure 4. Plot of k,, vs [pentylamine] for reaction with CumO® in
MeCN containing 0.10 M TFA. From the linear regression analysis:
for [PentNH,] < [TFA] (black circles), by taking into account that for
[TFA] = 0.1-1.0 M, no effect on kg, has been observed up to
[PentNH,] = [TFA], ky;, < 10* M~ s7%; for [PentNH,] > [TFA] (red
circles) ky, = 122 x 10" Mt s7L

Clearly, under these conditions protonation of the amine
functionality strongly deactivates the a-C—H bonds (Scheme
8), leading to a decrease in reactivity that exceeds 3 orders of
magnitude (ky/ky(TFA) > 10°).

Scheme 8

[PentNH,] < [TFA] [PentNHo] > [TFA]

+
/\/\/NH3 ~ /\/\/NH2
+H*

PentNH5;* PentNH,
CumO. Kn1 CumO ° Ku2

Kuq <10* M s /\/\./NHZ

[ kuz=1.22x 10" M"'s"")

Most interestingly, comparison of this upper limit with the
ki value measured in acetonitrile for PentH (ky = 3.1 x 10°
M~ s7') shows that with PentNH,, the strong deactivating
polar effect determined by protonation extends up to the 6-
methylene group, for which ki;(CH,) < 10* M~" s\,

For [PentNH,] > [TFA] a linear increase in k,, with
increasing [PentNH,] has been observed (Figure 4, region 2:
red circles), leading to a rate constant value (ky, = 1.22 X 107
M™' s7') that is very similar to the value measured in
acetonitrile in the absence of TFA, indicating that in this
concentration range HAT occurs from the @-C—H bonds of the
nonprotonated amine (Scheme 8).

With APOH, in order to obtain information on the effect of
TFA, the time-resolved kinetic study has been carried out by
successive dilutions of an acetonitrile solution containing
equimolar amounts of APOH and TFA (0.50 M).

The kg, vs [substrate] plot for reaction of CumO® with
APOH in the presence of TFA is displayed in Figure 520, from
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which ky = (5.6 + 0.1) X 10° M~ s7! has been obtained. This
value is 28 times lower than the value measured in acetonitrile
in the absence of TFA, but, on the other hand, is at least 56
times higher than the upper limit determined for HAT from
PentNH;* to CumO® (Scheme 8). In keeping with the
discussion outlined above, this behavior can be rationalized
on the basis of Scheme 9, where protonation of the APOH
amino group strongly deactivates the proximal and remote
methylene groups toward HAT to CumO®.

However, differently than for PentNH;", where C—H
deactivation has been shown to extend up to the §-methylene
group, the measured ky value indicates that the presence of an
OH group on the e-carbon promotes selective HAT to CumO*®
from the C—H bonds that are adjacent to this functional group.
The ~3-fold decrease in ky measured on going from PentOH
to protonated APOH points nevertheless toward a deactivating
polar effect of the remote NH;" group on HAT from the C—H
bonds that are a to the OH group.

B CONCLUSIONS

Taken together, the results obtained in this study have clearly
shown that in HAT reactions from the aliphatic C—H bonds of
substrates bearing different functionalities or from the C—H
bonds of substrates couples or triads characterized by different
basicities, careful control over the site (intramolecular) and
substrate (intermolecular) selectivity can be achieved through
Bronsted and Lewis acid—base interactions, providing useful
guidelines for the development of selective HAT-based C—H
functionalization procedures. When dealing with bifunctional
substrates, the results presented above indicate that site-
selectivity can be drastically changed through protonation of a
basic and strong activating NH, functionality over an OH one,
with the latter group that directs HAT to the adjacent C—H
bonds. In the intermolecular selectivity studies, the results for
which are summarized in Table 2, the similar reactivity patterns
observed after addition of TFA and Mg(ClO,),, where
protonation or Mg®" binding strongly deactivates the C—H
bonds of amine substrates toward HAT to CumO?®, together
with the observation that LiClO, promotes selective C—H
bond deactivation of amide substrates, indicate that these
additives can be employed in a orthogonal fashion for selective
functionalization of hydrocarbon, ether, alcohol, and amide (or
amine) substrates in the presence of an amine (or amide) one.
These selectivity patterns are complemented by Ca(ClO,),
that, by promoting, contemporarily, strong C—H bond
deactivation for intrinsically activated amine and amide
substrates, offers the opportunity to selectively functionalize
alkane, ether, and alcohol substrates in the presence of the
former ones.
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B EXPERIMENTAL SECTION

Materials. Spectroscopic grade acetonitrile was used in the kinetic
experiments. The following substrates were of the highest commercial
quality available and were used as received: cyclooctane (COT),
dibenzylether (DBE), tetrahydrofuran (THF), cyclohexanol
(CHXOH), N,N-dimethylacetamide (DMA), cyclohexylamine
(CHXNH,), triethylamine (TEA), 1,2,2,6,6-pentamethylpiperidine
(PMP), pentane (PentH), l-pentanol (PentOH), l-aminopentane
(PentNH,), and S-amino-1-pentanol (APOH).

Commercial samples of cumyl alcohol (CumOH), diacetoxyiodo-
benzene (DIB), and I, were used in the product studies. The reaction
products observed in these studies were commercially available and
were used as received (cyclooctylacetate (COTOAC), acetophenone
(PhCOCH,;), benzaldehyde (PhCHO), and benzyl alcohol
(PhCH,O0H)).

Dicumyl peroxide, trifluoroacetic acid (TFA), lithium perchlorate
(LiClO,), magnesium perchlorate (Mg(ClO,),), and calcium
perchlorate (Ca(ClO,),) were of the highest commercial quality
available and were used as received. Previous studies have shown the
stability of dicumyl peroxide to TFA and to these perchlorate salts
under the experimental conditions employed.*****’

Laser Flash Photolysis (LFP) 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 X 10 mm) was
used in all experiments. Argon saturated acetonitrile solutions
containing dicumyl peroxide (1.0 M) were employed. All the
experiments were carried out at T = 25 + 0.5 °C under magnetic
stirring. The observed rate constants (k) were obtained by averaging
2—>S individual values and were reproducible to within $%.

Second-order rate constant for the reactions of the cumyloxyl
radical with the different substrates were obtained from the slopes of
the kg, (measured following the decay of the cumyloxyl radical visible
absorption band at 490 nm) vs [substrate] plots. Transient kinetic
studies on the reactions of CumO® with substrate couples and triads in
the presence of [TFA] (between 0.10 and 1.00 M) or metal ion salts
(LiClo,, Mg(ClO,), or Ca(ClO,),: between 0.01 and 0.60 M) were
carried out following different procedures: (a) addition of one
substrate (hydrocarbon, ether, or alcohol) to an acetonitrile solution
containing dicumyl peroxide, the Lewis or Bronsted acidic additive,
and an amine, amide, or an amine + amide substrate couple; (b)
sequential addition to an acetonitrile solution containing dicumyl
peroxide of a first substrate (hydrocarbon, ether or alcohol), a second
one (amine or amide), or a second and a third one (amine and amide),
the acidic additive, and a second amount of the first substrate; (c)
sequential addition to an acetonitrile solution containing dicumyl
peroxide and the acidic additive of a first substrate (hydrocarbon,
ether, or alcohol), a second one (amine or amide), or a second and a
third one (amine and amide), and a second amount of the first
substrate.

Product Studies. Product studies on the reactions of CumO® with
COT and DBE were carried out following visible light irradiation (A,
= 480 nm, irradiation time 30—120 min) of argon saturated
dichloromethane solutions containing the substrate (0.2—1.0 M),
cumyl alcohol (CumOH, 0.10 M), DIB (0.22 M), and L, (0.11 M).*”
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In a typical experiment, S mL of an argon saturated dichloromethane
solution containing the substrate, CumOH, DIB, and I,, was
introduced into a pyrex glass vessel equipped with an external jacket
for water circulation. The reaction mixture was then irradiated with
visible light at T = 20 °C employing a photochemical reactor equipped
with 8 X 15 W lamps. At the end of the irradiation, the solution was
added to 10 mL of H,O and then extracted with dichloromethane (3
X 10 mL). The organic extracts were washed with a 10% sodium
thiosulfate solution and dried over Na,SO,. All the preparation and
workup procedures were carried out limiting exposure of the solution
to light. Reaction products were identified by GC and GC-MS by
comparison with authentic samples and quantified by GC employing
1,2-diphenylethane (bibenzyl) as internal standard. With both COT
and DBE, no product formation was observed in the absence of
irradiation by leaving the reaction mixtures in the dark for at least 1 h.

Reaction of CumO® with COT. When COT (5.0 mmol) and
CumOH (0.50 mmol) were irradiated for 30 min in the presence of
DIB (1.10 mmol) and I, (0.55 mmol), formation of COTOAc (0.09
mmol) and PhCOCH; (0.06 mmol) was observed. When the reaction
of COT (2.0 mmol) was carried out under identical conditions in the
presence of TFA (0.28 mmol) and PMP (0.27 mmol), formation of
COTOAc (0.05 mmol) and PhCOCH, (0.12 mmol) was observed.
PMP was recovered quantitatively (0.27 mmol) from the irradiated
reaction mixture.

Reaction of CumO® with DBE. When DBE (1.0 mmol) and
CumOH (0.50 mmol) were irradiated for 30 min in the presence of
DIB (1.10 mmol) and I, (0.55 mmol), formation of PA\CHO (0.34
mmol), PhCH,OH (0.08 mmol) and PhCOCH, (0.14 mmol) was
observed. When the same reaction was carried out in the presence of
TFA (0.55 mmol) and PMP (0.50 mmol), formation of PhCHO (0.22
mmol), PhCH,0OH (0.06 mmol), and PhCOCHj, (0.15 mmol) was
observed. PMP was recovered quantitatively (0.49 mmol) from the
irradiated reaction mixture.
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