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a-Aminoalkyl radicals have emerged as practical =~ mechanistic analysis on a-aminoalkyl radicals-mediated XAT

halogen-atom transfer (XAT) agents, enabling the formation of '/'\ 1t
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carbon radicals from unactivated alkyl and aryl halides under mild ~:.R . 4
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conditions. A recent study correctly revised some of the XAT rate u R
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constants for thes.e radicals d0w1.1ward, prorr.lpting broad akyl o-aminoalkyl alkyl
mechanistic conclusions that contradict the key importance of pajige radical radical
polar effects and challenge the XAT reactivity for @-aminobenzyl

radicals. Herein we report a comprehensive kinetic and computational analysis of XAT reactions of @-aminoalkyl and @-aminobenzyl
radicals with alkyl iodides under both thermal and photochemical conditions. Laser flash photolysis experiments reveal a clear
structure—reactivity relationship shaped by polar and steric effects, which is well supported by the computational results. These
findings reaffirm the key importance of the nucleophilic character of a-aminoalkyl radicals in providing significant transition state
stabilization to XAT processes. This confirms the prominent role played by polar effects in these reactions and the possibility for
reactivity tuning using a-aminobenzyl radicals.
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charge development on the incipient (Re) and abstracting
(Ye) radicals and have been widely discussed and utilized to
explain transition state stabilization that enhances reaction
kinetics."* ™" Excellent species that comply with both enthalpic
and polar considerations for XAT are Sn- and Si-radicals owing
to their high Sn/Si—X BDEs and ability to stabilize positive
charge build-up.'”'® Despite their unquestioned applicability
and utility, tin and silicon reagents provide some drawbacks,
mostly based on toxicity, cost, and high molecular weight."”*’

Among the available XAT mediators, a-aminoalkyl radicals
(B) have recently emerged as convenient and sustainable
alternatives, with growing applications for generating alkyl and
aryl radicals from the corresponding iodides and bromides
(Scheme 1b).”'~** These species can be readily accessed from

Alkyl halides are foundational building blocks in radical
chemistry, with extensive use in C—C and C—heteroatom
(e.g, F, N, or O) bond formation."”” These compounds are
broadly commercially available or can be easily prepared from
commonly accessible substrates such as alcohols, alkenes, and
alkanes through Appel reaction, hydrohalogenation, or
halogenation via hydrogen-atom transfer (HAT).™® Among
the various strategies available for converting alkyl halides into
alkyl radicals, halogen-atom transfer (XAT) has emerged as
being particularly attractive. In contrast to direct photo-
chemical bond homolysis and reductive single-electron transfer
(SET),*® XAT avoids the use of high-energy irradiation and
strong reductants. As a result, it often provides improved

chemoselectivity, broad functional group tolerance, and
compatibility for integration with metal catalysis.”~""

The driving force for XAT is rooted in thermodynamic
principles, specifically the formation of strong bonds between
the halogen atom and the abstracting species (Ye) (Scheme
la)."” By employing abstractors leading to strong Y—X bonds,
the process becomes facile.'” XAT processes proceed through
well-defined, colinear transition states involving the alkyl
group, the halogen atom, and the abstractor. Charge separation
within this geometry is governed by the electronic features of
the halogen, which polarizes the C(sp®)—X bond. These polar
effects manifest as partial negative (—5) and positive (+5)
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widely available alkyl amine precursors (A), either via HAT to
electrophilic radicals or through a stepwise process involving
oxidative SET followed by deprotonation.”>~*” These reactive
open-shell intermediates were designed by considering both
enthalpic and polar effects. Although from a thermodynamic
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Scheme 1. (a) Mechanistic Analysis of XAT Processes on the Basis of Enthalpic and Polar Considerations and (b) XAT

Reactivity of @-Aminoalkyl Radicals”

—

enthalpic effects: formation of a strong bond

R

'/'\ to
%—X Y — —CE>$--X---Y+6 — O> X-Y
alkyl halide abstractor XAT TS alkyl radical by-product
broadly generally polarised further  stoichiometric
available Sn/Si radicals T reactivity waste
polar effects: charge transfer
b
... NR, |* N
~u-R 2 .R
— R” NT _ —?}--x——-@a > R7°N
— He R R R
or a-aminoalkyl XATTS a-haloamine, C
—_e radical, B hyperconjugative isoenergetic
—H* nucleophilic stabilization C—X bond
x@
~:.R more accurate /\\®,R
R '}l aim of this work / reactivity profile R '}l
R a-aminoalkyl _ R
amine, A radicals in XAT true impact iminium ion, D
feedstock of polar effects | thermodynamic
chemical sink

“The current work provides an accurate description of their reactivity and the impact of polar effects.

standpoint the similar C(sp*)—X BDEs of the parent halide
and the resulting a-haloamine (C) might appear to be an
energetic limitation, the rapid and irreversible fragmentation of
the a-haloamine into an iminium halide salt (D) provides the
necessary driving force for the overall transformation. More-
over, the nucleophilic nature of @-aminoalkyl radicals®® ought
to facilitate stabilization of the developing positive charge in
the XAT transition state through hyperconjugation with the
nitrogen lone pair, thereby promoting efficient charge
separation.

Despite this surge in interest, kinetic studies on XAT
reactions promoted by a@-aminoalkyl radicals are extremely
scarce, with only a handful of rate constants currently available.
An extensive collection of XAT rate constants would be
valuable because it can provide information about the factors
that govern XAT reactivity, translating into a quantitative
framework for a more systematic application of these reactions
in synthetic settings.

The XAT reactivity of a-aminoalkyl radicals with alkyl
iodides was initially kinetically measured using an indirect
method by means of laser flash photolysis (LFP), using a
methyl viologen radical cation as a spectroscopic probe. Under
these conditions, a rate constant kyyp = 3.6 X 105 M~' s7! at
room temperature was derived for the reaction between the a-
aminoalkyl radical generated from Et;N and cyclohexyl iodide
(Cy—1), thus putting these systems at a reactivity position
slightly below Sn radicals (kyyr > 10° M™' s7! at room
temperature).'””” More recently, to better evaluate the impact
of both amine and alkyl iodide structures on these processes,
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we decided to perform a detailed analysis using a direct
method based on transient absorption spectroscopy, followin

the decay of the a-aminoalkyl radical UV band.”>*”*" This
analysis demonstrated that the indirect method had over-
estimated the XAT reactivity which, for the same reaction, was
more precisely measured as ky,r = 4.49 X 10° M™! s7! (vide
infra). During the execution of our work, a separate study by
Guo and co-workers exploited a powerful time-resolved EPR
(TREPR) technique capable of measuring bimolecular rate
constants to a cutoff of approximately 10° M~ s7'.>* This
method was used to remeasure the rate constant for the same
and other XAT reactions, providing a revised and lower kx,
value, which is in line with our ongoing work. However, as part
of this study, the authors questioned the reactivity of a-
aminobenzyl radicals and the broader mechanistic conclusions
concerning the importance of polar effects in XAT processes.
In this work, we re-evaluate the mechanistic basis through
detailed time-resolved kinetic studies, control experiments, and
computational studies to provide a refined, experimentally
supported picture of these transformations that confirms the
XAT reactivity of @-aminobenzyl radicals and the crucial
importance of polar effects in these reactions.

a-Aminoalkyl and a-aminobenzyl radicals used in this study
were generated via HAT from the a-C(sp®)—H bonds of the
corresponding amine precursors A1—A9 to the cumyloxyl
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Table 1. Second-Order Rate Constants (ky,t)” for the Reaction of CumylOe with Different Amines and Computational
Characterization of the Resulting @-Aminoalkyl and a-Aminobenzyl Radicals”

RN R,N 5 t RoN
»—H 0oCumyl —| +5)---H---OCumyl Y H-OCumyl
R R R
polarised HAT TS
. kyar (M1 s71) kuar (M1 s71) a-aminoalkyl/benzyl
ent HAT HAT o IP (eV] N (eV]
i amine in CHsCN in DMSO radical (V) (eV)
Et;N ~
1 A 219 +0.05 x 1088 2.54+0.04 x 108 Me B1NE'2 3.61 10.90
Me >
2 PraN 23+0.1x108 22+0.1x108 ~NPr, 3.62 10.99
A2 B2
. Me . ..
3 (+Bu)N 1.27 £0.02 x 1082 1.29 £ 0.08 x 108 ﬁ/\N("BU)z 3.70 10.94
A3 Me B3
e
4 BN 4.2 x 107 - Ph” > NBn, 3.85 10.91
A4
B4
ProNH Me A~
5 2 1.01+0.03 x 1082 1.35+0.04 x 108 " NHPr 3.82 10.76
A5 B5
Cy,NH , . O\
6 A6 3.23+0.04 x 10 4.8£0.1x 10 NHCy 3.78 10.80
B6
Bn,NH N
7 ~7 3.75%0.05x 107 5.6+0.1x 107 Ph™ “NHBn 3.97 10.77
B7
CyNH, , . O\
8 A8 2.1£0.1x 107 2.83+0.03x 10 NH, 3.97 10.60
B8
PN
9 BnNH, 1.8+0.1x 107 2.0+0.4 x 107 Ph™ "NH, 4.03 10.71
A9 B9
R RH RH
R-N H-N O---H-N
»—H -OCumyl vs »—H -oCumyl L) Me-§ )>—H -OCumyl
R R Me R
tertiary amine secondary and primary amine DMSO accelerates HAT
kyar is solvent independent kyar is solvent dependent medium-dependent polar effect
34 b,

“Value obtained from the literature.

The overlap between the absorption bands of CumylOe and of the a-aminobenzyl radical formed following

HAT from A4 prevented the determination of ky,r. The given value refers to the reaction of the -BuOe and has been determined employing an
indirect method.>® “Value obtained from the literature.** “All rate constants are the average of at least two determinations.

radical (CumylOe).>*** Second-order rate constants (kyar)
for HAT from the amine precursors to this radical, measured in
a CH;CN solution at 25 °C, are available in the literature
(Table 1). However, since most of the XAT rate constants in
this study were measured in DMSO (vide infra), the
corresponding kyap values were also determined in this
solvent. For this purpose, CumylOe was generated by 355
nm laser flash photolysis (LFP) of Ar-saturated DMSO
solutions (T = 25 °C), containing 1.0 M (CumylO),.*> The
kyar values were obtained by monitoring the decay of
CumylOe at its visible absorption maximum (4., = 490
nm) as a function of the amine concentration. Excellent linear
relationships were obtained from the observed rate constants
(kgps) vs [amine] plots, and kyur values were derived from the
slope of these plots.

Polarity matching between the electrophilic CumylOe and
the hydridic nature of the amine a-C(sp*)—H bonds ensures
relatively fast HAT processes, with ky,r values ranging
between 2.0 X 107 and 2.5 X 10°® M™' s7', depending on
amine structure. No significant increase in kg, was observed
for tertiary amines A1—A3 when switching from CH;CN to
DMSO (entries 1—3). In contrast, ky,p values for secondary
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(A5—A7) and primary (A8—A9) amines increased by up to
50% in DMSO (entries 5—9). This behavior is attributed to
the stronger H-bond acceptor ability of this solvent, that by
engaging in H-bonding with the amine NH group increases
electron density at the a-C(sp®)—H bonds and enhances HAT
reactivity. This effect highlights the importance of medium-
dependent polar effects in HAT reactions.®”

The properties of the resulting a@-aminoalkyl and a-
aminobenzyl radicals (B1—B9) were evaluated computation-
ally by determining their ionization potential (IP) and
nucleophilicity index (N).** The results displayed in Table 1
show that all of the radicals examined exhibit comparable
nucleophilic character.

The observed rate constants (k) for the reaction of a-
aminoalkyl and a-aminobenzyl radicals with the different alkyl
iodides (R—I) have been obtained by following the decay of
the radical UV or visible absorption band as a function of
substrate concentration. The decay of a-aminoalkyl radicals
(B1-B3, BS, B6, and B8) was followed by monitoring their
absorption bands around A = 360 nm,”””° while the a-
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Figure 1. (a) Decay traces monitored at A = 360 nm for the reaction of radical B2 with 1. (b) Plots of the observed rate constant (k) against [R—
I] for the reactions of radical B2 with 1 (blue squares), 4 (yellow squares), and 7 (red squares). (c) Second-order rate constants (ky,r) for the
reaction of the a-aminoalkyl and a-aminobenzyl radicals with different alkyl iodides. “Measured in argon-saturated DMSO solution containing 1.0
M (CumylO), and 0.05—0.10 M amine at T = 25 °C. The ky, values have been determined from the slope of the k,, vs [R—I] plots, where k,
values have been measured following the decay of the a-aminoalkyl radicals at 4 = 360 nm (Figures S4—S19, S21—S31, and S33—S37) or a-
aminobenzyl radicals at A = 440—480 nm (Figures $20, S31, and S$38). Average of at least two determinations. "Measured in a CH;CN solution.

aminobenzyl radicals were monitored via their visible
absorption bands centered at A = 440 (B9), 460 (B7), and
480 (B4) nm,” respectively (see Figures S39—S41 in the SI).
When the k., values have been plotted against [R—I],
excellent linear relationships were obtained, and the second-
order XAT rate constants (ky,y) were derived from the slope
of these plots. The ky,r values thus obtained for the reactions
of radicals B2, B3, BS, B6, and B8 are collected in Figure lc.
Those for the reactions of radicals B1, B7, and B9 are
displayed in the Supporting Information (SI).

Initial experiments were carried out in CH;CN employing Al
and A2 as the a-aminoalkyl radical B1 and B2 precursors.
However, because of the greater intrinsic stability displayed by
these radicals in DMSO, this solvent was selected for ky,r
determination. To measure ky,7 values, the formation of the a-
aminoalkyl (or a-aminobenzyl) radical via HAT to CumylOe
must be significantly faster than its decay by XAT from the
alkyl iodide. Because the ky,r values displayed in Table 1
range between 2.0 X 107 and 2.5 X 108 M~! 571, concentrations
of the amine precursors > 0.05 M have been employed in all
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the experiments, ensuring sufficiently fast rates of formation
(vide infra).

As an example, Figure la displays the increase in the rate of
decay of B2 upon addition of increasing amounts of 1 from
where the various kg, values can be obtained. Figure 1b shows
the kg, vs [R—I] plots for the reactions of radical B2 with Bu—
I(1),s-Bu—I (4), and t-Bu—I (7), in DMSO solution at T = 25
°C. Additional plots for the reactions of other alkyl iodides
with both a-aminoalkyl and a@-aminobenzyl radicals are
available in the SI (Figures S4—S38).

To discuss substrate structural effects on reactivity, kyar
values for the reaction of a single radical with different alkyl
iodides have been initially compared. Taking B2 as a reference
XAT reagent, the results displayed in Figure lc highlight the
existence of pronounced structural effects on reactivity, with a
10- and 22-fold increase in ky,t observed going from primary 1
and neopentyl 2 to tertiary alkyl iodide 7, respectively
(compare entries 1 and 2 with entry 7). The ky,y values
increase in the order primary < secondary < tertiary in line
with the corresponding decrease in C(sp®)—I BDEs along the
series (BDE = 56.6, 56.1, and 54.3 kcal mol™!, for
representative alkyl iodides such as Pr—I, i-Pr—I, and #Bu—],
respectively),”’ indicating that bond strengths dominate over
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Figure 2. (a) Different reactivities of @-aminoalkyl and a-aminobenzyl radicals B1 and B4 with alkyl bromides (XAT) and electron-poor olefins
(Giese addition). (b) Decay traces monitored at A = 480 nm for the reaction of radical B4 with 4. (c) Plots of the observed rate constant (k)
against [substrate] for the reaction of radical B4 with 4. (d) Radical dehalogenation of 8 using amines Al and A4.

steric effects (compare entries 1, 3, or 4 and 7). Analysis of the
kinetic data uncovers nevertheless a small role played by steric
effects, evidenced by the 2.2-fold decrease in ky,r measured
going from primary 1 to neopentyl iodide 2 (compare entries 1
and 2). It is also interesting to compare the results obtained for
secondary iodides, where similar ky,r values have been
measured for 3, 4, and cyclopentyl iodide 5 (entries 3—S5),
whereas a sizable decrease in reactivity (4.5-fold with respect to
5) has been observed for cyclohexyl iodide 6 (entry 6). At
present, we do not have a clear-cut explanation for this
behavior, which may be tentatively rationalized on the basis of
deactivating torsional effects. These eftects have been observed
to be particularly important in HAT reactions from cyclo-
hexane derivatives and might also be relevant in XAT
settings.”” It is also worth noting the ~2-fold decrease in
kyar measured for the reactions of both 2 and 6 (entries 2 and
6), going from DMSO to CH;CN, a behavior that could reflect
the greater donicity of the former solvent® that can better
accommodate polar effects by stabilizing positive charge
development in the XAT transition state.

Very similar kynp values have been measured for the
corresponding reactions of a-aminoalkyl radical B1, indicating
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that the introduction of a methyl group at CjB of the
abstracting radical as in B2 exerts a negligible effect on
reactivity. This data are illustrated in the SIL

Conversely, branching at Cj as in the case of B3 determines
a significant decrease in ky,1, evidenced by the up to 1 order of
magnitude decrease in reactivity observed in the reactions with
1, 3, 4, 6, and 7, going from B2 (or B1)* to B3, highlighting
the important role exerted by radical sterics on these processes.

a-Aminoalkyl radicals generated from secondary and
primary alkyl amines were evaluated next. Comparison
between the ky,r values measured for BS and B2 shows a
relatively small but noticeable decrease in reactivity (30—60%),
which reflects the slightly decreased nucleophilicity of these
systems.

An up to 2.3-fold decrease in ky,r has been measured in the
reactions with 4 and 7 going from BS to B6, and a progressive
decrease has been measured in the reactions with 1 going from
BS to B6 and B8 (ky,r = 2.8 X 10% 1.8 X 10% and 1.3 X 10°
M 57!, respectively). Although difficult to rationalize, these
reactivity trends can be explained again in terms of the
contribution of polar and steric effects.
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Where possible, comparison of the ky,r values displayed in
Figure lc with those measured previously by Guo and co-
workers®> shows an excellent agreement, demonstrating the
strong compatibility and complementarity between the LFP
and TREPR techniques that taken together can expand the
accessible reactivity range for bimolecular reactions involving
radical intermediates. Accordingly, on the faster end the LFP
technique with UV—vis detection allows the investigation of
reactions of @-aminoalkyl radicals with tertiary iodides (ky,r <
5 x 10" M~! s71), whereas, on the slower one, ky,r values as
low as 10* M™! s™" can be measured by employing the TREPR
technique.

Recent studies carried out by one of us have demonstrated that
the steric and electronic features of a-aminoalkyl and a-
aminobenzyl radicals can be finely tuned to enable selective
reactivity in synthetic transformations.** For example, while B1
efficiently promotes Giese addition of alkyl radicals generated
from alkyl iodides to electron-poor olefins, this strategy fails
with alkyl bromides due to intrinsically slower XAT, allowing
direct Giese addition of Bl to compete.31 In contrast, B4,
which was previously demonstrated to be unreactive toward
Giese addition due to benzylic stabilization,® enables the
recovery of XAT from alkyl bromides as the dominant pathway
(Figure 2a).

The XAT reactivity of @-aminobenzyl radicals was recently
questioned by Guo and co-workers, who reported negligible
quenchin§ (kyar < 10* M7 s71) of alkyl iodides by radical
B4.7>*>*® On the basis of this experiment, they suggested that
dehalogenation under photoredox conditions is not mediated
by XAT but instead directly by the photocatalyst. Interestingly,
observation of their original kinetic traces obtained by LFP
with UV—vis detection shows a clear increase in the rate of
decay with increasing substrate concentration, which in our
opinion supports XAT reactivity.” As further supporting
evidence, they conducted control reactions using a thermal
persulfate/thiol system previously reported by one of us, which
showed no product formation in the absence of light and
photocatalyst.

In this work, we provide direct and conclusive evidence that
a-aminobenzyl radicals are indeed capable of engaging in
productive XAT with alkyl iodides. The rate of decay of the a-
aminobenzyl radical visible absorption band was observed to
increase with increasing alkyl iodide concentration (see Figure
2b and 2c for the kinetic traces relative to the reaction between
B4 and 4 and associated k., vs [4] plot, respectively),
providing similar ky,r values for the reactions of B4, B7, and
B9 with 4 (kyyr = 6.4 X 10% 5.7 X 10* and 5.2 X 10* M~ 57},
respectively). Even though these values are over 2 orders of
magnitude lower than those measured for the corresponding
reactions of a-aminoalkyl radicals (see Figure 1c above), in
accordance with the well-known radical delocalization onto the
phenyl ring displayed by benzylic radicals, they clearly confirm
that reaction is occurring and thus the viability of XAT.

Moreover, through experiments carried out in the absence of
a photoredox catalyst, employing electrophilic HAT reagents
(triplet benzophenone (*BP) and t-BuOe)*”*’ for the
generation of B4, we confirm that @-aminobenzyl radicals
enable XAT-based dehalogenation. As shown in Figure 2d, 390
nm photolysis of 4-iodo-N-Boc-piperidine 8 in the presence of
methyl thioglycolate (20 mol %) and BP or (+BuO), led to
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significant deiodination. Crucially, these results are in line with
those obtained using a standard photoredox manifold with
4CzIPN as the photocatalyst. The similar result obtained with
alkyl bromide (see SI, Section 6), albeit at a lower conversion,
demonstrates the generality of @-aminobenzyl radical reactivity
under photoredox-free conditions. Hence, correlating the
isolated yield of a single reaction with the rate of a single
elementary step such as XAT might be misleading, as the
overall reaction efficiency could reflect a complex interplay of
multiple steps, including undesired side processes (e.g.,
oxidation of the a-aminobenzyl radical), solubility effects,
and amine-dependent oxidation, rather than a single rate
constant alone.

A crucial aspect of the XAT reactivity of a-aminoalkyl radicals
is the manifestation of polar and medium effects. To support
these reactivity factors, we have performed a detailed
computational analysis of the reactions of representative a-
aminoalkyl and a-aminobenzyl radicals with alkyl iodides with
a comparison to the corresponding all-carbon radical
equivalents.

Initial benchmarking was conducted to select a reliable
computational protocol, balancing accuracy and consistency
with experimental rate data. Ultimately, we adopted a dual-
level approach [MO06-2X/def2TZVPP/CPCM(DMSO)//
wB97XD/def2SVP/CPCM(DMSO)] previously validated for
related photochemical transformations.** More details are
provided in the SI. While our method overestimates the
absolute XAT barriers—particularly for delocalized benzylic
radicals—it accurately reproduces relative trends and allows for
mechanistic interpretations grounded in polar effects. Given
the complexity of competing processes and the sensitivity of
photochemical systems to multiple factors (e.g, solubility, side
oxidation), our theoretical approach provides a reliable
framework to dissect the intrinsic reactivity of a-amino radicals
in XAT.

The XAT reactions of a-aminoalkyl, a-aminobenzyl, alkyl,
and benzyl radicals with alkyl iodides feature the initial
formation of a weakly bound prereaction complex held by
dispersion forces, from where iodine abstraction takes place.
The computed Gibbs free energies of complexation (AG,y),
reaction (AG°), and activation (AG¥) show clear and
consistent patterns. For the reactions of @-aminoalkyl and
corresponding alkyl radicals, increasing substitution in the alkyl
iodide lowers both AG® and AG¥ in line with increased
stabilization of the radical product.”® However, a pronounced
drop in reactivity was observed when moving from o-
aminoalkyl to a-aminobenzyl radicals, with both AG® and
AG?* increasing sharply. This is consistent with the
experimental decrease in kyar observed in our transient
spectroscopy studies. Notably, disubstituted and trisubstituted
radicals within the same class (alkyl or benzyl) display
comparable energetics, indicating a minimal steric influence
on the transition state (see SI for more information).

When directly comparing a-aminoalkyl and a-aminobenzyl
radicals (e.g, B2 and B4) to their carbon-based analogues
(e.g, C2 and C4), key differences emerge. The @-amino
radicals consistently show lower free energy barriers (AAGT =
2.5—9 kcal mol™") and more favorable thermodynamics (AG°
< 0) than their all-carbon counterparts, the reactions for which
are typically thermoneutral to endergonic (AG® > 0).
Crucially, the complexation energies are nearly identical,
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Figure 3. (a) Energetic parameters (in kcal mol™") for the XAT of a-aminoalkyl, @-aminobenzyl, alkyl, and benzyl radicals with iodides 1, 4, and 7.
(b) Analysis of the AE (solid line) and electron density flux (EDF, dotted line) along the XAT reaction profile between BS and 1 (blue) and CS
and 1 (red). (c) Analysis of the AE (solid line) and electron density flux (dotted line) along the XAT reaction profile between B4 and 1 (blue) and
C4 and 1 (red). The AE in (b) and (c) refers to the initial complex between 1 and radicals B5S/CS and B4/C4.

highlighting that the observed differences originate from
intrinsic electronic effects rather than association equilibria.

To elucidate the origin of the lower activation barriers
observed for @-aminoalkyl radicals in XAT, we performed a
detailed analysis of the charge redistribution along the intrinsic
reaction coordinate (IRC) for representative model systems.
Specifically, we investigated the electron density flux (EDF,
which measures how much charge, i.e., electron density, moves
from one molecular fragment to another along the reaction
coordinate) as a function of the reaction coordinate for both a-
aminoalkyl and @-aminobenzyl radicals and compared these to
their all-carbon analogues. This analysis allows us to quantify
the degree of polarity in the transition state and its evolution
along the reaction pathway.

Figure 3b presents the free energy (AE) and EDF profiles
(solid and dashed lines, respectively) for the reactions of
radicals BS (blue lines) and C5 (red lines) with 1-iodobutane
1. For a detailed discussion, see the SI, sections 7.4 and 7.6.
The former radical displays a marked increase in charge

transfer along the reaction coordinate (indicated by the vertical
dashed line at the transition state). In contrast, CS exhibits a
nearly flat charge transfer profile, consistent with a nonpolar
transition state. These observations are indicative, in the case
of a-amino radical BS, of a mechanism driven by its enhanced
nucleophilicity and ability to stabilize charge separation in the
XAT transition state, highlighting the important role played by
polar effects.

A similar pattern is observed for the benzylic systems in
Figure 2c, comparing B4 (blue lines) with C4 (red lines), in
their reactions with 1. Although both systems show overall
lower reactivity compared to their alkyl counterparts BS and
CS, radical B4 still exhibits appreciable charge transfer (EDF ~
0.3 au), whereas reaction of the corresponding all-carbon
radical C4 proceeds through a transition state that is essentially
nonpolar. These results confirm that polar effects also play a
key role in XAT reactions promoted by delocalized radicals.

These findings collectively support a model in which a-
aminoalkyl and a-aminobenzyl radicals undergo XAT via a
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polar, charge-separated transition state that is stabilized by
hyperconjugative overlap with the nitrogen lone pair. The
absence of comparable charge redistribution in the all-carbon
systems explains their consistently higher activation barriers
and less favorable thermodynamics. Thus, the enhanced
reactivity of a@-amino radicals in XAT is not merely a result
of thermodynamic driving force but also stems from
fundamental differences in electronic structure and transition
state stabilization.

Solvent polarity and H-bonding ability are known to exert a
profound influence on radical reactions that proceed through
polar transition states. In the context of XAT, this is especially
relevant given the polar nature of the transition state when
nucleophilic @-aminoalkyl radicals are involved, as shown by
our computational analysis.

In their recent study, Guo and co-workers investigated
solvent effects on XAT kinetics for the reaction of B1 with
cyclohexyl iodide 6, by varying the composition of CH;CN/
H,O solvent mixtures.”® The authors observed a progressive
decrease in ky,p with increasing water content (from 4.2 X 10°
to 3.1 X 10° M™! 57!, going from pure CH;CN to CH,CN +
15% H,0), and therefore interpreted, on the basis of the
associated increase in Er(30) value of the solvent mixture, as
being inconsistent with a polar transition state, implying higher
overall polarity. However, this interpretation overlooks the
well-documented role of water and more generally h_}rdrogen
bond donating (HBD) solvents on radical reactivity.’

As established in previous kinetic investigations, HBD
solvents such as water and fluorinated alcohols (e.g., HFIP)
can significantly impact radical reactivity by forming H-bonds
with the N-lone pair in amine substrates or radical species.
This interaction leads to a buildup of positive charge that, with
strong HBD solvents (and protonating agents), translates into
a polarity reversal (Figure 4, left).”” This means that the

-8 +8 -5 +0
O---H---NR, yf\ O---H-- -NRZ/-\'
H H “OR H e —-R

R>_T

decreased decreased
hydridic character nucleophilic character
slower HAT slower XAT

Figure 4. Effects of H-bonding interactions on HAT and XAT
reactivity.

electron-donating character of the amine and the hydridic
character of the a-C—H bonds are attenuated, reducing its
ability to stabilize charge separation in the transition state. This
has been thoroughly demonstrated in several HAT studies
involving electrophilic radicals. For instance, in the reaction of
CumylOe with A1, kyj,r decreased from 2.0 X 10* M™' s7" in
CH,CN to 1.47 X 10® and 9.2 X 10’ M™! s™! upon addition of
1.0 and 4.7 M H,O, respectively,” and significantly larger
decreases in ky,r, exceeding 3-orders of magnitude, were
observed when employing stronger HBD solvents such as
2,2,2-trifluoroethanol (TFE).*°

This HB interaction will also reduce the nucleophilicity of
the a-aminoalkyl radical (Figure 4, right). Accordingly, the
observed decrease in ky,7 upon increasing the water content in
CH;CN mixtures can be attributed to H-bonding between
water and the nitrogen center of the @-aminoalkyl radical that
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determines transition state destabilization, decreasing XAT
reactivity. Therefore, the data are entirely consistent with a
polar transition state and in fact further support our
mechanistic model in which the a-aminoalkyl radical’s
nucleophilic character plays a central role. Additional
computational studies underscoring the influence of medium
effects in this reaction are described in the Supporting
Information, Section 7.7.

This study reinforces the validity of polar effects as a key
reactivity factor in XAT from alkyl iodides to a-aminoalkyl
radicals and directly confirms the reactivity of benzylic
analogues under both photochemical and thermal conditions.
While recent work has improved the accuracy of rate constants,
broader mechanistic conclusions drawn from end point yields
and incomplete kinetic models are not supported. Our findings
clarify the mechanistic underpinnings of this widely adopted
strategy and establish a quantitative framework for its
continued application.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.5c00920.
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