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ABSTRACT: Ag-catalyzed nitrene transfer (NT) converts C—H ;

bonds into valuable C—N bonds. These reactions offer a promising
strategy for catalyst-controlled regiodivergent functionalization of
different types of reactive C—H bonds, as the regioselectivity is
tunable by varying the steric and electronic environments around
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individual factors affect the regioselectivity is key to the rational N N
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design of highly selective and regiodivergent C—H amination )
reactions. Herein, we report a computational study of various Ag- faEO(f: c
« B-C—H « y-C-H

catalyzed NT reactions that indicates a concerted H-atom transfer
(HAT)/C—N bond formation mechanism. A detailed analysis was
carried out on the effects of the C—H bond dissociation enthalpy (BDE), charge transfer, ligand—substrate steric repulsions, and
transition state ring strain on the stability of the C—H insertion transition states with different Ag nitrene complexes. The ancillary
ligands on the Ag and the nitrene precursor identity both affect transition state geometries to furnish differing sensitivities to the
BDE, tether length, and electronic effects of the reactive C—H bonds. Based on our understanding of the dominant factors that
control selectivity, we established a rational catalyst and precursor selection approach for regiodivergent amination of diverse C—H
bonds. The computationally predicted regiodivergent amination of - and y-C—H bonds of aliphatic alcohol derivatives was

« stronger C—H bond « weaker C—H bond

validated by experimental studies.

B INTRODUCTION

The efficient construction of new C—N bonds from C—H
bonds is of great interest due to the prevalence of amines in
pharmaceuticals, agrochemicals, and bioactive natural prod-
ucts. Many different transition metal catalysts are capable of
C—H bond amination;' however, there is an ongoing challenge
to identify strategies for tunable catalyst-controlled selectivity
in reactions with multiple potential reactive sites. In this
context, recently, the development of Ag-catalyzed nitrene
transfer (NT) (Figure la) has attracted attention. The
diversity of ligands able to support Ag catalysts results in a
broad range of steric and electronic environments around the
reactive center, offering unique opportunities to achieve
catalyst-controlled regio- and enantioselectivities.

Schomaker et al. have demonstrated that the expected
regioselectivity of Ag-catalyzed C—H amination can be
modulated, and sometimes completely reversed, by the
electronic and steric properties of the substrate, as well as
the identity of the ancillary ligands on the metal (Figure 1b).”
In addition, reactions using precursors with different nitrogen
protecting groups (e.g., carbamate and sulfamate) may yield
complete reversal in regioselectivities. These reactions provide
access to both 1,2- and 1,3-difunctionalized amine products
after removal of the N-protecting group. Despite these
interesting observations, the origin of the catalyst and substrate
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effects on regioselectivity is still not well understood. The
regioselectivity appears to be controlled by the combination of
several factors, including bond dissociation enthalpy (BDE),
electronic properties and the steric environment of the C—H
bonds, tether length, the ancillary ligands on Ag, and the
identity of the precursors.””® We surmised that a holistic
understanding of the interplay of these different factors would
offer practical guidance to broaden the scope of the
regioselective amination, develop Ag catalysts to effectively
distinguish between C—H bonds with similar BDEs and steric
environments, and override inherent substrate preference to
favor less reactive sites. Herein, we report a computational
study to understand the reaction mechanism of the Ag-
catalyzed amination and gain insights into the origin of
reactivity and regioselectivity. We analyze why different
catalyst systems favor different types of C—H bonds through
the lens of their differing sensitivities to BDEs, tether length,
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(a) Ag-catalyzed C—H amination via nitrene transfer (NT)
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(c) This work: mechanistically-driven approach for regioselectivity prediction
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Figure 1. Tunable regioselectivities in the Ag-catalyzed C—H
amination. BDEs are in kcal/mol.

electronic effects, and ligand—substrate steric repulsions
(Figure 1c). We establish an approach to rationally select the
most effective Ag catalyst and precursor group for a desired
regioselective amination based on the intrinsic electronic and
steric properties of the C—H bonds. Experimental studies were
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performed to validate the computationally predicted regiose-
lectivity trends in different catalyst systems. This mechanisti-
cally guided approach was applied to achieve catalyst-
controlled regiodivergent amination of alkyl C—H bonds that
display similar steric and electronic environments.

B COMPUTATIONAL METHODS

Density functional theory (DFT) calculations, including geometry
optimization and single-point energy calculations, were performed
with the Gaussian 16 software package." Geometries were optimized
in the gas phase using the ®B97X-D° functional and a mixed basis set
of def2-TZVPP for Ag and def2-SVP for other atoms. Single-point
energies were calculated using @B97X-D and the def2-TZVPP basis
set for all atoms in dichloromethane (DCM) using the SMD solvation
model.’® Conformers of each ground state and transition state
structure were studied by manual conformational search and
automated conformational sampling using CREST’ and GFN2-
xTB.* Low-energy conformers from the CREST/xTB conformational
sampling were then re-optimized using DFT at the aforementioned
level of theory. The reported Gibbs free energies and enthalpies in
solution include thermal corrections computed at 298 K at the
standard concentration (1 mol/L) using GoodVibes.” BDE and
transition state ring strain energy (AH,) were also calculated at the
@B97X-D/def2-TZVPP, SMD(DCM)//wB97X-D/def2-SVP—def2-
TZVPP(Ag) level of theory. PNO-LCCSD(T)-F12 benchmark
calculations were performed using Molpro 2020.2."°7'* CASPT2
benchmark calculations were performed using OpenMolcas.'® Details
of the PNO-LCCSD(T)-F12 and CASPT?2 calculations are provided
in the Supporting Information. Among the tested DFT methods,
@B97X-D provided the best agreement for the activation energy of
C—H amination of carbamate 1 compared with the PNO-LCCSD-
(T)-F12 and CASPT2 results."* @B97X-D also provided the best
agreement with the experimental regioselectivity of a series of
intramolecular competition reactions (see Figures S1—S3). Therefore,
we used wB97X-D for geometry optimizations and single-point
energy calculations in the present study.

B RESULTS AND DISCUSSION

Reaction Mechanisms of the Ag-Catalyzed C—H
Amination via NT. The proposed mechanism (Figure 2) of
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Figure 2. Proposed mechanisms of the Ag-catalyzed C—H amination.

the Ag-catalyzed C—H amination involves formation of Ag
nitrene species B from Ag(I) precatalyst A and an
iminoiodinane formed by the condensation of the carbamate
or sulfamate substrate with PhIO. The subsequent C—H
insertion with the Ag nitrene may involve two possible
mechanisms: (a) H-atom transfer to the Ag nitrene to form an
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alkyl radical intermediate C, followed by radical recombination
to form the C—N bond in the final product D; and (b) a
concerted C—H insertion process where the alkyl radical is not
involved."”"> Experimental mechanistic studies, including
radical clock and stereospecificity experiments, appear to
support a concerted mechanism without long-lived radical
intermediates in both the (tpa)Ag(OTf)-catalyzed intra-
molecular amination of sulfamates and the (dmbox)Ag-
(ClO,)-catalyzed amination of carbamates.”**" However,
the previous studies could not rule out the possibility of a
stepwise pathway involving short-lived radical intermediates
and rapid radical rebound to form the new C—N bond.

To investigate the most favorable amination mechanism, we
first calculated the reaction energy profile of the (dmbox)Ag-
(ClO,)-catalyzed benzylic C—H amination of carbamate 1 at
the @B97X-D/def2-TZVPP, SMD(DCM)//wB97X-D/def2-
SVP—def2-TZVPP(Ag) level of theory (Figure 3). The
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Figure 3. Reaction energy profile of the (dmbox)Ag(ClO,)-catalyzed
C—H bond amination of carbamate 1.

reaction is initiated via condensation of substrate 1 with
PhIO to form an iminoiodinane, which coordinates to the
Ag(I) precatalyst to form the dative complex 3. The nitrene
formation via PhI dissociation (TS1) requires an activation
free energy of 25.7 kcal/mol. The resulting Ag nitrene 4 is a
closed-shell singlet and is 14.6 kcal/mol less stable than 3. The
singlet Ag nitrene (4) favors a four-coordinate square planar
geometry with strong coordination of the carbonyl oxygen to
the Ag center.'® The most favorable C—H amination pathway
involves C—H insertion via an open-shell singlet transition
state TS2 with a relatively low barrier of 8.2 kcal/mol with
respect to 4. Intrinsic reaction coordinate calculations indicate
that the C—H insertion (TS2) is a concerted process (see
Figure S24); after the H-atom transfer, the C—N bond is
formed spontaneously to furnish the amination product
complex S, while the open-shell character rapidly diminishes.
Because TS2 is lower in energy than TS1, the rate-determining
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step of the catalytic cycle is the nitrene formation via TS1."”
The endergonicity of nitrene formation and the high reactivity
of the Ag nitrene complex in C—H insertion is consistent with
the challenges associated with the isolation and character-
ization of Ag nitrene intermediates.'®

Because previous computational studies indicated that both
singlet and triplet Ag nitrene complexes may be involved in the
C—H amination and alkene aziridination reactions,'® we
studied the spin states of the Ag nitrene intermediate and
the C—H insertion transition state using different levels of
theory, including several DFT methods, explicitly correlated
local coupled cluster [PNO-LCCSD(T)-F12] and complete
active-space second-order perturbation theory (CASPT2)
calculations (Figure S1). These calculations predicted that
the singlet Ag nitrene (4) and the C—H insertion transition
state (TS2) are more stable than the corresponding triplet
structures. At the wB97x-D level of theory, the triplet C—H
insertion transition state (TS2’) is 4.5 kcal/mol higher in
energy than the open-shell singlet transition state (TS2) in the
(dmbox)Ag(ClO,)-catalyzed amination of carbamate 1. The
energy difference between singlet and triplet C—H insertion
pathways is affected by the ancillary ligand on the Ag, as well as
the identity of the nitrene precursor (see Tables S1—S4 and
Figures SS—S23). Nonetheless, our PNO-LCCSD(T)-F12 and
CASPT?2 calculations suggest that the singlet C—H insertion
pathway is more favorable for four types of Ag nitrenes
supported by dmbox and tpa ligands and derived from
carbamate and sulfamate precursors. Therefore, only singlet
C—H insertion pathways are considered in the present study.

Catalyst-Controlled Regiodivergent C—H Amination
of n-Butyl Carbamate—A Case Study. After establishing
the favored mechanism of the Ag-catalyzed intramolecular C—
H amination, we chose the Ag-catalyzed C—H amination of n-
butyl carbamate 6 as a model reaction to identify factors
affecting the regioselectivity. This carbamate substrate was
chosen because tunable regioselectivity has been achieved
experimentally for carbamate starting materials with sterically
and electronically unbiased f- and y-C—H bonds. For example,
amination of a menthol-derived carbamate yielded y-product
selectively with a dmbox-supported Ag catalyst, while the
regioselectivity is completely reversed to yield ﬂ-selectivitz
with tpa- and ‘Bustpy-supported Ag catalysts (Figure 1b).”
Although experimental studies of 6 have not been reported, we
surmised that due to the similar steric and electronic
environment of its #- and y-C—H bonds, catalyst-controlled
divergent regioselectivity may be achieved. Indeed, our DFT
calculations predict that the reaction is selective for y-C—H
amination (AAG* = 1.5 kcal/mol) when a dmbox ligand is
used, while the same reaction favors the f-C—H amination
product (AAG* = —1.0 kcal/mol) when a tpa ligand is used
instead. This computationally predicted regioselectivity trend
is consistent with the catalyst-controlled selectivity in
aminations of other carbamate substrates (e.g,, Figure 16*);
it was later validated experimentally (vide infra). Careful
analysis of the C—H insertion transition states (TS3, TS4)
revealed that the main reason for the catalyst-controlled
divergent regioselectivity is the different steric properties of the
bidentate dmbox ligand compared to the more crowded
multidentate tpa ligand. In the dmbox-supported C—H
insertion transition states (TS3-y and TS3-§), ligand—
substrate steric repulsions are not observed. The preference
for y-C—H amination can be attributed to the slightly weaker
7-C—H bond compared to the f-C—H bond (BDE = 96.8 and
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98.0 kcal/mol, respectively) or the difference between ring
strain energies of the six- and seven-membered cyclic transition
states (a detailed discussion about ring strain effects is given
below). In contrast, when the more crowded tpa ligand is used,
the y-C—H insertion transition state (TS4-y) suffers from
greater ligand—substrate steric repulsions as compared to the
S-C—H insertion transition state (TS4-f). TS4-y is destabi-
lized by steric repulsion between the carbamate carbonyl
oxygen and one of the pyridine arms on the tpa ligand (d(O--
H) 239 A). The ligand—substrate steric repulsion is
diminished in TS4-f, where the carbamate carbonyl is placed
further away from the ligand due to the sterically less
demanding six-membered ring as compared to the seven-
membered ring in TS4-y.

Although the ligand steric effects nicely explain the origin of
divergent regioselectivity in the amination of 6, a more general
regioselectivity model is still needed to understand the
regioselectivity control with other substrates and ancillary
ligands. This is due to several other factors that may also affect
the transition state stability and thus the regioselectivity. These
factors include substrate properties, such as the BDE and
electronic properties of the C—H bond being activated, as well
as the electronic effects of the ancillary ligand on the Ag
nitrene. In particular, the donor ability of the ancillary ligand
affects the amount of electron transfer from the C—H bond to
the Ag nitrene and the early/lateness of the C—H insertion
transition state. For example, transition states TS4-y and TS4-
P with the more electron-rich tpa ligand involve less electron
transfer from the C—H bond and shorter bond distances of the
cleaving C—H bond than transition states with dmbox (TS3-y
and TS3-f) (Figure 4). Therefore, reactions with these
different ligands may have different sensitivities to substrate
properties, such as BDE and electronic effects.

Another question that needs to be carefully evaluated is why
the identity of the nitrene precursor has such a dramatic
impact on the regioselectivity. While there are several examples
of regiodivergent amination of either f- or y-C—H bonds in
carbamate precursors, reactions with sulfamates are often
highly y-selective, regardless of the ligand used. Changing the
nitrene precursor from carbamate to sulfamate may affect the
ring strain energy difference between the seven- and six-
membered cyclic transition states,”’ the catalyst—substrate
noncovalent interactions (Figures $25 and $26),* or the
strength of the coordination of the carbonyl and sulfonyl
groups to the Ag center. These multifaceted interactions
between the Ag nitrene and the C—H bond pose a significant
challenge in rationally predicting the regioselectivity of the
amination. On the other hand, they also offer promising
opportunities to achieve catalyst-controlled regioselectivity by
fine-tuning the electronic and steric properties of the Ag
nitrene. These initial computational analyses prompted us to
perform a detailed investigation on how these individual
factors affect the reactivity of the C—H insertion with different
Ag nitrene complexes.

Effects of BDE on Reactivity. We computed the C—H
insertion activation free energies of four different types of Ag
nitrene species (Types I-IV) undergoing reaction with C—H
bonds in substrates with various BDE values (Figure Sa).
These four types of Ag nitrenes were chosen because they
include ancillary ligands with different denticities (dmbox,
bidentate and tpa, tetradentate) and precursors with planar
(carbamate) and tetrahedral-shaped (sulfamate) groups
attached to the nitrenes. We surmised that these factors may
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Figure 4. Ligand effect on regioselectivities in the Ag-catalyzed C—H
amination of carbamate 6. BDEs are in kcal/mol. AG* in this and
subsequent figures are in kcal/mol with respect to the corresponding
Ag nitrene intermediates.

impact the transition state geometry and ligand—substrate
interactions. Here, only y-C—H bonds are included to study
BDE effects and avoid the potential impacts of the tether
length (the effects of the tether length will be discussed later).
BDE values are often recognized as the primary factor affecting
the reactivity of C—H bonds in hydrogen atom abstraction
reactions,”’ including NT.** However, the computed activation
free energies do not show good overall correlations with C—H
BDE in any of the four types of Ag nitrenes studied (Figure
Sb). Instead, bimodal relationships were observed. The
reactivity of alkyl and ether a-C—H bonds (named
“unactivated” C—H, 6, 9—15) correlates well with their
BDEs with moderate-to-large slopes (0.42~0.80). In contrast,
the reactivity of C—H bonds adjacent to a sp* or sp carbon
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Figure S. Effects of C—H BDE on the activation free energies of C—H insertion with different Ag nitrene complexes derived from carbamate and

sulfamate precursors.

center, such as allylic, propargylic, and benzylic C—H bonds
(named “activated” C—H, 1, 16—22), are much less sensitive
to BDE (slope = —0.12~0.18). Although similar bimodal
correlations have been observed in C—H oxidations using
DMDO and CumOse,**** the extremely low sensitivity of
activated C—H bonds to BDE is a unique feature of the Ag-
catalyzed amination, as transition metal-catalyzed C—H
hydroxylation reactions involving metal oxo species are
generally more sensitive to BDE.”’ For example, the slopes
of the DMDO- and CumOe-mediated HAT with activated C—
H bonds are 0.35 and 0.23, respectively, much larger than
those in the Ag-catalyzed amination. The lower sensitivity to
BDE in reactions of activated C—H bonds with Ag nitrenes can
be explained by the Hammond postulate—the highly
exergonic reactions have more reactant-like transition states,
in which the stability of the alkyl radical plays a less prominent
role in the reaction barriers. It should be noted that the
carbamate-derived Ag nitrenes (Figure Sb, Types I and II) are
completely insensitive to the BDE in reactions with activated
C—H bonds. The lack of a strong influence of BDE suggests
that the regioselectivity of the Ag-catalyzed amination of these
activated C—H bonds is modulated by other factors, such as
ligand—substrate steric repulsions or dispersion interactions, to
override the intrinsic preference for reaction based on simple
bond strengths.
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In reactions with unactivated C—H bonds, the reactivity is
more sensitive to C—H BDEs, as these reactions are less
exergonic and generally have later transition state structures
with longer C—H bond distances (Table SS). Another
interesting trend revealed by Figure 5 is that the reactions
with tpa-supported Ag nitrenes derived from carbamate
precursors (Type I) are the least sensitive to C—H BDE in
reactions with unactivated C—H bonds. In these reactions, a
moderate slope of 0.42 was obtained, compared to the slopes
of ~0.8 in the reactions of unactivated C—H bonds with the
other three types of Ag nitrenes (Types II-IV). These results
suggest that the Ag(tpa)-catalyzed reactions with carbamates
are less sensitive to the strength of unactivated C—H bonds.
Thus, this catalyst system offers the best chance to override the
BDE effect to selectively activate a stronger unactivated C—H
bond and promote reactivity of primary C—H bond amination
by fine-tuning other factors controlling the TS stability.

Effects of Tether Length on Reactivity and Selectiv-
ity. Next, we investigated the effects of tether length, that is,
whether the C—H bond is located at the - or y-position of the
carbamate or sulfamate precursor, on the regioselectivity of C—
H insertion. Although the computed regioselectivity of the
amination of n-butyl carbamate 6 is strongly influenced by the
ligand (Figure 4), the amination of n-butyl sulfamate 13 is
predicted to be highly y-selective in reactions with both tpa-
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and dmbox-supported Ag nitrenes (AAG* = 3.9 and 6.8 kcal/
mol, respectively). As the f-C—H bond in 13 is only 1.2 kcal/
mol stronger than the y-C—H bond, the slopes of the
correlations between AG* and C—H BDE in these two types
of reactions (0.78 and 0.76 with unactivated C—H bonds in
Types III and IV Ag nitrenes, Figure Sb) predict a moderate y-
regioselectivity (AAG* ~ 1.0 kcal/mol) as a result of the BDE
effects. Clearly, factors other than the BDE difference
dominate the y-selectivity for the reaction with sulfamate 13.
The effectiveness of sulfamates in facilitating a seven-
membered ring 1,6-HAT to selectively functionalize y-C—H
bonds™ prompted us to evaluate how the geometrical features
of the sulfamate affect the stability of the six->° and seven-
membered TS in the f- and y-C—H amination pathways,
respectively. In C—H insertion transition states with sulfamate-
derived Ag nitrenes (e.g., TS5-y and TSS-f, Figure 6), the

BDE =97.6
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AGF =93
chair, N-H in-plane

envelope, N-H out-of-plane (strained)

Figure 6. Effects of tether length on the regioselectivity of C—H
amination of sulfamate 13 catalyzed by a dmbox-supported Ag
catalyst.

seven- and six-membered rings adopt chair-like and envelope-
like geometries, respectively. While the chair-like seven-
membered ring in TSS-y is not strained, substantial strain is
present in the envelope-like six-membered ring in TSS-4. In
particular, in TSS-f, the N—H bond in the six-membered ring
is not coplanar with the Ag nitrene, furnishing a nonideal angle
for the nitrene C—H abstraction. In addition, the envelope
conformation in TSS-# leads to greater repulsion with the Ag
center because of the concave shape of the bicyclic structure.”
The strain of the concave bicyclic system in TSS-f causes
partial dissociation of the sulfonyl coordination to Ag (d(O--
Ag) = 2.28 A, whereas d(O--Ag) is 2.18 A in TS5-y). In
transition states with the carbamate-derived Ag nitrenes
(Figure 4), because of the planar geometry of the carbamate
group, the seven- and six-membered rings in TS3-y and TS3-f
are nearly coplanar with the Ag catalyst. Thus, the strain in the
fused bicyclic system involving carbamate is diminished.
Taken together, the computed transition state structures and
energies indicate that high y-selectivity in the Ag-catalyzed
amination of n-butyl sulfamate 13 is due to destabilization of
the #-C—H insertion transition state by the ring strain of the
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fused bicyclic structure with the six-membered ring. In
contrast, ring strain effects are diminished in the amination
with n-butyl carbamate 6 because the planar geometry of the
carbamate leads to small ring strain in both the $- and y-C—H
insertion transition states.

To investigate whether the different tether length effects
between carbamate and sulfamate precursors are applicable to
other substrates and to explore whether the ancillary ligand on
Ag influences the tether length effect, we computed the C—H
insertion activation free energies with various f- and y-C—H
bonds in Types I-IV Ag nitrene complexes. These substrates
include secondary alkyl C—H bonds and activated C—H
bonds, where the C—H BDEs have small effects on their
relative reactivities (vide supra, a full list of precursors is
available in the Supporting Information, Page S38). For each
intramolecular C—H insertion transition state, we also
computed a hypothetical, unstrained acyclic C—H insertion
transition state (Figure 7). In this manner, we can use the

e TS ring strain energy (AH,) in y-C—H insertion transition states

O, (0]
+4 \\ N\
LAg\ \/X\o . ” LAg\ \}X*OM
. AH. = -A N
’\Il + 3 ‘ — S rxn N + 2 < /\
' : Me
@ ethane H- ‘\/ propane
R R
strained cyclic TS hypotherical unstrained TS
(seven-membered ring) (acyclic)
e TS ring strain energy (AH) in B-C—H insertion transition states
0 (0]
N\
Lag” x—o M onpy A \/XfoMe
N v oow BTy PN
H-- ethane H‘\\/Me propane
R R
strained cyclic TS hypotherical unstrained TS
(six-membered ring) (acyclic)

Figure 7. Homodesmotic reactions to calculate ring strain energies
(AH,) of cyclic C—H insertion transition states.

reaction enthalpies of the homodesmotic reactions™® shown in
Figure 7 to compute the ring strain energy (AH,) of each
cyclic C—H insertion transition state.

The computed activation free energies and transition state
ring strain energies (Figure 8) indicate that the y-C—H
insertion is often favored, but the y-selectivity is significantly
affected by both the identity of the precursor and the ancillary
ligand on Ag. Among the four types of Ag nitrenes, (dmbox)Ag
nitrenes derived from sulfamates (Type IV) have the greatest
y-selectivity—the f-C—H insertion transition states with these
complexes suffer from significant ring strain energies
(AH,(yyep) = 8.6 £ 2.0 keal/mol), while the y-C—H insertion
transition states are not strained (AH(,.,) = 0.3 % 0.5 kcal/
mol). In the reactions with tpa-supported sulfamate-derived Ag
nitrenes (Type IIT) and dmbox-supported carbamate-derived
Ag nitrenes (Type II), the y-selectivity is lower, due to
decreased ring strain in the f-C—H insertion transition states.
Finally, the preference for y-C—H insertion is completely
diminished in tpa-supported carbamate-derived Ag nitrenes
(Type I) because the - and y-C—H insertion transition states
have comparable ring strain energies. The good correlations
between AH, and AG" in the reactions with Types II-IV Ag
nitrenes indicate that ring strain in the cyclic transition states
plays a significant role in the reactivity and regioselectivity of
C—H insertion. Based on the slopes of the correlations
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Figure 8. Effects of tether length on transition state ring strain energy (AH,) and activation free energies (AG*) of the - and y-C—H insertion with

different Ag nitrene complexes.

between AH, and AG* (ie, sensitivity to AH,) and the
average AH, for - and y-C—H insertion transition states, we
can estimate that the average preference for y-C—H insertion is
8.0 kcal/mol for Type IV, 3.8 kcal/mol for Types II-III, and
0.0 kcal/mol for Type I Ag nitrenes. This general trend
suggests that the magnitude of tether length effects is affected
by both the ancillary ligand and the precursor. While Type IV
nitrenes have the greatest preference for y-C—H insertion
because of the strain of the concave bicyclic f-C—H insertion
TS with this type of Ag nitrene, the f-C—H insertion TS is less
strained when the bidentate dmbox ligand is replaced with a
multidentate tpa ligand in Type III nitrenes, which weakens
the sulfonyl-Ag coordination. For nitrenes containing the
planar carbamate group (Types I and II), the f-C—H insertion
TSs are also less strained because they do not have the concave
geometry. The lack of ring strain effects in the reactions with
Type I Ag nitrenes makes this type of reaction especially
promising for activating f-C—H bonds. These system-depend-
ent tether length effects, combined with other factors that
promote selective f-C—H amination, such as ligand—substrate
steric repulsions with multidentate ligands (vide supra),”
provide a general platform for regiodivergent C—H amination
for a broad range of substrates.

Electronic Effects of the C—H Bond on Reactivity. The
charge transfer from the C—H bond to the Ag nitrene in the
C—H insertion transition states (Figure 4b,c) indicates an
electrophilic C—H amination mechanism that favors more
electron-rich C—H bonds.”® To evaluate whether the different
types of Ag nitrenes have different sensitivities to electronic
effects, we computed the activation free energies of a series of
benzylic C—H bonds with Types I-IV Ag nitrenes (Figure 9).
The four different types of Ag nitrenes all react faster with
more electron-rich C—H bonds. Correlations of computed
relative rate constants with the 6" parameters gave comparable
slopes for all four types of nitrenes (Figure 9a). These results
indicate that the different Ag nitrenes have a similar
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electrophilicity when reacting with the C—H bonds. The
computationally derived slope for Type III Ag nitrenes
(—0.68) is in good agreement with the experimental Hammett
studies with the (tpa)Ag(OTf)-catalyzed intramolecular
competition of diaryl sulfamates, which gave a p of —0.69
using o," parameters.”’”*' Good correlations between the
computed activation free energies and NPA charges of the
benzylic H atoms (Figure 9b) suggest that the partial atomic
charges of the substrates may be used to describe the reactivity
preference for more electron-rich C—H bonds in the amination
reactions.

Summary of Catalyst-Dependent Factors on Reac-
tivity and Regioselectivity. The computational results
discussed above revealed that the regioselectivity of the Ag-
catalyzed C—H amination is controlled by various factors,
including BDE and electronic properties of the C—H bonds,
tether length, and ligand—substrate steric repulsions. We
summarized the sensitivity to each of these effects for the four
different types of Ag nitrenes (Figure 10). Understanding the
effects of different substrate parameters on regioselectivity with
a given type of Ag nitrene is valuable for the design of
regiodivergent C—H aminations. For example, although all
four types of Ag nitrenes prefer unactivated C—H bonds with
lower BDEs, the lower sensitivity in reactions with tpa-
supported carbamate-derived Ag nitrenes (Type I) makes
them the best catalyst system to pursue the selective
functionalization of relatively strong unactivated C—H bonds.
By contrast, amination of activated C—H bonds is not sensitive
to BDE when carbamate precursors are used (Types I-II).
This offers plenty of opportunities to override the BDE
preference to aminate, a relatively strong C—H bond in the
presence of a weaker activated C—H bond. The strong
preference for y-selectivity using Type IV Ag nitrenes makes
the (dmbox)Ag(I)-catalyzed reactions of sulfamates suitable
for y-C—H amination. By contrast, the tpa-supported
carbamate-derived Ag nitrenes (Type I) favor amination of
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Figure 9. Substrate electronic effects on the reactivity of Ag-catalyzed
benzylic C—H aminations.

Figure 10. Catalyst-dependent sensitivity of C—H insertion barriers
to different substrate properties.

factors summarized in Figure 10, we analyzed the regiose-
lectivity of various Ag-catalyzed C—H amination reactions
reported in the literature and performed new experiments
when the regioselectivity results were not available. We
compared the f/y-selectivity in the amination of n-butyl
carbamate (6), n-butyl sulfamate (13) (Figure 11), and

BDE = 97
0] 0]
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Me)m%o/x\NH I Y w0+ w0
2 PhlO, DCM, 1t
H Me/'\) Me
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Figure 11. Experimental and computational studies of catalyst-
controlled regiodivergent f/y-selectivity. “This work. These reactions
failed to give the desired C—H amination product due to substrate
decomposition or overamination/over-oxidation.

p-C—H over y-C—H bonds, if other factors are equal, due to
ligand steric effects. Finally, more electron-rich C—H bonds are
preferred, regardless of the ancillary ligand and the nitrene
precursor. As discussed above, the different reactivities of the
Ag nitrenes are mainly affected by the ligand denticity and
whether a sp*-hybridized trigonal planar atom or a sp*-
hybridized tetrahedral atom is attached to the nitrene.
Therefore, we expect that the same reactivity trends should
also apply in Ag-catalyzed C—H amination with other ancillary
ligands and precursors.

Experimental Validation of Factors Affecting Regio-
selectivity. To validate the different selectivity-determining
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menthol-derived carbamate (35) and sulfamate (36) (Figure
12). In these substrates, the -C—H bonds have slightly higher
BDE than the y-C—H bonds. According to the factors shown
in Figure 10, y-C—H amination is expected to be strongly
preferred in the (dmbox)Ag-catalyzed reactions with sulfa-
mates (Type IV), due to ring strain energy effects, while §-C—
H amination should be preferred in the (tpa)Ag-catalyzed
reaction with carbamates (Type I) due to ligand—substrate
steric repulsions. Indeed, the experimentally observed product
ratios agree well with this general selectivity trend and the
computationally predicted regioselectivities (Figure 11). The
amination of n-butyl carbamate (6) using tpa ligand gave
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excellent f-selectivity (y: # < 1: 20). The regioselectivity with
the same substrate is completely reversed to favor the y-
amination product in a 6:1 ratio when the dmbox ligand is
used in place of tpa (see Figures 4 and 6 for computed TS
structures and the origin of the catalyst-controlled divergent
regioselectivity, respectively). Although reactions using n-butyl
sulfamate (13) under standard conditions failed to give the
desired amination product due to substrate decomposition and
side reactions, in the reactions with menthol-derived sulfamate
(36), excellent y-selectivity was obtained (Figure 12). These
new experimental results confirmed the strong preference for
y-amination products for Types III and IV Ag nitrenes. The
computational results also agree with the previously reported
catalyst-controlled regiodivergent amination of carbamate
35°"—when bidentate ligands such as dmbox and Me,phen
are used, the Type II Ag nitrenes gave moderate y-selectivity;
in contrast, reactions using multidentate tpa Type I Ag
nitrenes favored f-product. The effect of the ligand-to-Ag ratio
on the regioselectivity with Me,phen-supported Ag catalyst is
also consistent with this trend—when a 1:1 ratio of
Me,phen:Ag was used, the Type II Ag nitrene supported by
the bidentate ligand (38) gave the y-product; when excess
Me,phen ligand is used, two Me,phen ligands are expected to
bind to the Ag, and thus a Type I Ag nitrene (37) would lead
to the preferred f-amination product. These validation
experiments supported the strategies discussed above to
achieve catalyst-controlled tunable S—/y-regioselectivity by
altering the ligand denticity and precursor identity.

Next, we compared the computed substrate BDE and
electronic effects on reactivity with experimental results.
Intramolecular competition experiments have been reported
to study the reactivities of benzylic and other activated C—H
bonds in the (tpa)Ag(OTf)-catalyzed amination of sulfamates
that involve Type IIl Ag nitrenes (Figure 13).**" These
reactions are expected to have small-to-moderate sensitivity to
the BDE and electronic properties of the C—H bonds (Figure
10). Both the experimentally observed regioselectivity (Figure
13a,b) and the computationally predicted activation free
energies (Supporting Information, tabulated data summary
E) support these conclusions. A good agreement between the

f
S NH,

H O
M
Ph™v1 V2

BDE ~ 86

0.

39 BDE ~ 93

(a) BDE controlled site selectivity

(tpa)Ag(OTf)
DCM, rt

N

Vi-y2 =~ 2.8:1, AAGF per = -0.6
(b) electronic effect controlled site selectivity

O
(0] O\\ 7
O\\S//‘NH /S NH,
/ 2
B o H O H
M
RV > 12 v2 Ph
BDE ~ 86 BDE ~ 93 R
39, 40-43 d, 44-46
1.2 4 1.0 q
41
09 e~ ®, e 051 44,4-OMe
—_ A 40 N - A/\Mev . ) O‘ni -
E | Aoy, Yo & 45,
0.6 - ® == 0.0 ~e
< 8L ™~
o N (=2}
o éfPh 39 k)
0.3 Q -0.5 A [}
] y ==0.06x+5.90 > y=-0.63x-0.08
R?=0.549 42e R2=0.973 46, 4-CF,
0.0 ——— % — e 1.0 . . : .
77.0 79.0 81.0 83.0 85.0 87.0 -0.9 -0.5 -0.1 0.3 0.7
BDE (v4) o
(c) Good agreement between experimental and DFT calculated site-selectivity
1.5
1.04
y =0.80x-0.11
R?=0.775 o 46
0.5
3
£ ] 45
= 44
£-0.5 L] d
© ‘/
= T3 ®
1.0 4 s 43
e ® 40
1.54 41
-2.0 v r T T T T !
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

AAGpe* (kcal/mol)

Figure 13. Validation of substrate BDE and electronic effects on

regioselectivity.

2743

https://doi.org/10.1021/jacs.1c12111
J. Am. Chem. Soc. 2022, 144, 27352746


https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12111/suppl_file/ja1c12111_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12111?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12111?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12111?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12111?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12111?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12111?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12111?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12111?fig=fig13&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c12111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

experimental and DFT-calculated regioselectivity was obtained
(Figure 13c).

B CONCLUSIONS

A combined computational and experimental study was
performed to investigate why different types of Ag nitrene
intermediates lead to different regioselectivities in the Ag-
catalyzed C—H amination. These insights can be used to
predict regiodivergent amination of a diverse range of C—H
bonds. The computational studies indicated that the Ag-
catalyzed intramolecular C—H amination reaction proceeds via
a concerted H-atom transfer/C—N bond formation process
involving singlet Ag nitrene intermediates. The ancillary ligand
and the identity of the nitrene precursor (carbamate vs
sulfamate) affect the transition state geometry and thus ring
strain in the intramolecular C—H insertion and ligand—
substrate steric repulsions. These transition state geometry
differences lead to distinct sensitivities of C—H insertion
barriers to the different substrate properties, such as tether
length, BDE and electronic effects of C—H bonds, and steric
repulsions.

The sensitivities to these different effects were investigated
for four representative types of Ag nitrenes supported by either
a bidentate (i.e., dmbox) or a multidentate (i.e., tpa) ligand
and derived from precursors with either a trigonal planar (i.e.,
carbamate) or a tetrahedral (i.e., sulfamate) atom attached to
the nitrene nitrogen. We demonstrated how these reactivity
rules can be used to select the best catalyst system to achieve
the desired regioselectivity. For example, the Ag-catalyzed
aminations with the bidentate dmbox ligand and sulfamate
precursors strongly favor y-C—H bonds. This regioselectivity is
reversed by using a tpa-supported Ag catalyst with carbamate
precursors. In addition, the (tpa)Ag(OTf)-catalyzed amination
of unactivated C—H bonds in carbamate precursors is the least
sensitive to the BDE effect. Therefore, this is the most effective
catalyst system to promote amination of C—H bonds with
stronger BDEs in the presence of weaker BDE C—H bonds.

Overall, this study revealed how the ancillary ligand and
precursor affect the stability of the C—H amination transition
state and thus can be rationally selected to control the
regioselectivity in the Ag-catalyzed C—H aminations. We
expect that the interplay of these ring strain, electronic, and
steric effects can offer unique insights to guide future design of
regiodivergent functionalization strategies and facilitate the
catalyst design on challenging C—H amination reactions.
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