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ABSTRACT: Carbon—nitrogen bonds are extremely prevalent in pharmaceuticals, natural products, and other biologically
relevant molecules such as nucleic acids and proteins. Intermolecular amination of C(sp*)—H bonds by catalytic nitrene transfer
is a promising method for forging C—N bonds. An organocatalytic approach to nitrene transfer by way of an iminium salt offers
a site-selective method for C(sp®)—H amination. Understanding of this amination mechanism including the nature of the
relevant intermediates and the factors controlling the mechanism of the N—H bond formation step would aid in the design of
catalysts and C(sp*)—H amination methods. In this work, the mechanism of the iminium salt-catalyzed C(sp*)—H amination
via nitrene transfer was elucidated computationally using quantum mechanical methods and molecular dynamics simulations.
Dispersion-corrected density functional theory calculations provide support for an open singlet biradical species in equilibrium
with the lower energy triplet species. Calculations further reveal that, while the singlet biradical species undergoes N—H bond
formation by a hydride transfer process, the triplet species forms the N—H bond by H-atom abstraction. Molecular dynamics
simulations rule out the possibility of a fast rebound of the carbon substrate following N—H bond formation. A predictive model
for mode of activation and site selectivity that is consistent with experimental observations is presented.

KEYWORDS: catalysis, dynamics, organocatalysis, amination, C—H activation, biradicals

1. INTRODUCTION Scheme 1. Iminium Salt-Catalyzed C—H Amination
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it confirms the possibility of developing sustainable strategies
for atom-transfer C—H amination that are outside of the
current transition metal paradigm.

Initial investigations into the scope of iminium-catalyzed C—
H amination revealed its ability to oxidize weak C(sp®)—H
bonds such as benzylic C—H bonds, a-positions of ethers and
protected amines, and highly activated aliphatic substrates
(Scheme 1). Accompanying the report of the catalytic method
and its scope, preliminary mechanistic investigations supported
the initial hypothesis; namely, that the reaction of the
iminoiodinane with the iminium catalyst produces an
intermediate that reacts as though it were a nitrenoid species.
Preliminary experiments revealed a dependence of amination
yield on iminium salt structure and a limited role of the
tetrafluoroborate counterion in promoting the observed
reactivity, supporting the hypothesis of iminium ion involve-
ment in the formation of an organic nitrenoid equivalent.” This
initial conclusion is further corroborated by new control
experiments using tetrabutylammonium tetrafluoroborate as an
organic-soluble source of the counterion (Scheme 2). No
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reaction was observed either in the absence of a catalyst or
with catalytic amounts of n-Bu,NBF,. In addition to providing
additional evidence of a limited role for tetrafluoroborate in
initiating nitrenoid transfer from iminoiodinanes, this experi-
ment also indicates that the iminium salt is not simply acting as
a phase-transfer catalyst.

Despite these initial investigations, substantial unanswered
mechanistic questions remain, such as the potential existence
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and fate of the proposed diaziridinjium intermediate. For
example, diaziridinium intermediate 1a could undergo N—N
homolysis to form 1b or heterolysis to form 1c (Scheme 2).
Further, 1b and 1c could interchange via an intramolecular
single electron transfer (SET) and can undergo intersystem
spin crossing to form singlet or triplet species. Moreover,
contrary to the rich mechanistic literature of oxyfunctionaliza-
tion of C(sp’)—H bonds (i.e., dioxirane and Fe-oxo
chemistry), there is almost no knowledge about the
mechanisms of azafunctionalization of C(sp®>)—H bonds.'’ In
order to broaden substrate scope and to address current
challenges in C—H functionalization, it will be critical to
develop a detailed understanding of the mechanism and to
apply that understanding to the design of catalysts and
methods. Herein, we turn to quantum mechanical calculations
and quasi-classical direct-dynamics simulations to understand
the nature of the active species, elucidate the mechanism for
C—H activation, and gain insights into the origin of C—H site
selectivity. Overall, a refined mechanistic proposal that is
consistent with experimental observation and a predictive
model for mode of activation and site selectivity is presented.

2. RESULTS AND DISCUSSION

From preliminary experimental observations and proposed
mechanisms for C—H activation via dioxiranes, we initially
envisioned three potential pathways for C—H activation from
diaziridinium 1 (Scheme 3). For simplicity, the counterion is
omitted (See Figure S1 in the Supporting Information for an
explanation of the counterion omission). The concerted
nitrenoid nitrogen insertion (PATH A), in analogy to the
concerted “oxenoid” mechanism proposed by Murray et al. and
Curci et al. for dioxirane C—H oxidation,'' could directly form
the C—N bond and regenerate the iminium catalyst."”
Gassman demonstrated that singlet nitreniums could undergo
spin inversion to form the triplet nitrenium ions and singlet—
triplet gaps are sensitive to substituent patterns.”> Through
photolysis, Falvey et al. demonstrated spin-selective reactivity
of the parent nitrenium (NH,").'* Specifically, singlet NH,*
undergoes hydride transfer from toluene while triplet
nitrenjum undergoes H-atom abstraction (HAT). These
results demonstrate that singlet nitreniums undergo 2 electron
nucleophilic attack while the triplet nitreniums react via radical
chemistry. Based on this precedent, we propose two alternative
mechanisms, namely PATH B and PATH C. In PATH B,
compound 1 (e.g., open-form singlet or triplet biradical 1b)
could promote H-atom abstraction, leading to the alkyl radical
int-1 complex. In turn, akin to the Fe-oxo C—H oxidation
mechanism, the —NHR group can then “rebound” to the alkyl
radical to form the amination product 2. In PATH C, 1 can
instead promote C—H activation via a “hydride transfer
mechanism” akin to those observed for singlet nitreniums,
leading to the carbocation int-2 complex. In turn, NHR
displacement followed by nucleophilic attack on the
carbocation will lead to 2.

2.1. Reaction of Iminium Salts with Amination
Reagent Leads to Distinct Diaziridinium and Amidyl
Biradical Intermediates. Our mechanistic analysis is broken
down into five parts based on our computational findings: (1)
mechanistic proposal leading to the production of four distinct
amidyl-iminium and diazaridinium intermediates, (2) analysis
of the nature of these intermediates, (3) mechanistic proposal
for C—H activation from the lowest energy of these
intermediates, (4) effect of carbon substrate on the mechanism
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Scheme 3. Possible Mechanisms for Iminium Salt-Catalyzed
Aliphatic C—H Amination
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of C—H activation, and (S) molecular dynamics simulations to
investigate the time scale for C—H activation and approximate
lifetime of the purported intermediates.

We began our mechanistic studies by constructing the
potential energy surface using the UB3LYP-D3/6-311+G(d,p)-
SDD(1)-CPCM(DCM)//UMO06-2X/6-31+G(d,p)-
LANL2DZ(1)-CPCM(dichloromethane) level of theory (see
the Supporting Information for computational methods and
Figures S2—S4 for a discussion of the method choice). We
chose DFT methods for our computational analysis because
DFT methods, and in particular the UMO06-2X functional,
correctly predict experimental trends for open-shell species
with low computational cost compared with multireference
methods (e.g, CASPT2)."*'® As shown in Figure 1, the
iminjum organocatalyst can adopt a downward (A) or an
upward (A’) puckered S-membered ring conformation. Since
these two conformations are nearly isoenergetic, we initiated
our computational studies from these two conformations. As
shown in Figure S5, the iminium ion organocatalyst A can
undergo nucleophilic attack by the iminoiodinane MeI=NMs
via TS, (barrier of 19.7 kcal/mol) to form adduct B, uphill
by 17.3 kcal/mol. In turn, complex B can then undergo 3-
membered ring closure via TSg g (overall barrier of 26.1 kcal)
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with concomitant release of the iodomethane to form the
“closed-form” diaziridinium E intermediate (see Figure S6 in
the Supporting Information), overall 3.3 kcal/mol downhill in
energy. This (singlet) intermediate E could promote C(sp®)—
H activation by engaging with the alkane substrate (vide infra)
or can first undergo a homolytic ring opening via the singlet
spin state to form open intermediate D via TSy (barrier of
only 13.8 kcal/mol) and then promote C(sp’)—H activation
(vide infra). Notably, in contrast to the closed-formed amidyl-
iminium species E (the singlet—triplet gap is >60 kcal/mol),
the singlet and triplet “open-form” biradical species D are
isoenergetic. Thus, we considered both singlet and triplet
“open-form” D intermediates and only the singlet spin state of
E for C—H activation (vide infra). A heterolytic cleavage
transition state, located using restricted DFT, leading to the
closed-shell nitrenium intermediates is found to be much
higher in energy (23.0 kcal/mol; see Figure S7 in the
Supporting Information) and was not considered further.
Alternatively, A could undergo a conformational change to
form A’ (not calculated) followed by nucleophilic attack by
Mel=NDMs via the lower energy TS,.c- (Figure 1; barrier of
12.2 kcal/mol compared to barrier of 19.7 kcal/mol for TS, 5)
to form adduct C’. Presumably, TS, g is higher in energy due
to the negative steric interactions between the neighboring
axial groups, which are not present in TS,.c- (See Figure S8 in
the Supporting Information). Intermediate C’ can then
undergo a concerted ring closure with simultaneous removal
of the iodomethane via TSy (barrier is 16.8 kcal/mol) to
give the diaziridinium E’. Notably, calculations favor the
stepwise process in which the Mel dissociation occurs first (via
TSc.p') to form an amidyl-iminium intermediate D’, which
can quickly undergo ring-closing (via TSp.p/) leading to E’
(TSpr.g versus TSy g). Further, we also found a conforma-
tional change transition state (TSp.) with a low energy
barrier that connects “down” and “up” I(I) intermediates, B
and C’, respectively, as well as two other conformational
change transition states (TSp.p and TSgg'), which connect
the down D and E intermediates and the up D’ and E’
intermediates. Given that singlet and triplet “open” amidyl-
iminium intermediates (D and D’) are nearly isoenergetic, in
principle, C—H activation could occur from the singlet or
triplet spin states. Thus, we considered single and triplet open-
(amidyl-iminium) and closed-form (diaziridinium) intermedi-
ates (D, D', E, and E’) as potential species for C—H activation.
2.2. Nature of Open- (Amidyl-Iminium) and Closed-
Form (Diaziridinium) Intermediates. To better understand
the mechanism of C—H activation, we investigated the
electronic nature of the open- and closed-form intermediates.
The singlet and triplet forms of both geometries were located
(Figure 1). As shown in Scheme 4, the singlet—triplet gap of
these amidyl-iminium intermediates is small (<2 kcal/mol).
Further, closer inspection of the open-form amidyl-iminium
intermediates revealed that the singlet nitrenium D and D’ can
be classified as biradical amidyl-iminium species (i.e, 1b in
Scheme 3) as noted by the Mulliken spins at both nitrogen
atoms of close to +1.'” The open triplet nitrenium
intermediates ‘D and ‘D’ are also biradicals resembling 1b
(Scheme 3) with Mulliken spins on the nitrogen atoms of close
to +1. As shown by Gassman, the singlet open nitrenium
species could undergo spin inversion to produce the lower-
energy triplet species, which can promote a distinct mode of
C—H activation (vide infra)."”” On the other hand, the energy
difference between the diaziridinium singlet and triplet spin
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Figure 1. Energetics of the reaction coordinate pathway leading to the formation of open-form amidyl-iminium (D and D’) and closed-form (E and
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Figure 2. Lowest-energy pathways leading to C—H activation via open diaminium species D, which undergoes N—H bond formation to give F.
Free energies (kcal/mol) are computed at the UB3LYP-D3/6-311+G(d,p)-SDD(I)-CPCM(DCM)//UM06-2X/6-31+G(d,p)-LANL2DZ(I)-
CPCM(dichloromethane) level of theory. Singlet energies are given in black, and triplet energies are in blue.

considered further. We attribute this large energy gap to
disruption of aromaticity as evidenced by the localization of
the electron spin in the aryl ring. For example, the free radical
in the triplet form ‘E is located at the phenyl carbon (indicated
by Mulliken spin of 1.02; red). Overall, these results suggest
that the closed-form diaziridinium E and E’ exist only in the
singlet state, which are significantly lower in energy than the
triplet closed-form species. On the contrary, the singlet state
(amidyl-iminium) of the open form is in equilibrium with the
triplet biradical state. Electrostatic potential maps also support
the nature of the intermediates as described above (See Figures
S9 and S10 in the Supporting Information).

2.3. Mechanism for C—H Activation by Diaminium
and Amidyl-Iminium Intermediates. Having investigated
the nature of the open and closed intermediates, we then
focused on exploring the viable pathways for C—H activation
by the amidyl-iminium and diaziridinium intermediates. For
simplicity, we will limit the discussion to the lowest-energy
pathway from the open intermediates (Figure 2) since the
pathways for C—H activation from the thermodynamically
favored closed-formed diaziridinium intermediates E and E’
are higher in energy (See Figures S11 and S12 for the full
pathway in the Supporting Information for details). Further,
we initially started with the tertiary alkyl radical as the
substrate although later we also explored the effects of other
C—H bonds. We were interested in investigating the possibility
of a hydrogen-atom-transfer (HAT) mechanism (homolytic
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cleavage) as opposed to a hydride transfer mechanism
(heterolytic cleavage) from the putative amidyl-iminium
intermediates. Hydride transfer models have been proposed
for oxidation reactions catalyzed by oxoammonium salts as well
as for intramolecular C—H amination, which led us to
hypothesize that this process was plausible for the nitrenium
species.'® To probe the nature of the C—H activation step, we
turned to Mulliken charge and spin analysis. We identified a
HAT mechanism if the spin on the resulting carbon is
approximately +1 and the overall charge is ~0. Alternatively, a
hydride transfer mechanism is identified by the formation a
carbocation species (spin ~0 and a charge approximately +1).
As shown in Figure 2, singlet amidyl-iminium D undergoes C—
H activation through a hydride mechanism via TSp.p (barrier
of 10.5 kcal/mol), leading to the formation of F, a carbocation
as determined by analysis of the spin and charge of the
intermediate (Scheme 6). Subsequently, F can undergo
concerted N—C bond formation and C—N bond breaking
via TSpp (barrier is 22.7 kcal/mol from F) to give the desired
product P and regenerate the iminium ion organocatalyst A.
Alternatively, the singlet open nitrenium species D can
undergo spin inversion to give the energetically similar triplet
species ‘D. This triplet species undergoes HAT via TSpp to
form radical complex 'F (barrier of 10.3 kcal/mol) as
determined by the presence of the radical on the carbon
substrate (Scheme 6; see Figure S13 in the Supporting
Information for the other conformer F’ and ‘F’). In principle,
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Scheme 6. Comparison of Singlet (Left) and Triplet (Right)
States of Intermediate F*
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311+G(d,p)-SDD(I)-CPCM(DCM)//UM06-2X/6-31+G(d,p)-
LANL2DZ(I)-CPCM(dichloromethane) level of theory.

'F can undergo radical rebound but the relative barriers for this
process were high (34.8 kcal/mol), and quasi-classical dynamic
calculations from ‘TSp.; show that 64% of the trajectories led
to 'F and 36% led back to open-form ‘D without any
trajectories leading to radical rebound (See Figure S14 in the
Supporting Information). Overall, these results support facile
intersystem crossing from ‘F to form the carbocation F
complex followed by C—N bond formation and subsequent
product release.

We also explored the C—H activation pathway from the “up”
conformational intermediates D’ and *D’, (singlet and triplet,
respectively). As shown in Figure S12 (red; left), the lowest-
energy pathway (from D’ or ‘D’) proceeds from ‘D’ through a
HAT mechanism (via "“TSp . with overall barrier of 12.0 kcal/
mol) to form alkyl radical complex ‘F’. The triplet species ‘F’
will then undergo an intersystem crossing to form the lower-
energy singlet carbocation species F’ (downhill by 41.6 kcal/
mol). Finally, this intermediate F’ will undergo a concerted
C—N bond formation and product release via TS _p (barrier is
only 23.8 kcal/mol from F’). Analysis of the Mulliken spin of
the F’ and ‘F’ intermediates supports this hypothesis that the
triplet ‘D’ undergoes HAT (radical process) to produce a
radical carbon species while the singlet undergoes hydride
transfer (anionic process) to produce a carbocation (Figure
S13). Overall, the open-form amidyl-iminium biradical
intermediates D and D’ are responsible for C—H activation.
Moreover, akin to nitrenium chemistry, the mechanism is spin-
controlled in which the singlet amidyl-iminium undergoes a
“hydride” transfer, leading to a carbocation while the triplet
amidyl-iminium biradical undergoes a HAT to form an alkyl
radical. In the case of the triplet alkyl radical complexes 'F or
‘F’, the species then undergoes an intersystem crossing, leading
to the singlet alkyl carbocation F or F’, respectively. Notably,
for the tertiary substrate, both HAT and hydride mechanisms
are competitive (within 0.2 kcal/mol).

2.4. Effect of Substrate on the C—H Activation Step:
HAT versus Hydride Transfer. Our results show that both
singlet and triplet amidyl-iminium biradical intermediates
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could be responsible for C—H activation. Moreover, for singlet
species, the N—H bond formation step proceeds via a
nucleophilic “hydride” mechanism, leading to the formation
of a carbocation complex (Figure S15). On the other hand, the
triplet species proceeds via a HAT mechanism leading to the
formation of an alkyl radical, which could then undergo
intersystem crossing and single-electron transfer (SET) to
form the energetically favored singlet carbocation complex
(Figure S16). Intrigued by these results, we explored the effect
of the substrate (e.g., methyl vs 1° vs 2° vs 3° vs benzyl) in the
C—H activation step (e.g, from singlet and triplet amidyl-
iminium intermediates). For simplicity, we only discuss the C—
H activation step from the “down” conformation of the singlet
and triplet amidyl-iminium intermediate since the barriers from
the “up” conformation were found to be higher in energy (see
Figures S17—S20 in the Supporting Information for full
details). As shown in Scheme 7, from this analysis we observe
that (1) the overall barriers from C—H activation are
correlated to the bond dissociation of the alkyl substrate; (2)
independent of alkyl substrate the singlet and triplet C—H
activation, barriers are nearly isoenergetic; and (3) highly
unactivated alkyl substrates (e.g., methane and ethane) favor a
HAT mechanism (from spin and charge analysis of the
corresponding products) independent of the spin while for
activated (2°, 3°, and benzyl) substrates both hydride and the
HAT mechanism are competitive. Overall, we observe that the
mechanism for C—H activation from the singlet biradical is
sensitive to substituent effects, while the hydride mechanism is
operative from the triplet biradical independent of the nature
of the substrate.

That is, from a singlet biradical, the alkyl substrates capable
of stabilizing positive charge (e.g., through inductive effects;
secondary and tertiary) proceed via a hydride transfer step,
leading to formation of a carbocationic F complex, while
methyl and primary substrates proceed exclusively via the HAT
mechanism.

2.5. Molecular Dynamics Simulations To Investigate
the Nature of the N—H Bond Formation Step. To further
explore the timing and formation of the N—H bond formation
step in more detail, molecular dynamics simulations (MD) on
TSp.r were performed using Singleton’s Progdyn program.'”
To minimize the computational cost, a truncated system was
studied in which the aryl and sulfonyl groups of the catalyst
were replaced by an alkene and methyl, respectively (Scheme
8). MD simulations were performed in the gas phase using
UB3LYP/6-31G(d) from the open-shell singlet and triplet
transition states located using UMO06-2X/6-31+G(d,p)-
CPCM(dichloromethane) in Gaussian 16. As shown in
Scheme 8 (bottom), the structural and energetic features
(e.g, relative energetics between the singlet and triplet
transition states) of the full system are preserved in the
truncated system.

A typical trajectory involving N—H bond formation from the
singlet biradical is shown in Scheme 9. In this trajectory, the
hydride (N—H bond of <1.0 A) is transferred within 12 fs from
the tertiary carbon substrate to the nitrogen of the diaminium
species. The trajectory continues for an additional 397 fs
without any further bond formation or breaking events. These
results show that hydride transfer (via singlet spin state) leads
to the formation of a persistent (i.e, without rebound)
carbocationic complex. Overall, 108 simulations were
performed, and the results from analyzing these simulations
show that most trajectories (84%) lead to the formation of the
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Scheme 7. Effect of Substrate (Methyl, Primary, Secondary,
and Benzylic) and Spin State on Mechanism”
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“For the tertiary substrates, see Figures S9 and S10. Bond lengths are
also given as Mulliken charge (black) and spin (red) of the central
carbon atom of the substrate. Free energies (kcal/mol) are computed
at the UB3LYP-D3/6-311+G(d,p)-SDD(I)-CPCM(DCM)//UMO06-
2X/6-31+G(d,p)-LANL2DZ(I)-CPCM(dichloromethane) level of
theory (see Figure S21 in the Supporting Information for electrostatic
potential maps).

carbocationic complex F (Scheme 10). The reverse reaction
leading to the open, singlet biradical D is also observed in 10%
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Scheme 8. Singlet and Triplet Transition States for the Full
and Truncated Systems”
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“Free energies (kcal/mol) are computed at the UB3LYP-D3/6-
311+G(d,p)-SDD(I)-CPCM(DCM)//UMO06-2X/6-31+G(d,p)-
LANL2DZ(1)-CPCM(dichloromethane) level of theory.

Scheme 9. Snapshots of a Typical Reactive Trajectory
Propagated in the Gas Phase, Leading to Intermediate F*

1fs

“The hydrogen is transferred in the first 12 fs of the trajectory.

of the trajectories, while only ~1% (after 1532 fs) of the
trajectories lead to the much lower energy 3-membered
diaziridinium E. These results suggest that a long-lived
biradical species is responsible for C—H amination.
Consistent with this hypothesis, we also observed ring-
expansion product (7-membered ring) in ~3% of the
trajectories (after ~441 fs), similar to the decomposition
products of diaziridiniums that have previously been observed
experimentally” (see Figure S22 in the Supporting Information
for the potential energy surface including this side pathway).
Notably, we previously published experimental results that
support the notion that a tosyl or other sulfonyl groups lower
the tendency of the organocatalyst to undergo ring expansion
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Scheme 10. Summary of Results from 108 MD Simulations
from the Open-Shell Singlet Transition State Located

405 fs

7-membered ring H
3%

1532 fs

relative to hydrogen,” consistent with the calculations showing
ring expansion as a minor pathway. We are currently exploring
the effect of the tosyl group in the dynamics. Finally, we also
observed ~2% of the simulations leading to intermediate H in
which a second hydrogen from the tertiary carbocation is
abstracted by the amine group, leading to 2-methyl propene,
methyl amine, and regeneration of the iminium organocatalyst.
Opverall, these results support the mechanism shown in Scheme
11 and do not support a rapid rebound mechanism. However,
in our calculations we do not consider explicit solvent
molecules and counterions, which are likely to play a key
role in preventing the escape of discrete carbocations to
undergo side bimolecular reactions.

Scheme 11. Mechanism of Organocatalytic C—H Amination
As Revealed by Quantum Mechanical and Quasi-classical
Dynamic Calculations
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2.6. Correlation of Computational to Experimental
Results and Implications for Future Reaction Design.
The initial hypothesis guiding the design of iminium-catalyzed
C—H amination was centered on the idea that a diaziridinium
might be accessed from the reaction of a nitrene precursor and
the catalyst. Furthermore, that diaziridinium, like its cousins in
the dioxirane and oxaziridine families, might be expected to
transfer a heteroatom (in this case nitrogen) in a C—H
functionalization process. Indeed, our calculations predict the
formation of the expected diaziridinium as an intermediate
along the reaction coordinate leading to C—H amination.
However, unexpectedly and in contrast to the well-studied
dioxirane case, the open biradical forms D and D’ are also
calculated to exist as intermediates and are found to be the
relevant oxidants engaged in C—H bond cleavage. This result,
along with the calculated nature of the subsequent C—H
activation steps for each intermediate, is consistent with
experimental results and provides important insight for future
reaction design.

Experimentally and under conditions slightly modified from
the computational model (i.e.,, use of PhAINTs or PhINTces as
the nitrene precursor), successful C—H amination is limited to
benzylic C—H bonds or other C—H bonds that are
substantially weakened by conjugative or hyperconjugative
effects (see examples in Schemes 1 and 2). Calculations
suggest that, whereas hydride transfer and HAT transition
states are isoenergetic for primary, secondary, and tertiary C—
H bonds, benzylic hydride transfer begins to be favored (by 0.6
kcal/mol for toluene as shown in Scheme 6). Previously, when
studying the effect of substitution of the tetralin aromatic ring
on relative reaction rates, we observed a strong correlation with
the Hammett constant 6, with a p value of —2.5.7 This
suggests an increase in positive charge at the benzylic carbon.
These data could be taken as evidence that, for the reported
experimental results, a hydride transfer pathway via the singlet
biradical is favored. Our previous investigations also found a
primary kinetic isotope eftect of 2.5 for amination of
isochroman in an intermolecular competition experiment. We
computed the kinetic isotope effect (KIE) of the H transfer
step for both the down and up conformers of the N—H bond
formation transition state. The computed values of ky/kp>°
were 1.72 and 1.98 for the down and up conformers,
respectively, in our truncated system. These computed KIE
values are in accord with the experimental value (ky/kp = 2.5)
for the isochroman molecule (see Figure $S23 in the Supporting
Information). The magnitude of this effect is also consistent
with predicted KIE values for reactions involving hydride
transfer.”’ In addition, the observation of a primary KIE is
consistent with the overall mechanism that we propose, which
shows that for benzylic amination, the rate-determining step is
formation of D and D’, but an irreversible C—H bond cleavage
occurs in a product-determining step following the rate-
determining step.

The calculated mechanism and reaction barriers offer several
potentially productive directions for reaction design. First, it is
notable that both the overall barriers and calculated transition
state energies for the C—H functionalization step (<20 kcal/
mol in all cases) are lower than what might be predicted for a
reaction exhibiting a scope at room temperature limited to
benzylic or highly activated alkane substrates. One possible
explanation for this is that the generation of an N-tosyl analog
of D might, for steric reasons, occur with a higher barrier, and
that this analog might subsequently exhibit lower reactivity
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than the calculated N-mesyl oxidant, given the proximity of the
nitrogen protecting group to the substrate during the C—H
functionalization step (Scheme 7). In this regard, reducing the
steric bulk of the terminal oxidant is potentially of interest.
Moreover, the lack of reactivity with otherwise unactivated
tertiary C—H bonds is puzzling given that formation of D is
calculated to be the rate-determining step, as in the benzylic
case. Sterics might play a role here. However, we also observe
that PhINTs and PhINTces are poorly soluble in the reaction
mixture and dissolve slowly (and not always entirely) over the
time period of the reaction. Therefore, an alternative
hypothesis is that the poor solubility of the terminal oxidant
severely limits the concentration of D and D’ in the reaction
mixture, leading to rates of product formation that are below
an observable level. This might be addressed by the use of
more soluble nitrene precursors. We are currently investigating
the effect of these factors on reaction performance.

3. CONCLUSIONS

We explored the mechanism of iminium-catalyzed C—H
amination through computational methods including quantum
mechanical calculations and molecular dynamics simulations.
Through our computational studies, we have proposed a
mechanism by which this C—H amination occurs. The
iminoiodinane is added to the iminium catalyst followed by
removal of the iodomethane. The resulting singlet biradical
species can then undergo N—H bond formation. Our
computational studies show that both hydride transfer and
HAT mechanisms for activated C—H bonds are operative,
competitive, and energetically accessible. However, for
unactivated C—H bonds/sites (e.g, 1°), 2 HAT mechanism
is operative but large energetic barriers are observed.
Furthermore, in agreement with quantum mechanical calcu-
lations, molecular dynamics simulations do not support a rapid
rebound mechanism. Modulating the organocatalyst to control
the mechanism of C—H amination (hydride vs HAT
mechanism) by tuning the substituents of the biradical
intermediate is underway. Further MD calculations to explore
the effect of explicit solvent and counterions in the mechanism
and modifications to reaction parameters suggested by the
proposed mechanism are underway and will be reported in due
course.
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