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The mechanism and site selectivity of inter-and intramolecular C—H bond aminations have been studied
using the MO6L method. The similarities and differences between inter- and intramolecular aminations
are discussed in detail, with an emphasis on the correlation between reaction pathway and site
selectivity. Our calculations show that, for both inter- and intramolecular aminations, the triplet stepwise
pathway is of H-atom transfer character, while the singlet concerted pathway is of hydride-transfer
character. More importantly, for intermolecular C—H bond amination, the triplet stepwise pathway is
favored over the singlet one. Conversely, in the intramolecular case, the singlet concerted pathway is
dominant. This inverse preference for the singlet—triplet pathway for inter- and intramolecular
aminations is an important contributing factor to their inverse site selectivity. The calculated benzylic-to-
tertiary (B : T) C—H amination ratios for the inter- and intramolecular aminations are 13:1 and 1:17,
respectively, which are in agreement with experimental results of 7:1 and 1:7. Specifically,
intermolecular amination favors oxidation of the secondary benzylic C—H bond over the tertiary C-H
bond, whereas the intramolecular case shows a preference for tertiary C—H amination. This inverse site
selectivity can be mainly attributed to the fact that inter- and intramolecular aminations proceed

according to the different state pathways mentioned previously, where the enthalpic and entropic
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Accepted 24th June 2017 contribution to free energy differ. In addition, there is a higher energy barrier for the cleavage of the

C-H bond in the intermolecular amination than in the intramolecular case, due to a much larger
DOI: 10.1035/c7ra05032a negative entropy of activation for the former. These results provide some valuable information for the

rsc.li/rsc-advances design and deconstruction of highly selective and highly efficient C—H amination systems.

intra-**?* and intermolecular>*?® aminations. Relative to the

1. Introduction
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Selective functionalization of aliphatic C-H bonds to obtain
a desired product is an exceptional challenge in organic and
organometallic chemistry due to their abundance yet lack of
reactivity.”” In one of the most important C-H functionalization
methods, catalytic C-H amination reactions can lead to novel
C-N bond formation,**® and this approach is widely applied to
the synthesis of natural products, bioactive compounds, and
materials.”™* Atom-, time-, and cost-efficient opportunities have
made the field of C-H amination an active area of research.’>>"
In general, C-H amination is principally divided into two types:”
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large number of catalysts available for intramolecular amina-
tion, only a few transition-metal complexes can be employed
effectively to catalyze the corresponding intermolecular reac-
tion.”””** One of the top catalysts for performing both intra- and
intermolecular C-H amination is Rhy"(esp), (esp = a,a,0/ o/
tetramethyl-1,3-benzenedipropanoate), which was developed
and first synthesized by Du Bois and coworkers®**** and shows
good selectivity in the presence of multiple reactive sites. It is
interesting to note that competition experiments reported by Du
Bois and coworkers show that Rhy""(esp),-catalyzed intra- and
intermolecular C-H aminations exhibit an opposite site selec-
tivity in some cases.*** As seen in Scheme 1, in the benzylic-to-
tertiary competitive reaction of intramolecular amination,
tertiary alkyl C-H bond insertion is favored over secondary
benzylic oxidation. However, contrary to expectations, an anal-
ogous intermolecular competition reaction shows a preference
for benzylic C-H amination. Such an exactly inverse benzylic-to-
tertiary site selectivity attracts a great deal of attention, and
various approaches have been made experimentally to tune or
switch benzylic-to-tertiary selectivity by changing the metal core
(such as Ag, Ru, Fe, etc.) or ligand of catalyst, modifying the
substrate, and altering the nitrogen source.*** Even so, the
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Scheme 1 Benzylic-to-tertiary site selectivity of inter- and intra-
molecular C—H aminations.

controlling factor for this site selectivity remains unresolved,
and some newly designed amination systems fail to achieve the
anticipation of high selectivity. We infer that the difference in
site selectivity may be attributed to disparities in their compli-
cated mechanisms. Therefore, efforts to improve catalyst and
protocols for selective C-H amination are tied intimately to
a thorough understanding of the mechanistic details of these
reactions. Theoretical analyses based on density functional
theory (DFT) calculations have become an essential tool to shed
light on these mechanisms.***?***” To the best of our knowl-
edge, to date, the site selectivity of dimetal-catalyzed C-H ami-
nation has been explored experimentally only, with no relative
theoretical investigations. Over the past few years, we have per-
formed some theoretical investigations on mechanisms of C-N/
C-C bond formation by means of C-H functionalization,**** and
on the electronic structures and spectra of analogous transition-
metal complexes.*® Herein, in order to understand site-selective
differences in nature between inter- and intramolecular C-H
aminations and to further seek the defining factors of site
selectivity, a DFT computational study was performed. Such an
insight can also provide valuable information for designing and
deconstructing catalytic inter- and intramolecular C-H amina-
tion systems of high selectivity and efficiency.

2. Computational details

DFT calculations were performed with the Gaussian 09
package,** using the MO6L pure functional mode,** which has
been found to be accurate for the energies and geometries of
related C-H functionalization systems including multiple
pathways.?”***%* In terms of the mechanism and selectivity of
amination reactions, the steric effect is an important influ-
encing factor, and sometimes even a governing factor.**”** The
catalyst Rh3""(esp),, involving two bulk esp ligands, would give
rise to a considerable steric effect.”*>** In order to obtain reli-
able computation results, we did not perform any simplification
of the geometrical structures of any species in the reaction
pathways. The geometries of all species were optimized in the
gas phase at the basis set level below (denoted as BS1): the
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Stuttgart RSC 1997 Electron Core Potential (ECP) basis set with
effective core potential and one additional f-type polarization
function [{{Rh) = 1.350] was used for the Rh atom;* the 6-31G
basis set’ was used for the H, C, and O atoms in the
Rh}"(esp), unit of species; and a larger basis set 6-31G(d)* was
used for the H, C, N, O, S, and Cl atoms in the nitrogen source
and substrate moieties of species due to a more direct relevance
to reactivity. For the optimized structures, the frequency
calculations were also performed at the MO6L/BS1 level in order
to verify the energy minima (no imaginary frequencies) and
transition states (one imaginary frequency). Intrinsic reaction
coordinate (IRC)* calculations were carried out to determine
the interconnection of the transition structures with the related
reactants and products. Energies of the reported structures were
improved by performing single-point energy calculations at the
MO6L level of theory with a larger basis set (denoted as BS2). The
compositions of BS2 can be described as follows: the basis sets
for the Rh atom and for the C, H, and O atoms in the
Rh3""(esp), unit were the same as those in BS1 but a higher-level
basis set, 6-31G(d,p),*® was used for C, H, O, S, and Cl atoms in
the nitrogen source and substrate moieties of species. In order
to estimate the effect of the solvent (toluene), a single-point
energy calculation was performed at the MO6L/BS2 level of
theory, using Truhlar and coworkers' solvation model density
(SMD) solvation model®* on the gas-phase optimized geome-
tries. All thermodynamic data discussed in the text are calcu-
lated at 298 K and 1 bar. Meanwhile, natural bond orbital (NBO)
6.0 analyses were performed at the M06L/BS2 level of theory.*

3. Results and discussion

Proposed catalytic cycles for intra- and intermolecular C-H
aminations are shown in Fig. 1 and S1.7 Clearly, the whole
amination process can be divided into two parts: the formation
of an RhY™-nitrene intermediate and the insertion of an NR-
group into the C-H bond. Rhy""-nitrene is considered a key
catalytic intermediate and is directly responsible for the NR-
group insertion into the C-H bond. It is worth pointing out
that the competition of benzylic-to-tertiary C-H bond amina-
tion, as the focus in this context, begins with the same Rhy""'-
nitrene. For example, the intramolecular competitive amination
starts from the nitrene of Rh}""(esp),-NO,SOC;3H;o and the
intermolecular case begins in the nitrene of Rhj(esp),-
NTces. In other words, the site selectivity, whether for inter- or
intramolecular C-H amination, depends solely on those reac-
tion steps which follow the formed Rh5""-nitrene (vide the red
box in Fig. 1 and S1t). Thus, our investigations on mechanism
and site selectivity start from the Rh3*™-nitrene.

In this work, the species involved in the reactions are listed
as the Rhy""(esp),-nitrene intermediates (X-"IM1), H-transfer
transition states (X-"TS1ly), the radical intermediates
(X-*IM2y), C-N bond formation transition states (X-*TS2y), and
products (X-'PCy), where X = A for intramolecular and R for
intermolecular C-H aminations; n = 1 for singlet and 3 for
triplet multiplicities; and Y = B for benzylic and T for tertiary
C-H aminations. For the convenience of discussion, Scheme 2

This journal is © The Royal Society of Chemistry 2017
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Scheme 2 Atom labels of all species in the intra- and intermolecular
amination pathways.

presents labels of important atoms of species involved in the
inter- and intramolecular C-H amination pathways.

3.1. Similarity of intra- and intermolecular aminations

As shown in Fig. 1 and S1,f for the intramolecular amination
(Rh"(esp),-
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NO,SOC;3H;4) is composed of nitrenoid (NO,SOC;3H;,) and
Rh5""(esp),. In the subsequent C-H insertion process, the
nitrenoid N-atom and reactive C-H bond come from the same
nitrene intermediate. For the intermolecular amination reac-
tion, the Rhi"-nitrene R-"IM1 (Rh}""(esp),-NTces) consists of
nitrenoid (NTces) and Rh5""(esp),. In this case, the nitrenoid N-
atom and reactive C-H bond come from the nitrene and
substrate, respectively.

3.1.1. Reactivity of nitrene (A-"IM1 and R-"IM1). Investi-
gation of the electronic structure and reactivity of Rhj"™-
nitrene can provide significant information for the amination
reaction. Both A-"IM1 and R-"IM1 have two possible spin-state
existences: singlet and triplet states (i.e. A-'IM1/R-'IM1 and
A-*IM1/R-*IM1). The orbital bonding patterns between the
Rh3"" core and the N-atom are depicted in Fig. S2(a).t Impor-
tant frontier orbitals and electron configurations for A-"IM1 and
R-"IM1 are depicted in Fig. 2 and S2(b),} respectively. Among
those orbitals shown in Fig. S2(a),t three-center (Rh-Rh-N) 7*
and o* orbitals and Rhj"-centered d* orbitals are very

SOMO1

Fig. 2 Important Kohn—Sham frontier orbitals and electron configurations of A-'IM and A-3IM.

This journal is © The Royal Society of Chemistry 2017
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important because they correspond to the calculated key fron-
tier molecular orbitals (FMOs) of Rhy""-nitrene (highest occu-
pied molecular orbital [HOMO]-1, HOMO and lowest
unoccupied molecular orbital [LUMO] for singlet A-'IM1; and
SOMO1-1, SOMO1 and SOMO? for triplet A-*IM1) which would
directly participate in the process of NR insertion into the C-H
bond. Also, w* (7] and 7,) and , orbitals are close in energy.
Similar energies allow the redistribution of one electron
from the 8* to the ©*, leading to differing population of the *
and 7* level in A-'IM1 and A-*IM1. Thus, the configurations
of the singlet A-'IM1 and triplet A-IM1 are
(3*)*(m})?(m;)° and (7})*(3%)"(m;)", respectively.

Fig. 2 shows that the HOMO-1, HOMO, LUMO of singlet
A-'IM1 mainly consist of 3* (d,,)-Rh(d), 7; Rh(d,,)-Rh(d,.)-
N(sp*) and 7, Rh(d,,)-Rh(d,,)-N(p,) antibonding orbitals,
respectively. It is worth noting that the three-center (Rh-Rh-N)
LUMO orbital has a significant N p contribution, which indi-
cates that the LUMO of A-'IM1 can not only readily accept two
electrons from the heterolytic cleavage of the ocy bond
through the N p, orbital moiety but can also delocalize these
electrons to the Rh, core via the Rh(d,,)-Rh(d,,) moiety to
increase the stability of the singlet transition state for hydride
transfer. Thus, singlet A-'IM1 has a strongly electrophilic
reactivity.

For triplet A-’IM1, its singly occupied molecular orbital
(SOMO)-1, SOMO1, SOMO2 orbitals are composed of 7; Rh(d,.)-
Rh(d;,)-N(spy), 8* (dy)-Rh(dy), and 7, Rh(d,,)-Rh(d,,)-N(p,)
antibonding orbitals, respectively. The three-center (Rh-Rh-N)
SOMO?2 orbital, in particular, has an obvious N p-character;
moreover, its calculated unpaired spin densities are mainly
located on the N-atom (0.984 e) and Rh, core (0.838 e) (see
Fig. 5). This obvious N p-orbital character and almost a single
electron on the N-atom indicates that the SOMO2 is readily
accessible to accept one electron from the hemolytic cleavage of
the oc_y bond. On the other hand, the Rh, core moiety of
SOMO2 may bear considerable spins to avoid unpaired spins
overly concentrating on the N-atom, facilitating crossing the
triplet transition-state barrier for hydrogen-atom transfer.
Therefore, triplet A-*IM1 has a high radical reactivity.

As shown in Fig. S2(b),T the orbital characters for intermo-
lecular R-'IM1 and R-’IM1 are similar to intramolecular A-'IM1
and A-’IM1, respectively, which indicates that, likewise, R-'IM1
also has strongly electrophilic reactivity and R->IM1 has high
radical reactivity.

Based on the above analysis, it can be concluded that both
the singlet and triplet nitrenes can directly trigger NR insertion
into the inert C-H bond. It should be noted that since the
reactivity of nitrenes for intra- and intermolecular aminations is
analogous, nitrene is not a defining factor contributing to
inverse benzylic-to-tertiary site selectivity for intra- and inter-
molecular amination.

3.1.2. Mechanistic investigation of intra- and intermolec-
ular aminations. It is assumed that there are singlet and triplet
pathways for C-H amination reactions due to the existence of
singlet and triplet nitrene.”*”*<*® For intra- and intermolecular
aminations, mechanistic details are depicted in Fig. 3 and S3,f

34786 | RSC Adv., 2017, 7, 34783-34794
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and optimized geometries with important geometry parameters
are depicted in Fig. 4 and S4,} respectively.

As depicted in Fig. 3 and S3,f for both intra- and intermo-
lecular reactions, benzylic C-H amination mechanisms are
analogous to tertiary ones. Herein, the benzylic C-H amination
is given as an example to elaborate the characters of singlet and
triplet pathways.

3.1.2.1. Character of singlet pathway. As mentioned above,
LUMOs of singlet A-'IM1/R-'IM1 accept two electrons from the
heterolytic cleavage of 0¢3-p4 to promote the singlet pathway. In
the singlet pathway, A-'IM1/R-'IM1 proceeds to the product
A-'PCyx/R-'PCy via the transition state A-'TS1g/R-'TS1z. The
distances of C3---H4, N---H4, and C---N in A-'TS1,/R-'TS1y are
1.248/1.217 A, 1.374/1.452 A, and 2.586/2.661 A, respectively,
suggestive of a breaking C3---H4 bond and forming N---H4 and
C---N bonds (see Fig. 3 and S3; and Fig. 4 and S47). Moreover, in
the subsequent ring-product A-'PCg/chain-product R-'PCg, the
bond lengths of N-H4 and C3-N are 1.027/1.027 A and 1.521/
1.517 A, respectively, indicating that both N-H4 and C3-N
bonds are completely formed. All the above bond distances
show that the formations of the N-H4 and C3-N bonds, as well
as the cleavage of the C-H bond, proceed in a concerted
manner. On the other hand, in the singlet pathway, there is
a clear charge flow among reactive center N---H---C atoms: from
A-'IM1/R-'IM1+S to A-'TS1y/R-'TS1p, the total NBO negative
charges for the PhC moiety (i.e. Ph + C3) decrease greatly from
—0.486/—0.494 to —0.268/—0.234 and negative charges for N-
atom increase correspondingly from —0.690/—0.686 to
—0.838/—0.870 (see Table 1). These change characteristics of
NBO charges show that the H4 transferring process is accom-
panied by the partly negative charge of C3 flowing to the N-
atom. Therefore, the singlet mechanisms of both intra- and
intermolecular aminations are described as a concerted
hydride-transfer pathway.

3.1.2.2. Character of triplet pathway. Unlike the singlet
pathway, the triplet pathway begins in the triplet A-*IM1/R-IM.
The SOMO2 orbital of A-*IM1/R-’IM accepts one electron from
the hemolytic cleavage of the o34 bond to trigger triplet
radical mechanism. Triplet pathway consists of two steps: H-
abstract and radical rebound processes.

In the process of H-abstract, the H4 atom of the C3-H4 bond
in A-*IM1/R-’IM1 transfers to the metal-bound N-atom passing
through the transition state A-"TS15/R->TS1g. As seen in Fig. 4
and $4,1 the calculated A->TS15/R->TS1y structure indicates an
incipient N---H4 bond (1.330/1.368 A) and an elongated C3---H4
bond (from 1.102/1.099 A in A-*IM1+S/R->IM1 to 1.305/1.284 A
in A->TS15/R->TS1g, respectively). Then, the C3-H4 bond breaks
completely and an N-H4 bond forms completely to generate
intermediate A-*IM2g/R-*IM25. The surface plots and values of
the spin density distribution of the triplet species for intra- and
intermolecular benzylic C-H aminations are shown in Fig. 5
and S5,7 respectively. The calculated spins show that A-*IM2y/
R-IM2;g is a triplet radical species in which one unpaired
electron is located on the Rh, core (0.676 €/0.734 e) and the
other is located on C3 (0.800 €/0.768 e). In other words, the
radical A-*IM2,/R->IM25 formation is a result of the H-atom of

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Mechanisms of benzylic-to-tertiary C—H competition for intramolecular aminations. Herein, Rh, = Rh,(esp)s.

C3 transferring to the N-atom through the hemolytic cleavage of
the o34 bond.

In the subsequent C-N bond formation step, via the c*
orbital, the spin-transfer and inter-system crossing trigger the
C3-N bond formation via the transition state A-*TS2y/R->TS25
with an energy barrier of 5.6/11.4 kcal mol " (2.4 — 3.2/—2.1
— 9.3 kecal mol™") (see Scheme 3). The whole processes for
inter- and intramolecular benzylic C-H aminations are largely
exergonic (—40.4 and —33.2 kcal mol ™', respectively).

Based on the above discussions on the H-abstract and
radical rebound processes, it can be concluded that the triplet
mechanisms of both intra- and intermolecular aminations are
characterized as a stepwise H-atom transfer pathway.

It should be noted that since the singlet and triplet pathways
of intramolecular aminations are analogous to those of the
respective intermolecular aminations, it may be difficult to
cause inverse site selectivity if the intra- and intermolecular
aminations simultaneously proceed as the singlet or triplet

This journal is © The Royal Society of Chemistry 2017

pathway. Their inverse site selectivity probably originated in
different spin-state pathways (vide Section 3.2.).

3.2. Difference of inter- and intramolecular C-H aminations

Most interestingly, Rh3""(esp),, a robust tethered dicarboxylate-
derived complex, shows good catalytic activity for both inter-
and intramolecular C-H aminations, but with an inverse site
selectivity. In this section, we will compare their mechanistic
disparities in detail to gain a deeper understanding of this
inverse selectivity. The enthalpy, entropy, and free energy of
activation of all pathways for inter- and intramolecular amina-
tions are listed in Table 2.

3.2.1. Comparison of free energy of activation. As shown in
Table 2, all of the free energies of activation in the intermo-
lecular hydrogen-transferring process (AGZg,) are notably
higher than those in the intramolecular process (AGz so1) (14.0,
10.8, 12.7, and 11.9 kcal mol™' > 5.5, 9.0, 3.4, and 6.5 kcal
mol~'). This can be explained by the difference between

RSC Adv., 2017, 7, 34783-34794 | 34787
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Fig.4 Optimized structures and important geometrical parameters (bond lengths in A, bond angles in degrees) of the species for intramolecular
benzylic-to-tertiary C—H amination. Values without and with parentheses are for triplet and singlet states, respectively. For the sake of clarity,
except for the reactive H4 and H6 atoms, all H-atoms are omitted.
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Table 1 Calculated NBO charge (in e) for selected atoms in singlet
pathways

Intramolecular amination Intermolecular amination

C3 +Ph N C3 + Ph N
A-'IM1 —0.486 —0.690 R-'IM1+S —0.494 —0.686
A-'TS1, —0.268 —0.838 R-'TS1; —0.234 —0.870
A-'PCy —0.065 —0.929 R-'PCy —0.062 —0.924

enthalpic and entropic contributions to free energy. At constant
temperature, the free energy of activation (AG™) can be divided
into enthalpy (AH™) and entropy (AS™) of activation, by writing

(eqn (1)):
AG* = AH™ — TAS™ (1)

In terms of enthalpy aspects, all intermolecular
AHf{SO] values are negative (—4.2, —4.4, —3.1, and —3.8 kcal
mol ") whereas all intramolecular AHZ s, values are positive
(3.3, 6.6, 1.5, and 5.9 kecal mol "). Intermolecular AHZ s is
beneficial to obtain a lower free energy of activation according
to eqn (1), compared with AHZ .. However, a larger difference
comes from the entropy of activation; intermolecular
ASg values are —61.3, —50.9, —53.1, and —52.7 cal mol™* K
(AS§ < 0) and intramolecular ASZ values are —7.3, —8.1, —6.1,
and —1.9 cal mol ™' K™ (ASZ is slightly less than zero). Obvi-
ously, all intermolecular ASZ values are much more negative,
compared with intramolecular AS§ values. Indeed, the more
negative intermolecular ASE not only compensates for the
influence of the enthalpy of activation previously described, but
also further leads to a higher AGf{sol vs. AG:S()]. The reason for
a much more negative AS{ vs. AS5 is that two reactant species
come together to form one species as intermolecular R-"IM1+S
proceeds to R-"TS1y (see Fig. S31). Entropy is a measure of the
molecular disorder of a system, and the decrease in the number
of molecules indicates that the disorder of the system is
significantly reduced, thus the entropy is decreased remarkably.
In contrast, an acyclic single molecule converts into a cyclic
single molecule without any change in the number of molecules
as intramolecular A-"IM1 proceeds to A-"TS1y (see Fig. 3). This
is also an entropy-decrease process, but the degree of entropy-
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decrease is much less compared with the intermolecular case.
It is worth noting that the negative entropic contribution to
R-"TS1y is so significant that it has become the major thermo-
dynamic factor controlling the free energy of activation. Hence,
the intermolecular hydrogen-transferring process is predomi-
nantly entropy-driven, whereas the intramolecular process is
both enthalpy- and entropy-driven combined. This difference
will heavily impact the selectivities of the reaction pathway and
the reaction site of inter- and intramolecular aminations (vide
Sections 3.2.2. and 3.2.3.).

3.2.2. Comparison of preference of singlet-triplet pathway.
Verifying the preference of different spin-state pathways of
amination has become an active area of research due to a close
connection with the selectivity and productivity of amination
reactions.*»*’*%>*=%¢ Free energy profiles of inter- and intra-
molecular C-H amination are shown in Scheme 3, and for
a clearer comparison, those values relevant to site selectivity are
shown in Table 3.

As shown in Table 3 and Scheme 3, for intermolecular ami-
nations, the calculated energy barrier of singlet R-"TS1,/R-"TS1y
is higher than that of the corresponding triplet R-°TS1,/R-*TS1y
(R-'TS1g vs. R-°TS1g = 14.0 vs. 10.8 kecal mol™*; and R-"TS1y vs.
R->TS1y = 12.7 vs. 11.9 kecal mol ). Conversely, in the inter-
molecular case, the energy barrier of singlet A-'TS15/A-'TS1y is
significantly lower than that of the corresponding triplet
A->TS1p/A>TS1y (A-'TS1, vs. A-*TS1; = 5.5 vs. 9.0 keal mol ™
and A-'TS17vs. A*TS1t = 3.4 vs. 6.5 keal mol ™). In other words,
the triplet stepwise pathway is dominant for intermolecular
benzylic and tertiary C-H aminations. In contrast, the singlet
concerted pathway is favored over the triplet stepwise pathway
for intramolecular benzylic and tertiary C-H aminations. The
differences of preference in the singlet-triplet pathway between
the inter- and intramolecular hydrogen-transferring processes
can be explained by the drive mechanism mentioned previ-
ously. Herein, benzylic sites are given as an example to illustrate
the reason for the preference of the singlet-triplet pathway.

In the intermolecular case, free energies of activation for
singlet and triplet pathways are both entropy-driven, which is
mainly related to the disorder of the system. However, the N, H,
and C atoms of the reactive center have a trigonal arrangement
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Fig. 5 Surface plots and values of spin density distribution of the triplet species for intramolecular benzylic C—H amination.
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Scheme 3 (a) Free energy profiles of intermolecular C—H amination. (b) Free energy profiles of intramolecular C—H amination. Herein, - and 1
stand for the unpaired election and its spin direction, respectively.
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Table 2 Comparison of enthalpy (kcal mol™), entropy (cal mol™t K™3),
and free energy (kcal mol™) of activation between inter- and intra-
molecular aminations

Intermolecular aminations Intramolecular aminations

AI'IIT,sol AS;; AGlf,sol AH:,SOI AS: AGr,sol
R-3IM1+S 0.0 0.0 0.0 A’IM1 0.0 0.0 0.0
R'TS1; —4.2 —61.3 14.0 A-'TS1; 3.3 —7.3 5.5
R3TS1; 4.4 —-50.9 10.8 A’TS1; 6.6 —-81 9.0
R-'TS1; —3.1 —53.1 12.7 A-'TS1; 1.5 —6.1 3.4
R3TS1, —3.8 —52.7 11.9 A-*TS1; 5.9 -1.9 6.5

Table 3 Comparison of free energy of activation of inter- and intra-
molecular C—H aminations

Intermolecular aminations Intramolecular aminations

R-'TS1,* R->TS1,* Pref.” A'TS1,¢  A->TS1,° Pref.”
B 14.0 10.8 Triplet B 5.5 9.0 Singlet
T 12.7 11.9 Triplet T 3.4 6.5 Singlet
B: T — 13 : 1Calcd _ B:T 1: 17Calcd _ _
7 1Expt. 1: 7Expt.

“ Subscript Y stands for B or T. ? Pref. represents a preferable pathway
for the corresponding amination reaction.

disorder, and a larger negative entropy of activation (—61.3 vs.
—50.9 cal mol ™' K™ '), which leads to a larger free energy of
activation (14.0 vs. 10.8 kcal mol '). Therefore, the triplet
stepwise pathway is preferable to the singlet concerted pathway
in the intermolecular amination reaction.

In the intramolecular case, the difference of activation free
energy of the singlet and triplet pathways predominantly arises
from their activation enthalpies, which are closely related to
bond cleavage and formation. In singlet A-'"TS1g, the cleavage of
a C-H bond is accompanied by the formation of two new bonds
(N-H and C-N), while in triplet A-*TS1g, the cleavage of a C-H
bond is only accompanied by the formation of one new bond
(N-H). Bond formation and cleavage are exothermic and
endothermic, respectively. Therefore, singlet AHZ ¢, (A-'TS1g) is
smaller than triplet AHZ,; (A-*TS1g) (3.3 vs. 6.6 keal mol 1),
which results in a lower AGZo (A-'TS1) compared with
AGZ o1 (A°TS1g) (5.5 vs. 9.0 keal mol ). In other words, the
singlet pathway is more favorable than the triplet pathway for
the intramolecular hydrogen-transferring processes, which is
precisely contrary to the intermolecular case.

It is worth noting that the inverse preferences of the singlet-
triplet pathway for inter- and intramolecular C-H amination are
an important contributing factor to their inverse site selectivity
(vide Section 3.2.3.).

3.2.3. Comparison of site selectivity. Our computational
studies above are consistent with a triplet pathway for inter-
molecular aminations and a singlet pathway for the intra-
molecular. Therefore, the product ratio of benzylic-to-tertiary
(B:T) only depends on the activation free energies of inter-
molecular triplet R-*TS1y and intramolecular singlet A-'TS1y,

This journal is © The Royal Society of Chemistry 2017
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since the benzylic site contains two equally reactive C-H bonds
whereas the tertiary site contains only a single 3° C-H bond.
Thus, the ratio of B : T can be calculated using eqn (2), where B
and T represent the benzylic and tertiary products, respectively;
and AGE and AG{ represent the activation free energies of the
benzylic and tertiary hydrogen-migrating step, respectively.

B 2ky _ 2exp(—AGj /RT)
T kr  exp(—AGf/RT)

(2)

It can be seen from Table 3 that the energy barrier of R->TS1y
for the benzylic hydrogen-transfer is favored by 1.1 kcal mol ™"
over R->TS1y for the tertiary (11.9-10.8 = 1.1 kcal mol '), while
the energy barrier of A-'TS1g for benzylic C-H amination is 2.1
keal mol " higher than that of A-'"TS1y for tertiary C-H amina-
tion (5.5-3.4 = 2.1 kcal mol ™). Based on eqn (2), the calculated
ratios of benzylic-to-tertiary (B : T) for inter- and intramolecular
C-H aminations are 13 : 1 and 1 : 17, respectively, which is in
accordance with the experimental results (7:1 and 1:7,
respectively). In other words, intermolecular amination favors
oxidation of benzylic C-H bonds over tertiary sites, while the
intramolecular case exhibits a preference for tertiary C-H
amination.

The selective amination of the secondary benzylic C-H bond
over the tertiary alkyl C-H bond in the intermolecular case is
closely related to their triplet stepwise pathways, in which the
transition states R-*TS1y and R-’TSy are clearly of radical
character. For R-*TS1g, two unpaired electrons are populated on
the Ph group (0.198 e), and the C3 (0.357 €), N (0.641 ¢), and Rh,
(0.712 €) atoms (see Fig. 6). For R->TS1y, the unpaired spins
mainly reside on the C5 (0.439 e), N (0.649 e), and Rh, (0.770 €)
atoms. Quite remarkably, the unpaired electron has been
greatly delocalized to the Ph group adjacent to the C3 atom by
a p-7 conjugation in R-*TS1y, which is absent in R-TS1y. It is
important to note that this wider delocalization of spins can
increase the stability and reduce the enthalpy of R-TS1g.
Therefore, the activation enthalpy AHZ ¢, (R->TS1g) is lower
than AHZ oo (R-*TS1y) (—4.4 vs. —3.8 kcal mol ). On the other
hand, the bulky Ph group and esp unit are far away from each
other in R-*TS15 but close to each other in R-°TS1y (see Fig. 7),
resulting in less steric hindrance, and a smaller negative

1‘/‘\ o ¥ 0.198 (ph)
x "8

R-3TS1s

Fig. 6 Surface plots and values of spin density distribution for R-3TS1g
and R-3TS1 .
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Fig.7 Steric hindrance between phenyl (Ph) group and esp ligand. The
other H atoms except reactive H are omitted for clarity.

entropy of activation for R->*TS1g vs. R->TS1y (—50.9 vs. —52.7
kcal mol™"). A lower enthalpy of activation and a smaller
negative entropy of activation for R-*TS1y lead to the fact that
the activation free energy of R->TS1y is lower than that of
R-'TS1y, thus a preference for the benzylic site in the intermo-
lecular amination.

In contrast, the site selectivity toward tertiary C-H bond
amination in the intramolecular case can be explained as
follows. Intramolecular C-H amination is corroborated as
a singlet concerted pathway in which the transition states
A-'TS1; and A-'TS15 clearly show signs of the breaking of a C-H
bond along with the forming of an N-H bond and a C-N bond.
The N---H distance of 1.320 A and C--N distance of 2.572 A in
A-'TS1; is shorter than that of 1.374 and 2.586 A in A-'TS1j,
respectively, which suggests that the formations of both N---H
and C---N bonds are more complete in A-'TS1y than in A-'TS1g.
Because bond formation is exothermic, the activation enthalpy
for A-'TS1y is less than that for A-'TS1g (1.5 vs. 3.3 keal mol ™).
Furthermore, the bulky Ph group and esp unit are far away from
each other in A-'TS1y but close to each other in A-'TS1y (see
Fig. 7), resulting in less steric hindrance, and a smaller negative
entropy of activation for A-'"TS1y vs. A-"TS1g (—6.1 vs. —7.3 keal
mol ). A lower enthalpy of activation and a smaller negative
entropy of activation of R-*TS1g leads to the fact that the acti-
vation free energy AGZsm (A-'TS1ly) is lower than
AGZ 01 (A-'TS1g) (3.4 vs. 5.5), thus tertiary site C-H amination is
more favorable than the benzylic site in the intramolecular case.

4. Conclusion

This paper presents a theoretical investigation of the mecha-
nism and site selectivity of inter- and intramolecular amina-
tions. The similarities and differences of inter- and
intramolecular aminations are discussed in detail. Most
importantly, we report that inter- and intramolecular C-H bond
aminations proceed as different spin-state pathways, and this
difference is an important factor contributing to their inverse
benzylic-to-tertiary site selectivity. According to the computa-
tional results, the following main conclusions can be drawn:

(1) The reactivity of inter- and intramolecular Rh3""-
nitrene intermediates are analogous. Singlet A-'IM1/R-'IM1 has
strongly electrophilic reactivity and triplet A-*IM1/R->IM1 has
highly radical reactivity.

(2) For both inter- and intramolecular aminations, the
singlet mechanism is described as a concerted hydride-transfer
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pathway, while the triplet mechanism is of stepwise H-atom
transfer character.

(3) All of the free energies of activation in the intermolecular
hydrogen-transferring process (AGg 401) are clearly higher than
those in the intramolecular process (AG{.1). The intermolec-
ular hydrogen-transferring process is mainly entropy-driven,
whereas the intramolecular case is both enthalpy- and
entropy-driven combined.

(4) For the intermolecular C-H amination, the triplet step-
wise pathway is favored over the singlet process. Conversely, for
the intramolecular C-H amination, the singlet concerted
pathway is dominant. The inverse preferences of the singlet-
triplet pathway for inter- and intramolecular C-H amination are
an important factor contributing to their inverse site selectivity.

(5) Inter- and intramolecular C-H aminations display an
inverse site selectivity with calculated B : T ratios of 13 : 1 and
1:17, respectively, which is in agreement with experimental
results (7 : 1 and 1 : 7, respectively). The intermolecular inser-
tion reaction shows a preference for the benzylic site as a result
of a preferential triplet pathway, in which a lower enthalpy of
activation and a smaller negative entropy of activation of
R->TS1; mean that the activation free energy of R-3TS1; is lower
than that of R-*TS1y. That intramolecular tertiary C-H bond
insertion is more favorable than the benzylic case can be
attributed to a preferential singlet concerted pathway, in which
a lower enthalpy of activation and a smaller negative entropy of
activation of A-'TS1; mean that the activation free energy of
A-'TS1; is lower than that of A-*TS1.

This computational study has provided valuable information
about inter- and intramolecular aminations, with an emphasis
on addressing the correlation between reaction pathways and
site selectivity. These conclusions can be applied to deconstruct
the elegant and highly selective catalytic amination systems,
especially the more challenging intermolecular C-H amination
systems.
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