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a b s t r a c t

The unexpected oxyamination reaction of O, u-unsaturated alkoxyamines was found experimentally. The
mechanistic issues were studied by DFT calculations. It is suggested that the reaction undergoes [3 þ 2]
cyclic addition, OeN bond cleavage, CeN reductive elimination, and the RheN unit protonation,
generating the product and regenerating the active catalyst. The nitrene Rh(V) species containing a RheC
bond rather than a RheO bond was suggested to be involved in the reaction mechanism. Why the
substrate A with X¼O but not X¼C undergoes oxyamination reaction was rationalized based on the
suggested reaction mechanism.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Glorius [1], Cossy [2], and Rovis [3] have demonstrated that
Rh(III) could be used as the catalyst to trigger allylic C(sp3)eH
activation/amination of unsaturated N-amides. The typical oxida-
tive coupling reaction [4] eq 1 is shown in Scheme 1, which allows
for intramolecular amination to generate the nitrogen-containing
heterocyclic product B.2 Based on the precedent researches, the
Cossy group designed a reaction eq 2 [5] (Scheme 1) with the ox-
ygen atom connecting to the nitrogen atom in substrate A, which
differs from eq 1 with a carbon atom connecting to the nitrogen
atom. The aim of designing eq 2 is expected to obtain E, a product
formally similar to B, via allylic CeH activation, but they failed.
Instead, they unexpectedly obtained product C via oxyamination of
the carbon-carbon double bond. Also, productD, a product formally
similar to C, was obtained experimentally. In summary, the reaction
with X¼C and O respectively gives completely distinct chemical
reactivity. Eq 1 is an oxidative reaction with Cu(OAc)2 acting as an
oxidant.

This unexpected experiment of eq 2 is of significant importance
because oxyamination of alkenes has drawn much attention in
chemistry, biology and materials science [6]. Especially, the
intramolecular oxyaminations with the substrates containing an
NeO bond were rarely studied [7], and those previously reported
reactions containing NeO bondwere achievedwith Cu(I), Fe(II) and
light catalyses, which is distinct from the reaction eq 2 with Rh(III)
catalysis. A literature search showed that reaction eq 2 is the first
example of Rh(III)-catalyzed intramolecular oxyamination of un-
saturated alkoxyamine that affords the product possessing a
nitrogen-containing heterocycle.

In view of the unexpected discovery of reaction eq 2 and its
applications in a variety of areas, further insights into these re-
actions are desired. Particularly, deep understanding of funda-
mental mechanistic scenarios is critical toward future design of
synthetic transformations involving intramolecular oxyaminations.
In this work, our computational study would focus on the mecha-
nistic issues related to the intramolecular oxyamination of olefins,
particularly to the experimentally proposed nitrene intermediate
that needs to be further investigated.
2. Computational details

The geometry optimizations were conducted using the M06
functional [8], with LANL2DZ basis set [9] for rhodium and sulfur
and 6-31G(d,p) basis set [10] for the other atoms. The M06 func-
tional method has been demonstrated to be well applied in Rh-
catalyzed organic syntheses [11]. To confirm whether each opti-
mized stationary point is an energy minimum (zero imaginary
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Scheme 1. Reactions involving allylic CeH activation (Eq 1) and oxyamination (Eq 2).
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frequencies) or a transition state (only one imaginary frequency), as
well as evaluate the zero-point vibrational energy and thermal
corrections at 298 K, the vibrational frequencies were computed at
the same level of theory as for the geometry optimizations [12]. The
single-point energies and solvent effects were computed also with
the M06 functional but the higher level SDD basis set [13] was used
for rhodium and sulfur and the 6e311þþG(d,p) basis set [14] for
the other atoms, based on the gas-phase optimized structures. The
solvation energies were evaluated by a self-consistent reaction field
(SCRF) using the SMD implicit solvent model [15]. All density
functional theory (DFT) calculations were performed by Gaussian
09 program [16].

3. Results and discussion

Experiments have demonstrated that reaction eq 2 has a broad
substrate scope.2 The internal olefinic carbon and the a and b
carbon relative to the C]C moiety could tolerate different sub-
stituents. Reaction eq 3 was experimentally demonstrated to give
the highest yield, and thus we chose it as the title reaction in this
study to probe the reaction mechanism and related issues.

We first illustrated the possible reaction pathways, and then
gave the calculation results of the step corresponding to Kþ I/II, a
common step for the different pathways proposed. Subsequently,
we investigated the possible reaction pathways and suggested key
intermediates. Finally, we explored the origin why the reaction is
distinctive when X¼C is replaced by X¼O.

3.1. Reaction pathways to be examined

Based on their experimental results, the Cossy group presented
some mechanistic hypotheses (path a, path b1 and path c in
Scheme 3).5 The active catalyst Cp*Rh(OAc)2 (K) is firstly afforded
by the reaction of the precatalyst [Cp*Rh(MeCN)3](SbF6)2 with
Cu(OAc)2. Then intermediate II is generated by HeN deprotonation.
Path a is assigned to undergo a [3þ 2] cyclic addition to evolve into
a five-membered rhodacyclic intermediate III, and subsequent
NeO cleavage delivers intermediate IV. Finally, protonation of IV
with acetate acid produces the final product V and regenerates the
active catalyst K. Path b relates to the NeO oxidative addition,
allowing for the generation of a nitrene intermediate VI. In path b1,
coupling of the nitrene unit with the C]C double bond forms a
three-membered azacycle (VII), which then evolves into IV by ring
opening of the azacycle. Path c is proposed to be a direct trans-
formation from II to VII.

Additionally, two plausible paths, path b2 and path d, were
proposed in this work. In path b2, C]C insertion into the RheO
bond gives intermediate VIII that then undergoes alkyl migration to
the nitrene atom to afford IV. In path d, C]C insertion into the
RheN bond delivers intermediate IX and then the OeN oxidative
addition to the metal affords intermediate X. X undergoes NeC
reductive elimination generating intermediate VII. The subsequent
steps are the same as in path b1 (VII/IV/V).

The experimental authors conjectured that the reaction might
undergo paths b1 or c. Thus, examining all the proposed pathways
illustrated in Scheme 3 with the aid of DFT calculations is valuable,
from which we anticipate to identify which one is the most
reasonable.
3.2. NeH deprotonation of substrate I

As shown in Scheme 3, the step of NeH deprotonation of sub-
strate I (K/II) is common for the subsequent paths. We first
investigated the NeH deprotonation process with the aid of DFT
calculations. Fig. 1 shows the DFT-computed Gibbs free changes for
acetate-assisted NeH deprotonation in the title reaction eq 3.
Consistent with the experimental suggestions [5], Cp*Rh(OAc)2 (K)
was employed as the active catalyst, generated in situ from
[Cp*Rh(MeCN)3]SbF6 and Cu(OAc)2. Coordination of the substrate S
via nitrogen atom to Rh gives intermediate 1 that then undergoes a
proton transfer giving intermediate 2. The large entropy decrease
fromKþ S to 1 arises from the calculation in gas phase. Considering
the transformations in Fig. 1 are not rate-determining, we did not
make entropy corrections. The proton transfer from N to O is
kinetically facile with a puny barrier of 0.4 kcal/mol 2 being slightly
less stable than TS1 in Gibbs free energy is due to the consideration
of thermal corrections. Release of the resulting acetate acid delivers
intermediate 3with the C]C bondweakly coordinated to themetal
center. Replacement of the C]C coordination with acetate oxygen
gives 3a. The RheN bond length decreases from 1 to 3 with the
protonmoving fromN to O, indicating the proton transfer enhances
the RheN bond. From this energy change diagram one can see the
deprotonation process is both kinetically and thermodynamically
feasible.



Fig. 1. DFT-computed Gibbs free changes of the N-H deprotonation process. The bond lengths are given in degree (Å). The relative Gibbs free energies and the enthalpies (in
parentheses) are given in kcal/mol.
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3.3. Mechanism of path a

For path a in Scheme 3, the [3 þ 2] cyclic addition (II/III) fol-
lowed by ring fragmentation (III/IV) is proposed. The energy
profile calculated for path a based on eq 3 in Scheme 2 was pre-
sented in Fig. 2. The [3 þ 2] cyclic addition allows for formation of
CeO and RheC bond (3/ 4), which is kinetically achievable but
thermodynamically unfavorable with the energy span from 3 to 4
being 13.4 kcal/mol. Slight elongation of the NeO bond from 3
(1.41 Å) to 4 (1.48 Å) indicates the NeO bond is sort of activated. 4
has clearly a zwitterionic structure. The next NeO bond cleavage
(4/ 5) has a small activation barrier of 4.7 kcal/mol and both 4 and
5 have similar stability. It is noteworthy that the NeO cleavage
enables the metal center to be oxidized to afford a Rh(V) nitrene
intermediate (5), which was not mentioned in path a of Scheme 3.
Scheme 2. Title reaction
After that, the CeN reductive elimination occurs to give the
significantly stable Rh(III) intermediate 6. Clearly the CeN bond
formation is the thermodynamic driving force for the process from
3 to 6.

The following steps are related to the protonation of the Rh-
bonded nitrogen atom. Addition of a HOAc molecule into 6
evolves into intermediate 7, where the oxygen coordination of Ts
group is replaced by the oxygen of HOAc. The relatively great
Gibbs energy increase from 6 to 7 arises mainly from the entropy
decrease due to the two-to-one transformation. Then, the proton
transfer form nitrogen to oxygen takes place via a puny barrier
to produce the product-coordinated intermediate 8. Finally,
release of the product from the metal center delivers the product
P and regenerates the active catalyst K, completing the catalytic
cycle.
studied in this work.



Scheme 3. Plausible reaction mechanisms.
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In summary, path a involves cyclic CeO coupling, OeN cleavage,
CeN reductive elimination, and protonation of Rh-bound nitrogen
to produce the product. The CeN reductive elimination step is rate-
determiningwith an overall barrier of 26.9 kcal/mol, and this step is
the major thermodynamic driving force to render the reaction
forward. Notably, a Rh(V) nitrene intermediate (5) of the pathway is
disclosed in this study.
3.4. Mechanism of path b

As proposed in Scheme 3, path b involves NeO oxidative addi-
tion to afford the Rh(V) intermediate VI from which paths b1 and
b2 were proposed. We first examine the feasibility of VI. As shown
in Fig. 3, the NeO oxidative addition step is calculated to have a
high lying barrier of 50.0 kcal/mol and the energy span from 3 to 9
(corresponding to VI) is 35.9 kcal/mol. Clearly, this oxidative addi-
tion step is unachievable, due to the thermodynamic instability of
9. In summary, the Rh(V) nitrene intermediate 9 is found to be
significantly unstable, and thus we suggested that the Rh(V) nitrene
intermediate 9 (corresponding to VI) is not involved in the reaction
mechanism. Path b (including paths b1 and b2) can be precluded.

It is of great value to understand why the Rh(V) nitrene
intermediate 5 is significantly more stable than the Rh(V) nitrene
intermediate 9. The electronic energy difference between 5 and 9 is
calculated to be 20.3 kcal/mol, which can be attributed to the
following factors: a) the breaking RheO bond is less stable than the
forming RheC bond; b) the breaking C]C p bond is less stable than
the forming OeC bond. A similar relative stability of 5-H vs 9-Hwas
also found, where the metallic fragment is replaced by hydrogen
(Scheme 4). The energy difference between 9-H and 5-H
is �18.1 kcal/mol, similar to the one between 9 and 5 (�20.3 kcal/
mol). It is revealed form above analysis that direct NeO oxidative
addition from intermediate 3 to generate a pendent alkoxyl group
unachievable both thermodynamically and kinetically. Instead, first
[3þ 2] cyclic addition followed by OeN bond cleavage, which leads
to the RheC bond formation and organic cyclization, enables the
Rh(V) nitrene intermediate relatively more stable and thus
achievable under the reaction conditions.
3.5. Mechanism of path c

As shown in path c of Scheme 3, a direct transformation from II
to VII was experimentally hypothesized. For examining the above
mechanistic hypothesis, wemade best effort to locate the transition



Fig. 2. DFT-computed Gibbs free changes of path a. The bond lengths are given in degree (Å). The relative Gibbs free energies and the enthalpies (in parentheses) are given in kcal/
mol.

Fig. 3. DFT-computed Gibbs free changes of path b. The bond lengths are given in degree (Å). The relative Gibbs free energies and the enthalpies (in parentheses) are given in kcal/
mol.

Scheme 4. Energy difference of 5 and 9 vs 5-H and 9-H (kcal/mol).
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state that directly connects 3 and 11 (corresponding to II and VII),
but we failed to locate such a transition state. Instead, we located
the transition state TS7 that connects 10 and 11 (Fig. 4). 10 is
structurally different from 3, with oxygen bound to the metal. The
step 11 to 6 via TS8 undergoes a NeC and RheO s bond metathesis
to afford 6. This path is infeasible with a barrier as high as 58.5 kcal/
mol and thus can be excluded.

If the transition state TS12 that directly connects 3 and 11 as
illustrated in Scheme 5 were existent, there would be concurrently
three bonds a, b and c being broken and three bonds d, e and f being
formed. Too many bonds (see the structure of TS12) are involved in
bond breaking and bond forming in one elementary step, and we
think such a scenario is kinetically difficult. Therefore as demon-
strated by our calculations that the transition state TS12 cannot be
located. Based on our analysis and computation, the proposal for
one-step from II to VII (path c) can be ruled out.



Fig. 4. DFT-computed Gibbs free changes of path c. The bond lengths are given in degree (Å). The relative Gibbs free energies and the enthalpies (in parentheses) are given in kcal/
mol.

Scheme 5. Illustration of transition state TS12 directly connecting 3 and 11.
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3.6. Mechanism of path d

Corresponding to the proposed path d as shown in Scheme 3, we
performed the calculations related to C]C insertion into the RheN
bond, based on the title reaction eq 3 (Fig. 5). This path was pro-
posed as follows. C]C insertion into RheN gives 12, and then NeO
oxidative addition to Rh affords 13. Subsequently, 13 undergoes
CeN reductive elimination to afford a three-membered azacarbo-
cycle 14 from which 11 can be delivered via coordination isom-
erism. Calculations indicated that, although the C]C insertion
seems kinetically achievable, the subsequent oxidative addition
from 12 to 13 is unachievable due to the high activation barrier.
Considering inviability of the step 12/13, further calculations on
the following steps 13/14/11 were not performed.

On the basis of the above calculation results and analysis, the
mechanistic information can be summarized as follows. (1) Path a is
suggested to be the most reasonable mechanism in terms of the
energetics calculated. (2) Path b is infeasible due to the high
instability of the oxidative addition intermediate, the Rh(V) nitrene
species 9. (3) Paths c and d are also infeasible due to the
unachievable kinetics for formation of intermediate 11 (corre-
sponding to VII in Scheme 3) although it is quite stable
thermodynamically.

3.7. Comments on the reaction mechanism

The experimental authors had given a hypothesis on mecha-
nistic scenario of the reaction. They supposed an aziridine inter-
mediate that was involved in the reaction, which could be
generated from II by NeO oxidative addition (path b1) or direct
transformation (path c) (Scheme 3). However, our computational
results are not supportive of the hypothesis. The reason is that the
two paths they proposed are difficult to proceed; path b1 is not
achievable due to high instability of the involved nitrene Rh(V)
intermediate; path c could not be reached due to the fact that there
are too many breaking and forming bonds concurrently in one
elementary step (a direct transformation).

Instead, based on our computational results, we proposed path a
to be the suitable mechanism for the reaction studied with this
path having an obviously favored low-lying energy profile. And,



Fig. 5. DFT-computed Gibbs free changes of path d. The bond lengths are given in degree (Å). The relative Gibbs free energies and the enthalpies (in parentheses) are given in kcal/
mol.
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more remarkable, a nitrene Rh(V) intermediate was also disclosed
in this study. The advantage of path a lies in the more stable RheC
bond generation in the Rh(V) species, together with the favorable
organic cyclization linked to the RheC carbon atom. The disad-
vantage of direct NeO oxidative addition to Rh(III) from II arises
from the formed nitrene Rh(V) intermediate containing an unstable
RheO bond.

Another issue is why the reaction shown in Scheme 1 switches
from undergoing allylic CeH activation to oxyamination when the
X in substrate A is changed from carbon to oxygen. This question
can be rationalized from the preferred mechanismwe suggested in
this study (path a, Fig. 2). The [3 þ 2] cyclic addition was suggested
to allow for the CeO bond formation; subsequent NeO bond
cleavage generates the nitrene Rh(V) intermediate that continu-
ously undergoes CeN reductive elimination to recover the oxida-
tion number of Rh to III from V. The reductive elimination step was
suggested to be rate-determining. The electronic behaviors of the
[3 þ 2] cyclic addition process with X ¼ O and X ¼ C are shown in
Scheme 6. Thep electron pair is used tomove forward to Rh to form
a RheC s bond. In 4 with X¼O, the lone pair of oxygen moves
toward the olefinic carbon to form a CeO s bond, but in 4′ with
X¼C, the CeC s bond cannot be formed because the carbon atom
bears no electron pair. In fact, geometry optimization demonstrated
that 4′ is not existent. Therefore, the species with X ¼ O can un-
dergo a [3 þ 2] cyclic addition, while the one with X ¼ C cannot.
Scheme 6. Electronic behaviors of [3 þ 2] cyclic addition with X ¼ O and C.
4. Conclusions

The oxyamination reaction of O, u-unsaturated alkoxyamines
producing an O-containing heterocyclic product was unexpectedly
found experimentally, with the initial goal attempting to obtain a
N-containing heterocyclic product via allylic CeH activation. The
mechanism of the reaction was characterized with the DFT calcu-
lations. The findings obtained through the theoretical and
computational investigation are summarized as follows.

1) Among all the possible reaction paths proposed in Scheme 3,
path a was suggested to be the most suitable for the reaction
studied in this work. A [3 þ 2] cyclic addition was proposed to
generate a RheC and a CeO bond; then the OeN bond cleavage
followed by CeN reductive elimination occurs, where the CeN
reductive elimination is suggested to be rate-determining and a
major thermodynamic driving force for the reaction; finally,
protonation of the RheN unit delivers the product and re-
generates the active catalyst.

2) A nitrene Rh(V) species was suggested to be involved in the
reaction pathway, but it contains a stable RheC bond generated
by [3 þ 2] cyclic addition, OeN bond cleavage and CeN reduc-
tive elimination, rather than a RheO bond by NeO oxidative
addition.

3) The lone pair of the oxygen atom is found to assist the [3 þ 2]
addition allowing for the CeN bond formation, whereas this
addition cannot be achieved when oxygen is replaced by carbon
atom due to the carbon lack of lone pair of electrons.
Notes
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