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ring expansion reactions of azide tethered methyl-

enecyclopropanes and their analogues were systematically investigated by DFT calculations. The calcu-
lation results indicate that the dirhodium catalyst is essential for generating a reactive Rh,—nitrene inter-
mediate having radical character; however, it is not essential for controlling final product selectivities. For
substrates involving a three-membered ring, the experimentally obtained C—N bond formation product is
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Introduction

The rhodium-catalyzed reactions involving rhodium-carbenoid
chemistry, represent one of the most commonly used and
efficient methods in organic synthesis." The dirhodium
complexes (Rh,L,) as catalysts have been widely utilized in a
variety of transformations, including a saturated C-H bond-
activation/C-N bond-forming reaction,” cascade cyclopropana-
tion/skeletal rearrangement reactions,® ylide formations,’
etc. It has become widely identified that the nature of the
rhodium-carbenoid intermediates generated in these trans-
formations has a major impact on the reaction outcome.
Besides commonly recognized rhodium-carbenoid inter-
mediates, some Rh,-nitrene active intermediates can undergo
single-electron-transfer (SET) to generate Rh,(ui,u)-nitrene
radical intermediates, which exhibit different reactive proper-
ties. Du Bois’s group?” and Berry’s group® reported that the
SET can take place between nitrene and a dirhodium(u) dimer,
resulting in Rh,(ur,u) species which is the catalyst resting state
in intramolecular amination reactions. Zhang’s group have
carried out theoretical studies on the mechanism for the
Rh,-catalyzed intramolecular C-H amination involving a triplet
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a thermodynamically favored product. In contrast, for substrates having a larger ring, the kinetically
favored product is the main product. The DFT calculations presented here account for previous experi-
mental findings, and throw light on other dirhodium-catalyzed reactions involving nitrene or carbene

mixed-valent Rh, (i) nitrene radical via the SET oxidation of
the Rh,(u,u) dimer.® However, these Rh, (i) nitrene radical
intermediates are scarcely reported and studied in other types
of reactions.

Very recently, our group reported a ring expansion of
azide tethered methylenecyclopropanes (MCPs) 1 catalyzed
by a dirhodium complex, giving indole fused azetidines 2
(Scheme 1(a)); moreover, we also found that the reactions of 3
having different sized rings or without rings under rhodium
catalysis would go different directions to give related products
4-7 (Scheme 1(b)).” Preliminary DFT calculations on the key
reaction steps indicated that the cyclization and SET pathways
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Scheme 1 Dirhodium-catalyzed ring expansion reactions of azide
tethered MCPs and azide-styrenes.
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are probably controlled by a designed radical clock with
respect to the reactions of substrate 1.”

Although previous experimental and preliminary theoretical
results indicated that Rh,(m,u) nitrene radical intermediates
play a role in these reactions, several mechanistic questions
still remain unanswered: How is the Rh,(ur,u) nitrene radical
intermediate formed? What is the role of the catalyst in each
of the reaction steps? What is the origin for the product selecti-
vity? With the aim to improve our understanding of the reac-
tion mechanism and to account for the influence of the ring
size in the substrate for product selectivity in this dirhodium-
catalyzed reaction, we carried out more detailed theoretical
studies via DFT calculations. Herein, we would like to report
our theoretical results on the reaction mechanism of the di-
rhodium-catalyzed reaction of azide tethered MCPs.

Computational methods

All of the calculations were performed with the Gaussian 09
software package.® The geometries of all minima and tran-
sition states have been optimized using the BPW91 pure func-
tional,” with the 1997 Stuttgart relativistic small-core effective
core potential (Stuttgart RSC 1997 ECP)'° for the Rh atom, aug-
mented with a 4f function [{{Rh) = 1.350],"* and the 6-31G(d)
basis set for other atoms (denoted as BSI). The BPW91 pure
functional used here was tested previously and demonstrated
the reliable prediction of the singlet-triplet energy difference
(Es) of the dirhodium-nitrene species after comparison with
the more accurate CCSD(T) method."® The dispersion correc-
tions were considered in affecting the overall energy profile,
however, they did not influence the relative stabilities for all
species in the test reaction (for details, see the ESIf)."> The
stabilities of the Kohn-Sham wave functions were confirmed
by stability analyses'* for all of the stationary points along the
reaction pathways at the BPW91/BS1 level. The subsequent fre-
quency calculations on the stationary points were carried out
at the same level of theory to ascertain the nature of the
stationary points as minima or first-order saddle points on the
respective potential energy surfaces. All transition states were
characterized by one and only one imaginary frequency per-
taining to the desired reaction coordinate. The intrinsic reac-
tion coordinate (IRC) calculations'® were carried out at the
same level of theory to further authenticate the transition
states. Thermochemical corrections to 298.15 K have been cal-
culated for all minima from unscaled vibrational frequencies
obtained at this same level. The solvent effect was estimated
by the IEFPCM method with radii and non-electrostatic terms
for the SMD solvation model'® in toluene (e = 2.3741) or chloro-
benzene (¢ = 5.6968). Solvation single-point computations uti-
lized a basis set (denoted as BSII) consisting of the 6-311++G
(d,p) basis set for C, H, N and O atoms and the same Stuttgart
basis set as in BSI for the Rh atoms were performed based on
the gas phase optimized structures.

The solvation Gibbs free energies for all stationary points
shown in Schemes 3-9, were estimated as Ggoy = Esor(SMD-
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calculated) + AGeorr gas, Where Ego(SMD-calculated) refers to
the solvation single point energy and AGcor gas refers to the
thermal correction to the free energy of the solute in the
gas phase.

Results and discussion
Proposed reaction pathways

A plausible reaction mechanism is proposed in Scheme 2.
Coordination of azide 1 or 3 to the Rh,(esp), complex and
extrusion of N, gives the Rh,-nitrene "A; intramolecular single
electron transfer (SET) can take place, resulting in the species
3A which has the nitrogen centered radical’s character
(Scheme 2(a)). The following reaction can undergo the triplet
pathway starting from the species A (Scheme 2(b)) or the
singlet pathway starting from the species 'A (Scheme 2(c)). For
substrate 1 (n = 1), the reaction is proposed to proceed via the
triplet pathway (path a) to give rise to product 2 together with
the regeneration of the Rh,(esp), catalyst. As for substrate 3
(n = 2-4), the reactions are proposed to proceed via the singlet
pathway, and do not undergo ring-opening to give intermedi-
ate 'C (path c) and the intermediate 'B undergoes a concerted
1,2-alkyl shift via path d to afford the corresponding 3H-indole
product 4 and regenerates the Rh,(esp), catalyst.

DFT calculations have been frequently used to investigate
the mechanisms for Rh-catalyzed reactions and their related
reactions.'” Herein, DFT calculations are employed to investi-
gate the detailed mechanism and the influence of ring size on

(a) Generation of Rhy-nitrene

Ph
Ph : \V
N n
C\)\\ - N
n
N

ERh”'-Rh"]

3A
oy
1(n=1)or n 2 u SET
3(n=24) N—NaN —Z—
i
Rhy(esp), = [Rhy] [Rh2]

o

N [Rh2] -

(b) Triplet pathway

In

" Ph IRh;] @f%)
X .
a
©\)§IV" — @:&ﬂ)n ’c [Rh"' Rh"]
3A [Rh-RA"] g [RhRAY b

Rh:.
. [Rh"‘ Rhi [ 2]

(c) Singlet pathway
Ph

[Rh;]
Ph ©jg_(\ In
B 1c [ha]-
s O N )n
N N d Ph [Rhol Ph
HI [Rhy] . )
S Pk
N N

1a  [Rh2]” 1B
1 R0

%

4

Scheme 2 Proposed reaction mechanism.
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product selectivity. Two parts are presented by the following
mechanistic studies. First, employing typical substrates and
Rh,(esp),, the formation of key Rh,-nitrene intermediate and
its character are investigated and discussed in detail. Then, we
investigated close-shell singlet and open-shell triplet pathways
for the Rh,-catalyzed ring expansion of azide tethered MCPs
and azide-styrene, and rationalized the product selectivity
affected by the ring size of the substrate.'®

Generation of Rh,—nitrene intermediate and its character

As for a variety of Rh-catalyzed reactions, the first generation
of nitrene intermediate is important, and how the Rh catalyst
plays its role in the formation of a nitrene intermediate also
attracts a lot of interest. We first examined both Rh-catalyzed
and uncatalyzed N, extrusion to generate a nitrene intermedi-
ate (Scheme 3). We focus our initial mechanistic studies using
the substrate 1a. As shown in Scheme 3, the Rh-catalyzed
pathway is initiated from the formation of the complex IN1.
Passing through the transition state TS1, the nitrenoid inter-
mediate IN2 is generated, where 'IN2 and *IN2 are denoted as
singlet and triplet multiplicity, respectively. The computed
barrier for N, extrusion is 22.2 kcal mol™" for the Rh,(esp),
catalyzed pathway (Scheme 3(a)), which is consistent with
other Rh-catalyzed N, extrusion processes for nitrene inter-

(a) The energetic profile for generation of nitrene intermediate catalyzed by Rh,(esp),
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Scheme 3 Solvation Gibbs free energy profiles for catalyzed and un-
catalyzed N extrusion.
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Fig. 1 Optimized structure at the BS1 level for the Rh,—nitrene 3IN2;
key bond lengths (A) and spin densities on nitrogen and rhodium atoms
(in italics) are indicated.

mediate generation.™ The transition state TS1' on the pathway
in the absence of the Rhy(esp), catalyst is located 5.8 keal mol™*
above transition state TS1 (Scheme 3(b)). It should be
noted here that without the bound Rh,(esp),, only triplet
nitrene *IN2’ is stable. In the Rh-catalyzed process, the for-
mation of a nitrene intermediate is an exothermic process; in
contrast, the formation of a nitrene intermediate is an
endothermic process for the pathway without the Rh catalyst.
The calculation results indicate that the rhodium catalyst plays
a critical role to decrease the energy barrier and makes the
generation of nitrene intermediate thermodynamically favor-
able. For other substrates 3 bearing a four-membered ring or
five-membered ring, we obtained similar results (for details,
see the ESIf). Thus, the rhodium catalyst is an essential factor
for the generation of the Rh,-nitrene intermediate.

Once the Rh,-nitrene intermediate IN2 was formed, its
character attracted our attention since several experimental
and theoretical reports show that some types of Rh,-nitrene
intermediates had radical character.?”#>® In this case, the
*IN2 with a triplet state is more stable than the 'IN2 with a
singlet state by 3.5 kcal mol™", thus, the triplet state is pre-
ferred for the Rh,-nitrene IN2. The optimized structure of
IN2 at the BS1 level is shown in Fig. 1 and the spin densities
on nitrogen and rhodium atoms are also shown in Fig. 1.
Based on spin densities and MO analysis, two unpaired elec-
trons reside in the N atom and dirhodium centers, respect-
ively, which indicates that the Rh>*/Rh** dimer tends to
undergo a facile one-electron oxidation when combined with
related reagents,?® leading to the Rh,-nitrene *IN2 having a
mixed-valent Rh®**/Rh** dimer and a N radical character.

Theoretical investigations on the origins of product selectivity

A plausible mechanism for this reaction is suggested in
Scheme 2. In order to understand the detailed mechanism
and rationalization of product chemoselectivity, we first
investigated the possible singlet reaction pathways and triplet
pathways using substrate 1a by DFT calculations, and the
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computed solvation free energy profiles for both singlet and
triplet pathways are shown in Scheme 4, respectively. As
depicted in Scheme 4, the singlet pathways (paths 1 and 2) are
generally favored over the triplet pathways (paths 3 and 4).
Although the triplet state *IN2 is more favored, the ring-
closure singlet transition state 'TS2 is 2.8 kcal mol™" lower
than that of the corresponding transition state *TS2. Passing
through the ring-closure singlet transition state 'TS2, the
formed intermediate IN3 is also a preferred singlet state, since
the singlet state 'IN3 is much more stable than its corres-
ponding triplet state *IN3 by 23.7 kcal mol™". Once the inter-
mediate 'IN3 is generated, it can directly undergo a concerted
1,2-alkyl shift either via "TS3 to form a C-N bond or via 'TS4
to form a C-C bond, resulting in a product complex P1 or P2.
The C-N bond formation transition state 'TS3 is located
19.2 keal mol™" above the C-C bond formation transition state
1S4, which indicates that the C-C bond formation step is
kinetically favored. Cleavage of product complex P1 or P2 gen-
erates the corresponding product 2a or 2a’. The product 2a is
11.3 keal mol™ lower than product 2a’, and it is also an experi-
mentally obtained product. The results presented in Scheme 4
predict that the kinetic controlled product 2a’ should be
obtained, which cannot account for the experimental product
formation. We have tried to locate the intermediate I shown in
Scheme 4, however, it is unstable and always collapses to inter-
mediate 'IN3. This result shows that the intermediate 'IN3
directly undergoes a concerted 1,2-alkyl shift and does not
pass the ring-opening step and then cyclization. However, we
indeed used TEMPO to trap an intermediate in previous
experiments.” We investigated the ring-opening step on the
triplet pathway, and located the stable ring-opening intermedi-
ate *IN4. Starting from 'IN3, a barrier of 28.5 kcal mol™" is
required to generate the intermediate *IN4, which is slightly
lower than a barrier of 29.5 kcal mol™" for the formation of

AG298 toluene (kcal/mol)

i : [Rngl
: N\ 6.2
: . >
b R N
Unstable 1TS[3Rh2]
Ph 203
Ph @%
N
Rh, g
2a' Ift S 485 "
. Pt
58.9 S rea
Path 2 —m—m._ 87 S Ph
Ry, g o . -58.8
e e 1
4 IN3 o
Path1 == S —
702 722 RhoT =
2a Ph P2 Ph 2 ¥
N\ [Rhy]
N N
Experimentally ‘\‘[Rhﬂ

obtained product

View Article Online

Research Article

product 2a. Thus, the generation of the intermediate *IN4 is a
competitive step with the formation of product 2a, and the
intermediate *IN4 could be trapped by TEMPO. From the inter-
mediate *IN4, the following cyclization triplet pathways are
calculated as shown in Scheme 4. The triplet transition states
*TS5 and *TS6 are located above 'TS3 and 'TS4 by 10.9 kcal
mol ™" and 18.3 kcal mol™", respectively. Therefore, the singlet
pathways (paths 1 and 2) are still more favored.

We have demonstrated that the rhodium catalyst is the
essential factor for generation of the Rh,-nitrene intermediate.
After the Rh,-nitrene intermediate is formed and undergoes
ring-closure to form a stable intermediate, the question is
whether the rhodium catalyst plays a dominant role in the fol-
lowing steps. We sequentially calculated the reaction pathways
without the rhodium catalyst starting from the intermediate
"IN3 (Scheme 5). Releasing the rhodium catalyst, the inter-
mediate IN3-1 is formed. The intermediate IN3-1 without the
bound rhodium catalyst can also undergo a 1,2-alkyl shift to
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Scheme 5 Solvation Gibbs free energy profiles for generation of
product 2a without the Rhy(esp), catalyst.
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Scheme 4 Solvation Gibbs free energy profiles for the reaction of 1a having a three-membered ring.

This journal is © the Partner Organisations 2017

Org. Chem. Front, 2017, 4, 986-994 | 989


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6qo00713a

Open Access Article. Published on 09 February 2017. Downloaded on 7/29/2025 12:18:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Research Article

yield corresponding products. The C-N bond formation tran-
sition state TS3-1 is located 19.2 kcal mol™* above the C-C
bond formation transition state TS4-1, which is similar to the
situation for the reaction steps with the rhodium catalyst.
A barrier of 32.5 kecal mol™" for the formation of product 2a is
higher than the barrier of 29.5 kcal mol™" for this same step
with the rhodium catalyst by 3.0 kcal mol™". This result indi-
cates that the rhodium catalyst is not essential for the follow-
ing ring expansion step once the indole moiety is formed.
These results are consistent with our previous experimental
observations that the product 2a could be obtained at a higher
reaction temperature in the absence of the rhodium catalyst.”
We noticed that the formation of product 2a’ is an endo-
thermic process, which is a reversible step. Thus, the thermo-
dynamic favored product 2a can be obtained at high tempera-
ture, which can explain the experimental product formation.
Overall, the rhodium catalyst is more crucial for generating the
important reactive intermediates, but it does not play a domi-
nant role in controlling the final product selectivity.

Next, we focus our attention on this Rh-catalyzed ring
expansion reaction with respect to the substrates having a
larger ring. As for the substrate 3a having a four-membered
ring, the possible singlet reaction pathways and triplet path-
ways are investigated theoretically, and the computed solvation
free energy profiles for both singlet and triplet pathways are
shown in Scheme 6. Generally speaking, the singlet pathways
are favored over the triplet pathways, which is similar to the
reaction employing substrate 1a having a three-membered
ring. In this case, the Rh,-nitrene intermediate *IN5 with the
triplet state is also more stable. The free energy difference
(AGg = Gginglet('IN5) — Gyripiee(*IN5)) between the singlet and
triplet is 2.1 kcal mol™" which is smaller than that of their

AGagg pnci (kcal/mol)
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analogues having a three-membered ring (AGg, = Gsinglet(llNZ) -
Guiplet(*IN2) = 3.5 keal mol™") by 1.4 kecal mol™". In a similar
manner, the ring-closure singlet transition state 'TS7 is
4.9 keal mol™" lower than the corresponding transition state
>TS7. Passing through the ring-closure singlet transition state
'TS7, the generated intermediate ING6 is also a preferred singlet
state, since the singlet state 'IN6 is much more stable than its
corresponding triplet state *IN6 by 21.5 kcal mol™". After the
intermediate 'IN6 is yielded, it can directly undergo a con-
certed 1,2-alkyl shift either via *TS8 to form a C-N bond or via
TS9 to form a C-C bond, resulting in a product complex P3 or
P4, respectively. The C-N bond formation transition state "TS8
is located 22.7 kcal mol™" above the C-C bond formation tran-
sition state 'TS9, which is higher than the energy gap
(19.2 kcal mol™") between 'TS3 and 'TS4, indicating that the
barrier for C-N bond formation is more difficult to overcome
with respect to the substrate 3a having a four-membered ring.
Cleavage of the product complex P3 or P4 generates the corres-
ponding product 4a or 4a’. Although the product 4a is
18.1 keal mol™ higher than product 4a’, the product 4a is the
experimentally obtained product. Probably, the energy barrier
of 33.6 kecal mol™" for the C-N bond formation step is relatively
high due to the steric hindrance between the increased carbon
chain and the Rh,(esp), catalyst, which is difficult to overcome
under the standard reaction conditions. This probably
accounts for why only product 4a is obtained experimentally.
Thus, the formation of product 4a is a kinetically controlled
process. We also calculated the four-membered ring-opening
step on the triplet pathway, and located the stable ring-
opening intermediate *IN7.>' However, the barrier of 36.8 kcal
mol™" to generate the intermediate *IN7 is much higher than
the barrier of 10.9 kcal mol™" for producing 4a, and it is also
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Scheme 6 Solvation Gibbs free energy profiles for the reaction of 3a having a four-membered ring.
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higher than a barrier of 33.6 kcal mol™" for the formation of
product 4a’. Based on the calculation results, the generation of
the radical intermediate *IN7 requires to overcome a barrier of
36.8 kcal mol ™" starting from the intermediate 'IN6, which is
not a competitive step with the formation of product 4a. This
result also agrees with the experimental findings that the
radical intermediate *IN7 could not be trapped by TEMPO.
From the radical intermediate *IN7, the following cyclization
triplet pathways are also calculated as shown in Scheme 6. The
triplet transition states *TS11 and *TS12 are located above 'TS8
and 'TS9 by 10.4 kcal mol™" and 15.6 kcal mol ™", respectively.
Therefore, the singlet pathways are still more favored with
respect to the formation of product 4a. For comparison, we
sequentially calculated the reaction pathways without the
rhodium catalyst starting from the intermediate 'IN6
(Scheme 7). Releasing the rhodium catalyst, the intermediate
IN6-1 is formed. The intermediate IN6-1 without the bound
rhodium catalyst can also undergo a 1,2-alkyl shift to yield the
corresponding products. The C-N bond formation transition
state TS8-1 is located 21.7 kecal mol™ above the C-C bond for-
mation transition state TS9-1, which is similar to the situation
for the reaction step with the rhodium catalyst. A barrier of
10.7 kcal mol™ for the formation of the experimentally
obtained product 4a is slightly lower than the barrier of
10.9 keal mol™" for this same step with the rhodium catalyst.
This result also indicates that the rhodium catalyst is not
essential for the ring expansion step once the indole moiety is
formed. In this case, the formation of product 4a is highly
exothermic, which cannot be reversible. Thus, the kinetic con-
trolled product 4a should be obtained, which agrees with the
experimental findings.

Subsequently, using the substrate 3b having a five-
membered ring, the possible singlet reaction pathways and triplet
pathways are also investigated theoretically, and the computed
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Scheme 7 Solvation Gibbs free energy profiles for generation of
product 4a without the Rh,(esp), catalyst.
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solvation free energy profiles for both singlet and triplet path-
ways are shown in Scheme 8. The singlet pathways are favored
over the triplet pathways again, which is similar to the reaction
employing the other substrates. For the substrate 3b, the
corresponding Rh,-nitrene intermediate *IN9 with the triplet
state is also more stable than its singlet state. The free energy
difference (AGs = Giinglet('IN9) — Giripiee("IN9)) between the
singlet and triplet is 2.0 kcal mol™" which is slightly smaller
than that of their analogues having a four-membered ring
(AGg = Giinglet('IN5) — Guiplec(’IN5) = 2.1 kcal mol™") by
0.1 kecal mol™". The ring-closure singlet transition state 'TS13
is 5.1 kcal mol™" lower than the corresponding transition state
TS13. Passing through the ring-closure singlet transition state
'TS13, the generated intermediate IN10 is also a preferred
singlet state, since the singlet state 'IN10 is much more stable
than its corresponding triplet state *IN10 by 22.5 kcal mol .
After the intermediate 'IN10 is yielded, it can directly undergo
a concerted 1,2-alkyl shift either via *TS14 to form a C-N bond
or via 'TS15 to form a C-C bond, resulting in a product
complex P5 or P6, respectively. The C-N bond formation tran-
sition state 'TS14 is located 22.0 kcal mol™" above the C-C
bond formation transition state *TS15, which is almost same
as the energy gap (22.7 kcal mol™") between 'TS8 and 'TS9 and
higher than the energy gap (19.2 kcal mol ") between 'TS3 and
'TS4, indicating that the barrier for the C-N bond formation is
also difficult to overcome with respect to the substrate 3b
having a five-membered ring. Cleavage of product complex P5
or P6 generates the corresponding product 5a or 5a’. Although
the product 5a is 14.5 kcal mol™" higher than product 5a’, the
product 5a is the experimentally obtained product. It is
notable that the energy barrier of 36.5 kcal mol™* for the C-N
bond formation step is even higher than that (33.6 kcal mol™)
of its analogue with the four-membered ring. The calculated
results reveal that the longer carbon chain makes the C-N
bond formation step more difficult to occur, probably due to
the steric hindrance between the increased carbon chain and
the Rh,(esp), catalyst. These results probably explain why only
product 5a was obtained and the thermodynamically stable
product 5a’ was not obtained in previous experiments. Thus,
the formation of product 5a is also a kinetically controlled
process. As for the substrate 3b having a five-membered ring,
the stable ring-opening intermediate *IN11** with the triplet
state can be located. However, the barrier of 37.5 kcal mol™ to
generate the intermediate *IN11 is much higher than the
barrier of 14.5 kcal mol™" for producing 5a, and it is slightly
higher than a barrier of 36.5 kcal mol™" for the formation of
product 5a’. Based on the calculation results, the generation of
the radical intermediate *IN11 requires to overcome a barrier
of 37.5 kcal mol™" starting from intermediate 'IN10, which is
not a competitive step with the formation of product 5a. This
result can also explain the experimental finding that the
radical intermediate *IN11 could not be trapped by TEMPO.
From the radical intermediate *IN11, the following cyclization
triplet pathways are also calculated as shown in Scheme 8. The
triplet transition states *TS17 and *TS18 are located above
'TS14 and 'TS15 by 6.4 kcal mol™" and 13.5 kcal mol ™,
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respectively. Therefore, the singlet pathways are more favored
with respect to yielding product 5a again. In a similar manner,
we calculated the reaction pathways without the rhodium cata-
lyst starting from the intermediate "IN10 (Scheme 9). Upon
dissociation of the rhodium catalyst, the intermediate IN10-1
is formed. The intermediate IN10-1 without the bound
rhodium catalyst can also undergo a 1,2-alkyl shift to yield the
corresponding products. The C-N bond formation transition
state TS14-1 is located 21.2 kcal mol™" above the C-C bond for-
mation transition state TS15-1, which is similar to the situ-
ation for the reaction step with the rhodium catalyst. A barrier
of 15.7 kecal mol™ for the formation of experimentally

Ph
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N»_
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Scheme 9 Solvation Gibbs free energy profiles for generation of
product 5a without the Rhy(esp), catalyst.
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obtained product 5a is slightly higher than the barrier of
14.5 kcal mol™" for the same step with the rhodium catalyst.
This result again indicates that the rhodium catalyst is not
essential for the ring expansion step once the indole moiety is
formed. In this case, the formation of product 5a is also highly
exothermic, which cannot be reversible. Thus, the kinetic con-
trolled product 5a should be accessed, which is in line with
the experimental findings.

Summary and conclusions

Based on systematic theoretical studies, we have disclosed the
detailed reaction mechanism for the dirhodium-catalyzed ring
expansion reactions of azide tethered MCPs and azide-
styrenes. The mechanistic scheme we favor on the basis of the
results described above can be generally summarized as the
following steps: (1) complexation of the azide substrate by the
dirhodium catalyst, (2) extrusion of N, to form a Rh,-nitrene
intermediate which has radical character, (3) electrocyclic ring
closure to form the indoline ring, (4) concerted 1,2-alkyl shift
to form ring expansion products and (5) dissociation of the
catalyst. The dirhodium catalyst plays an important role in
step 2 to generate the critical Rh,-nitrene intermediate, and, it
is also clearly to catalyze the following steps, however, it is not
as important as that in step 2. For substrate 1a involving a
three-membered ring, the experimentally obtained C-N bond
formation product 2a is a thermodynamically favored product;
moreover, the three-member-ring-opening step on the triplet
pathway is a competitive process with the formation of the
main product, thus a radical reaction intermediate can be
trapped by TEMPO. In contrast, for substrates 3a and 3b
having a larger ring, the reaction barriers for the formation of
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favored thermodynamic products are pretty high, thus the
kinetically favored C-C bond formation products are obtained.
In these cases, the ring-opening step on the triplet pathway is
not a competitive process with the formation of the main
product; therefore, the corresponding radical reaction inter-
mediates cannot be trapped by TEMPO. Our findings are in
line with the recent report by Driver and Tantillo,"®” which
also demonstrates that the rhodium -catalyst is crucial for
generating the initial reactive intermediate, but not essential
for controlling product selectivities in the Rh,(u)-catalyzed
reaction. The theoretical studies presented here deepened our
understanding of the reaction mechanism of dirhodium-
catalyzed ring expansion reactions of azide tethered MCPs and
azide-styrenes, which are helpful for understanding other
related dirhodium-catalyzed reactions involving nitrene or
carbene intermediates.
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