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ABSTRACT: Density functional theory has been applied to gain insight
into the Cp*Rh(OAc)2-catalyzed C−H activation and intermolecular
annulation of benzamide derivatives with allenes. The study shows that
the reactions proceed in three steps: (1) C−H activation induced by Rh
catalyst reacting with benzamide derivatives, (2) carborhodation of allene,
and (3) regeneration of Rh catalyst. The results indicate that the N−H
deprotonation makes the following C−H activation much easier. The regio-
and stereoselectivities of 1a (N-pivaloyloxy benzamide)/2a (cyclohexylallene)
and 1b (N-pivaloyloxy-4-methyl-benzamide)/2b (1,1-dimethyl allene)
depend on the allene carborhodation step. The steric hindrance effect
is the dominant factor. We also discuss the reaction mechanism of 1c
(N-methoxy benzamide)/2a. The chemoselectivity between 1c/2a is
determined by the N−O cleavage step. Replacement of OPiv by OMe
leads to loss of the stabilization effect provided by CO in OPiv. Additionally, Cp*Rh(OAc)(OPiv) is produced in the
Cp*Rh(OAc)2 regeneration step, which can work as catalyst as well.

1. INTRODUCTION
The carbometalation reaction of allenes has attracted increasing
attention for its highly versatile and reactive π-allyl metal species.
Metal-catalyzed cycloadditions have revolutionized the way of
making cyclic compounds.1 Through formal (3 + 2)2 or (4 + 2)3

cycloadditions, a variety of heterocycles are easily constructed.
In the seminal work of Larock4 and the later works of Murakami
and Matsubara,5 several types of halogenated compounds,
triazoles, and phthalimides have been used as the starting
materials for the synthesis of a variety of heterocycles which
can avoid the drawbacks of high temperature, strongly acidic, or
basic conditions. However, the experiments of halogenated
compounds are complex, and the precursors of triazoles and
phthalimides are limited. Thus, straightforward synthesis of
heterocycles via C−H activation has attracted much attention.
For the past decades, people have devoted much effort to
conversion of inactivated C−H bond to C−C or C−N bond.6,7

Recently, Wang and Glorius reported the first Rh(III)-
catalyzed C−H functionalization reactions with allenes proceed-
ing under mild conditions (Scheme 1).8 Under the catalysis of
(RhCp*Cl2)2 and CsOAc in MeOH, 3,4-dihydroisoquinolin-
1(2H)-ones 3a (Z configuration) is selectively generated from
N-pivaloyloxy benzamides 1a and cyclohexylallene 2a without
detection of the isomers 3a′ and 3a″, indicating a high regio- and
stereoselectivity. On changing 1a to 1b and 2a to 2b, only isomer
3b is afforded. However, when changing 1a to 1c, no product is

observed in experiment. All these phenomena greatly attract us: (1)
what are the mechanisms of the reactions? (2) How are the regio-
and stereoselectivity controlled by the catalyst for the reactions
between 1a and 2a and 1b and 2b? (3) Why could 1c and 2a not
react with each other even with the catalyst? In order to answer the
above questions and understand the intrinsic mechanism of this
experiment, a DFT study was conducted by us. It would give us a
better understanding of the chemo-, regio-, and stereoselectivity
of the annulations between benzamide derivatives and allenes.
Meanwhile, we hope the deep understanding of the mechanism
would provide useful information to design high-selectivity catalysts.

2. COMPUTATIONAL DETAILS
All calculations were carried out using the Gaussian 09 suite of
computational programs.9 The hybrid density functional B3LYP10,11

was employed. Geometries were optimized using the 6-31G(d, p)12

basis sets on nonmetal atoms and LANL2DZ13,14 effective core
potentials on Rh. Vibrational frequencies were computed at the same
level to get the thermal and entropic corrections and to confirm whether
the structures are minima or transition states. When necessary, IRC
calculations were performed to verify the right connections among a
transition state and its forward and reverse minima.15 Because the M06
functional16 includes noncovalent interactions and can give accurate
energies for transition metal systems,17 single-point calculations with
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solvation effects modeled by SMD18 in methanol solvent were applied
for all gas-phase-optimized structures at the M06/[6-311++G(d, p)+
LANL2DZ] level. The effectiveness of B3LYP for geometry
optimizations and M06 for single-point energy calculations has been
demonstrated by numerous studies to successfully produce energy
profiles of reactions involving transition metal complexes.19,20 The free
energies are used in the following discussion. All optimized structures,
as well as their Cartesian coordinates, are given in the Supporting
Information.

3. RESULTS AND DISCUSSION

On the basis of the detected products, we discuss our computa-
tional results as follows: in sections 3.1−3.4, the detailed

mechanism between 1a and 2a is described; then the regio-
selectivity between 1b and 2b is illuminated in section 3.5; finally,
reaction between 1c and 2a is discussed.

3.1. C−H Activation. Cp*Rh(OAc)2, which is generated
by the reaction between [Cp*RhCl2]2 and CsOAc, is chosen
as the active catalyst in our work, based on the experi-
mental8,21 and theoretical22,23 reports. Two pathways (denoted
as Path A and Path B) are designed and calculated in this
process. In Path A, C−H activation occurs first and is fol-
lowed by N−H deprotonation. While in Path B, the sequence
is inverted to understand the origin of C−H activation.
Free energy profiles of the two paths are illustrated in

Scheme 1. Rh(III)-Mediated Annulations of Benzamide Derivatives and Allenes Reported by Glorius
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Figures 1 and 3. The key optimized geometries are given in
Figures 2 and 4.
In Path A, intermediate IM1a is first formed via the hydrogen

bond interaction betweenN−H···O4 (see Figure 2). The interaction

is favorable by 8.1 kcal/mol in enthalpy but unfavorable by
5.0 kcal/mol in free energy because of the entropy penalty. Twomec-
hanisms (concerted metalation deprotonation CMD24 and σ-bond
metathesis25) are considered in the following C−H activation step.

Figure 1. Free energy profile of Path A in the C−H activation step (values are given in kcal/mol; enthalpies are listed in parentheses).

Figure 2.Optimized structures of the stationary points of Path A in the C−H activation step, along with the key bond lengths (in Angstroms). Cp* has
been omitted for clarity.
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In the CMD mechanism, activation of C−H bond is assisted
by the CO bond in OAc of [Rh] with the formation of a six-
membered (Rh−C−H−O2−C−O1) transition state TS1a in
which the distances of Rh−C, C−H, and H−O2 are 2.302, 1.379,
and 1.261 Å, respectively. Further weakening of C−H and
Rh−O1 and strengthening of Rh−C and H−O2 give IM2a in
which the distances of Rh−C, C−H, and H−O2 are 2.066, 3.012,
and 1.014 Å, indicating the cleavage of the C−H bond and the
formation of Rh−phenyl. In the σ-bond metathesis mechanism,
the transition state, TS1a′, features a distorted four-membered
ring comprising of the Rh−O1 and C−H bonds. The CMD
mechanism is more favorable than σ-bond metathesis as the
barrier of TS1a′ (40.0 kcal/mol) is about 15 kcal/mol higher
than that of TS1a (25.4 kcal/mol). Analyzing the geometries
of TS1a and TS1a′, two reasons might be responsible for the
high barrier of TS1a′: one is the larger distortion energy of four-
membered ring in TS1a′ than the six-membered one in TS1a;
the other is that the stronger coordination between Rh and O1 in

TS1a increases the stability of TS1a. IM3a is produced with
dissociation of HOAc from the Rh center of IM2a. Following
IM3a, a hydrogen transfer transition state TS3a is located in gas
phase with a barrier of 1.9 kcal/mol in electronic energy in which
H transfers from N to O3 atom. However, when considering the
solvent effect, the energy of TS3a is 2.4 kcal/mol lower than
IM3a, indicating that the hydrogen transfer is very facile in
solvent. After the hydrogen transfer process, a new HOAc is
formed in IM4a which is 2.6 kcal/mol more stable than TS3a.
Once again, the HOAc is dissociated and five-membered
rhodacycle intermediate IM5 is formed with the bond lengths
of Rh−N and Rh−C being 1.975 and 2.064 Å.
In Path B, N−H deprotonation is processed before C−H

activation. As illustrated in Figure 3, IM1b is formed from the
coordination of 1a to the Rh center via the lone pair electrons of
the N atom. Simultaneously, an extra hydrogen bond is formed
in IM1b between N−H in 1a and the O3 atom in OAc. The
interaction is slightly unfavorable by 0.2 kcal/mol in free energy

Figure 3. Free energy profile of Path B in the C−H activation step (values are given in kcal/mol; enthalpies are listed in parentheses).

Figure 4.Optimized structures of the stationary points of Path B in the C−H activation step, along with the key bond lengths (in Angstroms). Cp* has
been omitted for clarity.
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but more favorable by 13.7 kcal/mol in enthalpy, indicating
IM1b is more easily generated than IM1a. Crossing a low barrier
transition state TS1b (1.4 kcal/mol relative to IM1b) in which
H transfers from N to the O3 atom, IM2b is produced. In IM2b,
the distances of Rh−N and H−O3 further shorten to 2.188 and
1.051 Å and N−H lengthens to 1.560 Å, showing that a HOAc is
formed. Release of HOAc gives IM3b. Isomerization of IM3b
leads to IM4b and is exoergic by 9.2 kcal/mol. Following IM4b,
two C−H activation mechanisms are considered as well (CMD
and σ-bond metathesis). Similar to TS1a, in Path B, the CMD
mechanism (TS4b, six-membered transition state with a barrier
of 17.9 kcal/mol) is more favorable than a σ-bond metathesis
mechanism (TS4b′, four-membered transition state about
26.9 kcal/mol). Through the C−H cleavage step, a new HOAc
is formed in IM5b. Then IM5 is generated after dissociation of
HOAc.
From the discussion above, we can see that the CMD

transition state is the rate-determining step both for Path A and
for Path B. As far as two paths are concerned, the barrier of
TS1a is 25.4 kcal/mol, which is much larger than that of TS4b
(17.9 kcal/mol). This shows that Path B is a favorable pathway.
In other words, the N−H deprotonation makes the following
C−H activation much easier. Via N−H deprotonation, N
coordinates to the Rh center which can increase the electron
density of the Rh atom. The NBO charges of Rh for IM4b and
IM1a are 0.430 and 0.500. Thus, the Rh atom in IM4b is more
active for C−H activation. In addition, O2 of acetate in catalyst
provides a reaction site that makes the C−H activation feasible.
Research about Rh(III)-catalyzed C−H functionalization with
acetylene by Guimond et al. showed that the deprotonation
of substrate is important for a low-barrier catalytic cycle.22 Our
present result is in agreement with their conclusion.
3.2. Carborhodation and Product Selectivity. There are

four coordination modes between 2a and IM5 by different CC
double bonds coordinating with the Rh center as shown in
Scheme 2. We calculated the structures of the intermediates and
located the transition states for all coordination modes. IM6a
is the most stable one. Carborhodations of allene give seven-
membered cyclometalated Rh complexes via allene insertion
transition statesTS6a−d. The barriers ofTS6a,TS6b,TS6c, and
TS6d are−1.7, 3.5, 4.4, and 0.7 kcal/mol, respectively, relative to

the original reactants. Therefore, the allene terminal CC bond
trans insertion into IM5 is a favorable one.
In order to understand the regio- and stereoselectivity of the

allenes insertion, a frontier molecular orbital [FMO] analysis was
made for IM5, 2a, IM6a−d, and TS6a−d.26 As we know, the
smaller the HOMO−LUMO energy gap is, the more reactive the
reaction will be. Thus, the HOMOs and LUMOs energies of
the IM5 and 2a were calculated. From Figure 5, we can see

that the Egap of HOMO(2a)−LUMO(IM5) [3.96ev] is smaller
than that of HOMO(IM5)−LUMO(2a) [5.49ev]. Therefore,
the electrons transfer from the HOMO of 2a in which the
electrons mainly distribute at C3, C4, and C6 atoms to the
LUMO of IM5 in which the electrons mainly distribute at
the Rh atom. Additionally, NBO analysis was performed in
order to investigate the atom orbital contributions of C and Rh
to the FMOs of TS6a−d. Table 1 lists the contributions of
key atoms (Rh, C, C3/C6, and C4) to the HOMOs of TS6a−d,
from which we can see that the total contributions of Rh, C,
C3, and C4 atoms in TS6a are the largest among TS6a−d.

Scheme 2. Four Coordination Modes Between 2a and IM5 and Corresponding Insertion Transition States

Figure 5. Energies of the HOMOs and LUMOs for 2a and IM5.
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This is consistent with our results that the barrier of TS6a is
the lowest.
The mechanism of IM6a transformation is given in Figure 6,

and the key structures are listed in Figure 7. InTS6a, the C3C4

double bond inserts into the Rh−C bond. The distances of
Rh−C, C−C4, C4−C3, and C3−Rh are changed from 2.154,
2.003, 1.421, and 2.105 Å in TS6a to 2.636, 1.503, 1.511, and
2.083 Å in IM7a, respectively. Two pathways are considered
following IM7a. One is in the sequence of N−O cleavage and

reductive elimination (black route in Figure 6); the other is in the
reverse order (blue route in Figure 6). In the black pathway,
IM7a first isomerizes to IM8a in which the CO bond in the
OPiv group turns to interact with the Rh center and is exoergic
by 5.8 kcal/mol. Under the auxiliary interaction of CO···Rh,
the following N−O cleavage transition state (TS8a) is a five-
membered ring with a low barrier of about 8.3 kcal/mol. The
produced IM9a involves a RhN double bond. Reductive
elimination of IM9a gives IM10. In the blue pathway, reductive

Table 1. Contributions of Rh, C, C3/C6, and C4 Atoms to the HOMOs of TS6a−d

TS6a TS6b TS6c TS6d

Rh dxy 0.00% Rh dxy 0.23% Rh dxy 0.00% Rh dxy 2.17%
dxz 0.10% dxz 2.35% dxz 1.20% dxz 0.08%
dyz 0.35% dyz 4.80% dyz 2.35% dyz 8.70%
dx2y2 1.45% dx2y2 2.24% dx2y2 6.19% dx2y2 5.48%
dz2 12.29% dz2 4.33% dz2 0.18% dz2 1.40%

C3 px 3.31% C3 px 2.3% C6 px 0.23% C6 px 0.00%
py 2.56% py 2.89% py 0.00% py 5.24%
pz 0.26% pz 1.32% pz 7.50% pz 0.89%

C4 px 0.33% C4 px 0.00% C4 px 0.58% C4 px 0.07%
py 0.47% py 2.64% py 3.76% py 0.19%
pz 4.24% pz 2.16% pz 0.19% pz 0.16%

C px 2.48% C px 0.78% C px 0.53% C px 0.10%
py 1.69% py 0.03% py 2.87% py 0.36%
pz 1.67% pz 4.50% pz 2.13% pz 1.22%

31.20% 30.57% 27.71% 26.06%

Figure 6. Free energy profile of the carborhodation step (values are given in kcal/mol; enthalpies are listed in parentheses).
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elimination of IM7a is first processed through TS7a′. However,
the barrier is considerably large, which is about 43.2 kcal/mol
relative to IM7a and 20.8 kcal/mol to original reactants. Thus,
the blue pathway can be ruled out.
In this step, the intermediate IM8a may rearrange to IM9a″

through TS8a″ with a barrier of 5.8 kcal/mol (Figure 8).

This type of reaction can be found in many experimental and
theoretical studies.27 Then IM9a″ transforms into IM10a″
through the isomerization. Reductive elimination of IM10a″
would lead to 3a″. However, considering IM10a″ is higher
than TS8a and TS9a in free energy, the following reductive

elimination of IM10a″ should be more unfavorable, that is, 3a″
is impossible to be generated, which is consistent with the
experiment.

3.3. Regeneration of Catalyst. To regenerate Cp*Rh-
(OAc)2 from IM10, two HOAc are necessary to substitute OPiv
and 3a moieties. According to the sequence of substitutions,
two pathways are considered as listed in Figure 9. In the black
pathway, through transition state TS10a (14.6 kcal/mol), 3a is
first generated from IM10with H of HOAc transferring to N and
OAc transferring to Rh. Release of 3a from IM11a gives IM12a.
Then the second HOAc reacts with IM12a via six-membered
metathesis transition state TS12a (11 kcal/mol relative to
IM12a), giving HOPiv and Cp*Rh(OAc)2. In the blue pathway,
HOPiv is first released from IM10 via TS10a′. TS10a′ features
an eight-membered ring with H of HOAc transferring to CO
in OPiv and CO in HOAc interacting with Rh. Then 3a and
Cp*Rh(OAc)2 are generated through metathesis between the
second HOAc and IM12a′ via TS12a′.
Analyzing the structure of IM10, we can see that if OPiv is

not substituted by OAc it can act as OAc to process the
N−H deprotonation, that is, IM12a, Cp*Rh(OAc)(OPiv),
can catalyze the reaction as well. Thus, according to Path B in
Figure 3, we calculated the N−H deprotonation and C−H
activation of 1a mediated by IM12a. Two pathways are
considered, as both OPiv and OAc can accept the proton from
1a. In the green path, OPiv accepts the proton and dissociates
from Rh, giving IM4b, which can proceed to activate C−H with
TS4b and lead to IM5. Then IM5 will complete the following
steps as we discussed in section 3.2. If OAc is a proton acceptor
(black path in Figure 10), HOAc is first dissociated giving

Figure 7. Optimized structures of the carborhodation step, along with the key bond lengths (in Angstroms). Cp* has been omitted for clarity.

Figure 8. Free energy profile of the rearrangement of IM8a (values are
given in kcal/mol; enthalpies are listed in parentheses).
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IM2′OPiv. Crossing the C−H activation step (TS2′OPiv), IM5
resulted as well. The green path is slightly more favorable than
the black one.
According to the calculated results, a barrier of 11 kcal/mol

(TS12a) is needed for conversion of Cp*Rh(OAc)(OPiv)
to Cp*Rh(OAc)2. However, for both Cp*Rh(OAc)2-
and Cp*Rh(OAc)(OPiv)-catalyzed reactions, the rate-
determining step, C−H activation (IM4b−TS4b), is about
18 kcal/mol, that is, in the first catalytic cycle, Cp*Rh(OAc)2
is the catalyst. Nevertheless, once Cp*Rh(OAc)(OPiv) is

generated, both Cp*Rh(OAc)2 and Cp*Rh(OAc)(OPiv) can
be catalyst.

3.4. Total Mechanism of 1a and 2a. Through detailed
theoretical calculation, the mechanism of Rh(III)-catalyzed
C−H activation and intermolecular annulation between 1a and
2a was understood. As discussed above, the whole reaction
can be characterized by three steps, including (step I) C−H
activation, (step II) carborhodation of allene, and (step III)
regeneration of catalyst (Scheme 3). The product selectivity is
decided by the carborhodation step.

Figure 9. Free energy profile of regeneration of Cp*Rh(OAc)2 (values are given in kcal/mol; enthalpies are listed in parentheses).

Figure 10. Free energy profile of N−H deprotonation and C−H activation mediated by Cp*Rh(OAc)(OPiv).
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3.5. Regioselectivity of the Reaction Between 1b and
2b. According to the mechanism of 1a and 2a discussed above,
the regioselectivity lies in the carborhodation step. Thus, 2b
insertion into IM5 is computed to figure out why only 3b is
produced. Two coordination modes can be employed between
2b and IM5, IM6a,2b and IM6b,2b as shown in Figure 11.
Through the insertion transition states (TS6a2b and TS6b2b),
intermediates IM7a2b and IM7b2b are given which would be
followed by reductive elimination, N−O cleavage, and regenera-
tion of catalyst steps and eventually lead to 3b and 3b′. Both
IM6a2b and TS6a2b are lower than the corresponding IM6b2b

and TS6b,2b indicating 3b is the favorable product which is
consistent with the experiment. By analyzing the optimized
structures (Figure 12), we can see that in 2b insertion step,
when allene is approaching Rh−C bond, the steric hindrance
between the methyl and the benzyl group in TS6b2b is increased
dramatically because the benzyl group in TS6b2b is rigid.

However, in TS6a,2b methyl is approaching the flexible OPiv
group, which can reduce the steric hindrance. Thus, the barrier of
TS6b2b is higher than that of TS6a.2b

The FMO analysis is also employed for IM5 and 2b. The
HOMOs and LUMOs energies of the IM5 and 2b are given
in Figure 13. Egap of HOMO(2b)−LUMO(IM5) [3.78ev] is
smaller than that of HOMO(IM5)−LUMO(2b) [5.50ev].
Therefore, the electrons transfer from the HOMO of 2b in
which the electrons mainly distribute at the C3 and C4 atoms
to the LUMO of IM5 in which the electrons mainly distribute
at the Rh atom. Table 2 lists the contributions of key atoms
(Rh and C3/C4 atoms) to the HOMOs of TS6a2b and TS6b,2b

from which we can see that the total contributions of Rh and C
atoms in TS6a2b are much larger than TS6b.2b This is consistent
with our results that the barrier of TS6a2b is lower.

3.6. Reaction Between 1c and 2a. The reaction
mechanism of 1c and 2a with catalyst is computed to figure

Scheme 3. Mechanism of Rh(III)-Catalyzed Reaction Between 1a and 2a

Figure 11. Free energy profile of the allene 2b insertion step (values are given in kcal/mol; enthalpies are listed in parentheses).
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out why no product is observed. Calculated results are
demonstrated in Figure 14. From Figure 14, we can see
that reaction between 1c and 2a is similar to that of 1a and 2a.
Both processes experience N−H deprotonation (TS1Me),
C−H activation (TS4Me), carborhodation (TS6Me), N−O
cleavage (TS8Me), reductive elimination (TS9Me), and finally

regeneration of the catalyst. However, there is an obvious
difference in N−O cleavage (IM8Me−TS8Me in Figure 15 and
IM8a−TS8a in Figure 6). In TS8a, as discussed above, N−O
cleavage is assisted by the CO bond in OPiv with a five-
membered transition state, while in TS8Me no stabilization effect
is provided. In TS8Me, OMe transfers from N to Rh directly with
a three-membered transition state and results in a large barrier of
about 32.6 kcal/mol (relative to IM8Me), which is higher than
that of TS8a by 24.3 kcal/mol. Thus, 3a could not be produced
from 1c and 2a.

4. CONCLUSION

In summary, a detailed mechanism study on the mild
Cp*Rh(OAc)2-catalyzed C−H activation and intermolecular
annulations between benzamide derivatives and allenes has been
systematically conducted with DFT calculations. The study
uncovers the origin of C−H activation and product selectivity
for the reaction. The whole reaction involves three stages as (1)
C−H activation induced by Rh catalyst interacting with
benzamide derivatives, (2) allene carborhodation, and (3)
regeneration of the catalyst. The results indicate that the N−H
deprotonation first makes the C−H activation more facile.
The reaction stereoselectivity depends on the type of CC in
allene coordinating into the Rh for reaction 1a and 2a. The
trans insertion for the allene terminal CC bond into Rh is
the most favorable one. For reaction between 1b and 2b,
the regioselectivity presented in carborhodation is controlled
mainly by the steric hindrance effect. For reaction between 1c
and 2a, the mechanism is similar to 1a and 2a. However,
because the OPiv group is replaced by OMe, OMe transfers
from N to Rh directly with a three-membered transition state
which is much higher in energy than that of OPiv. Additionally,
Cp*Rh(OAc)(OPiv) can be generated in a Cp*Rh(OAc)2-
catalyzed process. Once Cp*Rh(OAc)(OPiv) is produced,
both Cp*Rh(OAc)2 and Cp*Rh(OAc)(OPiv) can work as
catalysts.

Figure 12. Optimized key structures in the 2b insertion step, along with key bond lengths (in Angstroms).

Figure 13. Energies of the HOMOs and LUMOs for 2b and IM5.

Table 2. Contributions of Rh and C3/C4 Atoms to the
HOMOs of TS6a2b and TS6b2b

TS6a2b TS6b2b

Rh dyz 10.18% Rh dxz 3.85%
C4 pz 3.79% C3 pz 2.38%

13.97% 7.23%
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M. Organometallics 1997, 16, 2539−2546. (d) Goḿez, M.; Granell, J.;
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