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Abstract Properties of chiral dirhodium catalysts with
ortho-metalated aryl phosphine ligands have been stud-
ied by a computational quantum chemical density
functional theory method. The main aim in the current
work was to systematically modify the ligand core of the
Rh,(O,C R)»(PC), catalysts (PC is ortho-metalated aryl
phosphine) in order to find structural and electronic
trends involved with the modifications. The strongest
impact on the properties of the active rhodium site was
found when electron-withdrawing groups were intro-
duced in the ligand core. The computational approach
offers a possibility for a stepwise study of the properties
of the catalysts and therefore a tool for further design of
the most effective structures.
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1 Introduction

Dirhodium(II) tetracarboxylates have been found to be
efficient in the catalytic transformation of «-diazo car-
bonyl compounds via dirhodium carbenoid species [1].
Ortho-metalated dirhodium(II) compounds with back-
bone chirality, Rh,(O,C R),(PC), (PC is ortho-meta-
lated aryl phosphine), have been studied in detail and
represent a new family of dirhodium(II) catalysts that
are also active and selective in cyclization reactions [2, 3,
4, 5]. The versatility of the ligands in these compounds
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allows control of the activity and enantioselectivity of
the catalysts. Furthermore, since the backbone chirality
creates different structural environment for ligands at
the active axial site of the catalysts, the compounds form
a group of promising candidates for a detailed compu-
tational study.

The Rh,(0,C R),(PC), catalysts show a variation in
activity and selectivity depending on the substituents
introduced. Mainly two different ways of modifying the
active center of the catalyst have been tried: (1) change
of the carboxylate ligands and (2) introduction of sub-
stituents on the metalated phosphines. According to the
results, change of carboxylates has a clear influence on
the activity. While most of the catalysts are active in
cyclopropanation reactions, those with electron-with-
drawing groups, such as CF;COQ, are systematically
more enantioselective and they are also the best candi-
dates to induce C-H insertion. Though substituents on
the phosphines also have catalytic influence, the best
results are generally obtained with relatively basic and
not very bulky triarylphosphines such as P(C¢Hs); or
P(4-CH;CgHy)s.

Current computational methods offer an alternative
approach in the systematic search for the factors that
would have the strongest impact on the catalyst behav-
ior. The catalyst structure can be consistently altered,
and the effect of the modulation on the structural
parameters and energetics can give us valuable infor-
mation on the trends in the properties of the active sites.
After obtaining detailed knowledge on the steric and
electronic properties of existing active catalysts, the de-
sign of more efficient and selective materials is facili-
tated.

Mononuclear rhodium catalysts have been widely
studied by computational methods ranging from
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molecular mechanics and semiempirical studies [6] to
sophisticated density functional [7, 8, 9] and MP x [7,
10] computations. Modern quantum mechanical/
molecular mechanics methods have also been applied in
the study of larger mononuclear rhodium catalysts and
reaction profiles [11, 12]. However, rhodium dimers
have been the subject of only a few computational
studies owing to the large size of the catalysts and the
requirement of demanding methods to describe the
metal-metal bonding in these systems. Most of them
have focused on the tetrakis(carboxylato)dirhodium(II)
catalyst in different applications, for example, molecu-
lar mechanics calculations on the origin of the regi-
oselectivity in the C-H insertion reactions of
dicarbonyl compounds [13] and on the dominant dia-
stereomer in the cyclization of «-diazoesters [14].
Density functional theory (DFT) methods have been
utilized in the study of the interaction of different axial
ligands with the active rhodium site [15] and in the
computation of the key steps in the Rh(II)-catalyzed
cyclization of a-diazo ketoamides [16]. Recent studies
by Nakamura and coworkers [17, 18] utilized density
functionals and semiempirical PM3 in describing the
C-H bond activation/C—C bond formation processes of
diazoalkanes with dirhodium tetracarboxylate catalysts.
Nowlan et al. [19] described the nature of the selectivity
in rhodium-catalyzed cyclopropanation reactions by a
hybrid density functional method, B3LYP.

The final aim of the work that is initiated in this
paper is to confirm if the electronic and steric properties
of the Rh,(O,C R),(PC), catalysts can be predicted by
DFT calculations and if these results could assist us in
developing new, more active and selective catalysts. As a
first step, we compare computational results for the key
parameters of different catalyst structures, including
existing and suitably tailored catalysts, to understand
the effect of the modifications on the properties of the
active catalytic sites.

2 Computational details

All calculations were carried out with the Gaussian98
program package [20]. DFT level of theory with the
nonlocal density functional B3PWO91 [21] was selected
for the quantum chemical studies. The basis set com-
prised of the Stuttgart—Dresden effective small core po-
tential augmented with an extra p-polarization function
for rhodium [SDD(p)], and a standard all-electron basis
set, 6-31G*, for other atoms. The system has been found
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developed and distributed by the Molecular Science Computing
Facility, Environmental and Molecular Sciences Laboratory which
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land, WA 99352, USA, and funded by the US Department of
Energy. The Pacific Northwest Laboratory is a multiprogram
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Department of Energy under contract DE-AC06-76RLO 1830.
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to be reliable in the study of mononuclear platinum
compounds [22], but we also tested it with a small di-
meric rhodium compound Rh,(CO)e(P(i-Pr);),, for
which the applied method was found to reproduce
experimental [23] geometrical parameters accurately
compared with several other methods and basis sets.
Frequency analysis with no scaling was performed to
ensure ground-state optimization. Natural population
analysis [24] was used for obtaining the charge distri-
bution for the models.

Full geometry optimization was performed for di-
meric rhodium(II) catalysts of the type Rh,(0,C
R)>(PC),; R is H, CH3;, CF5. The modification alterna-
tives applied in this study are presented in Fig. 1. Water
ligands were chosen for the axial positions to simplify
the models and to avoid steric crowding in the ligand
core at this point. Out of the four catalyst modifications
considered here, M1 and M3 have been experimentally
studied in catalyst reactions. M2 and M4 were designed
to represent different electronic environments of the
phosphines in order to reveal their effect in major
structural parameters.

In addition to the phosphine complexes, we com-
pared the trends in structural parameters of the tetra-
kis(carboxylato)dirhodium(II) catalysts [denoted as
Rh,(0,CR)4], which have been widely studied as pre-
cursors for many dirhodium(II) compounds.

An example of the accuracy of the fully optimized
geometry of the catalysts compared with experimental
values is listed in Table 1, where we have compared
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Fig. 1 Structural modifications for the ligand core of the ortho-
metalated dirhodium(II) catalysts. Catalysts are denoted as M/,
M2, M3 and M4, depending on the type of phosphine, PC is PPhs
(M1), PPh(CF5), (M2), PPh(CHj3), (M3), and PPh(N(CH;),),
(M4). Notations for other ligands: R is H, CHj, CF3; Y is NH,,
NO,, CH;, F



Table 1 Comparison of selected computational[B3PW91//6-31G*,
SDD(p) for rhodium] and experimental [25] structural parameters
for the catalyst M3 (R = t-Bu). Bond distances are in Angstroms
and bond angle in degrees

Parameter Comp Exp Diff Dift%
(Rh1-Rh2) 2.486 2.493 —-0.007 -0.3
r(Rh1-PI) 2.227 2.190 0.037 1.7
r(Rh1-O1cy0) 2.159 2.172 —-0.013 -0.6
#(Rh2-02¢11) 2.202 2.180 0.022 1.0
(O1-Clcarp) 1.267 1.240 0.027 2.2
H02-Cl o) 1.265 1.240 0.025 2.0
r(Rh1-Cyyy) 1.995 1.995 0.000 0.0
(Rh1-Oy0) 2.391 2.359 0.032 1.4
a(01-C1-02) 124.9 125.8 -0.900 -0.7
d(C1-C2)* 3.736 3.677 0.059 1.6

“Distance between carboxylate carbons

catalyst M3 including two axial water ligands (R is -Bu)
with a similar experimental crystal structure [25] The
optimized structure shows very reasonable agreement
with the experimental bond lengths and angles, which
allows consistent results on the structural trends upon
modification of the ligand core.

3 Results and discussion
3. 1 Structural trends—effect of the carboxylate ligand

At the first stage, catalysts of the type Rh,(O,C R),(PC),,
M1-M4, were modeled by changing the carboxylate
ligand (Fig. 1). Two different ligands, CH;COO and
CF;COO, were applied in order to explore the electronic
effect of the carboxylates on the active rhodium site.

The most profound structural effect can be found on
the Rh—Rh bond length (Fig. 2a). Although the difference
in the Rh—Rh bond length is small (0.01-0.02 A) in the
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phosphine catalysts, the trend in the modification is clear:
substituting CH3 with CF; leads to an increase in the
metal-metal bond. The trend is consistent with experi-
mental findings, for example, in catalyst M1 the difference
between the two substitutions is 0.026 A [2, 26].

A similar trend was found in Rh—Ol,, (O1 is trans
to phosphorus) bond lengths of the carboxylate groups
(Fig. 2b): they are shorter for the acetate compounds
than for the trifluoroacetate analogues. It should be
noted that the other carboxylate oxygen, O2, which is
trans to the ortho-metalated carbon, shows a similar
trend, although the bond distances are somewhat longer
owing to a different trans effect of the ligands. However,
the Rh—Oyy>0 bond distances of the axial water ligands
show the opposite trend (Fig. 2e): they are consistently
longer for the acetate compounds than for the trifluo-
roacetate analogues. Otherwise, changing the carboxyl-
ate ligand has no significant effect on the structural
parameters of the ligand core surrounding the active site,
as can be seen from the values of r(Rh—P) and r(Rh-
Cor) In Fig. 2¢ and d.

Especially, the shortening of the axial Rh—Op,0 bond
suggests that replacement of the acetate ligand by a by
trifluoroacetate carboxylate ligand increases the strength
of the interaction with compounds in the axial position,
where the catalytic reactions are initiated.

Comparison of the structural changes in the simpler
Rh,(0,C R), systems gives a similar trend for the Rh—
Rh and Rh-Oypo bond lengths. The Rh—Olg,,y, dis-
tance, however, remains unchanged upon modification
of the R ligand.

3.2 Structural trends—effect of phosphine

The structural trends for different phosphines are pre-
sented in Fig. 2. Modifying the phosphine ligands results
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(Fig. 1).
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in a large difference in Rh—P bond lengths, as can be
expected. When the PPhs ligand is replaced with a less
bulky PPhMe,, the Rh-P bond decreases by 0.025 A
(experimentally by 0.02 A). The Rh—P bond shortens
even more when the phosphine is substituted with CF;
groups instead of CHj, as in M2. The following se-
quence can be established for the Rh—P bond distance:
M1 >M4>M3>M2.

The modification of the phosphine also leads to a
clear effect on the Rh—Ol1,,, bond length, which chan-
ges more depending on the phosphine ligand than on the
carboxylate ligand (Fig. 2b). The order of shortening the
Rh-Ol.,, bond length follows the same order as
the basicity of the phosphine, M4>M3>MI>M2.
Otherwise, the structural variation of the parameters is
smaller, and M2 is the only one clearly differing from the
other catalysts.

The distance between the active rhodium site and the
axial water ligand shortens considerably in M2, com-
pared with all other phosphines, which show very similar
values. The role of the phosphine ligands is therefore
also an important factor affecting the properties of the
active site.

Additionally, the effect of phosphine changes the
distance between the two carboxylate ligands (d in
Fig. 1), which is 0.1-0.2 A larger for catalyst M3 than
for catalyst M1 and will result in a more open space
between the carboxylate carbons thus facilitating the
approach of bulkier axial ligands. The bulkier the li-
gands attached to the phosphine atom are, the smaller is
the distance between the carboxylate carbons. Interest-
ingly, the distance also decreases when the carboxylate
ligand is changed from CH3;COO to CF;COQ. This
indicates a strong steric effect involved with the phos-
phine catalysts, which can affect considerably the actual
catalysis mechanisms.

3.3 Structural trends—effect of substituting
the ortho-metalated ring

The importance of the electronic effects of the phos-
phines was further studied by calculating the structural
changes with catalyst M3 using several substituents in
the ortho-metalated phenyl rings (Y in Fig. 1). We
applied a weakly electron withdrawing fluoride ligand,
strongly electron withdrawing NO,, weakly electron
donating CH3 and strongly electron donating NH,
substituents in the 3- or 4- position of the phenyls.
Table 2 compares selected structural parameters for
nonsubstituted M3 catalyst with the corresponding
Y-substituted catalysts. In all calculations, the carbox-
ylate substituent R was hydrogen, which made the
calculations faster without affecting the main results.
The effect of Y-substitution is relatively small and
clear differences can only be found with the strongly
electron withdrawing 4-NO, group. In a comparative
test, this compound exhibits a significant decrease of the
ortho-metalated Rh—C,, bond length, a slight decrease

Table 2 Effect of substituted ortho-metalated phenyl ligands on
selected structural parameters of catalyst M3(R = H), Y = 3-NH,,
3-CHs, H, 3-F, 3-NO,; and 4-NO,

3-NH, 3-CHj; H 3-F 3-NO, 4-NO,
r(Rh1-Rh2) 2492 2493 2495 2493 2499 2498
r(Rh1-P1) 2225 2227 2228 2227 2233 2226
r(Rh1-Cyyy) 1.999 1.995 1994 1998 1986 1.944
r(Rh1-Oppo) 2389 2384 2383 2376 2362  2.355

in the Rh—Oyy,o distance and no notable differences in
the Rh—Rh and Rh-P distances. The effect is less pro-
nounced for the compound with a 3-NO, group in the
phosphine. The strongly electron donating NH, group
results in the opposite behavior of the structural
parameters. CH; and F are too weak to show any
meaningful variation of the parameters. The results are
consistent with experiments, since the effect of weak
substituents has been found to be negligible for the
ortho-metalated dirhodium catalysts [4a].

3.4 Structural trends—effect of axial ligands

It has been suggested that one of the factors affecting the
activity of the dirhodium(II) catalysts is the acidity of
the active rhodium site [3]. To test the impact of the
modification of the ligand core, we replaced one of the
axial water ligands by ammonia, which induced several
structural changes in the catalyst geometry (Table 3).
The length of the axial bond Rh-L decreases substan-
tially (0.12-0.17 A), and as a result of the more basic
nature of the NHj; ligand, the substitution results in an
increase in both the Rh—Rh bond length and the Rh-
Omno distance of the opposite axial water ligand.

By comparing Rh—Rh and Rh—L bond lengths, it is
clear that the longest Rh—Rh bond distance observed for
M2 is accompanied by the shortest Rh—L bond dis-
tances, which indicates that strongly electron with-
drawing groups in the phosphine ligands enhance the
acidity of the active rhodium site, and hence lead to
stronger interaction with basic axial ligands. The
inductive effect of stronger interaction at the active site
weakens the interaction at the opposite Rh site, thus
facilitating the replacement of the remaining water li-
gand. However, there is a competing effect depending on
the type of phosphines, the relative decrease in the Rh—L
bond length and the increase in the Rh—Op bond length
is notably smaller for M2 than for M1 and M4, which
suggests the more complex nature of the inductive effect
from the ligand core.

In addition to the structural trends, the enhanced
acidity of the active site can be seen in the interaction
energy of ammonia when it replaces one of the axial
water ligands. The energy values in Table 3 indicate en-
hanced acidity of the active site, when the phosphine li-
gands are substituted with electron-withdrawing CF;
groups, as in the case of catalyst M2. Table 3 also shows



Table 3 The effect of axial ligands on theRh—Rh and Rh-L (L =
NHj; or OH,) bond distances for Rh,(O,C R),(PC), catalysts (R =
CHj;). The notations in parentheses refer to the axial ligand at the
active rhodium site (Rh1). The bond length Rh—Og refers to the
distance of the water ligand at the Rh2 site. AE-NHj3 (R is CH3,
CF3) gives the energy of the replacementof one water ligand by
ammonia for different carboxylates

M4 M3 M2 M1
Rh-Rh(NH;) 2511 2512 2528 2512
Rh-Rh(H,0) 2489 2486 2502 2.490
Rh-N(NH;) 2231 2231 2202 2223
Rh-Oy(NH3) 2499 2468 2383 2.490
Rh-O(H,0) 2407 2391 2328 2.398
AE-NH; (CH3) (kJ/mol) 8.7 96  -225 -103
AE-NH; (CF;) (kJ/mol)  —149  —13.1  -262  —145

the effect of replacement of the acetate groups with
trifluoroacetate, which further strengthens the interac-
tion. The result is in agreement with the experimental
findings that the replacement of CH;COO with CF;COO
enhances the activity of dirhodium(II) catalysts [3, 4, 5].

3.5 Trends in charge distribution

We computed the charge distribution of the catalysts to
see if the structural changes can be drawn directly from
the changes of the charge distribution upon the modifi-
cations. Fig. 3 shows the natural population analysis
charges for selected atoms around the active site.
Generally, the changes in the bond lengths are quite
consistent with the changes in the natural populations of
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the corresponding atoms. Larger changes in the charges
induce larger variation in the structural parameters.
Obviously, the largest changes are connected with the
ligands modified with electron-donating and electron-
withdrawing groups, the phosphine and carboxylate
ligands. Consistently with the structural changes, the
largest electronic effect on the axial water ligand is
introduced by changing the phosphine followed by a
smaller change induced by the modification of the carb-
oxylates. However, the inductive effect of the whole
ligand core around the active site can have a different
impact for the electronic nature of the active Rh site.
Furthermore, electronic effects do not explain all the
calculated structural trends. For example, in M1 the
phosphorus charge ¢(P1) has a similar value as in M3, but
the Rh—P bond length is considerably longer in M1. Also,
according to the larger positive charge of rhodium in M1
we would expect a shorter bond length for the axial water
ligand, but as seen in Fig. 2, the Rh—Oy,o bond is
practically the same in M1 as in M3. Therefore, the steric
properties of the ligand core will also play an important
role in the nature of the active catalyst site. The compu-
tational approach will offer an effective tool to reveal the
difference in the steric environment of the catalysts. This
will also be the next step in our catalyst study.

4 Conclusions

In this work we performed quantum chemical density
functional calculations on a series of dirhodium(II)
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catalysts with ortho-metalated aryl phosphine ligands, in
order to reveal structural and electronic trends involved
with modification of the ligand core. The strongest
electronic impact on the properties of the active Rh site
could be obtained through a modification of the phos-
phine ligand with electron-withdrawing CF; groups. A
smaller effect was induced by the carboxylate ligands,
where the replacement of CH;COO with CF;COO re-
sulted in a stronger interaction with the basic axial li-
gands, which can also be seen in the increase of the Rh—
Rh distance of the catalyst. However, the structural
trends could be interpreted to include steric effects on
the interaction with the axial ligands. The less bulky
phosphines and carboxylates were found to increase the
distance between the central carbon atoms in the car-
boxylate ligands, thus opening the space for the ap-
proach of larger axial ligands. Our goal is to expand the
computational approach on the relative importance of
the steric and electronic properties in order to fully
understand the role of the ligand structure in the enan-
tiocontrol of the catalysts.

One advance in the application of computational
methods is the possibility of systematically searching for
the most efficient catalysts. Such a stepwise analysis is
often experimentally difficult because of many compet-
ing electronic and steric effects involved in the reactions.
Furthermore, small variations in the ligand structure
lead to small differences in the structural trends, which
might be impossible to reproduce experimentally. Al-
though quantitatively accurate reaction energetics would
require inclusion of solvent effects or the effect of
neighboring molecules, qualitative trends in the struc-
tural parameters and energetics can assist in finding the
factors that will have the largest influence on the prop-
erties of the active site.
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