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The observation that the 14-electron cation [Rh(PPh3)3]+ is more electron-rich than ex-
pected, as a result of coordination of a C=C bond in one phenyl group, opened the way to a
search for more examples of this behavior. We used DFT calculations and energy decomposi-
tion analysis to study this M—nz-arene interaction and to calculate its strength. For this pur-
pose, we have chosen two formally unsaturated complexes, viz. [Mo(r]5—C5H5)(CO)2(PPh3)]+
(1) and [Ru(ns-CsHs)(binap)r (2). In the former complex, the PPh; ligand can be easily
moved away from the metal, destroying the Mo—nz-arene interaction, while in 2 this is
achieved by a distortion of the Binap ligand. The experimental parameters, namely the dis-
tortion of the aryl-containing ligand, have been well reproduced by the calculated coordina-
tion geometry; the M—nz-arene interaction was estimated as 13.4 kcal mol™ for Mo and 21.4
kcal mol™ for Ru. The energy decomposition analysis revealed the formation of a covalent
bond between the metal and the C=C bond, which made the global process favorable, regard-
less the energy required to reorganize the geometry of the ligand in the new environment.
Keywords: Rhodium; Ruthenium; Molybdenum; Arene complexes; Energy decomposition
analysis (EDA); DFT calculations; Binap; Phosphine ligands; Half-sandwich complexes.

Phosphanes are among the most common ligands in organometallic chem-
istry, offering a wide range of electronic and steric features. Moreover, they
stabilize a large number of compounds designed for applications in homo-
geneous catalysis. Triphenylphosphane, a crystalline solid, is often the first
choice for a monodentate phosphane. However, in 1984 it was revealed
that the phenyl groups were not always only spectator substituents. They
are capable of binding to the Rh(l) metal center through a C=C bond, here-
by stabilizing the coordinatively unsaturated metal center, by donation of
additional two electrons'. Indeed, the 14-electron cation [Rh(PPh;),]* has

Collect. Czech. Chem. Commun. 2007, Vol. 72, Nos. 5-6, pp. 703-714
© 2007 Institute of Organic Chemistry and Biochemistry
doi:10.1135/cccc20070703



704 Costa, Calhorda, Pregosin:

achieved a 16-electron count as a consequence of a coordinated C=C bond,
with Rh-C distances of 2.236 and 2.502 A. In recent years, a number of
other examples was reported. The cation [Mo(n®-CgH5)(CO),(PPh3)]*" (1) is
formally an 18-electron complex, since one of the phenyl rings binds to the
metal using a C=C bond, as in the Rh example, with Mo-C distances of
2.566 and 2.649 A to C1 and C2, respectively (Chart 1)2. These distances are
relatively long, but apparently still within the bonding range. Reactions of
1 with Mel or H,O lead to fast disappearance of the bond. In the unambigu-
ous N2-C4Hg complex [Ru(n®-CsMes)(n?-CgHg)(NO)], the Ru-C distances to
the C=C bond are 2.195 and 2.221 A, i.e., apparently shorter than those in
1, but close to one of the Rh—-C bonds in [Rh(PPh;),]* 3.
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CHART 1

This type of weak coordination is not peculiar only to PPhs. Similar situa-
tions have also been observed in the more interesting chiral bidentate
phosphanes, MeO-biphep and binap (MeO-biphep = 6,6'-dimethoxy-2,2'-
bis(di-R-phosphanyl)-1,1'-biphenyl; binap = 2,2'-bis(diphenylphosphanyl)-
1,1'-binaphthyl). Although their complexes are very useful as chiral auxilia-
ries in enantioselective catalysis, the specific n2-arene interaction was ini-
tially not detected in reports describing the syntheses and characterization
of these and other phosphane complexes of Ru(ll)*. Later on, more detailed
studies®’ showed that one C=C bond in one of the phenyl rings was bound
to ruthenium, as sketched for the cationic Ru diphosphane complexes in
Chart 2, with Ru-C distances of 2.257 and 2.280 A in [Ru(n°-CgHs)- (binap)]*
(2)°, and 2.383 and 2.311 A in [Ru(n®-CsHs)(MeO-biphep)]* (3)8. These spe-
cies are often fluxional, with the Ru atom jumping between the two rings.
There has been continued interest in this type of weak bond, as docu-
mented by a recent series of crystal structure studies of transition metal
complexes on this topic®. Further, n2-arene coordination was also observed
in the crystal structure of lanthanoid derivatives, contributing to a partial
compensation of the electron deficiency at the metal centers®. Several re-
view articles have also appeared?®. Increasingly, intermediates or transition
states in catalytic reactions featuring such interactions have been proposed.
For example, a chiral ligand was assigned an assisting role in the
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enantioselective hydrovinylation of styrene catalyzed by Ni(ll) com-
plexes!t. Similar interactions have been proposed in other systems!?, in-
cluding luminescent gold complexes?!s.

3 -+
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As might be expected from Charts 1 and 2, the ligands in 1-3 must dis-
tort so that one C=C bond in the aromatic rings approaches the metal
center and binds. A similar distortion of phenyl rings has been described
in other complexes, namely [Rh(H)(CI)(SiCl3)(PPhy),] 4, where the metal
center is involved in an agostic interaction'® with one C-H bond of the
phenyl, allowing Rh(lll) to achieve the 18-electron count. In order to un-
derstand the nature of the n2-arene bonding and to estimate its energy, we
performed DFT calculations on two model complexes, [Mo(n®>-CgHs)(CO),-
(PPh3)]* (1; Chart 1) and [Ru(n®>-CgHs)(binap)]* (2; Chart 2).

CHART 2

COMPUTATIONAL DETAILS

Density functional theory (DFT) calculations® were carried out with the
Amsterdam density functional (ADF-2004) program'’. The local spin den-
sity exchange correlation potential was used with the local density approxi-
mation of the correlation energy (Vosko, Wilk and Nusair®). Gradient-
corrected geometry optimizations!® were performed using the generalized
gradient approximation (Perdew-Wang nonlocal exchange and correlation
corrections — PW91)2°,

A triple- Slater-type orbital basis set augmented by two polarization
functions was used for Mo, Ru, P, O, C, and H. A frozen-core approximation
was used to treat the core electrons: (1s) for C and O, (1s, 2p) for P, ([1-3]s,
[2-3]p, 3d) for Mo and Ru. Relativistic effects were accounted with the
ZORA approximation??,

Mayer indices??, calculated with the ADF implementation, were used as
bond strength indicators. Wiberg indices?® were obtained from a natural
population analysis?* (NPA) using the GENNBO executable of the Natural
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Bond Orbital 5.0 program?® (NBO) included in the ADF distribution. As this
calculation requires all electron basis sets in ADF, the same types of basis
sets described above were used without the frozen-core approximation for
the NPA calculations.

The interactions between the metals and the C-C bonds were analyzed
with the energy decomposition analysis (EDA) method developed by
Ziegler and Rauk?®. In this method, the bond dissociation energy (AE = -D,)
between two fragments is taken as the sum of two terms contributions,
AE = AE e + OBy AE, e, is the energy required to reorganize the fragments
from their equilibrium geometry to the geometry of the complex. AE;; is
the interaction energy between the two fragments in the complex and can
be divided into three components AEg .. + AEp i + OB, The AE, .. term
corresponds to the electrostatic interaction energy between the fragments,
AEp,,i is the repulsive interaction between the fragments as a result of the
fact that two electrons with the same spin are unable to occupy the same
region in space, AE,,, is associated with the orbital interaction energy (cova-
lent bond formation).

RESULTS AND DISCUSSION

Structures

We have chosen two complexes to address the nature of the n?-arene inter-
action and to estimate its energy. [Mo(n°-CsHs)(CO),(PPhy)]* (1) exhibits a
coordination environment around the metal that can easily be switched
from the 18-electron (Chart 1) to the 16-electron count, by moving the
phosphane P atom away from the molybdenum, thereby breaking the bond
between Mo and the C=C bond. The distortion is not so easily achieved in
the larger complex [Ru(n®-CsHg)(binap)]* (2). However, binap is an ex-
tremely important chiral ligand in active catalytic systems, and it is impor-
tant to inspect what happens in the selected binap complex (Chart 2).

The structure of complex 1 was experimentally determined using syn-
chrotron radiation?. DFT 6 calculations were performed using the ADF pro-
gram®’ (PW91 functional?®) on complex 1 and its model, where two phenyl
groups were replaced by hydrogen atoms (1m). The experimental Mo-P-C1
angle in 1 is 73.0°, far away from the normal angles around coordinated
phosphorus. This distortion permits the C=C bond to approach Mo and
bind. We also allowed this angle to open, increasing the Mo-C1 and
Mo-C2 distances, so that the phosphane became a two-electron donor
(model 1m’).
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There is also an experimental crystal structure available for [Ru(n®-CsHsg)-
(binap)]* (2)°, with short Ru-C1 and Ru-C2 distances (2.257 and 2.280 A,
respectively; see Chart 2). One of the P-C=C moieties acts as a four-electron
donor while the other one, on the opposite side of the molecule (not num-
bered in Chart 2), is a two-electron donor. The complex is formally an
18-electron species. Owing to the fairy large size of the molecule, we have
only optimized the structure of model 2m, similar to the X-ray structure
of 2, but with R = H. An analogue of the 16-electron complex has been built
by moving the C=C bond of Binap away from ruthenium, eliminating the
Ru-C1/C2 interaction (model 2m'). The geometry was optimized at the DFT
(PW1) level of theory.

The optimized geometries of [Mo(n%-CsHs)(CO),(PPhy)]* (1), and the two
models 1m and 1m' are shown in Fig. 1, and of the models 2m and 2m’ of
[Ru(n®>CgHs)(binap)]* (2) in Fig. 2. The relevant structural parameters are
reported in Table | for 1 and in Table Il for 2.

The agreement between the calculated values for 1 and the experimental
results is excellent and the interaction between the molybdenum center
and the C1=C2 bond is very well reproduced (2.566 and 2.647 A in the
X-ray structure, 2.594 and 2.647 A in the optimized one). One of the phen-
yl groups in the phosphane is highly distorted, as evidenced by the experi-
mental Mo-P-C1 angle of 73.0°. The remaining two Mo-P-C angles are
117.7 and 131.3°. The calculated values are also very close, viz. 73.4, 117.5
and 130.2°, respectively.

The substitution of two phenyl groups by two hydrogen atoms (1m)
leads to shortening of the Mo-P distance in comparison with 1, while the
Mo-C1 and Mo-C2 bond lengths slightly increase. The remaining parame-

Fic. 1
Optimized geometries (DFT) of complex [Mo(r]5—C5H5)(CO)2(PPh3)]+ (1), and the two models
Im and 1m’
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TaBLE |
Experimental (X-ray) and calculated (DFT) distances (in A) and angles (in °) of complex
[Mo(r]5—(:5H5)(CO)2(PPh3)]+ (1), its two models 1m and 1m’, and relative energies (in kcal mol‘l)

Bond 1 (X-ray) 1 Im im'’
Mo-P 2.430 2.445 2.409 2.444
Mo-C1 2.566 2.594 2.617 3.333
Mo-C2 2.647 2.647 2.678 3.526
Cc1l-c2 1.418 1.422 1.424 1.410
C2-C3 1.422 1.411 1.412 1.392
C3-C4 1.362 1.381 1.381 1.393
C4-C5 1.404 1.410 1.410 1.398
C5-C6 1.368 1.380 1.381 1.391
C6-C1 1.444 1.418 1.417 1.403
Mo-P-C1 73.0 73.4 75.4 102.0
AE - - 0 13.4
TasLE 1l

Experimental (X-ray) distances (in A) and angles (in °) of complex [Ru(nS-C5H5)(binap)]+ (2), the
calculated (DFT) data for its two models 2m and 2m’, and relative energies (in kcal mol™)

Bond 2 (X-ray) 2m 2m'’
Ru-P1 2.332 2.291 2.332
Ru-P2 2.327 2.268 2.306
Ru-C1 2.257 2.276 3.310
Ru-C2 2.280 2.332 3.879
C1-C2 1.465 1.446 1.392
C2-C3 1.488 1.476 1.433
C3-C4 1.425 1.424 1.435
C4-C5 1.467 1.435 1.415
C5-C6 1.333 1.358 1.372
C6-C1 1.466 1.441 1.418
Ru-P1-C1 64.4 66.5 105.0
AE - 0 214
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ters calculated for 1m are still acceptable, as the slightly larger deviations
are all within the acceptable range. The calculated Mo-P-H angles in 1m
are 126.4 and 129.4°. These values are very different from the Mo-P-C an-
gle in 1 (~118°). The model 1m’' (see also Table 1) is formally a 16-electron
species and its energy is higher by 13.4 kcal mol-! than that for 1m. The
calculated Mo-C1 and Mo-C2 distances are long (3.333 and 3.526 A, re-
spectively) and, therefore, consistent with a “normal” phosphane bonding
mode. The Mo-P distance (2.444 A) is slightly larger than the value calcu-
lated for 1m (2.409 A) and, obviously, the Mo-P-C1 angle (102.0°) is much
wider than the same angle in 1m.

The calculated geometry of model 2m agrees very well with the experi-
mental structure 2, despite the absence of the phenyl groups attached to
phosphorus. The structures in Fig. 2 show clearly that C1 and C2 are bound
to Ru in 2m, but noncoordinated in 2m'. This change is reflected in the
much longer Ru-C1 and Ru-C2 bonds in 2m’, accompanied by the
strengthening of the C1=C2 bond due to absent donation to Ru(ll) and
back-donation from ruthenium to the double bond. The calculated Ru-C
distances are in excellent agreement with those for 2, and are also very
close to the Ru-C bond lengths in related complexes of RuCp with
MeO-biphep (2.311 and 2.383 A). Further, the angle between the two vec-
tors C1-C4 in each phenyl ring of the binaphthyl moieties drops by ca. 15°
upon coordination, a trend observed in other literature structures®.

For this cation, the energy of the model 2m’' is 21.4 kcal mol-! higher
than that of 2m. Obviously, in both systems, the ligand (PPh; or binap)
must distort to a smaller or larger extent to achieve the modified geometry.

Fic. 2
Optimized geometries (DFT) of the two models 2m and 2m’' of the complex [Ru(nS—CSHS)—
(binap)]” (2)
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Therefore, in a first approach, the interaction energy will depend on the in-
teraction itself and on the energy needed to change the geometry of the
ligand from one situation to the other.

Before addressing this point, we will discuss the strength of the bonds by
means of the Mayer bond orders, also called Mayer indices (Ml), which are
often more reliable as bond strength indicators than the distances. Apart
from providing another perspective with respect to how changes in bond
strength accompany geometric changes, they also provide a more reliable
interpretation. The calculated MI for the two studied systems are given in
Table IlI.

All the molybdenum models display very similar Ml values for the Mo-P
bonds (~0.8). The Mayer indices for the Mo-C1 and Mo-C2 bonds in 1 are
0.227 and 0.254. These values can be considered to reflect strong bond,
since the corresponding Mo-C¢, bond indices are ~0.3 (not shown). In
model 1m, the Mo-C1 MI decreases but the Mo-C2 MI increases. The
changes, however, are small and 1m can be considered a good model of
complex 1 on both geometrical and electronic grounds. Curiously, in both
calculations, the Mo-C2 distance is longer than Mo-C1, but the Mayer in-
dex is larger. In 1m’, the calculated Mls for the Mo-C1 and Mo-C2 bonds
are small, indicating the disappearance of the Mo---C=C interaction. The
concomitant slight increase in the C1-C2 bond order reflects the absence of
olefin bonding in this model, while in 1 and 1m, the back-donation from
the Mo drmt orbitals to the 1* orbital of the C1-C2 bond, and donation from
the corresponding 1t orbital to Mo, should contribute to the slight weaken-
ing and bond elongation.

TasLE I

Mayer indices for relevant bonds in complex [Mo(r]5-(:5H5)(CO)2(PPh3)]+ (1), its two models
1m and 1m’, as well as the two models 2m and 2m’' of complex [Ru(r]5-C5H5)(binap)]+ 2)

Bond 1 Im im’ 2m 2m’
M-P1 0.846 0.822 0.862 0.883 0.919
M-P2 - - - 1.016 1.031
M-C1 0.227 0.188 0.088 0.288 0.025
M-C2 0.254 0.260 0.061 0.497 0.014
C1-C2 1.122 1.123 1.236 1.102 1.403
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We also calculated the Wiberg indices (WI) for models 1m and 1m’, for
comparison (not shown). These indices have been more widely used and
usually provide reliable answers to problems, but require all electron basis
sets in the ADF implementation, increasing the computational effort. De-
spite small differences, the trends are the same as found for the calculated
MI. For instance, the calculated WI values for the Mo-P bond were ~0.6 in
1m and 1m' while the MI values were ~0.8 also for both models.

The trends are also similar in the [Ru(n®-CsHsg)(binap)]* (2) models 2m
and 2m’'. The Ru-P Mls change only very slightly from one model to an-
other, showing that the Ru-P bonds are not influenced by the coordination
of the C=C bond. The drop in the bond strength for the Ru-C bonds upon
going from 2m to 2m' is much more significant than in the Mo system,
probably due to the large size of Binap that allows the carbon atoms to
move further away. For the same reason, the Ml for C=C increases from
1.123 in 1m to 1.236 A in 1m’, and from 1.102 in 2m to 1.403 A in 2m'.
Despite the electronic differences between d* Mo(ll) and d® Ru(ll), which
contribute to different bond weakening upon coordination, the C=C bond
in Binap becomes much stronger when moving away. It should be noted,
however, that there is a large difference in the charges on the two bonded
carbons, the more remote C2 atom having a -0.025 charge and C1 being
more negative (-0.063).

Energy Decomposition Analysis

Having introduced suitable models, as analyzed above, we performed an
EDA in order to obtain an estimation of the n?-arene interaction. For this
purpose, we decomposed the two models 1m and 1m' of [Mo(n®-CsHs)-
(CO),(PPhy)]* (1), and the two models 2m and 2m’ of complex [Ru(n®-CgH5s)-
(binap)]* (2) into fragments. The fragments are {Mo(n°-CsH:)(CO),}* and
PPhH, for models of 1, and {Ru(n®-CsHs)}* and Binap for models of 2. The
results of the energy decomposition are given in Table IV.

The n2-arene interaction (D,), given in the last row of Table IV was calcu-
lated as 8.58 and 13.74 kcal mol~! for the Mo and Ru complexes, respec-
tively. These values arise from the balance between the reorganization of
the fragments that exhibit different geometries in each of the two models,
and the electronic interaction (the formation of the M-C bonds), and it is
more relevant to analyze the differences. The metal fragments are only
slightly modified when the C=C no longer coordinates, so that the values

of AE,,(M) are very small. The ligands must adapt more extensively,
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in particular binap. Indeed, E, (L) is 19.45 kcal mol- for binap and only
4.21 kcal mol for PPhH,. Altogether, there is a large term accounting for
the reorganization of binap in the Ru complex.

With respect to AE.., AEp,,i, and AEg,,, the differences between AE,,,
dominate when going from 1m to 1m’ (or 2m to 2m'), determining the
outcome of the final term AE;,;, even if the other differences are not negli-
gible, as happens in the Ru system.

TABLE IV
Energy decomposition for the interaction between L and M in models of [Mo(ns-C5H5)-
(CO),(PPhy)]* (1) and [Ru(r]":‘-CSHS)(binap)]+ (2) (energy values in kcal mol™)

Energy im im’ A(1lm-1m") 2m 2m'’ A(2m-2m")
Eprep(L) +7.38 +3.17 +4.21 +23.66 +8.30 +19.45
Eprep(M) +2.31 +2.11 +0.20 +8.96 +5.91 +3.05
AEprep +9.69 +5.28 +4.41 +32.62 +14.21 +28.21
DE gy -81.24 -87.33 +6.09 -217.38 -184.58 -32.80
AEp, i +112.45 +102.44 +10.01 +286.37 +217.46 +68.91
AE -107.71 -78.62 -29.09 -215.29 -147.03 -68.26
OB, -76.50 -63.51 -12.99 -146.30 -114.15 -32.15
AE = -D -66.81 -58.23 -8.58 -113.68 -99.94 -13.74

e

L = PPhH,, M = {Mo(n>-C5H5)(CO),}* (1m, 1m’) or L = binap, M = {Ru(n®-CgHg)}* (2m, 2m’)

The emerging pattern is that the orbital interaction drops to 29.09 kcal
mol-! (Mo) and 68.26 kcal mol~! (Ru) when the bond to C=C is lost. There
is indeed a significant covalent interaction, and it is strong enough to cover
the reorganization energy of the fragments.

The previous analysis allows us to conclude that in the formally
16-electron complexes analyzed it is energetically favorable to distort the
ligand, so that one C=C bond of a phenyl ring may approach the metal and
engage in a M—n2-arene bond, and the metal achieves an 18-electron count.

Conclusions

The coordination between metal centers and ligands containing aryl rings
was examined in detail for two complexes, [Mo(n®>-CgHs)(CO),(PPh3)]* (1)
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and [Ru(n®-CgHs)(binap)]* (2), based on DFT calculations performed on
their models. The calculated coordination geometry reproduced the experi-
mental parameters. Calculations on related models that do not exhibit this
interaction, led to higher-energy species, and gave an estimate of the
Mo-n?2-arene interaction as 13.4 kcal mol2, while the Ru-n2-arene interac-
tion was 21.4 kcal mol-. Energy decomposition analysis indicates that the
favorable interaction is due to the coordination of the C=C bond, while
much energy was needed to reorganize the ligand that must adapt to the
new coordination environment.
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