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DFT calculations revealed some unprecedented aspects of the structure of the tetranuclear
lutetium and yttrium polyhydride complexes [(CsMesSiMes)LinsHg] (Ln = Lu, Y). In contrast
with the previously described X-ray analysis of (CsMeysSiMes)sLLusHg, which suffered from a
serious disorder problem and showed a Cg,-symmetrical structure with one body-centered
us-H, two face-capped us-H, and five edge-bridged uo-H atoms, the present DFT studies
indicated that the optimized LnsHg core prefers a pseudo-Cs,-symmetrical structure with
one body-centered u4-H, one face-capped us-H, and six edge-bridged uqs-H atoms. Metal—
metal orbital interactions via the hydride bridges were also observed in these complexes.
The us-H bonding fashion, a new bonding mode for hydrogen, was well proved by the Wiberg
bond indexes and linear overlap bond orders. The X-ray structure of (CsMesSiMes3),Y4Hs,
which was solved without suffering from the disorder problems, showed excellent agreement

with the theoretical calculations.

Introduction

Metal hydrides are among the most fundamental
components in modern inorganic and organic chemis-
tries, with respect to both reactivity and structural
variety.! So far, tremendous experimentall®>i and
theoretical V¥ studies have been carried out on various
metal hydride compounds. For the metal—hydride bond-
ing fashions, the bonding modes of u1-H, ue-H, us-H, us-
H, and us-H have all been well defined by various
techniques including neutron diffractions!®2 and theo-
retical calculations. In striking contrast, however, a us-H
bonding fashion remained unknown until very recently.
During our recent studies on lanthanide polyhydrides,3
we obtained a tetranuclear lutetium polyhydride com-
plex, (CsMe4SiMes)sLusHg (1), which adopts a tetrahe-
dral structure and contains a u4-H atom, as shown by
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X-ray analysis.?P This complex could be the first example
of a metal hydride compound that possesses four-
coordinate hydrogen. However, the X-ray crystal struc-
ture of 1 was disordered because of the existence of two
crystallographic mirror planes. In view of the general
uncertainty in determining the position of a metal
hydride atom by X-ray diffraction and of the difficulty
to obtain a large crystal for neutron diffraction study,
we have now carried out theoretical calculations to
further elucidate the metal—hydride connections in 1
and confirm the unprecedented us-H bonding mode.
Although the use of computational methods in locating
a hydrogen position for transition metal hydride com-
plexes is well known,U its application to lanthanide
hydrides, in particular, to polynuclear polyhydrido lan-
thanide cluster complexes, remained scarce,* because
of huge computational consumption and complexities in
theoretical treatment of the f-elements. In this paper,
we report DFT studies on (CsMe4sSiMes)sLusHg (1) and
its yttrium analogue (CsMesSiMes)sYHs (2). The theo-
retical calculations have not only confirmed the exist-
ence of the us-H atom but have also revealed some
unprecedented or more detailed structural details such
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as renewed metal—hydride connectivity and metal—
metal interactions, which were unavailable with X-ray
analysis.

Computational Details

The 6-31G* basis set was considered for the H and C atoms
of the auxiliary sz-ligand. To obtain a more accurate core
structure, however, 6-311++G(2p) containing two sets of p
polarization functions was used for the eight hydrogen atoms
involved in the core part. The Stuttgart/Dresden effective
“large core” potentials as well as the optimized (4s4p)/[2s2p],
(8s7p6d)/[6s5p3d], and (7s6p5d)/[5s4p3d] valence basis sets®
were used for Si, Y, and Lu, respectively, since it has been
theoretically confirmed that 4f-electrons do not explicitly
participate in chemical bonding in lanthanide complexes (from
La to Lu).* One f polarization function was augmented for
the metal atom (exponent of 0.95 for Lu and exponent of 0.84
for Y). The basis set of the Si atom was also augmented by
one d polarization function (exponent of 0.28). We call this
basis set “BS”. Because of huge computational time and
memory demand, it is very hard to optimize this heavy system
1 using a “small core” pseudopotential and associated basis
in the DFT framework. However, the “larger core” pseudopo-
tential method has been widely applied in the theoretical
calculations of lanthanide metal (including Lu) complexes and
produced satisfactory geometries for lanthanide (including Lu)
complexes.f*~271 Due to the large molecular size, each methyl
of the realistic ligand #°-CsMesSiMe; (Cp') was replaced by H,
which was well accepted in the theoretical calculations of the
lanthanide pentamethylcyclopentadienyl complexes.®?~* The
model complexes (CsH4SiH3)4lnsHg (Ln = Lu and Y) were
optimized at the BSLYP?/BS level of theory without symmetry
constriction. The geometry optimizations and natural bond
orbital (NBO) analysis® as well as frequency calculation were
performed with the Gaussian 03 program,®’ in which the
standard basis sets use linear combinations of Gaussian
functions to form the orbitals. The single-point calculations of
the optimized geometries were carried out for molecular orbital
analysis, using the Amsterdam density functional (ADF)
package, which employs Slater-type exponential basis func-
tions centered on the atoms.!%!! In these single-point calcula-
tions, the inner shells on C (1s), Si (including 2p), Y (including
4p), and Lu (including 5p) were treated within the frozen core
approximation. Triple-¢ basis sets augmented with two sets
of polarization functions were used for the valence shells. The
Perdew—Wang exchange and correlation gradient correction
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Figure 1. X-ray structure of the LusHg core in (15-C5sMey-
SiMes)4LusHg (1), which contains one #4-hydrogen (H1), two
us-hydrogen (H2, H6), and five us-hydrogen atoms (H3, H4,
H5, H7, and H8) (see ref 3b; atoms are renumbered here
for comparison with the DFT structure in Figure 2).

(PW91XC) functional’? planted in the ADF program was used
for the single-point calculations.

Results and Discussion

The X-ray structure of the LusHg core in (CsMey-
SiMes)sL.usHg (1) is shown in Figure 1, which possesses
one body-centered us-H, two face-capped us-H, and five
edge-bridged us-H atoms, as described previously.3P
Starting from the X-ray crystallographic geometry data
of 1, the full geometry optimization of the model complex
(CsH4SiH3)4LusHg was performed. To confirm the reli-
ability of the selected theoretical method, the frequency
calculation (without anharmonic correction, due to
larger molecular size) on the full optimized model
complex (CsH4SiH3)4LusHg was also performed. The
calculated Lu—H bond vibration frequencies, viz., 1267,
1268, 1321, 1333, and 1339 cm™1, are in good agreement
with the experimental observations (1261 and 1304
cm™1).3b It was also found that the optimized complex
molecule (CsH4SiH3)4LlusHg is really a minimum on the
potential energy surface (Nimaginary = 0, see Supporting
Information for the calculated frequencies).

The Lu4Hg core structure of the optimized model
complex is depicted in Figure 2a. Selected metal —metal
distances and angles derived from both DFT and X-ray
analyses are summarized in Table 1. The optimized
metal—hydrogen contacts in the LusHg core are shown
in Table 2. The DFT calculation reproduced well the
overall tetrahedron skeleton of the LusHg core with a
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Figure 2. (a) DFT-optimized structure of the LusHg core
in (5-C5H4SiH3),LusHg (a model for 1); (b) DFT-optimized
structure of the Y,Hg core in (?-C5H4SiH3),YHg (a model
for 2). There are one u4-hydrogen (H1), one us-hydrogens
(H2), and six us-hydrogen atoms (H3—HS8) in each struc-
ture.

Table 1. Selected Metal—Metal Distances (A) and
Angles (deg) for the LusHg Cores in the
DFT-Optimized Complex (35-C;H,SiH3) LuHg and
the X-ray Crystal Structure of 1¢

DFT X-ray® deviation
Lu(1)---Lu(2) 3.570 3.368 0.202
Lu(1)---Lu(3) 3.570 3.368 0.202
Lu(1)-+-Lu(4) 3.573 3.464 0.109
Lu(2)---Lu(3) 3.398 3.276 0.122
Lu(2)---Lu(4) 3.392 3.368 0.024
Lu(3)---Lu(4) 3.395 3.368 0.027
Lu(2)—Lu(1)—Lu(3) 56.84 58.19 1.35
Lu(2)—Lu(1)—Lu(4) 56.78 59.06 2.28
Lu(3)—Lu(1)—Lu(4) 56.79 59.06 2.27
Lu(1)—Lu(2)—Lu(4) 61.65 61.89 0.24
Lu(1)—Lu(2)—Lu(3) 61.61 60.90 0.71
Lu(3)—Lu(2)—Lu(4) 59.99 60.90 0.91
Lu(1)—Lu(3)—Lu(2) 61.56 60.90 0.66
Lu(1)—Lu(3)—Lu(4) 61.62 61.89 0.27
Lu(2)—Lu(3)—Lu(4) 59.97 60.90 0.93
Lu(1)—Lu(4)—Lu(2) 61.57 59.06 2.51
Lu(1)—Lu(4)—Lu(3) 61.59 59.06 2.53
Lu(2)—Lu(4)—Lu(3) 60.04 58.19 1.85

@ Atom labeling defined in Figures 1 and 2a. ® X-ray data are
taken from ref 3b.

Table 2. DFT-Optimized Ln—H Contacts (A) in
(175-05H4SiH3)4Ln4H8“

bond Ln=Lu In=Y
Ln(1)—-H(1) 2.083 2.127
Ln(2)—H(1) 2.162 2.210
Ln(3)—H(1) 2.161 2.212
Ln(4)—-H(1) 2.158 2.210
Ln(2)—H(2) 2.289 2.332
Ln(3)—H(2) 2.296 2.322
Ln(4)—-H(2) 2.298 2.324
Ln(1)—H(3) 2.122 2.151
Ln(3)—H(3) 2.164 2.191
Ln(1)—H(4) 2.121 2.151
Ln(4)—-H(4) 2.163 2.192
Ln(1)—H(5) 2.121 2.150
Ln(2)—H(5) 2.163 2.191
Ln(1)---H(6) 3.678 3.764
Lin(2)—H(6) 2.105 2.132
Ln(3)—H(6) 2.103 2.130
Ln(2)—H(7) 2.103 2.129
Ln(4)—H(7) 2.103 2.129
Ln(3)—H(8) 2.102 2.131
Ln(4)—H(8) 2.100 2.130

@ Atom labeling defined in Figure 2.

body-centered u4-H atom. However, a careful examina-
tion revealed some significant differences between the
theoretical and the X-ray structures. In sharp contrast

Luo et al.

Table 3. Natural Charge Population and the
Electron Configuration of Atomic Orbitals in the
Ln4Hg Core of (n5-C5H4SiH3)4Ln4H8“

Ln =Lu In=Y

configuration configuration

atom® charge

Ln(1l) 175 6802754096 64004 172 4d1016g0-24540.01640.03
Ln(2) 156 6s°265d1176d008 155 4d120650-245d0-01640.03
Ln(3) 156 6s°265d1176d004 155 4d120650-245d0-01640.03
Ln(4) 156 6s0265d1176d004 155 4d12060-245d0.01640.03

charge

H(1) -0.46 1s!46 —0.49 1s14?
H2) -042 1s14 —0.43 1s!43
HB) -0.51 1s!5! -0.52 1s!5?
H4) -0.50 1s!50 -0.51 1s!51
H(G) —0.50 1s!5! —0.52 1s!%?
H(®) —0.48 1sl48 —0.48 1s!48
H(7) —0.48 1s!48 —0.49 1sl4?
H(@B) —0.48 1s!48 —0.48 1s!48

@ The calculations were based on the optimized geometries.
b Atom labeling is defined in Figure 2.

with the X-ray structure, which showed two face-capped
us-H atoms H(2) and H(6) (Figure 1), the DFT-optimized
structure contains only one face-capped us-H atom, H(2),
whereas the Lu(1)—-H(6) distance becomes as long as
3.678 A after optimization, indicating that there is
virtually no bonding interaction between Lu(1) and H(6)
in the optimized Lu4Hg core (Figure 2a and Table 2).
The mirror planes observed in the X-ray crystallo-
graphic structure (Cq, symmetry), which was actually
the cause of the disorder problem in the X-ray analysis,
do not exist in the optimized structure. Instead, the
optimized LusHg core adopts a pseudo-Cs, symmetry,
in which there is a quasi 3-fold axis passing through
Lu(1), the body-centered u4-H(1), and the face-capped
us-H(2) (OLu(1)—H(1)—H(2) = 179.8°) (Figure 2a).
Consistent with the absence of the Lu(1)—H(6) bond
in the optimized structure, the calculated values for the
Lu(1)---Lu() (¢ = 2, 3, 4) and Lu(2)---Lu(3) metal—metal
distances are significantly longer (>0.1 A) than those
found by X-ray analysis, while the Lu(2)---Lu(4) and
Lu(3)---Lu(4) separations are in good agreement be-
tween theoretical and X-ray analyses (with deviation
<0.027 A) (see Figures 1 and 2a and Table 1). As a
result or compensation of breaking of the Lu(1)—H(6)
bond, H(6) is now coplanar with Lu(2), H(7), Lu(4), H(8),
and Lu(3) (Figure 2),13 which thus leads to better orbital
overlaps (vide infra). The us-H hydrogen H(1) is not
equally bonded to the four metal atoms, with the Lu-
(1)—H(1) bond length (2.083 A) being slightly shorter
than those of the Lu(2)—H(1), Lu(3)-H(1), and Lu(4)—
H(1) bonds (2.158—2.162 A) (Table 2). Similarly, H(3),
H(4), and H(5) are also closer to Lu(1) than to Lu(3),
Lu(4), and Lu(2), respectively. The lack of symmetry in
these Lu—H bonds could be ascribed to the fact that the
coordination number of Lu(1) (bonding to four H atoms)
is one less than that of other Lu atoms (each being
bonded to five H atoms) in the optimized Lu4Hg core.
The difference in the coordination number of four Lu
atoms indicated their different bonding situations,
which are also reflected by the natural charge and
valence electron population (Table 3) obtained from
NBO analysis.8 As shown in Table 3, Lu(1) carries more
positive charge (1.75) compared to the other three Lu
atoms (1.56), which indicates the stronger bonding of

(13) The maximum deviation from the least-squares plane formed
by the six atoms H(6), Lu(2), H(7), Lu(4), H(8), and Lu(3) is 0.02 A.
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Table 4. Wiberg Bond Indexes (WBI) and Linear
Overlap Bond Orders (LOBO) for the Ln,Hg Core
in DFT-Optlmlzed (1]5-C5H4SiH3)4Ln4Hg“
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Table 6. Selected Metal—Metal Distances () and
Angles (deg) for the DFT-Optimized Y,Hg Core and
the X-ray Y,Hg Core®

Ln =Lu In=Y
bond WBI (LOBO) WBI (LOBO)
Lin(1)---Ln(2) 0.10 (0.27) 0.10(0.18)
Ln(1):--Ln(4) 0.10 (0.27) 0.11(0.19)
Ln(1)---Ln(3) 0.10 (0.27) 0.10 (0.19)
Lin(2)---Ln(4) 0.13 (0.34) 0.14 (0.27)
Ln(2)---Ln(3) 0.13 (0.34) 0.14 (0.27)
Ln(3):--Ln(4) 0.13 (0.34) 0.15 (0.28)
H(1)-Ln(1) 0.19 (0.24) 0.20 (0.25)
H(1)-Ln(2) 0.19 (0.25) 0.20 (0.25)
H(1)—Ln(3) 0.19 (0.25) 0.20 (0.26)
H(1)-Ln(4) 0.19 (0.25) 0.20 (0.26)
H(2)-Ln(2) 0.26 (0.30) 0.26 (0.31)
H(2)-Ln(3) 0.25 (0.31) 0.26 (0.31)
H(2)—Ln(4) 0.27 (0.31) 0.27 (0.32)
H(6)—Ln(1) 0.01 (0.03) 0.02 (0.03)
H(6)—Ln(2) 0.34 (0.35) 0.36 (0.39)
H(6)—Ln(3) 0.35 (0.36) 0.35(0.38)
H()—Ln (average) 0.34 (0.36) 0.36 (0.37)

(i=3,4,5,7, and 8)
@ The atom labeling is defined in Figure 2.

Table 5. Atomic Orbital Contribution (%) to
HOMO-8 and HOMO—-11¢
(pP-CsH4SiH3),LusHs (175-C5H4SiH3)4Y4Hg
orbital HOMO—-8 HOMO-—11 orbital HOMO-8 HOMO-11

u-H(ls)  30.1 472  upH(ls) 324 50.7
us-H(1s) 231 / us-H(ls) 237 /

ug-H(ls) 109 194  ue-H(ls) 106 14.6
Lu(5d) 33.2 238 Y(4d) 30.3 21.4
Lu(6s) 2.7 9.6  Y(5s) 3.0 133

@ For each metal valence shell, the contribution contains that
from all four metal atoms.

Lu(1) with its ligands. The 5d valence shell of Lu(1)
possesses less electron population than that of Lu()
(i = 2, 3, or 4). The latter as an electron acceptor has
more than one electron.

It is also noteworthy that the bond lengths between
the four-coordinate hydrogen atom H(1) and the four
Lu atoms (Lu—H(1) = 2.083—2.162 A) are significantly
shorter than those between the three-coordinate hydro-
gen atom H(2) and Lu(2), Lu(3), or Lu(4) (Lu—-H(2) =
2.289—-2.298 A), probably owing to the restriction of the
tetrahedron cavity. The us-H—Lu bond distances in the
H(6)—Lu(2)—H(7)—Lu(4)—H(8)—Lu(3) six-membered ring
plane are almost the same (2.100—2.105 A) and are
significantly shorter than other uo-H—Lu bond distances
(Lu—H@) = 2.121-2.164 A, i = 3, 4, 5) in the LusHs
core (Figure 2a and Table 2). The difference in Lu—H
contacts indicated different bonding behavior of the
hydrogen atoms, which is also reflected by the charge
population on various hydrogen atoms (Table 3).

The Wiberg bond indexes (WBI) and linear overlap
bond orders (LOBO) are summarized in Table 4. A bond
index of 0.19 and overlap bond orders of 0.24—0.25 were
found between H(1) and the four Lu atoms (Table 4),
which strongly suggests that H(1) is indeed bonded to
all four Lu atoms. Similarly, the u3-H(2)—Lu and ue-
H—Lu bonds were also supported by their bond indexes
and bond orders (Table 4). In contrast, however, the
bond index (0.01) and bond order (0.03) for H(6)—Lu(1)
do not imply any bonding interaction between H(6) and
Lu(1). These results are in good agreement with those
found in the geometry analysis described above. More-

DFT X-ray deviation
Y(1)---Y(2) 3.655 3.621 0.034
Y(1)---Y(3) 3.653 3.597 0.056
Y(1)---Y(4) 3.653 3.593 0.060
Y(2)-++Y(3) 3.477 3.479 0.002
Y(2)---Y(4) 3.477 3.462 0.015
Y(3)---Y(4) 3.476 3.460 0.016
Y(2)-Y(1)—Y(3) 56.83 57.63 0.80
Y(2)-Y(1)-Y(4) 56.81 57.36 0.55
Y(3)-Y(1)-Y(4) 56.82 57.52 0.70
Y(1)—-Y(2)-Y(4) 61.57 60.93 0.64
Y(1)-Y(2)-Y(3) 61.55 60.84 0.71
Y(3)—-Y(2)-Y(4) 59.99 59.87 0.12
Y(1)—-Y(3)-Y(2) 61.62 61.53 0.09
Y(1)-Y(3)-Y4) 61.60 61.19 0.41
Y(2)-Y(3)—Y(4) 60.00 59.87 0.13
Y(1)-Y(4)-Y(2) 61.62 61.72 0.10
Y(1)-Y(4)-Y(3) 61.58 61.29 0.29
Y(2)-Y(4)-Y(3) 60.02 60.35 0.33

@ Atom labeling is defined in Figure 2b.
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Figure 3. Molecular orbital (MO) isosurfaces (top) of (75-
CsH4SiH3)LlusHg (a model for 1) and the corresponding
views of the LusHg core (bottom). (a) HOMO-S8. (b)
HOMO-11.

over, a bond index of 0.10 and an overlap bond order of
0.27 were found between Lu(1) and the other three Lu
atoms. Similarly, a bond index of 0.13 and an overlap
bond order of 0.34 were observed among Lu(2), Lu(3),
and Lu(4). These results strongly suggest that there are
significant bonding interactions among all four metal
atoms.4

For a better understanding of the u4-H(1)—Lu bonds
and the metal—metal interactions, the HOMO—8 and
HOMO-11 molecular orbitals are shown in Figures 3a
and 3b, respectively, which clearly demonstrate the
bonding between the u4-H(1) atom and the four Lu
atoms and the interactions among the four Lu atoms
through the orbital overlaps between the 1s orbital of
the H atom(s) and the s—d hybrid orbitals of the Lu
atoms. The atomic orbital contributions shown in Table
5 also illustrate these bondings. Apparently, the us-H,

(14) (a) Choi, S. H.; Lin, Z. J. Organomet. Chem. 2000, 608, 42—48.
(b) Gleiter, R.; Schimanke, H.; Silverio, S. J.; Buechner, M.; Huttner,
G. Organometallics 1996, 15, 5635—5640. (c) Lain, L.; Torre, A.;
Bochicchio, R. J. Phys. Chem. A 2004, 108, 4132—4137. (d) Kovacs,
A.; Frenking, G. Organometallics 2001, 20, 2510—2524.
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Si1

Figure 4. ORTEP view of 2 with ellipsoids shown at the
30% level of probability. Hydrogen atoms in the Cp' ligands
are omitted for clarity.

us-H, and ue-H hydride bridges play a very important
role in the formation of the metal—metal interactions.

To see if the above-optimized LusHg core structure
(e.g., pseudo-Cs, symmetry, us-H, metal—metal interac-
tions, etc.) is general to tetranuclear metal polyhydrides
having a “M4Hg” core, similar calculations on the
analogous yttrium complex (175-C5HSiH3),Y,Hs, a model
compound of (7°-CsMesSiMes)sY4Hg (2),1° were also
performed. It was found that the optimized Y4Hg core
structure is almost the same as that of LusHg (see
Figure 2 and Tables 2 and 6). The bonding features
similar to those in complex (7°-CsH4SiH3)4LusHg were
also supported by the natural charge population (Table
3) and Wiberg bond indexes and line overlap bond orders
(Table 4) as well as the atomic orbital contributions
(Table 5). Fortunately, the X-ray crystal structure of the
yttrium complex (3°-CsMesSiMes)sY,Hs (2) has now
been successfully solved without suffering from the

(15) The formation of the tetranuclear yttrium polyhydride complex
(7°-CsMesSiMes)sY4Hs (2) was briefly mentioned previously. See
ref 3c.

Luo et al.

disorder problem observed in 1 (Figure 4). An excellent
agreement between the X-ray structure of 2 and the
optimized structure of the model compound (75-C5Hy-
SiH3).YsHg was observed, Wi}:h a deviation in Y-:--Y
distances being less than 0.06 A and a deviation in 0Y—
Y-Y less than 0.9° (Table 6). These findings strongly
support our calculation results.

Conclusion

The DFT calculations have revealed unprecedented
details on the structure of the lanthanide polyhydride
cluster complexes (CsMesSiMes)sLingdHg (Ln = Lu and
Y). In contrast with the previously described X-ray
analysis of (CsMe4SiMes)sLiusHg (1), which suffered from
serious disorder problems and showed a Cy,-symmetri-
cal structure with one body-centered u4-H, two face-
capped us-H, and five edge-bridged u2-H atoms, the
theoretical calculations have indicated that a pseudo-
Cs,-symmetrical structure with one body-centered u4-
H, one face-capped us-H, and six edge-bridged us-H
atoms is preferred for the LusHg core. Four-coordinate
hydrogen (u4-H) has been proved for the first time by
theoretical calculations. Metal—metal interactions via
the hydride bridges have also been found, which, as far
as we are aware, represents the first example of
observation of metal—metal orbital interactions in a
lanthanide complex. This work demonstrates that DF'T
can be a powerful tool for structure prediction and
examination of lanthanide polyhydride complexes.

Acknowledgment. This work was partly supported
by a Grant-in-Aid for Scientific Research on Priority
Areas (No. 14078224, “Reaction Control of Dynamic
Complexes”) (to Z.H.) and for Young Scientists (No.
17750061) (to Y.L.) from the Ministry of Education,
Culture, Sports, Science and Technology of Japan. We
thank RIKEN Advanced Center for Computing and
Communication for providing computational resources.

Supporting Information Available: Tables and figures
giving the distances between the metal and the Cp’ ligand,
molecular orbital isosurfaces of (CsH4SiH3)4Y4Hsg, optimized
coordinates, calculated frequencies, and experimental details
on the synthesis and X-ray crystallographic study of 2. This
material is available free of charge via the Internet at
http://pubs.acs.org.

OMO0502382



