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Abstract: Quantum chemical calculations at the gradient corrected DFT level using the exchange correlation
functionals BP86 and B3LYP of the geometries of the title compounds are reported. The theoretically
predicted bond lengths and angles of the model compounds are in excellent agreement with experiment.
The nature of the metal—ligand interactions is quantitatively analyzed with an energy decomposition method.
The analysis of the electronic structure of the neutral metal germylyne complexes la—Id and the
metallogermylenes lla—Ild shows that the former compounds have about the same degree of electrostatic
and covalent bonding, while the relative strength of the covalent contributions in the latter molecules is
lower (41—42%) than the electrostatic attraction (58—59%). The a''(;r) bonding contribution in the group-6
germylyne complexes la—Ic is rather high (42% of the orbital interactions). In the iron complex Id, it is
even higher (53.8%) than the o bonding. The & bonding contributions to the covalent bonding become

much less (18—20%) in the metallogermylenes lla—lid.

Introduction

The chemistry of transition metal carbyne complexes has been
the focus of intensive experimental and theoretical work in
recent year$:8 Thirty years after the first synthesis of a metal-
carbyne complekand twenty-eight years after the isolation of

the first metalloalkylidyné? it can be stated that much

knowledge about the properties of the molecules has been
gained. In sharp contrast to complexes with carbyne ligands
CR, the research about heavier analogues with ligands ER (

isolated so fat?"'®> Chart 1 gives an overview of some
germylyne complexed—10 that have been reported in the
literature.

A characteristic feature of the compountts10 is that the
M—Ge—R linkage is linear. Thus, the bonding situation in the
molecules can be explained with the same model that is used
for carbyne complexes (Figure 1¥9.The model considers a
formally positively charged ligand GERwhich serves as a two-

Eelectrona donor and a four-electronr acceptor. Thex

= Si, Ge, Sn, Pb) has been scarce, and attempts to SynthesiZg]teractlons in molecules which have oi@ysymmetry are then

the latter compounds were much less successful. In fact,

transition metal silylyné! stannylyne, and plumbylyne com-

plexes are presently unknown, and it is remarkable that only a

labeled as in-planer() and out-of-planesfr) & contributions.
The germylyne complexels-10are thus 18-electron complexes.
Very recently, complexes [M]GeR, which have a strongly

few transition metal germylyne complexes could become Pent M—Ge-R linkage (Chart 2), were synthesized and
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structurally characterized. The bond angleslinand 12 are
between 1147and 117.8. The geometries, molecular com-
position, and chemical properties of the molecules suggest that
the M—GeR bonding situation is significantly different from
the bonding situation in moleculds-10.
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Chart 1. Overview of Experimentally Known Metal Germylyne
Complexes
R
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CeHj3-2,6-(C¢H,-2,4,6-iPr3), Cr 1
C¢H3-2,6-(CeH-2,4,6-1Pr3), Mo 2
CeH3-2,6-(C¢H,-2,4,6-1Pr3), w 3
C5H3-2,6-(C6H2—2,4,6-Me3)2 Mo 4
CeH3-2,6-(CsHz-2,4,6-Mes), W 5
P-P=dppe, Cp*= CsMes Mo Cl 6
P-P= dppe, Cp*= CsMes Mo Br 7
P-P=dppe, Cp*= CsMes w Cl 8
P-P= dppe, Cp*= CsMes w Br 9
P-P= dppe, Cp*= CsMes w 1 10

A comparison of compoundkl and12 (Chart 2) withl and

3 (Chart 1) shows that the former compounds have one more
CO ligand than the latter. The 18-electron rule suggests that Figure 1.

the (formally) positively charged germylyne ligand Gek
11and12cannot serve as a two-electron donor likeliand3,
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Schematic representation of the orbital interactions between
closed-shell metal fragments [Mhnd germylene ligands GéRn (a) metal
germylyne complexes with 16-electron fragments {Mp) metal germylyne
complexes with 18-electron fragments [M]and (c) metallogermylenes.

because the metal fragment of the former species has two more

electrons. The dacceptor orbital of the metal is occupied, and
thus it cannot serve as @acceptor orbital (Figure 1b). The

In recent years, there has been considerable interest in the
investigation of the synthesis, structure, bonding, and reactivities

other d-orbitals of the metal cannot serve as acceptor orbitalsof monomeric germylenes:24 For the knowno bonded
because the interaction is symmetry forbidden. Attractive orbital monomeric alkyl or aryl germylenés;3° the Ge-C bond
interactions between GeéRand the metal fragment df1—15 lengths range between 1.80 and 2.08 A, and th&€&-C bond
are only possible when the germylyne ligand is bonded in a angle varies from 85.9 to 11T.4The contraction of the bond

side-on fashion (Figure 1c). The qualitative bonding model in
Figure 1c shows that the MGeR bonding has two components,
that is,o donation from the occupied metak@nd g, orbitals
into the in-plane pt) atomic orbital (AO) of Ge and donation
from the occupied metalydorbital into the out-of-plane )

AO of Ge. The former interactions should lead to some
rehybridization (see Figure 1c), which will be discussed below.
It follows that compound41—15 should rather be considered
as derivatives of germylenes GgRhat is, they aranetallo-
germylenegM] —Ge—R and not germylyne complexes [#{5eR.

It is worth pointing out that the relatedetallocarbeneare still
unknown. This is probably related to the known instability of

carbenes. Because N-heterocyclic carbenes (Arduengo carbenes)

are stable compound§jt seems feasible that related metallo-
carbenes could become isolated.

(16) (a) Arduengo, A. J.; Harlow, R. L.; Kline, Ml. Am. Chem. Sod.991
113 361. (b) Arduengo, A. JAcc. Chem. Red.999 32, 913.

angle and the simultaneous lengthening of the-Géond are
consistent with a decreased s-character of the Géond3!
Jutzi and Leu& isolated the first metallogermylene derivatives

Petz, W.Chem. Re. 1986 86, 1019.
Barrau, J.; Escudie, J.; SatgeChem. Re. 199Q 90, 283.
Neumann, W. PChem. Re. 1991, 91, 311.

17)
18)
19)
20) Lappert, M. F.; Rowe, R. £oord. Chem. Re 199Q 100, 267.
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23)
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1976 2268.
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7) Jutzi, P.; Becker, A.; Stammler, H. G.; NeumannCBganometallics1991,

10, 1647.

(28) Jutzi, P.; Schmidt, H.; Neumann, B.; Stammler, H.@ganometallics

1996 15, 741.

(29) Tokitoh, N.; Manmaru, K.; Okazaki, FOrganometallics1994 13, 167.

(30) Bender, J. E.; Holl, M. M. B.; Kampf, J. WOrganometallics1997, 16,
22743.

(31) Grev, R. S.; Schaefer, H. F., Ilbrganometallics1992 11, 3489.

(32) Jutzi, P.; Leue, COrganometallics1994 13, 2898.
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Chart 2. Overview of Experimentally Known Metallogermylenes
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:Ge - ‘Ge ~
I - CO co
M ~ M
/ coO / \ co
CO
R (CO)» M No
CeH3-2,6-(CgHa-2,4,6-iPr3), n=3 Cr 1
CeH3-2,6-(CgHa-2,4,6-iPr3), n=3 w 12
CH(SiMe;), n=2 Fe 13
CeH,-2,4,6-(tBus); n=2 Fe 14
CoHa-2,4,6-(tBus); n=2 Fe 15 (Cp)

of iron, but no structures have been determined. In 2000, Power
et al. reported the first structurally characterized metallo-
germylenesl1 and12 (Chart 2)!3

The electronic structure and bonding situation of carbyne

The main goals of the present study are (i) to investigate the
structures and to analyze the nature of the Gk bonds of the
germylyne complexes and metallogermylenes, and (i) to provide
a quantitative differentiation of the bonding between the linear
(M=Ge-R) and the bent (M Ge—R) coordination modes. This
study reports for the first time a comparative theoretical
investigation of metallogermylenes and metal germylyne com-
plexes.

Methods

The calculations were performed at the nonlocal DFT level of
theory using the exchange functional of Betkand the correlation
functional of Perde# (BP86). Scalar relativistic effects have been
considered using the ZORA formalisth.Uncontracted Slater-type
orbitals (STOs) were used as basis functions for the SCF calculdfions.
Triple-¢ basis sets augmented by two sets of polarization functions
have been used for all of the elements. The-(1)s and 6 — 1)p°
core electrons of the main group elements, (1s282mwye electrons
of chromium and iron, (1s2s2p3s3p3ttore electrons of molybdenum,
and (1s2s2p3s3p3d4sdp#dgore electrons of tungsten were treated
by the frozen-core approximatiGhAn auxiliary set of s, p, d, f, and
g STOs was used to fit the molecular densities and to present the
Coulomb and exchange potentials accurately in each SCF &ythe
calculations were carried out using the program package ADF-
2002.01%°

Calculations were also performed using the hybrid B3LYP density
functional method, which uses Becke’s 3-parameter nonlocal exchange
functionaf* mixed with the exact (Hartreg=ock) exchange functional
and Lee-Yang—Parr’s nonlocal correlation function&The geometries

complexes have been investigated in several theoretical stud-of )| complexes were optimized usir@ symmetry constraints with

ies256 but very little attention has been paid to germylene
complexes. In a recent communication, a density functional
analysis of model tungsten-germylyne complexes [GM{5=
Ge@t-CsHs)] (L = CO, PH) has been reported, but a bond
decomposition analysis which provides insight into the nature
of the bond was not givel. The differences between the
bonding situation of germylyne complexes which have a linear
M—Ge—R linkage with metallogermylenes have never been
studied before. We decided to investigate the chemical bonding
in the two classes of compound with an energy decomposition
analysis. It has been shown that the results give a quantitative
insight into the nature of the metaligand interactions?

In this paper, five metal germylyne complexes;°[CsHs)-
(COpM=GeMe] (a, M =Cr; b, M = Mo; Ic, M = W), [(°>-
CsHs)(CO)Fe=GeMe], Id, [(75-CsHs)(CORFe=GeMeF, le,
and four metallogermylenes [MGeMe], that is, [§>-CsHs)-
(COBM—GeMe] (la, M = Cr; llb, M = Mo; llc, M = W)
and [(7°-CsHs)(CO)LFe—GeMe], Ild , have been investigated
at the DFT level using B3LYP and BP86. The compoulads
Ic serve as models fot—10, while lla—Ild are models for
11-15 In the model complexes, the bulky substituents at
germanium atom are replaced by a methyl group. The choice
of the model compounds was made with the goal to compare
(a) the differences between the germylyne compldsgesic
and the metallogermylendta —llc of group-6 elements Cr,
Mo, W, (b) the differences between the group-6 compodads
and lla and the group-8 specielsl and Ild, and (c) the

differences between neutral and charged germylyne complexes

Id andle.

(33) (a) Diefenbach, A.; Bickelhaupt, F. M.; Frenking, &.Am. Chem. Soc.
200Q 122, 6449. (b) Uddin, J.; Frenking, @. Am. Chem. So2001, 123
1683. (c) Frenking, G.; Wichmann, K.; Hilich, N.; Loschen, C.; Lein,
M.; Frunzke, J.; Rayw, V. M. Coord. Chem. Re, in print.
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1996 57, 281. (f) van Lenthe, E.; Ehlers, A. E.; Baerends, El.Xhem.
Phys.1999 110, 8943.
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Fischer, T. H.; Fonseca Guerra, C.; van Gisbergen, S. J. A.; Groeneveld,
J. A.; Gritsenko, O. V.; Gming, M.; Harris, F. E.; van den Hoek, P.;
Jacobsen, H.; van Kessel, G.; Kootstra, F.; van Lenthe, E.; Osinga, V. P.;
Patchkovskii, S.; Philipsen, P. H. T.; Post, D.; Pye, C. C.; Ravenek, W.;
Ros, P.; Schipper, P. R. T.; Schreckenbach, G.; Snijders, J. G.; Sola, M.;
Swart, M.; Swerhone, D.; te Velde, G.; Vernooijs, P.; Versluis, L.; Visser,
O.; Wezenbeek, E.; Wiesenekker, G.; Wolff, S. K.; Woo, T. K.; Ziegler,
T. ADF 2002-01; Scientific Computing & Modelling NV: The Nether-
lands.

(41) Becke, A. D.J. Chem. Phys1993 98, 5648.

(42) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 17, 785.

(43) (a) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JJ.AChem. Phys.
198Q 72, 650. (b) McClean, A. D.; Chandler, G. $. Chem. Phys198Q
72, 5639.

(44) (a) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 270. (b) Wadt, W.

R.; Hay, P. JJ. Chem. Physl985 82, 284. (c) Hay, P. J.; Wadt, W. R.
J. Chem. Phys1985 82, 299.

(45) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899.

(46) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.

A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,

R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,

K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,

R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;

Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Salvador, P.;

Dannenberg, J. J.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K;

Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov, B.

B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin,

R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng, C. Y.; Nanayakkara,

A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M.

W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople,

J. A. Gaussian 98revision A.11; Gaussian, Inc.: Pittsburgh, PA, 2001.
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Figure 2. Optimized geometries of the metal germylyne compleeesle. The most important bond lengths and angles are given in Table 1.

standard 6-311G(d) basis s€tfor Cr, Fe, Ge, O, C, and H elements 2, AEpau;, gives the repulsive interactions between the fragments that
and LANL2DZ* for Mo and W which combines quasi-relativistic ~ are due to the fact that two electrons with the same spin cannot occupy
effective core potentials with a valence doufjleasis set. Frequency  the same region in space. The term comprises the four-electron
calculations were performed to determine whether the optimized destabilizing interactions between occupied orbitaq,iis calculated
geometries were minima on the potential energy surface. The electronicby enforcing the KohaSham determinant of AB, which results from

structure of the complexes was examined by NBO anatydike latter superimposing fragments A and B, to obey the Pauli principle through

calculations were carried out with the Gaussian 98 prodfam. antisymmetrization and renormalization. The stabilizing orbital interac-
The bonding interactions between the metal fragmentsQgHs)- tion term AEy, is calculated in the final step of the energy analysis

(COXM] ™, [(175-CsHs)(COXRM]~ (M = Cr, Mo, W), [(#>-CsHs)(CO)- when the Kohr-Sham orbitals relax to their optimal form. The latter

Fel, [(7>-CsHs)(CO)Felt, [(17>-CsHs)(COXFe], and the ligand GeMe term can be further partitioned into contributions by the orbitals that
have been analyzed using the energy decomposition scheme of ADF,belong to different irreducible representations of the point group of
which is based on the methods of Morokutend Ziegler and Rauk. the system. The covalent and electrostatic character of the bond is given
The bond dissociation energyE between two fragments A and B is by the ratioAEeistal AEom. >3
partitioned into several contributions that can be identified as physically .
; e . . : . Geometries
meaningful entities. FirstAE is separated into two major components
AEgrep and AEjn:: Metal-Germylyne Complexes [5-CsHs)(CO).M=GeMe]
(la, M = Cr; Ib, M = Mo; Ic, M = W), [(55-CsH5s)(CO)-
AE= AE, o+ AE, () Fe=GeMe], Id, and [(55-CsHs)(CO).Fe=GeMeP*, le. Figure
_ _ 2 shows the optimized geometries of the metal germylyne
Here, AEprep IS the_ energy that is necessary to promotg the fragments complexesla—le. The optimized bond lengths and angles at
A and B from their equmbrlurr_] geometry and eIectron_lc ground state B3LYP and BP86 are presented in Table 1. The structures of
to the geometry and electronic state that they have in the compound .
. . ) . the chromium, molybdenum, and tungsten model germylyne
AB. AEjy is the interaction energy between the two fragments in the | | | ble th found b diffracti
molecule. The interaction energiEin;, can be divided into three main complexes closely resemble those found by X-ray diffraction
components: for 1, 2, 4, and5.1213 The B3LYP and BP86 values are very
similar to each other. The calculated bond lengths at BP86 are
AE;; = AE gat ABpaui T AEq, 2 in slightly better agreement with the experimental values than
are the B3LYP values. On going from chromium to tungsten,
AEeistar gives the electrostatic interaction energy between the frag- we observe a steady increase of the-Gle bond distance from
ments that is calculated using the frozen electron density distribution 2 156 (a) to 2.286 (b) to 2.293 A (c). The neutral iron
of A and B in the geometry of the complex AB. The second term in eq complex,ld, has an Fe Ge distance of 2.091 A, which is the

shortest metatgermylyne bond distance of the complexes

(47) (a) Morokuma, KJ. Chem. Physl971, 55, 1236. (b) Morokuma, KAcc.

Chem. Res1977, 10, 294. investigated in this study. The cationic iron complex,which

(48) (a) Ziegler, T.; Rauk, ATheor. Chim. Actdl977, 46, 1. (b) Ziegler, T.; P ; ; ; ;
Rauk, A.Inorg. Chem 1979 18, 1558, (c) Ziegler, T.. Rauk, Anorg. is isosteric and |soele_ctron|c to the complexes of the chromium
Chem.1979 18, 1755. triad, has an FeGe distance of 2.149 A at BP86. The-\Ge

J. AM. CHEM. SOC. = VOL. 125, NO. 6, 2003 1663
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Table 1. Selected Optimized Geometrical Parameters for Metal Germylyne Complexes [(°-CsHs)(Co).M=GeMe] (M = Cr, Mo, W),
[(7°-CsHs)(CO)Fe=GeMe], and [(175-CsHs)(Co).Fe=GeMe]?*, and X-ray Data of 1, 2, 4, and 52

M = Cr (la) M = Mo (Ib) M =W (Ic) M = Fe (Id) M = Fe?* (le)
B3LYP  BP86 X-ray (1) B3LYP  BP86 X-ray (2) X-ray (4) B3LYP  BP86 X-ray (5) B3LYP  BP86  B3LYP  BP86

Bond Distances

M—-Ge 2.180 2.156 2.1666(4) 2309 2.286 2.272(8) 2.271(1) 2312 2293 2.2767(14) 2193 2.149 2.094 2.091
M-CO 1.837 1.831 1.850(2) 1983 1967 1.959(5) 1.950(9) 1977 1971 1.92(2) 1834 1811 1.751 1.746
1.846(2) 1.974(6) 1.960(3) 1.946(15)
M~—C(Cp)av 2230 2.212  2.190(5) 2406 2.378 2.335(7) 2.33(3) 2394 2371  2.32(2) 2184 2141 2100 2.094
Ge—CH;s 1.987 1.981 1.9512(18) 1.984 1979 1.936(5) 1.933(7) 1.978 1.975 1.916(11) 1915 1928 1977 1.982
c-0 1.164 1.171 1.151(6) 1.163 1.170 1.149(9) 1.169(10) 1.166 1.171 1.18(2) 1.135 1.140 1.157 1.174
Bond Angles
M—Ge-CH; 164.6 165.1 175.99(6) 169.9 166.4 174.25(14) 172.2(2) 1741 1744 170.9(3) 1789 180.0 1695 169.2
Ge-M—-CO 89.6 87.7 89.84(6) 88.8 85.8 91.95(14) 88.2(2) 89.7 88.1 91.8(4) 97.2 95.4 86.7 87.7
94.28(6) 89.45(16) 86.6(3) 83.1(4)
C(0-M—-C(0) 92.1 91.6 88.98(9) 90.4 89.5 87.1(2) 90.6 89.9 86.6(6) 92.6 92.9

aDistances are in A, and angles are in degréésray data are taken from ref 13.

L |

Figure 3. Optimized geometries of the metal germyletis—1ld . The most important bond lengths and angles are given in Table 2.

bond distances are significantly shorter than those expected forMo—Ge = 2.531(2) A, [¢;°>-CsHs)Mo(CO)(GeCk)] with Mo—
single bonds based on covalent radii predictions{Ge = 2.50 Ge= 2.546(1) AL [(#5-CsHs)Mo(173-CeH11)(NO)(GePHh)] with
A, Mo—Ge= 262 A, W-Ge=2.63 A, and FeGe = 2.48 Mo—Ge = 2.604(2) AS53 [(#5-CsHs)Mo(CO){ C(OE)PRH-
A).4° Using the relationship between bond order and bond (GePh)] with Mo—Ge = 2.658(2) A5 and the tungsten
distance suggested by Pauling, we find that the calculated complexes [{>-CsMes)W(CO)(EtNC)(PMeg)(GeCk)] with W—Ge
M—Ge distances correspond to a bond order8f° A number = 2.493(2) A%5 [(175-CsMes)W(CO){ C(H)NEt} (GeCk)] with
of complexes featuring MeGe and W-Ge single bonds have =~ W—Ge= 2.5269(9) A% [(#5-CsHs),W/(SiMes)(GeMeCl)] with
been characterized. These include the molybdenum complexesV—Ge = 2.542(1) A6 and cis-[(#5-CsMes)W(CO)(PMes)-
trans[(17°-CsHs)Mo(CO)(PMes)(GeCh)]> with Mo—Ge = (GeCh)] with W—Ge = 2.5590(5) A5” and12 with W—Ge =
2.5057(6) A trans-[(75-CsHs)Mo(CO)(PMes)(GeHCL)] 52 with 2.681(3) A3

(49) Wells, A. F.Structural Inorganic Chemistrybth ed.; Clarendon: Oxford, (52) Filippou, A. C.; Winter, J. G.; Kociok-Kimn, G.; Hinz, 1.J. Organomet.

1984; pp 1279 and 1288. Pauling, The Nature of the Chemical Bond Chem.1997, 544, 225.
3rd ed.; Cornell University Press: Ithaca, NY, 1960; p 256. (53) Carfe F.; Colomer, E.; Corriu, R. J. P.; Vioux, rganometallics1984
(50) Pauling, L.The Nature of the Chemical Bon8rd ed.; Cornell University 3, 970.

Press: Ithaca, NY, 1960; p 239: The relationship of bond order to bond (54) Chan, L. Y. Y.; Dean, W. K.; Graham, W. A. Giorg. Chem.1977, 16,
distance is given by, = d; — 0.71 log(), wheren is the bond orderg; 1067.
andd, are the bond distances with bond order 1 andespectively. The (55) Filippou, A. C.; Portius, P.; Winter, J. G.; Kociok-Ko, G.J. Organomet.
value ofn for the M=Ge bond is 3.05 ina, 2.95 inlb, 2.98 inlc andlId, Chem.2001, 62& 11.

6)

7)

and 2.93 inle. (56) Figge, L. K.; Carroll, P. J.; Berry, D. HOrganometallics1996 15, 209.
(51) Filippou, A. C.; Winter, J. G.; Kociok-Kiin, G.; Hinz, |.J. Organomet. (57) Filippou, A. C.; Winter, J. G.; Feist, M.; Kociok-Km, G.; Hinz, I.
Chem.1997, 542, 35. Polyhedron1998 17, 1103.
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Table 2. Selected Optimized Geometrical Parameters of the Metallogermylenes [(;7°-CsHs)(Co)sM—GeMe] (M = Cr, Mo, W) and
[(#°-CsHs)(Co).Fe—GeMe], and X-ray Data of 11 and 1225

M = Cr (lla) M = Mo (Ilb) M =W (llc) M = Fe (lld)
B3LYP BP86 X-ray (11) B3LYP BP86 B3LYP BP86 X-ray (12) B3LYP BP86
Bond Distances

M—Ge 2.647 2.615 2.590(2) 2.716 2.695 2.752 2.697 2.681(3) 2.436 2.404
M—-CO° 1.843 1.839 1.833(10) 1.993 1.978 1.983 1.978 2.00(2) 1.752 1.742

1.839 1.831 1.889(16) 1.999 1.979 1.992 1.980 1.99(2)
M~—C(Cp)av 2.244 2.238 2.13(2) 2.425 2.401 2.411 2.400 2.35(2) 2.154 2.138
Ge—CHjs 2.024 2.022 1.989(8) 2.014 2.018 2.021 2.018 1.99(2) 2.035 2.037
C-0¢ 1.166 1.171 1.151(6) 1.156 1.170 1.168 1171 1.17(2) 1.159 1.165

1.158 1.163 1.153(10) 1.148 1.163 1.160 1.164 1.18(2)

Bond Angles
M—Ge—CHjs 107.1 108.0 117.8(2) 109.8 110.1 108.3 110.0 114.7(6) 107.8 107.6
Ge-M—-COd 68.4 68.0 69.0 69.2 69.6 69.3 75.4(6) 85.2 85.8
71.8(6)

Ge-M—-CC¢ 127.4 126.9 129.5 129.4 130.1 129.4 134.8(7)
C(0)-M—-C(0) 110.2 108.0 102.4(5) 103.5 102.1 103.5 102.1 102.2(9) 94.1 92.7

aDistances are in A, and angles are in degréesray data are taken from ref 18The first value refers to the CO groups which are syn to Ge; the
second value refers to the trans CO ligah@O is syn to Ge¢ CO is anti to Ge.

The Ge-C optimized bond distances 1.981 Alim, 1.979 A Table 3. Wiberg Bond Indices (WBI) of the Metal Germylyne
in Ib, 1.975 A inlc, and 1.982 A inld are as expected for a  CCMPlexes la—le and Metallogermylenes lla—lld

single bond based on covalent radii predictions{Ge= 1.99 WBI
A). Only the cationic iron complexle, possesses a GE M-Ge Ge—CH, M-CO
distance which is about 0.06 A shorter as compared teld . [(7°-CsHs)(CO)%Cr=GeMe] (a) 1.41 0.77 0.99
The M—Ge-C bond angles ina—Id deviate slightly from [(17°-CsHs)(COpMo=GeMe] (b) 1.46 0.81 1.10
(ForCom-catlello)  1e pes L
Metallogermylenes [>-CsHs)(CO)sM —GeMe] (lla, M = [(5-CoHO(COpFe=GeMeP* (1) 0.78 0.83 0.65
Cr; llb, M = Mo; llc, M = W) and [(35-CsHs)(CO)Fe— [(75-CsHs)(CO)XCr—GeMe] (la) 0.42 0.80 0.95
GeMe], Ild. Figure 3 shows the optimized geometries of the . 0.90
metallogermylene#ia —Ild . The theoretical bond lengths and [(7>CeHs)(COXMo—GeMe] (b ) 0.50 0.80 019%5
angles computed using the B3LYP and the BP86 exchange- [(;5-CsHs)(CORW—GeMe] (ic) 0.53 0.80 111
correlation functionals are presented in Table 2. Both levels of 1.04
[(175-CsHs)(CO)yFe—GeMe] (Id ) 0.58 0.78 0.88

theory B3LYP and BP86 give optimized geometries which are
in good agreement with experimental results of*{CsHs)-
(COLM—GeR] (L1, M = Cr; 12, M = W). The molybdenum Bonding Analysis of M=GeMe and M—GeMe Bonds.We
complex [(7>-CsHs)(COMo—GeR] has not bgen isolated so begin the analysis of the bonding situation in the germylyne
far. There are no X-ray structural data for the iron compldx complexesia—le and the metallogermylendia —Iid with a
known to us. We report here for the first time a structure of & gigcyssion of the conventional indices which are frequently used
ferrogermylene complex. The bent geometries at germaniumy, haracterize the bonding situtation in molecules, that is, bond
(M—Ge-C3 bond angles: 108:0n lla, 110.T inllb, 110.0 ~ 4r4ers and atomic charges. Table 3 gives the Wiberg bond
inllc, and 107.6 irfld ) in these complexes are consistent with . jices (WBIF® and the natural bond orbital (NB)charge

the presence of a divalent germanium(ll) center, which is singly yisiribution. To examine the charge flow between the GéMe
bondeq to a transition metal and carbqn.The mejarmaniu_m ligand and the [M] metal fragments in the molecules, we
bond distances 2.615 A e, 2.695 A inllb, and 2.697 Ain o1 lated the atomic charges of the fragments in the frozen

llc are longer than those expected for a single bond based 0nyeometries of the molecules. The results are shown in Figure
covalent radii predictions (GrGe = 2.50 A, Mo—Ge = 2.62 4

A, and W-Ge= 2.63 A)*® However, the Fe Ge bond distance Table 3 shows that the WBI values of the-\be bonds of
2.404 Ainlid, which is the shortest MGe bond distance of  q neyytral germylyne complextss—Id are significantly higher

a metallogermylene in this study, is shorter than the sum of the (1.30-1.57) than the WBI values of the metallogermyletias-
covalent radii of iron and germanium (F&e=2.48 A). The 14" (0.42-0.50). This is a first indication that the former
calculated G.eC bond distances 2.022 A itta, 2.018 A in . molecules have a substantial degree of multipte®& bonding.
lib, 2.018 Alinlic, and 2.037 A are longer than those found in  \v/e want to point out that the germylyne complexes of the
the metal germylyne complexes (Table 1). For the knawn o056 metalsa—Ic have WBI values that are 3 times as high
bonded monomeric alkyl or aryl germylenes, the-@bond 5 those in the corresponding group-6 metallogermyléiaes
lengths range between 1.99 and 2.08 A, and th&€-C angle |ic (Taple 3). The WBI value of the double positively charged
varies from 98 to 108.4.26-30 The Ge-C bond distances and germylyne complese (0.78), however, is much smaller than

M—Ge-C bond angles in metallogermylene complexes are g gata of the neutral specis—Id. The bond indices of the

within the range of mononuclea'r nonmetallic germyleHe3! Ge—CHs and M—CO bonds of the two classes of compounds
Hence, 'Fhe calculated geometries of the compoumjsll_d are not very different from each other.

agree with those of known structures of germylenes with one

metal fragment as a substituent. (58) Wiberg, K. A.Tetrahedron1968 24, 1083.
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Figure 4. Calculated NBO partial charges of the neutral compldresld, lla—Ild, and the fragments [M]and GeMe.

The calculated charge distribution indicates that the metal ligand in la—Id. However, the metal atoms of the metallo-
atoms always carry a negative charge while the Ge atom andgermylenes j{>-CsHs)(CO).+1:M—GeMe] (la —lid ) have nearly
the GeMe ligand are positively charged. The neutral germylyne the same charge as in the respective fragmentsQéHs)-
complexeda—Id and the metallogermylendka —Ild exhibit (COW4+1M]~, although the charge #-CsHs)(CO)+iM]~ —
interesting differences in the charge distribution. The GeMe GeMe" is larger than ina—Id (Figure 4). It follows that the
ligand in the former compounds is more positively charged than changein the charge distribution upon MGe bond formation
that in the latter species. More information is revealed when but not the final charge distribution indicates a substantially
the charge flows between the interacting fragments Geatel different bonding situation between germylyne complexes and
[M]9 are compared. Figure 4 shows that the metal atoms of the metallogermylenes. To quantify this information and to get a
germylyne complexesf-CsHs)(COM=GeMe] (a—Id) have more detailed insight into the nature of thed®e interactions,
a much higher negative charge than those in the respectivewe carried out an energy partitioning analysis. The results are
fragments [°-CsHs)(CO)M] ™. This is remarkable, because given in Table 4.
there is an overall charge flow in the directiony3{CsHs)- The data in Table 4 show that the interaction energies of the
(COXM]~ — GeMe". It follows that the ligands Cp and CO  neutral group-6 germylyne complexies-Id (—206.2 to—220.6
donate electronic charge to the metal atom and to the germylynekcal/mol) are rather high. The contributions of the electrostatic
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Table 4. Results of the Energy Decomposition Analysis of the Metal Germylyne Complexes [(°-CsHs)(Co).M=GeMe] (la, M = Cr; Ib, M =
Mo; Ic, M = W), [(17°-CsHs)(CO)Fe=GeMe], Id, [(17°-CsHs)(Co).Fe=GeMe]?, le, and Metallogermylenes [(17°-CsHs)(Co)sM—GeMe] (lla, M =
Cr; llb, M = Mo; lic, M = W) and [(3°>-CsHs)(Co).Fe—GeMe], Ild, at BP86/TZ2P2

la b Ilc Id le lla Ilb lic Ild

AEn —206.2 -2105 —220.6 —219.6 16.0 -165.1 ~165.6 ~168.1 ~188.5
AEpaui 107.9 107.7 115.9 114.0 92.0 138.2 137.5 147.2 164.2
AEeistat ~157.8 ~160.8 ~168.9 ~172.3 34.1 -178.2 —174.7 ~181.9 —209.7
AEor? ~156.3 —157.4 —167.5 —161.4 -110.1 ~125.2 -1285 —133.4 —143.0

(49.8%) (49.5%) (49.8%) (48.4%)  (100%) (41.3%) (42.4%) (42.3%) (40.5%)
AE,(d) -89.7 —90. —-97.0 ~74.6 -79.3 —-99.6 ~103.6 —107.7 ~117.3
AEL(a") ~66.6 —66.7 ~70.5 ~86.7 -30.8 —25.6 —24.9 —25.7 —25.7

(42.6%) (42.4%) (42.1%) (53.8%)  (28.0%) (20.4%) (19.3%) (19.2%) (18.0%)
AEprep 5.2 5.8 7.4 0.8 3.3 13.5 12.3 12.4 11.9
AE(-Dg  —201.0 —204.7 —213.2 —233.0 19.3 —151.6 -153.3 ~155.7 ~176.6

aEnergy contributions in kcal/moP. The values in parentheses are the percentage contribution to the total attractive interactions reflecting the covalent
character of the bond.The values in parentheses are the percentage contribution to the total orbital interddgrs,

attractionAEgistat and the covalent bondingE,r, have nearly much higher inla—Id (42.1%-42.6% in the group-6 species

the same value; that is, the [M}GeMe"™ bonding inla—Id is la—Ic and even 53.8% ifd) than inlla—Ild (18.0%-20.4%).

half covalent and half electrostatic. The covalent bonding has This shows that the'#z) contributions to the [Mj—GeMe"

a high degree ofr character. We want to emphasize that the bonding in the metallogermylenes are much weaker than the

calculated energy contributiokE, gives only the out-of-plane  out-of-planer contributions in the germylyne complexes. This

(7r0) component of the [M] — GeMe"  back-donation, which can be explained with the much longerN&e bond lengths in

is schematically shown in Figure la. This is because the the former compounds than in the latter. Another factor which

molecules haveCs symmetry, and thus the orbitals can only contributes to the weaket'&r) bonding inlla—lic is that the

have &o) or d'() symmetry. Thus, the energy contributions [M]~ — GeMe" & back-donation competes with theacceptor

of the &(o) orbitals come from the [M] —— GeMe" o donation strength of three CO ligands (two lid ), while there are only

but also from the in-plane [M]— GeMe" back-donation. For two CO ligands inla—Ic (one inld). While the = bonding

molecules which have onlgs symmetry, it is not possible to  contributions inlla—Ild are weaker than those la—Id, the

separate the latter two interactions because the orbitals have ag bonding contributions in the former compounds are stronger

symmetry. An energy partitioning analysis of the germylyne than those in the latter. Note that not only the relative (%) values

complex [CI(CO)W=GeH], which ha<C,, symmetry, showed  but also the absolute values AE, in lla—Iid are larger than

that the total contribution of the [M]— GeH"  back-donation  those inla—Id (Table 4). The finding that the(d) interactions

is 78.0% OfAEqm, 960 in complexed! are more important than ihis surprising. It
The energy analysis suggests thatlan-Ic, ~42% of the may be explained with the different hybridization of the

AEonp term comes from (g7 bonding. It is remarkable that  germanium atom in the metallogermylenes and germylyne

the relative contributions of the different energy terms in Cr, complexes. This will be shown below.

Mo, and W complexes are nearly identical. The neutral iron

germylyne complexd ha:_:, a hlgh(_ar O!egree of"(er bond- the metal-germylyne complexes and the metallogermylenes,

ing (53.8%), but the relative contributions Aeisia AEpau envelope plots of some relevant orbitals of the tungsten-

and AEq to the interaction energy are not very different from germylyne complex [-CsHs)(CORW=GeMe] Ic and the

the data of the group-6 complexks—Ic. The doubly charged tungsten-germylene compoungHCsHs)(CORW—GeMellic

iron complexle is predicted to have a repulsive interaction are shown in Fi ;
i gure 5. Figure 5a (HOMO-1) and 5b (HOMO-
energy with respect to the fragments [Feind GeMe (Table 2) gives a pictorial description of the YWGe & bonding in the

4). Thg electrqstatlc interactions are repulsive, and the only complexic. The HOMO-1 is a truer orbital; that is, it has
attractive term isAEqyp, Which has 28.% (§x character. Thus, a' () symmetry. The HOMO-2 has aymmetry, and thus it is

Leor:fji:el?/vrtlci)cghemreerve“sfs ?}:néoztlgfnrbde'iaﬁ'g;znbgf (t:r?(\e/arlr?:lt- ao orbital. However, the shape of the orbital shows nicely that
eculeﬁlg, P P the HOMO-2 can be identified with the; component of ther

What is the difference between the energy contributions of baqk;dc;::at:on (Flg_ure ;.?)i Tthg HOI\t:I.OhU: (Flhgure 5¢) is
la—Id andlla—Ild ? First, the total interaction energiadin; ir:?u?a)rlle eseounde&psgngirnl ioitribeu,ti\gnlsc Thzsﬁocliﬂvvoeéeg)}bsome
in the metallogermylendsa —Ild are less attractive than those (Fipure 5%) Shows main? the GV o Bondin orbital. The
in the germylyne complexda—Id. The differences are between 9 y . g )
41.1 (la—la) and 52.5 kcal/mol I{c —Ic). The metallo- a(_:tual HOMO gnd HOMO-3 orbitals dfc may be cqmpared
germylenedla —Ild have a slightly lower degree of covalent W'th thgo b(_)ndlng components of the qualitative prbltal model,
bonding (40.5%42.4%) than the germylyne complexkss— Wh'C.h.'s given n Figure 1c. It.becc.)me's obvious that the
Id (48.4-49.8%). However, the largest differences between the gﬁ:iltdaiﬁsgorzozteIthk?utl\ﬂt—h(ie(iff?rgfgg ilr? tggfirs:éirtrgor;tjggon
two classes of compounds are found for the degre€’6t)a U A .

P 9 o) betweenlc andllc which is sketched in Figure 1la and 1c is

bonding. The contribution cAE,; to the covalent termAEg,y, is ) . . .
g " oro nicely recovered in the shape of the orbitals, which are shown

To visualize the differences in the M5e bonding between

(59) Lein, M. Diploma Thesis; Marburg, 2001. ‘ _ in Figure 5. It becomes clear that the former species has a large
(60) Lein, M.; Szabo, A.; Kovacs, A.; Frenking, Garaday Soc. Discussin contribution fromsz bonding orbitals, whildlc is ac bonded

print. . . . .
(61) Koch, W.; Frenking, GChem. Phys. Let1985 114, 178. species. Note that there are tw¢e) bonding orbitals in the
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a) c)

HOMO-1 HOMO

b) 9

HOMO-2

Figure 5. Plot of some relevant orbitals ¢ andlic.

latter compound but only one itc. This is an a posteriori
explanation for the finding that thes(d) interactions in
complexedl are more important than those lin

Summary and Conclusion

We have presented the first theoretical study where the
bonding situations in germylyne complexes and metallo-
germylenes are compared with each other. The calculated

The analysis of the electronic structure of the neutral metal
germylyne complexeka—Id and the metallogermylendia —

Ild shows that the former compounds have about the same
degree of electrostatic and covalent bonding, while the relative
strength of the covalent contributions in the latter molecules is
lower (41-42%) than the electrostatic attraction {59%). The
a'(7r) bonding contributions in the group-6 germylyne com-
plexesla—Ic are rather high (42% of the orbital interactions in
la—Ic and 53.8% inld). The s bonding contributions to the
covalent bonding become much less{2®%) in the metallo-
germylenedla—Illd . The calculations show clearly that there
are two classes of compounds which have-a®&—R linkage,

that is, Fischer-type metal germylyne complekesd metallo-
germylened! . The second class of compounds is not known
for transition metal complexes with carbyne ligands CR, while
analogous Schrock-type carbyne complékesnetal alkyli-
dynes) are not yet known for [M]GeR compounds.
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