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It is widely believed that tetracoordinate complexes of d8

transition metal centers (RhI, IrI, PdII, PtII, etc.) have a planar
structure (P, ideal D4h symmetry) and, indeed, hundreds of
examples are known.[1] However, apart from tetrahedral
structure T, which is observed for high-spin transition metals
from the 4th period,[2] sawhorse (SH, C2v) and trigonal-
pyramidal structures (TP, C3v) are alternatives (Scheme 1).[3]

The highly reactive transient carbonyls [M(CO)4] (M=

Fe, Ru, Os) have SH structures,[4a–c] as do a few recently
isolated Ru0 and RhI complexes, which show remarkable
reactivity.[4d–f]

Even computationally, the TP structure has been rarely
considered. Pidun and Frenking investigated by DFT meth-
ods [RhX(CO)3] complexes with X=H, HC=O, CH2OH, and
OMe. For [Rh(HC=O)(CO)3], TP is the (slightly) preferred
ground-state structure, whereas all other complexes have
either a P or an SH form in the global minimum.[5] Within the
complementary spherical electron density (CSED) model,
Mingos identified SH and TP forms as the next best choices to
planar structures for 16-electron complexes of late transition
metals.[6] In computations using the orbital ranked symmetry
analysis method (ORSAM), Bayse and Hall considered d8-
MH4 hydrides with SH and TP forms.[7] Proposals for making

Scheme 1. Planar (P), tetrahedral (T), sawhorse (SH), and trigonal-
planar (TP) structures.
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the TP forms the ground-state structures have not been made.
Herein we report the synthesis and isolation of stable
compounds that have such a trigonal pyramidal structure.

What ligand set would make the trigonal pyramid the
ground-state structure for an ML4 complex? We reasoned
that such a structure might be obtained when the resonance
form A contributes strongly to the electronic ground state
with minimal participation of B (Scheme 2).

This case arises when a formally d10-ML3 donor fragment
such as [Rh(C2H4)3]

� , which is known to have a trigonal-
planar structure,[8] is combined with a cation X+, most simply
a proton or a silyl cation SiH3

+. Indeed, DFT calculations for
[RhH(C2H4)3] and [Rh(SiH3)(C2H4)3] show that the trigonal-
pyramidal form with H or SiH3 in the apex is significantly
more stable than the planar form (Table 1).[9]

Remarkably, even when one p-acceptor C2H4 ligand is
replaced by a s-donor PH3 ligand, the TP form of [Rh(SiH3)-
(PH3)(C2H4)2] is more stable (by about 11 kcalmol�1) than the
planar cis-[Rh(SiH3)(PH3)(C2H4)2] complex.[10]

None of the species in Table 1 is likely be isolated, because
insertion of a coordinated C2H4 into the Rh�H or Rh�Si bond
is expected (RhI complexes are efficient catalysts for hydro-
genation and hydrosilylation). Therefore we synthesized
bis(5H-dibenzo[a,d]cyclohepten-5-yl)methylsilane (trop2Si-
HMe, 2), in which this insertion is unlikely to occur because
of resulting strain energy in the product.[11] Silane 2 is easily
obtained in 85% overall yield from 5-chloro-5H-dibenzo-
[a,d]cycloheptene (tropCl, 1), which was first metalated with
elemental lithium and then coupled in situ with MeHSiCl2
(Scheme 3).

Note that the rigid conformation of 2 will not allow for a
planar structure, but a sawhorse type structure may be
obtainable. Silane 2 was treated with 0.5 equiv of [Rh2(m-
Cl)2(C2H4)4] in chlorobenzene. Ethylene and HCl were
liberated, and yellow crystals of [Rh(trop2SiMe)-
(C2H4)]·C6H5Cl (3) precipitated in about 70% yield from

the reaction mixture. When the reaction was performed in
THF, or complex 3 was recrystallized from THF,
[Rh(trop2SiMe)(C2H4)(thf)] (4) was obtained in 70% yield.
Finally, when 3 was treated with one equivalent of PPh3 in
THF, ethylene evolved and yellow crystals of
[Rh(trop2SiMe)(PPh3)] (5) were isolated in almost quantita-
tive yield.

Single crystals of 3, 4, and 5 were investigated by X-ray
diffraction[12] (Figures 1–3). Clearly, 3 has the predicted
trigonal-pyramidal structure; the calculated and experimental
data agree satisfactorily (see legend to Figure 1). The three
coordinated C=C units lie in the basal plane and bind in a
trigonal fashion to the Rh atom, which deviates slightly
(0.125 B) from the plane through ct1–ct3 towards the inside
of the pyramid (Figure 1b). The ct-Rh-Si angles are close to
908. In the crystal lattice, one molecule of chlorobenzene lies
between two molecules of 3, but the absence of contacts
shorter than 3.63 B rules out any bonding interaction.

The structural parameters of the core of 4 are very similar
to those of 3. The RhI atom deviates by 0.085 B from the
plane through ct1–ct3 (Figure 2). A THF molecule binds
loosely to the RhI center and completes the trigonal-
bipyramidal coordination sphere typical of an 18-electron
d8-ML5 complex. The very long RhI�O distance (2.544 B)
indicates a very weak interaction.

The crystal lattice of the phosphane silanide complex 5
contains no further solvent molecules, and the complex also
has the predicted trigonal-pyramidal structure: The sum of
the basal bond angles around the rhodium center is 356.68.
Like in 3 and 4, the angles enclosed by the centroids of the
coordinated C=C bonds and the apical Si atom are close to
908. The ct-Rh-ct angle (129.68) in 5 is somewhat wider than

Scheme 2. Resonance structures A and B contributing to the electronic
ground state of a TP structure.

Table 1: Calculated relative energies of trigonal-pyramidal (TP) and
planar (P) [RhXL3] complexes.[a]

X L L’

E [kcalmol�1] E [kcalmol�1]

H C2H4 C2H4 �7.3 0.0
SiH3 C2H4 C2H4 �12.6 0.0
SiH3 C2H4 PH3 �10.6 0.0

[a] B3PW91 functional; 6-31+G* for non-metal atoms, LANL2DZ at Rh.

Scheme 3. Syntheses of silane 2 and complexes 3–5.
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those in 3 and 4, while the ct-Rh-P angles are
slightly more acute (111.8, 115.28). The Rh�Si
bonds in 3 (2.236(1) and 2.266(2) B), 4
(2.243(1) B), and 5 (2.235(1) B) are remarkably
short, even shorter than the formal Rh=Si bonds
in RhI silylene complexes.[13a] The Rh�P distance
of 2.335(1) B lies within the upper range of Rh�P
bond lengths (ca. 2.26–2.34 B).[14]

All structural features of the core are well
reflected by the computed data for the uncon-
strained model [Rh(SiH3)(PH3)(C2H4)2] (see
legend to Figure 3). Only the experimentally
determined P-Rh-Si angle in 5 (103.4(1)8) is
larger than the calculated one (91.18), certainly
due to steric interactions, which can also be made
responsible for the larger displacement of the Rh
center from the basal plane of 0.220 B. The acute
C38-P1-Rh1 angle (94.9(1)8), which is signifi-
cantly smaller that the other two C-P-Rh angles
(130.48 and 118.08), is noteworthy. This distortion
may indicate a positive hyperconjugative inter-
action of the P�C s bond with the empty orbital
at the RhI center pointing outwards from the
basal plane to the missing apical corner of a
trigonal-bipyramidal (TBP) structure. Such dis-
tortions were also observed for complexes with
SH-type structure, in which a P�C s bond of an
apically bonded PR3 ligand may interact with an
unfilled orbital pointing to the missing equatorial
site of a TBP structure.[4d,e]

The NMR data of 3 and 5 are compatible with
the structures observed in the solid state. In
particular, the 1H NOESY spectrum of 5 shows
intense cross-peaks for the protons of the SiMe
group and the phenyl protons of the PPh3 ligand
indicative of a cis arrangement. Such interactions
are not expected for a compound in which the
PPh3 group is trans to the SiMe group. In the 1H
and 13C NMR spectra of all reported compounds,
the significant shift of the olefinic CH resonances
to lower frequencies (coordination shifts
Ddcoord= dcomplex�dligand :

1H: approx. �2 ppm,
13C: approx. �60 ppm)[15] indicates significant
metal-to-ligand backdonation. However, the
inequivalent 1H environments of the coordinated
H2C=CH2 molecule in 3 lead to a slightly
broadened singlet at room temperature; even at
low temperature (183 K) no sharp distinct signals
were observed, and this indicates a rather low
barrier for rotation around the Rh�ct3 axis.

The NMR data of 3 in CD2Cl2 and of the THF
complex 4 in [D8]THF are almost identical. We
therefore assume that the equilibrium 3+
THFÐ4 lies far to left and that the interaction
of the rhodium center with a fifth ligand in the
apical position trans to the Si atom is very weak.
In particular, the 29Si and 103Rh NMR resonances,
which one would expect to respond most sensi-
tively to complexation of an additional fifth

Figure 1. a) Structure of 3. Hydrogen atoms are omitted for clarity. Thermal ellipsoids
are drawn at 30% probability. Bond lengths [G] and angles [8]: Rh�Si1 2.236(1),
Rh1A�Si1A 2.266(2), Rh�C4 2.203(3), Rh�C5 2.217(3), Rh�C19 2.185(3), Rh�C20
2.217(3), Rh�C32 2.222(3), Rh�C33 2.231(3), Rh�ct1 2.095(3), Rh�ct2 2.085(3), Rh�
ct3 2.117(3), Si1�C16 1.910(3), Si1�C1 1.912(3), Si1�C31 1.874(3), C4=C5trop
1.405(4), C19=C20trop 1.408(4), C32=C33 1.381(4); ct1-Rh-ct2 125.2(1), ct1-Rh-ct3
115.9(1), ct2-Rh-ct3 117.9(1), ct1-Rh-Si1 91.9(1), ct2-Rh-Si1 91.8(1), ct3-Rh-Si1
96.8(1), C1-Si1-C16 112.6(1), C1-Si1-C31 106.0(1), C31-Si1-C16 105.2(1), C1-Si1-Rh
107.6(1), C16-Si1-Rh 107.9(1), C31-Si1-Rh 117.8(1). ct= centroid of the coordinated
C=C bond. �(ct-Rh-ct)=359.08 ; �(C-Si-C)=323.78. b) Plot of the core of 3.
Computed data for [Rh(SiH3)(C2H4)3]: Rh�Si 2.270, Rh�ct1 2.103, Rh�ct2 2.101, Rh�
ct3 2.103, Rh�C 2.214–2.217, C=C 1.397; ct-Rh-ct 119.8, �(H-Si-H): 320.58 ; �(ct-Rh-
ct)=359.38.

Figure 2. a) Structure of 4. Hydrogen atoms are omitted for clarity. Thermal ellipsoids
are drawn at 30% probability. Bond lengths [G] and angles [8]: Rh1�Si1 2.243(1),
Rh1�O1 2.544(2), Rh1�C4 2.202(2), Rh1�C5 2.192(2), Rh1�C19 2.213(2), Rh1�C20
2.241(2), Rh1�C32 2.211(2), Rh1�C33 2.211(3), Rh1�ct1 2.080(2), Rh1�ct2 2.113(2),
Rh1�ct3 2.102(3), Si1�C16 1.911(2), Si1�C1 1.917(2), Si1�C31 1.875(2), C4=C5trop
1.410(3), C19=C20trop 1.410(3), C32=C33 1.373(4); ct1-Rh1-ct2 122.9(1), ct1-Rh1-ct3
119.1(1), ct2-Rh1-ct3 117.5(1), ct1-Rh1-Si1 91.8(1), ct2-Rh1-Si1 91.1(1), ct3-Rh1-Si1
94.2(1), ct1-Rh1-O1 81.6(1), ct2-Rh1-O1 92.0(1), ct3-Rh1-O1 89.7(1), C1-Si1-C16
112.7(1), C1-Si1-C31 104.8(1), C31-Si1-C16 103.4(1), C1-Si1-Rh1 107.7(1), C16-Si1-
Rh1 108.5(1), C31-Si1-Rh1 119.9(1). �(ct-Rh-ct)=359.58 ; �(C-Si-C)=320.98. b) Plot
of the core of 4.

Angewandte
Chemie

5171Angew. Chem. Int. Ed. 2006, 45, 5169 –5173 	 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


ligand, do not differ much (3 : d(29Si)= 100.4, d(103Rh)=
�712.6; 4 : d(29Si)= 97.15, d(103Rh)=�654.5]. Furthermore,
no cross-peaks between the olefinic protons and a-CH2

protons of the THF molecule were observed. These observa-
tions are in line with predictions made with the CSED model
and the general expectations for the trans influence: The
LUMO of a trigonal-pyramidal d8-ML4 complex is rather high
in energy and “unavailable” for binding of a nucleophile.[6]

Note, however, that planar d8-ML4 complexes are even more
reluctant to interact with nucleophiles when a distortion from
planarity is suppressed. Furthermore, trigonal-bipyramidal
d8-ML5 complexes, conventionally obtained from planar d8-
ML4, have the kinetically labile ligand in an equatorial
position. Those obtained from TP complexes show lability in
the axial position. The remarkable high-frequency shifts of
the 29Si NMR resonances in 3–5 (ca. + 100 ppm vs. �10.4 ppm
in 2) would be formally in accord with a high weight of
resonance structure A (Scheme 1) but should not be over-
interpreted.

Finally, a cyclic voltammogram of 3 in THF with 0.1m
nBu4NPF6 showed one irreversible oxidation wave at + 0.6 V
and two irreversible reduction waves at �3.1 and �3.3 V
versus ferrocenium/ferrocene. This demonstrates the high
thermodynamic stability of the neutral molecule with a
trigonal-pyramidal structure with respect to its cation and
anion, respectively.

Clearly, the trigonal-pyramidal form is a possible ground
state structure for d8-ML4 complexes. Our investigations
indicate that a ligand set composed of at least one very strong
(H, SiR3) and two very weak s-donor but good p-acceptors

(olefins) favors the TP form. A deeper investigation of
the electronic structure and factors that stabilize trigonal-
pyramidal molecules as well as their potential use as
Lewis acids with a well-defined rigid structure[16] is
underway.

Experimental Section
All syntheses were performed under an atmosphere of argon by
using standard Schlenk techniques. Details of the syntheses and
a complete listing of spectroscopic data are given in the
Supporting Information.

2 : A slight excess of lithium powder (0.310 g, 44.7 mmol) was
added to a solution of 1[17] (5.00 g, 22.1 mmol) in THF (25 mL) at
�78 8C. The mixture was stirred for 30 min at 0 8C and for 2 h at
room temperature. The resulting deep red solution was added to
a solution of dichloromethylsilane (1.26 g, 11.0 mmol) in THF
(20 mL) at 0 8C. After stirring overnight, all volatile compounds
were evaporated; the residue was taken up in 50 mL of toluene,
the suspension filtered, and 2 was isolated from the filtrate as a
pale yellow solid which was used without further purification.
Yield: 4.07 g (9.5 mmol, 86%). M.p. 58 8C. 1H NMR (500.2 MHz,
CD2Cl2): d=�0.27 (d, 3JHH= 3.6 Hz, 3H; CH3), 4.28 (m, 1H;
SiH), 6.65 (d, 3JHH= 11.9 Hz, 2H; CHolefin), 6.75 ppm (d, 3JHH=
11.9 Hz, 2H; CHolefin).

13C NMR (125.8 MHz, CD2Cl2): d=

�3.20 (s, 1C; CH3), 132.69 (s, 2C; CHolefin), 133.09 ppm (s, 2C;
CHolefin).

29Si NMR (99.4 MHz, CD2Cl2): d=�10.44 ppm.
3 : [Rh2(m2-Cl)2(C2H4)4] (46 mg, 0.117 mmol) and 2 (100 mg,

0.234 mmol) were dissolved in chlorobenzene (1 mL) at 0 8C.
After 20 min the color of the reaction mixture had changed from
bright orange to brownish yellow. Over 4 d at �20 8C pale yellow

crystals of 3 formed. Yield: 109 mg (0.171 mmol, 70%). M.p. > 124 8C
(decomp.). 1H NMR (500.2 MHz, CD2Cl2): d=�0.93 (s, 3H; CH3),
4.72 (d, 3JHH= 10.5 Hz, 2H; CHolefin), 4.94 ppm (d, 3JHH= 10.5 Hz, 2H;
CHolefin).

13C NMR (125.8 MHz, CD2Cl2): d=�4.78 (s, 1C; CH3),
70.12 (d, 1JRhC= 6.7 Hz, 2C; CHolefin), 71.00 (s, 2C; CHethylene),
73.92 ppm (d, 1JRhC= 8.2 Hz, 2C; CHolefin).

29Si NMR (99.4 MHz,
CD2Cl2): d= 100.35 ppm (d, 1JRhSi= 45.3 Hz). 103Rh NMR (15.8 MHz,
CD2Cl2): d=�712.58 ppm (s).

4 : [Rh2(m2-Cl)2(C2H4)4] (46 mg, 0.117 mmol) and 2 (100 mg,
0.234 mmol) were dissolved in THF (1 mL) at room temperature.
Gas evolution (C2H4) was observed and after 5 min the solution was
concentrated to 0.5 mL, shortly warmed to about 40 8C, and cooled to
room temperature. Pale yellow crystals of 4 began to precipitate, and
the mixture was stored at 7 8C for 10 d. Yield: 70% (103 mg,
0.164 mmol). M.p. > 178 8C (decomp). 1H NMR (500.2 MHz, 263 K,
[D8]THF): d=�1.07 (s, 3H; CH3), 3.02 (s, 4H; CHethylene), 4.68 (d,
3JHH= 10.4 Hz, 2H; CHolefin), 4.87 ppm (d, 3JHH= 10.4 Hz; 2H,
CHolefin).

13C NMR (125.8 MHz, 263 K, [D8]THF): d=�6.26 (s, 1C;
CH3), 69.46 (d, 1JRhC= 6.7 Hz, 2C; CH2,ethylene), 69.49 (d, 1JRhC=

6.7 Hz, 2C; CHolefin), 72.85 ppm (d, 1JRhC= 7.9 Hz, 2C; CHolefin).
29Si NMR (99.4 MHz, [D8]THF): d= 97.15 (d, 1JSiRh= 45.2 Hz).
103Rh NMR (15.8 MHz, [D8]THF): d=�654.54 ppm.

5 : 4 (55 mg, 0.087 mmol) was treated with triphenylphosphane
(23 mg, 0.088 mmol) in THF (1 mL) at room temperature. Ethylene
evolution was observed and after 5 min the solution was layered with
hexane (1 mL) and cooled to �15 8C. Yellow crystals of 5 were
isolated by filtration and dried in vacuo (67 mg, 0.085 mmol, 97%).
M.p. > 161 8C (decomp). 1H NMR (500.2 MHz, [D8]THF): d=�0.28
(d, 4JPH= 2.8 Hz, 3H; CH3), 3.86 (m, 2H; CHolefin), 4.29 ppm (m, 2H;
CHolefin).

13C NMR (100.6 MHz, [D8]THF): d= 1.75 (dd, 3JCP=

10.6 Hz, 2JCRh= 1.5 Hz, 1C; CH3), 65.97 (dd, 1JCRh= 8.6 Hz, 2JCP=
4.7 Hz, 2C; CHolefin), 70.74 ppm (dd, 1JCRh= 12.6 Hz, 2JCP= 9.0 Hz,
2C; CHolefin).

29Si NMR (79.5 MHz, [D8]THF): d= 103.68 (dd, 1JSiRh=
47.6 Hz, 2JSiP= 5.8 Hz). 31P NMR (161.9 MHz, [D8]THF): d=

Figure 3. a) Structure of 5. Hydrogen atoms are omitted for clarity. Thermal
ellipsoids are drawn at 30% probability. Bond lengths [G] and angles [8]: Rh1�Si1
2.235(1), Rh1�C4 2.179(3), Rh1�C5 2.211(3), Rh1�C19 2.182(3), Rh1�C20
2.157(3), Rh1�P1 2.335(1), Rh1�ct1 2.077(3), Rh1�ct2 2.048(3), Si1�C16 1.915(3),
Si1�C1 1.906(3), Si1�C31 1.872(3), P1�C32 1.824(3), P1�C38 1.832(3), P1�C44
1.826(3), C4=C5trop 1.420(4), C19=C20trop 1.432(4); ct1-Rh1-ct2 129.6(1), ct1-Rh1-P1
111.8(1), ct2-Rh1-P1 115.2(1), ct1-Rh1-Si1 93.1(1), ct2-Rh1-Si1 93.0(1), P1-Rh1-Si1
103.4(1), C1-Si1-C16 112.2(1), C1-Si1-C31 103.9(1), C31-Si1-C16 106.6(1), C1-Si1-
Rh1 105.9(1), C16-Si1-Rh1 106.2(1), C31-Si1-Rh1 122.2(1), Rh1-P1-C32 118.0(1),
Rh1-P1-C38 94.9(1), Rh1-P1-C44 130.4(1). �(ct-Rh-ct)=356.68 ; �(C-Si-C)=322.78.
b) Plot of the core of 5. Computed data for [Rh(SiH3)(PH3)(C2H4)2] (C2v): Rh�Si
2.279, Rh�P 2.342, Rh�ct 2.051, Rh�C 2.158–2.180, C=C 1.410; P-Rh-Si 91.1, H-P-
Rh 2H121.4, H-P-Rh 119.4, ct-Rh-ct 131.0, ct-Rh-P 114.2, �(ct-Rh-ct)=359.58 ; �(H-
Si-H)=319.48.
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30.90 ppm (d, 1JPRh= 138.6 Hz). 103Rh NMR (12.6 MHz, [D8]THF):
d=�484.14 ppm (d, 1JPRh= 139.0 Hz).
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