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Abstract: Bimetallic, pentel-bridged
complexes of the type [(dmap)Me2-
M�E(SiMe3)2�M�(CO)n] (M�Al, Ga;
E�P, As, Sb; M��Cr, Fe, Ni; DMAP�
4-(dimethylamino)pyridine) are formed
by reactions of DMAP-coordinated
monomeric Group 13/15 compounds
[(dmap)Me2M�E(SiMe3)2] with the
transition metal complexes [(Me3N)Cr-
(CO)5], [Fe3(CO)12], and [Ni(CO)4]. For
the first time, this reaction offers a
general pathway to compounds contain-

ing a Group 13 metal and a transition
metal bridged by a pentel atom. Com-
plexes prepared in this way were char-
acterized by IR and multinuclear NMR
spectroscopy and by single-crystal X-ray
structure analysis. Their electronic and
structural properties are discussed in

detail. The Group 13/15 ligands are very
weak � acceptors, which is likely to be
due to the electropositive Group 13
metal, and the complexes feature com-
paratively long pentel ± transition metal
bonds. In addition, the synthesis and
structural characterization of the parent
DMAP-coordinated gallanes [(dmap)-
Me2Ga�E(SiMe3)2] (E�P, As) are re-
ported.Keywords: bimetallic complexes ¥

donor ± acceptor systems ¥ main
group elements ¥ transition metals

Introduction

In the last decade Group 13/15 compounds containing the
higher homologues of Groups 13 (M�Al, Ga, In) and 15
(E�P, As, Sb, Bi) have been investigated in detail. The
research interest was mainly focussed on heterocycles [R2M�
ER�2]x (R, R�� organic ligands, x� 2, 3) or Lewis acid/base
adducts [R3M�ER�3] due to their potential to serve as single-
source precursors for the preparation of III/V semiconductor
layers by MOCVD processes (metal organic chemical vapor
deposition).[1] In addition, monomeric Group 13/15 com-
pounds R2M�ER�2 and RM�ER� (R, R�� bulky ligands) have
been investigated in detail in order to estimate the amount of
� bonding between the adjacent donor and acceptor centers.[2]

However, the chemical reactivity of Group 13/15 com-
pounds has been studied to a far lesser extent. Considering the
lability of the dative M�E bond in Lewis acid/base adducts
[R3M�ER�3] and the small number of heterocycles or
-cubanes [RM�ER�]x (x� 2 ± 4) containing the heavier ele-

ments of Group 15, compounds of the general formula [R2M�
ER�2]x (x� 1 ± 3) seem to be the most suitable starting
materials for further reactivity studies. The central R2M�
ER�2 fragment possesses an ™amphoteric character∫, since it
can act simultaneously as Lewis acid and Lewis base
(Scheme 1).[3] This feature allows two basic reactions in
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Scheme 1. Amphoteric character of the Group 13/15 fragment R2M�ER�2 .

coordination chemistry: the coordination of Group 13 com-
pounds to Lewis bases and the reaction of Group 15
compounds as ligands in transition metal complexes.
The bimetallic complex [Me3N(Me3SiCH2)2Al�P(Ph2)�Cr-

(CO)5], synthesized by Beachley et al. by a particular ring
cleavage reaction of the heterocycle [(Me3SiCH2)2AlPPh2]2
and [(Me3N)Cr(CO)5], was the first example of such a
compound, in which both coordination modes are present.[3]

Unfortunately, this type of reaction succeeded only in very
few cases, and no other compound could be characterized by
X-ray structure analysis.[4] The authors suggested that the
reactivity of Group 13/15 heterocycles towards ring cleavage
reactions depends on both the degree of association of the
heterocycle in solution and the Lewis acidity of the triel atom.
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However, no straight relationship could be proved in further
studies.[4] In addition, only reactions with [(Me3N)Cr(CO)5]
were successful, whereas other transition metal complexes
such as [Cr(CO)6] or [(thf)Cr(CO)5] failed to give the desired
bimetallic complexes. We thus were interested in the develop-
ment of a more general approach to this particular class of
compounds. Our intention was to elude the necessity to
employ reagents containing both the Lewis base and the
transition metal fragment in one molecule by splitting up the
synthesis in a two-step reaction. For this purpose we
developed a general synthetic pathway to Lewis base stabi-
lized, monomeric Group 13/15 compounds.[5] Heterocycles
[R2M�E(SiMe3)2]x are cleaved by the strong Lewis base
4-(dimethylamino)pyridine (DMAP) to yield monomers of
the type [(dmap)R2M�E(SiMe3)2] (M�Al, Ga; E�P, As, Sb,
Bi; R�Me, Et) containing a pentel center with the coordi-
nation number 3. Consequent reactions of monomeric
Group 15 alanes [(dmap)Me2Al�E(SiMe3)2] (E�P, As, Sb)
prepared in this way with nickel tetracarbonyl led to pentel-
bridged bimetallic complexes [(dmap)Me2Al�E(SiMe3)2�
Ni(CO)3], clearly demonstrating the availability of the lone
pair for further complexation reactions.[6] In order to verify
the generality of our approach to form also complexes with
other transition metals and to investigate the influence of the
Group 13 metal on the structure of such complexes, we
conducted reactions of different monomers (with M�Al, Ga;
E�P, As, Sb) with several transition metal carbonyls (M��
Cr, Fe, Ni), which are presented herein. For this purpose, we
synthesized two new Ga-containing DMAP-coordinated
monomers [(dmap)Me2Ga�E(SiMe3)2] (E�P, As), the syn-
theses and structural characterizations of which are also
reported.

Results and Discussion

Reactions of 4-(dimethylamino)pyridine (DMAP) with gal-
lium-Group 15 heterocycles [Me2GaE(SiMe3)2]2 in a 2:1 mo-
lar ratio lead to the formation of the corresponding Lewis
base stabilized monomers [(dmap)Me2Ga�E(SiMe3)2] (E�P
1, As 2, Scheme 2).

Scheme 2. Synthesis of the DMAP-coordinated monomers 1 and 2.

Compounds 1 and 2 are isolated in good yields as colorless
to light yellow crystals from solutions in hexane at �30 �C.
The compounds are very sensitive towards oxygen and
moisture both in solution and in the solid state. Unlike the
corresponding aluminum compounds [(dmap)Me2Al�E-
(SiMe3)2],[5] 1 and 2 can be kept at room temperature only
for short periods of time and form insoluble decomposition
products within an hour. Initial studies indicate the corre-
sponding In compounds to be even more temperature labile.[7]

NMR spectra of 1 and 2 show the expected resonances due to

the organic ligands. As was found for the corresponding
alanes, the ligands bound to the triel and pentel atom
experience a downfield shift compared with the correspond-
ing heterocycles, and the protons of the coordinated DMAP
molecule an upfield shift compared with free DMAP.[5] Single
crystals of 1 and 2 suitable for X-ray structure analysis were
obtained at �30 �C from solutions in hexane; Figures 1 and 2
show their molecular structures. Selected bond lengths and
angles are summarized in Table 1.

Compounds 1 and 2 crystallize in the monoclinic space
groups P21/n and P21/c (no. 14), respectively. They are not
isostructural to the analogous aluminum derivatives, which
crystallize with two independent molecules in the asymmetric
unit,[5c] but to the aluminum stibide and bismuthide
[(dmap)Me2Al�E(SiMe3)2] (E� Sb, Bi).[5a, b] The average
Ga�C (1: 198.4 pm; 2 : 198.2 pm) and E�Si bond lengths (1:
224.4 pm; 2 : 234.3 pm) are within the expected range and
remain nearly unchanged compared with the starting hetero-
cycles.[8] The slight shortening of the E�Si bond lengths is
accompanied with a decrease of the Si�E�Si bond angle and is
a result of the reduced coordination number of the pentel
center (c.n. 4� 3). As was observed for the aluminum
derivatives [(dmap)Me2Al�E(SiMe3)2] (E�P, As),[5c] the
central Ga�E bonds (1: 237.2(1) pm; 2 : 245.5(1) pm) are

Figure 1. ORTEP diagram (50% probability ellipsoids) showing the solid-
state structure and atom-numbering scheme of 1.

Table 1. Selected bond lengths [pm] and angles [�] of the DMAP-
coordinated monomers 1 and 2.

1 2

M�E 237.2(1) 245.5(1)
M�N 208.0(2) 208.2(2)
� M�C 198.5 198.2
� E�Si 224.4 234.3
C�M�C 118.9(2) 119.7(2)
N�M�E 104.7(1) 104.3(1)
Si�E�Si 103.9(1) 101.8(1)
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relatively short (typical range 230 ± 255 pm for Ga�P; 240 ±
260 pm for Ga�As)[9] and noticeably shortened by about 7 pm
compared with the corresponding heterocycles. This observa-
tion reflects the minor steric strain of the Lewis base
coordinated monomers. The Ga�E bond lengths are some-
what shorter (0.5 ± 1.5 pm) than those for the corresponding
Al�E bonds, and this is frequently observed for Group 13/15
heterocycles despite the nearly identical covalent radii of both
elements (Al: 125 pm; Ga: 126 pm).[10] The most striking
difference between the Ga and the Al derivatives is the length
of the dative M�N bond. The Ga�N bonds (1: 208.0(2) pm;
2 : 208.2(2) pm) are elongated by about 10 pm, reflecting the
decreased Lewis acidity. This is in accordance with experi-
mental findings for compounds containing dative Al�N and
Ga�N bonds, generally showing differences of 7 ± 10 pm
(e.g. [H3M� quinuclidine]: M�Al 199.1 pm, M�Ga
206.3 pm;[11] [tmeda ¥ 2MMe3]: M�Al 207.5 pm, M�Ga
217.4 pm,[12] tmeda� tetramethylethylenediamine). Compara-
ble Ga�N bond lengths were reported for gallane/pyridine
adducts such as [Me2Ga(Cl)� 2-(methylamino)pyridine]
(206.6(3) pm).[13] In agreement with the concept proposed
by Haaland, the weakness of the dative Ga�N bond leads to
a more planar geometry around the triel atom.[14] The sum of
the bond angles around M (C�M�C and C�M�E) are 347.4�
(1) and 347.2� (2), respectively, whereas for the corresponding
alanes values between 340 ± 343� were found.[5]

The DMAP-coordinated monomers [(dmap)Me2M�
E(SiMe3)2] (M�Al, E�P, As; M�Ga, E�P 1, As 2, Sb)
were used as starting compounds for reactions with different
transition metal complexes. We performed reactions of the
Al-containing monomers with [(Me3N)Cr(CO)5], [Fe3-
(CO)12], and [Ni(CO)4] in order to study the influence of the
specific transition metal. The Ga-containing monomers were
treated with [Ni(CO)4] to allow comparisons with previously
published aluminum-containing complexes [(dmap)Me2Al�
E(SiMe3)2�Ni(CO)3] (E�P, As, Sb).[6] Scheme 3 summarizes
the experiments. All compounds were characterized by IR

and multinuclear NMR spectroscopy and, except for 7, by
single-crystal X-ray structure analysis. Even if the gallium±
pentel ± transition metal complexes 7 ± 9 seem to be more
temperature stable compared with the corresponding
Ga ± pentel monomers 1 and 2, they should be stored at
�30 �C under an inert gas atmosphere. At ambient temper-
ature, decomposition occurs within several days, evidently
due to the loss of the transition metal fragment. These
findings, which were also observed for the alane ± pentel ±
transition metal complexes 3 ± 6, agree with the results
obtained from mass spectroscopy studies. We were not able
to detect the molecular ion peak for any of the transi-
tion metal complexes 3 ± 9. The signals with the highest
mass observed correspond to the transition metal frag-
ment and the main group ligand fragment, respectively.
Therefore, no high-resolution mass spectra of 3 ± 9 can be
presented.
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E(SiMe3)2

E(SiMe3)2

Ni(CO)3
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E(SiMe3)2
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M = Al, E = P 3, As 4 M = Al, E = P 6
M = Ga, E = P 7, As 8, Sb 9

M = Al, E = P 5

[(Me3N)Cr(CO)5]
– NMe3

[Fe3(CO)12] [Ni(CO)4]
– CO

Scheme 3. Reactions of DMAP-coordinated monomers with different
transition metal complexes.

Chromium complexes : Reactions of [(dmap)Me2Al�
E(SiMe3)2] with [(Me3N)Cr(CO)5] in refluxing hexane lead
to the formation of the bimetallic chromium complexes
[(dmap)Me2Al�E(SiMe3)2�Cr(CO)5] (E�P 3, As 4) under
elimination of NMe3. The products precipitate from solutions
in hexane as yellow to reddish powders which can be
recrystallized from CH2Cl2 yielding yellow crystals of X-ray
quality. IR and 13C NMR spectra confirm the presence of the
chromium pentacarbonyl fragment. As was expected from
previous studies, the CO vibrational bands in the arsenic-
bridged complex 4 are shifted to lower wavenumbers (3 : 1929,
2027, 2056 cm�1; 4 : 1921, 2025, 2044 cm�1), and the 13C NMR
resonances shifted to lower field (3 : �� 217.8, 223.7; 4 : ��
219.7, 225.1) compared with the phosphorus-bridged com-
plex 3, indicating an increased �-donor/�-acceptor ratio with
increased atomic number of the pentel center.[6,15] Figures 3
and 4 show the molecular structures of 3 and 4 as obtained
from single-crystal X-ray structure analysis (see Table 2 for
selected bond lengths and angles). The compounds are
isomorphous and crystallize in the triclinic space group P1≈

(no. 2).
Compounds 3 and 4 adopt a distorted staggered conforma-

tion along the Al�E bond with N�Al�E�Cr torsion angles of
36.9(1)� (3) and 37.6(1)� (4), respectively. The conformation is
dominated by steric interactions between the DMAP pyridine
ring and the bulky Cr(CO)5 fragment, leading to a severe

Figure 2. ORTEP diagram (50% probability ellipsoids) showing the solid-
state structure and atom-numbering scheme of 2.
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deformation of the [(L)Cr(CO)5] octahedron. In both cases
the Cr�E bonds (3 : 252.8(1) pm; 4 : 260.0(1) pm) belong to the
longest bonds found for E�Cr(CO)5 fragments so far (typical
range for E�P: 224 ± 258 pm; E�As: 237 ± 263 pm;[9] cp.
242.2 pm for [(Ph3P)Cr(CO)5] and 249.7 pm for [(Ph3As)Cr-
(CO)5)].[16] To the best of our knowledge only the metal-
loarsaalkene [(Me2N)2C�As{Fe(CO)2Cp}{Cr(CO)5}] features
a longer As�Cr(CO)5 bond (262.8(1) pm).[17] In combination
with the rather short Cr�CO(trans) bond lengths (3 :
184.4(2) pm; 4 : 183.7(2) pm, the typical range for [(R3E)Cr-
(CO)5]: 180 ± 192 pm),[9] these results indicate a comparatively
weak Cr�E � back bonding.[18] Both the Al�E (3 :
242.8(1) pm; 4 : 251.2(1) pm) and the E�Si bonds (3 :
226.7 pm; 4 : 235.9 pm; averages) are elongated compared
with the uncomplexed monomers, and this is caused by the
increase in coordination number from 3 to 4 and the steric
interactions with the bulky Cr(CO)5 fragment. As expected
the effect is more distinct on the somewhat smaller phospho-
rus atom (covalent radii 110 pm vs. 121 pm for arsenic).[10] The
considerable elongation of the Al�E bonds by 5.1 pm (3) and
4.1 pm (4), respectively, is accompanied by a shortening of the
Al�N bonds, whereas the Al�C bond lengths remain nearly
unchanged. The similar complex [Me3N(Me3SiCH2)2Al�
P(Ph2)�Cr(CO)5][3] shows some characteristic differences
when compared with 3. The Al�P (248.5(1) pm) and Al�N
bond lengths (204.9(3) pm) are rather long, while the P�Cr
bond length (248.2(1) pm) is significantly shorter. These
structural differences reflect the contrary environments
around the central atoms M and E in the two complexes,
that is, the sterically more demanding substituents are located
on the triel center (Beachley: NMe3, CH2SiMe3) and on the
pentel center (3 : SiMe3), respectively.

Iron complex : The reaction of [(dmap)Me2Al�P(SiMe3)2]
with [Fe3(CO)12] in hexane leads to the formation of
[(dmap)Me2Al�P(SiMe3)2�Fe(CO)4] (5). A considerable
amount of a dark red by-product subsides from the solution,
which could not be characterized so far. IR and 13C NMR
spectra confirm the presence of the iron tetracarbonyl frag-
ment in the product. The presence of three IR bands in the
carbonyl region (1911, 1956, 2008 cm�1) points to a local
C3v symmetry of the complex, which requires an axial position

of the Group 13/15 ligand.
Single crystals of X-ray qual-

ity were obtained from solu-
tions in hexane at �60 �C. Fig-
ure 5 shows the molecular
structure of 5 obtained by
X-ray structure analysis (see
Table 2 for selected bond
lengths and angles). Com-
pound 5 crystallizes in the tri-
clinic space group P1≈ (no. 2).
The molecule adopts a distort-
ed staggered conformation
along the Al�P bond very sim-
ilar to that for 3 with an N�Al�
P�Fe torsion angle of 34.1(1)�.
Again, steric interactions be-

Figure 3. ORTEP diagram (50% probability ellipsoids) showing the solid-
state structure and atom-numbering scheme of 3.

Figure 4. ORTEP diagram (50% probability ellipsoids) showing the solid-
state structure and atom-numbering scheme of 4.

Table 2. Selected bond lengths [pm] and angles [�] of the bimetallic complexes 3, 4, 5, 6 (averages), 8, and 9.

3 4 5 6 8 9

E�M� 252.8(1) 260.0(1) 237.7(1) 231.5 241.9(1) 255.4(1)
M��CO[a] 184.4(3) 183.7(2) 177.0(2) 177.6 179.0 178.2
C�O[b] 115.6(3) 115.5(2) 114.7(2) 113.9 113.8 114.7
M�E 242.8(1) 251.2(1) 243.2(1) 240.0 246.4(1) 264.7(1)
M�N 196.3(2) 195.5(2) 196.1(1) 196.0 204.5(2) 204.6(2)
� M�C 197.0 197.0 196.9 197.2 197.9 197.8
� E�Si 226.7 235.9 227.3 224.3 234.9 254.9
C�M�C 118.9(2) 120.1(1) 116.5(1) 118.0 119.6(1) 120.3(1)
N�M�E 107.1(1) 106.0(1) 102.8(1) 104.5 101.0(1) 100.0(1)
Si�E�Si 102.9(1) 102.31(1) 105.9(1) 107.0 105.9(1) 104.2(1)
M�E�M� 116.9(1) 117.2(1) 114.4(1) 116.7 120.2(1) 123.2(1)
� E�M��CO (cis) 92.0 91.1 89.6 106.2 104.9 103.2

[a] M��CO(trans) for 3, 4, and 5, average M��CO for 6, 8, and 9. [b] C�O(trans) for 3, 4, and 5, average C�O for 6,
8, and 9.
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tween the DMAP pyridine ring and the Fe(CO)4 group are
decisive factors. The four CO ligands and the Group 13/15
ligands form a moderately distorted trigonal bipyramid
around the iron center. In agreement with the observations
in solution, the phosphorus atom occupies an axial position,
which is preferred by ligands with strong �-donor and weak �-
acceptor abilities.[19] As was found for the chromium com-
plex 3 the P�M� interaction (M�� transition metal) in 5 seems
rather weak, and this leads to the longest P�Fe(CO)4 bond
(237.7(1) pm) reported so far (observed range for pentacoor-
dinated iron: 216 ± 237 pm).[9] For the related complex [{(Me3-
Si)3P}Fe(CO)4] a P�Fe bond length of 233.8(4) pm was found.
A CSD database search confirmed only one compound
containing a phosphorus atom bound to a terminal iron
complex that featured a longer P�Fe bond.[20] The other
central structural parameters of 5 are very similar to those of
the chromium complex 3, the Al�P (243.2(1) pm) and P�Si
bonds (av. 227.3 pm) being slightly longer and the Al�N bond
(196.1(1) pm) slightly shorter.

Nickel complexes : The synthesis of [(dmap)Me2Al�
P(SiMe3)2�Ni(CO)3] (6) has already been published, but its
molecular structure was not determined due to disorder
problems.[6] We now obtained single crystals of X-ray quality
from solutions in cyclohexane. Compound 6 crystallizes in the
triclinic space group P1≈ with six independent molecules in the
asymmetric unit. For clarity, Figure 6 displays the molecular
structure of only one independent molecule (see Table 2 for
averages of selected bond lengths and angles).
The six independent molecules cover a wide range of

conformations with N�Al�P�Ni torsion angles between 22
and 88�. This is in sharp contrast to the nearly accurate
staggered conformation found in the homologous arsane and
stibane complexes.[6] The four ligands around the nickel center
form a distorted tetrahedron with the three CO ligands bent
towards the phosphorus atom (av. P�Ni�C angle: 106.2�).
Again the P-transition metal bond is very long. The average

P�Ni bond length of 231.5 pm is about 2 pm longer than in
[(tBu3P)Ni(CO)3], which already contains a sterically hin-
dered and weak �-accepting phosphane ligand.[21] This com-
pound forms the reference for the electronic Tolman param-
eter � for a given ligand L, defined as the difference of the
wavenumbers of the A1 vibrations for a nickel carbonyl
complex [(L)Ni(CO)3] compared with [(tBu3P)Ni(CO)3].[22]

Examples of � values are 13.25 for PPh3 and 0.8 for the weak
�-acceptor P(SiMe3)3.[23] According to this concept, a negative
value of ���8 is to be assigned to the ligand [(dmap)Me2Al�
P(SiMe3)2] since its Ni(CO)3 complex exhibits an A1 vibration
(�� 2048 cm�1) shifted to a wavenumber below 2056.1 cm�1.
Thus the �-acceptor ability of this particular ligand should be
extremely weak, which agrees with the aforementioned
observations made for the chromium and iron complexes.
The phosphorus/transition metal interaction has almost
exclusively P�M� �-dative character. Evidently the highly
electropositive Group 13 metal (electronegativity of Al:
1.47)[24] in combination with the two SiMe3 groups strongly
increases the electron density on the pentel center, and this
renders additional � back donation from the transition metal
improbable. Similarly to the phosphorus complexes 3 and 5,
but in contrast to the homologous complexes [(dmap)Me2Al�
E(SiMe3)2�Ni(CO)3] (E�As, Sb)[6] the Al�P bonds are
slightly elongated upon coordination to the transition metal
fragments by about 2 pm (av. 240.0 pm), accompanied by a
shortening of the Al�N bonds (av. 196 pm). Evidently due to
the smaller phosphorus atom, steric interactions between the
substituents and the transition metal fragment are more

Figure 6. Ball-and-stick diagram showing the solid-state structure and
atom-numbering scheme of 6 ; for clarity, only one independent molecule of
the asymmetric unit is presented.

Figure 5. ORTEP diagram (50% probability ellipsoids) showing the solid-
state structure and atom-numbering scheme of 5.
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interfering than those for the larger homologues of Group 15.
The bond lengths to the remaining ligands bound to the triel
and pentel centers (Al�C 197.2 pm, P�Si 224.3 pm, averages)
do not show significant changes compared with those for the
uncomplexed monomer. In contrast, the bond angles around
the pentel center undergo significant change, especially when
compared with 3 and 5. The sum of the bond angles around
the phosphorus center (Si�P�Si and Al�P�Si) of the ligand
increases from 309.8� in the uncomplexed monomer (pyra-
midal phosphorus)[5c] to 321.1� (average) in 6 (tetrahedral
environment). In the complexes 3 (�� 313.4�) and 5 (��
318.9�), the increase of the bond angles is much smaller and
reflects the different steric demand of the transition metal
fragments Cr(CO)5�Fe(CO)4�Ni(CO)3. The sterically
crowded compound 3 shows nearly the same pyramidalization
as the free ligand.
In an extensive 13C NMR study on more than 100 transition

metal complexes [(R3E)M�(CO)n] (E�Group 15 element),
Bodner et al. observed that the variation of the organic
ligands on the pentel center usually had a larger effect on the
carbonyl resonances than variation of the pentel center
itself.[15] We therefore studied the reactions of the monomeric
Group 15 gallanes [(dmap)Me2Ga�E(SiMe3)2] (E�P 1, As 2,
Sb) with nickel tetracarbonyl to determine the influence of
the Group 13 metal by comparison with the analogous
aluminum compounds. Due to the temperature sensitivity of
the gallane monomers, [Ni(CO)4] was added at 0 �C, and the
reaction mixture slowly warmed to ambient temperature.
Under elimination of carbon monoxide, the tricarbonyl nickel
complexes [(dmap)Me2Ga�E(SiMe3)2�Ni(CO)3] (E�P 7, As
8, Sb 9) were obtained in good
yields. IR and 13C NMR spectra
confirm the presence of the
Ni(CO)3 fragment in the prod-
ucts.[25] The differences between
the individual A1 IR stretching
frequencies and 13C chemical
shifts (see Table 3) as well as
the differences between the
respective aluminum com-
pounds are very small, but a
general tendency is evident. All
compounds show very low
wavenumbers of the A1 vibra-
tion leading to negative elec-
tronic Tolman parameters � be-
tween �6 and �14. The �-
donor/�-acceptor ratio increas-
es with the pentel center E in
the order P�As� Sb and, as
was expected due to the differ-
ent electronegativities of the
triel (Al: 1.47, Ga: 1.82),[24] is
larger for Al than for Ga.
Single crystals of 7 ± 9 were

obtained from solutions in pen-
tane at �30 �C. Compounds 8
and 9 crystallize in the triclinic
space group P1≈ and are iso-

structural to the analogous aluminum compounds
[(dmap)Me2Al�E(SiMe3)2�Ni(CO)3] (E�As, Sb).[6] Fig-
ures 7 and 8 show the molecular structures of the compounds
(see Table 2 for selected bond lengths and angles). They
represent the first structurally characterized examples of
bimetallic complexes with a pentel center bridging a transition
metal and gallium.[4] The structure of 7 could not be
determined due to disorder problems.

Table 3. CO stretching vibrations [A1 band, cm�1], 13C chemical shifts [�], and electronic Tolman parameters[22] of
complexes [(dmap)Me2M�E(SiMe3)2�Ni(CO)3].
M/E Al/P Al/As Al/Sb Ga/P 7 Ga/As 8 Ga/Sb 9

�(CO) 2048 2046 2042 2050 2048 2044
�(CO) 199.5 199.8 200.9 199.5 199.6 200.7
� � 8 � 10 � 14 � 6 � 8 � 12

Figure 7. ORTEP diagram (50% probability ellipsoids) showing the solid-
state structure and atom-numbering scheme of 8.

Figure 8. ORTEP diagram (50% probability ellipsoids) showing the solid-state structure and atom-numbering
scheme of 9.
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The molecules adopt gauche conformations along the Ga�
E bond with N�Ga�E�Ni torsion angles near 60� (8 : 66.2(1)� ;
9 : 64.3(1)�). The ligands around the nickel center form a
tetrahedron that is increasingly distorted with increasing
atomic number of the pentel center (average E�Ni�C angle 8 :
104.9� ; 9 : 103.2� ; cp. 6 (E�P): 106.2�). The bond lengths
around the nickel center are hardly influenced by the
exchange of the triel atom. The E�Ni (E�As 8 :
241.9(1) pm; E� Sb 9 : 255.4(1) pm), Ni�C (8 : 170.9 pm; 9 :
113.8 pm), and C�O bond lengths (8 : 113.8 pm; 9 : 114.7 pm)
are virtually unchanged compared with those for the respec-
tive aluminum compounds. In contrast to all above-mentioned
complexes, the Ga�E bonds of 8 (246.4(1) pm) and 9
(264.7(1) pm) as well as the E�Si bonds (8 : 234.9 pm; 9 :
254.9 pm) are not elongated upon complexation.[26] This leads
to the conclusion that steric interactions are negligible when
the transition metal fragment is relatively small and the pentel
centers possess sufficiently large atomic radii. Another
interesting feature is the shortening of the Ga�N bonds by
3.7 pm (8 : 204.5(2) pm) and 2 pm (9 : 204.6(2) pm), respec-
tively, even if the Ga�E bonds remain almost unchanged. The
reason behind this effect is still unclear.

Conclusion

The two-step synthesis consisting of a ring cleavage reaction
of Group 13/15 heterocycles with the Lewis base DMAP
followed by complexation of the resulting DMAP-coordinat-
ed monomers with transition metal complexes offers a general
pathway to pentel-bridged bimetallic complexes of the type
[(base)R2M�E(R�2)�M�(CO)n] (M�Group 13 metal, E�
pentel, M�� transition metal). Complexes with different
Group 13 metals (Al, Ga), pentels (P, As, Sb), and transition
metals (Cr, Fe, Ni) were obtained in this way. A closer
investigation of the structural and electronic properties of the
Group 13/15 ligands by X-ray structure analysis and IR
spectroscopy indicates that steric interactions are especially
important in the phosphorus complexes with the bulkier
Fe(CO)4 and Cr(CO)5 fragments, whereas they are less
important for the higher pentels As and Sb. The �-acceptor
abilities of the ligands generally seem to be very weak, and the
�-donor/�-acceptor ratio increases in the series P�As� Sb.
The exchange of the Group 13 metal from Al to Ga induces
only small changes in structural and electronic parameters.
The Ga�E bonds are slightly shorter than the corresponding
Al�E bonds, whereas the Ga�N bonds are significantly longer
than the Al�N bonds. The gallane monomers are comparable
weak � acceptors, and the �-donor/�-acceptor ratio just
slightly decreases from Al to Ga.

Experimental Section

General : All manipulations were performed in a glove box under an Ar
atmosphere or by standard Schlenk techniques. Solvents were distilled
from sodium benzophenone ketyl or Na/K alloy prior to use. [Me2Ga-
P(SiMe3)2]2,[8a, b] [Me2GaAs(SiMe3)2]2,[8c] [(dmap)Me2Al�P(SiMe3)2],
[(dmap)Me2Al�As(SiMe3)2], [(dmap)Me2Ga�Sb(SiMe3)2],[5c] and
[(Me3N)Cr(CO)5][27] were prepared by literature methods. Compounds 4-

(dimethylamino)pyridine (Merck) and [Ni(CO)4] (Strem Chemicals) were
commercially available and used as received. [Fe3(CO)12] (Aldrich) was
dried in vacuum to remove protecting methanol before use. NMR spectra
were recorded using a Bruker DPX300 spectrometer. 1H and 13C{1H}
spectra were referenced to the resonances of the solvents C6D6 (1H �� 7.15;
13C �� 128.0), [D8]toluene (1H �� 7.09; 13C �� 137.5), and CD2Cl2 (1H ��
5.32; 13C �� 53.8). 31P{1H} spectra were referenced to external H3PO4 (31P
�� 0). Infrared spectra were recorded from solutions in pentane or CH2Cl2
between KBr plates by using a Nicolet Magna550 FT-IR spectrometer.
Melting points were measured in wax-sealed capillaries and were not
corrected. Several attempts to obtain reliable elemental analyses failed.
Both the Gamonomers 1 and 2 and the transition metal complexes 3 ± 9 are
very sensitive toward air and moisture, and this prevented them from being
transferred without any decomposition into the analyzer. Therefore,
several analyses (between three and four for each compound) showed
significant variations with respect to their C and H contents.

General preparation of [(dmap)Me2Ga�E(SiMe3)2]: At �10 �C, 4-(di-
methylamino)pyridine (2.0 mmol, 0.24 g) was added to a solution of
the corresponding heterocycle (1.0 mmol, [Me2GaP(SiMe3)2]2: 0.55 g;
[Me2GaAs(SiMe3)2]2: 0.64 g) in hexane (30 mL). The resulting suspension
was slowly warmed to 0 �C over 2 ± 3 h. After filtration, the resulting clear
solution was concentrated to 15 mL and stored at �30 �C for 24 h. The
compounds were obtained as colorless to light yellow crystals, which slowly
decomposed at room temperature.

[(dmap)Me2Ga�P(SiMe3)2] (1): Colorless crystals, yield: 0.72 g (1.6 mmol,
81%); m.p. 50 ± 52 �C; 1H NMR (300 MHz, C6D6, 30 �C): �� 0.33 (d, 3JPH�
1.9 Hz, 6H; GaMe2), 0.54 (d, 3JPH� 4.0 Hz, 18H; SiMe3), 1.96 (s, 6H;
NMe2), 5.66 (d, 3JHH� 6.8 Hz, 2H; C(3d)�H), 8.24 (dd, 3JHH� 5.6 Hz,
4JHH� 1.5 Hz, 2H; C(2d)�H); 13C{1H} NMR (75.5 MHz, [D8]toluene,
�10 �C): ���1.1 (d, 2JPC� 10.7 Hz; GaMe2), 5.8 (d, 2JPC� 10.3 Hz;
SiMe3), 38.5 (NMe2), 106.8 (C(3d)�H), 147.3 (C(2d)�H), 155.0 (C(4d));
31P NMR (121.5 MHz, C6D6, 30 �C): ���273.8.
[(dmap)Me2Ga�As(SiMe3)2] (2): Light yellow crystals, yield: 0.68 g
(1.7 mmol, 85%); m.p. 58 ± 61 �C; 1H NMR (300 MHz, [D8]toluene,
�10 �C): �� 0.38 (s, 6H; GaMe2), 0.63 (s, 18H; SiMe3), 1.99 (s, 6H;
NMe2), 5.58 (d, 3JHH� 5.8 Hz, 2H; C(3d)�H), 8.15 (d, 3JHH� 5.7 Hz, 2H;
C(2d)�H); 13C{1H} NMR (75.5 MHz, [D8]toluene, �10 �C): �� 4.6
(GaMe2), 6.1 (SiMe3), 38.5 (NMe2), 106.9 (C(3d)�H), 147.2 (C(2d)�H),
155.0 (C(4d)).

[(dmap)Me2Al�P(SiMe3)2�Cr(CO)5] (3): [(Me3N)Cr(CO)5] (1.1 mmol,
0.26 g) was added to a solution of [(dmap)Me2Al�P(SiMe3)2] (1.0 mmol,
0.36 g) in hexane (15 mL), and the resulting intensely yellow solution was
heated under reflux for 1 h. The product separated as a yellow solid that
was filtered and washed with hexane (5 mL). Recrystallization from
CH2Cl2 at 0 �C gave yellow crystals of X-ray quality. Yield (crude product):
0.49 g (0.89 mmol, 89%); m.p. 155 ± 165 �C (dec); 1H NMR (300 MHz,
CD2Cl2, �10 �C): ���0.49 (d, 3JPH� 2.2 Hz, 6H; AlMe2), 0.32 (d, 3JPH�
4.4 Hz, 18H; SiMe3), 3.11 (s, 6H; NMe2), 6.64 (d, 2JHH� 7.2 Hz, 2H; C(3d)�
H), 8.06 (d, 2JHH� 7.4 Hz, 2H; C(2d)�H); 13C{1H} NMR (75.5 MHz,
CD2Cl2, �10 �C): ���5.1 (d, 2JPC� 13.6 Hz; AlMe2), 4.2 (d, 2JPC� 7.1 Hz;
SiMe3), 39.7 (NMe2), 107.1 (C(3d)�H), 146.5 (C(2d)�H), 156.0 (C(4d)),
217.8 (d, 2JPC� 8.4 Hz; cis-CO), 223.7 (d, 2JPC� 4.8 Hz; trans-CO); 31P{1H}
NMR (121.5 MHz, CH2Cl2, 30 �C): ���278.1; IR (CH2Cl2): �� � 1929 (�CO,
E), 2027, 2056 cm�1 (�CO, A1).

[(dmap)Me2Al�As(SiMe3)2�Cr(CO)5] (4): [(Me3N)Cr(CO)5] (1.1 mmol,
0.26 g) was added to a solution of [(dmap)Me2Al�As(SiMe3)2] (1.0 mmol,
0.40 g) in hexane (10 mL), and the resulting orange solution was heated
under reflux for 1 h. The product separated as a reddish solid that was
filtered and washed with hexane (5 mL). Recrystallization from CH2Cl2 at
0 �C gave yellow crystals of X-ray quality. Yield (crude product): 0.45 g
(0.76 mmol, 76%); m.p. 150 ± 155 �C (dec); 1H NMR (300 MHz, CD2Cl2,
�10 �C): ���0.47 (s, 6H; AlMe2), 0.35 (s, 18H; SiMe3), 3.11 (s, 6H;
NMe2), 6.65 (d, 2JHH� 7.4 Hz, 2H; C(3d)�H), 8.05 (d, 2JHH� 6.8 Hz, 2H;
C(2d)�H); 13C{1H} NMR (75.5 MHz, CD2Cl2, �10 �C): ���5.6 (AlMe2),
4.1 (SiMe3), 39.7 (NMe2), 107.1 (C(3d)�H), 146.2 (C(2d)�H), 156.0 (C(4d)),
219.7 (cis-CO), 225.1 (trans-CO); IR (CH2Cl2): �� � 1921 (�CO, E), 2025,
2044 cm�1 (�CO, A1).

[(dmap)Me2Al�P(SiMe3)2�Fe(CO)4] (5): [(dmap)Me2Al�P(SiMe3)2]
(1.0 mmol, 0.36 g) was added to a solution of [Fe3(CO)12] (0.33 mmol,
0.17 g) in hexane (50 mL). The initial dark green solution turned brownish
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orange within 30 min. The solution was separated from some dark red by-
product and cooled to �60 �C for 48 h to yield yellow crystals suitable for
an X-ray structure analysis. Yield: 0.10 g (0.19 mmol, 19%); m.p. 82 ± 86 �C
(red oil); 1H NMR (300 MHz, [D8]toluene, 30 �C): ���0.10 (br, 6H;
AlMe2), 0.56 (d, 3JPH� 5.6 Hz, 18H; SiMe3), 2.11 (s, 6H; NMe2), 5.83 (br,
2H; C(3d)�H), 7.96 (br, 2H; C(2d)�H); 13C{1H} NMR (75.5 MHz,
[D8]toluene, 30 �C): ���8.1 (br s, AlMe2), 2.1 (d, 2JPC� 7.1 Hz; SiMe3),
38.3 (NMe2), 106.9 (C(3d)�H), 146.4 (C(2d)�H), 155.9 (C(4d)), 215.3 (d,
2JPC� 13.3 Hz; cis-CO), 216.9 (d, 2JPC� 13.6 Hz; trans-CO); 31P{1H} NMR
(121.5 MHz, [D8]toluene, 30 �C): ���258.4; IR (CH2Cl2): �� � 1911 (�CO,
E), 1956, 2008 cm�1 (�CO, A1).

[(dmap)Me2Al�P(SiMe3)2�Ni(CO)3]
(6): [Ni(CO)4] (0.75 mmol, 0.1 mL)
was added to a solution of
[(dmap)Me2Al�P(SiMe3)2] (0.5 mmol,
0.18 g) in cyclohexane (5 mL). Rapid
gas evolution was observed, and the
solution was stirred at room tempera-
ture for 30 min. The yellow solution
was separated from some dark by-
product and cooled to 0 �C to yield
colorless crystals suitable for an X-ray
structure analysis. Yield: 0.17 g
(0.34 mmol, 68%); m.p. 102 ± 110 �C
(dec); 1H NMR (200 MHz, C6D6,
30 �C): ���0.02 (d, 3JPH� 2.6 Hz,
6H; AlMe2), 0.47 (d, 3JPH� 4.6 Hz,
18H; SiMe3), 1.87 (s, 6H; NMe2),
5.71 (d, 3JHH� 7.4 Hz, 2H; C(3d)�H),
8.09 (d, 3JHH� 7.4 Hz, 2H; C(2d)�H);
13C{1H} NMR (50 MHz, C6D6, 30 �C):
���6.1 (d, 2JPC� 16.1 Hz; AlMe2),
3.4 (d, 2JPC� 8.4 Hz; SiMe3), 38.5
(NMe2), 107.0 (C(3d)�H), 146.6
(C(2d)�H), 155.9 (C(4d)), 199.5 (d,
2JPC� 1.6 Hz; CO); 31P{1H} NMR
(121.5 MHz, C6D6, 30 �C): ��
�275.2; IR (pentane): �� � 1961, 1975
(�CO, E), 2048 cm�1 (�CO, A1).

General preparation of [(dmap)Me2

Ga�E(SiMe3)2�Ni(CO)3]: At 0 �C,

[Ni(CO)4] (0.75 mmol, 0.1 mL) was added to a solution of
[(dmap)Me2M�E(SiMe3)2] (0.5 mmol; E�P: 0.20 g; E�As: 0.22 g, E�
Sb: 0.25 g) in pentane (20 mL). A smooth gas evolution was observed, and
the resulting suspension was slowly warmed to room temperature. The
slightly brown solution was separated from some dark by-product and
cooled to �30 �C to yield colorless crystals suitable for an X-ray structure
analysis.

[(dmap)Me2Ga�P(SiMe3)2�Ni(CO)3] (7): Yield: 0.24 g (0.44 mmol, 89%);
m.p. 100 ± 120 �C (dec); 1H NMR (300 MHz, C6D6, 30 �C): �� 0.29 (d,
3JPH� 3.0 Hz, 6H; GaMe2), 0.44 (d, 3JPH� 4.7 Hz, 18H; SiMe3), 1.92 (s, 6H;
NMe2), 5.77 (dd, 3JHH� 5.7 Hz, 4JHH� 1.5 Hz, 2H; C(3d)�H), 8.05 (dd,

Table 4. Crystal data and structure refinement for the DMAP-coordinated gallanes 1 and 2.

1 2

formula C15H34GaN2PSi2 C15H34AsGaN2Si2
Mr 399.31 443.26
T [K] 123(2) 123(2)
� [ä] 0.71073 (MoK�) 0.71073 (MoK�)
crystal system monoclinic monoclinic
space group P21/n (no. 14) P21/c (no. 14)
unit cell dimensions, a [ä] 15.1439(3) 15.1022(2)
b [ä] 9.0238(2) 9.0983(2)
c [ä] 17.5573(5) 17.6064(4)
�� � [�] 90 90
� [�] 115.527(1) 115.171(1)
V [ä3] 2165.09(9) 2189.47(8)
Z, 	calcd [g cm�3] 4, 1.225 4, 1.345

 [mm�1] 1.453 2.863
crystal size [mm3] 0.25� 0.20� 0.10 0.60� 0.60� 0.50
absorption correction empirical from multiple refl. empirical from multiple refl.
max/min transmission 0.9400/0.6634 0.3294/0.2787
� range for data collection [�] 2.98 ± 25.00 2.98 ± 25.00
refl. collected/unique 29245/3760 (Rint� 0.0962) 18905/3834 (Rint� 0.0573)
refined parameters 192 192
goodness of fit on F 2 0.974 1.056
final R1 indices [I� 2�(I)] 0.0286 0.0226
wR2 indices (all data) 0.0739 0.0617
resid. electron dens. [eä�3] 0.511/� 0.480 0.392/� 0.389

Table 5. Crystal data and structure refinement for the Al-containing complexes 3, 4, 5, and 6.

3 4 5 6

formula C20H34AlCrN2O5PSi2 C20H34AlAsCrN2O5Si2 C19H34AlFeN2O4PSi2 C18H34AlN2NiO3PSi2
Mr 548.62 592.57 524.46 499.31
T [K] 123(2) 123(2) 123(2) 123(2)
� [ä] 0.71073 (MoK�) 0.71073 (MoK�) 0.71073 (MoK�) 0.71073 (MoK�)
crystal system triclinic triclinic triclinic triclinic
space group P1≈ (no. 2) P1≈ (no. 2) P1≈ (no. 2) P1≈ (no. 2)
unit cell dimensions, a [ä] 9.6557(1) 9.6747(2) 8.9010(1) 14.1108(5)
b [ä] 9.8037(2) 9.8384(2) 9.8998(2) 22.0283(6)
c [ä] 15.5468(3) 15.6495(3) 17.8311(3) 27.8303(11)
� [�] 89.699(1) 89.587(1) 78.696(1) 103.184(2)
� [�] 72.641(1) 72.754(1) 80.277(1) 99.791(2)
� [�] 89.125(1) 89.494(1) 64.428(1) 99.553(2)
V [ä3] 1404.49(4) 1422.53(5) 1383.51(4) 8108.8(5)
Z, 	calcd [g cm�3] 2, 1.297 2, 1.383 2, 1.259 12, 1.227

 [mm�1] 0.611 1.701 0.746 0.917
crystal size [mm3] 0.30� 0.12� 0.06 0.30� 0.20� 0.15 0.35� 0.20� 0.08 0.50� 0.20� 0.10
absorption correction none empirical from multiple refl. empirical from multiple refl. empirical from multiple refl.
max/min transmission 0.8109/0.5949 0.8528/0.7928 0.8929/0.8438
� range for data collect. [�] 2.93 ± 25.00 2.92 ± 25.00 2.64 ± 25.00 1.50 ± 25.04
refl. collected/unique 27758/4905 (Rint� 0.0527) 28299/4991 (Rint� 0.0545) 23708/4861 (Rint� 0.0488) 44477/25286 (Rint� 0.0801)
refined parameters 291 291 273 1525
goodness of fit on F 2 1.028 1.016 1.008 0.770
final R1 indices [I� 2�(I)] 0.0354 0.0237 0.0278 0.0508
wR2 indices (all data) 0.0984 0.0575 0.0710 0.1099
resid. electron dens. [eä�3] 0.569/� 0.374 0.402/� 0.410 0.358/� 0.207 0.386/� 0.474
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3JHH� 5.7 Hz, 4JHH� 1.5 Hz, 2H; C(2d)�H); 13C{1H} NMR (75.5 MHz,
C6D6, 30 �C): ���3.1 (d, 2JPC� 17.1 Hz; GaMe2), 3.3 (d, 2JPC� 8.4 Hz;
SiMe3), 38.1 (NMe2), 106.6 (C(3d)�H), 146.8 (C(2d)�H), 155.2 (C(4d)),
199.5 (d, 2JPC� 1.6 Hz; CO); 31P NMR (121.5 MHz, C6D6, 30 �C): ��
�260.8; IR (pentane): �� � 1965, 1975 (�CO, E), 2050 cm�1 (�CO, A1).
[(dmap)Me2Ga�As(SiMe3)2�Ni(CO)3] (8): Yield: 0.27 g (0.46 mmol,
92%); m.p. 115 ± 120 �C (dec); 1H NMR (300 MHz, C6D6, 30 �C): �� 0.30
(s, 6H; GaMe2), 0.47 (s, 18H; SiMe3), 1.95 (s, 6H; NMe2), 5.65 (dd, 3JHH�
5.7 Hz, 4JHH� 1.5 Hz, 2H; C(3d)�H), 7.88 (dd, 3JHH� 5.7 Hz, 4JHH� 1.5 Hz,
2H; C(2d)�H); 13C{1H} NMR (75.5 MHz, C6D6, 30 �C): ���3.0 (GaMe2),
3.5 (SiMe3), 38.1 (NMe2), 106.7 (C(3d)�H), 146.6 (C(2d)�H), 155.3 (C(4)),
199.6 (CO); IR (pentane): �� � 1961, 1973 (�CO, E), 2048 cm�1 (�CO, A1).
[(dmap)Me2Ga�Sb(SiMe3)2�Ni(CO)3] (9): Yield: 0.26 g (0.41 mmol,
82%); m.p. 72 ± 76 �C (dec); 1H NMR (300 MHz, C6D6, 30 �C): �� 0.36
(s, 6H; GaMe2), 0.53 (s, 18H; SiMe3), 1.97 (s, 6H; NMe2), 5.65 (d, 3JHH�
7.2 Hz, 2H; C(3d)�H), 7.96 (br, 2H; C(2d)�H); 13C{1H} NMR (75.5 MHz,
C6D6, 30 �C): ���2.2 (GaMe2), 3.5 (SiMe3), 38.1 (NMe2), 106.7 (C(3d)�
H), 146.6 (C(2d)�H), 155.3 (C(4)), 200.7 (CO); IR (pentane): �� � 1961,
1973 (�CO, E), 2044 cm�1 (�CO, A1).

X-ray structure solution and refinement : Crystallographic data of 1 ± 6, 8,
and 9 are summarized in Tables 4, 5, and 6. Figures 1 to 8 show the ORTEP
diagrams (50% probability ellipsoids, ball-and-stick model for 6) of the
solid-state structures of the compounds. Selected bond lengths and angles
are summarized in Tables 1 and 2. Data were collected on a Nonius
KappaCCD diffractometer. The structures were solved by Patterson
methods (SHELXS-97)[28] and refined by full-matrix least-squares analysis
on F 2 (full-matrix-block least-squares analysis on F 2 for 6). Except for 3,
empirical absorption corrections were applied. All non-hydrogen atoms
were refined anisotropically, and hydrogen atoms by a riding model
(SHELXL-97).[29]

CCDC-171404 (1), CCDC-171405 (2), CCDC-171406 (3), CCDC-171407
(4), CCDC-171408 (5), CCDC-171409 (6), CCDC-171410 (8), and CCDC-
171411 (9) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-336-033; or
e-mail : deposit@ccdc.cam.ac.uk).
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