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A much improved synthesis for the carbagerma-closo-do-
decaborate anion [GeCB;oHq,]" is described in the form of
[BusNH]|[GeCB;poH14] (1). In reactions with transition metal
electrophiles, three transition metal complexes
{[BusNH][(CsHe)Ru(Cl)2(GeCB1oHi1)]  (2), [BugNH][Cp*Ir-
(Ch)(GeCB1oH11),] (3) and [MesNH][(PPh3),Ir(CO)-

(GeCBjoH14)2] (4)} with metal-germanium bonds were syn-
thesized. The carbagermaborate anion, in the form of the salt
[EtsNH][GeCB1oHy4], and the coordination compounds 2-4
were structurally characterized by single-crystal X-ray dif-
fraction. Computations were carried out for the anions in 1-
4 to aid NMR assignments.

Introduction

The coordination chemistry of germanium and tin has
been a field of active research for more than 30 years.[']
Currently, ligand development with these elements is fo-
cused on new germylene- and stannylene-type ligands based
on group 14 carbene analogues.

We are interested in the coordination chemistry of het-
eroborates and first examined the ligand abilities of the di-
anion stanna-closo-dodecaborate [SnB;;H;;]> (D in
Scheme 1).>-¢ This twelve-vertex cluster is derived from the
icosahedral closo cluster [B;,H;,]> by isolobal replacement
of a BH unit with a tin atom. We have also explored the
coordination chemistry of the homologous germanium di-

Scheme 1. Group 14 heteroborates.
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anion, germa-closo-dodecaborate [GeB;;H;;]> (A).*7
We have also synthesised the new dianions [Sn,B;oH;¢]*
and [Ge,B,oH;o]> (E and B, respectively) where two adja-
cent BH units in [B;,H;,]* are replaced by tin or germa-
nium atoms.l'%? We expanded this area of heteroborates by
synthesizing the new cluster monoanion [SnCB;oH;,] (F in
Scheme 1) where one [BH] unit is formally replaced by an
isolobal CH unit in [SnB;,H;]>.['!

Here we present an improved synthetic procedure for the
carbagerma-closo-dodecaborate  [GeCB(H;;] (C in
Scheme 1) together with new coordination compounds of
this germylene-type ligand. The anion C was previously
prepared by a two-step synthesis from the carba-nido-unde-
caborane anion [CBjgH3]” in an overall yield of only
9%.[12,13]

Results and Discussion

A considerably improved yield of 69% for the anion C,
as the [BusNH]* salt 1, was obtained in one step from the
carba-nido-undecaborane anion (Scheme 2).

Gle

L 1. n-BuLi, -78 °C, THF Gt
Me.NH BuNH] | T¥25%
(MeNH] 2. GeCl; dioxane, -78 °C, THF G M
3. [Bu,NH|CI, H,0 =

[Me,NH]J[CB.H,)] [Bu,NH][GeCB,H,,
*CH 1
oBH

Scheme 2. Formation of 1.

After  deprotonation of carba-nido-undecaborate
[Me;NH][CBoH 3] with BuLi, the germanium electrophile,
GeCl,-dioxane, was added. The heteroborate was isolated
by precipitation from water with salts of various counter-
cations. In the case of the [Et;NH]* salt, we were able to
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Table 1. Crystal and structure refinement parameters of 1-4.
1 2 3 4
Empirical formula C;H,7B0GeN C9Hy45B1oCl,GeNRu C54HgsB5oClGe,IrN C46H73B5oCl3Ge,IrN>OP,
M, [gmol ] 305.99 640.22 956.80 1392.02
Wavelength [A] 0.71073
Temperature [K] 173(2)
Crystal system triclinic triclinic triclinic monoclinic
Space group PI PI PI P2/c
V4 2 2 2 4
a Al 8.2850(15) 10.9097(11) 10.0548(8) 19.8208(3)
b[A] 9.1491(16) 11.4306(11) 12.6290(10) 12.7342(2)
c[A] 11.2601(18) 12.0276(12) 18.0793(15) 25.8736(4)
a[] 88.276(14) 80.573(8) 70.027(6) 90
L1° 87.053(14) 82.956(8) 84.031(7) 102.369(1)
7 [ 75.302(14) 83.224(8) 84.970(7) 90
VA3 824.4(2) 1461.1(3) 2142.7(3) 6379.0(2)
Density peaieq. [/cm?] 1.23 1.46 1.48 1.45
Absorption coefficient y [mm™'] 1.84 1.74 4.57 3.23
F(000) 316 652 948 2776
Crystal size [mm] 0.11x0.100.10 0.12x0.10 X 0.08 0.10 < 0.09 X 0.08 0.15x0.13x0.11
0 range [°] 3.19-26.76 3.21-29.18 5.68-26.37 3.16-26.75
Index range ~-10=h =10, 14 =h=14, “12=h=12, 24 = h = 25,
1l =k=11, ~15=k=15, “15=k=15, -16 = k=16,
14=/=14 -l6=/=16 22=]=22 32=1=32
Reflections collected 12164 26945 29624 84891
Independent reflections/R;y,, 3498/0.0707 7883/0.0554 8661/0.0771 13520/0.1097
Completeness 99.1 99.6 98.8 99.7
Absorption correction numerical
Max./min. transmission 0.8131/0.6703 0.7942/0.6156 0.3305/0.2137 0.3631/0.1923
Parameters/restraints 172/0 307/0 442/0 694/0
R/wR5 indices [I > 20(])] 0.061/0.153 0.0369/0.0627 0.0390/0.0770 0.0536/0.1221
R,/wR, for all reflections 0.077/0.161 0.0529/0.0661 0.0521/0.0810 0.0733/0.1321
Goodness-of-fit on F2 1.118 1.110 1. 086 0.973
Largest diff. peak/hole [e A7) 1.292/-0.384 0.550/-0.854 1.363/-1.083 1.656/-1.520

isolate single crystals suitable for X-ray diffraction. The
crystallographic data and refinement parameters are listed
in Table 1. The molecular structure of C, together with se-
lected interatomic distances, is depicted in Figure 1. This
represents the first X-ray structure of a carbagermaborane
anion.

Figure 1. ORTEP plot of C in 1; ellipsoids at 50% probability. In-
teratomic distances [A]: Ge2-C1 2.203(5), Ge2-B11 2.190(4), Ge2—
B7 2.201(5), Ge2-B3 2.203(5), Ge2-B6 2.213(5), B7-B3 1.808(7),
B11-B7 1.826(6), B6-BI1 1.827(6), B6-C1 1.738(6), C1-B3
1.728(6), C1-B4 1.708(6), B5—C1 1.738(6).

The Ge-C and Ge-B interatomic distances of 2.19-
2.22 A in the molecular structure of C are slightly shorter
than the values of 2.22-2.28 A found in crystal structures of
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small neutral closo-carbagermaboranes, 1-Ge-2,4-(SiMes),-
2,4-C,B4H, and 1-Ge-2,3-(SiMe3),-5-GeCl3-2,3-C,B,H;.['4
The similar Ge-C and Ge-B bond lengths determined indi-
cate the possibility of cage disorder in the crystal, which
results in difficulties in distinguishing between the CH and
BH vertices.I'”] The cage ordering found in the crystal of 1
may be attributed to interactions between the acidic N-H
proton in the cation and the B7-B11-B12 triangular face
in C. The three N-H-B distances are 2.62, 2.63 and 2.74 A,
where the N-H bond length is normalised at 1.009 A. These
distances are shorter than the sum of the van der Waals ra-
dii for boron and hydrogen atoms. It is intriguing to see a
Ge-Ge distance of 3.77 A between two anions in the crys-
tal structure as it is shorter than the sum of the
van der Waals radii for the Ge atoms.

The "B{'H} NMR spectrum for C was expected to show
six signals (1:1:2:2:2:2), but due to peak overlap only four
signals with an intensity ratio of 2:2:2:4 were detected.
From the ""B{'H}-'H heteronuclear-correlation NMR ex-
periment, the ''"B NMR signals at —4.7 and —13.3 ppm cou-
ple with two signals each in the '"H NMR spectrum. This
observation indicates that the —4.7 ppm peak is assigned to
the nonequivalent B9 and B12 atoms. Unfortunately, the
other three !'B signals could not be assigned from the
UB{IH}-""B{'H} COSY spectrum. The boron atoms adja-
cent to the cluster carbon atom were identified by decoup-
ling the ''B resonances selectively in the '*C NMR spec-
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trum. The broad '*C NMR peak at 59.6 ppm correspond-
ing to the cluster carbon atom sharpens on decoupling the
boron signal at —13.3 ppm. The B4,5 and B3,6 atoms are
therefore assigned to the —13.3 ppm !'B NMR signal.

Recently, good agreements were shown between experi-
mental and computed geometric and NMR spectroscopic
data for the tin anions D and F['¢l Although there have
been quantum mechanical investigations into boron clusters
containing germanium and tin,!>%17! there has been no cor-
responding study reported on the germanium clusters
shown in Scheme 1. Here, the optimised geometry for C is
in excellent agreement with the molecular geometry deter-
mined experimentally. The B7H and B11H vertices were
calculated to have the most negative Mulliken charges of all
BH vertices for C in agreement with the N-H-+-B interac-
tions found in the X-ray crystal structure of 1. The calcu-
lated "B NMR shifts from the optimised geometry of C
are 3.5 (B12), -4.0 (BY), -8.0 (B7,11), -8.4 (BS§,10), —13.7
(B4,5) and —13.9 (B3,6) ppm. This is in full agreement with
the limited boron peak assignments determined experimen-
tally for C.

Because we are interested in the coordination properties
of group(IV) heteroborates, we investigated the nucleophi-
licity and ligand reactivity of C. The basicity of C was com-
pared with that of other germanium and tin anions. The
favourable energies on protonation of these anions at the
germanium or tin atom were calculated and are listed in
Table 2. The base strength for the cluster anions increases
in this order:

SnCB,H,;~ (F) < GeCByH, (C) << SnB, H,*>
GeBy H; > (A)

D) <

The energies, Ge/Sn compositions and nature of the fron-
tier orbitals from MO calculations on the anions are also
listed in Table 2. Again, the order for the cluster anions
with respect to the HOMO energies is found to be the same
as for the base strengths. The Ge atoms show larger contri-
butions to the HOMOs compared to the Sn atoms. Both
factors indicate that the Ge cluster anions are better nucleo-
philes than their tin analogs.

The frontier orbitals in the cluster anions are of c-sym-
metry in the HOMOs and of n-symmetry in the LUMOs at
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the Ge/Sn atoms. Figure 2 shows the frontier orbitals for C.
One exception is the m-symmetry HOMO found for D,
which has a very similar energy value (only 0.01 eV differ-
ence) as its HOMO-2 with c-symmetry.!']

HOMO -2.84 eV

LUMO 3.12 eV

Figure 2. Computed frontier orbitals for C.

From Table 2, C has a similar basicity and nucleophilic-
ity as GeCl;~ and perhaps even more like SnCl;. The di-
anion [GeB;;H;;]* (A), on the other hand, is a stronger
base and nucleophile than GeMe; ™, partly due to the higher
negative charge carried by A.

The cluster anion C has been reported previously to be
a germanium ligand in coordination chemistry.l'3!8 Com-
plexes with C as a ligand have been synthesised with the
fragments [M(CO)s] (M = Cr, Mo, W), [CpFe(CO),] and
[C;H;Mo0(CO);]. Here, we present three coordination com-
pounds with ruthenium and iridium fragments, which are
the first structurally characterized examples of complexes
with C as a ligand.

In the reaction of C with the (benzene)ruthenium com-
plex [(C¢Hg)RuCl,),, cleavage of the chlorido-bridged dimer
resulted in the formation of the anion [(C¢Hg)Ru-
(GeCBoH,)Cl,] as a [BusNH] salt (2) (Scheme 3). From
the lack of reactivity with further equivalents of the germa-
nium ligand we can conclude that the ligand is not a strong
enough nucleophile to replace a chlorido ligand in the ru-
thenium complex. By comparison, the reaction of [(CgHg)-
RuCl,], with [SnB;H;,]* resulted in replacement of one of

Table 2. Computed data for selected germylene and stannylene anions.

Gas-phase HOMO LUMO HOMO LUMO HOMO LUMO

proton addition™  energy energy Ge/Sn Ge/Sn Ge/Sn Ge/Sn

[kcalmol ] [eV] [eV] % % type type
SnCBH;; (F)  278.8 -2.87 245 46 84 c T
SnCl;y~ 291.7 245 3.25 45 95 9 T
GeCBjoH;; (C) 293.0 -2.84 3.12 54 76 c T
GeCly 302.1 -2.37 3.50 42 81 c ol®
GeF;3~ 343.9 -0.34 6.60 94 65 c T
GePh;~ 363.7 -0.52 3.40 71 1 c fcl
GeH;™ 370.3 0.64 6.90 86 74 c T
GeMes;~ 385.3 0.88 6.69 77 82 c T
SnB;H;;> (D) 386.9 1.44 7.23 23 81 mldl T
GeB; H; 2 (A) 4045 1.77 8.16 64 71 c T

[a] Total energy difference between the anion and its protonated form with the proton at Ge/Sn. The higher the energy value the more
basic the anion. [b] LUMO+1 is n(Ge) type at 3.64 eV. [c] LUMO is n(phenyl). [d] HOMO-2 is o(Ge) type at 1.43 eV.
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the chloride ions by the ligand.['”) However, in the case of
the iridium electrophiles, [(Cp*IrCl,),] and [Ir(PPhs),Cl-
(CO)], the chlorido ligand is replaced by two germanium
ligands (Schemes 4 and 5). This contrasts with the lack of
reaction between F and Vaska’s complex.[?]

Ge qQ . 2
'- S 142 [(C.HRUCL) T Ru .‘%-\
Bu.NH H,JRUCL), - [
[Bu,NH] AYA‘ BuNHl .ﬁf
<7 cicl
[Bu.NH][GeCBH, ] [Bu,NH][(C,H,JRU(CI),(GeCB,H,)]
#CH 2

°BH

Scheme 3. Formation of 2.

1/2 [Cp*IrCL,
- [Bu.NHICI

2[Bu,NH] [Bu,NH]

[Bu,NH][GeCB, H,]

®CH
oBH

Scheme 4. Formation of 3.

fﬁ
' IrCI(CO)(PPh, 3
2[Me,NH] [rCUCONPPRLL 4o iy | OC— I
~[Me.NHICI
[Me.NHJ[GeCB, H. ] L )
#CH [Me,NH][(PPh.).I(CO)(GeCB,.H,,).]
oBH 4

Scheme 5. Reaction with Vaska’s complex and formation of 4.

The coordination compounds 2-4 were isolated in mod-
erate yields after crystallization. Crystal structure solution
and refinement data for 2-4 are listed in Table 1, and the
molecular structures of the anions together with selected
distances and angles are shown in Figures 3, 4 and 5.

Figure 3. ORTEP plot of the anion in [BusNH][(C¢Hg)Ru(Cl)-
(GeCBjoH )] (2): ellipsoids at 50% probability. Interatomic dis-
tances [A]: C1-Ge 2.155(3), Ru-Ge 2.3978(4), Ru—Cl1 2.3895(6),
Ru-CI2 2.4218(7).

3352

WWW.eurjic.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure4. ORTEP plot of the anion in [Bu;NH]-
[Cp*Ir(Cl)(GeCBgHy1)2] (3): ellipsoids at 50% probability. In-
teratomic distances [A] and angles [°]: Ir]-Gel 2.3827(5), Ir1-Ge2
2.3902(6), Irl1-Cll 2.4059(12), Gel-Cl 2.165(5); Gel-Irl-Ge2
92.87(2), Gel-Ir1-Cl1 87.27(3), Ge2-Ir1-Cl1 86.76(3).

Figure 5. ORTEP plot of the anion in [Me;NH][(PPh3),Ir(CO)-
(GeCBygH),] (4): ellipsoids at 50% probability. Interatomic dis-
tances [A] and angles [°]: O1-C3 1.145(8), C3-Irl 1.860(7), Ir1-P2
2.3414(16), Irl-Pl 2.3533(16), Irl-Gel 2.4352(7), Irl-Ge2
2.4408(7), C1-Gel 2.191(7), C2-Ge2 2.197(7); O1-C3-Ir1 177.2(6),
C3-Ir1-P2 82.9(2), C3-Ir1-P1 83.9(2), P2-Ir1-P1 163.66(6), C3—
Ir1-Gel 124.3(2), P2-Ir1-Gel 97.43(4), P1-Ir1-Gel 98.00(4), C3—
Ir1-Ge2 135.6(2), P2-Ir1-Ge2 93.41(4), P1-Irl-Ge2 89.28(5),
Gel-Ir1-Ge2 100.08(3).

In the solid state, 2 shows disorder of the benzene ligand
(Figure 3). The Ru-Ge bond of 2.3978(4) A is similar to the
Ru-Ge bond lengths reported for [CcHgRu(CO)(GeCls),] at
2.403(2) AR Longer Ru-Ge bonds are quoted at
2.4455(4) A for [Ru(Cl)(CO)-trans-(PPhs),(GeMe;)]22 and
2.5239(6) A for [Ru(GeB;;H;;)(MeCN),(triphos)]® due to
considerably different metal coordination states combined
with the steric and electronic effects of the various ligands.

The Ir-Ge bonds of 2.3827(5) and 2.3902(6) in 3 are
shorter than the corresponding distances of 2.4352(7) and
2.4408(7) in 4 by ca. 0.05 A arising from the different metal
coordination states (four-coordinate in 3 and five-coordi-
nate in 4) and different steric and electronic effects of the

Eur. J. Inorg. Chem. 2011, 3349-3356



1,2-Carbagerma-closo-dodecaborate as a Ligand for Germanium

noncluster ligands. The Ir-Ge values for 4 are similar to the
Ir-GePh; and Ir-GeMe; bond lengths reported elsewhere:
[Ir(PPhs)>(CO)(H)»(GeMes)] 2.484(2) A2 [Ir(H)(CO)s-
(GePhs),] 2.484(2) A,24 [Ir(CO),(COD)(GePhs)] 2.4693(2)
A (COD = cyclooctadiene),24! [Ir(CO);(GePhs),] 2.4922(8)
and 2.4932(8) A.[23]

The trigonal-bipyramidal geometry in 4 is also present in
the analogous stanna-closo-dodecaborate compound,
[MesN]s[Ir-trans-(PPh3),(CO)(SnB; H; ), the similar
iridium complex [Et,N][Ir-trans-(PPh3),(CO),(SnB;;H; ;)]
and the rhodium complex [BuyN]o[Rh-trans-(PPhs),-
(SnCB,oH;)3].l' Clearly, C behaves like D and F in favour-
ing the equatorial positions in trigonal-bipyramidal geome-
tries of the type MLs(PPhj),. It has been suggested that
such clusters are weak m-acceptors,l'® as shown from the
LUMO of C in Figure 2, thus prefer the equatorial posi-
tions compared to the strong c-donor PPhjs, but the sizes
of the cluster ligands are probably also responsible. Optimi-
zation of 4 with one borato ligand in the apical position
gave a geometry 3.5 kcalmol ! higher in energy than the
optimized trans-phosphane geometry.

There are several weak intra- and intermolecular con-
tacts in the crystal structures of 2-4. The salts 2 and 3 show
N-H---Cl interactions between the anion and the cation.
The distances for N-H(3)---CI(1) and N-H(3)---CI(2) in 2
and N-H(1)--Cl(1) in 3 are measured at 2.57, 2.55 and
2.29 A, respectively, where the N-H bond lengths are nor-
malised at 1.009 A.

The clusters in the complexes 2-4 are ordered, which may
be explained by the weak interactions between the acidic
hydrogen atom at the cage carbon atom and an atom or
ring that is electron-rich.l'! In 2, the intramolecular contact
is 3.17 A at C-H--Cl; whereas in 3 a similar contact of
2.93 A is found where the cage C—H bond length is normal-
ised at 1.083 A. There are also close C—H-B contacts of
2.93 and 2.89 A between the two cages in 3. An intramolec-
ular cage CH-1(C¢Hs ring centroid) contact of 2.54 A and
an intermolecular cage CH--Cl interaction of 3.14 A are
found in the crystal structure of 4. The chlorine atom in the
latter interaction is from the dichloromethane solvate in the
crystal.

In the "B NMR spectrum, the starting material 1 has
an averaged shift of -9.6 ppm, whereas both compounds 2
and 3 have averaged shifts of —12.7 ppm. This shift towards
lower frequency is expected when an electron-donating sub-
stituent is attached to a vertex in icosahedral boron clus-
ters.[2¢]

The changes in the ''B NMR shifts on changing the na-
ture of one vertex are usually significant for atoms corre-
sponding to the neighbouring and antipodal boron atoms
in icosahedral boron clusters.?%271 When the Ge vertex is
substituted in [GeCBoH;,]” the ''B NMR shift changes are
expected to be significant for B3, B6, B7 and B11 as neigh-
boring atoms and for B9 as the antipodal atom. As the
4.7 ppm peak is assigned to both B9 and BI2 atoms in
[GeCB;oH ], the B9 peak value would be expected to shift
significantly in compounds 2 and 3 with respect to the B12
peak. For 2, the ''B peaks observed at 5.9 and —~10.6 ppm
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are thus assigned to the B12 and B9 atoms, respectively;
whereas for 3, the peaks —6.3 and —10.2 ppm correspond to
B12 and B9, respectively.

The gas-phase geometries of the cluster anions in 2-4
were also optimized by density functional calculations and
agree very well with the molecular geometries determined
by XRD. The differences in the Ge-Ir bond lengths be-
tween 3 and 4 are reproduced by computations. ''B NMR
shifts were computed from these geometries, and the values
are in good agreement with the experimental ''B NMR
spectroscopic data obtained for 2-4. The observed averaged
"B NMR shifts and the B9 and B12 peak assignments dis-
cussed above are supported by the computed results.

Conclusions

The anion [GeCBoH;;]" is a nucleophile of moderate
strength in coordination chemistry. It has similar frontier
molecular orbital energies, nucleophilicity and basicity as
the more widely known germylene anionic ligand [GeCls] .
[GeCBoH ] is a stronger nucleophile than the homolo-
gous tin cluster [SnCB;oH;;]" but less reactive than the
stanna-closo-dodecaborate dianion [SnB;;H;]>* based
on experimental and computational comparisons.
[GeCBoH;;] forms metal-germanium bonds with ruthe-
nium and iridium complexes.

Experimental Section

General: All manipulations were carried out under dry argon by
using standard Schlenk techniques. Solvents were dried and puri-
fied by established methods and stored under argon. Elemental
analyses were performed at the Institut fiir Anorganische Chemie,
Universitdt Tlibingen, by using a Vario EL analyzer. The ESI mass
spectra were recorded in positive- and negative-ion modes by using
a Bruker Esquire 3000plus spectrometer equipped with an ESI
interface. NMR spectra were recorded with a Bruker
Avance II + 500 NMR spectrometer equipped with a 5 mm TBO
probe head and operating at 500.13 ('H), 125.76 (*C) and
160.46 MHz (!'B), a Bruker Avance II + 400 NMR spectrometer
equipped with a 5 mm QNP probe head and operating at 400.13
('H), 100.13 (13C) and 161.98 (*'P) MHz, and a Bruker DRX-250
NMR spectrometer equipped with a 5 mm ATM probe head and
operating at 250.13 (*H) and 80.25 (''B) MHz. Chemical shifts are
reported in J values relative to external TMS ('H, '3C), BF5-Et,O
(""B) and 85% H3PO, (aq.) (*'P). All chemicals were purchased
commercially except for [Me;NH][CB;oH 3], which was prepared
according to modification of literature methods by the reduction
of Me;NCBjoH;; with sodium metal.?81 [(C4Hg)RuCl,], 2!
[Cp*IrCL,],B% and [IrCI(CO)(PPhs), ]! were synthesized according
to literature procedures.

Crystallography: X-ray data for compounds 1-4 were collected with
a Stoe IPDS 2T diffractometer and were corrected for Lorentz and
polarization effects and absorption by air. The programs used in
this work were Stoe X-Area and the WinGX suite of programs
including SHELXS and SHELXL for structure solution and refine-
ment.[3?37) Numerical absorption correction based on crystal-
shape optimization was applied with Stoe X-Red and X-Shape.
CCDC-818332 (for 1), -818329 (for 2), -818331 (for 3) and -818330
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(for 4) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

[BusNH|[GeCBgH;;] (1): A solution of [Me;NH][CBoH3]
(196.4 mg, 1.02 mmol) in THF (15 mL) was cooled to —78 °C, and
n-butyllithium (1.3 mL, 3.24 mmol, 2.5M in hexane) was added
slowly. The mixture was stirred at room temperature for 3 h, and a
white precipitate was formed. When butane evolution had stopped,
the suspension was again cooled to —78 °C, and a solution of
GeCl,-dioxane (519.8 mg, 2.24 mmol) in THF (2 mL) was added.
After warming to room temperature, the solution was stirred over-
night. After removing the solvent under reduced pressure, the prod-
uct was redissolved in NaOH (15 mL, 1 N), and the side products
precipitate as an orange solid, which was removed by filtration.
The clear filtrate was treated with [BusNH]CI to precipitate
[BusNH][GeCBoH;;], which was collected by filtration and
washed with plenty of water and Et,O and dried in vacuo. Yield:
4549 mg, 69%. MS (-)(ESI): m/z = 203.9 {[GeCB;oH,]7}.
[Bu;NH][GeCB,oH,] (391.95): caled. C 40.02, H 10.08, N 3.59;
found C 40.04, H 10.22, N 3.69. The [Me;NH] salt was synthesized
analogously by using [Me;NH]* as the cation. '"B{'H} NMR
(CDsCN): 6 = -4.7 (2 B, B9,12), -7.5 (2 B, B7,11 or B8§,10), -9.0
(2 B, B8,10 or B7,11), -13.3 (4 B, B3,6,4,5) ppm. 3C NMR
(CD3CN): § = 59.6 [GeCH(BH)(], 46.0 (MesNH) ppm. 'H{!'B}
NMR (CD;CN): 6 = 2.04 [1 H, GeCH(BH);(], 2.51, 1.94, 1.58,
1.27 [10 H, GeCH(BH)), 2.84 (9 H, MesNH) ppm.

[BusNH][(CsHg)Ru(Cl),(GeCBoH;{)] (2): A solution of 1 (50 mg,
0.144 mmol) in CH,Cl, (10 mL) was added by syringe to [(CsHyg)-
RuCl,], (36.3 mg, 0.072 mmol) in CH,Cl, (15 mL) at room tem-
perature. The resulting red-brown solution was stirred at room tem-
perature for 12 h. By layering with hexane red single crystals of 2
(21.74 mg, 33.94 mmol) were obtained. Yield: 27.3%. "'B{'H}
NMR (CD,Cl,): 6 = -5.9 (1 B), -10.6 (1 B), —-12.4 (4 B), —-14.6
(2 B), -15.6 (2 B) ppm. 3C NMR (CD,Cl,): § = 138
[(CH;CH,CH,CH,);NH], 20.4 [(CH;CH,CH,CH,);NH], 25.6
[(CH;CH,CH,CH,);NH], 52.8 [(CH3;CH,CH,CH,);NH], 59.6
[GeCH(BH) (], 86.0 (CsHg) ppm. 'H{!"B} NMR (CD;CN): § =
2.48 [1 H, GeCH(BH),(] 1.01 [9 H, (CH;CH,CH,CH,);NH], 1.43
[6 H, (CH;CH,CH,CH,);NH], 1.70 [6 H, (CH;CH,CH,CH,)s-
NH], 3.05 [6 H, (CH;CH,CH,CH,);NH], 5.74 [6 H, (CsHy)], 7.89
[(CH;CH,CH,CH,);NH] ppm. MS (—)(ESI): m/z = 453.7 {[(CsHy)-
Ru(CI)(GeCBoH )] 5. [BusNH][(CsHg)Ru(Cl)5(GeCBoH; )]
(641.97): caled. C 35.64, H 7.08, N 2.19; found C 35.65, H 7.13, N
2.24.

[BusNH|[Cp*Ir(Cl)(GeCBoHy1)2] (3): A solution of 1 (26.2 mg,
0.038 mmol) in CH,Cl, (5mL) was added to a solution of
[Cp*IrCL], (15 mg, 0.019 mmol) in CH,Cl, (10 mL) at room tem-
perature. The yellow solution was stirred for 12 h. Layering of this
solution with hexane led to the formation of yellow single crystals
of the product (11.2mg, 0.012 mmol). Yield: 31.6%. '""B{'H}
NMR (CD,Cl,): 6 = -6.3 (1 B), -10.2 (1 B), —12.2 (4 B), —14.0 (2
B), -162 (2 B) ppm. 3C NMR (CD;CN): 6 = 137
[(CH;CH,CH,CH,);NH], 20.2 [(CH3;CH,CH,CH,);NH], 26.0
[(CH;CH,CH,CH,);NH], 53.1 [(CH;CH,CH,CH,);NH], 55.4
[GeCH(BH),(], 96.1 [(CH3)sCs], 9.9 [(CH3)sCs] ppm. 'H{''B}
NMR (CDs;CN): 6 = 2.65 [1 H, GeCH(BH),o], 1.02 [9 H,
(CH;CH,CH,CH,);NH], 1.44 [6 H, (CH;CH,CH,CH,);NH], 1.72
[6 H, (CH3;CH,CH,CH,);NH], 3.10 [6 H, (CH;CH,CH,CH,);-
NH], 2.1 [15 H, (CH;3)sCs] ppm. MS (ESI): m/z = 769.1
{[Cp*Ir(CI)(GeCBoH11),] - [BusNH][Cp*Ir(C1)(GeCB,oH 1))
(965.50): caled. C 30.12, H 6.85, N 1.46; found C 30.40, H 7.08, N
1.53.
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[Me;NH][(PPh3),Ir(CO)(GeCBgHyy),] (4): To a solution of
[IrCI(CO)(PPh3),] (10 mg, 0.013 mmol) in CH,Cl, (5mL) was
added [MesNH][GeCBoH;;] (6.8 mg, 0.026 mmol) in CH,Cl,
(3 mL) at room temperature. The solution was stirred for 12 h. Lay-
ering of the solution with hexane led to the formation of yellow
single crystals of 4:[Me;NH]CI-CH,Cl, (5.6 mg, 0.004 mmol).
Yield: 30.8%. IR (KBr): ¥ = 2524 (BH), 1951 (CO) cm™!. "B{'H}
NMR (CD;CN): poorly resolved peaks between o = —4.5 and
~14.5ppm. 3P{'H} NMR (CD;CN): § = 2.8 ppm. 'H{''B}
(CD;CN): 2.83 [1 H, GeCH(BH),(], 7.71-7.36 (30 H, PPhs), 2.83
(Me3;NH) ppm. 3C NMR (CD;CN): 6 = 135.1, 131.2, 128.5, 120.3
(PPh3), 55.7 [GeCH(BH)), 45.8 (Me;NH) ppm. MS (ESI): m/z =
11244 {[(PPh3),Ir(GeCBoHj ).l }.  [MesNH][(PPh;),Ir(CO)-
(GeCB,oH)),][MesNH]CI:CH,Cl, (1360.93): caled. C 39.66, H
5.39, N 2.01; found C 39.49, H 5.46, N 2.20.

Computations: All quantum chemical calculations were carried out
at the B3LYPB840/6-31G*1] Jevel for all atoms except Ge, Sn, Ir
and Ru, which were treated with the LANL2DZM*? basis set by
using the Gaussian 03 package.*’] The geometries discussed here
were optimized with no symmetry constraints. Electronic-structure
and NMR computations were also carried out at the same level of
theory. Calculated GIAOM4 "B NMR chemical shifts were refer-
enced to BF5-OEt, for ''B: 6 (''B) = 111.7 — o(''B).[**! Gas-phase
proton addition energies were obtained from the differences in the
total energies of the anions and their optimised protonated forms.
The MO diagrams and orbital contributions were generated with
the aid of Gabedit!*®! and GaussSum!7 packages, respectively. Cal-
culated "B NMR spectroscopic data: [GeCB,(H;]: § = -3.9
(B12), -4.6 (BY), -7.2 (B7,11), 8.8 (B8,10), —13.5 (B4,5), —-13.9
(B3,6), averaged shift —9.5 ppm; [Ru(C4Hg)Cl,GeCBgH (] : 0 =
-5.8 (B12), -11.8 (B9), —-11.4 (B7,11), —12.5 (B8,10), —15.2 (B4,5),
—15.6 (B3,6), averaged shift —12.7 ppm; [Ir(CsMes)CI(GeCB (-
Hy)),]: 0 = 5.4 (B12), -10.8 (BY), —12.4 (B7,11), —12.5 (B8§,10),
—15.2 (B4,5), —-15.5 (B3,6), averaged shift —12.7 ppm; [Ir(PPh;),CO-
(GeCBoHy)),]: 0 = -4.5 (B12), -8.5 (B9), -9.6 (B7,11), —10.7
(B8,10), —14.2 (B3,6), —14.5 (B4,5), averaged shift —11.1 ppm.
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