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Abstract: The type of the reactions of addition of exo-bonded groups to deltahedral Zintl ions such as
Gey™ has been established as addition of anionic nucleophiles. Various nucleophiles such as Ph;Bi~,
Ph,Sb~, Ph~ interact with the relatively low-lying LUMO of Gey?~ and/or the half filled HOMO of Geg®~ and
bond to the clusters. The title anions, characterized in their (K-crypt) salts where crypt = 4,7,13,16,21,24-
hexaoxa-1,10-diazabicyclo-[8.8.8]-hexacosane, and the previously characterized [Ph,Sbh—Gey—SbPh,]?>~
are made by a reaction of KsGeg with SbPhs in ethylenediamine. [Ph—Gey—SbPh,]?>~ is the first ogranically
functionalized deltahedral Zintl ion, i.e., a deltahedral ion with a direct carbon-cluster covalent bond, that
can exists without the substituents as well. The Geg clusters resemble tricapped trigonal prisms with one
elongated edge (one of the three edges parallel to the pseudo 3-fold axis). The two substituents are always
bonded to the vertexes of such an elongated edge. The same is true for the intercluster bond in [Ph,Sb—
Geg_Geg—SbPh2]4_.

Introduction to covalently bond various groups to the clusters and synthesize

o . ) . . the ultimate functionalized clusters. Reported recently was the
Zintl ions are polyatomic anions of the heavier main-group i<t s,ch derivatized deltahedral cluster {Bh-Gey—SbPh]2
elements that can be stabilized in liquid ammonia or ethylene- (1) made by a reaction of ethylenediamine solution a6k

d@mme and can be eventuglly crystalllzgd from such solut.|ons with SbPh.7 Here, we report the structures of two more products
with appropriate coun_terc_atlons. A spemal_group of such IONS of the same reaction, the first organically functionalized
are the deltahedral Zintl ions of the heavier members in the yaitanedral Zintl ion, [PhGe;—SbPh]2~ (2), and a dimer of

carbon group, Ge, Sn, and PBhese are five- and nine-atom ¢, sters functionalized with two diphenylantimony groups ofPh
cage-like clusters with triangular faces and delocalized bonding Sb-Ge,—Ge—SbPh]4~ (3). Discussed at length is also the
as in the deltahedral boranes. The reactivity of these species,, ,haple course of the reactions of addition to the clusters. It is
expected to be different from Zintl ions with normal 2-center-  jetermined that they are nucleophilic addition reactions where
2-electron bonds, has not been sufficiently studied. Actually, o1 2nionic nucleophile Nuinteracts with an empty or half-
until recently, the clusters were assumed to be so highly reduceds o4 orbital of the cluster and forms an exo-bond.

that any attempt for oxidation was expected to destroy them.

Thus, all studies of their chemistry were confined to Lewis Experimental Section

acid—base reactions where the clusters were used as ligands to

coordinate to transition metals via their lone pairs of electfons.
The first breakthrough i_n th_e redox c_hemistry of these species composition KGe, was synthesized by heating (96, 2 days) a

W_as the SuccesslfUI “ox-ldatlve" coupling of “'”e'atF’m 9€rMa- gsioichiometric mixture of the elements in niobium containers (arc-
nium clusters into dimers of [GeGe]°.® This was  \elded in Ar at low pressure) enclosed in quartz ampules under vacuum.
quickly followed by the synthesis of a chain of clusters Ethylenediamine solutions of this precursor were reacted with SbPh
I[—(Ge?)—1,4 as well as smaller oligomers such as trimers in various molar ratios and at different temperatures. Nevertheless, these
and tetramers, [GeeGe=Ge]®~ and [Ge=Ga=Ga=Ga)?", different conditions did not seem to affect significantly the outcome

respectively’.® These results indicated that it should be possible of the reactions, and in many cases two or three different solid phases
were crystallized. A typical reaction for obtaining (K-cryj2Xol as

Synthesis All manipulations were performed inside a nitrogen-filled
glovebox with moisture level below 1 ppm. A precursor of nominal

(1) Reviews: (a) Corbett, J. IEhem. Re. 1985 85, 383. (b) Fasler, T. F. one of the crystalline phases starts with 94 mg &k dissolved in
Coord. Chem. Re 2001, 215, 377. 1 mL enmixed with 216 mgrypt (tol = toluene en= ethylenediamine,

@ Eg)) E‘I‘émgm *?3- va Hggigﬁg?tgr}qhméméﬁgrim'Ssr;gdh?:%aerl#qc%mrﬁun crypt=4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo-[8.8.8]-hexacosane).
199q 937. (c) Gardner, D. R.; Fettinger, J. C.; Eichhorn, B. Avigew.  The resulting brown-red solution is then reacted with 49 mg of $bPh

Chem., Int. Ed. EnglL996 35, 2852 (d) Kesanli, B.; Fettinger, J.; Eichhorn,  while stirring for 6 h. The solution becomes blood-red. After filtration,
B. Chem. Eur. J2001, 7, 5277. (e) Kesanli, B.; Fettinger, J.; Gardner, D.;
Eichhorn, B.J. Am. Chem. So®002 124, 4779.

(3) Xu, L.; Sevov, S. CJ. Am. Chem. S0d.999 121, 9245. (5) Ugrinov, A.; Sevov, S. CJ. Am. Chem. So2002 124, 10 990.
(4) Downie, C.; Tang, Z.; Guloy, A. MAngew. Chem., Int. Ed. Eng?00Q (6) Ugrinov, A.; Sevov, S. Clnorg. Chem 2003 42, 5789.
39, 337. (7) Ugrinov, A.; Sevov, S. CJ. Am. Chem. So2002 124, 2442.

10.1021/ja037007b CCC: $25.00 © 2003 American Chemical Society J. AM. CHEM. SOC. 2003, 125, 14059—14064 = 14059
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Table 1. Crystallographic Data for (K-crypt),2-tol and
(K-crypt)43-2.5en.

formula (K-crypt)2-tol (K-crypt)s3-2.5en
fw 1929.67 3671.13

space group? Pna2, 4 P14

a 23.584(4) A 14.333(4) A

b 24.664(4) A 26.108(8) A

c 12.910(2) A 38.64(1) A

a 80.472(7y

B 82.169(6y

y 84.332(8y

\% 7510(2) A3 14085(8) B

Pealc 1.707 gcm=3 1.731gcm=3
radiation,A Mo Ka, 0.71073 A Mo Ku, 0.71073 A
T 100 K 100 K

u 40.68 cnrt 43.33 cnrt
R1IWR2 ( = 201)2 6.46/16.42% 8.40/19.28%
R1/wR2 (all data) 9.66/18.59% 17.34/24.04%

AR1=3||Fo| — |Fell/Z|Fol, WR2= { [ZW[(Fo)? — (Fo)42l/[Zw(F%)7} 2
for Fo? > 2 0(Fod), W = [0%(Fo)? + (AP)q L whereP = [(Fo)? + 2(Fo)4/3;
A = 0.1 for (K-cryptp2-tol; A = 0.0891 for (K-crypt)3-2.5en

i ; ; ; .2 Figure 1. ORTEP drawing (thermal ellipsoids at the 50% probability level)
:t S carefull);]layerfcli with tfoluenz af; cljs the_n Itiﬁ undlstu;tr)]ed un:;: of 2 with the distances [A] to the two substituents shown. Other important
arge enough crystais are formed, ays In this case. 1he MONer yiqiances are as follows: GeGe2 2.577(2), GetGe3 2.606(2), Get
liquor is decanted and the crystals, orange plates of (K-c&f) (yield Ge4 2.606(2), Ge1Geb 2.595(2), Ge2Ge3 2.705(2), Ge2Geb 2.927-

of up to 55% with respect to Ge) and brown-red polyhedra of (K- (2), Ge2-Ge8 2.642(2), Ge2Ge9 2.602(2), Ge3Ge4 2.881(2), Ge3
crypt,Gey, are collected. (This latter compound was initially reported Ge7 2.626(2), Ge3Ge8 2.643(2), Ge4Ge5 2.722(2), Ge4Ge6 2.642(2),

as (K-cryptyGeyp but is more likely (K-crypt)Ges, although the Ge4-Ge7 2.634(2), Ge5Ge6 2.667(2), Ge5Ge9 2.607(2), GebGe7

: . ; 2.572(2), Ge6-Ge9 2.562(2), Ge7Ge8 2.543(2), Ge7Ge9 3.098(2),
structur_e h_as not been properly determifled typical reacﬂo_n for Ge8-Ged 2.567(2). The angles (deg) at Sb are 93.1(5) foBB-C and
crystallization of (K-crypt)l-en and (K-crypt)3-2.5en starts with 35 98.2(4) and 96.9(3) for €Sb-Ge

mg of KsGe and 72 mgerypt dissolved in 1 mLen This solution is

then reacted with 17 mg SbPht 65°C for 4 h while stirring. The

resulting red solution is cooled to room temperature, filtered, layered

with toluene, and after a few days crystals are recovered. In this case

orange-red plates of (K-crypflren (up to 70% yield), red plates of

(K-crypt)s3-2.5en (usually 1615% yield), and brown-red polyhedra

of (K-crypt),Ge; were obtained. Other reactions have produced various

combinations of these four compounds and some times also smallResults and Discussion

amounts of (K-crypgGesGey0.5en with isolated G&.° It should be

pointed out that often the precursor does not dissolve completely, most ~ Structure Description. Crystallographically, there is one type

likely because of presence of impurities, and this limits the control Of anion2 (Figure 1) but two typesh andB, of anion3 (Figure

over the amounts of dissolved precursor. Also, these systems are sa?) in the corresponding structures. However, as it can be seen

highly reduced that often manipulations that might be routine for many from Figure 2 as well as based on distances and anglasd

other systems easily destroy the clusters and result in precipitation of B gre almost identical. The cores ?fand 3 contain the well-

elemental germanium. known nine-atom deltahedral clusters of germanium. Such naked
1H NMR spectra of the ethylenediamine solutions before Crystal' clusters have been characterized in numerous Compounds’ and

lization were taken on a Varian VXR 300 MHz spectrometer (a sealed gy geometry and the charge seem to be quite flexifleey
capillary with GD1, + 1% TMS for a reference). They show multiple can be G¢, Ge®, or Ge*~, whereas the geometry is based

sets of monosubstituted phenyl rings (680 ppm) due tdl, 2, 3, on a tricapped trigonal prism distorted in various ways and

and various amounts of unreacted SpRhd SbPk . This indicates The di ) | iated with el .
that the three anions are present in all reactions but different sets of €Xt€Nt. The distortions are always associated with elongation

them crystallize depending on the specifics of the reaction. In addition, Of one, two, or all three edges of the trigonal prism that are
a relatively strong signal of benzene is always observed. parallel to the 3-fold axis. For example, clusters with
Structure Determination. X-ray diffraction data were collected from  two elongated edges form the trimers and tetramers of
an orange plate of (K-cryp8-tol (0.23 x 0.17 x 0.02 mm) and a red
plate of (K-crypt)3-2.5en (0.18x 0.12 x 0.02 mm) with graphite- (10) '(?a})ge;ﬁis‘ é-eDéD ?ggéRBeé%Q;sgs?a 3098. (b) Lee, C.; Yang, W. Parr,
monochromated Mo & radiation at 100 K on a Bruker APEX  (11) Gaussian 98, Revision A.11.3, Frisch, M. J.; Trucks, G. W.; Schlegel, H.

diffractometer with a CCD area detector. The structures were solved B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.;
Montgomery Jr., J. A.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam,

conjunction with the 3-21G basis set. The calculations were performed
with the Gaussian 98 package, revision A.1%.8n Notre Dame’s
“Bunch-o-Boxes” Beowulf clusters. Orbital pictures were plotted with
Molden?? Calculated HOMG-LUMO gaps: 3.04, 3.09, 2.45 eV for

1, 2, and3, respectively.

by direct methpds and refi_ned & gsing the SHELXTL \_/5'1 package J. M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;
(after absorption corrections with SADABS). Details of the data Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;

i 1 i ; Clifford, S.; Ochterski J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q,;
Conecnons.and refinements are: glven.ln Tablt.a 1 . Morokuma, K.; Rega, N.; Salvador, P.; Dannenberg, J. J.; Malick, D. K;
Electronic Structure Calculations. Single-point DFT calculations Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,

i i inati J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;

were carried out using the geqmetry fr_om the_ structure determination. Komaromi. | Gomperts, R : Martin. R. L.. Fox, D. J.: Keith. T: Al-Laham.

The Becke 3-parameter density functional with the +¥ang—Parr M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
correlation functional (B3LYPJ was used in the calculations in Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
Gordon, M.; Replogle, E. S.; Pople, J. A. Gaussian, Inc., Pittsburgh, PA,

2002.
(8) Belin, C.: Mercier, H.; Angilella, VNew J. Chem199], 15, 931. (12) Schaftenaar, G.; Noordik, J. B. Comput.-Aided Mol. DesigR00Q 14,

(9) Féssler, T. F.; Schiz, U. Inorg. Chem.1999 38, 1866. 123.

14060 J. AM. CHEM. SOC. = VOL. 125, NO. 46, 2003
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Figure 2. ORTEP drawing (thermal ellipsoids at the 50% probability level)
of the two crystallographically different anio@\ and 3B.

[Ge—=Ge=Ga)® and [Ge=Ge=Ge—Gea)]®", respectively:®
On the other hand, only one edge is elongated,ig, and3,
the edge 79 of the trigonal prism formed by the triangular  rigure 3. MOLDEN plots of orbitals calculated for the core clusterste
bases 34—7 and 2-5—9 (Figures 1 and 2). This edge & in2: (a) LUMO, (b) HOMO, (c) HOMO-1, and (d) HOMG-2. The long
and the pairs of such edges3A and3B are 3.098(2), 3.044- edge 79 (see Figure 1) of the trigonal prism is in front (vertical) and is
(2), 3.071(2), 3.054(2), and 3.074(2) A, respectively, whereas not drawn.
the other two edges,23 and 4-5, are rather normal, 2.705(2) of bonds that are along the two elongated edges of each
and 2.881(2) A irg, 2.768(2), 2.718(2), 2.726(2), and 2.736(2) cluster®® Thus, on the basis of these observations, a more
A'in 3A, and 2.765(2), 2.722(2), 2.747(2), and 2.728(2) A in general statement can be made that naked nine-atom clusters
3B. The remaining distances in the clusters are typical for these always add substituents along the elongated prismatic edges of
species and, in general, are longer for atoms with higher the clusters. Distinction should be made, however, from various
coordination. ligated main-group clusters that are directly assembled from
The substituents, phenyl and diphenylantimony groups, are atoms that are already bonded to the substituents. For example,
attached along the elongated edges of the clusters, i.e., to atomthe three Si(SiMgs; substituents in [G£Si(SiMe3))s]~ are
7 and 9. This is also the case for the intercluster bor8\itnere bonded to the three capping atoms of the nine atom cluster with
each Gecluster acts as a substituent to the other one. The@e  three elongated prismatic edgés-lowever, these species are
distance of 1.94(1) A ir2 and the average GeSb distance of made by a reaction between'8eand Li(Si(SiMe)s) that does
2.655 A in2 and 3 compare well with similar bonds in other  not involve preformed Ggclusters.
compounds and correspond to single bonds. For example, 1.957- This specific positioning of the substituents In2, and 3
(4) Ais the Ge-C distance in PjGel3whereas 2.636 and 2.624  can be explained with the specifics of the electronic structure
A are observed for GeSb in ((CHy):GekrSb—Sb(Ge(CH)s3),.14 of the naked Gegclusters and their ability to carry different
Also, Ge-Sb distances of 2.6483(5) and 2.6505(5) A are found charges. DFT calculations on the core nine-atom clusters for
in [Ph,Sb—Gey;—SbPh]?~.” The Ge-Ge distances between the all three anions provided very similar results as can be expected
pairs of clusters ir8, 2.482(2) A in3A and 2.486(2) A ir3B, from their very similar geometries, and can be generalized for
also correspond to a single-bond distance and compare well withany such cluster with one elongated edge. The LUMO for a
the distance of 2.488(1) A in [GeGe)]® and 2.486(1) A in charge of 2= (HOMO for Ge®~ and Gg*") is in a relatively
I (Ge2)—].34 large energy gap, about 2.5 eV from the next higher orbital
Electronic Structure. The observed mode of exo-bonding (LUMO+1)and 1.1 eV from the HOMO, and is quite indifferent
where the substituents are attached along an elongated edge o¥f whether it is occupied or not. The calculated energy difference
the cluster is the only mode observed so far for di-substituted between G¢~ and Gg? is only 0.0001 eV. It has been pointed
clusters, and the preference seems to originate from the particula©ut, some time ago, that this orbital (calculated by the extended-
shapes of the HOMO and LUMO of the core clusters (below). Hiickel approach for BF* with three elongated edges) is almost
The same mode of exo-bonding is observed alsd.fand the explicitly composed of the; orbitals of the nine atoms (Figure
chains of}[—(Ge?)—].47 Similarly, the single exo-bond for 3a)16 Also similarly made ofp, orbitals but with almost no
the dimer [Ge—Gey]® is along the elongated edges of the participation from the capping atoms are the underlying HOMO
two clusterss Also, the clusters in [%:G@=G®]67 and and HOMO-1 (Figure 3, parts b and C). GOing further down

[Ger=Ge;=Gey=Gey]®~ are connected to each other with pairs in énergy, we find that the next orbital, HOM& (Figure 3d)
is made of onlypypy of the six atoms forming the prism. The

(13) Karipides, A.; Haller, D. AActa Crystallogr.1972 B28, 2889.
(14) Roller, S.; Drger, M.; Breunig, H. J.; Ates, M.; Gulec, S. Organomet. (15) Schnepf, AAngew. Chem., Int. E®003 42, 2624.
Chem.1989 378 327. (16) Corbett, J. D.; Rundle, R. Eiorg. Chem.1964 3, 1408.

J. AM. CHEM. SOC. = VOL. 125, NO. 46, 2003 14061
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LUMO is m&-bonding within the bases of the prism and
o-bonding to the capping atoms, but itdsantibonding between
the bases, i.e., along the prismatic edges parallet. tbhe
HOMO and HOMO-1 (degenerate for ide#ls,), on the other
hand, arer-antibonding within the bases botbonding between
them, along the prismatic edges. Finally, HOM®is o-bond-

ing within each base but-antibonding between them. There-
fore, the positions of the LUMO, HOMO, and HOM&L will
depend very strongly on the number of elongated edges and
the extent of the elongation. Larger elongations and a greater
number of elongated edges will stabilize the LUMO and
destabilize the HOMO and HOM®©L, whereas compression
will act in the opposite direction. At the same time, HOMQ

will be affected very slightly by such distortions alorg

Clearly, both the LUMO and the HOMO are very suitable
for interactions with substituents: they are frontier orbitals, both
protrude outside the cluster, and both are mostly concentrated
at the same two vertexes, those along the long edge. The HOMO
is symmetrical while the LUMO is antisymmetrical with respect
to the two vertexes of the open edge. These two orbitals, together
with the underlying two lone-pair type orbitals at the two
vertexes, interact with the corresponding in-phase and out-of-
phase combinations of the-orbitals of the two substituents.
This leads to formation of two strongly bonding, two less
bonding, and two antibonding molecular orbitals. The second _ ) o )
pair of bonding orbitals are the former LUMO and HOMO of ;zu['é ;'_P'\f]?}a,ﬁﬁ g'eogfngig/r?gsfnﬁfgcgfﬂg fﬁbhdgcft?;t'a%atg[?d"
the core cluster being stabilized by the interactions with the (¢) HOMO-2, and (d) HOMG-9. The long edge 79 (see Figure 1) of
substituents. They remain predominantly skeletal bonding the trigonal prism is in front (vertical) and is not drawn.
orbitals for the cluster but with some mixing from the substit-

. - . . seems to be directly related to the course of the reaction. To
uents. This mixing brings them from being the two cluster-  gy,qy it in more detail, calculations were carried out also on

bonding orbitals with the highest energy in the naked cluster to o c|uster with one subsittuent, the phenyl group (chosen over
the lowest skeletal orbitals in the substituted species. More SbPh for the simpler drawings; the results with ShPire
importantly, these two orbitals, together with HOMQ of the identical). Shown in Figure 4 are the HOMO, HOMQ,
naked cluster (Figure 3d), define the positioning of the exo- HOMO—2, and HOMG-9 of such a hypothetical monosubsti-
bonds with respect to the cluster. The two low-lying strongly ¢ teq cluster, [Gg-PhP~. Clearly, the phenyl group has
bonding orbitals that replace the lone pairs involve predomi- iopilized the HOMO of the naked @e cluster (Figure 3b)
nantly germaniuns-orbitals and are stgreoinactive, i.e., their lowering its energy to HOM©9 (Figure 4d). Nevertheless, this
energies do not dependent on the position of the exo-bond. Ongyita| remains predominantly skeletal for the cluster as most
the other hand, the LUMO and HOMO of the naked cluster ot tjs gistributed over the cluster. There is another, much lower-
point outward along the elongated edge and maximize their ying orbital that is predominantly responsible for the exo-bond
overlap when the substituents are positioned along the sameinot shown). Notice that the HOMO of [GePhB- (Figure 4a)
direction, i.e., as extensions of the elongated edge. Also, noticeyiginates from the LUMO of G&- (Figure 3a). It is somewhat
that after the stabilization of the former LUMO and HOMO of - yertyrbed, of course, by the interactions with the phenyl group,
the naked cluster the orbitals that become frontier are the p,t is still concentrated outside the second vertex of the
HOMO—-1 and HOMG-2 of the naked cluster. Although  ejongated edge (bottom) and is still along the same direction
HOMO—1 has no contribution from the vertexes of the ;s in the naked cluster. Furthermore, exactly as the LUMO of
elongated edge and cannot be stereoactive for the two exo-bondsye naked G- cluster (Figure 3a), this orbital is in a large
HOMO-2 protrudes outside the cluster at these atoms pointing energy gap, 1.98 eV from the next higher orbital and 1.06 eV
radially with respect to the bases of the prism and will resist from the one below it. (It is the LUMO for [Ge-Ph]".) Also,
bending of these exo-bonds along that direction. Similar sets gimilarly to Ge#~ and Ge?, the energy difference between
of orbitals are found for clusters with two elongated edges where the species with occupied and empty orbital, {SBhF~ and
two high-lying orbitals are positioned outside these edges and[Ge,—Ph], respectively, is only 5.8 1075 eV (0.00188 eV
the interactions between such clusters are maximized alsofor [Ge,—SbPh]3~ and [Ge—SbPh]-). Thus, in analogy with
along these edges as observed in JEB&=Ge]° and the existence of nine-atom clusters of germanium with different
[Ger=Gey=Ge;=Gey]®~.>® Each cluster in these oligomers charges, Gg*~ Gey*~, and Ge?-, it is very likely that species
participates in the exo-bonding with exactly these two orbitals sych as [Ge-PhF-, [Ges—PhE-, and [Ge—Ph] can exist as
resulting in a charge of 2 independent of whether the cluster \ell. This orbital, the HOMO of [Ge-PhPF~, in the di-
is an end or a middle cluster. substituted species is also stabilized, and the top two orbitals
The process of replacing two lone pairs (the two antibonding are the HOMG-1 and HOMG-2 of [Ge;—PhP~ (Figures 4b
orbitals) with two exo-bonds (the two pairs of bonding orbitals) and 4c). Again, whereas HOME has no contribution from

14062 J. AM. CHEM. SOC. = VOL. 125, NO. 46, 2003
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the exo-bonded vertexes, HOMQ does and plays stereoactive metal)!8 The free electrons are solvated by the ethylenediamine
role for the positioning of the exo-bonds. and, although they react with the solvent to produce amide and

Reaction Description.The addition of various groups to the  hydrogen, the reaction is very slow in the absence of catalysts
Ge cluster can be described as a replacement of a lone pair ofor strong nucleophile¥. These electrons, however, react readily
electrons at a germanium vertex by an exo-bond between thewith SbPh to produce nucleophiles, Ptand initially a radical
subsittuent and that vertex. The course of the reaction is mostof *SbPh which becomes SbBh. This is exactly the same
likely very similar to $1 and/or &1 nucleophilic substitutions ~ reaction as the well-known generation of nucleophiles using
where the nucleophiles, SbPhand Ph in our case, interact  elemental alkali metals dissolved in liquid ammonia, i.e., 2A
with an empty or half-filled orbital of the substrate. The + SbPh— 2A" + SbPh~ + Ph™. The phenyl anion is quite
difference with the classical mechanisms is that the leaving reactive and extracts a proton from the ethylenediamine to form
group is one or more electrons. Similarly to the classical benzene and amide. The presence of large amounts of benzene
mechanisms this step results in an empty or half-filled low- was confirmed by proton NMR in all of the reactions. Due to
lying orbital available for the nucleophlic atack. Another the simultaneous presence of numerous differently bonded
difference is that the leaving electrons in our case are also thephenyl groups it was impossible to unequivocally assign a set
electrons that reduce ShPland generate the nucleophiles of phenyl hydrogens in thtH NMR to the other nucleophile,
SbPh™ and Ph. In classical reactions the nucleophiles are often SbPh~. However, the existence of the nucleophile Sy1iRlias
generated by separate reduction with alkali metals. shown by!°Sn—NMR (Bruker 400 MHz, a sealed capillary

The “release” of electrons by the clusters needs some morewith C¢D1> as a reference, M&n in pyridine as an external
elaboration and discussion. We have proposed in the past thateference) in similar reactions of gelusters with SnPhin
Gg clusters with different charges, i.e., $58 Ge®~, and Gg*, pyridine. The anion coexists with the corresponding triphenyltin-
coexist in the ethylenediamine solutions, and that depending substituted germanium clustéfsMore importantly, triphenyltin
on the available countercations different species crystallize. We substituted clusters were later obtained also from reactions of
have now carried out two experiments that prove this very K4sGe with the preformed nucleophile BB~ prepared by
convincingly. First, a saturated dark brown-green solution of reduction of PBSnCl with potassium metal. Thus, it is clear
K4Ge was divided equally in four test tubes labeled from #1 that all of these addition reactions, either with tin- or antimony-
to #4. Added to these four containers were the following based compounds, start with the nucleophile donating electrons
reagents (molar ratio to potassium is in parentheses): #1, cryptto the LUMO of Ge?~ (Syl1-like), Ge?~ + SbPh~ —
(1.5:1); #2, crypt (0.3:1); #3, 18-crown-6 ether (1:1) and heated [Ges—SbPh]*~, or to the half-occupied HOMO of the radical
at 50°C for 2 h; and #4, nothing. They were all then layered *Ge&®  (Srnl-like), *Ge® + SbPh~ — {[*Ge,—SbPh]*} —
carefully with toluene except that the toluene for test tube #4 [Ges—SbPh]3~ + e~. The resulting monosubstituted species,
was saturated with 18-crown-6 ether. After a few days, various either [Ge—SbPh]*~ or [Ge—PhF~, have not been isolated
compounds crystallized from these test tubes: #1, (K-cgypt) yet but should be relatively stable. As already discussed, their
(Gey)(Gey)+-0.5en with monomers of G& ;° #2, both (K-crypty- HOMOs are of exactly the same type as the HOMO 0§‘Ge
(Ge)(Gey)-0.5er and (K-crypt)K4[Ges—Gey]-8en with dimers (Figure 3a), which is the LUMO of G&". Their character is
of [Ges—Ge)8~;17 #3, (K-18C6)[Ge=Gey=Ge]-2en with also the same, i.e., they are in large energy gaps and there is
trimers of [Ge=Ge/=Ge&y]®~;17 #4, both (K-18C6)K,Gey with very small energy differences between when occupied and
monomers of Gg¢~ and (K-18C6)Gey-3en with monomers of empty. Thus, we propose that monosubsituted species of
Gey®*~.17 Thus, these compounds contain nine-atom clusters with different charges exist in the solutions and they form equilibria
different charges: G& as monomers, G¢& in the trimer, and similar to the naked clusters, i.e., [G€SbPh]3~ =
Ge®*~ as monomers and in the dimer. The second experiment[*Ge—SbPh]?~ + e~ and fGe—SbPh]>~ = [Gey;—SbPh]~
is even more telling. A saturated dark red-brown solution of + €. The final products are formed when another nucleophile
RuGe in ethylenediamine was prepared. Added to this solution attacks the empty LUMO of [Ge-SbPh]~ or the half-occupied
were both crypt and 18-crown-6 ether, each in a molar ratio of HOMO of [*Ge,—SbPh]?~ as follows:

2:1 with respect to Ge After layering with toluene and waiting B _

for a few days, the following phases were found in the solid [Ge,—SbPh] + SbPh —1

product: (Rb-crypy{Ges=Ge=Gey]-3en?® (Rb-18C6Y)[Gey= ~p 2- -

Ga=Gea=Ge)-2en8 (Rb-cryptyRuy(Gey)(Gey)-7ent’ and (Rb- [Ge,~SbPh™ + SbPh
18C6)Rh,Ge.17 Thus, nine-atom clusters with all three charges {[Ph,Sb-Ge,~SbPhe]* } —1+e
can cocrystallize from the same solution. _ _

How is it possible that G&~, Ge®~, and Gg* coexist in [Ge;=SbPh]™ +Ph" —2
these solutions? Most likely there are equillbrlaibetween ['Geg—SbPlg]z_ +Ph —
themselves and free electrons, i.e.gGe= Ge&® + e~ and a _
Ge®™ = Ge&? + e . This is exactly the same phenomenon as {[Ph—Gey—SbPhe]" } —2+ e
observed for elemental alkali metals when dissolved in ethyl- _ - _ - _,
enediamine or liquid ammonia, A= A" + e (A = alkali [Ge;~SbPhI + [Gey=SbPh] 3

‘Ge— 2— B 3-_, —
(17) For structure details see the CIF file in Supporting Information: (K- [ % Sbe}] + [Geg Sbe}] 3+e

crypthK4[Ges—Gey]-8en contains the same dimers of [5&e)]° as those . 2— o 2—
reported for (K-crypCs[Gey—Gey-6en? (K-18C6Ger=Ge=Gey|-2en [ Geg_SbPr}] + [ Geg_SbPI'i] —3
contains the same trimers of [GeGey=Gegy] %~ as those reported for (Rb-

crypt[Ge=Ge=Gey]-3en? (K-18C6)K ,Ge and (Rb-18CH6RL,Ge are i ihiliti ; i ;
isostructural and contain isolated &eclusters. (K-18C63Gey-3en and _The_se multlple pOSSI_bllltles for reactions (_)f dlffer?m Species
(Rb-cryptyRhby(Gey)(Gey)- 7en contain isolated G& clusters. with different nucleophiles are clearly manifested in the mul-
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tiphase crystalline products obtained from such reactions. It is Summary

possible that other anions form as well but cannot be crystallized . _

with the available countercations. Thus, species such as [Ph 1€ reaction between @Ezyvheren =2,30r 421,_ and Sbkh
Ge—PhE-, [Ph—Ge,—Gey—SbPh]*~, [Ph—Ge,—Gey—Php-, produces [P¥8b—Ge—SbPh]%, [Ph—Geg—SbP_b] , [PheSb—

etc., should not be ruled out. Also, as mentioned in the G&—G&—SbPh]*", and perhaps other species that have not
experimental part, often found in the product are the naked Peen characterized yet. The reaction proceeds via formation of
Ge®~ and Ge2~ coexisting with1, 2, and/or3. This clearly negatively charged nucleophiles Pand SbPp~ from SbPh
indicates that not only Phundergoes side reactions but perhaps and the solvated free electrons that are released from the nine-
SbPh~ does that as well. Furthermore, anibexists also with ~ atom clusters. High-energy cluster orbitals with significant
bismuth, i.e., [PsBi—Gey—BiPhy]2~, and perhap& and3 are distribution outside the cluster are available for the nucleophilic
possible. However, none of the corresponding arsenic andattack and formation of bonds. Different products are formed
phosphorus analogues of these species has been made. Théepending upon the available nucleophile in the immediate
analogous reactions with AspPland PPp result in the more vicinity of the cluster. This knowledge can be used to envision

oxidized clusters of G& found as oligomers ((Ge=Gae=Gey)|*~ other, more interesting cluster-based species.
or [Ge=Ge=Ga=Ge&)]®") and the corresponding free nu- ) ) )
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