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lntroduetion 
Only recently have the binary metal halides ban shown to offer 

an intercalation chemistry (with the exception of hydrogen'), yet 
the three examples known coyer a range of structure types (RuBr,, 
ID chain ~ t ruc tu re :~  a-RuCIl, 2D layer structure;] Nb6111, 3D 
cluster structure'). We report here the synthesis of f-NaNb,CI,, 
the first characterized example of an unsolvated alkali-metal- 
intercalated binary metal halide, from a room-temperature het- 
erogeneous reaction of the layered polymeric cluster compound 
a-Nb3C18 with a THF solution of (Na+)?bzpV and the subsepuent 
deintercalation of @'-NaNblC18 to *Nb$Is by reaction with water 
or methanol. The results offer a unique opportunity to discuss 
the influence of the halide-halide and halide-metal orbital in- 
teractions in determining the stability of clcsely related structures. 

The u-structure of NblC18 is closely related to several other 
layered structure types all constructed from interconnected MIXlI 
[X = CI, Br, I (M = Nb); X = 0 (Mo, W)] cluster units through 
shared anions (MIX,, - MIXIX6,zXI MIX8).' MIXs r e p  
resents one X-M-X cluster layer, and th=, structure type IS de- 
termined from the orientation of each MIX8 cluster layer relative 
to its stacking neighbors. Of concern here are five structure types 
that shall be denoted as the a-type (a-NblC18)p @-type (@-NqBr8, 
@-Nbl18)? 8'-type (LiZn2Mo108, ZnlMo108),'b~' a'-type (un- 
known for MIXs), and y-type (unknown for MIX8), which all 
possess a crystallographic inversion center. There are two non- 
equivalent van der Waals gaps in any two MIX8 layered series. 
One of these gaps, the A-gap, is formed from terminal pz inter- 
cluster-bridging and face-capping (X4) anions, and the 
second gap, the B-gap, is formed from edge-bridging (X2) and 
terminal pl intercluster-bridging (X3) anions (Figure la). The 
a- and a'-forms are both 2T (Ramsdell n ~ t a t i o n ) ~  structures in 
PSml, where the former has an h-anion lattice (Jagodzinski no- 
tation)1° and the latter a non-close-packed AABC anion lattice. 
The @'-, 8-, and y-types are 6R structures in RTm, with the @- 
and y-types having a cchh- and the @'-type a @anion lattice. Pam 
b-f of Figure I illustrate the structural relationships between the 
live types. 
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Fiyre 1. (a) Representation of one M,X, cluster layer as viewed down 
the e axis. (bo Structural relationships of the layer stacking sequences: 
(b) y-type; (c) P-type; (d) *-type; (e) &type: (0 a'-type. Type of sap 
and sodium site (refer to Figure 3) are illustrated. The orientations of 
the cells have been chosen to highlight the relationships. The Nb, tri- 
angles are projected down an edge. Key: Nb, solid filled circles; XI. 
checkered circles: XZ, hatched circles; X3. vertically striped circles: X4. 
horizontally striped circles; Na, empty circles. 

Experimental Seetion 
a-NblC18 was prepared and purified by literature methods." Ben- 

zophenone (bzph) was purchased and dried under vacuum (lod Torr) 
for several days. Tetrahydrofuran (THF) was dried and distilled twice 
under argon atmosphere from sodium/benzophenone immediately prior 
to use. All glassware was flame-dried under vacuum. All operations 
were carried out under argon atmosphere by using standard techniques 
for handling air-sensitive compounds" unless otherwise stated. 

Prepration. A 130-mg (0.73-mmol) sample of bzph was added with 
an excess (50 mg) of freshly cut Na to a 100-mL Schlenk flask with a 
magnetic stir bar in an argon-atmosphere drybox. Onto this composition 
was then distilled -35 mL of THF solvent, and the mixture was allowed 
to stir for -20 h, after which time the solution was a deep red/violct 
color. indicative of (Na+)'bzph" formation. This solution was then 
decanted into an addition funnel, which was connected to a 100-mL 
Schlenk flask charged with 312 mg (0.555 mmol) of crystalline a-Nb,Cln. 
The flask was mled  to ---E OC with an ethanol/dry ice bath and the 
(Na+),bzph?-/THF solution added dropwise over a period of -20 min. 
The reaction mixture was allowed to warm to room temperature over a 
I-2-h period, during which time the solution over the a-Nb,CIn remained 
a rich red/violet color. Over the next -10 h, at room temperature, the 
solution turned to a blue/green color, indicative of reaction and Na+bzph- 
formation. The solution remained this color for the next -12 h. At this 
point the reaction mixture was filtered, washed three times each with 
fresh THF (syringe technique), and dried in vacuo for -24 h. The solid 
crystalline product mixture was then returned to the drybox, where 
samples were separated for X-ray investigation and wet chemical anal- 
ysis. The product appears black with a deep red luster. Chemical 
analysis on two samples gave compositions of N+.,19NblC18 and 

(I  I )  ScMfer, H.: thhmann, K.-D. Z. A-, Allp. Chcm. I959.300.1. % 

(12) Shriver, D. F. The Manipulation of Air Senritiue Compounds: 
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Figure 2. (a) Powder X-ray diffraction diagram of a 72.6% o’-NaNb3C18 + 27.4% a-Nb3C18 product mixture. Arrows indicate the a-Nb3C18 reflection 
positions; stars, the unidentified reflections. (b) Theoretical powder pattern calculated for 6-NaNb3Cl8 in Rgm with the following approximate positional 
parameters: Nal (special position 3a); Na2 (3b); Nb (18h), x = 0.194, z = 0.078; C11 (18h), x = 0.831, z = 0.046; C12 (18h), x = 0.499, z = 0.119; 
C13 (6c), z = 0.1 1 I ;  C14 (6c), z = 0.368. (c) Powder pattern of a-Nb3C18 starting material (P3m1, u = 6.744 A, c = 12.268 

Nh,732Nb3C18, which average to N&.726Nb3C18. 
Methanol or water deintercalated NaNb3C18. For the water reaction, 

within a few seconds of addition of -20 mL of distilled H20 to -50 mg 
of reaction product, gas evolution was noted. The H20 was then allowed 
to evaporate to dryness in air. For the methanol reaction, again -20 mL 
of methanol was added to -50 mg of reaction product, under argon 
atmosphere, and in this case gas evolution was noted within a few min- 
utes, increased in rate, and died off after several hours. The product was 
filtered out and dried in vacuo for - 1 day. 

X-ray Investigation. Powder X-ray diffraction diagrams were obtained 
with a STOE automated powder diffraction system (STADE-P) or a 
modified Guinier technique13 (Cu Ka, radiation) on samples loaded and 
sealed in 0.2-mm glass capillaries with silicon as external reference. A 
sample chemically analyzing as Nao,726Nb3C18 appears from its powder 
X-ray diffraction pattern to be a mixture of unreacted a-Nb3C18 and a 
new product identified as NaNb3CI8. From this diffraction pattern 
(Figure 2a) NaNb3C18 was indexed to an R-lattice with hexagonal cell 
constants u = 6.774 ( I )  A and c = 41.52 (1) A on the basis of the 
strongest 40 reflections that remained after those from a-Nb3C18 were 
removed. Three weak or very weak unidentified reflections at 28 = 5.15, 
13.22, and 34.65O were also noted. Several small crystals were examined 
on a Buerger precession X-ray camera and could be identified as either 
a-Nb3Cl8 or the new product NaNb3C18; however, they either were all 
twinned or showed broadened reflections. 

The products from the deintercalation reactions were indexed and 
identified as a-Nb3C18; however, the reflections were somewhat broad- 
ened. Additionally, the product from the water reaction contained a 
small amount of NaCI, which most probably resulted from decomposition 
reactions. 

Mignetic Masurements. Magnetic susceptibility data were recorded 
with the use of an SHE VTS SQUID susceptometer operating at a field 
flux density of IO kG. The sample analyzing for Na,,726Nb3C18 displayed 
a similar temperature dependence of the susceptibility as a-Nb3C18 but 
at reduced magnitudes. After subtraction of a 27.4% contribution from 
a-Nb3C18 to the susceptibility, NaNb3C18 showed a virtually tempera- 
ture-independent paramagnetism with xu = 2 X IO4 emu/mol after 
correction for the core diamagnetic contribution. 

Similar intercalation attempts on &Nb3Br8 and &Nb318 gave results 
different from thosc found for a-Nb3C18. ,8-Nb318 did not intercalate but 
instead underwent slow secondary reactions where NaI was observed in 
the powder patterns of the products. /3-Nb3Br8 does apparently inter- 
calate; however, the product occurs as a phase width ‘NaxNb3Br8” (x < 

1.25 by wet chemical analysis) and NaBr was observed in some of the 
reaction products. This phase width can be indexed on a &structure with 
maximum cell constants u = 7.09 A and c = 42.66 A (&Nb3Br8: u = 
7.080 A, c = 38.975 A).5* Additionally, the product disproportionates 
to &Nb3Br8 and “Na,Nb3Br8” (R-lattice, u = 7.09 A and c = 43.48 A) 
upon heating of the solid at 120 OC for an extended time. Further studies 
are continuing to examine the exact nature of the reactions, the stoi- 
chiometries, and the structures and properties of these products. 
Results and Discussion 

The indexing of NaNb3C18 to an R-lattice with hexagonal cell 
constants a = 6.774 (1) A and c = 41.52 (1) A suggests the space 
group Rfm when one notes that a-Nb3C18 is in P3ml. Only three 
of the six possible stacking sequences allowed a close packing of 
anions (giving preferred octahedral vacancies over trigonal- 
prismatic vacancies), and these we have termed the y-, &, and 
8’-structure types (Figure 1). The very strong intensity of the 
208 reflection vs the 027 reflection in the powder diagram clearly 
indicates a p’-structure for NaNb3C1,. For a @- or y-type structure 
027 should be much stronger than 208. Therefore, the phase 
transition that occurs upon reduction and intercalation of a-Nb3C18 
by sodium proceeds through a mechanism of M3X8 cluster layer 
shifts a t  all van der Waals gaps (a-h-anion lattice - 8’-c-anion 
lattice). The powder diagram of a reaction product mixture of 
/3’-NaNb3C18 and a-Nb3C18 is shown in Figure 2 along with a 
theoretical powder pattern calculated, by using only approximate 
positional parameters, and the powder pattern from the cu-Nb3Cla 
starting material. The relative intensities of the theoretical pattern 
correlate fairly well. Only octahedral sites are large enough to 
accommodate the Na+ ion due to its large ionic radius,14 and 
occupying those sites within the A-gap (site 111 of Figures IC and 
3c) at (0, 0,O) and the B-gap (site I of Figures I C  and 3c) at (0, 
0,0.5) gave the best fit to the powder pattern. Additionally, these 
are the octahedral sites found to be occupied in the crystal 
structures of the isotypic LiZn2M0308 and Zn3M0308. Diffusion 
of Na to site I11 at (0, 0, 0), in the A-gap (Figures I C  and 3c), 
and to site I at (0, 0, OS), located in the B-gap at the center point 
of two M3 triangles oriented in 3 trigonal antiprism (Figures I C  
and 3a), expands the c axis by 1.57 A per two M3X8 cluster layers. 

(1  3) Simon, A. J .  Appl. Crysrullogr. 1970, 3, 1 1. (14) Shannon, R. D. Acta Crysrullogr. 1976, A32, 751. 
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derivatives. An alternate proposal from Bursten et al.'" suggesld 
that the wmbined influence of a larger cluster metal effective ionic 
radius in the reduced species together with a shift of electron 
density, originating from ligand to metal u-electron donation, from 
m p i e d  M-M bonding symmetry orbitals into M-M antibonding 
symmetry orbitals in eight-electron derivatives causes the longer 
M-M bonds. 

To investigate the preference of the i3'-structure over the 8- 
structure (both having the identical B-gap) in NaNb3C18, we 
performed MAPLE (Madelung part of the lattice energy) cal- 
culations," based on point charge electrostatic nearest-neighbor 
interactions, on the @- and T-models for NaNb3C18 as well as all 
five forms for Nb3C18. In the latter case, with the real rr-Nb3Cl8 
structure as the starting point, all energies (both total and pos- 
itional) were found to be within 0.2% of one another and confirm 
the validity of the structural modeling procedure. This can be 
contrasted to the 1% difference in total lattice energy found 
between the 8- and @'-models of NaNb,C18, where the @-structure 
was, in fact, slightly more stable (an effect of greater Nb-Na 
cation repulsions arising from the Na+ found in the A-gap of the 
@'-phase). Moreover, the closer structural relationship between 
the a-form and the @-form would suggest that the &form is 
kinetically more accessible. We can therefore argue that the 
81-form prevails in NaNb3C18 due to a stabilizing effect of reduced 
M-X1 u interactions. Thus, the bonding of Na+ in the A-gap 
at site IV (Figure 3d) at (0, 0.0) of a @-type would cause a more 
sp2-like state of the X1 orbitals. Similar to the X2 orbitals in the 
B-gap previously discussed, the p orbitals would also be well 
aligned for u interaction with both the filled Za, HOMO and the 
2e LUM0.18 The destabilization of the e LUMO (due to its 
M-M and M-L antibonding character) caused by these orbital 
interactions and the repulsion from the filled a i  HOMO provides 
the driving force for the structural transition to the @'-form, where 
the ligands remain more sp3-like (Figure 3c) and the long-pair 
orbitals are directed away from the Nb, triangles. These results 
clearly show the influence of the metal-Xl terminal ligand orbital 
interactions on the relative stability of eight-electron M,X8 cluster 
derivatives. VSEPR theory also suggests a reason for the 
structural variant found for NaNb3C18 (and likewise applicable 
to the Mo3OSr compounds). Thus, in forming the @'-type, one 
of the lone electron pairs on each of the six surrounding chlorides 
of the octahedral sites I and 111 is directed toward the sodium 
cation (Figure 3). The other forms either would not allow this 
directed interaction or would require the cation to occupy a 
tetrahedral site in either the A- and/or the B-layers. 

The above discussions suggest that the at HOMO has wn- 
siderable M-L antibonding character and this has a strong effect 
on the structure. This means that the longer M-M bond distances 
observed in the seven- and eight-electron derivatives of certain 
M,X8 type clusters over the corresponding six-electron derivatives 
may not be due to electron population of M-M antibonding 
orbitals. Thus, the increased electron densities in M-L antibonding 
states in the seven- and eight-electron derivatives lengthen the M-L 
bond distances and, so as to optimize the geometrical arrangement 
for favorable M-L bonding orbital overlaps, induce longer M-M 
bond distances. Certainly, this ligand matrix influence can be 
seen when one compares the M-M bond distances found in mo- 
lecular clusters to those found in corresponding polymeric clusters: 
[Mo,O,(C~O,),(H,O),]~-~~ (2.486 A, six electrons. molecular). 
Zn2Mo,08" (2.524 A, six electrons, polymeric); [Mo~OCII- 
(02CCH,)t(H20)3]2++f0 (2.550 A, eight electrons, molecular), 
Zn,Mo On5 (2.580 A, eight electrons, polymeric), LiZn2M030sSb 
(2.578 1, seven electrons, polymeric). In all cases, the molecular 

(17) A full discussion of the MAPLE calculations and their applications and 
limitations can be found in: Hop& R. Ado. Fluorinc Chem. 1970.6. 
387. Hop& R. Angnu. Chem. 1966,7& 52. Hop& R. Angov. Chm..  
Inf. Ed. Engl. 1966. 5. 95. 

(IS) The higher energy levels of the terminal chlorides offm a better m r g y  
overlap with the metal orbitals of the e LUMO than do thasc of the 
bridging chlorides. 

(19) Bino. A,; Cotton, F. A.: Dai, 2. J. Am. Chem. Soc. 1978.100.5252. 
(20) Bino. A,; Cotton, F. A,; h r i .  2. I m g .  Chim. A d a  1979. L133. 

3. Pmpcctive illustratim of the possible octahedral mordination 
sites of Na for the different phases highlighting the coordination ofthe 
rapective halides (most unnecessary atoms removed for clarity): (a) 
B.layer, B- and #-forms. X2.s~': (b) B-layer. a- and r-forms. X2-sp': 
(c) A-layer. B.. d-. and yforms, XI-sp': (d) A-layer. a. and #.forms, 
XI-sp'. The &layer. a'-form is not rcpreunted. as this is a Irigonal- 
prismatic site. See Figure I for atom representations. 

The a-axis expansion is much smaller, being only 0.030 A. The 
volume increase per Nb,C18 unit is 33.4 AI, which. according to 
Biltz's volume increment data." corresponds lo 3.1 Na' ions or 
0.9 Na atom. I t  is remarkable that the volume increase corre- 
sponds closely to the atomic volume of Na despite a rather wm- 
plete 3s orbital electron transfer into the cluster 4d orbitals. 

The results from the magnetic measurements are in agrerment 
with an 'A, electronic ground state expected from the theoretical 
picturen6 constructed for such M3Xs type cluster systems. which, 
for eight electron clusters. suggest the HOMO to be a filled a ,  
orbital and the LUMO an e orbital. A simple visualization of 
these orbitals can be made by employing a right-handed Cartesian 
coordinate system on each Nb center with the X4-X3 axis r e p  
resenting the z axis, the x axis lying within the plane of the Nb, 
triangle. and t h e y  axis taking its proper position. With this 
arrangement. the d.). d2. px, p, p,. and s metal orbitals are used 
to bond the six chlondes in the octahedral field and the remaining 
d&?. d, and d, orbitals are responsible for metal-metal bonding. 
Applying simple group theory techniques on these orbitals to 
produce LCAO-MOs. one finds the molecular orbital ordering 
to be la l  (d,) < le (d,,) < Za, (d.+ < Ze (d+?) < 3c (d,J 
< la2 (dJ. This is exaetly the ordering previously found.16 but 
under this visualiiation both the 2a, HOMO and 2e LUMO have 
primarily dS-9 orbital metal contribution where the HOMO is 
a .M-M bonding symmetry combination and the LUMO a M-M 
antibonding symmetry combination. Should the a-form have 
endured in NaNb,C18 (or a y type  formed). the six XZ ligands 
of the Bgap forming site I I  (Figures lb,d and 3b) and originating 
from six different clusters would have more sp2-like character. 
The chloride p orbitals would now be well aligned for n overlap 
with the filled metal orbitals of the 2a, HOMO as well as those 
of the Ze LUMO. the first being an unfavorable repulsive in- 
teraction and the latter destabilizing M-M and M-L antibonding 
interactions. This situation is alleviated by a transition to either 
the 8- or @'-forms, where the change in sodium coordination to 
the six X2 ligands. now originating from only twoclusten at site 
I (Figure 3a). allows them to remain essentially sp'-like and the 
unfavorable M-L I interactions are largely removed. This result 
offm a dynamic example in support of Torardi and McCarley's'" 
suggestion that decreasing the M-L I interactions of these 
edge-bridging ligands is important to stabilize seven- and eight- 
electron M,X8 cluster derivatives. These authors argued that the 
M-XZ I interactions destabilize the Za, orbital to a M-M an- 
tibonding state (in six- and wen-electron derivatives) and for this 
reason longer M-M bond distances are observed in seven- and 
eight-electron Mo301r derivatives when wmparcd to six-electron 

(IS) (a) Colton. F. A. l m g .  Chem. 1964.3.1217. (b) Bullctt. D. W. Ibld 
1980. 19. 1780. (E) Bunten. 8. E.: Cotton, F. A.: Hall, M. B.: Najjar, 
R. C. lbld 1982. 21. 302. (c) Mollm, A,: Jo~tca, R.: Cotton, F. A. 
Angew. Chem. 1980, 92.921. 
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cluster, which has the greater freedom in ligand orientation, 
maintains the shorter M-M bond distance. Especially noteworthy 
is the latter comparison where even the presence of chloride ligands 
at the X2 positions of the eight-electron molecular cluster do not 
induce longer M-M distances than those found in the all-oxide 
seven-electron polymeric cluster. Additionally, the question of 
the M-M bonding or antibonding character of the 2al orbital 
seems clear, at least in the case of the niobium chloride clusters, 
where it has been noted that in the six-electron [Nb3ClIo(P- 

molecular cluster the Nb-Nb bond distances (2.976 6StH5),),] are considerably longer than those found in either the 
eight-electron molecular cluster Nb3CI,(P(CH3)(C6HS)2)622 (2.832 
A) or the seven-electron polymeric clusters in a-Nb3C18 (2.81 A). 
The slightly longer distances found in Nb3Cl,(P(CH3)(C6H!)2)6 
compared to a-Nb3C18 may be due to the weak r-acceptor ability 
of the phosphine ligands. 

When sodium intercalates into a-Nb3C18, only 8'-NaNb3C18 
is formed, with no phase width or interim phases being observed 
in the powder pattern. Even when a deficiency of sodium is used, 
only a mixture of (?'-NaNb3C18 and a-Nb3C18 is observed as 
product. It may therefore be concluded that the rate-determining 
step occurs within the initial surface reduction reaction step(s). 
The apparent high diffusion rate of Na within the lattice is aided 
by the requirement to form the 8'-structure, where cluster layers 
must shift relative to one another at all van der Waals gaps. This 
is supported by the observation that the re-formation of a-Nb3C18 
from the deintercalation of B'-NaNb3C18, through the reduction 
of water or methanol, likewise occurs over several hours and begins 
within minutes of exposure. 

Synthetic procedures for Nb3C18 employ temperatures of -800 
OC, and the a-phase is the only phase formed.% Synthetic attempts 
at preparing NaNb3C18 from mixtures of a-Nb3C18, Nb, and NaCl 
in sealed ampules at temperatures of 800-1050 OC gave only 
a-Nb3Cls, Nb6ClI4, NaNb6ClI5, and/or Na4Nb6CIl8 as 
The reversible nature of the a-Nb3C18/lB?.NaNb3C18 system further 
illustrates that the a-form of Nb3C18 is the most stable (in contrast 
to Nb3Brs and Nb318, which are reported to form both a- and 
&phases).5a When sodium deintercalates from @'-NaNb3C18 at 
room temperature, if the lattice were to simply contract as the 
8'-form, the six lone-pair orbitals of the X2 ligands in the B-gap 
previously directed toward Na' (Figure 3a) would continue to 
point toward one another and would come very close at the 
2.969-A spacing of these anions in Nb3C18. These orbitals thus 
repel each other and drive the structural transition back to the 
a-form, where they now point toward an X3 ligand of a tetrahedral 
site at a spacing of 3.276 A. Although the structural relationship 
of the (?'-form to the a'-form is closer than that to the a-form 
(mechanistic considerations), the non-close-packing of anions at 
the B-gap of an d-type (i.e. a trigonal-prismatic site) brings these 
X2 orbitals in even closer contact than in a 8'-structure. Thus, 
the a'-, g-, and &forms all require larger cell dimensions than 
those achieved in the a-form, and for this reason Nb3C18 exists 
with the a-structure. An increased polarizability of the lone-pair 
orbitals should stabilize the 8- or p'-structures in this respect, as 
is observed for ,%Nb3Br8 and 6-Nb318.5a 

The X-ray pattern of (?'-NaNb,C18 is observed (with small 
changes occurring at -100 and -200 "C) up to -400 OC, at 
which point the phase loses some or all of the Na in the form of 
NaCl. Intriguingly, the powder diagram of the product closely 
resembles the theoretical diagram expected for a r-Nb,CI, phase. 
These investigations are continuing. 
Conclusions 

We have reported here the first characterized unsolvated in- 
tercalation product from a binary metal halide with a very 
electropositive alkali metal. It is surprising to find this reaction 
with an early-transition-metal compound. It was shown that 

(21) Cotton, F. A.; Diebold, M. P.; Roth, W. J. J .  Am. Chem. Soc. 1987, 
109, 2033. 

(22) Cotton. F. A.; Kibala, P. A.; Roth. W. J. J .  Am. Chem. Soc. 1988, 110, 
298. 

(23) Sigebarth, M. Dissertation, Universitit Stuttgart, 1989. 

NaNb3C18 could form either a 8- or @-structure in order to reduce 
edge-bridging (X2) M-L r interactions and provide for directed 
lone pair to cation interactions in the B-gap. So as to reduce 
terminal (Xl) M-L orbital interactions and likewise give directed 
lone pair to cation interactions in the A-gap, the 8'-structure is 
formed. Thus, a structural transition ensues whereby all Nb3C18 
cluster layers must shift relative to one another at all van der Waals 
gaps, and this enhances ion diffusion. These results, discussed 
in connection with results for other M3Xs" cluster derivatives, 
seem to indicate that M-L antibonding orbital interactions have 
a strong influence on M-M bond distances within the cluster 
triangles. The a-phase is the stable form for Nb3C18 because other 
related forms cause much too close contacts between directional 
long-pair orbitals of the edge-bridging (X2) atoms. 
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In previous theoretical studies, we have rationalized the elec- 
tronic structure of a class of octahedral organometallic clusters 
of general formula LnM4E2, shown in 1, where M is a transition 

W 

1 

metal and E (black dot in 1) is a main-group atom or a conical 
fragment from the third and fourth period, such as S, Se, PR, 
GeR, . . . . I  The total valence electron count adopted by these closo 
clusters is either 66 electrons, Le. seven skeletal electron pairs 
(SEP's) or 68 electrons (eight SEP's). The 66-electron count 
satisfies the polyhedral skeletal electron pair theory (PSEP)? while 
the 68-electron count corresponds to the occupation of an extra 
skeletal MO, which is weakly r-antibonding between the metal 
atoms.' In these clusters, because of the difference in the covalent 
radii of M and E, and consequently because of the difference in 
M-M and M-E bond lengths, the two E atoms capping the 
metallic square are forced to be rather close to each other (the 
E-E distance is about 20% longer than the one expected for a 
single bond). We have shown that such a short E--E contact can 
exist only because the corresponding electronic interaction is 
significantly bonding, whatever is the cluster electron count (seven 
or eight SEP's). 
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