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A. INTRODUCTION 

The large, extraordinarily varied family of metal--boron cage and cluster 
compounds [l] includes, among others, a class of molecules that are direct 
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structural and electronic analogues of the melallocenes and the metal-arenc 
sr-complexes. The distinguishing feature of these species is the presence of on& 

or more cyck planar borate or heterohorane ligands which are face-bound to 
metal atoms. Some of these ligands have an independent esistence in the un- 
complexed state, sucl~ as borazine (B,N,H,.), while others (C,B2H:- and 
C,B,HG-. for esample) are known only in complexed form. Furthermore, 
they inciucle homocyelic systems such as B,H,- as well as heterocyclic rings 
in which the heteroatom(s) may be carbon, nitrogen, sulfur, or even a transi- 
tion metal. 

All such Iigaticls have in common a planar, or nearly planar, geometry 
(exclusive of bri&ing hydrogen atoms) and a significant de.gree of electron 
delocalization, and hence aromatic character_ They are thus electronic coun- 
terparts of the prototype hydrocarbon arencs, C’.#i-, C,H_, and C,,H,,. but 
there are some important differences. 3Ietal complescs of the boron ligancls 
(1) are frequently more stable than their nieta1locet~e relatives (in some cases 
the corresponding tnetallocene is not even kno\vn). (2) exhibit structural iso- 
merism and thermal migration of metal atoms in the molecular framework 
(virtuall\- unknoxvn in metallocene chemistt~). as \*:ell as other kinds of novel 
stereochemistry, and (3) include numerous estencled sandwich systems, such 
as triple-decked complexes. in which the cyclic planar ligancl is fully face- 
bonded to t\vo metal atoms siniultaneousl~-: again, such systems are almost 
without precedent in the metallocencs, the only known esample being (qi- 
C;H,) $.?I [Z]. 

The first :vell-cstablishecl n-complexes of transition metals xith boron- 
containing ligancls lvere icosaheclra! nietallocarboranes of the types (vi- 
C;HG)hICIB.,H:, and (C,B.,H, :)lhI’*-. where RI is most frccpcntly iron, cobalt 
or nickel 131. In such systems. the mchl interacts with an essentially planar 
C,B, face on the C2B..H;; ligand. and hence an electronic analogy with ferro- 
cene and other metallocenes was recognized: structural. spectroscopic and 
theoretical studies gave further support to this picture [lb,fj. Subsequently, 
many other metallocxrboranes and metalloboranes of widely varying poly- 
hedral shapes, sizes, and compositions were prepared [ 11. Many of these, like 
the icosaheclral species just mentioned, have no direct structural analogues 
among the metallocenes or other metal-hydrocarbon n-complexes, and hence 
will not be covered in this review. However, all metallocarboranes and metallo- 
boranes which contain a planax (e.g. C,B,H:-) or pyramidal (e.g. C,B,HE-) 
ligand will be included (the latter species are formally generated from the 
planar systems by addition of BH”). 

The types of compounds to be treated here vary rather widely in composi- 
tion, synthesis and chemistry, and range from metalloboranes and metallo- 
carboranes to complexes of boron -nitrogen and boron-sulfur ligands, as 
well as those of substituted diborolene and borabenzene rings. To my knowl- 
edge, there has been no previous review in which all these varieties of metal- 
boron compleses have been discussed from a common structural and elec- 
tronic viewpoint; this reflects, no doubt, the very different synthetic origins 
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of species such as the metalloboranes and the thindiborolene compleses. A 

major purpose of this article, therefore, is to draw together a number of areas 

of metal-boron chemisti-v which have evolved separately, but which share 
metalloccne-like molecular (and presunial>!y electronic) structures. 

B. SOMK COSSIDERA’I’IO~S OF STRUCTVRE AND BONDING IN AIET~\I,LOBOIION 
COXIPLESES 

The ~onipouncls to he discussed in this article can he viewed 130th as met+- 
ligaiicl 7i-complcses, in which a metal ion is considered to be l&e-~~onclecl to 
an nnionic carborane or I~orane ligancl, or as pol~d~ech-al cages in which the 
metal atoms occupy vertices in tlic framework. The clistinctioii is otily coll- 
cq~tual. ancl each *viewpoint has its virtues dcpt~nding on the contest of dis- 

cussioli: thus, the “metal-comples” approach is useful in comparing metallo- 

boron compounds to mctallocenes and other hydrocarbon sandwich com- 
plcsc5. \vhilc the pulyheclral cage description emphasizes the relationship 

Iwtwxw :hc various kinds of cluster molecules - boranes, heterohoranes, 

nirml clusters and the pyramiclal cw-hocations. For esample, one can describe 

l-( qi-C .I i ;)CoR_H, ( Fig:. 1) either as an analoguc of R ;H,, in which the apical 

1%1-I unit has been replaced by a I??‘-C 2I;)Co group, or as a sandwich comples 
~vherciii a Co” ion is bonded to planar (q5-CjHq)- and (~$-l3~H~)‘- ligands [ 41. 
In the latter st~nsc. the molecule is seen to he directly analogous to ($-C;HXo- 
(q-‘-Czi~I,), since C,Hf- is isoelectronic with F?._I-I~-. 

The ~~olyhcclral bornnc clesc-ription does have the considerable advantage 

that it facilitates discussion of cage structures in terms of the polyhedral elec- 

tron-count theory [ 5-7 ]_ In this \viclely LISNI scheme, each vertes atom in an 

rz-vertex closo system (a p0lylieclron in which all faces are triangular) is con- 

siclcrccl to utilize three valance orhitals in bonding to Ihe cage framework 

1 2 

Fig!. 1. Conversion of BjHg to the BsH.6 ion nlltI Z-($-C~H~)COB~HS (l), :IIICI rearrange- 
mcnt to l-(q”-CsHs)CoB~Hs (2). 0 CH; 1.: BH; . H. 
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This normally produces IZ + 1 bonding molecular- orbit& in the polyhedron, 
and hence a capacity of 212 + 2 skeletal bonding electrons; an escess of elec- 
trons beyond that number induces cage-opening to form a nido (2r2 i 4 elec- 
trons) or a,ndzrzo (212 + 6 electrons) system, where the terms tzido and 
nmclzno refer to close polyhedra with one and two vacant vertices, respec- 
tively. Since electrons wed in bonding to esternal ligands are not included in 
the framework count, a BH unit contributes two electrons and a CH group 
three, to framework bonding_ With first-row transition metals, it is normally 
assumed that of the nine valence orbitals, three are utilized for bonding to 
the remainder of the cage while the other sis are employed in metal-esterna .l 
ligancl bonding and for storage of non-bonding electron pairs. hIany transition 
metal groups such as Co(q’-CSH,) and Fe(CO), are formal two-electron do- 
nors and hence “equivalent” to BH, while others such as Ni(q”-C;H,) are 
three-electron donors analogous to CH. The electrons of bridging hydrogen 
atoms are included in the skeletal electron count but do not affect the value 
of )I, since they do nc.t affect the number of bonding MO’s_ 

As an illustration of these rules, the cobaltaborane isomers in Fig. 1 are 
14-electron systems (Ze- from (?I’-C,Hj)Co, 2e- from each BH group and le- 
from each of the four bridging hydrogens), and hence are (2rz + 4)-electron 
cages with 12 = 5. This corrcsponcls to a tzido structure, in agreement with the 
observed square-l,vramiclaI shapes of both isomers. 

Despite some limitations [ la,5,S], the skeletal electron-count theory has 
cwjoyccl consiclerable success in dealing not only with boron cage structures 
but also with many metal clusters and other types of polyhedral systems. I 
shall use it with some frequency in this review, both to demonstrate how 
molecular structures can be correctly predicted and rationalized, and to em- 
phasize structural and electronic relationships that might otherwise have been 
missed. At the same time, I shall also he describing these systems in the “me- 
tal-complex” format. Hopefully, it will be clear that there is no inconsistency 
in using hot11 concepts in parallel, and indeed, that in doing so one’s concept 
of these molecular structures is usefully estencled. 

Boron-containin: metal sandwich complexes have been preparecl by five 
principal mctliocls: 

(1) direct addition of the metal group to the free l&and; with the ligrmd un- 
dcrgoing little or no structural change: 

(2) addition of the metal to a I~oron-colltainin~ substrate, producing major 
altc~rntions in the substrate: 

(3) rc~arrangcnicnt or partial degradation of an esisting comples species; 
(4) addition of boron to a metal-hydrocarbon r-comples; 
(5) addition of carbon to a metal-borane 7r-complex 
The first route is, of course, the standarcl method of synthesis for metal- 

hydrocarbon sandwich compleses. Accordingly, it is the procedure most 
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commonly employed to prepare compleses of the planar heterocyclic ligands 
such as borole, diborolcne, thiadiborolene and borazine, which are direct ana- 
logues of the cyclic hydrocarbon ligands. In addition, a large number of 
metallocarboranes have been obtained in this manner, as illustrated by the 
following: 

Co” + CIB.,H;; + C,H< + (CIB.,H, ,)Co(C,H,)- y 
(C,B.,H, ,)Co(C,H,) : 

Fe’+ + 2(CH,)$,B,H: - I(CH,),C2B4H,12FeH2 

Rlethocl (2) is frequently employed in metalloborane and metallocnrborane- 
synthesis, and involves, in effect, creation of n-compleses whose ligancls are 
not available as free species; an esample is the preparation of the triple- 
decked complex ($-C’;H;)Co(CZB_,HS)Co($-C,H,) from CoCIZ, Na’C;H;, and 
the 2,3-CIB,H; ion (Section E(ii)). The planar C2B,Hz- ligand, like nearly all 
cyclic planar borane and carborane ligands, is known only in complesecl form 
and has never been obsewed in the free state. 

The third route is common in nietallocarborane chemistry, and takes 
advantage of the nearly unique ability of these cage molecules to undergo 
thermal isomerization or removal of a RH group, e-g;. 

1, 2, 3-($-C,H,)CoC,B,H,, j 1, 2, 4-(rl’-C,I-r,)CoC,R,H,. 

1 0,. IS20 

1, 2, 3-($-C,H,)CoC,B,H, 

Such rearrangements or p<artial de~graclations (that is. removal of one or more 
cage atoms while retaining the basic cage structure) are estremely rare among 
hydrocarbon sandwich compleses or their boron-heterocycle counterparts. 

hIethoc1 (4) has been extensively employed in the preparation of $-bora- 
benzene sandwich compleses from cobaltocene, as described in Section F. 
Finally, the fifth route has been utilized in a few instances such as the reac- 
tions of alkynes with 2-(71’~CiH,)CoB,H, to generate metallocarborane sand- 
wich compleses of the planar R,C,B2Hf- ion (Section E(ii)). hlethocls (4) and 
(5) would seem to have considerable potential for estension to many other 
systems which have yet to be investigated_ 

Further discussion of each of these synthetic procedures appears in the Sec- 
tions which follow. 

D. SQUARE PLANAR AND SQUARE PYRAMIDAL LIGANDS: XNALOGUES OF 
CAH:- 

(i) B4Hg- complexes 

The direct tetraboron counterpart. of the cyclobutadienide ion, C,Ht-, 
would be square planar B,HI;-. Such an entity is not known in the free state 
but can be said to exist in the octahedral molecules R,.HE- and 1, 6-CIB,H,, if 
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one views those molecules formally as compleses of R,H?- face-bonded to 
two BH” and two CH3+ units, respect.ively [9]. A transition metal analogue 
of these systems, not yet prepared but almost certainly capable of existence, 
would be 1,6-(rl”-C,H;)1NiIRJH, (several isoelectronic cobaltaboranes are 
known [4b], although these lack a planar BJ array). 

The insertion (in a formal sense) of four protons as bridging hydrogens into 
the B-B bonds of square planar B,H:- generates R,Hi-, which again is WI- 

known as a froe ion but does form $-compleses with RH” (to give the square 
pyramidal !3orane B,H.,) and with transition metal groups. Two such metal 
complexes of cyclic planar * BIH.<- have been isolated and characterized_ In 
1973 Miller and Grimes [ 4al obtained the red, crystalline metalloborane 2-(q’- 
CiHS)CoB,Hs, 1 (Fig. l), as the principal product of the reaction of Na’B;H, 
with CoCl, and Na’C;H, in cold tetrahydrofuran (THF) (other cobaltaboranes 
isolated from the reaction will be described later in this review). The structure 
of 1 was deduced from ‘H and ” B NMR spectra [4aj, and was later confirmed 
in a crystallographic study [ 101. OH heating at 200” in the vapor phase, 1 rear- 
ranged to l-($-C ,H,)CoB,H,, 2, a yellow solid whose square-planar geometry 
was clearly shown from NRIR data. 

Isomers 1 and 2 are both isoelectronic counterparts of BjHL), with a Co- 
(Q’-C~H~)‘+ .group replacing a BH’* unit in each case (the Wade formalism [ 5-71, 
discussed in Section B, invokes neutral BH and Co($-C,H;) moieties as two- 
electron donors to skeletal framework bonding: in either language the equi- 
valence between R;H., and the cobaltaboranes is preservecl). Isomer 2 contains 
the cyclic planar B,H.<- ligand, isoelectronic with C,Hf-, and was the first 
such complex to be prepared. Thus, 2 is directly analogous to the sandwich 
compound (~~“-C,H,)CO(~?~-C,H.) [ill_ It is useful to consider both the 
C,Ha- and the B,H$ ligands as formal dine gative units, if only because this 
is consistent with the common designation of cyclopentadienide (C,H;) as 
an ionic ligand. Moreover, the formal metal oxidation states that are implied 
by these ionic ligand assignments (e.g. usually +2 for iron and +3 for cobalt) 
are highly compatible with the chemical and spectroscopic properties of the 
compounds_ 

The only other known comples of planar B,Hi- is l-(CO),FeB,H,, 3, an 
orange liquid which has berw assigned the structure in Fig. 2 [ 121. Again, 
this species can be viewed as both a cage compound (analogous to R,H., in 
terms of skeletal electron-count) and as a sandwich complex which is a COLIH- 
terpart of the known molecule [ 131 (CO),Fe($-C,H,). Fehlner and co- 
workers [ 141 have examined the He(I) and Ne(I) photoelectron spectra of 
the latter complex as well as 3 and concluded that there is greater metal-ring 
interaction in the borane complex than in (CO),Fe($-C,H,): that is, the iron 
is more “cage-like” in 3. Given the higher electronegativity of carbon com- 
pared to boron, it is not surprising that the hyclrocaxbon ligand appears to 

* The term “planar” throughout this review denotes an approsimnte planarity of the non- 
hydrogen atoms in the ligand, and excludes bridging hydrogens. 
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Fe (CO15 
a 

3 

Fig. 3. Synthesis of l-(C0)~FeB4Hs (3) from BFH~- 

eshibit more ionic character than does the square planar tetraboron ligand. 
The chemistry of l-($-C,H,)CoB,H, and 1-(CO),FeB,H, has been little 

studied, but an intriguing reaction of the iron species which may have con- 
siderable synthetic significance is the displacement of iron by two molecules 
of %butyne [ 151: 

(CO),FeB,H, + 2 CH,CXXX,~ (CH,);C,B,HJ 

3 4 

The product 4 has been formulated from NMR data as a carborane with 
flusional cage structure [15], but it should be noted that an electronically 

a 

analogous tetranickel comples, ($-CTH;),Ni,B,H,, has been shown to have a 
close, non-flusional, dodecahedral shape [ 161. 

(ii) Complexes of square pyramidal ligatzds 

Metal-hydrocarbon sandwich compleses incorporating square pyramidal 
C, ligands are ~I~~IIOWII: however, the synthesis of derivatives of the square 
pyramidal carbocation CjH< [ 171 suggests that such compleses might be pre- 
pared eventually_ The prototype square pyramidal borane Iigand is the hypo- 
thetical BjH:- ion (formally generated by removal of the four bridging pro- 
tons from B5H,,), and the analogous square pyramidal carborane ligand (which 
is part of an isoelectronic sequence with C,Hz and B,Hz-) is C,BIH:-. Salts of 
this ion have not been prepared, but its diprotonated derivative, the carborane 
CZB2H7, has been well characterized and is indeed pyramidal [ 1Sj. Two metal 
compleses of CZB,Hi- were synthesized in our laboratory several years ago 
(Fig. 3), and were the first known esamples of octahedral boron cage species 
containing metal atoms [ 191. The orange liquid 1, 2, 4-(CO)JFeC,B,H,, 4, and 
yellow-orange solid 1, 2, 4-($-C,H,)CoC,B,H,, 5, were prepared by metal 
insertion into close-1,5-CIB,H, as shown, and characterized from “B and ‘H 
NMR data. Once again, these species can be formulated either as q”-com- 
pleses of the C2B,Hz- ligand or as close-metallocarboranes; in the latter 
approach one counts in each case 14 skeletal electrons (two from each BH, 
Co($-C,H,), or Fe(CO), group and three from each CH), as expected for 
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6 

(C,H,lCo(Co), 

\ 

7 

Fig. 3. Synthesis of ~,~,~-(CO)~FCC~BJH~ (Q), l,,, 3 ~,~-[(CO)JF~]JC~B~H~ (6), 1,2,-I- 
(q>-C5HS)CoC2B3HS (5) and l,a,3,5-(r)~-CSH~)-Co2C2B.~Hr; (7) from 1,5-C,B3HS. e CH; 
c BH. 

6-vertes close structures (see Section B). In the metal-complex description, 
the overlap of orbitals on the metal and ligand atoms is qualitatively identical 
to that in square planar metal sandwich compounds; that is, three bonding 
MOs on the ligand are combined with three suitable metal orbitals to generate 
a set of bonding MOs which accommodate the six electrons supplied by the 
dinegative ligand. 

Both 4 and 5 can be converted to dimetallic, 7-vertex cages (6 and 7) by 
reaction with appropriate metal reagents [ 191, as illustrated in Fig. 3. These 
processes are esamples of polyhedral espansion by direct metal insertion, a 
method which has been successfully applied to many different cage systems. 

A ferraborane analogue of 4 and 5, (CO),FeBjH,(CO)I, 8, has been 
reported by Ulman and Fehlner [ 201 who proposed the structure shown in 
Fig. 4. This compound, the first esample of an MB; octahedral cluster, was 
obtained in the reaction of B;H,, with Fe(C0) r at 30-280°C in daylight. 

Three other octahedral metalloboranes which are isoelectronic analogues 
of 4, 5, and 8 are violet 1,2-(q’-C,H,)$ozBJH,, 9, brown 1, 2, 3-(q5- 
C,HS)Co_,B,H,, 10, and yellow 1, 2, 3-(q”-C,H,),Co,B,H,, 11, all of which 
were originally isolated 14,211 as minor products of the synthesis of 1 from 
B&, CoCII, and NaC,H, (Fig. 1); recently, work in our group has demon- 
strated 1221 that 9, 10 and 11 form by addition of cobalt to the anion of 1, 
as shown in Fig. 5. The octahedral cage structures shown have been estab- 
lished crystallogrztphically [ 23,241, with the face-bridging protons precisely 
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Fig. -1. Propkd structure of (C0)3FeBSH3(C0)2. 

located in 9. In aclditiDn to being 6-vertes, 14electron close systems * 
directly analogous to B,,Hz- as well as 4, 5 and 8, both 9 and 10 can be con- 
sidered as q4-compleses of a CO(Q’-C,H,)” unit with square pyramidal (q’- 
C,HS)CoB,Hz- and ($-CSH,)&o,B,H$ ligands, respectively. Both ligands are 
analogues of B,H’,-, which of course is simply a diprotonated derivative of 
B,H:-. The capped-octahedral species 11 is structurally unique in the boron 
cage family, but is electronically related to several heavy-metal clusters such 
as OS,(CO)~, [25]; it can be formally generated from 10 by replacing the two 
“extra” hydrogen atoms with an electronically equivalent :f3H group. 

At the time of writing, one other octahedral metalloboron complex, the 
mixed-meta! species (CO),Fe($-CiH,)&02B,H,, 12, has been characterized. 
This brown compound (Fig. 6) was isolated from the reaction of Fe(CO), 
with 1, and the structure shown was proposed from NMR evidence [ 221. 
Again, the framework electron count of 14 (which takes into account the 
presence of four carbonyl groups) is identic‘al to that in the octahedral species 
mentioned above, and a description in terms of a metal ion-square planar 
ligand complex similar to that given for 9 and 10 is also possible. 

Table 1 summarizes the known compleses of square planar and pyramidal 
boron-containing ligands. 

(iii) Other cotnpleses itzvolvitzg metal-squat-e planar face itz tet-actions 

A few larger metallocarboranes and metalloboranes are known in which the 
metal atom is q”-bonded to a cyclobutadiene-like square planar face, although 
the ligand as a whole is neither planar nor pyramidal. These compleses are 
not strictly within the scope of this review, but will be mentioned inasmuch 
as this type of metal-ligand interaction is qualitatively similar to that dis- 
cussed above. The assigned cage geometry in most of these molecules is either 
a 9-vertes tricapped trigonal prism or a lo-vertex bicapped square antiprism, 

* It should be kecalled that the electrons supplied by the bridging hydrogens are included 
in the total fi-amework count. 
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9 10 11 

Fig. 5_ Synthesis of l,a-(rl”-C,H,)2C02B~Hb (9). 1,2,3-($-CgH~))3C03B3H~ (10) and 
($-CsH5)3C03B~H~ (11) from the [~-(~‘-C~HS)COBJH, ]- ion. One CsHs ring has been 
omitted for clarity in 10. Structures of 9, 10 and 11 hnve been cr_vstallogmpt~icaiI~ estab- 
lished. < B or BIi;. H. 

TABLE 1 

Complcses of square planar and squaw pyramidal ligands 

Complex a Color h1.p. Data b 

(“C) 
--.._ 

Square planar Iigands 
1-CpCoB_,Hs yellow B, H, IR, MS 
l-(CO)JFeB~Hs 0KUlge 5 B, H, IR, MS; UVP 

Square pyramidal ligands 
1,2,1-(CO),FeC,B,H, orange B, H, IR, MS; UVP 19: 1-L 
l-(CO)JFeB5 Hs(C0)2 red -5 B, H, IR, MS, E; UVP 20; l-1 
l,‘>,-I-CpCoC2BjHj yellow- 

orange B, H, IR, MS, E 19 
1.2~Cp2Co,B4Hh violet B, H, IR, MS; S -lb, 31; 2-L 
3-u-CgHI)-1,3-Cp,CoZBJHS violet B, H, IR, MS -lb, 21 
-I-o-C5H,-1,2-CpzCo,B,H, violet B, H, IR, MS 4b, 21 
L,2,3-Cp3C03B3H5 brown B, H, IR, MS; Y 4b, 21; 23 

1 ,~.~-CII~C~~(CO)~F~B~H~ brown B, H, MS 22 
--. _~_ . 
‘1 Cp = (77’ -Cs H5 )_ IJ B = ’ ’ B NRIR- H = ‘H NMR; IR = infrared data; MS = mass spectro- . 
scopic data; X = S-ray crystalloy-aphic data; UVP = ultraviolet photoelectron spectro- 
scopic data; E = electronic spectral data. 



<C5H5)2C~2K0)4FeB3~3 OBH 
Fig:. 6. Proposed structure of (CO)4Fe(~‘-CsH~)zCo~B~H~ (12). 

the metal in each case occupying a capping vertex (Fig. 7). Of the reported 
g-vertex structures, the only ones that have been crystallographically verified 
are 4,5,6-[(CH,),P]2PtCzBbHg and its C,C’-dimethyl derivative [26,27]. Other 
molecules of this class, whose structures were proposed from NMR evidence, 
include 4,1,8-(775-CSHS)FeC2BgHti [28] and 4,1,9,2,8-[(CO),Fe],($-C,H,)- 
CO(CH,)~C,B,H, 1291. A nido 9-vertes species (monocapped square antiprism), 
(~5-CSH5)4Ni,B,H,, is proposed to have one nickel atom in the capping vertex 
bonded to an NIB, “square” face [ 161. 

Ten-vertex systems which have been assigned structures containing metal- 
square planar face interactions are l,lO-(v’-CjHi),NiCoCB,H, 1301, 10,1,2- 
and 10,1,6-($-CqH,),Co,CB,H, [ 311, lO,l-($-C5HS)NiCB,H?, [ 321, and 
l-(q5-C <H ,)NiB,H; and its B-perchloro derivative [ 33 ]_ 

0 Fe 4 8 
2 J4fszL 9 

5 
3 

I- 

Fig. 7. Proposed structures of a 9-vertes metallocarborane, 4,1,8-($-C5H5)FeC2B6Hs, and 
a lo-vertex metalloborane, [l-(77” -CsHs )NiBgH,, I-, in which the metal ion is bonded to an 
approximately square planar face on the borane ligand. 0 CH; 0 BH. 



E. PENTXGOKAL PLANAR AND PENTAGON-AL PYRXBIIDAL LIGXNDS: 
ANALOGUES OF C,K5 

(i) Sxsterns with one q’-bonded metal atom 

(I) Complexes of cyclic planar B,H;, 

Following a simiiar approach to that used in dealing with square.planar 
borane ligands (see above), I begin this section by observing that the simple 
borane counterpart of the cyclopentadienide system would be cyclic planar 
B;H:-. As might be expected for such a highly charged species, the free ligand 
has not been found, nor have any metal x-compleses been prepared (however, 
planar B,H;- could be said to exist as a formal comples with two BH” 
goups in the pentagonal bipyramidal B,H:- ion [9,34]). 

The pentaprotonated derivative of B;H’:-, i.e. B,H;,, does exist in one 
knower metal comples which was recently prepared in our laboratory [35a]. 
As shown in Fig. 8. addition of FeCl, and NaC,H, to a solution of Na’B,H; 
in THF at 25” gave violet 2-($-CiHy)FeBiH,o, 
at 175-180°C to the l-isomer, 14. From 

13, which in turn rearranged 
“B and ‘H NtiIR spectra the struc- 

tures depicted were assigned [35a], both being electronic and structural ana- 
logues of B,.Hlo. The structure of 14, which is strongly indicated by the high 
(C5%.) symmetry evident from NhIR data, is a direct isoelectronic and iso- 
structural analogue of ($-CiHg)zFe (ferrocene). Compounds 14 and 
l-(v’-C,H,)CoB,H,, [35b] are the only known examples of complexes COII- 

taining a planar B, borane ligand. However, several metal complexes of non- 
planar By ligands have been prepared, e.g. (CO),FeB;H, and the 
(CO),FeB5H, ion [ 361, [(C,,H i).IP],C~iB,H, [ 371 and B,HlOBeBH, and 
(BiH,(,)?Be [38,39]; it is p ossible that some of these might be induced to iso- 

13 14 

Fig. 8. Synthesis and proposed structures of 2-($-CsHj)FeBsHlo (13) and 
1-(q5-CgH~)FeB5Hlo (14). l CH; 0 BH; l H. 
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‘merize to sandwich-like complexes with cyclic planar borane lignnds annlog- 
ous to 14. 

(2) Complex-es of cyclic planar CZB, H:- 

A hypothetical series of cyclic planar carborane anions which are isoelec- 
tronic with C,H: and B;H? would consist of C,BH:-, C,B,H:-, C:B,H”- and 
CB;H:-. Of t.his group, metal compleses are presently known for C-substi- 
tuted derivatives of C,BHt- and C,B,H-J-, and for the parent C,B,H:‘,- ion and 
several of its derivatives. In addition, heterocyclic analogues of these ligands 
containing sulfur or nitrogen also form complexes with metals, as described 
in later sections_ The C,B,H?,- system, though nonesistent as a free species, 
is important in metallocarborane chemistry in three ways [ la,40,41al: (a) 
planar C,B,H”- forms “triple-decked sandwich” compleses by simultaneous 
_rl’-bonding to two metal atoms (discussed in Section E(ii), below): (b) the 
pyramidal C,B,H,‘,- ligancl (which may be regarded as a n-comples of a BH’+ 
group with C:B,H?,-) forms numerous q”-complexes with metal atoms: (c) the 
planar C,B,H:- ion, which is simply C,B2H:- with two B-H-B bridging pro- 
tons added, is also a common $ ligand in metal compleses. 

Most of the known species containing C,B,H$- or its C-substituted deriva- 
tives have been obtained from compleses of CIB,Hz- (or its derivatives) by 
removal of the apical BH group. The first synthesis of a metal complex of 
C,B,H$- involved the reaction of the rzido-carborane 2,3-C?B,H, with Fe(CO), 
at 240” in a hQt-cold reactor [42,43], which gave both pale yellow liquid 
l-(CO),FeC2BJH7, 15. and yellow-orange liquid 1,2,3-(CO),FeC2BfHI,: 16 
(Fig. 9): it was shown that 15, the more stable of the two species, forms on 
thermal degradation of 16. The structure of 15 was assigned from NMR spec- 
tra and later confirmed in an X-ray study [44], which disclosed that the C,B, 
ring is planar and symmetrically bonded to the iron atom (all Fe-B and 
Fe-C distances are identical within one standard deviation)_ 

Comples 15 is an isoelectronic analogue of the well-known ($-CjHj)Fe- 
(CO)‘, ion and of ($-C,H,)Mn(CO), (cymantrene), and is at the same time 
directly related to iti carborane precursor C,l!j,H, (Fig. 9) by replacement of 
BH”’ with an Fe(C0):’ group. Ab initio molecular orbital calculations on 15 
suggested that the metal-ligand bonding is mainly ionic [451, a conclusion 
which seems at variance with the volatile, stable, covalent-like nature of the 

Fig. 9. Synthesis of l-(C0)3FeCzBqH, (16) and l-(C0)3FeC2B3H7 (15). 0 CH; 0 BH; l H. 
The structure of 15 has been c~stallographically established. 
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molecule, and with the Fe-B and Fe-C bond distances [44] (2.11-2.14 A), 
which are typical of covalent interactions. Recent measurements of its ultra- 
violet photoelectron spectrum [14] also cast doubt on the ionic-bonding 
model. 

In addition to the study of 15 mentioned above, one other metal complex 
of a C,B,H:- derivative has been examined crystallographically [46], this 
being the red, solid, zwitterionic cobaltocenium-carborane species 
5-[ ($-CsH.i)Co($-C,HJl-[ 2,3-(CH,),C,B,H,ICo[2,3-(CH,),CzB,H,1, 17, 
shown in Fig. 10. This molecule contains a Co”’ - ion @-bonded to a pyramidal 
(CH,),C,B,H:- ligand and a (CH,)&,B,Hz- cyclic planar ligand, with a termi- 
nal hydrogen on the former replaced by a [(q’-C_H,)Co($-C,HJ) 1’ (cobalto- 
cenium) substituent. There are several interesting structural features, but of 
primary concern here is the (CH,),CIB,H$- ligand. The C,B, ring is completely 
planar within experimental error, and as in complex 15, is symmetrically 
bonded to the metal atom. A further similarity between 15 and 17 is the 
short carbon-carbon bond in the C,B, ligand in each comples (l-410(4) 
and l-418(9) A, respectively), which is also a feature of pyramidal carboranes 
containing adjacent carbon atoms (e.g. C2BAHS [47]); the shortness of these 
interactions has been interpreted as evidence of localized multiple bonding 
between the carbons [47,48-J. 

A number of other metal $-complexes of the C,B,H:- ligand or its C-sub- 
stituted derivatives have been prepared in our laboratory (Table Z), and one 
sequence is illustrated in Fig. 11. The bridging protons in most of these com- 
pounds are acidic toward hydride ion in ethereal solvents; thus, reaction of 
19 with NaH in THF generates the conjugate base anion 20 and releases hy- 
drogen 1491 (Fig. 11). Only one bridging proton per molecule can be removed 

Fig. 10. Structure of 5-[(17’-CsHs)Co(77’-CsH4)]-[2,3-(CH3)2C2B3H,-]Co[2,3- 

WH312GhH3 I, 17. 



TABLE 2 

Complexes of pentagonnl planar ligancls 
_I__.- __.____ -- ._ _ . 

Complex a 
-_-__ .__.-_ .____ -- .- 

Bs ring systems 
lGjd?cBsH,e 
1-CpCoBS Hg 

C2B3 ring systems 
1,2,3-(CO)&CzBJH7 
1,2,3-CpCoC2B3H7 
2-CH3-1,2,3-CpCoC2BlH6 
2,3~(CH3)z-1,2,3CpCoCzBJHs 
[~,~-(CH~)~C~B~H~]COH[~,~-(CH~)~C~BJI-I~] 
(CH3)4N+[2,3-(CH3)2C~B4114]C~[ 2,3-(CH3)&B3H5 ]- 
~-[C~C~(C~~I~)]-[~,~-(CI-I~)~C~BJI~,]C~[~,~-(CI-I,)~C~B~I~~] 
u-(CH~)~O-[~,~-(CH,),C~B,H,]CO[ 2,3.(CH,),C~B,H,l 
[CpCo(CH3)~C~BJHJ]C~H[2,3-(CH3)~C~B3Hs 1 

C&B (borolc) ring systems 

(CO)&C4B(&Hs )s 
2-C2Hs-G-C6Hs-(CO)JFeC,,BH3 
(CO)?NiC4B(CGHs)s 

CJBZ (diborolcne) ring system 
CpNiC~(C~Ns)~(CH~)B~(C21-1~)~ 

C?BzS (thiadiborolene) ring systems 

(CO)&rC2(C~HS)?B2(CH3)?S 

(CO)~M~[C~(CSHS)~B~(CI~~)~SI~ 
(C0)3FcC2(C~HS)~B~(R)2S 

R-I 
R= Br 
R= Cl 

_ . . 

Color M.p. (‘C) Data” - 

Complexes wit11 one ~s-l~oncIed metal atom 

violet B, I-I, MS 35a 
B, I-I, MS 3511 

pale yellow 
pale yellow 
yc110\v 
yellow 
yellow 
yellow 
recl~brown 
yellow 
red-brown 

--16 

259-262 

B, I-I, IR, MS; X 42, 43; 44 
B, II, IR, MS 49 
B, I-I, IR, MS 49 
B, I-I, MS 22 
B, H, IR, MS 51 
B, H, IR, MS 51 
B, MS, X -lo 
B, I-I, IR, MS 46 
B, I-I, IR, MS 51 

pale yellow 218-220 IIE, MS 77 
amber c-30 H, IR, MS 77 
wine.recl 214-21G IR, MS 77 

orange-red 4G B, I-I, MS 80 

yellow-green 
liquid 
yellow 
yellow-green 
liquid 
yellow 

169-170 
B, I-I, IR, MS 82 
B, 1.1, IR, RIS 82 

159-l GO 
R, 1-1, IR, MS 
B, l-l, Hi, MS 

82 
82 
81 

red-ornngc 
yrllow~ora1,~l! 
yellow-reel 

96-98 
59-60 

B, H, IR, RIS 
I3, H, IR, MS 
B, H, IR, RIS 

.---_ 

RCr. 
._ _ -_-_- 



TABLE 2 (continued) 
~___ __._. . - _.- -_ 

Complex a 
__-_._-- __--. _. 

R = CM3 

R = N(CH,h 
R = OC2HS 
R = SCHJ 
R = II 
R= F,I 
R = 0C2H5, I 
R = CHJ, I 

C:NzB (diazaborolinc) ring systems 
(C0)3CrC?H2N2[C(CH3)J]2BCHR 

2,3-&B~ ring systems (;ldjacal carbon atoms) 
1,7,2,3.Cp2CO2C2B~I-~~ 

2-R-3.R’-1,7,2,3-Cp2CozCzB3HB 
R = CH3, R’ = H 
R = R’ = CIiJ 
R = (CH3)$i, R’ = II 
R = C,H,, R’ = H 
RR’ = C&, 

Color 

_ _ . .._ 

M.p. (“C) Data b 

yellow-ornngc 23-25 B, I-I, IR, MS 
clnrk ret1 IOl--102 R, I-l, IR, MS, S 
dark red ,I F-11 6 B, FI, JR, MS 
dnrlc red 125-I 26 B, H, IR, MS 
yellow B, H, IR, MS 
yellow-red B, I-I, HE, MS 
dark red B, H, IR, MS 
red 68-70 B, H, MS 

yellow 170 dcc B, 11, IR, MS 

_. _.. ._- .-- 

RPI-. 
_ .- __.___ 

83 

Complexes with two ~s-bo~~clcd mctnl atoms (triple-ducked simdwihes) 

rcdhrown 

red-brown 
red-brown 
red 
red 
rc d 
red 
red 
red 

B, II, IR, MS; 13 49,84; 63 

B, I-I, IR, MS; X 49; 84 
B, 11, IR, MS 49 
B, I-I, MS 4 la 
I$ I-I, MS alla 
B, H, 111, MS; S 11 I) ; 4 8 
B, II, MS 11 1 a 
B, Ii, njs 41a 
B, H, MS 1lla 



1,7,2,3-(Cll-ISCsNJ)CpCo2C2BJHS 
1,7,2,3-[(CHa)Si-CsH4]CpCozC2BaHs 
CPC~[(CI~~)~C~B~I~~IC~H[(CHJ)~C~B~I~~JC~C~~ 
CpCo(CHs)2CaBaH#e(CO)s 

2,4-CaB3 ring SySt@mS (llonndjaccnt carbon atoms) 
1,7,2,4-Cp?Co2CzB3I~s 
2-R-1,7,2,4-Cp2C02C2B31.14 

n = CIIs 
R = (CHs)aSi 
R = C&H5 

1,7,2,4-(CN3CSH4)CI~Co2C2B31~s 
1,7,2,4-(C2HSCsI-14)CpColC~BnNS 
1,7,2,4-[(CI-Is)sSi-CsI.I4]CpCo2C~B$Is 

C4B (borole) ring systems 
2-C2HS-6-C6Hs-(CO)6Mn~C4BH, 

CJB~ (diborolene) ring system 

Cp2FeCoCa(C2Hs)2(CIIJ)BAC2%), 
C~~N~~CJ(C~HS)?(CI~~)B~(C~HS)~ 
Cp2CoNiCJ(C:Hs)2(CIIJ)B?(CA)s 
CP,CO~C,(C~I-IS)~(CH~)B~(C~~~~)~ 

C2BzS (thiadiborolcne) ring systems 

(COM412Cz(C2Hs )2B2(CN3)2S orange-red 183-131 B, I-1, IR, MS, X 92 

~~~~~~~~~~~~~~~~~~~~~~~~~ dark green 230 dcc B, H, nm, x 93 

[C2(C2”S)2B2(CH3)2S13c02 shiny black 172-173 B, N, MS 94 
.___ ____ _.__.__ ______. .- - _.-__- - - -. - --. -- -- ._ -__ -_. - _ _.- - - _._ _.-_ 

a Cp = (q”-CsNs), Witbin cacb ligand class, compleses arc grouped by metals. n 13 = I ‘B NMR; I I-I = ’ I-I NMR; IR = ini’rarcd data; 
MS = mass spectroscopic data; X = X-ray crystallographic dala; E = electronic spectral dilta; MAG = magnetic susccplibility. 

Wd B, II, MS 4 la 
red B, II, MS 4la 
black 3, II, IR, MS 51 
red-brown B, II, IR, h4S 52 

dark green B, II, IR, MS; E 

dark green B, II, IR, h4S; X 
green B, I-1, MS 
green B, II, h4S 
green B, II, MS 
green B, H, MS 
green B, II, MS 

brown-red 119-120 B, I-I, IR, MS, X 90 

green 
tlcql grP?n 
grcon 
yellow-green 

>270 dcc B, I-I, MS 91 
MS, RIAG Sob 
hlS Sob 
MS sob 

49, &l; 19 

53; 88 
4la 
4la 
4la 
4 1 a 
4 1 a 
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No H 
NO+ co Cl2 

-He No+C~H~- 

23 C2B,H, 

18 19 20 21 

Fig. 11. Synthesis of Co3+ complexes of C2BaHa-, CZBXH~-, CZB& and C2B3H:- (18, 
19,20,21). l CH;o BH. 

by hydride attack; this is identical to the behavior of the corresponding car: 
borane, 2,3-C,B,H, [50], aIso shown in Fig. 11. Treatment of the cobaltacar- 
borane anion 20 with CoCl, and NaC,H,, followed by workup in aqueous me- 
dia yields the triple-decked complex 1,7,2,3-(~~-C,H,)2Co,C2B3HS, 21 (Fig. 
11); in this process the remaining bridge proton in 20 is lost, but its fate has 
not been determined [49]. The triple-decked species will be discussed in detail 
in Section E(ii) below. 

In one type of C2B.1HS- (or (CH,)&B,Hz-) complex, the B-H-B bridges 
are not reactive toward NaH. These compounds contain a metal-bound proton 
which is preferentially attacked by hydride ion in THF, leaving the bridging 
hydrogens unaffected 1511. As shown in Fig. 12, the removal of the Co-H 
proton in 23 is reversible (it should be noted that the cobaltocenium-substi- 
tuted species 17, depicted in Fig. 10, is a derivative of 23). The conversion of 
22 to 23 is another example of the degradation of a pyramidal C,BJ to a 
planar CIB, ligand, in effect similar to the formation of 15 from 16 although 
the experimental conditions are different. (However, in contrast to the sequ- 
ences in Figs. 11 and 12, iron compleses of (CH3)2CZB,H3- are not degraded 
to the analogous C,B, compleses by base hydrolysis [52].) 

(3) Complexes containing one pyramidal CIB,H,R$- ligand 
Metallocarboranes incorporating C,B,H,t- ligands of two isomeric types 

have been prepared, their structures differing in the location of cage carbon 
atoms (Table 3). Complexes of 2,3-C,B,Hz- contain adjacent carbons in the 
equatorial ring, and are prepared from 2,3-C,B,H, as illustrated in Figs. 9, 
II, and 12; complexes of 2,4-C2B,Hz- have non-adjacent carbons in the equa- 
torial ring, and are obtained either by thermal isomerization of 2,3-CIB,H:- 
compleses[ 531 or by direct synthesis from a carborane containing nonvicinal 
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r 1- COCI 252 

excess -?- 

i@i 

2. , 

-Co” 

-I 
I 

(CH312C2B4H; 
7 A 

22 23 

I 

24 

CoCI*. 

C5% 

Fig. 12. Swthesis or bis(carboranyI) compleses of Co 3+ involving the planar [ 2,3- 
(CHJ)ZC~B~H~ I’-, pyramidal [ 2,3-(CH3)zCzB4H4]‘- and pyramidal [2,-1,5-($-C_iHg)C~- 
(C~-I~)~CZBJH~ I’- ligands (22, 23, 24, 25). l CCH,; (9 BH. 

carbons, such as octahedral 1,6-CIB,H,, or 2,4-C,B,H, 149,541. C-substituted 
derivatives of both isomeric types can be synthesized from the appropriate 
C-substituted carborane. 

Direct synthesis of 2,3-C,B,H<t- compleses by reaction of 2,3-C,B,H, with 
metal reagents has been accomplished in a few cases, such as the insertion of 
iron [42,43] (Fig. 9), gallium [55,56] and indium 1561: 

M(CH,), + 2,3-C,B,HR 5 CH$IC,B,H,. M = Ga, In 

Eiowever, the treatment of the C,B,H; ion or its derivatives with metal rea- 
gents has been much more generally successful, yielding nunlerous 2,3- 
R,C,B,Hi- compleses of iron, cobalt, nickel, tin and lead [49,57a] (Table 3). 
X-ray crystallographic studies have been conducted on several of these com- 
pounds, including l-CH,-1,2,3-GaC,B,H,, 26 [56], shown in Fig. 13; 1,2,3- 
(q’-CSHj)Co(CH,),C2BaHJa C,C’-dimethyl derivative of 18) (see Fig. 11) [5Sl, 
and the cobaltocenium-metallocarborane species shown in Fig. 10 [46]. The 
structural parameters of the C,B,Hz- ligands are similar in these complexes, 
except that the gallium atom in 26 is displaced from the centroid of the CIB, 
ring and is -0.2 A closer to the boron than to the carbon atoms [56]. The 
effect is proposed to be of electronic origin, and resembles the slip-distor- 
tions observed in certain electron-rich transition metal complexes of the 
C?B,Hf; ion [59]. In all three structures the carboranyl C-C link is short 
(1.46-1.49 A), though not as short as in the C,B,H:- and (CH,),CIB,Hz- 
complexes referred to earlier (1.41-1.42 A); as in the latter species, some 
degree of carbon-carbon multiple bonding is apparent in the compleses of 
C&B, ligands. 



TABLE 3 

Complexes of pentagonal pyramidal ligancls 
-..- . _ 

Complex il 
__- ___. _ - . 

C?Bd pyrnmidal ligands 
1,2r3.(C0)3FeCzB4H~, 
1,2,4~(C0)3FcC~B~HI, 
1,2,3-CpPe”‘C2B4 IQ, 

Color M.p. (“C) Datn ” 

Complcxcs with one pyrilmidal Iigantl 

0lW1gCf 

OMllgC 

brown 

IxWwn 
green 
I imc! green 
lTd-OlYUlgC! 

rccl~oranyc 

or;lllge 

ornnge 

dark orange 
orange 

0riWge 
Cl~illl@? 

yellow 
yellow 
yellow 
yellow 
yellow 
yellow 
red-lm1wn 

yellow 
lvd-orange 

<20 B, I-1, IR, MS 
B, H, IR, MS 
B, H, IR, MS 
MhGC, PR” 
MS 
B, I-1, MS 
B, H, IR, MS 
B, H, IR, MS 
B, II, IR, MS 
MS 
B, I-I, IR, MS 
B, I-I, IR, MS 
B, l-1, IR, MS; X 
B, I-I, IR, MS 
B, Ii, IR, MS 
13, I-1, IR, MS 
13, I-I, IR, MS 
B, II, IR, MS 
B, I-I, IR, MS 
B, I-I, IR, MS 
B, I-I, IR, MS 

259-2G2 B, I-I, IR, MS 
B, MS, X 
B, I-I, IR, MS 
B, I-I, IR, MS, E 

Ref. 
_- ____ 

.l!2,43 
43 

43 
43 
43 
43 
43 
43 
43 
49 
49 
49; 58 
4 1 I) 
411, 
4 lb 
54 
54 
49 
54 
51 
51 
4 6 
4 6 
19 
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6s 

Insertion of metal atoms into the open face of a C:B,H; ion probably 
OCCLWS via initial linkage at the vacant (non-protonated) B--B edge on the 
base of the pyramid, from which position the metal can move to the center 
of the face and adopt full $-coordination with the ligand. In one case, a tran- 
sition-metal bridged intermediate has actually been isolated, and subsequ- 
ently converted to close-metallocarboranes incorporating the 2,3-&B,Hz- 
ligands 1431 (Fig. 14). The species 28 and 29 can be reversibly interconverted 
via acid-- tase and redos chemistry: 

1,2,3-($-C ,H,)Fe”(H)CIR,H,. Az ($-C,H,)Fe”C,R,H: i)- 
Na/Hg 

28 red-orange _ 30 orange 

1,2,3-(775-CiHj)Fe”‘C~~~H,, 

29 brown 

Other B--M-B bridged compleses analogous to 27 have been prepared, where 

M = Si, Ge, Sn, PI), R, Al, Ga, Rh, Au and Hg [60-631, but in no case was 

NoH Na+ 

432 
[@I- 

t 

q 
F: 

OC 27 

K.5 &J Fe (CO12 I 
-No1 

Fig. 13. Establishecf structure or 1-CH3-1,2,3-GaC~B_,Hb (26). l CH; c’ BH. 

Fig. l-1. Syntlwsis of ~-[(TJ’-C~H~)F~(CO)~]-~,~-C~B~H~ (27) and its conversion to Fe(I1) 
nntl Fc(III) close-fcrracnrborntles (28, 29, 30). l CH: (7 BH. 
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conversion to the corresponding close-metallocarborane observed, probably 
because the metal-bound ligands in these compounds (usually CH,, C,,H, or 
P(C,,H,),) are less easily displaced than are the CO groups in 27. 

The insertion of cobalt into C,B,H; occurs readily, as shown in Figs. 11 
and 12, and nickel(II) complexes form similarly [49]. The same anion, as 
well as its C,C’-dimethyl derivative (CH,),C,B,HJ, reacts with SnCl, and with 
PbBr: to give :hIRIC,B,H, species (kl = Sn, Pb; R = H, CH,) which have been 
characterized as pentagonal bipyramidal close cages containing a “bare” tin 
or lead atom [ 57al. (Higher homologues with the composition MC~B,lH,, have 
also been reported [ 64,651.) 

\\‘hen the orange compound 1,2,3-($-C,H,)CoC,B,H,, (18, Fig. ll), or its _ 
C,C’-dimethyl derivative, is heated to 400”, a clean isomerization to the yellow 
1,2,4 isomer 31 (or its derivative) takes place [ 531 (Fig. 15). The same com- 
pies, 31, is also produced in the reaction of 2,4-C,B,H, with sodium naphthal- 
ide in THF with subsequent addition of CoCl, and NaC,H, [ 541; although 
other mono- and dicobaltaboranes are obtained, 31 is the major product 
(20~25% yield)_ Still another route to 31 is the reaction of 1,6-C:F;H,, with 
(+I’-CiH,)Co(CO )2 at 230”/6O”C in a hot-cold reactor [19]_ Compleses of the 
2,4-C,B,H,t- ligand with iron and nickel have been similarly prepared [ 191: 

1,6_C,B,H,, !!%!Z 1,2,4-(CO),FeC,B,H,. 

\ 
32 orange liquid 

(?~-C~HJ)S~IP(C~H~)~~~ 

- [ 1,2,4-(C,,H,).,P] JViC2RJH,. 

33 red-orange plates 

The reaction of 2,4-CIB,H, with sodium naphthalide, FeCl,, and NaC,H, is 
complex [431, generating both iron( II) and iron( III) species incorporating the 
2,4-C7BAHcf- ligand; the major product is a linked-cage complex, 1,2,4- 
($-C~H,)Fel*‘CZBLH,-( 2,4-C,R;H,,), 34. 

18 31 

Fig. 15. Thermal rearrangement of 1,3,3-(q5-C5H5)CoC2B4HG (18) to 1,2,4- 

($-CsHs)CoC2B.aH6 (31). l CH; (?BH. 
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(4) Complexes containing two CIBaH_,R:- ligurzds. The osidatiue ligand 
fusion reaction 
The reaction of the (CH,),C,B,Hi- ion with CoClz or FeH2 in THF in the 

absence of C,H; yields, respectively, the red solid bis-carboranyl complexes 
[2,3-(CH,)$,B,H,],Co”‘H, 22 (Fig. 12) and [2,3-(CH,),C,R,H,]IFe11Hz, 35. 
Both complexes are air-sensitive (highly unusual for metallocarboranes) and 
are readily oxidized by air or other agents, yielding the novel tetracarbon car- 
borane (CH,),C,B,H,, 36, a colorless, air-stable solid [ 51,52,66,67]. Figure 16 
illustrates the sequence for the iron system. These reactions occur in high 
yield at room temperature, and involve the osidative fusion of two 
(CH_,)ICIB,Hf- ligands with escision of.the metal (the metallic product may 
be an oxide, hydroside, free metal. or misture of these depending on the 
experimental circumstances). The net process is therefore 

2I(CHJ$zBJL]‘- rol (CH,),C,B,H, 

36 

and can be envisioned as occurring via face-to-face merger of the two pyrami- 
dal units. The structures of 36 and its iron complex precursor 35 (Fig. 16) 
have been established crystallographically [65,69], and the fusion process is 
easy to visualize from a comparison of the two. 

Recent work has shown that conversion of small cages to large cages via osi- 
dative fusion occurs in other systems as well [67,70,71]. For example, if one 
subjects the cobaltacarborane 19 or its anion 20 (Fig. 11) to strongly basic 
conditions, “fused” cobaltacarboranes containing Co2C,B, frameworks are 
formed [‘ill (Fig. 17). In this case the fusion occurs in at least two different 
ways to give the products shown (a third, unidentified product isomeric with 
37 and 38 is also obtained). When the dimethyl-substituted anion [ 1,2,3- 
(~‘-C,H,)Co(CH,),C,B,H,I- is treated in the same way, a singIe isomer, corre- 

FeC12 

C-30’ 

02 

. C-CH3 

0 BH 

I% 16. Svnthesis of [ ~,~-(CH~)ZC:B.JHA J2 FeH (35) and osidative l’usion to Torn1 

(Ci 1.1 ~CJ Bs Hs (36 ). Strl:ctures of 35 and 36 are established. 
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37 

Fig. 15. Osidntire fus on of ~,F?,~-(~~“-CSH~)COC~B_~H~ (19) to isomers of 
(~~-C~H;)~C~~CJB~I-II~ (37 and 38). Estnblished structurm of 37 and 38 are shown. 

l CH; ,BH;. H. 

sponding to the C-tetramethyl derivative of 38, is formed [ 71 J. It will be 
noted that 38 (and its C-tetramethyi derivative) is structur-ally analogous to 
the carborane 36, with the important difference that the central C-C dist- 
ance corresponds to a strongly bo~lc~~~lg interaction in 36 (1.53(l) .A f but is 
distinctly no~~-bolldil~g in 38 (2.791( 5) A). Thus, the cobalt atoms appear to 
play a significant role in dictating the gross structure of the fused product; a 
simple rationale is that the skeletal bonding in 36 is more delocalized than in 
38, due to metal-carborane bonding interactions in the latter species. 

The bis-carboranyl iron complex 35 eshibits other novel chemistry in addi- 
tion to the air-oxidation to 36 described above; for example, the treatment 
of 35 with ($-C,Hj)Co(CO),, or of its conjugate base anion with germanium 
or tin halides, generates the peculiar complexes shown in Fig. 18, in which a 
boron or meta atom occupies a “wedging” location between the pyramidal 
Iigands 1671. The structure of 39a was determined clystallographically 2721: 
those of 39b and 39c were proposed from NMR data 1671 and by analogy 
with the known geometry of 39a. These structures can be rationalized in 
terms of skeletal electron-counting arguments (Section B), since in each case 
there is a deficiency of two electrons (relative to a normal system which 
would have 7- and S-vertes close cages linked at the iron atom), resulting in 
capped polyhedraI geometry [5--71. Complss 39a (and perhaps 39b and 39c) 
can be regarded as “partially fused” systems whose formation involves an 
incomplete osidative fusion process; thus, it may be that an intermediate 
something like 39a is involved in the conversion of 22 and 35 to the tetracar- 
bon system 36 (Fig. 16). 

(5) CompZeses of pyramidal C&H; derivatives 
The three-carbon caxborane 2,3,4-C&H?, a pyramidal system isoelec- 

tronic with 2,3-CIB,H,, has been characterized in the form of several C-alkyl 
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NAH 
35 

-Hz 

I (CsH5)Co(C0)2 MX2 

\ 
M= Ce, Sn 

X=I,CI 

39 b.c 

l C-CHJ 

0 BH 

Fig. 1s. Insertion ot’metais into [L?,~-(CIIJ)~C~BJHJ J:FeH? (35) and its conjugate base 
anion. The structure of 39a is known from a crystallographic study; those oT 39b (M = Ce) 
;md 39~ (&I = Sn) are proposed t‘rom NblK data. 

derivatives (the parent species has never been isolated) [73]. Removal of the 
lone bridging proton by treatment with NaH in THF generates the mono- 
anion, which contains a planar C!,R, face capable of $-bonding to a transition 
metal atom; thus, reaction of the anion with BrMn(CO)5 in diglyme produces 
a red intermediate 40, which in turn is converted at 100°C to a yellow $-corn- 
pies, 41, with loss of carbon monoside [74]. 

NaH 
2-CHj-2.3,4-C3BJH6 ___) 

BrMn(C0)5 

-H2 
CH,C,B,ti, P 

1000 
CH$.Z,EI~H,-S-M~KO), h 2co + 

40 wne-red ‘-‘XC 

0 
H 

41 yellow 20% 

The Mn(CO)S group in 40 is presumably linked to the cage via a 3-center 
B-hIn--B bond analogous to the structure of 27 (Fig. 14), but this species 
has not been characterized. The close-metallocarborane 41, an analogue of 
(q’-C,H,)Mn(CO), (cymantrene), is proposed to have a pentagonal bipyrami- 
da1 structure with Mn in one apes and three adjacent carbon atoms in the 
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equator; the same compound has also been obtained in 85-903 yield by 
direct reaction of the neutral carborane 2-CH,-2,3,4-C,B,H,, with Mn2(CO),0 
at 175-200” [74]. 

Although C,B,H;, and its derivatives are attractive ligands for sandwich- 
bonding to metals (in that the bonding face is unencumbered by bridge hydro- 
gens) no other compleses have been prepared in the seven years since 41 and 
its C,C’-dimethyl derivative were first reported_ This reflects the difficulty of 
preparing the tricarbon carboranes, for which the reaction of the unstable 
boranes B,H,,, or B,H, 1 with alkynes [73] is the only known synthesis_ Simi- 
lar difficulties have discouraged the preparation of metal compleses of 
2,3,4,5-C,BIH,. [ 751, a pyramidal carborane which is analogous to CJB,H, 
and CIBIHR; though CJB,H,, has a planar face which should readily accept 
$-compIesation with metal atoms, no such compounds have been reported_ 
However, a number of complexes derived from the closely related C,BHi- ion 
are known, as described in the following section. 

(6) Compleses of cyclic planar CJ3HP- derivatives 
The neutral ring compound borole (CIBHj) is unknown, but its pentaphenyl 

derivative, 42, has been characterized as a reactive green solid [76]. This com- 
pound is a 4n-electron, “antiaromatic” cyclic system which is isoelectronic 

with (C,.H,),Ci. and accordingly can be stabilized by $-complesation with 
metals or other donors capable of supplying two electrons. Thus, reaction of 
FeJCO), or Ni(CO), in toluene affords compIeses 43 and 44 respectively 
[77]. These complexes incorporate the formal CJB(C,,HS)t- cyclic planar anion, 

43 pale yamJ 44 wine-red 

a Gn-electron ligand which is, of course, analogous to C5(CI,HS)3 and C,H;. The 
parent species, C,BH’,-, is directly related to the pyramidal carborane series 
C,IBG_,lHlo-,, which includes CB,H,), C2BaH8, C,B,H, and CIB,H,, [75]; for 
esample, CJBJ-I,, can be viewed as an $-comples of BH”+ with planar CIBH$-. 

An alternative route to metal-borole complexes [ 771 utilizes l-phenyl-4,5- 
dihydroborepin, 45, which on treatment with Fe(CO)j in boiling mesitylene 
undergoes ring contraction to give the iron tricarbonyl species 46. A struc- 
turally different complex formulated as 2,1,3,4,5-(CO),FeC,BHj, 47, has 



45 46 

been prepared photolytically from ($-C,H,)Fe(CO), and B,H, [ 791. The 
structure shown was assigned from NMR data; conceivably, it might undergo 
thermal rearrangement to place the iron atom in the apical position, thus 

47 

forming the parent species of 46. It is useful to note that complexes 43,44, 
46, and 47 are all 16-skeletal electron, 6-vertex nido cages, in agreement with 
the electron-counting rules outlined in Section B. If the number of skeletal 
electrons in any of these molecules is reduced by two, closure to an octahe- 
dral (2n + 2)-electron system is expected. One way to remove two electrons 
is to replace two carbons by two borons; if this is done in 47, the result is the 
known complex (C0)3FeC2BJHj, 4, whose apparent structure [ 191 is indeed 
octahedral, as shown in Fig_ 3. 

The borole ring system is capable of $-bonding to two metals simultane- 
ously to form triple-decked sandwich species, as described in Section E(ii). 

(7) Complexes of cyclic planar C,B?H;- derivatives 

Metal sandwich compounds derived from the 1,3-diborolene system 
have been reported [SOa, b]. The reaction of 2-methyl-1,3,4,5-tetraethyl-1,3- 
diborolene, 48, with nickelocene at 180” produced brownish-red 49, the struc- 
ture of which was deduced from NMR and mass-spectroscopic data. Again, 

GP 
I 

CH3 tHg 
R = C2H5 

48 49 

the X-electron NiC,B, nido cage system satisfies the electron-count rules 
since ($-C5Hj)Ni, C and B are respectively 3-, 3- and 2-electron donors. 
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Fig. 19. Triple-decked sandwich complexes, 21, 57 and 58, containing the 3,3-CzB3H_:-, 
2,-1-GB~H$ and CsF4 central lignnds. Comples 56 is a 2-methyl derivative of 21. 0 CH; 

I- BH.- 

With a framework electron count of 16 (B, C, N and Cr(CO), being 2-, 3-, 4- 
and 0-eIectron donors respectively), complex 55 is a 16-electronic nido system 
as expected. 

(ii) Sysfenzs with two $-bonded metal atoms (triple-decked sandwiches) 

(1) Complexes of the cyclic plarzar 2,3-C,B,H$- ligalzds and derivatives 
Two isomeric forms of the C,B,H:- system are possible, having the skeletal 

carbon atoms adjacent to each other in one isomer and non-adjacent in the 
other (in the C,B,HS- ring system, described above, only the adjacent-carbon 
(2,3- ) isomer is possible because of the presence of two bridging protons, 
which can span B-B but not B-C or C-C interactions). Both C,B,H:- ligands 
are bifunctional and can form pentahapto links with two metal atoms simul- 
taneously, creating triple-decked sandwich structures_ The first complexes of 
the 2,3- and 2,4-C1B_?Hg- system (Fig. 19) were prepared in our laboratory in 
1972, and the initial report of these compounds [84] included X-ray struc- 
tural confirmation of the triple-decked sandwich geometry of 56 (a C-methyl 
derivative of 21, Fig. 11) by Palenik and Mathew. Complex 56 was the first 
structurally established example of a true triple-decked sandwich compound; 
a triple-decked structure had been postulated earlier for the (C,H,),NiS ion 
58 by Werner and Salzer [ 2,851 and this was subsequently proved correct in 
an X-ray study by Dubler et al. [SS]. Since then, numerous other triple-decked 
complexes incorporating 2,3- and 2,4-C,B,Hz- and other ligands have been 
prepared (see following sections), but the dinickel species 58 remains the only 
characterized example of a triple-decker with C,HJ as the central ligand. 

Complexes of 2,3-C,B,H:- and its derivatives have been prepared [41,49, 
841 from the corresponding complexes of C1B3HS- (Fig. 11). A very different 
synthetic route produced the red, C,C’-(1,3-propenylene)-disubstituted deriva- 
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tive, 59, SllOwn in Fig. 20; a small quantity of 59 was isolated from the reac- 
tion Of B& with CoCll and NaCSH, in cold THF and characterized from “B 
and ‘H NMR data [4b] and an X-ray structural study [4S]_ This synthesis 
represents the only known instance of insertion of a cyclopentadienyl ring 
into a borane cage system, and is also one of the few known cases of metallo- 
carborane synthesis from a metalloborane- The crystallographically deter- 
mined structural parameters for 59 [48] and the C-monomethyl derivative 
56 [S4] are nearly identical except for a slightly longer (by 0.04 A) C-C 
bond distance in the central ring of 59; this probably reflects the fact that 
the ring carbon atoms in 59 participate not only in the electron-delocalized 
C,B, ring. but also in a C, ring which is partially delocalized, thus lowering 
the C-C bond order relative to 56. In both 56 and 59, the central C,B, ring 
is planar and symmetrically bonded to the metal, with cobalt-ring vectors 
of 1.56S(l) and 1.5’70(1) A, respectively. In 59, the C, propenylene chain is 
coplanar with the CZB3 ring, so that the entire central ligancl may be regarded 
as planar CjB3H;-, isoelectronic with C,H;, a species related to the pentalene- 
ide dianion &Hz- by addition of a proton [4S]. Each of the C,H; rings in 
bot!l 56 and 59 is titled with respect to the central C2B, plane by 5.0 and 

C& ‘=eH; 

5.2”, respectively, a phenomenon which has not been explained but is evi- 
dently of electronic origin. 

kleasurements of ’ 'B and ‘H NMR chemical shifts in a series of C- and B- 
substituted derivatives of 21, together with the structural findings described 
above, indicate that the carbon-carbon bond in the C,B3 ring has multiple- 
bond character, and that there is substantial local x-interaction between each 
metal atom and the central C-C link; there is evidently also a strong metal- 

Fig. 20. Crystallographically determined structure of 2,3-(1,3-CJHJ)-1,7,2,3- 
(T,+-C~H~)~C~B~H~ (59). l C; c. BH. 



central boron interaction [41a]. This model contrasts sharply wi:h the corre- 
sponding 1,7,2,4 system (57), which is considered to have greater electron 
delocalization in the C,B, ring and more uniform metal-ring atom bonding. 
In both 21 and 57, there is some NMR evidence of direct through-cage elec- 
tronic interaction between the cobalt atoms [4la], although this has not yet 
been established. Both NMR and electrochemical studies [S7] indicate a high 
degree of electron delocalization over the polyhedral surface, not only in 21 
and 57 but also in their metal-metal bonded isotners (discussed below). 

(2j Complexes of the cyclic planar 2,4-CzB3H:- ligand and derivatives. 
Rearrangement of _3,3- to 2,4-C,B,H:- cowdeses 
The planar 2,4-C1BJH:- ligand lacks a ccarbon-carbon bond, and as men- 

tioned above, its dicobalt triple-decked q’?-complexes are clearly different, in 
electronic terms, from its 2,3-C,B,H:- counterparts. The differences are mani- 
fested in their colors and U\’ spk-a (21 is red and has a major band at 776 
pm [ 531 while 57 is green and has no significant bands above 555 pm [ 19]), 
and in the more uniform environments of the boron nuclei in the complexes 
of the 2,4 system, as measured by “B Nh’IR spectroscopy [4la,49]. However, 
21 and 57 ‘arc structurallv similar, as showt~ by S-ray studies of their respec- 
tive C-monomethyl deri&ives [ S4,SS] and of the 1,3-propenylette derivative 
of 56. mentioned above. Moreover, there do not appear to be major cliffer- 
c’nccs in chemical stability; thus, isomers 21 and 57 are both ait-- and water- 
stable. 

Triple-cleckcd clitnetallic complcses of the 2,4-C1B3H:- syxem have been 
prepared by insertion of metal atoms into carboranes having nonadjacent 
carbon atoms (e.g. 1,6-C:B,H,,) 1491, and have also been obtained by thermal 
rearrangement of the 2,3 (adjacent-carbon) isomers [ 531. The latter route is 
usually preferable since cage isomerizations normally proceed in high yield 
[53,S9]; thus, 21 can be converted to 57 quantitatively by heating above 
300°C in Ihe vapor phase [ 531. \Vhen this isomerization was conducted under 
milder conditions (200-250°C) it was possible to isolate ancl characterize two 
intermediate species. as showt~ in Fig. 21. The structures of 60 and 61 were 
assigned from ’ 'B and ‘H JSkIR spectra of the pure compounds. From the ob- 
scwecl rearrangement sequence it was possible to identify the main driving 
force as separation of the cage carbon atoms en route to the thermodynamic- 
ally favored isomer 57. The actual mechanism is not known (as is the case for 
most boron cage rearrangetnc~nts) but a possible pathway involving coopera- 
tive rotation of CoI3, and Co,B triangles has been proposed [ 531. The metal 
atoms in 60 and 61 occupy adjacent vertices in the polyhedron, an arrange- 
mcnt that seetnccl unus~tal at the time of discovery but has recently been ob- 
served in many metnllocarl~orat~es, as described below. Both 60 and 61 are 
stable to heat, air and water. requiring temperatures above 200” for rearrange- 
ment to 57 [ 531. 

(3) Metal-metal bonded isomers of IV2 C, B3 triple-decked complexes 
III addition to 60 and 61 (Fig. 21), numerous other pentagonal bipyramidal 



79 

21 

60 

0 3-i 

Fig. 21. Tl~er~nnl rearrangement of ~,‘T,~,~-($-C~H~)ZCOZC~B~H~ (21) to 1,5,2,-l- 
(??‘-CSII,)‘Co2CIB311Z (57) via intermediate isomers 60 and 61. 

clusters containing adjacent metal atoms have been prepared [19,51,52,67]. 
Several of these are shown in Fig. 22. Although the formal C?B,Hz- ligand in 
this type of complex is nonplanar, these species are isomers of the triple- 

decked sandwich complcses such as 21 and 57; presumably clusters such as 
62 will undergo thermal rearrangements of the type shown in Fig. 21, yie!ding 
triple-decked sandwich complexes. (In the case of 63, isomerization should 
produce a quadruple-decked comples containing two planar (CH,),C,B,H:- 
ligands.) 

It is also possible to view species of the type 60-65 as sandwich compleses 
containing a roughly planar metallocyclic MC2BI central ligand; thus, 60 
would be described as a (q5-C;Hs)CoC,BzH4- ring (isoelectronic with C,BJH:-) 
which is $-coordinated to a BH’+ unit on one side and a CO($-C~H~)~+ group 

on the other. 

The adjacent-metal complexes shown in Fig. 22 were prepared [ 51,671 by 
insertion of a second metal atom into a bis-carborane comples 
[(CH,)$,B,H,],M, where M = Fe”H, or Co”‘H (see 22 and 35, Figs. 12 and 
16). Treatment of 22 with ($-C5H,)Co(CO), under UV light in THF yielded 
green 62, black 63 and a product which decomposed to give the previously 
mentioned species 25 (see Fig. 12). The addition of CoCl, and C,H,, to 35 in 
ethanolic KOH produced numerous compounds, including brown-violet 64 
and brown 65 (complexes 62-65 were characterized from their “B and ‘H 
NMR and mass spectra [ 51,671. Other esamples of adjacent-metal insertion 
have been presented earlier (see Fig. 18)). 

The fact that the entry of a second metal atom so frequently occurs at a 
vertex adjacent to the first metal atom clearly represents a kinetic effect of 
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central boron interact.ion [41a]. This model contrasts sharply with the corre- 
sponding 1,7,2,4 system (57), which is considered to have greater electron 
delocalization in the C,B, ring and more uniform metal-ring atom bonding_ 
In both 21 and 57, there is some NMR evidence of direct through-cage elec- 
tronic interaction between the cobalt atoms [41a], although this has not yet 
been established. Both NMR and electrochemical studies [S7] indicate a high 
degree of electron delocalization over the polyhedral surface, not only in 21 
and 57 but also in their metal-metal bonded isomers (discussed below). 

(2) CoqAexes of the cyclic planar 2,4-CrB3H:- Iigaud and derivatives. 
Rearrangement of 2,3- to 2,4-CZB,Hz- co~nPIexes 
The planar 2,4-C,BJH:- ligancl lacks a carbon-carbon bond, and as men- 

tioned above, its clicobalt triple-decked $-complexes are clearly different, in 
electronic terms, from its 2,3-CIB,H:- counterparts. The differences are mani- 
fested in their colors and UV spectra (21 is red and has a major band at 776 
pm [ 531 while 57 is green and has no significant bands above 555 pm [ 19]), 
and in the more uniform environments of the boron nuclei in the complexes 
of the 2,4 system, as measured by “B NhlR spectroscopy [4la,49]. However, 
21 and 57 are structurally similar, as shown by ,X-ray studies of their respec- 
tive C-monomcthyl derivatives [ S4,SS] and of the 1,3-propenylcne derivative 
of 56, mentioned above. Rloreover. there do not appear to be major cliffer- 
enws in chemical stability; thus, isomers 21 and 57 are both air- ancl water- 
stable. 

Triple-decked dimetallic complexes of the 2.4-CIB,H:- system have been 
prepal-ccl by insertion of metal atoms into carboranes having nonadjacent 
carbon atoms (e.g. !,6-C,B;H,.) 1491, and have also been obtained by thermal 
rearrangement of the 2,3 (acljacent-carbon) isomers [ 531. The latter route is 
usually preferable since cage isomcrizations normally proceed in high yield 
[53,X9]; thus, 21 can be converted to 57 quantitatively by heating above 
300°C in the vapor phase [ 531. \\‘hen this isomerization was conductccl under 
milder conclitions (200-250°C) it was possible to isolate and characterize two 
intermediate species, as shown in Fig. 21. The structures of 60 and 61 were 
assigned from “B and ‘H NRIR spectra of the pure compounds. From the ob- 
scrvecl rearrangement sequence it was possible to identify the main driving 
force as separation of the cage carbon atoms en route to the thermodynamic- 
ally favored isomer 57. The actual mechanism is not known (as is the case for 
most boron cage rearrangements) but a possible pathway involving coopera- 
tive rotation of COB? and Co,B triangles has been proposed 1531. The metal 
atoms in 60 and 61 occupy adjacent vertices in the polyhedron, an arrange- 
mcnt that seemed un~~sual at the time of discovery but has recently been ob- 
served in many metallocarboranes, as described below. Both 60 and 61 are 
stable to heat, air and water, requiring temperatures above 200” for rearrange- 
ment to 57 [ 531. 

(3) Metal-metal bonded isomers of M,C2B, triple-decked complexes 
In addition to 60 and 61 (Fig. 21), numerous other pentagonal bipyramidal 
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Fig. 21. Thermal rearrangement of 1,‘7,‘7,3-(rl”-CjHg)2Co2C2B3Hj (21) to l,i,2,4- 
(??i-C~H~)~ColC,B~Ii~ (57) via intermediate isomers 60 and 61. 

clusters containing adjacent metal atoms have been prepared [ 19,51,52,67]. 
Several of these are shown in Fig. 22. -4lthough the formal C,B,H:- ligand in 
this type of complex is nonplanar, these species are isomers of the triple- 
decked sandwich complexes such as 21 and 57: presumably clusters such as 
62 will undergo thermal rearrangements of the type shown in Fig. 21, yielding 
triple-decked sandwich compleses. (In the case of 63, isomerization should 
produce a quadruple-decked complex containing two planar (CH,)IC,B,Hr- 
ligands.) 

It is also possible to view species of the type 60-65 as sandwich complexes 
containing a roughly planar metailocyclic hlC,B: central ligand; thus, 60 
would be described as a (rl’-C,H,)CoC,B2H:- ring (isoelectronic with CzBJH:-) 
which is $-coordinated to a BH’+ unit on one side and a Co($-CjH.<)‘+ group 

on the other. 

The adjacent-metal compleses shown in Fig. 22 wxe prepared [ 51,671 by 
insertion of a second metal atom into a bis-carborane complex 
[(CH,),CIB,H,],M, where M = Fe”H, or Co”‘H (see 22 and 35, Figs. 12 and 
16). Treatment of 22 with ($-CIH,)Co(CO), under UV light in THF yielded 
green 62, black 63 and a product which decomposed to give the previously 
mentioned species 25 (see Fig. 12). The addition of CoCl, and CSH,, to 35 in 
ethanolic KOH produced numerous compounds, including brown-violet 64 
and brown 65 (complexes 62-65 were characterized from their “B and ‘H 
NMR and mass spectra [ 51,673. Other examples of adjacent-metal insertion 
have been presented earlier (see Fig. 18)). 

The fact that the entry of a second metal atom so frequently occurs at a 
vertex adjacent to the first metal atom clearly represents a kinetic effect of 
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Fig. 22. Proposed structures of metal ??3-compleses containing MCzBI planar ring systems. 
Comples 62 is a C,C-dimethyl derivative of60 (Fig. 21). o CH or CCHx; c‘ BH. 

considerable scope; even non-carborane substrates such as R,H, undergo reac- 
tions with Co” or Ni” ions to generate metal-metal bonded products (for 
example, see Fig. 5). 

The precise nature of the metal-metal interactions in these systems is only 
now being investigated. Preliminary electrochemical results on the dicobalt 
species 56, 57, 60, and 61 indicate a remarkable similarity in all four isomers, 
implying a high degree of electron delocalization in each polyhedral system 
[87]; thus, it may turn out that the electronic structure of the system is not 
greatly dependent on the presence or absence of a direct metal-metal link. 

(4) Complexes of cyclic planar C,BHz- and C3B2H53- derivatives 
In Section E(i), the monometallic complexes derived from planar C,B and 

C,B, ligands were described. These ring systems can also function as dime- 
tallic ligands, forming triple-decked sandwich compounds; thus, the reaction 
of l-phenyl-4,5_dihydroborepin (45) with Mn,(CO),, at 165°C yields 66 as 
brown-red needles (Fig. 23) [go]. The product was fully characterized by 
X-ray diffraction data, which disclosed a typical ‘I-vertex metallocarborane 
structure obeying the electron-counting formalism discussed earlier; since 
each Mn(CO), group supplies one electron to framework bonding, the total 
is 16 as expected for the Mn,C,B close system. 

In similar fashion, the 1,3-diborolene derivative 48 reacts with 
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45 (CO13 

66 

Fig. 23. Synthesis or %C~H~-6-C~H~-1,7,2,3,-l,5-[(C0)3hIn]~C~BH~ (66). ilydrogen atoms 
on carbon are omitted for clarity. 

($-CjHj)C~(CO)Z and [(qs-CgHj)Fe(CO)_,]l together at 180-200°C under N,, 
yielding the green mixed-metal complex 67 (Fig. 24) which was structurally 
identified from its “B and ‘H NMR and mass spectra; again, the skeletal 
valence electron population is 16, in accord with the proposed structure [91]. 
Several paramagnetic triple-decker sandwiches derived from 1,3-diborolene 
have recently been described [Sob, c]. 

(5) Conzpleses of cyclic planar C,B1_SH2- derivatives 
The 1,2,5_thiadiborolene ring system, like its counterparts C,BHs- and 

C,R2H~- just discussed, can form both mono- and dimetallic q”-compleses. 
Several monometallic species were described earlier; in each of these com- 
pounds (51, 52, 53) the metallic group (e.g. Fe(CO), or Cr(CO),) is a formal 
two-electron donor, [ 5-71 so that the total skeletal electron count is 16 and 
the 6-vertes comples is a nido system with pyramidal shape. One would 
espect that complexation of a thiadiborolene ring with a one-electron donor 
srrch as Mn(CO), or Fe($-CjHj) would introduce two metal atoms, producing 
7-vertex triple-decked compleses. This is in fact observed in the reactions 
shown in Fig. 25 192,931. The structures shown were deduced from NMR and 

R’ 2 

\ / 

c=c 
(C~HCJCOKO)~ -R 

48 R= R’= C2H5 

67 

Fig. 24. Synthesis of 2-CH3-3,4,5,6-(CzH5)4-1,7,2,4,5-(775-CSH5)2FeCoC3B2 (67). 



(CO), 
MD 

Mt&O),, 

R 

R=CH, 

R = C$k, 

Fe 

Fig. 25. Synthesis of 2,3-(C2HS)2-$,6-(CH3)1-1,‘7,2,3,5-[(C0)3RI~l]2C2B2S (68) and 2,3- 
(C,H;)---I 6-(CH3)2-1,7,2, 9 3,5-(77’-C3HS)2Fe2C2BzS (69). 

mass spectra, supported by X-ray diffraction studies of both compounds [ 92, 
931. In 69 (and presumably in 68 also, though this is not stated), the central 
ring is planar. The metal-metal distance in 69 is much shorter than in 68 
(3.236(l) A vs. 3.506(l) A), for reasons not yet clear; however, both are 
much shorter than the metal-metal distance in 58 [ ($-CjH,),NiS] (3.576 A), 
a result accountable in the fact that the dinickel species has four more elec- 
trons than 68 and 69. Both thiadiborolene species are electronic analogues of 
the ($-C,H,)2Co,C,B,H, triple-deckers 56, 57, and 59 (Figs. 19 and 20), in 
which, for comparison, the average Co-Co distance is 3.138(2) A [48,84,88]. 

The same thiadiborolene derivative reacts with CO,(CO)~ to yield a black 
complex, 70, in which the three rings are identical [94]. 

R’ R’ 
\ 

C-C’ 

/ \ 

R--8\5/B-R 
Q 

I 

70 

R=CH3. R’= C2H5 
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The skeletal electron count in the central Co2C2B2S pentagonal bipyramid 
is 16, corresponding to a 7-vertex close cage, while in each “end” CoC,B,S 
system it is also 16, corresponding to a 6-vertex nido framework_ (In this ana- 
lysis one assigns 6 “nonbonding” electrons to each metal atom, as usual. Of 
the remaining 3 electrons, each cobalt donates two to its end ring and one to 
the central ligand: C, B and S atoms supply 3, 2 and 4 electrons each.) Thus, 
70 is analogous to all of the heteroborane triple-decked complexes previously 
discussed in this review. 

(iii) Systems wit12 three r)‘-bolzded nzefal atoms (quadruple-decked sal2d- 
rviches) 

At the time of writing there is only one example of a true quadruple-decked 
complex containing four planar n-bonded rings covalently linked by three 
metal atoms [132]. The reaction of 1,2,3-($-C,H,)Co(CH,),C&B,H; (20) with 
CoC12 yields black, neutral (($-C~Hg)Coul[ (CH,)2C,B,H,]) 1 Co”‘H, ‘71_ The 
structural characterization of 71 is based on *‘B and NMR and mass spectra 
[95a], but confirmation by X-ray diffraction has not yet been possible. A 

species derived from the thiadiborolene ligand, [ (CO),Mn - (C,H,C),( CH,B),- 
S],I?e, has been reported by Siebert et al.; this can be considered a type of 
quadruple-decker if one considers the end (CO), groups to be equivalent to 
ring ligands [ 1311. 

No quadruple-decked comples based on CSH; central ligands has been 
characterized, and in view of the low stabihty of the known triple-decked spe- 
cies ($-CJ-Hj)JNiT [2,85] it appears unlikely that any such species will prove 
sufficiently stable to be isolated_ 

(iv) Other compleses ilzvolving nletal-pentagonal plalzar face interactions 

A large number of icosahedral metallocarboranes [ 3,lb] and metallobor- 
anes [33] have been prepared and characterized, in all of which the metal 
atom(s) is coordinated to an essentially planar five-membered (usually C,B,) 
face (see Section B). The metal-cage ligand bonding in these species has been 
described [3] in the same qualitative terms as that between the metal and the 
C,H; ligands in ferrocene and other metallocenes. Structural and Mossbauer 
studies ]lb] have tended to bear out this view in a general way, although 
recent MO calculations [ 95b] suggest that there are significant differences 
between the metal-ligand interactions in ($-CjHj)FeCIHgH, 1 and 
($-CjHj)lFe. 



TABLE 4 

Complexes of hexngonal planar ligancls 
_-_- ___ - . 

Complex a 

Cs B (bornbenzene) ring systems 

(Cs Hs BCHs)@ 
(CsHsBCdIs)zCr 
(C0)3Mn(CsHSBCGl-Is) 
(C0)~Mn(4-CI-I~-C~H~BC~NS 
(CO)~Re(4-CI-I~-CSII,,BCc,l~I~) 
CpFe(C5HsBCI.Ij) 
CpFc(C51-IsBC,HS) 
(C5HsBCI13)1Fc 
(CS~BC~-IS)~F~ 
[CsWWI-h)~12~e 
[CH$O-CsH~BCI-I~]Fe[CsH5BCH3 1 
[4~CH3CsI~4BC~H5]2Fc 

[~,~.(CI-IJ)I-CSI-I~BC~HSIZ~~ 
[(CsHsBCI-h)WC0)2 I? 
[(Cd-b&i% UW’33)2J2 

(CSHsBCH3)~Ru 
(Cs11~BC6H5)2Ru 
(Cs WC& 1205 
CpCo(CsI-IsBCH3)+PF~ 
C~CO(C~I~I~BC~I~F,)‘PF 6 
CpCo(CsI-1sBCd-G) 
CpCo(CsH5BCH3) 

COlOl 

ml -olYlngc 

wine-d 
pale yellow 
pnlc yellow 
wll ilc 
bright IYXI 
lW1 

WI-ornnp! 
l~rown 
violet 
violet 
pdc yellow 
wllilc 
wl1 i te 
ml-0lInge 

IT cl 
d1lYli II~OWfl 

clarlc red 

Map. (“C) 

81.5~-82,o 
176.5-178.5 

85.5- 86.5 
73 - 75 

115.5 
56 - 57 
77.k 7H.5 
44 - 15 

156 -157.5 
1 d k1 -1:15 

172 
133 
130 clec. 

150 dcc, 
64 - 66 

13G -136.5 
14G 
180 
139 

70 - 71 
28 

IR, MS, MAC: 
IR, MS, MAC; 
B, I-I, IR, RIS; X 
B, I-1, 111, MS 
B, I-I, IR, MS 
B, I-1, MS 
B, J-I, MS 
B I-I MS, E II” 
B: I?: MS, E; II’ c, MIl(’ 
B, I-I, MS, E, IP c 
I-l, MS 
B, 13, MS 
B, I-I, MS 
IR, MS; X 
B, I-I, IR, MS 
B, I-I, MS 
B, H, MS 
B, I-I, MS 
B, II 
B, I? 
MS, II’ 
MS, II’ 

_ _-_ _ __ _. ___ .- 

ncr. 
._ _--.._ 

108 
108 
101; 103 
109 
109 
1lOa 
1102 
106,102 
106,102 
106 
106 
109 
109 
102; 103 
102 
107 
107 
107 

99 
97,99 
98,99 
98,99 
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The icosahedral complexes do not fall within the scope of this review, but 
their chemistry has been estensively reviewed elsewhere [ 1 b, le, If, and 
references cited therein]. 

F. HEXAGONAL PLANAR LIGANDS: ANALOGUES OF C,H, 

(i) Complexes of C,H,BR- (borabenzene) ligands [95cJ 

The planar heterocycles borabenzene (C,H;B), 72, ancl the borabenzenide 
anion, 73, are both unknown, but B-substituted derivatives of the latter have 
been prepared as alkali metal salts [96,104,106---1081 and as transition metal 

72 73 

$-compleses [ 9 I ‘--1lOc]. The anion 73 is isoelectronic with benzene, and 
NMR evidence on its B-phenyl derivative [ 96 J indicates substantial aromatic 
character; this is further supported by NMR and X-ray structural data on 
several sandwich compleses of B-substituted derivatives. Table 4 lists the 
characterized borabenzene compleses as well as those derived from other $ 
planar ligands. 

The original synthesis of borabenzene sandwich complexes by Herberich 
and co-workers involved a two-step ‘ooron insertion into one C,H, ring in 
cobaltocene [ 971: 

X-C+* Cl 
B - C6H5 

C6+i 

74 75 

The presumed intermediate 7-1 has not been isolated, but on treatment with 
SnBr,, hydrolysis, and addition of NH,PF,,, the diamagnetic cation 75 is ob- 
tained as a red-orange salt. Subsequently, it was found that paramagnetic neu- 
tral cobalt( IL) compleses containing one or two borabenzene ligands could be 
obtained (Fig. 26) [ 98,991. The paramagnetic mixed-ligand Co( II) comples 
76 can be oxidized to the corresponding diamagnetic Co(III) species (e.g., 75) 
by treatment with Fe-” ion. Derivatives of 77 with R = OH and R = OCH, 
have also been isolated and characterized [981. 



Crystal structure determinations on the bis( l-methosyborinate) and bis( l- 
methylborinate) compleses of cobalt( II) have confirmed the centrosymme- 
tric structure of 77 shown in Fig. 26 [loo]. In both species the rings are 

nearly planar and are parallel to each other, and the cobalt atom is further 
from boron than from thepara carbon atom (-1.6 vs. 1.3 A). This unsymme- 
trical ring-ligand bonding has been cited as evidence of cyclic conjugation 
[ 1001; since very similar effects are seen in the related structures of iron car- 
bony1 and manganese carbonyl compleses to be described below, these struc- 
tural patterns are evidently typical of borabenzene-metal compleses as a 
class. 

In a reaction very similar to those discussed above, the icosahedral metallo-’ 
c‘arborane 3,1,2-($-C5H5)CoC,B,H, 1 was reduced with sodium and treated 
with C,,H,BCl, in an attempt to introduce a phenylboron unit into the metallo- 
carborane cage [Ill]. Instead, however, C,,H,B insertion took place selec- 
tively on the C,H, ring, yielding the borabenzene-cobaltacarborane complex 
78 (Fig. 27). 

Borabenzene sandwich compleses of other transition metals have also been 
prepared. Compound 79 was obtained [lOl] by treatment of 77 (R = C,.H,) 
with MnI(CO),, in boiling toluene, and was structurally characterized from 
NMR data and from an S-ray structure determination [ 1031. The metal- 
ligancl geometry in 79 is very similar to that in the 77 complexes that have 

been structurally investigated; the C,B ring is planar, but the Mn-B distance 
is 0.34 .A greater than the bin-C (para) vector. A similar ligand-insertion reac- 
tion of 77 (R = C,,H5, CH,) with Fe2(CO),> or Fe(CO), at 70-120°C gave SO, 
which on heating at 230°C gave 81 [ 1021. The structure of 80 was determined 
crystallographically and the metal was found to be 0.22 A further from boron 

0 Q 
I-----i 

REX, 
R-3 0 2 

co - do + 

I 
BBrj 

76 + (q’-C,H,),Co+ X- 77 

R = C6HS, CH, 

x=CI,Br 

Fig. 26. Synthesis of B-substituted borabenzene complexes from cobnltocene. 
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Fig. 27. Proposed structure of 1,2,3-( 1-C6HjBCjH5)CoC,BgH~~ (78). 

than from the pain carbon atom in the ring [ 1031, consistent lvith other corn__ 
pounds of this class as discussed above. 

@7&J@ _!L, ?-* 
1” R 0’ i ‘0 R 

0 
R-B 

R = C6tr5, CH3 & 

80 81 

All of the above borabenzene complexes were derived from an initial boron 
insertion into one or both C5 rings in cobaltocene. Recently, Herberich and 
co-workers have shown that bis(borabenzene) cobalt complexes, ‘77, on heat- 
ing with KCN or NaCN in acetonitrile are degraded to the alkali metal borin- 
ates, from which other transition metal sandwich compleses can be generated 
[ 104,107,108~. 

@B-R 

I 
CO” 

MCN 
__F) iwl+ 

I 

M=Na,K 

8-R 

tronsltlon metc1 
reagents 

h M's'3 84 
Id- Ru 85 
M’505 86 
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Ashe and co-workers [ 96,106] have prepared free R-substituted borabenzene 
anions from l,l-dibutyl-1,4-dihydrostannabenzene and treated these with 
FeCl, to produce bis( borabenzene) iron complexes: 

R= C&is. CH3, C(CH313 

0 Cl - 
7 
R 

FeC$ i 
__c Fe 

c&D R-B I 

Friedel-Crafts acylation of 88 (R = CH,) and acid-catalyzed exchange of deu- 
terium occur at the Q position on one ring only. Mksbauer spectra of 88 
(R = C,.H;) suggest that the borabenzene ring ligand is more strongIy electron 
withdrawing, with respect to iron, than are the cyclopentadienyl rings of 
ferrocene [106j. At present, it is difficult to evaluate such findings in the 
absence of corroborative evidence such as detailed NRIR studies. 

Another route to borabenzene compIeses involves the thermal reactions of 
-t,4-dimethyl-1-phenyl-1-bora-2,5_cycIohesadiene (89) with Mn,(CO),, or 
Re,(CO),, [log]: 

I M=Re 91 

a9 &, 
Compound 8’3 forms an $-complex with iron (92) [112], which on pyrolysis 
generates bis( borabenzene) sandwich products [ 1091. The structure of the 

R 

I 
B - C6H5 Fe R=H 93 (54%) 

R = CH, 94 (14%) 
I 

CHx 

92 
R 

dimethylsiIyIene analogue of 92 has been determined crystallographically 
11123 and the silicon atom was found to be bent away from the plane of the 
C,B ring at a dihedral angle of 43.5”. Thus, compounds of the 92 type can be 
viewed as q5 sandwich compleses of a planar C,R ring in which one C-C inter- 
action is bridged by an R,C or RISi group. 

In the conversion of 92 to 93 and 94, the bridging carbon undergoes a 
change of hybridization from approximately sp’ to sp’ and becomes assimil- 
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ated into the metal-ring sandwich system. It is possible to effect a conversion 
in the opposite direction, that is, to move a ring atom out of the plane and 
away from the metal, in this case involving boron rather than carbon [105]. 
Treatment of the bis(borabenzene) cobalt complex 77 with FeCl, generates a 
boron-bridged intermediate, 95 (analogous to 92), which quantitatively elimi- 
nates boron to give 75, a mised-ligand sandwich species that has also been 
prepared directly from cobaltocene (see above). 

R-B 

cz.zD 

77 

@ 
B-R 

/ 

I 
CO 

P 

t 
-C&15B(OR’)2 

> 

I 
R-B 

I 
OR’ R = C&I, 

cm-R 
I 
CO+ 

4P 
75 

R’ = H, CH, 

95 

A related type of ring-contraction occurs in the folIowing sequence, which 
produces substituted ferrocenium species [llOa]: 

m-R 
I 
CO 

do 

R-R 

~e(C0)2(C5H5j2 
* 

a-p 
I 

Ft? 
H20 

0 Q R 

Fe+ 

6 6 
77 96 97 

R = CH3, C6H5 f H,BO, 

Remarkably, when Friedel-Crafts acetylation of 96 was attempted, the B-R 
group was replaced by C-CH3, generating on hydrolysis the mised-ligand 
comples 98. 

8-R 

1. CH,COCl/AlCI, 

2. Hz0 

I 
Fe+ + REXOH), 

I 

96 R = CH3, C6H5 98 

These boron-elimination reactions complete a closed circuit of synthetic 
operations wherein cyclopentadienyl sandwich compleses can be converted 
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to borabenzene-metal species, from which cyclopentadienyl and benzene 
complexes can be obtained_ With these preparative tools in hand, an enormous 
area of novel metal-sandwich chemistry appears ready for exploration. 

(ii) Complexes of boron-nitrogerz ligands 

The cyclic molecule 1,2-diaza-3,6-diboracycIohexene, 99, is isoelectronic 
with benzene, and its 4,5-diethyl-1,2,3,6-tetramethyl derivative forms a chro- 
mium $-complex, 100, which is analogous to C,,H,,Cr(CO)_, [113]. 

R' R' 
ccc \ / 

/ \ c---c 

R-8 S-R 
(c~~c~)~cr(co)~ 

w 
\.. 

N-G’ 
/ \ 

R R R=CH3. R’=C,H, 

99 100 

The best known cyclic planar boron-nitrogen system is, of course, bora- 
zinc (B,N,H,,), also isoelectronic with benzent [114]. Several q”-compleses of 
substituted borazines with transition metals hav? been prepared by reaction 
of the ligand with chromium or molybdenum carbozyls [114-1191. Other 
derivatives of 102 with phenyl, methyl and/or ethyl substituents have also 

R’ 
I R R’ 

R\B/N\B/R 

LOI (CHjCN@lKO)j 
c 

or MoICO)~ 

R,_N+$/_R 

/Byfi<,, 

t 3 Ct+N 

R’/ 18/N\ 
R’ 

I F 
A 

M=Cr.Mo 
& 

101 R = CH, or- C2H5 102 
R = CH3 or C2H, 

been prepared [ 1191. A crystallographic study of 102 (R = R’ = C2H3) revealed 
that the borazine ring is slightly bent into a chair conformation but is centric 
with respect to the Cr(CO), group [120]. The near-planarity of the ring, and 
the fact that the Cr-B and Cr-N distances are similar save for the difference 
in covalent radii of B and N, support the view that 102 is an $-complex ana- 
logous to C,.H,,Cr(CO),. The average B-N distance is 1.44 f 0.02 A, compared 
to 1.435 + 0.002 K in free borazine [121]. 

Complexes 100 and 102 obey the previously described electron-count 
formalism for cage structures_ Thus, with nitrogen, carbon, boron and Cr(CO), 
[or Mo(CO),] donating 4, 3, 2, and 0 electrons respectively to the hesagonal 
pyramidal framework, each complex is a 7-vertex, 1ELelectron 2n + 4 system, 
in agreement with the observed nido geometry. If one were to introduce a 
second Cr(CO), unit into the system, the number of skeletal electrons would 
be unchanged, resulting in an 18-electron, g-vertex close framework; the ob- 
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vious geometry might seem to be a hexagonal bipyramid, but in fact this is un- 
likely since all known close S-vertes clusters (even including some 16- and 
20-electron svstems) are doclecal~eclral [ 1221. Consequently, it can be pre- 
dicted that species such as [ (CO),Cr],B,N,R,. will also adopt close dodccahe- 
Cll-ill structures. 

(iii) 0 ther compleses incotuing metal ion-hesagorzal planar face iii teractiom 

The l-l-vertex dicobalt metallocru-borane (rl~-C,Hj)lCo,C,B,,,H, 1, prepared 
several years ago [l&9], is proposed from NRIR data to have the geometry of 
a bicapped hesagonal antiprism with each cobalt occupying one of the capping 
vertices_ This type of geometry has been crystallographically established for 
the first time [ 1291 in the diiron tetracaxbon species X,14,2,5,9,12-(q”- 
C,H;)2Fe,(CH I)J2,B,H,, 103 (F ig. 25). In this molecule, prepared [ 1303 by 
insertion of (q5-C.iH,)Fe’ groups into the (CHj)JC,B~H~- ligand followed by 
thermal rearrangement through several intermediate isomers, each metal atom 
is symmetrically $-bonded to a C,R, face. The two C2B, rings are not quite 
planar, the carbon atoms being slightly out-of-plane due to the fact that the 
inter-ring B-C interactions are shorter than the B-B bonds. The carborane 
ligand is formally (CH,),C,B,H~-, whose parent species would be C,B,H’,_: the 
latter is an isoelectronic analogue of the hypothetical C12H:): “barrel-shaped” 
cage which one can envisage as a pair of benzene rings fused face-to-face in a 
staggered conformation. Such a highly charged cation (or its boron counter- 
part B,,H:;) would be unlikely, but neutral C,,B,.H, 2, a hesagonal antiprism, 
could well exist; introduction of two zero-electron-donor metal groups such 
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‘as Cr(CO), or Mn(qi-CiH5) into the hexagonal open faces could produce an 
h’I,C,.B,. 14vertes cage isoelectronic with 103. Such speculations are, of 
course, easier to arrive at conceptually than to realise in the laboratory_ 
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