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Abstract 

Detaited s!ru;tural and electronic al~aiyses based on orbital interaction models for a large 
number oT tetrahydroborato tmnsirion-metal coaplexe~ were provided to account for the 
reiationship between their struc:.ure and bonding. Three points w’ere ma& as tile rcisult of 
discussion: (a) most of the ietrahydroborato rransition-metal complexes confom to the 18 
electron rule. especiaily for complexes with only one H-J.; tigand; (b) usual@ complexes wilh 
more than 18 valence electrom are considered as ionic complexes. Our d&led analyses rereai 
that bolh ionic md electronic effects play important roles in rhe stereochemistry in these 
tetr&ydroborato complexes. The ionic efkct icnds t o maximize the coordination number 
while the electronic eirect influences the orientation of Iigands: (c) complexes with more than 
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Ii. htrochction 

Transition metal !etrahydroborato complexes have received considerable atten!ton 
in recent decades, not only because they are of practical use in syntheses and catalysis 
but also because they represent a very interesting :o?ic in structure and bonding of 
transition-metal chemistry [ 11. During the iast several decades, tnany tetrahydrobor- 
ato complexes have been synthesized and characterzed structurally by means of 
electron diffraction. neutron diffraction. X-ray diffraction, IR, NMR, etc. [Z]. 

Owing to the negative charge of the tetrahydroborato ligand, the metal-tetra- 
hydroborato bonding could be either ionic or dative through one or more B-H 
bonding pairs. The nature of the bonding and coordination mode of the BH, lignnd 
in these complexes has been the subject of considerable interest [ 1,33. Although the 
ionic (or electrostatic) interaction is quite apparent in some salt-iikc ionic tetra- 
hydroborato complexes, in many other complexes; three coordination modes, ttr, ‘1’ 
and $, are commonly found (see Fig. l(a)). Early in 1959, Parry and Edwards 
suggested t!lat the concept of a coordinate covalent bond (i.e. a dative bond between 
the metal and the coordinate B-H bond) could be extended to include three-center 
bridge bonds. 111 1977, a primarily qualitative bonding analysis ror a large number 
of tetrahydroborato complexes. based on valence-bond, eKectivc atomic number and 
molecular orbital models. was summarized by Marks and Kolb in their excellent 
review [I], Since then, a number of theoretical analyses on some specific complexes 
have also been rep?r!ed [2,4,5]. Recently, the nature of B-H-M bonding was 
deeply explored by Parry in his excellent al:cr understandable work [3]. It was 
pointed out by Parry and Edwards that the S-H--M linkage in complexes contain- 
ing metal and (B-H) interaction is clearly and unequivocally the basis for compound 
stability. The coordinate covalent bond nature of the B--H-M thrce-center--two- 
electron bridging bond seems quite widely accepted [S]. 

In many tetrahydroborato complexes, the SH; ligand is usudlly coordinated to 
transition metal atoms in the n’, tlz or n3 mode (see Fig. l(a)). In these different 
coordination modes. each B-H-M linkage can be viewed as a threc-center-two- 
electron bond. Molecular orbital (MO) analyses of mono-teirahydroborato com- 
plexes have shown that each BHi ligand acts as a two-, four-, or six-electron donot 
in the I)‘, ~1’ or $ coordination modes respectively [S-9]. In other words, each 
B-H unit donates its rr-bonding electron pair to the metal center to form a me:al- 
ligand dative bond. Complexes with these characteristics of bonding are also called 
a-complexes /lo]. The different coordination modes of the BH, ligand in some 
complexes, particularly for those mono-tetrahydroborato complexes, can be easily 
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understood according to the is-electron rule. For some other complexes. such as 
M(q3-BH4)4 (M =Zr, Y, Hf) [ 1 l--13], this rule cannot be simply appli::d since 
formally they have 24 electrons. Recently, Lledos and his co-workers reported their 
ab initio study on complexes which do not conform to the l&electron ru!e. such as 
M(BH,),(PH,), (M=V, SC and Ti) 12.41 and Ti(BH,), [53. They have shown that 
the number of ekctrons around the me!al atom depends on the symmetry of the 
molecule and on the number of unpaired electrons. 

Despite ihese theoretical studies. a generai-theoretical anarjsis for this class of 
transifiori-metal complex has not yet been reported. In ihis paper, a theoretical 
analysis based on orbital interaction argument is otTered to account for the relation- 
ship between structure and bonding for a variety of transiiion-metal tetrahydroborato 
complexes. WC develop specific exampies and then summarize our results. 



2. Coordination made of BII; anion 

As mentioned above, a unidentate (rl’), bidentate ($I or trideniate (I?“) BJ-JJ ligand 
acts as a two-, four- or six,electmn donor in metal-ligand interactions. Jn ierm., tri 
the MO model, for an M-~(q’-131H4) unit, one B---M F bonding orbita! is used it: he 
metal-ligand interaction. For q’ and 17’ coordination modes, two (one g and one n) 
and three (one G and two E) B--H bonding orbitals are used. These B-H bonding 
orbitals are iiiustrated in Fig. J(b). In the following discussion, q”-BJ-J; will be 
distinguished by !I’,, for cases when the line connecting the twc bridging hydrogen 
atoms is parallel to the upright direction on the page where a complcs is s!:own and 
by qzL for cases when the line is perpendicular to the upright direction. The subscripts. 
i and j/. of riz serve trig for Austration and have no physicai meaning or 
implications. 

It should be noted here that in some complexes the BH; lipand may coordinate 
to the metal atom in an unusual mode, the so called ‘side on’ mode [4b,t4j. In these 
complexes, it is difficult to define how many bridging hydrogen atoms are bound to 
the metal atom. 

Throughout this paper. a boron p component (instead of those shown in Fig. l(b) 
nill he used to represent a n-symmetry hydroborate orbital, which iA used for metai- 
tctrahydroborato bonding. and only the subscripts, z’, x’-y*, sy, sz and yz, will be 
used to describe the meta! d orbitals. respectively, for theoretical simplicity. In the 
following discussion, each SH; hgand is considered to contribute one to the coordi- 
nation number fat the USC of definition only and bridging bydrogens are r~i counted 
except as explicitly specified. 

3. Mono-nuclear compiexas 

With mspect to the boron atom of BH;, three-coordinate complexes are of 
trigonal-planar geometry. Complexes with a formula hke &4($-BH,), may be consid- 
ered as the most compiicated and typical species of this kind Starting with the 
orbitai interaction an” tv=i~ rnr such comnlexcs will make it easier lo undKstand the ‘Lt.,” r .-: 
electronic structures of the others. The strategy for doing this analysis is as follows. 
First, we obtain the linear combinations for the BH; ligands’ o orbitals, and then 
do the same for the nL and for the I[,,+,~~~ orbitaJs (see Fig. 1 (b) for the definition 
of nl. and nin-,,lane). Finally, we match these combinations with the c:ntraJ metal 
atom’s atomic s, p, and d orbitals. Following these step?, one obtains the orbital 
interactions between the central metal atom and the ligands in an W(q3-BH,)s 
complex (see I), as illustrated in Figs. 2, 3 and 4. Wher [he c axis is defined as 
perpendicular to the molecular plane, the pX, pr and s orbitais of the metal atom 
interact with the three r7 orbitals of the three RI-& Jigands to form three bonding 
MC&. The three 1-i,-orbital combinattans of BH; ligands are symmetry-adapted with 



the p;, ‘I’ and yz atomic orbitak ($0~1, and the three rcin-planc orbitals can only 
interact with two AOs. xy and X-J’. to form two bonding MOs and ozie non- 
‘,onding MO which is exclusively delocalized oil the BE%, ligands. The ? orbital of 
the central metal atom also remain non-bonding. Therefore, the maximum wmber 
of non-bonding d electrons in M($-U&l, wi!! be two. A dZ IM($-BH,), complex 
can be viewed as isoelectronic with &(NRI, [ 151. if NR is formaiiy taken as an 
[?JR]*- ligand. ‘I?($-BWJ, provides an example of a d’ configuration with the z2 
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orbital being partially occupied and was recently reported by Dain et al. [S]. 
Electron diffraction, as welf as MO analysis from EHMO calculations, was used to 
determine its molecular structure in the gas phase IS]. The total number of valence 
electrons i!l this titanium complex ih 19 (3(n)Z+6(z)Z+(d)‘). Of the 18 ligand 
electrons, effectively only 16 are involved in the metal-ligand bonding since one zin. 
,,Innc iinear combination caw~ot find a symme:ry-adapted metal orbital (see Fig. 4 
TT~,,.~,~~~ MO). An ah initio study on the struciure of t&s complex has beet reported 
and supports this analysis [16]. Other analogoils compkxes, Y(BH,), [ 1.17,18] and 
Sc(BH,), 17,191 are predicted here to adopt rhe same structure as Ti(BH,),. 
Althotlph thew somplexes are formally 18-electron species, only 16 electrons are 
involved in tk metal-ligand bonding. 



Three other yttrium complexes. YCI(BH,J~, YC121 BE,) and (C‘H,O),Y!EHLi~, 

have also been reported [ 17,181 arid have been reviewed by Marks ant-l Kolb [ E 1. 
Although their structural details are still unknown. the Btl, jigands in these com- 
plexes can he expected to coordinate to the mc:al atom in $-mrdes (see strwure 2). 
These complexes can be taker. as aualogues to hl(~:-‘-BM,)3 complexes if the n 
electrons of Cl- or CH,O are also considered. 

Many Cut,(p2-BE,) (3j have becu synthesized 2nd cbaractcrized hy X-ray diErac- 
tion or spectroscopic methods [Xl. They are the simplest and most cornmen species 
of the three coordination eornplexes. These co,nplexes earl also be described as 
pseudo-tetrahedral structures (3) and conform to the IF-electron rute. 

CompIexes with formulae of M(BZ,),,L,., can adopt wo &&rent geometries. 
square-&mar or tetrahedral, if bridging hydrogen atoms are not considered. I! is 
understandable that ds (or low spin d7) species prefer to adopt a ~r4~~1~-plan;x 
gzometiy [Zl] 

and can be formuiated as M(r~‘-BH,)ii (see structure 4). The metal pI orbital. which 
is empip for a d’ complex, can interact Gth the xl orbitai of Biid to l:;ir?her st.ahiiize 
the whole system. Three examples. Co(terpyndi~ej(E!?-RH,! /23. Ni; M)(pcy, Y~(I/‘- 
BHJ) 1231. and d’-Co(tI)(pcy,},(!l’-~~-r~) [74]. are found m the iitcrature. These 
complexes can also be viewed as a ~7”nfagoa~1-bipyfiar;7idpl if the bridgin: liydrogen 
atoms are taken into account ($-Btl; is taken as a bidemate &and). As a;! exception 
to the general structure (4), the da-Co( tdphef($-EH,j complex [?5] adopts a tetrahe~. 
dral structure (see 5) due to the c!-rz!ated 1.1.1-rris(diplrm~I~?hos~?iirnomethyI )etha~ 
lipand. These complexes are ah i%electrcn species. 

ill! BH, j,;L, _li complexes with diO or high spin d5 meta! centers hdice on!) :I’- 
BH, :igantls and a:lmt a ietrabedral structure since tbe mid atom has onig four 
vacant orb&& (four s$ hybrid orbit&) to ~ccpt hgand electron pairs according 
to the I%eieciron ruk. :Ph,MeP),Ati:“-B~i,j ii?61 anti (Ph,MeP),Cu(ti’-FliF,i f?72 
(see 6) are typical examples of this kind with 1X-electron configurations. (tbf )bInS?f’-. 
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BH,), [2Xj is a d’ species. Despite lack of detailed experimental data, the manganese 
complex can be expected to feature a d5 high-spin cor;figuration with three $- 
BH; ligands (structure 7). 

(thf)Mn(.q’-BH4)i 1281 i.?r mw~)ZnCI~q’-BlL) [291 2Oe fY(lq-RH&j~ [l I] 24r 

(phen)(PhlP)Cu(rl’-B~ir) 1301 2Oe Hfd-Bt4h [ 121 74e 

(nampb)Cd~$BH,) [31 I 20~ Zr(q’-BH& [ 131 24~ 

7 8 9 

The X-ray diffraction results of ZnClltmen)(BH,) [2OJ, Cu(phen)(Ph,P)(BH,) f30] 
and (hdmpb)Cd($-BH,) [3!] have shown that, in these complexes, the BH, ligand 
coordinates with the central atom through an $-mode although the complexes are 
all die metal centers. These complexes are 2O-electron species and do not obey the 
1%electron rule. This is not too surprising in view of the fact that many complexes 
with Cu and Zn centers are ionic snd do not necessarily conform to the 
1%eleLt:on rule. 

M($-BH&, complexes (structure 9) with do centers are interesting species because 
of their unusual 2Celectron configurations. Owing to the large excess of valence 
electrons around the central metal atom. these complexes were usually considered 
as ionic. ‘4 careful examination of the relevant orbital interaction shows that 
electronic interaction also plays an important role in the stabilization of these 
comp!exes. The linear combinations of the four BH, ligands’ g and 7r orbitals 
transform as a, +ef2t, i-t, and the central metal orbitals as a, +ef2t,. The 
relevant orbital interaction for an M(P~~-BH,)~ complex is shown in Fig. 5. There 
are three non-bonding orbitals (tt) which are exclusively delocalized only on 
ligands. For a 24electron M($-BH,), complex, the six extra electrons can occupy 
these three non-bonding ligand orbitals wiihout causing any destabilization in the 
metal-ligand bonding interactions because no other metal orbitals span the t, 
irreducible representation El!?]. One may conclude that the ionic factor tends to 
maximize the coor&:ation number while the electronic factor favor; a geometry in 
which any excessil:e electron can be accommodated in non-bonding orbit& 
delocall-9 -d on ligands. These complexes. in fact, are isoelectronic and isostructural 
with MOO:-, WO:- and 0~0,. Three such complexes, [Y(I$BH&- [ll], 
Hf(v3-BH&, [ 121, and Zr($-BH J4 [ 131, have been synthesized and characterized 
by X-ray difI?action. 

Complex (bp)Ti(qj-BH,), [32] is a do species with IWO $-BH; ligands (struc- 
ture la). 



Fig. 5. OrbItat intcrztioo diagram for a tetrahedral M(~~‘-KH,~, compk. 

(bp)Ti(q’-BH& 1321 Ihe (tmen!TiCNq’-BH,) 1331 

(tmen)Ti(q’-BH& j33] 

(tmcn)Zr(q’-BHj), (331 

E@ 11 

This molecule provides an example of d0-M(f~3-BH,jZLi complex,:s. Qnz can view 
M(I~~-BH,),L, as isostructural with &iCp,L, complexes since an $-IJH, unit can be 
viewed as isolobal with an $-Cp- ligand. A do-MCp2L2 complex can be found In 
ZrCp,Cl,. There are also d2-MCp,L, species reported in the literature, such as 
MoCp2H2 and TiCp2(CO),. As an isoeiectronic species, (tmet)Zr($-WI,), [33] and 
(tmen)TiCl($-BH,) [33] (II) provide two examples of such a d”-configuration 
complex. The latter complex is a 16-electron species and has the maximum number 
of bridging hydrogen bonds for the BH; l&and. However, the X-ray diffraction 
result of (tmen)Ti(BH& [33] indicates that bjth t$- and $-BH; are found ia this 
complex although in the ‘H and “B NMR results no digerence between these two 
BH; ligands is apparent. More accurate experimental methods or high level theoreti- 
cal calculation may he!p to determine the exact coordinate mode in this complex. 

Usually, five coordinate complexes can adopt two different geometries, 
square-pyramidal and trigonal-bipyramidai. PVe will only discuss complexes 



i M----i. 
[(COJrM(q2L-BH4,] (M=Cr,Mo) [34a.h1 W)~Mn(~‘,-BH,~~ 1351 (bp)Zr(tf,l)lrl’-BH4,(ill-Dlrt,) !32] I6r 

(PhlP)~(mpll:)4ujil’~-~~14) [34cj 

(rripod)HFe(q’,-BH4) j34deI 

(Ph,P)gHRu!qZI-EH4) j34ij 

(PMe,)lWlN01(CO)(~‘i-BH4) 13481 

12 13 14 

Many d6 five-coordinate complexes [34] have only one $-BH; ligand and 
adopt structure 12. The structures of these complexes are easy to understand since 
they can also be described as pseudo-octahedral if the two bridging hydrogen 
atoms are considered. These dh pseudo-octahedral complexes conform to the 
is-electron rule. 

When two BH, ligands are present, !wo : rructures *,-e found. Complex 
(thf),Mn(q*-BH,), [35] has a d-’ electronic configuration and adopts structure 13. 
In this complex, besides the five cr-symmetry coordinate bonds (three M-L and 
two M-B&), the .x’-~~ and sy orbitals can interact with the two 7~ orbitals of the 
two BH; ligands to form two more bonding MOs shown in Fig. 6. This complex 
can also be viewed as a pseudo pentaEoilal-biFyrarrlidal geometry. With the four 
electrons occupying the sz and J’Z orbitals, the complex again has an IS-e!ectron 
configuration. 

(bp)Zr(thf)(EH,), C321, and (N-N-N)Zr(q3-BH,), (where N-N-N = 
(Me3Si)N{CH,CH2N(Si-MMe,)i, dianion) [36] are do species. They offer two interes- 
ting examples of structures 14 and 15 respectively. The latter complex (15) conforms 
to the lS-electron rule. In the former complex, one of the two d orbitals (XI and .z, 
which are occupied in complex X3) is lo interact with the R,, component of the !I”- 
BH, ligand. The other d orbital is empty and may be used to interact with x orbitais 
from the bp or thf ligands. This usage might explain why the former adopts a 
structure which does not conform to the 1Selectrcn rule. 

rt3 

N-w,,,, 

N 

N L L 



Recently. Lledos et al. reported their ab initio studies of the coordination mode 
of V(BH,),(PHx), [Z], as a model complex of high-spin dZ-V(BH,),(PMe,)2 [37]. 
They found that, in agreement with the experimentai data, V($-BH,)3(PR,)2 (see 
16) is the most stable structure when compared with other structures having different 
coordination modes. In this complex. the two phosphine ligands occupy the two 
axiai positions while the three BH; figands are in the equatorial plane of a pseudo 
trignnal-bipyramid. In the most stable structure all bridging hydrogens are in the 
equatorial plane. The ligand arrangement can be easily understood within an orbital 
interaction framework. The s, p,, and pY orbitals of the vanadium atom interact with 
the u-orbitals of the three BH, ligands (Fi g. 2), the .s-J” and xy orbitals overlap 
with two n,-orbitals of BH; in the equatorial plane (as in Fig. 4). The p; and 2 
orbitals are used to form two G bonds with the two phosphine hgands. The doubly 
degenerate d orbitals. sz and YZ, accommodate the two d electrons in a high-spin 
fashion. Apparently, if the bridging hydrogens are not in the equatorial plane, the 
two singly occupied d orbitals will be destabilized through interaction with the 
bridging hydrogen atom!, Therefore, these complexes are i&electron species l&h 
only 16 electrons occupying the metal and metal-&and bonding MOs. The remain- 
ing two valence electrons are mainly delocalized in the three EN, ligands (as the 
7rj.in.plane orbital in Fig. 4). (?hf),Sc(BH,), [38] has a similar geometry to V($- 
BH,),(PMe3)2 with a different arrangement of the bridging hydrogens. This complex 
was found to be formulated as (thf)2Sc(t12-BH,)($-BH,), (17). Since ihe scandium 
complex is a d* species, the two d orbitals (XZ and J’z), which are singly occupied in 
the vanadium complex, are now empty. To maximize the metal-&and interaction, 
the xz and yz orbitals can be utilized to interact with the two z,~ symmetry orbirals 
of the two BH; ligands. Therefore, compared wit:- the vanadium complex, the 
scandium complex has one tl’-BH; and two $-BH, ligands. 

Ti(BH4)3( PMe,), [4‘0. 141 is another interesting ex’- np;e of tive-coordinate com- 
plexes. Lt is a d’ species. Based on the argument above, we would espect the complex 
to be formulated as Ti(rlZ-BH4)2(‘i3-BH3)oMe,)2. However, our theoretical predic- 
tion is not so consistent v.-ith the X-ray crystal diffraction result [ 141. which showed 
two unusual ‘side on’ BH, and one ,I 21-BH; ligands (structure 18). 

xy 

Y 

1 
L.--, 

x 



Detailed ab initio calculations on this titanium complex have been reported by 
Voiatron et al. [4b] and the result is consistent with our prediction. 

Ti(dme)($-BH,), [39] is also a five-coordinate complex with three BH; ligands. 
Owing to the bidentate ligand (dme), it has a quite different structure. In this complex, 
unlike in Ti(BH,)JPMe,),, two BH, ligands are in the two axial positions while 
the other one is in the equatorial plane (structure 19; This arrangement makes it 
possible for the three BH; Iigands to interact with the metal atom in $-modes 
without any restriction on symmetry. The d’ electron occupies the non-bonding XJ~ 
orbital. This complex features a 17-electron configuration. 

3.4. Six-coodirznte complexes: M(BH,),,L,,, 

Pseudo-octahedral geometry is the structural feature of many six-coordinate com- 
plexes. fn this geometry, three d orbit&, sy, v: and yz, of the central atom are 
available to interact with the n symmetry orbitals of BH,; ligands if they are not 
occupied with d electrons. 

Several complexes with one BH; ligand have been found in the literature, i.e. 
(dmpe),HFe(q’-BH,) [40] (see 20) (tC,H,),P),(H),Os(ri”-BH~) [41] and 
(dmpe),HCr($-BH,) [42] (see 21 j. Their coordination and structural characteristics 
can be understood by the l&electron rule, i.e. db complexes adopt 20 and d4 
complexes adopt 21. 

(~CSH~)JP)~(H)‘OS(~~~-B~) i4ll (Mc,P)JHMu~~‘,-BHJ 1431 

(dmpe)&lCr($-BH,) 1421 

21 22 



Another d“ complex, (Me,P),HMo($-BH,) [43], has been reported (with X-ray 
diffraction) to adopt structure 22 rather than 21, although its molecular formula is 
similar to that of (dmpe),HCr($-BH,) [42]. This complex can also be viewed as a 
pseudo-pentagonal bipyramidal molecule and conforms to the 1%electron rtne. 

(dmpe),V( BH& [ 37,441 and (dmpe),Ti(BH,), [44.45] are two examples of six- 
coordinate complexes with two SW; Iigands. In the d3-jdmpe),V(BI-i,)z [37,44] 
complex, three non-bonding d orbitals are singly cccupied by the three meta! d 
electrons. This complex features a high-spin dj 15electron configuration with two 
BH, units in fr’-coordination modes (siructure 23). 

(dmpehV(q’-BH& [37.44] 1% rdnq~)~Ti(~‘-BH,), c44.451 

23 24 

The ESR spectrum result showed that the complex has S=3/2, and therefore supports 
this aualysis [44]. (dmpe),Ti(BH,), [44,45] is a dZ species and a.dopts a structure 
24. In such a ligand arrangement, one expects that this complex is a high-spin species 
because there are two d orbirais (x’-p2 and .z. see Cartesian coordinates in 24) 
which are pure non-bonding a nd not available for metal -(EH;) z-bonding. One 
also expects that each of the two Ti-(g*-813,) bonds must be weaker than a normal 
Ti-(I!*-BH;) bond because one orbital (yr) is shared by the two 7~~ symmetry orbitals 
of the two BH, units. The weaker Ti-((r$-BH,) bonds lead to stronger B-H_, (H,: 
bridging hydrogen bonds). Indeed, the IR experiment [44] found that the $BH,) 
in this complex is greater than that in other titanium complexes with a normal $- 
BH, ligand, such as CpzTi($-BH,) and Ti($-BH,),(PMe,),. The explanation for 
the stronger B -H, bonds above is quite different from the one presented by Jensen 
and Girolami. ‘They concluded that the Ti-BH, bonds in this complex are weak 
and ionic [37]. 

[(thfj,Y(BH,),]+ [11] and (thf),Y(BH,), [46] are two exampies with a d0 
configuration and have two and three BH; ligands respectively. The X-ray crystaho- 
graphic result of [(thf )4Y (BH,),]‘. [ 113 showed that the two BHh hgands occupy 
the two axial positions. The information on the coordination modes of the two 
BH; anions is not available from X-ray dih’raction. As the metal a.tom has only two 
symmetry-adapted orbitals, .U and ~‘2; which can be used to interact with the 
n-symmetry orbitals of the ligands on the axial; one possibihty FF the structure is 
that the two BH, ligands are in normal $-modes with four H, atoms not being in 
a plane (structure Ea). 



a b 
l(thO~Yo3Hi)~l+ tt II J~P WIiYlBH& [461 

25 26 

The other possibihty is that both BH; ligands are coordina+ to the metal through 
q3-modes. fn the Iatter case, [(thf),Y(q”-BH,),]’ (2%) is isoelectronic to many fratts- 
di-oxo metal complexes. The latter possibility is quite likely because most tetrahy- 
droborato complexes adopt a structure with t!ra maximum metat-BH; coordination 
number (3) as long as no e!ectronic destabilization occurs. In complex (tilf),Y(BH,)3 
(26), the Wo axial BH, hgands are found (by X-ray diffraction) to be in $-coordina- 
tion modes and the remain& one is in a normal $-mode with two hydrogen atoms 
being in the equatorial plane. The interaction between the x)1 orbital of the central 
atom and the rcl symmetry orbital of the equatorial BH, ligand is responsible for the 
two bridging hydrogen atoms being in the equatoriai plane, The xi and JJZ orbitals 
interact with rt symmetry orbitals of the two BH; hgands in the axial positions (see 26). 

Complexes with qs-cyclopeiltadienyl or its derivatives (Cp) are also commonly 
found 119,473. The majority of these complexes contain a CplM fragment and 
can be described with a general formula as Cp,M(BH,),,(rt = 1.2) except 
Cp(Me$CH,CH,PMe,)V(BH,) [48] (structure 27) and CpZ!(t~‘- 
BH,)[N(SiMe,CH,‘Prz),] [49] (structure 28). 

Cp(Me~P(CH2),PMc*)V(I1’-BH,,) I481 CpZr@‘-BHal(P-N-P: [49] Cp>Nb(BH4) f47.s.j 

17e (P-N-P=(N(SlMe:CH*PPr’~)~) Cp&(BH4)* [19j 

Cp>Ti(BW) [47b,c] i7e 

(Bu’$2p)>T#3H4) (47dl 1% 

(But2Cp)&XBH4i i141 ihe 

((SiMe,jzCp),Sc(Ri14)t [19] 11% 

28 29 



These two complexes are both I7-electron species containing one $-Hi; 
and one $-Cp ligand. The structure of the d3 17-electron complex, 
Cp(MezPCHzCHzPMeZ)V(BH,j, can be understood by referring to the d” 
l&electron complexes, ((CjH9)3P)Z(H)~O~(qZ-BIllq) [41] and (dmpe),HCr(t~‘-BH,) 
[42] (see 21) since a Cp ring can be considered as a tridentate hgand. The d’ 
I ‘l-electron complex, CpZr(q2-BI-:,)[h’iSiMezCI-ll,P’Pr,),], can be viewed as a 
pseudo-octahedral structure (with respect to the centroid of the Cp ring) (see 28). 
Its electronic structure can be easily understood if one considers that the Cp ligand 
uses a+Zn bonds to interact with the metal ceuter and that one metal d orbital (KY) 
is singly occupied. 

The orbital interaction analysis for a CpzM fragment is weli-known and easily 
found in the literature [ IS,SO]. As shown in Fig. 7, each C&M fragment has three 
frontier orbitals, whose maximum ampliiudes are in the plane trt perpendicular to 
the Ct-i%Ct plane (Ct is the centroid of the Cp ring’). available for bonding. It is 
understandable that any orbital intera-tion between the Cp,M Fragment and BH, 
shou!d be restricted in this plane hr. Otherwise, rhz metal-Cp interactions :viil be 
destabilized. 

In complexes with one BH; hgand, I:? is the optimal coordination mode since the 
third hydrogen atom cannot lie in the same plane rrr. Therefore, d’ species of a 
CpJM(rt’-BH,) complex will obey the l&electron rule, such as Cp,Nb($-BFf,) [47d] 
(29). Complexes with d’ configuration, such as Cp,Ti(t$-BH,) [47c,d] and 
(‘Bu2Cp),Ti(q2-BHJ [47c], feature a 17-electron configuration and also adopt struc- 
ture 29. (‘Bu,Cp),Sc(BH,) [47f] provides an example of do species in which the 
BH; ligand is also in an q2-mode. (SiMe,),Cp),Sc(BH,) [47ff and Cp,Sc(BH,) 
[47b] are two anaiogues of (‘Bu~C~)~SC(~~“-BH~). Based on the above analysis. the 
BH; ligand in either Cp,Sc( BH4j or (‘Bu,Cp),Sc( BH? j should be in t?‘-modes too. 
However. Mancini and co-workers suggested a q3-BH, ligand for the Cp,Sc(BH,) 
complex in their early experimental work [47b]. This disagreement implies that for 
early transition-meta! tetrahydroborato complexes the metal-BH, eiectrostanic inter- 
action could be very significant. 

Complexes with two BH; and tivo Cp ligands are rarely found. (MeCp)2Hf(BH,)2 
[Sl] is the only example found in the literature. The X-ray diffraction of this do 
species reveals that both BI-1, ligands coordinate to the center in $-modes (see 30). 



According to the analysis above, the four bridging hydrogens are expected to 
be in the plane nt. However, it was found that these four hydrogens were slightly 
twisted out of the plane. This could be due to the steric congestion of the two 
adjacent bridging hydrogens. The complex has 20 electrons o-ith the two extra 
valence electrons being mainly deiocahzed on the BH; ligands. Y(u’,q’- 
MeOCH,CH,Cp),($-BH,) [52] is aiso a do species but with one $-BET; and two 
MeOCH,CH,Cp ligands. The crystallographic structure of this complex indicates 
that the two bridging hydrogen atoms of the BH, ligand in this yttrium complex 
are not in the plane m (see structure 31). This l&and arrangement seems inconsistent 
with the claim above. Although we do not have an explanation for this structure. 
the complex can be viewed as isoelectronic with many do-k-dioxo metal complexes 
[15], such as [MoO,F,IZ-, if Cp- is viewed as isolobal with O*-. 

4. Species 34th multiple metal centers 

In the discussion above, we have deah with complexes containing only one metal 
center. Complexes discussed here are those containing two or more metal centers. 
Many examples (32 to 44) are found in the literature. One can understand their 
structures by first considering each metal center as an independent unit and then 
examining the possibility of metal-metal interaction. 

[(~PlbP)2CU)*(~~-r~-~~)l+ [531 [(tripod)HRu)z(p~-rIJ-HH4)1’ [54] 

32 33 

First, we consider complexes in which one BH; ligand serves as a bridge. These 
complexes do not have metal--metal interactions. ~((Ph~P),Cu)z(l’;--172-BHq)]i- [53] 
(32) and [(tripod)HRu),(E12-‘12-BN4)]+ [54] (33) are two norms.1 i&electron com- 
plexes. The structure of ((dme)Y(rl’-BH,),(q3-BH,),), [SS] (34) was determined by 
X-rdy diffraction. 



In this polymeric compiex, each coordination unit can be viewed as octahedral with 
two cis I$-BH, ligands in the square plane and two t/‘-BH4 hgand in the axial 
positions. Both rf’-BH, ligands on the axial positions coordinate to the nearby 
centers to form a one-dimensional chain (see 34). Each Y3’ ion is coordinated with 
24 valence electrons. Therefore, the complex is usually considered as an ionic complex. 
1t is interesting that the four H, atoms of the two $-BH, hgands in a same 
coordination unit are in a single plane. This seems to indicate that the rc symmetry 
orbitals of the PI*-BH, ligands interact with the -uy orbital of the yttrium atom at the 
same time. This orientation implies the importance of electronic effects in this 
complex. 

(p-dppm)Mn,(p-H)(/t-BH,&CO), 1561 provides an example in which the BH; 
ligand is coordmated to two centers in two different modes (see 35). Each manganese 
center in this complex conforms to the l&electron rule. 

Complexes with other bridges have also been found in the literature. In complex 
((~3-BH.t)TiCp),ClZ [57] (36). each Ti center has 17 etectrons with ad’ configuration. 
The metal-metal distance, 3.447 A, indicates no direct metal-metal bonding between 
the two d’ ceniers. Weak spin-spin couplin g through the two bridging chlorides 
may exist. 

In (Cfi3PMeZ)2\‘zC12(r1”-BHJ)I [58] and (dppm),V,Cl,(q’-BH,), [59] (see 37f, each 
vanadium center can be viewed as a d3 high-spin 15-electron species In view of the 
V--V distance (3.124 A and 3.114 A), direct \r-V bonding is again unhkely. Weak 
anti-ferromagnetic interaction through the bridging chlorides wil! predominate 
between these two d3 high-spin centers in both complexes. 



V,Zn,(~-H),( PMePh,),(y”-BH,), [60] (38) IS another di-vanadium complex but 
with a much shorter V-V distance (2.40 A). The i tructure was described as a dia- 
mond-shaped V,Zn, aggregate (a squashed butterfly) with four edge-bridging 
hydrogen atoms [ho]. The bridging hydrogen atoms of each II’-BH,; and the 
hydrogen atoms bridging V and Zn furnish tetrahedral ligation about zinc. The d’* 
Zn center conforms to the IX-electron rule. A significant interaction between the two 
d“ V centers may be responsible for the short V--V bond. 

((Me,P),V($-UH,),)O [37b] (see 39) is a dimer bridged by an oxygen atom with 
a linear V-Q-V unit. 

P 

((Me,P)>Vtq’-BH&lO I37bl ((PMr,)~Zr(l12-BH4)2)~(~~-H)3 1621 

39 40 

Around each vanadium ct ,ter, Iwo BH, ligands coordinate to the central atom in 
$-modes with the four bridging hydrogen atoms being in a plane perpendicular to 
the P-V-P axis. In other words, the metal-ligand framework of each vanndium 
center is a pseudo-pentagonal-bipyramida! (PB) structure if the bridging hydrogen 
atoms are considered. The two PB substructures are geometrically related by a 90” 
rotation around the V-O--V axis. In a seven-coordinate PB complex, only two d 

MOs 

Fig. X. Tile orbital intet-action between the bridging oxygen and (PMe,J,Zr(q’-B&I fragment rn 
((PMe,),V(rl’-BH,)2)i0. (Orbital symmetries are assigned based cm a pseudo-D,, point group.) 



orbit& are available for d electrons. With respect to the V-O-V axis, one of [he 
two d orbitals in each center is of d, character and camlot be used to interact with 
the bridging oxygen’s p, orbitals. The other one of the two d orbitals in each center 
will be used to interact with one of the two oxygen’s p.. The relevant interaction is 
shown in Fig. 8. If the bridging oxygen’s pn electrons are inc!uded, both V centers 
conform to the l&electron rule. Detaifcd orbital interaction analysis for linear 
M-X-M systems can be found in :he literature [62]. 

Recently, Layo et al. [61] reportad X-ray cryc’allograpkic results of 
((PMe3)?Zr(rlZ-BH,)Z)2(/12-H), (~r-e 40). It Lns 4 structiirr- similar to 39. The orbital 
interaction bc:ween the four bridging hydrogen atoms and the two (PMe,)Jr($- 
BH,), fragme:its is illustrated with the diagram in Fig. 9. The linear combinations 
of four s o;bitaIs of the bridging hydrogen atoms span me 6. two n and one ij 
symmetry remesentations to inleract with the frontier orbit& from both 
(PMe,),Zr($-BH,), fragments. The D and n interac;ions in this complex are quite 
simi!?r to that in 39. 011~ of the two 6 symmetry combination; (aa+da) can interact 
with the 6 combination derived from the four c orbitals of the four bridging 
h; trogens. 

P 

(/‘2;H)3 

41 



There are several other examples of multi-bridging complexes Found in the 
literature. ($-BH,),Zr(/~2-H j,Zr(M)(dmpe),(ll”-Brr4) [63] (41):. (,13-BH,),Zr012-l~j,- 
Zr(rl”-BH,)(~i,-i-Ij?(PMe,),Zr(PMe,),(qZ-13FI,)(t13-BH,) [63] (42), and ($- 
BH,),Zr(p,-~)),Zr(q3-nN,)(PMe,),(q’-BH,) [64] (43) are three interesting do ~3m.. 
pleves with two or three %r centers bridging by (P,-H)~ units. For each part of these 
complexes, the ([~~-tfj~ unit can be considered as an isostructural ligand of an I$,. 
ISH,. FG~ this reason, the structural and electronic features of these complexes are 
not too difficult to understand. Each complex contains an (q3-BH4)3Zr(p2-H)3 frag- 
ment which is isoelectronic and isosttuctura! with M(q3-BHdj4 (tvt =Zr, Hf, Yj (see 
9). According to the X-ray diffraction result, the (~(2-Hj3Zr(H)(dmpe)z($-BH4) frag- 
ment in 41 will give a 20 eiectron count for the Zr center with a pentagonal- 
bipyramidai geometry. In this geometry. the hydride ligand coordinates to the Zr 
atom m the same plane (say the s,tj plane) as the two dmpe ligands. This is easily 
understood since the Zr center has five atomic orbit& in the XJJ plane, s, p,, p,, -uy 
and +;1.’ . which Cd11 be used to accept the five ligand electron pairs. By comparing 
this fragment with (thf)3Y(BHd)3 (see 26) one can expect that the II’-BH, ligand in 
the axial position may also coordinate to the center in an tr3 mode since both xz 

Linear combinations 
of the four bridging 
H’s 1 s orbit& 



and yz orbit& arc- available to the BHI; @and’s rr orbit&. but this m,ty weaken thez 
irtteraction between the central atom and the f~,~-t-I b3 unit a? the same time. The 
other coordination centers in 42 ad 43 can find their structural am!~~gx :n cmxpizx 

(thf),Sc(q~-BH,)2(~~Z-BH,) (17) discussed above. (~;‘-RFi,j,~I~f(~~~-~~j~~~f( PMc,)~($- 
BH,, ‘$-BH,) [64] (see 43 j is an anafogue of (z$-BI-!.~)~Z~(~~~H @F( PIv~~,)~(P$- 

BH4)($-BH,). (j?np)(r~3-BH,)Hf(jrz-~),Hf(pnp)(~i”-DH., )- ES?] (see 44) is another 
Hf dimer with a bridging (,E~-H)~ unit. In this compiex. the (p”p)I,?“-BI-l,jHE(pz-t-i I3 
fragment ctmforms to the 1%electron rule while the ii’~-H)SFIf(pnp)(‘iZ-8H4)2 frag- 
ment has 20 v&nce electrons with the four bridging hydrogen3 from the two $- 
BH; ligands lying in a plane. This arrangement of the four bridging hydrogens 
indicates that the two ?I symmetry orbit& from the two $-E3I-f; hgands interact 
with the central atom by sharing the sanie d orbita! fwi!h r,. ’ symmcrryj ?nd that the 
two extra l&and electrons are mainly 1 delocalized in the :ivo t$-EH; iipands. 

5. Summary 

Through our detailed structural and e!ectronic ana?yses of a large numbe;- of 
transition-metal tetrahydrohorato complexes, the following points can be made. 

(1) Most of the transition-metal tetrahydroborato complexes cnnform to the 
l&electron rule, especiallp those complexes with only one NH; ligand. 

(2) Usually, complexes with more than iS valence e!ectrons are ionsidered as 
ionic complexes. Through our detaiied analyses, both ionic and electronic effects are 
found to play important roles in the s%rec-’ emistry in these tetrahydroborato 

complexes. The ionic effect tends to maximize the coordination number while the 
electronic etit-: influences the orientation of bridging hydrogen atoms. 

(3) Some compiexes with two or more BH; ligands are found to have more than 
18 vaience electrons. These complexes adopt structmes a!Io\vir,g the extra electrons 
ro be exclusively delocalized in the BEI; hgands. Although some complexes are 
formally l&electron species, the number of eiectrons invol~cd In the metal--iigai:d 
bonding is not necessarily 18. 
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Appendix PI. List of sibre~iaticms 



‘ZU 

CP 
dme 
dmpe 
dmph 
dwm 
hdmpb 
mphi 
N-N-N 

N(Mv~~~C‘H,P’W~)~ 
PCY3 
Phle, 
phen 
P-N-P 

tripod 
thf 
tmen 

tertiary butyl 
$-C,H, or its derivatives 
1.2-dimethoxyethane 
1,2-bis(dimethplp~~ospbino)ethat~e 
2,9-dimethyl-l.lO-phenanthroline 
bis(dimethylphosphino)methane 
hydrogen tris(3.5-dimethylpyrazolyljborato anion 
N-~-tolyl-N’-(r~~-me;hyl-o-phet~ylene)in~idazolidine 
N,N’.N”-tris(trimethylsilyi jdiethylenetriamine 
dianion 
bis(di-isopropylphosphinaomethyl(;’imethy~)silyl)amino 
tricyclohexylphosphirre 
trimethylphosphine 
l,tO-phenantl-iroli~e 
bis(((dimetl~ylphosphino)metl~yl)dimethylsilyl)amine-P,N,P 
anion 
CH,“(CH,PPh2), 
tetrahydrofuran 
N,N,N’,N’-tetramethylenediamine 
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