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Abstraet

Deiailed strecinral and electronic andlvses based on orbital interaction weodels for a larec
nunther of tetrahydroborate transition-metal complexer were provided io accownd for tie
refationship beiween their struciure and bonading, Thres poiats were made ag the resubt of
discussion: [2) wmost of the ietrahydroborato wransilien-metal complexes confenn to the 18
cicctron rule, cspeciably for complexes with only one BH ligand: (b} usualiv. complexes with
more than 18 valence elecivons are considered as ionie complexes. Qur detatied analyses reveal
il both ionic and slectronic effects play lmportant roies in the sterenchewistry in thase
etrarydroborate complexes, The ionic effect tends foc maximize 1he coordimution wumber
while the ciectromic effect influences the oricntation of ligands: (¢} cottplexes with rore thin
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18 valence electrons twhich esually have two or more BH, ligandsy adogpt siructures allowing
the ext/a electrons to be exclusively datocalized in the BIE; ligands. Alihough some complexes
are formally t¥-electron species. the number of etectrons involved e the metal-ligand bonding
is ot necessarily 18,

Kerwords: Structure and bonding: Tetruhvaroberaio complexes

1. Introduction

Transition metal 1etrahivdroborato complexes have recefved considerable attention
in recent decades, not only because they are of practical use in syntheses and catalysis
but also because they represent o very interesting (omc m structure and bonding of
transition-ricial chentistry [ 1], During the last severa! decades, many tetrahydrobor-
ato complexes have been synihesized and charactenized structurally by means of
electron difftaciion. peutron diffraction, X-ray diffraction. IR, NMR, ete. [27].

Owing to the negative charge of the tetrahydroborato ligand. the metal-tetra-
hydroborato bonding could be citier ionic or dative through one or more B~ H
honding pairs. The nature of the bonding and coordination mode of the BH; ligand
i these compleses has been the subject of considerable interest [1,3]. Although the
ionic (or electrostatic) interaction is guite apparenl in some salt-itke fonic tetra-
hydroborato complexes, it many other complexes. three coordinauon modes, ', 5’
and 5%, are commonly found (see Fip. 1{a}). Early in 1959, Parry and Edwards
suggested that the concepl of a coordinate covalent bond (ic. a dative bond between
the metal and the coordinate B-- H band) could be extended to mnclude three-centler
bridge bonds. In 1977, a primarily gqualitative bonding analysis for a large nwmber
of tetrahydreborato complexes. based or vatence-bond. effective atomic number and
malecniar orbital modsls, was summarized by Marks and Kolb in their excelient
reyiew [ 1. Since then, a number of theoretical anzlyses on some specilic complexes
have also been reported [24.5] Recently, the nature of 8- H - M bonding was
deeply explored by Parry in his excellent ana unpderstandable work [37. § was
pointed out by Parry and Edwards that the B - i - M linkage in complexes contain-
ing metal and (B - H)interaction is elearly and unequivecaliy the basis for compound
stability. The coordinate covalent bound nature of thg B--H — M three-cenler-two-
efectron bridging bond secems quite widely accepted [&].

In many tetrabydroborato complexes. the BHy ligand is usvally coordinated to
transition metal atoms in the 7', i;z or #° mode (see Fig. 1{a)). In these dilterent
coordination modes. sach B—H—M linkage cun be viewed as a threc-center- iwo-
clectron bond. Molecular orbital (MO} analyses of mone-teirahydroborato com-
plexes have shown that each BH; ligand acts as a two-. four-. or six-clectron donor
in the #'. v or 4* coordination modes respectively [7-921. In other words, gacn
B--H unit donates its g-bonrding electron pair to the metal center to form a metal-
ligand dative bond. Complexes with these characieristics of bonding are also called
g-complexes [ 107, The different coordination modes of the BH, ligand in some
complexes, particufarly for those mono-tetrahydroborato compleses, can be easily
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Fig, 1. ta) Three differen: coerdination modes of 2 BEHL, {0 Bl osbitals smeled inthe 5! 52 aod o
coordination modes.

understood according to tie 18-clectron rule. For some other compiexes, such as
Mig*-BH,}, (M=2Zr, ¥, Hf} [il-13], this rule cannoi be simply applad sinee
formally they have 24 ¢clectrons. Recently, Liedos and his co-workers reperted their
ab i study on complexes which de not conform o tihe 18-clectron rule. such as
M{BU,{PH kL (M =V, Scand Ti) [ 2.4] and Ti{BH,}; [5]. They have shown that
the nuinber of clectrons around the metal atom depends on the symmetry of the
molecule and on the number of unpaired elecirons.

Despiie thess theoretical sivdies. a generai-iheoretical anatysis for this class of
transiion-metal complex has aot yet been reporled. In this paper. 4 theoretical
analysis based on orbital interaction argument is offered to account for the retation-
ship between structure and bonding for a vartety of transition-metal tetrabydrobornte
complezes. We develop specific examples and then summanze our resalts.
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2. Coordination mode of BH; aaion

As mentioned above, 2 unidentale ('), bidentate {57 or tridentate o) BH; ligand
acts ag a two-, four- or six-clectron donor in metal-figand interactions, In termy, of
the MO model, for an M-{y'-BH,} unit, onc 8 H 7 bending orbital is used i the
metal-ligand interaction. Fer " and #° coordinaiion modes, two {one @ and one 1)
and three {one ¢ and iwo 7t B—H honding arbitals ave used, These B - H bonding
orbizals arc fHustrated in Fig 1{b} In the [ollowing discussion, £-BH; will be
distinpuished by 5% for cases when the line connecting the twe bridgirg hvdrogen
aloms is paralled to the upright dircetion on the page where & complex is showr and
by 12, for cases when the ling is pernendicnliar 1o the upright divection. The subscripts,
1 and §, of p* serve oxiy for sflustration and have no physical meaning or
mmplications.

It should be noled here that in some complexes the BH, ligand may coordinate
1o the metal atow in an vnusual mode, the so called 'side o’ mode [ 4b,14]. In thess
complexes, it is difficult io definc how many bridging bydrogen atoms are bound 1o
the metal aton

Throughouwt this paper. a boron p component (nstead of those shown in Fig. i{h)
will be wsed to represeni a z-symmetry ydroborate orbital. which is waed for metal-
tetrahydroboraio bonding. and ouly the subscripts, 2% x*- 3% xy xz and yo, will be
used to doscribe the metal 4 orbhals, respectively, for theoretical simplicity. In tie
foliowing discussion. cach BH ligand is considered to contribute one to the coordi-
waicn number foy the use of deficition ondy and bridging hydrogens aic kot counted
except as explicitly specilied.

3. Mono-muclear comploxes
3.0, Theee-coordiinere complexes: NiBH ) Ly

With respecl (o the boron atom of BHS. three-coordinate complexes are of
trigonal-planayr geometry. Complexes wilh a formula ke M™-BH,); may be consid-
ered as the most complicated and typical species of (his kine Starting with U
orbital interaciion analycie for tuch complexes will make U easicr 1o vndessiand (he
electronic structures of the others, The sivategy for doing this analysis is as follows,
First, we obtain the linear combinations for the BH; ligands™ & orbitals. and then
do the same for the n;, and for the my, .. othitals {see Fig. 1{b} for the definition
of my and Ry ganet Finally, we match these combinations with the ¢:ntral meial
atom’s atomic s, p, and d orbilals. Following these stepr, one oblains the orbital
interactions between the central metal atom and the ligands in an M{n"BH,),
complex (see 1), as Hlustrated in Figs. 2, 3 and 4. Wher the - axis s defined as
perpendicular to the molecular plane. the p,. p, and s orbitals 2f the metal alom
interact with the three v orbitals of the three BH ligands (o form threc bonding
MOs. The three =, -orbital combinavons of BH; ligands are symmeiry-adapted with
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the p.. ar wnd o stomic orbitals {AOs), and the three =, g, crbitals can only
interact with two AOs, xv and x*- y% to form two bonding MOs and one non-
honding MO which is exclusively delocalized on the BR, laands. The -2 orbital of
the centtral metal aiom alse remaios non-bonding. Therefore, the maximum number
of non-honding d clecivons in M{x*-BH, will be two. A d° Mp-BH, ), complex
can be viewed as isocleciroate with Js{iNRy, [ 1570 if NR is formally taken as an
[MRY* ligand. Tig*-BH, ), provides an example of a &' configaration with the
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orpital being partially occupied and was recently reported by Dain et al [51
Electron diffraction, az well as MO analysis from EHMO caleulations. was vsed to
determine its molecuiar structure in the gas phase 5] The total number of valence
electrons in this titanium complex is 19 (MeP+6(af +{d)*). Of the 18§ hgand
clectrons. cffectively only 16 are involved in the metai-ligand bonding since one &y,
plane LNCAr combination cannol find a symmetry-sdapted metal orbital {sce Fig 4
in-piane MOL A ab initio siody on the structure of Luis comples has been reporied
and suppuils this analysis [ 16]. Other analogons compluxes, Y{BH,); [ 1,127,187 and
Sc{BH, ) [7.19] are predicicd here to adopt the same structure as THBH, ).
Although these complexes are formally M8-clectron species, only 16 electrons are
invoived in 1he meiat- hgand bonding.

'T\ l rl\\ 1 L -y /F".

M= 1} M=l
n n/ L/ ME\H
Tioy Bli 5] /% YO -BH , BL17 0 0 FPPLCU B 200
YR (LT Jdrpe Ry _DFES 1y f00 L
se(n’BHey P19 7 mphiCuiny - BRL 1200}

ph Oy R |20
1 2 3
* Aheoichmal prodh:eca,

=% Characwerized by NMR
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Three oiher yiinum complexes. YOWBH, L. YCOLIBH,Y and (CH.OLYIBH .
have also been reported T17.087 and have been reviewod b} Marks und Kolb [:]
Although their structural cetails are still unknovon the BH, ligands 10 thess com-
plexes can be expected 1o coordiaate o the metal alom i i ’-mwl 1 (see strueture 21
These complexes can be taken as analogucs fo Mig*-T3H, 5, complexes if the =
electrons of C1™ or CH,O are alwo considered.

Many Cui,{y-BH,)¢3) have been svnthesized and chargowrized by X-ray diffrac-
tion or spectroxcopic methods | 207, They ave the simplest and most comman specizs
of the three coordination complexes. These complexes cap slso be described as
pseudo-tetrahedral structores {3Y and conform o the [S-clectron ruie.

3.2 Fowr-coordingte complexes: Mo BH L L,

Complexes with formulas of MUBH 3, L., can adopt two differen: gromeiries.
square-planar or teiranedral, if bridging hvdrogen atoms are oot considered, s

wnderstandsble that d® for low spin d°) specics prefer to adopt @ square-planar
geomebiy [ 2

L.

e

|
t— ,‘LH "‘\‘ o 2,
| e \ 2N

L
ey odine jCuin - BH:3i12] ildphcifﬂiH:-BfF_-‘-i:.'\! PP et BH 20
ey HNIR, BHL (23] {PhdePi Cui B 2T
ey HCH —BHL [24] 7
3 5 3

and can be formulased as M{n*-8H 1L, (see structure 4). The metat p. orbitd, wiic
is emptiy for a d¥ complex. can interact with the =, orbital of BH, 1o further stabilize
the whale sysiem. Three exampies. Cof{lerpyiidinel{n™-BH,) 1227 NuHiipoy, -
BH,} [23]). and d"-CoiHH poy, o tn®-BEH,Y [24]. arc found in the liwrature, Thess
comptexes can also be viewed as a pentagonel-bipyramided i the ridaing u\d.i)s.en
atoms are taken into account (n”-BHy istakan as a bidentaic ligand ). As an
10 the general structure {4), the d%-Coitdphe)t™-BH ) conipiex [ 29] adopis 1 zeq
dral structure (see 5} due (o the chelated 1.3 1-rig{diphenviphesphinemetiyljethans
ligand, These comptexes are alt 18-ciectron species.

MBH,LL, ., complexes with d" or Digh spin d° metsd conters have oaly g'-
BH, ligands and adent a ietrahedral Structure since the nwial atom has only four
vacamt orbitals {four sp® hybrid orbitals} to sceept higand electron pains secording
to the iR-clectron tule. (Phy,MeP LA gls -8B, {267 and { PhoMePHCuis ~BH_I}32?]
{sce 6} arc iypical exemples of this kind with 18-electron configorations. {thf Mniq'-

a
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BHM,); [287 is a d* species. Despite lack of dewailed experimental data. the manganese
complex can be expected fo feature a & high-spin covfiguration with three -

BH, ligands {structure 7).

f—: 1
T
n‘- 1|.I
T i
' My
My, My, / \ 3
- ; s 7
T‘:/ \ Iﬂ I/ \ L n :
n - L n
(thfydinga’ BH [28) 13 tlincn)ZnCI{H:-BILj1_29! e {YU]’*BH.;};]' 1111 24¢
fphen }{Ph_‘l";Cu(qz-BI‘L‘I [ad] 2ide Hf{Tl"-BHJh 2 24
tnampbiCdin’-BH (31F 20¢ Zr-BH), I13] 240
7 8 b

The X-ray diffraction resulis of ZnClitmen){ BH 3 [22 ], Cuéphen){ Ph; P} BH,} [30]
and (hdmph}Cd{n*-BH,} [ 311 have shown Lhat, in these complexes, the BH; ligand
cooidinates with the central atom through an #*-mode although the complexes are
all d' metal centers. These complexes are 20-electron species and do not obey the
{8-clectron tule. This is not wo surprising in view of the Jact that many complexes
with Cu and Zn centers are ionic und do not necessarily conform to the
18-electron rule.

Ni(2-BH,}, complexes (structure 93 with 4" centers are interesting species because
of their unusual 24-etectron configuratons. Owing fo the large cxcess of valence
clectrons around the centrat metal ntom. these compiexes were usually considered
as ionic. A careful examination of the relevant orbital interaction shows that
clectronic (ateraction also plays an imporfant role in the stabilization of these
complexes. The linear combinations of the four BHy ligands’ ¢ and # orbitals
tansform as a,+e+2t,+1, and the central metal orbitals as a;+e+21,. The
relevant orbital interaction for an M{y*-BH, ) complex is shown in Fig. 5 There
are threz non-bonding orbitals {t;) which are exclusively delocalized only on
ligands. For 2 24-clectron M{s>-BH,), complex, the six extra clectrons can occupy
these three non-bonding ligand orbitals without causing any destabilization in the
metal-ligand bonding interaciions because no other metal orbitals span the
irreducible representation [19]. One may conclude that the ionic {actor tends to
maximize the coordination number while the electronic factor favors 2 geometry in
which any excessive cleciron can be accommodated in nou-bonding orbitals
delocali *d on ligands. These complexes. in fact. are isoelectronic and isostructural
with MoO2™, W03~ and Os0,. Three such complexes, [Y(n3-BH,L]  [11].
Hf(*-BH,), [12]. and Zein-BH,), [13]. have been synthesized and characterized
by X-ray diilraction.

Complex (bp)Ti(*-BH,), [32] is a d® species with ‘wo *-BH; lizunds (sirue-
ture 10).
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This molecule provides an evample of d®M{y*-BH .1, complex.s. One can view
M {*-BH,),L, as isostructural with #Cp, L, complexes since an #*-BH, unit can be
viewed as isolobal with an #5-Cp~ ligand. A d%-MCp,L, compiex can be found in
ZeCp,Cly. There are alse d*MCp,L, species reported in the literature. such as
MoC,H; and TiCp,{CO),. As an isoelectromic species, {tmen)Zr{y -BH;), {33] and
(imenyTICHA"-BH, Y [33] (11} provide two examples of such a d’-configuration
complex. The latter complex is a 16-electron species and has the maxinium number
of bridging hydrogen bonds lor the BHy ligand. However, the X-ray difiraciion
result of {tmenyTi{BH,}, [33] indicates that both » and »>-BH, are found in this
complex slthougb in the 'H and "B NMR results no difference between these two
BH.; ligands is apparent. More acourate experinsental methods or high level theoreti-
cal caleulation may help to determine the exact coordinate mode in this complex.

1.3, Five-coordinate complexcs: My BH ;

L.‘--ri

Usually, five coordinate complexes can aagpt two  differsnt  geometries,
square-pyramidai  and trigonal-bipyramidal. We will only discuse complexes
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with the latter structure, since we lave pot found any =xamples of the former so
far.

L

L 1 E

H HzBe-r =
L g | .-H.,__ HH“ g
\n “B M
e |
LI. i

;M——i
H
s

L

HCO)Min' ,-BHS (M=CrMui l3dah]  (hinbin(n® -BHw: 135] (hp)Zaibho-BH 0 “BIL 132] Jhe
[Ph;PJz{mph:]Ru[n’_-Bl-qu [KENS |
{ripodjHFe(n’,-BHA) { 3d c]
{PhiPyHRuiN® -BH4) | 24i]
{PMey WiNONCOHR® -BH.) [ 3zt
12 13 14

Many d° fve-coordinale complexes [34] have only ope #-BH; ligand and
adopt structure 12, The structures of these complexes are casy to undersiand since
they can also be described as psendo-octahedral if the (wo bridging hydrogen
atoms are considered. These d° pseudo-ociahedral complexes conform to the
18-¢lectron rule.

When two BH) licands are present. two sniucthires ot found. Complex
{(thf 1,0 n{y*-BH,), [35] has a 4 electvonic conligeration and adopis structure 13.
In this complex. besides the five g-symmetry coordinaie bonds (ihrec M L uand
two M -BH,} the xg__},: and xy orbitals can interact with the two x orbitals of the
two BH; lgands ta form two more bonding MOs shown in Fig. 6. This complex
can also be viewed as a pscude pentagonal-bipyramidal geometry, With the four
clectrons occupying the xz and v erbitals. the complex again bas an 13-clectron
configuration.

(bpIZr{thf)[BH,),  [32]. and  (N-N-N)Zr(n"-BH,), (where N-N-N=
(Me,SIIN{CH,CH,;N(SIMe, )} ; dianion [ 36] are d° species. They offer two interes-
ting examples of structures 84 and 15 respeetivery. The latter complex (13) conforms
to the 18-electron rule. In the former compiex, one of the two d orbitals (v- and ro.
which are occupied in complex 13} is o interact with the 7, component of the -
BH, ligand. The other d orbital is empty and may be used Lo mieract with x orbitals
from the bp or thi ligands. This usage might explain why the former adopts 2
structure which does not conform to the 1B-electron rule.

) L
N zlr n? - "'f.fl "ff
Nl | |\Hv" N
N L

(N-N-NIZT B (36] (M P Vin® -BHL (37] fe ihi)Sein “BHL® -BHL) [38)
15 1a 17
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Recently. Liedos et al. reporied their ab initio studics of the coordination mode
of V{BH,,{PH;); [2]. as a model comples of high-spin d7-V(BH, },{PMe,}, [371

They found that, in agreement with the experimental data, Vig?-BH,:(PR;), (see
16} 15 the most stable structure when compared with other structures having dtiferent
coordination modes. In this complex. the two phosphine ligands oocupy the two
axial positions while the three BH. ligands are in the equatorial plane of & pseudo
trigenal-bipyramid. In the most stable structure all bridging hyvdrogens are in the
equatorial plane. The ligand arrangement can be easily understeod within an orbital
interaction framework. The s, p,. and p, orbitals of the vanadium stom interact with
the g-orbitals of the three BR; Leands {Fig. 2), the x* -+ and xy orbitals O\fu‘!dp
with two 7, -orbitals of BH in the equatorial plane {as in Fig. 4} The p. and =
orbitals are used (o form two ¢ bonds with the two phosphine ligands. The doubly
degenerate d orbitals, ¥z and yz, accommodate the 1wo d electrons in a high-spin
fashion., Apparently, i the bridging hydrogens are not in the equatorial plane, the
two singly occupied d orbitals will be destabilized through intcraction with the
bridging hydrogen atom: Therefore, these complexes are 13-clectron species with
only 16 electrons occupyving the metal and metaldigand bondmpe MOs. The remain-
ing two valence electrons are mainly defocalized in the three BH; ligands (as the
Mringlne OFDIAL in Frg 41 (thf),Sc(BH,), [38] has a similar geometry 10 Vi’
BH ;)i PMe,); with a different arrangement of the bridging hydrogens, This complex
was found 10 be formulated as (thl,Sciy?-BH, \*-BH, ), (17). Since the scandium
complcx is a d” species, the two d orbitals {xz and yzi, which are singly cccupied in
the vanadium complex, are now empty. To maximize the metal-ligand interaction,
the xz and yz orbilals can be utilized to interact with the two 7, symmetry orbiials
of the two BH ligands. Therelore, compared wite the vanadium compiex, the
scandium complex has one 4°-BH; and two w*-BH] ligands.

Ti(BH )i PMe;), [4b. 14] is another interesting cx uple of five-cgordinate com-
plexes. li s a d! spectes. Based on the argument above, we would expeet the complex
to be formulaled as Tiln™BH, L0r*-BH, M PMe,),. However. our theoretical predic-
tion is not so consister vith the Xovay erystal difiraction result [147]. which showed
two unusual ‘side on” BH; and one »°,-BH] ligands {(structure 18).

Fig. &, The possible 7 orbitul interaction betwesn metad atorm and Ygands in compleses with stroeture 13
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Detailed ab initio calculations on this tHamum comples haive been reported by
Volatron et al. {4b] and the result is copsisteni with our prediction.

Tildmeln®-BH,); [39] is also a Rve-coordinate complex with three BH, Hgunds,
Owing 1o the bidentaie ligand (dme), it has a quite different structure. In this compiex,
unlike in Ti{BH,):{PMes};, twe BH, ligunds 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, ligands to interact with the meial atom in g*-modes
without any restriction on symmelry. The d* cleciron cccupies the non-bonding 1y
orbital. This complex features a 17-electron configuration.

34 Six-voordinate complexes: MrBH L L.,

Pseudo-octahedral geometry is the siructural feature of many six-coordinate com-
plexes. In this geometry. theee d orbitals, vy, »z and vz, of the central wtom are
available to interact with the m symmetry orbitals of BH; ligands if they arz not
occupied with d electrons.

Several complexes with one BH; ligand have been found in the literature, ic.
fdmpe),HFef{p-BH,} [40] isee 26). ((CH,LPLIHLOs(p*-BH,) [41] and
(dmpe),HCr{n2-BH,: [42] {see 21}. Their coordination and structoral characteristics
can be understood by the 18-clectron rule, te. d¥ complexcs adept 20 and ¢*
complexes adopt 21,

Ha
\ q' / N E
Hoh L. H
[ e P~ [ \:“ el H-I-ZEM.’;:H”"”’B/
I v .
P/|'\up( /T“‘WL 7 H
f
H L
{dmpie)HFern'-1iH, ) (40 HCsH PR HROS  BH 41 (Me P HMoin -BH.Y [43]

(darpe)HCH R -BH,) [42]
20 21 22
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Another d* complex. (Me,P),HMo(y®BH,) [43]. has been reported {with X-ray
diffraction) to adopt structure 22 rather than 24, although its molecutar formula is
similar to that of {dmpe},BCrin>-BH,) [42]. This complex can also be viewad as a
psendo-pentagonal bipyramidal melecule and conforms (o the {8-electron rule.

(drope), V(BH 12 [37.441 and (dmpe), T BH, ), [44.437] arc two examples of six-
coordinate complexes with two BHJ ligands. In the &*Sdmpel, VIR, [3744]
complex, theee non-bonding d orbitais are singly cecupied by the three metal d
electrons. This complex features a high-spin d* 15-¢lectron confipuration with twe
BHy units in s'-coordination modes (siructure 233

gz [
' HI( \'H H

. [ L M
L7 ™
L0 LA St
L/ I \L ' 5 H
T!‘

(dmpekVin -8B, [37.44] {5¢ sdmpes T -BH.: {44450
23 23

The ESR spectrum result showed that the complex has §=3:2. and therefore supports
this analysis {447, (dmpe), Ti{BH, ), [44.457 is a d° species and adopts 2 stmeture
24. 1n such a ligand arrangement, one expects that ths complex is a high-spin species
because thers are two d orbitals (x*-1? and xo. see Cartesian coordinates in 24)
which are pwre non-bonding and not avatlable for mewal {EH ;) =-bondme. One
also expects that cach of the two Ti-(*-BH,} bouds must be weaker than a normal
Ti—(n*-BH; } bond because one orbital { 321 is shared by the two 5, sywimeiry orbitais
of the two BH; units. The weaker Ti— {3*-BH,) bonds lead to stronger B-H, {H,,:
bridging hydrogen bonds). Indeed, the IR experiment [44] found that the »{BH,}
in this complex 15 geater than that i other titanium compiexes with a normal >
BH, ligand, such as Cp,Tily* BH,) and Ti{z> BH,1.(PMe,},. The explanation for
the stronger B--H,, bonds above is quite different from the onc presented by lensen
and Girolami. They conctuded that the Ti—BH, bonds in this complex are weak
and ionic [37]

Lithf 1, Y{BH,), 1™ [111 and {thf},¥{BH,); [46] arc two examples with a &°
configuration and have two and three BH | ligands respectively. The X-ray crystalio-
graphic result of [{thf),Y{BH 3,17 [11] showed that the two BH ligands occupy
the two axial positions. The informuaticn on the coordinaiion moedes of the two
BH; anions is not availabie fromy X-ray diflraction. As the metal alom has only two
symmetry-adapted ovhitals, x2 and pz, which can be used to interact with the
A-symmeiry orbitals of the ligands on ihe axial, one possibilny - the siructure is
that the two BH; ligands are in normal 4 -modes with four FH, aioms not being in
a plane (structurc 25a}.
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H

/ \, 3
y f; T | )
b 3 A "‘“BHZ
B, W 7
a b
[kl (BH T H1] dae R YRR, 146}
25 26

The other possibility is that both BHy ligands are coordinat=* 1o the metal through
wh-mades. [ the Iatter case. [(thf ), Y -BH, ), 1" (25} is 1soclectronic 1o many trans-
di-oxo metal complexes. The latter possibility is guite likely because most letrahy-
droborato complexes adopt a structure wilh the maximum melal- BHy coordination
number (3} as Jong as no clectronic destabilization oceurs. fn complex {thf LY (BH, )
{26}, the 1v.0 axial BH; ligands are found (by X-ray difiraction! (o be in y'-coordina-
tion morles and the remaining one is in a normal gimode with two hiydrogen atoms
being in the equatorial plane. The interaction between the xy orhital of the central
atom and the r. symmetry orbilal of the cguatorial BH; Tigand is responsible for the
two bridging hydrogen atoms being in the cquatonial plane. The vz and y= orbitals
interact with m symuncitry orbilals of the two BH; lgands in the axial positions (see 26).

3.5, Complexes with Cp rings ¢ higher coordination numbevs )

Complexes with g -cyclopeniadieny] or its devivatives {Cp) are also commonly
found [ 19473, The majority of these complexes contain a Cp,M fragment and
can be described with a general formula as Cp.M{BH.Y{r=1.2) except
Cp(Me.PCH,CH,PMe,)V(BH ) T48]  (structure 27) snd CpZry -
BH H N{SiMe,CH, Pr.), 3 [497 tstructure 28).

L:"

a
\\""'Cp Cp- "
gy "".ﬁlN( e
y s

Cp{Me:PICH: ), PMe VIR BH,) (48] CpZitn’-BH, (i-N-P} [0} CpNB{BH4} [47a]
17e (PPN SiMe,CHPPC CpoSe(BHAM {199
CpaTHRHS; [47he) i7e
{Bu,Cph-TuBH) [47d]  f7e
(BUCp):Se{BHA {191 46e
(18iMe,LCp)LSc{BHO" [(9] 76e
27 28 29

" A theoretical prediction
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These two complexes are both [7-cleciron species comatning one 4%-BHj
and one #-Cp lizgand. The structure of the d® $7-electron complex,
CpiMe, PCH.CH.PMe,;V{BH,}, can be understood by referring o the o
18-electron complexes, {{CsHe ) Pl (HEOs(p*-BH,) £417 and (dmpel, HCoy-BH,)
[42] (see 21\, since a Cp ring can be considered as a tridentate ligand. The d'
17-clectron complex, CpZrin’-BHOINISiMe.CH,P'Pr, )1, can be viewed as a
pseudo-octahedral structure {with respect to the ceptroid of the Cp ring) (see 28).
Its clectronic structure can Be eastly vnderstood 1l one consders that the Cp ligand
uscs 7+ 21 bonds Lo imieract with the metal center and that one metal d orbital {xy)
15 singly octupied.

The orbital interaction anabysis for a2 CpaM fragment is weli-known and easily
found in the lnerawre [[15507]. As shown in Fig. 7, cuch CpaM fragment has three
(rontier orbiials, whose maximum amplitudes are in the plane w perpendicular to
the Ct- M-Ct plane (Tt s the centroid of the Cp ring). available for bonding. 1t is
understandable (hat any orbitat intera-tion between the Cp,M fragment and BH;
should be restricted in this plane s Otherwise, the metal-Cp mmioraciions will be
destabilized.

In complexes with one BH ligand. 57 is the optimal coordination mode since the
third hydrogen atom camnot lie in the same plane wm. Thercfore, d° specics of a
CpaMUp-BH, ) complex will obey the 18-electron rule, such as Cp,Mbiy*-BH,1[47d]
{29). Complexes with d' configuration. such as Cp,Tily*-BH,} {4%cd] and
(B, Cp), Ti0P-BH ) [47¢], feature a 17-electron confizuraiion and also adont siruc-
wre 29, (‘Bu,Cpl,SciBH,} [47(] provides an exampie of d” species in which the
BH; lgand is also in an g%-mode. (SiMeg).Cpl-SciBH,} 477 and Cp.Sei BH;)
[47b] are two analogues of ('Bu,Cp),Sciy-BH,). Based on the above analysis. the
BH; Jigand in cither Cp,Sc{ BH,} or ('Bu,Cpl.Sct BH,) should be i y*-modes too.
However. Mancini and co-workers suggested a #*-BH lzend for the Cp,Sc(BH,)
complex in their early experimental work [47b]. This disagreement implies that for
garty transition-metal tetrahydroborato compleses the metal- BH | clectrostasc inter-
action could be very siginificant.

Complexes with two B and two Cp hgands are rarely found. {MeCpLHI{BH, };
[31] is the only example found in the literature. The X-ray diffraction of this d°
species reveals thai both B, ligands coordinale 1o the conter in s-modes {see 30).

4

Tig 7 The lrontier asbiials ol o Cpe-M feagment.
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Com™ N H A+
oyt a8
BH; bz
MeTp)ailtn-BH: 151 Vi1 MeOCTLCR.Cphid e -BH, 152]
30 31

According to the analysis above, the fovr bridzing hydrogens are cxpected to
be in the plane m However. it was found that these four hydrogens were slightly
twisted out of the plane. This could be due 1o the steric congestion of the two
adjaceni bridging hydrogens. The complex has 20 electrons vith the two extra
valence clectrons being mainly delocalized on the BH,; Hgands. Yio'ap°-
MeOCH, CH,Cp):(*-BH,) [ 52] 15 aiso a d” species but with one #*-BH, and two
MeQCH,CH,Cp ligands. The erysaliographic structure of this compiex indicates
that the two bridging hydrogen atoms of the BH, ligand in this yitrium complex
are not in the plang m {see structure 31). This ligand arrangement seems inconsisient
with the claim above. Although we do not have an explanation for this structurc.
the complex can be viewed as isoelectronic with many d®eis-dioxo metal compiexes
[15], such as [MoQ,F,J* . if Cp~ is viewed as 1solobal with G2~

4. Species =ith multiple metal centers

In the discussion above, we have deait with complexes containing only one metal
cenier. Complexes discussed herg are those conlziniog two ot more meral canters.
Many examples (32 to 44) are found in the literature. One can understand their
slructures by fivst considering cach metal center as an independent unit and ihen
examining the possibility of metal -metal interaction,

1

", L L
Gy N, S Lo bty om P, 2t
/“\ /S\HJ'-‘,\ L I‘H"" #8 fj“\L
L H
(P PRCuki - BH, T {53) fotcipod HR )G - BHT (341
2 33

First, we consider complexes in which oue BH ligand serves as a bridge. These
complexes do not have meial-metal imeractions. [ PhyPLCul (. - -BHO]™ [53]
(32) and [{tripod}HR U} (p,-7°-BH, )T [547 {33) are two novnal 18-electron com-
plexes. The structure of ((dme)Y (*-BH, ),{p™-BH ).}, [ 557 (34} was determined by
Xorey diffraction.
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[n this polymeric complex. each coordination unit can be viewed as oclahedral with
twe cis p%BH, ligands in the sqguare plane and twe #°-BH, ligand in the axial
positions. Both y*-BH; ligands on (he axial positions coordinate to the nearby
centers 10 form a oue-dimensional chain (see 34). Fach ¥** jon is coordinated with
24 valence electrons. Therelore, the complex is usually considered as an lonic complex.
It is intetesting that the four H, atoms of the two #*-BH, ligands in a same
coordination unit are in a single planc. Tiis seems (o indicats that the = symmetry
orbitals of the 4°-BH, ligands interact with the xy orbital of the yitrizm awom at the
same time. This orientation implies the importance of clectronic effects in this
complex.

(p-dppin)Man, (1-B(p-BH L HCO), [567 provides an e=xample in which the BHY
lizand 15 coordinated to two centers in two different modes isec 33}, Each mangancse
center i this comples conforms to the 18-electron rule.

Complexes with vther bridees have also been found in the hiterature. In complex
(4?-BHOTICP)Cla [57]1{36). each Ti center has 17 electrons with a df configuraiion.
The metal-metal disiance, 3.447 &, indicates ro direct meial metai bonding between
the two d' centers, Weak spin-spin couphing throogh the fwo bridging chiorides
nIdy exIsh

AN

ct K " PR H-—\:"——H
3 N \I--H.,..! " (;4.,“! He /H """_{’ N iy
::T oy / \Tnn' CP H/H“L'VY‘CF)F‘"I;E\ H?B\‘\Hr"\ l Fu H':’EI-Q
=~ ! H e
\ / PP &

(N -BHATICPYCE 157) 170 (CHPMe ) ViCIn’ BHLL 158] /50 VoZn, (e H) PMePh,lin - BH,);160]
te-dpomVoCi e -BHL) 559
36 krj 38

In (CH,PMe, ), V,CLop-BH, j; 387 and {dpprm), V,Clin®-BH, ), 597 (sec 37}, each
vanadium ceuter can be viewed as a d° high-spin |5-electron species. In view of the
V-V distance (3.124 A and 3.114 A} direct V— V bonding is sgain wilikely. Weak
anti-ferromagnetic iniciaction through the bridging chlorides will predominate
between these two d® high-spin centers in both complexes.
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VoZny (- Higd PMcPli by ('-BH, ): [60] (38) is anether di-vanadium complex but
with & much shorter V ¥ distance 12,40 A). The -lructure was described as a dia-
mond-shaped V,Zn; aggregaie fa sqnashed bulierfly) with four edge-bridging
hydrogen dtoms [60]. The bridging hydrogen atoms of each -BH] and the
hydrogen atoms bridging ¥ and Zn lurnish tetrahedrat ligation about zinc. The ¢*°
Zn center conforms (o the 18-clectron rule. A significant interaction between the two
d? V centers may be responsible for the shont V-V hond.

{(f Me, PLVInS-BEH .00 [37b] (sec 39) 15 a dimer bridged by an oxygan atom with
a linear V--O-V unit.

HaBoer F

P
\H P ‘ HeByy
£ i L) A : H ] .
H-._ = o a B [PRAY 1M B,
'U'-—'Q““‘—“VQL‘""'H = Frptene - Hee i e 1Y
v s neg e I
A =X BH, | H 1!: el EH,
HB~ TP P HB— R
HMePRVIN BH. 110 {37b] (PMeyh Ze0n - BH aptpe-H 162]

39 40

Around each vanadivm ce cter, two BH) hgands coordinate 1o the central atom in
i -muodes with the four bridging hydrogen atoms being 1o a nlanc perpendicular to
ihe P-V-F axis. In other words, the meial-ligand framework of each vanadium
center is a pscudo-pentagonal-bipyramidal {FB) structure if the bridging hyurogen
atoms are considered. The two PB substructores are geometrically related by a 907
rotatton around the ¥-O-V uxis. In a seven-coovdinate PB complex, only two d

el e ot
t—— —+ b, -

Onvgen's [n

4

Fig. & The otbitad isteraction botween the bridging oxyzen and (PMeys,Zrin™-BH,) frapment in
(6P Me ),V ir-B14,0,3.0. (Orhital symmictries ase assigned based en a peeado-D, point group.
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orbitals are available for d elecirons. With respect o the V- -V axis. one af the
twao & orbitals in each center is of d, character and cannot 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 oxyvgen’s p, etecuons are incladed. both ¥V centers
conform 10 the I&-clectron rule, Metailed orbital interaction aemiysis for lincar
M-X-M =ystems can be found in the literature [62].

Recently, Mayo et al. [oil reported Xeray  arvoallogrophbic resulis of
((PMes LZrin®-BH L hip-H Y, fze d0) 11 Las 1 struciuie similar to 39, The orbital
interaciion briween the four bridging hydrogen atoms and the two (PMey LZ10ir -
BH,); fragments is illustrated with the diagram in Fig % The tinear combinations
of four s orbitals of the bridging hydrogen atoms span one ¢. two = and one 4
symmetry rerreseriations to interact wilth the fropiier orbitals from  both
{PMe;1Zo(n’-BH,), fragments. The o and = interaciions in this complex are quite
similar to that in 3%, One of the two § symmetry combinations {as+d;) can interaci
with the ¢ combination derived from the four s orbitals of the four bridging
hy Jrogens.

]
& rgf .
e, | ik g
o, 1 \u...--F' 3 'H‘dL o~
H=—=2r e - P oture 173
. l \p ; '
p ’
{(4a-Hyz
| =
L i"‘-r.._l i - ik
3 ny H gy
T 3 br‘,'\ 2
i -BHL )2t HYZ i Hitdmpe b tn - B H, 1 631 i BH - H s PMan - B B Zre
{PMes - BRI -BH 63
41 42
Hap
M, Q
o /es""- £ / :
s P "M
P prmmm [ tece i) N., 1 (:\"'
i g ——{ - Hir—t—N
(kb nS ! i
t | PHH
oMy, P 4
- W 8
T Hy
{ﬂ"']}H.:J_!ZTr_yz'H}_\‘/Jfp:\'!ﬂ_;)ji'|'|"BH4:J_'I.fl‘” :pslp}in’-BI’{_-JHf{;L3-i-i::Z—Iﬁ'pnp_u'rf.Bf{;]_vif*.’:i

B - H HEPMe0pm - BH M- B L 16d]
43 4d



158 i o N Bhenvang Lin Cenndingeion Chemistry Revdews 186 fU) 139 162

There are several other esamples of muiti-bridzing complexes found in the
literature, (- BH 2 Zr{p-H ) Ze{ H Hdmpel, (7% BH, ) T637 {41y, (- BHL 1, Zr{1,-H }-
Zri-BH i B PMes ;20 PMe Lo -BH M -BH)  [63] (424, and (-
BH, RZr{p-H L Zeln®-BH, ) PMo, ), (n°-BH, ) [64 ] (43) ave three interesting d” com-
plexes with two or three Zr centers bridging by (u--H); units. For cach part of tiese
complexes, the {u,-H; unit can be considered as an isostructural ligand of an 4
BH,. For this reason, the structurat and electronic features of these complexes are
not 1o difiicult to undersiand, Each complex contains an g8 -BH, LZe{-H), frag-
ment which is isoclectronic and isostructural wilth M;3-BH,), (M =Zr, Hf, Y} (ses
89, According 1o the X-ray diffraction result, the (pp-H ) Zr{ H{dmpe),(p°-BH,) frag-
ment 1 41 will give a 20 ejeciron count for the Zr cemer with 1 pentagonal-
bipyranidal geometry. In this geometiry, the hydride ligand coordinates 1o the Zr
atom in the same planc {say the xy piane) as the two dmipe figands. This is easily
understood sinee the Zr center has five atomic orbitals i the xy planc S, Dya By XV
and &% y2. which can be used to zccept the five ligand electron pd]ls By comparing
this fragment with (thi 1, ¥{BH,); {see 26), ruc can expect that the 52-BH, ligand in
the axial position may also coordinate to the center in an #* mode since both xz

ant: bonding 30

2=
387 \
, _

L)
P
H:gB{n-.H P |
L
::Z o Hi ; }:. HH\‘ 'BHz
4> g
! D
~H 2
HaB""'F F

Linear combinations
M(}s oflthe four_ bridging
H's s orbitals

Fip. 9. The orbitai imteracticn bevwesn four bridgine hydropen atoms and the (PMe 0,7 BHO
fragment in i PMey),Zr{n - BH, b, 1403 0, i0sbita! syimimetries are assianed bused on o pscido-Dag
peint group}
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angd yz orbitals are available 1o the BH, loand's = arbitaly, buz this may wey!
imteraction hetween the central atom and the {g-H; unit ar the spng
olhcr coordination centers in 42 and 43 can {ind their strociurat apar fue s cotipiax
{af L.Sef’-BH, L, in7-BH,} (¥7) discussed above (57-BH L H -0 R Phic, hin®
BH,, #*-BH,;) [64] i(sec 43} is an analogue of or-BE. L7, H1L70(PMe, i
BB, Hy-BH,). {pnpHg®-BHLIB(o-H L HI prp) - 81,5 T657 fsce 44) is another
Hi dimer with a bridging (up-H}y enit, I this comples, the {(popity® BRHQu--FH -
fragmeni conforms e the 18-zicctrom rule while the tpo-HiBi{pnpin®-BH 1 rag-
ment has 20 valence electroms with the fowr bridging hydrogens from the swo k-
BH, ligands lying i a plane. This arrangememt of the four bridging hydrogens
indicates that the two x symmetry orbitals from the two p2-BH;
with the central atom by sharing the seone d orbiial fwith » svmmat

nds tateract
i aad tnad the

two extra ligand electrens are mainly delocslized in the two #7813 lzands,

5. Summary

Through our dewsiled strucitiral and electrome analyses ol ¢ large numbor of
transition-metal tetrahydroborato complexes, the following points can be made.

{1} Most of the transitton-meial tetrahydroborzio comziedes conform o the
18-electron rule, especiaflv those complexes with only one BH ligand

{2) Ususlly. complexes with more than i8 valence clectrons are considered as
ionic complexes. Through our detailed analyses, beth ionic and electronic effects are
found (o play important roles in the strer- emistry in ihese tetrahydrohorato
complexes, The ionic effect ends to maximize the coordinntion number while the
electronic etiv:: wmfuences the arieniation of bridaing hvdregen atoms,

{3} Some compexes with two or more BH figands are found to hase imore than
18 valence electrons. These complexes adopt structures allowing the exira chectrons
10 be exclusively delocalized in the BH, ligands. Aithough some complesss are
cironis tnvolved o ihe metab-tigand

formally 18-electron species. ihe number of of
tonding is not necessardy 18
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Appendix A. List of aobreviations

bdph butvt-diphenylphosphine
bp bisphenoxo dianion: CHC.H,-PhG 4,
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"Lu tertiary butyl

Cp 17-CsHs or its derivatives

dme i.2-dimethoxyethane

dmpe i.2-bistdimethylphosphinojethane

dwoph 259-dimethyl-1.10-phenanthroting

dppm bis(dimethylphosphinolmethane

hdmph hydrogen trist3,5-dimethylpyrazolyljborate anton

mphi Nep-tolyl-N -{m-mcidyi-o-phenylenclimidazolidine

MN-N-MN NONONCrnstirimethylsilyldisthyienetriamine
dianion

N{Sihte,CHLP'Pr, ), his{di-isopropylphosphinacmethyl{dimethybsityl jamino

poya tricyclohexylphosphine

PMe. trimethylphosphing

phen 1. i0-phenantitroline

P-N-P bis{({dimethylphosphino}methyl )dimethylsilyljamine-F .V P’
anion

tripod CH,"iC1.PPh;);

thl teteahyvdrofaran

tmen NN NN letramethylenediamine
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