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THE THREE-CENTER, BORON-HYDROGEN-METAL,
COORDINATE BOND. FACTORS INFLUENCING
BOND STRENGTH!'

ROBERT W. PARRY
Department of Chemistry, University of Utah, Salt Lake City, UT 84112

The B—H ~>M bridge bond is responsible for the formation of stable molecular structures such
as that seen in C1,Zn{B,H, * 2P(CH,),} and many related species. Factors involved in the stability of
B-—H,—>M linkages are examined using the premise that the bond is a perturbed (polarized) sigma
bond. The analysis relates the existence of these coordination compounds to the "agostic hydrogens”
of organic chemistry.

Key Words: Three-center boron-hydrogen-metal bridge bonds, coordination
compounds, metal carbonyls, borane anions and fragments as ligands, agostic
hydrogen,

BACKGROUND - THE EXISTENCE OF THE THREE CENTER B—H —M
COORDINATE BOND

Anionic Borane Ligands

The borohydrides, MBH,, were first identified® as distinct species by Schlesinger and
Brown® and the chemistry of the borohydride anion was developed extensively by
Schlesinger and his colleagues at the University of Chicago. As pointed out by
Adams and Siedle* the borohydride anions were recognized at an early date as highly
polarizable units. The bonding of BH,~ to metal ions in metal borohydrides was
classified as running from essentially ionic in KBH, to essentially a covalent

H M bridged structure in AI(BH,);. Over the years a variety of metal
borohydrides have been reported* including those of the alkali metals, the alkaline
earth metals, A1*3) Ga*?, In*3, T1*, Sn*?, Th*4, U*4 Ti*?, Zr*4, Hf™, Cu*, Agt,
Zn*%, Cd*?, and NH,*. In all cases as the metal ion becomes more polarizing,
distinct B— H —>M bridges become clearer.

X-ray diffraction studies showed that the more ionic borohydrides had the
sodium chloride structure while the more covalent compounds had distinctly visible
bridge features [Figure 1(a-c)]. In solution, however, NMR shows that AI(BH,), is
a fluctional molecule with all hydrogens becoming equivalent. The BH,™ ion can
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(a) (b) (c)
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KBH, (P3P) ,CuBH, Al(BHy)4

FIGURE | Representation of borohydride bridge features for structures of (a)
KBH,*; (b) (OP),CuBH,%; and (c) AI(BH,),".

also coordinate as a monodentate anion, as can H;BCO(OC,H;)~. This fact was
shown by Bommer and Morse.”? A detailed, definitive, collaborative study™ using
neutron diffraction and x-ray diffraction established the structure of (@,P),CuBH,.
It is shown in Figure 2.

(a) (b)

Mep, P H
p H
| Cu
Me¢2P—<l:u<——\§/\B P !
P u” H P
Me¢2

FIGURE 2  (a) Structure of ((,P);CuBH, and (b) x-ray diffraction picture.
One hydrogen of BH," is coordinated. From J Amer Chem Soc 103, 5165 (1981),
with permission.

A third type of borane coordination involving 3 of the hydrogens of a BH,~ ion
in B— H,—>M bonds has also been prepared by White, Deng, and Shore.® The
structure has been established by x-ray diffraction [Figure 3]. Typical compounds
are (C;H;N), Yb(BH,),~2CH;N and (CH,CN),Eu(BH,),. These compounds are of
limited stability, decomposing to give the lanthanide borides with loss of both
hydrogen and the organic ligand.

Other anions of boron such as B;Hg™ can serve as bidentate ligands to give
relatively stable coordination compounds. The structures are well established.
(O,P),CuB,Hy’ has the structure shown schematically in Figure 4. The copper (1)
ion shows distorted tetrahedral coordination.

Other less well characterized anions can also be recognized in coordination
compounds. In 1963, Kaesz, Fellman, Wilkes and Dahl' described dark red needles
of formula Mn;(B,H)(CO),o(u-H) which were a by-product of the reaction between
Mn,y(CO),, and an excess of NaBH,. The structure as determined by Dahl and
colleagues using x-ray diffraction is shown schematically in Figure 5. Using normal



12: 22 29 January 2011

Downl oaded At:

THE THREE-CENTER, BORON-HYDROGEN-METAL, COORDINATE BOND... 179

FIGURE 3 Representation of BH, compound prepared by White, Deng, and
Shore,” L,Yb(BH,),. Three hydrogens of BH, are coordinated. From Inorg
Chem 30, 2337 (1991), with permission.
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FIGURE 4 Structure of (O,P),CuB;H;. Two hydrogens of B;H;™ are coordinated.
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FIGURE 5 Structure of Mn,(B,Hg)(CO),o(p-H). Coordination of 6 hydrogens of
B,Hs 2.
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electron counting methods and considering that the bridging H— unit has a charge
of -1, each Mn would have a charge of +1 and the B,H, unit would have a charge
of -2. A number of significant points are seen in this structure'’: (1) The anion
B,H,~? forms bridge bonds to manganese atoms using all 6 hydrogens of the anion;
(2) The Mn-Mn distance for the two Mn-Mn atoms, bound by four B— H,—>Mn
bonds and one Mn—H —>Mn bond, is significantly shorter (284.5 pm) than the
single Mn-Mn bond in Mn,(CO),, (292.3 pm). In summary, the B,H,~2 ion can
form 6 bridge bonds to metal atoms and the resulting structure is stable. Further,
the B,H, 2 structure in the complex shows a distinct B-B linkage (176 pm) which is
roughly equivalent in length to the B-B distance in neutral B,Hs (177 pm) where the
two boron atoms are held together by only two B— H,—>B bonds.

In the discussion following the presentation of this paper, Professor Sheldon
Shore'? reported that he and his coworkers have strong evidence for the compound
Rb,B,H, in THF solution. Thus the anion is apparently a new member of the borane
anion system. The B,H, 2 anion is isoelectronic with ethane.

Another compound also appears to be a complex of the B,H,~? anion. Anderson
and Fehlner® reported the compound {Fe(CO);},B,Hs. While neither x-ray nor
neutron diffraction techniques have been applied to the solid, techniques such as
NMR, IR, and mass spectroscopy strongly support the structure shown (Figure 6)

OC—;(—FQ\—-CO
$%¢

FIGURE 6 Proposed structure for {Fe(CO),},B,H, compound.’®
From J Amer Chem Soc 100, 4606 (1978), with permission.

in which four of the 6 hydrogen atoms bind two Fe(CO)* groups to give the neutral
compound. Again, the two parts of the molecule are held together by B—H —>M
linkages. No Fe—B —Fe or cage structures are indicated by available data.

The evidence for complexes of the anions BH,~, B,H,~, and B,H ™2 is
overwhelming. Binding between the borons of the anion and the metal cations is
achieved in each case by a B—H —>M three-center bridge bond (or bonds).
Available qualitative evidence indicates that the strength of the boron-hydrogen-metal
bonds increases in the series BH,~, B,H,™, and B,H¢™. More precise quantitative
data would be useful.

As is common in coordination chemistry, bidentate, monodentate, and tridentate
linkages are established with certainty. The bidentate systems again appear to be the
most stable. The "chelate effect" is real, but excessive distortion through
coordination of 3H seems to correlate with easy loss of H, to give MB compounds.

Neutral Borane Ligands

In all of the foregoing compounds of borane anions the existence of a negative
charge on the anion, a positive charge on the metal ion, and fluxional behavior in
many of the systems studied raised questions about the importance of the
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B—H —>M linkage as opposed to plain old ionic interaction of admittedly
polarized positive and negative ions. Additional evidence for coordination of
NEUTRAL boranes and their derivatives to neutral metal species would help to
further test the validity of the B— H —>-M link as an extension of Werner-Lewis
coordination theory. A group of neutral borane ligands has been found and the
characteristic metal complexes have been prepared and reported. 4

The Derivatives of the B,H, Neutral Borane Fragment

A series of compounds has been reported in which 2 molecules of a variety of bases
have been coordinated to a B,H, fragment to give stable molecules of the general
form seen in Figure 7. A variety of bases can replace (CH,);P. The bases used, the

H H

3 ]
(CH3) 3P—B-H {CH3) 3P-B— H

| | \'/\M(n) n = 0 or positive
(CH3) 3P-B-H (CH3) 3P-B~ H

H H

Neutral Ligand
FIGURE 7 General form of stable molecules using B,H, fragment.

methods of synthesis, and the references are given in Table I. Certain members of
this group [in particular those where L is H™ and L is P(CHj;);] have been shown to
form coordination compounds with metals establishing unequivocally the
B—H,—>M linkage as a valid coordinate bond without ionic components.  Tre
compounds illustrated in Figure 8 have been formed.

More recently M. Shimoi and his co-workers in Japan have used photochemical
activation of M(CO), to generate a series of B—H —>M carbonyl complexes from
Cr(CO);, Mo(CO), and W(CO),. The following compounds!” were prepared and in
nearly all cases structures were determined by x-ray diffraction:
[Cr(CO),{B,H,: 2P(CH,);}], bidentate, and [Cr(CO)s{B,Hs-2P(CH,);}], mono-
dentate. The monodentate complexes were significantly less stable than the chelated
structures. The monodentate species appears to be an intermediate in the formation
of the chelated compound. The tungsten analogues of both the monodentate and
chelated Cr compounds were also prepared and structurally characterized.

Some reactions carried out to extend the range of potentially reactive compounds
were not successful. (CH,;);PBH, and (CH,);PB;H; would NOT react with ZnCl,
under the conditions used to prepare Cl,Zn{B,H,+2P(CH,);}. On the other hand,
using photoactivation techniques Shimoi, Katch, Uruichi, and Ogino'® were able to
prepare  W(CO);{H,BP(CH,);} and W(CO);{H;BN(CH,);} as well as the Cr
compounds. These monodentate systems were clearly less stable than their chelated
analogues.

Cationic Boron Clusters
Up to the present time no cationic boron clusters have been identified as Ligands
binding to metals through B—H ~—>M linkages.



12: 22 29 January 2011

Downl oaded At:

182 ROBERT W. PARRY

TABLE I

Compounds of the form

H
v \“/’T’L
&\/ﬁ\_g_L,
H

which are proven and potential ligands for coordination
to metals through B— H —»M three center bonds.

L L Made From:

Reference

(CgHg) 3P (CgHg) 3P  (CH3)3NB3H, + (CgHg) 3P (excess)

B. M. Graybill and J. K. Ruff, J, Am.
Chem. §oc., 84, 1062 (1962).

W. R. Deever and D. M. Ritter, J. Am.
Chem. Soc., B89, 5073 (1962); W. R.
Deever, E. R. Lory, and D. M. Ritter,
Inorg. Chem., 8, 1263 (1969).

in benzene (50°)

F3P FaP (Cli3) 20B3H, + PF3 axcess)
(=16°)

F2HP F2HP (CH3)2OB3H7 + F2HP(exceBE)

also
BgHig * F2HP (axcess)

E. R. Lory and D. M. Ritter, lInorg.
Chem., 10, 937 (1971); E.R. Lory,
Ph.D. Thesis, University of
Washington, Seattle, WA.

RoNF P RoNF P B4:10 + RoNF3P axcass)
an

Bglg + RZNFZP(axcals)

E. R, Lory and D. M. Ritter, 1lnorg.
Chem., 10, 939 (1971): Ibjd., 9. 1847
(1970).

R. T. Paine and R. W. Parry, Inorg.
Chem., 14, 689 (1975); Ibid., 11, 268
(1972).

FoClP F,ClP BgH1g * FoPX axcess)

FoBrP F,BrP (CH3)90B3H, + F2PX{excess)
F,IP F,IP

co co OCB3H, Structure

ByH,4+2C0 reported from x-ray

J. Rathke and R. Schaeffer, lInorg.
Chem., 13, 760 (1974).

(CH3)3P  (CH3)3P  BgHg + P(CHj3)j

R. K, Hertz, M. L. Denniston, and S.

G. Shore, lnorg. Chem., 17, 2673
(1978).

P(CH3)3 P(CH3}3 BgHg + P(CH3);

F Y T T T T T R

Also formed BgHg 3P{CH3)3 —>

M. Kameda and G. Kodama, Inorg. Chem.,
19, 2288 (1980).

L S P T T

A New Ligand

P(CH3)3 P(CH3)3 B3H, PCHy + 2P(CHj)j
BgHg+2P(CH3)3 + 3P(CH3)3
BgHyq'2P(CHy)y + 4P(CHj3)3

ByHg-2P(CHy)3 + 2P(CH3),

G. Kodama and M. Kameda, Ingrg. Chem.,
18, 3302 (1979).

M. Kameda and G. Kodama, org. em. ,
19, 2288 (1980).

M. Kameda and G. Kodama, Pglyhedron,
2, 413 (1983).

M. Kameda and G. Kodama, lporg. Chem.,
29, 4837 (1990).

N{CHj)3 N(CH3)3 THFB4H; + N(CH3)3(excess)

R. E. DePoy and G. Kodama, Inorg.
Chem., 24, 2871 (1985).

N(CH3)3 P{CH3)3 (CH3) 3PB3Hy + N(CH3)3
CH,Cl solution

R. E. DePoy and G. Kodama, Inorg.
Chem., 27, 1116 (1988).

N(CH3)3 N(CH3)3  (CH3)o5B3Hq + 3N(CHj)3

M. Ishii and G. Kodama, Ingrg. Chem.,
29, 2181 (1990).

P(CH3)3 P(CHz)3 1-CHyBgHg + P(CHj);
Gat H3CByH3+2P(CHy)g

M. Kameda, J. A. Driscoll, and G.
Kodama, Jlpnorg. Chem., 29, 3791 (1990).

H™ H™ C e e e e e e e e e e

S. G. Shore, to be publimhed in 1994.
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(a)

(b)
H > cuz;ﬁ c1
Cl ,/\“J‘T‘P(CHBU o

Zn
c1” S H\“-B-P(CH3)3

HiBIb) Hig2h)
H Bl
@ 2 D)cw
Mﬂw M
ké“" P Hezel P2 \/jcw
A cs
ch12(82H4‘ 2P(CH3 ) 3}
(c) (d)
% 5 5 P (CH
. B BP(CH3)3 X\Cu‘/\H/_T— (CH3) 3
-~ i pd \
£ r\/ﬂ\—r;—p(ca:; )3 (CgHg) 3P “H-B~P(CH3) 3
o B H
(CO) ,Ni{ByHy* 2P (CH3) 3} CuX{ (CgHg) 3P} {BHy" 2P (CH3) 3)

(e) ()
;

i H [ (o313 (SHa)a+
P
—B—P (CH
T g T S
<" NH\-B-P(CHj)3 ‘ (’
' H H
H
RS
[CuX{B,Hg-2P(CH3)3}] ou
X=Clor1 I‘-Ij ’L‘i
H-B B-H
P P
| (cH3)3 (CH3)3]

Cu{32H4-2P(cH3)3}2+

FIGURE 8  Representation of coordinate three-center bonds in: (ab)
ZnClL{B,H,2P(CH,),} ™% (¢) (CO),Ni{B,H,2P(CH,),} *";

(d) (C4H;);,PCuX{B,H,2P(CH,),} *; (e) [CuX{B,H,2P(CH;);}],, X =
Cl or I % and (f) [Cu{B,H,2P(CH,),},]'T" . Section b from Inorg Chem 23,
511, (1984) and section f, from Inorg Chem 29, 814, (1990), with permission.
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FACTORS INFLUENCING THE STRENGTH OF THE THREE CENTER
B—H,—>M BOND

The Role of the Ligand Attached to the B,H , Fragment in the Compounds of Formula
BH, L-L’

While systematic, quantitative information on the factors determining the strength
of the three-center B— H —>M bond is not yet available, a number of
chemical observations provide clues to stability.  Infrared arguments for
(OC),Ni{B,H, +2P(CH,),} cited elsewhere'** offer strong support for the premise
that the B— H —>M bond is a perturbed sigma bond in which the electron
polarizability of the B-H linkage is important. Unless the B-H bond is quite
polarizable (as favored by hydridic character of the H atom attached to boron). The
three center bond to a metal will have little tendency to form. This argument
suggests that those ligands attached to B,H, which are the most effective in donating
electrons to the borane fragment will give the strongest B—H —>M linkage. Thus
two H™ ions attached to B,Hs~? should give the most strongly binding B—H—>M
structure. Data are consistent with B,Hs™2 forming 6 B— H,—>M bonds to give
stable structures. As a corollary, one notes that boron hydride anions were the first
ligands to be recognized as forming B— H —>-M linkages. The negative charge
helps. Electron donating alkyl phosphines and amines form the most studied group
of B,H,-2L ligand compounds. As yet, data do not properly differentiate between
the stabilities of the alkyl phosphine and the alkyl amine ligands. All coordinate
rather weakly and the B,H, - 2L compounds are useful in synthesis as leaving groups.
The compound (OC),Ni(PH3), could be made by displacing the {B,H,:2P(CH,),}
from (OC),Ni{B,H,-2P(CH,);} using PH;. No other synthesis of (OC),Ni(PH,), is
known.

While data are not yet available on the metal coordinating ability of B,H,«2PF;
and B,H, - 2CO, the model used here indicates that both should be poor coordinating
bidentate ligands, perhaps even weaker than the monodentate H,BP(CHj3); and
H,BN(CH,);. The weakest ligands would be H,BPF,;, H,BCO, and all cationic
borane fragments. These generalizations are summarized in Table II.
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TABLE II

Borane ions and base adducts as ligands to bind to metals

Strength Species Argument
Best BZHG_Z High electron density
BaHa- from H .
BH4~
B3Hg*3P(CHj) 3 Displaces ByH,-2P(CH3)3.
ByH,*3P(CH3) 3 Current data do not yet
ByH4*P(CH3) 3N(CH3) 3 permit differentiation of
ByH,*2N(CH3) 3 the P(CH3)3 ligands from
the N{(CHj3) 3.
H3BP(CH3)3 Form unstable monodentate
H3BN(CH3) 4 adducts with W, Mo,and Cr
Increasing carbonyls. Significantly
strength as less stable than chelate
a ligand ligands just above.
BoHy*2PF3 No data available.
ByHye2C0O Believe will not give
BoHy*2PFX stable complexes because

Worst

(where X = C1, Br, I)

H3BPF X
H3B*P(CgHg) 3
H3B*PFy

H3B-CO

All Borane Cations

ligands attached to ByH,
are electron attracting,
not electron donating.

Should be poor;
monodentate and poor
electron donors.

185
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Ring Size and The Chelate Effect

Data obtained so far provide no evidence for a B,H,-2L structure involving
coordination of all four hydrogens of the B,H, unit through 3-center bonds (Figure
9). Steric strain factors probably overcome the weak bonds. Rings such as the one

H

PASTAN
P—B ~
(CH3) RV

H

\\/gx/>

M

(CH3)P-B M

Figure 9 Structure of tetradentate B,H, - 2P(CH,); compound. Hypothetical but not
known.

seen in Figure 10 are characterized by x-ray and the structures are moderately stable

H

|

. M B-P(CHy) 3

V}i\—g—p(ca:, )3
H

FIGURE 10 M{C,H,+2P(CH,),} ring structure. Well known.

butin a competition experiment (Figure 11) the lower 3-boron-unit took all of the

H
H~B~P (Me) 5
H-B~P (Me) 3 H
H B—PMej
-30°C cl /(-H\/ AN
ZnCl, + and e /Zn ‘ H-B-PMej
CH,Cl,  Cl \K,HA /
II'I ?—PME3
H-B—P (Me) 5 H
H-B—P (Me) 5
H-B-P(Me)3
- H -

FIGURE 11 Competition experiment involving coordination to ZnCl,.

ZnCl, indicating that the 6 membered ring (counting hydrogen atoms) is more stable
than the five. This argument suggests that B,H;— (if it could be made) or even the
still unknown {B,H; < P(CH,),}~? would be the strongest ligand of all considered.
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Some Geometric Substitutions

As Figure 12 shows substitution in the B,H,~2 ion will produce four different species
two of which will coordinate to Zn*? in ZnCl, and two of which will not. In the
case of B;H,~ the optimal chelation geometry and the negative charge make
coordination possible. The neutral (CH;),PB,H; has the two coordinating hydrogens
next to bridging hydrogens which are not optimal for transmitting electron density
from P(CH;). In B,H,<2P(CH,), optimal chelating geometry and direct boron
P(CH,),; contact make bidentate coordination possible. In H;BP(CH;); the
monodentate structure is marginally too unstable without a supporting negative
charge.

The foregoing arguments are illustrated further in Figure 13.

B |2
[
H ~B-H Coordinates to
NI Mn(c0),* unit and
N \g-u Mn,H(CO)g* unit.
i
. H
—2
~ BpHg
z// Y]
H - § g
]

H -Bq H H H-Ba H H H—B—PRj3 H
BTN BTN 0 wbrn)s
NEV e w8y il |s-sdmY Dp(cg);| H-B-PRy H

it H H
B3Hg B3H,PR; Replace 2H~ Hydrogenate
_— by 2 PRj3. B-B bond of

Replace 2H Replace 2H™ —————————— BgHy*2P(CH3} )

by a BH, . by H3BPRj3. Neutral. _—

 Em—— Will Will not

Will not coordinate coordinate

coordinate to zn*2, to zn*2, but

to ZnCl,. unstable
monodentate
Cr (CO) SH33PR3
is known.

. K/I{\\\
FIGURE 12 Coordination through M B~—X role of substitution and of
geometric factors.
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I!-[ =
HBH
HBH
H
H H
H-B«P(CH3) 3 H—B¢P (CH3) 3 H—T'—N {CH3) 3
H-BeP(CH3) 3 H-BeN(CH3) 3 H-BN(CH3) 3
H H H
i 3 H
H— <-P(NH2)3 H-B«PF4 H—-B*-PF3
H—?t—P (NHz )3 H—Bf—P (NHy) 3 H—?‘-PFa
H H H
Replace both Then get: Open ring, form one B-B
P(CH3)3 ligands bond; replace two H
by: H atoms by two 2P(CH3)3;
H—B(-\I-_I/\ /H get:
H B —
HB—P(CHj) 3 B-B/ B> N\p(CH;); H H H
H H H-B——B———B-H
p P P
(CH4) 3PB3H, (CH3)3 (CH3)3 (CH3)j
Replace both P(CHj)3 I;I
ligands in 82H4-2P(CH313 H-—B—\XZI/\ /H
by a BH, and get B3Hg | B
B-B/HY H
H
H H
H-B~P(CH3)3 H-B-N(CHj) 3
- H + | H + H +
H\ JL~B-P(CH3)3 H /\I-_l/—B~P(CH3)3 H /®—B—N(cu3)3
/B'\/\_ Be Br
H H\“-B-P(CHj) 3 ' \/H\-—§——N(0H3)3 e \/ITI\—'—-N(CH3)3
H H ] H

FIGURE 13 Substitutions of B,H, > to get new structures.
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E-H DONORS WHERE E IS AN ELEMENT OTHER THAN BORON

Elements of Lesser Electronegativity Than Boron [i.e. Al, Ga, etc.]

With elements of lower electronegativity than boron, for example Al and Ga, the
easiest path to decomposition seems to be to transfer the hydrogen completely
leaving the free Al or Ga for further change. No systematic attempt to make
complexes of H;AIN(CH,); has been reported yet but such complexes would
probably be stable at low temperatures. Geometric factors may permit chelation and
the hydridic hydrogen on the Al would polarize easily. At higher temperatures
hydrogen loss would be expected.

Elements of Greater Electronegativity Than Boron [i.e. Carbon]

Because of the fact that the carbon nucleus contains one more proton than does the
boron nucleus, bonds of the C— H —>- type are less polarizable than those
involving the H structure. Thus interactions of the "agostic hydrogen"
type may well be involved in C-H activation but the interactions are not strong
enough to support separate compound formation of the type described here.'
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