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Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
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The borohydr1de 11gand has been shown in various structura] stud1es

1-23 trlden

10,16, 2] 31 and (1n one 1nstance) monodentate hydrogen :

br1dges32 V1brat1ona] spectroscopy a]so provides data wh1ch can be

'used to determ1ne the metal- borohydrlde coord1natlon geometry 1n a 1arge

21

33,34 _ 1n the1r d1scuss1on of the

number of compounds Bernste1n et al.
neutron d1ffract10n structure of U(BH4)4, wh1ch has both double and
tr1p1e hydrogen br1dged metal boron bonds, proposed us1ng the metal-/
boron bond 1ength as a cr1ter1on for determ1n1ng whether the meta] 1on

is bonded by two or three bridging hydrogen atoms to the boron atom 'vThis
1dea 1mp11es one can ass1gn an 1on1c radius to the borohydr1de 1on .
Bernste1n et al. determined the values V1. 3A and ~1.6R for the ionic rad11
of tr1p1e hydrogen br1dge and a doub]e hydrogen br1dge BH4 groups,

35, 36

Raymond and coworkers have recent1y systemat1zed the structural :

cr1ter1a for 1on1c bond1ng in (C5H5) » (C8H8) and N[S1(CH3)3]2' meta]

37 to ca]culate correct1ons

S .w\-

for d1fferences in coord1nat1on number for a. part1cu]ar 1on Fo110w1ng :

Raymond 3 cr1ter1a we have corre]ated the structura] data for doubly and-



triply hydrogen bridged metél;boron bonds with‘iénic'radii fér thé metal
jons obtaihed from Shannon's tab]e;38 |

Table 1 and Téb]e 2'1ist'the'avai]able,data for the compoundsrstruc-
turally charactefized, The ionic radii as’given.fn Tables 1 and 2 were | " A
obtained from Shannon's table for the partiéular_oxidation state of the - ' { .
metal ion with the coordination number'closeSt'to that found in the |
metal-borohydride compiex. Corrections for coordination number were

35 Plots of ionic radius vs. metal-boron

made as. described by Raymond.
distance are shown iﬁvFiQUres‘1 ahd 2. | ,

The Iinég in Figures 1 and 2 represent a.l{hearlfeast'sqqares fit _'
to the data-which.weke ail»assigned equal weight. :For bidentate coordina-
tion the S]dpe was equal to .97 with a correlation coefficient of .98.
Note that both types of bidentate coordination (polymeric type and with
terminal H atoms) were included in Figure 1 and Table 1. For tridentate
coordinatibn (Figuke 2, not int]uding'the Th pdint), the s]ope'Was equal
to 1.02 with'a;éorrelationvcoefficient of .94. _

Considerihg thezuncértainties in the metal ion-boron bond iengths, the
different methods, temperatureé, and phases fof which structures were
determined, the large range 6f coordination number and of the periodic
table covered, plus the Variéty of other ligands attached to the meté]

atom, the correlation between ionic radius and the heta]-boron bond length

is remarkably good. For most molecules the metal-boron bond distance can

d ":

be calculated with reasonable accuracy using the ionic bonding model.
C]ear]y; it is not possible to draw conclusions about covalent bonding
between the mefa] atom and the borohydride group solely from structural

considerations based on the metal-boron distance.



L((CHy) 451) MIJHBH,.

BH4' group (unambiguously assigned from the ihfrafred;specthum

The one compound which doeé not fit thisgeorrelation,is
28 The Th ion is formally six coordinate in this
mo]ecule,fand the ionic radius obtained for the triple-hydrogen bridged

28 s

much too large (Figure 2). The bistrimethyTéi]y]amide groupfﬁs,an extremely

.bu]ky 1igand which is known to form low coordihationAnumber complexes with

39

meta] ionsudf ]arge ionic radii such as the Tanthanides Although

'th1s 11gand acts 1n a monodentate manner, 1t appears to have a much 1arger

effect1ve coord1nat1on number due to its. ster1c bu]k From Figure 2 one

can extrapo]ate an effective coord1nat1on number 12 for the Th ion 1n
[((CHy)351) 1 3ThEH,.
B From therpresent tabulation it appears that an 1enic fadius of .
1.6 * ;]K canhbe assigned to the borohydride ligand when it forms.a'
bidentate bridge to the metal atom, and_&l.36 + ,06A when it forms a -
tridentate bridge to the metalaatom The difference fn enehgyvhetWeeh

the various poss1b1e modes of bond1ng 1s sma11 and the coord1nat1on number

of the meta] ion and the ster1c hindrance by other 11gands appear to -

‘determine which mode of attachment will prevai1»for the borohydride ]igand;

I would Tike to thank D.H. Templeton, S.J. Simpson, R.A. Andefsen{-}-'
A. Zalkin, and.K.N. Raymond for helpful discussions.

This work was supported by the Division of Nuclear Sciences, Office of
Basic Energy Sciences, U.S. Department.of Energy under Contract No.

W-7405-Eng-48.
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TABLE 1
Compounds with Metal-Boron Bidentate Hydrogen Bridges

| b
: _ a : -0

Compound ' MZ+ Coord. No. MZ+IR(K) M-B(K) ~(BH4) IR(A) Ref. Comments”

Be(BH, ), 6 .45 ©1.918(4)  1.47 1 RT,X-ray,crys.

Be (BH, ), 6 45 ~2.001(4)(db)? 1.5 1 RT,X-ray,crys.
[(CH3)3CO]Be3(BH4)2 4 .27 ©1.93(1) 1.66 2 RT,X—ray,crysf
B,He | N N 1.775(3) .67 3 . 25°C,ED,gas

BH, 4 St 1.776(10) 1.67 4 -190°C,X-ray,crys.
A1(BH), | | 6 .535 2.143(3) ~  1.61 5  20°C,ED,gas
AT(BH,) 3 *NH, 7 58 2.229(8) 1.65 6 RT,X-ray,crys.
A1(BH, ) 5N(CH3) 5 7 58 2.28(1) 1.66 7 -160°C,X-ray,crys.
AT(BH ) N(CHy)3 - 7 © .58 2.19(2) 1.6 . 7 25°C,X-ray,crys.
[A](BH4)2N(CH2)2]27 | 6 . .53 2.19(1) ~1.66 8 RT,X-ray,crys.
A1(BH,) (CH3)y -4 .39 2.128(8) . 1.74 9 " RT,ED,gas
Sc(BH,)5(0C,Hg), S0 T 2.551(5) 1.60 10 RT,X-ray,crys.
(CgHg ), T1(BH,) o 8 .76 - 2.37(1) .61 1 23°C,X-ray,crys.
(CeHg),Ti(BH,) g 76 2.31(4) 1.55 12 RT,ED,gas
Co(P3)(BH4)e 5 _ f 2.21(3) ° ' 13 22°C,X-réy,crys.'
| o | | ' Co’,high spin d®
[CoH(BH,){P(C Hq-) 1,1 5 ~ 59 2.13(1) 1.54 14 RT,X-ray,crys.

4) PRy 305 , ok T

B _ / ‘ : ' Co™ ,low spin.d”
[(C6H5)3P]2CQ(BH4) 4 .64 2.184(9) 1.54 15 RT, X-ray,crys.
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Table 1 (continued)

Compound f MZ+ Coord. No. MZ+IRLﬁ) | M-B(R) (BH4)-IR(R) ~ Ref. Commerts
Ga(BH,) (CHy) , 4 .47 2.163(8)  1.69 9  RT,ED,gas
Y(BH,) (0C4H8)3 | Rt | 1.14 ‘2.68(2) | f 1.54 _15* ©23°C,X-ray,crys.
(CgHg ) ND(BH,) 8 | .81 2.26(6) - .1.45 17 RT,X-ray,crys..
{1(c gH 5)3P]2N}{M0(C0)4BH4} 6 | £ 2.413(20) o '.' 18 RT,X-ray,qrys;'
MoH(BH, ) (P(CH3)4), 6 f 2.468(12) 19 RT,X-ray,crys.
(CH3C5H4)2Hf(BH4)2 | 10 .89 2.553(6)  1.66 20 RT,ND,cryS.
U(BH,), 14 C o122 2.86(4)(db)  1.64 21 - RT,ND,crys.
U(BH) 4 0(CoHg), 14 1.22 2.89(1) 1.67 22 21°C, X-ray, crys.
U(BH,) 4*O(CH3), 14 S22 2.89(1) 1.67 22 23°C,X-ray,crys.
[U(BH4)4' 0(n-C4H;),], - 13 1.20 2.90(4)(db)9 170 23 22°c,x-rgy,ckys.
[U(BH,) 4°0(n-C3H;),1, 14 ez 2.84(5)(d b)®  1.62 23 22°C,X-ray,crys.

From Shannon (Ref. 35) corrected for coordination'no.; IR = jonic radius.
Obtained by subtraction of column 3 from column 4.

c. ‘RT, room temperature; x-ray, x-ray diffraction; ND, neutron d1ffract1on, ED e]ectron d1ffract1on, crys,
single crystal; gas, gaseous sample. _ . :

d. A1l metal bidentate hydrogen boron bridges have two term1na1 hydrogen atoms unless (db.= doub]e bridge) -
~ indicated. ‘ _ 7 RS
e. p3 = 1,1,1-tris (dipheny]phosphinomethy]) ethane.

f. -Ionic radius not available from Shannon.

g. Unsymmetr1ca1 dimer with one double brldge b1dentate borohydr1de group between the U atoms.



TABLE 2

Compounds with Metal-Boron Tridentate Hydrogen Bridges

R S ° b
o a 0
Compound MZ+ Coord. No. MZ+IR(A) M-B(A) (BH4) IR(A) Ref. Comments®
Sc(BH4)3(OC4H8)2 10 - .95 : 2.33(1} | 1.38 10 RT.X—réy,crys.
[C.HETiC1(BH,) ], 8 6 2.17(1) 1.41 24 RT.X-ray,crys.
Y(BH4)3(OC4H8)3 11 1.14 - 2.58(]),, 1.44 16 23 C,X—ray?crys.
Zr(BHy,) 12 .98 '2.308(10) - 1.33 25 RT,ED,gas
Zr(BH4)4 12 .98 2.34(3) 1.36 26 -160°C, X-ray,crys.
.Hf(BH4)4 12 .95 2.28(1) 1.33 27 ND,crys.
U(BH,) 4 14 1.22 2.52(1) 1.30 21 RT,ND,crys.
ThN( Sl(CH3) ) BH, 6 .94 - 2.61(3) 1.67 28 22°C,X-ray,crys.
(C5H5)2U(BH4)2. 12 .17 2.61(8) | 1.44 29 RT, X-ray,crys.
U(BH,) ,(0C,Hg), 14 1.22 2.56(4) | 1.34 30 23.5°C,X-ray,crys.
(BH4)4 0(C 2 5)2 14 ,1.22,. 2.53(2) 1.31 22 21°C,X-ray,crys.
BH4)4'O( )2 14 1.22 2.53(2) 1.31 22 23°C,X-ray,crys.
d : o
BH4)4 0(n- C3H7)2]2 13 1.20 2.51(5) - 1.31 23 22° C,X-ray,crys.
d | »
[U(BH4)4‘O(n C3H7)2]2 14 1.2? 2.52(5) 1.30 23 22°C,X-ray,crys.
Np (BH )4 12 1.10 © 2.46(3) 1.36 31 -143°C,X-ray,crys.

a. From Shannon (Ref. 35) corrected for coordination no.; IR = ionic radius.

Obtained by subtraction of column 3 from column 4.

c. RT, room temperature; x-ray, x-ray diffraction;

single crystal;

d. Unsymmetrical dimer.

gas, gaseous sample.

ND, neutron diffraction; ED, electron diffraction; crys,
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- Figure.l,

.'Figure-Z.

Figure Captiohs

Metal ionic'radiUS'vs M- B bond 1ength for compounds WTth'v. f
. metal boron b1dentate hydrogen bridges:
) Metal ionic rad1us VS, M B bond 1ength for compounds w1th”Q f;;,_'

meta] boron tr1dentate hydrogen brldges
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