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Reactions of the Octahydrotriborate(1 -) Anion, [B&]-, with Some 
Complexes of Cobalt(i), Cobalt(ii), Rhodium([), and Iridium(i), and the 
Characterization of the ' Borallyl ' Complex [lr111(q3-B3H7)(CO)H( PPh3)2] 

By Norman N. Greenwood,* John D. Kennedy, and David Reed, Department of Inorganic and Structural 
Chemistry, University of Leeds, Leeds LS2 9JT 

The octahydrotriborate(1 -) anion, [B,H,]-, reacts with amine and tertiary phosphine complexes of cobalt(1) and 
cobalt(l1) halides to give arachno-triborane-ligand adducts, B,H,L, together with B,H,L, and BH,L (where L = 
pyridine or tertiary phosphine). A similar reaction occurs with ?rans-[Rhl(CO)CI(PPh,),] and with [lr'(CO)CI- 
(PPh,),]. The latter complex also yields the novel ' borallyl ' compound [Ir1'I(q3-B,H,)(CO)H( PPh,),] which 
may also be described as a nido-iridatetraborane, [(lrB,H,) (CO) H( PPh,),]. The spectroscopic properties and 
structure of this compound are discussed. The [B3HR]- ion does not react with [Ir[(CO)(dppe),]+ but [I?- 
(dppe),]+ is converted into [Irl'*H,(dppe),]+ (dppe = Ph2PCH2CH,PPh,). 

THE octahydrotriborate(1-) anion, [B,H8]-, is known to 
act either as a bidentate l p 2  or a tridentate29, ligand 
towards a number of metals [structures (I) and (II)] and 
we sought to determine whether other structural types 
could be obtained by treating [B3H8]- with suitable 
complexes of other metals. The choice of cobalt, 

( 1  1 (11 1 
rhodium, and iridium as metal centres was made in the 
knowledge that cobalt complexes produce a fascinating 
variety of metalloboranes when allowed to react with 
pentaborane species under appropriate conditions ; 
iridium complexes also exhibit some interesting chemistry 
with nido-pentaboranyl  derivative^,^. including in- 
sertion and cluster expansion to an iridahexaborane.6 
Following some preliminary work in this laboratory by 
Ian Ward,' we now report the results obtained by the 
reaction of [B,H,]- with selected pyridine (py) and 
tertiary phosphine complexes of cobalt-(I) and -(II), 
rhodium( I),  and iridium( I). 

RESULTS AND DISCUSSION 

The reaction of [CoBr(PPh,),], [CoCl,( PPh,),], [CoCl,- 
(PMePh,),], and [CoC1,(py),] with either T1[B,H8] or 
"Me,] [B,H,] a t  room temperature yielded the arachno- 
triborane-ligand adducts, B,H,L, where L was triphenyl- 
phosphine, met hyldiphenylphosphine, or pyridine, as 
appropriate. In addition, varying amounts of B,H,L, 
and BH,L were formed, but these are known to be de- 
composition and/or cleavage products of B,H,L, 
especially in the presence of an excess of ligand.8*9 In 
none of these reactions was there any indication of the 
formation of cobalt-containing borane species. 

The initial reaction to form the ligand adducts B,H,L 
probably results from a one-electron redox process in- 
volving the metal centre [equation (l)] which may occur 
via an initial metal-triborane complex. In this context 

[B3H8]- Con' + 
Co@-l)+ + 4H2 + {B3H7> A B3H7L (1) 

it is known that one-electron electrolytic oxidation of 
[B3H8]- in the presence of ligands yields the adducts 
B,H7L,10p11 and that HgII is also reduced in similar 
reactions to form B,H,L.12 We have likewise found 
that one-electron oxidation by halogen [reaction (2)] 

[B3H81- -k + I- + i H 2  -k B3H7L (2) 

produces the same result, although the synthetic utility 
of this reaction is limited in practice by the formation of 
the monoborane adduct BH,L as a major by-product. 
We may also mention parenthetically that in other work l3 

we have found that, when appropriate, a better synthetic 
route to B3H,L is via the ligand hydrohalide, as in 
reaction (3). In this reaction the principal by-product is 

[B3H81- + [Hpyll - I- + HZ + B3H7(py) (3) 
the salt [BH,(py),]I which is more easily separable. 
Both reactions (2) and (3) have parallels in the chemistry 
of the tetrahydroborate anion, [BH4]-.14*15 

The reactions of T1[B3H8] with trans-[Rhl(CO)C1- 
(PPh,),] and with trans-[Ir1(CO)C1(PPh3),] also gave 
phosphine-boranes but, in addition, the iridium complex 
gave a metalloborane which can be formulated as the 
' p-borallyl ' hydroiridium( 111) complex [IrI*I(q3-B3H,)- 
(CO)H(PPh,),] rather than the initially expected hydro- 
gen bridge-bonded iridium( I) octahydroborate complex 
which has the same empirical formula, [Ir1(B,H8) (C0)- 
(PPh,),] [reaction (4)]. The alternative formulation of 

[B3H8]- + [Ir1(CO)C1(PPh3)J - 
this compound as an iridatetraborane derivative, 
[(IrB3H7) (CO)H(PPh,),], is entirely equivalent but is 
probably to be preferred since it emphasizes the presence 
of an IrB, cluster and the absence of M-H-B bonds such 
as are found in the normal q2 and q3 complexes of [B3H,]- 
shown in structures (I) and (11). Thus, the llB n.m.r. 

C1- 4- [Ir111(q3-B3H7)(CO)H(PPh,),] (4) 
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Hydrogen-1 and 1lB n.m.r. data for [(IrR3H,)(CO)H- 
(PPh,),] in CD,Cl, solutions at 23 "C 

Position 8 ( llB) /p. p.m. B(lH)/p.p.m.b 
1 (Ir atom) -11.52 
3 + 3  2(  CU. 350 Hz) +3.26 (Hd) * 

2, 4 : ;:3 a! -15 f 2 (w* CU. 500 Hz) 
H P  -5.01 (H,) a 

* Numbering as in structures (IV). 
OEt,*BF, (for IIR) and SiMe, (for lH). 
= 15.7 Hz. 
vironments. 

To high frequency of 
Triplet, 2J(31P-Ir--1H) 

Ha and Hb [structure (IV)] have different en- 

spectrum (Table) showed two broad resonances (wl 500 
and 350 Hz respectively at 25 "C in CH,Cl,) of relative 
area 2 : 1 a t  S(llB) -15 and +3 p.p.m. respectively. 
These values differ markedly from those for known 
transition-metal [B,H,]- complexes which have reson- 
ances within the ranges S(llB) -41 -+ 3 (relative area 2) 
and -1  6 p.p.m. (relative area 1 ) . l 9 , 7 l 6  The l H  n.m.r. 
spectrum (CD,Cl, solution) also differed from that 
expected for a straightforward [B,H,] - derivative (see 
Table). The high-field resonance (relative area 1) at  

t ' " ' I . . - ' I - . . .  I . '  
+5 0 -5 -10 

6 h)lp.p.m 

FIGURE 1 100-MHz lH-{llB(broad band)} spectrum of the 
borane protons of [(IrE3H7)(CO)H(PPh,),] in CD,C12 solution 
at  - 40 "C. The 1H labelling is as in structure (IVA) 

S(lH) - 11.6 p.p.m. had a 1 : 2 : 1 triplet structure which 
was shown by 1H-(31P} experiments t G  be due to coupling 
2J(31P-Ir-1H) 15.7 Hz and is thus reasonably assigned to 
a terminal Ir-H proton. At 25 "C the remainder of the 
boron hydride resonances were broad and occurred at  
S(1H) -5.01 and ca. +1.7 p.p.m. with relative areas 2:  
ca. 5 respectively. On cooling to < ca. -50 "C the largcr 
resonance (area 5) became resolved into three peaks (so- 
called ' thermal decoupling ') l' at +3.26, -t1.74, and 
+ 1.45 p.p.m., with relative areas 1 : 2 : 2 respectively, of 
which the larger two were marginally sharpened but 
otherwise unchanged in 1H-(31P} decoupling experiments 
(Figure 1 ) .  This 1 : 2 : 2 structure was also observed at 
room temperature under conditions of complete llB de- 
coupling; in this case selective lH-{llB} experiments 
showed that the protons a t  S(lH) +1.74 and +1.45 were 
associated with the boron resonance at S(llB) -15 
p.p.m., and that those a t  S(lH) +3.26 p.p.m. were 
associated with the boron resonance at S(llB) +3 I1.p.m. 
The resonance (area 2) at S(lH) -5.01 p.p.m. did not 
show differential sharpening and may be ascribed to 
B-H-B bridging protons. This lH spectrum is similar 
to those reported for the only other known ' borallyl ' 
complexes, the platinum(I1) species [(PtJII3,H,)- 

(PR,)2],18*19 which also have a 1 : 2 : 2 : 2 pattern for the 
borane protons, and contrasts with those of metal- 
[B,H,]- complexes,1*2y16 which have a 1 : 1 : 2 : 2 : 2 
pattern. 

The l H  and llB data imply a structure such as (111) 
with an octahedrally co-ordinated metal atom bonded 
to the q3-B3H, ligand via one two-electron two-centre 

ph3p* Ph,P 

b 

Ir-B bond and one two-electron three-centre IrB, bond. 
The i.r. spectrum (Figure 2) is also consistent with this. 
A localized bonding structure, however, makes the two 
phosphine ligands inequivalent whereas the 31P n.m.r. 
spectrum shows only one resonance at S(,lP) +6.4 
p.p.m.; this implies either a resonance hybrid (IVA), or 
rapid equilibration in solution (IVB, IVC). 

A similar conclusion derives from the lH and lH-{lIB} 
n.m.r. spectra (Figure 1 and Table) which show only one 
resonance each for the proton types Ha, Hkl, H,, and Hd. 
By contrast, the lH n.m.r. spectrum of [Pt(B3H,)- 
(PMe,Ph),] was interpreted to suggest that the solid- 
state delocalized structure, as determined by X-ray 
structure analysis, and which is equivalent to (IVB) or 
(IVC), also persisted in solution.1g 

f- 

L .  I 1 
2500 2000 1500 

Wavenumber I cm-' 

Infrared spectrum (1 500-2 700 cm-') of [(IrB3H7)- 
(CO)H(PPh,),] (KC1 disc) showing absorptions due to : (A),  
v(1r-H); (B), v(C0) ;  and (C)-(H), the [B3H7I2- ligand. The 
spectrum excluding (A) and (B) is very similar to that reported lB 
for [(PtB,H,)(PMe,Ph),]. Note the change of scale a t  2 000 
cm-I 

FIGURE 2 
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The structure of the iridium complex can be regarded 

as that of an ~rachno-[B,H,]~- ligand co-ordinated to the 
metal centre of [Ir(CO)H(PPh3)2]2+ ; the iridium thus 
adds an additional apex but no further bonding electrons 

Ha Hb 
\ /  

B(2)-H, 
"\ /H 

B-H 
7 /H 

B-H 

/ \  
Ha Hb 

/ \  
H H  

A 
H H  

to the cluster thereby converting the arachfzo-triborane 
anion into a nido-four-vertex cluster. Calculations 2o 

indicate that the most stable topology for the unstable 
parent nido-tetraborane species B,H, is the ' vacant- 
orbital ' configuration (2112) as in structure (VA) and 
that the most stable geometry for this species would be 
the ' butterfly' conformation shown in (VB). (Note 
that this numbering differs from that in ref. 20.) The 

H 

d 

' borallyl ' metal complexes can then be considered to be 
formally derived from this structure by replacement of 
the neutral BH group at position 1 with a neutral 
Ir(CO)H(PPh,), or Pt(PR,), group since all these moie- 
ties would contribute two electrons to the deltahedral 
cluster. The compounds can therefore be described as 
metalla-nido-tetraboranes and written as [(IrB,H,) (C0)- 
H(PP113)21 and [(PtB3H7) (PR3)21. 

The mechanism of formation of this iridium(rr1)- 
triborane species from the iridium(1) halide complex and 
[B,H,]- is of particular interest, and resembles in many 
respects the recently reported oxidative insertion of 
iridium(1) into a nido-pentaboranyl cluster to produce an 
iridium(rI1) irida-nido-hexaborane. This has further syn- 
thetic implications which are currently under investi- 
gation. 

Finally it is convenient to report here that the reaction 
of [B,H,] - with the co-ordinatively more saturated and 
less flexible species [IrI(CO) (dppe),]Cl (where dppe is 
Ph,PCH,CH,PPh,) merely produced the ionic salt 
[IrI(CO)(dppe),][B,H,]. By contrast [IrI(dppe),]+ was 
hydrogenated to produce [IrIIIH2(dppe),]+ under similar 

conditions; this behavivur is however similar to that 
which occurs with a number of nido-decaboranyl deriva- 
tives which have been discussed elsewhere.21 

EXPERIMENTAL 

General.-Reactions were carried out under nitrogen or 
in vacuo. The compounds [Rh(CO)Cl(PPh,),] and "Me,]- 
[B3H8] were obtained commercially and [CoBr(PPh,),], 
[CoCl,( PPh,) ,] ,22* 23 [CoCl,(NC,H,),] ,24 [Ir(CO)Cl(PPh,),] , 25 

[Ir(CO)(dppe),]C1,26 [Ir(dppe),]C1,27 and Tl[B,H,] {via [Na- 
(BSH,) (C4H,O2),]} were prepared by published iiiethods. 
The n.ni.r. experiments were carried out on solutions in 
CDCI, or CD,Cl, using a Brulter HFX-90 instrument modi- 
fied for pulsed Fourier-transform spectroscopy or using a 
JEOL FX-100 instrument. Chemical shifts are quoted to 
high frequency (low applied field) of the reference standards 
SiMe, (for lH), OEt,.BF, (for IlB), and 85% H,PO, (for 
3lP). Infrared spectra were recorded for KC1 or KBr discs 
using a Perkin-Elmer 457 grating spectrometer. In  the 
initial experiments the borane-Lewis base adducts B,H,L, 
B,H,L,, and BH,L were identified after their isolation by 
fractional crystallization and/or column chromatography, 
and in subsequent experiments by n.m.r. and i.r. spectro- 
scopy together with analytical thin-layer chromatography 
(t.1.c.); these adducts are well known and their physical 
and spectroscopic properties have been reported else- 
where.,, g9 12* 14* 20-34 In  the chromatographic experiments 
benzene-hexane mixtures were used as eluting media and 
silica gel (100-200 mesh) (Hopkin and Williams) as the 
stationary phase in the column chromatographs; Kieselgel 
(type 60; Merck) was used in the t.1.c. experiments, which 
were used both to analyze mixtures and to monitor the 
column chromatographs. 

Reaction of "Me,] [B3H8] with [CoCI,(PPh,),].-"Me,]- 
[B,H,] (0.96 g ;  8.35 mmol) and [CoCl,(PPh,),] (5.2 g; 8.0 
mmol) were stirred with CH,C12 (80 cm3) for 24 h at 23 "C. 
The mixture was filtered, yielding a pale blue precipitate 
([NMe,]Cl and starting material), and the filtrate evaporated 
to dryness in vacuu. Fractional crystallization from 
C,H,-Et,O and CH,Cl,-Et,O yielded two components, m.p. 
185-1 87 and 189-1 9 1 OC, identified by elemental analysis 
as BH,(PPh,) and B,H,(PPh,) , respectively. Examination 
of the i.r. and n.m.r. spectra of the initial reaction product 
indicated that these were the only two borane-containing 
products. A similar reaction for 72 h in (CH,),CO at 23 "C 
using [CoCl,(PMePh,)] gave the previously unreported com- 
pound BH,(PMePh,) [m.p. 178-182 "C, v(B-H) at 2 380s 
and 2 250w cm-l, 8(l1B) -38.0 p.p.m., 1J(31P-11B) = 51 
Hz, lJ(lrB-lH) = 91 Hz] as the major borane-containing 
product. 

Reaction of "Me,] [B,H,] with [CoBr(PPh,),] .-The 
compounds [NMe,][R,H,] (0.14 g, 1.2 mmol) and [CoBr- 
(PPh,),] (1.08 g, 2.2 mmol) were stirred in CH,Cl, (30 cm3) 
for 72 h a t  20 "C, and the mixture then filtered. The filtrate 
was evaporated to dryness and was shown by i.r. and n.m.r. 
spectroscopy and t.1.c. analysis to have BH,(PPh,) as the 
only borane-containing species present. 

Reaction of Tl[B,H,] with [CoCl,(NC,H,),] .-The com- 
pounds Tl[B,H,] (0.98 g, 4.05 mmol) and [CoCl,(NC,H,),] 
(0.57 g, 1.98 mmol) were stirred in tetrahydrofuran (thf) 
(40 cm3) for 48 h a t  ca. 20 "C. Filtration yielded a black 
solid (1.37 g) and a pale green solution; evaporation of the 
latter yielded a clear viscous oil which was shown by i.r. 
and integrated n.m.r. spectroscopy to consist of approxi- 
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mately equimolar quantities of BH,(NC,H,) and B,H,- 
(NC,H,) . 

Reaction of [B,H,]- with I, in the Presence of Lewis Bases. 
-The following reaction is typical. Iodine (0.30 g, 1.18 
mmol) in monoglyme (10 cm3) was added slowly over a 
period of  0 .3  h to a stirred suspension of PPh, (0.60 g, 
2.3 mmol) and Tl[B,H,] (0.51 g, 2.08 mmol) in monoglyme 
(10 cm3). There was vigorous effervescence and a yellow 
precipitate (TII) formed. The more volatile components 
were removed in vacuo, and the solid extracted with benzene; 
addition of hexane precipitated a white solid which was 
shown (see above) to consist of R,H,(PPh,) and BH,(PPh,). 

Reaction of Tl[R,H,] with trans- [Ir (C0)Cl (PPh,) ,] .-The 
compounds Tl[B,H,] (0.20 g ;  0.78 mmol) and trans- 
[Ir(CO)Cl(PPh,),] (0.62 g, 0.78 mmol) were stirred in C&& 
(40 cm3) a t  ca. 20 "C for 48 h, during which time the yellow 
solution became red-brown. The resulting solid TlCl was 
filtered off, and the filtrate reduced in volume to ca. 15 cm3 
and stored a t  cn. 5 "C for 12 h ;  the cold solution was filtered, 
and the solid product washed with cold benzene ( 3  x 5 cm3) 
and diethyl ether ( 3  x 5 cm3). It was recrystallized from 
benzene yielding l-carbonyl-l-lzydrido- 1, l-bis(triphenyZphos- 
phine) - l-zrzdn-nido-tetraborane, [ (IrB,H,) (CO)H( PPh,),], as 
a white, reasonably air-stable solid, m.p. 150-153 "C 
(dccomp.) (0.25 g, 40%) (Found: C, 55.9;  H, 4 .65;  
B, 3 8 ;  I', 8.25. C,,H,,B,IrOP, requires C, 56.5; H, 4.85; 
U,  4.1 ; l', 7.93/:,); spectroscopic properties are presented in 
tlie Figures and the Table and are discussed in the text. 
The mother liquor was shown by i.r. and n.1n.r. spectro- 
scopy and t.1 c. analysis to contain substantial amounts of 
BH,( PPh,) . No reaction was observed when "Me,] [B3H8] 
was used instead of the thallium(1) salt. 

Reaction of T1[B,H8] with trans-[Rh(CO)Cl(PPh,),] .- 
The compounds Tl[B,H,] (0.12 g, 0.49 mmol) and trans- 
[Illi(CO)Cl(PPh,),] (0.30 g, 0.44 mmol) were stirred in C6H6 
(30 an3)  for 4 h a t  ca. 20 "C, during which time the yellow 
solution became red-brown. The mixture was filtered, and 
tlie more \Tolatile components removed from the filtrate in 
uacuo. Infrared and n.m.r. spectroscopy of the residue, 
together with t.1.c. analysis, showed that BH,(PPh,) and 
B,H, ( PPh,) were the only two borane-containing com- 
ponents present. 

Reaction of "Me,] [B,H,] with [Ir(CO) (dppe),]Cl.--The 
compound [Ir(CO)(dppe),]Cl (0.60 g, 0.57 mmol) in MeOH 
(10 cm3) was added to [NMe,][R,H,] (0.065 g, 0.57 mmol) in 
RleOH (30 ems) at ca. 20 "C; a pale yellow precipitate 
started to form after a few minutes, and after ca. 0.5 h this 
was filtered off and purified by reprecipitation from CHC1,- 
MeOH to yield [Ir(CO) (dppe),][B,H,] (0.40 g, 67%) (Found: 
C, 60.0; H,  5.75;  B, 3 .3 ;  P, 11.5. C,,H,,B,IrOP,requires 
C,  60.3;  H, 5.35;  B, 3.1;  P, 11.7%). The identity of the 
ions [Ir(C( 1) (dppe),]+ and [R,H,]- 35936 was establishetl by 
n.ni.r. spectroscopy, and the i.r. spectrum was also con- 
sistent with the ionic formulation. 

Reactioii of [NMe,][B,H,] wzth [Ir(dppe),]CI.-The com- 
pound [NJfe,][B,H,] (0.065 g ,  0.57 mmol) was added to a 
solution of  [Ir(dppe),]Cl (0.55 g ,  0.53 mmol) in MeOH 
(30 cm3) and the mixture stirred for 1 h a t  ca. 20 OC, during 
which time the initially red solution became pale yellow. 
The solvent was removed slowly until an off-white precipi- 
tate was formed. This was filtered off and purified by re- 
precipitation from CHC1,-Et,O to yield [Ir(dppe),H,] [R3H8] 
(0.19 g, 35%) (Found: C, 57.9;  H, 5 .5 ;  13, 2.5;  P, 11.8. 
C52H5RH31rP4 requires C, 60.4; H, 5.7;  B, 3.1; P, 12.0%). 
The identity of the ions [Ir(dppe),H,]+ and [B3H8]- was 

established by n.m.r. spectros~opy,~5~3~ and the i.r. spectrum 
was also consistent with the ionic formulation. 

We thank I. M. Ward for some preliminary experimental 
studies on the systems, A. Hedley for microanalyses, and the 
S.R.C. for support. 
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