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The Chemistry of Isomers of Icosaborane(26), B20H26 : Synthesis and 
Nuclear Magnetic Resonance Study of Various Isomers of Platinaheni- 
cosaboranes and Diplatinadocosaboranes, and the X-Ray Crystal and 
Molecular Structures of 7,7- B is( d imethyl phenyl phosph ine) -nido-7- 
platinaundecaborane and 4-(2’-nido- Decaborany1)-7,7- bis(dimethy1- 
phenylphosphine)-nido-7-platinaundecaborane 

By Simon K. Boocock, Norman N. Greenwood,* John D. Kennedy, Walter S. McDonald, and John 
Staves, Department of Inorganic and Structural Chemistry, University of Leeds, Leeds LS2 9JT 

An improved synthesis of the known compound [(PMe,Ph),(PtBl0Hl2)] has been developed by deprotonation of 
BioH14 with NNN’N‘-tetramethylnaphthalene-l,8-diamine followed by treatment with cis- [PtC12( PMe,Ph),]. 
This reaction has been applied to the 2,2’, 2,6’, and 1,5‘ isomers of (B10H13)2 to prepare various isomeric platina- 
henicosaborane clusters [ ( PMe2Ph),(PtBloH11-B,oH13)] which differ either in the position of the conjuncto-linkage 
or the site of the platinum atom in the cluster. Appropriate modification of the reaction stoicheiometry in the case 
of 2,2’- (BioH13)z led to the isolation of cisoid and transoid diplatinadocosaboranes [{ ( PMe2Ph),(PtB,oH,l)},]. 
The X-ray crystal structure of [( PMe,Ph),( PtBl0Hl2)] showed it to contain a platinaundecaborane cluster in which 
the tetrahapto B,,H,, group is twisted by ca. 20” with respect to the PtP, plane. Similarly, the molecular structure 
of the isomer of [(PMe,Ph),Pt(q4-B,,Hl~-BloH13)] obtained from 2,2’-(B10H13)2 is  distorted by a twist of ca. 8“. 
A detailed n.m.r. study of a number of these clusters has been made, using the resonances of ‘H, llB, 31P, and lg5Pt. 
In addition to permitting structural assignments, the data reveal a novel mutual pseudo-rotation of the q4-B10H1,X 
group (X = H or B1OH13) and the (PMe,Ph), grouping about the central Pt atom. For [(PMe,Ph),(PtB,,H,,)] the 
two sets of 1H-{31P} methyl resonances at 100 MHz coalesce at 71.5 “C with an implied activation energy AG’+ of 
79 f 5 kJ mol- l  for the fluxional process. Similar activation energies were deduced for the various isomers of 
[ ( p M e2 Ph 1 2  ( Pt B 20H 24) I. 

SINCE the initial discovery of icosaborane(26), B20H2,, 
as an impurity in technical-grade do-decaborane, a 
substantial amount of synthetic and structural work has 
been reported.2-8 The compound has the bi(nido- 
decaboranyl) structure, (B10H1,)2, and to date seven of 
its possible eleven geometrically distinct isomers, viz. 
1,2’-, 1,5’-, 2,2’-, 2,5’-, 2,6’-, 6,6’-, and 5,5’- (or 5,7’)- 

(B10H13)2, have been individually isolated and identified 
either by X-ray crystallography 4-6 or by high-resolution 
n.m.r. spectro~copy.~** The chemistry of these interest- 
ing species however remains largely unexplored, and we 
therefore now report the preparation of various bis- 
(dimethylpheny1phosphine)platinum derivatives of the 
2,2’- and 2?6’-(Bl0Hl3)! isomers together with some 
related work on the 1,5’ isomer. This work includes the 
crystal and molecular structure of the Pt(PMe,Ph), 
derivative of 2,2’-(B10H13)2 together with the analogous 
derivative of H,,H,, itself for comparison. Some pre- 
liminary and incidental aspects have been presented 
e l s e ~ h e r e , ~ * l ~  and this work also forms part of a wider 
programme to investigate structural implications of 
metalloborane chemistry using platinum as a model 
metal.11-14 In this paper we use the conventional 
1.U.P.A.C.-recommended l5 numbering systems [struc- 
tures (I)  and (II)] for the constituent atoms of the 
eleven- and ten-vertex clusters discussed. In these 
systems the addition of an atom as an additional vertex 
to the ten-vertex cluster changes the numbering of the 
other cluster atoms, but reference to (I)  and (11) will 
clarify the relationships in each case. 

RESULTS A N D  DISCUSSION 

Preparative Work and N . M .  R. Parameters.-In our 
work to derivatise the isomers of (Bl0HIJ2 we have 
initially chosen its our models reactions that are already 
known to occur with nido-decaborane itself in high 
yield (based on decaborane) and under mild conditions. 
Of these, the first preparations of 7,7’-bis(phosphine)- 
nido-7-platinaundecaboranes were reported some time 
ago: l6 the syntheses were effected via initial deproton- 
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ation of decaborane [equation (l)] followed by reaction 
with bis(phosphine)platinum dihalide [equation (Z)] but 
the yield was moderate and in any event was limited to a 

+ K H  - B1oH13- + K +  + H2 (1) 

(2) 
2K[Bl,H13] + cis-[PtCl,(PR,),] 

[(PR3)2(PtB10H12)1 + B10H14 + ‘KC’ 

maximum of 50% by the stoicheiometry of equation (2). 
We have therefore examined an analogous reaction 
using two equivalents of the weak nucleophile NNN’N’- 
tetramethylnaphthalene-1,s-diamine as base and this has 
resulted in good yields of the isolated platinaunde- 
caborane in small-scale syntheses [equation (3)]. In- 

BloHl, + cis-[PtC1,(PMe2Ph),] + 2CloH,(NMe,), - 
2[CloH,(NMe,)(NHMe,)]+ + 2C1- (3) 
“PMe,Ph) 2(PtB,OH12)1 + 

dependent work on the utility of tetramethylnaphthal- 
enediamine as a deprotonating agent for polyhedral 
boranes has recently been reported e1sewhere.l’ 
7,7-Bis(dimethylphenylphosphine) -nido-7-platinaun- 

decaborane, [ (PMe2Ph),( PtRl,H12)] [numbering system 
as in structure (I)], is a bright yellow air-stable solid 
[m.p. 197-199 “C (decomp.)] which readily yielded 
crystals suitable for single-crystal X-ray diffraction 
analysis. The structure (Figure l ) ,  whch is discussed in 

FIGURE 1 ORTEP drawing showing the molecular structure 
and atom numbering of [(PMe,Ph),(PtB,oH12)] 

more detail below, can in the first instance be regarded 
as derived from that of nido-decaborane by the replace- 
ment of two bridging hydrogen atoms by two three- 
centre bonds to the cis-Pt(PMe,Ph), moiety. The 
formal platinum(1r) tetragonal bonding plane then 
involves these two three-centre bonds and the two 
phosphorus atoms. The IlB and 1H n.m.r. behaviour of 
the effective do-decaboranyl Bl,Hl,2- ligand in t h s  

compound has been reported and clisciissctl elsewhere ; l8 

there is a general deshielding of tlic skeletal I l l3  and l H  
nuclei upon the conversion of B,,H,, into the platinaun- 
decaborane, and in particular the P,(2,4) nuclei [num- 
bering as in structure (TI)] undergo a dea  C A W  in shielding 
of 8.2 p.p.m. upon the formation of thc platinum com- 
pound. Other previously unreported n .In.?- parameters 
are summarised in Table 1. The { ‘ T I )  1i.m.r. 

TABLE 1 

P-methyl groups in [7,7-(T’Me21’h), ?11do-7 I’tHl,H,2] 
6(lH) /p.p.m.b A + 1.86 i 0 . 0 2  T3 t 1.70  4 0 0 2  

3J(195Pt-1H) /HZ Ll + 2 5 . 2  4 0 2 13 + 24.8 0 .2  

Proton and phosphorus-31 11 111 r p.trarli 

N(31P-’H)/Hz C A - 9.5 0 2 €3 - 10 9 Ji 0.2  

6 ( P) /p . p. m . + I 3  0 5  
‘ J (  1e5Pt-31P) /HZ 
E(’95Pt) 21 379 830 j 2 0  

+ 2 534 .; 4 

In  CD,Cl, a t  21 “C unless oth(mviw sI)ecifird, A and B 
specify the chemically independent P-mtxth\ 1 groups tha t  
arise from the prochirality of the 7-plntlna j w i i t i u r :  b To low 
field (high frequency) of Sihlc>., A - z/(311’-1€3) + *J-  
(31P-1H). To low field (high frequency) of X 5 O ,  II,PO,. 
p From 1H-{195Pt) experiments conducted 111 6 1 ill,ttrorntion \\ ith 
Ilr. W. McFarlane: see also ref. 18. 

spectrum at  ambient temperature consist5 of a broad 
central singlet flanked by satellites ’ arising from 
coupling to lg51’t ; on cooling, ‘ t t i t n i a l  ckcoupling ’ of 
the llB and 1°K quadrupolar nuclei r ~ c c u r s , ~ ~  arid the 
lines sharpen but as expected reveal no fine structure. 
The two P-methyl groups on each of the ttvo equivalent 
PMe,Ph ligands differ chemically since they are adjacent 
to a prochiral centre and as such cluhibit two independent 
sets of lines in their ambient-trrnpcraturc. n.m.r. 
spectra (e.g. Figure 2). Each set o f  li11c-r takes the form 
of a central agglomerate of resoTianw\ flarikwl by similar 
satellite lines arising from thosr  r n o l ~ ~ i l e s  containing 
lQ5Pt. The shapes of the agglo~ne~ates xcsemble the X 
parts of [AX,,], spectra20 (A : 3LP, X -= lH),  although 
actually the spin system will he [:jX3Y3;2, in which 
J ( X Y )  [= 4J(lH-C-P-C-lH)! will be small, and in 
addition, couplings to l lR,  1013. arid lFi(borane and 
aromatic hydrocarbon) will also he involved In the 
resonance envelopes, however, the ‘ _V ’ lines are readily 
distinguished and the shape. of the additional intensity 2o 
suggests a value for 2J(311’-Pt-3*P) of two or three tens 
of Hz, consistent with the cis stereochemistry. The 
relative sign information determined by 1H-{31P} and 
1H-(195Pt) selective double-irradi~~tion cxperinients is 
also as expected, but it is interesting- tcl 11ote a general 
broadeyzing of the P-methyl IF1 wxmanccs,  which par- 
ticularly affects the central ‘ noii-.l--hne ’ parts of the 
resonance en\ielope, upon simultaneom Ill3 irradiation. 
I t  is also of interest to note that, on heating the sample, 
the l H  resonances coalesce indicating a fluxional process 
as discussed in more detail below. 

The reaction of equation (3) when applied to the icosa- 
borane 2,2’-( BloH13), also yielded a ycllow crystalline 
platinaborane product [m.p. 194 -1 99 “C (decomp.)] 
in good yield, and analytical and molecular-weight data 
indicated the formation of a mono ibis (dimethylphenyl- 
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50 Hz 
FIGURE 2 100-MHz Proton n.m.r. spectra of the P-methyl 

resonances in [(PMe,Ph),(PtB,,H,,)] in CD,CI, solution at 
21 “C: upper trace, normal spectrum; lower trace (at reduced 
spectrometer gain), spectrum with ,SlP(broad-band noise) 
decoupling 

phosphine)platinum] derivative of the icosaborane as in 
(4). The 32-MHz llB n.m.r. spectra in the low-field 

2,2’- ( B10H13) + cis- [ Pt C1,( PMe,Ph) 2] + 
2C10H6 ( 2 - ( 2( Pt B20H24) 1 + 

2[CloH6(NMe,)(NHMe2)]+ + 2C1- (4) 

basal and ‘ hinge’ boron region [8(11B) ca. +20 to 
-10 p.p.m.1 were similar to a superposition of the 
spectra of 2,2’- ( B10H13) and [ (PMe,Ph),( PtBloH12)], 
although somewhat broader as would be expected from a 
slower rotational diffusion arising out of a larger mole- 
cular bulk.19 The high-field apical region (6 -20 to -40 
p.p.m.) showed four resonances of equal intensity a t  
6(11B) = -22.5, -24.9, -32.5, and -35.0 p.p.m. of 
which those at  -22.5 and -32.5 p.p.m. remained sing- 
lets in the absence of lH(broad-band noise) decoupling. 
This is clearly consistent with a 2,2’-(B10H13)2 structure 
in which one of the nido-decaboranyl clusters has been 
converted into a nido-7-platinaundecaboranyl cluster 
with the expected concomitant deshielding18 of ca. 10 
p.p.m. in the apical llR resonances of the cage concerned. 
This structural conclusion is confirmed by the results of 
a single-crystal X-ray diffraction analysis (Figure 3) 
which is discussed in more detail below, but which 
shows that the gross structure is that of 7,7-bis(dimethyl- 
phenylphosphine)-nido-7-platinaundecaborane (Figure 

l), but now with a pendant 4-(2’-nido-decaboranyl) 
cluster bonded to it, i.e. the compound is 4-(2’-nido- 
decaboranyl)-7,7-bis( dimethylphen ylphosphine) -nido-7- 
platinaundecaborane, [4- ( 2‘-Bl,H13) -7,7- (PMe,Ph),-7- 

Other n.m.r. features are readily interpretable in 
terms of this structure. The lH-(llB) spectra of the 
borane cluster protons at 100 MHz contain in general too 
many overlapping or partially overlapping peaks for 
satisfactory analysis, but in the bridging region at 
8(lH) < ca. -1 p.p.m. they exhibited peaks at  S(lH) = 
-1.61, -1.83, and -2.67 p.p.m. (CDCl, solution) 

PtB1,HllI * 

FIGURE 3 ORTEP drawing showing the molecular structure 
and atom numbering of [(PMe,Pli),(PtB,qH )] from 2,2’- 
(B,,HJ2. Both enantiomers are contained in ?he unit cell 

[--1.15, -1.51, -2.18, and -2.53 p.p.ni. (&L>6 solu- 
tion)] of relative intensities 1 : 1 : 4 (and 1 : 1 : 2 : 2) 
respectively, again consistent with the structure and 
readily assignable between the two clusters on the basis 
of the established shielding behaviour 6p18 of the nido- 
decaboranyl and nido-7-platinaundecaboranyl clusters. 
At ambient temperatures the 31P-(1H(broad-band noise)) 
spectrum is a broad singlet flanked by Ig5Pt satellites, 
as for [(PMe2Ph),(PtB1,Hl2)], but a t  low temperatures 
fine structure is observed (e.g. Figure 4). In this low- 
temperature spectrum the resonance frequencies for the 
two inequivalent 31P nuclei are nearly degenerate so that 
the central resonance is effectively a singlet, but there 
are slight differences in the two couplings 1J(195Pt31P) 
which result in two AB sub-spectra centred at  v ( ~ ~ P ) ~ ~ ~ ~  
4 1J(195Pt31P)mean; straightforward AR spectral analysis 
yields the parameters summarised in Table 2, and the 
coupling 2J(31P-Pt21P) of ca. 30 Hz is similar to that 
which may be estimated for the unsubstituted platinaun- 
decaborane on the basis of the shape of the lH resonances 
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the sample these l H  resonances coalesce in pairs due to 
intramolecular pseudo-rotation about the platinum atom 
as discussed below. 

We have also examined the behaviour of two other 
(B10H13)z isomers under the conditions of reaction (4). 
The isomer Z,6’-(B10H13)2 yields two metalloborane 
products which may be separated chromatographically. 
One of these is identifiable as [7,7-(PMe,Ph)2-7-PtBloH12] 
and the second as a [(PMe2Ph)2(PtB2,H2,)] species: the 

1000 Hz 

40-MHz 31P-{1H(broad-band noise)} n.m.r. spectrum 
of [4-(6’-BloH13)-7,7’-(PMe,Ph),-nido-7-PtBloH,,] in CD,Cl, 
solution at  -42 “C. The upper trace is that of the high-field 
(low-frequency) lg5Pt satellite subspectrum at  an increased 
scale expansion. The corresponding spectrum for the 4- 
(2’-B,,H,,) isomer is similar 

in the P-methyl groups. I t  is worth21 re-emphasising 
at this point that the splitting effects in the 31P spectra 
observed here do not arise from l H  coupling, since the 
effects of this are eliminated by efficient lH(broad-band 
noise) irradiation, and also that the origin of this fine 
structure differs from that observed for more complex, 
but more symmetrical, phosphineplatinaborane spin 

FIGURE 4 

TABLE 2 
N.m.r .  parameters  for  the P - m e t h y l  groups  i n  t h e  platina- 

henicosaboranes [a- (2’-BloH13) -7,7-( PMe,Ph) ,-nido-7- 
PtBloHll] and [4- (6’-BlOHl3) -7,7-( PMe,Ph) ,-nido-7-Pt- 
BlOHIll a 

4-(2’-B~oHi3) 4-( 6’-Bi oHi 3) 
compound compound 

G(lH)/p.p.m.b A +1.90 + 1.93 
B f1 .80  + 1.83 
C t 1 . 7 5  + 1.77 
D +1.53 + 1.63 

3J(loaPt-*H) /Hz A + 24.4 
B +24.4 
C +25.4 
D +24.4 

6 ( S I P )  /p . p. m .d E +0.6  
F t0.7 

+ 24.9 
+24.9 + 25.0 + 24.9 

$1.3 e 
+l .2  

1J(ls6Pt-3’P)/H~ e E + 2  568 -& 10 + 2  548 3 10 
F +2498  3 10 + 2  510 & 10 

1zJ(31P-31P) I/Hz e 31 5 1 30 & 1 
Letters 

A-F distinguish chemically different nuclei. b 5 0.02 p.p,m. 
to  high frequency (low field) of SiMe,. f0 .5  
p.p.m. to  high frequency (low field) of 85% H,PO,. e At 

a In CD,CI, a t  21 “C unless otherwise designated. 

C k 0 . 2  Hz. 

-63 “C. 

systems, such as that l4 in [6,6,9,9-(PMe,Ph),-arachno- 
6,9-Pt,B,Hlo]. Also summarised in Table 2 are the l H  
data for the P-methyl groups. The four methyl 
groups in this compound are now aZ1 mutually in- 
equivalent and there is an effective [AW,X,][BY,Z,] 
spin system (A,B = 31P; W,X,Y,Z = lH) if boron and 
longer-range l H  couplings are disregarded. In accord 
with this, four l H  resonance patterns are observed, of 
which each approximates in appearance to the X part of 
an [AX,], system and is also flanked by lg5Pt satellites. 
These are readily distinguishable with the aid of 31P- 
(broad-band noise) decoupling (Figure 5 ) .  On warming 

FIGURE 5 100-MHz 1H-(31P(broad-band noise)} n.m.r. spectrum 
of the P-methyl resonances in [4-( 2’-B1,Hl3)-7,7-(PMe,Ph),- 
nzdo-7-PtBl,H,,] in CD,Cl, solution at  21 “C. Peaks I are 
from impurities, and the four P-methyl singlet resonances, 
each flanked by ‘ satellites ’ arising from coupling I3J(l95Pt- 
lH)I = ca. 25 H z  (see Table 2), are readily apparent. The 
corresponding spectrum for the 4-(6’-B,,H,,) isomer is similar 

lH and 31P n.m.r. properties of the PMe,Ph groups 
(Table 2) are similar to those of [4-(2’-Bl,Hl,)-7,7- 
(PMe2Ph),-7-PtBl,Hll], exhibiting four P-methyl re- 
sonances in the l H  spectrum and two near-equivalent 
resonances in the 31P spectrum, and the llB n.m.r. 
spectrum in the region 8(l1B) = ca. 3-20 to -10 p.p.m. 
is also similar to that described for the 4-(2’-B&13)- 
substituted species. In the high-field apical region 
[S(llB) -20 to -40 p.p.m.1, however, four resonances 
may be distinguished which by ‘ partially relaxed ’ 
Fourier-transform spectroscopy 22$ z3 are revealed as 
three doublets and a singlet (Figure 6). Of these the 
singlet due to the apical boron atom involved in the 
coutjuncto-linkage is one of the two lower-field resonances 
and thus this compound results from the attachment of 
the Pt(PMe,Ph), moiety to the 2-(B,,HI3) residue of 
2,6’-(B1oH1,)2. The product is therefore 4-(6‘-nido- 
decaboranyl)-7,7-bis( dimethylphenylphosphine)-nido-7- 
platinaundecaborane [schematic structure (IIIa)] which 
will coexist as a racemate with its 6-(6’-nido-decaboranyl) 
enantiomorph [see schematic structure (IIIb)] ; the 
bright yellow compound has m.p. 201-211 “C (de- 
camp.). Interestingly we have not so far been able to 
detect significant quantities of any other [(PMe,Ph),- 
(PtB2,H2,)] isomers, such as, in particular, the expected 
8-(2’-utido-decaboranyl) species, in this product mixture. 
The formation of this last compound would not be 
favoured sterically, but its absence together with the 
incidence of [(PMe,Ph),(PtBl,H12)] may also indicate a 
preferential cleavage of the conjztncto-B-B bond when 
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ation (5). We have examined this reaction using 

(B10H13)2 + 2[PtC12(PMe2Ph)21 + 4C10H6(NMe2)2 - 
[(PMe2Ph)*(PtB10H,1)21 + 

4[CloH6(NMe2) (NHMe2)lCl (5) 
2,2’-(BloH1J2 and have found that three products are 
formed which may be separated chromatographically. 

A 

t 

r I I I I I 1 
- 20 -30 -40 

6?’B)/p.p.m. 

FIGURE 6 64-3IHz Boron-1 1 n.m.r. spectra of the B(4)B(6)B(2’)- 
B(4‘) region of [4-(6’-B,,H,,)-7,7-nido-7-PtBl,,Hll] in CD,Cl, 
solution a t  35 “C: ( a )  normal l1B spectrum; (b)  l lB spectrum 
with ‘H(broad-band noise) decoupling; (c )  and ( d )  ‘ partially 
relaxed ’ l lB spectra obtained using the 18O--r-9O0 pulse 
sequence with T = 4 (c )  and 2 ms (d). These spectra show 
that the resonances a t  S(”B) = ca. -26 p.p.m. consist of a 
singlet A a t  S (“B) = -25.7 p.p.m., with T ,  (“B) = ca. 3 ms, 
and a doublet centred a t  B with S(llB) = - 26.7 p.p.m., l J  (llB- 
lH) = ca. 130 Hz,  and T ,  (“B) = ca. 6 ms 

one of the boron atoms involved in this linkage [in this 
case the 6’ boron atom of 2,6’-(BloH13)2] takes part in the 
incipient metal-boron bond formation. 

This hypothesis can also be invoked to account for the 
behaviour of l,5’-(B1,,H13)2 when this is treated under the 
conditions of reaction (4). Chromatographic separation 
of the products again yields [( PMe,Ph),( PtBloHl,)] plus 
three species tentatively identified as rtido-decaboranyl- 
bis(phosphine)-do-platinaundecaborane isomers. We 
have so far only been able to achieve a partial separation 
of these three, but it would be reasonable to suppose that 
they would be the 1-(5’-nido-decaboranyl)/l-(7’-rtido- 
decaboranyl) racemate, the 5-(5’-nido-decaboranyl)/5- 
(7’-nido-decaboranyl) racemate and the 9-( 1’-nido-de- 
caboranyl)/lO-( 1’-nido-decaboranyl) racemate, with the 
formation of the fourth possibility, the 3-( 1’-nido-de- 
caboranyl) /a- (1 ’-nido-decaboranyl) racemate, being 
sterically unf avoured and/or resulting in conjuncto-B-B 
bond cleavage and production of [( PMe,Ph),( PtBloH12)]. 

An extension of reaction (4) is to double the amounts of 
base and bis(ph0sphine)platinum dichloride to produce a 
bi(nido-7-platinaundecaboranyl) compound as in equ- 

One of these is the 4-(2‘-nido-decaboranyl)-nido-7- 
platinaundecaborane discussed above, and the analytical 
and molecular-weight data for the other two, which are 
brilliant yellow compounds [m.p. 175-180 (decomp.) 
and 158-170 “C (decomp.)], suggest species with the 
bi [ 7,7 -bis( dimet hylphen ylphosphine) -nido-7-plat inaun- 
decaboranyl] formulation. Consistent with this, both 
exhibit four P-methyl l H  resonances and two near- 
equivalent 3lP resonances in their n.m.r. spectra and 
their l1B spectra exhibit similar maxima to those1* of 
[(PMezPh),(PtBlOH1,)] but the lines are very broad 
indeed. The two components are therefore presumably 
the cisoid compound 4,6’-[(PMe2Ph)2(PtBloHll)]2 
[schematic structure (IV)] and the transoid compound 
4,4‘-[(PMe2Ph),(PtBloHll)]2 [schematic structure (V)]. 
The 4,6’ compound will be structurally unique, but the 
4,4’ will be paired enantiomerically with the 6,6’ isomer. 
However, these two structures cannot be distinguished 
spectroscopically in the achiral solvents that we have 
been able to use, and we have not yet been able to grow 
single crystals suitable for X-ray diffraction analysis. 

MoZecuZar Structures of [ (PMe,Ph) 2 (  PtB,,H12)] and 
[4-(2’-Bl,Hl,) -7,7- ( PMe2Ph)2-7-PtBloHll] .-An ORTEP 
drawing of the molecular structure of the nido-7- 
platinaundecaborane is in Figure 1, atomic co-ordinates 
are in the Experimental section, and selected interatomic 
distances and angles are in Tables 3 and 4 respectively. 
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to be that of a nido-eleven-vertex cluster, and as such is 
similar to those in related species such as BllH132-,24 
[Ni(B,oHlz)2]2-,25 and [Me2TlB,oH12]-,26 etc. The com- 
pound may be regarded as a metal complex of the q4- 
BloH122- ligand or as a do-metallaundecaborane species. 

TABLE 4 
Selected angles (”) between interatomic vectors, for [7,7- 

(PMe,Ph),-7-PtB,,Hl,], with estimated standard devia- 
tions in parentheses * 

P( l)-Pt(7)-P(2) 95.4(1) 
P( 1)-Pt( 7)-B(2) 138.1 (2) P( 2)-Pt( 7)-B( 3) 162.4( 1) 
P( 1)-Pt(7)-B(3) 98.9( 1) P( 2)-Pt(7)-B(2) 1 14.1 (2) 
P(l)-Pt(7)-B(8) 89.6(2) P(2)-Pt(7)-B(ll) 82.7(1) 
P(l)-Pt(7)-B(ll) 176.2(1) P(2)-Pt(7)-B(8) 144.3( 1) 

B( 2)-Pt( 7)-B( 3) 48.4(2) 
B( 2)-Pt (7)-B( 8) 83.2( 2) B( 3)-Pt( 7)-B( 1 1) 83.5 (2) 
B(2)-Pt(7)-B( 11) 45.6(2) B(3)-Pt (7)-B( 8) 46.4( 2) 
B(8)-Pt(7)-B( 1 1) 90.1(2) 

* The two columns compare pairs of angles which would be 
identical if the molecule had C ,  symmetry about the Pt(7)B(1)- 
B(5) plane. 

In this do-cluster the Pt atom occupies one of the basal 
(open-face) positions, and, as expected, the Pt-B and 
B-B distances in the open face are a few pm longer than 
the other Pt-I3 and B-B distances in the molecule, 
which all fall within normal ranges.14 All hydrogen 

( m (XI 
Also included in Table 3 for comparison are equivalent 
data for related compounds; horizontal rows compare 
corresponding distances in the various ten-boron clusters. 

The gross structure of the metallaborane unit is seen 

TABLE 3 

Interatomic distances (pm) for [7,7-(E’Me,Ph),-7-PtB,,Hl,] and related compounds, with estimated standard deviations 
in parentheses a 

(a) From the platinum atom 
Pt(7)-P( 1) 230.9(1) R( 7)-P( 2) 233.7( 1) 
P t (7)-B ( 2) 2 2 2.5 (5) 
P t  (7)-B( 1 1) 230.1 (6) Pt( 7)-B(8) 227.9( 6) 

2 2 1.4 (5) Pt (7)-B( 3) 

176.5 (9) 
1 73.3 (10) 
175.7 (9) 
181.8( 8) 
1 76.2 ( 9) 
1 75 .O( 8) 
176.7 (9) 
174.6(9) 
1 7 7.7 (9) 
175.6 (9) 
180.9(9) 
1 97.6 ( 9) 

B(3)-B(4) 
B(3)-B(8) 
B(6)-B(5) 
B(6)-B( 11) 
B( 6)-B ( 10) 
B(5)-B( 10) 
B(lO)-B( 11) 

175.0(9) 
17 7.4( 9) 

176 .O (9) 
1 7 7.5( 8) 
1 75.9 (9) 
1 74.9 (8) 
177.1(8) 
173.7 (8) 
1 84.1 ( 8) 

1 75.4 (4) 

17 7.2 (6) 
1 97.3 (4) 

1 78.5 (5), 1 78.7 (5) 
178.8 ( 5 ) ,  176.2 (5) 
178.2(5), 177.4(5) 

17  1.5( 4) 
178.5(3), 178.7(5) 
175.8 (4), 175.4( 4) 
1 78.8 (5), 1 76.2 (5) 

178.2(5), 177.4(5) 

1 97.3 ( 4) 

2 l l ( l )  218(1) 261(2) 251(2) 
224( 1) 222( 1) 277(2) 276(2) 

181(2) 
177(2) 
180i2) 
187(2) 
181(2) 
175(2) 
177(2) 
175(2) 
177(2) 
173(2) 
183(2) 
197(2) 

177(2) 
180( 2) 

177(2) 
177(2) 
180( 2) 
177(2) 
174( 2) 
177(2) 
184(2) 

177(3) 
175(3) 
176(3) 
197(3) 
178(3) 
174(3) 

172(3) 
175(3) 
179(3) 
177(3) 
206(3) 

175(3) 

181(3) 
180(3) 

180(3) 
170(3) 
180(3) 
171(3) 
178(3) 
175(3) 
179(3) 

( G )  Boron-hydrogen 
106(6) 
118(5) B( 3)-H (3) 1 lO(6) 

B(  1)-H (1) 

112(6) B(6)-H (6) 114(5) 
B(2)-H(2) 

104(5) 
B(41-H (4) 
B(51-H (5) 

B( 10)-H( 10) 112(4) 1 l O ( 5 )  
B(81-H (8) 

125(4) B(  1 1)-H (10,l l)  122(5) 
B(9)-H(9) 
B(81-H (8,9) 
B (9)-H (8,9) 121(4) B(lO)-H( 10 , l l )  129(5) 

(d )  Other 

B( 1 1)-H( 11) 97(5) 95(5) 

P-c 180.3-1 82.6( 7) (average 18 1.4) 
c-c 135.5-139.1(8) (average 137.8) 
C-H 80-109(8) (average 94) 

a The first two columns compare pairs of distances tha t  would be identical if the molecule had C, symmetry about the Pt(7)B( 1)B(5) 
From X-Ray diffraction; plane. 

ref. 25. From X-Ray diffraction; ref. 26. 
* From neutron diffraction on BloD14; A. Tippe and W. C .  Hamilton, Znovg. Cheni. ,  1969,8, 464. 
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atoms were located and included in the refinement. The 
validity of the H-atom refinement is supported by the 
satisfactory convergence, the physically reasonable 
thermal parameters, and the chemically reasonable bond 
lengths (95-118 pm for terminal B-H, 121-129 pm for 
bridging BH). The incidence of bridging H atoms in the 
(8,9) and (10,l l)  positions is consistent with a nido- 
cluster electron count, and also confirms the compound 
as a derivative of nido-decaborane in which the other two 
bridging H atoms in B1oH14 have been in the first instance 
formally replaced by two two-electron three-centre 
bonds to the Pt(PMe,Ph), moiety [viz. Pt(7)B(3)B(8) and 
Pt(7)B(2)B( l l ) ] .  The B(2)-B(ll) and B(3)-B(8) dis- 
tances in the metallaborane indicate that some contrac- 
tion has occurred upon the replacement of these bridging 
H atoms by bonds to Pt, as also noted14 for q3-borane- 
metal bonding in species such as [(PMe,Ph),(PtB8H12)], 
but these changes are small. By contrast, the B(2)-B(3) 
distance is markedly less (15 pm) than the corresponding 
B(5)-B( 10) distance in BioH14. A similar contraction 
also occurs in [Ni(B,oH,,),]2- (10 pm),= but in the main- 
group derivative [Me2~1BloHl,]- the distance is the same 
as in unsubstituted B10H14.26 This suggests that  the 
t ransition-met a1 derivatives have enhanced M( 7) B (2)- 
B(3) three-centre bonding contributions which probably 
occur via additional d-orbital participation. This is to 
some extent supported by the 1lB n.m.r. shielding 
behaviour in the nickel and platinum compounds which 
is substantially different from that in B1oH14 for these 
particular positions ; 18, 27 in the main-group derivatives 
such as [Me,T1BloHI2]- and [MeHgBloHl,]-, by contrast, 
the shielding behaviour in this region appears to be quite 
similar to that of BloHl,.2* 

Comparison of horizontal rows in the first two columns 
of Table 3 indicates that the symmetry of the platinaun- 
decaborane cage approximates to Cs, the only statistically 
significant deviations being possibly those between each 
of the B(l)B(4)/B(l)B(6) and B(8)B(g)/B(lO)B(ll) 
pairs, which may be associated with the distortion about 
the Pt(7) atom apparent from the positions of the two 
phosphine ligands. The positions of the two P atoms in 
fact introduce a substantial deviation from C, symmetry. 
Although within the normal range 14329-32 for this type of 
compound, the two Pt-P bond lengths differ significantly, 
and the angular comparisons (Table 4) show a consider- 
able twist deviation from idealised geometry; this last is 
presumably the source of the inequality in the Pt-P 
distances. This is illustrated in Figure 7, which is a 
projection, viewed in the Pt(7)P(l)P(2) plane, of the P t  
and its circumjacent bonded atoms. Here i t  can be seen 
that the platinum tetragonal bonding plane, as defined 
by the Pt(7)P(l)P(2) plane, is at an angle of ca. 20" to 
that expected for an undistorted asp2 hybridisation in- 
volving the two-electron three-centre Pt(7)B(2)B(ll) and 
Pt(7)B(3)B(8) bonds directed towards the midpoints of 
B(2)B(ll)  and B(3)B(8). We ascribe this ' twist ' 
distortion to crystal-packing constraints rather than 
electronically dictated asymmetric bonding as possibly 
occurs for example in the ' borallyl ' a,v-q3-B3H, ligand 

FIGURE 7 ORTEP drawing of the Pt(7)P(l)P(2)B(z)B(3)B(8)- 
B( 11) atom system of [7,7-(PMe,Ph),-nido-7-PtBloH~,], viewed 
normal to  that plane containing P(l) and P(2)  which is per- 
pendicular to the Pt(7)P(l)P(2) plane. B(2)B(3)B(8) and 
B(11) are coplanar to within 0.1 pm and the B(2)B(3)B(8)B(ll) 
plane is a t  a dihedral angle of 74.5" to Pt(7)P(l)P(2). The 
' twist angle ' 0 is 21" (see Figure 8). In the 4-(2'-B10H1,) deriva- 
tive (Figure 3) this twist angle is 8", B(2)B(3)B(8)B(ll) are co- 
planar to within 0.2 pm, and the dihedral angle IS nearer to 
90" at 83.9". In both compounds Pt(7)-P(1) is shortened 
relative to Pt (7)-P( 2), and the transoid Pt (7)-B( 1 1) distance 
appears to be correspondingly lengthened 

FIGURE 8 Schematic representations of (a)  the presumed mini- 
mum-energy conformation of [7, 7-(PMe,Ph),-7-PtBl0H,,1 and 
(b )  the nature of the fluxional pseudo-rotation that effectively 
exchanges the two phosphine ligand sites in one 180" twist; (c) 
is a superposition of drawings from the molecular structures of 
[7,7-(PMe,Ph),-7-PtBloHlz] and its 4-( 2'-Bl,H,,) derivative 
which shows the initial stages of the rotation as dictated by 
crystal-packing forces 
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in [(PMe2Ph),(PtB3H,)].31 In accord with this, the 
twist angle for [4-(2’-BloH13)-7,7-(PMe,Ph),-7-PtBloHll] 
(Figure 3), in which the electronic structure about the Pt  
atom is expected to be practically identical, but the 
crystal forces different, is substantially different a t  ca. 
8”. Also, as discussed below, these molecules undergo a 
facile intramolecular pseudo-rotation about the Pt 
atoms, of which these twist distortions will represent the 
initial stages. The ground-state equilibrium conform- 
ation of the P2PtB,, atoms in these compounds is there- 
fore probably that of local C, symmetry [see Figure 8(a)]. 

As just mentioned, the molecular structure of the 
[(PMe2Ph)2(PtB20H,4)] compound derived from 2,2’- 
(Bl,H13)2 is represented by the ORTEP drawing of 
Figure 3. Atomic co-ordinates are in the Experimental 
section, and selected interatomic distances and angles 
between interatomic vectors in Tables 5 and 6 respect- 
ively. The gross structure is seen to be similar to that of 
[7,7-(PMe2Ph),-nido-7-PtBl0Hl2] (Figure 1), but with a 
pendant 2’-B10Hl3 group in the 4-position. Hydrogen 
atoms were not located but bridging H atoms in the 
(8,9), (lO,ll), (5’,6’; 6’,7’), and (8’,9’; 9‘,10’) positions 

TABLE 5 

Interatomic distances (pm) for [4-(2’-B,,Hl,)-7,7-(PMe,Ph) 2- 

7-PtBloHl,] with estimated standard deviations in 
parentheses a 

(a) From the platinum atom 
Pt(7)-P(l) 233.5( 2) Pt (7)-P( 2) 
Pt (7)-B (2) 223.1 (1 0) Pt (7)-B( 3) 
Pt( 7)-B( 1 1) 23 1.7( 12) Pt (7)-B( 8) 

-boron a 
176.7( 15) 
1 80.5 (1 5) 
17 9.4( 1 8) 
18 1.3 ( 15) 
177.1(18) 
179.5( 17) 
179.1( 17) 
177.1 (13) 
180.0( 15) 
177.9( 15) 
183.8( 17) 
197.0( 18) 

B(4)-B(2’) * 1 70.7 ( 15) 

B(l’)-B(2’) * 
B( 1’)-B( 3’) 
B( 1 ’)-B( 5’) 
B(2’)-B(3’) * 
B(2’)-B(5’) * 
B(2’)-B(6‘) * 
B(2’)-B(7:) * 
B (3’)-B( 7 ) 
B( 5’)-B( 6’) 
B(5’)-B(10’) 
B( 6’)-B( 7’) 
B (7’)-B( 8’) 

178.4( 17) 
176.9( 15) 
175.0(17) 
179.3( 14) 
17 8.4 ( 1 8) 
173.9( 17) 
180.5( 18) 
1 73.6 ( 1 8) 
174.0(22) 
199.4(19) 
1 7 6.9 ( 1 8) 
199.8( 19) 

B(3)-B(4) * 
B (3)-B ( 8) 

Bgt:;2\?l) 
B( 6)-B( 10) 
B(5)-B( 10) 
B( 10)-B( 1 1) 

B ( 1 ’)-B (4’) 

B( 1’)-B( lo’) 

B(4 )-B(10 ) 
B (4’)-B (9’) 
B(4’)-B(8’) 
B( 3’)-B( 8’) 
B (9’)-B ( 10’) 

B (8’)-B (9’) 

B(3:)-B(4’! 

234.1(3) 

232.5(11) 
% 23.5 (9) 

177.0( 16) 
17 7.4( 17) 

180.2 ( 1 6) 
1 7 9.2 ( 1 4) 
178.0( 17) 
17 7.4( 15) 
177.3(17) 
174.6( 16) 
183.1(19) 

179.7 (1 9) 

177.3 (1 8) 
1 7 6.8 ( 1 9) 
1 80.9 ( 20) 
173.5( 19) 
175.6(23) 
176.1 (19) 
175.6(21) 

178.2( 2 1) 

(c) Other 
P-c 18 1.1 (9)-185.0( 17) 
C-C 1 36.8 (1 5 )  - 142.5 (1 6) 

,I The columns compare pairs of distances that would be 
identical if the P,PtBIo fragment had C, symmetry about the 
R(7)B(l)B(5) plane, and the pendant B’lo fragment had C, sym- 
metry about the plane containing B( l’)B(3’) and the midpoints 
of B(5’)-B(10’) and B(7’)-B(8’). An asterisk denotes dis- 
tances to  atoms involved in the conjuncto-inter-cluster link. 

TABLE 6 
Selected angles (”) between interatomic vectors for [4-(2’- 

B,oH,,)-7,7-(PMe2Ph)2-7-PtBl,Hl,] with estimated 
standard deviations in parentheses 

P(l)-Pt(7)-P(2) 95.4(1) 

P( 1)-Pt (7)-B( 2) 138.6( 3) P( 2)-Pt( 7)-B( 3) 151.2(3) 
P(l)-Pt(7)-B(3) 97.3(3) P( 2)-Pt (7)-B( 2) 107.6 (3) 
P( 1)-Pt (7)-B( 8) 84.6( 3) P(2)-Pt(7)-B( 11) 86.9(3) 
P( 1)-Pt ( 7)-B ( 1 1) 160.9( 2) 

B (2)-Pt (7)-B( 3) 
B(Z)-Pt( 7)-B(8) 83.1(4) B(3)-Pt(7)-B( 11) 83.4(4) 
B(Z)-Pt(7)-B(ll) 46.5(4) B (3)-Pt (7)-B (8) 46.2 (3) 
B(8)-Pt(7)-B(ll) 89.8(4) 

1 7 1.5( 3) 

47.9 (4) 

P( 2)-Pt (7)-B (8) 

are reasonably inferred from the lH-(llB} n.m.r. spectra 
as discussed above. I ts  formulation as [4-(2’-nido- 
B10H13)-7,7-(PMe2Ph),-nido-7-PtBloHll] is thus con- 
firmed. 

The heavier atoms were not located with such accuracy 
as for [(PMe,Ph),(PtB,,H,,)], but within the two P,Pt- 
B,, clusters the interatomic distances do not differ 
significantly between the compounds, the principal dif- 
ference being in the ‘ twist ’ angle about the Pt atom 
discussed above (which is only 8” for the icosaboranyl 
derivative) together with the associated Pt-P bond 
lengths. Similarly the 4-( 2’-nido-decaboranyl) cluster 
is near-identical to that of 2,2’-(BloHl3), i t ~ e l f , ~ ? ~  and the 
B(4)-B(2’) intercluster linkage of 170.7(15) pm is also 
the same within experimental error as that found for 
2,2’-(BlOHl3), [169.2(3) pm] * p 6  and is also comparable to 
that in the other B2oH26 isomers 2,6’-(B10H13)2 [167.9(3) 
pm] and 1,6-(B&13)2 [169.8(3) ~ m ] . ~  Interestingly 
there appeared to be no significant lengthening of intra- 
cluster distances to the B(4) and B(2’) atoms involved in 
the inter-cluster linkages. This is in contrast to the un- 
substituted (BI0H1J2  isomer^,^.^ which exhibit lengthen- 
ings of ca. 1.5 pm compared to unsubstituted B10H14, 
but in the present case any effects may be obscured by 
the limited accuracy of the data. The mutual per- 
turbation of the two clusters via the B(4)-B(2’) linkage in 
any event appears to be rather small. 

First, 
the rotamer conformation about the B(4)-B(2‘) inter- 
cluster bond may be defined with respect to an eclipsed 
conformation of the B(4)-B(8) and B(2’)-B(6’) vectors 
and is 52”. In the parent compound 2,2‘-(BI0Hl3), it is 
118O in the solid state.6 Secondly, the two PMe,Ph 
ligands in [ (PMe,Ph),( PtBl,Hl,)] are in the commonly 
found configuration which has a transoid disposition of 
the bulkier phenyl groups (Figure 1). In the [(BloH13)- 
(PMe,Ph) (PtB,,H,,)] compound, however (Figure 3), the 
much less favoured gauche-oid disposition is adopted. 

Intramolecular Pseudo-rotation.-On heating a C,D6 
solution of [(PMe,Ph)2(PtBloH12)] the two P-methyl lH 
n.m.r. resonance patterns (Figure 2) broaden, coalesce, 
then at  higher temperatures become one central [AX,],- 
type pattern with lg5Pt satellites; under 31P(broad-band) 
decoupling this appears as a singlet central resonance 
with singlet lg5Pt satellites.*0 This implies that the 
chemical inequivalence of the two P-methyl groups on 

Two rotamer effects should also be mentioned. 
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each of the two phosphine ligands is removed by effective 
site exchange. This cannot occur via Pt-P bond dis- 
sociation since the satellite structure arising from the 
coupling 3J(195Pt-1H) is retained. The 2 : 2 : 2 : 2 : 1 : 1 
intensity ratios for the resonances in the llB n.m.r. 
spectrumIs are also retained at  these higher tem- 
peratures, as are the satellite structures in the IH-{llB} 
and spectra arising from the various specific couplings 
1J ( 195P t -11 13) , 2J ( lg5P t-B-l H) , and 3J ( lgaP t -B-B-l H) 
within the platinaundecaborane chister.l* This indi- 
cates that the site exchange does not invol\ye the dis- 
sociation of Yt-B bonds and also that the Pt  atom is 
associated with the same four B(2)B(3)B(8)B(ll) atoms 
throughout. 

The most plausible mechanism for the site exchange is 
therefore that of a complete mutual pseudo-rotation of 
the q4-13,,H,, and the (PMe,Ph), ligands about the Pt 
atom as depicted in Figure 8(b ) ,  the initial stages of the 
rotation being so readily allowed that they may be in- 
duced by crystal-packing forces, as seen from the results 
of X-ray difiraction analysis [Figures 7 and S(c)]. This 
rotation has similarities to q4-cis-butadiene ligand 
pseudo-rotation in such complexes as arachno-[ (CO),- 
(I'eC4H8)],33334 and its origins probably reside in a near- 
cylindrically symmetrical hybrid of the three platinum- 
borane cluster bonding pairs that are required by a nido- 
electron count. These are presumably those in two of 
the dsp2 tetragonal orbitals expected for PtII plus the 
lone pair in the (formal) platinum dz2 orbital or a d p  
hybrid of siniilar symmetry. In any event the be- 
haviour contrasts to that in [6,6,9,9-(PMe2Ph),-arachm- 
6,9-Pt,R8Hl,] [numbering as in (11)],14 which does not 
exhibit fluxionality, and in which the dp  or d p  hybrid 
lone pair is believed to bind rigidly and specifically to 
B(3) via an otherwise vacant B(3) orbital. 

This type of borane ligand pseudo-rotation has not 
been observed to date in other similar systems, although 
the recently reported 35 n.m.r. behaviour of [9,9,9- 
(AsMe,Pli),-~~~do-9,7,8-RhC2B8Hl,] indicates that this 
compound may exhibit it, and q5-borane to metal co- 
ordination in closo-species also exhibits a similar pseudo- 
rotation; ,, the latter, however, has closer parallels to 
C5H5- ligand behaviour which is well documented. 
These types of rotational non-rigidity contrast to the 
dynamic behaI-iour observed in the ostensibly similar 
compounds such as [ 2,7 -Me,-9,9- ( PEt,) ,-nido-2,7,9-C2- 
PtB,H,], which involve metal migration between two 
equivalent  bonding sites ; 37 this mechanism cannot 
apply to our compounds since the alternative bonding 
sites are already occupied by the bridging H(8,9) and 
H( 10, l l )  atoms. 

The separation of the two P-methyl resonances in 
C,D, solution at  ambient temperature (Table 1) together 
with a coalescence temperature of 71.5 "C in the 100-MHz 
1H-{31P} spectrum imply an activation energy AG: = 
79 & 5 kJ mol-l for the fluxional process in [(PMe,Ph),- 
(PtBloHl,)].10 Errors in this estimation could arise 
from changes in Pt-P and P-C bond rotamer populations 
together with changing anisotropic solvent effects as the 

temperature increases. However, the analogous separ- 
ation in [ (PMe,Ph),( Pt,B8Hlo)], which exhibits similar 
solvent shielding effects,14 and which will have similar 
steric requirements for its PMe,Ph ligands, but which 
does not exhibit fluxionality, only changes from 8.8(5) 
Hz at 21 "C to 7.8(5) Hz a t  85 "C (100-MHz spectrum; 
C,D, solution), this suggests the figure of ca. 80 k J mol-l 
is therefore not seriously in error. A similar coalescence 
is also observable for the various [(BioHI,) (PMe,Ph),(Pt- 
BloHll)] platinahenicosaboranes reported here, but in 
these cases the overlapping coalescence of 12 resonance 
lines (e.g. Figure 5) to produce six rendered the precise 
determination of coalescence temperatures difficult. 
However, derived activation energies AGIT, were also 
of the order of ca. 80 kJ mol-l for these compounds, 
implying no serious inhibition of the rotational process 
by the introduction of the decaboranyl substituents. 
This value is somewhat higher than the activation 
energies A G ~ T ~  for iron (0)-butadiene derivatives 34 which 
lie in the range 25-50 kJ mol-l. There seem to be few, 
if any, examples of butadiene ligand fluxionality in the 
platinum group, however ; the compound [Pd(Me,C=CH- 
CH=CMe,)Cl]- is fluxional with AGIT, = 54.4 kJ mol-l 
but here a hemi-dissociative x--b-x rearrangement is 
postulated: 3* this involves intraligand C-C bond rot- 
ation, clearly a different process from that involved 
in the platinaundecaborane clusters. Ethylenic-type 
ligand rotation is however well known in platinum 
chemistry, and commonly has activation energies within 
the range 50-70 kJ mol-l in square-planar platinum(I1) 
cornplexe~.~~ However, this type of ligation would be 
more closely parallelled in q2-borane-metal compounds 
such as [Pt(B,H8)Me(PMe,Ph)2] 1 2 9 1 9  but we have not yet 
investigated these for this type of rotational behaviour. 

EXPERIMENTAL 

General.-Reactions were generally carried out in dry 
solvents under an atmosphere of dry nitrogen, although in 
subsequent work-up and separation no particular attention 
was paid to maintaining strictly anaerobic conditions. All 
platinaborane products described here are air-stable. 
1VNN'N'-Tetramethylnaphthalene- l,S-diarnine, Cl,H6- 
(NMe,),, was obtained commercially, and cis-[PtCI,- 
(PMe,Ph),] was prepared by standard routes. nido- 
Decaborane was obtained commercially and purified by sub- 
limation under reduced pressure. 2,2'-Bi(nido-de- 
caboranyl), 2,6'-bi(nido-decaboranyl), and 1,5'-bi(nzdo- 
decaboranyl) were prepared from nido-decaborane, and also 
purified, as described General cliromato- 
graphic techniques were also as described elsewhere : l4 

analytical and preparative thin-layer chromatography 
(t.1.c.) was carried out using Kieselgel 60G (Merck) as the 
stationary phase and column chromatography using Kiesel- 
gel 60 (0.063-0.200 mm mesh, Merck) as the stationary 
phase; columns were generally of dimensions ca. 25 cm x 
10 cm2. Except where specifically mentioned below, all 
chromatography was carried out using CH,CI,-light 
petroleum (b.p. 60-80 "C) ( 5 0 :  50) as eluting medium. 
100-MHz lH, 40-MHz 31P, and 32-MHz llB n.m.r. spectro- 
scopy was carried out using a JEOL FX-100 pulse (Fourier- 
transform) spectrometer a t  Leeds ; 64-MHz llB spectro- 
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scopy was carried out on a 200-MHz Bruker instrument a t  
the Institiit fur Anorganische Chemie, University of 
Munchen; the techniques of ' partial relaxation ' and 
selective multiple resonance as applied in this work have 
been adequately described already. 147 

Preparation of Compounds from Reactions of cis-[PtCl,- 
(PMe,Ph),].-(a) With K[B,,H,,]. To a stirred solution of 
B10H14 (0.244 g, 2 mmol) in tetrahydrofuran (th'f) (20 cm3) 
maintained a t  0 "C was added KH (75% active, 0.106 g, 
corresponding to 2 mmol KH). Immediate effervescence 
together with a yellow colouration occurred. After 0.5 h 
a solution of cis-[PtCl,(PMe,Ph),] (0.542 g, 1 mmol) in 
CH,Cl, (20 cm3) was added. After 2 h, during which time 
the colour had darkened considerably, t.1.c. analysis showed 
the presence of two major components (Rf 0.7 and 0.3). 
The solution was filtered and the precipitate (identified as 
KC1) washed repeatedly with CH,Cl, until the run-off was 
colourless. The most volatile components of the combined 
liquid phases were removed under reduced pressure and 
column chromatography then yielded B1,H14 (0.105 g, 1.03 
mmol; 52% recovery; t.1.c. Rf 0.7) as colourless crystals 
(m.p. 98-99 "C) and [7,7-(PMe2Ph),-nido-7-PtB,,H,,] as an 
intensely yellow solid [t.l.c. Rf 0.3, m.p. 197-199 "C 
(decomp.)]. Recrystallisation of the latter from CH,Cl, 
yielded golden yellow crystalline blocks, m.p. 197-199 "C 
(decomp.) (0.325 g, ca. 27% based on initial total B,,H,,) 
(Found: C, 32.3; H, 5.7; B, 18.5; P, 10.7. C,,H,,B,,- 
P,Pt requires C, 32.5; H,  5 . 8 ;  B, 18.3; P, 10.5%). One 
of the crystals was found suitable for X-ray diffraction 
experiments as described below. 

(b) With B1oH14 and C,,H,(NMe,),. The compound 
C,,H,(NMe,), (0.43 g, 2 mmol) was added to a stirred 
solution of B,,H,, (0.244 g, 2 mmol) in CH,Cl,-Et,O (50 : 50, 
50 cm3) at ambient temperature. A yellow colouration 
developed immediately. After 0.3 h, cis-[PtCl,(PMe,Ph) ,] 
(1.084 g, 2 mmol) was added and stirring continued until 
dissolution was complete. Over 2 h the solution darkened 
considerably and t.1.c. analysis then showed the presence of 
three components a t  Rf = 0.7 (BloH14), 0.3 {[(PMe,Ph),- 
(PtB1,H,,)]}, and 0.03 (cis-[PtC1,(PMe2Ph),] 1. Column 
chromatography then yielded B,,H,, (0.11 g, 54% recovery) 
and pure [7,7-(PMe,P1i),-nido-7-PtB1,H1,] (0.320 g, ca. 
26% based on BioH14). A similar procedure using a 1 : 1 : 2 
(rather than a 1 : 1 : 1) ratio of reactants, viz. B1oH14 (0.122 
g, 1 mmol), C,,H,(NMe,), (0.426 g, 2 mmol), and cis-[PtC1,- 
(PMe,Ph),] (0.542 g, 1 mmol) yielded [(PMe,Ph),(PtB,,H,,)] 
in a much greater yield based on B,,H,, ( i .e .  0.330 g, 0.57 
mmol, 57%). 

(c) With 2,2'-(BloHl3)2 and C,,H,(NMe,), in a 1 : 1 : 2 molar 
ratio. The compound C,,H,(NMe,), (0.213 g, 1 mmol) was 
added to a stirred solution of 2,2'-(B10H13)2 (0.122 g, 0.5 
mmol) in CH,Cl,-Et,O (50 : 50, 50 cm3) a t  ambient tempera- 
ture. An immediate yellow colouration developed and after 
0.25 h [PtCl,(PMe,Ph),] (0.271 g, 0.5 mmol) was added. 
After this had dissolved the solution was allowed to stand for 
5 h. T.1.c. analysis showed three components a t  Rf = 0.55, 
0.06, and 0.04. The solution was filtered and concentrated 
under reduced pressure. Preparative t .l.c. yielded three 
components as bright yellow solids: (1) ( R R ~  0.55), 0.145 g, 
m.p. 194-199 "C (decomp.); (2) (Rf 0.06), 0.030 g, m.p. 
165-175 "C (decomp.) : and (3) (Rf 0.04), 0.010 g, m.p. 155- 
170 "C (decomp.). Components (2) and (3) were found to 
be identical to the isomers of [( (PMe,Ph),(PtB,,H,,)},] 
described in the next experiment. Component (1) was re- 
crystallised from CH,Cl, ( < 3  cm3) to yield pure [4-(2'- 
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B~~H~~)-7,7-(PMe~Ph)~-~ido-7-PtB~~H~~] as yellow crystals 
(Found: C, 27.6; H, 6.35; B, 30.0; P, 8.8%; M = 704. 
C16H4,B2,P2Pt requires C, 27.0; H,  6.5; B, 30.4; P, 
8.7%; M = 712). One of the crystals was suitable for 
analysis by X-ray diffraction experiments as described 
below. 

(d)  With 2,.2'-(B10H13)2 and C,,H,(NMe,), in a 2 : 1 : 4 
molar ratio. To a stirred solution of 2,2'-(B,,H,3)2 
(0.122 g, 0.5 mniol) in 1,1,2,2-C2H2C1,-thf (75: 25, 50 
cm3) was added C,,H,(NMe,), (0.428 g, 2 mmol). An 
immediate yellow colouration developed together with a 
marked turbidity. After 1 h, cis-[PtCl,(PMe,Ph),] (0.542 g, 
1 mmol) was added and stirring continued until dissolutioii 
was complete. After 24 h, t.1.c. analysis (using l000,b 
CH,CI, as eluting medium) showed three components a t  R, 
0.85, 0.40, and 0.30 which corresponded to  ( l ) ,  (2), and (3) 
respectively (previous experiment) and which had approxi- 
mate relative concentrations of 1 : 2 : 1 .  After another 
24 h a flocculent yellow precipitate had developed, and the 
three components were present in approximate ratio of 
1 : 5 : 3 respectively. The solution was filtered and con- 
centrated under reduced pressure. Preparative t.1.c. 
(1000/:, CH,Cl, as liquid phase) was used to separate the 
components. Component (1) was identified as [4-(2'- 
B10H13) -7,7-( PMe,Ph) ,-nido-7-PtB,,Hl (see above) (0.03 1 
g, 0.04 nimol, 8%) (Found: C, 27.6; H, 6.4; €3, 30.1; P, 
8.5%). Components (2) and (3) were tentatively identified 
as cisoid-4,6'-[(PMe2P1i),(PtB,,H,,)], [schematic structure 
(IV)] and transoid-4,4'-[(PMe,Ph),(PtL3,,H1,)], [schematic 
structure (V)], and had properties as follows. Component 
(2): deep yellow crystals (from CH,CI,), m.p. 175-180 "C 
(decomp.); 0.153 g, 0.13 mmol, 26% (Found: C, 31.6; €1, 
5 . 6 ;  B, 18.3; P, 10.5%; A1 = 1037). Component (3): 
yellow powder (from CH,Cl,-hexane), 1ii.p. 158-170 "C 
(decomp.); 0.063 g, 0.05 mmol, 11% (Found: C, 32.2; H ,  

requiresc, 32.5; H,  5 .6 ;  B, 18.3; P, 10.50/,; nl = 1 180). 
Each exhibited two near-coincident 31P n.m.r. resonances at 
8(31P) = ca. + 1  p.p.ni. ffanked by satellites arising from 
1J(195Pt-31P) = ca. 2 550 and 2 500 Hz, with 2J(31P-31P) = 
ea. 30 Hz (C,H,Cl, solution). 

'The compound 
C,,H,(NMe,), (0.214 g, 1 mmol) was added to a stirred 
solution of 2,6'-(BlOHl3), (0.122 g, 0.5 mmol) in CH,CI,- 
light petroleum (b.p. 60-80 "C) (50 : 50, 50 cm3), whereupon 
an immediate yellow colour developed. The compound ezs- 
[PtCl,(PMe,Ph),] (0.272 g, 0.5 mmol) was added and dis- 
solved by stirring. After 5 h, t.1.c. analysis revealed two 
principal components a t  Rf 0.65 and 0.30. The solution 
was filtered from the small quantity of off -white precipitate 
and reduced in volume under low pressure. Preparative 
t.1.c. isolated the two components which were identified as 
[7,7-(PMe,Ph) ,-nido-7-PtB,,H1,] (see above) and [4-(6'- 
B1,H13)-7,7-(PMe,Ph) ,-nido-7-PtB1,H1,], having properties 
as follows. [(PMe,Ph),(PtBl,H,,)] : yellow crystals (from 
CH,Cl,-light petroleum), m.p. 197-199 "C (decomp.) ; 
0.031 g, 0.05 mmol, 6% (Found: C, 31.8; H, 5.9; B, 18.1; 
P, 10.9%). [(B,,H,,) (P;?cile,Ph),(PtB,,H,,)] : yellow crystal- 
line powder (from CH,Cl,-light petroleum), m.p. 201-21 1 
"C (decomp.); 0.143 g, 0.2 mmol, 41% (Found: C, 27.9; H,  
6.8; B, 29.3; P, 8.2y0; M = 701. C,,H,,B,,P,Pt requires 
C, 27.0; H,  6.5; B, 30.4; P, 8.7%; i'LI = 713). Other 
properties are presented and discussed in the text. 

An immediate 
yellow colour developed when C&,(NMe,), (0.214 g, 1 

The yield of (1) was 41% based on 2,2'-(I3,,Hl3),. 

5.7; B, 17.7; P, 10.7%; M = 1015. C32H66B,oP4Pt2 

(e) With 2,6'-(B10H13)2 and C,,H,(NMe,),. 

(f) With 1,5'-(B10H13)2 and C,,H,(NMe,),. 
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TABLE 7 

Atomic co-ordinates for [7,7-(PMe,Ph),-nido-7-PtBloH12] 
with estimated standard deviations in parentheses 

(a) Non-hydrogen atoms 
Atom X 

B(l) B(2) 0.126 5(4) 
B(3) 0.227 5(4) 

0.210 6(5) 
0.098 9(5) 
0.051 5 ( 5 )  
0.123 49( 1) 
0.184 7(4) 

B(8) B(9) 0.100 l(5) 
B(10) -0.008 l(4) 

0.007 8(4) 
0.232 57(8) 

- 0.005 50(8) 
0.188 8(3) 

‘(’) 0.122 O(4) 
0.088 5(4) 
0.117 6(4) 
0.183 8(4) 
0.219 2(3) 
0.355 O(4) 
0.263 8(6) 

-- 0.110 8(4) 
0.005 9(5) 

C(12) -0.144 5(4) 

0.181 4(4) 

B(4) 
B( 5) 

W 7 )  

B(11) 
P(1) 

C(2) 
(33) 
(34) 
C ( 5 )  
C ( 6 )  
C(7) 
C(8) 
C(9) 
C(10) 
C(11) -0.046 2(3) 

C(13) -0.168 O(5) 
C(14) -0.097 l(6) 
C(15) -0.000 3(5) 
C(16) 0.024 5(4) 

Y 
0.086 4(4) 
0.183 8(4) 
0.137 9(4) 
0.027 2(4) 
0.007 2(4) 
0.101 l(4) 
0.217 46(1) 
0.083 8(4) 

0.051 4(4) 
0.167 2(4) 
0.265 37(8) 
0.308 97(7) 
0.258 6(3) 
0.195 O(4) 
0.187 8(5) 
0.244 8(6) 
0.308 3(4) 
0.315 O(3) 
0.217 4(5) 
0.376 5(4) 
0.249 3(4) 
0.388 l(4) 
0.373 9(3) 
0.396 l(3) 
0.448 7(4) 
0.479 6(4) 
0.459 O(4) 
0.405 8(3) 

0.002 5(4) 

( b )  Hydrogen atoms 
Atom X 

0.22 7 (4) 
0.144(3) 
0.306 ( 4) 
0.2 70( 4) 
0.0 8 5 ( 3) 
0.0 1 7 (3) 
0.2 1 7 ( 3) 

H(9) 0.081(3) 

H(1) 
H(2) 
H(3) 
H(4) 
H(5) 
H (6) 
H(8) 

H(10) -0.081(3) 
H(11) -0.049(4) 
H(10, l l )  -0.009(4) 
H(8,9) 0.097(3) 

0.102(3) 
0 051(5) 

H(2) 
H(3) 
H(4) 
H(5) 
H(6) 

0.103(5) 
0.202(3) 
0.265( 3) 

H(71) 0.395(4) 
H(72) O.R51(5) 
H(73) 0.383(4) 
H(81) 0.21 l ( 7 )  
H(82) 0.293(5) 
H(83) 0.322(4) 
“(91) -0.162(4) 
H(92) - O.130(5) 

- O.096( 5 )  :I;:\) - O.O55(4) 
H(102) 0.025(3) 
H(103) 0.051(4) 
H(12) -O.lYl(R) 
H(13) -0.225(4) 
H(14) -0.113(4) 
H(15) 0.051(4) 
H(16) 0.087(4) 

Y 
0.0 80 (4) 
0.247( 3) 
0.158(4) 

-0.022(4) 
-0.053(3) 

0.099(3) 
0.074(3) 

- 0.055(3) 
0.0 18( 3) 
0.203(3) 
0.116(4) 
0.061(3) 
0.1 5 1 ( 3) 
0.1 35 ( 4) 
0.24 7 (5) 
0.348 (3) 
0.36 1 (3) 
0.24 1 (4) 
0.149( 5) 
0. 208(3) 
0.4 16( 6) 
0.378(5) 
0.397 (3) 
0.2 83 (3) 
0.209(4) 
0.2 22 (4) 
0.4 15( 4) 
0.363 (3) 
0.427(4) 
0.374(3) 
0.459( 3) 
0.5 17( 5 )  
0.4 83 (4) 
0.3 90( 4) 

nimol) was added to a stirred 

z 
0.3 97 (5) 
0.32 7 (4) 
0.2 1 1 (5) 
0.204(5) 
0.2 96 (4) 
0.407(4) 
0.009(4) 
0.06 7 (4) 
0.194( 3) 
0.2 17(4) 
0.13 1 (4) 
0.050(4) 

- 0.166 ( 4) 
-0.356(6) 
- 0.477(7) 
-0.437(4) 
-0.242(3) 
-0.076(5) 
- 0.034(6) 

-0.027(8) 
0.048 (6) 

0.06 5 ( 6) 
-0.043(4) 

0.022(6) 
- 0.07 1 (5) 

- 0.087(6) 
-0.100(4) 
-0.138(4) 
- 0.056(5) 

0.097 (4) 
0.248(4) 
0.3 85 (5) 
0.3 7 7 (5) 
0.22 1 ( 5) 

solution of 

z 
0.320 l(5) 
0.275 8(4) 
0.203 9(5) 
0.203 4(6) 
0.266 2(5) 
0.321 l(5) 
0.092 64(1) 
0.076 6(5) 
0.117 O(6) 
0.198 7(5) 
0.208 2(4) 

-0.033 61(9) 
0.029 19(9) 

-0.182 6(3) 
-0.218 3(4) 
-0.332 3(5) 
-0.408 9(5) 
-0.377 l(5) 
-0.263 4(4) 
-0.026 7(6) 
-0.005 l(6) 
-0.032 2(6) 
-0.081 6(5) 

0.143 7(4) 
0.151 9(5) 
0.240 5(6) 
0.317 8(5) 
0.310 7(5) 
0.223 8(5) 

U 

0.058( 13) 
0.092( 17) 
0.088( 17) 
0.070( 15) 
0.060( 13) 
0.052 ( 1 4) 
0.053( 12) 
0.040( 11) 
0.055( 14) 
0.076( 16) 
0.046( 11) 
0.060( 14) 
0.1 1 2 ( 24) 
0.090( 2 1) 
0.055( 13) 
0.036(11) 
0.079( 19) 
0.112(25) 
0.082( 19) 
0.180(41) 
0.107(25) 
0.07 1 ( 1 6) 
0.072( 17) 
0.093(22) 
0.0 7 3 ( 22) 
0.069( 16) 
0.053( 16) 
0.0 78 ( 20) 
0.046( 13) 
0.062( 17) 

0.098( 20) 
0.077 ( 18) 

0.099( 19) 

0.102( 21) 

(0.122 g, 0.5 mmol) in CH,Cl, (50 cm3). The conipound cis- 
[PtCl,(PMe,Ph),] (0.272 g, 0.5 mmol) was then dissolved in 
the solution, which was left for 8 h, during which time i t  
became darker in colour and a slight flocculent precipitate 

developed. Analytical t.1.c. revealed four yellow com- 
ponents, Rf 0.63, 0.55, 0.47, and 0.30, which were subjected 
to preparative t.1.c. as described above. This yielded 
[(PMe,Ph),(PtBl,Hl,)] [Rf 0.30; 0.035 g, 0.06 mmol, 12%; 
m.p. 197-199 “C (decomp.)] but the three other com- 
ponents could not be separated satisfactorily. Their 31P 
and llB 1i.m.r. properties were grossly similar to those for 
[ 4- ( 6’-B10H -7,7- (PMe,Ph) ,-7-PtB,,H 11] and [ 4- ( 2’-B1,H 13) - 
7,7-(PMe2Ph),-7-PtB,,H,,] and so they were tentatively 
identified as three further isomers of [(B,,H,,) (PMe,Ph),- 
(PtBloHl,)] as discussed in the text; their combined yieId 
(as a yellow powder from CH,Cl,-light petroleum) was 0.129 
g (1.17 mmol, 35%). 

X-Ray  Diffraction ExPerimentss.-Cv3,staI data. (i) 
[(PMe,Ph)2(PtBl,Hl,)~, Cl,H34B,,P,Pt, M = 591.58, Mono- 
clinic, a = 1.3538(3), b = 1.5770(4), c = 1.1752(2) nm, 
p = 94.94(2)’, U = 2.4995(9) nm3, 2 = 4, D, = 1.572 Mg 
m-3, F(000) = 1 152, space group P2Jn,  Mo-K, radiation, 
A = 71.069 pm, ~(Mo-K,) = 57.78 cm-l. (ii) [(PMe,Ph),- 
(PtB1,Hll-Bl,H13)], C,,H,,B,,Pt, A2 = 71 1.78, Monoclinic, 
a = 2.5746(10), b = 0.9541(4), c = 2.7070(6) nm, f3 = 
101.07(3)”, U = 6.526(4) nm3, 2 = 8, D, = 1.449 Mg n1-3, 
F(000) = 2 800, space group 12/a,  Mo-K, radiation, A = 
71.069 pm, ,u(Mo-K,) = 44.51 cm-l. 

Measurements were made on a 
Syntex P2,  diffractometer. Cell dimensions and their 
standard deviations were obtained by least-squares treat- 

Structure determination. 

TABLE 8 
Atomic co-ordinates for [4-(2’-utido-B,,H1,)-7,7-( PMe,Ph),- 

nido-7-PtB,,Hl1] with estimated standard deviations in 
parentheses 

X 
0.365 7(4) 
0.313 4(4) 
0.304 6(4) 
0.340 6(4) 
0.366 9(4) 
0.354 6(4) 
0.230 lO(1) 
0.270 6(4) 
0.309 5(4) 
0.320 2 ( 5 )  
0.286 2(4) 
0.386 3(5) 
0.370 5(4) 
0.438 O(4) 
0.449 5(6) 
0.337 8(5 )  
0.354 2(5) 
0.419 7(5) 
0.470 2(5) 
0.445 3(5) 
0.388 6(5) 
0.171 27(8) 
0.175 21(9) 
0.126 5(3) 
0.132 2(4) 
0.097 O(4) 
0.055 3(4) 
0.050 2(4) 
0.084 7(4) 
0.127 8(4) 
0.204 6(4) 
0.180 3(5) 
0.189 2(5) 
0.103 3(3) 
0.084 O(4) 
0.028 3(5) 

0.015 l(4) 
0.070 l(4) 

-0.004 7(4) 

Y 

0.097 9(11) 
0.281 O(11) 
0.386 5( 11) 
0.264 5(13) 
0.088 6(12) 
0.172 81(3) 
0.381 5(11) 
0.363 2(12) 
0.164 O(14) 
0.090 6( 12) 
0.590 3( 13) 
0.541 S(l2) 
0.558 5( 13) 
0.673 8(14) 
0.684 3(13) 
0.692 8(12) 
0.628 9(14) 
0.719 8( 16) 
0.848 O(13) 
0.770 9(14) 
0.317 70(25) 

0.422 5(9) 
0.428 l(11) 
0.504 l(13) 
0.577 4( 12) 
0.573 4(12) 
0.497 9(12) 
0.232 4( 11) 
0.445 9(11) 

0.219 l(12) 

- 0.024 76(28) 

-0.154 l(13) 
- 0.128 5( 14) 

0.001 3(10) 
0.093 6(13) 
0.115 2( 15) 
0.041 9(16) 

-0.050 2(14) 
-0.070 l(11) 

z 
0.150 l(5) 
0.147 9(5) 
0.162 3(4) 
0.125 l(4) 
0.086 O(5) 

0.125 87(1) 
0.110 l(4) 
0.060 l(4) 
0.045 7(5) 

0.102 5 ( 5 )  

0.083 9(5) 
0.209 7(5)  
0.144 Y(4) 
0.176 6(5) 
0.228 7(5) 
0.168 7(6) 

0.116 6(5) 
0.172 7(6) 
0.210 O(5) 
0.225 4(5) 
0.157 76(8) 
0.114 15(12) 

0.063 O(4) 
0.027 4(4) 
0.043 l(5) 
0.093 2(5 )  
0.127 9(4) 
0.195 6(3) 
0.204 4(4) 
0.064 4(7) 
0.171 7(6) 

0.061 O(4) 
0.047 3(5) 
0.072 6(5) 

0.126 5(5)  

0.109 3(5) 

0.112 7(3) 

0.100 3(4) 

0.111 9(5) 
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ment of the setting angles of, for each compound, 15 
reflections with 35 < 28 < 40". For (i) intensities of all 
independent reflections with 4 < 28 < 45" were measured 
with scan speeds, depending on intensity, between 1 and 29" 
min-l. For (ii) all independent reflections with 4 < 28 < 
50" were measured with scan speeds of 4-29" niin-l. The 
structure analysis of (i) used the 3 012 reflections with 
I > 30(I), with 431 others below this threshold excluded, 
for (ii) the corresponding numbers were 4 436 and 1354.  
Lorentz, polarisation, and absorption factors were cal- 
culated, and after structure solution using Patterson and 
electron-density syntheses, full-matrix least-squares refine- 
ment with anisotropic temperature factors converged a t  
R = 0.029, R' = 0.045 for (i) and R = 0.033, R' = 0.056 
for (ii). For (i) only, the hydrogen atoms were then located 
and included in the refinement, first as fixed contributions 
and then refined, with satisfactory convergence, to R = 

0.020, R' = 0.030. Least-squares weights were derived 
from the variances a2(1) = ac2((l) + ( Q I ) 2 ,  where oC2 is 
the value from counting statistics, and the empirical factor 
was 0.02 for (i) and 0.03 for (ii). Atomic scattering factors 
were calculated from the analytical approximation and 
coefficients given in ref. 40, those for hydrogen being the 
bonded atom values.41 The atomic co-ordinates and their 
standard deviations are given in Tables 7 and 8. Vi- 
brational parameters and observed and calculated structure 
factors are in Supplementary Publication No. S U P  23135 
(53 PP4* 
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