
precursor [Cp*Ir(PPh,)(S,fc)] (6 b) .[l91 In the very stable 18- 
electron complexes 6a  and 6 c  [S,fc] functions as a two-electron 
ligand. The dimeric structure of 5 has been confirmed by an 
X-ray crystal structure analysis for the selenium analogue, 

In summary, the 1,l'-ferrocenedithiolato unit [S,fc] is a ver- 
satile ligand system which may function as a two-electron (in 6a  
and 6 b), four-electron (in 5 ) ,  or six-electron donor (in 1-4) and 

[CpTIr,(Se,fc),l. 

which may act as either chelating or bridging ligand. 

Experimental Procedure 
I :  A green solution of [(Cp*CoCI,),] [9] (0.42 g, 0.80 mmol) in T H F  (20 mL) and 
an orange solution of [fc(SLi),] (0.45 g, 1.1 mmol) in T H F  (100 mL) were combined 
at -78 ' C. The color of the homogeneous mixture changed to violet. The solution 
was stirred for 3 h at room temperature. After removal of the solvent, the residue 
was separated hy column chromatography on silica gel (Merck, Kieselgel60). Elu- 
tion with pentaneiCH,CI, (1 : 2) gave 1. Recrystalliztion from CHCl,/toluene/hex- 
ane mixtures at - 25 "C gave violet microcrystals of 1 (0.15 g, 30.1 %, m.p. 248 "C). 
EI-MS(70eV): prominentpeaksatm/z(%): 943(100)[M+],808(10)[Mt - Cp*], 
636 (48) [Cp:Co,(S,fc)+], 501 (22) [Cp*Co,(S,fc)+]. 442 (42) [Cp*Co(S,fc) 'I; 
strong peaks due to the ferrocene oligomers (m/z  370 [Fc:], 554 [Fc(fc)Fc+], 738 
[Fc(fc),Fc+]) were also observed. The effective magnetic moment was found to be 
5.6 gLH a t  room temperature; it decreases with decreasing temperature to reach 3.4 pB 
a t  6 K 1201 
2. The reaction of [(Cp*RhCI,),] [15] (0.24 g, 0.38 mmol) with [fc(SLi),] (0.31 g, 
0.76 mmol) in T H F  (130 mL) was started at -78 'C and then continued for 4 h a t  
room temperature. Chromatography over silica (with CH,Cl,/hexane mixtures for 
elution) gave several bands; isolation of the first (violet) zone which follows [FcH] 
and recrystallization from hexane or pentane gave violet crystals of(2) (0.12 g, 41 %, 
m.p. 168 'C). 'H N M R  (CDCI,): 6 = 1.99 (s, C,Me,, 30H), 3.74, 4.39 (vt, fc, 
4 + 4H). EI-MS (70eV): m/z 723 (100%) [M' - HI. 
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Heteroatom-Substituted Bicyclo[ l.l.l]pentanes 
with Two Boron Atoms as 
Electron-Deficient Centers** 
Matthias Menzel, Christine Wieczorek, Sigrid Mehle, 
Jiirgen Allwohn, Heinz-Jurgen Winkler, Markus 
Unverzagt, Matthias Hofmann, Paul von Ragui: 
Schleyer, Stefan Berger, Werner Massa, and Armin 
Berndt* 
Dedicated to Professor Peter Paetzold 
on the occasion of his 60th birthday 

The dicarbapentaboranes(5) (l)''] are the only known bicy- 
clot1 . I  .l]pentane derivatives"] with boron atoms as electron- 
deficient centers. Here we report on the synthesis, X-ray crystal 
structures, and NMR data of the 2-methylene (3a) and 2-sila 
(4a) derivatives of dibora- 

addition, we computed the 
geometries and the chemi- -c, ,c- -c, - 
tuted (u) parent corn- 
pounds 2u, 3u, and 4u by 
ab initio methods to ratio- 
nalize the observed prop- 
erties of 3a  and 4a. 

hex-Sene6 can be ob- -ci 0 - -c\ Oc- 

bicyclo[l .I  .l]pentane 2. In I \& 
/B\ / \c 

cal shifts of the unsubsti- \;A \;A 

II .,"" 
1,4-Diboraspiro[2.3]- /c\c / \  

tained from methylenebo- \;A \;A 

2 
/ 

1 
/ 

'C' 
Me 

4 
/ 

3 
rane5[31 and 2-butyne at / 
-30°C. It isomerizes to 
3 a in less than one hour at 
10 "C. A plausible[41 reaction mechanism involving low energy 
intermediatesL5] is given. (The bonds marked in Scheme 1 with 
open arrows and black arrowheads are broken and formed, 
respectively). 

The X-ray crystal structureL6] of 3a  (Fig. 1 )  shows a surpris- 
ing feature: the C2-B4 distance (188.3 pm) is significantly 
shorter than the C2-BS distance (197.7 pm) even though higher 

[*I Prof. Dr. A. Berndt, Dr. M. Menzel. Dr. C. Wieczorek. Dr. S. Mehle, 
Dr. J. Allwohn, Dipl.-Chem. 
Prof. Dr. W. Massa 
Fachbereich Chemie der Universitlt 
D-35032 Marburg (Germany) 
Telefax: Int. code + (6421)2889 17 
DipLChem. M. Hofmann, Prof. Dr. P. von R. Schleyer 
Computer-Chemie-Centrum der Universitit 
Nigelsbachstrasse 25, D-91052 Erlangen (Germany) 

[**I This work was supported by the Deutsche Forschungsgemeinschaft, the Volks- 
wagen-Stiftung. the Convex Computer Corporation, and the Fonds der Che- 
mischen Industrie. 

Winkler, M. Unverzagt, Prof. Dr. S. Berger, 



COMMUNICATIONS 
Dur Me3Si 
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Fig. 1. Crystal structure of 3a. Relevant distances [pm] and angles ["I (in addition 
to Table 1): C1-B4 153.9(3), C3-B4 160.9(4), C1-B5 157.5(3), C3-B5 154.1(4), C1- 

C3-B5-C1 88.4(2), Cl-C2-C3 89.2(2), B4-Cl-C2 74.7(2), B4-C3-C2 73.7(2), B5-Cl- 
C2 78.1(2), B5-C3-C2 80.1(2); Cl-C2-C6-Sil -23.6(3), Cl-C2-C6-Si2 156.6(2) 

C2 156.4(4), C3-C2 152.9(3), C1. . .  C3 217.4(4), C2-C6 136.4(3); Cl-B4-C3 87.3(2), 

symmetry is possible. In contrast, in the I3CNMR spectrum of 
3a  signals of only one kind of duryl group were observed even 
at - 80 "C. Hence, the boron atoms are equivalent in solution 
according to NMR spectroscopy. The boron chemical shift for 

Dur 
I 

7 l a  

Dur 
3a 

1 3 - B -  

Scheme 1. Synthesis of 3 a  starting from 5 and 
proposed mechanism for the isomerization 
6 4 3a. The open arrows mark the bonds to be - 
broken in the next step, the black arrowheads 

Me the bonds that formed in the last step. 
Dur = 2.3,5,6-tetramethylphenyI. 

3 a  (6("B) = 34) is far from the usual range for 1,3-diboretanes 
7 (6("B) = 82 2L7]) but close to that of dicarbapentabo- 
rane(5) l a  (6("B) = 21). 

The MP2(fc)/6-31G* geometry['] 3u (Fig. 2), like that of 3a, 
exhibits a short (170.7 pm, C2-B4) and a long (208.1 pm, C2- 
B5) carbon-boron distance. The C,, structure 3u* with equal 
distances for C2-B4 and C2-B5 (188.4 pm) is 3.0 kcalmol-' 
higher in energy than 3 u and is the transition structure for the 
rapid exchange of the chemical environments of the boron 
atoms in 3u.['01 GIAO-MP2/tzpdz calculations[g1 (Fig. 2) gave 
boron chemical shifts of 6("B) = 6.2 (B4) and 34.9 (B5) for 3u. 
The average value, 20.6, is in accord with the experimental value 
6("B) = 34, when the effects of the different substituents are 
taken into account (compare 6("B) = 1.9 for 1u['] and 21 for 
1 a). The C=C bond in 3 u  hardly influences the strong shielding 

.--: 217.3 pm 175.4 pm 

Fig. 2. Computed geometries of Zu, 
3u, and 4u. 4u, C," 
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Table 1. Computed (Zu, 3u, 4u) and experimental distances (3a, 4a) [pm] and 
chemical shieldings of framework atoms. 

Zu (X = C2) 3u (X = C2) 3a (X = C2) 4 u  (X = Si) 4a (X = Si) 

X-B4 178.4 170.7 
X-B5 217.3 208.1 
B4-B5 190.7 193.1 
S(I3Cl.C3) 72.0 76.8 
S("B4) 10.9 6.2 

&X) -1.4 101.4 
6('-'C6) ~ 106.8 

S("B5) 40.0 34.9 

188.3(3) 
197.7 
194.9(3) 
91.7 
34 
34 

80.2 
124.2 - 

224.0 223.2(6) 
224.0 225.2(6) 
186.2 187.6(6) 
82.2 98.6 
39.2 46 
39.1 46 

-140.4 -99.6 
~ ~ 

of the boron atoms.["] The GIAO-MP2 6("B) NMR shifts of 
2u (10.9 (B4) and 40.0 (B5)) are only about 5 ppm larger than 
those of 3u. The lowest energy structure of 2u (C,), like 3u, has 
a short C2-B4 distance (178.4 pm) and a long C2-B5 distance 
(217.3 pm). The C,, symmetry form, 2u*, a transition structure 
with equal C2-B distances (201.1 pm), is 3.2 kcalmol-' higher 
in energy than 2 u. Strong hyperconjugation between the 
strained C1 -C2,C3 bonds and B4 and between the B4-C1,C3 
bonds and B5 results in the strong boron shieldings in 3 u  and 
2u. Analogous interactions of a boron atom with four neighbor- 
ing strained C-B bonds give rise to the strong boron shielding 
in dicarbapentaborane 1 (see above). This was shown by means 
of an NBO analysis" 21 involving a second-order perturbative 
estimation of donor-acceptor interactions. In addition, in 3 u 
x-electron density is transferred from the C2- C6 bond to B4, 
and there is back donation from the B4-C1,C3 bonds into the 
C2-C6 x* orbital. Analogous but weaker interactions take 
place in 2u, where C-H o and o* orbitals act as donors and 
acceptors, respectively. 

Hence, the nonclassical characteristics of 1 are not changed 
when one boron atom is replaced by an sp2 (3) or an sp3 (2) 
carbon atom. In the related 2-sila-4,5-diborabicyclo[l.l .I]- 
pentanes 4, the nonclassical character of 1 is also conserved to 
a large extent. Borataalkyne reacts with chlorodimethylsi- 
lane to give 4a, probably via intermediates 9-11 (Scheme 2). 
The crystal structure of 4a is shown in Figure 3.16] Important 
distances and the chemical shifts of the framework atoms are 
listed with those calculated for 4u  in Table 1. The experimental 
distances of 4a  differ little from those computed for 4u. The 
chemical shift of the boron atoms in 4a  (6 = 46) lies between the 
values of classical 1.3-diboretanes 7 and the nonclassical dicar- 

Fig. 3. Crystal structure of 4a. Relevant distances [pm] and angles ["I (in addition 
to Table 1): C1-B4 158.3(6), C3-B4 159.9(6), C1-B5 159.2(6), C3-BS 156.9(7), C1- 
Si2 189.4(5), c3-Si2 189.3(4), C1. ' .  C3 231.7(6), CI-B4-C3 93.4(4), C3-BS-Cl 
94.4(4), Cl-Si2-C3 75.4(2), B4-CI-Si2 78.6(3), B4-C3-S12 79.2(3), B5-CI-Si2 
80.6(3). BS-C3-Si2 80.1(3). 

bapentaboranes 1. The chemical shifts computed for 4u, 
6("B) = 39.1 and 6(29Si) = - 140.4, agree with the experimen- 
tal values of 4a (see Table l), as long as the substituent effects 
are taken into account. Note the strong shielding of the bridging 
silicon atom in 4a, 6(29Si) = - 99.6. The Si atoms in the SiMe, 
bridges in trisilabicyclo[l. 1. llpentanes 12 a, b[14] form C1 -Si-C3 
angles (79.5') comparable to those in 4a (75.4"), but the "Si 
chemical shifts of -4.9 (12a) and 31.9 (12b) differ. Therefore, 
the small angle at the Si2 atom of 4a  is not the source of the 
strong shielding." 51 No unusual chemical shifts are observed in 
bicyclo[l.l .l]pentanes, either." 'I 

The strong shielding of framework atoms in heterobicy- 
clo[ 1.1 .l]pentanes is apparently due to the presence of electron- 
deficient centers. The second-order perturbative estimation of 
donor-acceptor interactions with NBO analysis['21 revealed 
that hyperconjugation of the C-B bonds in 4u  and in l u  is 
equally strong. However, there are twice as many C-B bonds 
per boron atom in the latter. The hyperconjugation in 4u is 
significantly weaker, because Si-C bonds are not as effective as 
C-B bonds as hyperconjugative donors. 2-Sila-4,S-diborabicy- 
clo[l .I .l]pentanes 4 differ from dicarbapentaboranes(5) 1 only 
in the magnitude of the nonclassical interactions. These sila 

Me Me 0 
\sf Mes 2 Li 

\0 0 

1 //8-c=B-Mes Me,Si-C( )C-SiMe, + 2  Me,HSiCI 

Me,Si-C 
\:#Mes - 2 LiCl I 

Mes / - MeZSiH2 &Me3 8 
4a 

+ Me,HSiCI f - Licl 
- Me,SiH, + Me,HSiCI - LiCl 

Me Me Me Mes \ii/ Li@ 

Me3Si-CkB9E-SiHMe, / @  Me,Si-C: 0 
I \ 

c 

Mes I wBV'Mes c &Me3 
/ Mes 

L 11 10 
Scheme 2. Synthesis of 42. Mes = 2,4,6-trimethyIphenyl. 

9 -I 

derivatives 4 are the simplest['81 ex- 
amples of heterodicarboranes. Physical 
data for 1 a, 3a, 4a, and 6 are listed in 
Table 2. 

Experimental Procedure 
6 and 3a: 2-Butyne (0.18 g, 3.25 mmol) was added 
dropwise to a solution of 5 (1.49 g, 3.25 mmol) in 
30 mL of pentane cooled to - 78 "C. After the mixtu- 
re had warmed to - 30 "C, all volatile components 
were removed under high vacuum, and the pale yel- 
low solid 6 was dissolved in 50 mL of pentane with 
cooling. The pale yellow suspension was warmed to 
7 "C and stirred at this temperature until a clear red 
solution formed. The volatile material was removed 
under vacuum, the resulting yellow residue taken up 
in hexane a t  O T ,  and the solid that precipitated re- 
moved by filtration through a D4 frit. 3 a  crystallized 
from hexane at - 30 "C as yellow cubes. 
4a:  Chlorodimethylsilane (2.0 g, 21.2 mmol) was ad- 
ded dropwise to a solution of 8 (4.19 g, 7.07 mmol) in 
50 mL of diethyl ether cooled at -20°C. The mix- 
ture was kept at - 10 "C for 2 h and then stirred and 
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Table 2. Selected physical data for compounds 1 a, 3a. 4a, and 6. 

l a  (colorless crystals): m.p. >2OO"C. yield: 69%. - 'H NMR (500 MHz, CDCI,, 
-30°C): 6 = - 0.03 (s, 18H. SiMe,), 2.15,2.23 (each s.each 18H. o-and m-CH,), 
7.03 (S, 3H.p-H); "C NMR (125 MHz, CDCI,, -30°C): 6 = -1.3 (6C, SiMe,), 
20.4.20.9 (each 6C, 0- and m-CH,), 127.0 (2C, CB,), 131.5, 133.5, 136.4 (total of 
15C, 0-, m-,p-C). 132.4 (br., 3C, i-C); "B NMR (96 MHz, CDCI,, 25 "C): 6 = 21 
3a (yellow crystals): m.p. 62°C yield: 75%. - 'HNMR (400MHz, CDCI,, 
-40°C): 6 = 0.24 (s, 18H. SiMe,). 1.97 (s, 6H, CH,), 2.20, 2.34 (each s. total of 
24H, 0- and m-CH,), 7.15 (s, 2H,p-H); 13C NMR (125 MHz, CD,CI,, -60°C): 
6 = 3.9 (q.6C. SiMe,), 12.6 (q,2C, CH,). 19.4.19.9 (each q, 8C. 0- and m-CH,), 
80.2 (s, l C ,  'J(C, Si) = 58 Hz, CSi,), 91.7 (s, 2C, CB,), 124.2 (br.s, 1 C, =CC,). 
132.6(d,2C,p-C), 133.8,136.7(eachs.each4C,o-andm-C). 142.5(br.s,ZC,i-C); 
I'B NMR (96 MHz, pentane, 10°C): 6 = 34 
4 a  (colorless crystals): m.p. 1 6 5 T  yield: 73%. - 'H NMR (300 MHz, CDCI,, 
25 "C): 6 = 0.01 (s, 18H, SiMe,), 0.39 (s, 6H, SIMe,), 2.22 (18H. o- andp-CH,). 
6.75(s,4H.m-H),"CNMR(lOOMHz,CDCI,,25"C):6 =0.3(q,6C,SiMe3),5.0 
(4, 2C,SiMe,), 21.0(q,2C,p-CH3).23.4(q.4C,o-CH,), 98.6(s. 2C,CB2), 128.0 
(d,4C,m-C), 133.9(br.s92C,i-C), 137.6(s,ZC,p-C), 140.1 (s,4C,o-C); "BNMR 
(96 MHz. CDCI,, 25°C): 6 = 46; 29Si NMR (79 MHz, CDCI,, 25°C): 6 = - 11.0 
(s ,  2Si. SiMe,). -99.6 (s, 1 Si, SiMe,) 
6 (pale yellow solid): yield: quantitative by NMR spectroscopy. - 13C NMR 
(125 MHz, CDCI,, - 30 "C): 6 = 2.3,2.9 (each q, each 3C, SiMe,), 13.6.15.8 (each 
q,each1C,CH3),19.2(br.),19.3(br.),19.6(br.),19.8(br.),20.l(br.),20.3(each 
q. 8C, o- and m-CH,), 24.6 (s, 1 C, CSi,), 51.2 (br.s, 1 C, CB,), 130.3, 132.7 (each 
d,eachlC,p-C),  131.0, 133.0,133.3, 136.3(eachs,6C,o-andm-C), 138.1 (br.s, 
1 C, i-C). 144.0 (br.s, 2C, 0-C of Dur on three-membered ring), 155.8 (s, 1 C, 
=CC,), 164.5 (br.s, 1 C, =CB) 

warmed to 25°C for another 10 h. The volatile components were removed under 
vacuum, the residue was treated with pentane, and the the lithium chloride was 
removed with a D4 frit. The pentane soluton was concentrated and cooled to 
-20°C to yield 2.5 g of 4a as fine needles. 
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