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Abstract 

The first 1,3-dibora-2-aza-[3]ferrocenophanes (1 and 2) were obtained by cleavage of the Si-N bonds of heptamethyldisilazane 
using l,l'-bis(dibromoboryl)ferrocene and 1,1'-bis[bromo(methyl)boryl]ferrocene respectively. Reactions between 1,1'-bis[dial- 
kylamino(halogeno)boryl]ferrocenes and Li2E (E = O, S, Se, or Te) led to the first 1,3-dibora-2-chalcogena-[3]ferrocenophancs 
(3a-3d, and 4c). The X-ray structure determination of 1,3-bis(diisopropylamino)-l,3-dibora-2-selena-[3]ferrocenophane (4c) 
(monoclinic; space group, P2 Jn) reveals a staggered conformation and a slightly tilted arrangement (6.4 °) of the cyclopentadi- 
enyl rings. Thc [3]ferrocenophanes were characterized by NMR spectroscopy in solution and in thc solid state (4c: 775C CP MAS 
NMR). 
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1. I n t r o d u c t i o n  

Ferrocenophanes  are attractive compounds [1,2] es- 
sentially for two reasons. First, they are often found to 
be non-rigid systems in which the cyclopentadienyl 
rings and the bridge undergo coupled intramolecular 
movements,  as shown by tempera ture-dependent  1H 
N M R  spectroscopy [3-5]. Second, there is a continuing 
search for interactions between the metallocene iron 
atom and external heteroelements  which are part  of 
the triatomic bridge [1,5-7]. The bridge connecting the 
two cyclopentadienyl rings may consist of a great vari- 
ety of different elements, including both main group 
and transition metals [1,5,8-10]. Boron atoms in bridge 
positions are rare, although some 1,3-dichalcogena-2- 
bora-[3]ferrocenophanes,  Fe (CsH4E)2BR (R = Ph, E 
= O [11]; R = NEt2, E = S [12], Se or Te [5]; R = alkyl, 
cyclohexyl, mesityl, NiPr2 or NEt ipr ,  E = S [12]) have 
been described. However, ferrocenophanes with boron 
atoms linked directly to the cyclopentadienyl rings have 
not been prepared as yet. Such compounds are of 
additional interest since they contain two rr systems - 
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at the cyclopentadienyl ring and at the boron centres - 
which are arranged perpendicular  to each other. In the 
present work we report  synthetic routes (Scheme 1) to 
the first 1,3-dibora-[3]ferrocenophanes (1-4)  and on 
the characterization of 1,3-dibora-2-selena-[3]ferro- 
cenophane (4c) by a single-crystal X-ray structure de- 
termination. 

2. R e s u l t s  a n d  d i s c u s s i o n  

2.1. Synthesis 

1,1'-Bis(dibromoboryl)ferrocene (5)[13,14] serves as 
a convenient starting material  for the synthesis of 1,3- 
dibora-[3]ferrocenophanes, as shown in Scheme 1. 1,3- 
Dibora-2-aza-[3]ferrocenophane (1) is formed directly 
if 5 is t reated with heptamethyldisilazane. Compound 5 
is also readily converted to 1,1'-bis[bromo(methyl) 
boryl]ferrocene (6) [13], and the subsequent reaction of 
6 with heptamethyldisilazane affords 2. Aminolysis of 5 
with an excess of dimethylamine yields 1,1'-bis[bis(di- 
methylamino)boryl]ferrocene (7) [13] which exchanges 
two Me2N groups with two equivalents of BC13 to give 
1,1'-bis[chloro(dimethylamino)boryl]ferrocene (8). Re- 
actions between 8 and lithium chalcogenides Li2E (E 
= O, S, Se or Te) afford the 1,3-dibora-2-chalcogena- 
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[3]ferrocenophanes (3a-3d). Aminolysis of 5 with an 
excess of diisopropylamine leads selectively to 1,1'-bis 
[bromo(diisopropylamino)boryl]ferrocene (9), and the 
reaction of 9 with Li2Se affords the 1,3-dibora-2- 
selena-[3]ferrocenophane (4c). Crystals of 4c suitable 
for an X-ray structure determination were obtained 
from hexane solutions. 

2.2. X-ray analysis 

Table 1 contains data relevant to the X-ray structure 
determination of 4e [15]. The molecular structure of 4e 
is depicted in Fig. 1, together with selected bond 
lengths and bond angles. The surroundings of the 
boron atoms are essentially trigonal planar and the 
short bond lengths B(1)-N(1) (139.2(6) pm) and B(2)- 
N(2) (137.8(6) pm) indicate that the electron deficiency 
of the boron atoms is compensated by BN (pp)rr bond- 
ing. The bond lengths B(1)-Se (199.9(4) pm) and B(2)- 
Se (201.7(4) pm) are slightly longer than in B,B',B"-tri- 
ferrocenylboraselenine (193.8-195.1 pm) [16]. The cy- 
clopentadienyl rings adopt an exactly staggered confor- 
mation (Fig. l(b)) which is rather unusual for ferro- 
cenophanes [1-5], and they are no longer parallel but 
bent (6.4 °) towards the selenium atom. A tilted ar- 
rangement of the cyclopentadienyl rings is frequently 
observed [1], depending on the number and the nature 
of the atoms in the bridging unit. The intermediacy of 
a staggered conformation of the cyclopentadienyl rings 

Fe .~4Me 

1 6 

Me~SiBr - MezSnBr 2 

~ : ~ i _ _ B  B r 2 
F'e 

5 

. ,~ .4 HNiFrz 

- 2 HzNiprzBr 

~ _ = . N  ipr 2 
~ B r  

F'e 

-~Br 

9 

+ LizSe 

- 2 LiCI 

~ : ~ . _ _  /N ipr 2 
B\  

Fe .,,Se 

c ~ 2 ~ - - B ~ , N  ip r 2 

4c 

+ (M%Si)zNMe ( : ~ - - B ,  ")~e 
Fe ~. Fe /%4Me 

2 

E o o (30) 
= s (3b) 
: s ~  (3c) 
: Te (3d) 

• 8 HNMe 2 I ~ , - - B ( N M e 2 ) 2  
~' Fe 

- 4 HzNMezBr ~ : ; ~ B ( N M e 2 ) 2  

7 
* 2 BCl s 
- 2 MezNBCI z 

~ - ~ - N  M e2 
=~CI 

Fe 

~ C I  
8 

+ LizE 

-2 LiCI 

~ _ _ B ~ / N M e 2  

Ve  ~ 
~ B " , N M  e2 

Scheme 1. 

Table 1 
Experimental data related to the X-ray analysis of 1,3-bis(diisopro- 
pylamino)-l,3-dibora-2-selena-[3]ferrocenophane (4e) 

Formula 
Molecular mass 
Colour 
Crystal size (mm x mm x mm) 
Crystal system 
Space group 
Z 
Unit-cell dimensions 

a (pm) 
b (pm) 
c (pm) 

fl (°) 
V (m3); 
p (talc.) (gcm -3)  
Absorption coefficient (mm - l) 
Diffractometer 
Temperature 
Radiation 

20-range (°) 
scan type 
Number of reflections collected 
Number of independent reflections 
Number of observed reflections 
Number of refined parameters 
Solution 

R 
wR 
Weighting scheme 
Maximum residual electron density 

(electrons ,~ 3) 
Minimum residual electron density 

(electrons ,~-3)  

C22H36B2FeN2Se 
485.0 
Orange 
0.30 x 0.30 × 0.25 
Monoclinic 
P 2 1 / n  
4 

601.8(2) 
1227.1(2) 
3161.0(3) 
92.40(2) 

2332.3(9) 
1.381 
2.217 
Siemens P4 
296 K 
Mo K a ,  A = 71.073 pm; 
graphite monochromator 
3.0-50.0 
to 
5944 
3937 
3937 
254 
Direct methods 
(SHELXTL PLUS) 
0.094 
0.0312 
W 1 = o. 2(F) 

0.63 

- 0.67 

has been proposed [4] in order to explain dynamic 
bridge-reversal processes in 1,2,3-trichalcogena-[3]fer- 
rocenophanes. 

2.3. NMR data and structure of 4c in solution compared 
with the solid state 

The NMR data of the ferrocenophanes 1-4 ( I H ,  l i B  

and 13C NMR) in solution support the proposed struc- 
tures (Table 2). Mutual assignments of tH and tac 
resonance signals are based on two-dimensional het- 
eronuclear shift correlations. Together with IH_1H 
nuclear Overhauser effect difference spectra [17] and 
tac-13C INADEQUATE spectra [18] (Fig. 2), a com- 
plete assignment of all resonance signals was achieved. 
If the molecular structure of 4c were retained in solu- 
tion, a rather complex pattern of 1n and I3C NMR 
signals should be observed. However, at room tempera- 
ture the spectra are simple, and the only prominent 
feature is the hindered rotation about the B-N bond 
which causes non-equivalent CH and C H  3 NMR sig- 
nals (]H and 13C) of the ipr2N groups. This indicates 
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that the different surroundings of the respective ring 
carbon atoms are averaged by motion of the cyclopen- 
tadienyl rings. At a lower temperature ( -60°C) ,  the 
C(2, 5) and C(3, 4) resonance signals become broader 
(whereas all other signals stay sharp) but the slow-ex- 
change limit could not be reached. Chemical shifts 
~(778e) are a sensitive structural probe [19], at least 
qualitatively with regard to structural changes. This is 
shown by the difference between ~ ( 7 7 5 e )  of 4C at 
--40°C in solution ( +  4.3 ppm) and at room tempera- 
ture in the solid state (775e  CP MAS NMR: 6 = +41.1 
ppm) which also points towards structural changes in 
solution compared with the solid state. 

The 1, l '-bis[halogeno(dialkylamino)boryl]ferrocenes 
8 and 9 have not been reported previously. The 8(t~B) 
data for these compounds (8, 6 = 36.7 ppm; 9, ~ = 35.2 
ppm) are typical of three-coordinated boron atoms 
surrounded by CI,N,C or Br,N,C [20], and indicate that 
there are no intramolecular B - N - B  bridges. The same 
conclusion follows from the consistent set of 1H and 
13C NMR data. 

3. Experimental details 

All compounds were prepared and handled in an 
inert atmosphere (Ar) by using carefully dried glass- 

ware and solvents. Boron halides BBr 3 and BCI3, di- 
alkylamine and heptamethyldisilazane were commer- 
cial products. 1,1'-Bis(dibromoboryl)ferrocene (5) and 
1,1'-bis[bis(dimethylamino)boryl]ferrocene (7) were pre- 
pared according to literature procedures [13,14]. 

NMR spectra were measured using JEO L FX 90Q, 
Bruker AC 300 (1H, liB, 13C and l a N  NMR) and 
JEOL EX 270 (~H and 13C NMR) spectrometers. 
Chemical shifts are given with respect to Me4Si 
(8(IH(C6DsH)))  = 7.15 p p m ;  ~ ( 1 3 C ( C 6 D 6 ) ) =  128.0 
ppm) and external E t 2 0 - B F  3 (6(lXB) = 0 ppm; ~ ( l lB )  
=32.083972 MHz); neat CH3NO 2 (6(14N)= 0 ppm; 

,~.~(14 N )  = 7.226 455 MHz). 

3.1. 1,3-Dibromo-2-rnethyl-l,3-dibora-2-aza-[3]ferro- 
cenophane (1) 

A solution of 0.79 g (4.51 mmol) heptamethyldisi- 
lazane in 5 ml of toluene was added in one portion at 
- 78°C to a solution of 2.38 g (4.53 mmol) of 1,1'-bis(di- 
bromoboryl)ferrocene (5) in 100 ml of toluene. After 
stirring for 12 h, all volatile material was removed in 
vacuo. The residue was dissolved in 100 ml of hexane 
and heated to reflux for 2 h. The mixture was cooled to 
room temperature and side products were filtered off. 
The filtrate was dried in vacuo to give 1 as a brown 
solid (yield, 1.49 g (83%); melting point (m.p.), 125- 
129°C (decomposition)). 

Table 2 
Chemical shifts fi(I l B) and 
( 3 a - d  and 4c). All data for 

6(13C) (6(1H)) of the 1,3-dibora-2-aza-[3]ferrocenophanes (1 and 2) and 1,3-dibora-2-chalcogena-[3]ferrocenophanes 
solutions in C6D 6 (around 5-15%) at 25°C, if not stated otherwise 

Compound ~(I1B) ~(t3C(I) ) a 6(13C(2,5)) ~(13C(3,4) ) ~(13C(NMe) ) 6(13C(BNR2)) 
(ppm) (ppm) (ppm) (ppm) (ppm) (pore) 

1 b + 44.9 74.5 77.8 c 76.3 39.8 - 
(4.04) (4.11) (3.21) 

2 + 54.7 78.6 75.2 73.2 35.4 7.8 (BMe) 
(3.91) (4.25) (2.81) (0.82) 

3 a  + 30.6 71.3 73.7 71.3 - 39.1, 36.3 
(4.18) (4.23) (2.68), (2.83) 

3b + 41.3 75.8 75.9 72.2 - 41.3, 41.0 
(4.22) (4.26) (2.66), (2.96) 

3c + 42.3 77.0 76.3 72.2 - 41.3. 42.8 
(4.24) (4.26) (2.63), (2.96) 

3 d  + 43.8 NO d 77.1 72.1 - 41.1, 46.5 
(4.26) (4.26) (2.61), (2.92) 

4c c +41.8 78.8 76.1 f 72.2 - 52.3, 47.6 g 
(4.35) (4.28) (4.35) h, (3.48) 

The 13C(C(l)) NMR signals are readily observed at low temperatures ("quadrupolar decoupling" of liB): solutions in 
- 60oc. 
b 6Q4N), -245.0  ppm. 
c 13C_ 13 C INADEQUATE:  IJ(13C(1), 13C~2 )) = 39.7 Hz; 1J(13C~2 ), 13Co)) = 46.0 Hz. 
d NO, not observed. 
e ~(77Se ) in toluene -d 8 at -40°C:  +4.3; in the solid s ta te  at 25°C (77,Se CP MAS NMR): +41.1. 
t 13C_13 C INADEQUATE:  Ij(13C(1), 13C(2))= 39.2 Hz; 1j(13C(2), 13C(3))= 45.3 Hz. 
g ~(X3C) (6(IH)) values for Me groups: 24.3 (1.63), 22.4 (0.91) ppm. 
h Assigned by 13C-lH HETCOR. 

toluene-d s measured at 
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Fig. 1. Molecular structure of 1,3-bis(diisopropylamino)-l,3-dibora- 
2-selena-[3]ferrocenophane (4¢). (a) View showing the staggered con- 
formation of the cyclopentadienyl rings. (b) View showing the orien- 
tation of the 1,3-dibora-2-selena bridge. Selected bond lengths and 
angles are as follows: B(1)-N(1), 139.2(6) pm; B(2)-N(2), 137.8(6) 
pm, Se-B(1), 199.9(4) pm; Se-B(2), 201.7(4) pm; B(1)-C(1), 157.6(6) 
pm; B(2)-C(6), 156.8(6) pm; C(1)-B(1)-Se, 119.8(3)°; Se-B(1)-N(1), 
118.7(3)°; N(1)-B(1)-C(1), 121.4(3)°; C(6)-B(2)-Se, 116.5(3)°; Se-B- 
(2)-N(2), 118.6(3)°; N(2)-B(2)-C(6), 124.5(4)°; B(1)-Se-B(2), 
110.2(2)°; C(3)-C(2)-C(1)-B(1), 2.5°; C(8)-C(7)-C(6)-B(2), 2.4°; 
B(1)-C(1)-Fe/B(2)-C(6)-Fe, 36.0 °. 
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Fig. 2. 67.9 MHz INADEQUATE i3C NMR spectrum of 1,3-bis(di- 
isopropylamino)-l,3-dibora-2-selena-[3]ferrocenophane (4e) in C6D 6 
at 25°C: x, 1j(13C(2), 13C(1)) = 39.2 Hz; o, 1j(13C(2), 13C(3 )) = 45.3 Hz; 
*, = residual signals of 13C, I2C isotopomers. 

3.2. 1,2,3-Trimethyl-l,3-dibora-2-aza-[3]ferrocenophane 
(2) 

A solution of 0.35 g (2.00 mmol) of heptamethyldisi- 
lazane in 5 ml of toluene was added dropwise at 110°C 
to a solution of 0.79 g (2.00 mmol) of 1,1'-bis[bromo 
(methyl)boryl]ferrocene (6) in 20 ml of toluene. After 
heating for reflux for further 3 h, all volatile material 
was removed in vacuo, and 2 was isolated as a brown 
oil (yield, 0.35 g (66%); more than 95% pure according 
to 1H NMR). 

3.3. 1,3-Bis(dimethylamino)-l,3-dibora-2-thia-[3]ferro- 
cenophane (3b) 

At room temperature, 1.3 ml of a THF solution of 
Li2S (1 M) [21] were added to a solution of 0.48 g (1.32 
mmol) of 1,1'-bis[chloro(dimethylamino)boryl]ferrocene 
(8) in 5 ml of tetrahydrofuran (THF). The mixture was 
stirred for 2 h; then hexane was added and the precipi- 
tated LiCI was filtered off. Removal of the solvent gave 
3b as a yellow powder (yield 0.30 g (69%); m.p., 105- 
107°C). 

3.4. 1,3-Bis(dimethylamino)-l,3-dibora-2-selena-[3]fer- 
rocenophane (3c) 

By use of the same procedure, the reaction of 1,1'- 
bis[chloro(dimethylamino)boryl]ferrocene (8) (0.51 g, 
1.40 mmol) in 5 ml of THF and 1.4 ml of a THF 
solution of Li2Se (1 M) [21] afforded 3c (yield, 0.35 g 
(65%)) which decomposed above 75-80oc. Electron 
impact (El) mass spectroscopy (MS): (70 eV): 374 (M +, 
100%); 330 (M + -  NMe 2, 9%)]. 
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The compounds 3a and 3d were prepared in an 
analogous manner but were not isolated in the pure 
crystalline state. 

3.5. 1,3-Bis(diisopropylamino)-l,3-dibora-2-selena- 
[ 3 ] ferrocenophane (4c) 

A THF solution (0.9 ml) of Li2Se (1 M) [21] was 
slowly added to a solution of 0.51 g (0.9 mmol) of 
1,1'-bis[bromo(diisopropylamino)boryl]ferrocene (9) in 
10 ml of THF at 0°C. After stirring for 2 h at room 
temperature, the THF was removed in vacuo. Then the 
residue was taken up in hexane and LiBr was filtered 
off. Compound 4c crystallized from hexane at - 2 0 ° C  
(yield, 0.28 g (64%)); m.p., 153-154°C). E1 MS (70 eV): 
486 (M +, 100%); 386 (M ÷ -  Nipr: ,  10%)]. 

3.6. l,l'-Bis[chloro(dimethylamino)boryl]ferrocene (8) 

A solution of 1.50 g (3.93 mmol) of 1,1'-bis[bis(di- 
methylamino)boryl]ferrocene (7) in 20 ml of hexane 
was cooled to -20°C, and 8 ml of BCl3-hexane (1 M) 
were added dropwise. The solution was stirred for 2 h 
at room temperature. Then the solvent was removed in 
vacuo, whereby 8 was left as a red crystalline solid 
(yield 1.10 g (76%); m.p., 77-80°C). El MS (70 eV): 364 
(M ÷, 100%); 320 (M + -  NMe2, 7%); 44 (NMe~-, 44%)]. 
~H NMR: ~ 4.32 (H(2, 5)), 4.50 (H(3, 4)), 2.73, 2.58 
(NMe 21 ppm. ~3C NMR; ~ 76.2 (C(2, 5)), 72.8 (C(3, 4)), 
69.7 (C(1)), 40.8, 40.5 (NMe 2) ppm. 3llB NMR: 36.7 
ppm. 

3. 7. 1, l'-Bis[bromo(diisopropylamino)boryl]ferrocene (9) 

At -40°C, 2.42 g (24.0 mmol) of diisopropylamine 
were added dropwise to a solution of 1.50 g (2.85 
mmol) of 5 in 30 ml of toluene. After warming to room 
temperature and stirring for 4 h, the hydrobromide 
H2Nipr2Br was filtered off. Compound 9 crystallized 
from hexane as a red solid (yield, 1.05 g (65%); m.p., 
80-82°C). El MS (70 eV): 566 (M +, 8%), 44 (HzCMe~-, 
100%). tH NMR: 6 4.31(H(2, 5)), 4.38(H(3, 4)), 4.28, 
3.20 (NCH), 1.43, 0.90 (NCCH 3) ppm. 13C NMR: 6 
76.7 (C(2, 5)), 73.4 (C(3, 4)), 73.8(C(1)), 52.1, 47.2 
(NCH), 23.9, 22.9 (NCCH 3) ppm. 11B NMR: 6 35.2 
ppm. 
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