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Abstract

mmmmmﬁmm«hm-zwﬁbmmmmdh H, °C, "Se, "Sa and "ZTe
NMR solution specira are reported. The reaction of either 1,1-bis(chlorodi yiMe (1) with the chalcogenide Li,E
(E=0, S, Se, Te) or 1,Y-bis(dimethylstannylferrocene (2) with the chelcogen E(E =0, S.Sc.‘l'e)uweﬂ-b-—d'cunp
into the tin—tin bond of 1,1,2.2-tetramethyl-1,2-distanna-[?]ferrocenophaze (3) all give the 13
[3Merrocenophane, Fe(CsH,SaMe,),E (E=0 @), S (5), Sc (6) ad Te (7)), in reasonable yndrh(>50§) The X-my stroctore
determinations of 6 and 7 indicate that the size of the chalcogea has a decisive influence upoa the geometry of the smmdwich realety.
Thus, the cyclopentadieny! rings are both bent away from the SnESn bridge in 6 (@ = 3.4°) and 7 (@ = 4.3°). The rings adopt a neasly
sugguedomformonmd:selemmcomplex‘(mstmgler 27.5°) but =e almost eclipsed in the two crystaliographically

jecules of the i d, TA (v=4.8°) and TB (7= 4.4°).

.
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1. Introdaction e . @—Hﬁﬂ
st

Among the [3}ferrocenophanes containing heteroele- .
ments in the miatomic bridge [1], a series of 1,3-dichal-
cogena-2-stanna-{3}ferrocenophanes (with the chalco- ! GLE e/
gens directly attached to the ring) has been obtained [2]). 8 /
Recently, 1,V-bis(chiorodimethylstannyl)ferrocens (1)
and 1,I-bis(dimethylstanny))ferrocene (2) have been s,
uscd or the syothcss of 1.24[ﬁsium-[21- (®and 123- e PRRCHEY
tristanna-{3}ferrocenophane {3} All three ferrocene -' .
derivatives 1-3 appeared to be promising candidates for &
the formation of 1,3-distanna-2-chalcogena{3lferro- had

. The present work describes the synthesis of ’z

the new [3]ferrocenophanes, Fe(C,;H SaMe, ),E (E =0
(4), S (5), Se (6) and Te (7)), which were chaeacterised @‘“"z
by multinuclear magnetic resonance measurements. The R l
molecular structures of both the selenium and the tel- @AH.!

— Scheme 1. Systhetic routes to the 1,3-distanna-2-chol-ogema-{3fcmo-
° Comesponding authors. cenophancs 4-7.
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Table 1

Data refevant to the single crystal X-ray structure analyses of 6 and 7

Parameter 6 7

Crysial data

Formula; M, C4HyFeSeSn,; 560.5 C,H,oFeTeSn,; 609.1

Crystal habit Platelet Irregular

Dimeasioas (mm’) 0.45 X 0.30 X 0.08 0.30 X 0.25 X 0.20

Crystal system; space group Triclinic; P1 Triclinic; P1

Usat cell diseensions

a, b, c(A) 6.602(2), 8.990(2), 15.427(3) 9.707(2), 13.60%2), 15.160(2)
@, B, vy (deg) 92.61(3), 91.21(3), 107.7%3) 64.49(2), 88.9%2), 77.47(2)
V(&) Z; F(000) 870.3(4); 2; 528 1758.0(5); 4; 1128

D (gem™) 2,139 2301

Absrption coefficient (mm ') 5.744 5.243

Diffractometer
Temperature (K); scan mods; range (deg)
reflections

Siemens P4, MoKa: A = 71.073 pm, graphite monochromator

296; ;2.0 <23 <550

173; ;20 <23 <550

No. of measured 4757 9093
Indep. reflections (im. R) 3781 (0.0436) 7728 (0.0237)
No. of chserved reflections (limit) 3357 (F > 300(F) 7270 (F > 2.00(F)

jom Comection Semi-empirical (yescans) Semi-empirical ( y-scans)
Min. /max. transmission 02614 /0.6492 0.2350,/0.2971
Solution Direct methads (program SHELXTL-PLUS)
Refinemens
No. of refined parameters 164 326
Final R; wR 0.0477; 0.0463 0.0282; 0.0230
Weighting scheme w™' a*(F) a*(F)
Residusl electron density (¢ A ) 146/ - 139 1.10/ - 0.96
Table 2
Selected bond distances (pm) and angles (deg) for compounds 6 and 7
Fe(C,H,SuMe, ),Se & Fe(C;H,SoMe,),Te * 7

TA ™

Se{1)-Se 252.6(1) Sn{t)-Te(1) 273.6(1) Sn(3)-Te(2) 272.6(1)
Sa(2)-Se 253.5(1) Sn{2)-Te(1) 273.6(1) Sn{4)-Te(2) 273.41)
Sa(1)-0(1) 2109(7) Sn(1)-C(1) 210.9(4) Sn(3)-0(15) 211.44)
So{1)-0(11) 213.9(9) Sn(1)-c(11) 214.1(5) Sn(3)-(25) 212.9(6)
So{1)-0(12) 213.3(11) sn(1)-C(12) 213.2(8) Sn(3)-0(26) 213.9(5)
Su(2)-C(6) 211.9(6) Sa2)-C(6) 212.44) Sn(4)-0(20) 212.2(4)
Sa(2)~C(13) 2139011 Sn(2)-C(13) 213.2(7) Sn{4)-027 213.0(7)
Sa(2)}-CX(14) 211.2(12) Sn(2)- (14} 213.9(6) Sn(4)-0(28) 213.6(6)
Fe—center(1-5) 165.4 Fe(1)—center(1-5) 1655 Fe(2)—center(15-19) 1655
Fe-center(6-10) 1653 Fe(1)—center(6-10) 165.5 Fe(2)—center(20-24) 1654
Se—Sa{1)-C(1) 107.002) Te(1)-Sn(1-C(1) 109.9(1) Te(2)-Sn(3)-C(15) 109.8(1)
Se-Sa{1)-C(11) 104.5(2) Te(1)-Sn(1)-CX11) 106.6(2) Te(2)-Sn(3)-C(25) 11L.7Q)
Se-Sa(1)-C(12) 111.8G) Te(1)-So{D-C(12) 110.0(1) Te(2)-Sn{3)-C(26) 106.6(2)
o(1)-Sa(1)-C(11) 110.4(0) C(1)-Sn{1)-C(11) 110.0(2) (15)-Sn(3)-C(25) 109.8(2)
C(1)-8a(1)-C(12) 109.1(3) Q(1)-Sn(1)-C(12) 108.8(2) C(15)-5n(3)-C(26) 107.3(2)
Cc(11)-Sa(1)-C(12) 114.14) (11)-5a(1)—C(12) 111.403) C(25)-Sn{3)-C(26) 111.42)
Se--Sn(2)-C(6) 115.2(2) Te(1)-5n(2)-C(6) 109.9(1) Te(2)-Sn(4)-C(20) 11.4(1)
Se~Sa(2)-C(13) 102.3(3) Te(1)-5M2)-C(13) 1HL.0(1) Te(2)-Sn(4)-C(27) 109.8(1)
Se--Sa(2)-C(14) 107.5(3) Te(1)-Sn(2)-C(14) 107.5(2) Te(2)-Sn(4)-C(28) 107.3(2)
(6)-Sa(2)-C(13) 109.1(4) C(6)-Sn(2)-C(13) 110.3(2) C(20)-Sn{4)—C(27) 107.3(2)
C(6)-$n(2)-C(i4) 108.73) C(6)-5u(2)-C(14) 106.2(2) C{20)-Sn(4)-C(28) 109.9(2)
C(13)-Sn(2)-C(14) 114.1(5) C(13)-5n(2)-C(14) 111.802) ©(27)-Sn(4)—C(28) 111.12)
Sa{1)-Se-5a(2) 101.001) Sn(1)-Te(1)-Sal(2) 925(1) Sm(3)-Te(2)-Sn(4) 91.8(1)
* The crystal of 7 wo independ: 7A and 7B.

Y
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Fig. 1. Molecular srocmre of 1,3-distasna-2-seleaa{3emo-
m(‘)

lurium compound, 6 and 7 respectively, were deter-
mined by single crystal X-ray structure analyses.

2. Results and discumion

2.1. Synthesis

Three preparative routes to the [3}errocenophanes
47 are shown in Scheme 1; all three are useful for the
synthesis of 4-7. Clean reactions are observed if 1,2-
distanna{2}ferrocenophane (3) is used as a stasting ma-
terial; in the cases of sulfur, sclenivm and tellurium,
insertion into the tin—tin bond of 3 takes place quantita-
tively. The [3lferrocenophanes 4-7 are oramge crys-
talline solids, which are soluble in benzene, toluene and
dichloromethane.

2.2. Molecular structures of the 1,3-distanna-2-chal-
cogena-[3fer ph 6and7

Data relevant to the X-ray structure determinations of
6 and 7 are given in Table 1,' and sclected bond
lengths and angies are listed in Table 2. The molecular
structures of 6 and 7 arc shown in Figs. | and 2.

The geometry of the sandwich muicty, Fe(C,H,-),,
is only slightly distorted in the [3}ferocenophancs 6 and
7. The two cyclopentadienyl rings are almost parallel,
the angle § at irom (ring center—Fe—ring center) being
177.3° in 6 and 176.6° in 7A or 176.7° in TB. The
mmcbndgclssomewhuwollgefuﬂ:ml

! Forther details of the two crystal ae
on seqaest from the Fachinft ) | <
far wi hafilich he Tk mbH, D-76344 Eggen-

cu2
&)

Y

Fig. 2 Comg of the ring AEmdTA (B is
closely similar © TA)
Table 3

'H, °C, "Se, """Sa szd 'PTe NMR dana for the ferrocenophanes
4-7 (i C,Dy)

Paramerer * 4 s [ 7

! 4.06 409 4.10 410
3 Asa'HIZ.S) 104 110 111 1na
5'H(3/4) 426 %] 421 418
“KSa'H(24)) 72 18 14 10
&' F(Saie) 037 04s Q51 a6l
1K®salH,,,) 605 584 576 566
sa) 721 712 7 7
K('sa®C(1)) 5200 5075 411 4665
3 HSeESa"C(1) 5.1 90 93 99
2{TsesaC) — — 59 —_
s102/9) 4.1 74.1 745 748
2 {2 C(2/5)) 608 618 0.5 569
83 /4) 4 09 711 ne
’J(s-“c(;/o) 479 74 458 36
8V C(SaMe) -44 =37 -34 -34
Psacy,) 4392 3o 364.1 3368
’J(s-zs-"c 34 46 42 kX!
‘J("ss-"c — — 65 —
zl('ﬁm"c ) — - - 10
3'sa 77 665 81 -1
Zj(*"SaE''Sa)  3HOM 1331 2048 2069
LK 5a"Se) — - 11330 —
'K BTe' PSn) — - — 274
87'Se — - —5490 —
8'3Te — — — ~1250.0

* J (Hz); if resolved, the coupling o *'*Sa is given.
* In CDCY, 306Hz
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Table 4
'H, B¢, T'Se, """Sn and ' Te NMR data for 1-3 and 1,1-bis(trimethylstannyl)ferrocene (8)

Parameter Fe(C;H,SniMe,Cl), 1 Fe(C H,SnMe, H), 2 Fe(C H,SnMe,), 3 Fe(C;H,SnMe;), 8[8]
5'H(2/5) 408 3.99 434 407
“H(s2'H(2.5) 9.6 9.4 9.8 10.5
&'HG/4) 4.25 4.23 4.22 4.28
7(Sa' H(3,4) - — — 56
5'H(SaMe) 055 0.26 040 029
*H(Sa'Hoy.) — — 154 —
SHH'Hy,) — 22 — —
2K(1°Sn'Hy,,) 60.9 57.9 502 56.0
&1 70.7 65.8 778 69.2
LK OSe C(1) 590.0 5154 3389 4925
2HSaPChy) — — 499 —
8%C2/5) 74.5 750 748 4.4
*HSaBC2/5) 66.9 538 44.6 51.8
81*C3/4) 720 714 69.5 712
(50 C(3 /4) 51.2 424 32.7 0.3
5"C(SnMe) —-11 -75 -82 -86
2HSu'*Cyy,) — — 742 —
'J(9SatCy,) 4156 3718 2270 357.8
&'8n 1255 -1024 —434 -4.2
LH(%Sn!'7sn) — — 5274.0 —

2 J (Hz); if resolved, the coupling to ''°Sn is given.

enyl rings being 3.4° in 6 and 4.3° in both 7A and 7B.
The ring—tin bond lies nearly in the plane of the corre-
sponding cyclopentadienyl ring in 6 (8, =1°, B,=
2.3°), whereas it is somewhat more bent out of this
plane (away from Fe) in 7A (8, =5.5°, B, = 7.5°) and
B (B, =179° B,=45°. The most significant differ-
ence between 6 and 7 lies in the conformations of the
two rings in the ferrocene moieties. Whereas the rings
are close to staggered in the selenium complex 6 (twist
angle 7= 27.5%), they are close to eclipsed in 7A (r=
4.8°) and 7B (7= 4.4°); the ideal staggered and eclipsed
conformations require 36° and 0° respectively. (For the
definition of angles a, B8, 8 and T see also Ref. [3].)
The bond distances in the SnESn bridge system
correspond to ionnal single bonds, cf [SeSnMe,],
253pm av. [4] and [TeSnMe,]l, 275pm av. [5]. The
angles at selemium (101.0(1)° in 6) and tellurium

(92.5(1)° in 7A, 91.8(1)° in 7B) are also observed in the
expected range; analogous angles are found in the
1,2,3-trichalcogena-[3]ferrocenophanes, Fe(C,H ,Se),Se
(Se-Se-Se 100.7° [6]) and Fe(C;H Te),Te (Te-Te-Te
91.6(1)° and 93.9(1)° in molecules A and B respectively
[7D); the angles at Se (100.8° av. [4]) and Te (96° av. [S])
in the six-membered rings [ESnMe, }; are quite similar.

2.3. NMR spectroscopy

NMR data of the new [3lferrocenophanes 4~7 are
given in Table 3, whereas Table 4 contains selected
NMR data of 1-3 and of 1,I'-bis(trimethylstannyl)ferro-
cene (8), and Table 5 relevant NMR data of the bis(tri-
methylstannyl)chalco%enides 9-12 for comparison. As-
signments of 'H and °C NMR signals were achieved as
described previously i11]. A typical '"H NMR spectrum

Table §

Selected NMR data of the bis(trimethylstannyl) 2 9-12. in C,D, solusion

Parameer (Me,Sn),0 29} (Me;Sn); S 10[10] {Me;Sn),Se 11{10) (Me,Sa),Te 12 [10]
&5C(SnMe) -19 ~2.5 -23 -34
LH(M9Sa3C,,) 394.3 353.7 337.8 3164
* {SnESn'’C,,.) nm.* 5.5 — —

2 J("SeSn”CH,) — — 64 —_
5'%sa 124.1 87.1 27 -68.2
2J(*1°Sn'5m) 3473 2158 2327 2268
'J('198n"7Se) — —_ 1087.0 —
'J( 5 Te!*Sn) — — — 2817.0
57'Se — — —549.9 —
5125Te _ — — —-1232.1

n.m. = not measured.
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Fig. 3. 250MHz 'H NMR spectrum of 6 showing ''”/""%Sn satellites
as marked.

is shown in Fig. 3. Reaction mixtures are readily ana-
lyzed by '>C NMR spectroscopy as shown in Fig. 4 for
a mixture of 3 and 4. Mutual assiénmem of 'H and C
NMR signals follows from 2D “C/'H heteronuclear
shift comrelations as shown in Figs. 5 and 6, together
with the information on relative signs of coupling con-
stants J(In/llqsn,ljc) and J(l”/“’sD,IH).

The NMR data set for the new [3}ferrocenophanes
4-7 is in full accordance wiiih the proposed structure.
The regular changes in both 8''?Sn values and coupling
constants 'J('°Sn,C,, ) (parallel to those in the series
9-12 in Table 5) as well as 'J(*'°Sn,'*C(1)) indicate
that the ferrocenophane structure does not enforce any
particular strain on the Me, Sn—E-SaMe, moiety, as is
confirmed by the structural parameters for 6 and 7.

A linear relationship between the bond angle Me—
Sn—Me () and the coupling constant |'J('"*Sn,*C,, )}
has been proposed [13]: |'J| = 11.4¢ — 875. This corre-
lation does mot hold for compounds 6 with ['J]=
364.1Hz and ¢ = 114.1° (P s = 108.7°) and 7 with
I'J1=3368Hz and ¢=111.4° (¢, =1063°. An

i e

C(2.5% 3
3
<)
i i
€@ ‘C(J.‘)
. 4 {4
| 1
}I )y
i N
. l oy |
o efe v P LI
o A A l[ ' Ny i J,LJ

|

s 8 w® a7 n
Fig. 4. 125.8MHz >C{'H} NMR spectrum of a reaction mixture of 3
and 4, recorded by using the reformed INEPT pulse sequence [12]
based on >*J(3C,'H). The """/!'"Sa satellites are marked by aster-
isks. Ferrocene (1) is present as an impurity.

s C3a)

i

— LA

By i

|
W

Pan

8¢
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correlation of 7 showing the C(2,9) and “((3,4) resomances with
m_m m&s to I(ll‘l/ll?su.llc) ad l‘l"/ll’?sn’lmm
tilt of the cross-peaks indicates alike siges of the cospling constants.

n n L}

additional relationship between ¢ aad I”J(""*Sa. Hy, )
has also been proposed [I13F $=00161 Fri’—
1.321%7] + 133.4. The calculated values ¢, = 111.0°
(6) and Py = 110.3° (7) also differ somewhat from
the experimental values of 114.1° (6) and 111.4° (7).
Geminal coupling constants >/(*'*SaE'""Sa) depend
mainly on the bond angle So-E-Sn and on the pature
of E. In order to discuss these data, the knowledge of
the sign of 2J is required. In the cases of E = § [14,10}

H(2.5)

H4)

T2 o 3 4
Fig. 6. Contour plot of the 62.9MHz 2D °C/'H heterommciear shift

correlation of 7 showing the (1) resomance with cross-peaks
acconding to *J(""7/ 1195, 12 0(1)) without il for ' HH(2,5) cross-peaks
and with a small positive Gt for 'H{(3,4) {comesponding to alike
signs of 3 (1771980 130(1)) 2nd S j17/19gn 11H(3 4)).
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Se [10] and Te [10], a negative sign of “J(Sn,Sn) has
been experimentally determined. In the case of E=0, a
positive sign was proposed for R ;Sa—0-SoR,, inched-
ing derivatives with a linear Sn—O—Sn amangement
fISL This is in agmemmt with the observed solvent
dependence of *J(Sn.Sn) in stanmoxanes [9], where
smaller valses */(Sn,Sa) indicate a more acute bond
angle Sn—O-Sn. However, a change of the sign of
2 /(S2,Sn) in the fragment Sn—E—-Sn was not considered
in the discussion of the relationship between *J(Sn,Sn)
zad the bond angle Sn—E-Sn [16].

The magnitudes of the coupling constants

27(1*°Sn,'7Sn) for 4-7 are similar to those for 9-12
(TableS) In the case of 4, the solvent dependence of
2 J(Sn,Sn) is analogous to 9. Therefore, 2 positive sign

of 2XSn,Sn) is proposed for 4, although the coupling
constants *J(Sn,Sn) arc negative in 5-7.

3. Experimentzal section
3.1. General comments

All compounds were routinely handled under an
atmosphere of Ar, and solveats were carefully dried and
freshly distilled before use. Chromatography was car-
ried out using columns (diameter 2—3 cm, length 30 cm)
filled with degassed and Ar-samwated silica (Merck,
Kieselgel 60, 60—200 mesh). The starting co
1,V-bis{chlorodimethylstannyl)ferrocene (1) [3], 1,1-
bis(dimethylstannylferrocene (2) {31 and 1,2-tetra-
methyl-1,2-distanna-{2ferrocenophane (3) [3], were pre-
pared following literature procedures. Melting points:
Buichi 510. EI (70eV) mass spectra: Finnigan MAT
8500. The most intense peak of the
mass pattern is listed. NMR specua.wmﬁll'.ﬂuc 95n
NMR: Bruker ARX 250, recorded for diluted solutions
(ca 5-10%) in Smm tubes at 25 + 1°C if not men-
tioned otherwise. Chemical shifts are given with respect
o Me,Si [6'H(C,D;H) 7.15; 8"”C(C,D,) 128.0],
Me,Sa [ Z('**Sn) = 37.290665 MHz], Me, Se [ (7" Se)
= 19.071523 MHz] and Me,Te [E(*°Te) =
31.5497 MHz].

3.2. 1,3-Bis(dimethyl.
cenophanes 4-7

)-2-chal [3]ferro-

3.2.1. From 1 and Li, E (E = O,5.5¢,Te); general pro-
cedure

A solution of 0.25 g (0.45 mmol) of 1 in 10ml of thf
is added to 0.45mmol Li,E in 10ml of thf, and the
unxnne:ssunedforZh.Thsolvansmovedm
vacuo and the residue is dissolved in bexane. Insoluble
matezial is filtered off and the bexane solution is brought
to dryness.

3.2.1.1. 1,3-Bis(dimethylstanna)-2-oxa-[3]ferro-
cenophane (4). Complex 4 was purified by sublimation
to a cooling finger (15°C) w give 0.21 g (94.2%) of an
orange crystalline solid (mp. 74°C). EI MS: m/e (%
rel. intensity) =498 (80) [M*]; 483 (20) [M*— Me];
468 (100) [M* — 2Mek: 334 (30) [M* — SuMe,O]; 304
(23) [Fc(CSH4)zsn+]-

3.2.1.2. 1,3-Bis(dimetkyistanna)-2-thia-[3]ferro-
cenophane (5). Complex 5 was purified by chromato-
graphy on silica (using dichloromethane for clution) to
give 0.19g (82%) of 5 as an orange crystalline solid
(mp. 75°C). EI MS: m/e (% rel. intensity) = 514
(100) [M*]; 499 (47) [M* — Me]; 484 (66) [M* — 2Me};
334 (44) [M* — SnMe,S]; 304 (60) [Fe(C,H,),Sn*].

3.2.1.3. 1,3-Bis(dimethyl. )-2-sel [3lferro-
cenophane (6). Complex 6 was purified by chromato-
graphy on silica (uﬂng dichloromethane—hexane (1 /1)
for elution) to give 022g (85%) of 6 as an orange
aystalline solid (mp. 85°C). EI MS: m/e (% rel
intensity) = 560 (100) [M*1]; 545 (24) [M* — Mc}; 530
(22) [M* — 2Mc]; 515 (20) [M*— 3Me}; 334 (12) [(M*
— SnMe, Se]; 304 (22) [Fe(C,H,),Sn"].

3.2.1.4. 1,3-Bisldimethylstannna)-2-tellura-[3]ferro-
cenophane (7). Complex 7 was parified by chromato-
graphy on silica (using dlrhkxomelhane—heune /4
for elution) to give 0.08¢g (28%) of 7 as an orange
aystalline solid (mp. 90°C). EI MS: m/e (% rel.
inteasity) = 610 (80) [M*}; 595 (70) [M*— Me]; 580
(40) [M* — 2Me]; 334 (84) [M* — SoMe, Te); 304 (100)
[Fe(C,H,),Sn"].

3.2.2. From 2 and elemental chalcogen; general proce-
dure

A toluene solution (20ml) of 0.1 g (0.21 mmol) of 2
is prepared and excess chalcogen is added in one por-
tion. The mixture is beated to reflux for 12h. Toluene is
removed and the residue is dissolved in hexane. After
filtration the hexane is evaporated to give the [3}femo-
cenophanes 4-7 in yields up to 90%.

3.2.3. From 3 and elemental chalcogen

In } o the i described in Section
322.thcreacuonof01g(021mmol)of3m 10ml of
toluene in the presence of excess sulfur, seleaium or
tellurium affords 0.1 g of 5 (91%), 0.11 g 6 (93.5%) and
0.10g 7 (79%) respectively.

3.2.3.1. 1,3-Bis(dimethylstanna)-2-oxa-[3lferro-
h (4). Method I: a solution of 0.1¢g
(0.21 mmol) of 3 in 10ml of toluenc was stirved in the
presence of air for 12h, Yield: 0.03 g (29%) 4.
Method 2: a solution of 0.1g (0.21 mmol) of 3 in
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10ml of thf was stirred in the presence of 5mol%
NaOEt under air. Yield: 0.04 g (38%) 4.
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