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Summary

The interaction between [n]-ferrocenophanes (n = 4, 5) and acryloyl chlo-
ride yields [3](1,1')[n1(3,3")- and [3](1,1")[r](3,2")-ferrocenophane-6-ones.
The structure of [3](1,1')[41(3,2")-ferrocenophane-6-one has been determined
by an X-ray analysis.

The synthesis of two-bridged [3][4]- and [3][5]-ferrocenophane-6-ones was
carried out using the Turbitt and Watts reaction [1,2] in which a three-mem-
bered bridge was intraduced in a single step by interaction between ferrocene
or its derivatives and acryloyl chloride in the presence of AlCl; in CH,Cl; at
—78°C. Turbitt and Watts also suggested the use of their method to introduce a
second bridge into [3]-ferrocenophane, and by conducting the reaction at 0°C
they isolated [3](1,1')[3](3,3")-ferrocenophane-6-one (Ia, n = 3) with a 12% yield
[2]. We have repeated this reaction at —7 8°C and isolated Ia with a 84% yield.

Using this reaction for the synthesis of [3][4]-ferrocenophane-6-one from
[4]-ferrocenophane, we obtained two bridged products, one with melting point
of 84—86°C and the other with a melting point of 125—126°C, their yields
being 12 and 11%, respectively. Theoretically, the formation of four two-
bridged products should occur: [3](1,1')[4]1(3,3')-ferrocenophane-6-one (Ib,

n = 4), [3](1,1")[4](2,2")-ferrocenophane-6-one (IIb, n = 4), [3](1,1')[4]1(3,2')-
ferrocenophane-6-one (Ilb, n = 4), and [31(1,1")[41(2,3")ferrocenophane-
6-one (IVb, n = 4). Taking into consideration the result obtained by Turbitt
and Watts, who obtained the [3](1,1')[3]1(3,3')-isomer, it could be assumed
that one of the products also had the [3](1,1')[4](8,3") structure. Indeed, we
identified the product with a melting point of 84—86°C as Ib, as all its spectral
characteristics (see Table 1) were found to be identical with those of the -
ketone described previously by two groups of investigators [3—5]. '

However, as far as the other two-bridged product is concerned, ascribing a
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particular structure to it was difficult due to the fact that different authors
attributed different structures to the isomer with a melting point of 125—
126°C. Hisatome et al. [4] attributed to this compound the [3](1,1')[4](3,2)-
structure, while Brown et al. [5] assumed it to be the [3](1,1')[4](2,2')-isomer.
Because of this discrepancy and the impossibility of unambiguously deter-
mining its structure from spectral data we have subjected the isomer mentioned
to an X-ray analysis.
By this study we have established that IIIb is [3]-(1,1')[4](3,2")-ferrocenc-
phane-6-one. The structure of IIIb with bond lengths is shown in Fig. 1 and
bond angles are listed in Table 1.
An interesting feature of IIIb is the presence of three- and four-membered
bridges, and as expected, the three-membered bridge exerts a stronger pulling-
together effect on the Cp rings linked by it than does the four-membered
bridge (the geometry of ferrocenophane with short bridges (n = 2—4) has been
treated in detail eariier [6]. This effect disturbs the parallelism of the Cp
ligands (dihedral angle of 12.2°) and the equality of the Fe—C(Cp) bond
lengths: the distances of 1.955(3) and 2.008(3) A from Fe to C(1) and C(1'),
i.e. to the atoms linked by a three-membered —CH,CH,C(O)— bridge, are sub-
stantially shorter than those to the unbridged S-atoms C(4) and C(4’) (2.061(3)
and 2.066(3) A). The difference in the pulling-together effect of the three- and

TABLE 1

BOND ANGLES (DEGREES)

Angle Angle Angle

C(2)C(1)C(5) 106.8(3) c(2caHes') 106.7(3) 0C(6)C(1) 121.7(3}
C(2)C(1)C(6) 124.5(3) C(2')C(1")C(8) 129.6(3) oCc(6Xc(7) 121.2(3)
C(5)C(1)C(6) 124.8(3) c(5")c(1')C(8) 123.6(3) C(1)C(6)YC(T) 117.1(3)
CC(2)C(3) 109.3(3) c(’)yc2hHcs’) 107.5(3) €C(6)C(7)C(8) 115.4(3)
C(2)C(3)C(4) 106.7(3) c(1)C(2H)Cc@2) 126.9(2) c(1’yc(8)c(n) 116.8(3)
C(2)C(3)C(9) 125.4(3) C(3)C(2")C(12) 125.6(3) C(3)C(9)C(10) 115.9(3)
C(4)C(3)C(9) 127.9(3) C(2Hc(3)Hci) 109.0(3) C(9)C(10)C(11) 119.3(3)
C{3)C(4)C(5) 109.0(3) C(3")C(4)C(5") 107.5(3) C(10)C(11)C(12) 118.6(3)
C(1)C(5)C(4) 108.1(3) c)ces'H)cE") 109.2(3) c(2)c@2)c(11) - 116.8(3)
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Fig. 1. The structure of compoun-i IIIb.

four-membered bridges in IIIb is illustrated by deviations of the C atoms linked
with the Cp-ring from the mean planes of the latter: C(6) and C(8) deviate
0.495 and 0.085 A&, respectively, and C(9) and C(12) by 0.101 and 0.044 A
towards the Fe atom. The mutual orientation of the Cp rings is intermediate
between eclipsed and staggered and one ring is rotated relative to the other by
the angle v = 27°. The geometry of the ferrocene moiety is characterized by
average Fe—C and C—C bond lengths of 2.032(3) and 1.431(5) X, respectively,
which are close to those found in cther ferrocenophanes [6,7] and ferrocene
[8]. The bond lengths in the bridging groups, C(bridge)—C(Cp) 1.506(4) &,
C(bridge)—C(bridge) 1.536(4) A, C(6)—C(Cp) 1.473(4) &, and C(6)=0 1.222(4) A
are close to the standard values [9] for C(sp3®)—C(sp?) 1.504, C(sp*)—C(sp?)
1.584, C(sp?)—C(sp?) 1.474, and C(sp?)=C 1.215 A.

The presence of two bridges in IIIb leads to the formation of a 12-membered
cycle with the C(1), C(6), C(8), C(8), C(9), C(11), and C(12) atoms lying in the
same plane (the maximum deviation from the mean plane of these seven atoms
are —0.15 and 0.15 A for C(6) and C(8), respectively) and with C(2), C(7) and
C(10) at distances of —0.59, —0.78, and —0.85 A on one side of this plane and
with C(1) and C(2) at distances of 1.16 and 1.20 A on the other side. The tor-
sion angles characterizing the conformation of the 12-membered macrocycle
are as follows: C(1)C(2)C(3)C(9), 175; C(T)C(6)C(1)C(2), 10; C(2)C(3)C(9)-
C(10), —21; C(6)C(1)C(2)C(8), —156; C(3)C( N)C(10)C(11), —76; C(10)C(11)-
C(12)C(2"), —82; C(9)C(10)C(11)C(12), 81; C(}1)C(12)C(2')C(1"), 150; C(1')-
C(8)C(T)C(B), —32; C(12)C(2")C(1)C(8), —2; C(8)C(T)C(6)C(1), 77; C(2')-
C(1')C(8)C(T), —94°.

Having established the structure of the products of the reaction between
[4]-ferrocenophane and acryloyl chloride, we used the above method to intro-
duce a second bridge into [5]-ferrocenophane.

This time too, two doubly bridged products with melting points of 149—
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151°C and 104—105°C were isolated in a 1 : 6 ratio. The isomer with the
melting point of 104—105°C is described in the literature and its structure was
determined as being [3](1,1')[5](3,3’) [5]. Bearing this fact in mind, and
taking into account the results of introducing a second bridge into [3]- and
[4]-ferrocenophanes, we believe that the product with the melting point of
104—105°C has a [3](1,1")[5](3,3") structure (Ic, n = 5), while the product
with the melting point of 149—151°C seems to be a [3](1,1')[5](3,2") isomer
(IIic, n = b).

The properties of all the compounds synthesized are summarized in Table 2
which also lists the values of v(C=0) taken from the literature. As can be seen
from Table 2, the IR spectra have a v(C=0) band at 1648—1680 cm™! and the
tabulated data also show that there is no clearly defined correlation between a
v(C=0) value and the structure, although attempts to establish such a correla-
tion have been made earlier [4]. Other spectral characteristics do not provide
any unambiguous data as to the structure of these compounds.

The mass spectra of all compounds have peaks corresponding to the M™* and
(M — CO)" ions, and others. In the PMR spectra one can see two groups of
complex multiplets in the 1.70 to 3.20 and 3.70 to 4.90 ppm regions typical of
protons of the —CH,— groups in bridges and C;H; rings, respectively.

In conclusion we should also like to note the changes in the ratios between
products of the reaction of [4]- and [5]-ferrocenophanes with acryloyl chlo-
ride. For example, the ratio of [3](1,1)[4](3,2") to [3](1,1')[4](3,3') is
1 : 1.15, while that of [3](1,1')[5](3,2) to [3](1,1")[5](3,3")is 1 : 6. As in
the case of acetylation this change seems to be due to the greater steric hin-
drance caused by the five-membered bridge compared to that caused by the
four-membered bridge [10].

Experimental

The PMR spectra were measured in CDCI; solution using a Perkin-Elmer
R 12 spectrometer (60 MHz), chemical shifts being given with respect to TMS.
The IR spectra were measured with a UR-20 spectrometer and the mass spectra
with an AEI MS-30 instrument.

The X-ray analysis was carried out using a Syntex P2, 4-circle automatic dif-
fractometer (room temperature) Ay, ; graphite monochromator; 2 < 26 < 50°,
@/20 scan; 1727 reflections with F> > 20; heavy-atom method; full-matrix least
squares refinement (anisotropic for non-hydrogen and isotropic for hydrogen
atoms); R = 0.0328, Rg = 0.0321. Crystals of IIIb are monoclinic, at 20°C a =
7.455(58), b = 19.976(9), c = 9.154(6) R, 3=107.87(4)°, V=1297(1) &>, M =
294.2,d., = 1.51 g cm™3, Z = 4, space group P2,/n. Atomic coordinates and
temperature factors are given in Table 3.

The [3]-ferrocenophane-6-one (IV) [1], [4]-ferrocenophane-7-one (V) [5],
[5]-ferrocenophane-6-,10-dione (VI) [11], and acryloyl chloride [14] used in
this work prepared by known methods. The reduction of IV, V and VI with -
NaBH,/AICl; mixture in THF [12], LiAiH,/AICl; in benzene/ether [13], and
NaBH,/AICl; in THF [12] has been described earlier. The resulting [3]-, [4]-
and [5]-ferrocenophanes were purified by chromatography on a Al,O; column,
petroleum ether being used as the eluent.



TABLE 3

ATOMIC COORDINATES MULTIPLIED BY 104 (FOR Fe BY 105, FOR 1 BY 103)

¥

Atom

X

Y

7z

Byy Baa B33 By 3 23
Fe 8678(6) 8743(2) 24481(5) 2,14(2) 2.25(2) 3,05(2) 0,27(2) 0.48(1) 0.09
0 ~177(3) 1801(1}) —1174(3) 5.0(1) 4.9(1) 3,1Q) 0,08¢%) 0.14(9) 0.44
c() —685(4) 1650(1) 1402(3) 2,6(1) 2,6(1) 3.3(1) 1,0(1) 0.4(1) 0.2(1)
C(2) 162(4) 1788(1) 3001(4) 2,5(1) 2.5(1) 3.4(1) 0,4(1) 0.6(1) ~0.4(1)
6] —443(4) 1298(1) 3B76(3) 2.4(1) 3.5(1) 3.3 0.6(1) 0.9(1) -0.2(1)
c4) ~1732(4) BG8(2) 2801(4) 2,3(1) 3.7(1) 4.1(2) ~0.0(1) 1,0(1) 0.0(2)
C(6) ~1890¢4) 1082(2) 1297(4) 2.0(1) 3,6(2) 3.6(2) 0.2(1) 0.3(1) -0.5(1)
c(1') 3289(4) 1018(1) 1062(3) 2.1(1) 3.041) 3.41) 0.7 0.8(1) 0.2(1)
c2h 3643(4) 868(1) I666(2) 2.0(1) 2.5¢1) 3.6(1) 0.4(1) 0,6(1) 0.0¢1)
c(3") 2896(4) 222(1) 3661¢4) 2.6(1) 2,6(1) 3.6(2) 0.5(1) 0.4(1) 0.4(1)
C(4") 2069(4) ~29(2) 2166(4) 3.2(1) 2,2(1) 4,5(2) 0.3(1) 0,7(1) -0.6(1)
c(s" 2328(4) 466(2) 1126(4) 3.1(2) 3.6(2) 3.3(2) 0.8(1) 0.8(1) ~0.5(1)
C(6) 94(4) 1871¢1) 186(4) 4.5(2) 2,3(1) 3.5(2) 0.9(1) 0.4(1) 0.2(1)
c(n 2063(6) 2166(2) 690(4) 4.0(2) 2,7(1) 3,5(2) 0.2(1) 1.0(0) 0.4(1)
C(8) 3688(5) 1662(2) 1212(6) 3.0(2) 4,1(2) 4.4(2) 0.4(1) 1.2(1) 1.1(1)
c(9) 2471(5) 1239(2) 5E94(4) 3.56(2) 4.6(2) 3.7(2) 0.3(1) 1,4(1) ~0.0(1)
C(10) 2141(5) 1672(2) 6395(4) 4.6(2) 4,5(2) 3.0(2) 0.2(1) 0,9(1) —0.5(1)
c(11) 3966(5) 1231(2 6345(4) 3,2(2) 4,3(2) 3.4(2) ~0,3(1) ~0,1(1) —0.3(1)
C(12) 4578(5) 1316(2) 4904(4) 2.6(2) 2,7(1) 4.0(2) —0.1(1) 0,3(1) —0.1(1)
Atom X Y Z ] b'q Y B
H(2) 102(4) 211(1) 343(3) 2.0(6) H(4) —228(4) 51(1) 306¢3) 3.8(7)-
H(bB) ~253(4) 89(1) 43(3) 3,17 H(3") 290(4) o1y 460(4) 3.8(7)
H(4') 147(4) —42(2) 194(4) 4.007) H(B') 200(4) 45(1) B8(4) 3.6(7)
H(T1) 217(4) 248(2) 146(3) 3.6(7) H(72) 236(4) 242(1) ~16(8) 3.6¢7)
H(B1) 408(4) 164(1) 33(4) 4,2(8) H(82) 479(5) 185(2) 100(4) 4,1(8)
H(91) 19(4) 76(1) 586(3) 34T H(92) —62(4) 143(2) 597(4) 4.1(8)
H(101) 212(4) 202(2) 602(3) 3.UN H(102) 223(5) 159(2) 7424) 5.0(8)
H(111) 499(5) 141(1) 716(4) 4.3(B) H(112) 386(4) 76(1) 667(3) 3.3(T)
H(121) 447(4) 176(2) 461(3) 3,6(1) 13{122) 597(3) 122(1) 517(3) 3.1(6)

Anisotropic temperature factors are given in the form T = pxp[~1/4(B110*202 + .., + 2P330%c*iD)]
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Interaction between ferrocenophanes and acryloyl chloride (general method)

A previously prepared solution of CH,=CHCOCI/AIC], in CH,Cl, was added
dropwise for 0.5 h with stirring to a solution of ferrocenophane in the same sol-
vent at —78°C with an approximate reagent ratio of 3 : 2.8 : 1. The mixture
was stirred at the same temperature for 30 h and decomposed with dilute HCI
containing SnCl, - 2 H,0O. The organic layer was separated, while the aqueous
layer was extracted with CH,Cl,. After washing and drying over Na,SO.,, the sol-
vent was evaporated and the unreacted ferrocenophane, usually in a yield of
40—50%, was removed from the residue by chromatography with petroleum
ether on an AL,O; column. The mixture of ketones remaiming in the column
was fractionated with a petroleum ether/benzene mixture, the amount of ben-
zene in the mixiure being gradually increased. The fractions eluted in this
manner were additionally separated by preparative thin layer chromatography
on AlL,O; (neutral activity grade II according to Brockman, produced by Roanal
(Hungary)) or silica gel (40/100 or 100/160 produced by Chemapol (Czecho-
slovakia) with benzene/ether = 4/1 or chloroform/ether = 8/1 eluent. Chro-
matograms revealed a number of other substances in trace amounts, whose

structures were not studied.

[3](1,1)[3](3,3') ferrocenophane-6-one. 9.2 g (0.04 mol) of [3]-ferroceno-
phane, 9.5 g (0.105 mol) of CH,=CHCOCI, and 13.3 g (0.1 mol) of AICI,
yielded 1.8 g (34%) of (1a); 4.8 g of [ 3]-ferrocenophane were recovered.

[3](1,1')[4](3,3')-and [3](1,1')[4](8,2')-ferrocenophane-6-ones. 12.2 g
(0.05 mol) of 4-ferrocenophane, 13.6 g (0.15 mol) of CH,=CHCOCI, and
17.6 g (0.13 mol) of AICI; yielded 1.4 g (12%) of Iband 1.2g 11% of IIb; 3.0 g

of [4]-ferrocenophane were recovered.

[3]1(1,1')[5](3,3")-and [3](1,1')[5](3,2')-ferrocenophane-6-ones. 8.9 g (0.35
mol) of [5]-ferrocenophane, 9.5 g (0.105 mol) of CH,=CHCOC]I. and 13.0g
(0.097 mol) of AICI; yielded 1.2 g (15.5%) of Ic and 0.2 g (2.5%) of IITb; 2.6 g
of [5]-ferrocenophane were recovered.
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