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The crystal and molecular structure of the polynuclear ferrocene complex
(C10HoFe)3C(C4OH7) has been explained by X-ray structure analysis using
direct methods. The space group symmetry is P1. The asymmetric part
of the unit cell contains two molecules (CioHoFe)sC(C4OH-). The polynuclear
molecules consist of three ferrocenyl groups bonded to the common carbon
atom. The fourth group bonded to the same carbon atom is a tetrahydrofu--
ran ring. Th> ring atoms of ths cyclopentadiene rings do not deviate signi-
ficantly from planarity. The angle of tilt between the least-squares planes
is betwaan 2.9° to 8.9°. Tho diffractometric intensities of 2292 independent
reflections have been used. The final R factor was 0.063.

The ferrocene molecule behaves as a typical covalent compound. The two C;H;
rings are parallel, with the metal atom lying symmetrically between them, and
the rings in a staggered formation. The molecule possesses a centre of symmetry.
There is no symmetry centre in the ferrocene groups of the complex

(CyoHgFe),C(C,0H,)

where each group is bonded through one sp? hybridized carbon atom of the cyclo-
pentadienyl ring to the sp? hybridized central carbon atom. The effect of the symmet-
ry distortion in the ferrocene group on the molecular geometry of (C,,HyFe),C(C,0H,)
was studied in details by the X-ray structure analysis.

This work gives an example of solving the crystal and molecular structure of the
centrosymmetric polynuclear ferrocene complex (C,,H,Fe),C(C,0H,) directly from
experimental data. Correct set of phases ¢, were obtained by application of a fully
automatic program written in ALGOL on a GIER computer [5].

Experimental

The red brown crystals of Cs;HssOFes have been synthesized by Drs. Benkeser and
Cunico from Purdue University, Lafayette, Indiana, U.S.A. The formula given by the
authors [13] differed only by 2.9% in content of carbon from the correct composition.
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This difference could not influence the further correct solution of the crystal structure
by X-ray methods.

The unit cell dimensions of C3gsH3ssOFe3 were obtained from X-ray precession photo-
graphs and diffractometric measurements. The triclinic unit cell has the following para-
meters:

@ = 10.943 + 0.005, b = 14.434 + 0.008, ¢ = 17.237 + 0.009 &,
« =987 -+ 0.5° B =950 4+ 0.5° y =963 + 0.5°

The space group is P1. The symmetry centre was verified from X-ray statistics. The
measured density, Dm = 1.60 + 0.02 g em—3, corresponds to four molecules of the mole-
cular weight 642.1 in the unit cell. The calculated density Dx corresponding to the formula
C3sH340Fes (M = 638.2) is 1.59 g cm~3.

For the structure analysis, the intensities of 2292 independent reflections were collected
with a Picker automatic four-circle diffractometer using MoK radiation and balanced
Zr, Y20s filters. All the intensities were corrected for background. The expression used
to derive the integrated intesities I is

I = (crp — cra) — t[(cB1 + cB2)s — (cB1 + CB2)]- (1)

Bl and B2 are the extreme positions of the scan made across the reciprocal lattice point
in experiment, cr is the total number of counts obtained by the continuous sampling
technique and ¢ is the ratio of total measurement time to that used in the background
measurement. Ci,a,s is the count obtained using a member of a balanced filter pair at
the ¢-th point.

The integrated intensities I were each reduced to structure factors (Fo)re1 on the
relative scale by use of the appropriate Lorentz and polarization factors. The absorption
corrections were not applied as the maximum error due to absorption was as much as
5 per cent in this experiment.

The corrections of intensity data for vibrational effects and for a scale factor were
computed by use of a statistical relationship between the mean intensity <{(F,)ZpD
within a limited range of sin? © values and the sum of squared atomic scattering factors
of all atoms in the unit cell

N
S f= o2
i=1

at the average value of (sin? @).

A plot of the logarithm of {(F,)%,>/oz vs. sin? O at average values of {sin®©®) within
each selected group led to a straight line graph. The B value was calculated from the
slope of the straight line (B = 3.17) and the —log k value was given as intercept when
sin2 © = 0.

The normalized structure factors E; were calculated by means of relation [1]:

B = k(Fo)i exp(B sin? 0/22) )

g2

Incorrect chemical formula caused an error of 29, in the o2 value.

Tre mean values <(EZ2), (B2 — 15, <E,> gave evidence for presence of the symmetry
centre. Consequently, only an even number of molecules is allowed to be present in
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the unit cell. Permissible molecular weights could have the following values: 1276.3,
638.2, 319.1, etc. taking into account the measured density value. This result confirmed
the presence of 12 Fe atoms in the unit cell irrespective of the molecular weight.

Application of the probability relations

Typical phase determining formulae for the space group P1 are [1—4, 6]:

S1: 89 Bos ~ sg(BZ — 1), 3)

Se: sgBs ~ 89 32 EpEy p, (4)
P

Ss: sgEs ~ sg S Ep (BZ,, — 1) (5)
P 2

where sg means ,,sign of, s represents integers hi, k1, l1; p represents another three
integers he, k2, la.

The starting set for the phase determination procedure includes the sign of origin
specifying linearly independent reflections and the assignments of signs to some other
reflections with letters a, b, ¢, ... . Each letter represents + or — as the phase g; in (2)
can be either 0° or 180°, for the centrosymmetric structure. Table 1 gives the starting
set for the phase determination of CasH3zsOFes.

Table 1

The starting set of reflections for the
phase determination of C3sH34OFes

s E, sg
32 2 3.59
612 4.54 —
201 3.02 s
4173 3.55 a
611 2.96 b
612 3.35 c
1 2.92 d

The starting set of reflections was selected with regard to the fact that they have many
relationships applicable to the » formula (4). In addition, the assignments are all asso-
ciated with large values for |E;|, giving high probabilities that the indications from
22 formula are correct. A special program in ALGOL was written for this purpose [5].
This program puts Es values in a row of decreasing Es and it calculates the number of
all triple-products of type EsEE;_jp for each E; value.

In the course of application of the starting set of 7 reflections (Table 1) for determina-
tion of new signs, an automatic program selects for each E; all contributors EyEs_p
to Y9, signs of which are known and it calculates the corresponding probability Py ()
in agreement with [1]. Only those signs are accepted where Py > Pnin (Pmin = 0.98
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in this calculation). All E; values with E; = FEmia are included in procedure. With a value
Eunin = 1.5, 273 reflections were applied in the calculation of new signs using the Y2
formula. .

The assignment of signs to four reflections with letters a, b, ¢, d (Table 1) allows 16
possible combinations of signs in the basic set of reflections as each of letters may be +
or —. Only one of these combinations represents a correct starting set of signs. Another
combination of signs is a trivial one corresponding to the signs of Patterson coefficients
with origin of the function in’ one of the symmetry centers. All possible combinations
of signs are subsequently substituted for the symbols a, b, ¢, d by the automatic program
[56] with exception of the trivial one, as the presence of a heavy atom in the symmetry
centre having influence upon all signs, can be refused. The development of new signs
on a GIER computer is automatically interrupted for a given starting set of E,;, when,
any accepted sign of a normalized structure factor with [E| > Ei is either changed into
opposite one or when the probability P, for such sign is reduced to a value Py > P(tr)
where Eir and Py(tr) are selectéd threshold values (Ei = 2.0 and P.(tr) = 0.85 or
P_(tr) = 0.15 in this calculation). After interruption, a new starting set of signs is applied:
The calculation of signs is finished when all signs of E; with > Emnin are established.
Table 2 indicates fractions of signs calculated from the starting groups of reflections
II—XVI by application of 32 till automatic interruption of computation. In two cases
(combination III ahd VI) there were more than 979, of all signs found until interruption.
The correct starting set of signs is given in the last column. The 273 correct signs in
combination X VI (Table 2) were found in iteration cycles including six steps. The
number of signs established in subsequent iteration cycles are given in Table 3.

Application, of 33 is limited to the same parity group of Es. New signs can, be developed
when a part of phases are already known.

The crystal structure analysis of C3sHasOFes proceeded by calculation of Fourier synthe-
sis D(xyz) using the normalized structure factors E; with |E| > 1.5:

D(zyz) = S h 3k S LE(hkl) cos [2n(ha + ky + l2)]. (6)

Table 2

Possible combination of signs in the basic set of reflections. The correct set of signs is
given in the last columm. The last row indicates fractions of signs calculated from the
starting groups of reflections by application of s till automatic interruption
Enin = 1.5, By = 2.0, P(tr) = 0.85. Total number of E; used: 273

I II I1IT IV Vv VI VIIVIII IX X XI XIIXIIIXIV XV XVI

a + + + + 4+ + 4+ - - - - - - - - 4
b o+ + 4+ + - - = o+ o+ o+ = = = = =
c - + + - + - — 4+ + - - 4+ 4+ - - +
d + + - - + 4+ - + - + - + - + = =

g

o

Qg

B

z3
% G5 12.2 98.9 12.2 12.2 97.8 12.2 12.2 46.1 46.1 12.2 12.2 78.6 44.3 12.2 100.0
84
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Table 3

Establishment of 273 correct signs (starting set of signs
a=+4,b= —, ¢c= +, d = —) during iteration cycles
using the probability function 32

Iteration Numberofdeveloped Fraction of signs (%)

cycle signs established in one cycle
0 7 ‘2.6
1 28 1.7
2 173 53.5.
3 216 15.9
4 221 1.9
5 268 17.3
6 271 1.1

Three sets of signs were used to calculate the D(xyz) functions. They were established
from the sign combinations III, VI, XVI of Table 2. The Fourier syntheses were cal-
culated with 268—273 coefficients. This is not enough to give complete information
on positions of all 78 atoms in, the asymmetric part of the unit cell, as it is only one reflec-
tion per one positional parameter available. However, positions of the Fe atoms should
be concerned first because of the ability of the D(zyz) function, calculated from the
correct set of signs, to distinguish positions of the heavier Fe atoms. In fact, only set
of signs developed from the combination, X VI (Table 2) gave the D(xyz) function with
six well distinguished main maxima of the same height. The set of signs from the combi-
nation IIT gave a D(zyz) function with seven main maxima. From the combination VI
a D(zyz) function resulted with six main maxima, one of them of double height. In this
way, Fourier synthesis gave another evidence on the correctness of signs developed
from the initial combination X VI. The positions of the Fe atoms are given, in Table 4.

Table 4
Preliminary positions of the Fe atoms from the D(xyz) synthesis

Atom zla y/b zlc

Fe(l) 0.060 0.460 0.345
Fe(2) 0.067 0.166 0.626
Fe(3) 0.185 0.450 0.893
Fe(4) 0.250 0.190 0.130
Fe(5) 0.345 0.825 0.165
Fe(6) 0.462 0.130 0.410

Probable signs of all structure factors Fs could be now inferred from the contribution
Fg of the heavy atoms Fe only whose positions were found (Table 4). Sim [7] calculated
the actual number of structure factors ¥ of the centrosymmetric structure having tne
same sign as F'g in term of [(o2)m/(02)L]Y/2. In the case of CssHasOFes, [(o2)m/(02)1]/2
equals 1.14. According to probability relation of Sim [7], the expected theoretical fraction
of correct signs found from the contribution of Fxu, is 779%,. This fraction is much higher
than the fraction of E; used in symbolic addition procedure (11.9%).
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Table §

Final fractional atomic parameters, and their standard deviations

Atom xz (o) y (o) z (o)
C(11) 0.2015(14) 0.4597(13) 0.2735(11)
C(21) 0.2115(15) 0.3913(13) 0.3294(11)
C(31) 0.2151(13) 0.4439(11) 0.4085(9)
C(41) 0.2123(15) 0.5398(13) 0.4020(10)
C(51) 0.2009(15) 0.5516(13) 0.3216(11)
C(61) —0.1098(12) 0.5156(10) 0.3256(9)
C(71) —0.1069(13) 0.4300(11) 0.2726(9)
C(81) —0.0921(14) 0.3553(12) 0.3207(10)
C(91) —0.0800(13) 0.3961(12) 0.3999(9)
C(101) —0.0928(13) 0.4965(12) 0.4066(9)
Fe(1) 0.0556(2) 0.4591(2) 0.3439(1)
C(12) 0.0393(15)_ 0.0237(11) 0.6377(10)
C(22) 0.0873(14) 0.0782(12) 0.7147(10)
C(32) 0.2033(15) 0.1243(12) 0.7001(9)
C(42) 0.2289(14) 0.0975(11) 0.6212(10)
C(52) 0.1247(16) 0.0374(12) 0.5835(10)
C(62) —0.1014(15) 0.1978(12) 0.5963(10)
C(72) —0.0467(15) 0.2569(12) 0.6650(10)
C(82) 0.0774(16) 0.2731(11) 0.5614(10)
C(92) 0.0664(13) 0.3082(11) 0.6444(9)
C(102) —0.0264(15) 0.2035(12) 0.5313(10)
Fe(2) 0.0692(2) 0.1620(2) 0.6259(1)
C(13) 0.2111(15) 0.3251(11) 0.8265(9)
C(23) 0.1541(14) 0.3033(11) 0.8936(9)
C(33) 0.0408(15) 0.3484(13) 0.8939(10)
C(43) 0.0320(14) 0.3978(12) 0.8255(9)
C(53) 0.1331(13) 0.3792(12) 0.7816(9)
C(63) 0.3608(16) 0.5120(14) 0.9383(10)
C(73) 0.2985(15) 0.4781(13) 0.0020(10)
C(83) 0.1852(16) 0.5224(13) 0.0044(10)
C(93) 0.1824(16) 0.5820(12) 0.9431(10)
C(103) 0.2913(15) 0.5763(12) 0.9043(9)
Fe(3) 0.1898(2) 0.4455(2) 0.8970(1)
C(10) 0.1482(13) 0.3910(11) 0.6938(9)
o(1) 0.3039(9) 0.3998(7) 0.5985(6)
C(20) 0.2883(13) 0.3844(10) 0.6774(9)
C(40) 0.3969(16) 0.4775(13) 0.5952(10)
C(50) 0.4721(18) 0.4852(16) 0.6734(12)
C(120) 0.3810(14) 0.4572(12) 0.7298(9)
C(14) 0.3909(15) 0.2945(12) 0.1454(10)
C(24) 0.3951(13) 0.2335(11) 0.2051(10)
C(34) 0.4039(14) 0.1405(11) 0.1701(9)
.(44) 0.4058(14) 0.1350(12) 0.0827(10)
C(54) 0.3963(15) 0.2331(12) 0.0713(10)
C(64) 0.1022(17, 0.0817(14) 0.0868(13)
C(74) 0.1019(16) 0.1507(14) 0.0374(11)
C(84) 0.0893(15) 0.2375(13) 0.0822(11)
C(94) 0.0842(15) 0.2240(14) 0.1619(11)
C(104) 0.0911(15) 0.1239(14) 0.1650(10)
Fe(4) 0.2460(2) 0.1841(2) 0.1236(1)

86
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Table 5 (Continued)

Atom z (o) Y (o) z (o)
C(15) 0.4886(14) 0.7945(12) 0.2413(10)
C(25) 0.5135(14) 0.7712(11) 0.1584(10)
C(35) 0.3789(16) 0.7375(13) 0.2521(11)
C(45) 0.3351(15) 0.6797(11) 0.1732(10)
C(55) 0.4197(15) 0.7079(13) 0.1193(10)
C(65) 0.3427(13) 0.9650(11) 0.1733(9)
C(75) 0.3349(15) 0.9199(12) 0.0915(10)
C(85) 0.2283(15) 0.8484(13) 0.0775(10)
C(95) 0.1666(14) 0.8544(12) 0.1476(10)
C(105) 0.2357(15) 0.9250(12) 0.2072(10)
Fo(5) 0.3441(2) 0.8219(2) 0.1674(1)
C(16) 0.4493(16) 0.0158(12) 0.3579(10)
C(26) 0.4014(13) 0.0683(12) 0.2995(9)
C(36) 0.3052(14) 0.1165(12) 0.3306(9)
C(46) 0.2856(14) 0.0916(12) 0.4080(10)
C(56) 0.3763(14) 0.0276(12) 0.4236(10)
C(66) 0.4746(16) 0.2590(13) \ 0.5003(11)
C(76) 0.4861(14) 0.3012(12) 0.4280(10)
C(86) 0.6388(15) 0.2042(14) 0.4427(11)
C(96) 0.5705(16) 0.1991(12) 0.5099(10)
C(106) 0.5893(16) 0.2664(12) 0.3937(11)
Fe(6) 0.4608(2) 0.1556(2) 0.4057(1)
C(60) 0.4287(15) 0.0546(12) 0.2121(10)
0(2) 0.4084(9) 0.9942(9) 0.8729(7)
C(80) 0.3376(15) 0.8791(13) 0.7646(10)
C(90) 0.2437(19) 0.8842(18) 0.8238(14)
C(100) 0.4320(15) 0.9651(13) 0.7899(10)
C(110) 0.2832(19) 0.9639(17) 0.8803(14)

Next Fourier synthesis was calculated from all observed structure factors F, using
weighted coefficients sg (w|Fo|). sg means the sign of the structure factor Fu calculated
from the known, positions of the Fe atoms (Table 4) and the weight w expresses the proba.-
bility that the sign of Fs is the same as that of Fiy [8]:

w= 2P, — 1 (7)

where P, is

1 1 "
Py= — o — tanh (1] [Ful/33). )

<

fi represents atomic scattering factor of a light atom with unknown position. Intro-
duction of the weighting function w improves resolution of the light atoms. The three-
-dimensional Fourier function o(xyz) calculated from the weighted coefficients wF's clearly
resolved the positions of all 72 light atoms in the asymmetric unit.

The positions of all atoms together with their anisotropic temperature factors were
refined by least squares using a block diagonal approximation and the Cruickshank’s
weighting scheme [9]. First three cycles of refinement were calculated with an assump-
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Final thermal parameters and calculated standard deviations (X 10%), according to the

Table 6
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expression for the temperature factor: exp[— 2n2(h2a*2Uy + 2hka*b*Uis + . . .)]

Atom Uj, (o) Us. (0) Uss (0) Ui, (0) Uj; (o) Uy; (o)
C(11) 129(17) 857(14) 649(9) 461(27) 177(21) 589(19)
C(21) 263(18) 604(14) 886(10) 780(27) 341(23) 465(20)
C(31) 208(17) 520(13) 258(8) —143(24) —40(19) —37(16)
C(41) 364(19) 580(13) 473(9) 139(26) 155(22) —156(17)
C(51) 225(17) 605(14) 699(10) 350(26) 594(22) 270(19)
C(61) 106(15) 256(11) 371(7) 46(21) —11(17) 250(14)
C(71) 159(15) 403(12) 402(8) 238(22) 58(18) 6(15)
C(81) 284(18) 555(13) 550(9) —6(26) 5(22) 282(18)
C(91) 199(16) 520(12) 326(8) 69(24) 124(19) 284(16)
C(101) 224(17) 419(12) 410(8) 296(24) 121(20) 178(16)
Fe(1) 226(2) 325(2) 313(1) 233(3) 173(3) 159(2)
C(12) 388(18) 304(11) 677(9) 87(25) 253(22) 371(17)
C(22) 348(17) 507(12) 464(8) 473(25) 201(21) 645(17)
C(32) 399(18) 378(12) 309(8) 69(25) 36(21) 77(16)
C(42) 290(17) 192(11) 629(9) 271(24) 12(21) 129(16)
C(52) 746(19) 291(12) 468(9) 590(27) 181(23) —75(17)
C(62) 507(19) 330(12) 516(9) 307(26) —273(22) 268(17)
C(72) 344(18) 265(12) 569(9) 155(24) —105(21) —69(16)
C(82) 691(21) 244(11) 592(9) 393(26) —202(23) 671(17)
C(92) 365(16) 323(11) 245(8) 164(23) —14(18) —10(15)
C(102) 400(19) 503(12) 493(8) 186(26) —113(21) 554(17)
Fo(2) 236(3) 291(2) 308(1) 97(4) 47(3): 126(2)
C(13) 521(19) 256(12) 221(8) 75(25) —116(20) —108(15)
C(23) 431(17) 300(11) 330(8) 80(23) 293(20) —34(15)
C(33) 299(18) 542(13) 448(9) —264(26) —88(21) 364(17)
C(43) 323(17) 489(12) 126(7) 174(24) 314(19) —17(15)
C(53) 226(17) 459(12) 290(8) 155(23) 41(19) 114(15)
C(63) 384(21) 857(15) 554(10) 83(30) 2(24) 138(19)
C(73) 352(18) 582(13) 566(9) —81(26) —311(22) —17(17)
C(83) 558(20) 599(14) 331(8) 164(28) —145(22) —443(17)
C(93) 729(22) 449(13) 385(9) 218(29) 109(23) —96(17)
C(103) 552(19) 494(12) 314(8) 71(26) —149(21) —24(16)
Fe(3) 312(3) 416(2) 252(1) 165(4) 71(3) 66(2)
C(10) 294(15) 399(11) 192(7) 144(22) 346(18) 12(14)
O(1) 114(11) 181(7) 304(5) —158(15) 181(13) —115(10)
C(20) 150(15) 223(11) 401(8) 28(21) 212(18) —177(14)
C(40) 488(21) 660(14) 452(9) 103(29) —167(23) 114(18)
C(50) 540(22) 1295(19) 658(11) —323(35) —10(26) 339(23)
C(120) 307(18) 663(13) 438(9) —464(26) —54(21) 24(17)
C(14) 435(19) 641(13) 398(8) 36(27) 351(21) 223(17)
C(24) 142(16) 182(11) 694(9) 195(23) 110(20) 46(16)
C(34) 298(17) 369(11) 413(8) —154(24) —43(20) 616(16)
C(44) 173(17) 706(13) 492(8) 229(25) 107(20) 358(17)
C(54) 354(18) 555(12) 570(9) 190(26) 469(21) 791(17)
C(64) 346(20) 668(15) 1210(13) —106(29) —321(28) 652(24)
C(74) 456(20) 743(15) 712(10) 109(30) —115(24) 493(20)
C(84) 397(18) 754(15) 723(10) 417(28) —377(22) 231(19)
C(94) 338(18) 996(16) 532(10) 328(29) 129(23) —608(20)
C(104) 358(19) 1141(16) 417(8) —230(29) 136(22) 804(21)
Fo(4) 319(3) 462(2) 412(1) 223(4) 106(3) 306(3)
88
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Table 6 (Continued)

Atom Uy, (o) Uy (0) Uss (0) U, (o) Uy (0) Ug, (0)
C(15) 353(17) 361(12) 714(9) 388(25) 61(21) 292(17)
C(25) 355(18) 350(11) 683(9) 455(25) 154(21) 129(17)
C(35) 478(20) 511(13) 688(9) 315(27) —5(23) 483(18)
C(45) 601(20) 378(11) 556(9) 390(26) 246(22) 367(16)
C(55) 358(18) 509(14) 637(9) 255(26) 211(22) 117(18)
C(65) 310(16) 232(11) 215(7) —112(22) 122(18) —98(14)
C(75) 535(19) 384(12) 318(8) 330(25) —179(21) 143(16)
C(85) 297(18) 780(14) 456(9) 254(27) —302(21) 480(18)
C(95) 298(18) 435(13) 693(9) 21(26) —93(22) 48(18)
C(105) 358(18) 268(12) 673(9) 253(25) 171(22) 243(17)
Fe(5) 294(3) 344(2) 400(1) 144(4) 101(3) 93(2)
C(16) 553(20) 378(13) 427(9) 310(26) 121(22) . 203(17)
C(26) 348(17) 401(11) 228(8) 265(24) 101(19) —4(15)
C(36) 266(16) 526(12) 307(8) 181(24) 177(19) 289(16)
C(46) 219(17) 631(14) 489(9) 108(26) 445(21) 286(18)
C(56) 316(18) 466(12) 612(9) —456(25) 176(22) 462(17)
C(66) 594(21) 492(15) 610(10) 24(30) —128(25) —282(19)
C(76) 424(17) 326(12) 560(9) —149(24) 244(21) —343(16)
C(86) 307(19) 621(15) 718(10) 219(28) —b635(23) —88(19)
C(96) 644(22) 520(13) 426(9) 350(29) —181(24) —104(18)
C(106) 551(21) 345(13) 625(9) —382(28) 171(24) —25(18)
Fe(6) 284(3) 313(2) 358(1) 155(4) 25(3) 57(2)
C(60) 480(19) 283(12) 498(9) 189(25) 19(21) 201(17)
0(2) 346(11) 185(9) 61(5) —125(16) 103(13) —227(11)
C(80) 402(19) 631(14) 520(9) —211(27) 471(23) 20(18)
C(90) 613(24) 1131(22) 1332(14) —818(38) 1217(34) —734(28)
C(100) 248(17) 469(13) 599(9) 82(25) —129(21) —79(17)
C(110) 756(25) 1170(21) 754(13) —115(39) 386(30) —439(26)

tion that all light atoms are the carbon atoms. The negative temperature coefficients
B11, Baz, Bz of two light atoms and the higher electron density at their positicns proved
the presence of the oxygen atoms. During another three cycles of refinement the relia-
bility index R = 3 ||Fo| — |Fe¢||/> |Fo| decreased to 0.063. The standard deviaticns o
for the positional parameters are 0.0002 considering the Fe atcms and 0.0009 to 0.0016
as regards the light atoms. The final positional parameters together with their standard
deviations are given in Table 5. The final thermal parameters are listed in Table 6.
The atoms in Tables 5 and 6 are labelled according to Fig. 1. The observed F, and cal-
culated F¢ structure factors are given in Table 7.

Discussion of the structure

" The asymmetric part of the unit cell contains two molecules (CyoHoFe),C(C,O0H,).
The polynuclear molecules consist of three ferrocene groups bonded to the common
carbon atom (Fig. 1). The fourth group bonded to the same carbon atom is a tetra-
hydrofuran ring.

The least-squares planes through each of the cyclopentadienyl rings are given
in Table 8. The ring atoms do not deviate significantly from planarity. The angle
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RO0O
1 10.57 16.50
2 1157 14.21
"3 6.89  6.56
4 44.53  41.55
6 88.31 78.76
7 112.87 113.53
8 68.81 60.58
E10
1 235.89 249.30
2 63.83 70.07
3 5.32  5.53
4 18.34 18.52
5 161.28 160.25
6 34.2) 32.23
7 37.30  37.95
8 32.6C 33.91
1 52.85 53.97
2 175.40 165.43
3 119.55 120.21
1 33.76 33.26
5 105.16 95.13
€ 67.79 58.4)
7 18.48 17.27
B 41.94 43.08
H20
0 33.14 36.21
1 90.36 90.24
2 98.61 10C.69
3 103.39  97.95
5 57.22 55.14
6 62.06 62.88
7 67.65 66.84
8 16.64 20.78
I 4331 5142
2 57.63  69.64
J 50.19 50.50
é 155.97 146.21
6 45.62 46.90
T 47.94 51.25
B 74.27 74.07
B3O
0 224.09 265.02
1 78.49 89.61
2 12.96 10.68
3 42.49 46.10
4 22,16 21.91
1 41.87 43.55
1 64.31 61.12
2 35.46  36.13
3 75.02  76.75
3 3110 31.46
5 36.76  32.14
6 56.47 61.43
7 138.58 142.82
8  46.71 4T.55
H40
1 98.75 96.82
2 61.92 46.10
3 24.07 22.63
3 24.41 19.68
5  63.97 61.85
€ 35.6C 34.49
7 23.19 25.71
2 101.95 97.36
3 6.l 3.16
90
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Table 7
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Observed and calculated structure factors

H G R

4931 43.45
134.62 133.92
13.91 18.03
6.34  4.92
E50
45.76  55.19
2073 21.02
15.62  17.69
9.00 5.48
44.81  49.82
40.71 4l.72
13.57  8.96
10.91 11.3C
11.80  12.43
29.12  26.88
29.53 31466
68.54  68.06
60.56  59.95
13.57 8.9
12.14 14.04
H6O0
78.36  79.90
14.80 13.92
58.99 59.31
71.40  76.61
8.52 13.81
9.07 8.12
8.32 10.64
71.81  64.17
23.66  25.58
47.40 47.14
50.81  46.47
52.99  52.97
81.36  £5.71
B70
20.60 20.86
55.58  53.31
65.40 64.60
15.14 . 14.25
63.76  56.47
16.23 17.13
96.02  94.13
129.23 130.09
39.35 43.08
9.68  5.51
HBO
36,62 36.51
16.50 17.10
41.39  40.24
27.96  30.C4
49.72  53.72
24.41 22.08
36.01  33.55
9.00 12.08
45.62  48.99
H9 0
3710 40.01
6.07 8.15
7.30  10.81
84.70 85.38
8.80  5.32
44.67 40.57
46,31 40.57
58.17  52.50
32.67  38.45

H
3

SIWINI=I R

[ RRTT. NIRRT UTSTY, K. RO N Wy S 1

O=IVIBILINII® VoWV & W N = O

[NV BIWINIHID W OV & W R = O

~o

IRl

Ikl

55.31  55.42
H 100
10.71  10.96
6.68 7.50
25.03  29.19
79.24 77.72
18.55 20.78
22,10 22.98
H1l1 0
31.57 33.95
RO1
81.09 85.18
58.44  42.44
12.48  12.¢4
19.98 17.16
45.42  44.77
8.25 9.97
15.82 14.66
63.56 58.53
9.82 14.67
337.64 338B.42
55.99 49.36
105.91 98.30
71.74 65.08
26.67 27.21

8.59 7.14
Hl1l
54422  54.45
19.44  20.77
13.50 18.31
20.05 28.98
15.00 14.73
27.21 25.9
37.78  39.72
20.73  2C.74
18.07 16.68
171.99 163.85
18.75 19.28
88.86 81.83
84.29 91.33
103.39  96.34
127.19 120.07
16.41 18.21
H21
57.49  62.37
151.60 159.31
5.93 4.20
33.08  34.89
48.56 44.84
56.33  49.%4
22.57 2z.42
22.64 25.73
78.22 77.31
62.95 57.8
106.59 91.87
41.19  36.CO
22.03 21.97
5.46 3.06
54.56  58.53
87.50 82.60
B3
11.05 16.93
164.08 182.76

DICNNS LI~ Vi B W R

~AONVIBIWINII W W N NN BRIV & W N = O DIRINSIWININ OV & W= O

NNONNAIWIMWN & W N -

15.96  14.63
2€.05 28.48
44.40 4C.59
73.86  7C.13
1lo.09 12.89
9.89 12.52
143.28 128.21
70.38  6Y.cd
27.35  33.73
33.42  36.21
43.85 45.63
6.27 6.73
23.5)  33.43
H41
3.89 6.83
31.64  36.86
90.97 77.8
65.25 72.81
26.87 23.97
40.03  41.69
56.13  60.27
23.39 22.41
20.32  22.62
56.06 54.75
170.22 145.85
18.62 20.99
47.19  48.05
T.43 8.37
BH51
25.44 23.10
86.1) 68.88
35.87  35.T2
28.71 30.74
101.27 103.85
23.39 21.38
18.62 16.32
68.33 63.84
95.82  87.51
15.96 14.88
7.7 6.45
19.78  17.19
27.82  26.44
H61
37.24 4C.16
9.48 6459
78.29 Bl.23
59.94 62.17
42.35 34.22
22.78 28.0
59.06  58.29
79.38  8G.46
20.25 19.49
7.71 6.54
10.03 9.34
25.71  29.04
HT1
24.07 10.40
61.04 60.24
98.07 96.81
25.2]  26.54
33.28  35.69
74.88  T1.86
.38 77.24
148.87 146.60
25.64  30.44
13.09 11.26
14.59 17.C3

P A

@VIBICINIFID N OV & W - O

H G IR

QI B WIS W R = C
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wvewnhN o

H81

13.71 16.14
147.85 152.54
26.67 23.50

81.29 80.21
13.03 18.21
93.36 96.79
49.85 43.C2
56.33  58.45
56.60 51.97
8.6b 9.22
H91
B.32 9.04
51.35 51.90

18.62 2C.46
58.99  54.41

14.12 17.15
34.58  33.46
40.64  35.44
77.06  74.30
16.16  17.37
H101

7.91 9.00

22.78 20.56

39.62  34.55
62.81 63.49

H1T
30.82  41.85
40.03  43.43
79.93  82.47
33.21  37.86

. 7.84  6.C8
52,10 55.58
180.93 183.31
64.31 68.54
162.10 144.09
100,32 92.42

13.03  17.92

25,80  24.64

37.64  32.18

25,16 25.08

90.77 84.95
H21

40.85 43.30
155.63 141.68
54.42 56.48
56.26 54.18
37.92 40.56
52.1C 58.28

51.35 52.14
140.42 144.75
33.a3  35.85
55.92  57.76
86.88 70.35
17.80  29.47
25.03 21.6C
6.00 6.46
10.37 7.56
H31

25.37 28.98
97.18 116.43
33.28  30.37
19.09 19.00
55.65 57.43
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H 6 [Fl

5 32,19 30.09
7 25.98 27.10
1 1937 12.16
2 23).98 236.85
3 29.80 25.74
3 18.21 17.09
g 49.03  41.74
6 44.80 40.79
7 17.59  14.77
& 170.79 67.65
H4l
1 2).05 26.40
2 30.28 32.86
3 44.60  42.99
4 12.34 17.58
6 T8.84 B4.47
7 18.07 18.62
1 167.42 167.41
2 7031 70.07
3 17.25 20.12
3 60.90 56.15
€& 12.48 11.66
7 36.28 41.64
8. 56.3) 53.54
Hs1
0 29.46 32.74
1 38.26 45.42
2 10.09 12.76
W30 1405 12,32
4 17.59 14.05
5 16.09 18.24
6 10.84 B.16
T 63.22  66.45
1 3.0 38.55
2 15.41 15.63
3 B85.45 84.55
3 28.37 25.92
5 14.32 14.38
€ 52.65 53.95
7 2c.46  23.69
B61
0 23.80 25.10
1 7.43  6.18
2 157.12 168.42
3 81.09 79.81
4 39.15 41.93
5 13.37  13.14
6 33.42  37.83
1 53.47 52.26
2 8313 80.09
3 Bl.56 T7.02
3 66.22 63.40
5 170.29 168.00
6 6.96 1.8}
7 17.12  20.15
BE71
0 40.58 36.08
1 14,73 13.77
2 48.08  50.63
3 88.18 8.97
4 53.74 53.T2
5 39.21 38.80
6 21.35 20.64
1 55.44  49.56
3 162.17 154.95
5 26.60 29.18
6 18.69 18.91

=21

VI BN & N = O
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NIRIDO NV & W N O
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25.78  26.C1
E8l
50.06  54.56
60.90 61.01
70.92  69.49
11.53  11.47
25.10 25.87
59.88  57.74
17.66  14.54
91.86 93.16
50.74  51.53
6.75  6.19
10.37  8.96
9T,
54.83  63.72
21.62 21.02
118.25 115.93
132,33 33.16
21.21  2l.e
5.93  6.41
80,88 8.15
65.20 67.88
77.88  76.97
H101
33.62  37.99
25.64 29.12
34.98  31.66
30.82  30.43
96.23  98.81
20.46  23.07
H111
9.41  7.84
12.07 15.86
47.33  49.53
HO2
77.40 B1.64
93.77  87.99
25.78  27.15
117.37 111.18
114.57  93.87
32.33  28.47
6.75  3.18
136.73 130.89
32.05 29.16
85.38 76.59
17.87  19.53
54.56 5032
172.88 161.51
39.35  37.39
7.98  6.27
90.16  87.90
.36.08 37.17
E12
25.37 20.89
202.07 201.94
45.15  43.41
16.98  17.69
42,21 41.38
7.30  5.36
39.15  41.55
45.76  46.58
59.47 62.15
192.86 167.19

Table 7 (Continued)
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Fl

o
62.40  66.04
24.21  22.93
200.36 207.52
57.97  55.63
50.67 50.84
H22
126.16 136.81
75.02  81.08
106.32 105.82
65.74 61.33
18.48  17.34
11.32  11.60
190.54 200.84
17.94  19.82
320.46 297.34
75.70  72.19
50.60  49.36
37.17  32.31
87.22  68.27
38.94 39.16
57.76  59.41
H32
18.07  25.23
146.35 160.14
18.82  1€.15
50.81  47.47
38.94  45.96
7.09  5.92
38.76  139.08
95.61 1C1.03
23.60 19.52
7.16  3.20
31.71 32.30
9.21  8.24
40.99  3B.50
6.21  6.01
20.66 20.82
Ha2
31.37 32.83
42.96  47.56
66.08  59.24
13.71  15.74
20.12  17.81
24.55  30.85
21.69  21.65
28.37  26.24
17.53  17.48
102.70 103.24
30.14  32.70
27.69 20.71
13.91  12.99
74.27  73.11
19.78  26.60
54.97 55.87
H52
17.73  17.95
45.49 46,71
50.67 41.66
87.70 B8l.12
31.17  31.74
40.51  41.67
57.15  56.06
130.66 120.50
73.45 T1.79
7€.18  T2.02
34.10 31.08
52,58  56.67
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49.37  53.15
BH62
41.80 46.68
73.99 80.75
54.69 51.03
92.95 92.75
68.95 69.89
20.39 19.58
81.97 68.93
13.16  8.03
36.28  4C.40
6.68  4.70
60.76 61.96
8.93 11.77
HT2
60.83  64.31
16.50 19.15
15.96 17.03
"37.24  36.58
42,76 41.93
31.71  31.48
69.C8 61.27
19.23 20.94
.33.08  31.20
36.08  35.62
55.79  54.79
HB?2
19.37 21.45
99.70 103.71
31.92  11.66
53.53  52.65
13.50 14.83
80.34 75.29
63.56  59.47
34.17  31.40
46,51  45.25
6.48  9.37
29.39 26.76
H92
8.87  6.44
93.84 92.13
24.69 23.62
13.09  15.33
65.33  70.16
60.35 58.64
18.34 15.23
102
61.24  60.94
8.73  5.40
24.69  25.36
12
9.96  8.92
300.47 293.04
200.16 134.58
26.39  26.49
7.16  2.64
15.28  8.42
15.14  13.83
18.75 2C.60
38.60 39.47
70.72  58.58
152.22 130.22
61.24 57.45

H 6]l

@IS
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WIS W N

7.50  6.67
70.45 61.55
273.13 260.20
21.48 20.90
16.98  19.36
H22
73.17  T2.64
58.17 14.29
8.52 1l.44
14.53 18.76
8.18 10.03
5.86  5.52
139.26 140.62
66.36 63.84
8.46  6.56
400.31 366.42
68.40 T1.7T3
8.32  9.57
60.69  58.66
19.03 18.01
43.85 44.74
13.37 1l.78
H32
78.15  95.54
136.87 125.43
14.59  13.98
42.21  39.56
46.17 42.28
34.85 26.02
13.09 10.27
T4.47 78.26
30.55 27.73
40.78  37.59 .
25.16 17.70
53.40  53.37
52.03  51.05
65.20  68.52
24,14  22.91
HaZ
37,17 42.95
24.82  23.97
50.81 56.21
27.01 29.04
73.79  T73.85
5.86 2.84
12.82 14.90
11.53  13.79
92.27 90.69
58.65 63.91
18.96 13.75
10.84 13.05
40.71  43.82
135.44 135.70
31.17  32.03
14.C5 13.88
Hs52
29.46  26.36
12,75 10.82
14.39  10.79
69.83  70.65
82.93  93.65
42.90  45.39
2B8.16 20.62
HO3
167.22 137.C6
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IR

IRl

110.75 106.25
26.32 28.46
48.28 41.46
96.98  94.97

8.05 5.89
24.35 24.23

168.79 159.86
25.98 29.45
19.57 23.75
17.19 14.01

8.05 6.16

103.86 110.50
43.58 47.32
91.79 91.15

H13

191.84 202.09
15.28  17.63
71.95 75.68
10,71 12.37
39.83  35.87
44.87 47.88
16.91 19.18
62.13 61.62

275.58 241.10
40.92  38.46
16.91  16.39
12.55 7.37
14.19  15.69
28.44 30.08
€9.88 8A.70
77.74  15.01

R23

110.82 120.64
15.57 18.53
20.46 21.83
15.28 8.84
£8.38 81.06
26.73 24.94
22.91 25.05
63.90 65.13
45.76  43.17
17.87 16.18
138.71 129.18
25.44  25.45
69.29 62.82
35.60 26.89
21.48 24,51
2z.78 25.19

H33
85.38  93.45
89.47  93.92
11.93  11.31
49.17 45.80
44.40 49.19
11.12 9.6C
1C.16 7.29
56.74 55.9
75.97 71.05
27.55 23.37
65.74  59.59
50.87 50.38
88.28 85.85
45.56 48.28

RH43
17.88  20.89
26.67 21.76

123.30 118.85
39.96 41.12
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BIIIIN

9.41

7.7
48.35
56.74
75.97
27.55
65.74
50.87
88.38

BS53

36.14
20.87
105.16
28.78
22.78
13.03
59.06
16.03
139.26
17.53
86.27
30.35
10.57

H63

47.40
29.87
18C.79
40.99
110.21
19.37
46.65
52.51
69.42
115.18
81.70
51.83
35.19

HT3

35.05
83.88
91.79
119.41
49.17
18.22
75.43
36.96
121.19
37.78
4C.58
10.78

HB8

28.44
63.97
32.12
11.32
47.40
34.58
38.46
54.49
69.08

H93

12.75
65.67
8.25
57.28
100.86

9.55

7.69
46.51
5597
71.05
23.37
59.59
50.38
85.85

35.72
19.53
98,65
28.31
20.43
13.68
51.27
14.49
126.31
18.54
86.15
25.89
13.28

43.02
28.51
190.68
39.58
109.45
19.53
38.71
51.90
T2.44
117.34
77.46
49.01
39.99

34.81
83.02
90.32
123.68
51.50
17.28
68.45
37.68
120.08
35.10
37.50
11.68

31.51
63.09
36.35
13.19
44.54
37.89
43.09
52465
68.08

9.37
61.17
8.27
53.35
95.73

Table 7 (Continued)
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IR

39.55 38.56
B 103
14.87  16.42
14.73 1291
27.07  31.22
13.03  15.37
85.04 81.06
BE13
98.68 93.44
65.47  61.17
87.31  64.69
73.04  91.97
44.46  52.83
17.67  20.94
18.89 18.73
38.67 38.91
161.83 145.38
15.41  10.97
160.26 133.22
26.05 25.12
17.25 17.49
40.64  40.71
44,05 42.84
H2]
220.62 229.71
205.41 189.00
19.71  25.14
36.35  34.17
106.32  93.63

5.25  7.38
52,78  48.64
40.78  41.17
75.36  70.69
16.84  16.42
38.74  41.97

7.4 6.33
17.59  18.22
20.19  13.70
27.69  23.79

K33

51.83  65.28
119.62 116.44

5.39  9.96
41.12  35.14
11.80  10.06
117.57 119.44
36.62  39.58
26,19 28.34
118.39 105.50
30.01 31.93
16.91  24.04
16,98  14.11
88.31 &.71
25.37 21.03
13.30  18.32
43.24 44,99

K43
44.67 42.86
77.47  80.95
93,57  85.47
28.78  26.21
56.19  57.18

6.48  8.6)
142.33 143.95
36.35  35.43
55.03 51.87
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QB IWINIHIO N & W N = IRTICTE STWTUTS T SV I VT S - Y7 STWITSTER . RV I A [NoNis I

QNI BIINIFRA W N O

VSIS W =

IRl

IRl

157.12 137.08
22,16 20.01
9.96 11.74
57.49  61.92
H53
94.86  85.87
29.26 27.73
37.78  33.13
66.42 69.93
50.53  49.29
28.03  30.24
8.80 8.44
27.48  29.34
51,69 49.96
19.50 15.25
20.39  24.22
H63
19.64 17.33
110.34 101.37
18.89  16.90
93.57 B4.96
15.62 17.58
62.67 60.55
24,07 26.14
45.08  35.82
5.18  0.64
43.24  37.65
49.72  48.94
98,41  99.35
38.05 37.46
E773
70.99  70.40
24.75 23.C4
66.97 69.16
44.53  45.16
19.91  19.42
47.19  40.40
10.30 10,10
54,15  54.32
149.96 138.97
204.86 203.49
36.76  39.20
35.05 38.34
A873
68.20  74.69
96.63  90.20
37.99  39.76
22.03  20.46
24.28 22.44
70.92 73.78
85.72 86.02
9.75  9.26
50.26 49.74
39.96  43.30
26.46  31.32
93
50.12 47.38
67.38  63.24
31.44  27.90
18.62 14.10
41.67 40.13
85.11 81.75
41.46 41.23
103
47.33  47.89
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FOTRTNTOTIN |

o=

@NNBIW - O & N = O IRV AILINHI VW & W N - O

IOV BN OV VU W - O

VAN~ OV & N~ O

fol

IRl

54.56 56.22
51.62 50.54
27.89 3.2
49.03  48.26

H1173
56.67 50.71
29.19 28.66

HO4

296.18 333.82
12.55 10.79
41.26  42.49
18.28  13.54
76,52  67.02
33.14 33.78
36.01  36.49
88.31 87.68
132.57 137.22
48.69  52.63
13.37 1121

6.00 6.08
67.38 61.42
92.61 93.33
30.42  28.66
96.23  94.21

14
18.75  37.56
75.08  76.51
62.95 67.74
81.84  79.50

161.01 162.73
31.98  34.32
24.48 21.12
51.76  53.03

118.80 116.72
17.80  13.79
86.34 86.23
43.71L  44.58
27,2 29.32
16.09 17.55

H24
29.12  32.56
25.71  23.65
29.19  25.40
34.23  30.52
T71.06  T2.43
38.94 40.95
25.03  2B.45
16,71 19.12
16.09  14.00
60,22 59.20
86.61 86.20
32.05 27.16
44.80  47.25
23,12 25.35

H34
77.61  99.39
17.19  11.55
20.66 20.99
59.13 49,22
58.58  63.20
12.96 11.04
8.32  B.64

41.74 42.09
9.00 10.83
67.99  T1.59
61.10 53.09
50,19  52.90
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Table 7 (Continued)

HiRl IR HIGHIEL HIRIEL H IR H R R

6 69.08 68,22 2 30.69 34.02 3 25.03 25.53 H10 4 2 132.92 108.24
T 66.70 Tl.44 1 15.68 15.11 3 87.43 85.35 3 19.37 18.37
8 52.72 55.19 2 16.50 19.22 4 25.85 27.33 1 16.50 14.87 1 40.99 43.39
3 1439 13.26 5 65.06 63.39 1 23.26 21.41 4 111.30 104.82
44 € 27.55 24.09 2 56.76  73.33 5 18.96 20.92
H 10 4 7 1.3T 1.83 3 41.74 39.07 6 13.71 12.71
0 68.13 63.84 _ 4 66.22 66.24
1 75.29  73.07 0 40.30  39.07 HS 4 11§ H4s
J  5.86  6.99 1 37.07 38.20
4 27.28  25.49 2 2435 23.M1 0 28.98 33.57 0 32.67 32.75 0 21.41 22.56
5 121.12 128.54 _ 1 14.73 .72 1 58.99 55.43
1 47.74 53.72 H14 2 161.28 150.88 HOS 2 33.76  35.45
2 ®.25  75.67 3 56.60 51.93 3 8.99  sl.l4
3 149.01 130.33 1 178.54 174.84 4 20.25 23.22 1 7.84  S5.e 4 15.68 15.58
3 B.6 1.92 2 32,19 32.27 5 54.63  55.41 2 43.99 39.20 5  67.58 T1.42
5  78.49 76.61 3 22,10 20.42 7 25.23 21.32 3 39.08 34.96 6 7.8  7.69
€ 13.23 13.60 4  64.04 64.00 1 32,19 31.59 4 30.35  23.44 1 4535 32,76
7 12.48 16.21 5  65.40 66.99 2 32.60 33.61 5 103.80 92.58 2 66.70 63.22
6 20.73 22.25 4 41.67 45.06 6 21.21 22.9) 3 75.36 80.78
H54 7 52.31 55.16 5 30.96 29.06 1 108.84 118.00 7 141.92 135.7a
8 26.60 29.64 6 36.08 38.07 2 110.89 119.61 '2' 72.77  67.30
C 55.85 54.28 1 12.00 13.67 7 18.89 17.78 3 43.44  43.58 6 58.04 539.79
1 28.23  24.92 2 62.33 58.34 4 70.04 60.93 7 ‘a.e0 10.28
2 25.57 24.06 3 54.15  42.63 H64 5 19.44 23.21
3 2141 22.72 4 818 6.03 6 29.87 32.11 H55
4 43.58 45.89 5 43.92  42.49 0 59.33 56.65 T 30.42 29.23
5  26.67 27.39 € 38.67 37.62 1 58.31 63.68 8 8.73 8.5 0 52.72  53.94
6 . 62.95 60.38 7 1316 121 2 44.46  44.65 1 77.68  79.73
1 33.69 34.66 - 3 143.35 139.80 H15 2 130.87 125.92
2 50.40 36.10 H24 4 31.64 30.74 3 52.85 53.24
4 T2.42 67.74 5 40.64 42.48 0 27.35 29.15 4 108.36 113.90
5 109.32 108.35 0 29.19 25.68 6 47.26 42.60 1  37.78 43.46 5  17.66 20.21
7 1016, 9.35 1 5.66  4.95 I 32.94 33.90 2 18.41 24.48 I 16.64 19.76
2 58.24 66,66 2 97.86 8&.58 3 173.08 160.32 2 54.49 55.24
B 64 3 89.06 83.59 3 6192 57.34 4 5.59  5.09 3 57.49 60.63
5 The27 T7.67 4 55.24 54,15 5 58.79 61.38 4 15.28 1.85
0 127.80 129.02 6 30.76 26.26 § ®.18 87.24 6 20.73 21.60 5 70.31 71.16
1 21.89 20,20 7  7.02  6.70 T 74.47  74.52 7 12.00 10.99 Z 19.c9 18.74
2 94.59 92.48° 8 13.57 12.07 1 16.23 20.38 7 70.51 68.00
3 40.58 37.19 1 17.39 20.64 74 2 19.23 25.04
5 13.03 13.53 2 13.37  15.84 3 48.83 44.33 565
i 27.55 30.37 3 51.22 47.74 0  54.97 62.41 4 70.11 68.10
2 55.85 49.33 4 8l.84 73.21 1 55.03 52.23 5 127.87 118.62 C  52.03 59.43
3 30.35 29.87 5 114,57 112,02 2  41.60 38.81 6 12.62 12.39 2 64.T2 62.99
4 19.85 20.88 6 - 41.74 36.88 3 113.00 109.14 7 36.01 28.33 3 85.72 92.26
& 4119 42.37 7 11.18  8.87 5 52.31 48.89 8 14.53 18.C4 5 23.67 33.34
T 35.87 34.95 = 1  8.46 9.45 1 13.50 14.20
H34 2 131.69 130.42 L 2 109.93 105.81
H74 3 39.15  43.61 3 39.28 39.21
0 T71.81 95.17 i 69.56 68.34 0 37.30 48.68 3 23.00 23.34
‘0 99.16 106.71 1 116.89 116.86 5 133.19 137.58 1 12.34 16.67 5 17.53 17.19
1 36.69 38.84 2 12,96 11.67 6 15.41 17.71 2 56.81 52.53 6 48.35 44.59
2 36.96 42.74 3 35.67 32.32 3 17.32  20.54
4 27.01 28.06 4 30.42 24.34 HB 4 4 125.21 124.74 75
1 51.28 52.77 5  27.21  27.57 5 12.27 12.86
2 69.49 70.04 6 49.24 52.89 0 34.58 37.18 6 21.48 21.62 1 46.10  39.13
3 73.24 T2.05 7 1412 9.31 1 68.54 69.72 7 28.51 25.69 2 54.76  55.76
4 69.22 70.85 1 3.61 4.16 2 118.80 116.22 1 13.98 12.27 3 29.12 31.74
5 77.54 72.00 2 1.09  4.59 3 32.80 30.58 2 65.47 66.92 1 3423 36.78
6 19.57 16.81 3 22.30 21.15 2 90.22 83.10 3 35.80  33.19 1 26.26 27.38
4 85.65 77.35 3 B.87 9.19 4 37.44 33.73 2 170.65 68.03
HB4 5 27.96 23.72 4 24.69 23.07 5 16.03 16.76 3 49.51 51.00
6 53.60 52.01 &  44.53  49.13 6 54.49 54.05 4 54.69  56.18
0 66.70 7241 7 111.37 108.00 7 93.84 95.33 5 66.63 65.67
1 24.69 25.21 ~ B9 4 8 39.96 46.02
2 6.55 0.32 H44d A8 S
1 43.85 43.60 2 15.34 15.83 H35
3 40.78  40.43 1 79.65 B81.76 3 90.09 B1.66 0 27.07 26.58
5- 47.40 40.59 2 69.22 63.15 4 18.69 18.11 0 32.33 3.4 1 68.06 69.63
5 27.14 22.38 3 42.69 44.59 1 21.41 21.67 1  34.37 28.63 2  62.26 58.16
4 51.42 52.45 2 74.40 T3.54 2 48.62 37.27 3 63.90 60.53
H94 5 58.72  57.26 3 50.67 53.12 3 19.37 18.37 1 28.64 29.55
6 28.30 30.50 4 39.96 40.47 4 40.99 43.49 2 s57.22 57.19
0 39.69 39.38 7 7.09  5.89 5  48.83 48.09 5 40.30 19.67 3 13.84 15.05
1 50.47 51.41 1 14.32  17.45 1 64.24 64.76 i 26.67 24.06
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PRTY- VIV TENTOTT TSR R RV I ROy U NUBIWINIHID N AW =O

QINIMWINIFIN 1 & W N = O

NNOVHBIWINII AW & W N - O

94

80.06  77.64
H95
45.28  47.50
25.44 21.05
19.50 19.96
43.85 42.40
H13
123.44 141.60
46.78  41.54
81.63  73.53
33.76  30.96
28.37 17.06
132.98 135.03
68.27  69.05
33.28  27.63
61.04 63.21
16.0)  10.9C
26.80 19.11
62.74  65.59
24.89 20.98
R25
25.51 22.72
40.44  43.30
58.04 55.01
18.62  15.17
66.76 70.08
23.32  23.72
77.06  74.33
12.07  11.57
101.82  99.94
182.63 159.C5
43.51  43.21
56.81  57.97
9.62 10.46
66.29 60.76
H35
22.85 27.80
65.47 T2.20
92.61  88.29
41.80  45.75
40,37 35.58
41.60 40.36
83.81  86.24
31.57  29.57
56.33  54.35
108.02 104.88
28.78  25.40
34.10  31.70
86.47 80.97
79.86  77.09
H43
36.42  35.31
21,28 16.84
82.59 76.32
48.42  49.41
25.30 22.28
17.59  18.25
49.99  74.50
.82 15.16
79.04 75.78
26,05 24.65
31.98  25.88
70.72  65.41
47.06 47.84
22,10 18.72
20.87 18.30

H /f;;{ ﬁ‘/

USRI & W N = O USRI & W R = O SNAIVIWINIF VWV & W N = O

VIRIWINIHIV & W N = O

BIWIFIS W N = O

PIRIN =

40,37  44.36
50.33  41.97
69.42  66.16
82.18 80.75
50.53  50.16
47.46  52.19
38.94  35.50
18.89 20.13
48.90  45.09

135.03 131.01
55.85  58.34
22.91 22.78
28.71 25.08

H6S5
TT.47  67.74
37.85 36.96

122.00 115.30
91.45 88.68
21.41 21.83
42,96 43.46
26.94 22.64
27.14  25.97
103.93 100.38
92.82 96.84
51.62 49.48

HT5
28.44  32.07
5.93  4.92
56.33  56.66
24.89 24.C5
20.94 23.32
63.08  59.69
67¢11  63.22
54.08  52.44
90.16  88.44
59.33  57.48
26,12 24.42
17.73  21.26
HB5
73.58  6l.72
12,42 68.71
37.37  37.11
33.76  33.85
17.66  15.97
39.42  39.33
54.97 53.71
83.68 &2.18
56.4C  55.59
9.82 11.05
36.35 43.20
H95
77.33  83.40
24.14  23.27
75.02  68.27
52.51  49.03
6.62 1.16
5.93  6.83
43.99  43.70
69.15  70.52
H105
9.21 10.18
12.00 14.30
75.56  17.33
58.38  50.04

Table 7 (Continued)

A

H
3

[OWNBISINIFIO U & W N = O NVNAICUWINIFIA & W N = O OB IWINIHIN AW & W N -

VIS IWINIHICT N & W N = O

[CIFNTWITUTSTIV I AW V)

33.55 32.87
EO06
52.78  55.66
20.25 21.50
59.54  65.39
43.24  42.31
16.23  16.06
35.60 29.08
50.26  43.58
48.01  45.56
21.28 23.36
110.27  96.55
30.28  38.17
54.49  59.67
19.37  17.44
H16
9.96  6.96
64.65 66.76
67.17  69.54
28.92 29.83
8.32  0.03
7.84  4.63
35.53  40.C3
120.78 111.33
17.46  15.92
7.84  4.63
43.03  41.8)
79.93  79.48
H26
26.46  33.09
34.78  32.70
24.96  25.62
36.08  42.84
51.76 51,36
23,12 22.71
80.74 80.62
92.95  87.89
8l.43  84.57
49.99  47.00
39.01 38.63
11.12  10.95
33.28  32.28
46.44  43.85
H36
24.55  29.55
67.51 66.70
12.14  11.46
28.98  30.46
70.65  75.45
30.35  30.93
35.80  32.31
33.01 28B.76
40.71  37.54
15.00 19.74
146.69 134.25
72.83  70.29
H4 6
75.15  75.80
82.93  88.90
16.03  17.26
67.86 70.06
26.19  24.55
37.17  32.45
8.52  6.99
46.44  43.87
21.89 21.54
23.73  19.70

F. HANIC, J. SEVCIK, E. L. McGANDY

H Gl I

<o

QLIRS W N = O

QUBINIHIE W N = O

Vil N D =

WiIN = O

QIR |WINIHIN OV & w N = O [T TS

wawNrO

75.63  76.26
28.92 28.15
HS6
61.85 56.78
39.15  40.66
72.56 T2.66
43.65 43.62
21.48 20.34
82.59 80.23
89.75 88.43
113.48 113.87
6.68  5.10
16.37 17.40
H66
85.11  86.87
57.42  56.49
54.35 57.96
45.01 47.58
43.10  46.50
10.30  9.20
105.91 107.10
144.03 134.19
18.62 18.38
15.48 14.78
H76
64.24  65.27
50.60 49.17
55.65  60.93
30.89  29.17
44.74  42.80
28.16 26.27
HB6
28.92  33.47
54.49  53.87
6.55  6.24
41.19  41.90
59.81  55.87
R96
27.69 30.88
54.22  53.95
58.79  53.71
H16
19.64 25.82
50.47 57.22
99.63 106.95
19.85 18.35
104.89 94.34
31.57  31.96
14.46  16.90
48,97  44.98
4B.28  45.94
68.33  57.19
52.03  44.90
11.39  17.02
102.29  95.63
124.6C  108.52
H26
72.36  T5.24
37.78  40.04
107.34 92.83
16.78  14.93
24.01 21.87
44,87  44.27
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NNV B W OV & W N = O NNV AW & W N - O NN NI=I O I

QIVIBWINIHIO VT & W N = O

QUVIBIWINHIN & W N = O

[l Il
11,73 14.39
56.33  53.53
116.82 118.34
102.70  93.35
47.60  45.55
119.62 108.39
7.1 7.99
32.67  33.94
H36
31.57  30.71
14.32  14.95
14.87 9.8
129.98 :128.58
5.11  7.64
43,92 43.86
42.08  43.92
61.85 58.63
31.17  26.06
44.19  40.19
77.13  73.07
19.85 18.85
10.23  9.79
23.73  19.54
H46
18,14 21.39
6.00  5.95
132,37 123.50
49.72  45.34
144.78 142.33
23.32 22.18
32.46  37.59
28,51  25.56
5.80  4.67
49.17  46.39
34.03  31.52
35.53  37.56
107.75 103.12
51.35 48.75
43.58  39.26
Hs56
75.02  74.13
9.07  7.21
8.32  8.72
14.12  0.29
89.13  85.57
51.56 52.94
10.43  10.35
30.21  27.47
11.59  10.95
64.10  59.75
47,06 46.14
90.97 88.98
35.60  39.51
H66
8.05  9.27
28.51  33.59
82.11  78.46
98.61 99.12
10.23  12.60
40.44  39.45
30.28  31.58
37.71 42.09
10.43  12.91
100.93 100.75
13.91  13.06
34.64  33.18
HT768
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H ol

Il

0 57.97 62.83
1 68.40 T1.41
2 27.96 29.51
4 96.77 90.20
5 50.87 50.17
1 47.26 50.86
2 B4.63 86.30
3 57.28  56.57
4 43.31  45.67
5 64,17 62.07
6 37.51 36.51
HB6
0 20.32 21.35
1 13.98 12,97
2 56.33 53.79
3 71.06 70.61
4 52.65 17.97
1 47.46  45.91
3 120.44 122.28
5 35.74  36.56
H96
0 34.58 41.46
1 20.66 18.09
2 55.51 50.05
3 10.91  13.47
1 54.28 50.78
3 34.78  36.09
4 58.24 56.50
H106
0 46.99 45.48
1 59.06 56.44
2 16.64 17.5)
1 10.43 11.60
2 52.51  52.94
3 54.15 54.61
HOT
0 18.14 15.82
1 127.38 122.65
2 86.95 B0.22
3 74.06 75.40
4 T17.27 715.06
5 41.74 40.96
6 42.08  37.66
2 64.72  47.56
3 42.76  39.26
4 7277 .5
5  4B.49  51.13
€ 96.98 94.22
7 50.33 53.72
H17
0  40.03 45.80
1 25.44 27.88
2 34.58  25.54
3 50.06 54.52
4 40.10 41.04
6 52.58 49,90
1 64.04 59.43
2 67,11 53.T2
3 6.55  7.85
4 19.30 22.91
5 10.03 10.50
6§ 7.91 1.70
7 34.44  33.40
H2 7

H 6] Il

IVISIWINIFIAVN & N O

OB IWINIFIS W N = O VIS I & W N = O LN R ILINIIN & W N = O

[CTF ST UTSTE SEwe Sy

18.14 22.36
89.54  90.46
48.90  49.70
48.49  44.12
29.32  27.33
30.14  27.29
13.44 12.54
7.2 4.05
43.65 41.60
78.C2 68.55
103.11 103.18
28.37 22.74
R37
62.20 53.71
22,37 19.55
113.00 113.81
70.45 69.04
31.10  33.12
36.89 32,87
15.89  13.77
5.86  9.62
21.48 21.75
116.14 110,59
30.08 28.02
88.04 82.83
18.69 18.32
H47
21.41 15.35
44.87 42.05
47.81  48.50
54.56  54.39
40.44 39.42
11,18 10.34
84.97  85.56
55.92 51.59
9.07 6.58
15.68  15.05
23.66 21.87
HS517
38.19  41.99
25.78 28.88
15.89  17.56
23.94  25.35
42,08 44.72
58,65  52.15
23,12 2112
65.06  59.31
38.74 37.11
112.39 105.60
20.05 17.42
H67
77.61  80.73
18.14 20.72
73.58 T18.75
30.21 28.36
45.21  45.78
22.16 19.22
26.26  26.35
47.19  45.00
96.70 89.01
32.19  32.35
77
103.93 111.22
24.69 26.47
31.98  25.84
70.)8  70.41
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Table 7 (Continued)

H IGl IR

FNIWTN]

W O

QB IWINIHIN OV & W N = O QUNIBIWINIHIN OV & W = O OV SIWINIHIN O\ & W R O

LG TENTIE Y. SV R S

Ci
40.85  41.22
36.01 32.28
30.14  28.86
87
26.60 31.16
12.82  15.95
16,64 12.64
24.01 22.16
14.19  13.21
H17
18.48  13.95
45.76  44.04
17.46  16.75
63.70  60.97
40.30  39.05
57.15  57.19
7.43  7.07
32.46 31.88
99.50 96.88
35.26  33.90
84.15  T71.43
126.16 112.02
53.60  4B.56
28.51 25.99
27
78.09  77.55
85.79 82.59
9.75  2.27
58.65  63.65
24.28  26.11
18.21 22.55
23.19  22.44
21.82 28.32
11.05  12.43
9.55  10.R7
41.87  39.11
13.64 13.70
58.72  59.03
3T
30.14  33.07
24.01 24.37
40.24  45.54
6.14  9.04
64.86 59.98
93.50 90.01
60.49 66.68
42.96  42.25
95.88  94.79
5.52  5.47
60.56 60.71
33.14  29.00
36.49  51.76
26,05 20.90
H4T
28,23  32.44
5.32  8.80
82.45 83.38
87.77 83.80
30.76  28.43
42,21 37.48
65.33  68.05
39.15  43.65
90.43  92.65
57.42  51.76
39.35  35.37

H [kl

QN BN N W N = O

VI BILININ B N ISV I & W N = O

2 LRIHIL N = O

Wi R =

NI O

DU R IRV

|

fel

H57
62.40 62.92
47.87 48,51
70.86 64.76
18.28  19.26
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I'ig. 1. Atomic arrangement in the trisferrocenyl complex (CioHyFe)sC(CsOHz).
Two independent molecules of the unit cell are represented with the central carbon atom
C(10) (a) and C(60) (b), respectively.
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Table 8

The least-squares planes through the rings and deviations of the ring atoms from the plane

Lhin tesst-sguare Atom Deviation (A)
plane

c(11) 0.001
B = 0.03882 C(21) 0.008
C = 0.02681 C(31) 0.014
D = 2.12512 C(41) 0.015
o(51) 0.010
Fe(1) 1.660
C(61) 0.006
B = 0.09335 o(71) 0.014
C = —0.01082 C(81) 0.017
D = 1.12476 C(91) 0.014
c(101) 0.004
Fe(1) 1.658
C(12) 0.001
B = —2.27579 C(22) 0.010
C = 0.57907 C(32) 0.016
D = —8.97878 C(42) 0.017
0(52) 0.010
Fe(2) 1.648
C(62) 0.017
B = —1.80507 C(72) - 0.016
C = 0.53057 C(82) 0.001
D = —0.98985 C(92) 0.009
©(102) 0.010
Fe(2) 1.655
C(13) 0.024
B= 154127 ©(23) 0.007
C—= 1.10639 ©(33) 0.012
D = —20.09418 C(43) 0.023
C(53) 0.029
Fe(3) 1.607
C(63) 0.010
B = 1.50117 C(73) 0.006
C = 1.50776 C(83) 0.001
D = —33.39765 C(93) 0.008
C(103) 0.011
Fe(3) 1.616
c(14) 0.004
B = 0.06832 C(24) 0.002
C = 0.10458 C(34) 0.001
D — —4.52267 O(44) 0.004
C(54) 0.005
Fe(4) 1.658
C(64) 0.001
B = 0.06255 C(74) 0.006
C = 0.15616 C(84) 0.008
D = —1.26793 C(94) 0.007
C(104) 0.003
Fe(4) 1.659
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Table 8 (Continued)

The least-square

Atom Deviation (4)
plane

C(15) 0.013
B = —1.69208 C(25) 0.026
C = 0.39783 C(35) 0.002
D = 10.18701 C(45) 0.015
C(55) 0.026
Fo(5) 1.653
C(65) 0.018
B = —1.65044 0(75) 0.023
C= 057011 C(85) 0.021
D = 15.87818 C(95) 0.012
C(105) 0:005
Fe(5) 1.654
C(16) 0.018
B = 1.08022 C(26) 0.018
C = 0.65766 C(36) 0.012
D = —6.95702 C(46) 0.002
C(56) 0.010
Fe(6) 1.619
C(66) 0.002
B = 1.16013 C(76) 0.001
C = 0.90171 C(86) 0.006
D = —14.18905 C(96) 0.005
C(106) 0.005
Fo(6) 1.654
0o(1) 0.013
B = —1.35176 ©(20) 0.030
C = —0.20962 C(40) 0.144
D = 4.77750 C(50) 0.262
C(120) 0.161
0(2) 0.193
i B = —1.73487 C(80) 0.067
C = 098482 ©(90) 0.017
D = 1.96443 C(100) 0.091
C(110) 0.152

The values of B, C, D are the coefficients of the best plane x + By + Cz + D = 0
with respect to the orthogonal axes ao, bo and co. The transformation matrix: the tri-
clinic axes - the orthogonal axes has a form

asinf3 bcecosy O
0 beosp 0
acosfi beosa c

cosy — cos ff cos a
where cos y = ; cosp = (1 — cos?a — cos?y)l/2,
sie fi

The Fe atoms were not included in the calculation of the plane.
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Table 9

Interatomic distances (¢) and angles showing the ring tilting in the ferrocene groups.
w 1s the angle of tilt ¢.e. the angle between the ring normals; T'(a) — 7'(b) is the inter-ring
distance between the points of gravities

Fe(l)—C(11): 2.09(1) A Fo(1)—C(61)*:2.09(1) A
Fe(l)—C(21): 2.07(1) A Fo(1)—C(71): 2.04(1) A
Fe(1)—C(31): 2.04(1) A Fe(1)—C(81): 2.05(1) A
Fe(1)—C(41): 2.05(1) A Fe(1)—C(91): 2.04(1) A
Fe(1)—C(51): 2.06(1) A Fe(1)—C(101): 2.05(1) A
Mean Fe—C: 2.06 A Mean Fe—C: 2.05 A
C(11) ... C(71): 3.35(2) A

C(21) ... C(81): 3.29(2) A T(a)—T(b): 3.3¢4A
C(31) ... C(91): 3.21(2) A w: 176.2°
C(41) ... C(101): 3.34(2) A 180—w¢ 3.8°
C(51) ... C(61)*: 3.39(2) A

Fe(2)—C(12): 2.03(1) A Fe(2)—C(62): 2.04(1) A
Fe(2)—C(22): 2.10(1) A Fe(2)— C(72): 2.05(1) A
Fe(2)—C(32): 2.04(1) A Fe(2)—C(82): 2.08(1) A
Fe(2)—C(42): 2.07(1) A Fe(2)—C(92)*: 2.09(1) A
Fe(2)—C(52): 2.02(2) A Fe(2)—C(102): 2.06(1) A
Mean Fe—C: 2.05 A Mean Fe—C: 2.06 A
C(12) ... C(62): 3.23(2) A*

C(22) ... C(72): 3.29(2) A T(a)—T(b): 3.31A
C(82) ... C(92)*: 3.41(2) A w: 174.7°
C(42) ... C(82): 3.42(2) A 180—w: 5.3°
C(52) ... C(102): 3.25(2) A

Fe(3)—C(13): 2.01(1) A Fe(3)—C(63): 2.02(1) A
Fe(3)—C(23): 2.04(1) A Fo(3)—C(73): 2.04(1) A
Fe(3)—C(33): 2.02(1) A Fe(3)—C(83): 2.02(1) A
Fe(3)—C(43): 2.02(1) A Fe(3)—C(93): 2.02(1) A
Fe(3)—C(53)*: 2.08(1) A Fe(3)—C(103): 2.06(1) A
Mean Fe—C: 2.03 A Mean Fe—C: 2.03 A

C(13) ... C(63): 3.25(2) A

C(23) ... C(73): 3.09(2) A T(a)—T(b): 3.22A
C(33) ... C(83): 3.10(2) A w: 171.1°
C(43) ... C(93): 3.27(2) A 180—w: 8,9°
0(53)*...0(103 3.46(2) A

Fe(4)—C(14): 2.09(1) A Fe(4)—C(64): 2.02(1) A
Fo(4)—C(24): 2.04(1) A Fo(4)—C(74): 2.03(1) A
Fe(4)—C(34)*: 2.04(1) A Fe(4)—C(84): 2.07(1) A
Fe(4)—C(44): 2.10(1) A Fe(4)—C(94): 2.05(1) A
Fe(4)—C(54): 2.05(1) A Fe(4)—C(104): 2.05(1) A
Mean Fe—C: 2.06 A Mean Fe—C: 2.05 A
C(14) ... C(84): 3.35(2) A

0(24)...0(94) 3.40(2) A T(a)—T(b): 3.324A
C(34)*...C(104): 3.40(2) A w: 177.1°
C(44) ... C(64): 3.40(2) A 180—w: 2.9°
C(54) ... C(74): 3.28(2) A
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Table 9 (Continued)

Fe(5)—C(15): 2.05(1) A Fe(5)—C(65)*: 2.05(1) A
Feo(5)—C(25): 2.08(1) A Fo(5)—C(75): 2.07(1) A
Fe(5)—C(35): 2.08(1) A Fe(5)—C(85): 2.02(1) A
Fo(5)—C(45): 2.06(1) A Fo(5)—C(95): 2.06(1) A
Fe(5)—C(55): 2.02(1) A Fe(5)—C(105): 2.08(1) A
Mean Fe—C: 2.06 A Mean Fe—C: 2.06 A
C(15) ... C(65)*: 3.38(2) A

C(25) ... C(75): 3.32(2) A T(a)—T(b): 3.31A
C(35) ... C(105): 3.43(2) A o: 174.9°
C(45) ... C(95): 3.34(2) A 180—w: 5.1°
C(55) ... C(85): 3.19(2) A

Fo(6)—C(16): 2.05(1) A Fe(6)—C(66): 2.02(1) A
Fo(6)—C(26)*: 2.07(1) A Fe(6)—C(76): 2.06(1) A
Fe(6)—C(36): 2.02(1) A Fe(6)—C(86): 2.01(1) A
Fe(6)—C(46): 2.04(1) A Feo(6)—C(96): 2.04(1) A
Fe(6)—C(56): 2.05(1) A Fe(6)—C(106): 2.06(1) A
Mean Fe—C: 2.04 A -Mean Fe—C: 2.04 A
C(16) ... C(86): 3.29(2) A

C(26)*...C(106): 3.42(2) A T(a)—T(®h): 3.274A
C(36) ... C(76): 3.28(2) A w: 173.3°
C(46) ... C(66): 3.13(2) A 180—w: 6.7°

C(56) ... C(96): 3.16(2) A

The carbon atoms indicated by an asterisk (*) are bonded to the central carbon atom
C(10) or C(60). '

of tilt, 7.e. the angle between the least-squares planes of the two cyclopentadiene
rings is between 2.9 and 8.9°. Ballhausen and Dahl [10] predicted that the cyclo-
pentadienyl rings in metallocenes could be tilted by as much as 45° without affect-
ing the energy of the metal-ring bonding. The angle of tilt in the (C,,HyFe),C(C,0H,)
complex is well within this limit. Similar deviation from coplanarity of the two
cyclopentadienyl rings has been observed in the crystal structures of «-keto-1,1-
-trimethyleneferrocene C;3H,,OFe (8.8°) [11] and 1,1-tetramethyleneferrocene
Ci¢HyoFe (23.2°) [12]. «-Keto-1,1-trimethyleneferrocene is a derivative of ferrocene
with a two-carbon bridge between the cyclopentadienyl rings, «-keto-1,1-trimethy-
leneferrocene is a bridged ,,sandwich‘‘ compound with a three-carbon bridge. The
shortness of these bridges causes tilting of the two cyclopentadienyl rings so they
are no longer parallel as in the parent compound, ferrocene. No such influence
would be expected in the complex (C,(HyFe),C(C,OH,) where only one cyclopenta-
dienyl ring of the ferrocene group is bonded to the central carbon atom. Table 9
summarizes data on the interatomic distances and angles which show the ring
tilting. The steepest decrease of the inter-ring distances is in the direction of C—C
bond connecting the ring atom with the central carbon atom. This splaying is indi-
cated by the pairs of C...C distances between the rings (Table 9) (the angle of
rotation of one ring with respect to the other about the straight line between the
points of gravities of the two cyclopentadienyl rings is rather close to the eclipsed
orientation). The largest distances exist between the pairs of those ring atoms where
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one atom is attached to the central carbon atom. These distances are: 3.39, 3.41,
3.46, 3.40, 3.38 and 3.42 A, average distance being 3.41 A. Average inter-ring distan-
ces are shown in Fig. 2.

C(10) or C (60)

Fig. 2. Side view of the ferrocenyl group showing average distances of the ring atoms.

The significant lengthenings of distances between the ring atoms attached to the
central atom and their closest neighbours in the opposite rings are probably caused
by their mutual repulsion. This repulsion can be explained by the increase of the
effective negative charge on the aromatic carbon atoms bonded to the central car-
bon atoms. The sp3 hybridized central carbon atom cannot withdraw electrons

Table 10

Bond lengths (4) and bond angles around the sp® hybridized carbon atoms. Deviation &
of the o bond from the ring plane

Atoms Distances (o) Atoms Angle (o)
C(10)—C(61): 1.53(2) C(61)—C(10)—C(20): 110(1)°
C(10)—C(92): 1.51(2) C(92)—C(10)—C(20): 109(1)°
C(10)—C(53): 1.57(2) C(53)—C(10)—C(20): 109(1)°
C(10)—C(20): 1.59(2) C(61) C(1 ) (9‘)): 111(1)°
53)—C(10)—C(92): 105(1)°
C(60)—C(34): 1.57(2) 61)—C(10)—C(53): 112(2)°

C(60)—C(65): 1.54(2)

—C(26): 1.55(2) C(34)—C(60)—C(100): 111(1)°
C(60)—C(100): 1.58(2) C(65)—C(60)—C(100): 109(1)°
C(26)—C(60)—C(100): 108(1)°

C(34)—C(60)—C(65): 111(1)°
C(26)—C(60)—C(65): 104(2)°
C(34)—C(60)—C(26): 113(1)°

£(C(10)—C(61)): 8.3°
£(C(10)—C(92)): 0.2°
£(
(
(
(

10)—C(53)): 1.2°

(

(60)—C(34)): 7.1°
(60)— (65)) 14.7°
(60)—C(26)): 12.9°

€
&
&€

C
C
C
C
C
C(6
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Fig. 3. Bond distances and angles in the ferrocenyl groups.
The groups are viewed along the normals to the planes of the rings. Darker numbers
refer to the nearer ring. ¢ is the angle of rotation of one ring with respect to the other
about the straight line between the points of gravities.

104 \ Chem. zvesti 24, 81—106 (1970)



CRYSTAL STRUCTURE ANALYSIS

from the aromatic rings since it would lead to the increase of the effective negative
charge on the central atom causing instability of the molecular arrangement. The
opposite shift of electrons is more probable. In fact, the electron density distribu-
tion shows lower peak electron density at the positions of the sp3 hybridized central
carbon atoms (about 309%,) than the average value of the peak electron density
of the ring carbon atoms.

The ¢ bonds between the sp? ring atoms and sp3® hybridized central carbon atoms
show a lengthening from the expected 1.54 A to 1.56 A (Table 10). This is only on
the border of significance, although it is certainly suggestive. The internal bond
angles of the bonds are not significantly different from the tetrahedral angle 109.5°
(Table 10). In an unstrained system, the ¢ bonds between the sp? hybridized ring

Fig. 4. Bond distances and angles in the tetrahydrofuran groups. C atoms are labelled
according to Fig. 1.

atoms and sp® hybridized central carbon atoms, would be coplanar with the rings.
There are, however, distortions of the coplanarity between the rings and ¢ bonds
probably caused by steric effects of the molecular packing of bulky molecules.
Deviations ¢ of the ¢ bonds from the ring planes are between 0.2 and 14.7° (Table 10).

The geometry of the rings seems to agree well with the bond lengths and bond
angles in 1,1-tetramethylethyleneferrocene [12] and «-keto-1,1-trimethyleneferrocene
[11]. The average ring C—C bond length in 1,l-tetramethylferrocene is 1.44 A
and the average Fe—C bond is 2.04 A; for the «-keto-1,1-trimethyleneferrocene
these bonds are 1.43 and 2.04 A. These values are comparable to the values observed
in (C;oH,yFe),C(C,0H,): 1.44 and 2.05 A, respectively. The distortions of some bond
angles in the rings from 108° are not considered to be significant. The data on the
ring geometry are summarized in Fig. 3. Average bond angle is 108°. Fig. 4 repre-
sents tetrahydrofuran groups. The assumed positions of the hydrogene atoms are
not included in the calculated distances and angles.

We are indebted to the University of Gothenburg for support of this wcrk and for time
on the IBM 360/60 computer. We wish to express our appreciation to Drs. Benkeser and
Cunico for the sample.

Chem. zvesti 24, 81 —106 (1970) 105



(=

© 00 I L W

¥. HANIC, J. SEVCIK, E. L. McGANDY

References

. Hauptman H., Karle J., Solution of the Phase Problem I. The Centrosymmetric Crystal.

A. C. A. Monograph No. 3. Polycrystal Book Service, Pittsburgh, 1953.

. Sayere D., Acta Crystallogr. 5, 60 (1952).

. Cochran W., Acta Crystallogr. 5, 65 (1952).

. Zachariasen W. H., Acta Crystallogr. 5, 68 (1952).

. Hanic F., Kaprslik I., Gyepesové D., Corba J., Dubaj B., unpublished results.
. Cochran W., Woolfson M. M., Acta Crystallogr. 8, 1 (1955).

. Sim G. A., Acta Crystallogr. 10, 177 (1957).

. Woolfson M. M., Acta Crystallogr. 9, 804 (1956).

. Cruickshank D. W. J., Pilling D. E., Bujosa A., Lovell F. M., Truter M. R., Comput-

ing Methods and the Phase Problem in X-Ray Crystal Analysis, Vol. 4, p. 32. Perga-
mon Press, New York, 1961.

. Ballhausen C. J., Dahl J. P., Acta Chem. Scand. 15, 1333 (1961).
11.
12,
13.

Jones N. D., Marsh R. E., Richards J. H., Acta Crystallogr. 19, 330 (1965).
Laing M. B., Trueblood K. N., Acta Crystallogr. 19, 373 (1965).
Benkeser R. A., Cunico’R. F., private communication.

Translated by F. Hanic

106 Chem. zvesti 24, 81—106 (1970)



