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Summary 

The crystal and molecular structure of 1,1’,2,2’,4,4’-tris(trimethylene)ferro- 
cene has been determined by X-ray diffraction_ This compound forms mono- 
clini& needles of space group C2/c with sixteen molecules in the unit cell, (I 
30.899(6), b 9.416(l), c 25.145(l) a and 0 127.31(l)“_ The structure was solved 
from threedimensionaI Patterson and Fourier syntheses and was refined by least 
squares. The structure consists of two crystaJ.lographicaIly independent molecules 
showing similar geometries. The two cyclopentadienyl rings are eclipsed and the 
dihedral angle between the two rings, is 2.4”. The average iron to ring-carbon 
distance is 1.992 A. The distance between the rings (3.15 a) is significantly shor- 
ter than in ferrocene, and the rings appear to be slightly non-planar. 

Introduction 

The structural studies by X-ray diffraction on monobridged ferrocene deriva- 
tives with a two atom chain, such as l,l’-tetramethylethyleneferrocene [I] and 
ferrocenophanethiazine-l,l’-dioxide [Z] indicated that the bridge causes the two 
cyclopentadienyl rings to be tilted about 23” with respect to each other. In mo- 
nobridged ferrocene derivatives with three carbon chains such as cy-keto-l,l’-tri- 
methyleneferrocene [ 33 and cY-keto~-phenyl-l,l’-trimethylene-2’-methylferro- 
cene [4] the two five-membered rings are tilted about 10”. A dibridged ferrocene 
derivative, 1,1’,3,3’-bis(trimethylene)ferrocene was found [5] to have a ring- 
ring tilt angle of 9” and en average iron to ring-carbon distance of 2.01 A, signif- 

* For part I see ref. 11. 
** Towhomrequests forinfo-tionshouldbesent. 



icantly shocker than the value of 2.04-2.06 .% reported for most other ferrocene 
stnictures.~-- 

A correlition .wa~ shown [S-s] to.occur between the tilt angle of the cyclo- 
pentadienyl rings and the NMR cbemiaal shift due to the ring protons in mono- 
and poly-methylene bridged metallocene derivatives. Recently it was also 
suggested [9] that the trends in the quadrupole splitting and the isomer shifts 
in the Miksbauer spectra of the various trimetbylene bridged ferrocene deriva- 
tives can be explained by trends in ring-tilting, non-planarity of the rings, and 
by the shortness of the Fe-ring distance. On this basis, the cyclopentadienyl 
rings of 1,1’,2,2’,4,4’-tris(trimethyle~~)ferrocene (abbreviated 124TTMF) were 
predicted to be parallel or slightly tilted, non-planar, and significantly closer 
than inferrocene. In order to confirm these hypotheses and to determine other 
features, the X-ray analysis was carried out. 

Experimental 

124TTMF was prepared by the methods developed by Rinehart [lo] et al. 
with only minor modification [ll]. Yellow needles were obtained by recrystalli- 
zation from hexane. 

A crystal was mounted on a glass fiber, using epoxy cement, with the longest 
dimension (b* axis) approximately parallel to the fiber axis. The precession pho- 
tographs, using %-filtered MO-& radiation (X 0.7107 _&) indicated lattice sym- 
metry 2/m. The systematic absences, hk2 (h + k = 2n + I), h01 (I = 2n + 1) and 
Ok0 (k = 2n t I), were consistent with monoclinic space groups Cc and C2/c. 
Successful refinement of the structure in C2/c verified the assumption of the 
centrosymmetric space group. 

Unit cell parameters and the orientation matrix were determined on an Enraf- 
Nonius CAD-4 diffractometer equipped with a graphite monochromator using 
Cu-K= radiation (X 1.5405 A). Twenty-five resections whose 0 values ranged 
from 36.7 to 59.4” were automatically centered and used in the least squares 
refinement of the lattice parameters and orientation matrix. Unit cell parameters 
obtained are shown in Table 1. 

Intensity data were collected using 6-28 scans with X-ray source and mono- 
chromator settings identical to those used for determination of the unit cell para- 

TABLE1 

CRYSTALDATAFOR124TTMF 

EJfolecuIar formula C&kzFe 
Molec-UJar w&&t . 306.23 
cryst;lsize 0.17 X 0.22 X 0.69 (mm) 
Space Group C2/C 
n 30.899(6)X 
b 9_416<1)A 

; 

25_145(1)A 
127.31(1)" 

V 5818.9 x' 
Measureddensity 1.37 gcme3 
Ceiculateddensity 1.399 gem-3 
Moleculesperunitcell 16 
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meters. A variable scan rate of from 0.7 to 20” min-’ was used, and a total of 
12 902 reflections in a hemisphere (+h, k, 3) was collected out to 28 140”. No 
significant fluctuations were observed in the intensities of three reflections 
(12,0,0; O,Z,o; O,O,lO) monitored every hour of X-ray exposure time. Intensities 
were calculated from the peak scan count, CT, and background counts by the 
relationship : 

I=CT--k(bgdl+bgd2) 

where k is the ratio of the total background to the peak scan time. The intensi- 
ties were assigned standard deviations according to the formula: 

o,(l) = [CT + k’(bgd 1 + bgd 2)]“2 

Lorentz and polarization corrections [12] were made in the usual way. The six 
principal faces of the crystal were identified as follows (distance in millimeters 
from the center of the crystal to the face is given in parentheses): {loo} (0.083), 
{TOl) (O.llO), (010) (0.346) and (iii) (0.271). Absorption corrections were 
calculated 1’121 by the Gaussian grid method with a linear absorption coefficient 
for C&R, of 81.9 cm-‘. The minimum and maximum corrections to Fo2 were 
2.725 and 14.556, respectively_ After averaging symmetry-related observations, 
F,’ values were obtained for a total of 5520 unique reflections. 3934 reflections 
(m) were accepted as statisticahy above background on the basis that F,’ was 
greater than 30,(F0*) and used for least-squares refinements. 

Computations were performed using standard programs modified locally 
[12,13]. For structure factor calculations the scattering factors were taken from 
Doyle and Turner’s tabulation [14] for ah atoms. The scattering factors for iron 
were corrected for the real and imaginary anomalous dispersion components, 
using the dispersion factors tabulated by Cromer and Liberman 1151. The agree- 
ment factors are defined in the usual-way as: 

R =%&I - IF,II/.%F,I 

and 

K, = C=W’ol - lF,I)2/~wlFi,12]‘” 

with 

W-* = [ac2(Fo2) + (0.06 F,,2)2]/4F02 

In ah least-square refinements, the quantity minimized was 

%W,I - IFcl12 - 
. 

Atomic coordinates for two iron atoms were deduced from a three-dimen- 
sional Patterson synthesis and refined to give the initial residual, R = 0.386. The 
remaining atoms were located and refined together with isotropic thermal para- 
meters by full-matrix least squares. The positions were then iteratively refined 
with the anisotropic thermal parameters as a second block. A refinement of ani- 
sotropic thermal parameters for iron and isotropic thermal parameters for carbon 

(Continued on p. 92) 
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atoms converged With-R = 9_116..Anisotropic thermal p+rzuneters were introduced 
for all carbon atoms and further refinement reduckd R t0 0.064. Examinatiqn 
of %hermal ellipsoids for middle c&bons (C(13) in Unit A and Unit B) of the 4,4’ 
trimethylene bridges gave strong indications of either static or! dykkic~disorder 
approximately normaJ to the bridges. A difference electron density map revealed 
two distinct maxima-separated by 0.070 and 0.15 A about the refined C(3) posi- 
tions in-Unit A and Unit B, respectively. Thus, further refinements included in 
each unit two partial atoms, C(13A) and C(13B) of Unit A,-and C(13A) and 
C(13B) of Unit B with independent occupancies, Q~+_ Occupancy factors, 
0.36(Z) and 0.61(l) forC(13A) and C(13B) in Unit A, respectively, 0.29(l) and 
O-71(1) for C(f3A) and C(13B) in Unit B, respectively, were obtained_ The intro- 
duction of ‘mdividuslly refined occupancy factors for disordered atoms did not 
sifnifititly improve the R factor. The refinements converged to final values of 
R = 0.063 and R, = 0.08’7. N o attempt was made to locate hydrogen atoms in 
the analysis. 

The number of variables (n) was 351, and the maximum shift was less than 0.1 
standard deviation. The standard deviation of an observation of unit weight, 
[&I(lF,l - IF,I)2/(m - n)]l’2, was 1.39. The major feature on the final difference 
Fourier map was a peak of 0.32 e li-‘; this compares to values of approximately 
5 e Am3 for typical carbon atoms in this structure. Final atomic parameters are 
listed in Table 2; a tabulation of the final observed and calculated structure fac- 
tors was deposited with NAPS *. 

Results and discussion 

The asymmetric unit consist-s of two independent molecules, the correspond- 
ing bond distances and angles within the two crystallographically independent 
molecules showing only small differences. Figure I. is a view of Unit A with the 
atom numbering scheme indicates. Interatomic distances and angles with their 
estimated standard deviation included in parentheses are collected in Tables 3 
and 4. 

The configuration of the cyclopentadienyl rings is eclipsed (shown in Fig. 2), 
and thk two cyclopentadienyl rings are almost parallel; the average angle between 
the two least squares planes (2.3 and 2.5” for each unit) is 2.4”. The angle is much 
smaller than reported [l-5,16-27] for any other bridged ferrocenes except l,l’- 
trithiaferrocene [23]. For comparison the angles of tilt for cyclopentadienyl 
rings, the average iron to ring distances, the average iron to ring-carbon distances 
and the average ring-carbon to ringcarbon-distances for measured bridged ferro- 
cenes are listed in Table 6. fn the ferrocene derivatives with a two-atom bridge, 
the angles between the two least squares planes of the cyclopentadienyl rings 
are about 23”. Except in l,l’-tithiaferrocene, the ring-ring angle is about 10” in 
ferzocene derivatives with one or two bridges of 3 atoms. In the trisulfide bridged 

* The table of structure factors has been deposited as NAPS Document No. 03263 (24 pages). Order 
from ASKS/NAPS. c/o Microfiche Publications. P-0. Box 3513. Grand Central Station. New York. 
N.Y. 10017. A copy may be secured by citing tile document number. remitting $5.00 for photo- 
copies or $3.00 for microfiche. Advance payment is required. Make checks payable to Micrdfiche 
Publications. 
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C6 

Fig. 1. A view of 1,1’.2.2’,4.4’-tris(trimethylene)ferrocene including disordered atoms. C(l3A) and C(13B). 
(ORTEP diagram. 50% probability contours for thermal ellipsoids.) 

structure, the long bond distances of 1.748 A between sulfur and carbon and of 
2.049 A between sulfur and sulfur allow the rings to remain parallel. 

Interesting features of the structure of 124TTMF are the non-planarity of the 
cyclopentadienyl rings and the short distance between the rings. The least 
squares planes of the cyclopentadienyl rings are given in Table 5. The root-mean- 
square deviation of the ring carbons from the least squares plane is 0.015 A 
which is slightly larger than the errors associated with the atomic positions. The 
three bridged pairs of ring carbons are closer together than the two non-bridged 

Fig_ 2. The 1.1’. 2.2’. 4.4’~tris(trimethylene)ferrocene projected onto the 

diagram, 50% probability ellipsoids-) 
cyclopentadienyl rings. (ORTEP 



F&(l) 1_976(Gj 
FEY&~) l-986(6) 

F-3) .- 2_014<6> 

F-(4) 1.968(6j 

FG(5) 1.999(6) 
F+<I'> X+83(5). 
FyC(2') -. X.989(6) 

Fk(3') Z-012(6) 
FeC(4') 1.~86(6; 
FeC(5') 2.002(6> 

C(u-C(2> l-437(9) 

C(2)--c(3) x.440(9) 
C(3)-6(4) l-445(9) 

c<4)-a5> 1.422(10) 

C<5)--c(l) 1.444(S) 
C(1')-~(2') '.- X.442(7) 
C(2')-C(3'> 1_431(8) 
C(3')-a4') 1.440(8) 

c<4%C<~> l-432(8> 

C(~)_c(f) l.431(8) 

C<U-‘-X6) 1.530(10) 

-‘X6FC<?~ 1:549(10) 

C(7)--c<3> ,1.548(10) 

C(8k-CXl') 1.507<8) 
C(Z)-C(9) 1.518<9: 

C<9PalW '1.573(10) 

Caw-C(l1) 1.543<9) 
C<ll)-C(2') -1X109(8> 

C(4)-C(12> -. l-558(10) 
CU2>;-d~l3A) l-599(26) 

C<l_2PC(13B) l-462(15) 
C(13A)-C<14) 1.349(24> 
C<13B)-C(14) 1.601(15) 

C(14)--c<~) l-518(10) 

_C(13X)--C(13B) l-123(24) 

C(u--ql') 3.088(S) 
C(2Mxz') 3.089<9) 

C<%-C<3') 3.20669) 

C(4kq4') 3.158(g) 

C(5kae') 3.182(8> 

1.98&6). 
%;992<6). 
2.016(6) 
l-973(6) 

1.997(6) 
l_c$9<5> 
LSi8(6). 
-2_olZ(S)- 
1.9_85<6) 
2.006(5> 
l-4+2(8> 
1.452(8)-. 
1.434(S)- 
l-433(9) 
1.448(S) 
1.451x8) 
1.423(10) 
1.448<9> 
l-438(8> 
l-437(8) 
1.499(9> 
l-583(9> 
l-532(10) 
l-508(8) 
l-49?(9) 
1.532(12) 
l-580(12> 
1.530(10> 
1.505(S) 
l-584(26) 
X529(13> 
l-405(25) 
1.558(12) 
l-512(9) 
l-226(25) 
3.088(S) 
3.113(S) 
3.226(9) 
3.142(8) 
3.161(8) 

pGrSofr+gcarbons in each unit. The cyclopentadienyl &gs, therefore; appear to 
be slightly.tion-&ma& me shor$ distake between the rings is +dent in-two ways. 
me iroxi to King distance of 1;573 J% and the average iron to rin~-c~bon~distance of 
%,99i -A &e signific&tl~ shorter thak the vah& in other f&&o&e deriqatiies 
l&ed’&.Table 6;. T 

T& &l&+&bon- e&d d&an& in ~he~kyclopentadie~yl rkgi range. frdm 
1:~22(~0)$0.1.~52(8).:A~~~T~&S car+n-c&tin+carbcn. angles in the cjrclopenta2 

dienyl-+gs rknge. f&n~~O+9(5)~ td 109_I.(7)~. -#pparently-~l;ere.‘dre:rib-~ari;icu- 

.--- --- .:: : _ : 
.- 
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TABLE4 

lNTERATOMICA?-JGLRSFOR124TTMF 

UnitA UnitB 

Cil)-Ci2PCi3) 107.4<6) 108.5<6) 

cGQ-c<3Pc<4) 107.4<6) 107.5<5) 

ci3)--ci4)--c<5) 109.1(7) 108.3(6) 
Ci4)-a5Pcxl) 107.1(6) X08.7(6) 

C(5)--cin-a2) 108.9(6) 106.9(5) 

Ci1')--ci2')--c<3') 107.9(5) 108.0(6) 
Ci2')--ci3'+Cid) 108.1(5) X08.2(6) 

ci3')--ci4')--ci5') 107.7(5) 107.8(6) 

ci4')--ci5')--ci1') 108.4<5) 108.0(5) 
C(5')-C(l')--C<2') 107.8(5) X07.8(5) 

Ci2)--ciU-C<6) 125.9(7) 127.7(7) 

C(5)-CXl)--ci6) 124.6(7) 124.8(6) 

Cil)--ci2)-a9) 127.7(6) 126.8(6) 

Ci3)--ci2)--ci9) 124-l(6) 124-O(6) 
Ci3+C(4)--c(l2) 124.2(8) 127.0(6) 

Ci5)--ci4)--cil2) 125.8(7) 124.1<7) 
C<2')--cil')--ci8) 126.8(6) 127-O(6) 
C(~PC(l')--C<8) 124.7(6) 124.5<5) 
ci1')--ci2'+ci11) 127-O(5) 126.7i7) 
Ci3'WXZ')--c(ll) 124.6(5) 124.6(7) 
ci3')-c<d)--cil4) 124.7<6) 124.5(6) 
c<5'b-c~4')--ci14) 126.9(6) 126.8(7) 

C(lt--ci6)--ci7) 111.8(6) 114.1<5) 

C(6)-a7)-cx8) 115.1<6) 116.3(6) 

Ci1')--ci8)-ci7) 113.3<6) 112.9<5) 
ci2Pci9)--cilo) 113.8<5) 113.4<7) 

ci9)--ci1OPc~l~) 114.8(6) 117.2(7) 
c<2')-cil~)4xlo) 112.8<5) 113.3(6) 

Ci4)-CK12hC<13A) 114.2ilO) 1X3.8(11) 
Ci4)--Ci12)--C(l3B) 115.6(8) 1X4.1(7) 
Ci12)--Ci13A~<14) 128.8(18) 123.6(18) 
C(l2)-Ci13BjC<l4) lZO.S(lO) 117.3(8) 
Cid+C(14)--ci13A) 116.0(12) 114.8(12) 
Ci4+Ci14jCi13B) 113.8(7) 114.8(7) 

lady short bonds or small angles in the cyclopentadienyl rings. These distances 
and angles are normal for ferrocene derivatives. 

The conformation of the trimethylene bridges are shown in Fig. 2. The cen- 
tral methylene carbon atom of the 4,4’-bridge is disordered in two equivalent 
positions. The occupancy factors refined to the values of 0.36(Z) and 0.61(l) 
for Unit A, 0.29(l) and 0.71(l) for Unit B rather than 0.5 as ordinarily expected. 
Although it is usually impossible to distinguish between static disorder and dy- 
namic disorder by X-ray diffraction on crystals, a broad peak in the PMR spec- 
trum of the compound at 6 1.8 ppm indicates that flipping exists [28]. Some of 
the carbou-carbon disl&~c& including the disordered atom appear unreason- 
able; this may be due to the difficulty of the refinement of atoms whose thermal 
ellipsoids are -quite large. The average distance of the disordered carbon atoms to 
neighboring carbon atoms is 1.511 A. The average distance of 1.512 A between 
the carbon atom in the ring and the bridged carbon atom adjacent to it is shorter 



I n -. I II 

- P -0.734. -0.753 -0.471 -k.498 

( 0.42i 0.389 .rl 0.332 0.302 

A.533 6.536 0.817 r ._ 0.813 

h 5.132 1.984 1.952 5.066 

De&tionofAtoms<A)c 

C<I) orC<1'> -0.001 0.006 0.009 0.001 

cX21or c<2') -0.011 0.006- 0.005 -0.014 

C<3)orC<3') 0.020 -0.016 -0.017 -0.021 

C<4)orc@) -0.021 0.019 0.023 -0.021 

C(6) or C(5') 0.014 4.015 -0.019 0.012 

Fe -1.568 1.577' 1.572 -1.574 

aDirectioncosinesofthep!anereferto the orthogonaIaxis.systema. b,~c*.bAUatoms except Fe weighted 
atunitY.CInUnit A(I)andInUnitB~II).negativedeviationsaretowardtheironatom.Inthe others_ poti- 
tive deviationsaretowardtheirozzatom. 

than that of 1.544 A between the middle carbon atom in the l,l’- and 2,2’- 
bridges and one adjacent to it. 

The molecular packing as viewed along the b axis is shown in Fig. 3. None of 
the intermolecular distances is sig&.ficantly shorter than the sum of Van der 
Waals radii--The two intermolecular contacts less than 3.6 ii are the distance 
df 3.5CJ6(l2) A between C(3) (Unit _A) at (x, y, z) and C(3) (Unit A) at (-0.5, - x, 
0.5 -y, i) and the distance of 3.581(9) a between C(5) (Unit A) at (x, y, z) 
and C(3’) (Unit B) at (-0.5 +x, 0.5 -y, 0.5 + z). 
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TA+ 6 

BOND DISTANCES AND ANGLES OF BRIDGED FERROCENES 

Compound-o- Ring Distance (A) 

tilt 

Fe-R Avg(Fe-RC) Avg(RC-RC) Ref. 

F 

BF 

F+ 

One 2-atom bridge 

TMEF 

EADOF 

TQQF 
BP1 

One J-atom bridge 
TMFO 

QMTMFO 
QHPTMF 

CPF 

TTF 

Orie 4otom bridge 

BAI 

Two 3-atom bridges 

BTMF 
TKTMF 

BCPF 

Three 3-atom Bridges 
124TTMF 

PKTMF 

1.66 
1.66 

1.70 

2.045 1.403 

2.035 1.40. 

16 
17 

18 

1.635 2.040 1.435 1 

1.64 2.024 1.406 2 

1.637 2.041 1.431 19 
1.640 2.039 1.423 20 

8.8O 1.640 2.039 1.424 3 

10” 1.655 2.059 1.438 4 

10” 1.643 2.056 1.453 21 

11.0” 1.645 2.046 1.423 22 

2.85O 1.653 2.044 1.42 23 

7.33O 1.642 2.044 24 

9” 
ll.1° 

14.4O 

2.01 
2.023 

2.025 

5 
25 

26 

1.431 

1.436 

1.616 

1.615 

2.4” 1.573 1.992 1.436 tbis work 

12.5O 1.60 2.012 1.435 27 

=R Ring 
RC Ring Carbon 
F Fe?XCZeIle 

BF Biferrocenyl 

F’ Ferricenium Tetracblorobismutbate 
TMEF l.l’-TetramethyIethyIenefenocene 

EADOF [23 Ferrocenophanetbiazinne-l.l’-Dioxide 

TQQF l.l’-<Tetraphenyl-o-phenylene)ferrocene 

BP1 Dipentalenyliron 

T&&IF0 eKeto-1.1’~trimethylenefenclcene 

QMTMFO a-Ketoq-phenyl-l.l’-trimetbylene-2’-methylferrocene 

QHPTMF l.l’-Trime’&ylene-2-(o-phenyl-o-hydroxypropyl)ferrocene 

CPF 1.1’-(1”.3’‘-Cyclopentylene)ferrocene 

TTF l.l’-Tritbiaferrocene 

BAI Di-<z-aaulere)iron 

BTMF 1.1’.3.3’-Bis(trimethylene)ferrocene 

TKTMF 1.1’.2.2’.3.4’.5’-Tetrakis(trimethylene)ferrocene 

BCPF 1.1’.3.3’-Bis(1”.3’‘-Cyclopentylene)ferrocene 

124TTbfF 1.1’.2.2’.4.4’-Tris<trimethylene)ferrocene 

PKTMF 1.1’.2.2’.3,3’.4.5.4’.5’-Pentakis(trimetbylene)ferrocene 

Conclusion 

Bridging the cyclopentadienyl rings of ferrocene with one or two trimethyl- 
ene groups introduces a strain that can be accommodated by ring tilting. A third 
non-adjacent bridge either must bring two cyclopentadienyl carbon atoms closer 
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~tog&& or-the ~hr$igcs~i&st &etch. -Apparen&ly there arc no abnorn$a@ies in any 
bond lengths or@igles excefitthose of the ir&to rjng-carbons. The--non-bridged 

ring-&bon atomsremain further &p&t, but still el_oser than in ferrocene: The 
-~~@a.+ _+troducecl by&&xeezing the iron atom-& tianifested in the failure .[ll] of 
the. pre&&tion .of a. t$rakis(trimethylene)ferrocene, a failtie that resulted in a 
rea%rar&em&rt to the less strained two-bridged ]11,25] compound_ 
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