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Summary 

The title compound (molecular formula Cz5H3,,Fe) forms prismatic crystals 
from hexane which belong to the monoclinic space group >2Jn with lattice 
constants o 9.486(2), b 12.134(2), c 16.024(2) A, fi 93.12(l)“, and 2 = 4. The 
structure was solved by the heavy atom method and refined by full-matrix least 
squares against 3839 p terms to yield R = 0.08 and R, = 0.12. The Fe to cyclo- 
pentadienyl ring-carbon distances range from l-985(3) to 2.042(4) a. The two 
cyclopentadienyl rings are eclipsed, they are slightly non-planar, and the angle 
between their least-squares planes is 12.5”. 

Introduction 

In the course of the study of the multi-bridged ferrocenes, one compound of 
interest is the completely bridged compound 1,1’,2,2’,3,3’,4,4’,5,5’-pentakis- . 
(trimethylene)ferrocene (I). In an attempt to synthesize [l] this compound, the 
step that was used to form the fifth bridge gave a very low yield. A compound 
presumed to be the five-bridged ferrocene (I) was then isolated in the subse- 
quent step. Because of the extremely small amount of material available, charac- 
terization of the compound was undertaken using X-ray diffraction. Instead of 
the expected five-bridged ferrocene, the molecule was found to be 1,1’,2,2’,3,3’,- 

* For part III see ref. 11. 
** To whonirequests for information should be sent. 



-‘~~5;-4;1S~-pe,takis(trimethylene)ferrocene (Fig. T), a ferrocene defivative with. 
I three-adjkcent &imethylene bridges &nd two homoannular t&ethylene groups. 

- ._: 

Experimental 

A pale yellow prism was mounted along its long axis and the diffraction sym- 
metry (2im) determined photographically. Intensity data were collected on an 
-Enraf-Nonius CAD$ diffractometer and examined for systematic absences. The 
reflections Ok0 fork =~2n + 1 a&l k01 for k t I = 2n + 1 were systematically 
absent and-the space group was uniquely determined as P2Jn. The intensity data 
were reduced-with application of appropriate Lorentz and polarization terms 
and absorption corrections calculated by the procedure of Busing and Levy 121 
Were applied_ A total of 3839 unique and space-group-permissible reflections 

TABLE 1 

CRYSTALLOGRAPHIC DETAILS 

unit cell a: ‘space group; monoclinic: PZll?z 
a 9_486<2) 8, _B 93.12(1)” 
b 12134<2)._% V 1842 A3 
c 16.024<2) A 24 

Ck~std dimensions <mm): d(001) = 0.29. d<OOi) = 0.26. d<lOi) = 0.17. 
d<iOi)= 0.12. d<OlO)= 0.04.d<Oio;= 0.04. 

D&a co&ctZon: 
Diffractometer Enraf-Nonius. CAD4 
RSidi2dtSOZl Co-K,-i!gaphitc monochromsted < assumed ideally mosaic) 

_4ttenl;ator Nickel foil, &[IAtt 15.55 
Lineax absorption 
coefficient p 65.9 cm-! 

‘Rvo theta range 0<28 4140’ 
Number of reflecti&s 
~gfacto5. '- 

12560: 3839 unique 
Doyle and Tom&x [3d]. Stewart. Davidson 

~.- 

Anomilous di&sion 

and Simx+on [3bI 
Cramer and Libennan [43 

Refinerned: Full-matrix least squares against F*s. 
R,=-bS2 and R= 6.08 
R=(CIFO?T~~F,*~~J~F~~ R;= <<XU~<F~*--~~F,*)*)~CWF~~)"* 
ash&e CD e 11a2 and a2 = ac2 + (0.02F02>2.t <0.02<Fo2 - Fo~IA)>~ - 

-Roti us&Absorption correction &z&e&in& BI&ABS~AVSOBT [5J. least squares anaiykis. 

F+IN80 [53, ~otting:tiRTEP [63. 

: 
z o Bass on~~‘1,54051 A_ 

. . 

.- 



Fig. 1. -4 view of 1.1’.2,2’.3.3’.4.5.4’.5’-pentakis(trimet~ocene. 

were obtained. Standard vector and electron-density syntheses were used to 
solve the structure which was refined by full-matrix least-squares. Positions for 
the hydrogen atoms were calculated and periodically updated. Further details of 
the experimental work are given in Table 1 *. 

Results and discussion 

The molecular structure and the aromic nomenclature are shown in Fig. 1. 
Final atomic coordinates and thermal motion factors are given in Tables 2 and 
3. Bond distances and selected angles are found in Tables 4 and 5 respectively. 
A tabulation of structure factors was deposited in NAPS *. 

Of the ferrocene derivatives with 3-carbon bridges, the one reported here has 
the largest ring-ring angle measured, Table 6. Apparently, placing bridges adja- 
cent to each other requires a deformation that causes an increase in the ring-ring 
angle. The derivative [lo] with two non-adjacent bridges displays a ring-ring 
angle of 9”, two adjacent [ll] bridges ll”, and three adjacent bridges (this 

(Continued on p_ 114) 

* The table oi structure factors has been deposited as NAPS Document No. 03264 (23 pages). Order 
from ASIS/NAPS. c[o Microfiche Publications. P-0. Box 3513. Grand Central Station. New York. 
N.Y. 10011. A copy may be secured by citing the document number. remitting S 5.00 for photo- 
copies or $3.00 for microfiche. Advznce payment is required. Make checks payable to Microfiche 

PubIications. 
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TABLE.3 

~ALCULATEDHYDROGENPOSITIONS= 

.Thecoordinatesha~-ebeenmultipliedby105 

Atom x Y z 

H<64 38261 

W33l 23097 
w7-Q z&%3 

W?Bl 34854 

W%W 58444 

HWQ 54349 

=3-w 4S-SSv 

H(9B) 59763 
H(lOA) 61511 
H$lOB) 72428 
R(114) 80946 
H(llB) 80500 
H<12A) 59416 
H(12B) 47912 
H(13A) 67455 
H(13B) 56466 
H(14A) 79289 
H(14B) 79057 
H(15A) 30383 
H(15B) 19289 
H(16A) 16336 
H(16B) 4588 
H(17A) 5911 
H<l?B) 16015 
H(18~) 61684 
H(l8B) 49280 
H(19A) 46027 
H(19B) 34190 
H(20A) 34564 
H(20B) 47882 

33237 
29852 
x%?4.% 
14154 
18585 
7107 

5??415- 
54662 
37075 
46308 
39119 
29954 
56462 
57287 

50180 
40859 
34789 
42146 
34156 
43089 
20952 

29697 
28270 
18234 
12233 
20700 
-553 

4988 
-2498 

44910 
42044 

3r;f+75 
45774 
436X6 
40142 

4%354 
33707 
44517 
43950 
32522 
39099 
20203 
13063 
7347 

7353 
11286 
19115 
6057 
8228 
9660 

10491 

24017 
23021 
5584 
4855 
7763 
8438 

21848 
21326 

nThebydrogensaregiventhenuabesofthecarbonatomsto whichthey areattached.Anisotropictem- 

perature factorof 5.0 Azwasassignedto eachhydrogenatom. 

TABLE 4 

BONDDISTANCES 

Bond Distance(R) Bona Distance <A) 

F&(l) 2.000(3) C(l>--c(6) 1.510(4) 

-Fe-'-Xl') l-996(3) C(l'WX8) X.521(4) 

Fe-G(2) l-990(3) c(2wc9) 1.496C5) 

Fe-C(2') l-985(3) C<2'>--c<ll) lSOl(5) 

F&(3) 2.000<4) CC3)--c<12) l-506(5) 

FH(3') 1.993<3) C(3')-4x14) 1.508(5) 

F-(4) 2.042<3) C<4)--c<l5) l-486(4) 

Fe-C(4') 2.033(3) CC4')--c<l8) l-492(5) 

F-(5) 2.038<3) C<5)--c<17) 1.507(5) 

FeC(5') 2.042<4) cm--a2Q1 1.493<5) 

C(l)--c(2) l.452(5) C(6)--c(7) l-533(5) 

C(l'C(2') 1.449(5) C(7)--c(8) X528(5) 

C(1+c<5) 1.427(4) C(9)--c(lO) X493(7) 

C(l')--c(5') l-428(4) c(10)--c(11) 1.504(7) 

C(2t--c(3) X456(4) cwv-c~13) l-545(6) 

C(2')--c(3') 1.456(4) C(13)--c(l4) 1.523<6) 

C(3)--c(4) l-432(5) C(15)--c(l6) 1.533(6) 

C(3')-c(4') l-422(5) C(18)--c(l9) 1.543(6) 

C(4)-c<S) l-415(4) C(16)--c(17) l-517(6) 

(=(4')-W5') X431(4) C(l9)--c(20) 1.54215) 
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&LE.5 :_ ~;_ ‘. ..: .--I : 

o-c_c Box-D &g& . . . .-. ._.. ., 
:. 

__&a -- : -: -. An&(~) .~ &md : -*tie C”) 

6&-C<lj--C<5) 10&6(i) 
:CC2'+il%-C(5') 

C(4')-+18)-+(19) 104.4(3) 
107i4(3) I 
108.2(8) 

‘XlW-Q16VCl7> .-110.6(4) 
cc1~<2)--cc3) 

:-CCl')--C<2')-C(3') 
CClS)-C(lS)-CC20) !08.3(3) 

lOSS(3) 
C{2)+C<Z+(4)-- 106.5(i) 

C<5)--c<1~+a1~) -102.6(3) 

c<2'tcC3'+CC4'> 106.5<3) 
C(5')-%w-cc19) 
CC4~5)-&17) 

_. -104.3(3) 
111.5(33) 

C(3J-a4)-_c<5) 
C<3'~4')--c<5'> 

i~9.0(3j CC4'~<5'l+X20) 
109_1<3) 

11&2(3) 

CCl,LcC2MC9) 126.3(3) 

al)--cc5~~4) 109.5<3) ccl')--c<2'~c11) X26.5(3) 
ccl'bcc5')--cC4'~ 108.8(3) cc3wx2i-cCs~ 125.3(3) 
CClb-W6~<7> 114.2<3) 
CCl')--c~8~(7~ 

C(3'~(2')--c(11~ 125.3(3) 
114.4(3) %2-‘2U-W3 128.1<3) 

cC2)--cC9~<10) 117.4(4) CC2't_cCl'MC8) 126.7<3) 
c(2')--cCllz-cclo) 117.6(3) c<2~<3)--cc12) 127.6(3) 
c<3)--cO2~03> 114_4<3) CC2')--cC3')--cC14) 
CC3'~<14~<13) 

127.5(3) 
114.7(3) CC5PCXlWC6) 125.0(3) 

CW+X7bCX8) 117.7<3) CC5'I--'X')-cC8) 125.4(3) 

C<9Pa1O)--ccll~ 119.0(4) CC4+CC3+CXl2) 125_4(3) 
'XJ2~<13~C14~ 115-S(3) cC4')--cc3'cc14~ X$5.6(3) 
Cc15)-a4)--cc5~ 111_3(3) C(1)--c<5)--c(17~ 138.9(3) 
CCl8)-cC4'~C5') 110.8<3) w')--cc5')--cc20~ 140.0(3) 
C(4;--c<l5)-_c(l6) 103_3(3) cc3J-c(4~a5> X39.7(3> 

~<3'W.C4'PCXW 140.1(3) 

compound) 12.5”. The derivative with three non-adjacent bridges [12] is not 
comparable in this context, because the 4,4’-bridge requires those ring carbons 
to be closer together and the r&g-ring angle 2.4”, is thus significantly smaller, 

.&other aspect of the crowding caused by the three adjacent bridges which is 
not evident in the compound with two adjacent bridges is in the variation of the 
torsion angles about the two bonds to each of the central carbon atoms in the 
bridges. The four torsion angles involving the C(6)-C!(7), C(7jC(ts), C( 12)-C( 13) 
and C(13)-C(14) bonds range in magnitude from 66.5 to 67.9”. The angles at 
the central bridge (bonds C(9)-C(lO) and C(lO)-C( 11)) are only 55.3 and 

T_4BLE 6 

RINGTILTSOFFERROCENESWITH3-CARBONBRIDGES 

Compound Ring Ref. 

tilt 

0ne3-at0mczid&e 
a-Keto-l.l'-trimethyleneferrocene 8.8' 7 
~-Ketoy-~henyl-l.l'-trimeChyle~~2'-metocene 10" 8 
l.l'-Trimethylene-2-(~phenyba-hydroxypropyl)ferrocene 10" 9’ 

Two 3atom bridges 
.i.l'.3,3'-Bis(trime~yIe=e~~~~=ene go 10 

: .1.1~2.2'.3.4,4'.5'-Te~C~~~y~en~)fe~~ene 1lY 11 
Three 3-atom bridges. ‘. 

1.1~22'.4.4'-Tris<te~y~ene~~e~cen 2.& --12 
1.1'.2.2'.3.3'.4.5.4*.5'-Pe&kis(trimeffiylene)ferr0cene 12.5O Thiswork. 
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T_4BLE 7 .~ 

-LEAST.SQUARES PLANES = OF CYCLOPENTADIENYL RINGS 

Eqyation pX + q Y i rZ f 

Coefficient I Il Deviations of I II 
atonls (A) iJ 

P --o-669 0.788 C(1) or C(1’) -0.013 0.015 

4 0.728 -0.616 C(2) or C(2’) 0.017 -0.018 
I- 0.149 -0.006 C(3) or C(3’) -0.014 0.013 

s 1.928 2.747 C(4) or C(4’) 0.006 -0.004 
C(5) or C(5’) 0.005 -0.007 

-~-___ ____- 

a Direction cosines of the plane refer to the orthogonal axis system o. b. c tb _ In ring I. negative deviations 
are toward the iron atom: in Ring II. positive deviations are toward the iron atom. 

56.8”, however. This difference, of about ll”, may be sufficient to allow the 
carbon atoms of the central bridge greater sp’ character and may also explain 
the shortness of the C(g)-C(lO) and C(lO)-C(Il) bond distances, l-499(6) A. 
The average of the carbon-carbon bond distances to the middle carbon atoms for 
all other trimethylene bridged ferrocenes as well as for the outer bridges of this 
compound is 1.544(S) A. (An alternative explanation of the bond shortening 
may reside in the high thermal motion of the C(10) atom which would yield 
apparent bond distances shorter than their actual value.) 

A third aspect of the crowding is apparent in the slight non-planarity of the 
cyclopentadienyl rings (Table 7). The 2- and 2’-carbon atoms are displaced away 
from each other thereby increasing their separation distance. The larger ring- 
tilt associated with the introduction of the middle bridge and the non-planarity 
are seemingly counterproductive: However, there are numerous other interactions, 
besides the length of the carbon chain, which play a role, and these, such as the 
interaction of the homoannular trimethylene groups, have not been analyzed. 

The iron to ring-carbon distances reflect the tilting of the two cyclopenta- 
dienyl rings. Thus, Fe-G(2) and FerC(2’) bond distances are quite short: l-988(2) 
PI when compared to the value of 2.045(12) a reported for ferrocene [13]. The 
average distance of the iron to the least squares plane of the cyclopentadienyl 
rings is 1.60 A, also short compared to the l-66 a in fenocene_ The average 
carbon-carbon bond distances within the cyclopentadienyl rings are within 
experimental error of previously reported structures. The bond angles found in 
this structure are similar to those found in other bridged ferrocene structures. 
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