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Abstract 

. . . . . . . .  .!-b|lerr - The relation between the mixed-valence state and crystal structure ot iodide salts for 1.1 -bus(e4- and ~-naphthylmethyl)-I . . . . .  o 
certes has been studied by means of ST Fe Miissbauer spectroscopy and X-ray structural analysis, Time change of STFe Mtissbauer 
spectroscopy was first observed for only the ot.naphthylmethyl derivative: the trapped.valence state (metastable phase) of the Fe atom in 
the salt gradually changes into the detrapped-valence state (stable phase) on standing at room temperature for one month. There are two 
independent mou{~:ations in the [~-naphthylmethyl derivative Both salts (tx-naphthylmethyl derivative in stable phase and ~-naphthyl° 
metllyl derivative) gave the detrapped-valence state of STFe MOssbauer spectra, implying the equivalence of the oxidation state of the two 
Fe a|oms, X°ray difbaction studies of both salts support the above results, i,e. both monocations sit on the center of symmetry and the 
Fe=C(Cp) distances (2,{~b4(2)~ for the ~onaphthylmethyl derivative and 2.()t~1(9) and 2.t)5('~(7)~ fi, r tile ~onaphthylmethyl derivative) 
a~ dose to the mean values of fen'ocene and f~rrocenium ion. (O 1997 Elsevier Science S.A. 

Kevt~vud,~: Mixcdovalence slate; Bmu¢lear l~rroccn~ derivatives; ~ F¢ Mi)s.~bauer spectroscopy; Xoray structural analy~i~ 

I. Intrmiuetlon 

The aatu~ of electron transfer between well-sep- 
arated metal sites has been discussed in connection with 
studies of superconductive materials and biological sys- 
tems [I,2]. Especially, a number of STFe M~issbauer 
spectroscopic and other studies on mixed-valence binu- 
clear ferrocene derivatives have provided us with impor- 
tant information on electron-transfer processes, i.e. the 
rate of electron transfer in the mixed-valence salts is 
strongly concerned with the packing of the cations and 
anions [2-1 I]. In addition, systematic change of the 
alkyl group showed an interesting even=odd character 
in the number of carbon atoms of the substituent in the 
relationship between the crystal structure and the 
mixed-valence state [6~1 I]. In the second ~;tage our 
strategy is the use of the derivative attached to a planar 
substituent. In the present study, the relation between 
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the mixed-valence state and the crystal structure of 
iodide salts t 'or I',l"'obis(uo and 15onaphlhylm~thyl)o 
I,l"-biferrocenes is investigated by means of ~TFe 
M0ssbauer spectroscopy and X-ray structural analysis. 

2. Experimental 

2. I. Syntheses 

I', l'"-Bis(a- and D-naphthylmethyl)- I, l".biferrocenes 
were synthesized according to a method reported tbr a 
series of biferrocenes disubstituted with alkyl sub° 
stituents [4-I!  ]. The products were isolated by column 
chromatography on alumina and purified by recrystal° 
lization from dichloromethane-hexane, l',l"'-Bis(o~o 
naphthyhnethyl)- I, I"-biferrocene: m.p. 22 ! =223 °C. ~ H 
NMR (8/ppm, CDCI~): 7.94 (2H), 7.82 (2H). 7.65 
(2H), 7.48 (4H), 7.31 (2H), 7.10 (2H)(naphthyl); 4.42 
(4H), 4.29 (4H), 4.01 (8H) (Fc); 3.78 (4H) (-CH:=). 
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Scheme I. t'.l"-Biga-naphthylmethyl)-I.l"-biferrocenium triiodide 
l'.l"-bis(t3-naphthylmethyl)-I.l"-biferrocenium pentaiodide (X 

I~ or t~). 

l '.l '-Bis(~-naphthylmethyl)- l.i"-biferrocene: m.p. 
o ! 172~!74 C. H NMR (8/ppm. CDCI3): 7.71 (6H). 

7.48 (28). 7.39 (68) (naphthyl). 4.34 (48). 4.20 (48). 
3.95 (8H) (Fc): 3.58 (4H) (-CH ,-).  The s~ Fe M~ssbauer 
s ~ t r a  for l ' . l ' -b iga-  and {$-naphthylmethy)-I,l"-bi,. 
t~nocenes at room temperature show only one doublet 
ascribed to ferrocene-like lea. There are no significant 
differences in the Mttssbauer parameters between the ~° 
and ~napbthylmethyl derivatives. Both showed the 
same isomer shift value, 8-0.44rams =~ and 

- |  quadrupole splitting value, A Eq - 2.29 mm s- . 
l'. I'oBis( ¢~onaphthylmethyl)o I, I"obifenocenium triton 

dide (Scheme 1) was prepared by adding a stoichiometo 
fie amount of l~ dissolved in chlorotbn~ to a chloroo 
form solution of I'.l"obis((xonaphthylmethyl)o I. I"obifero 
rocene. The sample was recrystalli~ed from 
diehlotomethane, Anal, Found for I',l"obis(ot~napho 
thylmethyl)-I.l",oit~rrocenium triiodide: C. 48.87: H, 
3.34. C~H~4Fe~I~ Caic.. C, 48.9,, H, 3.32%. I,I - 
Bis(fbnaphthylmethyl),l.l".biferrocenium pentaiodide 
(Scheme I) was obtained, although 3/2  times the 
amount of I, was added to I'.l'-bis([~,on~thylmethyl). 
I,l"obiferrocene in chloroform, Anal, Found for I',i'o 
bis([bnapbthylmethyl),.I,l".bife~nium pentaiodide: 
C, 39.70: H, 2.83. C~Hs4Fe:I s Calc.: C, 38.50: H, 
2.41%. 

2,2, s¢ Fe M#ssbauer spectroscopic measuwmems 

A ~Co(Rh) source moving in a constant-acceleration 
mode was u ~  ibr S~Fe Mt~ssbauer spectroscopic mean 
surements, V~able-temperature ML~ssbauer s ~ t r a  
were o b t a i ~  by using a Toyo Research s~trometer  
and a continuous,flow cryostat, The Mi~ssbauer parame- 
ters were obtained by least,squares fitting to Lorentzian 
peaks. The isomer shift values are referred to metallic 
iron, 

2.3. X-ray crystallography 

All X-ray powder diffraction patterns were measured 
by using graphite-monochromated Cu K a radiation 
(Rigaku) at room temperature. 

Three-dimensional room temperature X-ray data for 
the single crystal of l',l'-bis(ct-naphthylmethyl)- l,l"-bi- 
ferrocenium triiodide were collected in the range 2 0 < 
55 ° on a Mac Science MX3 four-circle diffractometer 
with graphite-monochromated Mo K~t radiation (A = 

o ¢ # ¢  ° n " 

0.71073 A). 1, i -Bls(a-naphthylmethyl)- I, I -blferro- 
cenium triiodide ( C 4 2 H 3 4 F e 2 1 3 )  crystallized in the tri- 
clinic space group P I, with a-9.820(5) ,A,  b =  
10.439(7) A. c = 10.650(6) .~,, a ,~ 62.81(4) °, /3 ,~ 
86,12(5) °. y ~ 69,71(4) °. V = 905.4(9) ~,~, and Z ~ i. 
All data were corrected for absorption [12], The initial 
structure was solved by a direct method using the 
program MOS~ CARLO-MULTAN [13]. Refinement of F 
was carried out by full-matrix least-squares. All non-hy- 
drogen atoms were refined anisotropically by full-ma- 
trix least-squares method, All hydrogen atoms could be 
found on a Fourier-difference map; these coordinates 
were included in the refinement with isotropic thermal 
parameters. All the computations were carried out on a 
Titan-750 computer. The refinement band on 3217 
observed reflections (!  > 3.0o'(I)) converged to an R 
( g )  factor of 5.4% (4,6%). 

1'. I"oBis(13-naphthylmethyl)- I, I%bifem~cenium pen- 
taiodide (C4, H ~Fe, Is)crystallized in the triclinic space 
group PT, ~itli ¢, £ f l  .203(2) A, l,- 18.272(4)A, c -  
i0.8!3(3)A, ~-99 .43 (2 )  °, /~ - io4 .15(2)  o. ~ , -  
74,86(I) n, V~ 2071.1(8)~ '~, and Z -  2, The Xoray data 
were collected al a tem~ratu~ of 23 t I °C using the 
~ 2  0 ~aa technique to a maximum 2 O value of 50 ° on 
a Rigaku AFC6A four-circle diffractometer with 
graphite-monochromated Mo K o, radiation, The data 
were c o - - t e d  for Lorentz and polarization effects. 
Lattice parameters were determined by least-squares 
fitting of 25 reflections having 22. I I° < 2 0 < 24.7C, 
The initial structure was solved by a direct method and 
expanded using Fourier techniques. All non-hydrogen 
atoms were refined anisotropically by full-matrix least- 
squares method. All hydrogen atoms were fixed at the 
calculated positions: these coordinates were included in 
the refinement with isotropic thermal parameters. The 
refinement based on 3167 ob~rved reflections (I  > 
2,00o"(I)) converged to an R (R') factor of 7.0% 
(9,5%), 

3. Results and discussion 

3, i, r. F'-Bh~ c~-naphlhylmethyl), I. r'-biferrocenium tri- 
iodide 

i', I'-Bis(t~-naphthylmethyl)- I, I"-biferrocene was ox- 
idized by using a stoichiometric amount of I: in chloro- 



S. Ndkashima vl aL / J~mmM of Organtm~etallh, Ch~'misto' 542 f 1997) 271-2~0 273 

1.00 

0,98 

1,00 
C ,g 
rJ~ ._= 
E 0.96 
¢;: 

i~ 1.00 

¢: 0.95 

1.00 ~ 

0.99 

---- i ~ u i . . . . .  m 

I I • 

_ ~ (a) 

_ _ t  1 I I ...... I 

-4 -2 0 2 4 

Velocity /mm s-~ 

Fig, I, Variable°temperature ~ F e  M/3ssbauer spectra of I ' , l"-bis(~- 
naphthylmethyl}-I,l"-bifermeeniunl triiodide: (a) fresh sample at 
298 K: (b) sample at 4,2 K of In) allowed to stand at room tempera- 
tute for one month: (c) sample at 80 K of (b); (d) sample at 298 K of 
tb). 

form to give the triiodide salt. The most striking feature 
of the salt is G)und in the time change of ~7 Fe M~issbauer 
s~ctra, i,e, the fresh salt gives two kinds of Fe states 
(Fe it and Felll), although the spectra are not reasonable 
in spite of several days measurements because the oxio 
datto, slate of the Fe atoms in the cation is ,or fixed 
during the measurements. About 7 days later a rela° 
tively reasonable a~Fe Mt~ssbauer spectruin was ob~ 
served at room temperature (as shown in Fig. i; the 
Mtissbauer paraineters are summarized in Table 1 ) which 
contains the trapped-valence state (in which the Fe" and 
Fem are observed independently) and a small amount of 
the detrapped-valence state (where Fe" and Fe m are not 
distinguished). These results suggest that the fresh salt 
crystallized first is in metastable phase with trapped-va- 
lence Fe state :'nd this phase gradually changes into the 
stable one witr, detrapped-valence Fe state on standing 
at room temperature. To verify the speculation, the 
same .~7 Fe M~issbauer spectroscopy using the same salt 
and allowed to stand at room temperature for one month 
was carried out. Strikingly, only one doublet (de- 
trapl~d-valence state) was observed at room tempera- 
ture, as shown in Fig. I(d). The slight difference of the 
M(issbauer parameters (especially the quadrupole split- 
ting value) tbund in Fig. l(d) and the detrapped one in 
Fig. l(a) is due to the difficulty in the analysis of the 
spectrum for Fig. l(a). Although no significant spectral 

Table I 
~':Fe M6ssbauer ~ m e t e r s  for !', r"-bis( u-naphthylmethyl)- I, 1"-bi- 
ferrocenium triiodide and l',l"-bis([~-naphthylmeflayl)-l,l"-biferr~ 
cenium pentaiodide 

Substituent T (K) 

et-Naphthyimethyi 298 t, 

298 c 
245 ¢ 
200 ~ 
143 ~ 
80 ~ 
42 " 

13-Naphthylmethyl 298 
204 

144 

!14 

80 

,5 ~ ( m m s - ' )  2LEq 
0.45 ! .77 
0.44 0.56 
0.46 1.07 
0.43 I. 15 
0.46 1.16 
0.48 i.17 
0.50 !. 18 
0.50 ! .!9 
0.53 ! .47 
0.54 0.95 
O,43 I. 14 
0.46 ! .35 
0.46 0.94 
0.50 !.42 
0.51 0.92 
0,5 ! 1.43 
0.49 0.90 
0.51 !.52 
0.52 0.87 

(mms-  ~) 

" Isomer shift data ~ revorted with respect to metallic iron foil, 
t, Fresh sample, 
~ Sample allowed to stand at room temperature for one month, 

change was observed by cooling the sample to 80 K, a 
broader spectrum was observed at 4.2 K, which can be 
correctly analysed by using two doublets ascribed to 
Fe II* ~ and Fe "l ~ ~. The fact,' s provide us with the inlbr- 
marion that the oxidation states of the two Fe atoms are 
equivalent to each other in I', I'"obis(aonaphthylmethyB- 
I,l"-biferrocenium triiodide in the stable phase above 

c(4) 

c(8) 
C ~ 9 )  

c ( ~  ---~r c(e) c(10) 

°"°'T I 

Fig. 2. Molecular structure of I'.l'-bis(tx-naphthylmethyl)o I. I"°bffero 
rocenium triiodide recrystallized from dichloromethane. 
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80 IL although ~ y  ~ ~mewhat different from each 
~ m  4.2K. 

The results of X-ray powder diffraction patterns are 
concerned with the above results, i.e. the change of 
powder pattern is observed from the fresh sample by 
standing it at tt~m temperature for one month. Thus, it 
can be concluded ~ the metastable phase with 
trapped-valence state of Fe is ~ s t a l l i ~  at first by the 
oxidation in chloroform and the phase gradually changes 
into the stable one which contains detrapped-valence 
~.ate, 

The tesulu of X-ray diffraction of the sample pre- 
pared by the slow recrystallization from dichloromethane 
confirmed the above conclusion (the X-ray powder 
diffraction patterns of the sample correspond to those of 
the stable sample). An or~P drawing of the ,salt is 
~ w n  in Fig. 2 and the crystal data. positional parame- 
t ~  and selected bond distances and angles are shown 
in Tables 2-4 respectively. X-ray structural analysis 
shows that both the cation and the anion are located at 
the center of symmetry. Two memllocene halves have a 
trans conformation, which is found in most biferrocene 
derivatives and their salts. The !-I distance 
(2,8943(7)/~) is typical of the sym~tric triiodide an- 
ion, but is slightly shorter than that (2.9221(4) A) of 

T~I¢ 2 
I ,  I =bi.~(a:n~flihylmflhylb I, I"obffcm~¢i~ium i~ioo 

I.1 --bilcm did~ (~iabl¢ pha_~) and I'~l":bl~it:naphlhylm¢lhyl)- " ° 
ccaium ~ i l la i~ id~  

M I0~ I, !0 12S4,9~ 

Cry~i~l ~,y~lem 1~i¢llmc Trlcllalc 

Si~'~ ~)oup P] P] 
u (A) 9 , 8 2 ~ )  I 1.263(2) 

h (~) 10,439(7) 18,~72(4) 

c (A) 10,(~6) 10,813(3) 
¢ (~) 62.81(4) ~.43(2) 
8 (9 86,12(5) 104,15(2) 
y (~) 69,71(4) 74,56(I) 

V (A ~) 9(~'L4(9) 2O? I, i(8) 
t I 2 

CD'~tal ~ ¢  (ram ~ ) O,65xO,32xO,12 0,10x0,20×0,20 
b~O00) 497 1210 
tt(Mo K ~ )  (cm" * ) 31,'77 44,56 
b t ,  # / A ] ~ ,  (A" * ) o,e~o o..~9.~ 
Tm.a.! _~!l~!l.,>ns 4455 62~0 

Llh i t ~ I i o a s  4169 58?3 

l t~  l),0~ l),(t48 

Final re~wal  ¢i~ct~o~ 2,33, ~ l.?(.~ 5,56, ~ 0.78 
iteitsry (e A " ~ ) 
S 3,¢~l 2,62 
R 0,0M 0,070 
R > 0,046 0,095 

Table 3 
Positional parameters for i',l'-bis(a-naphthylmethyD-I,l"-biferro- 
cenium triiodide with estimated standard deviations (e.s.d.s) in paren- 
theses 

Atom x v z 

I(1) 0.0 -0 .5  0.0 
I(2) -0.25480(7) -0.44302(8) 0.14764(7) 
Fe 0.19120(8)  -0.24477(9) 0,18482(7) 
C( ! ) 0.0769(6) - 0.O!,H(6) 0.0027(5) 
C(21 O. t 320(8)  - O. 1722(6) - 0 . 0 ~ 8 ( 5 )  
C(3) 0.2879(8)  - 0.2314(9) 0.0042(6) 
C(4) 0.3250(8t - 0.1420(9) 0.0536(7) 
C(5) O. 1970(7) - 0.0289(6) 0,0554(6) 
C(6) 0.2813(61 - 0.4709(6) 0.3425(51 
C(71 0.3010(6) - 0.3667(7) 0.3839(5) 
(?(8) O. 1633(6) - 0.2621(8~ 0.3848(6) 
C(9) 0,0S79(7) - 0,3(}-56(8) 0.3449(6) 
C(!0) O, 1290(6) - 0,430(g71 0,3175(6) 
C( I | ) 0,~14(71 ~ 0,6035(6) 0.3367(6) 
C(12) 0.4493(6) - 0.7454(6) 0.4822(5) 
C(13) 0.3644(7) - 0.7582(7) 0.5909(6) 
O 14) 0.4063(8) - 0.8896(8) 0,7240(7) 
C(15) 0.5350(8) - 1,0061(8) 0,7499(7) 
C(16) 0.6275(6) - 0,9986(6) 0.6426(6) 
C(17) 0,7644(8) - I.I 166(7) 0,6671(7) 
C(18) 0,8548(9) - I, 1093(8) 0,5657(8) 
C(19) 0,8 i 26(8) - 0,9812(8) 0.4297(8) 
C(20) 0,68 ! 5(7) - 0.8634(7) 0.3995(7 ) 
C(21 ) 0,5843(6) - 0,8675(6) 0,5054(5) 
1t(2) 0.069(8) = 0.213(8) - 0.056(7 ) 
H(3) 0.348(8) - 0.332(9) - O.OI(X 8) 
H(4) 0.414(9) = 0,145(8) 0,085(7 ) 
H(,~ ) II), 18(~8) 0,0,16(8) 0,087(7) 
It( 7 ) 0.386(8) = 0,364(8) 0.403(6 ) 
H(X) 0,1~8(11) =(Ll?8(!i) 0,3~II(7) 

HI I0) ! ) , ( ~  ?) = 0,486(tl) 0,~8tX6) 
HI I I A) 0,4~)8(7) :-(),,t88(?) (L313(6) 
Hi I I B) t l ) ,3~?) = iL6~8(?) (L~¢)~(¢0 
t i ( I  3) 0,27~8) ~ O.tA(Xg) 0373(7) 
H(14) 0,33=/(8) - 0,882(1l) 030it(8) 
'1t(I $) 0,~?0(8) = I, 108(8) 0,83~(?) 
H(111) 0,79~8) - 1,203(8) 0,?~2(8) 
1t(18) 0,926(9) = 1,21fKg) 0 ,5~)(8)  
H(19) 0,882(9) - 0.980(9) 0,361(8) 
H(20) O,64~8) - 0,?72(8) 0.302(?) 

l',l"*-bis(dodecyl)*l,l"-biferrocenium triiodide [91. The 
mean Fe-C (cyclo~ntadienyl (Cp) ring) distance is 
found to be 2,064(2)A, intermediate between the values 
of 2,033 A for ferrocene [14] and 2.075(3) ~, for fem~e- 
nium ~tion [15], indicating that the valence state is 
intermediate between Fe" and Fc m, Tais is in accord 
with the result that the stable phase of the salt shows the 
detrapped-valence state at room temperature. In almost 
all the disubstituted derivatives the substituent sits oil 
the opposite half of binuclear f e ~ e n e .  In the present 
,~lt the two a-naphthyl subsdtuents point in unusual 
directions away from the cation, which is similar to the 
case of [l',l~-dibenzyl-I,i"-biferrocenium] [SbF~,] [16]. 
The packing arrangement .s also similar to that of 
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Table 4 
Selected bond distances (~,) and angles (°) for r.r"-bis(,~-naphthyl- 
methyl)-I.l"-bili~rrocenium triiodide with e.s.d.s in parentheses 

!( I ) -1(2) 
Fe-C(I)  
Fe-C(2) 
Fe-C(3) 
Fe-C'(4) 
Fe-CXS) 
Fe-C(6) 
Fe-C(7) 
Fe-C(8) 
Fe-C(9) 
Fe-C( i o) 
C( I )-(?(2) 
C(2)-C(3) 
C(3)-C(4) 
C(4)=C(5) 
C(5)-C( I ) 
C(6)-C(7) 
C(7)-C(8) 
C(8)-C(9) 
C(9)-C( I o) 
C( i O)-C((~) 
C ( 6 ) - C ( I  I ) 
C(! !)=C(12) 
C( 12)=C(13) 
C( 13)=C(14) 
C( 14)-£(15) 
C(15)-C(16) 
C( 16)=C(17) 
C( 16)- C(21 ) 
C( 17)~C(18) 
C( 18)~C(19) 
C(I~))ooC(20) 
C(20)o,C(21 ) 
C(21 ),oC(12) 
C( I )~C( r ) 
C( I 1.= Fc~,,.C(~) 
C( 2)~Fc=.C(I0) 
C(3)=Fe=C((O 
C(4)=F¢=C(7) 
C(5)=F¢=C(8) 
C(2)=C(I)==C15) 
C( I )=C(2)o=C(3) 
C(4)=C(3)=C(2) 
(~5)=C(4)=C(3) 
C(4)=C(5),-C( I ) 
C(I0)=C(6)=C(7) 
C(8)=C(7)=C(6) 
C(7)=C(8)-C(9) 
C(IO)~C(t))~C(8) 
C(gbC(I0)-C(6) 
C( I0)=C(6)=C( I I ) 
£(7)-C(6)-C( I I ) 
C(6)-C( I I)=C(12) 
C( 13)=C( 12)~C(21 ) 
C( 13)-C( 12)-£(I I) 
C(21 )=C( 12)=C( I I ) 
C( 12)=C( 13)=C(14) 
C(I 5)=C( 14)=C(13) 
C(14)=C(15)=C(16) 
C( 15) -£ (  16) -£ (17)  
C( 15)-C( 16)-C(21 ) 
(7( 17)-C( ! 6)-C(21 ) 

2,8°,43(7) 
2,087(4) 
2,064(6) 
2,054(7) 
2,O46(8) 
2,054(6) 
2,075(4) 
2,O42(5) 
2,061(7) 
2.076(6) 
2.077(7) 
1.42( I ) 
1.43(I) 
1.4111) 
1.40(1(9) 
1.43( I ) 
!.42( I ) 
1.4 ! 6(8) 
1.42( I ) 
1.40( i ) 
1.414(8) 
1.498(8) 
1.527(6) 
1.364(8) 
1.404(7) 
1.352(9) 
.401(9) 
.414(8) 
.429(6) 
.34( I ) 
.409(9) 
,307(()) 
.422(9) 
A24(7) 
.46( I ) 
12.2(2) 
II .0(3) 

107.512) 
I00.11(3) 
I07.0(3) 
108.2(51 
I07.2(7) 
107.7(7) 
109.0(7) 
107.8(7) 
106.6(5) 
109.7(6) 
11)5.7(7) 
1(19.5(6) 
108.4(7) 
128.0(7) 
125.3(6) 
I 12.1(5) 
119.1X4) 
121.1(4) 
119.9(5) 
121.4(5) 
120.8(6) 
120.2(5) 
121.6(5) 
119.6(5) 
I 18.8(6) 

Table 4 (continued) 

c( I  8)-C( 17)-C(16) 122.1(5) 
c( ! 7)-C( 18)-c(19) I 19.5(6) 
C(20)-C( i 9)-C(18) 12 I. !(7) 
C( ! 9)-C(20)-C(21 ) 120.5(5) 
C(20)-C(21 l-C(12) i 23. !(4) 
C(20)-C(2 I)-C(16) 1 ! 7,9(5) 
C( 12)-(?(21 l-C(16) l ! 8.9(5) 
C(2)-C(I)-C(i') 126.4(8) 
c(5)-C(l )-(7(r) 125.0(8) 

c(r )  is related to C( ! ) by the center of symmetry. 

[ r ,  r"-dibenzyl- !, l"-biferrocenium] [SbP~,], i.e. it consists 
of stacks of relatively large mixed-valence cations, with 
the i.~ anions sandwiched between the stacks of cations. 

3.2. 1'. l"'-Bis( f l-naphthylmethy/)-1, l"-biferrocenium 
pentaiodide 

r , l " ' -B is (13-naph thy lmethy i ) -  !, r'-biferrocenium pen- 
taiodide was obtained by adding !.~ dissolved in chloro- 
tbrm to a chlerotbrm solution of r , l ' -bis(B-naphthyl- 
methyl)-l,l"-biferrocene, although the ratio of 1: to 
l',l"'-bis(13-naphthylmethyl)-l,l"-biferrocene was 3 /2 .  
The composition was confirmed by elemental analysis 
and X-ray structural analysis. 

1.00 
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1 O0 

,,~ 0.97 

1,00 

I-. 
0,96 

2: ' oo 

0.96 

1.00 
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. . . . . . . . . . . . . . . . . . . . . . .  I . . . . . . . . . . . . . . . . . . . . .  
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vV 

-4 -2 0 2 4 
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,,t I l i t  " 

Fig, 3. Variable-temper.'tture ~71"¢ M~ssbauer ,~peclra of l . I  °bt:([5° 
naphthyhnethyl)- I. I"-biferrocenium pentaiodide. 
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Table- 5 
~ i ~  W ~  for I'.r"-bis(B-naphthylmethyl)-I.l"-biferro- 
~ u m  ~ ~  w i ~  e.s.d.s in parentheses 

Atom x y z 
t(1) '~ 0.5~8(2) 0.i588(!) 0 .9201(2)  
!<2) 0.729312) 0.2306(I) 0.8568(27 
K3) 0.912~2) 0.3128(1) 0.785 !(2) 
K4) 1.140~2) 0 . 1 ~ ! )  0.8853(2) 
[(5) 1.331~2) 0 . 0 5 9 7 ( 2 )  0.9830(2) 
Fd I ) 0.7620(3) 0.0449(2) 0.4683(4) 
Fd2) 0.2972(3) 0.4670(2) 0.86880) 
CtI )  0.722(2) -0.053(2) 0.516(3) 
£~2) 0,655(3) - 0.035(2) 0.39 !(3) 
C(3) 0.577(2) 0,041(2) 0.399(3) 
~4) 0.596(3) 0.069(2) 0.531(3) 
(7(5) 0.686(3) 0.0 i 2(2) 0.602(3) 
C(O) 0.952(2) 0.03511) 0,477(3) 
C(7) 0,881(3) 0.041(2) 0.349(3) 
C(8) 0.79413) 0.1 ! I(2) 0.356(3) 
~ 9 )  0.80413) O. 147(2) 0.4,83(4) 
C{IO) 0.903(3) 0.099(2) 0.5~3)  
C(II) 0.80~2) =0.129(I) 0.549(3) 
C(12) 0.72712) = O. 183( i ) 0.545(3) 
C(13) 0.690(3) =0.195(1) 0.646(3) 
L~ 14) 0,608{2) = 0,239{ I ) 0,638(3) 
C(15) 0,556(3) = 0~248(2) 0.740(3) 
¢~16) 0,469{3) =0.292(2) 0.720(4) 
C(I 7) 0,4~3) = 0~33~ 2) 0.597(5) 
(?118) 0,47~3) =0.323(2) 0,50414) 
C(19) 0,859(2) =0,27611) 0,5180) 
C(20) 0,602(3) = 0,267(2) 0,41 I(3) 
C(21 ) 0,682( M = 0,2~t(2) 0,424(3) 
(?(22) 0,233(2) 0,440(2) 1,0170) 
0 23) 0.134(2) 0,490( I ) O.O~ 2) 
C(24) 0,110(2) 0,488(I ) 0,I~ 19(2) 
(?(25) 0, !97(2) t).3!q~ I ) 0~0~(~) 
02~) (),26~(2) 0373t I ) 0,9~81~) 
02?)  0,4621~) 031)~2) 0,935(~) 
C12#) 0,3.*i8(2) 0,5~41 1 ) 0,S9313) 
C(=,79) 0,308(2) 0348(2) 0,7¢,~(3) 

~3 I) 0,47~{3) 0,44~2) 0,8~9(2) 
~32) 0281(2) OA$1(I) 1,1~9(2) 
C(33) 0,204(2) 0,422( I ) 1.23fg 2) 

34) O, 13,4(2) 037211 ) t. I ~5(2) 
C(3~) 0 , ~ 2 )  0.347(I) 1.254(2) 
CO6) = 0,007(3) 0 . 2 ~  I ) i.20~2) 
~37) ~ 0,0?2(3) 0,27 If I ) 1.27 ~3) 
~38) : 0.0~(3) 0,301(2) 1,4()3(3) 
i~39) 0,001(3) 0,35~2) 1.457(2) 
C(~)  0 , ~ 2 )  0,378(! ) 1,381(2) 
C~41 ) O, 141(2) 0.43 !(2) 1,437(2) 
C(42) 0.~'~(2) 0,454(2) 1,363(3) 
14(2) O.~2b = 0,0704 0,3119 
H(3) 0,5 i 77 0,0¢~81 t),327~ 
~ 4 )  0 , 5 ~ 3  O, I I ~ l 0,5~73 
~5)  I)31 ?5 O,O145 I):5973 
FH?) 0,8915 0,(X)58 0,27~4 
~ )  03318 O, 1330 02822 
t~9~ 0,7~48 0,1972 0,507 I 
H(i0) 0,9312 O, t i I0 ( ) ~ 7 ~  
H{ I l a) 0,8~30 =~- O, 1239 0,~337 
14( I I b) 0,8643 = O, 14~0 0,4~98 
I$(13) 0,7219 = 0,1f)89 03311 
H~ 1 $) 0,$8~ = 0,221 ? 0,8291 

Table 5 (continued) 

Atom x y z 

H( ! 6) 0.4306 - 0.2952 0.7946 
Hi 17) 0.3790 - 0.3655 0.5922 
H(18) 0.4429 -0.3485 0,4167 
H(20) 0.5737 - 0.2935 0.327 i 
it121) 0.7141 -0,2177 0.M97 
H123) 0.0902 0.5402 0.9757 
H124) 0.0542 0.481 ! 0.7463 
H(25) 0.2033 0.3498 0.7298 
H(26) 0.3359 0.3271 0.9503 
H(28) 0.3272 0,6 ! 12 0,9424 
i-1129) 0,2379 0.5771 03070 
I-t130) 0.3648 0.4453 0,6343 
H(3 I) 0.5392 0,3970 0,8293 
H(32a) 0,368 i 0,4255 I. 1816 
H(32b) 0.2754 0,51)50 i. 1845 
H(34) O. 1282 0,3525 1,0950 
H(36) = 0.0131 0.2742 I. I 134 
H(37) - O. ! 230 0.2332 1,2383 
H138) - O, 1066 0.2806 1.456 I 
H(39) 0,(~)30 0.3732 1.547 i 
H(41 ) O. 1435 0,4528 1.527 I 
H(42) 0.~;40 0.4940 1.4001 

Temperature-dependent ~Fe  M6ssbauer spectra of 
r ,  r%bis(13-naphthylmethyl)- I ,  I"-biferrocenium pentaio- 
dide are shown in Fig, 3, The Mtissbauer parameters are 
summarized in Table I. The structural relaxation was 
not ob~rved in the B°naphthylmethyl derivative, which 
is the most important difference from the t~-naphlhyl- 
methyl derivative in the M(tssbauer spectra, The s~c°  
t rum at i ~ ) n l  teml~rature shows on ly  one doublet  aver. 
aged over Fe n and Fen'° I ' , l "oBis( i~=naphthyln|elhyl)= 
I,l%bii~,m~eniunl I~n la i~ ide  shows the 'fusion type' 
valence de(rapping as is shown in the ~=naphthylmethyl 
derivative in the stable phase, The de(rapping tempera- 
lure is higher than that of the t~-naphthylmethyl dativa- 
l(re, The quadmpole splitting values of the [~-naph- 
thylmethyl derivative are very close to each other even 
at 80K, This shows the insufficient valence m~pping 
with decreasing temperature, The temperature region for 
the de(rapping process is wider than t h o ~  of I ~, I%dial° 
kyl-i ,r '-biferrocenium triiodides [3,4,17]. 

Slow recryslailization from dichloromethane gave 
good single crystals suilable for X-ray crystal structural 
analysis, The crystal data are shown in Table 2. Tile 
positional parameters and selected bond distances and 
angles a ~  shown in Tables 5 and 6 respectively. There 
are two independent monocations (Cation I and Cation 
2) sitting on the center of symmetry, Metalk~ene halves 
in Cation I and Cation 2 have a rams  conformation. 
The confomlation of naphthylmethyl substituent is 
shown in Fig, 4, which shows the diffe~nce between 
Cation I and Cation 2, The conformation in Cation ! is 
rotated about 90 ~ to the conformation in Cation 2. Its 
counter radon is pentaiodide in general position. The 
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Table 6 
Selected bond distances (~,) and angles (°) for i',l'~-bis(B-naphthyl- 
methyl)-I,r'-biferrocenium pentaiedide with e.s d.s in parentheses 

i(I)-!12) 2.793(3) 
!(2)-i(3) 3.143~3) 
I(3)-1(4) 3.13913) 
!14)-!(5) 2.7o5(3) 
Fe(1)-C(I ) 2.12(3) 
Fe[ I ) -C(2 )  2.08(3) 
Fe(I)-C'(3) 2.05(3) 
F~I)-C(4) 2.07(3) 
Fe(I )-C15) 2.09{3) 
Fdl)-C(6) 2.08(2) 
Fe(I)-C(7) 2.05(3) 
Fdl)-C(8) 2.00(3) 
Fe(1)-C(9) 2.02(3) 
F~ l)-C(lO) 2.05(3) 
(2( I ) -C(2)  1.41 (4) 
C(2)=CJ) 1.44(4) 
(2(3)-(2(4) 1.42(4) 
C(4)-C(5) 1.43(4) 
C(5)-C(I) 1.42(4) 
C(6)-C(6') 1.52(67 
C16)-C(7) 1.4214) 
C(7)-C18) 1.39(4) 
C18)-C19) 1.42(5) 
C19)-C( I O) 1.41 (4) 
C( I 0)=C(6) 1.42(4) 
C(I)=C(i i) 1.5114) 
(211 I)=C(12) 1.50(3) 
C(12)=C(13) !.3213) 
C(13)=C(14) 1.36(4) 
C( 14)=C(15) 1.4214) 
C(14)=C(19) 1.4 !14) 
C( 15)~C(I~) I. 38(,;) 
C( 16)=C(17) 1.4215) 
C( I ?)=C(18) 1.2515) 
C( iS)~C(10) 1,4214) 
C(19)~C(21)) 1.4014) 
C120)=C(21 ) t,33(4) 
C(21 )~C(i2) 1,4414) 
Fd2)=C122) 2.O~)(2) 
Fd2)=C123) 2. l(X2) 
Fe(2)=C(24) 2,03(2) 
Fd2)=C(25) 2.03(2) 
Fe(2)=C(20) 2.O5(2) 
Fe(2)=C(27) 2.08(2) 
F¢(2)=C(28) 2,O1(2) 
Fe(2)-C129) 2.O1(3) 
Ee(2)=C(30) 2.06(2) 
Fe(2)=C(31 ) 2.1013) 
C(22)-C(23) 1.41(3) 
C(23)=C(24) 1,37(3) 
C(24)=C(25) 1.4013) 
C(25)=C(26) 1,3713) 
C(26)=C(22) 1,46(3) 
C(27)-C(27') 1.48(5) 
C127)-C(28) I.Y)(3) 
C(28)-C(29) 1.4(X4) 
C(29)=C(30) 1,44(4) 
C(30)-C(31 ) 1.46(4) 
C(3i )=C(27) 1.47(3) 
C(22)=C(32) 1.5(X3) 
C(32)-C(33) 1,57(3) 
C(33)-C(34) 1.32(3) 

Table 6 (continued) 

C(34)-C(35) 
C(35)-C(36) 
C(35)- C(40) 
C(36)-C(37) 
C(37)-C(38) 
C(38)-C(39) 
C(39)-C(40) 
c14o)-c141) 
C(41)-C(42) 
C(42)-C(33) 
I(I)-I(2)-I(3) 
I(2)-I(3)-I(4) 
I(3)-I(4)-I(5) 
C(I)-Fd I)-C(6) 
C(2)-Fe(I)-C(7) 
C(3)-Fe(I)-C(8) 
C(4)-Fe( I )-C19) 
C(5)-Fe(I )-C(IO) 
C(2)-C(I)-C(5) 
C( ! )-C(2)-C(3) 
C(2)-C(3)-C(4) 
C(3)-C(4)-C(5) 
C(4)-C(5)-C( I ) 
C(6')-C(6)-C(7) 
C(6')-C(6)-C( ! O) 
C(7)=C(6)=C(I0) 
C(6)-C(7)-C(8) 
C(7)=C(8)=C(9) 
C(8)=C(9)-C( I O) 
C(9)=C( ! 0)-C(6) 
C(2)-C( I )-C( I I ) 
C(5)-C( I )-C( I I ) 
C( I )-C( i I )-C( ! 2) 
C(I I)-C(12)-C(13) 
C( I I )-C( 12)-C(21 ) 
C( 13)-~C( 12)~C(21 ) 
C(I 2)=C(13)=C(14) 
C( 13)-C( 14)=C(15) 
C( 13LC( 14)=C(19) 
C( 15)=C(14)=C(19) 
C( 14)=C( 15)=C(16) 
C(15)=C(16)=C(17) 
C( 16)=C( 17)=C(18) 
C( ! 7)=C( 18)=C(19) 
C( 14)=C( 19)=C(18) 
C( 14)=C(19)=C(20) 
C( 18)=C( i 9)=C(20) 
C( 19)-C(20)-C(21 ) 
C( 12)-C(21 )-C(20) 
C(22)-Fe(2)=C(27) 
C(23)-Fe(2)-C(28) 
C(24)=F¢12)=C(29) 
C(25)=Fe(2)=C(30) 
C(26)~ Fe(2)=C(31 ) 
C123)=C(22)=C(26) 
C(22)=C(23)=C(24) 
C(23)-C(24)-C(25) 
C124)=C125)=C(20) 
C(25)=C126)=C122) 
C127' )=C(27)=C(28) 
C(27' )=C(27)=C131 ) 
C(28)=C(27)=C(31 ) 
C127)-C(28)-C129) 
C(28)=C(29)=C(30) 

1.41(3) 
1.38(3) 
! .40(3) 
i .36(3) 
1.41(4) 
1.33(4) 
1.45(3) 
1.40(4) 
1.40(3) 
1.40(4) 
! 79.4( ! ) 
89.56(8) 
175.6(1) 
!13(I) 
i 08( ! ) 
104(I) 
I04(I) 
!!0(I) 
107(2) 
I09(2) 
106(2) 
108(2) 
108(2) 
125(3) 
123(3) 
110(2) 
104(2) 
! 1 i(2) 
106(2) 
107(2) 
125(2) 
127(2) 
107(2) 
124(2) 
11812) 
117(2) 
123(2) 
125(2) 
I I~X2) 
114(2) 
12013) 
12013) 
12(X3) 
12113) 
122(2) 
11812) 
I i~X2) 
119(2) 
121(2) 
! ! 2,7(9) 
I O8.2(IO) 
105( I ) 
1(~.5(I0) 
I I (XI)  
100(2) 
IO7(2) 
! I(X2) 
IO712) 
10812) 
130(2) 
119(3) 
109(2) 
10812) 
I09(2) 
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T~,~ 6 (¢~linued) 
~~)=C(30)=C(3 I) 107(2) 
~30)~31 )-C(27) 105(2) 
Ct23)-C(22)-C132) 125(2) 
C(26)-C(22)-C(32) 127(2) 
C~22)-C(32)-C{33) 112(I ) 
C(32)-C(33)-C"(34) 123(2) 
C(32)-C(33)-C(42) ! i 6(2) 
~34)-C(33)-C(42) 120(2) 
~3:3)-C(34)-C(35) ! 23(2) 
C(34)-C(35)-C(36) 123(2) 
~M)-C(35)-C(40) I 16(2) 
C'(36)-C(35)-C(40) 119(2) 
~35 )=.Cf'36)~C(37 ) ! 2 !(2) 
C(~)~.C/37)-C(38) 119(2) 
C(37)=~38)=C(39) 121(2) 
C(38)=C(39)=C(40) 118(2) 
C(35)=C(40)=C(39) 119(2) 
C(35)=C(40)=C(41) 120(2) 
Ct 39)=C(40)=C(41 ) 120(2) 
C(40)=C(4 I)=C(42) I 19(2) 
C(33)=C(42)~C(41) 119(2) 

C(6') and C(27') are related to C(6) and C(27) respectively by the 
center of symmetry. 

pentaiodide has a V shape. The I=1 distances are 
2.703(3) A. 3.143(3) ~,. 3.139(3)A~ 2.795(3) :k. and 
/1(2)=1(3)=!(4) ~ 89.56(8) ~. showing symmetric planar 
V-sheped ions consisting of an I = ion very weakly 
bonded to two polarized I: molecules, as is shown in 
Fig. ~. In N(CH~)~I~ there are V=shaped I ;  ions and 
the 1=I distances are 2.81/~. 3.17 ~,. 3.17 ~.. 2.81 .~ and 
the angle corresponding to ~!(2)=!(3)=1(4) in the pre= 
~nt study is 950 [18], The st~cture of the present 
p~ntaiodide is similar to that of N(CH~)~I~, The mean 

X__: 

~'~,~ 

ed~g 

Cation 1 Cation 2 
Fig, 4, C t m t ~ a t i ~  of substiluent f~w Ct~li~ms I and 2 in I',1 ~ 
bi~l~naphthyl~thyl~ I,l"°hifent~,,enium pentaiodide, The counter- 
l~tls by the center of ,symmetry, are omitted, 

(i) 

(2) 

l(s) 

Fig. 5. Structure of ~ntai~lide of I',l"°bis(~onapllthyhnethyl)~ I'.l"- 
biferrocenium pentai~ide, 

Fe-C(Cp ring) distance is found to be 2.061(9)~, in 
Cation ! and 2.056(7),A in Cation 2, intermediate be- 
tween the values of 2.033~, for ferrocene [14] and 
2.075(3).A for the ferrocenium cation [15]. This is in 
accord with the result that the salt shows the detrapped- 
valence state at room temperature. The iron atoms do 
not sit on the center between the Cp ring and fluva- 
lence. The iron atoms are somewhat closer to the fluva- 
lene than to the Cop ring (Fe(I)=Cp 1.69(2)A, Fe(I)= 
fluvalene 1.65(2) A, Fd2)-Cp !.68(2) ~, and Fe(2)= 
fluvalene 1.65(2) A). The two independent cations might 
reflect the slight broadness of the M6ssbauer spectra, 
The substituents sit on the opposite half of hinuclear 
fcfft~en¢, which is different from the ca,'s¢ of aonapho 
thylmethyl derivative, 

The projection of the unit cell to the ah phme is 
shown in Fig. 6. The columns of Cation I and Cation 2 
can be seen respectively, The projection to the be, plane 
is shown in Fig. 7. It can be seen thai the naphthyl- 
methyl substituent in Cation I is close to the naphthyl- 
methyl substituent in Cation 2. The distance ~tween 
C(13) in Cation I and C(35) in Cation 2 is 3,47(3)A, 
which is close to twice the value (3,40 A) of the van der 
Waals radius of carbon, which suggests that Cation I 
interacts weakly with Cation 2 through Ir-'a" interaction 
between the naphthylmethyl substituents. The difference 
in the conformation of the naphthylmethyl substituents 
afl~ts the interaction between Cation I and Cation 2. 
In this structure, the change of the valence state from 
the trapped to the detrapped-valenc¢ state can be trans° 
ferred to other cations, The packing of the 13-naph- 
thylmethyi derivative gives a hint fi)r the structural 
relaxation in the ot-naphthylmethyl derivative. One pos- 
sibility is the change of the conformation of the naphth- 
ylmethyl substituent. 

Dong et al. showed that the deviations of the Cp 
rings from the parallel position correlate with the va- 
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a O 

C~'~"~" E~'~ ~ . ~  Cation I 

Fig. 6. Projection of the unit cell of r,l'-bis(13-naphthylmethyl)- 
I.l%bifen'oceniunl pentak~lide to the ah phme. 

thyimethyi)-l,l"-biferrocenium tfiiodide. The present re- 
suit shows that the detrapping temperature is near 4.2 K, 
while the detrapping temperature is expected to be near 
room temperature according to the correlation between 
the deviation of the Cp rings from the parallel position 
and the detrapping temperature. The discrepancy from 
the correlation indicates the important role of the inter- 
molecular interaction in the mixed-valence state. 

The mixed-valence state of l',l"-dibenzyl-l,l"-bifer- 
rocenium triiodide is reported [20,21]. The needle crys- 
tals of the benzyl derivative showed a wide temperature 
range of detrapped-valence state, and even at 25 K 
showed the component of the detrapped-valence state. 
In the present  study, l ' , l ' - b i s ( tx -  and I~- 
naphthylmethyl)-I,l"-biferrocenium salts show that the 
environments around Fe" and Fem are relatively similar 
even at low temperatures. The wide temperature range 
of the detrapped-valence state in the benzyl and naphthyl 
derivatives might reflect the "a'-'a" interaction. It might 
be interesting that the tetracyanoquinodimethane 
(TCNQ) salts or" r,i"-dialkyl-l,l"-biferrocenes which 
have a w-system in the anion show a wide temperature 
range of detrapped-valence state [22]. 

lence detrapping temperature in mixed-valence 
polyalkyl-substituted biferrocenium cations [19]. The 
deviations of the Cp rings from the parallel position are 
7.89 ° for Cation ! and 5.99 ° tbr Cation 2 in I'. I'"-bis(13- 
naphthylmethyl)- I. r'-biferrocenium pentaiodide. Ac- 
cording to Dong el al., these angles correspond to tile 
~ 2[~)K valence detrapping temperature, which is very 
roughly in agrcemen! with the presen! result, On the 

"' ~is olher I|and, the deviatioll is 2.89 ° in I',1 ot ,'(l~-naph. 

Cation 2 

Fig. 7. Projection of the unit cell of I'.l"-bis(j3.naphthylmethyl)- 
I.l"-biferrocenium pentaiodide to the hc plane. 
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