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M. Driess. H. Pritzkow. S. Rell, unpublished results. Compound 6 is formed by 
salt condensation from Is(fBu)Si(F)-PHLi with 1sftBu)SiFCl. Is = 2.4.6- 
iPr,C,H, 
Crystal structure analyses: All intensity measurements were carried out on a 
Siemens-Stoe AED2 diffractometer at -70 C.  The H atoms were placed in 
calculated positions, and the other atoms refined anisotropically 1151. 7: rhom- 
bic. space group P2,2 ,2 , .  u=15.392(8), h=17.995(9), c=18.026(9)A. 
V = 4993 A’. Z = 4, 4880 independent reflections (Mo,, radiation. w scans, 
20,,,, = 50 ). R1 = 0.047 (observed reflections. 1>2G(J)), wR2 = 0.126 (all 
reflections) [15bl The THF molecules are disordered. 1: monoclinic, space 
group C2 I , .  ( I  = 37.94(?), h = 9.905(6), c = 21.443(14) A, f i  = 138.34(3)i, 
V = 3945 A3.  Z = 4. 3883 independent reflections (Mo,, radiation. w scans, 
2(JmaX = 54 ) .  RI = 0.063 (observed reflections. (>20(0 ) ,  wR2 = 0.169 (all 
reflections) [l Sb]. The molecule is disordered; two sites are half occupied by a 
phosphorus and fluorine atom. respectively. Moreover, the ferz-butyl groups 
and the aryl substituents show rotational disorder. 3 :  triclinic. space group P 1, 
u = 9 3138).  h = 10.300(8). c =11.673(9)A, I =74.35(6), f l  =78.38(6). 
; = 65 63(6) . I’ = 976.8 A3, 2 = 1.5591 independent reflections (Mo,, radia- 
tion. I O  scans. XImax = 60 ), R1 = 0.056 (observed reflections, 1 > 2 ~ ( 1 ) ) .  
wR2 = 0.137 (all reflections) [15b]. The crystals contain about 14 YO o f 8  as an 
Impurity. The observed structure is an overlap of both structures. Crystallo- 
graphic data (excluding structure factors) for the structures reported in this 
paper have been deposited with the Cambridge Crystallographic Data Centre 
as supplementary publication no. CCDC-100 141. Copies of the data can be 
obtained free of charge on application to The Director, CCDC, 12 Union 
Kodd. Cambridge CB2lEZ. UK (fax: int. code +(1223)336-033, e-mail: de- 
positw chemcrys.cam.ac.uk) 
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Hexaphenylethane Derivatives Exhibiting 
Novel Electrochromic Behavior** 
Takanor i  Suzuki,* Jun-ich Nishida,  and Takashi  Tsuji 

9,9,10,3 0-Tetraphenyl-9,lO-dihydrophenanthrene (3) is a 
stable molecule“’ whose central C-C bond is predicted to be 
the longest among “clamped” hexaphenylethane derivatives.r21 
Although this weakened bond is resistant to homolytic rupture, 
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the activation energy for its scission can be lowered by electron 
transferJ31 especially when suitable substituents arc introduced. 
Bearing this in mind, we have now designed a new redox system 
in which reversible C-C bond breaking and bond making occur 
upon two-electron transfer (Scheme 1). This system has the fol- 
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a: Ar = pMe2NC6H4; b: Ar = pMeOC6H4 

Scheme 1 Dynamic redox behavior of 1 and 2’’ 

lowing interesting features: 1) the four dimethylamino and 
methoxy substituents in 1 a and 1 b, respectively, shouId facili- 
tate the removal of electrons from these molecules, thereby acti- 
vating the scissile bond; 2) the central bond in 1 like that in 3 is 
still expected to be sufficiently stable against homolysis taking 
into consideration that the aromatic substituents have little ef- 
fect on the Gibbs activation energy of the homolytic cleavage 
AG&,,olysis in 1 , 2 - d i a r y l e t h a n e ~ ; [ ~ ~ ~ ]  3) the dications 22 + formed 
by the oxidation of 1 should be stabilized by delocalization of 
each positive charge over half of the molecule and due to the 
presence of the triarylmethylenium chromophores these cations 
are intensely colored; 4) the interconversions between 1 and 2’+ 
should proceed very cleanly because they are intrarpolecular 
processes. Here we report the preparation, properties, and struc- 
tures of these novel redox couples. 
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The dication salts 2a’+(BF;), and 2bZ+(BF,), were ob- 
tained in 98 and 93 ?h yield by treating the diols 4aIS1 and 4b, 
respectively, with HBF,. Reduction of these salts with Mg in 
MeCN gave ethanes 1 a and 1 b as stable solids in 86 and 93 % 
yield, respectuvely. On the other hand, oxidation of 1 a and 1 b 
with two equivalents of (p-BrC,H,),N+’SbCl, in CH,Cl, led 
to the regeneration of the dications 2 a 2 +  and 2 b2+.  which were 
isolated as SbC1, salts in 85 and 97% yield, respectively. The 
high-yield interconversions between 1 and 2’ + indicate that they 
constitute “reversible” redox couples, although the bond break- 
ing and making are induced by electron transfer. 

The sharp contrast in the UV/Vis spectra of these couples is 
noteworthy. Ethanes 1 show absorption only in the UV region, 
whereas intense absorption bands in the visible region occur for 
the dications 2a2+ [A,,, (MeCN): 661 (lgc 4.92), 604 nm (5.05)] 
and 2 b Z +  [539 sh (4.72), 514 (4.87)]. Thus, electrochromic sys- 
tems with color changes from colorless to deep blue and color- 
less to deep red could be constructed by using p-dimethylamino 
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and p-methoxy derivatives, respectively. Spectrophotometric 
monitoring of the electrochemical reduction of 2” to 1 revealed 
the presence of several isosbestic points in both cases (Figure 1). 
indicating the quantitative conversion as well as the negligible 
steady-state concentration of the intermediary cation radicals. 

A i n r n -  
Figure I .  ChangeinUV/Visspectrumof2bZ+(BF,),(3.6x moldm-’,2 mL) 
upon electrochemical reduction (10 PA) at 3 min intervals. The coulometric analysis 
indicates that the interconversion is a two-electron process. 

Not only the color but also the geometry change drastically 
during the interconversion, as determined by the X-ray struc- 
ture analyses.[61 While the biphenyl skeleton of 1 b is nearly 
planar (Figure 2a), the two molecular halves in 2a2+ are twisted 
by 69” around the biphenyl axis; the distance between the two 
methylenium carbon atoms is 3.66(2) %, (Figure 2b). Such a dy- 

Figure 2. a) Molecular geometry of 1 b de- 
termined by X-ray structure analysis on the 
1 b.THF solvate crystal. Two aryl groups (3 
and 6) are equatorial and the other two (4 
and 5 )  are axial substituents in the pseudo- 
half-chair six-membered ring. b) Molecular 
geometry of Za2+ determined by X-ray 
structure analysis on the 2aZ+(SbCI;), salt. 
The dication has pseudo-C, symmetry Two 
aryl groups (3 and 6) overlap each other in 
a face-to-face manner (interplanar distance, 
3.37 A;  dihedral angle 11 SO), indicating the 
x-x interaction between these rings. 

namic change in structure causes the hysteretic redox properties 
of 1 and 2’ + (Figure 3). Thus, 1 a and 1 b undergo electrochem- 
ical oxidation at peak potentials of +0.77 and + 1.47 V vs. SCE 
in CH,Cl,, respectively. These processes are irreversible in the 
sense that the corresponding cathodic peaks were absent in the 
cyclic voltammograms (scan rate: 100-500 mV s-’). Instead, 
new peaks appeared in the far cathodic region (- 0.45 
and +0.18 V, respectively), which were assigned to the reduc- 
tion potentials of 2a” and 2b2+.  This assignment was con- 
firmed by separate measurements on 2”(BF,), salts under the 
same conditions. Again, quite similar hysteretic behavior was 
observed in the voltammograms of 2”, which showed new 
anodic peaks corresponding to the oxidation potentials of 1. 

0.0 - - 
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T 

Figure 3. Cyclic voltammogram of 1 a in CH,CI, (0.1 M nBu,NBF,. Pt electrode, 
scan rate 500 mVs ~ ’). The reduction peak at - 0 45 V was absent when the voltam- 
mogram was first scanned to the cathode. 

Such separation of redox potentials is characteristic of “dynam- 
ic redox systems” that undergo reversible and drastic structural 
change during electron transfer, as in the present case.[’] In the 
region between the reduction potential and the oxidation poten- 
tial, both the reduced form (1) and the oxidized form (2”) can 
coexist in any ratio. By combining 1 with a suitable electron 
acceptor, it may be possible to apply this unique feature to the 
construction of novel redox-type photochromic systems in 
which the back reactions in the dark become endothermic due to 
the large shift of redox potentials. 

Experimental Section 
4b: The reaction of4,4‘-dimethoxybenzophenone and 2,2’-diIithiobiphenyl in THF 
afforded 4b as a colorless powder in 47%. M.p. 226-228 “C; ‘H NMR (90 MHz, 
CDCI,):6= 6.97-7.13(m,10H),6.71-6.89(m,12H),6.05-6.15(m,2H),4.35(s, 
2H), 3.82 (s, 6H),  3.78 (s, 6H). 
Z*’(BF,),: To a solution of diol 4a (5.65 g, 8.18 mmol) in THF (100 mL) was 
added 42 % HBF, (2.60 mL, 17.4 mmol) over I0 min at 0°C. After the mixture had 
been stirred for 18 h at room temperature, deep-blue microcrystals of Za2+(BF,), 
(6.64g, 98%) were filtered, and washed with THF and ether, m.p. 316-317‘C 
(decomp); ‘HNMR (400MHz, CDCI,, 25°C)- 6 =7.60 (br., 2H),  7.23 (ddd, 
J = 7 6 ,  7.6, 1.5Hz. 2H),7.17(ddd, J=7.6,  76,  1.5Hz, 2H),7.13 (br. AAXX, 
4H),7.05(dd,J=7.6,1.5Hz,2H),6.98(dd,J=7.6,1.5Hz,2H),6.92-7.02(br., 
6H), 6.77 (br. AAXX, 4H). 3.37 (s, 12H). 3.20 (s, 12H); I3C NMR (100 MHz, 
CD3CN):6 =174.65. 158.21, 157.26, 143.86,141.99, 140.38, 139.67,133.93,133.61. 
131.29. 128.16, 128.04. 127.85, 114.81, 114.08, 41 50, 41.04; UV/Vis (MeCN): E.,,, 
(Ige) = 661 (4.92), 604 (5.05). 431 (4.50), 408 (4.41), 319 nm (4.50). Diol 4b was 
similarly treated with 42% HBF, in propionic anhydride, and 2b2+(BF,), was 
obtained as a red powder in 93% yield, m.p. 200 5-202’C (decomp); I3C NMR 
(100 MHz. CD,CN): 6 = 192 63, 175.39, 172.50. 146.8 (br.). 144.39, 143.02, 140.93, 
136.63. 134.48, 134.42, 134.04, 132.56. 128.62. 118.47, 117.71,59.09,58.20:UV/Vis 
(MeCN)- j.msx(lgc) = 539 sh(4.72),514(4.87).416(4.54).335(3.83),274 nm(4.36). 
1: A suspension of 2b2+(BF;), (173 mg, 0.222 mmol) and Mg turnings (740 mg, 
30.4 mmol) in dry MeCN (10 mL) was stirred for 22 h at room temperature. The 
solvent was evaporated, and the residue was triturated with benzene. Chromato- 
graphic separation on AI,O, (benzene) afforded I b  (126 mg, 93%) as a colorless 
solid. m.p. 270-272°C (decomp); ‘H NMR (400 MHz, CDCI,, 50’C): 6 =7.68 
( d d , J = 7 8 .  1.5Hz,2H). 7.23 (ddd,J=7.8,  7.8, 1.5Hz,2H), 7.16 (dd,J=7.8,  
1.5 Hz, 2H) ,  7.1 1 (ddd, J =7.8,7.8,1.5 Hz, 2H),  6.93 (br., 8 H), 6.48 (br., SH), 3.70 
(s, 12H); UV/Vis (MeCN): i,,, (Ige) = 287 (4.13). 274 nm (4.25). Similarly l a  was 
obtained as a colorless solid in 86% yield by Mg reduction of 2a2+(BF,),, m p. 
315-317‘C (decomp); ‘HNMR (400 MHz, CDCI,, 50°C): 6 =7.65 (dd, J=7.8,  
l.OHz, 2H), 7.21 (dd, J = 7 8 ,  1.0Hz,2H), 7.18 (ddd, J=7.8,  7.8, 1.0Hz,2H), 
7.07(ddd,J=7.X,78,1.OHz,2H),6.91(br.AAXX,8H),6.31 (br.AA‘XX,SH), 
2.83 (s. 24H). UV/Vis (MeCN)- ,lmaX (Igs) = 268 nm (4.87). 
ZZt(SbC1;),: To a solution of 1 a (35 mg, 0.053 mmol) in CH,CI, (10 mL) was 
added (p-BrC,H,),N+’SbCI; (90 mg, 0.1 10 mmol), and the mixture was stirred for 
1.5 h a t  room temperature. Deep blue precipitates of 2a2+(SbC1;), (60mg, 85%) 
were filtered, and washed with CH,CI,, m.p. 300-320 “C (decomp). Similar oxida- 
tion of I b  afforded 2b2’(SbCI;), in 97% yield, m.p. 174.5-177°C (decomp); 
‘HNMR(400MHz,CD,CN,24”C):6=7.46(ddd,J=7.3,7.3,1.5Hz,2H),7.41 
(ddd, J=7.3,  7.3, 1.5Hz. 2H). 7.33 (dd, J=7.3,  1.5Hz, 2H).  7.23-7.33 (br. 
AA’XX’.8H),7.17(dd,J=7.3,1 5Hz,2H),7.09-7.15(br.AA’XX’,8H),4.09(br. 
s. 6H),  4.07 (br. s. 6H). 
All the new compounds gave satisfactory analytical data, and IR and mass spectra. 
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Perfectly Staggered and Twisted 
Difluoromethylene Groups in Perfluoroalkyl 
Chains: Structure of M[C,F9S0,NSO2C4F9] 
(M = Na, K)** 
Lixin Xue, Darryl D. DesMarteau," and 
William T. Pennington" 

In contrast to the perfectly all-staggered conformation ob- 
served for n-alkanes, the generally accepted structure of a per- 
fluorinated n-alkane involves a helical conformation of the car- 
bon backbone.['] This is presumably due to the larger 
van der Waals radius of fluorine relative to that of hydrogen; 
rotation about the carbon -carbon chain bonds occurs to in- 
crease the distance between fluorine atoms on carbon atoms 
separated by one CF, group."] 

Polytetrafluoroethylene possesses a helical structure at ambi- 
ent conditions, but undergoes a solid-solid phase transition to 
a planar zigzag conformation under increased p res~ure . [~*~ l  A 
similar transition occurs for perfluoro-n-alkanes, but at consid- 
erably lower pressure.r51 In a recent article it has been suggested 
that short perfluorinated carbon chains take on a planar zigzag 
structure rather than a helical one at ambient pressure, when 
closely packed on the surface of a substrate.[61 In that report, the 
structures of thin films of perfluorodecanoic acid deposited on 
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glass were investigated by a combination of low-angle X-ray 
diffraction, X-ray grazing-incidence diffraction and molecular 
modeling. The compound was found to be present as two 
phases, and for both phases the best model had carbon chains 
that were untwisted. We have obtained more direct evi- 
dence, based on single-crystal X-ray diffraction analysis, of 
similar behavior for the perfluoro-n-alkyl side chains of the 
sodium salts 1-3 of bis[ (perfluoroalkyl)sulfonyl] imides. 

Na[C,F,,+ ,SO,NSO,C"F,,+ 11 

1, m = n = 4; 2, m = n = 6 ;  3, rn = 4, n = 6 

In this communication, we report the crystal structure of l,"] a 
representative member of the series, and contrast its structure 
with that of a potassium derivative of 1 (compound 4, 
rn = n = 4).[*' A more thorough discussion of all of these com- 
pounds will appear later.Igl 

The remarkable acidity of bis[(perfluoroalkyl)sulfonyl] 
imidesl''. is due, in part, to the resonance stabilization of the 
conjugate base anions of the acids. Extensive delocalization of 
charge over the SO,-N-SO, framework allows these anions to 
serve as multidentate ligands that bond to multiple metal centers 
to maximize electrostatic interaction." These interactions re- 
sult in the formation of ionic hydrophilic regions and perfluoro 
hydrophobic regions, which typically associate into layers con- 
sisting of an ioniccore and perfluoro surfaces.['3. 14] This behav- 
ior is observed in 1;  the sodium ion (Figure 1, left) interacts 
strongly with the nitrogen atom of the anion (interatomic dis- 
tance 2.531(7) A) and is chelated by a pair of sulfonyl oxygen 
atoms (Nal-Olb,Olc 2.331(5) p\) of an anion related by trans- 
lation along the b axis to form ion-pair chains; chains related by 
inversion symmetry (1/2,0,0) are connected by additional inter- 
actions between the sodium ion and sulfonyl oxygen atoms 
(Nal-O2d,02e 2.356(4) A) to form layers, which stack along 
the a axis (Figure 1, right). Due to the strong interactions in- 

01 
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Figure I .  a) Left' Crystal structure of 1 (thermal ellipsoids at 50% probability). 
showing the interionic contacts and the atom labeling scheme used. Atoms contain- 
ing a lower case character in their labels were generated by the following symmetry 
operations: a) 1 - X , Y .  1/2 - z ;  b) *.I.' - 1 , ~ ;  c) 1 - c, I' - 1.1,'2 - Z ;  d) 
1 - x, -7, -2; e) I, --I; 1 /2 + z Right: crystal packing of 1 viewed down the h axis. 
The origin is the lower left rear corner; +,xis up, fr is out and + z  is to the right. 
The sulfur atoms are represented as hatched ellipsoids, the sodium Ions as large 
open circles, the fluorine atoms as boundary ellipsoids, the oxygen atoms as shaded 
circles, the nitrogen atoms as solid circles, and the carbon atoms as small open 
circles. 
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