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1.655%525.40', index ranges: -135h513,  O s k 5 8 ,  051514 ;  8462 mea- 
sured reflections; 1966 unique reflections (R,,, = 0.044); 1575 reflections with 
F;> 30(F;) .  No. of variables: 104. Final R = 0.034 R x  = 0.036 (refined on 
IF/) ,  GOF =1.87; largest Difference peak and hole: 1.04/ -l.lOe,&;-'. Fur- 
ther details of the crystal structure investigation may be obtained from the 
Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen 
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Actu Cr);stuNogr. A 1995, fif, 33-38. c) G. M. Sheldrick, in CrystaNogruphic 
Computing 3;  (Eds.: G. M. Sheldrick, C. Kruger, R Doddard), Oxford Uni- 
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TheWoodlands,TX77381 (USA).e)IR: V = 515,453,441,401,and360cm-' 
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Although stable compounds with isolated Si= E bonds 
(E = C, Si, N, P, As, S), which have an enormous synthetic 
potential at their disposal, have been prepared and even struc- 
turally characterized over the last few years,"' only very little 
is known about heteronuclear conjugated Si-E 71 systems, and 
nothing is known about corresponding homonuclear Si-Si 71 

systems. Until now, only the 1,3-diphospha- and 1,3-diaza-2- 
silaallyl anionic derivatives Ar3] and B['l have been experimen- 
tally studied. We have been investigating the synthesis of stable 
conjugated Si-P 71 systems C (allyl, butadiene, and benzene 
analogues), whose stepwise formation can be achieved with salt- 
condensation reactions, as, for example, in the preparation of 
phosphasilenes (Si=P compounds) 
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[ '1 New address : 

Here we report the first 2-phospha-I ,3-disilaallyl fluoride 
derivative 1, which undergoes a 1,3-sigmatropic shift (fluctional 
behavior) of the fluorine atom above 40 "C. Ab initio calcula- 
tions on H,Si=P-SiH,F are in agreement with this. Reduction 
of 1 with lithium leads to the elimination of LiF and, surprising- 
ly, formation of the P-lithium phosphadisilacyclopropanide 2. 
Compound 2, which is most likely formed as a reactive interme- 
diate via its valence isomer 5, readily reacts to form neutral 3. 
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6: R = 2.4,6-iPr3C,H2 7 

1 I 1 I 

The synthesis of 1 was carried out in a stepwise manner start- 
ing from the bulkily substituted bis(fluorosily1)phosphane 6,[51 
which was converted to the lithium phosphanide 7 (a precursor 
of 1) by reaction with lithium. The lithium center in 7 is coordi- 
nated by two THF molecules and is, as expected, dissociated in 
toluene at 25 "C (Table 1). The compound crystallized as a 
monomer and, surprisingly, enantiomerically pure in the space 
group P2,2,2, (Figure I).@] 

The Li center is fourfold coordinated by two THF molecules, 
the phosphorus atom, and the fluorine atom. In contrast, the 

Table I .  Selected NMR and MS data of 1, 3, 4, 7, and 8. Is = 2,4,6-iPr,C6H, 

1. 'H NMR (300 MHz, C6D6, 298 K): 6 =1.18 (d, 12H, J(H,H) = 6.8 Hz, p- 
CHMe,), 1.26(s.9H, tBu),1.32(s,9H,fBu), 1.33-1.60(m,24H,o-CHMe2),272 
(sept, 2H. J(H,H) = 6.8 Hz, p-CHMe,), 3.35 (m, 2H, o-CHMe,), 3.62 (sept, 1H,  
J(H,H) = 6.9 Hz, o-CHMe,), 3.78 (sept, 1 H, J(H,H) = 6.9 Hz, o-CHMe,), 6.92 (5, 

2H, arom. H), 7.14 (s, 2H, arom. H); I9F-NMR (84.7MHz. C,D,, 298 K. CFCI, 
ext. standard): 6 = -140.7 (d, *J(F,P) = 44 Hz); "P NMR (81 MHz, C,D6, 
298 K): b = - 33.0 (d, 'J(P,F) = 44 Hz); MS (EI): m/z = 626 [ M i ,  8%], 569 
[ ( M  - IBu)', 15%], 307[(fBuIsSiF)', 90%],288 [(tBuIsSi)', lOO%];correctC.H 
analysis 
3: 'H NMR (200 MHz, C6D6, 298 K): 6 =1.05 (s ,  18H, tBu), 1.25 (d, 12H. 
J(H,H) = 6.9 Hz, p-CHMe,), 1.30-1.80 (m, 24H, o-CHMe,), 2.78 (sept, 2H, 
J(H,H) = 6.9 Hz, p-CHMe,), 4.10 (sept, 2H, J(H,H) = 6.9 Hz, o-CHMe,), 4.60 
(sept, 1 H, J(H,H) = 6.9 Hz, o-CHMe,), 7.21 (s, 4H, arom. H); ,'P NMR 
(81 MHz, C6D6, 298 K). 6 = - 325.0 (d, 'J(P,H) = 161 Hz); "Si NMR (36 MHz, 
C6D6. 298 K): b = - 43.6 (d, 'J(SI,P) = 36 Hz), - 44.5 (d, 'J(Si,P) = 36 Hz); MS 
(EL): m / z  = 608 [ M i ,  8S0/4. 551 [ ( M  - c h i ) ' ,  93%], 288 [(rBulsSi)', SSX], 231 
[(Mi)', loo%] 
4: I9F NMR (84.7 MHz, THF, CFCI, ext. standard): 6 = - 132.5 (d, *J(F,P) = 
38 Hz); "P NMR (36 MHz, THF): 6 = - 306.0 (d, *J(P,F) = 38 Hz) 
7: 'H  NMR (300 MHz, C6D6, 298 K): 6 =1.24 (d, 12H, J(H,H) = 6.8 Hz, p- 
CHMe,), 1.26 (m, 8H. THF), 1.31 (d, 6H,  J(H,H) = 6.8 Hz, o-CHMe,), 1.37 (d, 
6H, J(H,H) = 6.8 Hz, o-CHMe,), 1.41 (d, 6H, J(H,H) = 6.8 Hz, o-CHMe,), 1.49 
(s, 18H, rBu), 1.59 (d, 6H, J(H,H) = 6.8 Ht ,  o-CHMe,), 2.79 (sept, 2H, 
J(H,H) = 6.8 Hz, p-CHMe,), 3.33 (m, XH, THF), 3.85 (sept, 2H, J(H,H) = 
6.8 Hz,o-CHMe,), 4.33(sept,2H,J(H,H) = 6.8 Hz,o-CHMe,), 7.15(~,4H,arom. 
H); I9F NMR (84.7 MHz, C6D6, 298 K, CFCI, ext. standard): S = -130.7 (s); 
"P NMR (81 MHz, C,D6, 298 K): 6 = - 288.8 ( S )  

8: "P NMR (81 MHz, C6D,, 298 K): 6 = - 221.6 (d, 'J(P,H) =170.2 Hz); 
29S1 NMR (36MHz, C,D6, 298 K): 6 = 23.5 (d, 'J(Si,P) =15 Hz), 24.2 (d. 
'J(Si,P) = 15 Hz); MS (El): mlz = 624 [ M ' ,  9%], 567 [ ( M  - tBu)+, 64%]. 510 
[ ( M -  21Bu)', 17%], 247 [(IsSiO)'. 60%1 
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Figure 1. Crystal structure of 7. Selected distances[A] and angles [^I: P1-Sil 
2.199(2), P1-Si2 1 195(2), Sil-Fl 1.619(3), Si2-F2 1.666(3), Lil-PI 2.538(9), 
LilGF2 1.998(9), Lil-01 1.955(10), Lil-02 1.895(10), Sil-Cl 1.914(4), 
Si2-C20 1.920(4). Sil-C16 1.918(5), Si2-C35 1.915(4); SiI-PI-Si2 113.56(7), 
Sil-PI-LiI 11 8.5(2), 52-PI -Lil 74.5(2), F2-Lil -P I 81.1(3), PI-Si2-F2 99.91 l ) ,  
PI-Sil-F1 110 4(1). 

Li center in the analogous bis(di-tert-butylfluorosily1)phos- 
phanide"] is not coordinated by the phosphorous atom, but by 
the two fluorine atoms in a chelating fashion. The substituents 
in 7 are apparently bulkier, and the observed arrangement pro- 
vides efficient space filling. The Lil-F2 distance is 1.998(9) A, 
and the Si2-F2 bond length (1.666(3) A) is, as expected, longer 
than that of Sil-F1 (1.619(3) A). However, this has no effect 
on the Si-P bond lengths (2.195 and 2.199(2) A), which are in 
the range observed in related fluorosilylphosphanides.[81 

Heating a solution of 7 to 70°C results in loss of LiF and 
formation of the desired 2-phospha-I ,3-disilaallyl fluoride 1, 
which crystallizes from hot toluene(!) as pale yellow cubes. The 
31P NMR spectrum of 1 (Table 1) shows a doublet (6 = - 33.0, 
'J(P,F) = 44 Hz), which is at  relatively high field for phosphasi- 
lenes. This indicates greater o-donor character of the fluoro- 
diorganosilyl group with respect to the triorganosilyl group.[21 
A11 of the structures Calculated by ab  initio methods and the 
"thermally corrected" relative free energies were determined at  
the MP2/6-31G* level.[g] The calculated Si=P bond length in 
the parent compound D is 2.070 A (Scheme l ) ,  and the Si-P 
bond length in D is 2.235 A. The crystal structure analysis of 
1,@] which is unfortunateiy disordered in the crystal, gave simi- 
lar distances. In addition, it showed that the fluorine atom is 
located in a position trans to the tert-butyl group. An isolated 
Si=P bond is present, and there are no intramolecular or inter- 
molecular Si-F-Si contacts (Figure 2). 

D E F 

Relative free energy (298 K) AG [kcal mol-'1 

D (Cs, min ) E (CI, TS) F (Cs, min.) 

X = P  0 0  14.7 12.5 
X=CH 00 24.2 23.9 

distances [A] 
Si=p/si-F 2.070/1.628 2.1 00/1.725[a] 2.147/1.852 
Si=C/Si-F 1.719/1.626 1.747/1.604[b] 1.759/1.871 

[a] Si---F 2.193 A; [b]&---F 1.980 A 

Scheme 1. Ab initio calculated migration of fluorine in D with the transition states 
E and F, X = P. CH AG is the difference in the Gibbs free energy [kcalmol-'1 at 
298.15 K,  min = minimum. TS = transition state. 

P 
Figure 2. Crystal structure of 1, which is disordered (two sites for both the P and 
F atoms). Selected distances [A] and angles I"]: PI-SilA 1 053(2), PI -Si1 
2.207(2), Sil-Fl 1.764(3). Sil-C16 1.895(4), Sil-Cl 1.879(4); SilA-PI-Si1 
104.60(9), PI -Sil-Fl 74.1 ( 1  ) , PI-Sil A-C16 105.4( 1 ) , PI-Sil A-Cl 139.7( 1) , 
C1-SilA-C16 114.1(2). 

The 'H NMR spectrum of 1 shows two types of anisochronic 
rert-butyl groups and aryl protons, and confirms that the isolat- 
ed Si=P bond is retained in solution at 25 "C. Equilibration of 
the tert-butyl groups and thus fluctuation of the fluorine atom 
(suprafacial [I ,3]-sigmatropic shift) is first observed at about 
40 "C in [D,]toluene. Therefore, this process has a Gibbs 
activation energy of about 16 kcalmol-'. Until now, such 
fluctional behavior had only been observed in the silaethene 
Me,Si=C(SiMe,), .[lo] We studied the reaction pathway of the 
[1,3]-fluorine shift in D with the fragments X = P (Zphospha- 
1,3-disilaallylfluoride) and X = CH (1,3-disilaallylfluoride) 
with ab initio calculations.[g1 The transition state approximately 
corresponds to the expected structure F, with a symmetrically 
bridging fluorine atom between the silicon centers, only in the 
case of X = CH, whereas the transition state for X = P is de- 
scribed by E (Scheme 1). The experimentally verified migration 
of the methyl group of Me,Si=C(SiMe,), occurs via a transi- 
tion state with a structure analogous to that of F (as for D 
when X = CH).['O1 For X = P, the calculated barrier of 
14.7 kcalmol-' agrees well with the experimental value of 
16 kcalmol-' for 1. The barrier for H,Si = CH(SiH,F), which 
is approximately 10 kcalmol- ' higher and results from the rela- 
tively high ring strain of F, is noteworthy. 

We then carried out studies to investigate whether 1 could be 
converted to 4 by addition of lithium to the Si=P bond, and 
whether the lithium 1.3-disila-2-phosphaallyl anion 5 could be 
obtained by subsequent elimination of LiF. Addition of lithium 
to 1 does indeed occur at room temperature in THF, and 4 is 
formed as an extremely reactive intermediate. 

- x THF [Li(thf)J' 

4: R = 2,4,6-i Pr3C6H2 5 

1 
\i(thf), - 

1 SI ' t  Bu 

H+ 

- [Li(thf),]' 

I 2 
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We were only recently able to prepare compounds of the type 
4 from other phosphasilenes.["l Because of its very high reactiv- 
ity, it was only possible to characterize 4 by means of 31P NMR 
spectroscopy, which shows a doublet at very high field (6 = 
- 306, 'J(P,F) = 38 Hz) at 25 "C (Table 1). However, gentle 
warming of 4 to 40 "C in THF or hexane initially leads to strong- 
ly basic 2 by elimination of LIE This in turn is protonated 
(partially under the reaction conditions and completely upon 
work-up in anhydrous hexane) to form 3. The hydrogen atom 
on the phosphorus atom in 3 originates from the THF ligands 
that initially solvate the lithium center in 2 and are then partially 
cleaved due to the strong basicity of the phosphanide (ether 
cleavage). The conversion of 4 into the ring compound 2 with 
elimination of LiF most likely occurs via 5. The shift from 5 
to 2 would be a particularly interesting parallel to the iso- 
merization of bis(methy1ene)phosphoranes to phosphacyclo- 
propanes.['21 Since the electrons in the HOMO of allyl anions 
are localized at the 1,3 positions and this structure is very unfa- 
vorable for the electropositive Si centers, the formation of a 
Si-Si bond proves very effective. In contrast, and as expected, 
no cyclization is observed for the "inverse" 1,3-diphospha-2- 
silaallyl anions A with more electronegative phosphorus atoms 
at the 1,3 positions.E31 

The composition of 3 was confirmed by mass spectrometry, 
and its structure determined by NMR spectroscopy (Table 1) 
and crystallography.161 The 31P NMR spectrum shows a dou- 
blet with "Si satellites at high field (6 = - 325), as expected for 
phosphasilacy~lopropanes,['~~ with a relatively small coupling 
constant of 'J(P,H) = 161 Hz. Furthermore, the 'J(P,Si) cou- 
pling constant of 36 Hz is much smaller than that for other 
phosphacyclopropanes ('J(P,Si) =72.5-121.7 H Z ) . ~ ' ~ ]  The 
high degree of p character of the P-Si bonds apparently lowers 
ring strain. Geometry optimization of the derivative 3" was 
carried out with the density-function method by Becke (B3LYP/ 
6-31G*), and the "P and "Si NMR chemical shifts were calcu- 
lated at the GIA0/6-311+ +G(2d,2p) level.r91 The 6(31P) and 

values for 3" (-344 and -48.4, respectively) agree well 
with the experimental values for 3 (-325 and -43.6/-44.5). 

H 
H I 
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3' 8: R = 2.4.6-1 Pr3C6Hz 

The two doublet signals at high field (6 = - 43.6 and -44.5, 
'J(Si,P) = 36 Hz) in the 29Si NMR spectrum of 3 are character- 
istic for s i l acy~ lopropanes~~~~  and show unequivocally that the 
two silicon atoms are not chemically equivalent. These data are 
only consistent with the trans configuration of the tert-butyl 
groups on silicon and pyramidal coordination of the phos- 
phorus atom, as confirmed by crystal-structure analysis 
(Figure 3).r61 

Until now, single crystals were only obtained of a mixture of 
3 and the novel four-membered PSi,O heterocycle 8 (ratio about 
7 : l ) .  As a result of this "disorder", a discussion of the geomet- 
rical parameters is not meaningful. Surprisingly, 8 is formed as 
a side product (about 10 O/O, 31P NMR) in the reaction of 1 with 
lithium in THE The oxygen atom in 8 most likely originates 
from THF. We can exclude both unintentional entry of air and 
the presence of surface oxide/hydroxide on the lithium powder 
as possible sources of oxygen from control experiments. These 

\ 

Figure 3. Overlap of the crystal structures of 3 and 8 (ratio about 7:l). Selected 
distances [A] and angles [A]: S i l 4 1 2  2.357(3). Sil-PI 2.292(3), Si2-PI 2.282(2), 
s11-01 1.56(2), 5 2 - 0 1  1.57(2): Sil-Pl-S12 62.04(8), P1-Sil-Si2 58.76(8), P1-Si2- 
Sil 59.20(7). Cl-Sil-C16 114.7(2), C35-Si2-C20 115.0(2). 

showed that 1 is inert to suspensions of Li,O/LiOH in THF and 
that solutions of 3 and 8 do not react with oxygen in the air at 
room temperature. 

The calculated Si-P (2.318 A) and Si-Si (2.285 A) distances 
as well as the endocyclic angles on phosphorus (59.06') and 
silicon (60.47") in 3" show no principle differences to the corre- 
sponding experimental values of other heterodisilacyclo- 
propanes with a Si,X framework (X = 0, S, Te, C, Ge, N, 
W) .[I4] In contrast, the calculated Si-Si distance in P-metallat- 
ed phosphadisilacyclopropane derivatives of 3* varies consider- 
ably depending on the nature of the metal center (s-, p-, and 
d-block metals), because the Si-Si bond can act as a CT and/or 
a x donor towards the metal centers. We are currently attempt- 
ing to synthesize a heteroallyl x complex with the Si,P frame- 
work. 

Experimental Section 
7: 6 (5.0 g, 7.74 mmol) in THF (50 mL) was allowed to react with n-BuLi (0.49 g, 
7.74mmo1, 2 . 5 ~  solution in hexane) at -78°C. The clear yellow solution was 
warmed slowly to 25 'C, and the solvent removed under vacuum Torr). The 
residue was dissolved in a little hexane, and colorless, air-sensitive 7 crystallized at 
25 "C. Yield. 5.3 g (6.6 mmol, 86 %). 
1: 7 (5.3 g, 6.6 mmol) was stirred in toluene (50 mL) for 8 h at 70°C. On cooling, 
poorly soluble 1 was obtained as extremely air-sensitive, pale yellow crystals. Yield: 
3 7 g (5.9 mmol, 88 %) 

3 .  1 (2.0 g, 3.2 mmol) was stirred with Li powder (about 100 mg) in THF (30 mL) 
at 25 "C. Compound 4 was formed within 2-4 h ("P NMR). The solvent was 
removed, and the yellow residue dissolved m hexane. Excess lithium powder was 
filtered off. The colorless solution was concentrated under reduced pressure 

Torr) at  25 "C, and colorless crystals were formed (about 90% 3 and 10% 8; 
3 1 P  NMR) Yield: 1.5 g (2.5 mmol, 78 "A) 
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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- 

1 2e- 

Ar qA‘ 

Ar 
22+ 

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. 

Ph Ph 
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HO Ar 

XAr 4 
I I 

Ar OH 3 

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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