
5. S. Chandrasekhar L ic l~ i l i  Crystals (Cambrdge Unv. 
Press New York, ed. 2 1992r P.-G. de Gennes and 
J. Prost. The Pnyslcs of L ~ ~ u l d  Crystals (Oxford Unv. 
Press, New York ed 2 1993) 

6, ndrect amp i ~ c a t o n  o i  su~iace-bound analces can 
be acheved w~ th  the use of enzyme-nked IgGs that 
b n d  to antlgenc reglons on anayies i3), In contrast 
to our approach these  neth hods requre the use of 
IgGs labeled w~ th  enzymes and ncubat~on of the 
surface-bound analytes w ~ t h  IgGs for tens of min- 
utes durng whch t me the enzyme-inked IgGs b n d  
to the analytes A second ncubaton step, typically 
takng several mnutes IS then requred to enzymat- 
c a y  transfor~n substrates n to  colored products. 

7. We prepared gold films on a stat onary glass sub- 
strate w ~ t h  a f~xed angle of ncdence of gold durng 
deposton Analysis of atomc force mcroscopy m -  
ages of these f ms reveals ther roughness to be 
greatest n a drecton parallel to the drecton of dep- 
os~ ton  of the gojd, Usng epsometry we have also 
measured ansotlopy n the amptude and phase of 
reflected I!g1~t (J. J. Ska'fe V. K. Gupta. N. L. Abbott 
anpubshed data:. On these gold flms nematc LCs 
orent aliform y In a drection perpendcuar to the 
drecton of ncdence of the gold and parallel to the 
plane of the surface [\I K. Gupta and N L Abbott 
Laogmuir 12, 2587 (1996)l. A nematc LC has no 
preferred orlentation n the plane of a gold f m  that IS 

prepared by rotatng the glass s~~bstrate durng dep- 
os~ t~on  of the gold 

8. J Spnke e i  ai , J. Chem Phys. 99, 701 2 (1 993). 
9. M~xed SAMs were also formed n a few mnutes by 

usng solutons that contaned mll~molar concentra- 
tons of the organothos. 

10. A thckness measurements were performed uslng a 
Rudolph Auto elpsometer w ~ t h  light (633 nm) ncl-  
dert  at an angle of 70'. A'refractve ndex of : .45 was 
used to estmate tlie thckness of bound layers of 
thols and protens. Standard devatons of the re- 
ported ell~psometr~c tl ick~iesses (A) are ~ 0 . 2  nm. 

1 1. We used a form of Av mod fed  to reduce nonspecfc 
adsorpton at surfaces [Neutravdn, Pierce) The mo- 
lecular weght of A\/ s -60 kD and t s  dssociaton 
constant w ~ t h  blotin is KO = lo-" M (3. 8) [P. C.  
Weber et al  , Science 243 85 (I 989)l. 

12. Triton X-100 (Sigma) IS a ~ i o n o n ~ c  detergent that was 
added to the PBS to mnimze nonspecf~c adsorpton 
of p r o t e ~ s .  Use of Tr~ton X-100 reduced the nonspe- 
cifc adsorption of Av on SAMs formed from C,Sh to 
1, = 0.2 to 0.6 nm. Nonspeclf!c adsorpton of pro- 
tens oli SAMscan also be m nmzed by usng akane- 
tli~ols end-funct onazed with ogoethylene glycol or 
hydroxy groups [K. L. Prme and G M. Whitesides 
J Anl. Chem. Soc 11 5. 10714 (l993)] 

13. When rotated between crossed polar~zers the g h t  
transmtted through the sample d d  not show a large 
~nodua ton  In ntensty Ths result indcates the ab- 
sence of a preferred orentaton of the LC w~thin the 
cell. The general features of the optlca textures were 
not n f l ~~enced  by varatons n rates of c o o n g  of the 
LC to the amblent ;e~npe:ature. 

14. We have shown that specfc  bndng  of Avcan cause 
reore~itaton of f m s  of LCs as tliick as 20 Kin (-2 X 
l o G  mesogens per proten). We d d  not nvestgate 
LC flms thcker than 20 WIT because the optcal 
effects of brefrngence withn a 20-pm-thck f m  of 
LC are easily seen w~ t l i  tlie naked eye. The threshold 
su~iace mass of a v d n  that causes reorientaton of 
tlie LC IS a strong function of the manner of depos- 
t on  of tlie gold, tlie composton of the mxed SAM, 
and the type of LC (J J. Ska~fe and N. L. Abbott. 
anpublshed data:. 

15. Values of K, reported here correspond to values 
measured I -  b ~ , l k s o l ~ ~ t o n  [see for example, H. Bagc~ 
et a1 FEBS Lett. 322, 47 (1 993'1. 

16. A ~ i t  - B - g G  was purchased from Slgma BoScence 
an3 ant-FTC-gG was purchased from Molecular 
Probes. A measurements were perfor~ned In PBS 
conta n l ig  0.5 WM IgG and 0 004% Trton X-100. 
After ~ I I -d ing of tlie IgG n PBS the samples were 
rnsed w th  deonzed water and dred under astream 
of nitrogen. 

17. Unform anchorng of nematic 5CB was measured 
on mxed SAMs formed on ansotropc gold flms by 
coadsorut~on from an ethanoc solut~on of 9 mM 

C, ,Sh and 1 mM HS(CH,). ,-Ala-Ala-Pro-Phe-D- 
n~troanide. 

18 Fluorescen-labeled streptavdn (F:TC-Av) was pur- 
chased from P~erce. A measurements were per- 
formed n PBS conta~n~ng 0.5 p M  FITC-AV and 
0.00435 Tr~ton X-100 After b n d n g  of the FTC-AV n 
PBS, the samples were rinsed w~ th  deonzed water 

19. Studes based on stress-nduced chro~natc trans- 
tons n polymer flms have reported i m t s  of detec- 
t on  for specf~c bndng  of pentavalent cholera toxn 
to gangosde G,,: (molecular weght -100 kD K, - 1 0-'" M) to be 100 ppm (-1 KM) when uslng 
l~posomes n souton and 20 ppm (-0.2 pM) when 
usng supported fllms of the polymer (4). The use of 
t hs  method to detect the bndng  of antibodes to 
antlgens has not been reported. 

20 The surfaces of a TNLC cell are desgned such that 
the regon of LC in contact w~ th  one surface IS orent- 
ed at rght angles to the regon of LC In contact w ~ t h  
the opposng surface (Fg 2B) The LC sandwiched 
between the two surface regons of the cell under- 
goes a 90c twst-type deformaton, and the poarza- 
t o n  of nearly polar~zed light transm~tted through 

such a cell IS rotated by 90'. A twsted LC cell. when 
v~ewed between two parallel polar~zers appears 
dark In contrast, a cell conta~n~ng LC that is not 
tw~sted appears br~ght between parallel solars [B. 
Bahadur. Ed.. LIULII~ C~fstals: Appi~caiioos and 
Uses (bVord Scent fc ,  Sngapore, 1990)], 

21. A. Kumar et a/.. Acc. Chem. Res. 28 219 (1995). 
22 V. K Gupta and N. L. Abbott, Sc le~ce  276 :533 

(1 997). 
23. The preferred orentaton of nematc 5CB n the plane 

of the SAM IS perpendcuar to the drecton of dep- 
osltlon of gold on SAMs formed from C,,SH and 
parallel to the drect~on of depos~t~on of gold on 
SAMs formed from C,SH [\I. K Gupta and N. L. 
Abbott P,hys, Re\/. E 54. A540 (1996)l. 
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Isolation of a Benzene Valence Isomer with 
One-Electron Phosphorus-Phosphorus Bonds 

Yves Canac, Didier Bourissou, Antoine Baceiredo, 
Heinz Gornitzka, Wolfgang W. Schoeller,* Guy Bertrand* 

Atetraphosphabenzene analog of the postulated anti-tricyclohexylene, a singlet biradical 
valence isomer of benzene, has been isolated. The tricyclic derivative features one- 
electron phosphorus-phosphorus bonds, which result from the T * - ~ i *  interaction be- 
tween two diphosphirenyl radicals. Such one-electron bonds may play a wider role in 
phosphorus chemistry. 

D e s p i t e  the  long history associated wi th  
the  chenlistry of ben:ene (C6H6) ,  ne\v and  
fascinating benzene isomers are still being 
discovered ( 1 ) .  In contrast to  t h e  large 
n ~ ~ l n b e r  of possible C,H6 isomers [21 i  
generated by a computer-aided procedure 
( 2 ) ] ,  t he  number of possible valence iso- 
mers of ben:ene [(CH)(,] is quite small 
(Fig. I ) .  T o  date,  only four such com- 
pounds have been observed experimentally 
(3): cis-Dervar benzene A, henzvalene B, 
prislllane C, and bicycloprop-2-enyl D. Re- 
cent ab initio calculations have predicted 
that blohius benzene E and trans-Dewar ben- 
zene F lie in  very shallovlr lllinima o n  the 
potential energy profile, nit11 energies 418 
and 660 kJ/inol, respectively, higher than 
benzene (4); furthermore, benzmobiusstri- 
pane G has been proposed by Balaban (5). In 
addition to these valence isomers, ~vhicll  
obey the octet rule, one can imagine a num- 
ber of biradical structures. So  far, none of 
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these species have been isolated, although 
anti-tricyclohexylene H has been postulated 
to be the transition state in the Cope rear- 
rangeluent of the hicycloprop-2-enyl deriva- 
tives D' into D" (6). 

Heterobenzene chemistry, especially 
that  involving the  heavier main group ele- 
ments, is comparatively poorly developed 
(7). For tlle phosphorus-containiilg series 
(P  is isolobal to  the CH fragment), several 
phospha- (8) and diphosp11aben:ene (9 )  va- 
lence isomer derivatives, a fell, l,3,5-tri- 
phosphahenzene derivatives ( l o ) ,  and 
hexapl~osphabenzene in the  coordination 
sphere of transition metals (1 1 )  are knolvn. 
K o  tetra- and pentapl~osphabenzene species 
have heen described. 

W e  report here the  synthesis of the  tran- 
sient diphospl~irenyl radical 2 and the  en- 
suing stable dimer 3 (Scheme 1 ) .  T h e  latter 

Scheme 1. Synthesis of diphosphirenyl radi- 
cal 2 and of its stable dimer 3. N(I-Pr),, 
diisopropylamino. 
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Fig. 1. Benzene valence isomers A through G and 
Cope rearrangement between derlvatves D' and 
D" 

compo~und is the first valence isomer deriv- 
ative of a tetraphosphabenzene and can be 
related to anti-tricyclohexylene H (Fig. 1 ) .  

Treatment of 1H-diphosphirene 1 (1 2) 
with catalytic amounts of BF3 (5%) and 
triethylainine (Et,N) (;Oh) in tetral~ydrof~l- 
ran at 50°C for 2 hours led to the forination 
of a diamagnetic red solution (all manipula- 
tions were performed under Ar) .  After evap- 
oration of the solvent and extraction with 
pentane, compouiid 3 was isolated in 45Yo 
yield as red crystals (melting point, 140°C) 
(Scheme I ) .  

The illolecular weight, obtained by mass 
spectrometry (13), corresponded to a dimer 
of the diphosphirenyl radical 2, which for- 
mally results from the hoinolytic cleavage of 
the P-N bond of 1. The 31P proton-co~pled 
nuclear inagiletic resonance (NMR) spec- 

Fig. 2. Molecular view of 3 in the solid state (ther- 
mal ellpsoids wlth 50% probabity), Selected bond 
iengths (in angstroms): PI-P2. 2,205(3): PI-P2a. 
2.634(3): PI-C1, 1.743(6), P2-C1 , 1.738(6); C1- 
N1, 1.336(7). Seiected angles (In degrees): C1-PI- 
P2, 50.6(2); CI-P2-PI, 50.8(2); PI-CI-P2, 
78,6(3): PI-C1-NI, 141.4(4); P2-CI-N1. 
138.8(4); CI-PI-P2a, 94,9(2): P2-PI-P2a, 
89.1(1); PI-P2-Pla, 90.9(1). Sum of the valence 
angles around Nl , 359.9". 

Fig. 3. (A) Schematic illustration of A 
radicals 2 and dimers 3 through 6. 
(B) Canonical structures of radicals ' E:E E-E 1 
2 and dimers 3. A priori, In the rad- E-E 
1cal2P (E = P, R = NH,). the single 
electron can reside at the C atom R R R 
['B, state (C,,., symmetry), canonl- 2 E ,  2'E 3E,  3'E 4E, 4'E SE, 5'E 6E,  6'E 

ca  structure I .  or 2A' state (C,), ca- 
E = P 2P-6P: R = NH,; 2 'P-6 'P:  R = H nonca structure Ill, or alternatively = 2N.6N: = NH2: 2,N.68N:  = 

at the P atoms ['A7 state (C,,), ca- E = CH 2C-6C:  R = NH2; 2'C.6'C: R = H 

nonica structures ill and IV]. Be- B 
cause of the weakness of the P-P 
T-bond (142 kJ/mol), the calcula- 
t o n  predicted that the energies of 1 
the '5, and 'A' states are higher by E=E 

195 and 148 kJ/mol, respect~vely, I I I  111 I V  v 
than that of the 2A2 state (with zero- /"\@ N. E = P, N, CH 
polnt energy correctons). An anal- 

\ 

ysls of a mult~conf~gurat~on self- 
consstent feld wave functon emphasizes the closed-shell nature of 3P [complete actve space (1 2,12)/ 
6-31 g(d), c, = 0.9 of the leadlng ground-state confguration: the lowest energy trplet (3B,) IS 280 kJ/mol 
higher in energy] and Implies a strong electronc coupling of the two initially formed radicals 2P. For the 
parent dphosphlreny radlcal 2'P, the energles of the '5, and 'A' states are 90 and 81 kJ/mo hlgher 
than that of the 2A2 state. For the dlazir~nyl radlcal 2'N, the energes of the '5, and 'A' states are 11 8 and 
61 kJ/mo higher than that of the 2A2 state. 

trum showed only a singlet at - 164.5 ppm, 
suggesting the presence of a three-membered 
ring framework (1 4) and the absence of an 
amino group at the P. The  high symmetry of 
the structure was confirmed by the 'H and 
"C NMR spectra (15). Moreover, we car- 
ried out a single-crystal x-ray diffraction 
study of 3 (16). In the crystal structure (Fig. 
2),  the inolecule is organized around an in- 
version center located at the center of a 
rectangular P4 framework, which is alinost 
perpendicular to tn70 three-membered rings 
(P4/P,C: 97"); the NRI groups are slightly 
tilted out of the P-P-C planes (0.164 A). 
The P-C and P-P bond lengths in the three- 
ineinbered rilngs are within the range ex- 
pected for single bonds; the C-N bond 
lengths are short, indicating a strong dou- 
ble-bond character, ~vhich  is confirmed by 
the planarity of the N atoms. Interesting- 
ly, the P-P bonds between-the tn7o three- 
ineinbered rings [2.634(3) A] (parentheses 
indicate the error in the last digit) are by 
far the longest P-P bonds ever reported 
(1 7) but are clearly less than twice the P 
van der Waals radii 13.8 A). 

To gain a better understanding of the 
nature of 3 and its formation from 2, we 
carried out ab initio calculations (18). For 

the radical 2P (E = P, R = N H z )  (Fig. 3A), 
the calculations predicted a 'Az ground state 
(canonical structures I11 and I V )  (Fig. 3B). 
The spin density is equally distributed 01-er 
the two P atoms, and the single occupied 
molecular orbital (SOMO) is the TT" orbital 
of the P=P double bond. Because of the 
higher strength of the N-C 7-bond (265 
kJ/mol) coinpared with that of the P-C 
a-bond (180 kJ/mol) (19), derivative 2P is 
best described by the z\vitterionic structure 
IV. The dimeri:ation of the diphosphirenyl 
radical 2P is exothermic ( - 163 kJ/mol) and 
occurs by means of a .rr:%-.rr4: interaction (20) 
(Fig. 4),  giving rise to the formation of 3P. A 
four-center bonding systein with six 7 elec- 
trons (21 ) best describes the P4 framelvork; 
each P-P bond between the two three-mem- 
bered rings is formally a one-electron bond, 
which rationalizes the very long P-P bond 
distance. The most accurate, if any, Lelvis- 
like representation of diiners 3 and 3P is the 
:v,~itterionic structure V (Fig. 3B). The bi- 
radical canonical structure V I  best describes 
the triplet state in which the P-P distances 
between the three-membered rings lie in the 
range for classical P-P single bonds. The 
alternative P-P and C-C u-dimers 4P and 
5P are higher in energy than 3P, and even 

Table 1. Calculated relative energes (in kilojoules per mole) for the radicals 2P, dlmers 3P through 6P 
(E = P; R = NH,), 2'E, and dmers 3'E through 6'E (E = P, N ,  CH; R = H).  

Derlv- Der~v- Der~v- 
Energy ative Energy D e r l v  ative Energy ative Energy ative 
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more striking, the energy of tetraphospha- 
benzene 6P is only 15 kJ/mol lower (Fig. 3A 
and Table 1). The ground state of the parent 
diphosphirenyl radical 2'P (E = P, R = H) 
is also 'Az, and the n*-n*-dimer 3'P is 
lower in energy than the P-P o-dimer 4'P. 

It is of interest to compare these results 
with those reported for the analogous N- 
and C-containing series. On the basis of the 
formation of nitriles and Nz, Maeda and 
Ingold postulated that the bimolecular self- 
reaction of diazirinyl radicals proceeds by 
way of an N-N a-dimer of type 4 (Fig. 3A) 
(22). Once again, calculations show that 
the diazirinvl-radical 2'N is in the 'A, 
ground state and that the energy of the 
n*-n*-dimer 3'N is equal to that of the 
N-N o-dimer 4'N. Because this latter com- 
pound suffers from the antiaromaticity of 
the two 1H-diazirine moieties (23), d' ~rners 
of types 3 and 4 are unlikely to be isolated 
in. the N-containing series. Of course, the 
C-C o-dimer 5'N is much more stable, but 
its formation is also quite unlikely from the 
diazirinyl radical, because it would require 
the spin density to be located at the C atom 
of 2'N, which is not the case. 

In contrast to the diphosphirenyl2'P and 
diazirinyl2'N radicals, calculations predict a 
'A' ground state for the cyclopropenyl radi- 
cals 2'C (canonical structure 11, Fig. 3B), 
with one of the C atoms being strongly py- 
ramidalized (24). It has been shown that 
cyclopropenyl radicals dimerize to form the 
corresponding bicycloprop-2-enyl derivatives 
4'C (25). Surprisingly, anti-tricyclohexylene 
3'C, which is best described as a singlet 
biradical, is calculated to have an energy only 
83 kJ/mol above that of the previously isolat- 
ed (3) C-C a-dimer 4'C. 

Although benzene (6'C) is far more sta- 
ble than its valence isomers 4'C and of 
course 3'C, in the corresponding N-con- 
taining series the difference in energy be- 

Fig. 4. Orbital diagram for the dimerization of the 
diphosphirenyl radical 2 into the T*-T*-dimer 3 
(SOMO-SOMO interaction). 

tween the various isomers is much smaller, 
and the incorporation of P brings the sta- 
bility of the n*-n*-dimer to the fore. 

Up until the 1970s, the chemistry of the 
heavier main group elements was believed 
to be restricted to that involving single 
bonds as a result of the so-called "double- 
bond rule" (26). Now, after three decades 
devoted to the synthesis and study of four- 
electron and six-electron multiple bonds 
(27), the isolation of 3 suggests that one- 
electron bonds could also play an important 
role in phosphorus chemistry. 
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