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The reaction of two specific ylidyl dichlorophosphanes, structures of 9 and 11 allow a strong transanular interaction 
Ph3P=CR-PC12, with P(SiMe3)3 yields the ylidyl trimethyl- between the ylide-substituted phosphorus atoms, which re- 
silyl diphosphenes Ph3P=CR-P=P-SiMe3 as primary prod- sults in very large two-bond coupling constants ('Jpp = 184 
ucts which form two different types of dimers: the cyclotetra- and 332 Hz respectively). The central PP bond in 11 is rela- 
phosphane 9 (R = SiMe3), and the tetraphosphene 10 (R = tively long (220.7 pm); quantum chemical calculations show 
2,6-Cl2C6H3). The latter compound is readily converted to the lengthening to be a consequence of the perpendicular 
the bis(ylidy1)bicyclotetraphosphane 11. The molecular orientation of the ylidic donor p-orbital. 

Ylide substituents strongly influence PIr1 towards dico- 
ordination['][']. They stabilize thioxophosphanes 1, L31 selen- 
oxophosphanes 2, L31 silyliminophosphanes 3,L41 and silyl- 
phosphaalkenes 4[51[6] as monomers, but not however phen- 
yldiphosphenes 5. In the latter case their dimers, i.e. cyclo- 
tetraphosphanes, are obtained instead. "1 However, different 
results are achieved in the case of some silyldiphosphenes 
6, which are reported here. 

R R 

Ph3P Ap2 - Ph3P + / d p / y -  

Synthesis 

The reaction of ylidyl dichlorophosphanes (dichloro- 
phosphanyl triphenylphosphonium ylides) 7['] with tris(tri- 
methy1silyl)phosphane leads to the known [I] bis(ylidy1)pho- 
sphenium chlorides 8, R = Et, Ph, 3-MeC6H4, 4-MeCGH4. 
However, for R = SiMe, and 7,6-C1l2C6H3, the conden- 
sation occurs as intended and yields the diphosphenes 6. 
These are readily identified by their 31P-NMR spectra. 

[*I X-ray structure analysis. 

The spectra reflcct the strong contribution of the polar 
resonance formula (see above): The 31P-NMR signal of the 
Me&-bonded phosphorus atom in 6 is found at exception- 
ally high field (6 = 233 and 192, respectively) and the shift 
difference of the two adjacent phosphorus atoms (A6 = 324 
and 297 respectively) is significantly larger than in any other 
polar diphosphene reported so far.IX1 At the same time the 
coupling constant (lJPl, = 537 and 511 Hz respectively) is 
among the sniallest observed for diphosphenes so far 
(525 - 640 Hz). ['I 

The diphosphenes 6 are not stable in solution but dimer- 
ize within approximately 1 day. In the case of R = %Me3 
the dimer has the tetraphosphetane (cyclotetraphosphane) 
structure 9 as shown by the X-ray structure analysis (see 
below) and by the 3'P-NM R spectrum, which demonstrates 
an AA'BB'C2 spin system. In case of R = 2,6-C12C6H3, 
however, the dimer has the open chain tetraphosphene 
structure 10 as infered from the 31P-NMR spectrum. In 
particular the large two-bond coupling constant 'Jcr, and 
the considerably smaller one-bond coupling constant 'JDE,  
are analogous to the corresponding constants 2Jpr and 'JPp 
found for triphosphenes. "'1 To our knowledge no tetra- 
phosphene has ~7et been described." '] The alternative for- 
mation of dimers 9 and 10 may be govenied by the steric 
demands of R. It seems that thc bulky 2,6-dichlorophenyl 
groups are easicr accommodated in the flexible structure 10 
than in the rigid structure 9. 

Repeated recrystallization of 10 from a mixture of ben- 
zene and dichloromethane resulted in the loss of the tri- 
mcthylsilyl groups and the forination or the exqexo-con- 
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Figurc I .  Experimental (bottom) and cal~ulated[~~1 (top) 31P-NMR spectrum of 11 in CD2Cl2 (v, = 109.379 MHz); scale graduation: 
100 Hz 

figurated bicyclotetraphosphane 11. [I2]  Its identity follows 
from the 3LP-NMR spectrum (Figure 1)  which displays a 
AA'BB'C., spin system, and shows the characteristic up- 
field shift (6 = -355) of the bridgehead phosphorus atoms 
Pc. The original coupling constants are confirmed by the 
calculated spectrum (Figure 1). All attempts to convert the 
cyclotetraphosphane 9, by heating or by oxidation, to a bi- 
cyclotetraphosphane analogue of ll with R = SiMe3 failed. 

Molecular Structure of 9 

The 31P-NMR data of 9 compare well to those of the 
known 1,3-bis(ylidyl)tetraphosphetanes 12 and 13.r71 As in 
their case the large coupling constant 2JAB indicates a pre- 
dominantly synperiplanar orientation of the lone electron 
pair at P, to the phosphonio group PA. Remarkably large, 
indicative of the folding of the four-membered ring and 
Ghardcteristic for donor-substituted phosphorus ring mem- 
b e r ~ , [ ~ '  is the transanular coupling constant .,JBB. = 183.9 
Elx. I t  exceeds that of compound 13 (179.7 Hz)f7] which had 
been the largest in bicyclotetraphosphanes rcported to date. 

I 
Ph 

Single crystal X-ray structure analyses reveal furthcr de- 
tails of the molecular structure of the cyclotetraphosphane 
9 and the bicyclotetraphosphane 11. Crystals of 9 were 
grown from tetrahydrofuran and contain two molecules of 
the solvent per molecule of 9. The structure of 9 (Figure 2) 
may be compared to that of many other cyclotetraphos- 
phanes,[17"181[1~~~201[21][22][23] and in particular to that of the 
1,3-bis(ylidyl)cyclotetraphosphane 12.['1 The four-mem- 
bered ring of 9 is folded, and the folding angle of 119.1" is, 
in accord with the large coupling constant 'JBB, (see above), 
smaller than that of 12 (140"). The ring substituents take 
up equatorial positions in an all-trans configuration. The 
ylidic carbon atom C7 shows a planar coordination with 
the phosphonio group P3 synperiplanar to the lone pair of 
electrons at P1. 

Figure 2. Molccular structure of Y (thermal ellipsoids with 25% 
probability) 
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The coordination of the ylide-substituted phosphorus 

atom PI in 9 is much less pyramidal (sum of angles 303") 
than that of P2 (sum of angles 282"). In this manner the 
ylide substituents achieve a maximum distance from each 
other. The same difference, although less pronounced, has 
been observed for 12.r7] In other known cyclotetraphos- 
phanes the sum of bond angles at the phosphorus ring 
members are either equal or do not differ by more than 
1 1 0. [1711181[191[201 PI1  1221 1231 

Molecular Structure of 11 

Generally the coupling constant 'Jpp between the two 
non-bridgehead phosphorus atoms of a bicyclotetraphos- 
phane allows differentiation between an endo,exo-isomer, 
for which the coupling constant is found in a range up to 
42 Hz,1131114111j1124][25] and an exo,exo-isomer, for which a 
range of 157-249 Hz[13][14][15][161[25] has been found. For 
compound 11 2JBB. : 332.3 Hz clearly indicates the em, 
ex-o-configur.ition,which was already inferred from the sym- 
metry of the spin system. Moreover 'Jnnl of 11 is the largest 
two-bond coupling constant in such a system 50 far ob- 
served. It is roughly twice that found for the monocyclic 
compounds 9, 12, and 13. I t  indicates a strong transanular 
interaction of the two phosphorus atoms involved, and this 
is possibly intensified by a charge transfer from the ylidic 
carbon atoms. 

Yellow octahedral crystals of 11 were grown from a solu- 
tion in equal volumes of benzene and dichloromethane. 
They contain two molcculcs of the latter per molecule of 11. 
The X-ray structure determination also confirms the em, 
em-bicyclotetraphosphane structure for the solid state (Fig- 
ure 3). The environment of the ylidic carbon atoms C1 and 
C2 is planar, with the phosphonio groups P5 and P6 being 
synperiplanar to the lone pair of electrons at P2 and P4 
respectively, as in 9. rhe planes of C1 and C2 coincide and 
the central bond PI P3 stands perpendicular to them. The 
bonds between the ylidic carbon atom and the phos- 
phorus(II1) atom in 11 [P2-C1 and P4GC2, average 
178.8(4) pm, Table I] are as long as those in the monocyclic 
compounds 9 [179.5(2) pm] and 12 [177.7(5) pm]. As a re- 
sult of the transanular bond, the sum of angles at thc non- 
bridgehead phosphorus atoms P2 and P4 (average 271 ") is 
considerably smaller than in 9 or 12. The structural data of 
11 can be further compared to those of two known bicyclo- 
tetraphosphanes 14 (R = 2 , 4 , 6 - f B ~ ~ C ~ H ~ [ ~ ' ] )  and 15 (R = 
(Me3Si)2N[25]). The folding angle between the planes of the 
three-membered rings Pl-P2-P3 and Pl-P3-P4 in 11 is 
96.7", and only marginally wider than that of 14 (95.5") 
and 15 (95.2"). The peripheral PP-bond lengths of 11 are 
somewhat shorter than those of 9 but similar to those of 14 
and 15 (220-224 pm). While the peripheral PP-bonds of 
bicyclotetraphosphanes seem to be quite uniform in length, 
the central bond varies and 1s longer in 11 [220.7(2) pm] 
than in 14 [216.6(2) pm] and 15 (212.9 pm). 

In order to analyze the bonding situation in 11 in more 
detail we performed quantum chemical on 
several model-substituted bicyclotetraphosphanes P4R2 
The various rotamers A, B, C of a donor-substituted bi- 
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cyclotetraphosphane (X = N, Y = H, and X = C, Y = 

PHI) can be characterized by the dihedral angle 4 between 
the electron lone pair at the substituent atom X and the 
central PP bond. The view is analogous to the study of the 
rotational barrier in vinylphosphane. 12'] 

Scheme 
I$ = 0" 

I$ = goo 

@ = 180" 

According to symmetry considerations a donor-orbital 
which is parallel to the central PP-bond, as in rotamer B, 
lengthens and a donor orbital perpendicular to the central 
bond, as in rotamers A and C, shortens the central 
Conformations with differing rotational angles + were ex- 
plored at the MP2(fc)/6-31g** level for a variety of model 
disubstituted bicyclotetraphosphanes.[2Xb] The compu- 
tational results are collected in Table 2. 

Figure 3. Molecular structure of 11 (thermal ellipsoids with 25% 
probability) 

In reference to the parent compound, with R = H, the 
central PP distance (218 pm) was elongated for the cases 
R = F, NH2 (rotamer A, C) and CHPH3 (rotamers A and 
C). On the contrary for R : NH2 (rotamer B) the central 
PP bond is slightly decreased, in agreement with experimen- 
tal investigations on the tetrakis(trimethylsily1) derivative of 
the diaminobicyclotetraphosphane. L2'] Two methyl groups 
for R induce a slight extension of the central bond (219.4 
pm), comparable with that for the known diary1 bicyclote- 
traphosphane (21 6.6 pm1271). We note that the computed 
equilibrium geometries result in slightly (approx. 4 pm) 
longer PP distances as compared to the experimental val- 
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Table 1. Selccted bond lengths [pm] and angles p] of 9 and 11 Experimental Section 

9 11 All reactions were carried out in flame-dried glassware under 
argon and dry solvents. NMR spectra were measured with a GSX 

P2-Si2 
P2-P1 
P2-Pla 

P1 - c 7  
C7-Sil 
C7-P3 

P1 -P2-Pla 

Si2-P2-P1 
Si2-P2- Pla 

P2-Pl-P2a 
P'-Pl-C7 
P2a-PI-C7 

P1 -C7-P3 
P3-C7- Si 1 
Sil -C7-P1 

225.3( 1) 
224.2(1) 
226.6(1) 

179.5(2) 
185.6(2) 
182.8(2) 

81.1(1) 

98.9(1) 
l02.4( 1) 

82.0(1) 
108. I (  I )  
I12.1(1) 

1 1 1.4( 1) 
122.5(1) 
125.9(1) 

PI -P3 
PI -P2 
PI -P4 
P2-P3 
P3 - P4 
P2-CI 
CI-C3 
CI-P5 
P4 - c 2  
C2-CI 1 
C2-P6 
P2-PI -P4 
P2 -P3 -P4 
PI-P3-P4 
PI-P3-P2 
P3 - P 1 -P4 
P2-Pl-P3 
PI -P2-P3 
PI-P2-C1 
P3-P2-C1 
PI -P4-P3 
Pl-P4-C2 
P3 -P4 -C2 
P6-C2-P4 
P4-C2-C11 
P6-C2-C11 
P2 - c1-  P5 
P5-Cl -C3 
C3-C1 -P2 

220.7(2) 
2 19.8(2) 
22 1.7( 2) 
224.1(2) 
223 8(2) 
179.4(4) 
I 48.0( 6) 
169.8(4) 
I 78. I (4) 
148.4(6) 
170.3(4) 
8 I .5( 1 )  

59.8(1) 
59.2( 1) 
60.8( I )  
61.1(1) 
59.6(1) 

I 04.8(2) 
106.9(2) 
59.4( 1) 

1 04.1(2) 
106.9(1) 
1 18.5(2) 

120.0(3) 
114.2(2) 
121.7(3) 
123.9(3) 

80.1(1) 

121 S(3) 

Table 2. Disubstituted bicyclotetraphosphanes P,R, 

R dF'P[pm] dPP[pm] &PPPPr] AE 
central peripheral folding angle [kcal 

calcd. exp. calcd. calcd. exp. mol-'1 

H 218.0 222.6 96.0 
F 223.0 221.1 100.3 
NH2 216.3 212.9 224.6 98.1 95.2 2.8 
(rotamer B)La] 

(rotamcr A,C) 
CH3[b] 219.4 216.6 222.0 98.6 95.5 
CHPH2 224.7 220.7 221.8 102.9 966 0 

NH2 227.4 221.2 103.9 0 

(rotamer C)['] 
CHPH, 226.0 222.2 105.3 1.5 

[a] The experimental values refer to P,[N(SiMe,),]2.[25] - Lb] The 
experimental values refer to P4(2.4r6-tB~3C6H2)2.[2q - ['I The ex- 
perimental values refer to compound 11. 

ues. Furthei-more the folding angle between the two three- 
membered rings results are too large as compared with the 
experimental values. This may be attributed to the MP2 
procedure, which tends to somewhat overestimate the 
lengthening of the PP bonds as well as the folding angles. 
The trends resulting froin the quantum chemical calcu- 
lations are, however, in good agreement with the experimen- 
tal findings and the predications of the qualitative mod- 
el.[ioa,bl The calculations also indicate that the energy differ- 
ences between the various rotamers are fairly small and may 
well be dictated by steric effects exerted by bulky substitu- 
ents at X. 

270 (3'P) or an EX 400 ('H) N M R  spectrometer using 85'% H3P04 
and SiMc4 as standards. 

6 (R = SiMei) and 9: P(SiMe3)? (1.69 nil, 5.82 mmol) was added 
via a syringc to a suspension of 7, R = SiMe3. (2.62 g, 5.82 mniol) 
in 15 ml of tetrahydroruran at room temp. A "P-NMR spectrum 
recorded after 5 h shows the signals of 6, R = SiMe?: 6A = 23.7 
(PPh?), hR = 556.1 (P-C), F c  = 232.6 (P-Si), JAR = 100.0, JAc = 
18.4, .I,c = 536.7 Hz. After stirring for 2 d at room temp. and 
refluxing for 2 d the red solution was reduced in vacuo to half of 
ils volume. In a first fraction 490 mg (0.44 mmol, IS!&) of 9 was 
isolated, which crystallized with 2 mol of tetrahydrofuran, one of 
which was lost by drying in vacuo. - 31P( ' H )  NMR (CH2C12): 

(P-Si), JAB = 208.1, JAB. 5 3, .IAc. = 11.8, JBB, = 183.9, JBc = 

-124.1 Hz.L9l - C50H66P6Si4.C4HR0 (1037.37): calcd. C 62.52, H 
7.19: found C 62.23, H 7.31. 

AA'BB'CZ, 6A = 29.2 (PPh3), 6 B  = -74.1 (P-C). 6c = -35.7 

6 (R = 2,6-C12C6H3) and 10: P(SiMe3& (0.81 g, 3.22 mmol) in 3 
in1 of tetrahydrofuran was added dropwise to a solution of 7, R = 

2,6-C12C6H3 (1.68 g, 3.22 mmol) in I6 ml of tetrahydrofuran at 0". 
A 31P-NMR spectrum recorded after 3 h showed, besides the sig- 
nals of the starting materials, those of 6, R = 2.6-C12C6H3 with 
40% of the total intensity: SA = 13.6 (PPh?), SR = 488.7 (P-C), 
?iC = 191.8 (P-Si). JAB = 107.8, JAc = 16.3, JBc. = 510.7 Hz. 
After stirring for 3 d at ambient temp. the red solution was reduced 
to half of its volume and mixed with 5 in1 of pcntanc. An orange 
precipitate, which had formed after 18 11, was fdtered off, washed 
twice with a 1:l mixture of pentaiieitetrahydrofuran, and dried in 
vacuo. Yield 1.32 g (37%, 1.19 mmol). - 31P(1H} NMR (C6D6. 

-26.8. hF = -138.3, ?JA(- = 105.1, 'JBn no break (required) 
space = 178.9. 3JBt. no break (required) space = 25.0, 'JcD = 

'H NMR (C6D6, THF): 6 = 7.76 (m, 6 H, 3,4-H), 7.03 (m, 30 H, 
o;m,p-H). 3.56 (rn: 2-H. THF). 1.41 (m, 3-H, THF). 0.30 (d, ,IPH = 

H 4.99: found C 62.07, H 4.86. 

CH?CI, 4:l): 6, = 10.8, S B  = 15.6, 6C = 456.5, 6~ = 303.4, 6~ = 

540.0,*./~.E = 393.7, ' JaE = 217.7,2JDr = 15, ' J E F  = 331.6 Hz. - 

4.4 HZ, I S  H, Mc3Si). - C&54C1$&2 ( I  110.87): calcd. C 60.55. 

11: From 7 (R = 2,6-C12C6H3) (1.26 g, 2.42 mmol) and 
P(SiMe,), (0.61 g, 2.42 mmol) a mixture of 6 ,  R = 2,6-C1,C6H3 
(20%) and 10 (70%) was obtained as bcfore. Attempts to recrys- 
tallize this mixture from a solution of benzene and dichloromcth- 
ane by warming it up to 50°C gave 104 mg (90/,. 0.10 mmol) of 11. 
- 3LP{1H} NMR (CD,Cl,): 6 A  = 17.6 (PPh3), 6 B  = -130.9 (P-C), 
tic = -354.5 (P-P), JAB = 140.6. &B, = 2.9, JAc = 6.1, J R B ,  = 
332.3, JBC = -197.2 Hz. - 'H NMR (CD2C12): 6 = 7.54 (m, 12 
H, o-H), 7.48 (m. 6 H, p-H), 7.36 (m, 12 H, rn-H), 7.00 (d, 4 H, 

4-H). - C&&14P6.CHzClz (1049.42): calcd. C 58.37, H 3.65; 
found C 58.08, H 3.83. 

J H 5 1  = 7.9 Hz, 3,5-H), 6.76 (dt, 2 H, J H H  = 7.8 Hz, J p H  = 1.8 Hz. 

X-my Strticture Anulysis ( f  9 and 11: For the structure determi- 
nation, a Siemens P4 X-ray diffractometer with a SMART area 
detector was used employing Mo-K, radiation and a graphite 
monochromator. Crystal data and data collection parameters (at 
193 K) are given in Table 3. Structure solution program: XS 
(SHELXTL Vers. 51, direct methods and refinement with full-ma- 
trix least-squares on (SHELX 93) for nonhydrogen atoms in 
anisotropic description and hydrogen atoms refined as a riding mo- 
del. Additional information of. the crystal structure determination 
are deposited at Ihe Cambridge Crystallographic Data Center 
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Table 3. Crystal and analysis data 

1 2 

Conipopound 
Formula 
Crystal habit 
Crystal siLe 
Crystal system 
Space group 

b 

B 

U 

c 

V 
Z 
djcalcd.) 
!J 
F(000) 
20 rangc for 
data collection 
Index ranges 

Reflectious collcctcd 
Illdependent 
reflections 
Observcd reflections 
Weighting schenic 

Data I restraints I 
parameters 
goodness-of-fit of F2 
Final K I  (40) 
Final wR2 
Largest diuerence peak 
Largest difference hole 

9 (GH8O)z 

yellow cube 
0.3 X 0.3 X 0.3 
monoclinic 
c21c 
15.124 l(2) 
15.1491(2) 
27.7437(5) 
90.26" 
6356.5(2) 
4 
1.1.57 
02x2  
2360 
2.94 to 58.18" 

( C Z ~ H ~ I O P ~ W Z  

-19 i h 5 19 
-18 5 k 5 19 
-28 5 Is 35 
17840 
5654 
(K,,,, = 0.0357) 
4060 (F>4o(F)) 
u-' = O'F; i 
(0.0098P)' + (16.030P)'a' 
4533 I 0  I 322 

11 (CHZCI& 
C52II40C18Pb 
yellow octahedron 
0.4 x 0.4 x 0.35 1111~1~ 

monoclinic 
P2( 1)Ic 
18.131(3) A 
16.724(3) 4 
17.809(3) A 
93.66(2)" 
5389.1(16) bi3 
4 
1.393 Mg m-3 
0.631 mm-' 
2296 
2.26 to 49.00" 

-21 5 h 5 21 
-19 5 k 5 0 
0 5 1 5 2 0  
8680 
8355 

5622 (F>4o(F)) 

(0.0536PJ'f (7.851 lP)[al 
8353 I 36 1633 

(Ri". 0.0368) 

) v - I  = &y; + 

1.238 1.034 
0.0480 0.0549 
0.0919 0 1231 
0.293 0.671 eA;' 
-0.260 -0.583 eA-> 

(CCDC) and may be requested by quoting the iiame of the authors 
and the journal citation. 
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