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Abstract: Irradiation of [bis(diisopropylamino)phosphino](trimethylsilyl)diazomethane at 254 nm in the presence
of tert-butylphosphaalkyne leads ta¥202-diphosphetel in 90% vyield. Derivativel reacts with FgCQO) and
W(CO)(THF) giving rise to the corresponding-complexe2 (48% yield) and3 (75% vyield), respectively. When

1 equiv of methyl trifluoromethanesulfonate and elemental selenium is added to deriiatieecationic and neutral
10%,203-diphosphetedt and 5 are isolated in 95 and 66% yields, respectively. Addition of 2 equiv of elemental
selenium and bis(trimethylsilyl)peroxide to diphosphitgave rise to &*20*-diphosphete$ (43% yield) and7

(84% yield), respectively.n'-(10%202-Diphosphete)tungsten compléxreacted with bis(trimethylsilyl)peroxide
affording heterocyclic comple® (68% yield). Addition of 1 equiv of tetrachloro-benzoquinone (TCBQ) to the
cationic 1%,2¢3-diphosphete4 and of 2 equiv to the &, 202%-diphosphetel affords the #4,20°%- and 154,20°-
diphosphete® (86% yield) and10 (92% yield), respectively. Addition of TCBQ to thg-(104202-diphosphete)-
tungsten complexd affords thezn!-(1o%,20*-diphosphete)complet1 (88% yield), which reacts with 2 equiv of
trimethylphosphine leading to the zwitterionio*203-diphospheté 2 (46% yield). Cleavage of the SIC bond of
complex3 with 1 equiv of tetrabutylammonium fluoride hydrate giwg's(10%20%-diphosphete)comple%3 (61%

yield), which reacts with TCBQ leading to thes-1,2-diphosphino alkene compléx (77% vyield). These results
demonstrate that the unsaturated four-membered ring skeleton is a remarkable template for inducing uiusual P
interactions. However, the presence of two very bulky substituents on the ethylenic moiety is necessary for the
persistence of the cyclic structure, when the two phosphorus atoms feature a high coordination state. Single crystal
X-ray diffraction studies of derivatived and 11—14 have been carried out.

Introduction the RP moiety interrupts the conjugation of the fouelectrons

Although a few stable substituted cyclobutadierésand
azetesB? are known, so far the correspondingphosphetes
C' and ¢%0%-diphospheteC”” have only been identified as
ligands in transition metal complexés.n contrast to the
antiaromatic derivative€, o*phosphete® are stable speciés:

system, and derivativd are best described by the zwitterionic
structureD'. ltis thus clear that the stability of four-electron
four-membered rings featuring phosphorus centers is strongly
dependent on the coordination number of the phosphorus atoms.
Note that two types of mixed-valent phosphorus fawlectron
four-membered heterocycl&s?andF>° have very recently been

t Laboratoire de Chimie de Coordination du CNRS. described. Due to the presence of tefbphosphorus atoms,
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10%,20*-Diphosphetes (%= 2—6)

Table 1. Comparison of Selected NMR Data for Compouridsl4 at 298 K

. Am. Chem. Soc., Vol. 119, No. 41, 199721

5 NP 5P JP,P) 3J(PNCH) 2J(PNCH) 5CSiMes (Jp.0 S CtBu (Jp.0

1 +49.2 +58.4 201.2 13.6 5.6 105.7 (36.8; 4.2) 224.3 (54.9; 9.9)

2 +57.4 +112.6 205.5 13.4 5.6 134.7 (31.1; 13.5) 214.0 (51.8; 2.2)

3 +57.4 +41.7 175.4 13.4 5.2 126.1 (34.9; 14.2) 209.7 (39.2; 7.1)

4 +40.2 +54.9 107.4 10.9 5:24.8 151.7 (36.6; 9.5) 193.7 (23.0; 0)

5 +39.2 +117.1 246.4 1057.8 4.0-2.7 158.5 (28.5; 12.5) 202.4 (51.8; 15.3)

6 +59.2 +83.2 471 10.0 3.0 135.5 (25.6; 18.3) 194.9 (53.3; 22.6)

7 +114.1 +44.5 6.7 13.3 42 141.0 (28.3; 20.4) 199.9 (105.3; 78.7)

8 +72.4 +160.8 110.9 10.9 6:43.9 144.6 (13.1; 7.4) 201.4 (48.0; 1.8)

9 +117.0 +25.2 35.8 10.613.6 8.0-3.6 142.2 (44.2; 26.5) 209.9 (85.0; 7.6)
10 +131.3 -65.4 122.1 9.0 435 130.5 (39.2; 13.9) 207.0 (120.4; 89.1)
11 +80.4 +74.3 25.1 12.3 8.7 130.0 (40.4, 27.0) 215.4 (7316.9)
12 +54.2 +164.5 200.8 21.9 152.1(32.2,12.7) 198.4 (28.4; 15.3)
13 +45.2 +68.2 220.4 16.1 45 111.2(72.6;17.8)  193.7 (42.6; 17.3)
14 +38.9 +224.5 245 11.2 9.7 142.0 (20.8; 8:5) 154.2 (28.7)

2 Chemical shifts in parts per million and coupling constants in H&z= 183 K. ¢ Chemical shift of the ethylenic CH group.
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we discuss the persistence of thefPbond in such derivatives.
Indeed, due to ring strain, it might be expected that most of the
compoundd exist as 1,2-diphosphorus substituted alkehes
Here we analyze the factors favoring cyclic structuresser
their open chain counterpards(Scheme 1).

Results

Irradiation of [bis(diisopropylamino)phosphino](trimethylsilyl)-
diazometharfeat 254 nm in the presence tért-butylphos-
phaalkyné led to 10*20?-diphosphetel, which was isolated
as a yellow oil in 90% vyield. Addition of F£CQ) and
W(CO)(THF) afforded the corresponding complex2$48%
yield) and3 (75% yield), respectively (Scheme 2). The best
indications of the cyclic structure are the snfdfincr coupling
constants (5.25.6 Hz) typical for diisopropylamino-substituted
o*-phosphorus atom@Jpncy: 04-P, 2-8 Hz; 6%-P, 7-15 Hz)1°
and the very low-field position of th&C NMR signal of the
sp*-hybridizedC-tBu carbon atom (209:7224.3 ppmi! (Table
1). The cyclic structure is also supported by the multiplicity
of the equatorial carbonyl ligands of the organometallic frag-

(7) For preliminary accounts, see: (a) Armbrust, R.; Sanchez, MuRe
R.; Bergstiaser, U.; Regitz, M.; Bertrand, G. Am. Chem. Sod995
117, 10785. (b) Sanchez, M.; Re, R.; Dahan, F.; Regitz, M.; Bertrand,
G. Angew. Chem., Int. Ed. Engl996 35, 2228.

(8) Baceiredo, A.; Bertrand, G.; Sicard, &.Am. Chem. So&985 107,
4781.

(9) Becker, G.; Gresser, G.; Uhl, VE. Naturforsch.1981, 36h, 16.

(10) Reed, R. W.; Bertrand, G. I#hosphorus-31 NMR Spectral
Properties in Compound Characterization and Structural Analy&isin,

L. D., Verkade, J. G., Eds.; VCH Publishers, Inc.: New York, 1994; p
189.

(11) Significant deshielding of the carbon atom in fh@osition with
respect to the*-phosphorus center is a common spectroscopic feature to
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ments p: 216.5, ddJpc = 7.8 and 3.8 Hz3: 198.9, dd,Jpc

= 3.4 and 3.4 Hz]. Note that the value of tdgr coupling
constant is not relevant to the discussion since it results from
superimposition of théJ and3J coupling constants. Moreover,
several examples of large through space PP coupling constants
have been observed in the caseisfdiphosphorus substituted
alkene or benzene derivativEs Finally, a single-crystal X-ray
diffraction study performed on the;{-diphosphete)pentacar-
bonyltungsten complex3,’@ definitively proved the cyclic
structure (Table 2).

Compoundl reacted with 1 equiv of methyl trifluoromethane-
sulfonate and elemental selenium affording the cationic and
neutral % 20°-diphosphetegt and5, in 95 and 66% yields,
respectively. Addition of 2 equiv of elemental selenium and
bis(trimethylsilyl)peroxide to diphosphetagave rise to &*,20*
diphosphetes$ (43% yield) and7 (84% yield), respectively
(Scheme 3). Here also, the smalbncy coupling constant
(3.0-5.2 Hz) and the low-field3C NMR chemical shift of the
C-tBu carbon atom (193:7202.4 ppm) (Table 1) are typical
for the four-membered cyclic structure. Furthermore, note the
multiplicity of the NMR signals of the methyl group d&f['H
NMR: 1.8, dd,Jpy = 4.9 and 19.1 Hz3C NMR: 11.3, dd,

Jec = 42.0 and 8.5 Hz]. The main difference between the
spectroscopic data for selenoxophosphthand diselenoxo-
phosphorané lies in the’”’Se NMR 6: —63.0, 1Jpse = 487

(12) (a) Tejeda, J.; Ra, R.; Dahan, F.; Bertrand, G. Am. Chem. Soc.
1993 115 7880. (b) Bieger, K.; Tejeda, J.;Re, R.; Dahan, F.; Bertrand,
G. J. Am. Chem. Sod994 116, 8087. (c) Alcaraz, G.; Baceiredo, A;
Nieger, M.; Bertrand, GJ. Am. Chem. S0d.994 116, 2159. (d) Alcaraz,
G.; Baceiredo, A.; Nieger, M.; Schoeller, W. W.; Bertrandiiarg. Chem.
1996 35, 2458. (e) Bieger, K.; Bouhadir. G.;Re, R.; Dahan, F.; Bertrand,
G.J. Am. Chem. Sod.996 118 1038.

(13) (a) Tillack, A.; Michalik, M.; Fenske, D.; Goesmann, H.
Organomet. Cheml993 454, 95. (b) Berners-Price, S. J.; Colquhoun, L.
A.; Healy, P. C.; Byriel, K. A.; Hanna, J. \d. Chem. Soc., Dalton Trans.
1992 3357. (c) Avey, A.; Schut, D. M.; Weakley, T. J. R.; Tyler, D. R.
Inorg. Chem1993 32, 233. (d) Colquhoun, I. J.; McFarlane, \3..Chem.
Soc., Dalton Trans1982 1915. (e) Bookham, J. L.; McFarlane, W.;
Colquhoun, I. J.; Thornton-Pett, M. Organomet. Cheni.988 354, 313.

(f) Kyba, E. P.; Liu, S. T.; Harris, R. LOrganometallics1983 2, 1877.
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Table 2. Comparison of Selected Bond Lengths (A) and Bond Angles (deg) for Comp@ifdsind 10—14

3 7 10 11 12 13 14
P1-P2 2.176(3) 2.259(2) 2.296(1) 2.228(3) 2.210(1) 2.201(3) b
P2-C2 1.842(7) 1.827(6) 1.921(2) 1.904(7) 1.861(2) 1.847(8) 1.829(4)
c2-C1 1.391(10) 1.380(8) 1.355(3) 1.362(12) 1.367(3) 1.359(12) 1.336(6)
C1-P1 1.804(7) 1.831(5) 1.823(2) 1.811(7) 1.801(2) 1.786(8) 1.835(4)
P1-N1 1.664(6) 1.665(4) 1.677(2) 1.666(9) 1.644(2) 1.668(7) 1.694(4)
P1-N2 1.651(6) 1.648(4) 1.660(2) 1.639(7) 1.653(2) 1.639(6) 1.699(4)
C1-Si 1.892(7) 1.906(6) 1.916(2) 1.912(9) 1.916(2)
C2-C3 1.525(10) 1.520(8) 1.538(3) 1.530(10) 1.528(3) 1.521(11) 1.561(6)
P2-W 2.623(2) 2.608(3) 2.569(2) 2.415(1)
P2-01 1.487(4) 1.735(2) 1.693(6) 1.673(2) 1.689(3)
P2-02 1.483(4) 1.762(1) 2.017(6) a 1.681(3)
P2-03 1.715(1)
P2-04 1.753(1)
P1-C1-C2 95.1(5) 99.7(4) 101.4(2) 97.9(5) 97.7(2) 97.5(6) 129.6(4)
C1-C2-P2 109.6(5) 107.6(4) 104.7(5) 107.6(2) 108.8(6) 118.6(3)
C2-P2-P1 71.9(3) 73.6(2) 70.9(2) 71.8(1) 71.5(3)
P2-P1-C1 83.1(2) 78.2(2) 79.7(1) 79.6(3) 80.9(1) 81.5(3)
N1-P1-P2 125.0(2) 119.0(2) 121.9(1) 114.8(3) 118.3(1) 126.2(3)
N1-P1-C1 110.8(3) 113.1(2) 112.9(1) 108.6(4) 110.7(1) 109.6(4) 99.6(2)
N1-P1-N2 106.0(3) 106.7(2) 108.5(1) 108.8(4) 110.1(1) 106.8(3) 109.5(2)
N2—P1-P2 111.9(3) 121.2(2) 116.6(1) 119.2(3) 115.0(1) 112.9(3)
N2—P1-C1 119.6(3) 116.5(2) 114.7(1) 123.3(4) 119.5(1) 118.7(4) 98.5(2)
P1-P2-W 129.2(1) 131.3(1) 126.9(1)
W-P2-C2 129.7(3) 108.8(3) 129.0(3) 122.8(1)
P2-C2-C3 119.9(6) 102.2(5) 123.3(2) 128.3(6) 121.6(2) 124.6(7) 119.5(3)
c3-c2-C1 130.3(7) 132.2(5) 129.2(2) 127.1(6) 130.8(2) 126.3(8) 121.6(4)
C2-C1-Si 134.6(6) 131.4(4) 136.1(2) 136.9(6) 134.8(2)
Si-C1-P1 130.3(4) 128.9(3) 122.5(1) 125.2(5) 127.5(1)
P1-P2-01 106.0(2) 96.7(1) 116.5(2) 109.6(1)
P1-P2-02 120.2(2) 94.3(1) 85.4(3)
P1-P2-03 173.1(1)
P1-P2-04 89.9(1)
01-P2-02 121.2(2) 89.1(1) 84.2(3) 93.1(2)
01-P2-03 85.4(1)
01-P2-04 173.0(1)
02-P2-03 92.3(1)
02-P2-04 88.1(1)
03-P2-04 88.3(1)
C2-P2-01 111.7(2) 90.1(1) 95.0(3) 94.5(1) 105.2(2)
C2-P2-02 114.6(2) 165.4(1) 153.1(3) 103.2(2)
C2-P2-03 102.1(1)
C2-P2-04 94.2(1)

ad(P2-02) = 2.328(2).> d(P2—P1) = 3.389(4).

Hz; 6: +264.8,1Jpse= 699 Hz). For compound, the value
of the Jep coupling constant is extremely small (6.7 Hz);

has also been subjected to a single-crystal X-ray diffraction study
(Table 2, Figure 2). Treatment of compl&g with 2 equiv of

however, the cyclic structure has been confirmed by a single- trimethylphosphine afforded derivatiie, which was isolated
crystal X-ray diffraction study (Tables 2 and 3, Figure 1). This after recrystallization as pale yellow crystals in 46% yield

is a nice demonstration that tldep value is not a conclusive

proof of a cyclic structure.
n*-(10%,20%-Diphosphete)tungsten compl@xeacted with bis-

(trimethylsilyl)peroxide affording heterocyclic compl8X68%

(Scheme 4). The NMR spectra for compout2 were tem-
perature-dependent, indicating that a dynamic process was taking
place. Atroom temperature, tRP NMR spectrum shows an
AX system (-62.0,+138.6,Jpp = 213.9 Hz). In comparison

yield). In addition to the NMR arguments already used to With complex 11, the phosphorus atom bound to TCBQ is

endorse the cyclic structure of compourids?, note that as
observed for complex3, the equatorial carbonyl ligands of
derivative8 appeared as doublet of doublets (198.4, 3d,=
7.3 and 1.1 Hz) (Table 1).

Addition of 1 equiv of tetrachlor@-benzoquinone (TCBQ)
to the cationic #*,20%-diphosphete4 and of 2 equiv to the
10%,20%-diphosphetd cleanly afforded thed*,205- and 14 20°-
diphosphete® (86% yield) and10 (92% yield), respectively
(Scheme 3). A strong indication of the-® bond in these
compounds is given by the low-fie/lP NMR chemical shift
of the amino-substituted phosphorus atogn (+117.0; 10:
+131.3), which is inconsistent with a free phosphifieThe

notably deshieldedNé = 64 ppm). This datum precludes the
zwitterionic structure12, since negatively charged*A*
phosphorus atoms (phosphoranides) show high-field chemical
shifts14 In the13C NMR spectrum, the signals of the endocyclic
carbon atoms and of the aromatic ring were not observed.
Interestingly, thé?Jench coupling constants are small (4-8.4

Hz) indicating the presence of &-phosphorus and thus that
12is a four-membered ring. Cooling the sample down resulted
in a significant deshielding of the phosphorus atom bound to
TCBQ up toAd = 26 ppm at 183 K; the other phosphorus
atom being less perturbed@ = 8 ppm). At 183 K, the'3C
NMR signals of the endocyclic carbon atoms appeared at 152.1

cyclic structure has been confirmed by a single-crystal X-ray (Jrc = 12.7 and 32.2 HzCSiMes) and 198.4 Jpc = 15.3 and

diffraction study of compound0 (Table 2)7®
Addition of TCBQ to then'-(10%20%-diphosphete)tungsten
complex3 afforded complex 1 (88% yield) (Scheme 4), which

(14) Riess, J. G.; Schmidpeter, A. IHandbook of Phosphorus-31
Nuclear Magnetic Resonance Datéebby, J. C., Ed.; CRC Press, Inc.:
Boca Raton, FL, 1991; p 501.
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Table 3. Crystallographic Data for Compoundsand 11—14

J. Am

. Chem. Soc., Vol. 119, No. 41, 199723

7 11 12 13 14
chem formula @1H46N202P28i C33H48C|5N207PZSiW C27H46C|4N202P28i Cz3H33N205P2W ngH33C|4N207P2W
fw 448.63 1071.31 662.49 668.34 914.20
cryst syst monoclinic monoclinic monoclinic monoclinic monoclinic
space group P2:/n P2:/n P2;/c P2i/n P2i/c
a, A 10.874(4) 21.767(3) 11.195(1) 10.031(2) 9.794(2)
b, A 15.973(4) 20.248(2) 16.323(3) 21.365(4) 20.319(4)
c, A 15.478(4) 20.577(3) 18.764(2) 13.833(3) 19.380(4)
8, deg 97.99(3) 97.78(1) 94.03(1) 99.58(3) 101.45(3)
v, A3 2662.3(14) 8986.0(20) 3420.4(8) 2923.2(10) 3779.9(13)
F(000) 984 4288 1400 1336 1816
z 4 8 4 4 4
Deaie g CNT3 1.119 1.584 1.287 1.519 1.606
u (Mo Ka), mmrt 0.226 3.069 0.501 4.093 3.466
Tmin - Tmax 0.6678-0.9998
26 range, deg 543 3-44 4-49 4-47 4-46
no. of data collected 2955 11354 22062 4197 5080
no. of unique data 2950 10995 5239 4187 5073
Rav (ON1) 0.0443 0.0358
no. of params varied 266 877 352 309 421
S 0.701 0.878 1.036 0.942 0.788
R 0.057 0.0417 0.0428 0.0488 0.0250
Ry 0.1142 0.0993 0.1205 0.1070 0.0520
(A/p)max 0.208 0.891 0.288 1.586 0.879
(A/0)rmin, €A3 —0.229 —0.976 —0.280 —-0.867 —-0.777
Scheme 3
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- © been omitted, and isopropyl moieties are shown with the stick model.
2) Me3Si00SiMe; MesSi tBu
a(em) ment of the coordinated oxygen by the second nucleophilic
1) MeOTf RZP—F:’:8> Tio" oxygen atom takes place.
2) TCBQ MesSi = +Bu Treatment of comple8 with 1 equiv of tetrabutylammonium
9 (86%) fluoride hydrate afforded compleX3, which was isolated as
»TCBQ +0-8 colorless crystals in 61% yield (Scheme 4). The ring CH was
R: PN, Tf: CF3S0;, R2P:P‘o) apparent from théH NMR spectrum (5.3, ddJpy = 13.7 and
TCBAQ: tetrachloro-o-benzoquinone Me,Si +-Bu 5.3 Hz); the other NMR data for derivative were very similar

0N _Orx
o) =S O

28.4 Hz, Ct-Bu), strongly suggesting a four-membered ring

10 (92%)

structure. Note that théJpncy coupling constants were not Phe
observable due to the width of the corresponding signals. All Compared to derivativell, the phosphorus atom bound to
the carbon atoms of the aromatic ring are nonequivalent, and, TCBQ appeared at much lower field¢ = 150 ppm), and the

in contrast to compound3—11, for which the TCBQ acts as a
chelating ligand, only one carbon atom appeared as a doublef(Ad = 41 ppm) (Table 1). ThéJencn coupling constant of

(106.9, 117.3, 118.3, 123.9, CCI; 139.9, CO; 155.9)d,=
1.7 Hz, PCO). Single crystals &R were grown from an ether
solution at—30 °C and subjected to an X-ray diffraction study ~C-tBu carbon atom ofl4 is considerably shielded\¢ > 40
ppm) compared to that of heterocycles13 and appeared in
diphosphete, in agreement with the spectroscopic data recordedhe classical range for an olefinic carbon. The acyclic structure
at 183 K. We propose that in solution, at temperatures above of 14 has been confirmed by an X-ray diffraction study (Table
193 K, a dynamic process involving an intramolecular displace- 2, Figure 5).

(Table 2, Figure 3).

Derivativel2 is a dipolar b*203-

to those for comple® (Table 1). The structure of compound
13 has been confirmed by an X-ray diffraction study (Table 2,
Figure 4). Addition of TCBQ to heterocyclic complé8 gave
rise to thecis-1,2-diphosphino alkene compléx (77% yield).

phosphorus possessing the amino substituents at higher field

9.7 Hz is typical for a diisopropylamino-substitutas?-
phosphorus atof. Lastly, the signal of the gghybridized
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Figure 2. Thermal ellipsoid plot (50% probability) of derivativil

showing the numbering scheme used. For clarity, hydrogen atoms have
been omitted, and isopropyl moieties and carbonyl ligands are shown

with the stick model.

Scheme 4
o]
+ 7 -
TCBQ Rz,s_'p‘,;a PMes Rzp_g,/g
—| \W(CO)s —
Me3Si t-Bu MesSi t-Bu
. 11 (88%) 12 (46%) —~
F + . 00
| FNBus XH20 g p_p:=w(cO), _TCBQ Rsz __ Pr=w(co)s
H Bu H t-Bu
13 (61%) 14 (77%)
+ -0 . Q.0 . .
ReP—PL ) RP. P RP.  Pi—~W(CO)s
Me;Si Bu Me;Si +-Bu H t-Bu
12' 12" 13
R: i-ProN
Tf: CF4S0, oy . O]C_g )
TCBAQ: tetrachloro-o-benzoquinone O (o}

Discussion

In contrast to most diazo derivativé®! [bis(diisopropylami-

no)phosphino](trimethylsilyl)diazomethane does not react as a

1,3-dipole towardert-butylphosphaalkyne. Thus, it can be used
as an fn situ” precursor ofA>-phosphaalkynel5, which can
also be regarded as a phosphinocarldgh&® Two mechanisms
can account for the formation ofo%,20?-diphosphetel.
Derivativel can result from the “head-to-head” codimerization
(governed by steric factors) of thé-phosphaalkyne with the
A5-phosphaalkynd5. However, it is known that the carbene
15 undergoes [1+ 2] cycloaddition reactions with nitriles
affording 2-phosphin@H-azirines 16, which subsequently
rearrange in the presence of a suitable catalyst into#1,2
azaphosphete47.16 Therefore, it is also possible that the
codimerization first produces a transient 2-phosptihb-
phosphirenel 8,17 which spontaneously undergoes a ring expan-
sion reaction leading t@ (Scheme 5).

(15) (a) lgau, A.; Grtemacher, H.; Baceiredo, A.; Bertrand, G.Am.
Chem. Soc1988 110, 6463. (b) lgau, A.; Baceiredo, A.; Trinquier, G.;
Bertrand, G Angew. Chem., Int. Ed. Endl989 28, 621. (c) Gillette, G.
R.; Baceiredo, A.; Bertrand, GAngew. Chem., Int. Ed. Engl99Q 29,
1429. (d) Soleilhavoup, M; Baceiredo, A.; Treutler, O; Ahlrichs, R.; Nieger,
M; Bertrand, G.J. Am. Chem. Sod.992 114, 10959. (e) Dixon, D. A;;
Dobbs, K. D.; Arduengo, A. J. lll; Bertrand, @. Am. Chem. So0d.991
113 8782. (f) Bertrand, G.; Reed, Roord. Chem. Re 1994 137, 323.

(16) Alcaraz, G.; Wecker, U.; Baceiredo, A.; Dahan, F.; Bertrand, G.
Angew. Chem,. Int. Ed. Endl995 34, 1246.

Sanchez et al.

Figure 3. Thermal ellipsoid plot (50% probability) of derivativi2
showing the numbering scheme used. For clarity, hydrogen atoms have
been omitted, and isopropyl moieties are shown with the stick model.

Figure 4. Thermal ellipsoid plot (50% probability) of derivativE3
showing the numbering scheme used. For clarity, hydrogen atoms have
been omitted, and isopropyl moieties are shown with the stick model.

Figure 5. Thermal ellipsoid plot (50% probability) of derivativie4
showing the numbering scheme used. For clarity, hydrogen atoms have
been omitted, and isopropyl moieties and carbonyl ligands are shown
with the stick model.

Unlike 102,202-diphosphetes, which are coordinated to transi-
tion metals through theit-system? 10%,20?-diphosphetd. acts
as anp’-ligand toward organometallic fragments (Scheme 1).
The NMR data fo2 and3 are very similar to those for the free
ligand 1 (Table 1), suggesting that, as already observed for
1,20%-azaphosphete$7,'%¢ the fours-electron system is not
perturbed when the ring is coordinated to a transition metal
fragment. Therefore, the geometric parameters for the coordi-

(17) Only one example of a stablédzphosphirene is known; it was
prepared by trapping of a transient carbene §phosphaalkyne. Wagner,
0.; Maas, G.; Regitz, MAngew. Chem., Int. Ed. Engl987, 26, 1257.
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Scheme 5 the relatively short PO bond lengths [1.487(4) and 1.483(4) A].
e P SiM SiMe For compound9—11, one might expect that ring cleavage
RzP=C-SiMe, R-C=N 2 K & Rglﬂi ° should occur since, on both sides, a stable phosphorus entity
15 — A — | ! - - . -
N . N - would be generated: a bis(amino)phosphine and a phosphonium
- 16 17 ion, a phosphorane, and a coordinated phosphine, respectively.
RoP—C-SiMe;  — Although a few examples of PP interactions between phos-
1% . [RoR siMes SiMe, phines and phosphonium ioffspr even phosphoran&827are
| [HBu—C=P_ >_& RZ@I( known, derivativell is certainly the first compound featuring
R: FPEN PN +Bu an interaction between a free and a coordinated phosptine.

18 The value of all the bond lengths compare well with those

observed for the other four-membered heterocycles (Table 2),
nated ring (Table 2) are relevant in understanding the electronicexcept the P(2)0(2) bond [2.017(6) A] which is one of the
structure of the free heterocycle. The ring is planar (mean longest PO bonds known so far. However, the geometry around
deviation 0.0278 A), and the coordinated phosphorus atom is P(2) could not be understood in the absence of the P(2)0O(2)

strongly pyramidalized [sum of the angles at P(2): 330:Bhe
value of the phosphorasphosphorus bond length [2.176(3)A]

is comparable to that observed in free or coordinated phospha-

nylidenee*-phosphorane%. The endocyclic CC [1.391(10)] and
both PC [1.804(7) and 1.842(7)] bond lengths are in the range

expected for CC double bonds and PC single bonds, respec-

bond, since P(2), W, P(1), and O(1) lie in the same plane
(maximum deviation from the best plane: 0.048 A). The
molecular geometry about P(2) can be regarded as a distorted
trigonal bipyramicB® although the value of the C(2)P(2)0(2)
angle [153.1(3)] is small. The excessive steric hindrance
around P(2) probably explains both this small value and the

tively. These geometric parameters as a whole suggest that thenonplanarity of the four-membered ring Iri.

heterocyclesl—3 feature a localized CC double bond and a
strongly polarized PP ylide bond.

The synthesis of compoun@s-5 shows that one of the lone
pairs of theo?-phosphorus atom df is active. More interest-
ingly, the formation of heterocycle§—11 demonstrates that
both lone pairs are reactive, which is very rare with linear
phosphanylidene?-phosphorane®. The ¢2-phosphorus atom
of 1 can extend its coordination number up to six without
destruction of the four-membered ring skeleton. This is not
surprising for compound4—8 since ring opening through
breaking of the P-P bond would generate a stable bis(amino)-
phosphine on one side but an unstable low-coordinate phos-
phorus moiety on the other (a free or coordinated phosphin-
idene!®19 3 phosphenium io#f20a selenexophosphah®?! a
diselenexophosphoraf&?:22a dioxophosphorant;?® and a
coordinated oxophosphaf®?* respectively). Interestingly,
derivative7 can be regarded as a donor-stabilized dioxophos-
phorane (metaphosphafé};?°a class of compound which has
never been characterized by an X-ray diffraction study. This
view is supported by the strongly distorted tetrahedron with the
PO,C moiety forming a relatively flat trigonal pyramid (sum
of the angles= 353.5), the large OPO angle [121.2¢2)and

(18) Regitz, M.; Scherer, O. Multiple Bonds and Low Coordination
in Phosphorus Chemistryrhieme: Stuttgart, 1990.

(19) For reviews, see: (a) Mathey,Angew. Chem., Int. Ed. Endl987,
26, 275. (b) Cowley, A. H.; Barron, A. RAcc. Chem. Re4988 21, 81.
See also: (c) Hitchcock, P. B.; Lappert, M. F.; Leung, WJPChem.
Soc., Chem. Commui987 1282. (d) Cowley, A. H.; Pellerin, B.; Atwood,
J. L.; Bott, S. GJ. Am. Chem. S0d.99Q 112, 6734. () Cummins, C. C.;
Schrock, R. R.; Davis, W. MAngew. Chem., Int. Ed. Endl993 32, 756.
(f) Power, P. PAngew. Chem., Int. Ed. Endl993 32, 850. (g) Freundlich,
J. S.; Schrock, R. R.; Davis, W. M. Am. Chem. S0d 996 118 3643.

(20) (a) Cowley, A. H.; Kemp, R. AChem. Re. 1985 85, 367. (b)
Burford, N.; Losier, P.; Sereda, S. V.; Cameron, T. S.; WuJ.@Gm. Chem.
So0c.1994 116 6474.(c) Reed, R. W.; Xie, Z.; Reed, C. @rganometallics
1995 14, 5002.

(21) Yoshifuji, M.; Sangu, S.; Hirano, M.; Toyota, KChem. Lett1993
1715.

(22) (a) Schmidpeter, A.; Jochem, G.; Karaghiosoff, K.; RoblAGgew.
Chem., Int. Ed. Engl1992 31, 1350. (b) Yoshifuji, M.; Shibayama, K.;
Inamoto, N.Chem. Lett1984 603. (c) Yoshifuji, M.; Sangu, S.; Kamijo,
K.; Toyota, K.Chem. Ber1996 129, 1049.

(23) (a) Meisel, M.; Bock, H.; Solouki, B.; Kremer, Mingew. Chem.,
Int. Ed. Engl.1989 28, 1373. (b) Lukes, I.; Borbaruah, M.; Quin, L. D.
Am. Chem. Sod994 116, 1737.

(24) (a) Niecke, E.; Engelmann, M.; Zorn, H.; Krebs, B.; Henkel, G.
Angew. Chem. Int. Ed. Engl98Q 19, 710. (b) Binnewies, M.; Solouki,
B.; Bock, H.; Becherer, R.; Ahlrichs, Rngew. Chem., Int. Ed. Endl984
23,731.

(25) Wolf, G. U.; Meisel, M.Z. Chem.1982 22, 54.

The persistence of the PP bond it emphasizes that the
four-membered ring framework of compourids11is strongly
reluctant to undergo ring opening. Therefore the question arises
whether a PP interaction between two free phospAiresuch
a ring could occur. Removing the organometallic fragment from
11 should give the answer. The NMR data for compoiizd
show a dynamic process in which the desired compdiiis
certainly the structure of the transition state. Very surprisingly,
the expected d,203-cis-diphosphinoalken&?2’ is not formed.
Instead of breaking the PP bond of the four-membered ring,
there is a cleavage of the PO bond of the five-membered ring
leading to12. The solid state structure (Figure 5) shows that
there is no interaction between O(2) and P(2) [O¢P(2):
2.328(2) A] and that the value of the PAR(2) bond length
[2.2098(7) A] is comparable to those observed in the other four-
membered heterocycles (Table 2).

From Table 2, it appears that the geometric parameters of
the four-membered skeleton are remarkably similar whatever
the coordination state of the P(2) atom. Therefore, it becomes
clear that the substitution pattern of the endocyclic ethylenic
fragment could have a dramatic influence on the persistence of
the four-membered ring. Replacement of the silyl grouf® of
by a hydrogen atom does not induce a ring opening and has
almost no effect on the geometric parameters of the ring (Table
2, Figure 5). This result is not surprising since a ring opening
would generate the compoud® possessing a highly unstable
coordinated phosphinider®. Finally, addition of TCBQ re-
sulted in the ring opening, which led to the formation of the
103,20°-cis-diphosphinoalkene complé4. The geometric data
(Table 2) are very typical for an alkene, the P(1)C(1)C(2) and
C(1)C(2)(P2) angles are considerably larger than in the corre-
sponding four-membered heterocyd#& and the PP distance
(3.389 A) demonstrates the absence of any PP interaction.

(26) (a) Alder, R. W.; Ellis, D. D.; Orpen, A. G.; Taylor, P. 8. Chem.
Soc., Chem. Commuti996 539. (b) LamandeL.; Dillon, K.; Wolf, R.
PhosphorusSulfur and Silicon1995 103 1.

(27) (&) Sheldrick, W. S.; Gibson, J. A.; "Bchenthaler, G. VZ.
Naturforsch.1978 33h, 1102. (b) Schultz, C. W.; Rudolph, R. \W. Am.
Chem. Soc1971 93, 1898.

(28) (a) Timosheva, N. V.; Chandrasekaran, A.; Day, R. O.; Holmes, R.
R.J. Am. Chem. S0d996 35, 6552. (b) Holmes, R. RChem. Re. 1996
96, 927.

(29) Such a question has recently been discussed: Alder, R. W.; Ellis,
D. D.; Hogg, J. K; Martin, A.; Orpen, A. G.; Taylor, P. N. Chem. Soc.,
Chem. Commuril996 537.
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Conclusions Jpy = 13.4 Hz,0*P), +112.65 (d,Jpp = 205.5 Hz, PFe); IR (THF)

. . 2023, 1943, 1920 cnt (CO); EIMSm/e528 (M — 2 CO). Anal. Calcd
The unsaturated four-membered ring skeleton is a remarkablesor ¢, H,N.FeQP,Si: C, 51.37: H, 7.93; N, 4.79. Found: C, 51.48:

template for inducing unusual-FP interactions. Comparing H, 8.04: N, 4.87.

the derivativesl1 and 14, it is clear that the presence of two (n*-Diphosphete)pentacarbonyltungsten Complex 3.A THF
very bulky substituents on the ethylenic moiety is the key factor solution (10 mL) ofl (1.07 g, 2.57 mmol) was added dropwise at room
in explaining the persistence of the cyclic structtfrespecially temperature to a THF solution (50 mL) of W(GQJHF) (1.11 g, 2.80
when the two phosphorus atoms feature a high coordination mmol). The solution was allowed to stand for 12 h at room temperature,
state, such as if, 10, and11l. The formation ofl2 instead of and the solvent was removed u_nder vacuum. Fractional grys_tallization
12 raises the question of a possible PP interactionoih2bs3- at —30 °C from a toluene solution af_forded w(Cgand delrlvatlve3
cis-diphosphinoalkene substituted by bulky groups at both ?éDoé?nggoczﬁ:‘)lz (01'2‘:33 (Sg' 975H%C3|’§§):1 r3n2p (fzg E'e%h'é)Nyfl
carbon atoms and poor leaving groups at both phosphorus atoms(d JHH3‘: 68Hz 12 H CE|3C‘HN) "1.49 (d JI-.iH —68Hz 12 H. @_'13_
The nonplanarity of the ring irl1 (Figure 2) is a strong (i) 3.95 (m, 4 H, CHCHN); C NMR (CDCh, 50.323 MHz)o
indication that in this case a twisting of the CC double 58nd 3 »7 (d,Jpc = 1.0 Hz, CHSi), 24.00 (d,Jec = 2.5 Hz, CHsCHN),

would occur allowing the system to escape from the repulsive 24.09 (d,Jsc = 2.7 Hz, CH;CHN), 24.40 (dJpc = 2.2 Hz,CHsCHN),

PP interaction. 24.48 (d,Jpc = 2.4 Hz, CH3CHN), 30.23 (d,Jpc = 6.2 Hz, CH3C),
41.04 (dd,Jpc = 15.8 and 49.2 Hz, C¥€), 49.10 (d,Jpc = 5.2 Hz,
Experimental Section CH3CHN), 126.11 (dd,Jpc = 14.2 and 34.9 Hz, PCSi), 198.93 (dd,

) Jpc = 3.4 and 3.4 HzJwc = 122.0 Hz, CQ), 202.41 (d,Jpc = 17.3
All experiments were performed under an atmosphere of dry argon. |y, CQ), 209.67 (dd,Jpc = 7.1 and 39.2 Hz, €t-Bu); 3P NMR

Melting points are uncorrectedtH, 3C, Se, and®®P NMR spectra (CDCls, 81.015 MH2) +41.71 (d,Jep = 175.4 Hz,Jwp = 115.3 Hz,
were recorded on Brucker AC80, ACZOO, WMZSO, or AMX400 PW), +57.37 (quPP: 175.4 HZ,JPH =134 HZ,O’4-P); IR (CHZCIZ)
spectrometers:H and*3C chemical shifts are reported in ppm relative 1975 1930 cm! (CO): CIMS m/e 741 (M* + 1). Anal. Calcd for
to Me4$| as external standard’Se and®P NMR downfield chemical C25H46N205P25iW: C, 4217’ H, 626, N, 3.78. Found: C, 4229’ H,
shifts are expressed with a positive sign, in ppm, relative to external g 36. N, 3.67.

Me,Se and 85% BPQy, respectively. Infrared spectra were recorded
on a Perkin-Elmer FT-IR Spectrometer 1725 X. Mass spectra were
obtained on a Ribermag R10 10E instrument. Conventional glassware

was used. ) _ allowed to warm to room temperature and filtered, and the solvent was
10%20°-Diphosphete 1. An ether solution (30 mL) of [bis-  \omoyed under vacuumé was obtained as a very viscous orange oil

(diisopropylamino)phosphino](trimethylsilyl)diazomethane (1.09 g, 3.15 (0.30 g, 95% yield):'H NMR (CDCls, 200 MHz)5 0.30 (s, 9 H, Ch

mmol) andtert-butylphosphaalkyne (0.35 g, 3.47 mmol) was irradiated Si), 1.25 (s, 9 H, CKC), 1.34 (d,Juy = 6.9 Hz, 12 H, G1:CHN), 1.39

at 254 nm for 5 h atoom temperature. After evaporation of the solvent (d, I = 6.9 Hz, 12 H, G1:CHN), 1.84 (ddJen = 4.9 and 19.1 Hz,

in vacug lo* 20%-diphosphetd was obtained as a pale yellow oil (1.18 3H, CHP), 3.70 (M, 4 H, CKCHN): 3C NMR (CDCk, 62.896 MHz)

g, 90% yield): *H NMR (CDCl;, 200 MHz)d 0.28 (s, 9 H, CHSI), 6 2.40 (d,Jec = 3.0 Hz, CHS), 11.26 (ddJec = 42.0 and 8.5 Hz,

1.24_(d,JHH =6.9 HZ, 12 H, (B';;CHN), 1.34 (S, 9 H, CI:;CZ, 1.41 (d, PC"{«;), 24.34 (dyJPC =32 HZ,CH3CHN), 24.75 (dn]PC =39 HZ,

Jin = 6.9 Hz, 12 H, G1:CHN), 3.79 (m, 4 H, CHCHN); **C NMR CH3CHN), 30.36 (ddJec = 5.9 and 1.8 HzCH:C), 40.94 (ddJpc =

(CDCls, 50.323 MHz)d 4.26 (d,Jpc = 2.8 Hz, CHSI), 24.66 (d Jpc 15.7 and 44.0 Hz, CI€), 46.92 (d,Jrc = 5.2 Hz, CHCHN), 50.66

= 2.4 Hz,CH5CHN), 24.71 (d Jec = 2.4 Hz,CHsCHN), 31.10 (d Joc (d, Jrc= 4.8 Hz, CHCHN), 120.26 (qualrc = 320.3 Hz, CE), 151.69

= 9.8 Hz,CHiC), 41.46 (ddJpc = 17.6 and 52.4 Hz, CIT), 48.90 (44 3. = 9.5 and 36.6 Hz, PCSi), 193.73 (e = 23.0 Hz, Ct-BU);

(d, Jpc= 5.6 HZ, CH;CHN), 105.72 (dePC: 36.8and 4.2 HZ, PCSI), 31p NMR (CDC[;, 81.015 MHZ)(S +40.20 (m,JPP= 107.4 HZ,JPH —

224.31 (ddJpc = 54.9 and 9.9 Hz, €t-Bu); 3P NMR (CDCE, 81.015 19.1 and 10.9 Hzy*-P), +54.86 (dquaJre= 107.4 Hz,Jon = 4.9 Hz,

MHz) 6 +49.17 (dg,Jep = 201.2 Hz,Jpy = 13.6 Hz,0*-P), +58.43 PCHs). Anal. Calcd for GsHaeN2FsOsP.SSi: C, 47.56; H, 8.50; N,

(d, Jpp= 201.2 Hz,0%>-P); CIMSm/e417 (M" + 1). Anal. Calcd for 4.82. Found: C.47.39: H 8.37: N. 4.65.

ff;'gf’\:flpfggc' 60.53; H, 11.13; N, 6.72. Found: C, 60.98; Hi- 44 553 pinhosphete 5. A THF solution (1 mL) of1 (0.555 g, 1.33
i . . mmol) was added dropwise, at room temperature, to a suspension of
(»*-Diphosphete)tetracarbonyliron Complex 2. An ether solution elemental selenium (0.105 g, 1.33 mmol) in THF (1 mL). After

(8 ml_r? of 1 I(l"33 g, 3.19 mfmol) was addEd drlopW|56e,—eﬁ8 g to | sonication of the solution for 10 min at room temperature, the solvent

an ether SO ution (5 mL) of iron nonacarbonyl (1.16 g, 3.1 mmo). was removed under vacuum, and the residue was extracted with pentane

The solution was allowed to warm to room temperature and stirred (10 mL). 5was obtained as a very air- and moisture-sensitive orange

overnight, and the solvent and iron pentacarbonyl were remaved "\ hich decomposed in solution (0.44 g, 66% yieldfC NMR

vacua Compound? crystallized at—78 °C from a pentane solution (CDCl;, 50.323 MH2)6 2.70 (s, CHSI) '25 89’ (dJpc=2.9 Hz CHs

as pale-yellow crystals (0.90 g, 48% yigld): mp H315°C; 'H NMR CHN), '26.79 (dJec = 5.3 Hz,’CH3CH,N), 30.58 (dd,Jec = 5_’7 and

(CDCls, 200 MHz)6 0.49 (s, 9 H, CHSI), 1.34 (s, 9 H, CKC), 1.44 2.7 Hz,CH3C), 41.21 (dd Jpc = 16.2 and 48.9 Hz, C€), 47.58 (d,

(d, Jus = 6.9 Hz, 24 H, GLCHN), 4.00 (sept dloy = 13.4 Hz, Jrc = 2.7 Hz, CHCHN), 50.23 (d,Jec = 4.0 Hz, CHCHN), 158.50

= 6.9 Hz, 4 H, CHCHN); *C NMR (CDCk, 50.323 MH2)0 3.55 (d,  (4q 3,.= 12.5 and 28.5 Hz, PCSi), 202.44 (dthc = 15.3 and 51.8

Jrc = 1.0 Hz, CHSI), 24.82 (d,Jrc = 2.7 Hz, CH3;CHN), 24.86 (d, Hz, PCt-Bu); 3P NMR (CDCh, 81.015 MHZ)d +39.17 (m,Jpp =

Jec= 3.1 Hz,CHsCHN), 25.26 (dJpc = 2.8 Hz,CH,CHN), 25.30 (., 545 4 Hz 3, = 10.5 and 7.8 Hzg*-P), +117.07 (d Jep = 246.4 Hz,

Jpc = 2.8 Hz, CHiCHN), 30.83 (dd Jpc = 4.9 and 2.3 HzCHIC), 5 — 487 4 Hz, PSef"Se NMR (CDC4, 76.323 MHz)0 —63.00 (d
41.65 (dd,Jpc = 15.9 and 50.2 Hz, CiT), 49.67 (d,Jpc = 5.6 Hz, J:e: 487.4 H2) y (CDC4, 76. ) 00(d,
CH3CHN), 134.72 (dd,Jpc = 13.5 and 31.1 Hz, PCSi), 214.03 (dd, © iy ) .
JPC3: > 2) and 51 8( o Pét_Bu) 216.53 (ddJbe = 7.8 Lnd a8 H(Z 10*,20*-Diphosphete 6. A THF solution (1 mL) of1 (0.183 g, 0.44
. 31D i : . ) T | ' mmol) was added dropwise, at room temperature, to a suspension of

CO);*P NMR (CDCE, 81.015 MH2z)0 +57.41 (da.Jep = 205.5Hz, )0 0ntal selenium (0.104 g, 1.32 mmol) in THF (1 mL). After

(30) It has been shown that bulky substituents at the carbon atoms Sonication of the solution fdl h atroom temperature, the solvent was
precludes the anionic ring opening of 1,2-dihydro-1,2-diphosphetes: Mathey, removed under vacuum, and the residue was extracted with pentane (3
F.; Charrier, C.; Maigrot, N.; Marinetti, A.; Ricard, L.; Tran Huy, N. H.  x 5 mL). 6 was obtained as a very air- and moisture-sensitive pale
Comments Inorg. Cherd 992, 13, 61. yellow oil which decomposed slowly in solution (0.11 g, 43% yield):

(31) Sulzbach, H. M.; Bolton, E.; Lenoir, D.; Schleyer, P. v. R.; Schaefer, 1 : _
H. ., IIl. J. Am. Chem. Sod996 118 9908. H NMR (CDCls, 200 MHz) 6 0.39 (s, 9 H, CHSi), 1.37 (d,Jun

(32) Sheldrick, G. MActa Crystallogr.1990 A46, 467. 6.9 Hz, 12 H, G13CHN), 1.46 (d,Jun = 6.8 Hz, 12 H, G1sCHN),
(33) Sheldrick, G. MSHELXL-93 program for crystal structure refine- ~ 1.57 (s, 9 H, CHC), 4.13 (sept dJpr = 10.0 Hz,Juy = 6.8 Hz, 4 H,
ment; University of Gttingen: 1993. CH3;CHN); 3C NMR (CDCk, 50.323 MHz)o 3.66 (s, CHSI), 24.53

Cationic 10*20°-Diphosphete 4. Neat methyl trifluoromethane-
sulfonate (0.062 mL, 0.54 mmol) was added dropwise; z8 °C, to
an ether solution (1 mL) of (0.227 g, 0.54 mmol). The solution was




10%,20*-Diphosphetes (%= 2—6)

(d, Ipc = 3.5 Hz,CH3CHN), 25.19 (dJpc = 2.8 Hz,CH3CHN), 31.50
(dd, Jpc = 4.0 and 1.7 HzCHsC), 41.84 (ddJec = 13.7 and 47.8 Hz,
CH;C), 49.79 (d Jpc = 3.0 Hz, CHCHN), 135.46 (ddJsc = 18.3 and
25.6 Hz, PCSi), 194.89 (ddlrc = 22.6 and 53.3 Hz, &-Bu); 3P
NMR (CDCl;, 81.015 MHz)6 +59.19 (dqJep = 47.1 Hz,Jpy = 10.0
Hz, 0*-P), +83.22 (d,Jpp = 47.1 Hz,Jpse = 698.9 Hz, PSg; ""Se
NMR (CDCls, 76.323 MHz)6 +264.78 (d,Jpse = 698.9 Hz); CIMS
m/e577 (Mt + 1). Anal. Calcd for GiHseNP:SeS: C, 43.90; H,
8.07; N, 4.88. Found: C, 43.69; H, 7.82; N, 4.68.
10*,20%-Diphosphete 7. A CHCl, solution (1 mL) of bis(trimeth-
ylsilyl)peroxide (0.41 g, 2.28 mmol) was added dropwise;@8 °C,
to a CHCI; solution (1 mL) of1 (0.32 g, 0.76 mmol). The solution
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Calcd for GeHagN2ClaF;0sP,SSi: C, 42.13; H, 5.97; N, 3.39. Found:
C, 42.40; H, 6.14; N, 3.20.

10%,205-Diphosphete 10. An ether solution (1 mL) of TCBQ (0.34
g, 1.40 mmol) was added dropwise,-af8 °C, to an ether solution (2
mL) of 1 (0.29 g, 0.70 mmol). The solution was allowed to warm to
room temperature, the solvent was removed under vacuum, and the
residue was extracted with pentaneX3 mL). 10 was isolated by
crystallization from a ChCl, solution at—30 °C as colorless crystals
(0.59 g, 92% yield): mp 223224°C;*H NMR (CDCls, 200 MHz)6
0.46 (s, 9 H, CHSi), 1.16 (d,Jun = 8.5 Hz, 6 H, G43CHN), 1.20 (d,
Jun = 8.6 Hz, 6 H, GH3CHN), 1.26 (s, 9 H, ChC), 1.50 (dJuy = 6.3
Hz, 6 H, GH3CHN), 1.53 (d Jun = 6.4 Hz, 6 H, GH3CHN), 3.84 (sept

was allowed to warm to room temperature, the solvent was removed 9, Jer = 9.0 Hz,Jun = 6.9 Hz, 2 H, CHCHN), 4.24 (sept dJp = 9.0

under vacuum, and the residue was extracted with pentares(B1L).

7 was isolated by crystallization from a GEl./pentane solution at
—30 °C as colorless crystals (0.29 g, 84% vyield): mp-85 °C; H
NMR (CDCls, 400 MHz) 8 0.41 (s, 9 H, CHSi), 1.40 (d,Jus = 6.8
Hz, 12 H, GHsCHN), 1.43 (d iy = 6.8 Hz, 12 H, G1sCHN), 1.43 (s,
9 H, CHC), 3.79 (sept dJpy = 13.3 Hz,Juy = 6.8 Hz, 4 H, CHCHN);
13C NMR (CDCk, 100.630 MHz)d 3.22 (s, CHSI), 23.95 (s,CHz-
CHN), 24.16 (sCHsCHN), 30.51 (d Joc = 4.2 Hz,CH5C), 39.51 (dd,
Jrc = 12.9 and 50.0 Hz, Ci€), 49.16 (d,Jpc = 4.2 Hz, CHCHN),
141.04 (dd,Jpc = 20.4 and 28.3 Hz, PCSi), 199.90 (diyc = 78.7
and 105.3 Hz, Bt-Bu); 3P NMR (CDCE, 32.438 MHz)o +44.52 (d,
Jep= 6.7 Hz, PQ), +114.11 (qdJpn = 13.3 Hz,Jpp = 6.7 Hz,0*-P).
Anal. Calcd for GiHseN2O,P,Si: C, 56.22; H, 10.33; N, 6.24.
Found: C, 56.39; H, 10.47; N, 6.39.

(»*-Diphosphete)pentacarbonyltungsten Complex 8.A CH,Cl,

solution (1 mL) of bis(trimethylsilyl)peroxide (0.08 g, 0.43 mmol) was

added dropwise at 78 °C to a CHCI, solution (1 mL) of3 (0.32 g,

0.43 mmol). The solution was allowed to warm to room temperature,
the solvent was removed under vacuum, and the residue was extracted

with pentane (3x 5 mL). Complex8 was isolated as a yellow oil
(0.22 g, 68% yield):*H NMR (CDCl;, 400 MHz)6 0.41 (s, 9 H, CH
Si), 1.48 (s, 9 H, ChC), 1.51 (d Jun = 6.9 Hz, 12 H, GsCHN), 1.55
(d, Jun = 6.9 Hz, 12 H, G15CHN), 3.71 (sept dJpn = 10.9 Hz, I
= 6.9 Hz, 2 H, CHCHN), 4.07 (sept dJpy = 10.9 Hz,Ju = 6.9 Hz,
2 H, CH,CHN); 3C NMR (CDCk, 100.630 MHz)6 3.54 (s, CHSI),
24.08 (d,Jpc = 4.2 Hz,CH3CHN), 24.37 (d Jpc = 4.0 Hz,CH3CHN),
25.24 (d,Jpc = 2.7 Hz,CH3CHN), 26.19 (sCH3CHN), 31.33 (dd,Jec
= 2.8 and 2.7 HzCHzC), 40.67 (ddJec = 15.0 and 52.1 Hz, C{T),
48.63 (d,Jpc = 6.4 Hz, CHCHN), 51.93 (d Jec = 3.9 Hz, CHCHN),
144.62 (ddJpc = 7.4 and 13.1 Hz, PCSi), 198.40 (dtyc = 7.3 and
1.1 Hz,Jwc = 127.1 Hz, CQ), 201.15 (dJpc = 24.9 Hz, CQ), 201.38
(dd, Jpc= 1.8 and 48.0 Hz, €t-Bu); 3'P NMR (CDCE, 162.000 MHz)
0 +72.44 (dg,Jpp = 110.9 Hz,Jpy = 10.9 Hz,0*-P), +160.80 (d.Jpp
= 110.9 Hz,Jwp = 265.0 Hz, PW). Anal. Calcd for £gHsN2OsP2-

SiW: C, 41.27; H, 6.13; N, 3.70. Found: C, 41.01; H, 6.00; N, 3.55.

Cationic 1¢*20°-Diphosphete 9. An ether solution (1 mL) of
TCBQ (0.15 g, 0.61 mmol) was added dropwise,—&t8 °C, to an
ether solution (1 mL) of4 (0.35 g, 0.61 mmol). The mixture was

allowed to warm to room temperature and filtered, and the solvent was
removed under vacuumd was isolated as an orange oil (0.43 g, 86%

yield): H NMR (CDCls, 400 MHz) 6 0.50 (s, 9 H, CHSi), 1.24 (d,
Jin = 6.8 Hz, 6 H, G4:CHN), 1.27 (dJu = 6.8 Hz, 6 H, G:CHN),
1.29 (d,Ju = 6.8 Hz, 6 H, G:CHN), 1.32 (d,Ju = 6.8 Hz, 6 H,
CH5CHN), 1.55 (s, 9 H, CKC), 2.30 (ddJp = 8.6 and 7.6 Hz, 3 H,
PCHy), 3.73 (sept dJpn = 10.0 Hz,Juy = 6.8 Hz, 2 H, CHCHN),
3.91 (sept dJpn = 13.6 Hz,Ju = 6.8 Hz, 2 H, CHCHN); 13C NMR
(CDCls, 100.630 MHz)6 2.92 (dd,Jpc = 2.1 and 1.9 Hz, CESi),
20.94 (ddJec = 66.1 and 4.0 Hz, PCH), 24.52 (m,CHsCHN), 25.02
(dd, Jpc = 3.6 and 2.1 HzCHsCHN), 25.93 (ddJec = 2.1 and 1.9
Hz, CHsCHN), 31.33 (ddJpc = 2.1 and 1.5 HzCH4C), 41.53 (dd,
Jrc = 9.3 and 51.9 Hz, CKC), 50.14 (dd,Jec = 8.0 and 1.9 Hz,
CHsCHN), 52.64 (d,Jpc = 3.6 Hz, CHCHN), 115.24 (ddJpc = 6.6
and 4.2 Hz, OC), 116.54 (dJrc = 12.3 Hz, OC), 120.20 (quaJrc
= 319.6 Hz, CE), 124.29 (s, OCC), 127.36 (s, OCC), 138.28 (d,

Jrc=2.5Hz, OC), 142.17 (ddlrc = 26.5 and 44.2 Hz, PCSi), 144.24

(dd, Jec = 4.0 and 8.5 Hz, OC), 209.92 (ddsc = 7.6 and 85.0 Hz,
PCt-Bu); 3P NMR (CDCE, 81.015 MHz)d +25.24 (dquaJer= 35.8
Hz, Joy = 8.6 Hz,0%-P), +117.00 (m,Jpp = 35.8 Hz,0*-P). Anal.

Hz, Jun = 6.9 Hz, 2 H, CHCHN); 3C NMR (CDCk, 50.323 MHz)d
5.09 (dd,Jec = 1.7 and 2.1 Hz, CE8i), 23.84 (ddJpc = 3.4 and 1.9
Hz, CH3CHN), 25.24 (dd,JJec = 3.6 and 1.3 HzCH3CHN), 25.37
(dd, Jpc = 3.4 and 2.1 HzCHsCHN), 25.60 (ddJpc = 2.1 and 1.3
Hz, CHsCHN), 31.29 (ddJec = 3.8 and 1.4 HzCH4C), 40.10 (dd,
Jrc = 15.4 and 55.1 Hz, C¥T), 49.31 (dd,Jpc = 4.5 and 1.8 Hz,
CH3;CHN), 50.86 (d,Jec = 4.3 Hz, CHCHN), 113.32 (d,Jec = 8.6
Hz, OCQC), 113.64 (ddJpc = 13.5 and 5.3 Hz, OC), 114.25 (d,Jpc
= 14.1 Hz, O), 114.49 (ddJsc = 9.1 and 1.9 Hz, OC), 121.73,
122.25, 122.52, 122.57 (s, OCY, 130.50 (ddJec = 13.9 and 39.2
Hz, PCSi), 142.77 (ddJec = 4.3 and 4.7 Hz, OC), 142.80 (dpc =
1.0 Hz, OC), 143.02 (dJpc = 4.2 Hz, OC), 144.99 (dJec = 3.4 Hz,
0OC), 207.04 (ddJrc = 89.1 and 120.4 Hz,&-Bu); 3! NMR (CDCE,
81.015 MHz)6 —65.45 (d,Jep= 122.1 Hz, PQ), +131.28 (dqJer =
122.1 Hz,Jpy = 9.0 Hz,0*-P). Anal. Calcd for GaHaeN2ClgO4P:Si:
C, 43.63; H, 5.10; N, 3.08. Found: C, 43.72; H, 5.24; N, 3.00.

(n*-Diphosphete)pentacarbonyltungsten Complex 11.A THF
solution (2 mL) of TCBQ (0.80 g, 0.41 mmol) was added dropwise, at
—78 °C, to a THF solution (1 mL) of8 (0.30 g, 0.41 mmol). The
solution was allowed to warm to room temperature and filtered, and
the solvent was removed under vacuum. The residue was extracted
with ether (3x 5 mL), and11 was isolated by crystallization from a
CH.CI, solution at—30 °C as pale yellow crystals (0.36 g, 88%
yield): mp 91°C dec;*H NMR (CDCls, 400 MHz) 6 0.45 (s, 9 H,
CHsSi), 1.20-1.35 (m, 24 H, Gi;CHN), 1.31 (s, 9 H, ChC), 3.50-
4.00 (m, 4 H, CHCHN); 3C NMR (CDCk, 100.630 MHz)) 3.44 (s,
CH;Si), 24.86 (dJpc = 4.5 Hz,CH3CHN), 24.95 (dd Jpc = 2.2 and
2.3 Hz,CH3CHN), 25.68 (dJpc = 3.2 Hz,CH3CHN), 26.91 (sCHa-
CHN), 31.93 (dJpc = 2.1 Hz,CH3C), 40.73 (ddJpc = 10.6 and 55.1
Hz, CHC), 49.80 (dd,Jpc = 8.7 and 2.1 Hz, CECHN), 52.37 (s,
CHsCHN), 114.58 (ddJsc = 6.4 and 1.8 Hz, OC), 115.87 (d Jpc =
8.6 Hz, O), 124.78 (s, OCC), 125.25 (s, OCC), 130.00 (ddJrc
= 27.0 and 40.4 Hz, PCSi), 140.86 (dibc = 2.1 and 2.1 Hz, OC),
149.77 (d,Jpc = 6.8 Hz, OC), 198.31 (dJpc = 8.1 Hz,Jwc = 127.5
Hz, CQ), 199.62 (dJpc = 34.5 Hz, CQ), 215.43 (ddJpc = 41.9 and
73.6 Hz, IZt-Bu); 3P NMR (CDCE, 161.986 MHz) +74.32 (pp=
25.1 Hz,Jwe = 299.3 Hz, PW),+80.42 (dq,Jpr = 25.1 HZ,Jpy =
12.3 Hz,0*-P). Anal. Calcd for GH4eN.Cl,O/P.SiW: C, 38.96; H
4.70; N, 2.84. Found: C, 39.09; H, 4.78; N, 2.89.

Zwitterionic 1 6%, 26%-Diphosphete 12. A toluene solution (0.4 mL)
of trimethylphosphine (0.40 mmol) was added dropwise;-a8 °C,
to a THF solution (1 mL) ofi1 (0.20 g, 0.20 mmol). The solution
was allowed to warm to room temperature and stirred for 12 h at room
temperature. The solvent and excess trimethylphosphine were removed
under vacuum, and the residue was extracted with pentares(B1L).
12 was isolated by crystallization from an ether solutior-80 °C as
pale yellow crystals (0.05 g, 46% vyield): mp 12123 °C dec;'H
NMR (CDCl;, 400 MHz, 293 K)o 0.42 (s, 9 H, CHSi), 1.31 (d,Jun
= 6.9 Hz, 6 H, G45CHN), 1.39 (d,Jun = 6.9 Hz, 6 H, Gi3CHN),
1.44 (d,Jun = 6.9 Hz, 6 H, G43CHN), 1.44 (s, 9 H, ChC), 1.51 (d,
Jun = 6.9 Hz, 6 H, GH3CHN), 3.98 (sept dJpr = 10.0 Hz,Jyy = 6.9
Hz, 4 H, CHCHN); 23C NMR (CDCk, 100.630 MHz, 293K} 1.64
(s, CH:Si), 23.45 (d Jpc = 2.6 Hz,CH3CHN), 23.51 (d Jpc = 2.6 Hz,
CH4CHN), 23.75 (ddJoc = 2.4 Hz, CHsCHN), 23.77 (d,Jpc = 2.4
Hz, CH3;CHN), 24.44 (d Jpc = 2.8 Hz,CH3CHN), 25.14 (d Jpc = 3.9
Hz, CH3CHN), 29.67 (ddJpc = 4.3 and 1.4 HzCH3C), 39.43 (dd,
Jrc = 13.7 and 47.9 Hz, C¥f), 47.76 (d,Jpc = 5.4 Hz, CHCHN),
47.82 (dJpc = 5.4 Hz, CHCHN), 51.83 (d Jpc = 4.3 Hz, CHCHN),
the other carbon atoms are not observé® NMR (CDCk, 161.990
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MHz, 293 K) 6 +61.97 (dq,Jer = 213.9 Hz,Jpy = 10.0 Hz,0*-P),
+138.58 (d Jpp = 213.9 Hz, PO).*3C NMR (CD.Cl,, 100.630 MHz,
183K) 6 3.01 (s, CHSI), 21.12, 21.63, 22.95, 24.11, 24.89, 25.51 (s
broadCH3CHN), 29.07 (d,Jpc =20 HZ,CH3C), 38.46 (dd,Jp(; =
14.1 and 45.6 Hz, C¥T), 45.44, 47.93, 50.00, 51.19 (s broad,
CH3CHN), 106.92 (s, OC), 117.27 (s, OCC), 118.28 (s, OCC),
123.88 s, OCC), 139.94 (s, OC), 152.06 (ddpc = 12.7 and 32.2
Hz, PCSi), 155.93 (dJpc = 1.7 Hz, OC), 198.36 (ddlpc = 15.3 and
28.4 Hz, IZt-Bu); 3'P NMR (CD:Clp, 161.990 MHz, 183K})) +54.23
(dg, Jep = 200.8 Hz,Jpn = 21.9 Hz,0%P), +164.49 (d,Jpp = 200.8
Hz, PO). Anal. Calcd for gH4eN2Cl4O.P:Si: C, 48.94; H 7.00; N,
4.23. Found: C, 49.06; H, 7.09; N, 4.31.
(n*-Diphosphete)pentacarbonyltungsten Complex 13Neat tet-

Sanchez et al.

1.26 (d,Jus = 6.4 Hz, 12 H, GCHN), 1.35 (s, 9 H, CkC), 3.48
(sept d o = 11.2 Hz,Jun = 6.4 Hz, 4 H, CHCHN), 7.16 (dd oy =
4.6 and 40.7 Hz, 1 H, PCH)*C NMR (CDClk, 100.625 MHz)) 24.62
(d, Jpc = 3.3 HZ,CH3CHN), 30.84 (d,.]pc =1.8 HZ,CH3C), 39.04
(dd, Jrc = 9.7 and 6.3 Hz, CkC), 47.26 (d,Jec = 9.7 Hz, CHCHN),
116.19 (d,Jec = 6.9 Hz, OCT), 126.36 (s, OCC), 142.04 (ddJpc =
8.5 and 20.8 Hz, PCH), 143.42 (#hc = 5.8 Hz, OC), 154.22 (dJec
= 28.7 Hz, kt-Bu), 194.82 (ddJsc = 3.8 and 8.3 HzJwc = 138.6
Hz, CQ), 197.76 (d Jpc = 38.1 Hz, CQ); 3P NMR (CDCE, 161.990
MHz) 6 +38.95 (ddqJep = 24.5 Hz,Jpyy = 4.6 and 11.2 Hzg*-P) +
224.49 (ddJpp = 24.5 Hz,Jpyy = 40.7 Hz,Jwe = 350.9 Hz, PW); IR
(CH.Cl,) 2084, 1969, 1957 cm (CO). Anal. Calcd for
ngH33N2C|407P2W: C, 38.10; H, 4.19; N, 3.06. Found: C, 38.25; H,

rabutylammonium fluoride hydrate (0.06 g, 0,24 mmol) was added, at 4.19; N, 3.00.

—78°C, to an ether solution (1 mL) & (0.18 g, 0.24 mmol). The

Solution and Refinement of Structures 7 and 1+14. Crystal

solution was allowed to warm to room temperature, the solvent was data for all structures are presented in Table 3. All data were collected
removed under vacuum, and the residue was extracted with pentane (&t room temperature. The data of the structifemnd 12—14 were

x 5 mL). 13was isolated by crystallization from an ether solution at
—30°C as colorless crystals (0.10 g, 61% yield): mp 206dec;*H
NMR (CDCls, 200 MHz) 6 1.17 (d,Jpn = 0.7 Hz, 9 H, CHC), 1.30
(d, Jun = 6.8 Hz, 12 H, Gi3CHN), 1.31 (dJun = 6.8 Hz, 12 H, ¢Hs-
CHN), 3.74 (sept dJu+ = 6.8 Hz,Jpy = 16.1 Hz, 4 H, CHCHN),
5.31 (dd,Jpy = 13.7 and 5.3 Hz, 1 H, PCH}?C NMR (CDCk, 50.323
MHz) 6 23.06 (s broadCH3;CHN), 23.30 (s,CH3;CHN), 28.70 (dd,
Jec = 3.7 and 1.7 HzCH3C), 38.33 (dd,Jr.c = 11.9 and 41.7 Hz,
CH;C), 48.24 (d Jpc = 4.5 Hz, CHCHN), 111.23 (ddJrc = 17.8 and
72.6 Hz, PCH), 193.66 (ddsc = 17.3 and 42.6 Hz, &-Bu), 199.80
(t-like, Jpc = 5.1, Juc = 126.4 Hz, CQ), 203.28 (d,Jpc = 14.5 Hz,
CO,); 3P NMR (CDCh, 81.015 MHz)0 +45.18 (ddq,Jer = 220.4
Hz, Jpy = 13.7 and 16.1 Hz)wp = 12.0 Hz,0*-P), +68.22 (dd Jpp =
220.4 Hz Jpyy = 5.3 Hz,Jwp = 98.5 Hz, PW); IR (CHCI;) 1931, 1899
cm 1 (CO). Anal. Calcd for GsHagN,OsP,W: C, 41.33; H, 5.73; N,
4.19. Found: C, 41.22; H, 5.67; N, 4.14.

Alkenylphosphine Complex 14 A suspension of TCBQ (0.04 g,
0.17 mmol) in pentane (2 mL) was added;-&t8 °C, to a suspension

collected on a STOE-IPDS diffractometer with MaKA = 0.71073

A) radiation usingp-scans. The data fdrl were measured on an Enraf-
Nonius CAD4 diffractometer with Mol (A = 0.71073 A) radiation
usingw-26 scans. A semiempirical absorption correction was employed
for structurell. The structures were solved by direct methods using
SHELXS-9¢ and refined with all data oR? with a weighting scheme

of o™ = 63(F?) + (g1-P)? + (g2-P) with P = (F,? + 2F?)/3 using
SHELXL-932 All non-hydrogen atoms were treated anisotropically.
For the atom C27 in structufi a disorder in two positions was found
and refined with an occupancy of 0.5/0.5. All hydrogen atoms were
located by difference Fourier maps.
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0f13(0.11 g, 0.17 mmol) in pentane (1 mL). The solution was allowed intensity collection data, position and thermal parameters,
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under vacuum. The residue was extracted with pentane $3mL),
and 13 was isolated by crystallization from an ether solution-&0
°C as colorless crystals (0.12 g, 77% yield): mp 4+386°C dec;'H
NMR (CDCl;, 400 MHz) 6 1.18 (d,Jun = 6.4 Hz, 12 H, G3CHN),
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