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Structural and Coordination Properties of 3,3-Diphenyl-1-
(2,4,6-tri-tert-butylphenyl)-2-(trimethylsilyl)-1,3-diphosphapropene
Derivatives Showing Interesting Conformational Features
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(E)-3,3-Diphenyl-1-(2,4,6-trtert-butylphenyl)-2-(trimethylsilyl)-1,3-diphosphapropene was prepared
from (2-(2,4,6-tritert-butylphenyl)-1-(trimethylsilyl)-2-phosphaethenyl)lithium and chlorodiphenylphos-
phine, and the properties involving conformational aspects, coordination to metals, and sulfurization were
investigated. The structure of 2-(trimethylsilyl)-1,3-diphosphapropene slwsymmetry with the
phosphino lone pair almost perpendicular to thre(Pr-system, whereas the 2-chloro- and 2-methyl-
1,3-diphosphapropene derivatives show ne@glgymmetry with the phosphino lone pair almost coplanar
with the P=C plane. A very smaHlJepcoupling constant for the 2-(trimethylsilyl)-1,3-diphosphapropene
was observed b§'P NMR spectroscopy, indicating that the conformation of Gaesymmetry was kept
in solution. On coordination of the phosphorus atoms to the carbonyltungsten(0) moiety, the inherently
predominantC; form of the 2-(trimethylsilyl)-1,3-diphosphapropene change€isymmetry. On the
other hand, sulfurization of the 2-(trimethylsilyl)-1,3-diphosphapropene afforded the corresponding
3-thioxo-2-(trimethylsilyl)-1,3-diphosphapropene, indicati@g symmetry with the P-S bond almost
perpendicular to thesPC moiety. The 2-(trimethylsilyl)-1,3-diphosphapropene acts as a P2 chelate ligand
of a dichloropalladium(Il) complex, which showed moderate catalytic activity in the Sonogashira cross-
coupling reaction. The structure of the dichloropalladium(ll) complex bearing the ligated 2-(trimethylsilyl)-
1,3-diphosphapropene was analyzed by X-ray crystallography, indicating structure effects on the properties.

Introduction Chart 1
Phosphaalkenes (methylenephosphines) containing@ P Mes{ X Mes*\P:C'X MeS*P:CX
moiety have been synthesized since kinetic protection by using PZC\PPh _PPh, _PPh,
sterically encumbered substituents was established to isolate 2 s o
various multiply bonded heavier main group elements in the 1 2 3
early 1980¢:2 As phosphines have been widely utilized as X=CI(A), Me (B), SiMe3 (C)  Mes" = 2,4,6-+BusCHp

ligands of metal complexes, phosphaalkenes have attracted much
attention from the point of view of coordination chemistry in  substituent, we have reported the preparation and coordination
the last two decades. Wand othershave reported a consider- ~ properties of several 1,3-diphosphapropebewhich contain
able number of metal complexes bearing ligated phosphaalkenespoth a low-coordinated $gype phosphorus and a normaPsp
and the coordination properties of the=€ moieties have been  type phosphino phosphorus (Chart®l3uch a combination of
studied. Several phosphaalkenes such as 3,4-diphosphinidenecy2n Sg-type phosphorus with an %fype phosphorus provides
clobutenes (DPCBs) are available to develop specific catalystspeculiar ligand design to coordination chemistry. So far, we
for organic synthesi4® have revealed several structural properties of 1,3-diphosphapro-
In the course of research on low-coordinated phosphorusPenesl in relation to coordination chemistry as follows. (1)
compounds stabilized by the Mes* (2,4,6it-butylphenyl) Basically, the phosphino group afpredominantly coordinates
on metals because its basicity is greater than that of the sp
*To whom correspondence should be addressed. Present addresstype phosphorug_@) As indicated by the molecular structure
Eiﬁiﬂt-m,?,';ifs’fhfﬁﬂ}?&,ﬂ%gﬂ"ﬁj’w of Alabama, Tuscaloosa, AL 35487 f 1 the two lone pairs of phosphorus atoms are in theCP
(1) (a) Regitz, M.; Scherer, O. Multiple Bonds and Low Coordination  Plane to show a suitable conformation to act as a P2-chelate
in Phosphorus Chemistreorg Thieme Verlag: Stuttgart, Germany, 1990.  ligand¢74(3) The conformation of remained unchanged upon

(b) Dillon, K. B.; Mathey, F.; Nixon, J. FPhosphorus: The Carbon Copy inati i N
Wiley: Chichester. UK. 1098, coordination to the carbonyltungsten(0) moiefi@&Addition

i i 7d,8
(2) The stable P bond: Yoshifuji, M.; Shima, I.; Inamoto, N.; Hirotsu, ally, the conformation of 1,3-diphosphapropefésand1B
K.; Higuchi, T.;J. Am. Chem. S0d981 103 4587;1982 104, 6167. See

also the following references=C compound: Klebach, T. C.; Lourens, (6) (@) lto, S.; Yoshifuji, M.Chem. Commur2001, 1208. (b) Liang,
R.; Bickelhaupt, FJ. Am. Chem. So&978 100, 4886. B=C bond: Becker, H.; Nishide, K.; Ito, S.; Yoshifuji, M.Tetrahedron Lett2003 44, 8297.
G.; Gresser, G.; Uhl, WZ. Naturforsch 1981, 36B, 16. (c) Liang, H.; Ito, S.; Yoshifuji, MZ. Anorg. Allg. Chem2004 630, 1177.
(3) Yoshifuji, M. Bull. Chem. Soc. Jpr1997, 70, 2881. (d) Gouygou, M.; Tachon, C.; Koenig, M.; Dubourg, A.; Declercq, J.-P;
(4) (@) Yoshifuji, M. J. Synth. Org. Chem. Jpn. (Yuki Gosei Kagaku Jaud, J.; Etemad-Moghadam, &.0rg. Chem199Q 55, 5750.
Kyokai-Shi)2003 61, 1116. (b) Ozawa, F.; Yoshifuji, MC. R. Chim2004 (7) (a) Ito, S.; Liang, H.; Yoshifuji, MChem. Commur2003 398. (b)
7, 747. Liang, H.; Ito, S.; Yoshifuji, M.Org. Lett.2004 6, 425. (c) lto, S.; Liang,
(5) (@) Mathey, FAngew. Chem., Int. EQR003 42, 1578. (b) Weber, H.; Yoshifuji, M. J. Organomet. Chen2005 690, 2531. (d) Nishide, K.;
L. Angew. Chem., Int. ER002 41. 563. Liang, H.; Ito, S.; Yoshifuji, M.J. Organomet. Chen2005 690, 4809.
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was not affected by chalcogenation, affording the corresponding
3-chalcogeno-1,3-diphosphaproperieand 3: the P=CP=E
(E = S, O) skeletons are almost coplandar.

Indeed, 1,3-diphosphapropene derivatives contain rotational
isomerism around the phosphino group, and the conformation
of 1,3-diphosphapropene has been discussed theoretically. The
theoretical calculation pointed out that the conformation ex-
perimentally observed inlA and 1B is not an energetic
minimum; another conformation was determined as the ener-
getically minimum forn® In the course of our research on the
P=CP molecular system to develop novel metal complexes of
catalytic activity®” we found that the trimethylsilyl group at
the 2-position of 1,3-diphosphapropene is effective to investigate
the rotational isomerism of thesFCP< molecular system. In
addition, the silyl groups are effective substituents to obtain
several exotic organic compountfsin this paper we describe

S

the preparation, structure, and reactivity of 3,3-diphenyl-1-(2,4,6- Figure 1. Thermal ellipsoid plot (50% probability surface) of the

tri-tert-butylphenyl)-2-(trimethylsilyl)-1,3-diphosphaproped€}, molecular structure ofC. Hydrogen atoms are omitted for clarity.
which shows a conformation different from those of 1,3- Selected bond distances (A) and angles (deg): R¢{)) = 1.672-
diphosphapropenelsA and1B.5¢8 The molecular structures of ~ (3), P(1}-C(2) = 1.860(3), P(2)-C(1) = 1.843(3), P(2)-C(20)=
2-silyl-1,3-diphosphapropenes are discussed on the basis ofl.843(3), P(2)C(26) = 1.845(4), S-C(1) = 1.908(3); C(1)-
results obtained by X-ray crystallography and theoretical P(1)-C(2)=107.6(1), C(1}P(2)-C(20)= 105.7(1), C(1}P(2)~
calculations. Additionally, the 2-(trimethylsilyl)-1,3-diphos- C(26) = 104.2(2), C(20)P(2)-C(26) = 102.4(2), P(1}C(1)-

phapropend.C was employed as a ligand of the dichloropal-
ladium(Il) complex to develop a novel catalyst for a cross-
coupling reaction. The structure of the dichloropalladium(ll)
complex bearind C was determined by X-ray crystallography,
and the structure effects are discussed.

Results and Discussion

Preparation and Structure of the 2-(Trimethylsilyl)-1,3-
diphosphapropene 1C(2)-2-Bromo-1-(2,4,6-triert-butylphen-
yh)-2-(trimethylsilyl)-1-phosphaethend)(was allowed to react
with butyllithium to generate the (phosphavinyl)lithium inter-
mediate5 in THF,19¢11and the solution containingwas mixed
with chlorodiphenylphosphine to afford the 2-(trimethylsilyl)-
1,3-diphosphaproperieC in 71% yield as pale yellow crystals
(Scheme 1). In thé!P NMR spectrum, the dphosphorus and
the sg phosphorus were observed ap 382.7 and—1.6,

P(2) = 116.2(2), P(1}C(1)-Si = 134.2(2), P(2}-C(1)-Si
109.1(2), 0[P(1)-C(1)-P(2)-C(20)] = —9.7(3), O[P(1)—C(1)—
P(2)-C(26)] = 97.8(2).

Chart 2
Mes:  SiMe; Mes, Gl Me R
= . = P=
o i C‘PjPh C\PMeg
PH" ‘Ph <7 Ph
1C 1A I: R= SiH3
C4 form C, form I:R = Me

where the lone pair of the 3phosphorus and the phosphino
group are on the same side (Figure 1, Table 1). These findings
indicate that the magnitude of th&pp constant of 1,3-
diphosphapropenes is not only dependent on the geometrical
configuration around the=PC plane but also on other factors,
such as the conformation of the 1,3-diphosphapropene skeleton.
The lone pair of the phosphino group dfC is almost

respectively. In contrast to the case for 1,3-diphosphapropenegPerpendicular to the=C bond to showC, symmetry, whereas

1A and1B,%7 the2Jppconstant ofL.C was extremely small (37.1
Hz). The small2Jpp constant is almost equal to that of the
configurational stereocisomer @A and1B, where the lone pair

of the spg phosphorus and the phosphino group are on the
opposite sidé.However, the geometrical configuration b€
was analyzed by X-ray crystallography to confirm taéorm,

(8) (E)-3,3-Bisf-anisyl)-1-(2,4,6-tritert-butylphenyl)-2-methyl-1,3-diphos-
phapropene was analyzed by X-ray crystallografhy.

(9) Dransfeld, A.; Landuyt, L.; Flock, M.; Nguyen, M. T.; Vanquick-
enborne, L. GJ. Phys. Chem. 2001, 105 838.

(10) Recent publications: (a) Hwu, J. R.; Chen, B.-L.; Lin, C.-F.; Murr,
B. L. J. Organomet. Chen2003 686, 198. (b) Abe, M.; Kawanami, S.;
Ishihara, C.; Nojima, MJ. Org. Chem2004 69, 5622. (c) Ito, S.; Jin, H.;
Kimura, S.; Yoshifuji, M.J. Org. Chem2005 70, 3537.

(11) (a) Ito, S.; Sekiguchi, S.; Freytag, M.; Yoshifuji, Bull. Chem.
Soc. Jpn2005 78, 1142. See also: (b) van der Sluis, M.; Wit, J. B. M;
Bickelhaupt, F.Organometallics1996 15, 174. (c) van der Sluis, M.;
Klootwijk, A.; Wit, J. B. M.; Bickelhaupt, F.; Veldman, N.; Spek, A. L;
Jolly, P. W.J. Organomet. Chen1997 529 107. (d) Appel, R.; Casser,
C.; Immenkeppel, MTetrahedron Lett1985 26, 3551.

in the case ol A, the lone pair of the phosphino group is almost
coplanar with the C plane to shovCs symmetry (Chart 2§¢

As for the geometrical parameterskE, the P(1)-C(1) distance
and the C(1)}P(2)-C(2) angle demonstrate the basic features
of a low-coordinated phosphaalkeh&he wider P(1)-C(1)—

Si angle might indicate steric repulsion between the Mes* group
and the trimethylsilyl group. The smaller PA¢(1)—P(2) and
P(2-C(1)—Si angles ofLC as compared to the corresponding
data for1A%¢ might indicate reduction of the steric congestion
around the diphenylphosphino group, which is suggested by
theoretical calculations (vide infra). The-SC(1) distance is
slightly longer than the corresponding-Si distances for
1-(2,4,6-tritert-butylphenyl)-2,2-bis(trimethylsilyl)-1-phospha-
ethene (1.891(4), 1.887(4) Aj,ndicating the influence of the
phosphino group.

(12) Cowley, A. H.; Jones, R. A.; Lasch, J. G.; Norman, N. C.; Stewart,
C. A; Stuart, A. L.; Atwood, J. L.; Hunter, W. E.; Zhang, H.-NI. Am.
Chem. Soc1984 106, 7015.
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Table 1. X-ray Data for Compounds 1C and 6-9
1C 6 7 8 92CH,Cl>
formula Cg4H43P2$i C39H4305P2$iW C33H4304P28iW C34H48P288i C34H48P25ipd'2CH2C|2
fw 546.79 870.69 842.68 578.85 893.97
cryst syst monoclinic monoclinic triclinic orthorhombic monoclinic
space group P2;/a (No. 14) P2i/c (No. 14) P1 (No. 2) P2:2,21 (No. 19) P21/n (No. 14)
alA 10.2492(7) 17.595(1) 11.203(5) 17.706(2) 17.961(4)
b/A 29.368(1) 10.7937(7) 19.351(5) 27.180(2) 14.094(3)
c/A 11.0728(8) 21.0617(8) 9.385(4) 13.821(2) 19.103(5)
o/deg 90 98.04(2) 90 90
pldeg 99.791(1) 95.979(3) 102.946(6) 90 110.279(4)
yldeg 90 90 95.85(2) 90 90
VIA3 3284.3(3) 3978.1(4) 1944(1) 6651(1) 4536(1)
z 4 4 2 8 4
TIK 150 223 133 223
pealcdMg cnT 3 1.106 1.454 1.439 1.156 1.306
u/mm™ 0.189 3.12 0.250 0.882
260 maddeg 55 55 55 55
no. of obsd rfins 26 757 23377 15 297 48 169 22145
no. of unique rfins 7249 6602 8128 7629 4653
Rint 0.086 0.063 0.065 0.156 0.076
R1( > 20(l)) 0.046 0.051 0.073 0.060 0.136
wR2 (all data) 0.103 0.106 0.089 0.149 0.355
no of params 334 415 686 433
GOF 1.005 1.079 1.464 1.193 1.831

Table 2. Calculated3'P NMR Data (2Jpp (Hz), dp (ppm)) for

Me

Me
land I ® 18T\ 1054 1.877\108.7 1247,
2Jpp op(P=C) opr(PMey) | F\1 :
I-Cy 62.8 427.4 38.2
I-Cs 411.4 505.0 19.7 1016P Y nMe
I-Cy 56.1 310.2 32.1 :
I1-Cs 399.0 364.7 4.3 £(Me-P-Me) 9.3

aB3LYP/6-31H-G(2df,p) level.

Theoretical calculations for the model compounds 1,3,3-

6(P-C-P-Me) 15.0, 118.2

G4
Erer = 0.0 kcal mol™

©(P-C-P-Me) 128.9, -128.9

Cs
Erel = 1.7 kcal mol™

trimethyl-2-silyl-1,3-diphosphapropené) (and 1,2,3,3-tetra-
methyl-1,3-diphosphapropend X showed that theC; form,
which is observed irlC, is slightly stable than th€; form by
1.7 kcal/mol (forl) or 1.3 kcal/mol (forll) at the B3LYP/6-
31G(d) level (Figure 2)3 Therefore, the estimatetl, (=[C4]/ n
[CJ) constants at 300 K fol and Il were 17.4 and 8.9,
respectively. These results are consistent with the calculations
for 1,3-diphosphapropene (HFZHPH,)? and are in contrast
to the results for vinylphosphine (GHCHPH,).1* Furthermore,
the calculated’ NMR data at the B3LYP/6-3#G(2df,p)
level supported an exceptionally smalkp constant in theC;
conformer, whereas thesisomers indicate largédpp constants
(Table 2). Therefore, th€, conformation ofLC remains even
in solution. Moreover, theC; conformation of1C was still between the vicinal hydrogeA.The calculated®’P NMR
maintained upon heating, while tiépp constant of 43.0 Hz chemical shifts indicated that the?sphosphorus atoms in the
was observed at 378 K in toluene. The dependence of theCi;-symmetric forms afford shifts higher than those in e
coupling constant between the two nonequivalent phosphorussymmetric forms, whereas the®gphosphorus atoms in thgy
atoms on the conformations might be comparable to the Karplusforms exhibit lower shifts (Table 2). In comparison with the
rule that the coupling constant depends on the dihedral angleCs-symmetric form, the higher shift of the $phosphorus in
the C;-symmetric form is due ter-donation to the C group
(13) Ffri]SCh, M. J.; Trucks, G-IEN-; SCE!egeL H.B.; Scuseria, G. E.; Robb, by the lone-pair electrons on the 3sphosphorus, which
Statrvann, R E.. Burant, 3. s Dapprich, 5., Milam. 3. M. Danials, A 2ccordingly shows a lower shift. In the case of @esymmetric
D.: Kudin, K. N.; Strain, M. C.: Farkas, O.; Tomasi, J.; Barone, V.; Cossi, form, the P-Me o* orbital interacts with the #C x orbital,
g.;htCarEmJi, le.;t Mennugci,ABA Plomelli, Cé; ‘Adamo, Ck Clifford, ?.;k which demonstrates the lower shift of the? ghosphorus and
N b, g oot T K ueply;, he higher St of the Spphosphorus, respectively.
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, Although 1,3-diphosphapropeng# and 1B showed theCs
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;  conformation in the crystalline staf€8the theoretical investiga-
Svengér?ﬁsYdr;lN;ngyacl:dﬁ?na, VC-}\(/;V%fr‘lza'&Z’V(\;f g;‘gr'!:‘sccsmt’?rH'\ggggbf’do'\g- tion concluded that the; form would be the predominant
M. Replogle, E. S.; Pople, J:’/Gaugs'iah 98revision A11.4: Gaussian, conformation of the 1,3-diphosphapropene skeleton. In the case
Inc.: Pittsburgh, PA, 1998.
(14) (a) Schade, C.; Schleyer, P. v.R.Chem. SogcChem. Commun.

1987 1399. (b) Benidar, A.; Le Doucen, R.; Guillemin, J. C.; M; Y&iez,
M. J. Mol. Spectrosc2001, 205 252.

Me Me

1.881\105.2
~

£(Me—-P-Me) 98.9

6(P-C-P-Me) 18.0, 121.0

©(P-C-P-Me) 137.3,-121.2

Cy Cs
Ere) = 0.0 kcal mol™ Erer = 1.3 kcal mol™

Figure 2. Calculated structures and relative energied fandll .

(15) (a) Gutowski, H. S.; Karplus, M.; Grant, D. Nl. Chem. Physl959
31, 1278. (b) Karplus, MJ. Chem. Phys1959 30, 11. (c) Karplus, MJ.
Am. Chem. Sod 963 85, 2870.
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of vinylphosphine (HC=CHPH,), the stable conformation has
been determined as th@&s conformation by theoretical and
experimental studie’$,suggesting hyperconjugation between the
C=C & orbital and the PH ¢* orbital. On the other hand, the
P=C bond in 1,3-diphosphapropene has a considerably low
lying LUMO45and the lone pair of the phosphino group might
interact with ther orbital of the P=C bond. Furthermore, in
the case ofl1C, the silyl group functions as a-electron
accepting group to enhance the stability of @econformation

of the 1,3-diphosphapropene system, which might cause elonga
tion of the Si-C(1) distance, as observed in the molecular

structure (vide supra). On the other hand, in the cases of 1,3-

diphosphapropenekA and 1B,%¢8 steric hindrance might be
effective in raising the stability of th€s conformation.
Even if the®'P NMR data correspond to the conformation of

Organometallics, Vol. 25, No. 6, 2006427

Figure 3. Thermal ellipsoid plot (50% probability surface) of the
molecular structure o6. Hydrogen atoms are omitted for clarity.

The p-tert-butyl group is disordered, and the atoms with predomi-
nant occupancy factors (0.54) are displayed. Selected bond distances
(A) and angles (deg): WP(2)= 2.598(2), P(1)-C(1) = 1.688-

(8), P(1)-C(22) = 1.856(7), P(2)C(1) = 1.854(7), P(2)-C(10)

= 1.850(9), P(2yC(16)= 1.835(8), S-C(1) = 1.922(8); C(1)}
P(1)-C(22) = 111.6(4), C(1)-P(2)-C(10) = 104.0(4), C(1y

the 1,3-diphosphapropenes, the thermodynamic predominance?(2)-C(16) = 104.3(3), C(10)-P(2)-C(16) = 102.4(2), P(1)

of the C; form over theCs form is small, suggesting that
interchange between th@, and Cs forms might occur easily.
Furthermore, the two Ph groups ibC were equivalently
observed, indicating a rocking motion or a full rotation. We
are currently investigating the molecular dynamics in more
detail.

Complexation and Sulfurization of the 2-(Trimethylsilyl)-
1,3-diphosphapropene 1C.1,3-DiphosphapropendC was
allowed to react with W(CQJjthf) at room temperature to afford
the monocoordinated compl@&{Scheme 2). The coordination
of the phosphino group was determined by observatiodpgf
satellite peaks, which appeared only at the higher field signal
in 3P NMR. Similar to the case for the complex &f,52
extremely different magnitudes &Jpc constants of #CP in6
were observed in thé3C NMR spectrum (one of théJpc
constants is almost 0 Hz). The molecular structure was
unambiguously determined by X-ray crystallography, as dis-
played in Figure 3. In contrast to the conformationld, the
P=CP< skeleton of6 shows aCs symmetry, which is similar
to that for the monotungsten(0) complex bearing the ligated 1,3-
diphosphapropengA.62 Indeed, theCs P=CP< conformation
of 6 might correspond to &Jpp constant of 349.6 Hz. Steric
congestion around the=FCP skeleton, especially due to
repulsion between the trimethylsilyl group and the W(€O)
moiety, putatively causes thisfCP< conformational isomer-
ization fromC; (1C) to C; (6). The P-W distance is longer
than the corresponding bond dfA][W(CO)s] (2.540(1) A)8a
probably due to the steric bulkiness increasing theWP
distance.

Irradiation of the monocoordinated tungsten(0) compex

C(1)-P(2)= 107.3(4), P(1} C(1)-Si = 131.2(2), P(2)-C(1)-Si
= 121.2(4), O[P(1)~C(1)-P(2)-C(10)] = —136.2(4), 6[P(1)—
C(1)-P(2)-C(16)] = 115.0(4),0[W —P(2)-C(1)-P(1)] = —9.3-
5).

constant was reduced. FC NMR, the 1Jpc constants of the
P=C moiety are extremely small, probably indicating the effects
of the silyl group. The structure of was unambiguously
determined by X-ray crystallography (Figure 4), revealing the
four-membered chelate ring. Thus, the conformation of tire P
CP< skeleton of1C is flexible in coordinating to the carbon-
yltungsten moieties. The structure bis comparable to those
of [1IA][W(CO)4]% and [LB][W(CO),].%"

Sulfurization showed other properties of 2-(trimethylsilyl)-
1,3-diphosphapropen&C (Scheme 2). CompoundC was
allowed to react with sulfur, and the monosulfurized prodict
was obtained. The structure & was confirmed by X-ray
crystallography, as shown in Figure 5. The structur8 siiows
a C; conformation in which the sulfur atom replaces the lone
pair of 1C. Therefore, the sulfur atom might not affect the
conformation of the 1,3-diphosphapropene skeleton, probably
due to the smaller spherical size of sulfur compared with that
of the W(CO} moiety. The?Jpp constant is close to those of
2A and 2B,” indicating that rotational isomerism of 3-thioxo-
1,3-diphosphapropene had almost no effect orfdhgconstant
in 3P NMR.

Preparation and Catalytic Activity of a Palladium(ll)
Complex Bearing the Ligated 2-(Trimethylsilyl)-1,3-diphos-
phapropene 1C.One of the purposes of the preparatioriaf
was to develop novel synthetic catalysts bearing 1,3-diphos-
phapropene ligands, and here we demonstrate a novel dichlo-

caused release of one of the CO ligands and afforded theropalladium(Il) complex withLC to utilize for a cross-coupling

corresponding chelate compl&xas a deep red solid (Scheme
2). Upon formation of a four-membered chelate ring, e

reaction. CompoundlC was allowed to react with bis-
(acetonitrile)dichloropalladium(ll) to afford the corresponding
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Figure 4. Thermal ellipsoid plot (50% probability surface) of the molecular structui® bffiydrogen atoms are omitted for clarity. Selected
bond distances (A) and angles (deg):—WR(1) = 2.459(2), W-P(2) = 2.533(2), P(13-C(1) = 1.681(8), P(13C(21) = 1.842(8), P(2¥
C(1) = 1.803(7), P(2yC(9) = 1.838(8), P(2YC(15) = 1.823(8), S+C(1) = 1.907(8); P(LyW—P(2) = 62.68(6), W-P(1-C(1) =
103.6(3), W-P(1)-C(21) = 142.5(2), W-P(2)-C(1) = 97.3(2), W-P(2)-C(9) = 124.5(3), W-P(2)—C(15) = 114.0(3), C(1yP(1)
C(21)= 113.8(3), C(1yP(2)-C(9) = 105.9(4), C(1yP(2y-C(15)= 110.1(4), C(9)-P(2)-C(15)= 104.3(4), P(1yC(1)—P(2) = 96.3-
(4), P(1y-C(1)—Si=134.1(4), P(2yC(1)—Si= 128.5(4),0[P(1)—C(1)—P(2)-C(9)] = —126.6(4) 6[P(1)—C(1)—P(2)-C(15)] = 121.3(4).

Figure 5. Thermal ellipsoid plot (50% probability surface) of the
molecular structure d8. One of the two independent molecules is
displayed. Hydrogen atoms are omitted for clarity. Selected bond
distances (A) and angles (deg): S€BP(2)= 1.959(3), P(1)-C(1)

= 1.689(8), P(1)C(2) = 1.853(7), P(2)C(1) = 1.842(7), P(2y
C(20) = 1.828(8), P(2)-C(26) = 1.832(7), Si(1)-C(1) = 1.906-
(7); C(1-P(1)y-C(2) = 108.5(3), S(1yP(2y-C(1) = 113.8(2),
S(1}-P(2-C(20) = 110.1(3), S(1yP(2)-C(26) = 112.8(3),
C(1)-P(2)-C(20) = 107.4(3), C(1yP(2)-C(26) = 105.6(3),
C(20)-P(2)-C(26) = 106.7(3), P(1yC(1)-P(2) = 111.1(4),
P(1)-C(1)-Si(1)= 133.8(4) 0[P(1)-C(1)-P(2)-S(1)]= —136.6-
(3), O[P(1)-C(1)—P(2-C(20)]= —14.4(5),0[P(1)-C(1)-P(2)-
C(26)] = 99.1(4).

dichloropalladium(ll) complex9 in 95% yield (Scheme 2).

Table 3. The Sonogashira Reaction Catalyzed by
Dichloropalladium(ll) Complex 9

R—@l + ph—= _Bl/Cu_ R~< >—: Ph

EtsN
entry R yield/%
1 H 96
2 Br 85
3 Me 60
4 OMe 57
5b | 65¢d

a Diphenylbutadiyne was obtained in 5% yiekdTwo molar equivalents
of phenylacetylene was usedProduct:

— 7/ \__—
Ph———— ———PFh

4 p-ICeH4C=CPh was also obtained in 15% yield.

coupling reaction of aryl iodides with phenylacetylene afforded
the corresponding acetylene derivatives (Table 3). lodobenzene
gave the cross-coupling product almost quantitatively (entry 1),
and the cross-coupling with-bromoiodobenzene indicated the
predominant reactivity toward iodide over bromide, affording
4-bromodiphenylacetylene (entry 2). On the other hand, electron-
donating substituents at the para position of aryl iodides showed
relatively low reactivity (entries 3 and 4). In the reaction with
p-iodoanisole, diphenybutadiyne was obtained as a side product
(see the footnote for Table 3)p-Diiodobenzene and 2 molar
equiv of phenylacetylene gave 1,4-bis(phenylethynyl)benzene
in moderate yield together with a mono cross-coupling product,
4-iododiphenylacetylene (entry 5). As shown in Table 3, the
air-stable 9 displayed considerable catalytic activity in the
Sonogashira cross-coupling reaction, although some limitations
were also recognized.

The molecular structure &was unambiguously determined
by X-ray crystallography, as shown in Figure 6. Although the
quality of the data fo®-2CH,Cl; is insufficient to discuss the
metric parameters in detail, the four-membered-ring structure
with the P=CP skeleton is obvious. The P{lpd distance is

When the spectroscopic data are taken into account, the structureshorter than the P(2)Pd bond, which is comparable to the case

of 9 corresponds to a dichloropalladium(ll) complex bearing
the ligated1B.® In the presence dd, the Sonogashira cross-

for 7. The acute PPd—P angle of9, which is close to the
corresponding value for [BRCHPPH][PdCl,] (72.68(3Y),6
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Figure 6. Thermal ellipsoid plot (30% probability surface) of the
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molecular structur8-€H,Cl,. Hydrogen atoms and the solvent

molecules (CHCI,) are omitted for clarity. Selected bond distances (A) and angles (degyCRH) = 2.358(4), Pe-CI(2) = 2.339(4),
Pd—P(1) = 2.207(4), Pe-P(2) = 2.255(4), P(1>-C(1) = 1.68(1), P(1}-C(2) = 1.82(1), P(2}C(1) = 1.83(1), Si-C(1) = 1.89(2); CI-

(1)~Pd-CI(2) = 95.7(2), Cl(1}-Pd-P(1)= 100.4(1), CI(1}-Pd-P(2)

= 168.9(1), Cl(2)-Pd—P(1) = 163.9(1), CI(2}-Pd—P(2) = 94.7-

(1), P(1)-Pd-P(2) = 69.3(1), C(1}-P(1)-C(2) = 117.4(6), P(1}C(1)~P(2) = 92.3(7), P(1}-C(1)-Si = 134.8(8), P(2)-C(1)-Si =

132.2(8),0[Pd—P(1)-C(1)-P(2)] = —0.7(7).

might determine the catalytic activity together with the presence
of the P=C double bond:>

Conclusion

We have demonstrated that the 2-(trimethylsilyl)-1,3-diphos-
phapropenelC, prepared from the corresponding (phospha-
ethenyl)lithium5, shows a conformation around the phosphino
group with C; symmetry, in contrast to th€s symmetry
displayed by 1,3-diphosphapropenk& and 1B. Theoretical
calculations suggested that tB8e conformation of the PCP<
system is predominant, and th& conformation of 1,3-
diphosphapropeneBA and 1B might be affected by the steric

University. Compound was prepared by the procedures described
in the literaturet0c.11

Preparation of 1C. To a solution of4 (1.00 g, 2.27 mmol) in
THF (20 mL) was added butyllithium (2.3 mmol, 1.6 M solution
in hexane, 1 M= 1 mol dnt3) at —78 °C. After 10 min, to the
reaction mixture containing was added chlorodiphenylphosphine
(2.3 mmol), and this mixture was warmed to room temperature.
After 2 h, the volatiles were removed and the residual materials
were purified by silica gel column chromatography (hexane/AcOEt
= 19:1) to afford1C as pale yellow crystals (0.88 g, 71%). Mp:
124—125°C. 31P{*H} NMR (162 MHz, CDC}): ¢ 382.7 (d,2Jpp
= 37.1 Hz),—1.6 (d,2Jpp = 37.1 Hz).'H NMR (400 MHz,
CDCl): 6 7.87-7.85 (m, 4H, arom), 7.587.51 (m, 8H, arom),

effects of the substituents. These results suggest that thel.70 (s, 18H,0-t-Bu), 1.51 (s, 9Hp-t-Bu), 0.53 (s, 9H, SiMg).
conformation of 1,3-diphosphapropene depends on the substitu+*C{*H} NMR (101 MHz, CDC}): 6 184.0 (dd}Jr—c = 88.1 Hz,

ent at the 2-position. Th€,; conformation of1C was trans-
formed into theCs conformation upon coordination of the
carbonyltungsten(0) moiety, as shown in the structuressasfd

7, whereas heating as well as sulfurization, affordichad
almost no influence on the conformation BE. The structure

of the palladium(ll) comple® was analyzed by X-ray crystal-
lography, and some catalytic activity 6ffor the Sonogashira
reaction was confirmed. Investigations concerning the molecular

dynamics of the 1,3-diphosphapropenes and the catalytic activity

Jp-c = 62.0 Hz, P=C), 153.7 (sp-C of Mes*), 151.0 (sp-C of
Mes*), 142.8 (dd1Jpc = 79.4 Hz,3Jpc = 6.4 Hz,ipso-C of Mes*),
133.8 (pt, (pct3Jp)/2 = 15.0 Hz,ipso-Ph), 135.1 (d2Jpc = 20.4
Hz, 0-Ph), 129.1 (sp-Ph), 128.6 (d3Jpc = 7.1 Hz,m-Ph), 122.4
(s, mC of Mes*), 38.8 (s,0-CMejy), 35.5 (s,p-CMe3), 34.1 (d,
4Jpc = 7.3 Hz,0-CMe3), 32.0 (s,p-CMe3), 0.4 (d,3Jpc = 8.2 Hz,
SiMe;). Anal. Calcd for G4H4gP,Si: C, 74.69; H, 8.85. Found: C,
73.94; H, 8.86. ESI-MS: calcd for M(Cz4H4gP,Si + H) 547.3073,
found 547.3074.

of metal complexes to understand the novel effects of the silyl  Preparation of 6. To a solution of1C (350 mg, 0.641 mmol)

group are in progress.

Experimental Section

General Methods.All manipulations were carried out under an

in THF (10 mL) was added W(C@(hf) (ca. 1.00 mmol, prepared
from W(CO) by irradiation for 12 h with a medium-pressure 100
W Hg lamp at 0°C in THF), and the mixture was stirred at room
temperature for 12 h. The volatiles were removed, and the residual
materials were purified by silica gel column chromatography (10/1

argon atmosphere by means of the standard Schlenk techniques ofexane/chloroform) and recrystallization from hexane to afférd

in a glovebox. All solvents employed were dried by appropriate
methods.H, 13C{H}, and3P{'H} NMR spectra were recorded
on a Bruker Avance 400 spectrometer in CR®@ith Me,Si (*H,
13C) and HPO, (3'P), respectively, as internal or external standard.

as yellow crystals (167 mg, 30%). Mp: 24Q@42°C dec.3'P{1H}
NMR (162 MHz, CDC}): 6 437.3 (d,2Jpp = 349.6 Hz),—29.3
(d, 2Jpp = 349.6 Hz, satellite"Jpyy = 245.4 Hz).*H NMR (400
MHz, CDCk): 6 7.78-7.76 (m, 4H, arom), 7.487.46 (m, 6H,

IR spectra were measured on a Horiba FT-300 spectrometer as KBrarom), 7.39 (s, 2H, arom), 1.61 (s, 18b#-Bu), 1.35 (s, 9Hp-t-

pellets. Mass spectra were recorded on a Bruker APEX3 spectrom-

eter. Elemental analyses were performed in the Instrumental
Analysis Center for Chemistry, Graduate School of Science, Tohoku

(16) Steffen, W. L.; Palenik, G. Jnorg. Chem.1976 15, 2432.

Bu), —0.81 (s, 9H, SiMg). 13C{*H} NMR (101 MHz, CDC}): 6
201.6 (d,2pc = 21.3 Hz, CQy), 198.9 (dd2Jpc = 9.8 Hz,*Jpc =
6.4 Hz CQq), 175.0 (d,%Jp—c = 76.5 Hz, P=C), 154.5 (sp-C of
Mes*), 151.8 (sp-C of Mes*), 139.7 (dd1Jpc = 79.6 Hz,3Jpc =
44.7 Hz,ipso-C of Mes*), 138.3 (ddXJpc = 35.6 Hz,3Jpc = 13.7
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Hz,ipso-Ph), 132.5 (d2Jpc = 11.3 Hz,0-Ph), 130.0 (d%Jpc=1.3
Hz, p-Ph), 128.6 (d3Jpc = 9.2 Hz,m-Ph), 122.5 (d3Jpc = 1.2
Hz, m-C of Mes*), 38.9 (s,0-CMej3), 35.3 (s,p-CMe3), 34.8 (d,
4Jpc = 7.2 Hz, 0-CMe3), 31.6 (s,p-CMes3), 2.5 (s, SiMg). IR
(KBr): »(CO) 2065, 1981, 1932, 1907 ct1 Anal. Calcd for
C3gH4s0sP,SiW: C, 53.80; H, 5.56. Found: C, 53.98; H, 5.58.

Preparation of 7. A solution of 6 (110 mg, 0.126 mmol) in
THF (5 mL) was irradiated with a medium-pressure 100 W Hg
lamp at 0°C for 12 h. The volatiles were removed, and the residual
materials were purified by silica gel column chromatography (10/1
hexane/AcOEt) to afford as red crystals (62 mg, 58%). Mp: 240
242°C dec.3'P{*H} NMR (162 MHz, CDC}): 6 320.0 (d,2Jpp=
57.2 Hz, satellitelJpyy = 211.0 Hz),—8.4 (d, 2Jpp = 57.2 Hz,
satellite’Jpy = 186.3 Hz).!H NMR (400 MHz, CDC}): 6 7.67—
7.62 (m, 4H, arom), 7.477.45 (m, 6H, arom), 7.43 (dJpy = 1.2
Hz, 2H, arom), 1.78 (s, 18Hy-t-Bu), 1.34 (s, 9Hp-t-Bu), —0.60
(s, 9H, SiMg). 13C{*H} NMR (101 MHz, CDC}): 6 212.7 (dd,
2Jpc = 32.5 Hz,2Jpc = 8.2 Hz, CQy), 210.8 (dd2Jpc = 21.8 Hz,
2Jpc = 9.3 Hz, CQ), 206.4 (dd,2Jpc = 9.8 Hz,2Jpc = 6.4 Hz
COsy), 191.0 (d,%Jp—c = 3.2 Hz, P=C), 155.8 (s,0-C of Mes*),
153.6 (s,p-C of Mes*), 134.8 (dd}!Jpc = 34.1 Hz,3Jpc = 18.5
Hz, ipso-Ph), 132.5 (d2Jpc = 13.1 Hz,0-Ph), 130.6 (d%Jpc= 1.7
Hz, p-Ph), 128.9 (d3Jpc = 10.1 Hz,m-Ph), 122.8 (d3Jpc = 4.3
Hz, mC of Mes*), 39.4 (s,0-CMes), 35.6 (s,p-CMe3), 35.1 (s,
0-CMe3), 31.5 (s,p-CMes), 0.9 (s, SiMeg) (ipso-C of Mes* could
not be determined). IR (KBr)»(CO) 2015, 1915, 1905, 1888 cf
Anal. Calcd for GgH4g04P,SIW: C, 54.16; H, 5.74. Found: C,
54.04; H, 5.71.

Preparation of 8. A solution of 1C (0.50 g, 0.99 mol) and sulfur
(0.99 mmol as S) in toluene (10 mL) was refluxed for 2 h. After
the mixture was cooled to room temperature, the volatiles were
removed and the residual materials were purified by silica gel
column chromatography (19/1 hexane/AcOEt) to aff8rds pale
yellow crystals (0.52 g, 91%). Mp: 9798°C.3P{'H} NMR (162
MHz, CDCL): 6 409.6 (d,2Jpp= 140.5 Hz), 50.7 (dRJpp= 140.5
Hz). 'H NMR (400 MHz, CDC}): 6 8.06-8.01 (m, 4H, arom),
7.50-7.48 (m, 6H, arom), 7.40 (s, 2H, arom), 1.52 (s, 18H;
Bu), 1.36 (s, 9Hp-t-Bu), 0.23 (s, 9H, SiMg). 13C{*H} NMR (101
MHz, CDC|3) 0 176.7 (dd,lJp=C = 85.3 HZ,l\]pfc = 26.0 Hz,
P=C), 153.9 (sp-C of Mes*), 151.8 (sp-C of Mes*), 138.7 (dd,
pc= 77.5 Hz,3Jpc = 29.8 Hz,ipso-C of Mes*), 135.3 (ddiJpc
= 81.9 Hz,3Jpc = 6.5 Hz,ipso-Ph), 133.2 (d3Jpc = 9.8 Hz,m-Ph),
131.4 (d,*Jpc = 2.7 Hz,p-Ph), 128.4 (d3Jpc = 12.2 Hz,0-Ph),
122.6 (s, m-C of Mes*), 38.9 (sp-CMejy), 35.4 (s,p-CMe3), 34.5
(d, *Jpc = 7.0 Hz,0-CMe3), 31.8 (s,p-CMey), 3.0 (s, SiMg). IR
(KBr): v(P=S) 706, 652 cm!. Anal. Calcd for G4HgP,SSi: C,
70.55; H, 8.36; S, 5.54. Found: C, 70.40; H, 8.10; S, 5.20.

Preparation of 9. A solution of 1C (290 mg, 0.53 mmol) and
Cl,Pd(MeCN} (0.53 mmol) in dichloromethane (30 mL) was stirred
for 12 h. The reaction mixture was diluted with 10 mL of hexane
to give yellow precipitates dd. The precipitates were filtered and
washed with hexane (365 mg, 95%). Mp: 21819 °C dec.3!P-
{*H} NMR (162 MHz, CDC}): 6 260.6 (d,?Jpp = 110.0 Hz),
—27.3 (d,2Jpp=110.0 Hz).'H NMR (400 MHz, CDC}): ¢ 8.05—
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7.99 (m, 4H, arom), 7.767.72 (m, 2H, arom), 7.657.60 (m, 6H,
arom), 1.85 (s, 18Ho-t-Bu), 1.39 (s, 9Hp-t-Bu), —0.45 (s, 9H,
SiMes). 13C{H} NMR (101 MHz, CDC}): 6 185.1 (d,"Jp—c =
6.6 Hz, P=C), 157.1 (s,0-C of Mes*), 157.0 (sp-C of Mes*),
134.3 (d,Jpc = 11.7 Hz,0- or mPh), 129.1 (d*Jpc = 2.9 Hz,
p-Ph), 129.7 (dJpc = 12.5 Hz,0- or m-Ph), 126.8 (dd}Jpc =
55.8 Hz,3Jpc = 4.7 Hz,ipso-Ph), 125.0 (d2Jpc = 7.9 Hz,m-C of
Mes*), 122.9 (dd3Jpc = 33.7 Hz,2Jpc = 10.3 Hz,ipso-C of Mes*),
39.6 (s,0-CMej3), 35.8 (s,p-CMe3), 35.4 (s,0-CMej), 31.1 (s,
p-CMes), —0.4 (s, SiMg). Anal. Calcd for G4H4eCl.P,PdSi: C,
56.40; H, 6.68. Found: C, 56.10; H, 6.93.

The Sonogashira Reaction with 9: Typical Procedure A
solution of iodobenzene (2.0 mmol), phenylacetylene (2.0 mmol),
9 (0.050 mmol), and copper(l) iodide (0.050 mmol) in triethylamine
(8 mL) was stirred fo4 h atroom temperature. The volatiles were
removed, and the residue was extracted with hexane. Silica gel
column chromatography (hexane) of the hexane extracts afforded
diphenylacetylene (96% vyield).

X-ray Crystallography. A Rigaku RAXIS-IV imaging-plate
detector with graphite-monochromated MaxKadiation § =
0.710 70 A) was used. The structure was solved by direct methods
(SIR92}" and expanded using Fourier techniques (DIRDIF34).

A symmetry-related absorption correction using the program
ABSCOR® was applied for7 and 9-2CH,Cl,. Attempts to solve
the structure 06 from the diffraction data, including the absorption
correction, failed. The non-hydrogen atoms were refined anisotro-
pically. Hydrogen atoms (calculated) were refined isotropically. The
data were corrected for Lorentpolarization effects. Structure
solution, refinement, and graphical representation were carried out
using the teXsan packageThe X-ray crystallographic data for
1C (CCDC-288846)6 (CCDC-288848),7 (CCDC-2888499)83
(CCDC-288850), and (CCDC-288847) can be obtained via
www.ccdc.cam.ac.uk/data request/cif.
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