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C—N Bond Insertion of a Complexed Phosphinidene into a Bis(imine) —
A Novel 2,3-Sigmatropic Shift
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The electrophilic phosphinidene complex PhPW(CO); reacts
with bis(imine) 5, possessing a single carbon spacer, to give
the C-N insertion product 6. B3LYP/6-31G* calculations in-
dicate that this process occurs by way of a 2,3-sigmatropic
shift from the initially formed phosphane ylide. The alternat-
ive, 1,3-dipolar cycloaddition, followed by ring-opening of
the bicyclic structure, can be ruled out since both steps are

energetically much more demanding. Ring-closure to an aza-
phosphirane is also less favorable than the C-N insertion,
which is in agreement with the absence of such a product in
the experiment.

(© Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

Introduction

Phosphane ylides are emerging as viable low-valent or-
ganophosphorus synthons. These highly reactive species are
already commonly employed in the phospha Wittig reac-
tion,[1 while their transition metal complexes are useful re-
agents for the synthesis of three- to eight-membered hetero-
cycles.”l These ylides are readily available. For example, the
frequently used complexed nitrilium phosphane ylides I can
be generated thermally®™ and photochemically™ from 2H-
azaphosphirene complexes. Reminiscently of regular yl-
ides,[! however, most transient P,N-ylides (I,[>4% II,["l and
1B, P,O-ylides (IV®)), P.S-ylides (VI'9), and P,P-ylides
(VIU) are formed from direct interaction (or exchange) be-
tween complexed phosphinidenes RPW(CO)s,['?! generated
in situ, and the lone pair of the heteroatom-containing sub-
strate.

Of the many types of reactions that these phosphane yl-
ides can undergo, the 2,3-sigmatropic shift!!3-3 has not yet
been observed except for the somewhat related conversions
of P,N-ylide IIla into the formal C—H insertion product 1
and of P,O-ylide IVa into the bicyclic compound 2. The
initially formed ylides were obtained by treatment of
RPW(CO);s with azobenzene!®! (Ph—N=N-Ph) and benzo-
phenone [Ph—C(O)—Ph],P4 respectively (Scheme 1). In this
study, we provide evidence for the first 2,3-sigmatropic shift
of a phosphane ylide formed from a complexed phosphinid-
ene and a bis(imine) with a single carbon spacer. This work
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extends recent studies on the formation of azaphosphiridi-
nes!”-%4 and the 1,3-dipolar cycloadditions of P,N-ylides.[®-7]
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Results and Discussion

While exploring reactions between the phosphinidene
complex PhPW(CO)s (4) — generated in situ from complex
3 at 110 °Cl'2!4 — and a broad range of imines, we were
surprised to see this carbene-like synthon insert into a C—N
single bond of bis(imine) 53 to give 6 in 58% isolated
yield. No 1,2-addition product could be detected in the re-
action mixture.
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Compound 6 was obtained after column chromatography
as a 4:1 diastereomeric mixture as determined by integra-
tion of its 3'P NMR resonances at & = 81.8 and 81.2.[16
The major isomer was obtained after fractional crystalliza-
tion. The presence of its two N=CH groups was evident
from the '3C NMR resonances at § = 163.4 and 174.7 and
the lowfield 'H NMR resonances at § = 7.99 and 8.72, the
latter of which showed a typical *Jpy coupling of 28.1 Hz.
Its structure was established unequivocally by a single-crys-
tal X-ray structure determination. The major isomer of 6
crystallized as two crystallographically independent molec-
ules, of which one is depicted in Figure 1.['"! This molecule
has a PI—N1 bond 1.7148(19) A long and two C=N bonds
of 1.268(3) A for both C1—N1 and N2—C3, which are con-
jugated with the phenyl rings as is evident from the rela-
tively short C1—C4 and C3—C22 bonds of 1.471(3) A and
1.475(3) A, respectively. The phenyl rings are not coplanar
with the C=N bonds, with torsion angles of 16.2(3), and
14.4(4)°.

The formation of 6 is exceptional. So far, insertion of
RPW(CO);5 into a C—N bond has been observed only for
the reaction with a highly strained aziridine.!'”! Insertions
into C—H,['81 C—C,["T and C—PP% bonds are equally rare,
whereas they are well established for acidic N—H or O—H
bonds.>'1 However, ab initio MO theory showed that singlet
phosphinidene 'PH should give an addition complex with
NH; prior to N—H bond insertion.??! Hence, formation
of 6 by direct insertion of PhPW(CO)s into a C—N bond
seemed unlikely.
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Figure 1. Displacement ellipsoid plot (50% probability level) of 6
in the crystal; only the major isomer was crystallized; the first of
two crystallographically independent molecules is shown, with hy-
drogen atoms omitted for clarity; selected bond lengths [A], angles
and torsion angles [°]; the values for the second molecule are in
square brackets: CI1—N1 1.268(3) [1.265(3)], N1—P1 1.7148(19)
[1.712(2)], P1—-C2 1.889(2) [1.892(2)], C2—N2 1.460(3) [1.449(3)],
N2-C31.268(3) [1.266(3)], P1—-W1 2.5104(6) [2.5070(6)], P1—-C10
1.819(2) [1.826(2)], C1—C4 1.471(3) [1.470(3)], C2—C16 1.507(3)
[1.510(3)], C3—C22 1.475(3) [1.468(3)]; NI-CI1—-C4 122.9(2)
[122.3(2)], C1-NI-P1 121.30(17) [122.89(17)], N1-P1-C2
99.81(9) [97.19(10)], PI-C2—-N2 104.63(14) [107.56(15)],
C2—-N2—-C3 117.43(19) [117.1(2)], N2—-C3-C22 122.2(2)
[123.3(2)], N1-P1-CI10 99.18(10) [99.77(10)], NI-PI-WI
117.93(7) [119.46(7)]; P1-N1-C1—-C4 179.15(16) [177.41(17)],
CI-NI1-P1-C2 —98.19(19) [-100.4(2)], NI-P1-C2—-N2
—167.85(14) [-166.94(15)], P1-C2—N2—-C3 129.65(18) [102.2(2)],
C2—N2—-C3-C22 —175.4(2) [179.4(2)], N1-C1—-C4—-C5 16.2(3)
[=3.2(4)], N2—C3—-C22—C23 14.4(4) [-11.3(4)]

What are the alternatives? Ylides can be subjected to 1,3-
dipolar cycloadditions. For example, we showed recently
that the transient P,N-ylide complexes 8, in which the two
imine groups are separated by two to four methylene units,
undergo such a transformation to give 9 diastereoselectiv-
ely.’#1 In the case of 10 this would result in a rather strained
compound (11), which might ring-open to give product 6
[Equation (1)]. In fact, such a retro [2+2] cycloaddition of
a 1,3-diazacyclobutane to yield two imines has been re-
ported to proceed at temperatures below 35 °C.[231 Another
possible route to 6 is a 2,3-sigmatropic shift of P,N-ylide
10 [Equation (2)], but these ylides are better known to give
azaphosphiridines instead, which in this case would result
in 12, or to give extended structures by incorporation of
another imine.l”-’]
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A priori, no differentiation between the two reaction
pathways can be made. We therefore resorted to B3LYP/6-
31G* calculations to explore the potential energy surface of
a simplified parent system in which the W(CO)s group was
absent and all the phenyl groups were replaced by hydrogen
atoms.?¥ Four minima were found in anti and gauche con-
formations: P,N-ylide 13, bicyclic 14 (1 isomer), the formal
insertion product 15, and azaphosphiridine 16. Their abso-
lute and relative energies are listed in Table 1. The optim-
ized geometries of the energetically preferred gauche con-

formers are shown in Figure 2.

Table 1. B3LYP/6-31G* absolute (in —a.u.) and relative (in
kcal-mol~!) energies for 13—19

Compounds E AE

13, gauche 569.293458 0.0
13, anti 569.293220 0.2
14 569.297167 -23
15, gauche 569.321163 —-174
15, anti 569.320448 -16.9
16, gauche 569.310107 -104
16, anti 569.307525 —8.8
17 569.241455 32.6
18, P—H exo 569.272740 13.0
18, P—H endo 569.270604 14.3
19, gauche 569.268119 15.9
19, anti 569.267762 16.1
20 569.243021 31.6

<N1-C2-N2 =91.0
<P1-N1-C1=99.3

13 14

<N1-P1-C3-N2 = 79.9
15 16

Figure 2. B3LYP/6-31G*-optimized geometries for structures
13—-16
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The theoretical calculations indeed support the view that
the first step in the reaction giving rise to the C—N inser-
tion product is the presumed formation of P,N-ylide com-
plex 10. Namely, formation of 13 by the addition of singlet
'PH to the nitrogen lone pair of one of the C=N groups of
the parent bis(imine) is exothermic by 66.3 kcal-mol~!. This
ylide prefers the gauche conformation (N1-C2—N2-C3 =
5.2°) over the anti form (N1—C2—N2—-C3 = 132.2°), albeit
by only 0.2 kcal'mol ™. Its ylide character is evident from
the 1.315 A C=N iminium bond, which is much longer
than that of the imine group (1.267 A).

Starting from this P,N-ylide 13, the transition structures
17, 18, and 19 correspond to a 1,3-dipolar cycloaddition
to bicyclic 14, a 2,3-sigmatropic shift to C—N insertion
product 15, and ring-closure to azaphosphiridine 16, re-
spectively. A fourth transition structure (20) concerns the
ring-opening of the four-membered ring of 14 to give prod-
uct 15. The nature of the transition structures was con-
firmed by intrinsic reaction coordinate calculations (IRC)
that connected them with the associated minima. Their ab-
solute and relative energies are given in Table 1. The geo-
metries of the more stable gauche conformers are shown in
Figure 3 and the energy profiles are depicted in Figure 4.

19 20

Figure 3. B3LYP/6-31G*-optimized geometries for transition struc-
tures 17—19

Expectedly, C—N insertion structure 15 was the global
minimum. The gauche conformation (N1-P1—-C3—N2 =
79.9°) is favored over the anti form by 0.5 kcal'mol~!. Its
bond lengths are in good agreement with those experiment-
ally ascertained for compound 6 in the crystal, except for
the 0.06 A longer N—P bond, which we attribute to the
absence of the W(CO)s and phenyl groups in the calculated
structure, and the presence of thermal motion in the experi-
mental structure. The presence of these groups may also
explain why the experimental structure prefers an anti con-
formation. Compound 15 is a substantial 17.4 kcal-mol™!
more stable than P,N-ylide 13. 1,3-Dipolar cycloadduct 14

1799
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Figure 4. B3LYP/6-31G* energy profile; carbon atoms are depicted in black, nitrogen atoms in white, and phosphorus atoms in gray

and azaphosphiridine 16 are also favored over the ylide, but
their respective energy differences of 2.3 and 10.4
kcal'-mol~! are much more modest.

Conversion of the ylide into the C—N insertion structure,
representing a concerted 2,3-sigmatropic shift, requires only
13.0 kcal'mol~'. The transition structure 18 for this process
represents an early transition in which the negatively
charged phosphorus atom of the P,N-ylide group attacks
the more electropositive carbon atom of the nearby imine
group. The P1—C3 interaction of 2.265 A develops into a
common bond, while the already elongated N1—C2 bond
breaks. The envelope conformation of the five-membered
ring of the transition structure resembles those reported for
the 2,3-sigmatropic shifts of allylic sulfimines and sulfoxim-
ines,? and that of allylsulfonium methylide.”®! The exo
conformer of 18, with the P—H bond rotated away from
N2, is favored over the endo form by only 1.3 kcal'-mol™!.
This exolendo preference determines the stereoselectivity of
the reaction and should be influenced by the W(CO)s and
Ph groups.

The energy profile for the parent system further suggests
that the experimentally observed formation of 6 cannot oc-
cur via bicyclic 11. Not only is the conversion of P,N-ylide
13 into 14 only modestly exothermic (0.5 kcal'‘mol~!), but
this 1,3-dipolar cycloaddition also has a substantial barrier
(32.6 kcal'mol ™ 1), 19.6 kcal-‘mol~! higher than that for the
2,3-sigmatropic shift. The origin of this far less favored
pathway is attributable to the build-up of strain in bicyclic
14, reflected, for example, in the small N1-C2—N2 and
P1—-N1-C1 angles of 91.0° and 99.3°, respectively. For
comparison, the reported 1,3-dipolar cycloaddition of ylide
21 into the far less strained bicyclic 22 has a much higher
exothermicity of 29.8 kcal'mol™!' and a much smaller en-

1800

ergy barrier of only 10.7 kcal'mol~'.[78l The subsequent
ring-opening to 15 has a surprisingly high (considering the
strained nature of 14) barrier of 31.6 kcal-mol™~!. IRC cal-
culation from transition compound 20 revealed this process
to proceed by consecutive scissions of the N1—C2 and
N2-CI1 bonds.

it PN
LN '£in N\F?/H
©

21 22

A simple ring-closure converts the P,N-ylide to azaphos-
phiridine 16, which prefers a gauche conformation
(NI-C2—N2-C3 = 5.5°), the anti form being 1.6 kcal/mol
less stable. The P—C and P—N bond lengths in the three-
membered ring compare well with a recently reported crys-
tal structure for a W(CO)s-complexed azaphosphiridine®
when the stabilizing effect of the W(CO)s group is taken
into account.?”l However, neither the 10.4 kcal/mol exo-
thermicity nor the activation energy of 15.9 kcal-mol ™! for
formation of 16 make this process competitive with the 2,3-
sigmatropic shift that directly affords 15. It is not surprising
then, that the W(CO)s-complexed azaphosphiridine 12 is
not observed in the reaction between 4 and 5.

Conclusions

Experimental and theoretical evidence for the first 2,3-
sigmatropic shift of a phosphane ylide is presented. This
rearrangement of the W(CO)s-complexed P,N-ylide, formed
in situ, from a single-carbon-spaced bis(imine) to the C—N-

Eur. J. Org. Chem. 2002, 1797—1802
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inserted product is both kinetically and thermodynamically
favored over alternative reactions such as a 1,3-dipolar
cycloaddition and ring-closure to a three-membered aza-
phosphiridine. Density functional theory at the B3LYP/6-
31G* level for the parent system gave a remarkably small
barrier of 13.0 kcal'mol ™! for thel7.4 kcal/mol exothermic
2,3-sigmatropic shift. Considering the general importance
of 2,3-sigmatropic shifts,['*] this chemistry may now be ex-
panded to enrich the synthetic applicability of transient
electrophilic phosphinidene complexes.

Computational Section

All electronic structure calculations were carried out with
the GAUSSIAN 98 suite of programs (G98). Becke’s three-
parameter hybrid exchange functional® combined with the
Lee—Yang—Parr correlation functional,®® denoted as
B3LYP, and the 6-31G* basis set were used for the density
functional theory (DFT) calculations. First- and second-or-
der energy derivatives were computed to establish whether
minima or transition structures had been located. Intrinsic
reaction coordinate driving calculations (IRC) were per-
formed to establish connections between transition struc-
tures and minima.

Experimental Section

General: The experiments were performed under dry nitrogen.
Solids were dried in vacuo, and liquids were distilled (under N,)
prior to use. Solvents were used as purchased, except for toluene,
which was distilled from sodium, and Et,O, which was distilled
from LiAlH,;. NMR spectra were recorded with Bruker AC 200
('H, '*C) and WM 250 spectrometers (*'P) with SiMe, ('H, '3C)
and 85% H;PO, (*'P) as external standards. High-resolution mass
spectra (HR-MS) were recorded with a Jeol JMS SX/SX102A by
the Institute for Mass Spectrometry at the University of Amster-
dam. Complex 3B3% and bis(imine) 58! were prepared according to
literature procedures.

Pentacarbonyl(1,3,4,6-tetraphenyl-2,5-diaza-3-phospha-1,5-hexa-
diene-k P)tungsten (6): A solution of complex 3 (0.40 g, 0.61 mmol)
and 5 (0.18 g, 0.61 mmol) in toluene (3.5 mL) was stirred at 110 °C
for 10.5 h. Evaporation of the solvent and purification of the res-
idue by chromatography on silica gel 60 (0.2—0.5 mm) with Et,O/
pentane (1:20) gave 0.22 g (58%) of 6 as a mixture of diastereomers
in a 4:1 ratio and as a yellow solid. Crystallization from Et,O/
pentane afforded the major diastereomer as yellow crystals. Major
isomer: m.p. 159—160 °C. 3'P NMR (toluene): 5 = 81.2 ({Jywp =
258.5Hz). 'H NMR (CDCl,): § = 4.96 (d, 2Jpyy = 1.4Hz, 1 H,
PCH), 7.05-7.86 (m, 20 H, Ph), 7.99 (d, “Jpu = 3.1Hz, 1 H,
PCN=CH), 8.72 (d, 3Jpyy = 28.1 Hz, 1 H, PN=CH). 1*C NMR
(CDCl3): & = 82.4 (d, 'Jpc = 31.4 Hz, PC), 129.2—133.1 (m, Ph),
135.9 (d, 'Jpc = 28.9 Hz, P-ipso-Ph), 136.1 (s, CN=C-ipso-Ph),
136.2 (s, PN=C-ipso-Ph), 137.4 (d, 2Jpc = 1.8 Hz, PC-ipso-Ph),
163.4 (d, 3Jpc = 12.2 Hz, PCN=C), 174.7 (s, PN=C), 196.4 (dd,
2Jpc = 1.2, WUwe = 125.4 Hz, CO cis), 198.6 (d, 2Jpc = 25.8 Hz,
CO trans). HR-MS: calcd. for C3,H,4N,OsPW [M + H] 731.0938,
found 731.0874 (8 = 2.0-1072); minor isomer (in the mixture): 3'P
NMR (toluene): § = 81.8. "H NMR (CDCls): § = 4.97 (d, 2Jp =
5.3 Hz, 1 H, PCH), 7.0—7.9 (m, 20 H, Ph), 8.07 (d, *Jpy = 3.0 Hz,
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1 H, PCN=CH), 8.69 (d, 3Jpyy = 27.2Hz, 1 H, PN=CH). 3C
NMR (CDCly): § = 82.5 (d, 'Jpc = 33.0 Hz, PC), 127.6—136.9
(m, Ph), 164.0 (d, 3Jpc = 13.1 Hz, PCN=C), 174.2 (s, PN=C),
196.4 (dd, 2Jpc = 7.1, WUy, = 125.4 Hz, CO cis), 198.5 (d, 2Jpc =
26.2 Hz, CO trans).

Crystal Structure Determination of 6: C3,H,3N>OsPW (730.34), yel-
lowish block, 0.48 X 0.24 X 0.24 mm, monoclinic, P2,/c (no. 14),
a = 20.4825(1), b =12.4624(1), ¢ = 27.7591(2) A, B = 123.1141(4)°,
V = 5934.97(7) A%, Z = 8, p = 1.635 gem 3, 98741 measured
reflections, 13566 unique reflections (R;,, = 0.067). Intensities were
measured with a Nonius KappaCCD diffractometer with rotating
anode (Mo-K,, . = 0.71073 A) at a temperature of 150 K. Analyt-
ical absorption correction by use of the program PLATONI*?! (rou-
tine ABST, p = 3.99 mm~', 0.33—0.46 transmission). The structure
was solved with automated Patterson methods with the program
DIRDIF973! and refined with the program SHELXL9734 against
P2 of all reflections up to a resolution of (sin 0/A)may = 0.65 A~ 1.
The asymmetric unit contains two independent molecules, which
mainly differ in the conformations of the phenyl groups at C4 and
C22. Non-hydrogen atoms were refined freely with anisotropic dis-
placement parameters, hydrogen atoms were refined as rigid
groups. R [ > 206())]: R1 = 0.0219, wR2 = 0.0505. R (all data):
R1 = 0.0299, wR2 = 0.0533. S = 1.024. Residual electron density
between —0.93 and 0.92 ¢/A3. The drawings, structure calculations,
and checking for higher symmetry was performed with the program
PLATON.?l CCDC-167160 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge at www.ccdc.cam.ac.uk/conts/retrieving.html or from the
Cambridge Crystallographic Data Centre, 12, Union Road, Cam-
bridge CB2 1EZ, UK [Fax: (internat.) + 44-1223/336-033; E-mail:
deposit@ccdc.cam.ac.uk].

Acknowledgments

This work was supported in part (M. L., A. L. S.) by the Council
for Chemical Sciences of the Netherlands Organization for Scient-
ific Research (CW-NWO).

11'S. Shah, J. D. Protasiewicz, Coord. Chem. Rev. 2000, 210,

181—-201.

[2al . Mathey, Angew. Chem. 1987, 99, 285—296 Angew. Chem.

Int. Ed. Engl. 1987, 26, 275—286. 21 K. B. Dillon, F. Mathey,

J. E. Nixon, Phosphorus: The Carbon Copy, John Wiley, Chices-

ter, 1998.

I R. Streubel, H. Wilkens, A. Ostrowski, C. Neumann, F. Ruthe,
P. G. Jones, Angew. Chem. 1997, 109, 1549—1550 Angew. Chem.
Int. Ed. Engl 1997, 36, 1492—1493.

4 R. Streubel, H. Wilkens, P. G. Jones, Chem. Commun. 1999,
2127-2128.

5] A. Padwa, S. F. Hornbuckle, Chem. Rev. 1991, 91, 263—309.

R. Streubel, U. Schiemann, P. G. Jones, N. H. T. Huy, F. Ma-

they, Angew. Chem. 2000, 112, 3845—3847; Angew. Chem. Int.

Ed. 2000, 39, 3686—3688.

7] [7al M. J. M. Vlaar, P. Valkier, F. J. J. de Kanter, M. Schakel,
A. W. Ehlers, A. L. Spek, M. Lutz, K. Lammertsma, Chem.
Eur. J. 2001, 7, 3551—-3557. 'l N, H. T. Huy, L. Ricard, F.
Mathey, Heteroatom Chem. 1998, 9, 597—600.

B N. H. T. Huy, L. Ricard, F. Mathey, New J Chem. 1998,
75-176.

1 9al R Streubel, A. Ostrowski, H. Wilkens, R. Ruthe, J. Jeske,
P. G. Jones, Angew. Chem. 1997, 109, 409—413; Angew. Chem.
Int. Ed. Engl. 1997, 36, 378—382. °P1 Y. Inubushi, N. H. T. Huy,
L. Ricard, F. Mathey, J. Organomet. Chem. 1997, 533, 83—86.

O R. Streubel, C. Neumann, Chem. Commun. 1999, 499—500.

[2

=

1801



FULL PAPER

K. Lammertsma et al.

I al p Le Floch, A. Marinetti, L. Ricard, F. Mathey, J Am.
Chem. Soc. 1990, 112, 2407—2410. [''®1 M. J. M. Vlaar, F. J. J.
de Kanter, M. Schakel, M. Lutz, A. L. Spek, K. Lammertsma,
J. Organomet. Chem. 2001, 617—618, 311—317.

21 A, Marinetti, F. Mathey, J Am. Chem. Soc. 1982, 104,
4484—4485.

U3l 3al A _H. Li, L.-X. Dai, Chem. Rev. 1997, 97, 2341—2372, [13b]
K. Mikami, T. Nakai, Synthesis 1991, 594—604.

14 For recent reviews on the chemistry of electrophilic phosphini-
dene complexes, see: !4 F. Mathey, N. H. T. Huy, A. Ma-
rinetti, Helv. Chim. Acta 2001, 84, 2938—2957 [14P] K Lam-
mertsma, M. J. M. Vlaar, Eur. J. Org. Chem. 2002, 1127—1138.

U151 While bis(imine) 5 is readily available,*'! we are unaware of
synthetic routes to bis(imines) separated by an unsubstituted
methylene bridge.

161 116a] The 3'P NMR spectrum of the crude reaction mixture
showed one other resonance from an unidentified product in
this region at § =74.4 (ca. 5—7%). [16® Each of the two diaster-
eoisomers of 6 can have (E) and (Z) configurations for each of
its imine groups, but in the light of the limited configurational
stability of imines in general we assume that the minor isomer
of 6, like the major product (vide infra), also has an (E) config-
uration for both of them.

171 A. Marinetti, F. Mathey, Organometallics 1987, 6, 2189—2191.

U181 J. Svara, F. Mathey, Organometallics 1986, 5, 1159—1161.

191Y. Inubushi, N. H. T. Huy, F. Mathey, Chem. Commun. 1996,
1903—1904.

[201 120a] N, H. T. Huy, L. Ricard, F. Mathey, Organometallics 1997,
16, 4501 —4504. 12°°1 B, Wang, K. A. Nguyen, G. N. Srinivas,
C. L. Watkins, S. Menzer, A. L. Spek, K. Lammertsma, Or-
ganometallics 1999, 18, 796—799. 2% C. M. D. Komen, C. J.
Horan, S. Krill, G. M. Gray, M. Lutz, A. L. Spek, A. W.
Ehlers, K. Lammertsma, J Am. Chem. Soc. 2000, 112,
12507—-12516.

1802

(211 A. Marinetti, F. Mathey, Organometallics 1982, 1, 1488—1492.

(221 [22a] p. M. Sudhakar, K. Lammertsma, J. Org. Chem. 1991, 56,
6067—6071. 22°1 P. Yin, Z. L. Wang, Z. P. Bai, C. D. Li, X. Q.
Xin, Chem. Phys. 2001, 264, 1—38.

1231 J. Roussilhe, E. Fargin, A. Lopez, B. Despax, N. Paillous, J.
Org. Chem. 1983, 48, 3736—3741.

(241 Replacment with PPh for PH and removal of the W(CO)s
group typically has no major impact on the characteristics of
the potential energy surface; see, for example: T. P. M. Goum-
ans, A. W. Ehlers, M. J. M. Vlaar, S. J. Strand, K. Lam-
mertsma, J. Organomet. Chem., in press.

[251 M. Harmata, R. Glaser, G. S. Chen, Tetrahedron Lett. 1995,
36, 9145-9148.

[2601'Y.-D. Wu, K. N. Houk, J Org Chem. 1991, 56, 5657—5661.

(271271 K. Lammertsma, B. Wang, J.-T. Hung, A. W. Ehlers, G.
M. Gray, J. Am. Chem. Soc. 1999, 121, 11650—11655. 2701 B,
Wang, K. A. Nguyen, G. N. Srinivas, C. L. Watkins, S. Menzer,
A. L. Spek, K. Lammertsma, Organometallics 1999, 18,
796—1799.

(281 A. D. Becke, Phys. Rev. A 1988, 38, 3098—3100.

(291 C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785—789.

1301 A, Marinetti, F. Mathey, J Chem. Soc., Chem. Commun.
1982, 667—668.

31 R. Kupfer, U. H. Brinker, J Org. Chem. 1996, 61, 4185—4186.

321 A, L. Spek, PLATON, A multipurpose crystallographic tool,
Utrecht University, The Netherlands, 2001.

331 P T. Beurskens, G. Admiraal, G. Beurskens, W. P. Bosman, S.
Garcia-Granda, R. O. Gould, J. M. M. Smits, C. Smykalla,
The DIRDIF97 program system, Technical Report of the Crys-
tallography Laboratory, University of Nijmegen, The
Netherlands, 1997.

341 G. M. Sheldrick, SHELXL-97, Program for crystal structure
refinement, University of Gottingen, Germany, 1997.

Received January 24, 2002
002032]

Eur. J. Org. Chem. 2002, 17971802



