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Introduction

Organophosphorus compounds constitute the largest ligand
class for catalysis. Probing the ligand properties by 31P NMR
spectroscopy would be highly desirable, but studies show
only moderate or even counterintuitive relationships.[1,2]

Phosphorus nuclear chemical shifts are governed by several
factors, such as resonance interactions, inductive and steric
effects, bond angles, and ring size.[2–4] Even the structurally
very similar Z and E isomers of 7-phosphanorbornenes 1
differ by as much as 70 ppm in 31P NMR chemical shifts.[3]

The advance of computing capacity allows for theoretical
analyses of experimental systems.[2a,4,5] Chesnut et al.[4] relat-

ed the variations in shielding to
the magnitude of the HOMO–
LUMO energy gap Eg and ad-
dressed the underlying princi-
ples to qualitatively account for
the variations, but noted that
nonadditive a-, b-, and g-sub-
stituent effects dominate the
overall shielding.

The 1,2-addition of carbene-like electrophilic phosphini-
denes to alkenes gives direct access to both the Z and E iso-
meric phosphiranes,[6–9] providing suitable test systems for
31P NMR analysis. For example, the isomers of strained
phosphiranes 2[7] and 3[8] show a difference in 31P chemical
shielding analogous to 1. Here, we report on phosphinidene
addition to hexamethyl Dewar benzene (9) to give the novel
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exo-annellated phosphiranes 4, which have been character-
ized by NMR spectroscopy and X-ray crystallography. Also,
the Z and E isomers of 4 have remarkably different
31P NMR chemical shifts. We explain the origins of this phe-
nomenon semiquantitatively by a computational investiga-
tion, providing a more systematic understanding of structur-
al influences on the 31P chemical shift.

Furthermore, adducts on hexamethyl Dewar benzene are
scarce and, to the best of our knowledge, the phosphiranes 4
are the first isolated second-row element 1,2-adducts of 9.
First-row elements in mono- and bis-adducts of 9 are
known, such as 5a,b and 6,[10,11] as are the nitrene adducts of
hexafluoro Dewar benzene (7 and 8),[12] but only for 6b has
a crystal structure been reported.[11b] The intermediacy of
the cationic sulfur analogue 5c has been proposed, but it de-
composes at �60 8C.[13] Therefore, we also report on the
strain in 4 as well as on the reactivity of the remaining
double bond in these fused tricyclic systems.

Results and Discussion

Synthesis : Benzophosphepines 10 were recently devel-
oped,[14] from which transient terminal phosphinidene com-
plexes [RP=W(CO)5] were generated in situ under mild con-
ditions (10a : R=phenyl, �55 8C; b : R=Me, �65 8C) by
cheletropic elimination of naphthalene from the phospha-
norcaradiene intermediate. Reaction of 10a,b with 9 in tolu-
ene cleanly afforded the annellated phosphiranes 4a and 4b
in 60 and 66% isolated yield, respectively (Scheme 1).[15]

Isomer (Z)-4a could be separated from the E isomer and
purified by column chromatography and fractional crystalli-
zation to give a white crystalline solid that decomposes
above 145 8C; 4b could only be partially separated into iso-
merically enriched fractions.

NMR analysis of the products suggested that the phosphi-
nidene complex has added exo to the double bond, while
the phosphorus substituent R is oriented either Z or E with
respect to the central cyclobutane moiety. For example, the
2D NOESY spectra for both isomers of 4a feature an inter-
action of the phosphirane methyl (Me) groups (at C1/2)
with those attached to the double bond, which would be
absent in the endo adducts 11a. Furthermore, correlations

are observed for the phenyl
ortho-H atoms with the central
methyl groups (at C3/6) of the
Z isomer and with the methyl
groups of the phosphirane
moiety (at C1/2) of the E
isomer. The preference for the
exo isomers is consistent with the addition of other heteroa-
tom groups that lead to the exo adducts 5 and 6,[10,11] and
with the addition of [RP=

W(CO)5] to norbornene and re-
lated compounds.[16] This prefer-
ence for exo addition has been
attributed to rehybridization of
the double bond(s) in the sub-
strate, which causes a tilting of
the p atomic orbitals of the
carbon atom.[16b] As a result,
the HOMO p electron density
is more localized on the exo
face than on the endo face, as
illustrated for 9 in Figure 1.

The 31P NMR chemical shifts
of the products (4a : �63.0 (Z),
�126.9 (E); 4b : �87.3 (Z), �138.5 ppm (E)) are similar to
those of the related norbornadiene adducts 2 (�61.0 (Z),
�100.7 ppm (E)),[7] but are significantly deshielded relative
to the parent phosphirane complexes 12a (�187.6 ppm)[17]

and 12b (�199.3 ppm, see
below).[18] The phosphirane
carbon atoms resonate at rather
low field (e.g. (Z)-4a : 49.3 vs.
(Z)-2 : 35.8 ppm).[7]

Crystal structure : The geometry
of (Z)-4a was confirmed by X-ray crystallography
(Figure 2). The crystal structure shows that the plane of the
phenyl ring is parallel to the phosphirane C�C bond. This
C1�C2 bond length of 1.592(4) L is elongated in compari-
son to those in typical phosphiranes (1.47–1.52 L)[7,17b,19] and
is even longer than those in phosphabicyclobutane (Z)-3
(1.550 L).[8] The C3�C6 bridgehead bond is also elongated
(1.588(4) L), which is, however, common for cyclobu-
tenes.[20] The central four-membered ring is planar and has
interplanar angles of 118.57(19) and 110.22(19)8 with the
phosphirane and cyclobutene rings, respectively.[21] The cen-
tral methyl groups (C9 and C12) are bent away from the
phenyl group, as designated by the obtuse interplanar angle
of 130.4(2)8 with the central cyclobutane versus 119.3(2)8
with the cyclobutene ring.[21]

Calculated 31P NMR chemical shifts : Because the 1H NMR
resonances of the PMe group of 4b and those of either its
vinylic (Z) or phosphirane methyl groups (E) are in close
proximity, the stereochemical assignment by 2D NOESY
NMR is not unequivocal. Therefore, we calculated the phos-
phorus chemical shieldings scalcd of the four possible adducts

Scheme 1. Synthetic route to tricyclic phosphiranes 4, including ring atom
numbering.

Figure 1. HOMO electron den-
sity distribution in 9.
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(exo/endo, Z/E) with the Amsterdam Density Functional
(ADF) program[22] at the BP86/TZP level of theory to con-
firm the stereochemistry of the products. The data in

Table 1 show an excellent agreement between the computed
and experimentally observed NMR chemical shifts of the
exo adducts 4a,b (e.g. (Z)-4b : d=�81.8 (exptl), �87.3 ppm
(calcd); (E)-4b : d=�138.5 (exptl), �136.8 ppm (calcd)),
while the Z- and E-endo adducts 11b were predicted to be
about 20 ppm more shielded as compared to 4b.

Phosphorus chemical shielding differences : The Z isomers
of 4a and 4b are as much as �60 ppm less shielded than the
E isomers. Similar shielding differences between the Z and
E isomers have been observed for the phosphinidene ad-
ducts 2,[7] phosphabicyclobutanes 3,[8] and 7-phosphanorbor-
nenes 1.[3] Next, we examined whether this difference has a
sterical or electronic origin.

Phosphorus chemical shielding analysis : Chesnut et al. relat-
ed the variations in shielding to the magnitude of the
HOMO–LUMO energy gap Eg and discussed the underlying
principles.[4] They found that of the total shielding the dia-
magnetic term sDia varies little, as it relates to core terms
that are similar for all phosphorus compounds, while the
paramagnetic component sPara varies much more. For un-
complexed phosphines, the HOMO represents the lone pair
on the phosphorus, while the LUMO resembles an empty
phosphorus p-orbital perpendicular to it. In an external
magnetic field, effective coupling occurs between these mo-
lecular orbitals (MO),[23] and as the LUMO has a nodal
plane through the phosphorus, this will cause a paramagnet-
ic deshielding of the nucleus. A smaller energy gap Eg leads
to stronger MO coupling and, therefore, to a more negative
sPara. The double bond in 1 has a large influence on the 31P
chemical shielding by raising the HOMO, especially for the
(Z)-1 isomer that has its lone pair on the opposite side.[4a] In
the tricyclic phosphiranes 4, the double bond is more distant
than in 1 (i.e. , in the g instead of the b position) and, there-
fore, we would expect a smaller effect.

The HOMO–LUMO gap is also influenced by the valence
angles on phosphorus.[4d] Due to the steric requirements of
the bridgehead methyl groups in 4 (relative to 1,3 diaxial
steric interactions in cyclohexanes), the phosphorus atom is
less pyramidal in the Z than in the E isomer according to
our BP86/TZP calculations (i.e., the sum of the C-P-C
angles: 279.2 (Z) and 254.78 (E)). To address this relation-
ship for phosphiranes, we calculated the 31P NMR shieldings
for uncomplexed phosphirane 12b’ (’ indicates no W(CO)5),
while varying the angle a between the P�Me bond and the
phosphirane plane. The energy required for such deforma-
tions is modest, for example, +2.0 kcalmol�1 for a 108 in-
crease from the equilibrium value of 101.328 (see Figure 3a).
Within the 208 range of a studied, the shielding changes
more than 70 ppm (Figure 3a), which is fully attributable to
sPara and which is paralleled by a change in the HOMO–
LUMO gap of 0.45 eV (Figure 3b, Eg=5.78 at a=958 and
5.34 eV at 1158). The p character of the P lone pair
(HOMO) and, thus, its energy level, increases with larger
angles a, resulting in decreasing pyramidalization, while the
LUMO is much less affected. The same trend is observed
for (Z)- and (E)-3, both of which have been characterized
crystallographically. The phosphorus atom in (Z)-3 is less
pyramidal than that of the E isomer (the sum of the C-P-C
angles: 273.9 vs. 259.98, respectively), and, accordingly, is
48.4 ppm less shielded (Z : d=�36.7 ppm, E : d=

�85.1 ppm).[8]

In complexes 4, the metal fragment, which is both a s ac-
ceptor and a p donor, lowers the energy of the P lone pair
and raises that of the empty phosphorus p orbital.[5a] Howev-
er, a more negative paramagnetic contribution is observed
for 4b than for uncomplexed 4b’((Z)-4b : sPara=

�635.4 ppm, (Z)-4b’: sPara=�591.2 ppm; see Table 2) which
is due to extra deshielding contributions of the complex that
arise from the coupling between the occupied p (PR3) and
virtual s* (PW) orbitals.[5a] As these transitions complicate

Figure 2. Displacement ellipsoid plot (50% probability) of (Z)-4a. Hy-
drogen atoms are omitted for clarity. Selected bond lengths (L), angles
and torsion angles (8): W1-P1 2.5206(7), P1�C1 1.831(3), P1�C2 1.840(3),
C1�C2 1.592(4), C3�C6 1.588(4), C4�C5 1.334(4), C1-P1-C2 51.41(11),
C2-C1-C7 127.1(2), C1-C2-C8 127.9(2), C3-C6-C12 125.6(2), C6-C3-C9
127.1(2), C5-C4-C10 135.1(3), C4-C5-C11 135.3(3), P1-C1-C2-C3
�118.68(16), P1-C2-C1-C6 118.46(16), C1-C6-C3-C4 110.15(19), C2-C3-
C6-C5 �110.3(2), C1-C6-C3-C9 �130.7(3), C2-C3-C6-C12 130.2(3), C4-
C3-C6-C12 �119.4(3), C5-C6-C3-C9 119.2(3).

Table 1. BP86/TZP 31P NMR chemical shieldings s and chemical shifts d

[ppm].

scalcd dcalcd dexptl

12b 456.4 �199.3[a] �199.3
4a Z 318.8 �61.7 �63.0

E 387.1 �130.0 �126.9
4b Z 338.9 �81.8 �87.3

E 393.9 �136.8 �138.5
11b Z 358.7 �101.6

E 417.2 �160.1

[a] Used as reference chemical shift (see Experimental Section).
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more detailed analyses, we focused on the uncomplexed
model systems 4b’, 13, and 14 (Table 2). The paramagnetic
contribution sPara is much larger for the E than for the Z
isomer of each model compound except for 14 ; the differen-
ces in sDia are small. As the lone pair is more localized on P
in 4b’ than in the complex 4b, the phosphorus nucleus is
more sensitive to the differences in the electronic structure
of the isomers, which is expressed in an increase in Ds from
55 to 64 ppm.

To evaluate the influence of steric congestion on the P-
pyramidalization, we replaced the bridgehead methyl groups

in 4b’ with hydrogen atoms (13). The result is that the Z
isomer becomes more pyramidal, as indicated by the angle
a of 110.28 for (Z)-13 versus 114.58 for (Z)-4b’. Conse-
quently, the HOMO is lowered with a concomitant increase
in Eg from 4.33 to 4.44 eV. This effect is paralleled by a
strong reduction of the paramagnetic deshielding from
�591.2 for (Z)-4b’ to �551.8 ppm for (Z)-13. In contrast,
the E isomers show little structural change, and, hence, the
sPara contribution remains almost constant. Consequently,
the difference in the total shielding s of the isomers is re-
duced from 64 for (Z/E)-4b’ to 26 ppm for (Z/E)-13
(Table 2).

The effect of the cyclobutene moiety becomes apparent
when we compare model systems 13 and 14, in which the
unsaturated ring has been eliminated. The P-pyramidaliza-
tion in the isomers of 13 and 14 is virtually unaffected (e.g.,
(Z)-13 : a=110.28, (Z)-14 : 110.08), yet the influence on the
chemical shift difference between the E and Z isomers is
large. While this difference is substantial for 13 (Ds=

26.3 ppm), it vanished for 14 (Ds=�1.9 ppm). For (Z)-14,
the Eg is even larger than for its E isomer (5.30 vs. 5.02 eV,
respectively), and the sPara differs accordingly (�513.5 vs.
�526.1 ppm), which thereby effectively counteracts the
change in sDia. The influence of the double bond becomes
evident from the MO correlation diagrams for 13 and 14
that are shown in Figure 4. Compared to 14, the p and p*

components of the double bond in 13 participate in the
HOMO and LUMO, respectively, causing a decrease in the
energy difference Eg. Due to its relative orientation, the
HOMO of the Z isomer is more destabilized (14 : EHOMO=

�5.50, 13 : �5.11 eV) than that of the E isomer (14 :
EHOMO=�5.27, 13 : �5.22 eV), resulting in a smaller
HOMO–LUMO gap and, hence, a more negative sPara ((Z)-
13 : �551.8, E : �534.0 ppm).

The fused phosphiranes 14 are much less shielded than
the parent phosphirane 12b’ (compared to (Z)-14 : s=467.8,
12b’: 550.4 ppm, see Figure 3) as a result of their higher

Figure 3. Effect of the phosphirane-Me angle a in 12b’ on a) the relative
energy and the chemical shielding, and b) the HOMO and LUMO equi-
librium gap energy Eg.

Table 2. 31P chemical shielding decompositions [ppm], phosphirane-Me angles a [8], and MO and gap energies [eV]; Z isomers drawn.

sDia sPara s a EHOMO ELUMO Eg

4b
Z
E

974.3
973.7

�635.4
�579.7

338.9
393.9

117.4
104.0

D 55.1 �13.4

4b’
Z
E

983.1
987.8

�591.2
�531.8

391.9
456.0

114.5
103.3

�4.95
�5.11

�0.62
�0.51

4.33
4.60

D 64.1 �11.2

13
Z
E

980.1
988.5

�551.8
�534.0

428.2
454.5

110.2
103.0

�5.11
�5.22

�0.67
�0.68

4.44
4.54

D 26.3 �7.2

14
Z
E

981.3
992.0

�513.5
�526.1

467.8
465.9

110.0
102.8

�5.50
�5.27

�0.20
�0.25

5.30
5.02

D �1.9 �7.2
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HOMO energies ((Z)-14 : �5.50
vs. 12b’: �5.99 eV), which leads
to smaller energy gaps and,
consequently, to stronger para-
magnetic deshieldings.

In summary, the low-field 31P
chemical shift of (Z)-4 as com-
pared to the E isomer is caused
by 1) the reduced P-pyramidali-
zation of the Z isomer due to
steric interactions with the cen-
tral bridge methyl groups and
2) the stronger interaction of
the double bond with the phos-
phorus lone pair in the Z
isomer.

Ring strain : For comparison of
the ring strain in 4 and 9, we
used the uncomplexed annellated methylphosphirane 4b’ as
a model compound. The reaction enthalpies of homodes-
motic reactions[24] given in Equations (1)–(3) were calculated
at the G3ACHTUNGTRENNUNG(MP2)//B3LYP/6–31G(d) level of theory.[25,26] The
calculated strain energy of 42.7 kcalmol�1 for 9 is in excel-
lent agreement with previous experimental estimates of 40–
45 kcalmol�1,[27] while the annellated phosphirane (E)-4b’
has a larger ring-strain energy of 53.9 kcalmol�1. The phos-
phirane ring apparently introduces 11.2 kcalmol�1 extra ring
strain, which is, however, half of that calculated for the
parent phosphirane C2H4PH.[24b] The modest contribution of
the CCP ring to the strain energy of 4b’ is partly due to the
release of 4.7 kcalmol�1 of olefin strain in 4b’ [reactions (1)
vs. (3)],[28] which compares well with the 5.3 kcalmol�1 of
olefin strain reported for cyclobutene.[24b,9b]

At this level of theory, (Z)-4b’ is 4.7 kcalmol�1 less stable
than the (E)-4b’ isomer due to the steric interactions be-
tween the P�Me group and the bridgehead methyl groups.
For complexed 4, this energy difference is largely offset by

similar interactions with the
W(CO)5 group in the E isomer.
In fact, (E)-4b is favored over
the Z isomer by only
0.5 kcalmol�1 at the BP86/TZP
level.

Steric congestion of the sub-
strate : Substrates with two
double bonds can give both
single and double phosphini-
dene addition,[9c,29] but only the
mono-adducts were obtained in
the case of hexamethyl Dewar
benzene (HMDB) (9). We as-
cribe this to the steric conges-
tion of the double bonds. When

we used, instead of 10, the “classical” phosphinidene precur-
sor 16 with 10% CuCl as a catalyst ,[30] only 23% conversion
to 4a (Z/E 5:1) was observed
under similar reaction condi-
tions. Several byproducts were
formed, most notably diphos-
phene (15%) and triphosphir-
ane (6%), which are known de-
composition products of 16 in
the absence of a substrate.[31]

Reaction at room temperature with a fivefold excess of 9
and 5% CuCl did not improve the conversion. These obser-
vations are consistent with the proposed intermediacy of a
phosphinidene–CuCl species,[32,8, 9b,c] which is sterically more
demanding than the “free” phosphinidene complex generat-
ed without the CuI catalyst. Thermal decomposition of 16 at
110 8C with a fivefold excess of 9 afforded a cleaner reac-
tion,[33] , but still only 31% conversion to (Z)-4a was ob-
tained. The small amount of E isomer that was also ob-

Figure 4. Correlation diagram for (Z/E)-14 and 13, including MO energies and gap energies Eg (eV).
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served during the course of the reaction was not stable at
the reaction temperature. These results signify the steric
congestion in the substrate 9 and the suitability of benzo-
phosphepine 10 as a low-temperature precursor of transient
phosphinidene complexes.

Second cycloaddition : Products 4a and 4b still contained a
(hindered) double bond, and we attempted to expand the
annellated system with a subsequent cycloaddition
(Scheme 2). Reaction of 4a or 4b with the corresponding

benzophosphepine 10 (a : 65 8C, b : 75 8C) only resulted in de-
composition of the precursor.[14b] Clearly, the double bond in
4 is not accessible for phosphinidene addition. The crystal
structure of 4a shows that the central methyl groups (C9
and C12) are tilted toward the double bond, which is in ac-
cordance with the observed reduced accessibility.

We reasoned that addition of the smaller singlet methyl-
ene H2CD might possibly afford the cyclopropane derivative
17. The use of the Simmons–Smith carbenoid [IZnCH2I],
conveniently generated from diiodomethane and diethylzinc
in hexane,[34] was an evident choice. However, whereas 9
was fully converted by excess carbenoid to a mixture of
mono- and bis-adduct (5a and 6a, Scheme 3), no addition

was observed for (Z)-4a. Instead, epoxidation with m-chlo-
ACHTUNGTRENNUNGroperbenzoic acid (MCPBA), analogous to the generation
of 5b and 6b[11] was more successful. Thus, reaction of (Z)-
4a with a threefold excess of MCPBA resulted in 42% (by
NMR spectroscopy) of tetracyclic 18 (dP=�69.9 ppm).[35]

The presence of an epoxide ring in complex 18 was estab-
lished by multinuclear NMR spectroscopy; the spectra indi-
cate that Cs symmetry is retained. In this complex, the vinyl-
ic carbon resonance of (Z)-4a (146.5 ppm) is replaced by
one at d=73.1 ppm, which is typical for epoxides (compared
to 5b : d=75.1 ppm, 6b : d=68.6 ppm[11c]). The presence of
an exo-epoxide ring, analogous to 5b and 6b was corrobo-

rated by 2D NOESY measurements. The correlation of the
central bridgehead methyl groups (at C3/6) with those at
C4/5 (epoxide) is weaker than for the starting material (Z)-
4a. This is consistent with their increased distance in 18,
whereas in endo-epoxide 19 these methyl groups would be
closer to each other than in (Z)-4a. Moreover, an interac-
tion is observed between the methyl groups of the phosphir-
ane ring and those of the epoxide ring, which would be
absent in 19. Finally, we calculated 31P NMR chemical shifts
at the BP86/TZP level[22] for epoxides 18 and 19 of dcalcd=

�68.7 and �88.8 ppm (scalcd=

325.9, 345.9 ppm), respectively.
The chemical shift for 18 is in
excellent agreement with the
experimentally observed
31P NMR chemical shift of d=

�69.9 ppm.

Conclusion

Tricyclic exo-phosphiranes 4
have been synthesized by phos-

phinidene addition to 9. Benzophosphepine 10 is a suitable
phosphinidene precursor for such sterically hindered sub-
strates. The remaining double bond is unreactive toward fur-
ther 1,2-addition by phosphinidene or methylene species,
but can be epoxidized with MCPBA to a tetracyclic P,O-bis-
adduct. The large difference in 31P NMR chemical shift of
(Z)- and (E)-4 is found to be due to a combination of steric
congestion around the phosphorus atom and electronic in-
teraction of the (coordinated) phosphorus lone pair with the
double bond in the Z isomer, both of which cause deshield-
ing relative to the E isomer. The semiquantitative results of
our calculations provide a more systematic understanding of
structural influences on 31P chemical shieldings. This may
pave the way to using 31P NMR spectroscopy to monitor
structural differences of tailored phosphine ligands in cataly-
sis.

Experimental Section

Computation of 31P NMR chemical shieldings : Hybrid density-functional
theory geometry optimizations were carried out with ADF 2004.01 at the
Becke 88-Perdew 86/TZP level,[22] by using an integration accuracy of 6.0
and convergence criteria of 1Q10�6 for the SCF and 1Q10�4 for the ge-
ometry. Subsequently, a single-point SCF calculation was performed with
the PBE functional, using a basis set of TZP (4d frozen) for W and ET-
pVQZ for all other elements. The resulting wave function and potential
were supplied to ADFSs EPR/NMR program to calculate the 31P chemi-
cal shielding. These values are relative to a bare phosphorus nucleus and
can be converted to chemical shifts d relative to an appropriate reference
system, for which we used the phosphirane complex 12b (scalcd=456.4,
dexptl=�199.3 ppm) to obtain the relationship: dcalcd ACHTUNGTRENNUNG(adduct)=

257.1 ppm�scalcd ACHTUNGTRENNUNG(adduct). Reported shielding contributions are rounded
to one, and BP86/TZP MO energies to two decimal places.

Ring strain analyses : Structures were optimized with Gaussian 03
(G03)[25] at the B3LYP/6–31G(d) level of theory by using tight SCF and

Scheme 2. Reactivity of 4 ([M]=W(CO)5).

Scheme 3. Methylene addition to 9 with product ratio.
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geometry convergence criteria and an ultrafine integration grid and were
verified as minima by frequency calculations. The strain energies were
determined by calculating the G3 ACHTUNGTRENNUNG(MP2)//B3LYP/6–31G(d) enthalpies at
298.15 K for the homodesmotic reactions. The size of (Z/E)-4b’ required
the use of a 64 bits implementation of G03.

General : All reactions were carried out under nitrogen using standard
Schlenk techniques. Hexamethyl Dewar benzene (9), dichloromethane
(DCM), and 70% m-chloroperbenzoic acid (MCPBA) were used as re-
ceived. Diethylzinc was purchased as a 1.0m solution in hexanes. Toluene
was distilled over sodium. The syntheses of benzophosphepines 10a and
10b have been described elsewhere.[14] NMR measurements were per-
formed (at 298 K) on a Bruker Avance 250 (1H, 13C, 31P) or a Bruker
Avance 400 (1H, 13C, 2D spectra). NMR chemical shifts were internally
referenced to the solvent for 1H (CHCl3: d =7.26 ppm, C6HD5: d=

7.16 ppm) and 13C (CDCl3: d=77.16 ppm, C6D6: d=128.06 ppm),[36] and
externally for 31P to 85% H3PO4. Infrared (IR) spectra were recorded on
a Mattson-6030 Galaxy Series FTIR spectrometer, and GC–MS spectra
on a HP 5890 Series II GC (column BP5 25 m, 0.25 mm ID) with a HP
5971 Series MS unit. High-resolution mass spectra (HR-MS) were mea-
sured on a Finnigan Mat 900 mass spectrometer operating at an ioniza-
tion potential of 70 eV. The elemental analysis of (Z)-4a was performed
by the Microanalytical Laboratory of the Laboratorium fTr Organische
Chemie, ETH ZTrich. Melting points were measured on samples in un-
sealed capillaries and are uncorrected.

(Hexamethyl-3-phenyl-3-phosphatricyclo[3.2.0.02,4]hept-6-en-3-yl)penta-
carbonyltungsten (4a)

Procedure A : 10a (125.95 mg, 225 mmol) and 9 (90.9 mL, 450 mmol) were
dissolved in toluene (2.25 mL), and heated to 55 8C for 4.5 days. 31P NMR
spectroscopy showed complete conversion to 4a (Z/E 1.1:1). Volatiles
were evaporated and the crude product was purified by column chroma-
tography over silica gel eluted with pentane, which yielded a white solid
(80.8 mg, 136 mmol, 60%). The Z isomer could be separated from the E
by column chromatography over silica gel eluted with 19:1 pentane/
DCM, followed by fractional crystallization from hexane at �20 8C.
(Z)-4a : Colorless crystalline solid, m.p.=145 8C (decomp); Rf (silica/pen-
tane): 0.30; 1H NMR (250.1 MHz, CDCl3): d=7.54 (ddd, 3JHP=10.8,
3JHH=7.8, 4JHH=1.6 Hz, 2H; o-PhH), 7.38–7.26 (m, 3H; m/p-PhH), 1.68
(d, 5JHP=0.9 Hz, 6H; =CMe), 1.51 (d, 3JHP=16.4 Hz, 6H; PCMe),
0.84 ppm (s, 6H; PCCMe); 13C{1H} NMR (100.6 MHz, CDCl3): d=199.7
(d, 2JCP=27.2 Hz, COax), 196.7 (d, 2JCP=7.9 Hz, COeq), 146.5 (d, 3JCP=

4.6 Hz, =C), 137.6 (d, 1JCP=17.2 Hz, ipso-Ph), 133.1 (d, 2JCP=11.3 Hz, o-
Ph), 129.6 (d, 4JCP=2.0 Hz, p-Ph), 127.9 (d, 3JCP=9.4 Hz, m-Ph), 54.3 (d,
2JCP=7.8 Hz, PCC), 49.3 (d, 1JCP=18.0 Hz, PC), 15.5 (d, 2JCP=10.3 Hz,
PCMe), 11.4 (d, 3JCP=2.9 Hz, PCCMe), 11.0 ppm (s, =CMe); 31P{1H}
NMR (101.3 MHz, CDCl3): d=�63.0 ppm (1JPW=250.3 Hz); IR (KBr):
n̄=2069.5 (m, COax), 1928.5, 1910.8 cm�1 (br s, COeq); HR-MS: calcd for
C23H23O5PW: 594.0793; found: 594.0795; m/z (%): 594 (2) [M]+ , 510 (1)
[M�3CO]+ , 482 (1) [M�4CO]+ , 454 (36) [M�5CO]+ , 452 (41), 432 (14)
[M�9]+ , 404 (100) [M�9�CO]+ , 376 (18) [M�9�2CO]+ , 348 (92)
[M�9�3CO]+ , 320 (31) [M�9�4CO]+ , 292 (31) [M�9�5CO]+ , 161
(15) [hexamethyl benzene (HMB)�H]+, 147 (37) [HMB�Me]+ ; elemen-
tal analysis calcd (%) for C23H23O5PW: C 46.49, H 3.90; found: C 46.62,
H 3.97. (E)-4a : Rf (silica/pentane): 0.25;

1H NMR (400.1 MHz, CDCl3):
d=7.37 (td, 3JHH=7.4, 4JHP=2.5 Hz, 2H; m-PhH), 7.31–7.25 (m, 3H; o/p-
PhH), 1.68 (d, 5JHP=1.2 Hz, 6H; =CMe), 1.29 (s, 6H; PCCMe), 1.27 ppm
(d, 3JHP=10.2 Hz, 6H; PCMe); 13C{1H} NMR (100.6 MHz, CDCl3): d=

199.2 (d, 2JCP=30.5 Hz, COax), 197.5 (d, 2JCP=7.6 Hz, COeq), 143.2 (d,
3JCP=6.7 Hz, =C), 139.6 (d, 1JCP=28.0 Hz, ipso-Ph), 132.8 (d, 2JCP=

9.2 Hz, o-Ph), 129.1 (d, 4JCP=1.1 Hz, p-Ph), 128.9 (d, 3JCP=8.3 Hz, m-Ph),
55.1 (d, 2JCP=4.7 Hz, PCC), 44.9 (d, 1JCP=15.5 Hz, PC), 13.3 (s, PCCMe),
12.2 (d, 3JCP=7.2 Hz, PCMe), 10.8 ppm (s, =CMe); 31P{1H} NMR
(101.3 MHz, CDCl3): d=�126.9 ppm (1JPW=241.5 Hz).

Procedure B : CuCl (1.2 mg, 12 mmol, 10%), complex 16a (81.4 mg,
137 mmol), and 9 (24.5 mL, 121 mmol) were heated in toluene (0.4 mL) at
50 8C for 4.5 h. 31P NMR spectroscopy of the resulting intense red mix-
ture indicated 23% conversion to 4a (Z/E 5:1), along with diphosphene
(15%, dP=�18 ppm (1JPW=139, 1JPW=103, 2JPW=32 Hz)), triphosphir-
ane (6%, dP=�92 (dd, 1JPP=215, 1JPP=176 Hz), �119 (dd, 1JPP=176,

1JPP=165 Hz), �129 ppm (dd, 1JPP=215, 1JPP=165 Hz)), and small
amounts of other unidentified byproducts.

Procedure C : CuCl (0.6 mg, 6 mmol, 5%), complex 16a (79.5 mg,
122 mmol), and 9 (125 mL, 619 mmol) were stirred in toluene (1.5 mL) at
room temperature for 10 days. 31P NMR spectroscopy of the resulting in-
tense red mixture indicated 24% conversion to 4a (Z/E 8:1).

Procedure D : Complex 16a (37.3 mg, 57 mmol) and 9 (58 mL, 287 mmol)
were dissolved in toluene (0.50 mL), and heated to 110 8C for 20 h. Con-
version to 4a was determined by 31P NMR spectroscopy: 26% after 4 h
(Z/E 7:1), 31% after 20 h (only Z).

(Heptamethyl-3-phosphatricyclo[3.2.0.02,4]hept-6-en-3-yl)pentacarbonyl-
tungsten (4b): Compound 10b (299 mg, 0.60 mmol) and 9 (303 mL,
1.50 mmol) were dissolved in toluene (5.0 mL) and heated to 65 8C for
6 days. 31P NMR spectroscopy showed complete conversion to 4b (Z/E
1.4:1) with traces of byproduct at d =�21.0 and �125.7 (d, J=13.7 Hz),
�23.4 and �150.7 ppm (d, J=14.4 Hz), which we ascribed to decomposi-
tion products of 10b in analogy with 10a.[14b] Volatiles were evaporated
and the crude product was purified by column chromatography over
silica gel eluted with 19:1 pentane/toluene. The obtained off-white solid
(0.211 g, 0.40 mmol, 66%) also contained 8% hexamethyl benzene, but
we were unable to remove this impurity by column chromatography and
crystallization. Z and E enriched fractions were obtained by preparative
thin-layer chromatography eluted with 1% diethyl ether (DEE) in pen-
tane. (Z)-4b : Rf (silica/pentane): 0.40;

1H NMR (400.1 MHz, C6D6): d=

1.37 (d, 5JHP=0.9 Hz, 6H; =CMe), 1.35 (d, 2JHP=7.0 Hz, 3H; PMe), 1.17
(d, 3JHP=15.8 Hz, 6H; PCMe), 0.75 ppm (s, 6H; PCCMe); 13C{1H} NMR
(100.6 MHz, C6D6): d=198.7 (d, 2JCP=26.2 Hz, COax), 197.0 (d, 2JCP=

8.0 Hz, COeq), 144.2 (d, 3JCP=4.7 Hz, =C), 55.9 (d, 2JCP=6.9 Hz, PCC),
45.7 (d, 1JCP=14.1 Hz, PC), 16.1 (d, 1JCP=4.7 Hz, PMe), 14.1 (d, 2JCP=

9.5 Hz, PCMe), 12.8 (d, 3JCP=3.0 Hz, PCCMe), 10.4 ppm (s, =CMe);
31P{1H} NMR (101.3 MHz, C6D6): d=�87.1 ppm (1JPW=249.2 Hz).

(E)-4b : Rf (silica/pentane): 0.35; 1H NMR (400.1 MHz, C6D6): d=1.40
(d, 5JHP=1.3 Hz, 6H; =CMe), 1.14 (s, 6H; PCCMe), 0.89 (d, 3JHP=

9.9 Hz, 6H; PCMe), 0.86 ppm (d, 2JHP=5.4 Hz, 3H; PMe); 13C{1H} NMR
(100.6 MHz, C6D6): d=198.5 (d, 2JCP=28.7 Hz, COax), 198.0 (d, 2JCP=

7.7 Hz, COeq), 143.3 (d, 3JCP=6.7 Hz, =C), 54.1 (d, 2JCP=4.0 Hz, PCC),
43.1 (d, 1JCP=11.1 Hz, PC), 16.7 (d, 1JCP=15.8 Hz, PMe), 11.7 (d, 3JCP=

6.6 Hz, PCCMe), 10.5 (s, =CMe), 9.80 ppm (s, PCMe); 31P{1H} NMR
(101.3 MHz, C6D6): d=�138.2 (1JPW=241.1 Hz); HR-MS: calcd for
C18H21O5PW: 532.06359; found: 532.06547; m/z (%): 532 (4) [M]+ , 504
(2) [M�CO]+ , 476 (1) [M�2CO]+ , 448 (2) [M�3CO]+ , 433 (5)
[M�Me�3CO]+ , 390 (8), 377 (9) [M�Me�6CO]+ , 370 (11) [M�9]+ ,
342 (41) [M�9�CO]+ , 314 (12) [M�9�2CO]+ , 286 (7) [M�9�3CO]+ ,
258 (4) [M�9�4CO]+ , 162 (56) [HMB]+ , 147.1 (100) [HMB�Me]+ .

(1-Methylphosphiran-1-yl)pentacarbonyltungsten (12b):[18] Compound
16b (100 mg, 0.17 mmol) in toluene (2 mL) was transferred to a 5 mL
pressure chamber. A suspension of a small amount of CuCl in toluene
(1 mL) was added and the channel was rinsed with of toluene (1 mL).
Ethylene pressure (65 bar) was applied and the solution was stirred over-
night at 40 8C, after which time the yellow color had paled. The solution
was removed from the chamber; the solvent was evaporated, and the
light brown residue was purified by chromatography and sublimation to
give a white solid (50 mg, 0.13 mmol, 74%). 1H NMR (CDCl3): d=1.38
(d, 2JHP=7.5 Hz, 3H; PMe), 1.09–1.35 (m, 4H; CH2);

13C NMR (CDCl3):
d=196.0 (d, 2JCP=8.4 Hz, COeq), 17.3 (d, 1JCP=15.8 Hz, PMe), 9.1 ppm
(d, 1JCP=10.8 Hz, CH2), COax could not be observed; 31P NMR (CDCl3):
d=�199.3 ppm (1JPW=254.1 Hz); IR (KBr): n̄=2074.3 (m, COax), 1929.7
(s, COeq), 1101.3 (w), 1023.2 (w), 948.0 (w), 597.9 (w), 572.8 cm�1 (w);
HR-MS: calcd for C8H7PO5W: 397.95410; found: 397.95462; m/z (%):
398 (45) [M]+ , 370 (8) [M�CO]+ , 286 (100) [M�4CO]+ , 256 (76), 228
(56), 43 (86).

Methylene addition to 9 : Diethylzinc (2.48 mL, 2.48 mmol) was added to
9 (100 mL, 495 mmol) in hexane (10 mL) at 0 8C. Diiodomethane (166 mL,
1.98 mmol) was added dropwise under formation of a white precipitate.
The mixture was warmed to 45 8C for 3 days, then purified by extraction
with an aqueous saturated ammonium chloride solution. GC–MS analysis
(injector 140 8C; oven 40–230 8C at 5–14.5 min) showed no trace of the
starting material. A mixture of mono- and bis-adduct (3:1) was obtained

Chem. Eur. J. 2008, 14, 1499 – 1507 D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 1505

FULL PAPERTricyclic Phosphiranes

www.chemeurj.org


as a colorless oil (76 mg, 85%). The spectroscopic data of the adducts are
consistent with those reported in the literature.[10a,c]

Mono-adduct 5a : 1H NMR (250.1 MHz, CDCl3): d=1.62 (s, 6H; =CMe),
1.08 (s, 6H; CH2CMe), 0.80 (s, 6H; CH2CCMe), 0.89, 0.25 ppm (d, 2H;
2JHH=�4.3 Hz, CH2);

13C{1H} NMR (62.9 MHz, CDCl3): d=143.3 (=C),
53.0 (CH2CC), 36.6 (CH2C), 28.5 (CH2), 12.8 (CH2CMe), 11.1
(CH2CCMe), 10.3 ppm (=CMe); GC–MS (t=12.75 min) m/z (%): 176 (4)
[M]+ , 161 (100) [M�Me]+ , 146 (8) [M�2Me]+ , 133 (39), 119 (41), 107
(52), 105 (39), 91 (49), 79 (17), 77 (24), 65 (12), 63 (7), 53 (16), 51 (13),
41 (23), 39 (35).

Bis-adduct 6a : 1H NMR (250.1 MHz, CDCl3): d=1.30 (s, 12H;
CH2CMe), 0.64 (s, 6H; CH2CCMe), 0.54, �0.15 ppm (d, 4H; 2JHH=

�3.6 Hz, CH2);
13C{1H} NMR (62.9 MHz, CDCl3): d=52.1 (CH2CC), 32.3

(CH2C), 27.3 (CH2), 13.5 (CH2CMe), 11.4 ppm (CH2CCMe); GC–MS
(t=14 min) m/z (%): 190 (1) [M]+ , 175 [M�Me]+ , 161 (11), 147 (31),
133 (100), 119 (67), 105 (50), 93 (17), 91 (61), 79 (24), 77 (31), 67 (11), 65
(15), 53 (26), 41 (41), 39 (45).

Attempted phosphinidene addition to 4a : Compounds 10a
(17.04 mg, 30.4 mmol) and (Z)-4a (14.63 mg, 24.6 mmol) were dissolved in
toluene (0.50 mL) and heated to 65 8C for 3 h. 31P NMR spectroscopy
showed only unreacted (Z)-4a and decomposition products of 10a at d=

�7.2 and �119.9 (d, J=11.8 Hz), �8.7 and �128.2 (d, J=14.3 Hz), �15.9
and �123.7 ppm (d, J=11.5 Hz).[14b]

Attempted phosphinidene addition to 4b : Compounds 10b (12.43 mg,
25.0 mmol) and 4b (14.27 mg, 26.8 mmol) were dissolved in toluene
(0.50 mL), and heated to 75 8C for 3 h. 31P NMR spectroscopy showed
only unreacted 4b and signals at d =�22.7 and �127.4 (d, J=13.7 Hz),
�25.0 and �152.4 ppm (d, J=14.5 Hz), which we ascribed to the decom-
position products of 10b analogous to 10a.[14b]

Attempted methylene addition to 4a : Diethylzinc (0.10 mL, 100 mmol)
was added to (Z)-4a (11.95 mg, 20.1 mmol) in hexane (1.0 mL) at 0 8C.
Diiodomethane (6.6 mL, 81.6 mmol) was added slowly under the forma-
tion of a white precipitate. The mixture was stirred at 25 8C for one
week, then purified by using an aqueous saturated ammonium chloride
solution. 31P and 1H NMR spectroscopy showed only unreacted (Z)-4a.

Epoxidation of 4a : MCPBA (10 mg, 41 mmol) in DCM (3 mL) was dried
over magnesium sulfate, filtered, and added dropwise to a solution of
(Z)-4a (7.8 mg, 13 mmol) in DCM (2 mL) at 0 8C. After 15 min, the mix-
ture was stirred for 30 min at 25 8C. The modest stability of the W(CO)5
moiety in DCM precludes extensive reaction times. After evaporation,
the faintly yellow residue was redissolved in pentane and washed five
times with water (�3 mL). Evaporation of the solvent afforded a white
solid (6.9 mg), which consisted of 47% unreacted (Z)-4a, 42% 18, and
11% of an unidentified byproduct at dP=45.8 ppm. Data for compound
18 : 1H NMR (400.1 MHz, C6D6): d =7.28 (ddd, 3JHP=10.9, 3JHH=7.4,
4JHH=1.9 Hz, 2H; o-PhH), 6.89–6.82 (m, 3H; m/p-PhH), 1.42 (d, 3JHP=

17.2 Hz, 6H; PCMe), 1.28 (s, 6H; OCMe), 0.76 ppm (s, 6H; PCCMe);
13C{1H} NMR (100.6 MHz, C6D6): d =196.7 (d, 2JCP=8.0 Hz, COeq), 137.3
(d, 1JCP=17.6 Hz, ipso-Ph), 133.3 (d, 2JCP=11.8 Hz, o-Ph), 130.0 (d, 4JCP=

2.0 Hz, p-Ph), 127.9 (m-Ph, buried under the solvent signal), 73.1 (d,
3JCP=5.9 Hz, OC), 60.6 (d, 2JCP=7.3 Hz, PCC), 45.2 (d, 1JCP=16.3 Hz,
PC), 16.0 (d, 2JCP=10.7 Hz, PCMe), 11.8 (s, OCMe), 11.3 ppm (d, 3JCP=

3.4 Hz, PCCMe), COax could not be observed; 31P{1H} NMR (101.3 MHz,
C6D6): d=�69.9 ppm (1JPW=260.1 Hz); HR–MS: calcd for C23H23O6PW:
610.0742; found: 610.0712.

Crystal data for (Z)-4a : C23H23O5PW, Mr=594.23, colorless needle, 0.48Q
0.18Q0.03 mm, triclinic, P1̄ (no. 2), a=7.62343(14), b=11.8399(3), c=

13.0811(3) L, a=77.816(1), b=82.605(1), g=85.718(1)8, V=

1143.14(4) L3, Z=2, 1calcd=1.726 gcm�3, m =5.15 mm�1. 25262 reflections
were measured on a Nonius KappaCCD diffractometer with rotating
anode (graphite monochromator, l =0.71073 L) up to a resolution of
(sinq/l)max=0.65 L�1 at a temperature of 150 K. Intensities were inte-
grated with EvalCCD[37] by using an accurate description of the experi-
mental setup for the prediction of the reflection contours. An absorption
correction based on multiple measured reflections was applied using the
program SADABS[38] (0.44–0.86 correction range). 5230 reflections were
unique (Rint=0.0285). The structure was solved with the program
DIRDIF-99[39] using automated Patterson Methods and refined with

SHELXL-97[40] against F2 of all reflections. Non-hydrogen atoms were re-
fined with anisotropic displacement parameters. All hydrogen atoms
were introduced in calculated positions and refined with a riding model.
277 parameters were refined with no restraints. R1/wR2 [I>2s(I)]:
0.0190/0.0407. R1/wR2 (all data): 0.0228/0.0419. S=1.040. Residual elec-
tron density between �1.17 and 1.77 eL�3. Molecular illustration, geome-
try calculations, and checking for higher symmetry were performed with
the PLATON program.[41] CCDC 636374 contains the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif. .
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