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The stereoelectronic features of the pentacyclic phosphane
(1S,4R,4aS,5aR,6R,9S,9aS,10aR)-4,6,11,11,12,12-hexameth-
yl-10-phenyldodecahydro-1,4:6,9-dimethanophenoxaphos-
phinine (phenop) have been explored through a range of em-
pirical methods including single-crystal X-ray structure de-
terminations of the sulfide derivative phenopS (1), the sele-
nide phenopSe (2), [Fe(CO)4(κ1-phenop)] (3), [W(CO)5(κ1-
phenop)] (4) and trans-[Rh(κ1-phenop)(CO)Cl] (5). Cone
angles derived from the structural data range from 164–203°
with the smaller values being observed for the compounds
possessing a phenyl group that is orthogonal to the P–Z bond
and the larger values for the compounds expressing a paral-
lel phenyl ring orientation. The cone angle data suggest a
moderately bulky phosphane comparable, in steric terms, to
PCy3. This is further borne out on inspection of the M–P bond

Introduction

The characterisation of phosphane ligands in terms of
their steric and electronic properties is long-established. The
seminal paper of Tolman[1] is a constant reference source
because of the elegant simplicity and endearing applica-
bility of the methods he employed. Although the methodol-
ogies used to measure the steric properties of phosphanes
may have altered down the years, the parameter defined by
Tolman, i.e. the cone angle, is still universally used for
quantifying steric bulk, while the examination of electronic
features of phosphanes through their influence on selected
properties of other ligands (principally the C–O stretching
frequency of bound carbonyl groups) remains a common
means of assessing electronic characteristics. These empiri-
cal methods are being complemented by computation ap-
proaches of ever-increasing sophistication[2] which broadly
support the general trends observed by Tolman and others.
The modern approach to ligand classification is a more ho-
listic one with an emphasis on the stereoelectronic profiling
of phosphanes (and other ligands), nicely encapsulated in
the recent review of Fey and Harvey.[3]
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lengths which tend towards the longer end of the known
scale. Some flexibility is observed in the central ring which
approximates to a boat conformation at one extreme and an
envelope at the other depending on the nature of the P-sub-
stituent. The electronic properties of κ1-phenop have been
assessed using a combination of infrared and NMR spec-
troscopy. The absolute value of the one-bond coupling con-
stants 1JP-Se and 1JP-Rh are very close to those reported for
PPh3, suggesting a close analogy between κ1-phenop and the
well known triphenylphosphane. In addition, relevant υ(CO)
stretches in the IR spectra of the metal carbonyl complexes
also closely mimic those for the analogous complexes con-
taining PPh3. These conclusions are supported by molecular
electrostatic potential calculations at the DFT level which
place phenop close to PPh3 in terms of lone pair availability.

As a consequence of rotational freedom, the cone angle
for an acyclic phosphane can vary over an appreciable
range, e.g. for triethylphosphane a range from 123.6–159.4°
is observed for the relatively large number of structurally
characterised complexes containing the ligand.[4] The small-
est variations occur with tertiary phosphanes bearing spher-
ically symmetric groups such as tri-tert-butylphosphane,
and the largest for phosphanes with non-spherical substitu-
ents or those bearing aryl substituents. Phosphacycles may
not show the same level of flexibility because of their con-
finement within the ring which will impact on the donating
ability of the ligand.[5] The so-called phobane ligands are a
good example of bicyclic systems (and are one of the few
such classes that have found application in industry) which
show isomer-dependent basicity/reactivity allowing the sep-
aration of the symmetric and asymmetric forms by selective
protonation, oxidation or deformylation.[6] Thus (diastereo)-
isomers of phosphacycles can possess different characteris-
tics that can ultimately impact on their coordination ability
and/or potential in metal-based catalysis.

Although the number and type of existing phosphorus
ligands is legion, structurally elaborate phosphinanes are a
relatively rare and understudied class. We have a long-
standing interest in bi- and polycyclic phosphanes and their
complexation chemistry[7] and prepared recently the rigid,
asymmetric 1,4-oxaphosphinane ligand, (1S,4R,4aS,
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5aR,6R,9S,9aS,10aR)-4,6,11,11,12,12-hexamethyl-10-phen-
yldodecahydro-1,4:6,9-dimethanophenoxaphosphinine, ab-
breviated as phenop (Scheme 1, Z = lone pair), and re-
ported some aspects of the coordination chemistry of the
ligand.[8] Phenop has a framework that consists of three
fused six-membered rings, with the central 1,4-oxaphos-
phinane ring adopting a boat conformation. The two flank-
ing rings are remnants of the 1R-camphor starting material
and are, therefore, [1.2.2]-bicyclic systems. The ligand can
be viewed as a 2,3,5,6-substituted 1,4-oxaphosphinane, a li-
gand class that has not featured in the chemical literature,
although some elaborate derivatives of 2,3,5,6-substituted
phosphinanes have been reported.[9] Our earlier work on
phenop revealed a propensity for the ligand to undergo cy-
clometallation when bound to divalent palladium and plati-
num to such an extent that the only example of mono-
dentate coordination observed with these metals was in the
bis(κ1-phenop)palladium(0) derivative. Therefore, in an ef-
fort to quantify the steric and electronic properties of the
monodentate phosphane, we sought simple chalcogenide
derivatives of phenop as well as metal systems possessing
empirical markers to assist assessment of the donating abil-
ity of κ1-phenop but with a lower predilection towards cy-
clometallation than the aforementioned palladium and
platinum systems. To this end we have prepared and exam-
ined by single-crystal X-ray structure methods and, where
appropriate, IR and NMR spectroscopy, phenopS (1), phe-
nopSe (2), [Fe(CO)4(κ1-phenop)] (3), [W(CO)5(κ1-phenop)]
(4) and trans-[Rh(κ1-phenop)2(CO)Cl] (5) (Scheme 1).

Scheme 1. n = 1, Z = S (1); n = 1, Z = Se (2); n = 1, Z = Fe(CO)4

(3); n = 1, Z = W(CO)5 (4); n = 2, Z = trans-Rh(CO)Cl (5).

Results and Discussion

Syntheses and Structure of the Phenop Chalcogenides

The synthesis of phenop proceeds via its oxide derivative
which has been structurally characterised previously.[8] The
analogous sulfide and selenide derivatives, phenopS (1) and
phenopSe (2), were prepared by heating phenop with the
appropriate elemental chalcogenide in toluene. The reac-
tions required a number of days at elevated temperatures to
go to completion presumably because of steric encum-
brance at the phosphorus. Both compounds are colourless,
high melting point solids that crystallise readily from a
number of common organic solvents.

The structure of 1, determined by single crystal X-ray
crystallography, is shown in Figure 1. The gross structure
compares with that of the oxide and indeed the selenide (see
below) as expected for a rigid, fused polycyclic molecule.
All the chiral centres have the expected stereochemistry as
dictated by the choice of starting material (1R-camphor)
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and the stereoselective nature of the ligand synthesis.[8] In
all the structures of the chalcogenides the phenyl group has
an orientation where the aryl ring lies parallel to the P–Z
bond with a S–P–Cipso–C torsion angle of ca. 2° presumably
to avoid unfavorable intraligand contacts with the cyclic
ligand skeleton. The P–S bond length of 1.9616(10) Å is
within the normal range for tertiary phosphane sulfides, as
is the heterocyclic C18–P1–C7 bond angle of
102.47(14)°.[10] There is nothing unusual about the remain-
ing C–P–C bond angles, and the P–C bond lengths of
1.846(3) Å (av.) lie between those of phenop {av.
1.861(2) Å}[8b] and phenopO {av. 1.825(2) Å}.[8a] The cen-
tral ring has the boat conformation with the oxygen and
phosphorus atoms at the vertices. There is some flattening
in the region of the phosphorus apex as highlighted by O–
C–C–P torsion angles averaging 18.4° and a P···O distance
of 3.001 Å; this is likely the result of unfavourable contacts
between the sulfur atom and a number of hydrogen atoms
in the ligand framework (cf. torsion angles and non-bonded
P···O distances of 8° and 2.913 Å and 12° and 2.923 Å for
the free ligand and phenopO, respectively).[8] The smaller
S–P–Cipso bond angle of 109.62(11)° compared to the S–P–
C angles of 115.90(11)° and 120.11(12)° for the internal ring
C atoms is also a manifestation of this steric hindrance re-
sulting in a distorted tetrahedral environment about the
phosphorus. The ring flattening is also evidenced by an in-
creased distance between the P atom and its nearest methyl
carbon neighbour (3.685 Å compared to 3.409 Å in
phenop).

Figure 1. Ortep view of the molecular structure of 1. Thermal ellip-
soids are drawn at 50% probability, hydrogens are omitted for clar-
ity. Selected bond lengths [Å] and angles[°] for 1: P1–S1 1.9616(10),
P1–C1 1.843(3), P1–C7 1.849(3), P1–C18 1.846(3), C1–P1–S1
109.62(11), C1–P1–C7 105.33(15), C1–P1–C18 101.60(14), C7–P1–
C18 102.47(14), C7–P1–S1 109.62(11), C18–P1–S1 120.11(11).

The single-crystal X-ray structure of phenopSe (2) is
shown in Figure 2. The similarities with the sulfide are im-
mediately obvious, with the parallel orientation of the
phenyl group (Se–P–C–C angle of 5°) and axially projecting
chalcogenide function. The flattening of the boat conforma-
tion of the central ring is more pronounced in phenopSe
with an average O–C–C–P angle of 23.0° and an almost
coplanar C–C–P–C–C unit. The conformation of the cen-
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tral oxaphosphinane ring is better described here as an en-
velope rather than a true boat and is a consequence of the
larger selenium atom impacting on the hydrocarbyl bridges
of the polycyclic backbone. However, the Se–P–C bond
angles are less disparate here compared to the respective
angles in the sulfide and oxide with the value for the Se–
P–Cipso angle {111.47(12)°} being closer to those for the
remaining two Se–P–C angles {116.71(13) and 117.80(12)°,
respectively}. The P–Se bond length of 2.1173(9) Å is typi-
cal[11] and the remaining intraligand angles compare with
those of the sulfide.

Figure 2. Ortep view of the molecular structure of 2. Thermal ellip-
soids are drawn at 50% probability, hydrogens are omitted for clar-
ity. Selected bond lengths [Å] and angles[°] for 2: P1–Se1 2.1173(9),
P1–C1 1.830(4), P1–C7 1.849(3), P1–C22 1.848(3), C1–P1–Se1
111.47(12), C1–P1–C7 101.53(15), C1–P1–C22 101.86(16), C7–P1–
C22 105.29(15), C7–P1–Se1 117.80(12), C22–P1–Se1 116.71(13).

Syntheses and Structure of the Metal Complexes of Phenop

The complex [Fe(CO)4(κ1-phenop)] (3) was obtained as
a bright yellow solid from the 1:1 reaction of Fe2(CO)9 with
phenop in diethyl ether. The complex is air-stable in the
solid-state but tends to decompose in solution, so all ma-
nipulations of solutions were performed under nitrogen.
The complex was crystallised from a mixed solvent of meth-
anol and ethyl acetate at 4 °C. The molecular structure of
[Fe(CO)4(κ1-phenop)] was determined by single-crystal X-
ray diffraction and is shown in Figure 3. The complex has
the expected trigonal bipyramidal geometry with the
phenop bound as a monodentate ligand and occupying one
of the axial coordination sites. The CO donors occupy the
remaining axial site and the three positions in the trigonal
plane. The Fe–P bond lengths average 2.308(2) Å (there are
two independent molecules in the asymmetric unit) which
compares with the value of 2.306(1) Å in [Fe(CO)4{P-
(o-tol)3}],[12] but is longer than that for [Fe(CO)4(PPh3)]
{2.244(1) Å}[13] and appreciably shorter than the Fe–P
bond length in [Fe(CO)4(PtBu3)] {2.364(1) Å}.[14] The Fe–
C bond lengths are typical with the Fe–CO trans to phenop
being the shortest because of the lower π-acidity of the
phosphane compared to CO. The longest Fe–C bond length
in [Fe(CO)4(κ1-phenop)] is associated with the CO that is
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in close contact with the bulkiest part of the phenop ligand
(one of the methyl groups and the dimethylene bridge of
the ligand) and there is some steric impact at this carbonyl
producing the slightly elongated Fe–C bond. It should be
noted that the P–Fe–CO bond angle of 98.5(3)° for this
carbonyl is appreciably greater than the same angle for the
other two cis carbonyl groups {90.4(3)° and 86.2(3)°
respectively} confirming the presence of unfavourable con-
tacts at this particular carbonyl. The P–Fe–COtrans angle is
172.7(3)° and the equatorial C–Fe–C angles are 119.1(4),
117.1(4) and 123.5(4)°, respectively, the latter two values be-
ing for angles involving the cis carbonyl contacted by the
bulky part of the ligand as highlighted above.

Figure 3. Ortep view of the one of the independent molecules of 3.
Thermal ellipsoids are drawn at 50% probability, hydrogen atoms
are omitted for clarity. Selected bond lengths [Å] and angles[°] for
3: P1–Fe1 2.307(2), P1–C5 1.829(8), P1–C11 1.865(8), P1–C21
1.888(8), Fe1–P1–C5 103.9(3), Fe1–P1–C11 123.6(3), Fe1–P1–C21
125.5(3), C11–P1–C21 99.0(3), P1–Fe1–C3 172.7(3), P1–Fe1–C1
86.2(3), P1–Fe1–C2 98.5(3), P1–Fe1–C4 90.4(3).

The oxaphosphinane ring is again compressed in the iron
complex with O–C–C–P dihedral angles averaging 15° and
a P···O distance of 3.001 Å, indicating less flattening than
in 2. There is, however, a critical difference between the two
structures as the phenyl has the orthogonal orientation in
[Fe(CO)4(κ1-phenop)] as opposed to the parallel arrange-
ment in 2. As will be discussed later, ring flattening tends
to be at its greatest in those compounds where the phenyl
ring is parallel. The long non-bonded P···O distance is
partly a result of the flattening in the oxaphosphinane ring
and partly due to the longer P–C bonds to the carbon
atoms in the ring which average 1.874(8) Å. The Fe–P–C
angles to the two heterocyclic carbon atoms C11 and C21
are 123.6(3) and 125.5(3)°, respectively, appreciably greater
than is typical for non-cyclic tertiary phosphanes. Conse-
quently, the Fe–P–Cipso angle is compressed to 103.9(3)°
and it is clear that the phosphorus centre is distorted con-
siderably from a tetrahedral geometry; this will clearly have
an influence on the electronic properties of the ligand (see
later).
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Yellow [W(CO)5(κ1-phenop)] (4) was isolated in good
yield from the 1:1 reaction of [W(CO)5(THF)] and phenop
in THF. The isolated complex is freely soluble in most com-
mon organic solvents, and is air-stable in the solid state.
Crystals suitable for single crystal X-ray structure determi-
nation were grown from petroleum ether at 4 °C. The struc-
ture (Figure 4) has the expected octahedral arrangement of
ligands with phenop trans to a single carbonyl and the re-
maining CO donors coplanar. The W–P bond length of
2.6292(10) Å is long for this type of complex when com-
pared to related structurally characterised derivatives such
as [W(CO)5(PMe3)] [2.516(2) Å],[15] [W(CO)5(PPh3)]
[2.545(1) Å][16] and [W(CO)5(PCy3)] [2.5794(12) Å][17] but is
shorter than the value of 2.686 Å observed in the tri-tert-
butylphosphane analogue.[18] As expected the W–C bond
length to the carbonyl carbon trans to the phosphane is the
shortest at 1.985(5) Å compared to the other W–C bond
lengths which are all longer than 2.040 Å. These compare
with W–C bond lengths of 2.00(1) Å in [W(CO)5(PMe3)],[15]

2.006(5) Å in [W(CO)5(PPh3)],[16] and 1.975 Å in [W(CO)5-
(PtBu3)][18] for the carbonyl group trans to the phosphane
donor. The P–W–C1 and P–W–C5 angles are expanded to
97.89(11)° and 96.44(13)° in 4 because of unfavourable
steric contacts with the phenop skeleton resulting in an
average W–C–O bond angle of 174.9(4)° for the cis car-
bonyl groups; this value lies between the averages of 179(1)°
and 172.7° observed in [W(CO)5(PMe3)][15] and [W(CO)5-
(PtBu3)],[18] respectively. The phenyl orientation is orthogo-
nal, and the W–P–C angles are 124.76(14) and 124.59(13)°
for the heterocyclic C atoms and 102.00(13)° for the ipso
carbon of the phenyl group. The flattening of the boat form
of the oxaphosphinane ring is modest as indicated by the
average O–C–C–P dihedral angle of 15.8°. The intra-ring

Figure 4. Ortep view of the molecular structure of 4. Thermal ellip-
soids are drawn at 50% probability, hydrogens are omitted for clar-
ity. Selected bond lengths [Å] and angles[°] for 4: P1–W1
2.6292(10), P1–C6 1.853(4), P1–C12 1.870(4), P1–C22 1.879(4),
W1–P1–C6 102.00(13), W1–P1–C12 124.59(13), W1–P1–C22
124.76(14), C12–P1–C22 100.13(18), P1–W1–C3 174.06(12), P1–
W1–C1 97.89(11), P1–W1–C2 88.92(12), P1–W1–C4 88.88(13), P1–
W1–C5 96.44(13).
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P–C bonds are long at 1.879(4) and 1.870(4) Å giving a long
P···O non-bonded distance of 3.020 Å.

trans-[Rh(κ1-phenop)2(CO)Cl], 5, was formed in good
yield from the reaction of [Rh(1,5-COD)Cl]2 with 4 mol
equivalents of phenop in the presence of CO. The complex
is soluble in most non-polar organic solvents excepting hex-
ane, but is only poorly soluble in methanol. Crystals suit-
able for single-crystal X-ray structure determination were
obtained upon slow cooling of a solution of the complex in
toluene/MeOH (1:1). An Ortep representation of the struc-
ture is shown in Figure 5. The complex has the anticipated
square-planar geometry with trans phosphanes. Some dis-
tortion from the square plane is observed, with a P–Rh–P
bond angle of 168.49(5)°; the sum of the angles about the
metal is 359.95°. Surprisingly, the Cl–Rh–P angles are the
most acute and the P–Rh–CO angles the most obtuse of
the L–Rh–L angles, a situation that appears contrary to
what might be expected on the basis of the relative sizes of
the two donors with chloride being larger than CO. The P-
phenyl rings are orientated trans with respect to the metal
square plane. An unexpected feature of the structure in-
volves the orientation of the phenyl rings of the two phenop
ligands. It is evident from the examples shown above and
previously that there are two favoured orientations for this
ring, i.e. the parallel and orthogonal conformers, with the
former being favoured by the chalcogenides and the latter
favoured by the metal complexes. In 5, one ligand has a
parallel phenyl while the other has an orthogonal phenyl.
The parallel conformer has the larger cone angle (see later),
yet the Rh–P bond length to the ligand in this orientation
is the shortest at 2.3407(19) Å compared to 2.3644(19) Å
for the other. These bond lengths are longer than the
average of 2.330 Å observed in the several reported struc-
tures of trans-[Rh(PPh3)2(CO)Cl],[19] are comparable to the

Figure 5. Ortep view of the molecular structure of 5. Thermal ellip-
soids are drawn at 50% probability, hydrogens are omitted for clar-
ity. Selected bond lengths [Å] and angles[°] for 5: P1–Rh1
2.3407(19), P2–Rh1 2.3644(19), C1–Rh1 1.806(6), Cl1–Rh1
2.3747(16), P1–C2 1.852(6), P1–C17 1.877(7), P1–C27 1.873(6),
P2–C28 1.855(7), P2–C42 1.868(6), P2–C53 1.886(6), Rh1–P1–C2
108.5(2), Rh1–P1–C17 127.4(2), Rh1–P1–C27 114.8(2), C17–P1–
C27 103.4(3), Rh1–P2–C28 100.6(2), Rh1–P2–C42 119.7(2), Rh1–
P2–C53 127.2(2), C42–P2–C53 102.1(3), P1–Rh1–C1 94.3(2), P1–
Rh1–Cl1 84.37(6), P2–Rh1–C1 96.9(2), P2–Rh1–Cl1 84.34(6), P1–
Rh1–P2 168.49(5), C1–Rh1–Cl1 178.10(19).
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average value of 2.355(3)/2.3508(3) Å for the two reported
structures of trans-[Rh(PCy3)2(CO)Cl][20] and are shorter
than the value of 2.426(1) Å for the tetrahedrally distorted
trans-[Rh(PtBu3)2(CO)Cl].[21] There is evidence of increased
steric contact at the parallel phenyl group where the Rh–P–
Cipso bond angle is 108.5(2)° compared to the second
phenop which has a compressed Rh–P–Cipso angle of only
100.6(2)°. Other structural differences between the two
phenop ligands include the average Rh–P–C bond angles
of 123.4(2)° (parallel conformer) and 121.1(2)° (orthogonal
isomer) to the oxaphosphinane C atoms and conformer de-
pendent O–C–C–P dihedral angles of 24.5° and 20.6° for
the parallel and orthogonal types respectively. The central
six-membered ring has the envelope confomation with the
P atom and the four carbon atoms of the ring being close
to coplanar for the ligand with the parallel phenyl group;
this is highlighted by the long O···P distance of 3.083 Å
even though the P–C bond lengths (av. 1.875 Å) are similar
to those in the structure of phenop itself. The Rh–Cl and
Rh–CO bond lengths of 2.3747(16) and 1.806(6) Å are typi-
cal as are the Cl–Rh–CO and Rh–C–O angles which are
essentially linear.

Crystallographic Cone Angles

A major thrust of the present work has been to deter-
mine cone angle data for κ1-phenop to enable its categorisa-
tion with respect to the large number of known phosphanes.
There have been several different approaches employed for
the quantification of the steric properties of phosphanes
with (largely because of its elegance and simplicity) the
seminal work of Tolman remaining pre-eminent.[1] Other
methods such as those based on solid angles[22] and ligand
profiles[23] are useful alternatives. The use of the crystallo-
graphic database to determine so-called crystallographic
cone angles,[4,24] is essentially an add-on to Tolman’s origi-
nal idea and provides the basis for our calculation of cone
angles for phenop from the crystal data for phenopO, phe-
nopS, phenopSe, Ag2(κ1-phenop)2(CF3SO3)2, [Fe(CO)4(κ1-
phenop)], [W(CO)5(κ1-phenop)] and trans-[Rh(κ1-phenop)2-
(CO)Cl]. As alluded above, the seven compounds fall into
two distinct classes; those where the phenyl ring orientates
parallel to the P–Z vector {phenopO, PhenopS, phenopSe,
Ag2(κ1-phenop)2(OTf)2, and one phenop in trans-[Rh(κ1-
phenop)2(CO)Cl}] and those where it is orthogonal
[{Fe(CO)4(κ1-phenop)], [W(CO)5(κ1-phenop)] and the sec-
ond phenop in [Rh(κ1-phenop)2(CO)Cl}]. Calculations in
the gas phase (see below) show these two conformations
to be close in energy for the uncoordinated ligand with a
calculated energy difference of 3.68 KJmol–1 in favour of
the parallel arrangement. This would suggest that the
choice of conformer may be dictated by steric effects (and
packing forces in the crystal) with the parallel arrangement
being preferred when Z is small and orthogonal when Z is
relatively large. The obvious exception to this is in the solid-
state structure of the free ligand where the orthogonal ori-
entation is observed even though Z = lone pair. An elec-
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tronic preference for the orthogonal arrangement in the
metal complexes cannot, however, be discounted. A confor-
mational preference is noted in a number of reported metal-
phosphinane structures with the parallel orientation being
observed in trans-Pt(1-phenylphosphinane)2Cl2[25] while the
orthogonal arrangement is seen in trans-[Ni(4,4-dimethoxy-
1-phenylphosphinane)2Cl2[26] and in nickel and palladium
complexes of bicyclic derivatives.[27] As a counterpoint, a
variety of conformations are noted in complexes of 2,2,6,6-
tetrasubstituted 4-keto-1-phenylphosphinanes.[28]

As phenop possesses a pseudochiral P-atom, all three
substituents on the phosphorus are different but only one
(the phenyl group) can rotate freely about a P–C bond. The
half angles for the other two substituents are relatively fixed
and defined by groups that are remote from the P-donor,
i.e. the hydrogens attached to the methyl and methylene
groups shown in Figure 6.[29] This is quite distinct from
many acyclic tertiary phosphanes where the cone angle is
usually defined by half angle relations to hydrogens at-
tached to atoms (usually carbon) β to the phosphorus do-
nor. While such angles can be defined for phenop, we be-
lieve the use of the half angles shown in Figure 6 to be more
appropriate as these are the regions that impact most on
any metal fragment (these are also the groups that undergo
C–H activation in the cyclometallated, divalent platinum
and palladium complexes);[8] the steric impact of remote
groups is known in other phosphanes including heterocyclic
derivatives.[30] The cone angles thus determined are col-
lected in Table 1 and it is evident that the values are greatest
when small groups are present on the phosphorus (the chal-
cogenides) as observed in related phospholane com-
plexes.[31] In common with other phosphanes bearing one
or more phenyl groups, the cone angle is larger when the
phenyl adopts the parallel orientation as exemplified by the
two values for each discrete ligand in the bis(phenop) rho-
dium complex (θ = 175° for � and 165° for the � arrange-
ment). Within the series of structures that manifest a paral-
lel orientation of the phenyl ring a range of θ values from
203° in phenopO to 175° in the rhodium complex are seen
even though the half angles for the phenyl substituent are
invariant at 88–89° throughout the series. The differences
arise from varying degrees of flattening in the oxaphosphin-

Figure 6. Two of the three angles (α) used to determine the cone
angle of the phenop derivatives. The phenyl group has been ex-
cluded for the purposes of clarity.
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Table 1. Selected geometric data for derivatives of phenop. Bond lengths are in Å and angles in °.

Compound Cone angle θ[a] Degree of ring flattening[b] C–P–C[c] P–C (av)

phenop 143.6 99.24(10) 1.858(2)
phenopO 203 148.9 101.66(7) 1.8226(16)
1 193 158.4 102.47(14) 1.845(3)
2 185 167.4 105.29(15) 1.839(3)
3 165 152.5 99.2(4) 1.854(8)
4 164 154.5 100.13(18) 1.864(4)
5 175, 165 168.9, 162.0 103.4(3), 102.1(3) 1.867(7), 1.870(7)
[Ag(phenop)(OTf)]2 200, 200 150.3, 147.8 101.1(3), 101.6(3) 1.849(8), 1.844(8)

[a] P–Z vector set to 2.28 Å to allow comparison with the original Tolman values. [b] Defined by the angle between the C–P–C and C–
C–C–C planes in the ring. [c] The C–P–C angle within the oxaphosphinane ring.

ane ring (Table 1) which impacts on the half angles repre-
sented in Figure 6; these become more acute as the ring
approaches the envelope conformation. Ring flattening in
the oxaphosphinane ring (measured by the angle of inter-
section of the C–P–C plane and the C–C–C–C plane within
the ring) reflects a change in the conformation from a boat
at the lower end of the range (from ≈ 143 to 153°) towards
an envelope at higher values, most particularly when the
angle is � 155°. No flattening is observed at the oxygen
apex of the ozaphosphinane ring with angles of 118 �1.5
between the C–C–C–C plane and the C–O–C plane
throughout the series. There is, however, no discernible cor-
relation between the extent of flattening at the P apex and
the cone angle but the intra-ring C–P–C angle does tend to
increase with increased distortion to the envelope confor-
mation. Other general correlations include increased P–C
and C–C bond lengths and decreased C–O bond lengths
with increased distortion to the envelope conformation. No
such flattening was observed in the previously reported cy-
clometallated complexes of phenop where the central ring
adopted the boat conformation with angles of ca. 140° be-
tween the C–P–C plane and the C–C–C–C plane.[8] Thus
phenop is a moderately bulky phosphane comparable in
size to PCy3 when the phenyl is orthogonal and P(o-tolyl)3

when it is parallel. These conclusions are supported by ear-
lier observations such as the isolation of air- and moisture-
stable Pd(κ1-phenop)2.[8]

Spectroscopic and Electronic Properties of 2, 3, 4 and 5

The range of methods used for the assessment of the elec-
tronic properties of phosphanes is as wide and varied as
those employed for the determination of steric features. Em-
pirical methods include the correlation of NMR chemical
shifts and/or appropriate coupling constants and/or infra-
red (carbonyl) stretching frequencies of selected metal com-
plexes with the donating ability of the phosphane.[1,32]

There are also several reliable theoretical approaches that
provide useful information on the electronic properties of
phosphanes,[2,3] and we have used elements of both ap-
proaches to assess the electronic characteristics of phenop.

The magnitude of 1JP-Z is predominantly determined by
the s-character of the orbitals involved in the bond and is
thus dependent upon the immediate geometry at phos-
phorus.[33] Hence caution should be exercised when com-

Eur. J. Inorg. Chem. 2011, 1230–1239 © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1235

paring cyclic phosphanes with acyclic systems as the former
are constrained by their inclusion in the phosphacycle.
However, 1JP-Z coupling constants can still provide useful
empirical information regarding lone pair availability in a
given phosphane as this is also dependent upon the extent
of s-character. The range of 1JP-Se coupling constants for
tertiary phosphanes extends from 692 Hz for tBu3PSe as a
selenide of a strongly σ-donating phosphane to 817 Hz for
{3,5-(CF3)2C6H3}3PSe with electron-withdrawing 3,5-bis-
(trifluoromethylphenyl) groups.[11,34] The comparable 1JP-Se

values for 2 (742 Hz) and Ph3PSe (736 Hz)[34] suggests sim-
ilar lone pair character in each of the parent phosphanes.

The 31P{1H} NMR spectrum of 4 consists of a singlet at
δ = –23.1 ppm with satellites due to the 15 % of 183W in the
sample. The magnitude of the phosphorus-tungsten cou-
pling constant compares with values of 234 Hz for [W(CO)5-
{P(o-tol)3}],[35] 232 Hz for [W(CO)5(PtBu3)][36] and
[W(CO)5(PCy3)],[16] and 240 Hz for [W(CO)5(PPh2Et)][37]

but contrasts somewhat with that of 280 Hz seen for
[W(CO)5(PPh3)].[36] The solution 31P{1H} NMR spectrum
of 5 shows a doublet at δ = 6.1 ppm with a 1JP-Rh coupling
constant of 128.0 Hz in addition to minor peaks at δ =
25.0 ppm (doublet, 1JP-Rh 185.1 Hz) and –36.0 ppm for free
ligand. The peak at δ = 25 ppm is identified from its charac-
teristic 1JP-Rh coupling constant as the dimeric [Rh(κ1-phe-
nop)(CO)(μ-Cl)]2 species resulting from loss of one phenop
ligand from the monomeric bis(ligand) derivative, thus ex-
plaining the presence of free ligand in the 31P{1H} NMR
spectrum. Addition of excess ligand to the solution results
in the loss of the resonance at δP = 25.0 ppm allowing par-
tial 1H and 13C{1H} NMR spectroscopic characterisation
of [Rh(κ1-phenop)2(CO)Cl] (see Exp. Section). The magni-
tude of the phosphorus–rhodium coupling constant
(128.0 Hz) is typical of this type of complex as confirmed
on inspection of the reported values of 129.4, 117.1 and
121.1 Hz for trans-[Rh(PPh3)2(CO)Cl], trans-[Rh(PEt3)2-
(CO)Cl] and trans-[Rh(PPhEt2)2(CO)Cl], respectively.[38] It
is noteworthy that a related bicyclic 4-silaphosphinane com-
plex has a lower 1JP-Rh coupling constant of 117.8 Hz[39]

while a phenyl-phosphatrioxaadamantane derivative has a
higher value of 133 Hz.[40]

Carbonyl stretching frequencies in the infrared spectra of
phosphane containing complexes have long been used as a
measure of the donating properties of phosphanes. Tolman
employed Ni(CO)3(PR3) complexes in his assessment,[1] ob-
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serving a lowering of the frequency of the ν(CO) stretch as
the σ-basicity of the phosphane increased. The nickel sys-
tem has been superseded by other less hazardous metal
complexes with [M(PR3)2(CO)Cl] (M = Rh, Ir) being one
of the most common.[40,41] Greater sensitivity to the nature
of the phosphane (as indicated by a larger range of values
for the carbonyl stretch) is a further advantage of the latter
systems.[32e] Complex trans-[Rh(κ1-phenop)2(CO)Cl], 5, is
directly comparable to trans-[Rh(PPh3)2(CO)Cl] as both
share the same value of 1965 cm–1 for the carbonyl stretch
in their IR spectra.[41] Although less sensitive to phosphane
basicity/nucleophilicity and therefore not showing the same
range of frequency as the rhodium complexes, the A1 ν(CO)
stretching mode in [W(CO)5(PR3)] still acts as an empirical
marker for the σ-donating ability of the bound phosphane
and the value for the phenop complex is again similar to
that for the related triphenylphosphane complex; 2069 and
2071 cm–1 respectively.[42] The high energy A1 vibration in
complexes of the type [Fe(CO)4(PR3)] is rather insensitive
to the nature of the phosphane and therefore not useful.
For completeness, the value of 2049 cm–1 observed for 3
compares to those of 2053, 2051 and 2049 cm–1 for [Fe(CO)4-
(PMe3)],[43] [Fe(CO)4(PPh3)],[13] and [Fe(CO)4(PtBu3)],[14]

respectively.
Apart from the anomalous 1JP-W coupling constants, all

other empirical data suggest that the lone pair in phenop
has similar character to that in Ph3P. In an effort to confirm
this, the theoretical approach of Koga[2b] was employed to
quantify the electronic features of phenop through applica-
tion of molecular electrostatic potentials. Using this ap-
proach, Vmin values of –37.4 and –36.3 kcalmol–1 are ob-
tained for the parallel and perpendicular phenyl ring orien-
tations, respectively. These values rank phenop alongside
PPh2Me (slightly greater basicity/lone pair availability than
PPh3) in Koga’s series of phosphanes. The values for the
two conformers are comparable and there appears to be
little inherent difference in donor ability between the two.

Conclusions

In conclusion, the donor properties of the pentacyclic
phosphane (1S,4R,4aS,5aR,6R,9S,9aS,10aR)-4,6,11,11,12,
12-hexamethyl-10-phenyldodecahydro-1,4:6,9-dimethano
phenoxaphosphinine (phenop) have been assessed through
synthesis and analysis of a number of derivatives namely
phenopS, phenopSe, [Fe(CO)4(κ1-phenop)], [W(CO)5(κ1-
phenop)], and trans-[Rh(κ1-phenop)2(CO)Cl]. A combina-
tion of the absolute values of the 1JP-Se and 1JP-Rh one-
bond coupling constants and the relevant υ(CO) stretching
frequencies in the IR spectra of the metal carbonyl com-
plexes suggest a close electronic analogy between κ1-phenop
and triphenylphosphane. This is supported by molecular
electrostatic potential calculations at the DFT level which
place phenop close to PPh3 in terms of lone pair availability.
Cone angles derived from the structural data cover a range
from 164–203° depending to a large part on the relative
orientation of the phenyl group with the larger values being
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observed for those compounds with the phenyl group paral-
lel to the P–Z vector. These data define phenop as a moder-
ately bulky phosphane sterically comparable to PCy3. The
central oxaphosphinane ring is not strictly rigid approxi-
mating to a boat conformation at one extreme and an enve-
lope at the other depending on the nature of the P substitu-
ent.

Experimental Section
General: All synthetic procedures and manipulations were per-
formed under dry argon or nitrogen using standard Schlenk line
techniques. All solvents were freshly distilled from sodium (tolu-
ene), sodium/benzophenone (THF) or calcium hydride (acetoni-
trile, methanol and dichloromethane) under nitrogen before use.
Petroleum ether had a boiling range of 40–60 °C. All other chemi-
cals were obtained commercially and used as received. The 31P
NMR spectra were recorded on a Jeol Eclipse 300 MHz spectrome-
ter operating at 121.7 MHz, and referenced to 85% H3PO4 (δ =
0 ppm). 1H and 13C NMR spectra were obtained using a Bruker
500 MHz spectrometer, operating at 500.0 and 125.8 MHz, respec-
tively, and referenced to tetramethylsilane (δ = 0 ppm). Unless
stated otherwise, infrared spectra were recorded as nujol mulls on
a Jasco FTIR spectrometer. Mass spectra were obtained using a
Waters LCT Premier XE mass spectrometer. Elemental analyses
were performed by Medac Ltd., UK.[44]

(1S,4R,4aS,5aR,6R,9S,9aS,10aR)-4,6,11,11,12,12-Hexamethyl-10-
phenyldodecahydro-1,4:6,9-dimethanophenoxaphosphinine Sulfide,
phenopS (1): A solution of phenop (1 g, 2.52 mmol) and sulfur
(0.5 g, excess) in toluene (30 mL) was heated at 60 °C with constant
stirring for 96 h. After cooling, the excess sulfur was removed by
filtration and the colourless solution concentrated to small volume
in vacuo whereupon the desired complex crystallised (occasional
contamination of the product by elemental sulfur was observed and
care should be employed to ensure complete removal of all the
sulfur before crystallising the desired compound). The sulfide was
recrystallised from toluene as colourless blocks; yield 0.73 g (68%).
A second crop was obtained on concentrating the filtrate; yield
0.17 g (16 %, total yield 84 %), m.p. 245–247 °C 31P{1H} NMR
(CDCl3, 121.7 MHz): δ = 32.1 (s) ppm. 1H NMR (CDCl3,
300 MHz): δ = 7.87 (m, 2 H, o-Ph), 7.45 (m, 3 H, m-Ph, p-Ph),
3.64 (dd, J = 7.4, 3.2 Hz, 1 H, H4a), 3.61 (dd, J = 9.0, 2.9 Hz, 1
H, H5a), 3.29 (m, 1 H, endo-H8), 2.81 (m, 1 H, H9a), 2.50 (dd, J

= 10.6, 3.4 Hz, 1 H, H1), 2.32 (dd, J = 11.5, 7.5 Hz, 1 H, H10a),
2.09 (t, J = 4.0 Hz, 1 H, H9), 1.98 (m, 1 H, endo-H7), 1.82 (m, 1
H, exo-H2), 1.7–1.4 (m, 2 H), 1.33 (s, 3 H), 1.3–1.0 (m, 3 H), 0.98
(s, 3 H), 0.92 (s, 6 H), 0.83 (s, 3 H), 0.77 (s, 3 H) ppm. 13C DEPT
NMR (CDCl3, 100 MHz): δ = 142.6 (d, J = 80.0 Hz, C), 130.3 (d,
J = 2.7 Hz, CH), 130.0 (d, J = 8.9 Hz, CH), 128.5 (d, J = 11.3 Hz,
CH), 89.5 (d, J = 5.6 Hz, C4a), 83.3 (d, J = 2.9 Hz, C5a), 51.3 (s,
C), 50.5 (s, C), 48.8 (d, J = 2.9 Hz, CH), 47.5 (s, C), 47.5 (d, J =
32.0 Hz, CH), 47.2 (s, CH), 47.2 (s, C), 38.3 (d, J = 51.1 Hz, C9a),
33.4 (s, CH2), 31.0 (d, J = 13.2 Hz, CH2), 27.1 (s, CH2), 24.4 (s,
CH3), 21.7 (s, CH3), 20.3 (d, J = 4.4 Hz, CH2), 19.0 (s, CH3), 19.0
(s, CH3), 14.3 (s, CH3), 11.2 (s, CH3) ppm. C26H37OPS (428.60):
calcd. C 72.86, H 8.72; found C 72.7, H 8.6. MS (APCI): 429
(100).

(1S,4R,4aS,5aR,6R,9S,9aS,10aR)-4,6,11,11,12,12-Hexamethyl-10-
phenyldodecahydro-1,4:6,9-dimethanophenoxaphosphinine Selenide,
phenopSe (2): A solution of phenop (1 g, 2.52 mmol) and selenium
(0.22 g, 2.77 mmol) in toluene (15 mL) was heated near reflux with
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constant stirring for 72 h. After cooling, the excess selenium was
removed by filtration and the slightly pink solution taken to dry-
ness. The slightly pink solid was recrystallised from ethanol as fine,
fibrous needles; yield 0.85 g (71 %). A second crop was obtained on
reducing the volume of solvent; yield 0.22 g (18%, total yield 89%),
m.p. 253–255 °C. Crystals suitable for single crystal X-ray structure
determination were grown from acetone by slow evaporation at
4 °C. 31P{1H} NMR (CDCl3, 121.7 MHz): δ = 21.5 (s) with 77Se
satellites (1JP-Se = 742 Hz) ppm. 1H NMR (CDCl3, 500 MHz): δ =
7.81 (m, 2 H, o-Ph), 7.38 (m, 3 H, m-Ph, p-Ph), 3.59 (dd, J = 7.2,
3.2 Hz, 1 H, H4a), 3.53 (dd, J = 7.5, 4.0 Hz, 1 H, H5a), 3.21 (m,
1 H, endo-H8), 2.86 (m, 1 H, H9a), 2.51 (dd, J = 11.3, 3.6 Hz, 1
H, H1), 2.34 (dd, J = 12.0, 7.2 Hz, 1 H, H10a), 2.05 (t, J = 4.3 Hz,
1 H, H9), 1.92 (m, 1 H, endo-H7), 1.77 (m, 1 H, exo-H2), 1.55 (m
obscured, 1 H, exo-H3), 1.46 (m obscured, 1 H, exo-H8), 1.28 (s,
3 H), 1.15 (m, 1 H, exo-H7), 1.07 (m, 1 H, endo-H3), 0.98 (s, 3 H),
0.95 (m obscured, 1 H, endo-H2), 0.91 (s, 3 H), 0.90 (s, 3 H), 0.87
(s, 3 H), 0.83 (s, 3 H) ppm. 13C DEPT NMR (CDCl3, 100 MHz):
δ = 142.0 (d, J = 72.0 Hz, C), 130.4 (d, J = 9.0 Hz, CH), 130.2 (d,
J = 2.6 Hz, CH), 128.6 (d, J = 11.2 Hz, CH), 89.2 (d, J = 5.7 Hz,
C4a), 82.8 (d, J = 2.9 Hz, C5a), 51.7 (s, C), 50.7 (s, C), 49.5 (s,
CH), 49.0 (s, CH), 47.3 (s, C), 47.2 (obscured, C), 46.0 (d, J =
36.8 Hz, C10a), 37.5 (d, J = 43.1 Hz, C9a), 33.4 (s, CH2), 30.8 (d,
J = 13.5 Hz, CH2), 27.3 (s, CH2), 24.8 (s, CH3), 21.7 (s, CH3), 20.3
(d, J = 4.4 Hz, CH2), 19.3 (s, CH3), 19.1 (s, CH3), 14.5 (s, CH3),
11.2 (s, CH3) ppm. C26H37OPSe (475.56): calcd. C 65.66, H 7.89;
found C 65.4, H 7.9. MS (APCI): 477 (100).

[(1S,4R,4aS,5aR,6R,9S,9aS,10aR)-4,6,11,11,12,12-Hexamethyl-
10-phenyldodecahydro-1,4:6,9-dimethanophenoxaphosphinine]tetra-
carbonyliron(0), [Fe(κ1-phenop)(CO)4] (3): A solution of phenop
(93 mg, 2.34 �10–4 mol) and Fe2(CO)9 (85 mg, 2.34�10–4 mol) in
diethyl ether (20 mL) was stirred in the absence of light for 18 h.
On return, the mixture was filtered and the solvent removed in
vacuo to yield a pale green solid. The solid was dissolved in petro-
leum ether and passes through a small plug of neutral alumina.
After concentrating to about 3 mL, the solution was left at –33 °C
whereupon the desired compound crystallised as yellow prisms;
yield 120 mg (91%). 31P{1H} NMR (C6D6, 121.7 MHz): δ = 42.9
(s) ppm. 1H NMR (C6D6, 500 MHz): δ = 7.85 (t, J = 8.0 Hz, 2 H,
o-Ph), 7.24 (obscured, 2 H, m-Ph), 7.09 (t, J = 7.3 Hz, 1 H, m-Ph),
3.39 (d, J = 8.2 Hz, 1 H, H4a), 3.27 (d, J = 7.0 Hz, 1 H, H5a),
2.98 (m, 1 H, H9a), 2.78 (dd, J = 9.4, 3.6 Hz, 1 H, H1), 2.71 (m,
1 H, endo-H8), 2.45 (t, J = 4.2 Hz, 1 H, H9), 2.41 (dd, J = 14.6,
7.1 Hz, 1 H, H10a), 2.19 (m, 1 H, H7), 1.82 (m br, 2 H, H2, exo-
H8), 1.53 (s, 3 H), 1.47 (t, J = 11.9 Hz, 1 H, H3), 1.34 (m, 1 H,
H7), 1.04 (s, 3 H), 1.01 (m obscured, 2 H, H2, H3), 0.99 (s, 3 H),
0.87 (s, 3 H), 0.86 (s, 3 H), 0.70 (s, 3 H) ppm. 13C DEPT NMR
(C6D6, 125.8 MHz): δ = 213.3 (d, J = 16.7 Hz, CO), 149.6 (d, J =
47.6 Hz, C), 128.6 (d, J = 7.8 Hz, CH), 127.7 (s, CH), 127.5 (d, J

= 8.9 Hz, CH), 87.6 (d, J = 5.2 Hz, C4a), 81.4 (d, J = 3.1 Hz, C5a),
50.6 (d, J = 4.2 Hz, C1), 49.7 (s, C9), 49.0 (d, J = 13.8 Hz, C), 46.3
(d, J = 13.7 Hz, C), 46.2 (s, C), 45.6 (d, J = 12.0 Hz, C10a), 40.2
(d, J = 19.8 Hz, C9a), 32.1 (s, C3), 30.1 (d, J = 11.3 Hz, C2), 26.4
(s, C7), 23.7 (s, CH3), 21.1 (d, J = 6.4 Hz, C8), 20.1 (s, CH3), 17.9
(s, CH3), 17.8 (s, CH3), 12.9 (s, CH3), 10.0 (s, CH3) ppm.
C30H37O5PFe (564.49): calcd. C 63.83, H 6.62; found C 63.3, H
6.5. MS (APCI): 565 (10). IR: ν̃CO (hexane) = 2049 (s), 1975 (s),
1947 (s), 1935 (s) cm–1.

[(1S,4R,4aS,5aR,6R,9S,9aS,10aR)-4,6,11,11,12,12-Hexamethyl-
10-phenyldodecahydro-1,4:6,9-dimethanophenoxaphosphinine]-
pentacarbonyltungsten(0), [W(κ1-phenop)(CO)5] (4): A solution of
phenop (0.248 g, 6.25�10–4 mol) in THF (25 mL) was added to a
solution of [W(CO)5(THF)] (prepared in situ from 0.22 g,
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6.25�10–4 mol, of tungsten hexacarbonyl in THF, 100 mL, by ul-
traviolet photolysis) and the solution stirred for 48 h. On return,
the solvent was removed in vacuo and the pale yellow solid ex-
tracted into petroleum ether. Concentration of the solution resulted
in precipitation of the desired complex. Recrystallisation was ef-
fected from petroleum ether at 4 °C; yield 0.30 g (67%). 31P{1H}
NMR (CDCl3, 121.7 MHz): δ = –23.1 (s) with 183W satellites (1JP-

W = 232 Hz) ppm. 1H NMR (CDCl3, 500 MHz): δ = 7.36 (m, 2 H,
o-Ph), 7.19 (m, 3 H, m-Ph, p-Ph), 3.38 (dd, J = 7.7, 2.0 Hz, 1 H,
H4a), 3.34 (d, J = 9.0 Hz, 1 H, H5a), 2.93 (m, 1 H, H9a), 2.53 (dd,
J = 10.0, 3.9 Hz, 1 H, H1), 2.50 (obscured, 1 H, endo-H8), 2.46
(dd, J = 14.3, 7.5 Hz, 1 H, H10a), 2.22 (t, J = 4.3 Hz, 1 H, H9),
1.96 (m, 1 H, H2), 1.83 (m, 1 H, H7), 1.75 (m, 1 H, exo-H8), 1.57
(dt, J = 13.0, 3.4 Hz, 1 H, H3), 1.28 (m obscured, 2 H, H2, H7),
1.27 (s, 3 H), 1.09 (m, 1 H, H3), 0.96 (s, 3 H), 0.88 (s, 3 H), 0.87
(s, 3 H), 0.86 (s, 3 H), 0.83 (s, 3 H) ppm. 13C DEPT NMR (CDCl3,
100 MHz): δ = 199.3 (d, J = 23.8 Hz, CO), 198.0 (d, J = 6.4, 1JC-

W = 127.5 Hz, CO), 153.9 (d, J = 35.0 Hz, C), 128.8 (d, J = 7.4 Hz,
CH), 127.9 (s, CH), 127.7 (d, J = 8.1 Hz, CH), 89.7 (d, J = 4.4 Hz,
C4a), 83.5 (d, J = 2.5 Hz, C5a), 50.8 (d, J = 7.1 Hz, C1), 50.4 (s,
C9), 50.0 (s, C), 48.0 (s, C), 47.2 (d, J = 10.3 Hz, C), 46.3 (d, J =
10.3 Hz, C10a), 41.9 (d, J = 16.7 Hz, C9a), 33.8 (s, C3), 30.1 (d, J

= 11.8 Hz, C2), 27.5 (s, C7), 24.7 (d, J = 5.1 Hz, CH3), 23.5 (d, J

= 10.0 Hz, C8), 20.7 (s, CH3), 19.5 (s, CH3), 19.2 (s, CH3), 14.2 (s,
CH3), 11.0 (s, CH3) ppm. C31H37O6PW (720.49): calcd. C 51.67;
H, 5.19; found C, 51.3; H, 5.0. MS (APCI): 610 [M – 4CO, 15 %].
IR: ν̃CO (hexane) = 2069 (w), 1944 (s), 1931 (vs) cm–1.

trans-Bis[(1S,4R,4aS,5aR,6R,9S,9aS,10aR)-4,6,11,11,12,12-Hexa-
methyl-10-phenyldodecahydro-1,4:6,9-dimethanophenoxaphosphin-
ine]chlorocarbonylrhodium(I), trans-[Rh(κ1-phenop)2(CO)Cl] (5):
Carbon monoxide was slowly bubbled through a solution of
bis(1,5-cyclooctadiene)chlororhodium(I) dimer (0.19 mmol) in hex-
ane (20 mL) over a period of 2 h. The volatiles were removed in
vacuo, the solid residue dissolved in hexane (20 mL) containing
phenop (150 mg, 0.38 mmol) and CO passed through the resultant
solution for a further 1 h. Volatiles were again removed at the
pump, and the sticky residue heated to near boiling in MeOH
(20 mL) whereupon a microcrystalline yellow solid precipitated.
The solid was isolated by filtration and recrystallised from toluene/
MeOH (1:1, 20 mL) at 4 °C; yield 152 mg (84%). 31P{1H} NMR
(C6D6, 121.7 MHz): δ = 6.1 (d, 1JP-Rh = 128.0 Hz) ppm. 1H NMR
(C6D6, 500 MHz): δ = 8.07 (4 H, o-Ph), 7.33–7.15 (obscured, 6 H,
m,p-Ph), 3.48 (d, J = 10.5 Hz, 2 H, H4a), 3.22 (d, J = 7.1 Hz, 2 H,
H5a), 3.20 (m obscured, 4 H), 3.15 (m br, 2 H), 2.44 (m, 2 H), 2.37
(m, 2 H), 1.97 (m br, 2 H), 1.85–1.75 (obscured, 4 H), 1.77 (s, 6
H), 1.50 (m br, 4 H), 1.15 (m, 2 H), 1.12 (s, 6 H), 1.10 (m obscured,
2 H), 1.07 (s, 6 H), 1.00 (s, 6 H), 0.98 (s, 6 H), 0.84 (s, 6 H) ppm.
13C DEPT NMR (C6D6, 125.8 MHz): δ = 146.0 (t, J = 20.8 Hz,
C), 130.8 (t, J = 5.0 Hz, CH), 127.0–126.4 (obscured, 2 � CH),
87.0 (s, C4a), 81.9 (s, C5a), 49.6 (s, C), 49.2 (s, CH), 49.1 (s, C),
48.7 (s, CH), 48.1 (d, J = 7.3 Hz, CH), 46.4 (s, C), 44.5 (t, J =
5.3 Hz, C), 37.6 (d, J = 12.5 Hz, CH), 31.9 (s, CH2), 30.0 (t, J =
5.3 Hz, CH2), 26.9 (s, CH2), 24.5 (t, J = 5.2 Hz, CH2), 22.1 (s,
CH3), 19.9 (s, CH3), 18.1 (s, CH3), 17.9 (s, CH3), 13.1 (s, CH3),
10.2 (s, CH3) ppm. C53H74O3P2ClRh (959.56): calcd. C 66.34; H,
7.79; found C, 66.5; H, 7.8. MS (APCI): 924 [M – Cl, 60%], 499
[Rh(phenop), 20%]. IR: ν̃CO (KBr) = 1965 (s) cm–1.

Crystallography: Data collection was carried out on a Bruker-Non-
ius Kappa CCD diffractometer using graphite monochromated
Mo-Kα radiation, λ(Mo-Kα) = 0.71073 Å. The instrument was
equipped with an Oxford Cryosystems cooling apparatus. Data col-
lection and cell refinement were carried out using COLLECT[45]

and HKL SCALEPACK.[46] Data reduction was applied using
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HKL DENZO and SCALEPACK.[46] The structures were solved
by direct methods (Sir92)[47] and refined with SHELX-97.[48] Ab-
sorption corrections were performed using SORTAV.[49] All non-
hydrogen atoms were refined anisotropically, while the hydrogen
atoms were inserted in idealised positions with Uiso set at 1.2 or 1.5
times the Ueq of the parent atom. In the final cycles of refinement, a
weighting Scheme that gave a relatively flat analysis of variance
was introduced and refinement continued until convergence was
reached.

CCDC-789203 (for 1), -799142 (for 2), -789205 (for 3), 789206 (for
4) and 789207 (for 5) contain the supplementary crystallo-
graphic 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.

Computational Details: All DFT calculations were performed using
the Gaussian03 suite of programs.[50] Separate geometry optimis-
ation of parallel and perpendicular orientations of phenop were
carried out at the B3LYP/6-31G(d,p) level,[51] as in the work of
Koga.[2b] Both orientations were found to be stable minima in the
gas phase, as confirmed by harmonic frequency calculation. Molec-
ular electrostatic potential, V, on a cube in the vicinity of P was
extracted from the resulting density and the value of Vmin corre-
sponding to the lone pair located.
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