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The pseudo-octahedral complexes [Mo(η3-allyl)Br(CO)2(P-
PynPh3–n-P,N)] (Py = 2-pyridyl; n = 2, 3) and [Mo(η3-al-
lyl)Br(CO)2(OPPymPh3–m-O,N)] (m = 1, 2, 3) undergo three
different dynamic processes in solution, depending on the
chelating ligand. The complexes containing PPhPy2 and PPy3

as chelating P,N-donors undergo a novel ‘‘pivoted double
switch’’ mechanism which scrambles two equatorial coor-
dination sites with racemization, while maintaining the iden-
tity of the phosphorus atom trans to the allyl ligand. The com-

Introduction

The coordination of 2-pyridylphosphanes or their P-sub-
stituted derivatives has allowed the elucidation of many dy-
namic processes in solution. Our group is currently carrying
out a study of their behavior with different metals, such as
palladium, platinum[1] and molybdenum.[2] In the course of
these studies, we decided to explore the behavior of 2-pyrid-
ylphosphanes[3] or their oxides towards (η3-allyl)bromod-
icarbonylmolybdenum(II), with the aim of understanding
how the ligands coordinate to this metal moiety (there are
very few reports on hybrid chelating or tripodal ligands co-
ordinated to this system), and examine possible dynamic
processes in solution.

The complexes [Mo(η3-allyl)X(CO)2(L1)(L2)] (X 5 an-
ionic ligand; L1, L2 5 two monodentate neutral ligands, or
one bidentate neutral ligand), show two possible solid state
structures, as depicted in Figure 1 (A and B). Both are
pseudo-octahedral complexes if the η3-allyl ligand is con-
sidered as occupying one coordination site with its terminal
atoms oriented over the carbonyl groups, which has been
demonstrated to be the most energetically favorable ar-
rangement.[4] In structure A the anionic ligand occupies the
axial position, trans to the allyl group, giving rise to Cs
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plexes containing 2-pyridylphosphane oxides as chelating
O,N-donors undergo a nondissociative intramolecular tri-
gonal-twist (or turnstile) rearrangement which maintains the
identity of the phosphane oxide oxygen atom coordinated in
an equatorial position. All the complexes containing uncoor-
dinated pyridyls undergo a slow dissociative exchange of py-
ridyls without coordination site scrambling. The structure of
the complex [Mo(η3-allyl)Br(CO)2(OPPy3-O,N)] has been de-
termined by X-ray diffraction.

Figure 1. Two possible structures, A and B, for [Mo(η3-al-
lyl)X(CO)2(L1)(L2)]

symmetry with a σ plane which bisects the allyl group and
contains the metal atom, whereas in structure B the anionic
ligand X occupies one of the equatorial positions leading to
a C1 geometry. The adoption of one of these two possible
arrangements in the solid state does not seem to follow
clear rules. Structure A is usually observed when X is a
halogen or a pseudohalogen and L–L is a bidentate nitro-
gen donor ligand, such as bipy.[5] However, structure B has
been found for trifluoroacetate as the anionic ligand and
1,10-phenanthroline as the chelate,[6] or when the neutral
ligands are two pyrazols and bromide is the anionic li-
gand.[7]

Several solution dynamic processes have been detected
for this type of complex: the nondissociative trigonal-twist
rearrangement[8] or turnstile mechanism,[1c,9] in which there
is an intramolecular rotation of the ‘‘XL2’’ face, was first
established for L2 5 diphosphane and X 5 halogen. This
process has since then been observed for a variety of ‘‘XL2’’
systems, including cationic complexes with XL2 5 neutral
tridentate nitrogen donor ligand.[10] Other solution pro-
cesses detected for these complexes are the substitution of
the neutral ligands (usually nitrogen donors) by solvents
such as MeCN or water,[10b,11] and the η3–η1–η3 rearrange-
ment of the allyl ligand, which has been proposed for tri-
dentate nitrogen donor ligands such as trispyrazolylborate
or bispyrazolylaminomethane.[12]
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Results and Discussion

[Mo(η3-allyl)Br(CO)2(PPynPh3–n-P,N)] (n 5 2, 3)

The complexes [Mo(η3-allyl)Br(CO)2(PPynPh3–n-P,N)]
[n 5 2 (1), 3 (2)] were obtained by displacement of the ni-
trile ligands in [Mo(η3-allyl)Br(CO)2(MeCN)2] with PPy2Ph
or PPy3.[13] All attempts to obtain a similar complex with
PPyPh2 were unsuccessful. This may be due to electronic
factors since PPyPh2 is a weaker donor than the other pyri-
dylphosphanes.[14] The IR spectra of 1 and 2 in the C–O
stretching region show two bands, as expected for cis dicar-
bonyl complexes. Their low electrical conductivity in solu-
tion indicates that the complexes are neutral, supporting
coordination of the bromo ligand to the molybdenum atom.

Characterization of [Mo(η3-allyl)Br(CO)2(PPy2Ph-P,N)] (1)

The low temperature 1H NMR spectrum (–60 °C) corre-
sponds to an asymmetric complex, the signals of the allyl
group displaying the expected ABCDX pattern. Two doub-
lets are observed for the H6 protons of the pyridyls: one at
very low field (9.60 ppm) typical of a pyridyl ligand coord-
inated cis to a halogen ligand, as has been clearly estab-
lished for square planar geometries;[15] and the second
(9.12 ppm) in the typical range of H6 for uncoordinated py-
ridyls. Thus, for complex 1 at low temperature, these data
support the P,N-coordination of the PPy2Ph ligand.

However, a symmetrically averaged spectrum (revealing a
racemization process) is observed at high temperature (155
°C): the allyl group displays an A2M2X pattern where both
Hanti are equivalent, as well as both Hsyn, and only one
doublet (9.46 ppm) is detected for both pyridyl H6 atoms.
Therefore, the dynamic process detected results in simultan-
eous equivalence of the two pyridyl groups and both ends
of the allyl group. The phosphorus atom of PPy2Ph is not
directly involved in the dynamic process, and its chemical
shift remains practically unchanged from –60 °C to 155 °C
(–8.7 ppm in the 31P{1H} NMR spectra). This implies it
coordinates in the axial position trans to the allyl group in
a structure of type B (Figure 1).

The only process consistent with this NMR behavior is
the racemization shown in Scheme 1 (R 5 Ph for 1). In this
exchange process, the pyridyl groups always occupy the
same position when coordinated, and the Br ligand switches
between two equatorial positions. We will refer to this pro-
cess as a ‘‘pivoted double switch’’ mechanism.

Both the geometry of the molecule and the dynamic pro-
cess in complex 1 were confirmed by a phase sensitive 2-D

Scheme 1. ‘‘Pivoted double switch’’ mechanism in complexes 1
(R 5 Ph) and 2 (R 5 Py)
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1H NOESY spectrum recorded at –50 °C, shown in Fig-
ure 2. At this temperature, the significant signals have split
and the interchange process is slow. In Figure 2 a (positive
peaks), cross-peaks due to chemical exchange of magnetiza-
tion are detected between both Hsyn, and also between both
Hanti of the allyl group (the latter are difficult to observe
because their signals almost overlap); whereas for the aro-
matic protons, cross-peaks relate the H6 protons of the co-
ordinated and uncoordinated pyridyls at this temperature.
Figure 2b shows negative cross peaks due to NOEs between
both H6–Hcentral, Hsyn–Hanti, and H6–other aromatic pro-
tons. The latter two are expected NOEs, and do not provide
structural information, but the first correlation indicates a
close spatial proximity of the Hcentral of the allyl ligand and
both H6 atoms. A similar NOE has been reported for a
complex containing a phenanthroline coordinated in the

Figure 2. Phase sensitive 2-D NOESY experiment carried out for
1 at –50 °C. (a) Positive peaks due to chemical exchange of magnet-
ization. (b) Negative peaks due to NOEs
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same position as the pyridyl in our system.[6] The observa-
tion of two intense cross-peaks between Hcentral and the two
H6 at lower field in complex 1 must presumably be related
to the dynamic process shown in Scheme 1.

Characterization of [Mo(η3-allyl)Br(CO)2(PPy3-P,N)] (2)

All the main features observed for 1 are also detected for
2. The 31P{1H} NMR spectra at different temperatures
(from 155 °C to –60 °C) show only one invariant singlet
at –10.0 ppm. The 1H NMR spectrum at –60 °C supports
the existence of only one asymmetric complex in solution
(which is a racemic mixture, as before), where three doub-
lets are observed for the H6 protons of the three pyridyls
present: one at very low field (9.56 ppm) for the pyridyl co-
ordinated cis to the bromo ligand,[15] and two more for the
H6 of the uncoordinated pyridyls (9.11 and 8.98 ppm). The
1H NMR spectra at room temperature and above corre-
spond to a symmetric averaged species where the allyl group
displays the expected A2M2X pattern, and the signals of
two H6 (one coordinated and one uncoordinated) have co-
alesced to one broad signal, whereas the H6 of the third
pyridyl (that at higher field) remains nonequivalent. This
indicates that the exchange process depicted in Scheme 1
(with R 5 Py in 2) affects only one of the two uncoordin-
ated pyridyls, the one which is able to coordinate by virtue
of its geometry.

The 1H NMR spectrum at 55 °C shows a slight
broadening of all the signals, which is not observed in the
spectrum of 1 at this temperature, suggesting that the third
pyridyl begins to become involved in a second, and slower,
exchange process. This second process interchanging the
third pyridyl with the other two is too slow to be detected
by variable temperature NMR (decomposition of the
sample is observed upon further heating), but could be con-
firmed by a phase sensitive 2-D 1H NOESY experiment.
Chemical exchange is detected between both Hsyn, between
both Hanti, and between two H6 (as for 1), but in addition
less intense cross peaks relating these two H6 with the third
H6 (8.98 ppm) are also observed, supporting the involve-
ment of the third pyridyl (R in Scheme 1) in a slower ex-
change equilibrium.

Discussion of the Dynamic Process of Complexes 1 and 2

The dynamic process shown in Scheme 1 for complexes 1
and 2 seems not to have precedent in the literature for the
(η3-allyl)bromodicarbonylmolybdenum(II) system, so the
mechanism of interconversion deserves further discussion.
All dissociative mechanisms can be discarded. An η3–η1–η3

rearrangement of the allyl ligand would render Hanti and
Hsyn equivalent giving an A4X pattern for the allyl group in
the 1H NMR spectra, which is not observed. A mechanism
involving dissociation of the coordinated pyridyl ligand
with concomitant rotation about the Mo–P may also be
discounted, as the second slow process detected for 2, which
exchanges the three pyridyls, in fact requires decoordination
of the pyridyl to allow for rotation around the Mo–P bond
and hence coordination of the third pyridyl (Scheme 1).
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Hence, if decoordination of the coordinated pyridyl was oc-
curring for the process in Scheme 1, the exchange of the
third pyridyl should take place at the same rate (assuming
rotation about the Mo–P bond is rapid), which is not ob-
served. Dissociation of the bromo ligand may also be dis-
counted since addition of excess bromide [5:1 as NBu4Br in
(CD3)2CO solution of 2][16] did not reduce the exchange rate.

To ascertain whether the dynamic process was associat-
ive, ∆S‡ was determined by line shape analysis using the
DNMR6 program for complex 2 (data taken from –40 to
140 °C). The value obtained, –2 ± 4 J mol–1 K–1, is too
low to unequivocally support an associative mechanism for
this process, although values close to zero have been found
for processes which have been finally identified as associat-
ive.[1b] Therefore, either an associative or a concerted mech-
anism may be proposed for this dynamic process, as the
dissociative path can be definitely discarded.

[Mo(η3-allyl)Br(CO)2(OPPynPh3–n-O,N)] (n 5 1, 2, 3)

The complexes [Mo(η3-allyl)Br(CO)2(OPPynPh3–n-O,N)]
[n 5 1 (3), 2 (4), 3 (5)] were obtained by displacement of
the nitrile ligands in [Mo(η3-allyl)Br(CO)2(MeCN)2] with
the ligands OPPyPh2, OPPy2Ph, and OPPy3 to obtain 3, 4,
and 5, respectively. Complex 4 could also be obtained by
oxidative addition of allyl bromide to [Mo(CO)3(OP-
Py2Ph-O,N2)].

The three complexes show two C–O stretching bands in
the solid state, as expected for cis dicarbonyl complexes.
Complexes 3 and 5 also display two C–O stretching bands
in solution, whereas 4 shows four. According to the isomer
equilibria discussed below, four bands should be expected
(at least when all the isomers are noticeably abundant).
However, the bands for each pair of isomers C and D are
almost coincident (Figure 3). In fact careful examination of
the IR C–O bands reveals that they are asymmetric and
show shoulders, but the presence of C and D isomers only
becomes clear in the NMR spectra. The IR spectra of the
solid complexes 3–5 do not show bands in the 1300–1200
cm–1 region, where the P–O stretching absorptions of the
free ligands are found. This implies coordination of the li-
gands as oxygen donors, although the assignment of the
band due to P–O stretching is very difficult, due to the pres-

Figure 3. Three possible isomers C, D, and E, for complexes 3–5
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ence of other absorptions in the expected range for O-bon-
ded phosphane oxides.[17]

Figure 4. Displacement ellipsoid drawing of 5 showing the atom
numbering scheme;tThe ellipsoids are drawn at 30% probability
level

Table 1. Selected bond (Å) and angles (deg) for 5

1.934(7) Mo(1)–C(11) 1.934(8)Mo(1)–C(10)
Mo(1)–C(1) 2.314(6) Mo(1)–C(3) 2.301(7)
Mo(1)–C(2) 2.196(6) Mo(1)–Br(2) 2.6429(8)
Mo(1)–O(1) 2.256(4) Mo(1)–N(46) 2.323(5)
C(1)–C(2) 1.380(9) C(2)–C(3) 1.415(9)
P(1)–O(1) 1.501(4) P(1)–C(41) 1.817(6)
C(10)–O(10) 1.149(8) C(11)–O(11) 1.130(8)
C(10)–Mo(1)–C(11) 78.7(3) O(1)–Mo(1)–N(46) 76.8(2)
C(11)–Mo(1)–N(46) 99.5(3) C(10)–Mo(1)–O(1) 103.5(2)
C(10)–Mo(1)–N(46) 171.0(2) C(11)–Mo(1)–O(1) 170.0(2)
C(10)–Mo(1)–Br(2) 89.2(2) C(11)–Mo(1)–Br(2) 85.5(2)
O(1)–Mo(1)–Br(2) 84.76(10) N(46)–Mo(1)–Br(2) 81.87(11)
Mo(1)–N(46)–C(41) 120.8(4) N(46)–C(41)–P(1) 113.4(4)
C(41)–P(1)–O(1) 108.8(3) P(1)–O(1)–Mo(1) 120.1(2)
Mo(1)–C(1)–C(2) 67.7(3) Mo(1)–C(3)–C(2) 67.7(4)
C(1)–C(2)–Mo(1) 76.9(4) C(3)–C(2)–Mo(1) 75.7(4)
C(1)–C(2)–C(3) 115.1(6)

The low electrical conductivities in solution indicate that
the complexes 3–5 are neutral, with the bromo ligand co-
ordinated to the molybdenum atom. Only the three isomers
C, D, and E, shown in Figure 3, can be proposed in accord-
ance with the IR and conductivity data. The molecules are
chiral, and Figure 3 shows the R enantiomers only.

The 31P{1H} NMR spectra of complexes 3 and 5 show
two singlets of different intensity at low temperature, which
coalesce on heating. This implies that a dynamic process
interchanging two of the three possible isomers in Figure 3
is occurring. Twice as many signals are observed in the
31P{1H} NMR spectra of 4, that is, four singlets at –60 °C
which coalesce to two singlets of different intensity at 50
°C. In this complex the R groups are different (Ph and Py),
thus the isomers, which are enantiomers in 3 and 5 (and
which therefore have indistinguishable NMR spectra) be-
come diastereoisomers for 4, doubling the number of sig-
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Scheme 2. Dynamic processes in complexes 3, 4, and 5: fast nondis-
sociative intramolecular trigonal-twist (or turnstile) rearrangement
in complexes 3, 4, and 5 and slow pyridyl-exchange equilibria in
complexes 4 and 5

nals; but again only two of the three structures C, D, or E
are involved. The exchange process observed corresponds
exactly to the trigonal-twist mechanism described in the lit-
erature for the complex [Mo(η3-allyl)I(CO)2(arphos)],[8] and
needs no further discussion except for identification of the
two isomers involved. This was achieved as described below.

Structure of [Mo(η3-allyl)Br(CO)2(OPPy3-O,N)] (5)

An X-ray structural determination was carried out for
[Mo(η3-allyl)Br(CO)2(OPPy3-O,N)] (5). The structure is
shown in Figure 4, and Table 1 lists relevant distances and
angles. The molybdenum atom is pseudo-octahedrally co-
ordinated, assuming that the allyl group occupies one site.
The two carbonyls and the allyl are mutually cis, with the
terminal carbon atoms of the allyl moiety oriented over the
carbonyls, as usually found for this class of complex.[4] The
observed structure is of the form labeled C in Figure 3. The
P–O distance is slightly elongated compared to those found
in palladium(II) complexes containing the OPPy2Ph ligand,
where the oxygen atom is not coordinated to the metal: P–
O 5 1.480(2) and 1.482(2) Å in [Pd(C6F5)X(OPPy2Ph-N2)]
(X 5 Br and C6F5, respectively)[1b] cf. 1.501(4) Å in 5. The
donor atoms of the OPPy3 ligand coordinated in the equat-
orial positions have different donor properties, but this
seems to induce very little asymmetry in the trans carbonyl
groups: the Mo–C distances are equal [1.934(7) and
1.934(8) Å] and the C–O distances show insignificant differ-
ences [1.149(8) and 1.130(8) Å]. The allyl group is also es-
sentially symmetrical [C–C 5 1.380(9) and 1.415(9) Å; Mo–
Cterminal 5 2.314(6) and 2.301(7) Å]. This indicates that the
different donor properties of the atoms in the equatorial
sites do not induce observable asymmetry in the allyl li-
gand, as has been previously reported.[10a] The distances
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and angles of the allyl group found in 5 are very similar to
those reported for [Mo(η3-allyl)(acac)(CO)2(py)],[18] which
also contains an oxygen donor ligand and a nitrogen donor
ligand in the equatorial positions.

Discussion of the Dynamic Process of Complexes 3–5

When an NMR sample of 5 in CDCl3 was prepared in a
liquid nitrogen bath, and then allowed to melt and simul-
taneously dissolve at –60 °C in the NMR probe, only one
isomer was found, which is logically assigned to structure
C. The solution was then warmed to room temperature to
establish the equilibrium between the isomers, and a phase
sensitive 2-D 1H NOESY spectrum was recorded at –50 °C.
Negative peaks associated to NOE are not observed, which
disfavors structure E for which an NOE between the coord-
inated pyridyl and some of the allyl protons would be ex-
pected (H6–Hcentral correlations were observed for 1 and 2).
Consequently, we assign structure D to the second isomer.
Positive peaks were observed between Hcentral, and each
Hsyn and Hanti of the two isomers C and D, but not between
the two Hsyn or between the two Hanti atoms of each isomer.
In other words, there was no racemization of the molecule
and the two halves of the allyl group remained inequivalent
during the fluxional processes. Finally, there were also weak
cross peaks showing exchange of the coordinated and the
free pyridyl groups.

Thus two types of exchange are operative in these sys-
tems, which are depicted in the general Scheme 2. The faster
movement is a nondissociative intramolecular trigonal-twist
(or turnstile) rearrangement, converting diastereoisomers C
and D. This is the only mechanism operating for R1 5 R2 5
Ph (in 3). The second and slower movement (it is barely
observed in the one dimensional spectrum of 5 at 55 °C as
a broadening of the signals) is an exchange of pyridyls with-
out racemization. In this respect, it is very different from
the ‘‘pivoted double switch’’ as seen in 1 and 2. The conser-
vation of the asymmetry allows decoordination of the oxy-
gen to give a N,N-bonded intermediate to be discounted, as
this would create a symmetry plane. In fact, in conjunction
with the observation of pyridyl exchange of 1 and 2, a dis-
sociative mechanism is more plausible, with the incoming
pyridyl group taking the site left vacant by dissociation.
This, as shown in Scheme 2, converts C1 to C2, these being
identical for 5, but diastereoisomers for 4. The slowness of
this mechanism is also consistent with a dissociative pro-
cess.

Conclusion

The systems studied here reveal the existence of three
mechanisms, depending on the chelating ligand. The slow-
est mechanism is common to both ligands that have unco-
ordinated pyridyls, which is a dissociative exchange of pyri-
dyls without scrambling of coordination sites. The second,
shown by the pyridylphosphane oxides, is the well-known
nondissociative intramolecular trigonal-twist (or turnstile)
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mechanism, which produces scrambling of the coordination
sites but retaining the elements of chirality (i.e. without ra-
cemization). Finally, for bis- or trispyridylphosphane, the
pendant pyridyl triggers a novel ‘‘pivoted double switch’’
mechanism scrambling two coordination sites with racemiz-
ation. A different but somewhat related case has been dis-
cussed in detail elsewhere.[19]

Experimental Section

General Remarks: All reactions were carried out under an atmo-
sphere of pre-purified dinitrogen. Solvents were purified according
to standard procedures.[20] [Mo(η3-allyl)Br(CO)2(MeCN)2],[21]

[Mo(CO)3(OPPy2Ph-O,N2)],[2b] and 2-pyridylphosphanes were pre-
pared as previously described,[22] and their oxides were synthesized
by standard methods.[23] The synthesis of [Mo(η3-allyl)Br(CO)2(P-
Py2Ph-P,N)] has been previously reported.[2a]

The progress of the reactions involving carbonyl complexes was
monitored by solution IR spectra in the 2100–1700 cm–1 region.
Filtrations were carried out on dry Celite without exclusion of air.
The products are air-stable solids which were recrystallized at
–20 °C.

Infrared spectra were recorded on Perkin–Elmer 883 or 1720X ap-
paratus in NaCl cells for solutions, and as Nujol mulls or KBr
pellets for solids. NMR spectra were recorded on Bruker AC-300
or ARX-300 instruments in CDCl3. NMR spectra were referred to
TMS or 85% aqueous H3PO4. Elemental analyses were performed
on a Perkin–Elmer 2400B microanalyzer. The electrical conduc-
tivity measurements were carried out at room temperature with a
Crison 522 conductivity meter using 5⋅10–4  solutions; the range
of molar conductivity for 1:1 electrolytes is 75–95 S⋅cm2⋅mol–1 in
nitromethane solutions.[24]

General Method for the Preparation of the Complexes: A 100 mL
Schlenk flask was successively charged with equimolar amounts
(0.2–0.5 mmol) of [Mo(η3-allyl)Br(CO)2(MeCN)2], the respective
ligand, and CH2Cl2 (10–25 mL). The solution was stirred at room
temperature for 15 min., and then EtOH or hexane was added (5–
15 mL). Concentration of the solution in vacuo and cooling to
–20 °C gave microcrystalline solids, which were filtered, washed
with Et2O (3 3 3 mL approximately), and dried in vacuo. The
yields, color, and spectroscopic data of the products obtained are
given below.

[Mo(η3-allyl)Br(CO)2(PPy2Ph-P,N)] (1):[2a] 31P{1H} NMR (room
temp.): δ 5 –8.7 (s). – 1H NMR (55 °C): δ 5 9.46 (d, J 5 5 Hz, 2
H6 of coordinated 1 uncoordinated Py), 7.76 (m, 3 H), 7.63 (m, 2
H), 7.52 (m, 2 H), 7.27 (m, 2 H), 7.07 (d, J 5 8 Hz, 2 H), 4.15 (m,
1 Hc), 3.40 (br, 2 Hs), 1.54 (d, J 5 9.5 Hz, 2 Ha). – 1H NMR (room
temp.): δ 5 9.43 (br, 2 H6 of coordinated 1 uncoordinated Py),
7.72 (m, 3 H), 7.63 (m, 2 H), 7.53 (m, 2 H), 7.28 (m, 2 H), 7.08 (d,
J 5 8 Hz, 2 H), 4.15 (m, 1 Hc), 1.54 (d, J 5 9.5 Hz, 2 Ha). – 1H
NMR (–60 °C): δ 5 9.60 (d, J 5 5.5 Hz, 1 H6 of coordinated Py),
9.12 (d, J 5 5.5 Hz, 1 H6 of uncoordinated Py), 7.63 (m, 7 H), 7.34
(t, J 5 6 Hz, 1 H), 7.27 (t, J 5 6 Hz, 1 H), 7.16 (d, J 5 8 Hz, 1
H), 7.03 (d, J 5 8 Hz, 1 H), 4.24 (br, 1 Hs), 4.17 (m, 1 Hc), 2.67
(br, 1 Hs), 1.63 (d, J 5 10 Hz, 1 Ha), 1.48 (d, J 5 10 Hz, 1 Ha).
Other spectroscopic and analytical data have been reported previ-
ously.[2a]

[Mo(η3-allyl)Br(CO)2(PPy3-P,N)] (2): 46%, yellow. – 31P{1H}
NMR (room temp.): δ 5 –10.0 (s). – 1H NMR (55 °C): δ 5 9.50
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(br, 2 H6 of coordinated 1 uncoordinated Py), 9.00 (br, 1 H6 of
uncoordinated Py), 8.20 (br, 1 H), 8.0 (br, 1 H), 7.50 (br, 3 H), 7.20
(br, 2 H), 7.00 (br, 2 H), 4.10 (brm, 1 Hc), 3.50 (br, 2 Hs), 1.56 (d,
J 5 9.5 Hz, 2 Ha). – 1H NMR (room temp.): δ 5 9.50 (br, 2 H6),
9.08 (d, J 5 4.5 Hz, 1 H6 of uncoordinated Py), 8.22 (t, J 5 7 Hz,
1 H), 8.00 (m, 1 H), 7.58 (m, 1 H), 7.52 (m, 2 H), 7.25 (m, 2 H),
6.94 (d, J 5 8 Hz, 2 H), 4.14 (m, 1 Hc), 1.56 (d, J 5 9.5 Hz, 2
Ha). – 1H NMR (–60 °C): δ 5 9.56 (d, J 5 5.5 Hz, 1 H6 of coordin-
ated Py), 9.11 (d, J 5 5.5 Hz, 1 H6 of uncoordinated Py), 8.98 (d,
J 5 4 Hz, 1 H6 of uncoordinated Py), 8.29 (t, J 5 8 Hz, 1 H), 8.07
(t, J 5 7.5 Hz, 1 H), 7.66 (t, J 5 6 Hz, 1 H), 7.57 (q, J 5 7 Hz, 2
H), 7.32 (m, 2 H), 7.02 (d, J 5 8 Hz, 1 H), 6.85 (d, J 5 8 Hz, 1
H), 4.3 (br, 1 Hs), 4.16 (m, 1 Hc), 2.7 (br, 1 Hs), 1.65 (d, J 5 9.5 Hz,
1 Ha), 1.50 (d, J 5 9.5 Hz, 1 Ha). – IR (CH2Cl2): ν̃ 5 1948 vs,
1851s cm–1. – IR (Nujol): ν̃ 5 1940 vs, 1828 vs, 1652 w, 1587 w,
1571 w, 1456 s, 1424 m, 1275 w, 1066 w, 1045 w, 987 w, 807 w, 769
m, 752 w, 737 w cm–1. – C20H17BrMoN3O2P (538.19): calcd. C
44.63, H 3.18, N 7.81; found C 44.29, H 3.50, N 7.49. – Conduct.
ΛM (MeNO2): 9 S⋅cm2⋅mol–1.

[Mo(η3-allyl)Br(CO)2(OPPyPh2-O,N)] (3): 59%, red. – 31P{1H}
NMR (room temp.): δ 5 48.6 (br). – 31P{1H} NMR (–60 °C): δ 5

51.4 (s, isomer D), 49.5 (s, isomer C). – 1H NMR (room temp.):
δ 5 9.70 (br, 1 H6, Py), 7.92 (m, 1 H, Py), 7.73 (m, 9 H, Py 1 Ph),
7.48 (m, 3 H, Py 1 Ph), 4.20 (br, 1 Hs), 4.10 (br, 1 Hc), 3.31 (br, 1
Hs), 1.54 (d, J 5 9.5 Hz, 1 Ha), 1.31 (d, J 5 9.5 Hz, 1 Ha). – 1H
NMR (–60 °C): δ 5 9.76 (d, J 5 5 Hz, 1 H6, Py, isomer C), 8.98
(d, J 5 5 Hz, 1 H6, Py, isomer D), 7.97 (m, 1 H6, Py, isomers C 1

D), 7.76 (m, 9 H, Py 1 Ph, isomers C 1 D), 7.48 (m, 3 H, Py 1

Ph, isomers C 1 D), 4.35 (br, 1 Hs, isomer C), 4.24 (m, 1 Hc, isomer
C), 3.45 (br, 1 Hs, isomer C), 3.38 (br, 1 Hs, isomer D), 3.22 (m, 1
Hc, isomer D), 3.06 (br, 1 Hs, isomer D), 1.55 (d, J 5 9.5 Hz, 1 Ha,
isomer C), 1.43 (d partially overlapped with the next signal, 1 Ha,
isomer D), 1.41 (d, J 5 9.5 Hz, 1 Ha, isomer C), 1.27 (d, J 5

9.5 Hz, 1 Ha, isomer D); ratio isomer C/isomer D 5 1:0.2. – IR
(CH2Cl2): ν̃ 5 1937 vs, 1838 s cm–1. – IR (KBr pellet): ν̃ 5 3058
w, 1924 vs, 1830 vs, 1588 w, 1485 w, 1459 w, 1439 m, 1314 w, 1285
w, 1167 w, 1152 s, 1141 s, 1123 m, 1086 w, 1073 w, 1055 w, 1027 w,

Table 2. Crystal data and structure refinement for 5

Empirical formula C20H17BrMoN3O3P

Formula weight 554.17
Temperature 293(2) K
Wavelength 0.71073 Å
Crystal system Monoclinic
Space group C2/c
Unit cell dimensions a 5 20.5279(14) Å, α 5 90°

b 5 12.0329(8) Å, β 5 96.146(10)°
c 5 17.1172(11) Å, γ 5 90°

Volume 4203.8(5) Å3

z 8
Density (calculated) 1.751 Mg/m3

Absorption coefficient 2.627 mm–1

F(000) 2192
Crystal size 0.2 3 0.2 3 0.15 mm
Theta range for data collection 2.24 to 25.02°
Index ranges –17 h 24, –14 k 14, –19 l 20
Reflections collected 9749
Independent reflections 3685 [R(int) 5 0.0534]
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 3679/0/262
Goodness-of-fit on F2 1.154
Final R indices [I . 2σ(I)] R1 5 0.0485, wR2 5 0.0897
R indices (all data) R1 5 0.0830, wR2 5 0.1078
Weighting scheme calc. 1/[σ2(Fo

2) 1 (0.0297 P)2 1 16.4861 P], where P 5 (Fo
2 1 2 Fc

2)/3
Largest diff. peak and hole 0.0384 and –0.494 e/Å3
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1012 w, 998 w, 925 w, 766 w, 740 m, 726 m, 695 m, 634 w, 609 w,
560 s, 537 s, 507 w, 481 w, 448 w cm–1. – C22H19BrMoNO3P
(552.22): calcd. C 47.85, H 3.47, N 2.54; found C 47.60, H 3.57, N
2.73. – Conduct. ΛM (MeNO2): 10 S⋅cm2⋅mol–1.

[Mo(η3-allyl)Br(CO)2(OPPy2Ph-O,N)] (4): 72%, orange. Complex
4 was also obtained by an alternative method: A 100 mL Schlenk
flask was successively charged with [Mo(CO)3(OPPy2Ph-O,N2)]
(0.092 g, 0.2 mmol), CHCl3 (20 mL), and allyl bromide (1 mL,
11.5 mmol). An immediate color change from dark purple to or-
ange was observed. After 5 min stirring at room temp., the volatiles
were removed in vacuo and the orange residue was recrystallized
from CH2Cl2/hexane giving 0.052 g (47%) of 4. – 31P{1H} NMR
(room temp.): δ 5 39.4 (br, m), 35.4 (s, M). – 31P{1H} NMR (–60
°C): δ 5 42.7 (s, isomer D of m), 40.7 (s, isomer C of m), 36.4 (s,
isomer D of M), 35.2 (s, isomer C of M). – 1H NMR (room temp.):
δ 5 9.60 (br, 1 H6 of coordinated Py, M 1 m), 8.86 (d, J 5 4.5 Hz,
1 H6 of uncoordinated Py, m), 8.75 (d, J 5 4.5 Hz, 1 H6 of uncoor-
dinated Py, M), 8.39 (t, J 5 7 Hz, 1 H, M), 8.24 (m, 1 H, M 1 m),
7.91 (m, 4H of M 1 5 H of m), 7.56 (m, 5 H of M 1 5 H of m),
4.20 [br, 1 Hs of (M 1 m)1 1 Hc of (M 1 m)], 3.44 (br, 1Hs of M
1 m), 1.58 (d, J 5 9.5 Hz, 1 Ha of M), 1.56 (d, J 5 9.5 Hz, 1 Ha

of m), 1.41 (d, J 5 9.5 Hz, 1 Ha of m), 1.39 (d, J 5 9.5 Hz, 1 Ha

of M). – 1H NMR (–60 °C): δ 5 9.72 (d, J 5 5.5 Hz, 1 H6 of
coordinated Py, isomer C of M), 9.68 (d, J 5 5.5 Hz, 1 H6 of coord-
inated Py, isomer C of m), 8.90 (brm, 1 H6 of uncoordinated Py,
isomer C 1 D of m), 8.78 (d, J 5 4.5 Hz, 1 H6 of uncoordinated
Py, isomer C of M), 8.72 (d, J 5 4.5 Hz, 1 H6 of uncoordinated
Py, isomer D of M), 8.33 (m), 7.96 (m), 7.62 (m), 4.39 (br, 1 Hs,
isomer C of M 1 m), 4.30 (m, 1 Hc, isomer C of M 1 m), 3.61
(br, 1 Hs, isomer C of m), 3.52 [br, 1 Hs of isomer C of m and 1
Hc of isomer D (M or m)], 3.25 [m, 1 Hc of isomer D (M or m)],
3.18 (br, 1 Hs, isomer D of M), 3.16 (br, 1 Hs, isomer D of m), 1.61
(d, J 5 9.5 Hz, 1 Ha, isomer C of M), 1.58 (d, J 5 9.5 Hz, 1 Ha,
isomer C of m), 1.50 (d, J 5 9.5 Hz, 1 Ha, isomer C of m), 1.43
(d, J 5 9.5 Hz, 1 Ha, isomer C of M), 1.35 (m, Ha, isomer D of M
1 m); M 5 major equilibrium; m 5 minor equilibrium; ratio M/
m 5 1:0.8; Ratio isomer C/isomer D for each equilibrium 5 1:0.2. –
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IR (CH2Cl2): ν̃ 5 1950 s(sh), 1937vs, 1858 m(sh), 1839 s cm–1. –
IR (KBr pellet): ν̃ 5 3060 w, 1923 vs, 1828 vs, 1587 w, 1574 w,
1440 m, 1285 w, 1169 m, 1154 m, 1134 s, 1096 m, 1011 w, 988 w,
807 w, 774 w, 748 s, 694 w, 560 s, 540 s, 508 w, 449 w cm–1. –
C21H18BrMoN2O3P (553.21): calcd. C 45.59, H 3.28, N 5.06; found
C 45.36, H 3.01, N 5.06. – Conduct. ΛM (MeNO2): 18 S⋅cm2⋅mol–1.

[Mo(η3-allyl)Br(CO)2(OPPy3-O,N)] (5): 47%, red. – 31P{1H} NMR
(room temp.): δ 5 34.0 (br). – 31P{1H} NMR (–60 °C): δ 5 36.4
(s, isomer C), 32.1 (s, isomer D). – 1H NMR (room temp.): δ 5

9.50 (br, 1 H6 of coordinated Py), 8.82 (d, J 5 4.5 Hz, 1 H6 of
uncoordinated Py), 8.70 (d, J 5 4.5 Hz, 1 H6 of uncoordinated Py),
8.37 (m, 2 H), 7.90 (m, 4 H), 7.69 (br, 1 H), 7.51 (m, 1 H), 7.44
(m, 1 H), 4.10 (br, 1 Hs 1 1 Hc), 3.40 (br, 1 Hs), 1.54 (d, J 5

9.5 Hz, 1 Ha), 1.36 (d, J 5 9.5 Hz, 1 Ha). – 1H NMR (–60 °C):
δ 5 9.76 (d, J 5 5 Hz, 1 H6 of coordinated Py, isomer C), 8.94 (d,
J 5 5 Hz, 1 H6 of coordinated Py, isomer D), 8.88 (d, J 5 4.5 Hz,
1 H6 of uncoordinated Py, isomer C), 8.84 (d, J 5 4.5 Hz, 1 H6 of
uncoordinated Py, isomer D), 8.76 (d, J 5 4.5 Hz, 1 H6 of uncoor-
dinated Py, isomer C), 8.72 (d, J 5 4.5 Hz, 1 H6 of uncoordinated
Py, isomer D), 8.50 (t, J 5 7 Hz, 1 H, isomer D), 8.43 (t, J 5

6.5 Hz, 1 H, isomer C), 8.27 (t, J 5 7 Hz, 1 H, isomer C), 8.22 (t,
J 5 6.5 Hz, 1 H, isomer D), 7.90 (m, 5 H, isomers C 1 D), 7.60
(m, 1 H, isomers C 1 D), 7.50 (d, J 5 5 Hz, 1 H, isomers C 1 D),
4.37 (br, 1 Hs, isomer C), 4.27 (m, 1 Hc, isomer C), 3.82 (m, 1 Hc,
isomer D), 3.55 (br, 1 Hs, isomer C), 3.33 (br, 1 Hs, isomer D), 3.26
(br, 1 Hs, isomer D), 1.59 (d, J 5 9.5 Hz, 1 Ha, isomer C), 1.47 (d,
J 5 9.5 Hz, 1 Ha, isomer D), 1.41 (d, J 5 9.5 Hz, 1 Ha, isomer C),
1.38 (d, J 5 9.5 Hz, 1 Ha, isomer D); ratio isomer C/isomer D 5

1:0.9. – IR (CH2Cl2): ν̃ 5 1950 vs, 1854 s cm–1. – IR (Nujol): ν̃ 5

1936 vs, 1838 vs, 1589 w, 1577 m, 1430 m, 1285 w, 1220 w, 1177
m, 1163 m, 1148 m, 1104 m, 1085 m, 1057 w, 1010 w, 988 w, 771
w, 748 m cm–1. – C20H17BrMoN3O3P (554.19): calcd. C 43.35, H
3.09, N 7.58; found C 43.27, H 3.17, N 7.69. – Conduct. ΛM

(MeNO2): 20 S⋅cm2⋅mol–1.

X-ray Crystallographic Analysis of 5: Crystal data and other details
of the structure analysis are presented in Table 2. Red crystals of 5
were recrystallized from dichloromethane/diethyl ether and showed
a block-like habit. One of these crystals was mounted on a glass
fiber with epoxy resin. All diffraction measurements were made at
room temperature with a Siemens SMART[25] diffractometer using
graphite monochromated Mo-Kα radiation. A full hemisphere of
reciprocal space was scanned by 0.3° ω steps with the area detector
center held at 2θ 5 –27°. A total of 1321 data frames were collected
for 10 seconds exposure per frame. The reflections were integrated
using the SAINT program.[26] No crystal decay over the period of
data collection was observed. A total of 10001 diffracted intensities
were measured, 3685 unique observations remained after averaging
of duplicate and equivalent measurements (Rint 5 0.0579) and dele-
tion of the systematic absences. Of these 2587 had I . 2σ(I). An
empirical absorption and detector correction was applied, effective
transmission coefficients were in the range 0.878 to 0.634. Lorentz
and polarization corrections were applied. The structure was solved
by direct and Fourier methods, and refined using full-matrix least-
squares refinement on F2.[27] All non-hydrogen atoms were assigned
anisotropic displacement parameters and refined without posi-
tional constraints. All hydrogen atoms were constrained to ideal-
ized geometries and assigned isotropic displacement parameters 1.2
times the Uiso value of their attached carbon for aromatic hydro-
gens. Final residuals and other details are given in Table 1.[28]

Weights, w, were set to minimize the variation in S as a function
of |Fo|. Final difference electron density maps showed no significant
features. Complex neutral-atom scattering factors were taken
from ref.[29].
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Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication
no. CCDC-134122. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK [Fax: (internat.) 1 44-1223/336-033; E-mail:
deposit@ccdc.cam.ac.uk].
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