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Summary — The base-catalyzed hydrophosphination reactions of (HC=CCH;PPh2)Mo(CO)s5 and (HC=CCH;DBP)Mo(CO)s
with (PhaPH)Mo(CO)s and (DBPH)Mo(CO)s give several different products as a function of reaction conditions. These prod-
ucts were characterized by elemental analyses, physical properties, 'H, **C{'H}, and **P{'H} NMR spectroscopy, infrared
spectroscopy, and in several cases by X-ray crystallography.
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Résumé — Synthése et caractérisation de complexes asymétriques cis-(phosphino-phospholyl)éthéne tétracarbonyl
molybdéne : réactions d’hydrophosphination de (HC=CCH;;PPh2)Mo(CO)s; et (HC=CCH;DBP)Mo(CO)s. La
réaction d’hydrophosphination de (HC=CCH:PPh3)Mo(CO)s et de (HC=CCH2DBP)Mo(CO)s avec (PhoPH)Mo(CO)s et
(DBPH)Mo(CO)s donne divers produits en fonction des conditions réactionnelles. Ces produits ont été caractérisés par
analyse élémentaire, par leurs propriétés physiques, par spectroscopie RMN de 'H, '3C et 3'P, spectroscopie infrarouge et,

dans plusieurs cas, par radiocristallographie aux rayons X.
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Introduction

Coordination of a phosphinoalkyne to a transition metal
through the phosphorus atom greatly modifies the re-
activity of the alkyne functionality activating it toward
such reactions as hydration [1], hydrogen halide [2] ad-
dition and acetylene coupling [3]. Analogous activation
toward addition of the P-H moiety (hydrophosphina-
tion) of secondary phosphines gave stereospecifically the
cis-1,2-diphosphinoalk-1-ene complexes (equation (1))
[4]. Such addition reactions of secondary phosphines to
activated carbon—-carbon multiple bonds provide an ef-
ficient route for the syntheses of unsymmetrical, rigid,
chelating tertiary diphosphine ligands which have po-
tential applications in the area of asymmetric cataly-
sis [5]. Previously, as part of our extensive studies into
these reaction types, we reported the formation of the
chelate diphospholyl and diphosphine complexes A [6]
and B {7}, respectively. The reaction of the secondary
phosphole complex (HDBP)Mo(CO)s (1b) with the
alkyne phosphole complex (HC=CCH;DBP)Mo(CO)s
(2b) gave complex A (equation (2)) [6]. Similarly, com-
plex B was prepared by the base-catalyzed hydrophos-
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phination reaction of the alkyne phosphine complex
(HC=CCH3PPh,)Mo(CO);5 (2a) with the secondary
phosphine complex (HPPhy)Mo(CO)s (1a) as shown
in equation (3) [7].

For both the above reactions the use of the coordi-
nated secondary phosphine and phosphole avoids the
difficult preparation and handling of free secondary
phosphines and also has greater atom economy com-
pared to the method described in equation (1).

We now describe the reactions of the coordinated
secondary phosphine/phosphole with the coordinated
tertiary phosphole/phosphine, containing an activated
acetylene unit. In this way complexes of mixed unsym-
metrical cis-(phosphino or phospholyl) ethenes analo-
gous to A and B have been prepared.
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Results and discussion

The 1:1 reaction of 1a with 2b in the presence of KOBu?
in refluxing THF gave complexes 3a, 4a, 5a and 7 in
the crude reaction mixture. These compounds were sep-
arated by column chromatography followed by recrys-
tallization from a 1:1:1 mixture of dichloromethane /
ether / methanol (scheme 1).
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The base-promoted addition of the P-H bond in
complex 1a across the acetylenic moiety of 2b occurs
in the Markovnikov sense to produce 4a, as shown
by the presence of the two geminal vinyl proton reso-
nances in the 'H NMR spectrum. The column fraction
which contained complex 4a was contaminated with a
considerable amount of complex 7 and almost equal
amounts of three other species that were only char-
acterized by 3*P{*H} NMR spectroscopy [6 34.0, 28.1
(Jpp = 6.5 Hz); 6 49.9, 28.1 (Jpp = 5.5 Hz); 6 68.8,
51.8 (Jpp = 5.7 Hz)]. The dark red complex 7 was iso-
lated by repeated recrystallization of these column frac-
tions. Earlier [7], we reported the formation of 7 under
similar reaction conditions and completed its structural
characterization by NMR, IR spectroscopy and X-ray
crystallography. Multiple attempts to purify 4a by frac-
tional crystallization or column chromatography em-
ploying different solvent systems failed to give the pure
compound. Recrystallization from a 1:1:1 mixture of
dichloromethane / ether / methanol afforded large pale
yellow-green prolate spheroid crystals along with some
amorphous powdery material. X-ray crystallography of
a single crystal taken from this mixture confirmed the
presence of 4a as one of the components. A tedious
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effort of hand-picking a few of the large crystals hav-
ing the same morphology enabled us to unambiguously
characterize 4a by 'H, >1P{*H}, 1*C{'H} NMR and IR
spectroscopy. The base-catalyzed migration of the dou-
ble bond in 4a by a [1,3] hydrogen shift gives the ther-
modynamically stable trans-diphosphine species 3a. We
previously reported the base-catalyzed isomerization of
the propargyl complex 2a (8] in refluxing THF to a
mixture of all three isomers 2a, 2a’ and 2a” (propar-
gyl, allenyl and propynyl, respectively) in solution. The
analogous metal-coordinated DBP-propargyl complex
2b also undergoes isomerization to 2b’ and 2b” un-
der the same reaction conditions [8]. Hence 3a and 4a
could also result from hydrophosphination of the P-H
bond in 1la in Markovnikov’s sense across the termi-
nal and internal vinyl functionalities respectively of the
DBP-allenyl isomer 2b’. Similarly, the addition of com-
plex 1a to the DBP-propynyl isomer 2b” could result in
the formation of the dimolybdenum trans-di{phosphino-
phospholyl) product 3a. We have seen earlier 7] that
under similar reaction conditions, the diphenyl propynyl
isomer 2a” is less reactive towards the hydrophosphi-
nation reaction and, if formed, was recovered from the
product mixture. We have not been able to isolate the
analogous DBP-propynyl isomer 2b” from the mixture
of products. It is quite possible that some of the impu-
rities present in the fractions which eluted complex 4a
may contain some of the rearranged isomer 2b” which
we were unable to isolate. The 31 P{*H} NMR spectra of
3a and 4a each show the presence of a pair of inequiva-
lent 3!'P nuclei with 2Jpp values of 22.5 Hz and 6.08 Hz
respectively. The trans orientation of the two phospho-
rus nuclei across the double bond in 3a enhances the
coupling constant value through conjugation, and the
value is higher than that observed for 4a. Previously,
we have reported evidence for the formation of the anal-
ogous diphosphine {7] and diphosphole [6] complexes of
the type 4a resulting from the addition of the P-H bond
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in Markovnikov’s sense in the reactions of 1a with 2a
or 1b with 2b, respectively. These analogs 4a’ and 4a”
could be efficiently converted to the chelate complexes
A and B respectively, as shown in equations (4) [6]
and (5) [7] above. In the latter case the ezo-methylene
chelate intermediate 5a” was also formed, and it un-
derwent isomerization to B as the final product. We
were unable to isolate a sufficient amount of pure 4a
to enable separate verification of its conversion to 5a
or 6a. Still, it may be concluded that the conversion
pathway will most likely be the same as that shown for
its phosphine and phosphole analogs (equations (4) and
(5)). Moreover, 4a may be a very reactive intermediate
that readily converts either to complex 5a or 3a and
hence would be detected in small quantity in the prod-
uct mixture. Suggestively, the driving force of chelation
caused 4a to undergo thermally induced Mo(CO)g elim-
ination to produce the exo-methylene chelate diphos-
phine or rather the mixed phoshine—phospholyl complex
5a (scheme 1). The latter underwent base-catalyzed iso-
merization in refluxing diglyme to give the thermody-
namically stable cis-isomer 6a in near quantitative yield
(scheme 2).
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The 3'P{*H} NMR spectra of complexes 5a and 6a
show the presence of two inequivalent phosphorus nuclei
(6 34.13, 54.79, 5a; 46.88, 72.82, 6a) in each case with
2Jpp values of 8.39 Hz and 4.62 Hz respectively. The
downfield shifts of the 3!P resonances of 5a and 6a
compared to those of 4a (6 28.04, 51.27) are consistent
with the formation of the five-membered chelate ring
[9]. The small values of 2Jpp are also typical of five-
membered chelate rings on Mo(0) [10].

The 'H NMR spectrum of 5a showed resonances for
the two geminal vinyl protons and two methylene pro-
tons while for 6a only one vinyl proton and a methyl res-
onance were observed. These observations are consistent
with the base-promoted [1, 3] migration of a methylene
proton to the terminal vinyl carbon [11, 12] and isomer-
ization of the carbon—carbon double bond to give exclu-
sively the thermodynamically more stable Z-isomer. In
the 13C{'H} NMR spectra of both the above complexes
the observation of two doublet of doublet resonances for
two of the carbonyl carbons in each case indicates the
presence of two magnetically inequivalent phosphorus
nuclei that are respectively trans and cis to these two
carbonyl groups. This is further confirmed from values
for the phosphorus—carbon coupling constants (2Jpc)
of 25.09 Hz, 8.3 Hz; 24.39 Hz, 8.93 Hz and 26.21 Hz,
7.61 Hz; 23.70 Hz, 8.49 Hz for 5a and 6a respectively.
The higher 2Jp¢ values correspond to the trans coupling
while the smaller values are due to the cis coupling.

A similar hydrophosphination reaction of the sec-
ondary phosphole complex 1b with the tertiary phos-
phino alkyne complex 2a in the presence of a catalytic
amount of KOBu! in refluxing THF gave complexes 3b
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and 5b as the major separable products (scheme 3).
Minor quantities of complexes 4b, 8 and 9 were also
detected in some of the column fractions by 3*P{*H}
and 'H NMR spectroscopy. We were unable to isolate
4b in a pure form from the mixture of 3b and other
trace impurities to complete its spectral characteriza-
tion. A S'P{'H} NMR spectrum for the fraction that
contained 4b as the major species showed the presence
of two inequivalent phosphorus atoms [§ 24.8 (P,), 41.6
(Px)], with a ®Jpp value of 6.87 Hz and the following
minor resonances at : § 46.3, 44.7 (Jpp = 34.7 Hz); §
46.1, 6.1 (Jpp = 33.9 HZ); 6 45.7, 43.1 (Jpp = 5.5 HZ).
A 'H NMR spectrum for 4b showed resonances for the
two methylene protons at § = 2.78 (apparent triplet,
2Jpu = 3Jpy = 5.13 Hz), and for the two vinyl pro-
tons at § = 5.80 (d, 3Jpy = 45.41 Hz) and § = 6.20
(3Jpu = 22.46 Hz) respectively. Hence, based on the
'H and 3'P{'H} NMR spectroscopic data obtained we
were able to identify complex 4b in the mixture of com-
pounds, and the values obtained are in close agreement
with those of its structural analogs 4a, 4a’ and 4a”.
When the same reaction of 1b with 2a was conducted
under more forcing conditions, refluxing diglyme, com-
plexes 3b, 5b and 9 were formed along with a minor
amount of the unexpected product 10 (scheme 4).
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The explanation for the formation of complexes 3b,
4b and 5b from this hydrophosphination reaction is
the same as discussed earlier for their analogs 3a, 4a
and 5a respectively. Interestingly, the column fraction
which contained complex 5b showed the presence of
the cis-chelate isomer 6b in trace amounts as observed
by 3P{*H} NMR spectroscopy. A possible mechanis-
tic pathway for the formation of the bridged complex 8
is outlined in equation (6). In the first step condensa-
tion of two equivalents of the secondary phosphole 1b
in the presence of a base gives the bridged intermediate
dimer 8, which then reacts with another molecule of
1b followed by the elimination of Mo(CO)g to finally
produce complex 8 containing a terminally coordinated
secondary phosphole. Bridged complexes of the type 8’
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[13, 14] are typically prepared under similar conditions.
The structure of 8 was established by *'P{’*H} NMR
spectroscopy. It shows resonances for the three non-
equivalent phosphorus atoms at § 188.87 (d), 167.90 (d)
and —12.01 ppm (apparent triplet) respectively, repre-
senting an AMX spin system, having accidentally the
same phosphorus-phosphorus coupling constant value
of 34.09 Hz. The chemical shift at § = —12.01 ppm can
readily be assigned to the phosphorus atom of the sec-
ondary phosphole. Moreover, in the 3P NMR spectrum
with selective proton decoupling the upfield phosphorus
resonance is a doublet (1Jpy = 349.47 Hz) of appar-
ent triplets due to coupling to the other two bridging
phosphorus nuclei. This confirms the presence of the
coordinated secondary phosphole. A single crystal X-
ray diffraction study further confirmed the structure of
8. Interestingly, for the reaction performed in diglyme,
the column fractions which contained 5b were contami-
nated with trace amounts of another phosphido-bridged
dimer as evidenced by the three inequivalent phospho-
rus resonances in the 3'P{*H} NMR spectrum (see Ex-
perimental section).
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The formation of complex 9 is unique as it is the
first example encountered for the systems yet studied
where the addition of the P-H bond to the alkyne
moiety occurred in an anti-Markovnikov’s sense fol-
lowed by concomitant elimination of Mo(CO)e to give
the six-membered chelate ring. Complex 9 was ob-
tained in higher yield under harsher reaction conditions
(scheme 4). The 3'P{*H} NMR spectrum of 9 shows
the presence of two inequivalent >'P nuclei with a >Jpp
value of 32.97 Hz, a typical value for six-membered
chelate rings on Mo(0) [9]. The 'H NMR spectrum
showed three non-aromatic resonances at 8 = 3.21, 5.62
and 6.88 with 2:1:1 relative intensities. From selective
proton decoupling of the 1H NMR spectrum the low
field resonances at § = 5.62 and § = 6.88 were assigned
to the CHyCH= and CH=CH protons respectively. The
high field resonance at 6 = 3.21 was assigned to the
methylene protons.

The isolation of complex 10 (scheme 4) as one
of the minor products was an unexpected result for
the hydrophosphination reaction performed in diglyme.
Previously [6], this intermediate ezo-methylene five-
membered chelate complex was not detected as a prod-
uct from the reaction of 1b with 2b in pyridine (equa-
tion (2)). It is possible that in diglyme with KOBu!, the
propargyl unit (-CH,C=CH) of the phosphine molecule
2a replaced the hydrogen of the P-H unit of the sec-
ondary phosphole 1b to produce the propargyl tertiary
phosphole complex 2b, as shown in the following.
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Then complex 2b underwent hydrophosphination
with complex 1b to give the intermediate com-
plex 4a’ and after thermally induced elimination of
Mo(CO)g finally produced the bis-(dibenzophospholyl)
ezo-methylene chelate complex 10. The structure of
complex 10 was established by 'H, 3!P{'H} and
13C{'H} NMR and IR spectroscopic data. The obser-
vation of a two-proton methylene resonance and two
geminal vinyl proton resonances in a 2:1:1 ratio in
the 'H NMR spectrum is consistent with the structure
of 10.
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Scheme 5

Complex 5b underwent KOBu‘-catalyzed isomeriza-
tion in refluxing diglyme to produce complex 6b in near
quantitative yield (scheme 5). The base-promoted mi-
gration of a methylene proton to the terminal vinyl car-
bon in 5a drives the stereochemistry of the new carbon-
carbon double bond formation giving rise exclusively
to the Z-isomer, 6b. The structure of 6b was estab-
lished by 'H, 3'P{'H} and *C{*H} NMR and IR spec-
troscopy and further confirmed by X-ray crystallogra-
phy.

Interestingly, for the reaction of la with 2b
(scheme 1) the cis-chelate isomer 6a was not detected in
the mixture of products. Similarly for the reaction of 1b
with 2a, performed in diglyme (scheme 4), 6b could not
be isolated even though it was formed in larger quan-
tity than most of the other products as determined by
31p{1H} NMR spectroscopy of the crude product mix-
ture. Conclusively, it appears from the study of these
hydrophosphination reactions that the formation of the
cis-chelate isomers of type 6a and 6b is less favored in
the first step of the reaction than the formation of the
isomeric ero-methylene cis-chelate complexes 5a and
5b which were obtained in good yield. The latter may
then be efficiently isomerized in the presence of a base
to 6a or 6b respectively.

Single-crystal X-ray analyses of complezes 3a, 3b, 4a,
5b, 6a, 6b, 8 and 9

Crystals of all eight compounds mentioned above
were grown by slow diffusion of methanol into
dichloromethane solutions through an ethereal layer.
Each structure consists of isolated molecules with no
unusual intermolecular contacts. The crystals of 9 were
obtained as a 1:1 dichloromethane solvate and those
of 3a contained one water molecule disordered over
three sites. For all these complexes the coordination



geometry around the metal centers is a distorted oc-
tahedron as is usually observed for molecules of this
type [15, 16]. The molecular structures for the isomeric
bis(molybdenum pentacarbonyl) complexes 3a, 3b and
4a are shown in figures 1-3 respectively, and selected
bond distances and angles are listed in tables I-III re-
spectively. Figures 4-7 show the molecular structures
for the three five-membered (5b, 6a and 6b) and one
six-membered (9) chelate ring molybdenum tetracar-
bonyl complexes and selected bond distances and an-
gles are listed in tables IV-VII respectively. The metal-
phosphorus bond lengths for these complexes lie within
the 2.4718(10)-2.5306(11) A range, in agreement with
other reported values [15, 16]. Previously (8], from struc-
tural and spectroscopic data we have concluded that
the m-acceptor ability of phosphole ligands (RDBP) is
greater than their phosphine congeners (RPPhs). Ac-
cordingly, for each of the bis(molybdenum pentacar-
bonyl) and the chelate tetracarbonyl complexes, the ob-
served DBP-Mo bond distance is always slightly shorter
than the PhoP-Mo bond. The carbon—carbon distances
C11-C12 (1.356(10) A), C23-C25 (1.329(8) A) and
C19-C20 (1.31(2) A) in the structures of 3a, 3b and

Fig 1. Structural drawing of 3a showing the atom num-
bering scheme (40% probability ellipsoids).'Hydrogen atoms
have been omitted for clarity.

Fig 2. Structural drawing of 3b showing the atom num-
bering scheme (40% probability ellipsoids). Hydrogen atoms
have been omitted for clarity.
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Fig 3. Structural drawing of 4a showing the atom num-
bering scheme (40% probability ellipsoids). Hydrogen atoms
have an arbitrary radius of 0.1 A.

Fig 4. Structural drawing of 5b showing the atom num-
bering scheme (40% probability ellipsoids). Hydrogen atoms
have an arbitrary radius of 0.1 A.

Fig 5. Structural drawing of 6a showing the atom num-
bering scheme (40% probability ellipsoids). Hydrogen atoms
have an arbitrary radius of 0.1 A.

4a respectively, confirm the presence of double bonds.
The bond angles C12-C11-P1, C11-C12-C13 for 3a
and C23-C25-P2, C24-C23-C25 for 3b are 129.3(6)°,
125.4(7)°and 126.0(5)°, 124.5(6)°, respectively. This
signifies that C11, C12 in 3a and C25, C23 in 3b
are essentially sp? hybridized. The same is true for 4a
where the bond angles of 122(2)° (C20-C19-C18) and
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Table I. Selected bond lengths and angles for 3a.

Mo(1)-C(5) 2.002(11) Mo(1)-C(2) 2.020(10)
Mo(1)-C(4) 2.027(11) Mo(1)-C(1) 2.042(11)
Mo(1)-C(3) 2.048(12) Mo(1)-P(1) 2.503(2)
Mo(2)-C(8) 1.972(11) Mo(2)-C(10) 1.993(12)
Mo(2)-C(9) 2.014(13) Mo(2)-C(6) 2.023(12)
Mo(2)-C(7) 2.058(14) Mo(2)-P(2) 2.530(2)
P(1)-C(11) 1.802(8) P(1)-C(21) 1.821(9)
P(1)-C(14) 1.836(8) P(2)-C(32) 1.839(8)
P(2)-C(26) 1.840(8) P(2)-C(12) 1.848(8)
o(1)-c(1) 1.110(12) 0(2)-C(2) 1.117(11)
0(3)-C(3) 1.131(12) O(4)-C(4) 1.125(12)
0(5)-C(5) 1.139(12) 0(6)-C(6) 1.121(12)
o(7)~C(7) 1.100(14) 0(8)-C(8) 1.118(12)
0(9)-C(9) 1.140(14) 0(10)-C(10) 1.159(12)
C(11)-C(12) 1.356(10) C(12)-C(13) 1.486(11)
C(5)-Mo(1)-C(2) 91.8(4) C(5)-Mo(1)-C(4) 179.9(4)
C(2)-Mo(1)-C(4) 88.1(4) C(5)-Mo(1)-C(1) 89.5(5)
C(2)~Mo(1)-C(1) 89.9(4) C(4)-Mo(1)-C(1) 90.5(5)
C(5)~Mo(1)-C(3) 89.5(5) C(2)~Mo(1)-C(3) 90.9(4)
C(4)-Mo(1)-C(3) 90.6(5) C(1)-Mo(1)-C(3) 178.7(4)
C(5)-Mo(1)-P(1) 90.2(3) C(2)-Mo(1)-P(1) 177.9(3)
C(4)-Mo(1)-P(1) 89.9(3) C(1)~Mo(1)-P(1) 89.4(3)
C(3)-Mo(1)-P(1) 89.9(3) C(8)-Mo(2)-C(10) 89.5(5)
C(8)-Mo(2)-C(9) 86.7(5) C(10)-Mo(2)-C(9) 83.6(5)
C(8)-Mo(2)-C(6) 87.4(5) C(10)-Mo(2)-C(6) 91.5(4)
C(9)-Mo(2)-C(6) 172.4(4) C(8)-Mo(2)-C(7) 88.7(5)
C(10)-Mo(2)-C(7) 175.2(5) C(9)-Mo(2)-C(7) 91.9(6)
C(6)-Mo(2)-C(7) 92.8(5) C(8)-Mo(2)-P(2) 174.8(4)
C(10)-Mo(2)-P(2) 95.8(3) C(9)-Mo(2)-P(2) 94.0(3)
C(6)-Mo(2)-P(2) 92.3(3) C(7)-Mo(2)-P(2) 86.1(3)
C(11)-P(1)-C(21) 108.7(4) C(11)-P(1)-C(14) 108.4(4)
C(21)-P(1)-C(14) 91.0(4) C(11)-P(1)-Mo(1) 112.1(3)
C(21)-P(1)-Mo(1) 117.3(3) C(14)-P(1)-Mo(1) 117.3(3)
C(32)-P(2)-C(26) 104.5(4) C(32)-P(2)-C(12) 104.0(3)
C(26)-P(2)-C(12) 99.0(4) C(32)-P(2)-Mo(2) 113.5(3)
C(26)-P(2)-Mo(2) 119.7(3) C(12)-P(2)-Mo(2) 114.1(3)
O(1)-C(1)~Mo(1) 179.7(9) 0(2)-C(2)~Mo(1) 178.6(9)
0(3)-C(3)-Mo(1) 176.3(11) O(4)-C(4)-Mo(1) 177.1(10)
0O(5)-C(5)~Mo(1) 178.8(11) 0(6)-C(6)-Mo(2) 175.7(10)
O(7)-C(7)-Mo(2) 179.2(14) 0(8)-C(8)~Mo(2) 177.1(12)
0(9)-C(9)-Mo(2) 173.6(10) 0(10)-C(10)-Mo(2) 176.7(9)
C(12)-C(11)-P(1) 129.3(6) C(11)-C(12)-C(13) 125.4(7)
C(11)-C(12)-P(2) 120.5(6) C(13)-C(12)-P(2) 114.0(6)

Fig 6. Structural drawing of 6b showing the atom num- Fig 7. Structural drawing of 9 showing the atom numbering
bering scheme (40% probability ellipsoids). Hydrogen atoms scheme (40% probability ellipsoids). Hydrogen atoms have
have been omitted for clarity. an arbitrary radius of 0.1 A.
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Table II. Selected bond lengths and angles for 3b.

Mo(1)-C(1) 1.995(9)
Mo(1)-C(4) 2.045(9)
Mo(1)-C(2) 2.059(9)
Mo(2)-C(6) 1.985(10)
Mo(2)-C(10) 2.029(9)
Mo (2)-C(7) 2.034(8)
P(1)-C(11) 1.811(7)
P(1)-C(23) 1.841(7)
P(2)-C(26) 1.835(7)
0(1)-C(1) 1.144(9)
0(3)-C(3) 1.136(9)
0(5)-C(5) 1.146(9)
O(7)-C(7) 1.125(8)
0(9)-C(9) 1.139(8)
C(23)-C(24) 1.504(9)
C(1)-Mo(1)-C(3) 88.2(3)
C(3)-Mo(1)-C(4) 87.5(3)
C(3)-Mo(1)-C(5) 173.5(3)
C(1)-Mo(1)-C(2) 88.5(3)
C(4)-Mo(1)-C(2) 178.1(3)
C(1)-Mo(1)-P(1) 173.1(2)
C(4)-Mo(1)-P(1) 93.5(2)
C(2)-Mo(1)-P(1) 85.9(2)
C(6)-Mo(2)-C(10) 87.6(3)
C(6)-Mo(2)-C(8) 89.6(3)
C(10)-Mo(2)-C(8) 176.4(3)
C(9)-Mo(2)-C(7) 175.4(3)
C(8)-Mo(2)-C(7) 88.6(3)
C(9)-Mo(2)-P(2) 89.6(2)
C(s)—Mo(z)—P(z) 89.6(2)
C(11)-P(1)-C(22) 90.1(4)
C(22)-P(1)-C(23) 102.7(3)
C(22)-P(1)-Mo(1) 120.0(2)
C(25)-P(2)-C(26) 102.3(3)
C(26)-P(2)-C(32) 103.0(3)
C(26)-P(2)-Mo(2) 120.3(2)
0(1)-C(1)-Mo(1) 179.3(7)
0(3)-C(3)-Mo(1) 176.7(7)
0(5)-C(5)-Mo(1) 177.2(7)
0(7)-C(7)-Mo(2) 176.1(7)
0(9)-C(9)-Mo(2) 178.3(7)
C(25)-C(23)-C(24) 124.5(6)
C(24)-C(23)-P(1) 116.8(5)

Mo(1)-C(3) 2.029(9)
Mo(1)-C(5) 2.053(9)
Mo(1)-P(1) 2.505(2)
Mo(2)-C(9) 2.006(9)
Mo(2)-C(8) 2.031(9)
Mo(2)-P(2) 2.510(2)
P(1)-C(22) 1.832(7)
P(2)-C(25) 1.818(6)
P(2)-C(32) 1.836(7)
0(2)-C(2) 1.113(8)
O(4)-C(4) 1.122(9)
O(6)-C(6) 1.147(9)
0(8)-C(8) 1.117(9)
0(10)-C(10) 1.124(9)
C(23)-C(25) 1.329(8)
C(1)-Mo(1)-C(4) 92.2(3)
C(1)-Mo(1)-C(5) 90.6(3)
C(4)-Mo(1)-C(5) 86.1(3)
C(3)-Mo(1)-C(2) 90.7(3)
C(5)-Mo(1)-C(2) 95.6(3)
C(3)-Mo(1)-P(1) 95.8(2)
C(5)-Mo(1)-P(1) 86.0(2)
C(6)-Mo(2)-C(9) 90.6(3)
C(9)-Mo(2)-C(10) 90.5(3)
C(9)-Mo(2)-C(8) 87.3(3)
C(6)-Mo(2)-C(7) 91.5(3)
C(10)~Mo(2)-C(7) 93.7(3)
C(6)-Mo(2)-P(2) 179.1(2)
C(10)-Mo(2)-P(2) 93.2(2)
C(7)—Mo(2)—P(2) 88.2(2)
C(11)-P(1)-C(23) 101.6(3)
C(11)-P(1)-Mo(1) 115.0(2)
C(23)-P(1)-Mo(1) 121.7(2)
C(25)-P(2)-C(32) 103.2(3)
C(25)-P(2)-Mo(2) 114.9(2)
C(32)-P(2)-Mo(2) 111.1(2)
0(2)-C(2)-Mo(1) 177.2(7)
O(4)~C(4)-Mo(1) 177.7(8)
O(8)-C(6)-Mo(2) 178.2(8)
0(8)-C(8)-Mo(2) 177.5(8)
0(10)-C(10)-Mo(2) 177.0(7)
C(25)-C(23)-P(1) 118.7(5)
C(23)-C(25)-P(2) 126.0(5)

120(2)° (C20-C19-P2), indicate that C19 is sp® hy-
bridized, and since the C19-C20 bond distance accounts
for the presence of a carbon—carbon double bond, C20
is also sp? hybridized. In 4a a distance of 1.55(2) A for
C18-C19 confirms the presence of a single bond. For
all the chelate complexes the molybdenum-carbon bond
lengths fall within the range of 2.016(4)-2.047(13) A for
Mo—C bonds trans to the carbon and within the range of
1.969(5)-1.999(4) A for Mo—C bonds trans to the phos-
phorus. Here the o-donor ability of the phosphine lig-
ands toward the metal atoms is responsible for strength-
ening the trans metal-carbon bond by w-backbonding,
which causes a shortening of the Mo—C bond distances.
This in turn weakens the C—O bond due to the increased
electron density in its 7* orbital. The bite angles (P-
Mo~P) for the chelate complexes 5b, 6a, 6b and 9
are 79.61(4)°, 77.55(3)°, 78.78(9)° and 83.57(3)° respec-
tively and are in close agreement with reported litera-
ture values [13, 15, 16]. The reduced ring strain present
for the six-membered ring when compared to the five-
membered rings containing the constrained double bond

may account for the higher P-Mo-P bond angle for 9

The C17-C18 bond distances for complexes 5b, 6a, 6b
and 9 are 1.306(6), 1.328(4), 1.328(12) and 1.312(6) A
respectively, confirming the presence of double bonds
in each case. Similarly the distances of 1.505(8) A be-
tween C17 and C19 in 5b, and 1.503(4) A, 1.499(12) A
and 1.499(6) A between C18 and C19 in 6a, 6b and 9
respectively, confirms the presence of single bonds. The
molecular structure of complex 8 is shown in figure 8
and selected bond distances and angles are given in ta-
ble VIII. The presence of the MosP5 core having a pla-
nar geometry is a typical characteristic for these types of
compounds, and the metrical parameters are similar to
those found for Moz(CO)s(u-PEt3)s [17). The Mo-Mo
bond distance of 3.047(3) A signifies the presence of a
single bond between the two metal atoms and is in close
agreement with other reported values [17]. The metal-
carbon bond distances for this bridged phosphide range
between 1.95(3) and 2.00(3) A, and the average values
of the C-O bond lengths (1.16(2) A) and the Mo-C-O
bond angles (176(2)°) are in the normal ranges [17].
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Table III. Selected bond lengths and angles for 4a.

Mo(1)-C(4) 2.01(2)
Mo(1)-C(5) 2.02(3)
Mo(1)-C(1) 2.04(3)
Mo(2)-C(37) 1.96(2)
Mo(2)-C(36) 2.021(14)
Mo(2)-C(33) 2.06(2)
P(1)-C(17) 1.77(2)
P(1)-C(18) 1.86(2)
P(2)-C(21) 1.83(2)
0(1)-C(1) 1.09(2)
0(3)-C(3) 1.14(2)
0(5)-C(5) 1.13(3)
O(7)-C(34) 1.03(2)
0(9)-C(36) 1.04(2)
C(19)-C(20) 1.31(2)
C(4)-Mo(1)-C(3) 88.8(9)
C(3)-Mo(1)-C(5) 178.5(10)
C(3)-Mo(1)-C(2) 87.5(9)
C(4)-Mo(1)-C(1) 88.4(8)
C(5)- Mo( )-C(1) 88.9(10)
C{4)-Mo(1)-P(1) 91.4(6)
C(5) Mo(l)—P(l) 91.0(7)
C(1)-Mo(1)-P(1) 179.8(7)
C(37)-Mo(2)-C(36) 90.7(5)
C(37)-Mo(2)-C(35) 177.1(13)
C(36)-Mo(2)-C(35) 88.5(5)
C(34)-Mo(2)-C(33) 88.4(8)
C(35)-Mo(2)-C(33) 87.6(8)
C(34)-Mo(2)-P(2) 97.7(10)
C(35)-Mo(2)-P(2) 94.7(10)
C(17)-P(1)-C(6) 90.9(9)
C(6)-P(1)-C(18) 106.9(8)
C(6)-P(1)-Mo(1) 118.7(6)
C(19)-P(2)-C(21) 101.7(9)
C(21)-P(2)-C(27) 103.9(9)
C(21)-P(2)-Mo(2) 119.2(6)
O(1)-C(1)-Mo(1) 178(2)
0(3)-C(3)-Mo(1) 179(2)
0(5)-C(5)-Mo(1) 176(2)
C(7)-C(6)-P(1) 128(2)

C(20)-C(19)-C(18) 122(2)
C(18)-C(19)-P(2) 117.9(14)
O(7)-C(34)-Mo(2) 174(3)
0(9)-C(36)-Mo(2) 174(3)

Mo(l) -C(3) 2.01(3)
Mo(1)-C(2) 2.03(3)
Mo(1)-P(1) 2.502(5)
Mo(2)-C(34) 2.00(2)
Mo(2)-C(35) 2.03(2)
Mo(2)-P(2) 2.527(5)
P(1)-C(6) 1.82(2)
P(2)-C(19) 1.79(2)
P(2)-C(27) 1.83(2)
0(2)-C(2) 1.12(2)
0(4)-C(4) 1.13(2)
0(6)-C(33) 1.06(2)
0(8)-C(35) 1.04(2)
0(10)-C(37) 1.04(2)
C(18)-C(19) 1.55(2)
C(4)-Mo(1)-C(5) 92.1(9)
C(4)-Mo(1)-C(2) 176.2(9)
C(5)-Mo(1)-C(2) 91.6(10)
C(3)-Mo(1)-C(1) 89.9(9)
C(2)-Mo(1)-C(1) 90.5(9)
C(3)-Mo(1)-P(1) 90.2(6)
C(2)-Mo(1)-P(1) 89.7(7)
C(37)-Mo(2)-C(34) 91.3(5)
C(34)-Mo(2)-C(36) 175.3(13)
C(34)-Mo(2)-C(35) 89.2(5)
C(37)-Mo(2)-C(33) 89.6(8)
C(36)-Mo(2)-C(33) 87.4(7)
C(37)-Mo(2)-P(2) 88.1(11)
C(36)-Mo(2)-P(2) 86.5(10)
C(33)-Mo(2)-P(2) 173.5(8)
C(17)-P(1)-C(18) 107.2(9)
C(17)-P(1)-Mo(1) 118.6(6)
C(18)-P(1)-Mo(1) 112.2(6)
C(19)-P(2)-C(27) 104.0(9)
C(19)-P(2)-Mo(2) 118.9(7)
C(27)-P(2)-Mo(2) 107.3(6)
0(2)~C(2)-Mo(1) 176(2)
0(4)~C(4)-Mo(1) 178(2)
C(7)-C(6)-C(11) 122(2)
C(19)-C(18)-P(1) 122.5(12)
C(20)-C(19)-P(2) 120(2)
0(6)-C(33)-Mo(2) 176(3)
0(8)~C(35)-Mo(2) 176(3)
0(10)-C(37)-Mo(2) 175(3)

Experimental section
Reagents and physical measurements

Commercially available reagent grade chemicals were used
unless otherwise indicated. All experiments were performed
under a dry nitrogen atmosphere using standard Schlenk-
line techniques. (RPh2P)Mo(CO)s and (RDBP)Mo(CO)s
“where R = H, CH,C=CH, were prepared by literature meth-
ods (8]. Tetrahydrofuran was distilled under nitrogen from
sodium benzophenoneketyl, and diglyme was distilled under
nitrogen over sodium. Silica gel for column chromatogra-
phy (grade 12, 28-200 mesh) was obtained from Aldrich.
Melting points were determined on a Mel-Temp apparatus
and are uncorrected. Elemental analyses were performed by
Galibraith Laboratories, Knoxville, TN. Solution infrared
spectra were obtained on a Perkin-Elmer Para.gon 1000 PC
FT spectrometer in sealed CaFz cells. *'P{'H}, *C{'H}
and 'H NMR spectra were recorded at 121.66 (202.35),
75 (125.71) and 300 (499.86) MHz, respectively, on ei-
ther a General Electric GN-300 or Varian Unity Plus-500

Fig 8. Structural drawing of 8 showing the atom numbering
scheme (40% probability ellipsoids). All hydrogen atoms
have been omitted for clarity except on P1 which has an
arbitrary radius of 0.1 A
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Table IV. Selected bond lengths and angles for 5b.

Mo-C(2) 1.969(5)
Mo-C(4) 2.025(5)
Mo-P(1) 2.4847(12)
P(1)-C(5) 1.809(4)
P(1)-C(17) 1.837(4)
P(2)-C(20) 1.831(5)
0O(1)-C(1) 1.148(5)
0(3)-C(3) 1.138(5)
C(17)-C(19) 1.506(6)
C(2)-Mo—C(1) 89.6(2)
C(1)-Mo—C(4) 91.6(2)
C(1)-Mo—C(3) 90.8(2)
C(2)-Mo-P(1) 96.7(2)
C(4)-Mo-P(1) 90.77(12)
C(2)-Mo-P(2) 176.3(2)
C(4)-Mo—P(2) 92.31(13)
P(1)-Mo-P(2) 79.61(4)
C(5)-P(1)-C(17) 105.0(2)
C(5)-P(1)-Mo 128.5(2)
C(17)-P(1)-Mo 103.75(13)
C(26)-P(2)-C(19) 103.0(2)
C(26)-P(2)-Mo 119.37(14)
C(19)-P(2)-Mo 108.38(14)
0(2)-C(2)-Mo 178.4(5)
0(4)-C(4)-Mo 176.8(4)
C(18)-C(17)-P(1) 124.4(4)
C(17)-C(19)-P(2) 109.6(3)

Mo-C(1) 1.992(5)
Mo-C(3) 2.037(5)
Mo-P(2) 2.5306(11)
P(1)-C(16) 1.823(4)
P(2)-C(26) 1.822(4)
P(2)-C(19) 1.846(4)
0(2)-C(2) 1.150(5)
O(4)-C(4) 1.144(5)
C(17)-C(18) 1.306(6)
C(2)-Mo-C(4) 87.9(2)
C(2)-Mo-C(3) 87.4(2)
C(4)-Mo-C(3) 174.7(2)
C(1)-Mo-P(1) 173.35(14)
C(3)-Mo-P(1) 87.40(13)
C(1)-Mo-P(2) 94.06(14)
C(3)-Mo-P(2) 92:30(14)
C(5)-P(1)-C(16) 90.4(2)
C(16)—P(1)—C(17) 103.4(2)
C(16)-P(1)-M 122.65(14)
C(26)- P( ) ( 0) 101.8(2)
C(20)-P(2)-C(19) 103.7(2)
C(20)-P(2)-Mo 118.5(2)
0O(1)-C(1)-Mo 178.6(4)
0(3)-C(3)-Mo 175.9(4)
C(18)-C(17)-C(19) 124.5(4)
C(19)-C(17)-P(1) 110.6(3)

Table V. Selected bond lengths and angles for 6a.

Mo(1)-C(3) 1.991(4)
Mo(1)-C(1) 2.032(4)
Mo(1)-P(1) 2.4845(9)
P(1)-C(5) 1.818(3)
P(1)-C(16) 1.820(3)
P(2)-C(20) 1.836(3)
o(1)-C(1) 1.135(4)
0(3)-C(3) 1.150(4)
C(18)-C(19) 1.503(4)
C(3)-Mo(1)-C(4) 89.09(14)
C(4)-Mo(1)-C(1) 87.53(13)
C(4)-Mo(1)-C(2) 89.67(13)
C(3)-Mo(1)-P(1) 170.23(10)
C(1)-Mo(1)-P(1) 86.01(9)

C(3)-Mo(1)-P(2) 92.69(10)
C(1)-Mo(1)-P(2) 89.27(9)

P(1)-Mo(1)-P(2) 77.55(3)

C(5)-P(1)~C(16) 90.3(2)

C(5)-P(1)-Mo(1) 126.15(11)
C(16)-P(1)-Mo(1) 120.29(11)
C(26)-P(2)-C(18) 101.98(14)
C(26)-P(2)-Mo(1) 117.39(11)
C(18)-P(2)-Mo(1) 108.77(11)
0(2)-C(2)-Mo(1) 177.7(3)

O(4)-C(4)-Mo(1) 176.2(3)

C(18)-C(17)-P(1) 122.2(3)

C(17)-C(18)-P(2) 116.2(2)

Mo(1)-C(4) 1.991(4)
Mo(1)-C(2) 2.040(4)
Mo(1)-P(2) 2.4946(9)
P(1)-C(17) 1.819(3)
P(2)-C(26) 1.830(3)
P(2)- C(18) 1.841(3)
0(2)-C(2) 1.138(4)
O(4)-C(4) 1.149(4)
C(17)-C(18) 1.328(4)
C(3)-Mo(1)-C(1) 94.37(14)
C(3)-Mo(1)-C(2) 89.09(14)
C(1)-Mo(1)-C(2) 175.51(14)
C(4)-Mo(1)-P(1) 100.68(10)
C(2)-Mo(1)-P(1) 91.06(10)
C(4)-Mo(1)-P(2) 176.45(10)
C(2)-Mo(1)-P(2) 93.43(10)
C(5)-P(1)-C(17) 102.8(2)
C(17)-P(1)-C(16) 106.6(2)
C(17)-P(1)-Mo(1) 107.96(11)
C(26)-P(2)-C(20) 102.4(2)
C(20)-P(2)-C(18) 104.6(2)
C(20)-P(2)-Mo(1) 119.67(12)
0(1)-C(1)-Mo(1) 177.9(3)
0(3)-C(3)-Mo(1) 179.4(3)
C(6)-C(5)-C(10) 120.5(3)
C(17)-C(18)-C(19) 123.3(3)
C(19)-C(18)-P(2) 120.4(2)

spectrometer. Proton and carbon chemical shifts are relative
to internal Me,Si, phosphorus chemical shifts are relative to
external PPhy (6%'P = —6.0 ppm); all shifts to low field
(high frequency) are positive.

e Base-catalyzed reaction of 1a with 2b

(i) To a solution of 2.00 g (4.74 mmol) of 1a in 20 mL of
freshly distilled dry THF was added a catalytic amount of

KOBu® (~ 0.01 g), and the mixture was stirred under ni-
trogen for 5—6 min. The solution turned bright orange red.
To this mixture was added a solution of 2.17 g (4.74 mmol)
of 2b in 20 mL of dry THF. The total volume of the re-
action mixture was increased to 200 mL by adding excess
dry THF, and the mixture was refluxed for 24 h under ni-
trogen. The resulting solution was reddish brown in color.
After cooling to room temperature, 50 mL of hexane and
50 mL of diethyl ether were added to the product mixture
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Table VI. Selected bond lengths and angles for 6b.

Mo(1)-C(4) 1.979(13) Mo(1)-C(3) 1.994(12)
Mo(1)-C(2) 2.015(13) Mo(1)-C(1) 2.047(13)
Mo(1)-P(1) 2.475(3) Mo(1)-P(2) 2.487(3)
P(2)-C(17) 1.791(10) P(2)-C(11) 1.825(12)
P(2)-C(5) 1.852(11) P(1)-C(20) 1.826(10)
P(1)-C(31) 1.828(11) P(1)-C(18) 1.842(10)
0(1)-C(1) 1.120(12) 0(2)-C(2) 1.142(12)
0O(3)-C(3) 1.142(11) 0(4)-C(4) 1.164(12)
C(17)-C(18) 1.328(12) C(18)-C(19) 1.499(12)
C(4)-Mo(1)-C(3) 94.3(5) C(4)-Mo(1)-C(2) 90.5(5)
C(3)-Mo(1)~C(2) 85.8(4) C(4)-Mo(1)-C(1) 87.4(5)
C(3)-Mo(1)-C(1) 89.4(4) C(2)-Mo(1)-C(1) 174.6(4)
C(4)-Mo(1)-P(1) 93.6(3) C(3)-Mo(1)-P(1) 171.8(4)
C(2)-Mo(1)-P(1) 91.8(3) C(1)-Mo(1)-P(1) 93.4(3)
C(4)-Mo(1)-P(2) 172.4(3) C(3)-Mo(1)-P(2) 93.3(4)
C(2)-Mo(1)-P(2) 89.5(3) C(1)-Mo(1)-P(2) 93.2(3)
P(1)-Mo(1)-P(2) 78.78(9) C(17)-P(2)-C(11) 105.3(5)
C(17)-P(2)-C(5) 99.8(5) C(11)-P(2)-C(5) 102.2(5)
C(17)-P(2)-Mo(1) 109.0(4) C(11)-P(2)-Mo(1) 118.3(4)
C(5)-P(2)-Mo(1) 119.9(3) C(20)-P(1)-C(31) 90.5(5)
C(20)-P(1)-C(18) 100.7(5) C(31)-P(1)-C(18) 103.2(5)
C(20)~P(1)~Mo(1) 125.0(4) C(319-P(1)-Mo(1) 122.4(3)
C(18)~P(1)~Mo(1) 110.9(3) 0(1)-C(1)-Mo(1) 173.5(12)
0(2)-C(2)-Mo(1) 176.6(11) 0(3)-C(3)-Mo(1) 178.6(12)
0(4)-C(4)-Mo(1) 179.3(10) C(18)-C(17)-P(2) 124.2(9)
C(17)~C(18)-C(19) 125.2(10) C(17)-C(18)-P(1) 116.0(8)
C(19)-C(18)-P(1) 118.7(8)

Table VII. Selected bond lengths and angles for 9.

Mo-C(2) 1.986(4) Mo-C(1) 1.999(4)
Mo-C(4) 2.016(4) Mo-C(3) 2.041(5)
Mo-P(1) 2.4718(10) Mo-P(2) 2.5100(10)
P(1)-C(17) 1.814(4) P(1)-C(16) 1.820(4)
P(1)-C(5) 1.826(4) P(2)-C(20) 1.828(4)
P(2)-C(26) 1.833(4) P(2)-C(19) 1.845(4)
o(1)-c(1) 1.145(5) 0(2)-C(2) 1.150(5)
0(3)-C(3) 1.145(5) 0(4)-C(4) 1.149(5)
C(18)-C(19) 1.499(6) C(17)-C(18) 1.312(6)
C(2)-Mo-C(1) 90.4(2) C(2)-Mo-C(4) 88.5(2)
C(1)-Mo-C(4) 89.4(2) C(2)-Mo-C(3) 84.4(2)
C(1)-Mo-C(3) 90.6(2) C(4)-Mo-C(3) 172.9(2)
C(2)-Mo-P(1) 90.82(12) C(1)-Mo-P(1) 178.28(11)
C(4)-Mo-P(1) 89.40(11) C(3)-Mo-P(1) 90.79(11)
C(2)-Mo-P(2) 174.39(12) C(1)-Mo-P(2) 95.23(11)
C(4)-Mo-P(2) 91.44(11) C(3)-Mo-P(2) 95.64(11)
P(1)-Mo-P(2) 83.57(3) C(17)-P(1)-C(16) 102.0(2)
C(17)-P(1)-C(5) 101.0(2) C(16)-P(1)-C(5) 90.2(2)
C(17)-P(1)-Mo 120.47(13) C(16)-P(1)-Mo 119.35(12)
C(5)~P(1)-Mo 118.29(12) C(20)-P(2)-C(26) 103.0(2)
C(20)-P(2)-C(19) 103.0(2) C(26)-P(2)-C(19) 99.6(2)
C(20)-P(2)-Mo 117.26(12) C(26)-P(2)-Mo 120.44(12)
C(19)-P(2)-Mo 110.79(13) 0(1)-C(1)-Mo 176.6(3)
0(2)-C(2)~Mo 178.2(4) 0(3)-C(3)-Mo 174.6(3)
0O(4)-C(4)-Mo 175.6(3) C(18)-C(17)-P(1) 128.2(3)
C(17)-C(18)-C(19) 130.5(4) C(18)-C(19)-P(2) 117.4(3)

which was washed with three 100 mL portions of 1.0 M HCl
and three 100 mL portions of water. The organic layer was
dried with MgSO4 and gravity filtered. The solvent from
the filtrate was removed on a rotary evaporator, and the
resulting mixture of compounds was separated by column
chromatography on silica gel using a solution of 5% ben-
zene in hexane as the eluent. The amount of benzene in
the eluent was gradually increased. Twenty four fractions of
50-75 mL each were collected and were monitored by TLC

and 3'P{'H} NMR spectroscopy. From the first four frac-
tions about 0.375 g of unreacted starting material 1a and
diphenylphosphine oxide was retrieved. Fractions 5-6 gave
0.36 g (0.41 mmol, 8.7%) of complex 3a. Upon changing the
concentration of the eluent to 10% benzene in hexane about
0.27 g of material was recovered from fractions 7-8 which
contained 0.15 g (0.191 mmol, 8.1%) of complex 7 that was
precipitated out as a red solid by repeated fractional crys-
tallization from a mixed solvent system of methylene chio-
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Table VIII. Selected bond lengths and angles for 8.

Mo(1)-C(2) 1.98(2)
Mo(1)-C(1) 1.99(2)
Mo(1)-P(2) 2.467(6)
Mo(1)-Mo(2) 3.047(3)
Mo(2)-C(7) 1.95(2)
Mo(2)-C(5) 2.00(3)
Mo(2)-P(2) 2.514(6)
P(1)-C(8) 1.83(2)
P(2)-C(20) 1.79(2)
P(3)-C(43) 1.81(3)
0(2)-C(2) 1.17(2)
0(4)-C(4) 1.15(2)
0(6)-C(6) 1.16(3)
C(2)-Mo(1)-C(3) 90.5(10)
C(3)-Mo(1)-C(1) 90.1(10)
C(3)-Mo(1)-P(3) 81.3(8)
C(2)-Mo(1)-P(2) 89.3(6)
C(1)-Mo(1)-P(2) 89.5(6)
C(2)-Mo(1)-P(1) 87.7(5)
C(1)-Mo(1)-P(1) 87.9(6)
P(2)-Mo(1)-P(1) - 87.7(2)
C(3)-Mo(1)-Mo(2) 133.8(8)
P(3)-Mo(1)-Mo(2) 52.6(2)
P(1)-Mo(1)-Mo(2) 140.5(2)
C(6)-Mo(2)-C(4) 88.6(12)
C(6)-Mo(2)-C(5) 87.8(11)
C(4)-Mo(2)-C(5) 172.8(10)
C(7)-Mo(2)-P(3) 173.6(6)
C(5)-Mo(2)-P(3) 94.4(7)
C(7)-Mo(2)-P(2) 84.1(6)
C(5)-Mo(2)-P(2) 92.8(7)
C(6)-Mo(2)-Mo(1) 133.7(7)
C(4)-Mo(2)-Mo(1) 93.6(7)
P(3)-Mo(2)-Mo(1) 50.79(14)
C(19)-P(1)-C(8) 89.9(12)
C(8)-P(1)-Mo(1) 122.8(7)
C(31)-P(2)-Mo(1) 126.3(8)
C(31)-P(2)-Mo(2) 122.2(7)
Mo(1)-P(2)-Mo(2) 75.4(2)
C(32)-P(3)-Mo(1) 126.1(10)
C(32)-P(3)-Mo(2) 123.3(9)
Mo(1)-P(3)-Mo(2) 76.6(2)
0(2)-C(2)-Mo(1) 178(2)
0(4)-C(4)-Mo(2) 174(3)
0(6)-C(6)-Mo(2) 177(2)

Mo(1)-C(3) 1.98(3)
Mo(1)-P(3) 2.427(6)
Mo(1)-P(1) 2.490(6)
Mo(2)-C(6) 1.95(3)
Mo(2)-C(4) 1.98(3)
Mo(2)-P(3) 2.487(6)
P(1)-C(19) 1.74(2)
P(2)-C(31) 1.76(2)
P(3)-C(32) 1.79(2)
0(1)-C(1) 1.17(2)
0(3)-C(3) 1.14(2)
0(5)-C(5) 1.16(2)
o(7)-C(7) 1.17(2)
C(2)-Mo(1)-C(1) 175.5(8)
C(2)-Mo(1)-P(3) 90.7(6)
C(1)-Mo(1)-P(3) 93.8(6)
C(3)-Mo(1)-P(2) 173.2(7)
P(3)-Mo(1)-P(2) 105.5(2)
C(3)-Mo(1)-P(1) 85.5(7)
P(3)-Mo(1)-P(1) 166.7(2)
C(2)-Mo(1)-Mo(2) 87.7(5)
C(1)-Mo(1)-Mo(2) 95.1(6)
P(2)-Mo(1)-Mo(2) 52.97(14)
C(6)-Mo(2)-C(7) 90.7(10)
C(7)-Mo(2)-C(4) 87.9(10)
C(7)-Mo(2)-C(5) 86.0(10)
C(6)-Mo(2)-P(3) 82.9(7)
C(4)-Mo(2)-P(3) 91.3(7)
C(6)-Mo(2)-P(2) 174.7(8)
C(4)-Mo(2)-P(2) 90.3(8)
P(3)-Mo(2)-P(2) 102.3(2)
C(7)-Mo(2)-Mo(1) 135.6(6)
C(5)-Mo(2)-Mo(1) 93.5(7)
P(2)-Mo(2)-Mo(1) 51.58(14)
C(19)-P(1)-Mo(1) 119.9(8)
C(31)-P(2)-C(20) 91.2(11)
C(20)-P(2)-Mo(1) 124.6(7)
C(20)-P(2)-Mo(2) 121.1(8)
C(32)-P(3)-C(43) 89.0(14)
C(43)-P(3)-Mo(1) 125.6(9)
C(43)-P(3)-Mo(2) 120.9(9)
0(1)-C(1)~-Mo(1) 178(2)
0(3)-C(3)-Mo(1) 174(3)
0(5)-C(5)-Mo(2) 177(2)
0(7)-C(7)-Mo(2) 177(2)

ride and methanol. The residue contained 3a, 4a and other
impurities which could not be further separated. The col-
umn was then eluted with 15% benzene in hexane solution.
Fractions 9-10 eluted 0.15 g of material which was com-
prised of 4a and at least four other compounds that could
not be separated for complete characterization. Attempts to
separate these products by fractional crystallization from
a mixed solvent system of methylene chloride, ether and
methanol caused 4a to crystallize out as large yellow-green
prolate spheroid crystals along with the co-precipitation of
an amorphous yellowish solid, the latter being the aforemen-
tioned impurities. We were able to hand-pick a few of these
prolate spheroid crystals to complete the spectral charac-
terization for complex 4a. Upon changing the eluent to 20%
benzene in hexane, fractions 10-11 eluted trace amounts of
complex 4a which could not be recovered. The eluent was
then gradually changed to 75% benzene in hexane. About
1.48 g (2.40 mmol, 50.6%) of 5a was eluted last from the
column in fractions 14-24. It was crystallized from a 1:1:1
mixture of methylene chloride, ether and methanol to give
pale yellow crystals.

(ii) The same reaction was repeated in diglyme but
the crude product mixture was only characterized by
31P{'H} NMR spectroscopy (table IX).

e Base-catalyzed reaction of 1b with 2a

(i) To a solution of 2.08 g (4.52 mmol) of 2a in 80 mL of
freshly distilled THF was added 1.90 g (4.52 mmol) of 1b
under a nitrogen atmosphere, and the mixture was stirred
for 10 min. A catalytic amount of KOBu® (~0.01 g) was then
added, and the reaction mixture was refluxed under nitrogen
for 8 h. The color of the solution remained bright yellow or-
ange. The mixture was cooled to ambient temperature, and
then 50 mL of hexane and 50 mL of diethyl ether were added.
The organic phase was washed with three 75 mL portions
of 1.0 M HCI and two 100 mL portions of water followed by
drying with MgSO4. The solvent was removed on a rotary
evaporator, and the resulting mixture of products was sepa-
rated by column chromatography on silica gel using 5% ben-
zene in hexane solution as the eluent. The benzene concen-
tration of the solution was gradually increased. Thirty-one



482

fractions of 50-75 mL were collected and were monitored
by TLC and *'P{'H} NMR spectroscopy. Approximately
0.36 g of 1b and dibenzophosphole oxide were collected from
fractions 5-9 and 0.59 g (1.28 mmol) of 2a and its isomer
2a’” was recovered from fraction 10. Fractions 11-15 gave
0.85 g (0.96 mmol, 29.6%) of complex 3b. Upon increasing
to 10% benzene in hexane, a mixture of 3b, 4b and trace
amounts of impurities were eluted in fractions 16-18 (see
above). We were unable to separate 4b from this mixture to
completely characterize it. Complex 5b (0.28 g, 0.45 mmol,
14.0%) was eluted next in fractions 20~22 when the eluent
was increased to 20% benzene in hexane. Fractions 24-26
came out as a deep reddish brown band on the column when
eluted with 25% benzene in hexane solution and crystallized
to give 0.005 g (0.0053 mmol) of complex 8. Upon increas-
ing to 50% benzene in hexane, 0.09 g (0.146 mmol, 4.5%)
of complex 9 was eluted last from the column in fractions
28-31. All the above-mentioned complexes were recrystal-
lized from a 1:1:1 mixture of methylene chloride / ether /
methanol.

(ii) To a solution containing 2.00 g (4.35 mmol) of 2a and
1.83 g (4.35 mmol) of 1b in 75 mL of freshly distilled diglyme
with stirring under nitrogen was added a catalytic amount
of KOBu® (~0.02 g) and the mixture was refluxed for 8 h.
Colorless crystals of Mo(CO)g formed on the inside of the
reflux condenser. After cooling to ambient temperature, the
solvent was removed by vacuum distillation while keeping
the flask warm in a hot water bath. The yellowish brown
residue was dissolved in 150 mL of diethy! ether and 50 mL
hexane and washed with 3 x 100 mL portions of 1.0 M HCl
and 3 x 100 mL portions of water followed by drying with
MgSQOy4. The solvents were removed by rotary evaporation.
The crude products were separated by column chromatogra-
phy on silica gel with 5% benzene in hexane solution as the
eluent. Thirty four fractions of 50-75 mL each were collected
and monitored by TLC and 3'P{*H} NMR spectroscopy.
About 0.02 g of unreacted 1b and dibenzophosphole oxide
were recovered from fractions 1-4 and 0.25 g (0.54 mmol)
of unreacted 2a and its isomer 2a” were recovered from
fractions 6-10. Fractions 11-12 gave about 0.1 g of 3b con-
taminated with some 2a. Fractions 13-15 gave about 0.85 g
(0.97 mmol,25.4%) of complex 3b. The benzene concentra-~
tion of the eluent was gradually increased to 15% benzene in
hexane when 0.085 g (0.14 mmol, 0.73%) of complex 10 was
eluted from fractions 19-22. Complex 5b (0.89 g, 1.45 mmol,
38.1%) was eluted next in fractions 23-26 when the eluent
concentration was changed to 20% benzene in hexane solu-
tion. It was contaminated with trace amounts of 6b in frac-
tion 26. The former fractions of this batch (23-24) were con-
taminated with trace amounts of another unknown complex
of which the 3'P{*H} NMR spectrum showed resonances at
6 190.1 (d, Jpp = 36.35 Hz), d 166.3 (d, Jep = 30.55 Hz)
and d 19.12 (dd, Jpp = 36.35 Hz and 30.55 Hz) respectively,
indicating the presence of three inequivalent phosphorus nu-
clei in the molecule. Lastly, 0.45 g (0.73 mmol, 19.2%) of
complex 9 was eluted from the column in fractions 28-32
when the eluent was increased to ~50% benzene in hexane.
All the above-mentioned complexes obtained from the dif-
ferent fractions were recrystallized from a 1:1:1 mixture of
methylene chloride / ether / methanol.

o Base-catalyzed isomerization of 5a

To a solution of 0.60 g (0.98 mmol) of 5a in 100 mL of
freshly distilled diglyme was added a catalytic amount of
KOBu* (~0.005 g), and the reaction mixture was refluxed
for 24 h with stirring under a nitrogen atmosphere. The
contents of the flask were cooled to ambient temperature,
and the solvent was removed by vacuum distillation by
keeping the flask warm with a hot water bath. The residue
was dissolved in 100 mL of methylene chloride and was

washed with 2 x 100 mL portions of 1.0 M HCI solution
followed by 2 x 100 mL portions of distilled water. The
organic phase was then dried with MgSQ,, and the volume
of the solvent was reduced to ~15 mL by rotary evaporation.
To this was added an equal volume of ether and methanol
and it was allowed to stand for 24 h at —20 °C, whereby
0.54 g (0.88 mmol, 90.2%) of pale yellow crystals of complex
6a separated out.

o Base-catalyzed isomerization of 5b
A catalytic amount of KOBu! (~0.005 g) was added to a
solution of 0.41 g (0.66 mmol) of 5b in 100 mL of freshly
distilled diglyme. The solution was refluxed for 4 h and
then stirred at room temperature overnight under a nitro-
gen atmosphere. The reaction flask was kept warm on a hot
water bath as the solvent was removed by vacuum distil-
lation. Work-up and crystallization of the reaction mixture
as mentioned above gave 0.35 g (0.57 mmol, 86.2%) of pale
yellow crystals of complex 6b.

The ratios of the products formed as determined by
31F'{IH} NMR spectroscopy of the crude reaction mixture

after workup but prior to chromatography are given in
table IX.

Table IX. Ratios of products as determined by

31p{IH} NMR spectroscopy of the crude product mixtures
dissolved in CDCls.

Reactants (solvent) Ratios of Products

3a 4a Ba 7
la + 2b (THF) 1.0 1.3 2.1 ND?
la 4+ 2b (Diglyme) ND 1.0 1.7 03

3b 4b 5b 6b 8 9 10
1b + 2a (THF) 42 19 26 ND ND ND 1.0
1b + 2a (Diglyme) 4.7 ND 210 54 1.0 1.6 4.7

# ND: not detected; less than 5% of total phosphorus species.

Characterization of the complexes

3a: Pale yellow solid.

Mp: > 154 °C (dec).

IR (CH,ClL): vco (em™!) 2073 (m), 2064 (sh), 1990 (sh),
1951 (s).

'H NMR (CDCls, 500 MHz) § 1.54 (ddd, *Jpy = 11.5 Hz,
‘7pn = *Juw = 1.0 Hz, 3H, CHj3), 6.52 (ddq,
8Jpu = 31.0 Hz, 2Jpy = 19.0 Hz, *Jyn = 1.0 Hz, 1H,
C=CH), 7.32-7.94 (m, 18H, aromatic H's).

3c{'H} NMR (CDCls, 125.71 MHz) § 18.66 (dd,
2Jpc = 13.7 Hz, 3Jpc = 8.8 Hz, CHs), 121.85 (d,
3Jpc = 5.15 Hz, C1), 128.85 (d, *Jpc = 9.43 Hz, Cn,
Csz), 130.07 (d, *Jpc = 15.21 Hz, C4), 130.75 (dd,
1Jpc = 40.06 Hz, *Joc = 1.70 Hz, Gi), 132.47 (s,
C2/Cp), 132.74 (s, C2/Cp), 132.86 (d, 2Jpc = 12.31 Hz,
Co), 134.59 (dd, 'Jpc = 13.58 Hz, 2Jpc = 10.43 Hz,
CH3C=CH), 138.49 (d, 'Jpc = 42.49 Hz, C,), 141.62
gd, 2Jpc = 8.67 Hz, Cp), 150.16 (dd, 'Jpc = 17.47 Hg,

Jpc = 7.17 Hz, CH3C=CH), 204.69 (d, 2Jpc = 8.92 Hz,

4CO, cis), 205.29 (d, 2Jec = 8.67 Hz, 4CO’, cis),
209.05 (d, 2Jpc = 21.87 Hz, CO, trans), 209.57 (d,
2Jpc = 23.26 Hz, CO/, trans).



31p{1H} NMR (CDCl3, 121.66 MHz) § 18.1 (d, *Jpp = 22.5 Hz,
Pa), 53.0 (d, ®Jpp = 22.5 Hz, Py).

Anal Calc for CarH22Mo2010P2: C, 50.48; H, 2.52. Found:
C, 50.37; H, 2.61.

3b: Pale yellow solid.

Mp: > 166 °C (dec).

IR (CH3Cly): vco (cm™') 2074 (m), 2066 (sh), 1990 (sh),
1951 (s).

'H NMR (CDCls, 500 MHz) 6 1.17 (d, *Jen = 10 Hz, 3H,
CH,), 7.35-7.95 (m, 19H, C=CH and aromatic H's).
BC{'H} NMR (CDCls, 12571 MHz) & 1748 (dd,
2Jpc = 9.12 Hz, 3Jpc = 6.98 Hz, CHa), 121.78 (d,
3Jpc = 4.78 Hz, C,), 128.73 (d, 3Jec = 10.18 Hz,
Cs), 128.92 (d, 3Jpc = 9.55 Hz, Cn), 130.08 (d,
2Jpc = 15.46 Hz, Ci), 130.2 (s, C2/Cp), 131.07 (s,
C2/Cp), 131.86 (d, >Jpc = 12.32 Hz, C,), 135.44 (d,
1 Jpc = 37.33 Hz, C;), 138.27 (d, *Jpc = 40.60 Hz, Cy),
141.62 (dd, *Jec = 2Jpc = 22.94 Hz, CH3sC=CH), 142.18
d, 2Jpc = 6.91 Hz, Cp), 147.36 (dd, 'Jpc = 15.78 Hz,
Jpc = 2.96 Hz, CH3C=CH), 204.9 (d, 2Jpc = 8.55 Hz,
4CO, cis), 205.14 (d, *Jpc = 9.55 Hz, 4CO’, cis),
208.63 (d, 2Jpc = 22.88 Hz, CO, trans), 209.70 (d,

2 Jpc = 22.50 Hz, CO’, trans).

3p(lH} NMR (CDCls, 121.66 MHz) & 24.87 (d,
3 Jpp = 33.21 Hz, P4), 45.96 (d, *Jpp = 33.21 Hz, Py).

Anal Calc for Cz7H22Mo2010P2: C, 50.48; H, 2.52. Found:
C, 50.51; H, 2.39.

4a: Pale yellow-green solid.

Mp: > 154 °C (dec).

IR (CH3Cly): veo (em™!) 2074 (m), 2064 (sh), 1988 (sh),
1947 (s).

'H NMR (CDCls, 500 MHz) 6 3.11 (dd, 2Jpu = *Jpu = 5.09
Hz, 2H, CH,), 5.28 (d, ®Jen = 40.52 Hz, 1H, H,), 5.64 (d,
3 Jou = 19.53 Hz, 1H, Hy), 7.27-7.94 (m, 18H, aromatic
H's).

3C{'H} NMR (CDCls, 125.71 MHz) § 35.72 (dd,
1 Jpo = 2Jpc = 6.85 Hz, CHy), 121.75 (d, ®Jpc = 5.28 He,
Ci), 12869 (d, %Jpc = 9.93 Hz, Cj), 128.85 (d,
3 Ipc = 9.43 Hz, Cm), 129.96 (d, *Jpc = 15.41 Hz,
Ca), 130.38 (s, C2/Cp), 130.77 (d, 'Jpc = 47.64 Hz,
C=CH,), 130.97 (s, C2/Cp), 132.66 (d, *Jpc = 12.44 Hz,
Co), 132.88 (d, *Jpc = 12.32 Hz, C=CH,), 132.6 (d,
1Jpc = 37.33 Hz, Ci), 138.55 (d, 'Jpc = 40.48 Hg,
Ca), 14189 (d, ?Jpc = 7.67 Hz, Cs), 20471 (d,
2 Jpc = 9.05 Hz, 4CO, cis), 205.31 (d, Jpc = 8.55 Hz,
4CO', cis), 208.84 (d, 2Jpc = 22.14 Hz, CO, trans),
209.95 (d, 2Jpc = 24.41 Hz, CO’, trans).

31p{1H} NMR (CDCl;, 121.66 MHz) é 28.04 (d,
3 Jpp = 6.08 Hz, Pa), 51.27 (d, 3Jpp = 6.08 Hz, Px).

5a: Pale yellow solid.

Mp: > 194 °C (dec).

IR (CHzClz): vco (em™") 2021 (m), 1926 (sh), 1907 (s),
1894 (sh).

'H NMR (CDCls, 500 MHz) § 2.7 (dd, *Jpr = 18.0 Hz,
3 Jpy = 10.5 Hz, 2H, CHy), 5.11 (dd, *Jpu = 11.5 Hz,
2. = 4 Hz, 1H, Hyp), 5.6 (ddd, *Jeu = 24 He,
2. = 4 Hz, *Jpu = 0.5 Hz, 1H, H,), 7.35-7.94 (m,
18H, aromatic H's).

13g{'H} NMR (CDCls, 12571 MHz) § 41.81 (dd,
1Jpc = 30.8 Hz, 2Jpc = 17.98 Hz, CHy), 121.62 (d,
3Joc = 4.78 Hz, C1), 125.72 (d, *Jec = 12.82 Hz,
C=CHaz), 128.26 (d, ®Jpc = 10.06 Hz, Cs), 128.77 (d,
3Jpc = 9.68 Hz, Cm), 129.84 (d, Jec = 14.96 Hz,
Ca), 130.28 (d, “Jpc = 1.89 Hz, Cz/Cp), 130.97 (d,
4Jpc = 1.76 Hz, C2/Cp), 133.09 (d, Jec = 13.32 Hz,
Co), 133.74 (dd, 'Jpc = 35.33 Hz, *Jec = 1.39 Hz,
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Ci), 138.91 (dd, 'Jpc = 37.53 Hz, 3Jpc = 1.31 Hz,
Co), 1422 (d, %2Jpc = 7.17 Hz, Cp), 144.4 (dd,
YJpc = 29.04 Hz, 2Jpc = 11.44 Hz, C=CH,), 210.02
(apparent t, 2Jpc = 9.05 Hz, CO and CQ’, cis), 215.21
(dd, 2Jpc = 25.09 Hz, 2Jpc = 8.3 Hz, CO, trans), 216.25
(dd, 2Jpc = 24.39 Hz, *Jpc = 8.93 Hz, CO’, trans).

31p{IH} NMR (CDCl;, 121.66 MHz) § 34.13 (4,
2Jpp = 8.39 Hz, Pa), 54.79 (d, 2Jpp = 8.39 Hz, P).

Anal Calc for C31H22MoQ4P2: C, 60.41; H, 3.60. Found: C,
60.28; H, 3.43.

5b: Pale yellow solid.

Mp: > 194 °C (dec).

IR (CH2Cly): vco (em™?) 2023 (m), 2010 (sh), 1928 (sh),
1909 (s), 1894 (sh).

'H NMR (CDCl3, 500 MHz) § 3.35 (dd, >Jen = 19.0 Hz,
8 Jpu = 10.0 Hz, 2H, CH3), 4.88 (dd, ®Jey = 13.0 Hz,
2Jun = 3.25 Hz, 1H, Hy), 5.4 (dd, 3Jpu = 25 Hg,
2J'H)H = 3.25 Hz, 1H, H,), 7.36-8.04 (m, 18H, aromatic
H's).

BC{'H} NMR (CDCls, 125.71 MHz) § 39.59 (dd,
YJpc = 35.2 Hz, 2Jpc = 23.51 Hz, CHz), 119.66 (d,
2 Jpc = 12.41 Hz, C=CHz), 121.74 (d, 3Jpc = 4.62 Hz,
C1), 12850 (d, 3Jpc = 9.74 Hz, C;), 128.71 (d,
8Jpc = 9.13 Hz, Cwm), 130.0 (d, *Jpc = 1.95 Hgz,
C2/Cp), 130.16 (d, 2Jpc = 15.21 Hz, Cy4), 130.75 (d,
4Jpc = 1.58 Hz, C;/Cp), 131.63 (d, 2Jpc = 12.05 Hz,
C,), 137.34 (dd, 'Jpc = 32.01 Hz, 3*Jpc = 1.22 Hg,
Ci), 138.47 (dd, 'Jpc = 39.07 Hz, ®Jpc = 1.70 He,
Co), 1424 (d, %Jpc 7.3 Hz, Cp), 14554 (dd,
YJpc = 23.67 Hz, 2Jpc = 14.18 Hz, C=CHz), 209.43
(apparent t, 2Jpc = 8.74 Hz, CO and CO’, cis), 215.16
(dd, 2 Jpc = 24.89 Hz, 2 Jpc = 7.29 Hz, CO, trans), 216.45
(dd, 2Jpc = 23.70 Hz, >Jpc = 8.99 Hz, CO/, trans).

31p{lH} NMR (CDCl;, 121.66 MHz) & 41.09 (d,
2 Jpp = 10.46 Hz, Pa), 50.94 (d, 2Jpp = 10.46 Hz, Py).

Anal Calc for C31H22MoO4P2: C, 60.41; H, 3.60. Found: C,
60.31; H, 3.51.

6a: Pale yellow solid.

Mp: 189-192 °C (dec).

IR (CH3Clz): vco (cm™?') 2023 (s), 1928 (sh), 1905 (s).

1H NMR (CDClg, 500 MHz) § 2.00 (ddd, *Jpu = 6.0 Hz,
3Jpu = *Jum = 1.5 Hz, 3H, CHs), 6.5 (ddq,
3Jpu = 48.49 Hz, *Jpy = 7.0 Hz, *Juu = 1.5 Hz, 1H,
CH3C=CH), 7.38-7.98 (m, 18H, aromatic H's).

BC{'H} NMR (CDCls, 12571 MHz) 6 202 (dd,
3Jpc = 16.59 Hz, 2Jpc = 1.38 Hz, CHj;), 121.51 (d,
3Jpc = 4.5 Hz, C;), 128.53 (d, 3Jpc = 10.31 Hz,
Cs), 12868 (d, ®Jpc = 9.03 Hz, Cm), 129.97 (s,
C2/Cp), 130.31 (d, ?Jpc = 16.22 Hz, C4), 130.70 (s,
C2/Cp), 132.16 (d, 2Jpc = 1244 Hz, C.), 135.44
(dd, Jpc = 33.81 Hz, 3Jpc = 264 Hz, G),
139.24 (dd, *Jec = 4167 Hz, 3Jpc = 2.08 Hz,
Co), 142.82 (d, *Jpc = 7.79 Hz, Cg), 145.86 (dd,
! Jpe = 39.72 Hz, 2Jpc = 30.55 Hz, CH3C=CH), 156.63
(dd, *Jpc = 29.67 Hz, 2Jpc = 24.64 Hz, CH3C=CH),
209.47 (apparent t, >Jpc = 8.17 Hz, CO and CO’, cis),
215.97 (dd, 2Jpc = 26.21 Hz, 2Jpc = 7.61 Hz, CO, trans),
216.02 (dd, 2Jpc = 23.70 Hz, *Jpc = 8.49 Hz, CO’,
trans).

p{'H} NMR (CDCl;, 121.66 MHz) & 46.88 (d,
2 Jop = 4.62 Hz, Pa), 72.82 (d, 2Jpp = 4.62 Hz, P,).
Anal Calc for C31H22MoQ4P3: C, 60.41; H, 3.60. Found: C,

60.49; H, 3.52.

6b: Pale yellow solid.

Mp: > 222 °C (dec).

IR (CH2Cly): vco (cm™!) 2023 (m), 2012 (sh), 1928 (sh),
1909 (s).

1H NMR (CDCls, 500 MHz) § 1.51 (ddd, *Jpn = 7.0 Hz,
3Jpu = *Jum = 1.5 Hz, 3H, CHj;), 7.3 (ddq,

Il
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8Jeu = 49.49 Hz, 2Jpy = 5.0 Hz, *Juu = 1.5 Hz, 1H,
CH3C=CH), 7.36-7.98 (m, 18H, aromatic H's).

BC{'H} NMR (CDCl;, 12571 MHz) & 17.41 (dd,
SJpc = 15.84 Hz, 2Jpc = 1.64 Hz, CH;), 121.49 (d,
iJpc = 4.53 Hz, C;), 128.64 (d, *Jpc = 12.32 Hz,
Cs), 128.72 (d, *Jpc = 943 Hz, Cp), 129.88 (s,
Cz/Cp), 130.08 (d, 2Jpc = 16.34 Hz, Cy4), 130.76 (s,
C2/Cp), 13L.71 (d, 2Jpc = 12.7 Hz, C,), 137.65 (dd,
'Jpc = 36.83 Hz, ®Jpc = 0.5 Hz, Cj), 138.27 (dd,
YJpc = 38.91 Hz, 3Jpc = 2.58 Hz, C,), 142.85 (dd,
YJpc = 39.97 Hz, *Jpc = 37.46 Hz, CH;C=CH), 143.3
gd, 2Jpc = 7.04 Hz, Cp), 159.5 (dd, *Jpc = 31.43 Hz,
Jpc = 21.12 Hz, CH3C=CH), 209.00 (apparent t,
(Jpc = 88 Hz, CO and CO', cis), 215.34 (dd,
2Jpc = 25.9 Hz, 2Jpc = 7.91 Hz, CO, trans), 216.49
(dd, *Jpc = 24.64 Hz, *Jpc = 8.8 Hz, CO/, trans).

$IP{'H} NMR (CDCl;, 121.66 MHz) 6 56.34 (d,
2Jpp = 4.44 Hz, Pa), 62.33 (d, 2Jpp = 4.44 Hz, P,).

Anal Calc for C31H22:MoO4P»: C, 60.41; H, 3.60. Found: C,
60.25; H, 3.51.

9: Pale yellow solid.

Mp: > 195 °C (dec).

IR (CH2Cl2): vco (cm™!) 2022 (m), 1927 (sh), 1904 (s).

'H NMR (CDCls, 500 MHz) 6 3.21 (dddd, ?Jpu = 14.0 Hz,
‘Jun = 6.0 Hz, 3Juyy = 1.5 Hz, *Jpy = 1.0 Hz, 2H,
CH»), 5.62 (dddt, *Jun = 12.5 Hz, *Jpu = 6.0 Hz,
3Jpu = 3.0 Hz, *Juy = 1.5 Hz, 1H, CH2CH=CH), 6.88
(ddat, 2Jpy = 34.49 Hz, *Jpn = 14.0 Hz, 3 Jux = 12.5 Hz,

Jun = 6.0 Hz, 1H, CH,CH=CH), 7.2-7.9 (m, 18H,

aromatic H's).

i

BCe{*H} NMR (CDCls, 125.71 MHz) § 30.01 (dd,
'Jpc = 19.05 Hz, *Jpc = 12.89 Hz, CH,), 121.74 (d,
3Jpc = 4.65 Hz, Cy), 125.66 (dd, *Jec = 24.83 Hgz,
2Jpc = 8.49 Hz, CH,CH=CH), 128.43 (d, *Jpc = 10.06
Hz, Ci), 128.69 (d, %Jpc = 9.03 Hz, C.), 129.90
(s, C2/Cp), 130.03 (d, *Jec = 16.09 Hz, C4), 130.35
(s, C2/Cp), 132.06 (d, ®Jpc = 12.32 Hz, C,), 137.07
(dd, 'Jpc = 31.62 Hz, *Jpc = 1.83 Hz, C;), 140.89
(dd, 'Jpc = 4343 Hz, 3Jpc = 214 Hz, C.),
141.59 (d, 'Jec = 10.31 Hz, CH,CH=CH), 141.82 (d,
2Jpc = 7.67 Hz, Cg), 209.48 (apparent t, 2Jpc = 9.12 Hz,
CO and CO’, cis), 213.37 (dd, 2Jpc = 24.64 Hz,
2 Jpc = 8.8 Hz, CO, trans), 214.74 (dd, ZJpc = 22.38 Hz,
2Jpc = 8.67 Hz, CO’, trans).

P{'H} NMR (CDCls, 121.66 MHz) 6 1091 (d
2Jpp = 32.97 Hz, Pa), 33.61 (d, 2Jpp = 32.97 Hz, Py).

Anal Calc for C31H22MoO4P2: C, 60.41; H, 3.60. Found: C
60.33; H, 3.50.

10: White solid.

Mp: > 250 °C (dec).

IR (CH2Cly): voo (ecm™') 2022 (m), 1932 (sh), 1906 (s).

'H NMR (CDCls, 500 MHz) 6 2.77 (dd, 2Jpn = 19.23 Hz,
*Jpu = 10.25 Hz, 2H, CHz), 4.89 (dd, 3Jpy = 12.5 Hz,
2Jun = 4.13 Hz, 1H, Hy,), 5.05 (dd, *Jpn = 25.25 Hz,
*Jun = 4.13 Hz, 1H, H,), 7.48-8.03 (m, 16H, aromatic
H's).

BC{'H} NMR (CDCls, 125.71 MHz) & 41.79 (dd,
YJec = 41.79 Hz, ®Jpc = 18.92 Hz, CHa), 119.59 (d,
2Jpc = 13.32 Hz, C=CHz), 121.74 (d, *Jpc = 4.65 Hz,
Ci1), 1219 (d, ®Jec = 4.78 Hz, C}), 12849 (d,
®Jpc = 9.80 Hz, C3), 12865 (d, *Jpc = 10.06 Hz,
Cs), 129.73 (d, 2Jec = 1521 Hz, Cu), 130.71 (d,
2Jpc = 1584 Hz, Cj), 130.84 (s, C), 130.90 (s,
C), 139.22 (d, 'Jec = 40.35 Hz, C,), 139.33 (d,
YJpc = 37.84 Hz, C}), 142.30 (d, %Jpc = 7.17 Hz,
Cp), 14255 (d, *Jec = 7.67 Hz, Cj), 144.63 (dd,
'Jpc = 24.64 Hz, 2Jpc = 13.07 Hz, C=CH,), 209.99 (ap-
parent t, >Jpc = 8.8 Hz, CO and CO’, cis), 214.47 (dd,
*Jec_= 24.38 Hz, 2Jpc = 7.79 Hz, CO, trans), 214.51
(dd, >Jpc = 24.32 Hz, 2Jpc = 7.86 Hz, CO’, trans).

YP{'H} NMR (CDCls, 20235 MHz) 6§ 3638 (d
2Jpp = 12.45 Hz, Pa), 49.58 (d, 2Jpp = 12.45 Hz, Py).

Anal Calc for C3;Ha0MoO4P2: C, 60.60; H, 3.28. Found: C,
60.53; H, 3.17.

¥

s

’

o X-ray data collection and processing
Pale yellow crystals of 3a, 3b, 4a, 5b, 6a, 6b, 8 and 9
were grown by slow diffusion of methanol into a saturated
solution of methylene chloride through an ethereal layer at
—20 °C. Suitable crystals were mounted on glass fibers and
placed on a Siemens P4 diffractometer. Crystal data and
details of collection for complexes 3a, 3b, 4a and 8 are
given in table X and for complexes 5b, 6a, 6b and 9 are
given in table XI. Intensity data were taken in the w-mode
at 298 K with Mo-K, graphite manochromated radiation
(A = 0.71078 A). Two check reflections monitored every
100 reflections showed random (< 2%) variation during the

Table X. Crystallographic data for complexes 3a, 3b, 4a and 8.

3a 3b 4a 8
Chemical formula 037H22M02011P2 037H22M02011P2 C37H22M02011P2 C43H25M02O7P3
Formula weight 896.4 880.37 880.4 983.42
Crystal system Triclinic Orthorhombic Monoclinic Monoclinic
Space group P1 Pbca P, /n Py, /n
a (A) 11.800(1) 13.965(2) 10.568(2) 10.888(9)
b (A) 14.004(1) 21.066(2) 27.803(5) 26.790(12)
c (A 14.692(1) 25.981(3) 13.154(3) 13.453(5)
a (%) 67.770(10) 90 90 90
B8 () 77.760(10) 90 106.46(2) 92.23(9)
~(° 66.000(10) 90 90 90
V (A®) 2048.2(4) 7643(2) 3706.1(13) 3921(4)
zZ 2 8 4 4
p calc (g cm™3) 1.453 1.530 1.578 1.590
@ (mm™1) 0.744 0.794 0.819 0.813
Ry (F)® 0.0648 0.0503 0.0782 0.0748
wRa(F?)® 0.1085 0.0838 0.1754 0.1883

® Ri(F) = L |Fo| = |Ell/ S NFols ® wRe(F?) = [IW(FS — F2)*)/ ZW(F)*)°*.
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5b 6a 6b 9
Chemical formula C31H22M004P2 C31H22M004P2 C31H22M004P2 CszH24C]2MOO4P2
Formula weight 616.4 616.37 616.37 701.29
Crystal system Triclinic Triclinic Orthorhombic Triclinic
Space group PT P1 Pbca P1
a (A) 9.918(1) 10.964(1) 15.671(2) 11.354(1)
b () 10.951(1) 11.707(1) 16.600(2) 11.398(1)
c (&) 14.968(2) 12.311(2) 21.691(2) 12.014(1)
a (°) 74.04(1) 72.09 90 91.38
B 72.86(1) 68.27 90 105.00
~y (°) 85.02(1) 87.63 90 92.44
V (A% 1385.2(3) 1392.1(3) 5642.8(12) 1499.4(2)
V4 2 2 8 2
p calc (g cm™?) 1.478 1.470 1.451 1.553
g (mm™?) 0.624 0.621 0.612 0.759
Ri(F)? 0.0434 0.0265 0.0638 0.0342
w Ra(F2)® 0.0700 0.0332 0.1712 0.0433

® Rai(F) = L ||Fo| = |Fell/ T 1 Foli ® wRa(F?) = [LW(FS = F2)?)/ W (F3)*1°°.

data collections. The data were corrected for Lorentz,
polarization effects and absorption (using an empirical
model derived from azimuthal data collections). Scat-
tering factors and corrections for anomalous dispersion
were taken from a standard source [18]. Calculations
were performed with the Siemens SHELXTL PLUS ver-
sion 5.0 software package on a personal computer. The
structures were solved by direct methods. Anisotropic
thermal parameters were assigned to all non-hydrogen
atoms. Hydrogen atoms were refined at calculated posi-
tions with a riding model in which the C-H vector was
fixed at 0.96 A.
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