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Summary — Intramolecular [4 + 2] Diels-Alder cycloaddition reactions of cis-(allenylphosphine)(3,4-dimethyl-1-phenyl-
phosphole)tetracarbonylmolybdenum complexes occur regioselectively at the allenyl Co=Cg double bond to form 2-phos-
phino-3- ezo-methylene-7-phosphanorbornenetetracarbonylmolybdenum complexes. Analogous cis-(propargylphosphine)-
(3,4-dimethyl-1-phenylphosphole)tetracarbonylmolybdenum complexes do not undergo intramolecular cycloadditions. The
new complexes were characterized by elemental analyses, physical properties, *H, ¥ C{*H}, 3'P{*H} NMR spectroscopy,
infrared spectroscopy and X-ray crystallography.
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Résumé — Réactions régiosélectives intramoléculaires de cycloaddition [4 4 2] de Diels—Alder de complexes
allénylphosphinepentacarbonylmolybdénium avec les 3,4-diméthyl-1-phénylphospholes. Les réactions de cycloaddition
intramoléculaires de Diels~Alder de complexes de cis-(allénylphosphine)(3,4-diméthyl-1-phénylphosphole}tétracarbonyl-
molybdénium se font de maniére régiosélective sur la double liaison allényl C,=Cgs pour former les complexes 2-phosphino-
3-ezo-méthyléne-7-phosphanorbornénetétracarbonylmolybdénium. Les analogues cis-(propargylphosphine)(3,4-diméthyl-
1-phénylphosphole)tétracarbonylmolybdénium ne conduisent pas & des cycloadditions intramoléculaires. Les nouveaux
complexes sont caractérisés par leur analyse élémentaire, spectroscopies 'H, 3¢, 3P, IR et cristallographie aux ravons
X.
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allylphosphine complexes of molybdenum react with
DMPP at about 145 °C, after rearrangement to the
more reactive 2H-phosphole [5] to form complexes of
2-(phosphinomethyl)-1-phosphanorbornenes:

Introduction

Transition metal mediated [4 + 2| Diels-Alder cyclo-
addition reactions of 1H-phospholes is a classical syn-
thetic method that we have employed to prepare a
variety of complexes containing rigid unsymmetrical
chelating chiral diphosphines [1]. The 1H-phosphole,

3,4-dimethyl-1-phenylphosphole (DMPP) reacts read-
ily with vinylphosphines within the coordination
spheres of several different metals to form complexes
of 2-phosphino-7-phosphanorbornenes (5-phosphino-
7-phosphabicyclo[2.2.1.]hept-2-enes). Asymmetric mod-
ifications of these reactions have been reported recently

[2].
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Similar reactions with complexes of allylphosphines,
which are poorer dienophiles than vinylphosphines,
are more limited [3]. We have recently found [4] that
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The nature of the cycloaddition product for the
molybdenum promoted reactions appears to be a strong
function of the dienophilicity of the dienophile. The
studies described herein were conducted in order to
further probe this issue and also to determine the
regiochemistry of additions to coordinated allenyl-
phosphines, ie, whether the cycloaddition would occur
to the Co=Cg or Cy=C, double bond of the allenyl
phosphine or both.
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Table 1. Ratios of different species determined by *'P{*H} NMR spectroscopy of the crude product mixtures in

diglyme.
Reactants Temp Time Detectable species in the crude reaction miztures (fractional amount)

cC) (b

1b + DMPP 115 13 5(0.38) 3b(0.15) DMPP (0.29) 7 (0.18)
115 4.5 (0.71) (0.18)  (0.11)

la/1b/1c + DMPP* 115 45 9(0.15) 3a(0.22) DMPP (0.15) 1c (0.06) 1a (0.22)

(8:3:1)

2a/2b/2c + DMPP* 115 45 6 (0.17) 10 (0.15) 7 (0.03) 4a (0.15) 2a (0.30) 2b (0.20)

(6:9:2)

# Resonances for some of the other products isolated after purification were not readily identified or apparent in the spectra

of the crude reaction mixtures.

Results and discussion

Earlier we reported the syntheses of complexes 1b, 1c
and 2b, 2c¢ by base-promoted isomerizations of the
tertiary propargylphosphine and phosphole complexes
1a and 2a respectively [6]. Complex 1b was prepared by
this method and separated from its isomers 1a and 1c
by column chromatography on silica gel. The reaction
of 1b with DMPP in diglyme at 115 °C gave complex
5 as the major product in high yield.

2.0 Q0 @O

HC= CCH2 Mo COYs HpC=C= CH Mo CO)s HsCC= c

“t/“@‘

HC= CCHz HzC=C= ceH’ Mo(CO HaCCs= <
Zu 2b Zc

As evidenced from the 3'P{'H} NMR spectra of the
crude reaction mixture (table I), the first step involves
the stereospecific formation of the thermodynamically
favored cis mixed-ligand complex 3b {scheme 1) fol-
lowed by its conversion into the [4 + 2] Diels—Alder
cycloadduct of the 1 H-phosphole of DMPP. This is con-
sistient with the appearance of two doublets at § 28.40
and 30.38 ppm (2J(PP) = 25.3 Hz) for 3b followed by
their decay and the gradual growth of the resonances
for the product 5. We have not isolated this inter-
mediate cis mixed-ligand complex but its formation is
evident from the spectral analysis. In order to compare
the reactivity of all the isomers towards cycloaddition,
a mixture of the isomers la/1b/1c in the ratio 8:3:1
was allowed to react with DMPP under the same reac-
tion conditions. The *' P{'H} NMR spectra of the crude
product mixture showed resonances for unreacted 1a,
1c, an unidentified compound 9 (6 72.48, 48.13 ppm,
2J(F’P) = 37.7 Hz), and the cis mixed-ligand complex
(3a: & 30.76 (d), 30.58 (d) ppm; 2J(PP) = 24.1 Hz)
which was formed from the reaction of the isomer la
with DMPP. Complex 3a was separated during the pu-
rification process and completely characterized (vide
infra). We were not able to detect the cis mixed-
ligand complex 3c of the isomer 1c. The crude prod-
uct mixture was purified by column chromatography.
We isolated some other products that were formed in
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(i) refluxed in diglyme with complex 1b at ~115 °C for 5 h

(ii) refluxed in diglyme with a mix of 1a:1b:lc at ~115 °C for
4h
(iii) refluxed in diglyme with a mix of 2a:2b:2¢ at ~115 °C for
5h

Scheme 1

lesser amounts that were not apparent in the crude
mixture with one such prime example being complex
5 which was isolated during the purification process.
Other detected complexes are cis-(DMPP)oMo(CO),
(7, & = 31.27 ppm) [7] and the Diels-Alder adduct of
7 on itself to produce complex 8 [7]. Notably, complex
9 detected in the crude product mixture was not recov-
ered during this purification process. Most likely it de-
composes on the column during the purification process.
Of note, although 1a was eluted in early column frac-
tions still more of it was recovered in the last few column
fractions. Repeating the same reaction under more forc-
ing conditions, at a higher temperature ~ 150 °C, gave
almost the same results as discussed above except that
now the 3'P{'H} NMR spectrum of the crude product
mixture was more complicated, 3a was absent and the
unknown complex 9 was formed to a greater extent.
The high temperature seems to initiate decomposition
in these reaction systems producing various byproducts
which makes product purification and characterization
a difficult tedious process. Several attempts to crystal-
lize 9 using different solvent systems to separate it from
other impurities were unsuccessful.



For the reaction of a mixture of the isomers of
the analogous DBP complexes (2a/2b/2¢, 6:9:2) with
DMPP conducted in diglyme at ~ 115 °C, the changes
in the compostion of the crude reaction mixture were
also monitored by 3! P{*H} NMR spectroscopy (table I).
The 3'P{!H} NMR spectra showed the appearance
of resonances for the cis mixed-ligand complex 4b (6
30.20, 25.65; 2J(PP) = 20.3 Hz), followed by its decay
and growth of the resonances for complex 6. Resonances
of the other cis mixed-ligand complexes derived from 2a
and 2c¢ were also observed (table II). The crude prod-
uct mixture also showed resonances at § 31.27 ppm for
7 and at 6 72.57, 48.28 ppm (J(PP) = 37.4 Hz) for 10
an analog of 9. We also could not recover 10 which un-
derwent decomposition on the silica gel column during
the purification process. On the basis of the very simi-
lar values of the chemical shifts and the coupling con-
stant it could be that 9 and 10 are the same complex
that is formed from some reaction of DMPP. Unreacted
2a was obtained both at the earlier and later stages
of the purification process. During the purification pro-
cess, the presence of other complexes were noted, which
were not apparent in the crude reaction mixture. A few
fractions eluted compounds 7 and 8 and the cis mixed-
ligand complex 4b. More forcing conditions, a higher
temperature (~ 150 °C) and longer reaction period,
caused more decomposition, but the formation of 10
in a much higher ratio was also evident. Perfect quan-
tization of the composition of the crude reaction mix-
tures in all cases was not possible. Table II lists the
3IP{1H} NMR data for all the compounds previously
discussed and those detected in the different fractions
during the process of purification by column chromato-
graphy. Analysis of the >'P{'H} NMR data lead us to
conclude that the allenyl isomers of the tertiary phos-
phine and phosphole complexes viz, 1b and 2b are the
more reactive dienophiles and are activated towards the
formation of the [4 + 2] Diels-Alder cycloaddition prod-
ucts. It is important to note that 3,v-addition of DMPP
to these alleny! complexes 1b and 2b would lead to
the formation of the 7-phosphanorbornene ring with the

Table I1. 121.6 MHz 3'P{'H} NMR data for the complexes.

Complex 8P (ppm) 2J(PP) (Hz)
la 31.00 -
1b 26.90 -
1c 11.10 -
2a 25.70 -
2b 22.00 -
2c 16.60
3a 30.76, 30.58 24.1
3b 30.38, 28.40 25.3
4a 30.10, 26.44 19.5
4b 30.20, 25.65 20.3
4c 29.09, 20.71 18.4
5 148.53, 47.52 18.2
6 151.61, 39.96 20.1
7 31.27 -
8 159.80, 52.60 10.0
9 72.48, 48.13 37.7
10 72.57, 48.28 37.4
11 71.63, 54.15 3.5
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ezo-methylene double bond in conjunction with the six-
membered chelate ring (as in 11), which is geometrically
unfavorable. In contrast, a,F-addition leads to the for-
mation of the 7-phosphanorbornene ring with the iso-
lated exo-methylene double bond not involved in the
five membered chelate ring and as already seen it is the
latter addition that occurs.
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The other isomers 1a, 1c and 2a, 2¢ have the poten-
tial of forming cis mixed-ligand complexes but in each
case the ensuing cycloaddition step would produce a
highly strained norbornadiene ring system in conjunc-
tion with the chelate ring, which would be an energeti-
cally unfavorable configuration for the molecule. Com-
peting formation of 7 and 8 in all the reaction systems
indicates that ligand displacement of 1a, 1c¢, 2a and 2¢
by DMPP occurs to various extents. This is also sup-
ported by the fact that at higher temperatures with
longer reaction times we did not recover any of the cis
mixed-ligand complexes 3a, 3¢ or 4a, 4c¢, although their
formation was evident from the *'P{’H} NMR spectra
in the early stages of the reactions.

Mathey [8] et al have extensively studied the
temperature dependent sigmatropic rearrangement of
1H-phospholes of DMPP to the 2H-phospholes and
their reactivity with alkenes and alkynes. From our
recent studies we have found that at elevated tem-
peratures, rearrangement of a coordinated 1-phenyl-
1H-phosphole to a coordinated 2-phenyl-2H-phdsphole
concomitant with its Diels-Alder cycloaddition to a
dienophile within the metal coordination sphere, leads
to the formation of cycloaddition products which have
the 1-phosphanorbornene ring system in their molec-
ular structures as in reaction 2 [4]. The coordinated
2H-phosphole is a more reactive diene than the co-
ordinated 1H-phosphole [9]. When the other ligand
in the mixed-ligand complexes is a poor dienophile,
such as an allylphosphine, then the 1 H-phosphole does
not participate in an intramolecular [4 + 2] Diels-
Alder cycloaddition to form a 7-phosphanorbornene.
Instead, the coordinated 1H-phosphole rearranges to
the coordinated 2H-phosphole which then undergoes
an intramolecular [4 + 2] Diels-Alder cycloaddition
to form a 1-phosphanorbornene [4]. When the other
ligand in the mixed-ligand complexes is a good
dienophile such as a vinylphosphine then the
7-phosphanorbornene is formed even at temperatures
at which the 1H-phosphole to 2H-phosphole rear-
rangement can occur. This statement is supported
by the observation that the reaction of DMPP with
PhoP(CH=CH3)Mo(CO)5 at either 110 or 150 °C,
gave the same 7-phosphanorbornene cycloadduct [1b]
in high yield. These results lead us to conclude that
the type of product formed, a 7-phosphanorbornene
or a 1-phosphanorbornene, is a strong function of the
dienophilicity of the dienophile.
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Fig 1. Expansions of the 499.86 MHz 'H NMR spectra of 5 (upper) and 6 (lower) showing the 7-phosphanorbornene ring

hydrogen resonances.

31p{1H} NMR spectroscopy
and the mechanisms of the reactions

In all cases when monitoring the reactions by
3Ip{l!H} NMR spectroscopy, the stereospecific forma-
tion of the cis mixed-ligand complex was evident prior
to the formation of the Diels—Alder 1H-phosphole
adduct. In these reactions the entering DMPP ligand
occupies the site vacated by the departing carbon
monoxide which is c¢is to the other phosphine ligand
already present within the metal coordination sphere.
Earlier studies {10] have established the fact that this
mutually cis coordination geometry of the ligands is
a necessary condition for transition metal promoted
intramolecular [4 + 2] Diels-Alder cycloaddition re-
actions, which produces rigid chiral bidentate ligands.
Formation of the [4 + 2] Diels-Alder cycloadducts
from the cis mixed-ligand complexes is signaled in the
SIp{1H} NMR spectra by the appearance of two new
resonances for the Diels—Alder adducts that are shifted
considerably downfield compared to those for the cis
mixed-ligand complexes (see table II). The 3 P{'H}
NMR spectrum for complex 3a shows a second-order
AB splitting pattern for the two inequivalent cis phos-
phorus nuclei present in the molecule. The spectra of the
Diels-Alder cycloadducts 5 and 6 each exhibit a pair of
doublets for the two inequivalent phosphorus nuclei cou-
pled to each other by a magnitude of 18.2 and 20.1 Hz
respectively, as is generally observed for complexes of
this type [1b]. The low field resonance (table II) occurs
in a region that is characteristic of phosphorus in the
7-phosphanorbornene ring [1, 7. The other resonance

occurs in the region typical of a phosphine coordinated
to molybdenum in a five-membered chelate ring [11].

1H and 3C{'H} NMR spectroscopy

Assignments of the 'H and '3C chemical shifts were
made by comparison with the data reported for simi-
lar molybdenum complexes [1b, 6] and were confirmed
by a variety of decoupling experiments, APT, COSY
and HETCOR two-dimensional spectroscopy. The large
values of 3 J(PH) for Hy are in keeping with expectations
from previous studies [1b]. The chemical shifts and their
differences for the vinylic hydrogens Hs and Hy are a
strong function of the substituents on Py (fig 1). Both
resonances for 5 lie upfield of those for their counter-
parts for 6 and their differences in chemical shift, A 'H
(1.20 ppm (5), 0.86 ppm (6)) result from diamagnetic
shielding effects of the phenyl rings. In both cases the
H, resonance is downfield of the Hs resonance as a re-
sult of this shielding effect. The diamagnctic anisotropy
of the DBP ring causes the chemical shift for Hy in 6
to be 1.2 ppm upfield of the chemical shift of H; in
5. The '3C chemical shifts of the 7-phosphanorbornene
ring carbons, except for Cs and Cg, were assigned from
13C/'H HETCOR two-dimensional spectra (fig 2).

The phenyl carbon resonances (C, and C,,) for 3a
are broader than all the other carbon resonances in the
spectrum of this molecule suggesting that this molecule
is sterically congested with restricted rotation about the
P-phenyl carbon bonds. All complexes display distinct
sets of carbonyl 1*C resonances for the carbonyl groups
respectively cis to both phosphorus atoms and #rans to
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Fig 2. Expansions of the 125.71 MHz '*C/*H HETCOR
spectrum of 5 showing the **C/'H chemical shift correlation
for the protonated carbons of the 7-phosphanorbornene ring.
Splittings in the F2 dimension result from J(PC) couplings.

one phosphorus atom. The chemical shifts for the trans
carbonyls are downfield of those for the cis carbonyls
and the trans carbonyls have larger magnitude 2J(PC)
as expected. The NMR data are fully consistent with
the molecular structures {see experimental).
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Crystal structure analysis

X-ray crystal structures of complexes 5, 6 and 3a were
obtained to gain conclusive support for their structures.
These structures are shown in fig 3, 4 and 5 respec-
tively. Selected bond distances and angles are listed in
table IT1. All three complexes exist as discrete molecules
with no abnormal intermolecular contacts. The asym-
metric unit of 5 contains two crystallographically in-
dependent molecules and disordered solvent molecules
(50% methanol and 50% water, the latter being disor-
dered over two sites). None of these complexes contain
any element of symmetry and they are therefore chi-
ral. For 5 and 6 the five membered chelate rings are
rigid and are fused to the 7-phosphanorbornene ring
at P2 and C6 (note that the atom numbering schemes
for the crystal structures and NMR. spectroscopy are
different). The strain in the norbornene ring can be
best examined by considering the angles made by the
bridgehead carbons and the 7-phospha phosphorus P2
atom. Here the values are 79.8(2)° for both molecules
and are in close agreement with those observed for
similar Mo(0) complexes [1b]. This angle strain in the
1H-phosphole Diels—Alder adducts is in part respon-
sible for the extreme downfield shift for the 7-phospha
phosphorus resonance in the ' P{*H} NMR spectra. For
each of these complexes the coordination geometry at
the metal center is a distorted octahedron and the an-
gles at the Mo atom range from 77.22(4)° to 97.9(2)°,
76.72(5)° to 96.0(2)° and 85.3(2)° to 98.2(2)° for 5, 6
and 3a respectively. The equatorial plane in all cases
is formed by the two phosphorus atoms and the two
carbonyl groups trans to them. The C3-Mo1-C4 bond
angle values of 173.2(2)°, 172.2(2)° and 172.4(2)° in
complexes 5, 6 and 3a respectively, signify the mutual

Fig 3. Structural drawing of 5 showing the atom numbering scheme (40% probability ellipsoids). Hydrogen atoms on C(8)

have an arbitrary radius of 0.1 A.
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Fig 4. Structural drawing of 6 showing the atom numbering scheme (40% probability ellipsoids). Hydrogen atoms on C(8)

have an arbitrary radius of 0.1 A.

012)

Fig 5. Structural drawing of 3a showing the atom number-
ing scheme (40% probability ellipsoids). Hydrogen atoms on
C(7) and C(19) have an arbitrary radius of 0.1 A.

trans orientation of the two axial CO groups. The P1-
Mo1-C1 and P2-Mol1-C2 bond angles are 170.68(14)°
and 167.85(12)°, 170.5(2)° and 172.0(2)°, 173.5(2)° and
179.7(2)° for 5, 6 and 3a respectively, signifying the
relative trans orientation of the equatorial carbonyls
with respect to the two phosphorus atoms. Moreover,
for 3a the P1-Mol1-P2 bond angle value of 95.02(4)°
suggests the mutual cis orientation of the two phos-
phine ligands in the molecule. For the chelate diphos-

phine complexes the P1-Mol-P2 bite angles are small
due to the chelate effect and are 77.22(4)° and 76.72(5)°
for 5 and 6 respectively. All the Mo—P bond lengths are
in very good agreement with those reported for sim-
ilar 7-phosphanorbornene-Mo(0) complexes [1b]. The
Mo1-P2 bonds are shorter than the Mol-P1 bonds in
complexes 5 and 6 signifying the better donor abil-
ity of the 7-phosphanorbornene phosphorus. In con-
trast, for the cis mixed-ligand complex 3a the Mol-P1
(2.540(2) A) bond is slightly longer than the Mol-P2
(2.5238(13) A) bond suggesting that diphenylpropargyl-
phosphine is a slightly better donor than DMPP. For
all these complexes the Mo~CO bond lengths lie in the
normal range. For 3a the bond distances of 1.463(8) A
for C17--C18, and 1.156(8) A for C18-C19 confirm the
presence of double and triple bonds respectively. More-
over, the C17-C18-C19 bond angle (179.5(6)°) is in-
dicative of sp hybridization at C18 and C19. The bond
distances of 1.304(5) A and 1.316(7) A in 5 and 6 re-
spectively confirm the presence of the exo methylene
double bond to the norbornene ring in each case. Simi-
larly, the distances of 1.320(6) A and 1.319(8) A in the
7-phosphanorbornene ring between C10 and C12 for 5
and 6 respectively, also suggest the presence of dou-
ble bonds. For both structures the exo-methylene unit
is endo to the norbornene ring. All the other metrical
parameters are unexceptional.

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. Complex 1b, its isomers 1la, 1lc, and
the mixture of isomers 2a, 2b, 2c [6] and 3,4-dimethyl-
1-phenylphosphole (DMPP) [12] were prepared by literature
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Table IIL. Bond distances (A) and bond angles (°) for complexes 5, 6 and 3a.

Complezes 5 6 3a
Bond distances (A)
Mo1-C1 1.987(5) 1.984(60 Mo1-C1 1.984(6)
Mol-C2 2.008(5) 1.994(6) Mo1-C2 1.979(6)
Mol-C3 2.030(5) 2.035(6) Mol-C3 2.058(7)
Mol-C4 2.024(5) 2.022(6) Mol-C4 2.018(6)
Mol-P1 2.5056(14) 2.4961(14)  Mol-P1 2.540(2)
Mol-P2 2.4542(13) 2.4668(14)  Mol-P2 2.5238(13)
01-C1 1.146(5) 1.148(6) 01-C1 1.143(6)
02-C2 1.136(5) 1.142(7) 02-C2 1.164(7)
03-C3 1.140(5) 1.142(7) 03-C3 1.133(7)
04-C4 1.142(5) 1.144(6) 04-C4 1.144(6)
C7-C8 1.304(5) 1.316(7) P2-C17 1.857(5)
C10-C12 1.320(6) 1.319 C17-C18 1.463(8)
C18-C19 1.156(8)
Bond angles (°)
C1-Mol-C2  97.9(2) 93.5(3) C1-Mol-C2 89.7(2)
C1-Mol-C4  88.1(2) 88.0(2) C1-Mol-C4 86.1(2)
C2-Mol-C4  90.8(2) 88.2(2) C2-Mol-C4 91.4(2)
C1-Mol-C3  85.1(2) 84.2(2) C1-Mol-C3 86.5(2)
C2-Mol-C3  90.2(2) 91.6(2) C2-Mol-C3 90.5(2)
C4-Mol1-C3 173.2(2) 172.2(2) C4-Mol1-C3 172.4(2)
C1-Mol-P2  94.23(14) 93.9(2) C1-Mol-P2 90.0(2)
C2-Mol1-P2 167.85(12) 172 0(2) C2-Mol-P2 179.7(2}
C4-Mol-P2  90.31(13) 89.0(2) C4-Mol-P2 88.5(2)
C3-Mol-P2  90.14(13) 92.2(2) C3-Mol-P2 89.6(2)
C1-Mol-P1 170.68(14) 170.5(2) C1-Mol-P1 173.5(2)
C2-Mol-P1  90.63(12) 96.0(2) C2-Mol-P1 85.3(2)
C4-Mol-P1  95.54(13) 93.2(2) C4-Mol-P1 98.2(2)
C3-Mol-P1 91.14(12) 94.6(2) C3-Moi-P1 89.3(2)
P1-Mol-P2  77.22(4) 76.72(5) P1-Mol-P?2 95.02(4)
C5-P2-C9 79.8(2) 79.8(2) C17-C18-C19 179, 5(6)

methods. 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 appara-
tus and are uncorrected. Elemental analyses were performed
by Galbraith Laboratories, Knoxville, TN. Solution infrared
spectra were obtained on a Perkin-Elmer Paragon 1000 PC
FT spectrometer in sealed CaF. 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 either a Gen-
eral Electric GN-300 or Varian Unity Plus-500 spectrometer.
Proton and carbon chemical shifts are relative to internal
Me4Si, phosphorus chemical shifts are relative to external
PPh; (6°'P = —6.0 ppm); all shifts to low field {(high fre-
quency) are positive.

Syntheses and characterization of 5, 6 and 3a

COfb)

p/\ feioc, | co Q
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ch\ﬁ, T / cH2
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5: R\R,E, = Ph,pP 3a

,
P 1 3

o [2-(Diphenylphosphino)-3-methylene-5,6-dimethyl-
7-phenyl-7-phosphabicyclo[2.2. 1 [hept-5-eneltetra-
carbonylmolybdenum(0) 5

Method a: To a solution of 1.36 g (2.96 mmol) of 1b in

200 mL of freshly distilled diglyme maintained at 115 “C,

0.56 g (2.96 mmol) of DMPP was added under a nitrogen at-

mosphere with stirring. The resulting reaction mixture was

maintained at this temperature for a period of 4--5 h and fol-
lowed by the removal of the solvent by vacuum distillation
while heating the reaction vessel on a water bath. The red-
dish yellow oily residue was flash chromatographed through
a 3 cm thick celite bed with benzene/hexane (30:70). The
solvent was removed under vacuum and the yellow brown
oily crude product was purified by column chromatography
on silica gel using benzene/hexane solution (10:90). The first
few fractions eluted the oxides of the ligands, some unre-
acted DMPP and trace amounts of 3a, 7, 1c, and 8 as ob-
served by *'P{'H} NMR spectroscopy. The concentration
of the benzene in the eluant was gradually increased. The
1H-phosphole Diels-Alder prodnct was eluted next as a yel-
low band on the column. The latter was further purified by
recrystallization from hot hexane to give pure pale yellow

crystals of 5 (1.40 g, 2.26 mmol, 76.4%).

Mp: >194 °C (dec).

IR {CH2CL): vco (cm™h) 2020 (w}), 1922 (sh), 1908 (s, b),
1890 (sh).

“P{'H} NMR (CDCls, 202.3¢ MHz) & 14853 (d,
*J(PP) = 18.2 Hz, P2}, 47.52 (d, *J{PP) = 18.2 Hz,
Py).

'H NMR (CDCI3, 499.85 MHz) 6 7.85-7.35 (m, 15H,
Ph), 4.94 (d, *J(H4Hs) = 50 Hez, 1H, Hy), 3.81
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gddd, SJ(PH) = 345 Hz, 2J(PH) = 10.0 Hg,
J(H1H2) = 1.5 Hz, 1H, H2), 3.74 (d, 2J(H3H,) = 5.0 Hz,
1H, Hs), 3.45 (dd, 2J(PH) = 5.0 Hz, *J(H;H;) = 2.0 Hz,
1H, Hs), 3.05 (dd, *J(H1Hs) = 2.0 Hz, *J(H1 H) = 1.5 Hz,
1H, Hy), 1.72 (s, 3H, CH3), 1.59 (d, *J(PH) = 1.0 Hg,
3H, CH3).

BC{'H} NMR (CDCls;, 125.70 MHz) & 217.78 (dd,
2J(PC) = 24.2 Hz, 2J(PC) = 9.9 Hz, COa, o), 215.71
(dd, *J(PC) = 25.5 Hz, 2J(PC) = 7.7 Hz, COu oq),
210.41 (dd, *J(PC) = 10.6 Hz, *J(PC) = 84 Hz,
COu, ax), 209.01 (apparent t, 2J(PC) = *J(PC) = 8.9 Hz,
COy, ax), 144.27 (d, 2J(PC) = 15.08 Hz, C5), 136.82 (d,
2J(PC) = 27.3 Hz, Cs), 134.60 (dd, *J(PC) = 4.3 Hg,
2J(PC) = 2.1 Hz, C3), 134.26 (d, *J(PC) = 13.8 Hz,
Co), 133.68 (dd, LJ(PC) = 24.3 Hz, >J(PC) = 4.9 Hz,
Ci), 133.30 (dd, *J(PC) = 30.7 Hz, *J(PC) = 3.7 Hz,
Ci), 131.21 (d, *J(PC) = 12.2 Hz, C.), 130.80 (d,
2J(PC) = 10.7 Hz, C.), 130.60 (dd, 'J(PC) = 28.2 Hg,
8J(PC) = 9.4 Hz, Cyv), 130.30 (d, *J(PC) = 2.1 Hz, Cp,),
129.61 (d, *J(PC) = 1.6 Hz, C,), 129.48 (s, Cy/), 128.77
(d, 3J(PC) = 8.8 Hz, Crn), 128.40 (d, *J(PC) = 10.1 Hz,
Cm), 128.29 (d, J(PC) = 8.3 Hz, Cy), 110.98 (appar-
ent t, *J(PC) = *J(PC) = 7.7 Hz, =CH,), 63.00 (d,
LJ(PC) = 19.6 Hz, Cy4), 56.44 (dd, 'J(PC) = 22.8 Hz,
2J(PC) = 12.1 Hz, C1), 41.51 (dd, 'J(PC) = 29.7 Hz,
2J(PC) = 18.5 Hz, C2), 14.96 (s, CHj), 13.39 (s, CH3).

Anal Calc for C31HasMoO4P2; C, 60.03; H, 4.19. Found: C,
59.88; H, 4.32.

Method b: A solution of 1.51 g (3.28 mmol) of the mixture
of the isomers of la, 1b and 1lc present in the ratio of
3:8:1in 175 mL of freshly distilled diglyme was reacted with
an equimolar amount of DMPP (0.61 g) under a nitrogen
atmosphere at 115 °C for 4 h. The solvent was removed
by vacuum distillation while heating the reaction vessel on
a water bath. The reddish brown oily residue was column
chromatographed on silica gel with 10% benzene in hexanes
solution. The first few fractions eluted the oxides of the
ligands and 0.35 g of the unreacted isomers 1a and 1lc. The
concentration of the benzene in the eluent was gradually
increased. The next few fractions eluted a mixture of 3a
and la (about 0.02 g). This was followed by the elution
of 0.30 g of an oily mixture comprised of complexes 3a,
7 and 8 and a trace quantity of the unknown complex 9
(see above). The later fractions eluted 0.39 g of an yellow
oil. 3*P{'H} NMR spectra showed the presence of 5 as the
major complex contaminated with some 3a and 1a and some
decomposition products. Addition of methanol to this oil
gave a yellow powdery precipitate. Recrystallization of the
latter from hot hexane gave 0.03 g of pure 5. Complex 3a
(0.19 g, 0.31 mmol) was eluted next and was recrystallized
from a 1:1 mixture of methylene chloride and methanol.
The last few fractions eluted some more of 1a and mostly
decomposed materials.

o cis-(Diphenylpropargylphosphine) (8, 4-dimethyl-
I-phenylphosphole )tetracarbonylmolybdenum(0) 3a

Mp: 126-128 °C.

IR (CH2Cl2): voo (cm™') 2024 (w), 1922 (sh), 1 908 (s, b),
1882 (sh).

31P{21H} NMR (CDCls, 202.34 MHz) & 30.76, 30.58
(*J(PP) = 24.1 Hz).

'H NMR (CDCls, 500 MHz) § 7.60-7.25 (m, 15H, Ph),
6.15 (d, *J(PH) = 350 Hz, 2H, H,), 3.09 (dd,
2J(PH) = 2.5 Hz, *J(HH) = 2.0 Hz, 2H, CHz), 1.98 (s,
6H, CH3), 1.94 (apparent t, * J(PH) = *J(HH) = 2.0 He,
C=CH).

3C{'H} NMR (CDCls, 125.70 MHz) & 214.45 (dd,
2J(PC) = 20.1 Hz, 2J(PC) = 7.9 Hz, CO.q), 214.36 (dd,

2J(PC) = 26.4 Hz, 2J(PC) = 7.5 Hz, CO.q), 209.05 (t,
2J(PC) = 9.0 Hz, COax), 148.74 (d, 2J(PC) = 7.8 Hz,
Cg), 136.00 (dd, 'J(PC) = 29.4 Hz, *J(PC) = 1.8 Hg,
Ci {PPh2}), 132.94 (dd, *J(PC) = 32.1 Hz, *J(PC) =
1.8 Hz, Ci {Ph-DMPP}), 132.08 (m, C, {PPhz}), 131.23
gm, C, {Ph-DMPP}), 130.64 (dd, 'J(PC) = 34.4 Hz,
J(PC) = 2.5 Hz, C,), 129.71 (s, Cp, {PPh2}), 129.38
(s, Cp {Ph-DMPP}), 128.40 (m, Cn {Ph-DMPP}),
128.22 (m, Cp, {Ppth, 78.03 (d, *J(PC) = 6.7 He,
CH:C=CH), 72.82 (d, *J(PC) = 6.2 Hz, C=CH), 24.65
(dd, *J(PC) = 16.0 Hz, *J(PC) = 3.4 Hz, PCH>), 17.24
(d, *J(PC) = 9.8 Hz, CH3).

Anal cale for C31HaeMoO4P2; C, 60.01; H, 4.22. Found: C,
59.78; H, 4.34.

o [2-(Dibenzophosphol-5-yl)-3-methylene-

5,6-dimethyl-7-phenyl-7-phosphabicyclof2.2. 1 [hept-

5-eneftetracarbonylmolybdenum(0) 6
To a solution of 2.00 g (4.35 mmol) of the mixture of isomers
of 2a, 2b and 2c¢ present in the ratio 6:9:2 in 200 mL of
freshly distilled diglyme maintained between a temperature
of 110-115 °C was added 0.82 g (4.35 mmol)} of DMPP
under a nitrogen atmosphere with stirring. The resulting
reaction mixture was then maintained at this temperature
for a period of 4-5 h followed by removal of the solvent
by vacuum distillation while heating the reaction vessel on
a water bath. The reddish brown oily residue was column
chromatographed on silica gel with 5% benzene in hexanes
solution. The first few fractions eluted the oxides of the
ligands and some of the unreacted isomers 2a and 2c
{~ 0.4 g). The concentration of the benzene in the eluent was
gradually increased. The next few fractions eluted a mixture
of the complexes as an yellow oil (0.11 g) comprised of 4a,
4c (in trace amount}, T, 10 {in very trace quantity), 8 and
some unreacted 2a as seen from the *'P{’H} NMR spectra.
The later fractions eluted 0.58 g of an yellow oil which was
comprised of a mixture of 6, 4a and 4c¢ in trace amounts
accompanied with some decomposition products as noted
by 3'P{'H} NMR spectroscopy. Addition of methanol gave
a pale yellow precipitate which was further crystallized from
hot hexane to obtain 0.15 g of the 1H-phosphole Diels-Alder
adduct 6 (0.24 mmol, 5.5%). The last few fractions eluted
more of the unreacted isomer 2b.

Mp: >195 °C (dec).
IR (CH2Clz): vco (em™) 2019 {(w), 1928 (sh), 1905 (s, b),
1894 (sh).

S1p{'H} NMR (CDCl;, 121.66 MHz) & 151.61 (d,
2J(PP) = 20.1 Hz, Py), 39.96 (d, 2J(PP) = 20.1 Hz,
P1).

'H NMR (CDCls, 500 MHz) § &10-7.40 (m, 13H, Ph,
DBP), 5.33 (d, 2J(H,H3) = 5.5 Hz, 1H, Hy), 4.64 (d,
2 J(H3H4) = 5.5 Hz, 1H, H3), 3.55 (dd, 2J(PH) = 5.5 Hz,
“J(HsH;) = 2.0 Hz, 1H, Hs), 3.16 (apparent t,
3J(HiHz) = *J(H Hs) = 2.0 Hz, 1H, Hy), 2.50 (ddd,
3J(PH) = 44.0 Hz, *J(PH) = 9.0 Hz, 3J(H1H,) = 2.0 Hz,
1H, Hy), 1.55 (s, 3H, CHa), 1.50 (s, 3H, CH3).

3C{'H} NMR (CDCls, 125.70 MHz) § 215.76 (dd,
2J(PC) = 24.4 Hz, 2J(PC) = 9.2 Hz, CO,, o), 215.44
(dd, 2J(PC) = 24.4 He, 2J(PC) = 7.8 Hz, COu. o),
210.35 (dd, ?J(PC) = 8.6 Hz, 2J(PC) = 4.3 Hz,
COpb, ax), 210.28 (dd, 2J(PC) = 8.0 Hz, 2J(PC) = 4.9 Hz,
COur, ax), 145.54 (d, 2J(PC) = 2.0 Hz, Cp), 145.43 (d,
2J(PC) = 2.0 Hz, Cp), 142.83 (d, 2J(PC) = 6.0 Hg,
Cs), 142.22 (d, 'J(PC) = 6.0 Hz, C¢), 139.25 (d,
2J(PC) = 31.0 Hz, Cy), 137.01 (dd, ' J(PC) = 35.1 Hg,
SJ(PC) = 2.9 Hz, C,), 134.77 (dd, 2J(PC) = 5.0 Hz,

2J(PC) = 2.2 Hz, Cy), 133.96 (dd, 'J(PC) = 24.7 Hz,

3J(PC) = 5.6 Hz, C,), 132.81 (d, 2J(PC) = 14.8 Hz,



867

Table I'V. Crystallographic data for complexes 5, 6 and 3a.

Complexes 5 6 3a
Chemical formula C(,z Q()Hszl\l()g OgP; C:51H241\'1OO4P2 (/3] Hz(,l\/l()()4p>
Formula weight 1262.80 618.38 620.40
Crystal system triclinic monoclinic triclinic
Space group P1 P2 /¢ P
a (A) 11.026(4) 15.361(2) R.7571(10}

b (A) 16.400(6) 10.3020(10) 10.0240(12)
e (A) 16.698(5) 19.273(2) 18.187(2)
a (%) 90.91(3) 90 93.166(R)
3 (%) 91.35(3) 110.870(10) 96.481(10)
v (%) 93.30(3) 920 109.860(9)
vV (A% 3012(2) 2849.8(5) 1484.4(3)
Z 2 4 2
p cale (g cm™) 1.392 1.44 1.388
u (mm™ ) 0.576 0.607 0.582
7 (F)? 0.0427 0.0477 0.0518
sz(Fz)b 0.1036 0.1020 0.1153
CR(F) = Zf[F] ~IFH/LIFU P wR(F?) = [S[W(FF - F2))/S[W(F))P%.

Cy), 13114 (d, *J(PC) = 1.8 Hz, Cy), 130.90 (d,
2J(PC) = 11.1 Hz, Cy), 130.63 (d, *J(PC) = 1.5 Hz,
Cor), 130.52 (d, 2J(PC) = 15.2 Hz, Cy), 129.60 (d,
4J(PC) = 1.0 Hz, Cp), 12845 (d, *J(PC) = 8.5 Hz,
Co), 128.34 (d, JI(PC) = 92 Hz, Cy). 127.70 (d,
SHPC) = 9.8 Hz, Cy), 12163 (d, *J(PC) = 4.3 Ha,
Cy), 121.28 (d, *J(PC) = 4.8 Hz, Cy/), 11147 (d,
2J(PC) = 3.0 Hz, =C(HsHy)), 62.64 (d LIPC) =
20.1 Hz, C,), 56.82 (dd, 'J(PC) = 225 Hz
2J(PC) = 14.0 Hz, C1), 45.78 (dd, "J(PC) = 29.6 Hz,
2J(PC) = 14.9 Hz, C2), 14.87 (s, CHs), 13.29 (s, CHs).

Anal Cale for C3;HoyMoO4Py; C, 60.23; H, 3.88. Found: C.
60.41; H, 3.69.

X-ray data collection and processing

Pale yellow crystals of 5 and 6 were grown hy slow
cooling of saturated solutions of the complexes from hot
hexane. Pale yellow crystals of 3a were grown from
dichloromethane/methanol (1:1). Suitable crystals were
mounted on glass fibers and placed on a Siemens P4 diffrac-
tometer. Crystal data and details of data collection are
given in table IV. Intensity data were taken in the w-mode
at 298 K with Mo-K, graphite monochromated radiation
(X = 0.71073 A). Three check reflections monitored every
100 mﬂectmns showed random (<2%) variation during the
data collections. The data were corrected for Lorentz, po-
larization effects and absorption (using an empirical model
derived from azimuthal data collections). Scattering factors
and corrections for anomalous dispersion were taken from a
standard source [13]. Calculations were performed with the
Siemens SHELXTL PLUS version 5.03 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 positions with a riding model in which the C-H
vector was fixed at 0.96
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X-ray characterization data for complexes 5, 6 and 3a
including tables of experimental details, atomic coordi-
nates, thermal parameters, bond distances and bond angles,
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