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Abstract

The reactions of [HIrs(CO)o(Pho,PC=CPh)(;1-PPh,)] (1) or [Ir4(CO)s(ns-n>-HCCPh)(u-PPh,),] (2) with HC=CPh gave two iso-
meric forms of [Irs(CO)g(13-n>-HCCPh)(1-n*-C4H,Ph,)(1-PPhs),] (3 and 4) in good yields as the only products. These compounds
were characterized with analytical and spectroscopic data including 'H, '*C and *'P NMR (1 and 2D) spectroscopy and their molec-
ular structures were established by X-ray diffraction studies. Compounds 3 and 4 exhibit the same distorted butterfly metal poly-
hedral arrangement of metal atoms with two p-PPh, that occupy different positions in the structures of the two isomers. Both
molecules contain a HCCPh ligand bonded in a p3-n>-// mode to one of the wings of the butterfly and a metallacyclic ring, which
resulted from head-to-tail coupling, in the case of [Ir4(CO)¢(p3-n>-HCCPh){p,-n*-(H)CC(Ph)C(H)C(Ph)} (u-PPh,),] (3) and tail-to-
tail coupling, in that of [Ir4(CO)e(ps-n*-HCCPh){-n*-(H)CC(Ph)C(Ph)C(H)} (u-PPh,),] (4), and which is linked to two metal

atoms of the second wing of the butterfly.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The reactions of alkynes with metal carbonyl clusters
have received considerable attention in the last 20 years
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or so. Systematic studies involving the modes of interac-
tion of alkynes [1-6], activation of C-C [7,8] and C-H
[9,10] bonds, cyclotrimerization [10], oligomerization
[11-14] and coupling with other ligands such as acety-
lides and phosphinoalkynes [15-17], incorporation of
CO [16] and insertion into M—P bonds [18,19] have been
performed and several reaction pathways elucidated,
especially those involving clusters of the iron triad
[2,20,21]. In contrast, reports on the reactions of iridium
clusters with alkynes are rare, most probably due to the
lack of suitably reactive starting materials besides
[Ir4(CO)1,] and [Irg(CO);¢6]. The only reports in the liter-
ature involving iridium clusters describe the reactions of
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this tetranuclear cluster under thermolytic conditions
with C,(COOMe),, to yield [Iry(CO)g{Co(COOMe),}4]
[22], and with cod (cod = cyclooctadiene), to give the al-
kyne containing clusters [Iry(CO)s(cod)>(CgHg)] and
[Ir7-(CO)2(cod)(CgH 1 )(CgHy)] [23,24] all in very low
yields, and that of the oxidation of [Irg(CO);s]*~ with
ferrocinium in the presence of PhCCPh to yield [Irg-
(CO)ia(psn*-HCCPh)]  and  [Irg(CO)yx(psn*-HCC-
Ph),] [25]. The cluster [HIry(CO),o(pn-PPhy)] [26] has
proven itself a good entry into tetranuclear iridium
organometallic chemistry [27-35]. Its derivative [Hlry-
(CO)o(Ph,PC=CPh)(p-PPh,)] (1) undergoes a selective
rearrangement under mild conditions to give [Irys-
(CO)s(n3-n*-HCCPh)(n-PPh,),] (2) [34]. The process
was envisaged as proceeding by formation of a reactive
intermediate containing phosphido and acetylide lig-
ands, followed by migration of the hydride onto the a-
carbon to yield the ps;-n°>-HCCPh ligand. Studies of
the reactivity of ruthenium dimers and trinuclear clus-
ters containing p,-n*- and ps-n>-coordinated acetylides,
respectively, have evidenced that these ligands are elec-
tron deficient and therefore susceptible to nucleophilic
attack [2,5]. This work describes our attempts at trap-
ping the possible acetylide containing intermediate by
investigating the rearrangement of 1 in the presence of
HC=CPh. Two isomeric forms of [Iry(CO)s(uz-n*
HCCPh)(po-n*-C4H,Phy)(u-PPh,),] (3) and (4) were ob-
tained in high yields, as the result of head-to-tail and
tail-to-tail couplings of two HC=CPh molecules,
respectively.

2. Results and discussion

2.1. Reactions of [HIry(CO)o( PhyPC=CPh)(u-PPh,)]
(1) and [Iry(CO)g( us-’-HCCPh) (u-PPhs),] (2) with
HC=CPh

The reaction of [HIry(CO)y(Ph,PC=CPh)(u-PPh,)]
(1) with HC=CPh was investigated under various condi-
tions. When carried out at 25 °Cfor24 horat40°Cfor4h,
in toluene or in CH,Cl,, with one equiv. of HC=CPh,
formation of [Irg(CO)s(u3-n*-HCCPh)(u-PPhy),] (2)
exclusively was observed, as the result of the decarbonyla-
tion and rearrangement of 1[27]. When the reaction mix-
ture was heated at 80 °C in toluene for 4 h with two equiv.
of HC=CPh, however, two novel red compounds
[14(CO)e(yis-n*-HCCPh) {po-n*-(H)CC(Ph)C(H)C(Ph) } (-
PPhy),] (3) and [Iry(CO)e(p3-n*-HCCPh){pp-n*-(H)-
CC(Ph)C(Ph)C(H)} (pn-PPhy),] (4) were isolated in about
35% and 30% yields, respectively, after TLC.

As illustrated in Scheme 1, the two isomeric com-
plexes contain an iridiumcyclopentadiene moiety for-
mally resulting from the coupling of two
phenylacetylene molecules, and a “lone” HCCPh ligand
coordinated to a triangular face. In an attempt to isolate

RT
|I:’|:’h2 24h
PhyP H ¢
I
1 CPh 2

HCCPh, toluene
80°C

Scheme 1.

complexes less substituted, this reaction was carried out
with one equiv. of HC=CPh, but again compounds 3
and 4 were obtained, albeit in lower yields, besides com-
pound 2 and unreacted 1. In order to check whether
compounds 3 and 4 were formed from 1 or from 2,
the reaction of cluster 2 with HC=CPh was also inves-
tigated (toluene, 80 °C for 12 h). A longer reaction time
was necessary to yield compounds 3 and 4, which were
isolated in 45% and 35% yields, respectively, i.e. in better
yields than from 1, in addition to unreacted 2. Also in
this case best yields of the products were obtained with
two equiv. of HC=CPh.

Compounds 3 and 4 were initially formulated on the
basis of spectroscopic and analytical data, which were
not sufficient to proposed unambiguous structures for
the two isomers. X-ray diffraction studies, therefore,
had to be carried out on both compounds and are dis-
cussed below, followed by that of the NMR data.

2.2. X-ray diffraction studies of 3 and 4

The molecular structures of compounds 3 and 4 and
the atomic labeling schemes are shown in Figs. 1 and 2,
respectively. Selected bond lengths and angles are shown
in Table 1. The molecular structures of the two com-
pounds are very similar and therefore will be described
together. Both exhibit a distorted butterfly arrangement
of iridium atoms [angles between Ir(1)-Ir(2)-Ir(4) and
Ir(1)-Ir(2)-Ir(3) planes 54.244(17)° and 60.834(19)°, 3
and 56.212(14)° and 59.000(14)°, 4] with one elongated
wing edge [Ir(2)-Ir(4) 3.1945(8), 3 and 3.0173(6) A, 4]
bridged by a PPh, group [Ir(2)-P(2)-Ir(4) 86.44(12), 3
and 80.91(8)°, (4)]. The second bridging PPh, ligand
occupies two different edges of the same wing in the
two clusters: in 3 it spans the Ir(1)-Ir(3) edge
[2.7919(7) A] whereas in 4, it bridges the unusually short
Ir(2)-Ir(3) edge [2.6658(5) A]. In fact the shortest dis-
tance observed so far between iridium atoms spanned
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Fig. 1. Molecular structure of [Irg(CO)s(pt3-n>~-HCCPh){p-n*-
(H)CC(Ph)C(H)C(Ph)} (1-PPhy)] (3).

Fig. 2. Molecular structure of [Ir4(CO)6(u3-n2-HCCPh){uz-n4-
(H)CC(Ph)C(Ph)C(H)} (u-PPhy)o] (4).

by a p-PPh, group is 2.792(2) A in [HIry(CO)o-
(PPh,)] [26]. Whereas compound 3 contains a bridging
CO ligand spanning the Ir(2)-Ir(3) edge, two terminal
CO’s bonded to Ir(3) and Ir(4) and one to Ir(2), in com-
pound 4 all six CO ligands are terminally bonded, one to
Ir(1) and Ir(2) and two to Ir(3) and Ir(4).

Both molecules contain a p,-n*-C4H,Ph, ligand,
formed as a result of head-to-tail, 3, and tail-to-tail, 4,
condensation of two PhCCH molecules. This ligand is
bonded in a o-fashion to Ir(4) to form a metallacyclo-
pentadiene [Ir(4)-C(15) 2.051(14), 3, 2.066(9) A, 4 and

Table 1
Selected intramolecular distances (A) and angles (°) for compounds 3
and 4

Distances (A) 3 4

Ir(1)-Ir(2) 2.7290(7) 2.9132(5)
Ir(1)-Ir(3) 2.7919(7) 2.7558(6)
Tr(1)-Ir(4) 2.7320(7) 2.7954(6)
r(2)-Tr(3) 2.7846(7) 2.6658(6)
Ir(2)-Ir(4) 3.1945(8) 3.0173(6)
Ir(1)-P(1) 2.243(4) ok
Ir(2)-P(1) . 2.291(3)
Ir(3)-P(1) 2.353(4) 2.294(3)
Ir(2)-P(2) 2.300(4) 2.315(3)
Ir(4)-P(2) 2.365(4) 2.335(3)
Ir(1)-C(7) 2.031(13) -
Ir(1)-C(8) o 2.033(9)
Ir(2)-C(7) 2.226(12) 2.234(9)
Ir(2)-C(8) 2.266(13) 2.362(8)
Ir(3)-C(7) . 2.067(9)
Ir(3)-C(8) 2.076(12) ok
Ir(1)-C(15) 2.223(12) 2.213(9)
Ir(1)-C(16) 2.280(12) 2.224(10)
Ir(1)-C(17) 2.206(13) 2.269(9)
Ir(1)-C(18) 2.205(13) 2.228(9)
Ir(4)-C(15) 2.051(14) 2.066(9)
Ir(4)-C(18) 2.096(13) 2.092(9)
C(7)-C(8) 1.422(18) 1.393(12)
C(8)-C(9) 1.520(13) 1.476(10)
C(15)-C(16) 1.396(18) 1.422(12)
C(16)-C(17) 1.422(17) 1.456(13)
C(17)-C(18) 1.402(18) 1.408(12)
C(16)-C(25) 1.517(13) 1.487(10)
It(2)-P(2)-Tr(4) 86.44(12) 80.91(8)
Ir(1)-P(1)-Ir(3) 74.76(10) ok
Ir(2)-P(1)-Tr(3) - 71.09(8)
C(7)-C(8)-C(9) 123.0(11) 122.3(8)
C(17)-C(18)-C(19) 118.2(11) o
C(15)-C(16)-C(17) 111.5(11) 113.7(8)
C(16)-C(17)-C(19) - 128.7(8)
C(16)-C(17)-C(18) 115.9(12) 113.0(8)
C(15)-C(16)-C(25) - 124.0(8)
Ir(2)-C(2)-0(2) 141.4(14) ok
Ir(3)-C(2)-0(2) 136.0(13) -

Dihedral angles 154° (butterfly) 141° (butterfly)

Ir(4)-C(18) 2.096(13), 3, 2.092(9) A, 4] that m-interacts
with Ir(1) via all its carbon atoms as in the well known
ferroles or ferracyclopentadiene complexes [36] and
other dimers [37,38] and cluster compounds [39]. As
such these ligands act formally as 6 electron donors.
The Ir(4)-Co-bond distances are within values observed
for o-Ir-sp”C bond lengths in other clusters, e.g. [Iry
(CO)s(ps-n*-PhoPC(H)CPh)(1-PPho)(PCys)] [2.07(1) Al
[27] and [HI{4(CO)7(PPh3)(u3-n2-PhPCPh=CPh)(u-
PPh,)] [2.17(3) A] [33]. In 3, the C-C bond distances
of the metallacyclodiene show a more localized pattern
[C(15)-C(16) 1.396(18), C(16)-C(17) 1.422(17), C(17)-
C(18) 1.402(18) A] than in 4 [C(15)-C(16) 1.422(12),
C(16)-C(17) 1.456(13), C(17)-C(18) 1.408(12) A], but
the average C-Ir(l) distances [2.2285(12), 3 and
2.2335(9) A, 4] are similar in the two molecules. The
Ir(1)-Ir(4) distances [2.7320(7), 3 and 2.7954(6) A, 4]
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in the two molecules are within average values observed
in Iry4 clusters.

In the two compounds the HCCPh ligand is bonded
in the commonly encountered [2] ps-n>-fashion, // to
the Ir(1)-Ir(2)-Ir(3) butterfly wing, but with different
orientations: in 4, the Ph substituent is directed towards
the hinge of the butterfly, and in 3, towards the wing
end. In both compounds the alkyne ligand formally con-
tributes 4 electrons to the cluster via two o interactions
with Ir(1) and Ir(3) [C(7)-Ir(1) 2.031(13), C(8)-Ir(3)
2.076(12) 010\, 3 and C(7)-Ir(3) 2.067(9) and C(8)-Ir(1)
2.033(9) Al, 4, and one 7 interaction with Ir(2) [C(7)-
Ir(2) 2.226(12), 3, 2.234(9) A, 4, and C(8)-Ir(2)
2.266(13), 3, and 2.362(8) A, 4]. The C(7)-C(8) distances
observed in the two compounds [1.422(18), 3, and
1.393(12) A], 4 are shorter than in [Irs(CO)s(ps-n*-
HCCPh)(1,-PPh»),] [1.51(6) A], but within the values
encountered in other Ir clusters, e.g. [Ir6(CO)2(ps-1n-
HCCPh),] [1.39(2) A] [25] and ruthenium clusters which
contain the alkyne bonded in the same fashion (1.33 1.45
A) [2]. In both compounds the C(7)-C(8)-C(9) angles
[123.0(11), 3, and 122.3(8)°, 4, are typical of sp>hybrid-
ized carbons.

The structures of compounds 3 and 4 are reminiscent
of that of [Os;(p3-n°-PhCCPh)(po-n*-C4Phy)(CO)7] [39]
a low yield product of the reaction of [Os3(CO),,] with
PhCCPh, under thermolytic conditions. Possible inter-
mediates in the formation of this species were also char-
acterized by X-ray analyses, viz. [Os3(ps-n>-//PhCCPh)
(COYol.  [Os3(1-n*-CaPhy)(COYo] and  [Oss(-n’*-
C4Phy)(CO)g] [40-42], thus suggesting that metallacycle
formation precedes interaction of the third acetylene
molecule.

2.3. Solution characterization of compounds 3 and 4

The solution structures of compounds 3 and 4 are in
agreement with the structures determined in the solid
state. A detailed investigation of the structure of com-
pound 3 was undertaken by 1D, 2D and VT NMR
experiments (see Section 4 and structure below).

The room temperature 'H NMR spectrum of this
compound, in CD,Cl,, exhibited two resonances at ¢
9.25 (s) and 5.37 (dd, Jy_p 9.7, Jy_u 2.5 Hz), attributed

to the CH aliphatic groups, besides resonances due to
the aromatic protons. The third aliphatic proton was
evidenced by NOE intensity enhancement experiments
involving nearby protons, which allowed the assignment
of the majority of the protons in this cluster. Only
assignments of the aliphatic protons will be discussed
below. With irradiation at 6 9.25 it was possible to as-
sign this resonance to H-1, because NOE intensity
enhancements of 6.7% in the doublet at 6 6.57 (ortho-
H, C-9), of 5.7% in the doublet at 6 7.43 (ortho-H,
C-19), of 2.1% in the ¢ 7.33-7.21 multiplet (ortho-H,
C-31) and of 2.0% in the multiplet at 6 8.02-7.98
(ortho-H, C-43) were observed. The assignments of the
resonance at é 5.37 to H-3 and of the hidden signal un-
der the phenyl protons at ¢ 7.26, to H-2, were only pos-
sible after irradiation of the doublet at 6 6.61 (ortho-H,
C-25) which gave a 13.3% NOE for the ¢ 5.37 (dd, H-3)
resonance and a 11.6% NOE for the ¢ 7.26 (m, H-2) sig-
nal. Similarly, irradiation of the multiplet at 6 6.78-6.72
(ortho-H C-37, meta-H, C-37 and meta-H, C-25) gave a
9.0% NOE intensity enhancement for the doublet at ¢
6.61 (ortho-H, C-25) and a 3.0% NOE measured for
the multiplet at 6 7.26 (H-2). Selective decoupling at ¢
7.26 resulted in the removal of the smallest coupling
Juz-m2 2.5 Hz from the signal at 6 5.37 establishing
unambiguously the coupling between H-3 and H-2.
The resonances at 6 9.25 (H-1) and 6 5.37 (H-3) in the
"H NMR spectrum obtained at 303 K showed '*C satel-
lites of 162 Hz, typical of sp> hybridized carbons.

The room temperature 'H NMR spectrum of com-
pound 4, in CDCl;, exhibited, besides the resonances
due to the phenyl protons, two doublets at 6 5.73 (d,
Ju.p 6.0 Hz) and 6.61 (d, Jy_p 6.8 Hz), attributed to
the CH aliphatic groups. The third aliphatic proton
was hidden under the aromatic groups and was identi-
fied in the HSQC 2D NMR spectrum. The CH groups
in compounds 3 and 4 were assigned by a DEPT-90
experiment. The identification of the three aliphatic car-
bons, in 3 and 4, and the correlation between the 'H
chemical shifts were achieved by an HSQC 2D NMR
experiment. In compound 3, the peak at § 119.86 was
attributed to the alkyne C-7, which is correlated with
H-1 at 6 9.25, whereas those at 6 93.52 and 102.20 which
correlated with H-2 and H-3 were assigned to the meta-
llacyclo C-17 and C-15, respectively. In compound 4, the
peak at § 116.00 is correlated to the proton at 6 5.73 (d),
whereas those at 6 108.00 and at ¢ 90.00 are correlated
to 6 7.80 (m) and J 6.61 (d), respectively. In the room
temperature >'P{'H} NMR spectra of compounds 3
(in CD, Cl,) and 4 (in CDCl;) the low frequency reso-
nance [ 36.20 (br) and 77.36 (d, Jpi_p» 12.9 Hz), respec-
tively] was assigned to P2 which spans the same iridium
atoms that do not interact [Ir(2)-Ir(4) 3.1945(8) and
3.0173(6) A, respectively]. The resonance attributed to
P1 appears at much higher frequency in compound 4,
at 0 252.20 (d), than in compound 3, at ¢ 194.50 (d,
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Jp1 p2 11.0 Hz), reflecting the shorter P1 bridged Ir(2)-
Ir(3) distance [2.6658 (6) A] in 4, in comparison to the
P1 bridged Ir(1)-Ir(3) distance [2.7919(7) A] in the
molecular structure of compound 3. The dependence
of the 6 *'P for phosphido bridges on metal-metal inter-
actions is well established [43]. Systematic correlations
between the upfield *'P chemical shifts for the phosph-
ido bridges and the increase in the Ir—Ir distances and
Ir—P-Ir angles have been found for various derivatives
of [HIry(CO)o(p-PPhy)] [26,33,44].

2.4. Speculations on the mechanism of formation of 3 and

4

We have no hints about the pathways of formation of
compounds 3 and 4, as no intermediate was spotted
upon monitoring the reaction by TLC and *'P NMR
spectroscopy. Nonetheless, based on our results and
on work by Sappa et al. [16] on the reactions of [HRu;
(CO)s(MeCN)(pi3-1>-C,'Bu)] with HC=C'Bu, a qualita-
tive discussion on the formation of 3 and 4 is attempted
below.

The impossibility to isolate intermediate compounds
resulting from the incorporation of only one HC=CPh
suggests that the generation of a vacant coordination
site for the activation of the first alkyne, via CO dissoci-
ation or Ir-Ir bond cleavage, is extremely slow, whereas
the subsequent processes leading to the formation of 3
and 4, including activation of the second alkyne are fast.
Indeed, the activated ruthenium cluster, which looses
easily the MeCN ligand, reacts at room temperature
with excess HC=C'Bu to give a product in which three
alkyne molecules were incorporated, as the result of
C-C, C-0O and C-Ru bonds formation [16].

For the reaction between 1 and HC=CPh it is rea-
sonable to suggest a first step involving intramolecular
oxidative addition of the Ph,PCCPh P-C bond, since
this is a low energy process, which occurs at 42 °C
(and leads to the formation of 2). At 80 °C, however,
compound 2 is not detected upon monitoring the reac-
tion, in spite of the fact that the reaction of 2 with
HC=CPh under the same conditions is markedly
slower. The acetylide containing intermediate would
therefore wundergo rapid nucleophilic attack of
HC=CPh (instead of insertion into the Ir-H bond),
with acetylide—alkyne condensation, to give head-to-tail
or tail-to-tail coupling products in approximate equal
amounts; insertion into the Ir-H bond would then lead
to the formation of the IrC4H,Ph, metallacycles.

To account for the fact that same product distribu-
tion is obtained from the analogous reaction of 2, an
equilibrium involving oxidative addition/reductive elim-
ination of the coordinated HCCPh to yield a hydrido-
acetylido species is proposed. Although shifted in the
direction of the reductive elimination process (this
would account for the slow reaction of 2), nucleophilic

attack of HC=CPh, as described above, would drive
the equilibrium towards formation the oxidative addi-
tion product. Thereafter, similar pathways would be fol-
lowed in both reactions for the incorporation of the
second HC=CPh molecule.

3. Conclusions

Considering the complexity of both starting materials
1 and 2 and products 3 and 4, and the number of alter-
native reaction pathways available for phosphide clus-
ters containing terminal alkynes, under thermolytic
conditions, e.g., C-H, P-Ph and C=0 bonds activation,
P-C and C-C bonds formation, CO incorporation in the
organic chains and cluster breakdown, the selectivity ob-
served is impressive indeed. This selectivity might be
associated to the fact that the average oxidation state
of the iridium atoms in 2 and in the presumed com-
pound, formed after P-C bond cleavage in 1, is +1,
i.e. further oxidative additions might be unfavorable.

4. Experimental
4.1. General procedures

All manipulations and reactions were carried out un-
der dry argon, unless otherwise specified, using standard
Schlenk techniques. CH,Cl, was dried over CaH,, hex-
ane and toluene over sodium. Solvents were freshly dis-
tilled under argon and freed from dissolved oxygen,
where compatible, by freeze degassing before use.
HC=CPh (Aldrich) was distilled before use, and [HIr4-
(CO)1o(n-PPhy)]  [26],  [HIry(CO)o(Ph,PC=CPh)(p-
PPhy)] (1) [34] and [Ir(CO)s(us-n’*~HCCPh)(u-PPh,),]
(2) [34] were prepared by literature methods.

The progress of the reactions was monitored by ana-
Iytical TLC (pre-coated plates, silica gel F 254, 0.25 mm
thick; Merck) and IR spectroscopy. The separation and
purification of the reaction products were carried out in
air by preparative TLC (2 mm thick glass-backed silica
plates, 20 x 20 cm, prepared from silica gel GF 254,
Fluka) and the compounds were extracted from silica

Infrared spectra were recorded on a Bomen (FT-IR
Michelson) spectrophotometer scanning between 2200
and 1600 cm ™! (veo) using CaF; liquid cells. Microanal-
yses were performed on a Perkin—Elmer 2401 Elemental
Analysis Instrument. Solution NMR spectra were re-
corded on a Varian Inova-500, Bruker AMX 500, AC
300P or AC 200 spectrometers. Signals were attributed
based on the following NMR experiments: 'H, '*C,
3P, NOE, 2D COSY, 2D HSQC, standard pulse se-
quences were used for the experiments. Hydrogen, car-
bon and phosphorus atoms are labeled as in the
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crystal structures. The phenyl groups are identified by
the first quaternary carbon bonded to the phosphorus
of the phosphido groups or to the carbons of the organic
chains and labeled as in the crystal structure. Deuterated
solvents were used as locks and references: 'H relative to
the proton resonance resulting from incomplete deuter-
ation of the CDCl; (6 7.27), C¢Dg (6 7.16) or CD,Cl, (0
5.32); '3C relative to the carbon of the CDCls (5 77.23)
or CD,Cl, (6 54.00) and for *'P, external 85% H;PO,.

4.2. Preparation of [Ir4( CO)s( us-n*-HCCPh) {ui>-n*-(H)
CC(Ph)C(H)C(Ph)}(u-PPhy)>] (3) and [Iry(CO)s
(us-n*-HCCPh) {uz-n-(H) CC(Ph)C(Ph)C(H) }( p-
PPhy)>] (4)

4.2.1. Method 1

To a dark orange solution of 1 (100 mg, 0.07 mmol),
in toluene (15 mL), HC=CPh (18.0 pL, 0.14 mmol) was
added. The mixture was heated at 80 °C for 4 h, after
which time the solvent was evaporated in vacuo and
the mixture was dissolved in CH,Cl, (2 mL). Purifica-
tion by preparative TLC (ethyl acetate/hexane, 1:6.3 as
eluent) afforded the two red compounds 3 (R; 0.54, 36
mg, 35%) and 4 (R 0.47, 30 mg, 30%) and five other spe-
cies in minute amounts, according to the *'P{'"H} NMR
spectrum, which were not further characterized. Anal.
Calcd. for C4H»30¢P-Irs: C, 34.5; H, 1.9. Found: C,
34.7; H, 2.1. IR vco (hexane) for 3: 2077 w, 2053 s,
2041 vs, 2014 s, 1996 vs, 1974 m, 1818 m, cm*l; NMR
(CD,Cl,, 25 °C): 'H (500 MHz), ¢ 5.37 (dd, Jus_m» 2.5
Hz and Jp, y3 9.7 Hz, 1CH 3), 7.26 (m, 1CH 2), 9.25
(s, 1CH 1), 8.02-7.98 (m, 2 H, ortho-H C43), 7.80-7.76
(m, 2 H, ortho-H, C49), 743 (d, Jy_z 1.4 Hz, 2 H,
ortho-H, C19), 7.33-7.27 (m, 2 H, ortho-H, C31), 6.78—
6.72 (m, 2 H, ortho-H C37), 6.61 (d, Jy_uz 1.2 Hz, 2 H,
ortho-H, C25), 6.57 (d, Jy.u 1.4 Hz, 2 H, ortho-H,
C9); BC{'H} (125.69 MHz), 6 115.61 (d, Jc p 7.0 Hz,
Cquat. Ph), 130.14 (s, Cguae. Ph), 132.90 (d, Jcp 48.9
Hz, Cquar. Ph), 134.86 (s, Cquae. Ph), 136.35 (d, Je_p
36.9 Hz, Cquar. Ph), 137.76 (s, Cquar. Ph), 138.90 (d,
Jcp 32.3 Hz, Cqyar. Ph), 145.77 (d, Jc p 25.5 Hz, Cyya.
Ph), 129.45 (d, Jc_p 11.5 Hz, CH, Ph), 129.16 (d, Jc_p
9.2 Hz, CH, Ph), 128.94 (d, Jcp 11.0 Hz, CH, Ph),
126.86 (d, Jcp 9.3 Hz, CH, Ph), 125.79 (d, Jcp 2.1
Hz, CH, Ph), 125.49 (d, Jc_p 2.0 Hz, CH, Ph), 125.36
(s, CH, Ph), 125.16 (s, CH, Ph), 124.56-124.42 (m,
CH, Ph), 124.36 (s, CH, Ph), 124.21 (s, CH, Ph),
124.12 (d, Jc_p 10.2 Hz, CH, Ph), 123.87 (d, Jcp 10.4
Hz, CH, Ph), 123.57 (s, CH, Ph), 123.21 (d, Jc_p 2.2
Hz, CH, Ph), 122.74 (s, CH, Ph), 122.54 (s, CH, Ph),
122.40 (s, CH, Ph), 119.86 (s, CH), 102.20 (d, Jc_p 4.8
Hz, CH), 93.52 (s, CH); *'P{'H} (121.49 MHz), ¢
194.50 (d, Jp_p 11.0 Hz) and 36.20 (br, s). IR vco (hex-
ane) for 4: 2064 m, 2047 vs, 2037 s, 2018 s, 2007 s, 1998
s, 1975 m, cm~!; NMR (CDCls, 25 °C): 'H (500 MHz),

8 5.73 (d, Jp_iy 6.0 Hz, CH), 6.61 (d, Jp 1 6.8 Hz, CH),
7.80 (br, s, CH), 8.00-6.62 (m, Ph); '*C (125.69 MHz), 6
124.0 (Cyuar. Ph), 131.32 (Cquar. Ph), 137.96 (d, Jc p 9.3
Hz, CH, Ph), 134.98 (d, Jc_p 10.8 Hz, CH, Ph), 132.67
(d, Jep 11.7 Hz, CH, Ph), 132.42 (s, CH, Ph), 130.88
(s, CH, Ph), 130.61 (s, CH, Ph), 12991 (s, CH, Ph),
129.65 (s, CH, Ph), 128.78 (s, CH, Ph), 128.50-128.32
(m, CH, Ph), 127.86 (d, Jcp 11.7 Hz, CH, Ph),
127.37-127.23 (m, CH, Ph), 127.16 (s, CH, Ph), 126.89
(s, CH, Ph), 116.00 (s, CH), 108.00 (s, CH), 90.00 (s,
CH); *'P{'H} (121.49 MHz), 6 252.20 (d, Jpp 13.0
Hz, p-PPh,) and 77.36 (d).

4.2.2. Method 2

To an orange solution of 2 (100 mg, 0.07 mmol), in
toluene (15 mL), HC=CPh (18.0 uL, 0.14 mmol) was
added. The mixture was heated at 80 °C for 12 h. The
solvent was evaporated and the mixture was separated
by TLC with ethyl acetate/hexane (1:6.3) to yield unre-
acted 2 (R; 0.72, 10 mg, 10%), and the two red isomers
3 (46 mg, 45%) and 4 (36 mg, 35%).

4.3. X-ray structural analysis of compounds 3 and 4

The compounds were obtained as red crystals by slow
diffusion of hexane in a very concentrated solution of
the respective compound in CH,Cl,, at 25 ° C. Diffrac-
tion intensities were collected at 293 K on an Enraf-
Nonius CAD-4 (compound 3) or a Bruker Smart CCD
(compound 4) diffractometer equipped with a graphite
monochromator (Mo Ko, A =0.71069 A). Crystal data
and details of measurements for compounds 3 and 4
are summarized in Table 2. ¥-scan absorption correc-
tion was applied to compound 3 and SADABS to 4.
The computer program SHELXL97 [45] was used for
structure solution and refinement. All non-H atoms

Table 2
Crystallographic data for compounds 3 and 4

3-(0.5 CH,Cl,) 4
Formula C54.5H39CHI‘406P2 C54H381r406P2
M 1656.05 1613.58
Crystal system Orthorhombic Triclinic
Space group P2nb P1
a (A) 12.249(2) 12.4634(9)
b (A) 19.753(2) 14.309(1)
c (A) 22.050(3) 15.313(1)
o (°) 90 114.013(2)
b (©) 90 94.781(2)
7 (°) 90 91.569(2)
U (A3) 5335(1) 2480.3(3)
zZ 4 2
D, (gem ™) 2.062 2.161
p (mm~Y) 10.102 10.810
Independent reflections 4862 14.408
R, (on F[I>2a(])]) 0.0272 0.0490
WR, (on F? all data) 0.0755 0.1007
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(except for the dichloromethane solvent molecule in 3)
were refined anisotropically. H atoms bound to C atoms
were added in calculated positions. The computer pro-
gram SCHAKAL99 [46] was used for all graphical repre-
sentations. Crystallographic data (excluding structure
factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic
Data Center as supplementary publication Nos. CCDC
243733 and CCDC 243734. Copies of the data can be
obtained free of charge on application to CCDC, 12 Un-
ion Road, Cambridge CB2 1EZ, UK (fax: +44 1223 336
033; e-mail: deposit@ccdc.cam.ac.uk).

5. Supporting information

Tables of bond distances and bond angles, atomic
coordinates, anisotropic displacement coefficients,
hydrogen coordinates, and isotropic displacement
parameters for compounds 3 and 4. Ordering informa-
tion is given on any current masthead.
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