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Abstract: Reactions of (CO)5Re(Br), (h5-C5H5)
Ru(Cl)(PPh3)2, and [Pt(m-Cl)(C6F5)(S(CH2CH2-)2)]2
with the alkyne-containing phosphine Ph2P(CH2)6
C�CCH3 give the bis(phosphine) complexes fac-
(CO)3Re(Br)(Ph2P(CH2)6C�CCH3)2 (5), (h5-C5H5)
Ru(Cl)(Ph2P(CH2)6C�CCH3)2 (6), and trans-(Cl)
(C6F5)Pt(Ph2P(CH2)6C�CCH3)2 (7). Alkyne meta-
theses with the catalyst (t-BuO)3W(�C-t-Bu) (10±
15 mol %, chlorobenzene, 80 8C) give the seventeen-
membered metallamacrocycles

(8),

(9),

and (10).

31P NMR analyses show 90±75% conversions to 8±10
(59±47% isolated after chromatography). The identi-
ty of 8 was confirmed by a crystal structure, and 10
was hydrogenated over Pd/C to

(12, 87%),

which was crystallographically characterized earlier.
A catalyst derived from Mo(CO)6/4-chlorophenol ef-
fects a slower conversion of 7 to 10 at 140 8C. In the
case of 5, a mer, trans isomer of 8 is isolated (11,
44%), as established by NMR and IR data. In 10±
12, the diphosphines span trans positions. These re-
sults, together with previous examples involving
group VIII metallocenes, establish the wide viability
of the title reaction.

Keywords: alkylidyne complexes; alkynes; macrocy-
cles; metathesis; molybdenum; rhenium; tungsten

Introduction

Alkene metathesis is being increasingly employed in
syntheses of inorganic and organometallic molecules.[1]

Recent applications have included many topologically
novel metallo- and metallamacrocycles.[2±6] Most stud-
ies have utilized Grubbs× catalyst, Ru(¼CHPh)
(PCy3)2(Cl)2, or newer generation derivatives. There
have been surprisingly few reports of side-reactions
involving ancillary ligands or the ™spectator∫ metal cen-
ter.
However, alkenemetatheses commonly givemixtures

of E/Z C¼C isomers. Thus, increasing attention is being
directed at the less commonly utilized sister reaction, al-
kynemetathesis.[7] The newC�C linkage can be stereo-
selectively reduced to either E or Z C¼C isomers, or
transformed to other functionality. Hence, we sought

to probe the feasibility of analogous alkyne metatheses
in a variety of types of metal coordination spheres. As
detailed in the discussion section, three other groups
have also made important contributions.[8±10] However,
all involve group VIII metallocenes, which are among
themost robust platforms for organometallic chemistry.
Several types of alkyne metathesis catalysts are

known.One of themost extensively applied is Schrock×s
catalyst (t-BuO)3W(�C-t-Bu) (1),[11,12] which is com-
monly used at 80 8C. Another family was first reported
by Mortreux and Blanchard,[13] and has been subse-
quently refined[14] or investigated[7a,15] by others. These
groups have shown that active but undefined catalysts
can be generated from commercially available
Mo(CO)6 and various phenols in decalin, chloroben-
zene, and related high-boiling solvents at 130±160 8C.
Although the metathesis conditions are harsh, it is not
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necessary to exclude oxygen or moisture, and the three-
step synthesis of 1 can be avoided.
More recently, catalysts derived from Mo(N(t-

Bu)Ar)3,
[16] Mo(O-1-adamantyl)3, and Mo[O-(o-

XC6H4))3
[17,18] fragments that can be applied at room

temperature have been reported. However, the synthe-
ses are more demanding than that of 1. For all catalyst
types, methylacetylenes RC�CMe are preferred to ter-
minal acetylenesRC�CHas substrates.With the latter,
several deactivation pathways have been document-
ed.[19] Also, methylacetylenes afford volatile 2-butyne,
which is often aspirated from the reaction mixture to
help displace the equilibrium.
In our exploratory studies of alkene metatheses in

metal coordination spheres,wemade extensive useof al-
kene-containing phosphine ligands.[3±5] Accordingly, as
described in this paper, we set out to synthesize and
study representative complexes with similar alkyne-
containing phosphine ligands. As detailed below, both
1 and Mo(CO)6-derived catalysts can be used to effect
alkyne metatheses with various octahedral and square-
planar, eighteen- and sixteen-valence-electron rhenium,
ruthenium, and platinum complexes. A portion of this
work has been communicated.[20]

Results

Starting Ligands and Complexes

As shown in Scheme 1, the a,w-dibromide Br(CH2)6Br
and NaC�CH were reacted at 40 8C. Distillation gave
the known terminal alkyne Br(CH2)6C�CH (2)[21a] in
66% yield. A subsequent deprotonation with n-BuLi
(�45 8C), followed by the addition of CH3I (0 8C), af-
forded the known 2-alkyne Br(CH2)6C�CCH3 (3) in
71% yield.[21b] The reaction of 3 and commercial
KPPh2 gave the target phosphine PPh2(CH2)6C�
CCH3 (4) as a colorless oil in 81±55% yields after distil-
lation.
Importantly, some disubstitution occurred during the

reaction of Br(CH2)6Br and NaC�CH. Since the boiling

points of this byproduct, Br(CH2)6Br, and 2 (aswell as 3)
are quite close, complete separations were difficult.
Thus, some starting material and disubstituted product
were carried through the syntheses of 2, 3, and 4. How-
ever, these were completely removed when the much
heavier 4 was distilled. Phosphine 4 was stable in air
on the time scale of hours, andwas completely character-
ized by IR and NMR (1H, 13C, 31P) spectroscopy, mass
spectrometry, and microanalysis.
One possibility would have been to prepare mono-

phosphine complexes from 4, and then investigate inter-
molecular metatheses. However, we were more attract-
ed to bis(phosphine) complexes with the potential for
intramolecularmacrocyclizations. The octahedral eight-
een-valence-electron rhenium carbonyl bromide
(CO)5Re(Br)

[22] is an established precursor to rhenium
bis(phosphine) complexes.[3a,23,24]As shown inScheme 2,
a reaction with 4 in refluxing CHCl3 gave the facially-
substituted tricarbonyl fac-(CO)3Re(Br)(Ph2P(CH2)6
C�CCH3)2 (5) in 50%yield. The course of this reaction,
and the product stereochemistry, is conveniently as-
sayed by IR spectroscopy.[24,25]

The easily-prepared half-sandwich eighteen-valence-
electron ruthenium bis(phosphine) complex
(h5-C5H5)Ru(Cl)(PPh3)2

[26] undergoes thermal phos-
phine exchange.[27] As shown in Scheme 3, a reaction
with 4 in refluxing toluene gave the expected product
(h5-C5H5)Ru(Cl)(Ph2P(CH2)6C�CCH3)2 (6) as orange
oil in 30±38% yields after chromatography. The chlor-
ine-bridged diplatinum complex [Pt(m-Cl)(C6F5)-
(S(CH2CH2�)2)]2[28] is an established precursor to
square-planar sixteen-valence-electron trans bis(phos-
phine) complexes.[3] As shown in Scheme 4, a reaction
with 4 at room temperature afforded the anticipated ad-
duct trans-(Cl)(C6F5)Pt(Ph2P(CH2)6C�CCH3)2 (7) in
54% yield after chromatography.
Complexes 5, 6, and 7were characterized analogously

to 4, as detailed in the experimental section. However,
no efforts were made to optimize yields. The spectro-
scopic properties matched those of closely related com-
plexes prepared earlier.[3]

Alkyne Metatheses with 1

As shown in Scheme 2, a chlorobenzene solution of the
rhenium complex 5 (ca. 0.022 M) and the catalyst 1 (ca.
7.5 mol %) were combined. The sample was heated to
80 8C, and after 1 h, a second catalyst charge (ca.
7.5 mol %) was added. Nitrogen was aspirated through
the solution to help volatilize the 2-butyne. The solvent
was removed, and a 31P NMR spectrum of the crude
mixture showed a 75 :20 :5 ratio of the product (8), educt
5, and an unidentified byproduct (Experimental Sec-
tion). Chromatography and crystallization gave 8 in
47% yield, which was characterized analogously to the
other new complexes above.Scheme 1. Synthesis of the alkyne-containing phosphine 4.
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Themass spectrum of 8 exhibited a molecular ion and
fragments consistent with a seventeen-membered mac-
rocycle derived from intramolecular metathesis. The
1H and 13C NMR spectra showed the absence of
�CCH3 resonances, and the 13C NMR spectrum gave
a single �C signal at 80.5 ppm, as compared to 79.1 and
75.4 ppm in 5. In order to unambiguously eliminate a di-
meric or oligomeric macrocycle derived from intermo-
lecular metathesis, a crystal structure was executed (be-
low). This confirmed the formulation in Scheme 2. Note
that the PPh groups are diastereotopic. Consequently,
two sets of i/o/m/p 13C NMR signals are observed.
As shown in Scheme 3, chlorobenzene solutions of the

ruthenium complex 6 (ca. 0.022 M) and 1 (15 mol %)
were similarly kept at 80 8C. After two hours, a
31P NMR spectrum of the crude mixture showed a
70 :25 :5 ratio of the product (9), overlapping educt

and byproduct signals, and a second byproduct. Chro-
matography gave 9 in 52% yield. The NMR and mass
spectral properties were very similar to those of 8. Ac-
cordingly, an analogous structure was assigned, as illus-
trated in Scheme 3.
Intramolecular macrocyclizations involving trans-di-

rected groups as in platinum complex 7 are conforma-
tionally more challenging than those involving cis
groups as in 5 and 6. As shown in Scheme 4, 7 and 1
were reacted in chlorobenzene as for 5 and 6. A
31P NMR spectrum of the crude mixture showed a
90 :10 ratio of theproduct (10) and educt 7.Replicate ex-
periments showed this metathesis to be more efficient
than the others. Chromatography gave 10 in 59% yield.
Based upon the mass spectrum and further transforma-
tions below, 10 could be unambiguously assigned as a
monoplatinum complex with an unusual trans-spanning

Scheme 2. Synthesis and metathesis of alkyne-containing rhenium complexes.

Scheme 3. Synthesis and metathesis of alkyne-containing ruthenium complexes.
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chelating diphosphine ligand.[29] The C�C 13C NMR
chemical shift was in a normal region (80.7 ppm), indi-
cating the absence of interactions with platinum.

Alkyne Metatheses with Mo(CO)6-Derived Catalysts

Since the Mo(CO)6-derived alkyne metathesis catalysts
require higher temperatures, the thermal stabilities of
some of the preceding compounds were probed. Al-
though the rhenium complex 5 was commonly an oil,
DSC and TGA measurements were conducted with
7±10. In all cases, only one DSC endotherm was ob-
served, corresponding to themelting point (Experimen-
tal Section). As would be intuitively expected, the plat-
inum macrocycle 10melted higher than the precursor 7
(255 vs. 102 8C). Temperatures of 239±300 8C were re-
quired to initiate mass loss ± well above the most ex-
treme conditions used for metathesis.
A screening reaction was modeled after a standard

protocol.[15a] Thus, chlorobenzene solutions of platinum
complex 7 were treated with Mo(CO)6 (15±22 mol %)
and 4-chlorophenol (ca. 100 mol %). The mixtures
were heated to 140 8C and nitrogen was aspirated
through the solutions. After 6±18 h, the solvents were
removed, and the crude mixtures analyzed by NMR.
The 31P NMR spectra showed 10, 7, and two byproducts
in 53±59 :39±33 :5±4 :3±4 ratios. The 1H and 13C NMR
spectra confirmed the identity of 10. However, rather

than optimize these conditions further, another sub-
strate was tested.
Thus, the rhenium complex 5 was similarly treated

with Mo(CO)6 and 4-chlorophenol as shown in
Scheme 2. After 12 h, a 31P NMR spectrum indicated
the presence of anew complex 11, the previously charac-
terized macrocycle 8, the educt 5, and three byproducts
in a 51 :8 :7 :20 :10 :4 ratio. Chromatography afforded 11
as a white powder in 44% yield. Interestingly, 11 gave a
mass spectrum similar to that of 8, and theNMRproper-
ties were consistent with a comparable macrocyclic
structure. However, the 13C NMR spectrum showed
only a single set of PPh signals, as opposed to the two
found with 8. Hence, the PPh groups are no longer dia-
stereotopic.
Complexes of the formula fac-(CO)3Re(X)(PX3)2 are

known to thermally isomerize to meridional (mer) iso-
mers.[23,24] Thus, the IR spectra of 8 and 11were carefully
compared. The former exhibited a pattern of nCO bands
characteristic of a fac-(CO)3Re fragment (2023, 1949,
1926, 1876 cm�1, s/sh/s/s).[25] However, 11 exhibited a
pattern consistent with a mer-(CO)3Re fragment
(1943, 1893 cm�1, s/s).[25,30] Since 11 gave only one
31P NMR signal, a mer isomer with two cis phosphorus
atoms could be excluded (one would be trans to a bro-
mide ligand, and the other trans to a carbonyl group).
Hence, 11 was assigned the mer, trans structure shown
in Scheme 2.
In view of these data, a sample of 8wasmelted at 175±

195 8C (ca. 10 min). An IR spectrum of the cooled sam-
ple showed>90% conversion to 11. In the DSC meas-
urement, the exotherm that would be expected for iso-
merization is apparently masked by the melting endo-
therm. Also, a C6D5NO2 solution of 5 was kept at
120 8C and monitored by 31P NMR. Over the course of
21 h, 5 (�8.7 ppm) disappeared. One new signal domi-
nated (�0.8 ppm, 50%), with a chemical shift close to
that of 11. Themass spectrum of themixture was similar
to that of 5, consistent with the formation of a mer iso-
mer. Although 11 is structurally somewhat unusual,
there is ample precedent for trans-spanningdiphosphine
ligands in octahedral coordination environments.[29] Ef-
forts to date to grow crystals have been unsuccessful.

Additional Data

The crystal structure of 8wasdeterminedas summarized
in Table 1 and the Experimental Section. Key metrical
parameters are listed in Table 2, and the molecular
structure is shown in Figure 1. Several features are ana-
lyzed below.
To broaden the utility of this chemistry, we sought to

demonstrate that the C�C linkages in the metathesis
products can be hydrogenated. In order to simultane-
ously effect a structure proof, 10was selected. As shown
in Scheme 4, a reactionwithH2 (1 atm)was conducted in

Scheme 4. Synthesis, metathesis, and hydrogenation of al-
kyne-containing platinum complexes.
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the presence of 10% Pd/C catalyst. Chromatography
gave 12, with a saturated (CH2)14 bridge between the
phosphorus atoms, in 87% yield. Complex 12 has been

independently prepared by an alkenemetathesis/hydro-
genation sequence, and crystallographically characteri-
zed.[3a, b]

Discussion

Asmentioned in the introduction, alkyne metatheses of
several ferrocene and ruthenocene derivatives have also
been reported. As summarized in Scheme 5, all are in-
termolecular. Togetherwith our results in Schemes 2±4,

Figure 1.Molecular structure of 8.

Table 1. General crystallographic data for 8.

Empirical formula C41H44BrO3P2Re
Formula weight 912.81
Diffractometer Nonius KappaCCD
Temperature [K] 173(2)
Wavelength [ä] 0.71073
Crystal system Monoclinic
Space group P21/c
a, [ä] 17.9002(2)
b, [ä] 10.54090(10)
c, [ä] 22.1519(4)
a, [8] 90
b, [8] 111.074(6)
g, [8] 90
V, [ä3] 3900.16(9)
Z 4
1calc, [Mg/m3] 1.555
Absorpt. coeff. [mm�1] 4.258
F(000) 1816
Crystal size, [mm3] 0.30�0.30�0.20
q limit, [8] 1.91 to 27.478
Index ranges (h, k, l) �22 to 22; �13 to 11;

�28 to 28
Reflections collected 15263
Independent reflections 8887 [R(int)¼0.0247]
Reflections [I>2s(I)] 7175
Data/restraints/parameters 8887/0/433
Goodness-of-fit on F2 1.023
Final R indices [I>2s(I)] R1¼0.0358, wR2¼0.0898
R indices (all data) R1¼0.0499, wR2¼0.0963
Largest diff. peak and hole
Dp (max), e/[ä3] 1.277 and �1.919

Table 2. Key bond lengths, bond angles, and torsion angles for 8.

Bond lengths [ä] Bond angles [8] Torsion angles [8]

Re-P(1) 2.5203(10) C(40)-Re(1)-C(20) 87.41(18) P(2)-Re-P(1)-C(1) 28.43(17)
Re-P(2) 2.4987(10) C(40)-Re(1)-C(30) 91.97(19) P(1)-Re-P(2)-C(14) 103.21(16)
Re-Br 2.6387(5) C(20)-Re(1)-C(30) 90.00(19) Re-P(1)-C(1)-C(2) �56.1(4)
Re-C(20) 1.961(5) C(40)-Re(1)-P(2) 90.36(13) P(1)-C(1)-C(2)-C(3) 173.5(4)
Re-C(30) 2.032(7) C(20)-Re(1)-P(2) 176.85(13) C(1)-C(2)-C(3)-C(4) �173.3(5)
Re-C(40) 1.936(5) C(30)-Re-P(2) 87.85(13) C(2)-C(3)-C(4)-C(5) 159.4(6)
C(1)-C(2) 1.546(6) C(40)-Re-P(1) 171.21(12) C(3)-C(4)-C(5)-C(6) 176.7(6)
C(2)-C(3) 1.492(7) C(20)-Re-P(1) 85.41(13) C(4)-C(5)-C(6)-C(7) 61.6(9)
C(3)-C(4) 1.596(8) C(30)-Re-P(1) 93.09(12) C(5)-C(6)-C(7)-C(8) �143(18)
C(4)-C(5) 1.439(8) P(2)-Re-P(1) 97.00(3) C(6)-C(7)-C(8)-C(9) 38(30)
C(5)-C(6) 1.547(9) C(40)-Re-Br(1) 83.93(14) C(7)-C(8)-C(9)-C(10) 132(17)
C(6)-C(7) 1.454(10) C(20)-Re-Br(1) 90.69(14) C(8)-C(9)-C(10)-C(11) �57.2(11)
C(7)-C(8) 1.171(9) C(30)-Re-Br(1) 175.80(12) C(9)-C(10)-C(11)-C(12) 171.8(7)
C(8)-C(9) 1.505(11) P(2)-Re-Br(1) 91.29(3) C(10)-C(11)-C(12)-C(13) �173.6(5)
C(9)-C(10) 1.434(11) P(1)-Re-Br(1) 91.09(3) C(11)-C(12)-C(13)-C(14) 63.1(6)
C(10)-C(11) 1.521(8) C(6)-C(7)-C(8) 177.7(7) C(12)-C(13)-C(14)-P(2) 177.5(4)
C(11)-C(12) 1.482(9) C(7)-C(8)-C(9) 177.7(8) Re-P(2)-C(14)-C(13) 65.3(4)
C(12)-C(13) 1.511(6)
C(13)-C(14) 1.533(6)
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which are all intramolecular, it is clear that metatheses
canbe effectedwith a variety of alkyne-containingmetal
complexes with different electronic configurations, co-
ordination environments, and spectator ligands. This in-
dicates that the active W�CR and Mo�CR catalyst
species have a broad ™functional group tolerance∫. Ex-
amples of stoichiometric alkynemetatheses inmetal co-
ordination spheres have also been reported, two of
which are illustrated in Scheme 6.[31,32] These hint at an
even broader degree of applicability.
Some advantages and disadvantages of the two cata-

lyst systems investigated, 1 and Mo(CO)6/4-chlorophe-

nol, were noted in the introduction. Our results with 7
confirm that the former is much more active. With ther-
mally robust substrates such as the metallocenes in
Scheme 5, this presents no problem. However,
Scheme 2 provides a nice example of a tractable side re-
action that results from the harsher conditions. Our data
do not establish whether it is the educt, product, or pos-
sibly a catalyst adduct that isomerizes from a fac to amer
isomer. Such isomerizations can also be effected by
chemical or electrochemical oxidation/reductions cy-
cles.[24] Hence, redox catalysis under the reaction condi-
tions is also conceivable.
Schemes 2±4 clearly demonstrate that alkyne meta-

thesis can be used to generate unusual metallamacrocy-
cles, including two types of trans-spanning diphosphine
chelates. No products derived from intermolecular
metathesis are detected. The educt concentrations em-
ployed (ca. 0.022 M) are close to those used for related
metatheses of terminal alkenes.[3] However, somewhat
more effort is required to drive the alkyne metatheses
to completion. Also, the examples in Scheme 5B show
that steric effects can hinder catalysis.
In earlier papers, we have argued that similar alkene

metatheses are often aided by some analogue of the
™geminal dialkyl effect∫.[33] It is well known that when
geminal dialkyl groups are introduced on a methylene
chain (e.g., a CH2CR2CH2CH2 moiety), intramolecular
a,w cyclizations are promoted. The alkyl groups render
the energies of anti and gauche conformations much
closer; when only anti linkages are present, the termini
cannot approach each other. A PPh2, MPPh, or similar

Scheme 5. Alkyne metatheses involving group VIII metallocenes.

Scheme 6. Stoichiometric alkyne metatheses in metal coordi-
nation spheres.
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group might play a role analogous to a CR2 group in
making gauche conformations of four-atom segments
energetically more competitive. Shaw has furthermore
studied reactions of diphosphines R2P(CH2)nPR2 and
square planar complexes that lead to trans substitution
products.[34] He finds that the ratio of monometallic to
di- and polymetallic products dramatically increases
with the size of the phosphorus substituent.
Accordingly, the Re-PPh2-C(14)-C(13) and Re-PPh2-

C(1)-C(2) linkages in crystalline 8 (Figure 1) exhibit
gauche conformations, with torsion angles of 65.3(4)8
and �56.1(4)8. The neighboring P(1)-C(1)-C(2)-C(3)
and C(12)-C(13)-C(14)-P(2) segments adopt anti con-
formations. Of the eleven four-carbon segments, four
exhibit gauche conformations, including the two that ter-
minate with the C�C linkage. The bond lengths and an-
gles about rhenium are unexceptional, and comparable
to those found earlier in analogous complexes in which
cis-C¼C and CH2CH2 moieties have replaced the alky-
ne.[3a] These were prepared by alkene metatheses and
subsequent hydrogenation. The four Re-PPh2-C-C seg-
ments in these complexes also adopt gauche conforma-
tions.

Conclusion

In summary, this study has demonstrated that tungsten-
and molybdenum-catalyzed alkyne metatheses can be
effected with octahedral and square-planar, eighteen-
and sixteen-valence-electron rhenium, ruthenium, and
platinum complexes. Metallamacrocycles such as 8±11
can be readily generated under only moderately dilute
conditions, with no appreciable quantities of byprod-
ucts. In accord with past observations, the Schrock cata-
lyst 1 has superior performance characteristics. This
methodology provides a valuable complement to relat-
ed alkene metatheses developed earlier. Taken togeth-
er, these efforts are significantly advancing the applica-
bility ofmetal-catalyzedmetathesis reactions to the syn-
thesis of architecturally unusual inorganic and organo-
metallic assemblies.

Experimental Section

General

Most experimental and instrumental procedures were analo-
gous to those in previous full papers.[3] Solvents and reagents
were used as follows: THF, Et2O, benzene, hexane, toluene,
and xylene, distilled from Na/benzophenone; CH2Cl2, distilled
from CaH2 (reactions) or simple distillation (chromatogra-
phy); DMF (99%, Fluka), distilled from CaH2; CHCl3 and
chlorobenzene, distilled from P2O5; ethanol and hexanes, sim-
ple distillation; ClCH2CH2Cl (99%, Fluka), NaC�CH (Acros,
18% in xylene/light oil, 95%), CH3I (99%, Riedel-de Hae»n),

HPPh2 (Aldrich), Pd/C (Fluka), KPPh2 (Aldrich, 0.5 M in
THF), Mo(CO)6 (98%, ABCR), and 4-chlorophenol (99%,
Lancaster) used as received; Br(CH2)6Br (96%, EGA-Chem-
ie) vacuum distilled; n-BuLi (Aldrich, 2.1M in hexane), stand-
ardized.[35]

Br(CH2)6C�CH (2)[21a]

A three-necked flask was charged with NaC�CH (18% in xy-
lene/ light oil, 95% purity; 9.152 g, 32.59 mmol) and DMF/xy-
lene (100 mL, 37.5 :62.5 v/v), and fitted with a dropping funnel
and a condenser. The mixture was heated to 40 8C, and
Br(CH2)6Br (5.01 mL, 7.946 g, 33 mmol) was added over a pe-
riod of 20 min. After 12 h, themixture was filtered. The filtrate
was fractionally distilled to give 2 (bp ca. 70 8C/1.3�10�3

mbar) as a colorless liquid; yield: 4.040 g (21.4 mmol,
66%).[36] 1H NMR (CDCl3): d¼3.41 (t, 3JHH¼6.6 Hz, BrCH2),
2.22±2.17 (td, 3JHH¼6.9 Hz, 4JHH¼2.7 Hz, CH2C� ), 1.95 (t,
4JHH¼2.7 Hz, �CH), 1.92±1.82 (m, CH2), 1.60±1.40 (m,
3CH2);

13C{1H} NMR (CDCl3): d¼84.6 (s, CH2C� ), 68.5 (s,
�CH), 34.0 (s, BrCH2), 32.8 (s, BrCH2CH2), 28.4, 28.0, 27.5
(3 s, CH2CH2CH2CH2C� ), 18.5 (s, CH2C� ); IR n¼ (CH2

Cl2): 3306 (w, n0�CH), 2116 cm
�1 (s, nC�C).

Br(CH2)6C�CCH3 (3)
[21b]

A Schlenk flask was charged with 2 (0.943 g, 4.99 mmol) and
THF (20 mL), and cooled to �45 8C (CO2/2-propanol). Then
n-BuLi (2.1 M in hexane; 2.5 mL, 5.3 mmol) was added with
stirring. After 10 min, the �45 8C bath was replaced by a
0 8C bath. After another 10 min, CH3I (3.0 mL, 48 mmol) was
added, and the 0 8C bath was removed. After 3 h, the solution
was passed through a silica gel plug (2�3 cm). The solvent
was removed from the filtrate by oil pump vacuum. Vacuum
distillation gave 3 (bp ca. 95 8C/1.3�10�3 mbar) as a colorless
liquid; yield: 0.721 g (3.55 mmol, 71%). 1H NMR (CDCl3): d¼
3.43 (t, 3JHH¼8.3 Hz, BrCH2), 2.16±2.11 (m, CH2C�C), 1.89±
1.87 (m, CH2), 1.78 (t, 5JHH¼2.9 Hz, CH3), 1.59±1.39 (m,
3CH2);

13C{1H} NMR (CDCl3): d¼79.0 (s, CH2C�C), 75.5 (s,
C�CCH3), 33.8 (s, BrCH2), 32.7 (s, BrCH2CH2), 28.8, 27.9,
27.7 (3 s, CH2CH2CH2CH2C� ), 18.6 (s, CH2C� ), 3.4 (s, �
CCH3).

PPh2(CH2)6C�CCH3 (4)

A Schlenk flask was charged with 3 (1.328 g, 6.54 mmol) and
THF (22 mL), and cooled to 0 8C. Then KPPh2 (0.5 M in
THF; 13 mL, 6.5 mmol) was added dropwise with stirring
over 15 min. A precipitate formed, and near the end of the ad-
dition the mixture turned red. After 30 min, the cold bath was
removed. After 30 min, the solvent was removed by oil pump
vacuum, giving a white solid suspended in an oil. The residue
was extracted with hexanes (3�15 mL). The extract was fil-
tered, and the solvent removed by rotary evaporation. The res-
idue was vacuum distilled (150 8C/10�2 mbar) to give 4 as a vis-
cous colorless liquid; yield: 1.111 g (3.60 mmol, 55%). Anal.
calcd. for C21H25P: C 81.79, H 8.17; found: C 81.41, H, 8.21.
1H NMR (CDCl3): d¼7.47±7.32 (m, 2Ph), 2.14±2.02 (m,
PCH2 and CH2C�C), 1.78 (t, 5JHH¼3.2 Hz, CH3), 1.52±1.36
(m, 4CH2);

13C{1H} NMR (CDCI3):
[37] d¼139.2 (d, 1JCP¼
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12.6 Hz, i-Ph), 132.9 (d, 2JCP¼18.1 Hz, o-Ph), 128.6 (d, 3JCP¼
9.1 Hz, m-Ph), 128.6 (s, p-Ph), 79.5 (s, CH2C� ), 75.6 (s,
�CCH3), 31.0 (d, 3JCP¼12.6 Hz, PCH2CH2CH2), 29.1, 28.7
(2 s, CH2CH2CH2C� ), 28.2 (d, 1JCP¼11.1 Hz, PCH2), 26.1 (d,
2JCP¼16.1 Hz, PCH2CH2), 18.9 (s, CH2C� ), 3.7 (s, CH3);

31P
{1H} NMR (CDCl3): d¼ �15.6 (s). IR (liquid film): n¼3073
(w), 3053 (w), 2930 (m), 2856 (m), 1482 (s), 1432 (s), 1096
(m), 1027 (m), 737 (s), 695 cm�1 (s). MS:[38] m/z¼309 (4þ ,
100%).

fac-(CO)3Re(Br)(PPh2(CH2)6C�CCH3)2 (5)

A Schlenk flask was charged with (CO)5Re(Br) (0.289 g,
0.713 mmol),[22] 4 (0.440 g, 1.427 mmol), and CHCl3 (12 mL),
and fitted with a condenser with a nitrogen inlet/bubbler on
top. The mixture was refluxed (46 h) under a nitrogen flow.[39]

The solvent was removed by oil pump vacuum. The residue
was chromatographed (12�2.5 cm column; neutral Al2O3,
1 :1 v/v CH2Cl2/hexanes). The solvent was removed from the
product fraction by oil pump vacuum to give 5 as a colorless
oil which solidified after several days; yield: 0.344 g
(0.356 mmol, 50%). Anal. calcd. for C45H50BrO3P2Re: C
55.90, H 5.21; found: C 55.20, H 5.18. 1H NMR (CDCl3): d¼
7.43±7.28 (m, 4Ph), 2.63±2.58 (m, 2PCHH’), 2.08±2.04 (m,
2CH2C� ), 1.92 (m, 2PCHH’), 1.78±1.77 (t, 5JHH¼5.0 Hz,
2CH3), 1.36±1.30 (m, 2CH2), 1.20 (m, 4CH2), 1.00±0.99 (m,
2CH2);

13C{1H} NMR (CDCl3):
[40] d¼189.8 (br s, CO), 189.2

(br s, 2CO), 133.5±131.8 (complex, i-Ph), 133.1 (virtual t,[41]

JCP¼4.5 Hz, o-Ph), 132.8 (virtual t,[41] JCP¼4.7 Hz, o-Ph’),
130.0 (s, p-Ph), 128.2 (m, m-Ph), 79.1 (s, CH2C� ), 75.4 (s,
�CCH3), 30.4 (virtual t,[41] JCP¼5.9 Hz, CH2), 28.8 (s, CH2),
28.2 (s, CH2), 26.3 (virtual t,

[41] JCP¼13.4 Hz, CH2), 23.8 (br s,
CH2), 18.6 (s, CH2C� ), 3.5 (s, CH3);

31P{1H} NMR (CDCl3):
d¼ �8.5 (s). IR (powder film): n¼3057 (w), 2934 (m), 2856
(m), 2104 (m), 2026 (s, nCO), 1999 (sh), 1938 (s, nCO), 1895 (s,
nCO), 1482 (m), 1436 (m), 1096 (m), 741 (s), 695 cm�1 (s); IR
(CHCl3, partial): n¼2033 (s, nCO), 1952 (s, nCO), 1906 cm

�1 (s,
nCO). MS:38 m/z¼966 (5þ , <5%), 910 ([5±2CO]þ , 20%), 987
([5 ± Br]þ , 30%), 600 ([5�PPh2R�2CO]þ , 20%), 574 ([5�PPh2
R�3CO]þ , 40%), 549 ([5�PPh2R�Br�CO]þ , 35%), 309 (PPh2
Rþ , 100%).

(h5-C5H5)Ru(Cl)(PPh2(CH2)6C�CCH3)2 (6)

A Schlenk flask was charged with (h5-C5H5)Ru(Cl)(PPh3)2
(0.235 g, 0.324 mmol),[26a] 4 (0.250 g, 0.811 mmol), and toluene
(2.5 mL), and fittedwith a condenser with a nitrogen inlet/bub-
bler on top. The orange suspension was refluxed (18 h) under a
nitrogen flow. The solvent was removed by oil pump vacuum.
The residue was chromatographed using a Chromatotron¾

(2 cm silica gel plate, 1 :1 v/v Et2O/hexanes). The solvent was
removed from the product fraction by oil pump vacuum to af-
ford 6 as an orange oil; yield: 0.080 g (0.098 mmol, 30%). Anal.
calcd. for C47H55ClP2Ru: C 68.98, H 6.77; found: C 69.07, H
6.85. 1H NMR (CDCl3): d¼7.40±7.18 (m, 4Ph), 4.19 (s, C5

H5), 2.54±2.48 (m, 2PCHH’), 2.07±2.03 (m, 2CH2C� ), 1.77
(t, 5JHH¼5.0 Hz, 2CH3), 1.49±1.47 (m, 2PCHH’), 1.36±1.30
(m, 2CH2); 1.18±1.05 (m, 6CH2);

13C{1H} NMR (CDCl3):
[40]

d¼138.8±138.4 (complex, i-Ph), 132.8 (virtual t,[41] JCP¼
4.8 Hz, o-Ph), 132.1 (virtual t,[41] JCP¼4.2, o-Ph’), 128.8 (s, p-

Ph), 128.6 (s, p-Ph’), 127.9 (virtual t,[41] JCP¼4.0 Hz, m-Ph),
127.5 (virtual t,[41] JCP¼4.4 Hz, m-Ph’), 79.9 (s, C5H5), 79.3 (s,
CH2C� ), 75.3 (s, �CCH3), 30.7 (virtual t,[41] JCP¼5.7 Hz,
CH2), 28.9 (s, CH2), 28.4 (s, CH2), 26.5 (m, CH2), 24.5 (br s,
CH2), 18.6 (s, CH2C� ), 3.5 (s, CH3);

31P{1H} NMR (CDCl3):
d¼37.5 (s). IR (powder film): n¼3049 (w), 2922 (m), 2856
(m), 1432 (m), 1092 cm�1 (m). MS:[38] m/z¼818 (6þ , 100%),
783 ([6�Cl]þ , 45%), 510 ([6�PPh2R]þ , 75%), 473 ([6�PPh2
R�Cl]þ , 85%), 309 (PPh2R

þ , 95%).

trans-(Cl)(C6F5)Pt(PPh2(CH2)6C�CCH3)2 (7)

ASchlenk flaskwaschargedwith [Pt(m-Cl)(C6F5)(S(CH2CH2-)2)]2
(0.394 g, 0.405 mmol),[28] 4 (0.500 g, 1.621 mmol), and CH2Cl2
(23 mL). Themixture was stirred (16 h) and the solvent was re-
moved by oil pump vacuum. The residue was chromatograph-
ed (10�2.5 cm column; neutral Al2O3, 1 :1 v/v CH2Cl2/hex-
anes). The solvent was removed from the product fraction by
oil pump vacuum to give 7 as a colorless oil which solidified af-
ter several days; yield: 0.444 g (0.438 mmol, 54%); mp 102 8C
(DSC; Ti/Te/Tp/Tc/Tf 81.2/101.5/105.1/108.8/116.8 8C).

[42] TGA:
onset of mass loss, 239.4 8C (Te). Anal. calcd. for C48H50ClF5

PPt: C 56.84, H 4.97; found: C 56.96, H 5.10. 1H NMR
(CDCl3): d¼7.45±7.41 (m, 8H of 4Ph), 7.28±7.18 (m, 12H of
4Ph), 2.53±2.52 (m, 2PCH2), 2.06±2.05 (m, 2CH2C� ), 1.85
(m, 2PCH2CH2), 1.72 (t, 5JHH¼5.0 Hz, 2CH3), 1.44±1.30 (m,
6CH2);

13C{1H} NMR (CDCl3):
[40,43,44] d¼133.0 (virtual t,[41]

JCP¼5.8 Hz, o-Ph), 130.8 (virtual t,[41] JCP¼27.0 Hz, i-Ph),
130.2 (s, p-Ph), 128.0 (virtual t,[41] JCP¼5.0 Hz, m-Ph), 79.2 (s,
CH2C� ), 75.5 (s, �CCH3), 30.9 (virtual t,[41] JCP¼7.3 Hz,
PCH2CH2CH2), 28.8 (s, CH2), 28.5 (s, CH2), 25.9 (virtual t,

[41]

JCP¼16.8 Hz, PCH2), 25.5 (s, PCH2CH2), 18.7 (s, CH2C� ),
3.5 (s, CH3);

31P{1H} NMR (CDCl3): d¼16.4 (s, 1JPPt¼
2660 Hz).[45] IR (powder film): n¼3057 (w), 2934 (m), 2856
(m), 1502 (s), 1459 (s), 1436 (s), 1100 (m), 1058 (s), 953 (s),
807 (m), 737 (s), 691 (cm�1 s). MS:[38] m/z¼1013 (7þ , 15%),
978 ([7�Cl]þ , 80%), 810 ([7�Cl�C6F5]

þ , 20%), 501 ([7�Cl�
C6F5�PPh2R]þ , 100%).

(8)
A Schlenk flask was charged with 5 (0.052 g, 0.054 mmol),
chlorobenzene (5.9 mL; the resulting solution is 0.022 M in 5)
and ca. half of the catalyst (t-BuO)3W(�C-t-Bu) (1; 0.004 g,
0.008 mmol, 15 mol%).[12] A nitrogen stream was bubbled
through the solution, which was stirred at 80 8C. After 1 h,
the remaining catalyst was added.After 1 h, the solvent was re-
moved by oil pump vacuum and a 31P{1H} NMR spectrum re-
corded (d, CDCl3): �5.3 (s, 5%), �8.3 (s, 75%, 8), �8.5 (s,
20%, 5). The residue was extracted with CH2Cl2/hexanes
(1 :1 v/v). The extract was filtered through neutral Al2O3

(2.5�4 cm pad, 1 :1 v/v CH2Cl2/hexanes). The solvent was re-
moved by rotary evaporation and oil pump vacuum. The resi-
due was dissolved in a minimum of CH2Cl2, layered with etha-
nol, and stored at �18 8C. After 4 days, the white crystals were
collected by filtration and dried by oil pump vacuum (with loss
of crystallinity) to give 8 as a white powder; yield: 0.023 g
(0.025 mmol, 47%), mp 174 8C (capillary), 170 8C (DSC:
Ti/Te/Tp/Tc/Tf 137.3/169.7/182.1/184.6/185.4 8C).

[42] TGA: onset
of mass loss, 293 8C (Te). Anal. calcd. for C41H44BrO3P2Re: C
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53.95, H 4.86; found: C 54.14, H 5.06. 1H NMR (CDCl3): d¼
7.80±7.70 (m, 4H of 4Ph), 7.37±7.28 (m, 16H of 4Ph), 2.86±
2.82 (m, 2PCHH’), 2.25±2.17 (m, 2PCHH’ and 2CH2C� ),
1.56±1.25 (m, 8CH2);

13C{1H} NMR (CDCl3):
[40] d¼189.7 (br

s, CO), 189.4 (br s, 2CO), 134.4±132.5 (complex, i-Ph), 133.0
(virtual t,[41] JCP¼4.5 Hz, o-Ph), 132.6 (virtual t,[41] JCP¼
4.6 Hz, o-Ph’), 129.91 (s, p-Ph), 129.86 (s, p-Ph’), 128.5 (virtual
t,[41] JCP¼4.5 Hz, m-Ph), 128.1 (virtual t, JCP¼4.7 Hz, m-Ph’),
80.5 (s, C� ), 30.2 (virtual t, JCP¼6.0 Hz, CH2), 28.7 (s, CH2),
27.7 (s, CH2), 25.6 (virtual t,

[41] JCP¼12.1 Hz, CH2), 24.2 (br s,
CH2), 18.6 (s, CH2C� ); 31P{1H} NMR (CDCl3): d¼ �8.3 (s).
IR (powder film): n¼3053 (w), 2926 (m), 2856 (m), 2023 (s,
nCO), 1949 (sh), 1926 (s, nCO), 1876 (s, nCO), 1482 (m), 1436
(m), 1096 (m), 741(s), 695 cm�1 (s). MS:[38] m/z¼912 (8þ ,
40%), 856 ([8�2CO]þ , 65%), 833 ([8±Br]þ , 100%).

(11)
A Schlenk flask was charged with 5 (0.100 g, 0.0493 mmol),
chlorobenzene (20 mL; the resulting solution is ca. 0.005 M in
5), Mo(CO)6 (ca. 0.002 g, ca. 0.0076 mmol, ca. 15 mol %), and
4-chlorophenol (0.006 g, 0.05 mmol). A nitrogen stream was
bubbled through the solution, which was stirred at 140 8C. Af-
ter 1.5 h, the reaction mixture had turned tan. After 12 h, the
solvent was removed by oil pump vacuum and a
31P{1H} NMR spectrum recorded (d, CDCl3): 1.0 (11, 51%),
0.3 (10%), 0.1 (4%), 0.5 (20%), �8.3 (8, 8%), �8.5 (5, 7%).
The sample was chromatographed (10�2.5 cm column; neu-
tral Al2O3; 1 :1 v/v CH2Cl2/hexanes) to give 11 as a white pow-
der; yield: 0.042 g (0.046 mmol, 44%), mp 190±192 8C (capilla-
ry), 171 8C (DSC: 146.0/170.9/181.6/189.3/195.0 8C).[42] TGA:
onset of mass loss, 299 8C (Te). Anal. calcd. for C41H44BrO3P2

Re: C 53.95, H 4.86; found: C 54.07, H 4.94. 1H NMR
(CDCl3): d¼7.65±7.63 (m, 8H of 4Ph), 7.44±7.28 (m, 12H of
4Ph), 2.78±2.76 (m, 2PCH2), 2.13±2.06 (m, 2CH2C� ), 1.62±
1.33 (m, 8CH2);

13C{1H} NMR (CDCl3):
[40,43] d¼136.4 (virtual

t,[41] JCP¼23.0 Hz, i-Ph), 132.4 (virtual t,[41] JCP¼5.1 Hz, o-
Ph), 129.9 (s, p-Ph), 128.4 (virtual t,[41] JCP¼4.6 Hz, m-Ph),
80.6 (s, C� ), 30.2 (virtual t,[41] JCP¼8.1 Hz, CH2), 30.0 (virtual
t,[41] JCP¼15.4, CH2), 28.6 (s, CH2), 28.4 (s, CH2), 23.9 (br s,
CH2), 18.7 (s, CH2C� ); 31P{1H} NMR (CDCl3): d¼1.0 (s). IR
(powder film): n¼2927 (m), 2852 (m), 1943 (s, nCO), 1893 (s,
nCO), 1434 (m), 1094 (m), 737 (s), 692 cm�1 (s). MS:[38] m/z¼
912 (11þ , 40%), 856 ([11�2CO]þ , 100%), 833 ([11�Br]þ ,
70%), 826 ([11�3CO]þ , 80%).

(9)
A Schlenk flask was charged with 6 (0.227 g, 0.277 mmol),
chlorobenzene (12.5 mL; the resulting solution is 0.022 M in
6), and ca. half of the catalyst 1 (0.013 g, 0.028 mmol,
10 mol %).[12] A nitrogen stream was bubbled through the sol-
ution, which was stirred at 80 8C. After 1 h, the remaining cat-
alyst was added. After 1 h, the solvent was removed by oil
pump vacuum and a 31P{1H} NMR spectrum recorded (d,
CDCl3): 40.4 (s, 70%, 9), 38.0 (s, 5%), 37.5/37.4 (overlapping
s, 25%, 6). The residue was extracted with Et2O/hexanes (1 :1
v/v). The extract was chromatographed (10�2.5 cm column;
neutral Al2O3, 1 :1 v/v Et2O/hexanes). The product fractions
were concentrated to ca. 10 mL and stored at �18 8C (16 h).

The precipitate was collected by filtration and dried by oil
pump vacuum to give 9 as an orange powder; yield: 0.111 g
(0.145 mmol, 52%), mp 178 8C (capillary), 203 8C (DSC; Ti/
Te/Tp/Tc/Tf 194.1/203.3/208.8/211.0/216.3 8C).[42] TGA: onset
of mass loss, 300.2 8C (Te). Anal. calcd. for C43H49ClP2Ru: C
67.57, H 6.46; found: C 66.74, H 6.62 (NMR spectra show base-
line purity). 1H NMR (CDCl3): d¼7.76±7.74 (m, 4H of 4Ph),
7.34±7.32 (m, 6H of 4Ph), 7.31±7.28 (m, 2H of 4Ph), 7.13±
7.10 (m, 4H of 4Ph), 6.92 (m, 4H of 4Ph), 4.07 (s, C5H5),
2.95±2.88 (m, 2PCHH’), 2.20 (m, 2CH2C� ), 1.97 (m,
2PCHH’), 1.64±1.18 (m, 8CH2);

13C{1H} NMR (CDCl3):
[40]

d¼139.8±139.4 (complex, i-Ph), 137.1±136.7 (complex, i-
Ph’), 133.0 (virtual t,[41] JCP¼5.0 Hz, o-Ph), 131.3 (virtual t,[41]

JCP¼4.6 Hz, o-Ph’), 128.7 (s, p-Ph), 128.2 (s, p-Ph’), 128.0 (vir-
tual t,[41] JCP¼4.2 Hz,m-Ph), 127.4 (virtual t,[41] JCP¼4.7 Hz,m-
Ph’), 81.0 (s,C5H5), 80.3 (s,C� ), 30.5 (virtual t,[41] JCP¼5.2 Hz,
CH2), 29.1 (s, CH2), 27.5 (s, CH2), 25.4 (m, CH2), 25.0 (virtual
t,[41] JCP¼9.9 Hz, CH2), 18.3 (s, CH2C� ); 31P{1H} NMR
(CDCl3): d¼40.4 (s). IR (powder film): n¼3053 (w), 2930
(m), 2856 (m), 1482 (m), 1432 (m), 1092 cm�1 (m). MS:[38]

m/z¼764 (9þ , 100%), 729 ([9±Cl]þ , 60%).

(10)
Method A: A Schlenk flask was charged with 7 (0.210 g,
0.207 mmol), chlorobenzene (10.0 mL; the resulting solution
is 0.021 M in 7), and ca. half of the catalyst 1 (0.016 g,
0.031 mmol, 15 mol%).[12] A nitrogen stream was bubbled
through the solution, which was stirred at 80 8C. After 1 h,
the remaining catalyst was added.After 1 h, the solvent was re-
moved by oil pump vacuum and a 31P{1H} NMR spectrum re-
corded (d, CDCl3): 17.3 (s, 1JPPt¼2681 Hz,[45] 90%, 10), 16.4
(s, 1JPPt¼2657 Hz,[45] 10%, 7). The tan powder was extracted
with CH2Cl2. The extract was chromatographed (12�2.5 cm
column; neutral Al2O3, 1 :1 v/v CH2Cl2/hexanes). The solvent
was removed by rotary evaporation and oil pump vacuum to
give 10 as a white powder; yield: 0.117 g (0.122 mmol, 59%),
mp 244 8C (capillary), 255 8C (DSC; Ti/Te/Tp/Tc/Tf 241.5/
254.6/256.7/258.3/266.3 8C).[42] TGA: onset of mass loss,
291.3 8C (Te). Anal. calcd. for C44H44ClF5P2Pt: C 55.03, H
4.62; found: C 54.76, H 4.82. 1H NMR (CDCl3): d¼7.49±7.44
(m, 8H of 4Ph), 7.32±7.21 (m, 12H of 4Ph), 2.70±2.66 (m,
2PCH2), 2.34±2.33 (t, 3JHH¼11 Hz, 2CH2C� ), 2.23 (m,
2PCH2CH2), 1.77±1.70 (m, 2PCH2CH2CH2), 1.68±1.25 (m,
4CH2);

13C{1H} NMR (CDCl3):
[40,44] d¼145.0 (dm, 1JCF¼

210 Hz, o-C6F5), 136.0 (dm, 1JCF¼237 Hz, m/p-C6F5), 132.7
(virtual t,[41] JCP¼5.8 Hz, o-Ph), 131.8 (virtual t,[41] JCP¼
27.5 Hz, i-Ph), 130.1 (s, p-Ph), 128.0 (virtual t,[41] JCP¼5.5 Hz,
m-Ph), 80.7 (s, C� ), 31.7 (virtual t,[41] JCP¼8.5 Hz, PCH2

CH2CH2), 28.9 (s,CH2), 28.6 (s,CH2), 27.4 (s,CH2), 26.9 (virtu-
al t,[41] JCP¼17.4 Hz, PCH2), 18.7 (s, CH2C� ); 31P{1H} NMR
(CDCl3): d¼17.3 (s, 1JPPt¼2683 Hz).[45] IR (powder film): n¼
3057 (w), 2934 (m), 2856 (m), 1502 (s), 1459 (s), 1436 (s),
1100 (m), 1058 (s), 1023 (m), 953 (s), 803 (m), 737 (s),
691 cm�1 (s). MS:[38] m/z¼960 (10þ , <1%), 924 ([10�Cl]þ ,
100%), 755 ([10�Cl�C6F5]

þ , 95%).
Method B: A Schlenk flask was charged with 7 (0.050 g,

0.0493 mmol), chlorobenzene (10.0 mL; the resulting solution
is ca. 0.005 M in 7), Mo(CO)6 (ca. 0.002 g, ca. 0.0076 mmol,
ca. 15 mol %), and 4-chlorophenol (0.006 g, 0.05 mmol). A ni-
trogen stream was bubbled through the solution, which was
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stirred at 140 8C. After 1.5 h, the reaction mixture had become
tan. After 6 h, the solvent was removed by oil pump vacuum
and NMR spectra were recorded (d, CDCl3):

1H (partial)
0.91 (t, 5JHH¼5.1 Hz, 0.8H, CH3);

13C{1H} (partial) 80.7 (s,
C� ); 31P{1H} 17.3 (s, 1JPPt¼2681 Hz,[45] 53%, 10), 16.8 (s, 5%),
16.5 (s, 1JPPt¼2657 Hz,[45] 39%, 7), 15.8 (s, 3%). A second simi-
lar experiment [0.036 g of 7, ca. 22 mol % of Mo(CO)6, 19 h]
gave a 59 :4 :33 :4 ratio.

(12)[3a,b]

A Schlenk flask was charged with 10 (0.045 g, 0.056 mmol),
10% Pd/C (0.006 g, 0.006 mmol Pd), ClCH2CH2Cl (3 mL),
and ethanol (3 mL), flushed with H2, and fitted with a balloon
of H2. The mixture was stirred for 45 h. The solvent was re-
moved by rotary evaporation, and the residue chromatograph-
ed (6�2.5 cm column; silica gel, 1 : 2 v/v CH2Cl2/hexanes). The
solvent was removed from the product fraction by oil pump
vacuum to give 12 as a white powder; yield: 0.047 g
(0.049 mmol, 87%). The IR,NMR (1H, 13C, 31P), andmass spec-
tra were identical with those reported previously.[3a, b]

Crystallography

ACH2Cl2 solution of 8was layered with ethanol and stored at
�20 8C. After one month, a colorless prism was taken directly
to a Nonius KappaCCD area detector for data collection as
outlined in Table 1. Cell parameters were obtained from 10
frames using a 108 scan and refined with 8156 reflections. Lor-
entz, polarization, and absorption corrections[46] were applied.
The space groupwas determined from systematic absences and
subsequent least-squares refinement. The structure was solved
by direct methods. The parameters were refined with all data
by full-matrix-least-squares on F2 using SHELXL-97.[47] Non-
hydrogen atoms were refined with anisotropic thermal param-
eters. The hydrogen atoms were fixed in idealized positions us-
ing a riding model. Scattering factors were taken from litera-
ture.[48]
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