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Abstract

Olefin Metathesis for Metal Incorporation (OMMI) was used for the stoichiometric attachment of ruthenium to both small and large
polyenes. The dinuclear complexes (PCy;),C1,Ru=CH(CH=CH),,CH=Ru(PCy;),Cl, (n = 1,2), were prepared by reacting 2 equiv. of
the Grubbs first-generation catalyst (PCy;),C1,Ru=(CHPh)) with 1 equiv. of the appropriate polyene (1,3,5-hexatriene for n =1 and
1,3,5,7-octatetraene for n = 2). Use of excess hexatriene led to the formation of the monoruthenium complex (PCy;),C1,Ru=CHCH=
CHCH=CH,. The mono- and di-ruthenium complexes exhibited marked differences in their spectroscopic and electrochemical proper-
ties, in addition to their Z—F isomerization rates. Nucleophilic attack of PCy; on the end CH, of the mono complex was observed, lead-
ing to both isomerization and phosphonium products. Extending the OMMI strategy to the second-generation catalyst was also done,
despite the reduced initiation rate. The more reactive catalyst (H,IMes)RuCl,(=CHPh)(3-bromopyridine), allowed for ruthenium incor-

poration into polyacetylene, leading to the formation of polymers and oligomers with high ruthenium content.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

For the purpose of preparing new ruthenium containing
complexes and materials, we have explored a stoichiome-
tric variation of olefin metathesis in which the catalytic
cycle [1]is effectively stopped following the first cyclorever-
sion. In this method, which we will call olefin metathesis
for metal incorporation (OMMI), the “catalyst’” acts as a
stoichiometric reagent and is incorporated into the product
as shown in Fig. 1. This method can be used to synthesize
both mono- and di-nuclear ruthenium complexes, depend-
ing on the number of metathesis sites the olefinic ligand
contains and the stoichiometry employed.

The OMMI process, though not by that name, has been
used for over a decade to prepare several early (including
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Ta [2], Cr [3,4], Mo [3-5], W [3,4,6], and Re [7]) and late
(mainly Ru) transition metal catalysts. Derivatives of the
Grubbs first-generation catalyst (PCy;),C1,Ru=(CHPh),
G1) including the Hoveyda—Grubbs catalyst [8], heterobi-
metallic complexes [9], and several different alkylidene
complexes [10,11] have been prepared using this strategy.
OMMI has also been reported in sulfur-rich Ru complexes
[12] and on ruthenium surfaces [13]. Our efforts have been
directed specifically at preparing conjugated complexes for
the study of electronic properties and potential application
in molecular electronics. Complexes with metal centers
linked by m-conjugated bridges have potential as molecular
wires [14], molecular switches [15], and NLO chromoph-
ores [16], and olefin metathesis is a convenient way to make
such molecules.

In 2000, we reported the preparation of diruthenium 1
and monoruthenium 2 from the reaction of G1 with
1,3,5-hexatriene in different ratios (Scheme 1) [17]. That
report focused on the Z-E isomerization of these and
related complexes, including experimental and computa-
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Fig. 1. In Olefin Metathesis for Metal Incorporation (OMMI) the
incoming alkylidene (=CHR') replaces the original alkylidene (=CHR)
generating a new organometallic complex in stoichiometric amounts.

¢l PCy,
GlPoys Al
S PNANF :\_ Cl pey.
2  Ru= /| & 3
- _\Ph ; CysP Cl _%‘:/Fru
| 2
ysb C o A ph oy’ &
G1 1
C|"SPCy3 A ?‘\J’Cys
Ra:\ (excess) Ril—
Ph ; /l \i
CysP Cli ~~pn, CvaP Cl —
G1 2
Scheme 1.

tional analyses of mechanisms. This contribution, while
adding some insights into isomerization mechanisms, is
meant to present our work using OMMI in a number of
contexts, illustrating some of the ways this method might
be useful in the preparation of ruthenium containing mol-
ecules and materials.

2. Results and discussion
2.1. Incorporation of the first-generation Grubbs catalyst

When a purple CH,Cl, solution of G1 (2 equiv.) was
treated with 1 equiv. of hexatriene, the color changed
immediately to red, the color of 1 in solution (Scheme 1)
[17]. Synthesis of mononuclear 2 was done identically
except that excess hexatriene was used. The stereochemical
details for 1 and 2 were very different [17]. Complex 1 was
obtained as a 10:1 mixture of the £ and Z isomers (1E and
1Z) regardless of whether E- or Z-hexatriene (or a mixture)
was used in the synthesis. Signals for both 1E and 1Z were
visible in the '"H NMR spectrum, but coalescence occurred
above 100 °C. By extrapolation, the room temperature
isomerization rate of 1 was found to have a half-life of
11 s. In contrast, separated E and Z isomers of 2 were read-
ily prepared from E- or Z-hexatriene. [somerization of 2Z—
2E proceeded in CH,Cl, solution with an 8 h half-life at
room temperature. Also different was the dependence of
the isomerization rates on additives; for example, added
PCy; had no effect on the isomerization of 1 but dramati-
cally accelerated the isomerization of 2 (see Section 2.3).

In analogous fashion, OMMI was used to prepare the
(CH)¢-bridged complex 3 by using E,E-1,3,5,7-octatetraene

(Scheme 2). The 'H NMR spectrum of 3 shows an
AA'BB'XX pattern for the bridge hydrogens with coupling
constants of J,; = 10.8, Jg, =147, J,,, = 11.8, J,, = —0.6,
and Jg, = —0.9 Hz (Fig. 2).
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Fig. 2. Simulated (top) and experimental (bottom) '"H NMR signals for
(a) H,, (b) Hp, and (c) H, in 3. Each signal represents part of an
AA’BB'XX’ pattern at 300 MHz.
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In contrast to 1, only one H, peak was observed for
complex 3, implying that only one isomer was formed.
The coupling constants are consistent with the E,E isomer.
An alternative explanation is that the isomerization is
much faster for 3, such that the observed signals represent
averaged E—Z signals. We prefer the opposite explanation:
that isomerization is much slower for 3, and that the E.Z
and Z,Z isomers are not observed because they are unsta-
ble, perhaps reacting through cyclization processes. Com-
plex 3 is less stable in solution than 1, decomposing on a
several-hour time frame. That isomerization would be
slower in 3 is consistent with the primary isomerization
mechanism proposed for 1: a metathesis-like electrocyclic
closure to a ruthenacyclobutene followed by reopening
[17]. The fast isomerization of 1 was proposed to result
from a seven-membered ring Cl-bridge chelation that can
occur in the phosphine-loss intermediates of both isomers
(£ shown as 1’), stabilizing the isomerization intermediates
and transition states. A similar nine-membered chelation
would be impossible in the isomerization of the E,E isomer
of 3 (shown as 3’).

o o CysP cl
LN _ . —Cl
CI—;{U\\’\\CDRU\PCW’ Cl ;{u . C",RU\PCyg,

Cy3P Cy3P \
1' 3!

1,3-Butadiene was used in an attempt to prepare the
shorter bridged complex 4 (Scheme 3). Molecular mechan-
ics calculations suggest that 4 is a potentially stable com-
plex, with the PCy; ligands on one ruthenium nesting
between those on the other. The monoruthenium complex
6 [10b] was observed as the only ruthenium product from
the reaction of butadiene with even the exceptionally reac-
tive ethylidene analog 5 [10b] (2 equiv.). Reaction of iso-
lated 6 with 5 also failed to produce the bridged complex 4.

The use of OMMI for preparation of complexes 1, 2,
and 3 is aided by metathesis equilibria that favor these
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products, an apparent consequence of the conjugation
present in the products. Indeed, OMMI using G1 and
1,5-hexadiene was unsuccessful for the synthesis of the
diruthenium complex 7, due to an unfavorable metathesis
equilibrium. When 5 was used in place of G1 (Scheme 4),
the equilibrium was more favorable, and the reaction was
driven to completion by removal of the propene byproduct.

Complexes 1 and 2 might be expected to exhibit interest-
ing properties due to electronic delocalization across the
bridge. Polyene segments can provide for long-distance
electronic coupling through m interactions. One conse-
quence of such coupling is the differentiation of first and
second oxidation or reduction potentials as observed in a
cyclic voltammogram (CV). The CV of 1 at —78 °C, shown
in Fig. 3, shows two oxidation waves and two reduction
waves, indicating the existence of five oxidation states.
The observed potentials for 1, 2, 5, and 7 are given in Table
1. These results show that conjugation has little effect on
oxidations in these complexes but very marked effects on
reductions. This is in agreement with DFT calculations
on the PH; analog of 1 [17], which shows that the HOMO
is not associated with the bridge m system, while the
LUMGOs are associated with the © system. Attempts were
made to collect electrochemical data also from 3. Complex
3 exhibited redox activity similar to that of 1, however due
to the apparent decreased stability of the oxidized and
reduced forms of 3, meaningful potentials could not be
obtained. Methods of stabilization for the bridged com-
plexes are currently being explored.

current

| L | L | L | L
-3 -2 -1 0 1
Potential vs. Ferrocene (0/1),V

Fig. 3. Cyclic voltammogram of 1 in THF.
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Table 1
Cyclic voltammetry (THF) and UV-Vis (CH,Cl,) data

Compound Ey(V) Ey(V) Ey(V) Ey(V) Jmax  Emax
(nm) (M~ 'em™")
1 —-2.04 -1.39 0.31 0.66 438 17000
—2.0 (irrev.) 0.25 343 9600
3 450 23000
5 0.4
7 0.40 0.69 Tail

# The CV data for complex 3 did not provide meaningful potentials.

A molecular mechanics calculation [18] on 1 indicates
that the phosphine ligands on the two ruthenium centers
are in close proximity. This steric crowding does not lead
to appreciable strain but does provide a shield around
the bridge. The lower degree of ligand shielding in complex
3, due to the lengthening of the bridge may account for the
decreased stability. Complexes 1 and 3 were observed to be
metathesis active, as excess hexatriene or octatetraene
could be used to convert these complexes to the corre-
sponding monoruthenium complexes [19].

The UV-Vis spectra of 1-3 and 7 (Fig. 4 and Table 1)
are suggestive of strong conjugation in 1 and 3. Both 1
and 3 show strongly red-shifted ( >95 nm) and much more
intense absorptions relative to the mononuclear 2 and the
non-conjugated 7. For comparison, the visible absorption
of the Ru(Il)-Ru(Il) oxidation state of the Creutz-Taube
ion, [(NHj)sRu(pyrazine)Ru(NHs)sI** (547 nm), is red-
shifted by 75nm relative to that of the mononuclear
[(NH;)sRu(pyrazine) " (472 nm) [20].

2.2. OMMI in the second generation

Though Grubbs’ second-generation catalyst ((H,IMes)-
RuCl,(=CHPh)(PCys), G2) is a more active metathesis cat-
alyst than the first-generation catalyst (G1), it is a less
reactive reagent for OMMI. This is easily understood
based upon mechanistic data reported by Grubbs and
coworkers that show that the activity of G2 comes in spite
of a significantly slower initiation step, corresponding to
the loss of PCy; from the complex [21]. In other words,
the catalysis done by G2 is typically the result of a small
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0 T :
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Fig. 4. UV-Vis spectra (CH,Cl,).

portion of the catalyst that initiates through the loss of
PCy; to form a highly active intermediate. The activity of
this intermediate partly derives from its strong preference
to bind olefins rather than PCys;. For a stoichiometric reac-
tion like OMMI, the initiation step is all-important: the
entire sample is needed for reaction, not just an active
portion.

The consequence of the slower initiation of G2 is that
OMMI reactions take 6-10 h rather than <5 min for GI1.
Reaction of G2 with excess hexatriene cleanly produced
the anticipated monoruthenium complex 8 after 10 h as
determined by "H NMR spectroscopy.

Faster-initiating analogues to G2 have appeared in the
catalysis literature. A popular alternative is the 3-bromo-
pyridine complex G2B [22]. With this complex, preparation
of 8 was accomplished very quickly: reaction of G2B with
excess hexatriene for a few minutes, followed by addition
of PCy;. We recently reported that the alkylidenes 9
(R =Me, Et, Pr) also offer faster initiation [11]. While
the first-generation ethylidene 5 offers advantages for
OMMI based on metathesis equilibrium and volatile pro-
pene byproduct (see above), the analogous second-genera-
tion complexes are also of value for their faster dissociation
of PCy;. OMMI reactions of these complexes are generally
complete in less than an hour.

E C| 3 E CI 5
N——RUj
Q o | Ph of |
Br /N PCYS
@Br R = Me, Et, Pr

G2B 9

Another difference between the first- and second-gener-
ation complexes is the greater steric bulk of the H,IMes
ligand. This was demonstrated by attempts to prepare the
diruthenium complex by reaction of 2 equiv. G2 (or the
more reactive G2B followed by PCy;) and 1 equiv. hexatri-
ene: only the monoruthenium 8 was formed, presumably
because the short four-carbon bridge would draw the
ligands into prohibitive steric contact. Reactions with octa-
tetraene successfully produced both the mono- and di-
ruthenium complexes.
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2.3. Isomerization by nucleophilic attack

During our investigation of 1 and 2, the isomerization of
27-2E was found to be accelerated by PCys, apparently
through a nucleophilic conjugate addition-elimination
mechanism. Nucleophilic attack on unsaturated organic
ligands coordinated to transition metals has been a power-
ful method in organic and organometallic synthesis [23]. In
ruthenium metathesis catalysts, similar nucleophilic attack
at the carbene carbon has been shown to account for cata-
lyst decomposition [24]. As monosubstituted complexes are
either targets or intermediates of OMMI, we sought to bet-
ter understand the consequences of such nucleophilic reac-
tions in complex 2.

When 2Z was treated with 1-2 equiv. PCy; in CH>Cl,,
isomerization to 2E was observed along with the formation
of two new phosphonium products (10 and 11) in an
approximate 1:1 ratio (Scheme 5) [17]. These products were
apparently formed through trapping of the zwitterionic
addition intermediate 12 by addition of H" and abstraction
of H™, respectively. The proton source was determined to
be CH,Cl, by using CD,Cl, and observing the deuterated
form of 10 by 'H and ’H NMR. The carbenoid formed
from deprotonation of CH,Cl,, CHCI; is known to effect
abstraction of hydride (presumably through the carbene,
CHCI) [25]. This mechanistic explanation also accounts
for the observed 1:1 ratio of 10 and 11. The observed isom-
erization suggests that rotation about the C4—C, bond is
fast in 12 and that elimination of PCy; from 12 is compet-
itive with protonation. To further support the mechanism,
the addition of an acid, iPry,NH; PF, led to the formation
of only 10 and the use of a base strong enough to deprot-
onate CH,Cl,, LDA, or nBuLi, showed a preference for the
formation of 11.

In benzene, a less polar solvent, the rate of isomerization
of 2Z in the presence of PCy; was slower than in CH,Cl,,
consistent with the weaker solvation of the zwitterionic 12.
Nonetheless, isomerization of 2Z in benzene was acceler-
ated about six times by the addition of 0.5equiv. of
PCyj;, suggesting that 12 was still formed. Starting with
2E, the minor extent of the reverse isomerization to 2Z

7' PCys oG ?I\\PCYS
RU it RU
/= CH,Cl, /1 N\
CysP G e CysP CI O N
2E, 27 12 ®PCys
7' Poys 7' POy,
R|i)_ R|[]_
+
CysP Cl CysP Cl _—
10 @PCys 11 @PCy3
Scheme 5.

was also observable; the equilibrium constant ([2E}/[2Z])
was observed to be approximately 15. As expected, 10
and 11 were not observed as products in benzene.

Diisopropylamine, dimethylsulfide, and tetraethylam-
monium chloride were all ineffective nucleophiles for
either isomerization of 2Z or production of analogous
nucleophilic attack products. Additionally, nucleophilic
attack products were not observed with the addition of
PCy; to 8.

2.4. Metal-incorporated polyacetylene ( MIPA)

Metal-incorporated polyacetylene (MIPA) is a metalla-
polyene material prepared following the OMMI strategy.
Freshly prepared, high surface area polyacetylene (PA)
underwent a metathesis reaction with G2B leading to
the incorporation of up to 72% G2B by mass into the
polymer [26], producing MIPA (Scheme 6). Efficient reac-
tion with the disubstituted olefinic bonds of polyacetylene
required the more highly reactive G2B; neither G1 nor G2
led to extensive OMMI. The MIPA produced had proper-
ties distinct from PA and attributable to the Ru centers.
In addition to producing an interesting material, this
work joins the subjects of two recent Nobel Prizes,
namely olefin metathesis (2005) [27] and polyacetylene
(2000) [28].

Our initial attempts to produce MIPA, using two
known forms of PA, were only marginally successful.
PA films were prepared by the methods of Grubbs (ring-
opening metathesis polymerization of cyclooctatetraene
with G2 [29]) and Shirakawa (polymerization of acetylene
with a Zeigler-Natta catalyst [30]), and these films were
treated with concentrated solutions of G1, G2, and G2B.
The films noticeably gained mass only when treated with
G2B, but the increases were small (<6%). Since both types
of PA films are densely packed, we suspected that the inef-
ficient OMMI was due to the low surface area of the
polymer.

We recently reported that G2B is an efficient catalyst for
the polymerizaton of acetylene [31]. When a concentrated
G2B solution was added to spongy samples of freshly poly-
merized PA from the reaction of dilute G2B and acetylene,
high levels of ruthenium incorporation into the washed
polymer were observed (up to 72% by mass, corresponding
to one G2B center for every 24 acetylene units). The effi-
cient OMMI reaction was presumably a direct result of
the open morphology and high surface area of this type
of PA. The effectiveness of OMMI in the case of PA is
notable, given that there are remarkably few examples of

M H2|Me|3 cl
X
G2B M Ru—BrPyr + PhW
PA s
Cl BrPyr

MIPA

Scheme 6.
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post polymerization chemical reactions of PA, excluding
redox doping, due to the insolubility of the material [32].
When the surface area was reduced by compression (by
filtration, for example), irreversibly forming densely
packed PA films, the ruthenium incorporation (6%) was
very similar to that observed for the PA films formed by
the other methods.

MIPA samples have been characterized by a variety of
methods [33]; however, our goal in this report is primarily
to establish that the [Ru] centers are covalently attached to
the polymer. Electronic spectroscopy offers suggestive evi-
dence: the visible absorption observed at 645 nm for PA
was red-shifted to 676 nm, with a shoulder at 780 nm, for
a sample of MIPA. This red-shift is consistent with the
incorporation of ruthenium centers, based upon our results
for 1 and 2.

The most direct evidence that [Ru] centers were cov-
lently attached in the MIPA samples relates to metathesis
activity. For example, when samples of MIPA (20 and
26% [Ru], having been washed until the washings were
colorless) were treated with 1-octene, washings were then
orange. After drying, the polymer masses decreased by
approximately the calculated amount of [Ru] in the poly-
mer. This indicates that the [Ru] in MIPA was covalently
attached and was cleaved from the polymer by metathe-
sis. Also, when a sample of MIPA (33% [Ru] by mass)
was suspended in CHCIl; and acetylene was bubbled
through the mixture for 1 h, the sample increased in mass
by 40%, indicating that more of the monomer was
incorporated.

The incorporation of redox-active metal centers into PA
could potentially affect the conductivity in either direction,
but we have observed no signs of significant conductivity in
the MIPA samples either before or after redox doping.
Doping with iodine, a procedure that yielded metallic con-
ductivities with PA [34], did not increase the conductivity
of MIPA samples. Chemical single-electron redox agents
likewise did not produce conducting samples.

A striking result is that the visual appearance and the
polymer handling properties of MIPA samples with as
much as 72% [Ru] are remarkably similar to the properties
of PA. Both are black, insoluble powders that can be
pressed into sturdy, shiny films (silver for PA, light gold
for MIPA).

3. Experimental
3.1. General

All reactions were performed under nitrogen using stan-
dard Schlenk techniques or in an inert atmosphere glove-
box (MBraun MB 150 M). All solvents (benzene,
dichloromethane, pentane, THF) were distilled under
nitrogen from calcium hydride. Deuterated solvents
(CD,Cl,, CDCl;, and C¢Dyg) were vacuum transferred from
calcium hydride after standing for 2 days. All reagents were
obtained from common commercial sources unless other-

wise stated and were used as received. 1,3,5,7-Octatetraene
was prepared according to the literature procedures [35]
and stored under nitrogen at —25 °C. The molarity of the
1,3,5,7,-octatetraene was found by comparison to an inter-
nal standard of dichloroethane or benzene. iPr,NH; PFy
was prepared by mixing equimolar amounts of NH, PF,
and iPr,NH in CH,Cl, and removing solvent and NHj;
by vacuum. The Grubbs first generation catalyst (G1)
was purchased, purified by precipitation of a CH,Cl, solu-
tion into methanol, and stored under nitrogen. All 'H and
13C NMR spectra were recorded in CgDg, CD,Cl,, or
CDCl; on a 300 MHz Bruker-300 spectrometer or
600 MHz DRX-600 spectrometer. All *'P NMR spectra
were collected in C¢Dg using a 500 MHz Bruker-500 spec-
trometer or 600 MHz DR X-600 spectrometer. All chemical
shifts are referenced to TMS by using known shifts of
residual proton or carbon solvent signals or to external
85% phosphoric acid (*'P NMR). NMR simulation of
the AAXX'YY' patterns for 2 was done using SwaN-MR.
UV/Vis spectra were recorded on a Cary 50 spectrophoto-
meter. Mass spectrometry was done using a Shimadzu
LCMS-2010A. Elemental analysis was performed by F &
R Microanalysis Co., Parsippany, NJ.

Conductivity values were measured using a Signatone
four-point probe (SP4-400450FS) and an Abtech Indepen-
dently Addressable Microband Electrode with 5 um spac-
ings. Lower limit values (<107®S/cm) were obtained by
using two probe points connected to an electrometer.
Higher values were obtained by the standard four-point
probe method. Iodine doping was performed by placing a
film under vacuum on a vacuum line and then exposing it
to iodine vapor for 1 h and then vacuum for 1 h.

3.2. Electrochemical experiments

Cyclic voltammograms were recorded by using a Pine
AFRDE4 potentiostat with computer data collection. A
single-chambered cell was used with Pt disk working elec-
trodes and a silver wire as pseudoreference. All reported
measurements were done at —78 °C under nitrogen with
5% 107*M analyte, 0.1 M BuyNPF; as electrolyte, and
THF as solvent. 1,1’-Dimethylferrocene was added at the
end of each experiment as an internal reference. Separate
measurements showed that the potential of this reference
is —0.10 V relative to the ferrocene/ferrocenium couple,
the reference relative to which all potentials are reported.
Each compound was studied with scan rates from 50 to
800 mV/s. In general, results were not significantly depen-
dent on scan rate.

3.3. [(Cy)sP>ClRu]>(u-CHCH=CHCH=CHCH) (3)

To a solution of (PCy;3),CLRu=CHPh (72 mg,
87 umol) in benzene (2 mL) was added 41 pl (36 pmol)
of 0.089 M 1,3,5,7-octatetraene. The mixture was stirred
at room temperature for 2 min; the solvent was removed
by freeze-drying under vacuum. The stoichiometry was



5304 S.L. Bolton et al. | Journal of Organometallic Chemistry 691 (2006) 5298-5306

confirmed by using '"H NMR integration and adjusted if
necessary. The resulting residue was repeatedly washed
with pentane until the washings became almost colorless.
The residue was again freeze-dried under vacuum for 3 h.
An orange-brown microcrystalline solid was obtained. In
some cases 3 was recovered from the pentane layer and
purified by passing through 3-5 cm of silica in a pipette
with benzene. Yield: 16.4 mg (34%). The compound was
soluble in benzene but began to precipitate after 2 h,
was soluble in CH»Cl,, and was partially soluble in pen-
tane. The compound was indefinitely stable in the solid
state under nitrogen at room temperature, was stable in
benzene solution for over 48 h, and in CH,Cl, solution
for up to 5h at room temperature. 'H NMR: & 20.04
(A part of AAXXYY, J,;=108Hz, Jsz =14.7Hz,
J, =118, J,, = —-0.6 Hz, Jz, = —0.9 Hz, 2H, H,), 8.82
(X part of AAXXYY', 2H, Hy), 6.68 (Y part of
AAXXYY, 2H, H,), 2.84, 2.03, 1.82, 1.56, 1.30 (all m,
PCys, 132H). *'P{'H} NMR: § 37.5. 3C NMR could
not be obtained due to the insolubility or instability of
the complex in NMR solvents. Anal. Calc. for
C78H138C14P4RUZ: C, 6068, H, 9.01. Found C, 6056, H,
8.93%.

To a solution of (Cys;P),ClLL,Ru=CHMe (5, 174 mg,
228 umol) in CH,Cl, (6 mL) was added 13.5 pL (114 pmol)
1,5-hexadiene at room temperature. The mixture was stir-
red for 6 min. The solution was concentrated under vac-
uum to half its original volume. CH,Cl, (3mL) was
added, and the mixture was stirred for 3 min. The solution
was concentrated to half of its volume, 3 mL CH,Cl, was
again added, and the mixture was stirred for 3 min. The
solvent was removed under vacuum. The residue was
washed with pentane (5 x 3 mL), then dried under vacuum
for several hours. A grey microcrystalline solid was
obtained. Yield 94 mg (54%). '"H NMR (CD,Cl,): § 19.09
(bs, 2H, H,), 3.30 (bs, 4H, Hp), 2.55, 1.83, 1.72, 1.52,
1.25 (all m, 132H, PCy;). "*C{'H} NMR (CD,Cl,): ¢
316.5 (C,); 58.1 (s, Cp); 32.3 (pseudo-t, J,pp, = 9.4 Hz, C,
of Cy); 30.0 (s, C; of Cy); 28.4 (pseudo-t, J,p, = 5.0 Hz,
C, of Cy); 27.0 (s, C4 of Cy). *'P{'"H} NMR (CD-Cl,): ¢
38.7 (s). Anal. Calc. for C;¢H;33Ru,Cl4P4: C, 60.06; H,
9.15. Found: C, 59.67; H, 9.49%.

3.5. [(H>IMes)(PCy;ClLRi=CHCH=CHCH=CH>) (8)

To a solution of G2B (6.7 mg, 7.8 pmol) in CD,Cl,
(0.6 mL) was added 1.3 pL (12.0 pmol) 1,3,5-hexatriene at
room temperature. The mixture was stirred for 10 min
when the color changed from green to bright red. The solu-
tion was transferred to a vial charged with PCy; (2.0 mg,
7.1 ymol), producing a brown solution. 'H NMR:
18.11 (d, J=109Hz 1H, H,), 7.30 (dd, J=13.9,
10.9 Hz, 1H, Hp), 6.97 (s, 2H, Mes), 6.74 (s, 2H, Mes),
6.05 (m, 2H, H, and H;), 5.8 (two overlapping d,

J=13.9, 8.8 Hz, 2H, H,), 2.57 (s, 6H, 0-CHj), 2.35 (s,
6H, 0-CH3), 2.29 (s, 3H, p-CH;), 2.12 (s, 3H, p-CHy),
0.19-1.85 (all m, PCys, 33H).

(PFg) (10)

A solution of 2E (58 mg, 73 pmol), iPr,NH;PF,
(23 mg, 93 pmol) and PCy; (50 mg, 179 pmol) in CH,Cl,
(5mL) was stirred for 4 h, and the solvent was removed
under vacuum. The residue was washed with pentane and
dried under vacuum for several hours. The resulting 10
(>80% by NMR) obtained was contaminated with
iPr,NH; PF; and a small amount of residual PCy;. Purifi-
cation by column chromatography (pentane/ethyl acetate)
produced samples clean by NMR, but combustion analysis

results were unsatisfactory. 'H NMR: § 19.02 (d,
J,p=105Hz, 1H, H,), 811 (dd, Jp,=153Hz,
J,p=105Hz, 1H, Hp), 6.62 (dt, Jsz, =153 Hz,

J,s = 6.3 Hz, 1H, H,), 2.58 (m, 6H, H; of PCy3), 2.4 (br
a4, Ju_p~Jioux~10.8Hz, 3H, H, of "PCyj), 22
(AABBX,  Jupax) ®Jap~124Hz,  Jap ~4Hz,
Jan ~ gy~ —13Hz, Av=0.22 ppm, 2H, H,), 2.0-1.2
(m, 92H, Hy-Hs of PCy; and '"PCy;, Hy). "“C{'H}
NMR: § 292.2 (t, J=7Hz, C,), 150.0 (s, Cp), 131.1 (d,
J=14Hz, C,), 32.3 (pseudo-t, Jypp= 9.5Hz, C; of
PCys), 31.7 (d, J = 12.0 Hz, C;), 30.5 (d, J = 39.5Hz, C,
of *PCys;), 30.0 (s, C3 of PCys;, "PCys), 28.3 (C, of
PCys), 27.5 (C5 of TPCys), 27.0 (s, C4 of PCys), 26.9 (s,
C4 of TPCys), 13.0 (d, J =42.2 Hz, C,). *'P{'"H} NMR:
8 37.6 (s, PCys), 32.5 (s, "PCys). MS (APCI) m/z 799, s
[M" —PCy;], 745, w [M'"— CHCHCH,CH,PCys];
expected isotopic patterns observed for both fragments.

3.7. Reaction of 2Z, 2E with PCy; and LDA in CH,Cl,

To 1.0 mL of ether, 6 mg diisopropylamine (60 umol)
and 11 mg PCy; (39 umol) were added. The solution was
cooled to —78 °C. After 15min, 11 pL 2.5M n-butylli-
thium (28 umol) in hexane were added. The reaction mix-
ture was stirred under nitrogen for 25 min before being
warmed to 0 °C for 5 min. This mixture was then added
by syringe to solution of 2 (15.8 mg, 19.8 umol) in 1.4 mL
of CH,Cl, at —78 °C. The reaction was stirred for 45 min
at —78 °C and 1h at 0°C. The solvent was removed by
vacuum. Complex 11 was the major product by NMR:
"H NMR: § 19.98 (d, J,5=10.5Hz, 1H, H,), 7.96 (dd,
Jp,=150Hz, J,;=105Hz, 1H, Hp), 79 (t, *Ju
p=Js,=165Hz, 1H, H,), 7.41 (dt, Jsz,=150Hz,
J,s=10.7Hz, 1H, H,), 6.81 (td, *Jy p=Js, = 16.5 Hz,
J,s =10.7Hz, 1H, Hy), 2.56 (m, 6H, H; of PCys), 2.35
(m, 3H, H, of "PCys), 2.09-0.92 (m, 92H, H, — H, of
PCy; and "PCy;, Hy). "*C{'"H} NMR: ¢ 285.9 (t, 7 Hz,
C.), 156.3 (s, Cs), 151.6 (s, Cp), 124.6 (d, /=20 Hz, C)),
109.7 (d, J=72Hz, C,), 304 (d, J=42.8Hz, C; of
*PCys), other PCy; and "PCys; signals not resolved from
those of other complexes present. *'P{'"H} NMR: 6 39.0
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(s, PCy;), 30.5 (s, "PCys;). MS (APCI) m/z 797, s
[M* — PCys;]; expected isotopic pattern observed.

3.8. Experimental procedure for formation of MIPA

G2B (4.5 mg, 5.3 umol) was dissolved in 3 mL CHCI,
under nitrogen in a septum-capped vial. Acetylene gas
(99.6%) was bubbled through the solution at a rate fast
enough to allow easy observation of the bubbles but slow
enough that the solvent would last for 1 h (approximately
0.1 mL/s). The color changed in a few seconds from light
green through red to black, after which black solid was
observed [31]. After 1 h of bubbling, the spongy material
was taken in a vial into a N,-filled glovebox, and G2B
(30.5 mg, 36.0 umol) was added in 0.5 mL CHCIl;. The
color of the solvent immediately changed from green to
bright red when high levels of doping were achieved. The
G2B remained on the polymer for 5h. The MIPA was
dried under high vacuum to give a black, fibrous powder
(70.1 mg). The solid, insoluble material was transferred
into a pipet with a glass wool plug and washed with copi-
ous amounts CHCI; (1 mL, 2040 times) until several con-
secutive washes were clear and colorless to give a black,
insoluble solid (56.9 mg). The dried weight of the washings
(red in color) was 13.0 mg. Films were formed by pressing
the powder in an IR KBr pellet press. Anal. Calc. for
C]54H|57BI’2C12N4RUZ C, 7723, H, 6.16. Found: C, 7723,
H, 6.56%.

4. Conclusion

OMMI is a robust strategy for incorporating metal cen-
ters into olefins and has been used to produce mono- and
di-ruthenium complexes containing conjugated and non-
conjugated carbene ligands. It is useful both for homoge-
neous solution phase synthesis and for heterogeneous
incorporation of metal centers into insoluble polymers [33].

The complexes obtained through OMMI exhibit inter-
esting structural, electronic, and reaction properties. The
CV data and UV-Vis spectra strongly indicate the ability
of conjugated bridges of 1 and 2 to promote intermetal
communication. Methods to prevent isomerization and to
increase stability of OMMI products are currently under
investigation [36].
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