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Abstract

Complex OsHCl(CO)(PiPr3)2 catalyzes the ring-opening metathesis polymerization (ROMP) of norbornene and 2,5-norbornad
give poly(norbornene) and poly(norbornadiene), respectively. In both cases the resulting polymers have a highcis (74–95%) content. The
stereoregularity or tacticity of the cyclopentane and cyclopentene ring sequences in poly(norbornene) and poly(norbornadiene)
from the13C{1H} NMR spectra of the hydrogenated derivatives was found to be syndiotactic. Complex OsHCl(CO)(PiPr3)2 is also active
in tandem ROMP–hydrogenation of norbornene and 2,5-norbornadiene. At 40◦C and 3 atm of H2, poly(norbornene) is fully hydrogenate
in 48 h, while poly(norbornadiene) is fully hydrogenated in 48 h at 75◦C and 3 atm of H2. The complex RuHCl(CO)(PiPr3)2 is also
active in ROMP and tandem ROMP–hydrogenation of norbornene, obtainingtrans-poly(norbornene) and hydrogenated poly(norborne
respectively.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Homogeneous transition-metal catalysts are usually
signed to mediate a single reaction. However, the increa
demand for advantageous and efficient synthetic proce
requires the development of tandem catalysis, in which
catalyst supports several functions, with two, or more, me
anistically distinct reactions being accomplished by the s
organometallic reagent directly or by simple modification

Ring-opening metathesis polymerization (ROMP)
cyclic olefins is a powerful tool for polymer chemistry [1–3
A common feature of all polymers produced via metathe
is unsaturation in the main chain, which limits their app
cations by the susceptibility of the carbon–carbon dou
bonds to oxidative and thermal degradation. Therefore,
drogenation of metathesis polymers is important to wi
their range of applications [4]. ROMP of cyclic olefin

* Corresponding author.
E-mail address: maester@unizar.es (M.A. Esteruelas).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.01.028
s

followed by hydrogenation, allows the synthesis of lig
weight, moldable polymers with desirable optical charac
istics [5,6].

At present, metathesis polymers are typically prepa
isolated, and purified prior to hydrogenation with additio
reagents and/or catalysts. In the last years, a few exam
of combined ROMP of cyclic olefins and subsequent
drogenation without the need of isolation of the polym
from the first step or deactivation of the olefin metat
sis catalyst have appeared in the patent literature. How
metathesis is carried out with a binary catalytic system (e
WCl6/SntBu4) and then another catalyst must be added
hydrogenation [7]. Sunaga et al. have described a one
process of Mo-catalyzed ROMP, followed by homogene
hydrogenation with RuCl2(PPh3)4 under forcing conditions
(165◦C, > 70 atm H2) [6].

Several authors have developed tandem metathe
hydrogenation processes using ruthenium carbene c
plexes of the Grubbs-type RuCl2(=CHR)(PR′

3)2 as cata-
lysts [8–14]. For instance, McLain et al. have repor

http://www.elsevier.com/locate/jcat
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the synthesis of an ethylene/methylacrylate copolyme
the ROMP of an ester-functionalized cyclooctene us
RuCl2(=CHCH=CPh2)(PCy3)2, followed by the applica
tion of hydrogen pressure to the completed ROMP reac
at 135◦C. Under hydrogen pressure, the metathesis c
lyst residue was assumed to be converted to RuHCl(PC3)2.
However, hydrogen pressures of at least 28 atm were
quired to maintain catalytic activity and achieve> 99%
reduction [8]. An alternative procedure involving sequ
tial homogeneous metathesis/heterogeneous hydrogen
has been developed by Wagener’s group: Addition of s
gel to a completed homogeneous metathesis polymeriz
catalyzed by RuCl2(=CHPh)(PCy3)2 generates a highly e
fective heterogeneous catalytic system that hydrogen
the unsaturated polymer under mild conditions (aprox.
atm) [9,10]. However, difficulties in separating the redu
polymer from the silica support limit the utility of thi
method to soluble polyolefins. Fogg and co-workers h
recently described the tandem ROMP–hydrogenation o
clooctene in the presence of RuCl2(=CHPh)(PCy3)2 under
exceptionally mild, homogeneous conditions (1 atm of2,
60◦C) when methanol and base are added after the met
sis process [11–13].

The five-coordinate hydride–chlorocomplex OsHCl(C
(PiPr3)2 is an active catalyst for the reduction of unsatura
organic substrates [15–20] and for the addition of silane
alkynes [21]. Furthermore, we have observed recently
in the presence of diethylamine it also catalyzes alky
coupling reactions to afford butatrienes [22]. Now we h
observed that OsHCl(CO)(PiPr3)2 catalyzes not only th
ring-opening metathesis polymerization of norbornene
2,5-norbornadiene to afford poly(norbornene) and poly(n
bornadiene), respectively, but also is an active catalys
tandem ROMP–hydrogenation of both norbornene and
norbornadiene. The catalytic performance of the ruthen
counterpart, RuHCl(CO)(PiPr3)2, in both reactions is als
included.

2. Experimental

2.1. General considerations

All manipulations were carried out with rigorous exc
sion of air using standard Schlenk techniques. Solvents
dried by known procedures and distilled under argon prio
use. OsHCl(CO)(PiPr3)2 and RuHCl(CO)(PiPr3)2 were pre-
pared as previously reported [23]. Norbornene (Aldrich) w
used as received. 2,5-Norbornadiene (Aldrich) was pa
through an Al2O3 column prior to use.1H and 13C{1H}
NMR spectra were recorded either on a Varian Gemini 2
or on a Bruker AXR 300 instrument. Chemical shifts a
referenced to residual solvent peaks. Gel-permeation c
matography (GPC) was carried out in a Waters liquid ch
matography system equipped with a 600E multisolvent
livery system and 996 photodiode array detector. Two Ul
n

s

-

-

syragel columns (Waters, pore size 500–104 Å) were c
nected in series. THF was used as the mobile phase w
flow rate of 0.8 mL min−1. Calibration was performed wit
polystyrene standards. Thermogravimetry analysis (TG
and differential scanning calorimetry (DSC) were carried
heating the samples at 10◦C min−1 from 25 to 800◦C with a
nitrogen (or helium) flow of 20 cm3 min−1. The second run
has been performed heating the sample to 200◦C, cooling it
to 25◦C, and then heating again from 25 to 800◦C. Samples
(10 mg) were placed in a crucible, part of a Setaram TGD
111 instrument.

2.2. ROMP of norbornene catalyzed by
OsHCl(CO)(PiPr3)2

The amount of 13.8 mg (0.024 mmol) of OsHCl(CO
(PiPr3)2 was dissolved in a solution of norbornene (226 m
2.4 mmol) in the chosen solvent (12 mL), and the resul
solution stirred at 40◦C. Depending on the solvent used,
ther a white polymer started to precipitate from the solu
after 20 min or the solution became gradually more visco
After stirring for 22 h at 40◦C, two different isolation meth
ods were used:

(a) When alcohols were used as solvents, the solvent
removed and the white polymer washed repeatedly
the solvent, and dried under vacuum.

(b) When toluene or chlorobenzene were used as solv
the solution was poured into stirred methanol (20 m
The precipitated polymer was recovered by centrifu
tion, washed several times with methanol, and dried
der vacuum.

1H NMR (300 MHz, CDCl3, 20◦C): δ 5.20 (m, 2H,=CH),
2.78 (br s, 2H, CH), 1.86 (m, 3H, –CH2–), 1.35 (br s, 2H
–CH2–), 1.00 (m, 1H, –CH2–). 13C{1H} NMR (75.43 MHz,
CDCl3, 20◦C): δ 133.8 (s,=CH), 42.7 (s, –CH2), 38.6 (s,
–CH), 33.2 (s, –CH2–).

2.3. ROMP of 2,5-norbornadiene catalyzed by
OsHCl(CO)(PiPr3)2

To a solution of OsHCl(CO)(PiPr3)2 (13.8 mg, 0.024
mmol) in 2-propanol (12 mL) was added 2,5-norbornadi
(260 µL, 2.4 mmol), and the resulting pale orange solu
stirred at the set temperature (40 or 70◦C). As the reac-
tion proceeds a white polymer precipitates from the solut
After 24 h the suspension was cooled to room tempera
and then it was poured into stirred methanol. The prec
tated polymer was recovered by centrifugation, washed
methanol (3× 5 mL), and dried under vacuum for seve
hours at 40◦C. Yield: 40◦C, 57 mg (26%); 70◦C, 170 mg
(76%). 1H and 13C{1H} NMR (CDCl3, 20◦C) show that
the formed polymer iscis-poly(norbornadiene).1H NMR
(300 MHz, CDCl3, 20◦C): δ 5.55 (s, 2H, H5,6), 5.21 (m,
2H, H2,3), 3.64 (m, 2H, H1,4), 2.36 (m, 1H, H7′

), 1.22 (m,
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1H, H7). 13C{1H} NMR (75.4 MHz, CDCl3, 20◦C): δ 135.1
(s, C5,6), 133.5 (s, C2,3), 43.8 (s, C1,4), 39.6 (s, C7).

2.4. Hydrogenation of poly(norbornene) and
poly(norbornadiene)

One hundred milligrams of polymer was dissolved, w
heating, in 10 mL of xylene, followed by the addition
500 mg of p-toluenesulfonylhydrazide. The mixture w
stirred at 120◦C for 2.5 h and then it was filtered and the h
filtrate poured into methanol (30 mL). The precipitated po
mer was recovered by centrifugation, washed several ti
with methanol, and dried under vacuum to yield the hyd
genated polymer. The hydrogenated polymer was chara
ized by NMR spectroscopy at 55◦C. 1H NMR (300 MHz,
CDCl3, 55◦C): δ 1.90 (br, 2H), 1.72 (br, 4H), 1.28 (br, 4H
1.15 (br, 2H).13C{1H} NMR (75.429 MHz, CDCl3, 55◦C):
δ 40.7 (s, C7), 40.4 (s, C1,4), 35.7 (s, C2,3), 31.7 (s, C5,6) (see
Fig. 2 for assignments).

2.5. Spectroscopic characterization of
OsHCl(CO)(η2-C7H10)(PiPr3)2

In a 5-mm NMR tube OsHCl(CO)(PiPr3)2 (30 mg,
0.052 mmol) and norbornene (12.3 mg, 0.13 mmol) w
dissolved in 0.4 mL of toluene-d8, and the sample wa
cooled at−30◦C, changing the color of the solution fro
orange-reddish to colorless.1H and31P{1H} NMR spectra
recorded at this temperature show quantitative formatio
the title compound. Upon heating at room temperature
orange-reddish color was recovered.1H NMR (300 MHz,
toluene-d8, −30◦C): δ 3.15 (t,JH–H = 3.3, 2H,=CH), 2.99
(br, 2H, –CH), 2.60 (very br, 6H, PCH(CH3)2), 1.77 (br
d, JH–H = 7.2, 2H, –CH2–), 1.98 (br, 36H, PCH(CH3)2),
0.75 (d,JH–H = 9.6, 1H, bridging –CH2–), three of the pro-
tons of the coordinated norbornene are overlapped by
PCH(CH3)2 resonance,−5.94 (t, JP–H = 27, 1H, OsH).
31P{1H} NMR (121.4 MHz, toluene-d8, −30◦C): δ 11.8
(s). 13C{1H} NMR (75.43, toluene-d8, −30◦C, plus apt):δ
180.7 (t,JP–C = 8.7, CO), 63.6 (s,=CH), 44.6 (s, –CH),
37.0 (s, bridging –CH2–), 30.0 (s, –CH2–), 20.7 (s, PCH-
(CH3)2), 19.8 (br, PCH(CH3)2).

2.6. Tandem ROMP–hydrogenation of norbornene
catalyzed by OsHCl(CO)(PiPr3)2

In a Fischer–Porter bottle OsHCl(CO)(PiPr3)2 (13.8 mg,
0.024 mmol) and norbornene (226 mg, 2.4 mmol) w
dissolved either in 2-propanol or toluene (15 mL). As
ROMP reaction proceeds, a white polymer appears w
2-propanol is used, or in the case of toluene the visco
-

of the solution increases. After stirring at 40◦C for 24 h, the
argon atmosphere was replaced by hydrogen (3 atm),
it was stirred for 48 h at 40◦C. After this time two different
isolation methods were used: When 2-propanol was use
polymer was filtered off, washed with methanol, and dr
under vacuum for several hours. Yield: 215 mg (93%). Wh
toluene was used, methanol (20 mL) was added and th
white polymer came off from the solution. This polymer w
washed with methanol and dried under vacuum for sev
hours. Yield 164 mg (71%). These polymers were charac
ized by NMR spectroscopy at 55◦C. 1H NMR (300 MHz,
CDCl3, 55◦C): δ 1.90 (br, 2H), 1.72 (br, 4H), 1.28 (br, 4H
1.15 (br, 2H).13C{1H} NMR (75.429 MHz, CDCl3, 55◦C):
δ 40.7 (s, C7), 40.4 (s, C1,4), 35.7 (s, C2,3), 31.7 (s, C5,6).

2.7. Tandem ROMP–hydrogenation of 2,5-norbornadiene
catalyzed by OsHCl(CO)(PiPr3)2

In a Fischer–Porter bottle OsHCl(CO)(PiPr3)2 (25.9 mg,
0.045 mmol) was dissolved in 15 mL of 2-propanol and 2
norbornadiene (580 µL, 5.4 mmol) was added. The resu
pale orange solution was stirred under argon at 40◦C for
48 h, and during this time the solution color changed to p
and a white polymer precipitated. After this time the arg
atmosphere was replaced by H2 (3 atm). The white suspen
sion was stirred at 75◦C for 24 h, and a decrease of the H2

pressure was observed during this time. The bottle was
filled with H2 (3 atm) and the suspension stirred for an ad
tional 6 h at 40◦C. After this time, it was poured into stirre
methanol (15 mL). The precipitated polymer was rec
ered by centrifugation, washed with methanol (3× 5 mL),
and dried under vacuum for several hours at 40◦C. Yield:
140 mg (27%).1H and13C{1H} NMR spectra of the poly-
mer recorded at 55◦C were identical to those obtained f
the tandem ROMP–hydrogenation of norbornene.

2.8. Spectroscopic characterization of
OsHCl(CO)(η2-H2)(PiPr3)2

In a 5-mm NMR tube OsHCl(CO)(PiPr3)2 (10 mg, 1.74×
10−2 mmol) and norbornene (8.2 mg, 8.7 × 10−2 mmol)
were dissolved in 0.4 mL of toluene-d8. After 24 h the1H
and 31P{1H} NMR spectra show peaks corresponding
OsHCl(CO)(PiPr3)2 and to poly(norbornene). The argon a
mosphere was replaced by H2 (1 atm), and the NMR tube
sealed and shaken.1H and 31P{1H} NMR spectra show
immediate and quantitative formation of OsHCl(CO)(η2-
H2)(PiPr3)2. 1H NMR (300 MHz, toluene-d8, 20◦C): δ

2.50 (m, 6H, PCH(CH3)2), 1.21 (dvt,JH–H = 7.2, N =
13.8, 36H, PCH(CH3)2)), −1.82 (br, 2H, Os(η2-H2)), −8.00
(very br, 1H, Os–H).31P{1H} NMR (121.4 MHz, toluene-
d8, 20◦C): δ 36.3.
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2.9. ROMP of norbornene catalyzed by
RuHCl(CO)(PiPr3)2

The amount of 11.66 mg (0.024 mmol) of RuHCl(CO
(PiPr3)2 was dissolved in a solution of norbornene (226 m
2.4 mmol) in 2-propanol or toluene (12 mL), and the res
ing solutions were stirred at 40◦C. In 2-propanol a white
polymer started to precipitate from the solution after
min and in toluene the solution became gradually more
cous. After stirring for 24 h (2-propanol) or 6 h (toluen
at 40◦C the polymer was isolated using the same meth
ology described for the ROMP of norbornene catalyzed
OsHCl(CO)(PiPr3)2. 1H NMR (300 MHz, CDCl3, 20◦C):
δ 5.32 (m, 2H,=CH), 2.40 (br s, 2H, CH), 1.79 (m, 3H
–CH2–), 1.33 (br s, 2H, –CH2–), 1.03 (m, 1H, –CH2–).
13C{1H} NMR (75.43 MHz, CDCl3, 20◦C): δ 133.1 (s,
=CH), 46.0 (s, –CH2), 41.3 (s, –CH), 32.1 (s, –CH2–).

2.10. Tandem ROMP–hydrogenation of norbornene
catalyzed by RuHCl(CO)(PiPr3)2

In a Fischer–Porter bottle RuHCl(CO)(PiPr3)2 (11.66 mg,
0.024 mmol) and norbornene (226 mg, 2.4 mmol) w
dissolved either in 2-propanol or toluene (15 mL). As
ROMP reaction proceeds, a white polymer appears w
2-propanol is used, or in the case of toluene, the
cosity of the solution increases. After stirring at 40◦C
for 24 h (2-propanol) or 7.5 h (toluene), the argon
mosphere was replaced by hydrogen (3 atm), and it
stirred for 48 h at 40◦C. After this time the polyme
was isolated using the same methodology described
the tandem ROMP–hydrogenation of norbornene cataly
by OsHCl(CO)(PiPr3)2. Yield: 187 mg (81%, 2-propanol
182 mg (79%, toluene). The polymers were character
by NMR spectroscopy at 55◦C. The1H and13C{1H} NMR
spectra are identical to those recorded for the hydrogen
poly(norbornene) prepared using OsHCl(CO)(PiPr3)2 as
catalyst of the process.
3. Results and discussion

3.1. ROMP of norbornene and 2,5-norbornadiene
catalyzed by OsHCl(CO)(PiPr3)2

When the complex OsHCl(CO)(PiPr3)2 was treated with
100 eq of norbornene, it was observed depending on the
vent used that either a white fibrous material precipita
from the solution (alcohols) or the viscosity of the solut
increases with time. After isolation, a white material char
terized ascis-poly(norbornene) was obtained in high yield

(1)
The ROMP of norbornene catalyzed by OsHCl(CO

(PiPr3)2 was examined in a variety of solvents. The res
are summarized in Table 1. In general, alcohols lead to
best results, in terms of conversion. However, the sol
used for the polymerization reaction does not greatly af
the nature of the polymer formed. The polymerization d
not proceed through a radical mechanism, since no ch
is observed when the process takes place in the pres
of a radical inhibitor as hydroquinone or 2,6-di-tert-butyl-
p-cresol (runs 5 and 7). The resulting polymers have b
characterized by IR,1H and13C{1H} NMR spectroscopies
GPC, TGA, and DSC.

Infrared spectra of the poly(norbornene) show band
730 cm−1 (bending mode due tocis disubstituted C=C
double bonds). Both1H and 13C{1H} NMR spectra are
consistent, in all cases, with the predominant formation
cis-poly(norbornene) [24–26]. The1H NMR spectrum in
chloroform-d shows a multiplet centered at 5.20 ppm,
signed to the olefiniccis protons, while the13C{1H} NMR
spectrum shows a singlet at 133.8 assigned to the ca
atoms of the double bonds of the polymer.

Number average molecular weight (Mn) and weight av-
erage molecular weight (Mw) determinations by GPC rang
4
.95
.94
.95
.95
77
95
92
87
95
.85
Table 1
Polymerization of norbornene catalyzed by OsHCl(CO)(PiPr3)2

a

Run Temperature (◦C) Solvent S/C Time (h) Yield (%) Mn Mw Mw/Mn σc

1 70 Benzene-d6 113 0.67 100b 11,400 32,000 2.80 0.7
2 70 Toluene 100 1 49.7 48,500 65,600 1.35 0
3 40 Toluene 100 23 80 95,800 132,500 1.38 0
4 40 iPrOH 100 23 100 117,300 254,000 2.16 0
5c 40 iPrOH 100 23 100 140,400 457,900 3.36 0
6 40 C6H5Cl 100 22 61 167,800 198,000 1.18 0.
7c 40 C6H5Cl 100 23 73 211,800 228,500 1.08 0.
8 40 nPrOH 100 23 98 35,000 70,200 2.00 0.
9 40 tBuOH 100 23 31 215,300 486,600 2.26 0.

10 40 nBuOH 100 23 98 62,500 96,500 1.54 0.
11 40 Acetone 100 23 26 309,000 428,000 1.38 0

a S/C: ratio norbornene/catalyst;σc is the fraction of cis double bonds.
b The reaction was carried out in an NMR tube.
c In the presence of hydroquinone.
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Fig. 1. TGA and DSC curves forcis-poly(norbornene) prepared i
2-propanol using OsHCl(CO)(PiPr3)2 as catalyst.

from 11,400 to 309,000 (Mn) and from 32,000 to 486,60
(Mw). In all cases, monomodal distributions with polyd
persity indexes between 1.1 and 3.4 were found.

Fig. 1 shows typical TGA and DSC curves forcis-
poly(norbornene) obtained in 2-propanol. The TGA cu
reveals a slight weight loss (less than 5%) at 85◦C associ-
ated to the loss of the solvent soaked up by the polyme
agreement with this, the DSC curve contains an endothe
peak, which shows a shoulder between 30 and 40◦C. This
feature could be due to a glass transition (Tg) of the polymer.
Between 150 and 350◦C, the TGA curve does not sugge
changes in the material. However, the DSC curve indic
that there is a somewhat broad heat absorption, due to
melting of the polymer. Differentcis-poly(norbornene) sam
ples, that differ in the solvent used for the ROMP reacti
exhibited analogous DSC curves with slight differences
the melting temperature range and in the melting entha
Near 460◦C the decomposition of the polymer takes pla
(466◦C, minimum DTG). Thus, the DSC curve shows
strong heat adsorption that, according to the TGA cu
is associated to ca. 97% weight loss. The decompos
temperature of thecis-poly(norbornene)s prepared in oth
solvents is very close to this temperature. In some case
observe a small shoulder at 441◦C, which could be due to
the small fraction oftrans-poly(norbornene) present in th
samples.

With the exception of OsCl3 [27–41], only a few os-
mium derivatives have been reported to be active
cursors for the ROMP of norbornene. The complexp-
cymene)OsCl2(PCy3) is an active catalyst for this reactio
after activation by ultraviolet light. However, no data abo
selectivity were reported [42]. Compounds Cp∗

2Os2Br4,
Cp*Os(COD)Br, and H2OsBr6 have been found active cat
lysts in ROMP of norbornene, and the formed polymer
a cis content ranging from 58 to 73% [43]. It has also be
observed that the reactivity of these compounds is gre
enhanced when they are activated with the stoichiome
amount of AlMe3 or methylaluminoxane (MAO) [43]. Aimé
and co-workers have reported recently the ROMP ac
ity of an osmium cluster, Os3(µ-H)2(CO)10. Initially, the
Fig. 2. 13C{1H} NMR spectrum (CDCl3, 55◦C, 75.4 MHz) of hydro-
genated poly(norbornene).

poly(norbornene) formed has acis stereochemistry, but af
ter 5 days thetrans isomer is predominantly obtained (rat
trans/cis 12/1) [44]. The ROMP of norbornene catalyzed
OsO4 has been also studied, getting 5% of poly(norborne
after 3 days at 60◦C. The formed poly(norbornene) has
75–80%cis content [45].

The most notable feature of the ROMP of norborne
catalyzed by OsHCl(CO)(PiPr3)2 is the high stereoselectiv
ity of the reaction. In most of the runs, the fraction ofcis
double bonds (σc) is 0.95. This value is only comparab
to that obtained using OsCl3, and the system formed b
treatment of OsCl3 with PhC≡CH as catalysts. They affor
poly(norbornene)s whoseσc values are 0.93 and 0.98, r
spectively, [38].

When poly(norbornene)s are highcis (or high trans),
their hydrogenated derivatives can be used to determ
the tacticity. So, in order to determine the stereoregula
of the poly(norbornene), we have carried out the hyd
genation of the double bonds using diimine generate
situ fromp-toluenesulfonylhydrazide [46]. The fully hydro
genated polymer was moderately soluble in chloroform-d at
55◦C and, as a result, the13C{1H} NMR spectrum could
be recorded (Fig. 2). The lines sensitive to tacticity, C7 and
C5,6, appear as singlets. This indicates that the polyme
not atactic. The distinction between syndiotactic and iso
tic poly(norbornene) has been made preparing hydrogen
syndiotactic poly(norbornene) using OsCl3/phenylacetylene
as catalyst [38], and recording its13C{1H} NMR spec-
trum in chloroform-d at 55◦C. The comparison between th
spectrum and those of our hydrogenated poly(norborn
allows us to conclude that the poly(norbornene) formed
ing OsHCl(CO)(PiPr3)2 as catalyst is syndiotactic, since t
chemical shifts are the same.

The complex OsHCl(CO)(PiPr3)2 is also active in the
ROMP of 2,5-norbornadiene. The process has been
formed in 2-propanol, under similar conditions to those
scribed for norbornene. The reaction leads to poly(norb
adiene) in 27% yield.
(2)
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When the reaction is carried out at 70◦C the yield in-
creases up to 76%. The white material has been cha
terized by1H and 13C{1H} NMR in chloroform-d as cis-
poly(norbornadiene) (σc = 0.95). Unfortunately, the molec
ular weight could not be determined due to the poor solu
ity of the polymer in tetrahydrofuran at room temperatur

The previous studies of ROMP of 2,5-norbornadie
catalyzed by osmium compounds have been limited
OsCl3. The resulting poly(norbornadiene) is highlycis (σc =
0.90) [38,40,41,47].

Hydrogenation of the poly(norbornadiene) using diim
generated in situ fromp-toluenesulfonylhydrazide leads
a saturated polymer. The1H and13C{1H} NMR spectra in
chloroform-d at 55◦C are identical to those obtained fro
poly(norbornene). This indicates that the polymer is syn
tactic.

3.2. Mechanism

As noted previously, the polymerization does not p
ceed through a radical mechanism, since no change
observed in the presence of a radical inhibitor. Furth
more, the monomodal weight distribution suggests that o
one mechanism is involved in the catalysis. In order to
tain information about it, we have investigated the sp
troscopic features of a mixture of OsHCl(CO)(PiPr3)2 and
norbornene.

The 1H NMR spectrum at room temperature of a so
tion in toluene-d8 of OsHCl(CO)(PiPr3)2 and 5 eq of nor-
bornene shows, initially, a slight broadening of the hydr
resonance of the osmium complex, whereas in the31P{1H}
NMR spectrum a very broad resonance at 49 ppm is
served. The broadness of the hydride resonance, as w
the broadening observed in that of the31P{1H} NMR spec-
trum, suggests that in solution complex OsHCl(CO)(PiPr3)2
is in rapid equilibrium with a six-coordinate species conta
ing a coordinated molecule of norbornene.

(3)
According to this, when the sample was cooled

−30◦C the formation of a new species, characterized
OsHCl(CO)(η2-C7H10)(PiPr3)2, was observed. The mo
noticeable feature in the1H NMR spectrum of this com
pound is a triplet at−5.94 ppm with an H–P couplin
constant of 27 Hz, assigned to the hydride resona
This chemical shift agrees well with those previously
ported for related OsHX(CO)(η2-olefin)(PiPr3)2 complexes
(X = Cl, OH), where the mutuallytrans disposition of
the olefin and the hydride ligands has been structur
-

s

s

.

proven [23,48,49]. The coordination of norbornene is
flected in the chemical shifts of the olefinic protons, wh
move from 5.97 ppm in free norbornene to 3.15 ppm
OsHCl(CO)(η2-C7H10)(PiPr3)2. A similar shift toward a
higher field has been observed for the olefin resona
in the related osmium–η2-olefin complexes [23,48,49]. Th
13C{1H} NMR spectrum also supports the coordination
the norbornene to the osmium atom. Thus, the olefinic
onance is observed at 63.6 ppm, shifted 72 ppm towa
higher field with regard to that of free norbornene.

The spectra of the catalytic solution at room temp
ature in toluene-d8 show no further signals apart fro
those of OsHCl(CO)(PiPr3)2, norbornene, and the form
ing poly(norbornene). This indicates that the concen
tion of the active species is too low to be detected
NMR spectroscopy. We assume that the required spe
for ROMP of norbornene is an osmium–carbene gener
in situ. This carbene intermediate could be formed via
sertion of the coordinated norbornene into the Os–H b
of OsHCl(CO)(η2-C7H10)(PiPr3)2, to form the norborny
derivative shown in Scheme 1 (step b). Although alkyl pr
ucts resulting from the insertion of olefins into the Os
bond have not been detected, the existence of a rapid
librium between the hydride–olefin and alkyl species
these type of systems has been proven [18,50]. The in
tion should be followed by anα-elimination reaction on th
norbornyl ligand (step c) to give an hydride–carbene in
mediate. In this context, it should be noted that comple
of formula OsHCl(=CR2)(CO)(PR′

3)2) (R′
3 = iPr3, tBu2Me)

are known [49,51].
Once the hydride–carbene intermediate is formed, a

ond molecule of olefin should enter in the coordinat
sphere of the osmium center. Since this hydride–carben
termediate is saturated, either decoordination of the chlo
atom (to give a cationic species) or decoordination of
of the phosphine ligands should occur. In favor of the s
ond process we have found that the polymerization is c
pletely inhibited by addition of three equivalents of PiPr3
per equivalent of catalyst, while the reaction proceeds w

Scheme 1.
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it is carried out in 2-propanol and in the presence of th
equivalents of NaCl per equivalent of catalyst. Once the
ond molecule of olefin coordinates to the osmium center
polymerization follows the typical growing chain involvin
the metallacyclization and cycloreversion steps [52].

Transition metal–hydride complexes have been propo
as responsible for ROMP and dimerization of norborn
when these reactions are catalyzed by several trans
metal halides [53–56].

3.3. Tandem ROMP–hydrogenation of norbornene and
2,5-norbornadiene catalyzed by OsHCl(CO)(PiPr3)2

The complex OsHCl(CO)(PiPr3)2 has a very rich cata
lytic chemistry. Among the catalytic reactions promoted
this derivative is olefin hydrogenation [15–20]. We no
show that it is also active in ROMP of norbornene and 2
norbornadiene. These results prompted us to combine
processes, in the search for a tandem catalytic proce
metathesis–hydrogenation based on osmium, which wa
known until now.

The tandem ROMP–hydrogenation processes of
bornene catalyzed by OsHCl(CO)(PiPr3)2 have been car
ried out at mild temperature (40◦C), either in toluene o
in 2-propanol. In a typical experiment, norbornene a
OsHCl(CO)(PiPr3)2 in a molar ratio 100/1 were dissolved
the chosen solvent and stirred under an argon atmosphe
24 h. After this time, the argon atmosphere was replace
H2 (3 atm) and stirred for 48 h. As a result of this procedu
white materials in 93% (2-propanol) or 71% (toluene) yi
were isolated and characterized by1H and13C{1H} NMR
spectroscopies in chloroform-d at 55◦C as hydrogenate
syndiotactic poly(norbornene).

(4)
The molecular weight could not be determined due to
poor solubility of the polymer in tetrahydrofuran at roo
temperature. The polymer melts at 139◦C, and noTg is
observed, in agreement with the thermal properties of
drogenated poly(norbornene) previously reported [57].

We have also studied the tandem ROMP–hydrogena
of 2,5-norbornadiene catalyzed by OsHCl(CO)(PiPr3)2.
Under the same conditions as those employed for
bornene (i.e., 40◦C, 3 atm H2), the polymer is not hy-
drogenated. However, when the temperature is raise
75◦C, it is fully hydrogenated. The13C{1H} NMR spec-
trum of the hydrogenated material is identical to that
hydrogenated poly(norbornene). This indicates that b
endocyclic and exocyclic carbon–carbon double bond
poly(norbornadiene) have been hydrogenated.

It should be noted that this finding represents the first
port on a tandem ROMP–hydrogenation process catal
f
-

r

by an osmium compound, and also that the conditions u
to achieve the hydrogenation of the polymers are very m

In order to determine the nature of the osmium co
plex present in the solution during the hydrogenation s
of the tandem process the following experiment was
ried out: Complex OsHCl(CO)(PiPr3)2 was mixed with 5 eq
of norbornene in an NMR tube, and they were dissol
in toluene-d8 [58]. After 24 h all the norbornene was co
sumed and the1H NMR spectrum showed peaks assigned
poly(norbornene), along with those of OsHCl(CO)(PiPr3)2.
The argon atmosphere was then replaced by H2, and the
color of the viscous solution changed immediately from
ange to pale yellow.1H and 31P{1H} NMR spectra show
quantitative formation of OsHCl(η2-H2)(CO)(PiPr3)2 [15,
18,59]. This complex was found to play a fundamen
role in the rate-determining step of the catalytic react
of hydrogenation of benzylideneacetone to 4-phenylbu
2-one [19]. A catalytic cycle similar to that proposed for t
reduction of this ketone can be also proposed for the hy
genation of poly(norbornene) and poly(norbornadiene).

3.4. ROMP and tandem ROMP–hydrogenation of
norbornene catalyzed by RuHCl(CO)(PiPr3)2

The results obtained with OsHCl(CO)(PiPr3)2 prompted
us to test the catalytic ability of the ruthenium count
part RuHCl(CO)(PiPr3)2 in ROMP of norbornene and 2,5
norbornadiene and tandem ROMP–hydrogenation of
bornene.

This complex was found to be active in the ROMP of n
bornene in 2-propanol and toluene under similar conditi
to those used for OsHCl(CO)(PiPr3)2,

(5)
while 2,5-norbornadieneyields a white material after 24 h
16% yield. Its low solubility prevents characterization. T
results for norbornene are summarized in Table 2. As in
reactions catalyzed by OsHCl(CO)(PiPr3)2, the polymeriza-
tion does not proceed through a radical mechanism, sinc
significant change is observed when the reaction is ca
out in the presence of hydroquinone (run 3). The resul
polymers have been characterized astrans-poly(norbornene
by IR, and 1H and 13C{1H} NMR spectroscopies, GPC
TGA, and DSC.

Infrared spectra of the poly(norbornene) show band
960 cm−1 (bending mode due to trans disubstituted C=C
double bonds). Both1H and 13C{1H} NMR spectra agree
with the predominant formation oftrans-poly(norbornene
[24–26]. The1H NMR spectrum in chloroform-d shows a
multiplet centered at 5.32 ppm, assigned to the olefinictrans
protons, whereas the13C{1H} NMR spectrum shows a sin
glet at 133.1 assigned to the carbon atoms of the do
bonds of the polymer.
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Table 2
Polymerization of norbornene catalyzed by RuHCl(CO)(PiPr3)2

a

Run Solvent time (h) Yield (%) Mn Mw Mw/Mn σc

1 Toluene 6 90 24,400 120,800 4.95 0.
2 2-Propanol 23 77 16,800 68,300 4.06 0
3b 2-Propanol 23 80 47,000 162,300 3.45 0

a The reactions were carried out at 40◦C, and the ratio norbornene/

catalyst used was 100/1, σc is the fraction of cis double bonds.
b In the presence of hydroquinone.

It should be noted the different stereochemistry of
polymer obtained with the ruthenium and osmium ca
lysts. While complex RuHCl(CO)(PiPr3)2 selectively af-
fordstrans-poly(norbornene), complex OsHCl(CO)(PiPr3)2
gives predominantlycis-poly(norbornene). The different be
havior between these complexes can be attributed, lik
RuCl3 and OsCl3, to a substantial increase in ligand fie
effects and to the importance of the polar factor, when
ligands are the same, by changing the metal in the gr
from the 4d to the 5d row [60,61].

Number average molecular weight (Mn) and weight av-
erage molecular weight (Mw) determinations by GPC rang
from 16,800 to 47,000 (Mn) and from 68,300 to 162,30
(Mw). In all cases monomodal distributions with polydisp
sity indexes between 4.06 and 4.95 were found.

Fig. 3 (top) shows the DSC and TGA fortrans-poly(nor-
bornene). The DSC curve shows a shoulder at ca. 30◦C,
that could be due to the glass transition of the polymer
about 90◦C an exothermic peak appears, which is associ
with a slight weight increase (1–2%) in the TGA curve.
similar weight gain (2%) has been reported by Brumag
and Girolami [43]. Between 90 and 350◦C a heat absorp
tion without mass loss occurs. It is due to softening of
sample. A melting point is not observed and decompos
takes place at 457◦C (peak minimum of the heat flow). Th
value is ca. 10◦C lower than that ofcis-poly(norbornene).

Several experiments were performed in order to exp
the origin of the exothermic peak and gain weight:

(i) The sample was preheated to 200◦C, cooled, and the
heated. As a result, neither the exothermic peak no
weight gain are observed (Fig. 3 (bottom)). This in
cates that they are not reversible.

(ii) The TGA-DSC was registered under both helium a
nitrogen, and the same behavior was observed.

(iii) The TGA-DSC was registered in two different the
mobalances, whose crucible have different surfaces
posed, and it was observed that the weight gain dep
on the surface exposed.

The results of these experiments suggest that the exo
mic peak and weight increase are due to the sorptio
helium or nitrogen in the cavities of the polymer. The ca
bility of poly(norbornene)s for packaging and gas separa
has been proven [62,63].
-

Fig. 3. (Top) TGA and DSC curves fortrans-poly(norbornene) prepared
2-propanol using RuHCl(CO)(Pi Pr3)2 as catalyst. (Bottom) TGA and DS
curves fortrans-poly(norbornene) preheated to 200◦C.

The complex RuHCl(CO)(PiPr3)2 has been found to b
also active in the tandem ROMP–hydrogenation of n
bornene. The experiments have been performed at 4◦C
either in toluene or in 2-propanol. In both cases, after
(toluene) or 24 h (2-propanol) the argon atmosphere wa
placed by hydrogen (3 atm) and kept under H2 for 48 h. As
a result, white materials in about 80% yield were isola
and characterized by1H and13C{1H} NMR spectroscopies
as hydrogenated poly(norbornene).From the13C{1H} NMR
spectra we deduced that the poly(norbornene) formed
syndiotactic.

4. Conclusion

The complex OsHCl(CO)(PiPr3)2 catalyzes the ROMP o
norbornene and 2,5-norbornadiene to givecis-syndiotactic
poly(norbornene) and poly(norbornadiene), respectiv
This complex also achieves the tandem ROMP–hydro
ation of both olefins under very mild conditions and re
resents the first report of the use of an osmium-ba
catalyst in such type of tandem reaction. The comp
RuHCl(CO)(PiPr3)2 is also active in ROMP and tandem
ROMP of norbornene and, in contrast to the osmium co
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terpart, trans-poly(norbornene) is obtained in the ROM
process.
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