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a b s t r a c t

Polynorbonerne with high molecular weight was obtained via ring opening metathesis polymerization
using catalysts derived from [RuCl2(PPh2Bz)2L] (1 for L = PPh2Bz; 2 for L = piperidine) type of complexes
when in the presence of ethyl diazoacetate in CHCl3. The polymer precipitated within a few minutes at
50 ◦C when using 1 with ca. 50% yield ([NBE]/[Ru] = 5000). Regarding 2, for either 30 min at 25 ◦C or 5 min
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at 50 ◦C, more than 90% of yields are obtained; and at 50 ◦C for 30 min a quantitative yield is obtained. The
yield and PDI values are sensitive to the [NBE]/[Ru] ratio. The reaction of 1 with either isonicotinamide
or nicotinamide produces six-coordinated complexes of [RuCl2(PPh2Bz)2(L)2] type, which are almost
inactive and produce only small amounts of polymers at 50 ◦C for 30 min. Thus, we concluded that the

ry di
gistic
ncillary ligand
mine–phosphine complexes
uthenium

novel complexes show ve
of a combination of syner

. Introduction

Ring opening metathesis polymerization (ROMP) is a ver-
atile reaction to synthesize macromolecular materials [1–3].
arbene–metal complexes catalyze this reaction and the ancil-

ary ligands in the coordination sphere define the activities of the
omplex backbones in the starting and propagating species. These
ncillary ligands can provide high reactivity towards olefins under
pecific reaction conditions [4–9].

Ancillary ligands with different electronic and steric characteris-
ics modify the catalytic process. Polymers with different chemical
nd physical properties such as molecular mass and PDI can be pro-
uced, which can improve the reaction yield. Thus, ancillary ligands
re significant means to develop new catalysts to operate under
esired conditions.

Our group is currently involved in the development of Ru(II)
omplexes for ROMP application [10–13], where the main charac-
eristic of these compounds is to show good catalytic activity with-
ut requiring special working conditions. Ru(II) complexes are not
ensitive to moisture and can be manipulated under air. The carbene
atalytic species (Ru = CHR) are prepared in situ from the reaction
ith ethyl diazoacetate (EDA). Cyclic or acyclic amines and PPh3

etermine the reactivity of these complexes through electronic and
teric hindrance balance. For example, [RuCl2(PPh3)3] polymerizes
orbornene with 63% yield at 50 ◦C for 5 min, [NBE]/[Ru] = 5000,
hereas [RuCl2(PPh3)2piperidine] promptly synthesizes polynor-

∗ Corresponding author. Tel.: +55 16 33739953; fax: +55 16 33739976.
E-mail address: benedito@iqsc.usp.br (B.S. Lima-Neto).

381-1169/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2009.02.023
stinct reactivities for ROMP of NBE. This has been rationalized on account
effects of the phosphine–amine ancillary ligands.

© 2009 Elsevier B.V. All rights reserved.

bornene at room temperature with quantitative reaction yield [11].
On the other hand, amine–phosphine hybrid complexes are usu-
ally employed as starting hemilabile complex where the amines
are replaced at the beginning of the reactions [14,15].

As the influence of the amines have been determinant and
absorbing, the present paper reports the application of novel Ru(II)
complexes with piperidine, isonicotinamide or nicotinamide when
the phosphine is PPh2Bz. In the early hybrid complexes the phos-
phine was PPh3 that is a stronger �-acceptor ligand (pKa 2.7) and
presents lower cone angle with (� = 145◦) than PPh2Bz (pKa 3.6;
� = 152◦). Thus, the purpose is to observe a fine tune in the electronic
and steric effects of the phosphines in the reactivity of the metal
center. The selected amines are six-ring cyclic molecules that also
differ in the electronic character and cone angles (�), as observed
by the pKa and � values, affording to compare their behaviors as
ancillary ligands as well the synergetic effects with the phosphine.
We chose simple ligands, because they are easy to work with in
laboratory and are advantageous for large applications.

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:benedito@iqsc.usp.br
dx.doi.org/10.1016/j.molcata.2009.02.023
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. Experimental

.1. General remarks

All manipulations were performed under an argon atmosphere.
ll the solvents used were of analytical grade and were distilled

rom adequate drying agents immediately prior to use. RuCl3·xH2O,
orbornene (NBE), piperidine (pip), nicotinamide (nic), isoni-
otinamide (isn), benzyldiphenylphosphine (PPh2Bz) and ethyl
iazoacetate (EDA) from Aldrich were used as obtained.

.2. Synthesis of [RuCl2(PPh2Bz)3] (1)

PPh2Bz (5.8 mmol; 1.6 g) was added to a solution of RuCl3·xH2O
0.97 mmol; 0.20 g) in methanol (50 mL) and the resulting solution
as refluxed for 4 h. A green precipitate was filtered and washed
ith methanol, then dried in a vacuum. Yield: 89%. Anal. Calc. for
uCl2C57H51P3: C, 68.4; H, 5.1%. Found: C, 68.0; H, 5.1%. FT-IR in CsI:
(Ru–Cl) = 319 cm−1; 31P{1H} NMR in CHCl3: 30.9 (t) and 22.5 (d)
or a monomeric species; 50.4 (s) and 49.7 (s) ppm for a dimeric
pecies [11,16,17]; −9.1 ppm for free phosphine. EPR: no signal was
bserved.

.3. Synthesis of [RuCl2(PPh3Bz)2(pip)] (2)

Piperidine (19 �L; 0.20 mmol) was added to the solution of 1
0.20 g; 0.20 mmol) in CH3Cl (50 mL) and the resulting solution was
tirred at RT for 1 h. Hexane (30 mL) was added and the yellow
recipitate was filtered and washed with ethyl ether, then vacuum

ried. Yield: 72%. Anal. Calc. RuCl2C43H45NP2: C, 63.8; H 5.6; N, 1.7%.
ound: C, 63.8; H, 5.8; N, 1.6%. FT-IR in CsI: �(Ru–Cl) = 301 cm−1;
(N–H; piperidine) = 2931 cm−1. 31P{1H} NMR in CHCl3: 34.1 (s)
nd 35.4 (s) ppm for two isomeric species [11]. EPR: no signal was
bserved.

able 1
OMP of NBE in the presence of EDA using [RuCl2(PPh3Bz)2L] as precatalysts as a function

ntry L T (◦C) Time (min)

PPh2Bz 25 5
25 5
25 5
25 30
25 30
25 30
50 5
50 5
50 5

0 50 30
1 50 30
2 50 30

3 pip 25 5
4 25 5
5 25 5
6 25 30
7 25 30
8 25 30
9 50 5
0 50 5
1 50 5
2 50 30
3 50 30
4 50 30

5d [RuCl2(PPh3)3] 50 5
6d [RuCl2(PPh3)2(pip)] 25 <1

NBE]/[Ru] = 5000; [Ru] = 1.0 �mol in 2 mL CHCl3; NP = no polymerization.
a 28.5 �mol.
b 47.5 �mol
c 66.5 �mol.
d Ref. [11].
Catalysis A: Chemical 304 (2009) 187–190

2.4. Syntheses of ttt-[RuCl2(PPh2Bz)2L2], L = nic (3) or isn (4)

The complexes with nicotinamide (nic) and isonicotinamide
(isn) were prepared by adding 0.40 mmol of amine to a solution
with 0.20 mmol (0.20 g) of 1 in acetone (50 mL). Each mixture
was stirred for 1.5 h under argon at room temperature. The com-
pounds (yellow for nic and orange for isn) were filtered and
washed with ethyl ether and then vacuum dried. Anal. Calc. for
RuCl2C50H46N4P2O2 (3; 68% yield): C, 62.0; H, 4.7; N, 5.8%. Found:
C, 61.0; H, 5,0; N, 6.0%. FT-IR in CsI: �(Ru–Cl) = 319 cm−1; �(C O)
(nic) = 1679 cm−1; �(N–H; nic) = 3395 cm−1. 31P{1H}NMR: 50.1 and
−9.0 ppm (free phosphine). EPR: no signal was observed. Anal.
Calc. for RuCl2C50H46N4P2O2 (4; 77% yield): C, 62.0; H, 4.7; N, 5.8.
Found: C, 62.2; H, 4,7; N, 5.8%. FT-IR in CsI: �(Ru–Cl) = 332 cm−1;
�(C O; isn) = 1668 cm−1; �(N–H; isn) = 3378 cm−1. 31P{1H} NMR:
53.0 ppm; −9.1 ppm (free phosphine). EPR: no signal was observed.
Attempts to isolate five coordinated complexes were unsuccess-
ful.

2.5. Instrumentation

Elemental analyses were performed using an EA1110 CHNS-O
Carlo Erba Instrument. The EPR measurements were carried out
at 77 K using a Bruker ESP 300C apparatus (X-band) equipped
with a TE102 cavity and HP 52152A frequency counter. IR spec-
tra were obtained in CsI pellets (1:100) on a Bomem FTIR MB 102.
The 31P{1H} NMR spectra were obtained in CDCl3 at 25 ± 0.1 ◦C
using a Bruker AC-200 spectrometer. The obtained chemical shifts
are reported in ppm relative to 85% H3PO4. Gel permeation chro-

matography analyses were obtained using a Shimadzu 7725.1
system equipped with a PL gel column (5 m MIXED-C: 30 cm,
Ø = 7.5 mm). The retention times were calibrated with standard
monodispersed polystyrene using HPLC-grade CHCl3 as eluent. PDI
is Mw/Mn.

of temperature and reaction time.

EDA (�L) Yield (%) Mw (106) PDI

3a NP
5b NP
7c NP
3 <5
5 <5
7 <1.0
3 50 2.4 2.74
5 51 1.4 2.86
7 40 0.2 2.18
3 50 1.7 4.72
5 52 1.5 6.28
7 42 1.6 4.26

3 <5
5 NP
7 NP
3 92 0.2 2.22
5 52 0.2 2.89
7 21 0.3 2.55
3 94 0.5 2.32
5 78 0.3 3.45
7 40 0.2 3.31
3 100 0.2 4.32
5 94 0.5 4.45
7 51 0.4 2.63

5 63 2.6 1.40
5 99 0.2 1.90
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.6. Polymerization reactions

In a typical ROMP experiment, the metal complex was dissolved
n 2 mL of CHCl3, followed by adding NBE and ethyl diazoacetate
EDA). The reaction mixture was stirred during different periods of
ime at 25 or 50 ◦C in a silicone oil bath. At room temperature, ∼5 mL
f methanol was added and the precipitated polymer was filtered,
ashed with methanol and dried at room temperature (RT) before
eing weighed. The catalytic runs were carried out at least 3 times.

. Results and discussion

Results for ROMP of NBE using the catalyst precursors
RuCl2(PPh2Bz)2L], L = PPh2Bz (complex 1) or pip (complex 2), in the
resence of different amounts of EDA are summarized in Table 1.

The complex 1 does not show good activity at 25 ◦C up to 30 min
entries 1–6). Nevertheless, the polymer began to precipitate within
few minutes at 50 ◦C, which was isolated after 5 min (entry 7) with
yield of 50% and PDI over 2. The PDI was larger when the polymer
as isolated after 30 min (entry 10).

The complex 2 is reactive at 25 ◦C with 92% of polynorbornene
or 30 min (entry 16). Similar results of yield, Mw and PDI are
btained for 5 min at 50 ◦C (entry 19). However, for 30 min at 50 ◦C,
quantitative reaction gives the polymer the same Mw value, but
ith a larger PDI (entry 22).

The reactions do not occur in the absence of EDA with both
omplexes 1 and 2. However, the yield values decrease with an
ncreasing of the EDA concentration under the same reaction con-
itions (Table 1). In all likelihood, the excess of EDA competes with
he olefin of the monomer by the coordination sites on the Ru(II)
t the beginning of the reaction and inhibits the ROMP process. A
imilar behavior was also observed with [RuCl2(PPh3)2pip], which
s inactive when increasing the EDA amount from 5 (99% yield) to
0 �L (no polymerization) [11].

When using either complex 1 or 2, the reaction activity increases
ith an increasing of the temperature from 25 to 50 ◦C. However,

n the case of 2, the process occurs at 25 ◦C for 30 min with a yield
f over 90% and the polymer does not precipitate in the course of
he reaction. In the case of 1, the yield is 50% at most and the poly-

ers always precipitate within a few minutes of reaction. It can
e regarded that the difference between 1 and 2 is probably the
roduction of the metal–carbene units, and then, the reaction with
he olefin for the ROMP reaction to occur, typical of will-defined

etathesis catalysts which usually provide an incomplete initia-
ion reaction [1]. This can be rationalized observing the Mw and PDI
alues. In the case of 1, activities at 50 ◦C can be associated with
ast polymer productions after producing a few carbene complex

nits that probably does not occur at 25 ◦C up to 30 min, followed
y fast propagation. This provides long polymer chains (high Mw)
hat precipitate with large PDIs. In the case of 2, the enhanced PDIs
re also due to the increasing in the propagation rate. However,
he initiation is more favorable regarding reaction with complex 1,

able 2
OMP of NBE using [RuCl2(PPh3Bz)2L] as precatalysts as a function of NBE concentration

ntry L [NBE] (mol L−1) [NBE]/[

PPh2Bz 0.5 1000
2.5 5000
5.0 10,000
7.5 15,000

pip 0.5 1000
2.5 5000
5.0 10,000
7.5 15,000

a Trimodal distribution molecular weight.
Catalysis A: Chemical 304 (2009) 187–190 189

suggesting a more efficient production of the carbene species con-
sidering the reactivity at 25 ◦C and the fact that the polymer does
not precipitate (see entries 13 and 16); this means that the polymer
is not suddenly produced. It is noteworthy that the Mw results from
the reaction with 2 are one order of magnitude smaller than the
results with 1.

When postponing the isolating times, the PDI values increase
as a result of the reaction with complex 1 at 50 ◦C (entries 7–9
and 10–12), without changing the yields that have roughly the
same Mw values. This probably takes place due to the occurrence
of the intermolecular reactions [1,2]. Active Ru complexes in solu-
tion, such as Ru-oligomers, can promote cross-metathesis in the
interface solution-material [1]. The reactions with complex 2 also
produce polymers with broader PDI at 50 ◦C when the reaction time
is increased. However, in this case, the polymers do not precipitate
and the yields increase (entries 19–21 and 22–24). In these cases,
it is believed that new catalyst units are produced as a function of
time to initiate new polymer chains, providing a decrease in the Mn

values.
Considering that 2 differs from 1 by replacing one PPh2Bz

molecule in 1 for pip, the synergistic effect pip
ı−→Ru

�−→olefin
increases the olefin activation. Thus, the �-donor character (esti-
mated by the pKa = 11.2) combined with the large cone angle
(� = 121◦) of the pip in 2 provides better reactivity results than in
1 (Table 1). On the other hand, complex 1 gives the worst results
probably because it becomes dimmer in solution, which is broken
down at 50 ◦C. Then, with 1 a fast propagation occurs, since Mw

values are large and the polymers precipitate. This fact is strong evi-
dence that the active species from 1 and 2 are different. In the case
of 2, the piperidine molecule is present in the metal coordination
sphere.

A comparison between 1 (entry 8) and [RuCl2(PPh3)3] (entry 25)
shows that the complex with PPh3 (pKa 2.7; � = 145◦) also produces
a polymer with long chain (large Mw values), but with a lower PDI
value than that synthesized with 1. The reason for this fact may
be a less steric hindrance to approach the monomer in the case
of PPh3 in relation to the more bulky PPh2Bz. This means that the
initiation step is faster, hence making it complete. The steric influ-
ence is also observed when compared to the catalytic precursors
[RuCl2(PPh3)2pip] and 2, where the former synthesizes the poly-
mer with similar Mw and PDI values (see entries 17 and 26), but
with a better yield for short reaction times.

When the [NBE]/[1] ratio is increased from 1000 to 15,000
by increasing the NBE amount, complex 1 provides high yields
(Table 2), with quantitative reaction when [NBE]/[1] = 15,000 (entry
4). When the [NBE]/[1] ratio is 1000, polymodal polymer is obtained
(entry 1). At higher monomer concentrations, the entropy contri-

bution compensates the enthalpy value [2]. This favors the ROMP
reaction, increasing the reaction yield. This fact was observed with
similar complexes ([RuCl2(PPh3)3], [RuCl2(PPh3)2(sec-BuNH2)2],
[RuCl2(PPh3)2(NHPh2)2] and [RuCl2(PPh3)2(imidazole)2]), when
the [NBE]/[Ru] ratio changes from 1000 to 5000 [13].

with [Ru] = 1.0 �mol and 5 �L EDA in 2 mL CHCl3; at 50 ◦C for 5 min.

Ru] Yield (%) Mw (106) PDI

55 0.6; 0.05; 0.02a 1.71; 1.08; 1.55a

51 1.4 2.86
85 1.7 2.98

100 1.5 2.41

37 0.3 11.3
78 0.3 3.45
52 1.0 2.57
65 0.8 2.20
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Table 3
ROMP of NBE using [RuCl2(PPh3Bz)2L] as precatalysts as a function of Ru complex
concentration with [NBE] = 5.0 mmol; 5 �L EDA in 2 mL CHCl3; 50 ◦C; 5 min.

Entry L Ru (�mol) [NBE]/[Ru] Yield (%) Mw (106) PDI

1 PPh2Bz 2.0 2500 88 0.9 4.26
2 3.0 1667 100 0.6; 0.04a 1.81; 1.43a

5
6

i
s
i

c
y
v
a

o
t
t
p
m
2
a

c

a
y
a
o
t
o
s
s
3

T
R
f

E

2

2
2
2

[

pip 2.4 2083 100 0.07 6.61
3.7 1351 100 0.6 12.4

a Bimodal distribution molecular weight.

The yield results do not correlate with the [NBE]/[2] ratio by
ncreasing the [NBE] (entries 5–8). At low [NBE] ([NBE]/[2] = 1000), a
eries of oligomers are produced, attributed to the lack of monomer
n the ongoing fast propagation reaction (Table 2; entry 5) [2].

Complex 2 shows a different behavior in relation to the pre-
atalytic 1 when [NBE]/[2] > 5000, producing polymers with lower
ields when compared to [NBE]/[2] = 5000 value (Table 2). The Mw

alues are roughly constant with decreasing PDI values, suggesting
reaction without the occurrence of secondary reactions.

Table 3 summarizes the yield and PDI values of polynorbornene
btained at 50 ◦C for 5 min when the [Ru] is varied while holding
he [NBE]. Complex 1 synthesizes polynorbornene with a much bet-
er yield, hence increasing the Ru amount. However, the formed
olymers show larger PDIs (entries 1–4). With 3.0 �mol of 1, poly-
odal polymers are observed with two polymer groups. Complex
synthesizes polynorbornene with quantitative yield when using
larger amount of Ru, but the PDI value is also very large.

From the reaction between 1 and the amines nic and isn, six-
oordinated complexes are obtained.

The complexes 3, with nic, and 4, with isn, do not show good
ctivity at 25 ◦C up to 30 min (Table 4; entries 1–6). At most 12%
ield is obtained at 50 ◦C for 30 min with 5 �L of EDA (entries 11
nd 23; Table 4). The low �-donor characters and low cone angles
f these ligands, different from the piperidine, can be responsible

o these results. Thus, the six-coordinated geometric arrangements
f these ligands with PPh2Bz give inert complexes. In spite of the
maller �-acid nature of the isn (isn, pKa = 3.6; nic, pKa = 3.0), the
maller cone angle makes complex 4 less active than complex
. Recently, it was reported that the activity of Grubbs’ catalyst

able 4
OMP of NBE in the presence of EDA using [RuCl2(PPh3Bz)2(L)2] as precatalysts as a
unction of temperature and reaction time.

ntry L T (◦C) Time (min) Volume EDA (�L) Yield (%)

1 nic 25 5 3 NP
2 25 5 5 NP
3 25 5 7 NP
4 25 30 3 NP
5 25 30 5 NP
6 25 30 7 NP
7 50 5 3 7
8 50 5 5 7
9 50 5 7 4

10 50 30 3 10
11 50 30 5 12
12 50 30 7 9

13 isn 25 5 3 NP
14 25 5 5 NP
15 25 5 7 NP
16 25 30 3 NP
17 25 30 5 NP
18 25 30 7 NP
19 50 5 3 NP
0 50 5 5 NP

21 50 5 7 NP
2 50 30 3 5
3 50 30 5 12
4 50 30 7 5

Ru] = 1.0 �mol in 2 mL CHCl3; [NBE]/[Ru] = 5000; NP = no polymerization.

[
[
[
[
[
[
[
[

[
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[RuCl2(PCy3)2( CHPh)] was inhibited when one phosphine was
replaced by two N-donor ligands [18], generating six coordinated
complexes as occurs in the case of the complexes 3 and 4. However,
six coordinated hybrid complexes with PPh3 and acyclic amines
(NH2

sBu, NH2Ph, NHPh2 and NEt3) were very active for ROMP of
NBE [13]. Thus, the fine tune of the electronic and steric effects of
the ancillary ligads is a very important key in the development of
in situ generated metathesis catalysts.

4. Conclusion

Three hybrid amine–phosphine complexes were isolated where
each one has two PPh2Bz molecules, in addition to two chloride
ions. The complexes were six-coordinated with either isn or nic and
five-coordinated with piperidine. The main difference in the coordi-
nation numbers was attributed to steric hindrance, provided by the
combination between one phosphine and one or two amines. The
reactivities of the complexes for ROMP of NBE were very sensitive
to the composition of the metal coordination sphere. The adjust-
ment of the ligands around the metal produced singular effects
in the reaction results under the different conditions that they
were carried out (reaction time, temperature and concentrations
of the reactants). Besides the steric hindrances from the ligands,
the synergic electronic balances from the Ru-ligand bonds were
also responsible for generating different starting and propagating
catalyst species. It is inferred that the in situ generated species are
different from each other for each starting complex. This is clearly
demonstrated by the results obtained with 1 and 2, as well as in the
cases of isn and nic derivative complexes. The propagating species
are hybrid amine–phosphine complexes since they produced dif-
ferent results. If the amine leaves the complex, the active species
would be similar to the pure phosphine compound, in agreement
with early results [10–13].

It is important to observe that large amounts of NBE using small
Ru loadings were used in the catalytic runs. This fact represents
an elevated reaction ability using the developed precatalysts. Fur-
thermore, our results contribute to the development of alternative
catalysts to ROMP as usually stated in the literature [7,9], in addi-
tion to the tremendous successes of the ex situ generated carbene
complexes [2,3].
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