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Abstract

With the aim of understanding the influence of donor solvents on the reactivity of the amine complexe$PRaEi(piperidine)] () and
[RuChL(PPh),(imidazole}] (2) in the presence of ethyldiazoacetate, and on the properties of the resulting polymer, a ring opening metathesis
polymerization of norbornene was carried out in the presence of small amounts of common solvents such as additives (isopropanol, THF,
N,N-dimethylformamide, 2,6-lutidine, isopropanethiol, acetonitrile, dimethyl sulfoxideg N¥#t,Me and pyridine). From observations,
typical coordinating solvents like DMSO, NEtNH,Me and pyridine, hardly affected the yields when either complex was employed. With
other additives, the major advantage was the decrease in the polydispersity indices. On using toritpl2)6-lutidine, observed values of
Mw/M, were as low as 1.3, while the yield decreased from 99% to about 20—-30% at R'L foim in pure solution. In the case of complex
2, which is almost inactive to ROMP (19% at 30 for 5 min with M,,/M, =6.30), the yield was three-fold (60% at 8D for 5 min with
Mw/M, =1.95) compared to that of without THF. Further, tg/M, was observed to decrease to 1.34 with 200 eq. of THF.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction to be investigatefb], where six-coordinated complexes such
as [RuCh(PPHh)2(amine}] have been isolated. The results
Besides the success of those well-defined phosphine-show that the yields are greater than 70% in CH@&hen
Ru based carbene complexiis-4], such as the second- [norbornene]/[Ru]=3000 and;5. of EDA (M~ 10*-1(P
generation Grubbs-type catalyst [Ry@IHC)(PCys) and M/Mp~1.2-2.0) at 50C for 5min. Considering
(=CHR)], where NHC is an N-heterocyclic carbene, amines the complex with isonicotinamide (X=C(O)N§ under
have been investigated for use as ancillary ligands in catalystssimilar conditions but for [norbornene]/[Ru]=5000, the
for reactions of ROMP (ring opening metathesis polymer- yield reaches 94% of isolated polymer wii,/M, = 1.20.
ization). Studies of the complex [RutPPh)2(pip)] (1), From NMR experiments, as in the case of the bis-amine
pip = piperidine, a versatile precursor in ROMP of nor- six-coordinated complexes, it has been observed that one
bornene (99% yield at room temperature for less than 1 min amine molecule remains coordinated to the metal center
with M, ~ 10° andMy,/Mp = 1.05) and norbornadiene (48%  while other ligands dissociate when the substrate is present,
yield at 50°C for 5min with M, ~ 10° and M\,/M,, = 3.40) permitting us to investigate the behavior of the amines as
using [monomer]/[Ru] up to 5000 and.& of ethyldiazoac- ancillary ligandg5,6]. However, much emphasis has to be
etate (EDA) in CHG, were recently publishelé]. Further, placed on how to improve rapid dissociation of the ligands
the influence of 4-X-pyridines (X=H, C(O)NKl CHsz or from the Ru(ll) coordination sphere. Ithas also been observed
NH2) on the metal center during ROMP reactions continues that a PPk molecule undergoes dissociating in these com-

plexes[5,6].
* Corresponding author. Tel.: +55 16 3373 9953; fax: +55 16 33739976,  IN otherresearchworks, Peyas replaced by substituted-
E-mail addressbenedito@igsc.usp.br (B.S. Lima-Neto). pyridines resulting in a fast-initiation version of the second-
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generation Grubbs catalydfg]. In these cases, the amines found: 63.01% C, 5.05% H and 1.69% N (65% yield).

were eliminated by the N-heterocyclic carbene, which The analytical data for [Rug@{PPhs)2(imN)2] is 62.70% C,

presents a large steric hindrance and an elevatddnor 4.40% H and 6.40% N; found: 62.40% C, 4.10% H and 6.10%

charactef4]. Solvents were also used as additives to observe N (65% yield). These complexes were EPR silent.

the influence of functional groups present in the reaction

medium on the reactivity of Grubbs-type cataly{&$8]. The 2.3. Instrumentation

present study was stimulated by the above-mentioned results

obtained by Grubbs and Slugovc. Based on these observa- Elemental analyses were carried out using an EA 1110

tions amine complexes can behave as good starting materialCHNS-O Carlo Erba Instrument. EPR was carried out at

and some molecules working as additive can be used to con-RT using a Bruker ESP 300C apparatus (X-band) equipped

trol the rates of polymerization. with a TE102 cavity and HP 52152A frequency counter.

Thus, in the present paper, with the aim of under- 'H NMR spectra were obtained in a CQ$olution with

standing the influence of donor solvents on the reactiv- TMS at 25.0+0.1°C using a Bruker AC-200 spectrometer

ity of the amine complexeg and [RuCh(PPh)2(imN)2] equipped with a probe operating at 200.13 MMg.(number-

(2), imN =imidazole, and on the properties of the result- average molecular weight)M,, (weight-average molecular

ing polymer, polymerization reactions of norbornene in the weight) andM,/M, (polydispersity index) were obtained by

presence of small amounts of common solvents such asgel permeation chromatography (GPC) analyses using a Shi-

additives were carried out. Additives employed in the reac- madzu 77251 spectrometer system equipped with a PL gel

tion include isopropanol'PrOH), tetrahydrofuran (THF),  column (5um MIXED-C: 30 cm, @ =7.5mm). The retention

N,N-dimethylformamide (DMF), 2,6-dimethylpyridine (2,6- time was calibrated with respect to standard monodispersed

lutidine), isopropanethiol 'PrSH), acetonitrile (MeCN), polystyrene using HPLC-grade CH{is eluent.

dimethyl sulfoxide (DMSO), triethylamine (NEt methy-

lamine (NHMe) and pyridine (py). The choice of the com- 2.4. Polymerization procedure

plexesl and2 was due to their large difference in behavior in

the ROMP of norbornene. Whereas complés very active, To a solution of either complex ([Ru] =dmol) in CHCk

complex2 attains a yield less than 20% at 8D for 5 min. (2mL) and under an atmosphere of argon, 1, 10 or 200 eq.

Thus, by observing the different ancillary ligands, the bene- of additive was added, and the solution left for 5min at

fits of the additive can be compared. Besides, a major concernRT in the case of compleg, and at 50C in the case of

was the fact that these additives can be present in the reaceomplex 2. A 5000 eq. of norbornene anduh of EDA

tion medium as impurity, thus affecting the reactivity of the were then added. In the case of complexhe reaction was

catalyst initiators. guenched with MeOH, while for compl&x the reaction was
kept for 5min at 50C and then stopped by adding 5mL of
methanol. The polymers were then washed with methanol and

2. Experimental dried in a vacuum. Obtained yields are given for the isolated
polymers.

2.1. General remarks

Unless otherwise cited, all manipulations were carried 3. Results and discussion
out under argon and room temperature (RT) oft24°C.
All solvents used were of analytical grade and were distilled  Table 1summarizes the results from the polymerization
from the appropriate drying agents immediately prior to use. reaction in the presence of different additives used with either
RuCk-xH20 from Stream, norbornene (NBE) from Across, complexl or 2.

piperidine (pip), ethyldiazoacetate (EDA8HC(O)OEY), Fig. 1 shows the data with a view to better compare the
imidazole (imN) and triphenylphosphine from Aldrich were influence of the additives on the reactivity of the complexes.
used as archived. Considering the complek the results of yield were lower

in presence of the additives, a fact that is more pronounced
2.2. Synthesis of the complexes as the amount of additive increased. Whereas less influence

is observed withPrOH, THF and DMF on one extreme, the

The ruthenium complexek[5] and2 [9] were prepared  amines NE$, NH,Me and pyridine on the other extreme dras-
following methods cited in literature by adding 1.23 mmol of tically poison the reaction. 2,6-lutidin&?rSH, MeCN and
amine to a solution of 0.47 mmol of [RusfPPhs)s] [10] DMSO were shown to reduce the activity to 60—20%. The
in acetone (50 mL) and the mixture stirred for 1 h under only fact capable of justifying the behavior of these addi-
argon at RT. The volume was then reduced (L) under tives is their coordination to the metal center, responsible for
vacuum, obtaining a solid that was filtered, washed with poising the start of the polymerization reaction. The synthe-
ethyl ether and dried in a vacuum. The analytical data for sis of the six-coordinated compl&from [RuCh(PPH)3] in
[RuCl(PPh)2(pip)] is 63.08% C, 5.16% H and 1.79% N; itself suggests that the five-coordinated comgdlessensitive
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Table 1
Influence of the additives in the ROMP of norbornene catalyzed by different complexes i CHCI
Additive & pKa [RuCl(PPh)2(pip))? [RUCL(PPH),(imN)2]?
eq. Yield (%) My Mw/Mp eq. Yield (%) Mw Mw/Mp
- - 99 228,000 1.90 - 19 33,900 6.30
'ProH 20.2 17.1 1 90 198,300 2,51 1 27 30,100 4.30
10 78 203,600 2.42 10 21 43,600 5.15
200 70 245,700 2.05 200 18 50,100 5.22
THF 7.6 -2.1 1 85 276,500 2.39 1 50 30,700 1.98
10 69 274,700 2.72 10 60 40,200 1.95
200 65 216,300 2.46 200 65 53,600 1.34
DMF 38.3 -0.3 1 83 96,900 153 1 20 38,500 2.79
10 78 337,700 3.03 10 17 37,100 2.58
200 45 438,000 2.09 200 12 35,600 2.37
2,6-Lutidine 7.3 6.6 1 62 254,700 154 1 38 43,300 4.33
10 45 222,600 1.55 10 17 38,600 4.93
200 30 210,500 1.34 200 15 20,200 4.30
iPrsH 1 45 158,500 1.95 1 28 27,500 3.08
10 30 137,400 2.19 10 17 28,600 2.79
200 23 112,300 2.25 200 8 23,700 2.75
MeCN 36.7 —-4.3 1 43 120,600 2.19 1 32 80,300 1.97
10 32 127,700 1.90 10 24 71,200 2.06
200 27 115,400 1.85 200 20 30,300 2.03
DMSO 47.3 1 40 120,600 1.37 1 13 27,600 4.00
10 35 152,300 241 10 5 19,500 5.11
200 20 185,300 245 200 3 14,800 5.08
NEt3 2.4 10.8 1 10 198,900 2.26 1 7 58,200 3.78
10 4 122,700 1.48 10 3 35,800 3.56
NH>Me 16.7 10.7 1 NP 1 7 45,300 3.52
10 2 38,200 3.27
Pyridine 12.3 5.2 1 3 136,600 1.71 1 NP
10 NP

[Ru]=1pmol, [NBE]J/[Ru] =5000; 5uL of EDA to start the reactiore: Dielectric constant and NP: no polymerize.
a8 Room temperature (condition of reactions).
b 50°C (condition of reactions).

to the coordination of a sixth ligand. This sixth coordina- tion between the additive and either the leaving PIRfand

tion explains why the use of NEtNH;Me and pyridine or the monomer for the Ru(ll) center during initiation and

and also MeCN and DMSO as additives results in lower propagation as stated by Grubbs and co-work&t$ and

yields. However, it does not explain the behavior of 2,6- Slugovc[3,8].

lutidine that shows a large steric hindrance and attempts to  With respect to the six-coordinated comp@xwhich is

isolate any complex from [Rug(PPh)3] have been unsuc-  almost inactive to ROMP, only the typical coordinating com-

cessful6]. Perhaps a combination of the electronic and steric pounds DMSO, NEt NH>Me and pyridine hardly affected

effects could explain the results since THF and DMF are also the yields. Otherwise, some gain in yield occurred in the

known as coordinating compounds. In addition, the behavior presence of 1eq. of additive. The molecular weights were

of 'PrOH or'PrSH is not fully understood. roughly unaffected. The great advantage is the decrease in
In general, the values dfl,, and My,/M,, were roughly polydispersity indices; in some cases the values are close to

unaffected in the presence of additives when complesas 2. In the presence of THF, the yield was three-fold, unaf-

used Fig. 1). It is very interesting to observe that observed fecting theMy, while theM,/M,, ratio decreased to less than

values ofM,,/M, when 2,6-lutidine is used as additive are as 2. With 200 eq. of THF, theév,,/M, was 1.34. It is inter-

low as 1.3. A similar decrease M,,/Mp, was observed with esting to observe that the values of yields increased with

2,6-lutidine in presence of [RUENHC)(PCys)(=CHR)] increase in the amount of THF. Nonetheless, the reaction

[3,8]. The influence of these molecules on polydispersity did not occur in pure THF when either complor 1 was

indices and the molecular weights of the polymers could be employed.

explained by the enhancement of the initiation efficiency and  In contrast to the five-coordinated compléxvhere the

an attenuation of the rate of polymerization due to competi- additive probably blocks the formation of the carbene com-
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Fig. 1. Yields, weight-average molecular weight and polydispersity indexes of the polynorbornene obtained in the presence of increased alditivess of a
(1, 10 or 200 eq.). Gray bars for compl&:and empty bars for compleX The insert shows thily, values for comple® in a large scale.

plex and/or the coordination of the olefin thus regulating the donor character. A direct relationship between large values
initiation reaction, for comple®, the nature of the mecha- of My/M, and a high donor capacity of the molecules can
nism is dissociative up to the generation of the first active be observed from the results obtained for DMSO, N&td
monomeric carbene specie, translating in the occurrence ofNHoMe. These results are similar to those of the complex
the first turnover. Thus, this could explain why the additives itself (Fig. 1).

do not affect the reaction in most of the cases studied using  An alternative explanation could be associated to the dis-
the complex2. However, as could be expected the case of solution of the leaving molecules, but this is uncertain since
THF, a molecule that could better stabilize the intermedi- the amounts of additive are very low (1-200 eq. in relation to
ate complexes acting as a poor coordinating solvent duringthe complex). This could be the case with compildr the

the substitution mechanism, would permit the ROMP reac- presence of THF, which was the only case where the yields
tion to proceed. This could also be the case WRNOH, where unaffected by any increase in the amount of additive
2,6-lutidine andPrSH which tend to promote an increase and the polymer chain are much more monodisperse.

in the yield, probably due a protection of the intermediates  Another interesting additive when using complgxs

by their steric hindrances, but their excess impairs the yield MeCN, which is known to be a poar-acceptor ligand. A
thus hardly affecting th&l,,/M,, ratio probably due theis- high yield and highM, values compared to those obtained
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in the absence of additive are observed, and the values Of[Ru(‘lg(PPh;)g(amine)x] +additive
Mw/My, being around 2. e

The influence of the additive is not correlated to the values
of pKa. The values of dielectric constant must not affect the additive | ﬂb
results since the volume added to the solution is very low

(0.04-20uL).

Complex1 is very reactive with an instantaneous quan-
titative reaction at room temperature for a molar ratio {(PPhs)(amine)(C1);Ru CHC(O)OEL
[NBE])/[RuU] =5000, but the molecular weight distribution is
significantly affected if the monomer is either added to the
solution in a single batch resulting My,/M, =1.90, or suc- Scheme 1.
cessively added in several batches resulting inamonodisperse
polymer Mw /M, = 1.05)[5]. Thus, the experiments were pro- duced using 2,6-lutidine (20%). In conclusion thereof, the
grammed to observe by how much the presence of the additiveMost probable effect of temperature is to discoordinate the
affected the reactivity of the complexes and the reaction prod- imidazole ligand, to which the Ru(ll) center has great affinity.
uct. First, the complexes were kept for 5min in contact with ~ The presence of addictives did not affect trens-form
the additives and the polymerization reaction later carried out contentin the obtained polymers (58-62%), as observed from
as usual. In the case of compléxthe polymer was isolated ~ the™H NMR spectra.
just after the addition of EDA and monomer while for com-
plex2, the polymer was isolated 5 min later at3Dafter the
addition of monomer and EDA. It was thus possible to ver-
ify the amount of monomer consumed in terms of turnover
number (TON) during a short period of time by observing val-
ues of turnover frequency (TOF) without extending the time.
In similar studies with the second-generation Grubbs cata-
lysts, the polymer was isolated after 20 h in most cf34&34,
resulting in high yields and high TON, but the TOF values
were very low &1 min~1). Based on the above comparison,
it can be concluded that the system in the present work was
much more active even though affected by an additive. As
earlier mentioned, it is assumed that the additive coordinates
to the Ru(ll) center. If this occurs, the high TOFs obtained
are good results, even though the reaction is very slow, which
would explain the decrease in the yields. What seems eviden
in the present case is a decrease in the yield during a sho
period of time. It is believed that the TON would increase
with time thus decreasing the TOF, since the propagation
reaction would increase the polymer chains, and the additive
molecules losing the interaction with the metal center.

In the case of the experiments with complixvalues
of yields were reproduced in the presence of 10 eq. of THF
(68%), 2,6-lutidine (47%) or NEMe (no polymer formed)
when NBE and EDA were immediately added to the solution
just after the addition of the additive. This shows the sen-
sibility of the five-coordinated initiatot in the presence of Acknowledgements
other molecules. On the other hand, it is important to high-
light the importance of the temperature of &in the case The authors are indebted to the Brazilian financial support
of six-coordinated compleX When this complex was leftin  from the FAPESP (Proc. 00/11443-0), CNPq and CAPES for
presence of THF for 5min at 5@ and the solution cooled  research grants and fellowships, and to Professor Douglas
down to room temperature, no polymer was formed upon the wagner Franco (IQSC/USP) for permission to use his GPC
addition of NBE and EDA. However, reducing the period of equipment.
time in the presence of an additive for 2 min at°&Dfol-
lowed by the addition of NBE and then leaving the solution
for another 3 min at 50C, the solution became very viscose References
with 57% of polymer isolated upon addition of EDA, a result
similar to that obtained before. The results were also repro- [1] D. Astruc, New J. Chem. 29 (2005) 42 (and references therein).

{RuCly(PPh;)(amine)(additive)y }

+ N,CHC(O)OEt

n

4. Conclusions

Based on the results obtained, it can be concluded that
small amounts of the donor solvents used such as additives
can hardly affect the reactivity of the complexeand2. It is
suggested that the donor atom of these molecules coordinate
to the metal center, hence poisoning its reactivity. However,
some additives such as THF, MeCN, or 2,6-lutidine showed
benefits in the yieldW,, andMy,/M,, values, since they seem
to stabilize the intermediates with low coordination number
because they are poefr-coordinating molecules or present
a large steric hindrance, propitiating the reaction with EDA
and monomer. This fact probably increases the number of Ru
species capable of initiating the ROMP reaction at the same
rttime, thus favoring th&l,,/Mp, values. This means, that such
boor coordinating molecules rearrange the initiation of the
polymerization process. A proposed sequence of reactions is
illustrated inScheme 1

On the whole, the results of the present study suggest that
additives, when used in polymerization reactions, can modify
the values oM, andM,/M. Notwithstanding, this assump-
tion deserves a closer attention since these solvents can be
present as impurity, changing the results of the reactions.
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