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Abstract : The half-sandwich molybdenum(I11) complex CpMoClz('Pr.-dad) (Pro-dad = 'Pr-
N=CH-CH=N-'Pr) proved to be an effective metal catalyst for the controlled radical
polymerization of methyl acrylate, butyl acrylate, and styrene. In conjunction with an alkyl
iodide [R-1 : CH3CH(COOEU)I] as an initiator and in the presence or absence of Al(O-i-Pr)zas
a co-catalyst, the molybdenum-based system gave polymers with narrow molecular weight
distributions. The in-situ addition of styrene to a macroinitiator of poly(methylacrylate)

afforded an AB-type block copolymer.

Introduction

Controlled radical polymerization has become a heavily investigated area of research
due to its high tolerance of polar functionalities and the ability to develop well defined
macromolecular architectures.r” Transition metal mediated controlled radical polymerisation
has attracted considerable attention with many different catalyst systems based on Cu(l),3°
Fe(1),%520 Ni (11, 0),272 Ru(ll),?*?" Re(V),2® Mo(V and I111),232 Pd(0),* Co(Il)* and
Rh(1)*% Dbeing studied. Our recent discovery that complexes CpMoCl(PMes), and
CpMoClz(dppe) are able to control the radical polymerization of styrene by two different
mechanisms simultaneously, i.e., ATRP and SFRP,* prompted us to extend our study to other
half-sandwich Mo complexes with different ligands. Recently, we have reported the
controlled radical polymerization of styrene with new CpMoCl2(R2-dad) complexes (Rz-dad =
RN=CH-CH=NR with R = Ph, p-Tol, 2,6-'Pr.CsHs and 'Pr) under typical SFRP (Stable Free
Radical Polymerization) and ATRP (Atom Transfer Radical Polymerization) conditions. The
SFRP polymerization occurs by using the Mo(Ill) complex in conjunction with 2,2’-

azobis(isobutyronitrile) (AIBN) as a conventional radical initiator (the dormant species being



an alkylmolybdenum(lV)-terminated polymer chain), whereas the ATRP polymerization
occurs by using the Mo(111) complex and 1-bromoethylbenzene as an initiator.32

In this paper, we present results demonstrating that CpMoCl(‘Pr.-diazadiene) is an
efficient catalyst for the controlled free radical polymerization of methyl acrylate, butyl
acrylate, and styrene, in the presence or absence of a catalytic promoter. We demonstrated
that an iodide initiator works better for acrylates like in copper-mediated ATRP® and works
well for styrene like in ruthenium- and rhenium-based ARTP.238 As an extension of this
investigation, we present the polymerization of methyl acrylate followed by styrene to afford
the respective block copolymer, representing the first report of a block co-polymer prepared

with a molybdenum-based catalyst.

Results and Discussion

Homopolymerization of methyl acrylate. The polymerization of acrylate monomers under
ATRP conditions with a molybdenum based catalyst complex has not been reported to date.
Styrene has been reported to be polymerised by ATRP with Mo based systems but previous
attempts to polymerise the acrylates via ATRP with complexes CpMoCl:L, (L = PMes or L.
= n*-C4Hs) was unsuccessful.® A first attempt to carry out the ATRP of methyl acrylate using
CpMoCly("Pr-diazadiene)/BrEA (BrEA = CH3CH(Br)COOEt) at 80 °C in toluene solution
(30% v/v) yielded no polymer after 24 hours. A small conversion (about 2%) was observed
for the same mixture at 100 °C after 24 hours. This prompted us to use an iodide based
initiator, since faster ATRP processes have been observed for the Cp*RuCI(PPhz)2/Al(O-i-
Pr)s/RX initiating system when using iodide initiators instead of the bromide analogues due to
the relatively weak C-I bond.*® Using CH3CH(I)COOEt) (IEA) as an initiator under the same
conditions as described above yielded the results shown in Figure 1. The polymerization

exhibited excellent linear correlation of the M, as a function of conversion and a decrease in



PDI throughout the reaction, although the initiator efficiency (f) was low.*® The f factor is

calculated as the ratio between the theoretical slope and the slope of the least-squares fit of the

experimental data for the Mn vs. conversion plot with the imposition of a zero intercept.
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Figure 1. M, (black dots) and PDI (open triangles) vs. conversion for the polymerization of

methyl acrylate using CpMoCla('Pr.-diazadiene)/IEA (MA/Mo/IEA = 140/1/1) in
toluene (30% v/v) at 100 °C. The straight line is the least squares fit of the
experimental data (f = 0.6).

The polymerisation follows first order kinetics as would be expected for a living

polymerisation (see Figure 2). However, the apparent first order rate constant is low (1.2x10®

s'1) with six days being required to obtain 50% conversion. In an attempt to increase the

polymerisation rate, we utilised the Lewis acid activator Al(O-i-Pr)s, which is known to

accelerate the ATRP for other systems.*™® Indeed, the presence of AI(O-i-Pr); had a

dramatic effect on the polymerisation rate (see Figure 3), with Kapp increasing to 1.7x10° s’

for Al/Mo = 1.
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Figure 2. First order kinetic plot for the polymerisation of MA obtained in the presence of
CpMoCl('Prz-diazadiene)/IEA (MA/MJ/IEA = 140/1/1) in toluene solution (30%

v/v) at 100 °C.
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Figure 3. Polymerisation conversion vs. time for PMA in the presence of CpMoCl('Pr-
diazadiene)/IEA in toluene solution (30% v/v) at 100 °C and variable amounts of

Al(O-i-Pr)s. [Mal/[IEA/[Mo]/[ AI(O-i-Pr)s] = 15L/L11 (m);
[Ma]/[IEA)/[MO]/[AI(O-i-Pr)s] = 171/1/1/0.5 () ; [Ma]/[IEA]/[Mo] = 140/1/1
(¢).

The polymerisation rate increased with the concentration of aluminum compound, as
expected. Even under these reaction conditions, the Mn increased linearly with conversion
and the PDIs remain relatively low, indicating that the polymerisation remained controlled
although still characterized by low f values.*® Results consistent with living-type

polymerisation with fast initiation and little or no termination were obtained at a lower



temperature (80 °C, see Figure 4). The PDIs obtained were narrower (1.16< Mw/M, <1.24)
with a higher initiator efficiency. 50% conversion was reached at this temperature after only
24 hours.

The intervention of degenerative transfer processes has been recognized as a possibility
during ATRP when using iodide initiators.*#4> In order to test for this possibility, we have
carried out the following experiments. A polymerization of MA carried out in the presence of
AIBN as a source or radicals, IEA and the aluminum co-catalyst but in the absence of the Mo
complex ([MAJ/IEA/AI/AIBN = 170/1/1/0.5) at 80°C yielded 95% conversion in 85 min and
a polymer with Mn = 11262 (PDI = 2.76), vs. a theoretical Mn of 4600. A similar experiment
carried out in the absence of AIBN ([MA]/IEA/AlI = 151/1/0.5) at 100°C gave 22.7%
conversion in 762 min and the resulting polymer had Mn = 26942 (PDI = 1.76), vs. a
theoretical Mn of 2981. Clearly, a degenerative transfer mechanism does not play a
significant role for the control of this polymerization. However, it cannot be excluded that,
under the much lower radical concentration conditions of the ATRP process, such
degenerative transfer contributes to better control the chain growth and reduce the effective

polymerization rate.
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Figure 4. (a) Mx (black dots) and PDI (open triangles) vs. conversion for PMA obtained in
the presence of CpMoCl('Pro-diazadiene)/Al(O-i-Pr)s/IEA (MA/Mo/Al/IEA =
171/1/1/1) in toluene solution (30% v/v) at 80 °C. The straight line is the least
squares fit of the experimental data (f = 0.85) (b) Size exclusion chromatograms of
the polymer samples reported in part (a).

Given the dramatic increase in the polymerisation rate on the addition of Al(O'Pr)s, we
also examined the effect of adding the AI(O'Pr)s in a polymerisation initiated by a bromide
initiator. The rate of polymerisation was substantially increased, even at 60 °C (51 %
conversion after 21 h). Conversely, the molecular weight control was poor, with observed
PDI’s > 2. This may result from the absence of degenerative exchange processes as compared

with the iodide-initiated polymerization.

Homopolymerization of n-butyl acrylate.

Butyl acrylate (nBA) was polymerised using the CpMoCl,('Pro-dad)/IEA system in
xylene (120 °C), toluene (100 °C), and in the presence and absence of Al(O-i-Pr)s (see Figure
5). The rate of polymerisation increased with temperature and with catalytic promoter, as
expected. The lowest PDIs (1.30< Mw/My <1.46) were obtained at 100 °C in the presence of

AIl(O-i-Pr)s (Figure 6).
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Figure 5. Polymerisation conversion vs. time for PBA in the presence of CpMoCl('Pr-
diazadiene) in solution (30% v/v). [Ba]/[IEA]/[Mo]/[AI(O-i-Pr)s] = 155/1/1/0.5, T
= 100°C (w); [Ba)/[IEA)/[MO]/[AI(O-i-Pr)s] = 150/1/1/0, T = 120°C (=);
[Ba]/[IEA]/[Mo]/[AI(O-i-Pr)s] = 155/1/1/0, T = 100°C ().
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Figure 6. My (diamonds) and PDI (triangles) vs. conversion for PBA obtained in the presence
of CpMoCl('Pro-diazadiene)/Al(O-i-Pr)s/IEA (BA/Mo/AI/IEA = 155/1/0.5/1) in
toluene solution (30% v/v) at 100°C. The straight line is the least squares fit of the
experimental data (f = 0.85).

It is interesting to observe that the initiator efficiency is greater in the absence of the
Al(O-i-Pr); for this reaction, whereas the opposite trend has been observed in another case.*
The collective results shown so far demonstrate that the CpMoClz('Pro-diazadiene)/IEA/AI(O-
i-Pr)s initiating system is effective for the controlled/living radical polymerisation of acrylates

with different alkyl groups.

Homopolymerization of styrene.

We have recently shown that styrene can be polymerised by ATRP in bulk at 90 °C
using CpMoCl,('Pr.-diazadiene) and 1-bromoethylbenzene (BEB) as an initiator.3? In order to
know if a macroinitiator of poly(methyl-acrylate)-CH.CH(COOMe)l would be able to initiate
the styrene polymerisation and yield a block copolymer, we carried out a polymerisation of

styrene with the CpMoClz('Pr.-dad)/IEA/AI(O-i-Pr)s initiating system in solution at 90 °C.



The results, shown in Figure 7, demonstrate that the polymerisation seems to be better
controlled under these conditions relative to those previously reported (greater polymerisation

rate and lower PDIs).
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Figure 7. (a) Mn (black circles) and PDI (open triangles) vs. conversion for PS obtained in
the presence of CpMoCl('Pro-diazadiene)/Al(O-i-Pr)s/IEA (S/Mo/Al/IEA =
141/1/1/1) in toluene solution (30% v/v) at 90 °C. The straight line is the least
squares fit of the experimental data (f = 0.55). (b) Size exclusion chromatograms
of the polymer samples reported in part (a).

As for the MA polymerisation described above, we considered it interesting to
examine the effect of Al(O-i-Pr)s; on a polymerisation initiated by a bromide initiator. As for
that case, the My increased linearly with the conversion with f close to unity, but the PDIs

were very high (> 2).

Block Copolymerization

On the basis of the living homopolymerisations of both methyl acrylate and styrene with
an acrylate initiator, a sequential block co-polymerisation of MA and styrene was examined
with the molybdenum-based catalyst. MA was first polymerised with CpMoCl2('Pr.-dad)/IEA

coupled with AI(O-i-Pr); at 80°C in toluene. After 31% consumption of MA, the residual
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monomer and the toluene solvent were removed by evaporation (a *H NMR spectrum of this
mixture showed the absence of residual MA) and a fresh solution of styrene in toluene was
added to the poly(MA). As shown in Figure 8, the molecular weight distribution shifted to
higher molecular weights while retaining a relatively narrow molecular weight distribution.
These results show that each step of the sequential polymerisation is well controlled and

virtually free from chain transfers and terminations to give homopolymers.

PMa-PS
Ip=1.41 PMa-PS
Mn = 7980-3480 Ip=1.40

Mn = 7980-9940

Styrene addition —

PMa
Ip=1.23
Mn = 7980

17 15 13 11
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Figure 8. Size-exclusion chromatograms of the polymers obtained during the block
polymerisation of methyl acrylate and styrene in the presence of CoMoClz('Pr2-
diazadiene)/Al(O-i-Pr)s/IEA (Ma/Mo/Al/IEA = 174/1/1/1) in toluene solution
(30% v/v) at 80 °C and 128 equivalent of styrene (addition).

Figure 9 shows 'H NMR spectra of the PMA-b-PS obtained, showing signals of the
styrene repeat units and those of the MA units. Furthermore, the two small absorptions a and
b at § 4.16 and 5.00, respectively, correspond to the ethyl CH2 group?® contained in the
initiator at the MA chain, and to the terminal proton adjacent to the iodine atom at w-end.?®4
No vinyl groups are visible on this spectrum. The M, calculated from the peak intensity ratios
c/a and d/a were 8280 and 9260, respectively, in close agreement with those obtained by size-

exclusion chromatography [My (SEC) = 7980 and 9940].
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Figure 9. H-NMR spectrum of the PMA-b-PS sample with Mn = 7980-9940 shown in
Figure 8.

Conclusion

The CpMoCl("Pro-dad)/IEA/AI(O-i-Pr)s initiating system is capable of controlling the
radical polymerisation of methyl and butyl acrylates and styrene. AB-type block copolymers
of MA and styrene have been obtained by the ternary initiating systems. Furthermore, the
Al(O-i-Pr)z compound plays a role as co-catalyst also in combination with this family of

organometallic Mo complexes.

Experimental Section

General remarks. All reactions were carried out under an atmosphere of dry and
oxygen-free argon using standard Schlenk techniques. Styrene was washed with an aqueous
NaOH solution (10%), followed by water, then dried over MgSO4 and finally distilled at 25°C
under reduced pressure. Methyl and butyl acrylate were passed through an alumina column
and then distilled under argon. Toluene and xylene were purified by distillation under argon

after drying over sodium benzophenone ketyl. (1-Bromoethyl)benzene and 2-
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bromopropionate were purchased from Aldrich Chemical Co and degassed before use. Al(O-
I-Pr)s (Aldrich) was used as received and handled in a glovebox under dry and oxygen-free
argon. Compounds CpMoClz('Pr-dad)®? and CHsCH(I)COOEt (IEA)*" were obtained
according to previously described synthetic procedures.

Polymerization Procedures. All ATRP polymerisation reactions were conducted
following the same experimental procedure. A typical procedure is described as a
representative example. CpMoClx("Pr-dad) and Al(O-i-Pr)s were added to a 25 mL Schlenk
tube equipped with a stirring bar. Styrene, toluene and 2-iodopropionate were added to the
reaction flask by a syringe after a 20 min Ar purge. The Schlenk tube was immersed in an oil
bath heated at 90°C. Aliquots were withdrawn periodically for monitoring.

Measurements. The MWD, M, and Mw/M, of the polymers were measured by size-
exclusion chromatography (SEC) using THF as eluent (1mL/min) at room temperature on two
polystyrene gel columns (B Jordi) equipped with a refractive index detector. The columns
were calibrated against standard polystyrene and PMMA (for PMA and PBA) (Polymer
Laboratories). The M, of PMA and PBA were corrected by using the Mark-Houwink
coefficients of ref. [48,49]. 'TH NMR spectra were recorded in CDCls at 25°C on a Brucker
500 MHz spectrometer. The peaks positions are reported with positive shifts in ppm
downfield of TMS, as calculated from residual solvent peaks.
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Supporting Information
Tables of experimental and theoretical Mn and PDI as a function of conversion for all

ATRP processes (3 pages).
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