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Introduction

Living ring-opening metathesis polymerization (ROMP) offers powerful
routes to designer materials, with applications ranging from biomedicine to
microelectronics.*? Of particular interest are ruthenium initiators that tolerate
exposure to trace oxygen and water without deleterious effects on polymer
properties. Despite the large number of ruthenium metathesis catalysts,
however, remarkably few are capable of living ROMP (Figure 1c). For the
controlled assembly of oligomers relevant to corneal tissue engineering,®
even these few suffer from key limitations: in particular, they are difficult to
remove from the target materials, and they exhibit too great an extreme of
reactivity. Ru-pseudohalide catalysts offer potential solutions to both issues:
replacement of the chloride atoms facilitates fine-tuning of reactivity (which
could enable access to initiators intermediate between the extremes of 1 and
2a), while the polarity of the aryloxide ligand facilitates chromatographic
removal of Ru residues.® No systematic study of the pseudohalide initiators in
context of ROMP has thus far been undertaken. Here we report the ROMP
behaviour of nine RuXX'(IMes)(py)(=CHPh) initiators. Analysis of the roles
of ligand geometry, the electronegativity and charge properties of the donor
atom, and the capacity of the aryloxide substituents to mediate ligand-ligand
interactions, aid in elucidating optimal design criteria.
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Figure 1. (a) Generic ROMP reaction. (b) Monomers investigated in this
study. (b) Ru initiators capable of living ROMP.

Experimental

General considerations and materials. All reactions were carried out
in a glovebox under N, at ambient drybox temperatures (22-24 °C). Dry,
oxygen-free CH,Cl,, CsHg or hexanes were obtained using a Glass Contour
solvent purification system and stored over Linde 4 A molecular sieves.
Pentane (Fisher) and CDClI; (Cambridge Isotopes) were distilled from Na and
CaH,, respectively, freeze-pump-thaw degassed, and stored over Linde 4A
molecular  sieves. Ampoules of THF-dg (Cambridge Isotopes),
perfluorothiophenoxide and thallium ethoxide (Aldrich) were used as
received. Cyclooctene (Aldrich) was distilled, degassed as above, and stored
under N,. Monomer M-2 was prepared as reported and purified as for
cyclooctene. Octafluorobinaphtholate was prepared as reported.* Initiators 2a,®
4.°5°8a,°8b,” 9a° and 9b°® were synthesized as previously described.

Instrumentation. *"H NMR (300 MHz) spectra were recorded on a
Bruker Avance-300 spectrometer: chemical shifts are reported relative to TMS
(*H, BC) at 0 ppm and CgHsCF; (*°F) at —63.72 ppm. Polymer molecular
weights and polydispersities were measured on a Wyatt Technology DAWN
light-scattering GPC instrument equipped with an Optilab DSP refractometer,
using the system and column configuration previously described.®

General procedure for ROMP Kinetics. To a solution of cyclooctene
(50 pL, 0.39 mmol) in CDClI; (3.85 mL) was added 4 (10 pL, 1.95 umol) from
a 0.195 M stock solution in CDCIs. After vigorously stirring for one minute,
0.75 mL of the solution was transferred to an NMR tube and set to spin at a

rate of 20 Hz in the NMR probe. Conversions were determined at regular time
intervals by monitoring the integrated intensities of olefinic signals for the
monomer and polymer in time-arrayed *H NMR experiments. Turnover
frequencies were determined at 50% conversion (TOFs), as the solution
became slightly viscous at higher conversions.

Representative synthesis of poly(M-2). A solution of M-2 (97 mg, 0.70
mmol) in 1 mL CH,Cl, was added to initiator 8a (5.2 mg, 70 umol, 1 mol%)
in 6 mL CH,Cl,, stirred vigorously until ROMP was complete by 'H NMR
analysis, and treated with 0.5 mL ethyl vinyl ether. The resulting solution was
stripped, reprecipitated (CH,Cl,-methanol), dried under vacuum, weighed, and
analyzed by light-scattering GPC. For yields, see Table 1.

Synthesis of TI(SCsFs). A solution of HSCsFs (1.0 mL, 7.5 mmol) in 20
mL CgHs was treated with TI(OEt) (1.53 g, 7.5 mmol, 1 equiv) in 2 mL C¢Hs
and stirred overnight. The white precipitate was collected by filtration, washed
with hexanes and dried under vacuum. Yield 1.15 g (76%).

Synthesis of 6. To a solution of 2a (200 mg, 0.28 mmol) in 20 mL Cg¢He
was added TI(SCeFs) (223 mg, 0.56 mmol, 2 equiv). After 15 min, the
suspension was filtered through Celite. The filtrate was stripped to dryness,
reprecipitated from 10 mL of pentane (78 °C), and the solid was collected by
filtration and dried overnight. Yield 55 mg (20%; limited by high solubility).
6a: "H NMR (CgDe): & 19.19 (s, 1H, RUCH), 8.54 (s, *Jun = 7.53, 2H, ArH),
7.60 (br s, 2H, ArH), 7.23 (t, 3y = 7.1, 1H, ArH), 6.42 (br s, 1H, ArH), 6.19
(br s, 2H, ArH), 5.84 (br s, 1H, ArH), 5.41 (s, 2H, NCH), 2.85-2.34 (br s,
12H, CHj;), 2.34-1.97 (br s, 6H, CH3). A proportion of the cis isomer 6b
crystallized from a solution of 6a left to stand in CsDs for 5 days (6a:6b ratio
3:1). 6b: *H NMR (CeDs): 8 18.20 (s, 1H, RUCH). “*F{*H} (C4Ds): 8 —56.2 (d,
®Jer = 26.82, 2F), —88.6 (t, *Jer = 21.74, 1F), —91.0 (t, *Jgr = 22.3, 2F).

Synthesis of 7. To a solution of 2a (668 mg, 0.922 mmol) in 20 mL
CsHs was added TI,(0,CxH4Fs) (772 mg, 0.922 mmol). The reaction was
stirred for 16 h, then filtered through Celite. The product was washed through
with 20 mL THF, and the filtrate reduced to dryness. Yield 512 mg (66%). *H
NMR (THF-dg): 8 19.23 (s, 1H, RUCH), 7.85 (d, *Jun = 9.3 Hz, 1H, OCCH),
7.81 (dd, *Jun = 5.1, “Jun = 3.0, 2H, ortho py), 7.51 (tt, *Jun = 7.5, “Jus = 3.0,
1H, para py), 7.40 (s, 2H, NCH), 7.35 (d, *Ju = 9.3 Hz, 1H, OCCH), 7.16-
7.11 (m, 3H, ortho and para Ph), 7.08 (d, *Ju4 = 9.3 Hz, 1H, OCCHCH), 7.04
(br's, 2H, Mes Ar), 6.97 (br s, 2H, Mes Ar), 6.91 (br t, *Juy = 7.2 Hz, 2H, py),
6.80 (t, *Jun = 7.8 Hz, meta Ph), 6.57 (d, *Jun = 9.3 Hz, 1H, OCCHCH), 3.64—
3.58 (m, 2H, THF), 2.55 (s, 6H, Me), 2.13 (s, 6H, Me), 1.85-1.75 (br s and m
overlapping, 8H, Me, THF).®C{*H} NMR (THF-dg): & 310.2 (s, Ru=CH),
184.6 (s, NCN), 172.3 (s, OC), 166.5 (s, OC), 156.3 (s, CH, ortho py), 155.2
(s, ArC), 140.6 (s, C, Mes), 138.4 (s, C, Mes), 137.2 (s, C, Mes), 137.0 (m,
ArC), 135.7 (m, ArC), 131.0 (m, ArC), 130.3 (m, ArC), 129.5 (m, ArC), 128.8
(m, ArC), 128.6 (m, ArC), 128.5 (m, ArC), 127.8 (m, ArC), 127.4 (m, ArC),
127.0 (s, CH, bino), 126.2 (s, CH, NCCN), 124.6 (s, CH, bino), 124.3 (m,
ArC), 123.0 (br, C, bino), 118.5 (m, CH, bino), 114.0 (m, C, bino), 113.8 (m,
C, bino), 21.3 (s, CH3, Mes), 18.3 (s, CHs, Mes), 18.2 (s, CHs, Mes). *F{*H}
NMR (THF-dg): =73.09 (t, *Je = 16.0, 1F), —73.26 (t, 3Ji¢ = 15.6, 1F), —80.72
to —80.87 (m, 2F), —91.47 (t, *Jgr = 18.7, 1F), —92.15 (t, 3Jg = 19.0, 1F), —
98.03 (d, *Jg = 19.7, 1F), -98.17 (d, *Jgr = 19.3, 1F). IR (Nujol, cm™) v(C=C)
1663, 1601, 1565 cm™.

Results and Discussion

Cis-anionic ligand geometries have been found to retard initiation for
both Ru-catecholate® and Ru-dichloride® catalysts, with deleterious
consequences for controlled ROMP. The geometry of the new initiators is thus
of key importance. Treating dichloride 2a with two equivalents of TI(SCsFs)
effects quantitative transformation into a new product within 15 min at room
temperature. We assign this species as trans-6a given the observation of only
three *°F resonances in the ratio of 1:2:2. Slow isomerization to cis-6b (driven
by m-stacking of the fluorinated aromatic rings; a similar phenomenon was
reported for 4)° is observed in Cg¢Dg, as indicated by emergence of the
expected six '°F signals; yields of 6b reach 25% after five days. Selective
precipitation of 6b occurred over the course of one week. For the ROMP
study, crystalline 6b was used, while the kinetic product 6a was generated
cleanly in situ by reacting 2a with two equiv TI(SCeFs) for 15 min.

Complex 7 was prepared in the same manner by treating 2a with
TI(0O,CxH4Fg). Pure 7 was obtained by crystallization from a concentrated
THF solution; the crystals were used for the ROMP study.
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Preliminary experiments were aimed at benchmarking the ROMP
activity of pseudohalide catalysts 4-7 against that of 2a. ROMP of cyclooctene
(M-1) was chosen as a probe reaction, as the lower reactivity of this monomer
relative to norbornene derivatives facilitates NMR screening. The results of
this primary screen are shown in Figure 3a.
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Figure 2. Ru-pseudohalide ROMP initiators explored in this study.

Several reactivity trends can be extracted. First, the ligand geometry is
again found to be critical: trans-disposition of the anionic (and,
correspondingly, the neutral donors) improves overall activity, as evidenced
by the nearly threefold increase in TOFs, for 6a, vs. 6b. The positive
correlation between trans-geometry and metathesis activity thus appears to be
independent of the nature of the anionic ligands. Secondly, comparison of the
O-bound and S-bound initiators, corrected for constant geometry, reveals that
the latter are more reactive (TOFs, for 4: 0.3; 6b: 0.5 min™), consistent with
our prior observation that less electronegative anionic donors (i.e. higher pK,)
enhance overall activity.® Intriguingly, however, the binaphtholate derivative 7
is the most reactive of the bis-pseudohalide initiators, despite the enforced cis-
arrangement of the anionic ligands, and the presence of two O-donor atoms.
An explanation may lie in the different spatial arrangement of the
binaphtholate vs. monodentate  aryloxide ligands. Within  bis-
perfluorophenoxide 4, the fluorinated aromatic rings are essentially coplanar,
minimizing steric pressure on the neighboring pyridine ligand. The greater
orthogonality present in 7 may promote a greater degree of inter-ligand
interaction, which facilitates pyridine decoordination. The higher reactivity of
this complex is of keen interest for the use of this cis-anionic, atropisomeric
ligand in asymmetric metathesis.
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Figure 3. Activity of RuxXX'(IMes)(py)(=CHPh) initiators in ROMP of (a) M-
1 and (b) M-2. Conditions: (a): [M-1] = 0.1 M in CDCls, 23 °C, M:I = 200:1.
(b) [M-2] = 0.1 M in CH,Cl,, 23 °C, M:I = 100:1. 2a (H), 4 (®), 5 (®), 6a
(#),6b (M), 7 (A), 8a(A) 8b(®) 9 (H), 9 (A).

The high incidence of chain-transfer characteristic of ROMP
polyoctenes obscures the primary control over polymer properties exerted by a
given initiator. In polynorbornenes, such chain-transfer events are disfavored
by higher bulk and rigidity. We thus explored the effect of the pseudohalide
ligands on polymer chain lengths and polydispersities in ROMP of M-2
(Table 1). The reactivity trends observed for M-1 are maintained for M-2:
that is, initiators bearing cis-disposed anionic ligands are less reactive than
those featuring a trans arrangement of these ligands (Figure 3b). Examination
of the GPC data, however, reveals poor chain-length control for all of the
pseudohalide catalysts, although reasonable polydispersities are obtained for
8a/b. Measurement of ky/k; ratios for 4 and 5 reveals very slow initiation
relative to propagation, in comparison to 2a, the current state of the art. For
the catecholates 8-9, very low initiation efficiency (1.E.) prevents observation

of the propagating species: the GPC data demonstrate that initiation is slowest
for the electron-deficient catecholates. Of note, however, these systems
demonstrate that within a constant steric environment, initiation rates are less
sensitive to inductive effects than propagation (Table 1).5

Comparison of the behaviour of 2a and 5 demonstrates that while overall
reaction rates, as indicated by TOF,, decline slightly on replacing chloride by
perbromaryloxide, the LLE. is dramatically affected, decreasing by nearly an
order of magnitude. That is, initiation is much more strongly affected than
propagation. Of interest is the contrast with the catecholate systems. The
difference may reflect the known capacity of the perbromoaryloxide ligand to
chelate to the metal center via a pendant bromine, which could impede
initiation. Both properties point toward detrimental effects on controlled
ROMP associated with the electron-withdrawing OAr unit.

Table 1. Data for ROMP of M-2.

Init  Time  Conv®  Yield M, (x100 PDlI  ky/k’ Rel. TOFq
(h) (%) (%) %) IE’

2a 016 100 91 15.0 110 5 590 313

4 12 68 43 37.5° 135 114 - 5

5 0.33 100 82 138 148 82 64 250

8a 15 100 92 1300 112 - 7 87

8b 25 100 <) 1500 113 - 6 34

9a 4 100 91 3200 123 - 3 14

9 20 100 89 8800 17 - 1 1

@06 Conversion to polymer at time stated ("H NMR). ° Isolated yield. CAvera%e of
two experiments; measured in duplicate for each; +2-6%. Calcd: 13.8 x 10° Da
except for 4: 9.38 x 10° Da. ¢ Determined by the reported method;® — indicates no
observable propagating species. ° Relative initiation efficiency normalized to values
for the slowest-reacting catalyst. Values extracted from M, data at 100%
conversion; 1Erel = [Mn, catca)/Mn, exptt J/[Mn, catca fOr 9b)/Mp, expn for 9b)].

Conclusions

The foregoing demonstrates a broad range of reactivity in ROMP of
cyclooctene and norbornene monomers via a range of Ru-pseudohalide
metathesis initiators. The goal of achieving reactivity intermediate between
that of 1 and 2a is not achieved, but key design criteria for improved
performance can be extracted. These include trans-disposition of the anionic
ligands in the initiator and the living polymer; use of donor atoms of lower
electronegativity than oxygen (or, ideally, chloride); and incorporation of this
donor within a ligand set that maintains polarity, but is not electron-
withdrawing. The latter underscores the need for new pseudohalide ligands:
ligand systems in which the donor atom is pendant on an aryl ring are limited
by either cis-chelation, or the need for electron-withdrawing substituents to
prevent m-coordination, both of which retard turnon efficiency and thus
compromise control over chain lengths. Current studies focus on exploring
new pseudohalide ligands that meet these criteria, promoting initiation while
retaining sufficient polarity for easy polymer purification.

Acknowledgements. The authors thank NSERC for financial support.

References

(1) Leitgeb, A.; Wappel, J.; Slugovc, C., Polymer 2010, 51, 2927-2946.

(2) a) Fogg, D. E.; Foucault, H. M., "Ring-Opening Metathesis
Polymerization." In Comprehensive Organometallic Chemistry Ill,
Crabtree, R. H.; Mingos, D. M. P., Eds. Elsevier: Oxford, 2007; Vol. 11,
pp 623-652. b) Merrett, K.; Liu, W.; Mitra, D.; Camm, K. D.;
McLaughlin, C. R.; Liu, Y.; Watsky, M. A.; Li, F.; Griffith, M.; Fogg,
D. E. Biomaterials 2009, 30, 5403-5408.

(3) Conrad, J. C.; Parnas, H. H.; Snelgrove, J. L.; Fogg, D. E., J. Am. Chem.
Soc. 2005, 127, 11882-11883.

(4) Yudin, A. K.; Martyn, L. J. P.; Pandiaraju, S.; Zheng, J.; Lough, A., Org.
Lett. 2000, 2, 41-44.

(5) Conrad, J. C.; Amoroso, D.; Czechura, P.; Yap, G. P. A,; Fogg, D. E.,
Organometallics 2003, 22, 3634-3636.

(6) Monfette, S.; Camm, K. D.; Gorelsky, S. I.; Fogg, D. E.,
Organometallics 2009, 28, 944-946.

(7) Monfette, S.; Fogg, D. E., Organometallics 2006, 25, 1940-1944.

(8) Ung, T.; Hejl, A.; Grubbs, R. H.; Schrodi, Y., Organometallics 2004, 23,
5399-5401.

(9) Bazan, G. C.; Khosravi, E.; Schrock, R. R.; Feast, W. J.; Gibson, V. C.;
O'Regan, M. B.; Thomas, J. K.; Davis, W. M., J. Am. Chem. Soc. 1990,
112, 8378-8387.

Polymer Preprints 2011, 52(1), 245



