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Tuning ligand electronics and peripheral
substitution on cobalt salen complexes:
structure and polymerisation activity†‡

Linus Chiang,a Laura E. N. Allan,b Juan Alcantara,a Michael C. P. Wang,a Tim Storr*a

and Michael P. Shaver*b

A series of cobalt salen complexes, where salen represents an N2O2 bis-Schiff-base bis-phenolate frame-

work, are prepared, characterised and investigated for reversible-termination organometallic mediated

radical polymerisation (RT-OMRP). The salen ligands contain a cyclohexane diimine bridge and systemati-

cally altered para-substituted phenoxide moieties as a method to examine the electronic impact of the

ligand on complex structure and reactivity. The complexes are characterised by single crystal X-ray

diffraction, cyclic voltammetry, X-ray photoelectron spectroscopy, electron paramagnetic resonance

spectroscopy and computational methods. Structural studies all support a tailorable metal centre reactiv-

ity altered by the electron-donating ability of the salen ligand. RT-OMRP of styrene, methyl methacrylate

and vinyl acetate is reported and suggests that cobalt–carbon bond strength varies with the ligand sub-

stitution. Competing β-hydrogen abstraction affords long-chain olefin-terminated polymer chains and

well controlled vinyl acetate polymerisations, contrasting with the lower temperature associative

exchange mechanism of degenerative transfer OMRP.

Introduction

Metal complexes of tetradentate salen (salen is a common
abbreviation for N2O2 bis-Schiff-base bis-phenolates) ligands
have received considerable attention in transition metal chem-
istry due to their relative ease of synthesis, ability to form
stable complexes with many metals in a variety of oxidation
states and versatility as catalysts for important organic
transformations.1–9 Notable examples of catalysis include Mn
salen olefin epoxidation,1,2 Co salen hydrolytic kinetic resolu-
tion of epoxides,10 Co salen enantioselective polymerisation of
epoxides,11,12 and Cr/Co salen coupling of CO2 and epox-
ides.5,9,13 The modular synthesis of the salen framework
allows easy tuning of both sterics and electronics, providing a
means to study how subtle changes to the ligand framework
influence reactivity.

In many cases the steric and electronic properties of the
salen ligand exerts a profound effect on the reaction outcome.
For example, enantiomeric excess (ee) values for the Mn salen
– catalysed asymmetric epoxidation of pro-chiral olefins
depends on the nature of the chiral diimine bridge and the
identity of the ortho- and para-ring substituents.2,14–16 While
the ortho-ring substituents primarily provide steric bulk to
influence substrate approach, the electron-donating ability of
the para-ring substituents has a significant effect on the reac-
tion outcome by altering the position of the transition state
along the reaction coordinate.14,15 In the case of Mn salen
complexes, electron-donating para-ring substituents lead to a
late transition state and afford the highest ee values. A smaller
effect of the para-ring substituents (Br, H, tBu) is observed for
Co salen copolymerisation of propylene oxide and CO2, with
the tBu derivative showing the highest regioselectivity.17

Similar to the Mn salen results, electron-donating substituents
increased the rate of copolymer formation for Cr salen cata-
lysed cyclohexene oxide/CO2 copolymerisation.5,18 These
results highlight the influence of the electron-donating ability
of the para-ring substituents on the catalytic activity of the
metal centre.

We were interested in studying the polymerisation activity
of a series of Co salen complexes wherein we have varied the
electron-donating ability of the para-ring substituents (NMe2 >
OMe > tBu > NO2) (Chart 1). In particular, the role these
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CoSalR1,R2, DFT metrical parameters, further polymerisation data and summary
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complexes could play in controlling organometallic mediated
radical polymerisation (OMRP) is important.19 In this variant
of controlled radical polymerisation, the fast and reversible
homolytic cleavage of a metal–carbon bond is exploited to
lower radical concentrations and control the properties of the
polymer products. OMRP may proceed through reversible ter-
mination (RT), where a transition metal complex acts as a
reversible spin-trap to deactivate the propagating chains, or
through degenerative transfer (DT) whereby associative
exchange between an active radical and a metal-bound radical
of the dormant species takes place. Cobalt complexes domi-
nate the OMRP literature,20 imparting the best control,
although the development of other metals as OMRP mediators
is a recent topic of interest.19,21–25

Early cobalt OMRP systems were based on nitrogen donors,
such as porphyrins,26–29 which were particularly efficient for
the OMRP of acrylates. A more recent report examined a series
of 1,3-bis(2-pyridylimino)isoindolate ligands, structurally
related to porphyrins, but lacking a fourth N-donor.30 These
complexes were active for acrylate polymerisation but did not
show the anticipated structure–activity relationship, leading
the authors to conclude that the cobalt–carbon bond was
decoupled from the ligand substituents and so inclusion of
electron-withdrawing or electron-donating groups had no
effect on the polymerisation behaviour. Cobalt species in-
corporating oxygen donors, such as bis-acetylacetonate Co(II)
and related complexes,19–22 are very efficient for the OMRP of
vinyl acetate31–36 and careful choice of reaction conditions has
allowed expansion of the monomer scope to include
acrylates,37–39 acrylonitrile,40–43 other vinyl ester mono-
mers44,45 and N-vinylpyrrolidone.44,46 The use of mixed N,O-
donor systems in cobalt-mediated OMRP is limited to reports
on the β-ketoiminates,47,48 which exert reasonable control over
methyl acrylate and vinyl acetate polymerisation, and a very
recent report on the highly efficient degenerative transfer OMRP
of vinyl acetate and methyl acrylate mediated by cobalt(II)
[N,N-bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediamine],49

(CoSaltBu,tBu), which was published during the course of our
study.

To complement these recent efforts by Liao et al. we have
focused our efforts on the more challenging reversible-termin-
ation (RT) OMRP methodology. In this work we have investi-
gated the electronic structure of a series of Co(II) salen
complexes where we have varied the para-ring substituents
(Chart 1). We have shown that the para-ring substituents influ-
ence both the electron density at the metal centre as well as
the overall reactivity via increasing stability of the Co(II) forms
in the order of NMe2 > OMe > tBu > NO2. The more electron-
donating substituents should thus increase the concentration
of propagating radicals in the system and the use of the Co(II)
salen complexes in RT-OMRP is reported.

Results and discussion
Synthesis and characterisation

The Co complexes CoSalR1,R2 were synthesised in good yields
from the metallation of the corresponding ligands H2Sal

R1,R2

with Co(OAc)2·4H2O.
50–55 CoSaltBu,NO2 yielded crystals suitable

for X-ray analysis, using THF–pentane as the recrystallisation
solvents. The molecular structure of CoSaltBu,NO2·THF is shown
in Fig. 1 and selected crystallographic data for the complex are
presented in Table 1. CoSaltBu,NO2 exhibits an essentially
square planar geometry at the Co centre with a molecule of
THF weakly coordinated in the axial position (Co–OTHF ∼
2.21 Å). The dihedral angle between the N–Co–O planes is
9°, likely due to the steric interaction between the two ortho
t-butyl groups.

Electrochemistry

Redox processes for CoSaltBu,R2 were probed by cyclic voltam-
metry (CV) in CH2Cl2 using tetra-n-butylammonium perchlor-
ate (nBu4NClO4) as the supporting electrolyte. CoSaltBu,NO2 was
not soluble in CH2Cl2 and thus the CV experiments were
completed in THF. Three quasi-reversible, one-electron redox

Chart 1 Structures of the Co Schiff-base complexes CoSalR1,R2.

Fig. 1 POV-ray representation (50% probability) of CoSaltBu,NO2·THF,
excluding hydrogen atoms. Selected interatomic distances (Å) and
angles (°): Co(1)–O(4), 1.901; Co(1)–O(3), 1.895; Co(1)–N(5), 1.876;
Co(1)–N(2), 1.874; N(5)–C(7), 1.292; N(2)–C(6), 1.288; O(4)–C(15), 1.296;
O(3)–C(13), 1.291; Co(1)–O(100), 2.211; O(3)–Co(1)–O(4), 86.9(4); O(4)–
Co(1)–N(5), 93.5(7); O(3)–Co(1)–N(2), 93.4(8); N(2)–Co(1)–N(5), 85.2(7).
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processes were observed for R2 = tBu, OMe and NMe2, where
only a single redox process was observed for R2 = NO2 (Fig. 2).
The reversibility of these processes was evaluated via compari-
son of the peak-to-peak difference (|Epa − Epc|) for a specific
redox process to that of the Fc+/Fc couple under identical con-
ditions (Table 2). The redox potentials versus ferrocenium/
ferrocene (Fc+/Fc) are reported in Table 2. The three redox
couples can be assigned to the metal centre Co(II)/Co(III) and
the two redox-active phenolate moieties. The redox chemistry
of the tBu, and OMe derivatives have been reported previously
with the first redox process assigned as a one-electron Co(II)/
Co(III) couple (Fig. S1‡).53,56 The more positive redox potential
for the NO2 derivative is due to the presence of electron-with-
drawing groups in the para position. The positive shift in the
potential for the NO2 derivative (and the use of THF as the
solvent) results in only one of the redox processes being visible
by CV in this work. Overall there is a clear shift in the redox
potentials towards more negative values as the electron-donat-
ing ability of the para-substituents is increased (NMe2 > OMe >
tBu > NO2). Modulation of the electron-donating ability of the
salen ligands is subsequently shown to have an effect on the
polymerisation activity of the Co complexes (vide infra).

X-ray photoelectron spectroscopy

The electronic structures of the Co complexes CoSaltBu,R2 were
investigated by XPS (Fig. 3). Referenced to the C 1s binding
energy, the Co 2p3/2 and Co 2p1/2 binding energies (Table 3)
for all four CoSaltBu,R2 complexes indicate a common 2+

oxidation state for Co.57–59 Comparing the binding energies a
general trend is observed: as the electron-donating ability of
the para-ring substituents is increased, there is a decrease in
the Co 2p3/2 and 2p1/2 binding energies. These data are further
evidence for the influence of the para-ring substituents on the
electronics at the metal centre.

Table 1 Experimental and calculateda metrical parameters for
CoSaltBu,NO2·THF in Å

Bond/distance
CoSaltBu,NO2·THF (Å)
experimental

CoSaltBu,NO2·THF (Å)
calculated

Co(1)–O(4) 1.901 1.901
Co(1)–O(3) 1.895 1.900
Co(1)–N(5) 1.876 1.884
Co(1)–N(2) 1.874 1.893
Co(1)–O(100) 2.211 2.282
N(5)–C(7) 1.292 1.296
N(2)–C(6) 1.288 1.297
O(4)–C(15) 1.296 1.295
O(3)–C(13) 1.291 1.293

a See Experimental section for calculation details.

Table 2 Redox potentials for CoSaltBu,R2 versus Fc+/Fca (1 mM complex,
0.1 M nBu4NClO4, scan rate 100 mV s−1, CH2Cl2, 233 K)

CoSaltBu,R2 E11/2 (mV) E21/2 (mV) E31/2 (mV)

R2 = NO2
b 310 (190) — —

R2 = tBu 110 (160) 780 (130) 1020 (190)
R2 = OMe 130 (160) 570 (160) 910 (180)
R2 = NMe2 −90 (140) 80 (140) 400 (130)

a Peak-to-peak differences in brackets (|Epa − Epc| in mV). Peak-to-peak
difference for the Fc+/Fc couple at 233 K is 80 mV. b Solvent = THF.

Fig. 2 Cyclic voltammograms of CoSaltBu,R2 (red: R2 = NO2; black: R2 =
tBu; blue: R2 = OMe; green: R2 = NMe2) versus Fc

+/Fc.

Fig. 3 X-ray photoelectron spectroscopy (XPS) spectra of CoSaltBu,R2

compounds showing the Co 2p3/2 and 2p1/2 binding energies (red: R2 =
NO2; black: R2 = tBu; blue: R2 = OMe; green: R2 = NMe2). Full spectra
shown in Fig. S2.‡
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Electron paramagnetic resonance

The X-band EPR spectra of the complexes CoSaltBu,R2 were
studied at 20 K and are consistent with a low spin Co(II) (S = 1/2)
ground state (Fig. 4).60,61 Based on previous work of Daul
et al., and the fitting of the experimental EPR data, the
CoSaltBu,tBu, CoSaltBu,OMe and CoSaltBu,NMe2 derivatives exhibit
a |yz, 2A2〉 ground state in frozen PhMe (Table 4). This result is
consistent with other reported 4-coordinate Co(II) salen com-
plexes.60,61 The CoSaltBu,NO2 derivative was not soluble in
PhMe, and thus the isolated THF adduct was dissolved in a
2 : 1 mixture of PhMe–CH2Cl2 and subsequently frozen for
EPR analysis. The observed spectrum displays a different
pattern in comparison to the tBu, OMe, and NMe2 analogues

(Fig. 4), suggesting a different ground state for this complex.
EPR fitting analysis provides evidence for a |z2, 2A1〉
ground state for CoSaltBu,NO2 under these conditions, consist-
ent with a 5-coordinate structure (likely THF adduct). This
analysis is further corroborated by theoretical calculations
(vide infra).

Theoretical analysis

Density functional theory (DFT) calculations of the CoSaltBu,R2

complexes provided further insight into the geometric and
electronic structure of these complexes. We first compared the
optimised geometry for the CoSaltBu,NO2·THF complex with the
experimental X-ray metrical data (Table 1). The calculations
reproduce the coordination sphere bond lengths to within
±0.02 Å. In the absence of the THF molecule, the predicted
coordination sphere bond lengths differ significantly from the
experimental data. The calculations of the neutral square
planar Co(II) complexes provided further details of the effect of
the peripheral substituents on the metal centre. Mulliken
population analysis62,63 predicts the lowest partial charge at Co
(0.78) for CoSaltBu,NMe2 and the highest partial charge at Co
(0.80) for CoSaltBu,NO2 consistent with the expected electronic
effects of the para-ring substituents.

We further investigated the electronic structure of the
CoSaltBu,R2 complexes and in particular the nature of the
singularly occupied molecular orbital (SOMO). Based on
the EPR data and fitting, the NMe2, OMe, and tBu derivatives
display a common |yz, 2A2〉 ground state.60,61 The DFT calcu-
lations predict correctly a dyz-containing SOMO for these three
derivatives (Fig. 5). In addition, without the axial THF mole-
cule the NO2 derivative also displays a dyz SOMO (Fig. S3‡). In
contrast, the 5-coordinate THF adduct CoSaltBu,NO2·THF exhi-
bits a |z2, 2A1〉 ground state based on the EPR analysis. The
DFT calculation for the THF adduct predicts correctly a dz2
SOMO for this analogue (Fig. 5). Axial ligand binding in this
case raises the energy of the dz2 orbital in comparison to dyz,
resulting in the change in electronic ground state.

The 5-coordinate X–Co(III)Sal complexes (X = 1-phenyl-
ethane) were investigated via computations to better under-
stand the influence of the para-ring substituents on the axial
Co–C bond strength. The Co–C bond dissociation energies
(BDE) were calculated by subtracting the energy of the X–Co(III)-

Table 3 Co (2p) binding energies vs. C(1s) (284.2 eV)

CoSaltBu,R2

Binding energy (eV)

Co (2p3/2) Co (2p1/2)

R2 = NO2 797.6 782.8
R2 = tBu 796.8 781.1
R2 = OMe 795.7 780.4
R2 = NMe2 795.6 780.6

Fig. 4 X-band EPR spectra of CoSaltBu,R2. Red: R2 = NO2, ν = 9.384 GHz;
black: R2 = tBu, ν = 9.383 GHz; blue: R2 = OMe, ν = 9.383 GHz; green:
R2 = NMe2, ν = 9.385 GHz. Grey spectra are respective simulations. Con-
ditions: power = 2.0 mW; modulation frequency = 100 kHz; modulation
amplitude = 0.4 mT; T = 20 K.

Table 4 EPR parameters for the CoSaltBu,R2 complexes (R2 = NO2, tBu,
OMe and NMe2)

gx gy gz Ax (Co)
a Ay (Co)

a Az (Co)
a

CoSaltBu,tBu b,c 3.21 1.88 1.98 400 80 125
CoSaltBu,OMe c 3.21 1.89 1.99 400 80 125
CoSaltBu,NMe2 c 3.19 1.89 1.99 400 80 125
CoSaltBu NO2 d 2.56 2.30 2.00 410 196 346

a Estimated values due to large g and A strain (A in MHz). b See ref. 59.
c The fits for tBu, OMe and NMe2 are identical within experimental
error. d Solvent 2 : 1 CH2Cl2–PhMe.
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Sal reactant from the sum of the energies of the products as
shown in eqn (1).

X–CoðiiiÞSaltBu;R ! CoðiiÞSaltBu;R þ X• ð1Þ
For this series of calculations the BP86 functional was

used,64 based on prior work by Kozlowski et al. on alkyl-Co(III)
macrocycles.65–67 The Co–C BDE for the NO2 derivative
(15.4 kcal mol−1) was predicted to be at least 1.3 kcal mol−1

higher than the values for the tBu (14.1 kcal mol−1), OMe
(13.7 kcal mol−1) and NMe2 (13.3 kcal mol−1) derivatives. The
calculations predict the highest Co–C BDE for the NO2 deriva-
tive, consistent with the electron-withdrawing para-substitu-
ents and resultant increased Lewis acidity at the metal centre.
The predicted BDE values are lower than those previously
reported for alkyl cobalt salen complexes (methyl, ethyl, etc.),
likely due to the increased steric bulk of 1-phenylethane and
presence of an additional axial ligand in the previous work.68

Overall, the calculated Co–C BDE decrease as the electron-
donating ability of the para-substituents is increased in the
series.

Organometallic mediated radical polymerisation

Although recent research has significantly expanded the
number of active systems in OMRP,19,21,22 ligand design has
an important role to play in increasing both the monomer
scope and efficacy of OMRP catalysts. While the effect of
carbon–halogen bond strengths on atom transfer radical poly-
merisation (ATRP) has been studied both experimentally and
computationally, no similar data have been compiled for
OMRP systems. Few investigations of systematic variation of
ligand substituents have been reported, but a better under-
standing of the role of the metal–carbon bond strengths will
facilitate improved control and tunability of polymerisations.
To clarify the impact of bond strength, we wished to investi-
gate our series of CoSaltBu,R2 complexes for reversible termin-
ation OMRP, with the strong electronic variation anticipated to
significantly alter the cobalt–carbon bond strengths, poten-
tially allowing us to tune our system for different monomers.
This complements recently reported degenerative transfer
OMRP of vinyl acetate by a CoSaltBu,tBu complex.49 Of note,
DT-OMRP is outside the scope of this initial report on

electronic effects as we wished to examine the strength of the
cobalt–carbon bond directly, not through associative exchange.

Reversible termination OMRP of styrene. Variation of the
para substituent in CoSaltBu,R2 complexes had an interesting
effect on the behaviour of the complexes in the RT-OMRP of
styrene (Table 5). As the substituents became more electron-
donating, conversion increased (from 55% in 1 h for CoSaltBu,NO2

to 85% in 1 h for CoSaltBu,NMe2). The increased electron
density around the metal centre can explain this trend, as it
would lower the favourability of the formation of the dormant
species and increase propagating radical concentrations.
Mulliken population analysis of the Co(II) derivatives shows
increasing partial charge at Co, as expected based on the elec-
tron-donating ability of the para-ring substituents. Thus
CoSaltBu,NO2 is predicted to have the most Lewis acidic metal
centre of the series and also the highest Co(III)–carbon BDE.
Molecular weights were in reasonable agreement with the
theoretical values for the slower, less electron-rich complexes
CoSaltBu,NO2 and CoSaltBu,tBu, but much greater deviations
between theoretical and experimental values were observed
with the more electron-donating OMe and NMe2 substituents
in CoSaltBu,OMe and CoSaltBu,NMe2 complexes. In all cases, the
PDIs were broad (1.65–2.38), indicating that these polymeris-
ations were not well-controlled and suggesting that irreversible
termination reactions were prevalent. While reversible for-
mation of cobalt–carbon bonds controlled the polymerisation
under these conditions, classic metrics of controlled poly-
merisation were not observed, unlike the recently reported
DT-OMRP of vinyl acetate.49 We hypothesised that both the
steric bulk of the ortho tBu groups and the increased reaction
temperature relative to the DT-OMRP conditions of 60 °C
could play a role in limiting RT-OMRP control.

To investigate whether the steric bulk of the tBu group at
the ortho position of the aromatic ring was hindering the de-
activation equilibrium and causing the broadened PDIs, we
synthesised CoSalH,tBu and screened it for styrene OMRP. 58%
conversion in 1 h was obtained, with molecular weights which
were slightly lower than theoretical values (Mn,th = 5500, Mn =
4320) and an improved, but still broad, PDI of 1.65. This
suggested that the bulk at the ortho position played, at most,
a minor role in controlling the OMRP equilibrium.

To study whether the high polymerisation temperatures of
120 °C were favouring side reactions and thus broadening
polydispersities, we investigated styrene polymerisation using
V-70 as the initiator (Table S1, ESI‡). As expected, conversions

Fig. 5 Predicted singularly occupied molecular orbital (dyz) for the
Co(II) salen complexes, except the THF adduct of CoSaltBu,NO2 (dz2): (A)
CoSaltBu,NMe2; (B) CoSaltBu,OMe; (C) CoSaltBu,tBu; (D) CoSaltBu,NO2·THF. See
the Experimental section for calculation details.

Table 5 Styrene polymerisation data for CoSaltBu,R2 a

CoSaltBu,R2 % Conv. Mn,th Mn PDI

R2 = NO2 55 5340 4630 2.23
R2 = tBu 61 5880 5800 1.78
R2 = OMe 72 6770 14 310 2.38
R2 = NMe2 85 7920 9110 1.65

a Bulk styrene polymerisations, 1 h at 120 °C, initiated with AIBN with
complex : initiator : monomer ratio of 1 : 0.6 : 100. Mn,th = [M]0/2[I]0 ×
MW(monomer) × conversion + MW(catalyst).
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were lower at 65 °C, as the dormant species is favoured and
propagation rates are reduced. PDIs were actually broader,
with more deviation between theoretical and experimental
molecular weights indicating that the lower temperatures were
not preventing termination reactions. The productive, if
uncontrolled, polymerisation at this lower temperature is
also suggestive that the monomer scope of DT-OMRP by
CoSaltBu,tBu may be limited to monomers that form stronger
cobalt–carbon bonds at these temperatures.

Despite reasonable agreement of experimental molecular
weights with the theoretical values, the broad PDIs of 1.6–2.4
indicated that styrene polymerisation was inadequately con-
trolled by Co complexes CoSalR1,R2. To further investigate this,
we examined kinetic data for the polymerisation of styrene by
CoSaltBu,tBu. Although the plot of ln([M]0/[M]t) was linear for
the first 2 hours (Fig. 6a), with kobs. = 0.40 h−1, deviations after
this time indicated that the radical concentration did not
remain constant. Interestingly, after just 10 minutes the con-
version was 36%, indicating an initial rapid period of poly-
merisation where molecular weights quickly reached ca.
5500 Da. Molecular weights then increased in a linear fashion
for the first hour, up to ca. 7200 Da at 56%. However, after this
point the molecular weights stagnated, remaining at around
7000 Da for the rest of the polymerisation (Fig. 6b). This behav-
iour suggested the occurrence of catalytic chain transfer,
which was confirmed by the presence of olefin end-groups at δ
6.2 ppm in the 1H NMR spectra of the polymer samples
(Fig. S4, ESI‡). Many cobalt(II) complexes are excellent CCT
catalysts, particularly the cobaloximes and cobalt porphyr-
ins,69,70 and it is likely that a low metal–carbon bond dis-
sociation energy in the polymerisation of styrene results in
high radical concentrations which, coupled with a high con-
centration of Co(II), favours β-hydrogen abstraction. Reinitia-
tion from the metal-hydride species gives new propagating
chains, resulting in the broad PDIs which increase from 1.62
at early stages of the polymerisation to 2.04 at 80% conversion.
Importantly, by altering the monomer concentration we can
tune the ‘top-out’ molecular weight of our olefin-terminated
polymer chains. For instance, with 500 eq. of monomer the
molecular weights are increased to ca. 20 000 Da, achieved
from 25% conversion onwards (Fig. S5, ESI‡). These moderate-
length, olefin-terminated poly(styrene) chains could potentially
be used as building blocks for extended macromolecular

structures and offer an alternative to the short-chain oligomers
traditionally synthesised through efficient CCT polymeris-
ations. Attempted controlled radical polymerisations mediated
by molybdenum71,72 and iron73–75 catalysts have previously
been reported to yield olefin-terminated poly(styrene) through
CCT processes, with the molecular weights of the polymers
obtained typically ca. 1000–5000 Da.

Monomer scope. The polymerisation of the more reactive
methyl methacrylate monomer using CoSaltBu,tBu proceeded
rapidly (70% conversion in 15 minutes) and yielded molecular
weights which were significantly lower than the theoretical
values, with surprisingly narrow PDIs (ca. 1.24). Examination
of crude samples revealed multimodal GPC traces, with the
loss of much of the low molecular weight fraction during pre-
cipitation resulting in much narrower polydispersity traces in
the worked-up samples (Fig. S6, ESI‡). Catalytic chain transfer
was confirmed by the presence of olefin end-groups in the
PMMA samples, at δ = 5.47 and 6.20 ppm. The well-established
propensity for the methyl methacrylate monomer to undergo
catalytic chain transfer reactions69,70 is supported by the for-
mation of this lower molecular weight polymer.

Building from the recently published work on the
DT-OMRP of vinyl acetate by a cobalt salen complex
(CoSaltBu,tBu),49 we also examined the four CoSaltBu,R2 com-
plexes for the RT-OMRP of vinyl acetate (Table 6). Although a
notoriously difficult monomer to control due to the difficulty
in activating the monomer and then controlling the equili-
brium between the unstabilised radical and the dormant
species, vinyl acetate has been successfully polymerised using
Co(acac)2 and other Co-systems using both V-70 and AIBN
initiators.19,20,22 We anticipated that the formation of a stron-
ger metal–carbon bond between the vinyl acetate radical and
the Co complex would either hinder CCT and favour controlled
radical polymerisation or, as expected for a system operating
solely by DT-OMRP, form no polymeric products.

Complex CoSaltBu,NO2 was an unsuccessful mediator of VAc
OMRP, with only small amounts of very high molecular weight
polymer isolated. The strong electron-withdrawing substituent
makes the Co centre electron-poor and irreversible binding of
the vinyl acetate monomer to the complex is likely to occur,
with a small amount of thermal polymerisation yielding the
observed high molecular weight polymer. As observed with the
styrene system, as more electron-donating substituents
were incorporated into the CoSaltBu,R2 complexes, monomer
conversion increased. However, the substituent effect on

Fig. 6 Plots of (a) ln([M]0/[M]t) vs. time and (b) molecular weight vs.
conversion for bulk styrene polymerisation at 120 °C using CoSaltBu,tBu

and AIBN. Monomer : catalyst : initiator ratio of 100 : 1 : 0.6 used. Solid
data points in (a) used to calculate least-squares fit. Solid line in (b) rep-
resents Mn,th, while dashed line indicates ‘top-out’ molecular weight.

Table 6 Vinyl acetate polymerisation data for complexes CoSaltBu,R2 a

Complex % Conv. Mn,th Mn PDI

R2 = NO2 17 1850 338 300 1.81
R2 = tBu 49 4260 1280 1.61
R2 = OMe 48 4130 4720 1.29
R2 = NMe2 50 4310 4240 1.60

a Bulk vinyl acetate polymerisations, 3 h at 120 °C, initiated with AIBN
with complex : initiator : monomer ratio of 1 : 0.6 : 100. Mn,th = [M]0/
2[I]0 × MW(monomer) × conversion + MW(catalyst).
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polymerisation rate was less profound for vinyl acetate, with
complexes where R2 = tBu, OMe and NMe2 all yielding ca. 50%
conversion in 3 hours. More interesting was the effect on the
molecular weight data, with complex CoSaltBu,tBu yielding
molecular weights which were significantly lower than theo-
retical values. Complexes CoSaltBu,OMe and CoSaltBu,NMe2 both
gave poly(vinyl acetate) with molecular weights which were in
good agreement with the theoretical values, although the PDI
of 1.29 obtained with complex CoSaltBu,OMe suggests that the
OMe substituent yields the optimal CoSaltBu,R2 electronic struc-
ture out of this series. However, the reported molecular weight
represented only 80% of the sample, with a higher molecular
weight peak at ca. 97 000 Da making up the other 20%. We
thought this was likely to be due to an inefficient deactivation
process, allowing some chains to propagate in an uncontrolled
manner, and so reduced the radical concentration. Using 0.5
equivalents of AIBN produced the same bimodal distribution
(Table S2, ESI‡), with PDIs of 1.30 and 1.69 for the low and
high molecular weight peaks, but reducing the amount of
initiator further did yield a monomodal distribution. With
0.4 eq. of AIBN, conversion was 39% in 3 h (lower radical con-
centrations resulting in slower polymerisation) and the
observed molecular weight of 4300 was in good agreement
with the Mn,th of 4765, with the PDI of 1.33 illustrating the
reasonable control exerted over VAc OMRP by CoSaltBu,OMe.

Removing the steric bulk of the tBu group at the ortho posi-
tion of the aromatic ring did not improve the control over VAc
polymerisation. Complex CoSalH,tBu behaved similarly to
complex CoSaltBu,tBu, reaching 44% conversion in 3 h and
yielding PVAc of lower molecular weight than the theoretical
value (Mn = 1010, Mn,th = 3780), but the increased PDI of 2.65
(cf. PDI of 1.61 for CoSaltBu,tBu) indicated less control over the
polymerisation.

Conclusions

A series of cobalt salen complexes have been prepared and
studied by single crystal X-ray diffraction, cyclic voltammetry,
X-ray photoelectron spectroscopy, electron paramagnetic reso-
nance spectroscopy and computational methods. Characteris-
ation supports a reactive metal centre tailored by altering
ligand electronics. Electrochemistry showed an inverse corre-
lation between redox potentials and electron-donating ability,
corroborated by a decrease in the Co 2p3/2 and 2p1/2 binding
energies measured by XPS. Tuning the framework was further
evident in the theoretical calculations, in particular, the
NO2 derivative exhibited the highest Co(III)–carbon bond
dissociation energy.

These initial results from RT-OMRP using CoSalR1,R2 illus-
trate the potential of these complexes in controlled radical
polymerisation. The data show that the cobalt–carbon bond
strength varies with the ligand substitution and, while we
could not achieve well-controlled styrene polymerisation under
the conditions studied, our current work focuses on degenera-
tive transfer OMRP. Monomers which are susceptible to

β-hydrogen abstraction, including styrene, may be successfully
polymerised at the lower temperatures used in DT-OMRP and
we are particularly interested in studying the effects of our elec-
tron-donating and electron-withdrawing ligand substituents on
the rate of VAc polymerisation with complexes CoSalR1,R2 under
DT-OMRP conditions. The RT-OMRP regime will be used for
the synthesis of specific molecular weight, olefin-terminated
polymer chains with a wide scope of monomers.

Experimental
Materials and methods

All chemicals used were of the highest grade available and
were further purified whenever necessary.76 Literature
methods were followed to prepare Schiff-base ligands50–54

H2Sal
tBu,NO2, H2Sal

tBu,tBu, H2Sal
tBu,OMe, H2Sal

tBu,NMe2, and
H2Sal

H,tBu and Co complexes50,53,55 CoSaltBu,tBu, CoSaltBu,OMe,
and CoSalH,tBu Monomers styrene, methyl methacrylate,
methyl acrylate and vinyl acetate were purchased from Aldrich
Chemical Co. and dried by stirring over calcium hydride for
24 hours, before being vacuum transferred, degassed and
stored at −35 °C under inert atmosphere. Azobis(isobutyro-
nitrile), AIBN, was purchased from Aldrich, recrystallised from
methanol prior to use and then stored at −35 °C under inert
atmosphere. V-70 was purchased from Wako and used as
received. 1H NMR and 2-D spectra were recorded at 298 K with
a Bruker Avance Spectrometer (300 MHz) in CDCl3. Cyclic vol-
tammetry (CV) was performed on a PAR-263A potentiometer,
equipped with a Ag wire reference electrode, a platinum disk
working electrode, and a Pt counter electrode with 0.1 M
NBu4ClO4 solutions in CH2Cl2. Decamethylferrocene was used
as an external standard, and redox processes assigned to the
Co complexes were directly referenced to the standard. The
redox potential for decamethylferrocene is reported as −0.59 V
vs. ferrocene.77 Mass spectra (positive ion) were obtained on
an Agilent 6210 TOF ESI-MS instrument. All EPR spectra were
collected using a Bruker EMXplus spectrometer operating with
a premiumX X-band (∼9.5 GHz) microwave bridge. Low
temperature measurements of frozen solutions used a Bruker
helium temperature-control system and a continuous flow
cryostat. Samples for X-band measurements were placed in
4 mm outer-diameter sample tubes with sample volumes of
∼300 μL. EPR spectra were simulated with EasySpin 4.0.0 soft-
ware.78 X-ray photoelectron spectra were obtained using a
Kratos Analytical Axis ULTRA spectrometer containing a DLD
detector. Gel permeation chromatography (GPC) was carried
out in THF (flow rate: 1 mL min−1) at 50 °C with a Polymer
Labs PL-GPC 50 Plus integrated GPC system with two 300 ×
7.8 mm Jordi gel DVB mixed bed columns, utilising a refractive
index detector coupled with a Wyatt Technology miniDAWN™
TREOS® multiple angle light scattering (MALS) detector oper-
ating at 658 nm. Literature dn/dc values of 0.185, 0.088, 0.063
and 0.052 for poly(styrene),79 poly(methyl methacrylate),80

poly(methyl acrylate)81 and poly(vinyl acetate),79 respectively,
were used.
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Synthesis

Synthesis of CoSaltBu,NO2. To a solution of H2Sal
tBu,NO2

(110 mg, 0.21 mmol) dissolved in degassed Et2O (5 mL) was
added a solution of Co(OAc)2·4H2O (50 mg, 0.20 mmol) in
degassed MeOH (5 mL). This mixture was stirred under N2 for
15 minutes, in which time an orange precipitate formed. The
solid was collected by filtration and was washed with MeOH,
then dried under reduced pressure overnight. The resulting
orange solid was recrystallised from THF–pentane (1 : 1) to
afford long dark red crystals of CoSaltBu,NO2·THF (63 mg, 46%
yield). MS-ESI m/z (%): 582.2 (100) [CoSaltBu,NO2]+. Anal. calcd
(found) for C28H34N4O6Co·THF: C 58.80 (58.77), H 6.48 (6.61),
N 8.57 (8.65).

Synthesis of CoSaltBu,NMe2. To a solution of H2Sal
tBu,NMe2

(95 mg, 0.18 mmol) dissolved in degassed MeOH (3 mL) was
added a solution of Co(OAc)2·4H2O (45 mg, 0.22 mmol) in
degassed MeOH (3 mL). This mixture was stirred under N2

overnight, while a dark precipitate formed. The solid was col-
lected by filtration and was dried under reduced pressure over-
night to afford a dark green precipitate of CoSaltBu,NMe2

(43 mg, 41% yield). MS-ESI m/z (%): 577.3 (100) [CoSaltBu,NMe2]+.
Anal. calcd (found) for C32H46N4O2Co·H2O: C 64.52 (64.39),
H 8.12 (7.84), N 9.41 (9.41).

X-ray analysis

Single crystal X-ray crystallographic analysis of CoSaltBu,NO2

was performed on a Bruker X8 APEX II diffractometer with
graphite monochromated Mo-Kα radiation. A dark red needle
crystal of C28H34N4O6Co·THF, isolated from the slow evapor-
ation of a THF–pentane solution was mounted on a glass fibre.
The data were collected at a temperature of −100.0 ± 0.1 °C to
a maximum 2θ value of 55.0°. Data were collected in a series of
ϕ and ω scans in 0.50° oscillations with 10.0-second exposures.
The crystal-to-detector distance was 36.00 mm. The structure
was solved by direct methods.82 The material crystallises with
1 molecules of THF in the asymmetric unit. All non-hydrogen
atoms were refined anisotropically. All C–H hydrogen atoms
were placed in calculated positions but were not refined. All
crystal structure plots were produced using ORTEP-3. A
summary of the crystal data and experimental parameters for
structure determinations are given in Table S4.‡

Calculations

Geometry optimisations were performed using the Gaussian
09 program (Revision A.02),83 the B3LYP functional,84,85 and
the 6-31g* basis set on all atoms. Frequency calculations at the
same level of theory confirmed that the optimised structures
were located at a minimum on the potential energy surface.
Single point calculations were performed using the same func-
tional and the TZVP basis set of Ahlrichs86,87 on all atoms. The
corresponding orbital transformation (COT) was used to deter-
mine the singularly occupied molecular orbital for each of the
Co complexes.88,89 AOMix90–92 was used for determining
atomic orbital compositions employing Mulliken Population
Analysis. Bond dissociation energies were calculated using the

BP86 functional,64 and the TZVP basis set following a pub-
lished procedure.65–67 The XYZ coordinates of the optimised
structures are provided in the ESI.‡

Polymerisations

General polymerisation procedure for screening reactions.
Monomer, catalyst and initiator in the ratio 100 : 1 : 0.6 were
placed in an ampoule under inert atmosphere. The ampoule
was stirred in a preheated oil-bath at the desired temperature
for the required length of time, then removed from the heat
and cooled quickly under running water. Work-up procedures
were dependent on the monomer: poly(styrene), poly(methyl
methacrylate) and poly(methacrylate) samples were dissolved
in 5 mL of THF and precipitated into 150 mL of acidified
methanol (1% HCl). Monomer conversion for these reactions
was determined by 1H NMR spectroscopic analysis of crude
samples, by comparing the integration of the polymer versus
monomer resonances. For poly(vinyl acetate), excess monomer
was removed under reduced pressure, the samples were dried
to constant mass and then weighed to determine monomer
conversion gravimetrically.

Representative polymerisation procedure. CoSaltBu,tBu

(0.06 g, 0.1 mmol), AIBN (0.01 g, 0.06 mmol) and styrene
(1.0 g, 10 mmol) were added to an ampoule containing a
micro-stirrer bar under inert atmosphere, which was then
sealed and heated at 120 °C with stirring for 1 h. 1H NMR
spectroscopic analysis of the crude residue indicated 61%
monomer conversion, with GPC analysis of the crude material
giving an Mn of 5800 and a PDI of 1.78. Precipitation into
acidified methanol gave white poly(styrene), with Mn = 7020
and PDI = 1.58.

General polymerisation procedure for styrene kinetics.
Monomer, catalyst and initiator in the desired ratio were
placed in a Schlenk flask under inert atmosphere and sealed
with a rubber septum (Suba-SealtM). The Schlenk flask was
placed in an oil-bath preheated to 120 °C, at which point
timing commenced. Samples were removed from the Schlenk
via a degassed syringe at designated intervals and quenched
with CDCl3. Analysis of the crude samples by 1H NMR spectro-
scopy gave the monomer conversion, while GPC analysis gave
the molecular weights and PDIs of the samples.
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