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Introduction

The control of radical polymerizations with the aim of sup-
pressing chain terminations and chain transfer has been the
focus of recent intense research. It has become a powerful
method for the synthesis of a range of well-defined function-

alized homo- and copolymers.[1] These processes are based
on the activity of a regulator, a metal complex in most cases,
which directly or indirectly controls the level of free-radical
concentration.[2]

The most thoroughly studied mechanism, the atom-trans-
fer radical polymerization (ATRP) introduced by Matyja-
zewski and Sawamoto, involves metal complexes as radical
mediators which reversibly transfer halogen atoms to radical
chains.[3–7] Alternatively, a reversible homolytic bond cleav-
age of a dormant polymer chain with a nitroxide[8] or an or-
ganometallic complex (organometallic radical polymeri-
zation, OMRP)[9-17] proved to be efficient. Finally, the ther-
modynamically quasi-neutral bimolecular exchange between
propagating radical chains and a dormant species (degenera-
tive transfer (DT) polymerization) may be operative.[18–22]
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polymerization of methyl acrylate at
60 8C was investigated by using one
molar equivalent of the relatively
short-lived radical source 2,2’-azobis-
(4-methoxy-2,4-dimethylvaleronitrile)
(V-70) as initiator (monomer/catalyst/
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tively. The radical polymerizations of
the hexacoordinate complexes did not
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age molecular weight (Mn) with conver-

sion; however, the polydispersities
were relatively low (PDI=1.12–1.40).
By using the pentacoordinate com-
plexes [CoACHTUNGTRENNUNG(acac) ACHTUNGTRENNUNG(bpi)] as mediators, a
linear increase in Mn values with con-
version, which were very close to the
theoretical values for living systems,
and very low polydispersities (PDI<
1.13) were obtained. This was also ach-
ieved in the block copolymerization of
methyl acrylate and n-butyl acrylate.
The intermediates with the growing ac-
rylate polymer radical (CPA) were iden-
tified by liquid injection field desorp-
tion/ionization mass spectrometry as
following the general formula [Co-ACHTUNGTRENNUNG(acac)(4-methoxy-bpi)-(MA)n-R] (MA:
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firmed by NMR end-group analysis.
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Organocobalt species, such as cobalt(II) tetramesitylpor-
phyrin, have been shown to react in the polymerization of
acrylates, acrylic acid and vinyl acetate by this DT mecha-
nism if a slight excess of radicals is present during the reac-
tion.[23] The first example of cobalt-mediated radical poly-
merization (CMRP) was the polymerization of acrylates re-
ported by Wayland et al. in the presence of cobalt porphyrin
complexes, such as (tetramesitylporphyrin)cobalt (A).[9,11]

Later, alkylcobaloximes (B) were also found to be effective
photoinitiators for the CMRP of acrylates.[24] Other mono-
mers, such as methacrylates, undergo hydrogen elimination;
accordingly, for these monomers the mechanism involved
catalytic chain-transfer polymerization (CCTP).[25]

Herein, we report a new type of mediator for CMRP
which is based on 1,3-bis(2-pyridylimino)isoindolates (bpi)[26]

as ancillary ligands for cobalt(II). The monoanionic meridio-
nally coordinating bpi ligands are structurally related to
phthalocyanines and porphyrins lacking the fourth coordi-
nating N donor.[27–35] As will be apparent below, pentacoor-
dinate bpi–CoII complexes act as efficient mediators for rad-
ical polymerizations of acrylates and give rise to living be-
havior. A principal objective of this work is the presentation
of mechanistic insight into the processes during the initial
period of the polymerization reaction, as well as the in situ
detection of the intermediates of radical polymerization.
This has been achieved for the first time by liquid injection
field desorption/ionization (LIFDI) mass spectrometry.

Results and Discussion

Synthesis and characterization of 1,3-bis(2-pyridylimino)-
isoindolatocobalt(II) complexes : The synthesis of the bpi li-
gands 1–9 employed in this work was based on a modifica-
tion of the procedure originally published by Siegl.[27, 28,33, 36]

This modular synthesis from 2-aminopyridines and phthalo-
dinitriles readily allows modifications in the meta and para
positions of the pyridine rings as well as in the central isoin-
doline unit (Scheme 1).

Stirring the bpiH protio-li-
gands with a twofold excess of
cobalt(II) acetate or cobalt(II)
acetylacetonate in anhydrous
methanol at room temperature
gave the corresponding acetato
(10 and 11) and acetylacetonato
(12–19 and 20 a) complexes as
orange to dark-red microcrys-
talline solids in high yields
(Scheme 2). Reducing the
amount of cobalt(II) salt or in-
creasing the reaction tempera-
ture led to the formation of the
undesired symmetric octahedral

Scheme 1. Modular assembly of 1,3-bis(2-pyridylimino)isoindole protio-ligands by condensation of a substitut-
ed phthalonitrile and two molar equivalents of a 2-aminopyridine derivative.

Scheme 2. Synthesis of a series of bpi–cobalt complexes.
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[Co ACHTUNGTRENNUNG(bpi)2] complexes. Both acetato complexes 10 and 11 are
virtually insoluble in nonpolar solvents, such as benzene or
toluene. In contrast, the acetylacetonato complexes display
higher solubility in nonpolar as well as polar solvents.

For compounds 12–19, the elemental analyses indicate the
presence of one molecule of methanol per cobalt atom. It is
thought to coordinate to the CoII center, in the same way as
established below for complex 19, thus giving rise to octahe-
dral coordination geometries with the general formula [Co-ACHTUNGTRENNUNG(acac) ACHTUNGTRENNUNG(bpi) ACHTUNGTRENNUNG(MeOH)] (Scheme 2). In contrast, complex 20 a,
containing the 4’-methoxy-bpi ligand, was directly isolated
as a solvent-free compound. Upon heating all complexes to
100 8C under high vacuum, the coordinated methanol could
be removed to give the methanol-free complexes 12 a–19 a
as indicated by their elemental analyses and a change of
color to brown.

To establish the detailed molecular structures of the prin-
cipal types of coordination compounds studied in this work,
selected derivatives were examined by X-ray crystallogra-
phy. Single crystals of the acetato complex 11 were grown
from a saturated solution in methanol. As depicted in
Figure 1, complex 11 aggregates as a coordination polymer
in which each Co atom is coordinated by two bridging ace-

tate groups and one bpi ligand (Co(1)�O(1) 2.043(2),
Co(2)�O(2) 2.022(2) �). Such polymeric structures for the
cobalt(II) acetate complexes seem to be responsible for the
low solubility of the cobalt acetato complexes. The polymer
chain adopts a meandering folded structure, as represented
at the bottom of Figure 2.

Single crystals of complexes [CoACHTUNGTRENNUNG(acac)(5’-chloro-bpi)]
(18 a), [Co ACHTUNGTRENNUNG(acac)(3,4-dichloro-5’-chloro-bpi)ACHTUNGTRENNUNG(MeOH)] (19),
and [Co ACHTUNGTRENNUNG(acac)(3,4-dichloro-5’-chloro-bpi)] (19 a) were ob-
tained from hot toluene or benzene solutions. In contrast to
the acetato complex 11, the molecular structure of the ace-
tylacetonato complex 19 is not polymeric. As already infer-
red from the analytical data, it contains one methanol mole-
cule coordinated to the cobalt(II) center (Figure 2), which
results in an octahedral coordination geometry. The Co�
N(1) (2.021(2) �) bond is significantly shorter than Co�
N(3) (2.181(2) �) and Co�N(5) (2.173(2) �), which is due
to the anionic character of N(1) and thus the amido-type co-
ordination of this ligating atom.

In contrast to 19, the molecular structures of the related
complexes 18 a and 19 a are distorted trigonal bipyramidal
with the isoindolato and the acac ligand occupying the equa-
torial and the two pyridyl groups the axial coordination sites

(Figure 3 a and b). There are
two very similar independent
molecules in the asymmetric
unit of 19 a. The Co�O distan-
ces of the acetylacetonato li-
gands in all the structures are in
the expected range for cobalt-
(II)acetylacetonato complexes
(18 a : Co�O 2.009(1),
1.993(1) �; 19 : Co�O 2.059(1),
2.045(1) �; 19 a : Co�O
2.007(1)/1.990(1) �, 2.000(1)/
2.000(1) �).[37–40]

Paramagnetic 1H NMR spec-
tra were recorded for all com-
plexes. Relatively sharp reso-
nances were observed as a con-
sequence of the rapid electron
relaxation in the d7 systems.
Based on the variation of the
substitution pattern [stepwise
exchange of the aromatic pro-
tons with chloro (compounds
17–19), tert-butyl (compounds
12–16) or methoxy groups
(compound 20 a)], it was possi-
ble to assign all aromatic reso-
nances for the complexes 12–20
(Table 1). The signals of the
protons in the 6’ position and
the CH group of the acetyl-ACHTUNGTRENNUNGacetonato ligand are character-
istically broadened and shifted
downfield. The 1H NMR signal

Figure 1. Molecular structure of complex 11; hydrogen atoms are omitted for clarity. Top: asymmetric unit;
bottom: polymeric chain. Selected bond lengths [�] and angles [8]: Co(1)–N(1), 1.983(2), Co(1)�N(4) 2.131(2),
Co(1)�N(5) 2.119(2), Co(1)�O(1) 2.043(2), Co(1)�O(4) 2.012(2), Co(2)�N(6) 1.975(2), Co(2)�N(9) 2.095(2),
Co(2)�N(10) 2.159(2), Co(2)�O(2) 2.022(2), Co(2)�O(3) 2.005(2), C(77)�O(1) 1.258(3), C(77)�O(2) 1.264(3);
N(1)-Co(1)-N(4) 86.62(7), N(1)-Co(1)-N(5) 88.81(7), N(4)-Co(1)-N(5) 173.60(7), N(1)-Co(1)-O(1) 146.03(7),
N(1)-Co(1)-O(4) 117.68(8), O(1)-C(77)-O(2) 121.5(2), N(6)-Co(2)-N(9) 88.32(8), N(6)-Co(2)-N(10) 87.69(7),
N(9)-Co(2)-N(10) 175.43(7), N(6)-Co(2)-O(2) 126.39(7), N(6)-Co(2)-O(3) 137.55(7).
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of the CH3 group of the coordinated methanol was broad
and observed at d= 0.5 ppm, whereas the resonance of the
OH proton could not be detected.

Variable-temperature 1H NMR spectroscopic studies re-
vealed the expected Curie–Weiss behavior for the paramag-
netically shifted resonances of complexes 10–20 (Figure 4
for complex 20 a) in the temperature range of 233 to 373 K.
Furthermore, the paramagnetic susceptibility of all com-
plexes was measured by the Evans method.[41] All magnetic
moments are in good accordance with high-spin CoII species
(mM = 4.17–4.53 mB).

Polymerization of acrylates in the presence of [Co ACHTUNGTRENNUNG(acac)-ACHTUNGTRENNUNG(bpi) ACHTUNGTRENNUNG(MeOH)] complexes with V-70 : To assess the proper-
ties of complexes 10–20 as moderators in CMRP, we investi-
gated the polymerization of methyl acrylate at 333 K (mono-
mer/catalyst/V-70: 600:1:1).[18–22] To initiate the polymeri-
zation, one molar equivalent of the relatively short-lived
radical source 2,2’-azobis(4-methoxy-2,4-dimethyl valeroni-
trile) (V-70) was used (t1=2

(333 K)=11 min).[11] This leads to
the formation of a modest excess of organic radicals
(1.06 equiv) under these reaction conditions. The transfer-
ence efficiency under the reaction conditions used was mea-
sured (by NMR spectroscopy) to be 53 %.[42] This is in good
agreement with published values.[11,42] The excess of radicals
significantly increases the rate of polymerization without a
noticeable increase of the polydispersity.

The low solubility of the acetato complexes 10 and 11 in-
hibits their activity as mediators in this reaction. This applies
even more for 10 (polydispersity index, PDI, of the polymer
�2.80) than for the slightly more soluble complex 11, which
shows moderate activity as mediator in the polymerization
of methyl acrylate (PDI of the polymer �1.6). Both com-
plexes were therefore not further investigated for this type
of application.

In part due to their greater solubility, the acetylacetonato
complexes 12–19 mediate the radical polymerization of
methyl acrylate more effectively than the acetato complexes
under the same conditions. The polymerization with com-
plexes 18 and 19, which bear chloro substituents in the meta
position relative to the coordinating N atom of the pyridine
rings, does not display a significant induction period.[23] In
contrast, polymerizations with complexes 12–17 are charac-
terized by induction periods which are due to the time re-
quired to convert all of the [Co ACHTUNGTRENNUNG(acac) ACHTUNGTRENNUNG(bpi)ACHTUNGTRENNUNG(MeOH)] com-
plexes into organometallic [CoACHTUNGTRENNUNG(acac)ACHTUNGTRENNUNG(bpi)-R] species.

Radical polymerizations mediated by complexes 12–19
did not show a linear increase in number-average molecular
weight (Mn) with conversion (Figure 5 for complex 19).
Nevertheless, the polydispersities for complexes 12–19 were
relatively low (PDI=1.14, 1.13, 1.12, 1.14, 1.14, 1.15, <1.40,
and <1.27 for 12–19, respectively). The variable induction
periods and the nonlinear increase of Mn with conversion
were thought to be due to the occupation of the sixth coor-
dination site in 12–19 by methanol. Its dissociation is the
prerequisite for the formation of Co�R species (R: polymer
chain) and thus the effective control of the OMRP.

This interpretation was confirmed by the polymerizations
of methyl acrylate and n-butyl acrylate in the presence of
the five-coordinate complexes [Co ACHTUNGTRENNUNG(acac) ACHTUNGTRENNUNG(bpi)] (12 a–20 a)

Figure 2. Molecular structure of complex 19 ; hydrogen atoms are omitted
for clarity. Selected bond lengths [�] and angles [8]: Co�N(1) 2.021(2),
Co�N(3) 2.181(2), Co�N(5) 2.173(2), Co�O(1) 2.059(1), Co�O(2)
2.0445(1); N(1)-Co-O(1) 174.70(6), N(5)-Co-N(3) 173.27(6), O(2)-Co-
O(3) 170.35(5).

Figure 3. a) Molecular structure of complex 18a ; hydrogen atoms are
omitted for clarity. Selected bond lengths [�] and angles [8]: Co�N(1)
1.969(1), Co�N(3) 2.169(1), Co�N(5) 2.148(1), Co�O(1) 2.009(1), Co�
O(2) 1.993(1); N(1)-Co-O(2) 136.34(5), N(1)-Co-O(1) 132.65(5), O(2)-
Co-O(1) 90.98(4); b) Molecular structure of complex 19 a ; only one of
the two independent molecules is shown, and hydrogen atoms are omit-
ted for clarity. Selected bond lengths [�] and angles [8]; values given in
square brackets refer to the second molecule: Co(1)�N(1) 1.9720(14)
[1.9618(15)], Co(1)�N(3) 2.1537(15) [2.1458(16)], Co(1)�N(5) 2.1574(14)
[2.1539(16)], Co(1)�O(1) 2.0070(12) [1.9903(13)], Co(1)�O(2) 1.9995(13)
[2.0004(13)]; N(1)-Co(1)-O(2) 124.31(6) [137.06(6)], N(1)-Co(1)-O(1)
144.64(6) [131.10(6)], O(2)-Co(1)-O(1) 91.05(5) [91.74(5)]
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under the same conditions, which displayed a linear increase
in Mn with conversion. Furthermore, the Mn values were
found to be very close to the expected values for living sys-
tems and very low polydispersities (PDI<1.13) were deter-
mined. This suggests that in these systems, close to one poly-
mer chain per cobalt–bpi complex is growing with similar
speed (Figure 6).

We further examined the capability of complex 20 a to act
as a mediator in the block copolymerization of methyl acry-
late and n-butyl acrylate. A low-polydispersity poly(methyl
acrylate) block was generated initially as described above.
Unreacted monomer was then removed under high vacuum,
and the cobalt-end-capped polymers subsequently dissolved
in a solution of n-butyl acrylate to restart the polymerization
and generate the poly(methyl acrylate)–poly(butyl acrylate)
block copolymer. A linear increase in the Mn with conver-
sion of n-butyl acrylate and low polydispersity (Mw/Mn<

1.15; Mw: weight-average molecular weight) were also ob-
served during this second stage of polymerization in the
presence of complex 20 a and the formation of the block co-
polymer (Figure 7 and Table 2).

The polymerization of methyl acrylate with all methanol-
free complexes (12 a–20 a) showed virtually superimposable
results, which indicated no significant effect of the coordina-
tion pattern of the bpi ligands (Figure 8 for complexes 12 a
and 19 a). This finding was unexpected because the applica-
tion of bpi derivatives as ancillary ligands in a variety of cat-
alysts had previously indicated a significant influence of the
substitution pattern.

To investigate and analyse this result, a DFT study was
carried out for the representative complexes 12 a and 18 a–
20 a.[43,44] In general, good agreement with the computed
minima and experimentally determined structural data was
obtained by the B3LYP functional. Both high-spin (S=3/2)
and low-spin (S= 1/2) states were considered in our studies.
In all cases the high-spin (hs) state was found to be more
stable than the low-spin (ls) state, which is in agreement
with the experimental data. (The zero-point vibrational en-

Figure 4. Curie plot of the 1H NMR resonances of complex 20.

Figure 5. Change in number-average molecular weight (Mn) and polydis-
persity with methyl acrylate conversion to poly(methyl acrylate) (PMA)
for [CoACHTUNGTRENNUNG(acac)(5,6-dichloro-5-chloro-bpi) ACHTUNGTRENNUNG(MeOH)] (19). (c): Mn(theor),
(&): Mn(measured), (~): PDI.

Figure 6. Change in number-average molecular weight (Mn) and polydis-
persity with methyl acrylate conversion to PMA for [CoACHTUNGTRENNUNG(acac)(4-me-
thoxy-bpi)] (20 a). (c): Mn(theor), (&): Mn(measured), (~): PDI.

Table 1. Assignment of the paramagnetic 1H NMR resonances [ppm] re-
corded at 295 K.

4/7 5/6 3’ 4’ 5’ 6’ CH3(acac) CH(acac)

12 3.5 31.0 45.6 �13.1[a] 20.9 145.6 35.8 129.5
13 3.2 21.2 46.6 �13.1[a] 21.0 146.4 36.1 131.0
14 3.2 [b] 47.1 �13.1[a] 21.1 147.2 36.6 131.4
15 3.1 – 47.3 �12.9[a] 21.1 143.4 35.4 128.4
16 3.7/

3.1
–/
30.3

41.3/
41.0

�12.4[a] 21.5/
21.3

143.7 35.2 126.8

17 3.2 29.5 43.3 – 18.4 139.0 33.7 123.8
18 3.1 29.2 44.0 �13.2 – 146.8 32.3 122.3
19 3.1 – 44.2 �13.4 – 146.9 32.2 121.8
20a 3.6 30.8 45.3 �10.4[c] 18.9 145.4 36.5 124.0

[a] Chemical shifts of the corresponding tert-butyl resonances.
[b] Chemical shifts of the hexyl resonances: d=21.4 (s, 4H; H1’’), 15.4 (s,
4H; H2’’), 10.7 (s, 4 H; H3’’), 7.7 (s, 4H; H4’’), 6.0 (s, 4 H; H5’’), 4.2 ppm (s,
4H; H6’’). [c] Chemical shift of the corresponding methoxy resonance.
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ergies DEzp
(ls–hs) of [Co ACHTUNGTRENNUNG(acac)(3,4-dichloro-5’-chloro-bpi)]

(19 a), [CoACHTUNGTRENNUNG(acac)(5-chloro-bpi)] (18 a), [Co ACHTUNGTRENNUNG(acac) ACHTUNGTRENNUNG(tBu-bpi)]
(12 a), and [CoACHTUNGTRENNUNG(acac)(4’-methoxy-bpi)] (20 a) were computed
to be 6.1, 5.8, 4.6, and 4.5 kcal mol�1, respectively.)

The cobalt ACHTUNGTRENNUNG(III)�R intermediates in the polymerization
process of methyl acrylate were modelled by simulating the
radical polymer chain as the a-methyl butyrate radical (RC)
[CH3CH2C(C)HCO2Me]. The introduction of this additional
coordinative fragment to the metal center gave rise to octa-
hedral [CoIII] low-spin complexes in all cases (Scheme 3).

The stabilization due to the formation of the Co�R bond
in [CoIII�R] low-spin complexes from the CoII high-spin
complexes and the free radical (RC) is represented by the

bond dissociation energy
(BDE) of the Co�R bond. The
computed energies represented
in Table 3 confirm the ability of
1,3-bis(pyridylimino)isoindola-
to–CoII complexes to stabilize
radicals, but these values are
much smaller than literature
data for experimental Co�C
BDEs.[45] It has been demon-
strated recently that the nonhy-
brid functional BP86[46] is able
to reproduce the Co�C BDEs
of organocobalt complexes in a
more accurate manner.[47] We
therefore also computed the
BDEs by using the BP86 func-
tional. The results summarized
in Table 3 show that the BP86
BDE energies are in the ex-
pected range.[45] In agreement
with the experimental results,
the variation of the BDEs for
the selected complexes 12 a and
18 a–20 a is only very small
(<2 kcal mol�1). These results

show clearly that there is no significant electronic influence
of the substitution pattern of the ligand on the BDE.

In addition, both the lengths of the carbon–cobalt bond
(dACHTUNGTRENNUNG(C�Co)= (2.055�0.001) �) and the natural bond orbital
charges on the cobalt (q(Co)= (0.984�0.001) e) are not in-
fluenced by the different substitution patterns of the ligands.
Closer inspection of the frontier orbitals of the Co–bpi com-
plexes reveals that the sigma skeleton of the ligand is or-
thogonal to the Co�C bond, thus explaining the observed
and calculated minor influence of the substitution pattern
on the Co�C bond reactivity. Furthermore, the molecular
orbital analysis also clearly indicates the negligible interac-
tion of the ligand p system with the Co�C bond (Figure 9).

Figure 7. Change in number-average molecular weight (Mn) and polydis-
persity with n-butyl acrylate conversion to PMA–poly(butyl acrylate)
block copolymer initiated by a [CoACHTUNGTRENNUNG(acac)(4-methoxy-bpi)-PMA] block
(derived from 20a): conversion of initial methyl acrylate polymerization:
34.6 %, Mn =19 300 g mol�1, Mw/Mn =1.05. (c): Mn(theor), (&): Mn(measured),
(~): PDI.

Table 2. Controlled radical polymerization of acrylates in the presence of [Co ACHTUNGTRENNUNG(acac) ACHTUNGTRENNUNG(bpi)].[a]

Entry Catalyst Monomer Z [%][b] Mn,GPC

[103 gmol�1][c]
Mn,theor

[103 gmol�1][d]
Mn,theor

[103 gmol�1][e]
Mw/Mn

1 10 MA 61.1 32.6 31.6 29.8 2.83
2 11 MA 63.0 32.5 32.5 30.7 1.64
3 12 MA 61.1 32.6 31.6 29.8 1.14
4 12 a MA 70.2 37.1 36.3 34.2 1.09
4 13 MA 63.1 34.3 32.6 30.8 1.12
5 14 MA 63.5 35.6 32.8 30.9 1.11
6 15 MA 65.6 35.0 33.9 32.0 1.14
7 16 MA 60.4 36.1 31.2 29.4 1.14
8 17 MA 63.2 32.7 32.6 30.8 1.15
9 18 MA 69.5 40.6 35.9 33.9 1.40
10 19 MA 66.7 42.9 34.5 32.5 1.27
11 19 a MA 68.9 35.9 35.6 33.6 1.10
12 20 a MA 68 35.0 35.1 33.1 1.10
13 20 a BA 65.9 56.3 50.7 47.8 1.13
14 20 a MA/BA[f] 65.9 [g] 70.6 70.0 66.1 1.15

[a] General conditions: 1 equiv [CoII], 1 equiv V-70, 600 equiv monomer ([M]0/ ACHTUNGTRENNUNG[CoII]0 =600) as 2 n solution in
benzene. [b] The monomer conversion Z is determined by integration of 1H resonances of the monomer and
the corresponding resonances of the polymer; values are averages of at least two runs. [c] Determined by gel-
permeation chromatography (GPC) analyses with poly(n-butyl acrylate) calibration; values are averages of at
least two runs. [d] Mn,theor based on [CoII]: Mn,theor = ([M]0/ ACHTUNGTRENNUNG[CoII]0)� Mmonomer � Z. [e] Mn,theor based on radical con-
centration: Mn,theor = ([M]0/[RC]0)� Mmonomer � Z. [f] General conditions: 1 equiv PMA appended to 20a (Mn =

19.3 � 103 g mol�1, Mw/Mn =1.05), 600 equiv n-butyl acrylate (BA) as 2n solution in benzene. [g] Corresponds to
the conversion of n-butyl acrylate; values are averages of at least two runs.

Figure 8. Change in number-average molecular weight (Mn) and polydis-
persity with methyl acrylate conversion to PMA for [Co ACHTUNGTRENNUNG(acac)(4-tBu-
bpi)] (12a) (&) and [Co ACHTUNGTRENNUNG(acac)(3,4-dichloro-5’-chloro-bpi)] (19 a ; *).
(c): Mn(theor) as well as the corresponding PDIs.
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In summary, the Co�C bond appears to be electronically de-
coupled from the substituents on the bpi systems. These
may be thus appropriately chosen to control other molecular
properties of the CoII mediators in the polymerization, such
as the solubility in a particular reaction medium.

Identification of reactive intermediates by mass spectrome-
try and NMR end-group analysis : As already discussed
above, it is generally believed that the formation of an or-
ganometallic complex [CoIII-R] is the key step during the in-
duction period of the CMRP of acrylates. Scheme 4 summa-
rizes the dominant reactions that are thought to occur
within this initial period.[23,11]

Homolytic dissociation of the radical source V-70 gener-
ates a tertiary carbon-centered radical ([Eq. (1)] in
Scheme 4) followed by the abstraction of an H atom by a
CoII species to form a cobalt hydrido species [Eq. (2)]. This
transient species reacts with one molecule of acrylate mono-
mer to form an alkyl complex [Eq. (3)], which in turn under-
goes thermal homolytic cleavage of the Co�C bond to pro-
duce an organic radical ([Eq. (4)] in Scheme 4). The latter
initiates alkyl acrylate polymerization to form an oligomer
radical [Eq. (5)] that binds again to the CoII species
([Eq. (6)] in Scheme 4). Due to the persistent radical effect
the growth of the polymeric radical has living character in
the last stage of the induction period. After this period the
mechanism gradually changes to a DT process,[23] which is
indicated by the setting in of rapid polymerization.

To obtain insight into the processes involved during the
induction period of CMRP, that is, prior to the DT stage,
the composition of the reaction mixture was monitored by

mass spectrometry. LIFDI was chosen, because it combines
the soft ionization of field desorption (FD)[48] with the inert-
ness required to analyse extremely moisture- and air-sensi-
tive compounds.[49]

Scheme 3. Equilibrium between CoII–bpi high-spin complexes with a free radical and the CoIII–bpi low-spin complex bearing the radical.

Table 3. Formation energy of intermediates IIa–d from Ia–d in Scheme 3.[a]

B3LYP BP86
Isomer R1 R2 BDE DG BDE DG

a Cl Cl �4.9 13.1 �28.0 �10.0
b Cl H �5.2 13.1 �28.1 �10.3
c tBu H �6.4 12.0 �29.2 �10.9
d MeO H �6.3 11.7 �30.0 �11.5

[a] DE=E ACHTUNGTRENNUNG[Ia–d] +E[CR]�E ACHTUNGTRENNUNG[IIa–d]; CR: a-methyl butyrate radical
[CH3CH2C(C)HCO2Me].

Figure 9. Representation of the key occupied molecular frontier orbitals
involved in the Co�C bond for the organocobalt complexes derived from
19a (left) and 20a (right). The almost complete decoupling of ligand-cen-
tered molecular orbitals is clearly visible.

Chem. Eur. J. 2008, 14, 10267 – 10279 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 10273

FULL PAPERLiving Radical Polymerization of Acrylates

www.chemeurj.org


The LIFDI spectrum of the polymerization of methyl ac-
rylate (MA) is dominated by a peak at m/z 516.1 that can
be assigned to complex 20 a. This ion is detected in high
abundance during the induction period and represents a
major fragment of [CoACHTUNGTRENNUNG(acac)(4-methoxy-bpi)-(MA)n-H].
The additional peak at m/z 1032.2 corresponds to a [Co-ACHTUNGTRENNUNG(acac)(4-methoxy-bpi)]2

+ C cluster ion, such species being fre-
quently detected in FD–mass spectrometry.[50] Setting the
rather narrow m/z 900–1300 range allowed sufficient resolu-
tion to be maintained at a comparatively fast scan rate. This
turned out to be important to detect the intermediates
during their short period of desorption.

During the first 10 min of the polymerization several or-
ganometallic species consisting of [Co ACHTUNGTRENNUNG(acac)(4-methoxy-
bpi)] and oligomer chains of variable chain length could be
reproducibly detected. We were able to observe organome-
tallic species containing methyl acrylate units and an end
group derived from the dissociation of the radical source V-
70 following the general formula [Co ACHTUNGTRENNUNG(acac)(4-methoxy-bpi)-
(MA)n-R] with R= C ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(CH2C ACHTUNGTRENNUNG(CH3)2OCH3)CN. This is
in contrast to the proposed formation of a cobalt hydrido
species ([Eq. (2)] in Scheme 4), which subsequently forms
organometallic species that consist only of methyl acrylate
units ([Eq. (3)] and the following in Scheme 4). The ob-
served organometallic species contained between three and
seven methyl acrylate units (Figure 10).

The fragmentation of mass-selected ions upon collision-in-
duced dissociation (CID) was employed to confirm the pre-
sumed composition of the observed species.[51] The tandem
mass spectra were obtained by admitting helium collision
gas into the collision chamber of the first field-free region
and analysing the fragments by scanning the instrument at
constant B/E.[52] In each case the tandem mass spectrometry
experiment showed the presence of the [Co ACHTUNGTRENNUNG(acac)(4-me-
thoxy-bpi)] fragments at m/z 516 and 417, which may be as-
signed to [Co(4-methoxy-bpi)]+ (Figure 11).

To further substantiate these results, we performed end-
group analyses of the polymers by 1H NMR experiments. As
marker signal of the end group -CACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(CH2C-ACHTUNGTRENNUNG(CH3)2OCH3)CN we chose the methoxy group, because its
resonance is well separated from the signals of the polymer
chain. In each case we were able to identify the end group

by a resonance at d=3.15 ppm, and its integral ratio with
the methoxy group of the polymer (d=3.65 ppm) was in
very good agreement with the integral ratio calculated from
the molecular weight obtained by GPC. We therefore
assume that cobalt–bpi complexes are not able to undergo a
fast b-H abstraction from the starter radical as proposed by

Scheme 4. Proposed scheme of dominant reactions during the induction
time of the CMRP of acrylates.[11, 23]

Figure 10. LIFDI mass spectrum obtained during the polymerization of
methyl acrylate with complex 20 and V-70 as radical source after 7 min
(intensity scale expanded by a factor of 8 to better show the relevant sig-
nals). Organometallic species of the type [CoACHTUNGTRENNUNG(acac)(4-methoxy-bpi)-
(MA)n-R] with n =3–7 were detected, that is, n=3 at m/z 914.4 (calcd:
914.3), n=4 at m/z 1000.4 (calcd: 1000.4), n=5 at m/z 1086.4 (calcd:
1086.4), n=6 at m/z 1172.4 (calcd: 1172.4) and n= 7 at m/z 1258.4 (calcd:
1258.5).

Figure 11. Representative CID mass spectrum of a polymerizing complex.
Here, the mass spectrum of the precursor ion at m/z 1172.4, which corre-
sponds to [Co ACHTUNGTRENNUNG(acac)(4-methoxy-bpi)-(MA)6-R]+ with R =CACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(CH2C-ACHTUNGTRENNUNG(CH3)2OCH3)CN, is shown.
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Wayland et al. for their cobalt porphyrin complexes.[11,23] In-
stead, we propose an initial reaction sequence as represent-
ed in Scheme 5.

Conclusions

A new class of radical mediators based on bpi–CoII com-
plexes, which effectively control the living radical polymeri-
zation of acrylates, has been established. The facile one-step
synthesis of the ancillary bpi ligands and the following com-
plexation step render the new complexes suitable for broad-
er applications in this field.

These systems proved to be particularly suited to the
direct monitoring of the chain growth at the metal center in
a first LIFDI mass spectrometric study of such a process.
Whilst the previously proposed general mechanistic schemes
for OMRP are vindicated to a large extent, it is notable that
in the case at hand there is no indication of b-H abstraction
from the starter radical. An investigation into what degree
this also applies to other OMRP systems is under way.

Experimental Section

General : All manipulations were carried out by standard Schlenk line or
glovebox techniques under an atmosphere of argon. Solvents were pre-
dried over activated 4 � molecular sieves and were refluxed over potassi-
um (benzene, benzene-d6), magnesium (methanol) or calcium hydride
(methyl acrylate, butyl acrylate) under an argon atmosphere and collect-
ed by distillation. CDCl3 was dried over calcium hydride, distilled under
reduced pressure and stored under argon in Teflon-valve ampoules. 1H
and 13C{1H} NMR spectra were recorded on Bruker Avance III 600,
Bruker Avance II 400 and Bruker DRX 200 spectrometers. 1H and
13C NMR assignments were confirmed when necessary by the use of dis-
tortionless enhancement by polarization transfer with a 1358 decoupler
pulse (DEPT-135) and two-dimensional 1H–1H and 13C–1H NMR experi-
ments. 1H and 13C NMR spectra were referenced internally to residual
protio-solvent (1H) or solvent (13C) resonances and are reported relative
to tetramethylsilane (d=0 ppm). GPC analyses were carried out on a
PSS MCS2031 Compact System equipped with three PSS SDV columns
working with THF as mobile phase at a flow rate of 1.00 mL min�1 at
23 8C. All measurements are relative to poly(n-butyl acrylate) standards
from PSS (Polymer Standards Service, Mainz, Germany). Samples for in-
frared spectroscopy were prepared as KBr pellets and spectra were re-
corded on a Varian Excalibur 3100 series FTIR spectrometer. Infrared
data are quoted in wave numbers (cm�1). Elemental analyses were per-
formed by the analytical services of the University of Heidelberg. Meas-
urements of the magnetic susceptibility were carried out according to the
method developed by Evans.[41] 2-Amino-4-tert-butylpyridine[53] and 2-
amino-4-methoxypyridine[54] were prepared according published methods.
All other compounds and reagents were obtained from commercial sup-
pliers and used without further purification. V-70 was handled at �78 8C.

Preparation of the compounds

General procedure for the preparation of the 1,3-bis(2-pyridylimino)i-
soindoles (given for 6): A suspension of phthalonitrile (0.72 g,
5.54 mmol), 2-amino-4-chloropyridine (1.64 g, 12.74 mmol) and CaCl2

(0.28 g, 2.78 mmol) in 1-hexanol (20 mL) was heated at reflux for 18 h.
After the mixture had been cooled to room temperature, the yellow pre-
cipitate was isolated by filtration, washed with hexane to remove 1-hexa-
nol (20 mL), dissolved in dichloromethane (20 mL), and the solution was
filtered through celite and dried in vacuo to provide 6 (1.71 g, 4.65 mmol;
84% yield). Compounds 1–9 were synthesized accordingly.

5,6-Dimethyl-4’-tBu-bpi (2): Yield: 71%; m.p.: 220 8C; 1H NMR
(399.90 MHz, CDCl3, 295 K): d =13.90 (s, 1H; NH), 8.49 (d„ 2H 3JH,H =

5.3 Hz; H6’), 7.87 (s, 2H; H4+7), 7.47 (d, 4JH,H =1.8 Hz, 2 H; H3’), 7.11 (dd,
2H, 3JH,H =5.3, 4JH,H =1.8 Hz; H5’), 2.43 (s, 6 H; CH3), 1.36 ppm (s, 18 H;
C ACHTUNGTRENNUNG(CH3)3); 13C{1H} NMR (100.57 MHz, CDCl3, 293 K): d=162.3 (s, C2’),
160.5 (s, C4’), 154.1 (s, C1+3), 147.5 (s, C6’), 141.1 (s, C5+6), 133.5 (s, C8+9),
123.3 (s, C4+7), 119.8 (s, C3’), 117.5 (s, C5’), 34.8 (s, C ACHTUNGTRENNUNG(CH3)3), 30.5 (s,
C ACHTUNGTRENNUNG(CH3)3), 20.4 ppm (s, CH3); IR (KBr): ñ =3251 (br), 2979 (m), 2934
(m), 1634 (s), 1588 (vs), 1474 (s), 1352 (w), 1231 (w), 1110 (w) cm�1; MS
(EI+ ): m/z (%): 439.3 [M]+ ; elemental analysis calcd (%) for
C28H33N5 +CH2Cl2 (439.60): C 71.01, H 7.11, N 14.53; found: C 70.77, H
7.16, N 14.43.

5,6-Dihexyl-4-tBu-bpi (3): Yield: 72%; m.p.: 202 8C; 1H NMR
(399.90 MHz, CDCl3, 295 K): d =13.89 (s, 1H; NH), 8.50 (d, 2H, 3JH,H =

5.3 Hz; H6’), 7.85 (s, 2H; H4+7), 7.45 (d, 2 H, 4JH,H = 1.8 Hz; H3’), 7.10 (dd,
2H, 3JH,H =5.3, 4JH,H = 1.8 Hz; H5), 2.75 (t, 4H, 3JH,H =3.6 Hz; H1’’), 1.68
(m, 4H; H2’’–5’’), 1.36 (m, 12H; H2’’�5’’), 1.36 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 0.91 ppm
(t, 6 H, 3JH,H =7.1 Hz; CH3); 13C{1H} NMR (100.57 MHz, CDCl3, 295 K):
d=162.3 (s, C2’), 160.8 (s, C4’), 154.2 (s, C1+3), 147.6 (s, C6’), 145.3 (s,
C5+6), 133.5 (s, C8+9), 122.9 (s, C4+7), 119.9 (s, C3’), 117.5 (s, C5’), 34.9 (s,
C ACHTUNGTRENNUNG(CH3)3), 33.4 (s, C1’’), 31.8 (s, C2’’), 31.2 (s, C3’’), 30.6 (s, C ACHTUNGTRENNUNG(CH3)3), 29.6 (s,
C4’’), 22.6 (s, C5’’), 14.1 ppm (s, C6’’); IR (KBr): ñ=3243 (br), 2998 (m),
2929 (m), 1630 (s), 1587 (vs), 1472 (s), 1351 (w), 1220 (w), 1109 (w) cm�1;
MS (EI+ ): m/z (%): 579.4 [M]+ ; elemental analysis calcd (%) for
C38H53N5 (579.86): C 78.71, H 9.21, N 12.08; found: C 78.72, H 9.06, N
12.11.

5,6-Dichloro-4-tBu-bpi (4): Yield: 79 %; m.p.: 203 8C; 1H NMR
(600.13 MHz, CDCl3, 295 K): d =14.04 (s, 1H; NH), 8.53 (d, 2H, 3JH,H =

5.3 Hz; H6’), 8.17 (s, 2H; H4+7), 7.47 (d, 2 H, 4JH,H = 1.4 Hz; H3’), 7.17 (dd,
2H, 3JH,H =5.3, 4JH,H =1.4 Hz; H5’), 1.39 ppm (s, 18 H; tBu); 13C{1H} NMR
(150.90 MHz, CDCl3, 295 K): d =162.6 (s, C2’), 160.1 (s, C4’), 151.6 (s,
C1+3), 147.7 (s, C6’), 136.0 (s, C8+9), 135.2 (s, C5+6), 124.4 (s, C4+7), 120.4
(s, C3’), 118.1 (s, C5’), 34.9 (s, C ACHTUNGTRENNUNG(CH3)3), 30.6 ppm (s, CACHTUNGTRENNUNG(CH3)3); IR (KBr):
ñ= 3221 (m, br), 2967 (m), 2877 (w), 1628 (m), 1584 (s), 1547 (m), 1488
(s), 1401 (w), 1360 (w), 1283 (m), 1262(w), 1222 (w), 1202 (w), 1027 (w),
921 (m), 830 (m) cm�1; MS (EI + ): m/z (%): 479.2 (100) [M]+ , 464.1
(17.0) [M-CH3]

+ ; elemental analysis calcd (%) for C26H27Cl2N5 (479.43):
C 65.00, H 5.66, N 14.58; found: C 64.72, H 5.72, N 14.38.

5-Nitro-4-tBu-bpi (5): Yield: 74%; m.p.: 198 8C; 1H NMR (399.90 MHz,
CDCl3, 295 K): d =14.18 (s, 1H; NH), 8.88 (s, 1H, 4J= 1.8 Hz; H4), 8.53
(d, 1H, 3JH,H =5.4 Hz; H6’), 8.52 (d, 1 H, 3JH,H =5.2 Hz; H6’’), 8.47 (dd, 1 H,
3JH,H = 8.2, 4JH,H =1.79 Hz; H6), 8.19 (d, 1H, 3JH,H =8.2 Hz; H7), 7.50 (d,
1H, 4JH,H =1.6 Hz; H3’), 7.49 (d, 1H, 4JH,H =1.5 Hz; H3’’), 7.17 (dd, 1 H,
3JH,H = 5.4, 4JH,H =1.6 Hz; H5’), 7.16 (dd, 2H, 3JH,H = 5.2, 4JH,H =1.5 Hz;
H5’’), 1.38 (s, 9 H; C ACHTUNGTRENNUNG(CH3)3), 1.37 ppm (s, 9 H; C ACHTUNGTRENNUNG(CH3)3); 13C{1H} NMR
(100.57 MHz, CDCl3, 295 K): d= 162.7 (s, C2’), 162.6 (s, C2’’), 159.9 (s,
C4’+4’’), 151.4 (s, C3), 151.2 (s, C1), 150.3 (s, C5), 147.8 (s, C6’), 147.7 (s,
C6’’), 141.3 (s, C9), 137.2 (s, C8), 126.4 (s, C6), 123.4 (s, C7), 120.7 (s, H3’),
120.6 (s, H3’’), 118.4 (s, C5’), 118.3 (s, H5’’), 118.1 (s, C4), 34.9 (s, C ACHTUNGTRENNUNG(CH3)3),
30.5 ppm (s, C ACHTUNGTRENNUNG(CH3)3); IR (KBr): ñ=3247 (m, br), 2968 (m), 2936 (w),
2845 (w), 1621 (m), 1588 (s), 1531 (m), 1457 (m), 1362 (w), 1328 (m),
1264 (m), 1100 (m), 902 (m), 819 (m) cm�1; MS (EI + ): m/z (%): 456.2
(100) [M]+ , 441.1 (31.4) [M�CH3]

+ , 399.2 (14.1) [M�C4H9]
+ , 322.1

(25.3) [M�tert-butylpyridyl]+ ; elemental analysis calcd (%) for
2C26H28N6O2 (456.54)+methanol: C 67.35, H 6.40, N 17.78; found: C
67.57, H 6.11, N 17.99.

4’-Chloro-bpi (6): Yield: 84%; m.p.: 202 8C; 1H NMR (600.13 MHz,
CDCl3, 295 K): d=13.76 (s, 1H; NH), 8.47 (d, 2H, 3JH,H = 5.4 Hz; H6’),

Scheme 5. Modified scheme of the initial reactions in the [CoACHTUNGTRENNUNG(bpi)]-con-
trolled radical polymerization of methyl acrylate (without the previously
proposed b-hydride abstraction step).
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8.05 (m, 2 H; H5+6), 7.68 (m, 2 H; H4+7), 7.49 (d, 2H, 4JH,H =1.7 Hz; H3’),
7,14 ppm (dd, 2H, 3JH,H =5.4, 4JH,H =1.7 Hz; H5’); 13C{1H} NMR
(150.90 MHz, CDCl3, 293 K): d =161.4 (C2’), 154.4 (C1+3), 148.3 (C6’),
145.3 (C4’), 135.5 (C8+9), 132.0 (C5+6), 123.4 (C3’), 122.8 (C4+7), 120.5 ppm
(C5’); IR (KBr): ñ=3225 (br), 2970 (m), 2923 (m), 1630 (s), 1590 (vs),
1476 (s), 1356 (w), 1235 (w), 1112 (w) cm�1; HRMS (EI + ): m/z 367.0398,
calcd for C18H11Cl2N5: 367.0392; elemental analysis calcd (%) for
C18H11Cl2N5 (367.04): C 58.71, H 3.01, N 19.02; found: C 58.63, H 3.08, N
18.91.

5,6-Dichloro-5’-chloro-bpi (8): Yield: 92%; m.p.: 206 8C; 1H NMR
(600.13 MHz, CDCl3, 295 K): d =13.68 (s, 1H; NH), 8.61 (d, 2H, 4JH,H =

2.7 Hz; H6’), 8.15 (s, 2H; H4+7), 7.80 (dd, 2H, 3JH,H = 8.5, 4JH,H =2.7 Hz;
H4’), 7,43 ppm (d, 2 H, 3JH,H =8.5 Hz; H3’); 13C{1H} NMR (150.90 MHz,
CDCl3, 293 K): d =158.6 (C2’), 151.9 (C1+3), 147.0 (C6’), 138.5 (C4’), 136.6
(C5+6), 135.5 (C8+9), 124.9 (C3’), 128.8 (C5’), 124.8 ppm (C4+7); IR (KBr):
ñ= 3234 (br), 2993 (m), 2943 (m), 1627 (s), 1589 (vs), 1478 (s), 1351 (w),
1239 (w), 1109 (w) cm�1; HRMS (EI + ): m/z 434.9605, calcd for
C18H9Cl4N5: 434.9612; elemental analysis calcd (%) for C18H9Cl4N5

(434.96): C 49.46, H 2.08, N 16.02; found: C 49.32, H 2.11, N 15.86.

4’-Methoxy-bpi (9): Yield: 80%; m.p.: 198 8C; 1H NMR (600.13 MHz,
CDCl3, 295 K): d=14.06 (s, 1H; NH), 8.45 (d, 2H, 3JH,H = 5.6 Hz; H6’),
8.11 (m, 2 H; H5+6), 7,69 (m, 2 H; H4+7), 7.03 (d, 2H, 4JH,H =2.3 Hz; H3’),
6,74 (dd, 2H, 3JH,H =5.5, 4JH,H =2.3 Hz; H5’), 3.96 ppm (s, 6H; OCH3);
13C{1H} NMR (150.90 MHz, CDCl3, 293 K): d=167.3 (C4’), 162.3 (C2’),
153.9 (C1+3), 148.5 (C6’), 135.8 (C8+9), 131.6 (C4+7), 122.5 (C5+6), 108.3
(C5’), 107.1 (C3’), 55.3 ppm (OCH3); IR (KBr): ñ =3222 (br), 2978 (m),
2923 (m), 1632 (s), 1592 (vs), 1483 (s), 1347 (w), 1236 (w), 1135 (w) cm�1;
HRMS (EI+ ): m/z 359.1365, calcd for C20H17N5O2: 359.1382; elemental
analysis calcd (%) for C20H17N5O2 (359.38): C 66.84, H 4.77, N 19.49;
found: C 66.67, H 4.79, N 19.18.

General procedure for the synthesis of complexes 10–20 : The respective
ligand (1.00 mmol) was added at once to a stirred suspension of cobalt
acetylacetonate (514 mg, 2.00 mmol; for complexes 10 and 11 cobalt ace-
tate was used) in dry methanol (10 mL). After 16 h the precipitate was
isolated by filtration, washed three times with small quantities of metha-
nol and dried in a vacuum.

General procedure for removing coordinated methanol : The correspond-
ing cobalt acetylacetonate complex was heated at 100 8C in high vacuum
for 48 h. During that time the color change gradually from orange (12) or
red (19) to brown.

[Co(diMe-tBu-bpi) ACHTUNGTRENNUNG(OAc)] (10): Yield: 79%, m.p.: 147 8C; 1H NMR
(199,92 MHz, [D6]DMSO, 295 K): d=98.6 (s, 2H), 74.0 (s, 2 H), 24.9 (s,
2H), 19.9 (s, 2H), 12.4 (s, 6H; CH3), 2.0 (s, 3 H; OAc), �10.0 ppm (s,
18H; tBu); IR (KBr): ñ=2999 (m), 2938 (m), 1633 (s), 1628 (s), 1595
(vs), 1483 (s), 1344 (w), 1221 (w), 1108 (w) cm�1; mB =4.28 B; HRMS
(FAB + ): m/z 497.1956 ([M-�OAc]+), calcd for C28H32CoN5: 497.1990;
elemental analysis calcd (%) for C30H35CoN5O2·MeOH (556.56): C 63.26,
H 6.68, N 11.90; found: C 62.83, H 6.67, N 11.75.

[Co(dihexyl-tBu-bpi)ACHTUNGTRENNUNG(OAc)] (11): Yield: 81%, m.p.: 143 8C; 1H NMR
(199,92 MHz, [D6]DMSO, 295 K): d=99.3 (s, 2H), 74.2 (s, 2 H), 25.0 (s,
2H), 20.0 (s, 2H), 12.2 (s, 4 H; CH3), 7.8 (s, 4 H), 5.7 (s, 4H), 4.3 (s, 4H),
3.6 (s, 4H), 2.0 (s, 3H; OAc), 1.4 (s, 6H), �10.0 ppm (s, 18H; tBu); IR
(KBr): ñ=2997 (m), 2935 (s), 2916 (m), 1635 (s), 1634 (s), 1587 (vs), 1481
(s), 1348 (w), 1209 (w), 1111 (w) cm�1; mB =4.25 B; HRMS (FAB+ ): m/z
637.3528 (M-OAc)+ , calcd for C38H52CoN5: 637.3555; elemental analysis
calcd (%) for C40H55CoN5O2·H2O (696.83): C 67.21, H 8.04, N 9.80;
found: C 67.44, H 7.73, N 10.01.

[Co ACHTUNGTRENNUNG(acac) ACHTUNGTRENNUNG(tBu-bpi)ACHTUNGTRENNUNG(MeOH)] (12): Yield: 82%, m.p.: 128 8C; 1H NMR
(199.92 MHz, C6D6, 295 K): d=145.6 (s, 2 H; H5’), 129.5 (s, 1H; H7), 45.6
(s, 2H; H2’), 35.8 (s, 6H; H6), 31.0 (s, 2H; H3), 20.9 (s, 2H; H4’), 3.5 (s,
2H; H2), 0.5 (s, 3H; CH3OH), �13.1 ppm (s, 18H; tBu); IR (KBr): ñ=

2990 (m), 2926 (m), 1638 (s), 1621 (s), 1589 (vs), 1487 (s), 1352 (w), 1234
(w), 1116 (w) cm�1; mB =4.33 B; HRMS (ESI + ): m/z 569.2196, calcd for
C31H36CoN5O2: 569.2201; elemental analysis calcd (%) for
C31H35CoN5O2·MeOH (632.66): C 62.65, H 6.75, N 11.07; found: C 62.93,
H 6.50, N 11.24.

[Co ACHTUNGTRENNUNG(acac) ACHTUNGTRENNUNG(tBu-bpi)] (12 a): Elemental analysis calcd (%) for
C31H35CoN5O2 (568.58): C 65.49, H 6.20, N 12.32; found: C 65.78, H 6.31,
N 12.19.

[Co ACHTUNGTRENNUNG(acac)(5,6-dimethyl-4-tBu-bpi) ACHTUNGTRENNUNG(MeOH)] (13): Yield: 81%, m.p.:
132 8C; 1H NMR (199.92 MHz, C6D6, 295 K): d= 146.4 (s, 2H; H6’), 131.0
(s, 1 H; CH), 46.6 (s, 2 H; H3’), 36.1 (s, 6H; CH3ACHTUNGTRENNUNG(acac)), 21.2 (s, 6H;
CH3), 21.0 (s, 2H; H5’), 3.2 (s, 2 H; H4+7), 0.5 (s, 3 H; CH3OH),
�13.1 ppm (s, 18 H; C ACHTUNGTRENNUNG(CH3)3); IR (KBr): ñ=2997 (m), 2934 (m), 1633
(s), 1624 (s), 1587 (vs), 1481 (s), 1343 (w), 1224 (w), 1110 (w) cm�1; mB =

4.27 B; HRMS (ESI + ): m/z 597.2528 [M +H]+ , calcd for C33H40CoN5O2:
597.2514; elemental analysis calcd (%) for C33H39N5CoO2·MeOH
(628.67): C 64.96, H 6.89, N 11.14; found: C 64.72, H 6.69, N 11.23.

[Co ACHTUNGTRENNUNG(acac)(5,6-dimethyl-4-tBu-bpi)] (13 a): Elemental analysis calcd (%)
for C33H39N5CoO2 (596.63): C 66.43, H 6.59, N 11.74; found: C 66.29, H
6.62, N 11.51.

[Co ACHTUNGTRENNUNG(acac)(5,6-dihexyl-4-tBu-bpi) ACHTUNGTRENNUNG(MeOH)] (14): Yield: 76%, m.p.:
122 8C; 1H NMR (199.92 MHz, C6D6, 295 K): d= 147.2 (s, 2H; H6’), 131.4
(s, 1 H; CH), 47.1 (s, 2H; H3’), 36.6 (s, 6H; CH3 ACHTUNGTRENNUNG(acac)), 21.4 (s, 4H; H1’’),
21.1 (s, 2 H; H5’), 15.4 (s, 4H; H2’’), 10.7 (s, 4H; H3’’), 7.7 (s, 4H; H4’’), 6.0
(s, 4H; H5’’), 4.2 (s, 6H; H6’’), 3.2 (s, 2H; H4+7), 0.4 (s, 3 H; CH3OH),
�13.1 ppm (s, 18 H; C ACHTUNGTRENNUNG(CH3)3); IR (KBr): ñ=2956 (m), 2930 (m), 1629
(s), 1616 (s), 1589 (vs), 1487 (s), 1310 (w), 1235 (w), 1084 (w) cm�1; mB =

4.32 B; HRMS (ESI+ ): m/z 737.4099 [M+H]+ , calcd for C43H60CoN5O2:
737.4079; elemental analysis calcd (%) for C43H59N5CoO2·2MeOH
(800.97): C 67.48, H 8.43, N 8.74; found: C 67.10, H 8.29,N 8.77.

[Co ACHTUNGTRENNUNG(acac)(5,6-dihexyl-4-tBu-bpi)] (14 a): Elemental analysis calcd (%)
for C43H59N5CoO2 (736.89): C 70.09, H 8.07, N 9.50; found: C 70.21, H
7.98,N 9.37.

[Co ACHTUNGTRENNUNG(acac)(5,6-dichloro-4-tBu-bpi) ACHTUNGTRENNUNG(MeOH)] (15): Yield: 84%, m.p.:
137 8C; 1H NMR (199.92 MHz, C6D6, 295 K): d= 143.4 (s, 2H; H6’), 128.4
(s, 1H; CH), 47.3 (s, 2 H; H3’), 35.4 (s, 6 H; CH3 ACHTUNGTRENNUNG(acac)), 21.1 (s, 2H; H5’),
3.1 (s, 2 H; H4+7), 0.5 (s, 3H; CH3OH), �12.9 ppm (s, 18 H; C ACHTUNGTRENNUNG(CH3)3); IR
(KBr): ñ=2996 (m), 2918 (m), 1639 (s), 1622 (s), 1572 (vs), 1492 (s), 1323
(w), 1210 (w), 1009 (w) cm�1; mB = 4.30 B; HRMS (ESI + ): m/z 636.1340
[M+H]+ , calcd for C31H34CoN5O2Cl2: 636.1343; elemental analysis calcd
(%) for C31H33N5CoO2·MeOH (669.51): C 57.41, H 5.57, N 10.46; found:
C 57.05, H 5.55, N 10.42.

[Co ACHTUNGTRENNUNG(acac)(5,6-dichloro-4-tBu-bpi)] (15 a): Elemental analysis calcd (%)
for C31H33N5CoO2 (637.47): C 57.41, H 5.22, N 10.99; found: C 57.21, H
5.35, N 10.74.

[Co ACHTUNGTRENNUNG(acac)(5-nitro-4-tBu-bpi) ACHTUNGTRENNUNG(MeOH)] (16): Yield: 86%, m.p.: 131 8C;
1H NMR (199.92 MHz, C6D6, 295 K): d =143.7 (s, 2 H; H6’), 126.8 (s, 1 H;
CH), 41.3 (s, 1H; H3’), 41.0 (s, 1 H; H3’), 35.2 (s, 6 H; CH3ACHTUNGTRENNUNG(acac)), 30.3 (s,
1H; H5), 21.5 (s, 1H; H5’), 21.3 (s, 1H; H5’), 3.7 (s, 1 H; H4/7), 3.1 (s, 1H;
H4/7), 0.4 (s, 3H; CH3OH), �12.4 ppm (s, 18 H; C ACHTUNGTRENNUNG(CH3)3); IR (KBr): ñ=

2996 (m), 2933 (m), 1632 (s), 1621 (s), 1587 (vs), 1474 (s), 1347 (w),
1228(w), 1111 (w) cm�1; mB =4.23 B; HRMS (ESI + ): m/z 614.2045
[M+H]+ , calcd for C31H35CoN6O4: 614.2052; elemental analysis calcd
(%) for C31H34N5CoO2·MeOH (613.57): C 59.53, H 5.93, N 13.02; found:
C 59.41, H 5.82, N 13.19.

[Co ACHTUNGTRENNUNG(acac)(5-nitro-4-tBu-bpi)] (16 a): Elemental analysis calcd (%) for
C31H34N5CoO2 (613.57): C 60.68, H 5.59, N 13.70; found: C 60.59, H 5.71,
N 13.52.

[Co ACHTUNGTRENNUNG(acac)(4-chloro-bpi) ACHTUNGTRENNUNG(MeOH)] (17): Yield: 85%, m.p.: 136 8C;
1H NMR (199.92 MHz, C6D6, 295 K): d =139.0 (s, 2 H; H5’), 123.8 (s, 1 H;
H7), 43.3 (s, 2 H; H2’), 33.7 (s, 6H; H6), 29.5 (s, 2H; H3), 18.4 (s, 2H; H4’),
3.2 (s, 2 H; H2), 0.5 ppm (s, 3H; CH3OH); IR (KBr): ñ =2992 (m), 2921
(m), 1642 (s), 1628 (s), 1578 (vs), 1486 (s), 1341 (w), 1221 (w), 1106
(w) cm�1; mB =4.22 B; HRMS (FAB+ ): m/z 524.0072, calcd for
C23H17Cl2CoN5O2: 524.0091; elemental analysis calcd (%) for
C23H17Cl2CoN5O2·MeOH (557.29): C 51.72, H 3.80, N 12.57; found: C
51.44, H 3.78, N 12.39.

[Co ACHTUNGTRENNUNG(acac)(4-chloro-bpi)] (17 a): Elemental analysis calcd (%) for
C23H17Cl2CoN5O2 (525.25): C 52.59, H 3.26, N 13.33; found: C 52.51, H
3.49, N 13.01.

[Co ACHTUNGTRENNUNG(acac)(5’-chloro-bpi) ACHTUNGTRENNUNG(MeOH)] (18): Yield: 80 %, m.p.: 143 8C;
1H NMR (199.92 MHz, C6D6, 295 K): d =146.8 (s, 2 H; H5’), 122.3 (s, 1 H;
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H7), 44.0 (s, 2H; H2’), 32.3 (s, 6H; H6), 29.2 (s, 2 H; H3), 3.1 (s, 2 H; H2),
0.4 (s, 3H; CH3OH), �13.2 ppm (s, 2 H; H3’); IR (KBr): ñ =3003 (m),
2931 (m), 1636 (s), 1611 (s), 1585 (vs), 1473 (s), 1314 (w), 1218 (w), 1111
(w) cm�1; mB =4.17 B; HRMS (ESI + ): m/z 525.0164, calcd for
C23H18Cl2CoN5O2: 525.0170; elemental analysis calcd (%) for
C23H17Cl2CoN5O2·MeOH (557.29): C 51.72, H 3.80, N 12.57; found: C
51.36, H 3.80, N 12.32.

[Co ACHTUNGTRENNUNG(acac)(5’-chloro-bpi)] (18 a): Elemental analysis calcd (%) for
C23H17Cl2CoN5O2 (525.25): C 52.59, H 3.26, N 13.33; found: C 52.31, H
3.09, N 13.47.

[Co ACHTUNGTRENNUNG(acac)(3,4-dichloro-5’-chloro-bpi) ACHTUNGTRENNUNG(MeOH)] (19): Yield: 89%, m.p.:
139 8C; 1H NMR (199.92 MHz, C6D6, 295 K): d= 146.9 (s, 2H; H5’), 121.8
(s, 1H; H7), 44.2 (s, 2H; H2’), 32.2 (s, 6H; H6), 3.1 (s, 2H; H2), 0.4 (s, 3H;
CH3OH), �13.4 ppm (s, 2 H; H3’); IR (KBr): ñ =2999 (m), 2927 (m),
1649 (s), 1602 (s), 1576 (vs), 1479 (s), 1328 (w), 1232 (w), 1098 (w) cm�1;
mB =4.27 B; HRMS (ESI + ): m/z 591.9306, calcd for C23H15Cl4CoN5O2:
591.9312; elemental analysis calcd (%) for C23H15Cl4CoN5O2·MeOH
(626.18): C 46.09, H 3.06, N 11.18; found: C 45.81, H 3.12, N 11.07.

[Co ACHTUNGTRENNUNG(acac)(3,4-dichloro-5’-chloro-bpi)] (19 a): Elemental analysis calcd
(%) for C23H15Cl4CoN5O2 (594.14): C 46.49, H 2.54, N 11.79; found: C
46.83, H 2.48, N 11.88.

[Co ACHTUNGTRENNUNG(acac)(4’-methoxy-bpi)] (20 a): Yield: 79 %, m.p.: 129 8C; 1H NMR
(199.92 MHz, C6D6, 295 K): d=145.4 (s, 2 H; H5’), 124.0 (s, 1H; H7), 45.3
(s, 2H; H2’), 36.5 (s, 6H; H6), 30.8 (s, 2H; H3), 18.9 (s, 2H; H4’), 3.6 (s,
2H; H2), �10.4 ppm (s, 2H; OMe); IR (KBr): ñ=2996 (m), 2914 (m),
1632 (s), 1609 (s), 1591 (vs), 1486 (s), 1316 (w), 1224 (w), 1107 (w) cm�1;
mB =4.31 B; HRMS (ESI + ): m/z 517.1155, calcd for C25H24CoN5O4:
517.1160; elemental analysis calcd (%) for C25H24CoN5O4 (516.41): C
58.14, H 4.49, N 13.56; found: C 57.96, H 4.56, N 13.53.

Polymerizations

Acrylate polymerizations : In a typical polymerization a solution of alkyl
acrylate (2 m) in dry benzene (18 mmol, 9 mL) was added to a cobalt–bpi
complex (0.03 mmol) and V-70 (0.03 mmol) in a Schlenk tube. This solu-
tion was immediately warmed to 60 8C and stirred until the reaction was

completed. At given times the conversion was monitored by 1H NMR
spectroscopy and samples of 1 mL were taken. The polymer samples
were precipitated with methanol and analysed by GPC.

Block copolymerization of butyl acrylate and methyl acrylate : A sample
of poly(methyl acrylate) appended to [Co ACHTUNGTRENNUNG(acac)(4-methoxy-bpi)] (20a)
was prepared as described. The solvent and unreacted monomer were re-
moved by vacuum and a solution of butyl acrylate (2 n) in benzene
(18 mmol) was added. The Schlenk tube was heated to 60 8C and at given
times the conversion was monitored by 1H NMR spectroscopy and sam-
ples of 1 mL were taken. The polymer samples were precipitated with
methanol and analysed by GPC.

Online mass spectrometric experiments of acrylate polymerizations :
LIFDI mass spectra and LIFDI tandem mass spectra were recorded on a
JEOL JMS-700 magnetic sector mass spectrometer (JEOL, Tokyo,
Japan) with FD ion source and a LIFDI probe (Linden CMS, Lesste,
Germany). The instrument was set to a resolving power of 1300 and
scanned at cycle times of about 5 s. Samples were taken at short time in-
tervals during the induction period of the polymerization of methyl acry-
late with complex 20a and V-70 as radical source. The samples were di-
luted 1:10 (v/v) in dry toluene under argon and immediately subjected to
LIFDI mass spectrometry according to published procedures.[55]

Positive-ion ESI mass spectra were obtained on a Bruker ApexQe Fouri-
er transform ion cyclotron resonance (FT-ICR) mass spectrometer
(Bruker Daltonik, Bremen, Germany). External mass calibration deliv-
ered mass accuracies in the order of 1 ppm. Typically, 16 transients of 1 m

were accumulated for each mass spectrum.

X-ray crystal structure analyses : Crystal data and details of the structure
determinations are listed in Table 4. Intensity data were collected at low
temperature with a STOE IPDS 1 (11) and a Bruker AXS Smart 1000
CCD diffractometer (18 a, 19 and 19 a ; MoKa radiation, graphite mono-
chromator, l=0.71073 �). Data were corrected for Lorentz and polariza-
tion effects;[56] absorption was treated with a semiempirical multiscan
method.[57, 58] The structures were solved by the heavy-atom method com-
bined with structure expansion by direct methods applied to difference

Table 4. Details of the crystal structure determinations of the complexes 11, 18a, 19 and 19 a.

11 18 a 19 19a

formula C40H55CoN5O2·�1.5CH3OH C23H17Cl2CoN5O2·0.5C6H6 C24H19Cl4CoN5O3 C23H15Cl4CoN5O2·0.5 C7H8

crystal system monoclinic triclinic triclinic monoclinic
space group P2/c P1̄ P1̄ C2/c
a [�] 29.760(5) 7.7122(3) 8.1482(5) 37.849(5)
b [�] 16.294(3) 11.3882(5) 12.3869(7) 13.670(2)
c [�] 17.340(2) 13.8751(6) 12.8312(7) 26.895(4)
a [8] 91.991(1) 83.290(1)
b [8] 91.420(15) 99.324(1) 89.196(1) 134.404(2)
g [8] 94.092(1) 79.545(1)
V [�3] 8406(2) 1198.13(9) 1264.81(13) 9942(2)
Z 8 2 2 16
Mr 744.88 564.30 626.17 617.16
1calcd [Mg � m�3] 1.177 1.564 1.644 1.649
F000 3200 576 634 4984
m ACHTUNGTRENNUNG(MoKa) [mm�1] 0.451 0.975 1.139 1.156
max., min. transmission factors 0.9496, 0.8499 0.7464, 0.6916 0.7463, 0.6704 0.7464, 0.6677
data collect. temp. [K] 150(2) 100(2) 100(2) 100(2)
q range [8] 1.7–24.1 1.8–32.2 1.7–30.5 1.5–32.3
index ranges (indep. set) �34�h�34,

0�k�18,
0� l�19

�11�h�11,
�16�k�16,
0� l�20

�11�h�11,
�17�k�17,
0� l�18

�56�h�40,
0�k�20,
0� l�40

reflns measured 54 016 30 028 30 519 251 778
unique [Rint] 13 187 [0.0606] 7861 [0.0458] 7699 [0.0487] 16894 [0.0374]
observed [I�2s(I)] 8889 6221 5935 14348
parameters refined 903 327 340 672
R indices [F>4s(F)] R(F), wR(F2) 0.0376, 0.0826 0.0361, 0.0880 0.0386, 0.0963 0.0399, 0.0951
R indices (all data) R(F), wR(F2) 0.0605, 0.0873 0.0503, 0.0948 0.0561,0.1018 0.0513, 0.1026
goodness-of-fit on F2 0.871 1.072 1.222 1.076
largest residual peaks [e ��3] 0.379, �0.318 0.584, �0.350 1.414, �0.819 1.878, �1.294
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structure factors (11),[59] by direct methods with dual-space recycling
(“shake-and-bake”, 18 a)[60] or by conventional direct methods[61, 62] (19
and 19a) and refined by full-matrix least-squares methods based on
F2.[62, 63] All non-hydrogen atoms were given anisotropic displacement pa-
rameters. All hydrogen atoms were placed in calculated positions and re-
fined with a riding model.

Rather diffuse electron density, attributed to heavily disordered solvent,
was found to occupy the channels between the polymeric chains in the
structure of 11. This density, approximately 150 electrons (ca. 8.4 mole-
cules of methanol) per unit cell, was removed from the structure (and
the corresponding Fobs) with the BYPASS/SQUEEZE procedure,[64] as
implemented in PLATON.[65]

CCDC-693091 (11 a), CCDC-693092 (18a), CCDC-680377 (19), and
CCDC-693093 (19 a) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Computational studies : All the calculations were made with the Gaussi-
an 03 program package.[66] DFT[43] calculations were performed with the
unrestricted non-local hybrid B3LYP[44] and the non-hybrid BP86[46] func-
tionals and a LANL2DZ basis set for the Co and 6-31G(d) basis sets for
the other atoms.[67] The molecular systems studied were optimized start-
ing from X-ray diffraction data. Following geometry optimization, fre-
quency calculations were performed on all calculated structures to ensure
that there were no imaginary frequencies. All geometry optimizations
were carried out without symmetry constraints. The <S2> values were
found to be very close to the expected data, which indicated only minor
spin contaminations. All energies were corrected for zero-point vibration-
al energies. BDEs and DG energies were obtained at 298 K.
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