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Abstract:

Cobalt-Mediated Radical (MALDI-MS) analyses of the coupling beyond the field of polymer chemistry

Coupling (CMRC) is a straightforward product and corroborated by Densitysince it constitutes a novel carbon-

approach to the
symmetrical

synthesis

of Functional Theory (DFT) calculations. carbon bond formation method that
macromolecules whichA key feature of CMRC

is the could be applied to small organic

relies on the addition of 1,3-dienepreferential insertion of two diene units molecules.

compounds onto polymer precursordn the middle of the chain of the

preformed by Cobalt-Mediated Radicalcoupling product mainly according to a Keywords: radical coupling *
Polymerization (CMRP). Mechanistic trans-1,4-addition pathway. The large diene « cobalt complex ¢
features that make this process sdolerance of CMRC towards the diene poly(acrylonitrile) » controlled

efficient for radical polymer coupling structure

is demonstrated and

the radical polymerization

are reported here. The mechanism wainpact of this new coupling method on

established on the basis of Nucleamacromolecular
Magnetic
Matrix Assisted Laser
lonisation
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especially for
Desorption functionalization
Spectrometry Noteworthy, the interest of CMRC goes

engineering is
mid-chain
of polymers.

Introduction

Controlled radical polymerization (CRP) techniquessgiowadays
access to a large range of polymeric materials wiél-defined
molecular parameters such as low molar mass disiifs,
predictable molar masses and precise architecftBsAll these
processes are based on the temporary deactivatitme growing
radical species, which limits the extent of irresible termination
reactions that occur between radicals by coupling o
disproportionation. Indeed, occurrence of termaratiuring CRP is
detrimental to the control of the molecular pararetnd leads to
materials with large and/or multimodal molar maisgrihutions. A
notable exception to this rule is the case whemaitation is fast,
guantitative and proceeds specifically by coupligthat case, a
perfect doubling of the polymer molar mass is etg@dovithout
broadening of the molar mass distribution. Such uantjtative
coupling process should be a powerful syntheticl ®iace o-
functional polymers and diblock copolymers shoudéd to the
corresponding telechelic and triblock copolymeespectively.

The first efficient radical coupling process repadrtin the
literature is Atom Transfer Radical Coupling (ATRE)®
Typically, well-defined polymers formed by Atom Tigfer Radical
Polymerization (ATRP) have been added with copptalysts and
ligands in order to generate a large amount otedsliat once and to
promote the coupling reaction. When applied to lowlar mass
precursors (<5000 g/mol), the efficiency of the ATRQenerally



above 90%. However, moderate success was achidveu starting
from polymers with high molar masses.

Recently, we reported a new radical coupling methuadied
Isoprene-Assisted Radical Coupling (I-AR), consisting in
addition of isoprene to polymer precursors formegd ®@obalt
Mediated Radical Polymerization (CMRP). As a remin@vRP is
a CRP process based on the deactivation of the ggopatymer
species by cobalt complex@d. It is efficient for controlling the
homopolymerization of acrylaté®?Y vinyl acetate (VAGF?2% N-
vinyl pyrrolidone (NVP)?"2 and acrylonitrile (AN)?*3% and is
also a valuable approach for the preparation ofkblopolymers.
However, addition of isoprene onto well-definedygatrylonitrile)

(PAN) precursors, capped Hjs(acetylacetonato)cobalt complexes

(Co(acag)), exclusively leads to the coupling product (PAN-
PAN) instead of forming the poly(acrylonitril&}ypoly(isoprene)
(PAN-b-PIP) diblock copolymer by chain extensfdf.In this case,
the extent of coupling is above 95% even for PANcprsors with
molar mass as high as 25000 g/f8IMoreover, I-ARC is the first
radical coupling method that effectively leads tosymmetrical
triblock copolymer when applied to a diblock presar For
example, well-defined PVAb-PAN-b-PVAc copolymers have
been prepared by I-ARC using PVAePAN-Co(acac) diblock
precursors!® Although incorporation of few isoprene units ireth
coupling product was suggested in the first comcation (Figure
1), this hypothesis suffered from lack of stronglemnces until now.
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Figure 1. General scheme for the Cobalt-Mediatedid@Coupling (CMRC) method.

Here, we would like to elucidate the mechanistiatdees that
make this process so efficient for radical couplitg detail the
structure of the junction between the two chainsl @ illustrate the
tolerance of this coupling method towards the stmecof the diene
coupling agent. A range of dienes, having differsobstitution
degrees or bearing functional groups, are sucdbssfsed for the
radical coupling of PAN-Co precursors. Nuclear Magne
Resonance (NMR) and Matrix Assisted Laser Desorgtiaisation
Mass Spectrometry (MALDI-MS) analyses of the conglproducts
reveal the insertion of very few diene units in gudymer and their
location at the junction of the precursors is unigmbusly
demonstrated. This observation allows to progress the
understanding of this unusual coupling processtamgb far beyond
early elusive mechanistic proposals. Given the atdity of this
coupling process towards the structure of the ditreeterm I-ARC
is clearly too restrictive. Moreover, it does neflect the crucial
role of the cobalt complex in the mechanism. Heortkf the

general term Cobalt-Mediated Radical Coupling (CMRC) wé
preferred by analogy with ATRC. The impact of theancoupling
method on macromolecular engineering, and mordcpéatly for
polymer functionalization, will also be highlighted

Results and Discussion

Scope of Cobalt-Mediated Radical Coupling :As recently
communicated® isoprene is a very efficient coupling agent for
poly(acrylonitrile) prepared by CMRP and end-cappeg a
bis(acetylacetonato) cobalt complex. Given the crumidg played
by the isoprene in this system, it is worth to eaté the tolerance of
CMRC towards various dienes used as coupling agentisisl study,
linear and cyclic dienes having different subsiitutdegree and
bearing functionalities have been considered (&€ 2).
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Figure 2. Dienes used as coupling agents for CMRC.

First, well-defined poly(acrylonitrile) precursorsapped by
bis(acetylacetonato) cobalt complex were preparecbviotig the
previously reported procedufé Typically, the controlled radical
polymerization of acrylonitrile was initiated witin alkyl-cobalt(IIl)
species ([Co(acag})CH(OCOCH)CH,).4-Rp)] at 0°C (see Table 1).
By adjusting the monomer/initiator molar ratio atie monomer
conversion, two series of PAN precursors havingamahasses
around 4000 g/mol and 12000 g/mol were synthesilredll cases,
the molar mass distributions were very narrow. Moighy, better
results were obtained using a DMF/DMSO mixture atvent
instead of pure DMSO for the synthesis of PAN withlar masses
above 10000 g/mol.

After polymerization, the residual monomer was evated
under reduced pressure and the PAN-Co(aad@ins were treated
with the diene. For each experiment, the exteroopling () was
calculated as = 2[1-(M, /Mn)], where M,gand M, are the molar
masses of the precursor and the coupling prodaspectively**
After repeating the previously described coupliegation of the
PAN chains with isoprené,[lgl butadienel was the most obvious
candidate as coupling agent in the CMRC. The couptiragess
appeared nearly quantitative (extents of coupliogecto unity) for
both short and long polymer chains. The overlaytltdé SEC
chromatograms of the reaction mixture before amer afddition of
butadiene exhibits a clear shift towards lowerietutvolume, thus
higher molar masses (Figure 3A). The monomodal Sitle for
the final reaction mixture and the absence ofrtgitlue to unreacted
chains reflect the completeness of the couplinggss. Next, we



examined the effect of alkyl substituents (e.gngslienes3 and4)
on the coupling efficiency. An almost perfect danglof the molar
mass was again observed with both diefiésis, substitution at the
diene 1,3 or 2,4 positions does not appear dettahém the CMRC
process. Good results were also obtained with bgxladienes. For
example, a PAN having a molar mass of 7770 g/ma rgaovered
after treatment of a precursor of 3890 g/mol. Hosvewhen the
molar mass of the precursor was above 10000 g/neotalculated
extent of coupling was slightly lower (90%). Althgiuthe overlay
of the SEC chromatograms, before and after coupdipgears very
good at first sight, a discreet low molar mass pajmn is observed
at the base of the main peak (Figure 3B). It mosibably
corresponds to some unreacted PAN chains. Fin@yeriments
were conducted using functional dienes such asi@pdadien-1-06
and the corresponding esterified prod@c4-heptadienyl benzoate
The presence of an alcohol or an ester functiorthencoupling
agent does not drastically alter the efficiencyhef CMRC process
(Figure 3C). Extents of coupling around 95% wereamigtd. In
addition to widening the range of the useful congplagents for the
CMRC, these last two experiments are of prime impogafor
macromolecular engineering because they demonstthe
possibility of specific mid-chain functionalizatiomhis point will be
further discussed below.

Table 1.Cobalt-Mediated Radical Coupling (CMRC) reactiorpofyacrylonitrile
chains capped by Co(acac)

PAN-[Co] Precursor Coupling product

Diene  Mno®  Mpe®  MJ M, ME My x™
(Fig. 2)  [g/mol] [g/mol] Mn [g/mol] [g/mol] Mn
4080 4320 1.02 7990 8650 1.02 0.98
! 11000 11000 1.02 21200 21600 1.01 0.96
4320 4500 1.02 8320 8990 1.02 0.96
2 11800 11700 1.03 22100 22600 1.01 0.93
3000 3100 1.01 6000 5800 1.02 1.00
: 13400 13100 1.01 24100 24400 1.01 0.89
3100 3250 1.01 6200 6500 1.01 1.00
! 11900 12200 1.03 22300 22700 1.01 0.93
3890 4150 1.03 7770 8400 1.02 1.00
° 13900 13700 1.04 25100 25800 1.03 0.90
. 3320 3460 1.01 6450 7060 1.02 0.97
11000 10800 1.02 21100 22700 1.03 0.96
2800 3300 1.10 4700 5900 1.15 0.81
! 11400 11200 1.02 21560 22800 1.03 0.94

[a] Determined by SEC-MALLS in DMF ((dn/dg) = 0.076 mL/g) except last sample
but one that was determined by SEC using a PMMiblon corrected by the Mark-
Houwink equation. [b] Extent of coupling % = 2[1-(M,o/M,)]*%. Conditions for
below 5000 g/mol ; Polymerizatio: [Co(acac)-
CH(OCOCH)CH,)<s-Ry)] as initiator (0.12 mmol), AN (38 mmol), DMSO aslvent
(DMSO/AN = 1/1 (v/v)), 0°C, 4 h, monomer convn.= 17-21%.u@lng : diene (5.0
mmol), rt, 2 h. Conditions for polymer precursombove 10000 g/mol;
[Co(acagyCH(OCOCH)CH,)«s-Ry)] as initiator (0.09 mmol), AN
(38 mmol), DMSO/DMF mixture as solvent (DMSO/DMF/ANO0.5/0.5/1 (v/viv)), 0°C,
24h, monomer convn.= 33-38%. Coupling : dilutionthWDMF (Vpwso/Vour = 0.4,
addition of diene (5.0 mmol) at r.t., 2 h. £b mmol of 2,4-heptadienyl benzoafevas
used

polymer  precursors

Polymerization :

Mn = 21200 g/mol
Mn = 11000 g/mol

e A e
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Mn = 25100 g/mol
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Figure 3. Size-exclusion chromatograms (RI) of B¥N-[Co] precursors prepared
from a CMRP initiator (full line) and the resultirgpupling product (bold line) upon
treatment with butadiede(a), 1,3-cyclohexadien® (b) and 2,4-heptadienyl benzoate
(©).

1D-NMR study : In order to dispel any doubt about the insertion of
diene during the coupling process and to address GMRC
mechanism, 13H NMR analyses were carried out on the coupling
product obtained with each diene. The lower molaassn
poly(acrylonitrile) samples were preferred in orderfacilitate the
detection of the significant protons at the junctiof the PAN
precursor chains. In all cases, very intense sigwate detected at
3.2 and 2.1, corresponding to the methyne and rieetayprotons of
the PAN main chain, respectively. Smaller signdde appeared in
all spectra a® 5.3-4.2 and 1.4-1.1 (see Figure 4), corresponding
respectively to the methyne and methyl protonsedsfrom the
cobalt(lll)  initiating  species  ([Co(acgejCH(OAC)CH,)s-
C(CHs)(CN)-CH,-C(OCH)(CHa),)]. Integration of these signals



confirmed that the initiator contains an averageber of four vinyl
acetate units.

In addition to the above signals, assigned to # Precursors,
other small diene-specific signals were detectethvipg the
incorporation of a tiny amount of diene in the poér (see Figure
4). For example, small signals were detected invthgic region of
the PAN sample recovered after coupling with bigadi Similarly,
signals typical of poly(isoprene) were detectedtha vinylic and
allylic regions when isoprene was used. Based oicalygignals in
the aliphatic, allylic, vinylic and aromatic regioit is possible to
conclude that incorporation of diene occurred ichezase. Note that

of the acrylonitrile repeating unit (53 u). As aetit consequence,
populations with a different numbers of diene umitsuld overlap,
complicating the determination of the number of omporated
butadiene residues. Taking these consideratiors antount, the
poly(acrylonitrile) specifically prepared for the AUDI analysis
was obtained using V-70 as the initiator. This esdagprovides an
initiating fragment with a non interfering moleculaass (140 u).
Finally, isoprene (68 u) was selected as the cogplagent.
Although the molecular mass distribution of theoddained PAN
polymer was larger (MM, ~ 1.2) than that of the polymer obtained
starting with the alkyl-cobalt(lll) species, the sBaspectrometry

only the 1,4trans-addition products are represented in Figure 4. Theata were by far easier to analyze. For the sakefofmation, a

question of the regio- and stereo-chemistry of thal-chain
unsaturations has been addressed by two-dimensidiR
analyses (see later). The relative intensitieshef alefinic and/or
allylic protons assigned to the inserted dienesuaitd those of the
poly(acrylonitrile) protons gave access to the agernumber of
diene units per chain in the coupling product whishgenerally
close to two (Figure 4). The use of functionaliztidnes in the
CMRC process thus appears as an interesting approactidduce
functions selectively in the middle of a polymeckione.

-CH, groups of the
initiating fragment

ULW

H2
o OCOPh

~(CH,-CHOAC). -
L] of the initiating fragment

=i

4 CH,
——
X4 X8 UL H = =Harom.
ey X1 > P n=18 e=Holefinic
4 A = CH,allylic
987 60 55 50 45 40 18 14 10 06 = CHyaliphatic
o = other

ppm ppm ppm

Figure 4. Overlay of the 1BH NMR spectra of the PAN coupling products. The
number of diene units incorporated in the couplprgducts (n) is determined by

comparison of intensities of signals typical of &N main chain (whose molar mass
is determined by MALLS) and olefinic or allylic pams of the coupling species (for a
typical example of full NMR spectrum of PAN see paging information Figure A)

MALDI-ToF Mass Spectrometry Analysis : Before discussing the
mechanism of the polymerization reaction, it isiobsgly of prime
importance to establish the distribution of diengital inserted
during the CMRC process. This piece of informatiofikisly to be
derived from MALDI-ToF measurements on the polyraeupling
product. In order to facilitate the spectral intetption and clearly
evidence the number of inserted diene units, thplony agent and
initiator were carefully selected tdnter alia avoid isobaric
interferences. First of all, the alkyl-cobalt(li@agent ([Co(acag)

clear shift of the SEC chromatograms was also obsgetowards
higher molecular masses upon treatment with is@(€igure 5).
This observation is consistent with data here alppgsented.

Mn = 3100 g/mol
Mn = 1900 g/mol

29‘ 30 31 32 33 34 35 36 37 38

Elution time (min.)

Figure 5. Size-exclusion chromatograms (RI) of RAeN-[Co] precursor prepared from
Co(acac) and V-70 (full line) and the resulting couplingoduct upon treatment with
isoprene (bold line).

Several experimental conditions were tested inroimeptimize
the MALDI analysis of the PAN sample. Various megs [cyano-4-
hydroxycinnamic acid (CHCA), trans-2-[3-{4-tert-bighenyl}-2-
methyl-2-propenylidene]malononitrile (DCTB), dithrandrans-3-
(3-indolylacrylic acid and 4-hydroxybenzylidene loveonitrile]
and different cationizing agents (sodium, coppesilver salts) were
tested. In general, the sensitivity was poor, excefen 4-
hydroxybenzylidene malononitrile was associatedhwial, in
agreement with a previous repBH. Figure 6A shows a typical
MALDI spectrum acquired under those conditions foe PAN
coupling product. At a first glance, one ion serésarly emerges
and presents a 53 u interval that undoubtedly spoeds to the
residual mass of AN. The fast decreasing profiléhef distribution
and the lower value of Mmeasured by MALDI-MS as compared to
the SEC-MALLS determined value is ascribed to easie
desorption/ionization of shorter polyacrylonitrilghains. In the
enlargement of the MALDI spectrum (Figure 6B), thestintense
detected population corresponds to sodium-catidnizZeAN
coupling product constituted by two isoprene ur(its) in its
backbone. As an example, the peak detectedn/at1183 was
attributed to a sodium-cationized oligomer constitiuby fourteen
acrylonitrile (Y) units together with two isopre) units (Y14X5).

CH(OCOCH)CH,)-+Rg)] was excluded because it consists of aevertheless, a 2 u mass difference is observedebat the

distribution of PVAc oligomers. Indeed, the simakaus presence
of two molecular mass distributions (VAc and AN)uwla probably
render the determination of the amount of insertiéehe units
extremely complex since the mass spectrum wouladhiteély be
more crowded. Secondly, the use of butadiene asaihgling agent
is not appropriate since its molecular mass (54 t)o close to that

experimental data and the theoretical isotope m@dé&t 1181 for
Y 12X,"®") as revealed in Figure 6C. It is reasonable torassihat
this discrepancy of 2 u arises from a hydrogenatéaction of the
coupling product during the ionization processhia presence of 4-
hydroxybenzylidene malononitrile. On the basis bis tputative
reduction reaction, a novel isotope model was gaedr for

4



Y1X,H " and, as presented in Figure 6C, this experimentalch a phenolic hydrogen atom on the matrix usedoim
isotope pattern is now perfectly in agreement \tite theoretical measurement, namely 4-hydroxybenzylidene maloriiis then
one. consistent with the observation of the proposedrdyehation
process. In order to test this hypothesis, we medsthe MALDI-
ToF mass spectrum of the same polymer with DCTB asrtétrix,
using Nal as the cationization agent. Even if teeorded mass
spectrum is characterized by a poor signal-to-n&ié¢ ratio, this
Hq/m HWZ\CHM \csﬁ/i; spectrum definitively confirms that the hydrogeaatiprocess is
matrix-dependent (Figure 6C). All those results tyepoint to the
importance of the experimental conditions (matrixl &ationization
agent) upon the nature of the observed ions staiith a given
analyte.

Figures 6A and 6B also present some minor populstizarely
emerging from the noise of the spectrum. Thoseseres could
correspond to PAN containing three, four and fiseprene units.
1000 1100 1200 1300 |1400 1500 1600 1700 1300 1900 2000 2100 2200 However, the really poor signal-to-noise ratio esgnts an obstacle
Z to a totally certain identification. In order to pmove the S/N ratio

of the MALDI spectrum, we replaced sodium iodide typper

chloride as the cationization agent, given the fhat copper ions
1183 ¥, X (H)N are known to be excellent cationization agentofuy(isoprenef*!!
Y, X, (H)N However, under these conditions, the S/N ratio iesnaveak and

1289 Y X (H N the ion series constituted by ionized oligomers taimng two
A=53u Y% isoprene units remains the dominant population e MALDI
spectrum (see Figures B and C in the supportingrimdtion).

On the other hand, species containing only oneooisaprene
unit were never detected whatever the choice ofixfedtionization
agent. For example, coupling products containing is@prene
(Y 18X 0@ atm/z1257) or only one unit (X" atm/z1219 m/z or
Y 16X1(H)N" at m/z 1221) were definitively absent in the MALDI

’ ‘ ‘ T spectrum (Figure 6B). In this respect, CMRC is completéferent
H AN m‘ AJMJ I u”u“ | “H““ from ATRC which relies on the direct coupling of thelymer
1200 1220 1240 1260 1280 1300 1320 g precursors without insertion of any compound atjtimetion of the
chaing!?4l

. 1183 The high tendency of the CMRC to promote specificriise of

Theoretical model 1184 . . . . . . ..
CosHgeN,O,Na two diene units in the polymer is unique and makespromising
¥, XN j\ ﬁ S e tool for precise mid-chain functionalization. Mowen, this
characteristic constitutes a serious clue for thechmanistic

Nal / f ; investigations developed below.

N e i \
4-hydroxybenzylidene malononitrile | \ il
[\

Y-Y, +Y,

A)

700 800 900

Y14X2(H2)Na+

1236

A=53u

A=53u

B)
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=" 2D-NMR study : In the perspective to approach the CMRC
Nal/DCTB | mechanism, it is essential to define the additimdes (1,4vs.1,2)
: A ‘ - of the diene as well as the stereochemistry of tasulting
O — : unsaturations. This information was provided by -tfimensional
| 1 183 Tchegeti‘qcalomﬁdgl Heteronuclear Single Quantum CoherencHSQC) and

) I | \ A e “Y“‘X‘“(HZ)Nj Heteronuclear Multiple Bond Correlation (HMBC) NMR
- - \ T experiments carried out on the product recoveret abupling with

butadiene (see Table 1, entry 1).

A section of the HSQC spectrum (Figure 7A) revealss

Figure 6. (A) MALDI-ToF mass spectrum (matrix: 4eligxybenzylidene peaks for H (5 5.2-4.6) and €(5 69), which can be unambiguously

malononitrile; cationization agent : Nal) of a p@lgrylonitrile) sample prepared by . . .
CMRP from V-70 and bis-(acetylateconato)cobalt(ftllowed by coupling with assigned to the signal corresponding @OAc)- groups of the

isoprene. (B) Enlarged regiom(z 1280-1340) of the mass spectrum. (C) Comparisorinitiating fragment. Other evident correlationssid@ated by HSQC
between experimental data and theoretical isotogiéenms for GaHasN1O;'** and  as CH groups, are observed betwegiisHb.40) and ¢(5 124) and
CosHacN 607" between H (5 5.55), and §(5 133). These chemical shifts are
typical of alkene proton and carbon nuclei and egpond to —CH=
) ) groups resulting from the polymer inserted butagiddased on the
Hydrogenation/reduction processes upon MALDI wereently  cpemical shifts, the £and G signals can also be clearly assigned to
observed and studied and were generally detecteh wiking the 1,4 1,4-addition produé¥3 Smaller correlations were also

sp-called redut_:tive matrices. ]For instance,_ the o$e 2,5 Jpserved betweed 5.05 6.) ands 117 6o) and betweel 5.5-5.6
dihydroxybenzoic acid (DHB¥ and 1,5-diaminonaphtalene (54) and & 140 o). According to the HSQC spectrum, they

33 . . .
(DAN_)[ ! as MALDI matrices were shown to induce hydrogemati ¢, respond to CHand CH groups, respectively, of pendant vinyl
reactions. In the case of DHB, the reduction proeess proposed groups resulting from the 1,2-additon mode (-CHsLCH

to occur through hydrogen atom transfer from onthefhydroxylic  considering the intensities of these signals, ifwedf diene via the
groups of the matrix molecule to the anaf§teThe presence of




1,2-addition mode appears to be very limited in@é&RC process
compared to the 1,4-addition pathway.
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Figure 7. Enlarged regions of HSQC (a) and HMBCs{igctra of a poly(acrylonitrile)
sample after coupling reaction with butadiene (prepon, see table 1 entry 1). In
spectrum (a), cross-coupling signals circled bylblihe and a dotted line correspond to
a CH, and CH groups, respectively.

Furthermore, an HMBC experiment was carried out mby o
order to confirm the assignments of HSQC but atsdetermine the
double bond stereochemistry in the major 1,4-aokdlitproduct
(Figure 7B). Indeed, HMBC shows the long rande-'°C
correlations of the vinyl proton Hd 5.59) with allylic carbons £

Co(acac) and free PAN radical chains. The latter can eitfier
recombine with Co(acagjeading again to the dormant state, ior (
undergo bimolecular terminations (suppressed by phesistent
radical effect), orifi) add a new AN molecule to propagate the
chain, followed again by trapping, by the improlgatdrmination, or
by further growth.

The addition of the diene monomer changes the neidiecause
monomer addition transforms a cyanocarbyl-typecadp an allyl-
type radical. This addition reaction should beteuavourable
considering the reactivity ratios of the radicalypeerization of AN
and B (5 = 0.03 and # = 0.2)!*" showing a great propensity of
cross-propagation from the cyanocarbyl to the afgical. The new
radical is now faced with the same three posdimslit{) combine
with Co(acac) to yield a new dormant organometallic speci@s3; (
undergo bimolecular terminations; oiii) further add diene
monomer molecules. Addition of acrylonitrile to cerback to a
PAN'-type radical is not an option, because the dieas added
after removal of the residual AN monomer.

The experimental evidence of a strong preponderasice
coupled polymer chains containing two diene unitggests that
further monomer addition is slow relative to theesttwo processes.
The question then concerns whether the allyl-teateith radical
chains, obtained after the first diene additiorr (ftstance, PAN-
CH,-CH====CH====CH,’ in case of butadiene), can be transformed
into a sufficiently stable Co(acae)apped dormant chain or not.
This question has been addressed at the compklvel.

DFT Calculations : Previous work has demonstrated the value of
DFT calculations for the rationalization of variopeenomena in
CMRP[262938] gpecifically, the homolytic bond dissociation
enthalpy (BDE) of the Cb-bond in the dormant organometallic
species of both vinyl acetate and acrylonitrile CMi&s found to
be located in a suitable intermediate range, n@thigh allowing a
sufficiently rapid generation of free radicals andt too low
insuring a low free radical concentration, and eguently
negligible bimolecular terminations, under the ment radical
effect. The effect of donor solvent molecules L thve effective
polymerization rate could also be rationaliZéd®®! These
molecules affect the rate by shifting the activatiteactivation
equilibrium through coordination of both the 'aenter in the
dormant state, yielding L(aca€od"-polymer, and the Co
deactivator, yielding Co(acagl)..

The nature of the dormant chains in the presenésysprior to
diene addition to induce the coupling process,Li§atac)Ca"-
PAN where L is either DMF or DMSO. Calculationstbis system
have been reported previou&},with -PAN being modelled by the
short alkyl chain -CH(CN)CH(the polymer chain beyond the first
monomer unit is replaced by a H atom for computetiefficiency).
It was found that DMSO is slightly better than DME a ligand for
Co'(acac), whereas the opposite is true for'Gacac)(PAN).>!

(3 34) and G(3 32), whereas Hexhibits an extra correlation with @ The most important result of the previous study thesneed to use

carbon at 30 ppm which corresponds to the carhoof @e last AN
unit of the precursor. Finally, chemical shiftsth& allylic carbon
atoms are typical of thE-isomer (above 30 ppm) whereas the
isomer generally yields resonances around 27 ppifl.

the ad hoc functional B3PW91* with a reduced Hartree-Fock
exchange contribution in order to obtain reasonahlees for the
enthalpy of the activation equilibrium (from
Cd"(acac)(L)(CH(CN)CHs)+L to Cd'(acac)(L),+CH;CH(CNY:

Based on the NMR and MALDI analyses of the coupling 7 kcal/mol for L = DMF; 6.6 kcal/mol for L = DMSO When

products, it is possible to conclude that most pay chains

recovered after the CMRC process contain two dienes imserted

preferentially via the 1,4rans-addition pathway. This information
is a keystone in the mechanistic discussion below.

using the more popular B3LYP, the calculated banengths were
too low to be in agreement with the experimentadlyserved
efficient reversible trapping of the PAN radicahatrs.

We focussed initially on the #sR BDE in the absence of
solvent. Using the same computational level ofghevious study,

Mechanistic considerations :In the absence of diene monomer, theye have calculated the BDE between the Co(acapplex and the

Co(acac)PAN) dormant chains are in rapid equilibrium with



allyl radical CHCH====CH====CH,’, taken as a model of the
PAN-CH,CH==== CH====CH," radical chain. The results are
compared with those of the corresponding PAiddel in Figure 8.
n* coordination of the allyl radical can occur in tefifferent ways,
binding either the terminal (primary) carbon atomtlee internal
(secondary) one, in both cases leading to a 5-cuated square
pyramidal configuration with the alkyl group in tlaial position.
Binding the terminal carbon atom leads, as expedtedhe more
stable product, stabilized by only 4.5 kcal/molatele to the
separate Co(acac)and allyl radical. This stabilization is ca. 2
kcal/mol weaker than that associated to the;@HH{CN) radical,
model of the PANchain (6.7 kcal/mol). Binding the internal carbon
atom is endothermic. In principle, one way to diabithe system
would be to rearrange the allyl ligand framh to n® coordination,
leading to an electronically saturated system. eloaw,
unexpectedly, the ¢{acac)(n®C,H-) derivative has in fact higher
enthalpy than the 16-electron 'h@cac)(n'-CH,CH=CHCH).
Each system was computed in the expected mosesttdreoisomer
(syn isomer for then® coordination, E isomer for then!
coordination). Indeed, optimization of thg anti isomer (CH
substituentanti relative to the central allyl H atom) leads tooadl
minimum ca. 5 kcal/mol higher in enthalpy relatit@ the syn
isomer. The reason for this unexpected resulttidated to the less

Figure 9). Subsequent homolytic cleavage of thd'-Cobonds
leads to the common Co(acg®MSO) intermediate, which is
however further stabilized by coordination of a et DMSO
molecule.
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favourable cis arrangement of the two acetylacetonate ligands,

required to accommodate timg-allyl ligand, relative to therans
arrangement adopted in the square pyramidal 5-owiglgeometry.
The weak energetic gain associated to the cooidmatf the soft
C=Cmelectrons to the hard ¢ccenter is apparently insufficient to
compensate for the cost of this structural reaearent.
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Figure 8. Calculated relative enthalpies (in kcaljmand optimized geometries of
Co(acac) and its addition products with GBH(CN) and CHCH====CH====CH,".

The above results already suggest that the altiitais are less
tightly held by binding to cobalt than the cyandwédrradicals.
However, the C8-C BDE can be modulated by the solven
coordination, as demonstrated in our previous dmnions!?+2%3¢)
In the present study, we have restricted our cenatibn to DMSO
as a ligand. Addition of DMSO to the 5-coordinat@"Cacac)(n*
CH,CH=CHCH;) species leads to 18-electron "Gacac)-
(DMSO)(n*-CH,CH=CHCH), with a gain of only 3.2 kcal/mol,
whereas  additon to  (facac)(CH(CN)CH;)  yields
Cd" (acac)(DMSO)(CH(CN)CH,) with a gain of 6.6 kcal/mol (see

Figure 9. Calculated relative enthalpies (in kcal)mand optimized geometries of
DMSO adducts for Cb and C4 compounds of relevance to CMRP and CMRC.
Enthalpies shown (in kcal/mol) are relative to #eparate Co(acag)DMSO, and
corresponding free radicals.

According to this calculation, assuming that thsufs can be
extrapolated to the real radical chains and dormaganometallic
complexes, the PANchain can be trapped leading to a relatively
favoured dormant species, stabilized by 6.6 kcdlfmlative to the
Co(acacyDMSO), trapping complex, whereas trapping after
addition of a butadiene molecule is essentiallyrttemeutral (CY
complex stabilized by only 1.0 kcal/mol), thus leaya large free
radical concentration at equilibrium. The entropantribution to
these equilibria, which is neglected in the aboeesierations, is
probably not too large because the process invothes same
number of species on the two sides of the equiiibri We prefer,
however, to avoid the considerations of the freergy in the
condensed phase, because of the uncertainties imatidling of the
translational and rotational entrofi§. A correction to the enthalpy
values, which derive from gas-phase calculatioms, dolvation
effects is also not expected to change signifigatitle results
because of the low polarity of the compounds.

Discussion: The present contribution has shown that additibn o
dienes to a Cb(acac)-capped PAN leads to efficient radical
coupling, for a variety of different diene moleculeyielding
polymers that are dominated by PAN-(dierfAN chains. An
important experimental result, from the NMR analys@sthe mode
of diene insertion, mostly of 1ans type but with a visible small
contribution of the 1,2 type. Coming back to thechamistic issue
(sectione of Results), the inclusion of only two diene mailes in

Ythe dominant portion of the chains indicates thegtit propagation

is disfavoured relative to either trapping by Co@car binuclear
coupling. Noteworthy, initiation of isoprene polyriztion at 30°C
by V-70 in the presence of a catalytic or an eql@mamount of
Co(acac) did not produce specifically the isoprene dimeor&bver,
the molar mass distributions of PIP oligomers aéld in the above
mentioned experiments were strictly identical te tme produced



for the same isoprene polymerization conductedseace of cobalt
(see Figure D in supporting information). This esiment suggests
that only preformed alkyl-cobalt(lll) species camdergo the
coupling process. In case trapping to an orgaraltiteCo(acacy
capped dormant species would be favoured, the dorhfiormation
of coupled product could be understood under tiseraption that
the metal-bonded allyl unit is activated toward icatl addition.
However, two considerations are against this assomp

The first one is that, according to the DFT caltialss, trapping
of the allyl radicals is not greatly favoured frothe energetic
standpoint. The uncertainties and approximati@saated to the
computations of bond strengths, especially foresyst such as this
one where the spin state changes on going fronentago products,
certainly do not make of this consideration a veojid one. We
expect, however, that the calculations give credilekults in terms
of trends for systems of the same type and witiénsame spin state
Thus, even though the absolute BDE values may egirécise, the
relative stability of isomers and the relative sg#h of the C8-

CH,CH=CHCH; and Cd'-CH(CN)CH; bonds is to be considered efficiently trapped by Ch see Figure 11.

reliable.

The second consideration comes from
regiochemistry. Under the assumption that a cdbaltformant
species indeed forms, and thus its structure fer litadiene
addition product should be Co(acgBDMSO)(CH,CH=CHCH.-
PAN) as shown for its model system in Figure 9ntllee most
favourable addition of a second PAN-E8H====CH====CH),"
radical should take place at the less hindered@rbon atom, as
shown in Figure 10, leading to coupled chains wéthleast one
diene monomer inserted in the 1,2 mode. The fagécal would
probably add predominantly through its less hindef@nd more

reactive) terminal C atonm{). The fact that the dominant diene
insertion mode is the 1#ans therefore, casts serious doubts on th

cobalt trapping hypothesis.

Figure 10. Modes of allyl coupling for a Co(acacapped PAN-allyl chain.

If cobalt trapping is excluded, then how can diaddition lead
to efficient coupling instead of further propagati@and to a

sort of “interchange” mechanism similar to thos¢alkelshed for
ligand exchange in Cbcoordination compound&®4Y except that
in this case a 1-electron ligand (the PAN chainmejslaced by a 2-
electron ligand (L) while Cb becomes Ch If this is the case, the
barrier corresponding to the AN BDE (9.4 kcal/mol) is a
higher estimate for the activation enthalpy, ane trctivation
entropy is expected to be relatively small. Congidethis value as
a rough estimate for the activation free energ29%& K, the Eyring
equation yields an activation rate constant oBek0® s*. Trapping,
however, is even faster (>140%° st if AG* < 3 kcal/mol), and the
equilibrium constant heavily favours the dormaatestK = 1.510°
for the activation process, based&® = 6.6 kcal/mol at 298 K).
Upon addition of diene, the rate of allyl radicangration is
therefore very high because the activation rate tbe
Co(acac)L)(PAN) dormant chains is very high and the rafe o

.diene addition to the resulting PAKadical chains is also expected

to be very high. However, contrary to the PAMdicals, the
resulting PAN-CH-CH === CH ==== CH, radicals are not
These radicals will
therefore have no other choice than to couple wgtth other (or to

the observddrther add diene, but coupling is predominant eitice radical

concentration is very high). This mechanistic scbés compatible
with the formation of a certain amount of chainsitaining more
than two diene units, which seems to be indicatecthe mass
spectrometric analysis. On the other hand, it dusspredict the
formation of chains with less than two diene urdtin in harmony
with the MS results.

PAN '|-
~8105 s
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Figure 11. Mechanism of generation of coupled PANPBN. Only the most probable
reactivity at the terminal (primary) position fdwetallyl radical is shown for simplicity.

For what concerns the regio- and stereochemistrydiehe

dominant 1,4+ans stereochemistry for the two diene units in thqnsertion during the CMRC process, it is quite comiplerto that of

coupled chains? Efficient coupling requires that large
concentration of the free radical chains is geeeraery rapidly, as
in the Atom Transfer Radical Coupling processes fioaogen-
terminated dormant chains in the presence of vetivea copper
catalysts. In fact, we can easily rationalize fast free radical
generation from the Co(acaft))(PAN) dormant chains. Under
controlled radical PAN growth, we can estimate ttates of
activation and deactivation on the basis of tha dat-igure 9. The
transition state is not necessarily fully dissae@gtconsisting of the

5-coordinate Cl{acac)(L) complex plus the free radical, because

solvent molecules are present at large concentratio C8-L bond
formation is probably concerted with AN bond breaking, in a

polybutadiene prepared by free radical polymerizatiindeed, a
typical free radical polymerization of butadieneimhafollows the

1,4-addition pathway (1,%s.1,2 : 80/20) and th&ans isomer is
much more abundant than this isomer fransvs. cis: 75/25)1*2

The similarity of this stereochemistry with thattelgted in the
coupling product corroborates the free radical atimr of CMRC
process.

Conclusion



We have described a novel radical po|ymer Cha|rphmm| process mg/mL solution in THF. The matrix solutions (1 pWere applied to a stainless steel

defi s target and air dried. Polymer samples were dissolmeDMSO to obtain 1 mg/mL
based on  cobalt complexes. Well-defined poly(a [be) solutions. 1 pL aliquots of these solutions wereliad onto the target area already

precursors, prepared by CMRP, undergo a nearly da8w pearing the matrix crystals, and then air driecaRy, 1 pL of a solution of Nal (2
coupling reaction when treated with a large variefyl,3-diene mg/mL in acetonitrile: water (1:1)) was applied tihe target plate. For the recording

compounds. In all cases, insertion of few dienesuini the middle of the single-stage ESI-MS spectra, the quadrufrfblenly mode) was set to pass ions

f th l duct b d. of int téit . from 700 to 2250 Th, and all ions were transmitted the pusher region of the time-
0 € coupling product was gbserved, Or Interos ure use in of-flight analyzer where they were mass analyzetth Wis integration time. Data were

specific mid-chain functionalization. An in-deptkegnination of the  acquired in continuum mode until acceptable avetata were obtained.

coupling products by NMR and MALDI-TOF, revealed theGeneraI procedure for the radical coupling of polyécrylonitrile) with molar mass

preferential insertion of two diene units, mainblléwing atrans  pejow 5000 g/mol All polymerization and coupling reactions wererigt out under a
1,4-addition pathway. protective argon atmosphere using distilled andagsgd monomers and solvents. A

On the basis of the evidence collected and Witl‘hmp of DFT solution of alkyl-cobalt(l1) initiator ([Co(acaglCH(OCOCH)CH,)<s-Ro)] in CH,Cl,
lculati that CMRC ds b hdi was introduced under argon in a Schlenk tube (L®fa 0.122 M stock solution, 0.12
Calculations, we propose a proceeds Dy a & ICmmol) and evaporated to dryness under reduced yreesg room temperature. The

mechanism. The ease of cross-propagation fromytheocarbyl t0  residue was dissolved under argon in DMSO (2.5 anig to the resulting solution was
the allyl radical and the weak propensity of Co(céx deactivate added AN (2.5 mL |, 2.0 g, 38 mmol) ([AN}/[Co] = B]L at room temperature. The

the allyl radical terminated chains results in teiease of a large Schlenk tube was then immersed in an ice-bath &médsfor 4 h at 0°C. An aliquot
was then withdrawn in order to evaluate the AN @ssion by*H NMR (18%) and to

amou_m _Of radICZ_il ghalns in ﬂ_]e medium .follpwed by fast measure the molecular parameters of the PAN by BBCLS (M, maLLs = 4080 g/mol,
combination reaction instead of diene polymerizatio Mw/M, = 1.02). Monomer conversion was maintained stefitly low to prepare a
The efficiency of this radical process, even forpolymer with low molar mass in order to facilitate NMR analysis. After removal of

L . . . . the unreacted AN under reduced pressure at ret.reaction medium was treated with
poly(acrylonitrile) with quite high molar masses, unprecedented butadiene (5.0 mmol, 0.27 g, 0.45 mL) and stirredf h at r.t.. An aliquot was then

as well as the precise incorporation of diene unitdie middle of  withdrawn in order to characterize the resulting\Py SEC-MALLS (Mn wars = 8650
the chains which makes the CMRC process quite unitheability — g/mol, MJ/M, = 1.02) before purification of the coupling protiusy repeated
of CMRC to deal with polymer precursors other than PN be precipitation in a MeOH/ED (20/80) mixture and drying under vacuum at 70°C.

. . . . L All coupling experiments were carried out followittge exact same procedure
'nveStlgated and the full potentlal of this teChJBQNI" be eXplored using different dienes. When 2,4-heptadienyl bete@avas used as coupling agent,

in the near future. Importantly, the impact of tiew coupling the PAN was recovered by subsequent precipitatioa MeOH/HO (20/80) mixture
reaction goes well beyond the field of polymer crlem and and in pure methanol.
constitutes a novel C-C bond formation method thatlcc be  General procedure for the radical coupling of polyécrylonitrile) with molar mass

applied to smaller organic molecules for the sysitheof above 10000 g/mol.All polymerization and coupling reactions wererizai out under
symmetrical derivatives. a protective argon atmosphere using distilled aeghdsed monomers and solvents. A
solution of alkyl-cobalt(l1) initiator ([Co(acag}lCH(OCOCH)CH,)<s-Ro)] in CH,Cl;,
was introduced under argon in a Schlenk tube (n60of a 0.183 M stock solution,
0.092 mmol) and evaporated to dryness under redu@ss$ure at r.t.. The residue was
Experimema| Section then placed under argon at 0°C and added with &unebof DMSO (1.25 mL), DMF
(2.25 mL) and AN (2.5 mL, 2.0 g, 38 mmol) previgusboled at 0°C ([AN]/[Co] =
422). The reaction medium was then stirred for 2 B8°C. An aliquot was withdrawn
in order to evaluate the AN conversionyNMR (37%) and to measure the molecular
parameters of the PAN by SEC-MALLS (Maus = 11000 g/mol, M/M, = 1.02).
dAfter removal of the unreacted AN under reducedsguee at r.t., the reaction medium
was diluted with DMF (2.0 mL), treated with butadgée(5.0 mmol, 0.27 g, 0.45 mL)
and stirred for 2 h at r.t.. A second aliquot wathdrawn in order to characterize the
PAN by SEC-MALLS (M, maLLs = 21200 g/mol, M/M, = 1.01) before purification of
the coupling product by repeated precipitation iMaOH/H,O (20/80) mixture and
drying under vacuum at 70°C.

All coupling experiments were carried out followiegactly the same procedure
using 5.0 mmol of each diene, with the exceptiothefcoupling experiment carried out
with 2,4-heptadienyl benzoate In this case, the coupling agent (2.5 mmol) was
previously dissolved in 1 mL of degassed DMF befojection.

Materials. Vinyl acetate (>99%, Aldrich), acrylonitrile (>99%Aldrich) and
dimethylsulfoxide (DMSO) were dried over calciumdnigde, degassed by several
freeze-pump-thawing cycles before being distilledier reduced pressure and store
under argon. Compounds 2,2'-azig-(4-methoxy-2,4-dimethyl valeronitrile) (V-70)
(Wako), cobalt(ll) acetylacetonate (>98%, Acros},@,6-tetramethylpiperidine 1-oxyl
(TEMPO) (98%, Aldrich), butadiene, isoprene, 2,4ddiene (mixture of isomers,
90%), 2,3-dimethyl-1,3-butadiene, 1,3-cyclohexadi€div%, Aldrich), 2,4-heptadien-1-
ol (>98%, Fluka, 95%ranstrans), benzoic acid, N,Ndicyclohexylcarbodiimide (99%,
Aldrich), 4-(dimethylamino)pyridine (99%, Aldrich)cyano-4-hydroxycinnamic acid
(CHCA), trans-2-[3-{4-tert-butylphenyl}-2-methyl-2-propenylidene]malononigil
(DCTB), dithranol, trans3-(3-indolyl)acrylic acid and 4-hydroxybenzylidene
malononitrile were used as received. Two stocktsnia in dichloromethane of the
alkyl cobalt(lll) adduct initiator ([Co(acag}CH(OCOCH)CH,)«-Ro)] ; Ro being the
primary radical generated by V-70) were prepareddescribed previous§” The  CMRC of homopoly(acrylonitrile) precursors prepared by CMRP with V-70 as
cobalt content of these solutions was evaluatednbyctively Coupled Plasma Mass initiator. Co(acac) (0.600 g, 2.34 mmol) and V-70 (0.720 g, 2.34 mmaBre
Spectrometry (ICP-MS) ([Co] = 0.122 M and 0.183 M). introduced into a round bottom flask capped by raettway stopcock and purged by
three vacuum-argon cycles. After subsequent adddfodistilled and degassed DMSO
(15.0 mL) and AN (15.0 mL, 12.1 g, 228 mmol), tmction medium was heated at
30°C under stirring ([AN)/[Co] = 97). After 1 h,sample was withdrawn. Few drops of
the sample were diluted in deuterated DMSO contgiMIEMPO in order to measure
the AN conversion byH NMR (298K, D, = 2 s, 16 scans) (AN convn = 10%).
Monomer conversion was maintained sufficiently loworder to prepare a low molar
mass polymer for the ease of MALDI-TOF MS analysislf of the reaction medium
was precipitated in methanol. The recovered polywes dried under vacuum at 70°C
before measuring its molecular parameters by SECs@= 1900 g/mol, M/M, =
1.21). Then, unreacted AN was removed from the rpelyzation medium under
vacuum at r.t. before addition of isoprene (1.0 68 g, 10 mmol) and stirred at
room temperature for 1 hour. After removing theideal isoprene under vacuum, the
polymer was precipitated by addition of methandle Fesulting PAN was characterized
by SEC (M sec= 3100 g/mol, M/M, = 1.31). After purification, the final PAN was
analyzed by MALDI-ToF mass spectrometry. Molar nesssf the above mentioned
PAN samples were determined by SEC using a PMM#brelon corrected by the
Mark-Houwink equation.

Characterization. Size exclusion chromatography (SEC) of poly(aamtide) was
carried out in dimethylformamide (DMF) containingnse LiBr (0.025M) at 55°C (flow
rate : 1 mL mift), with a Waters 600 liquid chromatograph equippeith a 410
refractive index detector and styragel HR columiRZ, 100-5000; HR3, 500-30000;
HR4, 5000-500000; HR5, 2000-40000000). Molecularapeeters (M, Mp, My/My)
were determined by Multi-Angle Laser Light ScattgriMALLS), using (¢/d.) values
determined for each sample by refractometry amalydowever, molecular parameters
of PAN samples with short chains (<3000 g/mol) wedetermined by SEC using a
PMMA calibration corrected by the Mark-Houwink etjoa ([n] = K, M2, where K =

K (My/M)®53@*D) (in DMF, Kpyma = 1.32x10f, apywa = 0.674 ; Koay = 3.17x10, a
pan = 0.746).E74 Importantly, measurements of the, nd M,/M, for the coupled
product were always carried out before precipitaiio order to avoid fractionation of
the samples. The NMR spectf#(**C, HSQC and HMBC) were recorded at 298 K in
DMSO-d; at 600 MHz tH) and 150 MHz ¢C) with a Varian instrument and are
reported in ppm from internal TMS on thescale. For the HSQC spectrum, 256 scans
D1 of 50 psec and a relaxation delay of 1 sec weeel. For the HMBS spectrum, 200
scans, D1 of 50 usec and a relaxation delay ot&e used. ThEC spectrum was
recorded at 298K with a Bruker spectrometer (400ZMHAALDI mass spectra were Synthesis of 2,4-heptadienyl benzoate 2,4-heptadiene-1-dd (2.24 g, 20.0 mmol)
recorded using a Waters QToF Premier mass spedgorequipped with a nitrogen was introduced in a round bottom flask, dissolveddichloromethane (20.0 mL) at
laser, operating at 337 nm with a maximum outpus@ J/m delivered to the sample room temperature and to the resulting solution veatded benzoic acid (2.44 g, 20.0
in 4 ns pulses at 20 Hz repeating rate. Time-ghflimass analyses were performed inmmol), dicyclohexyl —carbodiimide (DCC) (5.00 g, @4. mmol) and
the reflectron mode at a resolution of about 10.008e matrix was prepared as 10 dimethylaminopyridine (DMAP) (0.25 g, 2.0 mmol). &@heaction mixture was then
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stirred for 4 h at room temperature. The white jmiéate formed during the reaction [17]
was removed by filtration. The reaction medium ween extracted with a [18]
dichloromethane/water mixture. The organic layer sweecovered, dried over
magnesium sulfate, filtered and evaporated to dsynender reduced pressure. After [19]
purification by chromatography on silica using dicbhmethane as eluent (rf = 0.8), a

colorless product was recovered (2.9 g, yield = 7% NMR (400 MHz, CDC)) § : [20]
8.40 — 7.76 (m, 2H arom.), 7.80 — 7.30 (m, 3H ajpMm35 (dd,J = 15.1, 10.4 Hz, 1H
vinyl.), 6.07 (ddJ = 15.1, 10.5 Hz, 1H vinyl.), 5.79 (m, 2H vinyl4,84 (d,J = 7.6 Hz,  [21]
2H, -CH,-OCOPh), 2.12 (m, 2H allyl.), 1.02 @,= 7.5 Hz, 3H aliph.)’3C NMR (400  [22]
MHz, CDCE) §: 166.39, 138.33, 135.11, 132.90, 130.34, 129¥28.33, 128.16, [23]
124.02, 65.44, 25.66, 13.36.

[24]

Computational details. All geometry optimizations were performed usihg B3LYP
three-parameter hybrid density functional methoBetke!*!! as implemented in the [25]
Gaussian03 suite of prografi8The basis functions consisted of the standard 631G
for all light atoms (H, C, N, O), plus the LANL2D&inction, which included the Hay
and Wadt effective core potentials (ECP) and aolarization functiond = 0.8), for
Co. All geometry optimizations were carried outhwitit any symmetry constraint and 27
all final geometries were characterized as localima of the potential energy surface 28]
(PES) by verifying that all second derivatives bf tenergy were positive. The
unrestricted formulation was used for open-shellewales. The value of <S at
convergence was very close to the expected valu@7& for the radical species and
3.75 for the spin quartet species [the greatesiatem was 3.760 for complex
Co(acac)yDMSOQY),], indicating minor spin contamination. All energierere corrected
for zero point vibrational energy and for thermaémgy to obtain the bond dissociation 31]
enthalpies at 298 K. The standard approximationg$timating these corrections were
used (ideal gas, rigid rotor and harmonic oscitlates implemented into Gaussian03. 3,
Additional calculations were also carried out witle same basis set by use of the 33
B3PW91* functional, at the fixed geometries optiedzby B3LYP. The thermal

[26]

[29]

[30]

34

enthalpy correction was carried out using the B3lwaRies. The B3PW91* functional 341

is a modified version of the BSPW91 functionalwhich the g coefficient in Becke's [35]
original three-parameter fit to thermochemical dats changed to 0.15.

[36]

[37]
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