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Abstract: Two examples of radical reactions involving cobalt complexes

are described. The first one concerns the reactions of allylcobaloximes

with 2-bromo 2-phenylacetonitriles leading to the corresponding monoal-

lyl derivatives. It is shown that both the rate and regioselectivity of

the reactions are affected by the nature of the substituents on the phe-

nyl group: electron-withdrawing groups give higher rates and highly re-

giospecific reactions. The second type of radical reaction which finds
useful synthetic applications is the oxidation of phenols by O, cataly-

zed by Schiff base cobalt complexes. By choosing carefully the“catalyst

and the solvent, these oxidations can be highly selective, quinones

being the major oxidation products in most cases.

The use of transition metal complexes in organic synthesis has seen consi-
derable developments in the last ten years. In these reactions, which can be
either stoichiometric or catalytic, the organic substrates are most often invol-
ved as m ligands which undergo electrophilic or nucleophilic attack by various
reagents. Radical reactions of synthetic utility using transition metal complexes

are by contrast scarce. Cobalt complexes related to vitamin B cobalamins, co-

baloximes (bis-dimethylglyoximatocobalt), Schiff base or porpiirin complexes, are
of great interest in that respect because the metal ion can exist in three dif-
ferent oxidation states: I, II, III, which in most cases can be easily intercon-
verted without having to use strong oxidising or reducing agents (1). Therefore
it is not surprising to observe radical reactions occuring by radical chain or
by single electron transfer mechanisms with these complexes, some of them being
of great potential synthetic utility because of their high chemo- or regiocselec-
tivity.

At the monovalent state, the cobalt ion of these complexes is a strong nuc—
leophile which can react with various organic electrophiles leading to organo=-
cobalt complexes. Among these, o-allyl complexes, such as the allylcobaloximes ],
are of great interest: they are easily prepared from allyl halides or dienes and
their weak Co-C bond makes possible the transfer of the allyl group from cobalt
to a suitable organic acceptor via radical chain reactions (2).

On the other hand, the cobalt(II) complexes have been known for several years
for their oxygen-binding ability (3). Beside their importance as models of biolo-
gical oxygen carriers, these complexes are good catalysts for the oxidation of
various organic substrates: phenols (4,5) or indoles (6,7) by dioxygen. Their
efficiency can be best explained by their aptitude to act as electron relay bet-
ween the organic substrates and the O2 molecule.

In this paper, we report 1) an extension of the allylation reactions using
allylcobaloximes to various a-bromonitriles and 2) the use of cobalt(II) Schiff
base complexes in the catalysis of new phenol oxidation reactions.
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I. Allylation reactions of a a -bromo nitriles.

It has been previously reported (2) that allylcobaloximes 1 readily react
with various halogenated organic compounds X-Y: polyhaloalkanes (8), sulfonyl
halides (9), bromomalonic and bromo-3-acetoacetic esters (10), arylsulfenyl and
arylselenyl chlorides (11), a-bromonitriles (12) to give allyl derivatives.
During these reactions the allyl group initially bound to cobaltis transfered on

the Y part of the halogenated X-Y substrate (eq.l):

R\\quﬁ\\// Co(dmgH)2 Py + X~Y —> X—Co(dmgH)ZPy + Y\\r/§§+ R\\éfk\//Y(l)

R 3a 3b

|+~

dmgH : dimethylglyoximato

X : Br, Cl
These reactions most probably occur by a radical chain mechanism (2) in which coba-
loxime (II)} 4, formed by the homolytic cleavage of the cobalt~carbone bond of allyl-
cobaloximes (eg.2) is the propagator of the chain (eq.3 and 4). Coupling or reduc-

tion reactions (eq.5 and 6) have been postulated as termination steps.

R\\&49\\/// Co(dmgH)zPy ~——> R oo + Co(dmgH) ,Py (2)

1 4

Cé(dmgH)zPy+x-Y ———————5} X—Co(dmgH)zPy + Y (3)
Y .

Y’+RWco(dmgH) Py ———> l\/ + Col(dmgH) ,Py (4)

2 R/ Z
Y'+Co(dmgH)2Py _> Y—Co(dmgH)zpy (5)
-
¥'+Co(dmgH) )Py ————>>  Y-H 4+ cCo*(dnmgH), Py (6)

When the allyl group is substituted on the a -carbon atom (e.g. crotyl or 3,3~
dimethylallyl), the major and, in most cases, single allylation product is compound
3a which results from the attack of the radical on the y position (SH2‘ reaction).
The high regioselectivity of these reactions thus gives an easy access to a variety
of organic derivatives having secondary or tertiary allyl substituents which are
very difficult to prepare by more conventional methods, for example by nuclecphilic
displacements. Arylsulfenyl and arylselenyl chlorides (ll) represent exceptions as
they give rise selectively to allylthiocethers or -selenoethers bearing the less
substituted allyl groups.

So far, these allylation reactions have proved to be fast and reasonably effi-
cient provided the halogenated organic derivatives could be easily reduced to ra-
dicals having strong electrophilic character. Their obvious synthetic utility has
led us to try other free-radical precursors as possible substrates, in particular
precursors of capto-dative radicals: these radicals which are substituted by both
an electron-donating and an electron-withdrawing group, have shown (13) an unex-
pected stability and could therefore exhibit an interesting reactivity towards
allylcobaloximes. An other extension of these reactions has been carried with using

a -bromenitriles as precursors of either electrophilic or captodative radicals.
The results reported now show that the latter are in fact much less reactive
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towards the allylcobalt complexes than the former.

1) Reactions of allylcobaloximes with precursors of captodative radicals

Compounds 5, 6, 7 and 8 contain electron-withdrawing (ester or sulfone) or

-donating (OCH, or SCH3) groups bound to the carbcn atom bearing the halogen

3
substituent. Reactions with cobaloxime(II) 4 (eq.3) 'should give rise to the cor-

responding capto-dative radicals.

CH,OCHBXCO,CH, CH, SCHBXCO,CH, CH4SCHXSO0,CH3
3 ] 7 X =Br
X =Cl

Thermolysis of various allylcobaloximes 1 in the presence of these compounds
gave mixtures of products among which the dehalogenated products: CH3OCH2C02CH3,
CHBSCHZ COZCH3 and CH3SCH2802CH3 respectively, were the major products (ca. 50%).
The products resulting from the substitution of the Br or Cl atom by an allyl
group were not formed in detectable amounts.

These results indicate that, though the capto-dative radical precursors are
reactive under these conditions, the intermediate radicals are reduced by cobalo-
xime (II) (eqg.6) faster than they give an SHZ' reaction with the allylcobalt com-
plex (eqg.4). As reactions were carried out using equimolar mixture of the com-
plex and of the radical precursor, the yields in reduced product cannot exceed
50%.

2) Reactions of allylcobaloximes with bromo-2 acetonitriles 9a-d

In order to confirm the above results and also to extend the allylation
reactions to other halogenated derivatives, we looked at the reaction of allyl-
cobaloximes with substituted bromo-2 phenyl-2 acetonitriles.

The reaction of a-bromonitriles with allylcobaloximes has been previous-
ly reported (12): only nitriles bearing two or three bromine atoms on the a
position gave allylation products in satisfactory yields, probably because of the
extra stabilization brought to the intermediate cyanoallyl radical by the
bromine atoms.

Introducing a phenyl group on the a position will also increase the sta-
bility of the radical, which will be either capto-dative or electrophilic depen-
ding on the substituent present on the phenyl group.

Allylcobaloxime la and 2-methyl allylcobaloxime lb react with nitriles

9a-d to give the corresponding allylation products 10a-d and lla-d respectively.

Yields are all above 90% except with 9d which gives a mixture of allylaticn pro-
ducts 10d or 11d (70%) and of the diastereomeric dimers 12.

Er R
X-C H,~CH-CN + Aéi\V/Co(dmgH)ZPy E— X-C6H4—CH—CN+BrCo(dmgH)2Py

/
9 a x=H 1 a R=H 10 R=H
b X=p—NO2 b R=CH3 11 R:CH3
c X=m-Cl
X=p-
d P OCH3 CN

(p-CH3O—C6H4—LH)2

12
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Significant variations are observed in the rates of reactions of the various ni-
triles: the highest rate is observed with the nitro-substituted nitrile 9b which
reacts about 10 times faster with both allylcobaloximes la and 1b than the other
nitriles. These results confirm that halogenated organic molecules which are pre-
cursors of electrophilic radicals are much more reactive towards allylcobaloximes
than precursors of capto-dative radicals.

In order to examine how the structure of the radicals might affect the re-
giospecificity of the reaction, we studied the reactions of nitriles 9a,b and d

with crotylcobaloxime 1c.

r
X—COHA-CH—CN + \\<§9\\v//C0(dmgH)2PY —————_—9 X—Cbéj;jf;:::X—C6H4-CH-CN
9 a X=H 1c
b X=p-NO,
d X=p—OCH3 13 (threo + erythro) 14

In the case of the nitro-substituted nitrile 9b, the reaction was regiospecific
leading to a single product, 13b as 50:50 mixture of diastereoisomers. By contrast,
the reactions of crotylcobaloxime Ic with nitriles 9a and 9d gave mixtures of iso-
meric compounds 13 and 14 in ratios which were respectively 70:30 and 50:50.

These results show that the regioselectivity of the allylation reactions
depend markedly on the structure of the reacting nitrile. As mentioned previously,
most of the allylation reactions using allylcobaloximes have proved to be regio-
specific, the product of attack on the y position of the allyl group being in nearly
all cases the only reaction product. Two exceptions to this rule have been reported
(9,10) where mixtures of the two possible isomers were obtained. The presence in
thesecases of a significant amount of the isomer having the less substituted
double-bond had been explained by steric hindrance of the radical attack at they
position of the allyl group. This explanation does not hold in the present case be-
cause the steric effects should be the same for the three nitriles 9a, 9b and 9d.
It seems more likely that the different regioselectivities are due to differences
in the reactivities of the intermediate free radicals. The more electrophilic ra-
dical, obtained from nitrile 9b, is probably much more reactive towards the allyl
group than the other two radicals. With the latter, the SHZ' reaction (eq.7) may
become slower than the coupling between the phenylcyanomethyl and crotyl radicals
(eq.8) and this will result in a mixture of the two isomers 13 and 14.

p-X-C

{

(7)

eHg-CH-CN + R\/\/Co(dmgH)ZPy —_—> 13+
p-X-CyH,~CH-CN + R 223 — 13 + 14 (8)

v * N

I1. Oxidation of phenols by molecular oxygen catalyzed by Schiff-base cobalt(II)
complexes.

The oxidation of phenols by molecular oxygen catalyzed by complexes of

cobalt(II) and other transition metals is a well-known reaction which has been the
subject of numerous studies (4,5) aiming at finding more efficient catalysts and
at obtaining a better knowledge of their mechanism. There is now ample evidence(5)
that these reactions involve several radical intermediates, the metal playing the
role of an electron relay between the organic substrates and molecular oxygen.

Surprisingly, the number of phenolic compounds on which these oxidation reactions
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TABLE 1 : OXIDATION PRODUCTS

Phénol Oxidation products
t-C.Hy t-C4H,
t-C4Hq t-C4H,
OH 0
R -
QT v 4 L T
R= CH3 : 19 }) R=CH;: 20
HO  t-CiHs O, C.Hs
HO@ 21 Og 22
1-C.H, t-CqHs
CH0, CH,
-0 = D
CH;0 CH;0
CH, CH,
HO‘@—OCHs 27
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have been attemptedis rather limited: they include hindered phenols such as di-
and tri-~alkyl phenols and 4-aryl phenols (14). Recently, we have reported (5) an
extension of this catalytic oxidation to 1-naphtol and 2-methyl 1-naphtol. We wish
to report more results which show that Schiff-base cobalt(II) complexes can oxi-
dise both efficiently and selectively other phenolic derivatives, the ease of oxi-
dation depending on the substrate and also on the nature of the catalyst and of
the solvent used. The catalysts which were used in this study were either monome-
ric or polymeric Schiff-base cobalt complexes. The monomeric complexes include both
tetradentate (CoSalen, CoSalpen) and pentadentate (CoSalN—Medpt)x complexes which,
according to previous studies, can exhibit different selectivities towards the same
phenolic substrate. The polymeric cobalt complex Co(polySaldpt) has been used al-
ready (5} to oxidise various phenols with 02: it was obtained by covalently binding
the SaldptHZ Schiff-base to a Merrifield resin followed by cobalt insertion (15).
The catalyst thus obtained showed some interesting features: insolubility, compati-
bility with several organic solvents, ease of recovery.Furthermore, it proved to be
more stable, in the standard conditions of oxidation, than its monomeric analog which
becomes progressively inactive, due probably to its degradation by peroxidic inter-
mediates. However, the efficiency of the polymeric catalyst is much less than that
of the monomeric one.

On tables 1 and 2 are gathered the results obtained in the oxidations of various
phenols by 02 in the presence of the cobalt complexes. We have also included, for the
sake of comparison, results concerning 2,6 di-t-butylphenol, I1-naphtol and 2-methyl

1-naphtol which were previously published (5).

2,6-di-t-butylphenol 15, 1-naphtol 17 and 2-methyl 1-naphtol 19.

As mentioned previously, the three phenols are very good substrates for these
oxygenation reactions.In most cases, a quantitative yield in the corresponding qui-
nones is obtained. The rate of oxidation varies both with the catalyst, CoSalN-Medpt
being the most efficient, and the solvent, acetonitrile proving to be very good sol-

vent in general for these reactions.

3,5-di-t-butylcatechol 21

Oxidation of catechols by molecular oxygen can be catalyzed by copper (16),
iron (17), vanadium (18) or ruthenium (19) salts. Depending on the catalysts, the
oxidation products are either the orthobenzoquinones or, more often, a derivative
of (Z,Z) muconic acid which is formed by the oxidative cleavage of the benzene ring.
3,5-di-t-butyl catechol was choosen as a substrate for the cobalt-catalyzed oxidation
because its primary oxidation product, 3,5-di-t-butyl o-benzoquinone is stable,
contrary to other o-benzoquinones, and can be more easily identified. This quinone
is indeed the only oxidation product obtained in the cobalt-catalyzed oxygenation
reactions, the Schiff-base cobalt complexes exhibiting the same selectivity as Mn or
Fe Salen (20) or Mn, Co or Ni acetylacetonates (21).

Methoxyphenols 23, 25 and 27

The rates and products of oxidation of methoxy-substituted phenols depend greatly
on the number and position of the OCH3 substituents and on the oxidant used: not
only o- or p-benzoquinones can be obtained, but also dimeric or polymeric oxidation
X Salen = bis(salicylidene) ethylenediamine

Salpen = bis(salicylidene) propylendiamine
SalN-Mdpt = bis (3,3'-salicylidene)Nmethyl dipropylenetriamine.



4101

Allylation and oxidation reactions promoted by cobalt(I1) complexes

*2383s 2and

UT paure3qo usaq 310U seY 3Ing 3onpoid UOTIODEIL I8Yl0 Yl SI BuouInbozuaq-o Axoylau-y p
*(g) sionpoxd otriduip 2q 1y3tw sionpoad ayg
*(g81) auournboyiydeu sy3 ©31 UOIITPPpe UT DPIWICY 3l®E sionpoid pITFLIUSPTIUN XIYIO SNOTIBA D
-jousyd pasIpIXO uo paseq g
1'0 = (1ea3sgns)/(31s41e3RD) B
po8 : 8z oy vz suaniol (3dpTesAtod)od
. p08 8z o€ 144 auanTo3 (3dpow-NTES) 03
09 : Of oy : 8Z oz ve NDEHD (3dpsW-NT®S) 0D
s9 : Ot SE ¢ 62 09 144 HO "HO (usTes) 0D
oot : 3% o bz susn1o3 (3dptesitod) o _
oot 92 001 € wcmeOU (3dpaw-NT®S) 0D 14
oot = 9z 00T T HO HD (ua128) 0D
00T * ®Z ot Ve auan1ol (3dpresiiod)od .l
00T ¢ ¥ £6 vz ausnto3 (3dpaW-NT®eS) 0D €z
[ole ) RN 44 06 ve HO"HO (usTes) 0D
oo1 : T 00T c'0 sunto3 (3dpresdtod)od —
oot : zz 001 0 auap103 (3dpaW-NT®S) 0D 12
oot Zz 00T SL"O NO"HO (uadtes) 0D
ool : 0f 001 $°0 susnTo3 (3dpresirod) 0D T
[0,0] SN 6 74 001 [ [uaniol (3dpPdW-NT®S) 0D
os : 81 o8 e NOEHD (adpresitod) o Al
oot : 81 001 S°0 ND"HO (3dpan-NT®S) 0D
001 : 91 001 9 auantol (3dpresitod) oD ||
001 : 9T 001 9 suanTol (3dpaR-NT®S) 0D ST
o0or 9T 001 1 NDCHD (3dpaw-NT®S) 0D
oot ¢ 91 001 4 HO"HO (uates) 0D
(1Y) BawTl :
{3) sionpoad UOTILPIXO PISTX uotjoeay juaAT0sg as&1e3ed tTouayd

e

*SIYXITdN0D L1vE0D 3SVE-441HDS Xd dIZATVIVD

No A9 STONAHd 40 NOILVAIXO :Z 318Vl




4102 A. GAUDEMER et al.

products in which two or more phenolic rings are linked by C-0 or C-C bonds, and
products resulting from oxidative demethylation: thus, 2-methoxyphenol 23 and
2,6—dimethoxyphenol 25 are oxidised by Nal0, to the corresponding o-benzoquinones

0, R R= H o
- or wheareas in the same conditions 4-methoxy-
R= OCH3

phenol 27 gives rise to p-benzoquinone (2Z) which can also be obtained by anodic
oxidation (23). Use of Pb(OAc)4 as an oxidant leads to p-benzoquinones with the
same substrates (22, 24). Products of oxidative coupling are favored when the oxy-
dant is either KBFe(CN)G (25) or O2 in basic conditions (26).

In the presence of Schiff-base cobalt(II) complexes, 2-methoxy phenol 23 and
2,6-dimethoxyphenol 25 are oxidised by 0, to the corresponding p-benzoquinones 24
and 26 respectively. This is not surprising as cobalt-catalyzed oxygenations are
known to give predominantly products oxidised at the para position. The polymeric
complex also catalyzes these oxidations but, as expected, much less efficiently
than its monomeric counterpart.

Oxidation of 4-methoxyphenol 27 proved to be much less selective and therefore
to be of lesser synthetic value. From the complex reaction mixture we were able to
isolate and identify the following products:

- the p-benzoquinone 29

- the o-quinone 30 which results from the coupling of the starting phenol and
4-methoxy o-benzoquinone which could be detected in small amounts in some of the
experiments.

- compound 28 which is probably formed by coupling of two phenoxy radicals fol-
lowed by tautomcrisation of the intermediate. Similar coupling products have been
observed before in the oxidations of alkyl 4-methoxy phenols by KSFe(CN)6 in basic
conditions (27), but with this oxidant, they undergo further oxidation to dioxe-
pinones.

It is interesting to note that, though less efficient and selective in this
case than other oxidising systems, the cobalt—O2 system, because of its mild
oxidising power, allows the obtention of products which, with stronger oxidants,
are converted to more oxidised derivatives.

Finally 3-methoxyphenol and 3,5-dimethoxy could not be oxidised
by the Cobalt-O2 system. This is not too surprising in view of the fact that
3-methoxyphenol is not readily oxidised even by NaIO4 (22).

Conclusion

Cobalt complexes can participate in highly selective radical reactions. Both
the allylation reactions and the oxygenation reactions are carried out under
very mild conditions which makes them quite useful in organic synthesis. Extension

of both reactions to other organic substrates is under way.

EXPERIMENTAL

IR spectra were measured on a Beckman Acculab 10 spectrometer, UV-visible
spectra on a Beckman 25 spectrometer and NMR spectra on a Perkin Elmer R-32
(90MHz) spectrometer in CDCl, solution containing TMS as internal reference.
Mass spectra were measured 8n a Ribermag R~10 spectrometer.

Starting materials

(Pyridine) cobaloxime (II) was synthetised by Schrauzer's method (28) and
the complexes Co(Salen), Co(Salpn) and Co(SalN-Medpt) prepared according to
published procedure (29). The synthesis of polymeric Schiff-base cobalt complexes
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has been described previously (15}. Co(polySaldpt) was prepared from Merrifield
polymer Biobeads SXI and contained 0.5 mmol equiv. of cobalt per gram.
Allylcobaloximes l1a-1d have been synthetized according to published procedures
(30)

General procedure for the syntheegis of 2-bromo 2-phenylacetonitriles 9a ~ 9d

In atwo-necked flask equipped with a condenser and dropping funnel, O.1mole
of the starting nitrile are dissolved in 75ml of CCl,. 6ml of the Br, dissolved
in 100m1 of CCl, are added to this solution under irradiation with t%o 250W
tungsten lamps. At the end of the reaction, the solvent is removed under vacuum
and the brominated product identified by its NMR spectrum. The signal of the
-CHBr-proton appears at: &= 5.57 (8a), 5.50 (9b)}, 5.45 (9c) and 5.50 ppm (9d}.
Yields: 91-94% 9d: MP = 45°5 - 46°5., - - -

Reactions of allylcobaloximes with 2-bromo 2-phenylacetonitriles 9a - 9d.

In a typical experiment, 1 mmol of allylcobaloxime and 1.2 mmol of Z-bromo-
2 phenylacetonitrile 9 are dissolved in 5ml of degassed CH,Cl,. The reaction
mixture is left at room temperature for 2 hours. At the end %f %he reaction the
solvent is removed under vacuum and the reaction products are purified by chro-
matography on a Silicagel column using a mixture of CH,Cl,/acetone (9:1) as
eluting solvent. The structures of the organic productg hive been determined
from their NMR and mass spectra (Table 3). 2-bromo-2-phenylacetonitriles Ya -
9d and their allylation products all show a weak band at 2220 cm-! (Vex T in
their IR spectra. '

General procedure for the oxidation of phenols.

To a solution of the starting phenol (0.1M) in the appropriate solvent was
added the cobalt complex (0.01M). The solution was stirred in a two-necked flask
connected to a gas-burette filled with oxygen (pressure 1,2 atm.) and the oxygen
consumption was measured under constant pressure (] atm.) at regular intervals.
At the end of the reaction the solvent was evaporated off under reduced pressure
and the products were separated by chromatography on a silica gel column (Merck

CC7}. For reactions carried out with the polymeric complex, the catalyst was
removed by filtration. 28 and 30 were purified using h.p.l.c under the follo-
wing conditions: solvent CHCl, - CH.OH (98:2), column: ultrasphere Si (1: 25cm,

d: Tecm); pressure 2000 psi. Tge quigones 16, 18, 20, 22 and 29 were characteri-
sed by comparison of their properties with those described in the litterature.
The para benzoquinones 24 and 26 and the coupling products 28 and 30 were iden-
tified by their spectroscopic data (Table 4), their elemental analysis and mass
spectra.

Elemental analysis

24: found C, 61; H, 4.4; C7H603 requires C, 60.87; H, 4.35.

26: found C, 57.55; H, 4.95. C8H804 requires C, 57.14; H, 4.76.
28: found C, 68.58; H, 5.75. C14H14O14 requires C, 68.29; H, 5.69.
30: found C, 65.54; H, 4.91. C14HIZOS requires C, 64.61; H, 4.061.

Mass Spectra

X 24 and 28: Gas phase chromatography/mass spectrometer.
24: 54(M—C4H402, 70.8%), 69(M-CH3-C3H20, 100%), 110(M-CO, 53%) 138(M, 51,347,
28: 108(M/2-CHg, 100%), 246(M,83,4%).

X 26 and 30: chemical ionization/desorption (reagent gas NHKJ.
26: 169(M+1, 99%), 186(M+18, 100%).

rw 1
-

232(M-CO, 16.4%), 261 (M+1, 100%), 278(M+18, 34%).
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Allylation and oxidation reactions promoted by cobalt(I1) complexes 4105
TABLE 4: SPECTRAL DATA OF OXIDATION PRODUCTS.
Product
Spectral 24 26 28 30
data
¢ C=CH 6.75(2H),5.98(1H) 5.77 - 5.82, 5.5
Ar - - 6.3 -6.9 7
&H
(ppm) | OH - - 5.3 -
‘ocns 3.86 3.79 3.7, 3.58 3.35, 3.8
-1, 1600, 1660 1640, 1690 1600, 1500, 1650, 1670,
Vmax{cm ) 3530 1590, 1500
355, 250 376, 285 275, 248.5 340(s}), 278.5

Amax(nm)

230
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