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Oxidation Reaction of the Copper(I) Phenoxo Complex [(phen)(Ph;P)Cu(OPh)]:
the Formation of the Copper(Il) Derivative [(phen)Cu(OPh)(OC¢H,-2-(OH)],
Having a Catecholate Group Derived from Phenol Hydroxylation Reaction
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Abstract

The copper(I) bicarbonato complex [(phen)-
(Ph;P)Cu(0,COH)] (1) (phen = 1,10-phenanthroline)
reacts under nitrogen with phenol giving the copper-
(I) phenoxo derivative [(phen)}(Ph;P)Cu(OPh)] (2).
Complex 2 was shown to undergo a facile hydrolysis,
PhOH being released. The action of moist CO, on
2 allowed the isolation of the starting bicarbonato
complex 1.

The reaction of 1 with excess phenol under an
oxygen atmosphere, gave the unexpected copper(I)
derivative [(phen)Cu(OPh)}(OC¢H4-2<(OH)] (3). The
catecholate group, OC¢H;-2{OH), which is present
in complex 3, originates from a phenol hydroxylation
reaction assisted by the copper center. The same
complex 3 has been also obtained by reacting 2 with
excess PhOH under oxidative conditions.

The bicarbonato complex 1 reacts with catechol
under an oxygen atmosphere giving [(phen)Cu(cat)]
(4) or the bis(catecholate)copper(Il) derivative,
(phen)Cu[OC¢H;-2(OH)}, (5), depending on the
molar ratio copper/catechol. The copper(Il) com-
plexes 3, 4 and 5 were shown to be sensitive to
water; in the case of compounds 3 and 5 a reaction
takes place, the Cu—OPh (complex 3) and one of
the Cu—OC¢H;-2{OH) (complex 5) groups being
involved, phenol (complex 3) and catechol (complex
5) being respectively released.

Complex 4, owing to its tendency to retain water
of crystallization, converts into [(phen)Cu(cat)]:
H,0 (6). From the hydrolysis reactions of 3 and 5,
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the catecholato derivative 6 was always obtained,
probably through the intermediate formation of the
copper(Il) hydroxo-—catecholate complex [(phen)-
Cu(OHXOC4H,-2(OH))].

Introduction

The copper—alkoxo unit plays an important role
in metal-assisted transformations of various organic
substrates by copper(I) [1]. In particular, substituted
and unsubstituted phenoxo—copper compounds have
been prepared and utilized for ether and ester syn-
theses [2]. The formation of copper—phenoxo inter-
mediates has been proposed in the catalytic conver-
sion of phenol to ortho-benzoquinone [3].

We report here the reactions of the bicarbonato—
copper(l) [(phen)(Ph;P)Cu(0,COH)] (1) [4] with
phenol under an inert atmosphere and in the pres-
ence of molecular oxygen, and with catechol under
oxidative conditions.

Results and Discussion

The results of the reactions described in this paper
are summarized in Schemes 1, 2 and 3.

The bicarbonato—copper(I) complex [(phen)-
(Ph;P)Cu(0,COH)] (1) [4] reacts with phenol under
an inert atmosphere giving the phenoxo derivative
[(phen)Ph3P)Cu(OPh)] (2) (Scheme 1, reaction i).
The presence of free PPhjs in reaction i was shown

(phem)(Ph,P)Cu(OPh) (2)

(phen)Cu(OPhY(OCgH4-2<OH)) (3)

(i) PhOH/N,; (ii) CO,/H,0 (~PhOH); (iii) PhOH/O; (iv) O,.

Scheme 1.
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[(phen)Cu(cat)] -H,O
6
iv [111
) I
> [(phen)Cu(cat)]
4
(phen)(Ph3P)Cu(0,COH) — lv
1 L 5 (phen)Cu(OC¢H42<OH)),

I

[(phen)Cu(cat)] *H,0 + CgHy-1,2-(0H),

(i) C¢H4-1,2(0OH),/0, (ratio 1:catechol = 1:1); (ii) excess C4Hz-1,2{OH),/0,; (iii) H,0; (iv) suspended in dry

solvents; (v) CgHjs-1,2-(OH),/N,.
(phen)CuCl; + 2C4H4-1,2(0H),

NEt,
_ 5

Scheme 2.
i
. (phen)CuCl, + PhOH + C4H,-1,2{OH),
ii
(phen)Cu(OPhYOC ¢H,-2{OH)) ———— = [(phen)Cu(cat)] -H;0 + PhOH
3 6

5

(phen)Cu(OCgH,-2-(OH)), + PhOH

(i) HCI (g); (ii) H,O (the reaction is reversible, see text); (iii) C¢Hs-1,2-(OH),.

Scheme 3.

to be essential for the isolation of 2 in an analytically
pure form. The phenoxo complex 2 was shown to
be stable enough in the solid state and when in
solution, provided dioxygen and water, even in traces,
are absent. Its sensitivity to moisture is related to
a hydrolysis reaction, eqn. (1)

[(phen)(Ph;P)Cu(OPh)] + H,0 —
[(phen)XPh;P)Cu(OH)] + PAOH (1)

From this reaction free phenol was quantitatively
obtained; attempts made in order to isolate and
characterize the probable copper(I)-~hydroxo com-
pound failed owing to its high lability.

The reaction of 2 with wet CO, restored the
starting complex 1, phenol being again released
(Scheme 1, reaction ii). This behaviour has been
already observed for the related copper(I)—phenoxo
complex (Ph;P),Cu(OPh) [5].

An unexpected result was achieved when 1 was
reacted with excess phenol under a dioxygen at-
mosphere, eqn. (2)

PhOH
[(phen)(Ph;P)Cu(0,COH)] o
1 2

[(phen)Cu(OPh)(OC¢Hs-2{OH)]  (2)
3

Analytical, spectral data and its reactivity (see later)
support the formulation given to complex 3 as a
copper(ll) derivative containing a phenoxo and a
catecholato group as ligands. The latter originates
from the selective hydroxylation reaction of a
phenoxo group promoted by the copper center.
At the moment we are unable to propose any
plausible mechanism by which the catecholate anion
is formed.
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It is to be pointed out that the starting copper(I)—
bicarbonato complex 1 does not react with dioxygen
under the experimental conditions used in the pre-
paration of 3.

The oxidation reaction of phenol to ortho-benzo-
quinone catalysed by copper(I) and copper(Il)
compounds has been extensively investigated and the
intermediate formation of copper(Il) species having
a catecholate group as a ligand has been put forward
[3].

In order to confirm that a phenoxo complex was
in any case the first intermediate species from which
complex 3 could be originated, we reacted 2 with
excess phenol under a dioxygen atmosphere (Scheme
1, reaction iii): the formation of 3 was verified, thus
confirming the previous hypothesis. No triphenyl-
phosphine oxide was detected in the mother liquors
of reactions (2) and iii (Scheme 1).

The reaction of the bicarbonato complex 1 with
catechol under an oxygen atmosphere has also been
investigated (Scheme 2). Depending on the molar
ratio between 1 and catechol, two different products

are formed,4 and §
/O

( phen)Cu :@ {phen)Cu (O )
\o 2

HO

4 5

The already known compound 4 [6] is obtained
when 1 and catechol are reacted in a molar ratio 1:1,
whereas 5 was isolated when excess catechol was
used. Moreover, 4 converts into 5 when treated with
excess catechol. The bis(catecholate)copper(I)
derivative (5) can be alternatively obtained by react-
ing (phen)CuCl, with catechol in the presence of
NEt; (Scheme 2).

Reactions of the Copper(Il} Complexes

The presence of the phenoxo and the catecholato
groups in complex 3 was confirmed by reacting it
with gaseous HCl in CH,Cl, (Scheme 3, reaction i).
The well known (phen)CuCl, was obtained, while
in the mother liquor the presence of free phenol
and catechol was verified (see ‘Experimental’).
Further informations on the presence of a phenoxo
group in complex 3 were achieved from the observa-
tion that it is highly sensitive to moisture. Therefore
the reaction of 3 with water in diethyl ether was
investigated (Scheme 2, reaction ii). A pale brown
insoluble product A is readily formed, while the
mother liquor was shown to contain free phenol.
The latter reaction showed to be reversible: the
action of excess phenol on A gave again 3. The
nature of complex A was investigated: it was con-
firmed as the copper(Il) derivative {(phen)Cu(cat)]-
H,0 (6). It is to be pointed out that the same com-
plex 6 is obtained when 4 and 5 are left under stirring
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in the presence of water (Scheme 2, reaction iii). In
particular, catechol was recovered from the mother
liquor when complex § was used. In these hydrolysis
reactions involving 3 and §, the intermediate forma-
tion of the copper(Il)—hydroxo—catecholato com-
plex, [(phen)Cu(OHYXOC¢H,4-2{OH))], seems to be
a plausible hypothesis.

Phenol is released from complex 3 also by reacting
it with excess catechol under a nitrogen atmosphere,
the bis(catecholate)copper(Il) derivative (5) being
isolated (Scheme 2, reaction iii). On the contrary,
no reaction was observed when 3 is treated with
excess phenol.

Magnetic Properties of Complexes 3—6

The magnetic moments of complexes 3—6 gave
values around 1.8 BM, typical for copper(II) deriv-
atives [7]. Complex 2 was shown to be diamagnetic.
The EPR spectra of complexes 3, 4, 5 and 6 are
shown in Fig. 1. The EPR parameters of complexes
4 and 6 are typical of distorted elongated tetragonal-
bipyramidal complexes with a d,2_,2 ground state.
In fact for an elongated octahedral complex gy >
g, is foreseen, while for a compressed octahedral
complex g, > gy ~2.00 was reported [8].

We found gy =2.22 and g, =2.06 for complex 4
and g3=2.23 and g, =2.08 for complex 6. The
EPR parameters of 4 are close to those reported in

01 0.2 03 04 05

Fig. 1. Polycrystalline powder EPR spectra at X-band fre-
quency and at 123 K of complexes 3, 4, 5 and 6. Insets show
X 10 expansions of the AM = 2 transitions.
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the literature for the [Cu(DTBC),]?" anion (DTBC =
di-ter-butyl-catecholato) [9]. The EPR spectra of
powdered samples of 3 and § are typically triplet in
nature with a marked anisotropic zero-field splitting.
In fact, in the AM; =21 region four well resolved
signals were found.

These spectra are quite similar to those of other
copper(Il) dimeric complexes which show the maxi-
mum rhombic splitting [10]. Another notable feature
of the EPR spectra of complexes 3 and 5 is the
presence at 0.15 Tesla (g=4.28) of the so-called
‘half-field’ spin forbidden AM, = 2 transition between
the M;=1 and M= —1 component of the triplet
state. This band can be assigned only if copper dimers
in the solid state are postulated. On the basis of their
magnetic moments and EPR spectra, the hypothesis
of the possible presence in complexes 3 and § of
semiquinone ligands must be ruled out. In fact, in
this case the EPR spectra of the compounds should
show a very sharp signal due to the semiquinone
radical, as reported for [Cu(DTBSQ),] (DTBSQ =
3,5-di-ter-butyl-o-semiquinato) [11], or should be
EPR silent, as reported for [Cu(DTBC)(DTBSQ)]™
[9] and for [Cu(LYDTBSQ)]™ [12].

On the basis of their EPR spectra, it is suggested
that complexes 4 and 6 are monomeric in the solid
state, with an octahedral type coordination geometry
having an elongated tetragonal distortion in which
the axial positions are occupied by the oxygen atoms
of an other unit which exerts a sort of long-range
interaction.

On the contrary complexes 3 and § are probably
dimeric. This dimerization should occur through the
oxygen atoms which are coordinated to the metal
or through the oxygen atoms of the OH groups.
It is to be pointed out that complexes 3 and 5, whose
IR spectra showed the presence of strong hydrogen
bonds (see later), show triplet states (dimeric struc-
tures).

Electronic and IR Spectra

The diffuse reflectance spectra of complexes 3—6
show a very intense band at about 459 nm and a
shoulder at about 850 nm. None of these transitions
can be due to a copper d—d transition, as already
reported for complex 4 [13]. Nevertherless, the
transitions are clearly due both to the presence of
the catecholate ligand and of the copper(I) ion;
in fact, they are absent in the electronic spectra of
complexes (phen)CuCl, and [(phen)(Ph;P)Cu(OPh)]
).

According to Amundsen et al. [14], the bands at
about 450 nm are probably copper(Il)—catecholato
transitions. However, since a well resolved d—d band
was not observed for all complexes reported here, it
is not possible to suggest a coordination geometry
for these complexes only from their electronic
spectra.
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The IR spectra of complexes 3—6 all show two
characteristic intense bands: one at ca. 1480 ¢cm™!
and the other at ca. 1250 cm™'. The occurrence of
these two absorptions represents a very good quali-
tative evidence for the presence of coordinated
catechol, as reported for complexes (phen)Cu(cat)
[13], and [Co(trien}(cat)]I [15]. The band at 1480
cm™! corresponds to a skeleton stretching vibration
of the aromatic ring [16], while the band at around
1250 c¢cm™' can be probably assigned to a C-O
stretching of the catechol ligand. Moreover the free
catechol dianion shows C—O stretching vibrations
at around 1250 cm™' [15].

The IR spectrum of [(phen)}(Ph;P)Cu(OPh)] (2)
shows strong bands at 1480 and 1320 cm™'. The
first can be assigned to an aromatic ring stretching
and the latter to the C--O stretching vibration of the
phenoxo group. In fact, a similar absorption was
found in the IR spectra of phenol itself and of its
anion [16]. It is known that the IR spectra of phenol
and of substituted phenols, when registered in diluted
solutions, show a very sharp band at cz. 3600 cm™!
due to »(OH) [17]. On the contrary the IR spectra
of the same products registered as non-diluted
samples (liquid films or solid samples) show a very
large band in the 3400—3200 cm™! region again
due to »(OH) stetching (the position depends on
the amount of the interaction due to hydrogen
bonds) [17].

Complexes 3 and S show in their IR spectra bands
at ca. 3000 (very broad) and 3200 (broad) cm™'
respectively. On this basis, it can be postulated that
in complexes 3 and 5 strong intra or intermolecular
hydrogen bonds are present.

Experimental

Phenol and catechol were of reagent grade quality
and were used without further purification. Solvents
were purified and dried by standard methods. IR
spectra were taken on a Perkin-Elmer Mod. 781
spectrophotometer as voltalef 3S oil (BDH) mulls
in the range 4000—1300 ¢m™! and as nujol mulls in
the range 1300-600 cm™!. Magnetic measurements
were obtained on a Faraday balance equipped with a
Cahn electromagnet and a Cahn 1000 microbalance.
EPR spectra of powdered samples were recorded on
a Varian E-9 spectrometer equipped with X-band.
Diffuse reflectance electronic spectra were obtained
with a Beckman DK-2A spectrophotometer.

Analytical data for the complexes are given in
Table 1.

[(phen )(Ph3P)Cu({OPh)] (2)

A THF suspension (10 ml) of PPh; (0.23 mmol),
PhOH (0.18 mmol) and [(phen)(Ph;P)Cu(O,COH)]
(1) (0.18 mmotl), was refluxed for 1 h under a nitro-
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TABLE I. Analytical Data
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Complex Melting point Analyses: found(calc.) (%)
o)
C H N (0]
2 [(phen)(PhsP)Cu(OPh)] 133 71.87 4.75 4.67 2.74
(72.18) 4.67) “4.67) (2.67)
3 [(phen)Cu(OPh)(OCgH4-2-(OH))] >250 64.01 4.12 6.27 11.15
(64.65) 4.04) (6.29) 10.77H
4 [(phen)Cu(cat)] >250 61.08 3.59 1.75 9.22
(61.45) (3.41) (7.96) (9.10)
5 [(phen)Cu(OCgH4-2-(0OH)),] 210 61.82 3.89 6.2 13.6
(62.40) (3.90) (6.07) (13.87)
6 [(phen)Cu(cat)]-H,0 >250 58.16 3.93 7.68 12.6
(58.46) (3.79 (1.73) (12.99)

gen atmosphere. CO, evolution was verified. The
orange solution was evaporated to dryness and the
residue treated with diethyl ether. The orange com-
plex 2 was filtered off, washed with diethyl ether
and dried under vacuum. Its IR spectrum showed

significant strong bands at 1480 and 1320 cm™’.

[(phen)Cu(OPh)(OCeH+-2H0H))] (3)

Method A. To an acetone suspension (10 ml) of
[(phen)Ph;P)Cu(0,COH)] (1) (0.35 mmol), phenol
(2.45 mmol) was added under an inert atmosphere.
After 30 min dioxygen was introduced and the brown
product 3 was obtained as an insoluble material.
After 1 h it was filtered off, washed with acetone
and dried under vacuum.

Method B. To a THF suspension (5 ml) of
[(phen)Cu(cat)] (4) or [(phen)Cu(cat)}-H,O (6)
(0.2 mmol), phenol (3.84 mmol) was added. After
12 h the insoluble brown product 3 was filtered off,
washed with THF and dried under vacuum.

Method C. To a THF suspension (8 ml) of 2 (0.17
mmol), phenol (1.67 mmol) was added under an
oxygen atmosphere. After 2 h the brown complex
3 was filtered off, washed with THF and dried under
vacuum,

Its IR spectrum showed significant strong ab-
sorptions at 1475 and 1260 cm™.

[(phen)Cu(cat)] (4)

Method A. To THF (10 ml) containing catechol
(035 mmol) [(phen)Ph;P)Cu(0,COH)] (1) (0.35
mmol) was added under an oxygen atmosphere.
The insoluble brown complex 4 formed while CO,
was evolved. After 1 h it was filtered off, washed
with THF and dried under vacuum.

Method B. Complex 4 was obtained also by allow-
ing a suspension of 6 in well dried THF to stir for 1 h.
It was recovered as described above for method A.

Its IR spectrum showed significant strong bands
at 1475 and 1255 cm™ .

[(phen )Cu(OCeHs-2-0H))y] (5)

Method A. To THF (10 ml), maintained under
an oxygen atmosphere, catechol (1.41 mmol) and
1 (0.35 mmol) were added. Carbon dioxide evolution
was verified while the formation of ¥ as an insoluble
light brown product takes place. After 1 h the prod-
uct was filtered off, washed with THF and diethyl
ether and dried under vacuum.

Method B. To a THF suspension (10 ml) of
(phen)CuCl, (0.64 mmol), catechol (2.55 mmol)
and NEt; (1 ml) were added. The green colour of
the staring material changed gradually into the light
brown colour of complex 5. After 2 h it was filtered
off, washed with THF, ethanol and diethyl ether
and dried under vacuum.

Method C. Complex 5§ was also obtained by
reacting a mixture of 4 (0.28 mmol) and catechol
(0.85 mmol) in THF, by using the same procedure
described for method A.

Method D. Complex 5 can be also obtained by
reacting 3 (0.22 mmmol) with catechol (0.67 mmol)
in THF. After 2 h stirring, the product was filtered
off, washed with THF and diethyl ether and dried
under vacuum.

Its IR spectrum showed significant bands at 1480
and 1265 cm™*.

Reaction of 2 with Water

To a THF solution of 2, water (3 drops) was
added. After 15 min an insoluble yellow—green
product was filtered off and the mother liquor was
shown to contain free phenol. For the nature of the
insoluble copper-containing material, see text.

Reaction of 3, 4 and 5 with Water to Give 6

To a diethyl ether suspension of 3 or 4 or §,
water (3 drops) was added. After 1.5 h the brown
insoluble material was filtered off, washed with
diethy! ether and dried under vacuum. When 3 or §
were used, the mother liquors were confirmed to
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contain free phenol and free catechol respectively.
The IR spectrum of complex 6 showed strong ab-
sorptions at 1478 and 1260 cm™!. A broad band is
also present at 3430 cm™! (1{OH)).

Reaction of [ (phen )(PhyP)Cu{OPh )] (2) with Moist
cO,

Moist carbon dioxide was bubbled through
acetone and 2 was added. Within a few minutes the
formation of 1 as an insoluble product takes place.
In the mother liquor the presence of free phenol was
confirmed.

Reaction of 3 with Gaseous HC!

CH,Cl, was saturated with gaseous HCl and 3
was added. After 2 h the green insoluble product
was filtered off. It was verified to be (phen)CuCl,.
In the mother liquor the presence of free phenol
and catechol was confirmed.
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