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Summary

Paramagnetic 7-allyl complexes of palladium with phenoxyl or o-semiquino-
late ligands have been prepared and their ESR spectra studied. The stability of
the resulting free radicals, the influence of various substituents attached to the
palladium atom on the pattern of distribution of spin density of the unpaired
electron and the nature of dynamic processes occurring in paramagnetic allyl
complexes are discussed.

Introduction

Complexes of transition metals with stable nitroxyl [1—3] and o-semiquin-
onyl [4—6] radicals as ligands are already known. In earlier studies we first
prepared complexes of platinum ligands of azobenzene [ 7}, 7-allyl [8] and
o-phenyl [9] types containing a hindered phenoxyl radical. The fact of stabiliza-
tion of free phenoxyl radicals by complexation was established; the highest
effect was observed for o-bonded derivatives of palladium and platinum con-
taining an organometallic grouping in the para-position of the phenoxylring.

Results and discussion

A number of w-allyl palladium comp!lexes with a hindered phenol on the
allyl ligand are reported in this paper.

Oxidation of the resulting phenols with lead dioxide in toluene results in the
corresponding palladium-containing phenoxyl radicals. ESR spectra of these
radicals are shown in Fig. 1, spectral characteristics are given in Table 1.

In an earlier paper [ 8], using complex la as an example, only hyper-fine inter-
action of the ring protons and protons of the terminal methylene groups of the
w-allyl moiety (a(all-H) of about 1 G) was revealed. The more thorough study
of ESR spectra reported here has shown that, in addition to the proton hyper-
fine interaction, the interaction with paramagnetic palladium isotope ('°°Pd,
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natural abundance 22.6%) is observed. This results in satelite lines at the

-+
—e; —H
HO@{PdX = -o@{ PdX

sides of the basic signal having intensities approximately 20 times less than
that of the basic signal (Figs. 1a, b). Multiplicity of the satellite spectrum and
its relative intensity fully correspond to the nuclear spin value of '°°Pd (I = 5/2)
and its natural content. From the data shown in Table 1 it follows that in the
series of radicals 1a—e under consideration there occurs a successive decrease in
the hyperfine coupling constant of '°°Pd, the maximum effect being observed
for the w-cyclopentadienyl ligand. In the square planar complexes 1la—e this
value steadily decrease with increased volume of the substituent at the central
atom (Cl, Br, I, PPh;). In formally octahedral w-cyclopentadienyl derivatives a
more pronounced decrease in the value of a(Pd) is observed.

The following fact should be emphasized: while in the case of diamagnetic

TABLE 1

PARAMETERS OF EPR SPECTRA OF n-ALLYL PALLADIUM-CONTAINING PHENOXYL RADICALS
(TOLUENE, 25°C)

Initial a(m—H)(G) a(all—H)(G) a(Pd)(G) g-factor
complex

1a 1.8 0.9 12.2 2.0051
1b —a — 11.5 2.0057
ic — — 10.3 2.0076
id - - 9.2 2.0052
le - — —_ 2.0043
1f 1.6 0.8 5.4 2.0038

<€ Not observed in this case.
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Fig. 1a. ESR spectrum of the radical produced upon oxidation of complex 1la (toluene, 25°C).

Fig. 1b. ESR spactrum of the radical produced upon oxidation of complex 1f (toluene. 25°C).

complexes 1la—f syn- and anti-protons absorb at different values of the field
intensity (4.10 and 2.88 ppm) in the PMT spectrum, in the corresponding free
radicals an average spectral pattern is observed indicating equivalence of all
the four allyl protons (quintiplet, a(H) approx. 1 G). A syn—anfi exchange
resulting in the equivalence of all protons in most allyl complexes is observed
in the NMR time scale either at higher temperatures or in the presence of a
strong electron-donor ligand.

Three possible mechanisms for the averaging of methylene protons have been
discussed [10—12}: 1) fast allyl rearrangement with the formation of a g-bonded
allyl compound; 2) fast rotation about C—C bonds in the structure with a deloc-
alized allyl—metal bond; 3) ionization and similarly fast rotation about C—C
bonds in the allyl anion. The dynamic state is typical for allyl complexes of non-
transition metals at room temperature Li, Mg, Zn, Cd) [13—17].

The possibility of a fast allyl rearrangement as suggested above allows us to
draw a direct analogy between allyl systems and synartetic ions. One of the
current ideas on the structure of synartetic ions is that these ions should be
regarded as a transition state between two rapidly interconverting classical ions
[18]. Bartlet [19] suggested a simple physical explanation for this phenomenon:
the rate of the transposition of the o-bond is 4 X 102 sec™!, i.e. the rearrange-
ment occurs substantially without activation energy and corresponds to the fre-
quency of oscillations of the bond. This phenomenon corresponc:s substantially
to Laar’s ideas on tautomerism as an ulira fast translocation of nuclei and
bonds [20].

As applied to the chemistry of 7-allyl complexes, such an assumption would
mean that a fast (probably at the frequency of valence oscillations) and reversi-
ble metallotropic rearrangement takes place between two structures, wherein the
metal is bonded to the ligand by a o-bond. In this case the 7-ally} structure may
be, at least formally, considered as a transition state between two g-structures,
provided that these structures are separated by a potential barrier.

The fact of the equivalence of the four allyl protons observed in the ESR time
scale upon conversion from a diamagnetic to a paramagnetic system, gives rise
to the idea that the activation barrier for intramolecular rearrangement in free
radicals is substantially lower than in the corresponding diamagnetic compounds.
This assumption means that in the case of paramagnetic complexes a fast reversi-
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ble metallotropic rearrangeinent is readily performed (Scheme 2}):

SCHEME 2

o Pax —=——— |©O Pdx o Pdx

This system becomes, to a certain extent, similar to allyl compounds of non-
transition metals for which the decisive role of metallotropy was shown in those
dynamic processes which resulted in the equivalence of the terminal hydrogen
atoms [ 21].

To investigate the influence of other factors (environments, temperature) on
the processes occurring spectra have been determined in various solvents (Table
2) and for the temperature range of from —60 to 40°C (Table 3) for the para-
magnetic complex 1a.

The above data demonstrate but a slight effect of temperature and environ-
ments on the hyper-fine coupling constant of !°Pd in a paramagnetic system. In
all cases the equivalence of the four protons of the allyl moiety and a(all—H)
remain unchanged.

Therefore, the motivating force for fast dynamic processes occurring in para-
magnetic allyl complexes is the delocalization of spin density of the unpaired
electron over the entire molecule. The question is whether the dynamic state of
the allyl system remains unchanged in the case where the paramagnetic moiety
is not directly bonded with the allyl ligand.

In this connection, in the work reported here the interaction of w-allyl com-
plexes of 1a—f with thallium 3,6-ditert. butyl-ortho-semiquinolate has been
studied by the ESR method.

The ESR spectrum of complex I1 is shown in Fig. 2a.

The unpaired electron interacts with two equivalent protons of the ortho-

TABLE 2

RELATIONSHIP OF THE HYPER-FINE COUPLING CONSTANT OF 105pd vS. THE SOLVENT
NATURE (20°C)

Solvent @ a (195P4d) (G)
C,H;O0H 14.6
CH3COC,H; 13.6
C4HgO, 13.2

CgHsCH; 131
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TABLE 3

RELATIONSHIP OF THE HYPER-FINE COUPLING CONSTANT OF 105pa v§. TEMPERATURE
(TOLUENE SOLVENT)

Temperature (°C) a(195pd) (G)
—60 13.7
—40 13.6
—20 13.4
o 13.2
20 13.1
40 13.0

semiquinolate ring (a(H) = 8.3 G), the paramagnetic isotope of !*°Pd (a(Pd) =
2.85 G) and two protons of the allyl moiety (a(all-H) = 0.97 G). A similar pic-

(o] /o
HO (de + T|<- — HO Pd\ ) O + TIX
e} (e}
(1) (am ¥

ture is observed for other substituted w-allyl complexes.

e s
4/ Pdx + Tl\ . Q ___a.g pdi\ > L oTiIx
R o R e}

R = 2—CH3, 2—C6H5 3 2"CH30C6H4 9 1"FC6H4.

In all cases a triplet is obtained from two protons of the paramagnetic ligand
and two protons of the w-allyl ligand. The equivalence of two protons in the
o-semiquinolate ligand is a consequence of a high-speed reversible migration of
palladium atom [22] of the following type.

The appearance, in the ESR spectrum, of the triplet from two protons of the
allyl ligand may be due to two reasons. Firstly, by the interaction cf the un-

* A similar compoungd to Ii, i.e. 3,5-ditert. butyl-4-hydroxyphenylallyl(3.5-ditert. butyl-ortho-semi-
quinolato)palladium was isolated by the authors and identified by elemental analysis, IR and ESR
spectroscopy.



140

tt tt it [} ‘{\[A/\fv
106G

110G

Fig. 2a. ESR specturm of complex II (toluene, 25°C).

Fig. 2b. ESR specturm of complex IV (toluene, 25°C).

paired electron only with anti-protons while retaining the w-allyl structure (A)
and, secondly, by the possibility of freezing the o-structure (B).

CH2
HO Pd\
CHZF’d _

(A)

To solve this problem, a 1,3-disubstituted allyl complex was used (I1Ia)

H3C o o H3C H o
< Pdax + TI/ - —_— < Pd\ ) + TiX
o o
H H
HsCo HsC,

(IDa)

In the ESR spectrum of compound I1la a triplet is present which in this case
may be explained only by the interaction of spin of the unpaired electron with
two anti-protons of the w-ally! ligand.

The same conclusion is drawn on the basis of ESR-investigation cf the allyl
complex with the quinoide system previously described by us [23].

In this case the unpaired electron interacts only with one anti-proton of the
allyl, the hyper-fine coupling constant being about 0.5 G, i.e. about two times
less than in all the above-described cases (Fig. 2b).

It was possible to observe the formation of g-structure in the studied systems
only in the presence of triphenyiphosphine. Complex V was prepared and iso-
lated and also produced by an independent synthesis.
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A similar route resulting in a general rearrangement of the system of bonds

_ CHs
I o "
CH3 /O — ;d\
O 4 Tt . —_— H
;9\ H \o o/ \o
Xl ~

(IV)

has been studied spectroscopically for complexes with different substituents in

/o /CH2 TD;O
HO (Pal - PPh3_ 1o pa’ -
\o> CHZ/ \o>
)

O
7/
n{_ .)
o
4
al
/
HO < Pd
\\PPh3
the m-allyl ligand (complexes VI).
/o CH,
Pd D + PPh; —— % Tpmo
N . /
R o} CH,Pd_ -
N
o
(QVAD)

For compound VI, when R = 2-H, 2-C.H;, 2-CH;0C H,, 1-FC,H,, a triplet is
observed from the two protons of the terminal carbon atom (a(H) = 0.4—0.6
G); furthermore, the electron interacts with the 3'P atom (a(P) = 2.55 G) (Fig.
3a). For the 1-methyl-3-ethylallylpalladium-o-semiquinolate, there is a doublet
of one proton (a(H) = 0.5 G) in the EPR spectrum, while for the quinoide com-



142

9z

s

16
———t

Fig. 3a. ESR spectrum of complex V (toluene, 25°C).
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Fig. 3b. ESR spectrum of complex VIII (toluene, 25°C).

plex a triplet of two protons (a(H) = 0.6 G) is observed (Fig. 3b).

Q O =< e

HeCop
(¥11) (111)

Therefore, the character of the processes occurring in 7-allyl complexes is
defined, to a considerable extent, by the position of a free-radical substituent
relative to the allyl grouping. In the case of the presence of an unpaired electron
directly in the allyl ligand the system becomes dynamic, whereas for m-allyl com-
plexes with other paramagnetic ligand the w-character of the allyl-—metal bond
is retained, though the m—o transition is considerably facilitated as compared to
diamagnetic allyl compounds.

Experimental

ESR spectra were recorded on a Varian E12A spectrometer in evacuated am-
pules. IR spectra were taken on a UR-10 instrument in KBr discs. PMR spectra
were taken on a R-20 spectrometer with a working frequency of 60 MHz in
deuterochloroform. All reactions were carried out in dry purified argon.
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Bis(2-(4-hydroxy-3,5-ditert. butylphenyljallylpalladium chloride (1a)

A solution of 0.0045 mole of 2,6-ditert. butyl-4-isopropenylphenol {24] in
10 ml of glacial acetic acid is added to a solution of 0.003 mole of pailadium
chloride in 55 ml of glacial acetic acid in the presence of 0.006 mole of sodium
chloride and 0.003 mole of sodium acetate. The mixture is stirred at 80°C for
6 hours, broken down by an egual volume of water, and extracted with methyl-
ene chloride. The extract is dried over magnesium sulphate and the solvent is
removed in vacuum. The residue is added with methanol; the insoluble portion
is filtered-off, thoroughly washed with methanol and petroleum ether. The
resulting product is recrystallized from a benzene-hexane mixture (1 : 1).

The yield is 72%, decomp. temp. 193—194°C. Found: C, 52.58; H, 6.20.
C33H;500,Cl,Pd,. Caled.: C, 52.70; H, 6.43%. IR spectrum (v, cm™'): 3580.

Bis(2-(4-kydroxy-3,5-ditert. butylphenyl)allylpalladium bromide) (1b)

To a solution of 0.0003 mole of 1a in 15 ml of acetone a 10% excess of
anhydrous lithium bromide dissolved in acetone is added. The reaction mixture
is stirred at room temperature for 8 hours and filtered. The filtrate is diluted
with an equal volume of water and extracted with benzene. The extract is
washed with water, dried over magnesium sulphate and evaporated to a small
volume; then petroleum ether is added. The residue is recrystallized from a
benzene-hexane mixture (1 : 1). The yield is 79%, decomp. temp. is 226—228°C.
Found: C, 47.97; H, 5.67. C;,H,,0,Pd.Br, Calcd.: C, 47.80, H, 5.80%. IR
spectrum (v, ecm™'): 3585.

Bis(2-(4-hydroxy-3,5-ditert. butylphenyl)allylpalladium iodide) (1c)

The product is prepared in a similar manner from 0.0003 mole of 1laand a
10% excess of anhydrous potassium iodide with recrystallization from a
benzene-hexane mixture (1 : 1). The yield is 68%, decomp. temp. 251—252°C.
Found: C, 42.54; H, 5.20. C;,H;,0,Pd,I,. Caled.: C, 42.60; H, 5.23%. IR spec-
trum (v, cm™?!): 3580.

2-(4-hydroxy-3,5-ditert. butylphenyljallyl(triphenylphosphine )palladium
chloride (1d)

To a solution of 0.0003 mole of.1a in 15 ml of acetone a 15% excess of dry
triphenylphosphine is added. The reaction mixture is stirred at room tempera-
ture for 5 hours. The solvent is removed in vacuum. The residue is crystallized
from petroleum ether-ether (1 : 1). The yield is 60%, decomp. temp. 189—
192°C. Found: C, 64.75; H, 6.30. C3:H,;,OPdCIP Caled.: C, 64.75; H 6.16%. IR
spectrum (v, cm™!): 3600.

2-(4-hydroxy-3,5-ditert. butylphenyl Jallyl(acetylacetonate)palladium (1e)

To a solution of 0.0003 mole of 1ain 15 ml of benzene there is added a solution of
0.0006 mole of sodium acetylacetonate dissolved in ethanol. The reaction mix-
ture is stirred for 3 hours and filtered, then diluted with an equal volume of
water. The benzene layer is separated, washed with water and dried Gver magne-
sium sulphate. The solvent is removed in vacuum. The residue is recrystallized
from hexane. The yield is 74%, decomp. temp. 181.5—183°C. Found: C,
gg.l309; H, 7.00. C;,H,,0,Pd Caled.: C, 85.38; H, 7.11%. IR spectrum (», cm™!):



144

2-(4-hydroxy-3,5-ditert. butylphenyl jallyl(w-cyclopentadienyl)palladium (1f)

To a solution of 0.0003 mole of 1ain 15 ml of methylene chloride a 10% excess of
thallium cyclopentadienyl is added. The reaction mixture is stirred for 3 hours
and filtered. The solvent is removed in vacuum. The resulting residue is dissoived
in ether, filtered-off and the solvent is removed in vacuum. The product is
recrystallized from petroleum ether. The yield is 70.8%, decomp. temp. 141°C.
Found: C, 63.01; H, 7.20. C,,H;,0Pd Calcd.: C, 63.25; H, 7.21%. IR spectrum
(v, cm™1) 3600.

2-(4-hydroxy-3,5-ditert. butylphenyl)allyl(3,5-ditert. butyl-ortho-semiquinolato )-
palladium (II)

To a solution of 0.0005 mole of 1a in 15 ml of abs. benzene is added a freshly
prepared solution of thallium 3,5-ditert. butyl-ortho-semiquinolate in absolute
benzene; the solution is prepared from thallium chloride and 3,5-ditert. butyl-
ortho-quinone. The reaction mixture is stirred at room temperature for 2 hours,
filtered in an inert atmosphere and the solvent removed in vacuum. The residue
is dissolved in hexane, filtered-off from the insoluble portion and evaporated in
vacuum to a small volume. The producti yrecipitates upon cooling. The yield is
50.8%, decomp. temp. 138—139°C. Found: C, 62.39; H, 8.84. C;,H,,0;Pd
Caled.: C,62.17; H, 8.89%. IR specirum (v, cmi™'): 3640.

2-(4-hydroxy-3,5-ditert. butylphenyl)propen-2-yl-1(triphenylphosphine)-3,5-
di-tert. butyl-ortho-semiquinolate palladium (V)

To a solution of 0.0002 mole of Il in 15 ml of acetone 0.0002 mole of dry
triphenylphosphine is added. The reaction mixture is stirred for 3 hours at
room temperature. The solvent is removed in vacuum. The residue is washed with
a small amount of ether and reprecipitated from benzene with hexane. The
yield is 44%, decomp. temp. 104—105°C. Found: C, 70.44; H, 7.20. C,3H,0;PPd
Calcd.: C, 70.62; H, 7.21. IR spectrum (v, cmm™'): 3620.

References

1 D. Jahr, K.H. Renhan, K.E. Schwarzhaus and J. Wiedemann, Z. Naturforsch., 288 (1973) 55.
2 D.L. Dubois, C.E. Eaton and S.S. Eaton, J. Amer. Chem. Soc. 100 (1978) 2686.
3 V.I. Ovcharenko, S.V. Larionov, R.A. Sadykov, R.Z. Sagdeev, I.A. Grigor’ev and L.B. Volodarsky,
Coordin. Khimija, 3 (1979) 1558 in Russian.
4 I.A. Teplova, K.G. Shal’nova, G.A. Abakumov and G.A. Razuvaev, Dokl. Akad. Nauk SSSR, 235
(1977) 1323, in Russian.
5 G.A. Razuvaev, V.K. Cherkasov and G.A. Abakumov, J. Organometal. Chem., 160 (1978) 361.
6 G.A. Abakumov, Zh. Vses. Khim. Obschest. D.1.M., 24 (1978) 156. (1979}, in Russian.
7 E.R. Milaeva, L.Yu, Ukhin, V.B. Panov, A.Z. Rubezhov and O.Yu. Oklobystin, Dokl. Akad. Nauk
SSSR, 242 (1978) 125, in Russian.
8 E.R. Milaeva, A.P. Rubezhov, A.L. Prokof’ev, O.Yu. Okhlobysti, Izv. Akad. Nauk. SSSR, Ser. Chem.
(1978) 1231, in Russian,
9 E.R. Milaeva, A.Z. Rubezhov, A.L. Prokof’ev, A.G. Milaev and O.Yu. Okhlobystin, J. Organometal.
Chem., in press.
10 J.E. Nordlander and I.D. Roberts, J. Amer. Chem. Soc., 81 (1959) 1769.
11 G.M. Whitesides, J.E. Nordlander and I.D. Roberts, Discuss. Farad. Soc., 34 (1962) 185.
12 J.E. Nordlander, W.I. Young and I.D. Roberts, J. Amer. Chem. Soc., 83 (1961) 494,
13 V.R. Sandel, S.V. McKinley and H.H. Freedman, J. Amer. Chem. Soc., 90 (1968) 495.
14 P. West, J.I. Purmort and S.V. McKinley, J. Amer. Ch-m. Soc., 90 (1968) 797.
15 H.E. Zieger and I.D. Roberts, J. Org. Chem., 34 (1969) 1976.
16 K.H. Thiele and P. Zdunneck, J. Organometal. Chem., 4 (1965) 10.



17
18

19
20
21
22
23

24

K_H. Thiele, G. Engelhardt, J. Kéhler and M. Arnstedt, J. Organometal. Chem.. 9 (1967) 385.

K. Ingold, Theoretical Foundations of Organic Chemistry, Mir Publishers, Moscow, 1973, p. 640 (in
Russjan).

R.D. Bartlet, Non-—classical Ions, W.A. Inc., New York, 1965, p. 525.

C. Leaar, Ber., 18 (1885) 648.

LI. Kritskaya in: Methods of Organoelemental Chemistry. Types of Organometallic Compounds of
Transition Metals, Vol. 2, Chapt. 10, Nauka Publishers, Moscow, 1975 (in Russian).

N.P. Bubnov, S.P. Solodovnikov, A.l. Prokof’ev and M.IL. Kabachnik, Usp. Khim., 47 (1978) 1048, in
Russian.

E.R. Milaeva, A.Z. Rubezhov, L.Yu. Ukhin and O.Yu. Okhlobystin, Izv. Akad. Nauvk SSSR, Ser. Chem.,
in press. (in Russian). -
I. Kahovec, H. Pivcovd, I. Pospisil, Coll. Czech. Chem. Commun., 36 (1971) 2986.



