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Transformations of arenes and nitrogen oxide in the coordination sphere
of a linear palladium cluster giving aromatic amines and carbazoles
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Thermal transformations of linear trinuclear nitrosyl carboxylate complex Pd3(NO),-
(1-OCOCF;)4(n2-C4HsMe), (1) in aromatic solvents (benzene or toluene) were studied. Ac-
cording to GLC and GLC/MS analyses, thermolysis of 1 in air and under NO atmosphere gives
rise to an unusual set of organic compounds: aromatic diarylamines and carbazoles. A possible
pattern of formation of the organic products was proposed.
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Metal clusters with organic ligands are considered as
convenient models for studying particular steps of catalyt-
ic transformations of organic compounds on metal cata-
lysts. Although morphologically, polyhedral clusters re-
semble most closely nanosized metal particles, clusters
with a metal-chain core open up new opportunities of
template transformations of ligands. This is predetermined
by combination of the "electron reservoir” function inher-
ent in the clusters and the minimum steric hindrance at
terminal metal atoms in the chain.

The purpose of this work is to study the products of
template ligand transformations in aromatic solvents
for the unusual linear cluster Pd;(NO),(u-OCOCF3),-
(nz-CGHSMe)Z (1) obtained previously and studied by
X-ray diffraction.=3 In complex 1, the n2-arene and cor-
ner terminal NO groups are coordinated to the terminal
metal atoms.

Experimental

Complex 1 was prepared according to a previously described
procedure3 by the reaction of palladium(i) trifluoroacetate with
gaseous NO in toluene.

T Deceased.

The solvents, benzene and toluene (chemically pure grade),
were used as received.

Gaseous nitrogen monoxide was prepared by a standard pro-
cedure? from sodium nitrite and potassium iodide in the pres-
ence of sulfuric acid.

GLC analysis of the organic fraction was carried out on
a GC-17A Shimadzu chromatograph (Japan) with an XE-60
capillary column (25x0.2) and helium as the carrier gas.

GLC/MS analysis of the organic phase was carried out on
a 5973 Agilent Technologies GLC/MS spectrometer (USA). The
spectra were run in the electron impact mode.

Thermolysis of 1 in benzene or toluene (in air). The complex
Pd;(NO),(u-OCOCF;)4(n2-C¢HsMe), (0.25 g, 0.25 mmol) dis-
solved in toluene or benzene (10 mL) was placed in a one-necked
flask connected to a reflux condenser. The reaction mixture was
refluxed for 6 h, cooled to room temperature and filtered through
a Schott filter 40. The filtrate was concentrated on an oil pump
to ~2 mL. The organic fraction was analyzed by gas liquid chro-
matography and gas chromatography/mass spectrometry. The
composition of the organic phase: in benzene, CF;CO,Ph
(traces), CcHsPh (0.05 mmol), PhCcH4;Me (0.04 mmol),
PhNO (traces), PhNHPh (0.01 mmol), C¢H;NHCGH; (traces);
in toluene, CF;CO,CcH4Me (traces), MeC4H,CsH Me
(0.19 mmol), MeC4H4;NO (traces), MeCcH,NHCsH,Me
(0.4 mmol), MeCcH;NHC H;Me (0.01 mmol).

Thermolysis of 1 in toluene (under NO). The complex
Pd;(NO),(u-OCOCF5)4(n2-C4¢H;sMe), (0.2 g, 0.2 mmol) dis-
solved in toluene (10 mL) was placed in a two-necked flask
connected to a reflux condenser and a U-shaped gas seal. The
reaction mixture was stirred at reflux for 4 h under NO. The so-
lution color changed from dark-brown to black-green. The or-
ganic fraction was isolated and analyzed similarly to the previ-
ous one. The composition of the fraction: CF;CO,C¢4H;Me
(traces), MeC¢H,CcHyMe (0.15 mmol), MeCcH,4NO (traces),
MeC¢H,NHCcH,Me (0.02 mmol), MeC,H;NHC¢H;Me
(0.04 mmol).
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Results and Discussion

Previously, it was shown by TGAS that crystalline clus-
ter 1 decomposes in the temperature range of 65—390 °C
losing successively toluene molecules and trifluoroacetate
and nitrosyl groups. Weakly bound arene molecules were
removed in the range of 65—120 °C, three of the four
trifluoroacetate groups were lost at 120—180 °C, a nitrosyl
ligand and the last trifluoroacetate ligand, possibly, as
NO*CF;C0O0, were eliminated at 180—225 °C, and the
last nitrosyl ligand was eliminated at 225—390 °C. Since
the weakly bound arene ligands are the first to be eliminat-
ed, one could hardly expect the formation of any new
organic products upon the solid-phase thermal decompo-
sition of 1. Much more favorable conditions for inner-
sphere transformations of the arene ligands of the cluster
are created by performing the thermolysis in aromatic sol-
vents, viz., toluene and benzene. Obviously, in aromatic
solvents, n2-coordinated toluene 1 molecules can be re-
placed by coordinated solvent molecules, so the latter can
participate in the inner-sphere ligand transformations.

Thermolysis of 1 was carried out for 4—6 h in boiling
benzene and toluene in a nitrogen oxide atmosphere or in
air, the organic reaction products were identified by
GLC/MS. Usually, aromatic compounds react with pal-
ladium carboxylates to give oxidative coupling products,
namely, bi- and polyaryls, and oxidative esterification
products, aryl carboxylates®’ (Scheme 1).

Scheme 1

2 ArH + Pd(OCOR), = Ar—Ar + 2 RCOOH + Pd°

ArH + Pd(OCOR), = ArOCOR + RCOOH + Pd?

These compounds were found among the products of
thermolysis of 1. The reaction carried out in benzene yields
diphenyl and its methyl derivatives, and phenyl trifluoro-
acetate, and the reaction in toluene affords bitolyl isomers
and o- and p-cresyl trifluoroacetate.

The mechanism of formation of these compounds has
been studied in detail by the example of reactions of arenes
with palladium carboxylates.® In both cases, the reactions
involve the intermediate formation of ¢-aryl Pdl com-

plexes. However, apart from these regular products of
transformation of arene and trifluoroacetate ligands of
cluster 1, the reaction mixture was found to contain nitrogen-
containing aromatic compounds: nitrosoarenes PhNO (2),
o- and p-MeC¢H4NO (3), diphenylamine derivatives
CsH,RNHC¢H,R (4), and carbazole CsH;RNHCH;R (5)
(R = H or Me). It is of interest that thermolysis of 1
proceeds in the same way in air and in the nitrogen oxide
atmosphere, so all nitrogen-containing products come only
from the coordinated NO present in initial cluster 1.

The formation of compounds 4 and 5 may include the
addition of Pd—NO fragment to the arene C=C bond
with simultaneous cleavage of the PdA—N bond as the key
step (Scheme 2). The initial t-arene complex is converted
to an intermediate with 6-bonded cyclohexadienyl ligand.

Scheme 2

R=H, Me

Nitroso compounds 2 and 3 found in the reaction mix-
ture may have resulted from decomposition of the inter-
mediate with the 6-bonded cyclohexadienyl ligand.

The subsequent intramolecular migration of hydrogen
atoms yields successively 6-bonded oxime 6 and hydroxyl-
amine 7, which are products of NO insertion into the C—H
bond of the coordinated arene (Scheme 3).
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The reaction of 7 with the solvent, benzene or toluene,
leads to ortho-metallated diarylamine (8) (Scheme 4).

The reactions of substituted hydroxylamines with aro-
matic compounds in the presence of trifluoroacetic acid to
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give diarylamines were described previously.8 The pres-
ence of coordinated p-OCOCF; groups in the initial com-
plex 1 allows the formation of CF;COOH in the system.
The subsequent transformations of metallated diarylamine
afford free diarylamine and carbazole (Scheme 5).

This work was supported by the Russian Founda-
tion for Basic Research (Projects No. 07-03-00682,
No. 09-03-91284).
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