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The photocatalytic oxidation of some chlorinated derivatives of the following mono- and
biphenyl-substituted alkanes - 1-chloro-4-ethylbenzene (CEB); 4,4'-ichlorodiphenylmethane (DDM);
1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane (DDT) — with dioxygen in the presence of the
photocatalyst — heterogenizied dioxo-Mo organometallic complex (dioxo-molybdenum(VI)-
dichloro[4,4'-dicarboxylato-2,2'-bipyridine]) anchored on the photosensitive TiO, support under UV-
irradiation (A= 253.7 nm) has been investigated. The catalytic role of the anchored on Mo-metal-
organic complex in the selective activation of the benzylic C-H bonds of these compounds with the
formation of the corresponding oxygenated products in mild conditions has been shown.

The catalytic cycle consists of two successive stages, involving the oxidation of substrate by
the oxo-atom transfer from dioxo-Mo(VI)-complex under UV-irradiation and regeneration of the
reduced Mo(IV)-center by the oxidation with dioxygen in the dark. Experimentally, these two stages
are separated in time. It has been shown that under these conditions even such a persistent
pollutant as DDT can be selectively oxidized to dicofol, which is currently not available by other
ways. The possible mechanism suggested for this group of reactions is discussed. It has been
suggested that the formation of oxo-peroxo-Mo(VI) moieties, apparently, enhances the oxo-atom
transfer from the Mo-complex to the substrate.

Figs. 3, table 1, references 11.

Introduction

Chlorinated derivatives of mono- and biphenyl-substituted alkanes are used as
pesticides, dyestuffs; they are also used in various chemical syntheses [1]. The wide
use of them causes different environmental problems [2,3]. One of the ways to
neutralize these compounds is photocatalytic oxidation or oxidative destruction by
air or oxygen. The existing methods for the transformation of these compounds to
corresponding oxygenates in industrial scale are usually multistage complex
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processes. For example, the transformation of DDT to dicofol (2,2,2-trichloro-1,1-
bis-(4-chlorophenyl)ethanol) occurs as a four stages complex process [4].

Selective activation and functionalization of the benzylic C-H bonds of these
compounds [5] permits directly to synthesize a great number of different
halogenated derivatives of aromatic alcohols, ketones, carboxylic acids, etc.

In this work the oxidation of 1-chloro-4-ethylbenzene(chloroethylbezene
(CEB)- 1), 4,4'-dichlorodiphenylmethane(dichlorodiphenylethane (DDM)-2) and
1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane (dichlorodiphenyltrichloroethane
(DDT)-3)

Cl1

LT o, O,

Cl
1

1- CEB; 2-DDM; 3-DDT.

with dioxygen was tested in the presence of the photocatalyst: dioxo-Mo(VI)-
dichloro[4,4'-dicarboxylato-2,2'-bipyridine] complex, anchored on TiO, (Fig. 1)
under UV-irradiation (A= 253.7 nm). The catalytic activity of dioxo-
molybdenum(V1) complexes in the presence of dioxygen was well known in
oxidation reactions of the organic compounds, such as alkylarens, olefins, alcohols,
phosphines, etc., in homogeneous conditions (in different solvents) [6,7]. The
applied catalyst is a heterogenizied modification of a dioxo-Mo(V1) organometallic
complex on the photosensitive material like TiO; [8].
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Fig. 1. Complex 1. Dioxo-Mo(Vl)-dichloro[4,4'-dicarboxylato-2,2'-bipyridine] complex,
anchored on TiO2 surface.

Being a photosensitive material, TiO, promotes oxo-atom transfer reactions via
enhanced electronic flux from support onto the molybdenum coordination sphere
under UV or visible light irradiation [6-8].

The catalytic action of the anchored complex is based on the redox capacity of
the Mo-active centers, performing catalytic cycle (Mo"' = Mo') in the presence of
dioxygen.

In the above context, the aim of this work is examination of the possibility of
catalytic oxidation, or oxidative destruction of the mentioned chlorinated mono- and
biphenyl-substituted alkanes, directly with the cheapest oxidant, like dioxygen, in
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mild conditions, under UV-irradiation or visible light, using heterogenizied
transition metal complexes on the photosensitive support.

Experimental Section

The experimental studies of the photocatalytic oxidation and oxidative
destruction of 1-chloro-4-ethylbenzene (CEB); 4,4'-dichlorodiphenylmethane
(DDM); 1,1,1-trichloro-2,2-bis (p-chlorophenyl)ethane (DDT) with dioxygen were
performed in a reaction vessel (quartz, 30 mL) with a magnetic stirrer. The source of
UV-irradiation was high pressure Hg-lamp DRT- 230. A= 253.7 nm irradiation was
applied. The experimental setup was described in previous works [9].

The dioxo-molybdenum(V1)-dichloro-[4,4'-dicarboxylato-2,2"-bipyridine]
complex, anchored on the TiO, was synthesized by the transesterification of
trimethylsilylated titania with the carboxylic ligand, giving trimethylsilanol
(eliminated as hexamethyldisiloxane and water), then, the complexation was done
by treating the anchored complex with a tetrahydrofuran solution, containing the
calculated amount of MoO,Cl, [10]. The method for the synthesis, as well as
characterization of the obtained samples by a number of spectroscopic methods (**C
CAP NMR, FTIR and others) was also described in our previous works. The
chemical and thermogravimetric analyses were performed for determination of the
quantities of this complex on the surface of TiO,.

The typical experiment was carried out by the following sequence of stages.
The reaction mixture was exposed to UV-irradiation under stirring conditions and in
the absence of dioxygen for 6-7 h. It was a suspension of the mentioned chlorinated
alkanes (about Nx10™ mol) in acetonitrile, containing 10 mg of Complex 1. This
was the first stage (period) of the experimental cycle. The second stage (period) was
regeneration of the used catalyst in the presence of oxygen (2-2.5 h) in the dark.
Before the beginning of every new experimental cycle, dioxygen was removed from
the reaction medium and replaced by argon or helium. Identification and qualitative
analyses of the reaction products were mostly carried out by gas-liquid
chromatography and mass-spectrometry.

Results and Discussion

All observation tests of the consumption of substrates and formation of products
in interactions of the chosen compounds with dioxygen, in the absence of the
anchored complex, were negative in comparable experimental conditions. In the
presence of “pure” TiO, (without anchored complex), as well as under UV-
irradiation, the conversion of the initial substrates and detected products was
quantitatively about two or three orders lower than in experiments with the anchored
complex, with the exception of DDT. In the latter case, the conversion of DTT was
no more than 5-7% in the time intervals comparable with the experiments with
anchored complex.
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In experiments with 1-chloro-4-ethylbenzene (CEB), in the first period of the
first experimental cycle, the chromatographic and chemical analyses showed
formation of CI-C¢Hs, accompanied with small quantities of CI-CgH,-CH(-OH)-CH3
and CI-C¢H4-C(=0)-CHg, traces of CI-C¢H4-CH(O-OH)-CHs3 and other chlorinated
derivatives of the oxygen containing aromatic organic compounds, as well as CO5,
H,0. No Cl-ions were found in the reaction zone. The time evolution profiles of
some products in the first and consequent experimental cycles are presented in Fig.
2. The horizontal sections on the curve of the main reaction product, chlorobenzene,
corresponding to the second time-periods (“dark” reaction) of the experimental
cycles, the aim of which was re-oxidation of Mo(IV), formed in the first periods,
into Mo(VI) with dioxygen, indicate practically the absence of the accumulation of
the product. Contrarily, in the first periods of the second and consequent
experimental cycles the amounts of the product permanently increase under UV
irradiation in argon atmosphere.

The analyses showed that about 0.5 mol of CEB was transformed into products
per 1 mol of the Mo-complex at the first period (about 7 h of experiment) of the first
experimental cycle.
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Fig. 2. Time evolution profiles of products: CI-CsHs (®), Cl-CsHa-C(O)-CHs(o), CI-CsHs-CH(OH)-
CHs (A) on oxidative decomposition of 1-chloro-4-ethylbenzene. 1; 3; 5; 7: periods under UV
irradiation and argon; 2; 4; 6: periods of O, flow, in the dark. a = ([final product] mmol/[dioxo-
Mo-complex] mmol)x100 (%).

The qualitative and quantitative analyses indicate the existence of the
stoichiometric relations between the products in the following reaction:

hv
p-Cl-CgH4-CH,CH3 + 30, — CI-C¢Hs + 2CO, + 2H,0

Thus, one of the main products of this reaction is chlorobenzene. Usually the

main products of the oxidation of the aromatic hydrocarbons in the presence of
Complex I correspond to alcohols or ketones [5-7,11].

Apparently, the formation of chlorobenzene is a result of the oxidative
destruction of other intermediates, such as 4'-chloroacetophenone and 1-(4-
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chlorophenyl)ethanol. This hypothesis has been verified by studying the
photocatalytic decomposition of the 1-(4-chlorophenyl)ethanol in the same
experimental conditions, under argon atmosphere, in the presence of Complex I. The
following reaction may be written on the basis of the obtained data:

hv, 4[0]

p-CI(CsH4)-C(0)-CH; — CI(CgHs) + 2CO, + H,0

where [O] is oxo-atom in Complex 1. On the other hand, in analogous conditions,
under visible light, ethylbenzene produces acetophenone, as a main product of the
reaction [10, 11].

The multiple increase of the turnover number (ratio of [substrate]
mmol/[anchored complex] mmol) in the second and consequent experimental cycles
indicates that Complex 1 plays the role of a catalyst in the presence of dioxygen in
oxidative destruction of CEB. Apparently, it occurs by the oxygen atom transfer to
benzylic carbon by the formation of the chlorinated phenyl alcohol and ketone,
which in their turn form all observed varieties of the decomposition products.

The oxidation of 44'-dichlorodiphenylmethane (DDM), in the same
experimental conditions, showed analogous behavior, nearly repeating the form of
the above presented time profile, obtained for CEB: the consumption of initial
substrate and formation of reaction products in the first periods of the experimental
cycles, and practically absence of the conversion of a substrate in the second
periods. Composition of the products was relatively more complex for this
compound than for CEB. The main reaction products were 4,4'-
dichlorodiphenylmethanol, 4,4'-dichlorobenzophenon, chlorobenzene, as well as the
products of complete oxidation, CO, and H,O. Taking into account the results of all
other experiments without anchored complex, on “pure” TiO,, under UV-irradiation
or in its absence, it may be concluded that the anchored complex plays the catalytic
role in oxidative decomposition of DDM.

The reaction of DDT with oxygen was investigated in more detail, proceeding
from its practical importance. The results obtained in 5 consecutive cycles are
presented in Fig. 3. The curve (b) corresponds to the photochemical oxidation of
DDT on the surface of “pure” TiO, (without anchored Complex 1), in the presence
of dioxygen. Note, the amount of the “pure” TiO, in the reaction mixture was twice
as much than that in experiments with Complex 1. The simple comparison of two
curves indicates a significant increase of the consumption of DDT in the presence of
the anchored complex (curve (a)), reaching 32% of the initial amount of the
substrate. The post-reaction mixture, in this case, contains not only chlorinated
products and Cl-ions, but also non-chlorinated organic compounds (C;-Cy4), CO,,
and H,0. As the results show, the sum of a dozen dechlorinated products was about
53-57%. Correspondingly, other products (43-47%) were non-dechlorinated and
partially dechlorinated compounds.
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Fig. 3. Time profiles of the consumption of DDT(Cx107 mol/L), under UV-irradiation: (a) - in the
presence of the anchored Complex (1); (b) - in the presence of the “pure” TiO, (in amounts 2
times more than Complex 1) with O,.

The main product of the reaction dicofol (2,2,2-trichloro-1,1-bis(4-
chlorophenyl)ethanol), (21 mol %), apparently, was also playing the role of an
intermediate for the formation of a number of other chlorinated and non-chlorinated
products. Note, under the same conditions, but in the absence of the anchored
complex (on the “pure” TiO,), the formation of dicofol was very slow, and the
reaction gave a more complex mixture of other oxidative/reductive decomposition
products, including the products of the complete degradation in small amounts.

The above results of the oxidation and oxidative destruction of CEB, DDM and
DDT permit to conclude that the primary reaction in the interaction of Complex 1
with substrate is the formation of the corresponding oxygenated products, such as
alcohols and often ketones, via photo-stimulated O-atom transfer from the anchored
complex to substrate (reactions 1).

hv

Cl-CgH4-CHR{R,+0=Mo(O)CLL/TiO—

(C1-CeHa),-C(OH)R;R,+Mo(0)Cl,L/TiO, )
where, R1=H, R,=CHj; for CEB; Ri=H, R2:C|C6H4 for DDM; R1:CC|3 R,= C|C5H4

for DDT; L is 4,4'-dicarboxylato-2,2"-bipyridine ligand of Complex 1. For
compounds R;=H, the formation of ketenes may take place (reaction 2)

hv
Cl-CgH4-CH; R+ 20=Mo(O)CLL/TIO; —
(CI-CgH4)x-C(O)R + 2Mo(O)CLL/TiO, + H,0 (2)
2Mo(O)CL,L/TiO, + O, — 20=Mo(O)CL,L/TiO, (3)
Correlation between the vyield of dicofol and turnover number
(A[DDT]/[anchored complex]) in experimental cycles, is presented in Table 1. The
turnover number in the second cycle increases more than two times after the re-

oxidation in the second period of the first cycle, becoming 2.13 from 0.63 (Table 1),
while it could be no more than 2, or no more than 1 for only one cycle, taken
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separately, in consideration that the reaction (1) is a predominant way of the
consumption of DDT. In other words, the consumption of DDT quantitatively
exceeds the initial stoichiometric quantities of the reaction (1), which proceeds
under UV-irradiation, after the “dark™ reaction, in the absence of dioxygen.

Table 1

Experimental data of the dependence of the turnover number
(A[DDT]mmol/[anchored complex]mmol) and the yield of dicofol on the number
of experimental cycles (the reaction time (h) is given in parentheses)

Number of the experimental cycles 1 2 3 4 5
Turnover number 0.63 (5) | 2.13(11) | 2.58(17) | 3.38(23) |3.68(32)
Yield of dicofol (mole %) 9.5 13.5 15.4 18.2 21.0

It is noteworthy that the yield of dicofol also increases (about 1.42 times) with
the increase of the consumed amount of DDT in the nearly the same reaction time
interval in the first period of the second cycle. In further experimental cycles,
apparently, the different reaction channels of oxidation and decomposition become
more significant than the selective formation of dicofol by the reactions (1)-(3).

Nearly analogous situation can be observed in experiments of the oxidative
destruction of CEB (Fig. 1). The accumulated amounts of the main product 4'-
chlorobenzene in the first period of the second experimental cycle were more than
possible stoichiometric amounts of the reactions (1)-(2).

These facts permitted to assume that in the second periods of the experimental
cycles, the re-oxidation with dioxygen of the reduced Mo(1V) into Mo(VI) occured
by the formation of the oxo-peroxo-Mo(VI) moiety in coordination sphere of the
anchored complex.

cl cl
| w | \-'I//’O
TiO, /I- Mo =0 + O, — TiO, /L-Mo __
S ” ; | o
cl cl

As a result, the capacity of Complex 1 in oxygen atom transfer reactions may be
either doubled or, at least, noticeably increased. In this regard, the primary reaction
in the first periods of the second and consecutive experimental cycles may be
represented as:

o o
(CICeH4)x-CH-R+ 0=Mo Cly L /TiO; —= (CI-C¢H,)x-C(OH)-R+ 0=Mo Cl L/TiO,

Although the main peculiarities of the photocatalytic oxidation or/and oxidative
destruction by the applied catalyst for the mentioned three compounds, in general,
are similar, the oxidation of DDT exhibits some important differences. For example,
the post-reaction mixture also contains products of the reductive decomposition,
such as DDE (1,1-dichloro-2,2-bis(p-chloro-phenyl)ethylene about 9%), DDD (1,1-
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dichloro-2,2-bis-(p-chlorophenyl)ethane), DDM (2,2-bis-(p-chloropheny)methane,
diphenylmethane), and others, summarily about 13-14%.

Conclusions

As it was shown on the given examples, in photocatalytic oxidation of the
mentioned compounds, the main primary reaction occurs by the selective activation
and functionalization with the anchored Complex 1 of the benzylic (or bibenzylic)
C-H bond, producing alcohols or ketones via oxo-atom from transition-metal to
substrates. Note that, in this case, the chlorophenyl fragments of the mentioned
compounds may rest untouched in the formation of the main products of primary
reaction.

In the aspects of the reaction mechanism, the observed acceleration of the
reaction in the first periods of the second and consequent experimental cycles may
be assigned to the formation of oxo-peroxo-Mo(VI) moieties in coordination sphere
of the complex in the second periods, which, apparently, are more active in oxo-
atom transfer reactions to benzylic carbon-atom.

LILAMTESIUTD WLGULLELP HDASNGUSULPQU3PL O-LUMUSAFUL
E-ELUoLA

L. W UULARUMLOYY, O W ATURUL U L. U AU U2:3TL

wdulsguylbph  1-pynp-d-tdfypligng; 44qfpinpyfpdlifydbftut; 1,1,1-bnpinp-2,2-ppu
(P-pyrppbipy) bfFwts prumnlumnuypguylls opuprpugnedp [3fFuding, Shnbpnybingdus
hopun-Mo-dlbmuopquibulwl hnduwybpu (nhopun-dnfpgbts(VD)-ghpinp[4, 4-qfhuppnp-
uppunnn-2,2"-ppufppght]) TiOz pnuuwqquynt fppsh dpu prunlyunnyfpqunnpp bbpho-
JnL[JJLuLfF, mu ()\4 = 253.7 iuf) lfl.urLLull_LuJ[Jlfluil mwll.' 8I1LJH & mlullil, npowgnp Lf[uugnl_-
Pymuilipf plgppuypls C-H qunyfy pinnpgulyuts wlpnffugdwts db foupufuduws Mo-ik-
snusipopupuitilyuds foduybpupy fpnwyfunply qlipp dbgd spydwibbpocd Sadugumn b
opufpibiph wnwugdudp: Riuluuplpfly b wyp folpp nbubgpubbph Siwpufnp dfuo-
il[ullﬁllipﬂ.' unmzwpqt{bl 4‘, L/d o\gun-ullipo\gun-Mo(VI) quil[lllillipﬁ &hw:{nﬂnuﬁl, [uun
bpleny[Ffi, fufduiincd § opun-unnndp shnfurulignedp Mo-lnduybpupy qlup uncpuinpun:

DPOTOKATAIMTHNYECKOE OKUCJIIEHUE XJIOPUPOBAHHBIX
OEHUJIAJIKAHOB KUCJIOPOIOM

JI. A. MAHYYAPOBA, P. A. BAXYAJIKAH u JI. A. TABAJISIH

HccnenoBaHo (OTOKATATUTHYECKOE OKHCIIEHHE HEKOTOPBIX XJOPHUPOBAHHBIX
IIPOM3BOJIHBIX MOHO- M JAW(PEHWI3AMEIICHHBIX alIkaHOB:1-Xiop-4-sTunbdensona; 4,4'-
auxiopandenmwimerana; 1,1,1-tpuxiop-2,2-ouc(p-xnopdennil)aTana, MONEKyIIpHBIM
KHCJIOPOZIOM B TIPUCYTCTBHHU (pOTOKaTanm3aropa: reTeporeHU3UpOBaHHOIO ANOKCO-Mo
OpraHOMETaJUTNYEeCKOro KoMmIuiekca (auokco-monubaeH(VI)-nuxnopo[4,4'-nukapOokcu-
nato-2,2'-OunupuaiH]), 3aKperuieHHslil Ha GoTouyBcTBUTENbHOM Hocutene Ti0,, npu
Y®-06nyuenun (A= 253.7 um). IlokazaHa kartanuTHyeckas pojib 3aKpEIUICHHOTO Ha
HocuTene Mo-MeTaJlIopraHMyeckoro KOMIUIEKCa B CEJIEKTUBHOM aKTHBAIL[MKM OCH3WIIb-
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HeIXx C-H cBsizeil 3TUX coenWHEHWH C 00pa30BaHHWEM COOTBETCTBYIOIIMX IPOJYKTOB
OKHCJIEHHS B MATKHX yCIOBHAX. KartannTudeckuil IUKI COCTOMT U3 OBYX HOCIEHO-
BaTEIbHBIX CTAIWH, BKIIOYAONINX OKHCIEHHE cyOcTpara MOCPEaACcTBOM IIEPEHOCa OKCO-
aroma ot auokco-Mo(lV)-komruiekca mpu UV-06myueHn , # pereHepanni BOCCTaHOB-
nearoro Mo(IV)-tieHTpa OKHCIICHHEM MOJICKYIIIPHBIM KHCJIOPOJOM B TeMHoTe. [loka-
3aHO, YTO B ATHX YCJOBHSX AaK€ TakoW ycTOW4MBBIA 3arpsi3HuTens Kak T moxer
OBITH CEJIEKTUBHO OKHCIIEH JI0 JUKO(OIa, 9TO B HACTOAIIEE BPEMsI APYTHMH IIyTSIMU HE-
BO3MOHO. [IpenokeH BOSMOKHBI MEXaHHU3M UL 3TOW TPYyNIBl peakiuit. OueBUIHO,
gyTo (opmupoBaHue okco-tmepokco-Mo(VI) gacTurl cmioco6CcTByeT mepexoay OKco-aToMa
oT Mo-KoMImiekca K cyocTpary.
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