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A kinetic and product study of the reactions of chlorprom-

azinel, N-methylphenothiazing, andN-ethylphenothiazine
3 with singlet oxygen was carried out in MeOH and MeCN.

-

Note

in MeOH, to give complete side-chain cleavage affording
2-chlorophenothiazine as the only prod8cthis result has
attracted our attention as it contrasts with that of the reaction
betweerN-methylphenothiazine?f and!O; in the same solvent
that produces only the corresponding sulfoxide with no forma-
tion of side-chain cleavage produéés

The absence of N-demethylation products in the reaction of
2 can be rationalized since it is known that aromatic amines
generally exhibit exclusive physical quenching!af.” Con-
versely, at present, there is no adequate explanation for the
behaviors ofl. It was suggested thdO, can attack the CH
groupa. to the ring nitrogen ofl forming ana-amino hydro-
peroxide whose fragmentation mightlead to 2-chlorophenothiéine.
More recently, Braun et al. hypothesized the initial formation
of a charge transfer (CT) complex mainly involving the ring
nitrogen and'O, and invoked an unclear anchimeric effect of
the dimethylamino group in a side-chain Grob-like fragmenta-
tion.8 However, neither of the hypotheses was substantiated by
a mechanistic investigation.

In the light of our interest for the reactivity of tertiary amines
with singlet oxygeh and in view of the great biological
importance of phenothiazine derivatives, we felt it worthwhile
to reinvestigate the reaction df with 10, by carrying out a
kinetic and product study in MeOH and MeCN. The aim was
to acquire information on the mechanism of the side-chain
cleavage and on the factors determining the different behaviors
of 1 and2. To get a better insight, the reactions of chlorpro-
mazine hydrochloridel¢ HCI), N-ethylphenothiazine3j, N-[3-
(1-piperidyl)propyl]phenothiazined, and promazineq) with
10, were also investigated.

1 undergoes exclusive side-chain cleavage, whereas the

reactions of2 and 3, in MeOH, afforded only the corre-
sponding sulfoxides. A mechanism for the reactioriLa$
proposed where the first step involves an interaction between
singlet oxygen and the side-chain dimethylamino nitrogen.
This explains why no side-chain cleavage is observe@ for
and3.

Phenothiazine derivatives have found a large variety of
applications as dyes, antioxidants, and drugs. Accordingly, the
antihistaminic and neuroleptic properties of some phenothiazine
derivatives are well-knowhand chlorpromazinelj has been

ey

1: R = (CHp);NMe,, X = Cl 5: R = (CH,)sNMey, X = H
2:R=Me, X=H 6:R=H,X=Cl
3:R=Et, X=H 7:R=CHO, X=Cl

8: R = (CH,);NHCH3, X = Cl
4:R= (CHp)sN ) X=Cl  12:R=CH,CHO, X =Cl

Kinetic Study. The rate constant&q) for the total quenching
(physical and chemical) otO, by 1, 2, and 1-HCI were
measured in CEDD! and MeCN by laser flash photolysis
experiments following the decay rate of the singlet oxygen

intensively used over the past 50 years as a potent sedative anfiminescence at 1270 nm. The results are reported in Table 1.

antipsychotic drug.Moreover, given the phototoxicity of these
drugs? a large number of investigations on the photochemical
properties of these substances have been carrieti Sexneral
reports also indicate that irradiation of phenothiazines can
produce singlet oxygen (indicated &3,),* but, surprisingly,
very few studies have dealt with the chemical reactivity@f

with the phenothiazines themselves. In this regard, however, a
very interesting result is that chlorpromaziheeacts with'O,,

T Dipartimento di Chimica, Universitaa Sapienza.

§IMC-CNR.

* Universitadi Perugia.
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TABLE 1. Rate Constants ko) for the Total Quenching of Singlet TABLE 2. Conversion and Product Distribution in the Reaction of
Oxygen by Chlorpromazine (1), N-Methylphenothiazine (2), and 1 with Singlet Oxygen in MeOH
Chlorpromazine Hydrochloride (1-HCI) Product Distribution
ko (M~1s7%) ko (M~1s7Y) - ,
compound CD:;OD MeCN reaction time conversion 6 7 8 DMF
i 0, 0, 0, 0, 0,
1 7.28x 1072 1.36x 108 }Ohm'” ;‘)O/A’ jgof’ ;of’ go//" 280/4’
2 3.79x 1070 3.68x 107 0 ° 0 0 0
1-HCI 1.63x 107 2.56x 107 aErrors are ca. 5% on the molar amount for all of the products with the

exception of DMF, for which the error is ca. 20%. &bl (not quantitated)

aA value of 3.5x 10’ M~1 s71is reported in bromobenzene/MeOH was also detected in the reaction mixture

2:152 b Much lower values, ca. 0M~1 s71, have been reportéd'2that,
however, were obtained in competitive experiments (Monroe meffiod).

rophenothiazinef), the only product according to the previous

) ) ) o report,N,N-dimethylformamide (DMF)N-formyl-2-chlorophe-

~ The relatively high quenching rate of the phenothiazines nothiazine 7), N-(3-methylaminopropyl)-2-chlorophenothiazine

investigated (all above IOM~* s™) is mainly due to the  (g) and formaldehyde were also detected. No sulfoxidation

presence of the nitrogen atom, with the sulfur playing an almost products were formed. When the irradiation time was extended

negligible role. Accordingly, it is well-known that aromatic (from 10 min to 1 h), the product distribution remained

amines guench!O, much more efficiently than aromatic unchanged, as shown in Table 2.

sulfides!! Pertinent to the case in point is that the quenching  A|most identical results were obtained when promazbje (

rate of diphenylamin€ is almost 2 orders of magnitude higher a5 jrradiated in the place af(Figure S4). Clearly, as expected,

than that of dipheny! sulfidé: Both in CD;OD and MeCN,1 the chloro substituent plays no role in the reaction lof

is a 2-3 times faster quencher than an effect suggesting a ity 10,

favorable role of the side-chain nitrogen atom with respect to  From the results in Table 2, it can be noted that DMF is

the interaction with singlet oxygen. This suggestion is supported formed in amounts approximately comparable (the quantitative

by the observation that-HCI, where the lone pair of the  analysis of small amounts of DMF was subject to considerable

dimethylamino nitrogen is no longer available for the formation error) with those o6 and7. This observation and the formation

of a CT complex with'O,'® exhibits a quenching rate lower  of the N-demethylated produ@ suggest, in agreement with

than those ol and2. Thus, the kinetic data cast serious doubts |inetic results, that the reaction center is Nielimethylamino

on the hypothesis that the ring nitrogen is the actual reactive nitrogen and not the ring nitrogen as previously hypothesized.

center ofl in the chemical quenching 60,. _ It follows that the side-chain reactivity of chlorpromazihés
Product Study. The irradiations (408600 nm) were carried  getermined by the dimethylamino functionality in the side

out in a photoreactor using rose bengal (1) as the  chainl? In other words ] substantially behaves as an aliphatic

sensitizer, at 25C. Substrate concentrations in oxygen-saturated tertiary amine that exhibits also chemical quenching@f’°

solvents were 1 M, and irradiation times ranged from 10  and not as an aromatic amine (liReand3) that exhibits only

min to 3 h (maximum conversion 12%). Product analysis was physical quenching.

carried out by GC and GEMS by comparison with authentic Thus, a reasonable mechanism is that a CT complex is formed

specimens. In a number of experiments, a 536#Ox filter (1 jnyolving the N-dimethylamino nitrogen ofl and O,. This

cm width) was used to be certain to ensure a wavelength cuttingcomplex, in addition to intersystem crossing (the main process,

<400 nm. In all cases, no products were observed whenjde infra), undergoesi-hydrogen abstraction to form two

irradiations were performed in the absence of rose bengal orransienta-amino carbon radical® and 10 (Scheme 1, paths

Oz. The mass balance was always greater than 195%- a and b). Fron®, the formation ofg can follow the pathway
~ Reactions in MeOH. The reaction of2 with O, (1 h proposed for N-demethylation of trialkylamiriés(Scheme 1,
irradiation) in MeOH confirmed previous resufsaffording path c). Very likely,6 and 7 as well as DMF should derive

exclusively the corresponding sulfoxide. No side-chain cleavage from 10 (path d). The formation of DMF clearly indicates a
products were observed. i) however, the nitrogen is bonded pgong cleavage between the carbon atenendg to the side-

to a methyl group and not to a methylene group as the ring chain nitrogen, but at this stage, no further hypothesis on the
nitrogen inl. Thus,N-ethylphenothiazine3) was also inves- cleavage mechanism is possible.

tigated, but the result was the same asdFhe reaction product It was therefore decided to study a chlorpromazine analogue,
was the sulfoxide, and no side-chain cleavage products weregych agt, with a side-chain alkylamino group heavier than the
observed. These results are described in Figure S1 of thegdimethylamino group ofl. 4 should behave a%, but product
Supporting Information. . identification and quantitative analysis should be easier also
_ Several differences with respect to the previous sttuigre because the ring hydrogenshiralkylpiperidines are not reactive
instead observed when the reaction bfwas investigated.  toward0,.%2 The decision turned out to be rewarding because
Exclusive side-chain Cleavage was Observed, but besides 2'Ch|0'the rose benga| sensitized irradiation Lbﬂn addition to the
expecteds, 7, andN-formylpiperidine11, gave another prod-

(11) wilkinson, F.; Helman, W. P.; Ross, A. B. Phys. Chem. Ref.  yct: theN-(formylmethyl)-2-chlorophenothiazink2 (Table 3).
Data 1995 24, 663.

(12) Hovey, M. C.J. Am. Chem. Sod.982 104, 4196. 12, however, practically disappears at longer reaction times
(13) Monroe, B. M.Photochem. Photobioll979 29, 761. (3 h), presumably producing and7 (vide infra).
(14) Young, R. H.; Martin, R. L.; Feriozi, D.; Brewer, D.; Kayser, R. These results clearly indicate that, also witlthe interaction

Photochem. Photobioll973 17, 233.
(15) Kacher, M. L.; Foote, C. 2hotochem. Photobioll979 29, 765.
(16) (@) There is wide consensus that amines quel@h via the

with 1O, concerns the side-chain nitrogen almost exclusively.

preliminary formation of a charge transfer complex (exciplex) involving (17) When 1-HCI is used as the substrate, the side-chain cleavage
the nitrogen atom lone palf?¢(b) Gorman, A. AAdv. Photochem1992 becomes a minor reaction, with sulfoxidation being the main process (see
17, 217. (c) Schweitzer, C.; Schmidt, Rhem. Re. 2003 103 1685. Supporting Information).
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All products should derive from the carbon radi¢8| and this
conclusion is nicely supported by the finding that the amount
of formed N-formylpiperidine (that can be quantitated much
better than DMF) now satisfactorily corresponds to the total
amount of all phenothiazine products. More importantly, the
identification of the aldehyd&2 as a reaction intermediate en
route from13to 6 and7 allows us to suggest the mechanism
reported in Scheme 2.

Via oxidation and proton loss, the carbon raditalformed
from 4 can be converted to the enamihé (path a)!® Since
enamines are known to react very rapidly wi@y, (rates in the
order of 16 M~ s119 to form carbonyl fragment®, it is
therefore conceivable that4, as soon as it is formed, is
converted ta\N-formylpiperidine and the aldehyde by reaction
with 10,. Finally, 12is converted to 2-chlorophenothiazine and
N-formyl-2-chlorophenothiazine under the reaction conditions
(vide infra).

There is little doubt that also, for the chlorpromazine case,
the conversion ofl0 into 6 and7 takes place as described for
13in Scheme 2. The lack of evidence in the reactiori ébr
the intermediacy ofL2 is probably due to the fact that this

TABLE 3. Conversion and Product Distribution in the Reaction of
4 with Singlet Oxygen in MeOH

Product Distributioh

reaction time  conversion 6 7 12  N-formylpiperidine
1h 8% 26% 4% 20% 50%
3h 12% 44% 8% 0.4% 48%

aErrors are ca. 5% on the molar amount for all of the products.

of 1 than in those o#l. Accordingly, whenl2 was subject to
rose bengal sensitized irradiation in the presencé f:100
molar ratio)?! it was found that nd2was present in the reaction
mixture after 10 min irradiation. Moreover, whel? was
irradiated in the presence of promazhé behaves exactly as
chlorpromazine, but this experiment allows us to distinguish
the products coming fror2, containing chlorine, from those
coming from5, not containing chlorined? 12 was completely
consumed after 10 min of irradiation, aBc&nd7 were formed
in a ratio similar to that observed in the reactionslodind 4
(Supporting Information).

An additional finding (Supporting Information) was that the
irradiation of 12 forms 6 and 7 only in the presence of rose
bengal, which indicates that this conversion also requites
Moreover, it was observed that the presence of an amine (e.g.,
benzyldimethylamine dX-ethylpiperidine) significantly speeds
up the reaction, but the entity of the effect appears to depend
on the nature of the amine. Thuk?2 was almost completely
converted intd and7 in the presence of benzyldimethylamine
after 10 min of irradiation, whereas in the presenceNsf
ethylpiperidine, only 45% ofl2 was consumed (Supporting
Information). This can satisfactorily explain why is detected
in the reaction o# (aN-alkylpiperidine) and not in the reaction
of 1 (a N,N-dimethyl tertiary amine).

The 1O,-promoted conversion df2 into 6 and 7 is unprec-
edented and represents an interesting case of an aromatic amine
which exhibits a very high reactivity towaf®,. However, at
present, no firm hypothesis can be formulated on the reaction
mechanism of this product since it has not been possible to
detect any intermediate (probably because they are very labile
species) en route frorh2 to 6 and7.

We also measured the rate constakg$ ¢f product formation
(chemical quenching) for the reactionslafside-chain cleavage)
and2 (sulfoxide formation) withtO, in MeOH by competitive
experiments with 2-methyl-2-pentefiea substrate that exhibits
exclusive chemical quenching 0, at a known raté* The
rate constant fod, kr(1), is 1.2 x 10® M1 s71, a value that
when compared with the rate constant for the total quenching
of 10y, ko(1) = 7.28 x 10’ M~1 s (Table 1), tells us that the
chemical quenching 80, by chlorpromazine accounts for only
0.16% of the total quenching. This value is very low, particularly
when compared with that of other aliphatic tertiary amines. For
example, in the case of benzyldimethylamine, chemical quench-
ing of 10, is around 9% of the total quenchifdg.

The rate constant for the sulfoxidation2fkg(2), turned out

aldehyde is less stable under the conditions of photooxygenationto be 2.2x 10° M~ s, This value is about 2-fold higher than

(18) (a) The formation of enamines has already been observed in the

reaction of lidocaine (a tertiafy,N-diethylamine) withtO,.18° (b) Zanocco,
A.L.; Lemp, E.; Pizarro, N.; de la Fuente, J. R.;risuer, G.J. Photochem.
Photobiol. A: Chem2001, 140, 109.

(19) Foote, C. S.; Dzakpasu, A. A.; Lin, J. W."Retrahedron Lett1975
14, 1247.

(20) (a) Foote, C. S.; Lin, J. W.-Fletrahedron Lett1968 3267. (b)
Huber, J.Tetrahedron Lett1968 3271.
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the same conditions.
(22) To reproduce the reaction conditiosywas 104 M and 12 was
102 M. These experiments were carried out using a potassium dichromate
filter to exclude any direct excitation of the substrate.
(23) Higgins, R.; Foote, C. S.; Cheng, Adv. Chem. Ser1968 77,
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kr(1), which means that, in the reaction wit®,, the rate of
sulfoxide formation forN-methylphenothiazine is larger than
the rate of side-chain cleavage product formation for chlorpro-
mazine. It is therefore quite surprising that witlsulfoxidation
does not compete with side-chain cleavage. Moreover, in MeOH,
the sulfoxidation rate o by 1O, is significantly faster than
the sulfoxidation rate of diphenyl sulfide, which can be estimated
to be <10* M~ s71.25 Thus, it would seem that i@ there is
some factor that makes the sulfoxidation rate significantly faster
than expected. In fact, rate of sulfoxidation by direct interaction
of 0, with sulfur should be negligible as most &0, is
physically quenched by the nitrogen.

In 2, the interaction with!O, predominantly involves the
nitrogen atom, but as in a diarylamine, the formed CT complex
should exclusively undergo intersystem crossing. However,
sulfur is relatively close to nitrogen, and it may be tentatively

suggested that the oxygen in the complex may also interact with

sulfur, favoring the formation of a persulfoxide, the key

(25) (a) The rate of chemical quenching i@, by diphenyl! sulfide is
unknown. However, it should bel x 10° M1 s1 that is the rate of total
quenching for diphenyl sulfid®¥ Accordingly, ditert-butyl sulfide and
diphenyl sulfide exhibit similar rate ofO; total quenching, whereas the
chemical quenching of the former is about 10 times faster than that of the
seconc®® (b) Bonesi, S. M.; Fagnoni, M.; Monti, S.; Albini, 2hotochem.
Photobiol. Sci2004 3, 489.
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intermediate in the sulfoxidation of sulfides B,.26 This
possibility may be lacking irl where the CT complex with
10, should be mainly formed at the nitrogen of the alkylamine
side chain. In this complex, the oxygen is too far from sulfur
for an efficient interaction.

Reactions in MeCN. Chlorpromazinel and its piperidyl
analogue4 reacted with'O, in MeCN to afford the same
products observed in MeOH. In this case too, evidence for the
intermediatel 2 was obtained only witd. Thus, the mechanisms
illustrated in Schemes 1 and 2 certainly hold also for the
reactions in MeCN. The solvent change, instead, modified the
result for the reactions o2 and 3. For both compounds,
sulfoxide formation was not observed, adand 3 were
completely unreactive towaf®,. This result is quite expected
since it is well-known that the sulfoxidation rate of sulfides by
10, is much lower in MeCN than in MeOH since in the former
solvent the intermediate persulfoxide is not stabilized by
hydrogen bonding® The details of the experiments carried out
in MeCN are reported in Figures S2 and S3.

Experimental Section

Photooxidation General Procedure.Photooxidation reactions
were carried out in a photoreactor equipped with 10 lamps-400
600 nm; 14 W each)A 4 mL solution containing the substrate (1
x 1072 M) and rose bengal (k¥ 1074 M) in O,-saturated CkDH
(or CH;CN) was irradiated for a time ranging from 10 minto 3 h
in a rubber cap-sealed jacketed tube thermostated 4C2%y a
water-circulating apparatus. An internal standard (biphenyl) was
added, and the mixture was analyzed by GC and-GIS. The
presence of formaldehyde was checked by treatment of the reaction
mixture with dimedone followed by GEMS analysis of the
formaldehyde-dimedone derivativen/z= 292)27 In no case were
products observed when the experiments were carried out in the
absence of rose bengal or in a deoxygenated solution.
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