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Abstract

Reductive photocyanation of 1,10-phenanthroline (phen) took place in an aqueous NaCN solution, yielding 5-cyano-5,6-dihydro-1,10-
phenanthroline (Hphen-CN) with the reaction and quantum yields of 5-50% afddl00*, respectively. The photoreaction in the presence
of Mg?* (aerated conditions) improved the reaction quantum yield by a facte7afs compared to that without Mg through coordination
of Mg?* with phen: phen:M§ complex. The fluorescence lifetimes of phen and the pheft:gmplex were~3 and~10 ns, respectively,
and the fluorescence of the phenaigomplex was shown to be quenched more efficiently by a cyanide ion as compared to that of phen itself.
The fluorescence quenching percents of phen by NaCN in the absence and preseréea®g and 24%, respectively, and the eight-fold
increase in the quenching percent in the presence 3f iaye rise to the approximately seven-fold increase in the reaction quantum yield.
On the basis of such results, we proposed that the present photocyanation reaction proceeded via electron transfer from a cyanide ion to the
excited singlet-states of phen and/or the pherfMgmplex as the primary step: anion radical.£3Ar*) mechanism. The characteristic
features of the present photoreaction of phen in the presence?favid the possible reaction mechanisms are discussed in detail.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction [5], thiophend6], imidazol€ 7], and indazole derivativg8].
On the other hand, Mizuno et al. reported for the first time the
Aromatic nucleophilic photosubstitution reactions have cyanation of ArH (naphthalene derivatives, phenanthrene, an-
been studied widely as one of the central research topics in or-thracene, and pyrene) in the presence of an electron acceptor
ganic photochemistry. Among various aromatic photosubsti- (A) via a photoinduced electron transfer (PET) mechanism
tution reactions, the study on the photocyanation of aromatic in an aqueous acetonitrile solution (EN:H,O = 9:1 vol%)
hydrocarbons (ArH) has a long research history since the first[9]. Later, Yasuda et a[10] and Bunce et al[11] demon-
report forp-nitroanisole by Havinga and co workdfg and, strated that the cation radical of ArH was produced in the
later, the work has been extended to various unsubstituted angoresence of A and subjected to nucleophilic attack with a
substituted arenes: naphthalene, biphenyl, fluorene deriva-cyanide ion, yielding the cyanated product of ArH. In prac-
tives, and so forth2]. Various attempts have been explored tice, a flash photolysis study demonstrated certainly forma-
to improve the reaction yield by employing crown-ethers to tion of the cation radical of ArH in such systefd®].
dissolve an alkali cyanide in aprotic solvefi3$ and phase As an alternate approach to the study along the line as
transfer catalyst$4]. Analogous photocyanation reactions mentioned above, we reported recently that a photocyana-
have been also reported for heteroaromatic compounds: furartion reaction of ArH proceeded very efficiently in an oil/water
emulsion system via a PET mechanifi8-15] In the case
— of pyrene (Py) in a benzonitrile/water emulsion in the pres-
* Corresponding author. Tel.: +81 11 706 2697; fax: +81 11 706 4630. .
E-mail addresskitamura@sci.hokudai.ac.jp (N. Kitamura). ence of NaCN, as an example, PET between Py and A in
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nucleophilic attack by a cyanide ion at the droplet/water reaction mechanisms on the basis of the spectroscopic and
interface or in the water phase, and subsequent oxidationexcited-state properties of phen in the absence and presence
of the cyanated pyrenyl radical by,Qor O, yields 1- of a cyanide ion and/or an Mg ion.
cyanopyrene with the isolated and quantum yields of 78 and
0.17%, respectively14]. It is worth noting that the reac-
tion yield is higher in the emulsion system as compared to 2. Experimental
that in a homogeneous acetonitrile/water mixture, owing to
PET between Py and A in small oil droplets and subsequent2.1. Chemicals
quick distribution of the cation radical to the surrounding
NaCN/water phase as discussed in detail elsewidieFor 1,10-Phenanthroline monohydrate (phen, Wako Pure
further advances in the photocyanation reaction in emulsion Chemicals Ind. Ltd., GR grade) was purified by repeated
systems, those of heteroaromatic compounds are very inter+ecrystallizations from an ethyl acetatdiexane mixture.
esting. In practice, we confirmed that the photocyanation Sodium cyanide, magnesium sulfate (both GR grade), and
of N-ethylcarbazole and 1,10-phenanthroline (phen) in the chloroform (HPLC grade) purchased from Wako Pure Chem-
presence of A proceeded in oil/water emulsion systgil icals Ind. Ltd. were used without further purification. Mag-
In the case oN-ethylcarbazole, the photoreaction gave 3- nesium chloride hexahydrate (Kanto Kagaku Co. Ltd.) was
cyano-, 3,7-dicyano-, and 3,8-dicyahbethylcarbazole (to-  used as supplied. Chemicals used for ferrioxalate actinometry
tal yield of ~78%), while that of phen yielded 5-cyano-5,6- were the highest grade available from Japanese suppliers.
dihydro-1,10-phenanthroline as a sole product (Hphen-CN in
Scheme lyield ~56%). The results are very importantas the 2.2. Photochemical experiments and product analysis
photochemistry of heteroaromatic compounds. However, the
number of the report on the photocyanation of heteroaromat-2.2.1. Large-scale experiments
ics viaa PET mechanismiis still limited; tertially amirj&g], An aqueous solution (300mL) containing phen
catharanthine, and rindolifi&8] where cyanotrimethylsilane  (1.1x 1073M (=mol/dm?)), NaCN (1.0M), and MgGl
and an organic dye (9,10-dicyanoanthracene as an examplef1.0 M) under stirring was irradiated internally by a 300 W
are employed as A and a photosensitizer, respectively. high-pressure Hg lamp through a Cu§®Golution filter
Among various heteroaromatics, the photocyantion of (1.0 M, wavelength >330 nm) under an ©gas stream
phen is quite interesting, since phen and its derivatives arefor 1.5 h. After the photoreaction, the mixture was extracted
very important as a ligand for various metal ions and, their with chloroform and the products were analyzed by column
one-step photocyanation reactions will be very meaningful in chromatography (alumina/chloroform). The main product
the fields of both photochemistry and coordination chemistry. isolated was purified further by recrystallizations from
In the course of studying the photocyanation reaction of phena chloroformh-hexane mixture.'H NMR (300 MHz,
via a PET mechanism in an oil/water emulsion, we found that Varian Gemini-2000), GC-MS (Shimadzu QP-5050A),
the reaction of phen proceeded in an aqueous solution everand elemental analyses demonstrated that the product was
in the absence of an electron acceptor, suggesting that the re5-cyano-5,6-dihydro-1,10-phenanthroline (Hphen-CN): iso-
action mechanism was totally different from that of pyrene or lated yield =50%1H NMR (CDCl); §=3.4 (t,J=6.0 Hz,
other ArHs via a PET mechanism. As characteristics of the 2H), 4.3 (dd,J=6.9Hz, 10.2Hz 1H), 7.3-8.8 (m, 6H).
photocyanation reaction of phen in water, furthermore, we FD-MS: m/z=207. mp: 158-160C. anal., GzHgN3, found
also found that the reaction yield was dependent on the con-(calc.): C, 75.32 (75.34); H, 4.59 (4.38); N, 20.39 (20.28).
centration of an added Mg ion. The photocyanation reac-
tion of phen is thus very unique and worth studying in detail. 2.2.2. Small-scale experiments
In this paper, we report the photocyanation of phen in aque- As controlled experiments for the photoreaction, the
ous solutions under several conditions and, discuss possibldollowing small-scale experiments were conducted by us-
ing a glass cylindrical cell (inner diamete3cm). An
aqueous solution containing phenx20-3M) and NaCN
(1.0x 10-2M) in the absence or presence of MdMgSQOy
or MgCl, 1.0x 10-2M) was irradiated externally by the
Hg lamp ¢ > 330 nm) under stirring. The distance between
the Hg lamp and the glass cell was set 8 cm throughout the
experiments and, the photoreactions were conducted under
an aerated, &, or N>-gas atmosphere. After the photoreac-
tion, the mixture was extracted with chloroform (10 mL) and
the products were analyzed by HPLC (Shimadzu Co. Ltd.):
HRC-ODS column with a 4:1 (vol%) methanol:phosphate

Scheme 1. Structure of 5-cyano-5,6-dihydro-1,10-phenathroline (Hphen- PUffer (pH~ 7) solution as an eluent. The yield of Hphen-
CN). CN was determined on the basis of the HPLC analysis and
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the calibration curve for Hphen-CN prepared by separate ex-Table 1
periments. No other major product other than Hphen-CN was Red““i"f’z photocyanation of phen (%0*M) in aqueous NaCN
observed under the present HPLC conditions. (1.0> 1077 M) solutions

The quantum yield of the photocyanation reaction of phen Run [MgSQ/M Atmosphere @ x 10°
(@) was determined on the basis of a ferrioxalate chemical 1 0 Air 0.25
actinometef19]. Although the experimental conditions were 2 0 & 0.21
similar to those mentioned above, a 334 nm line from the Hg i g.Ox 10-2 /':'fr f.';‘ﬁ
lamp was isolated to determir® by using CuSQ@ (1.0 M) 5 1.0x 102 0, 11
and NiSQ (2.0 M) solution filters combined withaUV-D33S 6 1.0x 1072 N2 2.2

glass filter (Toshiba Co. Ltd[R0]. By assuming the quan-
tum yield of the photoreduction of ferrioxalate at 334 nm to
be 1.2320], the photon number absorbed by phen at 334 nm (reaction yield = 5%, Run 1 iffable 3 or 1.7x 1073 (54%,
was evaluated als=5.5x 108 quanta/min. The absolute Run 4), respectively. Such a trend of the Meeffects on
values, under given conditions, were then calculated on the® Was observed irrespective of an atmosphere andgthe
basis of the value and the mole number of Hphen-CN pro- Vvalue in the presence of Mgwas always higher by a factor

duced during the initial stage of the photoreaction. of 5—7 as compared to the relevant value in the absence of
Mg?*. FurthermoreTable 1demonstrated that the photore-
2.3. Spectroscopic measurements action proceeded more efficiently under aprghis stream as

compared to those in the presence eof Dis worth pointing

Steady-state absorption and fluorescence spectroscopie§Ut that the photoreaction proceeds in the absence of an elec-
were conducted by using a Hitachi UV-3300 spectrophotome- tron acceptor toward the excited-state of phen. An addition
ter and a Hitachi F-4500 spectrofluorometer, respectively. Of an inorganic salt such as NaBr or }&0; (1.0x 10~ M)
Time-resolved fluorescence spectroscopy was conducted bynstead of adding MgS©or MgCl, did not influence the

using a time-correlated Sing|e photon Counting method re- reaction yleld These results demonstrate that the photocya—
ported previously21]. nation reaction of phen does not proceed via a simple PET

mechanism reported for those of ArH by Mizuno ef@].and
Yasuda et al[10] This also indicates that the present ¥g

3. Results and discussion effects on® cannot be explained by the salt effects reported
for various PET reactions: increase in the charge separation

3.1. General features of photocyanation reaction of yield of an ion radical paif22-24]

1,10-phenanthroline So far, it has been reported that various ArH including

heteroaromatic compounds are cyanated photochemically by

Direct photoirradiation of phem(> 330 nm) in an aque- NaCN or KCN even in the absence of an electron acceptor as
ous NaCN and MgGl (both 1.0 M) solution for 1.5h un- described briefly in section[1-8]. For the photocyanation of
der an Q-gas atmosphere gave 5-cyano-5,6-dihydro-1,10- heteroaromatic compounds, however, the presence of a nitro
phenanthroline (Hphen-CN) in 50% yield as described in group(s) in the compound seems to be required with a typi-
Section2.2.1 large-scale experiments. In the case of the cal example being 2-nitrofurgs], 2-nitrothiophend6], or
photocyanation of phenanthrene in an4CH\:H,O mixture ~ 5-nitroimidazole[7], and these compounds undergooto-
under an N-gas atmosphere, Yasuda et al. reported that 9- substitutiorreactions giving the relevant 2-cyano or 5-cyano
Cyano_9,10_dihydrophenanthrene and 9_Cyan0phenanthren@erivative. To the best of our knOWledge, the reductive pho-
were obtained in 55 and 16% yields, respectively, while that tocyanation of an unsubstituted heteroaromatic compound
under aerated conditions afforded 9-cyanophenanthrene inhas not been reported. The present photocyanation reaction
78% yield [10]. In the present case, however, Hphen-CN Mechanisms of phen are thus worth elucidating in detail for
was the sole product of the photoreaction and, 5-cyano-1,10-further advances in the relevant researches.
phenanthroline as a substitution product was not obtained
under the present experimental conditions studied: an aer-3.2. A spectroscopic study
ated, Q-, or No-gas atmosphere. Analogous photoreaction
of phen in O to that mentioned above afforded deuteration In order to reveal the roles of Mg in the photocyana-
of the cyanated-product (i.e., Dphen-CN) as confirmed by tion reaction, we studied effects of ¥ijon spectroscopic
EI-MS: m/z=208. Therefore, we concluded that the hydro- and excited-state properties of phen in aqueous solutions. As
gen source for the present reductive photocyanation of phenshown inFig. 1, phen in an aqueous solution showed weak
was water as a medium. fluorescence i\ =340-450 nm with the maximum wave-

We evaluated the photocyanation quantum yi®l ¢n- length of~360 nm. The fluorescence maximum wavelength
der several reaction conditions as the data were summarizedbserved in the present study agreed very well with the re-
in Table 1 The @ value under aerated conditions in the ab- ported valud25]. In the presence of Mg, on the other hand,
sence or presence of Mgg@..0x 10-2 M) was 2.5x 104 the fluorescence intensity of phen increased with an increase



152 N. Kitamura et al. / Journal of Photochemistry and Photobiology A: Chemistry 174 (2005) 149-155

an addition of trifluoroacetic acid to a dichloromethane so-
lution of phen or its derivative brought about red shifts of
both absorption and fluorescence spectra owing to protona-
tion of phen31]. Since the acidity of M§" as a Lewis acid is
much weaker than that of trifluoroacetic acid and the present
solution pH is~7, red-shifted fluorescence-410 nm) of
phen is not observed. However, the present resulisgnl
(Ka (phen:Md*) = 240 M~1) and the discussions described
above indicate that the spectral changeBim 1 are due to
coordination of M@* with phen, but not to the change in the
. : | ISC rate and yield of phen by Mg.
340 360 380 400 420 440 460 Complex formation between phen and Mgvas also con-
Wavelength / nm firmed by fluorescence lifetime measurements. Since the flu-
orescence intensity of phen was almost unchanged for both
Fig. 1. Fluorescence spectra of phen (£.00~%M) in the absence and  aerated and deaerated samples, fluorescence lifetime mea-
presence of I\3/IgSDin water. [Mg®*]: 0 (a), 5.0x 10~ (b), 1.0x 1073 (c), surements were conducted under aerated conditions. In the
and 2.0x 107 M (d). Excitation wavelength was 320 nm. absence of M§" as shown irFig. 2, the fluorescence of phen
(2.0x 103 M) in water decayed single exponentially with
in the Mg?*™ concentration ([M§']) without any change in the lifetime () of 3.0 ns, while that in the presence of kig
the spectral band shape, while the absorbance of phen in(1.0x 10-2 M) showed a double exponential decay with the
1 =300-350 nm increased slightly with [Mt] (data are not  time constants of 2.9 and 10.5 ns. Thevalue (240 M—1)
shown here). Since phen is a typical ligand for various metal described above indicates that the most of the phen molecules
ions, itis easily expected that phen is coordinated witdilg  coordinate with Mg* at [Mg?*] = 1.0 x 102 M [32]. There-
producing the phen:Mg complex in the ground-state. Al-  fore, the results demonstrated that th& and~10 ns com-
though the binding constant of the phen#gomplex Ka) ponents observed were assigned to the excited-state lifetimes
can be determined byH-NMR titration, we evaluated the  of phen and the phen:Mg complex, respectively. Although
Ka value on the basis of the [Mg] dependence of the fluo-  an obvious change in the spectral band shape was not dis-
rescence intensity of phen. In practice, we obtained a linearcernible inFig. 1, time-resolved fluorescence spectroscopy
Benesi-Hildebrand plot for the data Fig. 1, proving 1:1 discriminated the excited-state species involved in the sys-
complexation between Mg and phen. Thé&, value of the tem. Furthermore, it is worth emphasizing that the longer
phen:Mg* complex was then estimated to be 240M26]. fluorescence lifetime of the phen:¥igcomplex as compared
Mg?* effects on the fluorescence characteristics analo- to that of phen itself agrees well with the increase in the flu-
gous to the results iRig. 1 have been reported for aromatic  orescence intensity of phen in the presence ofPMghe
carbonyl compounds possessing the lowest excited* longer fluorescence lifetime of the phen:Mgomplex as
singlet-state (§ and n-w* triplet-state () [27,28]. In such compared to that of phen should be the favorable conditions
compounds, very fastST; intersystem crossing (ISC) takes  for the photocyanation reaction of phen.
place as predicted by the El-Sayed r{#2€], and the com-
pounds are essentially non-fluorescent. In the presence of
Mg?*, however, since the carbonyl oxygen in such a com-
pound interacts with Mg, the excited n=* state energy in-
creases. Therefore;ST ISC of the compound is impeded
considerably in the presence of kfg giving rise to a very 1030
large enhancement of the fluorescence intensity as compared
to that without M@*. Besides the changes in the fluorescence
characteristics, furthermore, it has been reported that the pho-
tochemical reactivity of an aromatic carbonyl compound also ; W
varies in the presence of Myor other Lewis acid§28]. In [
the case of phen, nonetheless, since batai®l T; states E| w\ m
are in am—m* character[29,30], the fluorescence intensity [ WM
response upon an addition of Kfgin Fig. 1 cannot be ex- 1 e —
plained along the same context with those mentioned above . " 20 40 0
for aromatic carbonyl compounds. Time / ns
On the other hand, it has been reported that phen is easily . _ Lo
. .. . _ Fig. 2. Fluorescence decay profiles of phen 10~ M) in the absence
protonated in acidic media K= 4.96)[25] and the mon(_)- (a) and presence of MgS@1.0 x 10-2 M) (b), in water under aerated con-
protonated form of phen shows the fluorescence maximum gitions. Excitation and fluorescence monitoring wavelengths were 300 and
at around 410 nm30]. Armaroli et al. also reported that 380 nm, respectively.

Fluorescence Intensity

1 n 1 n 1 " 1 " 1

1041
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IR——, by Q=kgro[NaCNJ/(1 +kqTo[NaCN]), is calculated to be 3
104k or 24%, respectively. Th® values of 3 and 24% brought
i about® to be 2.5x 1074 (Run 1 inTable ) and 1.7x 103
(Run 4), respectively. Therefore, the increas®ioy a factor
of 8inthe presence of Mg as compared to that without Mg
gives rise to approximately seven-fold increaseinn the
absence of M§', there is no direct evidence that the excited-
state responsible for the photoreaction is the singlet-state.
Nevertheless, since the change in the fluorescence quench-
ing percent with [Mg*] corresponds very well to that i,
we conclude that a magnesium ion facilitates the photocya-
p nation reaction of phen in the excited singlet-state. Excited
Time / ns singlet-state quenching of the phen:Mgomplex and, prob-
ably, phen by NaCN should be thus the primary step for the

Fig. 3. Fluorescence quenching of phen (2.00-3M) by NaCN in the present photocyanation reaction.
presence of MgS©(1.0x 10~2 M) in water under aerated conditions. Ex-
citation and fluorescence monitoring wavelengths were 300 and 380 nm,
respectively.

103 F

Count

102 L

10 L

3.3. Proposed reaction mechanisms

The present photocyanation reaction of phen proceeds in
the absence of an electron acceptor as described above. Fur-
’thermore, since we could not confirm an excitation intensity
the fluorescence decay curves of the pherf:Mgpmplex dependence of the reaction rate, two-photon or multi-photon

— 3 +1— 2
(Iphen] =2.0x 10~°M and [Mg”*]=1.0x 102 M, aerated . ionization of phen producing the cation radical did not partic-

cgndmons)'m the absepce and presence of NaCN are shown Ir]pate under the present experimental conditions. Therefore,
Fig. 3 Detailed analysis of the data demonstrated that the Iongthe cation radical of phen is excluded as the intermediate of
lifetime componentin the absence of NaCN (10.5 ns) becamethe photoreaction

) . . ) .
shorterwnlh the;]r}r:r(tarz]aszln [NaCN] (Si? nts ati('?oh M?]S d According to the reported mechanisms for photochemi-
an examp €), while ne uoresc.ence iretime ot phen showed ., nucleophilic aromatic substitution reacti¢&8], a possi-
a slight decrease with [NaCN]: 2.85-2.79 ns. Although the ble mechanism will be either the8Ar*- or Sp1Ar*type

change in the decay profile with [NaCN] Fig. 3was not mechanism. In the @Ar* mechanism, the excited-state of

necessarily cleak:_ eno??r?’ thhe S%;rn—Vollmer p(ljotsh forbﬂuo- phen is subjected to nucleophilic attack by a cyanide ion and
rescence quenching ot the phen-vigomplex and pnen by ¢ subsequent reaction proceeds vialzonded intermedi-

I\{[aCtN Wereflltr1hear as sr:ownﬁ:jg.tThtka)quenchmg ra_te con- ate: o-complex. By neglecting complexation of ¥igwith
tshan 3%‘) ot edct;orgp S):Oigg P ;2 21 ?Ogy,\";llr_"l e_llon were phen for simplicity, the primary steps for the present photo-
us determined to be and L. S e cyanation reaction are expressed as in Etg)and(1b),

The excited-states of both phen and the pherf:Mgm-
plex are quenched by a cyanide ion. As a typical example

spectively.
Theseky values indicate that the quenching percent pherf + CN~ — phen-CN (s-complex) (1a)
(Q) of the fluorescence of phen or phen:#Mgcomplex
(Mg2*]=1.0x 10-2M) by NaCN (1.0x 10-2M), defined ~ Phen-CN" +H" — Hphen-CN (1b)
wherelphen* represents the excited singlet-state of phen.
14 It has been reported that photocyanation reactions of
methoxynitroarenes proceed via th@2&r* mechanism
Lk [33]. However, the photocyanation of an unsubstituted arene
@) via this mechanism has not been reported, suggesting impor-
tant roles of a substituent(s) in the charge distribution in the
L2f excited-state and subsequent stabilization ofttnded in-
Gl termediate. In the present case, complexation of Mgth
ik phen would vary the charge distribution in the excited-state
(b) and complex formation might stabilize tleebonded com-
plex. Therefore, the present photoreaction of phen might pro-
1.0} ceed via the §2Ar* mechanism. Itis worth noting, however,
. ; ' ; ' ; Y 1'0 that since the pH of the reaction mixture~4.0 (i.e., in the

presence of NaCN), protonation to thdoonded intermediate

will be unfavorable: Eq(1b). As seenifable 1 furthermore,

Fig. 4. Stern—Volmer plots for fluorescence quenching of phen (a)) and the the photoreaction proceeds more efficiently under deaerated
phen:Md* complex in water (b)). conditions. Since the fluorescence lifetime of phen is almost

[NaCN] /107 M
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independent of the absence and presencepf@ppression  orescence of phen in water, so that the anion radial of phen
of the photoreaction of phen in the presence efv@l not should be produced under such conditions. Nonetheless, the
be explained directly by thex\@Ar* mechanism. photoreaction of phen in the presence of both NaCN and the
In the case of theggn1Ar* mechanism, on the other hand, amine suppressed the reaction yield, indicating that forma-
the excited-state of phen undergoes electron transfer with ation of the anion radical of phen was not necessary enough for
cyanide ion and the resulting cyan radical participates as in the photocyanation reaction. Therefore, we suppose that PET

Eq. (2): between phen and a cyanide ion, producing both the anion
" B . . radical of phen and a cyan radical, will be the primary step for
pherf +CN™ — pherm® + CN (2a) the present photocyanation reaction. In the\3Ar* mech-

anism, formation of 5,6-dihydro-1,10-phenanthroline and/or
the coupling dimer of the Hphen radical would be expected
Hphert + CN* — Hphen-CN (2c) in addition to that of Hphen-CN. As long as the present ex-
periments are concerned, however, we could not confirm for-
In acetonitrile, the redox potentials of phen and a cyanide ion mation of such side products. Since there is no reason for
have been reported to be2.18 and +1.3V (versus SCE), inhibition of such reactions of the Hphen radical, further care-
respectively{34]. Knowing the excited singlet-state energy ful product analysis would reveal formaton of such species
of phen to be 3.45V, the Gibbs free energy change for PET as minor products. It is important to note, furthermore that
between phen and NaCN is calculated taXf8 ~ 0 eV [35]. Konstantinov and Bunce have reported that the oxidation po-
Although PET quenching of the excited singlet-state of phen tential of a cyanide ion is strongly dependent on a medium:
by a cyanide ion is not necessary favorable, it is thermo- +1.3V in acetonitrile, +1.95V in methanol, and +1.7-2.26 V
dynamically possible. As an important observation in the inwater. Owingto such a high oxidation potential of acyanide
present study, furthermore, we found that the reduction poten-ion and its solvent dependence, they have concluded that the
tial of phen in acetonitrile shifted to the positive direction by Sg.n1Ar* mechanism is not appropriate for a photocyanation
~200mV in the presence of Mg as compared to that with-  reaction of ArH[33]. However, it is also true that the fluo-
out Mg?*, indicating that the PET reaction in E(Ra) was rescence of phen is quenched certainly by a cyanide ion and
more likely in the presence of Mg. It is worth noting that the Sy2Ar* mechanism mentioned above does not explain
fluorescence quenching of the phen¥gomplex proceeds  well the present results. It is clear that further mechanistic
more efficiently as compared to that of phenitself as describedstudies including laser photolysis and radical trapping ex-
before. These results agree very well with theZ¥gffects periments are absolutely necessary to elucidate the reaction
on @. Furthermore, the eeffects ond will be explained by mechanism. Nonetheless, we suppose that the present exper-
assuming Eq(2a) In the presence of £) namely, the anion  imental observations are explained more appropriately by the
radical of phen will be likely to be oxidized by £and this Sr-n1Ar® mechanism rather than by thg Ar* mechanism.
should suppress the photocyanation reaction. Therefore, we
think that the present photocyanation reaction of phen will
be explained more plausibly by the anion radical (8 Ar*) 4. Conclusions
mechanism rather than by the ZAr* mechanism.

On the basis of these experimental results and discussions, The reductive photocyanation of 1,10-phenanthroline by
we propose the following anion radical mechanisms:(2j. a cyanide ion in agueous solutions has been demonstrated
Photoirradiation of the system induces PET between phenfor the first time. Although the product and quantum yields
and a cyanide ion, producing the anion radical of phen and of Hphen-CN (54% andp =1.7x 10~3) were not neces-

a cyan radical. It has been reported that tKg yalue of the sarily high enough, the photocyanation mechanism of phen
anion radical of phen is >186]. Therefore, the anionradical was quite uncommon. The photocyantion of aromatic hydro-
is very likely to be protonated in an agueous medium even carbons and heteroaromatics so far reported proceeds via a
for the solution pH of~10, producing a 5,6-dihydro-1,10- PET (in the presence of A) oR&Ar* mechanism, while the
phenanthroline radical: E¢Rb). In the presence of Mg, the present photocyantion reaction of phen was suggested to un-
reactivity of the anion radical of phen toward the protonation dergo through an anion radical{R1Ar*) mechanism. Fur-
reaction in Eq(2b) might become lower than that of the an- thermore, we found that the reaction yield was improved by
ion radical of phen itself, owing to coordination of Kfigto a factor of~7 in the presence of Mg through coordination
phen. Nevertheless, we suppose that the very higlhvplue of Mg?* with phen in the ground-state. Such characteristics
of the anion radical of phen as mentioned above would be still of the present photocyanation reaction will be responsible
favorable conditions for the protonation reaction even in the for the coordinating ability of phen and th&pvalue of the
presence of M. The radical would be then reacted with anion radical (>14}34]. Therefore, we suppose that the an-

a cyan radical, giving Hphen-CN. Although there is no di- ion radical mechanism of the photocyanation reaction will
rect evidence for participation of a cyan radical in the present not be common to othéX-heteroaromatics and will be spe-
system, it is worth pointing out that an electron donor such cific to phen. Despite this, one-step photocyanation of phen
as triethanolamine gr-phenylenediamine quenches the flu- and its derivatives will be meaningful in the fields of both

phen® + H* — Hphert (2b)
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photochemistry and coordination chemistry. Further studies[15] F. Kitagawa, N. Kitamura, Phys. Chem. Chem. Phys. 4 (2002) 4495.

on photocyanation reactions of ArH are now underwent in

our research laboratory, which will be reported in separate

publications.
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