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Kinetic Analysis of Aromatic Photocyanation: Naphthalene, Biphenyl,

and Phenanthrene

Helge J. Lemmetyinen

Physical Chemistry Laboratory, University of Helsinki, Meritullinkatu 1 C, SF-00170 Helsinki 17, Finland

Nucleophilic photocyanation of the unsubstituted aromatic hydrocarbons, naphthalene, biphenyl, and
phenanthrene, in both dry and aqueous acetonitrile can be described by a mechanism involving two
photoinduced transients. The primary step of the mechanism is the formation of a transient ionic complex
through triplet excimer of aromatic hydrocarbon or, when an electron acceptor is present, through triplet
exciplex. The attack of cyanide ion on the transient complex yields the cyanated radical, ArHCN-, which in
aqueous acetonitrile reacts with itself to yield cyano- and dihydrocyano-products or, in dry acetonitrile
after being attacked by an electron, is oxidized to the cyano-product. The rate constants for the formation
of radical ions and the attack of cyanide ion are calculated from the experimental results.

Mizuno,! and more recently Yasuda 2 and Bunce 3 investigated
the photocyanation of phenanthrene, anthracene, naphthalene,
and biphenyl in aqueous acetonitrile and they proposed
essentially the same mechanisms as den Heijer* and
Cornelisse 5 for reactions involving electron donating groups.
Both Yasuda and Bunce propose that cation radicals are
formed as a primary step when electron acceptors (A) are
present, followed by the nucleophilic attack of cyanide
anion [reactions (1) and (2)]. Bunce® measured quantum
yields in the photolysis of unsubstituted aromatic hydro-
carbons, suggesting that in the absence of an electron acceptor
an excimer is formed which dissociates to radical ions
[reactions (3) and (4)]. Both Yasuda and Bunce suggest that

ArH* + A —» ArH*' + A~ 1)
ArH** + CN~ —» ArHCN" 03]
ArH* + ArH —» excimer 3)
excimer —»- radical ions “

the final products are formed by the reaction of two neutral
radicals [reaction (5)]. In aqueous acetonitrile, in the absence
of oxygen, the main product is the dihydrocyano-product,?3

2 ATHCN' — ArCN + ArH,CN 5)

whereas in the presence of oxygen it is the cyano-product.?
Yasuda suggests that oxygen oxidizes the cyanated radical
[reaction (6)]. The photosubstitution of the hydrogen atom in
the substituted aromatic hydrocarbon is not observed in
aqueous solutions in the absence of an oxidizing agent.*

(8)
ArHCN® —» ArCN )

Our previous studies ¢ of photocyanation of phenanthrene
indicate that: (1) the main product is 9-cyanophenanthrene in
dry acetonitrile and only traces of other cyano-products are
present, (2) the presence of an oxidizing agent (O,) is essential
for product formation, (3) the rate of the reaction is very
sensitive to the oxygen concentration and a maximum rate
is observed at small concentrations of oxygen, and (4) the
rate of reaction in both dry acetonitrile and 1 : 1 acetonitrile-
water is linearly proportional to the square of the intensity of
the absorbed radiation. We proposed ¢ the mechanism of
Scheme 1 for photocyanation of phenanthrene.

Flash photolysis 7 investigations support this mechanism.

Two transients were observed with properties similar to those
of the transients X and Y in Scheme 1.

n this work we analyse the applicability of our mechanism ©
of two photoinduced transients to the quantum yield measure-
ment made by Bunce er al3 and study the autocatalytic
photocyanation of phenanthrene and the mechanism of the
reaction using nitrous oxide (N,0) as an oxidizing agent in dry
acetonitrile.

Results

In our previous work 7 we presented two possible reactions for
the first step of the photosubstitution, the formation of
triplet exciplex of phenanthrene and cyanide anion, or
alternatively a reaction of cyanide anion with a radical cation
of phenanthrene, formed either by electron photoejection or
by reaction of the excited state of phenanthrene with some
electron acceptor present in the solution. A choice between
these two explanations would seen possible on the basis of
the results obtained by Bunce.?

Photocyanation in Aqueous Acetonitrile.—If the formation of
cation radicals is the primary step of aromatic photosubsti-
tution Scheme 2 will apply.

According to Scheme 2 the ionization is always assisted,
either by an electron acceptor or by the ground state reactive
aromate, i.e. self-assisted. It is suggested here that °un-
assisted > photocyanation in fact involves assistance by the
ground state aromatic compound. Depending on the reduction
potentials of the electron acceptors and on the solvent, the
transient ionic complex forms either contact ion pairs or free
radical ions. Steady-state analysis gives for the formation of a
reaction product relationship (7) between the quantum yield
and the substrates (for details see Experimental section).

[ArH]
[CN‘][A]JT' =a(l + KJAD( + K[CN-D (D

where a = k; [@*. 1.15ek,(I, + TD1 ¥/ KKy, Ky = kyf(k, +
k_y), and K [A] = (k'/k)[ArH] = K’ [ArH] in the absence
of an electron acceptor ([A] = [ArH]) and K,[A] =
K’ [ArH] + K"[A] in the presence of an electron acceptor.

Applying the quantum yields, ¢, obtained by Bunce 3 for the
disappearance of naphthalene and biphenyl in photocyanation
in water-acetonitrile the following four cases can be dis-
tinguished.

(i) Self-assisted photocyanation of naphthalene and biphenyl.
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Scheme 1

w°<1>
ArH —2_» ArH*
k.
ArH* — ' 5 ArH

k
ArH* + A =———> ionic complex
-k

ionic complex —kz——> ArH + A
ionic complex + CN~ —k-:—-—b ArHCN® + A~
ArHCN' ——ks——> ArH + CN’
2 ATHON' — . AfH,CN + ArCN

Scheme 2. For self-assisted reactions A = ArH, and for assisted
reactions A = electron acceptor, where k, is K’y or k", respectively.
@ is the quantum yield for the formation of a reactive excited state
of ArH

Equation (7) can be written as (8). Presenting the left side of
equation (8) as a function of concentration of cyanide anion

_ (ArH) a(l + K’ [ArH)]
[CN ]\/ e~ [AMH]

0+ KICN"D 8

(Figure 1) the values of K, can be calculated from the ratios
of the slopes and the intercepts of the straight lines (Table 1).
Rewriting equation (8) we obtain (9). A good linearity

I _a(l + KICN-] ( X 1
Vo [CN-] . [ArH]> V[ArH]

between 1/v/¢ and 1/V[ArH] is obtained, indicating that
K’x > 1/[ArH]. Thus K’x can be calculated both for naph-
thalene and for biphenyl (Table 1), assuming that (I, + 1,),
the sum of the incident and transmitted light intensities, is
independent of the concentration of aromatic hydrocarbons.
This would seem to be a correct assumption since the reactions
were performed under conditions where all incident light was
absorbed by the aromatic hydrocarbon.?

(il) Assisted photocyanation of naphthalene with constant
concentrations of the electron acceptors. According to the
results obtained by Bunce® the quantum yields seem to be
independent of the concentrations of hydrocarbons in the
presence of the electron acceptors, dicyanobenzene and
persulphate ion, and thus it is suggested here that ky/k _« have
higher values for assisted cyanation than for unassisted
cyanation.

(iii) Assisted photocyanation of naphthalene with various
concentrations of electron acceptors. Equation (7) is written in
the form (10). From the ratios of intercepts and slopes of the

[ArH] _
[A]'\/ o

a(l + KJICNTD / ”
= = 21 + K [ArH] + K" [A

CN-] (1 + K[ArH] + K" [A]D (10)
lines drawn according to this equation (Figure 2) the values
of Ky’ can be calculated (Table 1). The linearity is good for
both electron acceptors.

10°[CN"IVINT /g /M ¥2

103[CN" ]}/ m

Figure 1. Dependence of the rate of self-assisted photocyanation of
naphthalene (N) on cyanide anion concentration in 1:1 water—
acetonitrile. [N] 1.0 x 1073m

105(DCBIVINI /@ /M 32

1 1 ]
1 2 3 4

104[DCB] /M

Figure 2. Dependence of the rate of assisted photocyanation of
naphthalene (N) on dicyanobenzene (DCB) concentration in 1: 1
water-acetonitrile. [N] 5 x 107M, [CN-]2 x 1072m

(iv) Assisted photocyanation of naphthalene with various
concentrations of cyanide anion. When [CN-]V[ArH])/¢ is
presented as a function of cyanide anion concentration,
according to equation (7), then in the presence of the electron
acceptor (Table 1), dicyanobenzene (DCB), a straight line is
obtained (Figure 3). The value of K, for the dicyanobenzene
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Table 1. Kinetic data (K/1 mol™; k/1 mol™ s™*) for photocyanation of naphthalene (N) and bipheny! (B) in aqueous acetonitrile,® and of

phenanthrene (P) in dry acetonitrile ¢

Constant Variable
substrate Concentration (M) substrate Slope
N 1.0 x 1073 CN- 0.118 4 0.001 ¢
B 1.0 x 1073 CN- 0.313 + 0.003 ¢
CN- 50 x 107 N 0.105 4 0.003 ®
CN- 5.0 x 1072 B 0.186 + 0.021°
N 5.0 x 107 DCB 0.135 + 0.005 ¢
CN- 2.0 x 1072
N 1.0 x 107 S,04% 0.060 + 0.002 ¢
CN- 50 x 1072
N 5.0 x 1073 CN- 0.122 4 0.002 ©
DCB 50 x 107
N 1.0 x 1073 CN- 0.071 + 0.008 ©
S,02 2.0 x 1072
P 5.0 x 1073 CN- 3.7 +£0.1)
x 10754

Oz 8 x 1075
L+ I) 1.29 x 107

ein dm2s™
CN- 2.5 x 1073 P (6.7 + 0.1)

x 10794

0, 0.11 x 1073 , + 1)

Intercept r

(1.67 4 0.23) x 107** 0.999 K, 0.71 x 10®

(1.62 4 0.18) x 107** 0.999 K, 193 x 10®

0.55 4+ 0.05° 0.999 k' 6.4 x 10
Klk 0.64 x 107 !

49 +0.5° 0.987 ke 1.5x10°
K’y 030 x 10" F

(6.7 +1.1) x 10°¢¢ 0.998 K." 660 x 10°
k" 66 x 1071

(2.02 4 0.24) x 10™°¢ 0.999 K’ 22 x10°
k" 02x1077

(6.73 4 2.75) x 1075¢ 0.999 K, 181 x 10®

|(3.2 4 0.8) x 10™*¢ 0.987 K, 022 x 10®

(22 40.1) x 1084 0.998 K, 1.6x10°

(7.2 £ 0.1) x 1084 0.991 K’. 0.52 x 10°
ke 1.3 x 107

Calculated by equations “ (8), ® (9), € (10), ¢ (11), and according to equation € (7). ¥ Calculated from the values of K using approximate

triplet lifetimes tx ca. 1 ms,® 15 ca. 0.5 ms,® and tp ca. 0.04 ms.’

N

10°[CN"IVINT /g /M3/2

1 1 1 1 1
5 10 15 20 25

103[CN™)/M

Figure 3. Dependence of the rate of assisted photocyanation of
naphthalene (N) on cyanide anion concentration in 1:1 water—
acetonitrile. [N] 5 x 1073M, [DCB] § x 10™*m

assisted reaction can be calculated from the values of the slope
and the intercept of this line. In a similar way the value of K,
for the persulphate anion assisted photocyanation is obtained
(Table 1). The linearity is good in the former case but only
reasonable in the latter case.

In the absence of dicyanobenzene K, is 0.71 x 10° dm?
mol™, but in the presence of the acceptor it is 1.81 x 10° dm3
mol™. K, is a parameter denoting the efficiency with which
cyanide anion reacts with one of the transients in the reaction.
The increased value of K, in the latter case is expected because

k
ATHCN® + O, —» unproductive

k
2 ArHCN® Ly

(ATHCN®- - - - +5ATHCN)

k,
(ATHCN?®- + + + 8+ ATHCN) + O, -;» products
k
(ATHCN®- - - - 3+ AfHCN) — unproductive

or

k.

ATHCN' + A~* —Zp ArHCN™ + A
k,

ArHCN- + O, LG product

k
ArHCN- —2p unproductive

Scheme 3.

cyanation reactions are accelerated in the presence of electron
acceptors, which interact with the excited naphthalene before
being attacked by the cyanide anion. This supports sug-
gestions '3 that cyanide anion does not react directly with the
excited aromatic hydrocarbon, but attacks the cation radical
of an aromatic hydrocarbon.

Photocyanation in Dry Acetonitrile.—(i) Self-assisted photo-
cyanation of phenanthrene. Because only 9-cyanophenanthrene
is obtained and no product is observed in the absence of
oxygen, in dry acetonitrile,’ the reactions in Scheme 3 7 should
replace the last reaction of Scheme 2. Applying the steady
state approximation to Schemes 2 and 3, we obtain equation
(11) where ® K, = ko/ks.

As above, the left side of equation (11) can be presented both
as a function of cyanide anion concentration (Table 1) and

of 1/V/[ArH] (Table 1 assuming as before that K’y > 1/[ArH]
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Figure 4. Formation of 9-cyanophenanthrene as a function of
irradiation time in autocatalytic photocyanation of phenanthrene
(P) in dry acetonitrile. (P) 5.0 x 1073M, [CN~] 4.0 x 10M and
[0,] 1.2 x 107m

at high phenanthrene concentrations). Thus the values of
K, and K’; can be calculated.

(i) Autocatalytic photocyanation of phenanthrene. The
autocatalytic effect of the substitution was observed by
Yasuda 2 and Bunce.® Here this effect is studied in greater
detail. As can be seen from Figure 4 the rate of formation of
9-cyanophenanthrene increases as a function of irradiation
time. The rate of the autocatalytic photocyanation also
depends on the square of the intensity of absorbed light. We
began by studying whether the possible products peroxide,

32—, and superoxide, O, ", anions affect the rate of the
reaction. In the absence of oxygen but with added peroxide,
Na,0,, or superoxide, KO,, no reaction was observed. In the
presence of oxygen, the peroxide anion had no effect on the
reaction rate at concentrations between 1 x 10%and 1 x 1073
mol dm™,

Superoxide radical anion decreased the rate of the reaction
at concentrations higher than 5 X 107 mol dm™. This can be
explained by the dual reactivity of superoxide anion: depend-
ing on the nature of the substrate it can act either as an electron

ArH™ + O, —» ArH + 0%~ (12)
acceptor or as an electron donor [reactions (12) and (13),
respectively]. The autocatalytic reaction is, therefore, not
due to peroxide or superoxide anions, and we proceeded to

ArH*" 4+ O, —» ArH + O, (13)
investigate the effect of 9-cyanophenanthrene.

In the presence of 1 X 107* mol dm™ 9-cyanophenanthrene,
in a reaction mixture containing both phenanthrene and
cyanide (1 x 103 mol dm™), the photolytic reaction was
observed to increase in the manner displayed in Figure 4. The
autocatalysis is therefore due to the reaction product, 9-

KK s «+ farm]/)  ViArH] an

Table 2. Quantum yields of autocatalytic photocyanation of
phenanthrene (P) in dry acetonitrile

10°[ArCNY/ 1044/[0;}/a .

M 10%¢ [ArCN}{CN"]

1.9 2.3 7.3 Slope *

2.7 2.8 9.6 (2.40 + 0.04) x 107
3.5 3.1 11.9 Intercept ¢

4.4 35 144 (33+03) x 1071
5.4 4.0 16.5 r 0.999

6.4 4.5 18.7 K’ 260 x 10° ] mol™
1.4 5.0 20.8 k”, 650 x 10" I mol™tst?
8.5 52 23.8

9.5 5.6 25.8
10.6 5.7 28.6

@ Calculated according to equation (11). ® Calculated from the value
of K”, using the approximate triplet lifetime tp ca. 0.04 ms.” [P}
5.0 x 1073M, [CN~]14.0 x 1073M, and [O,] 1.2 x 1073Mm, [, 1.36 x
1077 ein dm™ 57!, Dg, 0.90. The values of ¢ and « are calculated
using equations (19), (20), and (21), and using the average rates
obtained from the values of Figure 4.

cyanophenanthrene, and the reaction can be considered as a
cyanophenanthrene-assisted photocyanation.

Presenting [ArCN]V[O,]J[CN-J/« as a function of the
concentration of cyanophenanthrene (Table 2) a straight line
is obtained and the value of K"’k for the cyanophenanthrene-
assisted photocyanation reaction can be calculated from the
ratio of the slope and the intercept, X”./[1 + K'x(ArH)], of
the straight line.

Discussion
The calculated kinetic data are summarized in Tables 1 and 2.
From the known lifetimes of excited singlet and triplet states
of aromatic hydrocarbons the rate constants kx can be
calculated. The excited singlet states of aromatic hydro-
carbons cannot be reacting, because the rate constants ky
would then be more than an order of magnitude higher than
the rate constants of diffusion controlled reactions (e.g.
K’ 6.6 x 10° dm?® mol™ for the naphthalene-dicyanobenzene
system and 1/k, 56 ns,® and therefore, k’’x 1 x 10* dm3
mol™ s™). The Stern-Volmer fluorescence quenching con-
stants obtained 3 also deviate from the values obtained by the
kinetic method, supporting the mechanism involving the
triplet state reaction. From the approximately known triplet
lifetimes,”® the rate constants ki can be calculated (Tables 1
and 2).

Quenching of the triplet state of aromatic hydrocarbon by
an electron acceptor can proceed through a transient ionic
complex (ArH - - - A)* regardless of its nature [reaction (14)].

k, k,
= (ArH * ¢ * A)* ——>»

3ATH + A 14)

-k

Quenching of this complex by cyanide anion competes with
other deactivation processes described by the rate constant &,
[reaction (15)]. The experimental quenching constant k, for

k
(ArH *** A)* + CN- —» ATHCN' + A™ (15)

these processes is given by equation (16). Equation (16) makes
it clear why the quenching of the triplet state by cyanide anion
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is difficult to observe.” The values of K, describe the natures
of the complexes (ArH * * *+ A)*.

ke — — WkIONT]___ KICNT] (o
Ttk tRICNT] T T+ KICN]

The relatively large value of K, in photocyanation of
phenanthrene in dry acetonitrile points to a large value of
kyx when unsolvated cyanide anion is attacking a complex, for
the triplet excimer of phenanthrene is known to be very weak,
indicating a large value of k_,. Azumi and McGlynn 1
observed a structureless emission band at 430 nm in a 1073M
glassy solution of phenanthrene at 77 K, which became
stronger with increasing temperature but approached zero
at room temperature. They attributed this to the delayed
excimer fluorescence of phenanthrene. Briegleb and his
co-workers ' observed a band at 420 nm in the triplet-triplet
absorption spectrum of a phenanthrene-tetrachlorophthalic
anhydride system, attributing it to a triplet excimer of phenan-
threne. We found a similar band at room temperature in dry
acetonitrile,” which was quenched effectively by cyanide
anion. However, its unusually long lifetime (240 ps) does not
agree with the lifetimes of intramolecular triplet excimers
observed by Zachariasse et al.'?

The photocyanation of aromatic hydrocarbons is proposed
to occur in both acetonitrile and water-acetonitrile via a
transient ionic complex formed from a triplet excimer or
exciplex. The polarity of the complex varies with the solvent
and with the reduction potential of the electron acceptor of the
complex, and the complex may dissociate to solvent-separated
ion pairs or free ions. An attack of the cyanide anion on the
complex or on the cation radical produces a cyanated radical,
ArHCN". In dry acetonitrile the reaction proceedes either by
an electron transfer from the radical anion of the acceptor to
the cyanated radical producing a cyanated anion, ArHCN -,
which, in the presence of oxygen, is oxidized to a cyano-
product, or by disproportionation of two cyanated radicals
to a transient, which interacting with the oxidizing agent,
yields a cyano-product. In aqueous acetonitrile the dispro-
portionation produces both a dihydrocyano- and a cyano-
product. In the presence of an, oxidizing agent it influences
to the course of the disproportionation process preventing the
formation of dihydrocyano-product. This explains why in the
presence of oxygen ? and persulphate ions * only a cyano-
product is formed, and why in aqueous acetonitrile the
product formation is considerably slower in the absence than
in the presence of oxygen.?

When persulphate ion is used as an electron acceptor
(Table 1) there is a deviation from the linear dependence of the
quantum yield on persulphate and on cyanide anion con-
centrations, and the value of K is lower than in the absence of
persulphate. The reason may be that the possible transient
sulphate anion radical, SO, acts as an electron acceptor or
that persulphate anion behaves as an oxidizing agent similar
to oxygen.

Nitrous oxide is an effective oxidizing agent in photocyan-
ation reactions.* In photocyanation of phenanthrene in dry
acetonitrile we found it to behave similarly to oxygen. A
maximum rate of the cyanation is obtained at low N,O
concentrations and the rate decreases with increasing N,O
concentration. The quantum yields are somewhat lower than
when oxygen is used.

Experimental
The rate of a photochemical reaction depending on the square
of the intensity of the absorbed radiation in a thin layer of

1273
reaction mixture can be written ¢ as in equation (17) where w,
wr = aw,? = aflec Inl10)? an

is the rate of the excitation, « is a parameter proportional to
the quantum yield, I is the light intensity, ¢ is the molar
absorption coefficient, and ¢ is the concentration of thé
absorber. The average rate of the reaction, wg, is given by
equation (18) where I, and I, are the incident and the trans-

e = 115 a(’° et

)(1., +IeAH]  (18)

mitted light intensities, d is the optical path length of the
reaction cell and [ArH] = ¢. The quantum yield ¢ is obtained
from equation (19). Here I, is the absorbed light intensity.

= wr/l, = 1.15 a(l, + I,)e[ArH] (19)

The experimental methods used in the photocyanation of
phenanthrene have been described ° earlier. Oxygen (150 Torr)
was added to the sample in a reaction vessel from which air
had been removed by repeated freezing and pumping. Samples
from the reaction mixture were taken through a septum with
an injection syringe and analysed by g.l.c. The reaction was
followed up to a product concentration of ca. 2% (1 x 107
mol dm™) of the initial reactant concentration.

The stock solutions of potassium superoxide and sodium
peroxide were prepared by dissolving KO, or Na,0, (2.0 X
10™* mol) and 18-crown-6 ether (2.0 X 10* and 4.0 x 107¢
mol, respectively), in dry oxygen-free acetonitrile (25 ml). The
undissolved complex was removed from the solvent by
centrifugation. The concentration of superoxide radical was
determined photometrically.!® The absorption remained un-
changed for several weeks after the preparation of the
solutions, indicating the absence of water.

9-Cyanophenanthrene absorbs more strongly (¢ 1430
mol™ m? at 310 nm) than phenanthrene (¢ 16.5 mol™ m? at
313 nm) at the irradiation wavelength 313 4+ 3 nm. An
average molar absorption coefficient for cyanophenanthrene,
€cpn, Was determined between the wavelengths 310 and 316
nm. The value obtained was 1 030 mol™ m?.

The absorbance of phenanthrene and cyanophenanthrene
in the reaction mixture, D, and the light intensity absorbed by
phenanthrene, [,, for the time interval from i to j, were
calculated by equations (20) and (21) where Dpy is the
absorbance of phenanthrene, d is the optical path (1.0 cm) of

D = Dgy + ecpudlcs + ¢))/2 (20)
I, = Dpl(1 — 107%)/D @1

the reaction cell, ¢, and ¢, are the concentrations of cyano-
phenanthrene at times i and j, and I, is the incident light
intensity.

Nitrous oxide was added to the sample in the reaction
vessel at 25.0 °C. The solubility of nitrous oxide is 8.7 x 1073
mol dm™ when its partial pressure is 60 Torr. The time of
irradiation was selected to yield ca. 0.5% product.
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