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Concentration-Dependent Isotope Effects. The Photocyanation of Naphthalehe
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Concentration-dependent isotope effects (IEs) were measured in the competitive photocyanation of naphthalene
and perdeuterionaphthalene in acetonitrile in the presence of electron acceptors. The concentration of the
reagents naphthalene, cyanide, and oxygen influences the magnitude of the IE. Experiments in which the
photocyanation is brought about via selective excitation of an electron acceptor show that the naphthalene-
concentration dependence of the IEs is not caused by the naphthalene radical cations, which are intermediates
in the photoreaction. This is corroborated by an electrochemical study of (the reactivity of) these radical
cations. From these observations and complementary semiempirical PM3 calculations it is concluded that
the variation of the IE with naphthalene concentration is due to an excited-state equilibration. A detailed
reaction mechanism is proposed to account for the observed IEs.

Introduction be accounted for within the framework of ground-state concepts,
Th hanistic implicati ‘o ” ES) i was observed for the intramolecular triplet-sensitized-ZP
e mechanistic implications of isotope effects (IEs) in cyclization of sesquinorbornatriengOn the basis of these data,

ground-state reactions are often well understood, and Interpretas hich form a limited selection from the literature, it appears to

tion of these effeqts_is nearly always consis_tent with the outcome e itficyl to interpret the direction and magnitude of measured
of other mechanistic probes. Therefore, in many mechanistic secondary IEs in general in mechanistic terms.

studies use has been made of these effedtBich less use of A way to overcome this problem is to study IEs in

IEs is made _in the stut_jy of photochemical reactiénsn_ainly photochemical reactions of which the mechanisms have already
because of interpretative problems with the magnitude and been (partially) clarified by other methods. In this way, new

direction of the effects, which hamper their application in the explanations for the IEs can be given a firm basis, as in the

elucidation of photo_chem|cal .react|0n mechan|§ms. ) case of the recently discovered concentration-dependeht IE.
The cause of the interpretative problems lies in the multitude Tp;g phenomenon was reported from our laboratories for the
of decay paths of the electronically excited states of organic jyetg photocycloaddition of cyclopentene pexylene and its
molecules, which all can be affected by isotopic substitution. perdeuterated isotopolog@eThe observed IE on the quantum
Deuterium IEs have been reported in detail for photophysical yield of formation of products varied from 1.01 at low
decay processes of relatively few compounds, mainly aromatic concentrations of xylene (0.002 M) to 1.52 at high concentra-
hydrocarbon$. For a rather small number of photochemical  tions (1.333 M), which was attributed to energy transfer via
reactions, conclusively interpretable IEs have been reported asihe intermediate formation of xylene excimers. These inter-
well. Clearest is the interpretation of photochemical primary yediates allow equilibration between excited xyleng-4nd
IEs, in which the same concepts can be used as in ground-stattg(wenedlo to give excited xylenaho and xylene-ky, and vice
primary |Es?S With secondary IEs the situation is less yersa. This type of IE can occur in any reaction in which
straightforward. The first observation of a (normal) secondary intermediates can exchange excitation energy or charge before
deuterium IE that could be explained in a way similar to IEs reacting to product(s), and it is not a priori limited to

observed in ground-state reactions was reported foythg- photochemical reactions. In this paper we report such phe-
drogen abstraction of specifically deuterated bicycloalkyl phenyl ,omena for the photocyanation of naphthalene.

ketones. An inverse secondary deuterium |IE was observed for v/ irradiation of naphthalene in dry acetonitrile in the
the photorearranger_nent of _2-o_Ieuterlo-l-|m|nopyr|d|n|um ylide presence of cyanide ion and an electron acceptor such as
and interpreted cautiously within the framework of ground-state p-dicyanobenzene (DCB) results in the clean formation of 1-

secondary deuterium IE conceptd his proved to be impossible 314 2-cyanonaphthalene (eq 1). The mechanism of this reaction
for the photochemical isomerization of dibenzohomobarrelene. ha5 peen studied extensiviy! and is postulated to be as

This reaction shows an extremely large secondary deuteriumgepicted in egs 25.11

IE (kn/kp = 4.8), which was proposed to originate in different

Franck-Condon factors for different reaction paths. Another hv

example of a secondary Ik (ko = 1.11-1.16), which cannot + CN° ——>
acetonitrile

electron acceptor
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C. H S C,H )*s,l @) analysis of every sample was performed at least five times. In
10078 10778 the competition experiments the ratio of naphthalene to per-
s, ET 4 . deuterionaphthalene was 1:1. Measured IEs on reactions refer
(CiHg*™ + DCB — (CyHg) * + DCB (3) to the ratio of cyano-derivatives arising from naphthalene and
those from perdeuterionaphthalene. The experimental errors are
(CiHg) ™"+ CN™ — 1-CN-C,Hy + 2-CN-C, Hy' (4 given ason-1 standard deviations.
e Equipment. GC analyses were carried out with a Packard
1-CN— or 2-CN—C, Hg" + oxidant— model 433 gas chromatograph (50 m CP SIL5-@Bs 0.25
1-CN— or 2-CN-C, H, (5) mm) anq a flame |or_1|zat|0n detector. Hydrogen was usgd as
the carrier gas at an inlet-pressure of 72 kPa. GC analysis was
Bperformed at 90 and 117C for analysis of isotopologues of
naphthalene and cyanonaphthalenes respectively, followed by
a rise to 250°C to clean the column from high boiling trace
products for the next run. Injection and detection temperature
were 250 and 278C, respectively.

The singlet excited state of naphthalene is quenched by DC
via electron transfer (ET), leading to the radical cation of
naphthalene and the radical anion of DCB (eq 3). The radical
cation reacts with cyanide at position 1 or 2 (eq 4), followed
by loss of hydrogen from the resulting radicals to yield the

products (eq 5). Which reagent functions as the oxidant has LOW-resolution mass spectra were obtained with a GC-MS
thus far not been clarified. setup consisting of a Packard model 438A gas chromatograph

. S . . (25m CP-SIL 19 CB,@ = 0.32 mm) using helium as carrier
This mechanism is analogous to that of the anodic cyanation as. coupled with a Einnigan Mat ITD 700 mass spectrometer
of naphthalene, which starts with the oxidation of naphthalene gas, P 9 P

to its radical cation, followed by the reaction of this intermediate using electron |mpa_ct and che_mlcal ionization. UV spectroscopy
: . ) - . was performed using a Varian DMS 200 spectrophotometer.
with cyanide. In a solution open to air the resulting arenyl

radicals lose hydrogen to yield the produttsThese, 1- and Fluoregcence emission spectra were .recorded on a Spex
Industries, Inc. Fluorolog Il spectrofluorimeter.

2-cyanonaphthalene, are formed in the same ratio as observed . . ] i .

in the photochemical cyanation, demonstrating the analogy Semipreparative electrochemistry was carried out in a two-

between the photochemical and electrochemical reactfons. compartment electrochemical cell open to the air with platinum
working and counter electrodes and a saturated calomel refer-

Rotocyanation of naphthalens and perdeLterionaphinalens af'eS eleciiode (SCE). The potentia source used was a PAR
P y P P P odel 174 Polarographic Analyzer. All reported potentials from

systematically varied concentrations aff reagents. To Un- koo ve or from our own experiments are with respect to
derstand more about the causes of the measured IEs the[he SCE

photocyanation was also performed by selective excitation of .
the electron acceptor 9,10-dicyanoanthracene. Furthermore, the €2gents and SolventsNaphthalene (Aldrich) and perdeu- _
reactivity of the radical cation of naphthalene was studied via (€rionaphthalene (Aldrich) were sublimed twice before use;

electrochemical means. The study was completed with semiem-DCB. 1-cyanonaphthalene, and 9,10-dicyanoanthracene (all
pirical PM3 calculations of the IEs on energy exchange Aldrich) were sublimed once. 9:®is(N-methylacridinium
equilibrations of the lowest singlet and triplet excited states of Nitrate) (BMA), 1,3 5-tritert-butylbenzene and 2,4,6-tri-

naphthalene with the ground state and on the analogous chargePN€nylpyrylium tetrafluoroborate (TPP) (all Aldrich), and
transfer equilibration of its radical cation. 1-pentadecanol (Janssen Chimica) were used as received. 1-Cy-

anoperdeuterionaphthalene was synthesized from perdeuterio-
naphthalene by brominatiéh followed by cyanation with
cuprous cyanide in DM 2-Cyanonaphthalene was prepared

Experiments. The photochemical reactions were performed analogously from 2-bromonaphthaletfeN-methylacridinium
at 20°C under stirring in a 100 mL cylindrical Pyrex reaction iodide (MA) was synthesized according to the literature
vessel open to the air, in which a tube was immersed, th‘,jltprocedure‘h8 Acetonitrile (Japssen, Spgctrophotometnc grade
contained the lamp (Hanau TNN-15/32 low-pressure mercury or A. C. S. reagent) was drled on actwated_ molgcular sieves
arc (254 nm) or Hanau TQ81 high-pressure mercury arc) and a(Janssen, 4 A) and used without further purification.
cooling liquid. Irradiations were performed at 254 nm (low-  Calculations. All calculations were performed using the
pressure lamp, quartz tube, water as cooling liquidy; 200 programs VAMP (based on AMPAC 1.0 and MOPAC 4.0) and
nm (high-pressure lamp, Pyrex tube, water) or>&30 nm MOPAC 6.01, using the PM3 parametéfs.Properties of
(high-pressure lamp, Pyrex tube, acetone). For actinomisgy ( radicals and radical cations were evaluated using the ROHF
= 254 nm; 20°C) the photohydrolysis of 3-nitroanisole (3:5 formalism2® Equilibrium 1Es were calculated on the basis of
102 M) in a 0.1 M NaOH water/methanol (9:1) solution calculated zero-point energy differencés.
(quantum vyield= 0.22)* was used. The disappearance of
starting materials and appearance of products was studied as ®esults
function of time, using an internal standard (1-pentadecanol)
and the kinetics described earli€rThis was done by removing Absorption and Emission. The absorption coefficients of
aliquots (1.00 mL) of the reaction mixture at appropriate times, haphthalene and perdeuterionaphthalene were determined in
injecting them in a water/ether mixture (to remove the salts), acetonitrile at 254 nm, the wavelength of irradiation used in
and ana|yzing the ether |ayer by means of gas Chroma‘[ography{’nost of the photochemical experiments. Multiple measurements
(GC). An analogous method without internal standard was used©f freshly prepared solutions yielded valuesepf= 2632+
for the determination of the IEs. All irradiations were performed 21 andep = 2709+ 32 (M~* cm™). This implies an IE of
in triplicate, except those at the two highest naphthalene 0.97 % 0.01 on the absorbance.
concentrations which were performed in duplicate. All elec- Naphthalene and strong electron acceptors form charge-
trochemical experiments were performed in duplicate. The GC transfer complexes with two charge-transfer bafidin aceto-

Experimental and Computational Details
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TABLE 1: Quantum Yields of Formation of 1- and
2-Cyanonaphthalene from Naphthalene atlexc = 254 nm
with 18-Crown-6 KCN and Various Electron Acceptors

Zuilhof et al.

TABLE 2: Isotope Effects on the Formation of
1-Cyanonaphthalene and Product Ratios at Varying Total
Naphthalene Concentrations (in mM) in Acetonitrile (Aexc =

(with Their Reduction Potential) in Acetonitrile 2 254 nm) with DCB as Electron Acceptof

quantum guantum entry [Ciolg] isotope effect ratio 1-CN/2-CNfd.;
electron acceptpr yield of yield of 1 0.63 0.96L 0.02 d
(concentration; l-cyano-  2-cyano- 2 1.01 0.98+ 0.02 7.27+ 0.55
reduction potential) [@Hg] naphthalene naphthalene 3 133 1.04% 0.02 8.00+ 0.68
TPP (0.8;-0.29) 8.8 <105 <10°° 4 3.62 1.10+ 0.02 7.27+ 0.45
BMAC¢ (0.8;na.) 24 <103 <10 5 7.50 1.16+ 0.02 7.29+ 0.40
MA¢ (0.9;-0.46) 24 <10°° <105 6 16.00 1.20£ 0.01 7.04+ 0.59
DCA®(0.8;-0.89) 8.2 3.3x 10% 4.6x 104 7 32.50 1.3 0.01 8.10+ 0.70
9-CA (0.8;—1.56) 8.0 52 10°% 7.1x10* 8 64.50 1.35£ 0.02 8.05+ 1.35
DCB (0.8;-1.64) 7.5 15« 102 2.0x 103 9 1.3% 1.07+0.02 6.31+ 0.43
DCB (0.8)+ 1,3,5-tritert- 1.33 24x 102 39x10° 10 7.50 0.98+ 0.02 7.35+0.39
DCbéH(%?se)rJrZi?go(g&Z) 7.5 8.1x 103 1.2x 103 a[DCB] = 0.8 mM; [18-crown-6-KCNJ= 18 mM.?28.2 mM 1,3,5-

tri-tert-butylbenzene was addedE determined in separate experiments
for naphthalene and perdeuterionaphthaléiizue to the small amount
of photoproducts formed, no consistent ratio could be obtained.

a All concentrations in mM; reduction potentials Vhversus SCE;
[18-crown-6 KCN]= 18.0 mM.? TPP = 2,4,6-Tetraphenylpyrylium
tetrafluoroborate¢ BMA = 9,9-bis(N-methylacridinium nitrate); nae
not availabled MA = N-methylacridinium iodide¢ DCA = 9,10-
dicyanoanthracené9-CA = 9-cyanoanthracen€The reaction was
performed under an argon atmosphere.

product-isomers does not. The data show DCB to be the
preferred electron acceptor of the ones under study, and DCB
was therefore used in most of the other experiments. It is
noteworthy that even if DCB is only present in catalytic

nitrile with DCB no such bands are observed, which is due to " . J ;
guantities with respect to naphthalene it is not consumed during

the relatively high reduction potential of this acceptef (6V23).24 >
Therefore the charge-transfer behavior of naphthalene andthe reaction. _ o
perdeuterionaphthalene was studied using tetracyanoethene 'ES on the product formation were studied in two ways: (a)
(reduction potential: 0.24 %).25 Maximum charge-transfer “mtraexpenm_entalIy”, in which _naphthale_ne and perpleuterlo-
absorptions were found for naphthalene at 558.4 and 427.1 nmnaphthale'ne ina 1:1 ratio were irradiated in one reaction vessel,
and for perdeuterionaphthalene at 559.0 and 428.1 nm. This@nd () “interexperimentally”, where two experiments were
implies isotopic differences of 55 and 156 cal/mol, respectively Performed independently in separate reaction vessels, one with
(corresponding to IEs of 1.10 and 1.31, respectively, 236 the hydrogen and one with the deuterium compound.

The energy of a charge-transfer transition is proportional to  |Es on the formation of both 1- and 2-cyanonaphthalene were
the ionization potential of the donor molecdfe. The two measured by GC analysis. The deuterated compounds have
charge-transfer transitions observed have energies of 51.2 anghorter retention times than their hydrogen isotopologues on
67.0 kcal/mol, respectively, and are ascribed to electron transferall GC columns which were tested for this purpose (OV 101,
from the HOMO and HOMO-1 of naphthalene to tetracyano- Carbowax, CP SIL5, CP SIL19). Base line separation was
ethene. This difference of 15.8 kcal/mol is close to a reported achieved between the starting materials naphthalene and per-
value in CC} of 14.9 kcal/mot? and to the calculated difference  deuterionaphthalene. For 1-cyanonaphthalene and 1-cyanoper-
between HOMO and HOMO-1 energies using the PM3 deuterionaphthalene peak-valley ratiod0 were obtained; for
parametrization: 13.8 kcal/mol. 2-cyanonaphthalene and 2-cyanoperdeuterionaphthalene peak-

The fluorescence of naphthalene is quenched by DCB. valley ratios fell from about 8 at high product concentrations
Kinetics with this quencher, however, could not be accurately to about 3 at the lowest product concentrations.
determined because of the efficient fluorescence of DCB itself ~ The interpretation of GC peak integrations in terms of IEs
in the spectral region of interest. Sterdiolmer constants were ~ hinges on known response factors of the flame ionization
therefore determined for both isotopologues using 9-cyanoan-detector for the different isotopologues. Therefore, 1-cyano-
thracene as quencher, and found to be identical within experi- naphthalenal; was synthesized independently, and response
mental error kg = 1200+ 150 M~%). The quenching process factors were measured for this compound and jtssbtopo-
presumably follows the RehmWeller kinetics, and its rate  logue, and for naphthalene and perdeuterionaphthalene. The
equals the rate of diffusion in acetonitrié. On the basis of ~ |Es on the response factors were 1.623.010 and 1.01%
these data the fluorescence lifetirffesf both isotopologuesin ~ 0.007, respectively, at the detection temperature of°Z7%nd
acetonitrile solutions open to air were 638 ns, in agreement  independent of the amount of aromatic compound injected.
with the general notion that the effect of perdeuteration on the These values are equal within experimental error, and IEs are
fluorescence lifetimes of polycyclic aromatic hydrocarbons is not corrected for possible differences between them.

(almost) nonexisterft2® The radiative lifetimes of both naph- The IEs measured at various total naphthalene concentrations
thalene and perdeuterionaphthalene are reported to be 96 ns if[CiolLg]; L = H, D) are given in Table 2, together with the
deoxygenated cyclohexaffe At the naphthalene concentrations  1-CN—Ciol7/2-CN—Cyol 7 ratios. For entries28 these ratios
used, no excimer fluorescence was observed. average out to 7.5Z 0.45. Entry 9 presents an IE and product

Photochemistry. When naphthalene is irradiated in a non- ratio of a reaction in which part of the naphthalene radical
degassed acetonitrile solution, containing cyanide and a suitablecations are created as free ions by using 1,3,&ttibutylben-
electron acceptor, two products result: 1- and 2-cyanonaph-zene as cosensitiz&t. All entries refer to intraexperimental IEs,
thalene, in a ratio of about 7:1. To minimize effects due to ion except entry 10, which presents an interexperimental IE. The
pairing of cyanide to its counterion, the complex of potassium |E results of entries 48 are graphically represented in Figure
cyanide with 18-crown-6 ether (18C6 KCN) was used as the 1.
source of cyanidé! The quantum yields of product formation The IEs on the formation of product were also measured by
depend on the electron acceptor (Table 1), but the ratio of using 9,10-dicyanoanthracene (DCA) as electron acceptor and
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14 TABLE 4: Intraexperimental IEs on the Formation of
1-Cyanonaphthalene (in Acetonitrile,Aexc = 254 nm, DCB as
Electron Acceptor) with Varying Cyanide and Oxidant
Concentrations (All Concentrations in mM)2
isotope  ratio 1-CN/2-
entry [Golg] [cyanide] atmosphere effect CNCyol;
1 16.0 0.52 air 1.04 0.03 6.02+0.23
2 16.0 0.52 air 0.994+0.02 6.50+0.51
3 16.0 2.7 air 1.14:0.01 6.16£1.06
4 16.0 18.0 air 1.26:0.01 7.04+0.59
5 7.5 18.0 air 1.16:0.02 7.29£0.40
6° 7.5 18.0 argon 2504 6.73+ 0.39
0.9 + + + +
0 10 20 30 a0 50 60 70 a[DCB] = 0.8 mM.?17.48 mM 18-crown-6 KCI@was added.
[naphthalene] (in mM) ¢ Experiment performed in duplicate.
Figure 1. Isotope effects on the formation of 1-cyanonaphthalene in . . .
the photocyanation of naphthalene in acetonitilg.&= 254 nm), with TABLE 5: Intraexperimental IEs on the Formation of

1-Cyanonaphthalene in the Anodic Cyanation of
Naphthalene at Two Naphthalene Concentrations (in mM)
and Three Oxidation Potentials (inV versus SCE}

DCB as electron acceptor, with varying naphthalene concentration.

TABLE 3: Isotope Effects on the Formation of

1-Cyanonaphthalene in Acetonitrile, with DCA as Electron [Ciole] \ isotope effect 1-CN/2-CNglL 7
Acceptor at Various Wavelengths of Excitation 36 120 104 0.02 5.91% 0.29
Aexc (NM) [Cidlg]® isotope effect 15 1.175 1.02+ 0.01 5.17+0.10
554 16.0 1165 0.02 15 1.40 1.0%£ 0.01 5.42+0.20
254 29.0 1.30 0.01 a[KCN] = 2.5 mM.
>300 5.0 1.06t 0.03
>300 16.0 1.15+ 0.02
>330 12.0 1.00t 0.02 amounts of several trace products are also formed. It is likely
>330 16.0 1.0G: 0.02 that, in solutions open to air, oxygen functions as the final
a All concentrations in mM; [9,10-dicyanoanthracere]0.8 mM: oxidant. This is based on the fact that the photocyanation does
[18-crown-6 KCN]= 18.0 mM. not proceed in the absence of a catalytic amount of DCB, but
that no DCB is consumed. This suggests that DCB is the initial
irradiating the solution alexc = 254 nm,> 300 nm, and> electron acceptor, and that oxygen picks up the electron from

330 nm, respectively (Table 3). At the first two wavelengths DCB radical anion, yielding oxygen radical anion.

of excitation, the same variation in the magnitude of the IES  Ejectrochemistry. Semipreparative electrochemistry was
with varying naphthalene concentration is observed as with DCB c4rried out to investigate the role of naphthalene radical cations
as electron acceptor. Aty > 330 nm, thereisno IE. Inthis i the determination of the IEs observed in the photochemical
case, the acceptor is excited exclusively (eq 6) and the radicaligactions. IEs in the anodic cyanation were measured at
cation of naphthalene is formed via electron transfer to the concentrations of naphthalene and perdeuterionaphthalene of 7.5
excited acceptor (eq 7). Energy transfer from the excited yy\ each and 1.8 mM each, and at a cyanide concentration of
acceptor to ground-state naphthalene (eq 7a) is energetically, 5\, using three different oxidation potentials (1.£2540

not possible. Thus, under these reaction conditions the singlety; yersys SCE) (Table 5). The ratio 1-GiC1oL 7/2-CN—Cyol 7
excited state of naphthalene is not involved in the photocya- \yas determined to be 5.55 0.38 (averaged over all averaged

nation. values for each experiment). No systematic variation of this
" ratio was observed with varying naphthalene concentrations and
DCA — (DCA)*> (6) oxidation potential. The ratio is significantly different from that
obtained in the photochemical experiments.
(DCA)*Sl + CyHg £ DCA™ + (C,H 8)+° (7) Calculations. PM3 calculations were performed to calculate

the equilibrium IEs which could be expected if the reactions
depicted in eqs 810 would occur. The method used has been
discussed in detail befofé. These reactions involve equilibra-
tion of the first singlet and triplet excited states of naphthalene
The IEs on the formation of product with DCB as ET isotopologues via energy transfer, and the analogous equilibra-
sensitizer were also measured at various concentration of tion between isotopologous naphthalene radical cations via
reagents other than naphthalene (Table 4). Using constgng C  electron transfer. The first equilibrium may occur at high
concentrations, the concentration of cyanide was systematicallyconcentrations of naphthalene, at which singlet excited naph-
varied. Furthermore, the effect of the total salt concentration thalene can transfer its energy to another naphthalene molecule
was tested by combining a low cyanide concentration with a before decaying via bimolecular electron transfer to DCB or
high total salt concentration (0.52 MM KCN, 17.48 mM KGJO  unimolecular decay to the ground state. The second equilibrium
entry 2). Variation of the DCB concentration from 0.8 to 8.0 is calculated to show that such an IE is not restricted to singlet
mM, using 3.6 mM as the total naphthalene concentration and states, although under the reaction conditions used the singlet
18 mM cyanide, yielded no significant variation of the observed state is the reactive of@. Equation 10 represents the equilibra-
IE and product ratios (data not in table). In the absence of tion that can take place both in the electro- and photochemical
oxygen (entry 6), 1- and 2-cyanonaphthalene are still the experiments. If a radical cation lives long enough (due to low
dominant products, but dihydrocyanonaphthalenes and smallcyanide concentration), it can transfer its charge to its isoto-

(DCA)** + C,Hg # DCA + (CyHg)* ™ (7a)
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pologue. This would lead to IEs that depend on the cyanide
concentrations used.

K (@)
CioHg (CloDs)*Sl h (ClOHB)*Sl + CyDg 8)

HOMO—-LUMO excitation:
AH = —165 cal/mol; K=1.33

CISD-calculation: AH = — (calculation not successfdf)
K
CigHg 1 (C1gDe)* " == (CyHg)* " + Cy Dy 9)
HOMO—-LUMO excitation:

AH = —157 cal/mol; K=1.31
CISD-calculation:AH = =56 cal/mol; K= 1.10

. K .
CyHg + (CyDg) " == CyDg + (CyHa) (10)

AH = —141 cal/mol; K= 1.27

For the calculation of excited-state properties two methods
were tested: representation of the lowest singlet state by
HOMO—-LUMO excitation, or as calculated by the use of
configuration interaction using singly and doubly excited
configurations €CISD). CISD-calculations were performed

with 10 orbitals: the HOMO-4 up to the LUM®4, yielding oxygen radical anion and by oxygen. For the reaction with

978 configurations. The 100 configurations with the lowest ,vqen radical anion, the saddle point on this surface was found
energy were then used in the configuration interaction to 45 geometry with the €H bond to be broken at 1.352 A and

describe the molecular state. o the H-O bond length equal to 1.486 A (Figure 2a). The
As far as reproduction of experimental energies is concerned, tivation enthalpy was calculated to b& kcal/mol. For the

the HOMO-LUMO excitation representation of the lowest yeaction with oxygen, the activation barrier was calculated to
singlet is better than the CISD-calculatios; = 97 and 76 ¢ 58 kcal/mol, and the transition state was calculated with the
kcal/mol, respectively, with experimental values of- 35 kcal/ C—H bond to be broken equal to 1.444 A, as well as thedH
mol.2% Calculated values foEr; of 51 and 40 kcal/mol  ong equal to 1.413 A (Figure 2b). Grid calculations with
respectively were obtained, where 61 kcal/mol is the experi- systematic variation of both the-@4 and O-H distances to

mental valu&® These results compare favorably with ab initio i, ate the potential energy surface of the hydrogen abstraction
calculations with large and flexible ANO-type basis sets which by the radical anion of oxygen show a slight minimum in the

calculated the Sand Tl energies of naphthalene to be 104 and potential energy surface aroun(C—H) = 1.3 A andr(O—H)

78 keal/moal, respectlveg (CASSCFjyror 82 and 69 kcal/mol,  — 1 7 & This suggests that oxygen radical anion possibly forms
respectlve_:ly (CASPTZ‘}_. Our resu_lts also show that, in _the a weak hydrogen-bonded complex with 1-cyanb-haphthyl
reprpducthn of experimental excned-state data, PM3 is no |a4ical before abstracting the hydrogen atom.

significant improvement over MNDO, which calculates the S
and T; states to have energies of 98 and 57 kcal/mol
respectively?’

Inclusion of explicit configuration interaction using the PM3 Photochemical Cyanation. The photocyanation of naph-
parametrization does not lead to a better but, in contrast, to athalene in acetonitrile in the presence of electron-accepting
worse fit of the calculated energies with the experimental sensitizers smoothly yields two products: 1- and 2-cyanonaph-
excited-state energies. It is therefore not to be expected thatthalene, in a ratio of about 7:1. This ratio is in line with the
the second derivatives of the energy with respect to the nuclearcalculated charge distribution in the naphthalene radical cation.
coordinates, which are calculated to obtain the zero-point The calculated charge at position 14€.09, while at position
energies, are predicted better by the data obtained via CISD2 it is —0.05; when the charge of the bound hydrogen atoms is
calculations than by data calculated without inclusion of any added to that of the carbon atoms this yields values-@25
extra electron correlation correction. Therefore, the HOMO and +0.09. Both methods for the determination of the
LUMO excitation data are supposedly more reliable for the electrostatic attraction of the nucleophile therefore show a
calculation of the equilibrium IEs (egs 8 and 9). IEs are given preference for position 1. Attack at this position is also favored

Figure 2. Transition states for hydrogen abstraction from 1-cyano-1-
H-naphthyl radical by (a) the radical anion of oxygen and (b) by oxygen.

' Discussion

in reaction enthalpies (in cal/mol) and, assumik§ = 0, in because the resulting radical has a lower energy than the
the corresponding equilibrium constant at 293 K, the temperature2-cyano-2H-naphthyl radical AH; = 93.8 versus 97.5 kcal/
at which all experiments were performed. mol), due to more extensive resonance. The attack must be

Furthermore, calculations were performed to investigate the relatively fast under the reaction conditions used, since inverse
potential energy surface for hydrogen atom abstraction from IEs would have resulted on the product formation if the
1-cyano-1H-naphthyl radical (the intermediate formed after combination reaction would have been rate limitifigThe
attack by CN at position 1 of naphthalene radical cation) by n-cyanon-H-naphthyl radicals lose hydrogen easily to oxygen
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SCHEME 1: Postulated Mechanism for the the relative concentration of excited dEls and excited gDsg
Photocyanation of Naphthalene determines the magnitude of the IE.
back ET At higher Gl g concentrations the IE increases substantially,
{ ] approaching a plateau value around 1.35 at 64 mM. This
. '] . + T concentration dependence can be caused by any of the steps in
- o ET """”"CB which naphthalene and perdeuterionaphthalene are competing
ow to acquire the ability to yield product. Since the reaction is
N ‘ diffusion known to proceed via the lowest excited singlet state of

] naphthalene under the reaction conditions d8ad;oncentration
Hoon dependence involves this state or some intermediate directly
H . + ) following or preceding this. Three steps are clearly imaginable.
+ cw <& + DCB First, excited naphthalene can transfer its excitation energy to

ground-state perdeuterionaphthalene and vice versa (eq 8). At
JOZ B . higher GoLg concentrations more energy exchange can take
DCB' + 0 —= DCB + 0; place. Therefore, kinetic IEs will approach the equilibrium IE
N o for energy exchange. Second, it is well-known that radical
. cations of aromatic compounds form dimers with neutral
aromatics®® For naphthalene the association constant in ben-
zonitrile has been reported to be 520M?° Via this reversible
radical anion. The calculated barrier for hydrogen atom transfer dimer formation exchange of charge might occur between
from 1-cyano-1H-naphthyl radical to oxygen radical anion is isotopologous radical cations (eq 10). On the basis of the
<2 kcal/mol, while that to oxygen is 28 kcal/mol. This is absence of binaphthyl formation in the photochemical cyanation,
tantamount to a relative rate of ¥(at equal concentrations of  as well as on the basics of the IEs observed in the electrochemi-
oxygen and oxygen radical anion at room temperature. There-cal and photochemical experiments (vide infra), this is unlikely.
fore, transfer of the hydrogen atom from the radical will almost Third, it has recently been proposed that concentration-depend-
exclusively occur to oxygen radical anion, despite the fact that ent photoinduced electron transfer does occur between cyanoan-
this is present in much lower concentrations than oxygen. The thracenes and naphthalene in acetoniffilewith increasing
reason that oxygen and oxygen radical anion were calculatednaphthalene concentration, electron transfer results not only in
as hydrogen atom abstractors and not DCB radical anion is thea 1:1 radical ion complex, but increasingly and more also in
large rise in observed IE (from 1.16 to 2.5) under low,][O  the formation of a 1:2 comple¥®;*2in which the positive charge
conditions. This primary IE points to a change in the rate- is distributed over two naphthalene molecules. It is unlikely
limiting step, making the hydrogen abstraction step limiting due that 1:2 complexes are involved in the concentration-dependent
to the low [ *]. The measured IE is in line with the structure |Es since they display an increased rate of back electron transfer
calculated for the transition state for formation of 1-cyano- with respect to analogous 1:1 complefésThis would result
naphthalene, which shows significant-@& bond lengthening in a smaller amount of product after a fixed time of irradiation,
(r(C—H) = 1.352 A). Experimental evidence for the hypothesis which is incompatible with our experimental results.
that DCB picks up the electron from naphthalene, as well as  We therefore propose the concentration dependence of the
that its radical anion transfers this extra electron to oxygen, |E on product formation to be caused by the reversible energy
comes from the observation that DCB is only needed in catalytic exchange between excited naphthalene and ground-state per-
amounts and that it is not consumed in the reaction. The control deuterionaphthalene (eq 8). This is in line with the observation
experiment without DCB showed hardly any product formation that the IE = 1.00 if photocyanation takes place without
on the time-scale studied, while in the experiments with reduced excitation of naphthalené.d. > 330 nm, DCA as sensitizer),
oxygen concentration DCB (present in 0.7% of the amount of at a concentration of {glg at which IE= 1.15 (lexc > 300 nm;
Ciolg) is also not consumed. Under those conditions dihydro- DCA), 1.16 Qexc = 254 nm; DCA), or 1.20 Aexc = 254 nm;
cyanonaphthalenes, resulting from disproportionatiom-6f- DCB) if naphthalene can be photoexcited (Table 3).
n-CN-naphthyl radicals, are formed besides cyanonaphthalenes, Tpe energy exchange might occur (a) at contact distance (via
in quantities slightly less than the cyanonaphthalenes (8.0 andeycimer formatiord or (b) via singlet-singlet energy transfer
7.1% respectively, after 16% conversion). The fact that the iz either a long-range (Fster) or a short-range mechanién.
amount of cyanonaphthalenes is consistently slightly larger than (a) Two arguments suggest that excimers are not involved in
the amount of dihydrocyanonaphthalenes shows that somethis process. First, excimer fluorescence could only be observed
oxygen is still present, which can reoxidize the small amount 4t naphthalene concentrations much larged.6 My* than those
of DCB radical anion formed. The whole reaction scheme is (sed in the reaction under study@.065 M). Second, the
summarized in Scheme 1. formation of naphthalene excimers is less likely than that of
Naphthalene Concentration-Dependent Isotope Effectsin  naphthalene radical cation dimers: the association constant of
the Photocyanation of GgLg. The photocyanation of naph-  naphthalene excimer (0.72 W% is much lower than that of
thalene unambiguously shows an IE that is dependent on thenaphthalene radical cation dimer (520"§14° while the rates
CioLg concentration, when hydrogen and deuterium isotopo- of the quenching reaction of excited naphthalene by DCB and
logues are competing for photons and material reagents (Tablenaphthalene radical cation by cyanide are very siniflar.
2, Figure 1). When the fgLg concentration is low, 0.63 mM,  Binaphthyl products are expected if radical cation dimers are
the IE equals the IE measured interexperimentally, as well asintermediates, but since those products are not observed, the
the difference in absorbance at 254 nm (0.96, 0.98, and 0.97,intermediacy of excimers is even less likely. (b) On the other
respectively). Therefore it seems plausible that the IE at low hand, singletsinglet energy transfer via theé iter mechanism
total naphthalene concentrations is caused by differences inis also unlikely. The calculated concentrations at which energy
absorbance between naphthalene and perdeuterionaphthalenéransfer via this mechanism becomes important for naphthalene
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and perdeuterionaphthalene are 1.1 and 0.5 Mjbstantially deuteration in toluene angtxylene was very close to zeP8,
higher than the concentrations used in this study. This leavesas was the isotopic shift in charge-transfer spectra of benzene
as a last possibility that energy transfer betweggHg and versus perdeuteriobenzene with tetracyanoethen€harge-
Ci10Dg occurs via a short-range mechanism. transfer spectra of naphthalene and perdeuterionaphthalene,

With regard to the calculations of the equilibrium IEs, it however, do show isotopic shifts (vide supra). The lowest
should be noted that they point to the right direction and energy charge-transfer bands show shifts of 55 and 156 cal/
magnitude of the observed IE, but are not useful to discriminate MOl, respectively, comparable to the values for the isotopic shift
between different IE-effecting steps (eqs-B), since the observed for toluenegtand dg and hexamethylbenzenggtand

calculated IEs vary only over a small range (+24733) for -tis with tetracyanoethene (117 and 206 cal/mol, respectigely).
very different processes. The radical cations of these alkylbenzenes show kinetic IEs for

back electron transfer to cyanoanthracene radical anions up to
1.8%3 The kinetic IE has been demonstrated to increase with
the driving force for back electron transfér,n line with
theoretical prediction¥ The radical ion pair under study has

Isotope Effects in the Anodic Cyanation of Naphthalene.
The above conclusion that, under the reaction conditions chosen
the equilibration of eq 10 is not important is confirmed by the

IEs obtained in the electrochemical study. The anodic cyanation -
of naphthalene shows an IE close to one (3.0D4), practically a driving force of 3.2 eVEo(naphthalenes- 1_'60 V., Eed DCB)
= —1.60 V), at least 0.4 eV more exergonic than the examples

independent of the total naphthalene concentration used. This_. .
means that the radical catiemucleophile combination must givenin ref 53. 't. seems therefore rgasonabl_e to suppose there
be faster than the equilibration of eq 10. If this equilibration will be a normal kinetic IE of substantial magnitude on the back

would have been completed before further reaction would take electron transfer within the geminate radical ion pair of
place, an IE> 1.10 would be expected (on the basis of the naphthalene and DCB (eq 11).

charge-transfer spectra), and the computations suggest this to
be 1.27%8 By performing the electrochemical experiments at
varying potentials around the half-wave potential of naphthalene
(1.26 V versus SCEY the concentration of radical cations

[Cyolg " *+* DCB™] — C,Lg+ DCB (12)

How does this influence the observed IEs on product
formation with varying cyanide concentration? With decreasing

gr(idgce_lsj \tl)\iassva?ectl slubstantla;Iy. Aj C?T §5e sefnl;r(\)/m .thecyanide concentration the IE decreases. To explain the reduction
atain faple >, electrolyses periormed at 1.25 or L. 9IVE in the impact of the singlet energy exchange of eq 8 which

identical results as those performed at 1.40 V 'I_'heref(_)re It can causes the |IE, one has to assume that either cyanide acts as an
be concluded that, as long as enough cyanide is available, the

ibrati f 10 d ¢ take ol i t hioh agent promoting the diffusion of naphthalene radical cation from
eq_Lchl |t_ra |onto t'e? i r?.ei tr;no axe pta?e, nﬁthe\llen a d'lg Ithe solvent cage which it shares with DCB radical anion or that
oxidation potentiass at which the amount of haphthalene radica cyanide reactsvithin the solvent cage with the radical cation.
cations formed is limited by diffusion of the naphthalene to the

S .._ _The latter process is more plausible. At lower cyanide
electrode, rather than by oxidation rates of naphthalene res'd'ngconcentrations more back electron transfer will occur, thereby
near the electrod®.

. ] . decreasing the ratio 1gHg™/C10Dg™*. This will lead to a
Cyanide Concentration-Dependent Isotope Effects inthe  reduction of the IE, as observed. Chemical evidence for the
Photocyanation of Gdls. Upon decrease of the cyanide (partial) reaction of cyanide and naphthalene radical cation
concentration from 18 to 0.52 mM, the IE decreases from 1.20 \ithin the solvent cage can be found in the fact that the
to 1.04 (Table 4). As added 18-crown-6 KGl@oes not  photochemical reaction of naphthalene with cyanide results in
increase the |E (Table 4, entry 2), the change in solvent polarity 5 different 1- to 2-cyanonaphthalene ratio (7.6:1) than the
by decreasing salt concentrations is unimportant. Quenchingelectrochemical experiments (5.6:1). The radical cations in the
of excited Gols by cyanide is an inefficient procedsand latter reaction are formed close to a positively charged electrode
quenching would occur, however, an increase in the cyanide cyanide is slower than diffusion controllééigyanide can react
concentration hampering the equilibration would reduce the IE \yith the more or less free ions in that case. The geminate radical
overall observed IE can be influenced by reaction steps occurringcyanide ion than the free radical ion is consistent with the
after the equilibration of eq 8. The first such step, quenching opservation that the ratio of 1-cyanonaphthalene/2-cyanonaph-
of singlet excited naphthalene by DCB, occurs with a rate which thalene seems to increase slightly with increasing cyanide
is diffusion controlled (vide supra) and will not be subject to ¢gncentration (Table 4, entries 1, 3, and 4).
anlE. To eXplain the variation of the |[E with the concentration Attempts were made to create free naphtha|ene radical cations
of cyanide we postulate that after the quenching a geminatepy photochemical means. Experiments using a positively
radical ion pair is formed, which can undergo any of the charged electron acceptor (TPP or MA) or a doubly charged
following three processes (Scheme 1): (1) back electron transfer,one (BMA), to obtain geminate ion pairs with a very short
to give back the reactants naphthalene and DCB; (2) diffusion jifetime due to the lack of Coulombic attraction or the creation
of the radical ions out of the solvent cage, followed by capture of Coulombic repulsion after electron transféfailed to yield
of cyanide by free naphthalene radical cation; (3) reaction of sjgnificant amounts of cyanation product (Table 1). In view
naphthalene radical cation with cyanide in the solvent €age. of the high reduction potentials of these three cationic sensitizers,
The relative importance of the three processes depends on tthIS is presumab|y caused by a very efficient energy_wasting
concentration of cyanide and so will the IEs associated with pack electron transféf. Biphenyl (oxidation potential: 1.96
each step. V),%6 which is used in numerous cases to create aromatic radical
Deuterium kinetic IEs are known to exist on the back electron cations outside the initial solvent cagfehas a radical cation
transfer from aromatic radical cations to the radical anion of which is a strong enough electron acceptor to oxidize naphtha-
cyanoanthracene. Methyl-deuterated methylbenzenes show dene. It was, however, cyanated very effectively itself, thereby
decreased rate of back electron transfer compared to theirhampering the analysis. The use of 1,3,5¢ri-butylbenzene
hydrogen isotopologués. On the other hand, the effect of ring  (oxidation potential: 2.01 %) was more successful (see Table
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