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Abstract - The photochemical reaction of cerium(IV) ammonium nitrate (CAN) in acetonitrile

with cyciohexene, l-octene and a series of styrene derivatives leads to the formation of 1,2~

-dinitrate adducts in high yields. The reaction takes place by the intermediacy of the
nitrate radical which forms in the photolysis of CAN. The reaction rate of NO3- with the
olefinic substrates has been determined by the laser flash photolysis technique. High values of
reactivity are observed, the second order rate constants ranging from 5x108 to 9x109 M-1s-1,
The plot of the rate data for substituted styrenes against ¢ * values is linear and affords a

value of -0.97. It has also been found that the kinetic data fit in with the Rehm-Weller
equation for electron transfer processes, thus suggesting that the transfer of an electron from
the substrate to the attacking radical is the first (and rate determining) step in the reaction
of styrene derivatives with NO3-. This suggestion is also supported by the observation that
trans-@~methylstyrene is more reactive than o(-methylstyrene, in line with the easier
oxidizability of the former substrate and in contrast with what is observed in free radical
additions. Kinetic data for l-octene and cyclohexene do not fit the Rehm-Weller plot and the
mechanistic attribution to the reaction of these substrates with nitrate radical is uncertain.

It is now generally accepted that the role of one electron transfer processes in organic
chemistry is much greater than it was thought in the pastl. There is therefore considerable
interest for studies aimed at distinguishing electron transfer steps from other possible
reaction pathways, a distinction which nowadays has become of fundamental importance for a targe
number of organic 1*eat:tionsz'6

Reactions of free radicals with alkenes certainly belong to this category. Radical mechanisms
for the addition to the double bond or for the abstraction of allylic hydrogens are still considered

the most probable ones7, However, the involvement of electron transfer steps has recently been

suggested in the reactions of alkenes with the charged radicals ClZT and SOA‘T 6‘8’9, and with
10

C102 .
Recently, we have investigated the reactions of the nitrate radical with alkanes and

11,12

alkylaromatic compounds . The experimental results have indicated that NO_ reacts with alkanes

by a H-atom transfer mechanism, as expected. However, with alkylaromatic compzunds more easily
oxidizable than toluene, results have suggested an electron transfer mechanism.

The capability of the nitrate radical to act as one electron oxidant, even when it can be
involved in the H-atom transfer step, is certainly noteworthy. It is therefore seemed worthwhile
to extend our study to the reaction of Noa- with olefinic substrates since in this case too
electron transfer could compete with radical addition. Information on this competition is

certainly relevant to a deeper understanding of the scope of electron transfer processes in
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organic chemistry. Moreover, such information should improve our knowledge of the properties of

the nitrate radical, which is of current interest in view of the role that this radical plays in
several pollution phenomena. Indeed, several studies concerning the reactivity of the nitrate radica
with a variety of organic compounds, both in the gas and in the Yiquid phase, have recently appeared

in the literature13'14

, but none have specifically dealt with the mechanistic aspect of the processe
invoTved.

In this paper we report on the light-induced reaction of cerium(IV) ammonium nitrate {CAN) with
a series of styrene derivatives and with l-octene and cyclohexene. Since under these conditions the
effective reacting species is the nitrate radicallz. we have carried out a kinetic study of the

reaction of this radical with the various alkenes by the laser flash photolysis technique.

RESULTS

Recently it has been reported that the thermal reaction of cerium{IV) ammonium nitrate with
alkenylaromatic compounds in acetonitrile leads to the formatfon of 1,2-dinitrate adductsls'le.
We have found that the same reaction occurs at much faster rate when, at room temperature, the
solution containing CAN and the substrate is irradiated by a high pressure mercury lamp (125W).
Under these conditions good to high ylelds of dinitrates (60-100%) are obtained in all cases and
the reaction can satisfactorily be extended to unactivated olefins, such as l-octene and cyclohexene.

The results are in Table 1.

Table 1 - Photochemical nitrooxylation of alkenes with CAN in CH3CN at room temperature?,
Substrate Yield of
dinitrate adduct,%b

- 1 0.9 7 o o P O S o U D R o e 2 e O e o S A O e D YR W

styrene 86
3-chlorostyrene 61
4~-chlorostyrene 713
4-methyistyrene 70
3-trifluoromethylstyrene 76
2,4-dichlorostyrene 95
of -methylstyrene 96
trans- @ -methylstyrene g7¢
g_a_n_g-? -methylstyrene -d
cyclohexene 60
1~octene gie

................................... - -] " - - - -

& Substrate and CAN, 4x1072M (125W, high pressure mercury lamp, reaction time 5-20 min).

b vields with respect to CAN used, considering a CAN: alkene 2:1 stoichiometry, and determined
by NMR analysis of the crude reaction product using p-dimethoxybenzene or bibenzyl as the
internal standard. © The threo/erythro dinitrate ratio is ca. 0.5. d Thermal reaction. The
reaction time (5 min} is the same as in the corresponding photochemical process.® Determined
after reduction of the dinitrates to the corresponding diols by LiAlHg.
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The beneficial effects of light is shown by the observation that the photochemical reaction of
§£§n§-§3-methyistyrene with CAN leads to 87% of dinitrate adduct whereas, in the absence of light,

ne product is observed in the same reaction time {5 min). As the thermal one, also the photochemical
process exhibits & 2:1 CAN:substrate stoichiometry. Accordingly, the quantum yield of the photochemica
process (styrene as the substrate) is 1.2 with resepct to CAN and 0.61 with respect to the alkene.

Another interesting observation is that no significant formation of allylic substitution products
is observed in the reactions of substrates with allylic hydrogen atoms. In view of the analytical
method used, the yield of these products, if formed, is certainly Tess than 5%.

When the photolysis of CAN is carried out by the laser flash {JK System 2000 ruby laser,
Aixc=347nm}1? the formation of a transient whose spectral properties correspond to those of the
nitrate radical is observedzs {see Experimental). We have also found that the addition of an
olefinic substrate causes a significant increase in the decay rate of the nitrate radical, the
extent of which depends upon the structure of the olefin. There is therefore little doubt that the
formation of dinitrates in the photochemical reaction of CAN with olefins in acetonitrile

can be accounted for by the mechanism described in Scheme 1.

hy
VONO —— C(-:”I + NO, -

I
Ce
2 (1) 3

RCH=CHZ + NO3‘ “z;;*i‘ RCﬂCHZONOZ

v M 111
Ce 0N02 + RCHCHZONOZ -'Z;;* RCH(ONOZ)CHZONO2 + Ce
Scheme 1

Once the @ -nitrate radical is formed (step 2), its conversion into the dinitrate adduct
{step 3) very propably occurs by an oxidative ligand transfer mechanism, in view of the strong
tendency of CAN to be involved in such type of processes19

The kinetics of the reaction were studied by subjecting an acetonitrile solution, 2x10_4M in
CAN and 2x10-4M in the colefinic substrate, to the laser flash at the temperature of 23 % 1°C
and following the decay of N03' at 630 nm. With respect to the concentration of the formed N03- the
alkene was always in significant excess (at Teast 10 times) and first order plots of satisfactory
linearity were obtained by which the second order rate constants (k) reported in Table 2 were
obtained as usual. No trend in the k values with the substrate concentration was observed and

the effect of added salts (MeQNCIO or stannos) was insignificant. Rates were also the same, within

4
experimental errors, in deareated solutions. A spontaneous decay of the nitrate radical in
acetonitrile was also observed. However, under the conditions of our experiments the rate of this
spontaneous reaction was always at least 10 times slower than that found in the presence of the

olefinic substrates.
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DISCUSSION

The kinetic data reported in Table 2 refer to step 2 of Scheme 1 and therefore give informatic

on the reactivity of N03~ towards the olefinic substrates. Clearly, this radical exhibits a very

g9.-1 -1

high reactivity, k values spanning from 5x108 to 9x10°M 's , the latter value being very close

Table 2 - Second order rate constants for the reaction of NO3- with alkenes in CH3CN at room

temperature.

"""""""""""""""""""" Swstrated  kmlslb

"""""""""""""""" styrene 208
4-methylstyrene 7.0x10%
4-chiorostyrene 3.3x109
3-chlorostyrene 1.8x109
3~trifluoromethylstyrene 9,6x108
2,4-dichlorostyrene 1.4x10%
o¢-methylstyrene 5.1x109
§3g5§-€-methylstyrene 8.9x109
cyclohexene 2.7x109
1-octene 4,9x108

O O 1 S o R T R A O e W 0

a8 Substrate, 2x107%M. b Mean values of at least three determinations {error 1 10%). € The
same value, within experimental error, was obtained in the presence of EtgNNO3, 1x10™2M,

in the presence of MeqNC10g, 1x1072M, and at the substrate concentrations 3x10~% , 4x10°4 and
5x1074M.

1 " 2 " 2] o S T B o B GO 0 O W G e Y S 0 ko O 1 N

10 Mqlsul, in acetonitrile}.

to that of a diffusion controlled reaction {ca. 2x10
Concerning the detail mechanism of the process, the main question to be answered is whether

the nitrate radical directly adds to the double bond or if it, first, abstracts an electron from the

3 to give te (&-—Mtrate
radical {eq. 2). The latter two-step process deserves carefull consideration in view of the oxidizin

power of the nitrate radical (2.1-2.4V vs. SCE, in waterld) and the aiready mentioned behaviors

substrate forming a radical cation {eq. 1), which subsequently reacts with NO

+ . -
RCH=CH2 + N03« — RCH-CH2 + N03 (1}
R* » - .
CH-C A + N03 Enm— RCHCH20N02 (2}

shown by this radical in the reaction with alkylaromatic compoundslz.

A first information with respect to this mechanistic problem may be provided by the intermolecu}
selectivity of the process, which can be determined by the Hammett plot for a series of substituted

+
styrenes, using the G constants, A satisfactory linear correlation with 6'+ values is obtained
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{Fig. 1), from which aswalue of ~-0.97 is calculated. It can also be noted that all substrates lie

on the same line, suggesting that the reaction mechanism remains unchanged along the entire seﬂesz0
The low selectivity might indicate a free radical mechanism since very low values are generally

observed in free radical reactions. However, in view of the high reactivity of the system, a small

intermolecular selectivity can be consistent as well with a near diffusion controlled electron

0.5¢p
Tog(k,/k,)
(o p-C1
o} p- O t
p-CH, ) \OO —t p-Br
H
s m-C1
O
-0.5}
O
'4
m-CF3
‘1.0 A A " A
-0.4 -0.2 0 0.2 0.4 G.,,

Fig. 1 - Correlation between relative reactivitwes {logk,/k )} of substituted styrenes{XC H CH=CH2)
and substituent constants (6 ) for the reaction with NO

transfer. Indeed, a ?vame, as small as -0.56, has recently been determined for the Ti0_ catalyzed

2
photooxidation of 1,1-diarylethenes, a reaction which nevertheless has been suggested to occur by an

electron transfer mechanismn. In this respect, it is also worthwhile to note that in the free
radical addition of benzenethiyl radicals to styrenes the )) value is significantly smaller than

that observed here, even though the reactivity of the benzenethiyl radical is two order of magnitude
lower than that of the nitrate radicalzz.

Support to an electron mechanism comes from the finding that _t_r_m_s-(i-methylstyrene is more
reactive that «&-methylstyrene, in line with the easier oxidizability of the former substrate 23.
In contrast, the reverse order is generally observed for free radical additions with electrophilic

radicals, as expected on the basis of steric and polar effects. Thus, with benzenethiyl radicals,
oKk -methylstyrene is ca. 10 times more reactive than trans- @ -methy!styrene22’24, and a reactivity
ratio of ca; 5 is observed with trichloromethyl radicalszs. Interestingly, trans-@-methylstyrene

210, a reaction

has been found to be more reactive than 0t-methylstyrene in the reaction with C10
thought to occur by an electron transfer mechanism.

It is widely recognized that a very significative test for the operation of an electron
transfer mechanism can be found into the framework of the Marcus26 and Rehm~-NeHer27 theories, which
predict the existence of well defined relationships between reaction rates and free energy changes
in electron transfer processes. Unfortunately, a rigorous use of this test is not possible in our
case since the standard oxidation potentials {E°) for the olefins under investigation are unknown
and their measurements is made extremely difficult by the high degree of irreversibility of the

oxidation process of these substrates. Thus we cannot know the precise value of the free energy
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changes involved in the transfer of an electron from the alkene to the nitrate radical.

However, the problem can be circumvented, at lTeast to a first approximation, by means of the
correlations which generally exist between the E° values and other more easily accessible parameterst
As a matter of fact, a fair correlation exists (Fig. 2) between the E° values of methylbenzenes and
the h w values (eV) of the charge transfer (CT) complexes that they form with tetracyanoethylene (TCNI
This relationship is given by equation 3 (r=0.945).

= 0.91(hv)CT - 0.61 (3)

If now we assume that also the alkenylaromatic compounds fit in with this correlation, it
becomes possible to calculate approximate E° values {vs. SCE) for these compounds using their
(he )CT values measured as described in the Experimental Part (Table 3). The assumption that
alkenyl- and alkylaromatics follow the same (h\I)CT/E'corre1ation is reasonable since it has
already been observed that both kinds of substrates fit in with the same ionization potential vs.
oxidation potential correlation3l. Moreover, they 1ie on the same Rehm-Weller curve in the electron

transfer fluorescence quenching of cyancsubstituted anthracene532

E°,V
2.6¢
2.2 o
/
C:),—ﬂ""‘—tfgl:)
1.8¢ : —
—
a”gj
1.4
1.0 ’
2.3 2.5 2.7 2.9 3.1

(hv)CT

Fig.2 - The correlation of standard oxidation potential (E°) of methylbenzenes (from toluene to
pentamethylbenzene) with the transition energtes, (hv)CT, for the CT complexes with TCNE.
E° values (vs. SCE) from C.J. Schlesener et al. . Phys. Chem., 90, 3747 (1986), (huq
values in CC1, from R.K. Chan, S.C. Liao, Can. J Cham , 48, 299 (1970) The E° values
have been corrected for transfer from tr1f1uoroacetic acid to acetonitrile according to
C.J. Schlesener et al., J.Am. Chem. Soc., 106, 3567 (1984).

Thus, the AG**values (in kcal mol-l) for the transfer of an electron from the alkene to NO.-

3
(eq. 1) can be calculated by equat?on 4, where ENO /NO is 2.0 V vs. SCE12 the E° values for

alkenes are those in Table 3 and e /at1s the energy obtawned by bringing the alkene radical cation
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2
e

DG = 23.06 (E°

- o -
alkene ~ ENoy-/mo3 T Tae ) “)

and N0; to encounter distance (e = electronic charge, a = internuciear distance in the collision

29'30. The value of ezlatin our case is 0.08 eV
*

+r .=35+1.2=4,74A; ¢ = 37.5}.

r
alkene NO3 MeCN
In Fig. 3 the logarithms of k values (Table 1) are plotted against the AG®' values, calculated

complex, & =dielectric constant of the solvent)

(a =

as described. It can be seen that the kinetic data for styrenes fit in reasonably well with the
theoretical line derived from the Rehm-Weller equation27, which correlates the rate costants for an

electron transfer reaction with the free energy changes in the electron transfer equilibrium.

Table 3 - Charge transfer transition energies, (hw )¢y, and calculated E° values for a series
of styrenes,

Substrate (hv)cr,ev® e, vP
1. 3-trifluoromethylstyrene 2.88 2.01
2. 2,4-dichlorostyrene 2.72 1.86
3. «-methylstyrene 2.60 1.76
4. styrene 2.59 1.75
5. 3-chlorostyrene 2.56 1.72
6. 4-chlorostyrene 2.49 1.65
7. 4-methylstyrene 2.38 1.55
8. gggng-@-methylstyrene 2.36 1.54

..................................................................................................

8 vValues for charge transfer complexes with tetracyanoethylene in CClg determined as described
in Experimental. © Values vs. SCE in CH3CN calculated from equation 3.

--------------------------------------------------------------------------------------------------

This equation refers to a kinetic sequence reported in Scheme 2 where a diffusion controlled encounte
of A (acceptor = oxidant) and D (donor = reduttant) to form the precursor complex occurs reversibly
in the first step (kd and k_d }. This complex undergoes a reversible electron transfer (kel and k-el)

leading to a successor complex which, finally, forms the free species A and D* by an irreversible
reaction (kp).

k k k
d el p
B —— D S —". - -
A + D ‘_k____ (A....D) <_k___ (Ao Df) Ssreta———— Ao 3 Df
-d ~el
Scheme 2

The best fit is obtained with a reorganization energy ( A } of 20 kcal mol-l, corresponding
to an intrinsic barrier 436?(0) of 5 kcal mol-l. identical to that recently found for the reaction
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of NOS with alkyiaromatﬁcslz

Thus, even though with the caution imposed by the approximations previously discussed, the resuld
of this test can be considered to support an electron transfer mechanism, in line with the other
evidence shown above.

Much more uncertain is the mechanistic attribution for the reactions of the unactivated alkenes:
1-octene and cyclohexene. If these substrates too are supposed to follow eq. 3, E° values of 2.08
and 2.61 V are obtained for cyclohexene and l-octene, respectively, from the measured (hv)CT values
{2.95 eV for cyclohexene and 3.54 eV for l-octene). However, both substrates do not fit the theoretic:
plot of Fig. 3 since their reactivity is significantly higher than that predicted from the plot,
expecially for the case of l-octene {AG®*' is ca. O kcal moi“l for cyclohexene and 12.2 kcal mo!"1
for l-octene).

Certainly, it is possible that cyclohexene and, particularly, l-octene react by a mechanism
{presumably free radical additien) different from that of styrenes, but it cannot be excluded that th:
observed deviations from the plot are simply due to the fact that the two unactivated alkenes belong
to a different reaction series with, for instance, a lower intrinsic barrier than that of alkenylarom
Moreover, it may also be that a satisfactory use of equation 3 for the calculation of E® {s restricte

to atkenylaromatic compounds.
Tog k

11¢

X :
1T T8
s O

1
| ; Q o

7 N . " N
-12 -8 -4 g
AG®* Jkcal/mol

Fig. 3 - Plot of log k vs, AG® for the reaction of N0, with styrenes., The curve was calcu?atedz?us‘
the following values (Scheme 2) ky = k_y = 1x1010 71571, 7 = ex1011 571, and k= 1x1010 5
For the numbering see Table 3. P

EXPERIMENTAL

IH NMR spectra were taken on a Bruker WP 80 CW spectrometer. IR and UV spectra were recorded on

a Perkin-Elmer 257 and Perkin-Elmer 5515 spectrophotometer, respectively. VPC analyses were performed
on a 558A Hewlett-Packard gaschromatograph. The laser flash photolys%s experiments were carried out
with the JK System 2000 pulsed ruby laser previous described}’

Materials - Ceric ammonium nitrate, {NHy),Ce(NOq)g, was dried at 85 °C for 1 h before the use.
2,4-Dichlorostyrene was prepared by dehydration of 2,4-dichlorophenylmethylcarbino! as reported
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3-Trifluoromethylstyrene was obtained by dehydration of 3-trifluoromethylphenethyl alcohol
as described34, A1l the other alkenes were commercial samples distilled before use. For laser
photolysis experiments, acetonitrile HPLC grade was used.

Photooxidation precedure and reaction stoichiometry ~ The solution of the substrate (4 mmol)
and CAN (4 mmol) in CH3CN (100 mi) was irradiated by an immersion high pressure mercury lamp
(Helios Italquartz, 125W) with pyrex jacket, at room temperature, unti] the separation of a
white solid, Ce(III) salt, from the pale yellow solution. UV spectrophotometric analysis of a
small portion of the solution showed that CAN was practically absent (-~ 0.02 mmol). The
reaction time was in a range of 5-20 min, depending on the substrate reactivity. The solvent
was then evaporated at reduced pressure, the residue was extracted several times with n-hexane
and the solvent again evaporated in the vacuum. By VPC analysis of the crude product on a
capillary column (SP 2340), it was shown that only 2 mmol of substrate had reacted, thus
indicating a 2:1 CAN:substrate stoichiometry.

Reaction products - Since dinitrates tend to decompose to a variable extent during separation
procedures, they were generally characterized by spectroscopic methods directly in the crude
reaction product or after reduction to the corresponding diols. In the case of styrene and
substituted styrenes {3-chloro, 4-chloro, 3-trifluoromethyl, 4-methyl, 2,4-dichloro) the crude
product gave an IR spectrum (CHCI3) exhibiting the characteristic peaks of the nitrate group at
1640 and 1280 ¢m~1. Styrene and all the monosubstituted derivatives had the same NMR spectrum
(CDC13) with signals at & 7.2-7.6 (4 or SH, m, ArH), 6.0 (1H, t, J=6Hz, :CHAr) and 4.6 (2H,
d, Js6Hz, -CHp-), which is in agreement with the ArCH{ONO2)CHy0NOz structure. The AXp
system due to -CH{ONO)CH2ONOZ, however, changed to an ABX system for the case of the dinitrate
derived from 2,4-dichlgrostyrene: $ 6.5 {1H, & peaks, X portion, :CﬂAr) and 4.7 (2H, 3 peaks,
AB portion, ~CHp-). The crude products of the reaction of 4-chlorostyrene and 2,4-dichloro-
styrene were also subject to column chromatgraphy on silica gel eluting with 9.5:0.5
n-hexane:diethyl ether mixture, and the isolated dinitrates analyzed by mass spectrometry (70
eV). The results (m/e, relative intensity) were as follows. 4-Chlorophenyl-1,2-ethanediol
dinitrate: 262 (M*, 100), 264 (Mt+2, 33), 2,4-dichlorophenyl-1,2-ethanediol dinitrate: 296 (M*,
100), 298 (MY+2, 67), in line with the proposed structure. In the case of the reaction of
¢-mathylstyrene and l-octene, the dinitrate adducts were converted into the corresponding diols
by reduction with Zn/AcOH and by LiAlHg, respectively: the diol from O -methylstyrene was
characterized by comparison with literature data35, that from l-octene by comparison with an
authentic specimen (commercial product).l,2-Cyclohexanediol dinitrate (mixture of cis- and
trans-isomer) was fdentified by spectroscopic comparison with literature data36, The reaction
of trans- 6 -methylstyrene gave a product whose NMR spectrum was consistent with a 1:2 mixture
of threo- (comparison with an authentic specimenl®) and erythro-i-phenyl-1,2-propanediol
dinitrate (comparison with Titerature data3’).

Visible spectrum of NO3- in CH3CN - Portions of a solution of CAN in CHiCN, 2x107%M, were
placed in a 5 cm long cylindrical quartz cell and irradiated using the doubled frequency ( A =
347 nm} of a pulsed ruby laser. For each portion the higher signal intensity of the
oscilloscopic trace (after 1us from the laser flash) at a fixed wavelength has been measured.
Only one flash was made on each cell filling. By plotting the optical densities (calculated by
signal intensities) vs. the corresponding wavelengths, the spectrum of the transient was
obtained, which was that expected (maxima at A= 595, 635, 673 nm) for the nitrate radical38, on
the basis of 1its approximate extinction coefficient38, the concentration of the generated
nitrate radical should be ca. 1.5x1075,

Kinetics - A solution of the substrate, 2x107%M, and CAN, 2x107%M, in CH3CN was placed in the
cell and subject to the laser flash photolysis as before. Kinetics of the reaction of NO3- was
determined by monitoring the decay of its absorption at 630 nm. All measurements were carried
out at room temperature (23 + 1°C). The decay of NO3- in the presance of the excess of
substrate followed a first order kinetic from which first order rate constants were calculated
by using a linear least square treatment. The second order rate constants (Table 2), calculated
as usual, were insensitive to changes in the substrate concentration. Moreover, no change in
the reaction rate was observed when oxygen purged solutions were used.

Charge transfer spectra - Spectral measurements of the CT absorption band were carried out in a
Perkin-Elmer 5515 spectrophotometer by mixing solutions of alkenes (10°2 - 10~1M) and
tetracyanoethylene (1072 - 10°3M) in CCl4. Only exception was l-octene for which the solvent
was CHpCla. In CClg the CT absorption band for this substrate was too weak to be measured with
reasonablie precision,

Quantum yield measurements - Photochemical quantum yields were measured at 366 nm by means of a
collimated HBO 200W medium pressure mercury arc and an interference filter. Potassium
ferrioxalate was used as the actinometer. The concentration range used for the reagents was
5x10°% - 1x10~3M. The quantum yield determined by measuring the disappearance of CAN
spectrophotometrically was 1.2, whereas the value obtained on the basis of the reacted
substrate (gaschromatographic analysis) was 0.61, in 1line with the 2:1 CAN:substrate
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stoichiometry, The same value of quantum yield was obtained either when the CAN/substrate molar
ratio was 1 or when it was 2.
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