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CIDNP effects arising in the geminate evolution of consecutive biradicals formed during the photolysis of
2,2,12,12-tetramethylcyclododecanone were investigated by the low- and highHiald **C CIDNP and
time-resolved'H CIDNP methods. The'H field dependence of nuclear polarization induced in the
recombination and disproportionation products of the consecutive biradicals as welt#3 @i®NP spectra

at low and high magnetic fields was analyzed. It was confirmed that two types of biradicalsdHgyland
bisalkyl) of different chain lengths contribute to the spin polarization. Model calculations of the geminate
recombination kinetics were based on the numerical solution of the stochastic Liouville equation for the
Fourier transform of the biradical spin density matrix. A detailed kinetic analysis of the CIDNP effects
allowed us to reveal all chemical transformations of the aladyl and bisalkyl biradicals and to estimate

the probability of the “hidden” recombination of the biradicals to the starting ketone, as well as to determine
the product distribution.

1. Introduction In this paper, we report on a CIDNP study of the reactions
of biradicals resulting from the photoinducedC—C bond
cleavage in 2,2,12,12-tetramethylcyclododecanone. The CIDNP
effects in this compound in the presence of radical scavengers
were studied by Turro and co-workéfs It has been confirmed
that in ketones with methyl substituents in theosition, the
cleavage of thex-C—C bond (Norrish type I) dominates over
the abstraction of-hydrogen by the acyl group (Norrish type
I). It has also been shown that the primary aesdkyl biradical

is subject to a small degree of decarbonylation,

CIDNP effects observed in radical reactions in solutions,
where one of the members of a radical pair (RP) undergoes a
chemical transformation ([fR;] — [R1Rs]), were investigated
by many authord~® If the chemical transformation is suf-
ficiently fast and can compete with geminate processes, a so-
called CIDNP “memory effect” is observed. In this case, the
signs of polarizations arising in the primary {R]) and
secondary ([RR3]) radical pairs coincidé 4 Recently, this
effect has been observed in the photolysis of 2,4-dimethyl-2,4-
diphenylpentan-3-one and 1,1,3,3-tetraphenylpronan-2aomk : .
2,4-dihydroxy-2,4-dimethylpentan-3-ofie. (CH3),C(CH,),C(CHy),CO— . .

In contrast, in the case of the low rate of chemical transfor- (CHy),C(CH,),C(CHy), + CO
mation, which is considered in this work, the secondary radical
pair is formed in the nuclear spin states that have not reacted in In the absense of radical scavengers, neitftrmor 13C
the primary pair. Thus, the products of the secondary pair carry CIDNP was observetf. This fact was accounted for by the
the escape-type polarization, which is opposite in sign to the low rate of the decarbonylation reaction, which therefore can
geminate oné. This is typical for the STo mechanism of  not serve as a spin-sorting process yielding stationary nuclear
CIDNP generation. polarizations of different signs. It was believed that only

Of particular interest is the case where chemical transforma- addition of radical scavengers was able to induce a nuclear
tions occur in a radical pair whose radical centers are linked by polarization in the reaction products of the primary biradicals.

a polymethylene chain, However, it was shown that the decarbonylation reaction serves
as an isotopomer-sorting process, which slightly enriches one
R,(CH,),R, — R,(CH,),R, of the reaction products witH3C isotope!® It has been

established that both CIDNP and magnetic isotope effects
originate from the dependence of the intersystem crossing rate
on the nuclear spin configuratifnand thus should occur
simultaneously. Hence, the absence of the stationary CIDNP
appears to be inconsistent with the magnetic isotope effects
observed.

Since, in this case, the diffusion separation of the radical
centers is inhibited, the-STo approximation implies that the
time evolution of CIDNP passes through a maximum and after
a long time vanishes, making the stationary CIDNP inobserv-

able. Addition of a scavenger, which sorts the products into Turro et all® chromatoaraphically analvzed the photolvsis
geminate ones and the products of scavenging, gives rise to a ’ grap y y P Y

non-zero stationary nuclear polarizatibh. The chemical products, which made it impossible to reveal the probability of

transformation mentioned above can act as a scavengingth?l_rr;cg??lg?&'ﬂna%f dthb?sgl:(acljl(l:)?rl;(jtic:: ;Ihse asrtizmng dt?itsnet.he
reaction, but it does not stop the biradical spin evolution. y y y 9 9

photolyses ofy,a,a’,o'-tetramethyl-substituted cycloalkanones
: : were extensively studied by TR ESR18 Strong effects of
International Tomography Center. N . . .
* Free University of Berlin. electron polarization were observed for both biradicals. Typi-
€ Abstract published ilAdvance ACS Abstract®ecember 1, 1996. cally, the photolytic reaction was carried out under the conditions
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of predominant formation of one type of biradical, which was
achieved by temperature variation.
All of the above suggests that some features of the photolytic
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biradicals?® which involves the numerical solution of the
stochastic Liouville equation taking into account the confor-
mational statistics of the polymethylene chain. Our approach

reaction of 2,2,12,12-tetramethylcyclododecanone are still openis based on the model developed by de Kanter éf &br
to question. It seems to be interesting to ascertain whether thecalculating the field dependence of CIDNP, which allows one

consecutive biradicals are formed during the photolysis of the

to consider of the effects of medium parameters (viscosity,

starting ketone at room temperature, to determine the distributiontemperature, diffusion coefficient) on the CIDNP kinetics in

of the products, and to estimate the probability of biradical
recombination.

The above information can be readily obtained by the CIDNP
method. Nuclear polarization arising in the primary biradical
B1 (Ri(CH2)nRy) affects the induction of the nuclear polarization
in biradical B (Ry(CH,)nRs). In the products of biradical
reactions, the manifestation of the effect afdh B, varies with
the magnetic field. The use of low- and high-fiéld and'3C
CIDNP in combination with the time-resolved CIDNP method
can yield valuable data on the kinetics and mechanism of the

an explicit form. According to this model, the normalized
distribution of biradical end-to-end distances for all possible
conformations of the polymethylene chain is divided into
segments of equal areas. The relative motion of the radical
centers is considered to be diffusional jumps between neighbor-
ing segmentd® The relation between the spin and molecular
dynamics through the exchange interaction, which depends on
the distance between the radical centers, is taken into account.
It has been established in our previous pépkat in the

geminate recombination of biradicals, the calculated CIDNP

reaction under study as well as on the magnetoresonancekinetics depends strongly on the number of segments of the

parameters of intermediate biradicals.

2. Experimental Section

The time-resolved CIDNP method is described elsewkere.
The time-resolved CIDNP setup has been described in detalil
earlier?® A sample in a commercial Pyrex tube was irradiated
inside the probehead of an MSL-300 Bruker NMR spectrometer

by an excimer laser (308 nm, pulse energy up to 120 mJ). The

probehead was specially designed for the TR CIDNP experi-
ments.
double-frequency resonator was employed (observation fre-
quency 300 MHz, lock frequency 46 MHz). During a transmit-
ter cycle, at 300 MHz, th® factor of the resonator was damped
to 20—30 using a PIN diode; then, during the acquisition, the
Q factor was restored to a value of 25800. In the resonator,
the amplitude of the rf field was increased by a homemade 300-
MHz amplifier with a 2000-W output. Under these conditions,
the z/2 rf pulse duration was 1.8s. Details of the resonator
design will be published later. Kinetic measurements were
carried out using the detection pulses with the fwhm of 150 ns,
which corresponded to the® Tlip angle of the magnetization
vector.

The stationary*C CIDNP spectra were obtained on a JEOL-
90 FT NMR spectrometer under the irradiation of a high-
pressure mercury lamp.

The 'H CIDNP field dependence was studied by the field-
cycling techniqué: the sample was transferred between two
magnets inside a double-tuned movable NMR probe. The

mechanical system for the probe transfer is described else-

where?! We used a pulsed flow system to change the sample
after each irradiation cycle followed by the CIDNP detection.
The low-field 13C CIDNP spectrum was obtained by the same
technique.

Tetramethylcyclododecanone was kindly supplied by Prof.
M. D. E. Forbes (University of North Carolina). Solvents
CDCl;, CHCk, and hexane were purchased from Aldrich;
cyclohexaned;» was obtained from “Isotope”.

The optical densities of solutions were kept below 0.5. Prior
to irradiation, the samples were bubbled with argon gas for 5
min. The ketone concentration was3 x 1072 M.

3. Theory

CIDNP Kinetics in the Geminate Recombination of
Biradicals at Strong Magnetic Fields. CIDNP kinetics in
geminate recombination of biradicals was described by various
models??~25 Recently we proposed an approach to the descrip-
tion of the CIDNP kinetics in the geminate recombination of

Instead of the usual saddle-shape coil, a homemade

function of biradical distribution over end-to-end distances. A
small number of the segments:Z0) give the overestimated
size of the reaction zone (in calculations, it is a segment with
the minimum separation of radical centers). As a result, the
calculated lifetime of the biradicals is increased. The increasing
number of segmentsn) increases the calculated lifetime of the
biradicals; however, beginning wittm > 200, the lifetime is
practically independent afn. Therefore, in calculations, we
used the valuen = 400.
The theoretical approach to the calculation of the above
CIDNP kinetics was described in detail in our previous paper.
Therefore, below we outline it briefly.

The time evolution of the spin density matrix of a biradical
is described by the stochastic Liouville equation

ap(t .~ A A N
PO — it pt) + Ro) + Wo) + Kot (1)

Here,I: is the Liouville operatorlf{ is the relaxation matrix,

W characterizes the dynamic behavior of the polymethylene
chain, anK represents the chemical reactions of the biradical.
MatricesL, R, W, andK were described in detail earlighThe
correctedR matrix was used’

To calculate the CIDNP kinetics, we solved the stochastic
Liouville equation for the Fourier transforf(w) of the spin
density matrixt® For p(w), the time differentiation is reduced
to multiplying byiw. The Fourier reconstruction ¢{w) yields
a time-dependent density matrix, which allows the calculation
of the CIDNP kinetics.

Substitution of the Fourier transfor@{(w) into f¢°p(t)e et
dt into eq 1 gives the stationary equation fitv):

—p(t=0) = iwp(w) — iLp(®) + Rp(w) + Wp(w) + Rﬁ(é(vz))

The following six elements of the spin density matrix are
NON-ZEr0: Pss, PSTy PTeS PT. T4 PTeTe @Ndpr_1_. Solving eq 2
for different w’s, we obtain the Fourier spectrupfw). The
next step is the numerical reconstruction efqt) at the
minimum separation of radical centerss= rg,

pst) =
wo/n[A0)/2 + ZA(ka) coskawt) — ZB(ka)o) sin(kagt)]
= K=
(3)

wherewo = 27/T; T is the time of spin evolution in the biradical,
which is sufficient for the CIDNP of the final product to reach
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a stationary value (the nuclear relaxation in the diamagnetic In this work, we calculated the CIDNP kinetics of the aeyl
product is disregarded). On the basis of the experimental data,alkyl biradicals arising in the photolysis of 2,2,12,12-tetram-
we tookT as 2000 ns. In eq 3 the number of members in the ethylcyclododecanone. Eight equivalent protons were taken into

series was 1000. account, since in the biradical the hfi constants of the protons
The values ofA(kwg) and B(kwg) are related to the Fourier  of both CH; groups and thes-CH, group of the alkyl end
transform of the spin density matrix as follows: practically coincide. Thus, the number of different nuclear

configurations is nine. Model calculations were used to confirm

o the conclusions derived from the experimental data described
Ak = [ psdt) coskwgt) dt = Refsdkog]  (4) 1€ 00 B SR Xper '

B(kag) = — [ psd(t) sinkogt) dt = Im[Bsdkag)]  (5) 4. Results and Discussion

It is well-known that in aliphatic ketones, the cleavage of
To calculate the polarization kinetics of a nucleyswe o-C—C occurs from the excited triplet statex-Substituents
averaged the values p§dt) obtained at = rq for I;; = 1/, and accelerate the.-C—C bond cleavage and induce decarbonyla-
li; = —¥; over all configurations of the other nuclear spins. It tion. Thus, the photolysis of 2,2,12,12-tetramethylcyclodode-
is assumed that the recombination from the triplet state is canone can yield acylalkyl and bisalkyl biradicals, which can
induced by the spirorbit coupling, which directly transfers  either recombine or disproportionate. This suggests that the
the triplet states of the biradical to the singlet state of the product photolysis of the ketone under study can proceed by Scheme 1.
atr = rq. In the recombination products, for thi spin, the Turro et all® proposed the reaction scheme based on the
rate of polarization change is analysis of the reaction products at relatively high degrees of
decomposition of the starting ketone. The reaction products

dp, (aldehydes) were accumulated in amounts large enough to partly
— =kPsd=r =172 = Psdr=r,i =12 T absorb the exciting radiation, and the main photochemical
’ process was accompanied by side reactions. By contrast, our
ksocz[f’TiTilr=rd,'z=1/2 = Pr1le=ry =12 (6) experimental conditions allowed us to avoid secondary reactions.
1

4.1. 13C CIDNP at High and Low Magnetic Fields. 12C
CIDNP investigations at natural abundancé3f isotope yield

Herek; andksqcare the rate constants of biradical recombina- information on the chemical transformations of molecules in
tion from the singlet and triplet states, respectivelyr at rq; photoreactions. For the alkykcyl biradical, the hfi constants
T; are the triplet sublevels of the biradical o(TT+, T-); of the carbon nuclei can be estimated from the corresponding
horizontal lines mean averaging over the configurations of all values for the monoradicalsAc—o = 114 G30 A,_c = 47 G3°
nuclei except for théth one. Integrating eq 6 allows one to andA;,—c = 46 G8 for the biradical ends, thg factors are
obtain the CIDNP kinetics on the assumption of the instanta- 2.0026 (alkyl moiety}! and 2.0008 (acyl moietyf The
neous formation of the biradicals. This assumption is valid, presence of°C with a high hfi constant at any of three possible
since fora-methyl-substituted cycloalkanones, the triplet lifetime positions has no effect on the molecular dynamics and exchange
is rather shor#8-30 interaction of the biradical electrons, but it significantly affects
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TABLE 1: 13C Chemical Shifts and CIDNP Signs at High
Magnetic Fields for the Products of the Photolysis of

1 2 3
l \ 2,2,12,12-Tetramethylcyclododecanone in Cyclohexartg;
~4 H -3 (A, Enhanced Absorption; E, Emission)
~_
3 compd and its

no. nucleus no.inScheme1l chem shift, ppm CIDNP sign

1 Cco P 214.7 E

2 CEOH 1B 202.6 E

3 =CH, e 145.7 A
Ve 145.7

4 2C | 50.5

5 2-C I 45.7 E

22,2,12,12-Tetramethylcyclododecanoh@,2,12-Trimethyltridec-
12-en-1-al 2,12-Dimethyltridec-1-ene.

For 2-C and 12-C of the alkylacyl biradical, the values afg

are opposite in sign, while the hfi constants practically coincide.

1 L Hence, at high fields, the polarizations of 2-C and 12-C are

200 150 100 50 equal in magnitude and opposite in sign. The recombination
3, ppm of biradical B to | makes 2-C and 12-C equivalent, with their

polarizations mutually compensated. Thus, for starting ketone

oL

a , the signals of thex-C atoms are not observed, and tH€
CIDNP spectrum exhibits only the emission signals of the
s carbonyl carbon atom of I.
W In aldehyde II, the chemical shifts of 2-C and 12-C do not
1 2 u 4 coincide, and their polarizations are observed separately. The

CIDNP spectrum of aldehyde Il involves the emission signal
of 1-C, the enhanced absorption signal of 12-C, and the emission
5 signal of 2-C.
Another interesting feature of the spectrum is the absense of
signals from the products of bisalkyl biradica}.BThis could
3 be explained by the same arguments as those used in the case

- " — y : of o-C atoms of the starting ketone. On decarbonylation, the
200 150 100 50 0 oppositely polarized 2-C and 12-C atoms of the aligtyl
8, ppm biradical B, transfer to the equivalent terminal 1-C and 11-C
atoms of the bisalkyl biradical BwhereAg = 0, and there is
b no additional net polarization. The disproportionation reaction

Figure 1. 13C CIDNP spectra obtained during the photolysis of does not break the equivalence of the terminal C atoms, since
2,2,12,12-tetramethylcyclododecanone (a) at the magnetic field 2.1 T the abstraction of a hydrogen atom group is equally probable
in cyclohexaned, *H decoupled, and (b) at the magnetic field 25 mT  from either of the methyls. Therefore, on the disproportionation
in chloroform; s, solvent, u, unrecognized signals. or recombination of the bisalkyl biradical, the polarizations of
the spin dynamics of the singfetriplet transitions and can  1-C and 11-C are compensated (products IV, V, and V), and
accelerate the electron relaxation. no consecutive biradicals are revealed.

The times of the nuclear relaxation of the carbon atoms vary At low magnetic fields, the nuclear polarization is consider-
significantly (by an order of magnitude and more) with ably higher. Figure 1b shows tA& CIDNP spectrum obtained
substituents, since the main relaxation mechanism is the eipole at the magnetic field 25 mT. The emission sign of the signals
dipole interaction with neighboring protons. The quaternary corresponds to the-ST— mechanism of CIDNP generation,
and carbonyl carbon atoms have the longest times of nuclearwhich involves simultaneous flips of electron and one of nuclear
relaxation T, and hence, in th&C CIDNP spectra obtained in ~ spins froma to 3 spin states (Ta states transfer to /5
the experiments with sample transfer and in the stationary irrespective of the sign of the hfi constaft). Different
experiments, the signals of these atoms are expected to be th&echanisms of CIDNP generation at low and high magnetic
most intense. fields are reflected in the CIDNP spectra. First, at low fields,

The CIDNP spectra obtained in our experiments are inde- the 2-C and 12-C atoms of the alkyacyl biradicals exhibit
pendent of the solvent. THEC CIDNP spectrum obtained at ~€mission and make a net contribution to the signals obd@
the magnetic field 2.1 T in §D1, is shown in Figure 1a. The atoms of the starting ketone. Second, at 145.7 ppm, the relative
line assignment and CIDNP signs are given in Table 1. In intensity of the signal of alkene carbon increases. This cannot
contrast to the earlier resuf&the intensities of the CIDNP  be explained by different relaxation times, singgdr the alkene
signals are rather high even in the absence of radical scavengers:arbon does not exceed that for the carbonyl carbon atom. The
The signals observed correspond to the 1-C, 2-C, and 12-C ofincreased intensity of the signal of the alkene carbon is
aldehyde Il and to the carbonyl carbon atom of starting ketone associated with the fact that at low fields, the 12-C atom of
I. In accordance with Kaptein's ruléd the signs of the  aldehyde Il and the 2-C atom of compound V give emissive
polarizations correspond to the positive hfi constants of 1-C, signals, and the resulting signal is a sum of these two signals.
2-C, and 12-C of the intermediate biradical. Surprisingly, the The assumed formation of the bisalkyl biradicals requires other
polarized signal of the-C atoms of the starting ketone is absent supporting evidence.
in the spectrum. However, using the values of the hfc for 2-C  4.2. Field Dependence ofH CIDNP. The field dependence
and 12-C of biradical B we can explain this fact as follows. of CIDNP is governed by the magnetoresonance parameters
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Figure 2. Plots for'H CIDNP as a function of the magnetic fields,
for signal 1 (aldehyde proton of 11®, for signal 2 (HC= protons of
Il and V); both curves are normalized to unity at the maxima. Insert:
IH CIDNP spectrum obtained during the photolysis of 2,2,12,12-
tetramethylcyclododecanone in CRGit the magnetic field 15 mT.

(exchange and hyperfine interactions) of intermediate biradicals
which makes it possible to follow the evolution of the
consecutive biradicals. However, the stationary CIDNP spectra
provide only qualitative information on the distribution of the
products, since the absolute and relative line intensities depen

4
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Since the chemical shifts of the,&8= protons of products I
and V coincide, at low magnetic fields, it is impossible to isolate
the contributions of different biradicals to the polarization of
this signal. Therefore, the field dependence of the CIDNP signal
of the alkene protons is a superposition of the CIDNP as a
function of the magnetic field for two different biradicals. Its
maximum is located between the corresponding maxima for the
Ci1 and G, biradicals (10 and 25 mT, respectively). Qualita-
tively, this is consistent with the above-mentioned manifestation
of CIDNP in the consecutive biradicals. In the photolysis of
2,2,8,8-tetramethylcyclooctanone, the field dependence of CI-
DNP exhibited different for different product3.

It would be interesting to compare the field dependence
shown in Figure 2 with the field dependence for the methyl
protons of product V, which arises only in the recombination
of the secondary biradical. For this purpose, we are working
at increasing the spectral resolution of our apparatus.

4.3. H CIDNP Kinetics at High Magnetic Fields. De-
carbonylation can serve to sort the reaction products into the
geminate and escape ones. In the intermediate biradical, eight
quasiequivaleng-protons of the alkyl end ((Chk, and3-CHy)
have the hfi constant23 G32 According to Kaptein's rules!
at high magnetic fields, the CIDNP spectrum of the geminate
roducts should exhibit the enhanced absorption. Since the
eminate and escape products should carry polarizations of

strongly on the experimental conditions and relations between jittarent signs, the emissive signals could be direct evidence

the irradiation time, sample transfer time, and the relaxation
times of different nuclei.

At low magnetic fields, théH CIDNP spectra exhibit three
emission signals: a signal of the aldehyde proton, a signal of
the alkene protons, and a broad emission signal withi2 1
ppm (Figure 2, insert). In the aliphatic region of the spectrum
(1—2 ppm), we failed to separate reliably the contributions of
different nuclei to the polarization because of the low spectral
resolution of our setup for CIDNP studies at low magnetic fields.

Figure 2 shows the CIDNP as a function of the magnetic
field for aldehyde and alkene protons. It is seen that the maxima
of these two functions do not coincide. To explain this, we
consider the mechanism of generation of CIDNP in the
consecutive biradicals at low magnetic fields.

It is known that at low magnetic fields, the nuclear polariza-
tion results from the difference in the rates of the—1S and
T_—S transitions! For negative exchange interactidnthe
T_—S transition predominates. The maximum effects of the
spin polarization are observed at the magnetic fields with the
T-—S mixing. In the T—S intersystem crossing, one of the
nuclear spins flips from the. projection to thes one. Thus,
both recombination products and unrecombined triplet biradicals
are enriched with th@ projections of nuclear spins.

It is reasonable to assume that decarbonylation does no

for the formation of the bisalkiyl biradicals.

The H CIDNP spectrum obtained at coinciding laser pulse
and the front edge of the rf pulse (& duration) is shown in
Figure 3. The signal assignment is given in Table 2. Products
Il and VI are not observed in our CIDNP spectra. This is
consistent with the results of Weiss and Kocha#&®,who
observed a 10-fold predominance of the products with the
“external” double bond.

The spectrum shows absorption signats5land emission
signals 6 and 7. The presence of the signals from the methyl
protons of the starting ketone points directly to the effective
recombination of biradicals resulting in the formation of the
starting ketone. The proton polarization of | and Il is formed
in the same biradical. In I, the polarization of six equivalent
CHs; protons of B is distributed among the aldehyde proton
and HC= protons and the protons of the ggroup attached
to the 12-C atom (signals 1, 2, and 4 in Figure 3). In I, this
polarization manifests itself as the signal of the protons of two
CHs groups. Hence, the amplitude ratio of the intensities of
signal 1, multiplied by a factor of 6, and signal 5 corresponds
to the ratio of the rate constants of the disproportionatigh (
and recombinationkf) of the alkykacyl biradicals, which is

testimated at 5.8.

change the electron and nuclear spin states of the biradical. Thus, Emission signals 6 and 7 (see Figure 3 and Table 2) point to
in the secondary biradical ;B the triplet sublevels have the presence of a competitive process of sorting RPs by nuclear
nonequilibrium populations. In the secondary biradicaltBe spin projections. In our case, it is decarbonylation which
most efficient T —S transition is suppressed due to the depletion induces polarizations of opposite signs in the recombination

of biradicals in the Ta state. The bisalkyl biradical Bcan

get the singlet character and then recombine through theST
and To—S transitions. However, theyFS transitions do not
contribute to the CIDNP, and the;FS transitions are slow

products of the consecutive biradicals.

Since the bisalkyl biradical has twice as mahyprotons as
the acyt-alkyl biradical, one could expect a 2-fold increase in
the disproportionation-to-recombination ratio for the bisalkyl

compared to the relaxation rate. The relaxation processes enrictpiradical, the change in the activation barrier being disregarded.
the T_a. state, opening the possibility for the biradical to undergo The intensity ratio of the signals of the methyl protons of IV
the T_a—SB transition and recombine. Thus, the net polariza- and V (signals 6 and 7) allows one to estimate the rate constant
tion induced in the products of the secondary biradicais® ratio of the disproportionation and recombination of the bisalkyl
emissive. However, since the biradical chain length is reduced biradical atky/k; ~ 14.

by decarbonylation, the effective exchange interaction increases, We have determined that at room temperature artd=atl

and the CIDNP field dependence exhibits a maximum at a us, the evolution of the biradicals is complete and the nuclear
relatively higher magnetic field. polarization reaches a stationary value. It is interesting that at



404 J. Phys. Chem. A, Vol. 101, No. 4, 1997

5

AN

6
; 2 ‘4
l HaC
Vch e 4 CHa
Ha( {LCH3
HzC’—\
3
1 5
4
2 3
6
7
1 ,/IL n 1 n 1 n 1 1 L n ]
4 3 2 1 0

8, ppm

Figure 3. H CIDNP spectrum obtained during the photolysis of
2,2,12,12-tetramethylcyclododecanone in cyclohex&pet the mag-
netic field 7 T.

TABLE 2: 'H Chemical Shifts and CIDNP Signs at High
Magnetic Fields for the Producsts of the Photolysis of
2,2,12,12-Tetramethylcyclododecanone in Cyclohexartg,
(A, Enhanced Absorption; E, Emission)

compd and its

no. nucleus no.in Scheme 1l chem shift, ppm CIDNP sign
1 CEFO)H I 9.34 A
2 =CH; 1] 4.63 A
\ 4.63 E
3 11-ChH 1] 1.96 A
3-CH, Y 1.96 E
4 12-Ch 1] 1.66 A
2-CHs V 1.66 E
5 CHs | 1.18 A
6 CH Iva 0.97 E
7 (CHj).CH Vv 0.86 E

a1,1,2,2-Tetramethylcycloundecane.

t = 1 us, the total (all over the spectrum) net nuclear polarization
of all spectral lines is non-zero, although the & approxima-
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Figure 4. CalculatedH CIDNP kinetics for the recombination products
of the alkyl-acyl biradicals (solid line) and bisalkyl biradicals (dashed
line) arising in the photolysis of 2,2,12,12-tetramethylcyclododecanone.
Calculation parameterk, = 1 x 101 s7%, ke = 1.3 x 10° 572, Keoe =
100s Jp=109s% a=2.136 0= Je ™), D =105 cnm?/s, 7, =
1012s,7. =105,

experimental kinetic data, we had to limit the biradical lifetime
7o by including the non-zero scavenging rate conskgninto
the calculationd® The best fit was obtained &t. = 707! =
100 57120

The kinetics of CIDNP generation in different products could
provide direct evidence for the presence of the consecutive
biradicals. To detect the CIDNP kinetics, we used the rf pulses
of the half-width 150 ns. Since in biradicals the geminate
evolution takes hundreds of nanoseconds, the observed CIDNP
kinetics is a convolution of the rf pulse with the real CIDNP
kinetics. Thus, we used the calculated CIDNP kinetics to
determine the theoretical dependence of the signal intensity on
the delay between the laser and rf pulses, taking into account
the shape of the rf puls®.

Figure 4 (solid line) shows the calculated CIDNP kinetics
for the recombination products of the alkydcyl biradicals. The
calculation details are given in section 3, and the parameters
are listed in the caption to Figure 4. From the viewpoint of
CIDNP generation, the eight protons of the alkyl end are
equivalent. After recombination or disproportionation, the
polarization of these protons is transferred to products | and .
Therefore, protons of | and Il have similar behavior of CIDNP
kinetics, which differs only in absolute magnitude, depending
on the number of protons contributing to an individual line.
The analysis of the experimental data confirms this suggestion.

The CIDNP kinetics of the recombination products of the
alkyl—acyl biradicals calculated taking into account the con-
volution procedure (vide supra) and the corresponding experi-
mental points are shown in Figure 5a. The CIDNP kinetics
has a maximum and a non-zero stationary value. To obtain
the non-zero stationary polarization for the calculated curve,
we should take into account the scavenging reaction with the
rate constankse The valueksc = 1.3 x 10° s71 gives the best

tion, which ignores the relaxation processes in biradicals, implies fit to the experimental data. It should be noted that gids

the total compensation of the polarization. However, in our
previous work?® we also observed a non-zero stationary nuclear
polarization (about one-fourth of the maximum value) of the
alkyl—acyl biradicals arising in the photolytic reactions of

unsubstituted cyclic ketones. To the best of our knowledge,
there is as yet no plausible explanation for this phenomenon.

different from the decarbonylation rate constant because of the
incomplete compensation of the net polarization (vide supra).
In the photolysis of tetramethylcyclododecanokg,= ke, +
701, wherek., is the decarbonylation rate constant. Egr!
= 10° s71, the rough estimate d¢, is 3 x 10° s~1. This value
lies within the range of the decarbonylation rate constants for

Perhaps it is associated with the nuclear paramagnetic relaxationthe pivaloyl radical in various solvents.

however, the typical times of nuclear relaxation in radicals are
considerably longer (18—102 s*) than the observed lifetimes
of the biradicals. In order to fit the calculations to the

In the bisalkyl biradicals resulting from decarbonylation, no
net nuclear polarization is generatek(= 0). Hence, the net
polarization of the products of the bisalkyl biradicals is formed
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Figure 5. Effect of the rf pulse on the calculatéd CIDNP kinetics
(see Figure 4) for the recombination products of atigtyl (a, top,
solid line) and bisalkyl biradicals (b, bottom) and their superposition
(a, top, dashed line). Experimental points; for signal 1 (aldehyde
proton of I1); @, for signal 4 (13-CH protons of Il and 2-Chiprotons

of V); M, for signal 7 ((G43).CH protons of V).

in the primary alkyt-acyl biradical and then, on decarbonyla-
tion, is transferred to the secondary biradicals. The CIDNP
kinetics of the recombination products of the bisalkyl biradicals
can be calculated using the simplified reaction scheme

k(1)
B, 1(12)

lkw

k2
B,——Prp

Pry

where Py and Pg are the sets of the products of aewlkyl
(B1) and bisalkyl (B) biradicals, respectively.

The polarization of the products of the bisalkyl biradicals
arises due to differences iky of different nuclear spin
projectionsl, of biradicals B. Taking this into account in
integrating the kinetic equations allows one to obtain the CIDNP
kinetics of the products of the geminate recombination gf B

W(Iz)lzkcokz
Py=§ ————x
o szz—kco—kl(lz)
1

— - e—(kco+k1(|z))t) _ i(l _ e—kzt) (7
Keo 1+ Ky(1) k;

HereW(l,) is the statistical weight for a given nuclear spin
projectionl..
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The CIDNP kinetics calculated by this method is shown in
Figure 4 (dotted line). Far, from 4 to—4, the values oky(l,)
were calculated by the procedure described in section 3. Since
there is no net polarization induced in, &, was assumed to
be equal to the average valuekafl,) for all I,. The width and
shape of the rf pulse were taken into account by deconvofition
of the calculated CIDNP kinetics for the recombination products
of the bisalkyl biradical. The resulting curve and the corre-
sponding experimental points are shown in Figure 5b.

Summarizing the time-resolved CIDNP results, we can
conclude that the observed signals can be divided into three
groups.

1. The polarization of starting ketone |, as well as that of
aldehyde I, is formed only in the primary biradicals, and signals
1 and 5 correspond only to the recombination products of the
primary biradicals. Thus, the CIDNP kinetics of the products
is typical of the alkyt-acyl biradicals (Figure 5a).

2. Signals 6 and 7 correspond only to the recombination
products of the secondary biradicals. The amplitude of these
signals increases monotonically and reaches a stationary value
(Figure 5b).

3. In products Il and V, the chemical shifts of the protons
of the unsaturated end coincide (see Table 2). Therefore, at
short times, at which the contribution of decarbonylation is
insignificant, the kinetic behavior of signals 2, 3, and 4 is similar
to that of signals 1 and 5. At long times, both the positively
polarized protons of Il and the negatively polarized protons of
V contribute to signals 2, 3, and 4. Therefore, for these lines,
the stationary value of CIDNP is lower, relative to the
maximum, than the corresponding value for lines 1 and 5 (Figure
5a).

5. Conclusions

The photoexcitation of 2,2,12,12-tetramethylcyclododecanone
gives rise to the primary biradicals, which undergo a slow
chemical transformation (decarbonylation) to yield the secondary
biradicals. It is shown that the decarbonylation reaction can
serve as a competitive process of sorting RPs by nuclear spin
projections at high magnetic fields. The latter manifests itself
in different signs ofH and*3C CIDNP as well as in the kinetic
behavior of the proton polarization of the recombination
(disproportionation) products of the consecutive biradicals. The
IH CIDNP field dependence confirms the assumption that the
photolysis of the ketone under study involves two types of
biradicals with different chain lengths. The polarized signals
of the starting ketone indicate that the recombination of the
primary biradicals is rather effective.

It appears to be interesting to compare the results reported
in this work with the data on the CIDNP of the biradicals subject
to a fast chemical transformation that competes with the siaglet
triplet evolution, where the CIDNP memory effect might be
expected. This work is now in progress.
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