CHEMICALLY INDUCED DYNAMIC
NUCLEAR POLARIZATION

R. KAPTEIN




A Tt

0922 4085




CHEMICALLY INDUCED DYNAMIC NUCLEAR POLARIZATION







CHEMICALLY INDUCED DYNAMIC
NUCLEAR POLARIZATION

PROEFSCHRIFT

TER VERKRIJGING VAN DE GRAAD VAN DOCTOR IN
DE WISKUNDE EN NATUURWETENSCHAPPEN AAN
DE RIJKSUNIVERSITEIT TE LEIDEN, OP GEZAG VAN
DE RECTOR MAGNIFICUS DR. C. SOETEMAN,
HOOGLERAAR IN DE FACULTEIT DER LETTEREN,
TEN OVERSTAAN VAN EEN COMMISSIE UIT DE SENAAT
TE VERDEDIGEN OP WOENSDAG 12 ME! 1971
TE KLOKKE 15.15 UUR

DOOR
ROBERT KAPTEIN

GEBOREN TE 's-GRAVENHAGE IN 1941

1971
BRONDER-OFFSET N.V.
ROTTERDAM




PROMOTOR: PROF. DR, L.J. OOSTERHOFF




voordel

bij het spectrum wordt opgenan tijdens de reactie in zeer 1
magneet velden (b.v. het aardveld). De enorme versterkings factorer

[10“ a 7@7}, die hierbij kunnen optreden, ma jit K.
I1
De opmerking van Buchachenko et al., dat CIDNP zou ontsta tijder
de elementaire stappen van chemische r (het maken of verbre-
gen), suggereert e ver 1 beeld van ds
A.V.Ke vich,

»

S.V. Rykov, A.L. Buchachenko, A.V.Kess

P.W. Atkins, R.C.Gurd, K.A. Mc Lauchlan,

Chem.Phys.Letters, 8, 55 (1871).

Dit proefschrift, hoofdstuk II.




IV

Uit de manier waarop Matsen schrijft over "popular misconceptions
about spin”, blijkt, dat hij geen hoge dunk heeft van organisch
chemici.

F.A. Matsen, J.Am.Chem.Soc., 82, 3525 (1970)

De door Dahlberg, Anderson en Dayton gemeten emissie van de tweede
positieve groep van N2 - C3ﬂu->B3Hg = in een bundelexperiment, waar-
bij protonen op NZ( xlxé ) worden geschoten, is voornamelijk het

gevolg van secondaire processen.

D.A. Dahlberg, D.K.Anderson, en I.E. Dayton,
Phys. Rev. 164, 20, (1867).
J.F.M. Aarts en F.J. de Heer, Chem.Phys. Letters, 4,116 (1869)

VI

Gilbert en Hybart, die tijdsafhankelijke osmotische hoogten meten,
menen ten onrechte dat de naar het tijdstip nul ge&xtrapoleerde
hoogte de ware osmotische druk voorstelt.

M.Gilbert and F.J. Hybart, J.Polymer Science, 8, 222 (1871).

VII

Het is waarschijnlijk, dat de gesubstitueerde Cs-ring in de door
Hoxmeier et al. beschreven verbinding als een carbeen complex voor-
komt.

R.Hoxmeier, B.Deubzer, H.D. Kaesz, J.Amer.Chem.Soc., 93,

536 (1871).




Het model, waarmee Glasel zijn deuterium kernspin-relaxatie me

en aan oplossingen van polymethacrylzuur in UZJ interpreteert, is

aanvechtbaar.

J.A. Glasel, J.Amer.Chem.Soc., 92, 375 (18970).

IX

De methode van Freed om in de theorie van stralingsloze
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K.F.Freed, J.Chem.Phys., 52, 1345 (1870).

Het stimuleren van het ping-pong spel zou een goed alternatief
kunnen zijn van de tot nu toe gevolgde politiek voor het verre

costen van sommige grootmachten.

R. Kaptein Leiden, 12 mei 1871







voor Saskia

Marcel en

Sebastiaan.
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GENERAL INTRODUCTION.

The subject of this thesis is the study of nuclear magnetic resonance
(nmr) spectra of reacting systems. In 1867 Bargon, Fischer and Johnsonf
and independently Ward and Lawler2 reported the discovery of nmr
emission and enhanced absorption during free radical reactions. These
effects have been named "Chemically Induced Dynamic Nuclear Polariza-
tion” (CIDNP).This name .eflects the early theories, which have been
acvanced1b'25. and which treated the phenomena in a way similar to
the well-understood "Dynamic Nuclear Polarization” (DNP) effects,
induced by microwave irradiation. Although it has turned out that

the polarization, induced by chemical reactions, has a completely
different origin, the name CIDNP has been kept, to designate the

phenomenon.

One of the very first papersza on CIONP contained already an example
of the "multiplet effect", by which is meant the occurrence of both
emission and enhanced absorption within a multiplet of a nucleus,
coupled to a group of other nuclei. This effect could not be explained
by the DNP theory, since it required a strong correlation between

the nuclei in the radicals, which is not provided by the DNP cross-
relaxation mechanism. This and other mysteries showed that the DNP
model was inadequate in case of polarization3 induced by chemical
reactions. However, it was clear that CIDNP could develop into a
valuable new tool for the study of reaction mechanisms, once it be-

came properly understood.

1M




Thus, we took up the challenge and started the present investigation,

»

soon after the appearance of the first papers . As we were primarily
interested in the physical principles underlying the polarization
phenomena, the systems that we have studied experimentally, were

choosen mainly from the field of simple acyl peroxide decompositions.
These constitute a class of well-documentated homolytic reactions (actu-
ally some of these systems turned out to be not so simple). Further-
more, the magnetic parameters of the alkyl radicals, generated during
decomposition, were known from electron spin resonance (esr) in most

cases.

A preliminary account of this experimental work has been published in
1968 and is reproduced in chapter I. A noteworthy result was the
observed dependence of the polarization upon type of reaction, which
also did not follow from the DNP model. Since the correct CIDNP mecha-
nism was not yet discovered, the discussion of this paper in terms

of the DNP model are somewhat obsolete now; they demonstrate how
poorly understood the effects were at that time. However, this first
paper contains a remark on electron spin-exchange during radical
encounters, and although the import was not yet fully recognized,

the pursuit of this point has proven to be very fruitful.

Chapters II and III consist of papers published in 1869, in which the
base is laid for the "radical pair model”, the basic ideas of which
were independently published by Closs4. Electron spin polarization
(CIDEP), which was known5 long before CIDNP but had not received

much attention, is considered in part II. The possible connection
with nuclear spin polarization via cross-relaxation (noted in II)

has not been substantiated by further work; this is probably not
important as a polarization mechanism for nuclei. A completely satis-

factory theory for CIDEP does not yet seem to exist.

The radical pair model.

Chapter III is concerned with nuclear polarization in recombination
products and explains the multiplet effect in terms of nuclear spin

dependent singlet (S) - triplet (T) mixing in radical pairs. In high

12




magnetic fields only S-TD mixing (TD is the triplet state with M_
-

B
is important and therefore no nuclei are "flipped" . However, they

determine the rate of intersystem-crossing (S-TO mixing) and thus the

reaction probability of the pair, since reaction occurs usually only

7
spin-selection” .

from the S-state, This process has been called

Although this is an appropriate name for the case of reactions in

high magnetic field, it does not correctly describe the low field case,

since nuclear spins undergo transitions there.

t may seem improbable that the tiny magnetic interactions between

electrons and nuclei (10 ° kcal/mole) are capable of influencing the

course of chemical reactions. This becomes more understandable, when
it is realized that these interactions mix S and T states only effec-

+

tively by virtue of the fact, that the energy gap between these sta

becomes of the same order magnitude or less in a diffusing radical
pair. Moreover, even when the reaction is only slightly (say for 1%)
controlled by nuclear spins, this results in enormous polarization
enhancements (factor 1000), because of the small thermal nuclear pela-

-5
rization (about 10 ~ in & field of 23 kG).

As was mentioned above, mixing of S with T* and T_ states can be ne-
glected in high fields, in spite of the fact that for certain separations
of the pair § and T_ states will become degenerate (see figure 1 of
chapter VIII). This can be understood by noting that radical pairs

{(being quantum mechanical systems) behave like cars on a highway

(e.g. the S-level), running with considerable speed. This high speed
makes it impossible for them to make the sharp turns into the cross-
roads (dotted line to the T_ level). Only when roads have a nearly
parallel course, some of the cars are able to make the turn (S =+ TO
transitions). The theory for high fields is substantially simplified

by this feature.

In chapters IV to VII the radical pair model is applied to a number of
photochemical and thermal reactions. In IV the photolysis of some acyl
peroxides provides an illustration of the role of the precursor mul-
tiplicity (S or T) in CIDNP spectra. The peroxide decompositions are

photosensitized by T state ketones and, notably, also by excited S state

anthracene.



CIDNP effects in the products of a biradical are presented in chapter V.

In chapter VI the thermal decomposition of isobutyryl peroxide in the

presence of various concentrations of the radical trap CCl1.Br is dis-

3
cussed. It shows a unique feature of CIDNP: products of geminate pairs
(with a common precursor) can be distinguished from those of non-gemi-
nate pairs (F-pairs, i.e. pairs formed by encounters of free, uncorre-

lated radicals).

Chapter VII describes some CIDNP spectra, obtained during photolysis of
diisopropyl ketone, a representative of the a-branched aliphatic ke-
tones. In contrast to most solvents, a singlet reaction predominates
in CCla. It involves probably the formation of a complex of 1r‘t,-n"l

ketone with CEla.

The radical pair theory of CIDNP in high magnetic fields is critically
reexamined in chapter VIII. A model is developed, in which the role

of diffusion of radical pairs is more properly taken into account, by
employing a random walk diffusion modelas a similar idea has been
conceived by Adriang, although our treatment differs from his in some
respects. It turns out that all qualitative predictions of the theory
follow from two simple rules (presented in section 4.4 of VIII): one

for net polarization and the other for multiplet effects.

In chapters IX and X extensions of the theory of VIII are given. Fast
reactions, that compete with geminate recombination of radical pairs,
are the subject of chapter IX. Application of CIDNP to the determination
of rate constants of these fast reactions is an intriguing possibility,
although at present the uncertainties are rather large. In chapter X,
the model is generalized to include the case of reactions in low mag-
netic fields; some examples of low field reactions are discussed as
well. The theory becomes somewhat more involved, due to the fact that
mixing of S with all three T states must be taken into account.
However, the field dependence of CIDNP yields additional information
(e.g. the sign of the effective exchange integral in our model) and

applies a severe test to the theoretical models, that have been developed.

14




Chapters XI and XII deal with the thermal decomposition of acyl per-

oxides. Acetyl peroxide and carbon-13, as well as deuterium substituted

acetyl peroxides are discussed in chapter XI; a series of other acyl

peroxides in chapter XII, Some of these systems provide examples of

competitive reactions, such as, for instance, the decarboxylation of

acyloxy radicals, and the rearrangement of the cyclopropylcarbinyl

radical.

wWwhat can be learned from CIDNP?

Information can be obtained (i) on the reaction mechanism and (ii)

on the structure of radicals and products. Starting with (i) we list

a few specific points and mention some examples:

(1) Products showing CIONP are formed by a radical mechanism.

Trivial as it may seem, this information can be highly useful

2
in organic chemistry. The first paper by Ward and Lawler”

established the radical nature of the reactions of alkylhalides
with alkyllithium compounds.

The radical pair from which the products are formed can be iden-

N

tified. If a product can be formed by two or more routes, CIDNP
may discriminate between these.
A nice example is provided by the work by Closs and F’aulsonl‘U
on the formation of benzaldehyde from benzoin.
(3) The multiplicity of the precursor of radical pairs (S or T) can
be established.
We mentioned already the photosensitization of peroxide decompo-
sitions by both S and T excited states (chapter IV).
(4) Geminate products from S-pairs can be distinguished from non-gemi-
nate products (from F-pairs).
A first example has been reported by Closs and Trifunac11, who
observed opposite polarization in products from the same radical
pairs, but generated differently (S-and F- pairs].
(5) Reactions can be detected, which are difficult to detect by other
means, in particular in cases where reactant and product are the same.
Examples are the thermoneutral iodine atom exchange in the

: 3 : Ry 12 y
reaction of alkyl radicals with alkyliodides and the reversible

1
addition of radicals to styrene




(6) Fast, competitive reactions and dynamical processes in radicals can
be studied.
Examples of radical scavenging, rearrangement and fragmentation
are given in chapter IX.
(7) Minor reaction pathways can be detected, which often give rise to
larger polarization then the main reaction.
The first example‘I of CIONP (benzene from benzoyl peroxide)

is a case, where the polarization results from a sidepath,

1
that accounts for only 4% of the reaction 4.

(8) Diffusive behaviour of radical pairs in solution can be studied.
This facet has not yet been explored.
Regarding point (ii) the information is similar to and supplements
that obtained by conventional magnetic resonance techniques:
(8) Signs (and sometimes magnitudes) of hyperfine coupling constants
in radicals can be determined.
e.g. the sign of the a-hydrogen coupling constant in the cyclo-
propyl radical is negative (cf. XII).
Signs of g-factor differences (and sometimes magnitudes of g-fac-
tors) follow from CIDNP spectra.
e.g. the g-factor of the acetoxy radical (life-time shorter
than 10—9 sec) was found to be 2.0058 (cf. XI).
Signs of nuclear spin-spin coupling constants in the products can
be determined.
e.g. cyclopropene gives rise to a A2X2 spectrum with JAX= = el Hz
(cfs XII).
Spin-lattice relaxation of radicals can be studied.
Closs and PaulsonID obtained relaxation times of the order
"10-3-'10-4 sec for benzyl type radicals.
Relaxation behaviour in products can alsc be studied.
Apart from determination of "relaxation times", this point has
not yet been investigated in detail.
Some of the information regarding signs of coupling constants and pre-
cursor multiplicities can be obtained "at a glance”, by making use of
the rules given in chap. VIII section 4.4. However, ambiguities may
exist, since the polarization is determined by a product of several
quantities. Thus it may occur, that if two signs are unknown, CIDNP

will only yield their product.

16




A further quantity, that affects CIDNP intensities, is the rate of
formation of radical pairs, which should not be too low. Precursor
half-lives are usually in the range 2-30 min. If chain reactions occur,
only the initiation and termination steps would give rise to polariza-
tion. Moreover, relaxation times of the product should not be too short,
which restricts the observation of CIDNP effects to systems, where

short-lived radicals occur as intermediates.

The present status and prospects.

Evidence for the radical pair mechanism is now so abundant, that the
theory can be used with some confidence to derive infaormation of the
type delineated above, from CIDNP spectra. In fact, there sesms to be
no evidence against it at present. However, this may be partly due to
the fact, that radical chemistry is conveniently complex, so that up
to now one could always invoke some radical pair and make it respon-
sible for the observed polarization. Therefore, the few ambiguous ob-
servations, that may exist, deserve a closer study, in order to see
if other mechanisms contribute to nuclear polarization in chemical

reactions.

Although there is not yet complete agreement as to the best quantita-
tive description of the effects, we might say that CIDNP has reached
a stage of puberty and is rapidly progressing to become grown-up. The
recently developed pulsed nmr techniques (Fourier Transform nmr) are
very suitable for quantitative CIDNP studies, and will undoubtedly be
applied in the near future. Furthermore the study of nuclei other than

13 =
protons (especially C) seem to be particularly Fruit?u11J.

It is not to be expected that CIODNP will replace any of the techniques
used in mechanistic chemistry or magnetic resonance: rather, it con-
stitutes a valuable supplement to the arsenal of the chemist, and is

an interesting phenomenon in its own right.

17
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CHAPTER I

CHEMICALLY INDUCED DYNAMIC NUCLEAR POLARIZATION
IN FIVE ALKYL RADICALS

R. KAPTEIN
Department of Theoretical Organic Chemistry,
University of Leiden, The Netheriands

Received 22 July 1968

CIDNP NMR spectra of reaction products of five alkyl radicals (methyl, ethyl, propyl, isopropyl and
tert-butyl) are presented. Anomalous enhancements in multiplets are observed

1. INTRODUCTION

Recently the observation of NMR emission and
enhanced absorption during rapid free-radical re-
actions has been reported by Bargon, Fischer
and Johnsen [1, 2] and independently by Ward and
Lawler [3,4]. The phenomenon was called Chem-
ically Induced Dynamic Nuclear Polarization
(CIDNP). An explanation was given for the sim-
plest case, one electron/one nucleus with spin 4
[2,4]. When free radicals are generated by the
rupture of chemical bonds, the unpaired electron
spin states |+) and | =) have equal populations
initially and then tend to reach a Boltzmann dis-
tribution by spin-lattice relaxation. If fluctuating
electron spin-nuclear spin interactions are pre-
sent, cross-relaxation (combined electron spin/
nuclear spin) transitions may be induced, which
disturb the nuclear Boltzmann equilibrium. This
may result in an enhanced nuclear polarization.
When the radicals react further, the polarization
is transferred to the diamagnetic reaction pro-
ducts, which give rise to increased NMR signals,
an anisotropic dipolar coupling in the radical re-
sulting in emission (E) and a scalar coupling in
enhanced absorption (A) as in the case of the
Overhauser effect [5]. On two points we do not
agree with the analysis given by Lawler:

a) To obtain an enhanced polarization the cross-
relaxation rate need not be greater than the
pure electron spin-relaxation rate (generally
this will not be the case, because especially
in strong magnetic fields the g-tensor aniso-
tropy combined with the tumbling motion of
the radical provides a dominant relaxation me-
chanism), but their ratio should not be too
small.

b) The rate of disappearance of the radicals
should be greater than the nuclear spin-lattice
relaxation rate in the radical 1/74), not
greater than the electron spin-relaxation rate
1/T'1e, because the nuclear polarization is
built up in a time 7'j, and decays at first with
a time onstant 71} and after the reaction
with T(ln,' the corresponding relaxation time
in the diamagnetic products, which is much
longer.

According to the last argument one would es-
timate the range of favourable radical lifetimes
to be between 10~8 and 10-4 sec, somewhat longer
times than those estimated by Lawler [6] (10-10
- 107" sec). A consequence would be that cage re-
combinations occurring in times up to 10-9 sec
would not result in appreciable polarizations.

Bargon and Fischer [2] have given a more quan-
titative treatment of the two-spin case, but from
the experiments of Ward and Lawler it appeared
already that this could not explain all the features
of the more complex systems, e.g. the occurrence
of both E and A in a multiplet.

In this letter we report some CIDNP proton
NMR spectra of the reaction products of five al-
kyl radicals, methyl, ethyl, propyl, isopropyl
and tert-butyl. The first four radicals were gen-
erated by the thermal decomposition of the cor-
responding diacyl peroxides (I). Two reactive
solvents were chosen: thiophenol and hexachloro-
acetone (HCA).

We consider the following reactions:

R = methyl, ethyl, propyl or isopropyl.
0] (6]
(R-C 0-)2 2R~-C o
I (1)

19
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O
R-CT o, (2)

2R -+ R-R (3)

disproportionation products (3a)

o
+R-Ce o @)

In thiophenol:

R-C 8 + ¢=SH = R-C gH + Y-S

R: + ¢v-SH — RH + ¢-§- (6)

R+ 98—~ p-S-R ()

disproportionation products (7a)
In HCA:
R+ + HCA — R-Cl + CClgCOCCly: (8)

R: + CClgCOCCly: ~ CClgCOCCly-R  (9)

disproportionation products (%a)

Induced decomposition will not be considered
here, firstly because under the conditions of the
experiments it will probably not be very impor-
tant and secondly because in a chain reaction po-
larization of protons in subsequent radicals is
expected to be small (it has been observed in a
one step transfer reaction (7)), unless the reac-~
tions are extremely fast. In our cases the radi-
cals are actually also secondary radicals.

For the tert-butyl radical a more convenient
source was found to be bis(1, 3, 5-tri-tert-butyl-
2, 5-cyclohexadien-4-one)peroxide (II) *.

/ \‘__‘

X A <
o=( X \_/3 0-20=( ¥
b it 5 by, 6 = \o.(10)
n oV, A S j
-0
m
+ tert=butyl (11)

* A more detailed account of the thermal decomposition
of 11 will be given elsewhere.
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and reactions (3a), (6), (7a), (8) and (9a) for R =
= tert-butyl.

The NMR spectra have been recorded on a
Varian HA 100-IL spectrometer (100 MHz, H, =
= 23 kgauss) and a Varian DA 60-IL spectrometer
(60 MHz, H, = 14 kgauss and 15 MHz, H, = 3.5
kgauss). A lock signal was obtained from a ca-
pillary containing H2804. Chemical shifts are
given in ppm from TMS. The spectra presented
in the figures are all 100 MHz spectra of 0.1 M
peroxide solutions, recorded 90 seconds after
the sample had been inserted in the preheated
probe, when maximum enhanced signals occurred.
This time corresponded to the time required for
the heating up of the sample. The first three per-
oxides decomposed at a convenient rate at 110°C,
diisobutyryl peroxide at 80°C and II at 130°C.

2. RESULTS AND DISCUSSION

2,1. Methyl.

The results for the decomposition of diacetyl
peroxide (6 = 2.14 ppm) are summarized in table
1. Enhancement factors could not be measured
very accurately, but are in the range 10 -20 at
100 MHz, somewhat less for methane. The ace-
tyl groups in acetic acid and methylacetate do
not give enhanced signals, probdbly due to a too
short mean lifetime of the acetate radicals (esti-
mated at 10~10 - 10-9 sec [8]). It is a remark-
able fact that both E and A occur. These and
other experiments with diacetyl peroxide [9] also
indicate that it is a rule for methyl radicals that
products from radical-radical coupling reactions
(3), (4), (7), (9) show E, while products from re-
actions with diamagnetic molecules (6), (8) give
A.

If this proves to be a general rule, the obser-
vation of E in methylacetate would demonstrate
that this compound is mainly formed by reaction
(4) and not by indiced decomposition.

An explanation for this difference in behaviour
(and generally for A in methyl radicals) is not
easily given, but possibly electron spin exchange
during triplet encounters of radicals, which do
not lead to a combination reaction, modulates the
scalar field at the protons strongly enough to act
as a polarizing mechanism, accounting for A in
products of reactions (6) and (8). This mecha-
nism could of course not operate at singlet en-
counters, which lead to a combination reaction.
In this case the omnipresent dipolar mechanism
could result in E.

The distinction between triplet and singlet en-
counters has been made by several authors in the
theory of radical recombination reactions [10, 11].
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Table 1
The decomposition of diacetyl peroxide
8 (ppm) Assignment Product of reaction
thiophenol:
0.13 A methane 6
1.84 N acetic acid CHg 5
224 E thioanisole CHgq 7
HCA:
0.83 E ethane 3
1.69 E 1,1,1,3, 3-pentachlorobutanone 9
1.96 N methylacetate (acetate L'll_.;) B
3.4 E methylacetate OCHg
2.94 A methylehloride 8

A: enhanced absorption. E: emission, N: normal, not enhanced.

It does not seem to be in accordance with the as- ing the decomposition of dipropionyl peroxide in
sumption by Nelsen and Bartlett [12] of a very thiophenol (fig. 1) and in HCA (fig. 2) are given in
fast singlet-triplet interconversion of radical table 2. The spectrum of thiophenetole (fig. 1)
pairs. would be expected if the CHz protons of the ethyl
A more quantitative treatment is necessary radical are polarized by a dipolar mechanismand
before something definite could be said about this the CHg protons by a scalar mechanism (e.g. mo-
point. dulation of the scalar coupling by rotation around
the C-C axis). This does not seem unreasonable.
2.2. Ethyl. The spectrum of ethylchloride (fig. 2) is more
The assignments of the spectra rezorded dur- confusing: low field lines of the CHy quartet A,
|
e 4 |
~ i
|

o

EAARRREARS REmAsRaL L man . 1 (many, W T Ty AR B
3 2 1 0 6.P.P.M 4 3 B L
5. P.P.M.
Fig. 1, The decomposition of dipropionyl peroxide in Fig. 2. The decomposition of dipropionyl peroxide in
thiophenol. HCA.
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Table 2
The decomposition of dipropionyl peroxide

5 (ppm)

thiophenol:

fig. 1

0.75 g ethane
0.93 triplet
2.09 quartet } bl
0.95 triplet
2.12 quartet N !
1.12 triplet thiophenetole

2.68 quartet E "

2.45

HCA:
fig. 2

0,90 triplet E/A
1.30 E/A L
1.21 triplet N
2.40 quartet N ¥
1.47 triplet A/E
3.52 quartet A/E n

butane

ethylchloride

high field lines E and the same for the CHg trip-
let, the central line not being enhanced*. In ad-
dition the outer lines of the CHy quartet are more
enhanced than the inner lines.

The butane spectrum shows the reverse (low
field lines E, high field lines A). We offer no ex-
planation for these observations.

2.3. Propyl.

Table 3 gives the results for the case of dibu-
tyryl peroxide (fig. 3) in HCA. No ¥y -proton en-
hancements could be obderved. The region upfield
from 2 ppm is somewhat obscured by the overlap-
ping of peaks from peroxide, propylchloride, pro-
pane and hexane. However, the propylchloride
spectrum is clearly of the same type as the ethyl-
chloride spectrum (fig. 2), the triplet at 3.44 ppm
now originating from a-protons whereas in the
preceding case from B-protons. So it seems that
in these cases (also in the case of isopropyl) the
polarization state and thus the general appearance
of the spectrum of a group of protons depends on
the type of reaction and on the neighbouring pro-
tons, with which the group is coupled, and does

* The central line shows actually a very small emis~
sion.
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Assiganment

propionic acid

Product of reaction

dipropionyl peroxide

spinning side band of
solvent SH peak

CHg
CH,

dipropionyl peroxide CHg

CH,
CHg
CHy

not depend on the place (& or f) in the radical
precursor.

The spectrum of the vinyl protons of propene
resembles the butene spectrum reported by Ward
and Lawler [3]. Two of the four quartets of the
2-proton are observed (E and A), the intensities
within a quartet being normal.

2.4. Isopropyl.

The results for the decomposition of diisobu-
tyryl peroxide in HCA (fig. 4) are given in table 4.

The A/E behaviour of isopropylchloride (cen-
tral line of septet not enhanced) is essentially the
same as that of ethyl- and propylchloride, while
again the situation is reversed (E/A) for the dis-
proportionation products propane and propene.
The propene 1-proton spectrum is approximately
the same as that in the previous case but the 2-
proton spectrum shows lines of each quartet, the
CHg protons (B-protons in the radical) influencing
the intensities.

2.5. Tert-bulyl

The spectral data for the decomposition of II
in thiophenol (fig. 5) and in HCA (fig. 6) are sum-
marized in table 5. The high field part of the
spectra are shown in the figures.
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Table 3

The decomposition of dibutyryl peroxide in HCA

August 1968

6 (ppm) Assignment Product of reaction
0.8 -1.5 hexane and propane 3, 3a
1.02 triplet N dibutyryl peroxide CHg -
1.67 sextet N b ,'I-CIIZ
2.30 triplet N o @-CHy
1.02 triplet N propylchloride CHgy 8
1.82 sextet A/E ) B-CH,y
3.44 triplet A/E " a-CHgy
4.84 E/A propene 1-CHy 3a
5.70 two quartets E/A » 2-CH

e T

T
) 3 2 1

R e ]

0

/]
T T %/
S 6, P.P.M

Fig. 3. The decomposition of dibutyryl peroxide in
HCA.

Due to the much greater reactivity of thiophe~
nol reaction (3a) will not be important in the first
case and a striking difference is observed in the
isobutane CHg spectrum (CH is not observed) in
the two cases (fig. 5 reaction (6), fig. 6 reaction
(3a)). The isobutene CHg spectrum is not shown
but is very similar to the CH3 spectrum, except
that there are more lines. The isobutene spec~

Fig. 4. The decomposition of diisobutyryl peroxide
HCA.

trum (fig. 8) is probably a superposition of a pure
A spectrum (reactions (7a) and (9a) are of the same
type) and an E/A spectrum of more E character
(reaction (3a)) as observed by Ward and Lawler
[3}.

The experiments were also carried out at 60
MHz and at 15 MHz. At lower fields the enhance-
ment factors were greater (see ref. [2]). At 15

265
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Table 4
The decomposition of diisobutyryl peroxide in HCA

8 (ppm)

.85 triplet E/A propane
32 E/A »
.18 doublet N
2.57 septet N
.46 doublet A/E
.12 septet A/E "
.67 doublet E/A propene
4.84 E/A »
5.70 E/A w

(not shown)

6, P.P.M.

Fig. 5. The decomposition of II in thiophenol.

MH2z they were estimated to be up to 100 in some
cases. This is primarily due to the H2 dependence
of the g-tensor mechanism, making tge polariz-
ing mechanism, whatever it may be, relatively
stronger at lower fields. The 15 MHz spectra
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Assignment

isopropylchloride

Product of reaction

CHg 3a
CH,

diisobutyryl peroxide CHg

CH
CHg
CH

CHg
1-CH,,
2-CH

1 6, P.P.M.

Fig. 6. The decomposition of II in HCA.

were complicated by the overlapping of lines and
the appearance of more lines in the multiplets.
However, in the simpler cases (diacetyl peroxide,
dipropionyl peroxide and II in HCA) the relative
intensities of E and A lines were unaltered, an ex-
ception being the isobutene spectrum, which ob-
tained more E character at 15 MHz, indicating
that the E/A mechanism has a longer correlation
time than the A mechanism in this case,
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Table 5
The decomposition of II

6 (ppm) Assignment Product of reaction
thiophenol:
fig. 5
D.84 doublet E isobutane CHy
0.88 N I I-tert-butyl
a2 N " 3, 5-tert-butyl
.18 N i tert-butyl
triplet A isobutene CHg
» ('H2
fig. 6
87 N | 1-tert-butyl
.26 " 3, 5-tert-hutyl
3.60 " ring protons
.88 doublet E isobutane CHg
o2 N m tert-butyl
6.40 ¥ " ring protons
.58 E tert-butylehloride
57 triplet isobutene CHg 3a and 9a
4.60 L C“E

6.74 F pentachloroacetone
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CHAPTER II

CHEMICALLY INDUCED DYNAMIC NUCLEAR POLARIZATION II

(Relation with anomalous ESR spectra)
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A mechanism is proposed to account for observations by Fessenden and Schuler and Smaller et al, of
ESR emission during radiolysis experiments, The same mechanism supplemented by spin relaxation may

explain anomalous CIDNT multiplets.

1. INTRODUCTION

The phenomenon of enhanced NMR absorption
(A) and emission (E) during radical reactions has
been called CIDNP [1,2]. Since its discovery a
number of effects have been published [2-6]
which could not be explained by the theory given
by Bargon and Fischer [1b]. We mention in par-
ticular the vccurrence of both E and A within a
multiplet (multiplet effect).

In a preceding paper [3] some NMR spectra
were given, recorded during the thermal decom-
position of peroxides. It was observed that alkyl
radical products of displacement (D) reactions
showed the (A/E) multiplet effect (low field A,
high field E). At least for D products of primary
radiculs this has also been observed by others
[4b, e, 5b,c].

Anomalous spin state populations have also
been observed in the ESR spectra of radicals
formed during radiolysis experiments by Fes-
senden and Schuler [7] and recently by Smaller
et al. [8].

In this letter we wish to propose a mechanism,
which may lead to an explanation of both types of
anomalies *: if during formation of the radicals
the population rates of the [ree radical energy
levels are not uniform but dependent on the nu-
clear spin states, transient ESR emission and
absorption would be expected and together with
a suitable relaxation mechanism this could lead
to the observed nuclear polarizations.

* Fischer und Dargon [6b] have ilso suggested a rela-
tion between the ESR results and the CIDNP multi-
plet effect. However, they do not give a foundation,

2. POPULATION RATES

To show how differences in population rates
may arise we consider the dissociation of a sim-
ple (hypothetical) Hp like molecule H-X (X having
no nuclear spin) but the treatment can easily be
extended to more complex systems. The disso-
ciation is approximated by a two-step process

H-X-H X- =H + X

During the first step the H-X bond is broken
and a radical pair is formed. After a mean time
7 the pair is completely dissociated in the second
step.

For the description of the radical pair we take
as a basis:

S ay, T, an, Togan, T-1aN, SEN. Tyl BN,
ToBN: T-1BN

where S and T are the valence bond singlet and
triplet functions, a N and 3y representing the
nuclear spin states.

The effective Hamiltonian for the radical pair
could be written:

N
H=Hy+ Hy+ Hex + Hgs + HSI -

'
lls and III; are the electron and nuclear Zeeman
terms, Hay is the exchange term, Hgg is the
electron-electron dipolar coupling term and Hgy
the hyperfine coupling term. We will include here
only the scalar interactions and only the secular
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part ’,’;l of Hgp which miixes S with T, states *.
H'; is also not important here. Thus the trun-

cated Hamiltonian becomes:

Z

. I = Z |
H=H +Hy +Hg =we (5] + 55

1 o .
1 ) = J(3 + 25152)

+ (87/3)g Ban Ayt 1°[5T80ry) + Sp00r2)] . (1)

J is the exchange integral (angular frequency
units are used).

In this model we assume that in the first step
J changes suddenly to a value comparable to the
hyperfine coupling constant A, the system being
in a singlet state initially. If the proton has o
spin, we can describe the state of the radical
pair after the first step by

(D = [eg(l) S + eplt Tyl oy -

From i 9@/ 2! = He we get the coupled equations

icg=d Cg v acy
ic¢p=a cg-J oy

where a = JA, With the initial conditions (‘S(O)
=1, c(0) = 0 this gives

@*(t) = [coswt S - iw L sinw! (JS + aT,)] an (2a)

9.1
where w Uz + ”Z‘i_ and by the sam . procedure

@ (t) = [cosw! S - iw-tsinwl (JS - aTy)] By - (2b)

This gives an oscillating spin density at the
H-atom given by

p*(t) = 2(0* (ST 8lry) + S5 6(rg) |

=+ 2ad w2 sinwl . (3)

Thus there is on the average a preference for one
kind of electron spin at the H-atom, depending on
the nuclear spin state and the probabilities of
finding & or f electron spin at the H-atom after
the second step will not be equal.

If a selectivity parameter A is given by (3)
averaged over a distribution of lifetimes of the
radical pair, this gives

«
a* } | p*(h e t/7 a =2 4”‘1‘2*

(4)
"o 1+4wee2:

2 .
For long 7 (4:.‘27" 1), (4) becomes + aJ/ (24 a2)

* The nonsecular part of He, mixes S with T, states,
but this is less important due to the largey energy

differences.
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which has a maximum value  when J= «. The
sign depends on the relative signs of J and «. The
population rate constants for the oar N, ajin, SN
and 8y levels of the H-atom could be expressed
as k(1 + a%), 1601 + &), 121 - &%), Lk(1 - &)
respectively where & is a chemical rate constant

The observations of Fessenden and Schuler [7]
and of Smaller et al. [8] (low field ESR lines
emission, high field lines absorption, immedia-
tely after formation of the radicals) can be ex-
plained with this mechanism if it is assumed thal
J is positive at the distances involved, meaning
that the triplet state has the lower energy '. Wi
come back to this point later,

It may be noted that the differences in popula
tion rates do not give a net electron or nuclear
polarization.

3. RELAXATION IN ALKYL RADICALS

It is reasonabie to assume that I-protons in
alkyl radicals are relaxed by a dipolar mecha
nism. Thus for short correlation times of the
tumbling motion the am = 2 relaxation rate W
is the largest for these protons. For 2-protons
however, the dipolar coupling tensor is much less
anisotropic and furthermore it is probable that 4
scalar mechanism is acting, the isotropic hyper-
fine interaction being modulated by a fasi rotation
of the group of 2-protons with respect to the 2p
orbital carrying the unpaired electron. In this
case the am = 0 relaxation rate W, is the lar-
gest for 2-protons,

In fig. 1 the energy levels are drawn for a
radical with two protons A and B, which could be
a model for alkyl radicals. A 7 is positive as is
well known for 2-protons and A p is negative
(1-protons). The relative values of the population
rates are in accordance with the arguments
pointed out above (indicated by the thickness of
the levels).

The largest relaxation rates are then w4 and
w8 and for clarity only these are indicated in the
figure. It can be seen that by the relaxation proc-
ess the ay/fy and fyay levels are filled and the
aNON an(v,l‘N,fN levels depleted. If the radical
does npt live longer than its relaxation time
(= 107" gec) and if furthermore the nuclear

I In radiolysis experiments there is nlso the possibility
thol molecules dissociate from an excited triplet

state. In that case o negutive vidlue of J would Iy
needed 1o explain the vesalls, However, Fischer [9)
has recently observed the same trend In the ESR
spectra of alkyl radicals formed by a chemicnl reac

tion, where the system is in singlet state initially
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&6 @&

RADICAL

PRODUCT

Fig. 1. Energy level scheme of a radical with two pro-

tons (Ap > 0, Ag < 0) and of reaction product, The

most important relaxation transitions are drawn. The
NMR spectrum of the product is indicated

polarization is transferred to the D product, this
gives rise to the (A/E) multiplets in the NMR
spectrum of this product, provided the nuclear-
nuclear spin coupling constant is positive.

4. DISCUSSION

For alkyl radicals @ = 108 rad/sec. If we take
J =5 108 rad/sec and 7 = 102 sec then we have
from eq. (4) a* = + 0.1, a value which is large
enough to account for the ESR and CIDNP results,
Apparently rather large values of T are needed,
but in a pair of alkyl radicals where more pro-
tons are present, the value of @ becomes accord-
ingly larger for some nuclear states and smaller
values of 7(=10-10 sec) would still give large
enough values of A, It is seen that A depends
rather critically on the lifetime of the radical
pair and our model would predict a negligible ef-
fect in the gas phase. The positive sign of J that
is needed is somewhat puzzling but we are not
aware of experimental evidence on the sign of J
in a loose radical pair*.

* The situation is different from the biradical cases
where negative J's have been found [10, 11].
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For 2p electron radicals the sign of the ex-
change integral depends on the relative orienta-
tion and probably also on the exchange mechanism
(direct or indirect via solvent molecules).

We realize that the process of dissociation of
molecules into radicals is more complicated than
the model described above and we intend to study
this process and that of association of radicals in
more detail.

We wish to thank Dr. H. Fischer for a preprint
and for stimulating discussions.
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A mechanism is proposed to explain emission/absorption multiplets of coupling and disproportionaio

products from pairs of simultaneously formed radicals.

1. INTRODUCTION

In the preceding paper [1], to which we will
refer as II, we have pointed out, that the (A/E)
NMR multiplets (low field enhanced absorption,
high field emission) observed in displacement
(D) reaction products of alkyl radicals, may be
related to a non-uniform population of the free
radical energy levels, as has also been observed
in some ESR experiments. This is believed to
occur due to a time dependent mixing of singlet
and triplet states in a radical pair by the nuclear
hyperfine interactions, inducing a spin density
which depends on the nuclear states,

In this letter we want to describe a further
consequence of this mixing concerning the coup-
ling and disproportionation (R) products formed
from the radical pair. It will be shown that under
certain conditions this may explain the E/A mul-
tiplets observed e.g. in I [2] for these products.

2. THEORY

We consider the following reaction scheme:

T We learned that G. L. Closs [8] has treated radical
combination reactions in a way that is very similar
to ours,

214

A “ 2R- 3 2R
k3 e
v
- kq Lk, ¥ T
kg
R +X » prod.

(1)

The bar indicates a radical pair of two simul-
taneously formed radicals. Ty denotes the nu-
clear relaxation time. Many systems studied up
to now could be formulated in this way.

If it is assumed that the radicals contain one
proton each, we can write the spin-Harmiltonian
for the radical pair RHj-RHy-, truncated in the
same way as in II

- 2z o2 1 . 2 o2 £k
H = (ST +55) - J(4+25{.55) + Ay1§ST + 451555,
(2)

If the radical pair is formed in an electronic sin-
glet state S, there will be a mixing with the trip-
let state Ty, which depends on the nuclear states
Xg-

The state of the radical pair can be described
in the same way as in II by

@' (t) = [eh(t)8+ RNTolx; |

where

29
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1 &
cé( {) = coswl - o Sinwl,

i %
cT( 1) = -i; sinw!,

1
w = (2ead),
The mixing coefficients @; for the four nu-
clear statesw; are shown in table 1

Table 1
Xi a; = (8 |H|Tox)
oo i (A - 49)
af i A4
B o -4 (Ap* Ay
BB -3 (A - A)

If it is assumed that the product of P* can not
be formed from a triplet state, the rate of P* is
proportional to

r:é(l)l2 =%+ (a? wz) smzwl

and depends on the nuclear states. Averaging
this expression over a distribution of lifetimes
of the radical pair with a mean lifetime 7, the
population rates of the nuclear levels of P* will
be proportional to
3.2
2a;1

1440272
If Ay and A have the same sign this will lead to
larger population rates for the oo and 38 levels
than for the ap and So levels of P* and if the
chemical shifts of Hy and Hg in P* are not ident-
ical and the nuclear-nuclear spin coupling con-
stant J12 is positive, this gives rise to two
(E/A) doublets for the NMR spectrum of this
product.

One might also say that it will take a longer
time (smaller value of |J|) for the radical pairs
with oor and B8 nuclear spins to go over to the
T, state than for the others.

This will be the case only if no other
(stronger) S-T mixing mechanisms such as spin-
orbit interactions are present. At least for alkyl
radicals these will not be larger than the hyper-
fine interactions as evidenced by the small g-ten-
sor anisotropies.

If more nuclei are present in the radicals this
mechanism will also lead to larger population
rates for the levels of P* with higher |m;| (2-
component of total nuclear spin)f

(3)

P; =
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3 ENHANCEMENT FACTOR Vipax

The maximum enhancement factor is defined

[3]
S,
1y 1y

where | is the maximum intensity of an NMR
line and /,, the intensity it should have if the spin-
system were in equilibrium. If it is assumed
that only P* contributes to the enhanced signals
and not P the enhancement factor can be calcu-
lated.

Using the steady state conditions for the reac-
tions in scheme (1) the steady state concentration
of P* becomes

k1kaT)
=g + k3 [dml-

where [Ap, | is the concentration of A at the time
at which maximum enhancement occurs ({max).

The enhancement factor for an NMR transi-
tion between states x; and x; is then

L e e i N e N 1 )
B ;':p" (ky+ k)  ENPNHy [Ppl
(4)

where [Py, | denotes the total concentration of P
at f;nax, which can be measured in principal at
least, by interrupting the reaction. ! is the num-
ber of nuclear levels of P, P; is given by eq. (3)
and the other symbols have their usual meaning.

4. DISCUSSION

If we consider the hypothetical case of two
identical alkyl radicals with one proton, gener-
ated at 110°C, e.g. from a peroxide, in a field
of 23.5kGauss, we have the following values

e 3 4 by = 5% 10-3 gec-]
EnPnT =8x10%, ky =5x107Y sec™,
l=4, Ty =~ 10 sec
1A ~2x108 rad/sec,  [Ap]/[Pm]= 10.

T This would also have consequences for the population
rates of the free radical levels, because these are
complementary. As this would lead to larger popula-
tion rates for lower |m;| values, this could be an al-
ternative explanation for the A/E multiplets of D
products of these radicals, provided that the radical
lifetimes are short 8o that the nuclear polarization
is not destroyed by the relaxation process.
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The values of the other quantities which enter
eq. (4) are known less precisely but the following
tentative values do not seem unreasonable

kg
}?;_kg - 0.02 ("cage effect"),

n__l
"Ryt kg

- 10-9 sec,

|7] =5 x 108 rad/sec.

With these values Vi ax = 30, which has the
right order of magnitude for the cases studied in
I It will be clear that much larger values of
Vmax can be attained and that the limiting value
of 658 for the Overhauser enhancements does not
apply here.

It may be noted that there are several argu-
ments in favour of the mechanism we propose:

a. In I we observed that R products of simultane-
ously formed radicals showed the (E/A) mul-
tiplets and products from secondary radicals
did not (see also ref. [4]).

. Recently we observed [5] the same (E/A) pat-
terns in decene, a disproportionation product
from the decamethylene biradical [6], which
is an intermediate during the thermal decom-
position of dispiro (5, 2,5,2]-7,8,15,16-
tetraoxa-hexadecane

7\~
\i\o_o\ /
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In this case, which is the first example of an
intramolecularly biradical showing DIDNP,
we know that the spins remain correlated, be-
cause they are not allowed to diffuse away.

If the radical pair is generated in the triplet
state, the theory predicts the reverse multi-
plet effect. Recent experiments by Closs [7]
confirm this.
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CHAPTER IV

Chemically Induced Dynamic Nuclear Polarization.

1687

Triplet and Singlet State

Photosensitization of Peroxide Decompositions

By R. Kapreix,* J. A, pEx Horraxper, D. AxtHEUNIS, ana L. ]. Q0STERHOFF
(Department of Theoretical Organic Chemistry, Universily of Leiden, P.O. Box 15, Leiden, The Netherlands)

Swununary Nuclear spin polarization in photolysis products
of peroxides in the presence of ketones is opposite to the
polarization in products both from direct photolysis and
from thermal decomposition.

Oxk prediction of the current theory of CIDNP!-3 is that
the nuclear polarization found in cage recombination
products from radical pairs will depend upon the multi-
plicity of the electronic state, singlet (S) or triplet (7)), of
the precursor from which the pair is generated. Thus both
net polarization [emission (E) or enhanced absorption (A4))
and multiplet effects (E/A or A/E within a multiplet) will
be reversed for products from T pairs as compared to
products from S pairs. This opposite behaviour will hold
also for the polarization of transfer products from radicals
escaping from the cage of formation, provided that the
free-radical lifetimes are not much longer than the nuclear
spin-lattice relaxation times in the radical (ca. 10-% s)1b
This suggests?t that the observation of CIDNP during
photochemical reactions could yield valuable information
on the multiplicity of precursors of radical pairs or bi-
rudicals # - However, there is an ambiguity here because
the theary also predicts® that combination (or dispropor-
tionation) products of secondary radical encounters will be
polarized like 7-pair products, so that when 7-pair polariza-
tion is observed one has a priori two alternative explana-
tions for its origin: (i) primary cage recombination of a
I pair or (ii) combination from secondary encounters of free
radicals. In the second case the spin-state of the radical
precursor could not be determined. Closs ef al® explain
their results for the reactions of carbenes and benzophenones
with alkylbenzenes as cage recombinations from T pairs
“case (1) Although this interpretation may turn out to be
vorrect (there can be little doubt about the spin-states of
the precursors in these systems), the second possibility
should be considered also, since the chemistry of the systems
indiciites that  the radicals are mainly consumed by
secondary encounters,

Here we show unambiguously the role of the precursor
multiplicity,  We studied *H n.m.r. spectra during photo-
Ivsis of some peroxides in the presence of photosensitizers
Several authors have shown that the decomposition of
peroxides can be photosensitized! Two examples will be
discussed here.  The experiments were carried out on a
Varian DA-60 spectrometer, modified in order to irradiate
the sample in the probe with the light of an Osram HBO
1000w high-pressure mercury arc, filtered with a CuSO,
solution (transparent in the region 310—600 nm).

I'he spectra in Figure la—c were obtained from a solution
of 0-26 M-benzoyl peroxide (BPO) (88-2—7-3 p.p.m.) in
CCl, before, during, and after irradiation, The E lines in
Figure 1b (8725 p-p-m.) belong to chlorobenzene. Figure
1d—f shows a similar series for the same solution, to which
O-11m-acetophenone was added. Chlorobenzene clearly
~hows enhanced absorption in this case. In addition some

emission lines (§ 7:0—7-2 p.p.m.) can be seen, that could be:
assigned to phenyl benzoate. The A effect is larger in
Figure le than the E effect in Figure 1b due to a higher rate
of decomposition of peroxide in the presence of aceto-
phenone. In solutions containing 0-008 M-acetophenone,
A can still be observed for chlorobenzene.

a d

}U"L\_

AW

-

A

8 7 spem g 7

FiGure 1. 60 MH: nonr. spectra of 0-23 sm-benzovl peroxsde ia
CCly (a) before, (b) during, (c) after irradiation and of the swwue
solution with O-11 s-acetophenone added (d) before, (¢) during. aud
(f) after irradiation. The specira (c) and (f) were run after a thue
long enough for thermal equalibrium to be established.

This reversal can be observed also in the spectra of Figure
2a and b recurded during the photolysis of 0-13 s-propionyl
peroxide [§ (CH,) 2:37, 8 (CH,) 1:18 p.p.m.1 in CCl, and the
same solution containing 0-11 M-acetophenone [§ (CH,)
2:563 p.pm.]. The effect can be seen most clearly in the
ethyl chloride lines [§ (CH,) 3-52, § (CH,) 1-42 pp.m., A/E
multiplets in Figure 2a, E/A multiplets in Figure 2b],{ but
also in the butane CH, lines (§ 0-90 p.p.m.). The spectra
of Figures 1b and 2a are similar to spectra that we obtained
during thermal decomposition of the peroxides in CCl, at
85° (¢f. refs. 5 and 6).

* The observation of CIDNP in biradical products has been mentioned in ref. 1b and will be published shortly in more detail.
* The high-field line of the ethyl chloride CH, triplet overlaps with the low-field line of the peroxide CH, triplet.
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c
|
A,
S B S
FrGumy 20 60 MH: wona. spectra of 013 3 propionyd perovide

b CCly () dunrrug vrradvation and of the <ame solution with 11 -
acclophenone added (1) during and (¢) after ivvadiation

E acetophenone is direct evidence for photosensitization of the
decomposition by triplet acetophenone ™ A\With  benzo-
| phenone we observed the same effects. but weaker, which
is probably due to a lower triplet energy? of benzophenone
L (Fy 69 keal/mole) compared with acetophenone (FEy 74
| keal/mole).  With fluorenone (£ ¢ 53 keal ‘'mole) we did not
vbserve the reversal of polarization §

Surprisingly, addition of 0-07 anthracene resulted in an
mcrease of the emission signal for chlorobenzene by a factor
of 5 and of 4 /L for ethyl chloride and 7:/.1 for butane by
e factor of 9, indicating sensitization by excited singlet
tanthracenet (£, 76, £y 42 keal/mole), contrary to the

ifilter, however, benzene shows £ in these solvents,
Idlecomposition in these systems.

The similarity to the thermal decomposition indicates
that the direct photolysis proceeds via un escited singlet
state and the reversal of the polarization in the presence of

§ Trozzolo® has recently observed A for the benzene line during phatolvsis of BEO in evelohexanone
robserved A for benzene also in cyclopentanone and wetone using i NiSO, filter solution (transpirent below 310 tm)
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assumption by \Walling and Gibian® of scasitization 1

triplet anthrucene.  This result is in accond with suggist
ions of sensitization of peroxide decompositions by exi it
S-states of benzene® toluone ™ and naphthalene Se

The spectra can be understod in terms of the Schenn

0 diff
—C7 . 0 {1a
P—»R C\O' CO;\ R—Cé

For R = Ph *R.

—R
diff
P—>2R-+2 CO;

For R=El {1b)

R—R

R+ CCl, —>RCL+CCly  (2)

Seurme

I’ represents peroxide (S, in the thermal decomposition
peroxide (S¢) in the direct photolysis, & triplet precursor
e.g. peroxide (T,) or some peroxide-sensitizer (1) comples
in the photosensitized decompaosition in the presence of
ketones atd stmilarly a singlet precursor in the presence of
anthracene.  Diftusion from the cage (indicated b
is denoted by “diff.”  For BPO a second and probabls
major reaction path* wvielding two  benzovioxv-radical
escaping from the cage will not give the reversal of nuclear
polarization,  As the benzoviosverndical is expected
have a larger vadue than the phenyvl radical and the
hyperfine conphing constants are positive in lhu".luu,‘
radical, theory?®e predicts 1 in phenvl benzoate for cage
recombination from an S pair (equation 1a) amd 2 in the
transfer reaction product chlorobenzene (equation 2) from
phenyl radicals that escaped from the prinare cage b
diffusion?  For 71" pairs
benzene A

a bar,

phenyvl benzoate £, chloro-
The formation of propionylosy-ridicals fulloswerd by rapul
decarboxvlation before appreciable diffusion from the cage
has occurred is also possible.  The hyperfine coupling
constants in the ethyl radical have opposite signs “ 1 (CH,
276G, A(CHy) 226 The observed phases for the
multiplet effects m Figure 24 are i accordance with the
theory for recombination from an § pair of cthyl radical.
(butane, 7, 4) and diftusion followed by rapid transfer
reaction (ethyl chloride, J1/E).  For T pairs: butane 4 /1
ethyl chloride /i/4. Other interpretations such as com-
bination and ditfusion from secondary encounter Pairs an
very unlikely in these cases.  \We note that the dittusiv
process and also the hyperfine-coupling-indoced inter-
system-crossing rate, vielding polarization #ia selection o
the second part of (equation 1), will be very similar for S wd
7" pairs 50 that numer. intensities are expected to be opposite
but similar in magmtude for equal rates of decomposition
although chemically the amount of cage effect mav difter
The observations described here firmiy support tls
recent theory of CIDNP'* and suggest that the ierly
experiments by Bargon and Fischer® (thermal decompeosi
tion of BPO in cvclohexanone) should be expluined in
similar way and that crosserelaxation in free radicals does

We hive verfiod this and we
With a Cust,

Apparently there is competition of direct photolysis with triplet-sensitized

9 In accordance with this conclusion we observed the quenching of anthracene fluotescence by betizovl peroxide.
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not play a significant role in this case. It may be noted We thank the Netherlands Organization for the Advance-
that a suggested! mechanism of polarization by transfer ment of Pure Research (Z.W.0.) for a grant to purchase the
reaction (equation 2) cannot be reconciled with the observed  Varian DA-60 spectrometer and for a fellowship (to D.A).

versal of polarization. ; "
15 i et (Received, September 14th, 1970; Com. 1564.)
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CHAPTER V

CHEMICALLY INDUCED DYNAMIC NUCLEAR POLARIZATION V.
NMR ENHANCEMENTS IN BIRADICAL PRDDUCTSq.

By R. Kaptein, M. Frater-Schriéder
and L.J. Dosterhoff

Department of Theoretical Organic Chemistry,
University of Leiden, P.0.Box 75, Leiden,
The Netherlands

Sire

Observations of nmr emission (E) and enhanced absorption (A) during
radical reactions can be interpreted in terms of processes occurring in

223 rather than in free radicals. Because of the close

radical pairs
relationship between radical pairs and biradicals it seemed worthwile

to investigate the possibility of detecting CIDNP in biradical products.
Recently Story et 914. postulated biradical intermediates in the

thermal and photochemical decomposition of cyclohexanone diperoxide (I).
We have studied the thermolysis and photolysis of this compound by nmr;
the 100 Mc 1H nmr spectrum (Varian HA-100) during thermolysis of I in
m-dibromobenzene at 180° is presented in figure 1. Relative fields of
some of the reaction products, which were analysed by gas-chromato-
graphy are: cyclohexanone (12%, not enhanced), cyclodecane (52%, &

1.48 ppm, not enhanced), 11-undecanclactone (30%, not enhanced, O-CH.-

2
lines can be detected in a time-averaged nmr spectrum of the reaction
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fig. 1

100 Mc nmr spec-

trum during

thermal

sition of 0.2 M

cyclohexanone

L A

ure at § %, Vinyl-protons, § 4.6 ppm,
H,-protons, s). Another E/A multipl is ob-
erved at 3.30 ppm, hat may be ¢ H
the by which it is fo

not discuss it further. Cyclodecane

2 presented

for

I1I




The starred protons are polarized. Although formation of 1-decene during

thermolysis of pure peroxide I has not been mentioned by Story et al.,

we have strong indications that the observed E/A multiplets in the
vinyl- and methyl-region must be assigned to 1-decene, formed by inter-
nal disproportionation from the decamethylene biradical (IV):

(i) Mass spectral analysis (MS-12/glc combination) unambiguously showe

1-decene to be present in the reaction mixture. No low boiling
products like pentene or pentane, which might be formed from dispro-
portionation of II and subsequent reaction, could be detected.

(ii) Intensities of the enhanced lines were found to depend linearly on

the concentration of peroxide 1 (see figure 2), showing that the

polarized species is formed from I in a first order reaction.

(iii) The CIDNP patterns are in accordance with the theoretically ex-
pected spectrum for disproportionation of biradical IV, formed from a

singlet precursor, as can be seen in figure 1 from the

agreement between the observed and computer-simulated spect
CH,-region around & 1.40 ppm is obscured by absorptions of peroxide
2 Y

and other products).

fig. 2

WATRE ¥ 304
Maximum intensity of
the emission line at In
0.92 ppm versus con- 20+
centration of peroxi-
de I during thermal
decomposition of I in 101

m~dibromobenzene at

n

A0 e
180°. Intensities are

©

lotted on an arbi- 0} y T T T
(¢} 0.2 04
peroxide

-

trary scale.

The absence of polarization pdecane

in the single line of

predicted by the theory (A g = 0 : no net effect). The absence of po
rization in 11-undecanolactone is in accord with its formation by

carboxy inversion from the cyclic peroxide I1II, as suggested in ref.4.




The vinyl-proton part of the spectrum in figure 1 is essentially the

same as the butene spectrum obtained by Ward and Lawlerg in the reaction
of butyllithium and butylbromide and the propene spectrum (quartets
instead of triplets for the methine proton) that we previously obtained10
during decomposition of-butyryl peroxide. This strongly indicates that
these products are formed by a cage disproportionation reaction from a
singlet radical pair. The biradical IV has approximately the same size
as the nitroxide biradicals that have been studied by Glarum and
Marshall11a and by Lemaireq1b. Hence the average exchange interaction
between the two unpaired electrons is also expected to be of the same
order of magnitude viz. 20 - S0 G (depending on the temperature), which
is comparable to the hyperfine interactions, thus satisfying a necessary

condition to obtain polarization.

We have also studied the photolysis of I. We could not detect any
CIDNP effects during direct photolysis of I in several solvents.
However, when benzophenone (0.3 M) was added to a 0.1 M solution of I
in CC14. CIDNP could be observed (figure 3). In a recent communication12

we discussed the photosensitization of peroxide decompositions and
concluded from the CIDNP spectra that ketones serve as triplet

sensitizers. Benzophenone (8 7.3 - 7.8 ppm) acts similarly in this
case. Although we have not yet analysed this system in the same detail
as the thermal decomposition, we give a tentative explanation of part

13
of the spectrum of figure 3 in terms of the following reactiocns

CH.-CH.-C1 diff
X 2 2 1 .

IV + CCl4 -> (CHZI5 + CC13-

2

*
<:ZE>2)1D CH C13 + [ngiﬁ . .
CH =CH2

SCHEME 2

L -
CH,,=CH, //,—CH2~CH c1

The multiplets at 1.54 and 3.42 ppm have the correct chemical shift for

a species R-CH,-CH,Cl, and the E/A multiplet effect indicates a triplet

biradical precirsoi. The vinyl-proton signals (methine 6 5.60 ppm, E,
methylene § 5.00 ppm, A) and chloroform (6 7.25 ppm, E) indicate dis-
proportionation of R‘CHZ—CHé with CClé tg '~ 2.0091]‘|4 from the cage of
formation (triplet precursor) or from encounter pairs of free radicals.
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Figure 3 60 Mc nmr spectrum during photolysis of 0.1 M peroxide I in
CCl4 with 0.3 M benzophenone. A CuSO4 filter solution was used.

Computer simulated CIDONP spectra for a species R-CHP—CH?Cl (8§ 1.4 -
3.5 ppm) and for a species R—CH=CH2 (6§ 4.8 - 6.0 ppm) are shown at
the top.

The simulated spectra in figure 3 were calculated on the basis of the
reactions postulated in scheme 2 and show a reascnable agreement with
experiment. It is clear, however, that further analysis is required to

elucidate the complex reactions in this system.

The present work shows that CIDNP effects can be observed in bi-
radical products, both from singlet and triplet precursors, in spite of
a supposition by Closs3b that it would not be possible to observe these
effects in the case of singlet biradicals. It should be emphasized,
however, that polarization in biradical products such as 1-decene can
only be observed by virtue of a competing reaction path, independent of
the electronic multiplicity of the biradical, e.g. transfer reactions
with the solvent (indicated by "other products” in scheme 1). In the
case of radical pairs this competing process generally is diffusion

from the cage.
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CHAPTER VI

CHEMICALLY INDUCED DYNAMIC NUCLEAR PDL

THE PDLARIZATION IN THE TION
LOROMETHANE.
By R. Kaptein’, and L.J. O hoff
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apart from ionic pathways, which do not give rise toc CIDNP effects,

this in accord with other studies4's.

The reactions of I in the presence of bromotrichloromethane are presen-

ted in the scheme.

ey
(RCO,,) - 2R" > R-R, RH, R(-H)
2°2
I l cC1,8r (1
S
RBr + R* + CCl,* - R-CC1, ,
CHC1,, R(-H)
1 CC1,Br
R .
Br + 2 CCl,
. F
R # CCL " 4 ) Re #.BCL "« a0 R-CCL,, (2)
CHC1,, R(-H)
3
SCHEME.

R+ is the isopropyl radical and S and F denote pairs from a singlet
precursor and from free radical encounters respectively. Products from

S and F pairs give opposite polarizationzn. The 100 Mc nmr spectrum
taken during decomposition at 80° of a 0.2 M solution of I in hexachlo-
robutadiene, containing 5 M CClaBr, is shown in figure 1.

Enhanced absorption (A) and emission (E) occur for the products chloro-
form ( & 7.27 ppm, A ), propene ( methine 8 5.70 ppm, E + E/A; methylene
8§ 4.80 ppm, A + E/A ), isoproprylbromide ( methine & 4.19 ppm, A + A/E;
methyl 6 1.68 ppm, E + A/E ), 2-trichloromethyl-propane ( methine

8§ 2.70 ppm, E; methyl § 1.27 ppm, A ), propane and 2,3-dimethylbutane

( methyl 6 0.85 ppm E/A ), and some unidentified products. These
polarization patterns are completely in accord with reactions (1) of
the scheme (coupling and disproportionation of and escape from both
S-pairs), showing that CC138r interferes with geminate recombination

of isopropyl radicals in this high concentration range.
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Figure 1 100 Mc nmr spectrum during thermolysis of 0.2 M isobutyryl

=

peroxide in hexachlorobutadiene with 5 M CClaBr at BOO.

At lower CClaBr concentrations the propene and isopropylbromide lines
acquire more E/A and A/E character, i.e. polarization becomes determined
by reactions of the first peir ( c.f. ref. 3 ).

The chloroform signal exhibited the behaviour shown in figure 2; it
changed sign at 0.11 M CC13Br indicating, that effects of reactions
(1) and (2) just cancel at this concentration. Below 0.11 M reaction
(2) predominates (F-pairs). At first sight it may seem to be unlikely,
that the transfer reaction with CC135r in the range of 0.1 M is fast
enough to yield a pair with appreciable probability of geminate recom-
bination. This process is usually thought to occur within a time

10 10-10— sec; to compete on this time-scale the transfer reaction
ought to have a rate constant Ktr in the range ‘IOg < 1010 1/mole, sec
(close to diffusion controlled) which is unreasonably large for this

reactions. Indeed, for a somewhat similar radical (CClncH?éHOCOCHal.

ktr for this reaction has been measured8 and would have a value of
4
2.2 10% 1/mole, sec at 80°.
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Maximum polarization of CHCIq versus concentration of
CCIQBr during thermolysis of 0.2 M isobutyryl peroxide in

hexachlorobutadiene.

; g wd - : ;
in the range 107 - 10 3 1/mole, sec the life-time

ort, that reaction (2) would not be competitive.
a discrepancy. However, by applying a guantita-
ased on a random walk model for the diffusive

7
» it can be shown that even at 0.1 M CC

chloroform formed in (1) would still give an observable enhancemen

B 7 WS s .
for k, =5 10"-5 10° 1/mole, sec, giving life-times for R+« of the order
4
f (a larger value of h‘r for the isopropyl radical than
for the vinyl acetate derived radical does not seem to be unrealistic).

+h

this longer time-scale for polarization in the diffusion

dependence of both product formation and polariza-

[S] is the concentration of scavenger. A more
5

ewhere” . Although calculations are

be given els

/e because of lack of informe on rate constants, the presen

of radical pairs in

arvation

solution can be of rather long duration (micreoseconds). This

would support our view that CIDNP from S-T mixing in freely
radical S
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CHAPTER VII
CHEMICALLY INDUCED DYNAMIC NUCLEAR POLARIZATION VII.

PHOTOREACTIONS OF ALIPHATIC KETONES.™

By J.A. den Hollander, R. Kaptein and
P.A.T.M. Brand.

(Department of Theoretical Organic Chemistry, University of
Leiden, P.0. Box 75, Leiden, The Netherlands)

Introduction.

The photochemistry of ketones has been thoroughly investigated. It has

been established that for aliphatic ketones, which have no y-hydrogen

atoms, the major reaction is the "Norrish type I" split into an acyl/

alkyl radical pair1. The question of the excited state from which this

process occurs has only recently received some attention. Quenching

’

studies have shown that in the case of t-butyl alkyl ketones the

type I reaction proceeds from both singlet (S) and triplet (T) n,w‘
states. We have studied the photoreactions of aliphatic ketones with
CIDNP in order to further elucidate the role of the excited state. It
follows from the radical pair theory of CIDNP4’5

monstrated experimentally4'6 that CIDNP spectra depend strongly upon

and it has been de-

the multiplicity of the precursors of radical pairs.

% Presented at the CIDNP Symposium of the Belgian Chemical Society in
Brussels, March 1971.
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In this preliminary account we will discuss some reactions of diisopro-
pyl ketone (DIK), which are typical of the reactions of a-branched
ketones. 60 Mc CIDNP spectra were obtained during photolysis in the

modified probe of a Varian DA-60 nmr spectrometer. Samples were irra-

diated with an Osram HBO 1000 high-pressure mercury arc, in pyrex sample

tubes (spectra did not change gualitatively in a quartz set-up).

Photolysis of DIK in two solvents will be discussed:

(1) deuterochloroform, representing an"inert" solvent (inert as to the
primary photochemical steps) and

(ii) carbontetrachloride. In the latter solvent a novel photoreaction

was discovered.

Photolysis of Diisopropylketone (DIK) in CDCla.

During irradiation of a 0.5 M solution of DIK in CDC1,_ the CIDONP spec-

3
trum shown in figure 1 was obtained. Enhanced absorption (A) or emission
(E) occurred for the following products: isobutyraldehyde (aldehyde H,

§ 9.80 ppm, A + A/E), CHC13 (6§ 7.26, E), cHDCl. (6 5.30 ppm, E), propene

2
(methine H, & 5.75 ppm, A/E + A; methylene group & 4.90 ppm, A/E + E;

95 7.0 60 50 40 20 10 6 PPM

Figure 1 B0 Mc nmr spectrum during photolysis of 0.5 M diisopropyl

ketone in CDCla.




methyl group &6 1.70 ppm, A/E + E), propane and/or 2,2-dimethylbutane
(methyl groups 6 0.85 ppm, A/E), DIK (methyl groups & 1.02 ppm A + A/E).
The spectrum is compatible with radical pair formation from T-state

ketone and subsequent reactions as shown in scheme I.

DIK(T) diff.
_— 7 /
DIK(S R+ + '‘C—R (1)
DIK(S,) R + *C R
1 o [
N 0 0
hv /
DIK(S ) R(-H) # R—C
J H
R+ + COCl1l, —> RC1 + EUCl% (2a)
N i
i {2b)
R + 1. (2b
IL13
R* # CDCls; —> R(-H] + ChDCl? (3a)
R* + r:Cl,j- —> R(-H) + r:HC}.,’ (3b)
2R —2> R(-H) + RH + R-R (4)

SCHEME I.

Q Q

S5¢ Sy and T denote ground state singlet and excited singlet and triplet
states respectively; R- represents the isopropyl radical, and R{-H)

propene. Escape from the pair by diffusion is indicated by diff. The
0
V4
g-factor of the iscbutyryl radical fR-Cf » @ o-radical) is expected

to be smaller than that of isopropyl radicals, by analogy with the
7 7 - A 8
acetyl ® and benzoyl ¢ radicals; the g-factors of CEla- (g = 2.0091)

and CDC1

5" (g = 2.0080, from CIDNP experimentsg) are larger than those
of alkyl radicals. This determines the observed net polarizations;

it follows, for instance that the propene net effects are due to
reactions (3) (F-pair polarization, i.e. from pairs formed by encoun-
ters of free radicals). Observation of polarization in the parent ke-
tone is remarkable and parallels a similar observation by Closs and

10 , 1A
Paulson in the case of desoxybenzoin .
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The A effect in the aldehyde and A/E effects in propene and propane
were also observed in a variety of other solvents: benzene, hexane,

cyclohexane, fluorotrichloromethane, 1,1,2-trichlorotrifluoroethane.

It can easily be verified by applying the simple rules derived pre-
viously12, that the polarizations of figure 1 are in accord with the
reactions of scheme I; however, since CIDNP effects are qualitatively
the same for products from T-pairs and F-pairs4b, other reactions are
possible, which would give similar polarizations. Thus A/E effects in
propane and propene could arise from a T state isopropyl radical pair
formed by rapid loss of CO from the acyl radical (cf. ref.3). Also,

the polarization of the aldehyde might be due to acyl/alkyl F-pairs.

It is not easy to exclude the latter possibility definitely, because

it is hard to find radical scavengers, which do not interfere with the
photochemistry of the ketone: furthermore, triplet quenching experiments ¢
are not entirely unambiguous in our case, since guenchers like piperylene
are effective alkyl radical traps as well. Our assumption of the inter-
mediacy of T state ketones rests on the following evidence:

(1) photolysis of DIK in CF2C1 ——CFCl2 in the presence of 0.3 M CEIBBr
resulted in an E line for CHC13, whereas this product showed an A effect
during photolysis of isobutyryl peroxide under the same conditions. The
latter effect must be due to disproportionation of S-pairs [CCIB'/iso-
propyl radical pair), and by comparison the E effect indicates a T
precursor.

(ii) Addition of small amounts of CCl4 (less than 0.2 M) to a solution
of DIK in the freon did not interfere with the aldehyde doublet, but
changed the propene polarization to E for the methine proton and A for
the methylene group; in addition an E line chloroform was observed,
presumably from disproportionation of F-pairs. In this case the propene
polarization is probably due to spin selection in the acyl/isopropyl
radical pair (cf. reaction 1 in scheme I); it cannot arise from the
CClé/isopropyl pair, since this would yield the opposite polarization.
At higher CCl4 concentrations the chloroform line reverses sign and a

singlet reaction sets in, as is discussed below.

The observed behaviour can be explained by assuming pair formation

chiefly from T state ketone; it would be hard to reconcile with a
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reaction mainly from the S1 state and polarization from F-pairs. This
conclusion is in accordance with the findings of Yang and Feit’ in the
case of t-butyl alkyl ketones, where the type I split occurred predo-

minantly from the T state.

3

The Photoreaction of Diisopropyl ketone with CC141

The CIDNP spectrum obtained during irradiation of a 0.5 M solution of

-

DIK in C:’:l4 is shown in figure 2b. The assignments, product yields,

relaxation times (T,) and enhancement factors V are given in Table I.
|

B m
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nd after (c) photolysis of 0.5

was recorded at a gain reduced

by a factor 2.5 after 8 min. irradiation. Computer simulations are

shown on top (a).
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Table I Assignments, yields, relaxation times and enhanc

for products from the photoreaction of diisopropyl ketone in CC1,.

r E
product 5 (ppm) ”yielu"[a]'d] A1

isobutyraldehyde (c]
//O
“=H 9.

m
o
>

N
~N

chloroform

w

propene CH

w N

™
N DN

CH (cis) :
2 (trans) 4.

C .
H3 1

~ ¢

opylchloride CH 4,13 A 31 53 +410

CH, 1.54 E 14 -57 ‘
3
|
trict uta H 2.73 E
EH.. 1.3 Arod 2t +4 il
< . 1w i S0 | 4 . 2 o fy h c
isot vlchloride CH 249 N 45
H, 1.30 N
1 ketone CH N
|
i 1.04 N |
(a) nmr intensities (normalized to one proton) of products after 3 mir
irradiation in a sealed tube.
(b) enhancement s calculated from V = It/I T, (see text); estimated
10

is low ably due to secondary react f propene. On €
of the CIDNP spectrum one would estimate the ratio dispropor

tionation to coupling to be 2.5:1, assuming equal enhancement fac-
tors for propene and trichloroiscbutane.

et at 1.30 ppm after converting isobu-

H.,O.

by reaction wi

2
(f) enhanced doublet is assigned to the coupling product and not to

isobutyrylchloride by analogy with the propene polarization. Further-
more the CH proton of iscbutyrylchloride is not polarized.

(g) N: not enhanced.




Yields were determined by integration of 100 Mc nmr spectra of irra-

diated samples. The enhancement factors are calculated from the for-

mula9 V = It/IDT1, where I is the intensity during irradiation and I0

the normal intensity of the product, after a total irradiation time t.
From a comparison with the spectrum of figure 1, it will be obvious
that CCI4 cannot be regarded as an "inert" solvent. The spectrum of
fig. 2b can be completely accounted for by assuming formation of a
CC]B-/isopropyl radical pair from a singlet state precursor, in con-
trast to the previous case, where reaction occurred from the T state.

Reactions are shown in scheme II.

s __r diff.
R+ + CC13- — R‘CC13

R(-H) + CHCl3

Re + CCl4 —_— REY"* CC13-
SCHEME II

Recombination (5) and transfer (6) after diffusion from the pair give
rise to the observed polarizations, except for the aldehyde A effect,
which must originate from a T reaction (1). One might speculate on the
machanism by which the pair is formed from DIK[S1]. It should be noted,
however, that CIDNP cannot give information on this point, beyond es-
tablishing the singlet nature of the precursor. Two possible pathways
are indicated in scheme III:
S CCl4 S
DIK(S,) + R~ + -ﬁ-R === IRyp#+ CCl . + R—FICI
8] 0
s je 13 0

DIK(S1] + CCl4 > [DIK,CC14)S1 + R« + CC13- + R-ﬁCl

g

SCHEME III




Reaction (7) involves a type I split from the 51 state followed by an
extremely rapid transfer reaction with CCla. The rapidity of this step
could be rationalized by the excess energy of the acyl radical1 but it
would be hard to explain the high selectivity of this reaction: the
only other compound that we have found to exhibit the singlet reaction
with DIK is hexachlorpethane in deuterated benzene; compounds like
CDCla. CHC]B, CFC13, CCIBBr. CF2C1-CF812 did not show this reaction.
Therefore, we favour the mechanism (8) involving the nonradiative decay
of a complex formed from DIK(S1) and CCl4 (exciplex). It would not be

unreasonable to assume that special requirements for complex formation

could render this reaction highly selective. In support of this me-

chanism we observed that the fluorescence of DIK is guenched when

CCI4 is added to a solution of the ketone in CF2E1-CFC12. The use of
this freon as a solvent precluded the possibility of fluorescence
quenching by an intermolecular chlorine heavy atom efFect1. The aldehyde
A signal at 8.60 ppm in fig. 2b shows that intersystem-crossing in the
ketone is not suppressed completely; a small fraction of S1 ketones
arrives apparently in the T state and gives the type I reaction.

We do not know of other cases, where CIDNP effects from both S- and

T-pairs, derived from the same parent compound, appear in one spectrum.

Finally we note that the computer simulations shown in fig. 2a appear
to be far from perfect. This can be seen most clearly in the case of
the isopropylchloride septet at 4.13 ppm, where two high field lines
have the wrong sign. The calculations were based on a g-value of 2,0031
for the CC13' radicals. A better fit would have been obtained by using
values in the range 2.0140-2.0150. Although a g-value of 2.014 has been
reported14 for CC13- in a solid matrix, we consider the value 2.0091

to be more realistic. In our opinion the reason for this discfepan;y
lies in the neglect of nuclear relaxation in the products. When both
net polarization and multiplet effects are present, it can be shown
that e.g. a dipolar relaxation mechanism may tend to increase the

apparent net effect.
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CHAPTER VIII
CHEMICALLY INDUCED DYNAMIC NUCLEAR POLARIZATION VIII
SPIN DYNAMICS AND DIFFUSION OF RADICAL PAIRS.

By R. Kaptein.

Department of Theoretical Organic Chemistry
University of Leiden, P.0., Box 75, Leiden.

The Netherlands.

Introduction

The birth of chemically induced dynamic nuclear polarization (CIDNP)

was marked by the first reports1’2 of emission (E) and enhanced absorp-
tion (A) in nmr spectra of reacting systems. Only intensities of the
reaction products were anomalous, other characteristics (line-frequencies
and line-width) being normal. Therefore it was obvious that the products
were formed with non-equilibrium nuclear spin state populations. First
ideas on the mechanism of this effect1b'2b invoked electron-nuclear
cross-relaxation in free radicals to explain the enhanced polarization
in a way similar to the Overhauser effect. A number of phenomena, how-
ever, were inexplicable or even in conflict with these early theories,

2534

viz. multiplet effects (both E and A in the multiplet of a nucleus);

dependence on type of reaction4 [products formed by recombination behaved
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opposite to transfer reaction products): dependence on the ele tgonic

»

state multiplicity of the precursor in photochemical reactions 3

abservation of polarization, when the reaction was run in zero magnetic

. 7
field ; the magnitude of the enhancement found to be larger than the

Overhauser limit in some casess; polarization found in systems where
radical life times were much larger than relaxation times in the
radicalsz'e. Although there is no reason why the originally proposed
mechanism should not contribute to the polarization in some favourable
cases, this mechanism, however is usually overshadowed by the more
powerful radical pair mechanism, independently proposed by Closss'g

and by Kaptein and OosternoFf1O. This recent theory was rather success-
ful, because it could gualitatively account for all published CIDNP
spectra, with the possible exception of one or two pathological cases.
The essentials of the radical pair mechanism can be discussed with the
aid of figure 1, showing schematically the energy levels of singlet (S)
and triplet (T) states of radical pair in a magnetic field for separa-

tions in the range of a few molecular diameters.

Figure 1 Energies of singlet and
triplet states of a radical pair

in a magnetic field versus sepa-

ration (r). The broken

the adiabatic energy lev

The S-T_ mixing region is denoted
by Ar1; the S-TD mixing occurs

when r > r
)

When a pair separates after its birth or after a collision, the S-T
energy gaep 2J (J is the exchange integral) becomes smaller and at

distances where degeneracle r near-degeneracies occur the S and T




states are mixed by hyperfine (hf.) interactions of electrons with
nuclei, provided the time spent in a mixing (or transition) region is

sufficiently long. It will be shown in the next section that for the
region Ar1 in high fields (higher than a few thousand Gauss) this time
is too short to allow appreciable S-T mixing, so that the system zips
essentially unchanged (non-adiabatically) through this region. However,
the time spent in the S-T mixing region r > 3 [ro roughly given by

the condition that J is of the order of the hf. parameters) is much

larger and S-T transitions may occur. As these transitions are nuclear

spin dependent, so is product formation, when this occurs only from the

i i i et ba 12
S state. This process has been appropriately called "spin selection” ' .
The operator for S-TO mixing is of the form (571 = 51?] I .

As the nuclear spin part [IZ) is diagonal no nuclear spins are "flipped
and no polarization is generated in the sample considered as a whole.

Only polarization for specific products results from this process.

Therefore nuclear polarization in recombination products oppases that
of the escaping radicals and hence of transfer reaction products. It
will be clear that the magnitude of the polarization will be closely
bound up with the motion of the pair; thus it depends on the dynamics of

the "cage" processes. A sstisfactory description of the "cage" reaction
has been developed by Noyea13. He makes the distinction of primary
cage reactions (reactions of a pair of next neighbours, surrounded by

a cage of solvent molecules) and secondary recombinations of original
partners, after some relative diffusion has occurred. Both processes are
frequently lumped together in the name "cage" reactions.

The distinction is, however, important for us, because the short time
span of primary cage reactions (‘ID-11 sec) will not allow nuclear spin
dependent intersystem-crossing to occcur and the polarization is due to

scale

spin selection in subsequent encounters of the pair. Hence the time
of CIDNP is limited by that of "geminate" recombination. Accordingly we
shall employ Noyes approach to the kinetic description of geminate
recombinationM in section 3 and incorporate the dynamics of the spin
system, treated in section 2. Thus relative diffusion of radical pairs

is explicitly taken into account in ‘out model. In this respect it differs

; 1219518 vy 3 ; : P

from other kinetic schemes ~° including our previous simplified
10b ‘ !

treatment , where the processes of product formation and escape of

radical pairs are discussed in terms of time-independent rate constants




and "mean life times”. These rate constants have only a formal meaning
but cannot easily be correlated with solvent properties and diffusive

behaviour of radical pairs.

In section 4 the link is made with the actual CIDNP spectra and it will
be shown that all gqualitative predictions can be made with but two

simple rules, one for net effects (E or A) and one for multiplet effects.
If one is concerned with details or if spectra are too complicated one
has to resort to computer simulation techniques, some results of

which are discussed in section 5. In this paper we shall be concerned
only with the high field case, where reactions are run in fields of a

few thousand Gauss or larger. In a following paper17 this restriction
will be removed and the formalism will be extended to include the effects

of S-T,mixing, which have to be considered in low fields.

The Spin Hamiltonian,ang,S;To mixing

Intersystem-crossing in a radical pair can be conveniently described

in terms of a Spin Hamiltonian. Itoh et al.18 have recently shown how
this Spin Hamiltonian can be obtained from the total Hamiltonian for
cases of near degeneracies of S and T states. The tptal Hamiltonian can
be written:

HrHg thg® Byt Bug * Hog * Hop # By &2

where Ee is the electronic energy term:

VoL Ha o Hb . Hab
- —.e e -e

EZ and ﬁz describing the radicals a and b and ﬂ:b their mutual

interaction. ELS is the spin-orbit coupling term; and

By e Hg ond ty
denote the interaction of the magnetic field with electronic orbital

motion, electron spin and nuclear spin respectively; H s is the electron

spin-spin interaction term and ﬂSI the nuclear hyperfisz1énteraction
term. Following the pertubation procedure of Itoh et al. .

the Spin Hamiltonian can be obtained containing terms appropriate for
the S and T states of the radical pair and terms connecting these

states:
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SAl (3)

= H ) ¢ S 2 g L
-0 —Z1

H
—RP —ex —ZS —~h¥f

terms will now be discussed.

nciple gives

he action

to an energy and T s, 4E_-. In Valence Bond
(VvB) theory is:
n328 . Bl (4)
o o D
1%
ab

where E 1s the ergy of the two fragments without D |
= 7
and S are Coulomb, exchange and overlap integrals. As the VB theory

¢
(o)
ot
()
—

ectronic energy at large sepa-
also satisfied at large r we

. The Dirac exchange operator

in the Spin Hamiltonian will reproduce th energy difference (S, and

glectron spin operators). T

exchange integral is

It <EWTEIENE2)] (HO YT (20 (6)
a b :

where ¥ and WD are the orbitals carrying the unpaired electrons. 1t
a

is enlightening to consider the expression for J in the case of two

H-atoms:

2
3. =85 _28 <v (]2 | v (1) >+ <y (1Y (2)

H7 ab a b a b
Z I r o By
ab b1 12

In this case the second term prevails, making J negative, which places

the S state below the T state. J decreases exponentially with distance

giving the behaviour sketchad.in figurs 1. For radicals in general




a similar expression will hold. If there is a m-electron radical pre-
sent, which is usually the case, there will be orientations for which
gab = 0 and J is positive. This is confirmed by recent calculationsza.
So J will then depend both on separation and orientation. For freely
tumbling and diffusing radicals this means that J fluctuates (correla-
tion time of reorientation Tc = 10-11 -10-10 sec) within an exponential
envelop. In addition there may be contributions from indirect exchange
mechanisms via intervening solvent molecules. Calculations indicate that
'J[ becomes of the order of the hf. coupllng constants at about 6 R
for H-atom 1s orb1ta1572 and about 10 A for 2p and 2s orbitals 3.
Experiments show that ro may be even smalleg. Hirota and Weissman
Found a neglible J at separations of 5 - 6 A in ion pairs. A value
r =6A is quoted by Ferrutl gg_gl For nihroxide biradicals and from
the work of Itoh EE_El a value of 7 A can be deduced. So it seems
reasonable to assume that J drops to a value comparable to the hf.
constants after only a few diffusive displacements.
We have previouslym approximated the time dependence of J by a step
function, changing J suddenly at t = 0 from a very large to a low
(constant) value and we shall do the same here. It has the great advan-
tage of making the effective Hamiltonian time-independent. We considered
only S-T_ mixing. These simplifications are justified if
(i) Se can neglect S—Tt transitions.
(ii) the time necessary to reach a separation r = M is short com-
pared to the time spent in the S-To mixing region r > e
(iii) the residual fluctuations of J around a mean value are small.
I?_;e anticipate that the transition probabilities for short times28
are of the order a2t2. where a = ]< WS' ERP]WT>| ~1UB radians/sec, and

that the thermal equilibrium polarization is about 10—5 we see that we

: =10
need times t > 10 sec to give appreciable enhancements. This is longer

than the time needed for a few displacements (a few times 10-11 sec)

and the time spent in Ar » which is even shorter. So conditions (i] and
ii) seem to be satlsfled We do not really know very much about J for
P> r,. so it is simplest to assume that (EiiJ will hold also.

Glarum27 has worked out the problem with an exponential model for J and
r(t) = vt. It seems that this overestimates somewhat the S-T* transition

probabilities, for which there are no experimental indications in high
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2.3

fields. In view of the neglect of fluctuations in J and the simplified
description of the motion of the pair, we are of the opinion that this

7 3 3
model2 does not necessarily provide a better description than the pre-

sent diffusion model.

The Zeeman terms.

The combined effects of ELS and EHL give rise1e‘28 to a term linear in
the field H_ and S_, S,:
o $1° =2
H7s = PallgrBa3y * Bl 84025 tH

The anisotropy of the g-tensors, g, and g is averaged out by the tum-
bling motion of the radicals, whi:h is uzhally faster (10-10-11-10-10
sec) than intersystem-crossing. We may therefore neglect the anisotropic
terms:

= 8 H (gaS )| (9)

ti-ZS e o 1z : gb522

Although the nuclear Zeeman term H,. = I gNB I .H is comparable to the
N i

Z1 N"zi o
hf. terms in high fields, it may be ignored, because it simply shifts
the zero of energy, if only S-To mixing is considered. Of course it is

also unimportant in low fields.

The hyperfine terms.

The term ﬁSI in (1), averaged over the space part of the wave function,
leads to the hf. term discribing the interaction of electrons with
nuclei Ij:

b

a
Heole §1.§ Ay + 8 AL (10)

J
The sum Ea runs over the nuclei of radical a. AJ are the isotropic hf.
coupling constants; we have again neglected the anistropic contributions.
Eq. (10) is valid when the density of Wa at the nuclei of b is negligible,

which certainly is the case at separations r > ro.

Other terms.

The electron dipolar coupling term H. = S

is obtained by integrating
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HSS over the space part of the wave function. It is important to note

that ED cannot induce S-T transitions (it mixes only T states).

The tensor Q is completely anisotropic. In our case its main effects
will be to modulate the energy of the T states; reorientation of the
interradical vector may not be fast enough to average this out to zero.
However, the uncertainty in J will be larger than the effects of ED'

so we may as well disregard this term.

Other interactions that might mix S and T states are effects of
spin-orbit coupling that have not yet been included in (8) and of

spin-rotation interactions, which act during reorientation of a radical.
Because they are zero on the average and have extremely short correla-

_14-13~1jsec)29. spin-rotation interactions will not be

tion times (10
very important. Spin-orbit coupling is considered in Appendix A, where
it is shown that it is probably not important at r > T, although it
may play a role at shorter distances. This is important because no
cross-terms with terms included in eq.(3) will appear in our results,
in this way assuring that g-factor differences and hf. parameters can

be obtained with some confidence from CIDNP spectra.

We are left with the effective Spin Hamiltonian of the radical pair,

which can be written in the form:

Spp

(11b)

0y

-4
Angular frequency units are used (10a radians/sec . 8 G . 6 10 cm

H is diagonal in a basis of S and T functions and H non-diagonal.
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mixing.

of

magnetic

coupling constan

hf. coupling constant and

ma r 1 T &k
are first coupled (e i ¢ W g
symmetric and anti-symmetr ior er § and k
run over all comp nucle function is
expanded as
¢ () = {C . (]S + €. (£IT Ix (12)
5 Sr 2 . s
ad
The time-dependence is given by izé - Uppz. This 1lea t two coupled
equations; sclving th with initial C.(0) and C.{ w
find
iJ ) ; A
C. () = C. wt = —=sin wt} - C.(0)a_si ot 1
Sn > W r
= o
' 4 < 2
where w = (J° + dr“ and
1
3 = < Sy W7 X.> = 3{AgB W H o+ 22A.M, - . 3 (14)
= XnlZ 1! oXn F18EP o sy e

with Ag = . The probability of finding the pair in the

state is



and for a triplet precursor:

|C;n(t)|2 = (an/wlzsinzwt (16b)

It may be argued that our initial conditions imply that the functions

X, are eigenfunctions of the precursor, which may not generally be
correct. In a following paper17 we will give the general proof that
mixing of the X in the precursor does not affect the results whatsoever;

therefore we may as well start with the X,

A further condition for the validity of our treatment is that the radi-
cals keep their phase relationship during the diffusive excursions,
except for the effect of H: This condition seems to be satisfied because
spin-lattice relaxation i; radicals, which might destroy the spin corre-
lation, is several orders of magnitude slower (T".‘H)-S-’HJ—4 sec) than
the process of geminate recombination. In the following it will be
assumed that recombination occurs only from the singlet state, so its
probability is proportional to |C5n(tJ[2. This basic assumption of
radical pair theory is certainly justified, when the triplet state is
repulsive as in the case of the coupling of two H-atoms or alkyl radi-
cals. Apparently it holds also for most disproportionation reactions,
because the resulting CIDNP spectra can be treated on an equal footing.
There are, however, reactions known where products are formed in a
triplet state, notably in radiolysisao, where fragments dissociate and
recombine with large excess energy and in certain reactions of peroxy
radicals where triplet state ketones are formed, as evidenced by

chemiluminiscenceao'31.

We have previously10 averaged eq.(18) over a distribution of life-times

t of the pair, and obtained for the probability of product formation

2 2
2
e s (17a)




32
These formulae may still be useful in the case of biradicals and

other cases where the fragments disappear by first order kinetics. For

freely diffusing radical pairs, however, the recombination reaction

1

cannot strictly be described with first order rate constant and we wil

now examine this process in more detail.
B Diffusion and Recombination of Radical Pairs.

At large separations the motion of the pair can be treated classically
and is governed by stochastic processes. Using the theory of random
Flights33, Noyes135 showed that the probability of the first reencounter
between t and t + dt for a pair, separating from an encounter at t = U
is f(t) dt where 2

L (18)

p (Noyes:B) is the total probability of at least one reencounter:

7 3 Khoe (o -3/2 i pey
Rifed f(t) dt. For long times f(t) ~ mt . The exponential factor
ascertains that f(t) drops to zero for t = 0; the exact bshaviour at
short times, however, is not very important. Both p and m can be ex-
pressed in the basic guantities p (the encounter diameter), ¢ [(the rms
displacement for relative diffusive motion) and v (the freguency of

relative diffusive displacements)

., 3ps-1 >
pm-(wgg—l (19)
2 2
m = 1,036 L1 — R} (2,2 (20)
va g

For small radicals in ordinary solvent v will be about 1011 sec-1:

o will be equal to p or may be smaller, giving 0.5 < p < 1 and

_e 1 :
m~ 10 sec’ ( the ratio p/c does not affect m very much).

Let A be the probability for recombination during a singlet encounter,
then for small S-T transition probabilities, the chance of product for-
mation during a first reencounter at time t is AlCSn(tIIZF(t].

Radicals of a pair that fails to react during the first reencounter
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1

start again their random walk and have a new chance of meeting each
other. Setting An(t] = AICSn(t)IZ. the probability for recombination
in the interval (t, t + dt) becomes Pn[t)dt with

5
Pn(t) = Xn(t)f(t] + édt1ln(t = t1]{1 « An(t1]}f(t S t1]f(t1]

t t
2
+ édtzkn(t - tz)f(t = tz)é dt1{1 - Xn(tz - t1]}(1 - An(t1)}f[t2-t1lf(t1)+.u

(21)

where t1. t2... are times of the first, second... unsuccessful encoun-
ters. We shall discuss approximations to this rather unwieldy expression
for the cases of S, T and F precursors (F: pairs formed by encounters

of free radicals with uncorrelated spins).
S precursor

For small radicals both A and lczn(t)|2'will be close to unity so that

we may neglect all but the first term in eq.(21). The total fraction of

pairs with nuclear state n that recombines, becomes

PS = Fx|cd (t)|%#(t)dt. This integral can be evaluated with (16a) and

0

(18) giving 3
PS = Atp = mriaZe2) = Alp - x.) (22) |

n n n

: 4 2:=3
defining X We have neglected terms of order (m anp ), which are
several orders of magnitude smaller than Xn. For an estimate of the

= 1
polarization enhancement we use m = 10 8 sec”, an =2 108 radians/sec,

3 = 6 10° radians/sec, giving xn~4,1o'% If p = } and the thermal pola- |
rization (gNBNHO/KT) is 10_5. we find a respectable enhancement of
about 800, which is of the order of the largest values that have been

found experimentally.
T precursor.

As IC;n[t)lz (eq.16b) remains very small we have to consider the effect
of the other terms in (21). The largest contributions come from unreac-

tive encounters at times t1, t2... close to zero. Counting only those
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3.3

contributions, we get for long times (c.f. ref.13c):

A

Peaics wden, o1 2 - ), T
Pt} == ICSn(t][ FE)(1 + p + pS+ p + ...) = §TT"T‘ET|CSn

()%t

(23)

The factor 1/3 has been included, because only one of the T states is
active. The fractional population of product level n becomes:
A

Falet Japisassia oy %2 (24)
pil 3(1 - p)

T

n

P

where X (defined in eq§22] enters with a positive sign. From eq.(22)
and (24) we find that Pn = Pi a .= 31 -~ p][P; - P;].so that the pola-

rization is opposite to that of the S case. If we had put J = 0 we
would have found Pi = /—TEZT a result obtained by Adrian14. However,
relative line intensities calculated with this form are rather bad in
most cases and we get usually much better results when intermediate

values of J are used.
F precursor.

The case of uncorrelated free radical encounters is not so straight -
forward as the S and T cases. During their first encounter a fraction
xlcS(cnl2 of pairs with Mg

of meeting again, thereby giving polarization, because these pairs

= 0 combines and the remainder has a chance

have more T than S character. Adrian's treatment amounts to multiplying
the escaping fraction 1 - XICS[O]IZ by ICSn[tllz given in eq.(15) and
averaging the result over a distribution of all possible values of
[CS(D)|2 and |CT(0]|2. We believe that this is not correct. We give a
different procedure, the justification of which is given in Appendix B.

The product formed at the first encounter of a pair with uncorrelated
spins is not polarized, because the effect of any S + T (or lower -
upper level) transitions, that may have occurred before, is canceled
by an equal number of T - S (or upper - lower level) transitions.

As half of the first encounter pairs will have M. = o, the fraction

9
that combines is A < |CS[0]l2> = X, because the singlet fraction

2
ICS[0]| is a random number between 0 and 1, so its mean value is 3%.
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The recombination probability at the next encounter is

X < |CF (t) ]2 > f(t) where
Sn

T

2
sn(t]] } (25)

F 2 y S 2
< |eg (815 = #01 - mfeg (0)]° + e

Eq.(25) is derived in Appendix B; [C:n(t)lz and |C;n(t)|2 are given
by eq.(16). As an interpretation of (25) one might say that after a

collision the pairs separate behaving partly as singlets and partly as

triplets. Taking into account subsequent encounters with tq, t2,...~ 0,

we obtain from 1) : similarly to the T case

F

< ]CS

(3|2 > £et).
n

IA1 - A)}

1
1 -p{1 - 8201 - 2)}

% F
1 [ ¢ = ¢ 1 - +
iAo+ TP (t)dt a1+ {(pt1 - \) xxn}]

(27)

where we have included the initially formed product. For A = 1, eq.(27)

takes the simple form

(28)

It is seen that the polarization per molecule of product formed is

smaller than for a T precursor, but in contrast to results of other

12,14
’

it may become larger than for a S precursor. Qualita-

treatments

tively the polarization is similar to the T case; this is in accord with
: S . 34 8 ;
intuitive predictions by Gerhart and Ostermann and by Cless and with

9,15b
experimental results ‘.

A remark on the viscosity dependence of the polarization seems to be in
order. The quantity p can be estimated by various mode1513c, leading to
expressions similar to eq.(18). All models will agree that p becomes
larger (closer to unity) when the viscosity increases, because ¢ (the
diffusion step) decreases. This has been confirmed experimentally in

studies on the cage effect™ . The quantity m (eq.20) will not be very
much affected by viscosity. Consequently our model predicts, that for

a S precursor CIONP intensities will not change very much by changing
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viscosity ( whereas cage recombination yields may increase). However,
polarization in the F and T case is predicted to become larger in more

on p (in the

viscous solvents, due to the additional factor

.'v>1\

equilibrium.

When a dimer (@) i in thermal equilibrium with it I ical monomers,
there can be no enhanced polarizatic sccording to g eral b!
principles. He te re 5
(S case) must > -
(F case). We have
D%
o
)« 2R+ -+ 2R*
n
5‘\2
..)'
Z2R* « )Re =+ @
n
Scheme
We shall neglect Boltzmann differe ider the ce the

life-time of the radicals is much longer than their

so we can neglect polarization in the free radicals. The rate of for-

mation of encounter pairs r, is then independent of n.

steady state condition for the populations of Q:

99 =-k,(1-pP0 - @ -7 «Fr, =0
dt n 1 nn n n- 1 n 2

(o} F
9. Pty
Q = (28)

S
B PRy, W0







(P).

Recombination and Disproportionations products

Usually the nmr signal of a quasi-steady state concentration of pola-

rized product is measured. The intensity versus time curve goes through

a maximum: it is built up in a time corresponding to the relaxation

P - 3 . .
time of the product, 11 (photochemical reactions) or to the

proportional to the population difference of levels m and n,

The steady state condition for this difference is:

* {EN_ = N 3= (N2 - ND)
—(N_ - Nn] r TP e Pn) - : = . = 0 (32)
dt M o TP
mn
L = MY N e N A 3 T kB = P (33)
n m n £ 1mn m n

: = : - P -
rF is the rate of radicel pair formation and T1m is the nuclear relaxa-

-
tion time of line mn of P (usually in the range 2 2

-~ 20 sec). The popu-
lation difference at ther.nal equilibrium of the accumulated product at
time t is:

P H § -
nn gNBN Qs

= N T kT érf‘(t]dt (34)

where L = ni(ZIi + 1], the total number of levels of P. From [(33) and
(34) we obtain for the intensity enhancement at the maximum of the curve

(at time t" )

Imn 2 Ign
R (35)
Io mn 1mn
mn
Ian is the intensity after quenching of the reaction;

-

s S -
f =Ff[t ]/grf(t)dt; an is the theoretical enhancement factor per mole-

cule P formed, first introduced by Closss‘37’36:

(P ~-P)
v = 20 LAT_ (36)
T :
mn nPn gNBNHo
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for product
4
s 4l -
it ma
(D F
ma

with
By substituting

F cases are obtained. Comparing eg.(48)

polarization

In addition

74

mn in the radical,

radical may disappear and

Ihus we have

the opposite sign as to the

formulae for the S,T

(36) it is seen that

n

states of fragment 8.

the intensities (47) depend
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Thus there will be a maximum in the curve of Imn Versus HO.

The second term gives the multiplet effect:it depends on the sign

A

labeled according to M, = Ij' -IJ v *11. The "Phase" of the
tiplet effect (E/A or A/E) depends further on the absoclute sign

3

the coupling constant

b

(1]

Jij‘ cause this determines, whether lines

appear low or high field in the multiplet of i.

Lo : g =1
effects, I is independent of H and V x (H_)
o mn o]

transitions with M, > i and M, < ; are degenerate and the effects

in case of proton nmr) polarization due to this term appears. For
stance, consider the A lines in AnB spectra. If IB = fand n>1

1

AB

multiplet effect, which may be superimposed on a "first order" mul

effect. Examples hereof are given below (c.f. fig.3 and 4).
For D products we find, carrying out the summation of eq.(44):

p -p o Amm?
ma na 3/2
w

and as %(1 = PP) ~ L(1 - Ap) and L = LaLb we have for the S case:

1
D A mm? KT -1 a
v 5 ' 0
s =) 372 g, I, (gBH A © » T AMy + AL IM,

eus of radical b. As to the field dependence of multiplet

of

;A,MJ and in a multiplet of nucleus i coupled to j, the lines are
£ )

mul-

" of

with

gives a multiplet effect of opposite phase, for coupling

he last term is of no importance in pure first order spectra, because

cancel.

However, in spectra exhibiting second order effects (which is common

in-

several transitions contribute to the A "doublet” and the degeneracy
of these transitions is always lifted in such a way44 that transitions
with M, > i appear inside and with Mi < 3 putside the "doublet” or
vice versa depending on the sign of J,.. Thus the lines of the doublet
acquire e.g. A/E and E/A character, irrespective as to whether nucleus

B was present in the pair or not. This might be called a "second order"”

tiplet

1 =9 . 72 - - %
zAi{AgBEHOﬁ j&iAij Ai(Mi ’)}Lb (50)

i)}

(51)




Thus Da product polarization is not affected by the presence of nuclei
in radical b. Incidentally eq.(51) shows that if there is no recombi-

nation (A = 0) the D product is not polarized.

We may now give a summary of the predictions of radical pair theory
for high field CIDNP spectra:
1. 'S precursor polarization is opposite to polarization of T and F
precursors.

2. D product polarization is opposite to polarization in P products.

Spectra of fragment 03 are independent of the presence of nuc

in radical b.

3. Net effect « AgAi. Sign is different for nuclei of fragment a
and b.
4, Multiplet effect = A?A? or « - AiA;. Sign depends further on the
+ J

1

sign of J an .

sign o 14 d Jik

5. "Second order” multiplet effects may appear in spectra of magne-
tically equivalent nuclei, even when coupled to a nucleus not
present in the radical pair. Sign depends on the sign of J,, but

not on the sign of A,.
Simple Rules.

The first four results can be taken together in two rules containing

all sign reversals. Qualitative features of CIDNP spectra can be

described with the signs of two quantities, FPT for net effects, and
Fme for multiplet effects:
T - . . : A
A H E Ag Ai { . E (e )
: E/A
F = € AL AT« 2 e (52t
e i i U L E =

where it is to be understood that the spectrum of nucleus i of frag-
ment a is considered. u, € and o, are labels indicating precursor
multiplicity, P or D product and presence of i and 1 in the same or
different radicals:

p o+ for T and F precursor
* - for S precursor




It is a striking fact that in almost all cases, where reaction condi-

i for P products (recombination).
for D products (escape).

when i and 1 reside in the same radical
when 1 and 1 reside in different radicals

tions are unambiguous, CIDNP spectra can be qualitatively explained

by the two simple rules (52). We have found them quite useful for in-

with two examples:

(i)

(ii)

stant determination of precursor multiplicities, signs of hf. parame-

from the spectra. The use of these rules will be illustrated

Methyl acetate formed during thermal decomposition of acetyl per-

oxid was reported4 to show emission for the methoxy group:

_— x
CH3° + CH,CO,* =+ CH COZCH

32 3 3

In the methyl (a) - acetoxy (b)

radical pair, the acetoxy radical undoubtedly has the larger g-

value, due to the presence of the oxygen atoms, so Ag is negative.
Ai is alsoc negative in the methyl radical and we are looking at

a recombination product from a singlet precursor, so

rne = - 4+ -~-= -, hence E. For the D product, methylchloride
we have all minus signs, hence A.

4
From the decomposition of a cyclohexadienone peroxide two t-butyl
radicals are formed, which disproportionate to give isobutane

and isobutene, both showing E/A multiplet effects:

LR (53)
ZCICH3]3- > HC(CH3]3 + H C=C(CH3]

2 2

For the t-butyl radical A is positive. In isobutane J is posi-

i1
tive and the methine H is abstracted from the other radical so

45
we have rme = -+ + + + - =+, E/A, For isobutene J is negative

il
and the splitting is due to protons of the same fragment, giving

Fme = -+ ++ -+ =+, hence also E/A (but for different reasons).

When a small multiplet effect is superimposed on a large net effect,

rule (52b) may break down, because the apparent multiplet effect may

be reversed. In that case and in the case of strongly coupled spectra

it is better to employ computer simulation technigues.




4.5

Second order spectra and computer simulation.

When chemical shift differences are not much larger than the coupling

constants J second order effects appear in nmr spectra. The functions

ij’

xn are then not eigenfunctions of the nuclear Hamiltanian of the product:

H (54)

Ho = 3h T * Eep?igt Yy

where hi are chemical shifts relative to a reference signal. To des-

cribe the spectrum the eigenvalues Qz of EP are obtained by the trans-
formation:

s tos = o& (" diagonal) (55)

e elige functions are:
X = IS X (Jt]
n

. 46
Line frequencies are given by Qi - Qz and relative intensities by

2
\‘Y - [ 4
Iuv 3 1< XU|; iIxilxv >] [Pu pvJ (571

The populations Pv of the mixed states are calculated from the projec-
tions of ¢n(t) (eg.12) on the state Ry

lc (t1]? (58}
n

S

2 2 ”
NEl £|< sx,le, () >|" = §°nv|c

S

where the last step follows from (58) and the orthogonality of the Xn®

Along the lines of sections 3 this leads to

PramPoms g8 L-18% )8 (59)
H v n nu nv' n
with Pn given by (22), (24) or (27) for S,T and F cases. A nmr spectrum
47
simulation program was modified by incarporating (57) with (58) for
relative CIDNP intensities. A few examples of computer simulations are

shown below.



Examples.

Ethylchloride at 15.1_Mc.

The 100 Mc CIDNP spectrum of the thermal decomposition of propionyl

A - - A 4
peroxide (PPO) in hexachloroacetone has been given in I . The spectrum

shows A/E and E/A multiplet effects for ethylchloride and butane res-
pectively and is in accord with the formation of two ethyl radicals
(R) giving the reactions:
diff.
PPO + ZR* 7 3 R+ XC1 + RC1 + X-

=S
R-R

(a) 15.1 Mc nmr spectrum obtained during thermal decomposition
of propionyl peroxide in hexachloroacetone, (b) computer
simulated spectrum of ethylchloride and (c) normal 15.1 Mc

spectrum of ethylchloride.




The 15.1 Mc spectrum (Varian DA - 60, H0 = 3550G) is shown in figure

2a together with a computer simulation (fig. 2b) and the normal 15 Mc

spectrum of ethylchloride (fig.2c).Due to its greater solubility at the

temperature of the reaction (11001, ethylchloride appeared much stronger
in the 100 Mc spectrum than butane; this is even more pronounced at

15.1 Mc because of cancelation of opposite polarization effects in

nearly degenerate butane lines, so the spectrum of figure 2a is almost

completely that of ethylchloride. The enhancement factor is 2500 + 1000

(difficult to estimate for gases). It is about a factor 7 larger than

at 100 Mc as expected for multiplet effects. The hf. coupling constants

of the ethyl radical are4a A(CH3] = 26.9 G, A[CHZJ = - 22.4 G. For the
simulated spectrum the best fit was obtained with |J| = 6 105 radians/sec,
but higher values did not change the spectrum dramatically. Values of

]J| < 10e radians/sec gave worse results. Differences in relaxation

times were not taken into account. The agreement with experiment is

satisfactory, the largest deviations occurring in the region around

1 ppm, where butane may contribute (fig.2a). The following can be in-

ferred from the good agreement:

(1) S—T+trensitions do not contribute to the polarization. This was
obs;rved in several other systems run at 15 Mc as well. So these
transitions are certainly unimportant in the higher field (14 and
23.5 kB), where CIONP spectra are usually recorded.

(11)] Relaxation effects in the radical are probably not important.

(1i1) Relaxation in the product also does not affect relative intensi-
ties in this case.

Lines involving transitions between isolated levels, such as the strong

than others. This

1
line, however, has completely vanished in a pure multiplet spectrum,

line at 1.47 ppm, are expected to have a longer T

because it has Mj = 0. If the mean time for escape of gaseous products
from the sample is shorter than T?, there would also be little dependence

on relaxation.
2-Cyanopropane

The 100 Mc spectrum (Varian HA - 100 spectrometer) shown in figure 3a,

is obtained during thermal decomposition of azo-bisisobutyronitril (AIBN)
in thiophenol (SH). The reactions are:
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+ SH =+ RH + S

. 48 :
3G and RH is 2-cyanopropane, normally

let for the methyl groups at 0.85 ppm.

(a) (b)

Y

T
10 OS 5PPM

one would




provide indications of polarization resulting from a transfer reaction

34 . - 12550,
itself . Emission of chloroform ascribed to such a process is

better explained by a radical disproportionation reaction (F-case) of

CClé with alkyl radicals.
Isobutane

4 : A . : ; o N
In I we studied a reaction involving a pair of t-butyl radicals,

A(CH3] = 22.7 Baq reaction (53). The 100 Mc spectrum of the isobutane

methyl groups is presented in figure 4a.

Figure 4 (a) High field part of
100 Mc nmr spectrum of iscbutane,
formed from disproportiocnation of

t-butyl radicals. The shaded signal U

is due to the precursor.

(b) computer simulation.

10 08 10 08 6PPM

Superimposed on the E/A doublet is a second order multiplet effect,

not to be confused with wiggles. The sign is opposite to that of figu-
re 3, because isobutane is a P product. The simulated spectrum of fi-
gure 4b reproduces both of these effects. It may be noted that for the
problem of two t-butyl radicals (20 spins!) the use of magnetic equiva-

lence factoring is imperative.



for the coarse structure of CIDNP spec-

If they were equally important in
detract from the effects of the hf.

ing Hamiltonian may be written

(A1)

T
u

v

wm

-
-
-

[

ital angular momentum operator for electron i and g, is

ant, depending on the nucleus, in the field of which the elec-

51,52
usually negligivEe‘

in the ground state

igurations.
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Consider a pair of radicals a

a
lar momentum operators L (u

) a
tains the axis u. Hence L‘i mixes
u

(a) states (local space symmetry at a). We
. - a . 5 .
contributions of L i) if the wave functions
1 symmetry by x X (x = ¢ or a), non-vanishing matrix ele-
3 ; E

w

| =

their spaci

W

ments of H e
H ar

w

)> (A4

and similar expressions for centre b. The operator H , however, i

symmetric.

is expanded in int over atomic

butions vanish by symmetry and there are only contributions from two-

centre integrals involving orbitals of both @ and b, for re tive

orientations such that x 18 non-symmetric.

The order of magnitude of H.. in (A1) is g(AE) K_, 0

where K_ . is an electron repulsion entegral, which nentially
av b

dependent on distance, similarly to the exchange int 11 J. Thu

conclude that at distanc r >r , where J has becom jex small, S-T

7

mixing by spin-orbit coupling of the type discussed here will

gible. At short distances it might become relatively more important.

APPENDIX B

We wish to examine the process of product forming encounters of free

-

radicals with initially uncorrelated spins. We make use

wn

operataors U(t,to) to describe the time-sveolution of wave




¥(t) = U(t,t J¥(t ) (B1)
0 0

"

Considering only M. = 0 encounters (others are inreactive) we start wit
¥(0) = CS(O]W T U R (B2)

where ¥Y__ and WDT are the same as in Appendix A (space and spin functions).
Ja

The wave function after an

encounter of duration t_ is
o]

0
-iJH C[tldt
y(t ) = (t )¥(0) =e © : ¥(0) (B3)
0
where H represents the Hamiltonian during the encounter,

enc
the process of product formation by energy transfer to surrounding sol-

vert molecules, which we do not consider explicitly. When product for-

mation occurs only from the singlet sta
1

-ia 2.~%
T i e “[¥gs* n¥ps] (e
(t )y - g 1By (B4b)
g8h5\<03r[,1 = Ya1 b

T
®
0
=
"
-
©
g
o
¢
o

lower vibrational state

After the encounter ¥(t) is given by (B1) with

the radical pair. In terms of

ator the coefficients of eq.(16) are:

where we have suppressed the label n. The fraction that gives product

during the first is:
2 ]
i/‘.' lyct 33| = —— |C ’V]V = ale.coy|© (B6)
P¢ - o | 1+n4 - |
here s have used t orthogonality <V { V] > = ) - 5} the
where we nhave use rehogonadlity *pgl *0s U ) tne



2
F X
quantity of interest, |Cs(t]| can be obtained:

=7 2 =} - e
C;(t] - <y leee)> = a7 ) e (0IC3(E) + e 18 torel(e) (87)
- 5 2 211 2
k) = a1 n?) 1lcstmlzlcgml v le o ]?[ele) | +

: LM
+ o2Y(1 » 022 ict(o)C

S

nwm

(£1%c, (0)cl(E) + c.c.
(88)
where y = a - B and c.c. denotes complex conjugate. The last two terms
of (B8) vanish when this expression is averaged over the random phases
of CS{D). CT(O] and y. Averaging also over all possible values of
ICS[QJI2 and ]CT(C]|2 and using the identity (1 + a2) 71 wiq =X ‘terom

B6) we obtain:

8 2
<|c5[c)| >=3[(1 - 2c

0nwm

(t)

2 T 2
~ ‘ X
+ ILS[t)‘ ] (B

m
w
—

This expression has been used in section 3.
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Thus, if a pair is in
’

of one of its members, This
is important, because it implies that can be expected for
products of the secondary pair and of other subseguent palrs with
common precursor. A detailed disc given in section 2.

The special case of stereospecifi

arrangements where

t
separately (section 3). A

section 4.

2.1 Competitive Reactions.

on sequence of scheme 1, where k is the

We consider the general react

unimolecular rate constant for the reaction R* » R:

-0 2k 3 K = /’d"‘??'
IRy ety REH R ey

N
el

R-R R -R R -

Scheme 1.

The bar indicates pairs with correlated spins {"cage" i

sense). Radical pairs will be denoted P,, P, P. 3
| & - | i
P P . We will examine what the co

these products.

Q3

[¢




1 - E-kt]Z (1c)

P3(t)

and of course we have P1(t) + Pz(t] + Pa(t) = 1. The probability of a

3
first reencounter at time t after separation at t = 0 is

3 nm2
P o
$E) - phte PR (2)

P> 1 o
where m has a value of about 10 g sec’ and p = éf(t)dt is the probabili-

ty of at least one reencounter; 31 <p<1.

sz 15958
Furthermore, our model for S-T mixing in radical pairs leads to the
following expressions for the probability of the pair with nuclear state

n being in the S-state:

(£)|< =1 - (an/wlzsinzwt (3a)

c (£)]% = (a_/w)sinut (3b)

where the superscripts denote the precursor multiplicities; an is the

2 )

5~Tn mixing matrix element and w = (3% + an]’, with the exchange inte-

gral J (we suppress the label n for w ).

If probabilities for both S—TO mixing and product formation are small,
we may treat these processes and the competing reaction independently.
The probability of recombination at time t is then a product of the pro-
babilities (1), (2), (3) and A, the chance of reaction during a singlet
encounter. The cases of S and T precursors are now treated respectively.

S precursor.

In this case the fraction of pairs with nuclear state n, present as

54
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Neglecting product formation for the mpment we can write for the second
i S 2 -2kt
=P {t) = 2kP. _(t) = KP,. (%) = 2k{C (t)|"e =kP. (T 1
dt 2n' "’ 1n(t) 2n |C3sn (B0 2n %) (10)
2 we have set P,n[t] = P,Fq(t], effectively neglecting any transi-
i 19r
tions back to the § state, once a pair has arrived in the T state,
o
W is allowed for small transition probabilities. Furthermore, it
- 29 \ -
is reasonable to assume that ]L1”n[tJI reaches a stationary valus
5
fore P does, so we replace it by its average value
- - TR S
o3 & 0 1 et~ ;‘?‘\v.“.:h (t) ‘/e Z’\-\It =
1Sr ! o' "1Sn
2
aA
n -~ (44
- s R (11)
1 2 2 n
2(k"+ w')
ntegrating (10) and correcting for product formation (P, (t) similarly
In
2pl by its s ary value P_.  for long times) we obtain:
. = ~kt, -kt A
R £ = P 2 P P e (R Je (12)
nd f duct II
a0
P (t]| (t)f (t)dt (13)
LAr 4 ar
i ? cannot use the function f(tl of eq.(2], which is the reencounter
robabi a pair, just separated from an encounter.To determine
: A 7
function f (t) we make use of a procedure of Braun et al.. The total
n pair formed at a distance r[t1) at time t1
- - 8 2 H
is given by" r(t,) = (v01t1]’.
p g and v are the mean diffusion step-length
frequency respectively). The function ¥ (t) is the encounter proba-
hence




and by differentiating (14),

£t = t € = mt (15)

When p = o, m and m” have a similar magnitude. We can now integrate (13)

with (15), obtaining the result

A Vel € (1 = %, My..- a._} (18)
Prin = 1x'' - Fan OV = %4p?Wpe” 95,
-;T'{,K)é —ﬁit(gny\i
he = 20{a P - P 1 (17)
where yII 2pfe e
1 2 i
and q,, = m'n (a, /w)“{F(ik) - F(kl} (18)

with F(k) given by eg.(B8). It has been assumed that f (t) approaches

f(t) in the limit of very large k, hence the appearance of p in eqg.(”
AGEL > . "
However, in the region k < 10 "sec eq.(17) becomes indeper of p.
For the calculation of pI*Iﬁ we make similar approximations and for sa
of simplicity we assume that m”~ (c.f. eq.15) is the same for pairs
B Usine the average value of 125 (+]2
an 3. Sing the averag A1 o lagn tE
25 2 S t -kt
CuiE) kf|Cha ()] 20 (4.~ g Jdt =
| 2S8n | 2'725n
) 4 1 e
0\ d‘ﬁ{ ) ) . 5 4= Fims
KT 40 2(k"+ w")
(18]
we arrive at
- o ¥ -kt .2 ”
P w (4. - P (1 =P FER, = ¥ = s K1 = srihied (20)
3n[t] ( In)‘ IIn 1n 2n

and the population of product III becomes




oo

Promn™ 8 111 G380

(t) %, (£)F (t)dt =
3n

11 =P )1 - %, )1 - %

*Agpptt S0 IIn 1n 20’ Wi

III

A

3n

In

Summarizing the results for the S case, eq.(5), (16) and (21), and

neglecting products of small guantities, we get

S ey
Prn = Ml¥p = 99}
= . 8 T R 24b
Prrn = App!t - PPy M X4n) = Ggn} (24b)
BS e Aif1 = P = Pond (Y (1 = X, = X5 ) = Qg ) (24¢)
IIIn = “III I 11’ YIIr n *2n 3n

where PI and pII are the nuclear spin independent parts9 of PIn and

PIIn A notable result is the fact that polarization in products II
and III is a sum of contributions from all preceding pairs. This might
be called a "memory effect”, because the effect of S-T transitions in
a specific pair is stored and appears later as polarization in the
recombination products of other pairs. Of course this works only if
the same nuclei are present in the pairs. There are experimental

examples of this effect, as will be discussed in section 4.
T precursor.

We make the same approximations as for the S case; only the first re-

encounter is considered. Then

T 2 -2kt 1
- 5
Cie (BT T F(t)dt = gA.q, (25)

”
e §A1| 1Sn




where we have used (3b) and P is defined by eq.(7). Again assuming

that transitions back to singlet are not dimportant and noting that

{t)] = % {(c.f. eq.11) we have, similarly to eq.(12)

P, (t] = (1 -x, 1201 -e " le
n

The singlet fraction of pairs 2 is

2 » 2P e =Kt. =Kt .
|61 = x; ) + (1 - P..)x, }2(1 - e e (27)

1 T
P t) = o{|C o (T
(t) = g{|C g, (t)
where we have separately included the fraction that has crassed over

from T to S in pair 1. In the same notation as used in eqg.(24) we have:
(o]

«© P 1 - -
— $L v €4 & Ses) 4 & v }
Pitn beIstn(t). (t)dt 3AII{q2nl1 Xpq) * (1 Prmlfﬁnjrr,
(28)
Similarly: P3n[t] =y (A an)[1 - x?m](W -8 1) (28)
11T 2., = - .k -kt 2
HEEY + - = (1- = X | -2 =)
Pogr it) 3[|C35n(L’! E¥oR I N5, i ek B FEEASRL DRsieii, F]E1-0e T2

— 1} -
Prrrn® Prrrlfanl? = %) - X5

Neglecting products of small guantities the results for the T case

(25), (28) and (31) become:

T 1
= = 324
o™ 1M (32a)
Pl wiath. 4 k. l) (32b)
IIn 3'II"'2n IT 1n
Pl = I g+ yooilx, + x, 1) (32¢)
I1In - 3°111'%n" YIrrt*an* *an ¢

Again we have as a result that to a good approximation the polarization

is a sum of contributions of all preceding pairs.
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.4 Enhancement factors and Product yields.

essions (24) for the case of a S precursor will

f the extent of S-TO mixing is small, the product yields

may be equated with the nuclear spin independent parts of eq.(24):

where y_, Vy.. and y... are given by eq.(6), (17) and (22). In figure 1

these yield in % ) are plotted as a function of k, for the c
: !
1 m” m = 1 "‘., At and ) = ) = = The maximur deld ie &
3, m=m= 11 Sec aind AL o k’r[ 1. The maximum yield i
] to our choice of Ap = 0.5. The behaviour is as expected: for small

calculations were t




1

1 2
In the region of small k we have y, .= 1.64 m”(rk)? and Yirr® 1.17 m”(wk)®,

1

and hence both PII and PIIIexhibit a k? dependence ® in this region.

The enhancement factors (c.f. VIII)

KT (34)
EnBato

)

i in Pim

where 1 = I, II or III, have been calculated for a one-proton case

(S precursor). V'is used, because this is a better measure of the obser-

vability of the eFFects!OBesides, V for different products of the same

precursor, is proportional to the relative CIDNP intensities of these

products corrected for nuclear relaxation. The results are plotted in

figure 1. In order to facilitate comparison, the magnetic parameters

have been given the same values for the three radical pairs: AH= 4.4 *\5

radians/sec, J = 5 1DB radians/sec, Ag = -B6.5 10-3, hT/gNBNHD= 15ﬁ

These values have bearing on the alkyl/trichloromethyl radical pair,

which is discussed in section 4. Inspection of fig. 1b is revealing.

It can be seen that the general behaviour of V'is similar to that of

the product yields. However, the curves are shifted towards lower values
8 -1

of k. For instance, the maximum of VII occurs at about k = 8 10" sec ,

a factor 25 lower than for the maximum of P

-3/2 $1
,but for low values of k a k* behaviour similar to PII

In the high k region,
V’goes as k
is predicted. This result is characteristic for the diffusion model.
A consequence is that the polarization for. products II and III drops

of much slower for low values of k, than other models would predict.

Taking a value of kK = § 105 Sec-1. the yield of product I has decreased
from 50 to 40%, whereas Vi has dropped from 1200 to 400. A conclusion
is that times of 40—3_10-9 sec contribute appreciably to the polariza-

tion of geminate recombination products.
Memory effect.

As an example of this effect we have calculated the enhancement factors

Vil and ViII for a one proton case, where polarization in both products

II and III is due only to pair 2.



This situation is thought to occur in the decomposition of acetyl

st Al .
peroxide , where emission in both methylacetate and ethane arises pro-

bably from S-TO mixing in the methyl/acetoxy radical pair. If pairs 1

Prin™ Apr(? - Pplvpy dp)

PIIIn= XIII[1 - PI][1 =P

In figure 2,

A 1b
ing to the methyl/acetoxy pair ;

and 3 cannot contribute to the polarization, we have

II

are plotted
= s 10_3, pertain-

VII and VIII' defined as in eq. (34)

versus k. The values AH= - 4.0 10

radians/sec, Ag

have been used in the calculations.

This choice results in a negative polarization. Values of the other pa-

1. Notably,

rameters are the same as those used in fig.

where larger than VII:

in the fast reaction region (10 < k < 10

a factor 6 to 10 larger. Thus; in the case of rapid reactions it may

even occur that polarization from pair 2 is visible only in products

of pair 3.

1000

<

Figure 2. Plot of VII and

- 100
V... versus k for the case

L
that polarization arises 7

only from pair 2 (memory

effect]. 1
mms
5;;2;;3dy{,Af1crtggﬁg;}p;ﬁ;g;;gpgexgggg

4
!
A few rearrangements of optically active compounds have been reported

where a high degree of retention of configuration was observed and

homolytic nature of the process was established by the observation of

CIDNP. It might appear as if these observations are in conflict with
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o1

the present diffusion model, which, however, is not the case. The pro-

cess of racemization, competing with recombination is depicted in

scheme 2.
//a diff. o diff.
\\N p k \\N 5
I II
Scheme 2

P1 and P2 are radical pairs that differ only in their relative orienta-

tion ("1" and "d" pairs) and similarly the products PI and pII ( 1 and

d products), P_ being the product with retention of configuration. The

I
rate of racemization k is related to the tumbling frequency of the
fragments. If no product formation occurred we would have

-2kt
+e

PLft) = (1 ) (36a)

-7
PL(t) = 3(1 - e <Kty (36b)

S precursor.

For k > w populations of the products are now given by:

e D 2 -2kt i
Prj # " éx[cSn[t)l i1 te Jf(t)dt =
II < :
~=L(2nk)? s o T3 -3
= I[p{1 ¢t e P } - mn’a;{w + 3(2k) “Y] (37)

Hence polarization occurs in both products, irrespective of the exact

value of k. Interesting quantities are the sum and difference:

3
2=
e _ 38
PIn+ PIIn AMd{p - mm a_w 2} (38)
-ET(ZWK)% 3 2 '%
Prn - e A pe - immia_(2K) } (339)

and the fraction of retention:
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4

=t 12,13 :
y the sum (38] has been observed so far =2 3 it is equal to the nor-

mal S-case (eq.22 part VIII), For solvents of ordinary viscosity k will
1 10__ -1

If we put Kk = 10 sec , we find

n fact this percentage could be even

recombination in the sense of Noyes,

for (c.f. ref.3b). From (38) the

: is expected to be very small.

that‘ghe nmr signals of PI and PII

can be observed when there is more
1

4
in the molecules , or when an opti-
on

ally a nt is Observation of difference polarizati
1d provide a stringent on the theory presented here.
The re l1ts for the T case are:

o \ T ) -kt A i -3 1 pe ‘3~
P = 2L (8) %401 £ e TIF(E)dt = mm—mmia {w 2 £ §(2k) 2}
7. .n n 6(1-p) n
(41)
Pu = P mi b AR (o) D (42)
In IIn (1-p)
P 4+ P S (43
"I IIn  301-p) sl
=9 -3
S = (w/K) (44)

Both retention (44) and difference polarization (42) will be very small

o eqg.(24,VIII).

eas the sum (43) is iden




Discussion of Experimental Examples.

Radical Scavenging.

5

. 1 e
We have previously reported on the decomposition of isobutyryl peroxide

(IBP) in the presence of CCIBBr, which acts as a scavenger for isopro-

pyl radicals. Chloroform, a product of the secondary isopropyl/trichloro

methyl radical pair, exhibits a change of sign of the polarization, g

from E to A, when the concentration of CCIBBF is increased. The

change occurred at 0.11 M CCIBBr.This phenomenon was inte

terms of a competition between S-precursor polarization of spin-corre-
lated pairs and (opposite) F-type polarization (due to free radical
encounters of uncorrelated isopropyl and €C1: radice .

3
The reactions are those of scheme 1, with R+ = isopropyl, R. = CCl:

and k = ktr[E513Br]. The value of K*r for the transfer reaction
5

R+ + CCqur —RBr + CClﬂ is not known. For a similar radical

s 16 : .
[CCIBCHAEHDCOCHR] Melville et al . have found Ken = 2 10 1/mole
2 3 A=l
(for a reaction tempercture 807 ). If our interpretation is correct,
k,  must be higher in our case. One can estimate a lower limit of Kk __

tr "
from the theory presented here.

The signal intensities (I) are related to the enhance V (eq.
34) as follows (cf.eq.42, VIII)
I =V I[Et’]KFT1 (45)

states in the precursor at time t‘, when the maximum polarization
oCcCcurs; Kf is the rate constant for the formation of pairs and T1 is

- -
the nuclear relaxation time. In our case k; = 4,5 10 “sec L (ref.17)
and T1 = 50 sec for chloroform. Thus, for instance, if V = 2, the CIONP

intensity would be about half the intensity of the peroxide signal

(normalized to one proton). This would be well rvable. From figure

1b, it can be inferred that in the range k ~ 5 s, on
could still have observable A effects for chlor 5 implie
6 - 7 e &
k =510 - 510" 1/mole sec, in the CCl_Br concentration range of
tr 3 B =1
0.1 M.If we put (somewhat arbitrarily) kI = AII = 3 and k = 10" sec ,
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we find VII = 4.6, while the yield would be only about 0.1%, which would

be properly called a "trace"”

To see whether F-type polarization can compete at 0.1 M CC138r, we first

estimate the steady-state concentration of CClé radicals. The peroxide

concentration is 0.2 M. Thus the rate of formation of isopropyl radicals

-4
re =g 10 mole/l sec. Assuming that 2 of the radicals eventually be-
comes CClé and that these radicals disappear predominantly by bimole-

cular coupling: 2CC1- ——1# c Cl5 with a rate constant k1 = 0.5 10
-B

1/mole sec18, we find from the steady-state condition [CCl ]-3 7 10

mole/l. If the rate constant for the reaction

K
R+ + CClé —25 products (46)

is taken to be K2 = 2 1Dgl/mole sec (c.f. ref.16) the rate of disappear-
ance of isopropyl radicals by reaction (46) would be KZ[CCIé]

7.4 103 sec-1, or a factor 135 slower than that of the transfer reac-
tion (k = 10B sec—1). However, F-type polarization for this reaction
could well be a factor 135 larger than ViI [V; = - 620 is not unreason-

able), thus canceling the effect of the singlet-correlated pairs.

The calculations presented here are demonstrative rather than precise.
They seem to indicate, however, that CIDNP effects can be observed from
radical pairs, that retain their spin-correlation for rather long times,
up to the microsecond region. This is anyhow about the limit for the
validity of this treatment, since for longer life-times the correlation

is spoiled by spin-lattice relaxation [T? ~ 10-4'10_5580].

It is probable, that observation of A for pentachloroacetone, formed
3

during decomposition of a cyclohexadienone peroxide1 s (giving a pair

of g-butyl radicals) in hexachloroacetone (HCA) similarly results

from rather long-lived radical pairs.

Fragmentation.

An example of this type of transformation is provided by the decarboxy-

lation of acetoxy radicals, formed during decomposition of acetyl




peroxide11 (AP): diff.

e Ok e . e /
AP ZCH3C02 =hy CUZ* CH3 + LH3L02 2CH3 \\\N (47)
LHBCDECHB LEHB

Emission for both methylacetate [OCHQ) and ethane was reported pre-
: 11a . P :
viously . We have experimental indications that both E effects are

due to S-TO transitions in the methyl/acetoxy radical pair (memory
- 7,18 -
effect). The value of k has been estimated to be in the range
9 10 =1 . ’
107 - 10 sec . The ratio V_./ V
THOSE T
agreement with the values 0.17 - 0.10 derived from figure 2 for this

was found to be 0.26, in fair

range. When the experimental value of P,I = (0,32 is used, the theore-

ct

tical ratio's become 0.27 - 0.13. The theory correctly predic
larger enhancements for III than for II, in spite of the fact that the
latter product is directly formed from the pair, in which polarization
is generated.

In our opinion, the emission effects of ethane, toluene and methylben-

N

zoate, observed during the decomposition of benzoyl peroxide (BPO) in
x R L gy e cap :
the presence of methyliodide g has a similar origin and is probably

+

an extreme case of the memory effect for the fourth or fifth subseqguent

pair:
EHBI
BPO - 2@(:02- = ‘M:DZ. + & ———)QI + ¢C[)2- - [:&13. -
COo.CH
$ O2> -
CH3I ik A S
> &% #CH % —2 $T # 2CH.* > diff- (48)

3 \\N 3 \\N
0LH3 LZHG

where 4CO_* and ¢* are the benzoyloxy and phenyl radicals and polari-

2
zation is due to the benzoyloxy/methyl radical pair.

: 21 13
Furthermore, observations of C polarization during thermolysis of
BPO in cyclohexanone (E for benzene and Co,, A for diphenyl and A for

/ 2
the three C-atoms of the c-c“—o-C moiety of phenylbenzoate) are
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also in accordance with a reaction scheme like (47), the polarization
originating in this case from the phenyl/benzoyloxy radical pair.

The observed effects_show that the hyperfine coupling constants are
positive for the 1-C atom of the phenyl radical (which is expected for
a g-radical) and negative for both the carboxyl and neighbouring ring
C-atoms of the benzoyloxy radical, which is not unreasonable for an

allyl-type radical.

Rearrangements of Radicals.

The cyclopropylcarbinyl radical is KnQWn22 to rearrange to give the
3-butenyl radical. We have studied4 the decomposition of cyclopropyl-
acetyl peroxide (CAP) in HCA at 80°. The reactions are

diff.

CAP: 412 IO SR, OSSRTESEH ) 0 et 2\\/==CH2///a (49)
E e
I IT ITI

P and P represent coupling and disproportionation products,

II
ct

I’ PII I

the CIDNP spectrum of which was not clear. However the "escape" product,
4-chloro-1-butene, resulting from transfer reaction with the solvent
showed a strongly polarized spectrum (multiplet effects for all protons),
which could well be accounted for by computer simulation. The polariza-
tion was partly determined by the cyclopropylcarbinyl radical (from
pairs 1 and 2) and partly by the butenyl radical (pairs 2 and 3) in

the ratio B:1. From this ratio, the rate constant k for the rearrange-
ment can be estimated, when a number of assumptions are made.

To this end we define for the escape polarization (c.f. eq.24):

= - X ) - 0
Dy = A9t (1 - Pp%g {hpg¥ar® Appr O Prr¥rrr? {50a)
- - & YR % b
D, = Ap (1 = Pray Appp(1 = PO = Prodypp Xy, (50b)
- - . (50
03n AIII[1 PI)(1 PII]q3n c)

and for the contributions from the cyclopropylcarbinyl and the butenyl

radical respectively:




B e 20eeey #iH (51a)
an 1n Z2n
D, =D, *+ 20, (51b)
br 2n 3an

from which we obtain the enh

(52b)
= 0.5,
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CHAPTER X

CHEMICALLY INDUCED DYNAMIC NUCLEAR POLARIZATION X
ON THE MAGNETIC FIELD DEPENDENCE.

By R. Kaptein and J.A. den Hollander.

Department of Theoretical Organic Chemistry
University of Leiden, P.0. Box 75, Leiden.
The Netherlands.

Introduction.
The magnetic field dependence of CIDNP has not yet received much attent-
ion. In particular, observation of polarization effects in the low field
region (lower than a few thousand Gauss) has been reported in only a

few 5tudies1-q. In most experimental work on CIDNP, reactions are run

in the nmr spectrometer probe, i.e. in fields of 14 or 23.5 kGauss.
CIONP effects have been observed also in nmr spectra after carrying out
the reaction in a separate magnetq. in "zero" Field2 and in the low
field near the spectrometer magnet and furthermore in a spectrometer4
run at fields below 100 G. Observation of zeroc field polarization was
actually one of the most obvious pieces of evidence against the ori-
ginally prooosedg Overhauser-type mechanism of CIDNP. This mechanism

. 3 S S ¢
has been replaced by the radical pair mechanism .

(nuclear spin
dependent singlet (S)-triplet (T) mixing in radical pairs). High field
experiments can be explained by considering the mixing of S with TO only.
This simplification is no longer justified in low magnetic fields, where

mixing of S with all three T states has to be considered.




Therefore, a study of low field CIDNP is of interest, because it can

be expected to give more detailed information e.g. on the behaviour
(and sign) of the exchange integral J, which affects the energy of S
and T states of the radical pair. It may also provide a more critical
test of the various theoretical models of CIONP than the high field ex-

periments.

A first attempt to give a general theory of CIDNP has been made by
Glarumg. It will appear, however, that his model cannot accomodate all

of our experimental results.

In this paper we present an extension of a previously8 given model of the
radical pair mechanism, in which diffusion of radical pairs has been
taken into account. Predictions of the theory will be compared with
experimental CIONP spectra in the case of some photochemical reactions,
carried out in an auxiliary magnet., after rapid transfer to the spec-
trometer probe (Varian A-60, “o = 14 kG); spectra were run before relaxa-

tion was completed.

General Formalism.

Radical Pair Theory.

Radical pair theory is concerned with S-T mixing and its effects on the
reaction probabilities of radical pairs. A general reaction scheme is

depicted in scheme 1.
diff.

Scheme 1

The radical pair may be formed from a singlet (S) precursor, a triplet

(T) precursor, or by encounters of free radicals with uncorrelated spins (F).
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We have to determine the populations of the nuclear spin states of the
recombination product P and of the product Da (and similarly Db] formed
from radicals, escaped by diffusion (diff.). As we have done previously7'8
we will describe theg¥ormation of the pair at t = 0 by a sudden decrease
of the exchange integral J to a low (constant) value, comparable to the
hyperfine interactions. The time-dependent mixing of states follows from
the Schrédinger equation, which now leads to a set of more than two
coupled equations. The problem can be solved in three stages:

a The Hamiltonian matrix for the radical pair in the magnetic field Hr

{in which the reaction 4is carried out) is set up and diagonalized.

|o

With the eigenvalues and eigenvectors obtained in stage a the popu-
lations of the product levels are calculated by a procedure similar

to the one given in VIII (diffusion model).

o

From the populations calculated in the field Hr' the populations of
the nuclear states in the spectrometer field HO are determined (nuclear

states in HO may differ from those in H ).
r

There are two limiting cases for this last stepgz (3] the adiabatic case
(slow 1imit), in which populations are transferred according to the corre-
lation diagram connecting low field with high field levels and (ii) the
non-adiabatic case (fast 1imit), in which case populations of Hr states
may be distributed over several H0 states. Experiments indicate that in

practice the transfer is predominantly adiabatic.

Stage a. The Hamiltonian Matrix.

As we have discussed in VIII, nuclear spin dependent S-T mixing occurs
probably at separations larger than 6 ﬁ in freely tumbling and diffusing
radical pairs. At these separations g-factors and hyperfine (hf.) coupling
constants (A,) have taken their normal free-radical values. Since inter-
system—cross;ng is much slower than the tumbling rate in most solvents,

we keep only isotropic fterms in the Spin Hamiltonian

H._ =H +H (1)
La/ it o S

o =9 ST T s .5
i gseﬁ HF(S1Z+ S,,) J(3 + 2§1 ~2)

i CreBaral Selh
+ §(5,+ S,) (ﬁ A DAL (1a)

4




H'= §AB.M 'H.[S..~ S,.) + 4(S,- 8,)°!
— e r

AT =5 AT ) (1b)
1z 2z k =

where g = 3 (g_ - gb); 22 and Zb run over the nuclei of radical a and b
a 2 2

respectively; J and Aj are expressed in radians/sec. We use a direct

product basis of electronic singlet and triplet states ]n) and nuclear

spin states |n> : |on> = |c>|n> » where 9 is the singlet function S
¢ i 1 T el i

and Ops Oqs O, 8re the triplet functions T, T0 i

[n> = ]. o s A I.M.,...> are the nuclear spin product functions, where

: i il ik

‘ 8 i
groups of magnetically equivalent nuclei are coupled together to give
resultant spins I,. The Hamiltonian matrix is of the order 4L, where L
i

is the mumber of nuclear states:

- 2 b (2)
L LaLb Hj(ZIj* 1]HK(ZIK* 1) <
The diagonal elements of ERP are
ESn mJ g ETDn iy uy
S i y8,b
Elen J+gB W H2 ,;l: A LM (3)
The non-diagonal elements are:
- o =9 a LoD
< Tonl_)j |sn > =% [Agge)ﬁ H_+ § AJMJ E A M
1 1
. Y -3 2
<Tem|H[sn> =28 giAi[Ii(Ii» 1) - M (M2 1)]
1 1
B -3 3 3
< Ty [H|T n > = 8°A 1,01+ 1) - MM 11] (4)

ii
in radical a, Ei = - 1 if 1 is present in radical b.
Other matrix elements are zero. The matrix ﬁRP is diagonalized by the

where |m+> = I...,I M 45 IJMJ,...> H Ei = + 1 if nucleus i is present

orthogonal transformation

1.8 (51




The columns of T are the eigenvectors; w is a diagonal matrix, the ele-
ments of which are the eigenvalues.
T

he Populations in H .

1

Let us first consider the populations of recombination product P, or
equivalently the fraction of pairs with a certain nuclear spin state,
that recombines. We make again the fundamental assumption, that only
pairs in the singlet state can recombine. The time-development of each

pair state is given by the Schrddinger equation, written in the

1C(t) = HooClt) (6)

C

C(t) is a matrix of order 4L, the columns of which represent the states

at time t. The solution of eq.(6), subject to initial con-

Clt) = e (o) = Te "¢°1 'c(o) (7)

To obtain this result, we have used eq.(5) and a well known property of

axponential operators . For C(0) we take a direct product:

where E is the unit matrix of order 4 and is an orthogonal matrix

of order L, which diagonal

the nuclear spin Hamiltonian of the
precursor:

£S5 W™ = q (89)

In this way mixing of nuclear spin states in the precursor is accounted
for in the initial conditions. However, it will be shown presently, that
any mixing of nuclear spins in the precursor is irrelevant, so that we
A

might have taken the unit matrix instead of § as well. As far as the

electron spins are concerned, the four initial states 5, T, T , and

o
T are included in eq. (8) and we have to select the states, pertinent

to a specific problem (S, T, or F precursor) later on. For the product
LA A 3 f
spin Hamiltonian H in the field H_an eigenve

tor matrix

similar to (89):




and a matrix Q

This expresses the
exclusively from the

state and 1 the elect:

to those of P, are represented by

f the 5
e states |1v™>:
(1

are contributions of all possible

Pg[t} of the state |1v™>, i.e. the
v

the state [1v™>, (g denoting the

o
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= . P ; .
F (t) is a row vector and F (t) the complex conjugate. The diagonal
~V ~V

matrix G weights initial electronic states of a given multiplicity;

all nuclear states are given equal weights. G can be written

where I is the unit matrix of order L; E (g =S, T, or F) takes the

-
-
'

—

(X being the probability of reaction during a

have neglected Boltzmann differences and other pos



differences among the precursor T-states, which, however, could have

i : e - - g
been easily incorporated in E. and E_. The function 5

E v (t) obtained ip

this way, plays a role similar to Etv (£)|° in VIII eq.(58). It can be
written in the form: |
Y P o p ‘
& . -t - r - o
PS(t) = @ CItIGC’ (t)Q (18)
Np2e L fiod v
If eq.(?) for C(t) is substituted in eq.(16), the following matrix pro-

duct appears in the centre:

which shows that mixing of nuclear spin states in the precursor does
not affect the results whatsoever, a result that has been used in
II. Thus we obtain for the population function
\ ~P_ ~jwt_-1 iwt_ -1_P
PE(t) = §Te =T Gle -1 'O, (18)

} i P
To evaluate this expression further we introduce two matrices V and Ug

ad by

v = EQP T (19)
) n NV nl

g - o
s LT BT (20)
1j ; rlcrr rj

Eq.(18) can then be written:

PE(¢) = P VP. g.el(w —wl)t (21)
v 1, V1 vi1J

In order to obtain the populations P%, of the nuclear states of the

product !w >, we have to multiply Pi(t) by A and by the probability of
-3/2 , ; 1

a reencounter f(t) = mt (valid after a few diffusion steps ') and

to integrate

: - m/2me, )
0 V = vl v ]i{D m/2nWJ1

v 1, i i ¥
o -8
where p = ff(t)dt ; m « 10 8¢ 5w = |w w, |

il i s




S-precursor.

[~

Eq.(20) becomes in the case of a S-precursor:

wS oY ¢ T (23)
1j o Ir;lrsd

The double index 1r” labels electron and nuclear functions respectively

(r° runs over all nuclear states). This gives for the populations:

S P P
P>, = A (p-m L T, ..T, ..V /2mw 4
3 (p m;,% srili el Vi' le (24)

*J

T-precursor.

In the case of T-precursor one has:

T 1 4
W., = =73 X P S (25)
1j 3 AT er,l er,]
giving:
4
T Am v - P
Ps 2 Y S IR, R nt. S A A1 (2¢
v 3(1-p) S L g er,;l er;j vl vj Jj1
=7 .3

where e runs over the T-states and where we have corrected

-1
reencounters (factor (1-p) ', cf.VIII). Combining eq.(24) and

we obtain the result P:,~ 3(1-p)P. .= Ap, or for a transition v° + u

p> S | i a! (991
T Pu' = = 3(1=p)P ;= P ) (27)

showing that S and T precursors give opposite polarizations, just as in

the high field case.
F-precursor.
Proceeding as before we have from eq. (20), (14) and (15):

W,, = 8(8,, - AL

15 " . Tap ey’ (28)
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Stage c. The Populations in Ha'

Now we have to see what happens, when the sample, polarized in the field
Hr is transferred to the spectrometer field Ho' Generally one will try
to carry out this transfer as fast as possible, because one has to re-
cord the spectrum (or part of it) before the nuclear spins have relaxed.
There are two problems associated with the rapidity of the transfer.

The first, which regards the axis of quantization, can be discussed in
the case of a one proton system. The directions of Hr' Ho and of inter-

mediate fields need not be the same. However, the magnetization follows

the instantaneous field direction, if the following condition is met12:
dH 2
R << YH (36)

Thus the transfer is "adiabatic" in this sense, roughly, if the transfer
time is longer than the reciprocal of the precession frequency,

T = [YH]_1 sec. For protons y = 2.7 104 radians/sec G; hence, for a
field of only 1 G this time t = 3.7 10-5 sec, so that the adiabatic

3 13
condition will always prevail in practice . Accordingly we have found

the spectra to be independent of the direction of Hr relative to Ho'

The second problem arises because of the fact that the eigenstates of
coupled nuclei in Hr may differ from those in Ho' As mentioned above

we may ask again whether the transfer occurs adiabatically or not
{adiabatic in the sense of the system remaining in the same eigenstate).

For two groups of protons i,j, with coupling constant Jij (in Hz) and

chemical shift difference 61 - GJ (in ppm)] the states are determined by
-8

the ratio 2ﬂJij/YH(<Si GJ)1O >

For Jij = 7 Hz and 61 = 6j = 2 ppm the states change appreciably in

the region H = 200 - 5000 G. The matrix element responsible for the

mixing of nuclear states is 1J,.. The system behaves adiabatically

during transfer if the time sngt in the critical region (200 - 5000 G)
is longer than 1t~ = (iJijZR]_1 sec, which is 1/22 sec in our example.
This is short enough to expect adiabatic behaviour, which, indeed, has
been observed experimentally (vide infra). For small coupling constants,
however, there may occur deviations from this adiabatic behaviour.

In order to determine the spectrum in Ho after adiabatic transfer we
have to indentify the population of a state in H0 with the calculated
population of the same eigenstate in Hr' In other words we have to know

the correlation diagram, connecting high field with low field levels.
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In the case of AnB nmr spectra, where the highest order of sub-matrices
is 2, this correlation is easily found. However, in more complex spec-
tra, this presents a computational problem, since in the usual matrix
diagonalization procedures the correlation in lost. We solved the
problem by calculating a large number {k) of spectra, starting in ”r
and multiplying the field each time by a factor x = exp[k—11n(HO/nr)j,
ending up in H0 = erk. In this way the correlation is found and thus
the high field populations. For a complex spectrum like the propene
spectrum of fig.6, the number of steps required was k = 300 when

Hr = 0.5 G. For still higher values of k the CIDNP spectrum did not
change appreciably. Therefore, this is a time-consuming, though effec-
tive procedure ( the propene problem for a single Hr' with k = 300

took 45 min on a IBM 360-50 computer).

Qualitative Features and Predictions of the Theory.

Effects of S-T mixing.

The expressions for the populations P%, and D%, derived in section 2.3,
do not particularly excel in transparency. It may be asked if simpler
procedures would not give similar results; these would have the addi-
tional advantage of giving more insight into the problem. For instance,
a perturbation treatment has been used by Glarumg, who considered mixing
of only two levels at a time. We will examine what can be learned from
simpler arguments and compare predictions with those of the general

formalism presented above.

The effects of S-T,_ transitions will be discussed in the case of a one-
proton radical pai;, starting in the S-state. If the nuclear states are
denoted by |*> and |->, the "selection rules" (cf.eq.4) lead to the
following allowed transitions from the S-level: [s#> > |T*>, |s-> - Loy
|S0> + |T§->. and |S-> + |T_+>. The S—TO transitions alone would not give
appreciable polarization in very low fields (below about 100 G), because
the Ag term is very small (transition probabilities are about the same

for |*> and |-> states). Thus polarization in this field region must

arise from differences in S-T* and S-T_ transitions. These are depicted

in the energy level scheme of figure 1.




Figure 1. Energy levels of a one-proton radical pair in a magnetic

field Hp. Nuclear states are designated by + and -. S-T
transitions are indicated; the heavier arrows represent
larger transition probabilities. AH is the hyperfine coupling
constant; J is the exchange integral.

T-states is lifted by the Zeeman term; each of
ther split by the hf. interaction. According

iabatic transition”" i -+ j would have a

(37)

By
1]

where f is a dynamical factor and E, and E, are the zero-order energies.
1 J

m

For S»T, transitions only the values of ( = Ej] differ. Smaller

i
energy differences give rise to larger transition probabilities, indi-
cated by the heavy arrows in fig.1. In the case that J = 0 and AH >0

(fig.1a) the predominance of |S+> = !T+-> transitions would lead to

emission (E) in both recombination and "escape" products, since the

|-> state (upper state in the product) is preferentially populated.

w

When AH < 0, however, |S-> + |T_+>transitions are more probable,




giving enhanced absorption (A). In case of a negative J (fig.1c and d),

S and To states are no longer degenerate and both positive and negative

AH would give A (at least when |J| > i|A|) Thus we see that the sign

of the polarization does not depend on the magnitude of J when A, < O,

but is critically dependent on |J| when AH > 0. For positive J the

argument is reversed: positive A would give E, whereas for a negative
& H £

AH‘ A or E could occur, depending on the magnitude of J.

On the basis of this simplified treatment one would expect that these
polarization effects due to S-T, mixing would go through a maximum,
when the field is increased and die out at large fields. However,
computer calculations, based on the formalism of section 2, show that
matters are more complicated, at least in the case of positive AH.

In figure 2 the result of some calculations for the one-proton case
are presented.

The curves represent the magnetic field dependence of the enhancement

factor V° for different negative values of J where

3000
v’ !.-| Jasto m"“A.,
]’ |' Je1a 0t
20004 |
| \ —imae Jee28 00
\
{ Ax>0
1000+

S

() 100 200 300 400 500
He (gauss)
e —

=1000

Figure 2. Polarization versus magnetic field [Hr) calculated for a
one-proton radical pair with AH = - 4.4 138 rad/sec (left)
8
and A, = + 4.4 10" rad/sec (right). Values for the exchange

integral (J) are indicated in the figure.
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(38)

and [v?> = |+ , |u™> L Pi, is given by eq.(24). The factor
KT/gNBNHO has been set equal to 10_5. It can be seen, that when AH <0
(fig.2a), the behaviour is "normel”: only the magnitude of V° is affected
by IJ

. However, when AH > 0, V7 changes sign for certain values of J.
We have actually observed this peculiar behaviour (even a double change
of sign, due to a Ag effect); an example is discussed in section 4
(cf.fig.7). Apparently it arises from an interference effect, due to
the simultaneous mixing of S,TO and TQ (or T_) states.Garst EE—ElBI
have mentioned calculations of this type of oscillations. Although
they do not give details, their calculations are probably similar to

ours, except for a different averaging procedure.

As far as we can see, this behaviour would not follow from perturbation
9 > -

treatreits , allowing for mixing of only two states at a time; it seems

necessary to go to second order perturbation theory, or to solve a set

of coupled equations, as we have done.

Summarizing some characteristics of low field S-T+ polarization for a
single group of nuclei: .
1. S-precursors give polarization opposite to that of T-and F-precursors.
2. D-products behave similar to P-products.
3. In the case of a S-precursor: if J<0 (expected to be most common) ,
negative AH gives A; positive AH may give A or E depending on IJI
and on the field. The field dependence may show a change of sign
in the latter case.
4. If J>0 rule(3) is reversed: positive AH gives E; negative AH gives
field and J dependent behaviour.

The Zero-field case.

In zero magnetic field there can be no polarization for a single nucleus,
because there is no preferred direction of quantization. Polarization
can only arise, when at least two coupled nuclei are present, due to

unequal population of the zero-field levels of the product. These levels




are characterized by the qu;ntum numbers K and MK‘ because nuclear
states are eigenstates of K= and K, (K is the total nuclear spin ope-
rator 5 = 2;11. It will be shown in the Appendix that each K-manifold
is uniformly populated, i.e. populations are independent of MK' when
only two coupled groups of equivalent nuclei ( say ni of type i and nj
of type j) are present in the product and sample transfer to HD occurs
adiabatically, this leads to the so-called "n-1 multiplets”: nuclei i
(appearing down-field in the spectrum, say) normally exhibiting & multi-
plet of nj + 41 lines (for spin } nuclei) will now give rise to a mul-
tiplet of nJ lines, the high field line being absent; similarly, for

the nuclei j (appearing up-field): a multiplet of n, lines (instead

of ny + 1), the low field line being absent. The poiarizations are E

for the down-field group and A for the up-field group or vice versa

(see below). This phenomenon has first been noticed by Glarumg, whao
treated the case of two nuclear spins by explicit calculation. A more
general proof (based on our formalism) of the equality of populations
within the K-manifolds, giving rise to the "n-1 multiplets”, will be

given in the Appendix.

This effect is illustrated in figure 3, where the energy levels are
depicted for a hypothetical A2X nmr spectrum (with JAK > 0) of a recom-
bination product:

S

R(HA]ZHX' o A — R[HA] HX-R (39)

2
(S-precursor, reaction in zero-field). For three nuclear spins the zero-
field states are a quartet, Q (K = 3/2) and two doublets,D (K = §);

the levels in fig.3 are labeled with § and D according to their origin
from these coupled states (adiabatic transfer is assumed). Population
differences indicated in fig.3 are those expected for the case where

AA > 0 and AX < 0, a situation occurring e.g. for 8 and a protons in
alkyl radicals. From the assignments of transitions it can be seen

that reason of the absence of the inner lines in the CIDNP spectrum

is, that these lines belong to transitions between equally populated
states, originating from states with the same K-multiplicity. Further-

more, it can be seen that emission and absorption effects balance, this

being a general property of zero-field spectra.
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Figure 3. Energy levels and nmr spectra (normal and zero-field CIDNP)
for a AZX case, with JAX > 0. Correlation with the zero-field
levels is indicated by Q (quartet) and D (doublet). Numbers

indicate assignment of transitions.

It should be noted, that the inner lines always are absent: when JAX
is negative, both the correlation with the zero-field levels and the
assignment of transitions in the level diagram change in such a way.
that again the inner lines vanish and one would have emission for the

X-group and absorption for the A-group.

For predictions as to the sign of the effects (E for nuclei i and A
for j or vice versa) one may again use the rule, which was derived in
VIII for multiplet effects:

(40)

PO . e N 4
me 44549

i ij - A/E

where the symbols have the same meaning as in VIII: JiJ is the nuclear

coupling constant,

T + T and F precursor s + recombination product
- S precursor - "escape” product
5 { + nuclei i and j in the same radical

ij - nuclei i and j in different radicals.
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E/A has to be interpreted now as E for the nuclei appearing down-field
in the spectrum, and A for the up-field group. In the example of fig.2,
discussed above, one would have Fme = - 4+ & =+ + =+, E/A. Thus,

when this reaction (39) was run in a high field, one would expect E/A
multiplets, whereas in zero-field it gives E and A "n - 1 multiplets"”
for Ix and IA respectively. The zero-field effects discussed here
remain visible to some extent, when reactions are run in low fields,
but are superimposed with effects due to differences S'T0 and S-T_
mixing, as discussed in section 3.1.

Ex mental Examples.

Photolysis of Propionyl Peroxide.

A solution of about 0.4 M propionyl peroxide (PPO) and 0.5 M CCl3br in

CCl4 was irradiated in a separate magnet during 60 sec.and rapidly trans-

ferred to the probe of an A-60 spectrometer. The reactions are as follows:

by S CC1,.Br
(RCOO), —> 2R: —> diff. —— RBr (41)
R-R
where R+ = CHBCHZ'. Pair formation occurs from a S-state. In high field

(14000G) A/E multiplets are observed for the escape product ethylbromide
[RBP)(CHZ 2.45, CH3

in different fields Hr' The spectra of CH2 and Chg—group: of ethylbromide

0.80 ppm). Figure 4 shows a series of experiments

were recorded in separate experiments; scans in both directions (for fresh
samples) are presented in figure 4. The effect of nuclear relaxation can
be observed clearly from the difference between middle and lower traces.
wWhen Hr = 0.5 G a spectrum results, which is almost that expected for the

zero-field case: "n - 1 multiplets” (the quartet has become a triplet,

the triplet appears as a doublet). The "phase" is such as predicted by

rule (40) for an escape product from a S precursor. We have A(CHZJ = -22 G,

A(CH,) = + 272 G, J,, = + 6.4 Hz. Thus T = --4+-++ = - A/E, and hence
3 ij me

A for the low field CH2 - group and E for the high field CH3 - group.
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Figure 4. B0 Mc spectra of ethylbromide formed during photolysis of 0.4 M propionyl peroxide in CCI4
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in the presence of 0.5 M CC13Br. Irradiation was carried out in a separate magnet, in
fields Hr as indicated in the figure. Scans in both directions are presented (see arrows).
3CH2-/R-‘ with A(CH,) = -22 G,

A(CHB] =27 G, J = -5 105 rad/sec, A = 0.75 are shown on top. For the 1000 G top spectrum

Computer simulations for escape from the pair CH

an extra nucleus I = 5/2, A = 25 G, has been Edded to R{.




Proceeding to higher fields Hr a striking difference in behaviour of

the methylene and methyl groups is observed: whereas the CH2 spectrum
did not alter very much, the CHB spectrum changed drastically, first
acquiring A character and ending up as A/E multiplets at the higher
fields. This reflects the different signs of the hf. coupling constants
as discussed in section 3.1.
Computer calculations, based on the theory given in section 2, have

been carried out for this case. As the complete problem exceeded the
capabilities of our computer, we treated the problems as escape fron

the truncated pair CHBCHé/Ri where R? is a dummy radical without nuclei
(Ag = 0). This was satisfactory in the low field range, but caused some
deviations at intermediate fields (vide infral). The transfer of the
sample to the probe was assumed to occur adiabatically. The values of

J and XA were varied. The best results were obtained for X = 0.75 and

Jim =25 108 radians/sec. This value of J is consistent with the high
field spectra of ethylchloride (cf. VIII and xIIM). The final series

of simulations (figure 4), which should be compared with an average

of scans in both directions, show an astonishing agreement with experi-
ment. Only the 1000 G spectrum, calculated in this way (second from

top) showed more or less serious deviations, which, in our opinion,

are due to the neglect of the additional nuclei in the pair. By adding
an extra nucleus with spin 5/2 and with A = 25 G, to the dummy radical
R? (the maximum that the computer could handle), the simulation improved
significantly (top spectrum, 1000 G): more A character for the guartet
and more E for the triplet. This influence of nuclei, which do not
contribute to the nmr spectrum of the product under consideration is

not observed in high field spectra. It is probably due to shifting of
certain T, levels with respect to the S level, enhancing the S-T,

transition probabilities to some extent.

Since we are dealing with an escape product, the value of A affects the
relative intensities in the CIONP spectrum (cf. section 2.3). This can
be seen in figure 5, where some calculations are presented for the
ethylbromide CH3 - group, for reaction in a field Hr = 10 G. The best
value A = 0.75 was obtained by comparing simulations for other fields

as well,
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Figure 6. 60 Mc spectrum taken in parts after irradiation of jiisopr

pyl ketone in CC1l, in a field H_ = 100 G (b). Second scans

4 T

of the same samples, taken just after those of (b) are show

in (c). The arrows indicate the centre line of the methine

septet of isopropylchloride. A c

propene and UHEIA spectrum is shown on top (a) (see text).

Enhancements are observed for chloroform (8 7.27 ppm), propene (CH
CH2 4.82, CH3 1.72 ppm), isopropylchloride (CH 4.13, CH, 1.54 ppm)

and trichloroisobutane [CH3 1.30 ppm). Polari

products will now be discussed.

73,

ion of the first three




oroform.

The field dependence of the chloroform signal (E in figure 6) exhibited

of

srameters for the

peculiar behaviour: it changed sign two times, as shown in

gure 7. The points represent experiments, conducted under as near as
s. The curve represents computer calculation

formed by reaction (42), with J = - 1.0 10

g = 2.0081 (cf. ref. 16), and hf.

CH.) = + 4.4 1@6 radians/sec,

—
-
©
0

urve was scaled to fit more or
to the experimental points. The first crossing at 80 G depended

rongly upon the value

J used in the calculation (cf. figure 2 for

erossing, however, found experimentally at 480 G,

values of J were used). The rising of the

due to a Ag effect. The field, at which the

id crossing ocecurs, d nds therefore on Ag, but also on the number
protons present in the radical pair, so that it was necessary to

+ b

make the calculations for the complete iSaprcpyl/CC}q- pair. For a one-

» the theory predicts a crossing at about
e on protons which do not contribute to the nmr
was also observed in the case of ethylbromide in

and was verified experimentelly.

800 1000
Hp(gauss)

Polarization of CHCl. (formed during irradiation of DIK in
3
versus magnetic field. The curve represents computer

ons [ J = - 1.0 108 rad/sec) and has been scaled

to the experimental points.




wWhen pinacolone (methyl t-butyl ketone) in CCl4 is irradiated a similar
reaction occurs (formation of the pair t—butyl/CClB'J and the observed
second crossing point of the CHCl3 polarization curve is shifted to

550 G, as there are now S protons present instead of 7.

The agreement with experiment, observed in figure 7, would have been
even better if a slightly higher value for Ag had been used. It shows
most clearly that a non-zero J is needed in our model, at least in this
case, to account for the A effect in the region O - 80 G (cf. figure 2

and 7).
Propene.

The problem of propene formed from the isopropyl/CC13' pair was about
the limit that could be handled by our computer. It comprises a g-spin
problem, with magnetic equivalence only for one methyl group (cf. VIII).
In order to simulate the adiabatic transfer of the sample, a large
number of steps (300) was needed. The simulation of propene and CHC13,
formed in & 100 G field, shows a very good agreement with experiment
(figure 6). The same parameters as in the case of CHC13 have been used.
The E line for the CH3 group at 1.70 ppm is not present in the experi-
mental spectrum. However, if one is very fast, it can be observed, but
it vanishes rapidly by relaxation. The spectrum did not change very

much, when reaction was carried out in lower fields.

The propene spectrum resulting from reaction in a field of 1500 G, and
a computer simulation are shown in figure 8. There are some deviations;
e.g. the A lines, predicted for the methine proton at 5.70 ppm, seem

to be missing. The general behaviour of the propene spectrum, however,

was reasonably well reproduced over the whole field range.

The prediction of the general theory, that S-pairs behave opposite to
T and F-pairs, in low fields as well as in high fields, is borne out
by the spectra presented in figure 8. In both cases reactions were run
in a field Hr = 10 G. Spectrum (b) shows the vinyl region of propene

formed from the isopropyl/CCl.* radical pair during photolysis of

3

DIK in CCl4 (S-case), and is similar to figure 6.

135




Figure 8.

60 Mc spectrun of propene,

formed in a field Hr =

(in the photoreaction of DIK

). A computer simula-

tion is shown on top.

6.0 50 6PPM.

60 50

1500 G

E4 a
Filgure 3.

Spectrum of
of propene,
photolysis o
CF2C1~— CFC1
CCl, (b). Bo

run in a fie

the vinyl-region
formed during
f DIK in

(al,
v

4

th reactions

1d .of 10 G.




Spectrum (a) was obtained after photolysis of DIK in the freon

CFZCI-——CFCI , in which case propene is formed mainly from the pair of

2
two isopropyl radicals ( F or T-case, cf. VII). The spectra (a) and (b)
are almost exactly each others mirror image. They show, incidentally,
that the nature of the other radical in the pair is not important in the

very low field range.

Isopropylchloride.

The methine proton shows a "n-1 multiplet" (sextet) in very low fields,
which is still visible at 100 G in figure 6b. From the lower trace in
this figure (6c) it can be seen that relaxation towards thermal equili-
brium is not uniform, but is faster for the low field lines of the
septet (this multiplet disappears eventually). This skew relaxation

seems to be particularly troublesome for this compound. Tentative

ot

calculation517 indicated that it is possible that E lines of the septe
are inverted due to nuclear dipole relaxation. Our failure to simulate
correctly the high field spectra has been blamed to this effect (cf.
VII). It seems to be even stronger in low Fieldsqa. An experimental
indication for this can be observed in figure 10, which shows the
isopropylchloride septet as it arises from reaction in a 1000 G field
of a separate magnet (a), the same when reaction is run in the fringing
field Hr = 1000 G of the A-60 magnet (b), and a rather unusual simulation
with one E line as calculated for this field (c). The difference be-
tween (a) and (b) must be due to relaxation during the time the sample
dwells in the earth's field (about 1 sec). Although spectrum (b) still

does not show E, the trend is in the right direction.

The spectra calculated for the methyl doublet of isopropylchloride
show also deviations from experiment (figure 11), most seriously for

the 100 G case. Values of )\ close to unity gave the best results.




Figure 11.

Spectra of the isopropyl-
chloride methyl doublet
after irradiation of DIK
in CC14, in various fields
as indicated in the fi-
gure. Experimental (a)

and simulated (b) spec-

tra are shown.

Figure 10.
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Spectrum of the methine proton
(6 4.13 ppm) of isopropylchloride,
resulting from photolysis of DIK

in EClq, in a field Hr = 1000 G

of a separate magnet (a), and in
the fringing field (1000 G) of the
spectrometer magnet (b). A computer

simulation is shown on top (c).
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Thermal and Photochemical Decomposition of Acetyl Peroxide.

During irradiation of e solution of acetyl peroxide (AP} in C[Il4 in high
field (14 kG), no polarization was observed, in contrast to the thermal
decomposition (cf. XI19]. Irradiation in low magnetic fields resulted

in polarization for ethane: E in the region Hr ~ 0 - 200 G, with a
maximum at 40 G, changing to A for Hr > 200 G and slowly decreasing at
higher fields. This behaviour is just as expected for a positive J and

a negative AH (the methyl radical has AH = -2306=-4.0 408 radians/

sec) .

When irradiation was carried out in the presence of acetophenone, in
fields Hr < 200 G, we observed the a reversal of the ethane polarization
(A-effect), indicating, that acetophenone acts as a triplet sensitizer
for the decomposition of AP (similar to propionyl peroxide, cf. Ivzo).
However, the effects were small, compared to the direct photolysis and

we have not yet observed polarizations in fields Hr > 200 G.

The thermal decomposition was carried out by heating a soclution of AP
in hexachloroacetone to 120° in a separate magnet and rapidly quenching
the reaction in a bath of 1ligquid nitrogen. The ethane line resulting
from the thermal reaction exhibited qualitatively the same behaviour

as in the case of photolysis, but in addition showed an increasing E
effect in fields higher than about 2000 G, due to the pair EH3'CH3COO-
(Ag effect). The difference between the polarization in the thermal

and photochemical reaction is probably due to a more rapid formation of
the pair 2CH3' in the photolysis. This may occur either via concerted

homolysis: o

. 2 4
(CH3COO)2 e 2CH3 + -C02 (43)

or via more rapid decarboxylation of "hot" acetoxy radicals:

hv 2k K

. . . . 4
(CH3C00]2 i ZCHBCDO = CH3 + CHBCDD — 2CH3 (44)

10 -1
If the rate of decarboxylation k would be larger than 2 10 sec no

observable polarization would be expected in the high field range. In

1
accordance with our observations, Sheldon and Kochi2 recently found
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a substantially lower yield of methylacetate in the photolysis of AP,

as compared to the thermal decomposition. |

The negative ethane polarization at low fields parallels an observation
3b ’

by Garst and Cox , who reported E for ethane from a methyl radical pair

formed in the reaction of methyliodide with sodium mirror, run in a

field of 20 G.

It is remarkable, that a positive value is required for the effective

exchange integral of the methyl radical pair (T _-state below S-state

" : : 3b . ¢
We consider the other possible explanations suggested (polarization
due to F-pairs or due to anisotropic electron-nuclear interacticns)
highly unlikely in the case of the thermal reaction, in view of the

an

A 13, :
good simulation results obtained for products of C-methyl radice

in high fields (cf. XI). F-polarization in the photolysis of AP ir

CCl, is also excluded, because of the observed reversal of polarization

ot D

in the presence of acetophenone. A positiveé J would not have been

anticipated, especiallyv considering the case of the similar ethyl radi

cal pair, where a negative J could accomodate the results (section 4.1]).
(ther work.

2 . : a4 20
Ward et al . have reported polarization if isopropyliodide, present

during decomposition of benzoyl peroxide in the earth's field. The
observed pattern, an E sextet for the methine proton and an E/A doublet
(E smaller than A) for the methyl group, is in accordance with escape

from an F-pair of isopropyl radicals (2R*) and subsequent thermaoneutral

iodine atom transfer:

F
2R+ —> diff. ; RY + RI=R"I + R: (45)
R-R
In zero-field E and A "n-1 multiplets" are expected: I G S

me
= +, E/A. The presence of the E line in the methyl doublet 1is reproduced

by a computer simulation taking Hr = 0.5 G and 0.5 <2< 1.0. It is pro-

bably not caused by deviations from a adiabatic behaviour during transfer.



2
Another system reported in this paper” involves the formation of
1-chloro-1-phenylpropane in the reaction of a,a-dichlorotoluene with

ethyllithium:

wn

®CC12H * CH3CH2Li —> LiCl + $CClH: +* CH3CH2'

>
=,

The 1-proton showed an E triplet, both when the reaction was run in the
earth’'s field and in "zero Field"zz. We have simulated this system with
Hr = 0 and with Hr = 0.5 C and in both cases an E triplet, with lines

of about equal intensities, was obtained for the methine proton.
Apparently the inner lines of multiplets vanish in zero-field only

when but two groups of equivalent nuclei are present in the product.

We note, that the population of the zero-field levels still occurs uni-

formly within the K-manifolds; however this does not lead to "n-1

multiplets” when more than two groups are present.

23
Fischer and Lehnig have studied the field dependence of the benzene
line during decomposition of benzoyl peroxide. The E effect in high
fields changed to A at lower fields. This behaviour would require a ne-

gative J in our model.

Conclusions.

The diffusion model of CIDNP, extended to include mixing of S with all
three T states of the radical pair, is capable of accounting for pola-
rization in products formed in low as well as in high magnetic fields.
It seems necessary to retain a non-zero effective exchange integral

in this model. The magnitude of J was found to be consistent with values
which gave the best fit for high field spectrum simulations in the case
of the ethyl radical pair (ef. VIII and XII). A non-zero J is also
necessary to reproduce the peculiar oscillations of the polarization
versus magnetic field curve in the case of chleroform formed in the
photoreaction of diisopropyl ketone in CCl4 (figure 7), and in the case

of ethane from acetyl peroxide.




Little or no information on the actual behaviour of J in diffusing radical
pairs is available from other sources. Adrian24 has set J = 0. This value
or at least values much lower than the hf. parameters seem to give good
results for high field spectrum simulations in cases where benzyl or
diphenyl methyl type radicals are involved24b'25. The difference with

the alkyl radical systems, where we have been concerned with, may reflect
the larger electron delocalization in the aromatic radicals, which, if
anything, would be expected to decrease J for a given interradical se-
paration. It may be noted that our averaging procedure selects those
pairs which have a shorter than average separation. This is obvious in
the case of recombination products because there we are concerned with
pairs that eventually react. It is, however, also true for escape pro-

; . 26
ducts in our treatment .

It is interesting that the chemically significant parameter A can be
obtained from the low field CIDNP spectra. Our results for small radi-
cals show that A is close to unity. For larger radicals one might expect
smaller values for A, since it becomes less probable that the orientation,

favourable for reaction, is attained during an encounter.

Furthermore, it appears from the low field spectra, that adiabatic be-
haviour during sample transfer between magnets is closely obeyed, in

the case that nmr coupling constants are of the order 6-7 Hz. For
coupling constants of about 1 Hz, however, departures may occur and this
may partly be the cause of some of the differences bstween the experi-

mental and simulated spectra of propene (figure 6 and 8).

APPENDIX. Populations of zero-field levels.

The Hamiltonian for a radical pair in zero-field becomes (cf. ‘eq. 1):

| yae 1S . ' 1
1L B, §2]'§1§J o b

-ZbA
K
A total spin operator can be defined as F = S + K, where S = §1 + §2
and K = Zgi (K is the total nuclear spin operator). The nuclear Hamil-

tonian for the reaction product is simply
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H =2 3,001, (A2)

i)
which is diagonal in the K-representation27 because [ﬁ?, KZ] = 0 and
[ﬂp, KZ] = 0. Therefore, the nuclear states of the product are eigen-
states of K and KZ and will be denoted by |KMK>. We wish to show that
our model predicts that the populations of these nuclear states do
not depend on MK, which should be the case, since in zero-field the

system is rotationally invariant.

The zero-field CIDNP problem can be treated most conveniently in a basis

|SM_KM_>. Using this basis the formalism of section 2 can be applied.

S5 K

Since ERP commutes with F2 and with the components of F,
[H FZ] =0 [H ] =0 (A3)
—RP’ < —RP’

the eigenstates of the radical pair can be characterized by F and M
(M is the eigenvalue of FZ): the elements of the eigenvector matrix
T (eq.5) are essentially Clebsch-Gordon coefficients. The matrix Qp
appearing in eq.(11) becomes QP = §Su§ (; is the unit matrix of order

L) and therefore eq.(19) now reads

P
= A4
V\)1 T1v:1 (A4)
As a result, we have for the population of state [1v™> = DOKMK> in

the case of a S-precursor (cf. eq. 24):

S

.= Ap - Ty SN V2, 5

Py (p-mEE Ty o aTyrsiTavia 10z’ 2" i
1,3

the Clebsch-Gordon coefficient T1v‘1 = <ODKMK|FM> has non-zero values
for M = MK,F = K, which restricts the sum over 1 and j to states with
the same K and MK' However, the coefficients <OOKMK1KMK> are all equal
to unity28 and therefore do not depend on MK' Furthermore, wjl can be
written
=55 I I“j =g = I(ERP)jFM - (Hop) eyl =l(5ﬂp)ijK v [ﬂRP)lKMK|

(AB)
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By using the fact that ERP commutes with the components of F (eq.A3)
it is sy to show that th i

easy sho at the diagonal magrix elements (ﬂRP)jKN
independent of MK. Thus the populations Pv’ do not depend on NK

either, and are all equal within a K-manifold. Since we have shown

are

that the polarization from S and T-precursors is opposite (eq.27),

the same will hold in the case of a T-precursor.

References and Footnotes

M. Lehnig and H. Fischer, Z. Naturforsch., 24a, 1771 (1969).
2. H.R. Ward, R.G. Lawler, H.Y. Loken and R.A. Cooper
J. Amer. Chem. Soc., 91, 4928 (19868).

J.F. Garst, R.H. Cox, J.T. Barbas, R.D. Roberts, J.I. Morris
and R.C. Morrison, ibid., 82, 5761 (1970);
(b} J.F. Garst and R.H. Cox, ibid. p. 6389.

4. S.V. Rykov, A.L. Buchachenko and V.I, Baldin,
Zhur. Strukt. Khim., 10, 928 (1969).

5. J. Bargon and H. Fischer, Z. Naturforsch., 22a, 1556 (1967).
B.(a) G.L. Closs, J. Amer. Chem. Soc. 81, 4552 (1868)

(b) G.L. Closs and A.D. Trifunac, ibid. 92, 2183 (1870).
Vi R. Kaptein and L.J. Oosterhoff, Chem. Phys. Letters,
4, 195, 214 (1968).

8. R. Kaptein, part VIII, to be published.
9.(a) S.H. Glarum, paper presented at the 1538th National Meeting
of the American Chemical Society, Houston, Feb. 1870.
(b) S.H. Glarum, personal communication.
10. cf. P.L. Corio, "Structure of High-Resolution NMR Spectra”,
Academic Press, New York, 1966, p., 480.
11 R.M. Noyes, J. Amer. Chem. Soc., 78, 5486 (1856).

12, A. Abragam, "The Principles of Nuclear Magnetism”, Oxford
University Press, 1961, chapter II.

13. One might think of arranging the directions of Hr abd Ho exactly
opposite to each other, so that a negatively polarized sample
in Hr‘ would show enhanced absorption in HO. However, when the
transfer time is 1 sec, the transverse components of the

magnetic field would have to be less than 0.037 mG during transfer.




This condition would not appear to be easily satisfied in prac-
tice.

14. R. Kaptein, part XII to be published.

155 J.A. den Hollander, R. Kaptein and P.A.T.M. Brand,

part VII, to be published.

16. A. Hudson and H.A. Hussain, Mol. Phys., 16, 138 (1569) .
17. A more deteiled study of this relaxation praoblem is in progress.
18. In case of reaction in zero-field intramolecular dipole
relaxation does not alter the populations in zero-field,
because transitions between different K-manifolds ar
bidden and levels within a given K-manifold have alre
populations.
18. R. Kaptein, J. Brokken-Zijp, F.J.J. de Kanter and L.J. Y 3
part XI, to be published.
20, R. Kaptein, J.A. den Hollander, D Antheunis and L.J. terhofft,
Chem. Comm., 1687 (1870),
21. R.A. Sheldon and J.K. Kochi, J. Amer. Chem. Soc., 92, 4 (1 )
225 In this experiment the earth's field was shielded such that t!
residual field was in the milligauss range, H.R. Ward and
Lawler, perscnal communication.
23. H. Fischer and M. Lehnig, personal communication.
24.(a) F.J. Adrian, J. Chem. Ph!i" ?3, 3374 (1970);
(b) F.J. Adrian, personal communication.
25. G.L. Closs, personal communication.
26. We use the same distribution function f(t) as has been used in
the case of P-products. We have i other
well, e.g. exp !-kt]. where k is a rate constant for

d

isappearance of the radicals. However, it can be verified, tha
this does not lead to S-T_ polarization, when k<w, which

normally will be the case. Therefore, in our opinion, polariza-

tion in escape products. is due te those pairs, which have

undergone at least one unreactive reencounter, and originates
from S-T trensitions during the time between birth and
reencounters. For this reason the function flt) appears in
eq. (33).

27 . cf. ref. 10 p. 177,

28. A. Messiash, "Quantum Mechanics", North Holland, Amsterdam,
Volume II, p. 1058.

29. cf. ref. 28 p. 569.
145




CHAPTER XI

CHEMICALLY INCUCED DYNAMIC NUCLEAR POLARIZATION XI
THERMAL DECOMPOSITION OF ACETYL PEROXIDE.

By R. Kaptein, J. Brokken-Zijp and F.J.J. de Kanter.

(Department of Theoretical Organic Chemistry,

University of Leiden, P.0. Box 75, Leiden,
The Netherlands).

Introduction

B2 = s LYt

The decomposition of acetyl peroxide (AP) is one of the most extensively
investigated homolytic reactions. We have therefore choosen to study
this reaction with nmr1 in order to test current theories of CIDNP and
to see whether nuclear polarization can help to answer some of the

remaining questions concerning the reaction mechanism.

In most solvents the thermal decomposition of AP_CHBE-G-O-ECH3 follows
first order kinetics with a rate constant very similar to a number of
other acyl peroxidesz. This has been taken as evidence3 for the fact
that the primary step is formation of a pair of acetoxy radicals by
simple 0-0 bond scission; this is substantiated by a study of oxygen

3 ; 4,5 3
and deuterium isotope effects . Szwarc and coworkers suggested that

methylacetate and ethane were formed by a "cage" reaction, following

decarboxylation of the very unstable acetoxy radical. This was inferred
J

from their observation that products were always formed in solu-

i : 8 y R
tion, but not in the gas-phase. O-scrambling found in both peroxide

ese
1
|




4,6
and methylacetate

from specifically labeled AP supports the inter-
mediacy of short-lived acetoxy radicals. Cage recombination of acetoxy
radicals may be responsible for the observed viscosity dependence of

the overall decomposition rate7. Recent work5 has shown that 180-5cramhlin[
in the peroxide itself is also partly due to [3,3] and possibly [1,3]
sigmatropic rearrangements in AP, which are, however, of no concern for

us here.

Thus, from these and other studies a mechanistic picture has emerged
for the thermal decomposition of AP in "inert” solvents, which is now
favoured by most workers, and which is summarized in scheme 1.
Ko
(CH3C00)2 — ZCh3COD'

AP 2k
v
LOZ + CHé + LHBCOO--ﬁ CH3CODCH3 (1)
IT
k
\
2CU2 + 2CH5 = C2H8 (2)
IIT
diff.
Kq
CHé 2 IRR D CH3X + R (3)
Scheme 1.

RX denotes the solvent or some other substrate, to be specified later
on. The bars indicate radical pairs with correlated electron spins,
derived from a common parent molecule. The rate constant, k, for the
decarboxylation of the acetoxy radical has been estimated to be of the
order 109- 1010 sec—‘l by Szwarcs. Eirich and coworkers7, applying a
theoretical model for geminate recombination, have found a value

k= 1.6 109 sec_1 at 60° and an activation energy of 6.6 kcal/mole from

product studies. Thus the time-scale of the decarboxylation process is
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of the same order as that of geminate recombinationg, which renders this
system particularly interesting from the point of view of CIDNP, since

effects of the successive pairs will be observable.

10
In preceding parts we have incorporated Noyes theory of geminate

»

diffusive recombination into a previously given f"m*malism‘[2 of the
radical pair theory of CIDNP. This theory has been independently pro-
posed by Class13. Competitive reactions have been treated in part IX,
within the framework of the diffusion model and the case of AP has
already been shortly discussed as an examplerb. It will be shown
presently, that CIDNP spectra obtained during thermolysis of AP are in

accordance with the reactions of scheme 1.

As the products of AP decomposition have single line nmr spectra, we
have also studied acetyl peroxides, substituted with magnetic isotopes,
in which cases CIDNP spectra contained more information. Thus apart from
normal AP, we will discuss 2,2 -di-carbon-13-acetyl peroxide (55% en-
riched in the methyl carbon), 2,2°-dideutero-acetyl peroxide and hexa-
deutero-acetyl peroxide. In addition to proton spectra, some carbon-13

and deuterium CIDNP spectra will be presented.

Acetyl Peroxide (AP)

CIDNP spectra.

CIDNP during thermolysis of AP in hexachloroacetone (HCA) and in thio-
phenol has been reported in part I. Bargon and Fischer have discussed
the reaction of AP in dimethylphtalate1? A 60 Mc spectrum of a 0.1 M
solution of AP (8 2.11 ppm) in HCA at 110° is shown in figure 1.
Emission (E)} is observed for ethane (§ 0.83 ppm) and methylacetate
[DCH3. 3.54 ppm) and enhanced absorption (A) for methylchloride (& 2.94
ppm) and methane (& 0.18 ppm). At higher temperatures the E signal at
1.60 ppm becomes more clearly visible; we have tentatively assigned
this line to 1,1,1,3,3-pentachlorobutan-2-one, on the analogy with
results for isopropyl and E-butyl radicals, whers A for pentachloro-
acetone has been observed. This E line can be ogbserved in figure 2.

This fish-bone shows the development of this system in time.
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Figure 2. Time-development of the polarization during decomposition

- & ~n 0 -
of AP in HCA at 120, obtained by re

zatedly sweepin

oq

through a region of 4.8 ppm.




The spectrum has been run at 120° on a Varian HA-100 spectrometer, by
repeatedly scanning a region of 4.8 ppm with a sweep rate of 25 Hz/sec.
The increase of the E and A curves represent the warming up of the
sample in the probe. The decrease results from a slower reaction due

to consumption of AP.

The opposite behaviour of recombination and transfer reaction products,
(noted already in I) was rather mysterious at the time, but is a na-
tural consequence of the radical pair mechanism. As the acetoxy radical
most probably has a larger g-factor than the methyl radical, the theory
predicts E for methyl acetate, when formed from the methyl/acetoxy
radical pair (cf. scheme 1), and A for products gscaping from recombi-
nation, viz methylchloride and methane. Methane might be formed by
H-abstraction from pentachloroacetone (about 1% or less present in HCA)

or from AP.

2.2 Origin of the ethane polarization.

The E effect for ethane cannot be due to S-To mixing in the methyl
radical pair, because no net effects can arise from pairs of equivalent
radicals. In order to ascertain the origin of the ethane emission, we

have studied its dependence on peroxide concentration. The results are

presented in figure 3.

Figure 3. INT.

? 7
Maximum intensity of ethane

emission (arbitrary units)
versus concentration of AP
(in moles/1) during

decomposition in HCA.




The linear dependence is expected for a polarization mechanism associa-
ted with geminate recombination, but could not be explained by other
mechanisms involving icross-relaxation and combination of free methyl

radicals.

A further indication is provided by comparison of 1H-spectra run at
100, 60, and 15.1 Mc. The ratio of E intensities of methylacetate and
ethane was found to be essentially constant for the different fields.
Thus we are led to the conclusion that polarization of methylacetate
and that of ethane have a common origin: S-TO mixing in the methyl/
acetoxy radical pair. This phenomenon was called a "memory effect”

in part IX, since polarization due to S-TO transitions in pair 2
(methyl/acetoxy) shows up in products of pair 3 (methyl/methyl). This
can be understood qualitatively as follows: S-TO transitions in pair
2 are favoured for methyl radicals with Mi > 0 (z-component of nuclear
spin). As during decarboxylation the electron spins (@nd nuclear spins)
will not change, there will be born more methyl radical pairs with

Mi < 0 in the singlet state, giving rise to emission for ethane.
A disproportionation reaction of the type

CH: + CHSCOD' & C2H6 + CO (4)

3 2

would give similar polarization. It cannot be excluded on the basis

of the spectra of figures 1 and 2 (see however section 3).

Enhancement factors.

The results for AP in HCA are summarized in table 1. Yields were deter-
mined by integration of the nmr spectrum after decomposition in a

sealed tube, and represent peak areas of the various products related

to that of AP before reaction. "T1" is the characteristic decay-time

for the polarization, determined by saturation recovery of the polarized
lines, during the reaction. In this way both spin-lattice relaxation

and escape of gaseous products from the sample are accounted for in

'T1 .
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the AP signal has been taken for I(AP_.J).

It can be noted that the yield of es is much larger

ethane, while the reverse is true for the polarization. It is interesting

to compare the experimental ratio of the enhancement factors for methyl-
acetate and ethane, V: /V;I,fuyp] = 0.26, witt of the theory.
In part IX a calculation has been made for a one-proton pair, with
parameters pertaining to this case. For k (rate of decarboxylation)

g .10 el ¢ T ) g
between 107 and 10 sec , it was found that V,_/J,IL{:”“UT)‘U.If‘h.i?u
If the experimentally observed in eq.24

of IX) these values become 0.27 he enhance-
ment factor calculated for the

observed value of - 44) and the

in reasonable agreement with the cbserved 0.28.

The intensity of the methylchloride A-line depends on k, {(rate constan

for chlorine abstract from HCA by methyl radicals) and also on the

relaxation time of methyl radics

18
measured and would have a value k, =

1
methyl radicals disappear predominantly by reaction with the solvent,
their life-time would be (k1[HCA])>1 s 7.7 1u_6 sec. Relaxation times
of radicals are usually in the range 4C_5 - 10_4 sec (longer times have
even been inferred from CIDNP spectraqg'za). so that the life-time of

the methyl radical could well be shorter than its relaxation time,
giving polarization of about the same magnitude, but opposite to that of

of ethane and methylacetate.

The E-effect attributed to pentachlorcbutanone deserves some comment.
This effect would be compatible with recombination of singlet-correlated
methyl/pentachloroacetonyl radical pairs (we measured g

= 2.0080 by esr):

pentachloroacetonyl

HCA
. . CcoCCl: » CC > B
ZCH3 —_— CHB + CClBLD“C'Z > V~13CUFC1

CH,. (6)
2::03

Since this pair is formed after about 4 microseconds (on the average),
we would have another example of long-time spin-correlation effects

of the type discussed in IX.



Formation of acetic acid and acetic anhydride (as indicated by nmr and
glc) is somewhat surprising. The mechanism by which these products are

formed is not known.

2,2 -Di-carbon-13-acetyl Peroxide (13C-APJ.

Sofar CIDNP spectra were in reasonable agreement with the reactions of
scheme 1, but other possibilities were not excluded. For instance,
reaction (4) might also account for the ethane emission. The results

1
of 3C-AP show that this cannot be an important route to ethane.

1
H-spectrum.

The 100 Mc 1H nmr spectrum taken during decomposition of 0.22 M 13C—AP

in HCA at 110° 1s shown in figure 4a. As the 13C-enrichment of the
methyl carbon atom is only 55 % 1% (from nmr), the same lines appear
as in figure 1 (cf. table 1) due to products of 12CHé radicals. In

1

addition lines belonging to products of 3CH-3 radicals appear. Since
3

the C nucleus has spin I = } the spectra of methylacetate, methyl-

chloride, peroxide and methane, containing 13CH3 fragments, consist
of doublets flanking the 12C-species: methylacetate [OCHaJ, JCH=
E + E/A; methylchloride, JCH= 150 Hz, A/E + A; 13C-AP, JCH= 131 Hz;

1
methane, J 124 Hz, A/E + A. From the 3C-methylacetate doublet (E

CH
lines with unequal intensities) the g-factor of the acetoxy radical

8
can be obtained. Calculations with an exchange integral |J| = 5 10
radians/sec gave the best fit with Ag= 0.0032 % 0.0002 for the methyl/
acetoxy radical pair, which implies gacetoxy = 2.0058 £ 0.0002

(g = 2,0026, cf. ref. 21). The g-factor of this very unstable
methyl

radical will not easily be obtained from esr.

The spectrum of ethanez2 in the region 0 - 1.8 ppm is more complex,

because of coupling between nuclei of both CH, fragments. Furthermore,

12 g 12 13
apart from normal C-ethane, two ethanes are formed: CHB-— CH3 and
& : e
1’Enq——1jEH3. The nuclear coupling constantsz' are:; JCH = 125.0 Hz,
jrrr = ~- 4,5 Hz,; ] = 34.6 Hz, and J = 8.0 Hz. Computer simula-

CC HCCH
tions have been made, following the procedures given in VIII.

146 Hz,



Figure 4a.

100 Mec 1H-spectrum of the
decomposition of 0.22 M
"3c_ap (55% enriched) in
HCA at 110°. A simulation
of the ethane spectrum,
calculated with the para-
meters of the methyl radi-
cal pair (see text) is

shown on top.

. <~

Figure 4b.

Simulation of the ethane 1H-spectrum

from13C-AP. Contributions of polariza-

tion from the pairs ZCHi and
CHé/CH3CDO' are superimposed in

proportion 1.9 : 1.

0 6,ppm




The simulation of figure 4a is a superposition of both 13C containing

ethanes and has been calculated with the hf. parameters of the pairs

FH-/13PH- and ?13VH- foRes ST2FoaR Gy AL, S TaEE g% and with
- NG < SRR Rl i T bt T
|3] = 5 10” radians/sec. It is clear from figure 4a, that the methyl

radical pair is responsible for most of the ethane polarization, in

(2)

a

accordance with reaction of scheme 1. However, the E effect of
normal “C-ethane is thought to arise from the methyl/acetoxy radical
pair (memory effect) and indeed, when polarization from this pair is
”JuﬂrimDBTGdJQ, the agreement with experiment becomes even better
(figure 4b). It should be noted that two methane lines (at D0.80 and

=y e ? 13 4
0.18 ppm) and a C-AP line (1.43 ppm) overlap with the ethane spec-

trum
crum.

he best fit is obtained, when the ratio of contributions from the pairs
C

f;“é and H;/CHBEDH- is 1.8 : 1. On the basis of the theory given in

part IX, one would predict that this ratio is rather sensitive to the

value of k. For a simplified modelz', the calculated ratio varies
twesen 0.8 and 10, for k in the range 139 = 1010 secnq. The value 1.9

] . g 1 :
is obtained for Kk = 3 10 sec ', which is very close to the value

9 ¢
i mentioned above.

In order to obtain a good fit it was found to be necessary to use a ratio
12 3. 13 13
(20 =1ap e

C)

: 32 for the contributions from both ethanes . C)
to the spectrum of figure 4 (and also for the 13C spectrum, figure 5),
instead of the statistically expected ratio 63 : 37. The discrepancy

seems somewhat large to be explained by a kinetic isotope effect for

the decarboxylation of the acetoxy radical, although this would be
expected to give an effect in the right direction [k12 > kygs
26). We have not pursued this peoint further. For CHBCI, the pairs

cf. ref.

2CH: and CHé/CHqCUO' contribute about equally to the spectrum. The
relatively larger effect due to the last pair, as compared to the case
of ethane, is to be expected, since in the "escape" product the net

effects of methylacetate must be balanced as well as those of ethane.

: 13
Ja2 C-spectrum.

13
The 15.1 Mc 13C»spectrum (HD = 14 kG) during decomposition of C-AP

in HCA at 124° is shown in figure S5a.
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190 200 b¢s,.ppm

13 2% 13 :
Figure 5a. 15.1 Me C-spectrum of the decomposition of C-AP in
HCA at 1240. A simulated spectrum of the ethanes (polari-

zation from the methyl radical pair) is shown on top.

: . s 13 13 o
Figure Sb. Simulation of the ethane C-spectrum from C-AP. Contri-
butions of polarization from the pairs HTH& and

CH%/CH?CDD- are superimposed in proportion 1.9 : 1.




3.3

In order to obtain an acceptable signal to noise ratio, the reaction
temperature was somewhat higher than in the case of the 1H—spectrum.
Polarization is observed for methylchloride and ethane. 13CH3C1 shows
an A/E guartet centred around 169 ppm from C52 (lines at 154, 164, 174
and 184 ppm). Some E character is also present, as expected for this

product.

The ethanes give rise to a complex spectrum centred around 187 ppm.
The computer simulation of figure 5a has been calculated with the
same parameters as that of figure 4a. Again, the polarization is al-
most completely accounted for by spin-selection in the methyl radical
pair. When the effect of the methyl/acetoxy radical pair is superim-
posed in the same proportion as used for the proton spectrum (1.9 : 1),
the simulation does not change drastically (figure 5b). The small A
character is not observed experimentally. The reason may be a decrease
of the decomposition rate near the end of the scan (~200 sec) due to
the high temperature. Furthermore, the decarboxylation is probably
somewhat faster at this temperature [1240). and consequently a ratio

higher than 1.8 : 1 for the pairs ZCHﬁ and CHé/CHBCOD- would be required.

50/50 Mixture enriched/non-enriched AP.

The AP system enabled us to perform an experiment, which proves un-
equivocally the radical pair nature of the polarization. At present

this seems hardly necessary to prove, since there is abundant convincing
evidence for it. However, at the time when this experiment was carried

out (1969) things were not yet so clear.

The ethane polarization, resulting from decomposition of 0.22 M 13C-AP
in HCB, containing 0.5 M CC138r (to suppress formation of methane),
was compared with that from a similar solution containing 0.11 M AP
and 0,11 M 13C—AP. The CIDNP spectra were recorded under as nearly as
possible identical conditions for both cases. The results are shown in
figure 6. The ratio's, in which the contributions from three ethane
polarizations is expected to change in the case of different polar%-

zation mechanisms, is presented in table 2.
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hexachlorobutadiene with CCl_.Br
13 %
C-AP in the same solvent (b).

0.11 M AP and 0.11 M

- CJBC LC—“L
3 ; 13 <
55% enriched C-AP 20 50 30
1
50/50 mixture AP/ 3C-AP
"cage"” 60 25 15
1
50/50 mixture AP/ 3C-AP
"nc cage" 52 40 8
(a) AP (b)
AP
AP
b W
¥ T T T T T T T T T T
2 1 0 6, ppm 2 1 0 &.ppm
= : 1 e o b B
Figure B 100 Mc H-spectra of the decomposition of 0.22 M C-AP in

3

(a) and of a mixture of




H

160

The expectations for a geminate recombination ("cage”) process are com-
pared with one, in which polarized ethane would be formed by random
encounters. Comparing figure 6a and 6b, it can be observed that

(i) dntensities og the 13C containing ethanes in (b) are reduced by

a ractor } as compared to (a), and
relative intensities of lines belonging to different ethanes are
unaltered (e.g. lines of the "doublet” at 1.5 ppm belong to
different ethane molecules).

This is in perfect agreement with the second line of table 2. It shows,

without using any theory of CIDNP, that the ethane polarization results
from a "cage" process, and rules out any mechanism acting in free methyl

radicals, such as the original cross-relaxation mechanism.

Dideutero-acetyl Peroxide (Dz-APJ.

Deuterium has a spin T = 1. The ratio of the nuclear g-factors of 20

and 'H is gD/gH = 0.154. Therefore the coupling constants AD ( in the

radicals) and jH“ [ in the products) are smaller than the corresponding
= 23

A, and J . by a factor 6.5 (A_ = - 3.54 in the CH D+ radical ). Both

4 gH D 2

H- and “D-spectra have been examined. Deuterium chemical shifts (in

ppm) are the same as for protons.

H-spactrum.

A -3 1 ; ,
Figure 7 presents a 60 Me 'H-spectrum obtained during decomposition

of uv—AP in HCA. Narrow triplets are observed for CH,DC1 (JHD = 457 Mz,

2

) "= 2 ’ /A .
2[, JHD 5 Hz, E + E/A)

13
Both CH?DCI and j(.’HBCI (figure 4a) show A/E multiplet effects, the

A + A/E) and for dideutero-methylacetate (OCH

reason being that both the hyperfine coupling constant [AD] and the

nuclear spin coupling constant tJHD] have changed sign (compared to
13,

A and JHC)'

Again, the spectrum of 1,2-di-deuteroethane is more complex. Nuclear

coupling constants in EHZD-CHZD are: JHH[vicinal) = + 8.0 Hz,

JDU(v1c1nal) = + 0.19 Hz, JHD(geminall = - 1.6 Hz, and JHD(v1c1nal =
+ 1.22 Hz. The simulated spectra of figure 7a have been calculated

with the same parameters as used in the previous sections (except for




(a)

(b) ~H ’-

40 30 20 10 0 8, PPM

Figure 7. 60 Mc 1H-spectrum of the decomposition of DZ-AP in HCA at
110°

coupling constants involving 20). For CHZDCI the ratio of the pairs
2CHZD- and CHZD-/CHZDCOU- was 1 : 1 and for CHZD-CHZD it was 1.9 ¢ 9.
The good agreement with experiment shows that this case is consistent

1
with the previous case of 3C—AP.

2D-spectr‘um.

Oue to the quadrupole moment of the deuterium nucleus, the relaxation
times of lines in 2D-spectra are somewhat shorter than in the corres-

ponding 1H-spectra. Usually they lie in the range 0.5 - 5 58027, which

161




is not too short for deuterium polarization to be observed. The 15.4

2
Mc “D-spectrum (HO = 23.5 KG) of the decomposition of 2D—AP in HCA at
120° is shown in figure Ba and a computer simulation of CHZDCI (2.94

ppm) and CHZD-CH D (0.83 ppm) in figure 8b. Apart from the higher

magnetic field tie same parameters have been used as for the simula-
tion of figure 7. The more pronounced multiplet effect relative to
the net effect in the 2U-spectrum as compared with the 1H-spectrum
(figure 7) is well reproduced. This difference can be understood by
considering the approximate formula, which describes relative CIDNP

intensities (cf. eq. 49 of VIII, strictly valid in the limit of large

RIBE
(b)
(a)
w0 T 08 PPM
Figure 8. 15.4 Mc zb-spe:“r“ﬂ of the decomposition of Dz-AP in HCA

at 120°.



D

the net effects and
AH =:0.154, it is'e

larger in the 2D—sp

1 ' = d
For the H-spectrum : 3 AH[AgBh HO + ADMD) (7a)
2 -4
For the “D-spectrum : 3 A_(AgBh H_ + A M.) (7b)

where both M_ and MH take the values -1,0, + 1 (labelling the states

of 20 and of the protons respectively). The first terms in (7) represent

D a HH

the second terms the multiplet effects. Since AD/
lear that the multiplet effect will be relatively

ectrum (figure B8) than in the 1H-Spectrum (figure 7).

The 15.4 Mc 2D-spec
HCA at 120° is pres

(CDaH], which gives

Figure 9. 15.4 Mc
at 120°.

5. Hexadeutero-acetyl Peroxide (D E‘AP)

to the one of figure 1 (cf. table 1), except for trideuteromethane

(0.18 ppm) is rather large, but disappears much faster than that of

C03C1 (2.94 ppm). Unless there are large differences in relaxation

40 20 ; 0 8 PPM

trum resulting from the decomposition of DE-AP in

ented in figure 9. This spectrum is very similar

rise to a doublet in this case. The CDBH signal

r T T

2D-spectrum of the decomposition of DS-AP in HCA




this indicates that H-atom abstraction from pentachloroacetone

times,

(about 1% present) is much faster than Cl-atom abstraction from HCA.

wm

Conclusions

On the basis of the reaction mechanism of scheme 1, radical pair theory
is able to account for the observed CIONP spectra during decomposition

of acetyl peroxide and of 13C-enriched and deuterated analogues. Ethane
formation by reaction (4) and similarly formation of methylacetate by

: 3
disproportionation of acetoxy radicals, which has been considered :

COOCH, + CO (8)

2 .
LCH3CDD + CH 3 o

3
are not likely to be of major importance, if these reactions contribute
it all.

A rate constant for the decarboxylation of acetoxy radicals, k-2 - 3 109

sec-1 seems to be compatible with

(1) the absolute enhancement of methylacetate polarization,

(ii) the ratio of polarizations of ester and ethane (memory effect) and
(iii) the ratio of contributions from methyl and methyl/acetoxy radical

13 2
pairs, in the case of C and 7D containing ethanes.

-1
This compares favourably with the value k(110%) = & 109 sec , obtained

by Eirich7.

e Experimental section.
Reagents.

Acetic anhydride, hexadeutero-acetic anhydride (88% enriched), and

2-carbon-13-acetylchloride (55% enriched) were obtained commercially:
2,2 -dideutero-acetic anhydride was prepared28 from ketene and DZO
(cf. ref. 29). Solvents were distilled before use. Hexachloroacetone

contained some pentachloroacetone as an impurity (1% or less].



Peroxides.

Acetyl peroxide, hexadeutero- and dideutero-acetyl peroxide were pre-

pared from the anhydrides following the procedure of Price and MoritaJD

(addition of N6202 and water to a solution of the anhydride in sther

while keeping the temperature below 50, washing the ethereal layer in

aqueous NaHCOB. and drying over NaZSUql. The synthesis of acetyl peroxide

from acetylchloride by this method, without special precautions gave
low yields of peroxide (10-15%). However, by varying the reaction
conditions somewhat, the yield could be boosted to 80%. The following
procedure was used for the preparation of ?,2'-di—1 C-acetyl peroxide:
To a solution of 0.44 g 2—13C—acetylchloride in 3.5 ml ether, cooled
to -150. was added 0.45 g NaZGZ. Four drops of water were added and
the mixture was stirred during 40 min at -10°%, After adding 3 ml

chilled ether the solution was decented end the ctheresal layver we

washed with 10% aqueous NaHCO_. and with 5% NaCl solution, ana dried
3

over MgSC The yield was 80%, as determined by iodometric titration™ .
y

i
NMR spectra.

The 60 Mc spectrum of figure 1 was recorded on a Varian A-80 spectro-

meter. The 60 Mc spectrum of figure 7 and the 15.1 Mc “C-spectrum

(fig. 5) were run on a Varian DA-80; the 100 Mc H-spectra and the

5
15.4 Mc "D-spectra on a Varian HA-100. In the case of the 100

sample tubes contained a capillary with H

signal. No lock signal was used for the “C- and “D-spectra; these

were recorded after carefully eliminating drift.
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of the new theoretical developments. In addition to systems discussed
in I a number of other symmetrical acyl peroxides and a perester will

be treated.

Some general characteristics of the radical pair mechanism are that net
polarization (emission, E, or enhanced absorption, A) arises only from
pairs of inequivalent radicals (Ag effect) and that pairs of equivalent
radicals can give only multiplet effects (E/A or A/E). On this basis,
the peroxides fall into two classes:
class (a): peroxides, which give rise to net polarization due to the
pair R+/RCO0+ and
class (b): peroxides, which exhibit only multiplet effects due to
the pair 2R* (of course, net effects could arise in this
case due to solvent derived radicals).
The decarboxylation of acyloxy radicals is a competitive reaction of

the type discussed in IX11. According to the theory11 one would esti-
-10

mate that the acyloxy radical has to live longer than about 10 sec
in order to give rise to observable net effects. For instance, acetyl
peroxides'12 and benzoyl peroxide13 would fall in class (a). As will

be shown below, other cases where the acyloxy radicals give rise to
net polarization are peroxides with R = cyclopropyl, vinyl and methyl
substituted vinyl. The other peroxides studied here would belong to

class (b).

We will frequently make use of computer simulation of CIDNP spectra,

by the procedure described in VIII. The magnitudes of the isotropic
hyperfine (hf.) coupling constants, needed for the simulations, were
known from esr in most cases14. As to the signs of these hf. parameters,
it has been esteblish8d15, that in planar m-electron alkyl radicals
a-hydrogens have a negative sign and B-hydrogens a positive sign (CIDNP
spectra confirm this once again). For non-planar and O-radicals the
situation is not so simple and in some cases unknown signs could be
determined from the CIDNP spectra, e.g. for cyclopropyl, cyclopropyl-
carbinyl and the vinyl radicals. The g-factors of the R* radicals differ
only slightly from the free electron g-factor (alkyl g = 2.0026,

vinyl g = 2.0022). A value of 2.006 has been used for the g-factor

of the acyloxy radicals (cf.XI). Simulated spectra have been calculated
with |J| a3 ‘10B radians/sec, if not stated otherwise.
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Hexachloroacetone (HCA) was used as a solvent in most cases.

Dccasionally results of decompositions in other solvents will be men-

tioned as well.

In some relevant cases we will make use of the simple CIONP rules

derived in part VIII (eq.52):

for net effects: r - ueAgAi i1 é (6)

ne

+ E/A

g = A
for multiplet effects: T _ = ue iAjJijoij {: & A/E (7)

where the symbols have meanings as defined in VIII.

2. Aliphatic Acyl peroxides.

Acetyl peroxide (AP) has been discussed separately12. Propionyl peroxide
(PPO), butyryl, isobutyryl, isovaleryl and pivaloyl peroxide have R = ethy
propyl, isopropyl, 2-methylpropyl (isobutyl) and t-butyl respectively.

The hf. coupling constants of these radicalsqs. given in table 1,

have been used in the computer calculations.
Table 1.

Hyperfine coupling constants of alkyl radicals, in gauss (cf. ref.16).

Radical A A A

a B Y
CH3CH2. - 22.4 + 26.9
CHBCH?CHZ - 22.1 + 33.2 0.38
(CHB)ZCH - 221 + 24.7
[CHB]ZFHCHZ - 22.0 + 35.1 (a)
(CH3)3C v 22.7

(a) probably less than O.




In all five cases CIDNP spectra can be explained by formation of an

alkyl radical pair (class b). The reactions of this pair in HCA (XC1)

are:

2R+ ::::: R-R (8)
XCIl R(-H) + RH ()

REL. 2 Re o & Xr =3 ReX {10)

A
XC{I R(-H) + XH (11)
RC1 + 2X- (12)
Scheme 2.

R(-H) and RH denote alkene and alkane respectively; XH is pentachloro-
acetone [PCA) and X* the pentachloroacetonyl radical17. In several
cases PCA shows A, which is expected for formation from S-pairs
(reaction 11): Fne Byl By 2 A 4L

The corresponding esters were formed with normal intensities (unpola-
rized), which is in accord with formation by reaction (4) or by cage
recombination of alkyl with acyloxy radicals, living shorter than 10‘10

SEC.

Reactions carried out in thiophenol (¢SH) can be explained in terms

of the following reaction sequence:

PP TESH $SH
2R* —/ RH + R* + ¢S+ —/> RH *+ 24S° (13)
\\
»
R-R(?) $SR
$SH + R(-H)

Assignments of some of the spectra have been given in I.

Propionyl Peroxide (PPO), R* = CH CH
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100 Me and 15.1 Mc CIDNP spectra obtained during decomposition of
PPO in HCA have been given in parts I and VIII. The 60 Mc spectrum

is shown in figure 1a, with computer simulated spectra of ethylchloride,



Figure 1.

60 Mc spectrum taken during decom-

position of propionyl peroxide in 1 f'

HCA (a), with computer simulations ‘

for ethylchloride, calculated with
8
|3] = 5 10" rad/sec (b) and with I
|

J =0 (c). ‘ i

6[CH2] 3.52, G(CH3) 1.47 ppm, A/E multiplets, in figure 1b and c.
Mainly due to the greater solubility of ethylchloride as compared to
butane in HCA, the former gives rise to much stronger signals than
butane, 6[CH2) 1.30, 6[CH3] 0.90 ppm, E/A. The effective exchange inte-
gral, J, which enters the theory, has been varied in this case, in
order to assess the importance of the magnitude of J. For comparison,
simulated spectra with J = 0 (fig.1c) and |J| = 5 108 radians/sec
(fig.1b) are shown. The latter value is compatible with low field ex-
periments18 and with the 15.1 Mc spectrums. It can be seen that a non-
zero value is needed to account for the larger enhancements for the

outer lines of the CH2 quartet19.




Close inspection of the spectrum reveals that there is a small net
effect (CHB.E; CHZ.A) superimposed on the multiplet effects in ethyl-
chloride. This was confirmed by a double-resonance (spin-decoupling)
experiment, performed during the reaction. The radical pair responsible
for this effect may be a short-lived propionyloxy/ethyl pair, but

more likely (in view of the results for AP and isobutyryl peroxide)

the pentachloroacetonyl/ethyl radical pair (cf.scheme 2). Polarization
in the corresponding coupling products (ethylpropionate or pentachloro-
pentanone) has not been detected. Non-observation of polarization in

the ester indicates that induced decomposition of the type

R+ + (RCOD)Z——+ RCOOR + RCOO+ is unimportant.

Polarization in butane could be observed more clearly during decompo-
sition of PPO in hexachlorobutadiene, containing 1 M ethyliodide. The
buLtane spectrum is presented in figure 2a and a satisfactory simulation
in figure 2b. Ethyliodide itself became also polarized (A/E) due to a

symmetrical exchange reaction of polarized ethyl radicals20

R* + RI —» R"I + Re (14)
Decomposition of PPO in tetrachloroethylene at 110° resulted in the
spectrum of figure 3.
Figure 2.

100 Mc spectrum of butane formed during

decomposition of PPO in the presence of

ethyliodide (a) and a computer simula-

tion with |J| = 5 10% rad/sec (b). %
n A ) N

a

15 10 O05086PPM




Figure 3.

100 Mc spectrum resulting from the

decomposition of PPO in tetrachloro-
ethylene. f

603 30 20 10 6PPM

The enhanced lines (8§ 6.03 ppm, E; 2.57 and 1.13 ppm A/E) are tenta-

tively assigned to 1,1,2,2-tetrachlorobutane [ the same E-line at

6.03 ppm was observed in the case of butyryl peroxide in C2C14]:
x .
R+ + CC12~CC12-—+ R CC12—CC12 (15)
. * -
R -CC1.-CCl.* + R* — R -CC1,-CC1.H + R(-H) (16)
2 2 2 2

The E effect for the abstracted proton could arise from F-pairs:
rne =+ + - + = -, indicating that the addition to the solvent is not
very fast.

Finally, the reaction of PPO in thiophenol at 110° gives rise to the
spectrum shown in figure 4b. Polarization of butane is completely sup-
pressed, indicating that thiophenol is a powerful radical scavenger.
Polarized products are thiophenetole (¢SR) and ethane (RH).The reactions
(13) can account for this, polarization originating from recombination
and escape from the ethyl/thiophenoxyl radical pair. A value g = 2.0071
was needed for the simulation of thiophenetole [6[CH2) 2.68 ppm E,
6[CH3) 1.12 ppm A), considerably higher than the value guoted in ref.
14, g = 2.0040. The discrepancy may be partly due to nuclear relaxation
(cf.VII and X). The ethane emission in caused by the fact that the po-

sitively coupled CH, protons in the ethyl radical are in the majority.

3
High yields of unpelarized propionic acid [6(CH2] 2.08, 6(CH3) 0.83 ppm)

are obtained; the mechanism by which it is formed is not clear.




Figure 4.

100 Mc spectrum during (a) and after

(b) decomposition of PPO in thiophenol. b
A simulation of the thiophenetole spec- F—A
trum is shown (c). A spinning sideband

of the solvent peak is indicated by S.

—_—

30 20 10 6 PPM

Butyryl peroxide R = CH.CH.CH

il s

This peroxide behaved very similar to PPO. The 100 Mc spectrum obtained
during decomposition in HCA at 110o is shown in figure Sa (cf.I). The

simulations (fig.5b) for n-propylchloride (¢ —CH, 3.44, 8 —CH, 1.82 ppm)

propene (methylene 4.84, methine 5.70 ppm) and Dripane (methylzne 1232,
methyl 0.85 ppm) are based on the reactions of scheme 2 (disproportion-
ation and escape from the pair 2R*). Agreement of calculated with
observed relative intensities is good. The small net A effect for the
central line of the propylchloride triplet may have the same origin

as the net effects for ethylchloride.

The hf. constant of the y-protons (0.38 G) is too small to give obser-
vable effects in the CIDNP spectrum. This is reflected in the normal
relative intensities within the propene methine quartets. Also, polari-

zation was not observed for these protons, but the high field region

176




Figure S.

100 Mc spectrum obtained

during decomposition of

butyryl peroxide in HCA VA
(a) and computer simula- b

tions of propene and pro-

pane (b) and of

—

n-propylchloride (c].

Lines due to the peroxide i

are indicated by P.

D 4
()]
EN
w
n
-
o
3
X<

is obscured by many overlapping signals; polarized hexane may be pre-

sent as well.

When the decomposition is carried out in thiophenol, an E triplet at
2.92 ppm is observed due to the S-CH2 protons of propylthiophenolate
[¢SCH2CH2CH3]. The same arguments apply here as in the case of PPO, as
to the explanation of this effect.

Isobutyryl peroxide. R® = CH,CHCH

3 3

The reaction of this peroxide in the presence of CC138r has been treated
11
in VI21 and its kinetics in IX . The activation energy for decomposition

(27.3 Kcal/molezzl is lower than in the preceding cases, indicating
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concerted two or three-bond homolysis. Reaction in HCA at 800 results
in a CIDNP spectrum shown in figure 6. The polarization of PCA (6.74
ppm) has not been menticned in I; it is in accord with reaction (11).
In our opinion this is another example of long enduring spin-correlation,
in this case of the isopropyl/pentachloroacetonyl radical pair, similar

to the case of AP discussed in XI (the isopropyl radical would be expec-

ted to be even less reactive than the methyl radical).

The simulations in figure 6b show that the polarizations of propene,
propane and isopropylchloride (methine 4.12, methyl 1.46 ppm) are well
accounted for by spin-selection in the pair 2R-.

Figure 6. '

100 Mc spectrum of the decompo-
sition of iscbutyryl peroxide .
in HCA (a) and computer simu-
lations of isopropylchloride

(b) and of propene and '

propane (c).




There may be contributions of 2,3-dimethylbutane to the polarization at
0.9 ppm. Calculations with J = 0 resulted in much too low intensities
for the outer lines of the isopropylchloride septet, compared to the

inner lines.

A major product was the ester, isopropylisobutyrate, which was not po-

[
» 3

: . o s 4
larized, in keeping with its formation by the carboxyl inversion route

(reaction 4).

Isovaleryl Peroxide. R* = (CH3)2CHﬁH2

Decomposition in HCA at 110° (figure 7a) resembled the cases of PPO and
butyryl peroxide (class b). Only 2-methylpropylchloride (methylene 3.30,
methine 1.85 ppm) showed a well resolved CIONP spectrum, which is

simulated in figure 7b. There was no indication of y-proton polarization.

Figure 7. b ——J ______Jwv,_______

100 Mc spectrum of the decomposition
of isovaleryl peroxide in HCA (a)

and a computer simulations of

2-methylpropylchloride.

30 20 | 10 b6PPM

179




Pivaloyl peroxide.

This extremely unstable peroxide decomposed rapidly at room temperaturs.

- . b - O~ .
The CIDNP spectrum resulting from decomposition in C[Zl4 (307) is shown

in figure 8. The products iscbutane [(methyl 0.88 ppm) and isobutene

(methylene 4.60, methyl 1.71 ppm) show E/A multiplets as expected from
the theory. Note that for isobutene this is due to a negative nuclear
spin coupling constant (cf.VIII). Isobutane exhibits a second order
multiplet effect (E/A, A/E) superimposed on the E/A effect, as dis-

n VIII. Apart from chloroform at 7.26 ppm, E, there are a

cussed
number of E lines at 1.89, 3.35 and 5.10 ppm, which have not been
assigned. We suggest that these lines belong to coupling and/or
disproportionation products of secondary radicals formed by addition

to isobutene:

R+ + CH,=C(CH ) ,—> RCH2~6{CHa)2 (17)
.sr,n:?—ﬁ([:HBJz + CCl,° <‘> CHC1, + RCHeC(CH,), (18)
\ CHC1, + RCH,-C(CH,)=CH, (19)

RCH,~C(CH,) ,CC1, (20)

R+ = t - butyl or CC1_-

3

Figure 8.

100 Mc spectrum ot decom-

posing pivaloyl peroxide

in C[.’lq. The part 0 - 2.5 / / Aﬁ,(k
ppm has been recorded W J

with a lower gain.

10 6 PPM



E effects for all protons would result from free radical encounters
(F-type), since the hf. parameters in the secondary radical will be
positive: rne = + + - +,= -, The chloroform E signal is probably also
due to reactions (18) and (19) and not to disproportionation of ﬁﬁlﬁ'

with t-butyl radicals, because isobutene does not show E.

In part I we reported reactions of t-butyl radicals generated from
bis (1,3,5-tri-t-butyl-2,5-cyclohexadienone) peroxide (B). An inter-
pretation of the spectra given in I can be given now. The polarizatior
during reaction in HCA (130°) are in accord with the reactions of
scheme 2 with R+ = t-butyl. Decomposition may proceed by (21) or by

direct formation of the t-butyl radical pair (22):

L g T o e
o £

C. (22)

If radical C* exists, it can have only a fleeting existence, because no
polarization is observed due to this radical (e.g. no net "memory"” effect
in isobutane). Rather large net effects in PCA (A), isaobutene [A) and
t-butylchloride (E) due to the t-butyl/pentachloroacetonyl radical pair

indicate a relatively fast transfer reaction with HCA.

Reaction in thiophenol gave rise to E for isobutane and A for isobutene,
which is consistent with reactions (13), i.e. escape and disproportio-

nation from the t-butyl/thiophenoxyl radical pair.

Alicyclic Acyl Peroxides.

The peroxides discussed in this section have the general structure
[(CHzln_ CHCDO]2 where n = 3-7 (ring size). In addition, the case of
cyclopropylacetylperoxide, [‘;7\‘CH2EOD)2. will be treated. This latter
peroxide constitutes a special case, since the cyclopropylecarbinyl radi-

Sl cn a time-scale

cal undergoes a rearrangement to the butenyl radical
such as to give rise to CIDNP effects from both radicals. For this reason,
the hf. parameters of the butenyl radical are included in table 2,

together with those of the cycloalkyl radicals.
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Table 2.

Hyperfine coupling comstants of cycloalkyl and butenyl radicals, in

gauss.

Radical A A A ref.

(a) (a)

-21.2 + 36.7 1.12 16

-21.5 g 0.53 16

43000

18
-21.8 v 2479 16

|

\ éHZ -20.7 v agle) 2.98(anti) 24a

i 2.01(syn)

{ CH,,=CHCH,CH, 22,2 + 28.5 0.61'9 24a

(a) sign determined from CIDNP (this work].

(b) average of two types of B-hydrogen coupling constants.

(c) é6-protons.

(d) an additional splitting of 0.35 G was observed due to coupling

24
with one &§-proton a.

The chemistry of these peroxides has been studied by Hart25 and
coworkers. Only cyclopropylcarbonyl peroxide {n=3) belongs to class (a)
and shows polarization for the corresponding ester. The spectra ob-
tained during thermolysis of the 4 to 7 membered ring acyl peroxides

in HCA have very similar characteristics. Polarization of the cyclo-

cveloalkenes is most prominent. Assignments

alkylchlorides (A/E)
tabl

are given in
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The cycloalkanes produced during reaction in thiophenol all showed

single E lines.,

Cyclopropanecarbonyl peroxide. R* = ?;7

Strongly polarized spectra were encountered during decomposition of
cyclopropanecarbonyl peroxide in HCA at 115C (figure Sal). The peak
assignments are given in table 3. The PCA signal at 6.74 ppm is not
enhanced (impurity). All net effects are probably generated in the

cyclopropyl/cyclopropylcarboxyl radical pair:
diff.—> V\cl
(/~co0), + 2 /~co0 + U+ \/coo: » 2 v./’ %
N
\ 75\
Ve VAR VIR

Figure 8.

100 Mc spectrum of the decom-

position of cyclopropane-

carbonyl peroxide in HCA (a) |

and simulated spectra of the |

ester (cyclopropyl cyclopro-

panecarboxylate) (b), and

of cyclopropylchloride (c).
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Table 3.

Assignment of CIDNP spectrum of the decomposition of cyclopropanecarbonyl

peroxide in HCA (figure 9).

product § (ppm) polarization
cyclopropane §;7 0.22 A
cyclopropene §;7
olefinic H 7.01 A + E/A
methylene H 0.92 obscured
bicyclcpropyl[a) ‘;7__<;7
methylene H 0.00 and 0.25 A[b]
methine H ~-0.80 obscured
cyclopropylchloride <;7\C]
& =<H 2.96 A
cis B -H 0.74 E
trans B - H 0.87 E
(c)
cyclopropyl cyclopropanecarboxylate
K;r\COO’T;7 (D’<;7 moiety)
methine H 4.05
cis and trans methylene H 0.60 A

(a)

80 Mc nmr spectrum of bicyclopropyl.

We are indebted to Prof. G. Wittig (Heidelberg) for a copy of a

A single E-line at 0.32 ppm belongs probably also to this compound.

An authentic sample of the ester was prepared by oxidation of

dicyclopropyl ketone by per-trifluoro-acetic acid. We thank Mr, C.

M. Lok for this synthesis.




As shown in IX, this reaction sequence can account for net polarization
in biecyclopropyl, cyclopropane and cyclopropene (memory effect). It is

therefore unnecessary to invoke a reaction of the type

R+ + RCOO- » R-R + CD2 (24)
The E/A effect observed for cyclopropene is probably due to the pair
2 §;7‘. For the simulations of figure Sb (ester) and Sc (cyclopropyl-
chloride) a g-value of 2.0073 has been used for the acyloxy radical.
Coupling or disproportionation products of cyclopropyl radicals have
not been found previously256 in decompositions carried out at 70°.
Bicyclopropyl shows an unusual CIDNP spectrum: it shows an A effect
except for one E line at 0.32 ppm. Due to lack of nmr parameters we

have not attempted to compute the spectrum.

The signs of the hf. coupling constants of the cyclopropyl radical were
not previously known. They follow immediately from the spectrum. For
instance, for the a-proton, showing A in the chloride: Fne s Aa -+,
hence Au is negative. Similarly AB is positive. Knowing these signs,

it is possible to derive the (also unknown) sign of the vicinal nuclear

spin coupling constant J in the A X, spectrum of cyclopropene, because

AX 2 2
of the E/A effect observed for this compound: T = -~ %+ -] s Jit a0 24
26 me AX
hence J is positive (+ 1.8 Hz" ).

AX

The small magnitude of Ac (- 8.5 G compared to - 23 G for the methyl
radical) indicates that the cyclopropyl radical is bent16. Knowledge
of the sign of AOl should provide a firmer basis for calculations cor-

relating geometry with hf. constant527.

16
From the equivalence of B-hydrogens in the esr spectrum it was concluded

1010

that there is a rapid inversion (109 = sec—1] at the a-C atom:

v o=

The observed retention of configuration in the reduction of optically
active cyclopropylbromides28 indicates, that geminate recombination

competes with this inversion. Unfortunately, the CIDNP spectrum did
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not permit an estimate of the rate of inversion. It appears, however,
that this problem could be studied in suitably substituted cyclopro-

panecarbonyl peroxides.

Decomposition in thiophenol or other hydrogen donors resulted in a

strong E line for cyclopropane.

3.2 Cyclobutanecarbonyl peroxide R+ = [:]'

This peroxide decomposed conveniently at 110° in HCA (figure 10,
table 4). Polarization for PCA, cyclobutene and cyclobutylchloride

Table 4.

Assignments of CIDNP spectra of the decomposition of cyclic acyl
peroxides, with n-membered ring [(CHZ]n— CHCOO]2 (n = 4-7) in HCA.

\2n¥y
= = = n =
Product " 4 & 3 A 2 2
8 (ppm) & (ppm) S (ppm) § (ppm)
cycloalkene[a]
olefinic H 5.80 A + E/A 5.61 A+E/A 5.56 E/A(b] 5.64 E/A[b)
allylic H ~2.5 obscured 2.29 E/A ~2.0 obsc. ~2.1 obsc.
cycloalkylchloride
o= H 4.30 A/E 4,27 A/E 3.38 A/E 4,08 A/E
B - H ~2.2-2.5 A/E 1.96 A/E ~1.7 A/E 1.7 A/E
pCA(c] 6.74 A 6.74 A 6.74 strong A 6.74 A

(a) cycloalkane signals at 1.92, 1.48, 1.41 and 1.51 ppm for n = 4-7
were not enhanced.
(b) complex pattern.

pentachloroacetone.



70 60 50 40 | 30 | 20 6PPM
Figure 10. 100 Mc spectrum of cyclobutanecarbonyl peroxide during (a)

and after (b) decomposition in HCA.

is manifest. The region between 1.5 and 2.5 ppm shows a complex polarized
spectrum, predominantly due to the chloride, overlapping with lines of
other products, which we have not attempted to unravel. Reactions of
scheme (2) can account for the observed polarization. The cyclobutyl
radical probably has a planar geometry at the a-C atom. A/E effects in
cyclobutylchloride confirm the opposition of signs of Aa and AB expected

for this geometry.

Cyclopentane carbonyl peroxide R* = [:>>

Figure 11 shows the spectrum obtained during decomposition of the S-
membered ring peroxide. Polarization is essentially similar to the

previous case (cf. table 4). The spectrum shows somewhat more detail:
the allylic protons of cyclopentene are observable at 2.29 ppm; each

line of the "triplet" shows an E/A effect (positive nuclear coupling
constant). Note, however, that the main splitting is due to the homo-
allylic protons, which have a hf. coupling constant too small to affect
the spectrum (y-protons). The single line of cyclopentane at 1.48 ppm

is not enhanced. Scheme 2 accounts for the polarizations.

Decomposition of this peroxide in hexachlorobutadiene (HCB) resulted in

a spectrum, partially shown in figure 12.
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70 60 50 40 30 20 10 6PPM

Figure 11. 100 Mc spectrum of cyclopentanecarbonyl peroxide during (a)

and after (b) decomposition in HCA

T T T T T —_ A

60 50 40 5PPM

Figure 12. 100 Mc spectrum taken during (a), and after (b) decomposition

of cyclopentanecarbonyl peroxide in hexachlorobutadiene.



This solvent is less reactive than HCA, which is reflected in a pure
E/A multiplet for cyclopentene (olefinic protons 5.50 ppm). Apparently
the A effect in fig. 11 for these protons originates from the cyclopen-
tyl/pentachloroacetonyl and not from the cyclopentyl/cyclopentylcar-

boxyl radical pair. In addition, E lines are observed at 6.06 and 4.68

ppm, that might belong to solvent addition products:

Cl
. = - - -+ 1z ~ o8
Re + CCl2 CC1-CCl CCl2 RCCAZ CQ\\\_’;Yw’CLIZ (25)
cC1
HCB (D)
D« + R+ =+ R(-H) #* RCCI?-CH.CI-CCI=CC12 (26)

A

R(=H) + Rcc12-cc1=c51~cc17H*

The allyl type radical D- can be expected to give two disproportionation
products. Both E lines occurred in all a-branched peroxides, decomposed
in HCB. Theory predicts E effects for F-pairs with Ag <0, in accord

with reactions (25) and (26).

The cases of the cycloalkanecarbonyl peroxides with n = 6 and 7 resembled
those with n = 4 and 5 (cf. table 4); spectra are not shown. The high
field region was rather structureless. The a-proton of the chloride
showed A/E effects. In the case of the cyclohexyl radical in particular,
a strong A effect for PCA was observed.The spectra of products of the

n = 4-7 cycloalkyl radicals did not permit an evaluation of the rate

of ring inversion, which tends to average out the B-proton hf, couplings.

. 16
This process is probably fast on the CIDNP time-scale .

Cyclopropylacetyl peroxide R =§;7k\CHé

25
The decomposition of this peroxide has been described by Hart et al, .

The faster rate of decomposition as compared to other cycloalkylacetyl
peroxides has been ascribed to resonance stabilization of the cyclopro-
pylearbinyl radical and concerted peroxide bond cleavage (reactions 2
and/or 3). High yields of ester (unpolarized) are indicative of signifi-

cant contributions by a polar reaction path.




As mentioned above, the cyclpropylcarbinyl radical [Ra-] is known23'24

to rearrange rapidly to the 3-butenyl radical (Rb-]. The homolytic

reactions can be represented as follows:

2k K diff.
(Ré——CDO)z-* ZCO2 + 2Ra- \:—9 Ra- + Rb- §:+ ZRD- \ (27)

P

a Pab Pb

Rb- + XC1 » RbCl + X- (28)

Rov V\CHz-

In & similar system (isocholesteryl + cholesteryl) the rate constant
for the process Ré . Rb' has been estimated29 to be greater than

1de sac—1.

Reaction in HCA at BDO gives rise to a CIDNP spectrum shown in figure
13. A total of 8 cage recombination and dispropertionation products

(represented by Pa' P and Pb in reaction 27 ) may be formed, the

polarization of whicha:as not been characterized. However, the CIDNP
spectrum of the transfer reaction product, 4-chloro-1-butene30 (RbC1]
could be assigned. All four groups of protons of this compound showed
enhancements (ClCHz—CHZ-CH=CH2. § 3.47, 2.48, 5.76, 5.08 (cis),

5.04 (trans) respectively). The strongest enhancements occurred for the
vinylic CH2 group. Since these protons have only very small hf. coupling
constants in the butenyl radical (cf. table 2), it is clear that this radi-
cal cannot be responsible for the polarization at this position. It must
therefore be due to the cyclopropylcarbinyl radical. Computer calculations
confirm this. The low field part (vinyl-group of 4-chloro-1-butene) of

the simulated spectrum of figure 13 has been calculated with the hf.
parameters of Ré' while the high field part with those of Ré' The ratio

of both contributions is 8 : 1. The agreement with the experimental
spectrum is very good. In part IX the kinetic conseguences of this spec-
trum have been discussed. Applying a theory for competitive reactions,

a lower limit of k = 3 107 5ec.1 for the rearrangement has been calcu-

lated, based on the following assumptions:




Figure 13.

6 4 2

O 8. PPM

100 Mc spectrum cbtained during decomposition of
cyclopropaneacetyl peroxide in HCA. A simulated spectrum

of 4-chloro-1-butene is shown on top.




equal diffusive behaviour for Ré and Ré'

(ii) equal efficiencies of recombination during encounters for the

i 2R =5 R . 2R, +,
pairs ?Ra = /QD and RD

(1ii) |J| = 5 10° radians/sec, and

(iv) transfer reaction with HCA faster than relaxation in Rb-.

A further condition is that the life-time of Rb' should not be shortened

too much by transfer or other reactions.

31
type
. K= k”
fx) H,C — (x) H,C
2 ///———- ) . < R (29)
\ - —
(y) H,C 3 k (y) H,C ==

which effectively exchanges protons (x) and (y), would affect the CIDNP
spectrum of 4-chloro-1-butene insignificantly. The reason is that in
first order, multiplet effects for protons (x) and (y) are not affected
by this exchange, because they depend on the product AXAy. The situation
would be different in the case of net effects, which depend on AgAx and
AgAy. Since Ax and Av have opposite signs, an equilibrium (29) would

tend to decrease net effects for (x) and (y).

Furthermore, it is of interest to note, that the CIDNP spectrum of
figure 13 excludes the possibility of a nonclassical pyramidal structure

32
of the cyclopropylcarbinyl radical, which has been considered™ :

The high symmetry of this structure would result in a correlation of
the CH-proton with all the other protons, whereas in the spectrum of

this proton [(5.76 ppm) only correlation with the vinyl CH, protons is

2
observed, as reflected in the almost normal intensities within the A
and E triplets. Of course, this conclusion confirms the evidence from

esr, but is obtained much more readily.
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Similarly, a rate process of the type

H,C v M R gitn  Jol ond CH
2 i L /\\ 2 = HETX /2
CH, C

.CH2 H2

(30)

24:¢
which could not be excluded in the low temperature (-15501 esr work a’

does not occur during the life-time of the cyclopropylcarbinyl radical.

The small magnitude of A, (2.55 G) in the cyclopropylcarbinyl radical

indicates that the prefeﬁred conformation is the "bisected" one (7 or-
bital parallel to the plane of the ring). The sign of AB was hitherto

unknown and can be inferred from the observed A/E effect for the methine
proton: rme _ )ohi AGAB + + = -, Since Aa is undoubtedly negative, Af
must be positive, indicating that other rotamers beside the bisected

one, where the B-proton sits in the nodal plane of the v orbital, are
also populated to some extent.

For comparison 4-pentenoyl peroxide, (CH7=CH-CH -CH,-C00)_,, was

synthesized and decomposed in HCA. Again a-chloio—T—butene was a major
product. The CH2CH2C1 moiety showed CIDNP effects identical to those of
figure 13. The vinyl region, however, was not polarized and no effects
were detected for species containing a cyclopropyl group. Thus, if the
equilibrium (28) occurs, it is probably shifted far to the side of the

butenyl radical (k>>k~”).

confirmed that this solvent is a powerful radical trap: polarization

occurs only for methylcyclopropane (CH. 0.88 ppm, A) and not for un-

3
saturated products. Apparently H-abstraction competes effectively with

rearrangement. The A effect is in agreement with reactions (13).

The decomposition of cyclopropylacetyl peroxide in thiophenol (figure 14)




100 M pectrum obtained during (a) and
cyclopropyl-

henol.

type will be examined, which generate vinyl and

thyl tituted vinyl radicals during decomposition. The hf. para-
neter of these s are given in table 5,
Table 5.
rfine coupling constants of vinyl-type radicals (in gauss).
e e hd =

68.5(trans) 16,33a
+ 34,2(cis)
CH,, + 57.9(trans) + 19.5 16

+ 32.9(cis)
. [t 3
H =cH=CH B! ¥ 13 + 5q'c) = 745 % 2
a) s determined by CIDNP (this work).

assumed to be similar to the vinyl radical; A[CH3]

od from CIDNP (see text).

cis) and Adftrdmuj, for a rapidly inverting




The vinyl radicals have g = 2.0022. The acyloxy radicals have relatively
long life-times in these cases, giving rise to net effects and polari-
zation of the corresponding esters (class E)° Assignments of the spectra

can be found in table 6.

Acrylyl peroxide R+ = CH5=6H

This hazardous peroxide (see experimental section) was decomposed in

HCA at 1100. The CIDNP spectrum of figure 15 shows net effects for vinyl-
chloride (E), vinylacrylate (A), ethylene (A) and acetylene (A) (cf.
table 6). In runs at higher temparatures small effects in the region

5.10 - 5.20 ppm were observed, probably due to small amounts of buta-
diene. The observed polarizations can be explained in terms of a reaction
sequence similar to reactions (23) for cyclopropyl. Net effects arise
from the vinyl/acryloxy radical pair. Here again, the A effects for
ethylene and acetylene are probably another manifestation of the memory

effect (cf. IX) and do not imply a reaction analogous to (24).

A serious but unsuccesful attempt has been made to simulate the charac-

teristic pattern of CH-proton of the ester at 7.20 ppm, using the hf.

! |

7.5 720 65 80 55 50 45 '1.76 bPPM

Figure 15. 100 Mc spectrum of the decomposition of acrylyl peroxide
in HCA.
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rated acyl perox

id

jes (RCOO), in HCA.

Table 8.

ignments of CIONP_spectra obtained during decomposition of a-unsatu-

7.20

compound

}IE(+A/E)

E+A/E

A




parameters of table 5, varying Ag and J and considering fast and slow
exchange of B8-protons in the vinyl radical. All sorts of patterns could
be calculated for this proton, except the experimentally observed one
(outer lines more enhanced than inner lines). We have therefore not
given a simulation in figure 15. The failure may be due to relaxation

in the product.

Yet, a number of conclusions may be drawn:

(1] Both o and B8-hydrogens have positive hf. coupling constants
(e.g. for the ester: rne =-+-A =+, A positive). For A
33,27a 278

both positive and negative
measurements on vinyl radicals trapped in a neon matrix”  and
. . y 3
on oriented substituted vinyl radicals” .
(1i) Equal intensities of cis and trans B-hydrogens of the ester

indicate that the inversion process

= N
is fast on the CIONP time scale (k > 100 Secrql.
7 ¢ -1
A range for kK ~ 3 10°- 3 133 sec has been inferred from low

16

temperature esr work (-170°—-104°

)

(iii) The small E/A effect in vinylchloride is also in accordance with

positive signs of A and A. (T = == AA % += 2. A and A
o B me a 8 a 8

of the same sign) and indicates that ther

from spin-selection in the vinyl radical pair. This cannot of

course be observed in the single lines of ethylene and acetylene.
Experiments carried out in cyclohexanone resulted in an E line for
ethylene (escape product). In thiophenol an instantaneous reaction set

in upon mixing.

Methacrylyl peroxide R* = CH.=C-CH.

Having survived the preceding peroxide, the methyl substituted analogues
appeared to be more stable. The CIDNP spectrum of the decomposition of
methacrylyl peroxide in HCA at 110° is given in figure 16a (table 6).
The spectrum shows enhancements for 2-chloropropene and probably for

the ester, 2-propenyl methacrylate; other products contribute to the
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Figure 18. 100 Mc spectrum of the decomposition of methacrylyl peroxide

in HCA (a). A computer simulation of the 2-chloropropene

spectrum is shown on top (b) (see text).

lines at 4.8-4.9 ppm as well. The single A line at 4.60 ppm has been
tentatively assigned to allene (CH2=C=CH2J. In addition, many lines

appeared in the region 1.5-2.0 ppm which have not been assigned.

The simulation of the 2-chloropropene spectrum (figure 16b) is a super-
position of two spectra calculated for escape from the pairs R+/RC0O0-*
(Ag = 0.0038) and 2R+ in the ratio 5 : 4. This indicates that decar-
boxylation of the methacryloxy radical is faster than that of the
acryloxy radical, most likely due to steric effects of the a-methyl
group. The fact that A/E appears for the methyl group, but vanishes
almost completely for the methylene group was rather puzzling at first.
It is, however, well reproduced by the computer simulation. This E + A/E
effect for 2-chloropropene is in accordance with negative nuclear

coupling constants between CH, and CH3 group and all positive signs for

2
the hf. parameters: rme = - -+ 4+ -+ =~-, A/F, The positive sign for

A(CH3] is due to hyperconjugation similarly to the signs of A, in alkyl

B
radicals. In the isoelectronic acetyl radical [CHK——C=D) A[CHB) has also
been found to be positive (cf. part VII). The spectrum does not show

sufficient detail to discriminate between fast and slow methyl group
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4.

inversion in the 1-methylvinyl radical, although somewhat better results

were obtained in the fast exchange limit (average value for CH? hf. ‘con-
16 )
stants). At -172° the inversion has been found o be slow compared

to the hf. interactions.

Trans-Crotonyl peroxide R-: = CHj—CH=éH

Decomposition of the trans peroxide in HCA at 110° resulted in a mixture
of about equal amounts of cis and trans products (figure 17a, table 5),
showing that inversion of the a-hydrogen of the 2-methylvinyl radical

is fast, as in the case of the vinyl radical. Simulated spectra of

cis and trans esters (B-protons) and a superposition of cis and trans
1-chloropropene (a and B-protons) are shown in figure 17b. The esr
spectrum of the 2-methylvinyl radical has not been reported, to our

knowledge. Assuming that Au and A, are similar to those of the vinyl

s 0

/

—

60 85 50 45 2o : 15 & PPM

Figure 17. 100 Mc spectrum of the decomposition of trans-crotonyl
peroxide in HCA (a) and computer simulations (b) for
1-chloropropene (513 and EEEEE superimposed) and for
cis and trans 1-propenyl esters of trans-crotonic acid.

Peroxide peaks are indicated by P.
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radical, we have taken Aa = + 13 G and AB = + 51 G for a rapidly inverting

radical. The methyl region is unclear due to overlapping of cis and trans

ester, cis and trans cﬁloride and possibly coupling and disproportionation

products. However, A lines at 1.865 and 1.70 belong to 1-chloropropene

and hence a negative sign of A(CH3) is implied, Pne mi=ssE= AR

A[CH3] <0. The magnitude of A(CHB) can be estimated through its effect

on the spectrum of the a and B protons. For 1-chloropropene we considered

only escape from the pair R+/RCO0*.The best results were obtained with

A(CHS] = -7.5 G and Ag = 0.004 (cf. figure 17b). However, the uncer-

tainties are cocnsiderable in this case: (i) unknown Ag, (ii) unknown

hf. constants, (iii) there may be small contributions from the pair 2R-,

[1!] amounts of cis and trans products need not be exactly equal and

(XJ effects of relaxation neither in the radical nor in the product
were considered. Therefore, the choice of parameters may not be unigue
and the uncertainty in the magnitude of A(CH3] may be rather large. Yet,
the surprisingly negative sign of A(CH3] seems to be unambiguous. It
resembles the negative sign found for the t-butyl hydrogens in
t-butylbenzene anion36; it may be due to spin-polarization from spin

density in the CHB-C bond.

t-Butylperpivalate RC03R. R = t-butyl

7
This perester was first studied by Fischer and Blank3 , who obtained
similar CIDNP spectra as reported here. It provides a good example of
F-type polarization. Decomposition was carried out in chlorobenzene at

1‘100 (figure 18, 60 Mc spectrum). The reactions are as follows:

il = = _y diff.
C(CH3]3C-OOC(CH3]3——? C(LH3]3 + O-C(CH3]3 + CO (31)

%

C(CHS)BGC(CHBJ3

[CH3]2C=CH + (CH3)3C0H

2

( =C}
2C(CH,), —> (CH,),C=CH, + HC(CH ),




Figure 18.

60 Mc spectrum of the decomposition of b M N

t-butylperpivalate in chlorobenzene (a)

and a computer simulation of the spectrum
of isobutane (b).

7 10 6 PPM

Polarization is observed for di-t-butyl ether (8§ 1.25 ppm, E), isobutene
(CH3 1.68 ppm, CH2 4.61 ppm, E + A/E), isobutane [CH3 0.80 ppm, CH 1.73
ppm A/E). The isobutane spectrum is opposite to that of figure 8, in
accordance with its formation during free radical encounters, (F-case,
reaction 32). Obviously, it cannot be formed from S-pairs in this case.
The simulation of the isobutans spectrum (figure 18b) shows that some

of the lines in the region 1.3-2.0 ppm belong to the methine praton.

The E effects for di-t-butyl ether and isobutene are remarkable, since
they imply gE—butoxy < gg-butyl‘ if polarization arises from reaction

(31): Fne = = #* A0g + = -, Ag>0. The alternative, polarization from free
radical encounters is considered to be very unlikely for these products.
It should be noted that polarization in di-t-butyl ether must be due

to the t-butyl fragment, since the hydrogen hf. interactions should be

much larger in the t-butyl than in the t-butoxy radical.
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Several claims have been reported of esr observations of the t-butoxy

radical in solutionBB. However, it seems likelysg that this radical

cannot be observed by esr in the liquid state, due to extreme line

broadening. The free t-butoxy radical has an orbitally degenerate ground

state. Therefore, the isotropic g-factor in solution will depend upon

the way in which this degeneracy is lifted by interactions with the solvent,

and is expected to fluctuate very stronglyag. Our finding, that the

average g-factor of the t-butoxy radical is smaller than that of alkyl

radicals (the most likely interpretation of figure 18) is a rather un-

expected result, especially in view of the observed14 g = 2.0094

for the OH+: radical in single crystals of ice.

Conclusions.

Since the acyl peroxides constitute a class of thoroughly studied com-
pounds much is known about their reaction mechanisms from careful

1'2. Therefore, it is hardly surprising that the present

chemical studies
work does not add much mechanistic information. Rather CIDNP seems to
confirm the insights obtained earlier, or, depending upon one's point

of view, the CIDNP spectra of the reactions studied here constitute

strong support for the radical pair theory. In all cases where esr pa-
rameters and reaction mechanisms are known, the spectra could be explained
by this theory. In some cases unknown signs of hf. parameters could be
obtained from the spectra (for cyclopropyl, cyclopropylcarbinyl and the
vinyl type radicals). Similarly, the unknown sign of the nuclear spin

coupling constant in cyclopropene could be determined. This could be

done very easily with the help of the rules (6) and (7).

The rate of decarboxylation of acyloxy radicals is susceptible of study
with CIDNP. Our spectra indicate that the rate decreases in the order
R->CH3->CH2-—-E;CH3> 7 CH2=tH>CH3—CH=éH where R+ is alkyl or cycloalkyl
other than methyl and cyclopropyl. The longer life-time of the acyloxy
radical in the last four cases is not unreasonable, in view of the high
bond strength to cyclepropyl and vinyl moieties. Conjugation with the
carbonyl group may also stabilize the acyloxy radicals in these cases.
When R+ is a secondary, tertiary or resonance stabilized radical, it

is doubtful that the acyloxy radicals exist outside the primary cage,
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if at all. The difference between the acetoxy radical (R=methyl, part XI)
and the straight chain acyloxy radicals,is noteworthy. In spite of
carefully looking for enhancements in the esters, we did not detect any
polarization in these cases. A life-time of less than 10_10 sec is
indicated by this non-observation. It may be that these straight chain
aliphatic acyloxy radicals also exist only within the cage of formation,
possibly as ion pair-radical pair intermediatess, and that the mechanism
of ester formation is similar to that of the a-branched acyl peroxides.
Results of a 18D‘labelling study with the primary §-phenylvaleryl

peroxide4d seem also to point in this direction.

Experimental section.

Acyl chlorides were gbtained commercially and were distilled before use
Cyclopropaneacetylchloride was obtained from reaction of thionylchloride
with cyclopropaneacetic acid, which was synthesized from cyclopropane-
carbonyl chloride by an Arndt-Eistert reactionao.

Acyl peroxides were synthesized from the acyl chlorides by the general
procedure of Kharash41 (addition of Na202 and ice to a solution of the
acyl chloride in ether at -S-UD, washing the ethereal layer with cold

aqueous bicarbonate and ice-water, drying over Na 304]. The purity of

the peroxides was over 85% as determined by nmr. ?his procedure was
satisfactory except for pivaloyl peroxide, due to its instability,

even at 0%, The following procedure (cf.ref. 42) was used for the
preparation of pivaloyl peroxide: A solution of 0.55 moles of pyridine
and 30 ml ether was cooled to -10%; 0.15 mole 30% H202 was added at
such a rate that the temperature did not exceed 0°. The mixture was
rapidly stirred and 0.2 moles of pivaloyl chloride in 30 ml ether was
added in 15 min, while the temperature was kept below —150. The reaction
mixture was stirred for an additional 2 hr at -20° and neutralized with
chilled dilute H2304 solution. The water layer was then frozen out at
-400, in a methanol-CD2 bath. The ethereal layer was decanted, washed
with 20 ml 5% NaHCO3 solution chilled to —100. and the water layer

again frozen to -40%, This was repeated two times with a 10% NaCl solution
as well. The ethereal layer was dried over NaZSD4 and stored at -80°.
Small portions were concentrated on a rotary svaporator at ~15° before

use.




Acrylyl peroxide was found to be very unstable. It exploded frequently,

even in ethereal solution, presumably due to a chain reaction involving

addition to the double bond. None of the other peroxides showed this
lability.

t-Butylperpivalate was prepared as described by Bartlett and Hiatt4q

Solvents were distilled before use. Hexachloroacetone contained less

than 1% pentachloroacetone as an impurity.

NMR spectra. 60 Mc spectra were recorded on a Varian A-60 spectrometer;

100 Mc spectra on a Varian HA-100 spectrometer. A capillary with

H2504 was used as a lock signal for the HA-100 spectra. CIDNP spectra

were run about B0 sec after putting a 0.2 M peroxide solution in the
praheated spectrometer probe. Deoxygenating samples did not have any
effect; dissolved oxygen is consumed during the first stages of the

reaction. This resulted often in narrower lines during and just after

the reaction than before.
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SAMENVATTING.

Wanneer men een kernspin resonantie (nmr) spectrum meet van een oplos-

sing, waarin een radicaal reactie optreedt, kunnen de producten, die

daarbij gevormd worden, aanzienlijk versterkte absorptie en ook

emissie lijnen te zien geven. Deze effecten werden in 1967 bij toeval
ontdekt door Bargon, Fischer en Johnsen in Darmstadt en door Ward en
Lawler in Providence (USA). Dit verschijnsel werd aangeduid met de
naam "Chemically Induced Dynamic Nuclear Polarization” (CIDNP) en

vormt het onderwerp van dit proefschrift.

De in 1867 gepubliceerde theorie van CIDNP (gebaseerd op gecombineerde
kern-electron relaxatie in vrije radicalen) bleek niet te voldoen.
Daarom werd door ons naast de experimentele ook de theoretische kant
van dit onderwerp bestudeerd. 0it heeft geleid tot een betere verkla-
ring van de CIDNP effecten, die ook door Closs (Chicago) onafhankelijk

gevonden werd, en die nu vrij algemeen aanvaard is.

In deze "radicaal paar theorie” worden de verschijnselen toegeschreven
aan overgangen tussen singulet en triplet toestanden van radicaal paren.
De overgangen worden geinduceerd door interacties van kernspins met
electronen spins. Alhoewel de kernspin toestanden hierbij niet veran-
deren (althans in hoog magnetisch veld) beinvloeden zij wel de singulet-
triplet overgangswaarschijnlijkheid en daardoor ook de reactie kans

van het radicaal paar, aangezien recombinatie gewoonlijk alleen van-

uit de singulet toestand kan geschieden. De populaties van de kern-

spin niveaus van recombinatie producten maar ook die van de produc-

ten van ontsnappende radicalen, krijgen hierdoor grote afwijkingen

van thermisch evenwicht, hetgeen in de nmr spectra tot uitdrukking

komt als emissie of versterkte absorptie.

Deze theorie, waarvan de basis gelegd wordt in Hst. II en III, wordt
toegepast ter verklaring van de CIDNP effecten, die optreden bij de
fotolyse (direct en gesensibiliseerd) van acyl peroxiden (Hst. IV);
bij een reactie, waarin een biradicaal als intermediair optreedt
(Hst. V); bij de ontleding van iscbutyryl peroxide in aanwezigheid

van verschillende concentraties CCIBBF, waarbij omkeer van de
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polarisatie optreedt (Hst. VI); en bij photochemische reacties van
diisopropyl keton, in welk geval een nieuwe photoreactie met CEI4
ontdekt werd (Hst. VII).

Een vollediger discussie van de theorie wordt gegeven in Hst. VIII.
Rekening wordt gehouden met de diffusie van radicaal paren, door

toepassing van een "random walk" diffusie model van Noyes. Een uit-
breiding hiervan voor de beschrijving van snelle radicaal reacties,
die concurreren met "kooi"-recombinatie, wordt gegeven in Hst. IX,

waar ook enige voorbeelden besproken worden.

De magneetveld afhankelijkheid van CIDNP is het onderwerp van Hst. X.
Het blijkt, dat bij reacties in lage magneetvelden rekening gehouden
moet worden met de drie laagste triplet toestanden van het radicaal

paar (in hoog veld slechts met &&n). Enkele eigenaardige effecten,

zoals oscillaties in de veld afhankelijkheid van de polarisatie,

kunnen dan verklaard worden.

Tenslotte worden thermische ontledingen van acyl peroxiden behandeld,
acetyl peroxiden in Hst. XI en een serie andere peroxiden in Hst. XII.
De reactie, waarbij het cyclopropylcarbinyl radicaal gevormd wordt,
dat zich omlegt tot het 3-butenyl radicaal, is er een voorbeeld van,
hoeveel informatie een CIONP spectrum kan geven over reactiemecha-

nisme en struktuur van radicalen.







ACKNOWLEDGEMENT .

Professors H. Fischer, H.R. Ward, R.G. Lawler and G.L. Closs, by

which this work has greatly benefited. These end other investigators,

1

Prof. A.R. Lepley, Dr. S.H. Glarum, Dr. A.M. Trozzolo and Dr. F.J.
Adrian, have generously made available their results prior to publica-
tion.

Special thanks are due to Mr. J.A, den Hollander for the pleasant
cooperation on several parts of this work and for numerous discussions

on other parts.

I also wish to thank Dr. .A. van Santen for illuminating di
on some delicate theoretical prablems and Mrs. Dr. M. Fréter-Schrider
For their skilful help with the experiments I am greatly indebted to

my coworkers: H.F. Poort, G.J. van Kampenhout, C.M. Lok, J. Valk,

Mrs. J. Brokken-Zijp, G.A. van Albada, H.J. de Jong, P.C.M. van Rossum,
F.J.J. de Kanter, D. Antheunis, P.A.T.M. Brand, R.L.C. Wijting,

F.W. Verheus, and J.P.M. van der Ploeg.

Mrs. L.G.A. Meijer-te Meij has kindly read parts of the manuscript

and corrected the English.



CURRICULUM VITAE

Na het behalen van het einddiploma gymnasium-B8 in 1958, begon ik in
dat jaar met de studie in de schei- en natuurkunde aan de Rijksuniver-
siteit te Leiden. Het kandidaatsexamen (letter e) werd in juni 1952
afgelegd. De studie werd voortgezet onder leiding van Prof. Dr. L.J.
Oosterhoff. Tentamens voor theoretische natuurkunde en wiskunde werden
afgelegd na het volgen van colleges van de hoogleraren Dr. S.R. de
Groot, Dr. J.A.M. Cox, Dr. P.W. Kasteleijn en Dr. C. Visser.

Het doctoraal examen met hoofdvak Theoretische Organische Chemie
volgde november 1865. Van juni 1863 tot november 1965 vervulde ik een

kKandidaats assistentschap aan de afdeling Theoretische Organische

mie, dat daarna overging in een doctoraal assistentschap. Vanaf
februari 1968 ben ik aan deze afdeling verbonden als wetenschappelijk

medewerker.










