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Carbon-13 Fourier transform (FT) NMR was used to observe CIDNP during the photolytic decomposition of
di-tert-butyl ketone in CCly. Recombination of the triplet tert-butyl-pivaloyl radical pair (.I) was u.nambiguously
established. The polarizations from 2,2-dimethylpropanal (1) and 2,2-dimethylpropanoic acid ‘chlorlc_le (3) also re-
sult from triplet radical pair I. Other polarized products may come from singlet or triplet radical pair precursors.
The observed polarization signs agreed with those predicted for all identified products.

The use of carbon-13 FT NMR to study CIDNP holds
great promise as a mechanistic and kinetic tool for the in-
vestigation of radical reactions.? The major advantages of
studying carbon-13 CIDNP are the large chemical shift
range and the ability to make all carbons appear as singlets
by proton decoupling. In addition, FT NMR techniques en-
able the entire spectrum to be recorded in a matter of sec-
onds.

As part of our program of defining the pathways of mate-
rial degradation, we have examined by carbon-13 FT' NMR
the CIDNP during the photochemical decomposition of di-

tert-butyl ketone (DTBK) in CCly. Analysis of the polar-
ization signs provided insight into the various degradation
steps and the multiplicities of radical pair precursors. Pro-
ton CIDNP during the photolysis of DTBK has been pre-
viously studied using continuous-wave NMR.3

Results

Figure 1 shows proton decoupled carbon-13 FT NMR
spectra of a 25% DTBK solution in CCly obtained before,
during, and after irradiation. The center spectrum, ob-
tained during the first 1000 sec of photolysis, shows emis-
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Figure 1. Proton decoupled carbon-13 FT NMR spectra of a 25%
DTBK solution in CCly obtained before (top), during (middle),
and after (bottom) irradiation. The spectra width is 250 ppm. For
each spectrum 100 free induction decays were accumulated at a
pulse repetition time of 10 sec.

sion and enhanced absorption signals. These CIDNP sig-
nals were assigned to particular carbon atoms by compar-
-ing their chemical shifts to those of authentic compounds
(Table I). Assignments were aided by observing the carbon-
hydrogen splitting patterns in proton coupled spectra. In
addition, the proton coupled CIDNP spectra ensured that
signals were not being lost in the decoupled spectra due to
the exact cancellation of any multiplet effects.

Emission signals occur from C-3 of DTBK, C-1 and C-2
of 2,2-dimethylpropanal (1), C-1 of methylpropene (2), C-2
of 2-ckloro-2-methylpropane (4), and CHCly. The emission
signal at 23.9 ppm may be assigned to C-3 of either alde-
hyde 1 or olefin 2. Enhanced absorption signals are ob-
served for C-2 of olefin 2, C-1 of chloride 4, and all the car-
bons of 2,2-dimethylpropanoic acid chloride (8). Although
the signals from C-1 and C-2 of DTBK were affected dur-
ing photolysis, it was qifficult to tell if absorption or emis-
sion was occurring because of contributions from unreacted

DTBK. Other CIDNP signals of lower intensity were not

assignable. The spectrum recorded after photolysis, using
the same number of spectral accumulations, contained only
signals attributable to C-1 and C-2 of DTBK, C-8 of acid
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Tablel
Carbon-13 Chemical Shifts of Products Showing CIDNF
During the Photolysis of DTBK in CCl14*

Chemical shift, ppm

Carbon During Authentic

Product position photolysis b product ¢
DTBK 1 28,5¢ 28.5
2 45.3¢ 45.2

3 215.2 (E) 215.1

1 1 202.4 (E) 202.2
2 42.2 (B) 42.5

3 23.9 (E)° 24.0

2 1 110.7 (E) 110.6
2 140.8 (A) 140.7

3 23.9 (E)* 23.8

3 1 178.6 (A) 178.6
2 48.9 (A) 49.0

3 27.1 (A) 27.1

4 1 34.5 (A) 34.5
2 65.7 (E) 65.6

CHCl, 1 7.2 (E) 7.1

@ Chemical shifts converted to MeSi scale using oue,si = 6ccr, +
96.0.* A = enhanced absorption; E = emission. Unassigned CIDNP
signals occurred at 137.8 (E), 111.4 (E), 111.1 (A), 103.4 (E), 98.1
(E), 53.8 (E), 49.7 (A). ¢ 25% solutions in CCly. ¢ Although the in-
tensity of this peak was affected, it was difficult to tell if enhanced
absorption or emission was occurring because of signal contribution
from unreacted DTBK. € This signal may be assigned to C-3 of 1 or
2.

chloride 3, and C-1 of chloride 4. Additiona} signal averag-
ing revealed peaks assigned to CHCl3 and CoCl,.

Products 1, 3, 4, CHCl;, C5Clg as well as 1,1,1-trichloro-
2,2-dimethylpropane (5), HCsCls, and C3Cly were identi-
fied by GC-MS analysis. ,

Discussion

Interpretation of the polarization signs in terms of the
CKO theory* of CIDNP suggested the mechanistic path-
ways shown in Scheme 1. All the polarization signs may be

Scheme 1

___m—DIBK 0
DTBK®— DTBK' 1o —H

rationalized by initially invoking the triplet tert-butyl-pi-
valoyl radical pair (I). Some of the polarizations, however,
are also consistent with reaction from the singlet tert-
butyl-trichloromethyl radical pair (II).

The polarizations from DTBK, aldehyde 1, and acid
chloride 3 must result from triplet pair I. Olefin 2 and chlo-
ride 4 may come from I, from triplet pair II formed by pair
substitution® (eq f), or from singlet pair II formed by a sin-
glet exciplex reaction (eq j). In addition, trichloropropane 5
and CHCl; may result from the singlet or triplet pair II
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Table I1
Evaluation of Kaptein’s Expression for Products
Formed During Photolysis of DTBK in CCl

Radical Product

Carbon formation formation Polarization?
Product position  eq® g ea® 6 agf 4 Caled Exp
DTBK 1 a + b -+ + -~ E e
2 a + b + + + A e

3 a + b + - + E E

1 1 a + ¢+ - + E E
2 a + c 4 -+ E E

3f a + c -+ - + E E

2 1 a + c + -+ — E E
f + h + + — E- E

j - h + — — E E

2 a + c + + + A A

f + h + + + A A

j - h + - + A A

3 a + c + + - E E

f + h + + — E E

J - h “+ - — E E

3 1 a + d - — + A A
2 a + a - -+ A A

3 a + d - - + A A

4 1 a + e — + — A A
f + i - + - A A

io- i - = = A A

2 a + e - + + E E
f + i - + + E E

i - i - - + E E

5 1 f + g + - + E g
- g + + o+ E g

2 i o+ g + 4+ 4+ A g
i g + -+ A g

3 f + g + + - E g
- g + - - E g

CHCI; 1 f + h + — + E E
- h  + + o+ E E

@u is + for triplet pairs and pairs formed from free radical en-
counters, — for singlet pairs; ¢ is + for cage products, — for escape
products; Ag is + for the radical with the larger g factor, — for the
radical with the smaller g factor. ? A = enhanced absorption; E =
emission. ¢ Equations of Scheme I. 4 g(pivaloyl) = 2.0008;16
g(tert-butyl) = 2.0026;16 g(.CCl3) = 2.0091.17 ¢ See Table I, foot-
note d. / See Table I, footnote e. € The chemical shifts of these car-
bons have not been determined. However, an emission signal was
observed in the region where C-1 would be expected to appear (see
ref 8).

Table II evaluates Kaptein’s expression,® I' = ueAgA, for
the reaction products formed by the indicated pathways.
The four terms determine the sense of the polarization.
Thus, T is positive for enhanced absorption and negative

for emission. The multiplicity of the radical pair is given by -

u, the type of product-forming reaction is taken into ac-
count by the ¢ term, Ag is the sign of the spectroscopic
splitting factor difference, and the sign of the electron-nu-
clear hyperfine interaction constant, A, directly enters the
expression.

Triplet Reactions. Spin selection originating in triplet
pair I can rationalize the polarization signs for all identified
products. Triplet DTBK undergoes a-cleavage (eq a) to
form I, which may recombine (eq b), disproportionate (eq
¢), lead to escape products (eq d, e), or produce triplet pair
II by pair substitution® (eq f). Pair II may also collapse (eq
g), disproportionate (eq h), or lead to escape products (eq
i).

Although all the carbons of DTBK are being affected
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during photolysis, the emission of C-3 is most distinctive.
This emission must result from collapse of triplet radical
pair I to regenerate starting DTBK (eq b). Carbon-13
CIDNP provides unambiguous evidence that recombina-
tion is occurring. This information is difficult to obtain by
other photochemical methods. Furthermore, proton
CIDNP studies® were unable to reveal this reaction, except
under stationary nutation conditions.”

Table II shows that the polarization from all the carbons
of aldehyde 1 can only result from the disproportionation
of triplet radical pair I (eq c). Olefin 2 produced in this’
same process also shows agreement between the experi-
mental and predicted polarization signs. The polarization
of all the carbons of chloride 4 and acid chloride 3 are con-
sistent with spin sorting in triplet radical pair I. Escape of
the tert-butyl and pivaloyl radicals from this cage followed
by abstraction of chlorine from solvent would lead to the
observed polarizations (eq d, e).

Triplet pair I may undergo pair substitutiond to give pair
I1. In this process one of the members of pair I (most prob-
ably the more reactive pivaloyl radical) reacts with CCly
and is quickly replaced by the trichloromethyl radical.
Since spin multiplicity is conserved in this step, new pair II
retains triplet character.

The product from cage collapse of pair II (eq g) is tri-
chloropropane 5. Although an authentic sample of 5 was
not available, there is a weak emission signal in the trichlo-
romethyl carbon region which could be assigned to C-1 of
5.8 The production of 5 was confirmed by GC-MS analysis.
The emission signal of CHCl; (eq h) may also be rational-
ized by this pair substitution mechanism. Unfortunately,
the polarization predictions for olefin 2 and chloride 4 are
the same for reactions from triplet pair I or triplet pair II,
making a definite mechanistic choice impossible.

Singlet Reactions. It has been shown that photoexcita-
tion of tert-butyl ketones leads to both singlet and triplet
reactive states.? More recent evidence points to formation

- of a singlet exciplex species when the solvent is CCl,. %10

Scheme I illustrates the decomposition pathways from a
singlet DTBK-CCly exciplex.!! Simultaneous w«-cleavage
and chlorine abstraction leads selectively to the tert-butyl-
trichloromethyl radical pair (II), which still retains singlet
character (eq j). The acid chloride (3) produced in this re-
action is not expected to be polarized.1%2 As Table II shows,
the polarization signs from products 2, 4, 5, and CHCI; are
predicted to be the same for singlet pair II or a triplet pair
II formed by pair substitution and a choice between these
two radical pairs cannot be made on the basis of these

CIDNP results alone.
Other Reactions. In order to see if secondary photo-

chemical reactions were contributing to the observed polar-
izations, solutions of compounds 1, 2, 3, and 4 in CCly were
photolyzed in the spectrometer.1?

Aldehyde 1 readily photolyzed and gave rise to major
CIDNP signals assigned to C-2 (A) of olefin 2, C-1 (A) and
C-2 (E) of chloride 4. These polarizations are consistent
with reaction from triplet radical pair (III) formed by C-C
cleavage (Scheme II). Disproportionation of triplet pair II1

Scheme 11

T/Yz

125 15 > T — (-—{ -CHO)
™ 4

I

produces olefin 2 with C-2 in enhanced absorption while es-
cape of tert-butyl radicals followed by abstraction gives po-
larized chloride 4. The polarization signs are identical with
those obtained from the photolysis of DTBK and indicate a
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possible complexity in the quantitative analysis of these
CIDNP intensities.

Polarizations from the carbons of olefin 2 were not ob-
served during irradiation of 2. Likewise, CIDNP signals
were not detected during the photolysis of acid chloride 3
or chloride 4 under the reaction conditions.

Experimental Section

All chemicals were commercially available and were used with-
out further purification. Solutions were deaerated by a stream of
high-purity nitrogen. The products of the photolysis were identi-
fied with a Hewlett-Packard Model 5700A/5930A GC-MS system
in addition to carbon-13 chemical shifts.

Carbon-13 NMR Measurements. Carbon-13 NMR spectra
were obtained at 25.15 MHz on a Varian HA-100 spectrometer
modified for pulsed operation and equipped with an external fluo-
rine-19 field-frequency lock.!? Free induction decays were accumu-
lated and Fourier transformed with a NIC-80 data system. Typi-
cally, 100 free induction decays were accumulated using a pulse in-
terval of 10 sec. A 90° pulse took 130 usec. The probe temperature
was 44 + 2° and 7.5 mm o.d. quartz sample tubes were used. Iden-
tical phase corrections were applied to spectra obtained before,
during, and after irradiation. Chemical shifts were assigned by
comparison with spectra of authentic compounds, which were run
as 25% solutions in CCly. Chemical shifts were converted to the
MeySi scale using dmesi = dccl, + 96.0.

Photolysis Experiments. Light from a 600-W Hg-Xe arc
source was focused through a water filter, Corning filters no. CS-
056 and CS-954, and onto the polished end of a quartz rod which
terminated 1 mm from the bottom of the sample tube. The com-
bined Corning filters had a measured transmittance of greater
than 50% at wavelengths longer than 290 nm and less than 1% at
wavelengths shorter than 250 nm. Deaerated 25% solutions of
DTBK in CCly were used in the photolysis experiments. For the
photolysis of compounds 1, 2, 3, and 4, 10% solutions were used.

INDO Calculations. The signs of the electron—carbon hyper-
fine interaction constants for the pivaloyl and tert-butyl radicals
were obtained using the INDO semiempirical method.!4 Standard
geometries were assumed and QCPE program 142 was used for the
calculations, All the A(C13)’s for the pivaloyl radical were calculat-
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ed to be positive while for the tert-butyl radical A(C?) is positive
and A(CP) is negative. The A(C!3) for the trichloromethyl radical
is positive.l®

Registry No.—1, 630-19-3; 2, 115-11-7; 3, 3282-30-2; 4, 507-20-
0; 5, 56087-10-6; DTBK, 815-24-7; CHCls, 67-66-3.
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Secondary deuterium isotope effects in ethanolysis of 38-cholestanyl-3-d; brosylate (2e), 3a-cholestanyl-3-d;
brosylate (2a), 38-cholestanyl-2,2,4,4-d4 brosylate (3e), 3a-cholestanyl-2,2,4,4-d4 brosylate (3a), 35-cholestanyl-
2a-d1 brosylate (4e), 3a-cholestanyl-2a-di brosylate (4a), and 3a-cholestanyl-23-d; brosylate (5a) were mea-
sured. The solvolysis products of unlabeled epimeric brosylates (1e and 1a) were also determined. The deuterium
content analyses of olefinic fraction obtained in acetolyses of 3e, 3a, 4a, and 5a were carried out. The magnitude
of the 3 isotope effects obtained in solvolysis of 3e (ku/kp = 1.30), 4e (ku/kp = 0.95), and 6e (kn/kp = 1.18) leads
to the conclusion that the 38-cholestanyl arensulfonates solvolyze via a chair-like rate-determining transition
state. On the other hand, the solvolysis products indicate a half-chair conformation for a product-forming transi-
tion state. The isotope effects measured on axial derivatives 3a (kn/kp = 2.80), 4a (kn/kp = 1.13), and 5a (ky/kp
= 1.60) discussed together with acetolysis products and the deuterium content of olefins products from 3a, 4a,

and 5a suggest a partitioning between k; and ks processes.

The application of Hammond’s postulate® to SN1 type
reactions implies structural similarities of the cationic in-
termediate with both ionization and product-forming tran-
sition states. One of the best probes of the rate-determin-
ing ionization transition state structure are kinetic isotope
effects, in particular, owing to their strong conformational
dependence, the secondary S-deuterium isotope effects.

Product studies, on the other hand, furnish information re-
garding the structure of the product-forming transition
state which, being of lower energy than the rate-determin-
ing transition state, resembles the intermediate even more
closely.

Recently,> we applied both kinetic isotope effects and
product analysis in our studies of menthyl tosylate solvoly-



