and is obtained by He(I) photoelectron spectroscopy.b
These energetics are also directly related to the electro-
chemical one-electron oxidation potentials of R4Pb and the
frequencies of the charge-transfer bands of R4Pb-TCNE
complexes are given by vcr.67

The rates of insertion of TCNE into R4Pb also show in
Figure 1 a striking correlation with the rates of oxidative
cleavage of R4Pb by hexachloroiridate(IV), in which previ-
ous studies demonstrated that the process is rate-limited by
the electron-transfer step in eq 4.9

R,Pb + Ir'VCcl — Ir'!Cld- + R,Pbe* (4)

For the insertion reaction, a similar rate-limiting process is
given by the electron transfer mechanism in eq 1b, in which
TCNE functions as an w-electron acceptor. Indeed, the
characteristic visible absorption spectrum® of TCNE.™, as
well as its electron spin resonance spectrum3? can be readily
observed during the reaction of tetraethyllead and TCNE
(Figures 2a and b).® The subsequent fast transfer of the
alkyl group from R4Pb-* to TCNE.™ is probably a cage
process and occurs by transfer of either R- or R* as given in
eq 5a or 5b, respectively:

2> [R-TCNE- R, Pb*]
[TCNE - R-PbR; -*]< :>-> I (5)
- [R-TCNE+ R;Pb -]
Selectivity studies with a series of mixed methyl-/ethyllead
compounds in Table I show that an ethyl group is preferen-
tially transferred, consistent with a weaker Et-Pb bond

compared to a Me-Pb bond in eq 6 (where R = methyl or
ethyl).10:1!

k
Me £ts Et(NC),CC(CN),PbR,(Me)
“SPbR, + TCNE —@ : e
e Me(NC),CC(CN),PbR,(E?)

(6)
We favor the mechanistic route represented in eq 5a since a

similar selectivity (kgi/kme) was found in the oxidative
cleavage of R4Pb with Ir'VClg?~ (compare eq 4, 7 and 8).

E

{
RPbR,+* —— R+ + R,Pb* &
4
R+ + IrCl- —== RCl + IrCl- (8

The selectivity is associated with the facile fragmentation of
the cation-radical in eq 7 subsequent to the slow step in eq
4.5 The presence of the alkyl radical was shown unequivo-
cally by its interception with hexachloroiridate(IV) as de-
scribed in eq 8 or spin trapping with nitrosoisobutane.® Un-
fortunately, the nature of the cage process inherent in the
insertion reaction described in eq 5 precludes the detection
of R-.12 There are other reports?*!3 based on the observa-
tion of alkylmetal charge transfer bands, qualitative rate
measurements, and ESR studies, which suggest a homolytic
cleavage of alkyl-metal bonds by TCNE. However, none of
these by themselves present as compelling an example of an
electron transfer mechanism as that provided by the studies
with organolead compounds.!4

References and Notes

(1) A. Woijcicki, Adv. Organomet. Chem., 11, 87 (1973); 12, 33 (1974).

(2) (@) S. R. Su and A. Wojcicki, inorg. Chem., 14, 89 (1975); (b) J. A.
Hanna and A. Wojcicki, Inorg. Chim. Acta, 9, 55 (1974); (c) M. R. Chur-
chill and 8. W. Y. Chang, /norg. Chem., 14, 98 (1975); (d) N. Chaudhury,
M. G. Kekre, and R. J. Puddephatt, J. Organomet. Chem., 73, C17
(1974); (e) H. C. Ciark and R. J. Puddephatt, inorg. Chem., 10, 418
(1971); (f) Cf. also S. R. Su and A. Woijcicki, inorg. Chim. Acta, 8, 55
gg;ﬂ and J. S. Ricci and J. A. Ibers, J. Am. Chem. Soc., 93, 2391

(3) (a) U. Blaukat and W. P. Neumann, J. Organomet. Chem., 49, 323
(1973); (b) H. C. Gardner and J. K. Kochi, J. Am. Chem. Soc., in press.

5027

(4) M. H. Abraham, Compr. Chem. Kinet., 12, 1 (1972).

(5) (a) A. G. Davies and R. J. Puddephatt, J. Chem. Soc. C, 2663 (1967); (b)
1,1,2,2-Tetracyanoalkanes are strong acids (the pK, of 1,1,2,2-tetracy-
anoethane is 3.6; W. J. Middieton, R. E. Heckert, E. L. Little, and C. G.
Krespan, J. Am. Chem. Soc., 80, 2783 (1958)). Because of the ionic
nature of the trialkyllead tetracyanoalkyl products, the ir criteria for dis-
tinguishing type | and Il insertion products for the more covalently bond-
ed Fe, Cr, and Mn complexes? are difficult to apply. However, the simi-
larity in the Ir spectra of the alkyllead—TCNE products and that derived
from ethyl magnesium bromide and TCNE (and the lack of a strong band
around 1300 cm™ ! for un—c—c (asym)) favors the type | representation.

(6) H. C. Gardner and J. K. Kochi, J. Am. Chem. Soc., 96, 1982 (1974).

(7) The formal relationship between the charge transfer interaction of
tetraalkyllead and TCNE represented by vcr and the occurrence of the
thermal insertion reaction described in eq 1 has been delineated (H. C.
Gardner and J. K. Kochi, submitted for publication).

(8) (a) O. W. Webster, W. Mahler, and R. E. Benson, J. Am. Chem. Soc.,
84, 3678 (1962); (b) W. D. Phillips, J. C. Rowell, and S. I. Weissman, J.
Chem. Phys., 33, 826 (1970).

(9) The reactivity parameters in Table | and the selectivities form the princi-
pal basis of the electron transfer mechanism. The observation of the
TCNE radical—anion Is consistent with this formulation, but does not by
itself prove it, since it Is always possible that the ion could arise by a
minor side reaction.

(10) (a) N. A. Clinton and J. K. Kochi, J. Organomet. Chem., 56, 243 (1973);
(b) N. A. Clinton, H. C. Gardner, and J. K. Kochi, ibid., 56, 227 (1973).

(11) The selectivities were determined from the relative amounts of methyl
and ethyl adducts to TCNE®® as well as the two trialk}'llead cations. The
latter were obtained by comparison of the 220-MHz 'H NMR spectra of
the trialkyliead chiorides [EtsMes_,PbCl, 1 < n < 3].

(12) Even if some of the ethyl radicails should escape the cage process in
reaction 5b, separate experiments show that they add rapidly to TCNE
when they are generated independently from the thermal decomposition
of dipropionyl peroxide.

(13) (a) V. F. Traven and R. West, J. Am. Chem. Soc., 95, 6824 (1973); H.
Sakurai, M. Kira, and T. Uchida, ibid., 95, 6826 (1973); (b) P. J. Krusic,
H. Stokiosa, L. E. Manzer, and P. Meakin, /bid., 97, 667 (1975).

(14) We wish to thank the National Sclence Foundation and the donors of the
Petroleum Research Fund, administered by the American Chemical So-
clety, for financial assistance.

Hugh C. Gardner, Jay K. Kochi*

Department of Chemistry, Indiana University
Bloomington, Indiana 47401

Received April 9, 1975

2H Spin-Lattice Relaxation in the Presence of
Paramagnetic Shift Reagents
Sir:

Spin-lattice relaxation times (7';) for deuterium are gen-
erally more readily interpretable than those for carbon.!
Experimentally, acquisition of T data for 2H is less time
consuming than for 13C since relaxation times of 2H are an
order of magnitude shorter than those of 13C.! These ad-
vantages of H over !3C are, however, largely offset by in-
trinsically low deuterium chemical shifts observed at nor-
mal field strengths (scaled down by a factor of 6.5 with re-
spect to their proton counterparts). Thus, in perdeuterated
molecules overlapping of resonance signals may effectively
preclude determination of relaxation times.

We should like to report that some of the problems asso-
ciated with the small chemical shift disadvantage of 2H rel-
ative to 13C can be overcome by application of shift re-
agents. Because of the overwhelming dominance of quadru-
polar vs. dipolar relaxation mechanisms in 2H relaxation,?
addition of small quantities of paramagnetic shift reagents
to readily complexed molecules should produce significant
chemical shifts without concomitantly seriously affecting
relaxation times. It has been estimated,? for example, that
the concentration of paramagnetic species large enough to
reduce T of 'H in 'H,O by a factor of 400 will shorten T,
of 2H in 2H,0 by a factor of only 2.3

To test the feasibility of the utilization of paramagnetic
shift reagents in 2H relaxation time studies, a solution of ac-
etone-dg¢ (0.81 M) and acetonitrile-d3 (0.38 M) in chloro-
form was employed. The 2H NMR spectrum of this mixture
exhibited two partially overlapping resonances (Av < 0.1
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ppm at 13,8 MHz) with an intensity ratio of ca. 4:1, The
poor resolution vitiated accurate, simultaneous determina-
tion of the individual relaxation times. Addition of small
quantities of Eu(fod)s to the extent of p = 0.01 (p being the
molar ratio of lanthanide reagent to acetone-d¢) resulted in
complete separation of the two resonances (Ar = 0,4 ppm)
and allowed simultaneous determination of the individual
relaxation times. The relaxation times determined in this
manner were found to agree, within experimental error
(£10%), with those determined on separate chloroform so-
lutions of the individual components not containing the shift
reagent. Subsequent additions of Eu(fod)s up to and includ-
ing p = 0.02 (Av = 0.8 ppm) led to the same result. Az p >
0.02 significant shortening of the relaxations times of the
components was observed.

To quantify the effect of Eu(fod); on the relaxation time
of acetone-dg¢ and to probe the nature of the interactions
contributing to this effect, the relaxation time of acetone-dg
in a chloroform solution of acetone-dg (0.81 M) and CDCls
(1.0 M) (for internal referencing) containing varying
amounts of Eu(fod)s, and in separate experiments the dia-
magnetic La(fod)s,* was determined (six samples of each
reagent in the range 0.0 < p < 0.14). At least five separate
T; measurements were performed on each sample. In this
range of p the chemical shift of the acetone resonance with
respect to internal CDCls is linearly correlated with the
concentration of Eu(fod); (slope of the best least-squares
line = 10.2 ppm per unit p). Similarly, 1/T) is linearly cor-
related with respect to p. In the case of Eu(fod); the slope is
7.03 X 10! sec™! per unit p (correlation coefficient 0.934)
and the intercept (p = 0.0) is 0.223 sec™!; for La(fod); the
slope is 6.64 X 107! sec™! per unit p (correlation coefficient
0.927) and the intercept {p = 0.0) is 0.223 sec™ .

These findings suggest that the pseudocontact paramag-
netic interaction effect (ca. 6%), if experimentally signifi-
cant, is at best very small in the entire range of p studied,
Thus, the relaxation of acetone-dg in the presence of the
lanthanide shift reagent is still primarily dominated by the
quadrupolar relaxation mechanism, suggesting that the mo-
lecular reorientation time of the acetone molecule is signifi-
cantly affected by complexation with the bulkier shift re-
agent molecule. For small p (<0.02), however, even this ef-
fect is practically negligible. It should be possible, therefore,
to employ shift reagents in small quantities for small or
strongly complexed molecules, and probably in even greater
amounts for large or weakly complexed molecules, to sepa-
rate overlapping resonances to allow quantitative determi-
nation of 2H relaxation times.

Utilization of specifically labeled 2H compounds, in con-
junction with shift reagents, should markedly enhance the
ability to measure 2H relaxation times; we are currently
testing these possibilities on a variety of systems (bicyclics,
steroids, acyclics, and aromatics).
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Singlet Oxygen Reaction. IV. Photooxygenation of
Enamines Involving a Two-Step Cleavage of a
1,2-Dioxetane Intermediatel

Sir:

Recently, we described the first example of the formation
of an a-diketone and an a-hydroxy ketone in the decompo-
sition of 1,2-dioxetane as a possible intermediate in oxygen-
ation of electron rich sulfides.2:3 The formation of these a-
diketones and a-hydroxy ketones was established to involve
the two-step biradical cleavage of the intermediate of 1,2-
dioxetane. In attempt to find more examples of this two-
step biradical process in the decomposition of 1,2-dioxetane
intermediate, we examined the photooxygenation of a-alkyl
substituted enamine I (R2 = alkyl), since the relative bond
strength of the carbon-nitrogen and carbon-carbon bonds is
probably sufficient to make the scission of the carbon-nitro-
gen bond comparative to that of the carbon-carbon bond.*
The pioneering work of Foote and Lin have shown that the
carbon-carbon double bond of enamine I (R? = H) was
cleaved to give a ketone or aldehyde and an amide in quan-
titative yield,> and these products appear to originate from
decomposition of a 1,2-dioxetane intermediate,5-° but by no
means requires that the cleavage of 1,2-dioxetane be con-
certed.!0

Photooxygenation of Ia in pyridine, at room temperature,
sensitized by hemaporphyrin with visible light, proceeded
rapidly and ceased abruptly after uptake of approximately
1.2 equiv of oxygen. Both sensitizer and light were found to
be essential under the reaction time. Evaporation followed
by GLPC gave methyl phenyl diketone (IVa) (30%), 2-hy-
droxyethyl phenyl ketone (IIIa) (13%), N-benzoylmorpho-
line (Ila) (18%), N-formylmorpholine (Va) (10%), and a
trace of morpholine; unidentified nonvolatile compounds
are also produced.!! Enamine Ib gave 2-hydroxyisopropyl
phenyl ketone (ITIb) (22%), N-benzoylmorpholine (IIb)
(49%), and a trace of methyl phenyl diketone (IVb). Prod-
ucts were characterized by spectroscopic and gas chromato-
graphic comparison with authentic materials. Addition of
0.1 M 2,6-di-tert-butylphenol, a good free radical inhibitor,
produced no effect either on O, uptake rate or on product
yield in photooxygenation of Ia or Ib. Under the same con-
ditions, enamines Ic, Id, and le gave 2-hydroxy ketone, III,
and N-formyl derivatives V in 10 and 20% yields, respec-
tively, together with the formation of carbon-carbon bond
cleavage products I in 20-35% yields.!? Enamine If gave a
trace of 2-hydroxy ketone, I1I, and produced the carbon-
carbon bond cleavage product as a major product (75%).

0
I

C-C bond

cleavage

C-N bond ”
R:CCRR' + R*CCR' +

cleavage

I I v

o
I
HCN

X+HI\/_\X

_/ /
A

,R=H; R'=Me; R"=Ph; X =0
,R=R'=Me: R°=Ph; X=0
, R =R!=Me; R’ = Ph; X = CH,
,R=H;R'=Me; R"=Et: X =0
R =H; R' = Me; R’ = Ey; X = CH,
f, R=R'=Me, R"=i-Pr; X =0

o o TP

An overall view of these results summarized in Table I
shows that the structural features leading to C-N bond
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