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these compounds.8-9 Further work on the eremantholides is 
in progress. 
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Photoreactions of Ketones with Amines. CIDNP 
Criteria for the Intermediacy of Aminoaikyl Radicals 
and Aminium Radical Ions 

Sir: 

Many intermolecular reactions of photoexcited species 
involve hydrogen abstraction (a) whereas others proceed via 
electron transfer (b). Since many substrates are potential 
electron donors as well as hydrogen atom sources, it is not 
always trivial to distinguish between these mechanisms. We 
have applied the CIDNP technique1,2 to this problem and 
have suggested two methods3,4 to distinguish between 
CIDNP effects originating in pairs of neutral radicals, 
which would result from reaction (a), and in pairs of radical 
ions produced via route (b). In photoreactions of aromatic 
ketones with anilines we favored reaction (a), because 
MjV-dialkylanilines, which may form anilinium radical ions 
but not neutral anilinyl radicals, did not show CIDNP ef­
fects similar to those found for anilines.3 In other ketone-
amine systems an assignment was based on the relatively 
large difference in the electron g factors of aminoaikyl radi­
cals (1; g ~ 2.0032) and aminium radical ions (2; g ~ 
2.0040).4 In this paper, we introduce a third criterion which 
is based on the difference in the hyperfine coupling patterns 
of the neutral radicals (I)5 and the radical cations (2).6 

We illustrate the CIDNP patterns induced in these 
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Figure 1. 1H NMR spectra (60 MHz) of the internal (left) and termi­
nal olefinic protons (right) of polarized diethylvinylamine observed 
during uv irradiation of solutions of 0.05 M triethylamine and 0.01 M 
/>,/?'-dichlorobenzophenone (a) or p,/?'-dimethylbenzophenone (b), re­
spectively in acetonitrile-i/3. The center trace shows the spectrum of 
the same region in the absence of uv irradiation. 

species with spectra observed during the photoreactions of 
benzophenones (3) with tertiary amines (4). In these sys­
tems, the effect of solvent polarity on the quantum yields 
suggests that charge transfer is involved in the initial stages 
of the reaction.7 If this interaction results in hydrogen ab­
straction and thus in the formation of 1, nuclear spin polar­
ization of comparable magnitude is expected for the protons 
in a- and /3-position. In contrast, only the a-protons are ex­
pected to show polarization, if the charge transfer interac­
tion leads to electron transfer and thus to the formation of 2 
as an intermediate. 
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The irradiation of /?,//-dichlorobenzophenone (3a) in the 
presence of triethylamine (4a) in acetonitrile-i/3 produced 
an enhanced spectrum (Figure 1) which we ascribe to the 
olefinic protons of diethylvinylamine (Sa). The signals of 
the terminal (/3-) protons, two overlapping doublets near 3.5 
ppm (A), were of comparable magnitude but of opposite 
sign to the doublet of doublets at 6.1 ppm representing the 
internal (a-) proton. This result reflects the hyperfine cou­
pling pattern of the neutral radical, la, and thus established 
this species as an intermediate in the formation of 5a. When 
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Scheme I 
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Figure 2. 1 H N M R spectra (60 MHz) of a solution of 0.02 M N,N-Ai-
ethyl-/>-toluidine and 0.02 M decadeuteriobenzophenone in acetone-*^ 
in the dark (b) and during uv irradiation (a), and of a solution of 0.02 
M A'.A'-diethyl-p-toluidine and 0.02 M decafluorobenzophenone in ac-
etonitrile during uv irradiation (c). 

/?,p'-dimethylbenzophenone (3b), /?,p'-dimethoxybenzophe-
none (3c), or acetone-^ were irradiated in the presence of 
4a, the vinylamine, 5a, showed multiplet polarization8,9 

(Figure lb). Again, the a- and /3-protons were of compara­
ble intensity suggesting the neutral radical, la, as interme­
diate. The starting materials and products, such as pinacols, 
6, or cross-coupling products, 7, showed little, if any, polar­
ization.10 

The spectra observed during the photoreactions of aro­
matic ketones with iV.yV-diethyl-p-toluidine (4b) are con­
siderably more complex than those observed with 4a. Dur­
ing the irradiation of decafluorobenzophenone (3d) the sig­
nals of 4b showed selective line broadening (Figure 2c). We 
have reported several cases where line broadening limits the 
observation of CIDNP effects and ascribed this phenome­
non to rapid, degenerate electron exchange between radical 
ions and their diamagnetic precursors.412 In the "fast ex­
change limit"13,14 the degree of line broadening reflects the 
electron spin density distribution of the radical ion, AT2~] 

* a2. In the case of 4b, the a-methylene quartet («2b ~ 12 
G)15 was substantially broadened, whereas the /J-methyl 
triplet (fl2b < 1 G)16 remained essentially unchanged; the 
aromatic region showed pronounced broadening of the 
ortho protons (a0 = 5.3 G)15 and somewhat weaker broad­
ening of the meta protons (am = 1.35 G).15 This broaden­
ing pattern indicates an intermediate of structure 2 
(Scheme I). 

During the reactions of 4b with several other aromatic 
ketones a variety of nuclear spin polarization effects were 
observed. A typical spectrum, recorded during the illumina­
tion of decadeuteriobenzophenone (3e), is shown in Figure 
2a. The A/E multiplet effects for the signals at 3.8, 4.0 and 
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6.7 ppm resemble those observed in the system 3b-4a. We 
ascribe these signals to the vinyl group of ethyl-p-tolylviny-
lamine (5b). Since the internal and terminal protons showed 
comparable intensities, an aminoalkyl radical, lb, must be 
an intermediate, thus indicating net hydrogen abstraction. 

However, the starting amine also snowed CIDNP signals 
and its polarization pattern was unlike that of 5b, therefore 
suggesting an additional intermediate of different structure. 
The methylene group (3.3 ppm; H„;E) and the ortho pro­
tons (6.6 ppm; A) showed strong net polarization, whereas 
the /3-methyl triplet showed only small changes. This polar­
ization pattern reflects a spin density distribution typical 
for an aminium radical ion (2b). Thus, we find evidence for 
both, a net hydrogen abstraction and an electron transfer 
process. The neutral radical, lb, is an intermediate in the 
formation of product 5b whereas the radical ion, 2b, regen­
erates the starting amine by reverse electron transfer. 

The results presented here demonstrate that the CIDNP 
method can distinguish between aminoalkyl radicals and 
aminium radical ions and that, in favorable cases, these 
species may be identified in the presence of each other. 
Similar CIDNP effects demonstrating the formation of rad­
ical ions and of neutral radicals from the same precursor 
were observed during the photoreductions of benzoquinones 
and of aromatic hydrocarbons by amines. A priori, we can­
not distinguish whether these intermediates are formed in­
dependently from a common precursor or whether the radi­
cal ion, 2, is a precursor of the neutral radical, 1. Further 
experiments in related systems are being carried out in 
order to elucidate the mechanistic details of these reactions. 
The results will be discussed in a full paper. 

References and Notes 

(1) A. R. Lepley and G. L. Closs. Ed., "Chemically Induced Magnetic Polar­
ization", Wiley, New York, N.Y., 1973. 

(2) H. D. Roth, MoI. Photochem. 5, 91 (1973). 
(3) M. L. Kaplan, M. L. Manion, and H. D. Roth, J. Phys. Chem., 78, 1837 

(1974). 
(4) H. D. Roth and A. A. Lamola, J. Am. Chem. Soc.. 96, 6270 (1974). 
(5) D. E. Wood and R. V. Lloyd, J. Chem. Phys., 53, 3932 (1970). 
(6) W. C. Danen and R. C. Rlckard, J. Am. Chem. Soc., 94, 3255 (1972); 

W. C. Danen and T. T. Kensler, ibid., 92, 5235 (1970). 
(7) S. G. Cohen, A. Parola, and G. H. Parsons, Jr., Chem. Rev., 73, 141 

(1973). 

Communications to the Editor 



6888 

(8) A. R. Lepley, J. Am. Chem. Soc, 90, 2710 (1968). 
(9) G. A. Ward and J. C. W. Chien, Chem. Phys. Lett., 6, 245 (1970). 

(10) A detailed discussion of the reaction mechanisms involved and of the 
parameters determining the signal direction11 or the multiplet phase11 of 
the vinylamine goes beyond the scope of this communication. We note, 
however, that the results indicate two different pathways. The signal di­
rections observed in the reaction of 3a with 4a suggest an escape 
mechanism (n > 0; J\g< 0; aCn < 0 < 3CH3; rCH < 0 < T0H2 •'- e < 0) 
whereas the multiplet effect observed during the reaction of 3b, c with 
4a indicates an in-cage mechanism (n > 0; aCH < 0 < aCH3; <r > 0; J 
> 0; T < 0 .'. t > 0). 

(11) R. Kaptein, Chem. Commun., 732 (1971). 
(12) A. A. Lamola, M. L. Manion, H. D. Roth, and G. ToIIIn, Proc. Nat. Acad. 

Sci. U.S.A., 72, 3265 (1975). 
(13) E. de Boer and H. van Willigen, Prog. Nucl. Magn. Reson. Spectrosc, 2, 

111 (1967). 
(14) R. W. Kreilick, Adv. Magn. Reson., 6, 141 (1973). 
(15) Assigned in analogy to the dimethyl-p-toluidinium radical ion, E. T. Seo, 

R. F. Nelson, J. M. Fritsch, L. S. Marcoux, D. W. Leedy, and R. N. 
Adams, J. Am. Chem. Soc, 88, 3498 (1966). 

(16) Assigned in analogy to the triethylaminium radical ion.6 

Heinz D. Roth,* Marcia L. Manion 

Bell Laboratories 
Murray Hill, New Jersey 07974 

Received July 2, 1975 

Bonding Interactions in Anhydrous and 
Hydrated Chlorophyll a 

Sir: 

The currently accepted models1"3 for anhydrous and hy­
drated ChI a aggregates are respectively given by (a) un-
symmetrical ChI a-Chl a interactions involving the inter-
molecular C-9 keto C = O - M g linkage1'2 and (b) un-
symmetrical ChI a-I-hO-Chl a interactions, C-10 ester 
C = O - H O ( M g ) H - O = C keto C-9, involving the ring V 
cyclopentanone ester and keto carbonyls.1,3 

A survey of the literature reveals that there are difficul­
ties with both suggestions. Trifunac and Katz found4 that 
lanthanide-induced-shift NMR observations demand an 
equivalence of the two ChI a molecules in the anhydrous 
dimer. They alluded to the difficulties of reconciling the un-
symmetrical interaction (a) with the observed symmetry, 
and concluded that "a final detailed dimer structure still el­
udes" them. 

The hydrated ChI a model (b) leads to the stoichiome-
try1'3 (ChI a-H20)„, and appears to be in conflict with the 
conclusions derived from the elemental analysis by Holt and 
Jacobs5 and the x-ray study by Strouse6 that the hydrated 
ChI a crystalline precipitate is the polymeric dihydrate (ChI 
a.2H20)„. 

In this communication, we propose that the probable mo­
lecular configuration for the anhydrous dimer is given by 
the symmetrical adduct shown in Figure 1, and offer experi­
mental evidence that the long-wavelength (743 nm) absorb­
ing ChI a-HjO adduct is in fact most probably (ChI a-
2H2O),,, in agreement with earlier analyses.5-6 

Chlorophyll a was extracted from spinach and purified 
using standard procedures.7 Absorption spectra of the puri­
fied ChI a in anhydrous ether (AR grade) solutions had ab­
sorption maxima at 4286 ± 1 and 6604 ± 1 A with blue/ 
red absorbancy ratios of 1.29 ± 0.01. These data have been 
consistently reproduced and they agree with established cri­
teria for ChI a purity.7 Solid ChI a, which under reduced 
pressure deposited from CCI4 solution on the walls of a ves­
sel, was heated under vacuum (~1 n) at 750C for time peri­
ods up to 24 hr. From room-temperature fluorescence inten­
sity measurements, using the procedure after Livingston et 
al.,* it was found that hydrocarbon solutions prepared from 
samples heated for periods longer than 30 min at this tem­
perature do not show any appreciable changes in the 
amounts of adventitious water. The two component solvents 

Figure 1. The Ci symmetrical Ch! a-Chl a adduct: (a) scaled model 
representation displaying the self-aggregating C-IO ester C = O - M g 
linkages; (b) aggregation map of methyl chlorophyllide a from ref 1. 
The boldface numbers indicate the change in parts per million in the 
indicated resonance between dimer and monomer chlorophyll a. The 
solid semicircle centered on the ester carbonyl represents, the circle of 
influence of the upfield ring current in the symmetrical structure 
shown in (a). The dashed semicircle which gives a poor fit of the up-
field shifts at the protons of C-8a and the methoxy group at C-7c cor­
responds to the Katz model invoking the C-9 keto C = O - M g linkage. 

used in this study, methyl cyclohexane and «-pentane, were 
rigorously dried by distillation over LJAIH4 in a dry nitro­
gen atmosphere. The solvent, a 1:1 mixture of rigorously 
dried methylcyclohexane and /j-pentane, was transferred 
into sample tubes through vacuum-tight septa using sy­
ringes. A stock solution (suspension) of high purity water in 
methylcyclohexane was prepared by sonication. Aliquots of 
this solution were added along with the solvents to obtain 
solutions of known added water and ChI a concentrations. 
The solution employed in the present study contained 2 X 
10-5AZChIa. 

In agreement with Livingston et al.,8 we find that the ad­
dition of water to hydrocarbon ChI a solutions activated the 
fluorescence intensity U of the chlorophyll. This intensity 
increases monotonically with increasing water concentra­
tion Cw. At Cw = 3 X 10~3 M, the value /f for the 2 X 10~5 

M ChI a solution is approximately half that of /f,max for the 
fully activated (Cw = 1.5 X 1O-2 M) sample. The ratio TJ = 
!(/If.max (representing the fraction of ChI a in the form of 
the monohydrate8) is found to be 0.18 for the "dry" prepa­
ration. This result is in excellent agreement with the corre­
sponding values obtained by Livingston et al.8 who found 
that 7) (^0.18) remains practically invariant in "dry" ben­
zene solutions of ChI a ranging in concentration from 4.8 X 
10~5 to 2.3 X 10 -4 M. From water titration experiments 
using dilute (Co ~ 1O-6 M) ChI a solutions, in which ap­
parently only the monomeric anhydrous and hydrated 
species, ChI a and ChI a-H20, are important, it was estab­
lished8 that the driest ChI a sample contained 0.5-1.0 molar 
equivalent of water. 

Journal of the American Chemical Society j 97:23 / November 12, 1975 


