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pathways. Because K is less than unity, the yield of cyclohexanone 
increases linearly with Fe"(DPAH)2 concentration. The apparent 
rate for the ketonization reaction is proportional to substrate 
concentration, Fe11CDPAH)2 concentration, and O2 partial pressure 
and increases with temperature (about five times faster at 25 0C 
than at O 0C). Because the fraction of 1 that reacts with C-C6H12 
remains constant (~28%), the oxidation of excess Fe11CDPAH)2 
by 1 must be a parallel process. Given that the ratio of con
centrations [c-C6H12]/[Fe"(DPAH)2] is about 30:1 and the ratio 
of reactivities is 1:2.6, the apparent relative rate constant for 
reaction of C-C6H,2 and Fe11CDPAH)2 with 1 is about 0.02 fcFeii 
assuming a stoichiometric factor of 2 for the latter). 

Addition of PhNHNHPh, H2NNH2, PhCH2SH, or H2S to the 
reaction system [02/Fe(DPAH)2/substrate in 1.8:1 py/HOAc] 
reduces the oxidized catalyst [(DPAH)2FeOFe(DPAH)2] and 
thereby recycles it for activation of O2 to the reactive intermediate 
(Table IA). When 3 mM Fe"(DPAH)2 is used in combination 
with 100 mM PhNHNHPh, the rate for the ketonization of 
C-C6Hj2 is reduced by an order of magnitude, but each cycle 
remains about 21% efficient with 67 turnovers within 12 h. 

The dioxygenation of unsaturated a-diols (catechol and benzoin, 
Table IB) by the 02/Fe"(DPAH)2 system parallels that of the 
catechol dioxygenase enzymes, which are non-heme iron proteins.6 

Hence, the reactive intermediate (1) of the Fen(DPAH)2/02 
reaction may be a useful model and mimic for the activated 
complex of dioxygenase enzymes.7 

This system affords the means to the selective autoxidation 
(oxygenation) of hydrocarbon substrates (e.g., C-C6H12) via the 
coprocessing of H2S (or RSH)-contaminated hydrocarbon streams. 
Thus, the combination of C-C6H12 and H2S with Fen(DPAH)2 
and O2 in 1.8:1 py/HOAc yields C-C6H10(O) and S8 (Table IA). 
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A common feature encountered in amino acids, proteins, and 
polypeptides is the possibility of forming complex amorphous 
phases in the solid state through inter- and/or intramolecular 
hydrogen bonding, van der Waals, and electrostatic interactions.1-2 

This behavior has recently been examined by 13C NMR studies 
of L-phenylalanine, which revealed that the dynamic and static 
properties of this amino acid in the solid state are influenced by 
the method of preparation.3 Due to oligomerization and the 
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Figure 1. Proton CRAMPS spectra for JV-benzoyl-L-phenylalanine for 
sample A (a, b), sample B (c, d), and sample C (e). Traces b and d 
correspond to the results after heating the samples to 380 0K. The sharp 
peak at 1.76 ppm in spectrum e is the adamatane internal reference. 

formation of multicrystalline or amorphous domains, X-ray 
crystallographic data are only available for a few such cases. 
Limited by resolution and dipolar interaction of protons in solids, 
problems of this type have not previously been studied by observing 
the hydrogen bonded proton directly. Recent progress in combined 
rotation and multiple-pulse spectroscopy (CRAMPS) experiments 
has shown a dramatic improvement in sensitivity and resolution,4 

and in some diamagnetic solids, a proton resolution as high as 
~0.2 ppm has been achieved.5-6 Previously, the relationship 
between the inter-oxygen distance .R0-0 and proton chemical shift 
of -O-H—O= type H bonding was established by using the 
homonuclear proton-proton dipolar decoupling technique7 of a 
series of carboxylic acid single crystals. The correlation was later 
repeated and improved for carboxylic acid polycrystalline samples 
with use of the CRAMPS technique.6 Recently we have also 
obtained an empirical correlation, R0.^ (A) = 2.97 - 0.02766 
(ppm), from a series of amino acids and carboxylic acids for nearly 
linear - 0 - H - O = C bonds.8 This relation is found to be valid 
also for polyaminopolycarboxylic acids such as DTPA, EGTA, 
and EDTA where the H-bonding network is more complicated.8 

We now show that 1H CRAMPS experiments and the shift-
distance correlation can be used to deduce the geometric param
eters and possible conformations for various hydrogen bonded 
arrays of solid samples of A'-benzoyl-L-phenylalanine (Af-Bz-Phe). 

Three samples of iV-Bz-Phe were prepared by different methods. 
Sample A was crystallized from chloroform or triturated with 
hexane:ethyl acetate from acetone solution. Sample B was 
crystallized from watenethanol, watenacetone, or hot water so
lution with slow cooling, and sample C was crystallized from hot 
water followed by rapid cooling to room temperature.9 Shown 
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in Figure 1 are the CRAMPS spectra for the three specimens.10 

Resonances between 6.0 and 8.0 ppm correspond to the aromatic 
protons. The aliphatic protons of the a and /3 carbons resonate 
between 1 and 4 ppm and the N-H-O= type protons are located 
between 2 and 10 ppm. These values do not differ appreciably 
from that of the corresponding protons in solution phase. The 
most interesting features are the resonances between 10 and 20 
ppm that are attributed to the protons in the O=C-O-H-O= 
carboxylic hydrogen bonds. As the H-bond strength increases, 
proton electron density becomes more equally shared between two 
oxygens, resulting in the shortening of the O—O distance and a 
downfield shift (deshielding) of the proton resonance. Because 
these resonances are far removed from those of other functional 
groups, the chemical shifts of the various hydrogen bonded species 
can be precisely identified. For the triturated sample, A, a single 
resonance at 17.8 ppm at room temperature (Figure la) is ob
served, which is displaced to 13.6 ppm after the sample is heated 
to 380 K (Figure lb). The room temperature CRAMPS spectrum 
for sample B (Figure Ic) shows two resonances at 13.6 and 17.8 
ppm. After this sample was gradually heated to 380 K, the 
intensity of the resonance at 17.8 ppm species diminishes while 
that at 13.6 ppm increases (Figure Id). Sample C displayed an 
identical resonance at 13.6 ppm both before and after the heat 
treatment (Figure Ie).11 From the linear correlation obtained 
previously, the /?o-o distances in the H bonding in the different 
N-Bz-Phe samples are estimated to be 2.48 A (17.8 ppm) and 
2.59 A (13.6 ppm), respectively. These results agree well with 
those obtained from ref 6 and clearly suggest the existence of at 
least two independent conformations with different H-bond dis
tances in the lattice formed through the -O-H—O= type hydrogen 
bond during the oligomerization of 7V-Bz-Phe. Due to the dif
ference of the thermal stability of the individual conformations, 
different structures result from each method of preparation. 

In confirmation of the applicability of this shift-distance 
correlation the proton CRAMPS spectrum of fert-butoxy-
carbonyl-L-phenylalanine showed a single peak at 13.4 ppm, a 
broad aromatic peak below 8 ppm, and an aliphatic (f-Bu) peak 
below 4 ppm. From the single resonance at 13.4 ppm, a /J0-O 
distance of 2.60 A is predicted. From single-crystal studies the 
donor-acceptor distance (Ro-o and /?N-O) in the two types of H 
bonds equals 2.61 A in the - O - H - O = type H bond and 2.99 
A in the >N-H~0= type H bond, respectively.12 Thus the O-O 
distances obtained from X-ray and NMR measurements are fully 
consistent. As mentioned previously, signals for protons in >N-
H - O = H bonds are much broader with isotropic shift ranges 
between 2 and 10 ppm, which overlap with the aromatic and 
aliphatic resonances and cannot be unambiguously assigned. 
However, the latter bonding can be studied by 13C NMR since 
the carbonyl 13C chemical shift and the /?N~O distance in >N-
H-O=C type hydrogen bond can be correlated.13 This type of 
H bonding may be better studied through 13C NMR and not by 
1H CRAMPS. 

Among all possible conformations, only two forms are ther-
modynamically plausible and show a -O-H—O= type hydrogen 

(9) /V-Bz-phe is a commercial sample from Sigma. CRAMPS spectra are 
identical for alternative preparations of samples A&B. 

(10) Proton CRAMPS experiments were performed on a Broker MSL-300 
spectrometer equipped with a Bruker probe. BR-24 pulse sequence, with 1 
MS proton 90° pulse, sample spinning rate between 1.5 and 2 kHz and 5 s 
repetition delay. Tuning of the pulse phases and the pulse width were per
formed according to the scheme described in ref 4a. Precautions are taken 
with the non-constant scaling factors associated with the multiple-pulse ex
periment, which can introduce a large error in H-bond proton resonances if 
not corrected. Spinning side bands and spurious rotor frequencies were 
identified and removed by varying proton offset and spinning frequency. 
Adamantane (5 = 1.76 ppm, line width ~0.3 ppm) was used as an internal 
standard for accurate chemical shift measurement. 
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recycle delay increases to 20 s the areas between 17.8 and 13.6 ppm become 
nearly equal in Figure la. 
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Figure 2. Two plausible structures for N-benzoyl-L-phenylalanine with 
the shift values and calculated O—O distances from molecular mechanics 
calculation. 

bonding with ,R0-O distance close to that predicted from the proton 
shift. These two structures are shown in Figure 2. Form I shows 
that ./V-Bz-Phe molecules fused symmetrically by two H bonds 
of either -O-H—O= type or >N-H—O= type, while form II 
displays the N-Bz-Phe molecules fused asymmetrically by the two 
types of H bonds with the same H-bond configuration repeated 
between molecules. Two distinct -O-H—O= type H bonds are 
present with 0 - 0 distances equal to 2.50 A (I) and 2.60 A (II), 
respectively. The N-O distances in the >N-H—O= type H bond 
were derived from 13C carbonyl chemical shifts as described 
elsewhere.14 From molecular mechanics calculations,15 is is also 
found that structure II possesses the lowest repulsive energy and 
is considered to be the most thermodynamically stable configu
ration. On the basis of these considerations and the variation of 
the H-bonded proton shift with heating, we conclude that almost 
all of sample A and part of sample B is initially composed of 
structure I bridging through two symmetric (and stronger) O-
H - O = H bonds. After heating samples A and B to 380 K, this 
phase undergoes an irreversible rearrangement to the most 
thermodynamically favored conformation (form II), where the 
weaker H bond gives rise to a proton resonance at 13.6 ppm. 
Notice that the two conformations shown here can be readily 
exchanged by rotating the central N-Bz-Phe by 180°. These 
results do not exclude the existence of minor contributions from 
other conformations with different phenyl ring and a carbon 
orientations, but the basic framework structure should be similar 
to those described here.16 

In summary, the current study demonstrates that, in the absence 
of crystallographic parameters or other structural information, 
the 0—0 bond distance in hydrogen-bonded structures can be 
inferred from high-resolution solid-state proton NMR and hence 
thermodynamically plausible structures can be inferred for peptides 
and amino acids in the solid state. Although precise atomic 
positions and the unit lattice parameters can be determined only 

(14) Potrzebowski, M. J.; Chu, P.-J.; and Scott, A. I. Manuscript in 
preparation. 

(15) Molecular mechanics calculation was performed according to the 
algorithm described in: Burkert, U.; Allinger, N. L. In Molecular Mechanics; 
ACS Monograph 177; Caserio, M. C, Eds.; American Chemical Society: 
Washington, DC 1982. 

(16) The observed shift changes are not due to dehydration since the 
sample is not hygroscopic; the chemical shift change is discreet and sudden 
before and after heat treatment and the CRAMPS spectra do not vary when 
samples were exposed to air for an extended period. 
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by crystallography, the current method leads to the derivation of 
molecular structures and interactions between molecules in systems 
where a single-crystal study is not available. To the best of our 
knowledge, the example presented here is the first 1H CRAMPS 
NMR study concerning the thermal phase alteration of amino 
acids in the solid state. 
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While a variety of methods for the generation of hydroxyl 
radical are known,1 the use of organic hydroperoxides as a hydroxyl 
radical source has not been fully realized.2,3 Hydroperoxides that 
can efficiently generate hydroxyl radical by photoirradiation with 
long-wavelength light (>300 nm) without using metal ions would 
be an extremely useful hydroxyl radical source, particularly for 
the design of DNA-cleaving molecules.3 We report herein an 
efficient method for generating hydroxyl radical by irradiation 
(>300 nm) of hydroperoxides derived from phthalimides, which 
may be widely used as a convenient and clean hydroxyl radical 
source. We also disclose their use as an effective photochemical 
DNA cleaver. 

Our strategy for generating hydroxyl radical is based on the 
photochemical -v-hydrogen abstraction of phthalimide6 and the 
earlier finding7 that the hydroperoxyalkyl radicals such as 1 un
dergo extremely facile 0-cleavage of the labile O-O bond giving 
rise to hydroxyl radical as illustrated in Scheme I. Since y-
hydroperoxy ketones normally exist in a cyclic peroxide form, we 
have chosen hydroperoxides derived from phthalimides as the 
precursor. Hydroperoxides 2 and 3 are readily available by singlet 
oxygenation of 4 in a 1:1 ratio, whereas 5 and 6 were prepared 
from the corresponding dimethyl ketals (ethereal H202/cat. 
CF3SO3H/O 0C, 8f>85%).8 Hydroperoxide 7 was obtained from 

(1) (a) Czapski, G. Methods Enzymol. 1984,105, 209. (b) Walling, C. 
Ace. Chem. Res. 1975,8,125. (c) Bielski, B. H.; Gebicki, J. M. Free Radicals 
Biol. 1977, 3, 1. (d) Halliwell, B.; Gutteridge, M. C. Biochem. J. 1984, 219, 
1. (e) Sie, H. Oxidative Stress; Academic Press: New York, 1985. 

(2) Ogata, Y.; Tomizawa, K.; Furuta, K. The Chemistry of Peroxides; 
Patai, S., Ed.; Wiley: New York, 1983; p 711. 
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hydroperoxides4 and a-azo hydroperoxides.5 
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8 (H2O2/CF3SO3Ag/ether/0 0C, 70%), whereas 9 was prepared 
by singlet oxygenation of 10 together with an isomeric hydro
peroxide. These hydroperoxides purified by silica gel column 
chromatography were stable in aqueous organic solvents for at 
least 10 h at ambient temperature. 
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Upon photoexcitation, phthalimide derivatives 2 and 5 pos
sessing a secondary hydroperoxy group at the 7-position induce 
hydroxylation of saturated hydrocarbons and benzene. For ex
ample, external irradiation of a solution of 2 (32 mM) in benzene 
in a sealed test tube with a 100-W high-pressure mercury lamp 
through a Pyrex filter (>280 nm) for 7 h at ambient temperature 
produced phenol (10%),9 whereas irradiation of a solution of 2 
(2 mM) and adamantane (10 mM) in acetonitrile under aerobic 
conditions for 2 h followed by extractive workup with n-pentane 
provided 1-adamantanol (25%), 2-adamantanol (7%), and 
adamantanone (7%).9'10 Preferential attack on the tertiary 

(8) Myers, A. G.; Fundy, M. M.; Lindstrom, P. A., Jr. Tetrahedron Lett. 
1988, 29, 5609. 

(9) Yields determined by GC are based on hydroperoxides initially used. 
(10) Products derived from 2 were iV-(2-methyl-3-oxo-l-buten-4-yl)-

phthalimide (10%), /V-(hydroxymethyl)pbthalimide (i) (68%), and meth-
acrolein (ii) (64%) under aerobic conditions. While the former product results 
from 7-hydrogen abstraction (Scheme I), the latter two products (i and ii) 
are assumed to arise from |8-scission of radical iii formed via homolysis of 
hydroperoxide 2 initiated by intramolecular energy transfer from photoexcited 
phthalimide chromophore. Mechanistic details of the photoreaction of these 
hydroperoxides will be published in a forthcoming paper. 
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