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lation, 1 was fully acylated after a 24-h incubation with tri-
fluoroethyl esters of both longer aliphatic (octanoic, myristic, and 
palmitic) and aromatic (phenylacetic) acids. Analysis of the 
products10 revealed that in all cases only A^-monoacyl-1 com­
pounds were formed. 

In order to explain the striking e-specificity of lipase with 1, 
we examined the acetylation of several other peptides in aceto-
nitrile. It was found that L-Ala-a-L-Lys-O-r-Bu had essentially 
the same reactivity as 1 and the product of the enzymatic reaction 
was the N-t-monoacetyl dipeptide. Hence the phenyl ring in 1 
is not responsible for the low reactivity of the a-NH2 group 
compared to t. However, the reactivity of the a-NH2 group in 
L-Phe-NH2 was (i) just 3 times lower than that of the «-NH2 group 
in 1, but (ii) 180 times greater than that of the a-NH2 group in 
L-Phe-O-f-Bu. These data suggest that the lipase is intolerant 
of a bulky main (but not side) chain of the peptide. This factor, 
however, plays no role in the reactivity of the e-NH2 group 
(presumably due to its remoteness from the main chain), for the 
rates of enzymatic acetylation of 1 and of the smaller N-a-
acetyl-L-Lys-NHCH3 were identical. 

Lipase was also found to selectively esterify Ser in a peptide. 
In fact, the acylation of Ser in the model peptide L-Phe-L-Ser-
NH-(3-Naph (2) was even faster than that of Lys in 1: the 
enzymatic conversions in ferf-amyl alcohol (the former peptide 
is insoluble in acetonitrile) after 1.5 h were 98% and 52%, re­
spectively. The NMR analysis10 of the product revealed it to be 
exclusively 0-monoacetyl-2, thus pointing to lipase's overwhelming 
preference for Ser's OH vs (chemically more reactive) Phe's NH2 
group.12 The same result was obtained in the preparative en­
zymatic palmitoylation of the dipeptide.12 In contrast, chemical 
acetylation with equimolar acetic anhydride yielded approximately 
50% of the 7V,0-diacetyl-2, with the rest being the unreacted 
dipeptide. 

In closing, we have developed a facile methodology for regio-
and chemoselective enzymatic incorporation of various acyl 
moieties into short peptides. We are currently exploring its ex­
tension to longer peptides and to proteins. 

(12) Thus allowing for the direct acylation of a hydroxyl group without 
protecting an amino group first. 

(13) This work was financially supported by NIH Grant GM39794. L.S. 
is grateful to the Research Area of Trieste (Trieste, Italy) for a fellowship. 
We thank Hiroshi Kitaguchi for his help in peptide synthesis. 
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We have recently reported our finding that aryl oxalate de­
rivatives are convenient, effective unimolecular photochemical 
sources of aryloxyl radicals.1"3 As a result, it is now possible to 
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explore aspects of aryloxy radical chemistry that were not easily 
probed by the standard solution bimolecular methods for gener­
ating such radicals.4 In this paper we report the generation, 
electron spin resonance (ESR) observation, and thermal stability 
of remarkably persistent phenoxyl-phenoxyl ^-radical pairs 
generated by polycrystalline solid-state photolysis of bis(2,6-di-
ter/-butyl-4-methoxyphenyl) oxalate. 

Generation and direct cryogenic observation of radical pairs 
trapped in proximity in the solid state is a well-established phe­
nomenon.5 However, radical pairs typically recombine or react 
upon warming, and are not readily kept at room temperature. In 
a case closely related to our work, McRae and Symons6 found 
that 77 K solid-state y radiolysis (but not UV-vis photolysis) of 
diaryl carbonates produced both isolated and triplet-paired phe-
noxyl radicals, which disappeared on warming. 

We found upon quartz-filtered xenon-arc UV-vis photolysis7 

of a powder sample of bis(2,6-di-rer/-butyl-4-methoxyphenyl) 
oxalate 1 at 77 K under vacuum for ca. 3 min, the production 
of a reddish sample having a strong central ESR peak8 with g = 
2.0051, attributable to isolated 2,6-di-terr-butyl-4-methoxyphenyl 
radical (2,6-Bu-4-OMe-Phen). In addition, we were able clearly 
to observe six peaks consistent with the pattern expected for a 
randomly oriented triplet sample having zero-field-splitting (zfs) 
parameters |ZX| = 116 G, \E'\ = 6.0 G, with gxx = 2.0060, gfy = 
2.0057, and g„ = 2.0040. The presence of a AA/S = 2 transition 
in the g = 4 region confirms the presence of a triplet state species, 
which we attribute to interaction of a geminate pair of 2,6-Bu-
4-OMe-Phen radicals, constrained in the crystal matrix of the 
precursor diaryl oxalate (DAO) after double decarbonylation 
(Scheme I). 

The line shape of the triplet ESR spectrum was simulated by 
the method of Kottis and Levebvre9,10 based upon the above values 
and is shown as curve b of Figure 1. The reddish color and g 
values are consistent" with generation of 2,6-Bu-4-OMe-Phen 
radicals. After the sample was annealed to room temperature 
and recooled, spectrum a (Figure 1) changed and a new radi­
cal-pair spectrum became evident. An example of the new 
spectrum obtained without a contaminating component of spec­
trum a is shown in Figure 1 as spectrum c, characterized by zfs 
parameters \iy\ = 133 G, \E'\ = 6.7 G, with gxx = 2.0060, g„y = 
2.0056, and g2Z = 2.0044 (see simulated curve d). We attribute 
spectrum a to an initially formed geminate radical pair after 
photolysis that upon annealing reorganizes to a more stable 
geometric arrangement in the crystal to give spectrum c, which 
remains stable for days at room temperature under vacuum. The 
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©1991 American Chemical Society 



6330 J. Am. Chem. Soc, Vol. 113, No. 16, 1991 

Scheme I 

CW, J} p 

°~CTYI - ^ -
^ ^ ~ ^ ^ ^ . ^ v » neat solid 

1 OMe 
2 CMe1 

3 Fh 

CH, III C M , 
.0- • 0 . 

C 
III 

„ 0 „ 
R^ ^ ^ CM», M^C ^ ^ H 

caged radical pairs 

Figure 1. (a) ESR spectrum from brief photolysis of 1, before annealing, 
(b) Random triplet simulation, using ICI = 116 G, |E'| = 6.0 G, with 
g„ = 2.0060, g„ = 2.0057, and g!Z = 2.0040. (c) ESR spectrum from 
photolysis of 1, without contamination by spectrum a. The peaks marked 
with "X" are due to a presently unidentified signal carrier21 that is usually 
observed under these conditions. The peaks marked "H" are due to 
hydrogen atoms, (d) Random triplet simulation, using |Zy| = 133 G, |£'| 
- 6.7 G, with gxx = 2.0060, gyy = 2.0056, and g„ = 2.0044. All spectra 
are plotted from 3110-3710 G at spectrometer frequency 9.6 GHz. 

nature of the geometric reorganization is not clear from our present 
data, but cannot be extreme12 given the similarity of spectra a 
and c. 

Although the thermal stability of the triplet radical pair from 
1 is remarkable by comparison to other literature examples, it is 
understandable given the known stability of 2,6-di-terf-butyl-4-
substituted phenoxyl radicals11 and the rigidity of the crystalline 
phase13 in trapping geminate pairs of molecules and molecular 
fragments. We have not yet obtained single crystals of DAO 1 
due to its thermal instability to room temperature crystallization 
and its tendency to form microcrystalline powders at lower tem­
peratures, but X-ray crystal structures of similar DAO's 2 and 
3 show both to have s-trans conformations with similar geometries 
of the phenoxyl fragments. If 1-3 have similar structures and 
we assume that interacting phenoxyl fragments in the radical pairs 
do not move relative to the precursor positions, we can estimate 
their zfs parameters by the spin-dipolar14 ESR Hamiltonian, using 
a model described by McWeeny,15 which has been converted to 
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a computer program ZFS described16 and used17 elsewhere. We 
modeled interacting phenoxyl radicals assumed to have the ex­
perimental spin-density distribution18 of 2,4,6-tri-ferf-butyl-
phenoxyl (2,4,6-Bu-Phen) and found \D>\ = 139 G with |£ ' | =1.1 
G, in reasonable agreement19 with the observed zfs values for the 
triplet pairs from 1. Some variation in \iy\ predictions might be 
caused by differences in spin-density distribution between 2,6-
Bu-4-OMe-Phen and 2,4,6-Bu-Phen, but we find by INDO level20 

computations that the spin density in the ipso C = O region of the 
radicals is not greatly changed by 4-methoxy substitution vs 4-alkyl 
substitution. Since the greatest effect upon the computed \iy\ 
values is caused by variation in spin density of the proximate ipso 
regions of the radical pairs, the INDO results support assumption 
of similar spin densities in Bu-4-OMe-Phen and 2,4,6-Bu-Phen 
as a reasonable—though by no means unambiguously usable— 
model. 

As additional support for this picture, we observed from 77 K 
photolysis of polycrystalline DAO 2 (along with a monoradical 
peak) a weak triplet radical-pair spectrum that persists for days 
under vacuum at 25 0C, with zfs parameters of |/y| = 106 G, \E\ 
= 5.5 G, and a AA/S = 2 transition in the g = 4 region. This 
spectrum is complicated by additional lines that we have not yet 
assigned, but it appears that a geminate 2,4,6-Bu-Phen radical 
pair is produced, with a \iy\ value indicating at most modest 
movement apart of the fragments. We have not obtained a similar 
triplet pair from DAO 3, apparently due to its poor photolability. 
Formation of triplet pairs appears easiest in the most labile3 DAO 
1 in agreement with Symons's suggestion6 that phenoxyl-phenoxyl 
radical-pair formation is most likely if decarbonylation is facile 
and rapid. 

Overall, these ESR results are consistent with only modest 
movement21 of each phenoxyl fragment from precursor positions 
after photolysis of DAO's 1 and 2, to yield the postulated radical 
pairs. We hope to report further aspects (e.g. temperature- and 
wavelength-dependent effects, single-crystal results) of this new 
photochemical method of radical and radical-pair generation in 
future work. 

Acknowledgment. This work was supported by the Office of 
Naval Research and the Exxon Education Foundation. We thank 
Prof. Dennis Dougherty for supplying a copy of the program used 
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Supplementary Material Available: A description of our pro­
cedure for simulating zfs parameters by the McWeeney me­
thod,15'16 X-ray crystallographic descriptions for 2 and 3 including 
crystallographic data, atomic positional and thermal parameters, 
bond distances and angles, molecular structure representations, 
and a listing of program ZFS16 (32 pages); table of observed and 
calculated structure factors (18 pages). Ordering information 
is given on any current masthead page. 
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(20) INDO calculations with doublet-unrestricted Hartree-Fock (UHF) 
optimized geometries and MO wavefunctions show spin density in the C=O 
region decreasing only ~ 3 % upon 4-methoxy substitution. 

(21) Upon prolonged photolysis of 1, selective bleaching of the triplet 
spectra a and c described in this paper occurs, leaving the monoradical central 
peak plus what appears to be a narrower triplet spectrum with \iy\ = 52 G, 
|£' | a. 0 G, and g,„ = 2.005. Similar spectra are obtained from prolonged 
photolysis of a variety of other DAO's, consistent with phenoxyl-phenoxyl 
radical pairs having an effective distance of about 8 A. While the nature of 
these triplet signal carriers is still unclear to us, they may represent interactions 
between phenoxyl fragments produced from different DAO precursor mole­
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tially reoriented due to photolytic lattice breakdown in an extensively irra­
diated crystal matrix. 


