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contents were cooled to —25 °C. A suspension of 0.76 g of I, (3.0 mmol)
in 20 mL of CH,Cl, was added dropwise while the reaction mixture was
stirred vigorously. After the addition was complete, the mixture was
stirred for 2 h at 25 °C. The CH,Cl, was removed in vacuo. The crude
solids were recrystallized from CH,Cl,/hexane to give 1.26 g (71%) of
ADSbO1, as black needles; mp 220-222 °C. A second crop (0.48 g; 27%
of product was recovered from concentration of the mother liquors. First
crop 'H NMR: (CD,Cl,) 6 1.36 (s, t-Bu, 18 H), 8.12 (s, NCH, 2 H).
13C NMR (CD,Cl,) 6 26.59 (s, CHj), 41.25 (s, C(CHy)3), 121.76 (s,
CN), 203.79 (s, CO). *N NMR (CD,Cly) 6 -63. Anal. Calcd for
C,,H,;0NO,SbI,-CH,Cl,y: C, 23.26; H, 3.28; N, 2.08. Found: C, 23.08;
H, 2.91; N, 1.99.

X-ray Crystal Structure of ADSbO{MnCp(CO),},; Formula, Cy¢-
H;3,NO,SbMn, monoclinic; space group C2/c (No. 15); a = 1869.9 (2),
b =1559.6 (3),c =9455 (1) pm; 8=9247 (1)°; T=-70°C; Z = 4
FW = 684.16; D, = 1.649 g/cm? u(Mo) = 18.85 cm™!. Crystal de-
scription; black, parallelopiped (0.20 X 0.15 X 0.30 mm) grown by
cooling a CH,Cl,/hexane solution of ADSbO-[MnCp(CO),],. A total
of 4354 reflections were collected, 2.2° < 26 < 55.0°, on a Enraf-Nonius
CAD#4 diffractometer with graphite monochromator using MoKa radi-
ation (A = 71.073 pm). With 1948 unique reflections of intensity greater
than 3.0g, the structure was solved by automated Patterson analysis
(PHASE) and standard difference Fourier techniques. All non-hydrogen
atoms were refined with anisotropic thermal parameters. All hydrogens
were placed in calculated positions. The final R factors were R = 0.046,
R,, = 0.038. The final difference Fourier showed the largest residual
density to be 0.47 /A3, near the manganese carbonyl carbon, which is
synclinal to the tridentate ligand. Atomic coordinates, bond lengths, bond
angles, thermal parameters, and additional details are available in sup-
plementary material.

X-ray Crystal Structure of ADAsO-[MnCp(CO),]l;: formula,
C,H3,NOGAsMN, monoclinic; space group C2/c (No. 15); a = 1827.2
(3). 5 =1216.0(3),c = 1197.2 (3) pm; 8 = 90.35 (1)°; T = -100 °C;
Z = 4, FW =637.33; D, = 1.591 g/cm? p(Mo) = 21.83 cm™!. Crystal
description: black, parallelogram (0.36 X 0.21 X 0.50 mm) grown by
cooling a CH,Cl,/hexane solution of ADAsO:{MnCp(CO),],. A total
of 3376 reflections were collected, 4.0° < 26 < 55.0°, on a Syntex R3
diffractometer with graphite monochromator using Mo Ka radiation (A
= 71.073 pm). With 2507 unique reflections of intensity greater than
3.00, the structure was solved by automated Patterson analysis (PHASE)
and standard difference Fourier techniques. All non-hydrogen atoms
were refined with anisotropic thermal parameters. All hydrogens were
placed in calculated positions. The final R factors were R = 0.025, R,,
= 0.029. The final difference Fourier showed the largest residual density
to be 0.19 /A3, near the manganese. Atomic coordinates, bond lengths,
bond angles, thremal parameters, and additional details are available in
supplementary material.

X-ray Crystal Structure of ADPO-MnCp(CO),: formula, CgH,sN-
O,PMn triclinic; space group P1 (No. 2); a = 916.7 (1), b = 941.5 (3),
¢ =1280.4 (2) pm; a = 91.15 (2)°, 8 = 103.66 (1)°, v = 106.15 (2)°;
T =-70°C; Z = 2; FW = 417.33; D, = 1.349 g/cm’; u(Mo) = 7.14
cml, Crystal description: pale yellow, irregular block (0.42 X 0.34 X
0.50 mm) grown by cooling a hexane solution of ADPO-MnCp(CO),.
A total of 3722 reflections were collected, 3.3° < 26 < 50.0°, 0on a
Enraf-Nonius CAD4 diffractometer with graphite monochromator using
MoK radiation (A = 71.073 pm). With 2956 unique reflections of
intensity greater than 3.0¢, the structure was solved by automated Pat-
terson analysis (PHASE) and standard difference Fourier techniques.
All non-hydrogen atoms were refined with anisotropic thermal parame-
ters. All hydrogens were placed in calculated positions and refined. The
final R factors were R = 0.029, R,, = 0.036. The final difference Fourier
showed the largest residual density to be 0.32 ¢/A3, near the phosphorus.
Atomic coordinates, bond lengths, bond angles, thermal parameters, and
additional details are available in supplementary material.

X-ray Crystal Structure of ADSbO:I,: formula, C,;H,(NO,Sbl,-C-
H,Cl, monoclinic; space group P2;/n (No. 14); a = 1015.7 (4), b =
1013.7 (3), ¢ = 2107.1 (7) pm; 3 =98.05 (1)°; T =23°C; Z = 4, FW
=670.78; D, = 2.07 g/cm? u (Mo) = 43.92 cm™!. Crystal description:
black, trapezoid (0.23 X 0.15 X 0.48 mm) grown by cooling a toluene
solution of ADSbO-1,-(CH,Cl,). A total of 4812 reflections were col-
lected, 2.0° < 26 < 53.0°, on a Enraf-Nonius CAD4 diffractometer with
graphite monochromator using MoKa radiation (A = 71.073 pm). After
absorption corrections (DIFABS), there were 3496 unique reflections of
intensity greater than 3.0¢. The initial atomic coordinates were taken
from a room-temperature structure determination with another crystal.
All non-hydrogen atoms were refined with anisotropic thermal parame-
ters. All hydrogens were placed in calculated positions and refined.
Anomalous dispersion terms were included for iodine and antimony. The
final R factors were R = 0.027, R,, = 0.027. The final difference Fourier
showed the largest residual density to be 0.62 e/A? near one of the
iodines. Atomic coordinates, bond lengths, bond angles, thermal param-
eters, and additional details are available in supplementary material.
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Supplementary Material Available: A complete description of
the X-ray crystallographic structure determinations on AD-
SbO-[MnCp(CO),],, ADAsO-[MnCp(CO),],, ADPO-MnCp-
(CO),, and ADSbO-1, including experimental procedures, tables
of data, and ORTEP structure drawings (20 pages). Ordering
information is given on any current masthead page.
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Abstract; The photochemical lability of peptides is poorly understood, largely because of the lack of product data. In the
present study, product analyses have been carried out following the photolyses in aqueous solution of selected glycyl dipeptides
(Gly-Gly, pL-Ala-Gly, L-Val-Gly, L-Pro-Gly, L-Phe-Gly, and Gly-L-Phe), L-prolyl-L-phenylalanine, and L-phenylalanyl-L-proline.
Efficient deamination and decarboxylation of aliphatic dipeptides generate thermal precursors of simple amides in a photoinduced
clectron-transfer process involving the peptide bond. An analogous pathway in the photodegradation of phenylalanyl peptides

suffers competition from other types of reaction.

Proteins play an important but ill-defined role in virtually all
photobiological processes and are significant targets in biological
photodamage. Absorption of solar radiation by prosthetic pigments
or aromatic side chains often initiates chemistry remote from the

* Present address: Cookson Group ple, Sandy Lane, Yarnton, Oxford
OXS51AF, UK.

chromophore, but the part played by peptide bonds in such pro-
cesses remains obscure. The assumption that it is wholly structural,
imposing only order and direction, is questionable given, for ex-
ample, the ready one-electron reduction of peptide groups'-* and
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their intrinsic photolability.*® The indirect transfer of energy
to the peptide linkage may have controlled chemical consequences
in some biological systems that contribute significantly to their
functions. Particular interest is attached to the possible role of
peptide bonds as a medium through which photoinduced™® and
ground-state long-distance electron transfer occurs in proteins,10-13
Photolysis studies with proteins, however, have shed little light
on the extent to which peptide bonds become involved in the
chemistry. Physical probes are generally too selective, and where
irradiation is followed by hydrolysis, information on primary
processes is heavily masked by subsequent conversion.!#15  Such
problems have prompted much investigation of the photochemistry
of small peptides.

Early and largely inconclusive product studies®'6-!® reported
the release of ammonia and carbon dioxide from dipeptides and
evidence for the formation of decarboxylation products, simple
amines, and products derived from side chains. Subsequently,
the favored approach has been the observation of transients either
by flash photolysis'*2! or by direct!?2-2¢ or spin-trap-mediated?
ESR spectroscopy. Species identified include peptide radical
anions,! radical cations of side-chain aryl groups,'4?42"2 and
radicals derived from deamination (1a),2® o-CC cleavage (1b),!
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peptide bond cleavage (1¢),?® secondary deamination (1d),?526
a-CH cleavage (1e),%>? and decarboxylation (1f).2%2435 The
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relative importance of these intermediates remains unclear, and
no general mechanisms have been advanced that accommodate
the results satisfactorily. Proposals that the photodegradation of
aromatic peptides is initiated by electron transfer from the aro-
matic ring to the peptide group are well supported, however,27-2
For example, such a mechanism explains the origin of a cyclization
product (2) in the photolysis of glycyltryptophan.?®
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The admitted drawback of many of the methods used in the
study of peptide photochemistry is that major products arising
via intermediates not detectable by the technique employed will
be missed. This, and the lack of quantitative data in such product
studies as there are, prompted us to attempt comprehensive product
analyses following the anoxygenic photolyses of small peptides
in aqueous solution.’*32 In most cases our investigation proceeded
in three stages: optimizing conversion for the isolation and es-
timation of primary nongaseous products using HPLC; isolation
and characterization of products using liquid chromatography and
spectroscopic methods or GLC interfaced with FTIR spectroscopy;
quantitation using HPLC, GLC, gas-sensing electrodes (NHj;),
and gravimetric methods (CO,). Aliphatic dipeptides photolyze
cleanly and efficiently to give ammonia (ring opening in prolyl
compounds), carbon dioxide, and thermal precursors of amides
in good yield. Different product distributions occur at low pH
in equally clean reactions. The results are best accommodated
by photoinduced intramolecular electron transfer from the car-
boxylate to the peptide group, followed by deamination, decar-
boxylation, and formation of a zwitterionic intermediate. Phe-
nylalanyl peptides give a far more complex array of products, but
these include, in much lower yield, some of those expected from
analogous electron-transfer pathways promoted by excitation in
the side chain. Thus, the peptide group participates readily in
photoinduced electron-transfer processes.

Experimental Section

General. NMR spectra were recorded with a Bruker WH 400 spec-
trometer with TMS or DSS as standards, unless stated otherwise. Exact
mass measurements were carried out with a VG ZAB-E mass spectrom-
eter and IR spectra were measured with Perkin-Elmer 1310 and FT 1710
spectrometers. UV measurements were made with a Unicam SP8-500
spectrometer. Cation-exchange chromatography and anion-exchange
chromatography were performed with Dowex 50-X8 (H* form) and
Amberlite IRA-401 (formate form), respectively, both supplied by BDH
chemicals. Analyses by HPLC were carried out with a Varian 5060
liquid chromatograph. Operating parameters varied a little, but the
following were typical: SP, Spherisorb S5 ODS-2, 250 X 5 mm; MP,
1073 M sodium octanesulfonate in 5 X 10~* M KH,PO,, pH 2.6; UV
detection A 215 nm. GCFTIR measurements were obtained from a
Perkin-Elmer 8410/1700/1710/ system using a 25 m X 0.53 mm i.d.
capillary coated to 5-um thickness with methyl (5% phenyl) silicone
bonded phase. GLC analyses were performed on a Pye Unicam 204
chromatograph using a Chromosorb 101 column.

Materials. Dipeptides and other commercial chemicals were pur-
chased from the Sigma Chemical Co. Ltd. or the Aldrich Chemical Co.
Ltd. All amino acid residues have L configurations unless indicated
otherwise. N-(Hydroxymethyl)acetamide, bis(/N-acetamido)methane,**
bis(N-propanamido)methane,* N-methyloxamide,>s glycine methyl-
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amide,® N,N-diacetylethane-1,2-diamine,’” N-propanoylglycine,’® 3-
benzylpiperazine-2,5-dione,”® 3-methylbutanoylglycine,® N,3-dimethyl-
but-2-enamide,*! hydrocinnamic acid,*? and N-(3-phenylpropanoyl)-
glycine® were prepared by known procedures. 3-Methylbutanamide,
N-(1-0x0-3-phenyl-2-propenyl)glycine,* 3-phenylpropanamide, and N-
methyl-3-phenyl-2-propenamide*’ were prepared by reactions between
the appropriate acid chlorides and amines. The methylamides of pro-
line,*¢ phenylalanine,*” and valine*® and glycine(2-phenylethyl)amide*
were prepared from the appropriate CBZ-amino acid p-nitrophenyl esters
and amines by standard methods. N-Hydroxymethyl derivatives of
propanamide,*® 3-methylbutanamide, and 3-phenylpropanamide were
prepared by Scharf’s method.® N-(Hydroxymethyl)-3-methylbutan-
amide: cryst ether mp 69 °C; é/ppm (CDCl;) 0.96 (d, 6 H), 2.11 (d,
2 H), 2.30 (im, 1 H), 4.71 (d, 2 H), 4.89 (s, | H) 7.1 (b, 1 H); MH* =
C4HsNO, £<0.1 mmu. N-(Hydroxymethyl)-3-phenylpropanamide:
cryst water mp, 96 °C; 8,/ppm DMSO-d, 2.40 (t, 2 H), 2.85 (t, 2 H),
5.53 (d, 2 H), 5.58 (s, I H), 7.23 (s, 5 H) 8.52 (t, | H); MH* =
C,HsNO, +0.1 mmu.

N,N'-Diglycylethane-1,2-diamine (9a). Ethane-1,2-diamine (0.7 g,
10.9 mmol) was added dropwise to a stirred suspension of CBZ-glycine
p-nitrophenyl ester (2.7 g, 8.2 mmol) in absolute ethanol (10 mL). The
mixture was allowed to stand overnight and the solid product filtered and
washed with 1 M sodium hydroxide and water. Drying afforded the
crude CBZ derivative of the title compound [0.83 g, 2.0 mmol, 49%, mp
117-118 °C (*H NMR (DMSO0-d,) 6 3.11 (s, 2 H), 3.58 (d, 2 H), 7.35
(s, 5 H), 7.94 (s, | H); BC NMR (DMSO-dg) 6 41.4,43.6,65.3,127.8,
128.3, 137.0, 156.5, 169.3] which was suspended in glacial acid (2.0 mL)
and treated with 30 wt % HBr in acetic acid (1.5 g, 5.6 mmol). After
2 h, the mixture was shaken with dry diethyl ether and the precipitate
removed by centrifugation, washed with ether, dissolved in water (5 mL),
and extracted with chloroform (3 X 5 mL). The aqueous layer was
fractionated by cation exchange (2 X 10 cm) with the eluents water (100
mL), 1 M pyridine (100 mL), and | M NH,OH. The pale yellow oil
obtained on evaporation of the last fraction was acidified (5 drops of
concentrated HC) and triturated with absolute ethanol to give a colorless
semicrystalline product, spectroscopically and chromatographically
identical with that obtained and fully characterized in the photolysis of
glycylglycine at pH 1| (below).

N,N"-Bis(phenylalanyl)ethane-1,2-diamine (9d) was prepared from
CBZ-phenylalany! p-nitrophenyl ester (1.0 g, 2.4 mmol) by the method
used for N,N”-diglycylethane-1,2-diamine except that purification by
ion-exchange chromatography was omitted. The crude product (0.42 g,
1.2 mmol, 100%) obtained from the final aqueous solution by evaporation
was dissolved in the minimum amount of water and the solution adjusted
to pH 9 with NaOH. Extraction with dichloromethane and slow evap-
oration of the extract afforded white crystals: mp 109-110 °C; 'H NMR
(D,0) 6 3.0 (m, 8 H), 4.08 (t, 2 H), 7.30 (s, 10 H); 1*C NMR (D,0)
6 39.1, 40.4, 56.8, 130.2, 131.4, 131.7, 136.1, 171.2. HRMS (CI), MH*
= CyH,7N,0,; £<0.1 mmu.

Bis(3-methylbutanamido) methane (6¢) was prepared from 3-methyl-
butanamide and paraformaldehyde by Gilbert’s procedure for analogous
compounds.®* The product was recrystallized from tetrahydrofuran: mp
182-185 °C; IR (KBr) 3300, 1645, 1538 cm™; '"H NMR (CDCl,) 4 0.94
(d, 12 H), 2.04 (d, 4 H), 2.15 (m, 2 H), 4.58 (t, 2 H), 6.88 (b, 2 H).
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HRMS (CI), MH* = C|;H,;;N,0, -0.8 mmu.

Photolyses, Except where stated otherwise, photolyses were carried
out by one of two procedures. In method A, aqueous solutions of di-
peptides (430 mL, 3 X 1072 M) were degassed and irradiated under argon
in a photoreactor (Applied Photophysics) using a 400-W medium-pres-
sure mercury arc located in a centrally placed water-cooled quartz im-
mersion well. In method B, 10-15 mL of degassed aqueous dipeptide
solutions (3 X 102 M) under argon in each of up to 12 capped quartz
tubes were irradiated in a carousel assembly (Applied Photophysics)
surrounding the same lamp and immersion well as in method A.

General Procedures. Initial photolyses by method B were monitored
by HPLC to establish optimum conversion for primary products. Larger
scale photolyses by method A allowed characterization of products by
recovery of pure materials, and/or comparisons with standards on the
basis of HPLC and GLC behavior, purity parameter measurements in
HPLC (diode array detection), and spectra from GCFTIR analyses.
Either photolytic method was then used to determine yields of ammonia,
carbon dioxide, and less volatile products in solution. Ammonia was
determined by ion-selective electrode (Kent Industrial Measurements,
8002-8) and carbon dioxide gravimetrically (via method A) as barium
carbonate by Davidson’s method.’! Loss of substrate was measured by
HPLC. Multiple analyses under a variety of conditions and purity pa-
rameter measurements confirmed peak homogeneity. Quantitative
analyses of other components were either by HPLC or GLC as described.

Photolysis of Glycylglycine at pH 6. (a) N-Acetylglycine (5a), Ace-
tamide (3a), N-(Hydroxymethyl)acetamide (4a), and Bis(acetamido)-
methane (6a). Five photolysates, each taken to 35% conversion of sub-
strate by method A (40 h), were combined, evaporated to 200 mL, and
continuously extracted for 3 days with dichloromethane. The aqueous
fraction was eluted from a cation-exchange column with water to give,
after evaporation, 0.96 g of oily crystals. Trituration of a sample with
cold, absolute ethanol afforded Sa. A further sample (0.22 g), dissolved
in water (20 mL), was extracted with chloroform (3 X 10 mL), and the
gum obtained after drying and evaporating the extract was chromato-
graphed on silica gel to give 4a (0.12 g) as the principal component. The
dichloromethane fraction was dried and evaporated to give crystals (0.4
g). Recrystallization from cold dichloromethane gave acetamide (0.1 g),
and chromatography of the remaining solution on silica gel afforded 6a
(0.04 g). Photolysates were analyzed in other experiments for all four
products by HPLC using external standards. Acetamide was also mon-
itored by GLC (column temperature 215 °C) with butanamide as in-
ternal standard.

(b) Thermal Precursor of Acetamide (7a). After 37% conversion by
method A, the photolysate was extracted with dichloromethane for 20
h. The thermally labile component, observed in the aqueous fraction as
a well-retained peak by HPLC, was separated by preparative HPLC
[Spherisorb S5 ODS2, 2 X (250 X 8 mm); 30 °C; 0.02% aqueous tri-
fluoroacetic acid, 2 mL/min] and obtained as a solution in the eluent
(350 mL); 100 mL was heated to boiling for 0.5 h and reanalyzed by
HPLC and, for glycylglycine, by TLC (ninhydrin visualization). The
solution was treated with standard 2,4-dinitrophenylhydrazine reagent
(4 mL) and the yellow solid separated shown to be formaldehyde 2,4-
DNP by mp, IR spectroscopy, and HPLC. The remaining 250 mL was
lyophilized and analyzed by NMR spectroscopy.

(¢) N-Methyloxamide and Glyoxylic Acid. Photolysis was carried out
by method A to >90% conversion (300 h). Continuous liquid-liquid
extraction with dichloromethane (3 days) afforded 74 mg of pale yellow
oily crystals from the organic fraction, most of which was acetamide.
Trituration with cold chloroform yielded 5 mg of N-methyloxamide.
Glyoxylic acid in the aqueous fraction was characterized as the ammo-
nium salts of stereoisomeric 2,4-dinitrophenylhydrazones by TLC on
cellulose (eluent: butanol/ethanol/1 M ammonium hydroxide 13:2:5)
and estimated by HPLC. Thus, 2,4-DNP reagent (0.5 mL) was added
to the aqueous fraction (4 mL) and the mixture maintained at 40 °C for
20 min. Ethanol (2 mL) and ethyl acetate (4 mL) were added and, after
shaking, the organic layer was washed with 0.5 M HC1 (4 mL) and 2 M
ammonium hydroxide added (4 mL). After purging with oxygen for 2
min, the aqueous layer was retained for analysis.

(d) Methylamine. In a photolysis by method B, samples were analyzed
at increasing conversions of substrate up to 40%. Methylamine was
estimated by GLC as its urethane derivative,’? with the derivative of
l-aminopentane as internal standard.

(e) Quantum Yield for Decomposition. Photolysis was by method B
using 1.72 M glycylglycine in the reaction tubes and a 16-W low-pressure
mercury arc (Applied Photophysics Model 3016). Other reaction tubes
contained, as actinometers, 1,3-dimethyluracil®® (5.5 X 10 M in water)

(51) Davidson, R. S.; Goodwin, D.; Platt, J. E. J. Chem. Soc., Perkin
Trans. 2 1983, 1729-1733.
(52) Gejvall, T. J. Chromatogr. 1974, 90, 157-161.
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and hexan-2-one** (1 M in hexane), and, as a qualitative control to
monitor possible concentration effects, 0.03 M glycylglycine. Determi-
nation of ®_gg requires a value for the fraction of light absorbed by the
more concentrated substrate solution, which was calculated from 4%
(0.1) and the tube radius (0.5 cm) to be 0.27.

Photolysis of Glycylglycine at pH 1. Photolysis by method A of a
solution that had been adjusted to pH 1.0 with perchloric acid was carried
out to 74% conversion (11.5 h). Carbon dioxide, ammonia, loss of sub-
strate, and growth of products were monitored at selected intervals by
the methods described. The photolysate was reduced to 30 mL by
evaporation, and fractionated by cation-exchange chromatography. After
no further material was eluted by water (HPLC), 0.1 M pyridine gave
0.33 g of glycylglycine on evaporation. Elution with I M ammonium
hydroxide afforded, on evaporation, 0.9 g of yellow oil which, dissolved
in water (1 mL) and treated with concentrated (HCI (1.5 mL) and
ice-cold absolute ethanol (10 mL), yielded, after some solvent evapora-
tion, N,N*diglycylethane-1,2-diamine (9a) dihydrochloride (0.15 g): 'H
NMR (DMSO-dy) 6 3.20 (s, 4 H), 3.38 (s, 4 H), 8.27 (s, 6 H); ’C
NMR (D,0) 6 40.8, 42.6, 169.3. HRMS (FAB), (M - 2HCIl + H*) =
C¢H sN;O, £<0.1 mmu. The filtrate was evaporated and the residue
fractionated by anion-exchange chromatography giving glycine methyl-
amide (8a) hydrochloride (62 mg) after water elution, evaporation, and
treatment with ethanolic HCl. Both products were quantified in photo-
lysates by HPLC.

Comparative Study of Glycylglycine at pH 1, 6, and 12. Three solu-
tions, the first and last adjusted to the required pH with perchloric acid
and sodium hydroxide, respectively, were photolyzed by method B. The
products were monitored by the methods described.

Photolysis of Glycylglycine in the Solid State. A solution of glycyl-
glycine (2.01 g) in water (20 mL) was evaporated evenly on the inside
of a cylindrical quartz vessel [30 X 8 (diameter) cm] with a neck ter-
minating in a 2 cm diameter ground glass joint., The apparatus was
flushed with nitrogen throughout irradiation in a Rayonet reactor
(Southern New England UV Co., RPR-208) using eight low-pressure
mercury arcs (RUL-2537, total output 120 W at 254 nm). Samples were
removed periodically for analysis, and the irradiation was terminated ater
239 h, by which time the substrate had become pink. The solid (1.93 g)
was dissolved in water (20 mL) and fractionated by cation-exchange
chromatography. Elution gave the following components after evapo-
ration: water (250 mL); 5a (0.10 g); | M pyridine (400 mL); glycyl-
glycine (1.68 g); | M ammonium hydroxide (300 mL); 8a (0.17 g).

Photolysis of N-Acetylglycine. Irradiation of two tubes of N-
acetylglycine was carried out by method B. The pH was unadjusted in
one tube (2.7) and adjusted in the other to 7.7 with 4 M NaOH. HPLC
analysis used a Hypersit ODS column and 2.5 X 10™* M tetrabutyl-
ammonium bromide in 102 M KH,PO, (pH 6.5, A 220 nm) for N-
acetylglycine and 10°2 M KH,PO, (pH 4.5, A 215 nm) for N-methyl-
acetamide and N,N’-diacetylethane-1,2-diamine.

Photolysis of DL-Alanylglycine at pH 6, (a) Propanamide (3b), Bis-
(propanamido)methane (6b), N-(Propanamidomethyl-pL-alanine Me-
thylamide (10b), N-Propanoylglycine (5b), Four photolysates obtained
by method A (50% conversion; 24 h) were combined, evaporated to 150
mL, and extracted with dichloromethane for 3 days. The aqueous portion
was eluted from a cation-exchange column with water, and the crube Sb
obtained (0.4 g) was purified by preparative HPLC [Spherisorb S5 ODS
2,2 X (250 X 8 mm); 30 °C, H,0, 2 mL/min] and recrystallization from
ethyl acetate. The organic extract was fractionated by normal-phase
preparative HPLC (5 um SiO,, 250 X 18 mm; 5% CH,0H in CH,Cl,,
2 mL/min; A 235 nm) from which were isolated 3b (28 mg), 6b (140
mg), and 10b (15 mg): >120 °C dec; 'H NMR (DMSO-d,) 6 0.97 (t,
3H), 1.1 (d,3H),2.1(q,2H),2.4(b,1 H), 2.6 (t,3H),3.1(q, | H),
3.7 (dd, 1 H), 3.9 (dd, 1 H), 7.9 (g, | H) 8.0 (1, 1 H); ¥C NMR
(DMSO0-dg) 6 10.6, 20.3, 26.3, 29.4, 53.4, 54.9, 174.5, 175.0. MS (El);
m/z 129,87, 53, 56. 3b and 5b were quantified by HPLC, and 3b was
quantified by GLC (Chromosorb 101; 215 °C; butanamide, internal
standard).

(b) N-(Hydroxymethyl)propanamide (4b). Photolysis by method A
was continued to 35% conversion (17 h). After evaporation to 10 mL,
the photolysate was eluted from a cation-exchange column with water,
evaporated to 10 mL, eluted from an anion-exchange column with water,
and evaporated to dryness to give 4b (0.2 g). Quantitation in other
photolyses was by HPLC.

Photolysis of DL-Alanylglycine at pH 1. Photolysis by method A of
a solution that had been adjusted to pH | with perchloric acid was carried
out to 85% conversion (7 h). Fractionation by cation-exchange chro-

(53) Nuamo, N.; Hamanda, T.; Yonemitsu, O. Tetrahedron Lett. 1977,
19, 1661-1664.

(54) Murov, S. L. Handbook of Photochemistry; Dekker: New York,
1973; p 126.
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matography with the eluents water (250 mL), | M pyridine (400 mL),
and 1 M NH,OH (250 mL) gave, after evaporation of the last fraction,
a brown crystalline gum (1.0 g) whose NMR spectra were consistent with
a 2:1 molar ratio of pL-alanine methylamide (8b) and N,N’-dialanyl-
ethane-1,2-diamine (9b): 'H NMR (D,0) 6 1.1 (d, 3 H), 3.2 (s, 2 H),
3.35(q, 1 H); 13C NMR (D,0) §, 22.1, 40.9, 52.0, 179.8). Both products
were quantified by HPLC.

Photolysis of Valylglycine at pH 6, Photolysis by method A was
carried out to 70% conversion (8 h) and, after evaporation to 150 mL,
the photolysate was continuously extracted with dichloromethane for 3
days. The organic fraction was dried over anhydrous magnesium sulfate
and evaporated to give a pale yellow gum (180 mg). GCFTIR exami-
nation (CHCl, solution, injector temperature 250 °C; oven temperature
170 °C) established the presence of 2-methylbutanamide (3¢) and valine
methylamide (8¢). Chromatography on silica (CHCl;-CHCl;/CH;0H
20:1) afforded, as the fifth of nine product fractions, 60 mg of N-(3-
methylbutanamidomethyl)valine methylamide (10¢): recrystallized
methanol/ether, mp 150 °C; 'H NMR (CDCl;) 6 0.82 (d, 3 H), 0.90
(d, 3H) 0.92 (d, 6 H), 2.15 (m 4 H) 2.25 (b, 1 H) 2.79, (d, 3 H) 3.56,
(dd, | H) 4.42 (dd, 1 H), 6.89 (1, 1 H), 7.19 (g, | H); 3C NMR (CDCl,)
617.6,19.4,22.4,25.6,25.8, 31.1, 45.7, 53.7, 64.3, 173.8, 1744, HMRS
(Cl), MH* = C|,HN;0, +0.3 mmu. The aqueous fraction was applied
to a cation-exchange column, and elution with water and evaporation
afforded 3-methylbutamide (3¢) (20 mg). N-(Hydroxymethyl)-3-
methylbutanamide (4¢) was established by comparison with the HPLC
and temperature-dependent GLC behavior of a synthesized sample. 3c,
4c, and 8¢ were quantified by HPLC. 3c and 8¢ were also analyzed by
GLC (bonded methyl silicone 25 m X 0.53 mm i.d., 5-um film, 140 °C,
butanamide internal standard).

Photolysis of Prolylglycine at pH 6. Photolysis by method A was
carried out to 70% conversion (40 h) and the photolysate extracted with
dichloromethane for 3 days. The aqueous portion was fractionated by
cation-exchange chromatography by eluting with water (250 mL) and
1 M pyridine (500 mL). The latter fraction was evaporated and the
residue derivatized with benzyl chloroformate by standard methods. The
ethyl acetate extract from basic reaction mixture was separated by
normal-phase preparative HPLC (250 X 8 mm, 5 um SiO,; 4% CH,0H
in CH,Cly, 2 mL/min; A 235 nm). The third of four components af-
forded, after rechromatography, 8 mg of N,0-bis-CBZ-5-amino-N-(hy-
droxymethyl)pentanamide (13a): mp 76 °C; 'H NMR (CDCl,) 6 1.47
(qnt, 2 H) 1.62 (qnt 2 H), 2.20 (t, 2 H), 3.13 (q, 2 H), 3.99 (d, 2 H),
4.82 (t 1 H), 5.02 (s, 2 H), 5.11 (s, 2 H), 5.99 (t, 1 H) 7.28 (m 10 H);
decoupling experiments established related signals; '*C NMR (CDCls)
8 22.3, 29.2, 35.4, 40.3, 41.2, 66.5, 67.1, 128.0, 128.3, 128.4, 128.45,
128.55, 136.5, 156.4, 160.8; IR (KBr) 3324, 1736, 1683, 1658, 1532
cm™l. HRMS (EI), no M* but M - (C;HsCH,0) - CO; = CoHsN;0;4
+<0.1 mmu, and other ions expected for CBZ derivatives.’? 13a (1.7
mg) was hydrogenolyzed for 24 h in formic acid (0.2 mL), methanol, and
water (0.4 mL) over Pd on PEI polymer beads [Pierce (U.K.) Ltd.] (28
mg) and the product mixture analyzed by HPLC and GCFTIR. 2-
Piperidone was quantified in fresh photolysate by GLC using the con-
ditions described for GCFTIR earlier.

Photolysis of Prolylglycine at pH 1. Photolysis by method B of 100
mL of a solution that had been adjusted to pH 1.25 with HCI and
distributed among eight tubes was carried out to 60% conversion (60 h).
The photolysate was fractionated by preparative HPLC (SP, Spherisorb
S5 0ODS-2, 250 X 8 mm; MP, 0.01 M TFA in 2% acetonitrile; A 215 nm;
FR, 2.5 mL/min; sample, 300 X 0.3 mL) and the most highly retained
peak collected. Evaporation afforded 40 mg of 9e bis-TFA salt: 'H
NMR (D,0) 6 1.95 (m, 6 H), 2.35 (m, 2 H), 3.3 (m, 8 H), 425 (1, 2
H); 13C NMR (D,0) 6 24.2, 30.0, 39.3, 46.9, 60.3, 163.2 (q), 170.1,
191.2. HRMS (FAB), MH* = C,H;;N,0, +0.] mmu.

Carbon dioxide was determined in a separate photolysis by method A.

Photolysis of Phenylalanylglycine at pH 6. (a) 3-Phenylpropanamide
(3d), N-(Hydroxymethyl)-3-phenylpropanamide (4d), Phenylalanine
Methylamide (8d), and Glycine. Half of the photolysate obtained by
method A after 40% conversion (32 h) was extracted manually with
chloroform. Evaporation gave a pale yellow gum (62 mg) that was
analyzed by GCFTIR directly (establishing 3d) and after silylation with
bis-TMS acetamide (establishing 3d, 4d, and 8d). All but glycine were
quantified by HPLC, and 3-phenylpropanamide was also analyzed by
capillary GLC (bonded methyl silicone, 25 m X 0.53 mm i.d., 5-um film;
200 °C, benzamide internal standard). Glycine was estimated by GLC
of its derivative with BSTFA formed by standard procedures with a
lyophilized sample of the photolysate.

(b) Quantum Yield for Decomposition. Photolysis by method B in-
corporated 1,3-dimethyluracil as an actinometer.

Photolysis of Phenylalanylglycine at pH 1. Photolysis by method A
of a solution that had been adjusted to pH 1.3 with acid was carried out
to 20% conversion (2 h). The photolysate was extracted with dichloro-



Photochemistry of Dipeptides

Gly-Gly
Ala-Gly
Pro-Gly
Val-Gly

> O e O

|

{ | | |

0 20 40 &0
% Loss of peptide

Figure 1. Changes in pH during photolysis of aqueous dipeptides by
method A.

methane for 5 days, and the aqueous layer was removed, adjusted to pH
12 with sodium hydroxide, and extracted with dichloromethane for a
further 5 days. Evaporation of the last organic fraction afforded 8d (57
mg).

Photolysis of phenylalanine methylamide (8d) at pH 1 was carried out
by method B.

Photolyses of Prolylphenylalanine and Phenylalanylproline at pH 6.
Solubility limited photolysis of prolylphenylalanine to 4 X 10-* M solu-
tion. Otherwise, general procedures were applied. 2-Piperidone was
quantified in prolylphenylalanine photolysis as in the photolysis of pro-
lylglycine.

Results

Glycylglycine. Irradiation of 0.03 M aqueous glycylglycine to
>90% reaction yields acetamide (~15%) as the principal isolable
product, almost certainly derived from secondary reactions.
Moreover, photolysis is accompanied by an increase in pH (Figure
1), and it was desirable to retain the substrate in one conjugate
form without the assistance of buffers. Typically, photolyses of
initially near neutral aqueous glycylglycine were taken to 30-50%
conversion, from which were obtained, by liquid extraction and
chromatography, acetamide (3a), N-(hydroxymethyl)acetamide
(4a), N-acetylglycine (5a), and bis(acetamido)methane (6a). All

R\)j\NH2
R=H CH; (CHy),CH PhCH,

3 a b c d

R\)()‘\H/\H)OK/R
6

but 6a can be detected in fresh photolysate by HPLC. 6a was
isolated as a minor product (ca. 2% theoretical yield). Nessler,
selective electrode, and ethylurethane GLC analyses established
that ammonia is a major primary product, and outgassing the
photolysate continuously into barium hydroxide showed that the
same applies to carbon dioxide. These methods, together with
quantitation of acetamide by GLC and of 4a and 8a by HPLC,
afford the yield profiles shown in Figure 2. The yield of acetamide
by HPLC, however, remains at 2-3% up to 60% conversion and
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Figure 2. Yield profiles for major products in the photolysis of glycyl-
glycine in neutral aqueous solution.
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Figure 3. HPL chromatograms of aqueous glycylglycine photolysate
(34% conversion) (A) before and (B) after heating at 100 °C for 20 min,
SP: 2 X S5 0DS2 (250 X 5 mm). MP: 2.5 X 10~ sodium octane-
sulfonate in 5 X 10°* KH,PO,, pH 2.6. A, 215 nm; FR | mL/min.

climbs to only 9% at 93% conversion. Although GCFTIR analysis
shows that 4a does degrade to acetamide under the GLC con-
ditions (215 °C), thermal behavior at lower temperatures reveals
that it is not the main precursor of the substantially larger quantity
of acetamide found by GLC. Thus, when a photolysate at 34%
conversion is held at 100 °C for 20 min, the acetamide peak in
the chromatogram increases by a factor of 14, while that for 4a
remains unchanged. Moreover, this is accompanied by the loss
of a significant peak with a comparatively long retention time
(Figures 3 and 4). The labile compound, isolated by preparative
HPLC, degrades at 100 °C to glycylglycine and acetamide in
0.8:1.0 molar ratio. The thermolysis mixture also contains 0.13
molar equivalent of formaldehyde, analyzed as its 2,4-dinitro-
phenylhydrazone. The original compound degraded slowly in the
HPLC eluent (0.02% trifluoroacetic acid) at room temperature.
The 90-MHz 'H and 1*C NMR spectra in D,O of a lyophilized
sample showed signals consistent with an approximately equimolar
mixture of acetamide and the TFA salts of glycylglycine and 7a
(*H 5 2.00, 3.88, 3.94; 13C § 23.6, 43.5, 47.1, 53.5).. After the
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sample was heated for 30 min at 80 °C, the signals at 2.00 and
3.88 ppm had disappeared and the 'H spectrum closely resembled
that of a mixture of acetamide and glycylglycine.

Heating the photolysate also introduces a further peak in the
HPL chromatogram (at 16 min in Figure 3B) whose rate of
growth differs significantly from that of acetamide (Figure 4) and
which was shown to be due to 6a. Formaldehyde, which can be
isolated from and detected by HPLC in fresh photolysate as its
2,4-dinitrophenylhydrazone, increases in concentration initially
on heating, but then decreases. The data in Figures 3 and 4 are
consistent with the rapid thermal degradation of 7a and slow
condensation of the formaldehyde released with acetamide and,
possibly, other components of the photolysate, including glycyl-
glycine. The slight increase in acetamide on extended heating
(Figure 4) is accommodated by slow thermal decomposition of
4a (Scheme I).

Glycine, glycine methylamide (8a), and methylamine were
identified in the photolysate as trace products (<5%), and at >90%
conversion, traces of glyoxylic acid could be detected and a small
amount of N-methyloxamide isolated by liquid-liquid extraction.
Yields of the major products at 20% conversion are given in Table
L.

The quantum yield for decomposition of glycylglycine was
determined by using a low-pressure mercury arc and hexan-2-one
and 1,3-dimethyluracil as actinometers. The data in Figure 5 are
based on excitation by 254-nm radiation which comprised more
than 90% of the energy emitted but which was not completely
absorbed by the sample (~27%). Although the lamp employed
may emit some of the remaining energy at 185 nm, which would
have been completely absorbed, the lack of special precautions
to eliminate oxygen and cooling water impurities from the optical
path, together with the optical properties of the quartz apparatus,
make it very unlikely that significant photochemistry was initiated
at the shorter wavelength.

Photolysis at pH 1 proceeds cleanly at a comparable rate to
that at pH 6 but gives a different product distribution (Figure
6; Table 1). While carbon dioxide remains a major product,
ammonia, acetamide, and N-(hydroxymethyl)acetamide are minor
products, the major involatiles being glycine methylamide (8a)
and N,N*diglycylethane-1,2-diamine (9a). 9a was characterized
spectroscopically and by comparison with a sample synthesized
from CBZ-glycine p-nitrophenyl ester and ethane-1,2-diamine.
The yields from this photolysis given in Table I are sustained
between 20% and 70% conversion.

Photolysis at pH 12 yields comparable amounts of 8a to that
at pH 1, whereas this product is barely detectable at pH 6. No
trace of 9a was detected at pH 12. 8a was also found to be a

[}
R 8
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NH,

0 NH,
R% /\/g}\’H\R 9
i
NH, 0

principal product of photolysis of a film of crystalline glycylglycine.
The 28% yield observed probably understates its significance,
considering the inhomogeneity of the photolyzed sample. 5a (8%)
was the only other product identified.

N-Acetylglycine. Simultaneous photolysis of 0.03 M aqueous
N-acetylglycine at pH 2.7 and pH 7.7 results in 32% and 13%
conversion, respectively, after 24 h. N-Methylacetamide and
N,N"diacetylethane-1,2-diamine are formed in both cases in
equivalent yields at pH 2.7 (19%) and in 29% and 6% yields,
respectively, at pH 7.7.

DL-Alanylglycine. The photolytic behavior of bL-alanylglycine
is closely analogous to that of glycylglycine. Products are formed

Hill et al.

Relative Peak Area

Time/mins

Figure 4. Change in HPLC peak areas on heating aqueous glycylglycine
photolysate (34% conversion) at 100 °C. (@) Units lost from 52-min
peak; (@) 3 times area gained by peak due to 3a; (W) 3 times area of peak
due to 4a; (O) 0.3 times area gained by peak due to 6a; (A) 0.3 times
area of peak due to formaldehyde DNP (separate analysis).
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Figure 5. Quantum yield for the loss of glycylglycine by photolysis at
254 nm.
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in similar yields (Table 1) and include a thermally labile one whose
decomposition coincides with the production of propanamide. The
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Table I. Product Distributions (Percent) in the Photolyses of Dipeptides?
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peptide phot cond? NH, Co, 3 4 8 9 R
Gly-Gly 5.7 65 53 55 34 <5 <1 H
1.0 12 76 <5 2 31 55
12.0 - - - 15 20 <1
cryst - - <10/ <l 28 <l
Ala-Gly? 5.7 70 50 50 11 <5 - CH,
1.0 15 70 - 7 40 40
Val-Gly 5.6 45 68 45 10 <5 <1 (CH,),CH
Pro-Gly 5.4 - 23 Lk 24 - - H,N(CH,),"
1.0 - 100 - <1 10 60
Phe-Gly 5.6 28 30 25 6 <5 - PhCH,
1.0 7 25 - <2 <5 <l
Gly-Phe 5.7 50 10 350 - -4 - H
Pro-Phe 6.3 - 10 6* - - -
Phe-Pro 5.4 30 30 - - - -

¢ At 20% conversion unless indicated otherwise. ®Initial pH. By GLC. ¢Below detection limit. ¢Not measured. /By HPLC after 100 °C for 30
min, #Racemic mixture. #90% conversion. 1:1 mixture of diastereoisomers. /22% by GLC. * As 2-piperidone. /13b. Assumes ¢5(13b)/e;,sPG
= ¢,5(48)/€,;sGG. ™Proline ring unbroken in 8 and 9. " Increases on heating; 10% isolated. » By HPLC on fresh photolysate. The corresponding

compound, glycine (2-phenylethyl)amide, is present in trace amounts.

—
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Figure 6. HPL chromatogram of aqueous glycylglycine photolysates
(30% conversion) (A) with initial pH 5.7 and (B) with initial pH 1.0.
Conditions as for Figure 3 except that a single column was used.

yield profile for 4b differs from that of the other products, as seen
with glycylglycine (Figure 2), and analogous minor products 5b
and 6b were isolated together with 10b. [10a was not isolated

R\)J\N/\E)YF}\ 10

from the photolysate of glycylglycine but was observed as a minor
component of the dichloromethane extract (*H NMR (DMSO-dj)
5 1.84 (s, 4 H), 2.65 (d, 3H), 2.81 (s, 2H), 3.60 (d, 2H), 7.72
(b, 1H), 8.08 (b, 1H))]. Photolysis at pH 1 gives 8b and a product
appearing as a highly retained pair of peaks in HPLC, fully
consistent with the diastereomers of 9b expected from the racemic
substrate.

Valylglycine. A lower yield of ammonia is obtained in the
photolysis of valylglycine than in those of the first two dipeptides,
and 6c was not detected among the minor products. In other
respects, however, the photochemistry of this dipeptide follows
the previous pattern. Thus, the yield of 3¢ increases from less
than 5% to more than 40% when the photolysate is heated at 100
°C for 30 min, while that of d¢ remains unchanged. The yield
of 4c falls much more rapidly than those of the other products
as the photolysis proceeds. Sc is a minor component of the

Scheme II
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photolysate (<1% yield). Significantly more than 10 (10c) was

recovered from a dichloromethane extract of the photolysate in

this case (ca. 5% based on 2 mol of substrate). Thermolysis in

GCFTIR analysis shows 10c degrades readily to 3¢, 8¢, and two
0
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10¢ 11

[o]

N/

uN—/
12

products whose gas-phase spectra are consistent with 11 (v, 3345,
3021, 2969, 2882, 1709, 1665, 1510 cm™ and 12 (v, 3364, 1729
cm™), This reaction accounts for the much higher yield of 8¢
reported by GLC than by HPLC. Moreover, the Cl mass
spectrum of 10¢ shows analogous fragmentations a and b in ad-
dition to c.

Prolylglycine. Prolylglycine is distinctive in the present context
as deamination would be expressed as ring opening rather than
as loss of ammonia. Photolysis at pH 6 is again accompanied by
increasing pH, although to a greater extent than with previous
peptides (Figure 1). Tests with Nessler's reagent show that this
is not due to release of ammonia. An amine fraction of the
photolysate was obtained by cation-exchange chromatography and
derivatized with benzyl chloroformate. Separation by preparative
normal-phase HPLC gave the bis-CBZ derivative, 13a, of 5-
amino-/N-(hydroxymethyl)pentanamide (13b). Hydrogenolysis
of 13a affords a solution of a compound shown by HPLC under
five separate conditions to be an important component of the
original photolysate. When analyzed by GCFTIR, both this
solution and the photolysate give a component with the gas-phase
spectrum of 2-piperidone, a product that might be expected from
a thermally induced cyclodeamination of 13a (Scheme 1I). The
yields of carbon dioxide and 2-piperidone change little throughout
photolysis, whereas that of 13b falls to 12% and 6% at 30% and
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Figure 7. Quantum yield for the photolytic loss of phenylalanylglycine.

70% conversion, respectively (cf. Table I), thus following the trends
(Figure 2) seen in previous photolyses.
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Photolysis at pH 1 follows the same pathway as that of gly-
cylglycine. Highly efficient decarboxylation accompanies the
formation of N,N’-diprolylethane-1,2-diamine (9e¢) and, in lower
yield, proline methylamide (8e).

Phenylalanylglycine. Photolysis of phenylalanylglycine gives
many more products than are seen with aliphatic dipeptides.
Moreover, some complex high molecular weight material is de-
posited during the irradiation, accounting for almost 10% of
photolyzed peptide. Nevertheless, a rise in pH was again observed,
and the products identified include compounds analogous to those
found with aliphatic dipeptides (Table 1). Thus, maintaining the
photolysate at 100 °C for 30 min causes the area of the peak for
3d in HPLC to increase 4-fold concomitantly with the loss of a
highly retained peak. 4d remains unaffected by these conditions
and, following the usual behavior, its yield falls rapidly in the early
stages of photolysis. Yields generally are significantly lower than
those of the corresponding products in the aliphatic series (Table
I). Traces of 8d were detected, but this compound is more
photochemically labile than the substrate. Of other products
reported previously,!” we found glycine, 3-benzylpiperazine-2,5-
dione (10% and 1%, respectively at 25% conversion), and traces
of phenylalanine and glycylglycine. Additionally, ca. 1% toluene
was established by GC analysis.

The initial quantum yield for the loss of phenylalanylglycine
is about 0.02 (Figure 7). Competitive absorption by products
probably means that values at higher conversions are greater than
those observed and that the quantum yield increases initially as
photolysis proceeds.

As with glycylglycine, less ammonia is released in photolysis
at low pH. The yield of 8d by analysis of the photolysate was
much lower than that isolated after liquid-liquid extraction. The
amount of 8d in the photolysate increases on heating, however,
typically, 4-fold after 1 h at 100 °C. Photolysis of 8d at pH 1
yields 15% ammonia at 20% conversion.

Hill et al.

Scheme III
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Glycylphenylalanine. An aqueous solution of glycylphenyl-
alanine becomes pink on irradiation, and a precipitate of complex
constitution is deposited (ca. 15% of the mass of reacted dipeptide
at 40% conversion). The photolysate contains a large number of
other products, including a significant amount of acetamide,
contrasting with glycylglycine photolysis where this product ap-
pears in quantity only after heating. Ammonia is enhanced and
carbon dioxide reduced compared with yields from the retro-
peptide. 3-Benzylpiperazine-2,5-dione!” was found in 6% yield
at 20% conversion.

Prolylphenylalanine and Phenylalanylproline. These dipeptides
are by far the most labile of those examined. Typically, 35% loss
occurs after 15 min of irradiation by method B, while under
comparable conditions less than 5% of phenylalanylglycine has
reacted. The photolysates become pink, their pH values increase
and, in the case of phenylalanylproline, a deposit of complex
constitution is thrown down. The pink color develops in the dark
after a short period of irradiation and fades on exposure to air.
Prolylphenylalanine releases carbon dioxide to a small extent, and
GCFTIR analysis of the photolysate reveals a comparable yield
of 2-piperidone. The yields of ammonia and carbon dioxide from
phenylalanylproline are similar to those from phenylalanylglycine.
We were unable to isolate other photoproducts from either di-
peptide.

Discussion

At 5% reaction, the principal products in the photolysis of
neutral aqueous glycylglycine are ammonia (75%), carbon dioxide
(65%) and N-(hydroxymethyl)acetamide (65%). Although evi-
dence for some deamination and decarboxylation>1%!7 has been
noted, this result contrasts with reports that neither decarbox-
ylation or deamination radicals are important transients in neutral
photolysates.?®?5 Moreover, we have shown that the only products
other than ammonia that have been identified previously, glycine
methylamide, methylamine, and glycine,'” are present in only trace
amounts (2%, 1%, and <1%, respectively, at 20% conversion).

We suggest our results are best explained by assuming the
outcome of deamination and decarboxylation is the formation of
the resonance-stabilized intermediate 14a. The ground state of
14a is zwitterionic rather than diradical,% so no unpaired spin
would be observed, and further reaction would be by nucleophilic
addition rather than hydrogen abstraction or cyclization. We
failed to detect N-methylacetamide, 2-azetidinone, or 8-alanine
in the photolysate. Initially, the strongest nucleophiles available
are water and the peptide carboxylate group which, considering
both nucleophilicity and concentration, might be expected to be
comparably effective. In the event, attack by water dominates
and, as with the closely similar acyliminium compounds,*® the
N-(hydroxymethyl)amide is formed (Scheme Illa). As the
photolysis proceeds, however, the rapid increase in pH following
deamination makes available increasing amounts of the more
nucleophilic conjugate base of the peptide (typically, 40-fold after
45% conversion) and the thermal precursor of acetamide, 7a,

(55) Aoyama, H.; Sakamoto, M.; Kuwabara, K.; Yoshida, K.; Omote, Y.
J. Am. Chem. Soc. 1983, 105, 1958-1964.
(56) Speckamp, W. N.; Hiemestra, H. Tetrahedron 1988, 41, 4367-4416.
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becomes the more significant adduct (Scheme 111b). Peptide-NH
rather than peptide—OH addition in 7a is supported by the 1*C
chemical shift of the new methylene carbon atom at 53.5 ppm
in D,O [cf. 63 ppm for N-(hydroxymethyl)acetamide]. The yield
of 7a, expressed as its HPLC peak area divided by the fraction
of substrate consumed, increases with conversion, complementing
the behavior of the yield of the competing adduct with water
(Figure 2). In GLC analysis, both Sa and 7a degrade to acet-
amide, thus accounting for the high and relatively constant yield
of the latter obtained this way.

The formation of glycylglycine, acetamide, and formaldehyde
from 7a at 100 °C may occur via a six-membered transition state
and the imine 15 (Scheme 1V). The extra step required to release
glycylglycine would then account for its small deficit relative to
acetamide. Moreover, indirect support for the transitory existence
of an imine was frequently observed as a signal near 8 ppm in
the TH NMR spectra of photolysate samples in D,O. The
thermolysis is similar to the thermal decomposition of bis-
amidomethanes® but occurs more readily as bisacetamidomethane
(6a), formed when the photolysate is heated, survives these con-
ditions. The absence of 6a from fresh photolysate indicates it is
not formed directly from 14a.

Our results suggest the oxidative pathway for peptide photo-
degradation,!657 leading ultimately in this case to glyoxylic acid,
is unimportant. The trace amounts of glyoxylic acid detected and
the small amount of N-methyloxamide recovered at high con-
version probably arise via the formation of the stabilized a-carbon
radicals’® adjacent to carboxyl and amino groups, respectively,
and complement the presence of the reduction product, N-
acetylglycine.

The trapping of some glycylglycine in a thermal reaction
following photolysis means that product yields based on photolyzed
peptide are higher than those observed (which are based on peptide
consumed) by a factor f= P/(P - A + H), where P is the observed
molar loss of peptide, A4 is the molar yield of acetamide by GC,
and H is the molar yield of N-(hydroxymethyl)acetamide by
HPLC. The low yield of acetamide measured by HPLC affects
f differently according to whether it arises via 14a or via some
other route, such as photolysis of N-(hydroxymethyl)acetamide®
but only to a very small extent (£2%). fis 1.25 at 20% conversion,
giving photolysis yields of 81%, 66%, 69%, and 42% for ammonia,
carbon dioxide, acetamide by GC, and N-(hydroxymethyl)acet-
amide by HPLC, respectively. This high mass balance infers a
uniquely favorable pathway for the photodegradation of aqueous
glycylglycine.

Quantum yield measurements were also based on observed loss
of peptide. They were conducted with solutions 70 times more
concentrated than those used in other photolyses. Although the
same range of products was observed, the competition between
water and the conjugate base of glycylglycine for trapping 14a
would favor the peptide in the concentrated solution, The in-
volvement of glycylglycine in trapping 14a means two molecules
of the substrate are lost for each photon absorbed, and the

(57) Meybeck, A.; Meybeck, J. Photochem. Photobiol. 1967, 6, 365-378.

(58) Easton, C. J.; Hay, M. P. J. Chem. Soc., Chem. Commun. 1986,
55-57.

(59) This reaction was observed but is much less efficient than the pho-
tolysis of glycylglycine.
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quantum Yyields for photolytic loss of dipeptide above 10% con-
version are half those shown in Figure 4 (i.e., f = 2). Product
analyses below 10% conversion were not sufficiently accurate to
allow us to estimate from the data the concentration effect on the
initial quantum yield, but the calculated concentration of the
conjugate base at the initial pH is 6.5 X 1073 M, which, corre-
sponding to 45% conversion with an initial substrate concentration
of 0.03 M, suggests an fvalue of 1.43. Hence, the initial quantum
yield for photolytic loss of glycylglycine is estimated to be 0.3 &
0.1.

The high quantum yield for the photodegradation of glycyl-
glycine accords with the noted photolability of peptides.*® One
might expect absorption above 220 nm to be due principally to
the n — =* transition of the amide group. Absorption by gly-
cylglycine in this region, however, shows an interesting dependence
on pH, having lower molar absorbtivity when the carboxyl group
is protonated,®® while the reverse is true for acetic acid.! Asher
has suggested this may be understood in terms of electrostatic
effects on the 190-nm amide 7 — =* transition.®> An alternative
hypothesis is that additional absorption in zwitterionic glycylglycine
is a consequence of orbital coupling between carboxylate and
amide groups, where electronic excitation results in a charge-
transfer transition, Considered as photoinduced electron transfer,
the corresponding “back-reaction” is internal conversion to S,.
Inhibition by, for example, intersystem crossing,®> would then allow
ejection of ammonia and loss of carbon dioxide to give 14a
(Scheme V). The same outcome, however, could follow an
unperturbed amide n — =* transition, as the excited acceptor,
CONH?*, has ready access to both a good donor, -CO,", and a
molecular fragmentation that competes effectively with the
back-reaction.®* Photoinduced decarboxylation is a well-known
electron-transfer process,®® and ab initio SCF studies of glycyl-
glycine predict a surprisingly low (carboxylate) ionization po-
tential.® Photoinduced one-electron reductions of peptide car-
bonyl are also widely reported,!~? although the latter are usually
promoted by donor excitation. Electron transfer in the present
case would have a transition state closely similar to that for the
highly favorable charge-transfer quenching in 2-(2,2-diamino-
ethyl)acetophenone®” and one that accommodates the requirement
in n — 7* excitation of an in-plane approach by the donor.®® The
primary fragmentation is more likely to be deamination than
decarboxylation, as the need for some conformational change
between electron transfer and decarboxylation is anticipated,’

(60) Saidel, L. J. Arch. Biochem. Biophys. 1988, 56, 45-58.

(61) Claesson, I. M, Ark. Kemi 1956, 10, 1-102.

(62) Song, S.; Asher, S. A. J. Am, Chem. Soc. 1989, 111, 4295-4306.

(63) Mauzerall, D. C. In Photoinduced Electron Transfer; Fox, M. A,
Chanon, M., Eds.; Elsevier: Amsterdam, 1988; pp 228-244.

(64) (a) Eaton, D. F. Pure Appl. Chem. 1984, 56, 1191-1202. (b) Fox,
M. A. Adv. Photochem. 1986, 13, 237-327.

(65) (a) Baezold, D.; Fassler, D. Z. Chem. 1988, 25, 154-156. (b) Car-
michael, A. J.; Mossaba, M. M.; Reisz, P.; Rosenthal, 1. Photobiochem.
Photobiophys. 1985, 10, 13-21. (c) Davidson, R. S.; Goodwin, D. J. Chem.
Soc., Perkin Trans. 2 1982, 1559-1564. (d) Kuruchi, Y.; Ohga, K.; Nobu-
hara, H.; Morita, S. Bull. Chem. Soc. Jpn. 1988, 58, 2711-2712. (e) Das,
S.; Johnson, G. R. A.; Nazhat, N. B,; Sandalla-Nahzat, R. J. Chem. Soc.,
Faraday Trans. 1 1984, 80, 2759-2766.

(66) Wright, L. R.; Borkman, R. F. J. Phys. Chem, 1982, 86, 3956-3962.

(67) Wagner, P. J. Acc. Chem. Res. 1983, 16, 461-467.

(68) Kavarnos, G.; Turro, N. J. Chem. Rev. 1986, 86, 401-449.
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Table Il. Conformational Parameters for Glycylglycine
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whereas this is not necessarily so for deamination. Deamination
following (external) electron addition to carbonyl is a primary
reaction in the radiolysis of peptides.> With glycylglycine this
would leave a carboxylate ton. In photoinduced intramolecular
electron transfer, however, deamination leaves a carboxy radical
which is more readily disposed to further fragmentation.

Plausible alternatives to Scheme V include O-O cyclo-
deamination (promoted by reversed polarity in the n — =* state)
followed by ring-opening decarboxylation and concerted deami-
nation and decarboxylation in a continuous transformation of the
excited state.5

Whichever hypothesis is correct, access to suitable conforma-
tions is an important constraint®’ and applies particularly when
the results of photolysis in solution are compared with those in
the crystalline state.”® Relevant torsional parameters and car-
boxylate-amide O—O distances for glycylglycine are given in Table
II and show that none of the mechanisms considered for its
photochemistry in solution is likely to operate in the solid state.
The comparatively high yield of glycine methylamide (8a) we
observed in solid-state photolysis, together with the absence of
adducts of 14a, is consistent with this prediction. Our results would
be explained by electron transfer between molecules, noting their
head-to-tail arrangement in the lattice with an intermolecular O-O
distance of 0.34 nm”! (Scheme VI). We found both decarbox-
ylation and deamination products, where the comparatively low
yield of the latter might be expected from its own photolability
(ref 18 and see later). ESR studies of dipeptide photolyses in the
solid state support the initial formation of decarboxylation rad-
icals?? and the suggestion that the release of carbon dioxide is
followed by hydrogen abstraction.'® Authors of the latter, however,
detected no ammonia in the solid-state photolysis of glycylglycine.

Table II also includes conformational parameters calculated
to be most favorable for glycylglycine in aqueous solution, and
while some values differ significantly from those optimal for the
mechanisms considered, they are less restrictive than in the solid
state. The values for the “continuous transformation” pathway
also coincide with those estimated to give the best solvation for
glycyl within proteins and are frequently observed in spite of
unfavorable van der Waal interactions.”

(69) Morrison, H.; Muthuramu, K.; Pandey, G.; Severance, D.; Bigot, M.
J. Org. Chem. 1986, 51, 3358-3363.

(70) Zimmerman, H. E.; Zuraw, M. J. J. Am, Chem. Soc. 1989, 111,
2358-2361.

(71) Biswas, A. B.; Hughes, E. Q.; Sharma, B. D.; Norton Wilson, J. Acta
Crystallogr. 1968, B24, 40~50.

1(721) Destrade, C.; Garrigou-Lagrange, C. J. Mol. Struct. 1976, 31,
301-317.

(73) David, F.; David, P. G. J. Phys. Chem. 1976, 80, 579-583.

(74) Ponnuswamy, P. K.; Manavalan, P. J. Theor. Biol. 1976, 60, 481-486.

¢Reference 73.
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Protonation of the carboxyl group profoundly affects the course
of photodegradatipn of small peptides in aqueous solution. Both
flash photolysis®® and ESR spin-trapping?’ studies suggest hom-
olysis of the C,~CO,H bond occurs readily but that this ceases
to be important when the carboxyl group is deprotonated. The
present results support this suggestion (Scheme VII). Both the
predicted radical dimer® and the methylamide are formed in good
yield, while compounds typical of photolysis at (initial) pH 6,
including ammonia, are minor products. Protonation of the
carboxyl group would be inhibitory in both charge-transfer and
n — w* electron-transfer models for the photochemistry of di-
peptides at pH 6. At low pH, radiation above 200 nm is absorbed
significantly by transitions localized in the carboxyl group,
prompting a-cleavage chemistry typical of simple carboxylic
acids.”

Glycine methylamide, but not the radical dimer, 9a, is a sig-
nificant product of photolysis when the initial pH is 12, With
deamination unfavorable, photoinduced electron transfer is fol-
lowed only by decarboxylation and protonation (Scheme Vllila).
A similar mechanism might also explain the origin of the small
amount of this product found under neutral conditions if electron
transfer occurs in a conformation that inhibits deamination
(Scheme VIIIb). It may also apply in the aqueous photochemistry
of ionized N-acetylglycine. Hayon reported the formation of
decarboxylation radicals in the photolysis of the protonated
compound in aqueous solution,?’ and we have found that under

(75) Givens, R. S.; Levi, N. In The Chemistry of Carboxylic Acids and
Esters; Patai, S., Ed.; Wiley: New York, 1979; Suppl. B, Part 1, p 671.
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similar conditions both the dimer, V,N*diacetylethane-1,2-di-

amine, and the product from hydrogen abstraction, N-methyl-

acetamide, are significant products with equal yields (19%).

Hayon noted, however, that the yield of radicals decreases

markedly above pH 3, yet carbon dioxide remains an important

product.”® Moreover, we have found that although the yield of

N-methylacetamide remains significant in photolysis at pH 7.7

(26%), that of the radical dimer is then only 6%. Decarboxylation

and the formation of N-methylacetamide without the involvement

of the monoradical are fully accommodated by the electron-
transfer mechanism depicted in Scheme Vlllic.

Substitution at the amino a-carbon with methyl or 2-propyl
has little effect on the photochemistry demonstrated by glycyl-
glycine (which also accounts satisfactorily for most of the results
already reported for these dipeptides®'62326), In particular, we
found no evidence in the photolyses of alanylglycine and valyl-
glycine for the formation of unsaturated amides, or their photo-
products, that might be expected to follow a facile 1,5-hydrogen
shift in the diradical form of 14b or 14c.

The observed yields of ammonia and hydroxymethylamide are
lower for valylglycine, while that of carbon dioxide is enhanced.
It seems probable that the bulky N-Ca substituent makes the
conformation required for deamination less readily available than
in glycylglycine (Scheme 1Xa), allowing decarboxylation and
proton transfer to be more competitive (Scheme 1Xb). Moreover,
the resulting valine methylamide, 8¢, competes effectively with
water for the intermediate 14¢ arising from deamination, and a
significant yield of the adduct 10¢ results at the expense of the
hydroxymethylamide, 4¢. In contrast with the photolysis of
glycylglycine, 8¢ accompanies d¢ as one of the first observable
products in the photolysis of valylglycine but is consumed by
adduct formation subsequently. The latter was observed in the
photolysates of alanylglycine and glycylglycine, but to a lesser
extent. The formation of 10¢ is reversed at 210 °C (Scheme 1Xc),

(76) Hill, D. J. T.; O'Donnell, J. H.; Pomery, P. J.; Whittaker, A. K.
Polym. Photochem. 1986, 7, 13~25.
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releasing valine methylamide that accounts for more than 20%
of photolyzed peptide. The accompanying alternative fragmen-
tation shown in Scheme 1Xd accounts for the other thermolysis
products observed.

The photolytic ring opening of prolylglycine at pH 5.4 predicted
by the general mechanism is observed, but the products monitored
account for only 25% of degraded peptide. The comparatively
large increase in pH (Figure 1) reflects the formation of a primary
amine rather than ammonia, so the degradation pathway probably
branches after the ring-opening step. The latter is consistent with
reports of an analogous process following external electron addition
in the radiolysis of prolyl peptides.”” Quantitative decarboxylation
and the formation of the radical dimer in photolysis at pH 1 follow
the pattern observed with glycylglycine and emphasize the sen-
sitivity of the photochemistry to protonation of the carboxyl group.

Zwitterionic phenylalanylglycine also undergoes, to a lesser
extent, the photochemistry shown by glycylglycine. As with
valylglycine, some conformational inhibition of deamination might
be expected, but the depressed yield of carbon dioxide suggests
competition from alternative pathways is also involved. We
confirm Meybeck’s qualitative observations of 3-phenylpropan-
amide (3d), phenylalanine methylamide (8d), glycine, glycyl-
glycine, phenylalanine, and 3-benzylpiperazine-2,5-dione,!” but
all except the first, which is the analogue of acetamide in the
photolysis of glycylglycine, and glycine are minor products. We
did not detect the deamination product which might be expected
from the corresponding radical observed by ESR,” although
benzyl radicals, which are also reported,?247 accord with our
finding toluene in trace amounts.

Phenylalanylglycine differs from the other dipeptides studied
in that the most active chromophore lies in the side chain. The
electronic absorption spectrum of the peptide in water is effectively
the sum of the spectra of benzyl alcohol and glycylglycine, so the
absorption of 254-nm radiation may be considered to result in
excitation affecting predominantly the phenyl ring. The initial
quantum yield for the formation of3d is 5.6 (£1.7) X 1073, As
intramolecular energy transfer from phenyl to peptide groups is
precluded,” the formation of 3d via peptide excitation could occur
only by direct absorption. Competitive absorption by phenyl,’
and the conditions of measurement, however, reduced the theo-
retical quantum yield of unity by this mechanism to a maximum
observable value of 4.5 X 1073, Thus, either the formation of 3d
via the photolytic pathway for aliphatic peptides has an effective
quantum yield near unity or the observed data reflect the efficiency
with which a similar chemistry arises via absorption in the side
chain.

(77) (a) Makino, K.; Riesz, P. Can. J. Chem. 1982, 60, 1480~1485, (b)
Suzuki, W.; Matino, K.; Moriya, F.; Rokyshika, S.; Hatano, H. J. Phys.
Chem. 1981, 85, 263-268.

(78) Lion, Y.; Kuwabara, M.; Riesz, P. Photochem. Photobiol. 1981, 34,
297-307.

(79) Larson, D. B.; Arnett, J, F.; Seliskar, C. J.; McGlynn, S, P. J. Am,
Chem. Soc. 1974, 96, 3370-3380.
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Phenyl absorption presents two opportunities for photoinduced
intramolecular electron transfer: to the peptide LUMO"#0 or
from the carboxylic HOMO3%8! (Scheme Xa,b, respectively).
Scheme Xa would be facilitated by the tendency of the side chain
to fold over the peptide group®? and follows earlier proposals for
a carboxylate-to-phenyl relay in the photolysis of phenylalanyl
derivatives.2!?427.7 QOn the other hand, dye-promoted photo-
decarboxylations of peptides®! demonstrate the feasibility of the
alternative mode (Scheme Xb), which might also better accom-
modate evidence of the decarboxylation radical.?#”® Potential can
be seen in both 16 and 17 for product formation that avoids
deamination, decarboxylation, or both, but, with the possible
exception of glycine, no such product was detected in significant
yield. In particular, none of the available compounds benzyl
alcohol, coumarin, dihydrocoumarin,® hydrocinnamic acid, N-
(3-phenylpropanoyl)glycine, N-(1-oxo-3-phenyl-2-propenyl)-
glycine, and N-methyl-3-phenyl-2-propenamide (and their pho-
toproducts) that might be anticipated from the intermediate 16
were found in the photolysate. The release of glycine could be
the result of deamination of 16, followed by O-aryl cyclization
and hydrolysis. A pathway similar to Scheme Xa offers a plausible
reason for the exceptionally high quantum yield for the photo-
chemical release of alanine from the phenylacylalanine,
Ph(CH,),CONHCH(CH,)CO,H, when n = 3.> As shown in
Scheme X1, the availability of a suitable conformation for not
only electron transfer but also cyclization would account for the
10-fold higher value compared with analogous compounds where
n=2or4

Product formation via 14d explains results from the photolysis
of phenylalanylglycine that are similar to those for glycylglycine
and implicates the intermediacy of an adduct between 14d and
the substrate. This finds support in the variation of &_gg with
conversion (Figure 7), which shows the initial increase expected
for the introduction, as the photolysis proceeds, of a pathway
involving a second molecule of dipeptide. The effect is attenuated
in Figure 7 by the opposite trend, shown at higher conversion, due
to competing absorption by products.

Photolysis of phenylalanylglycine at low pH shows behavior
similar to that for glycylglycine, albeit with lower yields of
analogous products. The 4-fold decrease for ammonia contrasts
sharply with the insensitivity of deamination to pH in this range
in the photolysis of phenylalanine®* and suggests that the in-
volvement of carboxylate is important at the higher pH in the
dipeptide, in spite of phenyl excitation. The significantly lower

(80) Albini, A,; Sulpizio, A, In Photoinduced Electron Transfer; Fox, M.
A., Chanon, M., Eds.; Elsevier: Amsterdam, 1988; Part C, p 88.

(81) Carmichael, A. J.; Mossaba, M. M.; Riesz, P.; Rosenthal, I. Photo-
biochem. Photobiophys. 1988, 10, 13-21,

(82) Kobayashi, J.; Nagai, V. Biopolymers 1978, 17, 2265-2277. Liwo,
A.; Ciarkowski, J. Tetrahedron Letrt. 19858, 26, 1873-1876. Zhang, W.;
Anteunis, M. J. O.; Borremans, F. A. M. Int. J. Pept. Protein Res. 1986, 28,
593-602.

(83) (a) Pandey, G.; Krishna, A.; Rao, J. M. Tetrahedron Lett. 1986, 27,
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yield of ammonia from protonated phenylalanine methylamide
(8d) compared with that from the neutral dipeptide supports the
same conclusion.

The higher yield of ammonia and lower yield of carbon dioxide
in photolysis of the retropeptide, glycylphenylalanine, favors
electron transfer from excited phenyl to ground-state CONH
(Scheme XI1), as applies in analogous tryptophyl derivatives.??
In the photolysis of glycyltryptophan, the diradical analogous to
19 undergoes cyclization and proton transfer to give 2. We did
not find a cyclized product with glycylphenylalanine but a sig-
nificant yield of acetamide. The low yield of carbon dioxide,
however, shows that most of this product cannot arise via electron
relay and the glycylglycine mechanism (route a, Scheme XII) but
must involve a pathway (b) that not only avoids the release of
carbon dioxide but also accommodates the formation of acetamide
directly in the photolysate. A search for some plausible products
consistent with this requirement (e.g., coumarin, phenylpyruvic
acid, glyoxylic acid, and benzyl alcohol) was unsuccessful, although
this may have been frustrated by secondary photochemistry. Our
results suggest that the only radical reported in spin-trapping
studies,”® corresponding to decarboxylation, is part of a minor
degradative pathway. Meybeck detected 3-benzylpiperazine-
2,5-dione, glycylglycine, glycine, and phenylalanine. We found
the first of these in 6% yield at 20% conversion; the other three
are, at best, very minor products of photolysis. None of the
intermediates suggested in Scheme XII account readily for the
piperazinedione. Analogues are not formed in the photolysis of
aliphatic dipeptides, and the involvement of the excited phenyl
group as an electron acceptor offers a plausible hypothesis (Scheme
XIII). A conformation in which the phenyl ring lies over the
peptide group®? offers opportunities for electron transfer, proton
transfer, O-aryl cyclization, and cyclodehydration.

Decarboxylation is also inhibited in the other C-terminal
phenylalanyl peptide studied, prolylphenylalanine. The formation
of 2-piperidone after heating the photolysate of this substrate
indicates a ring-opening deamination occurs similar to that ob-
served with prolylglycine (Scheme 11), although the (secondary)
hydroxymethylamide from prolylphenylalanine would fragment
spontaneously.®® The low yield and lack of other product data
leave open the question of whether or not the reaction is promoted
by side-chain absorption. The closely similar yields of carbon
dioxide and ammonia for phenylalanylproline and phenyl-
alanylglycine show that, if Scheme X1 is valid, a prolyl ring applies

(9]
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no constraint to electron transfer between the carboxylate and
phenyl groups.

Conclusions

Absorption of UV radiation by the peptide group in aliphatic
dipeptides leads to efficient deamination and decarboxylation.
Nucleophilic addition to the zwitterionic intermediate that remains
then affords the major products. Results from glycylglycine, in
particular, emphasize the need for caution in evaluating data from
the observation of transients. Acetamide and its thermal pre-
cursors, accounting for ~70% of the photoproducts, have hitherto
remained undetected.

The primary photochemistry can be explained in terms of
intramolecular electron transfer from carboxylate to n — =*
excited amide or, possibly, of bond cleavage promoted by po-
larization in a charge-transfer excited state. Both protonation
of carboxylate and deprotonation of ammonium groups lead to
different photochemistry, the former because of the increased
ionization potential of the incipient donor®’ and the latter because
deamination is inhibited. The high-yield products at low pH arise
from hydrogen abstraction by, and dimerization of, the decar-
boxylation radical.

Substitution at the amino a-carbon atom reduces the availability
of conformations required for deamination, and products derived
from decarboxylation alone are formed in higher yield. Ring-
opening deamination remains a principal outcome, however, in

(85) Richer, G.; Sandorfy, C.; Naseimento, M. A. C. J. Electron Spec-
trosc. Relat. Phenom. 1984, 34, 327-335. '
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the photolysis of neutral aqueous prolylglycine. Phenylalanyl
peptides degrade via similar intermediates, implicating side chain
to peptide electron transfer!®21:282% a5 the phenyl ring is the active
chromophore. The subsequent thermal chemistry is more diverse,
however, and probably includes disruption of the phenyl ring.3¢

Our results show the peptide group is a photochemically active
chromophore, probably operating as an acceptor in electron-
transfer reactions. While optical filtration by the atmosphere
precludes direct absorption by the peptide group in photobiology,
similar behavior in its ground state, as observed here with phe-
nylalanyl peptides, may be promoted by excitation elsewhere, 287
and the possible implications for pathways in protein photo-
degradation®!* and in photobiological charge separation’ merit
some consideration. For example, present evidence of the ready
participation of peptide groups in electron-transfer processes
strengthens the possibility of their involvement as mediators in
long-range electron transfer,? either as single components or in
a chain.®® The latter has been the subject of much speculation
in both the excited- and ground-state redox chemistry of pro-
teins 8101289 and it has been investigated in model studijes.!%13.50
Preliminary results from the photolysis of triglycine indicate some
sequential electron transfer does occur,’! and its conformational
dependence is currently under investigation.
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