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Resolution of 121 and 3b,cZ2 and assignment of absolute config- 
uration will be reported separately. 

General Procedure. A mixture of the racemic or partially 
resolved amine (25 "01) and 25 mmol (+)-MTPAB was dissolved 
in 0.5 mL of benzene-d, (or CDCl3) and the NMR spectrum 
recorded. 
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A number of methods have been devised to stabilize 
biologically active peptides against metabolic degradation 
and to study their structure-activity re1ationships.l 
Among these is the preparation of partially modified re- 
tro-inverso-peptide structures.2 Implicit in this approach 
is the notion that the requisite a,a-diamino residues are 
readily accessible and that these species can be incorpo- 
rated into the desired peptide sequence in standard fash- 

Recent additional interest in a,a-diamino com- 
pounds derives from their possible application in the study 
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of peptide carrier systems designed with the intent of 
transporting therapeutically useful compounds into mi- 
crobial cells.4 There are thus several applications5 for 
which one would like to have an a,a-diamino residue 
available for use in peptide synthesis. In this connection, 
we report the preparation of a-aminoglycine (l),  in pro- 
tected form, which complements existing method010gy,3~?~ 
and demonstrate its manipulation in the synthesis of sim- 
ple dipeptides. 

1 

The synthetic process is summarized in Scheme I. 
2-Propanethiol is amidoalkylated with a-hydroxy-N- 
(benzyloxycarbony1)glycine (2) according to the method 
of Ben-Ishai to give the crystalline a-isopropylthio deriv- 
ative 3.6 The second amino group is then introduced via 
a mercuric ion mediated displacement of the isopropylthio 
moiety with tert-butyl carbamate. In this way, protected 
a-aminoglycine 4 is accessible in 70% overall yield from 
2 as a stable solid which can be stored in the refrigerator 
indefinitely. The acyl imine which is presumably the in- 
termediate in the alkylthio displacement can be inter- 
cepted with other primary carbamates as well, for example, 
ethyl carbamate. However, treatment of 3 with ammonia 
and mercury salts to give monoprotected a-aminoglycine 
(cf. 8a) was found not be an efficient process. 

The differentially protected 4 is poised for further ela- 
boration at  both the amino and carboxy termini, in either 
order. Accordingly, the coupling of 4 with L-alanine methyl 
ester in the presence of common carbodiimide reagents 
afforded the corresponding dipeptide 6, as a mixture of 
diastereomers, 86% yield. Alternatively, esterification of 
4 leads to 5,  which is stable indefinitely at  room temper- 
ature and which can be further modified as outlined in 
Scheme 11. No difficulty is encountered in selectively 
removing the amino protecting groups of 4 or 5 as either 
the benzyloxycarbonyl (Cbz) or tert-butyloxycarbonyl 
(Boc) groups are readily cleaved to give 7 and 8, respec- 
tively. These compounds are also stable materials (0 "C, 
dry) although we have found it advisable to use 7a and 7b 
as soon as they are generated. As a further illustration of 
their application in peptide synthesis, 7b was coupled with 

Scheme I" 
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(a) (CH3)&HSH, HzS04 (catalyst), HOAc; (b) (CH,),CCO,N- 
H,, Hg2+, THF; (c) CHBI, K2C03, DMF. 
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(a) Pd/C, HC02H-H20, CH,OH. (b) HCl(g), EtOAc. 
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Cbz-L-alanine to give 9 in 81% yield; 8b was coupled with 
Boc-L-methionine and Boc-L-leucine, by using standard 
methodology, to afford 10 and 11 in 71% and 50% yield, 
respectively. 

In summary, a-aminoglycine was prepared by using an 
efficient process. Its ready availability should facilitate 
i ts  application in  peptide structure-functioin studies as 
well as in organic synthesis. 

Experimental Section 
Commercial chemicals were used as obtained without further 

purification, except for solvents, which were purified and dried, 
where appropriate, before use by standard methods. Melting 
points were determined in open capillaries on a Thomas-Hoover 
Unimelt apparatus and are uncorrected. 'H NMR spectra were 
recorded on a Nicolet NT-360 spectrometer with an internal lock 
on the deuterium resonance of the solvent. Fast atom bom- 
bardment (FAB) mass spectra were run on a Finnigan-Mat 731 
instrument and electron impact (EI) and field desorption (FD) 
spectra were determined on a VG 7035 spectrometer. All chro- 
matography was carried out on silica gel 60F-254 (E. Merck). 
a-(1sopropylthio)-N-(benzyloxycarbony1)glycine (3): 

prepared according to Zoller and Ben-Ishais in 77% yield; mp 
82-84 "C; NMr (CDCl,) 6 1.35 (t, 6 H, J = 7 Hz), 3.27 (hep, 1 H, 
J = 7 Hz), 5.15 (m, 2 H), 5.40 (d, 1 H, J = 9 Hz, a-proton), 5.64 
(d, 1 H, J = 9 Hz, NH), 6.0-6.4 (br s, 1 H, C02H), 7.35 (m, 5H); 
MS m/e 238 (M - C02H), 209, 162, 148, 108, 107, 92, 91, 77. 

Anal. Calcd for C,3Hl,N04S C, 55.11; H, 6.05; N, 4.94. Found: 
C, 55.09; H, 6.13; N, 5.22. 

CY-( tert  -Butyloxycarbonylamino)-N"-(benzyloxy- 
carbony1)glycine (4). To a solution of 75 mL of tetrahydrofuran 
containing 4.1 g (14.5 mmol) of 3 and 7.3 g (62.3 mmol) of tert- 
butyl carbamate was added 5.9 g (21.7 mmol) mercuric chloride. 
The resulting solution was heated at  65 "C for 20 h. The reaction 
mixture was diluted with ether (150 mL) and filtered. The filtrate 
was washed with ether (200 mL) and the filtrate extracted with 
10% sodium hydroxide solution (2 X 75 mL). The aqueous 
extracts were washed with ether and acidified to pH 4 with 
concentrated HC1. The resulting milkly white suspension was 
extracted with ether (3 X 150 mL), and the combined organic 
extracts were dried (MgS04) and rotoevaporated to give a white, 
free-flowing powder. Recrystallization from ether afforded 4.3 
g (91%) of the analytical product: mp 158-159 "C dec; NMR 
(Me2SO-d6) 6 1.38 (s, 9 H), 5.05 (s, 2 H), 5.28 (t, 1 H, J = 8 Hz, 
CHC02H), 7.35 (m, 6 H), 7.85 (d, 1 H, J = 8 Hz); MS, m/e 279 

Anal. Calcd for C15H&J206: C, 55.55; H, 6.22; N, 8.64. Found 
C, 55.51; H, 6.32; N, 8.57. 

CY-( tert  -Butyloxycarbonylamino)-N*-(benzyloxy- 
carbony1)glycine Methyl Ester (5). Acid 4 (800 mg, 2.46 mmol) 
was dissolved in 4 mL of DMF and treated with potassium car- 
bonate (518 mg, 3.75 mmol) and methyl iodide (162 wL, 2.60 
mmol). After 3 h, extractive workup afforded a white solid, which 
was recrystallized from ether to give 800 mg (96%) of the product: 
mp 115-116 "C; NMR (CDCI,) 6 1.45 (s, 9 H), 3.8 (s, 3 H), 5.13 
(s, 2 H), 5.34 (t, 1 H, J = 7 Hz), 5.93 (br s, 1 H), 6.16 (br s, 1 H), 
7.35 (m, 5 H); MS m / e  282 (M - C4H8), 279 (M - C02CH3), 223, 
179, 135, 133, 115, 108, 107, 91, 79. 

Anal. Calcd for ClsH,N2o6: C, 56.80; H, 6.55; N, 8.28. Found 
C, 57.01; H, 6.54; N, 8.35. 

a-Amino-N*-( tert -butyloxycarbonyl)glycine (7a). A 
magnetically stirred solution of 40 mL of methanol and 4.5 mL 
of 90% formic acid at  0 "C was treated with 200 mg of 10% 
palladium/carbon catalyst under nitrogen. To the resulting 
suspension was added 4 (200 mg, 0.62 mmol), and stirring was 
continued for 2 h. The reaction mixture was filtered through 
Celite, and the filtrate was rotoevaporated. The resulting oil was 
dissolved in a minimum amount of ethyl acetate and stored at  
-20 "C. 7a precipitated from solution as a whilte solid (120 mg, 
83%): mp 105-106 "C; NMR (MezSO-d6) 6 1.40 (s,9 H, t-Bu), 
4.52 (d, 1 H, J = 7 Hz, a-proton), 6.15 (br s, exchangeable), 7.05 
(d, 1 H, J = 7 Hz, NH), 8.32 (s, 1 H, HC0,H); MS FAB m/e 212 
(sodium salt). NMR analysis showed decomposition to tert-butyl 
carbamate and other products on prolonged standing at  room 
temperature. 

(M - COZH), 268 (M - C4HB) 223, 179, 151, 108, 107, 91, 79. 

a-Amino-N*-( tert-butyloxycarbony1)glycine Methyl Ester 
(7b): prepared according to the method for 7a in 90% yield and 
isolated as a gummy oil; NMR (D20) 6 1.47 (s, 9 H, t-Bu), 3.85 
(9, 3 H, C02CH,), 3.95 (s, 1 H, a-proton), 5.13 (br s, 1 H, NHCO), 

a-Amino-N*-(benzyloxycarbony1)glycine (8a). Compound 
4 (500 mg, 1.54 mmol) was dissolved in 70 mL of ethyl acetate 
and stirred at  0 "C. A continuous stream of hydrogen chloride 
gas was passed into the solution for 30 min. The reaction mixture 
was then warmed to room temperature and stirred 30 min more. 
Concentration under reduced pressure and trituration with ether 
afforded 410 mg (98%) of 8a as a white, amorphous solid: mp 
135 "C dec; NMR (MezSO-ds) 6 5.13 (s, 2 H, CH2CsH,), 5.24 (d, 
1 H, J = 7 Hz, CHC02H), 7.36 (m, 5 H), 8.63 (br s, 2 H), 8.85 (d, 
1 H, J = 7 Hz, CONH); MS FAB, m/e 246 (sodium salt). This 
material which was stable in the solid state could be stored un- 
changed at -20 "C and was of sufficient quality for all subsequent 
reactions. RecrystaJlization from ethanol-ether gave while needles, 
mp 126-128 OC. HPLC and NMR analysis showed extensive 
decomposition to benzyl carbamate and other products on pro- 
longed standing at  room temperature. 

a-Amino-N"-( benzyloxycarbony1)glycine Methyl Ester 
(8b): prepared according to the method for 8a in 93% yield: mp 

(m, 1 H), 7.37 (m, 5 H); MS (free base) FI/FD, m/e 239 (M + 
H); MS (free base) EI, m/e 179 (M - C02CH3), 151,135,115 108, 
91. 

Anal. Calcd for CllH&1N2O4: C, 48.10; H, 5.50; N, 10.20. 
Found: C, 48.17; H, 5.50; N, 10.45. 

General Procedure for Dipeptide Synthesis. The a-ami- 
noglycine residue (0.6 mmol) was combined at room temperature 
with the appropriate amino acid derivative (0.9 mmol), 1- 
ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (0.9 
mmol), and 1-hydroxybenzotriazole (0.9 mmol) in 2 mL of di- 
methyl formamide with exclusion of moisture. The pH of the 
reaction mixture was adjusted to approximately 8.5 (moist pH 
paper) with triethylamine. The reaction mixture was stirred at 
room temperature (1-14 h), and the solvent was removed under 
reduced pressure. The residue was partitioned between ethyl 
acetate and citric acid solution (10%). The organic phase was 
washed with citric acid solution (lo%), sodium bicarbonate so- 
lution (50%), and brine. The dried (Na2S04) organic extracts 
were rotoevaporated to yield the crude product, which was purified 
chromatographically and/or by crystallization. 

N*-Cbz-N'-Boc-Gly-L-Ala-OCH3 (6): white solid, mixture 
of diastereomers; R, 0.38 (1:l hexane-ethyl acetate); mp 180-182 

(s, 3 H), 4.57 (br q, 1 H, J = 7 Hz), 5.15 (br s, 2 H), 5.46 (t, 1 H, 
J = 6 Hz, a-proton Gly), 5.7 (br s, 1 H, NH), 5.95 (br s, 1 H, NH), 
7.15 (br s, 1 H, NH), 7.35 (m, 5 H); MS FAB, m/e 410 (M + H). 

Anal. Calcd for Cl9HnN30,-O.4H2O: C, 54.77; H, 6.73; N, 10.08. 
Found: C, 55.01; H, 6.81; N, 9.83. 
N*-BO~-N*-(N"-C~~-L-A~~)-G~~-OCH, (9): white solid, 

mixture of diastereomers; R, 0.29 (1:l hexane-ethyl acetate); mp 

H), 3.79 and 3.80 (s, 3 H), 4.29 (br q, 1 H, J = 7 Hz), 5.13 (m, 
2 H), 5.29 (br d, 1 H, J = 7 Hz), 5.41 (br t, 1 H, J - 7 Hz), 5.94 
(br s, 1 H), 7.36 (m, 5 H); MS FAB, m/e 410 (M + H). 

Anal. Calcd for C,,H,N3O7-0.5H2O: C, 54.53; H, 6.75; N, 10.04. 
Found: C, 54.69; H, 6.84; N, 9.71. 
Na-Cbz-N*-(N*-Boc-~-Met)-Gly-OCH3 (10): white solid, 

mixture of diastereomers; R, 0.31 (1:l hexane-ethyl acetate); mp 
141-143 "C; NMR (CDCl3) 6 1.45 (s,9 H), 1.92 (m, 1 H), 2.06 (m, 
1 H), 2.19 and 2.20 (s, 3 H, SCH,), 2.54 (m, 2 H), 3.79 (s, 3 H), 
4.33 (br s, 1 H), 5.11 (s, 2 H), 5.21 (br d, 1 H, J - 7 Hz), 5.51 (t, 
1 H, J - 7 Hz), 6.26 (br I, 1 H), 7.35 (m, 5 H), 7.64 (br s, 1 H); 
MS, m/e 469 (M'), 413 (M - C4H8), 395,339,321,262, 244,231, 
218, 159, 144, 108, 91. 

Anal. Calcd for C2,H,,N3O7S: C, 53.71; H, 6.65; N, 8.95. Found 
C, 53.31; H, 6.70; N, 8.85. 
N*-Cbz-Na-(N"-Boc-~-Leu)-G1y-OCH3 (11): white solid, 

mixture of diastereomers; R, 0.45 (1:l hexane-ethyl acetate); mp 
87-89 "C; NMR (CDC1,) 6 0.93 (m, 6 H), 1.44 (s, 9 H), 1.45 (m, 
1 H), 1.65 (m, 2 H), 3.79 (s, 3 H), 4.14 (br s, 1 H), 4.84 (br s, 1 
H), 5.10 (m, 2 H), 5.48 (br t, 1 H, J - 6 Hz), 6.23 (br s, 1 H), 7.35 
(m, 5 H), 7.56 (br d, 1 H, J - 6 Hz), MS, m/e 451 (M'), 395,392, 

8.46 (s, 1 H, HCOZH). 

136-137 OC; NMR (MezSO-d,) 6 3.75 (9, 3 H), 5.13 (s, 2 H), 5.37 

"C; NMR (CDC13) 6 1.41 (d, 3 H, J = 7 Hz), 1.45 (s, 9 H), 3.75 

150-152 "C; NMR (CDCl,) 6 1.40 (d, 3 H, J = 7 Hz), 1.44 (s, 9 
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377, 318, 274, 210, 186, 141, 130, 108, 91. 

C, 58.64; H, 7.41; N,  9.02. 
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Anal. Calcd for CZ2H3N3O7: C, 58.52; H, 7.37; N, 9.31. Found: 
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Although the spectroscopy, chemistry, and quantum 
chemistry of and benzyl4+ radicals have received 
much attention, the equilibrium geometry of the ground 
state of the benzyl radical has not been reported. Johnson1 
performed a series of interesting calculations on the ground 
and several excited states of the phenyl radical; an op- 
timized structure was reported for the ground state but 
a CZu symmetry constraint and an STO-3G basis set were 
used. Since radical structure calculations using a STO-3G 
basis sets are only relatively reliable (for example, the 
methyl radical7 was found to be nonplanar when an 
STO-3G basis set was used) and Johnson' restricted the 
geometry optimization by starting with a CZu symmetry, 
we decided to refine the phenyl ground-state geometry by 
using a better basis set and a lower initial symmetry. In 
addition, we computed second derivatives in order to 
confirm that the optimized structures correspond to min- 
ima on the energy surface. We also investigated the 
ground-state structure for benzene by using ab initio 
methods; a comparison of the theoretical benzene structure 
with the accepted experimental structure8 provides a useful 
benchmark for the quality of the calculated equilibrium 
geometries for the ground states of the phenyl and benzyl 
radicals. 

Computational Details 
The geometries for benzene, the phenyl radical, and the 

benzyl radical were computed by using the restricted 
open-shell Hartree-Fock (ROHF) formalism with a 4-31G 
basis set.g The calculations were performed by using the 
computer code GAMESS'O which utilizes the gradient 
method to optimize geometries. The geometry optimiza- 
tion for the benzyl radical was conducted without using 
any symmetry as input into the GAMESS code. Only a 
vertical plane of symmetry was used to initiate the geom- 
etry optimization for the phenyl radical. 

'Present address: Molecular Research Institute, Palo Alto, CA 
94304. 
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Figure 1. The ROHF-optimized geometry for the ground state 
of benzene; bond lengths in angstroms and bond angles in degrees; 
total energy = -230.37776 hartrees. 

Second derivatives were calculated a t  the geometry of 
the optimized structure for both the phenyl and benzyl 
radicals. The vibrational frequencies, which will be re- 
ported separately, thus computed were all real, hence 
confirming that the optimized geometries indeed corre- 
spond to minima on the energy surfaces. 

Two additional comments should be made: the first is 
that ROHF calculations at the 3-21G level for benzene and 
the phenyl radical gave the geometry obtained by using 
the 4-31G basis after rounding off bond lengths to the 
nearest thousandth of an angstrom and bond angles to the 
nearest tenth of a degree; the second is that unrestricted 
Hartree-Fock (UHF) calculations for the phenyl and 
benzyl radicals gave values for the spin eigenfunction S2 
much larger than 3/4, indicating considerable contami- 
nation from other electronic states. Consequently, UHF 
calculations do not appear to be appropriate for the phenyl 
and benzyl radicals. 

Results and  Discussion 
A computer drawing for the optimized geometry of the 

ground electronic state for benzene is shown in Figure 1. 
The pertinent geometrical values are the CH and CC bond 
lengths which are slightly shorter than the accepted ex- 
perimenta18 values, rCH = 1.084 A and rcc = 1.397 A, but 
equal to those obtained by Pulay, Fogarasi, and Boggsll 
using similar ab initio calculations. The computational 
results for the phenyl and benzyl radicals should follow 
the same trend. 

The optimized geometry for the phenyl radical is shown 
in Figure 2. Note that the radical structure is significantly 
different from the benzene geometry. The salient features 
are that the a-CC bonds are -0.03A shorter than those 
in benzene while the C2ClC4 bond angle increases by "5'; 
only small changes are found for the other geometric pa- 
rameters. The change in these parameters from the cor- 
responding benzene values reflect the distortion of the ring 
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