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Bromination of la with Bromine in Acetic Acid. To a 
solution of 100 mg (0.42 "01) of la in 30 mL of acetic acid was 
added a solution of 160 mg (1.0 mmol) of bromine in 10 mL of 
acetic acid at rt. After the reaction mixture was stirred for 1 h, 
it was poured into water (IO mL). The organic layer was extracted 
with CH2C12. The extract was washed with 10% aqueous sodium 
thiosulfate, 10% aqueous sodium bicarbonate, and water (each 
5 mL), dried (NaZsOJ, and evaporated in vacuo to leave a residue, 
which was recrystallizsd from carbon tetrachloride to give 96 mg 
(58%) of IC: pale yellow prisms (carbon tetrachloride); mp >265 
O C  dec; IR (KBr) 3580 (OH) cm-l; lH NMR (CDCl,) 6 2.52-2.96 
(8 H, m), 3.70 (2 H, 8, exchanged by DzO), 7.16 (4 H, 8); MS m/e 
396,398,400 (M+). Anal. Calcd for Cl6Hl4OzBr2: C, 48.27; H, 
3.54. Found C, 47.86; H, 3.51. 
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The preparation of synthetically useful FMOC-, BOC-, 
and %substituted a-amino acid fluorides, including those 
bearing a variety of protected side chains, has recently been 
described.1*2 In the case of aspartic and glutamic acids 
the isomeric w-acid fluorides could also prove to be of 
significant synthetic utility. The published collection of 
BOC-substituted a-amino amino acid fluorides included 
the @- and y-benzyl ester, a-acid fluorides.lb More recently, 
in the pursuit of new routes to asparagine and glutamine 
derivatives, we had occasion to prepare the analogous 8- 
and y-acid fluorides and were surprised to find that the 
properties (mp, optical rotation) of these two compounds 
fit precisely the data previously recorded for the isomeric 
a-fluorides. Closer examination revealed that due to a 
labeling error the compounds listed earlier as la,b are in 
fact the non-a-fluorides 2a,b. 

(CH,),COOBn (CH,)"COF 
I 

BOCNHCHCOOBn 
2a: n =  1 

I 
BOCNHCHCOF 

la:  n =  1 
b: n = 2  b : n = 2  

In the present note we describe the authentic a-acid 
fluorides la,b. Both syntheses were accompanied by the 
formation of traces of the corresponding Leuch's anhy- 
drides 3 (NCAs). Contamination by such NCAs is limited 

0 
+-NH 

o)&HZ)nCOOBn 

3a,b 

to amino acids bearing a-BOC protedion, no such reaction 
having yet been observed for the analogous FMOC- and 
%a-acid fluorides. %Amino acid chlorides differ from the 
fluorides in that the former are readily converted to NCAs 
on standing or heating.3 
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(1) (a) Carpino, L. A.; Sadat-Aalaee, D.; Chao, H. G.; DeSelms, R. H. 
J. Am. Chem. SOC. 1990,112,9651. (b) Carpino, L. A,; Manaour, E. M. 
E.; SadatAalaee, D. J. Org. Chem. 1991,56,2611. 

(2) Bertho, J. N.; Loffet, A.; Pinel, C.; Reuther, F.; Sennyey, G. Tet- 
rahedron Lett. 1991, 32, 1303. 

The FMOC- and %substituted 0- and y-acid fluorides 
are also described in the present note (Table I). In the 
case of a-FMOC-glutamic acid a-benzyl ester, y-acid 
fluoride the reaction with cyanuric fluoride was carried out 
at room temperature as is normal for FMOC a-fluorides 
and a trace of the corresponding pyroglutamic acid ester 
accompanied the acid fluoride. No pyroglutamate was 
observed in the case of the a-BOC or a-2 analogs probably 
because these reactions were carried out at low tempera- 
tures (-30 to -20 "C) as is normal for the more acid-sen- 
sitive systems. Repetition of the FMOC synthesis at low 
temperature also avoided this side reaction. The prepa- 
rations described here represent additional examples of 
the relative stability of amino acid fluorides vis-a-vis the 
corresponding chlorides. As in the NCA synthesis de- 
scribed earlier, an acid chloride intermediate is involved 
in some routes to pyroglutamates (e.g., 4 to 6)."v5 
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The 8- and y-acid fluorides described in this note were 
initially examined as intermediates for the synthesis of the 
N-trityl derivatives of Asn and Gln. Although simple 
amines reacted readily, e.g., 7 on treatment with benzyl 
amine to give 8, the highly hindered6 tritylamine gave none 

C ~ H S C H ~ N H ~  ~ BOC-Gln(Bn)-OBn 
8 

BOC-Glu( F)-OBn 

OQCOOS" I 

hoc 
9 

of the glutamine derivative. Instead only the pyroglutamic 
acid ester 9 was obtained. In the meantime simple routes 
to the N-trityl derivatives of both Asn and Glu have been 
reported.' Both of these compounds have now been 
converted to the corresponding FMOC-protected a-acid 
fluorides which proved,to be soluble, highly reactive, stable 
acylating agents for bolution and solid-phase peptide 
synthesis. 

Once all four isomers of the fluorides of BOC-substituted 
aspartic acid and glutamic acid esters became available it 
could be seen by comparison of their 'H NMR spectra that 
the a-acid fluorides can be distinguished from their 0- and 
y-isomers by virture of differences in the methylene pro- 
tons a to the acid fluoride and ester carbonyl functions. 
Thus for lb the methylene group a to the carbonyl ester 
function appears as a clean triplet whereas for 2b this 

(3) Farthing, A. C. J.  Chem. SOC. 1980, 3213. 
(4) Berenbom, M.; White, J. J.  Am. Chem. SOC. 1949, 71, 2246. 
(5) (a) Pettit, G. R.; Nelson, P. S. J. Org. Chem. 1983,48,741. (b) To 

exploit ita reactivity for synthetic purposes it ie "yewary to w the acid 
chloride soon after preparation. See: Goldschmidt, S.; Lautenechlager, 
W.; Kolb, B.; Zumach, G. Chem. Ber. 1964,94,2434. 

(6) Compare: Zervas, L.; Theodoropoulos, D. M. J.  Am. Chem. SOC. 
1966, 78, 1359. 

(7) Sieber, P.; Riniker, B. Tetrahedron Lett. 1991, 32, 739. 

0022-326319211957-6371$03.00/0 0 1992 American Chemical Society 



6372 J.  Org. Chem., Vol. 57, No. 23, 1992 Notes 

Table I. 'E NMR Data for CY-, 8-, and 7-Aspartic and -Glutamic Acid Fluorides [ppm (CDC1,)P 
compound C(CH3)3 -(CHZIz- or -CH20- a-CH CH2Ar or OCH2CH -NH- aromatic protons 

BOC-hp(F)-OBnb 1.46 (e, 9) 3.15 (m, 2, j3-CH2) 4.65 (m, 1) 5.23 (8 ,  2) 5.50 (d, 1) 7.38 (a, 5) 
BOC-Glu(F)-OBnb 1.46 (8, 9) 2.0 and 2.25 (2 m, 2, j3-CH2) 4.45 (m, 1) 5.23 (a, 2) 5.18 (d, 1) 7.38 (8, 5) 

Z-Aap(F)-OBncsd 

Z-Glu(F)-OBnc*e 

2.55 (m, 2, y-CH2) 
3.15 (m, 2, P-CH,) 4.70 (m, 1) 5.17 (a, 2) 5.79 (d, 1) 7.38 (a, 10) 

1.98 and 2.25 (2 m, 2, B-CHd 4.55 (m. 1) 5.13 (a, 2) 5.55 (d. 1) 7.37 (8. 10) 
5.20 (8 ,  2) 

. .  
2.55 (m, 2, y-CH,)' 

Fmoc-Asp(0-t-Bu)-F 1.45 (a, 9) 2.90 (dq, 2, j3-CHJ 

. ' . .  . . _  . 
5.20 (a; 2) 

4.42 (m, 2, CH,O) 
4.85 (m, 1) 4.25 (t, 1, OCH,CH) 5.85 (d, 1) 7.25-7.8 (m, 8) 

Fmoc-Glu(0-t-Bu)-F 1.45 (a, 9) 2.1 and 2.25 (2 m, 2, j3-CH2) 4.2 (t, 1, OCHZkH) 5.7 (d, 1) 7.25-7.82 (m, 8) 
4.45 (m, 3, CH20, CY-CH) 

Fmoc-Asp(F)-O-t-Bu'J 1.51 (a, 9) 3.15 (m, 2, j3-CHz) 4.55 (m, 1) 4.24 (t, 1, OCH2CH) 5.80 (d, 1) 7.25-7.82 (m, 8) 
4.42 (d, 2, CHpO) 

a For compounds not listed here see the Experimental Section. For yield data and physical constante see ref lb. Prepared as described 
for FMOC-Glu(F)-0-t-Bu in the Experimental Section at -30 to -20 "C for the Z derivatives and at room temperature for the FMOC 
derivative. dYield 88.8%; mp 83-4 "C (CH,Cl,/hexane); [a]"D -12.8 (c 1, EtOAc). Anal. Calcd for Cl&$N06: C, 63.51; H, 5.05; N, 3.90. 
Found: C, 63.52; H, 5.00; N, 3.83. 'Yield 70.0%; mp 55-7 O C  (EhO/hexane); [alao -10.8 (c 1, EtOAc). Anal. Calcd for C&$N05: C, 
64.34; H, 5.40; N, 3.75. Found C, 64.29; H, 5.36; N, 3.69. 'Yield 73.2%; mp 74-5 "C (EhO/hexane); [a]"D -11.0 (c 1, EtOAc). Anal. Calcd 
for Cz3HZ1FNO5: C, 66.82; H, 5.85; N, 3.39. Found C, 66.95; H, 5.96; N, 3.38. 

2.4 (m, 2, y-CH,) 

methylene group, being a to the carbonyl fluoride unit, is 
subject to additional H/F coupling. For the aspartic acid 
pair a similar situation holds for la which shows the 
methylene group adjacent to the benzyl ester carbonyl at 
6 3.0 as two AB quarteta whereas 2a shows this methylene 
at 6 4.2 as a highly complex multiplet. Remaining ab- 
sorptions are difficult to distinguish in the two isomeric 
pairs. Similar characteristic differences are exhibited by 
the a-2 and to a lesser extent the a-FMOC acid fluoride, 
ester pairs. 

Experimental Section 
BOC-Aep(0Bn)-F. To a stirred solution of BOC-Asp- 

(0Bn)-OH (0.646 g, 2 mmol) in a mixture of dry CH2C12 and 
CH3CN8 (8 mL, 1:l) and pyridine (2 mmol, 162 pL) kept under 
a N2 atmosphere was added cyanuric fluoride (6 mmol, 540 pL) 
at -30 to -20 OC. The reaction was followed by TLC using 
CH,Cl,/acetone/HOAc (8/2/0.1) or CHC13/MeOH/HOAc (91 
l / O . l )  by spotting the reaction mixture directly until no residual 
free acid was observed (45-60 min). After the reaction mixture 
was stirred for 1 h, crushed ice was added along with 15 mL of 
additional CH2C12. The organic layer was separated and the 
aqueous layer extracted with 5 mL of CH2C12. The combined 
organic layers were extracted with 10 mL of ice-cold water and 
dried (MgS04), and the solvent was removed with a rotary 
evaporator at  room temperature. Upon recrystallization from 
CH,Cl,-hexane with cooling and scratching, the first material 
which separated (0.1 g) waa identified as the Corresponding Leuch's 
anhydride, mp 121-3 "C ( lke  mp 12&1 "C). Concentration of 
the filtrate followed by cooling gave 0.45 g (69.8%) of the acid 
fluoride as white cryst& mp 46-8 OC; [a]%D = -7.4 (c 1, EtOAc); 
IR (KBr) 1841 cm-'; 'H NMR (CDClJ S 1.48 (a, 9, t-Bu), 3.05 (dq, 
2, 8-CH2), 4.85 (m, 1, a-CH), 5.18 (a, 2, CH,O), 5.55 (d, 1, NH), 
7.38 (8, 5, aryl). 

Anal. Calcd for C16HaN05: C, 59.07; H, 6.20; N, 4.31. Found 
C, 58.68; H, 5.88; N, 4.59. 

BOC-Glu(0Bn)-F. BOC-Glu(0Bn)-OH (0.665 g) was treated 
as described for the aspartic acid analog except that 8 mL of 
CHzClz was used as solvent in accordance with previously de- 
scribed general techniques. Again the f i s t  crop of crystals (0.05 
g) proved to be the corresponding Leuch's anhydride, mp 73-75 
"C or 79-81 OC (different runs) (lit.'O mp 96-97 "C). Concentration 
of the filtrate gave 0.5 g (73.7%) of the acid fluoride as a white 
solid: mp 83-85 "C; [a]%D = -15.5 (c 1, EtOAc); IR (KBr) 1841 
cm-'; 'H NMR (CDC13) 6 1.48 (8 ,  9, t-Bu), 2.1 and 2.25 (2 m, 2, 

(8) In thi~ case the use of pure methylene dichloride BR solvent led only 

(9) Mobashery, S.; Johnston, M. J. Org. Chem. 1985,50,2200. 
(10) Daly, W. H.; Poche, D. Tetrahedron Lett. 1988,29, 5859. 

to isolation of a low yield of the Leuch's anhydride. 

8-CHJ, 2.51 (t, 2, yCHJ, 4.5 (m, 1, a-CHI, 5.19 (a, 2, CH,O), 5.25 
(m, 1, NH), 7.38 (8,  5, w l ) .  
Anal. Calcd for C17HrZFN05: C, 60.17; H, 6.53; N, 4.13. Found: 

C, 59.94; H, 6.17; N, 4.23. 
FMOC-Glu(F)-0-t-Bu. Treatment of 0.425 g (1 mmol) of the 

acid with cyanuric fluoride and pyridine in CHzC12 under the 
normal conditions at  room temperature for 2 h gave a mixture 
of the corresponding FMOC pyroglutamic acid tert-butyl ester 
[mp 163-5 "C; IR (KBr) 1762,1735,1715 cm-'; 'H NMR (CDClJ 
6 1.46 (a, 9, CMeJ, 2-2.8 (m, 4, CHzCHJ, 4.30-4.65 (m, 4,OCH&H, 
a-CH), 7.25-7.80 (m, 8, aryl)] and the acid fluoride. Repetition 
of the reaction at -30 to -20 "C gave an oil which after evacuation 
under high vacuum for 3 h and recrystallization from etherhexane 
gave the acid fluoride as a solvent-swollen white solid. Alter- 
natively the acid fluoride could be purified by column chroma- 
tography over ordinary silica without hydrolysis wing ethyl 
acetatehexane (7/3) as eluent. Evacuation under high vacuum 
overnight expelled the solvent to give 0.28 g (65.6%) of the pure 
fluoride as a dry white solid mp 40-42 OC; [.IUD = 11.4 (c 1, 
EtOAc); IR (KBr) 1&44 an-'; 'H NMR (CDClJ S 1.47 (s,9, CMeJ, 
1.95 and 2.35 (2 m, 2, 8-CH,), 2.55 (m, 2, yCH2), 4.20 (t, 1, 
OCH,CZf), 4.4 (m, 3, CH20, a-CH), 5.45 (d, 1, NH), 7.25-7.80 (m, 
8, aryl). 

Anal. Calcd for C,HgN05: C, 67.43; H, 6.13; N, 3.28. Found 
C, 67.61; H, 6.40; N, 3.16. 

BOC-Gln(Bn)-OBn. To a stirred solution of 0.107 g of 
benzylamine (1 mmol) and 0.129 g (1 mmol) of DIEA in 3 mL 
of dry CH2Cb was added 0.373 g (1.1 m o l )  of BOC-Glu(F)-OBn 
at room temperature. After 5 min additional CHzClz (5-10 mL) 
was added, the layers were separated, and the organic phase was 
washed three times each with 10% KHS04, 10% NaHC03, and 
H,O. Evaporation of the dried (MgSO,) solution gave an oil which 
was recrystallized from CH,Cl,-hexane to give 0.3 g (70.4%) of 
the pure amide ester: mp 90-91 "C; [..IUD = -9.8 (c 1, EtOAc); 
IR (KBr) 1739 (ester), 1690 (urethane), 1645 (amide) cm-'; 'H 
NMR (CDC13) 6 1.45 (8,  9, CMe3), 1.98 (m, 2, b-CH,), 2.25 (t, 2, 
yCH2), 4.35 (m, 1, a-CH), 4.42 (d, 2, NHCH2C6H6), 5.18 (9, 2, 
OCH9C,H,), 5.36 (d, 1, CONH1.6.28 (bs, 1. NHCH,), 7.28 (m, 5, 
ary1),-7.38-(~, 5, aryl). 

C. 67.33: H. 7.44: N. 6.39. 
Anal. Calcd for CUHa206 :  C, 67.59; H, 7.09, N, 6.57. Found 

'BOC-~PG~U-OBII'. substitution of txitylamine for bemylamine 
in the reaction described directly above gave only the corre- 
sponding pyroglutamic acid ester, yield 75%. After recrystalli- 
zation from ethyl ace t abheme  the ester waa obtained as a white 
solid: mp 72-73 "C; IR (KBr) 1783,1740,1703 cm-'; 'H NMR 
(CDClJ 6 1.42 (a, 9, CMeJ, 2-2.6 (m, 4, CH,CHJ, 4.6 (m, 1, a-CHI, 

Anal. Calcd for Cl7HZ1NO5: C, 63.94, H, 6.63; N, 4.39. Found: 
C, 63.96; H, 6.71; N, 4.39. 

FMOC-Asn(Trt)-F. This compound was prepared by the 
general method described previously.' Recrystallization of the 
crude acid fluoride from CHzClz-hexane gave in 83.3% yield the 

5.22 (e, 2, CHZO), 7.4 (8,  5, aryl). 
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pure fluoride: mp 116-118 OC; [aIuD = +3.0 (c 1, EtOAc); IR 
(KBr) 1846 cm-' (COF); 'H NMR (CDC1,) S 2.95 (dq, 2, B-CH2), 
4.20 (t, 1, OCH&H), 4.40 (m, 2, CH,O), 4.79 (m, 1, a-CH), 5.95 
(d, 1, NH), 6.75 (8, 1, NH), 7.05-7.80 (m, 23, aryl). 

Anal. Calcd for C&$NZO,: C, 76.24; H, 5.22; N, 4.68. Found 
C, 76.15; H, 5.43; N, 4.52. 

FMOC-Gln(Trt)-F. Obtained as described above for the Asn 

IR (KBr) 1847 cm-' (COF); 'H NMR (CDClJ S 2.10 and 2.20 (2 
m, 2, 8-CH2), 2.38 (t, 2, r-CH,), 4.20 (t, 1,0CH2CH), 4.35 (m, 2, 
CH,O). 4.55 (m, 1, a-CH), 5.65 (d, 1, NH), 6.68 (s,1, NH), 7.1-7.75 

d o g  h 81.7% yield mp 132-134 O C ;  [u)%D = -7.2 (C 1, EtOAC); 

(m,-23, aryl). 

C, 76.62; H, 5.49; N, 4.32. 
Anal. Cdcd for C99HsSFNzO4: C, 76.45; H, 5.43; N, 4.57. Found 

(m,-23, aryl). 

C, 76.62; H, 5.49; N, 4.32. 
Anal. Cdcd for C99HsSFNzO4: C, 76.45; H, 5.43; N, 4.57. Found 
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Monoamine oxidase (EC 1.4.3.4, MAO) has been known 
for over 60 years,l yet ita mechanism for amine oxidation 
is still unclear. On the basis of investigations with 
mechanism-based enzyme inactivators2 the most reason- 
able family of mechanisms for this enzyme is shown in 
Scheme I. Studies with cy~lopropylamines~~~ and cy- 
c10butylamines~~J~ are consistent with an initial one- 
electron transfer mechanism from the amine to the flavin 
to give the amine radical cation. The next step in the 
mechanism, either proton/electron transfer (Scheme I, 
pathway a or b) or hydrogen atom transfer (pathway c), 
is debatable. Nelson and Ippoliti16 have indicated that 

(1) Hare, M. L. C. Biochem. J.  1928,22,968-979. 
(2) Silverman, R. B. Mechaniam-bed Enzyme Inuctivation: Chem- 

istry and Enzymology; CRC Press: Boca Raton, FL, 1988; Vols. I and 
11. 

(3) Silverman, R. B.; Hoffman, S. J. J. Am. Chem. SOC. 1980, 102, 
884-886. 

(4) Silverman, R. B.; Hoffman, S. J.; Catua, W. B., 111. J. Am. Chem. 
SOC. 1980,102,7126-7128. 

(5) Silverman, R B.; Hoffman, S. J. Biochem. Biophys. Res. Commun. 
1981,101, 139&-1401. 

(6) Silverman, R. B. J .  Biof. Chem. 1983,258, 14766-14769. 
(7) Silverman, R. B.; Yamasaki, R. B. Chemistry 1984,23,1322-1332. 
(8) Silverman, R. B. Biochemistry 1984, 23, 5206-5213. 
(9) Silverman, R. B.; Zieske, P. A. Biochemistry 1985,24,2128-2138. 
(10) Silverman, R. B.; Zieake, P. A. J. Med. CheM. 1985,28,1953-1957. 
(11) Vazquez, M. L.; Silverman, R. B. Biochemistry 1985, 24, 

(12) Yamasaki, R. B.; Silverman, R. B. Biochemistry 1985, 24, 

(13) Silverman, R. B.; Zieske, P. A. Biochem. Biophys. Res. Commun. 

(14) Silverman, R. B.; Zieske, P. A. Biochemistry 1986,25,341-346. 
(15) Yelekci, K.; Lu, X.; Silverman, R. B. J.  Am. Chem. Soc. 1989,111, 

(16) Nelson, S. F.; Ippoliti, J. T. J .  Am. Chem. SOC. 1986, 108, 

6538-6543. 

6543-6550. 

1986,135, 154-159. 

1138-1140. 

4879-4881. 

Scheme I1 

C 

1 -e' 

a-deprotonation of an amine radical cation is not as fa- 
vorable a pathway as hydrogen atom abstraction on the 
basis of a thermodynamic acidity measurement. However, 
Dmocenzo and Banach'? argued that the thermodynamic 
acidity is irrelevant and that the true pK, for amine radical 
cations, determined by direct measurement, is no more 
than about 10; consequently, they suggest that a-depro- 
tonation is a favorable pathway. Das and von Sonntag18 
determined the pK, of trimethylamine radical cation to 
be 8. On the basis of photochemical amine oxidation re- 
actions Hasegawa et al.lg also have evidence that the a- 
deprotonation/electron-transfer pathway is favorable. We 
were interested in obtaining evidence for one of these 
pathways as it relates to monoamine oxidase-catalyzed 
reactions. 

Results and Discussion 
The approach that we took to differentiate the second 

step in the MA0 oxidation mechanism was based on the 
cyclopropylcarbinyl radical rearrangement to the 3-butenyl 
radical, which is well known to occur at an exceedingly 
rapid rate estimated to be approximately lOa s - ~ . ~  This 
rate increases when the cyclopropyl ring is substituted with 
radical-stabilizing groups. For example, the 2-phenyl- 
cyclopropylcarbinyl radical opens to the l-phenyl-3-b~- 
tenyl radical at  a rate of approximately 10" s-1.21 This 
is the sort of rate that could be competitive with elec- 
tron-transfer mechanisms. Consequently, we synthesized 
trans-l-(aminomethyl)-2-phenylcyclopropane hydro- 
chloride (1) to be used in a test for the a-de- 
protonation/electron transfer mechanism (pathway a) or 
hydrogen atom transfer mechanism (pathway b) catalyzed 
by monoamine oxidase (Scheme 11). Monoamine oxi- 
dase-catalyzed cyclopropyl ring cleavage of 1, which could 
lead to inactivation of the enzyme as depicted in pathway 
c (Scheme 11), would be evidence in favor of an a-depro- 
tonation pathway leading to the a-carbon radical (2). If 
no cyclopropyl ring cleavage occurred, it would indicate 

(17) Dinnocenzo, J. P.; Banach, T. E. J. Am. Chem. SOC. 1989, 111, 

(18) Das, S.; von Sonntag, C. 2. Naturjorsch. 1986, 41B, 505-513. 
(19) Hasegawa, E.; Xu, W.; Mariano, P. S.; Yoon, U.-C.; Kim, J.-U. J .  

(20) Newcomb, M.; Glenn, A. G. J. Am. Chem. Soc. 1989,111,275-217. 
(21) Newcomb, M.; Manek, M. B. J .  Am. Chem. SOC. 1990, 112, 

8646-8653. 

Am. Chem. SOC. 1988, 110,8099-8111. 

9662-9663. 

0022-326319211957-6373$03.00/0 0 1992 American Chemical Society 


