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enantiomeric excess (46%) is in good agreement with the specific rotation 
of 2-phenyladipic acid to which this diol was oxidized. 

(7) (a) M. S. Newman and C. H, Chen, J. Am. Chem. SOC., 95,278 (1973); (b) 
ibid.. 94. 2149 11972). 
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(I 1) A sample of 2 with a deuterium atom at C-2 was prepared by reduction of 
3 with lithium aluminum deuteride. A samDle of 4 with a deuterium atom 

References and Notes 
D. T. Gibson, R. L. Roberts, M. C. Wells, and V. M. Kobal, Biochem. Biophys. 
Res. Commun., 50, 2111 (1973). 
G. Berti, F. Bottari. B. Macchia, and F. Macchia, Tetrahedron, 22, 189 
(1966). 
H. Ziffer, J. I. Seeman, R.  J. Highet, and E. A. Sokoloski, J. Org. Cbem., 39, 
3698 (1974). 
K. Kabuto and H. Ziffer, J. Org. Chem., 40, 3467 (1975). 
In our earlier report'the optical purity was given as 64%. This value was 
obtained from an examination of the NMR spectrum in the presence of a 
chirai shift reagent (see Experimental Section). It was later found that it 
was necessary to treat the sample with D20 before examining the NMR 
spectrum of the diol iri the presence of chiral shift reagent. The smaller 

at C-1 was prepared by reduction of 7 with lithium aluminum deuteride. 
(12) The 13C NMR spectrum of 8 obtained by irradiating at a single frequency 

corresponding to the chemical shift of the proton at C-1 (6 4.09) was used 
to identify GI. The 13C NMR spectrum of 6 obtained by irradiating at a single 
frequency corresponding to the chemical shifi of the proton at C-1 (6 4.02) 
was used to identify C- 1. 

(13) (a) P. Crabbe and W. Klyne, Tetrahedron, 23, 3449 (1967); (b) G. G. 
DeAngelis and W. C. Wildman, /bid., 25, 5099 (1969); (c) G. Snatzke and 
P. C. Ho, ibid., 27, 3645 (1971). 

(14) J. Schellman, J. Chem. Phys., 44, 55 (1966). 
(15) W. Treibs and M. Weissenfels, Chem. €fer., 93, 1374 (1960). 
(16) We wish to express our appreciation to Dr. Jerina for conducting a pre- 

liminary experiment on the Os04 oxidation of racemic 3-phenylcyclo- 
hexene. 

(17) S. Yamaguchi and H. S. Mosher, J. Org. Chem., 38, 1870 (1973). 

Stereochemistry of Nucleophilic Addition Reactions. 2.' 
Kinetically Controlled Reaction of Methyl 

4,6- O-Benzylidene-2,3-dideoxy-3-nitro-~-D- erythro-hex-2-enopyranoside 
with Hydrogen Cyanide. Important Role of Electrostatic Interaction 

Tohru Sakakibara and Rokuro Sudoh* 

Department of Chemistry, Faculty of Science, Tokyo Institute of Technology, Ookayama, Meguro-ku, Tokyo 152, J a p a n  

Received October 8.1976 

The reaction of title compound 1 with hydrogen cyanide gave the 2-cyano-3-nitroglucopyranoside 5 and the 2- 
cyanohex-2-enopyranoside 6 in good yield. The data suggest that cyanide ion adds irreversibly from the equatorial 
side of 1 and that  the intermediate of 6 is the 2-cyano-3-nitroaliopyranoside 7. The additions of hydrazoic acid and 
p-toluenesulfinic acid to 1 also gave the adducts with the gluco configuration. The stereochemistry of nucleophilic 
addition reactions to 1 and its a anomer 2 was discussed in terms of electrostatic interaction, stereoelectronic con- 
trol, and stcric hindrance. 

Under the conditions of kinetic control axial attack of a 
nucleophile generally predominates in the nucleophilic ad- 
dition reactions of conformationally rigid cyclohexene de- 
rivatives.2 This is attributed to stereoelectronic control;3 al- 
most continuous overlap between the developing u bond and 
the conjugated system in the formation of the transition state 
leads to a product with the newly attached substituent in an 
axial orientation on a chair form rather than the alternative 
quasi-axial on a boat conformation. Exceptions to this are 
reported by Abramovitch and co-workers in the reactions of 
diethyl malonate to 4-tert-  butyl-1-cyanocy~lohexene~ and 
4-tert-  butylcyclohexene- 1-~arboxylate,~ in which preferred 
equatorial attack of tho bulky diethyl malonate was attributed 
to large diaxial nonbonded interactions in the transition state 
for axial addition. On the other hand, regardless of the bulk- 
iness various kinds of nucleophiles added from the equatorial 
side of methyl 4,6-0-benzylidene-2,3-dideoxy-3-nitro-/3-~- 
erythro-hex-2-enopyranoside ( 1);6-8 these results do not ap- 
pear to be explained by steric hindrance only. From the facts 
that some reactions of methyl 4,6-0-benzylidene-2,3-dide- 
oxy-3-nitro-a-D-erythro-hex-2-enopyranoside (2) (the cy 

anomer of 1) gave the thermodynamically less stable WD- 
mannopyran~s ide~,~  we cannot immediately conclude that the 
corresponding reactions of 1, which gave the more stable p -  
D-glucopyranoside, are also controlled kinetically, because the 

P-D-mannopyranoside should be much less stable than the 
a-D-mannopyranoside due to A2 effectlo and easily epimerize 
to the stable @-D-glucopyranoside. In fact, predominance of 
axial attack was found in the reactions of 1 with o-amino- 
benzoic acid" and hydrogen cyanide,12 where the less stable 
P-mannopyranoside were isolated in 56 and 15% yield, re- 
spectively. On the contrary, we have shown that the reaction 
of phenyl 4,6-0-benzylidene-2,3-dideoxy-3-nitro-/3-~- 
erythro- hex-2-enopyranoside with hydrazoic acid in THF- 
deuterium oxide exclusively gave the adduct with the gluco 
configuration, of which about 50% were deuterated at  (2-3, 
indicating that it is controlled kinetically, at  least partial- 

In addition, methyl 4,6-0-benzylidene-2-deoxy-2-nitro- 
P-D-glucopyranoside (3) and the corresponding 3-nitro sugar 
were obtained in 1 4  and 70% yield, respectively, in the reaction 
of 1 with nitrous acid,13 where a dinitro intermediate should 
be involved, a t  least, in the formation of the 2-nitro sugar 3. 
If nitrite ion added to the C-2 position from the equatorial 
side, the dinitro intermediate has the all0 andlor gluco 
structure. The former should give predominantly 2-nitro- 
hex-2-enopyranoside since the nitro group a t  C-3 is in a 
trans-diaxial relationship with H-2; however, the latter seems 
to lack such a high degree of selectivity. The yield of the 2- 
nitro sugar 3, therefore, should be affected by stereochemistry 

ly.8 
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of protonation to intermediary nitronate ion. But the ambi- 
dent character of nitrite ion should make the reaction com- 
plicated. 

These facts prompted us to reinvestigate the reaction of 1 
with hydrogen cyanide,14 which had been also investigated by 
Paulsen and co-worker,12 in order to obtain some stereo- 
chemical information about protonation of a nitronate in- 
termediate and to elucidate whether the reaction of 1 with 
hydrogen cyanide proceeds under conditions of kinetic control 
or not. 

Results and Discussion 
When the nitro olefin 1 was treated with potassium cyanide 

in the presence of acetic acid in acetonitrile-water, the 2 - 0 -  
acetyl glucopyranoside 4 was obtained in 94% yield. The 
similar treatment of 1 in the presence of p-toluenesulfonic acid 
instead of acetic acid afforded methyl 4,6-0-benzylidene-2- 
cyano-2,3-dideoxy-3-nitro-P-D-glucopyranoside (5) in 54% 
yield along with the order of benzaldehyde. Treatment of 1 
with hydrogen cyanide in the presence of a catalytic amount 
of potassium cyanide in acetonitrile at  40-50 “C for 3 h gave 
a mixture of 5 and methyl 4,6-0-benzylidene-Z-cyano-2,3- 
dideoxy-P-~-erythro-hex-2-enopyranoside (61, in a ratio of 
4:l by NMR spectroscopy, in 79% yield (Table I, expt 4). These 
compounds were in good agreement with an authentic sample 

k f a x i a l  a t t a c k )  

I a t t a c k )  

1 

i. 
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obtained previously and with the spectral data reported by 
Paulsen et  a1.12 Although the long-range couplings of 6 were 
assigned to be 51,3 = 2.0 and J1,4 = 1.0 Hz,12 they ought to be 
corrected to 1.0 and 2.5 Hz, respectively, since secondary ir- 
radiation a t  6 6.83 (quartet, H-3) led the signal at  6 5.33 (H-1) 
to be a doublet with J = 2.5 Hz; this was confirmed by the 
spectrum of the 3-deuterated derivative of 6. 

The reaction of 1 with hydrogen cyanide in the presence of 
a catalytic amount of potassium cyanide in acetonitrile was 
carried out at  0 “C for 3 h yielding 5 only (expt 3). Without 
potassium cyanide, the reaction did not proceed even after 48 
h (expt 1). But when acetonitrile was replaced by a more basic 
solvent such as Me2S0, it finished within 3 h and exclusively 
gave 5, indicating that the rate-determining step is the nu- 
cleophilic attack of cyanide ion on the nitro olefin moiety (expt 
7 and 8). 

To obtain further information, we carried out this reaction 
using deuterium oxide. If the reaction involves the following 
path, deuteration at  C-3 should go to completion: (1) the re- 
verse Michael-type reaction occurs with ease, (2) the reaction 
proceeds through 1,4 addition to afford the aci-nitro form, 
which isomerizes to the corresponding nitro form by an in- 
termolecular proton exchange, and/or (3) the rate of deute- 
rium exchange between deuterium oxide and hydrogen cya- 
nide is much more rapid than that of addition. 
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Table I. Reactions of 1 or  5 with Hydrogen Cyanide 

Starting HCN in Ratios of 
material CH3CN, KCN, Solvent, Reaction Reaction the productsb 

Expt (mmol)n mmol mg mL temp, "C time, h 5% 

1 l ( O . 1 )  0.6 
2 1(1) 6 
3 1(1) 6 
4 1(1) 6 
5 5 (1) 6 
6 5 (0.5) 0 
7 l ( O . 1 )  0.6 
8 l ( O . 1 )  0.6 
9 l ( O . 1 )  0.6 

0 
2.1 
2.1 
2.1 
2.1 

39 
0 
0 
0.2 

CH3CN (0.3) 

CHsCN(8) 
CH3CN (8) 
CH3CN (8) 
CH&N (4)-HzO (0.3) 
MezSO-& (0.2) 

CH3CN (8)-Hz0 (0.5) 

DMF (0.2) 
Me2SO-dG (0.2)-H20 (0.05) 

RTC 
RT 
0 

40-50 
40-50 
50 
RT 
RT 
RT 

48 
3 
3 
3 
3 
1 
3 
3 
1 

Recovered of I 
q- 
q- 
4: 1 

Degradatione 
9- 
9- 
9- 

q-d 

(2 In the case of 0.1-mmol scale, the reactions were carried out in a NMR sample tube anddirectly measured by NMR spectroscopy. 
b Ratios of the products were determined by NMR spectroscopy: q, quantitative or almost so; -, not detected. RT means room 
temperature. NMR spectrum of the crude product showed the absence of 6, but that of the residue obtained after removal of 5 (252 
mg) revealed the presence of small amounts of 6 (12.5%). e The reaction mixture turned brown and its NMR spectrum was very 
complicated. 

HCN ic D20 G DCN + HOD 
Treatment of 1 with hydrogen cyanide in THF-deuterium 

oxide in the presence of a catalytic amount of potassium cy- 
anide at  room temperature for 2 h exclusively gave 5, of which 
only 30% was deuterated as seen from NMR spectroscopy. 
Under the same conditions compound 5 did not undergo 
deuteration. The ratio of the deuterated derivative of 5 was 
up to 75% when 1 was added 2 h later in the above reaction. 
These results indicate that the incorporation of deuterium is 
not mainly attributed to 1 and 2, but to 3 and that the possi- 
bility of formation of the manno and altro isomer as an un- 
stable intermediate may be neg1e~ted.I~ 

The present data, namely, that under the kinetically con- 
trolled conditions cyanide ion added a t  C-2 from the equato- 
rial side, are in good agreement with those obtained by the 
reactions of 1 with S-ylidesGb and hydrogen peroxide.7a The 
latter two reactions seem to be kinetically controlled because 
the reverse Michael-type reactions of products once formed 
are impossible and the nucleophilic attack is considered to be 
the rate-determining step. 

When a nucleophile approaches from the equatorial side, 
the original half-chair conformation changed to a boatlike 
transition state in which the incoming nucleophile approached 
from the stereoelectronically acceptable axial direction as 
shown. The alternative chairlike transition seems to be dis- 
favorable for not only stereoelectronic control but also 
strain between nitronate oxygen and the equatorial cyano 
group. Furthermore, the required boatlike transition can be 
easily achieved because of the favorable anomeric effectlo such 
an arrangement affords. 

If the hindrance due to the axial cyano group is a decisive 
factor, the all0 isomer 8, via the change of its conformation,16 
is formed. The allo isomer 8 with the axial nitro group should 
be unstable and subject to epimerization to the gluco isomer 
5 and/or elimination of nitrous acid to give the cyano olefin 
6. If the hindrance from the axial methoxy group is predomi- 
nant or even similar to that from the cyano group, the gluco 
isomer should be predominantly formed because the nitro 
group approaching axial orientation encounters severe steric 
hindrance from the cyano group.I7 In this reactions the gluco 
isomer seems to be the preferred product because the steric 
hindrance due to these two groups appears to be compatible, 
but formation of the allo isomer is not excluded. In fact the 
all0 isomer under the conditions employed by us appears to 
be an intermediate of the cyano olefin 6 from the following 
evidence: (1) As already described, the axial attack of cyanide 
ion appears to be unlikely. In fact no evidence for formation 
of the manno isomer, of which conversion to the cyano olefin 

6 had proved to be much slower than that of the gluco iso- 
mer,12 was obtained by NMR spectroscopy under the condi- 
tions employed by us.18 (2) The gluco isomer 5 was almost 
quantitatively recovered (the yield of 6 5 2.5%) under the 
conditions used for the preparation of 5 and 6 (expt 5). (3) 
Treatment of the gluco isomer 5 with triethylamine in ace- 
tone-deuterium oxide quantitatively afforded the 3-deuter- 
ated derivative of 6 as seen from NMR spectroscopy. This 
showed that before the elimination of nitrous acid abstraction 
of H-3 occurred to give nitronate ion (from which the forma- 
tion of the all0 isomer is possible).lg (4) The all0 isomer 8 has 
a suitable configuration for E2 reaction of nitrous acid.20 

Furthermore, if we take into consideration the epimeriza- 
tion of the all0 isomer to the gluco isomer,21 the equatorial 
attack of proton on 7 may become considerable. The stereo- 
chemistry of protonation of the nitronato ion 7, therefore, 
would not be determined from the present data. 

The similar reaction of methyl 4,6-0-benzylidene-2,3- 
dideoxy-3-nitro-~-~-threo-hex-2-enopyranoside (9) with 
hydrogen cyanide gave the galactopyranoside 10 in good yield. 
Similarly, addition of hydrazoic acid and p-toluenesulfinic 
acid on the nitro olefin 1 afforded the glucopyranoside 11 and 
12 in good yield, respectively. 

Hitherto the stereochemistry of nucleophilic addition re- 
actions to C-2 of pyranosides was explained in terms of steric 
hindrance6a,22 and stereoelectronic control.22 The preference 
of axial attack in the CY anomer 2 appears to be explained by 
these factors, but they afford no reasonable explanation about 
the facts that o -aminobenzoic acid" predominantly added 
from the axial side of 1 to give the @-mannopyranoside, 
whereas hydrogen cyanide or hydrazoic acid added from the 
equatorial side to give the @-glucopyranoside, Furthermore, 
in the reactions of nitro olefins with hydrazoic acid98 and S- 
y l i d e ~ ~ ~ , ~ ~  the P anomer 1 showed a higher degree of stereo- 
selectivity than the (Y anomer 2, which is contrary to results 
predicted by stereoelectronic control and steric hindrance. 
Regardless of an anomeric configuration, axial attack is pre- 
ferred owing to stereoelectronic control. Furthermore, equa- 
torial attack in the a-glycoside should be retarded by steric 
hindrance to a much larger extent than axial attack in the 
@-glycoside since the glycosidic methoxy group occupies 
pseudoaxial and pseudoequatorial positions in a- and @-gly- 
coside, respec t i~e ly .~~ In order to explain these stereochemical 
results, we wish to propose the important role of electrostatic 
interaction between a nucleophile and both the C1-01 and 
C1-05 bonds especially in the case of @-glycosides. If a nu- 
cleophile is an anion or has nonbonded electron pairs, elec- 
trostatic repulsion becomes the decisive factor in determining 
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the approach of the nu'cleophile and would completely retard 
axial attack, giving the ,B-gluco isomer; this is the case for most 
reactions of 1 with nucleophiles such as activated hydrazoic 
acid and S-ylides. But if a nucleophile is electronically neutral, 
it becomes less important than combined effects of stereoe- 
lectronic control and steric hindrance; this may be the case 
for the reaction of o-aminobenzoic acid" because under ap- 
propriate conditions o-aminobenzoic acid should be neu- 
tralized intramolecularly and affected strongly by stereo- 
electronic control giving the P-mannopyranoside and almost 
neutral conditions suppressed the reverse reaction.ga Fur- 
thermore, if a nucleophile is acidic, an attractive force such 
as a hydrogen bond should be operative; the reaction of the 
a anomer 2 with hydrazoic acid in chloroform, where the a- 
glucopyranoside was exceptionally formed as a major product, 
may be the case 

Experimental Section 
Melting points were dekrmined in capillaries and are uncorrected. 

IR spectra were recorded for potassium bromide disks and NMR 
spectra were determined either at  100 MHz with a JNM-4H-100 
(JEOL) or 60 MHz with a Varian T-60 spectrometer in chloroform-d 
or MezSO-d6 using tetrarnethylsilane as internal standard. 

T r e a t m e n t  of Methyl  ' 4,6-0-Benzylidene-2,3-dideoxy-3- 
nitro-&D-erytbro-hex-2-enopyranoside (1) wi th  Potassium 
Cyanide in the  Presence of t he  Following Acids. A. Acetic Acid. 
To a solution of nitro olefin lZ5 (293 mg, 1 mmol) in acetonitrile (12 
mL) and acetic acid (3 mL) was added a solution of potassium cyanide 
(78 mg, ca. 1.2 mmol, purity 95%) in water (2 mL). The mixture was 
stirred for 17 h at  room temperature and then evaporated in vacuo. 
The solid residue was washed with water and crystallized from eth- 
anol-acetone to afford methyl 2-0-acetyl-4,6-0-benzylidene-3- 
deoxy-3-nitro-P-D-glucopyranoside (4,94%). A mixture melting point 
with an authentic samplez5 was undepressed, and the IR and NMR 
spectra were identical with those of the sample. 

B. p-Toluenesulfonic Acid. To  a solution of nitro olefin 1 (147 
mg, 0.5 mmol) and p-toluenesulfonic acid (95%, ca. 0.5 mmol) in ac- 
etonitrile (12 mL)-water (1 mL) was added potassium cyanide (33 
mg, 0.5 mmol). The mixture was stirred for 23 h a t  room temperature 
and then evaporated in vacuo. The remaining material was washed 
with water and crystallized from ethanol to give 5 (87 mg, 54%), which 
was identified by IR and NMR data of an authentic sample.12J4 

Reaction of 1 with Hydrogen Cyanide. To  a solution of 1 (293 
mg, 1 mmol) in acetonitrile (5 mL) in the presence of a catalytic 
amount of potassium cyanide (2.1 mg) was added an acetonitrile so- 
lution of hydrogen cyanide (ca. 6 mmol) a t  40 "C. The mixture was 
stirred for 3 h a t  40-50 " C  and evaporated in vacuo to afford a solid 
residue (290 mg), which comprised 5 and 6 in a ratio of 4:l by NMR 
spectroscopy. Recrystallization from ethanol gave two kinds of crys- 
tals; the first crop was 5 ($105 mg, 64%), the second crop was 6 (41 mg, 
15%), which was identical with an authentic ~ a m p l e ' ~ J ~  by IR and 
NMR spectra. When the same reaction was carried out at  0 "C, 
compound 5 was isolated in 87% (278.4 mg) yield and the cyano olefin 
6 was not detected by NMR spectroscopy. 

Reaction of 1 with Hydrogen Cyanide in the Presence  of 
Deuterium Oxide. To  a solution of 1 (147 mg, 0.5 mmol) in absolute 
T H F  (16 mL)-deuterium oxide (1 mL) in the presence of potassium 
cyanide (1.1 mg) was added an acetonitrile solution of hydrogen cy- 
anide (0.25 mL, ca. 3 mmol). The mixture was stirred for 2 h a t  room 
temperature and then evaporated in vacuo to afford a solid residue 
(158 mg), whose NMR spectrum showed that the product was 5 ,  of 
which 30% was deuterateid a t  the C-3 position. 

Conversion of 5 into 6. To a solution of 5 (32 mg) in acetoned6 
(0.15 mL)-deuterium oxi.de (0.1 mL) in a NMR sample tube was 
added triethylamine (40 ing). The mixture was allowed to stand for 
30 min a t  room temperature and then measured by NMR spectros- 
copy. It showed that the darting material 5 had disappeared and that 
methyl 4,6-0-benzylidene-2-cyano-3-deuterio-2,3-dideoxy-~-~- 
erythro- hex-2-enopyranoside was quantitatively formed. 

Methyl 4,6-0-Benzylidene-2-cyano-2,3-dideoxy-3-nitro-,9- 
D-galactopyranoside (10). To  a solution of the threopyranoside gZ6 
(147 mg, 0.5 mmol) in acetonitrile (2 mL) in the presence of a catalytic 
amount of potassium cyanide (1.1 mg) was added an acetonitrile so- 
lution of hydrogen cyanide (ca. 3 mmol) a t  0 "C. The mixture was 
allowed to stand for 3 h a t  0 "C, and then evaporated in vacuo to give 
a NMR spectroscopically pure residue (155 mg). Recrystallization 
from ethanol gave 130 mg (81°h) of 10: m p  194 "C dec; [ c Y ] ~ ' J ~  +2h.5' 
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(c 0.5, MeZSO); IR 2240 (CN) and 1555 cm-' (N02); NMR data 
(MezSO-&) 6 4.83 (1 H, d,J1,2 = 8.8 Hz, H-l), 3.52 (1 H, q,J2,3 = 11.3 
Hz, H-2), 5.57 (1 H, q, 53.4 = 3.8 Hz, H-3),3.58 (3 H,  s, OMe), and 5.71 
(1 H, s, PhCH). 

Anal. Calcd for C15H16Nz06: C, 56.25; H ,  5.04; N, 8.75. Found: C, 
56.33; H, 5.02; N, 8.95. 

Methyl  2-Azido-4,6- O-benzylidene-2,3-dideoxy-3-nitro-@- 
D-glucopyranoside (11). To  a solution of 1 (147 mg, 0.5 mmol) in 
T H F  (16 mL) and water (1 mL) was added a chloroform solution of 
hydrazoic acid (2 mL, ca. 1.6 N). The  mixture was stirred for 7 h a t  
room temperature and then evaporated in vacuo to give a crystalline 
residue. Recrystallization from ethanol afforded 11 in almost quan- 
titative yield, which was found to  be identical with an authentic 
sample.27 

Methyl  4,6-O-Benzylidene-2,3-dideoxy-3-nitro-2-(p-tolu- 
enesulfinyl)-,%D-glucopyranoside (12). Sodium p-toluenesulfinate 
(356 mg, 2 mmol) was dissolved in ethanol and deionized by passing 
through a column of cation-exchange resin (Mitsubishi Diaion SKI, 
H+  form, Japan, 1 g) with ethanol as eluent, and the eluate was di- 
rectly added to a solution of 1 (293 mg, 1 mmol) in acetonitrile (6 mL) 
with stirring. The mixture, after having been gently stirred for 3 h a t  
room temperature, was evaporated in vacuo to afford a residue, which 
crystallized from ethanol. Recrystallization from ethanol-acetone gave 
382 mg (85%) of 12: mp 158.0-158.5 "C; [ a l Z 0 ~  -113" ( e  1, CHC13); IR 
1550 (NOz), 1325 and 1170 crn-l(SO2); NMR data 6 4.34 (1 H. d ,  J X , ~  

9.4 Hz, H-3), 3.95 (1 H,  q, 54.5 = 10 Hz, H-4), 3.50 (1 H,  sextet, J 5 , 6 a  
= 10, J j , 6 e  = 4.4 Hz, H-5), 3.74 (1 H,  t, J 6 e . 6 ~  = 10 Hz, H-6a), 4.36 (1 
H, q ,  H-6e), 3.42 (3 H,  s, OMe), 2.43 (3 H,  s, Me). and 5.48 (1 H,  s, 
PhCH). 

Anal. Calcd for C21H23NO&3: C, 56.12; H, 5.12; N,  3.12; S. 7.13. 
Found: C, 56.03; H,  5.27; N, 3.07; S, 6.95. 

= 8.1 Hz, H-1), 4.15 (1 H,  q ,  52.3 = 11.3 Hz, H-21,4.84 (1 H, q,  J 3 , 4  = 

Registry No.-1, 61664-96-8; 5 ,  61664-97-9; 9, 61664-98-0; 10, 
61664-99-1; 12,61617-97-8; HCN, 74-90-8. 
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We here describe in detail our method whereby the carboxyl-terminal residue of a peptide may be determined. 
The procedure involves, first, formation of an 0-substituted hydroxamic acid by reaction of the peptide C-terminal 
carboxyl group with a water-soluble carbodiimide and a nucleophilic 0-substituted hydroxylamine. Considerations 
leading to the choice of 0-pivaloylhydroxylamine (10, OPHA) as the nucleophile are described, and optimization 
of the conditions for this reaction are discussed. The 0-substituted hydroxamic acid then undergoes, a t  higher pH, 
a Lossen rearrangement, leading to degradation of the carboxyl-terminal residue and observed loss of that  residue 
upon subsequent amino acid analysis. The fate of the rearranged residue has been thoroughly explored, and the 
rates of the Lossen rearrangement have been characterized for representative amino acids. Potential interferences 
from aromatic amino acids, the amino-terminal residue, carboxyl-terminal dicarboxylic amino acids, and residues 
with nucleophilic side chains have been characterized. In some cases, these do not occur; in cases in which such in- 
terferences do occur, these have been characterized, and most do not affect the utility of the method. Only carboxyl- 
terminal Asp and Glu do not degrade satisfactorily, and the reasons for this observation have been investigated. 

Rapid experimental development has provided the pro- 
tein chemist with a variety of useful analytical tools. A number 
of reagents are now available for the specific modification and 
cleavage of peptide and highly efficient amino ter- 
mina13q4 and sequential5 methods have been described. 
However, “no entirely satisfactory chemical method of car- 
boxyl-terminal analysis  exist^".^ Of the several carboxyl- 
terminal methods that have been p r ~ p o s e d , ~ , ~  all suffer limi- 
tations, and few have been useful in actual practice. Vigorous 
conditions, solvent restrictions, and failure at  certain amino 
acid residues have all contributed to their lack of general 
utility. It becomes important to search for new methods of 
carboxyl-terminal analysis which complement other methods 
now in use. We have developed a method of carboxyl-terminal 
residue analysis of peptides which not only circumvents some 
of the usual limitations, but is also mild, efficient, and easily 
used in aqueous solution, mixed solvents, or 8 M urea. We here 
wish to describe this method and the detailed chemistry of its 
development. 

The concept of this method is shown in Scheme I, and in- 
volves the activation of the C-terminal carboxyl group fol- 
lowed by reaction with a nucleophile NHzX. When X is a good 
leaving group, the resulting amide 5 is susceptible to rear- 
rangement leading to eventual loss of the C-terminal residue 
as an aldehyde. Although the Lossen and related rearrange- 
ments have had substantial appeal for such a d e g r a d a t i ~ n , ~ , ~  

until now such a degradation has been impractical because of 
the large number of reactions hitherto required to generate 
the intermediate 5 which is capable of rearrangement. Once 
the rearrangement occurs, the carboxyl terminal residue will 
be absent in the amino acid analysis, and subsequent reactions 
determine its ultimate fate, but not the fact of its loss. Critical 
to the fulfillment of Scheme I, then, is the quantitative con- 
version of peptide carboxyl-terminal carboxyl groups to a 
derivative such as 5. This objective required careful selection 
of the nucleophile, NH2X. 

Choice of the Nucleophile. In order to be useful, the nu- 
cleophile NHzX is required to be stable, reasonably water 
soluble, nucleophilic enough to compete with hydrolysis of a 
carbodiimide-derived activated intermediate, and, most im- 
portantly, it  must incorporate a critical substituent, X, a po- 
tential leaving group which would be compatible with a rea- 
sonably facile rearrangement. Rearrangements of the type 
illustrated in Scheme I include the Hofmann? Curtius,lo 
Wawzonek,ll and Lossen12J3 reactions. Consideration of these 
types of reactions led to the synthesis and investigation of a 
variety of potential nucleophiles shown in Table I.14 Of all 
these, only 0-pivaloylhydroxylamine (OPHA, 10) satisfac- 
torily fulfilled the requisite criteria. 

0-Pivaloylhydroxylamine was first prepared by Marmer 
and Maerker so that they could study its potential as an am- 
inating agent.15 These workers showed that its hydrochloride 


