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Reaction of acetoacetic esters (3) with acetyl nitrate (1) at  -10 to 15' in the presence of catalytic amounts of 
strong protic acids or Lewis acids afforded 90-97% yields of the corresponding nitroacetoacetic esters (6). Under 
similar conditions, ethyl 3-acetoxy-2-butenoate (lob) produced 63% 6b and 35% 3,4-bis(ethoxycarbonyl)furazan 
2-oxide (9b) at  15O. In the absence of catalyst, reaction of ethyl acetoacetate (3b) was slow at  25' and the yields of 
6b and 9b were 39 and 52%, respectively. A slow transformation of 6b to 9b took place at  22' in the presence of 
catalytic amounts of H2S04 and the reaction was accelerated by acetic anhydride. Proton exchange evidence indi- 
cated that the crucial function of the acid catalyst in the nitration is to protonate 1 to provide an active nitrating 
species 2, rather than merely accelerate enolization of 3. In the presence of water, alcohols, or ammonia 6 cleaved 
quantitatively to nitroacetate esters and correspondingly acetic acid, acetate ester, or acetamide. The cleavage 
with water and alcohols was acid catalyzed. The combination of nitration and cleavage reactions affords a practi- 
cal synthesis of nitroacetate esters. 

Reaction of acetoacetate esters with absolute nitric acid 
in acetic anhydride a t  about 32' affords moderate (40-50%) 
yields of nitroacetate esters, the balance consisting mainly 
of the corresponding 3,4-bis(ethoxycarbonyl)furazan %ox- 
ides.2 Nitric acid in acetic anhydride exists largely as acetyl 
nitrates3 In view of the mode of reaction of this reagent 
with enol  ester^,^ it appeared reasonable that nitroaceto- 
acetate esters are formed at least as intermediate species 
during the reaction with acetoacetate esters. Recently 
methyl nitroacetoacetate was synthesized by Babievskii et 
al.5 by means of condensation reactions of methyl nitroace- 
tate. The authors advanced the hypothesis that failure to 
prepare nitroacetoacetates by nitration of acetoacetates is 
due to the hydrolytic instability of the former, by analogy 
with the known hydrolytic instability of formylnitroacetic 
ester.6 

Results and Discussion 
Reaction of ethyl acetoacetate (3b, Scheme I) with a so- 

lution of 99% nitric acid (1 mol) in 2 mol of acetic anhy- 
dride (essentially acetyl nitrate in acetic acid) failed to pro- 
ceed appreciably at Oo and was slow a t  ambient tempera- 
ture. Two main products were detected by GLC, identified 
as ethyl nitroacetoacetate (6b) and 3,4-bis(ethoxycarbon- 
y1)furazan 2-oxide (9b). In the presence of catalytic 
amounts of strong inorganic acids, such as sulfuric or per- 
chloric, or Lewis acids, such as boron trifluoride etherate, 
reaction was fast even a t  -IOo and 6b was formed in essen- 
tially quantitative yield (reaction 1). 

CH3COCHzCOzR + AcONOZ -+ 

CH~COCHNO~COZR + AcOH (1) 

p-Toluenesulfonic acid was a less efficient catalyst and 9b 
was produced in significant amounts along with 6b (Table 
I). The reaction was also carried out using 70% nitric acid, 
in which case a larger amount of acetic anhydride was used 
in order to react with the water present in the 70% acid, 
The product was isolated from the reaction mixture by 
neutralizing the acid catalyst with anhydrous sodium car- 
bonate and distilling under reduced pressure. If neutraliza- 
tion of the catalyst was omitted, extensive decomposition 
of 6b to 9b with simultaneous formation of acetic acid oc- 
curred on heating (vide infra). In similar manner the meth- 
yl, isopropyl, and cyclohexyl esters of acetoacetic acid were 
nitrated to the corresponding nitroacetoacetate esters. The 
NMR spectra of 6 in chloroform solution indicated the 
presence of 21-32% enol (7) in equilibrium with the keto 
form (Table 11). 

The behavior of the enol acetate of ethyl acetoacetate 
(lob, ethyl 3-acetoxy-2-butenoate, a mixture of cis and 
trans isomers) under the nitration conditions is of interest. 
In the presence of catalytic amounts of sulfuric acid, reac- 
tion was very slow a t  0'. At 1 5 O  reaction was complete in 
about 50 min. The products formed were 6b and 9b in 63 
and 35% yield, respectively. Under the same conditions 3b 
gave essentially only 6b (run 5 in Table I). When the reac- 
tion mixture from the nitration of either 3b or lob, con- 
taining 1 mol % of sulfuric acid, was allowed to stand with- 

Table I 
___-. Nitration of CHaCOCHzCO2R (3) by AcONOzQ - 

Yield, U c  
Time? 

min 6 9 R Kitration C a t a l p  T e F  * 
Run (formula) reagent (mol A )  

1 Me (a) d HC104 (0.25) -1 0 60 97 e 

-1 0 45 98 1 3 Et  (b) d BF, (1.0) 
HCIO~ (0.20) -1 0 60 97 2 2 Et (b) f 

4 Et (b) d HzSOo (1.0) -1 0 60 97 2 
5 Et (b) d HZS04 (1.0) 15 20 96 3 

P-TSA' (2.5) -5 65 91 7 
25 60 39 52 

6 Et (b) f 
7 Et (b) .f None 
8 i-Pr (c) d HCIOB (0.25) -1 0 60 93 e 
9 Cyclohexyl (d) d HC104 (0.25) -1 0 60 90 e 

(2 All quantities o f  chemicals are referred to 3. * Temperature a t  which the last reagent ( 3  or the catalyst) was added to the nitration mix- 
ture ,  which was then maintained at that temperature for the stated time. ? Yields determined by GLC. The yield of 6 was very close to the 
yield of' C H 2 N 0 2 C 0 2 H  obtained in a subsequent cleavage with an alcohol or water and isolated by distillation. d AczO (6.0 mol) and 70.4010 
FI.UOe (1.02 mol) .  6' Not determined. 1 AcpO (2 .10 mol)  and 99% " 0 3  (1.05 mol). gp-Toluenesulfonic acid. 
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Table I1 
Properties of Nitroacetoacetate Esters CH&OCHNO&OzR (6) CH&(OH)=CNO&OzR (7) 

NMR (CDC13), 6' (multiplicity! number of pmtons) 
Enol Ir -____I___ R 

(formula) oc s m )  (neat), cm-1 CH3CO CH3C= CHNOZ R (7), %c 
_ ~ _  ~~ .__- 

Me (a) 75 (0.5) 1755, 1560 2.36 (s, 2.29) 2.23 (s, 0.71) 6.05 (s, 0.68) 3.81 (s, 3)  27 (32) 
Et (b) 75 (0.2) 1750, 1567 2.40 (s, 2.24) 2.26 (s, 0.76) 6.13 (s, 0.69) 1.31 (t, 3) 4.35 (9, 2) 25 (30) 
i-Pr ( c )  66 (0.1) 1743, 1568 2.39 (s, 2.38) 2.25 (s, 0.62) 6.09 (s, 0.73) 1.32 (d, 6) 5.15 (m, 1)  21 (27) 
Cyclo- 70 (0.15) 1740, 1560 2.36 (s, 2.13) 2.22 (s, 0.87) 6.07 (s, 0.68) -1.5 (b, 10) 4.9 (b, 1) 29 (32) 

hexyl (d) 
0 Relative to tetramethylsilane. s = singlet, d = doublet, t = triplet, q = quartet, m = midtiplet, b = broad. Calculated from CH&= 

protons; number in parentheses calculated from CHNOz protons. 

out prior neutralization of the acid catalyst, 6b was slowly 
transformed to 9b. The reaction followed first-order kinet- 
ics with respect to 6b with a half-life of 22 hr at  22'. No 
such transformation took place if the acid catalyst was neu- 
tralized by addition of anhydrous sodium carbonate. Pure 
6b in acetic acid solution was indefinitely stable at  room 
temperature but decomposed to 9b a t  a similar rate in the 
presence of 10 mol % of sulfuric acid. The rate increased by 
one order of magnitude when the solvent was a 1:l (v/v) 
mixture of acetic acid and acetic anhydride (Table 111). 

The following reaction mechanism is consistent with the 
experimental results of the nitration of 3b and 10b and the 
transformation of 6b to 9b (Scheme I). The active nitrating 
species in a mixture of acetic anhydride and nitric acid is 
the protonated acetyl nitrate (2).3 The concentration of 2 is 
greatly increased in the presence of a strong protic acid. A 
Lewis acid apparently creates an equally strong electro- 

Scheme I 

I L 

-H+ H+ + 
CHJCOCH2CO2R e CH,C(OH)CH,CO,R e 

-H+ H+ 
3 

CH3C(OH)=CHCQ2R ( 2 )  
4 + 

2 + 4 - CH,C(OH)CHNO,CO,R + AcOH (3 )  

-H* 

H+ 

5 

5 CH:$QCHN02C02R or CHJC(OH)=CN02C0,R ( 4 )  

6 7 
5 4 O+N-CCO,R + AcOH + H+ ( 5 )  

2 8  - Cw ( 6 )  

\r 

8 

N--.O/N 
0 

9 

2 + CH,C(OAc):=CHCO,R - 
10 

+ 
CH3C(OAc)CHN0,C0,R + AcOH ( 7 )  

11 
-AC+ 

11 6 or 7 
Ac+ 

(9) 11 --t 8 + Ac20 + H+ 

R = Me (a), Et (b), i-Pr (c), cyclohexyl (d)  

Table I11 
Conversion of Ethyl Nitroacetoacetate (6b) to 

Diethyl 2-Oxofurazandicarboxylate (9b)= 

RUII Reaction medium Additive (mol % ) b  Half-life, hr 

10 AcOH HzSO4 (10) 24 
11 AcOH--Ac,O equal HZSO4 (10) 2.1 

12 Aliquot from Noned 22 
volumes 

run  4'vd 

run 4 c* 

13 Aliquot f rom Nonee No reaction 

a Reaction at  22", concentration of 6b was 0.25 M ,  unless other- 
wise mentioned. Referred to 6b. Concentration of 6b was -1.3 
M ;  AczO-AcOH - 350:400 (molar ratio). d Aliquot taken before 
addition of NaZC03. e Aliquot taken after addition of NazC03. 

phile by withdrawing electrons from 1; e.g., in the case of 
boron trifluoride the species AcONOzBF3 is assumed. Ob- 
viously the role of acid in the nitration also involves cataly- 
sis of the enolization of 1 (reaction 2). Proton NMR spectra 
of a 20 vol % solution of ethyl acetoacetate in acetic acid-d4 
revealed exchange of the active methylene protons a t  0' 
with a half-life equal to 52 min. Addition of 2 mol % of sul- 
furic acid accelerated the rate of exchange by a factor of 
about 5 (half-life 10 min). In both cases the ester existed in 
the enol form, 4b, to the extent of about 20%. As stated ear- 
lier, no appreciable nitration of ethyl acetoacetate took 
place at  0' in the absence of acid catalyst upon treatment 
with 1 in acetic acid. I t  is evident that 1 does not react with 
4 unless it is first activated via protonation to 2. The pro- 
ton exchange data show that the acid catalyst also acceler- 
ates the rate of enolization of 3. It is clear from the experi- 
mental data, however, that the crucial function of the acid 
is in assisting the formation of the nitrating species 2. This 
species adds to 4 with formation of acetic acid to yield the 
a-nitrohydroxycarbonium ion, 5 (reaction 3). Ejection of a 
proton from 5 affords nitroacetoacetate ester 6 and/or its 
enol form 7 (reaction 4). The formation of 9 can be ex- 
plained by cleavage of 5 to a nitrile oxide 8, which then di- 
merizes (reactions 5 and 6) .  The high yields of 6 obtained 
during the acid-catalyzed nitration of 3 indicate that reac- 
tion 4 is much faster than reaction 5. The first-order trans- 
formation of 6b to 9b in the presence of acid catalyst is rea- 
sonably explained by reversal of reaction 4, followed by re- 
actions 5 and 6. 

The increased yields of 9b obtained during nitration of 
10b can be explained in the following manner. The carboni- 
um ion, l lb,  formed in this case cannot, unlike 5b, be 
transformed to 6b by simple ejection of a proton but must 
rather eject an acylium ion (reaction 8). Cleavage to acetic 
anhydride and 8b (reaction 9) is apparently a competitive 
alternative. The acceleration of the acid-catalyzed transfor- 
mation of 6b to 9b in the presence of acetic anhydride pre- 
sumably involves formation of l l b  via 5b and/or 7b fol- 
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Table IV 
Cleavage of Ethyl Nitroacetoacetate (6b)" 

Scheme I1 

Run Nucleophile Additive (mol %)' Half-life, min Pmducg 

14 MeOH None 66 AcOMe 
15 MeOH NaOMe (10) 2.3 x lo2  AcOMe 
16 EtOH None 5.8 x 10' AcOEt 
17 EtOH Et3N (140) >io4 AcOEt 
18 EtOH HC104 (10) <1 AcOEt 
19 EtOH HC104 (1) 5.5 AcOEt 
20 H 2 0 e  None 40 AcOH 
2 1  NH,f None <1 A c N H ~  

O1 Reaction at 22", concentration of (ib was 0.5 M Neat, unless 
otherwise mentioned. Referred to 6b. Besides ethyl nitroacetate. 

Mixed with two volumes of acetone. ' As 14 M aqueous solution. 

lowed by reactions 9 and 6. Formation of oxofurazans dur- 
ing nitration of enol esters of simple ketones has not been 
~bse rved .~  It  is likely that the role of the ethoxycarbonyl 
group of l l b  is to stabilize the nitrile oxide (8 )  by delocaliz- 
ing the C z N  triple bond. Transient formation of nitrile ox- 
ides has been postulated in the decomposition of a-nitro 
ketones with excess strong mineral acid.7 In that medium 
the nitrile oxides hydrolyze to carboxylic acids and hydrox- 
ylamine salts, which are the products isolated from the re- 
action mixture. 

The nitroacetoacetate esters cleaved quantitatively to ni- 
troacetate esters upon reaction with water, alcohols, or am- 
monia. The cleavage by water and alcohols was catalyzed 
by acids and followed first-order kinetics with respect to 
the substrate. The rate of cleavage decreased in the order 
water > methanol > ethanol (Table IV). The mechanism 
that best fits these data is fast protonation of 6 to 5 fol- 
lowed by nucleophilic attack of alcohol or water on 5 and 
cleavage of the hemiketal, 12, formed (Scheme 11). Hemike- 
tals have been postulated as intermediates in the acid-cata- 
lyzed cleavage of a-nitro ketones in alcohol solution? In 
the presence of base the cleavage of 6b by alcohols was in- 
hibited. Since base-catalyzed cleavage of a-nitro ketones is 
known: an expianation is in order. The most likely reason 
for the inhibition is the fact that 6b is a relatively strong 
acid with pK, estimated to be about 2.4. Owing to the acid- 
ity of 6b, less than stoichiometric amounts of added base 
are completely neutralized. The acidity of the reaction me- 
dium is reduced in the process, and as a result the acid-cat- 
alyzed cleavage is hindered without compensation by a 
base-catalyzed reaction. In the presence of excess base 6b is 
completely ionized and therefore less amenable to attack 
by RO- or OH-. Aqueous ammonia, however, cleaved 6b to 
ethyl nitroacetate and acetamide in a few minutes a t  room 
temperature. 

For preparative purposes it is not necessary to isolate 6 
in order to obtain nitroacetate esters. Ethyl nitroacetate 
was very conveniently prepared in over 90% yield by nitrat- 
ing ethyl acetoacetate in the presence of an acid catalyst 
and cleaving the nitroacetoacetate formed without isola- 
tion by adding ethanol to the reaction mixture after all the 
acetoacetate had reacted. The catalyst was then neutral- 
ized by addition of sodium carbonate and the mixture was 
fractionally distilled under reduced pressure. Failure to 
neutralize the catalyst resulted in partial decomposition of 
ethyl nitroacetate during distillation accompanied by for- 
mation of 9b. The distilled nitroacetate had a faintly yellow 
color but otherwise was indistinguishable from authentic 
material. Colorless material could be obtained in an alter- 
nate work-up, in which the nitration mixture was treated 
with water and then extracted with dichloromethane. Ethyl 
nitroacetate was recovered by fractional distillation of the 
extract. This work-up is very similar to the practice of early 

H+ R'OH 
6 z 5 -  

-H + -R'OH 

+,OH 

'OR 
12 - CH,C 

AcOR' 
R = Me (a), Et (b), i-Pr 
R' = H, Me, Et 

OH 
CH,jCCHNO,CO,R I 

I +  
HOR 

12 

+ CH,NO,CO,R 

(c), cyclohexyl ( d )  

workers2 and explains why 6b had not been observed in the 
past in the nitration products of ethyl acetoacetate. 

In conclusion it should be noted that the combination of 
nitration and cleavage reactions reported here constitutes a 
practical, high-yield synthesis of nitroacetate esters from 
acetoacetate esters. 

Experimental Section 
GLC analyses were carried out on a Packard gas chromatograph 

using 6-ft, 3-mm i.d. Pyrex columns of 10% SE-30 on acid-washed 
Chromosorb W or 10% Carbowax 20M on Teflon 6. Proton NMR 
spectra were recorded on either Varian A-60 MHz or HA-100 MHz 
instruments. All preparative reactions were routinely carried out 
under a nitrogen atmosphere. 

Methyl acetoacetate (3a) and ethyl acetoacetate (3b) were pur- 
chased from Eastman. Other acetoacetates were prepared from 3a 
by base-catalyzed transesterification with the appropriate alcohol; 
isopropyl acetoacetate (3c), bp 55' (4.5 mm); cyclohexyl acetoace- 
tate (3d), bp 92-95' (2 mm). Both esters were characterized by 
NMR spectra. Nitric acid, 70.496, was Baker and Adamson reagent 
grade. Nitric acid, 99%, was obtained from Essex Chemical, Clif- 
ton, N.J. It was distilled prior to use to afford a colorless fraction. 

Proton Exchange of Ethyl Acetoacetate (3b) in Acetic 
Acid-d4. Acetic acid-d4 (0.40 ml) was mixed at  0' with 3b (0.10 
ml) and the NMR spectrum a t  100 MHz was recorded a t  the same 
temperature immediately and every 15 min thereafter for 1 hr. 
The intensity of the peaks for -COCHzCO- (3.47 ppm, s) and 
C=CH- (4.95 ppm, s) diminished with first-order kinetics owing 
to proton-deuteron exchange. The half-life of the exchange was 52 
min. The mole ratio of the enol to keto form, taken as equal to 2 H 
(4.95)/[2 H (4.95) + H (3.47)], remained essentially constant at  
0.22 f 0.02 during the experiment. When 0.8 fil of DzS04 was 
added, the half-life of the exchange was reduced to 10 min. 

Ethyl 3-Acetoxy-2-butenoate (lob). This was prepared by 
acetylation of 3b with acetyl chloride in pyridine.l0 Analysis by 
GLC and NMR showed that the product consisted of a mixture of 
two cis-trans isomers in the ratio 3070. The major component was 
the isomer with the methyl group cis to the ethoxycarbonyl group: 
bp 95-97O (10 mm); NMR (CDCls) 6 1.26 (t) and 1.28 (t, total 3 H), 
2.02 (d, J = 1.10 Hz, 1 H) and 2.36 (d, J = 0.92 Hz, 2 H), 2.19 (8 ,  

2.2 H) and 2.24 (9,O.S H), 4.13 (q) and 4.18 (q, total 2 H), 5.60 (q, J 
= 1.10 Hz, 0.35 H) and 5.67 (9, J = 0.92 Hz, 0.65 H). The doublets 
at  6 2.36 and 2.02 were assigned correspondingly to the methyl 
groups cis and trans to  the ethoxycarbonyl function in accordance 
with numerous literature examples" showing that in similar sys- 
tems the allylic methyl group of the cis isomer appears a t  lower 
field than the corresponding group of the trans isomer.12 The as- 
signment is consistent with the fact that the vinyl proton cis to the 
acetoxy function appears at  a lower field (6 5.67) than the corre- 
sponding trans proton (6 5.60).'* 

Anal. Calcd for C8H1204: C, 55.81; H, 7.03. Found: C, 56.25; H, 
6.96. 

Ethyl Nitroacetoacetate (6b). Concentrated (0.055 ml, 
0.001 mol) was added to 57 ml(O.60 mol) of AczO. The mixture was 
cooled to loo, then 6.30 ml (0.102 mol) of 70.4% "03 was added 
dropwise while the solution was well stirred and the temperature 
maintained at  10-15O with external cooling. The reaction mixture 
was cooled to -10" and 13.0 g (0.100 mol) of ethyl acetoacetate 
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Table V 
Spectral Properties of Nitroacetate Esters 

NMR (CDC13), 6' (multiplicity,b number of protons) 

R Ir (neat), cm-1 CHzNO2 R Registry no. 

Et  1760, 1567 5.20 (s, 2) 1.28 (t, 3 )  4.25 (9, 2) 626-35-7 
i -Pr 1750, 1560 5.16 (s, 2)' 1.30 (d, 6 )  5.1 (m, 1)c 31333-37-6 
Cyclohexyl 1740, 1560 5.12 (s, 2) -1.5 (b, 10) 4.9 (b, 1) 75 -36-5 

a Relative to tetramethylsilane. * s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, b = broad. Imperfectly resolved. 

(3b) was added within 5 min. Temperature was maintained at  
-loo during addition and subsequently for 1 hr. Then the reaction 
mixture was allowed to warm to 2 1 O  and 0.31 g (0.003 mol) of an- 
hydrous NaZC03 was added. The color changed from pale yellow to 
yellow-orange. Analysis by GLC indicated that 3b had reacted 
completely and that 6b had been produced in 97% yield and 9b in 
2% yield. The bulk of volatiles was eliminated below 50° in the ro- 
tary evaporator. The residue was filtered and distilled under vacu- 
um15 to give 9.5 g (54%) of yellow liquid 6b. Physical properties are 
shown in Table 11. 

Anal. Calcd for (&H9N05: 6 ,  41.15; H, 5.18 N, 8.00. Found C, 
41.37; H, 5.25; N, 7 66. 

Sodium Salt of Ethyl Nitroacetoacetate. A solution of 1.75 g 
(0.010 mol) of 6b m 10 ml of MeOH was made and immediately 
treated at room temperature with a solution of 0.70 g (0.013 mol) 
of MeONa in 3 ml of MeOH. A white, crystalline precipitate 
formed. EtOH (30 ml) was added and the reaction mixture was 
stirred for 10 min and filtered. The product was washed with 
EtOH and dried in vacuo at 70°, yield 1.46 g (74%), mp 222-224O 
dec. 

Anal. Calcd for CsHsN05Na: C, 36.54; H, 4.09; N, 7.11. Found: 
C, 36.32; H, 4.37; N, 6.83. 

Estimate of tho pK, of Ethyl Nitroacetoacetate (6b). The 
sodium salt of 6b (0.197 g, 1.00 mmol) was dissolved in 30 ml of 
0.0167 N HCl (0.50 mequiv). The pH of the solution was moni- 
tored for 10 min at 22O with a combination glass-calomel elec- 
trode. The pH drifted from 2.71 to 4.04 during this time. A plot vs. 
time extrapolated at the origin to pH 2.4, which was taken as equal 
to the pK, of 6b. A second plot was obtained by mixing equimolar 
quantities of 6b and its sodium salt dissolved respectively in 
MeOH and water. The total initial concentration of 6b and its 
anion in the mixture was 0.035 M and the ratio of MeOH to water 
was 1:5 by volume. The two plots differed by less than 0.2 pH units 
a t  any time point and extrapolated to essentially the same value a t  
the origin. 

Ethyl Nitroacetate. A. With 70.4% Nitric Acid. The nitration 
procedure described in the synthesis of 6b was repeated on a ten- 
fold scale. Caution: When working on this scale it is important to 
control the temperature as closely as possible. Best control was 
obtained by maintaining a Dry Ice-acetone bath on a jack below 
the reactor and lifting it as required. Addition of 3b was complete 
in 10 min. At the end of the nitration the temperature was raised 
to 2 1 O  and 500 ml of EtOH was added. The reaction mixture was 
allowed to remain for 1 hr at  30°, then 2.1 g (0.02 mol) of NazC03 
was added and the mixture was concentrated in the rotary evapo- 
rator. The residue was filtered and the filtrate was fractionated 
under vacuum to yield 125 g (94%) of faintly yellow liquid ethyl ni- 
troacetate: bp 70° (1.5 mm); ir (neat, NaCl plates) 1760, 1567 
cm-'; NMR (CDC13) 6 1.28 (t, 3 H), 4.25 (9, 2 H), 5.20 (s, 2 H). 
Both.spectra were similar to the spectra of a sample of ethyl ni- 
troacetate prepared according to a literature method.16 Identity 
was further confirmed by coinjection in two GLC columns with the 
same sample of ethyl nitroacetate. 

B. With 99% Nitric Acid. To 200 ml (2.10 mol) of AczO were 
added dropwise with good stirring 44 ml(1.05 mol) of colorless dis- 
tilled 99% nitric acid. The temperature during addition was main- 
tained at  0-5' by external cooling. The mixture was kept a t  5 O  for 
an additional period of 5 min; then it was cooled to -15O and 130 g 
(1.00 mol) of 3b was added at this temperature. No reaction waa 
evident. To the reaction mixture was added dropwise a solution of 
0.20 ml (0.002 mol) of 70% HC104 in 5 ml of acetic acid. Vigorous 
evolution of heat was evident during addition of catalyst but the 
temperature was maintained at -loo. Addition was complete in 
about 10 min. Caution: I t  is important to maintain good tempera- 
ture control. This was best accomplished by maintaining a Dry 
Ice-acetone bath on a jack under the reaction vessel and lifting it 
as required. In large-scale reactions with 99% "03 the reaction 
was best controlled by adding the catalyst last. After 1 more hr a t  

-loo, the reaction mixture was allowed to reach 21' and was 
worked up as described under part A. Similar yields of ethyl ni- 
troacetate were obtained and the product was faintly yellow. In an 
alternate work-up, the nitration mixture was stirred for 2 hr with 
500 ml of water at room temperature, the mixture was extracted 
with methylene dichloride, and the extract was fractionated. The 
distilled product was colorless in this case, but the yield was the 
same. 

Other Nitroacetoacetate Esters. Methyl nitroacetoacetate 
(sa), isopropyl nitroacetoacetate (6c), and cyclohexyl nitroaceto- 
acetate (6d) were prepared in a similar manner as 6b (Table I) and 
were characterized by ir and NMR spectra (Table 11). 

Other Nitroacetate Esters. Methyl nitroacetate, isopropyl ni- 
troacetate, and cyclohexyl nitroacetate were obtained by cleavage 
of the corresponding crude nitroacetoacetates. The yields, based 
on the nitroacetoacetates charged, were essentially quantitative 
(GLC). The nitroacetates (except methyl nitroacetate) were char- 
acterized by ir and NMR spectra (Table V). The identity of methyl 
nitroacetate was confirmed by coinjection in two GLC columns 
with material prepared by a literature method.16 
3,4-Bis(ethoxycarbonyl)furazan 2-Oxide (9b). This was iso- 

lated from the residue remaining after distillation of 6 b  yellow liq- 
uid, bp 98O (0.35 mm); NMR (CDC13) 6 1.39 (t) and 1.44 (t, total 6 
H), 4.45 (9) and 4.50 (4, total 4 H). 

Anal. Calcd for CsH&&: C, 41.74; H, 4.38; N, 12.17. Found: 
C, 41.71; H, 4.50; N, 12.38. 

Nitration of Ethyl 3-Acetoxy-2-butenoate (lob). Concentrat- 
ed HzS04 (0.011 ml, 0.0002 mol) was added to 11.4 ml of AczO. 
The mixture was cooled to loo, then 1.30 ml (0.021 mol) of 70.4% 
HN03 was added dropwise with good stirring while maintaining 
the temperature at 10-15O with external cooling, followed by 3.44 g 
(0.020 mol) of lob. After 50 rnin at  E o ,  Na2C03 (0.10 g, 0.001 mol) 
was added and the mixture analyzed by GLC. It  contained 6b 
(63%) and 9b (35%). The identities of both 6b and 9b, were con- 
firmed by coinjection with the authentic compounds in two GLC 
columns. 

Conversion of Ethyl Nitroacetoacetate (6b) to 3,4- 
Bis(ethoxycarbony1)furazan 2-Oxide (9b). The conversion of 
6b to 9b was carried out in vials immersed in a water bath main- 
tained at  22O. The progress of the reaction was monitored by GLC. 
The concentration of 9b was plotted vs. time as for a first-order re- 
action. The fit was reasonably good. The results are summarized in 
Table 111. 

Cleavage of Ethyl Nitroacetoacetate (6b). The cleavage of 6b 
by various nucleophiles was carried out in vials immersed in a 
water bath maintained at 22'. The progress of the reaction was 
monitored by GLC. The concentration of 6b was plotted vs. time 
as for a first-order reaction. The fit was reasonably good. First- 
order kinetics were assumed whenever the reaction was too fast to 
permit multiple analysis. The results are summarized in Table IV. 
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The reaction of 2-picoline N-oxide with phenylacetic anhydride proceeds by two paths: rearrangement to pro- 
duce picolyl phenylacetate (6), 2-(/3-phenylethyl)pyridine (71, other minor rearrangement products, and Con,  and 
oxidation to give benzaldehyde, 2-picoline, and COz. The ratio of the competing processes is sensitive to the incor- 
poration of deuterium at  appropriate sites in the reactants, thereby permitting a convenient method for deter- 
mining hydrogen isotope effects. For rearrangement, a primary kinetic isotope effect value (3.8-4.2) is obtained 
when reactions of methyl-deuterated and undeuterated 2-picoline N-oxide are compared, confirming earlier work 
on related systems that anhydro base (5) formation is rate determining. Oxidation, however, manifests an inverse 
isotope effect (0.76-0.81, deuterium labeling at  the methylene groups of phenylacetic anhydride) which, along 
with other evidence, suggests reversible enol or enolate formation prior to an SNl’-like rate-determining step to 
generate the reactive carbocation 3 or its conjugate base. Solvent polarity also significantly, but not dramatically, 
affects the ratio of the competing pathways. A trend is established which supports the proposed mechanisms if 
they are modified to include ion pairing phenomena. Furthermore, the influence of solvent polarity is found to be 
consistent with a dual mode of fragmentation of anhydro base intermediate 5. 

For over two decades there has been considerable inter- 
est in both the mechanistic and synthetic aspects of the re- 
actions of carboxylic acid derivatives with the N-oxides of 
pyridine and picoline. The four-electron oxidative decar- 
boxylation of anhydrides (or a mixture of the correspond- 
ing acid and acetic anhydride) which possess an acidic a 
hydrogen by pyridine N-oxide produces aldehydes or ke- 
tones, carbon dioxide, and pyridine as major  product^.^-^ 
For example, the oxidation of phenylacetic anhydride by 
pyridine N-oxide produces benzaldehyde and proceeds ac- 
cording to the following stoichiometry. 

(PhCH2C0)20 + 2CsHbNO - 
PhCHO + 2CsHsN + COn + PhCHzCOzH 

The reaction is t h o ~ g h t ~ - ~  to involve acylation of pyri- 
dine N-oxide, probably reversibly: to yield the N-acyloxy- 
pyridinium ion 1 (R = H) (Scheme I). The latter cation, by 
reaction with a second molecule of pyridine N-oxide and 
loss of a pyridine molecule, is then believed to produce the 
intermediate N-(a-carboxybenzy1oxy)pyridinium ion 4 (R 
= H) or the corresponding carboxylate ~ w i t t e r i o n . ~ ~ ~  Decar- 
boxylative fragmentation of 4 (R = H) (or its conjugate 
base) as shown would yield benzaldehyde, carbon dioxide, 
and pyridine.I 

Although there is substantial evidence for the intermedi- 
ate 4 (or its conjugate base),5’sa the mechanism of the con- 

version of 1 to 4 is not entirely clear. It has been suggest- 
ed294,5,8a that pyridine is displaced from the enol 2 (R = H) 
of 1 (R = H) by pyridine N-oxide in an SN1’ or SN2’ man- 
ner. Enolization is consistent with the requirement for an a! 
hydrogen atom.2b*3ci5 On the basis of the experimental find- 
ing that pyridine N-oxide is much more nucleophilic than 
pyridine toward the intermediate, an SN1’ attack involving 
the a-carboxybenzylcarbenium ion 3, or its conjugate base, 
has been favored.8a Some such electrophilic intermediate 
has been trapped by acetic acid and by pyridine, each uti- 
lized as s01vent.~ Further evidence for a cationic intermedi- 
ate of type 3 has been found in the oxidation of 2,3-diphen- 
ylpropanoic acid by pyridine N-oxide;sb in addition to at- 
tack by N-oxide to ultimately yield the expected oxidation 
product, the reactive electrophilic species undergoes loss of 
an adjacent proton to produce an &unsaturated carbox- 
ylic acid and it is also attacked by acetate to give the 2-ace- 
toxy derivative of the starting acid. 

The reaction of %picoline N-oxide with phenylacetic an- 
hydride yields, by a similar path, the products of oxidative 
decarboxylation, benzaldehyde, carbon dioxide, and 2-pico- 
line (Scheme I, R = Me). By an alternative path, the rear- 
rangement products 2-pyridylmethyl phenylacetate (6), 3- 
and 5-phenylacetoxy-2-picoline, 2-(@-phenylethyl)pyridine 
(7), and 3- and 5-benzyl-2-picoline are also obtained9 
(Scheme I). The rearrangement process is thought to pro- 


