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(w), 2915 (w), 1599,1492 (m), 920 (w), 820 (m), 751,684 cm-l; MS 
(rn/e) 193 (parent). For 4g: NMR 6 2.47 (s,3 H), 7.2-7.7 (m); IR (neat) 
3050 (b, w), 2920 (b, w), 1588,1492,1440,1400,1216 (w), 1117 (w), 823 
(m), 750,685 cm-1; MS ( d e )  193 (parent). 

Reaction of 4-Chloropyridine N-Oxide ( lh )  with 2. For 3h: 
NMR 6 6.63 (dm, 1 H, J = 6 Hz), 7-8 (m); IR 3050 (b, w), 1563 (m), 
1540 (m), 1476 (m), 1430,1392,1340,1127 (m), 1013 (m), 755 (m), 739 
(m), 720,686 cm-l. For 4h: NMR 6 7.1-7.7 (m), 8.45 (d, 1 H, J = 5 Hz); 
IR (neat) 3050 (m), 1597 (w), 1567,1545,1491 (m), 1453 (m), 1381 (m), 
1095 (m), 890 (m), 823 (m), 755,685 cm-l; MS (rnle) 213 (parent). 
A picrate of 4h had mp 165-167 "C dec from ethanol: IR (KBr) 2205 

(m) 1640 cm-l. Anal. Calcd for C19HllN407Cl: C, 51.53; H, 2.50. 
Found: C, 51.54; H, 2.74. 
2-Phenylfuro[3,2-c]pyridine. This compound was obtained both 

from the aqueous and chloroform portions in the preparation of 3h. 
Column chromatography yielded the furopyridine (27% yield), from 
the benzene eluate: mp 123.5-124 "C; NMR (CDC1:J 7.0 (d, Hs, J = 
1 Hz), 7.43 (m, 4 H), 7.83 (m, 2 H), 8.45 (d, Hs, J = 6 Hz), 8.90 (d, Hq, 
J = 1 Hz); IR (KBr) 1462 (m), 1456 (m), 1260 (m), 1011 (m), 883,826, 
752,680 (m) cm-l; MS (rnle) 195 (parent). Anal. Calcd for C13HgNO: 
C, 79.98; H, 4.65. Found: C, 80.52; H, 4.67. 

Reaction of 4-Methoxypyridine N-Oxide ( l i )  with 2. For 3i: 
NMR 6 3.4 (s, 3 H), 6.25 (dm, 1 H, J = 6 Hz), 7-8 (m); IR 3050 (w), 
1580,1475,1437,1365,1207 (m), 742 (m), 718 (m), 687 (m) cm-l. For 
3j: NMR 6 3.33 (s, 3 H), 6.30 (d, 1 H, J = 6 Hz), 7-7.8 (m), 8.1 (2 H); 
IR 3021 (b, w), 1573,1430,1368,1272,1020,960 (m), 850 (m), 800 (m), 
743,705 i 20 (b) cm-l. 

Reaction of 4-Nitropyridine N-Oxide ( lk)  with 2. In this sys- 
tem, the "standard" conditions were altered The reaction was carried 
out in DMF as solvent at 110 "C for 3d. The solvent was then evapo- 
rated under reduced pressure and the residue was treated with 
methanol and 10% aqueous potassium hydroxide at reflux tempera- 
ture for 3 h. The solid was filtered and purified by chromatography; 
the filtrate was extracted with chloroform and subjected to the 
standard purification cycle yielding 2-phenylfuro[3,2-c]pyridine (4% 
yield), mp 118.5-119 "C, by column chromatography and sublima- 
tion. 
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Vilsmeier-Haack formylation of pyrroles is well established, but its extension to aroylation, despite offering ad- 
vantages over other methods, has not been properly exploited as no systematic study of the reaction has been re- 
ported. The latter reaction has been reexamined and a method for the aroylation of certian pyrroles on a 5-200- 
mmol scale in yields of 85-96% is given together with a brief discussion of the reactivity of pyrroles and carboxam- 
ides, the preparation of the amide-phosphoryl chloride complex, azafulvene formation, and general experimental 
conditions necessary for efficient reaction. The preparation of 2-benzoylpyrrole is described to illustrate the im- 
provements, and several new aroylpyrroles are reported. 

The  Vilsmeier-Haack reaction1 (Scheme 12) is well estab- 
lished3 as a means of formylating pyrroles (Scheme I, R = H) 
and the experimental procedure widely used is that  of Sil- 
verstein e t  al.* The  reaction offers the advantages of mono- 
f ~ r m y l a t i o n , ~  virtually exclusive attack6 at the (Y position of 
unsubstituted pyrroles lacking bulky N substituents7 and 
consistently high yields. 

The  reaction was later extended to  include the acylation* 
(Scheme I, R = alkyl) and aroylationg (Scheme I, R = aryl) of 
pyrroles. While retaining the other advantages of the for- 
mylation reaction, the extended processes usually gave poorer 
yields. Consequently, aroylation by the Vilsmeier-Haack 

method, notwithstanding occasional reported yields of 80% 
or more,lOJ1 appears to have fallen into disfavor and to have 
been supplanted by other procedures,12 themselves often se- 
verely limited in their application to pyrrolic substrates. 

Despite recognition13 that "the conditions employed in the 
Vilsmeier-Haack condensation can be critical", no systematic 
investigation of the experimental conditions necessary for 
efficient aroylation by this procedure has yet been reported. 
Consequently, the conditions commonly employed are those 
reported for the formylation of pyrrole,* which are, in fact, 
unnecessarily harsh and unsuitable for the aroylation of 
pyrroles. 
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Scheme I 
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Accordingly, we undertook a thorough inve~tigationl~ of the 
aroylation of pyrroles by the Vilsmeier-Haack procedure and 
wish to report those results which bear directly on the use of 
the reaction as an efficient method for the preparation of aroyl 
pyrroles. 

The Amide, Despite the widespread use of N,N-dimeth- 
ylamides (1, R1, R2 = CH3) in reported Vilsmeier-Haack 
procedures, i t  was found that  morpholides (I ,  RlRz = 
-CH&HzOCH&H2-) were better reagents except when the 
phenyl nucleus carried a strongly electron withdrawing group 
such as a nitro group which rendered reaction with phosphoryl 
chloride incomplete. In such cases, the dimethylamide an- 
alogues gave better results. 

Morpholides formed complexes (2, RlR2 = -CHz- 
CH20CH2CH2-) with phosphoryl chloride which were eight 
to ten times more reactive than the corresponding N,N- 
dimethylamide complexes. This may be ascribed to  en- 
hancement of the activating effect of the morpholine oxygen 
atom by coordination of that atom with the excess phosphoryl 
chloride used in the present procedure. 

Thiobenzamide-phosphoryl chloride complexes,l5 although 
readily formed, are unreactive toward pyrrole and appear to  
be of little synthetic utility. 

Formation of the Vilsmeier-Haack Reagent (Scheme 
I, Step a). A report that amide-phosphoryl chloride complex 
formation (2, R = aryl) is best carried out in the absence of 
solventlo was confirmed and i t  was further shown that  such 
reaction could readily be followed by NMR spectrometry 
using the neat complex. The progress of the reaction was ap- 
parent from the relative intensity of new signals 0.7 to  t ppm 
downfield of the original signals due to  the nitrogen-substit- 
uent protons and ca. 0.3 ppm downfield of the original aro- 
matic proton resonances. Following complex formation was 
necessary, as complete reaction prior to  admixture with the 
pyrrole proved essential. 

By custom, complex formation is carried out by treating the 
amide with no more than 1 equiv of phosphoryl chloride, often 
in the presence of halogenated  hydrocarbon^.^,^' In fact, an 
excess of 1 to 10 equiv of phosphoryl chloride had no adverse 
effect on the Vilsmeier-Haack reaction itself and was bene- 
ficial during complex formation not only because of a reduc- 
tion in viscosity which assisted monitoring by NMR spec- 
trometry but  also because the rate of complex formation was 
increased thereby.16 The optimum quantity of phosphoryl 
chloride was found to be 2 to  2.5 equiv, and the presence of 
halogenated solvents during complex formation was avoided 
as these solvents promoted dissociation of the complex. 

The  rate of complex formation was found to  be dependent 
on the electron density a t  the carbonyl oxygen of the amide, 
the reaction being retarded by the presence of groups that are 
electron withdrawing in the presence of phosphoryl chloride. 

When morpholides formed complexes very slowly or incom- 
pletely, the use of N,N-dimethylamides was satisfactory. 

Although complex formation could be accelerated by gentle 
warming, temperatures above 40 "C were best avoided because 
of partial dissociation of the complex. Subsequently, cooling 
did, however, permit the reaction to  go to completion. This 
effect was most marked in the case of slowly formed amide- 
phosphoryl chloride complexes for which the temperature 
range of 25 to  35 "C was found to  be satisfactory. 

The Vilsmeier-Haack Reaction (Scheme I, Step b). 
Azafulvenes (3, R = aryl) were formed by treating the 
amide-phosphoryl chloride complex with the pyrrole in an- 
hydrous 1,2-dichloroethane within the temperature range of 
20 to  35 "C. The reaction was followed by UV spectropho- 
tometry by measuring the increase in absorption in the 350- 
to  400-nm region. 

The presence of 1,2-dichloroethane a t  this stage had no 
adverse effect, as dissociation of the amide complex was 
considerably slower than azafulvene formation. The use of 
strictly anhydrous 1,2-dichloroethane was essential, however, 
as traces of water not only led to  lower yields and products of 
poorer quality, but also retarded the reaction appreciably.l7 
Although slightly higher reaction temperatures could be used, 
both yield and product quality suffered at temperatures above 
40 "C. Reactions carried out under the conditions described 
were clean, and notwithstanding the presence of excess 
phosphoryl chloride the reaction mixtures could be allowed 
to  stand for long periods without side reactions occurring. 
Consequently, sluggish reactions such as those involving 
N-methylpyrrole (reaction time ca. 28 days) also proceeded 
in high yield. 

The Pyrrole. Pyrrole and a number of substituted pyrroles 
were investigated. In no case, where both a and p positions 
were vacant, was evidence of attack in the /3 position found. 
The reaction proved effective in the presence of C-alkyl sub- 
stituents and a 4-alkoxycarbonyl group (relative to attack in 
the 2 position), but  not so when a 4-acetyl group was 
present. 

Steric retardation of the reaction due to an adjacent C- 
methyl group was more than offset by its activating electronic 
effect. An N-methyl substituent, however, markedly reduced 
the rate of aroylation. Thus,  N-methyl pyrrole reacted a t  
approximately one hundredth of the rate of pyrrole itself. The 
inference tha t  this was due to  a steric factor arising from a 
specific orientation in the transition state is supported by the 
fact tha t  N-methylpyrrole undergoes formylation by the 
Vilsmeier-Haack procedure more rapidly than pyrrole.18 
N-methyl-2-aroylpyrroles are therefore best prepared by in- 
troducing the N-methyl group after aroylation. Such alkyla- 
tion was performed to  good effect by way of the thallium(1) 
intermediate.19 

Hydrolysis (Scheme I, Step c). Hydrolysis of the azaful- 
vene wm carried out using aqueous sodium carbonate solution 
at room temperature followed by heating for 45 min. This 
period of heating was often far in excess of requirement for full 
hydrolysis but was convenient and did not lead to a reduction 
in yield. Monitoring of the hydrolysis was not attempted be- 
cause the reaction mixtures were heterogeneous. The products 
were isolated by conventional means and were obtained in 
satisfactory purity after one recrystallization. 

Yields. Yields, physical constants, and some reaction times 
are given in Tables I and I1 and are reproducible for prepa- 
rations on the scale of 5 to  200 mmol (ca. 1 to 34 g of 2-ben- 
zoylpyrrole). Ethyl 2,4-dimethylpyrrole-3-carboxylate was 
chosen as the principal substrate for studying changes in ex- 
perimental procedures aimed a t  improving yields as it was also 
suitable as a reference compound for the rate studies which 
were concurrently under way.14 For the same reason most of 
the reactions were carried out a t  35 OC. However, in those 
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Table I 
EtQ,C qMe I 2 ArCOAIPCCI, ari Na,CQ ' Em2c*;*r 

Me I II 
H O  Me I H 

Registry Complex Azafulvene 
no. Ar A formationa formation,b h (A,,,, nm) % Yieldc Mp "Cdse 

63833-34-1 4-Methoxyphenyl Morpholide 60 rnin 10.8 (376) 90 (96) 148.5-149.5 
63833-35-2 4-Tolyl Morpholide 120 min 7.0 (379) 85 (92) 133-134 
63833-46-5 Phenyl Morpholide 160 rnin 3.1 (379) 92 (99) 109-110f 
63833-36-3 4-Chlorophenyl Morpholide 10 h 2.3 (386) 87 (95) 174-174.5 

4-Chlorophenyl Dimethylamide 55 min 18.2 (374) 90 (93) 174-174.5 
63833-37-4 3-Chlorophenyl Dimethylamide 85 min 7.8 (374) 88 (94) 135-136 
63833-38-5 4-Nitrophenyl Dimethylamide 4 h  1.9 (388) 96 (g) 173-175 
63833-39-6 3-Nitrophenyl Dimethylamide 7 h  3.2 (381) 87 (90) 180-181 

63833-41-0 2-Pyrrolyl Dimethylamide <4 min 178 (-374) 86 (g) 188-189 
63833-42-1 2-Fury1 Dimethylamide 50 min 1.8 (391) 80 (87) 110-111 
63833-43-2 2-Thienyl Dimethylamide 90 rnin 2.7 (385) 86 (88) 107.5-108.5 

63833-40-9 3,5-Dinitrophenyl Dimethylamide None 

63833-45-4 3-Pyridyl Diethylamide 120 min 8.7 (388) 85 (97) 155-156.5h 

a At 35 "C using 2.16 equiv of POCl3, minimum time for full formation. b At 35 "C, 0.2 M in 1,2-dichloroethane, 10-mmol scale. C First 
crop only from petroleum ether (60-65 "C) or toluene/petroleum ether. Second figure gives yield by spectrophotometric assay. Sa- 
tisfactory analyses (4~0.2% for c, H and N) were reported for all new compounds listed. e All compounds gave satisfactory NMR and 
IR spectra. Keto carbonyl absorptions were all in the region 1590-1621 cm-1. f In agreement with literature value, ref 9. g Product 
crystallized before assay could be performed. h In agreement with literature value, ref 20. 

Table I1 

Registry 
no. Ar A % yielda MP, "C 

63833-47-6 4-Nitrophenyl Dimethylamide 91 160-162 (160-161 b, 
13169-71-6 4-Chlorophenyl Morpholide 87 118.5-119.5 (114-115b) 

55895-62-0 4-Tolyl Morpholide 86 118-119 ( l lgb)  
11963-43-5 4-Methoxyphenyl Morpholide 88 112.5-113.5 (110-112b) 

Phenyl Morpholide 86 77.5-78 (79') 

a First crop only. Prepared on a 20-mmol scale at  25 "C using a 0.2 M solution in 1,2-dichloroethane. Pyrrole reacted at approximately 
half the rate of ethyl 2,4-dimethylpyrrole-3-carboxylate. Reference 21. Reference 22. 

cases where reactions were repeated at 25 "C the yields rose 
by 2-3%. 

To establish that the improved procedure was appropriate 
to  an acid-sensitive substrate, several of the aroylations were 
repeated using pyrrole. These reactions also went in good 
yield, indicating that the experimental procedure here re- 
ported is not limited to  very stable pyrroles only. 

Exper imenta l  Section 
Pyrrole was redistilled and stored, under argon, at 0 "C. Ethyl 

2,4-dimethylpyrrole-3-carboxylatez~ was sublimedz4 before use. 
Phosphoryl chloride was twice redistilled at atmospheric pressure and 
stored, under argon, in sealed ampules. Anhydrous 1,2-dichloroethane 
was obtained by distillation from phosphorus pentoxide. All other 
solvents and reagents were of good commercial quality and were used 
without further purification. 

Dimethylamides were prepared in high yield by treatment of the 
appropriate acid chloride (0.5 M in toluene) with anhydrous di- 
methylamine and were recrystallized from petroleum ether (60-65 
"C) or toluene/petroleum ether. Morpholides were prepared in the 
same way using an equimolecular mixture of morpholine and trieth- 
ylamine which facilitated the removal of the amine salt. 

Melting points (Kofler hot stage) are uncorrected. 
General Prodedure. The appropriate amide was dissolved in 

phosphoryl chloride (0.2 mL/mmol of amide), and the solution, pro- 
tected from moisture, was allowed to stand until NMR spectrometry 

showed complex formation to be complete. A solution (0.2 M) of the 
pyrrole (1 equiv relative to amide) in anhydrous 1,2-dichloroethane 
was added in one batch to the syrupy complex. After thorough mixing, 
the homogeneous solution, protected from moisture, was allowed to 
stand until azafulvene formation was complete as shown by UV 
spectrophotometry using 1,2-dichloroethane for dilution of the 
samples drawn. The reaction mixture was poured, with stirring, into 
10% aqueous sodium carbonate solution (25 mL/mL of POCl:j), stirred 
at room temperature for 15 min, and then for 45 min at reflux tem- 
perature. After cooling, the product was isolated from the dichloro- 
ethane layer and recrystallized from petroleum ether (60-65 OC) or 
toluene/petroleum ether. 

2-Benzoylpyrrole (Representative Example). A mixture of 
N-benzoylmorpholine (2.96 g, 20 mmol) and phosphoryl chloride (4.0 
mL, 43.2 mmol) was kept at 25 "C for 6 h. A solution of pyrrole (1.38 
mL, 20 mmol) in anhydrous 1,2-dichloroethane (100 mL) was added 
and, after swirling, the reaction mixture was left at ca. 25 "C for 14 
h. After hydrolysis with 10% aqueous sodium carbonate solution (100 
mL), the organic layer was separated and the aqueous layer was 
washed with 1,2-dichloroethane (two 20-mL portions). The combined 
organic layers were dried (Na&03), the solvent was removed, and the 
residue was recrystallized (charcoal) from petroleum ether (60-65 "C) 
to give the desired ketone as colorless needles (2.95 g, 86%)) mp 77.5-78 
"C (lit.22 mp 79 "C). 
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R e g i s t r y  No.-ArCONMez (Ar = 4-C1C6H4), 14062-80-7; Ar- 
CONMez (Ar = 3-ClC&4), 24167-52-0; ArCONMez (Ar = 4- 
OzNC&), 7291-01-2; ArCONMez (Ar = 3-02NC,jH4), 7291-02-3; 
ArCONMez (Ar = 3,5-diOzNC~H3), 2782-45-8; ArCONMez (Ar = 
2-pyrrolyl), 7126-47-8; ArCONMez (Ar = 2-furyl), 13156-75-7; Ar- 
CONMe2 (Ar = 2-thienyl), 30717-57-8; N-(4-methoxybenzoyl)mor- 
pholine, 7504-58-7; N-(4-methylbenzoyl)morpholine, 63833-44-3; 
N-(4-chlorobenzoyl)morpholine, 19202-04-1; ethyl ?&dimethyl- 
pyrrole-3-carboxylate, 2199-51-1; phosphoryl chloride, 10025-87-3; 
2-benzoylpyrrole, 7697-46-3; N-benzoylmorpholine, 1468-28-6; 
N,N-diethyl-3-pyridinecarboxamide, 59-26-7; pyrrole, 109-97-7; 4- 
nitro-N,N-dimethylbenzamide, 7291-01-2. 
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The syntheses of 3/3-acetoxy-5/3,6~-N-nitroaziridinylcholestane ( 5 )  and lO-methy1-1,9-(N-nitroaziridino)decalin 
(61, the first known N-nitroaziridines, are described. Their thermal rearrangements and their reactivity in the pres- 
ence of protic solvents are also examined. 

Synthetic and naturally occurring aziridines and nitro- 
substituted heterocycles are rich sources of important phar- 
maceuticals, veterinary medicines, and agrichemicals.' N- 
Nitroaziridines (1) are representative of both classes, but until 

1 
R l ,  R2, R3, R 4  2 H or ALKYL 

now were unknown. Research in this area may have been in- 
hibited by the impression that  these aziridines would be too 
unstable to  isolate, since N-nitrosoaziridines are known to  
decompose spontaneously at -15 "C, giving nitrous oxide and 
olefin.2 

E N - N O  % CH2=CH2 + N20 
2 3 4 

We now wish to report the synthesis of two stable N-ni- 
troaziridines (5  and 6) by a novel route. Both compounds are 

5 6 

stable a t  room temperature, but undergo unique thermal re- 
arrangements a t  elevated temperatures. 

Synthesis 
The  synthesis of N-nitroaziridine 5 began with nitration 

of cholesteryl acetate (7) to give 6-nitrocholesteryl acetate (8) 
(Scheme I). This reaction proved quite capricious with yields 
from 20 to  50% even under identical conditions, probably 
because of variations in quality of the sodium nitrite and nitric 
acid. Conversion to  the chlorooxime 9 was effected with dry 
hydrogen chloride in ether." Direct addition of nitrosyl chlo- 
ride to  cholesteryl acetate, followed by acidic isomerization 
to  chlorooxime 9, was an  unacceptable alternative because 
steroidal olefins give chloronitro derivatives rather than the 


