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The Chemistry of Functisnall 
Preface to the Series 

The series ‘The Chemistry of Functional Groups’ is planned to 
cover in each volume all aspects of the chemistry of one of the im- 
portant functional groups in organic chemistry. The emphasis is laid 
on the functional group treated and on the effects which it exerts on 
the chemical and physical properties, primarily in the immediate 
vicinity of the group in question, and secondarily on the behavior of 
the whole molecule. For instance, the volume The Chemistry ofthe Ether 
Linkage deals with reactions in which the C-0-C group is involved, 
as well as with the effects of the C-0-C group on the reactions of 
alkyl or aryl grolips connected to the ether oxygen. I t  is the purpose 
of the volume to give a complete coverage of all properties and re- 
actions of ethers in as far as these depend on the presence of the ether 
group, but the primary subject matter is not the whole molecule, but 
the C-0-C functional group. 

A further restriction in the treatment of the various functional 
groups in these volumes is that material included in easily and 
generally available secondary or tertiary sources, such as Chemical 
Reviews, Quarterly Reviews, Organic Reactions, various ‘Advances’ 
and ‘Progress’ series as well as textbooks (i.e. in books which are 
usually found in the chemical libraries of universities and research 
institutes (should not, as a rule, be repeated in detail, unless it is 
necessary for the balanced treatment of the subject. Therefore each of 
the authors is asked not to give an  encyclopedic coverage of his sub- 
ject, but to concentrate on the most important recent developments 
and mainly on material that has not been adequately covered by re- 
views or other secondary sources by the time of writing of the chapter, 
and to address himself to a reader who is assumed to be at a fairly 
advanced post-graduate level. 

With these restrictions, it is realized that no plan can be devised 
for a volume that would give a co;npZete coverage of the subject with 
no overlap between the chapters, while at  the same time preserving 
the readability of the text. The Editor set himself the goal of attain- 
ing reasonable coverage with moderate overlap, with a minimum of 
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vi Preface to the Series 

cross-references between the chapters of each volume. In this man- 
ner, sufficient freedom is given to each author to produce readable 
quasimonographic chapters. 

The general plan of each volume includes the following main 
sections : 

(a) An introductory chapter dealing with the general and theo- 
retical aspects of the group. 

(b) One or more chapters dealing with the formation of the func- 
tional group in question, either from groups present in the molecule, 
or by introducing the new group directly or indirectly. 

(c) Chapters describing the characterization and characteristics 
of the functional groups, i.e. a chapter dealing with qualitative and 
quantitative methods of determination including chemical and 
physical methods, ultraviolet, infrared, nuclear magnetic resonance, 
and mass spectra; a chapter dealing with activating and directive 
effects exerted by the group andlor a chapter on the basicity, acidity 
or complex-forming ability of the group (if applicable). 

(d) Chapters on the reactions, transformations and rearrangements 
which th‘e functional group can undergo, either alone or in con- 
junction with other reagents. 

(c) Special topics which do not fit any of the above sections, such 
as photochemistry, radiation chemistry, biochemical formations and 
reactions. Depending on the nature of each functional group treated, 
these special topics may include short monographs on related func- 
tional groups on which no separate volume is planned (e.g. a chapter 
on ‘Thioketones’ is included in the volume The Chemistry ofthe Carbonyl 
Group, and a chapter on ‘Ketenes’ is included in the volume The 
Chemistry of Alkenes). In  other cases, certain compounds, though con- 
taining only the functional group of the title, may have special 
features so as to be best treated in a separate chapter as e.g. ‘Poly- 
ethers’ in The Chnistry of the Ether Linkage, or ‘Tetraaminoethylenes’ 
in The Chemistry of the Amino Group. 

This plan entails that the breadth, depth, and thought-provoking 
nature of each chapter will differ with the views and inclination of 
the author and the presentation will necessarily be somewhat uneven. 
Moreover, a serious problem is caused by ,authors who deliver their 
manuscript late or not at all. I n  order to overcome this problem at 
least to some extent, it was decided to publish certain volumes in 
several parts, without giving consideration to the originally planned 
logical order of the chapters. If after the appearance of the originally 
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planned parts of a volume, it is found that either owing to non- 
delivery of chapters, or to new developments in the subject, sufficient 
material has accumulated for publication of an additional part, this 
will be done as soon as possible. 

It is hoped that the series ‘The Chemistry of Functional Groups’ 
will include the titles listed below : 

The Chemistry of the Alkenes (published) 
The Chemistry o f  the Carbonyl Group (published) 
The Chemistry o f  the Ether Linkage (published) 
The Chemistry o f  the Amino Group (published) 
The Chemistry of the Nitro and Nitroso Groupsparts 1 and 2 (published) 
The Chemistry o f  Carboxylic Acids and Esters (published) 
The Chemistry o f  the Carbon-Nitrogen Double Bond (published) 
The Chemistry uf the Cyano Group (in press) 
The Chemistry of the Carboxamido Group ( i n  press) 
The Chemistry o f  the Carbon-Halogen Bond 
The Chemistry o f  the Hydroxyl Group (in preparation) 
The Chemistry o f  the Carbon-Carbon Triple Bond 
The Chemistry o f  the Azido Group (in preparation) 
The Chemistry of Imidoates and Amidines 
The Chemistry o f  the Thiol Group 
The Chemistry o f  the Hydrazo, Azo, and Azoxy Groufs 
The Chemistry o f  Carbonyl Halides 
The Chemistry o f  the SO, SO2,  -SO&, and -SO,H Groups 
The Chemistry o f  the -OCN, -NCO, and -SCN Groups 
The Chemistry o f  the -PO,H, and Related Groups 

Advice or criticism regarding the plan and execution of this series 
will be welcomed by the Editor. 

The publication of this series would never have started, let alone 
continued, without the support of many persons. First and foremost 
among these is Dr. Arnold Weissberger, whose reassurance and trust 
encouraged me to tackle this task, and who continues to help and 
advise me. The efficient and patient cooperation of several staff- 
members of the Publisher also rendered me invaluable aid (but un- 
fortunately their code of ethics does not allow me to thank them by 
name). Many of my friends and colleagues in Jerusalem helped 
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me in the solution of various major and minor matters and my 
thanks are due especially to Prof. Y. Liwschitz, Dr. 2. Rappoport, and 
Dr. J- Zabicky. Carrying out such a long-range project would be 
quite impossible without the non-professional but none the less 
essential participation and partnership of my wife. 

The Hebrew University 
Jerusalem, ISRAEL 

SAUL PATAI 



The concept of this book arose from several discussions with Pro- 
fessor Saul Patai during my sabbatical leave at the Hebrew University 
of Jerusalem in the Spring of 1964. While disclosing his plans to 
edit a series of treatises concerned with the chemistry of functional 
groups, inclusion of the nitro and nitroso groups as the subject- 
matter for one of the volumes was brought forward. I accepted the 
editorship of such a treatise as part of the series because I considered 
i t  very worthwhile that up-to-date discussions on the theoretical, 
physical, and mechanistic aspects of these groups be unified in one 
publication by active workers in the field. For although several re- 
view articles, proceedings of various symposia, and isolated chapters 
in various books have concerned themselves with certain aspects of the 
chemistryof the nitro and nitroso groups-an active and exciting field 
of research-no self-contained book on the subject has been available. 

As in the already-published books of this series, the subject- 
matter in this treatise has been considered from the viewpoint of the 
functional group. Instead of an encyclopedic coverage of all known 
reactions and compounds, the emphasis has been placed on basic 
principles, mechanisms, and recent advances in both theory and 
practice. It is hoped that by choosing this approach, a broad and 
concise picture of the importance of the nitro and nitroso groups has 
been attained. 

The editing and publishing of a book which is made up of contri- 
butions from several authors are usually delayed by the fact that the 
deadline agreed upon is exceeded by some of the contributors. Such 
delay is unfortunate because it can sometimes result in obsolescence 
on some parts of a manuscript. To minimize such possibilities, which 
invariably occur when discussions in active fields of research are 
involved, and to keep the format of the book to a manageable size, i t  
was decided to publish the treatise in two volumes. 

I t  is with great pleasure that I acknowledge the cooperation of 
Professor Saul Patai, and the advice and suggestions in editorial 
matters of the Publishers. 

I also express my gratitude to Dr. M. Auerbach, who did most of 
the painstaking work involved in preparing both the Author and 
Subject Index. 

Lafa yet te, January 1 9 7 0 HENRY FEUER 
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Introduction of the nitro 
group into aromatic 
systems 

WILLIAM M. WEAVER 
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Cleveland, Ohio 

I. ELECTROPIIILIC NITRATION 
A. Theory . 
B. Choosing Experirncntal Conditions . 
C. Peculiarities of Mixed . k i d  . 
D. Side-Reactions . 

11. ~VITRATIOSS UNDER NON-:\CIDIC CONDITIOSS . . 
111. OXIDATION OF . h l I N O  AND NITROSO COUPOUNOS TO xITROARENES 

IV. REPLACENENT OF Dr,\zoxruxr 10s XVITH THE KKRO GROUP . 
V. SITRATIOXS XVITII  OXIDES OF SITROGEX . 

VI. REARRANGEMENT OF L\'-~ITROAMINES . 
VII. PROULEI~S IS ORIENTATION. 
1'111. kfISCELLANEOUS ELECTROPIIILIC S I T R A T I X G  REAGENTS . 

I S .  REFERENCES . 

. 2  

. 2  

. 16 

. 21 

. 25 

. 27 

. 29 

. 31 

. 33 

. 35 

. 37 

. 41 

. 42 

T h e  preparation of aromatic nitro compounds is most often achieved 
with reagents capable of forming the nitronium ion, NO,+. The 
reagents capable of producing this ion are numerous, and the condi- 
tions employed are as lraried as the aromatics being nitrated. 
Besides the common sulfuric acid-nitric acid combination for the 
production of hTO,+, nitronium fluoroborate and other nitronium 
salts, nitrate esters, N,O,, N,Oj, and metal nitrates plus sulfuric 
or Lewis acids are reagents which are believed to invol\ie nitronium 
ion as the nitrating species. 

Nitric acid in acetic anhydride might at first appear to hehave 
similarly. Yet, the resulting acetyl nitrate is somewhat anomalous 
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2 I\'illiam M. \\'eaver 

in its action. Moreover, the active nitrating agent from nitric acid 
in acetic anhydride is uncertain, although it is probably protonated 
acetyl nitrate and not nitronium ion. 

The atypical procedures for the introduction of a nitro group into 
aromatic systems consist of oxidation of nitroso and amino com- 
pounds, replacement of diazonium ion, rearrangement of nitramines, 
nucleophilic displacement by aryl anions on nitrate esters and other 
suitable reagents such as N,O, and tetranitromethane, and free- 
radical processes involving -NO,. These procedures are employed 
most often to overcome problems of orientation, but the sensitivity 
of some aromatic systems to oxidation by the usual nitrating media 
necessitate other methods of preparing the nitroarene. 

1. ELECTROPHILIC NITRATION 

Preparative electrophilic nitration can be done in a variety of media, 
but those most often employed are mixed acid (nitric plus sulfuric), 
aqueous nitric acid, nitric acid in acetic acid, and nitric acid in 
acetic anhydride. However, in theoretical and' mechanistic studies, 
the number of electrophilic nitrating agents and the variety of 
solvents employed are numerous. Nitronium tetrafluoroborate (and 
similar salts of P, As, and Sb) and dinitrogen pentoxide are excellent 
nitrating agents whose preparative value would be greater if they 
were more readily available. 

A. Theory 

As most commonly effected, nitration of aromatics is a typical 
electrophilic substitution by the nitronium ion, NO,+ (equation 1). 

(1) 

The formation of the cr-complex (I) is an ionic bimolecular process 
sensitive to the individual reactivity of a particular aromatic and 
to solvation effects. The exact products produced are governed by 
the typical rules of orientation in electrophilic substitution, aad 
strong solvation of the nitronium ion retards the rate of nitration. 
The velocity of the formation of the o-complex is very rapid; where 
the nitronium ion is involved in complex equilibrium with the 
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nitration medium, this formation is too fast to be rate determining. 
Because the loss of the proton from the a-complex is also too fast 
to be even partly rate determining, a primary deuterium isotope 
effect is not observed in nitration. An exception has been found by 
Myhre' in the nitration of sym-nitrotri-t-butylbenzene wherein 
steric strain causes sufficient reversibility to the formation of the 
o-complex to make the isotope effect detectable. 

The major body of evidence in favor of nitration via the nitronium 
ion was first amassed by C .  K. Ingold and coworkers in 1950 and 
has been summarized in numerous  place^^-^. Ingold himself was 
fully aware that dinitrogen pentoxide in carbon tetrachloride and 
acyl nitrates behave anomalously, and he maintained an  open mind 
toward the possibility that  species other than the nitronium ion 
might be responsible for nitration. Some  writer^^-^, however, have 
tried to retain a simple picture with nitration always occurring via 
the nitronium ion. Such a simple concept seems unrealistic. Not 
only must one consider the nitrating agent to vary with the nitrating 
medium, but the transition to the a-complex must be considered in 
greater detail. 

The o-complex or Wheland intermediate* is representable as a 
minimum in an  energy-reaction coordinate profile and can be 
isolated under proper conditions; a a-complex has been isolated 
from the reaction of trifluorometh ylbenzene, nitryl fluoride, and 
boron trifluoride at -50" 9. Even prior to its formation is the 
possibility of a less stable intermediate-a n-complexlO-ll -a 
multicentered, less directed interaction12 of the nitronium ion with 
the clectrons of the aromatics. Olah'3 has given evidence that 
formation of sr-complexes may be rate determining in nitration by 
nitronium fluoroborate in sulfolane. 

But more correctly, rates are controlled by activation energies 
which are determined by energy maxima, transition states, and not 
Iiy intermediates, which are energy minima. Although the presence 
of an intermediate is useful in elucidating a reaction mechanism, 
an intermediate only restricts and hints at  the dynamic process that 
leads to i P .  In nitration this process is electrophilic yet i t  must 
also be partly nucleophilic because the electrophile receives its 
electron-pair from a donor, a nucleophile. More importantly, an 
electrophile suKiciently electrophilic to disrupt the resonance 
stabilization energy of benzene is going to lie associated with some 
electron-rich species which must bc displaced during formation 
of tile o-comples. Thus, in aromatic hcomination there is a clear 
distinction liei\veen Iironiination by protonated hypobromous acid 
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4 William M. Weaver 

and by molecular bromine wherein displacement of the bromide 
ion by the electrons of the aromatic is a significant portion of the 
transition stateI5 (equation 2). From another viewpoint, electro- 

philes, depending on the medium, can be in various ground states. 
The two extremes are: (1) the electrophile is coordinated to a base 
by a directed covalent bond and is essentially a molecular entity 
and (2) the electrophile is a ‘free’ cation surrounded by several 
basic species through non-directed electrostatic interaction in a 
manner analogous to a cation in a crystal or an alkali metal cation 
in solution in water. Intermediate between these extremes are 
ion-pairs and a whole continuum of weak to strong, non-directed 
to directed, interactions of an electrophile with electron-donating 
substances. 

At this time, three nitration systems have been sufficiently studied 
to warrant the conclusion that at  least three distinctive electrophilic 
nitrating agents exist: 

1,  The complex fluoranion nitronium salts, particularly nitronium 
fluoroborate in sulfolane which acts as a solvated ion pair. 

2, ATitric acid in acetic anhydride which reacts to produce acetyl 
nitrate which nitrates via its protonated form. 

3. Nitric acid in concentrated sulfuric acid-mixed acid-which 
gives the solvated nitronium ion in a protic medium of high 
dielectric. 

That  these three systems contain distinctive nitrating entities is 
shown by their differences in both substrate selectivity and positional 
selectivity. 

Competitive nitration with benzene shows that both nitronium 
fluoroborate and mixed acid have low substrate selectivity. The 
rate ratios are close to one (Table 1)16. Yet nitration in acetic anhy- 
dride gives much greater substrate selectivity, toluene being 27 times 
more reactive than benzene and biphenyl 16 times more reactive. 
The low substrate selectivity by nitronium fluoroborate is interpreted 
by Olah as evidence of the transition to the n-complex being rate 
determining. This interpretation is quite reasonable if one assumes 
that the nitrating entity is in a high ground state so that the rate- 
controlling transition state is closer to the starting materials. In 
acetic anhydride the actual nitrating agent is in a much lower 
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TABLE 1 .  Isomer distribution and relative rate for nitration with nitronium fluoroboratc, 
mixed acid, and protonated acetyl nitrate16. 

NO,BF,(25')/ HNO3I 
Sulfolane H , s o ~ ( ~ ~ ' )  H N O ~ / A ~ , O ( O ~ )  

o-Xylene % 3 (o and m) 
"/, 4 ( p  and m) 

k*#B 
Biphenyl 70 2 

% 4  

Toluene "/o 2 
% 4  
k ~ r l k ~  

% 4  

Acetanilide % 2  
% 4  

Xnisole Y o  2 
?4 4 

kArlkB 

Chlorobenzene yo 2 

kArik13 

79.716a 
20.3 

I .7516* 
75161) 

23.8 

65.416" 
31.8 

22.716a 
76.6 

2.0816b 

1 .6716b 

0.14'6& 
- 
- 

6916m 
31 

5 5 1 6 C  

45 

3716e (35-40') 
63 

56.416c 
38.8 

3016' 

70 

19161 
79(20°) 
3116n 
67 

1.0216C 

- 

1.24'6c 

- 

33'6d 

67 

68lsr(58I6g, 53') 
32 (42, 53O) 
1 616' 
6 1 . 4 1 G h  
37.0 
27 
1016j 
90 

0.0331Bk 
68l6l(2Oo) 
30 (2 0' ) 
71160 

28  

- 

energy state and the rate-controlling transition resembles the 
o-complex. Figure 1 gives a pictorial representation of this concept. 

Isomer distribution in the products is also quite different depend- 
ing on the nitrating medium. This positional selectivity of various 
nitrating media is quite obvious in the nitration of o-xylene but only 
slightly evident in the nitration of toluene. The relatively invariant 
isomer distribution in the nitration of toluene is often quoted" as 
evidence for a single active nitrating entity, the nitronium ion. 
However, this insensitivity of toluene is general for all electrophilic 
substitutions and is characteristic of all monoalkylated benzenes. 
Knowles, Norman, and Raddals ascribed this insensitivity of toluene 
to the low polarizability of an alkyl group to the electron demands 
of an electrophilic reagent. Therefore, the fact that toluene always 
gives cu. 60 yo o-nitrotoluene with varied nitrating agents is irrelevant. 

Kinetic evidence for the nitronium ion as the active nitrating 
agent comes from the nitration of alkylbenzenes with nitric acid in 
either acetic acid or nitromethane. In  an excess of nitric acid the 
rate is zero order, catalyzed by strong mineral acid and retarded 
by added nitrate ion without altering the zero order of the reaction. 
This finding was interpretedl9 as showing that the slow step in the 
reaction was formation of the nitronium ion (equation 3) .  
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H 
I 

HONO, + HA d HOGNO, + A e  (fast) 

HOONO, __f H,O + NO,@ (slow) * (3; 
I 

H 

NO,@+ C,H, --+ C,H5N0, (fast) 

Identical kinetic behavior would be observed also if the nitra- 
cidium ion, H,O@NO,, reacted with acetic acid to produce pro- 
tonated acetyl nitrate (equation 4). 

0 0-NO, 

+ H,O (slow) (4) 
/ 

\\ 
+ CH,-C 

// 
\ 

H,ONO,@ + CHS-C 

OH 0-H 
0 

s-transition 
state 

ion pair 

NO:+X J l  
solvated 

state 

AE* (controls rate) 

+OH 
/ 

CHJC. 

s-transition 
state 

u-complex 

s-complex 

state 

AE* (controls rate) 

C H J C ~  
'NO2 

covalent 

Reactants Products 
Reaction coordinate 

'NO2 
covalent 

Reactants Products 
Reaction coordinate 

FIGURE 1. Effect of changing nitrating species on the rate-controlling transition state. 
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Nitronium fluoroborate reacts with explosive violence with acetic 
acidz0. I t  seems unlikely that the nitronium ion can exist as such in 
acetic acid, and it is much more reasonable that protonated acetyl 
nitrate is also the active nitrating agent from nitric acid in  acetic 
acid. Substrate selectivity for nitric acid in acetic acid is similar to 
that for acetyl nitrate, but comparative isomer distribution for a 
suitably sensitive substrate, other than toluene which is not subject 
to solvation itself, is unavailable. More work with o-xylene is needed. 

Fisher, Packer, and  Vauglian*G", in reporting their evidence for 
protonated acetyl nitrate as the active nitrating agent in the nitra- 
tion of o-xylenc with nitric acid in acetic anhydride, point out that 

7 

TAIILE 2. Rclativc rates and isomer distributions for the bromination 
and nitration of toluencz4. 

13romination : 
857; HO..Zc, 25OZ4" 605 32.9 
CI',CO,H, 25O zJb 2580 17.6 

90:; HOXC. 45O""C 24 56.5 
CH,NO,, 30' 24d 21 58.5 
AczO, 30° 24d 23 58.4 
Ac,O. oo 27 58.1 

Kitration : 

CF,CO,H, 25O zJb 28 61 .6 

0.3 66.8 
0 82.4 

3.5 40.0 
4.4 37.1 
4.4 37.2 
3.7 38.2 
2.6 35.8 

a second less active nitratins agent is probably present in the medium. 
This  less active nitrating agent becomes apparent in the nitration 
of the more reactive substrate m-xylene for which the kinetics 
require a second term. 

Azulene, a highly active aromatic compound, is successfully 
nitrated by cupric nitrate in acetic anhydride22. This system initially 
contains no protic hydrogens, so protonated acetyl nitrate as a 
nitrating agent is unlikely. However, acetyl nitrate itself is a reason- 
able nitrating species but one which is only active wit11 very reactive 
arenes such as azulene and nr-xylene. 

Brown23 has shown reccntly that trifluoroacetic acid is an  effective 
solvent for electrophilic substitution. Typically, toluene is the 
substrate nitrated, but even though toluene is mostly insensitive to 
changes in nitrating mcdium, there is an  unmistakable, albeit 
small, change in  both substrate and positional selectivity with 
change in solvent. Table 2 2 4  includes Iiromination data along with 
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the nitration data. The  solvent change from acetic acid to trifluoro- 
acetic acid produces a large effect in the bromination but only a 
slight effect with nitration. This lowered sensitivity in the nitration 
might be ascribed to a peculiarity of nitrogen in the plus-five 
oxidation state: regardless of whether the nitronium ion is complexed 
or free, the nitrogen always carries a formal positive charge. This is 
not the case with the bromonium ion. Where solvent complexed 
molecular bromine is the active brominating agent, a formal positive 
charge does not even reside on the halogen atom entering the 
aromatic compound (equations 5 and 6). T h e  consequence is that  

0 

0 

BrO + :A d Br-A@ 
Br-Br + :A d Rr-Br@-A@ 

nitration is 105-106 times faster than bromination, the specific rate 
for bromination in acetic acid being of the order of mole 1.-' 
sec-l* and  that of nitration by protonated acetyl nitrate in acetic 
acidz5 of the order of mole 1.-' sec-l. 

The  low substrate sensitivity reported by Olah for nitronium 
fluoroborate as determined by competitive rate  studies has been 
cr i t i~ized~*~3*26.  T h e  rate of mixing, in the rapid reaction with 
alkylbenzenes, seems to affect the competitive rate ratios. Never- 
theless, this concern over the reliability of Olah's numbers should 
not  obscure the fact that  substrate selectivity does indeed vary 
with the nitrating medium. Ingold found small differences for the 
relative rates of nitration of toluene and benzene for nitric acid in  
acetic. anhydride (k,[k, = 23) and nitric acid in nitromethane 
(k,fk, = 2 l)24d. This 10 yo difference can be attributed to experi- 
mental uncertainty, but  when one compares toluene with 
t-butylbenzene in the same media, whose reactivities are more nearly 
alike, the percentage difference is greater and in  the same direction 
for the two solvents : the ratio, in acetic anhydride (kT[k,--Run = 2.0) 
being larger than in  nitromethane (k,/k,-uuB = 1 .4)27t. 

*: Calculated from the rate for bromination of benzene i n  trinuoroacetic acid, 
7.6 x lo-' 1. mole-' sec-1 and the 2500-fold rate difference between trifluoroacetic and 
acetic acid23. 

t Recently, C. .A. Cupas and R. L. Pearson, reported that nr-nitrop).ridiniuru tetra- 
fluororoborates are effective nitrating agents of' aromatic substratcs in acetonitrile at 25O 
and  show high substrate selectivity. For the 2,6-lutidine salt, krr/k13 is 39, and the yield 
of the orfho isomer is 63.97/,'66. 
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Large variation in isomer distribution with nitrating medium is 
observed with strongly activated sulxtituted aromatics which have 
polarizable non-bonding electrons on the substituent such as 
anisole and other ethers, amines, and N-arylamides. Mixed acid 
nitration of this type of aromatic gives a higher proportion ofgara-  
than of orlho-nitro compound while nitration in acetic anhydride 
gives a very high proportion of ortlzo product, sometimes in excess 
of the 67 "/o statistically predicted for ortho/$ara activation. 

T o  explain this 'ortho effect' associated with nitrations in acetic 
anhydride both cyclic28 (2, 3) and linearzg coordination (4 -> 8) 

( 5 )  
(7) 

CH:,? 

mechanisms have been proposed (equation 7). In  Table 330 is 
shown the isomer distribution fiom the nitration of various basic 
substrates with differins nitrating agents. Outstanding is the fact 
that high ortho yields are characteristic of aprotic solvents while 
high para yields are found in protic medium. I t  seems quite obvious 
that a protic medium is inhibiting ortho attack: solvation of the 
electron-rich atom by hydrogen bonding increasing the bulk in the 
vicinity of the ortho positions thereby causing a steric inhibition to 
ortho attack. T h e  influence of steric factors is readily discernable in 
comparing the isomer distribution in the nitration of toluene, 
curnene, and i-butylbenzene (Tablc 4) 31. 
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TABLE 3. Isomer distribution for nitration of aromatics containing basic substituents. 

Compound Conditions 76 ortho yo para Ref 

Anisole 

Acetanilide 

Methyl phenethyl ether 

Bcnzeneboronic acid 
PhB(OH), 
(meto directed) 

Biphenyl 

HXO,-H,SO, 
HKO, 
HNO, in H 0 . k  
NO,BF, in sulfolane 
HNO, in Ac20  
BzON0, in MeCN 
HNO,-H,SO, 
90% HNO, 
HNO, in Ac,O 
HNO,-H,SO, 
HNO, 
HNO, in MeNOz 
FINO, in Ac,O 
hcOX0,  in MeCN 
N,05 in MeCN 

HNO, in Ac,O 
HN0,-H,SO, 

HN03-H2SO, 
HNO, in HOAc 
IINO, in AceO 

31 
40 
44 
69 
71 
75 
19 
24 
68 
32 
40 
41 
62 
66 
69 
22 
63  

37 
36 
69 

67 
58 
55 
31 
28 
25 
79 
17  
30 
59 
53 
56 
34 
30 
28 

5 
14 

63 
64  
31 

30a 
30a 
30a 
30b 
30c 
30c 
30d 
30e 
30d 

30f 
30f 
30f 
30f 
30f 

30r 

30g 
30g 

30h 
301 
3 O j  

This behavior of the more basic aromatics is quite similar to 
ambident anion alkylations and is indicative of a large nucleophilic 
contribution in the nitration process. Protic solvents inhibit alkyla- 
tion of an  ambident anion at  the center of highest electron density32. 
Since electron density in a basic aromatic is concentrated near the 

TABLE 4. Isomer distribution in the mononitration of 
monoalkylbenzenes. 

PhCH;’” PhCH(CH,)2*b PhC(CH3);la 

orho 63 28 10 
% pflra 34 68 80 

substituent, nitration would be anticipated to be on the substituent, 
then on the ortho position and finally at the para position when 
hydrogen bonding to the solvent is absent. This reaches its extreme 
in  amines. Pyridine, when nitrated with nitronium fluoroborate, 
gives only the N-nitropyridinium f luoro l~ora te~~.  
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,4niIines, also, are N-nitrated in  aprotic medium34, the N-nitro- 
amines being obtained fi-om thc action of  &nitrogen pentoxide in 
carbon tetrachloride or by the addition of solid anilinium nitrate 
to acetic anhydride a t  -10". If the ring is deactivated, as in 2,4- 
dinitromcthylaniline, N-nitration even occurs in protic medium35. 
The A'-nitramines will rearrange to the ring-nitl-ated anilines on 
treatment with sulfuric or hydrochloric acid. These rearrangemellts 
go essentially orfho ; treating plienylnitramine with 74 91, sulphuric 
acid at -20" gives 95 "/b o-n i t r~an i l ine~~ .  Ingold and Jones35 have 
shown that nitration with nitric acid, and  85 "/b sulfuric acid does 
not occur via the N-nitroaniine but  is a direct ring nitration, the 
para and nzeta positions being nitrated 59 and 34 yo, respectively. 
Here nitration at the ortho position (6%) has been inhibited, again 
in protic medium. The  linear coordination model of Kovacic and 
Hiller2s associatcd with protic solvation of electron-rich centers 
nicely explains the difference in orientation by mixed acid and 
nitric acid in  acetic anhydride. 

Phenols also show considerable variation in  isomer d;.strihution 
with nitrating medium. Nitration in aqueous medium, 0.5 A4 in 
nitric acid and  1.75 Ad in  sulfuric acid, gives 73 94 o-nitrophenol, 
whcreas nitration in acetic acid, 3.2 :If in nitric acid, gives only 
44 yo o-nitrophenol. T h e  difference is p-nitrophenol since m-nitro- 
phenol has not bcen detected. 111gold3' was of the opinion that in 
aqueous medium the iiirracidium ion, H,NO,"', was responsible 
for phenolic nitration. In dilute aqueous nitric acid, nitration can 
occur via nitrosation followed by oxidation. Since phenols (and 
amines also) are easily oxidized, the nitrosating agents are readily 
available from tlic reduction of the nitric acid. 

I he yields for nitratioli of phenols quoted above are for reactions 
essentially fiee of nitrous acid or dinitrogeii tetroxide. I t  is interesting 
to note that in the two solvents, water and acetic acid, nitrosation 
gives thc oppositc specificity for ortho or para positions. I n  aqueous 
medium nitrosation gives 9 1 yo p-nitrosophenol ; oxidative nitration 
of phenol with 1.0 Ad nitrous acid and 0.5 A1 nitric acid gives, 
likewise, 9 1 94 fi-nitrophenol. Direct nitration of phenol in water 
(0.5 A4 iiitric acid) gives only 27 ol0 jj-nitroplienol. In acetic acid, 
oxidative nitration (4.5 A1 N,O,; 3.2 kf HNO,) gilles only 26"/0 
p-nitrophcnol, but direct nitration gives 56 :/o p-nitrophenol. 

In summary, nitrosation of phenol in water is more para seeking 
than nitration ; in acetic acid nitration is niore /Mra seeking than 
nitrosation. T h e  or tholpam ratio in the nitration of phenol can then 
be controllcd to a w r y  high dcgrec tilrOLIgl1 choice of solvent or 

7 7  
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mechanism. Table 537 gives the amount of ortho product obtainable 
under varied nitrosating agent concentration. 

A simple rationale of this medium difference is not obvious since 
both the active nitrating and nitrosating agents may be different 
in the two media. Rut, the results themselves indicate that in aqueous 
medium the nitrosating agent-generally a weak electrophile-is 
more deterred from the ortho position by the steric bulk of the solvent 
hydrogen bonded to the hydroxyl group than is the more active 
nitrating agent, most likely a nitracidium ion. Tha t  nitration of 
phenol in acetic acid is more para orientated than in water can be 

TABLE 5. Concomitant nitration and  oxidative nitrosation of phenol in water and 
acetic acid"'. 

H 2 0 ,  20° HOAC, Oo 

[PhOH] = 0.45 M ;  [HXO,] = 0.5 M ;  
[H2S04] = 1.75 ibl 

[PhOH] = 0.G -11: [HXO,] = 3.2 Af 

[HNO,], 121 ?< o-nitrophenol [S,O,I, .\I :b o-nitrophenol 
0.00 73 0.03 45 
0.25 5.5 1.8 G4 
1 .oo 9 4.5 74 

explained by proposing that the steric size of acetyl nitrate is greater 
than that of the nitracidium ion. To  account for the ortho nitrosation 
in  acetic acid it is necessary to suggest that a careful balance exists 
between the degree of solvation of the aromatic substrate and the 
coordination of the incipient nitrosonium ion with its leaving group. 
Whatever the nitrosating agent, the facts say that acetic acid is too 
weak in its solvation of the phenolic hydroxyl group to prevent 
coordination of the nitrosating agent with the hydroxyl substituent. 
An analogous effect is observed in the nitration of nitronaphthalenes 
and other arenes substituted with metn directors. 

This different kind of ortho effect is observed in the nitration of 
nitro-p-xylene: the second nitro group more often enters adjacent 
to the first nitro group rather than going to the open side of the 
molecule3*. The ratio of 2,3-dinitro-p-xylene to 2,5-dinitro is 
1.5-2.3 to 1. A similar effect is observed in the dinitration of p -  
homotoluene, 2,3-dinitro-4-bromotoluene being the only product 
reported. The  material balance for this reaction is very poor, 
however3'. 

Nevertheless, high o r l h  :para ratios are typical of compounds 
containing meta directors. Examination of Table 640 shows the high 
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TABLE 6. Isomer distribution for mela-directed arenes". 

yo ortho % para % meta 

PhNO;'" 6.4 0.3 93.2 
PhCNQob 17.1 2.2 80.7 
PhC0,H"~ 18.5 1.3 80.2 
PhCHO"OC 19 9 72 
PhCONHgod 27 < 3  70 
PhC0,Et40 a 28.3 3.3 68.4 

13 

yields of orlho nitro compounds associated with substituents directing 
predominately naeta. 

A similar, but not identical, phenomenon is observed in the 
nitration with mixed acid of 1 -nitronaphthalene and, especially, of 
1,5-dinitr0naphtIialene~~. T h e  1 -nitronaphthalene gives an excess 
of lY8-dinitro over 1,5- in the ratio 67 :33.  T h e  lY5-dinitronaph- 
thalene gives 94 yo of lY4,5-trinitronaphthalene but only 6 yo of 
1,3,5-trinitro compound (equation 8). 

(94% 1 

O b v i o d y ,  the nitro groups already on the ring are preferentially 
directing substitution in their vicinity. Coordination of nitronium 
ion with the electronegative atom of a meta director in  a cyclic 
process (9) was proposed early by H a m m ~ n d ~ ~ f o r  the high percentage 
of ortho product derived from meta-substituted benzenes. This 
explanation was felt by Hammond, himself, to be inadequate when 

(9) 

it was realized that b e n ~ o n i t r i l e ~ ~  also gives a high ortho :flara ratio 
in nitration. T h e  objection is based on the linearity of the cyano 
group; but coordination of the nitrogen of the cyano group to the 
nitronium ion might alter the carbon atom's hybridization from that 
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in a nitrile to that of a n  imine and thus permit a cyclic mechanism 
(equation 9). Furthermore, if one accepts that there is n-interaction 

6 
Ar-C=N: + NO,@ + h - C  

N : (9) 

between a nzeta-directing group and an aromatic system then the 
linear coordination model would lie applicable, the nitronium ion 
simp1y~‘slithering’ along the n-cloud (equation 10). 

\\ 
/ 

0.p 

Apropos to substitution at deactivated positions, one should 
realize that rates of reaction are not entirely governed by activation 
energies of transition states leading to intermediates of lower energy, 
but that there is still the probability or entropy factor controlling 
rates of reaction. 

The attempts at Hammett-type correlations44 are full of compounds 
which fail to be correlated. These numerous  failure^"^ clearly point 
out that activation energies are not the only factors governing 
position of electrophilic substitution. Outstanding among the 
failures is the nitration of p-methoxyacetanilide in aqueous acetic 
acid. The  a-constants (CH,O; CJ = -0.268; CH,CONH, (T = 
-0.015)46 predict nitration ortlio to the methoxy group. I n  fact, the 
acetamido group directs and the predominate product (79 ”/) is 
4-methoxy-2-nitroa~etanilide~~. 

The nitration of the nitronaphthalenes is subject to solvent 
effects“. I n  the nitration of 1 -nitronaphthalene there is a small 
increase of 1,5-dinitronaphthalene from 33 to 41 yo in going from 
mixed acid to 70% (ordinary concentrated) nitric acid. With 1,5- 
dinitronaphthalene the ratio of 1,3,5-trinitronaphthalene to 1,4,5- 
trinitronaphthalene changes more drastically in going from mixed 
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acid (6:94) to 70% nitric acid (58:42). The fact that 92.5% 
aqueous nitric acid gives the same yields as mixed acid suggests 
that fuming nitric acid and mixed acid contain the same active 
fitrating species, a 'free' nitronium ion, which is capable of coordinat- 
ing with basic atoms in a substituent, but that the more aqueous 
concentrated nitric acid contains a nitrating species less capable of 
coordinating with the oxygen of the nitronaphthalene, the nitraci- 
diurn ion, H,ONO,@. 

I n  general it seems tha t  ortho nitration tends to exceed para nitra- 
tion as the statistical factor suggests. Factors which con.tradict this 
conclusion are steric a n d  solvent. Fuson4* seems to be of the opinion 

T A n L E  7. Isomer distribution for the nitration of halobenzenes and 
benzylic compounds with nitric acid in acetic anhydride49. 

:L, ortho yo para yo rneta [ortho/para] 

PhFqga 9 
PhC1'19b 10 
r h 1 P b  25 
~ h 1 4 9 c  38.6 
PhCH,C0,Et49d 54.4 

P ~ C H , O M C ~ ~ ~  51.3 
P ~ C H , R ~ C " ~  46.0 

P I I C H , C I ~ ~ ~  33.6 
PhCH,CN49d 24.2 

l'liCH,H4gd 56.1 

PhCH2KO$9d 22 

91 
90 
75 
59.5 
32.6 
41.4 
41.9 
50.8 
23 
42.9 
55.5 

- 
I .8 

12.9 
2.5 
6.7 
3.4 

55 
13.9 
20.3 

0.1 
0.11 
0.33 
0.65 
1.62 
1.36 
1.22 
0.91 
0.96 
0.78 
0.44 

that greater para substitution in ortho-para-directed aromatics is 
general. I t  is the protic nature of the commonly employed nitrating 
agents or steric factors, not electronic factors, which however, cause 
the high proportion of para substitution. Only in the nitration of 
halobenzenes are solvent or steric factors inadequate for explaining 
the high proportion ofpara nitration. The electronic factors governing 
stability of the transition states as  determined by the negative 
inductive effect of the halogens must govern orientation. Table 74g 
shows just how para directing the halobenzenes are. Some necratively ? 
u.-substituted toluenes also show a predominance of para n~tration 
and although there is a -1 effect present, the similarity of the 
ortho :para ratios with ethylbenzene indicates, however, that steric 
effects are operative here. 

Because of solvent and  steric and electronic effects, identification 
of the active nitrating agent in nitration has been elusive. Only in 
concentrated sulfuric acid is nitronium ion conclusively the active 
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nitrating agent. As carriers of the nitronium ion Ingold,' contem- 
plated the following series: NG,@, H,NO,@, N,Q, and BzN03. 
The list is certainly longer than this. Acetyl nitrate, protonated 
acetyl nitrate, and nitronium fluoroborate clearly seem to belong to 
the list as distinctive nitrating agents. Orientation in nitration, 
however, is less dependent on the nitrating agent than on other 
factors. How simple nature is! 

0. Choosing Experimental Conditions 

Aside from the problem of orientation in nitration, experimental 
conditions of time, temperature, solvent, concentration , and reagents 
must be selected for the proper degree of nitration of a particular 
aromatic compound. How important these conditions are can be 
seen by an examination of Table 8 which summarizes the yields of 

TABLE 8. Nitration of octaethylporphyrin under varied reaction conditions50. 

Method of Products, yoa 
Time, product 

Conditions min detn Mononitro Dinitro Trinitro 

- - HOAc-fuming HNO,, 1.5 Isolation 92 
- Oo + room temp 12 TIC xxx x 
- xxx - 30 Tic 

160 Tic - xxx X 

Concd H2S04-concd 0.5 Isolation Trace 38 4 
HNO,, 0' -+ room 1 Isolation Trace 12 22 
temp 1.5 Isolation - Trace 20 

Fuming HNO,, 20° 0.03 Isolation 26 Trace - 
- 4 

HNO,, 2 2 O  12 Isolation 2 46 

0.5 Isolation - 
Urea-treated fuming 2 Isolation 72 

30 Isolation - 

- - 
- 

5 8 
- - Concd HNO,, room 10 Tlcb xx 

N0,BF4-sulfolane, GO Tlcb Trace? - - 

N0,BF4-H,S0,, 1 8 O  GO TIcb xx 

temp 

1 ooo 
- - 

~ ~~ ~~~~~ ~~~~ ~ 

a yo yields refer to once-crystallized compounds; proportions estimated visually: 
Unchanged octaethylporphyrin xxx = major, xx = moderate, x = minor component; 

was also detected. 
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mono-, di-, and  trinitration of octaethylporphyrin (10) under Ett21:.t 3 
s HA- x '1s 

Et \ / ,/ Et Et / / I:t 

I > t  1: t Et l:t 

(10) (11) 

different conditionss0. I t  will be observed that  fuming nitric in 
acetic acid is a less active nitrating agent than concentrated nitric 
acid in concentrated sulfuric acid. Not only is the acetic acid solution 
of nitric acid the mildest nitrating agent of those listed with the 
possible exception of the concentrated nitric acid, but the oxidative 
properties of the fuming nitric acid are likewise lost in acetic acid. 
Even the urea-treated fuming nitric acid is not free of degradative 
properties; however, the higher temperatures employed may be 
responsible for the lowered yield of products. The  behavior of 
nitronium fluoroborate toward the porphyrin is probably similar 
to its reaction with ~ y r i d i n e ~ ~ ;  ix., N-nitration has occurred with 
subsequent nucleophilic ring opening. It is interesting that octa- 
ethylchlorin (11) (from the reduction of one double bond in one 
isopyrrole ring of octaethylporphyrin) , is successfully nitrated by 
nitronium fluoroborate, whereas fuming nitric acid in acetic acid, 
which nitrates the porphyrin in 92 yo yield, completely degrades 
the chlorin. A pronounced temperature effect is observed in  the 
nitration of the chlorin with nitronium fluoroborate. At 24" for 
2 hours, a 440/, yield of mononitro compound is obtained along 
with 9 yo of the dinitro compound. An increase of 7" to 31" for the 
same period of time, causes dinitration exclusively (44 yo) ; the 
extent of degradation remains about the same at both temperatures 

To show the applicability of various nitrating agents toward 
particular aromatic compounds Table g5' has been arranged with 
the more mild nitrating agents used with the more electron-rich 
aromatics and proceeds to the more vigorous reagents used for di- 
and trinitration and  to nitrate deactivated aromatics. 

'Tile non-protonated acyl nitrates are mild nitrating agents and 
are quite often used to nitrate the electron-rich non-bcnzenoid 
aromatics. The  so-called diacetylorthonitric acid, derived from 

(48-56 yo). 
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TARLE 9. Nitrating agent and conditions for various aromatic compounds. 

Agent and soivent Compound * Temp,OC Time Ref 

Mononitration : 
BzONO, 

HNO, 

HNO, 

HNO, 

HhTO, 

HNO, 

HNO, 

HNO, (70%) 

HNO, (70%) 
(107 mole ",) 

HKO, (70%) 
(120 mole ? A )  

CH,CN 

AC,O 

AcOH 

AC,O 

-4cOH 

Ac20  

Ac20 

aq AcOH 

a 

Q 
O M C  

0-5 

25 

25 

0-5 

25 

10-12 

5 
25 

65 

18-22 

2 hr 

5 min 

12 hr 

10 min 

1.95 hr 

2 hr 

4 hr 
2 days 

10 min 

I hr 

51a 

51b 

51c 

51d 

51e 

51r 

51g 

51h 

511 

-10 2.2 hr 51j 

50 1 hr 51k 
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TABLE 9-Continued 

Agent and solvent Compound Temp,OC Time Ref 

HNO, (70%) H2S0, 
(105 mole Yo) (800 mole yo) 

HNO, (90%) H2S0, 
(200 mole yo) (1500 mole %) 

HNO, (goyo) H,SO, 
(400 mole yo) (300 mole %) 

HNO, (90%) H,SO, 
(600 mole yo) (700 mole ”/) 

Dinitration: 

I-INO, (90%) H,SO, 
(GOO mole %) (1000 mole yo) 

HNO, (90%) H,SO, 
(400 mole %) (1000 mole yo) 

Trinitration : 
HNO, H,SO, 
(red fuming) 
(2300 mole :&) (4800 mole ”,) 

(70 mole :&) 
HOXC 

5-10 2.5 hr 511 

CHO 
5-10 2-3 h r  51m 

12 hr 

10 Mixing 510 
2.75 h r  105 

I 
0 

100 8 hr 5 1P & ‘ 145 3 hr  

C0,H 
1000 hr 
(6 wk) 

25 b 
40-60 Mixing 51q $ 145 20 hr 

SO,K 

0 0 20-45 20 min 51r 

150 1 hr 
0 
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Cu(NO,), and acetic anhydride, most likely is acetyl nitrate in an 
acetate buffer. The acyl nitrates themselves are prepared in aceto- 
nitrile from silver nitrate and acetyl or benzoyl chloride. The acyl 
nitrates are somewhat thermally unstable and are prepared and 
used initially a t  low temperatures; subsequent gentle warming to 
25-40" is acceptable procedure. Concentrated nitric (sp gr, 1.42) is 
70% acid and is sufliciently active alone to nitrate anisole at 45" 
and veratraldehyde a t  20". Further dilution with acetic acid or 
water is common; cold dilute aqueous nitric acid is used for phenols 
and anilines. Because the dilute aqueous medium is a poor solvent 
for most organic compounds, acetic acid is very frequently used as 
a diluent. Anthracene is readily nitrated in 1 hour at  25" with nitric 
acid in acetic acid ax! pmcthoxyacetanilide is nitrated in aqueous 
acetic acid a t  65" in 10 minutes. Hot aqueous nitric acid is a good 
oxidizing agent and although pfobably active enough to nitrate 
alkylated benzenes, the occurrence of side-chain oxidation com- 
plicates its use. The addition of acetic anhydride or sulfuric acid to 
nitric acid gives a more powerful nitrating agent which can be 
used a t  lower temperatures thereby avoiding sidc-chain oxidation. 
p-Cymene is nitrated at  - 15" in 2 hours in sulfuric acid. Solutions 
of nitric acid in acetic anhydride are also non-oxidative, and xylenes 
and mesitylene are nitrated without oxidation in acetic anhydride. 
Cinnamaldehyde with its relatively sensitive side chain is nitrated 
in acetic anhydride at  room temperature for 2 days. o-Nitrocinna- 
maldehyde is the only product formed in acetic anhydride; this is, 
of course, typical of the active reagent, protonated acetyl nitrate. 
As with acyl nitrates, the combination of acetic anhydride with 
nitric acid must be affected at low temperatures (0-5"), and initial 
reaction with the aromatic compound is generally carried out at  
temperatures less than 15". 

Benzene, itself, is nitrated with mixcd acid, sulfuric and nitric. 
The amount of sulfuric employed is not great here, but temperatures 
are somewhat above room temperature (50-60"). Benzene reacts 
exothermically in nitration and this temperature is easily achieved 
without heating. In fact, on anything but small scale preparations 
cooling is necessary52 to prevent significant dinitration which will 
occur if temperatures exceed 60". 

Both temperature and water content of the mixed acid have a 
pronounced effect on the nitration of deactivated aromatic com- 
pounds. Sulfuric acid, as well as selenic and perchloric acid, will 
cause complete conversion of nitric acid to the nitronium ion 
according to equation 11. Hydronium sulfate, however, is no good 
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at effecting complete conversion. Inasmuch as ordinary concen- 

HOXO, + ILH,SO, ---+ NO,@ + H,OO + 2HS0,e (11) 

trated nitric acid is 30% water, large excesses of sulfuric acid are 
employed to compensate for protonation of the water; or more often 
fuming nitric acid (ca. goyo, which is still only 70 mole yo acid) is 
employed. Thus, the N,N-dimetliylanilinium ion is nitrated with 
70% nitric acid iii a large excess of sulfuric acid (800 mole yo) at 
10" in 24 hours, whereas, nitrobenzene has been nitrated at 95" for 
30 minutes with fuming nitric acid in less sulfuric acid (300 mole yo). 
Oleum is used to reduce the water content even further. For the 
production of sy?~-trinitrobeiizene fi-om tn-dinitroben~ene5~ oleum 
and fuming (90 yo) nitric acid are employed at 110". 

The use of potassium nitrate, as the source of nitric acid, in 
sulfuric acid avoids the water content of nitric acid but the system 
may be less active (vide tilfm). Still, potassium nitrate (350 mole yo) 
with sulfuric acid (1200 mole yo) nicely dinitrates potassium p -  
clilorobenzenesulfoiiate ill 20 hours at 145". 

21 

C. Peculiarities of Mixed Acid 

Some peculiarities are found in the mixed acid nitrating medium. 
Many nitrations are heterogeneous in spite of the generally good 
solubility of most aromatic compounds in conceptrated sulfuric or 
nitric acid alonc. Durcne, which is readily soluble in sulfuric acid, 
fails to undergo mononitration in mixed acid but gives only dinitra- 
tionS4. It has Ixen suggested that once inononitration has been 
effected, greater solubility of the mononitrated durene accounts for 
its subsequent d i~ i i t ra t ion~~.  This explanation is reasonable since 
the nitrodurene may be as much as 30 times more soluble in the 
mixed acid than the unsubstituted durene. The solubility of durene 
and nitrodurene should be somewhat analogous to that of hexa- 
fluoro-m-xylene and its nitro compound, whose solubilities are 
shown in Table 10jG. T h e  high solubility shown for fuming nitric 
acid suggests that the heterogenous character of the nitration could 
lie avoided by using nitric acid as the solvent and adding only 
enough sulfuric acid to generate the necessary amount of iiitronium 
ion. ClieronisS7 in his organic qualitative analysis books has long 
advocated the use of 100 yo nitric acid as an  excellent nitrating 
agent in the preparation of hydrocarbon derivatives. The success 
of the method, to a large extent, probably results from the excellent 
solubility in the 100 :/b nitric acid. 
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TAI~LE 10. Solubility of ~,z-bistriRuoromethylbcnze~~c and 5-nitro- 1,3-bis(trifluoromethyI- 
benzene in mixcd acids at 20' 5G. 

Acid composition 
Solubility, gm/l. 

H,SO,, HN03,  
mole yo molc yo CGI~,(CF~) 2 XO,CGH, (CF,) 2 

- 100 0 8.4 
80 0 3.6 115 
60 0 1.1 30.4 

11 70 
21 50 8.2 91.3 
30 40 3.2 45.0 
50 20 1 .6 
60 40 I .4 33.3 
70 30 1.6 

- 0 70 74.8 
24.3 - 

- 

- 

T h e  high acidity of sulfuric acid through protonation of the 
aromatic substrate, can also cause deactivation of a n  aromatic 
compound making the nitration process much more difficults8. The 
degree of deactivation of aromatic substrates in sulfuric acid as a 
solvent can be appreciated from the fact that nitration of nitro- 
benzene in mixed acid is effected at 95" and occurs slowly only 
above 60" ; yet, nitrobenzene can be nitrated a t  room temperature 
by adding stoichiometric amounts of sulfuric acid to the nitro 
compound dissolved in n i t r ~ g l y c e r i n ~ ~ .  

Rates of nitration of nitrobenzene and other deactivated aromatics 
in sulfuric acid have been studied with respect to the water content 
of the sulfuric acid and its corresponding Hammett acidity function, 
H05*. These studies show that nitration rates are a t  a maximum in 
90-95 yo sulfuric acid. 

T h e  slower rates observed below 90% sulfuric acid are simply 
due to the incomplete conversion of nitric acid to the nitronium 
ion. The  lowered activity for the medium containing less than 5 %  
water is not as straightforward, but is in part a consequence of 
protonation of the aromatic substrate : benzoic acid is about 20 
times more active in 95% than in 1 0 0 ~ o  sulfuric acid. Benzene- 
sulfonic acid shows an eleven-fold factor; nitrobenzene and p -  
chloronitrobenzene show a four-fold factors8. Substituent protonation 
would seem an  adequate explanation for the lowered rates in the 
more acidic 100 yo sulfuric acid, but trimethylphenylammonium 
ion also exhibits rate retardation in going from 95 to 100 yo sulfuric 
acid k(95 yo H,S04)/k( 100 yo H2S04) = 2.5. Gillespie and Norton58 
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felt that substrate protonation was impossible here and proposed 
hydrogen bonding or entropy effects as an explanation. Ring 
protonation was not considered. 

Proton exchange60 via ring protonation has been studied and 
protodesulfonation is a well-known synthetic process. The color 
produced by dissolution of anthracene in sulfuric acid suggests ring 
protonation6', and it has recently been shown by NMR6* that a 
methylene unit is present in the solution of anthracene in sulfuric 
acid. Ring protonation of durene might be an alternative explanation 
for its dinitration in mixed acid: ring protonation of the deactivated 
nitrodurene being less likely and thereby permitting dinitration. 
Proton exchange is very facile with durene, 1.7 x lo6 more facile 
than with benzene60. 

Deactivation and the resulting change of orientation due to the 
protonation of amines is basic knowledge. This effect, however, can 
be complicated. 1,3-Dihydro-5-phenyl-ZH- 174-benzodiazepin-2-one 
(12)) is nitrated in the 9 position with potassium nitrate in cold 

concentrated sulfuric The hydrogenated 1,3,4,5-tetrahydro- 
5-phenyl-2H- 1,4-benzodiazepin-2-one (13) could not be nitrated 
with potassium nitrate in sulfuric acid but, 'a stronger reagent, 
fuming nitric acid in concentrated sulfuric acid, was required to 
effect n i t ra t i~n . '~"  Not only did the 'stronger reagent' effect nitration 
but it affected the position of nitration from the benzo ring to the 
tneta (32%) and para (68%) positions of the 5-phenyl ring. No 
simple explanation seems obvious, but the acidity of the two nitrating 
media must have a bearing on the reactivity and orientation found 
with 12 and 13. 

'Forcing conditions' for polynitration call for the use of oleum yet 
the presence of sulfur trioxide causes a retardation of rate of nitration 
of nitrobenzene below that of 100 yo sulfuric acid. Inasmuch as 
maximum rates are observed in 95% sulfuric acid, it would seem 
that only enough oleum should be utilized to compensate for the 
water content of the nitric acid. 
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Temperatures in excess of 100" is the most necessary component 
of forcing conditions, especially if short reaction times are desired. 
The dinitration of benzoic acid is illustrative. Wherein the tempera- 
ture is progressively raised from 100 to 145" the 3,5-dinitrobenzoic 
acid can be obtained in 11 hours; whereas 6 weeks are needed for 
comparable yields if the nitration is effected a t  room temperature. 

Orientation in nitrogen heterocycles in general is complex and 
acidity dependent. A few examples for illustration : quinoline 
nitrates with mixed acid at the 5 and 8 positions in approximately 
equal amounts65, but on nitration in acetic anhydride with lithium 
nitrate and cupric nitrate, 7-nitroquinoline is the product66. 2- 
Methylindole67 is nitrated in cold concentrated sulfuric with sodium 
nitrate to give the 5-nitro-2-methylindole (14), but concentrated 
nitric acid has no effect until the temperature is raised sufficiently 
that oxidation begins, and then 3-nitration is effected with subsequent 
dinitration at the 6 position resulting in 15. 

NO, 

1 c 13, 0, i\' mcH3 I 
H 13 

(14) (15) 

SchofieldG8 in his review of nitration of heterocyclic nitrogen 
compounds could not offer much to correlate their diverse behavior. 
Recent work by Noland and c ~ w o r k e r s ~ ~ * ~ ~  has provided a wealth 
of data on nitration of indoles. The further demonstration that 
onium ions are not always nzeta directing (Ridd has shown that a 
NR,@ group may give as much as 38 yo para nitration'O) may aid 
in future rationalization. Tripheiiyloxonium ion, Ph,O@, nitrates 
almost 100 yo para, although the sulfur analog, Ph,S@, nitrates 
meta71. An immonium ion, 1,2,3,3-tetramethylindoleninium (16) has 
been shown to nitrate exclusively in the 5, i.e., the para position. 
Under the same conditions of sodium nitrate in sulfuric acid at  
0-1 0", 2,3,3-trimethylindolenine gives the same 5-nitrati0n'~. 'These 
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results support the hypothesis of Noland that 5-nitration of indoles 
in sulfuric acid is a consequence of prior protonation at  the 3 position 
to give an indoleninium ionGga. 
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D. Side Reactions 

Side reactions are fairly common in nitration. Loss of substituents 
via replacement occurs with many polyalkylated benzenes and 
electrophilic replacement of halogen, sulfonyl, carboxyl, acyl, and 
aldehydo groups is known and sometimes useful. Oxidation can 
be extensive with phenols, phenolic ethers, and amines. An early 
summary of many of these side reactions has appeared, in Chemical 
Reviews73. The  loss of substituents is a substitution process analogous 
to proton substitution. The replaced substituent, X, then resides in 
an activated position, i.e., ortho or para to an electron-donating 

group (equation 12). T h e  ease of substituent replacement, as might 
be expected, is related to the stability of S". I t  is found, therefore, 
that branched-chain alkyl groups are more readily nitrodealkylated 
than methyl or ethyl groups since secondary and tertiary carbonium 
ions are more stable than primary. Nitrodehalogenation occurs 
most readily with iodine and least readily with chlorine in accord 
with the ease of oxidizing halogens to the + 1 oxidation state. Since 
positive fluorine is so unlikely only oxidative loss to quinones is 
observed74 (equation 13). 

OCH, 

"'@" + H K 0 3  (90%) - 13reB1- (13) 

F 0 

The nzsta-alkylated benzenes normally are not subject to nitro- 
dealkylation. Thus, neither 1,3,5-triisopropyl nor tri-t-butylbenzene 
undergo nitrodealkylation (a report by Ola117s that they do, has 
bzen shown to lie in~orrec t '~) ,  whereas p-cymene gives about 8 yo 
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P-ni t rotol~ene~~,  and p-diisopropylbenzene gives 56-83 yo &-nitro- 
~umene7~.  synz-Tri-t-butylbenzene, once mononitration deactivates 

5% 34% 

the remaining open positions, on dinitration gives 5 yo nitrodealkyla- 
tion and 34% 'rearrangement' involving loss of an  isopropyl group 
(equation 14). The sequence in equation 15 has been proposedy6. 

+ 

NO,, NO, 
I I 

3 

CH3 

Desilylation is a very facile process as shown by the fact that 
p-bis(trimethylsily1) benzene gives an 80 yo yield of trimethyl-p- 
nitrophenylsilane when nitrated with nitric acid in acetic anhy- 
dride78. In strong acid, protodesilylation can also occur. To avoid 
this during nitration, copper nitrate in acetic anhydride has been 
found u~eful7~. 

I n  general, mixed acid gives more side reactions than does nitra- 
tion with nitric acid in acetic anhydride, although it is not excluded 
in the latter. For example, p-diisopropylbenzene gives 83 yo nitro- 
dealkylation on mononitration in mixed acid, but gives only 59% 
p-nitrocumene with nitric acid in acetic anhydrideE0; with nitronium 
fluoroborate in sulfolane the yield (56 yo) of p-nitrocumene is quite 
comparable75. Nitric acid in acetic anhydride, however, can be an 
acetoxylating agent ; o-xylene gives 43 yo dimethylphenyl acetate, 
although rn-xylene gives only 4 yo of the ester. 
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Lower temperatures, also, favor less side reactions as shown by 
the fact that @-dimethylaminobenzoic acid nitrates normally at 
5-1 0" in mixed acid to give 3-nitro-4-dimethylaminobenzoic acid, 
but at 60-70" gives a complicated mixture containing $-nitro- 
dimethylanilines1. Even at low temperatures, though, phenolic 
aldehydes are prone to undergo nitrodecarbonylation, piperonal, 
vanillin, and anisaldehyde, all giving about 30% of the nitro- 
decarbonylated product when nitrated at  0" 8 2 .  

Use of a sulfonyl group to block positions in order to obtain 
desired orientation, in electrophitic substitution, e.g., the preparation 
of ZY6-dinitroaniline fiom p-chlorobenzenesulfonic acid, is common 
textbook knowledge. This procedure, however, is not always success- 
ful because of halo- or nitrodesulfonation, particularly with 
phen0ls8~. Along with the stabilization that an electron-withdrawing 
group in a phenol can give against oxidation by concentrated nitric 
acid, nitrodesulfonadon can be useful. Thus, picric acid can be 
obtained from trinitration of phenol-2,4-disulfonic acid ; similarly, 
sulfonation is used prior to the dinitration of 1 -naphthol (equation 
16). 

0 I-I 0 H 
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II. NITRATIONS UNDER NON-ACIDIC CONDITIONS 

Nitrations which are predominately nucleophilic in nature are 
possible with suitably electron-rich aromatics. Thus, phenoxides 
can be nitrated with tetranitromethanea4. Both water and pyridine 
are useful solvents. Azulene has been nitrated with tetranjtro- 
methane in pyridine in high yield.85 Earlier reports purported that 
tetranitromethane nitrated anilines, but recent work with amino 
acids has shown that tetranitromethane does not nitrate tryptophan, 
but it is specific for tyrosines6. 

Tyrosine is quantitatively converted to 3-nitrotyrosine with 
tetranitromethane (equation 17). The optimum conditions are 
between pH 8 and 9. At higher pH, hydroxide causes breakdown of 
the tetranitromethane, and below pH 7 no nitration occurs *. 

* The reaction of tetranitromethane with phenols has recently been studied. There is 
strong indication of a radical process'67. 
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Ferrocene is so easily oxidized in acidic medium that its nitro 
derivative remained elusive. The nitroferrocene, however, was 

I 
NO, 

prepared from its lithium derivative which was subsequently treated 
with propyl nitrate or dinitrogen tetroxide a t  -70" 8 7 * 8 8  (equation 
18). 

(18) 

I t  has long been held that 3-nitropyrrole could be prepared in a 
similar manner from the sodium derivative of pyrrole and isoamyl 
nitratesg. Morgan and MorreygO have shown this to be false; only 
1 yo of 2-nitropyrrole, not 3-nitro, was obtained from the treatment 
of pyrrole with sodium and isoamyl nitrate. 

Low acidity is achieved with nitrate salts. Anhydrous pyridinium 
nitrateg1, applied in presence of excess pyridine, has been used to 
nitrate naphthalene (40 yo yield of 1 -nitronaphthalene) and anthra- 
cene (70 yo, 9-nitroanthracene). Urea nitrateg2 has been used to 
nitrate azulene. 

The use of copper nitrate in acetic anhydride has already been 
mentioned as a useful reagent for nitrating ~ i lanes '~  which undergo 
facile protodisilylation. The preparation of acyl nitrates from the 
acyl chloride and silver nitrate in acetonitrile has been used to 
nitrate the cyclopentadienyldiazonium zwitterionjla. 

The recently discovered addition compounds of picoline and 
lutidines with nitronium tetrafluorohorate166 offer a new method 
for effecting homogeneous nitrations at  room temperature and 
under essentially neutral conditions (equation 18a). 

Fe(C,H5)? + C,II,Li --+ Fe(C,H5)(C5H4Li) + C4Hl0 
Fe(C,H,) (C,H,Li) + P r O N 0 2  Fe(C5H5) (C5H,K02) + PrOLi 

(1 *a) 

I t  seems conceivable that the N-nitropyridinium ion may be a 
better reagent than alkyl nitrates for reaction with organometallics 
(vide s u p n ) .  
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111. O X I D A T I O N  O F  A M I N O  AND N I T R O S O  
C O M P O U N D S  TO NITROARENES 

Ring nitrosation of phenols and dimethylanilines is a useful process 
because of its marked propensity in aqueous medium to occur fiara. 
Subsequent oxidation with dilute nitric acid gives the nitro com- 
pound. Pli enol, when nitrated in dilute nitric acid, is both directly 
nitrated and nitrosated, if urea has not Iieen added to destroy nitrous 
acid. Since oxidation of the nitroso derivative results i n  the formation 
of more nitrous acid, thc oxidative nitrosation becomes auto- 
~a ta ly t i c3~ .  

Nitrous acid, also when concentrated, undergoes disproportiona- 
tion to nitric acid and nitric oxide. A process known as ‘Zinke 
Nitration,’ which consists of treating phenols with sodium or  
potassium nitrite in glacial acetic acid probably depends on the 
disproportiohation for production of nitric acid. The phenolic ether, 
2,3,6-tribromo-4-metlioxyphenol, with this reagent gives the 6-nitro 
ethers3 (equation 19). Whether this reaction consists of initial 

OH 0 1-1 
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OCH, OCH, 

nitration or oxidative nitrosation is not known although nitro- 
sodebromination seems unlikely. 

The  3-nitration of 2-methylindole in hot nitric acid seems to 
proceed through nitrosation to give the tautomerjc oxime which is 
then oxidized to the 3-nitro-2-rnethylindoleG7. 

The  oxidation of amines to nitroso compounds can be effected 
with Caro’s acid or hydrogen peroxide. The  preparation of 2,5- 
dinitrobenzoic acid, in which the nitro groups a re l a rn  to each and 
with one ortho and the other meta to the carboxyl group-a difficult 
arrangement to achieve by direct nitration-is readily achieved Iiy 
oxidizing 5-nitro-2-aminotoluene with Caro’s acid first to the 
nitroso compound; concomitant oxidation of the nitroso and methyl 
groups with acid dichromate givcs the nitro acidst4 (equation 20). 

CH:, ?H:, :Or H 
SO2 

K:Cr207 
H,SO, 

s 
O2 N 

KH, 

0 , N  0 2 N  
I I ,so, 
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Holmes and 13ayers5" have shown that 30 "/o hydrogen peroxide in 
acetic acid oxidizes ainines to the nitroso compound if the reagents 
are simply allowed to stand at room temperature; a t  70-80" in the 
presence of a larger excess of 30% hydrogen peroxide the nitroso 
group is further oxidized to the nitro compound. 

Although the method of Holmes and Bayer using 30 "/o hydrogen 
peroxide in  acetic acid may give somewhat lower yields of oxidized 

TAULE 1 1. Oxidation of aromatic amincs with peroxy acids to nitro and nitroso 
compounds. 

~ ~ -~ 

300/, H202-HOAc 
9006 H,O,-(CF,CO),O 9O:L H,O,-i\c,O Yield, xg5" 

An i 1 i ncs Yicld .\rSO,. 0/L95c Yield ;\rSO,, yb"c &SO AriV02 

- - ..\nil i ne 89 83 
4-c1 87 62 - - 

- - 4-CH3 78 72 
2,G-( CI) ,-4-C: H, - - 22.6 - 

2,6-( Cl)z-4-C?J - - 
2,6- (Br) ,-4-CK - - - 

2,4,G-(Cl), 98 - 73.8 ? 

2,4,6-( Br), 100 - 80.8 ? 

2,6-(CI),-4-EtO,C - - 38.7 - 

- - - 4-cs 96 
- 83 

68 

- - 4- E t 0,C 99 GG 

4-OCHS 0 82 - - 

compounds, the procedures of ErnmonsDsb.' which employ 90 % 
hydrogen peroxide with acetic anhydride or trifluoroacetic anhydride 
are less attractive. A comparison of yields for the different procedures 
is given in Table 11. 

With the anhydrous peroxy acids, Emmons has noticed that 
peroxytrifluoroacetic acid is a superior reagent to peracetic for 
weakly basic amines such as b-nitroaniline, but peracetic acid is 
superior to the fluoro peracid for the oxidation ofp-anisidine, which 
is hydroxylated by peroxytrifluoroacetic acid. 2-Naphthylamine with 
peroxy acids gives an intractable mixture which also results in part 
from 11 y d r oxylat ion. 

Xzoxy formation is common with peroxide oxidation of amines. 
High acidity tends to disfavor its formation, but this is not always 
successful as evidenced by the formation of 3,3'-azoxypyridine in 
treating 3-aminopyridine with 30 yo hydrogen peroxide in 30 yo 
fuming sulfuric acidg6. 
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The reagent, 30 yo hydrogen peroxide dissolved in 30 yo fuming 
sulfuric acid, is the usual one employed for the oxidation of amino- 
pyridines"; 60-70 ?& yields have been obtained in the oxidation of 
2- aiid 4-aminopyridines, 2-amino-5-bromopyridine, and from all 
the 2-aminopicolines except the 5-methyl-2-aminopyridine which 
gave only a 30 "/b yield of 2-nitro-5-methylpyridine. 

IV. REPLACEMENT O F  DIAZONIUM ION 
WITH T H E  NITRO GROUP 

Diazotization of aromatic amines followed by treatment with sodium 
nitrite, generally in the presence of a copper sulfite catalyst, is a 
companion method to peroxide oxidation for the conversion of an 
amino group to a nitro group. Whereas aminonaphthalenes give 
complex mixtures on attempted peroxide oxidation, the Sandmeyer- 
type process has been extensively used to prepare the nitro derivatives 
of naphthalene inaccessible by direct (equation 2 1). In  

I I 

NO, NO, so, 
contrast, 2- and himinopyridines can be diazotized only under 
special conditions9', hut oxidation of the 2- and 4-amiiiopyridines 
gives good yields of the nitropyridiiies". 

The  replacement of the diazonium group by nitrite ion can only 
be effected in neutral or basic rncdia. To achieve neutrality or slight 
alkalinity various methods are used : addition of calcium carbonate""" 
or sodium bicarbonate"!"', or precipitation (and washing frce of acid) 
of the diazonium salts as the sulfates!""', fluoroborates'oo, or colbalti- 
ni t r i t es")" . 

Although the use of diazonium fluorolioratcs is described in 
Organic for the preparation of 2- aiid 4-diiiitrobenzeiies, 
much lxttcr yields can be obtained by the method of Ward and 
coworkers!'"" by adding the solution of diazonium sulfate to a solu- 
tion of excess sodium nitrite containing cxcess sodium Iiicarlionate. 

Nitro formation by means of the Sandnicyer process is complicated 
by several factors. Some amincs are dificult to diazotize; the 
combination of concentrated sulfuric acid plus glacial acetic acid 
as a mcdium for diazotization will o\-ercome thc solubility problem 
with the amine, and tlic combination also overcomes the slow 
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diazotizing ability of nitrosylsulfuric acid when sulfuric acid is used 
alone. Where diazo-oxide formation complicates the use of a neutral 
solution of the diazonium salt, tlie precipitation of a solid sulfate or 
cobaltinitrite is necessary. Most diazonium salts need the presence 
of a cupric-cuprous catalyst to be effectively replaced by nitrite; 
the 2- and 4-nitrobenzenediazonium ions do not require the copper 
catalyst indicating that the presence of electron-withdrawing groups 
make the catalyst unnecessary; but the corresponding compounds 
in the naphthalene series give low yields without it. A mixture of 
cuprous oxide with copper sulfate and the greenish yellow-brown 
precipitate formed from equal weights of sodium sulfite and hydrated 
copper sulfate are effective catalysts. In  all cases, the diazonium 
ion is added to the catalyst and sodium nitrite, both in excess, the 
copper sulfate at  4.00 mole yo and the sodium nitrite a t  2000-6000 
mole yo. 

To isolate the diazonium sulfates as solid compounds ether is 
added in large amounts to the diazonium ion prepared in sulfuric- 
acetic acid mixture; the solid cobaltinitrites are precipitated from 
aqueous medium by adding a small excess of sodium cobaltinitrite 
to the solution of diazonium sulfate or diazonium chloride previously 
neutralized with calcium carbonate and filtered. 

The success of the various methods for specific types of substituted 
amines is shown in Table lZg9. 

TABLE 12. Yields (7’) of nitro compounds obtained by use of neutralized solutions and 
isolated-solid diazonium salts”. 

Solution Solid 

Diazotized amine ‘ Ca(C03)99a NaHCO:gb (XrN2)2SO~gC (ArN2),Co (NO,)Egd 

75.5 
67.4 
75 
82.5 
68 
63 
69 
61 

57 60 

- - Aniline 35 
2-Nitroaniline 70 97 
4-Nitroaniline 76 97 - 
4-Chloroaniline 35 
4-Anisidine 16 
2-Anisidine - - - 
4-Toluidine - 
2-Toluidine - 
8-Naphthylamine I5  - 
4-Nitro-] - 

naphthylamine 25 50 65 - 
5-Nitro-2- 

naphthylarnine 15 - 55 - 
Benzidine 10 - 16 - 

- 

- - 
- - 

- - 
- - 
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An unusual nitro formation has been reported during the deamina- 
tion with nitrous acid of guanosine; a 5 yo yield of 2-nitroinosinelo1 
was isolated as its ammonium salt (17). 
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0 

HO OH 

(17) 

V. N I T R A T I O N S  WITH OXIDES OF N I T R O G E N  

The oxides, N,03, NO,, N204, and N205, when dissolved in sulfuric 
acid or combined with certain Lewis acids, give rise to nitronium 
ion which obviously will nitrate aromatic compounds. The  products 
are typical of electrophilic nitration in mixed acid and the only 
significance might be an  economic one in the utilizatoin of by- 
product nitrogen dioxide. 

In non-ionizing solvents or in the gas phase the use of the oxides 
of nitrogen in the higher oxidation states may offer some advantage 
over the normal methods of nitration. 

Although dinitrogen pentoxide is not readily available, it has 
been suggested for nitration of easily hydrolyzed compounds such as 
benzoyl chloride102 (equation 22). 

(22) 

Dinitrogen tetroxide is very accessible and nitrations with it are 
numerous, but often messy. R i e b ~ o m e r ' ~ ~  has done a n  extensive 
review of its use. 

In the vapor state dinitrogen tetroxide is extensively dissociated 
to the radical, nitrogen dioxide. Accordingly, Titov104 has proposed 
a radical mechanism similar to ionic nitration (equation 23). 

N 2 0 5  

CCI, 
C6H5COCI + nz-02NC6H4COCl 
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Compounds of the same or lower reactivity than benzene need 
high temperatures or photoactivation to obtain significant reaction. 
Because of the low discrimination by radicals and the oxidative 
properties, alkylarenes give complex mixtures with nitrogen 
tetroxide. The more active polycyclic aromatic hydrocarbons 
present a more favorable picture. Naphthalene has been quantita- 
tively converted to 1 -nitronaphthalene by heating equimolar 
portions of napththalene and nitrogen tetroxide a t  150". 

Pyridine is said to give a 10% yield of 3-nitropyridine with 
nitrogen dioxide at 120" l o 6 .  I t  is questionable whether pyridine 
undergoes electrophilic nitration since the high temperatures, 
300-450", necessary to effect only slight nitration (6-15 yo) with 
potassium nitrate in sulfuric acidlo', suggest radical nitration. 
Nitrobenzene has been nitrated photochemically with nitric acid108. 
The production of picric acid among the products is similar to the 
products obtained with irradiated mixtures of benzene and nitrogen 
tetroxide109. 

Liquid phase reactions present another problem. Dinitrogen 
tetroxide can undergo two heterolyses (equation 24). Even if the 

initial medium is non-ionizing, a small amount of reaction will 
replace hydrogen from the aromatic giving rise to nitrous acid, 
nitric acid, and water as possible products. The nitrations thus 
become, most probably, ionic. That  acidity is not great, however, 
has recommended its use with organometallics, and some unusual 
isomer distributions are observed in liquid phase nitration with 
dinitrogen tetroxide. 

T h e  use of N,O, at  -70' with ferrocenyllithium gives a small 
yield of nitroferrocenellO. The oxynitration of benzene to picric acid 
with nitric acid and mercuric nitrate has been shown to involve 
formation of phenylmercuric nitrate which is then converted to 
nitrosobenzene"'. Some diary1 mercury compounds also have been 
shown to give nitroso derivatives with nitrogen te t~-oxide . l '~~~ '~  If 
the nitroso compound can be produced, osidation will readily 
transform it to the nitro compound. 

Tropolone"4 has been nitrated with nitrogen tetroxide in 
petroleum ether a t  10-15" in 3 hours. The proportion of the 5-nitro 
to 3-nitro derivative is 5 : 1 from the nitrogen tetroxide but only 2 : 1 
when nitration is effected with nitric acid in acetic acid. Quinoline, 
which is nitrated with mixed acid in the 5 and 8 positions6j, is 
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nitrated with nitrogen tetroxide106 in the 7 position. This result is 
analogous nitration with lithium and copper nitrate in acetic 
anhydride66, which also gives 7-nitroquinoline, and suggests that 
nitrogen tetroxide might be used more often where acidity must be 
kept low. The overall effect on isomer distribution is not completely 
straightforward since liquid nitrogen tetroxidelo5 reacts with biphenyl 
at room temperature to give essentially the same proportion of 2- 
and 4-nitrobiphenyls (35 : 65) as mixed acidlGe, although t.he less 
protic medium, nitric acid in acetic anhydridelGf, gives a higher 
amount of 2-nitrobiphenyl (68 yo). 
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VI. R E A R R A N G E M E N T  O F  N - N I T R O A M I N E S  

The acid-catalyzed rearrangement of nitramines has been studied 
a lot but is not used synthetically. The avoidance reflects the 
esoteric procedures for preparing the N-nitroamines. 

The ease of preparation and the stability of nitramines depend 
on the particular amine. Aromatic amines, whose rings are strongly 
deactivated with nitro groups, such as 2,4-dinitro-N-methylaniline, 
are N-nitrated with 70 yo nitric acid in 2 hours at room t e m ~ e r a t u r e ~ ~  
(equation 25). With 4-nitromethylani1iney a suspension of the amine 

C H:,y Iu 0 

b-0: 

in acetic acid is N-nitrated with anhydrous nitric acid dissolved in 
acetic anhydrides6 (equation 26). A more generally useful procedure 

CH, if NO, 
I 

CH,NH 
I 

I 
KO, 

I 
NO:! 

employs nitrate esters in the presence of a base or metal to convert 
amines to the nitramine anion; the free nitramine is obtained by 
slightly acidifying an aqueous solution of the nitramine salt at  0" 
and extracting it into ether. The barium salts of nitramines are 
precipitated from aqueous solutions of the potassium or lithium 
salt by barium chloride ; the barium salts show considerable stability 
and storage of the nitramines is best as the barium salts115. 
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N-Nitroaniline has been prepared with potassium ethoxide and 
ethyl nitratellG (equation 27). 

Butyl- and phenyllithium have been found to be useful bases for 
proton extraction and amyl as well as ethyl nitrate can be employed 
as the nitrating agent115*1*7 (equation 28). For liberation of the free 

PhLi AMONO, 
ArNH2 AriVHLi (ArNN0,)eLi6 (28) 

nitramine, saturation of the salt with carbon dioxide in the presence 
of water has been found useful for the more unstable amines. 
N-Nitro-I -naphthylamine has been obtained this way115 (equation 
29). 

BuLi EtONO, 
NaphNH, ----+ NaphNHLi __j NaphN(N02)Li 

sat. aq BaGlt GO2 (29) 

Neither the early method of Bamberger318, alkaline oxidation of 
diazonium ions, nor direct N-nitration with nitrogen pentoxide in 
carbon tetrachloride are too practical. Direct N-nitration with 
nitronium tetrafluoroborate in sulfolane might be The 
nitrate ester of acetone cyanohydrin1l3 has been found useful for 
preparing aliphatic nitramines120 but seems to have not been used 
with aromatic amines. 

The addition of a nitramine or its metal salt to aqueous acid will 
cause rearrangement to ring nitration. The  o-nitro compound 
predominates but some p-nitro derivative is found; the amount of 
para isomer increases with decreasing acidity1lG. This is shown in 
Table 13. 

Rearrangement products are recovered in yields greater than 95 yo 
at high acidities, but only 60% yields are obtained from 3 M acid. 
Much tar is formed a t  the low acidity. Concentrated sulfuric acid 
(98%) is too vigorous: flames are reported with the addition of 
N-nitroaniline to 18 M sulfuric acid116. 

Labeling with isotopic nitrogen and cross-nitration experiments 
have shown the rearrangement to be intramolecular. This is true 
for both the ortho and para That  the para derivative 
also is produced intramolecularly has lead to a controversy115.‘16.122 

NaphN(N02)Li - (NaphNN02)2Ba NaphNHNO, 
H 2 0  
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as to mechanism. R'ligration by a rr-complex all the way to the para 
position is felt unlikely and rather elaborate mechanisms have 
been proposed to overcome the problem of spanning the large 
distance to the para position, intramolecularly. 

It would seem that a study of the rearrangement of Z-(N-nitro- 
amino) pyridine would be informative since this compound is 

TAULE 13. Percentage of o-nitro- 
aniline from rearrangement of N- 

nitroaniline at Oo 116. 

Acid concii, wy1w yo ortho 

74% H,SO4-H,O 95 

377L HClO,-H,O 72 

52% HySO,-I-I,O 88 
25% H,SO,-H,O 78 

26% HCI04-H,0 70 

peculiar : the predominant product is the para-like, 5-nitro-2-amino- 
~ y r i d i n e l ~ ~  (equation 30). 

VII. PROBLEMS IN ORIENTATION 

Some positions in aromatic nuclei are not accessible by direct 
nitration. The illustration of some of the paths whereby nitro com- 
pounds with unusual orientation are prepared seems necessary. 

That aromatic nitro compounds are sbsceptible to nucleophilic 
substitution should not be forgotten. The  nitro group deactivates 
the ring which holds it and causes further nitration to occur in the 
unsubstituted ring. However, 174-dinitronaphthalene can be pre- 
pared throuzh nucleophilic amination of 1-nitronaphthalene with 
hydroxylamine followed~~4 with diazotization and replacement of 
the diazonium group with sodium nitritelZ5 (equation 2 1).  
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Nucleophilic displacement of nitro groups can also occur with di- 
and polynitro compounds permitting the formation of unusual 
orientations12GJ27 (equations 31 and 32). 

w 
NO? ""'"d- NO, 

KCS 
McOH ' 

0 2 N  

A long-involved synthesis is necessary to prepare 2,3-dinitro- 
naphtha1enelz8; the overall yield was 14 yo. This most inaccessible 
of the ten dinitronaphthalenes is obtained by starting with 6- 
acetyltetralin (equation 33).  

Nitration of anthracene occurs in the 9 and 10 positions. Mono- 
and polynitration of 9,lO-dehydro-9,lO-ethanoanthracene gives 
only #I substitution (equation 34). Pyrolysis of the ethanoanthracenes 

HN0,-Ac,O HN03- Ac,O 

CH,NO?, 0-3"> mNoz - CH,NO,, 0-3" ' 

NO, 

NO, 

KO: 

O2 N SO, 

H S 0 , -  H,SO, 

CH,K02s 23' ' 



Introduction of the Xitro Group into Aromatic Systems 39 

causes a reverse Diels-Alder thereby giving /?-substituted anthra- 
ceneslzQ. P-Substitution seems to be usual with benzocyclenes130. 

Thiophene directs to the 2 position when nitrated with nitric acid 
in acetic anhydride. About 5 %  of the 3 isomer is produced but 
isolation is not possible. The only feasible preparation of 3-nitro- 
thiophcne is from thc chlorosulfonation of thiophene131 (equation 35). 

H N 0 3  

S0,CI 

NO2 

Il,ir clsO’H+ li,ii 
H20 + l--J 02Nli-i-A SO0Cl 

(35) 
The 2,4-dinitrothiopliene can be obtained from either the 2-nitro- 

or 3-nitrothiophene ; 2,5-dinitrothiophene is produced as a by- 
product ( 1  5 yo) in the nitration of 2-nitrothiophene. Heating the 
m-ixture of 2,4- and 2,5-dinitrothiophenes with mixed acid will 
destroy the 2,4-dinitro compound while the 2,5 isomer is unaffected131. 

The preparation of 3,4-dinitrothiophene has been achieved by 
using halogens as blocking groups. Dinitration of 2,5-dibromo- 
thiophene gives the 2,5-dibromo-3,4-dinitrothiophene13z. One of 
the bromine atoms is replaced by hydrogen on treatment with either 
sodium iodide in acetic acid or with hypophosphorous acid; the 
remaining halogen can only be removed with copper in refluxing 
butyric acidI33 (equation 36). Nitration of the monobromo derivative 

NO:! c” + o?s l s fN02  

C,HICO?H *02Nli--J Br 

O,N )rr-f; H,PO, 

Br 
(36) 

with mixed acid provides 2-bromo-3,4,5-trinitrothiophene which 
can be reduced to the trinitrothiophene with hypophosphorous 
acid. 

The preparation of ZY3-diaminopyridine also makes use of bromine 
as a blocking agent prior to nitration; the bromine is removed by 
catalytic hydrogenation with palladium134 (equation 37). 
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The N-oxides of pyridines provide a means of preparing 4- 
nitropyridines. The N-oxide is reduced with phosphorous trichloride ; 
phosphorous tribromide also reduces the N-oxide but replaces the 
nitro group with (equation 38). 

NO, VO2 qCH3 HOAc HZO2 , acH3 KNO, H?SO, @cH3s &CHI 

N 
I 
0 

I 
0 

(38) 
Carboxyl groups may be used as blocking agents. Carbazole is 

nitrated in the 3 position predominately but only to a slight extent 
(4%) in the 1 position137. To prepare the 1-nitrocarbazole, 3,6- 
carbazoledicarboxylic acid is first nitrated to l-nitro-3,6-carbazole- 
dicarboxylic acid which is then de~arboxylated'3~ (equation 39). 

CO,H Ho2caTJ  - 
H NO2 

A similar decarboxylation with copper chromite and quinoline 
of 4-nitropyrrole-2-carboxylic acid provides the most convenient 
route to 3-nitropyrrole. However, in this case, which is common 
with many heterocyclic compounds, the substituted pyrrole nucleus 
must be prepared through ring closure; the 4-nitropyrrole-2- 
carboxylic acid is made by the condensation of nitromalondialdehyde 
with glycine ethyl ester139. Ring closure, also is the best method to 
prepare 2-nitrocarbazole, a carcinogen. The synthesis employs an  
interesting deactivation of one ring of biphenyl with acid to nitrate 
the other ring140 (equation 40). 

NO, . NH, 

H 
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VIII. MISCELLANEOUS ELECTROPHlhlC 
N ITRATl NG REAGENTS 

Numerous combinations of Lewis acids with varied carriers of an 
incipient nitronium ion have been reported. A comprehensive 
discussion of these miscellaneous nitrating reagents has been presented 
by Olah and Kuhnl”’. Aside from the sulfuric acid catalyzed nitra- 
tion with alkyl nitrates, these reagents give poor yields and offer 
no advantage over the methods of nitration already discussed. The 
use of nitrate esters should be investigated more, since there is 
indication59 that lower temperatures are needed to effect nitration 
and large amounts of sulfuric acid, such as are used to compensate 
for the water content of nitric acid, can be avoided. Because the 
comprehensive surveylob of these various nitrating agents has been 
done and since they are mainly of academic interest, only a tabula- 
tion with pertinent references is given in Table 14. 
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TABLE 14. Miscellaneous nitrating agents. 

NO,+ carrier Lewis acid catalyst Ref. 

HNO,  
HNO, 
AgNO,, Ba(NO,),, NaNO,, KNO,, 

RONO, 
EtONO, 
NO,F 
NO,F 
NO,C1 

NH,NO,, Pb(NO,), 

HF 

FeCI,, BF,, SiCl,, AlCI, 
BF, 

%SO, 
AICI,, SnC14, SbCI,, FeC1, 

BF,, PF,, AsF5, SbF, 
HF, AlCl, 
TiCI, 

- 

BF, 
H2S04 
AICI,, FeC1, 

BF, 
SbF,, AsF5, IF, 

- 

141 
142 
143 

59, 144-147 
1 43 
148 
149 
150 
149 
151 
152, 153 
154-157 
143, 158-161 
162 

4 
163 

A novel nitrating agent must be mentioned, however, because 
its use may provide a means of decreasing the amount of ortho 
nitration as the results of the steric requirements of the reagentlG4. 
This novel reagent is derived from a sulfonated resin anhydrous 
polystyrene polysulfonic acid (Rohm and Haas amberlite IR-120). 

Dehydrated (azeotropic distillation with toluene) sulfonated 
resin behaves like concentrated suIfuric acid toward 90 yo nitric 
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acid producing nitronium ion which is ion paired with the resin 
(equation 41). The ion-pair salt, t hus  formed, is considerably larger 

HKO, + 2RcsS0,H ---+ SO,  6 + H,O 3 + 2ResS030 (41) 

than a 'free' nitronium ion. Nitration of toluene with this reagent 
a t  65-70" gives iiitrotoluenes with an ortho-para ratio of 0.68, much 
lower than the ortho :para ratio of 1.65 obtained when nitration is 
effected with 90 yo nitric acid alone. 

Finally-although it may not be essentially electrophilic-mention 
is given to the photochemical nitration of quinoline 1-oxide in the 
3 position with nitrosyl chloride and butyl nitrite, as unexpected 
nitrating agents and an unusual product 0rientation16~. 

Cognizance should be given to the f ac t  that mar9 o f  the procedures in the 
preparation o f  aromatic nitro comnfiounds may be explosive. Safep shields 
ought to be standard operating procedure when working with aceQl nitrate (or  
acetic anhydride plus nitric acid), tetranitromethane, or hydrogen peroxide. 
The toxicit_?) of tlre oxides of nitrogen ought to be recalled, and the knowledge 
that aromatic nitro compounds are ve?y poisonous and readily absorbed through 
the skin slzoiild be impressed on all. Note should also be taken that some nitro 
heterocyclic conipounds and nitro derivatives o f  j i s e d  r i q  systems may be 
carcinogenic. 
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1. E LECTROP H 1 LI C S U BSTlT UTI 0 N 

A. introduction 

I t  is now accepted that nitration is due to the action of a positively 
charged ion (i,e., a cation) NO,+. Therefore a nitration by ionic 
substitution (or displacement) is an electrolhilic substitution, according 
to the well-known nomenclature introduced by Ingold’ (‘Kationoid’ 
substitution according to Lapworth2 and Robinson3). In electro- 
philic substitution the two electrons which form the new covalent 
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bond (i.e., the bond between the aromatic compound and the 
electrophilic reagent) are both supplied by the aromatic compound 
(equation 1). 

(1) (slow) 

In 1 two ‘free’ electrons are supplied by the aromatic system 
(r-electron sextet). The addition of the ele-ctropliilic agent NO,+ 
results in the formation of the intermediate a-complex 2 (‘Wheland 
ix~termediate’)~. O n  the basis of experiments, particularly those of 
Melander5, the formation of 2 constitutes the rate-determining step. 
The overall reaction is of second order and follows the S,2 
mechanism, i.e., is a bimolecular electrophilic substitution. 

B. Directing Efect of the N i t ro  Group 

1. Historical review6 

The systematic study of aromatic substitution became possible 
only after the correct structural relationship was established between 
the orlho, meta, and para isomers of benzene. The first attempts to 
formulate the orientation rules were made as early as 1875 by 
Hubner’ and in the following year by Noeltinge. 

They found that the substitution of benzene derivatives in the 
ortho and para positions occurred without simultaneous substitution 
in the meta position and thar the mode of substitution depended 
largely on the substituent group already present in the benzene ring. 
Further, Noelting tried to establish a relation between the directing 
effect of a substituent and its chemical character. H e  pointed out 
that nzeta-directing groups such as NO,, S03H, and COOH are 
acidic, whereas basic (e.g., NH,) or neutral groups (e.g., CH, and/or 
C1) are ortho and Inra  directing. 

The rule could not explain why the phenolic OH group is orlho 
and para directing, although it should be considered as acidic. 

Later, Armstrong9 drew attention to the fact that simple substit- 
uents containing double or triple bonds, e.g., 

0 0 
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are  meta directing. This was supported by Vorlanderlo. The  rule was 
accepted for some time, but eventually a number of exceptions were 
found and  this reduced its value. 

Crum Brown and  Gibson" advanced an original concept of the 
substitution rule. Regarding substituent X in C,H,X as a derivative 
of HX, they stated that X will be a meta-directing group if HX can 
be oxidized to HOX in a one-step process. 'Thus NO, should be 
metn directing, for HNO, can he oxidized to HONO,. 

The  most imporrant systematic collection of experimental facts 
related to substitution was given Iiy H 0 l l e m a n n ~ ~ . 1 ~ .  He also examined 
substitution reactions of disubstituted benzene derivatives, C,H,XY, 
and was able to show which of the two groups had the stronger 
orienting effect. Further a considerable number of experiments 
were carried out Iiy Hollemann using kinetic measurements. O n  
the basis of the relative speed and the yield of substitution, Holle- 
mann classified substituents not only according to their directing 
effect, bu t  also their 'directing powers' (Table 1). 

TABLE 1 .  'Directing powers' of substitueni directing groups. 

o r h - p n r a  

mrfa 

OH > SH, > XR, > XH:\cyI > C1 > 13r > CH, > higher alkyls > I 
COOH > S 0 3 H  > SO,  

Although the rule is empirical, i t  did help to predict the nature 
of the product obtained on substitution of most aromatic compounds. 
Thus, if tn-nitrotoluene is further nitrated, the nitro group enters 
the ortho and para positions relativc to the methyl group. I t  follows 
from this experimental fact that the directi\*e eff'ect of the nitro 
group is less than that of the methyl group. 

Holleniann also pointed out that  ortho-Pam-directing groups 
increase the rate of aromatic (electrophilic i n  present day termi- 
nology) substitution, whereas tneta-orienting groups greatly decrease 
it. Thus phenol, containing the ortho-!ma-directing OH group, can 
readily be nitrated even with dilute nitric acid, but nitrobenzene 
with its meta-directing nitro group requires a mixture of concen- 
tratcd nitric and sulfuric acids. Sitrobenzene also requires vigorous 
conditions (e.g., high temperature) in  order to be chlorinated or 
sulfonated. Generally speaking, thc ratc of the reactions of nitro- 
benzene is about lo-' loiver than that of benzene. 

Additional attempts to establish general rules for the directing 
effect in sulxtitution ivere due to Haminick and Illingwortl~lJ, and 
to Mason and coi\ .orkcr~'~.  
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Several important attempts to explain the substitution rule in 
more modern terms were initiated in 1902 by Flurscheirnl6 who 
introduced a concept of alternately strong and weak disti-ibutior? of 
‘chemicai afinity’ around an aromatic ring. The difference of 
reactivity distribution due to the influence of nzetn- (NO,) and 
ortho-para- (Cl) directing groups is shown in formulas 4 and 5,  
respectively. The thick and thin lines indicated large and small 

(4  1 ( 5 )  

quantities of ‘chemical affinity,’ respectively, and arrows indicated 
‘residual’ or ‘free affinity.’ Although the term ‘affinity’ is rather 
meaningless in the present state of chemical theories, the Fliirscheim 
bonds of strong and weak ‘affinity’ may lie compared with bonds of 
different orders between positions 1 and 2, and the arrows should 
indicate ‘affinity forces’ or ‘fi-ee available a t  reactive 
carbon atoms17. 

An important feature of Flursheim theory was an introduction 
of the concept that alternations in  degree of‘ chemical reactivity can 
be transmitted from a substituent group situated in a relatively 
distant part of a molecule. 

The alternation in chemical character of the atoms of any substi- 
tuted benzene derivative was also considered later Iiy Fryls. He 
suggested that positive and negative charges resided upon the atoms 
constituting the aromatic molecule and he suggested formula 6 for 
benzene. Thus the nitro group would induce a positive charge at  

I!’ 
H- 

I 
C 

c+ +c 
i I 

H-\ /-\ / 

c- -c H+/  \;/ \H’ 

I 
H- 

( 6 )  

the hydrogen atoms in the nieta positions (structure 7) , whereas 
chlorine, being essentially electronegative, would induce the positive 
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charges a t  the hydrogen atoms in ortho and para positions (structure 
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8). 

e H- H-\ /-\ / c+ +c 
I I 

H+/ yy- LH+ 
c- -c 

I 
I 
H- 

c1- 
I 

H+ 

(7) ( 8 )  

Fry also stated that positively charged hydrogen atoms are 
readily substituted. Further development of the idea of alternation 
was due to Lowrylo. He brought the formula of Fry into accord with 
the  Lewis-Langmuir theory of valency. 

Vorlander20 subsequently combined the theories of Fliirscheim 
and  Fry, and gave a general rule of substitution which was in agree- 
ment with experimenial facts. According to Vorlander, the difference 
between meta- and  ortho-para-directing substituents as presented in 
structures 9 and 10 is expressed as follows: 

Ao, 

(9) (10) 

‘Bei der Bildung der Benzol-Disubstitutionsprodukte durch Halo- 
genierung und Nitrierung von Benzol-Monosubstitutionsprodukten 
wird der eintretende zweite Substituent durch vorhandene positive 
EIemente der Seitenkette C,H,E+ iiberwiegend nach der meta- 
Stellun,o, durch negative Elemente C,H,E- iiberwiegend nach der 
para-ortho-Stellung gelenkt .’ 

T h e  importance of the polarity of the bond between the ring 
carbon atom and the ‘key atom’ of the substituent in  building the 
directing effect was more recently pointed out by Latimer and 
Porter”’. Almost simultaneously, SuttonZ2 on the basis of dipole 
moment measurements of differently substituted benzene derivatives, 
introduced a concept of the induced di jo le  moment A,u = ,uu,,,, - 

where parom and pn,il,l, are dipole moments of the aromatic and 
teri-aliphatic compound, respectively. A p  is negative ( -0.18 to 
-0.88) when a meta-directing substituent (structure 11), is present, 
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and positive (0.2 1-0.88) when a n  ort/io-/mrn-directing substituent 
is present (structure 12). 

R R 

(11) (13) 

The induced moment for the nitro group is -0.88 (determined 
from parom = -3.93 and p,,ipll = -3.05). 

More recent data on dipole  moment^'^ give a value of -0.52 for 
the nitro group. This value was obtained from measurements of 
nitrobenzene and tert-nitrobutane in the gas phase. 

Svirbely2" further developed this idea, and stated that if the 
dipole moment of a monosubstituted benzene derivative were larger 
than 2.07 D, further substitution would occur in the nietn position. 
The dipole moment of nitrobenzene is 4.08 D and hence is metn 
directing. 

Subsequently this line of thought led Eyring and RiZ5 to calculate 
dipole moments and charge distribution from rates of nitration of 
substituted benzene derivatives. Titovsl has given an original 
apprcach to the problem of the directing effect of substituents in 
electrophilic substitution. H e  divided all substituents into two 
cIasses: ( 1 )  those facilitating the oxidation of the benzene ring to the 
quinonoid one, and (2) those inhibiting the formation of the 
quinonoid system. 

Electron donating groups which are ortho-para directing belong 
to class (1) and electron attracting, nieta directing (hence the nitro 
group) belong to class (2) .  

2. Modern theories 

The Fry and Vorlander concepts can be regarded as precursors 
of the more modern electronic theory which was developed by 
Lapworth2c and Robinson?'. 

Lapwortli applied liis earlier theoriesz8 of polarity and chemical 
changes to aromatic substitutions. He explained the reactivity at 
particular points in a benzene ring by  thc action of substituents of 
polar character wliicli induce the electrical polarity. An electrical 
polarization can be transmitted within a n  aromatic ring at the 
moment of reaction, just as the alternate polarity was induced in 
conjugated systemsz8. 
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An important feature of Lapworth’s viewsz6 was that he stressed 
the importance of the presence of a key atom of a definite polar 
character in a directing group. The more pronounced the polar 
character of the key atom, the more the substitution is restricted to 
one type. Thus, the methyl group in toluene favors ortho-para 
substitution, but ineta substitution occurs to the extent of 4 yo. This 
is due to a very weak electronegativity of the carbon atom and very 
weak electropositivity of hydrogen atoms in the methyl group. On 
the other hand, phenol is substituted exclusively in the ortho and 
para positions due to a very strongly negative oxygen atom in 
phenol. 

amplified and developed Lapworth’s views, and 
I n g ~ l d ~ ~ * ~ ~ ,  together with other British authors introduced a special 
terminology and symbolism. 

According to this terminology an electrophilic group, like the 
nitro group produces a negative inductive effect ‘-1.’ This is in 
accordance with the presentation of Victor kfeye1-3’ who described 
the nitro group as being a negative substituent. 

Conversely, nucleophilic substituents are represented by the 
symbol ‘ +I’ (a positive inductive effect). 

British workers also introduced the . concept of the mesomeric 
effect ‘M’ which can be of a different sign than the inductive effect, 
but which is negative for the nitro group. The effect can be con- 
sidered as a form of a permanent displacement of the charge. I t  can 
be related to the concept of induced dipole A,u mentioned previously. 

T h e  Hammett substituent constant, G ,  of the nitro group is 
positive in both meta and para positions, and its value is relatively 
high. This is typical of electron-attracting substituents. 

55 

3. meta-Directing effect of the  nitro group 

the positive end of the formal dipole is attached to the nucleus. 
T h e  nitro group is a substituent with a dipolar structure in which 

Other metn-directing groups have similar features, e.g. 
0- 

nitrile - C=X, sulfonc R-S++--, and carbony1 C-0- 

0- 

+ -  I \+ 

I / 
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Norman and Taylor32 pointed out recently that substituents with 
dipolar double or triple bonds, and among them the nitro group, 
are electron withdrawing through both their -1 effect (which 
reduces the electron density at each nuclear carbon) and their -M 
ef€ect which results in flirther electron withdrawal from ortho and 
para carbons. Both effects act in the same sense, giving rise to 
deactiuation a t  all nuclear positions and particularly the ortho and 
para positions. 

Consequently the isolated molecule with a nitro group (or any 
other meta-directing group) should be polarized as shown in structure 
13; structure 14 shows the polarization by the action of an ortho- 
para-directing group, 

6+ 5-  

(13) (14) 

The mechanism of electrophilic substitution of monosubstituted 
benzene derivatives in which the meta position is least deactivated, 
is shown in equation 2. 

(15)  (16) (17) 

With molecular orbital calculations as a basis, ‘Wheland inter- 
mediates,’ such as 16 are sometimes represented by formula 18, 
where the positive charge is equally shared between three carbon 
atoms. However, nuclear magnetic resonance measurements of the 
proton shifts in pentamethylcyclohexadienyl cation do not agree 
with an equal distribution of the positive charge33. 

x 
I 



Directing Effects of the Nitro Group 57 

Structures 13 and 14 give a qualitative estimate of the electron 
density distribution around the aromatic ring. 

A more modern quantitative representation of charge distribution 
in aromatic rings is based on the theory of molecular orbital and 
simplified w2ve mechanical calculation~3~*35. 

The results of n-electron density ca1culationP for nitrobenzene 
are presented in diagram 19 (for comparison, the r-electron distribu- 
tion in aniline3j is shown in diagram 20). 

1.94 
0 O\ / 

N 1.32 

0.61 

(19) 

H H, / 
N 1.92 

Substitution of 19 in the ineta position by positively charged species 
(electropliiles) is thus substantiated. 

Also, the calculation of localization energy introduced by 
Wheland4 can be helpful in cstablishing the directing effect of 
substitueiits. 

4 ortho-para-Directing effect of the  nitro group 

Although the nitro group is nzeta directing, a considerable amount 
of o- and a much smaller amount off-dinitrobenzenes are formed in 
the nitration of ni trobenzene. According to Holleman13, the nitration 
of nitrobenzene yields m-dinitrobenzene (93.2 "/b), o-dinitrobenzene 
(6.4y0), and p-dinitrobenzene (0.3 yo). The ratio of 112 ortho:para 
is 11 :O. ortho Substitution is even more pronounced in the chlorina- 
tion of nitrobenzene (by C1-+) leading to m-chloronitrobenzene 
(80.9 %), a-chloronitrobenzene ( 17.6 yo), and p-chloronitrobenzene 
(1.5%). Here the ratio of 112 0rtho:para is lower (5.9), but the 
absolute values are much higher than in the previous example. 

There has been some controversy over the reasons why the nitro 
group leads to such a high 1/2 ortho :para ratio. According to De la 
Mare and Ridd3' the three main views on the subject are: 

(a) that the nitro group and other meta-directing groups specifi- 
cally deactivate the Bars position3s; 

(b) that meta-directing groups provide an additional reaction 
path for ortho substitution by the prior addition of the reagent to 
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the group, followed by rearrangement to the ortho position, i.e., 
nitration occurs i n d i r e ~ t l y ~ ~ ;  and 

(c) that  the lower 1/2 ortho :para ratios are a consequence of steric 
liindrance a t  the ortlzo position4"~". 

However, since con-elation of orientational data  for unsaturated 
substituents conjugated with the aromatic ring have shown that the 
112 ortho :para and 1 /2 meta :para decrease together in thc same order, 
De la Mare  and Ridd3' suggest that electronic rather than steric 
factors determine the ratios of substitution. 

I t  should lie added to all these views that the calculated values 
of r-electron density shown in diagram 19 predict a high ratio of 
1/2 ortho :para in the electrophilic substitution of nitrobenzene. 
Baciocchi and  Illuminati43 examined the rates of bromination and 
chlorination of 3-nitrodurene (21) into the position para to the nitro 

group. They found a strong deactivating action of the nitro group, 
of the order of 10G-107, and this was also the case with 2-nitro- 
mesitylene and 3-nitroisodurene. However, thc reactivity of 21 with 
molecular halogen was found to be higher than that predicted from 
the electrical eff'ects in electrophilic substitution. The  authors 
ascribed the higher rate to a steric inhibition of resonance of the 
nitro group. O n  the other hand, with 2-nitromesitylene and 3- 
nitroisodurene, where mefn substitution occurred, a slight decrease 
of deactivation was observed. Herc the expected minor effect of 
steric inhibition of resonance might lie o\-crsliadoived by increased 
hindrance to the approach of the reagent a t  the reaction center. 

It should also Iic mentioned that i n  the homologs of lienzene, the 
influence of the alkyl groups should not be neglected. 'Thus Norman 
and Raddad3 have pointed out that  when nitrotoluenes are subjected 
to electrophilic substitution, the elcctron-donating methyl group 
acts contrary to the nitro group : the nitro group destaldizes inter- 
mediate 16 in the order ?!zeta < ar//zo < para, whcreas the methyl 
group stabilizes it in the same order. 
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5. Directing effect of a nitro group placed in the 
side chain or ring 

The meta-directing effect of the r,if,ro group placed in a side chain 
is reduced. I t  decreases with an increase of the distance between 
the nitro group and the aromatic ring subjected to substitution. The 
corresponding data are collected in Table 2. 

TABLE 2. Effect of a nitro group in the side chain on 
electrophilic substitution (nitration). 

nz-Nitro 
derivative, 

Compound % yield Ref 

Kitrobenzene 93 44 

48 45 
Phenylni tromethane 67 

Phenyl-w-ni troethane 13 44 
w-Nitrostyrene 2 44,46 

The low yield of meta substitution in to-nitrostyrene shows that 
the nitro group on the vinyl group, which is known to be ortho-para 
directing, has practically no directing effect in electrophilic substitu- 
tions. 

The influence of the side-chain nitro group upon nzeta substitution 
(e.g., in nitration) can also be altered by other side-chain substituents, 
as indicated in structures 22-24*'j. 

NO? X 0 2  S O ,  
I I I 

Br-C-Br 

\ \ 
(23) 
29% 

An interesting problem of the directing effcct of o-, nz-, and 
p-nitrophenyl groups upon the clectrophilic substitution has been 
investigated by Mizuno and Simarnura4 '. They examined the 
nitration of mononitrodiphcnyl with nitric acid and acetic anhydride 
a t  0" and found that the nitrophenyl substitucnt is deactivating but 



60 Tadeusz Urbahski 

mainly ortho-fiara orienting. The partial rate factors and ortho :para 
ratios are indicated i n  diagrams 25-28. 

OZN 4 1 - 3  0 0 

ortlio:para = 2.2 

ortho:para = 0.54 

ortfio:para = 0.82 

ortlio:para = 0.46 

The authors concluded that the polar effect of the nitroplienyl 
groups is similar to that of halogen atoms. 

C. Indirect Substitution 

Bamberger48 suggested that the substitution (including nitration) 
of aromatic compounds containing the NH, group is mainly an 
indirect process. The idea was based on experimental facts which 
he had observed earlier.l9 : aniline nitrate is transformed into phenyl- 
nitroamine (through the loss of water), and the latter undergoes a n  
isomerization ‘Bamberger rearrangement’ to yield o-ni troaniline 
along with a smaller proportion of j-nitroaniline. 

Blanksma50 extended Bamberger’s hypothesis on the indirect 
nitration of aromatic amines. He suggested that a similar mechanism 
might exist in the instance of nitration of phenols: nitrate esters of 
phenols can be formed as a first step of the reaction, and then they 
are transformed into C-nitro compounds. 
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Further experiments on Bamberger’s rearrangement were carried 
out by Orton and coworkersS1. They came to the conclusion that 
the rearrangement is an acid-catalyzed reaction. 

Holieman and coworkersS2 attempted to test Bamberger’s 
hypothesis by comparing the orientation when aniline was nitrated 
(1) by a direct substitution and (2) by a rearrxngement. 

They found that the orientation through a rearrangement may 
differ considerably from the orientation through direct substitution. 
Thus  the action of sulfuric acid upon anilinium nitrate yielded mainly 
p-  and m-nitroaniline with a very small proportion of the o ~ t h o  
derivative, whereas the rearrangement of phenylnitroamine yielded 
(as in Bamberger’s experiments) o-nitroaniline as the main product. 

More recently a number of papers were published on Bamberger’s 
rearrangement. 

Thus Hughes and JonesS3 came to the following conclusions: 
( 1) the acid-catalyzed rearrangement of phenylnitromethane and 

the nitration of aniline, under comparable conditions, involve two 
very different types of orientations; 

(2) nitric acid or any other nitrating agent are not intermediates 
of any importance in the Bamberger rearrangement and;  

(3) the acid-catalyzed rearrangement in polar solvents is essen- 
tially intramolecular. 

The rearrangement is slow, and of first orderS4. Isotopic 
seem to confirm a n  intramolecular mechanism. For no ionic or 
radical fission was noticed which would be followed by intermolecular 
recombination of the counterfragments. However, more recently, 
splitting off of nitrite ions from nitramines was noticed by White 
and coworkersSs and confirmed by Banthorpe, et al.56*59 

Whites8 used the isotope dilution method. He found that N- 
~iitro-N-methylaniline-~~C in O. 1 N HCI at 40” produced : 52.1 yo 
o-nitro-N-methylaniline, 30.9 yo p-nitro-N-methylaniline, 9.9 ?& N- 
methylaniline, and no m-nitro-N-methylaniline. 

Banthorpe, et aZ.56#59, found much evidence against a n-complex 
and a radical cage mechanism, and explained the rearrangement 
as shown in equation 3. They also suggested that C-nitrites can be 

(29) (30) (31) 

formed as intermediates or‘ tile rearran, uement. 
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Banthorpe and Thomas60 also found that N-methyl-N-nitro- 1- 
naphthylamine, in solvents such as toluene, rapidly rearranges to 
form 2- and 4-nitro isomers on heating to IOO", and also on exposure 
to ultraviolet irradiation a t  room temperature. The  reaction appears 
to be more complex than the acid-catalyzed process, but no evidence 
was found for a mechanism involving honiolytic or heterolytic 
fission. Consequently, as before, a n  intramolecular migration is 
suggested as in the acid-catalyzed rearrangement. 

The  Bamberger rearrangement was found to be responsible for 
the migration of the nitro group in C-nitro derivatives of aromatic 
amines described by Pausacker and ScroggieG1. They found that 
heating of 2,3-dinitroacetanilide with sulfuric acid yielded 2,5- 
dinitroaniline (46 yo), 3,4-dinitroaniline (23 yo), and a small quantity 
of 2,3-dinitroaniline (5 yo). 

I t  was originally suggested that the nitration reaction may be 
reversible. However, more recent studies of these workers62 showed 
that the mechanism of the reaction involves a reversed Bamberger 
rearrangement and the mechanism can be expressed as shown in 
equation 4. 

NHR 

NHR NHR 

(34) 

R = H  or COCH, 

I t  was found hy the same authors that heating 2,3-dinitrophenol 
with sulfuric acid leads to partial isomerizatioii to 2,5-dinitrophenol. 
This probably could be explained in terms of the B l a ~ i k s m a ~ ~  
hypothesis, i.e., through the formation of an intermediate nitrate 
ester of phenol (38) (equation 5). 
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Other diriitro compounds, viz., those substituted in the 2,5 and 
3,4 positions do not undergo such rearrangement. This fact is 
evidcnce tha t  only that group can migrate which is subjected to 
steric hindrance, i.e., the nitro group in ortlio position to the adjacent 
groups. 

ON02 
I 

OH 
I 

The  reversibility of C-nitration seems to be limited to the above- 
mentioned cases. In general the reversibility is possible when a 
group such as NHR or OH is present, which can form an inter- 
mediate with the mobile nitro group. 

The  mobility of a nz-nitro group in  nitro derivatives of toluene was 
recently verified by Urbahski and OstrowskiG3. These workers kept 
solutions of various nitro derivatives of toluene in concentrated 
sulfuric acid a t  90-95" for ca. 60 hours. o-Nitrotoluene (4l), m- 
nitrotolucne (42) ,' p-nitrotoluene (43), 2,4,6-trinitrotoluene (44) y 

a nd  2,4,5-trinitrotoluen e (45) were examined. 
N o  change \vas found in the boiling points of41 and 42, and in 

the melting points of 43-45. It was, however, found that solutions 
containing 42 or 45 eventually produced a slight blue color with 
diphenylamine. 

However, GoreGl reported that on heating 9-nitroanthracene in 
a mixture of sulfuric and trichloroacetic acids at 65-95" for 25 
minutes 'the odor of nitrous fumes was noticeable.' Work-up of the 
reaction mixturc gave nitric acid (81 ") and anthraquinone (21 o<), 

the latter probably formed by oxidative action of nitric acid. The  
hydrolysis of the nitro group in 9-nitroanthracene on acid treatment 
is perhaps not so surprising if one considers the high reactivity of 
this position". 
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II FREE-RADICAL SUBSTITUTION 

A. Directing Effect of the Nitro Group 

When a 'meta-directing group' such as the nitro group is present 
in the aromatic ring and the ring is attacked by a free radical, the 
homolytic substitution does not occur in the rneta but in ortho and 
para positions, i.e., in a way similar to nucleophilic substitutions. 

From theoretical considerations Wheland4 has pointed out that 
any radical reagent should attack preferentially the ortho and para 
positions. 

Data for the energy distribution in nitrobenzene when subjected 
to electrophilic and radical substitutions are shown in structures 
46 and 47. 6 1.886 6- 1.852 1.834 

1.852 

1.862 1.809 

electrophilic 
substitution 

(46) 

radical 
substitution 

(47) 

The relative reaction rates for both, electrophilic and radical 
substitutions as calcu1ate.d from atom localization energies a t  18" and 
80°, respectively4, are given in structures 48 and 49. 

NO? 
I 

0.088 

0.821 
0.454 

electrophilic 
substitution 

(48) 

NO2 

8.74 

radical 
substitution 

(49) 

The differences between the directing effects in the two types of 
substitution can be clearly seen (at least qualitatively) although the 
experimental values may be somewhat different. 

Wheland'j5 also drew attention to the possible formation of 
quinonoid-type intermediates 50-52. This view was later emphasized 
By Weiss and coworkers6G. They concluded from hydroxylation 
experiments of nitrobenzene under free-radical conditions (vide 
infr.) that the influence of the nitro group is due (1)  to the greater 
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and (2) to the 
of 52. 
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a n  unpaired electron at  the artlio and para positions 
higher stability of quinoid structures 50 and 51 than 

Although experimental observations are not very mmerous, 
these conclusions seem to be valid. 

Thus Fieser and cowoi-kersG7 have shown that aromatic nitro 
compounds can be methylated when heated in acetic acid to 90-95” 
with lead tetraacetate (equations 6 and 7). 

NO, 02Nwo2 (CH,COO),Pb , (7) 

I 

NO, NO, 

yield 3276 

Thermal decomposition of lead tetraacetate probably liberates 
the acetyloxy radical (53), which furnishes the methyl radical (54) 
upon decarboxylatiorl (equation 8). 

(CH,COO),Pb ___f CH,COO. d -CH,+ CO, 
(53) (54) 
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Interaction of 53 with sytn-trinitrobenzene leads to radical 55 
which then reacts with the methyl radical (54) to give 2,4,6- 
trinitrotoluene (equation 9). 

(9) 
NO, 

f CH3COOH 

Noz 

Similarly, phenylation has been accomplished with lead tetra- 
benzoateG8. 

Kharash, et a1.'j9, confirmed the formation of free radicals from 
lead tetraacetate, but Masher and Kelirio regarded the methylating 
action of this reagent as the result of an ionic reaction leading to the 
formation of carbonium ions. 

Waters and coworkers" studied the decomposition of tert-butyl 
peroxide in various aromatic solvents. When nitrobenzene was used 
at  143", nitrotoluenes resulted. The proportion of ortho, meta, and 
para-isomers was 65.5, 6, and 28.5 :lo, respectively. 

Weiss and coworkersG6 investigated the reaction of nitrobenzene 
with hydroxyl radicals (56)  produced by the hydrogen peroxide- 
ferrous salt reaction (equation lo), and obtained o-nitrophenol 
(25-30 yo), m-nitrophenol (20-25 yo), and j-nitrophenol (50-55 "/o). 

Fez+ + H,O, ---+ re3+ + HO- + HO. (10) 
(56 )  

The formation of these compounds can be explained via the frce- 
radical intermediates 50, 51, and 5% (R = OH). 

Klapproth and Westheimer72 studied the reaction of mercuration 
of nitrobenzene (equation 1 1). 

XO, KO? 

H HgX 

13gCI0, / 
t R  

/ 
I< 
\ or Hg(OOCCII,), \ 

S = C10,- or CH3COO- 

The reaction had been known for some but the results 
were rather inconsistant. Jackson and Frsnti4 studied the so-called 
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'classical' mercuration which consists of heating aromatic com- 
pounds with mercuric acetate in a non-polar medium. 'Classical' 
mercuration of nitrobenzene at  150" gave 53, 32, and 15% of 
o:tho, meta, and para isomers, respectively, suggesting that a homolytic 
substitution may be involved. 

Klapproth and Westheimer have shown that many of the apparent 
anomalies in the orientation in aromatic mercuration can be better 
understood if attention is paid to mercuration either with ionized 
mercuric salts in strong acid solution or with largely undissociated 
mercuric acetate in non-polar solvents. 

With mercuric perchlorate in aqueous perchloric acid and 
particularly at  low temperature, the orientation is typical of electro- 
philic substitution (nzetn in the case of nitrobenzene). In the reaction 
with mercuric acetate, considered to be partly radical substitution, 
the orientation is largely ortho-para (see Table 3). 

TAULE 3. Orientation efTccts in the niercuration of nitrobenzene". 

Exptl conditions ortho +- Far0 ineta 

Hg(CIO,), in GOO/, HCIO, a t  25" 11 89 
Hg(CIO,), in 40% HCIO, at 95" 37 63 
Hg(OOCCH,), in nitrobcnzcne at 95' 52 48 
Hg(OOCCH,)? in nitrobenzene at 150" 57 43 

Similar results were obtained by Ogata and T s u ~ h i d a ~ ~ .  Thus, 
the proportions of 0-, p - ,  arid tn-mercurated nitrobenzene were u p  
to 37.5, 6.5, and 57.0 yo, respectively, when mercuration was carried 
out by mercuric nitrate in nitric acid at 90". 

The large proportion of nzetn-substitution product is probably 
due to the lack of a sharp demarcation line between the electrophilic 
and the radical substitution in the discussed reactions. 

A partial radical substitution may be responsible for the nitration 
of nitrobenzene to dinitrobenzenes by nitric acid in the presence of 
mercuric oxide, as reported by Ogata and Tsuchida',. They found 
as much as 26 yo 0- and only 24 yo m-dinitrobenzenes. These authors 
did not report the formation of the para isomer. 

Hey and COwOrkersii-*2 studied the arylation of nitrobenzene 
through the action of various sources of the aryl radicals ~ I - R C , H ~ - ,  
generated from such sources as diazotates, fl-RCGH,N20Na, nitroso- 
acylarylamines, p-RC,H,N( NO) COCH3, and acyl peroxides, (I- 
RC6H4C0,),. 
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The average substitution in  thc nzetn position for R = Br and 
CH, was only 12.1 and 8.6:/,, rcspcctively, and was essentially 
independent of thc soul-ce of the aryl radical. 

The  plienylation of nitrobenzene gave the figures collected in 
Table  4. 

' I ' m I , ~  4. Substitution of nitrobctizcnc with phcnyl radical. 

Nitrophenyls, 7; 
Sourcc of pheiiyl _____ 

riiclicnl ortlio i I lC l f l  para 
_. _--___ _______- 

Sodium Iicnzencdi;~zontc 54 f 4 9 f 2  35 f 4.4 
lknzoyl pcrosiclc 53.5 f 4 8.5 f 2 32 & 4 

The high proportion of ortlio and pnrn substituents could be 
explained in terms of qiiinonoid structures 50 and 51. I t  should, 
howe\~er, lie 110rn in milid that an aromatic radical of the type 
XC,H,. may acquire a polar character owing to the electron- 
attracting or electi-on-rcpclling propertics of the substituctit X. 

'r,\urx 5. ;\ryIntion of IxnzotrichIoridc (80")Hd. 

Isonicr, 7.; 
__ 

Kadicnl orllio iirela pnrn 

c ,; 1-1 5. 12 49 39 
p-S0,C6H*- 0 7 3  27 

T h u s  the radical p-NO,C,H,-, if considered as  somewhat electro- 
philic in chmxctcr, might lie espcctcd to react most readily at 
nucleopliilic sites. On thc other hand, the j-tolyl radical should be 
considered as somcwhat niiclcophilic i n  character. 

The clectropliilic character of the p-nitroplienyl radical was 
demonstrated by Hcy, e f  ~ l . ~ * ,  Daiinlcy and Stcrnfelds3, and more 
recently by Saundci-ss4 (Tablc 5). 

C h ang , H ey , and W i 11 i amsSo s t ii di cd t h e p-n i t ro ph en yi a t i on of 
cli lo~~o- and broinolxnzeiies, and compared the results with the 
phenylation of clilol-0-, iiromo-, and nitrolxnzencs (Table 6). The 
products were analyzed by infrared spectroscopy and isotope 
dilution mctliods. 

The clectrophilic character of thc P-halogcnophenyl radicals is 
demonstratcd by tlie incrcased proportion of thc sulxtitution a t  the 
nzetn position, in aycement  with the dirccting influence of the nitro 
group in electrophilic sulxti t~i  tion. 
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TABLE 6 .  p-Halogenophenylation of nitrobenzene (80°)80. 
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Isomer, yo 

orlho mela para Compound Radical 

C,H5AT0, C,H,. 62.5 9.8 27.7 
C,H5N0, p-CIC,H4- 59 .o 13.8 27.2 
C6H5N0, P-BrC6H4. 57.7 13.2 29.1 

0. Activating Effect of the Ni t ro  Group 

Hey and Grieves5 found already in 1934 that the nitro group 
activates the aromatic ring toward homolytic substiiution. For 
instance the competitive phenylation of toluene and nitrobenzene 
by phenyl radicals showed that the yield of nitrodiphenyls was 
about four times greater than the yield of methyldiphenyls. This is 
the result of the general character of free-radical reactions which are 
free of the powerful electrostatic forces which dominate heterolytic 
reactions. 

Hey and his C O W O ~ ~ ~ ~ S ~ ~ * ~ ~ * ~ ~  gave a quantitative analysis of the 
rate of homolytic attack on nitrobenzene in terms of partial rate 
factors86. The rates of the substitution by the phenyl radical of nitro- 
benzene as compared with chlorobenzene, and the partial rate 
factors are given in Tables 7 and 8, respectively. 

TABLE 7. Rate ratios and isomer distributions for phenylation of nitrobenzenes and 
chlorobenzenes. 

Isomer, ?& 77 

Rate ratio _ _ ~  
Compound X PhX/PhH8’ ortho mela para 

- 

Nitrobenzene NO, 2.91 58 10 32 
Chlorobenzene C1 1.06 62 24 14 

TABLE 8. Partial rate factors for phenylation of 
nitrobenzenes and chlorobenzeness1. 

Partial rate factors Fo F m  F, 

PhNO,/PhH 5.5 0.86 4.9 
PhCI/PhH 1.6 1 .o 1.2 

Hey77 also calculated the partial rate factors for homolytic 
substitution in nitrobenzelle from data given by Wheland4. He  
obtained for PliNO,/PhH :Fo = 2.25, F,,, = 0.85, and F, = 8.7. 
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There are, however, exceptions to this rule. Thus Hey and 
coworkers*z found that the l-chlorophenyl radical attacks nitro- 
benzene less rapidly (rate ratio 0.53) than benzene (rate ratio 2.94) 
(Table 7).  Moreover, 0- and f-nitrophenyl radicals are less reactive 
toward nitrobenzene than toward benzene. Also with these negatively 
substituted radicals the proportion of meta substitution in nitro- 
benzene is increased, because of the electrophilic character of the 
substituent. In other words, the radicals with a nitro group (and 
possibly also with chlorine) acquire an electrophilic character. 

According to Dannley and Gippinaa the thermal decomposition 
of benzoyl peroxide in a-nitronaphthaline (and also in a-chloro- 
and a-bromonaphthalines) leads to monosubstitution by a benzoyl- 
oxy group in the 2, 4, and 5 positions (equation 12). I n  addition, 

3% 

NO2 KO, 
I I 

OCOCBH, OCOC,H, 

18% 10% 

benzoic acid, carbon dioxide, benzene, and esters are also formed. 
The substituents have the following relative activating influence 

toward attack of the benzoyloxy radical : 

NO, > Br > C1 > H 
19 2.0 1.2 1.0 

On the other hand, the attack of triphenylmethyl radical on 
aromatic substrates in the presence of benzoyl peroxide indicates 
the following order of reactivity according to Benkeser and 
Schroederss: C,H,OCH, > C,H,Cl > CGH,H > C,H,COOCH, > 
C,H,CF, > C,H,NO,. Nitrobenzene failed to react in this system, 
and the experimental results indicate the electrophilic nature of the 
triphenylmethyl radical. 

An escellent review of homolytic aromatic substitution has been 
given by \iVilliamsgQ. I t  includes a description of some unpublished 
work. 
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1. T H E  H E N R Y  ADDITION AND R E L A T E D  R E A C T I O N S  

A. General Features and Reaction Conditions 

Shortly before the turn of the century, L. Henry discovered the 
aldol-type, alkali-catalyzed addition of nitromethane' and homolo- 
gous primary nitroalkanes2 to aliphatic aldehydes. The reaction, 
which was later extended to include secondary nitroalkanes and 
many substituted nitroalkane derivatives on the one hand, and 
ketones as well as aromatic aldehydes on the other, has since become 
one of the main avenues to a variety of more complicated nitro 
compounds. Generally proceeding with facility and affording good 
yields, the reaction has made accessible a large number of new nitro 
alcohols and nitro glycols, which, in turn, have served as starting 
points for the synthesis of nitro olefins, amino alcohols, oximes, 
hydroxycarbonyl compounds, and many other products. 

Although the Henry addition represents but another example of 
the more general Knoeveiiagel reaction, i.e., the addition of reactive 
methylene to carbonyl compounds, its scope is sufficiently wide to 
warrant a special treatment within that broader classification. 
Early work has been reviewed by Hass and Riley3, Levy and Rose4, 
and Shvekhgeimer, Piatakov, and Novikov5 ; a useful monograph 
containing extensive tables has been presented by Perekalinj" ; 
accounts of more recent applications, particularly in the field of 
sugars and cyclitols, have been given by SowdenG, Lichtentha1e1-7, 
and Baer* ; and implications with special reference to the synthesis 
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of aliphatic polynitro compounds have been outlined in a review by 
Noble, Jr., Borgardt, and Reeds. 

In its most general form, the Henry reaction is illustrated by 
equatioll 1. i t  requires the presence of a hydrogen atom on the 

(1) 

carbon that carries the nitro group, and hence it occurs with prilnary 
and secondary nitroalkanes, while tertiary ones do not react. The 
first step undoubtedly is the dissociation of the a hydrogen which 
is promoted by the activating effect of the nitro group. Consequently, 
polar solvents such as water or alcohols are generally used, and the 
function of the catalyst is to make the nitronate ion available for 
nucleophilic attack a t  the carbonyl carbon of the aldehyde (or ketone) 
reaction partner. A wide variety of basic catalysts can be used. These 
include alkali metal hydroxides, carbonates, bicarbonates, and 
alkoxides as perhaps the most commoniy employed baseslo. Calcium 
hydroxide11v12, aluminum ethoxide13, and magnesium aluminum 
ethoxide13 have been recommended as efficient catalysts. The 
conversion of the latter into insoluble salts upon completion of the 
reaction may facilitate their removal from the reaction mixtures, 
although this point would appear to be of diminished importance 
since cation-exchange resins have been introduced into general 
practice for such purposes. Catalysis of the Henry reaction by anion- 
exchange resins appears to be very pr~rn is ing '~J~ .  A great many 
organic bases have proved to be suitable condensing agents. Thus, 
triethylamine16#17 is a useful catalyst, while primary and secondary 
aliphatic amines, though effective, may promote side reactions 
because of their reactivity toward the aldehyde components. On  
the other hand, this reactivity can be taken advantage of when the 
goal of the nitroalkane-aldehyde reaction is not the nitro alcohol 
itself but products arising from its dehydration and further trzns- 
formation, e.g., in Mannich reactions (see section 11). Ammonium 
acetate has also been r e c ~ r n m e n d e d ' ~ ~ ~ ~ .  Several instances have 
been reported where the choice of the catalyst influenced the nature 
of the products obtained; this will be dealt with in subsequent 
sections. 

Generally, the reaction proceeds with sufficient speed a t  or 
slightly above or below room temperature. Secondary nitroalkanes 
usually react somewhat more sluggishly than primary ones, and 
may require catalysts of stronger basicity. Because of the tendency 
inherent in  aldehydes to undergo intermolecular aldol additions or 
Cannizzaro reactions in alkaline medium, it is essential that the 

RCHO + RCH&", W RCHOHCH(R)NOz 
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reaction conditions be carefully controlled, especially with regard 
to the alkalinity of the medium. This precaution is also necessary 
because the nitroalkanes employed may enter into side reactions. 
Thus, nitromethane is known to give, in the presence of alkali, 
methazonic and nitroacetic acids whereas higher homologs may 
form trialkylisoxazoles. 

Primary nitroalkanes may react with more than one molecule of 
aldehyde, as illustrated in equation 2. For this reason, the proportion 
of the reagents must be chosen so as to direct the course of the 
reaction, as much as possible, toward the formation of the desired 
product. When the nitro alcohol produced contains a primary or 

OH OH NO, OH 
I RCHO I I I 

RCH,N02 + RCHO - RCH-CH(R)NO, - RCH-C(R)-CHR (2) 

secondary nitro group, and when a molar quantity of basic condens- 
ing agent was employed, the product will be present as a nitronate 
salt (equation 3) .  The nitro alcohol must then be liberated by 

OH 
I 

RCHO 4 RCH,SO, + XaOH + RCH-C(R)=XO,Xa + H,O (3) 

acidification, which is to be done carefully, preferably with dilute, 
weak acids in the cold, because of the possibility of the Nef reaction 
with concomitant loss of nitrous oxide occurring a t  that stage. 
Another reaction that may take place at  this point is the dehydration 
to a nitro olefin, and this occurs with special ease in the case of 
aromatic nitro alcohols. In  fact, the spontaneous formation of 
nitrostyrenes from P-nitro-a-hydroxyphenylalkanes is difficult, though 
not irnpossibIe, to avoid. If the sodium nitronate of a secondary 
nitroparaffin is condensed with an aldehyde so as to produce an 
alcohol containing a tertiary nitro group, the alkalinity of the medium 
builds up during the reaction because the product, an alkoxide, is 
the salt of a much weaker acid than the nitronic acid which is 
consumed (equation 4). 

- (4) R,C=KO,Na + R’CHO d R,C(XO,)CH(R’)OI\;a 

This tends to retard the reaction, but yields can be improved3°**1 by 
the addition of sodium bisulfite, sodium liisulfate, carbon dioxide, 
or acetic acid which will reduce the alkalinity and suppress reversal 
of the reaction. 
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6. individual Reactions 

1. Nitromethane and formaldehyde 

One molecule of nitromethane can react with up to three molecules 
of formaldehyde". When equimolar amounts of the reactants are 
used, a mixture of 2-nitroethanol (9 oh), 2-nitro-I ,3-propanediol 
(1 3 yo), and 2-liydroxymethyl-2-nitro-l,3-propanediol (78 yo) is 
produced23 (equation 5). 

When a 5 ill excess of nitromethane is employed, the yield of 
2-nitroethanol is increased to about 42 Its isolation by distilla- 
tion from the bis- and trismethylol derivatives is attended with 
some explosion hazard, and for preparative purposes alternative 

may be preferable. The  preparations by this method of 
2-nitr0-1,3-propanediol~~-~~ and of its sodium ni t rona tP  have been 
described, and improvements on the preparation of 2-hydroxy- 
niethyl-2-nitro-l,3-propanediol have been reported30. T h e  tris- 
hydroxymethyl compound can be demethylolated by treatment with 
sodium alkoxide to give thc dio13'. 

2. Nitromethane and homologous aliphatic aldehydes 

The tendency of nitromethane to add more than one molecule 
of aldehyde decreases as the chain length of the latter increases. 
The main products are monohydric nitro alcohols of the type 
RCHOHCH,NO,. Thus,  for instance, 1 -nitro-2-propanolZ, l-nitro- 
2-butano132, 1 -nitro-2-pentanol32, 3-methyl-1 -nitro-Z-hutanol13.33*34, 
4-methyl- 1 -nitr0-2-pentanol3~, 1 -nitr0-2-0ctanol~j-~~, and some 
higher homo log^^^ have been obtained from acetaldehyde, pro- 
pionaldehyde, butyraldehyde, isobutyraldehyde, isovaleraldehyde, 
n-heptaldehyde, and higher aldehydes, .respectively. Cyclohexane- 
carhosaldehyde filrnished 1 -cyclohexyl-2-nitroethano139. I t  is possible, 
however, to produce diols of the type RCHOHCHN0,CHOHR by 
proper choice of the reaction  condition^^^-^^. Understandably, 
a large excess of aldehyde will favor diol forrnation4O. The  pH of 
the reaction medium also influences the product composition. Thus, 
Eckstein and Urhaiiski42 obtained 1 -nitro-2-propanol in a 75-80 yo 
yield when they allowed equimolar amounts of nitromethane and 
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acetaldehyde to interact at pH 7.5-8.0, but they produced 3-nitro- 
2,4-pentanediol in yields of 80-95 yo by employing the reactants in 
a molar ratio of 1 :2.25 a t  pH 6.5-7.0. 

Three molecules of aldehydes higher than formaldehyde do not 
seem to add to nitromethane, but in  diols of the type just described 
the remaining m hydrogen can be replaced by a hydroxymethyl 
group by the addition of formaldehyde (equation 6 ) ' O .  

(RCHOH),CHNO, + HCHO --+ (RCHOH),(CH,OH)CNO, (6) 

Similarly, the interaction of nitromethane with two molecules of 
formaldehyde and one molecule of a homologous aldehyde may 
afford nitro triols. I n  this way, 2-hydroxymethyl-2-nitro-1,3- 
pentanediol, -hexanediol, -nonanediol, and -5-methylhexanediol 
have been prepared by the use of propionaldehyde, butyraldehyde, 
n-heptaldehyde, and isovaleraldehyde, respectively". I t  has, how- 
ever, been stated that in such reactions formaldehyde can cause a 
displacement, from the nitro alcohol, of a molecule of the higher 
aldehyde45sq6. 

3. Homologous nitroalkanes and aliphatic aldehydes 

Primary aliphatic nitroalkanes such as nitroethane and its 
homologs readily add one molecule of an aliphatic aldehyde to 
give nitro alcohols of the type R-CHOH-CH (NO,) R. Following 
initial studies by Henry and his coworkers, the first systematic 
investigation, leading to the preparation of 13 representatives of 
this type was made by Vanderbilt and HasslO. They included in 
their study nitroethane, 1-nitropropane, 1-nitrobutane, and 2- 
methyl-l -nitropropane ; and formaldehyde, acetaldehyde, and 
butyraldehyde. Extending the reaction to secondary nitroalkanes, 
they found that 2-nitropropane and 2-nitrobutane similarly added 
the same aldehydes furnishing nitro alcohols of the type R-CHOH- 
C(NO,)R,, although catalysts of greater basicity than in the case 
of primary nitroalkanes were required for reasonable reaction 
rates. This they ascribed to the lower acidity of the secondary 
nitro compounds. Other ~ ~ r k e r ~ ~ ~ * ~ ~ * ~ ~  later carried out many 
reactions along similar lines. 

Primary nitroalkanes above nitromethane, but not secondary 
ones, can also interact with two molecules of aliphatic aldehydes. 
Such twofold additions have appeared for some time to be restricted 
to either two molecules of formaldehyde or one molecule of a given 
aldehyde and a t  Ieast one molecule of f~rmaldehyde~**~*s-~~.  Thus, 
Vanderbilt and Hass'O obtained 2-alkyl-2-nitro-l,3-propanediols 
by double addition of formaldehyde to nitroethane, 1-nitropropane, 
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1 -nitrobutane, and 1 -nitro-2-methylpropane, but they were unable 
to effect double addition to these nitroalkanes of either acetaldehyde 
or butyraldehyde under a variety of reaction conditions. (Recently, 
however, nitroethane and some homologs have been found capable 
of undergoing twofold additions not involving formaldehyde, 
namely, in the cyclizations of dialdehydes discussed in sections I.B. 4 
and I.B. 5.) Fieser and GateslG prepared from phenylnitromethane 
and its 3-nitro and 3,5-dinitro derivatives the corresponding 
2-aryl-2-nitro-l,3-propanediols. A large number of 2-alkyl- and 
2-aryl-substitu ted 2-nitro-l,3-propanediols were synthesized by 
Urbahski, Eckstein, and their coworkers'7~51-54. 

O n  the formation of y-dinitroparafins in amine-catalyzed 
condensations of nitroalkanes and formaldehyde, see section I1.C. 

4. Nitroalkanes and simple aliphatic dialdehydes 

The nature of the products formed in the interaction of nitro- 
alkanes and aliphatic dialdehydes much depends on the relative 
proportions o f  the reactants. When a molar ratio of a t  least 2:  1 is 
employed, i.e., when one molecule of nitroalkane for each aldehyde 
group is available, straight-chain dinitrodiols are formed. Thus 
Plautss has allowed nitromethane, nitroethane, and 1 -nitropropane 
to react with glyoxal and has obtained 1,4-dinitro-2,3-butanediol, 
2,5-dinitro-3,4-hexanediol, and 3,6-dinitro-4;5-octanediol, respec- 
tively. Similarly, phenylnitromethane and glyoxal gave 1,4-dinitro- 
1,4-diphenyl-2,3-butanediol. A large excess of nitroalkane expectedly 
favors this reaction, as has been shown by Novikov and coworkers5G 
who were able to prepare 1,4-dinitro-2,3-butanediol in 80 yo yield 
and, moreover, to separate tlie product into two stereoisomers that 
arose in nearly equal amounts. Can-0115~ obtained isopropyiidene 
ketals from the two stereoisomers and used these for the assignment 
of configuration by NMR spectroscopy. I n  addition he reduced the 
dinitrodiols to the corresponding diaminodiols whose Schiff bases 
with salicyladehyde were compared with those of the 1 ,Pdiamino- 
2,3-butanediols independently synthesized from meso- and DL- 

tartaric acids. I t  was found that the higher melting dinitrodiol 
(m.p. 135-135.5') had the nzeso, and the lower melting one (m.p. 
101-102") had the DL configurations. 

When, on the other hand, equimolar amounts of nitromethane 
and glyoxal are allowed to react in aqueous solution in the presence 
of sodium carbonate, a stereoisomeric mixture of 1,4-dinitro-2,3,5,6- 
cyclohexanetetrols (3) is formed (equation 6a). Cne of tlie stereo- 
isomers has been isolated and assigned the neo-l,4 configuration 3aj8. 
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I t  is believed that the first step in this cyclization is the formation of 
3-nitrolactaldehyde (1) , which then undergoes intermolecular 
double addition head to tail:. I n  fact, 3-nitrolactaldehydeY which 
was synthesized in an independent way5g, has been reported to give 
readily upon treatment with alkali, a mixture of 3 from which isomer 
3a has been isolated'. Alternatively, the pathway could involve 2,4- 
dihydroxy-3-nitroglutaric dialdehyde (4) ' as the . intermediate. 
I n  either event, the cyclization would pass through intermediate 2, 
a mixture of stereoisomeric 3,6-dideoxy-3,6-dinitrohexoses, and it 
has been well established that 6-deoxy-6-nitrohexoses easily undergo 
internal Henry addition to form nitroinositols (see section I.B. 5a). 

From succinic dialdehyde and nitroethane a straight-chain diol, 
2,7-dinitro-3,6-octanediol, has been prepared55, while no cyclization 
reactions appear to have been reported. 

Glutaric dialdehyde and nitromethane react to give a six- 
membered ring60--s2. Here, too, a mixture of stereoisomers is obtained, 
from which one of the three theoretically possible isomers (trans- 
trans, cis-cis, and D L - G ~ - ~ ~ T Z S )  was isolated in pure form in 51 yo 
yield and was proved by NMR studies to be tmilsYtrans-2-nitrocyclo- 
hexane-lY3-diol (5)61-G2 (equation 613). 

+ CH,NO, * d' (Gb) 

NO, 

( 5 )  

c::: 
It is interesting to note that isomer 5, with all-equatorial disposi- 

tion of the substituents, was formed in a proportion higher than would 
be expected if all three isomers had an  equal chance of formation. 
As will be pointed out in section I.B. 5b, the preponderance of certain 
stereoisomers due to conformational factors is frequently encountered 
in similar cyclizations. However, substitution of homologous nitro- 
alkanes for nitromethane in cyclizations with glutaric dialdehyde 
led to individual stereoisomers in lesser yields. Thus, nitroethane 
gave 27 yo of the trans-trans compound 6, and 1-nitropropane and 
phenylnitromethane gave 34 and 20 yo, respectively, of the cis-trans 
compounds 7 and W 3 .  

0 H GH3 
NO2 

OH 
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An analogous nitromethane cyclization of adipic dialdehyde, 
which should have led to a seven-membered ring 9, could not be 
achieveds4. By the use of equimolar amounts of reactants under a 
variety of conditions, complex mixtures of products were produced 
among which there was always present what appeared to be cyclo- 
penten-I-aldehyde (10). Evidently, 10 arose by a competing intra- 
moIecuIar aldol condensation of the adipic aldehyde, and thus far 
all attempts to prevent this occurrence have failed. When a 10 M 

CHOH 
,CH_,. CH,-CHO 

/ 

\ / CH, 
CH, - CH, 

\ 
/CHN02 

CHO -ft-, TH2 P C H O  +--- CH2 

\- ,CHOH 
(10) CH, 

1 
O2NCH2CHOH (CH2),CHOHCH,N02 

(11) 

excess of nitromethane was employed, a 40% yield of the straight- 
chain bis adduct, 1,8-dinitrooctane-2,7-diol (ll), was obtained 
(equation 6c). 

5. Nitroalkanes and aliphatic hydroxyaldehydes including 
sugars and “sugar dialdehydes” 

a. Aliphatic hydroxyaldehydes and sugars. Early attemptss5 to con- 
dense nitromethane with glycolaldehyde, glyceraldehyde, and aldose 
sugars were recorded in 1921 but later were criticized6 as having 
been inconclusive. In  the years following World War 11, the Henry 
reaction was reintroduced into carbohydrate chemistry, this time 
with great success, by H. 0. L. Fischer and his associates, especially 
J. C. Sowden. I t  has since developed in this field to a n  exceedingly 
fruitful method, rivaling and in some respects indeed surpassing in 
versatility Emil Fischer’s classical cyanohydrin synthesis. 

Preliminary studies were intended to find out whether the alkaline 
degradation of aldonic acid nitriles, when performed in the presence 
of nitromethane, would give rise to 1 -deoxy- 1 -nitroalditols according 
to equation 7, which amounts to a Henry reaction of an  aldehyde 
generated in situ. 

CN 

(7) 
-HCN I 

CH,OH I 
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T h e  reaction was accomplishedGG on the example of 4,6-0-benzyli- 
dene-2,3,5-tri-O-acety~-~-g~ucononitl-ile (12) which readily afforded 
4,6-O-benzylidene- 1 -deoxy- 1 -nitro-D-mannitol (13) and, upon acid 
hydrolysis, the  free nitro alcohol (equation 7a). 

CH,A-iO, 
I 
I 

HOCH 

HOCH 
I 
I 

HC- 0 

HCOH 
\ 

CHC, H, ( 7 4  
I 
I / 

(13) 

CH2-0 

I t  was soon realized that benzylidene-substituted aldoses with a 
free reducing groupG7-" as well as unsubstituted aldo~esG9*?1-~6 will 
add  nitromethane; the use of nitriles therefore has  attained no 
practical significance. 

The  1 -nitroalditols are readily converted into the corresponding 
aldoses by treatment of their sodium salts with strong sulfuric acid 
(Nef reaction) , so that the successive steps, ~7iz.) nitromethane 
addition to a given aldose and Nef reaction) constitute a lengthening 
of the sugar chain. Numerous aldoses less conveniently available 
otherwise have thus been synthe~ized"~~" '~-8~.  T h e  method also 
has proved satisfactory for the p r e p a r a t i ~ n ~ l - ~ ~  of 1 -W-labeled 
sugars by the use of nitromethane-'"C. Furthermore) the l-nitro- 
alditols can be t r a n s f ~ r r n e d ~ ~ . ~ ~ . ~ S . i ~  by acetylation followed by a 
Schmidt-Rutz reaction (section V.13. 2) into 0-acetylated poly- 
hydroxy- 1 -nitro-1 -alkenes which are useful compounds for a variety 
of synthetic purposes. Thus, these nitro olefins may be selectively 
hydrogenated with a palladium catalyst to furnish 1,2-dideoxy-1- 
nitroalditols which, in  turn, give 2-deoxyaldoses when subjected to 
the Nef T h e  nitro olefins may serve also as inter- 
mediates for the synthesis of 2-0-alkyl aldoses and  2-amino-2- 
deoxyaldoses (see section VI). The  addition to aldoses of 2-nitro- 
ethanols6 (or of nitromethane followed by formaldehyded7) and 
subsequent Nef reaction leads to ketoses possessing two more carbon 
atoms. These relationships are  presented in Scheme 1. 

The  addition of nitromethane and nitroethanol to aldoses 
theoretically allows the formation of two epimeric 1-deoxy- 1- 
nitroalditols a n d  four epimeric 2-deoxy-2-nitroalditolsY respectively. 
Epimers do in fact occur in  most cases, but i t  is difficult a t  present 
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to predict their ratios. From the preparative results reported so far 
it appears that, in general, there is no great tendency for one epimer 
to predominate, which is in line with expectations for these acyclic 
compounds. Whatever preferences in the formation of individual 
epimers have been observed, do not necessarily reflect thermo- 
dynamic stabilities, since factors such as fortuitous crystallization 
of products often have played a role, and the composition of the 
reaction mother liquors seldom has been examined. Although no 
systematic studies with a view to establishing general rules for the 
dependency of epimer distribution upon the reaction conditions and 
configuration of the starting sugars have yet been recorded, an 
explanation correlating at least some of the stereochemical obser- 
vations has been proposeds. 

I t  is also worth mentioning that 2-liydroxytetrahydropyran, which 
may react as tautomeric 5-hydroxypentanal, undergoes sodium 
hydroxide catalyzed nitromethane addition. The expected adduct, 
l-nitro-2,6-hexanediol, was not isolated, but on steam distillation, 
the acidified reaction mixture yielded its dehydration product, 
2-nitromethyltetrahydr0pyran~~ (equation 8). Such cyclodehydra- 
tions to tetrahydropyran derivatives also occur with l-deoxy-l-nitro- 
alditols when they are boiled in aqueous solution, neutral or acidic, 

or when heated above their melting points, or even on prolonged 
standing in syrupy condition. In alkaline medium, too, the formation 
of anhydrodeoxynitroalditols (aldosylnitromethanes) has been 
observed, and it is considered that they arise via intermediate 
cc-nitroalkenes88-90 (equations 9a and b). To a minor extent, ring 
closure occurred between C, and C, so as to form furanoid 
anhydridesag. 

An interesting application of the nitromethane reaction has 
enabled Grosheintz and Fischer to synthesize 6-deoxy-6-nitro- 
aldosessl and deoxynitroinositols 02. 1,2- O-Isopropylfdene-cr-~-xylo- 
pentodialdo- 1,4-furanose (14), obtained by lead tetraacetate cleavage 
of 1,2-0-isopropylidene-a-~-glucofuranose, gave with nitromethane 
a mixture of the blocked 6-deoxy-6-nitro sugars 15 and 16. Separation 
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CH,NO, 
I 
I 
I 
I 
I 

HOCH 

HOCH 

HCOH 

HCOH 

CH,OH 

CHNOZ 
II 
I 

I 
I 

CH2 NO2 

CH 

HOCH 

I 
I 
l 

I 
I 

HCOH 

HOCH - I  __3 

HCOH 

HCOH 

or 
HCOH 

HCOH 

CH,OH CHZOH 

CHpNOp 
I 

I 
(9a) 

I HOTH 

HCOH 

HCOH 
HO 

L L H ,  
preferred product 

CHNOZ 
I1 
I 
I 
I 
I 
I 

CHZNOZ CHZNOZ 
I 
I 
I 
I 
I 
I 

CH 

HCOH 

I 
I 
I 

I 
I 
I 

HOCH HCOH 

HCOH HCOH 

___, - HOCH 

HOCH 

or HOCH 

HOCH 

HOCH 

HOCH 

HCOH HCOH HCOH 

CH,OH CH,OH 

CH2NOz 
I 

CH,OH 

HO 

- HO CH,NOZ (9b) 
- I 

HOCH OH 
Ho7H I P 

HC- 
I 

CH,OH 

preferred product 
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of 15 and 16 was effected by preferential 3,5-acetonation of 16 (see 
section V.A. 1). Hydrolysis of the acetone derivative then furnished 
6-deoxy-6-nitro-~-glucose (17) and -L-idose (18) , respectively. With 
aqueous barium hydroxide, either of these sugars incurred internal 
Henry addition to give the same mixture of optically inactive, 
stereoisomeric deoxynitroinositols 19, 20, and 21 (equation 10). 
The  configurations of the products were later established by other 
inve~t iga tors”~~~.  The sequence of reactions may be regarded as a 
stepwise nitromethane cyclization of xylo-trihydroxyglutaric dialde- 
hyde (22), of which 14 represents a partially blocked derivative. A 

as has an analogous reaction employing nitroethane and leading to 
1 -deoxy- 1 -C-methyl-1 -nitro-scyllo-inositolG3. 

direct  cyclization of 22 with nitromethane has also been 
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The thrcc deoxyiiitroinositols 19-21 are interconvertible through 
epimerization oT their alkali salts". At equilibrium, the scyllo (19a) 
and my-1  (20a) stercoisomers cxist in comparable amounts while the 
nzuco-3 stereoisomer is strongly disfavored, presumably because of 
diaxial substituent interaction in either chair form (21s,b) g 4 *  97, 9*. 

Replacement of the secondary nitro group in these compounds by a 
carbonyl function by means of the Nef reaction has not been 
successful". 

OH 
(20a) 

Althou-h the two nitro hesoses 17 and 18 are  rapidly cyclized 
by the action of basc to thc same mixture of inositol derivatives, the 
L-id0 derivative 18 reacts more readily and does so, if slowly, even 
in neutral to slightly acidic media (e.g., a t  pH 5-6)lo0. Presumably 
the marked degree of conformational instability in the idopyranose 
ring 18a, which contrasts with the stable glucopyranose 17a, is 
responsible for this diffcrencc. 

3. 

CH,SO, 1 How,oH HO HoH=,OH - 
(17a), pyranose form ( I%),  pyanose form 

I 
OH I 

OH 
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I n  analogy to the cyclizatioii of x3iZo-trihydroxyglutaric dialdehyde 
(22), a derivative of meso-tartaric dialdehyde, namely cis-3,4-cyclo- 
hexylidenedioxy-2,5-dihydroxytetrahydrofuran(23), hasrecentlybeen 
shown to form with nitromethane a mixture of diastereomeric 
5-nitro-2,3 - 0-cyclohexylidenecyclopentane- 1,2,3,4-tetrols (24),"J1 
(equation 11). 

011 

(24) 

By applying the principle of intramolecular Henry addition to a 
derivative of D-glucosamine, Wolfrom and associates102 were able 
to synthesize streptarnine, a fragment of the antibiotic streptomycine. 
The  pathway is represented in Scheme 2. 

not isolatctl 

hexaacctylstrcptaminc isomers not 
+ a11 isomer (isolated) scparntcd 

SC!lE.\lE 2 

not isolatcd 
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Novikov and coworkers performed Henry additions of nitro- 
methane to 3-hydroxy-2,2-dimethylpropanal and -butanallo2“, and 
of nitromethane, nitroethane, and 2-nitropropane to acetaldo1102”. 
Although not all of the nitrodiols produced were well characterized, 
they could be subjected to dehydration leading to various unsaturated 
nitro compounds. 

In  1958, Baer and Fischer103 extended the 
nitromethane-aldehyde addition to the sugar  ‘dialdehydes’ which 
are readily available from methyl glycosides by periodate or lead 
tetraacetate fission. Just as aldoses, under the conditions of the 
Henry reaction, behave like free aldehydes although they exist 
predominantly in c,yclic hemiacetal forms, the sugar ‘dialdehydes’ 
react as true dialdehydes although in solution they, too, assume 
cyclic hemiacetal or hemialdal structures*04 (equations 12a and b). 

b .  ‘Sugar dialdelydes.’ 

+ HZO # HOCH (12a) 
CHO \ ?JCH3 ”T CHO 0-CHOH 

(25) 

- L H2C FTH3 
CHO 7TH3 CHO 0-CHOH 

Cyclization of these dialdehydes with nitromethane provides a 
general and facile method of introducing nitrogen into the position 3 
of aldoses. The synthesis commands particular interest because of 
the discovery in recent years of numerous antibiotics that contain, 
as building units, various rare 3-amino sugars, some of which have 
not previously been accessible by simple synthetic approaches105. 
L’-Methoxydiglycolic aldehyde (25) ,  which can be obtained from 
methyl fi-D-xyIopyranoside or from any of the methyl P-D- or a-L- 
pentopyranosides, was cyclized giving a mixture of stereoisomeric 
methyl 3-deoxy-3-nitropentopyranoside sodium salts106*107. One of 
the nitronates formed, the P - ~ - e r y t h r o  salt 27, crystallized in 43 yo 

, 
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yield, while relatively small amounts of the a-L-threo and (3-D-threo 
salts 28 and 29 were shown to exist in the mother liquor beside 
additional 27. No evidence for the formation of the fourth possible 
isomer, the a-L-erythro salt 30, was detected. The nitronates had 
originally been assumed, without proof, to exist in the C-1 chair 
conformation as depicted’06. The stability of 27 and instabiiity of 
30, with 28 and 29 occupying intermediate positions, thus appeared 
plausible in the light of the conformational tenets prevailing at the 
time. However, recent NMR data revealed that these nitro glycosides 
adopt, in part, inverted chair conformations‘Oiu. A satisfactory 
explanation of the stereochemical results must await further study, 
and due consideration must probably be given to unfavorable 
steric intera~tion107’’*~ between equatorial hydroxyl groups and 
adjacent nitronate groupings. 

OH 
I 

-0, 

The enantiomer of 25, D’-methoxydiglycolic aldehyde, gave rise 
to the expected enantiomers of 27, 28, and 29106.107. 
In the hexose series the dialdehyde L’-methoxy-D-hydroxymethyl- 

diglycolic aldehyde (26) was cyclized to form chiefly the nitronates 
31 and 32, and 33 as a minor component. Again, no evidence was 
obtained for the presence of the fourth possible product (34) 109-111. 

Each of the nitronates 31, 32, and 33 in aqueous solution at room 
temperature epimerized within 5 hours to an equilibrium mixture 
containing all three of them, with 31 and 32 predominating over 33. 
When the mixture was allowed to stand in solution for a n  extended 
period of time, or was heated briefly, dehydration occurred giving 
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"o%ocH3 OH y,/+ 
OCH:, 

NO2- KO.- 

(31) (33) 

OH 
CH,OH 

(34) not forrncd (33) 

an  olefinic nitronate (equation 13), Similar reactions take place 
with other 3-deoxy-3-nitroglycosides in the presence of alkali108. 

C H 2 0 H  

HO 
-OH- 

msc 
- C H 2 0 H  

NO; BCH3 OH 

-n+ - 
slow 

CH,OH 

The  diastereoisomer of dialdehyde 26, D'-methoxy-D-hydroxy- 
methyldiglycolic aldehyde (35), furnished a mixture of nitronates 
in which 36 and 37 strongly predominated when the reaction was 
kinetically controlled (equation 14). When this mixture was allowed 
to stand in aqueous solution it epimerized, and at  equilibrium the 
nitronates 38 ( >40 yo) and 39 (-30 yo) were the chief components, 
with only 10-1 2 yo of 36 and even less of 37 remaining11?.1l3 (equation 
15). 

I t  is noteworthy that in this a-hexopyranoside series configuration 
38 is the most stable one, whereas its counterparts 30 and 34 in the 
pentopyranoside and p-hexopyranoside series, respectively, seem 
to be entirely unstable. 

Other sugar dialdehyde-nitromethane cyclizations that have led 
to novel, nitrogenous carbohydrate derivatives were performed with 
the dialdehydes 40114*115 (and its enantiomorph)116, 41117,  42118*119, 
43120, and MlZ1 (equations 16-19). Application of the synthesis to 
the disaccharidic dialdehyde 45, &ch is derived from sucrose, 
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(15) 
OCH, 

NO2- 

furnished the first disaccharide containing a nitrogenous seven- 
carbon sugar122 (equation 19a). From. nucleoside dialdehydes 46 were 
obtained nucleosides that possess 3-nitro- (and 3-amino-) 3-deoxy- 
hexose r n o i e t i e ~ ' ~ ~ - ~ ~ ~  (equation 20). I t  should be noted that in those 
cases where the dialdehyde is made by a glycol cleavage that does 
not involve the removal of a carbon atom (as formic acid), the 
glycoside resulting from nitromethane cyclization has one more 
carbon atom .than the starting glycoside, and the reaction sequence 
then constitutes a method of lengthening the sugar chain 'from 
~ i t h i n " ~ " * ~ 9 .  Examples include the use of a methyl pentofuranoside 

methyl 3,6-dideoxy-3-nitro- 
a-t-hexopyranosides 

CH,-0 

CHO 

NO.! OH CHO 

(41), R = H 1,6-anhydro-3-deoxy-3-nitro- 

(42), R = CH,OH 2,7-anhydro-4-deoxy-4-nitro- 
p-D- hexopyranoscs 

8-D-heptdopyranoses 
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methyl 3-deoxy-3-nitro-a-n- 
hep tosep tanosides 

OCH2Ph OCH,Ph 

OH O H C  

(44) benzyi 4-dcoxy-4-nitro- 
hexulopyranosides 

HOCH2 C H 2 0 H  

(194 
O H C  OHC 

OH OH NO, 

(45) m-D-glucop yranosyl 
4-deosy-4-ni tr0-P-o- 
heptulopyranosides 

0 0 

HOCHC 

C H O  

C H O  
OH 

(46 )  (also with other pyrimidine 1-(3’-deoxy-3’-nitro-P-~- 
a n d  purine moieties) hexopyranosyl) pyrimidines 

and  -purines 
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instead of a methyl hexopyranoside for generating the dialdehyde 
47128 (equation 21), and also the cyclizations of 43, 45, and 46. 

Na10, CH,NO, 
CHO 

(47) 
methyl P-L-arabino- D'-methoxy-L- methyl 3-deoxy-3- 
furanoside hydroxymethyl- nitro-P-L-hexo- 

diglycolic aldehyde pyranosides 

Similarly, the action of nitromethane and alkali upon periodate- 
oxidized. cellulose has been reported129 to result in a nitro poly- 
saccharide which contains, in part, seven-carbon sugar units. The 
structure of the polymeric material has not been conclusively 
proved, however. 

In all the sugar dialdehyde-nitromethane cyclizations, mixtures 
of stereoisomers were formed, but a marked selectivity in favor of 
one or two of the possible isomers was invariably observed, and 
preparative separations were accomplished either on the sodium 
nitronate stage or upon deionization on the nitro stage or, failing 
that, after hydrogenation to the corresponding amines. 

An empirical observation regarding the stereochemical course of 
the cyclization can he stated. Under conditions of kinetic control 
the reaction tends to yield preferentially the nitronates in which the 
hydroxyl group that is formed at  C, is arranged trans to the neighbor- 
ing glycosidic group. This can be explained on the basis of an attack 
of the carbonyl group from the least hindered side (Cram's rule). 
Thus, when the dialdehyde 25 is assumed to react in its most 
probable conformation 25a and the first step is thought to be an  
addition of methanenitronate ion to the carbonyl group A ,  the ion 
would approach A from the left-hand side and therefore would 
generate at  C, the configuration depicted (Scheme 3) .  Ring closure 
between C3 and the carbonyl group B then leads chiefly to 27 (and 
to some 28).  Alternatively, if the first reaction step consists of 
nitromethane addition to the carbonyl group B, the adduct would 
cyclize by approach of the nitronate grouping to A in the direction 
shown, and the resulting configuration at C2 would be the same as 
before. In similar fashion the formation of products in many of the 
cyclizations quoted can be rationalized. Difficulties of interpretation 
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arise on occasion, however. Thus,  one would predict D’-methoxya- 
hydroxymethyldiglycolic aldehyde (35) to yield preferentially the 
product 36 as depicted in Scheme 4. This product is in fact 
formed to a large extent as evidenced by the isolation, upon 
acidification and catalytic hydrogenation, of 32-36 yo of methyl 
3-amino-3-deoxy-a-~-mannopyranoside (48). However, the corre- 
sponding glucopyranoside 49 is produced in preponderance (an 
estimated 60 yo), which indicates that caution must be exercised in 
making generalizations on this basis*. Application of the ‘1 ,2-tl-unsy 
rule to the dialdehyde 40 would lead to the prediction that methyl 
3,6-dideoxy-3-nitro-aa-~-mannopyranoside (50) will be the favored 
product, but actually the 1,2-cis compound, methyl 3,6-dideoxy-3- 
nitro-cx-L-glucopyranoside (51) predominated more than twofold 
over 50 (equation 22)11j. 

Another stereochemical rule that holds widely though not without 
exception has emerged. This concerns the acidification (or deioniza- 
tion) of the nitronate cyclization products to give the nitro glycosides. 
I n  the majority of cases the nitro group is found to be placed in 
equatorial position. Thus, the salts 31, 32, and 33 give methyl 
3-deoxy-3-nitro-~-~-glucopyranoside (52), -galactopyranoside (53) , 
and -mannopyranoside (54), respectively, and not the corresponding 
C, epimers (equations 23-25). 

In the a-D-hexopyranoside series the manno, gZuco, and tnlo 
configurations (55, 56, and 57) arise from the corresponding 
nitronates 36, 37, and 38 (equations 26-28). 

The nitronates derived from j3- 1,fj-anhydrohexoses and from 
~-2,7-anhydroheptuloses give rise to products with d o ,  altro, ,ouLo, 

* T h e  preponderance of 49 could be due to a subsequent, thermodynamically controlled 
epimerization on the nitronate stage but, as has been stated above, in the equilibrium 
the cr-D-&o salt is even less stable than the a-D-nmrztzo salt. There is no evidence for 
the occurrence of C ,  epimerization during the acidification of the nitroriatc, or dur- 
ing the hydrogenation of the nitro compound to the amine, which is done in the presence 
of an equimolar amount of acid. 
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CHpOH 

-----+ " O m  0 2 N  (23) 

OCH, 
O2 N OH 

CH,OH CH,OH 

(25) 

OCH, " O X  O,N OCH, 
- 0 2 N  

(54) 

- 
(33) "0-3 , CHpOH 

O2N 

OCH, OCHI 

CHzOH CHdOH 

OCH, OCH, 
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and id0 configurations which likewise result from equatorial place- 
ment of the nitro group (e.g., 58 -+ 59) (equation 29). Similarly, 

CHZ-0 

HO WR - HoHR (29) 

NO* OH 

(58)  (59) 

the deoxynitroinositols that are produced by cyclization of ~ $ 0 -  

trihydroxyglutaric dialdehyde or of 6-deoxy-6-nitro-~-glucose (or 
-L-idose, see section I.B. 5a) possess equatorial nitro groups94. 

A notable exception to this fairly general rule seemed to occur in 
the deionization of the pentoside nitroilate 27 which gave two 
products, the /3-D-riboside 60 and the B-D-xyloside 61 (equation 30). 
The exact ratio is not known, but upon hydrogenation of the mixture 
the amine from 60 was isolated in over 50% yield, and the amine 
from 61 in only about 10% yield. On the other hand, from the 
nitronate 28 was obtained only the a-L-arabinoside 62, and its 3- 
epimer, if present, could not be detected (equation 31)1°7. The 
nitronate 29 also furnished but one product, the P-D-arabino- 
pyranoside 63 (equation 32). The P-D-riboside 60 had originally 
been thought to exist in the C-1 conformation (with NO, axially, 
and all the other substituents equatorially, oriented), and its 
preferential formation from 27 was therefore difficult to reconcile 
with the general tendency of the nitro group, in these glycosides, to 
adopt an equatorial orientation. However, NMR spectra have 
indicated the conformations shown for 60-63, which all do possess 
an equatorial nitro gr~up'O~'~.  

R = H or CH,OH P-D-gUlo configuration 

OCH, 
I 
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(29) (63) 

Substitution of nitroethane for nitromethane has led to 3-deoxy-3- 
C-methyl-3-nitro sugar derivatives. The dialdehyde 40 gave a 
mixture of stereoisomers of which one component, 64, could be 
isolated as a diacetate in 12.5 yo yield130 (equation 33). 

NO, 

CH,OH 

OHC kTk3 'CHO - HO dCH3 
(40) (641 

(33) 

An interesting observation was made in nitroethane cyclizations 
of the dialdehyde 26 and its diastereoisomer 3V1. Either dialdehyde 

CH,OH CH,OII 

CHPOH 

CHo J=" OHC A C H ,  ErNoz+ "OQOCH3 + Ho@ocH3 (34b) 

SO2 CH, OH 

(35) B-L a-D 
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furnished in 20% yield a crystalline product that was shown to be 
a molecular complex of a- and p-glycosides, the glycosidcs obtained 
from 26 being the enantiomorphs of those from 35. Clearly the 
reaction must involve in its course a partial epimerization a t  the 
carbon atom marked with an asterisk (equations 34a and b). 

6. Nitroalkanes and aromatic aldehydes 

The first reactions between nitroalkanes and benzaldehyde that 
seem to have been carried out were reported by Priebs13? in 1883, 
more than a decade before Henry published his first papers con- 
cerning aliphatic aldehydes. Priebs allowed various aldehydes to 
react with nitromethane and nitroethane, using zinc chloride as a 
catalyst and a reaction temperature of 160". Under these conditions, 
condensation rather than addition occurred, and the products were 
P-nitrostyrene derivatives. Later on, Thiele133,134 and H ~ l i e m a n ' ~ ~  
used basic catalysts or sodium methanenitronate and noticed the 
formation of the sodium salts of the nitro alcohols, just as in the 
cases of the aliphatic aldehydes that: had meanwhile been studied. 
However, acidification led directly to the dehydration products 
(Scheme 5). Numerous P-nitrostyrece derivatives have since been 
prepared in this fashion or, alternatively, by amine-catalyzed 
condensations136J37 of the reactants, which also lead to nitro olefins 
(see Hass and Riley3, Schales and Graefe138 and Eckstein and 
 coworker^^^-^^^). 

(0)- CHOH-CH=N02Na 

SCHEME 5 

The tendency of a-phenyl-substituted @-nitro alcohols to dehydrate 
spontaneously is quite general, and the alcohol cannot usually be 
isolated unless special precautions are taken in the acidification of 
its salt. This is understandable because the double bond formed is in 
conjugation with the benzene ring. I t  is nevertheless possible to 
obtain the nitro alcohols, by careful choice of the work-up pro- 
cedurePO. If the nitro alcohol produced possesses two asymmetric 
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centers, as for instance 2-nitro- 1 -phenyl- 1 -propano1 from benzalde- 
hyde and nitroethane, diastereomers are f0rmed181.14~. A fruitful 
application was found in the synthesis of chloramphenicol, for which 
benzaldehyde was allowed to react with nitroethanol to give 2- 
nitro- 1 -phenyl-1 ,3-propanedio17 which was then used for further 
synthetic steps eventually furnishinc. the antibioticl43. 

The method of Kamlet20, in which the bisulfite addition com- 
pound of an  aldehyde is allowed to react with a sodium alkanenitro- 
nate, has been reported142 to be particuIarIy desirable for the 
synthesis of aryl-substituted nitro alcohols. In a recent example, 
the 0-, m-, and p-fluorobenzaldehyde-bisulfite compounds and 
sodium ethanenitronate gave the corresponding 1 -(Auorophenyl) - 
2-nitro-1-propanols (equation 35) ,  which were then used in the 
synthesis of potentially insecticidal, fluorinated 1,l -diphenyl-2- 
ni t ropr~panes’~~.  

a. 

E 
I 

CH(OH)(SO,Na) 4- Na02N=CHCH, @- 
F 

Phenylnitromethane and benzaldehyde condense to give nitro- 
stilbene, of which the cis and tmns forms have been isolated145. 

However, other reactions may interfere with the generation of 
a nitrovinyl group. Thus, while m- and p-carboxybenzaldehydes 
condense in normal fashion with nitromethane to give m- and 
p-carboxy-~-nitrostyrenes’4~, respectively, o-carboxy-/3-nitrostyrene 
cannot be made in the same way from o-carboxybenzaldehyde. The 
reaction leads, instead, to 3-phthalidylnitrometliane (65)’”.14* 
(equation 36) (see also section V.B.Z., equation 177). 

CIiOH-C!CH=SO~N~ 
H +  

NaoH a c:o, S n  

4 CH,NO, 

C0,I-I 
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When nitromethane is reacted with o-phthalaldehyde in alcoholic 
solution in  the prescnce of sodium or potassium hydroxide, the 
alkali salt (66) of 2-nitro- 1,3-dihydroxyindane (67) is f~r rned '~" . '~~ .  
Acidification with mineral acid leads to what had originally been 
tho~ght l4~- '~1  to be 2-nitroindanone (68a) or tautomeric 1 -hydroxy- 
2-nitroindene (68b) but later proved to be 3-hydroxy-2-nitro- 
indene (69)150.x52. Careful deionization of the nitronate 66 afforded 
the free diol 67l50. When the reaction between o-phthalaldehyde 
and nitromethane was carried out without solvent in the presence 
of dry sodium carbonate, the product was the hemiacetal 71 of 
o-( 1-hydroxy-2-nitroethy1)benzaldehyde (70). The hemiacetal, upon 
treatment with alcoholic alkali, was immediately converted into 
66, whereas upon dichromate oxidation, it yielded 3-phthalidyl- 
nitromethane (65)I5O (Scheme 6). 

OH OH 
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Naplithalene-2,3-dicarboxaldehyde cyclizes with nitromethane 
to 2-nitrobenzindene-3-01 (72) (equation 37), whereas homoph- 
thalic dialdehyde furnishes, through facile aromatization of inter- 
mediary 2-nitrotetrah- 1,3-diol (73), 2-nitronaphthaline in 25 yo 
yield*52 (equation 38). 

CH,IiO: 

OH' SO, (37) 
CHO 

0 I-I 

(73) 

Cyclizations of o-phthalaldehyde and naphthalene-2,3-dicar- 
boxaldehyde with nitroethane gave 1,3-diliydroxy-2-methyl-2- 
nitroindan and -benzindan, respectively, whereas naphthaline- 
1,8-dicarboxaldehyde failed to undergo cyclization with either 
nitromethane or n i t r ~ e t h a n e ~ ~ .  

7. Halogenated nitroalkanes and aldehydes 

Chloro- and bromonitromethanes have already been recognized 
by Henry153 and his to undergo the addition reaction 
with aldehyde in the usual manner, giving a-halonitro alcohols. 
Maasls5, and later Wilkendorf and c o ~ o r k e r s ~ ~ ~ * ~ ~ ~ ,  and Urbahski 
and co~orkers~3"5~ prepared several 2-halo-2-nitro-l,3-alkanediols 
by further reaction of a-halonitro alcohols with aliphatic aldehydes. 

a-Halonitro alcohols that have a hydrogen atom at the a-carbon 
may he dehydrated to a-halonitro olefins. Thus, when the addition 
reaction between halonitroalkane and formaldehyde is conducted 
in the gas phase over a dehydrating catalyst such as alumina impreg- 
nated with phosphoric or sulfuric acid, the end products are 
a-halonitro olefi11sl~~. 

Recently, the addition of formaldehyde to trichloronitroalkanes 
74 has been investigatedl60. Nitro alcohols 75 were obtained when 
R = alkyl and R' = alkyl or alkoxyl. The same was true for R = H; 
that is, no bismethylol derivatives were formed. However in thesc 
instances, easy (R' = OEc) or even spontaneous (R' = Et or n-Bu) 
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dehydration to 76 occurred. When 74 (R = H, R‘ = OEt) was 
treated with formaldehyde and alkali in the presence of ethanol or 
butanol, the dialkoxy derivatives 77 arose, no doubt by way of 
alcohol addition to intermediate 76 (equation 39). 

CI~CCHR’CHRNO, ---+ C~,CCHR’C(R)(NO,)CH,OH ---+ 
(R = H) 

(74) (75) 
R”OH 

CI,CCHR’C(NO,)=CH, (K’ = OEt) + C~,CCHR’CH(NO,)CH,OR” (39) 

(76) (77)  
R” = Et or n-Bu 

The reaction of formaldehyde with 1, l,l-trifluor0-2-nitroethane 
and 1,1,1,2-tetrafluor0-2-nitroethane led to bis and monomethylola- 
tion, respectively161. 

8. Nitroalkanes and halogenated aldehydes 

Chloral and bromal combine easily with nitromethane in the 
presence of salts of weak acids, yielding 3-nitro-l , 1,l -trihalo-2- 
p r o p a n o 1 ~ ~ 6 ~ , ~ ~ ~ .  Chloral similarly reacts with n i t r~e thane ’~ . ’~~  and 
n i t r ~ p r o p a n e ~ ~ ,  and also with phenylnitromethane though not as 
readily’“. With ethyl nitroacetate it gives ethyl 4,4,4-trichloro-3- 
hydroxy-2-nitrobutyrate165. Fluoral and nitromethane afforded 
3-nitro-l,l,1-trifluoro-2-propanol, and to heptafluorobutanal hydrate 
has been added nitromethane, nitroethane, and 1 -nitropropane to 
give the corresponding fluorine-containing nitro alcohols166. 1,l- 
Dichloroacetaldehyde and nitroethane, and chloroacetaldehyde 
and nitromethane furnished, respectively, 1,l -dichloro-3-nitro-2- 
butanol and l-chloro-3-nitro-2-propanoi’67. 

9. Miscellaneous nitro compounds and aldehydes 

a,@-Unsaturated aldehydes may react with nitroalkanes by Henry 
addition at the carbonyl group or by Michael addition at  the C=C 
double bond. Examples for the former type of addition include the 
reactions of nitromethane, nitroethane, 1 - and 2-nitropropanes, and 
1 - and 2-nitrobutanes with crotonaldehyde to give unsaturated nitro 
~ : ~ c o ~ o ~ s ~ ~ J ~ ~ ~ ~ ~ ~  (equation 40). 

MeCH=CHCHO + NO,CH(R) (K’) L_, MeCH=CHCH(OI-I)CR(P\:O,)(R’) (40) 

R = H ;  R’ = H, Me, Et o r P r  

R = Me; R’ = M e  or Et 
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Just as intermediate P-nitro-a-phenylethanol easily dehydrates 
to to-nitrostyrene when benzaldehyde adds to nitromethane, the 
vinyl homolog, cinnamic aldehyde, gives rise to 1 -phenyl-4-nitro- 
1 ,3-b~tadienel~~.  Furfural, in analogy to benzaldehyde, condenses 
witA nitromethane to give M-( 2-furyl) -B-nitroethylenel71.172, the 
highest yields being obtained with anhydrous methanol as the 

Addition, without subsequent dehydration, has been 
achieved by Kanao who prepared a number of furyl-substituted 
nitro alcohols174 (equation 41). Thiophene aldehyde17j and 1 -methyl- 

2-formylben~irnidazole~~~ gave nitro alcohols and, upon dehydration, 
nitrovinyl derivatives with nitromethane, nitroethane, or phenyl- 
nitromethane (equation 42). 

CH, 

R = H, Me, or Ph 

Pyridine-3-carboxaldehyde condensed with nitromethane, by 
catalysis with methylamine, to give l-nitr0-2-(3-pyridyl)ethylene, 
whereas phenylnitromethane under the same conditions formed 
1,3-dinitl-o- 1,3-diphenyl-2-(3-pyridyl) propane177 (equation 43). 

Ethoxyacetaldehyde and nitromethane produced l-ethoxy-3- 
nitro-2-propanol. Attempts to methylolate this product with formal- 
dehyde led, by way of reversal of the addition, to the regeneration 
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of ethoxyacetaldehyde, and the nitromethane liberated was con- 
verted into Z-nitro-1,3-propanediol and 2-hydroxymethyl-2-nitro- 
1,3-pr0panediol~~ (equation 44). 
EtOCH,CHO + CH,NO, --+ 

EtOCH,CHOHCH,KO, --&+ EtOCH,CHOHCH(NO,)CH,OH 
HCHO I 1"""" 

EtOCH,CHO + CH,NO, (44) 

(CH,OH),CHXO, 1- (CH,OH),CKO, 

Similarly, when 8-nitrolactic acid was treated with formaldehyde, 
the latter displaced glyoxylic acidqs (equation 45). 

O,SCH,-CHOH-CO,H + 3CHzO + CHOC0,H + (CH,OH),CNO, (45) 

Nitro olefins whose double bond does not involve the carbon atom 
that bears the nitro group have been reported to be capable of 
aldehyde addition. Thus, 1 -nitromethylcyclohexene and acetaldehyde 
furnished 1 -nitro-1 -(cyclohexen-1 -yl)-2-propano11'8, and 3-nitl-o- 
propene added two molecules of. formaldehyde giving 2-hydroxy- 
methyl-2-nitro-3-hten- 1 - 0 1 ' ~ ~  (equation 46), 

CH,=CHCH,i\O, + 2CH,O __f CH,=CHC(NO,)(CH,OH), (46) 

Aldehyde addition reactions of ethyl nitroacetate have been 
extensively studied. Using aliphatic aldehydes with piperidine as a 
catalyst, Weisblat and Lyttle280 obtained a-nitro-f3-hydroxy esters 
which they converted into a-amino acids by dehydration, reduction, 
and hydrolysis. Dornow and Frese'81, who employed stoichiometric 
amounts of diethylamine as condensing agent and ligroin as the 
solvent, isolated a-nitro-B-hydroxy esters as crystalline diethyl- 
ammonium salts 78 but noted that these in general are unstable, 
and are spontaneously transformed, in solution as well as in  the 
dry state, into monodiethylammonium salts of a,a'-dinitroglutaric 
esters (79) (equation 47). This must without doubt be ascribed to 
RCHO + O,NCH,CO,Et + NHEt, A .- RCHOHCC0,Et 

CH(SO,)CO,Et 
/ 

(47) IIC H -H,O I --NHEt, 

\ C=SO, NH,Et, + ,A-CH2C:02Et V 

RCH-----C (KO,)CO,Et f 
I Ei,NH 

(80)  
C 0,E t 

R = alkyl 
(79) 
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the reversibility of the addition on the one hand, and to a facile 
dehydration of 78 to the unsaturated ester 80 on the other hand. 
A Michael addition of regenerated nitroacetate to intermediate 80 
then produces 79. The  stability of compounds 78 was found to 
depend on  the structure of the residue R. Thus, a trichloromethyl 
group or aryl groups (especially those with electronegative substit- 
uents) exerted a stabilizing effect i n  comparison to alkyl groups181. 
However, aromatic aldehydes in an alcoholic reaction medium at 
low temperature gave dinitroglutaric esters (79, R = Ar); on 
heating in  alcohol, the latter were converted into derivatives 81 
of isoxazoline (equation 48). 

The  use of an equimolar amount of ethylamine instead of diethyl- 
amine in the nitroacetate-aldehyde addition led to the formation of 
a-nitro-P-ethylamino esters (82) in reactions presumed to proceed 
via Schiff bases (equation 49). Excess amine was found to convert 

OsXCH,CO,Ei 
RCHO + H,NEt - RCH=NEt f 

RCH (HNEt)CH(KO,)CO,It (49) 

(82 )  

these nitroamino esters, like the hydroxy esters 78, into dinitro- 
glutaric esters and isoxazoline oxides181*1s2. 

Under different reaction conditions, and  other 
aliphatic aldehydes183" combined with ethyl nitroacetate to yield 
ethyl P-hydroxy-a-nitroalkanoates. Glutaraldehyde was cy~lized18~" 
to 2-ethoxycarbonyl-2-nitro- 1,3-cycloliexanediol. 

Of considerable interest is also the behavior of nitroacetonelB4. 
Whereas aromatic aldehydes in the presence of alkali condense with 
the methyl group of the ketone to give unsaturated nitro ketones of 
type 83, Schiff bases in  the presence of acetic anhydride react with 
the nitromethyl group to forin compounds of type 84 (equation 50). 

With aromatic o-amino aldehydes or ketones in an acid medium, 
nitroacetone readily condenses to form 3-nitroquinaldines in a 
Friedlander-type reaction (equation 5 1 ) .  

* I t  was not cstablished which of thc two cstcr groupings becamc an arnide. 
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ArCHO ArCH==NR 
ArCH=CHCOCH,NO, +------ CH,COCR,NO, f 

OH- 
(83) C K,COC H (NO,) CH (N I-IR) Ar 

AcpO (-RNH,) 

(50) 
1 

CH,COC (NO,)=CH Ar 

(84) 

R R 

10. Nitroalkanes and ketones 

The nature of the products formed in the interaction of nitro- 
alkanes and ketones depends to a large extent upon the catalyst 
employed. With alkali hydroxides or alkoxides, quaternary ammon- 
ium hydroxides, and primary or tertiary aliphatic amines it is possible 
to conduct addition reactions that stop at the nitro alcohol stage 
(equation 52). 

RCOR + NO,CH,R 4 (R),COHCH(NO,)R (52) 

Nitro alcohols of this type dehydrate easily, and the resulting 
nitro olefins are liable to react further, either with excess of nitro- 
alkane giving dinitroalkanes, or with excess ketone giving nitro 
ketones (see section 111). When the ketone-nitroalkane reaction is 
catalyzed by secondary amines such as diethylamine, piperidine, 
piperazine, or morpholine, little or no nitro alcohol is isolated and 
nitro olefins, dinitroalkanes, or nitro ketones are formed in propor- 
tions influenced by the ratio of reactants. The  first study of the 
nitroalkane-ketone interaction was reported by Fraser and Kon’Bj 
who obtained 1 -nitromethylcyclohexanol from cyclohexanone and 
nitromethane in the presence of sodium ethoxide, and analogous 
products with nitroethane and 1 -nitropropane, while they observed 
formation of dinitroalkanes from acetone and some of its homologs 
with nitromethane in the presence of piperidine. For the preparation 
of 1-nitromethylcyclohexanol various modifications and improve- 
ments were reported by later workers178*186-188. Hass and co- 
w o r k e r ~ ~ ~ ~ - ~ ~ ~  extended considerably the general scope of the reaction; 
especially with view to the preparation of nitro olefins, dinitro- 
alkanes, and nitro ketones. Lamhert and LowelS1 were able to 
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isolate 2-methyl-l-nitro-2-propanol, in a 62% yield in the sodium 
methoxide catalyzed addition of nitromethane to acetone. The latter 
authors also established that 2-methyl- 1 -nitro-2-propanol when 
allowed to stand at room temperature for several days in the pres- 
ence of diethylamine, partly suffers cleavage into acetone and nitro- 
methane; nitromethane so liberated adds to the double bond of 
2-methyl- 1 -nitro-propene which is generated from part of the starting 
material by loss of water, the final product being 2,2-dimethyl-1,3- 
dinitropropane (equation 53). 

L H , O  + (CH,),C=CHSO, 
OH 

(53) 

The occurrence of this reaction affords a general method of 
preparing a,y-dinitroalkanes, in which 1 mole of ketone, 2 moles of 
nitromethane, and 1 mole of diethylamine are mixed together and 
reaction intermediates are not iso1atedlg2. 

The reversal of a Henry addition can also be promoted by the 
presence of excess formaldehyde which binds the nitromethane that 
is liberated from a nitro alcohol. Thus, Urbahski and 
have shown that cyclohexanone is formed when 1-nitromethyl- or 
1-halonitrornethylcyclohexanol is treated with formaldehyde and 
alkali (equation 54). 

X = H, CI, or Br; X' = CH,OH, C1, or Br 

Acetaldehyde also caused the liberation of cyclohexanonc from 
the chloro- and bromonitromethylcyclohexanols ; from the former, 
3-chloro-3-nitro-2,4-pentanediol was produced and from the latter, 
I-bromo-1-nitro-2-propanol (equation 55). 

Nightingale and associates studied the nitroalkane additions of 
alkyl-substituted cyclohexanones, cyclohexenones, and cyclohexane- 
diones. They obtainedlg3 alkyl-substituted l-nitromethylcyclohexa- 
nols from nitromethane and the 3- and 4-methylcyclohexanones by 
catalysis with sodium ethoxide, whereas 2-methylcyclohexanone did 
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CH, CH:, 
I I 

CHOH CHOH HO)C H S SO2 CHxCHO *Q f SYNO2 I 
or NCHTi02 I (55) 

I 
CHOH 

NaOH 

I 
CH, 

(X = C1) (X = I3r) 

not react, probably because of steric hindrance. Higher nitro- 
alkanes gave low yields of nitro alcohols from the 3- and  4-methyl- 
cyclohexanones when piperidine was used as the catalyst. Later, 
the isolated the corresponding alkyl-substituted 1 -nitro- 
methyl-1-cyclohexenes from the piperidine-catalyzed interaction of 
nitromethane with the alkylcyclohexanones mentioned. They also 
found that 3-methyl-2-cyclohexen- 1 -one (and some related 
unsaturated ketones) add nitromethane across the carbon-carbon 
double bond rather than the carbonyl group, giving 3-methyl-3- 
nitromethylcyclohexanone (and related saturated ketones). Inter- 
estingly, 1,2- as well as 1,4-cyclohexanedione reacted, in the presence 
of potassium carbonate, with only one molecule of nitromethane 
even when a large excess of the latter was employed. T h e  products 
were the 2- (and 4-) hydroxy-2- (and 4-) nitromethylcyclohexanones. 
Similarly, one carbonyl group only of acenaphthenequinone and 
of phenanthrenequinone underwent nitroalkane addition; no 
identifiable products were obtained from anthraquinone or the 
n a p h t h o q ~ i n o n e s ~ ~ ~ .  

Homologous nitromethylcycloalkenes containing seven- and  
eight-membered rings were synthesized from cycloheptanone and  
cyclooctanone by Eckstein and c ~ w o r k e r s ~ ~ ~ j - ~ ~ ~ .  When they tried 
to condense cycloheptanone or  cyclooctanone with nitroethane or  
1-nitropropane in the presence of piperidine, they isolated the 
enamines N-( 1 -cycloheptenyl)piperidine and N- ( 1 -cyclooctenyl) 
piperidineIg7. 

n = 2 o r 3  

N-( 1-Cyclohcxeny1)piperidine (n = l ) ,  which was prepared by 
condensing cyclohexanonc with piperidine, was converted into 
1-cyclohexenylnitromethane by boiling with nitromethane in 
dioxane solution197. 



:\ctiv;iting and Dirccting Effcr~s ol' thc Kitro C;roup in :\liphatic Systcms 115 

I n  the reaction between nitromethanc and cyclohexanone 
when catalyzed by piperidine or other secondary aliphatic amines 
an  interesting by-product of the composition C,,H,,N,O, is 
formed'"'19iJg8. Its structure was established independently by 
Noland and Sundberg199 and by House and Maginzoo to be 14- 
hydroxy- 14-azadispiro C5.1 S.21 pentadec-9-ene- 7,15-dione-7-oxime 
(85) .  Although the mechanism of its formation has not been securely 
elucidated, plausible pathways have been suggested. 

( 8 5 )  

Nigh tingale arid coworkers demonstrated that similar products 
may also arise fi-om nitromethane and other cyclic kctones201. 

Two  examples qf cyclizations of diketones with nitromethane, 
analogous to those of dialdehydes, have Ixen reported. Bicyclo- 
[ 1.3.3 J nonane-3,7-dione and its 9-dichloromethyl-9-methyl deriva- 
tive were cyclized in the presence of sodium methoxide to the 
corresponding 2-nitro-l,3-diliydro~yadamantanes~~~*~'J3 (equation 
56). 

R = R ' = H  
R = CH,; R' = CHCI, 

I I. Polynitroalkanes and aldehydes 

Geminal dinitroalkanes that possess a hydrogen atom on the carbon 
bearing the nitro groups are capable of undergoing the Henry 
addition. Thus,  the dimethylol derivative of dinitromethane, 2,2- 
dinitropropanediol, was obtained by Feuer and associates2O4 by 
acidifying an  aqueous mixture of potassium dinitromethane and 
formaldehyde. Similarly, 1,  1,3,3-tetranitropropanc gave a bis- 
methylol derivative, 2,2,4,4-tetranitro- 1 ,5-pentanedio1205, whereas 
bis(potassium 2,2-dinitroethyl)amine or its N-substituted derivatives 
did not add to formaldehyde206. Action of basc upon methylol 
derivatives of dinitroalkanes results in a re\-ersion of the Henry 
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addition (demethylolation). Thus 2,2-dinitropropanediol upon 
treatment at room temperature with one mole of base affords the 
salt of 2,2-dinitroethanolY and heating of the latter with excess base 
slowly leads to the salt of dinitromethane204. O n  the other hand, the 
potassium salt of 2,2-dinitroethanol will react with formaldehyde 
to furnish 2,2-dinitropropanedioI~~~, while gem-dinitro alcohols of 
the type RC(NO,),CH,OH can be obtained also by monomethylola- 
tion of gem-dinitr0alkanes2~~~~~~. 

Dinitromethane and 1,1 -dinitroethane added glyoxylic acid to 
furnish the expected a-hydroxy acids, while with glyoxal the reaction 
took an  unexpected course in that it involved a partial oxidation and 
yielded the same r-hydroxy acids210. 

Dinitroacetonitrile 211 and dinitroacetamide212 have been treated 
with formaldehyde to give the corresponding 8-hydroxy-a,a-dinitro- 
propionic acid derivatives. 

From 1,4-dinitrobutane there have been obtained the mono- 
methylol, bisrnethylol, and bisdimethylol derivatives 86, 87, and 88 
by addition of one, two, and four molecules of formaldehyde, respec- 
tively12.r13*214, but there was no evidence for the formation of the 
unsymmetrical diol or the trio1 (equation 57). 

Similar additions were carried out with 1,5-dinitropeiitane’2.213’315, 
1 ,6-dinitrohexane12, and 1 ,4-dinitrocyc1ohexane~lG, and some of the 
symmetrical bismethylol derivatives were used”; in oxidative 
nitrations leading ultimately to a,a,cu,tu-tetranitroalkanes. 1 , 1,3,3- 
Tetranitropropane gave 2,2,4,4-tetranitro- 1,5-pentanediolzo5, and 
1,1,3,3-tetranitrobutane gave 2,2,4,4-tetranitropentano1318. 

By condensing aromatic aldehydes with 1 ,4-dinitrobutaneY 
Perekalin and coworkers31J.P1D obtained 1,6-diaryl-2 ,5-dinitro- 1,5- 
hexadienes, and from 2,3-dimethyl- (and diaryl-) 1,4-dinitro-2- 
butenes they synthesized a number of 1,6-diaryl-3,4-dimethyl- (or 
diaryl-) 2,5-dinitro- 1,3,5-liexatrienes. Similar work was reported by 
Rembarz and Schwil12ro. 
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Diiiitromethane has been reported to react with glyoxal and with 
succinic dialdehyde to give, respectively, I ,  1,4,4-tetranitro-2,3- 
butanediol and 1,1,6,6-tetranitr0-2,5-hexanediol~~. The product 
from glyoxal, stated to be a brown liquid, would seem to have been 
of dubious purity, and it has already been mentioned above that 
other workers2l0 observed a different course of this reaction. 

When the potassium salt of dinitromethane was treated with 
chloroacetaldehyde, the intermediate 3-chlor0-2-hydroxy-1,l- 
dinitropropane potassium cyclized to 4-hydroxy-3-nitroisoxazoline 
N-oxide221 (equation 58). 

ClCH,CHO + HC(K02)N0,K + 

I I .  MANNICH REACTIONS 

A. Reactions with Secondary Amines 

In  the Mannich reaction, formaldehyde reacts with a secondary 
amine and a compound possessing a reactive a-hydrogen to give 
dialkylaminomethyl derivatives (equation 59). A comprehensive 
discussion of the reaction mechanism and conditions has been given 
by Ilellmann and Opitz222. 

&-NH + CHZO + H-CRz-C%Y RZN-CH2-C%-CR,Y (59) 

Y = activating group 

Henry was the first to show that similar reactions will occur with 
nitroalkanes. He established that N-hydroxymethylpiperidine con- 
denses with nitromethane and nitroethane to yield, respectively, 
2-nitro- 1,3-di-N-piperidinopropane and Z-nitro-l,3-di-N-piperidino- 
2-metliylpr0pane~"*~~~ (equation 60). 

2 C5HloNCH20H + CH,RNO, + 0,NCR(CH,NC5Hlo)2 (60) 
R = H or CH, 

Later investigators225-22s found that higher primary nitroalkanes 
chiefly condense with only one molecule of N-hydroxymethylated' 
secondary amines, and that from nitromethane and nitroethane, 
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mono-condensation products can lie obtained a t  lower temperatures 
(equation 61). 

(61) C5Hl0NCH,OH + CH,RK02 + C,HIoSCH2CHRKO, 
1< = H or alkyl 

Dornow arid coworkers obtained Mannich bases by the interaction 
of formaldehyde arid secondary amines with kktones such as o- 
nitroacetophenone"9, nitroacetone184, and henzylidene- and fur- 
furylidenenitroacetone~~~~ (equation 62). 

RCOCH,SO, + CH,O + XHR'R" --+ RCOCH(XO,)CH,~'R'R" (62) 
R = Ph, CH,, PhCH=CH, C4H30CH=CH: R', R" = alkyl 

On the other hand, ethyl nitroacetate did not give a stable 
Mannich base with methylenehisdiethylamine ; the reaction pro- 
ceeded to the diethylammonium salt of ethyl cc,cr.'-dinitrogl~tarate~~~ 
(equation 63) .  

2 CH2N02C0,Et + Et,KCH,KEt ___f 

Et0,C-C-CH,-C-CO,Et '- 
2EtNH2+ (63) 

The secondary nitroparafiris, 2-nitropropane and 2-nitrobutane, 
were condensed with formaldehyde and a variety of secondary 
aliphatic amines that included dimethyl-, diethyl-, dibutyl-, and 
bis(2-ethylhexyl)amines, piperidine, morpholine, 2,5-dimethylpyr- 
rolidine, and d ie than~lamine~~,  (equation 64). 

[ SO, " KO, " 1 

R,NH + CH,O + (CH,),CHNO, R,N-CH2-C(CH3),K0, + H 2 0  (64) 

Analogous Mannich bases were also obtained from 2-nitro- 
propane and N-phenylpiperazine as well as from diallylamine 
and dimethallylamine, whereas unsubstituted piperazine and 3,5- 
dimethylpiperazine gave the corresponding bis condensation 
products233 (equation 65). 

CIL,  CH, 
I A I  
I u 'i 
s-0, NO, 

Hi?XFI + 2 C H O  -t 2 (CH:,!.J:I INO, ---+ H,CC:CI-I,S SC:I-I CCXI,, 
W 

(65) 

uic-Nitro alcohols, diols, and triols interact with sccondary amines 
to give nitroamines227.932-":" . T h u s  2-nitroethano1, the methylol 
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derivative of nitromethane, and piperidine afforded the same 
diamine that was obtained with nitromethane and hydroxymethyl- 
pi~ei-idine~?’ (equation 66). 

2 O,SCH,CH,OH + 2 C5HllX - 
(C5Hl,SCH,)2CHN02 + CH,XO, + 2H,O- (66 )  

2-Nitro-2-methyl- 1 -propanol, the methylol derivative of 2-nitro- 
propane, was shown to react with piperazine and some related 
secondary amines to give the same Mannich products that were 
obtained from these amines with 2-nitropropane and formaldehyde. 
Likewise, interaction of the nitro alcohol with the methylenediamines 
that form readily upon mixing the secondary amines with formal- 
dehyde afforded the same Mannich bases233. 

Similarly, the bismethylol derivative of nitroethane, 2-methyl-2- 
nitro- 1 ,3-propanediolY yielded 2-methyl-2-nitro- 1,3-dipiperidino- 
propanezz7 (equation 67) and 2-methyl-2-nitro-l,3-bis(dirnethj~l- 
a m i n o ) ~ r o p a n e ~ ~ ~ ;  and tris( hydrosymethy1)nitromethane gave, with 
diethylamine, 3,3‘-bis (diethylamino) -2-nitroisobu tyl a l ~ ~ h o l ~ ~ ~  
(equation 68). 

CH3C(N02)(CH20H), + 2 C5HllIV w 

CH3C(N0,)(CH2XC5H,,), + 2H,O (67) 

O,XC(CH,OH), + 2 KH(C,H,), __f 

[(C,H5),SCH,l,C(~O,)CH,OH + 2HZO (68) 

Whereas it was claimed234 that 1 -nitro-2-octanol condensed with 
formaldehyde and diethylamine to form 1 -diethylamino-2-nitro-3- 
nonanol (equation 69) , an  analogous reaction between I-nitro-2- 
propanol, piperidine, and formaldehyde resultedz2’ in the liberation 
of acetaldehyde and the production of 2-nitro- 1,3-dipiperidino- 
propane (equation 70). 

CH3(CH,),CHOHCH2KO, + CH,O + NH(C,H,)., d 

CH,CHOHCH,NO, + 2 CH,O + 2 C,H,,N __f 

C H, (CH ,),CH OH CHIT 02CH2N (C,H5) 4- H 2 0  (69) 

CH,CHO -+ O,NCH(CH,SC,H,,), + 2H,O (70) 

B. Reactions with Primary Amines 

Although in a previous studyz2, hydroxymethylmonoalkylamincs 
had failed to undergo Mannich reactions with nitroalkanes, 
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Senkus"3j*"6 has successfully carried out such reactions using methyl- 
amine, isopropylamine, 1 -butylamine, 2-butylamine, benzylamine, 
1 -phenylethylamine, 2-amino- 1 -butanol, and 2-amino-2-methyl- 
1 -propano1 as monoalkylamine components, and nitroethane, 
1- and 2-nitropropane, and 2-nitrobutane as nitro componevts. 
Again, the products could be obtained either by allowing 
the amine to react with formaldehyde and thereafter adding the 
nitroalkane, or by first generating the methylol derivative of the 
nitroalkane, which was then treated with the amine. The latter 
reaction is the slower, and it is believed that the first step in it is a 
demethylolation of the nitro alcohol, after which this process 
becomes identical with the first one (equation 7 1).  

(7 1 a) RNHCH,OH + R,CHNO, ---+ RNHCH,CR,NO, + H 2 0  

2 RNHCH,OH + RCH,NO, ---+ (RNHCH.J2CRN02 + 2H20 (71b) 

alternatively 

RNH, + HOCH,CR,SO, + RNHCH,CR,NO, + H,O (71a') 

2 RNH, + (HOCH,),CRNO, --+ (RNHCH,),CRNO, + 2H,O (71b') 

With aromatic amines the reaction is more difficult, and a basic 
catalyst such as a quaternary ammonium hydroxide is required for 
its success. Nevertheless, good to excellent yields have been achieved 
with 2-nitropropane, formaldehyde, and a variety of primary 
arylamines and aromatic diamines. N-Methylaniline reacted also, 
but N,N-diphenylamine did 

With excess formaldehyde, the nitrodiamines obtained in equation 
7 1 ( b  or  b'), are cyclized to hexahydropyrimidine  derivative^^^^-^^^ 
(equation 72). 

CH, 
/ \  

NR 

CH, 

NO, RX 
I I 
I \ /' 

/ \  

(72) 
1 

RNHCH,CCH,NHR + CH,O --+ H,C 

R 

NO, R 

O n  the other hand, reaction between a primary amine, a primary 
nitroalkane, and formaldehyde in a molar ratio 1 :  1 : s  leads to 
3,5-dial kyl-5-nitrotetrahydro- 1,3-0xazines~*~, which is understand- 
able since the medium contains nitro alcohol and hydroxymethyl- 
alkylamine, as intermediates, which combine according to equation 
73. The bismethylol derivative of the nitroalkane together with 
1 mole each of formaldehyde and amine may be used instead. 
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R CH,OH 
CH,O 
__f 

'\ / 

/ \  
RNHCH,OH + RCH(KO,)CH,OH ---+ C 

- H,O 
CH,NHR 0 ,N 

R CHZ-0 

CH, (73) 
\ 

/ 
\C' 

CH,--NR 
/ \  

02X 

Numero~is tetrahydrooxazine derivatives of this type have been 
prepared in this way.51'53*2.a1--252 I t  has also been shown that, for the 
preparation of N-(aryImethyl)tetrahydrooxazines, hexahydro-sym- 
triazines may act as a source of amine and part of the formalde- 
hyde253*254 (equation 74). I t  is of interest that 3-nitr0-2~4-pentanediol 

R = CH,Ar; R' = alkyl, or some other group 

did not give heterocyclic products o n  treatment with primary amines. 
Instead, acetaldehyde was split off and resinification took place42. 

The  synthesis and reactions of the oxazine derivatives have been 
reviewed by Eckstein and Urbariski2j5. 

C. C-Aikylations with Mannich Bases 

Mannich bases derived from primary nitroalkanes have been 
found capable of alkylating reactive methylene or methine com- 
pounds. Actually, an elimination of amine from the Mannich base 
is thought to occur, so that the latter I~ehaves as a potential nitro 
olefin which will add to thereactivemethylenecompoundinaMichae1- 
type reaction. No external catalyst is required2j6 (equation 75). 

-HXR, K'R"CHXV2 
CH,Ci-I,CH (XO,) CH,KR, + [CH,CH,C(NO,)=CH,] - 

CH,CH,CH (KO,) CH,C (NO,) R'K" (75) 

R = CH, or CZH5; R' = C,H5, R" = H or R' = R" = CH, 

For the same reason, an  amine exchange occurred when the 

N-(2-Nitroisobutyf)dimethylamine, a Mannich base del'ived from 
Mannich base was heated with excess piperidine. 
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a secondary nitroparaffin, is structuralIy incapable of amine elimina- 
tion and therefore does not undergo these reactions"j". 

The  same mechanism has been invoked for the  formation of 
y-dinitroparaffins from primary iiitroalkaiies and formaldehyde 
when catalysis by secondary amines is used. I t  Iwas found that 
secondary amities are considerahly better catalysts than triethyl- 
amine or  sodium carbonate, and this was attributed to a more Exile 
formation of the nitro olefin intermediate from a Mannich base 
precursor than from a nitroalkane-methylol derivative25i (equation 
76). 

R , S H  
,-F R'C H (SO,) C H,XR, 

R'CH,NO, + CH,O' \ R,N ~ 

or Sa2C0, 
R'CH(KO,)CH,OH 

-11,SH 

Prior to these investigations, 2-nitroalkencs had actually been 
prepared, in yields of 50-75 :&, by the pyrolysis a t  reduced pressure 
of 1-diethylamino-2-nitroalkane hydrochlorides which had been 
obtained from I -nitroalkanes and liydroxymctiiyldiethylamine~~* 
(equation 77). 

100-1 75' 

50-101) inm 
RCH(XO,)CH,XEt,.HCI ------+ RC(SO,)-CH, + Et,KH,CI (77) 

Various MantiicIi bases derived from non-nitro compounds have 
been used to C-alkylate nitromethane arid ethyl nitroacetate. Thus, 
Reicliert and Posemann258 allowed o-dimeth~~laminopropiophenone 
(89) to react with nitromethane in the presence of sodium methoxide 
and obtained the y-nitro ketones 91, 92, and 93, presumably via the 
intermediate olefiti 90 (equation 78). Dornow and co~orke r s2~1  

- H S  [CH,) C:H,SO, 
PhCOCH,CH,S(CH3), PhCOCH-CH, f 

91 + 90 d iPhCOCH,CH,),C'I-liO~ 

(92) 

(93) 

92 + 90 - (PhCOCI-I,CH,),CKO, 

prepared, for instance, ethyl 4--I~eiizo~1-2-nitrol~utyrate by the inter- 
action of ethyl nitroacetate wit11 89 (equation 7 9 ) ,  and similarly, 
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ethyl 3-(2-ketocyclohexyl) -2-nitropropionate by the reaction with 
2- diethylaminomethylcyclohexanone (equation 80). Later, they also 
treated 89 with ethyl nitromalonate and obtained a condensation 
product that was partially hydrolyzed and decarboxylated to furnish 
the same 4-benzoyl-2-nitrobuty1-ate~~~. The use of nitroacetanilide 
gave the corresponding anilideZGo. 

89 + CH,( KO2) CO,E t ---+ PliCOC H,CH,CIi (SO,) CO,E t (79) 

C;H,S(Et),! c t-I&l.i( SO,)CO, 1:t 

(80) 

The Mannich base 94 fi-om benzylideneacetone, formaldehyde, 
and diethylamine gave, with ethyi nitroacetate, the x,cz’-dinitro 
diester 9P31 (equation 8 1 ). 

a0 + CH,(SO,)CO,Et ---+ a0 

- HXEt, 
PhCH-LCHCOCH,CH,N(Et), + CH,(NO,)CO,Et, 

O,SCH,CO,Et 
PhCH=CHCOCH,CH,CH (KO,)CO,Et f 

(94) 

Et0,CCH (IU0,)CH (Ph) CH,COCH,CH,CH (XO,)CO,Et (8 1) 

(95) 

Gramine ( S S ) ,  which can be regarded as a Mannich base derived 
from indole, underwent reaction with ethyl nitroacetate to form 
ethyl 3-(3-indolyl)-2-nitropropionatc (97) (equation 82), the reduc- 
tion of which furnished D,L-tryptoplian2G1. Later, ethyl nitromalonate 
\\‘as used with advantage to synthesize 972G2. 

C-Alkylation of ethyl nitroacetate failed with a tertiary hlannich 
base that is structurally incapable of amine elimination, namely 
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diethylaminoethylantipyrine (98) ; only the salt of the base with 
the nitro ester was produced. The reaction succeeded, however, 
when the methiodide of 98 was e m p l ~ y e d ~ ~ ~ . " ~ ,  since quaternization 
weakens the bond between the nitrogen atom and the heterocycle 
which can dissociate as a resonance-stabilized cationzzz (equation 
83).  

I 
P11 r -  I 

Ptr ! _. 

D. Reactions wi th  Ammonia 

Heterocyclic products may also arise in reactions between primary 
nitroalkanes, formaldehyde, and ammonia. Hirst and coworkers263 
investigated the case of 1-nitropropane and obtained, along with 
resinous material, condensation products that were formulated as 
tetrahydrooxazine derivatives 99 and 100, and oxaazacyclooctane 
101 (equations 84-86). 

EtCH,NO, + 3 CH,O + XH3 --+ [HOCH,C(Et)(N02)CH,NHCH,0H] - 
Et CH2-0 

CH, (84) 
\ /  \ 

/ / \  
C 

CHz-NH 0.p 
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2 EtCH,SO, + 4 CH20 + ATH, + 
HOCH2C (E t) ( KO2) CH2NHCH2C (E t) (NO,) CH,OH 

-CHzO +CHzO I t  
Et CH2-0 (85) 

CH, 
\ 

/ 
\c/ 

CH2-N 
/ \  

02K 
I 

(100) 

CH,C(Et) (NO,)CH,OH 

2 EtCH2AT0, + 4 CH,O + NH, + 
HOCH,C(Et) (NO,)CH,C(Et) (N0,)CH2NHCH20H 

Et NO, 
\ /  (86) 

Et CH,-C-CH, 

\O 
\ /  

C 
/ 

OZN / \  CH,-A'-CH, 
I 
I 

CH,OH 
(101) 

In later studies264*265 of the same system, however, 3,7,1 O-tri- 
nitro-3,7,1O-triethyl-l,5-diazabicyclo[3.3.3]undecane (102) and a 
little 5-nitro-5-ethylhexahydropyrimidine (103) were isolated. Acid 
hydrolysis of 102 caused cleavage to formaldehyde, nitropropane, 
and 3,7-dinitro-3,7-diethyl-1,5-diazacyclooctane (104). 
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Urbahski and coworkers also studied analogous reactions with 
1 -nitrohutane2G6, 2-methyl- 1 -n i t rop ropa~ ie~~~ ,  1 -nitropentane and 
I-nitrohexanejl, and ary1nitromethanes"O. Thus, for instance, 
5-nitro-5-propyltetrahydro- 1,3-oxazine (105, R = €3) was formed 
along with 2-nitro-2-hydroxymethylpentylamine (106) when 1- 
nitrobutane, formaldehyde, and ammonia were allowed to react 
in molar proportions 1 : 3 : 1. If an excess of ammonia was employed 
the product was 5-nitro-5-propylhexaliydropyrimidine (107) which 
could be cleaved by aqueous ethanol to 1,3-diamino-2-nitro-2- 
propylpropane (108). The products 105 (R = H), 106, and 107 
were also obtained, in better yields, when the bismethylol derivative 
109 of 1-nitrobutane was first prepared and then treated with the 
appropriate amounts of formaldehyde and ammonia. With ammonia 
alone the diol 109 furnished 3,7-dinitro-3,7-dipropyl-l,5-diaza- 
cyclooctane (110) (Scheme 7 ) .  The amino'alcohol 106, on warming 
with formaldehyde, was readily converted into 'LO5 (R = H), 
whereas other aliphatic aldehydes gave 2-substituted oxazine 
derivatives (R = alkyl) in poor yields (5-7 yo). On the other hand, 
aromatic aldehydes gave 105 (R = aryl) in  yields of 60-90%. 

1iCI 

Pr SO,  
'n' V 

H O H , ~  'CH,OH - \  
\ (109) 

IR", 

V 

aq EtOH 

H S  NH 

H, 
'c/ 

SCHEME 7 
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Hydrochloric acid hydrolysis reconverted the osazine derivatives 
into 106?Gs. M%en N-alkyl-substituted amino alcohols of this type, 
which werc prepared a n a l o g o ~ s l y ~ ~ ~ * ~ ~ ~ ,  were treated with phosgene 
in  the presence of pyridine, cyclization occurred to give 3,5-dialkyl- 
5-nitrotetrahydro- 1,3-0xazine-2-ones~~". 

T h e  condensation of nitroethanc with formaldehyde and ammonia 
differed from those of the higher nitroalkanes in that a bisoxazine 
derivative 111 was formed24". 

h-o 5-nitl-otetrahydrooxazi11c derivative could I x  obtained from 
nitromethane, ammonia, and f ~ r m a l d e l i y d e ~ ~ ~ .  

Application of the reaction to the system 1 -nitropropane- 
formaldehyde-ethylenediamine gave 1-( 2-nitro- l-butyl)-6-ethyl-6- 
nitro-l,$-diazacycloheptane (112) and 3,7-diethyl-3,7-dinitro-175- 
diazabicyclo[3.3.2] decane (1 13) ?'O. 

I 

c:11,c:1 l!:xo2!Et 

(112) 

E. Stereo chem is t r y 

T h e  stereochemistry of some of the heterocycles mentioned above 
has also heen examined by the Polish workers271. Based on considera- 
tions of molecular models and dipole measurements, assigned 
to the diazacyclooctane 104, which occurs in a c i ~  and a trans form, 
the conformations 104a and 104b. The  diazabicycloundecane 102 
appears to exist in the asymmetrical conformation 102a. 

5-~Titroliexahydropyrimidines werc s1iown2'3 to exist in the chair 
conformation, Ivith thc nitro group axial when there is an alkyl 
substituent at C, (1144, or equatorial when C, carries hydrogen 
(114b). 
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cis 
(104a) 

trans 
(104b) 

Et 

(102a) 

11 

-x, 
S,. 

\It 
4Lv,g OJ 

\ ,<: L A  
‘R 

(114a) (114b) 
R’ = CH,Ph or cylohesyl; R = Ale, Et, or n-Pr 

Similarly, dipole moment and nuclear magnetic resonance 
measurements have revealed the conformations of several 5-nitro- 
tetraliydro-l,3-0xazines~~~*~~~~~~~. If C5 carries an alkyl substituent, 
the latter is equatorial and the nitro group is axial. The disposition 
of an alkyl substituent at  the ring nitrogen varies; it is equatorial 
for cyclohexyl and t-butyl (115a), h i t  axial for methyl, ethyl, 
n-butyl, and benzyl (115b). Replacement by hydrogen of the alkyl 
group at  C5 results in conformational instability with rapid inter- 
conversion of chair forms. 

(115a) (115b) 
R’ = cyclohexyl or f-Bu R’ = M e ,  Et, n-Bu, or CH,Ph 

By quaternization of the tetrahydrooxazines with alkyl li?lides, 
(equations 87  and 88). pairs of diastereoisomers may be 
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F. Reactions Involving Polynitro Compounds 

The Mannich reaction with gem-dinitro compounds was first 
studied by Feuer, Bachman, and MayZi7, who found that 2,Z- 
dinitro- 1,3-propanediol or sodium 2,Z-dinitroethanol undergo con- 
densation with glycine at  pH 4 to yield 3,3,5,5-tetranitropiperidino- 
acetic acid (116) (equation 89). Ethyl glycine hydrochloride gave 
the corresponding ethyl ester 117. The conditions of the reaction, 

H ., 
C- 

/ \  
C(SO,)Z 

CH, 

(SO,),C 

H,C: 
P(HOCH,),C(SO,), + H,XCHPCO,H --+ I I (89) 

\ /  s 
I< 

(116), R = CH,CO,H 
(11T) ,  R = CH,CO,Et 
(118),  R = H, CH,CF3, 

CH,Si(CH,),, or 
CH,CH,K((I\;O,)CH, 

particularly its dependence 011 the pH and the ratio of reactants 
were studied in detail, and a possible mechanism was proposed that 
could csplain a stepwise formation of the cyclic product. Interestingly, 
condensation of ethanolamine with either gem-dinitro compound 
did not lead to cyclization but gave 11'-(2,2-dinitroethyl)ethanol- 
amine. Related tetranitropiperidines 118 werc prepared by 
Harnel"8 from 2,2,1,4-tetranitro- 1,5-pentanediol and various 
amines ; in similar fashion, 2,4-dinitraza-l,5pentanediol affbrded 
a hexahydrotriazine 119 (equation 90). Many further examples of 
the use of the Mannich reaction for the preparation of polynitro- 
aliphatic amiiics and nitroarnines ha\.c been reportcd since Feuer's 
work in 19542", notably Ily Frankcl and Klager20G~279-BS1, ATo\:ikov282, 
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(119) 
R = CH,CH2C(N0,),CH3 

and Parker211*212, and the reactants used and products obtained have 
been reviewed by Noble, Borgardt, and Reed". 

More recently, Ungnade and E i i ~ s i n g e r ~ ~ ~  investigated the con- 
densation of 2,2-dinitropropanol (120) with a series of aliphatic and 
aromatic amines (equation 9 1) .  The resulting (2,Z-dinitropropy1)- 
amines 121 could be isolated as such in some cases, or as crystalline 

CH,C(NO,),CN,OH __f CH,C(NO,),CH,XRR' 

(120) (121) (91) 
R = H, R' = alkyl or aryl; R = R' = alkyl 

nitrates or nitroarnines (if R = H) in others. I t  was noted that 
electron-withdrawing substituents tend to inactivate the amines. 
Thus, amides, urethans, and ureas did not react with 120. Similarly, 
while In- and p-nitroanilines reacted slowly with 120, 2,4-diniti-o- 
aniline and picramide did not react. An abnormal reaction was 
observed with aminoguanidine Iiicarbonate, the product being the 
aminoguanidine salt of 1,1 -dinitroethane. Another abnormal 
reaction occurred with 1,3-diamino-2-propanol, inasmuch as the 
expected product, 2,2,10,1 O-tetranitro-4,8-diaza-6-undecanol (122) , 
disproportionated in the aqueous reaction medium as shown in 
equation 92. Formaldehyde and 1,l-dinitroethane were then 

[CH,C(NO,),CH KHCH,,,CHOH + H,O + 
(122) 

120 f H,SCH,CH(OH)CH2KHCH,C0,CH, (92) 

(123) 

provided by 120, and the formaldehyde condensed with remaining 
122 to a hexahydropyrimidine derhvative while the 1,l-dinitroethane 
formed a salt with the disproportionation product 123. 

111. MICHAEL ADDITIONS 

A. General Features and Reaction Conditions 

The Michael reaction, which has lxen exhaustively reviewed in 
1959 by Bergmann, Ginsburg, and Pappo284, is the base-catalyzed 
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addition of an addcnd or donor (A) containing a reactive or-hydrogen 
atom to a n  activated carbon-carbon double bond in an acceptor 
(13) (equation 93) .  S and Y may represcnt a widc variety of activat- 
ing substituents. As far as thc chemistry of aliphatic nitro compounds 

R’ I t  12. 12. R R 
I I I  I l l  

I l l  I I 
S-CH + C=C--Y X-C-C--C-y (93) 

R R H  I<” R 
I\ 13 

is concerned, primary and secondary nitroalkanes can serve as 
donors as can many of their derivatives such as nitroalkyl ethers, 
nitroalkyl sulfides, nitroalkyl sulfones, nitro esters, arylnitroalkanes, 
and diilitro compounds. On tlic 0 t h  hand, u.-nitro olefins, in 
which the nitro group and olefinic double bond form a conjugated 
system, can act  as acceptors. For a qualitative comparison of the  
efficacy of various activating groups in the Michael reaction one 
may presume that tlic acidity of the donor and  thc polarity of the 
carbon-carbon double bond in the acceptor are the important 
factors to be considered. Sincc the acidity of tlic hydrogen in A 
decreases in the sequence X = NO, > S0,IZ > CN > CO,R > 
CHO > CORZs5, one may expect nitroalkanes to  be excellent 
donors. Conversely, since the electromeric efkcts of the activating 
groups which produce polarity in 13 diminish in  tlic sequence 
Y = CHO > COR > C N  > CO,R > X0228.1, or-nitroalkenes 
should be relatively poor acceptors. Xevertheless, a large number of 
Michael additions using nitroethylenic acceptors ha\.e been reported 
in the literature and listed in  tabular form up to the year 1955264. 
These examples, to lie sure, include all tlic many cases where both 
reactants were activated by nitro groups, so that lack of reactivity 
in  the acceptor may have been compensatcd by the high reactivity 
of the donor. Furthermore, acceptors have fi-equently been employed 
whose double bonds were activated riot only by a nitro group but, 
in addition, by substituents such as CO,R, CHO, or C,H5. Examples 
are alkyl a-nitroacrylates, -ci-otonates, and -cinnamates, hydrosy- 
methylenenitroacetaldehydc (the tautomeric form of nitromalon- 
aldehyde), and nitrostyrencs. 

T h e  catalysts employed in Michael reactioils that in\-ol\-c nitro 
compounds are: most li-equently, sodium ethoside or occasionally, 
other alkoxides; less frequently, metallic sodium and aqueous or 
alcoholic sodium hydroxide ; often, diethylamine; rarely, other 
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amines. The  use of basic ion-exchange resins has also been investi- 
gatedzaG. In some special instances no catalyst was required. Solvents 
used most often are alcohols, but it must be remembered that nitro 
olefins easily add alkoxide ion, and when such competition between 
the catalyst and the donor anion for the acceptor molecule exists,. 
a non-hydroxylic solvent such as ether, benzene, or dioxane is 
preferred. The examples of h4ichael additions described herein are 
mostly taken from the more recent literature; for older work the 
reader is referred to the comprehensive review by Bergmann, 
Ginsburg, and P a p p ~ " ~ ,  which covers the field up to 1955, and to 
the monograph by Perekalin5" which provides detailed tables 
incorporating also literature from several subsequent years. 

B. Nitroalkane Donors and Non-Nitro Acceptors 

T h e  addition of nitroalkanes to crYj3-unsaturated ketones, a reaction 
first investigated by Kohler and his sch001287 and summarized by 
Has3, has been employed for the preparation of y-nitro ketones which 
can serve as starting points for a route leading into the cyclopropane 
series. Several adducts of nitroalkanes and methyl vinyl ketone were 
obtained also by von S c l i i ~ k l i ~ ~ .  

Mesityl oxide in the presence of catalytic amounts of diethylamine 
combines with nitromethane to 4,4-dimethyl-5-nitro-2-pentanone28a, 
and with nitroethane to 4,4-dimetl~yl-5-nitro-2-liexanoneza9. 

Benzylideneacetoxie was shown to react with nitroethane giving 
5-nitro-4-phenyl-2-hexanoneY and with 1 , 1 -dinitroethane giving 
5,5-diiiitro-4-phenyl-2-lie~anone~~~. Analogous reactions with nitro- 
methane and the nitropropanes had previously been carried out3aa. 

The  interactions between phenyl vinyl ketone and nitromethane, 
nitroethane, dinitromethane, and 1,1 -dinitroethane were studied 
by Novikov and Korsakova291 who obtained, depending upon the 
reaction conditions, mono adducts or bis adducts, the latter from 
the three first-mentioned nitroalkanes (equation 94). 

CH,(NO?), PhCOCH=CH, 
PhCOCH=CHz - PhCOCHzCH2CH(XOz)2 't 

(PhCOCH,CH,) .$ ( NO2) (94) 

Many Michael additions of nitroalkanes to chalcones are described 
in the earlier literature ; recently, an extension of these reactions to 
include thiophene analogs of chalcones has been reportedzg2. 

2-Methyl- 1 -nitropropene (124) and 2-methyl-3-nitropropene ( 125) 
which are known to isomerize into each other by alkaline catalysis 
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(see section V.B. 2b), have Ixen shown to do so also by heating in 
toluene at 110". When either olefin (or a mixture of IJoth) was 
treated under these conditions with acroleiii, a mixture of the adduct 
126 (horn 125) and an isomerization product 127 was p rod~ced?~3  
(equation 95j. 

CH,=CHCHO 
CH3C(CH3)=CHK0, CH,=C(CH,)CH,i\'O, -+ 

(134) (125) 
CH.r=C(CH3)CH(~O2)CH,CHs_CHO + CH,C(CH,)=C(~O,)CH,CH,CHO (95) 

(126) (127) 

Nitroalkanes also add a,@-unsaturated esters and nitriles, whereby 
depending on the conditions mono, bis, and (with nitromethane) 
tris adducts may be obtained. von Schickli46 has reported numerous 
reactions of this kind, in which alkyl acrylates, crotonates, and 
lmethacrylates, and acrylonitrile were combined with a variety of 
nitroalkanes in the presence of alkali. A more recent example was 
described by Vita and B ~ c h e r ~ ~ ~ .  

Basic ion-exchange resins may he used as catalysts, as has been 
shown, for instance, in reactions between 2-nitropropane and methyl 
m e t h a ~ r y l a t e ~ ~ ~ * ~ ~ ~ ,  diethyl ethylidenemalonate~9~, and benzyl acry- 
late2s5. Excess a c r y l ~ n i t r i l e ~ ~ ~  reacted with nitromethane and a 
strongly basic resin to give mainly tris(@-cyanoethyl) nitromethane, 
and analogously with nitroethane to yield chiefly a,a-bis (p-cyano- 
ethyl) nitroethane ( y-methyl-y-nitropimelodinitrile) . 

It had been found by Kl0etze12~' that the addition of 2-nitro- 
propane to esters of fumaric or maleic acid in the presence of 
diethylamine leads to dialkyl 3-methyl-3-nitrobutane- lY2-dicar- 
boxylate (128) and, through loss of nitrous acid, to dialkyl iso- 
pl-opylidenesuccinate (129) , with the amount of amine present 
governing the ratio of products (equation 96). The Michael adducts 
130 and 131 formed with nitromethane and nitroethane were not 
isolated but lost nitrous acid to give itaconic esters (132) and 
ethylidenesuccinic esters (133), respectively (equation 97) .  von 
Schickh46, however, reported the successful addition of nitroethane, 
2-nitropropane, 2-nitrobutane, and nitrocyclohexane to diethyl 
maleate and fumarate giving products of type 128 and 131, and 
more recently 130 and 131 (R = Et) were prepared in 25 and 45 % 
yields by Polish ~ o r k e r s 2 ~ 8  who used potassium fluoride as a catalyst 
in the addition reactions. 

Since the early 1 9 5 0 ' ~ ~  extensions of the Michael addition to 
include aliphatic gem-dinitro compounds have been studied, and it 
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CH,CO..R - , ~ .  CH,CO,R 
CHC0,R Et&H I -  - -HXOz [ 

i I1 
+ O,KCH(CH,), ---+ CHC0,R ---+ CCO,R (96) I1 

CHCO-R 

CH,CO,R CHC0,R CH,CO,R 
I 
I1 

E~,SH (i KF I 

I 
- CHC0,R + RCH,NO, __j CHC0,R CCO,R 

C H R  

(132), R' = H 
(133), R' = CH3 

0,KCHR' 

(130), R' = H 
(131), R = CH, 

(97) 
R = CH, 01' C,H, 

was found that dinitromethane, 1 , 1 -dinitroethane, and 1 , l-dinitro- 
propane add to a,P-unsaturated esters, aldehydes, ketones, and 
sulfones under the catalytic influence of Potassium 
1 , 1 -dinitroethanol was shown301 to react with methyl acrylate giving 
the expected adduct. When the pH of the medium is kept between 
5 and 6, this adduct may be isolated, but in the presence of excess 
base it suffers demethylolation to the salt of methyl 4,4-dinitro- 
butyrate. The latter, in turn, is able to undergo further Michael 
additions. 

Recently, Solomonovici and Blumberg302 obtained the normal 
Michael adducts from 1 , 1 -dinitropropane and 1 , 1-dinitrobutane 
with some 2,2-dinitroalkyl a,@-unsaturated esters (equation 98). 

CH,CH,C(N0,),CH,CH,C0,CH,C(I\T0,)2CH,CH, (98) 

But when the mononitroalkane, 1 -nitropropane, was refluxed 
with 2,2-dinitrobutyl acrylate in ethanol in the presence of piperi- 
dine, the normal adduct was not formed. Due to transesterification, 
some 2,2-dinitro-l-butanol was liberated which underwent demethyl- 
olation to 1 , 1 -dinitropropane, and the latter in turn added to excess 
dinitrobutyl ester to give 2,2-dinitrobutyl 4,4-dinitrohexanoate 
(equation 99). 

EtOH 
CH,=CHCO,CH~C(NO,),CH,CH, d 

CH,=CHCO,Et + HOCH,C(NO,),CH,CH, 

HOCH,C(NO,),CH,CH, _ic CH,O + CH(K0,),CH2CH3 (99) 

CH,=CHCO2CH,C(NO,),CH2CH3 + CH(i\'O,)zCH,CH3 

CH,CH,C (NO,),CH,CH,CO,CH,C (P\:O,)tCH,CH, 
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Michael additions with a,o-dinitroalkanes have also been 
achieved, notably by Feuer and c o ~ o r k e r s ~ ~ ~ - ~ 0 ~ .  When 1,4-dinitro- 
butane was treated with 2 moles of methyl vinyl ketone, the sym- 
metrical bis adduct was obtained. With 4moles of the ketone, 
however, the expected tetrakis adduct could not be isolated since 
i t  underwent internal aldol addition to give the cyclic derivative 
134 (equation 100). No such cyclizations occurred with methyl 

O,XCH,CH,CH,CH,SO, + 2 CH,COCH=CH, 
1 

/ \ 1 CH,COCH,CI-I, SO, 0,s CH,CH,COCH, 
\ I  I /  

CCH,--CH,C 
/ LCH,COCH,CH? \ 

CH,CH,COCH, J 

1-10 OH 

('34) 

acrylate or  acrylonitrile as acceptors, and  the tetrakis adducts 
could be isolated303. A bis adduct was obtained from 1,5-dinitro- 
pentane and  methyl vinyl ketone304. 

Bis adducts have likewise been found to arise from a,a,o,o-tetra- 
nitroalkanes (or their bismethylol derivatives) and suitable accep- 
torS305,30h . This has been verified with 1,1,4,4-tetranitrobutane, 
1 , 1 ,5,5-tetranitropentaneY and 1 , 1,6,6-tetranitroliexane as donors, 
and with such acceptors as methyl vinyl ketone, acrolein, methyl 
acrylate, acrylonitrile, and methyl vinyl sulfone305. O n  the other 
hand, the potassium salt of 1, lY3,3-tetranitropropane added only one 
molecule of methyl acrylate200j even under vigorous conditions; 
steric hindrance in the mono adduct probably prevents its further 
reaction"8. However, Novikov and  reported that 
1 , 1,3,3-tetranitropropane gives mono as well as bis adducts with 
phenyl vinyl ketone and with 5-methyl- 1,4-hexadien-3-one. An 
unexpected course took the reaction between 2 moles of methyl 
acrylate and 1 mole of the dipotassium salt of bi~(2~2-dinitroethyl)- 
amine (135). Instead of the expected bis (4-carbomethoxy-2,2-dinitro- 
buty1)amine (136), there was formed in high yield dimethyl 
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4,4-dinitropimelate (137) 2 0 6 e 2 7 8 ,  (equation 10 1). This reaction is 

NO? NO, 
I I 

I 
SO, 

-#-+ H N  ( CH,CCH2CH,C0,CH3), HN(CH,C=IUO,K), + 2CH2=CHC0,CH3 

(101) 
(135) (136) 

CH,CH,CO,CH, 
/ 

\ 
L (NO’@ 

CH,CH,CO,CH, 

(137) 

explained by assuming 135 to undergo, first, a reverse Mannich 
reaction to give the 2-hydroxy-1 -nitro-1 -ethanenitronate anion 
(138), which then is added to methyl acrylate forming methyl 5- 
hydroxy-4,4-dinitrovalerate (139) (equation 102). The hydroxy 

NO, 
I 

(138) 

CH,=CHCO,CH, 
f 135 d NH, + 2 HOCH,C=NO,- + 2K-+ 

NO, 0 
I I1 

H,C-C-CH~CH~-C-OCH~ (102) 
I t  

HO XO, 

(139) 

ester 139 then would suffer demethylolation, and subsequent 
addition of the resulting anion 140 to methyl acrylate would afford 
137 (equation 103). 

NO, 0 
OH- - I  I1 CH2=CHCOZCH3 

f 137 139 - CH,O + 0,hT=C-CH2CH2-C-OCH, 
(140) (103) 

Michael additions of dinitroacetonitrile and dinitroacetamide to 
various unsaturated compounds have been studied by Parker and 
coworkers2L1.212, and numerous further examples involving polynitro 
compounds are cited in a comprehensive review by Noble, Borgardt, 
and Reedg. 

C. Non-Nitro Donors and Nitroalkene Acceptors 

A very large number of reactions between nitroalkenes and active 
methylene compounds such as acetylacetone, alkyl acetoacetates, 
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dialkyl malonates, alkyl cyanoacetates, benzyl cyanide, and others 
have been reported in the literature. Among the nitroalkenes used 
as acceptors are  not only simple ones such as the nitropropenes, 
nitrobutenes, and  many of their homologs including l-nitrocyclo- 
hexene, but also a great variety of substitution products such as 
nitrostyrenes, unsaturated nitro esters, and halogenated deriva- 
t i v e ~ ' ~ ~ .  I t  is noteworthy that even acetone has been claimed to add 
to 2-methyl- 1 - r ~ i t r o p r o p e n e ' ~ ~ * ~ ~ ~  (equation 104). This reaction is 

CH,COCH, + (CH,)pC=CHNO, __f CH,COCH,C(CH,),CH,?iO, (104) 

said to occur when acetone is treated with nitromethane; the primary 
product, ,-methyl- 1 -nitro-2-propanol, which arises by Henry 
addition, loses a molecule oC water giving the nitro olefin to which 
excess acetone then may add  in competition to excess nitromethane. 

Extensive use of the Michael reaction has been made in recent 
years by Perekalin and coworkers30i~308. They demonstrated that 
p-nitrostyrene reacts with ethyl malonate, ethyl acetoacetate, acetyl- 
acetone and henzoylacetone, yielding adducts as shown for example 
in equation 105, (R = H). 

p-R-C,H,CH=CHKO, + H2C(C02Et), p-R-C H CHCH2N0, (105) 
4~ 
CH(CO,Et), 

Similar results were obtained309 with a number ofjam-substituted 
p-nitrostyrenes, which, with ethyl acetoacetate and triethylamine 
as catalysts, gave ethyl v.-acetyl-/3-aryl-y-nitrobutyrates (R = NO,, 
CH,, OCH,, hT(CH2)?). Acetylacetone and a-nitro-B-(p-tolyl)- 
ethylene afforded, similarly, 3-acetyl- 1 -nitro-2-(p-tolyl) -4-pentanone. 
Furthermore P-his(P-nitrovinyl)bcnzene has been shown to give bis 
adducts with dimethyl and diethyl malonate, ethyl acetoacetate, 
ethyl cyanoacetate, and  l-phenyl-3-methyl-5-pyrazolone310 (equation 
106). 

CH, 
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1,3-Indandione and 2-aryl-l,3-indandiones gave adducts with 
P-nit~-ostyrenes~~~-"~ (equation 107). 

2,5-Dinitro-l,6-diphenyl- 1,5-liexadiene (141) added 2 moles of 
dimetliyl malonate to give the adduct 142, which upon catalytic 
hydrogenation over Raney nickel produced the bislactam 143,14 
(equation' 108). 

'LCH,(CO,hle):, 
PhCH=CCH,CH,C=CHPh 

I I so, ko, 

H2 
(141) 

PhCH-CHCH,CH,CH-CHPh - 
/ \  / ', 

I I  I I  
CH NO, 0,s CH 

CO,Me 

Ph-CH- CH-CH,CH2-CH- CH-Ph (108) 

COzMe Rlc0,C MeO,C 
(142) 

I 
CH 

I 
S H  

I 
/ \  / 

3- H 
I 

CH 

Me0,C co \co/ \ C0,hfe 

(143) 

Interestingly, when the conjugated triene 3,4-dimetliyl-2,5- 
dinitro-l,6-diphenyl-l,3,5-hexatriene (144) was treated in the same 
manner with dimethyl malonate, i t  behaved as though it were 
non-conjugated and added two molecules of the methylene com- 
ponent (equation 109). 

I I  
H,C CH, H3C CH, 

I I  
1'hCH-CH-C=C-CH-CHPh PhCH=C--C=C-C=CHPh d 

I I (109) 

CO,h.Ic 

0,s CH 
I I  

CH SO, 
I 
so2 

I 
X 0 2  

/ \  
C0,Mc h4e02C 

/ ', 
Me0,C 

(144) 
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Raman spectra showed that conjugation is indeed absent in  144, 
which can be seen from molecular models to be the result of steric 
interaction of the substituents, disturbing the coplanarity of the 
system. 

Perekalin and coworkers also synthesized 1,4-dinitro-l73-butadiene 
(145) 314*335, 2,3-dimethyl- 1,4-dinitrobutadiene ( 146)315*31G, 1,4- 
dinitro-2,3-diphenyl- 173-butadiene (147) (cis-cis and trans-trans 
isomers) 315, and 1,4-dinitro-l ,4-diphenyl-l,3-butadiene (148) (cis-cis 
and  ham-trans isomers) 315. Investigation of the structure of these 
compounds by means of Raman spectroscopy317 showed that the 
conjugated system of 145 includes the  double bonds and nitro 
groups, and  that  the phenyl groups in  148 make a considerable 
contribution to conjugation. O n  the other hand, introduction of 
suhstituents i n  the 2,3 position (derivatives 146 and 147) sterically 
disturbs the coplanarity and conjugation of the system. These steric 
factors as well as the effects of the substituents on the electron distri- 
bution in the diene system influence the  course of Michael addi- 
t i o n ~ ~ ~ * .  T h e  unsubstituted dinitrobutadiene (145) , although very 
sensitive toward base and prone to polymerization, was treated with 
the sodium salt of dimedone (which is neutral in character) and gave 
a 1,2 adduct that  subsequently underwent an  allylic shift of the 
double bond (equation 110). The  same behavior was observed with 
the 1,4-diphenyl derivatives 148, with malononitrilc, dimethyl 
malonate, and  dimethyl methylmalonate being used in the latter 
instance. Under  analogous conditions, the 2,3-dimethyl derivative 
146 did not add methylene compounds but underwent allylic 
rearrangement (equation 11 1). I t  is believed that the rearranged 
diene is less sterically strained than the trans-fixed 146, which 
may proside the driving force for this reaction. I n  contrast to 
145, the 2,3-plienyl-substituted dienes (147) reacted with malono- 
nitrile in the 1,4 position giving an intermediate which by 1,4 
elimination of nitrous acid was converted into 149. The  reaction was 
much faster with cis-cis-147 than with trans-trans-147 (equation 112). 

A novel synthesis of the furan ring, based on the Michael reaction, 
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H,C 2 CH, 

cis-cis frans-trans 
(148) 

CHz(CN)z 

SO, 
Pi1 

cis-cis 

NO2 Ph 

Irans-trans 
(147) 
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was devised by Boberg and Schultze319. Addition of sodium ethyl 
acetoacetate to p-methyl- and p-ethyl-P-nitrostyrene followed by 
Nef reaction of the adducts and cyclization of the resulting diketones 
afforded tetrasubstituted furans (equation 1 13). The reaction proved 

Ph-CH -CH-CO,E t Ph-CH CH-CO,Et 
H' - I 

C 
I 

/ \  
__f C 

I 
+ c  

B \  

I 

I1 

/ \  
C 

/ \ (Nef) 

CH3 

It 
C (113) 

NO2- 0 

H 4. I1 

R NO, 0 CH, R 

Ph-CH CH-C02Et Ph-C- C-COzEt 

t C  
I 

/ \  
C C 

(--H?.O) / \ / \ 
CH, R 0 CH3 R " 0  0 

R = CH, or C,H, 

to be of general applicability. With other @-keto esters as donors 
and with cyclic nitro olefins (1-nitrocyclohexene, l-nitrocyclo- 
heptene, and 1 -nitrocyclooctene) as acceptors,. furan derivatives 
150 were obtained320. 

(150) 
R = CH,, C2H5, or C5H,, 

II = 4, 5, or 6 

When adducts from 1 -nitro- 1-alkenes and dimethyl malonate 
sodium were reduced, carbomethoxypyrrolidinones 151 arose which 
could be converted into y-amino acids either by acid hydrolysis, or 
by alkaline hydrolysis, followed by decarboxylation and repeated 
hydrolysis321 (equation 1 14). 

O,NCH=CH + CH,(COzCH3)2 d 

R I 
R 

R-CH-CH2 R-CH-CH-CO~CH, 

(114) 
I c=o I I .  KOH I 

H2C\ / 
c=o 4- 

I 
H,C 

\ /  2. heat 
K N 

H H 

1 KOH 
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Interesting results werc obtained by Perekalin and coworkers who 
examined reactions of P-bromo-0-nitrostyrene with several compounds 
containing reactive metliylene groups3"-"'" . With dimethyl malonate 
in the presence of sodium methoxide at 0-5", the normal adduit 
152, (R = R' = OCH,) was produced. Heating 152 in benzene 
solution with triethylamine led to dehydrobromination. On 
evidence adduced from Raman spectra the product was first 
thought to he the furan derivative 154 which was presumed to 
arise via the enol 153. When other P-dicarbonyl compounds (ethyl 
acetoacetate, acetylacetone, benzoylacetone, dimedone) were heated 
with P-bromo-P-nitrostyrene in the presence of triethylamine, 
dehydrobrominated products Ilelieved to be dihydrofurans 154 were 
formed immediately (equation 115). Later on, Perekalin and his 

tor< 
/ 

PhCH C O R  Ph-C H---C H 

d 1 . \COR'& 
II / 
I1 + H,C: 
I1 \ 
C 

I 
COR' C H  

13r 
/ \  

0,N 13r 
/ \  0,s 

(152) 

COR 

Ph-CH---C-COl< ( 1  15) 
/ 

1, - HBr I 
/ 

Ph-CH- C 
I 

C-R' CH C-R' 
1 

/ \  
CH 

(154) 
,/ \o/ 

0,N Br HO 0p  
(153) 

For dimethyl malonate: R = R' = OCHa 
ethyl acctoacetate: K = OEt, R' = CH, 
acetylacetone: R = R' = CH, 
bcnzoylacetonc: l< = CH,, R' = Ph 
dimedone: R, R' = CH,C(CH3),CH, 

associates324 included in their studies @-brorno-p-nitro-j-nitl-ostyrene 
and some additional cyclic donors. T h e  product 155 that was formed 
with dimedone in boiling benzene in the presence of triethylamine 
was found to lose, on prolonged heating, a molecule of nitrous acid, 
and structure 156 was proposed for the end product (equation 116). 
From /?-bromo-/?-nitro-p-nitrostyrene and the sodium derivatives of, 

k X O 2  -Ph& CH:, 
p - x o 2 - p h d  CH, (116) 

O2 N 
CH, CH, 

(155) (156) 
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respectively, 2-~arbethoxycyclopentanone, 173-indanone, and 3- 
methyl- 1 -phenyl-5-pyrazolone, the bromine-containing adducts of 
type 152 were obtained when the reactions were carried out at 0-5". 
Analogous reactions were per f0rmed~~~.~ ,6  using 1 -bromo- 1 -nitro- 
propene. Adducts of type 152 (with CH, instead of C,H,) could be 
isolated in reactions, performed at - 70", with the sodium derivatives 
of diethyl malonate and ethyl acetoacetate in absolute ethanol. O n  
the other hand, refluxing of the dicarbonyl compounds and the 
bromonitroalkene in 95 ?$ ethanol in the presence of potassium 
acetate resulted in dehydrobromination and cyclization. 

In a subsequent c o m m ~ n i c a t i o n ~ ~ ~ ,  however, it was reported that 
the dehydrobromination products encountered in the previous 
studies were not dihydrofuran derivatives as originally believed but 
were actually cyclopropane derivatives 157. This was concluded from 
the fact that 157 was obtained not only from 158 but also by an alter- 
native synthesis which started from methyl cr-bromo-rr-carbometh- 
oxy-@-alkyl- (or aryl-)y-nitrobutyrate (159) (equation 11 7). Hence, 
revision of the earlier structural formulations was necessary. This 

I3r Br 
I 

O,NCH,CHC(CO,CH,), 
I 

0,SCHCHCH (CO,CH.J, 
I I \ i;2 J (159) 

I< 

/ \  
RCH--C(CO,CH,), 

(157) 

result was to be expected in view of K o h l e r ' ~ ~ ~ '  extensive work 
on nitrocyclopropanes, in the course of which he had obtained 157 
by dehydrobromination of both 158 and 159 (R = rn-n i t r~phenyl )~~~.  

1 -Bromo- 1 -nitroethyhe, which was recently synthesized by the 
Russian workers, likewise adds dimedone, affording 2- (2-bromo-2- 
nitroethyl)-5,5-dimetliyl-1,3-c~~clohexanedione ( 160)329. 

-4s another example, involving a heterocyclic donor, may be 
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mentioned the syntheses of some nitroalkylbarbituric 
(equation 1 18). 

Hans H. Baer and Ljerka Urbas 

NH-CO NH-CO 

CHCH(R)CH,NO, ( 1  18) 
\ RCH=CHNO, / \ 

/ / \ 
CH,---------t OC 

/ 

\ 
oc 

NH-CO NH-CO 
R = Me, Et, or n-Pr 

The chemistry of 1 -amino-2-nitroalkenes331 provides some interest- 
ing applications of the Michael reaction. Hurd and S h e r ~ o o d ~ ~ ~  
allowed ethyl ethoxymethylenemalonate (161) to react with nitro- 
methane in the presence of certain secondary amines (piperidine 
or morpholine-the reaction failed with others), and they obtained 
dialkylaminonitroalkenes 164. Compound 161 may be regarded as 
a vinylogous carbonate that gives a vinylogous urethan 162, to 
which addition of nitromethane then occurs. The adduct 163 subse- 
quently loses a molecule of ethyl malonate by way of a reverse 
Michael reaction, yielding the product 164 (equation 119). 

EtOCH=C(CO,Et), - C5H, ,KCH=C (GO& t) - f G,H,,S CH3NOc 

(161) (1 63) 

C,H1,X~HCH(CO,Et), ___f C5H,,NCH=CHK0, + CH,(CO,Et), ( 1  19) 

Similar reactions between various ethoxymethylene /3-dicarbonyl 
compounds and nitroalkanes in the presence of bases were carried 
out by Dornow and LUpferP3, but these authors reported the 
formation of nitroalkylidene derivatives 165 (equation 120). 

C,H50CH==C(COCH3), + RCH,NO, f RCHCII=C(COCH,), (120) 
--C,H,OH I 

X 0 2  

(165) 

I-Dimethylamino-2-nitroethylene was shown by Severin and 
coworkers33"33j to be a Michael acceptor. I t  reacts, for instance, 
with ketones, whereby the dimethylamino group is eliminated and 
unsaturated nitro ketones arise (equation 12 1) - The product obtained 

RCOCH, + (CH,),KCH=CHSO, f 
LtOK 

-HS(CH, ) ,  
f 

+ RCOCH=-;CHCH,iiO, (12 I )  

1 [ K +  

(RCOCH,CHCH=KO,K) 
I 

X(CH3)Z 

RCOCH=CHCH=XO,K 
R = CH, or ;\r 
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with benzylideneacctonc (R = C,H,CH=CH) gave, upon boro- 
liydride red iiction, 1 -nitro-6-phenyl-l,3,5-liexatriene. 

Benzyl cyanide, malononitrile, ethyl cyanoacetate, and alkyl 
malonates were found to react analogously with 1 -dimethylamino- 
2-ni troethylene. 

D. Nitroalkane Donors and Nitroalkene Acceptors 

T h e  addition of nitroalkanes to nitroalkenes is one of the most 
convenient routes to aliphatic dinitro and  polynitro compounds. 
Following early work by some other authors,'",30G'336--338 intensive 
studies concerning this reaction were carried out  by Lambert and 
~ ~ ~ ~ r k e r s ~ ~ ~ * ~ ~ ~ * ~ ~ ~  and by Baliner and Kite341*3q2. The  syntheses of 
1 -methoxy-2,4-dinitro-2-methylpentane (166) 339 and of 3,5-dinitro- 
lieptane ( 167)341 may serve as illustrations (equations 122 and 123). 

CH, 
SnOl:1 I 

I I 
ha, so, 

(122) CH,C=CH, + CH3CHCH20CH3 - + CH,C'HCH,CCH,OCH:, 
I 
KO, 

I 
SO, 

(166) 

I I 
30, NO, 

(167) 

CH3CH,CH-=K0,K + CH,=CCH,CH, ---+ CH,CH,CHCH,CHCH,CH:, (123) 
I 

KO, 

-4ddition may OCCLIT lxtwceii nitroalkanes and  nitro olefins that 
are generated in silu by elimination of \vater from nitro alcohols. 
T ~ L I S ,  one of the products in the reaction lxtwcen acetone arid nitro- 
methane is 2,2-dimetiiyl-l,3-di1iitropropane~~~ (equation 124). 

(CH,),CO + CH3N0, ___ + (CH,),CCH,SO, __ 
I 

OH 
c:H3sOz 

[ (CH3),C=CHX0,] - + (CH3),C(CH,N0z)2 (124) 

In subsequent years a large number of reactions along similar 
lines have tieen descrihed,'6j.1GG.1ii.lY1.1B?.?~G.3.13-345 and the reactants 
used and products obtained have been listed in tabular form284. 
More recently, several new lY3-dinitroalkanes were prepared by the 
addition of nitroalkanes to 1-nitro-1 - a l k e ~ i e s ~ ~ ~ .  I t  may sufice here to 
cite one example fi-om the estensiw work of nornow and CO- 

workers'".'77'1(1*.18n-.3*13. Ethyl a-nitrocinnamate ivas prepared by 
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heating a SchifF base of benzaldehyde, e.g., benzylidene-n-butyl- 
amine, with ethyl nitroacetate in the presence of acetic anhydride 
(equation 125). 

I Ac,O 
PhCH=i\T13u-n + CH2i\'O2C0,Et I_, PhCCH (XO,)CO,Et d I Ln 

PhCH=C(NO,)CO,Et + (n-BuXH, + n-UuNHCOCH,) (125) 

T h e  unsaturated nitro ester was then treated with additional 
ethyl nitroacetate, in the presence of diethylamine, to give diethyl 
a,m'-dinit~-o-P-phenylglutarate~~~. The same ester arose in a single 
operation when benzylidene-aniline and ethyl nitroacetate reacted 
in the absence of acetic anhydride but in the presence of 
diethylamine ; obviously, unsaturated nitro ester was formed as an 
intermediate and then rapidly added a second molecule of 
nitroacetate181. 

Examples of the addition of 1, l-dinitroethane to nitro olefins 
have been reported by Shechter and Z e l d i ~ i ~ ~ ~ ,  Klager3", and 
Novikov and  coworker^^*^ who used as acceptor molecules, respec- 
tively : 2-nitropropene; methyl 2-nitro-2-pentenoate ; and nitro- 
ethylene, 1 -nitropropene, 1 -nitro- l-liutetie, and l-nitro- l-pentene 
(equations 126 and 127). 

KO2 NO, 
I 1  
! 

XO, 

KO, 
I 

I so, 

CH,=C(SO,)CH, + CH3CH(X0.J2 CH,CCH,CHCH, (126) 

RCN=CHNO, + CHBCH(KO,), CH3CCH(R)CH,ii02 (127) 

R = H, CH,, C,H,, or n-C3H, 

1,1 -Dini tropropane and 1,1 -dinitrobutane were added to 1 - 
iiitropropene and homologous n i t r o a l k e n e ~ ~ ~ ~ ~ ' .  

It is considered that 1,l-dinitroethylene (169) plays a role as an 
intermediate in certain Michael-type reactions. Thus, when an 
aqueous solution of 2,2-dinitroethanol potassium salt (168) was 
gradually acidified to pH 4 arid then made alkaline again, the 
dipotassium salt of 1,1,3,3-tetranitrop~opane (171) was produced in 
a 56 "/b yieldZooj. Apparently part of the dinitroethanol suffered 
dehydration in this process, and the dinitroetliyleiie formed added a 
molecule of surviving dinitrocthanol, to give the alcohol 170 which 
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su Ixequently was demethylolated to the final product 171 (equation 
128). 

1 4 -  - H,O 
H 0 C H,C ( NO,) S 0,K d H OC H,CH (NO,) 

__f [ CH,=C (NO,),] 
(168) (169) 

169 + HOCH,C(KO,)NO,I< -----+ 
NO, h-02 

+ K O H  I I  
HOCH,~(K0,),CH,C=K02~ ’t KO,h-=CCH,C=NO,K (128) 

I -c:1i20,- 11,o 

A number of similar reactions have previously been postulated to 
involve 169 which has, however, not been i ~ o l a t e d ~ 1 ~ . 3 ~ 8 * ~ J ~  (see also 
sections I V  and V1.A). More recently, Feuer and Miller350 made 
an  important and detailed study on the Michael addition using as 
acceptors certain nitro olefins that are generated irz silu from 2- 
nitroalkyl acetates. I t  was found that 2-nitroalkyl acetates react 
under mild conditions with 2 moles of the sodium salt of the donor 
nitroparaffin to afford the olefin which then undergoes the Michael 
addition. For hydroxylic solvents (methanol or t-butyl alcohol) the 
following reaction path was suggested (equations 129-132). 

(1 29) R’R-C=SO,Ka + R“OH + R’R-CFIKO, + KaOR” 

KO2 SO, 
I I 

RN’-CHCH20Xc + XaOli” qzz==k R”’-C=CH, 4- SaO:\c + R”0I-I (130) 

so, KO, S0,Sa  
I1 

(131) 

so2 S0,h-S so, so, (132) 
I I1 I I 

I I 
R’RC=SO,IU~ + R”’-c=cH, R‘R-CHCH,-C--R”’ 

R‘R-CH-CH,-C-R”’ + R”OH R’R--CH-CH,-CH-R’~’ + NaOR” 

Under tliese conditions the additioll product was obtained as its 
sodium salt. Alternatively, equivalent amounts of the salt of the 
donor, 2-nitroalkyl acetate and sodium acetate could Ix employed. 
The reaction path then is essentially the same, with acetate elimina- 
tion induced by alkoxide ion that arises from alcoholysis of sodium 
acetate. This procedurc affords the h4ichael addition product as 
the free nitro compound. The reaction proceeds in similar fashion 
in nonhydroxylic solvents (tetrahydrofuran), in which case the salt 
of the donor reacts directly with the 2-nitroalkyl acetate to give the 
olefin and sodium acetate (cquation 133). 

Nitro olefin precursors used in  this work were 2-nitrol1utyl acetatc, 
3-nitro-2-bu tyl aceEate, and 1,6-diacetoxy-2,5-dinitrol~exane, and 
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S 0, 
I 

II’R-C=SO,Sn -+ 1<”-CHCH2O.\c + 
so, 
I 

R”-C=CH, + R‘R-CHSO, + KaO..\c (133) 

donors included 1 - and 2-nitropl-opanes, 1 , 1-dinitroethane, 1 , I -  
dinitropropaiie, 2-nitro- 1 ,3-propanediolY and ethylenedinitramine. 

Similar work was carried out by K l a g e ~ ~ ~ l  who obtained 2,2,4,6,6- 
pentanitrolieptane by the reaction of 2 moles of 1 , 1-dinitroethane 
with either 3-acetoxy-2-nitro-1 -propene or its precursor, 1,3- 
diacetoxy-2-nitropropane (equation 134). Corresponding polynitro 

so, S O ,  
I CH,C€I(NO,)z 

f 
- HOA I + CH,=C-CH,OAc ACOCH~--CH-CH~O:\C 

KO2 so, NO, KO, 
-HOhc I I  CH,CH ( K O z )  

CH3CCH,CHCH20r\c I I  f CH3CCH2C=CH, ____j 
I I 
I 

KO? A-02 
NO, NO, NO, 

I 1  I 
I 

NO, 
I 

KO* 

CH,CCH,CHCH,CCH3 (134) 

compounds were also obtained when 1 , I-dinitropropane, 1 , 1 -dinitro- 
butane, and methyl 4,4-dinitrobutyrate were used as donor compo- 
nents. 

The addition of gem-dinitroalkanes to p-nitrostyrene and a number 
of its nuclear substitution products was studied by Solomonovici 
and Blurnhe1-g3~~, who found that normal adducts were formed 
without the need of an  external catalyst. 

IV. DIELS-ALDER REACTIONS 

During the first two decades following the discovery, in 1928, of 
the Diels-Alder reaction, relatively few examples of the use of 
nitroethylene and other conjugated nitroalkenes as dienophiles 
have been reported. It was shown by Alder and that 
nitroethylene, 1 -nitropropene, and 1 -nitropentene form adducts 
with cyclopentadiene and that 1 -nitropentene gives adducts with 
butadiene and 2,3-dimethylbutadiene. Several adducts of various 
aliphatic and cycloaliphatic d i e n e ~ ~ ~ “ ~ ~ ’  with p-nitrostyrene were 
prepared, and whereas the latter dienophile quantitatively added to 



Activating and Directing Effects or thc S i t ro  Group in Aliphatic Systems 149 

1,3-diphenylisobenzofuran, it did not react with furan, 2-methyl- 
furan, or 2,5-dimetliylf~ran~~‘~~~~. (For a review of these older 
investigations see H: L. H o l m e ~ ~ ~ ~ . )  

Alder’s original work was later greatly extended by other investi- 
gators, frequently with the purpose of synthesizing alicyclic amines 
by reduction of the nitro adducts. I t  has becn established that the 
reaction between cyclopentadiene and nitroalkenes is a general one, 
giving substituted bicyclo[2.2.1]-2-heptenes that carry a secondary 
or tertiary nitro group in the 5 position, depending on the nitroalkene 
employed359-365C. For example, 2-nitro-1 -butene, 2-nitro-2-butene, 
and 1 -nitro- 1 -1ieptene gave, respectively, the 5 - e t h ~ l ~ ~ ~ ,  5,6- 
d i m e t h ~ l ~ ~ ‘ ,  and 6 - p e n t ~ l ~ ~ ~  derivatives of 5-nitrobicyclo[2.2.1]-2- 
heptene 172, 173, and 174 (equation 135). Hexachlorocyclo- 
pentadiene gave adducts with nitroethylene and various nitroalkyl 
a c r y l a t e ~ ~ ~ , ~ .  

(135) 

R” R” 

(172): R’ = H, RN = C,H, 
(173), R’ = R” = CH3 
(174), R’ = n-C5HI1, R” = H 

I n  reactions with cyclopentadiene, lY4-dinitro-l,3-butadiene 
behaved as a dienophile affording318 a mono adduct 174a and a bis 
adduct 174b. 

(174a) (174b) 

In  similar fashion, 5-nitrobicyclo[2.2.2]-2-octene was synthesized 
from 1,3-cyclohexadiene and nitr0ethylene36~. 

A systematic study concerning the addition of eight homologous 
1 -nitroalkenes to 2,3-dimethyl-butadiene was performed by 
Drake and Ross367 ; the expected 4-alkyl- 1,2-dimethyl-5-nitrocyclo- 
liexenes were obtained in excellent yields (equation 136). The same 
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H,C, /CH, H,C 

(1361 
C CHR 

I 
C 

H,C’ \CHI 

+ I I  
H,C 

CHNOZ 

auth0rs~~8 also allowed 2-methosy- 1,3-butadiene to react with 
4-ethoxy- 1 -nitl-obutene ; the resulting enol ether was readily 
hydrolyzed with acid to 3-(2-etlioxyetliyl)-4-nitrocyclohexanone 
(equation 137). 

H,CO, /CH. 
C CHCHzCH2OEt 

C 
-I- II + 

CHNO, 
I 

H’ \CH2 

CH&HZOEt 
(1371 CH30ncH2cH KO, O ‘ - O u  NO? 

Using 1 , 3 - b ~ t a d i e n e ~ ~ ~  and tratzs-l,3-pentadiene (~ ipery lene)~’~ ,  
Novikov and colleagues synthesized several similar nitrocyclohexene 
derivatives. Besides nitroethylene and 1 -nitropropene, they also 
employed as dienophiles 3,3,3-trichloro-l-nitropropene, methyl 
3-nitroacrylate, and, interestingly, 3-nitropropene. The latter 
compound, although not an  a-nitroslkene, nevertheless gave with 
piperylene an adduct, to which the structure of 3-methyl-4(or 5)- 
nitromethylcyclohexene was assigned. As far as the structural 
orientation in the cyclizations with piperylene is concerned, the 
Russian authors found3” that nitroethylene exclusively yields 
the orlho adduct 175 (R = H), whereas substituted nitroethylenes 
gave mixtures of isomers 175 and 176, in which those of type 175 
predominated (equation 138). 

(175) (176) 

(R + H) R = H, CH3, Ph, C0,CH3, or CCI, 

The  use of furans as dienophiles has also attracted further atten- 
tion. Thus, it was found by Etienne and collaborators372 that 1,3- 
diphenylisobenzofuran adds nitroethylene and 1-nitropropene to 
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yield 1,4-diphenyl-l ,4-epoxy-2-nitrotetralins, which can be con- 
verted into nitronaphthalenes by the action of alcoholic hydro- 
chloric acid (equation 139). 

CHR - 
NO, 

CHNO, \ /  

Ph Ph Ph 

R = H or CH, (1 39) 

reported that the relative lack 
of reactivity of simple furans354-355 is also borne out in their failure 
to add nitroethylene, although some of the more reactive dienophiles 
(3-nitroacrylic acid, 3-nitroacrylonitrile, and 1 , 1 , l-trichloro-3- 
nitropropane) did give adducts with furan and various methyl- 
furans. 

With regard to the stereochemical course of these reactions, Alder 
and coworkers have determined that in the addition of nitroethylene 
to cyclopentadiene, the activating group of the dienophile is placed 
in endo position in the adduct, in accord with what is generally 
observed in such cases. I t  should be noted, however, that this does 
not seem to be the exclusive way of addition. Thus Roberts, Lee, 
and S a u n d e r ~ ~ ~ ~ ,  who employed milder reaction conditions, assumed 
to have obtained a mixture of the endo and exo isomers of 5-nitro- 
norbornene, with the former strongly preponderating. Fraser"'" 
confirmed the endo configuration of the product by NMR spectro- 
scopy, but apparently he did not encounter the ex0 isomer. The 
latter was subsequently shown to arise easily by alkaline equilibra- 
tion3i30 . In a detailed investigation, Xoland and 
examined the addition of 1 -nitropropene, 1 -nitrobutene, and 
various 2-aryl-1 -nitroethylenes to cyclopentadiene, and they found 
endolexo product ratios of 9 :  1 (one case), 6:  1 (three cases), 4: 1 and 
3 :  1 (one case each). Hence, the Alder rule of endo addition is 
certainly valid if it refers to the perponderant product. van Tamelen 
and Thiede360 have based on it a deduction of the configuration of 
5-endo-nitro-6-exo-me t h yl bicyclo (2 -2. I ]  -2-heptene previously 
prepared by Alder"53 from cyclopentadiene and 1 -nitropropene 
(equation 140). The methyl group in 177 could be demonstrated to 
be exo, i.e., trans to the nitro group; since in dime syntheses trans 
adducts are expected to arise from trans dienophiles, it was concluded 
that the 1 -nitropropme used existed in that configuration. 

More recently, Russian 

(177) 
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NO2 

( 1 7 i )  

Similarly, Arnold and argued that co-nitrostyrene, 
wliicli with butadiene afforded an adduct that was reduced to 
tra~~s-2-phenylcyclohexylamine, possesses the trans configuration (see 
also Zimmermaii and N e ~ i n s ~ ' ~ )  (equation 141). 

. .PI1 

+ JPh - 0 - (141) 

OJ-4 NO, 

Rcactions between nitro olefin dienophiles and anthracene have 
been simultaneously reported by Kla,aer3.'l and h'oland and 

Thus,  nitroethylene gave a 7 1 yo yield of 9,1 O-dihydro- 
9,lO-( 1 1-nitroet1iano)anthracene (178) 344 .  Fair to good yields were 
obtained3iG of methyl- or phenyl-substituted products 179, 180, 
and 181 when the appropriate 1- or 2-nioiiosubstituted nitro olefins 
were employed (equation 142). On the other hand, 1,2- and 2,2- 
disubstituted nitro olefins gave little or no adduct. I t  may be men- 
tioned in this connection that Hudak  and ' i l I ~ i n w a I d ~ ~ ~  have found 
two monosubstituted nitroethylenes, namely 5-cyano-3,3-dimethyl- 
I-nitro-1 -pentene and 6-methoxy-3,3-dimethyl- 1 -nitro-1-hexene, to 
be inert as dienophiles. This lack of reactivity appeared to be due to 
steric hindrance caused by the geminal methyl groups next to the 
double bond. 

(178), R,, R,, R, = H 
(179), R,, % = H; R, = Ph 
(l80), R,, R, = H; R, = CH, 
(181), R, = CH,; R,, R, = H 
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Klager has shown, moreover, that the nitroethylene adduct 178 
can serve as a starting point for the preparation of a-substituted 
~iitroeth).lexies~-~. Methylolation of 178 followed by acetylation 
furnished the acetoxymethyl derivative 182, which by thermal 
decomposition regenerated anthracene and produced 3-acetoxy- 
2-nitropropene. Michael reaction of the sodium nitronate of 178 
with methyl acrylste or acrylonitrile led to 183, which upon 
pyrolysis afforded methyl 4-nitro-4-pentenoate and 4-nitro-4- 
pentenonitrile, respectively (equation 143). 

1,8 SaOCH, 

K 0 , S a  

1 CH:=CHR 

V 

I .  CH,O 
2. r\c,o ' 

CM,OAc 

(182) V I A 

CH20Ac 

+ (':NO, 
\ / /  I 

CH,CH,R 

(143) 

A limitation of this procedure is that the nitro olefin liberated may 
not withstand the drastic conditions of the thermal treatment. When 
the preparation of 1,l -dinitroethylene was attempted by this 
technique, complete degradation of the aliphatic part of the molecule 
took Unfortunately, attempts to circumvent the pyrolysis 
by applying the principle of Diels and Thiele, which consists of a 
displacement of the endo-ethylene bridge by reaction with excess 
maleic anhydride, proved unsuc~essful3~8. 

Although 1,l-dinitroethylene has not yet been isolated, it is 
known to play a role as an intermediate in a number of reactions 
(see section 1II.D). When a mixture of cyclopentadiene and 2,Z- 
dinitroethanol in chlorobenzene was heated a t  100-1 lo", 5,5- 
dinitrobicycla[2.2.1]-2-heptene (184) was formed; it obviously arose 
by dehydration of the alcohol and Diels-Alder reaction of inter- 
mediate 1 ,1-dinitroethylene207 (equation 144). 
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An analogous case was reported by Babievskii and  associates'83 
who synthesized ethyl P-hydroxy-a-nitropropionate, which was 
found to dehydrate easily. Although the dehydrated product, ethyl 
a-nitroacrylate, could not be isolated, its existence was verified by 
heating the hydroxy ester with cyclopentadiene, butadiene, or 
anthracene, whereby the adducts arose that were expected from 
reaction of the olefinic ester. 

The formation of nitro olefins from 2-nitroalkyl acetates and their 
utilization in sit74 in  diene additions has been studied in detail by 
Feuer, Miller, and  Lawyer379. These workers have effected Diels- 
Alder reactions using as dienophile precursors 2-nitrobutyl acetate, 
3-nitro-2-butyl acetate, 2-nitropentyl acetate, 1,6-diacetoxy-2,5- 
dinitrohexane, and 2-acetoxy-2-perfluoropropyl-1 -nitroethane. All 
of these acetates reacted well with cyclopentadiene in the presence 
of sodium acetate, the solvent being ethanol, t-butyl alcohol, or 
benzene. Reaction of 2-nitrobutyl acetate with antliracene was 
brought about in refluxing xylene. T h e  function of the added sodium 
acetate is to generate the nitro olefin from the nitroacetate in the 
fashion previously discussed (see section 1II.D). 

V. SOME REACTIONS O F  N I T R O  A L C O H O L S  
A N D  T H E I R  DERIVATIVES 

A. Nitro Acetalt ond Ketols 

1. Formation 

P,P'-Dihydroxynitroalkanes, when treated with aldehydes or 
ketones in  the presence of an acid catalyst, form cyclic acetals or 
ketals, which are substituted 5-nitro-l,3-dioxanes (equation 145). 

R K 

CHOH R 
I 

12 I< CH-0 
I 
I / 

I \ 

I 

(145) 
\ /  

/ \  
C; 0,KCR +O=C + 

R 
/ \  

CH-0 

K 

R 0 2 S  CHOH 

R 
I 
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Catalysts such as hydrochloric acid, sulfuric acid, and $-toluene- 
sulfonic acid have been employed to condense such nitro alcohols 
as trishydroxymethylnitromethane, 2-nitro-lY3-propanediol and 
several of its 2-alkyl and 2-aryl derivatives, and 3-nitro-2,4-pentane- 
diol with a variety of aliphatic aldehydes and ketones, benzaldeliyde 
and other aromatic aldehydes, and alkyl levulinate.~~~e39~2~0.3aO-386 
2-Substituted 5-bromo-5-nitro-l,3-dioxanes were obtained in analo- 
gous fashion387. 

Ketalization of 2-nitro-l,3-propanediol and its 2-substituted 
derivatives (including 2,2-dinitro-l,3-propaxiediol and trishydroxy- 
methylnitromethane) proceeds especially well in the presence of 
boron trifluoride etherate25J*388. By this method, 2,5-bis( hydroxy- 
methyl) -2,5-dinitro-l,6-hexanediol gave the expected bis ketal with 
acetone389 (equation 146). 

HOCH, CH,OH 
2(CI-I3),C0 

IW, 
f 

HOCH,CCH,CI-12~CH,0H I 

I I 
NO, so, 

0-CH, C HZ-0 CH3 

0-CH2 NO, O,N CHZ-0 CH3 

(146) 
\ /  / 

/ I  I \  / \  
c CC H,CH2C 

--\ 
H3C 

H3C 

\\ / 

/ \  
C 

It has been recognized that geometrical isomerism should occur 
in 2-substituted 5-nitro- 1,3-dioxanes, and stereoisomeric forms have 
in fact been isolated in a few in~tances3*~-3~~.  Conformational studies 
based on dipole moment values have been conducted on a number 
of 5-nitro-l,3-dioxanes, and it was suggested that the nitro group 
tends to be equatorial when C, carries hydrogen, and axial when C, 
carries an alkyl group?”. 

Unsubstituted Z-nitro-1,3-propanediol appears to form a 1,3- 
dioxane with acetone less readily than do its 2-substituted derivatives, 
since the reaction failed to be promoted by anhydrous cupric sulfate 
or sulfuric acid239 although it succeeded by boron trifluoride 
catalysis388. The original e~plaxiation2~~ that intramolecular hydrogen 
bonding (185a) might interfcre with the ketalization seems to be 
untenable in the light of the facile cyclization of substituted 2-nitro- 
1,3-propanediols with aldehydes and  ketone^.^^^-^^^.^^^^^^^^^^^ I t  has 
therefore been s u g g e ~ t e d ~ ~ l  that intermolecular (185b) rather than 
intramolecular hydrogen bonding might be responsible for the 
phenomenon. 

Trio1 acetals and ketals of type 186 have been reported23s to resist 
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0 H 
I 

H KOCH\ ,H----OCH, 
/ \  

HC 0 02X CHZO ---H 
I 
H 

/ \ / /  
N 
L 

"'r i 
HOH,C 

0 

(185a) (185b) 

methylation and oxidation and to be stable toward alkali. This, 
however, is difficult to reconcile with the findings of E c k ~ t e i n ~ ~ ~ ,  
according to which 5-hydroxymethyl-5-nitro-2-phenyl-l,3-dioxane 
(186, R = C,H,) can be reversibly interconverted, in alkaline 
medium, into 5-nitro-2-phenyl-lY3-dioxane (187, R = C,H,), as 
was indicated by a positive response of 186 to the pseudonitrole 
reaction and by the actual preparation of 187 from 186 (equation 
147). Moreover, when 186 was alkylated with p-nitrobenzyl chloride 

H 0-CH, CH,OH H 0-CH, H 
--CH,O \ / \ /  

/ \  
c C (147) L - -\ / 

/ \  
c \ /  

/ \  
C 

i-C:H,O ,/ \ 
R 0-CH2 KO, 0-CH, NO, R 

and potassium hydroxide, replacement of the hydroxymethyl by 
the p-nitrobenzyl group took place and the same 5-substituted 
derivative was formed that also arose under similar conditions from 
1872433. Furthermore, identical 5-arylazo derivatives were obtained 
from 186 arid 187 by reaction with aryldiazonium salts at  p H  
7.5-8.5390. The isopropylidene ketal corresponding to 186 also under- 
went replacement, in alkaline medium, of the 5-hydroxyrnethyl 
group by arylazo groups254*392. 

Another way in which 187 and related dioxanes with a secondary 
nitro group could be obtained is the replacement of bromine by 
hydrogen in 2-substituted 5-bromo-5-nitro- 1,3-dioxanes through the 
action of sodium ethyl malonate, alcoholic potassium hydroxide, 
benzylamine in dioxane387, or sodium ethyl alkylmalonate~3~3. 

The  meso and racernic epimers of 1,4-dinitro-2,3-butanediol gave 
cyclic ketals with acetone, which differed in their NMR spectra and 
could thus  be used to elucidate the configurations of the parent 
diolsS7 (equation 148, see also I.B. 4). 
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~ H j S O ,  H 
I 

HCOH HCOH I d ; ~ f ~ : y 2 N O z  

H=E OxCH3 

CHZNOZ I CHZN02. 

nieso 
CHZNO? 

I 
e-- I 

I 

CHZNOZ 
HOCH 

HCOH 
a 0 CHj 

CH,NO? 
rnceniic 

O,NCIH, 

(148) 

Both 6-deoxy- 1,2- O-isopropylidene-6-nitro-a-~-glucofuranose 
(188) and -@-L-idofuranose (189) when treated with acetone and sul- 
furic acid give 1,2 : 3,5-di-O-isopropylidene derivatives (190 and 191) 
(equations 149 and 150) ; since 189 affords a much better yield than 
188, this acetonation can be used to achieve a partial separation of 
the gluco and id0 isomers". It has been pointed that, if the six- 

membered 3,5-0-isopropylidene rings exist in chair conformations 
as drawn for 190 and 191, there will be a diaxial substituent interac- 
tion in 190 but not in 191 (the same is true for inverted chairs), 
which may be the reason for a greater stability and hence more facile 
formation of the latter. This view appears to be supported by the 
fact that 191 is more resistant than 190 against alkali (see below), 
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but no investigations concerning the actual, preferred conforma- 
tions of the compoiinds have yet been carried out. O n e  would also 
have to consider the conformations of 188 and 189 prior to and during 
the reaction with acetone. Molecular models show that if the nitro 
groups are engaged in hydrogen bonding with the hydroxyl at C, 
then the hydroxyl at Cj would be favorably disposed in 189, but 
unfavorably so in 188, for cyclization with acetone. 

Of the three deoxynitroinositols 192, 193, and 194, only 194 
forms a diisopropylidene derivative 195, whereas the others do not 
react with acetone under ordinary c o n d i t i o n ~ ~ 2 . ~ ~ .  Since trans 
vicinal hydroxyls in pyranoside and inositol systems generally are 

O H  O H  OH OH un- 

' OH ' OH 
muco-3 scyllo nl)o - 1 I 

CM3 

(192) (193) (194) (195) 

reluctant to form cyclic ketals with acetone, the behavior of 192 is 
understandable. O n  the other hand, 193 might be expected to yield 
at least a monoketal; possibly the nitro group in cis position to the 
cis-glycol grouping prevents it from reacting. For 195, a boat 
conformation as depicted would seem reasonable and is supported94 
by NMR spectroscopic evidence. 

1,4-Dideoxy- 1,4-dinitro-neo-inositol (196) has been found to form 
a monoisopropylidene derivative only 197, despite the presence 
of two pairs of cis-liydroxyls. For a diisopropylidene derivative to be 
possible, the boat conformation 198 with diaxial attachment of the 

OH OH 

OZN Qo2 
OHOH 

(1 9 8) 

second ketal ring and flagstaff position of one nitro group would 
have to arise, which is considered energetically unfavorablejs. 
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Several mcthyl 3-deoxy-3-nitrohexopyranosides, e.g., the p-D- 
glttco (199) and P-D-galacto (ZOO) compounds, have been found to 
give well-crystallized cyclic benzylidene acetals (201 and 202) that 
have proved valuable as intermediates in the synthesis of rare 
amino sugars395-3y7 (equations 15 1 and 152). Similarly, amorphous 
methyl 4-deoxy-4-nitro-~-~-gluco-heptulopyranos~de (203) could be 
obtained in crystalline condition by purification via its 1,3 : 5,7-di- 
0-benzylidene derivative 20412* (equation 153). 

(151) OCH, 

CH,OH 

Os N 

OH 

'Ho$?+)/ocH3 - 
OH 

(199) (201) 

OIi 

(200) 

CHZOH 

OCH, 

(?03) 

O H  

(202)  

ph*q!)#/+ OZK (153) 

"f--IR 
oc:1 I, 

(?04) 

2. Cleavage 

Just like ordinary acetals and ketals, the nitro derivatives are 
easily hydrolyzed by acids under mild conditions. For instance, 
compounds of type 201 are debenzylidenated by short heating in 
70 yo acetic acid or by refluxing in aqueous methanol in the presence 
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of a cation-exchange resin. More unusual is the lability toward 
alkali 0-C acetals and ketals of certain 6-nitro alcohols, particularly 
nitro sugars. Whereas in the studies Iiy UrbaGski, Eckstein, and 
coworkers on 5-nitro-l,3-dioxane derivatives, cited above, no 
alkaline cleavage of acetalic bonds seems to have been observed, 
Feuer and M arkofsky398 reported that bis( 2-nitrobutoxy)methane 
is cleaved by aqueous sodium hydroxide a t  38" to 2-nitro- 1 -1iutanol 
and formaldehyde (equation 154). 

H,O 
(CH3CH,CHS0,CH,0),CH, __t 2 CH3C'H,CH3-0,CH,0H + CH,O (154) 

N;101-1 

It had previously lieen observed that the base-catalyzed deacetyla- 
tion of 2-nitroethyl P-D-glucopyranoside tetraacetate (205) was 
attended by fission of the glycosidic li1ikage3~9 (equation 155). 
The nitrogenous fragment was not identified but in the light of 
newer experiences can be presumed to have lieen nitroethylene or, 
more likely, a product arising from it Iiy fiirtlier action of base. 

Q C H ~ C H ~ X O ~  Ct3,O.k gj 
__f H,OH + (CH,=CHKO,) (155) 

AcO HO 

OAc OH 

('203) 

Obviously the glycosidic bond, which ordinarily is alkali stable, 
was rendered labile in 205 by the activating effect of the nitro group 
in the p position of the aglycon. Baer and Rankg8 have recently 
demonstrated that a glycosidic bond becomes sensitive against base 
also when a nitro group is located in the sugar moiety in position 
to the ring oxygen. Thus, methyl 6-deoxy-6-nitro-cr,/3-~-gluco- 
pyranoside (206) is largely clea\-ed within 20 min when heated at 
98" in the presence of 1.1 equivalents of 0.01 N sodium hydroxide 
solution. The same cleavage took place at  room temperature, too, 
but then required several days. The  reaction product was a stereo- 
isomeric mixture of deoxynitroinositols 208 that originated from 
internal Henry condensation of intermediate nitrohexose 207 
(equation 156). 

A similar lability toward alkali had pre\.iousiy been observed for the 
3,5-O-isopropylidene groups in the diisopl-opylidene compounds 
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(206) 
-OCH,- 1 

CH-XO, 

HO + y o  
OH 

CH-NOZ 

H O G  NO, f-- eH0 
OH OH OH 

HO 

190 and 191. Compound 190 loses one molecule of acetone within 
30 mixi when it is treated with 0.1 N sodium hydroxide in methanol 
a t  room temperature, and a mixture of the 5-O-methyl ethers 209 
is producedao0 (equation 157). Compound 191 is somewhat more 
stable but is cleaved at 50" within 3 hours401. 

The 4,6-0-benzylidene group in the nitroglycoside 201 is split 
off rapidly under the influence of warm 0.1 N sodium hydroxidelos. 
Liberation of benzaldehyde was also noticed when the 2-O-ethyl 
ether of 201 was allowed to stand for 3 hours at room temperature 
in ethanol solution, in the presence of a catalytic amount of sodium 
e t l i ~ x i d e ~ ~ ~ ;  however, cleavage was slight in this case and in similar 
ones, and it was possible to utilize the blocking function of the 
benzylidene group in 201 for certain synthetic purposes (see sections 
V1.A and C ) .  Treatment of 201 and related compounds with acetic 
anhydride in pyridine, or with sodium acetate in alcohol did not 
cause dehenzylidenation. In  any event, the present e;idence shows 
that in nitro sugars such acetal or ketal groupings which are struc- 
turally capable of elimination, can serve as blocking groups in 
basic media only under careful control of conditions if at all. 
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Igo (XaOH)’ 
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HT-OxCH3 I 1 
HC-o I CH3 I 

HOCK 
-CH&OCH, I 

I 
I 

f I-IC-0 
+CI-1,OH 

CHOCH, 

CH=NOS- 

(209) (157) 

There exist few accounts in the literature on acetals derived from 
gem-dinitro alcohols. Novikov and Sh\~ekligeimer403, who studied 
the reaction between various nitro alcohols and vinyl ethers, obtained 
mixed acetals from 2,2-dinitropropanol (equation 158). 

OK 

(158) 
/ 

\ 
CH,=CHOR + HOCH,C(XO,),CH, + CH,CH 

OCH,C(N02),CH, 
R = EL, i-Pr, or Pr 

Formaldehyde acetals have been prepared by Ungnade and 
Kissinger4O4 from 2,2-dinitropropanol and 2-chlor0-2~2-dinitro- 
ethanol; the cyclic acetal from 2,2-dinitro- lY3-propanediol and 
cyclohexane carboxaldehyde (2-cyclohexyl-5,5-dinitro- 1,3-dioxane) 
has been described by Ecksteiii and coworkers405. 

Another type of cyclic ketals is represented by the ethylene glycol 
condensation products of a-nitroketones that were prepared by 
Hurd and Ni1son4O6 (equation 159). These compounds were found 
to be resistant toward hydrolysis with dilute sulfuric acid. Concen- 
trated hydrochloric acid did cause cleavage but produced hydroximyl 
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chlorides from those derivatives that possessed a primary nitro group 
(equation 160). 

CHZ-0 CH,R‘ 

\c’ (159) 
/,-TsOH 1 

O,XCHI<COCH,R’ + I-IOCH,CH,OH ___j I 

CHRSO,  
C,% I / \  

CHZ-0 

R = H or CH,; R’ = M or CH, 
CH,-0 K 

\J rollccl HCI 

+ RCOC(Cl)=XOH ( 160) 
/ \  

CH,SO, 
! 

CH,-0 

The formation of such lialoisonitroso ketones from nitro ketones 
by the action of hydrogen halides (or of acylating agents in the 
presence of aluminum halide) has also been observed by Dornow 
and  coworker^^^^^^^^. 

6. Esters of Ni t ro  Alcohols and their Conversion into Nitro Olefins 

Nitro alcohols may be esterified by acylating agents, usually 
under standard conditions. They may be combined with inorganic 
as well as organic acids. Certain esters can be obtained by the 
addition of acids across the double bond of a.-nitro olefins, and 
conversely, @.-nitro olefins are readiIy accessible through the elimina- 
tion of acid from esters of P-nitro alcohols. 

I .  Esters of inorganic acids 

Nitroalkyl nitrates have been obtained by treatment of nitro 
alcohols with nitric or with dinitrogen tetroxide in the 
presence of oxygen31p. They are also formed, along with nitrites and 
nitro compounds, in the addition of dinitrogen tetroxide to 
a l k e n e ~ ~ ~ ~ - ~ I ~ ,  and they play a role in the nitration of alkenes with 
nitric acid4I8 or acetyl nitrate419-421. Nitroalkyl nitrites apparently 
are solvolyzed by water or methanol more readily than are 2- 
nitroalkyl nitrates. The  latter may suffer elimination of nitric acid 
by the action of alkoxides, whereby 2-nitroalkyl ethers are pro- 
duced422. There have also been described several nitrate esters of 
polyni tro alcohols3s1 s 4 z 3 s 4  2‘1. 

A ~ y ~ l i ~ ~ ~ ~ s ~ ~ ~  and c~clicQ24.42~ nitroalkyl sulfites have been pre- 
pared by the action of thionyl chloride upon nitro alcohols and nitro 
glycols, respectively, although displacement of hydroxyl by chlorine 
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may also occur and may in  fact be the main reactionAzi*‘28 (equations 

(16’) 

161-1 63). 
SOC1, 

2 ClCH(XOO?)CH,OH - f [ C IC H (X 0,) CH 20] ,SO 
0,X CHZ-0 

SO + O,SCCH,(CH,Cl), (162) 
SOC& \C,’ \ 

0,XCCH3(CH20H), - f 
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CH,-0 
/ \  

H3C 
SOCI, 

(HOCHZ),CSO, - f 
0,s C H,-0 0,s CHZ-0 

SO (163) 
\ 

/ 
(CICH,)3CA-o, + C ‘so + \C/ 

\ /  

/ \  / I’ \ 
HOCH, CHZ-0 CICH, CH,-0 

The cyclic esters can Ix designated as 5-substituted 5-nitro-1 , 
3-dioxathiane 2-oxides. A number of 5-arylazo derivatives were 
prepared recently by cyclization of 2-arylazo-2-nitro- 1,3-pro- 
panediol with thionyl and were found to possess 
fungicidal 

Other heterocyclic systems. namely 5-alkyl-5-niti-o-2-phenyl-2- 
bora- lY3-dioxanes and 2,2-dimetliyl-5-alkyl-5-nitro-2-sila- 1,3-diox- 
anes were obtained by cyclizations of 2-alkyl-2-nitro-lY3-pro- 
panediols using phenylboronic acid and diacetoxydimethylsilane, 
respectively, and conformational studies based on dipole moment 
measurements were undertaken?7’*3s6. An ester of silicic acid, di-t- 
butyl (2-ethyl-2-nitrotrimetliylene)orthosilicatey was mentioned in a 
patenta3I. 2,2-Dinitropropanol was allowed to rcact with boron 
trichloride to give tri~(2~2-dinitropropyl) borate, and 2,2-dinitro- 1,3- 
propandiol gave, with dichlorodimethylsilane, a mixture believed 
to contain the cyclic siloxane4z2J. 

Nitroalkyl hydrogen sulfates arose by the action of chlorosulfonic 
acid upon some simple nitro alcohols in dioxane, and they were 
characterized as their crystalline 5’-benzylthiuronium saltsa3*. 

Nitroalkyl phosphates of the general formula (O,NCR,CH,O),PO 
were obtained by the interaction of nitro alcohols with phosphorus 
oxychloride, or with phosphorus pentachloride followed by hydrol- 
ysis“3. The phosphate of 2,2-dinitropropanol was made by esterifi- 
cation with polyphosphoric a ~ i d ~ ~ ~ * ~ ~ ~ .  

2. Esters of organic acids 

For the preparation of esters of organic acids 
and nitro alcohols, standard procedures of esterification can in 

a. EsteriJcatian. 
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general be used. Esters may be made by the use of acyl halides, 
acid anhydrides, or acids. Catalysts such as sulfuric acid, p-toluene- 
sulfonic acid, polypliosphoric acid, boron trifluoride, aluminum 
chloride, and sodium acetate have been employed. Reactions may 
be carried out without solvent or with a solvent such as pyridine. 
In direct esterifications with acids, the water formed may be 
removed by azeotropic distillation. Finally, acid-catalyzed trans- 
esterificatioiis between methyl esters and nitro alcohols have been 
performed. 

Acetates of some simple nitro alcohols have been obtained as 
early as 1897433j, and since then an extensive literature on esters of 
various kinds has developed. I t  sufices here to cite only a few 
 reference^'^."^^-'^^ to older investigations, and to refer to a review 
by Shvekhgeimer, Piatakov, and Novikov5 in which much of the 
work up to the mid-1950's has been covered. Some more recent 
work of special interest will be mentioned in the following paragraphs. 

Considerable progress has been made in regard to the esterifica- 
tion of polynitro alcohols. In many instances the use of acyl halides 
with or without an inert sol~ent,56'204.~o~*2~~.218,4~~ or of acid anhydride 
in the presence of catalytic amounts of sulfuric a ~ i d ~ ~ ~ * ~ ~ ~ ,  was 
successful. The direct esterification, catalyzed by sulfuric acid, of 
dinitro alcohols with organic acids has also been achieved, for 
example in the preparation of gem-dinitroalkyl acrylates and meth- 
acrylates281. Difficulties were however encountered in other cases. 
These were overcome by the introduction of aluminum chloride, 
trifluoroacetic anhydride, and polyphosphoric acid as esterification 
c a t a l y ~ t s ~ * ~ * ~ ' ~ * ~ 3 ~ .  A table listing a large number of esters derived 
from polynitro alcohols was compiled in 19649. 

Although, in common acylations of alcohols, pyridine is one of 
the most extensively used agents to promote the reaction, it had 
found but few  application^^^^*^^^ with nitro alcohols until Kissinger 
and C O W O ~ ~ ~ I - S ~ ~ ~ , ~ ~ ~  systematically examined its suitability and 
worked out conditions under which good results are obtained, 
especially with gem-dinitro alcohols. The authors443 also made a 
detailed investigation concerning the pyridine-nitro alcohol com- 
plexes that play a role in these acylations. 

Polyhydroxynitroalkanes such as 1 -deoxy- l-nitroalditols6, deoxy- 
nitroinositols92~g9, 1,3-dihydroxy-2-nitrocyclohexane~~~6z, and 1,4- 
dinitr0-2,3,5,6-tetrahydroxycyclohexane~~ have been acetylated with 
acetic anhydride in the presence of sulfuric acid. With nitro sugar 
glycosides this procedure has usually been avoided for fear of 
acetolysis and (or) anomerization at the glycosidic center, and 
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similar reservations apply to the acetylation of partially blocked nitro 
sugar derivatives that contain acetal or ketal groupings. The use of 
acetic anhydride and pyridine has been successful in some cases 
while in others it entailed complications. Thus, methyl 4,6-0- 
benzylidene-3-deoxy-3-nitro-~-~-glucopyranoside (201) and its inanno 
isomer 210 afforded their 2-0-acetyl derivatives 211 and 212 by 
acetylation in the cold, whereas the galacto isomer 202 did not yield 
213 but incurred d e c o m p o s i t i ~ n ~ ~ ~ ~ ~ ~ ~ .  Attempted acetylations of 
the corresponding nonbenzylidenated glycosides 199, 214, and 200 
also failed, because of decomposition, when undiluted mixtures of 
acetic anhydride and pyridine were used even in the cold, although 
the triacetate 215 of 199 could be obtained, in less than 40 yo yield, 
when an inert diluent (tetrahydrofuran) was empl~yed"~. The 
instability of these nitro sugars is due to a tendency to form, under 
certain conditions, unsaturated reactive products. Recrystallization 
of the triacetate 215, for example, from ethanol in the presence of 
pyridine gave, in part, a crystalline yellow compound (Amax 345 mp) 

OR 

(201), R = H 
(211), R = Ac 

(210), R = H 
(212), R = Ac 

SO, 

(202), R = H (216) 

($13), R = AC 

(199), R = H 
(215), R = A c  

(214), R = H 
(2Z2), R = AC 

(ZOO), R = H 
(223), R = Ac 
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that was optically inactive and appeared to be no longer a carbo- 
hydrate,'"". This Iiehavior is reminiscent ofthe conversion ofacetylated 
nitroinositols into nitrophenols by the action of pyridille (see section 
V.B 2b), and it was iound44c that 215 readily suffers base-catalyzed 
elimination of two molecules of acetic acid to give a 2,4-diene which 
dimerizes immediately by way of a Diels-Alder reaction. The dimer, 
which has been isolated, is transformed under certain conditions 
into derivatives of 7-nitroisochromene. 

Interesting results occurred when the three stereoisomeric 
benzylidene glycosides 201, 210, and 202 were treated with hot 
acetic anhydride and anhydrous sodium a ~ e t a t e 3 ~ ~ .  The glucoside 
201 yielded its acetate 211 as expected, whereas the mannoside 210 
unexpectedly gave the same acetate 211, and not 212; and the 
galactoside 202 underwent dehydration forming the 2,3-unsaturated 
nitro olefin 216. Furthermore3", methyl 4,6-0-benzylidene-3- 
deoxy-3-nitro-r.-u-glucopyranoside (217) (the 0: anomer of 201) 
could be smoothly acetylated with acetic anhydride and pyridine in 
tetrahydrofuran to give the 2-0-acetyl derivative 218. O n  the other 
hand, the u - - ~ - l n l o  isomer 219 failed to afford an acetate 220 under 
these conditions, and with hot acetic anhydride and sodium acetate 
it was dehydrated to the nitro olefin 221: 
these glycosides possesses the same steric 

The nitro group in all of 
disposition, namely, it is 

0-CH, 

Ph Of 0) 

F C H ,  

OR NO, 

(217). R = H (219). R = H (21 1) 

(215), I< = :\c (ZPO), R = .Ac 

equatorially oriented. Obviously, the facility of acetylation and its 
course, that may or may not involve epimerization or give rise to 
olefins and other transformation products, is governed by the 
configurations a t  the carbon atoms adjacent to the nitro group. 

Smooth acetylations of several nitro sugars that were difficult to 
acetylate otherwise were accomplished using cold acetic anhydride 
in the presence of boron trifluoride4". I n  this way,. 215, 222, 
223, and 220 were made from 199, 214, 200, and 219, respectively. 
No displacement of the nitro by an acetoxy group was observed in 
these instances, although such a displacement has been reported4"' 
to occur when this acetylating agent is allowed to act upon nitro- 
methane and other nitroalkanes. 
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By methylolation of 1,4-diiiitrobutane under certain conditions, 
Feuer, Nielsen, and C o l ~ e l l ~ ~ ~  obtained 2,5-dinitro-1 ,G-liexaiiediol 
as a separable mixture of epimers, m.p. 163-165" and 112-113". 
Trcatment of the low-melting epinier with acetic anhydride and 
sulfuric acid catalyst for 1 hour at  100" caused partial epimerization 
giving some of the diacetate of the high-melting epimer. The high- 
melting diol has been acetylated214 with acetyl chloride. 

Some special reactions pertinent to the chemistry of nitro esters 
deserve mention. Feuer and Gardner44s investigated tlie iiitcraction 
of nitro alcohols and ketene divinyl acetal. 2-Nitroethanol, 2-nitro- 
1-butanol, and 3-nitro-2-butanol reacted readily to form the corre- 
sponding divinyl nitroalkyl orthoacetates. Subsequent acid hydrolysis 
gave nitroalkyl acetates and acetaldehyde (equation 164). 

II  + H,O 
CHz=C(OCH=CH,), + HOCH,CH,NOZ __j CH,-C(OCH=CH,), c_, 

I H+ 

~ C H , C H ~ O ,  

CH3C0,CH,CH,K02 + 2CH,CHO (164) 

obtained 2-nitroethyl acetate in 3 7 yo 
yield and 1,3-diacetor;y-2,2-dinitropropaiie in 19 yo yield, by tlie 
reaction of tlie corresponding alcohols with ethoxyacetylene in ether 
containing hydrogen chloride (equation 165). 

Novikov and 

OC,H, 
n ?o 
__f 

HCI / 
HC=COC,H, + HOCH,CH,SO, + H,C=C 

\ 
OCH,CH,KO, 

C H,C 0,C H,CH,h'O, + C,H,OH (165) 

Whereas aromatic nitro alcohols of the type of 
1 -phenyl-2-nitroethanol are dehydrated to nitro olefins of the 
P-nitrostyrene type very easily-often spontaneously or by mild 
acid treatment (see section I.B. 6), aliphatic /?-nitro alcohols usually 
require more drastic conditions for their dehydration. O n  the other 
hand, the esters of aliphatic nitro alcohols can readily be converted 
into rr.-nitroalkenes by p elimination of the acyloxy group, provided, 
of course, that the nitro group is not a tertiary one (equation 166). 

This deliydroacylation is of considerable interest not only fox- the 
preparation of a-nitroalkenes as such, but also in view of the role 
that they play as intermediates in various reactions. 

b. Deacylation. 

H OCOR 
-HOCOR 

+ R-C=CH-R 
1 1  

I 
KOz 

R-C-CH-R 
I 

NO, 
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The preparative conversion of nitro esters into nitro olefins, often 
referred to as the Schmidt-Rutz reaction, can be accomplished by 
boiling the ester (usually the acetate) in a dry, inert solvent over an 
inorganic alkaline catalyst. Ether or benzene and sodium or potas- 
sium bicarbonate or carbonate are most commonly employed. The 
yields generally are good to excellent although losses may occur due 
to polymerization of the product, particularly in the case of low 
molecular weight ole fin^^^^-"^^. A quantitative conversion, which 
was performed in  chloroform with potassium bicarbonate, has been 
reported56y for instance, of 2,3-diacetoxy- 174-dinitrobutane to give 
1,4-dinitro- 1,3-butadiene whereas treatment of Iy6-diacetoxy-2,5- 
dinitrohexane with potassium carbonate in benzene furnished 
2,5-dinitro-l,5-hesadiene in 37 yo yield2I4. The reaction has also been 
used to prepare ~ l i l o r i n e - ~ ~ ~ . ~ ~ ~  and fluorinecontaining'"6 nitro 
olefins, but an attempted acetate elimination from 2-bromo-2- 
nitroethyl acetate did not succeed329*. This latter fact is interesting 
in view of the extreme ease with which 2,-bromo-2,2-dinitroethyl ace- 
tate reacts with a variety of bases (see below). Another variant consists 
of heating the nitro ester with anhydrous sodium acetate and remov- 
ing the eliminated acetic acid by vacuum distillation.41*191-422*451.454 
Pyrolytic deacylation of 1 -nitro-2-benzoyloxypropane was reported 
to yield 1 -n i t ropr~pene"~~,  and soon afterward was described a 
general, continuous process for the production of nitro olefins by 
vapor phase decomposition of nitro alcohol acetates over catalysts 
such as alkaline earth salts, silica gel, aluminum sulfate, aluminum 
phosphate, or zinc ~ h l o r i d e ~ ~ ~ . ~ j 7 .  Heating of 2,4-diacetoxy-3- 
nitropentane with sodium acetate caused elimination of two mole- 
cules of acetic acid to give 3-nitro-1 ,3-pentadiene4'. Treatment of 
3,3-dimethyl-l-nitro-2,4-butanediol with ketene resulted in partial 
acetylation and partial dehydration, the product being 4-acetoxy- 
3,3-dimethyl-1 -nitro-l-butenelo2". Dehydration also occurred when 
the Henry addition products from acetaldol and nitroalkanes (see 
section I.B.52) were heated with phthalic anhydride, and various 
nitro dimes were obtained102". 

Extensive use of the Schmidt-Rutz reaction has been made in 
the synthesis of carbohydrate nitro olefins, for which usually the 
benzene-sodium bicarbonate technique was employed. Numerous 
1-deoxy-1 -nitroalditol acetates were converted into the corre- 
sponding polyacetoxy- I-nitro-I-alkenes 224 (equation 166a) whose 
significance as  intermediates for various syntheses is outlined in 

phosphorus pentoxide of Z-brorno-Z-nitroetharlol. 
* The  desired 1 -brorno-I-nitroethylene was however obtained by dehydration with 
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section VI. 1-Deoxy-1-nitroalditols are obtained from aldoses and 
nitromethane, as pairs of 2-epimers (section I.B. 5a). Since either 
epimer will give the same nitro olefin, separation prior to the 
Schmidt‘Rutz reaction is not neces~ary.6’70’7~.78.~~.8.1,*5.458 Deriva- 
tives of glucose 225 containing a terminal nitro olefin grouping have 
been prepared99*45s similarly. No evidence for the existence of 
geometrical isomers in these nitro olefins has lieen uncovered yet*, 
although cis-trans isomerism has been demonstrated to occur in 
1 - n i t r o p r ~ p e n e ~ ~ ~ .  

CH,NO, CH,XO, C H SO,‘ 
I1 

- - -+I  

I 

C H  
I 

I 
I 

;\cOCH 
I 

I 
I 

HCOAc 

(CHO.\c),, 

CH,Or\c 

(224) 

or 
(C: HO:\c) ,, (CHOXc),, 

C:H,O.\c CH,OAc (166a) 

CHSOZ 

(225) 

K = isopropylidcnc or cyclohrsylidcnc 

The  ease of acetate elimination can be expectcd to depcnd upon 
structural and  steric factors. Thus, while in the carbohydrate 
derivatives containing a primary nitro group the olefin formation 
in refluxing henzene usually is complete within a few hours, the 
conversion of methyl 2-0-acety1-4,6-0-~~enzylidenc-3-deoxy-3-nitro- 
P-D-glucopyranoside (211) into methyl 4,6-O-benzylidene-2,3-dide- 
ox~~-3-nitro-~-~-eryt/lro-hex-2-er~opyranoside (226) required 1 to 2 
days395. Interestingly, no significant differencc in rate was observed 
in the reaction of the corresponding p-D-tnntino derivative 212, 
(equation 167)396. This result is not unexpected if one assumes the 
rate-determining step to lie the abstraction of a hydrogen ion from 
the carbon bearing the nitro group (C,) ; this carbon has the satne 
configuration, with axial hydrogen, in 211 and 212. O n  the other 
hand, the a-anomer 218 of 211 was convcrtcd into 227 more 

, 

* T h e  first case of cis-trans isomerism i n  il carbohydrntr nitro olefin has recently bccri 
reported by C;. B. Howarth, D. C ; .  Lanrc,  \\.. A. Szarrk, and .J. K. S.  JoIirb, Can. J .  
C’irem., 47, 81 (1969). 
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sluggishly, which may be explained by steric hindrance, due to the 
axial methoxyl group, in the approach of the catalyst to the axial 
hydrogen that  is to be abstracted from C3397 (equation 168). 

(167) 
(212) 

I 
OAc KO, 

(215) (327) 

Pyridine is not normally considered to be a sufficiently strong base 
to bring about acetate elimination from the more stable nitro esters. 
There are  cases, however, where the stability of the reaction product 
provides the necessary driving force. Thus, acetylated deoxynitro- 
inositolsY2 and  1,4-dideoxy-1 ,4-dinitroinosito15* are quickly aroma- 
tized by pyridine, at or slightly above room temperature, to give 
diacetyl-5-nitroresorcinol and 2,5-dinitrophenyl acetate, respec- 
tively (equations 169 and  170). 

NO? yo-. 
-3::”. A 

OAc I\CO OAC AcO 

NO, I AO, 

i 169) 

‘l’he difIiculties encountered in attempted acetylations in pyridine 
of certain nitro glycosides (see V.B. 2a) were probably due to related 
ph enomena . 
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I n  hydroxylic solvents, too, p-acyloxynitroalkanes exhibit a great 
susceptibility to cleavage by basic agents. I t  has been recognized 
that a /? elimination of the acid moiety occurs, rather than an 
acyl-oxygen fission as in solvolyses of carboxylic esters of ordinary 
primary and secondary alcohols, when nitro esters are treated with 
ammonia1 78,461-463 , or aqueous alcoholic alkalis, or even boiling 
~ a t e r ~ ~ * ~ ~ ~ , ~ ~ ~ .  A number of a-nitro olefins have been isolated in 
excellent yields upon heating esters in a mixture of methanol and 
aqueous 0.5 N sodium bicarbonate s0lution3~. 

I n  a study concerning the formation and reactivity of alicyclic 
@-nitroacetates, Bordwell and Garbis~h46~ compared the rates of 
acetate elimination from the 1 -acetoxy-trans- and -cis-2-nitro-l- 
phenylcyclohexanes (228 and 229) in a mixture of piperidine, 
chloroform, and ethanol. They found that at  35", the trans-ester 
lost acetic acid about four times as rapidly as the &ester. Assuming 
the conformations depicted, the authors attributed this to steric 
hindrance in the approach of the catalyst in the case of the cis-ester, 
in which an  axial hydrogen must be abstracted. The product 
obtained from both esters was 6-nitro- 1-phenylcyclohexene (231), 
which arose by isomerization of intermediate 2-nitro-1 -phenyl- 
cyclohexene (230) (equation 171). The lesser stability of 230 was 
attributed to the steric requirement of the substituents, by which 

O A C  
I 

--H+ dowcr J 
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both the nitro and the phenyl group might be prevented from 
effectively conjugating with the double bond. It should be pointed 
out, however, that base-catalyzed migrations of the double bond 
from a,/? to 6 , ~  position have been found to occur, to varying 
degrees, in several nitroalkene systems where the prerequisities of 
such explanation did not e ~ i s t . 1 7 ~ . ' 8 5 . 4 5 4 . 4 6 0 . 4 6 5 - 4 6 7  

It is noteworthy that  neither in the piperidine-induced elimina- 
tions nor in reactions with alcoholic alkali (which gave similar 
results) an  addition of base to intermediate 230 was observed, even 
though the conversion 230 --f 231 was incomplete at  least in the 
absence of excess alkali. A nucleophile, in adding to the double 
bond in this case, would have to enter in an  axial direction, and this 
appears to be quite unfavored as can be seen from the stereoselectivity 
of nucleophilic additions to cyclic nitro olefin sugars (see section VI). 
I t  may possibly have been for a similar reason that Eckstein and 
 associate^"^*^^^ who obtained cyclohexylidenenitromethane (233) 
by acetate elimination from 1 -nitromethylcyclohexyl acetate (232), 
effected isomerization of 233 to 1 -cyclohexenylnitromethane (235) 
by treatment with aqueous diethylamine, but did not observe any 
nucleophilic addition. The yield of 235 was only 35 yo, however, and 
whether an adduct 234 was in fact formed as a by-product, or as a 
reaction intcrmediate as suggested by the authors, is difficult to 
assess. T h e  formation of 235 could well be initiated by abstraction 
of an  allylic proton in 233, and protonation of the mesomeric anion 
236 would then lead to 235, alone or together with 233 (equation 
172) in the manner proposed by Shechter and She~herd4~4 for the 
system 2-methyl- 1 -nitropropene-2-methyl-3-ni tropropene. 

,4lthough nitro olefins have been prepared as just mentioned, by 
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the action of bases upon 2-nitroalkyl esters in hydroxylic solvents, 
this hardly appears to be a generally applicable, preparative 
method because of the great sensitivity that nitro olefins exhibit 
toward nucleophilic reagents. T h e  a-nitro olefins engendered 
frequently do  react further by way of nucleophile addition, so that 
2-nitroalkyl esters may in fact serve as convenient substitutes for 
olefins in many of the reactions discussed in section VI. 

Examples relating to the action of ammonia and amines are the 
preparation of 2-nitroalkylamines described by Heath and 
and the syntheses of vic-nitroamino sugar derivatives reported by 
Satoh and Kiyomot04~~ and by Baer and c o ~ o r k e r s ~ ~ 2 * ~ 4 5 .  Further- 
more, when trans,trans-2-nitro-1,3-diacetoxycyclohexane was treated 
with a mixture of tetrahydrofuran and aqueous ammonia a t  room 
temperature, trans,trans-2-nitro-l,3-diaminocyclohexane was formed 
in good yield. Analogous results were obtained with penta-o-acetyl- 
I-nitro-scyllo-inositol, in which case the thrce acetoxyl groups non- 
vicinal to the nitro group were hydrolyzed as expected, a t  a rate 
slower than the elimination-additions that were induced by the 
nitro group. The  nitrodiamines were characterized as their more 
stable, N,N'-diacetyl (equation 173). 

OAc 

R = H or O h c  

Lambert and coworker~422, in the course of their studies on the 
alkoxylation of a-nitro olefins (see section VI.A), have found that 
2-nitroethyl nitrate on refluxing in ethanol for 8 hours gave ethyl 
2-nitroethyl ether in 50 yo yield (equation 174). 

O,NCH,CH,ONO, + C,H,OH + O,NCH=CH, + C,H,Oi\'O, + H,O i~ 
02NCH=CH2 + C,H,OH d O2KCH2CH,OC,H5 

Feuer and  Mark0fsky3~8 allowed various 2-nitroalkyl acetates to 
react a t  low temperatures with alkoxides in alcohols (viz., methyl, 
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ethyl, n-propyl, and t-butyl) and obtained good yields (40-78 yo) 
of the corresponding alkoxynitroalkanes (equation 175). 

NO, KO2 
I I - KCHCH,O:\c + -OK' ----+ KC=CH, + R'OH + -Or\c 

(175) 
NO, 90, NO, 

RC-CH, I + -OR' ---+ d C H , O R '  --+ H+ RCHCH20R' I - 

Baer, Neilson, and  Rank402 heated methyl 2-0-acetyl-4,6-0- 
benzylidene-3-deoxy-3-nitro-~-~-glucopyranoside (211) for 1 hour 
in  refluxing methanol (or ethanol) in  the presence of anhydrous 
sodium acetate. The  corresponding 2-O-alkyl derivatives (237) were 
smoothly produced in over 90 yo yields, no doubt via the nitro olefin 
226 (equation 176). I t  is noteworthy that apparently no stereoisomers 

I ,  

0 . 4 C  
I 1  

OR 

( 2 3 i ) ,  R = CH, or C,H, 

of 237 were formed in this elimination-addition. The  stereoselectivity 
conforms with that observed in the alkoxide-catalyzed alcohol 
addition to 226 (see section V1.A). Another point of interest is the 
stability toward sodium acetate in  refluxing alcohol, of the benzyli- 
dene linkage adjacent to the nitro group; as discussed earlier (section 
V.A. 2) this linkage is quite prone to cleavage under somewhat 
more strongly basic conditions. A mechanism for the action of sodium 
acetate (and also of sodium alkanenitronates which act similarly) 
upon nitro esters has been advanced by Feuer and coworkers who 
examined the use of such esters a s  substitutes for a-nitro olefins in 
Michael additions3j0.305 (see section 1II.D) and Diels-Alder 
reactions379 (see section IV).  

T h e  behavior toward base of a nitroalkyl lactonc, namely 3- 
phthalidylnitromethane (238), was studied by Raer and  Kienzle'-". 
The  action of aqueous alkali resulted in  an  almost instantaneous 
eliminative lactone opening to give the anion 239 of 2-(2-nitro- 
vinyl) benzoic acid (240) This anion, whose formation was revealed 
by its ultraviolet absorption, was unstable and rapidly added 
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hydroxyl ion to give the dianioii 241 of 2-( 1-hydrosy-:!-nitroethyl)- 
benzoic acid. T h e  half-life of 239 i n  0.01 N sodium hydroxide was 
2 min, in 1 ilil sodium bicarbonatc about 2 hours. Acidification of. 
241 regenerated 238, as did acidification of a fresh solution of 239. 
I n  a narrow range around pH 6 an equilibrium in solution between 
238 and 240, in a ratio of about 10: 1, was established, but isolation 
of 240 was not possible (see also section I.B. 6). 'The action upon 
238 of sodium methoside in methanol followcd by acidification led 
to 2-( 1-methoxy-2-nitroetl1yl)l~cnzoic acid (242) (equation 177). 

i- 2H' - i i 2 0  1 (2 40) 

Y 

2-Nitroalkyl esters also behave as potential x-nitro olefins in 
reactions with thiols"0, sodium hydrogen sulfiteail or sodium 
~ u l f i t e ~ ~ ~ ,  potassium cyanide473, and benzyl cyanideai4, cvhicli lead, 
respectively, to 2-nitroalkyl sulfides, 2-nitroalkanesulfo1lic acids, 
2-nitroalkyl cyanides, and 3-nitro- 1-phenylalkyl cyanides (sec 
section V1.B). 

2-Bromo-2,2-dinitroethyl acetate (243) undergoes estremcly 
facile reactions with bases, including relatively weak ones, and good 
evidence for the intermediate formation of 1 , 1-dinitroethylene has 
been adduced?18*aij. Thus, in an attempt to dehalogenate the h o m o  
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ester 243 with potassium iodide, the expected potassium salt of 
2,Z-dinitroethyl acetate (244) could not be isolated but underwent, 
in part, elimination of acetate to give intermediate 1,l-dinitro- 
ethylene, which then added surviving 244 to form a Michael adduct, 
potassium 2,2,4,4-tetranitrobutyl acetate21s (245) (equation 178), 

NO2 I\TO,K 
I I1 

I H I I/ 
NO, 0 h'0, 0 

(243) (244) 

NO, NO,K NO, 

I 
NO, 

2 BrCCH20CCH3 + 4 KI + 2 CCH20CCEi, + 2 KBr + 2 I, 

(178) 

-KOCOCH, I I I  I 
244 f C=CH, + 244 CCH,--C-CH,OCCH, 

I I II 
NO, NO, 0 

(245) 

When the ester 243 was treated2lBp"'j with phthalimide sodium 
(NaA), a mixture of 1,1 -dinitro-2-phthalimidoethane sodium salt 
(246) and  1 -bromo- 1, l  -dinitro-2-phthalimidoethane (247) 
produced. T h e  mechanism shown in equations 179-182 
postulat ed475. 

NO, S0,Na 
I I1 

I 
NO, 

I 
NO, 

BrCCH,OCOCH, + NaA + CCH,OCOCH, + BY.\ 

(243) (214a) 

244a + (O,N),C=CH, + CH3C0,1Va 

(O,N),C=CH, + NaA + XaO,N=C(SO,)CH,r-\ 
(246) 

h-0, 
I 
I 

NO, 

246 + BrA + BrCCHLA + Na.4 

(247) 

With absolute methanol at  room temperature, 2-bromo-2,2- 
dinitroethyl acetate formed 1 -bromo- 1,l -dinitro-2-methoxyethane 
(248) in 72% yield, the same mechanism has been invoked. T h e  
ether 248 and the corresponding alcohol 249 were shown to be 
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easily interconvertiblc by the action of water and methanol, 
(equation 183). 

XO, KO, KO, 
I 

5-0, 
I 
XOx 

I 
NO, 

-Br+ I -CH 0- I +OH- 

-OH- 
C-CH, 7- BrCCH,OCH, +, -CCH,OCH, 

J-CH,,O- I + Ur+ 

(248)  
SO, SO, 

1 
NO, 

I 
h-02 

(249) 

i +Br- 1 
-CCH,OH =z=z? BrCCH,OH (183) 

- Br+ 

In similar investigations it was found that 1,2-dichloro- 1,l-  
dinitroethane, on being dehalogenated with potassium iodide in 
alcohols, forms 2,2-dinitroethyl alkyl ethersqoq (equation 184). 

CCI(SO,),CH,CI + 2 K I  __f KC(KO.,),CH,CI + KCI + I, + 
ROH 

(O,S),C=CH, + KCl d (O,X),CHCH,OR (184) 

Deacylation of ,!?-nitro esters to gi1.e the parent nitro alcohol 
rather than the olefin has been accomplished by l-toluenesulfonic 
acid-catalyzed transesterification with 

VI. ADDITIONS O F  NUCLEOPHILES TO NITRO OLEFINS 

The electron-withdrawing effect of the nitro group in =-nitro- 
alkenes permits facile nucleophilic additions of alcohols, thiols, 
amines, and  related nitrogenous bases across the olefinic double 
bond. @-Alkylthio-, ,%amino-, and similar @-substituted nitroalkanes 
are thus accessible and may serve as intermediates in syntheses of 
amino ethers, amino thioethers, and diamines. 

A. Alkoxylation 

I t  was noted by early workers that ,!?-nitrostyrene and some of its 
derivatives including P-bromo derivatives easily add methanol or  
ethanol in  the presence of alkali140~47G-qss" (equation 185). 

CH30A-a .I H+ 

PhCH=CHNO, ____f PhCHCH=NO,Ka - PhCHCH,NO, (185) 
fSnOH I I 

OCH, OCH, 

The alkoxylated product may undergo Michael addition with the 
starting nitro olefin479 (equation 186). 
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The  alcohol addition to u.,&disubstituted x-nitroethylenes may 
give rise to diastereoisomers, as has been demonstrated on the example 
of o r - n i t r ~ s t i l b e n e ~ ~ ~ . ~ ~ ~ .  The  isomers give a common anion, by way 
of which the thermodynamically less stable isomer may be con- 
verted into the more stable one4B5. 

PhCH=CHTiOZ + PhCHCH,NO, - * PhCHCH,NO, 
I 

I 
HCKO, (186) 

A large number of B-alkoxynitroalkanes have later been prepared 
from simple nitro olefins and a l c o l i 0 1 ~ ~ 2 ~ ~ ~ ~ ~ ~ ~ ~ 7 .  

Addition of alcohols to 3,3,3-trichloro-1-nitropropeiie occurs by 
heating alone, even in the absence of a basic catalyst. This has been 
attributed to the inductive effect of the trichloromethyl group which 
assists in polarizing the double bond. More than 20 1 , 1 , 1 -trichloro- 
2-alkoxy-3-nitropropanes have been obtained in this way488, but 
glycolic acid, ethyl glycolate, and glycolonitrile failed to add489. 

Addition of alcohols to certain carbohydrate nitro olefins also 
occurs with great ease. Thus, methyl 4,6-0-benzylidene-2,3-dideoxy- 
3-nitro-~-~-er~vflzro-hex-2-enopyranoside (250) in alcoholic solution 
is alkoxylated rapidly in the cold by catalytic amounts of sodium 
alkoxide, and the same products 251 arise in the absence of catalyst 
by short heating4'J2 (equation 187).  T h e  addition to 250 of isopropyl 
lactate also proceeded well and gave 251 (R = CH(CH,)C0,Pr-i)490. 

I 
OCH, 

PhCHOCH, 

O-CHZ ph<---cH3 0 -  a phq0Q0cH3 NO2 (187) 

OR NO2 
(250) (351) 

R = CH,, Et, or CH2Ph 

(250a) 

T h e  alcohol additions to 250 appear to be esceedingly stereo- 
selective, as yields in  excess of 90% have been obtained of the 
gluco derivatives 251, and no stereoisomers could be isolated or 
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detected. The acetal function represented hy the glycosidic center 
likely is in part responsible, because of its inductive effect, for the 
great facility of this addition, and the stereochemical course of the 
reaction appears to be governed by the tendency of the nucleophile 
to approach, in accordance with Cram’s rule, from the less hindered, 
“lower” side of 250a and moreover by the tendency of the nitro 
and alkoxyl groups in 251 to assume the more favorable, equatorial 
position. 

The addition of methoxide ion to sugar derivatives that contain 
a terminal nitro olefin grouping, has also been investigated. Thus,  
~-arubino-3,4,5,6-tetraacetoxy-l-nitro-l -hexene (252) and D-erythro- 
3,4,5-triacetoxy- 1 -nitro- 1 -pentene (253) gave 1 -deoxy-2-0-methyl- 1 - 
nitro-D-mannitol (254)  and 1-deoxy-2-0-methyl- 1 -nitro-D-ribitol 
(255) ,  respectively (equations 188 and 189), which could be converted 
by the Nef reaction into 2-O-methyl-~-mannose and 2-O-methyl-D- 

Again, the preponderant stereoisomers produced were 
those expected on the basis of Cram’s rule as illustrated for the 
reaction 253 ---f 255. 

CHNO, CH,XO, 

CH 

AcOCH 

I 

I 
_L, I 

I 

I 

CH,OCH 

HOCH 

II 

I 

I 
I 

I 

(252) (354) 

HCOH 

HCOH 

HCOAc 

H C 0 . k  

CH,OH CH,O..\c 

CH,XO, 
OZN O2N 

CHNO, 

I HCOCH, I XJ+ RO% (189) 

II 
CH 

HCOAc d HCOH 

HCOH 
I 

HCOAc 
I 

CH,OAc 

I 

4 

AcO HO 
I 

I OAc OH CH,OH 
(253) (355) (253) (255) 

At this point should be recalled also the anhydridization of 1- 
deoxy-1-nitroalditols that was discussed in section I.B. 5a. I f  this 
reaction involves, as the autliorss+90 believe, a n  intermediate 
dehydration to a polyhydroxy-m-nitroalkene, the ring closure 
represents an  internal alkoxylation of the latter. 

Methanol addition in the presence of methoxide to the partially 
blocked D-glUCOSe derivative 236, to give 257, occurred rapidly at 
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room temperature and was followed by the slower loss of the acetyl 
group a t  C,, so that finally a mixture of stereoisomeric 5-0-methyl 
ethers 258 was formed98 (equation 190). 

(257), R = :\c 
(258 ) ,  R = H 

B. Addition of Sulfur-Containing Nucleophiles 

Thiols react with a-nitro olefins to give 2-nitroalkyl sulfides. 
The reaction, which was first studied by Heath and Lambert470, 
usually occurs under basic conditions, although instances of addition 
without catalyst have been observed. T h e  2-nitroalkyl sulfides can 
be oxidized with hydrogen peroxide to 2-nitroalkyl sulfones, or 
reduced with Raney nickel to 2-aminoalkyl sulfides. Oxidation of 
the latter, as well as reduction of 2-nitroalkyl sulfones, leads to 
2-aminoalkyl suIfones. Nitro olefins used included nitroethylene, 1 - 
and 2-nitropropene, and  homologs as well as p-nitrostyrene and  
numerous derivatives; alkanethiols, thiophenols, and thiobenzyl 
alcohol were employed as a d d ~ n d s ' ~ ~ . - ' ~ ~ - ~ ~ ~ .  An example in carbo- 
hydrate chemistry was reported recently402. 

Hydrogen sulfide adds to a-nitroalkenes without a. catalyst. T h e  
resulting 2-nitroalkylthiol then may add another molecule of u- 
nitroalkeiie giving a bis(2-nitroalkyl)sulfide*70. Sodium or potassium 
hydrogen sulfite combines with a-nitroalkenes to yield 2-nitro- 
alkanesulfonates (equation 191 ), which can be catalytically reduced 
to 2-aminoalkane~ulfonates~~~~~~~. 

R 

R = H or alkyl 

Arylsulfinic acids also add  to nitroalkenes, which provides another 

(192) 

route to nitro s u l f o n e ~ ~ ~ ~ * ~ ~ ~  (equation 192). 

O,NCH=C(R), + H0,SPh __f 0,XCH2CR2S0,Ph 

R = H or aq.1 



182 Hans H. Bacr and Ljerkn Urbas 

C. Addition of Ammonia, Amines, and Other Nitrogenous Bases 

Nitrogcnous bases readily add to the double bond of a-nitro- 
alkenes to afford P-substituted nitroalkanes. The bases include 
ammonia, primary and secondary aliphatic and aromatic amines, 
hydl-oxylamine, arylhydrazines, and somc other hydrazine deriva- 
tives. The addition of ammonia to B-nitrostyrene was studied by 
Wol-rallQS5 who obtained l~is(2-nitro-l-phenyletliyl) amine (equation 
193). 

CH2K0, CH,NO, 
I 

(193) 

The action of ammonia upon or-nitrostiibenes rcsulted in the 
formation of isoxazoline oxides 259 and diaroylarylmethane 
monoximes 260, which could be converted into isoxazoles 26lSs 
(equation 194). 

I 
2 PhCH=CHA-Oz + i'iH3 PhCH-SH-CHPh 

SH, 
ArCH=C(KO.,).\r + [ArCH(SH,)CH(SO,).\r] + 

=\rCH=IXH + 0,NCH2Ar 

=\rCHS02 .+C H 
--us02 ' I  

I 
d XrC - 

.-\rCHSO, 

I 
I 

XrCH=C(N02)Ar + O,NCH,Ar d ArCH 

.-bCHKO, 

:\rC H i\KC!?[-o 

OH + ArCH 
I 

\ 
0 

' I  II 

I /  
:\rC 

ArC=S XrC=====X 
'4 

0 
(259) 

1 1 
ArCOH Arc-0 

(194) 

Later on, Heath and produced I -nitro-2-aminopropane, 
1-nitro-2-amino-2-methylpropane, and 2-nitro-3-aminobutane from 
1-nitropropene, I-nitro-2-metliylpropene, and 2-nitro-2-butene7 
respectively (equation 195). Some cr.-bromo-r/.-iiitroalkylenes have 
been found to add ammonia in the same fasfii0n4~6. 
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The reaction has more recently been employed in the synthesis of 
amino sugars. Thus, N-acetyl-D-mannosamine (264) can be prepared 
by the interaction of ammonia with ~-ar~tbino-3,4,5,6-tetraacetoxy- 
1 -nitro- I -1iexene (262). The introduction of an  amino group at 
C, is accompanied by N-acetylation and de-0-acetylation. The 

i\H, 
x1r3 

O,x--C=C--CH, --+ O p - C H - L - C ~ ,  (195) 
I 1  
R R  

I 1  
R R  

R = H or CHI 

preponderant product, 2-acetamido-l,2-dideoxy-l-nitro-~-mannitol 
(263) was subsequently subjected to a Nef reaction giving 264 
(equation 1 95)4"-498. The same reaction sequence when applied 
to the D - X ~ Z O  isomer of 262 furnished chiefly D-gulosamine (265) 
which was isolated as its hydrochloride4". I n  both cases the con- 
figuratihn of the preponderant product can be predicted by invoking 
Cram's rule as shown for the addition of methoxide to 253 (equation 
189). D-Allosamine and D-altrosamine were synthesized in analogous 
fashion499" 

HCXO, 

CH 

.AcOCH 

II 

I 
I 
I 

I 

(262) 

HCOhc 

HCOXC 

CH,OAc 

Paulsen459 added 

H,CSO, CHO 
I I 

i I 
__f ___f I (196) I 

AcHNCH rZcHNCH 

s n 3  HOCH I.SROEI HOCH 

HCOH 

HCOH I HAOH 

HCOH 5 . I I 2 s o ~  

I 
CH,OH 

I 
CH,OH 

(263) (264) 

CHO 

HCNH, 

HCOH 

I 
I 
I 

1 

I 

HOCH 

HCOH 

CH,OH 
(365) 

ammonia to 3-0-acetyl- 1,2-0-cyclohexylidene- 
5,6-dideoxy-6-nitro-a-~-z~~~o-hex-5-enofurano.5e (266) in order to 
synthesize 5-amino-6-nitro and thence 5,6-diamino sugar derivatives. 

A synthesis of 2,3-diamino-2,3-dideoxy-~-glucose (268) was 
developed by Baer and Neils0n4~5 who added ammonia to the 



I 
ACOC 

HC-0- 
I 
11 
CH 

CHh-0, 
(266) (267) (268) 

olefin 250. About 90 ”,6 of the addition product was methyl Z-amino- 
4,6 - 0 - benzylidene- 2,3 - didcoxy- 3 -nit 1-0- /? -D-glU copyranoside (26’7) 
which was subsequently converted into 268 in a number of steps. 
A minor stereoisomer of 267 that was produced in the ammonia 
addition was later shown to have the mamo configurations. T h e  
strong preponderance of the glrico configuration, in which the nitro 
and amino groups are equatorially oriented, is in line with the 
stereochemical course observed in the additions of alcohols to 250 
(see section VIA) .  

The addition of aromatic amines to P-nitrostyrene and many of 
its derivatives has been studied in great detail by ~~rorra114s~~500-~0~.  
He found that the capacity of this reaction to take place depends on 
the structure of the reactants. A nitro group attached to the ring of 
@-nitrostyrene generally increases the reactivity, and particularly 
reactive were the 4-chloro-?-nitro and 2-chloro-4-nitro derivatives. 
On the other hand hydroxy1, methoxyf, and metfiytenedioxy groups 
in the ring reduced or abolished the reactivity, and a methyl or 
phenyl group a t  the p-carbon atom of the side chain had a similar 
effect. P-Bromo-P-nitrostyre ne and its 2-ch lo ro-4-ni tro derivative 
gave the expected addition products with p-toluidine. These were 
very sensitive, however, and easily decomposed to bromonitro- 
methane and Il’-aryIidene-p-toluidines {equation 197). Such decom- 
position was even more pronounced when aniline and some other 
aromatic amines were used, so that in these cases no pure 2-aryl- 
amino-2-aryl- 1 - brorno-nitroethanes could be isolated. 

ArCH=CBrNO, + Ar‘NH, --+ ArCHCHBrKO, 
I 

H N k ’  
ArCE-I=NAr’ + CH,BrNO, (197) 

Arylhydrazines also have been found to react with several p- 
nitrostyrene derivatives. The arylhydrazino adducts formed eliminate 
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a molecule of nitromethane quite readily and give the corresponding 
arylliydr a z o ~ i e s ~ ~ " ~ ~ ~ ~ ~ ~~ (equation 198). 

ArCH=CHSO, + H,NSH.Ar' + .ArCHCH,NO, ---+ 
I 

XHKH;\r' 
XrCH=NiVHAr' + CH,I\'O, (198) 

Semicarbazide and thiosemicarbazide have been reported to add 
to P-nitrostyrene to give products of the type O,NCH,CH( C,H,)- 
NHNHCONH,JS5. 

The reaction of aliphatic and aromatic amines with cr-nitro- 
stilbene was studied by Dornow and BobergjoG. They obtained stable 
1-arylamino-2-nitro- 1,2-diplienylethanes with aniline and p-tolui- 
dine; the same compounds as well as some related ones were produced 
by the addition of plienylnitromethane to Schiff bases (equation 
199). 

Ph 
H z S A r  / PhCH2N02 

PhC(NO,)=CNPh ___ b PhCH(N0,)CH + PhCH=iiAr (199) 

NHAr 
\ 

The analogous adducts of aliphatic amines could not be isolated 
(with the exception of a rather unstable piperidino derivative) since 
formation of triphenylisoxazolirie oxide (and some triphenylisoxa- 
zole) took place, indicating that the amines behaved like ammonia 
(equation 194). 

The reaction between nitroethylene and aniline was first investi- 
gated by Wieland and Sakellarios who obtained 1-nitro-2-phenyl- 
aminoethanejo7. Later, the reaction was extended to include 
homologous aliphatic cc-nitro olefins as well as different aromatic 
and aliphatic amine~.~".~~~,508.50~ Reactions were found to proceed 
rapidly but the yields were variable, which was attributed to the 
instability of the 1,2-nitroamines formed, particularly when aliphatic 
amines were employed. Isolation of the nitroamines in the form of 
hydrochlorides enhances their stability. 

Crystalline adducts of p-toluidine with severa: homologous 2- 
nitro-1 -alkenes were obtained in excellent yieldsz2s. 

Sowden and coworkers510 studied the addition of p-toluidine, 
benzylamine, cyclohexylamine, cycloheptylamine, isopropylamine, 
and ethanolamine to ~-a~ab~na-3,4,5,6-tetraacetoxy-1-nitro-l-hexene 
(262). Of the two stereoisomeric adducts 269 possible in each case, 
only one was isolated, in yields ranging from 44 to 75%) and the 
configurations were not elucidated. Addition of aniline to 262, 
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howe~~cr ,  gave ttvo stereoisomers in yields of 28 and 44 yo, respec- 
tively. No de-0-acetylation or 0 --*K acyl migration occurred in 
these amine additions, in contrast to the reaction with ammonia 
mentioned above. I n  attempts to AT-acetylate the aniline adducts 
with acetic anhydride in pyridine a n  unexpected dehydration took 
place w11 ich produced 3,4,5,6-tetra-0-acetyl-2-deoxy-2- ( AT-phenyl- 
imino)-u-arabino-hexoiionitrile (270) from either adduct. Treatment 
of 270 \\it11 aqueous sodium hydroxide led to the displacement of 
cyanide ion and the formation of D-arahinonic acid anilide 2’11 
(equation 20@, for 362 --t 269: R = p-CH,C,H,, CH,Ph, C6Hll-c, 
C7K13-c, CH,CH,OH, CH(CH,),, and Ph; for 269 --> 270 --+ 271: 
R = Ph). 

CH,SO, cs O==CKHR 

C=SR I HOLH 
I 
I 

CH ( A  HR) 

aqXaOH HdoH 
I 

:\c,o .\cOCH i < S H 2  r\cOCH 
16% ----+ 1 - - - - - + I  - 1  (200) 

HCO.\c PI HCO.\c HCOH 

MCOr\c HCO.\c 
I 

CH,OH 
1 

I 
CH .O Ac 

(269) (270) (271) 

I 

I 
CHZOXc 

One  of the earliest nucleophilic additions to nitro olefins was 
that of‘ hydroxylarnine to P-nitrostyrene giving A’-( l-phenyl-2- 
nittoethyl) liydroxylaniine511. Analogous adducts were obtained with 
l-(2-furyl)-’>-nitroethylene, 1-nitro-1-propene, and 1-nitro-] -butene, 
and it was found that the stability of the products RCH(NH0H)- 
CH,NO, decreased as R was varied from phenyl to 2-fury1 to alky1512. 

The behavior of a,P-dinitro olefins toward bases has not been 
investigated extensively. Glapp and coworkers513 reported that 2,3- 
dinitro-2-butene and 3,4-dinitro-3-hesene react with ammonia and 
amines (aniline , P-phenylenediamiiie) under loss of nitrous acid to 
give nitroimines (equation 20 I ). 

0,s XHR’ 0,X SR’ 
2 H,SR‘ I 1  I I I  

RC(SO,)*C!SO,)R ___P R-C=C-R A R-CH-C-R (201) 
-- HSO, 

R = ‘CH, or c,H,; R’ = H; FYI, or ~-KH,c,H, 

~~ , i~’ -Din i t roe t l~~lenediamine  has been found to add ttvo mole- 
cules of 1-nitro-1-butenc (equation 202) or l-nitro-l-pentenejl4, 
and similarly, trvo rnoleculcs of methyl vinyl ketorLe51s [equation 203). 
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3,3,5,5-Tetranitropiperidine was added across the olefinic bond in 
some 1-nitroalkenes and a,p-unsaturated ketonesjls. 

0,NNHCH,CH,NHN02 + 2 O,KCH=CHCH,CH, + 

NO, NO, 
I i 

CK,CH,CHSCH,CH,KCHCH,CH~ (202) 
i 

LH,XO, CH,NO, 

O,NSKCH,CH,NHSO, + 2 CH,=CHCOCH, + 
NO, NO, 
I i 

CH3COCH,CH,NCH,CH,KCH,CCCH~CCCH3 (203) 
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1. INTRODUCTION 

Biochemistry and pharmacology of compounds possessing the nitro 
and nitroso groups include some of the most interesting areas of 
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current research. This is both an asset and a liability. I t  is difficult 
to discuss topics which encompass areas of active research since 
they constantly change in detail as the research progresses. On  the 
other hand, the intensive research currently in progress involving 
the biochemical reactions of nitrogen compounds is a reflection of 
the great importance of the field. It is beyond the scope of the 
present chapter to attempt a treatment of the details of the inter- 
dependence of chemical structure and biological activity even in a 
limited area such as nitro and nitroso compounds. Indeed, such a 
treatment is not yet possible. However, by considering just some 
of the most important examples, ample opportunity is provided 
for describing the major outlines of metabolic reactions of nitro and 
nitroso compounds and for discussing the pharmacology and 
toxicology of some of the important representatives of these classes 
of compounds. 

It is also difficult to sharply limit the discussion to reaLtions or 
effects characteristic of the nitro and nitroso groups since biological 
effects are the result of an  interaction between some biological 
receptor unit and an entire molecule, not just a particular side chain 
or substituent. This is perhaps most effectively illustrated by an 
example from the, work of Landsteiner and Jacobs, who found that 
while 172,4-trinitrobenzene has potent allergenic sensitizing proper- 
ties the 1,3,5 isomer does not elicit such effects. Thus a discussion of 
the biochemistry and pharmacology of the nitro and nitroso groups 
must necessarily be concerned with molecular systems having a 
variety of potential functional groupings and capable of eliciting 
a variety of physiological and biochemical effects. The nitro and 
nitroso groups participate to varying extents in the chemical 
reactions involving highly important biochemical and physiological 
responses and the scientist who is not particularly familiar with 
biochemistry should find these discussions interesting. In  addition, 
it is felt that an important aim of the present chapter is to call 
attention to potential toxicological hazards and other threats to 
health . 

The biochemical reactions of the nitro and nitroso groups are 
very much interrelated with the biochemistry of the amino group, 
and the reader is referred to an excellent chapter on this topic in 
another volume of this series'. Because of the involvement of nitro 
and nitroso compounds in some of the most fundamental bio- 
chemical processes a short discussion of some appropriate areas of 
biochemistry precedes the detailed discussion of biochemical and 
pharmacological effects of these compounds. 
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!I. BIOLOGICAL O X I D A T I O N - R E D U C T I O N  PROCESSES 
AND O X I D A T I V E  P H O S P H O R Y L A T I O N  

The metabolic effects of nitro and nitroso compounds are very much 
involved with some of the most important biocliemical reactions 
occurring in living systems. Aeroliic organisms derive their ciiergy 
from the Oxidation by oxygcii of a variety of foodstuffs. Coincidentally 
with these oxidative processes there are numerous biosynthetic 
reactions involving oxidative and reductive steps which result in 
the formation or important metabolites. Oxidation-reduction reac- 
tions and the reactions of oxidative pliosphorylation may be affected 
by the presence of nitro and nitroso compounds. For these reasons 
it seems appropriate to describe some of the major details of these 
processes. For more extended discussions the reader may wish to 
refer to some recent biochemistry textbooks".". 

A. Some Biochemical Oxidation-Reduction Reactions 

The common oxidative enzymes employ members of either of 
two groups of coenzymes as one of the reactants. These coenzymes are 
tlie pyridine and the flavin nucleotides. 'The pyridine nucleotides 
include nicotinamide adenine dinucleotide or NAD+ (la), also less 
informatively called diphosphopyridine nucleotide (DPNf) , and 
nicotinamide adenine dinucleotide phosphate or NADP+ (lb), also 
called TPN. The nicotinamide coenzymes are reduced in the various 
reversible enzyme-catalyzed reactions such as shown in reaction 1 
involving the transformation of a reduced substrate SH, into some 
oxidized substrate S. T h e  typical reduced substrate might be, for 
example, an alcohol which is oxidized to an aldehyde or ketone. 
The  other products of such a transformation are hydrogen ion and 
tlie reduced coenzymes NADH (2a) or NADPH (2b). 

Another major group of oxidation-reduction coenzymes are the 
flavin Coenzymes flavin mononucleotide or FMN (3a) and flavin 
adenine dinucleotide or FAD (3b). These coenzymes also participate 
as hydrogen acceptors or donors in reversible enzyme-catalyzed 
oxidation-reduction reactions to form the reduced coenzymes 
FMNH, (4a) or FADH, (4b) (equation 2). 

The formation of reduced coenzymes such as NADH or FADH, 
by oxidation of some energy-rich foodstuff merely represents the 
transfer of chemical energy from one molecular species to another. 
The  advantage of tlie coenzymes as a system is that they represent 
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common intermediates which can then be utilized in the energy- 
yielding reactions common to widely different kinds of tissues and 
enzymes. The energy content: of the reduced coenzymes may be 
readily estimated. Standard electrode potentials at  pH 7 (Eo') are 
given in Table 1 for a few biologically important reactants. I t  

TABLE 1. Reduction potentials of some biochemical 
systems at pH 7. 

Half-cell Eo', volts 
~ 

t 0,i H,O 
Fe3+/Fe2* 
NO,-/NO,- 
Cytochrome c Fc3f/Fe2f 
iMethemoglobin/hemoglobin (Fe3+/Fe2+) 
Methylene blue, ox/red 
FMN/FiMNH, 
Acetoacetic acid/3-hydroxybutyric acid 

Ferredoxin Fe3+/Fe2+ 
NAD+/NADH 

H+/hH, 

0.82 
0.77 
0.42 
0.22 
0.17 
0.0 1 

-0.20 
-0.27 
-0.32 
-0.42 
-0.42 

might be noted that the iron-containing protein cytochrome c is 
included to illustrate the fact that the oxidation-reduction potential 
of the ferrous-ferric couplc is markedly changed when the metal is 
chelated as part of the protein. Ferredoxin is another iron-con- 
taining protein which will be discussed in more detail later. I t  
might be noted that the reduced ferredoxin is a powerful reducing 
agen t4 6 .  

The values of Table 1 can be used to calculate the standard free 
energy change at  pH 7 (AGO') for a typical oxidation-reduction 
reaction from the relationship AGO' = -nnFEo'. For example, the 
value of BE' for reaction 3 can be calculated to be $-0.05 volts so 
that AGO' is approximately -2 kcal/mole. The sign and magnitude 

CH,CO,H CH,CO,H 

(3) 
I I 
1 
CH3 

HO-CH + NADO & O=C f NADH + HO 
I 

CH, 

of this quantity correspond closely to the expectation we have from 
knowledge of similar reactions that occur in living cells. In a similar 
fashion we can calculate that the reoxidation of the reduced coenzyme 
NADH by molecular oxygen (reaction 4) would have a AGO' value 
of -52 kcal/mole. Similarly we can estimate that the reoxidation 
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of the reduced coenzyme FMNH, by molecular oxygen (reaction 5) 

(4) 

has a AGO’ value of -47 lical/rnole. 

NIWH + JOx + H’ + S--\U+ + H,O 

(5) FMSHZ + 0 2  FAlN + HZO + 4 0 2  

B. Oxidutive Phosphorylation and the Electron Transport Sequence 

T h e  relatively large negative free energy changes for the reoxida- 
tion by molecular oxygen of the reduced flavin and nicotinamide 
coenzynies is consistent with the fact that these reoxidations are 
major sources of free energy in metabolic reactions. In particular, a 
substantial amount of the free energy of these reactions may be 
trapped in biochemically useful form as the energy-rich pyro- 
phosphate derivatives adenosine diphospliate (ADP) and  adenosine 
triphospliate, or ATP (5). T h e  structures of ADP and AMP 
(adenosine monophosphate) should lie obvious on consideration of 
structure 5. The free energy change accompanying the hydrolysis 

lYH2 
I 

HO OH 

( 5 )  

of either of the pyrophosphate bonds of ATP is estimated to be -8 
to - 10 kcal under physiological conditions. The energy content 
of this group is utilized in a large number of couplcd reactions so as 
to result in a n  energetically fitvorable overall reaction. T h e  amount 
of A T P  available to the cell is an exceedingly important quantity 
which affects sensitive control mechanisms and can thus greatly 
affect the metabolic pattern of an entire organism. 

The  major source of A T P  in aerobic organisms are the processes 
of oxidative phosphorylation in which reduced nicotinamide or 
flavin nucleotides a re  reoxidized using molecular oxygen. This 
oxidation is coupled to a series of electron-transfer reactions which 
lead to a generation of adenosine triphosphate from adenosine 
diphospliate and inorganic phosphate. A schematic representation 
of part  of the presently accepted electron-transport sequence is 
shown in Scheme 1 .  I n  this diagram SH, and S are reduced and 
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oxidized metabolites, FPH, and FP are reduced and oxidized flavin 
derivatives (cf. 4a and 3a) which are bound to certain proteins, 
CoQH, and C o Q  are hydroquinone and quinone derivatives of 
the type of coerlzyme Q (6), and the various cytochromes (by cl, c, 

etc.) are proteins containing chelated iron atoms and having distinc- 
tive oxidation-red uction potentials. 

cEr30+cH3 CK. , .I 

CH30 (cI&CI<=c - CH,), H 

OH 

(6, where n = ixitegcrs up to 10) 

Scheme 1 represents the reosidatioii of nicotinamide coenzymes. 
In  addition, the other major group of coenzymes, the flavins (4a or 
4b) also may be reoxidized via the electron-transport sequence but 
they enter the reaction sequence a t  the point of CoQ. I t  may be 
considered that there are two distinct branches of the electron- 
transport sequence, only one of which is directly represented in 
Scheme 1. This point is made because the second branch, entering 
as it does after one of the sites of oxidative phosphorylation, means 
that metabolic reactions leading to the formation of reduced flavin 
coenzymes potentially yield less chemically useful energy than reac- 
tions which result in formation of reduced nicotinamide coenzymes. 
T h e  energy yield may be expressed in terms of the P/O ratio, by 
which is meant the ratio of (terminal) pyropliosphate linkages of 
ATP formed to the number of oxygens converted to water. T h e  
reoxidation of the nicotinamide coenzymes via the electron-transport 
sequence proceeds with a P/O ratio approaching 3, while for reoxida- 
tion of the flavin coenzymes the P/O ratio approaches 2 consistent 
with coupling of this reoxidation a t  a point past the flavoproteins 
in Scheme 1. 

An important point regarding oxidative phosphorylation is that, 
in normal intact cells, phosphorylation is obligatorily coupled to 
the reoxidation of the coenzymes; in brief, oxidation is coupled to 
phosphorylation. The important implication of this statement can 
quickly be made apparent. The metabolic utilization of foodstuffs 
depends on the availability of oxidized nicotinamide and flavin 
coenzymes and also other factors such as the presence in the cell 
of sufficient ATP to result in the rapid formation of the phosphory- 
lated derivatives which are the actual substrates of many of the 
metabolic transformations. I n  turn, the availability of oxidized 
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coenzymes depends on the activity of the electron-transport sequence 
or  o n  various biosynthetic steps which require the reduced co- 
enzymes. Since under physiological conditions oxidation is obliga- 
torily coupled to phosphorylation, this means that in normal cells 
the reoxidation of coenzymes via the electron-transport sequence 
cannot occur unless ADP, inorganic phosphate, and oxygen are  
present. T h e  utility of such a system in terms of metabolic control is 
apparent. ’LVhen the cell has ample foodstuffs available then ATP 
will be  in abundance while AMP and/or inorganic phosphate will 
be limiting. Thus the coenzymes utilized for the oxidation of 
foodstuffs will lie in  the reduced, rather than the necessary oxidized 
forms. Conversely, when the cell utilizes substantial amounts of 
ATP for biosynthetic reactions, muscular work, etc., then ADP and 
inorganic phosphate will become available, oxidative phosphoryla- 
tion will occur, and  reduced coenzymes will be transformed into 
the oxidized forms. In  turn, the  availability of oxidized coenzymes 
will permit further oxidative metabolism of foodstuffs. 

I t  should be apparent from the foregoing discussion that any 
substance which can interfere with the availability of reduced or  
oxidized coenzymes o r  which can interfere with the coupling of 
oxidation to phosphorylation will have the potential for disrupting 
the most fundamental life processes. We shall see that some nitro 
and nitroso compounds have these potentials. 

C. Biochemical Oxidation-Reduction Processes and the 
N i t ro  and Nitroso Groups 

A great variety of examples of the reduction of nitrogen com- 
pounds might be cited. For example, the work of Mortenson and 
his colleagues on the reduction of nitrogen to ammonia by cell-free 
extracts could he discussed6-9, or  enzymatic systems which employ 
NADH to reduce other nitrogen heterocycles’O*”. However, the 
most appropriate reactions with which to introduce the subject are 
the various oxidation-reduction processes involving nitrite or nitrate 
compounds. Some recent examples can be cited12-21. 

One  of these examples16 concerns the reduction of aromatic nitro 
and nitroso compounds by the protein ferredoxin. Ferredoxin is a n  
iron-containing protein which can act as a powerful reducing 
agent4.j. I t  has been isolated from a variety of plant and bacterial 
sources, hut: the possibility of a very similar reductive metabolism 
of nitro and nitroso compounds applies just as well to animals as to 
these organisms. Wessels described the reduction of nitrosophenol, 
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2,4-dinitropheno17 nitrobenzene, and m-dinitrobenzene by chemi- 
cally reduced ferredoxin16. The  latter reaction is illustrated in 
equation 6 where Fd(Fe") represents the reduced form of the 

metalloprotein ferredoxin. I n  this reaction, ferredoxin acts as a 
one-electron donor5 in the reduction of m-dinitrobenzene to m- 
nitroaniline. Similarly, 2,4-dinitrophenol is reduced to 2-amino-4- 
nitrophenol. Reduced ferredoxin could be produced in turn from 
the oxidized form of the metalloprotein and excess reduced nico- 
tinamide adenine dinucleotide phosphate (2b) in the presence of 
appropriate enzymes16. 

In  a similar manner it has been shown that the flavin coenzymes 
can be utilized to reduce nitro compounds. When the reduced flavin 
coenzyme (4a) is mixed with 2,$-dinitrophenol the phenol is reduced 
to 2-amino-4-nitrophenol*~. This result was part of a study dealing 
with a bacterial nitrite reductase which reduced nitrite ion to nitric 
oxide and nitrous oxide. There are related enzymes which catalyze 
the reduction of nitrite to ammonium ion20. A number of coenzymes 
can serve as the ultimate reducing agents in such reactions. No 
attempt is made here to describe current research on aspects of the 
oxidation-reduction reactions of nitrogen compounds, but a few 
examples have been chosen so as to illustrate possible reaction 
mechanisms discussed in the chapter. 

D. The Uncoupling of Oxidation from Phosphorylation 

One further concept of great importance remains to be discussed 
before we begin a detailed discussion of the biochemistry and 
pharmacology of the nitro and nitroso groups. This is the concept of 
the uncoupling agent. In  section 1I.B the process of oxidative 
phosphorylation was discussed and it was pointed out that in normal 
cells the reoxidation of coenzymes is obligatorily coupled to phos- 
phorylation. Phrased differently, the utilization of molecular oxygen 
in the electron-transport sequence requires that ATP be generated 
ismultaneously (see Scheme 1). In the normal cell this is an important 
mechanism for physiological control of energy balance and food 
utilization. I t  is obvious that if the coenzymes were simply reoxidized 
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directly by molecular oxygen rather than via the electron-transport 
sequence there would be no ATP produced. 

Since ATP is the most important reservoir of chemically useful 
energy any substance which can interfere with oxidative phosphory- 
lation interferes with a majority of the important degradative and 
synthetic reactions of aerobic organisms. Certain types of aromatic 
nitro compounds can act as powerful uncoupling agents. One 
particularly potent uncoupling agent is 2,4-dinitrophenol, and the 
literature of even a few years is replete with examples of this effect 
of the compound”-266. The uncoupling action of the phenol results 
in a reoxidation of the reduced coenzymes but without a concomittant 
formation of biochemically useful ATP. Because the coenzymes are 
converted back to their oxidized forms they can again be utilized 
for the oxidative metabolism of additional foodstuffs. The lack of 
ATP causes the organism to seemingly starve in the midst of plenty. 

111. BIOCHEMISTRY A N D  PHARMACOLOGY O F  
NATURALLY OCCURRING COMPOUNDS 

C O N T A I N I N G  T H E  N ITRO 
O R  N I T R O S O  GROUP 

Although the number of naturally occurring nitro and nitroso 
compounds is relatively small, the group is still important because 
it contains compounds such as antibiotics and carcinogens. A 
thorough discussion of any naturally occurring compound would 
require detailed knowledge of the biosynthesis as well as biochemical 
functioning of the compound. In  most cases, our knowledge of the 
biochemical transformations of nitro and nitroso compounds is too 
limited to permit such detailed discussions. However, it is possible 
to suggest certain analogies between well understood and poorly 
understood transformations. This is, of course, a reasonable approach 
in view of the economy of nature. 

A. Antibiotics 

1. Chloramphenicol 

Among naturally occurring nitro compounds chloramphenicol is 
most important from a practical point of view. I t  was also the first 
natural product recognized to possess an  aromatic nitro group. 

Chloramphenicol was obtained in crystal- 
line form from cultures of Streptomyces venezztelae, a mold first isolated 

a. Origin and structure. 
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from soil obtained near Caracas, The cliemicaI 
structure of chloramphenicol was established by Rehstock and 
coworkers to be D-( 1 )-three- 1 -~-nitroplienyl-2-dichloroacetamido-l,3- 
propanediol“”* (7). Because of the presence of two asymmetric 

H NH-COCHCI, 

6 H  H 
(7) 

carbon atoms in the molecule there are D- and L - t h o  and D- and 
L-e?yL/i?o isomers ; of these, only the D - t h o  isomer exhibits the full 
antibiotic activity. 

The biosynthesis of chloramphenicol (7) has been the subject of 
numerous practical and theoretical investigations. The practical 
importance of such a study is obvious, for it led to efficient large- 
scale production of the antibiotic at a time when efficient chemical 
methods of synthesis were not available. Because 7 is a fermentation 
product it is readily possible to manipulate culture conditions and 
select mutant strains so as to maximize the yield of the desired 
metabolite. One important culture condition which can be easily 
varied is the presence of specific substrates which can act as par- 
ticularIy efficient precursors of the desired metabolite. This also 
provides the basis of a powerful technique for the investigation of 
biosynthetic pathways, since isotopically labeled precursors may be 
employed to measure overall rates of incorporation and determine 
the origins of particular atoms in  the final metabolic product. 

The formation of 1%-labeled 7 has been compared with the 
formation of labeled aromatic amino acids such as phenylalanine 
(8) and tyrosine (9) when various l4C-labeled glucose isomers were 

(8) (9) 

utilized by a chloramphenicol-producing Streptomyces species269, 
T h e  resulting labeling patterns of the C - 6 4 - 3  plienylpropanoid 
skeleton of 7 and of the aromatic amino acid S isolated from the 
protein of the mold were found to be similar, suggesting a common 
pathway for the two substances. On the other hand, an  earlier 
study270 established that the plienylpropanoid amino acids were not 
converted to 7 without prior degradation. This suggests that although 
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there may be a common intermediate for both 7 and 8 there must 
be some irreversible lxanch point that precludes facile intercon- 
versions. Based on current knowledge of the pathway for formation 
of the aromatic amino acids it has been suggested that shilrimic 
acid (10) may serve as this common intermediate2". Although 10 

H 0. 

K O - ~ - - C O , H  

/ 
HO 

(10) 

is only utilized to a limited extent by Streponyyces species it was 
incorporated into the antibiotic as well as into 8 and 9 of proteins. 
More extended studies of the incorporation of labeled potential 
precursors have led one group to postulate the relationships shown 
in Scheme 2271 (shown on page 2 15). 

Additional support for the biosynthetic relationships shown in 
Scheme 2 is provided by the fact that E-N-dichloracetyl-L-fi-amino- 
phenylserinol (1 1) has been isolated from chloramphenicol-producing 
cultures of Sti-eljtonyces ueizezueZae2i2. This, together with the fact that 
~~-threo-fi-nitrophenylserine and ~-nitrophenylserin012'~ ( 12) are not 

_- 

6 H  
(12 )  

utilized for the formation of 7 when added to the culture media 
suggest that the formation of the nitro group is one of the last 
reactions in the biosynthetic pathway. 

Under natural conditions the mold mycelia produce the nitro 
group from inorganic precursors. The presence of ammonium 
sulfate or of nitrate or nitrite salts permits the formation of 7 2 7 4 .  

Ammonium ion appears to be more stirnulatory than nitrate salts, 
much as in the case of the biosynthesis of /3-nitropropionic acid2'5. 
Significantly, IjN-labeled nitrate in the culture medium is not 
efficiently incorporated into the nitro group of 7. These results are 
consistent in that in order for nitrate ion to serve as a biological 
precursor of the aromatic nitro group o f  7 it must first be reduced 
to the level of ammonia which is then utilized in reactions which lead 
to the aromatic amine derivative 11. In this regard it is probably 
significant that although 7 is known to inhibit276 the formation of 
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CH,COCO,H CHZCHCOZK 

b e  phenylalanine bkHz 
\ 0 ~ QH2 I 

H QOH 

H02C CHzCOCo?H / phenylpyruvic acid 

(8) 

CH,COCO,H CHzCH-C02H 
prephenic 

acid 

\ \ 

OH OH 

p-hydroxyphenylpyruvic acid tyrosine 

1 
1 (9) 

C0.H 
I -  

H,N-C-H 
I 

COZH 
I 
I 

H,K-C-H 

H-C-OH 

+ NH2 4 0 -  SH? 

0 -  XH? 
Sl& 

L-p-aminophenylalanine L- threo-b-arninopheny lsc r ine 

CHC12 

o=c CH,OH 
I 

I I  
I 
I 

CHClZ 
I 
I I  

I 

O=C C0,H 

HS-C-H HS-CH 

H-C-OH H-C--OH 

_3 c -  \ 

<I i c h 1 0 roace t y 1 - / I  - ;I in i no p h c n y 1 se r i 11 01 
N -  dichloroacetyl-P-aminophenylserine 

(111 

SCHEME 2. Proposed pathway for biosynthesis of ch l~rarnphenicol~~ ' .  
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certain types2;' of protcins it is in fact found to be stimulatory with 
regard to the formation of an enzyme capalile of reducing nitrate 
ion to ammonium ion278-27y. 

b. Biological degradation. Many important 1)iological reactions 
have distinctive pathways for synthetic, or anabolic reactions, and 
for degradative, or catabolic reactions. It is thus not surprising to 
find a similar situation for the case of 7. For esamplc, a bacterium 
capable of utilizing 7 as a sole carbon source has been described280*281. 
Careful examination of the culture medium permitted the isolation 
of a variety of metabolites, and this in turn led to the postulation 
of the degradation pathway shown in Scheme 3281. The postulated 
intermediate imine 13, although not isolated, is a reasonable inter- 
mediate with much precedent in the metabolic reactions of amino 
acids282. The eventual products as shown in Scheme 3 are acetic 
acid and succinic acid, both important metabolites in normal 
metabolism. 

I n  man, 7 is rapidly absorbed from the gastrointestinal tract and 

XH-COCHCI, 

d 7 + OJ -(-J~H-cH--C:"J I I 

O H  L 

SCHEME 3. Hypothetical pathway for microbial catabolism of chloramphenico12*'. 



Biochemistry and Pharmacology of the Kitro and Xitroso Groups 217 

tlie maximal level of 7 in tlie blood is reached in about 2 hours 
followed by a gradual decreasc over a 12-hour period. Some 607: 
of tlie drug is bound to the blood serum albumins. High concen- 
trations of 7 are found in the liver and kidneys, whereas only small 
amounts are found in the brain and cerebrospinal fluidZa3. Less than 
10 ?(, or the administered dose is excreted unchanged, the remainder 
undergoing metabolic transformations in part influenced by the 
composition of the intestinal flora. As much as 90 9/o of the adminis- 
tered dose appears in the daily urine, but this material possesses 
less than lo./; of the biological activity of free 7. This is because 
most of the aromatic compounds derived from 7 are present instead 
as hydrolysis products such as 12 or glucuronic acid conjugates 
such as 14. This is a relatively common means of detoxification or 

NO, 
(14) 

elimination of a potentially toxic material as inactive derivatives. 
The metabolism of 7 by rats is known to differ significantly from 

that by man. Small amounts arc excreted into urine as the glucuronic 
acid conjugate, but large amounts of the conjugated 7 are excreted 
with bile into the intestines. Particularly in the cecum the intestinal 
flora cause a number of transformations of 7, including hydrolysis 
and reduction reactions. The arylamines resulting from bacterial 
reduction are partially absorbed into the blood stream and are then 
typically acetylated, conjugated with glucuronic acid, and then 
excreted in the Significantly, less of the administered 
dose in rats is excreted as compounds having intact nitro groups; 
reduction products such as p-aminobenzoic acid are o b ~ e r v e d ~ ~ ~ * ~ ~ ' .  
The different products are partly a function of tlie particular intes- 
tinal flora. For example, i t  has been shown that Bncillzis ngicoides 
and B. subtilzs produce mainly inactive nitro compounds, whereas 
Escherichia coli produces inactive arylarnine derivatives2aa. Among 
the specific compounds which have been identified are: 12, o.-amino- 
8-hydroxy-p-nitropropiophenone, p-nitrobenzaldehyde, p-nitro- 
phenylserine, and p-nitrobenzoic acid, 

Although the predominant action of rat and guinea pig liver and 
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kidney is to causc hydrolysis of 7 to 12 they also cause reduction to 
arylamines. The reduction of 7 is enzyme catalyzed, has a pH 
optimum of 7.8, and is activated by the coenzymes hTL4DH (2a) 
and FMNH, (4a) and also by ethyl alcohol. Because the reduced 
coenzymes 2a and 4a result from enzymatic oxidation of ethyl alcohol 
to acetaldehyde, at  least in the presence of the enzyme alcohol 
dehydrogenase, the role of the alcohol may be to cause formation 
of the reduced coenzymes. Enzymatic activity is found in the 
cytoplasm of the cell as well as in the microsomal particles found in 

and both of these locations contain a number of reversible 
oxidation-reduction enzyme systems which employ the nicotinamide 
and flavin coenzymes. Significantly, known inhibitors of nitrate 
reductases including dipyridyl, silver nitrate, oxygen, sodium 
salicylate, and ammonium sulfate all have an inhibitory effect on 
the course of this reduction r e a c t i o i ~ ~ ~ " - ~ ~ ~ ' .  

G. Mechanism of action o n  microorganisms. Chloramphenicol (7) 
possesses a broad antibacterial spectrum. Its action is mainly 
bacteriostatic, arresting the growth of microorganisms and thus 
permitting the natural defenses of the body to cope with the foreign 
organisms. Against certain strains, however, 7 has a definite bacteri- 
cidal action, actively killing the microorganisms. Some strains are 
resistant to the action of 7 and mutant strains can be selected which 
show greater and greater resistance. I t  should be remembered that 
the processes of evolutionary selection are much more readily 
apparent with microorganisms because of the large numbers of 
individual cells and the short generation times. Several mechanisms 
for resistance to 7 have been recognized. Some resistant micro- 
organisms are found to have a cellular membrane which is imperme- 
able to the antibi0tic2~~ but in other instances, the organism may 
be capable of degrading the antibiotic as discussed in the preceding 
part of this chapter. 

as 
illustrated by some recent  example^^^^-^^^. The effect of 7 may be 
effectively illustrated by some data of K r ~ o n ~ ~ O ,  who measured the 
relative incorporation of 1"-labeled leucine into proteins being 
synthesized in controlled incubation mixtures (Table 2). I t  may be 
seen that the effects of the two added compounds are quite marked. 
The effect of Z,cl--dinitrophenol is probably explained by its inter- 
ference with the metabolic processes which generate the energy-rich 
phosphate compouiid ATP needed in the cell for peptide bond 
formation. However, the usual cellular extracts or liomogenates 
have some residual or endogenous .4TP so that there is still a small 

In  the cell, 7 acts to inhibit the biosyntliesis of 
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TABLE 2. Effect of inhibitors on leucine-14C incorporation into 
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bcef heart mitrochondrial p ro te iPJ .  

Specific activity of 
isolated protein, 

Espt. Added inhibitor counts/niin/mg 

Xone 
3 X n.1 2,4-dinitrophenol 
Kone 
1.5 x lopJ M chlorainphenicol 
h-one 
5 x A4 2,4-dinitrophenol 
1.5 x M chloramphenicol 

180 
64 

217 
7 

300 
29 
12 

net incorporation of '.'C-leucine into the protein even in the presence 
of the uncoupling agent. 

The effect of 7 is dramatic as it causes an almost complete halt 
in the synthesis of proteins. It appears that 7 acts to inhibit the 
formation of a complex of ribonucleic acids and high molecular 
weight nucleoproteins which is a prerequisite for protein syn- 
thesis321--328. Cellular mechanisms recognize that protein formation 
is not occurring and attempt to compensate for this by producing 
more of the particular types of ribonucleic acid involved in protein 
synthesis. The result is that when protein synthesis is inhibited by 
7 there is an accumulation of ribonucleic acids in the cell. The 
accumulated ribonucleic acid can be hydrolyzed back to nucleotides 
upon removal of F9. It is interesting to note that the ability of 7 
to inhibit protein synthesis has been observed with cell free experi- 
mental systems obtained from microorganisms which are resistant 
to the bacterostatic action of 7 by virtue of the impermeability of 
their cellular rnernbrane~~~".  It is also significant that the L- the0  
and L-erythro isomers of 7 have little effect on protein synthesis322. 
Thus, the biological effects of 7 are presently well explained at the 
subcellular level and it remains only to specify more exactly the 
nature of the nucleoprotein receptor site; some progress along these 
lines is being made328. 

Dangerous physiological reactions some- 
times result from the administration of 7.  For example, the 
blood cell forming capabilities of bone marrow may be interfered 
with and sporadic skin eruptions may occur. These complications are 
probably associated with the impaired ability to synthesize pro- 
teinss31. Other side effects include gastrointestinal disorders such as 
nausea, vomiting, and diarrhea. A particularly strong reaction is 

d. Tolerance and toxicity. 



220 Jan \'cnulct atid Robert L. VanEtten 

seen in newborn infants, probably because they have ncjt yet 
developed efficient mechanisms for detoxification and excretion. 

Not surprisingly, the discovery that chor- 
amphenicol (7) is a potent antibiotic and yet possesses a relatively 
simple chemical structure has stimulated much research aimed 
toward the discovery of related biologically active compounds. I t  
appears, however, that even slight changes in 7 can cause the loss 
of biological activity. This is of course apparent first of all from 
consideration of the results of studies using stereoisomers of 7, since 
only the D-( -)-the0 isomer exhibits biological activity. Compounds 
in which the nitro group was placed in the ortho or meta position 
were all inactive, as were halogen, methoxy, phenoxy, as well as 
nitrophenyl  derivative^^^^-^^^. However, the azidoacetamide deriva- 
tive 15 has been introduced into chemotherapeutics under the name 
'Leukomycin N.' Phillips has described the synthesis of compounds 
with potential antiviral activity, including N-( 2,5-dimethoxy-4- 
nitrophenethy1)dichloracetamide (16) which is found to possess 
biological a ~ t i v i t y ~ ~ ~ * 3 ~ ~ .  

e. Related subslames. 

I 
OCH, 

(15) (16) 

A commonly employed derivative of 7 is the palmitate ester. 
Esterification with a long saturated fatty acid imparts several 
advantages from a therapeutic point of view as the ester is less toxic 
and nearly tasteless. The  ester is slowly hydrolyzed in the gastro- 
intestinal tract, freeing 7 which can then be absorbed into the cells. 
I n  this way more even and sustained levels of the drug are present 
in the organism. 

2. Other antibiotics 

a. 2-Nitroimidazole. Azomycin or 2-nitroimidazole (17), was 
isolated from Nocardin mesenterica. I t  has a relatively low toxicity and  
exhibits a broad antibiotic activity even against protozoa340. 
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o f p-  n i t r o ph en y 1 ace ti c 
acid to c u 1 t u re me d ia i no c u la t ed with Peiiici LLiiim chpogenunz res u 1 t s 
in the formation341 of p-nitl-obcnzylpcllicillin (18). 'There are also 

22 1 

b . p- Nil ro b en zy l) en ici I 1  ill. . T 11 e ad d i ti o n 

reports of the isolation of 2-liydroxy-3-nitropl~e11ylacetic acid from 
penicillin cultures thus suggesting that these microorganisms can 
bring about biochemical nitration reactions342. 

T h e  degradation, detoxification, and excretion of 18 in vzuo may 
be predicted to follow a course similar to that of the corresponding 
benzyl derivative, with forniation of penicilloic acid (19) and 
phenaceturic acid (20) as shown in reaction 7343. I n  forming 20 
it may be seen that the nitro-substituted carboxylic acid has been 
reacted with the amino acid glycine. This  is a relatively common 
means of d e t o ~ i f i c a t i o n ~ ~ ~ .  

-8 - 

I 
KO2 NO, 

(20) 

(7) 

c. Aristolociiia acids. T h e  z4risLolochiaceae plant family includes 
over 200 representatilTes, many of them growing in Mediterranean 
regions. Medicinal preparations using various parts of these plants 
have been employed since ancient times. T h e  structure of Aristolo- 
cliia acid I, isolated fi-om Ist?-istoloc/zia clenzalitis L., has been established 
by Pailer and his colleagues to be 3,4-rnethylenedioxy-8-methoxy- 
10-nitrophenanthrene carboxylic acid (21)345*34G. Aristolochia acid 
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I1 difl'ers only by the absence of the 8-methoxy function. Thcsc acids 
exhibit weak antitumor and bacteriostatic activities3."*3~*. However, 
they have a strong potentiating effect on phagocytosis, the ingestion 
of foreign microorganisms by the whitc blood cells. Thus, the 

(21) 

Aristolochia acids have potential therapeutic value in infections 
where phagocytosis represents the essential mechanisms of defense"'3. 
The isolation of this material represents one example of the repeated 
instances where a therapeutically active substance was isolated from 
an ancient nostrum. 

This compound was first isolated in 1920 
as a component of the glycoside hiptagen from the root of the 
Javanese tree Hz$taga tnadablota. The  structure of the acid component 
was finally identified as 3-nitropropionic acid (Z2)349". It is fairly 

(22) 

widely distributed in the plant kingdom, having been found in  the 
roots of other plants such as Viola ~ d o r a t a ~ ~ ~ ,  numerous fungi or 
molds such as AspergilhcsJavus, Penicillium atroveneturn, and Aspergillus 
o?yzae350-352, and in the legume lndi,oofera e n d e ~ a p l g y l l a ~ ~ ~ .  The  latter 
plant had been introduced into Hawaii as a forage and cover crop, 
but when it served as fodder for cattle and sheep there occurred 
severe symptoms of intoxication that were ascribed to 22. 'The 
widespread occurrence of 22 suggests that  i t  may play some impor- 
tant biochemical function. T h e  toxicity to animals is reminiscent 
of the ambiguous biochemical role played by the alkaloids. Despite 
some early ~ i i i c e r t a i n t y ~ j ~  however, a definite antibiotic activity of 
22 against certain Bcrcillus species has been recognized3j1. 

A number of interesting studies on the hiosynthesis of 22 have 
been conducted. Growing cultures of Penicilliurn atroveneturn bring 
about the formation of 22 when the medium contains ammonium 
ions and four-carbon dicarboxylic a ~ i d ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ .  A particularly 
efficient incorporation of carbons from L-aspartic acid occurred in 
the biosynthesis of 22, and it was established that carbons 2, 3, and 
4 of aspartic acid become carbons 3 ,2 ,  and  1 of22, r e s p e c t i ~ e l y ~ ~ ~ - ~ ~ ~ .  

d. 3-Nitropropionic acid. 

O$J-CH2CH2COZH 
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I n  the growth of thc mold mycelium the production of 22 is par- 
ticularly great during the early stages of growth and the total 
amount in the medium decreases when the growth reaches the end 
of the logarithmic pllase352*355. More than 60 yo of the ammonium 
nitrogen metabolized by the mycelia to compounds other than 
protein can be isolated as 22. In contrast to the facile incorporation 
of ammonium nitrogen it was that nitrate nitrogen was not 
utilized for the formation of 22 and, indeed, caused a decrease in 
its formation355. The amino group of aspartic acid was utilized in 
preference to ammonium nitrogen in the biosynthesis of 22358*359, 
and it appears that the stimulatory effect of ammonium ion is simply 
related to an increase in the relative amounts of aspartic acid (23) 
by means of a pair of coupled enzyme-catalyzed reactions (7a and 7b) 
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CO,H CO,H 
I I 

NADH + NHdG + C=O glutamic NAD9 + H,N-C-H 
1 dehydrogenase I 

I 
CH, - 

CH, 
I 

CH, 
I I 

(74 T CH, 

CO,H CO,H 

involving a-ketoglutaric acid, glutamic acid, oxalacetic acid, and 
the reducing agent NADH (3a). The same reaction is possible 
using the coenzyme NADPH, and these reactions are known to 
represent a major mechanism for the reversible incorporation or 
removal of amino nitrogen into amino acids and proteins. In  view 
of the possibility of reduction of nitrite ion into ammonia and its 
subsequent reaction with oxalacetic acid it is not surprising that 
both nitrite ion and oxalacetate can be used in the biosynthesis of 
22 although they are much less efficient than aspartic acid as 
precursors. 

An enzyme termed ‘P-nitroacrylic acid reductase’ was obtained 
from extracts of Penicillium atrovenetun~~~0.  The enzyme catalyzed the 
reduction of 3-nitroacrylic acid (24) as shown in reaction 7c. The 
activity appeared to be due to a single enzyme having a pH optimum 
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of -5 and was moreover highly specific; a number of unsaturated 
compounds, including acrylic acid, crotonic acid, fumaric acid, and 
cinnamic acid were not reduced by excess NADPH in the presence 
of this enzyme. This specificity together with the fact that reaction 

0,N-CH=CI-I-C;?2H + KADPH + HG + 
(24) 

02I\'-CH2-CH,-CO2H + NADPG ( 7 ~ )  

7c was the first demonstration of the enzymatic formation of 22 
i n  vitro, suggested that 24 might he on the noi-ma1 pathway for 
biosynthesis of the saturated nitro compound36o. Further support 
for this hypothesis was obtained by measuring the amount of 
14C-labeled aspartic acid which was transformed into 22 in the 
presence of varied concentrations of 24. Indeed, when the concen- 
tration of added 24 in the culture medium reached a level of approxi- 
mately 2 pmolelml the specific activity of resulting 22 decreased 
almost to zero, indicating that 24 was being used to produce 22. 
A similar experiment employing cold aspartic acid and 1JC-labeled 
24 confirmed that the carbons of 23 were utilized to produce 22 
under these conditions360. I t  should be noted that these results do 
not prove th t t  24 is on the natural pathway for biosynthesis of 22 
although they certainly are consistent with such a possibility. 

B. Other Compounds of Natural Origin 

1. Aureothin 

This antibiotic is produced by Strefitonyxes netropsis and S'. thiolutens 
and is reported to have structure 25361.362. 

2. I-Phenyl-2-nitroethane 

Compound 26 has been isolated from the wood and, bark of 
various plants such as h i b n  cnnellila and Octoten firetiosa. I t  is a 
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constituent of certain essential oils and possesses a quite charac- 
teristic ~ d o r ~ ~ ~ . ~ ~ ~ .  
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3. p-Methylnitrosaminobenzaldehyde 

This interesting N-nitroso compound 27 has been isolated from 
the basidiomycete Clitocybe s u a u e ~ l e n s ~ ~ ~ .  In view of the discussion of 

(27) 

N-nitroso compounds which is given in the next section (II1.B. 4) 
and in section 1V.A. 5, it seems likely that 27 can exhibit carcino- 
genic properties. 

4. Methylazoxymethanol glycosides 

A naturally occurring compound related to the AT-nitroso com- 
pounds is the glycoside cycasin (28) isolate!i from several tropical 
cycad  plant^^^"^^'. The discovery of this material is a n  interesting 

0 
f 

O-CH2-N=N- CH, 

(48) 

tale. Ground meal from the seeds of the cycad plants, Cycns circinnlis 
L., were used as food by tribes on Guam and other islands in the 
Mariana chain. I t  was observed that these peoples also suffered a 
high incidence of certain diseases, including carcinoma of the liver368. 
When cycad seed meal was fed to rats there resulted a number of 
liver and kidney tumors and other carcinomas369~370. The toxic 
principle is now recognized to be 28. 

Interestingly, when 28 is fed to germ-free rats or when it  is injected 
it is not carcinogenic. O n  the other hand, the agIycone methylazoxy- 
methanol is a potent carcinogen. Apparently, the intestinal bacteria 
act to hydrolyze 28, thus freeing methylazoxymethanol which can 
then be absorbed and act as a ~arc inogen3~~ .  I t  might also be noted 
that when 28 was fed to pregnant rats from the 17th to the 19th 
day of pregnancy, tumors resulted in the surviving offspring372. This 
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means that compounds related to the N-nitroso compounds may 
present considerable health hazards which may not be immediately 
apparent. This topic will be dealt with in more detail in section 
1V.A. 5. 

Interesting studies relating to the biochemical mode of action of 
28 have been conducted. Riggs has observed that 28 can be 
employed under certain conditions to cause methylation of phenol 
to form anis01e~~~.  This suggests that 28 may function in uiuo as an 
alkylating agent. Indeed methylazoxymethyl acetate (29) has been 
shown to alkylate the guanine residues of cellular ribonucleic acid 
(RNA) and deoxyribonucleic acid (DNA) with the formation of 
7-methylguanine (30)3i3. The alkylation of rat RNA and DNA, 

0 
I1 

0 
?. 

CH~C- o-cH?-N=N- CH, 

(2 9) 

following the administration of cycasiii, has been described3i4. 
Formation of 30 was greater in liver RNA than in kidney or small 
intestine RNA, and in turn DNA was more highly alkylated than 
RNA. Possibly these effects are closely related to the inhibition of 
protein synthesis in liver following administration of 28. Because of 
the similarity in biological cEects of. 28 and diethyl nitrosamine 
(section 1V.A. 5) as well as other N-nitroso compounds it has been 
suggested3ia that they act via a common intermediate, perhaps 
diazomethane, which is obviously a powerful alkylating agent and 
possesses known carcinogenic properties3i5. 

The investigation of the biological site and mechanism of action 
is expected to be greatly facilitated by the availability of isotopically 
labeled 29. Both 1"- and 3H-labeled compounds were obtained by 
means of reaction sequence 837G. 

H H  qco3. c1 
CH,-N=N-CH, 

I 1  HSO 
CH,S-X-CH, + 

0 

(8) 
f 

0 
h -brornoruccinirnidc 

h v ,  CCI, 
CH3- i\ :- -X-CH&r t 

C H3-N=N-CH3 

0 
AgOAc f 

+ CH3-N=N-CH20COCH3 
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C. The Biological Role of Natural N i t ro  Compounds 

When dealing with a natural product, there are two points of 
particular interest-the biosynthetic pathway and the role played 
by the compound in v i m .  We have seen examples where some pro- 
gress has been made in elucidating the pathway of biosynthesis, but 
our understanding of the biological role played by nitro and nitroso 
compounds is exceedingiy limited. I t  may be that the natural role 
played by antibiotics is indeed to protect the host organisms from 
bacterial or fungal invasion and its consequences. Other possible 
roles may be those of insect attractants or repellants. For example, 
l-phenyl-2-nitroethane (26) might serve as a repellent of parasitic 
insects. The glycoside cycasin (28) and also 3-nitropropionic acid 
(22) cause severe near-toxic symptoms on ingestion of the plant 
sources, and this may serve to protect the plants. At the present time 
these remarks are largely speculation. I t  is clear that this is a problem 
which should be carefully examined in the natural habitat by 
ecologists. 

IV. B I O C H E M I S T R Y  AND P H A R M A C O L O G Y  O F  
S Y N T H E T I C  C O M P O U N D S  CONTAI N lNG 

THE N I T R O  O R  N I T R O S O  G R O U P  

Man purposefully brings a large number of synthetic compounds 
into contact with living matter. These actions may be roughly 
divided up into those directed at  toxic effects and those directed at  
therapeutic effects. From a biological point of view there may be no 
essential difference between these two uses since in each instance we 
are interested in affecting living matter. When we introduce a 
given substance into the body for the purpose of destroying micro- 
organisms we talk about the therapeutic effect of the drug, whereas 
when dealing with an insecticide we are concerned with its toxic 
properties against insects. Obviously, from a practical point of view 
these cases are vastly different in that very distinctive specificity 
requirements are set before each group of toxic agents. I t  is again 
appropriate to organize the discussion around the various com- 
pounds because our knowledge of the metabolic role of the nitro 
group is too fi-agmentary to permit an integrated discussion from 
that point of view. Moreover, the role of the nitro group in many 
instances can be recognized to be relatively minor but the types of 
compounds involved are of such substantial interest that the organic 
chemist will still consider the discussion to be entirely appropriate. 
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A. Substances Utilized for their Toxic Properties 

I .  Insecticides 

a. Esters of phosphoric acid. Among the large group of toxic 
esters of phosphoric acid there are a number of compounds with 
nitro substituents. Many of these substances may be represented by 
the general formula 31, and possess substituents such as those shown 
in Table 3. Many of the toxic phosphorus e s t e ~ s ~ ~ ~  can be represented 
by the general formula 31 where X may be oxygen or sulfur, R1 
and R, are alkyl or aryl groups, and R, is a nitroaryl or, rarely, a 
nitroalkyl group. 

TABLE 3. Examples of toxic phosphorus esters having nitro 
substituents. 

Compound 51; R2 X R3 

Parathion 

Paraoxon C,H,; C,H, 0 Q--NO2 

Methylparathion CH,; CH, S O-N02 
c1 

Chlor thion CH,; CH, S 

c1 

Dicapthon CH,; CH, S 

Metathion CH,; CH, S 
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The toxic effects of these esters occur as the result of an inhibition 
of acetylcliolinesterase, an enzyme required for the continued trans- 
mission of nerve impulses from one nerve celi to another. Trans- 
mission of an electrical impulse across the synapses (junctions 
between individual nerve cells), and to muscle cells does not occur 
directly, but occurs instead via chemical mediators. Synaptic 
junctions thus act as transducers, transforming electrical impulses 
into chemical energy. One chemical which is released by the nerve 
action potential during- the transmission of' nerve impulses is acetyl- 
choline (32), and before another nerve impulse can be transmitted 
by these cells the acctylcholine must lie hydrolyzed by the enzyme 
acetylcholinestcrase (reaction 9).  If this hydrolysis is not carried out 

0 
9 \I acer)-lcliofiticstcrase 

(CH3),X-CH,CH,0-CCH3 t 
HzO 

0 
(CH3),K-CH2CH20H + CH,COOG + HO (9) 

(32) 

the repolarization of the nerve endings is impossible and the trans- 
mission of subsequent nerve stimuli is impaired. Clearly any com- 
pound capable of interfering with the transmission of nerve impulses 
has the potential for interfering with the most fundamental physio- 
logical processes. 

The  toxic eflects of such nitrophenyl phosphate esters in animals 
are almost entirely a consequence of the phosphorylation of acetyl- 
cholinesterase. Although nitrophenols are produced on hydrolysis 
which have distinct toxic effects, the amounts of these materials are 
generally relatively small. Rather, poisoning occurs as the result of 
an accumulation of abnormally large quantities of acetylcholine at  
the nerve endings. The first symptoms of poisoning appear after 
about 20% of the acetylcholinesterase has been blocked The initial 
manifestations of poisoning are nausea, sweating, excessive flow of 
saliva, painful intestinal spasms, defecation, enuresis, lacrimation, 
and lack of appetite. These are followed by muscular twitching, 
spasms, and then muscular weakness and paralysis. Symptoms 
caused by effects on the central nervous system (particularly by less 
than acute doses) include giddiness, apprehension, restlessness, 
insomnia, and nightmare dreams. Death follows motor incoordina- 
tion, coma, irregular breathing (Cheyne-Stokes respiration), and 
finally paralysis. 

I t  is appropriate at  this point to consider in more detail the 
enzymatic hydrolysis reactions catalyzed by acetylcholinesterase. 
They follow the general sequence of reaction 10. In this sequence 
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the enzyme E and substrate S (such as 32) undergo a rapid reversible 
complex formation to form E - S. This complex can react to form 
a covalent intermediate ES' accompanied by a release of part of 
the substrate P,. A subsequent step described by rate constant k, 

involves the decomposition of ES' to regenerate the enzyme and 
release product P,. For the particular case of 32 and acetylcholin- 
esterase these transformations may be schematically represented as 
shown in Scheme 4. In this scheme the enzyme is represented as 

H--d 
(CH3)3X-CH2-CH2-O-C- CH, 

I1 

SCHEME 4. Representation of the hydrolytic action of acetylcholinesterase. (After 
Greenberg and Nachmansohn, cf. reference 378.) 
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having an esteratic site containing a hydroxyl group and  a general- 
base catalyst E. These groups are in fact the side-chain hydroxyl 
group of the amino acid scr im and the side-chain imidazole group 
of the amino acid histidine. I n  addition the enzyme has an  anionic 
binding site responsfble for much of the enzymatic specificity. From 
a variety of it may he estimated that the distance between 
the anionic and esteratic sites is 2.5-6 A as would seem reasonable 
from the size of the usual substrate 323i5-3R0. Following initial 
formation of the E - S complex there occurs a general-base-catalyzed 
transesterification reaction which results in formation of an acyl- 
enzyme intermediate 33 and free choline. T h e  concept of the covalent 
complex ES' as a n  acyl enzyme began with the work of Balls381 and 
of Hartley and I C i l b ~ ~ ~ ~ ,  and  has been hrilliantly extended by the 
work of Bender383 and  others. Finally, the acyl enzyme 33 undergoes 
a general-base-catalyzed hydrolysis to remenet-ate the enzyme and 
free the carboxylic acid portion of the original substrate molecule. 

T h e  toxic properties of phosphorus esters depend upon changes 
in  the relative magnitudes of the acylation rate constant, k,, and the 
deacylation rate constant, k3 (reaction 10). I n  the course of the 
normal hydrolysis reaction these rate constants are both large and 
the enzyme of the nerve cells can thus rapidly destroy 32 which is 
freed at the time of nerve impulse transmission. The  small amount 
of enzyme which is present in these tissues can catalyze the hydrolysis 
of large amounts of 32. However, toxic phosphorus esters result in 
the formation of a much more stable phosphoryl enzyme inter- 
mediate3*2*384-386 for which k3 is very small. This was first recognized 
for the case of the nerve gas DFP, diisopropyl fluorophosphate 
( 3 4 ) 3 * 2 .  As might be  expected i t  is possible to determine that the 

? 

0 
II  

0 CH3 
I1 / 

I \ 
F CH3 

(C3H,O)$'-O--CH,-CHCO&i CH-0-P-0-CH 
\ 

/ 

CH3 

CH3 
1 

h-H2 

(34) (35) 

phosphate group becomes covalently bonded to a serine group a t  the 
active site of the enzyme387 and  following complete hydrolysis of the 
protein i t  is possible to isolate the phosphorylated serine derivative 
35. 

It is not entirely correct to say that acetylcholinesterase is irrever- 
sibly inhibited by toxic phosphorus esters although in the normal 
physiological state of the organism this is effectively the result. 
There are, however, certain compounds which can reverse the toxic 
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effect by phosphorylation of the  enzyme. Following the leads 
suggested by Wilson388.389 a number of compounds were developed 
which included powerful nucleophilic groups located a certain 
distance from a cationic group, thus ensuring that the potential 
reactivating group is bound to the enzyme in the proper steric 
orientation as to permit reaction with the phosphate group on the 
serine a t  the active site of the en~yrne~~O-3~4.  One  of the most success- 
ful of these compounds is PAM, 2-pyridinealdoxime methiodide 
(36) - 

(36) 

I n  view of the fact that 34 is a potent irreversible inhibitor of 
acetylcholinesterase it is clear tha t  the presence of a nitroalkyl or 
nitroaryl substituent is not an indispensible requirement for biological 
activity. Rather, the nitro group is important because i t  affects 
reactivity and a t  the same time imparts some desirable charac- 
teristics of specificity and volatility. The  use of the nitro group in 
affecting reactivity can be illustrated by da ta  of Markov and his 
c ~ w o r k e r s ~ ~ ~ .  They report data for the reaction of a number of 
m-nitrophenyl and j-nitrophenyl phosphates and phosphonates with 
acetylcholinesterase, and data for the nzetn and para isomers of 37 
may he cited. T h e  value of k2 (see reaction 10) was 1.4 x lo8 
l./(mole sec) for the para isomer of 37, and 1.6 x lo7 l/(mole sec) 
for the meta isomer. Interestingly, the alkaline hydrolysis rates of 
these two compounds are very similar396. Another obvious benefit 
of compounds such as 37, which have nitrophenyl substituents, is 

(371 

that  they have only a limited volatility, clearly a necessary property 
if relatively non-selective poisons are to be utilized in a specific area. 

The  product PI (reaction lo) ,  which is released on phosphorylation 
of acetylcholinesterase by compounds such as 37 is, of course, a 
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nitrophenol. For the case of the j a r a  isomer the 4-nitrophenol will 
be substantially ionized a t  physiological pH values because its 
pK, is 7. Indeed, this is why such compounds are excellent phos- 
phorylating reagents in viva; one of the potential leaving groups in 
a nucleophilic displacement reaction is the nitrophenoxide anion, a 
relatively good leaving group. From the particular standpoint of our 
interest in the metabolism of nitro compounds in tho, it is clear that 
a major concern in the metabolism of insecticides such as those in 
Table 3 will be the fate of the nitrophenyl group. 

The metabolism of parathion in cattle can take a number of 
courses but the major ones as shown in Scheme 5 involve reduction, 

aminoparathion aminoparaoxon 

paraoxon parathion 

C,H50 0 
\ II 6 -* glucuronic acid 
7 - O H  conjugate 

CZH;O 
NHZ 

SCI~EXIE 5. Metabolism of parathion it1 cattle37’. 
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hydrolysis, and/or replacement of- sulfiir by The  replace- 
ment of sulfur by oxygen as exemplified by the transformation of 
parathion to paraoxon is an  interesting reaction which is required 
for activation in uiu039i+398. T h e  activation process is promoted by 
the reduced coenzymes NADH and NrlDPH3". I t  is also of interest 
that  this activation process is enzyme catalyzed and in  some cases 
the rates differ with the sexes. For example, the activation of 
parathion is some ten times more rapid in  female rats than in male 
rats4O0 leading to a selective toxicity of parathion toward the 
female401. Similar activation reactions (though not necessarily sex 
linked) occur in insects402*403. Not surprisingly, a number of meta- 
bolic poisoiis, such as iodoacetate, cyanide, chloropicrin, and azide 
ion act as inhibitors of the activation processJo3. 

In contrast to the metabolism of parathion by cattle as described 
in Scheme 5, it is known that  the metabolism by ratsA0-' or by dogs 
takes a different course because only a small part  of the administered 
dose405 is excreted in the form of amino derivatives. I n  the ruminant, 
large quantities of the aminoplienols have been found in the blood 
and in the urine406*Aoi. ,4pparently they arise from the action of the 
large numbers of microorganisms in the rumen. It is well known 
that many of the metabolic reactions of the ruminants are changed 
relative to animals which lack the unusually active microbial flora 
present in  the rumen and associated oigans. O n  a practical level 
this means that insecticides such as those noted in Table 3 are not 
particularly toxic to ruminants. 

Differences in the effects of reduction of the nitro group upon 
the insecticidal action of aryl and  alkyl nitro compounds, such as 
37a and 38, respectively, are  quite marked. In  the case of the aryl 

nitro compound i t  is clear that reduction will sharply reduce the 
electron-withdrawing characteristics of the aromatic ring; the pK, of 
p-aminophenol is 9.4"08 as compared to that of p-nitrophenol which 
is 7. This will have the effect of making the phosphate ester less 
susceptible to nucleophilic attack. O n  the other hand, the effect of 
reducing the nitro group of 38 will be to produce an alkylamine 
which will be protonated in the physiological range of pH values; 
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this will result in the phosphate group being even more activated 
toward nucleophilic displacement reactions. This is similar to the 
situation observed for esters of cz-amino acids, which are exceedingly 
rapidly hydrolyzed in relatively dilute alkaline solutions. 

Recession of the sublethal toxic effects aud spontaneous reactiva- 
tion of cholinesterase takes place much faster in insects than in 

Of course, these processes occur via hydrolytic reac- 
tions. The relative proportions of hydrolysis products isolated, 
following administration of various insecticides to the cockroach, 
are shown in Table 4."O. In  each case, the nitrophenoxy group is 
most readily removed by hydrolysis, although in  the case of methyl 
parathion it may be seen that significant amounts of phosphodiester 
having an  intact nitrophenyl group are formed. This may be a 
consequence of thc lessencd steric hindrance offered by the methyl 
groups as opposed to the ethyl groups of parathion itself. This effect 
is offset by introduction of substituents, such as a chloro substituent 
on the aromatic ring as evidenced by the results obtained for the 
last two conipounds in Table 4. I n  this regard it is undoubtedly 
significant that the pKa of, for example, 3-chloro-4-nitrophenol is 
approximately one pK unit smaller than that of p - n i t r ~ p h e n o l ~ ~ ' . ~ ~ ~ .  
Clearly, a delicate balance must he struck between hydrolytic 
instability, volatility, solubility, and  toxicity to the correct organism. 

Trichloronitromethane or chloropicrin was used 
for some time as a fumigant for agricultural uses. The  compound, 
being a potent poison, destroys insects, fungi, weeds, and soil- 
inhabiting nematode worms. I t  has a sharp odor which can be 
noticed even a t  concentrations as low as 8-5 ,ug/l.; this sharp odor 
acts as a warning and indeed, chloropicrin may be added to less 
odorous fumigants to provide warning of their presence. Chloro- 
picrin also has a strong irritating effect on the skin and mucous 
membranes and was used as a vomiting agent during World War I. 
These properties are particularly associated with the presence of 
chlorine in the molecule. Chloropicrin also acts as an oxidizing 
agent to cause the formation of disulfide bridges between cysteine 
residues of reduced h e m ~ g l o b i n " ~  (reaction 1 l ) ,  while the presence 
of the nitro group may contribute to methemaglobinemia. 

(11) 

c. ATitro amlogs of DD T. Derivatives which exhibit marked 
biological activity are those represented by structure 39 where 
R = methyl or ethyl. These substances and related ones such as 40 

b. Chloropicri?~ 

PR-S1-J + 2CIR' - p ILHCI + R-S-S-R + 
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R 

(39) (40) 

exhibit marked insecticidal action although the effects may also b e  
lessened by the development of resistant strains4'". 

Products such as 41 and 42 obtained b y  d. Other substances. 

( 4 1 )  (42) 

condensation of p-chloromethylsulfonylbenzenediazonium chloride 
with nitroparaffins possess insecticidal activity415. They differ 
significantly in their effects on different insect species. Nitro deriva- 
tives of phenoxyacetic acids, widely usCd as herbicides, also possess 
activity against ticks and mites (acaricidal activity). Thus com- 
pounds such as 43 and 44 may be useful"16*J1' in combating insect 

\ 
CI c1' 

'Cl Cl' 

(44) 

pests known to transmit a number of dangerous diseases. 

2. Mollusticides 

Certain species of mollusks, particularly the fresh ivater snails, 
may act as carriers of disease or as garden pests. Biological activity 
toward mollusk species is exhibited by N-( 2-chloro-4-nitropheny1)- 
5-chlorosalicylanilide (45) even at concentrations as low as 0.3 ppm. 
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The position of the nitro group is of considerable importance"8. 
The 2-nitro compound exhibits only 4 the biological activity of the 
4 compound, and the 3 isomer exhibits only &a of the activity. 
Reduction of the nitro group to an amino group results in a much 
less active compound. Compound 45 has a very low toxicity toward 
higher animals. The LDs0 for oral administration of 45 to rats 
exceeds 5 gjkg. Because 45 also shows activity against tapeworms 
it  has been introduced into therapeutic use and will be discussed in 
more detail in 1V.B. lc. 

3. Fungicides 

Various fungi cause substantial economic losses as the result of 
their growth on and destruction of plants, or as the result of damage 
caused during storage of various products. The introduction of a 
nitro group into various aliphatic or aromatic hydrocarbons often 
results in substances with fungicidal activity41g. Simultaneous 
halogenation of the compounds produces an even further rise in 
effectiveness. p-Nitrophenol exhibits fungicidal properties and is 
used for preserving leather products. The nitrosopyrazole 46 exhibits 

(46)  

fungicidal activity although this compound has not been widely 
used420. 

A number of Z-nitro-l,3-propanediol derivatives of the general 
formula 47 exhibit fungicidal activity including activity against 

NO* 
I 

I I I  

(47) 

R,-CH-C-CH-R, 

OH R OH 
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important plant pathogens421*422". Specific examples of the types of 
substitution include the compound with R, = methyl or isobutyl 
and R = hi-omine. Related nitro compounds include 48-50423-42s. 

Aryl nitroparafins such as 51 and 52 are potent fungicides. 
Compound 51 exhibits particularly marked activity when the nitro 

group is in the jars position and R, is bromine or meth0xy4~6. 
Compounds of the type of 52, where Y is sulfur or selenium, are 
active as fungicides and acaricides42i*42s. 

The last group of fungicides to be considered are nitro olefins 
related to 2-nitrostyrene. 2-Nitrostyrene itself (53, X = H) is a 

fungicide useful in medicine and agriculture426~4229, while the m- or 
p-fluoro derivatives of 53 are potent insec t i~ ides"~~*~~1.  Compounds 
possessing structure 52, with Y being S or Se and R, being phenyl, 
have both fungicidal and acaricidal activity. The fact that a number 
of saturated compounds such as 52 exhibit fungicidal activity tends 
to diminish the attractiveness of one hypothesis which might be 
advanced to explain the biological working of 53. Huitric and his 
colleagues examined the properties of a number of nitrostyrene 
derivatives432. They noted that the nitro group is strongly electron 
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withdrawing, and this effect may be enhanced in some instances by 
halogen substituents. Because the carbon-carbon double bond of 53 
may be highly activated toward nucleophilic addition reactions, it 
seems possible that the biological activity may be involved in 
reactions with a variety of biologically important n u ~ l e o p h i l e s ~ ~ ~  
such as the sulrhydryl group. While this is a possibility, it would 
seem to require that either the saturated derivatives first undergo a 
reaction to form the unsaturated compounds as a prelude to exerting 
a biological effect, or alternatively, that the biological effects of the 
saturated compounds such as 51 or 52 are brought about by some 
completely different mechanism. 

4. Herbicides 

T h e  problem of developing effective herbicides has two aspects. 
O n e  may seek a material which is toxic to all types of plants or, more 
commonly, one seeks a material which exhibits selective toxicity. 
T h e  presence or absence of a nitro group is not particularly related 
to the matter of specificity so that little attempt will be made here 
to discuss the detailed spectrum of activity of various herbicides. 

A variety of dinitrophenol deriva- 
tives has been shown to possess herbicidal activity. Some of the 
most effective of these may be represented by the general formula 
54434-439.  Pianka and  Browne recently discussed the activity of a 

a. Derivatives of dinitropfzenol. 

NO2 

R' 
NO2 

(54) 

number of these materials and of their esters, carbonates, and 
ethers440. They reached a number of conclusions regarding the 
effectiveness of such compounds. Aromatic esters, carbonates, or 
ethers derived from the compounds in Table 5 were substantially 
less active than the free phenols. On the other hand, acetylation of 
the phenols caused an  enhancement of the activity although longer 
chain esters had a variable effect. This may be the result of improved 
penetration of the material into the biological site of action where- 
upon the esters are hydrolyzed to the free phenols. The  most active 



Subsritucrits on formula 54'' 

Compd 'l'rivial nanic R R' 

55 D S O C  CH, H 

57 Dinoterb C(C'H,), H 

60 hIcdinoterb C(CH,), CH, 

56 Dinoscb CH(CH,)C,H, H 

58 Dinosam CH(CH,)C,H, H 
59 - CH(CH,)C,H, CH, 

a Proper nomcnclature would seem to require that 
for exarnplc, 60 be named 2,4-dinitro-3-meth\I-(i-r- 
butylphcnol, but it is often seen as 2-f-butyl-4,G- 
dinirro-5-methylphenol. 

substances were 57 and 60. This activity was attributedq41 to the 
ability of these phenols to form relatively stable free radicals. 
T h e  free radicals could then 'interfere with thc vital processes in the 
plant44n.' A similar action was advanced43i*43s*442 to explain 
the acaricidal activity of these phenols. Based on a large number of 
observations Kirby and his coworkers concluded that either 2,4- 
or 2,6-dinitrophenols exhibit maximal herbicidal and  fungicidal 
activitiesga3. Comparisons of mono-, di-, and trinitrophenols showed 
the dinitrophenols to possess maximal biological a~t iv i ty~44.4~~.  The  
mechanism by which these phenols bring about their toxic action 
remains uncertain. While the alkylnitrophenols may be expected 
to form relatively reactive free radicals, it does not seem possible 
to eliminate an explanation based on the uncoupling of the funda- 
mental processes of oxidative phosphorylation. For example, both 
2,4-dinitrophenol and 2,6-dinitrophenol act as potent uncouplers 
of oxidative phospliorylation~4G. The  mechanism of action of these 
herbicides remains an  interesting problem. 

b .  Other siibstances. The  selective weed-killing properties of 
phenoxyacetic acids encouraged the synthesis and evaluation of 
their nitro derivatives. According to Sex t0n4~~  a n  essential role in 
the action of these herbicides is played by the steric relationship 
involving the aromatic ring and the ester grouping. Thus,  cis and 
trans cinnamic acid esters differ in activity. A selective herbicidal 
activity is exhibited by compound,s such as 61 and 62. Rut since they 
may be considered to be derivatives of chlorophenoxyacetic acid it is 
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CI,C 0 

CH-OC-CH,O 
\ 
/ 

OZNCH2 
Cl 

(61) 
0 

(62) 

not clear to what extent the nitro group contributes to the biological 
a c t i ~ i t y ~ ~ ~ . ~ " .  

5. Carcinogenic N-nitroso compounds 

N-Nitroso compounds such as dimethylnitrosamine (63) and 
N-nitroso-N-methylurethane (64) are of considerable chemical 

CH3--K-XO CH3-iX-X 0 
I 

C 
I 

CH3 

0 'OC2H5 

(63) (64) 

interest but it must be noted that such N-nitroso compounds are 
exceedingly dangerous. Because of from industrial labora- 
tories on the toxicity of 63, Barnes and  Magee investigated the effects 
of that substance on rats. Doses less than 25 mg of 63 per kilogram 
of body weight produced profound lesions of the liver as well as 
hemorrhages into the liver and lungs and death4S1. Similar toxicity 
was noted with a variety of other animals including rabbits and 
dog~~50.451. This corresponds to observations made in the case of 
chemical w0rkers452-45~, and applies to a variety of N-nitroso 
c o m p o u n d ~ ~ ~ 5 .  T h e  detailed pathological changes brought about 
in various tissues by N-nitroso compounds have been nicely 
reviewed4S6. 

A toxic property of the N-nitroso compounds which is of con- 
siderable biological interest and which should be of great concern 
to chemists working with such compounds is the potent carcinogenic 
character of N-nitroso compoundsJS6. The  result was first observed 
by Magee and Barnes457 as an extension of the work on the toxicity 
of 634 51. 
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Acute oral toxic 
dose in rats (LD5,,), 

Compound m g / k  

N-Nitrosodimeth!;lamine 27-41 
A'-Nitrosodiethylamine 216 
h-S i t io so -n -bu ty lme th~ l~ In ine  130 
iV-iYitroso-f-butylmcthylami1ae 700 
1V-Sitroso-t-butylethylamine 1 GOO 

LV-Methyl-A'-nitrosourethnne 240 
A-Nitrosomethylphenylamine 200 

a. Toxic  mid carcinogenic properties. A number of the N-nitroso 
compounds are highly toxic, producing liver and lung damage, 
bleeding, convulsions, and coma. In many instances the toxic doses 
are quite small (Table 6). The of 64 and more par- 
ticularly its carcinogenic properties have led several groups to 
suggest that p-tosylmethylnitrosamine be used as a precursor for 
diazomethane because it is apparently much less dangero~s462.4~~. 

Magee and Barnes state that 'there is no correlation between the 
acute toxic effects and carcinogenic Since their initial 
reportasi of the development of maIignarit liver tumors in rats 
following administration of 63, there has developed an extensive 
literature dealing with the carcinogenic character of N-nitroso 
compounds. Much of these data are carefully reviewed in an excel- 
lent article by Magee and BarnesasG. Unquestionably, the most 
significant result of such studies is that single doses are sufficient 
to cause the development of malignant tumors in different organs. 
For example, single oral doses of 64 were sufficient to induce tumors 
of the stomach and esophagus in r a t ~ - l ~ ~ ,  while single inhalations of 
N-nitroso-h'-methylvinylamine (65) are reported to induce the 
development of cancers in the nose of ratsas6. The oral administration 
of a few doses of A'-nitrosomorpholine (66) Ieads to the formation 

CH2- CH, 

N-KO 
/ \ 

/ \ 

CH, 
I 

CH2-CH--N-K0 0 

CHZ-CH, 

(65) (66 )  

of kidney tiimors466, while the repeated local administration of 
N-nitroso-N-methylurea (67) to the skin of mice and hamsters leads 
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to development of skin cancer467. Similar data could be cited for a 
wide variety of N-nitroso compounds administered in various ways 
over varying periods of time and resulting in the development of a 
variety of cancers in different organs in a number of experimental 
animals" jG. 

The difference between acute toxicity and carcinogenicity of 
N-nitroso compounds is nicely illustrated by a report concerning 
the properties of AT-nitrosoazetidine (68).  This substance was found 
to possess a low toxicity (the LDs0 for rats was not fully established 
but, with doses of 1.6 g[kg of Iiody weight, only 2 of 5 rats died-'68). 
Compound 68 (5  mg/day) was administered to 20 rats for 46 days. 
I n  the 16 rats surviving after 80 weeks it was found that  a number 
of tumors had developed in 15 of the a1iimals4~~. These tumors 
included lung, kidney, liver, adrenal, intestinal, uterine, manuaary, 
and  other tumors. Similar hut less pronounced effects were observed 
with mice. Indeed, the results of such studies on the carcinogenicity 
of N-nitroso compounds should give pause to chemists and technicians 
handling such materials. 

b. LVlutagenic proflerties. An important property of the N-nitroso 
compounds is their ability to function as mutagenic agents, a 
property which has been related by one author to the ability of 
these substances to act as chromosome-breaking agents4'jS. Substances 
such as N-methyl-N-nitroso-N'-nitroguanidine (69) are exceedingly 

A-0 N H  
I I1 

(69) 

C H3-h-- C-NHh'O, 

powerful mutagenic agents, for example causing the development 
of large numbers of mutant  bacteria. Possibly related to the muta- 
genic properties of compounds such as 69 is the observation that it 
causes growth abnormalities in rat  fetuses when administered on the 
15th or 16th day of pregnancy4'0. Mention has also been made of a 
similar teratogenic effect of the methylazoxymethanol glycoside 
c y c a ~ i n ~ ' ~ .  

There appears to be  a rough parallel between carcinogenic effects 
and  mutagenic effects. For example, 69 is a potent mutagenic 
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agent and  is also a powerful carcinogen, and even single doses can 
produce malignant stomach tumors in the rat'"'. Conversely, 
N-ethyl-N-~-butylnitrosamine is neither carcinogenic~72 or muta- 
genicJy3 a t  least in the particular test organisms employed. -4 more 
extended discussion of this complicated relationship is avai1able"G. 

I t  appears that N-nitroso compounds are 
relatively rapidly metabolized in whole animals. For example, in 
the rat  or mouse, administration of 'C-labeled 63 leads to the 
majority of the isotope appearing as I4CO, after 6-10 liours4iJ. 
Similar experiments with '5N-lal~eled 63 resulted in the production 
of isotopically labeled urea aiid proteins, indicating that the nitroso 
group as well as the amino group is transformed mctabolically into 
ammonia, which is in equilibrium with the endogenous ammonia 
'pool' of the organism4y5. Thus ,  any interpretation of the mechanism 
of action of carcinogenic N-nitroso compounds will be made difficult 
by the fact that such substances can lie metabolized to a large extent 
by pathways which are of importance to the normal animal. 

The  dificulty of distinguishing between normal metabolic interac- 
tions aiid those due to the distinctive receptor sites active in carcino- 
genesis, of course, contributes to the difficulty of accounting for the 
potent carcinogenic properties of the iV-nitroso compounds. How- 
ever, extensive work in this area is being carried out, and i t  is of 
interest to discuss a t  least one important hypothesis advanced to 
explain the biochemical mode of action of these substances. Alkyl 
derivatives of N-nitroso compounds are convenient sources of 
diazomethane. I t  has been proposed that compounds such as 63 
may be degraded metabolically to diazoalkanes such as diazo- 
metliane and that tliese may act as alkylating agents which in some 
way are responsible for the induction of cancers4iG. Compounds such 
as N-methyl-N'-nitro-N-nitrosoguanidine (69) may decompose 
under acidic conditions to nitrous acid and ur,der alkaline conditions 
to diazomethane either of which is exceedingly toxic to vital cellular 
constituent~477*"~. Heath designed an esperiment to test this 
interesting hypothesis and  to measure the importance of diazo- 
alkanes as toxic m e t a b o l i t e ~ ~ 7 ~ .  H e  examined the physiological effects 
brought abou t by two isomeric n i trosamines, n-bu t ylmet 11 y lni t ro- 
samine (70)  and t-l~utylmetliylnitrosamine (71)JiG. Note that the 
unbranched carbon chain isomer can be degraded in a manner 

c .  Biochemical reactions. 

CH3CH2CH,CH2--N--N0 (CH3)3C-X-K0 
I 
CH, 

(70)  (71) 

I 
CH, 
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similar to that proposed for dimethylnitrosamine to give either 
diazomethane or  niethyldiazonium ion (reaction 1 2 ) 8 7 7 . 4 i 8 .  However, 
the t-butyl compound, lacking as it does an a-hydrogen, cannot be 
degraded to a diazoalkane. In fact, it was found that marked patho- 
logical changes occurred in tlic liver of rats dosed with 70, but little 

T HCHo 

S ;\ D F I 1  
CH,--S--S=O HOCH,--N--N=O 

I 0: ' I 
CH, CH, 

H-N--N=O 

CH, 

? +--- @N,-CH,' J. 
CH,-N=N-OH / 

'u, + CH,@ - @N,-cH, 

change was observed following the administration of large amounts 
of 71. These results were extended by examining the metabolism 
of "C-labeled 70 and 71 in the ratgi9. Laheled carbon dioxide was 
rapidly produced from the metabolism of 70 and again represented 
a major pathway. However, only a few percent of the isotopic 
carbon in 71 was transformed into carbon dioxide. These marked 
differences in the extent of metabolism of 71 and compound such 
as 70 parallel the marked difference in carcinogenic and toxic 
effects. 

Thus,  it would seem that a requirement for the carcinogenic 
character of such AT-nitroso compounds is that they can be metab- 
olized to monoalkylnitrosamines or to diazoalkanes or diazonium 
corn pound^^^^. Confronted with such evidence, the chemist might 
suggest the possibility of an alkylation of some cellular constituents 
as an important requirement for carcinogenesis by N-nitroso deriva- 
tives. Indeed, the study of such a n  alkylation of proteinsgs0 and 
nucleic a c i d ~ ~ 8 1 - 4 ~ ~  is an exceedingly important area of research at 
the present time. One reaction which has been found to occur to a 
significant extent is the methylation4s1~484 or e t l i y l a t i ~ n ~ ~ ~  of the 
nitrooen bases present in the cellular ribonucleic and deoxyrilio- 
nucleic acids. With 63 the predominant product in vivo is 7-methyl- 
guanine (30) , which was discussed in connection withtlie biochemical 
effect of the related carcinogenic N-nitroso compound cycasin 
(I1I.B. 4). Indeed, the same methylated purine can be found in 
hydrolysates of rat liver rihonucleic acids which were obtained from 

9 
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rats treated with cyclic -!-nitroso compounds such as N-nitro- 
pyrrolidine48s6. Compound 30 was isolated from both the ribonucleic 
acids and deoxyrilloiiucleic acids of rats treated with either 63 or 
cycasin (2S)R'-'. In view of the mutagenic-''j9 character of the N- 
nitroso compounds49z--dDB, as well as ~ h c  involvement of carcino- 
genesis with the genctic material, i t  would appear that the alkylating 
ability of derivatives of :\'-nitroso compounds is connected with the 
induction of cancers. Th i s  hypothesis is currently the subject of 
intensive research4i6. However, a recent report suggests that the 
methylation of guanine or cytosine may not be the actual mutagenic 
event caused by compounds such as nitrosog~anidinesJ~1. Thus, at 
the prescnt time it cannot be said that alkylation of the genetic 
material of the cell or, indeed, alkylation of any  cellular substance 
is causally related to carcinogenesis. In any event, it is entirely clear 
that the AT-nitroso compounds represent exceedingly dangerous 
substances, particularly becausc their effects on  health may not be 
evidenced for a long time after exposure. Even more friglitcning is 
the conclusion which may be drawn from studies on small animals 
that a single exposure to certain N-nitroso compounds may lead to 
the development of malignant tumors. 

6. Substances Utilized for their Therapeutic Properties 

1. Drugs used for combating live organisms in the body 
of the host 

a. Antibacterial drugs. Amongst the most important of the antibac- 
terial drugs are  the nitrofurans496. When investigating the structure- 
activity relationships applicable to various furan derivatives, Dodd 
and Stillman observed that compounds possessing a nitro group in 
the 5 position exhibited an enhanced antibacterial activity over 
derivatives having, for example, simply a side chain in the 2 posi- 
t i ~ n ~ ~ ' .  Extensions of such investigations have led to compounds 
such as 5-nitro-2-furfuraldeliyde semicarbazone (72; nitrofurazon), 
N-( 5-nitro-2-furfurylidine)-1-aminoliydantoin (73, nitrofurantoin), 
and 3- (5-nitrofurfurylideneamino)-2-oxazolidinone (74; Furazo- 
lidone). These substances are potent, lxoad-spectrum antibacterials. 
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hr- N -6 C-XHR I1 
0,N 'S' 

Compound 73 is used orally in the treatment of urinary tract infec- 
tions. Others exhibit antifungal or antiprotozoal activity. Related 
derivatives include compounds having thiadiazolinone rings in 
addition to the nitrofuran ring and have the .structures such as 
75-77, where R and R' are alkyl or aryl groups and X is halogen 

X 

(77) 

CH, 

(78) 

or phenoxy. Recently compound 78 has been shown to be a powerful 
antimicrobial and antiparasitic agent of broad specifi~ity4~~. 

All of the examples cited have a constant structural factor, and 
removal of the 5-nitro group very greatly reduces the antibacterial 
properties of such substances. While the hydrazine-like substituent 
in the side chain may be of some importan~e"9.50~ it appears that 
i t  is more involved in influencing the penetration of the drug into 
the proper site and/or decreasing the amount of hydrolytic decom- 
positi0n4~9. Not surprisingly, one mechanism of metabolism and 
detoxification of drugs such as 72 is reduction of the nitro g r o ~ p ~ ~ ~ * ~ ~ ~ .  
The production of aminofurans from compounds having the general 
formula of 79, where R, = H has been d e s c r i l ~ e d j ~ ~ - ~ ~ ~ .  However, 

it appears that a different degradative pathway is followed when 
R, and R, in 79 are part oCa cyclic system or are alkyl groupsjos. 
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0 
I1 

C=N-x-c, 
I I R3 

H-N 

\ 
R, 

I 
OH 

SCHEME 6.  Postulated pathway for the aerobic microbial degradation or nitroCuransSo6. 

These conclusions have been summarized in the form of a postulated 
pathway for the biological degradation of the nitro fur an^^^^ (Scheme 
6). I t  may be seen that a critical point of this postulated scheme is 
the fate of the (hypothetical) oxime 80, since isomer 80a can undergo 
a trans elimination of water to yield the open-chain nitrile. Such 
nitrile derivatives have been demonstrated to be the major products 
of bacterial degradation of certain nitrofuran compounds506. In  
both pathways, of course, the nitrofuran ring is destroyed, and it is 
well established from these and other studies that the integrity of 
the nitrofuran ring is essential for bactericidal a ~ t i v i t y ~ ~ ~ - ~ ~ ~ .  

Hirano and his colleagues have carried out an interesting study 
of the antibacterial activity of nitrofurans 72, 74, and 81-84 as a 
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N, NH-C PH 
'NHCH, 

(84) 

function of certain electronic parameters510. They employed LCAO- 
MO methods to calculate parameters such as the nucleophilic super- 
delocalizability of the carbon atom at position 5 of the furan ring, 
since other workers had found511 that this parameter was closely 
related to the antibacterial activity exhibited by 4-nitroquinoline 
N-oxides. However, this parameter was found not to be related to 
the antibacterial activity in the case of the nitrofurans (Table 7). 
Included in Table 7 are values for the energy of the lowest empty 
molecular orbital as well as the polarographic half-wave reduction 
potential and the antibacterial activity of the substances toward 

TABLE 7. Electronic parameters and antibacterial activity of some nitrofuran 

Sucleophilic Energy of lowest Polarographic Relative 

Compound index orbital potential activity 
reactivity unoccupied reduction antibacterial 

Furan 0.72 -0.91 1000 
Furfural 1.14 -0.36 - 1.09 1000 
2-i\itrofuran 0.12 -0.32 -0.43 100 
81 1.91 -0.18 -0.08 25 
72 1.87 -0.27 -0.18 7 
82 1.61 -0.21 -0.15 (3.2 
74 1.87 -0.27 -0.1 1 3 

83 1.54 -0.20 -0.16 1.3 
84 0.78 -0.23 -0.14 1 
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S2al.tploccoccus auretls expressed in terms of the dilution (microliters/ 
milliliter) needed for antibacterial action. 'There is no correlation 
apparent between the antibacterial activity and the nucleophilic 
reactivity index. If other factors such as permeability, diffusibility, 
and solubility of these substances in tlie cells and tissues are the 
same, then this lack of correlation suggests that the antibacterial 
activity of the nitrofurans does not depend on a nucleophilic dis- 
placement on the 5 position of the furan ring. Such a displacement 
might conceivably have occurred involving biologically important 
thiol compounds of the microbe511*512. 

There is, however, a rough correlation of antibacterial activity 
with the energy of the lowest vacant orbital or with the closely 
related reduction potential ('Table 7). Thus, the authors suggest 
that the reduction of the nitrofuran derivatives is the most important 
process in the bactericidal action of these substances510. The authors 
suggest that NADH (2a) probably acts as the coenzyme in such a 
process. Interestingly, they established that complex formation 
occurs between 82 and NADH and by use of a Benesi-Hildebrand 
type of plot and difference spectrophotometry they determined the 
association constant for complex formation between NADH and 
82 to be 4 x lo3 l./mole and probably involved a 1 : 1 complex. This 
suggests that the key reaction in the first stage of bactericidal action 
of the nitrofurans is tlie formation of a molecular complex probably 
involving the intermediates of the electron-transport sequence 
(Scheme 1) .  One particular mode of action of the nitrofurans thus 
might be to act as an irreversibly reduced acceptor following NADH 
but before the flavin coenzymes (flavoproteins) in Scheme 1. 
However, a number of substituted nitrofurans have recently been 
shown to be effective competitive inhibitors of the soluble cellular 
nitroreductase enzymes so that it is possible that no chemical trans- 
formation need occur for these drugs to exert their biochemical 
effects5I3. 

If the nitrofurans do exert their biochemical effects by interfering 
with the electron-transport sequence of the invading organism it 
might also be suspected that the nitrofurans have the potential for 
causing toxic reactions in the host organism. Although the precise 
biochemical cause may be different there are indeed significant 
adverse physiological reactions which may occur during mcdical 
use of the n i t r o f ~ r a n s ~ ~ ~ .  This may take the form of jaundice and 
apparent liver disease"'"-517 01- a pulmonary edema51s-5zG which is 
frequently mistaken as a symptom of cardiac failure. These effects 
may he the result of an allergic r e a ~ t i o n ~ ~ ~ ' ~ ~ ~ .  FIemOl)& anemia 

25 1 
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during treatment with drugs such as nitrofurantoin has also been 
observeds13 and is more common among a small percentage of 
Negroes and ethnic groups of Mediterranean and Near East origin. 
This is attributed to a genetic abnormalitysz7 of the red blood cells 
in that the erythrocytes of these individuals are deficient in the 
enzyme glucose-6-phosphate dehydrogenase. In  turn this results in 
an abnormally rapid destruction of the red blood cells and thus 
anemia develops. Other side reactions observed during medical 
use of nitrofuran derivatives are polyneuropathy involving both the 
central and peripheral nervous ~ y s t e r n s ~ ~ ~ - ~ ~ l .  

The  effectiveness as antituberculosis drugs of a variety of aliphatic 
aromatic and heterocyclic compounds containing the nitro group 
has been investigated by Urbakki  and coworker~5~2-53'. In  view 
of the known tuberculostatic properties of the hydroxamic acid~5~5-537, 
it appeared possible that various nitro compounds might exhibit 
similar properties since in the course of reductive metabolism of the 
nitro group there may be produced hydroxamic acids, at least as 
transient intermediates. A number of the materials examined by 
Urbafiski, et al., showed good tuberculostatic activity in vitro, 
including 5-nitro-5-ethyltetrahydro-l,3-oxazine (85) ,  diethyl ( a -  
nitromethylbenzyl) malonate (86) , p-chloro-N- (3-methylamino-2- 
nitropropylidene) aniline (87)  , and 2-bromo-2-nitro-5-methyl- 1 , 
3-hexanediol (88). Related to these substances are aromatic N-oxides 

I 

0-S-H 

(85) 

X 0 2  

I 
I I  

CH,-XHCH,-CH-CH'N O C l  (CH,),CH-CH2-CH-C-CH20H 

OH NO? 
I 

KO2 

( 8 7  (88 )  

which may be considered to be tautomers of cyclic hydroxamic acids. 
A number of substituted Iiydrazides are well recognized as active 
antituberculosis agents; 4-nitrobenzalisonicotinic acid hydrazide 
(89) might be cited as one example. Significant antibacterial and 
antifungal activities were exhibited by compounds such as 90. T h e  
nitro group potentiates the biological activity shown by these 
c o m p o u n d ~ s ~ ~ .  
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0 

(89) (90) 

6. Antiprotozoal drugs. A number of derivatives of the general 
formula 91 have been found useful as antiprotozoal drugs539.540. 
One of the more effective antiamebic drugs is chlorophenoxamide 
(91, X = 0, R, = CH,CH,OH, and R, = COCHCI,). Chloro- 
phenoxamide is of low oral toxicity to the host organism, probably 

(91) 

because it is not well absorbed from the gastrointestinal tract. After 
a single oral dose 91 could be detected i n  the feces for 48 I i o u r ~ j ~ ~ .  
Only low levels of nitro or amino derivatives of the drug could be 
detected in the blood, while both free and combined amino deriva- 
tives were found in the urine; about 8 %  of the dose was excreted 
in the urine as nitro compounds. I t  may be presumed that the 
intestinal flora can reduce the nitro group of such compounds to 
amino derivatives and this may represent one means of detoxifying 
the substance. 

The nitroimidazole derivative 92 has been found to be effective 

against Trichomoizas uaginnlis both by local and by oral administra- 
ti or^^^^. Since the drug is effective even when administered orally 
i t  follows that it is well absorbed fi-om the gastrointestinal tract. 
Although well tolerated in therapeutic doses, it was found that higher 
doses caused serious side effects. These included disorders of the 
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central nervous system such as tremor, atoxia, and muscular weak- 
ness. There were also reports of gastrointestinal disturbances similar 
to those observed during nitrofuran administration, as well as dermal 
and hematological changes probably caused by an allergic reaction. 
A group of related nitrothiazole compounds possessing primarily 
antitrichomonal activity may be represented as 93. I t  may be seen 
that these substances resemble somewhat the nitroimidazole anti- 
biotic azomycin (1II.A. 2.). 

I t  is perhaps appropriate at  this point to mention the drug 
1 -(p-nitroplienyl)-2-amidineurea (94) which has been tested as an 

KHCONHC-NH, * HCI 
II 

(94) 
YH, 

a i ~ t i m a l a r i a l ~ ~ ~ * ~ ~ " ,  and also exhibits activity irz uitro against itlycu- 
bacterium t u b e r ~ z i l o s i s ~ ~ ~ .  The nitro group is not required for activity 
but causes the material to be relatively less toxic than, for example, 
the chloro analog. 

An important property of therapeutically 
useful drugs employed to combat intestinal worms is that they are 
not readily absorbed through the wall of the intestine following 
oral administration, since otherwise they might produce a general 
toxic effect. One nitro compound of wide therapeutic use is com- 
pound 45545-s47. Only a small part of the drug is absorbed unchanged 
from the intestinesd8, and because it is poorly absorbed this drug is 
effective only with intestinal worms. The nitro group is reduced to 
the corresponding amine by intestinal bacteria resulting in a loss of 
effectiveness. The therapeutic effectiveness of this and related 
compounds may be attributed to the balancing of absorption from 
the intestine with a general toxic effect based on the uncoupling 
of oxidation from phosphorylation. 

Compounds such as  45 have been intensively investigated with 
regard to the relationship between antihelminthic activity in vivo 
and in vitro, molluscicidal activity, and effectiveness as uncouplers 
of oxidative phosphorylation. These relationships may be illustrated 
by the data shown in Table 8418,549. The introduction merely of an 
increasing number of halogen atoms potentiates the antihelminthic 
effect but this is accompanied by increasing toxicity to the host. 
Such compounds lack uncoupling activity. The  addition of a nitro 
group in the 4' position results in a compound with a good thera- 
peutic index. I t  should also be noted that compounds with 

c. Anlihelminthzc drugs. 
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TAULE 8. Some structurc-activity effects observed with phenylsalicylanilide 
deriva t i v e ~ 4 * ~ - j ~ ~ .  

OH 

Antihelminthic activity 
Molluscicidal Uncoupling -___ 

R 2' 3' 4' 5' in vivo in ritro" activitya effectb 

c1 None > 10 0 
Cl c1 Transient 10 10 0 
CI NO, Xone 2 3 28 

CI Cl SO, Cure 0.1 0.3 100 

CI NO, CI Trace 3 100 12 
CI NO, C1 Transient 1 1 22 
c1 A-02 CI Xone 3 0 
c1 GI xff None > 10 0 

Br Br XO, Cure 0.3 100 

CI KO, NO, Transient 3 16 

CI c1 X 0 2  CI Transient 1 0.3 36 

I 1  X 0 2  Transient 0.3 30 

a I n  parts per million necded to produce a given efYect in standardized tests. 
I n  percent uncoupling of oxidative phosphorylation caused by the addition of 114 

of the test compound to a standard assay system. 

therapeutic effectiveness are also compounds which act as strong 
uncouplers of oxidative phosphorylation, and the two compounds 
cited in Table 8 which bring about a cure are also the two most 
potent uncoupling agents. 

It is significant that replacement of the nitro group by the amino 
group abolishes all biological effects observed in these tests (Table 8). 
I t  is probable that such a reduction reaction occurs in the alimentary 
tract under the influence of the intestinal flora. This would be 
consistent with the lessened effectiveness of the nitro-substituted 
drugs such as 45 when administered in cases of infection by young 
parasitesj45. During this stage of their life cycle the parasites locate 
themselves in the lower portion of the small intestine where a greater 
proportion of the drug can be found as the amino reduction product. 
The mature parasites migrate to the upper portion of the small 
intestine; here the intact nitro form of the drug is still present in 
significant amounts and acts to poison the parasitic worms. Again, 
the mechanism of action of these substances can be assumed to be 
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their interference with the fundamental energy yielding processes of 
oxidative phosphorylation. Their selective toxicity toward the para- 
sites rather than the host is due to the limited absorption of the 
drug fi-om the intestine. 

The  detoxification of these aromatic nitro derivatives by reduction 
to the amino compound is consistent with numerous studies including 
those on the nitroguanidiiie derivative 94 which also is known to 
have antihelminthic activity and  undergoes reduction, probably by 
bacterial nitroreductasesj"-jj2. 

2. Substances acting directly on macroorganisms 

a. Cylostntic conzpozitzds. Chemicals which stop the growth of 
certain cells are potentially very valuable if, for example, they possess 
a selective action against microorgaiiisms (antibiotics) or against 
cancers (antineoplastic agents). The  antineoplastic activities of 
I ,3-oxazine derivatives such as 95 have been describedj3,. 

Compounds where R, = R, = CH, 01- R, = C3H, and R2 = C6H,, 
were active in uiuo, causing an  inhibition in the growth of certain 
tumors of mice-- .3a4-55G . The importance of the nitro substituent as 
well as effects of substitution a t  position 2 in 95 have been 
discussedjjG. 

Antineoplastic activity is also exhibited by a number of acridine 
derivatives. For example, 1 -nitro-9- (4-dimethylaminobu tyl) acridine 
(96) exhibits activity against Ehrlich ascites sarcoma and in other 
t e ~ t s ~ 5 7 - ~ ~ ~ .  Of the many compounds examined the most active 
derivatives possessed a strongly electrophilic substituent. such as a 
nitro group in the 1 position of the substituted acridine ring. These 
materials are active iii uiuo and the therapeutic utility of these 
materials has been esploredjc0*j6l. The  biological effects of such 
nitroacridine derivatives are diverse, including changes in the levels 
of such hydrolytic enzymes as acid and alkaline phosphatases, 
structural and  functional disturbances in the intestinal epithelia, 
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water and mineral metabolism, intestinal disorders, and interference 
with sperrnatogene~is~~~-j"". The LD,, for oral administration of 
96 to rats is only 21 mg/kg; for intravenous administration it is 
some 20 timcs less, indicating that either the drug is reduced and  
detoxified by the intestinal microbial flora, or that i t  is poorly 
absorbed through the intestinal walls. 

The  biochemical mode of action of nitroacridines such as 96 
remains uncertain although it is reasonable to assume that the nitro 
compounds act by the same mechanism as a variety of other 
acridines. Acridine derivatives have been shown to interfere with 
the replication of deoxyribonucleic acids, a process which is required 
for cell division and tissue (or tumor) g r o ~ t l i j ~ ~ , 5 ~ G .  The  molecular 
basis for this inhibition appears to depend on the specific interaction 
of the planar acridine ring system with the nucleic acid helices. 
The acridine ring may slip between the planar stacked purine and 
pyrimidine bases (intercalation) 5 6 i  and assume a form stabilized by 
hydrophobic or charge-transfer interactions. If  this is the case, then 
the nitro compound itself may be responsible for the cytostatic 
activity. Alternatively, the nitro compound may lie absorhed to the 
site of action and then reduced to an  amino derivative. T h e  resulting 
polycationic acridine molecule might then interact electrostatically 
with the  polyanionic deoxyribonucleic acid chain. Although it has 
been suggested that the antitumor activity of the nitroacridine 
derivatives is unrelated to deoxyribonucleic synthesis561, such studies 
were directed toward determining the percent deoxyribonucleic 
acids in tumors and normal liver; such percentage values might not 
be expected to undergo much change. 

Antitumor activity is also exhibited by compounds such as 97 
and 98568*569. Compound 98 is not particularly toxic and yet it 
exhibits moderate activity against sarcoma 180 in mice57o. 

An additional type of alkyl nitro compound which exhibits 
activity against certain types of neoplasms is 99571. One hypothesis 

(CH3)2xCH, so, h-02 S O ,  
I I I 

I 
CH3 

NCH2CCH3 (CH,),CCH,0S0,CH2CCH3 
\ 

/ I 
(CH,),CH CH3 

(97) (98) 

I 

I 

(99) 

CH,CI 

CH,-C-KO, 

CH,CI 
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which can be advanced to explain the Iiiological activity of com- 
pounds such as 99 is that i n  the cell they are reduced to an amine 
which, in turn, can undergo cyclization to a substituted aziridinium 
ion (reaction 13). This quaternary ammonium compound 100 can 

CHzCI CH,CI H 
I I 

I 
/ 

\ / \  
N O  CIS (13) 99 + _C, CH3-C--NH, CH3-C- 

CH, H CH,C1 

(100) 

act as a powerful alkylating agent572 capable of rcdction with such 
vital cellular constituents as the nucleic acids or sulfhydryl com- 
pounds. The initial product could undergo recyclization to a second 
aziridinium derivative 1Q1 which could in turn react with a second 
nucleophile HhTuc' (reaction 14). Thus, the nitro compound 99 

I 
CH, 
I 

101 + H K ~ ~ '  --+ CH,-~-NH? 
I 
CH.; 
I -  

6uc 

probably exhibits cytostatic activity by virtue of the ease with which 
it may be transformed in the cell into a bifunctional alkylating agent. 
These agents have attracted considerable interest in cancer chemo- 
therapy572. 

A number of nitric and nitrous acid 
esters are utilized for therapeutic purposes, and while they are not 
properly nitro compounds it still seems appropriate to briefly discuss 
them. One of the most important alkyl nitrates is probably glyceryl 
trinitrate (nitroglycerin, 102) which has been widely used for the 

CH,OXO, 

CHOKO, 

CH,ONO, 

6. SpnsmoQtic compounds. 

I 
I 

(102) 
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treatment of spasms of coronary vessels (angina). There are a 
number of other alkyl nitrate derivatives such as aniyl nitrate, 
erythrityl tetranitrate, and mannityl hexanitrate which are similarly 
employed. 

For some time it was thought that organic nitrates act only after 
the nitrate ion is split off in the cell and  reduced to the nitrite ion. 
It is true that nitrite ions are observed in the blood following 
administration of 102 or other nitrate e ~ t e r ~ ~ ~ ~ p ~ ~ ~ .  However, these 
are probably not the agents responsible for the vasodilating effect 
which leads to the lowering of the blood pressure on administration 
of large amounts of 102, since the amount of nitrite ions appears to 
be too small to account for the intensity of the phenomenon. Other 
evidence suggests that  the nitrate esters produce vasodilation 
without previous hydrolysis and without the appearance of 
n i t r i t e~ j~ j .5~6.  However, it does seem possible that the alcoholic part 
of the esters acts as a carrier which allows the nitrate precursor to 
enter the target cells and tissues much in the same manner as has 
been seen for other drugs. 

The fate of nitrate esters in the organism is an  interesting problem. 
T h e  formation of nitrite ions in vitro during incubation of alkyl 
nitrates with tissue homogenates has been de rn~ns t r a t ed~’~ .  In  liver 
mitochondria, an intracellular particle which is the site of a con- 
siderable proportion of cellular oxidative metabolism and oxidative 
phosphorylation, there is a n  enzyme called glutathione-organic 
nitrate reductase which catalyzes the reduction of the nitrate group 
simultaneously with the oxidation of the sulfhydryl-containing 
tripeptide glutathione (GSH) as diagrammed in reaction 15578. 

PGSH + ROKO, ---+ GSSC; + ROSO + H,O (15) 

T h e  alkyl nitrite which results from the reduction reaction can 
undergo hydrolysis to form fi-ee nitrite i ~ n s j ~ ~ .  The  other products 
following hydrolysis are the 1,2- and 1,3-dinitroglyceryl 
These denitration products possess much lower biological activities 
than the fully esterified derivativesjs’. T h e  reductive metabolism of 
the nitrate compounds and hydrolytic metabolism of the nitrites is 
consistent with the fact that methemoglobinaemia (section V) occurs 
to only a limited extent following administration of large doses of 
nitrates. 

T h e  physiological effects caused by the alkyl nitrate esters consist 
primarily of the relaxation of all plain (smooth) muscles including 
those of the blood vessels. Large doses produce a marked dilation 
of the  blood vessels and a resulting fall in arterial blood pressure. 
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In  turn, this may result in an insufficient supply of oxygen and 
fainting. Nitrate therapy may also be accompanied by headaches 
due to effects on bIood vessels of the brain. 

c. Miscellntzeous compounds. Asymmetric alkyl 2,4-di ni tro ph enyl 
disulfides undergo a facile reaction with the sulfhydryl group of the 
amino acid cysteine, giving rise to 2,4-dinitrotliioplienoIs and the 
corresponding 5’-alkyl cysteine (reaction 16) 582~583. I t  was also 

R-S-s go, H~N+-CH-COO- 
I -----f 

I -  
CH, 

CH2 NO, NO2 I 
SH 

xos H,N+-CH-COO- 
I 
I 

CH, 

CH., 
’ +  

observed that compounds such as the S-hydroxyethyl derivative 
103, R = CH,CH,OH, are potent poisons of muscular action5S4. 
Reaction with the sulfliydryl groups of the contractile proteins of 
muscle could readily explain the loss of muscle function following 
treatment with a drug of structure 103. When the S-hydroxyethy! 
compound was administered intraperitoneally to mice in a dose of 
28 mg/kg of body weight there resulted a reversible paralysis of the 
dorsal muscles. Investigations with the worm Enclytraeus albidus 
revealed the expected presence of 2,4-dinitrothioplienol following 
the administration of 103. 

The facile reaction of the nitro-substituted disulfides is the basis 
of the Ellman methodsBs for the determination of free sulfhydryl 
groups in proteins using 5,5’-dithiobis(Z-nitrobenzoic acid) (104). 

(104) (105) 

Because the resulting p-nitrothiophenolate anion absorbs strongly 
even above 400 m p  (where proteins do not absorb significantly) 
the extent of the disulfide interchange reaction analogous to reaction 
16 can be determined by simple spectrophotometric techniques. 
The major function of the nitro substituents is to shift the pK, of 
the thiophenol and cause the ionized phenol to absorb in a con- 
venient region of the visible spectrum. I n  addition the Ellman 
reagent possesses a carboxyl group so as to increase the solubility 
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of the reagent in aqueous solution. Sulfhydryl-disulfide interchange 
reactions are well-recognized phenomena in chemical and bio- 
chemical systemsssG. It is of some interest that  tn-dinitrophenyl 
disulfide (105) has achieved some use in veterinary medicine as a 
coccidiostat . 

Aromatic nitro compounds exhibit a number of other interesting 
activities. For example, compounds 106 and 107 are powerful 

(106) (107) 

sweetening agents. I n  addition to these compounds, it is possible 
to cite a variety of other nitro derivatives which exhibit biological 
activities as analgetics, antitussive agents, hypertensives, hypnotics, 
plant hormones, pituitary inhibitors, and further antibacterial 
antifungal or antitrichomal drugs. For most of these compounds, 
only a small or peripheral role is played by the nitro group in causing 
biological activity. 

3. The importance of the nitro group in drugs 

-4 variety of preparations containing nitro groups are of thera- 
peutic utility in the treatment of infectious diseases. The utility of 
the drug is not, in general, due to its effect on the host organism, 
but rather is due to the fact that the drug exerts a selective effect on 
the invading parasite. The toxicity of the drugs which have been 
discussed is a relative property; there may be a fairly general 
toxicity toward the metabolic systems which are, after all, similar 
in even seemingly widely different organisms. The  deciding factors 
which affect the therapeutic utility of a drug are chemical and 
physical properties which may be largely unrelated to the presence 
of nitro or nitroso groups. Frequently, properties which govern 
permeability through membranes such as dissociation constants, 
polarity, hydrophilic-hydrophobic character, etc., may be exceed- 
ingly important. These properties might for example dictate that, 
at a given pH, a drug is absorbed by intestinal parasites but not 
through the intestinal wall of the host. 

Another complicating factor in affecting therapeutic utility is the 
balance between medicinal action and detoxification. Drugs which 
are rapidly detoxified may be of limited medical use. However, it is 

cs 
i' 
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easy to imagine situations where the detoxification route might be 
selectively and purposely blocked so as to enhance the therapeutic 
effect of a drug. For example, the reduction of nitro substituents to 
amino groups (perhaps followed by N-acylation) is a relatively 
common route for the detoxification of drugs bearing nitro substit- 
uents. If, for example, this reduction were carried out by the 
microbial flora of the intestines, then it should be possible to enhance 
the effect of certain nitro-substituted drugs by the simultaneous 
administration of drugs which diminish or abolish the activity of 
the intestinal flora. 

Because of the frequently observed correlation between therapeutic 
effect and activity in the uncoupling of oxidative phosphorylation, 
it may be concluded that many nitro-substituted drugs act by causing 
severe disorders in the fundamental metabolic processes of the target 
organism. Because oxidative phosphorylation occurs in a very nearly 
identical fashion in all of the higher organisms, it is clear that drug 
toxicity toward the host as well as the paiasite is a real possibility. 
Thus, the therapeutic utility of a drug is highly dependent on the 
phenomena associated with selective permeability and drug 
absorption. 

C. Technically Important Compounds 

There are obviously a very large number of nitro and nitroso 
compounds produced for various technical purposes, and it is 
impossible to enumerate all of them. However, some of these 
compounds are potentially highly toxic. One of the most important 
toxic symptoms, namely methemoglobinemia will be discussed at 
some length in section V. 

1. Aliphatic nitro compounds 

Nitroparaffins are of great industrial importance as explosives, 
solvents, reactants, etc. From a structural point of view, these 
substances may be primary, secondary, or tertiary nitro compounds, 
and mono- or polynitro compounds. From a physical point of view, 
they are often oily liquids which may be moderately volatile or which 
may be readily absorbed through the skin. The toxic symptoms 
evoked by these substances possess some common features but are 
frequently distinctive and vary with the route of administrati~n~~'.  
When the nitroparaffins penetrate the organism by the respiratory 
tract they cause irritation of the upper respiratory passages and 
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mucous membranes of the mouth and eyes, with consequent 
coughing, salivation, and lacrimation. The intensity of these 
symptoms increases with the increasing chain length of the nitro- * 

paraffin. In additioE, polynitroparaffins exert a stronger irritating 
effect than do the corresponding monosubstituted analogs. 
Unsaturated or chlorinated nitro compounds are still more 
irritating. 

In  addition to local symptoms there may result a general malaise 
and depression of the central nervous system. Nitroparaffins are also 
fairly general cellular poisons, particularly against organs such as 
the liver58s but to a lesser extent causing damage to the heart and 
kidneys. In  the case of acute toxic exposures to nitroparaffins death 
usually comes as the result of paralysis of the respiratory system, 
while in the case of chronic exposure to poisonous doses it is found 
that liver damage is the important symptom. Lethal doses of 
homologous nitroparaffins from nitromethane to nitrobu tane are 
very similar; when administered orally to rabbits the LD,, ranges 
from 0.25 to 1.0 g/kgS8’. On the other hand, the chlorinated nitro- 
paraffins are 5-10 times more toxic. Any of the nitroparaffins may 
be quite irritating to the skin. Oral ingestion results in irritation of 
the alimentary tract, pain, colic, diarrhoea, and bleeding from the 
intestinal mucosa. Damage to the blood vessels may result in certain 
organs following the administration of acute doses of nitroparaffins 
but there are only indirect effects on arterial blood pressure and 
respiration5B9. Changes in the lungs are particularly intense following 
exposure to chloropicrin. Rkthemoglobinernia is not an important 
result of exposure to nitroparaffins but was, for example, detected 
following the administration of 2-nitropropane to cats by 
inhalation58s. 

The  nitroparaffins are quickly eliminated from the blood, partly 
by respiration and partly by metabolic transformations resulting in 
cleavage of the carbon-nitrogen bond590*591. The general course of 
this transformation is represented in reaction 1 7js7. 

[ O I  
RCH,NO, d d RCHO + H O  + NO,@ (17) 

The nitro olefins possess a strong local irritant action and are 
relatively toxic substances. Manifestations of poisoning by these 
materials are hyperemia, increased mucosal secretion, lacrimation, 
and coughing. With prolonged exposure there occurs cyanosis, 
breathlessness, lowering of the arterial blood pressure, hyper- 
excitability and convulsions, and finally a deep depression of the 
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central nervous system, coma, and  death. This sequence of events 
resembles, to a consideral~le degree, the effects due to inhalation of 
narcotics. 

2. Aromatic nitro compounds including nitrophenols 

a. Toxic  ptofierlies. Aromatic nitro cornpounds are of consider- 
able technical importance as solvents aiid as synthetic intermediates 
for dyes aiid explosives. Nitrobenzene is quite toxic and is readily 
absorbed through the skin. In acute poisoning there occur changes 
in  the blood such as lowering of the hemoglobin level and  meta- 
hemoglobinemia, and  also symptoms of intoxication such as vomiting, 
colic, headaches, Iireathlessness, and cyanosis. Additional effects 
on  the central nervous system result in feelings of anxiety and  con- 
vulsions. A variety of nitrophenols affect the liberation of acetyl- 
choline at the nerve endinws to the small intcstines and certain 
m u ~ c l e s 5 ~ ~ .  Individual aromatic nitro compounds may cause specific 
symptoms of intoxication in  addition to the general ones just 
described. For example, nz-dinitrobenzene can accumulate in tlie 
lipid-rich adipose tissues where i t  can remain for extended periods. 
On ingestion of alcohol, the residues of nz-dinitrobenzene can be 
washed out of the adipose tissues and  severe toxic symptoms including 
cyanosis, headaches, and vomiting can result. Chronic intoxication 
with nitroaromatics is observed to result in  cirrhosis or acute atrophy 
of the liver. Yellow coloring of the hair  and nails occurs in poisoning 
with ni-dinitrobenzene. A similar observation has been made for the 
case of p-nitrobenzoic acid5". 

A different toxic property is possessed by 1 -cliloro-2,4-dinitro- 
benzene, for it is known to cause strong allergic reactions particularly 
characterized by skin eruptions and  othcr dermal disorders59J-s96. 
Such aromatic dinitro compounds are known to be activated with 
respect to nucleophilic substitution reactions in  contrast, for example, 
to chlorobenzene itself. .As a result, 1 -chloro- or l-fluor0-2~4-dinitro- 
benzene undergoes a facile reaction with nucleophiles such as 
amino groups which may be part  of a protein. Such a reaction is 
utilized to introduce tlie 2,4-dinitropIicn)ll group into a variety of 
polypeptide and protein molecules for the purpose of synthesizing 
'unnatural' proteins which will i n  t u r n  elicit antibody forma- 
tion5B7-co7. The reaction of amino groups with l -fluoro-2,4-dinitro- 
benzene is, of course, the Ixxsis for the Sanger method for the 
determination of the h'-terininal amino acid or a peptide chainGo8. 
In addition to the reaction wit11 A'-terminal amino functions, the 

a. 
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halodinitrobenzeiies also react with other groups found in proteins 
including the side-chain primary aminc group of the amino acid 
lysine. If, for example, tlie low molecular weight polypeptide 
hormone insulin is treated with 1 -fluoro-2,4-dinitrobenzene, it is 
possible to introduce one dinitroplienyl group corresponding to the 
presence of one lysine residue. The  dinitrophenyl group together 
with a restricted rcgion of adjacent amino acids acts as a determining 
site in antigen-antibody reactionPo9. Thus the allergenic properties 
of 1 -chloro-2,4-dinitrobenzene are probably due to an antigen- 
antibody reaction which results after the dinitrophenyl group is 
covalently attached to natural proteins. 

6. Metabolic tmirsfot'nzntioiu. In the course of the discussioiis 
presented in  this chapter there have been a number of examples of 
metabolic transformations. I t  will be useful to discuss briefly the 
metabolic transformations undergone by some of the technically 
important aromatic nitro compounds. T h e  metabolism of nitro- 
benzene by the rabbit lias been investigated in some detailG1o-G1l. 
As might be anticipated, reduction to the amino group represented 
a n  important metabolic reaction, but the amount of aniline which 
is found in the metabolites is less than 1 yo of the products. Rather, 
p-aminophenol and  its conjugates represented over 30 yo of the 
original dose isolated and identified 017er a 5-day period. T h e  
conjugates were largely the glucuronic acid derivative or the N- 
acetyl derivative of the glucuronideG1o. I n  addition, conjugates of 
m- and p-nitrophenols were isolated in significant amounts from the 
urine. The  enzymatic basis for formation of glucuronic acid con- 
jugates of p-nitrophenol as a means of detoxification lias been 
s t ~ d i e d ~ ~ ~ u 6 ' ~ .  A significant amount of the administered dose of 
nitrobenzene remained in the tissues for extended periods, presumably 
in  the form of various partially metabolized derivatives. 

T h e  metabolism of nz-dinitrobenzene by rabbits also involves 
reduction to the amino derivatives, and the formation of amino- 
phenols (or conjugates) 611. Isolated m-nitroaniline and m-phenylene- 
diamine represented about one-third of tlie administered dose, while 
2-amino-4-nitrophenol and 2,4-diaminophenol isolated from the 
urine, together represented as much as 50 of the administered 
dose. In addition, small amounts of 2-nitro-4-aminopl1enol were 
isolated. 

T h e  metabolism of nitrotoluenes by the higher animals follows an 
illteresting course in that tlie methyl group may be oxidized. For 
example, o-nitrotoluene on administration to dogs was found to 
lead to production of a-nitrobenzyl alcohol and o-nitrobenzoic 
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acidG14. The  alcohol was isolated as the glucuronic acid conjugate. 
T h e  metabolism of p-nitrotoluene similarly results in formation of 
the benzoic acid derivatives. NIuch of the acid was excreted as a 
conjugate6lS. 

A relatively unusual pathway for metabolism of an aromatic 
nitro compound has been reported for the case of the polychloro 
derivatives. For example, when 2,3,5,6-tetrachloronitrobenzene is 
administered to rabbits616 the major portion of the dose is excreted 
unchanged in the faeces. However, in accord with the metabolism 
of certain of the nitrobenzenes already discussed there was isolated 
~ 1 0 7 ~  of the tetrachloroamino compound and -15% of 2,3,5,6- 
tetrachloro-4-aminophenol. In addition, about 15% of a mercap- 
turic acid derivative 108 was isolated. This compound is a conjugate 

\ c'vcl CI C! 

CH,CO--NH-~H-CO,H 

(108) 

of the aromatic ring with the AT-acetyl derivative of the amino acid 
cysteine. 

As might be anticipated from the foregoing discussion, the 
metabolism of the nitrophcnols in\rolves reduction and conjugation 
as major routes. For example, the relatively toxic p-nitrophenol is 
largely excreted by rabbits as the glucuronic acid conjugate. 
Smaller amounts may be excreted as the sulfate (sulfuric acid 
conjugate). Reduction to the amino compound also 0ccu1- s~~~ .  
Similar processes of reduction and conjugation can be cited for the 
dinitrophenols such as 2,4-dinitrophenol. 

One  important toxic property 
of certain technically useful aromatic nitro compounds is the effect 
of nitrophenols on the energy-yielding processes of oxidative phos- 
phorylation. This has, of course, been a recurring theme throughout 
this chapter. The  mechanism by which dinitrophenols exert an effect 
on the sequence of oxidative phosphorylation remains uncertain. 
Differences in the uncoupling activity of isomeric dinitrophenols 
have been considered, and it was foundGIs that the relative potencies 
of the dinitrophenols could be ranked as follows: 3,5 > 2,4 > 
2,6 > 3,4 > 2,3 > 2,5. Attempts were made to correlate these 

c. Efects on oxidafiuephosphoylafion. 
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activities with parameters such as pK,, of the phenol or with lipid 
solubility but with little success. By using radioactive dinitrophenols 
i t  was possible to measure the extent of penetration of isomeric 
dinitrophenols into yeast cells, and there was a parallelism between 
the extent of incorporation of the isomer into yeast cells and the 
uncoupling efficiency of that  isomer in tests with cell-free systems. 
T h e  results of an  extensive series of investigations by Pinchot suggest 
that  2,4-dinitrophenol exerts its uncoupling action by preventing 
the association of a critical enzyme with a particulate molecular 
complex of the electron-transport sequence105. The  possibility that 
2,4-dinitrophenoI and  other phenols can act to inhibit directly 
various other enzymes has been a d v a n ~ e d ~ ~ ~ ~ ~ 2 ~ .  I n  this regard, 
attention is again called to the recent observation that nitrofurans 
can act as competitive inhibitors of the nitroductase enzymes capable 
of reducing p-nitrobenzoic acid. 

V.THE ROLE O F  NITRO AND NITROSO COMPOUNDS 
IN T H E  FORMATION OF METHEMOGLOBIN 

I n  man, the major mechanism for transporting oxygen from the 
lungs to the tissues involves the reilersible association of molecular 
oxygen with the protein hemoglobin. This material can be considered 
to be made up of two major components, the protein globin and the 
iron-containing porphyrin ring system termed heme. The  normal 
reversible association of hemoglobin with oxygen occurs without a 
change in the ferrous oxidation state of the chelated iron atom. 
If  the iron atoni of the heme group is oxidized to the ferric state, the 
resulting methemoglobin is no longer able to combine with oxygen. 
I f  a significant fraction of the hemoglobin of the blood is transformed 
into methemoglobin then the oxygen-carrying capacity of the blood 
may be severely, even fatally, impaired. The  physiological result 
resembles that observed with carbon monoxide poisoning because, 
in both cases, the tissues cannot be supplied with oxygen. 

T h e  introduction into thc body of any substance which is capable 
of oxidizing hemoglobin either directly or following any metabolic 
transformation, may result in methemoglobinemia. A number of 
organic compounds cause the formation of methemoglobin, and this 
property is very much involved with the toxicity of many of these 
substances. The  ingestion of nitric and nitrous acid esters and nitro 
and  nitroso compounds is frequently observed to result in the 
formation of rnethemoglobinGZ’. As might be expected, other 
chemicals such as quillones or clilorates can also act as oxidants of 
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hemoglobin. Large doses of oxidized methylene bluc (109) can result 
in the formation of methemoglobin in man. I n  tercstingly, however. 
small doses of methylene blue are used as emergency therapy in 
cases of severe methemoglol~enemia. This seemingly paradoxical 
situation arises because reduced methyiene blue (110) can he formed 

(110) 

in the organism via a reduction reaction (such as 18) involving the 
biologically important coenzyme NADH (2a).  Compound 110 then 
acts to reduce the ferric iron of methemoglobin to the normal ferrous 
state of hemoglobin. The resulting 109 may again be reduced and 
this cycle continued until the methemoglobin is effectively destroyed. 
On  the other hand, if the capacity of the tissues to reduce 109 is 
greatly exceeded then the administered methylene blue may act as 
a toxic agent. The oxidation-reduction potentials of these substances 
are consistent with this behavior (Table 1) - 

I t  is possible that the pathway for reductive metabolism of, for 
example, an aromatic nitro compound involves as transient inter- 
mediates the nitroso and hydroxylamino derivatives (reaction 19). 

NO 
I 

I I 
R R 

Evidence has been obtained 

NHOH NH2 
I I 

R li 

for formation of nitroso and hydroxyl- 
amino derivatives during the metabolism of aromatic nitro com- 
pounds by cell-free systems622-62j. Phenylhydroxylamine is a potent 
producer of methemoglobin, both iiz vitro and 'in u i u 0 6 ~ 6 - ~ ~ * .  The 
mechanism by which hydroxylamines act to produce methemo- 
globin is uncertain, although some interesting studies along those 
lines have been rep0rted~3~*"~. 
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Aniline can also result in  the formation of methemoglobin in 
animals. Significantly, when various anilines are administered to 
dogs or are filtered through excised lungs or livers of cats i t  is 
possible to detect ~iitrosol~enzene""-~~~. Since nitrosobenzene can 
be detected following the administration of aniline in vivo the question 
which arises is whether i t  is produced with phenylhydroxylamine 
as a free intermediate as implied by reaction 19. The formation of 
ph en y 1 h y d r ox yl ami n e d u r i ng i xi cub at ion of N-e t h y 1 aniline wit 11 a 
cell-free preparation from rabbit liver suggests that the hydroxyl- 
amine derivatives may indeed be normal, free  intermediate^^^^. 
Intravenous administration of p-chloroaniline to dogs results in the 
appearance of sigiiificant amounts of the administered dose in the 
form of the oxidized metabolite p-ch lor~ni t rosobenzene~~~.  Simi- 
larly, the administration of 2-naphthylamine causes the appearance 
of the corresponding 1iydroxylamine"O. These observations point up 
the apparently reversible nature of the metabolic transformations 
represented in reaction 19. I n  any event, it is clear that methemo- 
globin may be formed in higher organisms not only by the action 
of oxidants such as nitro and nitroso compounds, but also by the 
action of reduced compounds in the presence of oxygen. This again 
serves to emphasize the complex interrelationship between the 
various oxidative and reductive pathways of metabolism. 

VI. ADDENDUM AND FINAL REMARKS 

Since the completion of the main body of this chapter there have 
appeared several particularly pertinent articles dealing with 
biologically important nitro compounds. The isolation and character- 
ization of miserotoxin, a naturally occurring alkyl nitro compound, 
was described in a recent c o m n ~ u n i c a t i o n ~ ~ ~ .  Miserotoxin is a com- 
ponent of certain -~~st?a,oa~xs species, particularly the so-called 
locoweeds or poison vetches. These weeds have been known for 
many years to cause both chronic and acute poisoning symptoms 
in livestock. I t  now appears that niiserotosin is the substance which 
causes the acute poisoning. Utilizing nuclear magnetic resonance 
and mass spectrometry, niiserotoxin was identified as the p-D- 
glycoside of 3-nitro-I-propanol (111). This was confirmed by the 

CH20H 

" O m  NO HO OCHZCHZCHZNO? 

(111) 
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hydrolysis of miserotoxin to D-glucose and 3-nitro-1 -propano1 (identi- 
fied by comparison with an authentic sample synthesized from 3- 
bromo-1-propanol). It was found that 111 was readily hydrolyzed in 
the rumenof livestock to D-glucose and 3-nitro- 1 -propanol, arid that the 
administration to livestock of synthetic 3-nitro- 1 -propano1 resulted 
in death with toxic symptoms identical to those caused by ingestibn 
of a lethal amount of the timber milkvetch plant (Astragalus miser). 
This clearly establishes 111 as a major toxic component of this 
species because A.  miser served as the biological source for the iso- 
lation of miserotoxin. It appears likely that the 3-nitro-1 -propano1 
grouping of 111 is derived from the same source as the 3-nitro- 
propionic acid (22) residue of the glycoside hiptagen. In  view of the 
data available on the biosynthesis of 3-nitropropionic acid (see 111. 
A.2.d) it would seem reasonable to conclude that the alcohol is 
derived from the acid. However, the authors report that they were 
unable to detect the acid in the same plant mater ia l~6~~' .  

The proceedings of a conference on the pharmacological and 
chemotherapeutic properties of Niridazole and other antischistosomal 
compounds have recently been published. Niridazole, or 1 -(5- 
nitro-2-thiazolyl) -2-imidazolidinone (112) , is a potent drug in the 
treatment of trematode worm infections of man, a serious disease 
which is particularly prevalent in the tropics. 

(112) 

Among the papers presented is one dealing with the general topic 
of nitro heterocycles with antiparasitic effects6". The in viuo activities 
of a variety of nitrofurans, nitroimidazoles and nitrothiazoles were 
discussed, and the latter compounds (such as 112) were particularly 
effective. The nitro group in the 5-position was regarded as essential 
for activity. Consistent with related studies described in the present 
review, it appears that a major route for the metabolism of 112 
involves a NADPH-requiring reductase which transforms the nitro 
group to an amino Other mechanisms for the detoxi- 
fication and metabolism of drugs have been conveniently 

The synthesis and structure-activity relationships of some sub- 
stituted 2-nitroimidazole compounds have recently been described645. 
These materials may be considered to be deri\ratives of the natural 
antibiotic azomycin (17). The in vivo activity against Tricliomonas 
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vagirzalis of a variety of alkyl-substituted 2-nitroimidazole striictures 
such as 113 was measured. For the group where R, = methyl and 
R, = hydrogen, i t  was found that compounds with branched alkyl 
chains at  R, were particularly effective chemotherapeutic agents, 
consistent with an  earlier observationG46. This effect may be due to 
the slower oxidativc degradation which such branched chain 
compounds are expected to undergo in viva, although this conclusion 

is subject to dispute. Consideration of numerous derivatives of the 
type of 113 led to the conclusion that the lower portion of the 
molecule (represented here as 114) is responsible for the biological 

These authors also discuss the importance of the tauto- 
merization (reaction 20) in affecting the biological activity. 

In this chapter we have examined numerous selected examples of 
nitro and nitroso compounds which are significant because of their 
biochemistry, pharmacology, or  toxicology. There are probably no 
biological actions which can be uniquely ascribed to the nitro or 
nitroso groups. However, there are a number of recurring themes 
which hopefully are now apparent to the reader. Without a doubt 
the most important effect of nitro compounds on biological systems 
is tha t  of the nitrophenols upon oxidative phosphorylation. Indeed 
many of the important medical uses of nitro-substituted aromatics 
can be considered to be examples of the selective uncoupling of a 
parasites' system of oxidative phosphorylation in preference to that 
of the  host organism. I t  should be emphasized that nitrophenols 
and related compounds are toxic to humans as well as to lower 
organisms. For a time, nitrophenols were actually administered to 
humans as treatments for obesity, but this practice was soon halted 
because of the toxic side effects. Because the system of oxidative 
phosphorylation is a vital part  of the energy-yie!ding metabolic 
reactions of all aerobic organisms, i t  should be apparent that any 
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selective toxic effects are due, in part, to differences in solubility 
and penetration through membranes or related physicocheinical 
phenomena which permit the penetration of the drug into the 
parasite in preference to the host. 

Despite our generally inadequate knowledge of the metabolic 
transformations of compounds bearing the nitro and nitroso groups, 
another theme which is becoming apparent is the essential similarity 
of the Iiiochemical transformations even in seemingly widely diverse 
living organisms. Such a conclusion follows readily, however, upon 
the assumption of a common progenitor of all existing organisms. 
Indeed the brilliant work of Margoliash and provides 
direct evidence for this hypothesis. The  oxidation-reduction reac- 
tions of'the nitro and nitroso groups as well as the oxidative reactions 
of amines, etc., provide additional examples of common paths. 

The  organic chemist working with aromatic nitro compounds 
must be  impressed with certain of the differences in their reactivity 
compared to the unsubstituted analogs. The  biochemical reactivities 
are also influenced to varying cxtents by, for example, the electron- 
withdrawing properties of the nitro group. This  is probably most 
apparent in the discussion of the cholinesterase inhibitors. I n  some 
of these systems it might seem possible to obtain fully as effective an 
insecticide by using for example, a trifluoromethyl substituent in 
place of a nitro substituent. However, it is nearly impossible a t  the 
present time to predict the effectiveness of a drug because the whole 
organism is so enormously complicated. As we have sought to 
emphasize, the chemical agent must be considered as an entirety-a 
complicated molecule interacting with a far more complicated 
biological receptor site. A major aim of biochemical pharmacology 
must be to define the nature of those receptor sites. Studies involving 
nitro- and nitroso-substituted compounds may be expected to be a t  
the vanguard of these researches. 
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1. I N T R O D U C T I O N  

Tlio~igli trinitromethane has been known for over 100 yearsl, no 
systematic general study of the chemistry of trinitromethyl com- 
pounds, with the possible exception of Hantzsch’s2 studies which 
were limited in that they were concerned with a n  investigation of 
the salts of trinitromethane and the utility of the silver salt in  
metathetical reactions with alkyl halides, had been initiated until 
the work of Schimmelschmidt3 during World War  11. Shortly after 
the war, a program initiated by the U.S. Department of the Navy 
to investigate this area of chemistry as a possible source of high- 
energy materials was responsible in  part for the rapid growth of 
interest in the chemistry of trinitromethyl compounds. Similar 
interests undoubtedly existed in the Soviet Union, for commencing 
with the mid-l950’s, as results of these investigations became 
declassified, reports began to appear quite regularly in the open 
literature both in  the United States and the Soviet Union. At 
present, the open Iiterature also contains the cokc ted  papers of 
two dcaling for the most part with the chemistry of 
trinitromethyl compounds. Finally, mention should also be made  
of several recent  review^^-^ and one textlo covering certain aspects’ 
of the chemistry of trinitromethyl compounds. 

II. GENERAL CHARACTERISTICS O F  THE 
T R l  N iTRQ M E T H Y  L GROUP 

It is possible to conceive of two broad divisions of the chemistry of 
trinitromethyl compounds which differ considerably. T h e  first, is 
that  of the tetrahedrally hybridized trinitromethyl group, simply 
exemplified by substituted trinitromethanes such as the I ,1,1- 
trinitroalkanes. This is to be contrasted with the trigonally hybridized 
trinitromethyl group present in the trinitromethide ion. It should 
be pointed out that  the chemistry of substituted 1,l-dinitromethide 
ions, though not specifically considered in this section, generally 
parallels that of the trinitromethide ion. The alkyl and halodinitro- 
methides are generally better nucleophiles than the trinitromethide 
ion whereas cyano and 2-Y-vinyldinitromethide ions (Y = C0,CH3, 
S0,CH3, NO2, etc.), in which the charge on the carbanion is more 
delocalized, are  considerably poorer nucleophiles. 
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A. Tetrahedrally Hybridized Trinitromethyl Group 

The placing of three electron-withdrawing nitro groups on the 
same carbon atom creates a functional group that is extremely 
acid strengthening via an inductive electron withdrawal. Thus,  
4,4,4-trinitrobutyric acid, pK, = 3.6411, is about 0.5 pK, units 
stronger than 4,4,4-triP,uorc!xt)rric acid, pK, = 4.1 512. A quantita- 
tive measure of this inductive electron withdrawal was obtained by 
Hine a n d  Bailey13 who reported for trinitromethyl a value of 
o* = 4.54. With the possillle exception of fluorodinitromethyl, 
[T* = 4.38l*, this appears to be the largest o* value reported for an 
uncharged substituent. 

O n e  of the consequences of this strong inductive electron with- 
drawal is that  hydrogen atoms a to a trinitromethyl function in a 
1,l ,1-trinitroalkyl group are quite susceptible to being removed as 
protons. When coupled with the fact that a nitro group is a good 
leaving group, this supplies an excellent driving force for the 
decomposition of 1, 1 , 1-trinitroalkyl groups in alkaline media by 
means of a n  E2-type elimination of the elements of nitrous acid. 

A second reactive site is a nitro substituent of the trinitromethyl 
group. Due  to steric crowding, non-bonded repulsions of the nitro- 
oxygen atoms, loss of a nitro group would lower the free energy of 
the system. A second effect15 to be considered is that due to the 
presence of multiple nitro substituents the electronegativity of the 
carbon atom of the trinitromethyl function is increased as compared 
to a nitromethyl function. We may then say that on the average a 
nitro substituent of a trinitromethyl group is more electropositive 
than in  a nitromethyl group and therefore i t  should be open to 
nucleophilic attack. T h e  driving force for this reaction would be the 
loss of non-bonded oxygen repulsions as well as the creation of a 
resonance stabilized 1,l-dinitromethide ion (equation 1) .  The  

chemistry of the tetrahedrally hybridized trinitromethyl group is 
replete with reactions of this type involving both intermolecular 
and  intramolecular nucleophilic displacements, with the latter 
category often yielding some rather deep-seated rearrangements. 
One  quite often finds a given nucleophile behaving simultaneously 
as a base toward the hydrogen atoms v. to the trinitromethyl group 
and  a nucleophile toward a nitro substituent of the trinitromethyl 
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group. Thus, the products obtained from a given reaction can be a 
complex mixture. Subtle changes in the down-chain molecular 
structure, solvent, or attacking reagent can often cause wide, if not 
seemingly random, variation in the product composition. 

B. Trigonally Hybridized Trinitromethyl Group 

Assuming a completely planar conformation in solution, one 
would predict an almost complete lack of nucleophilic character for 
trinitromethide ion since the p-electron pair on carbon should be 
rather well delocalized by the rn system of the three nitro groups. 
However, the acidities (Table 1) of mono-, di-, and trinitromethanes 
exhibit a ‘saturation effect’; the effect of a second and third nitro 
substituent upon the acidity of nitromethane is not additive. By 
comparison, the stepwise suhstitution of hydrogen by cyano groups 
produces a regular increase in the acidity of cyanomethane. Thus, 
linear cyano groups operate eficiently as p-electron delocalizers in 
cyanocarbanions as contrasted with an increasingly damped 
resonance interaction with increasing substitution of nitro groups in 
nitro carbanions. A sccoiid observation is that replacing a nitro 
group in trinitrometliane with a cyano group increases the acidity 
by a factor of more than one million. The pK,  of cyanodinitro- 
methane is -6.216. A cyano group, cr* = 1.30, is a somewhat 
poorer electron-withdrawing sulxtituent via an inductive interaction 
than a nitro group, cr* = 1.40. Therefore, the increased acidity of 
cyanodinitromethane relative to trinitromethane must be due to 
differences in carbanion stability rather than C-H bond strengths 
in the undissociated methanes. T h e  obvious conclusion is that 
trinitromethide ion is not completely planar in solution. The substitu- 
tion of the linear cyano group for a nitro group reduces the non- 
bonded oxygen repulsions of the nitro groups which would exist in 
a planar trinitromethide ion, and permits cyanodinitromethide ion 

T A n L E  I .  .Acidities or substituted nicthanes’5. 

P K  P& 

CII, 40 
CH,NO, 1 1  CH,CN 25 
CH,(NO,) , 4 CH,(CN), 12 
CH(NO,), 0 CH(CN), -5a 

a R. H. Boyd, J .  A m .  Clrern. Soc., 83, 4288 (1961). 
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to have a planar conformation, or certainly more nearly so, in 
solution. 

Results of solid state conformation determinations support the 
above conclusion. Dickens" has determined the structure of tri- 
nitromethide ion in h).'ilrazinium trinitromethide and finds that the 
crystal is composed of two crystallographically independent trinitro- 
methide ions arising from different hydrogen bonding environments 
in the crystal lattice. Though crystallographically different, both 
trinitromethide ions have quite similar conformations with respect 
to the orientation of the 0 - N - 0  planes of the three nitro groups 
about the carbon atom. Thus, the atoms N-C(-N)-P! lie in a plane, 
with the 0 - N - 0  planes of the nitro groups making dihedral angles 
with the N-C(-N)-N pIane of 7, 8, and 41" in one anion and 4, 5, 
and 74" in the other. I n  the crystal, trinitromethide ion appears to 
be an asymmetric propeller having one blade considerably twisted 
and the other two blades twisted only very slightly out of the plane 
of the hub. Supporting the hypothesis that non-bonded oxygen 
repulsions are responsible for the lack of coplanarity of trinitro- 
methide ion, it was found17 that the N-C-N angle between the more 
nearly planar nitro groups has opened to 124 and 127", with the 
greater spread belonging to the anion in which the non-planar 
nitro group is 74" out of the N-C(-N)-N plane. 

By contrast, Grigor'eva and coworkers1* report that cyano- 
dinitromethide ion in rubidium cyanodinitromethide is completely 
planar in  the crystal and suggest that the p-electron pair on the 
carbanion is delocalized by the n- systems of both the nitro and 
cyano groups. Thus, we would expect that the trinitromethide ion 
would have considerable nucleophilic character and indeed behave 
more like a substituted I,l-dinitromethide ion in which the substit- 
uent, an  orthogonal nitro group, can only reduce the p-electron 
density on the carbanion by an inductive electron withdrawal. 
However, the cyanodinitromethide ion should be an extremely poor 
nucleophile. This is corroborated by the o b s e r ~ a t i o n ~ ~  that under 
conditions where trinitromethide ion adds to methyl acrylate a t  a 
specific rate which is 31G that of alkyldinitromethide ions, cyano- 
dinitromethide ion is totally unreactive. 

,.Ill. S Y N T H E T I C  APPROACHES TO 
T R I N I T R O M E T H Y L  COMPOUNDS 

We may divide the synthetic approaches to trinitromethyl com- 
pounds into two categories. The first, and undoubtedly more 
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important since i t  has considerably greater synthetic utility and 
versatility, makes use of the trinitromethide ion as a nudeophile in 
reactions with saturated and unsaturated substrates. Thus, we find 
that trinitromethide ion readily adds to a variety of a,/l-unsaturated 
systems of the general structure CH,=CHY, where Y is a conjugat- 
ing electron-withdrawing substituent, to yield the corresponding 
3-Y-1 , 1 , 1 -trinitropropyl derivatives. Additions to a transient 
>N+=CH, double bond such as is generated in  the Mannich 
reaction20 and to the carbonyl function also occur quite readily, 
although additions to the latter are quite limited. It is possible to 
effect 1,2 additions to unconjugated olefin systems by  utilizing the 
mercury salt of trinitromethane as the addend. Though considerably 
more restricted in its application, nuc!eophilic displacements of 
halogen from a saturated carbon atom by trinitromethide ion can 
also be used to introduce the trinitromethyl function. 

The  second technique for introducing tlie trinitromethyl function 
might well be called the ‘hammer and tongs’ procedure since it 
involves the stepwise construction of the trinitromethyl function. 
I t  is at present oflittle value because of the lack ofsuitable procedures 
for converting tlie rather readily obtained substituted 1 ,I-dinitro- 
methide ions to the corresponding 1,1,1 -trinitromethyl compounds. 
This area of trinitromethyl chemistry, the nitration of substituted 
1 , 1-dinitromethide ions, undoubtedly merits further investigation. 

A. Trinitrornethide /on a s  a Nucleophile 

1. Addition to x,P-unsaturated systems 

The addition of carbon acids to x,p-unsaturated systems is gener- 
ally termed the Michael reaction. T h e  lm-iation in the  structure of 
the donor as well as the acceptor molecules which undergo reaction 
is extremely largez1. However, it is required that the acceptor 
molecule have \a double or a triple bond conjugated with an 
electron-withdrawing substituent such as CORY SO,R, NO,, CN, 
etc. The reaction may be depicted by equations 2-4, in  which HAn 
is the coiljugate acid of the carbanion addend, Y is a -T substituent 
in the Ingold notation*, and HX is a p-otoii donor, such as the 
solvent, present in  the reaction mixture. The  reaction is said to be 
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subject to catalysis by basesz1. However, kinetic studies of the reac- 
tions of barbituric acid with p - n i t r o ~ t y r e n e ~ ~  and alkylmalonic and 
acetoacetic esters with acrylonitrilez4 showed that the function of 
the base catalyst is to generate a sufficient concentration of the 
carbanion addend (equation 2) in those cases where its conjugate 
acid is essentially undissociated in the reaction solvent. T h e  rate- 
determining step in both of these systems is the addition of the 
carbanion to the cr,@-unsaturated acceptor molecules. 

a. Mechanism of trinitroniethane additions. Unlike most other 
carbon acids, trinitromethane is an  exceedingly strong acid, pK, = 
O.1I6. Therefore, it should not require base catalysis to generate a 
sufficient concentration of its conjugate base to add readily to 
a,p-unsaturated systems. Indeed, the converse is true. Additions of 
trinitromethane are subject to acid catalysis. Hine and  Kaplanz5 
investigated the kinetics and mechanism of the addition (and the 
reverse reaction) of trinitromethanc to P-nitrostyrene in methanol 
and  found that the forward reaction is subject to general acid 
catalysis. T h e  reverse reaction, procecding by an  E 1cB mechanism, 
is subject to general base catalysis. T h e  reaction sequence is sum- 
marized by equations 5 and 6. This  system is completely reversible 

C(SO,) ,  

C(SO,), C(SO,), 

with either protonntion of thc intermediate carbanion C,H,CH- 

[C(NO,),] CHXO, or deprotonation of the adduct 1,1,1,3-tetra- 
ni tro-2-13 lie n)-lp ro pane ( eq u at ion 6) I x i  ng rate de t c rmi ning . \Vh en 
the decomposition was studied in metliylosonium cliloride solutions, 
a change i n  the I-ate-controlling step was ol~scrvcd. Under these 
more strongly acidic conditions, tlic rate, k,[C,H,CH[C(NO,),]- 

CH_RO,][BHr], R H -  = hIeOH;. is so rapid that tlic rate of 
decomposition or the intcrmediatc carbanion, /;_,[C,H,CH- 

[C( NO,) 3] CH SO,] Ixcomes rate control I ing. 
In contrast to t Iic relnt i\.e s t migh t for\vaidiiess of the lj-nitro- 

styrene systcm, the nature of tlic products obtained from the addition 
of t~-initrometliane to methyl acr!-Iate is ciuite scnsiti\rc to thc 
acidity of the reaction medium. It \vas  olxerved tliat the yield of the  

- 

- 
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normal Michael adduct, methyl 4,4,4-trinitrobutyrate (l), falls off 
markedly from 90 yo a t  p H  1-2 to 55 ?< a t  pH 4-5"j. Tha t  this was 
not due  to a pH-dependent reversal of the adduct 1 to trinitro- 
methane and methyl acrylate was shown by the inability to recover 
unreacted trinitromethane from the reaction mixture. Instead, a 
co-product, dimethyl 4,4-dinitro-2-hydroxypimelate (2), was isolated 
in 27 yo yield together with 55 yo of the normal Michael adduct 1 
(equation 7). Substituting methyl vinyl ketone for methyl acrylate 
afforded the structurally analogous co-product, 5,5-dinitro-3- 
hydroxy-2,8-nonanedione. Under more alkaline conditions, a 

HOAc 
C(NO,),- + CH,=CHCO,Mc f 

30:; I l e O H  

C(N0,)3CH,CH,C0,Mc + Me02CCH,CH,C(N0,),CH,CHOHC02Me (7) 
(1) (2) 

second co-product, the potassium salt of methyl 4,4-dinitro-2- 
butenoate (3), was isolated togcther with 1 and 2. Subsequent 
investigation of the trinitromethane-methyl acrylate systemz7 
showed that 2 and 3 were not primary reaction products and that 
in the synthetic sequence 2 was formed via a second Michael 
addition of the primary rearrangement product, methyl 4,$-dinitro- 

O.-\c- 
C(XO,),- + CH2=CHC0,%Ie ---+ 1 + -C(X0,),CH,CHOHCO2Me (8 )  

(4) 

4 + CH,=CHCO,Me 2 (9) 

1 --+ -C(SO,),CH=CHCO,Me ('0) 

2-hydroxybutyrate (4) , to methyl acrylate (equations 8 and 9). The  
olefin 3 was shown to be a product evolving from the elimination 
of nitrous acid from methyl 4,4,4-trinitrobutyrate (1) under alkaline 
conditions (equation 10). Rearrangement products analogous to 
the a-hydroxy ester 4 have been isolated with other acrylic 
augendszi. z 8 .  

The mechanisms and  pH dependency of the reactions taking 
place in  the trinitroniethane-methyl acrylate system were elucidated 
by Kaplan and Gloverz9 who studied the kinetics of the reactions in 
both acid and near-neutral media. T h e  stoichiometry of the primary 
reactions occurring in this system are summarized by equations 
11-13, where HA is water, hydronium ion and in  near-neutral 
media, acetic acid fi-om the buffer system used. Reactions 12 and 
13 were not reversible under the conditions used in these kinetic runs. 

base 

(3 ) 
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The kinetic results obtained are expressed by thc specific rate 
equations 14-16, where k,., Air, and k ,) are, respectively, the observed 
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a 1  

kL1 
C(X02)3- + C1-12=CHC0,i\,Ie C(NO,),CH,~HCO,h~le (11) 

( 5 )  

k1l.t 
5 3- HA ---+ C(K0,)3CH2CH,C02klc + -A\- (12) 

(1) 

5 -  > 4 + so,- A, 
(13) 

specific rates for the disappearance of trinitromethide ion, the forma- 
tion of the normal Michael adduct l, arid the formation of tlie 
cc-hydroxy ester 4 at a given acidity. These workers2!’ found that in 
50 yo dioxane both k,, and k,. increased on increasing the acidity of 

the reaction medium. However, at high acidities where 
2 k13,[HA] >> k-l  M k,, k,, and krr approached a limiting value 
of kl, tlie specific rate of addition of trinitrometliide ion to methyl 
acrylate (equation 11). The mechanism for the formation of the 
normal Michael adduct 1 (equations 11 and 12) i n  tlie methyl 
acrylate system is identical with the mechanism suggested for the 
formation of 1 , 1 , 1,3-tetranitro-2-phenylpropane (equations 5 and 6) 
in the 6-nitrostyrene system. 

I n  an aqueous reaction medium, both Kaplan and Glo\.eP and 
hTovikov and coworkers30 observed that the specific rate of dis- 
appearance of trinitromethide ion, k.,., was constant over a wide 
acidity range. I t  was inferred from this o b s e r ~ a t i o n ~ ~  that tlie forma- 
tion of the normal hIichae1 adduct l was also an uncatalyzed reac- 
tion in this solvent system. However, this was shown to lie incorrect2!’ 
by dissecting kT into its components kA1 and k,). The change in p H  
dependence of krl* on changing the reaction medium from 50 7; 
dioxane to water was rationalized29 by assuming that at inter- 
mediate acidities in  50 o/, dioxanc k-l % 2 klIAIHA] = k,, but on 
going to water, ~ k , , , [ H A ]  >> k-, <<.k,. For the latter condition, 
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k, (equatioii 14) Ixcomcs eqiial to k,, and equation 15 reduces to 
equation 17. Therefore, the specific ratc of formation of 1 would still 

lie suliject to acid catalysis. Sufficicnt kinetic data were not obtained 
in the aqueous system to confirm the change in the relative magni- 
tudes of k-l ,  k,, and  2 k,,[HA] on going from 500/, diosane to 
water. 

T h e  mode of formation of the v.-hydroxy ester 4 from the inter- 
mediate carbanion 5 was shown to lie first order in the carbanion 
5 (equation 16). However, the presence of a water concentration 
term as in k , ,  o. k,k,[H,O] could riot be ruled out. T h e  process 
for the formation of 4 competed for the carbanion 5 with the reaction 
leading to the normal adduct 1. Since equation 18 describes this 
system, the reaction path governed by equations 11 and 12 is 

favored oi-er the path governed by equations 11 and 13 in more 
strongly acidic media. Tracer experiments utilizing 018-enriched 
solvent introduced only about 6 2.; of the isotope enrichment into 
the a-hydrosy ester 4 if the solvent is assumed to be directly involved 
in attacking the x-carbon atom to yield the hydroxyl group. I t  
was concluded that the formation of 4 occurred by either of two 
first-order processes both of which involved intramolecular nucleo- 
philic attack of the v.-carlion atom in 5 upon the osygen atom of a 
nitro group of the trinitromethyl function to yield the transition 
state 6. Collapse of 6 with solvent participation, predominantly with 
attack at nitrogen, yields 4. .-In alternate route involves collapse to 
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the nitrite ester 7 which is rapidly hydrolyzed under the reaction 
conditions to 4 (equation 19). N o  distinction could be made between 
the two reaction paths from the experimental evidence obtained. 

The  reaction path for the retrogradation of the trinitromethide 
ion addition product to a,@-unsaturated systems is quite sensitive to 
the down-chain structure of the molecule. Neglecting a t  this time, 
the possibility of the base-catalyzed elimination of the elements of 
nitrous acid (equation 20) as a competing reaction (see section 
1V.B) and  considering onIy the fate of the carbanion 8 generated 

OH- --H+ 
C ( X02) ,CH,C H,Y __t [ C (NO,) ,=CHC H,Y] __f -C (X O,),CH=CHY (20) 

by u-proton abstraction (equation Z l ) ,  there are at least two modes 
of decomposition possible for 8. The  first of tliese paths (equation 22) 
is the reversal to trinitromethide ion and the x7/3-unsaturated 

- 

C(SO,),CH,CH,Y + I3 + C(SO,),CH,CHY + B H i  

8 + C(iV02)3- + CH,=CHY 

8 ---+ -C(IUO,),CH,CHOHY + SO,- 

(21) 

(22) 

(23) 

augend. T h e  second path (equation 2 3 )  is the conversion of 8 to an  
x-hydroxydinitro carbanion 9 which is structurally analogous to 
the  a-hydroxy derivative 4 whose formation from 8 in  the addition 
reaction is favored in near-neutral I n  these retrograde 
Michael reactions, the mode of decomposition appears to depend 
upon whether either or both of the hydrogen atoms a to the trinitro- 
methyl group have been replaced by an  alkyl or an aryl substituent. 

I t  was shown2.' that 1,1 , 1,3-tetranitro-2-pIienylpropane (8-phenyl 
substituent) reverses quantitatively to trinitromethide ion. Nikolaeva 
and  coworkers31 similarly observed that trinitromethyl ketones 

on - 

( 8 )  . 

(9) 

C(KO,),CRR~CH,COR~ d C(XO&- + RR1C=CHCOR2 (24) 

(lo),  R = H; R1 = A l e ;  R2 = C,H, 
(11), R = R 1  = R2 = M e  

( l P ) ,  R = H; R1 = C,H,; R' = Me 

substituted in  the p position yielded only trinitromethide ion (equa- 
tion 24) when allowed to retrograde in strongly alkaline media. 
Analogous results were obtained by iVovikov and  coworker^^^ who 
investigated the reaction of 1, 1,1,3-tetranitr0-2-alkylpropanes in  
strongly alkaline or near-neutral media. I n  every instance, only 



300 Lloyd :\. Kaplnn 

reversal of the adducts 13 to trinitromethide ion and the nitro 
olefin 14 was observed (equation 25). 

C(NO,!&H.RCH,XO, + 13 ----+ C(IVO,),- + RCH=CHNO, + BH+ (25) 

(18) (14) 
R = Me, Et, n-Pr 
13 = OH-, OMe-, 0.k-, C,H,X 

By contrast with the p-mono- or P-disubstituted derivatives which 
undergo a normal retrograde Michael reaction in alkaline media, 
it was noted that trinitromethyl ketones having the general structure 

C ( X0,),CH2CHRCOR1 __f -C (NO,),CH,CH ROHCORl (26) 
(15) (16) 

R = H; R1 = Me, CH,OAc, C,H,, CH=CHMe, 
R = Ale;  R1 = C,H, 

15 yield the a-hydroxy derivative 16 when allowed to retrograde in 
strongly alkaline or near-neutral (sodium acetate or potassium 
nitrite)  solution^^^. These workers incorrectly interpreted the result 
in potassium nitrite solution as due to reaction with nitrite ion 
rather than hydroxide. Since solutions of potassium nitrite generate 
pH’s greater than 8, the reaction (equation 26) is undoubtedly 
effected by the hydroxide ion present in the reaction medium (see 
equations 2 1-23). 

The  reaction of the v.-substituted analogs of 13 with alkali took a 
surprisingly different course than the reaction of ketones 15. The 
tetranitro compounds 17 afforded a rearranged tetranitro derivative 
18 instead of v.-hydrosy derivatives similar to 1633-35. T h e  formation 
of 18 was viewed as occurring by a n  intramolecular nucleophilic 
displacement by the first formed z-carbanion 19 upon the nitrogen 
of a nitro group in the trinitromethyl (equation 27). A 
similar intramolecular displacement on the nitrogen of a nitro group 
in a trinitromethyl function by a carbanion has been proposed for 
one of the steps in the conversion of 2,2,2-trinitroetliyl chloride to 
1,1,2,2-tetranitroetIiane in the presence of nitrite and hydroxide 
ions3G. 

- 
C(NO,),CH,CHRNO, C(S0,)3CH,ClZK0, C(XO,),CH,CR=NO,H 

(19) (20)  I 
(17) 
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Novikov and coworked4 observed that the aci-form 20 isomerized 
to 18 more rapidly than the true nitro derivative 17. From this they 
concluded that the rearrangement of 17 to 18 proceeds with the 
prior formation of the aci-form 20. This seems unlikely since the 
base-catalyzed isomerization of the true form 17 to the aci-form 20 
requires the intermediacy of the a-carbanion 19. It  is undoubtedly 
the x-carbanion that undergoes isomerization in these reactions as 
well as in the transformation of 15 to 16. A rationalization for the 
relative reactivities observed is that a-proton abstraction is rate 
determining in the isornerization of 17 to 18 just as it is in the normal 
retrograde Michael reaction of trinitromethane adductsZ5. However, 
since proton transfers from oxygen and nitrogen are generally much 
faster than those from carbon2j, the rearrangement of the rx-carbanion 
19 becomes rate determining in the transformation of 20 to 18. No 
satisfactory explanation has been given for the change in the site of 
nucleophilic attack of the a-carbanion from oxygen (equation 26) 
to nitrogen (equation 27)  on changing the down-chain substituent 
from acyl to nitro. 

The sensitivity of the reaction course of the x-carbanions to the 
presence of a j3-substituent deserves comment. In general, it 

that if R is alkyl or aryl, the adduct 21 will retrograde 
to trinitromethide ion (equation 28) - The directive influence of the 

C(KO.,),CHRCH,Y d C(NO,),- f RCH=CHY (28) 
base 

(21) 
R = alkyl or aryl 

/3-substituent probably evolves from the availability of a more 
energetically favorable reaction path (equation 26 or 27) for the 
m-carbanions which yields the a-hydroxy or rearranged tetranitro 
derivatives. If this transformation occurs by a cyclic transition state 
such as 6 (equation 19) or the equivalent four-membered ring 
structure for attack on nitrogen, then the presence of a p-substituent 
would tend to increase the energy of the transition state for this 
conversion due to non-bonded interactions of the j3-substituent with 
the nitro groups in the y position. Displacement of the resonance 
stabilized trinitromethide ion, the alternate path for a-carbanion 
reaction could then become the more energetically fasored reaction 
path. 

Information as to the relative 
reactivity of activated vinyl compounds with trinitrometlride ion is 
scant, and generally reactivity rules are based upon product yields. 

6. Reactivity of or,p-unsattimtensysfems. 
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I n  the one quantitative study available, N o ~ i k o v ~ ~  found the reac- 
tivity ordering toward trinitromethide ion to be CN < CO,R < 
CO,H < CONH,  for the unsaturated system CH,=CHY. Substitu- 
tion in the LY position had a rate-retarding effect. By comparison, 
the rate-enhancing effect of the substituent Y for the addition of 
alkoxide ions was found to be CONH,  < CO,R < CN < SO,R < 
COR3*. T h e  different reactivity ordering obtained may be due  to 
the  fact that  the rates of trinitromethide ion addition were carried 
out  in acidic media in which the equilibrium shown in equation 29 

CH,=CHY + H,Of CH,=CHYH+ 

(22) 

may have made a significant contribution for Y = CONH, and  
COOH. Since addition of trinitromethide ion to the protonated 
form 22 would occur considerably more rapidly than to the unpro- 
tonated form, this may account for the inverted ordering observed 
with trinitromethide ion". I n  place of more complete data,  a 
reactivity sequence according to the magnitude of o,,,,~,, for the 
substituent Y is probably as good as any. There seems to be little 
doubt that  x-alkyl or aryl substitution is rate retarding. The  presence 
of a conjugatively electron-withdrawing substituent in the B position 
such as in  maleic or fumaric acid derivatives renders the double 
bond inactive to addition by trinitromethide ion. 

A wide variety of 
acrylic augends have been utilized in Michael additions with trinitro- 
methide ion. T h e  reader is referred to r e ~ i e w s . ' * ~ * ~  of the subject 
for a survey of the various adducts that have been prepared. I t  
should be noted that a diversity of chemistry can be performed on 
the down-chain structure of these trinitromethyl adducts without 
affecting the trinitromethyl function. As examples are the transfor- 
mation of trinitrobutyric acid to 3,3,3-trinitropropyl isocyanate (24) 
via the acid chloride (23) (equation 30)39. The isocyanate 24 under- 

SOCI, xax, 
C(r\;0,)3CH,CH,C0,H --+ C(XO,)&H,CH,COCI + 

(23) 

c. Trinitronzelhide ion ndducts atid their waclioris. 

hcat 
C( N0,)3CH,CH,COS, ---+ C( N0,)3CH,CH,XC0 (30) 

("-1 

goes typical reactions such as aniine, urea, and urethane f ~ r m a t i o n ~ ~ .  
Transesterification of methyl 4,4,4.-trinitrobutyrate has been accom- 
plished even with such electronegatively substituted alcohols as 
2,2,2-trinitroethanol by utilizing fuming sulfuric acid as a catalyst40. 
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T h e  reaction of 23 with sodium peroxide under conventional condi- 
tions is reported to yield bis(4,4,4-trinitrobutyryl) peroxide41. I t  is 
also possible to selectively reduce tlie carboriyl function in the 
presence of tlie trinitrometliyl group (equation 3 l ) d 2 .  

S a U H q  
C(NO,),CH,CH,COCH,OH ---+ C(N0,),CH2CH,CHOHCH,0H (31) 

2. Addition to carbonyl compounds 

The addition of polynitro- 
alkanes to a \.ariety of aldehydes has been amply reviewed in the 
literatureGV7. Although trinitromethane affords good yields of the 
formaldehyde addition product 2,2,2-trinitroethanol (25)'I3, unlike 
1,l-dinitroalkanes i t  does not yield isolable adducts with other 
aldehydes or ketones. Synthetic attempts to force the reaction by 
using strained carbonyl compouii& such  as 2,2,4,4-tetrametliyl- 
cyclobutanedione-l,3 did not produce either a mono- or bis( trinitro- 
methyl) cai-bitio144. 

Though stable addition products of trinitrometliane to aldehydes 
other than formaldehyde were not isolable, the formation of 2- 
alkyl-2,2,2-trinitroetIianols (26) was shown to occur in solution 

HC(SO,), + RCHO 1 C(KO,),CRHOH (32) 

(equation 32). Rondest\-edt and coworkers4j observed that in  diosane, 
the equilibrium (R = n-Pr) lay far in the direction of the carbinol 
26 and was attained relatively slowly. T h e  hydroxyl band of the 
alcohol 26 was located at  3.05 ,u i n  the infrared spectrum. These 
workers45 reported that carbinol formation was also detected 
spectroscopically i n  carbon tetrachloride with n-butyraldehyde as 
tlie substrate. 

A more quantitatil-e study of the trinitrometliane-carbonyl 
compound equilibrium was carricd out by HallaG who determined 
values of the equiliI>riuni constant for reaction 33 in aqueous acid. 

H,O + C(NO,),-Y-OH C(SO,),- + \'(OH), + Hf (33) 

a. Scoke atid mechanism of the reaction. 

(W 

Y = -CH,--, -CHRle-, (CI-i2),C <, -CMe,- 

T h e  extent of dissociation of the trinitromethylcarbinols was found 
to increase in  the order CH, < CHMe < (CH,)& < CMe,. The  
values of the equilibrium constants obtained are feproduced in 
Table 2. Unfortunately, \.allies of thc equilibrium constant were 
obtained a t  only one temperature so that the enthalpies and 
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TABLE 2. Dissociation constants 
for trinitromethylcarbinols, 

C (NO,) 3-Y-OH . 

Y R, M-I 

CH? 7.80 x 10-7 
CHkIc 2.80 x 
(CH,),C 6.5 x 
CMe, R 

' No detectable amount of 
carbinol was produced. 

entropies of tlie reaction could not be calculated. However, it would 
appear from the data  in Table 2 that the equilibrium position is 
extremely sensitive to the size of the alkyl group attached to the 
carbinol carbon. This is probably due to the non-bonded interac- 
tions between the trinitromethyl group and  the alkyl substituent. 
Tlie fact that a ketone such as cyclobutanone, which should have 
a more favorable enthalpy of reaction because of release of I - ~ t r a i n ~ ~ ,  
has a less favorable carbinol equilibrium than acetaldehyde, strongly 
suggests that the steric factor mentioned above governs the position 
of the carbiiiol equilibrium. 

T h e  instability of trinitromethyl carbinols as compared to other 
substituted dinitromethyl carbinols is attributed to the increased 
stability of the trinitromethide ion relati\:e to alkyl and halodinitro- 
methide This hypothesis is supported by the observation that 
the equilibrium constant for tlie dissociation of 2-cyano-2,2-dinitro- 
ethanol is about seven powers of ten larger than for 2,2,2-tri- 
nitroethanol". Similar differences observed in the acidities of 
cyanodinitromethane, pK = - 6 . P ,  arid trinitromethane, pK w 
0 4 8  are also attributable to the relative stabilities of trinitromethide 
and cyanodinitromethide ions. 

Though studies of the mechanism of formation of 2,2,2-trinitro- 
ethanol have not been carried out, we may extrapolate from data49 
obtained from a study of the kinetics of the addition of 1,l-dinitro- 
ethane to formaldehyde. A reasonablc mechanism for the formation 
of 2,2,2-trinitroethanol would then involve a rate-determining 
addition of trinitromethide ion to formaldehyde followed by a rapid 
protonation of the resulting 2,2,2-trinitroethoxide ion. 

Tlie cli cm istry of 2,2,2- t ri ni t ro- 
ethanol (25)  is at variance with that of other alcohols. T h e  attach- 
ment of the inductively electron-withdrawing trinitromethyl group 

b. React ions of 2,2,2-trinitroethnnol. 
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(o* = 4.54) to the carbinol function effectively cancels the oxygen 
basicity of the hydroxyl group. In  fact, the  alcohol becomes 
reasonably acidic as evidenced by the o b ~ e r v a t i o n ~ ~  that aqueous 
solutions of 25 exhibit the spectrum of its progenitor trinitromethide 
ion. At pH’s greater than 6 ,  the equilibrium lies well in the direction 
of trinitromethide ion and  formaldehyde. 

T h e  facile dissociation of 25 in weakly acidic or alkaline media 
precludes tlie preparation of 2,2,2-trinitroethoxide ion and i t  has 
not even been possible to utilize synthetically its transitory existence 
as an  intermediate in the reversal of 25 to trinitromethide ion and 
formaldehyde. Thus, preparation of 2,2,2-trinitroethoxy derivatives 
via nucleophilic displacement reactions can not be achieved. 

T h e  alcohol 25 can be esterified by reaction with neat acid 
chloridess0 although a more suitable procedure involves the use of 
aluminum chloride or other metal halide catalysts which have also 
been found to give superior results with t r i h a l o e t h a n ~ l s ~ ~ * ~ ~ .  An 
alternate procedure, attractive since i t  circumvents the preparation 
of the acid chloride, involves the direct esterification by using 
polyphosphoric acid as the reaction m e d i ~ m ~ ~ . ~ ~ .  With sterically 
hindered or electronegatively substituted carboxylic acids, either 
metal halide catalysis or polyphosphoric acid are  the only suitable 
esterification procedures. T h e  only reported esterification of an  acid 
chloride by 25 using base catalysis is the formation of bis(2,2,2- 
trinitroethylj carbonate from phosgene in the presence of pyridine 
or pyridine N-oxidej4. This compound had previously been prepared 
by utilizing the aluminum chloride catalysis route”. 

Though the preparation of 2,2,2-trinitroethyl alkyl ethers has not 
been accomplished, the synthesis of 2,2,2-trinitroethyl acetals and 
formals has been carried out  in good yield. Shipp and Hill56 have 
reported the preparation of bis(2,2,2-trinitroethyl) formal (27) 
from the reaction of 25 and formaldehyde in concentrated sulfuric 
acid. Formal formation probably occurs by attack of protonated 
formaldehyde, CH,OHI,  upon unprotonated 25 to afford the 
liemiacetal whicli dehydrates to the alkoxycarbonium ion 
C(NO,),CH,OCH,“. Subsequent attack of the alkoxycarbonium 
ion upon a second alcohol molecule followed by transfer of a proton 
to the reaction medium yields the forrrial 27. This procedure was 
successfully utilized with other electronegatively substituted 
alcohols56. Its success probably lies in  the fact that  these alcohols 
are  incompletely protonated in concentrated sulfuric acid. 

Mixed acetals ofthe general structure CH,CH(OR)OCH,C(NO,), 
have Ileen prepared by the addition of 25 to alkyl \:inyl ethers in the 
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presence of catalytic amounts of hydrogen chlorides7 (equation 34). 
T h e  preparation of bis(2,2,2-trinitroethyl) acetals by the sulfuric 

H c1 
C(NO,),CH,OH + ROCH=CH, + C(X0,)3CH20CH(OR)CH3 (34) 

acid methodsG is not possible due to  the rapidity with which aldehydes 
with a-hydrogens undergo the acid-catalyzed aldol condensation. '' 

T h e  synthesis of ortho esters of 25 with the aid of metal halide 
catalysis has been accomplished. Hill5* has reported tha t  tetrakis- 
(2,2,2-trinitroethyl)orthocarbonate, tris(2,2,2-trinitroethyl)orthofor- 
mate, and tris(2,2,2-trinitroethyl)orthobenzoate are obtained from 
the reaction of 25  with carbon tetrachloride, chloroform, and  
benzotrichloride, respectively, in the presence of anhydrous ferric 
chloride. He has suggesteds9 that the reaction involves a nucleo- 
philic attack of the alcohol upon the ion pair Cl,C~Fe,C1,G in the 
primary step to yield the complex C(NO,),CH,OCCl,-Fe,Cl, which 
undergoes further substitution of chlorine by the alcohol until the 

.ortho ester is produced. Similar intermediates could be proposed 
for the formation 'of the orthoformate and orthobenzoate from 
chloroform and benzotrichloride. 

The  replacement of the liydroxyl group of 25 by chlorine has ,also 
been effected. However, most of the usual synthetic procedures for 
this conversion are  of either limited or no use. Thus, the reaction of 
25  with phosphorus pentachloride gives predominantly tris(2,2,2- 
trinitroethyl) With neat thionyl chloride, the alcohol 
25 affords bis(2,2,2-trinitroethyl) sulfite (28) .  Using anhydrous 
ferric chloride as a catalyst, the corresponding chlorosulfite ester 29 

[C(SO,),CH,O],SO C(S0,)3CH,0SOCI 

(W ( 2 9 )  

is produced. T h e  successful conversion of 25 to 2,2,2-trinitro-l- 
chloroethane is accomplished by treating the alcohol with either 
thionyl chloride o r  sulfuryl chloride in the presence of catalytic 
amounts of pyridine, quinoline, or piperidinium chloride. These 
workers3G found that the esters 28 and 29 are smoothly converted 
to 2,2,2-trinitro-l -cliloroethane by thionyl chloride and  a catalytic 
amount of pyridine. Attempts to prepare 2,2,2-trinitro- l-bromo- 
ethane by similar procedures were unsuccessf~i l~~.  However, the 
preparation of 2,2,2-trinitroetliyl-l -fluoroethaiie from 25 and sulfur 
tetrafluoride has been recently describedG0. 

A second and rather unique procedure evolves from the conversion 
of ketals to nlkyl halides by reaction with phosphorus pentachloride6'. 
Thus, the reaction of ethyl 2,2,2-trinitroethyl acetal (vide s@m) with 
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phosphorus pentachloride in benzene affords relatively good yields 
of 2,2,2-trinitro- 1 -chloroethane62. 

3. The Mannich reaction 

The utilization of trinitromethane as the active hydrogen compo- 
nent in the Mannich reaction provides a synthetically valuable 
route to trinitroethyl amines and their derivatives. Studies of the 
mechanism of the Mannich reaction20eG3 suggest that the rate- 
controlling step may involve the addition of the anion of the active 
hydrogen compound, in this case trinitrometliide ion, to a cationic 
intermediate such as 30. The intermediate 30 is derived from the 
prior condensation of the amine and aldehyde components in the 
reaction mixture (equations 35-37). 

CH,O + R,NH R,P\'CH,OH (35) 

R,NHCH,OH &,N=CH, (36) 
(30) 

(37) 

An alternate procedure makes use of 25 as a source of the active 
hydrogen component, trinitromethane, as well as formaldehyde. 
Since the equiIibrium position of the reaction forming 25 lies well 
in the direction of its precursors, trinitromethane and formaldehyde 
at pH 5 or greater", the addition of the amine substrate to buffered 
2,2,2-trinitroethanol solutions has been found to be a suitable 
procedure for the preparation of Mannich bases. Frankel and 
KlagerG4 took advantage of this procedure to prepare a series of 
mono- and bis-Mannich bases from polynitroalkylamines (equations 
38 and 39).  These workers were also able to obtain the bis-Mannich 
base CH,[NHCH,C(NO,),], from methylenediamine. 

+ 

+ 
R,NH=CH, + C(KO.,),- + -R$CH,C(NO,), 

R(CH,CH,XHHr), + C(X0,)3CH,0H --+ R[CH,CH,iKHCH,C(K0,)3], (39) 
(33) 

R = C(NO,),, XXO, 

The synthesis of 2,2,2-trinitroethylamine (31) has not been 
accomplished. Instead of 31, Sclienckti5 reported that the reaction 
of 25 even with only 1 equivalent ofammonia yields bis(2,2,2-trinitro- 
et1iyl)amiiie (32) rather than the monoamine 31. An interesting -. 
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routc to 32 uses hexamethylenetetramine as the ammonia source66. 
The  substitution of urea for ammonia in the reaction with 25 gives 
rise to bis(2,2,2-trinitroethyl) ureaG5. 

Using trinitromethane as the active hydrogen component together 
with formaldehyde and amino alcohols, Feuer and Swart97 were 
able to prepare 2,2,2-trinitroethylaminocarbinols (33) (equation 40). 
Feuer6a*69 also observed that although some amides would not yield 

HC(KO,), + CH,O + RNH, --+ RNHCH,C(NOJ, (40) 
(33) 

R = (CH,),OH, (CH,),OH, CMe(CH2OH)Z 

the Mannich base when treated with trinitromethane and formalde- 
hyde, the corresponding N-methylol derivatives and their benzoates 
reacted smoothly with trinitromethane to produce the expected 
Mannich base. 

Though Mannich bases could be isolated from the reactions 
described, the workers in this area of trinitromethyl chemistry have 
reported that most of the adducts derived from amine bases were not 
particularly stable. This is probably due to the presence of a facile 
path for the reversal of the iMannich equilibrium involving the 
unshared p pair on nitrogen (equation 41). The methylene imonium 

ion probably degrades to the amine and formaldehyde. The driving 
force for this reaction is supplied by the expulsion of the resonance- 
stabilized trinitromethide ion. This hypothesis is supported by the 
fact that  nitration of the Mannich bases to the corresponding N- 
nitramines enhances the stability of these adductsG7. This would be 
expected, since delocalization of the p pair on the amine nitrogen 
onto the nitro group of the nitramine reduces the electron density 
on the amine nitrogen. Furthermore, bis(2,2,2-trinitroethyl)urea in 
which the p pairs on the amine nitrogen are delocalized by the 
carbonyl function, exhibits better stability than the Mannich bases 
derived from amines. 

4. The three-body reaction 

Though trinitromethane yields only isolable carbonyl compound 
adducts with formaldehyde, the addition of an alcohol, mercaptan, 
or amide to a mixture of tl-initromethane and an aldehyde affords 
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the three-body product 39 (equation 42). Rondestvedt and 
coworkers"j carried out a thorough investigation of the kinetics and 

(42) RCHO -t- HC(XO,), + HYR' ---+ RCH(YR')C(NO,), 

(34) 
Y = 0, S, COKH 

mechanism of this reaction using the trinitromethane-n-butyralde- 
hyde-ethanol system as a model. The  mechanism presented in 
equations 43-45 for the formation of 34 (R = n-Pr, R' = Et, 
Y = 0) in dioxane solutions was consistent with their results. 

HCO"?), 
ti-PrCHO + EtOH -2 n-PrCH(0H)OEt 

(35) 
(43) 

The  sequence 
by undissociated 

(36) 

36 ---+ n-PrCM(OEt)C(NO,), (45) 
(37) 

involves formation of the hemiacetal 35 catalyzed 
trinitromethane. Reaction of 35 with undissociated 

trinitromethane affords the alkoxycarbonium ion 36 as an ion pair 
with trinitromethide ion. Collapse of the ion pair 36 yields the 
trinitromethide alkylate 37. Though 37 equilibrated with excess 
ethanol fairly rapidly to form n-butyraldehyde diethyl acetal (38) 
and trinitromethane, 38 was not formed in the three-body reaction 
in the absence of excess ethanol. This was explained by assuming 
that collapse of36 was more rapid than the disusion of ethanol from 
the body of the dilute solution into the solvent cage about 36. This 
mechanism was also consistent with the observation that the trinitro- 
methane-aldehyde-mercaptan system affords high yields of trinitro- 
methyl thioethers 34 (Y = S), but equilibration of dithioacetals 
with trinitromethane does not afford the same product. Thus, any 
dithioacetal formed constitutes a reaction dead end. By contrast, 
i t  is interesting to note that the acetal 38 equilibrates with trinitro- 
methane to produce the ether 37. 

These workers45 were also able to show that the aldehyde- 
trinitromethane equilibrium was not involved in the formation of 
the ether 37 (equation 16). T h e  incorporation ofthis equil'b i riuminto 
the reaction sequence for the formation of 37 did not fit the observed 
kinetics. Furthermore, the formation of the alkoxycarbonium ion, 

n-PrCHO + HC(NO,), n-PrCH(OH)C(XO,), (46) 

(39) 
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0 
n-PrCHC(NO,), (40), from 39 a t  these acidities is unattractive 
when one considers the feeble basicity of trinitrornethylcarbinolsj6 
as well as the destabilizing effect of the trinitromethyl group upon 
the cation 40. 

I n  the absence of ethanol or trinitromethane, it was observed4j 
that the ether 37 in dioxane solution slowly dissociated to the extent 
of 2 to 5 mole yo before the reaction attained equilibrium. However, 
instead of the products being n-butyraldehyde, ethanol, and trinitro- 
methane, 37 appeared to dissociate according to equation 47. 
Support for this reaction path comes from the work of Shechter and 

n-PrCH(OEt)C(NO,), __f HC(NO,), + CH,CH,CH=CHOEt (47) 

Cates70 who observed that trinitromethane readily adds to vinyl 
alkyl ethers to afford trinitromethyl ethers which are structurally 
analogous to 37. 

(37) 

5. Nucleophilic displacements at saturated carbon 

Prior to a study of the mechanism of the alkylation of trinitro- 
methide ion by Hammond and coworkers", little preparative use had 
been made of trinitromethide ion as a nucleophile in displacement 
reactions at  saturated carbon. Hantzsch2 had obtained l , l , l -  
trinitroethane (41) by reacting silver trinitromethide with methyl 
iodide in ether. However, attempts to alkylate the silver salt with 
other alkyl halides or to substitute the potassium salt for the silver 
salt of trinitromethane in the preparation of 41 were unsuccessful. 
A later report'* showed that potassium trinitromethide could be 
alkylated with methyl iodide if the reaction were carried out in 
acetone. 

The  alkylation of silver trinitromethide with a variety of mono-, 
di-, and tribexizylic iodides was effected under reaction conditions 
similar to those used by Hantzsch2. These workers73 obtained mono-, 
bis-, and tris(trinitroethy1)benzenes together with considerable 
quantities of unstable red oils which they assumed were 0-alkylation 
products. The  formation of 0-alkylates in these reactions would not 
be unexpected since trinitromethide ion would be classified as an  
ambident and could thercfore alkylate at  either carbon or 
oxygen. T h e  apparently larger amount of 0-alkylate formed with 
the lienzyl derivatives as compared to methyl iodide is consistent 
with the postulate that alkylation at the most electronegative atom 
of an ambident ion ,oenerally increases with increasing .S,.l character 
of the reaction;". 
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The alkylation of silver trinitromethide with methyl iodide in 
acetonitrile solution exhibited overall third-order kinetics71. Thus, 
the participation of silver ion as an electrophile as well as trinitro- 
methide ion as a nucleophile is required in the rate-determining 
or prior steps. These workers71 observed that the reaction was 4000 
times faster in acetone than in acetonitrile. They rationalized this 
observation by assuming that the electrcphilicity of silver ion is 
reduced in acetonitrile due to coordination of silver ion with the 
p pairs on the nitrogen atom of the solvent. This hypothesis is 
supported by the good solubility of silver salts in acetonitrile as 
compared to acetone. 

Attempts to extend their kinetic studies to isopropyl iodide did 
not yield integral-order kinetics. Synthetic examination of this 
system showed that 0-alkylate was probably being formed as no 
C-alkylate could be isolated. The reaction was not following the 
same path as the alkylation of methyl iodide. This observation also 
fits well with the proposal74 that alkylation at the more electro- 
negative atom of an ambident ion should increase as the S,1 
character of tlie reaction increases. 

A rather extensive synthetic investigation of the reactivity of 
halide substrates and the effect of structure of the halide substrate 
upon the reaction course was carried out by these workers'l. They 
observed that the C-alkylation reaction to yield 1 , I  , 1-trinitroalkanes 
(42) occurred in reasonably good yield, 28 to 65%, with primary 
alkyl iodides using acetonitrile as tlie reaction solvent (equation 48). 

AgCfNO,), + RI d RC(NO,), + r\gI (48) 
(45) 

R = hl~. Et, tt-nu, tZ-C6H,,. tt-CsHii. CH,=CHCH, 

However, together with the C-alkylate 42 varying amounts of the 
alkyl nitrate RONO, (43) were formed as well. When R = n-CsH17, 
a 71 yo yield of the ester 43 was obtained together with a 28 ?$ yield 
of the C-alkylate 42. 

Two routes suggested for the formation of the nitrate ester 43 
are reaction of silver nitrate, formed by the decomposition of silver 
trillitromethide (equation 49), with thc alkyl iodide and 0-alkylation 

2c(x0,)3- + ?NO,- + ?NO + 2c0, + s, (49) 

to yield an alkyl nitronate 44, which would subsequclltly decompose 
by a multistep pat11 to the nitrate ester 43 (equation 50).  The 
primary route to 43 proIiably invoI\-es the 0-alkylation sequc11ce- 

variety of other halide substrates such as r/.-hdo acids and 
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RO 
\ '3  

/ 
N=C(N0.J2 + ROKO, 

C O  
(44) (43) 

esters, u-halo ketones, x-halo acetals, and acetylenic halides were 
used as alkylating agents. None of these sulxtrates yielded the 
C-alkylate in spite of the fact that  all of these substrates afforded 
good yields of the by-product silver halide. The  products were 
generally complex mixtures which appeared to contain a nitrate 
ester as one component. In  one instance, it was possible to obtain a 
C-alkylate in low yield from glycidyl iodide by using m_ethyl acetate 
instead of acetonitrile for the reaction medium. 

The  possibility of one-electron-transfer reactions, as observed 
previously in the C-alkylation of the  anion of 2-nitropr0pane'~, to 
yield radical ion intermediates has not been ruled out in the C- 
alkylation of trinitromethide ion. It would appear that this is 
another area of trinitromethyl chemistry that merits further investi- 
gation. 

6. Reactions of mercury trinitromethide 

An extensive study of the reaction of mercury trinitromethide 
(45) with various olefinic and active hydrogen substrates was 
carried out  by Novikov and coworkei-s7G. Infrared examination of 
the mercury salt 45 indicated that it has a covalent structure in the 
solid state. However, in aqueous or  alcoholic solutions, it dissociates 
according to equations 51 and 52. T h e  values of K S 1  and K,, in 
water are  1.47 x ibl and 6.90 x 10-5 &I at 20°, respectively. 
N o  evidence for the existence of the tautomeric form of the mercury 

Hg[C(X02)3]2 HgC(XO,),9 + C(NO,),G (51) 

(52) 

salt 45 in  which oxygen is bonded to mercury was found either in 
the  solid state or in  solution. 

From synthetic studies", they observed that the mercury salt 45 
yielded substitution products with aromatic sulxtrates (equations 
53 and 54). Both ortho and karn substitution products 47 were 
isolated and  with the exception of benzene, the -other substrates 
could I x  mercuriated in either nlcohol or aprotic solvents. 

\Vhen the Ixnzene ring is substituted with electron-withdra\ving 

(45) (46) 

46  e. Hg2+ + C(NO,),@ 
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C,H5R + 45 ---+ RC,H,HgC(NO,), + HC(NO,), 

R = H, Me, OMe, NMe, 

(53) 
(47)  

Y = O , S  

substituents, e.g. m-dinitrobenzene arid o-nitroanisole, a 1 : 1 complex 
of the mercury salt 45 with the aromatic, substrate is obtained78. 
Altlloug11 these complexes are  quite stable, treatment with strong 
alkali regenerates the aromatic nitro compound together with 
trinitromethide ion (equation 55). T h e  inability of symmetrically 
trisubstituted nitro aromatics such as lY3,5-trinitrobenzene and 
3,5-dinitroanisole to form a complex with 45, suggests that the 
adducts are charge-transfer complexes with the site of bonding being 

0,iVC,H,.Hg[C(N0,)3], --+ C6H5K0, + HgO + C(1\’0,),@ (55) 

meln to the nitro substituents. These positions would have the highest 
electron density in the aromatic ring. 

With aniline77, the product, AT- (trinitromethylmercuri)aniline, 
arises from a replacement of the amine hydrogen. This observation 
led these workers79 to investigate the reaction of 45 with other 
‘active’ hydrogen compounds. T h e  reaction followed a path similar 
to the reaction with aniline. Some of the results are summarized in 
equation 56. 

OH 0 

CH,SY + Hg[C(KO,),], + CHXYHgC(NO,), + HC(K02)3 (56) 
X = CO,Et, MeCO, McCO, NO, 
Y = CO,Et, CO,Et, McCO, C0,Et 

When olefinic substrates were used, the elements HgC(N0,)3+ 
and C(NO,),- added to the double bond to form lylyl-trinitro-3- 
trinitromethylmercurialkanes 48 (equation 57)80. Isobutylene did 
not yield an  addition product. 

RCH=CHR’ + Hg[C (KO.,),].) __f RCH [C (X O,),] CH [HgC (K O,),] R’ (57) 

R + R‘ = (CH,),, (CH,), 

M‘ith a large excess of the olefinic substrate, the initially formed 
adduct 48 acts as a source of both electrophilic and nucleophilic 
components to produce the bis adduct 49 (equation 58). This is 
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not a disproportionation reaction as it did not take place in the 
absence of a n  excess of olefin. The  same bis adducts were obtained 

RCH [C (S0,)J CH [ MgC ( N02)3] R’ -t RCH=CHR’ w 

[RCH[C(I\;O,),]CHR’],Hg (58) 

R = R ’ = H  (49) 

from the addition of trinitromethylmercuribenzenzene to olefinssO. 
However, this reaction probably proceeded via the phenylmercuri- 
trinitroalkane 50 which then disproportionated to the bis adduct since 
diphenyl mercury was also formed in the reaction (equation 59). 

C,H5HgC(xO2)3 + CH,=CH, [C,H5HgCH,CH,C(I\;O2)3] + 
(50)  

(C,H,),Hg + [CmO,),CH,CH,I,Hg (59) 

Structurally similar addition products were obtained when 
unsaturated alcohols or esters were utilized as the olefinic substratess1. 
Bis adducts of the type 49 were obtained when an  excess of the 
unsaturated substrate was used. 

The  monoolefin adducts 48 were found to react smoothly and in 
high yield lvitli halogens, hydrogen halides, and alkali halide salts 
to form trinitroalkylmercury halides 51 (equation 60). Although 
cleavage of the carbon-mercury bond was not reported for the 

(N0,)3CCH2CH,HgC(K0,)3 + ZS d (SO,),CCH,CH,HgX + ZC(iXO,), (60) 

(49) 

(51) 
ZX = HCI, Brp, KI 

trinitroalkyl mercury derivatives, the conversion of dinitroalkyl- 
mercury chlorides 52 to dinitroalkyl bromides 53 was accom- 
plished by refluxing with bromine and catalytic amounts of benzoyl 
peroxide in carbon tetrachloride solution (equation 61 ) 82. The lack, 
a t  present, of a suitable method for cleavage of the carbon-mercury 

(61) 
B7.@? 

HC(NO,),CHMeCH,HgCl + Br2 - HC(NO,),CHkfeCH,Br + HgClBr 

(52 )  (53) 

bond in the ti.initroalky1 mercury derivati\res somewhat reduces the 
synthetic value of this reaction as a preparative tool in trinitromethyl 
chemistry. 

Information as to the mechanism of formatioll of the adducts 48 
was also obtained from these studies. I n  aprotic solvents such as 
nitromethane, these workersS3 suggest the reaction sequence given 
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in equations 62-63 for the addition of mercury trinitromethide to 
olefins. T h e  electrophilic reagent 46 is formed by the dissociation of 
mercury trinitromethide in polar solvents76. 

CJ 

CH&H=CH, + HgC(hT0,)3g + CH3CHCH2HgC(N0,), (G2)  
(46) (54) 

(4% 

54 + C(NO2)3C-) --+ CH3CH[C(N0,)3]CH,HgC(A'0,), (63) 

I n  aqueous or alcoholic media, a different mechanism was 
suggesteda3 for this addition reaction (equations 64-66). In  these 

Hg[C(NO,),], + ROH HgOR[C(NO,),] + HC(NO,), (64) 

CH3CH=CH2 + HgOR[C(KO&J + CH3CH(OR)CH,HgC(N0,), (65) 
(55) 

CH,CH=C H, + Hg [C (NO,),], + CH3CH [C (N02)3] CH2HgC (KO,), 
(as), R = M e ,  R' = H (66) 

media, hydrolysis of mercury trinitromethide (equation 64) , which 
has been shown to give a strongly acidic reaction in an  aqueous 
solution2, would produce the hydroxy (R = H) or alkoxy mercury 
trinitromethide. They suggest that in acid media an equilibrium 
exists between 55 and its precursors. However, the adduct 48 
(R = Me, R' = H) is quite stable in acidic medias1. Therefore, 
the formation of 48 (R = Me, R' = H) drains the system of 55. 

As evidence in support of this hypothesis, they reporte3 that 
phenylcyclopropane yields the y-methoxy derivative 56 (equation 
67), and vinyl ethyl ether forms trinitromethylmercuriacetaldehyde 
(57) (equation 68) rather than adducts which are structurally 
similar to 48 when the reaction is carried out  in methanol and water, 

hleOH 
C,H,CH - CH, + Hg[C(i'iO&J, + C,H,CH(OnIe)CH,CH,HgC(~O,), (67) 

(56)  
\ /  

CH, 

H,O 
CH,=CHOEt + Hg[C(XO,)J- 

[ (SO,),CHgCH,CH (OEt)OH] + (,'rT0,)3CHgCI-I&H0 (68) 

respecti\rely. In  each of these cases the reaction with alkoxy- or 
hydrosymercury trinitromethide affords a product (56 or 57) which 
cannot readily reverse to its precursors under the reaction conditions. 

Though this is a reasonable rationale for the mechanism of addi- 
tion to olefins, it seenis more probable in the iight of other studiesa4 
that the reversal of 55 in acid media is not to its precursors (equation 

(57 )  
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65) but involves the loss of ROH from the protonated adduct 58 to 
form a cationic intermediate such as 59. The ion 59 can return by 
adding alkoxide ion or go on to the stable adduct by adding trinitro- 
methide ion. 

HgC(NO,), 
/G\ OWO,),C 

CH3CHCH,HgC(N0,)3 CH3CH--CH2 

(59) 
I 

HOR ( 5 8 )  
0 

CH,CH [ C (NO,),]CH,HgC (h’02)3 (69) 
(48), R = Me, R’ = H 

B. The “Hammer and Tongs” Technique 

The synthesis of trinitromethyl compounds by this technique 
involves the converLion of a nitromethyl derivative to the corre- 
sponding dinitromethyl derivative which is, in turn, nitrated to the 
trinitromethyl compound. Although there are good synthetic pro- 
cedures for converting the nitromethyl function to the dinitromethyl 
function, this synthetic route to trinitromethyl compounds is not 
often used because of the lack of a good, general procedure for the 
conversion of the dinitromethyl function to the corresponding trinitro- 
methyl group. 

Starting with a nitroalkane, this is converted to the a-chloro 
derivativeB5. The  a-chloronitroalkane 60 is transformed into the 
1,l-dinitroalkane 61 under ter Meer conditions (equation 70). The  

reader is referred to a brief review’ of the synthetic possibilities of 
this reaction. An alternate procedure for the conversion of nitro- 
alkanes to gem-dinitroalkanes is an oxidative nitration technique 
utilized by Kaplan and ShechteraG. In  this procedure, the anion of a 
nitroalkane, when allowed to react with a mixture of silver nitrate 
and alkali nitrite in an aqueous alkaline solution, is converted to the 
corresponding gem-dinitroalkane (equation 7 1).  The yields of gem- 
dinitroalkane are generally quite good and this procedure has the 

advantage of not requiring the preparation of the a-chloronitro- 
alkane which is the starting point for the ter Meer reaction. 
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The nitration of 1 , 1 -dinitroalkanes to the corresponding trinitro- 
methyl compounds has been described by Plummer87. This procedure 
utilizes tetranitromethane in alkaline media as the nitrating agent. 
In this way, a number of substituted 1,1,1-trinitroalkanes 63 were 
prepared in modest yield (equation 72). 

OH- 
RC(XO.J2- + C(NO,), --+ RC(NO,), (72) 

(63) 
I2 = C,H,CH,CH, Me,CH, Mc,CHCH,, Me& Et, n-Pr, n-Bu, n-Am 

Aside from this nitration procedure which appears to be suitable 
for the preparation of unsubstituted 1,l , 1 -trinitroalkanes, there are 
only a few selected reports of the nitration of I ,  1 -dinitroalkanes and 
other intermediates to 1 , 1, I-trinitromethyl compounds. Novikov 
and  coworker^^^-^^ observed that selected arylaldoximes, aryl- 
nitrolic acids, and arylnitromethanes could be converted to 1 , i , 1 - 
trinitroalkanes with dinitrogen tetroxide (equation 73) .  The yields 
of the trinitromethyl derivative are quite good, however, there are 

YC,H,X + N,O, ---+ YC6H,C(h’02)3 
X = CH=NO,-, C(SO,)=NOH, CH=NOH 
y = P-Cl, p-NO,, m-x0, 

(73) 

no reports of this procedure producing trinitromethyl derivatives 
with other aromatic or aliphatic substrates. 

Other examples involving the nitration of dinitroalkanes or other 
intermediates are the conversion of 1 , lY2,2-tetranitroethane to 
hexanitroethaneas, cyanoacetic acid to trinitroacetonitrilee9, and 
acetyleneYo or ketenesl to tetranitromethane. 

IV. C H A R A C T E R I Z A T I O N  O F  T H E  
T R I N I T R O M E T H Y L  G R O U P  

It has been observed that trinitroalkanes have a low-intensity 
absorption band at  about 280 mp  in the ultraviolet spectrum. There 
appears to be little, if any, interaction between the nitro groups, and 
in hexane solution 1,1,l-trinitroalkyl groups have a molar extinction 
of 98 5 7y2,s3 at  280 mp. 

Of greater utility, is the conversion of the trinitromethyl group 
to the corresponding substituted 1 , 1 -dinitromethide ion (see section 
I\’.A) which has a n  intense absorption maximum between 350 and 
4.00 m,u. The correlation of the position of the absorption maximum 
of substituted 1 ,I-dinitromethide ions with the (T* parameter of the 
sulxtituent has been accomplishedg4. The quantitative reduction of 
the trinitromethyl group to the corresponding 1,1 -dinitromethide 
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ion with alkaline hydrogen peroxide is the basis of a method for the 
assay of trinitromethyl compounds developed by GloverYs. 

A quite useful degradative procedure for tlie trinitromethyl group 
has been reported by Kamlet and coworkersgG. It involves conversion 
of a 1 , 1-dinitromethide ion to the carboxylic acid by refluxing with 
aqueous acid. Thus, the trinitromethyl compound is first converted 
to the 1,l-dinitromethyl derivative (see section 1V.A) which in turn 
is transformed into the carboxylic acid (equation 74). 

RC(NO,), ---+ RC(XO,),- d RCOOH (74) 

V. REACTIONS OF T H E  TRINITROMETHYL G R O U P  

As stated previously (see section I.A. 1)’ trinitromethyl compounds 
are susceptible to attack by nucleophiles at the nitro group and by 
bases a t  the hydrogens CL to the trinitromethyl group. T h e  first of 
these reactions forms a substituted 1 , 1-dinitromethide ion (equation 
1) whereas the second produces a 1 , 1-dinitroethylenic intermediate 
which, depending upon the nature of the down-chain substituents 
can yield a variety of products (e.g. see equation 20). 

A. Nucleophilic Displacements on the Nitro Group 

This reaction is exemplified by the reduction of trinitromethyl 
compounds to dinitromethide ions by hydroperoxide i 0 n ~ 5 ~ ~ ~  or 
iodide ionyB. Studies of tlie rate and  mechanism of the reduction of 
trinitromethyl compounds have only been carried out  with tetranitro- 
methane. Lv’ova and coworkersgy investigated the  kinetics of the 
reaction of tetranitromethane with both iodide and nitrite ions in 
70% ethanol. They obsersed tha t  the reaction was first order in 
tetranitromethane and first order in  the nucleophile. With excess 
nitrite ion, quantitative yields of trinitromethane were obtained. 
However, with equimolar nitrite ion and tetranitromethane, only 
a 50 yo conversion of tetranitromethane to trinitromethane was 
realized. This result could be explained hy assuming that the attack 
of nitrite ion occurred on the nitro group to form trinitromethide 
ion and  dinitrogen tetroxide (equation 75). Reaction of dinitrogen 
tetroxide with water produces both nitrous and nitric acids (equation 
76). The  equilibrium 77, shifted far in the direction of nitrous acid 
and nitrate ion, consumes a second mole of nitrite ion per mole of 
trinitromethide ion produced in the reaction. Because of the reduced 
conversion to trinitromethide ion under equimolar conditions, these 
workersyy described the over-all reaction by equation 78. Reaction 
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of nitrogen trioxide with water produces 2 moles of nitrous acid. 
Thus, equation 78 is essentially the summation of equations 75-77. 

(75) C(NO,), + NO,- --+ C(NO,),- + N,O, 

(76) 

(77) 

(78) 

The reaction of iodide ion with tetranitromethane was described 
by equations 79-8Og9. I t  would seem more reasonable that the rate- 
determining step involves the formation of trinitrometliane and 
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S\'TnO, + H2O _C, HNOZ + HNO, 

HNO, + NO,- + NO,- + HNO, 

C(KO,), i 2KN0,  + C(NO,),-K+ + KNO, + hT,O, 

nitryl iodide (equation 81). Rapid reaction of nitryl iodide with 
excess iodide ion (equation 82) would form the observed products, 
nitrite ion and iodine. They also noted that the specific rate of 
reaction of tetranitromethane with nitrite ion, 6.8 x 10-3 Ad-1 

(81) 

(82) 

sec-l, is about 225 times slower than its reaction with iodide ion. 
This is the relative reactivity ordering expected when one considers 
the relative nucleophilicities of nitrite and iodide ionsloO. 

The results of Glover's studieslO' of the kinetics of the reaction of 
nitrite ion with tetranitromethane led to the same mechanism for 
the formation of trinitromethide ion. He also confirmed the sugges- 
tiongs that 1 mole of nitrate ion was produced per mole of trinitro- 
methide ion formed. He  observed that hydroxide ion reacted with 
tetranitromethane to form both trinitromethide ion and carbonate. 
The reaction producing trinitromethide ion gave rise to nitrate ion 
rather than nitrite ion. This reaction was therefore assumed to 
invol\ie nucleophilic attack by hydroxide ion on the nitrogen atom 
of the nitro group (equation 83). 

slow 
c(xo2)4 + 1- ----+ C(lUO,), + NO,l 

rast 
NO,I + I- --+ KO2- + I, 

0- 
I 
II 

- , + HONO, + C(NO,),- (83) Hod- ....-.. N+ _.__... a-C(P\'O,,) 

0 

The carbonate-forming reaction, which yields 4 moles of nitrite 
per mole of carbonate, could invol!le a rate-determining attack on 
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carbon to form the transitory intermediate trinitromethaiiol 
(equation 84). Successive eliminations of nitrous acid and hydration 
would transform the intermediate trinitromethanol into carbonate 
and nitrite ions, 

OH- + C(NO,), + C(NO,),OH + NO,- (81) 

Another contribution to the mechanism of the reaction of tetra- 
nitromethane with nucleophiles was made by Hoffsommerlo2 who 
studied the reaction of tetranitromethane with hydroperoxide and 
alkyl hydroperoxide ions. For thesc nucleophiles, the specific rate 
of reaction was about one thousand times faster than the specific 
rate of reaction of tetranitromethane with iodide ionsg. The enhanced 
nucleophilicity of hydroperoxide ions has been attributed to the 
‘alpha effect’1o3. From the kinetic and analytical results, the stoi- 

(85) C ( S O , ) ,  + ROO- + H,O + C(IuO,),- + 0, + ROH + KO2- + H+ 
R = alkyl or H 

chiometry of the reaction is given by equation 85. When the reaction 
was carried out in a n  018-enrichcd aqueous system with 1-butyl 
hydroperoxide ion as the nucleophile, the only oxygen-containing 
product found to be enriched in the Ole isotope was nitrite ion. This 
observation, together with the fact that the reaction is first order in 
both tetranitromethane and 1-butyl hydroperoxide ion suggested 
that i t  is the oxygen atom of a nitro group which is attacked by the 
nucleophile in the rate-determining step (equation 86). Isotopically 
enriched solvent attack at  the nitrogen atom of 64 would produce 

(8G) ROO---*O=S-C:(S0,)3 G P  - ROOOS + CiK02)$  
I 

(64 )  0” 
I 

OQ 

R = 1 - n ~  

the observed products, t-butyl alcohol and oxygen Iloth unenriched 
and nitrite ion carrying the Ole label (equation 87) .  

(87) 
Tp\ r\~ 

I ( 0  -or0 - y4 - - 1.4 0 1 1 :  --f I Z O I I  L o2 + I-iSO”0 

(64) A- 
TI‘he con\.ersion of tetranitromethane to trinitrometlianc lias 

been accomplished with other nucleophilic rcagents. Hydrazine957 
t hios u 1 fate ion104 s 11 1 fit e and  h yd roge nsu 1 fit e io i d o 4 ,  and arscn i t e 
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ionlo4 are typical of those nucleopliiles which react. Nucleophilic 
displacements upon a nitro group of 1, 1,l-trinitroetliane by a 
variety of iiucleopliiles to  yield 1 , 1 -dinitroethane have been 
reportedlOj. As examples are 1-butanethiol and  2-nitropropyl anions. 
T h e  co-products obtained from these reactions were the  dimers 
di-n-butyl disulfide and 2,3-dimethyl-2,3-dinitrobutal?e. I t  was 
suggested tha t  these reactions may be proceeding by a route which 
involves radical intermediates ratlier than  a n  ionic displacement 

For synthetic purposes, the  reduction of 1,1,1- 
trinitromethyl compounds to  the corresponding 1,1 -dinitromethyl 
derivative with iodide ion appears to be the  best choice. 

T h e  reaction of tlie lialotrinitrometliaiies with nucleopliiles appears 
to  be more complexlo4. From synthetic results, it is noted tha t  fluoro- 
trinitromethane affords good yields of fluorodinitromethane when 
hydroperoxide ion is used as the nucleopliile106. However, cliloro- 
trinitrometliane yields a mixture of trinitromethane and chloro- 
dinitrometliaiie with hydroperoxide ion, and  only trinitromethane 
is produced when the Ixomo derivative is allowed to react with 
hydroperoxide These results can be correlated with the  
electronegativity of tlie halogen atom Ilonded to the trinitrometliyl 
g o u p .  Thus, tlie less electronegative tlic halogen atom, the more 
susceptible i t  should be to nuclcophilic attack. The  observed 
transition from nucleophilic displacement on the nitro group to 
nucleophilic displacement on the halogen atom by hydroperoxide 
ion would then Ix expcctcd. 

B. Nitrous Acid Elimination Reactions 

The  products deri\Ted horn the reaction of 1,1 , 1 -trinitromethyl 
compounds with Imses can be considered as having arisen from a 
substituted I , I-dinitroethylene intermediate. The reaction of I ,  I ,  1 - 
trinitroethane lvith methoxride1Oi, etlioxidelOi, cyanide'08, amine 

(88)  

(89) 

CH3C(S02)3 + 13:- + C(SO,),=CH, + RH + SO,- 
C(SO,),=CH, + B:- __f -C(SO,),CH,IS 

(65) 
1%:- = CS-, Ohlc-. OEt-. -CH(C:O,Et),. R3S, (H,S)2C=fiH, 

(C'H,),SH, hIe,NH, nncl iXH3 

I 1 a s e s ~ 0 ~ ~ ~ ~ ~ ,  and the anion of dietliyl malonate105 affords products 
which are typical (equations 88-89). With uncharged amine bases 
as the reagent, the  product is not thc carbanion 65 but the zwit- 
terioiiic species, C( SO,),CH,B '' (66)10n.10s. 
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When 1 , 1,l-trinitromethyl derivatives of the type C(NO,),- 
CH,CH,Y, where Y is an electron-withdrawing substituent by a 
resonance effect, are treated with a variety of bases, the products 
obtained are 1 -Y-3,3-dinitro- 1 -propenes 6827*35,110 rather than the 
8-substituted addition product analogous to 65 (equations 90 and 
91). T h e  driving force for the formation of 68 by a-proton abstraction 

C(SO,),CH,CH,Y + B:- + C(KO,),=CHCH,Y + BH + KO2- (90) 
(67) 

(68) 

67 + 13:- ---+ -C(NO,),CH=CHY + BH (91) 

Y = CO&le, COIUH,, CO,H, SO,Mr, CK, NO, 

from 67 is supplied by a low-energy transition state which probably 
looks much like the planar, resonance-stabilized carbanionlLO."' 
product 68. It should lie noted that protonation of 68 affords 
HC(NO,),CH=CHY 69 rather than 67lLo. The  carbon acids 69 
are from 2 to 2000 times stronger than trinitromethanellO. Therefore, 
i t  would be expected that the 1,1-dinitroethylenes 67 would be still 
stronger acids and a-proton loss from 67 would be the favored reac- 
tion path when compared with nucleophilic addition to the double 
bond. 

An investigation of the kinetics and mechanism of the formation 
of carbanions 68 from the corresponding 1 , l  , 1-trinitromethyl 
derivatives has Iieen carried out  in aqueous media*12. The reaction 
is first order in both 1 , 1, I-trinitromethyl substrate and hydroxide 
ion. Neither catalysis by buffer bases nor rate enhancement when the 
reaction was carried out in the  presence of added nuckophilic 
reagents such as bromide or thiosulfate ions was observed. Therefore, 
the mechanism for the formation of 68 is best described by equations 
92 and  93 where the rate-determining step is a concerted elimination 
of the elements of nitrous acid. Proton loss from 67 is extremely rapid 
and  is probably catalyzed by any base present in the reaction mixture. 

4 O W  

C(XO,),CH,CH,Y + OH- ---+ C(XO,),=CHCH,Y + H,O + NO,- (92) 

C(NO1),=CHCH,Y + B ----+ -C(KO,),CH=CHY + BH 

(67) 
vr ry  h a t  

(93) 
(68) 

When the kinetics of the elimination reaction were studied in the 
presence of thiosulfate ion, a very weak base and exceptionally 
good nucleophile, the first-formed product was not carbanion 68 
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but a species to which on the basis of its ultraviolet absorption 
maximum (-365 mp)  structure 70 was assigned (equation 94). 
T h e  thiosulfate ester 70 represents a trapping product of the 1,l- 
dinitroethylene 67 and is structurally analogous to the addition 
products 65 isolated from the reaction of 1,l 1-trinitroethane with 
various bases (equation 89). The  ester 70 was slowly converted to 

C(NO,),==CHCH,Y + S,03,- -C(KO,),CHCH,Y (94) 

the carbanion 68 by a general base catalyzed process. The  mechanism 
for this conversion (E lcB) probably involves a rate-determining 
proton removal to yield ion 71 (equation 95) which loses thiosulfate 
ion to form carbanion 68 (equation 96). The  reversal of reaction 

slow - 
-C(NO,),CHCH,Y + 1%: y~12 -C(iiO,),CHCHY + BH (95) 

I 

71 ___f -C(iiO,),CN=CHY + S , 0 3 2 -  

(68) 

(71) OS,O,- 
I os,o,- 

(96) 

B: = any buiTcr base present including solvent 

94, displacement of thiosulfate ion by the electron pair on the dinitro- 
methyl function in 70, is probably not the preferred reaction path 
since this p pair is rather well delocalized by the nitro groups. A 
structurally similar 1,l-dinitroethylene trapping product has been 
reported3j as one of the species formed in the reaction of 4,4,4- 
trinitrobutyramide with ammonia. 

T h e  intermediacy of 1 1-dinitroethylenes has been proposed for 
numerous reactions in polynitr-o aliphatic chemistry. As examples 
are the conversion of 2,2,2-trinitro- 1 -chloroethane to 1 , 1 ,2,2-tetra- 
nitroethane with nitrite ion36, the formation of 2,2,4,4-tetranitro- 
butanol from 2,2-dinitroethan011~~ and the reactions of 2-bromo-2,2- 
dinitroethyl acetate with various 

Novikov and coworkersll'j reported the only preparation of a 
relatively stable 1 , I-dinitroethylene derivative 72 by reacting 
dinitrogen tetroxide with P-nitrostyrene (equation 97). The  olefin 
72 reacted readily with alcohols and alkoxide ions to form the ethers 
of 2,2-dinitro-l-phenylethanol. 

C,H,CH=CHKO, + N,O, d C6H5CH=C(S02), (97) 
(72) 



C. Miscellaneous Reactions 

Altukhov and cowork~rs“~  observed that tetranitromethane 
underwent lieterolytic addition to styrciie to ultimately yield 
N-(a-plienyl-~-nitroethox)l)-3,3-di1iitro-5-plie1iylisoxazolidine (73) 
(equation 98). They suggested that the reaction proceeds with the 

(73) 

formation of the .i7-complex ion pair 74 which collapses to yield the 
0-alkylate 75 rather than a C-alkylate product of trinitromethide 
ion (equation 99). The  isoxazolidene 73 is the product of the 1,3- 

NO? c c  

[C.,jH~=C:~I,]S”C(S0,!)3 - C (99) 
V 

ON=C (NO?), 
I 

(75) 

(74) 0‘: 

dipolar addition of 75 to a second mole of styrenc. This reaction was 
extended to  a variety of olefinic substrates by these workers’l8. 
They also observed that the use of radical or ionic catalysts had 
essentially no effect upon the product yield. This suggested that the , 
first step in the reaction was the formation of a charge-transfer 
complex of tetranitromethane with the olefin which then rearranges 
to the n-complex ion pair 74l”. 

Other examples of 1,3-dipolar cycloaddition reactions to olefins 
using a trinitromethane derivative have been reported by Tarta- 
kovskii and who utilized the 0-methyl ether of 
trinitromethane as the 1,3-dipole component. A wide variety of 
5-substituted Ar-methoxy-3,3-dinitroisoxazolidines were prepared 
by this route. These workers122 also observed that the 0-methyl 
ether of trinitromethane decomposed a t  ambient temperatures to 
yield as the main product 2,2,2-trinitroethanol. 

CH,COCl 
C(NO,),-KOCOCH, - C(NO2),CIX(OCOCH,), ___f 

I 
00 

(76) C(NO,)CI=NOCOCH, + CH,CO,NO, (100) 

(77)  
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The  acylation of trinitromethide ion has also been r e p ~ r t e d ~ * ~ * * ~ ~ .  
However, instead of the 0-acetyl derivative 76, acetic chloroformo- 
nitrolic anhydride (77) was obtained. The suggested pathway124 
for the formation of the anhydride 77 is presented in equation 100. 
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1. INTRODUCTION 

Polynitroaromatic compounds react with bases to form brightly 
colored solids or  solutions. Although a definite and simple stoichiom- 
etry is often indicated by elemental analysis of the solid or  spectro- 
scopic studies of the solution, tlic exact nature of the bonding in the 
product or complex has lieen a contro\Tcrsy since 1882'". Recently, 
considerable interest has lieen shown in the reaction of polynitro- 
aromatic compounds with bases liccause the products are often the 
type of addition compound which has been proposed by Bunnett 
a n d  others"' as an  intermediate in actixxted nucleophilic aromatic 
su hst i tu  tion reactions. 

T h e  application of modern techniques and theory has shown that 
the products of the interaction of bascs with polynitroaromatics fall 
into one of thc classes of charge-transfer complexes, as defined by 
MLil1iken2''. The  four types of interaction which have been identified 
are: ( 1 )  addition of one or more molecules of the lmse to the 
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nitroaromatic ring; (2)  abstraction of a proton fi-om the nucleus or 
substituent of the nitro compound; (3) transfer of an electron from 
the  iiase to the polynitroaromatic compound, resulting in the forma- 
tion of radical anions; and  (4) formation of a donor-acceptor com- 
plex between neutral molecules, as defined by Briegleb2”. This 
chapter will treat the first three types of interaction. Various aspects 
of all four types of interaction have been reviewed.ob--5c 

11. ALKOXIDE AND H Y D R O X I D E  ION EQUILIBRIA 

A. Alkoxide Ion Equilibria 

1. Product structure 

a. Early cliemical studies. In 1895 Lobry d e  Bruyn reported the 
isolation a n d  analysis of a red solid obtained from the reaction of a 
methanolic solution of s_vn2-triiiitrobenzenc with a molar equivalent 
of potassium hydroside3. T h e  formula suggested for this solid was 
[C,H,(NO,),KOCH,],.H,O. Victor Meyer proposed that the color 
produced by the reaction of excess alkali on sym-trinitrobenzoic 
acid was due  to nuclear proton a l ~ t r n c t i o n ~ : ~ ,  and that de Bruyn’s 
compound had formula 1 4 ’ ) .  Lohry de  Bruyn argued that proton 

C,H,K(SO,), + CH,OH + iH,O 

(1) 

abstraction was unlikely because boiling xylene solutior~s of sym- 
trinitrobenzene and other polynitroaromatics with sodium failed to 
evolve hydrogens- Hantzsch and Kissel suggested that sym-trinitro- 
benzene a n d  other nitroaromatics reacted with the calculated amount 
of potassium methoside by addition to a nitro group, forming such 
structures as  Z6. 

0 ,‘. 
(SO,) ,C,H,*N~OK 

\ 

I n  1898 Jackson and  Boos reported that the products of tlic reac- 
tion of variety of sodium alkoxides with picryl chloridc analyzed 
for the composition C:,H,(SO,):IOR-SaOR (R  = methyl, ethyl, 
propy-1, isopentyl and Iienzyl) i .  111 1900 Jackson’ and Gazzolo 
suggested t l i a t  the product of tllc reaction of methyl picratc with 
sodium methoside had strxcturc 3 or dS. ‘They I-casoned as follows. 
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(3) (4) 

I .  The  two methyl groups were equivalent. They found that 
‘soaking’ their compound in benzyl alcohol converted it to the 
corresponding dibenzyl derivative, while boiling the latter with 
methanol regenerated the orisinal dimethyl derivative. Under 
comparahle conditions they also established that methyl picrate was 
inert to benzyl alcohol, and Ixnzyl picrate inert to methanol. Thus 
they argued that analogs of structure 2 were ruled out because 
such structures would permit substitution of only one methyl group 
by a benzyl group. 

2. The intense color of their compound could lie accounted for 
by the quinoid structure of 3 or 4 but riot Iiy analogs of 2 since a 
pale yellow color was reported for 5.  

3. Their compound was decomposed immediately by hydrochloric 
acid to methyl picrate, while acidification of 5 gave a stable acid. 

/ \ 0,s O K  
S=O 

(3 ! 
O K  

(63), 1- = H 

(6bj, Y = OCH, 

In  1902 h.leisenheimer reported the isolation of potassium meth- 
oxide adducts of 9-nitroanthracene and 9-nitro- 1 O-methoxyanthra- 
cene, and proposed structures 6a and 6 b  for these products9. 
Meisenheimer considered the structure of the dialkoxy derivatives 
reported by Jackson‘ to be analogous to 6, and, apparently unaware 
of Jackson’s earlier paper in 1900R, proposed structure 7 for the 
dimethoxy derivativeg. He ruled out structure 8 and the Hantzscli 
formulation 9 by isolating a greater than 50 yo yield of ethyl picrate 
by the acidification of either the potassium ethoxide adduct of methyl 
picrate or the iiotassium methoxide adduct of ethyl picrate. He 
reasoned that 8 and 9 shouId have given only methyl picrate. He 
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(7) (8) (9 )  

also found that acidification of the potassium ethoxide adduct of 
isobutyl picrate or the potassium isobutoxide adduct of ethyl 
picrate gave a mixture of ethyl and isobutyl picrates, with the latter 
predominating. 

In 1903 Jackson and Earle'O, realizing that Meisenheimer had not 
made a complete product analysis, showed that acidification of the 
methyl picrate-sodium isopentoxide adduct gave nearly equal 
proportions of methyl and isopentyl picrates. They also showed that 
the product was not an equimolar mixture of the two possible 
symmetrical alkoxy adducts. 

Thus it is clear that Jackson and Meisenheimer, apparently 
independently, arrived at essentially the same structural assignments 
for the alkoxide complexes OF alkyl picrates, and that i t  would be 
fitting to designate these complexes as Jackson-Meisenheimer 
compounds rather than h4eisenheimer compounds as is usually done. 

Recently the results of three crystal structure 
determinations of picryl ether-metal alkoxide complexes confirm 
the Jackson-Meisenheimer structural assignment11*12, with the 
exception, of course, that the metal appears as a cation and the 
nitroaromatic moiety carries a formal negative charge. 

Since the most reliable parameters were found For the ethyl 
picrate-potassium ethoxide complex ( r  = 0.064)11, the parameters 
for this complex will be presented here. T h e  C-1 carbon of the ring 
is tetrahedral, the C-1-C-2, and C-1-C-6 bonds being 1.514 kf and 
the C-2-C-1-C-6 angle being 107.8". The  C-2-C-3 and C-5-C-6 
bonds are shortened from the normal aromatic length to 1.347 A, 
accommodating the hybridization change at C-1. The ring and the 
substituent nitro groups are essentialiy coplanar; the nitro groups 
are not extensively rotated with respect to the plane of the ring as 
they are in the parent etherla. The C-N bond at C-4 is shorter than 
the other two equivalent C-N Iionds: 1.390 A us. 1.449 A. The N-0 
distance for the nitro group bonded to C-4 is 1.246 us. 1.226 A 
for the other N-0 distances. Using the structural parameters for 
this complex and the parent ether13 Destro el ul.l1, calculated that 

6. X-Rny di$raction. 
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complexing ethyl picrate with etlioxidc ion decreases the electronic 
charge of tlie ring from 5.64 to 4.33 welectrons (cf. ref 14). 

c. Nuclear magnetic resonance. In I964 Crampton and Gold 
reported the chemical shifts for the methyl and aromatic protons 
of methyl picrate arid its potassium methoxide complex in dimethyl 
sulfoxide solution: methyl picrate, 4.07 ppm (3)  and 9.07 pprn (2) ,  
respectively ; methyl picrate-potassium methoxide complex, 3.03 
ppm (6) and 8.64 ppm (2), respectively15. Chemical shifts are 
expressed in parts per million of the applied field using tetramethyl- 
silane as an internal reference and the numbers in parentheses are 
the relative intensities. These workers note that the changes in 
chemical slijfts and relative intensities produced by complex forma- 
tion are compatible with an assignment of 10 as tlie structure of tlie 

( 10) 

complex, i.e., the Jackson-hleisenlieimer formulation with the 
nitroaromatic carrying a formal negative charge. The  negative 
charge increases the screening of the protons present in the anionic 
species, resulting i n  a shift of the resonances to higher fields. The  
absence of spin-spin coupling in the spectrum of the complex provides 
evidence for the presence of an equivalent pair of ring protons and 
a n  equivalent pair of methoxy groups. Crampton and Gold point 
out that a donor-acceptor complex between methoxide ion and 
methyl picrate with rapid exchange between the methoxide ion and 
the methoxy group could also rationalize the observed data. They 
ruled this possibility ou t  by noting that solutions containing both 
methyl picrate and the methyl picrate-methoxide complex showed 
separate resonances for the two species. 

Crampton and Gold also compared the spectrum of sym-trinitro- 
benzene with that of its monopotassium methoxide complex in 
dimethyl sulfoxide'j. The single resonance of sym-trinitrobenzene was 
a t  9.21 ppm, In the complex a doublet at 8.42 ppm (2), a broad 
peak a t  6.14 ppm ( l ) ,  and a sharp singlet at 3.10 pprn (3) were 
observed. T h e  spectrum of the complex is consistent with structure 
11. The resonance at 6.14 ppm, in the metliynyl proton region, is 
clearly due to a proton bonded to a carlion which has been made 
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tetrahedral by methoxide addition. These authors attribute the 
broadness of the signal to unresolved spin-spin coupling to the two 
other ring protons. ‘The resonance from these protons occurs a t  
8.42 ppm and is a doublet due  to spin-spin coupling with the 
methynyl proton. The resonance at 3.10 ppm is due to the protons 

of the methoxy group. Crampton and Gold pointed out  that the 
observed spectrum is riot compatible with that expected from aspecies 
formed by abstraction of a ring proton or with that of a complex 
in  which the equivalence of the ring protons is preserved. 

Following Crampton and Gold’s study tliere appeared many 
papers on the nuclear magnetic resonance of alkoxide interactions 
with polynitroaromatics1G--2;. Much of the data was repetitious. 
Two points are worth making concerning these papers. (1 )  One  
should not assume that the initial addition of alkoxide to a solution 
of a polynitroaromatic will necessarily generate the same species 
as is precipitated from such a zolution. For example, Servis has shown 
that the addition of 1 equivalent of sodium methoxide to methyl 
picrate in dimethyl sulfoxide generates species 12 initially; after 15 

SO,  

(12) 

minutes standing the initial spectrum has changed to that of’ 10, 
the thermodynamically more stable and the anion of the 
species which has been isolated from solution. Addition of more than 
1 equivalent of sodium methoxide to this ‘aged’ solution generates 
species 13. Earlier, Foster and Fyfe had reported these spectral 
changes as the direct conversion of methyl picrate to 10 and then 
to 1316. (2) Picramide and its N-alkyl and AT-aryl derivatives are 
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attacked by alkoxide at  the 3 and/or 5 positions"*23; attack at the 1 
position has never been observed. Ionization of the NH proton usually 
competes with this addition and in some cases the ionized 3-adduct 
is formed in excess base, e.g., 1421*2R. Table 1 gives the chemical shifts 

of the ring protons for the 3-rnethoside adduct of a variety of picryl 
derivatives. The chemical shift of the methynyl proton, H,, is nearly 
independent of structure. In  this connection, the adduct of 9- 
nitroanthracene, 6a, shows the methynyl proton resonance at 

TABLE 1. Chcniical shifts of the 3-niethoxide ndduct of some picryl derivatives. 

R 

- - 
H 8.45 (8.42) 6.16 (6.14) 15-17 (21) 
OCH, 8.42 (8.48) 6.13 (6.20) 16, 17, 25 (21) 
NH,  8.43 (8.61) 6.14 (6.14) 17, 23 (21) 
SHCH, 8.50 (8.48) (i.14 (6.16) 17. 23 (21) 
S (CH3) 2 8.49 (8.46) 6.18 (F .17)  23 (21) 
NH- 8.67 6.06 23 
S (CH,) - 8.70 (8.64) 6.16 (6.10) 23 (21) 
S(C,H,) - 8.71 (8.68) 6.17 (6.18) 23 (21) 

a In parts per million (ppmj from internal Si(CH3), rcl'crencc. Solvent is (CH,),SO 
except for the values in parenthescs for which the solvent is 50-50 mole vk (CH,),SO- 
CH,OH. 
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TAI)I.E 2. Chemical shifts of some dimethoxy- and ethylenedioxycyclohcsntlicnidcs. 

Average d* 

R l  R,S 3-H Rl R, References 

so, H 8.67 (8.51) - 8.67 (8.51) 14-17, 25 (14) 
C s H 8.74 - 8.29 I4 
H H 8.70 (8.55) 5.08 (5.30) 7.25 (6.83) 14, 20, 22 (24) 

C4HdC 9.33 (9.06) - - 23, 2Ga (26b) 

* Chemical shift in parts per million (ppm) from internal Si(CH,), reference in 
(CH,),SO. Value in parenthcscs is tbr the spiro cthcr. ‘ I-Methoxide adduct or 1- 
methosy-2,4-dinirronaphthalene. 

4.96 ppm2i. Table 2 gives tlie chemical shifts of the ring protons 
of some nitroaromatic complexes in which methoxide attack has 
occurred a t  a carbon bearing a methoxy group, or which have been 
formed by cyclization of a hydroxyethyl ether. 

For a variety of picryl ethers, l-alkoxy- 
2,4-dinitrobenzenes and 1 -alkoxy-2,4-dinitronaphthalenes the in- 
frared absorption spectrum of the alkoxide adduct is consistent 
with that expected for addition of methoxide to the I-carbon, 
and is distinctly different from that of the parent ether.22*26a*28*39 
This difference in infrared spectra has been used as evidence that 
these adducts are not donor-acceptor complexes22*26”*28; spectra of 
the latter have been shown to resemble closely the sum of the donor 
and acceptor spectra30. Several new, strong bands appear in the ketal 
region of the adduct spectra; these bands are absent in the spectra 
of the parent e t I i e r ~ . ~ ~ * ~ ~ * ~ ~ * * ~  Both tlie symmetrical and asymmetrical 
N-0 stretching frequencies of the picryl ether adducts appear a t  
about 50 cm-1 less than the corresponding bands of the parent 
et11er“g2!’ 

e. Electron spin resonance. Solutions of m-dinitrobenzene in potas- 
sium t-butoxide-t-butyl alcoh0131~, potassium l-butoxide-l-butyl 
alcohol-dimethyl sulfoxide””’, and basic acetonitrile3, have been 
shown to contain the radical anion of rn-dinitrobenzene. The 
spectrum observed for a 0.01 111 solution of m-dinitrobenzene in 

d. Infrared spectroscofiy. 
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dimethyl sulfoxide-t-butyl alcohol (80 : 20), containing 0.005 A4 
potassium t-butoxide, agrees well with the theoretical spectrum 
calculated for the radical anion of m-dinitrobenzene31". For this 
radical anion, the following values of the hyperfine coupling constant 
(a measure of the interaction between the nucleus and tlie unpaired 

gauss, = 1.05 gauss31". The  radical anion of m-dinitrobenzene 
can also be generated by reaction with a variety of carbanion 
donors31b. 

I n  contrast, electron transfer to synz-trinitrobenzene is not impor- 
tant in potassium t-butoxide-t-butyl alcohol-dimethyl su1foxide3lb. 
Ir? potassium t-butoxide-t-butyl alcohol, 2,4-dinitrotoluene, and a 
variety of o- and  p-nitroalkylbenzene derivatives were found to form 
radical anions31b. 2,4-Dinitrotoluene apparently forms radical anions 
by electron transfer between ionized and unionized 2,4-dinitro- 
toluene molecules. 

Crampton and Gold have shown that the 
colored species generated reversibly by the reaction of sodium 
methoxide and  ni-dinitrobenzene in tritiated methanol-dimethyl 
sulfoxide is unreactive in the process of exchanging tlie 2-hydrogen 
of the d in i t robenze~ie~~.  They found that the maximum exchange 
rate was considerably less than the rate of color formation and that 
the dinitrobenzene recovered fi-om a tritiated solution containing 
sufficient sodium methoxide to produce the maximum extinction 
coefficient still contained tritium after quenching with protic acid. 

T h e  hydrogen-exchange reactivity of sym-trinitrobenzene is 
considerably less than that of m-dinitrohenzene. T h e  rate of exchange 
of the protons of synz-trinitrobenzene is extremely sensitive to the 
conditions used. This compound fails to undergo hydrogen exchange 
in 8 M sodium hydroxide in D,034, and in pyridine-D,035.38, but 
shows considerable deuterium enrichment in 0.02 M sodium 
hydroxide in C,H,0D36 and in 0.01 M sodium deuteroxide in 
dimethylformamide-D,0(90 : I n  the latter solvent the tri- 
nitrobenzene was 93.8 yh deuterated after a 24-hour reaction period 
at room temperature, as compared to the equilibrium value of 
96.9 Buncel and Symons suggest that a dipolar solvent such as 
dimethylformamide increases the nucleophilicity of OD- and the 
exchange rates7. I n  contrast, gm-trinitrotoluene dissolved in 0.1 M 
sodium deuteroxide in dimethylformamide-D,O (90 : 10) exchanges 
its methyl protons, but not its ring protons a t  room t e rnpe ra t~ i r e .~~  

The ionization ratios for proton 
abstraction from an aromatic hydrocarbon, ArH, should correlate 

electron) were reported: as = a,.,-,, = 4.28 gauss, as--Li = 3.10 

f. Isotopic exchange. 

g. Acidity function correlations. 
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with the acidity function H-40. I n  equation 1, K.,rH is the ionization 
constan? for ArH. Some workers have used the symbol H,, in  place 

H- pKArlI + log ([Ar-]/[ArH]) (1 )  

of H- (see section 1I.A 2b). The  ionization ratios for addition of 
methoxide ion should be correlated with the acidity function J-41s42. 

(2) 

In equation 2, K is the equilibrium constant for the reaction shown 

J- 3 pK + log ([ArH-OCH,-]/[ArH]) 

ArH + CH,OH ArH-OCH,- + H i  (3) 

in equation 3, and the ionization ratio refers to the equilibrium 
shown in equation 4. 

(4) 

2,4-Dinitroaniline, lor which the primary reaction with methoxide 
ion is ionization of the amino proton", has heen used to set up the 
H- a ci d i t y s c a1 ea3 s 4  4 .  Spec t r o p h o t o m e t r i c data indicate that another 
reaction may be important above 2 A f  methoxide concentration. 
Examples of acidity function correlations for nitroaromatic-alkoxide 
ion equilibria may be found in Rochester's workJ5. Consecutive 
equilibria for reactions of methoxide ion with picrate ion and  with 
the I-methoxide adduct of methyl picrate follow J- rather than H-. 

ArH + CH,O-+ ArH.OCH,- + nzCH,OH 

2. Equilibrium spectrophotometric measurements 

a. Inherent problems. Many papers have appeased in the last 15 
years concerning the electronic spectra of basic solutions of poly- 
nitroaromatic compounds. Spectral envelopes have often heen used 
to 'identify' the type or types of species present in such solutions. 
For example, the similarity of the spectral envelopes of sym-trinitro- 
benzene and methyl picrate in methanolic sodium methoxide has 
been used as evidence that the trinitrohenzene forms the 2-methoxide 
adduct46". Spectrophotometric measurements of the absorptivities 
of alkoxide solutions of polynitroaromatic compounds have been 
used to establish the thermodynamic and  pseudo-thermodynamic 
quantities for the reactions involved. Unfortunately, the \very nature 
of the reacti\-ity of polynitroaromatic compounds often poses 
problems which make these quantities semiquantitative a t  best and 
their interpretation equivocal. Some of the problems are as follows. 

(1) Decomposition of the reactant and/or the product. I t  is well 
known that  a substituent, such as a halogen, of a polynitroaromatic 
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compound can undergo facile nucleophilic displacement. Unfor- 
tunately, a rather general reaction of a polynitroaromatic compound 
is nucleophilic displacement of a nitro group by alkoxide i0n46-~~, 
and by hydroxide i ~ n ~ ~ - ~ ~ .  Many of these reactions are light 
catalyzed'16C.j01'--c1.5?. N,N-Dimethylpicramide reacts with methoxide 
ion to form methyl p i ~ r a t e ~ ~ ~  and with hydroxide ion to form picrate 

Needless to say, ethers of di- and trinitrophenols undergo ' 
hydrolysis in the presence of hydroxide and transetherification 
in the presence of alkoxide or phenoxide i0n~j-5~. 

(2) Competing equilibria. Changes of the shape of the spectral 
envelope with time or base concentration are hard to detect because 
many distinctly different species have similar absorption charac- 
teristics. Such changes may well escape detection if only a narrow 
band is monitored. 

(3) Low concentration of base. The concentration of methoxide 
ion must be rather low in order to study the equilibria of'the more 
reactive nitroaromatic compounds, such as methyl picrate. Unless 
buffer solutions are used, determinations at  these low concentrations 
of methoxide ion are clearly subject to system-atic errors. 
(4) High concentration of base. Equilibria involving the less 

reactive dinitroaromatics, such as dinitroanisole, must be studied at 
such high base concentrations that acidity functions are required. 
Thus, the exact interpretation of the equilibrium constant depends 
on the appropriateness of the acidity function chosen and the slope 
of the ionization ratio-acidity function plot. 

(5) Sequential equilibria. The equilibrium constant for a poly- 
nitroaromatic compound with alkoxide will be incorrect if sequential 
equilibria escape detection. Indirect calculations of extinction 
coefficients are particularly susceptible to the effects of sequential 
equilibria since reaction with a second methoxide ion produces a 
strong hypsochromic shift in (see Table 3 ) .  

The direct determination of the extinction coefficient for the 
product of an  alkoxide-polynitroaromatic reaction is usually 
impossible because degradation and/or sequential equilibria very 
often occur at  the base concentration needed for the complete 
conversion of the nitroaromatic to the product. 'The usual expedient 
is the indirect calculation of the extinction coefficient by an extrap- 
olation procedure based on the Ketelaar equationsg or the Benesi- 
Hildebrand equation60. Using the latter equation, one can determine 
the extinction coefficient for the 1 : l  complex, C, formed by a 
polynitroaromatic, ArH, and alkoxide ion, RO-, by plotting the 
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reciprocal of the apparent molar extinction coefficient of C us. the 
reciprocal of the alkoxide ion concentration. A linear plot should be 
obtained i fArH and  RO-do not absorb at the wavelength in question 
and if the formal concentration of -41-H is much less than that of the 
alkoxide ion. T h e  intercept on such a plot a t  l/[RO-] = 0 is 
thc reciprocal o f  the true molar extinction coeficient of C, E ,  and the 
slope is ~ / K E ,  where h- is the equilibrium constant for the reaction in 
concentration units. Many authors consider that the stoichiometry 
of the reaction has been established as 1 :  1 if a linear Benesi- 
Hildebrand plot has been obtained. More complex stoichiometry 
can lie established by the method of continuous variation developed 
by JobG1. 'The occurrence of an  invariant isosbestic point"*fi3 is good 
evidence that  competing o r  sequential equilibria arc  absent. Finally 
it shouid be mentioned that for some reactions it is advantageous to 
determine the stoichiometry kinetically and  the equilibrium constant 
as the ratio of the forward and reverse rate constants. 

b. p I i  zlalzces j o r  polynilroarornatic con@oiinds in alkoxide solution. 
Table 3 gives the pR \ d u e s  and the electronic spectral data reported 
for polynitroaromatic compounds in methanolic metlioxide solution. 
Methanol is the solvent most frequently used for quantitative spectro- 
photometric study of alkoxide-polynitroaromatic equiiibria. Taking 
the da ta  of Table 3 at face value one notes: 

( 1 )  the pK of a picryl derivative is always less than that of the 
corresponding 2,4- or 2,6-dinitrophenyl derivative; 

(2) the pK's for 1-substituted 2,4,6-trinitrobenzenes increase in the 
order (picry1)NH << OCH,  2 (C6Hj)NH < NH, < H < N(CH,), 
-CH,; 

(3)  the pK's of 1-substituted 2,4-dinitrobenzenes increase in the 
order NHN=CR,R, < (C,H,)NH < NH, < OCH,; 

(4) 2,6-dinitroanisole is slightly more acidic than 2,4-dinitro- 
anisole ; 

(5) the metlioxide adducts of methyl picrate and l-methoxy- 
2,4-dinitronaphthalene have about the same stability, implying that 
the stabilization of tlie adduct by a nitro group and  by a fused ring 
is about the same; 

(6) the product of the primary equilibrium usually absorbs a t  a 
longer wavelength than the products generated by further reaction 
of the primary product. 

Howe\-er, it is daiigerous to draw definite conclusions from the 
data  of Table  3 Iiecause one does not know for sure what products are 
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TABLE 3. Summary of the pK's, acidity function correlations, and electronic spectral 
data for some di- and trinitroaromatics in methanola. 

~ 

Acidity I.mns, mp(log E )  Isosbestic pt., 
Nitroaromatic' pK ("C) function for productc mp(1og E )  

Amines 
Pi,NH 
PiKHPh 
PiNH, 
PiKH, 
Pii%(CH.J2 
DiKHPh 

DiNH,( 1)  

DiNH,( 1) 

DiNH,(2) 

PiOCH,( 1)  
Ethers 

PiOCH,( 1) 
PiOCH,(2) 
PiOCH,(3) 
1 -Methoxy-2,4- 
dinitro- 
naphthalene 
4-Cyano-2,G- 
dinitroanisole 

2,G-Dinitro- 
anisole(1) 

2,G-Dinitro- 
anisole(2) 
DiOCH,( 1) 

DiOCH,(l) 

DiOCH,(l) 
DiOCH,( 1) 
DiOCH,(2) 
DiOCH,(2) 
PiO-( I )  
PiO-(2) 

4.21 (20) 
13.60 (20) 
15.34 (20) 
15.34 (20) 
16.07 (25) 
17.16 (20) 

18.15 (25) 

18.35 (20) 

21.06 (25) 

13.03 (25) 

13.58 (25)d 
19.81 (25) 
19.80 (25) 

14.56 (25) 

16.53 (43)e 

19.01 (20) 

20.78 (20) 
20.24 (25) 

19.62 (20) 

20.48 (25)r 
21.22 (25)" 
2 1 .66 (25) 
22.24 (20) 
20.25 (25) 
17.69 (25) 

420 (4.42) 
43 5 
410 (4.35) 
400 (4.47) 

510 (4.14) 
405 
515 
383 
510 (4.00) 
390 
326 (4.34) 

410 (4.38) 
486 (4.21) 
250 (3.94) 

480 
299 

495 (4.47) 

53 1.2 
353.4 

595 (4.40) 
350 (3.47) 
300 (3.90) 

305 (4.26) 

345 
500 (4.41) 
340 (4.12) 
495 

302 (4.30) 
305 
470 
394 (4.40) 

500 (4.33) 

390 (4.07) 
335 
335 

300 (3.20) 
380 (4.10) 
299 (3.55) 

365 (4.12) 

431 (4.10) 

316 (3.83) 

315 (3.80) 

329 (3.96) 
330 (3.98) 

408 
31.3 
292 

394 (4.00) 

Ref 
- 

64b 
65, 
65a 
46b 
46b 
65b 

45 

65b 

45 

53 

66 
45 
45 

26a 

67 

68 

68 
45 

68 

69 
69 
45 
68 
45 
45 
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TABLE 3--Con/i?11/cd 

;\cidity i.,,,;,,, ni/t(log c.) Isosbrstic pi., 
Sitro;irornnticD pfi (‘x) function for productc nip(log c.) Ref 

Mist 
Pi H 13.71 (2Oj 

Pi H 15.73 (28) 

DiSHX== 
CH(CH,),CH, 15.92 (20) 

PiCH, 1G.07 (20) 

syz-  
Trinitrosylcnc 17.20 (20) 

500 (4.26) 
42.P 
500* 
425 (4.49) 

G5a 

46a 

500* 415 G5a 
450 1: 
520 (4.09) 65a 
420* 

G I 0  65a 

All pl\’ values \\’cre determined from cquilibrium spectrophotomctric measurements 
unless otherwise indicated. The equilibria of the nitroaromatic SH with methanol are 
either for dcproto11ation of the rink or substitucnt of SH or for thc formation of an addition 
compound, i.e., SH + CI-I,OH + S- + CH30H,+ or SH + CH,OH + (SH*CH,O)- + 
Hf .  The pK valucs for thcsc equilibria were calculated from thc equilibrium constants 
for the reaction of SH with CH,O- and the autoprotolysis constant for methanol, 
1.2 x 10-”(20°), uscd by SchaalG4. * T h e  following abbreviations are used: Pi = 
2,1,G-trinitrophetiy1, Di = 2,4-dinitrophcnyl, Ph = phenyl. The  numbers in parentheses 
following thc compound name refer to successivc cquilibria with methanol. For example, 
the primary equilibrium of a nitroaromatic with methanol to form the product C, is 
designated by ( l ) ,  thc equilibrium of C, with methanol to form C2 by (2), and the 
cquilibrium of C, \vith methanol to form C, by (3). For the spcctral region 300-350 m p  
to 550-GOO m!i. An italicized j.ll,,, value indicates the strongest peak of those reported. 
An asterisk alter the i.,l,ax value designates that the value was estimated from a plot. 

Calculated from spccwophotometric measurements of the forward and reverse rate 
constants. Xmr determination. f 0.2 :\I sodium mcthoxidc. 

formed under the sfiectrophotonietric cotiditiorzs. The ethers probably do 
form the 1 -methoxide adducts since nuclear magnetic resonance 
studies have shown that the product isolated from the reaction of 
methoxide ion with methyl picrate and with 4-cyan0-2,6-dinitro- 
anisole in methanol is the 1-adducP. Nuclear magnetic resonance 
studies have also shown that the I-methoxide adduct is the product 
isolated from the reaction of 2,4-dinitroanisole and methoxide ion 
in methanol-dioxane, and fi-om the reaction of methoxide ion with 
l-metlioxy-2,.l.-dinitronaphtl~alene in methanol-benzene?2.26”. ’The 
importance ofthe solvent and aging time in deteymining the products 
formed by po1ynitrophen)d ethers is emphasized by Servis who 
reported tI1at dimethyl suIfoxide the 3-methoxide adduct of 
metl1yl picrate is formed initially, but rearranges to the more 
sta1)le 1 -add~ict“. Those equilibria which follo\v the H- acidity 
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function can be assumed to involve proton transfer. Thus, pK( 1) 
for 2,4-dinitroaniline can lie assumed to refer to the ionization of the 
NH proton. In the case of the dinitroanisoles, pK( 1) should be for 
methoxide addition and the associated equilibria should follow J-. 
I t  is interesting that Iioth J- and H,, have been used to describe the 
primary equilibrium of 2,4-dinitroanisole. 

T h e  pK(1) for picramide may refer to the ionization of the NH 
proton, the addition of methoxide ion, or possibly a combination 
of both reactions, since these two modes of interaction occur simul- 
taneously in 50-50 mole "/o methanol-dimethyl sulfoxide containing 
methoxide In the latter solvent, N,Ar-dimethylpicramide has 
been shown to form a very stable 3-methoxide adductgl. By inference, 
then, the more acidic N-phenylpicramide can be assumed to undergo 
ionization of the NH proton as its initial reaction with methoxide 
ion. 

c. Tliemoriy~intriic fiinclions for nlkoxide-flolynitroaroniah equilibria. 
Table 4 gives values of 4F0, AH, and AS" reported for alkoxide- 
polynitroaromatic equilibria. T h e  enthalpy change is small for all 
the equilibria listed, the absolute values all being less than 6 kcall 
mole. All ASo values are positive except that for reaction iv. An 
important factor which makes the entropy change favorable for 
these reactions is the net desolvation which accompanies these 
reactions. T h e  alkoxide ion, whose negative charge is essentially 
confined to the oxygen, requires much more specifically oriented 
solvent molecules than the product, whose negative charge is well 
dispersed. For the reactions given in  Table 4 it is clear that propor- 
tionality between A N  and ASo does not exist, even if the ethers and 
non-ethers are considered separately. These reactions are  not 
unusual in this respect, however, because, as LefFler has pointed out, 
reactions which form or destroy carbanions usually fail to exhibit 
such pr~por t iona l i ty~j .  

For the methyl ethers one observes the following. AS" is nearly 
zero (although positive)-all values are in the range 4 f 3 eu 
(except reaction iv). The  stability of the products is, therefore, almost 
completely determined by AH. T h e  A H  (and AH:) values for 
reactions ii, iii, and v agree well with those calculated by Mi1ler"j 
on the basis of appropriate bond dissociation energies, electron 
affinities, and solvation energies. For these reactions the exother- 
micity is ordered according to the resonance stabilization expected 
for the addition products. 

For the non-ethers the stability of the product is favored by the 
entropy change but not by the enthalpy change. The  AS" values 
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T A B L E  4. l'hcrmodynamic arid pscudotherniodynamic functions for alkoxide-polynitro- 

aromatic equilibria. 

Reaction AFO, h If ,  A H : ,  hs0, 
number Reactants" kcal/mole kcal/mole kcal/rnoleb eu Ref 

1 PiOCH, + CH,O- -6.14 -5.1 12.4 4 70 

11 PiOCH, f CH,O- -4.56 -2.@ 9.5 
(H,O) 

(SlO\V) 
6.7 6Gd 

... 
111 1 -Mcthosy-2,4-di- 

ni tronaph thnlene 

1.0 26a + CH,O- -3.21 -2.7 13.2 
iv PiOCH, + C,H;O- (-1.1)' -3.3 9.8 - i . S f  i z a  

(fast) 
\' DiOCH, + 0.2 ?II 

CH,O- +4.86 5.6 16.8 2.7 69 
vi PiSH, + C,H,O- -4.84 2 .o 11.1 23 73 

VJII  PiCH, + C,H,O- -4.50 3.6 13.0 27 73 
vii PiH + C,H,O- -4.61 0.3 11.1 16.5 72b ... 

(slow) 
ix PiCH, + C,H,O- (2.36)" 4.2 11.8 22' 72c 

(fast) 
S PiCH, 

+ 3-CH3C,H,0- 
(C,H,OH) +o. 1 6 .5 15.7 21 74 

a Solvent is protonated alkoxide unless given in  parentheses. Abbreviations used : 
Pi = 2,4,6-trinitrophenyl, Di = 2,4-dinitrophenyl. For formation of the product. 
Values of AS: (formation), and AH: and AS: for decomposition of the product are given 
in the references cited. Direct calorimetric determination gives -7.15 kcal/mole?'. 

See also ref 53. " Calculated as the ratio of the forward and reverse rate constants. 
Based on an extrapolation of low-temperature data. 

fall into the range 22 f 5 eu and are significantly more positive 
than the values found for the ethers. 

Why should the reaction of methyl picrate and methoxide ion, 
reaction ii, be more exothermic by 3.1 kcal/mole than the reaction 
of sym-trinitrobenzene with ethoxide ion, reaction vii ? An alkoxide 
addition product is very probably formed in each case, in the 1 
position of methyl picrate and in the 2 position of sym-trinitro- 
benzene. A possible explanation for this exothermicity difference is 
the electronegativity effect which Hine has suggested to explain the 
increase in C-F bond strength when the carbon hybridization is 
changed from sp2 to the less electronegative sp3 Applied to 
reactions ii and vii, this rationale would say that conversion of an 
aromatic carbon bonded to oxygen to a tetrahedral carbon bonded 
to oxygen, reaction ii, is more exothermic than ;t similar conversion 
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involving a carbon bonded to hydrogen, reaction vii , because oxygen 
is more electronegative than hydrogeni8. 

Why does ASo favor reaction vii much more than reaction i i? A 
possible explanation is that the non-bonded interactions between 
the alkoxy carbon and the oxygens of the nitro groups limit the 
rotational freedom of the adduct formed by reaction ii. Such interac- 
tions may well be significant because the X-ray diffraction structure 
determination of the ethoxide adduct of ethyl picrate shows that the 
ring and substituent nitro groups are coplanarll. 

3. Kinetic studies 

The rates of reaction of alkoxide ion with polynitroaromatic 
compounds have been measured spectrophotometrically in order to 
establish the stoichiometry and activation parameters. Table 4 
gives the values for enthalpy of activation, ix., AH~orlll~ltioll ,  for ten 

are available in the references cited. There is no simple relation 
between AH and AH,~lrln;,tio,l for the reactions of the ethers with 
methoxide ion or for the reactions of the non-ethers with ethoxide 
ion. I t  might be pointed out that if AH and A H :  are to be correlated 
for reactions ii, iii, and v, A H  for ii should be more exothermic. 

sym-Trinitrotoluene and methyl picrate each undergo two reac- 
tions with ethoxide ion: a rapid reaction (ix and iv) which can be 
followed at low temperatures, and a slow reaction (viii and ii) which 
is normally associated with these compounds. In  the case of sym- 
trinitrotoluene, the fast reaction, ix, requires high trinitrotoluene 
concentrations and produces a brown solution, while the slow 
reaction, viii, occurs at normal spectrophotometric concentrations 
( to 114) and produces the characteristic purple solutions. 
Caldin, et nl .  have discussed the nature of the fast and slow reactions 
and have proposed that reaction ivy and possibly ix, yield a donor- 
acceptor complex or an ion-dipole complexi2"*'Y. The  recent work 
by S e r v i ~ ' ~  suggests, however, that reaction iv yields the 3-ethoxide 
adduct of methyl picrate. 

Rates of decomposition of the products of several of the reactions 
listed in Table 4 have been measured in acid solution. The  decompo- 
sition rates follow the Brernsted catalysis relation for the products 
formed by reactions iv  (z = 0.56), vii ( x  = 0.67), viii (z = 0.40), 
and x (9 = 0.44, 0.84 for phenols). The  decomposition rate for the 
product of reaction viii, considering ethanol as an acid, follows the 
Brernsted relation. This is not true for the product of reaction vii. 

reactions. Values of AS~orlll~,tion, 'H~r~oiiilrositioiiy and ASiccoiiiposition 
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The four PL values are significantly less than 1, indicating that the 
decomposition involves a rate detcrmilling protorl 
T h e  rates of uncatalyzed decompositioii of a variety of alkoxide 
adducts of several alkyl ethers of picric acid have lieen measured in 
Waters0; the activation energies were 17-19 kcal/mole and the log 
values were 9-10. The  rates of decomposition of the etlioxide adduct 
of etliyl picrate hav’e lieen determined for pressurized aqueous 
dimethyl sulfoxide solutioiis8’ ; Tor the uncatalyzed reaction the 
activation paramercrs obtained are coiisistent with a bimolecular 
mechanism ( 4 V *  = -5.6 cm3/mole, large negative AS*);  for the 
acid-catalyzed reaction the activation parameters olitaiiied ( A  V* = 
18 cni3/’mole, slightly positi\*c AS‘*) are  consistent with the A1 
mechanism. 

T h e  nature of the slow reaction of s_l~i~i-trinitrotoluei~e with 
alkoxides and  other bases is contro\.ersial. At the outset, two points 
should lie made:  ( 1 )  alkoside solutions of triiiitrotolueiie are not 
stable a t  room tcmperature; (2)  thc major specics generated by 
the action of alkoside on trinitrotoluene has not been identified Iiy 
an  unequivocal method (such as niiclcar magnetic resonance spectros- 
copy, for example). r-Uthough Sen% failed to oliserve the nuclear 
magnetic resonanp spectrum of trini trotoluenide in dimethyl 
sulfoxide-sodium methoxidc solutions of trinitrotoluene”, Sitzmann 
and Kaplan ha\-e sllown t h a t  the carbanion is at  least one of the 
species formed by the action of methosidc on alcoholic solutions of 
trinitrotoluenea2. They reacted 0.22 A1 trinitrotoluene and 0.22 114 
sodium methoxide i n  2 : 1 tetrahydrofiiran-methanol-n (CH:,OD) 
for 30 seconds a t  O ” ,  quenched the rcaction Ivitli DCl in D,O and 
separatcd the urireacted trinitrotoluene from the products. ‘-1 nuclear 
magnetic rcsonance spectrum of the recovered trinitrotoluene showed 
an a\-eragc of one methyl proton replaced by deuterium, indic;lting 
that  the methyl hydrogens are rapidly exchanged in this particular 
sol\.ent system. Analysis 11y mass spectroscopy sho\vcd pcaks for 
mono-, di-, a n d  trideuterated trinitrotoluene, \vith the dideuterate 
predominating. Moniz, el 0 1 . ~ : ~  havc fi>llo\vcd the chiuiges in the 
nuclear magnetic rcsonance spectrum of trinitrotolucne i n  CD:,OD 
solution containing piperidinc-piperidinc.HC1. They ol~servcd that 
tlic methyl peak, originally sharp, began to broaden and lose 
intensity immcdiatcly after the addition of thc piperidine-1iipel-i- 
dinc-HC1, arid nftcr 1 7 hoiii.~ tiad practically disappenl.cd. SO 
chauges in the peak duc  to the ring protons occut-rcd. Trinitro- 
toluene has also Ixcn rcportcd to undergo exchange with deuterium 
i l l  D20-pyrjdi11e~~, in 1,:isic d imc t l i~1 l ’o i -mam~cfe -~ ,~~’~’ .  
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Caldin and Long have concluded that the reaction of ethoxide ion 
with sym-trinitrotoluene and sym-trinitrobenzene produces different 
types of products because the decomposition rate of the trinitro- 
toluene product fits the Brsnsted relation for its decomposition in 
other acids, while that of the trinitrobenzene product does not fit 
the Brsnsted relation derived for its acid decomposition in the same 
~olvent ‘~ .  They inferred that the trinitrotoluene product is a depro- 
tonated form of trinitrotoluene, since they thought that the trini- 
trobenzene product was an ethoxide adduct. The  well-known 
condensation of trinitrotoluene with aldehydes and the formation of 
2,2’,4,4’,6,6’-hexanitrostilbene by the reaction of trinitrotoluene with 
sodium hypochlorite in tetrahydrofuran-methanola* are best explained 
by assuming that t h e  trinitrotoluene is first converted to trinitro- 
toluenide. Of course, the exchange experiments and proposed 
mechanisms do not prove that this anion is the only, or even the 
major species, generated by the action of alkoxide ion on 
trinitrotoluene. 

Caldin has studied the effect of a wide variation in temperature 
(>looo> on the rates of proton transfer to the ‘anion of trinitro- 
toluene,’ using acetic acid and monochloroacetic acida5, and 
hydrofluoric A non-linear ‘Arrhenius plot was obtained for 
the hydrofluoric acid ratess7, in contrast to the linear plots obtained 
for the carboxylic acid ratesej. Caldin appears to prefer quantum 
mechanical tunneling as an explanation for the non-linear Arrhenius 
plot8i.8a, aIthough other rationales are certainly possiblesa. 

B. Hydroxide ion Equilibria 

Table 5 summarizes the pK values and electronic spectral data 
reported for di- and trinitroaromatics in water. Changing the solvent 
to methanol raises the pK by 1.5 to 5 units (cf. Table 3). The species 
generated in these solutions have been identified in only a few cases. 
Most authors appear to assume that the reactions in water solutions 
are analogous to those in methanolic solutions. I t  should be mentioned 
that the equilibria studied in aqueous solutions containing appreci- 
able concentrations of ethylenediamine may involve addition of 
the amine rather than hydroxide ion. I t  is interesting that for N , N -  
dimethylpicramide in aqueous sodium hydroxide, the rate equation 
derived from spectral measurements required the 1 : 2 stoichiometry 

shown in equation 550”. No evidence for 1 : 1 stoichiometry could be 
found in water, but this was clearly established in methanol46”. 

A‘,”-dimethylpicramide + 20H- complex (5 ) 
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TABLE 5. ~ K ' s  and clectronic spectral data for some di- and trinitroaromatics in watera. 

Nitroaromatic 
compound PK R m : t s r  m/cbJ 4sosbeuticv m/lC 

Amines 
PiNHPh 
PiNH,( 1) 

PiNH, (2) 
3,G-Dini trocarbazole 
DiNHPh 
DiXH, 

PiCH,( 1) 
PiCH,( 2) 
1,3-Dimethy1-2,4,6- 
trinitro benzcne 
DiCH, 
1,3-Dimethyl-2,4- 
dini trobenzene 

PiOH(1) 

Methylated benzcnes 

Misc 

PiOH(2) 
PiH(1) 

PiH(2) 
DiH 

10.20 
12.25 
12.88d 
17.55 
13.05 
14.65 
15.80 

14.45 
17.55 

16.05 
17.12 

< 19 

-0.327e 
+0.4@ 
15.10 
14.40 
14.0 f 0.3"- 
17.55 
16.80 

440 
420 
410*' 
420, 480 inR 
490 
430*, 495 plat 
545 

515 
470, 530* 

410, 570 
410, 660 

357, 195' 
353* 
380 
515 
445, 485j 
455, 520 
550 

300*: 

440 
370 
405 
375*, 440* 

495*, 540* 

300 

222, 307' 
307 
360 
480 

475, 545 

a Unless otherwise indicatcd, all pK values were dctermined from equilibrium spectro- 
photometric measurements and all data arc those reported by  Schaal for ethylenediamine- 
water solutions at 20° 89. The equilibria of the nitroaromatic SH with water are either for 
dcpiotonation of the ring or substituent of SH or for the formation or an addition com- 
pound, S H  + H,O S S- + H,Oi or S H  + H,O $ (SH.OH)- + H+. The  
numbers in parenthcses following the compound name refer to successive equilibria 
\vith hvatcr. For example, the primary equilibrium of a nitroaromatic with water to form 
the product C, is designated by (1) and the equilibrium ofC1 with water to form C, by 
(2). The  following abbreviations are used: Pi = 2,4,6-trinitrophenyl, Di = 2,4-dinitro- 
phcnyl, Ph = phcnyl, infl = inflection, plat = plateau midpoint. An italicized value 
indicates the strongest absorption of those reported. An asterisk indicates that the value 
\vas cstiniated from a plot. Conductometric value for 
2j0. ' Keference 90. Reference 91. This reference cites previous literature valucs for 
IIA( 1) at 2 5 O ,  ranging from 0.22 to 0.82. " For aqueous S a O H  at 2 5 O  '"'. This reference 
also cites previous literature pK values, ranging from 13.6 to 14.2, and a polarographic 
value of 1 1.8F. 

i.e., 

For aqueous NaOH at  25O 50d. 

Reference 92. j Refcrence 93. 
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The  wide \-ariation in  the pK( 1) values reported for picric acid is 
due to the difficulty in interpreting the spectral changes unambigu- 
ously and  to the effect of neglected association equilibria on 
conductivityg0. The  small difference between pk-( 1) and pK(2) for 
sJum-trinitrobenzene partially accounts for the wide variation in the 
values reported for pR( 1) .  Gold and Rochester note that pK(2)  for 
grn-trinitrobenzene may be for deprotonation of the hydroxide ion 
adduct formed in the primary equilibrium”0;‘. 

C. Kinetic Evidence for Alkoxide and Hydroxide Addition 
Intermediates in Aromatic Nucleophilic Substitution 

Several kinetic investigations of the nucleophilic substitution of 
the halogen in  nitro-activated phenyl halides by hydroxide, meth- 
oxide, and  phenoxide ions indicate that addition compounds are  
intermediates. Gaboriaud and Schaal, who studied the rates of 
hydrolysis of picryl chloride by continuous flow techniques detected 
a reversibly formed intermediate, presumably the 1 -hydroxide 
addition product of picryl chloridegJ. The  equilibrium constant for 
the formation of the intermediate was reported to be 1.12 (21.5”), 
and the ratio of the rate constants for its decomposition to picryl 
chloride and picric acid was reported as 15.5 : 1 (21.5”). Earlier, 
Farmer, who studied the formation of methyl picrate and  
KO,NC,H,( NO,) ,( OCH,) ,-CH,OH fi-om picryl chloride and  
potassium methoxide, proposed that the 1 -methoxide addition 
product of picryl chloride was an intermediate”“:. H e  analyzed 
the  product composition us. time and showed that picryl chloride 
was more reactive with methoxide than methyl picrate. Farmer 
also proposed that the reaction of picryl chloride with phenoxide 
ion proceeds via the 1 -phenoxide addition intermediate””. The 
reactivities of some 4-nitrohalobenzenes and 2,4-dinitrolialobenzenes 
with azide, methoxide, and  thiomethoxide ions have been studied 
by MillersG. T h e  indil’idual reactivities and overall reactivity 
patterns were interpreted as evidence for the addition type of inter- 
mediate required by the two-stage mechanism of activated nuclco- 
philic substitution. Murto has discussed the suitability of the 
two-stage mechanism for substitution of the halogens of picryl chlor- 
ide and fluoride by hydroxide iong‘. 
h aromatic carbon bonded to a nitro or thiomethyl group is 

capable of forming methoxide addition products. Schaal and Peure 
have shown that the rate of decomposition of p-dinitrobenzene in 
methanolic methoxide solution is proportional to H31, and have 
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concluded that an addition intcrmediate is formed according to 
equation 6'Ifl. An analogous mechanism was proposed for the reaction 
of o -d ini t r o I i  cnzen c and met hos id e io n a1 t ho ugh h ere t 11 e d ecom posi - 
tion rate was found to lic proportional to [ H ) ,  + log (CH,OH)Ig9. 

Murto  has oliserved a red color during tlie reaction of' 1,2,4,6- 
tetranitrobenzene with hydroxide ion and  has suggested a two-stage 
mechanism for the reaction"'. Gitis lias reported that the reaction 
of 2,4-diiiitrothioaiiisole with potassium methoxide makes the 
otherwise inert tliiometliyl group susceptible to nucleopliilic attack 
by dimethylamine, and lias proposed the forination of a 1-methoxide 
addition intermediate'OO. 

111. COMPOUND FORMATION BY AMMONIA 
AND ALIPHATIC AMINES 

A. Introduction 

In 1905 Kraus and Franklin reported that tlie intensely colored 
1 i qu i d ammo n i a sol u ti o ns of gwz- t r i n i t  1-0 11 en z e n e, s_l!nz- t ri n i t ro t ol u en e, 
and 2,4--dinitrotoluene possessed salt-like conductivities'o'. The 
conductivity of solutions of m-dinitrobenzenc in liquid 
of sym-trinitrobenzene in pyridine and ethanolic d i e t l~y lamine~~ ,  
and of 2,6-dinitrotoluene in liquid ammonia1O.' was found to increase 
with time. For 2,6-dinitrotoIuene the rate of increase in  conductivity 
was found to follow a first-order rate equation104. The  conductivity 
of the blue solutions of nz-dinitrobenzene in liquid ammonia was 
ascribed to tlie electron-transfer process shown in equation 7'02. 

Lewis and Seaborg, in attempting to explain why the color intensities 
of nz-dinitrolxnzene-aminc solutions did not parallel the amine 
Iiasicity, proposed that the intense color of ammonia solutions is 
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due to addition of ammonia to the 2-carbon of the dinitrobenzene 
and that the adduct was stabilized by hydrogen bonds from the 
ammonia hydrogens to the oxygens of the adjacent nitro groups105; 
this stabilization would be less in the case of dimethylamine, for 
example. Canback has made qualitative estimates of the intensities 
of the colors produced at  -72" by the action of aliphatic amines 
on 1,3-dinitrobenzene, 2,4-dinitrotoluene, '2,6-dinitrotoluene, 1,3- 
dirnethyl-4,6-dinitrobenzene, and dinitrornesitylenelo6. He thought 
that the colors produced by the primary and secondary amines were 
due to addition products, such as structure 15, and that tertiary 

1- ,--- 

(15) 

amines, such as triethylarnine and ~r-ethy;piperidine, failed to 
produce colored solutions because the nitrogen of the tertiary 
amines is much less nucleophilic than the nitrogen of the substituted 
amide ions derived from primary and secondary amines. Wheland 
and coworkers found that electrolysis of m-dinitrobenzene in liquid 
ammonia produced hydrogen at the cathode and nitrogen at  the 
anode, in addition to reduction products of m-dinitrobenzene; the 
formation of 15 was suggested as a rationalelo'. Miller and Wynne- 
Joneszo3 ha\*e interpreted the interaction of vm-trinitrobenzene with 
diethylamine in ethanol in terms of Mulliken's 'inner and outer 
complexesloB,' suggesting that the inner complex dissociated in polar 
solvents into two radical ions. A weak electron-spin resonance 
spectrum was obtained from a synt-trinitrobenzene-diethylamine 
~ o l u t i o n ~ ~ 3  (uide infra). 

B. Nuclear Magnetic Resonunce Studies 

The results of nuclear magnetic resonance studies of the interactions 
of polynitroaromatic compounds with aliphatic amines in dimethyl 
sulfoxide can be summarized as foliows. 

(1) Ammonia, and either primary or secondary aliphatic amities 
react with gm-trinitrobenzene to form an addition compound whose 
structure is typified by P620*23*109-111. Table 6 gives the average 
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i-0, 

(16), R = H or alkyl 

chemical shifts reported for the ring protons of the adducts. The 
chemical shifts of H, in the amine adducts are about 0.5 ppm 
upfield from the shifts of the corresponding protons in the alkoxide 
adducts of trinitrobenzene derivatives (see Table 1). Since oxygen 
is more electronegative than nitrogen, this difference in chemical 
shift is not unexpected112. 

(2) sym-Trinitrobenzene shows no detectable interaction with 
tertiary aliphatic amines in dimethyl sulfoxide solution113. However, 
Strauss and Johanson have reported the isolation and characteriza- 
tion of a stable zwitterionic adduct from the reaction of sym-trinitro- 
benzene, triethylamine, and acrylonitrile114a. However, this adduct 
results from the addition of acrylonitrile, and not the amine, to the 
ring. 

(3)  Although the product of the action- of triethylamine on methyl 
picrate was originally postulated to be the zwitterion 1723, new 

TABLE 6. Chemical shifts for the ring protons of the aliphatic amine adducts of gm- 
trini trobenzene. 

R in 0.2N.. Hg X0.L 

r\verage chemical shift' 

h T 0 2  H a  HP References 

L. ,J 

H, 
-: 

H7. 

~~ ~ 

h-H2 8.32 5.52 109 
8.44 5.69 109, 110 

N ( CH3) 2 8.30 5.G1 109,110 

h'HCH,CH,OH 8.43 5.70 110 

NHCH, 

8.42 5.63 23, 109-111 N(C,HB), 

CH2-CHC 

CH, 8.47 5.56 109, 110 
/ \ 

/ \ 
N 

CH,--CH, 

In parts pcr million (ppm) from (CH3),Si. Dimethyl sulfoxide used for solvent. 
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n 

(17) 

information based on conductivity measurements, nuclear magnetic 
resonance, and  ultraviolet spectra has shown the product to be the 
tetralkylammonium picrate”-“’; similarly, the reaction between 
diethylamine and  methyl picrate results in the formation of methyl- 
diethylammonium picrate114b. 
(4) Diethylamine adds to the 3-carbon of ethyl picrate to form 

1S20, while dimethylamine adds to the 1-carbon of methyl picrate 
to form 19”. I n  this connection, Servis has noted that adduct 20, 

formed by the reaction of methoxide ion with N,N-dimethyl- 
picramide, and  adduct 19 do not show interconvertahility2”. 

(201 

C. Thermodynamic Functions 

Although nuclear magnetic resoiiruice studies of the interaction 
of trinitrolienzcnc dcrivxtivcs with amincs in dimethyl sulfoxide 
indicate tha t  tlie overall stoichiomctry should lie 1 : 2; spectrophoto- 
inetric determinations of the eqiiililiriunz coilstants for these reactions 
in other solvcnts show that thc reaction of one polynitroaromatic 
molccule may require rnore t h a n  two aminc molecules. For example, 
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a 1 : 4 stoichiometry was reported for the trinitrobenzene-dimethyl- 
amine reaction in dioxanell"; the data are also consistent with the 
coexistence of equilibrated 1 : 1, 1 : 2, and 1 : 3 complexes11G. The  latter 
interpretation accommodates the data for the reaction of trinitro- 
benzene with methylamine, dimethylamine, ethylamine, or diethyl- 
amine in chloroform or dioxane'l'. The van't Hoff factor has 
been reported to be two for sym-trinitrobenzene and 2,4,6-trinitro-t- 
butylbenzene and three for methyl picrate in ethano1amine1l8. 

Briegleh and coworkers have made a detailed spectrophotometric 
and conductometric analysis of the sequential equilibria involving 
sym-trinitrobenzene and piperidine dissolved in a c e t ~ n i t r i l e ~ ~ ~  and 
cyclohexane120. These workers have concluded that the expected 
anion, 21, is formed by the addition of piperidine to fym-trinitro- 

benzene. In acetonitrile, the concentration of piperidine determines 
the extent to which the other product, piperidinium ion, is free, 
ion-paired to 21, or associated with a lieu tral piperidine molecule. 
In cyclohexane, the anion 21 is ion-paired with protonated polymers 
of piperidine ; if the concentration of piperidine is low, the trinitro- 
benzene forms only a donor-acceptor complex with piperidine. 

The  equilibria 8a-8e describe the interactions between g)m- 
trinitrobenzene and piperidine, represented by T and PH respec- 
tively, in acetonitrilellg. In equations 8a and 813, (TP- PH,+) 

T + 2PH (TP- PH,') K = 10.4 @a) 

(TP- PH,+) e TP- + PH,+ 

T + 2 P H e  TP-  + PH,+ K = 5.65 x hf-' (8d) 

T + 3PH TP-  + P,H:,+ K = 1.33 (Be) 

K = 5.5 x 10-3 A;I (8b) 

(8c) TP- + PH,+ + PH+ TP- + P,H,' K = 23.5 

AH = -12.8 kcallmole; AS = -49 eu 

AH = -18.9 kcal/mole; AS = -64 eu 
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represents an ion-pair. The equilibrium constant, K,  for 20" is 
given for each reaction. For reactions 8d and 8e, the negative 
entropy changes can be accounted for by the decrease in total number 
of molecules and by the increase in solvation required by the ions. 
The reactions of alkoxides with polynitroaromatics, on the other 
hand, exhibit positive entropy changes. (See section 1I.A. 2c). 

Equations 9a-9c describe the interactions between sym-trinitro- 
benzene and piperidine in cycloliexane120. In contrast to Miller and 
Wynne-Joneslo3, Liptay and Tamberg report that solutions of Sym- 

Donor-acceptor complex 

T + PH T - . - PH R = 1.04 A4-1 ( 9 4  

AH = -2.7 kcal/mole 
Ion-pair formation 

T + 3PH (TP- P2H3+) K = 0.21 A d - 3  (9b) 

AH = - 15 kcal/mole 
Ion-p a ir fo rnia t io ?i 

T + 4PH (TP- P3H4+) R = 0.31 ( 9 4  

AH = -20 kcal/mole 

trinitrobenzene and aliphatic amines show no electron spin resonance 
spectrum initially, and only a weak spectrum after aginglZ0. 

D. Electronic Spectra 

Table 7 gives the characteristic absorption maxima for solutions 
of sym-trinitrobenzene in four solvents containing ammonia or an 
aliphatic amine. Except for the chloroform solution of trinitrobenzene 
and diethylamine, the colored solutions exhibit two maxima, one 
in the 430-470 mp range, and the other, weaker in intensity, in 
the 505-575-mp range. By way of comparison, sym-trinitrobenzene 
in acetonitrile containing potassium hydroxide shows maxima at 
431 m p  and 500 mp119, and ethyl picrate in methanolic potassium 
methoxide has maxima at  417 mp  and 486 m,u121. Many of the 
spectral envelopes of the ethanol and chloroform solutions change 
drastically after an aging period of only 10 minutes"'. 

For dimethyl sulfoxide solutions, we know from nuclear magnetic 
resonance studies that the colored products formed are of type 
161°9. In contrast to the intensely colored dimethyl sulfoxide solution 
of methyl picrate and trietliylamine114, a dimethyl sulfoxide solution 
of sym-trinitrobenzene and triethylamine is virtually colorless10g, 
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indicating little or no addition of the amine to trinitrobenzene. The 
nuclear magnetic resonance spectrum of a dimethyl sulfoxide solu- 
tion of s3I"z-trinitrobeuzene and trimethyl- or triethylamine shows 
that the amine causes no change in the position, intensity or broad- 
ness of the proton resonance of the trinitrobenzenelDY ; this observa- 
tion is thus consistent wi tli the spectrophotometi-ic measurements. 
The reactivity of tertiary amines with synz-trinitrobenzene in the 
other solvents is clearly not consistent with the results for dimethyl 
sulfoxide solutions. Cramptoii and Gold have noted that traces of 
impurities in the trimetliylamine, possibly primary or secondary 
amines, increase the color intensity of trinitrobenzene-trimethyl- 
amine-dimethyl sulfoxide solutions1D9. Finally, any discussion of the 
effect of solvent on the absorption maxima given in Table 7 should 
be deferred until companion nuclear magnetic resonance spectra 
are availab!e for product identification. 

E. Mechanism of Formation 

Kinetic evidence for the two-stage mechanism of activated 
nucleophilic aromatic substitution by amines has elucidated the 
mechanism of formation of the stable amine adducts of nitroaromatic 
compounds. The effect of base concentration 3n the second-order 
rate coefficient, k,, for the nucleophilic attack by primary and 
secondary amines on 2,4-dinitrophenyl ethers and 2,4-dinitroAuoro- 
benzene indicates that the zwitterion, 22, is an intermediatelzz-la4. 

X 

(22), X = OCH,, OC,H,, or F 

For example, k, for the aqueous dioxane reaction of methyl or phenyl 
2,4-dinitrophenyl ether with piperidine to form N-(2,4-dinitro- 
pheny1)piperidine is curvilinearly related to the concentration of 
sodium h y d r o ~ i d e ~ ~ ~ ~ ~ ~ ~ ~ ~ .  Also, k, for the reaction of methyl 2,4- 
dinitrophenyl ether with piperidine in methanol is nearly linearly 
dependent on the concentration of sodium hydroxide122r. The phenyl 
ether is suliject to general base catalysis by piperidinel23. Finally, 
k, for the reaction of 2,4-dinitrofluorobenzeiie with the butylamines 
in benzene increases with amine concentration ; for t-butylamine the 
increase is nearly linear, while for the other butylamines the increase 
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is much less than linear’”. In contrast, values of h-, for the reaction 
of 2,4-dinitrofluorobenzene with n-butylamine in methanol and with 
aniline in methanol, t-butyl alcohol, or aqueous dioxane are at most 
mildly augmented by the addition of base’”?’). 

The final product of these activated nucleophilic substitution 
reactions, an N-substituted 2,4-dinitroaniline, results from the solvent- 
or base-catalyzed deprotoiiation of the zwitterion 22 either in a 
concerted process, or in a two-step process, i.e., a rapid deprotona- 
tion followed by ejection of methoxide, phenoxide, or fluoride ion 
in a slow step. Thus ,  these results suggest that the stable primary and 
secondary amiiie adducts are formed by deprotonation of zwitterionic 
intermediates analogous to 22. 

IV. C O M P O U N D  FORMATION IN ALKALINE 
KETONE SOLUTIONS 

A. Introduction 

I n  1886 Janovsky reported that an intense purple color is produced 
when aqueous alkali is added to an acetone solution of m-dinitro- 
benzene1z5. Since then, colored alkaline acetone solutions of a wide 
variety of aromatic compounds having t ~ o ~ ~ G - 1 3 ~  or three12s-131 
nitro groups n2etn to each other have been examined from the view- 
point of the qualitative d e t e c t i ~ n ~ * ~ ? ’ ’ ~ ~ ~ ~  and quantitative determina- 
tion127*128b-130*131 of these compounds. The acetone ‘complexes’ are 
formed at much lower base concentrations than the alkoxide addition 

T h u s  the presence of acetone makes it easier to 
establish characteristic absorption curves for the dinitroaromatics 
because the degradation of the latter is slower. Under normal 
Janovsky conditions, 0- and p-dinitrobenzene do not give strong 

although Gitis has reported the isolation of solid complexes 
of potassium acetonate with each of these isomers1”. Aromatic 
compounds closely related to rn-dinitrolienzene, such as 3,3’- 
dinitroazoxybenzene, also give colors under Janovsky conditions12s”. 

Color is also developed under Janovsky conditions if the acetone 
is replaced by a ketone with an rr.-hydrogen atom or by an alde- 
llyde128n.13j-13i,13S~~. Zimmermanii has developed a colorimetric 
determination of 17-ketosteroids which involves the reaction of the 
steroid with excess m-dinitrobenzene in ethanolic potassium 
11ydroxide~3~. Canback has described a spectrophotometric method 
for differentiating active cardiac glucosides from the inactive forms 
by measuring the rate of change of the optical density for solutions 
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of the glucosides in aqueous alcoholic sodium hydroxide containing 
nz-di nitro benz ene1381'. 

8. Chemical and Spectrophotometric Evidence for Structure 

Canback suggested that the product of the Janovsky reaction had 
structure 23141; his evidence was that the absorption spectrum of the 

Janovsky product and of an ethanolic ethoxide solution of sym- 
trinitrobenzene were similar. He fe4t that 23 was a typographic 
formalism however, and that instead of a true carbon-carbon bond 
between the acetonate group and the ring carbon, only ion-dipole 
interaction existed. Gitis proposed that the Janovsky product of 
2,4-dinitroanisole is 24134, the product of addition of the enolate of 
acetone to the 1-carbon of the anisole, or alternatively a mixture 
of both types of addition products, 23 and 2413,. Ryzhova and 
coworkers suggested that the 1 : 2 complexes of m-dinitrobenzene 
and potassium acetonate are donor-acceptor c0mplexes13~. Kimura 
provided the first convincing evidence that structure 23 is correct 
by showing that the Janovsky products of phenyl picrate and picryl 
chloride gave 25a and 25b, respectively, on oxidation with acidic 

(25a) ,  Y = OC,H, 
(25b), Y = C1 

hydrogen per~xide'~?.  Confirmatory chemical evidence was later 
presented by Severin who showed that the Janovsky product of 
sym-trinitrobenzene was reduced by sodium borohydride to 26 which 
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was converted to 27 by the action of A similar reaction 
sequence was carried out with 2,4-dinitrophen01'.'~. 

If the Janovsky complex has Canback's structure 23 its formation 
should be reversed by acidification. Reversibility has indeed been 
demonstrated by isolating essentially pure m-dinitrobenzene and 
sym-trinitrobenzene on acidification of alkaline acetone solutions of 

U 

(27) 
(26) 

these comp0unds'4"1~4. Kimura isolated the classical Janovsky 
complex of m-dinitrobenzene and acetone as the potassium salt145; 
the analysis of the purple solid agreed with that required by the 
Canback structure. 

I n  contrast to the large molar excess of carbonyl compound over 
rn-dinitrobenzene used in the Janovsky reaction, the Zimmermann 
reaction uses a molar ratio of m-dinitrobenzene to carbonyl com- 
pound of a t  least one144. In the reaction of nt-dinitrobenzene and 
acetone, the solution is bluish purple under Janovsky conditions 
(absorption maximum at 570 mp), while the solution is red under 
Zimmermann conditions (absorption maximum at 497 
Ishidate and Sakaguchi suggested in 1950 that the color generated 
by the Zimmermann reaction was due to 29, formed by oxidation of 
the Janovsky complex 28, by excess m-dinitrobenzenelqG. This 

I 
KOs 

(28) (29) 

suggested structure was supported by the isolation of 3,3'-dinitroazo- 
benzene from the Zimmermann reaction of 17-ketosteroidsl"o, and 
by the isolation of nz-nitroaniline and 2,4-dinitrobenzyl phenyl 
ketone from the Zimmermann reaction of a~etophenone'~'. Kimura 
has reported the isolation of the potassium salt of 29 (R = methyl) 
from the Zimmermann reaction of acetone and nz-dinitrobenzenel'j. 
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As confirmation of 29 as the product of the Zimmermann reaction, 
a basic solution of 38a or 30b had essentially the same absorption 
spectrum as that generated by the Zimmermann reaction of 
acetoplienone or a c e t ~ n e l ~ ' ~ ~ ' ' ~ .  

0 
I t  

C;1-I2--C --R 
I 

3: )-. 

(30a), R = C,H, 
(30b), R = CH, 

C. Electronic Absorption Spectra 

Table 8 gives a comparison of the absorption maxima for the 
Janovsky complexes of some derivatives of nz-dinitrobenzene and 
syn-trinitrobenzene. For all of the compounds listed in this table the 
stronger absorption occurs at  the shorter wavelength. Spectral data 
for other derivatives of nz-dinitrobenzene are given by Pollitt and 
Saunders128a and Newlands and \Yild128". The long-wavelength 
absorption of the Janovsky complex is red shifted (by 20 to 161 my) 

TABLE 8. Visiblc absorption masima for some di- and trinitrobenzene dcrivatives under 
Janovsky conditions. 

Substitucnt, Y 

H 465, 560 576, 692 

OC,H, 445,500-570 580 
COOR 460, 555 (C,H,) 55G, G8.5 (CH,) 
C1 450, 520-530 548, GGci 
CH, 460, 500-530 580, G65 
XR2 425? (C:,H,) .572 (CH,) 

OCH, 445: 500-510 576 
576, 692 
590 

406, 561,625 (CH,) 
563 
580 
614 (CH,) 

- 

a From ref 132 From r d  128a 
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with respect to that of the corresponding methoxide adduct12si~. The 
position of the absorption maximum of the classical Janovsky complex 
(nz-dinitrobenzene and alkaline acetone) is strongly dependent on 
solventl", while substituting another ketone for acetone has  little 
effect on  jl.,,,ax144. O n  the other hand, values of I.,,,,, for Zimmermann 
products are nearly independent of solventlqs and strongly dependent 
on  the ketone144. 

D. Nuclear Magnetic Resonance Spectroscopy 

Foster and Fyfe confirmed Canback's structural assignment for 
the Janovsky complex by nuclear magnetic reso~iancel~~.  Referring 
to complex 31 they reportcd the following parameters for a solution 

c ,  i 
H7QX02 1-1 b CH,COCH3 

HP ;* Ha 
. *  

h0, 
(31) 

of nz-dinitrobenzene and sodium methoside in 1 : 1 v/v dimethyl 
sulfoside-acetone: d(H,) 8.32 ppm, 8(H,,) 6.61 ppm, B(H,) 5.38 
ppm, B(H,) 4,.17 ppm, J(H,-H,) 1.9 Hz, J(H,-H,) 10.2 Hz, 
J(H,-H,) 5.0 Hz, J(H,-H,) N 5.0 Hz, and J(H,-H,) ri 10.0 Hz, 
where 6 is the chemical shift and J is the coupling constant. No 
evidence for striictural isomers of 31 was found. Nuclear magnetic 
resonance has also sliown t!iat picryl derivati\:es react with acctone 
in dimethyl sulfoxide containing trietliylamine to form 3-acetonyl 
adducts". N,N-Dimetliylpicramide forms the 3,5-diacetonyl adduct 
after 2 days if excess trietliylamine is Table 9 gives the nuclear 
magnetic resonance parameters of se\wal ketone adducts of trinitro- 
benzene. 

Strauss and Schran have idcntified by spcctroscopic methods the 
red solid precipitated fi-om the reaction of synr-trinitrobenzene, 
acetone, and diethylamine as the bicyclic product 3P9. For com- 
pound 32 dissolved in acctone-& the foliowing chemical shift values 
were obtained: for H,, a singlet a t  8.52 ppm; for H,,, a poorly resolved 
doublet (multiplet?) at 4.53 ppni, and for H,, a triplet at 5.72 ppm. 
The  relati1-e intensities of the threc resonances were 1 : 2 : 1. This 
solid was also found to have I,,,,.,, in ethanol at 510 mp (log E 4.48) 
and the broad infrared absorption at 1425-1 520 cm-I expected for 
tI1e asymmetric N - 0  stretching frequency i n  a system containing a 
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TABLE 9. NMR spectral data for some ketonic adducts of syrn-trinitrobenzenea. 

Adduct structure 

Reactant 
ketone R R’ 

Chemical Coupling 
shiftsb constantC 

Ha HP JHb-H,,  

0 

CH3CCl13d 

0 

I1 

0 

!I 
CH3CCH,CH3 

0 0 

CH,CCH,CH,CCH, 
I/ 11 

0 

8.35 5.08 5.5 (t) 
II 

H CCH, 

0 

CH, CCH,CH, 

0 

CCH,CH3 (ZOO,’,) 

0 

CH, CCH, (80%) 

0 

H CCH(CH,), 

0 0 

CCH,CH,CCH, (25%) 8.35 5.07 5 (t) 

8.45 5.31 3 (d) 
11 

8.35 5.04 6 (t) 
I1 

8.46 5.35 3 (d) 
II 

8.34 5-05 7 (t) 
II 

II I/ 

CH3C CH,CCH, (75%) 8.45 5.35 3 (d) 

a Taken from ref 149. Base is (C2H5)3N. Solvent is dimethyl sulfoxide unless otherwise 
I n  hertz (Hz); d = doublet, indicated. 

t = triplet. I n  acetone-$. 
I n  parts per million (ppm) from Si(CH,),. 
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(32) 

negative charge delocalized over two nitro groups. The chemical 
shifts for the compound analogous to 32 which formed by the 
reaction of sym-trinitrobenzene, dibenzyl ketone and triethylamine 
in dimethyl-d, sulfoxide are H,, 8.6 ppm, H,, 4.4 and 4.7 ppm, and 
H,, 6.0 ppmL50. The fact that sym-trinitrobenzene and acetone give 
the bicyclic compound 32 in the presence of diethylamine, but only 
the non-cyclic addition product 33 in the presence of triethylamine, 

II 
0 

CH,CCH3 

, i\I-I(C,HB)B @. 

so, 
(33) 

has been rationalized by Strauss and Schran by assuming that the 
reaction with acetone and diethylamine proceeds through an 
enamine intermediate. 

V. C O M P O U N D  FORMATION BY OTHER 
N UCLEOPHILIC REAGENTS 

A. Sulfite Ion 

1. Introduction 

Muraour reported in 1924 that sym-trinitrobenzene and g m -  
trinitrotoluene reacted with aqueous sodium sulfite to form colored 
solutions from which the nitroaromatic could be regeneratedI51. 
C8ta and BerAnek showed spectrophotometrically that sym-trinitro- 
benzene formed a 1 : 1 complex with aqueous sulfite and suggested 
that the complex was addition compound 34 (Y = H), formed accord- 
ing to equation lo1”’. They felt that the changes which occurred in the 
spectral envelope as the sulfite concentration was increased were 
due to the addition of a second or third sulfite ion. In support of the 
existence of multiple sulfite addition products is Henry’s isolation of 
a solid of composition sym-trinitrobenzel~e.(Na,SO,) qlS3. 

“ 
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O&-.. I--. ,*-KO2 
+ so:,?- .-- - @so.- (10) 

H H H 

SO,: SO2 

(34) 

2. Structural assignment of t h e  products 

Crampton has confirmed by nuclear magnetic resonance spectros- 
copy that in water solutions picryl derivatives react with sulfite ion 
according to equations 10 or 11, depending on sulfite ion concen- 
tration, to form addition products 34 and 35, respectively1””. In 

O,N-.. _ _  -*so2 oyJ-02 + 2s03- - 7 -as ,  yJso3- .- 0’’ (11) 
H H 1-1 H 

KO2 KO: 

(35) 

Y = H, OCH,, NH,, SHCH,, KHC,H, and S(CH,), 

contrast to the methoxide reactions, no nuclear magnetic resonance 
evidence was found for addition of sulfite to the 1-carllon of methyl 
picrate or for exchange of amino protons of picramide derivatives. 
However, conversion of picramide and its N-methyl and N-phenyl 
derivatives to the mono adduct 34 did result in a shift to lower field 
of the amino proton resonance; in the case of picramide two 
resonances of equal intensity were observed at chemical shifts of 
10.10 and 10.57 ppm. Crampton suggested that these shifts to lower 
fields and the magnetic non-equivalence of the amino protons of 
picramide were due to hydrogen bonding of the amino protons as 
shown in structure 36. The chemical shifts for the mono- and disulfite 
adducts of the picryl derivatives studied by Crampton are given in 
Table 10. 
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3. Stability constants 

Equilibrium constants for reaction 10 (K, )  and 11 (K,) in 
aqueous solution have been determined spectrophotometrically by 
Crampton1j4 and Norrisl55 (see Table 10). For sym-trinitrobenzene 
the two K ,  values agree well with each other and with a value of K, 
determined by the partition method (2.25 x lo2 M-l, 250)15j, but 
differ markedly from &ha and Berhek's value of K ,  (5.12 x lo2 
A P ,  25", p = 0)'". This discrepancy apparently cannot be recon- 
ciled on the basis of ionic strength differences155. For reaction 10 
(Y = H) Norris has calculated AH" = -4.0 kcal/mole and ASo = 
-2.26 eu from the temperature dependence of K,. For ethoxide 
addition, AH is also small and ASo is significantly more positive. 
(See Table 4.) The value of AS" for sulfite addition might be expected 
to be more negative than that for ethoxide addition because the 
sulfite addition product has a negative charge on the sulfite group 
(in addition to the dispersed negative charge on the ring) which 
requires rather specific solvent orientation. 

The carbon basicity of the sulfite ion toward picryl derivatives is 
greater than that of hydroxide ion. For example, the ratio of the 
formation constants for monosulfite and monohydroxide adducts 
of sym-trinitrobenzene is about 1 OO"O"~S44.155; this ratio for picramide 
is ca. 30050d*154*155. Concerning substituent effects on adduct stability 
it is interesting that in water the 3-sulfite adduct of methyl picrate 
has approximately the same stability as the monosulfite adduct of 
sym-trinitrobenzene, while in methanol the I-methoxide adduct of 
methyl picrate is much more stable than the monomethoxide adduct 
of sym-trinitrobenzene (see Table 3) .  

B. Thioethoxide and Thiophenoxide Ions 

1. Nuclear magnetic resonance studies of the products 

Crampton has investigated the products of the reaction of vm- 
trinitrobenzene, picramide, N-methyfpicramide, and 2,4-dinitro- 
aniIine with sodium thioethoxide and sodium thiophenoxide in 
methanol-dimethyl sulfoxide ( 15 : 85, v/v)156. His results and interpre- 
tations can be summarized as follows. 

( a )  Addition of sodium thioethoxide to a solution of one of the 
trinitroaroniatics produces the addition product 37. The chemical 
shifts of the ring and amino protons of the trinitroaromatic reactant 
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k02 
(37), Y = H, NH, or NHCH, 

and of 37 are given in Table 11. If the mo1.e ratio of sodium thio- 
ethoxide to N-methylpicramide is two, only one resonance for the 
ring protons of the product is observed at 6.00 ppm, implying addi- 
tion of thioethoxide to the 3- and 5-carbons of the ring. 

(6) The formation of the 3-adduct, 37, from picramide and N- 
methylpicramide is accompanied by a downfield shift of the amino 
proton resonance. Also, the amino protons of the picramide adducts 
are magnetically non-equivalent. These effects are similar to those 
produced by the action of sulfite ion on these compounds and the 
rationales invoked by Crampton are identical154 (uide supra). 

(c) For equilibrated solutions of sym-trinitrobenzene and its 
monothioethoxide adduct, the line width of the resonance of the 
ring protons of both species increases with the percentage of methanol 
in the metlianol-dimethyl sulfoxide solvent. Rate constants for the 
decomposition of the complex to sym-trinitrobenzene and thio- 
ethoxide ion were calculated from these line widths, and were found 
to vary from 1.7 sec-1 for 7.5 vol yo metlianol to 20 sec-1 for 57.5 
vol yo methanol. 

TABLE 11. Chcmical shifts of thc thiocthoside adducts of some picryl derivativesa. 

Rcactan t 
Y 

NO? - 
Y Ring H Amino H H, H,j .+mino H 

- 8.32 5.75 - H 9.20 
NH, 9.14 9.10 8.47 5.73 9.90 

10.65 
KHCH, 8.95 3.25 8.40 (5.00 10.80 

a From ref 15G. Solvent is CH,OH-(CH,),SO (15:85, v/v). ’ In parts per million 
For thc 3-thiocthoside adduct, with H, and H p  as in structure 37. (ppm) from (CH,),Si. 
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( d )  Sodium thioethoxide causes deprotonation of the amino 
group of 2,4-dinitroaniliiie, but not of picramide or N-methyl- 
picramide. In contrast the amino groups of the latter two com- 
pounds are extensively deprotonated by methoxide in methanol- 
dimethyl sulfoxide31*'3. These results are not unexpected, for the 
carbon basicity, relative to hydrogcn basicity, of an oxygen base is 
known to be much less than that of the corresponding thio base's'. 

(e) Solutions of sym-trinitrobenzene or picramide containing 
sodium thiophenoxide have a single aromatic proton resonance. 
As the formal concentration of sodium thiophenoxide is increased 
the resonance is shifted upfield until the limiting values, 7.45 and 
7.10 ppm, respectively, are reached near a molar ratio of nitro- 
aromatic to phenoside ion of one. Apparently the resonances for 
the ring protons of the nitroaromatic and its thiophenoxide addition 
product are combined due to a rate of equilibration which is fast 
on the nuclear magnetic resonance time scale. 

2. Equilibrium spectrophotometric measurements 

Values of the formation constants, K,, for the 1 : 1 complexes of 
sym-trinitrobenzene and each of the four bases, methoxide, phenoxide, 
thioethoxide, and thiophenoxide have been determined in methanol 
by the Benesi -Hildebrand method fiom equilibrium spectrophoto- 
metric nieasiirements15G. The values of pK, along with lLmns and E 

for the complexes, and pKi for the conjugate acids of tlie bases in 
methanol are given in Table 12. The presence of dimethyl sulfoxide 
markedly increases the value of Kf. For example, log [K,(40 vol yo 
dimethyl sulfoxide)/K,(methanol)] is about 3 for methoxide and 1.4 
for thiophenoside1jG. I t  is well known of course that the addition of 
dimethyl sulfoxide to methanol increases the effective basicity of 
the solvent161. 

TABLE 12. Electronic spcctral data and formation constants for 1 :1 complexes of 5)')tz- 

trinitrobcnzene u i t h  sulfur and osygcn bascsn. 

Base (B-) j.,,,RX, m p  (log E )  log K ,  pKi log (K, . Ki) log [ K , ,  l ~ " ~ n ] 1 5 i  

CH,O- 422 (4.48) 1.18 IG.7'5s - 13.5 2.0 
C,H,O- - < -2.7 14.1 l5O - 16.8 1.2 

C,H,S- $64 (4.43) 0.29 10.9160 - 1 O.(j 3.9 
(Alky1)S- 460 (4.46)C,H5 3.54 1 P  -11.5 10.3 (CH,) 

(' Taken from rcf 156; for nicthanol a t  20°. Estimntccl by Crarnpton'5G from tlie pKi 
for watcr. 
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It is informative to compare thc carlion basicity of the four bases 
in  these complexes with that in other carbon compounds. According 
to Hine'"', the R basicity of thc base B-, with respect to its proton 
basicity, is defined as the equilibrium constant Klr12"' for equatioll 
12. T ~ L I S ,  the trinitrocycloliexadienyl basicity of B-, with respect 

(12) 

to its proton Imsicity, is the equilibrium constant for equation 13. 
ROH + HB e RB + H,O 

uy:c.02 11 .. o2s.@r2 I [  

O2N.+NO2 H 

02N*:02 NO2 NO* 

OH + 11B .e 4- H20 (13) 

H ; I f  I1 - 
ko2 k0, 

Now the equilibrium constant for equation 13 is equal to K,  Ki 
divided by the equilibrium constant for equation 14. Although the 

+ H20 OH + HC (14) 
H '  H *.. H 

latter lias not been evaluated in methanol, the diffcrence in the 
logarithms of the equilibrium constants for equation 13 for any two 
basts is clearly the same as the diffcrence in  log ( K ,  Ki) for the two 
bases. From Table 12 wc see that log ( K ,  - Ki) for B- = thioethoxide 
is 4 units greater (more basic) than for B- = methoxide, and that 
log (Kf - Ki) for B- = thiophenoxide is at least 6.2 units greater 
than for B- = ~ihenoxide. For comparison, log (K111p11511) is 4.6 
units greater for B- = thiomethoxidc than for B- = methoxidelji. 
The  enhancement of carbon basicity produced by thio substitution 
is more pronounced if the carbon atoni is classically aliphatic. For 
examplc, log (Klc,:'"3'') for B- = thiometlioxide or thiophenoxide is 
about 8 units larger than for B- = methoxide or phenoxide. 

C. Cyanide Ion 

I .  Chemical studies 

Hepp, in 188P2', and Hantzsch and Kissel, in 189gG, reported 
the isolation of a red-violet salt fi-om the reaction of potassium 
cyanide and .I3J~~~-trinitl,oI,enzene. Foster, however, was not able to 
reproduce these res~1lts1~~. Thc addition of potassium cyanide to 
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n-dinitrobenzene in aqueous methanol or aqueous ethanol yields a 
purple solution from which 2-nitro-6-methoxy- (or 6-ethoxy-) 
benzonitrile can be is~latedl"~.  The methoxy compound can in fact 
be prepared by this method in 20 yo yieldIG5. The dinitrobenzenes, in 
the presence of sodium cyanide, have been observed to fluoresce at 
room temperature; they and sym-trinitrobenzene have been observed 
to phosphoresce in the presence of sodium cyanide at  liquid air 
temperaturelGG. 

2. Structural assignments 

Although Vickery reported that the complex formed by m- 
dinitrobenzene and sodium cyanide in dimethylformamide has no 
detectable nuclear magnetic resonance spectrum1G7, Buncel'G* and 
NorrislGs" have shown by nuclear magnetic resonance that cyanide 
ion converts Vnz-trinitrobenzene, Vnz-trinitrotoluene, and q n -  
trinitrobenzaldehyde to the addition products shown in Table 13. 
In deuterochloroform the 3-cyanide adduct of syt-trinitrotoluene, 
38, is reasonably stable a t  -30°, but is decomposed at room tempera- 

(38) 

ture after several hours to as yet unidentified pl-oductslG8. I n  contrast, 
in dimethyl sulfoxide the 3-methoxide adduct of methyl picrate is 
formed rapidly, but is gradually replaced by the 1-methoxide adduct, 
the more thermodynamically stable f0rrnl'-~3. I t  is  significant that 
cyanide ion is the only nucleophile which has been shown to convert 
synz-trinitrotoluene to a product identifialile by nuclear magnetic 
resonance. 

3. Absorption spectra 

Vickery has measured the time dependence of I,,,,,, values for 
dimethyl sulfoxide solutions of sodium cyanide containing nitroben- 
zene, m-dinitrobenzene, and synz-trinitrobenzenelG7. The nitroben- 
zene solution has a transient green color, while the m-dinitrobenzene 
solution changes from blue to red. Vickery claims to have iso- 
lated a deep red solid comples of ni-dinitrobenzene and sodium 
cyanide from a dimethylformamide solution, and gives A,,,,, and E 
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TABLE 13. Chemical shifts for the cyanide addition products of some sym-trinitrobenzene 

derivativesa. 

Shifts in parent 
compound Shifts in complex 

Ring 
Other H ,  €1, Hfl Ring Other H Complex 

9.36 

9.37 

9.04 

- 8.42 5.48 

h-0, 

NC CHO 

10.73 (CHO) 8.55 - 

2.82 (CH3) 8.65 5.76 

0.14 (CHC 

2.74 (CH,) 

~ ~- ~~- 

a In parts per million (ppm) from (CH,),Si. Solvent is CDCI, at -3OO. Taken from 
ref 168 and 169a. Source of the cyanide ion is tetraphenylarsonium cyanide. 

for the solid dissolved in methanol. The initial visible spectrum of 
sym-trinitrobenzene-cyanide ion solutions has been attributed to 
structure 39153.163*1G9b, and a 1 : 1 stoichiometry has been established 
for the interaction from the spectrophotometric measurements152. 

H CN 

(39) 

Norris has measured the infrared and visible absorption spectra 
a t  about -30" of deuterochloroform solutions of sym-trinitrobenzene 
containing about a molar equivalent of tetraphenylarsonium 
cyanide1G". Since the formal concentrations of trinitrobenzene and 
cyanide were essentially the same as those used for the nuclear 
magnetic resonance measurements (Table 13), we know a t  least 
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the major species, i.e. 39, responsible for the infrared and visible 
absorption spectra. For these solutions Norris reported that the 
foliowing absorptions are associated with 39: infrared (in cm-1)- 
1495 (m), 1410-1400 (w), 1235 (s), 1190 (s), and 1050 (m); visible- 
448 and 561 m p .  From the extinction coefficient at 561 mp'ior the 
complex in chloroform at 25.3", 2.25 x lo4 Ad-1 cm-116sb, the 
extinction coefficient for the absorption at 448 mp  was calculated 
to he 4.05 x lo4 cm-1 under the same conditions. 

D. Salts of Mononitroalkanes 

Fyfe has studied the reactions of salts of mononitroalkanes with 
di- and trinitroaromatics in dimethyl sulfoxideliO. His results are 
summarized below. 

Salts of mononitroalkanes react with sym-trinitrobenzene and its 
derivatives in dimethyl sulfoxide to produce red solutions; the salt 

T A B L E  14. Spectral data for coniplexes of sym-trinitrobenzene with salts of 
mononitr~alkancs~. 

Adduct structurc 

Chemical Coupling 
shifts' constant, Hz 

*/ 
K02CH2- 456 (4.34), 568 (4.04)" 8.41' 5.35 0.0 7.5 

Y 
X0,CHCH3 452 (1.38), 552 (4.08) 8.47e 5.67 0.5 3.2 

I 

7 
N0,CH (C,H,) 452 (4.34), 537 (4.04) 8.46 5.G3 1.0 3.5 

I 
450 (4.36), 545 (4.OG) 8.51 5.90 1.4 - N0,C(CH3), 

l 
a Data from rcf 170. Solvent (CH3),S0. Catioll = (C,H,),SH+ except where noted 

otherwise. * Adduct was isolated and redissolvcd. ' In parts per million (ppm) from 
internal (CH3),Si. Cation = K3.  Additional splitting due to non-equivalent H,. 
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of nitromethane reacts with rn-dinitrobenzene in dimethyl sulfoxide- 
nitromethane (60 :40) to produce a pinkish purple solution. Elec- 
tronic spectral data for the products, as reported by Fyfe, are given 
in Tables 14 and 15. The spectral envelopes of the products of the 
reactions of nt-dinitrobenzene with salts of nitromethane and acetone 

TABLE 15. Spectral data for nitromethide adducts of some polynitroaromaticP. 

Chemical shiftsb 
Coupling 

Adduct structure L a x ,  m~ F-1, Hp H, constants, Hz 

8.4 

538 6.78 5.13 8.67 

8.34 

8.22 

8.30' 

5.8je 8.52 Ja,,, = 2 

5.30 - .Ip,./ = 3.5 

Ja,r = 1.9 

Jp,,, = 5.0 
4.18 5.38g J,,< = 10.2 

k0, 

a Taken from ref 170. Solvent is CH,NO,; base is (C,H,),N. In parts per million 
Hp has four lines (each split into a doublet by H=); 

Due to 
Solvent is (CH,),SO- 

(ppm) from intertial (CH,),Si. 
ring asymmetry causes nonequivalent rncthylenc hydrogens; J = 5 and 8 Hz. 
a mixture or the 2- and 4-adducts. 
CH,SO, (60:40); basc is NaOCFI,. 9 H: = 6.59 ppm. 

Four lines, J = 5 and 7 Hz. 
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are quite similar; the i,,,,,, values for the products of the reactions of 
gnz-trinitrobenzene with salts of nitromethane and ethyl malonate 
are similar1'8"*1i0, but are  red shifted from A,,,, for the 1-methoxide 
adduct of methyl picrate. The  color generated by the reaction of 
m-dinitrobenzene and a mononitroalkane in basic aqueous methanol 
is the basis of a colorimetric determination of mononitroalkanesl". 
The species responsible for the color is apparently the nitroalkane 
adduct of tn-dinitrobenzene, since Fyfe has prepared the nitroalkane 
adduct of gm-trinitrobenzene by adding the nitroalkane to a solution 
of the methoxide adduct of synz-trinitrobenzene. 

Fyfe has shown by nuclear magnetic resonance spectroscopy that 
salts of mononitroalkanes react with syni-trinitrobenzene, m-dinitro- 
benzene, N,N-dimethylpicramide, 2,4-dinitronaphthalene, and 3,5- 
dinitropyridine to form carbanion addition products analogous to 
the Janovsky complexes. The  chemical shifts and the coupling 
constants for t he  products, given in Tables 14 and 15, show that the 
products cannot be formed by attack of the nitrogen or oxygen of 
the nitroalkane. From Table 14 one can see that an  increase in  
branching in R increases Jaa and shifts the resonance of H, down- 
field. The  chemical shifts and coupling constants for the products of 
addition of O,NCM," and CH ,COCH,^ to m-dinitrobenzene are 
quite similar's:* IYO. 

E. Salts of Ethyl Ma lonate  and Ethyl Acetoacetate 

Jackson and Gazzolo, in 1900, reported the isolation of brightly 
colored solids &om the reaction of trinitroaromatics and the sodium 
salt of ethyl malonate or ethyl acetoacetate, using molar ratios of 
aromatic to sodium salt of 1 : 3 9 .  Analyses of these unpurified products 
were consistent with the composition of one trinitroai-omatic molecule 
(methyl picrate or sym-trinitrobenzene) and three molecules of the 
sodium salt. Jackson and  Earle suggested that these products were 
formed b y  addition of the enolate of the ester to the nitroaromatic 
ring, forming addition compounds analogous to those proposed by 
Jackson and Gazzolo for the reaction products of alkoxides a n d  
nitroaromaticslO. Enolate addition was preferred over carbanion 
addition Ixcause the products of the latter type of addition were 
thought to be stable to hydrolysis. 

Pollitt and Saunders have reported electronic spectral data for 
m-dinitrobenzene and its negati\*ely substituted derivatives in  
dimethylformamide solutions containing sodium hydroxide a n d  
ethyl malonate or ethyl methylmalonatel2"' (see Table 16). Although 
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TABLE 16. Electronic spectral data for basic solutions of tn-dinitrobenzene 
derivatives and malonate estersa. 

Derivative 

J.,,,, mp’” 
NO, 

Ethyl maIonatc Ethyl methylrnalonate 

O,N A Y 

H 365, 570 360, 563 

coo- 568 56 1 

COOCH, 406, 542 402, 528 
CN 404, 536‘ 404, 525 

c1 363, 556 365, 552 

CONH, 398, 552 397, 547 

NO, 460, 568 454,538 

a Taken from ref 128a. Solvent is dirnethylformamidc. The italicized 
Peaks arc of the same value refers to the stronger of the two peaks. 

intensity. 

the spectra were considered intermediate between Meisenheimer 
and Janovsky type spectra, it should be pointed out that no structural 
assignments for the products can be made from these spectral data 
alone. 

Recently, Baudet isolated a red solid from the reaction of equi- 
molar quantities of 2,4-dinitrofluorobenzene, ethyl malonate, and 
triethy1amineli2. The solid reacted with water and alcohols to form 
ethyl 2,4-dinitroplienylmalonate, showed no electron spin resonance 
spectrum in dimethylformamide, and had the following significant 
infrared absorptions : 1680 cm-1, characteristic of cyclohexadienes, 
and 1725 and 1745 cm-1 carbonyl absorptions; electronic absorption 
occurred at 397 and 510 m p  in dimethylformamide and at 370 and 
520 m p  in dimethyl sulfoxide. Although Baudet failed to obtain 
elemental analyses for the solid and did not measure its nuclear 
magnetic resonance spectrum, he appears justified in concluding 
that the solid is 40, the intermediate required by the two-stage 
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mechanism of activated nucleopliilic substitution. Enolate addition 
cannot be definitely ruled out by Baudet's study, but i t  seems 
unlikely because a rearrangement would thcn be required to form 
ethyl 2,4-dinitroplienylmalonate. 

F. Azide ion 

Caveng and Zollinger have studied the reaction of azide ion with 
methyl picrate and picryl azide by nuclear magnetic reso~ia~ice 
spectroscopy and visible spectrophotometry~~3. At temperatures 

between -30" and -45" the nuclear magnetic resonance measure- 
ments showed that azide ion adds to the 1-carbon of methyl picrate 
to form 41 ; howe\w, the solutioas are unstable, turning lirown and 
evol\:ing nitrogen gas at 0". Table 17 gives the chemical shifts for 

TAULE 17. Chemical shifts for thc ring and mcthyl protons of methyl picrate and its 
I-azide addition compound in four solrentsa. 

Solvent 

Cheinical shift for Chemical shift for 
ring protone CH, groupb 

Temp, RIeth).l Xddition Methyl Xddition 
"c picrntc compd picratc compd 

CD,CS -40 to -4G 8.83 8.59 4.05 3.05 
(CD,),CO - 40 9.0 1 8.GG 4.16 3.03 

CH,CO~(CH,),-C~H,CS 

- - CH,C06(CH3) - 30 9.39 8.78 

- - ( + : I )  - 40 9.18 8.G3 

'' Taken froin rcf 173. lioiarity of thc methyl picratc is 0.2 esccpt for the solvent pair 
\\-hi& \\,as 0.16 -11 in methyl picrate. RIolc ratio of mcthyl picratc to tctrncthylammoniuin 
azide \\-as 2 escept Tor (CD,),CO for \vhich thc ratio \\-as ca. 3. In parts per million 
(ppni) from internal (CH,),Si. 
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41 and unreacted methyl picrate under conditions of slow exchange 
in four solvents. The  temperature dependelice of the difference 
between the chemical shifts of methyl picrate alld its azide additiorl 
product was measured and used to calculate activation parameters. 
‘I‘he absorption spectrum of 41 in dimethylacetamide has two maxima 
in. the visible, 4 19 and 506 m p  (log E 4.30 and 4.10, respectively). 

Solutions of picryl azide and tetraethylammonium azide in a 
solvent composed of dimethylacetamide, acetonitrile, and acetone 
in a 2 : 2 : 1 ratio behave qualitatively like the methyl picrate--azide 
solutions in that they are stable below 0” (AIuas 365-370 and 410- 
415 mp),  but above this temperature turn brown and evolve 
nitrogen. However, for mole ratios of azide ion to picryl azide between 
0 and 2, these solutions show only one sharp aromatic proton 
resonance, varying in position a t  -50” from 9.07 to 9.00 ppm. Since 
the chemical shift of the aromatic protons of the addition compound 
would be expected to be in the range of 8.6 to 8.8 ppm, it appears 
that only a very small fraction of the picryl azide can be converted 
to the complex. 

Picryl chloride gives a fleeting color with azide ion, but the addition 
compound, if formed, is too unstable for nuclear magnetic resonance 
measurements. In this connection it should be mentioned that 
reaction of p-nitroAuorobenzeiie with the dimethylamine present i n  
dimethylformamide led to the erroneous conclusion that azide 
ioll forms i t  o-complex with 1-nitrofluorobcnzene in dimethyl- 
formamideli-‘. 

. 

G. Bicarbonate /on 

Heating synz-trinitrobenzene in ’76 :,< aqueous methanol in tlie 
presence of sodium or potassium bicarbonate or sodium carbonate 
has been found by Izzo to give a 60-80 %yield of 3,5-dinit~oa1iisole~~~. 
Unchanged sy~,z-trinitrobenzene, and no dinitroanisole, was obtained 
if these bases were replaced by sodium acetate, dibasic sodium 
phosphate, sodium iodide, ammonium carbonate, carbon dioxide 
or sufficient sodium hydroxide to give an initial p H  of 11. As 
expected, complete degradation occurred if 0.6 N sodium hydroxide 
\vas used. Izzo suggested that the peculiar specificity of this reaction 
is clue to tlie formation and decomposition of 42, a bicasbonate 
addition product of s3’”z-triiiitrobenzeney as shown in cquation 15. 
This mechanism is similar to that proposed by Bunnett and Rauhut 
for the von Richter reactionliG. 
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0 2 N q X 0 2  + HIYO; + CO, 

OCH, 

1. 

2. 

3. 
4. 

5. 
G .  
7. 
8. 
9. 

10. 
11. 
12. 

13. 
14. 

15. 
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chlorides, from I-nitroalkanes and 
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mesityl oxide and nitromethane, 132  

Dirnethylnitrosamine, 242, 246 
N,N-Dimethylpicramide, 344 
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nitration with, 33 

Dinitrogen tetroxide, 33, 163 
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350 
3,5-Dinitroheptane, 145 
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1,6-Dinitrohexane, 116 
2,5-Dinitrohexane-l,6-diol, 1 16 
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addition of to a$-unsaturated ketones, 

addition of to  a$-unsaturated sulfones, 
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ultraviolet spectrum of, 317 

2,.~-DinitromethyIaniliile, 1 1 
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1,8-Dinitrooctane-2,7-diol, 84 
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dialdehyde and nitroethane, 83 
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reduction of by fcrredoxin to 

reduction of by flavin coenzyme, 2 1 1 
2,5-Dinitrophenol isomerization of, 6 2  
2,6-Dinitrophenol, as uncoupler of 

tion, 241 
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salt, 177 
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action of aliphatic amines on, 352 
radical anion of, 338 
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action of aliphatic amincs on, 352 
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2,5-Dinitrop-sylenc, 12 
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1,4-Diplienyl- 1,4-epoxy-2-nitrotetralins, 

Diphosphopyridine nucleotide, 204 
1.3-Dipolar addition, 3 2 4  
Dipotassium salt of bis(2.2-dinitroethyl) 
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amine, reaction of with methyl 
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stitution, 49-70 
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of sym-trinitrobenzene and sulfite 
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2-amino-4-nitropheno1, 21 1 

Flavin adeninc dinucleotide, 204 
Flavin coenzyme, 21 8,  25 1 

Flavin coenzymes, reduction of nitro 
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compounds by, 2 1 1 
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reduction reactions, 204 
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Flavin nucleotides, 204 
Flavins, reoxidation of via electron- 
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reaction of amino groups with, 264-265 
reaction of nuclcophiles, 364 
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Fluorodinitromethane, 32  1 
Fluorodinitrometliyl function, u* value 
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butand hydrate and nitroalkanes, 108 
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Fluorotrinitromethane, 32  1 
FhlN, 204 
FMNH?, 204, 218 

reoxidation of by molecular oxygen, 
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oxygen, 370 
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Free radical substitution, 64-70 
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directing cffect of nitro group in, 64-69 
energy distribution of nitrobenzene 

relative reaction rates for, 64 
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Fungicides, 238-240 
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in, 64 

miscellaneous compounds, 239 
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G 
a-D-Glucopyranosyl 4-deoxy-4-rlitro-P-D- 

D-Glucose, 270 
Glucose-6-phosphate deliydrogenase, 252 
Glucuronic acid, 2 17 
Glucuronic acid conjugate, 233 
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Glutathione, 259 
Glutathione-organic nitrate reductase, 259 
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GSH, 259 
Guanine, methylation of, 247 
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heptulopyranosides, 96 

258-259 

H 
a-Halonitro alcohols, dehydration to 

a-halonitro olefins. 107 
2-Halo-24  t ro- 1,3-alkanediol s, from 

a-halonitro alcohols and aliphatic 
aldehydes, 107 

Halonitromethanes, reaction of with 
nucleophiles, 32 1 
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of with formaldchyde and alkali, 113 

a-Halonitro olefins, by dehydration of 
a-halonitro alcohols, 107 

from halonitroalkanes and formaldehyde, 
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Hammett acidity function, 22 
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Hemoglobin, 235 
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