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FOREWORD
The work described in this report was authorized under Task 1B622401A10204,
Detection and Warning Investigations (U). This work was staried In March 1964 and completed
in March 1968, The experimental data are recorded in notebooks 7174, 7279, and 7336. i
Reproduction of this document in whole or in part is prohibited except with
permission of the Commanding Officer, US Army Edgewood Arsenal, ATTN: SMUEA-TSTI-T,
Edgewoaod Arsenal, Maryland 21010; however, Defense Documentation Center is authorized to
reproduce the document for United States Government purposes.
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DIGEST

The purpose of this investigation is to obtain basic informntioh on rearrangements of
organonitrogen compounds; specifically studied was the reaction of substituted formamides to
yield isocyanides.

Imide—isoimide equilibrin were studied by an analysis of the thermal decomposition
products of N-aikyl(aryl)N-formylacetamides. Relative yiolds in decarbonylation (arising from
Imide) vs. isocyanide formation (atising from isoimide) in the pyrolysis of M-phenyl, N-nbutyl,
Nasec-butyl, and N-cyclohexy -N-formylacetamides were found to be 99:1, 86:14, 57:43 and
51:49, respectivaly, Nitriles rather than isocyanides were isolated because of the isomerization
which occurs at high temperatures.

It is concluded that the quantitios of amide and nitrile isolatod may be thae net result
of n number of recactions: imide—isoimide reversiblc rearrangoment, jsoimide a-climination
(possibly reversible), imide decarbonylation (irrevessible), 1socyanide—nitrile isomerization
(imeversible) and imide regeneration from isocyanide and acid th -ough formamide and acetle
anhydride. Among the imides studied both an electronic and a steric effect appear to be
opoerating.
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REARRANGEMENT OF ORGANONITROGEN COMPOUNDS.
IMIDE - ISOIMIDE EQUILIBRIA,

. INTRODUCTION.

‘T'he formation of isotmides as trangient intermedintes (which rearrange {o the imide
or which yield products logically derived from Isoimide structures is widely reportad.18
Mumm® detecisd an intensive odor of isvcyanide in the decarbonylation of Nformyl
benzantide but he wu nueaspori solating the praduct. Stmflarly Wheeler! 0 claimed that
pyrolysis of N-formylstearanilide gave pheny! isccynnide and stearic acld but pave no
supporting details. Isocyanide production in these reactions gives cvidence of an inde-

isoimide rearrangemant {cquation 1)

\% R /O—E—R
{«K ,_:;, R'-N2C ¢ b ' <NaC + RCOOH (1)
/

\

H

Isoimidos have been isolated only when the function is part of a tive-membared ring
which also contains a carbon-cartbon double bondl! or when the nitrogen boars a
2,4-dinitropheny! group.t2 13 These lsoimides rearmnge via an oxygen-to-nitrogen acyl
migration when heatad, however the rearrangement observed for the cyclic case may depend

on acid or base catalysis.1?

Mumm ond coworkers,! posiulated o reversible imide—isoimide rearrungement to
explain three pyrolysis reactions. Expressing spocific examples in general terms, the reactions
are pyrolysis of acyclic imides to urboxylic: ncids and nitriles, pyrolysis of Malkyl(aryl)-

arbon monoxide, and the nyrolvsis of

N t(\“\\.\tl u’\man Qo fhe l\-v;ugvu‘u yl)tl“ll\lu\ uus} CRT SO mene

Nalkyl{aryl)-N-formylamides to isocyanides and carboxylic acids.

For the pyrolysis of acyclic imides, Sheehans and Corey® have written a reversible
imide-isoimide rearrangament as § part of the mechanism in agreement with Mumm's
postulate. More extensive studies bave recently baen explained by postulating a concerted
mechanisim which omits a discrete isoimide intormediate, though the authors consider a path
through an isoimide intermidiate as s possible Hmiting case. 14

In the pyrolysis of Nalkylaryh-N-formylamides to Nsilkyl (oryD-amides,
decarbonylation mechanism for Mumm’s postulated isoimide can be written {equation 2).

R-=C =&Nal( o
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For the pyrolysis of Nalkylaryh)-M-formylamides (o socyanides, 8 mechanism is
difficult to write unless prior reamangoment to an isobnide occurs. The isvimide can then
undergoe an a-cdmination {equation 1). The existence of this pyrolysis reaction gives the best
evidence for a reversible imide ~isoloibde equilibrlum at high temperatures. In order to
investigate Mumm's postulated cquilibrivm, to determine guantitatively the relative im-
partance of decarbouylation vs. isocyanide formation as pyrolysis pathways, and to thvestigate
the fenmation of {scoyanides from substituied formamides, we studied the pyrolysis of
Nephenyls, Na-butylk, Nseebutyl and V-cyclohexyl-N-formylacetamides.

1. EXPERIMENTAL.

The starting maeterials were synthesized by acetylating the approprinie formamide
derlvative with acetyl chiorlde. The pyrolysis apparatus was a gas chromatograph equipped
with a 6 ft x 0.25 in. copper or plass tube in place of the usual column, Sufflclent pyrolysis
products were then obtalned by multiple injection of renctant using n belium carrier gas flow
rate of 60 mi/min and oven temperature of 400°. The time of passuge through the tube watied
betwoen 2 and 25 sec. The combined products wore collected ut iceswnter tempurature and
separnted by proparative gle. The identity of onch penk was determined by comparison of its
retontion tme and infra-red spectrum with an authentic sample. Quantitative analyses were
oblatned with an estimated uncertainty of 3 mole percent by measuring the peak apess with a
isc integrator.

Formanilidine (24.2 gm, 0.02 mole) was dissolved in 250 mil of methylene chiloride
and cooled in ice. Pyridine (31.7 gm, .40 mole) and acetyl chloride (31.4 am, 0.40 mole)
warg added and the mixtuie extractod twice with 100 ml and once with 50 m} portions of
water. The methylene chioride solution was dried (NaySO4) overnight, stripped with a rotary
evaporator, and distiled with a spinning band column giving 26.0 gm (80%) of the lmide: bp
81:82° (0,035 mm) {le.10 bp 157-158° (23 mm)]. The product was rectystallized from
ether/ligrodn; softens 53%; mp 55° (Ht.10 mp 36°).

Syuthesis of Na-butylyN-Formylacetamide

mButylformamide (20.2 gm, 0.20 mole) and acety! chloride {62.7 um, G.80 mole)

wery mixed and stired atl reflux for 3 hr while protected [rom woisture, After the reaction
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solution stood at room temperature for 30 hr, the acetyl chloride was stripped off witha b
votary evaporator. The residue was distiled through a spinning band column giving 19.2 gm

(677%) of the lude bp 74.575.5° (0.70-0.75 mm); #d3 i.4513. S

it L g

Anal. Caled for C3HyaNOy: €, 5872, Ho 915, N9 78,

Found: C,58.9: H,9.3: N, 9.7,

Synthests of N sec-butyh-N-Formylacetamide

sec-Butylformamide (203 gm, 0.20 mole) was dissolvad in 200 il methylene
ehioride and pyridine (23.7 g, 0.30 mole) snd scetyl chloride (17.3 gin, 0.22 mole) was
sdded. The solution warmed and turned light vellow upon acetyl chloride addition. It was ihen
cooled in ice and n white salt formed upon compleie addition of acety! chloride. The solution
was stirrad at room tomporature and an additional ton mi of scoty! ehloride and five mi of
pyridine were added because gle showed an incomplete reaction. The white salt was filtered off
and the mediylene chloride evaporated whereupon mofe white sait forimed and was filtered off
wpnin. The residue was vacuum distiled and gave 22.2 gm (77%) of bmide: bp 53.5° (.10 mmy.
The product was slightly impure by gle and purified by preparative gie: 11%3 14517,

N bR

e TN S S TR T Y T

sty bt S Sy o

Anal, Caled for Cy g NOg: €, 58,720 1,915, N,9.78.
Found: C, 38.5, 11,93, N, 9.6,

Synthesis of NM-Cyclohexyl-N-Formylacetamida

CyclohexyHormumide (25.5 gm, 0.20 mole) was dissotved in 250 mi of methylens

chloride and pyridine (31.7 gm, 0.40 mole) and acetyl chloride ¢31.4 gm, 0.40 mole) was ~:
slowly added with ice cooling. A white sult formed immediotely, the mixture turned lgt 3
yellow and was allowed to stund for one hour. The mixture was poured into a separatory 7
funnel snd washed with theee 100 mi portions of water. The methylene chlorlde solution was ?
drivd (WNaa S04, stripped of solvend, and distitied through g spinning dand columm giving 233 E
gm (68%) of imide: bp 7475° (0.20 mm); nd? 1.4872, ;

kbt A A

B R AT R T Ot 3y

Anal, Caled for Co il gNOp: C, 63.88, H, 8.94; N, 8.28.

Found: C,63.8: 11, 2.0, N, 83,

Pyrolysis

The weight of the irjecied imide may be as much as ~ 5% low due to evaporation 5
from the needle. The corrected weights are subject to the ~ 3% uncertainty of the glc unalysis, ;
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Pyrolysis of N-Formylacetanilide

White crystals formed in the collector bortle: mp 165-113° without purification
(acetanilide: mp 113-115°). The collector bottle was washed with a small quantity of
chloroform. An infrared spectrum of the chloroform solution showed a sinall peak at 4.48 u,
identical with the nitrile peak at 4.48 p of an authentic benzonitrile sample. A gic of the
chioroform solution (column: 30% SE 30 on 45/50 Chrom. W; 3/8§ in. x 20 ft) gave a peak
with a retention time identical to that of benzonitrile.

Pyrolysis of N4 n-Butyl»-N-Formylacetamide
Copper Tube

The imide (228 mg, 1.59 mmole) was injected in SO ul aliquots. The products (186
mg) were collected in ice and analyzed by gle (column: 30% SE 30 on 45/60 Chrom. W, 3/8 in.
x 20 ft). Product weight corrected for carbon monoxide loss from 85% of the starting material
is 224 mg.

Glass Tube

The imide (228 mg, 1.59 mmole) was injected in 50 u] aliquots. The products (195.5
mg) were collected in ice and analyzed by glc (column: 30% SE 30 on 45/60 Chrom. W; 3/8 in.
x 20 ft). Product weight corrected for carbon monoxide loss from 85% of the starting material
is 234 mg.

Pyrolysis of N«sec-ButyD-N-Fornylacetamide

The imide (461 mg, 3.22 mmole) was injected in 45 ul aliquots. The products (433
mg) were collected in ice and analyzed by gic (column: 30% SE 30 on 45/60 Chrom. W; 3/8 in.
x 20 ft). The product weight corrected for carboun monoxide loss with 33% unreacted starting
material and 57% of the reacted imide decarbonylating is 467 g,

Pyrolysis of N-Cyclohexyl-N-Formylacetamide
The imide (980 mg, 5.80 mmole) was injected in 45 ul aliquots. The products (892
mg) were collected in ice and analyzed by glc (colunin: 30% SE 30 on 4560 Chrom. W; 3/8 .

x 20 ft). The weight corrected for carbon monoxide loss with 3% unreacted starting material
and 51% of the reacted imide decarbonylating is 880 wmg.

L. RESULTS.
Starting materials were synthesized by acetylating the appropriate formamide

derivative with acetyl chloride. The N-formylacetamides were pyrolyzed by passing them
through copper or glass wibes at 400°, Experimental results are summarized in tables I and I1.

10

A VSSRGS i MR




il

X

T PR

S T B e o S ) R )

fatihiudaan]

R T AT A T e e g R g e PR e

b T i

gLl
Z

iR

H

Table I. Products Obtained in the Pyrolysis of N-Substituted-N-Formylacetamides

Nitrogen Substituent “};:;i:g}:ld)“ (‘}?i;g]l?l) ‘L\('f,/‘;t;‘;e'l\dc)id -
Phenyld > 99 < | _
n-Butyl? 75 12 13

n-Butytd 74 10 16

sec-Butyld 40 30 30

Cyclohexyl? 34 35 31

acopper tube, Dglass tube

Table II. Relative Reaction Paths in the Pyrolysis of
N-Substituted-N-Formylacetamides

Nitrogen Substituent % Decarbonvlation % Isonitrile—Acid

Phenyl >99 < 1 -
n-Butyl 86 14
sec-Butyl 57 43

Cyclohexyl 5t 49

Further investigation of the N-n-butyl-N-formylacetamide pyrolysis reaction was
performed by running a variety of reactions on degassed reactants in sealed tubes. Equations
48 record the observed producis anaiyzed for by gic aiong with the time and temperature of
the reaction,

80° .
1~ CaHg NHICHO 3(3) —— No Reaction “)
L]
n-CqHg NCHO -—3%67“53» n-C4Ho NHCOCH; + high pressure (CO) &)
COCHg
325°

n—C4Hg NHCOCH;, (80%) + n—C, He CN (10%) (6)
+n—C, Ho NHCHO (1 0%)

n-C4Hg NC + CH3COOH =5 i
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n—CqHg NC —,—_2-‘;,,9-5» n—-CaHgCN M
1—Cyllg NHCHO + (CH3 C0)20 33?31;\ 11-Ca Ho NHCOCH3(50%) + CHy COOH(50%) (8)

+ high pressure (CQ)

K the reaction represented in equation § is not run to completion, the odor of iso—
cyanide is detectable upon opening the tube,

IV, DISCUSSION,

The results afe conveniently discussed in terms of reaction scheme 1. Although the
experimental information required to fulfill the necessary conditions for unimolecular reaction

(\Eﬂ--c"l H
;o

R--N — — e R-N=C-0CCHj3
\C=() i‘)
/
H

cnaé-on + R=N&C am———>R—-C=N

<> l

0] 0] (? 1 H
i bl Lo
CO + RNHC-CH, i/2 CHz C—-0-CCH3 + R--N-C=Q

Scheme I. The Imide-Isoimide Rearrangement.

mechanisms?® has not been determined, we postulate that the decarbonylation and the
a-elimination (isocyanide formation) reactions are unimolecular. The agreement within
experimental errot of the results for pyrolysis of the #-butyl derivative in both the copper and
glass tube supports the conclusion that the reactions whose rates determine the product ratios
are homogeneous.

The quantities of amide and nitrile isolated may be the net result of a number of
possible reactions: imide—isoimide reversible rearrangement, isoimide a-climination (possibly
reversible), imide decarbonylation (irreversible), isocyanide—nitrile isomerization (irreversibie)
and imide regeneration from isocyanide and acid through formamide and acetic anhydride,
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: Though all these rates and their dependence upon the R group is not known, an explanation of S
! the general features of the R-group intluence upon reaction pathway can be proposed which i
seems logical in view of already determined isocyanide isomerization rates'®-18 and the ;
electronic and steric effects of the Regroups.

Al gl el L g

The thermal unimolecular isomerization of isocyanides to nitriles explains the
presence of the nitriles as the products of the pyrolysis.!6-18 Several of the isocyanides in this
study were so completely isomerized under the exact conditions of imide pyrolysis their odor
was bacely detectable in the nitrile product. Furthermore, isomerization rate constants can be
: estimated tor the isocyanides by using the Arrhenius parameters for methy! isocyanide
{ - reported by Schneider and Rabinovitch16 and the influence of the nitrogen substituent on the
isomerization rate reported by Casanova, et al.18 Thus an estimated lower limit sk = §
sec-t. a number sufficiently large to explain the exclusive isolation of nitrile.

VIR (L W VLN

iy gl

.

Rabinovitch and Kohlimaier'? determined the p-tolyl isocyanide gas phase iso-
metization rate to be 75 x 10-56 sec-1 at 200°, Casanova, et al,,'8 showed phenyl isocyanide
isomerization rates in diglyme to be only slightly dependent upon a para substituent,
suggesting the gas phase isomerization rate of phenyl isocyanide is probably very similar to
that of p-toly! isocyanide. They also determined the ethyl and sec-butyl isocyanide pas phase
isomerization rates to be 10.4 x 10-6 sec-t and 3.45 x 10-6 sec-1 respectively at 200°. Thus
comparison of gas phase isomerization rate constants gives the order: phenyl » n-alkyl >
sec-alkyl. Since the rate of nitrile formation relative to the rate of decarbonylation is
sec-alkyl > n-alkyl > phenyl for imide pyrolysis, this order is achieved in spite of the order of
isocyanide isomerization rates.

4
A
b
B
E]

Isomerization to nitrile inay not be the only reaction of the isocyanide formed. The

isocyanide and acid may revert to imide if the a-elimination is a reversible reaction or if a j
second pathway through formamide and acetic anhydride!® is operative (equation 9). If imide E
- B originally decomposing to isocyanide and acid does re-form and then decarbonylates, the E
nitrile isolated would be less than would be the case if the exclusive isocyanide reaction were
§ isomerization. Sealed tube reactions (equations 6 and 8) show that either one or both of these 3
§ reaction sequences can form imide and could be present in the flow method pyrolysis. §
&
= sl | B
= Vel th 1y | P 3 BPe VoueN / E
§ R-N=C + CHy CooH FCH3COOH » N_CHO +(CH4C0), 0 LH3COO0H ¢ ) ;
£ CHO
at B
E b
= f* —A']
% Failure to pyrolyze the imides under conditions that allow isocyanide isomerization :
E to favorably compete with other isocyanide reactions may give results which differ trom the
] flow method and even mask the isocyanide—acid mode of decomposition. Thus the higher
3 pressures obtained by pyrolysis in & sealed tube may so enhance the re-formation of imide that
decarbonylation is the only net reaction observed (note equation 5). Heating the imide to a 4
E temperature near its boiling point at atmospheric pressure yielded a solution which darkened
rapidly, evolved a gas, and possessed an isocyanide odor. Knowledge of the reactions possible
for a solution of the parent imide, its corresponding amide and formamide, isocyanide, nitrile,
H acetic acid, and acstic anhydride between 100° and 200° discouraged further investigation. 3
= .
: j
1y E
i ,
£
£
E
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A mechanism for the formation of nitrile and carboxylic acid from the imide is
difficult to conceive without the .soimide a-elimination and the isocyanide somerization. The
four-centered cyclic transition state for the reversible imide > isoitnide rearrangoment is that
proposed by Curtin and Miller'2 (equation 10).

Q Q CH

AN e
\(E—CHS /C—-CHa CHy /Oﬂ(ﬁ
R-N O<meRN 0° == %90 == R-N=C (10)
\ 7 \_/ | | \
C ‘f R—glfc H
}ll H \-l
imide transition state isoimide

Among the imides studied, both electronic and steric effects seem to be operating.
An electronic effect scems best able to explain the results for the phenyl imide. The electron
density of the nitrogen atom can promote the imide’s ability to achieve the transition state as
shown by the resonance fortn written. For the phenyl imide, the nitrogen electron density is
significantly decreased in comparison to the alkyl imides by electron delocalization into the
benzene ring, We suggest this is the reason for the much smaller nitrile:amide ratio for the
phenyl imide as compared to the alkyl imides. The same nitrogen electron density argument,
now based on the inductive effect crucially influencing the imida to isoimide isomerization
rate, could be a factor increasing the nitrile:amide ratio as one goes from the primarv to

secondary alkyl groups. However, the sterically preferred imide conformation may be mcre
influential,

The trend of the sterically preferred imide conformer with the change in R-group
from primary to secondary at the pyrolysis temperature can be deduced from imide and amide
conformation determinations at room temperature. The rotational barrier of the amide bond
leads to three possible conformers for an imide, viz,

] i i
R, N R N R N O
NIANVA (\C/\c/z (\C/\C/
? (f | g Fol
O R1 R1 R!
A B C

Dipoic montent data support assignment of conformation B to N-methyldiformamide,
diacetamide and N-methyldiacetamide.20 Though not determined it is likely thati the B
conformation (I or I} can be assigned to the imides of this study.

14
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Monosubstituted formamides are predominantly frans and show a small teend
towards the cis-conformer with increasingly bulky substituenis®? In unsymmetrical dis-
ubstituted formamides, the formyl hydrogen is cis to the bulkier substituent.2? Although the
amide bond will no longer show eis-frans isomerism at the temperature of this pyrolysis,23the
steric considerations can still be used to deduce the trend of conformation with Rgroup. Thus
as one goos from a primary to a secondary alkyl group, the trend will be for the formyl and the
acety! to maintain a more frans-like character even though rotation may occur for both groups.
This is preciscly the trend in conformation favorable for producing a trend towards
rearrangement to an isoformimide. As the trend in nitrile:amide ratio agrees with the trend
favoring isoformimide formation, rearrangement to isoformimide appears to be the rate
determining step for degradation to nitrile and acid.

As first discussed in the introduction, a unimolecular mechanism for de-
carbonylation can be written from either the imide or Isoimide. The considerations used to
explain the changing nitrile:amide ratio with Regroup imply the imide - isoformimide
rearrangement is the rate determining step in nitrile formation. In view of this fact, it is
tempting to try to cxclude the possibility of an isoacetimide in the decarbonylation
mechanism by using an argument based on the electronic or steric effects influencing the
relative rate of isomerization of any single imide to either the isoformimide or Isvacetimide.
Specifically, for the phenyl imide, the nitrile;amide ratio was much smaller than for atkyl
imides because the lower electron density on nitrogen is unfavorable for reatrangement to the
isoformimide. One would thus expect rearrangement to the isoacetimide to also be
unfavorable. Because decarbonylation is rapid in comparison to nitrile formation, one s

tempted to exclude the isoacetimide as a decarhonylation intermediate in favor of the
alternative mechanism. For the alkyl imides, the favored conformer, especially tor the
secondary alkyl groups, has a trans-like acetyl. Both decarbonylation mechanisms require the
unfavored cis-like conformer. In spitc of this, decarbonylation is wmore tapid than nitrile
formation through the isoformimide. Thus one is again tempted to favor exclusion of the
isoacetimide from the decarbonylation pathway. However, there are two reasons why the
constderations valid for explaining the change in nitrile;amide ratio botween two different
imides are not valid for explaining the ratio for a single imide. The first is that imide
reformation reactions competing with isocyanide isomerization may prevent the nitrile:amide
ratio from representing the relative rates by which the imide forms isoformimide ot
decarbonylates. The second is that the activation cncergy for the rearrangement to
isoformimide and isoacetimide may be significanily different.
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V. CONCLUSIONS,

Tt is concluded that the quantities of amide and nitrile isolated may be the net result
of a number of reactions: imide-isoimide reversible renrrangement, isoimide a-climination
(possibly reversible), imide decarbonylation (rreversible), isocyanide—nitrile isomerization
(irreversibie) and imide regoneration from isocyanide and acid through Yormamide and acetic
anhydride. Among the imides studied, both an olectronic and a steric effect appear to b
operating.
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