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The work described in this report was authorized under Task I B 62 2401 A 10204,
Detection and Warning Investigations (U). Thifs work was started In March 1964 and completed
in March 1968, The experimental data are recorded in notebooks 7174, 7279, and 7336.

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,
Edgewood Arsenal, Maryland 2 1010; however, Defense Documentation Center is authorimud to
reproduce the document for United States Government purposes.wz
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DIGEST

'"he purpose of this investigation is to obtain basic hlforn1' ton Oil rea'rangellgents of

organonitrogen compounds; specifically studied was the reaction of substituted formanmldos toS~yield isocyanides,

llmide-iso'mide equilibria were studied by an analysis of the thermal deoomposition
products of N-aikyl(aryl).N-fornmylacotamides. Relative yields in decarbonylation (arising from
Imide) vs. isooyaitide formation (ariing front isoimide) in the pyrolysis of N-phenyl, N~-nbtityl,
-Nec-butyl. and N-cyolohexyl-N-forrnylacetamiides were found to be 99:1, 86:14, 57:43 and
51:49, respectively. Nitriles rather than isocyanides were isolated because of the isomerization
which occurs at high temperatures.

It is conchlded that the quantities of amide and nitrile isolated may be the net result
of a number of reactions: imide-isoimide reversib1, re`rTangement, isoiiide a-elimination
(possibly reversible), imide decarbonylation (irrevcuiible), tsocyanidc-nitrile. isom•rization
(in-eversible) and intide regeneration from isoeyanidt and acid th ýough formnamlde and acetic

Sanhydride. Among the imides studied both an electronic and a steric effect appear to be
Soperating.
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RIEARRANGEMENT OF ORGANONIRtOGEN COMPOUNDS.
IMIDE - ISOIMIDE EQUILIBRIA,

I. INTRODUICTION.

'The formation of isohnides as transient i•ntermiodiates (which r earange to the iolde
or which yield products logically derived t'ron! bsoilide structures is widely rt)lrtt.d,I -8a
Muwntw' detected an intonsive odor of isocyanide in the decarbony•ation of N-formnyl-
benzanillide but he wtu nuL uporit sul-ti-g,• t product. Similar') WheýerI 0 claimed that
pyrolySis of N-formylstenranilido gave pholnyl isocylnide and steatic acid but give no
supporting details. tsoc~alide production in theae reactions gives evidence of an iniidi- 5
isoinlide reaff ttigefle lit (equation 1).

00 -C-R

.,•~~~~ ~ !WN .... _hi•' •-,•N-EC + RCO01I (!)-

ItI/C•O 2ZiR-NC-*-l~ I~~a

lsohiiidos have beeii isolated only when tho fun~ction Is part of ft fiv(ý-nonilwired ring

which also contains a carbon-carbon double boidl I or when the nitrogen boars a
2,4-dinitrophenyl group.12 13 These isoimides rearmrage via an oxygen-tontltrogen acyl
migration when heated, however the reatangemontit observed for the cyclic case may depend
on aeid or base catalysis.1 2

Mumnm and eoworkersl postulated a reversible imide-isoimid le 'arrantgemnt to
explain three pyrolysis roections. Expressing spocitic examples In general terms, the roactions
are pyrolysis of acyclic imides to earboxylie acids and nitriles, pyrolysis of N-alkyl(aryl)-

""',l,,y i, 1s 0 the V... t. ......" .. ..... a ... o -0 tI ..... h pyrolysis of
•!N•lky I aryl)-N-formylamidles to isouyanides and carboxylie acids.

For tile pyrolysis of atcyclic imides, Sheehan and Corey' have written a rever'sibi J

imide-isolmide rearragemnient as a part of the Inechanlisni in agreement with Mumill's

postulate. Mome extenslive stildies have rocently been explained by pxstulating a concertod
mechanism which omits a discrete isoihlide intorned(atw, though the authors consider a path
through anl isoibllde intermldtate as a possible limiting case.j 4

In the pyrolysis of N-alkyl(aryl)-N-forlmylanmides to N-olkyl (aryl)-amidos, a
decarbonylation mechanism for Mumn's postulated isoimide can be written (Nuqation 2).

i i
R1 N-N0£1i

CO R--NHIj
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flowever., decflrbonyl,*tloni could 'dso occur dirctly from the inide (•quation 3).

RA/

cc) + R ('= N It ...... J I - NIIR (3)
011:"oi o

*

For the pyrolysis of N-atkyI(arylVo4orryhunides to isocyanides, a mechanism Is
difficult to write sinless prior reawusngonient to ai isotidde occaur, The isoinnide, caru the 1
mnuid ago an t-•WlmintWioi (equation I). The1 existence of tlis pyrolysis reaction gives the best

evidence for a reversible imlde-isolmide equilibrium at high tentper•ntres. in order to
investigate Mlumrin's postulated equilibrium, to determine quantitatively the relative ira-
pentance of ducarboyla~tion vs. isocynnide fornmaion tus pyrolysis pathways. andIC to investigaIte
the formation of isecyn•i•des from substituted fornmamides, we studied the pyrolysis of

-phlenyl-, N-a-butyl-, N-seV.vbutyl- aind N-cyclohexyl-N-formyincetamides.

MI CXPERIMIENTAL.

The starting materials were synthesized by acetylatl•g the appropriate formatmide
derivative with aeetyl chlorido. The pyrolysis apparatus was a gas chromnatograph equipped
with a 6 ft x 0.25 In. coppor or glass tube in place of the usual column. Sufficient pyrolyars
products were then obtalined by multiple injectioni of ruectalt using a heohUiwl Carrier gAs flow

"- rate of 60 mI/m l and ovon temperature of 4Q00. The time of passagu through the tube varuied1
btetwoen 2 and 25 sec. The combined products wore collected at ice'wanter temperatre and
separated by proparative gle. The identity of each peak wqrs determined by comparison of its
retetiton time am! innfr-red spectrum with an authentic samile. Quantihttive analyses wore
obtained with anl estimated uncertainty of 3 mole percent by measuring the peak aream with adisr tntogratur.

Sof . ..... .... .....

Form4anilidine .2 gm, 0.02 mok) wars dissolved in 250 ml of methylene chloride

and cooled in icc. Pyridine (3 a gin, 0.40 olt) and acetl chlor (31A O,, muh.)
wore aidded and the = e xtractod tw0e.4 wh 100 cl and owide w(3h 5.0 gn p0uoiOis ofwater. ITe methiyhne chloride solution was dried (Na-2 SO4 ) overnight, stripped with a r'otary

eaporator, and distilled wish a snpinting band column giving 26.0 gmi (80% of tw inkido: bp g
-1.820 (0.035 mnm) lilt.o0 bp 157-1580 (23 ram)l, The product was iea:r-ystllized from ,
-ethwr/lihpoln;: softons 53Y; MI) 55 (lwo.o oml) 560 ).

Syithesis of Nm-hutyly.Mlorn ylacetainidc

ndlutvlformainide (20.2 gsm, .,20 mob) and acet icoeyl r (62.37 ... 08 ;e)
were miemd ands "d at mfux for 5 hr while protected From moisture, After the reaction

yI
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solutio stood rt rooni te mperature, for 30 hr, the acety! chloride was strippcd off wit avotary evaporator. ['he residue was distilled through a spitnning band column giving I 9.2 gm

(67') of the Inude bp 74.5-75.1* O.70-0.75 mm); n•-15 13.

Anal. Calcd for ('7 it 3 NO2 C, 58.72, H, 9.15. N, "18.

Found C, 58,9; !1 9.3; N, 9.7,

Synthesis of N-4sCtqU tyl).N.Formyjlacetamide

sec-1hitylfoxbiamide (20.3 gmn, 0.20 mole) was dissolved ill 200 11 mlethylenc
t'itorlde and pyridine (23.7 gil. 0.30 mole) and acetyl 0taoride (0 .3 gin, 0.22 mole) was
added, The solution warmed aid turned liht yellow upon acetyl chloride addition. It was theni cooled in ice and a white salt formed upon coimplete addition of aulyl chloride. The solution
was stirred at room lompe,'atur and an additional ten ml of Rcetyl clhloride and fivA W i1 of
pyfidirie were added because gke showed an incomplete reaction. The white salt was filtered off
and the mcdhylene clhloride evapotited whereupon more white salt formed and was filtered off
agtini.. The residue was vacuum distisied mnd gave 22.2 gm (17%) of imide: bp 53.S (0. 10 mm),
The product was slightly impure by gle and purified by preparative gte: n,73 I A517,

Anul,.CulcdforC)llI 3 NO: C,58.72; II,9.15 N,9.78.

Found: C, 58.5, 11,9.3, N9.9.

Synthesis of N-Cyclohexyl-N-Formylacetamide

Cyclohexylformainide (25.5 gm, 0.20 mole) was dissolved in 250 ml of methvlenc
chloride and pytidine (31.7 gin, 0.40 mole) and acetyl chloride (31.4 gin, 0.40 mole; was
slowly added with ice cooling. A white salt formed immediately, the mixture turned light
yellow and was allowed to stand for one hour. The mixture was poured into a separatory
funnel and washed with three to00 n) portions of %water, The mothylene chloride solu:ion was

S~ Pyrolytss

!'tihe weight of the iniected imnidi may be as much as I5% lo due to evaporation

.1from the tnele!.. The correrede~ weights ar'e s~hj~ct to the -3% uncertainty of the gic analysis.
II

Pyrolys9



Pyrolysis of N-Formylacetanilide

White crystals formed in the collector bottle: nip 169-1 13' without purification

(acecanilide: mp 113..1150). The collector bottle was washed with a small quantity of
chlo'oform. An infra-red spectrum of the chloroform solution showed a small peak at 4.48 p,I
identical with the nitrile peak at 4.48 p of an authentic benzonitrile sample. A gle of the
chloroform solution (column: 30% SE 30 on 45/60 Cluoin. W; 3/8 in. x 20 ft) gave a peak
with a retention time identical to that of benzonitrile.

Pyrolysis of Ndn-Butyl)-N-Formylacetamide

Copper Tube

The imide (228 mg, 1.59 inmole) was injected in 50 pl aliquots. The products (186
mg) were collected in ice and analyzed by gic (coluhm: 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 mag, 1.59 mnmole) was injected in 50 p1 aliquots. The products (195.5
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 234 mng.

Pyrolysis of N-(secButyl)-N-Forniylacetamide

The imide (461 mg, 3.22 niniole) was injected in 45 M1 aliquots. The products (433
rng) were collected in ice and analyzed by glc (column: 30% SE 30 on 45/60 Chrom. W; 3/8 in.
x 20 ft). The product weight corrected for carbon monoxide loss with 33% unreacted starting
material and 57% of the reacted imide decarbonylating is 467 mgg,

Pyrolysis of N-CyclohexyI-N-Formnylacetamide

The imide (980 mrg, 5.80 mmole) was injected in 45 pl aiquots. The products (K)2 I
mig) were collected in ice and analyzed by glc (colunmn: 30% SE 30 on 45,'60 Chrom. W; 3/8 in.
x 20 ft). The weight corrected for carbon monoxide loss with 8% unreacted starting material
and 51% of the reacted imide decarbonylating is 880 ng.

1. RESULTS.

Starting materials wore synthesized by acetylating the appropriate formamide
derivative with acetyl chloride. The N-formylacetamides were pyrolyzed by passing themi
through copper or glass tubes at 400'. Experimental results are summarized in tables I and I.

10



Table 1. Products Obtained in the Pyrolysis of N-Substituted-N-Formylacetamides •

Acetainide Nitrile Acetic AcidNitrogen Substituent (% yield) (% yield) (% yield)

Phenyla > 99 < I

n-Butyla 75 12 13

n-Butylb 74 10 16

sec-B,,tyla 40 30 30

Cyclohexyla 34 35 31

aco)p•er tube, bghlss tube

Table It. Relative Reaction Paths in the Pyrolysis of
N-Substituted-N-Fornylacýtainides

Nitrogen Substituent % Decarbonylation % Isonitrile--Acid
Phienyi >99 < I

n-Butyl 86 14

sec.Butyl 57 43

SCyclohexyl 51 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. Fquations
4- record ite observed products analyzed for by gic along withl the time and temperature of

380°C4 1I9 NICI 30 No Reaction (4)

36-C4 I 9 NCIIO 1 n-C41 9 NHCOCH3 + high pressure (CO) (5)
•_ COCH13

n-C4H9NC + C113COOH 30 t n-C4 NHCOCIt3 (80%)+n-C 4 H9CN (10%) (6)

+n-C 4H19 NItC1!O (I 0%o)

!II.
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n-C 4 II9 NC 3100 n-C4llgCN (7)

n-C 4 H19 NIICHO + (CI' 3CO) 2 0 -30 "- n-C 4 Hgq NHCOCI-13 (50%) + CH13 COOH(50%) (8)

30 tini
+ high pressure (CO)

1I the: reaction represented in equation 5 is not run to completion, the odor of iso-
cyanide is detectable upon oivning the tube.

Si V. DYSCI.SSION,

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

0 0

i;H I

z!- +- R-N=C-OCffoa

II I
iKCH 3C-Oit + R-N-C.- ----.R-OC•N

0 0 HI HCO + DaRNHCCI ,i, / 2 -Ob--C"C", + R--N-C=O

Scheme I. The Imide-Isoimide Rearrangement.

imechanisms' , has not been determined, we postulate that the decarbonylation and the
ot-etniination (isocyanide formation) reactions are unimolecular. The agreement within
experimental error of the results for pyrolysis of the n-butyl derivative in both the copper and
glass tube supports the conclusion that the reactions whose rates determine the product ratios

are homogeneous.I
The quantities of atnide and nitrile isolated may be the net result of a number of

possible reactions: lmide-isoirnide reversible rearrangement, isoimide 0-elimination (possibly
reversible), imide decarbonyiation (irreversible), isocyanide-nitrile isouierization (irreversible)
and imide regeneration from isocyanide and acid through formamide and acetic anhydride.

12
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Though all these rates and their dependence upon the R group is not known, an explanation of
the general features of the R'group influence upon reaction pathway can be proposed which
seems logical in view of already determined isocyanide isonmrization rates1 6-1 8 and the
electronic and stetic effects of the R-groups.

're thermal unimolecular isoinerization of isocyanides to nitriles explains the
presence of the nitriles as the products of the pyrolysis." 6-18 Several of the isocyanides it) this 3
study were so completely isomerized under the exact conditlons of imide pyrolysis their odor 4
was barely detectable in the nitrile product. Furthermore, isomerization rate constants can be
estimated for the isocyanides by using the Arrhenius parameters for methyl isocyanide
reported by Schneider and Rabinovitch' 6 and the influence of the nitrogen substituent on the
isomerization rate reported by Casanova, et al 8 Thus an estimated lower limit is k = 5
see-' a number sufficiently large to explain the exclusive isolation of nitrile.

Rabinovitch and Kohlmaier'7 determined the p-tolyl isocyanide gas phase iso-
merization rate to be 75 x 10-5 sec-' at 2000, Casanova, et al.,l 8 showed phenyl isocyanide
isomerization rates in diglyne to be only slightly dependent upon a pare substituent,
suggesting the gas plhase isonlerization rate of phenyl isocyanide is probably very similar to
that of p-tolyl isocyanide. They also determined the ethyl and see-butyl isocyanide gas phase A
isomerization rates to be 10.4 x 10-5 see-' and 3.45 x i0-6 see-1 respectively at 200g. Thus -'

comparison of gas phase isomerization rate constants gives the order: phenyl > n-alkyl>
see-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.

Isomerization to nitrile may 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

second pathway through formamide and acetic anhydride' 9 is operative (equation 9). If hfiide
originally decomposing to isocyanide and acid does re-form and then decarbonylates, the
nitrile isolated would be less than would be the case if the exclusive isocyanide reaction were

Sisomerization. Sealed tube reactions (equations 6 and 8) show that either one or both of these
reaction sequences can form imide and could be present in the flow method pyrolysis.

f II COCH(3
R -N=C+Cll 3 C0o l CO R-N-0lC O + (CII3CO)20 R-N (9)

Cl 10I;

t Failure to pyrolyze the imides under conditions that allow isocyanide isomerization
to favorably compute with other isocyanide reactions may give results which differ from the
flow method and even mask the isocyanide-acid mode of decomposition. Thus the higher

pressures obtained by pyrolysis in a sealed tube may so enhance tile re-formation of iniide that
decarbonylation is the only net reaction observed (note equation 5). Heating the imide to a
temperature near its boiling point at atmospheric pressure yielded a solution which darkened
rapidly, evolved a gaF, and possessed an isocyanide odor, Knowledge of the reactions possible
for a solution of the parent imude, its corresponding amide and formamide, isocyanide, nitrile,
acetic acid, and acetic anhydride between 1000 and 2000 discouraged further investigation.

F
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A mechanism for the formation of nitrile and carboxylic acid from the ilide is
difficult to conceive without the ioiinide ct-elimination and the isocyanide somerization. Tile
four-centered cyclic transition state for the reversible imide > isolmide rearrangement is that
proposed by Cwrtin and Miller •2 (equation 10),

C-.C11 3I __13
=-\'CH3 . /C-'CiI-3 - o oCa/O-C

R-N 0 'R -N $ -- R-N'C (10)

C C R-NC N=

finide transition state isoimide

Among the imides studied, both electronic and steric effects seem to be operating.
An electronic effect seems best able to explain the results for the phenyl hnlde. The electron
density of the nitrogen atom can promote the hinide's ability to achieve tile transition state as
shown by the resonance form written. For the phenyl imido, the nitrogen electron density is
silnificantly decreased in comparison to the alkyl inides by electron delocalization into the
benzene ring. We suggest this is tihe 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 imide to isoimide isomerization
rate, could be a factor increasing the nitzile:amide ratio as one goes from the primary to
secondary alkyl groups. However, the sterically preferred imide conformation may 'be tware
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,

R R

RI N R2  N 2 N 0

C' C CC
R I K

A B C

Dipole moment data support assignment of conformation B to N-niethyldifornmanide,
diacetamide and N.methyldiacetanuide.20 Though not determined it is likely that the B
conformation (I or 1I) can be assigned to the imides of this study.

14
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o N Hi C113  N 0

CH3  !2

Monosubstituted fornianidos are predominwntly traits andl show a small trend
towardis the cIs-conformer with increasingly bulky substituents.91 In unslumietrical dis-Iubstitutedl fomiamides, tile forinyl hiydrogon is cis to thle bulkitr substjtue-0.77 Although the
aniide bond will no longer show cis-trans isomerism at the temperature tof this IlyrolySis, 2 3thilei steric Considerations call still be used to deduce the trend of conformation with R-gtoup. Thius
as one goes t'rom a 1primiary to a secondary alkyl group. thle, trend will be for tile. formyl and the
ac4tyl to maintain a more trans-like character e~veni though rotation may occur for both groups.

~This is precisely the trend in conformation favorable for prodlucing a trend towards
rearrangement to an isoformitnide. As the trend in nitrilewamide ratio agrees with the trendI ~favoring Isofornilmide formation, rearrangement to isoformimide appears to be tile rate -

P determining step for degradation to nitrite and acid.I As first discussed in the introduction, a unimolecular mechanism for do-
carbonylatlon can be written from either the Ivilde or Isoinmido. The considerations used to
explain the changing nitrileaniide ratio with Rtgroup imply thle imide .isoformitnide
reatrangement Is the rate determining step in nitrite formation. In view of this fact, it is
tempting to try to exclude the possibility of an isoacetimido in the decarbonylation
relative rate of isomerization of any single iinide to either dhe isofortnimlde or isoacetimide.

I ~Specifically, for the phenyl iniide, the nitrile~amide ratio wvas much smaller than for alkyl
imides because thle. lower electron density onl nitrogen is unfavorable for rearrangement to the
isoformimicle. One would thus expect rearrangement to thle isoacetinilde to also be

unfavorble Because decarbonylation is rpdico aisnto nitrite formation, one isI alternative mechanisim. For the alkyl ixnides, the favored conformer, especially for the
secondairy alkyl groups, has a trans-like acetyl. Both tlecarbonylation mechanismis mqtvqIr the
formation through thle isoformimide. Thus one is again tempted to favor exclusion of the
isoitcvtimuide from the decarbonylation pathway. However, there, are two reasons wily the
considerations valid for explaining the chiange in nitrileamnide, ratio between two differenti
imides are not valid for explaining thle. ratio for a single inidte. The first is that iniide
re-formation reactions competing with isocyanide isomerization may prevent thle nitrile:ainlde
ratio from represeniting thle. relative rates by which the imide forms, isoformifimide or

~decarbonylates, The second is that thle activation energy for the rearrangement tot isoforniimide and( isoacetimide may be significantly (liffereni.

J
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V. CONCLUSIONS,

It is concluded that the quantities of amido and nitrile isolated may be the net result
of a number of reactions: Inide-Isotmtde reversible rearrangenient, isolmide a-elimination
(possibly rowrsible), imide docarbonylatlon (irroverslbie), isocyanide-nittile isomerization
(irreversible) and hiido regeneration from isocyanido and acid through formamide and acetic
anhydride. Among the Imides studied, both an electronic and a storic effect appear to be
operating.

J
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