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INTRODUCTION

Reactions of aryl azides with electron-rich alkenes has been re-
ported to give triazoline intermediates which decompose to give the cor-
responding aziridines and imines. Similar reactions of phesphoryl azides
have not been reported until now. Treatment of diethyl phosphorazidate
and diphenylphosphinyl azide with highly reactive unsaturated molecules
has resulted in the synthesis of several new compounds containing P-N
bonds. Phosphoryl amidines and amidates are rare clagses of organophos-
phorus materials that were realized from this study. A kinetic analysis
of the reaction of diethyl phosphorazidate and norbornylene demonstrated

the formation of & triazoline intermediate.



CHAPTER I
HISTORICAL

The Reaction of Azides with Alkenes

12, 14

Recently it has been reported from this Laboratory that diethyl

phosphorazidate (I) reacts with nocbornylene (II) to give a relatively

stable triazoline III.

P(o)(OCZHS)Z

1
NS
(C,H,0),P(O)N; + ;b S ﬁbwu

I - IX I1I

Triazoline III decomposed via a dipolar ion 1V to give diethyl-2-

norbornylidinephosphoramidate (V) at temperatures greater than 70°,

. T(O)(OCZHS)Z
IIT ——— &b/N; _ Q‘%N\p(o) (0C.H,)
. Nz . 27572

v v

This is the only example reported where a triazoline is formed in the



reaction of a phosphorus azide with an alkene., Franz and Osuch28 have

reported that diphenylphosphinyl azide (VI) reacted with

(CgH5) ,P(OIN,

\'as

bicyclie aklenes such as II to form aziridines and imines. No evidence

for the formation of a triazoline intermediate was cited.

19

The chemistry and properties of organic azides and inorganic

5, 27,

azides 36 have been reviewed extensively. Covalently-bonded azides

in general are prepared, .usually in high yield, by reacting on alkali metal

azide such as NaN; or LiN; with a halide. The first organic azide (phenyl

35, 34

azide) was prepared by P, Griess in 1864, Since 1890 when Curtius

77

began his work on the now well-known degradation of acyl azides, organic

azides have been the topic of many investigations, Table I summarizes

the phosphorus azides that have been prepared to date.

23 66

Electronic structural studies and electron diffraction studies
on alkyl azides indicate that alkyl substituents are at an angle of about

120° with the linear N3 moity where R = CHz. Where R = H the R-N3 angle

is 113°,
R .t
2/N-NEN'. — N=N=N
R R
Vila VIIb

Although octet stabilized contributing structures VIIa,b partially ex-

plain the observed electronic spectra and electron diffraction patterns,

sextet structures VIIc-e can be written;44



TABLE 1

PHOSPHORUS AZIDES

(C6H5) 2P(S )N37

Refractive .

Compound? M. p. B.p./mm, Index Yield, %
(CgH5) ,PN;65 13.6-13.8° (d) - — 68
(C1§‘3)2PN359 glass at -196°
(CH50) ,P(0)N5* — 79.5-819/10 n?d, 1.4276 34,8
(C5H50) ,P(0INz47+ 74 - 76-77°/4.5 n?0, 1.4260 62.8
(n~c4ugo)2?(o)N311 —— 103-104°/0.8 ng, 1.4333 87
(CgHis) ,P(OIN; 7+ 8 -— 137-1400/0,05 n?0, 1.6077 87
(p-CH5CgH,) ,P(OIN5 — 190-195/0., 5 — ——
(p-C1CgH,) 2P (0N, —— 160-165/0.,005 n2?, 1.6246 —
(CH3) ,P(S)N; > 680 — — 80
(CoH5) ,P(SINg "> — 0il — 91
(CH3) (CH3S)P(S)N5” 2 — -— — —
(C,H50) (CH=CH)P(S)N5®8+ 71272 —- — —



TABLE I (continued)

[ cus) on] ;p(0IN;B2 — 93-94°/2,0 n%}, 1.4673 75
[ (cuz)oN] 2P(5)N582 — 809/1.5 n?l, 1.5177 —
(CgHs) yP(NTos)N, 17 220(d) ——- ' — —
CeHsP (0) (N3) ,° 72-749/0.1 n29, 1.5690 -
CeHsP(S) (N3) ,5 explodes — —
CeH5P(0) [N(CHz) | N5® 86-88°/10"3 n20, 1.5473 _—
CgBsP (03 (C1IN;6 — 65-67°/0.75 n20, 1.5636 —
CeH5P(0) [NB (CgHz) 5] Ns® 143-145 — — —_—
(By Hy oCPN5) o 180°(4) — — quant.
| P5N; (NH,) , (N5),22 81-82° — — v 20
P3N3(N3)638 —-— unstable oil ——— —

8Azides listed above were prepared by reacting MNz (M = Na or Li) with the corresponding phos-"
phorus chloride.



Ny ;1
.'./N-.N_zﬂt -— :/N-N:N: v M| ;N-_—H-ﬁ;
/
R R R
Viic VIId Vilie

These structures probably contribute little if at all to the ground state
because there was no observed solvent effect?> for the electronic transi-
tions., A solvent effect would be expected with a change in dipole moment
that would occur in these transitions if VIIc-e made important contribu-
tions to the ground state.

The azide group is electron withdrawing with respect to carbon.2>
The Hammelt sigma constant has been estimated to be about the same as
chlorine which is +0.23 (a3 ). 37

Reactions of azides fall into three general classes. Azides decom-~
pose thermally, photolyticaly or by electric discharge with loss of nitro-
gen to form reactive intermediategln 39 (nitrenes) R-N: which are iso-
electronic with carbenes. In the second class are included the conden-

48

sations with phosphines to form phosphoranes, and the reactions where

Ny is lost by nucleophilic displacement. Phosphorus azides are unique7’ ©
in many of the chemical transformations in this class, In the third class
azides react as enophiles in 1,3-dipolar additions, %4

Formation of nitrenes by thermal or photolytic decomposition of
azides is well documented,lr:39 Hydrazoic acigh® decomposes to :NH at
4,2%K, in an argon matrix under photolytic conditions, The presence of

:NH was demonstrated by ultraviolet spectroscopy. Phenyl azide decomposes

thermally or photulytica11y39 to give azobenzene, aniline and resinous



products. Evidence for a nitrene intermediate was supported by the fact
that when mixtures of substituted phenyl azides were photolyzed, mixed
azo compounds were formed.

Acyl, sulfonyl and phosphazo azides also give nitrene intermediates
under photolytic conditions. Ethyl azidoformate (VIII) reacts with cyclo-
hexene to give an aziridine IX insertion products X-XII, ethyl urethane

(XIID and 2,2'-dicyclohexene39: 31 (x1v).

NCO_C_H IX

\
CO.C.H. XI
h
@ + NJC0,C,H, _hy

VIII

NH\

COZC H. XII

25

NHZCOZCZHS X111

X1v

:

The nitrene formed when tosyl azide (XV) is decomposed under photo~

lytic conditions has been trapped with dimethyl sulfida‘.40

(GHg),8  +  TosNg 2w (CH5),S = NTos
XV

Similarl& benzoyl azide XVI reacts with dimethyl sulfoxide to give an



N-benzoyl sulfoximine.

0 .
hy o
C6H5C(O)N3 + (CH3)280 — (CH3)25(0) = N-CC6H5

XV1

Dermer and Edmison25

have demonstrated that benzenesulfonyl azide decomposes
thermally to an intermediate which is capable of. initiating vinyl polymeriz-
ations. A nitrene is suspect,

The only phosphorus azide reported to give a nitrene intermediate is P,

P-diphenyl-N-tosylphosphazene azide (XXII);I7 The proposed nitrene was

trapped by reaction with the strained double bond of dicyclopentadiene.

(C6H5)2f=NT°S —_— (CGHS)ZT=NTOS PN | (C6H5)2ﬁ-§$os
N, N Nt
XVII ﬂ} ﬂ:
(C6H5)2f=NTo§ (CGHS)Zﬁ——- Tos
N or N
L

The reaction of azides with phosphine to form phosphoranes was first
studied by Staudinger in 1919;7? Diphenylphosphiny}l azide (VI) reacts with

triphenylphosphine to give the corresponding phosphorane,ﬁ’

VI + (C6H5)3P —— C6H5P(O)N = P(06H5)3

Similarly beneenesulfonyl azide (XVIII) and tgiphenylphosphine give the cor-

responding phosphorane.51



(C6H5)3P + C6H5802N3 e e C6H5802N = P(C6H5)3

XVIII
Phosphorus azides behave in an unusual manner in reactions with nucleo-
piles such as ammonia, amines, water and alcohols.8 For instance diphenyl-

phosphinyl azide (VI) and water form diphehylphosphinic acid (XIX).

VI + H,0 —=—» (Ggh), P(0O)OH + HN,
XIX

Benzenesulfonyl azide (XVIII) and acyl azides can be prepared in water while

reaction of alcohols and amines with phosphorus azides give the correspond-

ing displacement products.

Azides as enophiles in 1,3-dipolar addition reactions constitute but
a small portion of this class of condensations which has been reviewed by
Huisgen.44 Since this is such a large group which includes nearly all
azides, the discussion will be limited primarily to reactions of azides
which are substituted with electron-withdrawing groups.

In 1893 Michael®? obtained l-phenyl~l,2,3-triazol-4, 5=-dicarboxylic
ester from the reaction of phenyl azide and acetylene dicarboxylic ester,.
Since then the reaction of azides with acetylenes to form 1,2,3~triazoles
and with alkenes to form Ce-triazolines, has become a general method for
the preparation of such compounds, In 1933, Alder2 examined the reaction

of phenyl azide with norbornylene (II) which gave the triazoline XX and

thus demonstrated the relative strain of this double bond




as compared with the double bond of bicyclo[2.2.2.] octene which did not
react with phenyl azide, That the adduct XXXII was exo rather than endo
was shown by the fact that condensation did neot occur® if the 1 carbon
bridge was substituted.

Stability of the triazoline formed by the 1,3-dipolar addition of
azides to alkenes is sensitive to the nature of the 4-substituent. -Triazo-
line XX is stable at temperatures below 150°, Decomposition occurs at

temperatures greater than 150° with loss of nitrogen to give aziridine XXI

and imine XXIT.Z2

N
~C, H
N\C H

65
XXI XXII

Triazoline XXIII formed from benzoyl azide (XVI) and norbornylene (II)

decomposes at 400 to give an aziridine XXIV and an oxazoline xxv, 44

(':(0)c6HS
> A A
- i
N=N “C-c,tig + 0—C-C¢H
XXIII XX1IV XXV

The decomposition has been proposed to proceed via a dipolar ion XXVI, %4

(I:(O)C6H5
ZbN"
+
XXVI

No evidence has been published to substantiate this mechanism which is
difficult to accept in total since rearrangements of norbornyl cations
such as XXVI are well known.l’

Methyl azidoformate (XXVII) reacted with norbornylene (II) at room



10

temperature and gave an unstable triazoline XXVIII which decomposed in boil-

ing toluene. A mixture of aziridine XXIX and imine XXX resulted.63

CO,CH

;27
+ CH,0C(O)N —_ ;b’N\N
H3 3 N
XXVII XXVIII
Neco.cu
XXVIII —————> No - 2°"3
€O, CH
2°M3
XXIX . XXX

Formation of XXIX and XXX was thought to proceed via a dipolar ion inter-

mediate XXXI.

702CH

ébm
N+

Unfortunately the only evidence for this intermediate®> was based on the

3

observation that the rate of decomposition of XXVIII as evidenced by nitro-
gen evolution increased 3 fold when triglyme and 20 fold when dimethyl
sulfoxide as solvents were substituted for 1,1l-diphenylmethane, Logothetis53
presented similar evidence for the formation of a dipolar ion XXXIII during

the decomposition of triazoline XXXII which lead to XXXIV and XXXV,




11
CH

XXXIV XXXV

Decomposition of XXII proceeded at a 10 fold rate in nitromgthane and a
20 fold rate in aqueous diglyme as compared to the reaction in toluene,

| Azides substituted.with,powerful electron—withdrawing groups such
as benzenesulfonyl azide ,(‘X_VIII) and c¢yanogen azide -(‘X_LI) react rapidly
with electron-rich aklenes such as norbornylgne (II); Apparently the
substituent weakens the triazolime mssomgrism>30»that it decomposes almost
as rapidly as it forms. _Frgnzzg has suggested a mechanism‘similar'tpi
epoxidation as operative in-theﬁreaefion of benzenesulfonyl azide (XYIII)

with norbernylene (II).

.

. N=N
‘ ?Hﬁ' 8 X
LoNghy —_— N
“Q 50,CgHe ﬂ%; 50,CHy

XXXVI XXXVII

This speculation was offered on the basis that only XXXVII was obtained
in»the reaction pf bgnzengsulfonyl,azide (XYIII) with_norborqylene (In.
Oehlschlaggr:and,zalkow64 observed similarbresultsvwithithe:same.regction.
They proposed that the r&actiou does indeed procegd»via,a triazpline.intgrm
mediate-which:dgcomposed_rayidly to a diazonium ion XXXYIIIysimilgr,to

XXXI. Decomposition of the ion to the dipolar ion XXXIX and subsequent



12

formation of XXXVII must be very rapid or concerted sincé skeletal rearrange-

ments of XXXIX would be.expected;lS

?0206H5 f0206H5
- N-
N +
Y
XXXVILT XXXIX

Rearrangements of carbonium ionsl?® suech as XXXIX are known to occur rapidly

to give 2,7-products such-as XL.

? NESO206H5

XL

Azetedine XL has not been isolated in this reaction.29, 64 Conclusions
involving XXXVIII #re thus drawn deductively on the basis of decomposi-
tion of triazolines glready discussed.

Cyanogen azide (X1 reacted 58, 57 with cyclopentene to give an imine

XLII and an aziridine XLIII,

Neen
£ ON,CN — + N-CN

XLI XLIT XLITI
A mechanism proposed included a triazoline intermediate XLIV which decom-
posed without detection to products via a dipelar ion XLV of similar

structure to those ions already described, namely, IV, XXXII and XXXVIII,

?N

?N
N\ N-
ﬁ —_— 4 ———— XLIT + XLIII
N )
- XLV

XLIV
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Unpublished kinetic evidence was cited in support of a dipolar ion XLV

intermediate in this reaction;58

Azides substituted with electron-withdrawing groups react with

enaminesso to form amidines. 35, 31, 61

21, coendense with

13 Aryl azides
enamines to give.an'intermediate triazoline which can be isolated and
which decompose with loss of nitrogen to amidines. A dipolar ion inter-
mediate has also been propesed in this decomposition.

31

p-Nitrophenyl azide”~ and XLVI give triazoline XLVII, which upon

heating to 150°, decomposes with loss of nitrogen and yields amidine

XLVIII,

N\

N C=N-CH, -p-NO,
T+ p-NO,CgH, N —— , p-NO,
s:] [jN:] Cq H -p- NO [: :]

[:0 XILVE o
XLVII XLVIII

Burpitt21 reported recently that benzoyl azide (XVI) reacted with

N,N-dimethyl-~2-methylpropylamine (XLIX) to form N-benzoyl-N' N°®-dimethyl-~

isobutyramidine (L).

0
N CH
E H] (CH3)2 =/ 32
CH(CH3)2

XVI - XLIX L
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The mechanism of formation of the observed product L has not been studied.
The products in 'such reactions are thought toresult33 from decomposition
of a triazoline (formad by a 1,3-dipolar addition of azide to enamine)
which may decompose to a dipolar ion intermediate.

Several phosphorylated amidines have been prepared by treatment of
an amine with the corresponding halide. This class of compound has been
reviewed by Sasse.68 An example is the preparation of N~diphenoxy-
phosphoryl-benzamidine (LII) 24.from Ng(dipheny15phosph6ry1)n(benzimideu

chloride) (LI) and benzylamine.
0 0

* i
06H5CH2NH2 + 06H5? N~P(OC6§5)2 —_— 06H5—C = NP(OQéHS)2
¢l CeHsNH

LI LII

To date the only direct syntheseés of phosphorylated amidines from enamines

and phosphorus azides has been reported from this Laboratory.13

Reaction of azides and vinyl ethers has also been studiedoll’ 20, 46
Brown and Edwards?® observed that photolysis of 4 mixture of ethyl gzido-

formate VIIT and dihydropyran gave an aziridine LIII,

@“'092c2H5

LIII

Thermal decomposition (boiling dihydropyran) of proposed intermediate
triazoline LIV gave LV which probably formed from imidate LVI upon addi-

tion of aqueous dioxane..
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O\”‘T A
A - _ s N
& N-HCO.,C
VN 0~ N-C0,C, He o1 272
€0, He 2 '
LY LV VI

The steric course of additions of azides to vinyl ethers was studied

by Huisgen and SzeimesA6

who stated the reaction was 97% steroselective
favoring cis products. This indicated that the 1,3-dipolar addition is
concertaed or at least the reaction to form a triazoline proceeded rapidly
before inversion (resulting from free rolation around the C-C bond) could
ocecur,

Recently data by Berlin and Khayat11 f}om this Laboratory have sub-
stantiated that diethyl phosphorazidate (I) and vinyl ethers LVIia,b
react (with loss of nitrogen) to form N-phosphorylated imidates LViIlla,b

and diazomethane.

11 +-CH2=CHOR ———CHN, +  N-P(0)(0C,H),
IVILa, R=1-C,H. HC-OR

11"'“( 1] I "\,""z'” w VI =] - 4 H -

VILb, R=i-C, Hg LVIITa, R=i~C H,

LVIIIb, R=i-C Hy

Di-n-~butyl phosphorazidate (LIX) gave similar results, A triazoline
intermediate was not detected but is a probable transitory intermediate
in view of the loss of diazomethane,

Kinetics of formation of the products of 1,3-dipolar cycloadditions
has been critically evaluated. by Huisgen.45 Sinee this review by Huisgen

is concerned primarily with enophiles other than azides, it will not be

discussed here.

Hy
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Walker and Wat,arsa4 claim that organic azides decompose thermally
in various medias by two pathways. In inert solvents azides decompose with
loss of nitrogen to give nitrenes. _Prqdqct analysis and large activation
energies support a nitrene intermediate. Another pathway with a lower
activation energy and large entropy requirements was considered as support
for the concerted process for the formation and decomposition of a triazo-
line intermediate. For instance, p-methoxyphenyl azide decomposed in ethyl
benzoate at 133° with an aectivation energy of 38.5 kcal./mole, and an
entropy of activation of 19.6 e,u. In indene where a triazoline could
form, the activation energy was considerably less, 19.6 kcal./mole while
the entropy of activation was -4.9 e.u.

In view of low dependency of rate on solvent polarity Scheiner7o
concluded that addition of aryl azides to norbornylene (II) to form triazon
lines in a concerted process, That there is some charge imbalance developed
in the transition state is supported by a large Hammett substituent affect
(p = 40.84), The entropy of activation for the addition of phenyl azide
to norbornylene was found to be =31.0 e.u. at 25° C., which is in accord
with a highly ordered transition state, The enthalpy of activation for
this transformation was 14,7 keal./mole. On the basis of entropy of acti-
vation and the large substituent gffect a transition state LIX was pro-
posed in which a partial negative charge on the nitrogen could be stabil-

ized by para-substituted slectron-withdrawing groups.
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Oehlschiager and Za_lkow64 reported similar entropy requirements for
the formation of triazoline XXVIII from methyl azidoformate (XXVII) and
norbornylene. The entropy of activation reported for this reaction was

-29 ¢e,u,.
' ‘C0,CH

|v2 3
N
Zb;%

Reaction Kineties by Differential

Thermal Analysis (DTA)

Differential thermal analysis (DTA) is a thermal fecpnique.in which
‘heat effeets associated with a physical or chemical change are réecorded
as a function of time while a sample is heated at a constant rate. This
technique has proved to be of great value to the analytical chemist, the
mgtallurgist, the physical chemist and the ceramic chemist for the analysis
of various substances. Many reviews, books and chapters in books have
appeared on ‘the subjeet. The book "Differential Thermal Analysis: Theory
and Practice”™ by Smothers78 contains mere than 1500 references. The dis~
cussion here will be limited to that area of DTA dealing with kineties
which bas not been developed or applied extensively as have Qpher areas
in this vast topic.

A number of methods have been developed for analyzing DTA data to
obtain aetivation energies and have been reviewed by Wgndlandt.85’ 86, 87
Basically there are twpvﬁethods involying DTA that may be used to deter-
49

mine reaction kinetics. The first approach was developed by Kissinger

which was derived from the work of Murray and‘Whitesz.and Vaughn.al The
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method is based on the following equation:

d(Ing/Te?) _  E*_
d(i/Tm) -~ "R

where @ is dT/dt (the heating rate), Tm is the temperature at which the
maximum in the DTA curve occurs, E* the activation energy for the reac-
tion and R is the gas constant. To obtain the activation energy (E*), the
peak maxima temperatures (Tm) are measured at various heating rates; ln@m2
versus 1/Tm is plotted to give a straight line with slope ~E*/R. The
reaction order (n) 1s determined by examining the slope of the DTA curve
for the various heating rates to obtain a quantity called the slope index

(S).49 The order is then calculated from:

1
n=1,26 S2

Recently Levskii®? has used this method to determine the reaction kinetics
of decomposition of various solid inorganic compounds.
The second method is that developed by Borchardt and Daniels,18 The

equation derived from heat balance considerations is written:

ast
gav|*-1 Cp & ReT

k = | — , x
ng [K(A_a)_CPAT]

Where k is the reaction rate constant, K is the cell constant, A is the
total area under the DTA curve, V is the volume of sample and reference
solutions in each cell, ny is the initial concentration of reactant, x is
the reaction order, AT is difference in temperature between the sampleb
and reference at time t, a is the area under the cur§e at time t and Cp is

the heat capacity of the reference which is assumed to be approximately
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the same as the sample because the sample is usually dilute. For first

order reactions (x = 1) this equation simply is

dar

C, dt + KAT

p
K(A-a) - CPAT

which reduces still further to

k = AT
A-a

on the éssumptionvthat Cp 44T and ¢

dt P
K(A-a). Kinetics determined by these equations have been shown to be in

AT are small.compared_ﬁpbK.AT and

close agreement18 to data obtained by conventional procedures.
The enthalpy (aH) for the reaction being astudied can also be deter-

mined from the DTA curva,l8

The total area (A) can be related to AH by
‘calibration of the system using a reaction for which the value of AH is
accurately known., From the area under this curve the cell constant (K)

is determined as cal./unit area. The AH for a reaction under the same

o0
AH=KfAT.dt=KA
o

Recently a linear relationship between DTA peak areas and sample weights

condition then is the KA.

confirming this method has been obtained by Maeda aam.d_Azm,pi,s6



CHAPTER II
RESULTS AND DISCUSSION

.'The reaction ofidiathyl phosphorazidate (I) with norbernylene (II)
has been studied in detail., A triazoline IIIl was formed from the conden-
sation of I with II via a 1,3-dipolar cycloaddition as evidenced by large
negative entropy requirements QQS*‘=-n27.4-e,u,).fpr:the formation of the
transition state. The triazoline appeared to be stable indefinitely in
solQents at room temperature but III could not be isolated in pure form.
Decomposition of triazoline III at temperatures greater than 80°'waskfound
to be a highly solvent-dependent reaction which followed first order
kinetiés with two consecutive reactions ogcurring in the process. Product
analysis which showed that amidate V was formed in yield greater than 90%,
and kinetic data (AS* = -8.54 e.u. for the formation of amidate V from the
dipolar ion IV) supported the conclusion that the dipolar ion IV decom-
posed via an ordered transition state which might be stabilized by the
phosphoryl. group.

Charaecterization of triazoline ITI and the product V of decomppéitiun
was aqcomplished by chemical and instrumental methods. Z—Norbornylidene~
P,P;diphenylphosphinic amide (LXIV), the only produet isolated from ﬁhe
reactiﬂn of diphenylphosphinyl azide (VI) and norbornylene (;I), was
identified by similar methods. There was no evidence for a triazoline
intermediate in this transformation.

Differential thermal analysis (DTA) of the decomposition of triazoline

20
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I1I supported the conclusion that the heat of reaction for the formation
of amidate V from IV was small compared to the overall enthalpy change
for the decomposition., The overall enthalpy change as determined by DTA
was -15.7 keal./mole. Analysis of the rate data obtained from DTA gave
results comparable to those obtained by conventional techniques for the
formation of dipolar ion intermediate IV from III (Ea = 29,8 kecal./mole).
Reaction of diphenylphosphinyl azide (VI), diethyl phosphorazidate
(1) or di-n-butyl phosphorazidate (LIX) was N,N-dimethyl-2-methylpro-
penylamine (XLIX) gave the corresponding N*'-phosphorylated amidines

1XIa-c in high yield.

CH N N
) el ’ + N,
CH, CH, Gy Sy
) i R=C2H50- 1XIa, R=C2H50-
VI, R=C6H5- b, R=C6H5-
LIX, R=n-CAH90- s R=n—CQH90-

A dipolar ion formed by the decomposition of a triazoline inter-
mediate was postulated on the basis of the appearance of a band in the
infrared spectrum at 2100 cm~l characteristic of R—Nz*;ag Unfortunately
a triazoline intermediate could not be isolated from this chemical trans-
formation.

Diethyl phosphorazidate (I) reacted with norbornylene (II) te give
diethyl (3a,4,5,6,7,7a)-hexahydro-4~7-methano~1H~benzotriazol-l-yl)-

hosphonate
e : P(0) (0C

| 2H5)y
1
N
Eﬁﬁ’;;&
3

v
III
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Triazoline III was obtained as a residual product by distillation at

0.1 mm. of the unreacted starting materials. The nuclear magnetic reson-
ance (WR) (Plate I) and infrared (IR) (Plate VII) spectra show the pre-
sence of only traces of starting materials, azide [NMR (Plate II), IR
(Plate VIII)] and norbornylene (II).

Important evidence for the structure of triazoline III was afforded
by NMR analysis (Plate I) which shws. an AB quartet centered at § 4,10
(J=8.5 ¢.p.s.) and absorptions at §2.5 and 2.65 which are assigned to the
non-equivalent C-4, C-7 bridgehead protons. The AB quartet at § 4.01 is
assigned to the C-3,, C-74 protons of triazoline III. Absorption at §2.61
and 2,73 in the NMR spectrum of the triazoline XX prepared from phenyl
azide and norbornylene (II), is similar for the C~4, C-7 bridgehead pro-
tons. Infrared (Plate VII) absorption at 6.6u is assigned to the N=N
absorption, A band at 7,88 for P--»0 is characteristic of compounds con-
taining this functional group.

When triazoline III was heated in boiling toluene for 3 hours a stoi-
chiometric amount of nitrogen was lost with concomitant formation of
diethyl 2-norbornylidenephosphoramidate (V) (90% yield) as the only product
isolated in this reaction. Photolysis of III in Skellysolve~F resulted in

the production of unidentified polymer (tar) and unreacted starting material.

;b’N\P(o) (0C,H,),

\
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Amidate V was partially identified by its NMMR spectrum (Plate III)
and IR spectrum (Plate IX). The NMR spectrum (Plate III) of V contains
peaks for the nonequivalent C-2, C-5 protons at § 2.5 and 2.65, respec-
tively, Similarly a doublet is observed (§ 2.85 and 3,10) in the same
solvent for the 2,4-DNP of norcamphor, a close model compound, The AB
quartet at § 4.10 is no longer present in the spectrum of V. The IR spec-
trum (Plate IX) does not show absorption near 3u (N-H) or at 6.6u but
strong bonds are visible at 5.98u (C=N) and 7.94x (P —»0). Hydrolysis
of amidate V with 10% HCl gave ammonia, phosphoric acid and norcamphor
which was isolated at its 2,4-DNP. Norcamphor was identified by mixture
melting point of its 2,4~DNP with an authentic sample and comparison of
the IR spectra.

Other evidence for the structure of triazoline III was afforded by
the attempted reduction of III with Raney nickel in ethanol. Elemental
analysis of the distilled reaction product after treatment with 10% boil-

ing HC1, suggested a mixture of amino alcohol LXII and ethoxy amine LXIII,.

OH ollg

0C,H

LXTI IXTITI

Reactions of triazolines of this type are known to occur with nucleo~
philes.2 It was suspected that the Raney nickel-ethanol reduction mixture
promoted the surface-catalyzed decomposition of the triazeline III to an
intermediate such as IV. Reaction of the latter with ethanol or water

present in small amounts would give the observed products LXII and ILXIII



24

after hydrolysis. That an ionic intermediate IV might be formed was sup-
ported by the fact that a band at 2100 em.~} (see Plate XV) in the IR
was noticed during an attempted work-up of a reaction mixture (containing
III) by column chromatography on alumina. The decomposition of III was
apparently catalyzed by the alumina.

Reactions of diphenylphosphinyl azide (VI) with cyclohexene, diphenyl
acetylene and butadiene were attempted. No identifiable products other
than starting materials were isolated from these reaction mixtures, It
was concluded that this type of azide required a more reactive substrate
such as norbornylene (II1) for reaction. It has been demonstrated by Looker>%
that reactions of azides such as tropylium azide with acetylenes occur only
slowly with poor yield of products.

The reaction of diphenylphosphinyl azide with norbornylene at 85-90°
gave only amide LXIV in moderate yield (68%). The reaction was slow, re-

quiring more than 24 hours for azide absorption

;b + (CgH;) ,P(0)N, T “P(0)(CeHs), + N,

IT VI LXIV

at 4.7u in the IR spectrum to disappear. A triazoline intermediate such
as LXV could not be detected by instrumental methods. Apparently the re-
quired reaction temperature may be sufficient to decompose the triazoline.

P(0) Cgity),
A
N=N

LXV
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2-Norbornylidene~P,P-diphenylphosphinic amide (LXIV), the only pro-

duct isolated in this reaction, was characterized by hydrolysis

zﬁ:fi:;FzN\P(O)(CGHS)z __lﬁﬂ;ﬂﬁ.éf:fi:;7o + (C4Hy),P(0)OH + NH,. HC1

LXIV

with dilute HCl1 to fhorcamphor, (identified as its 2,4-DNP), diphenyl-
phosphinic acid (quantitative yield) and ammonia which was identified
by classic technique. The IR spectrum of amide IXIV (Plate X) contains
peaks at 5.97 4 (C=N) and at 8.26 and 8.36 (doublet for P —»0),
Formation of amidines 1LXIa-c resulted from reaction of phosphoryl
azides I and IX and phosphinyl azide VI with N,N-dimethyl-2-methylpropyl-
amine (XLIX).!3 The mechanism for this transformation is thought to in-
volve a triazoline intermediate such as LXVI which could decompose to a

dipolar ion such as LXVII.

CH CH

3 3
N(CH,) N(CH,)
CH :| | 372 cH 3.2
3 N\. N e T LR 3 + L —— IXIa-c
SN R(0)R, “P(O)R,
LXVI LXVII

Evidence for such an ion as LXVII was afforded by IR analysis of the
reaction mixture (see Plate XVI), which showed absorption at 2100 em.=!

88 Tnis band

5 2 L T ; ; z
characteristic of R-N, in alphatic diazonium systems.
appeared soon after the reactants were mixed, became moderately intense
during the majority of the reaction period and disappeared shortly after

the azide absorption disappeared. The appearance and disappearance of the

IR band at 2100 cm."l suggests that the dipolar ion LXVII may be quite
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stable in the polar medium (the enamine was the solvent for the reaction)
or that the ion formed and decomposed in consecutive reactions at compar-
able rates. Support for the latter is the fact that the reaction was not
simple first, second, or third order as demonstrated in a single experiment
where the rate of production of nitrogen was measured.

The reactions of phosphorus azides I, VI, and 1X with enamine XLIX
were carried out at room temperature (25-28°) with excess enamine XLIX
as solvent, Characterization of the amidines ILXIa and LXIb was accom-
plished by NMR and IR analysis and by complete hydrolysis to known com-
pounds. The structure of amidine ILXIc was based on the similarity of its
MMR spectrum (Plate IV) and its IR spectrum with LXIa and LXIb., Treatment
of LXIb with 10% HCl gave a quantitative yield of diphenylphosphinie acid
(XIX). Ammonia and dimethylamine were obtained by distillation of the
filtrate (made alkaline with NaOH) into O,1N HCl., Separation of dimethyl-
amine hydrochloride and ammonium chloride, which were identified by com-
parison of IR spectra, was accomplished by extraction with methylene
chloride, ammonium chloride being completely insoluble. Isobutyric acid
was identified by comparison of the IR spectrum of the distillate of the
benzene extract from the acidified hydrolyzate with an authentic sample.
The NMR spectrum of LXIb (Plate V) shows absorption at § 1.14 (doublet for
the C-methyl groups), § 3.07 (singlet for the N-methyl groups) and § 3.07
(heptet for the tertiary proton). The IR spectrum of LXIb (Plate XII)
shows absorption at 6.25 x (C=N) and 7.82 p (P—0). Hydrolysis of
amidine 1XIa by the same procedure gave ammonia, dimethylamine, isobutyrie
acid and phosphoric acid which was identified as ammonium phosphomolybdate.
The NMR spectrum of XLIa (Plate VI) and the IR spectrum (Plate XIII) show

absorption similar to those of 1XIb and 1LXIec.
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The kineties of formation of triazoline III &and its decﬁmposition
were determined in order to eluecidate the mechanism for the owerall trans-
formation, The determination of the oyerall order for the formation was
achieved by the use of MMR to follow the disappearance of I and II and

appearance of III,
P(O)(OQZHS?2

|
e N,
(C,H50),F(ON, + ﬂb — mﬁN

I II IIT

Solutions of I and II in cyclohexane were thermostated at 25-35° and the
reaction followed by BV, Since I andvII show low absorption at 271 mp.
it was possible to obtain kinetic data; ﬁsing the method of initial rates
to calculate the aetivation energy (Ea) and entropy of activation (zss%).
Kinetics for the decomposition of III were determined in various solvents

by following the rate of evolution of nitrogen and by DTA.

a
L = w3 “P(0) (0C, )

v —2 ﬂbN\P(o)(oczHyz + N,

Thebovgrall order for the transformation I + II —» III as determined
by MMR was two. The reaction rate constant (k) detgrmined in carbontetra-
chloride at 55.8° was 1.40 x-lO'3 1./mole-~min, Severalfexperihgnts per-
formed by this method gave relatively constant values fpr the'rate eon~

stant calculated at various times, corresponding to various concentrations
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of IIT from the equation

(5]
In [ Oxp/0np) (" pa/ O]

where gNB refers. to thergoncentrafipn of'norbornylene (I1) and QPA,refers
to,thé concentration of azide I. The rate constants caleculated from.a
consideration that the reaction might be simple first order or simple
third ofder varied considerably more than those obtained for the assump-
tion that the reaction was second order.

The rather large variation in the rate constants in some experiments
(see Experimental section) was probably due to a major source of error
inherent in the method itself. Several standard solutiens of norbornylene
(II) containing a known amount of benzene as an internal standard were
analyzed by MR to determine the accuracy of the determination of norborny-
lene (II). An .average of 98.0% of the norbornylene in the standard,solﬁ-
tions was found by this method. All of the values were -less than the
theoretical. Since the absorptien for the AB‘qugrtet,of the triazoline
III at & 4.01 overlaps the absorption for the methylene in the.phpsphoryl
group, the formation of triazoline III could not be used to confirm the
results, TFor the same reason and the fact that abserption for thg nor-
bornylene protons overlaps the methyl protons absorption in the phosphoryl
grpup.of the azide at § 1.0, the concentration of azide (CPA) was calcu~-
1atgd.from the stoichiometry and the norbornylene eonegnﬁration, This
could accoynt for all the observed variation in the second order rate
constants.

Formation ofltriazoline IIT was also studied by the method of initial
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r.ates,30 the formation of triazoline being followed by change in the UV
absorption at 271 mp due to triazoline III. The method of initial rates
is based on the approximation that for the first few percent of reaction,
a plot of thg concentration of products or reactants versus time is a
straight line. The observed rate is then determined from the slope of
this line. The ;egction order is caleulable by determining the reaction
rate at different concentrations of the réactants and calculating n; (the
order of reaction with respect to the‘ith component) from the following

general equations.

bt x = the concentration of product

A, B, C... = Concentratiqn of reactants A, B, C...
Then:

49X - waPapipche ...

dt : : v

if we determine (dx/dt); at concentration

By and (dx/dt)zlat concentration

B, while holding the concentration of A, C “ee constant, we
can determine n, by dividing (dx/dt?1 = kAnaginb .

by (dx/dt), = kA"aB,™ ...

1n(dx/dt); - In(dz/dt),

n

nb g
-_1n1.31 - 1nB,
The reaction rate constant can be calculated from the observed reaction
rate and the initial cdoncentration of reactants.

The order of reaction ﬁith respect to azide I as determined by this

method was 1.04. Table II summarizes the data obtained by this methed
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for k at various temperatures. Figure 1 is the Arrhenius plet of these
data. The energy of aectivation (E,) was caleulated from the slope of the

Arrhenius plot. and AS* from transition state theory,

TABLE 11
RATE OF FORMATION OF TRIAZOLINE III

BY ULTRAVIOLET METHOD

TEMPER-. TOTAL 10° k
RUN ATURE CHANGE IN (1/mole~
NO. + 0.02°% ABSORBANCE  aa/At min.) 1n k
1 25,00 1.40 0.0265 1.52 ~11,10
2 25,00 0.69 0.0033 1.52 ~11.10
3 30.00 0,98 0.034 1.95 ~10.85
4 34,90 1.36 0.064 3.66 =10, 22
E, = 15,3 keal./mole
AS* = 27,4 e,

That the change in absorbanee in the UV for the appearance of triazo-
line III during the reaction is affected very little by the change in
absorption due to the disappearance of azide (I) can be seen from Plate XV
and Plate XVI, presenting the UV spectra of I and III, respectively. At
271 my triazoline III has an extinction coefficient of 1.161 x 10> and
that for azide is less than 10,

The entropy of activation (27.4 e.u.) for this reaction agrees with
the values reported for the formation of triazoline XX (AS* = -31 e.u.)

70

from phenyl azide and norbornylene (II). On this basis a transition
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Arrhenius Plot for the Formation of Triazoline III.
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70 could be operative, in )

state LIX, similar to that proposed by Scheiner
this .reaction for the concerted 1,3~dipplar addition of azide I to norborny~
lene  [(II). Oehlschlager and Zalkpw63 reported that AS* = -31 e.u. for

the formation of triazoline XXVIII

XXVITIT

also in good agreement wifh these data. Iriazpline XXVIII_was also char-
acterized by NMR since it eould not be isblatad in pure form because of
its instability.

Kinetic data for the decomposition of triazoline III were accessible
by the clagsic,approaeh, ife.,‘following the rate of nitrogen evolution
and also by the thermal method, DTA. The apparatus used te measure the
rate of nitrogen evolution is shown schematically in Figure 2; Plate XX
igva photograph of this apparatus. Thejtechnique is, outlined ih the
Experimental section.

Attempts to fit the data for the rate of nitrogen eyolution to simple
first, second‘or.third order rate laws gave large deviation in all cases.
However, Values caleculated for ky were found to be constant If two first

order consecutive reactions were assumed.

ka

A) I —— IV
Kp

(B) Iv —— T

The value for ki as well as Ey and AS* for reaction (B) were determined

by this method.
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Y
oy

XN
Al

Figure 2, Apparatus for Measurement of Nitrogen Evolved by Conventional
Method: A, to Vacuum Pump; B, Stopcock; C, to Manometer to
Measure Nitrogen Pressure; D, Evacuated Bulb with Thermos-
meter; B, Stopeock to.Allow Nitrogen Produced to Enter D;
F, to Manometer to Monitor Reaction System Pressure; G, Con~
denser; H, Reaction Flask,
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Formulae for calculation of rate constants k, and k; were derived as
: 70 . o . . 54 . , . . .
follows. See Benson and Rodiguin™  for a .complete discussion of first
order consecutive reaetions. In order to simplify the equatienms,
let

Ay = concentration of triazoline ITI initially

A = concentration of triagzelime III at time t

i
(]
Ll

concentration of dipolar iom IV initially
B =vconcentratipnvof dipelar ion IV at time t
Co = coneentration of nitrogen initially

C = concentration of nitrogen at time t

P, = concentration of amidate V initially

P

concentration of amidate V at time t

‘Then for the reaction

k
(@D A —2, B

(2) 8 Xb, ¢+ P

We bave,
(3 dA  _
rr i kaA
4) 4B
CT % " koA - kB
(5) dc_ 4P _
dt  dt kpB

Equation 3 can be integrated directly using initial conditions

A t
g/jd1nA = c‘/ﬂ kgdt
A o

O
to give

(6) A = Agekat
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Substituting this value for A into equation (4) we have

7 dB - ~k,t

which is a linear differential equation of first order, the general solu~

tion of which is

’

e~Kkpt

and the particular solution is

okt

The total solution is a linear combination of the two,
(8) B = dle"kbt + dze"kat

Where d ;1 and 612 are constants to be determined from the initial condi-
tions and the original equation (7). Substituting B from (8) into (5) we

bbtain

A(@e™bt + d o kat)

" + ky (@e7bt + demFab)

which gives

9 <12 _;___kaAo
b‘i"‘ka

Substituting for c{2 in (8) we have

* kaho -kt
Eb“Ea
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Using the initial condition that at t = O, B = B, we have

£ By - kaAo

(10) a

1

Which om substitution into (8) yields

11 B = Bye bt 4 Kaho  (e~kal . e-kpty
kb"ka
Then from the stoichiometry
(12) A + B + C = constant = A + B + Gy

C = Ag + By + Gy ~ (A+B)
Substituting for A and B we have

kat - Boe"kat . ka .
b~ g

(e7*at - e~kbt)
But Bob = Co = O
So,

(14) C/Ag = l-e~Kat - __._.Ef"__. (e"'kat - e~¥p)
' kKp~ka

If it is assumed that ky; <0.1 ki this equation reduces (rearranging)

to
(15) szlL = e Kat |14 Kg
- Ao kb"k,a

Solution of this equation at two different times (t; and t3) corres-

ponding to two different values of G (C1 and Cp) gives,

(16) k=1 1 [(1-C2/Ac)
&% Gtp. [(1-01/A0>
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Similar assumption for ki and solving equatien

(17) for ki, gives

(18) kp = - i ‘ + kg
(1-C/Ao) (e**a®) -1

Solution of these equations for k, and kb was accomplished with an
IBM 1410 digital computer (see Experimental section for the Fortran IV
program used for this calculation) by obtaining an initial value for k,
from equation (16) and ki from equation (18) for each set of 15 points,
These values were then substituted into equation (14) and the value of
C/A0 that was calculated was compared to the experimental value of C/Ao.
The value of kp was then adjusted by the ratio (C/Ao) calculated/(C/Ay)
experimental and a new value of C/A, was determined from equation (14).
This procedure was repeated until (C/Ao),éalculated/(C/Ao) experimental =
1% 0.004. The ka’s and the ky's were then averaged, discarding doubtful
values. Doubtful values of k, were evaluated on the basis of whether the
calculated value of k, was far from the average value, and doubtful values
of ki, were based on whether the (C/Ap) calculated/(C/Aqp) experimental con-
verged rapidly or ki was negative, It should‘be noﬁed that the value of
kp is highly dependent on the value calculated for ky. An error of
0.5 mm., in the measurement of the pressure of nitrogen, assuming the
value of A, is correct, will cause an error of about f.0904 in kg which
in turn produces a considerable error in ky sinece k, appears in the expon-
ential in equation (18).

Table III is a summary of the data obtained for k, and kb at various
temperatures, Figure 3 is the Arrhenius plot of the k, and Figure 4 is

the Arrhenius plot for the ky. Activation energies (E,) were determined
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in ka -

T2.45 2,50 2.55 2.60
103 /71

Figure 3. Arrhenius Plot of k, for the Decomposition of Triazoline III.
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0.0

In kb

2,50 ' 2.55 2.60 2.65
1031

Figure 4. ArrheniusuPlot‘fbr the.Decompusiﬁion of the Dipolar Intermediate
Iv, o
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from the slopes of these curves. Values for AS* were caleulated from

transition state theory7o whieh gives

AS* = R 1n DA
KT

where R is the gas conStant, k is Boltzman's éonstant, h is Planck's
constant and A is the Arrhenius preexponential factor determined from the

intercept in the 1/T vs 1ln k plots (Figures 3 and‘4).
TABLE IIT

TEMPERATURE DEPENDENCE OF k, AND kb IN DIGLYME SOLVENT

TEMPERATURE °K 10%k_ (min,~1) 10k, (min,"1)"
371,20 0.528 0.545
380.96 ' 1,31 1,05
381.26 1.47 1.00
391.16 | | 4,24 1.90
399.66 9.80 3,42

E, = 29.8 kcal./mole Ea = 17.9 keal./mole
A = 1.95x 10%7 | A = 1,07 X 10ll
AS* = 19,6 e.u, (381.2°K.) AS* = -8,54 e,u. (381,2°K.)

Solvent effeets on the rate ponstants (ka and kb) were determined by
measuring the rate of nitrogen evolution in solvents having different

dieleetric constants (different polarities). Table IV summarizes the
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data obtained at 381.2°K, in toluene, diglyme ‘and benzonitrite.
TABLE IV

SOLVENT DEPENDENCE OF RATE CONBTANTS AT 381,2%0.1°K

SOLVENT o 10%, (min.”l) 10k, (min.~1)
Toluene 1 0.873 - 0,236
Diglyme 1,471 1.00
Benzonitrile 3.04 1.80

From: these results coupled with the faet that a band atv2100 em, ~1
(see Plate XV), similar to that observed forvthevreaction of diethyl phos~
phorazidate (I) and enamine XLIX; appeared in the IR spectrum for the low~
temperature surface-catalyzgd deeomposition of III, it is concluded that
.an ionie intermgdiate v is formed in this reaction. Strong evidence is
afforded by these data for a reaction mechanism involving two ¢onsecutive
reactions, Alsp that the reaction rate constants (k, and ky) were depen-
dent on solvent polarity70 supported this postulate (see Table IV).

Dipolar ion;intermadiates have been proposed by Fuscc,32 Huisgen,44
Harrel,41 Oehlsehlager,533 64 Marsh,58v 57 Ber‘lin,l3 Munk,él and Logo~
thetis53 to explain the ﬁormation of the observed products in the decom-
position of triazoline. In the system under discussion it is noteworthy
that the N-substituted phosphoramidate pq:tion of the dipolar ion IV
R ___' > . - R - OR

/ \5~=0R N\ 7.=OR

N=N = w M g

l.,o
Huo
(R ¥]

\

~0R

2 ]
Lav]
v
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resembles the nitrogen anaiog of the Wittig r.,e,agen.tss3 IXVIII whieh are

relatively stable,.

- +
(CZHSO?ZP(O)NR Na
LXVIII

This fact suggests that a dipolar ion onece formed could be stabilized by
resonance delocalization involving d and p orbitals on phosph§rus and
nitrogen, respgctively. Thus for formation of V from IV, a six~membered
transition state LXIX may be involved. Simultaneous loss of nitrogen and

hydride shift could oceur as the ineipient C=N bond is being generated.

It should be recalled that P——»0 bonds in gengral'are highly pelarized
having high bond—mpments‘which‘could enhanée the stability of ;XIX;4?

A mechanism of this type is ¢onsistent with all observations and is not
unreasonable, considering the nggative AAS* (~8.54 é.u.) for the formation
of products from the intgrmediate IVv. It certainly explains why there is

no evidence found Eor an aziridine such as LXX in the

Eb ?
' N\P(OczHS)z

LXX
decomposition products of III. In analogy with the decomposition of the
triazoline XXIII from benzoyl azide (XVI) and morbornylene (II),.44 azir-

idine LXX would be expected if nitrogen were lost in a separate step. The
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resulting ion could ¢oncelvably be stabilized by ele¢trostatie¢ interactions

such as illustrated in LXXI.

IXXT

If this were the case it is possible that ring closure (aziridine formatipn)
could compete with hydride shift. An ion such as LXXII would be a

&bR

S+

LXXTI

necessary postulate,if nitrogen were lcgtuin a Separate step.' It is well
known fhat carbonium ions of general-strueture‘LXXII undergo rapid re-
arrangements,lB.and no rearrangement‘products.were found in the decompos~
ition of III as evidencgd by the good material balance., A ca;bomiﬁm‘ion
such as LXXIII has been propesed by Huisgen44 as pa;t of the mechapiSm in
the formation of aziridine XXIV and oxazoline XXV in the reactien of

benzoyl azide (XVI) and norbernylene (II),

C (O)C
A ————»;b o —
+ 1l
0
LXXTII

0 ‘ |
[l Ny .
;bN\C/Cé{S * ;b;/\c-cGHs :

- XXIV
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Stabilization of the transition state LXIX may be enhanced by tha_gi§
arrangement of the viecinal groups in the dipolat icn’IY and the restrieted
rotation of the C-N bonds imposed by the norbernylene system.

Kineties of the transformation III — V determined by DTA indicated
that the overall reaction was first order in III with an activation energy
of 29 kcal./mole., Rate constant and the activation emergy oﬁtained.agree
very tlosely with ky and Ea_for the first of the two consecutive reactions

(A), page 32 determined by measuring the rate of nitrogen evolution,
'This indicates that the enthalpy change for the second reactien (B) is
small eompared to_that for the first reaction (A) on page 32, The enthalpy
change for_the first reaction was -16.2 keal./mole. determined by comparing
the area under the DTA curve with area under the DTA curve for the fusion
of o-toluic acid. The enthalpy change for this transformation is 36.6
cal./g..

Apparatus employed to obtain DTA data for this transfprmation.is
shown schematiecally in Figure 5 and in a photograph in Plate XXI. This
set up. was quite simple.and was8 assembled at a smgll cost cpmpared to
some‘of the more elegant apparatus such as calorimeters and thermograva-~
metriec apparatus that have been used to obtain the same data., Calibration
of the DTA apparatus is discussed in the Exparimantal section,

Equations for calculation of the first order rate constant k! for
the decomposition of triazoline.III by DTA were derived by Borchardt and
Daniels18 as follows.

Let:

T

temperature of sample cell

T, temperature of the fefgrence cell



L

Figure 5, DTA Apparatus: S, Sam‘ple‘Block; P, Potentiometer with Thermocouple; D, Differential
Thermocouple; A, D.C. Amplifier; R, Strip Chart Recorder,

04
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= temperature of the heating block

3

Kr = heat transfer coefficient of the reference cell
Kg = heat transfer coefficient of the sample cegll
Cp,r = heat capacity of reference
Cp,s = heat capatity of sample

dH = heat of reaction

dt = time interval

Writing down the heat balance equation for sample and reference res-

pectively we have

(19) G, 4 dTy

D, dH + Kg (Tg ~ Tp) dt

and

(20) Cp.r 4T, = Kg (Tz = T,) dt

Py T

If we assume:

1,

Equations

Temperature of the cells is uniform.

Heat is transferred by conduction alone, and heat loss

from thermocouple is small.

that is the solutions are dilute so that Gp/unit volume

are approximately the same for sample and reference.

(19) and (20) give
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(2h) di = Cp AT + KAT@t AT = (T3 - T,)
integrating over the range of t
oD

4B = Cp(AT. - ATy) + K/aTdt
| P o: o

and AT. = AT, =0
therefore,

(22) AR = KfATdt
(+]

The integral is just the area under the DTA curve (A) (Seez ,Fig,u.re 6)

s0, equation (22) becomes:
AH = KA

If it is assumed that the heat evolved in a small time interval (dt)

is proportitnal to theé number of moles (dn) reacting in that time,

dd o¢ ~dn
di = - KA gn, (RA/ng is the heat of reattion/mole)
0 N
We have,
(23) ~dn Ng dAT
dt KA de .

which means that the reaection rate is prpp_'o,_rj:iona.lr to dAT/dt and T which
are experimental gquantities.

Regal ling that

B '
n = no—[ﬁlf_‘dt ‘
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equation (23) becomes,
t t
A
n = ng —Eg Cp Ea% + %};Tdt
)

o

Ng

(24) n ng - o)

, f{a = shaded area under curve

kPAT + Ka
at time t in Figure 6)

but the reactipn rate constant is

(25) Kt = y©l dnédt , V = volume of solution containing
n n moles of reactant

Substituting for k and rearranging

x~-1 dAT
(26) ki = EK:_A_\?) Cp 'd'f_ + KAT -
o @(A-a)-cp ¥ T)x

where x is the reaetién order,

Making the assumption that CPdAT/dt is small compared to KAT and
Cp AT is small compared to K(A-a) equation (26) simplifies to equation (27)

for first order reactions,

27 kt = _AT
(27 (A-a)

A typical DTA experimental curve for the decomposition of III is shown in
Figure 6, which is the curve after it had been retraced on small coordinate
paper.

Sinee the method employed here did not utilize stirred cells as did

Borchardt and Daniels,18

the reaction of N,N-dimethylaniline and ethyl
iodide was followed by DTA and the data compared to thosé of Borehardt and

Danie1s18 (conventional method). Figure 7 shows the good agreement between
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Figure 6, DTA Curve for the Decomposition of Triazolime III.
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. Figure 7. Arrhenius plet for the reaction of N,N-dimethylaniline with

ethyl iodide. Solid line are data by Moelwyn-Hughes, 9%

are data by Borchardt and Daniels,” " @ are data obtained
in ‘the present work, .
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these methods. Such:agreement indicated that when small cells are employed
stirring 1s apparently not necessary to be certain that the temperature of
the cells is uniform,

Figure 8 is an Arrhenius plot of the data from DTA of the decomposi-
tion of ITI. The data were calculated from equation (27)., Figure 9 is
a comparison of the Arrhenius plot of the data for k; obtained from nitro-
gen evolution and k' by DTA,

That such close agreement is obtained pdints out the utility of DTA
as a method for determining reaction kinetics. The only requirements for
the use of DTA for such determinations are that the reaction must be endo.-
thermic or exothermic, the reaction‘must be slow at gome reasonable low
temperature so that the reactants can be mixed without introducing large
errors, and the reaction must go‘nearlyﬂtp~c0mpletion during the experi-
ment. The reaction need not be simple [%gg equation (263' because frac~
tional orders (x) can be easily determined by cnmpute; techniques., Some
check on the data should be made, however, to be certain that complex
reactions of the type discussed are not operative, If all of the above
requirements are met (as they are by a great number of reactions in solu-
tion), DTA offers a simple and rapid method for the determination of
reaction kinetics. It is surprising that DTA has not been applied more
extensively since the time involyed for collection and analysis of DTA
data is about 1 day as compared to weeks for conventional methods.

Though substantial evgdenee has been eollected im support of the
decomposition of phosphorylated triazelines such as III via a dipolar ion
IV to amidate V, it should be pointed out in summary that this is only

one example of a general class of reattions involving phosphorylated
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Figure 8. Arrhenius Plot of DTA Data for the Decomposition of Triazoline

11z, o
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2.5 2,55 2.6 2.65
10> /T %

Figure 9. Arrhenius Plot for the Decomposition of TriazolineIIX; (®, Data by
Conventional Method, @ Data by DTA.
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triazolines,  This case and the data presented here suggest that phosphoryl-
ated triazolines may be formed (especially in the reaction of enamines with
phosphorus azides) with other elee¢tron-rich olefins. Photolysis of phos-
phorylated triazolines may yield phosphorylated aziridines,69 an unexplored
method for the preparation of such c¢ompounds,

Differential thermal analysis of the decomposition of III afforded an
excellent example of the applicability of DTA to solution kineties. This
reaction is one of many that could be studied without the disadvantages
encountered in conventional methods. Complete analysis of reaction kinetics
can often be achieved in less than 1 day by this simple technique where con-
ventional approachesirequire weeks to obtain similar data that are perhaps

no more precise.



CHAPTER 111

EXPERIMENTAL 2, P, ¢, 4, e, £

Prgparation of Digthyl Phosphorazidate (I). Diethyl phosphorazidate
was prepared by the method of Scott, Riordem and Martin.’# The best
yields on the basis of several runs were obtained when freshly purified
starting materials were used. Greater than 80% yield of product was
realized when 65.0 g. (0.38 mole) of diethyl phosphorochloridate and
61.0 g. (0.94 mole) of sodium azide were allowed to react in reagent
acetone (dried over type 5-A mole sieve) at 58° for 18 hours under a nit-
rogen atmosphere., Excess sodium azide and SOdium chloride were filtered
out and the product was distilled in vacuo. After solvent had been re-

moved, only one fraction was collected, boiling at 40°/0.25 mm. (lit.1

4A11 melting points are corrected and all boiling points are uncorrected.

bThe infrared spectra were determined on Beckman IR-5 and IR-~5A spectro-
meters as films on sodium chloride cells or as potassium bromide pellets.

®The nuclear magnetic resonance spectra were determined on a Varian A-60
high resolution spectrometer. Tetramethylsilane was used as an internal
standard, Carbon tetrachloride was used as solvent unless otherwise spec-~
ified.

dgas chromatographic analyses were performed om an Aerograph Hy~Fi Model
A-550 with a hydrogen flame ionization detector from Wilkens Instrument

and Research, Inc., Walnut Creek, California.

©The ultraviolet spectra were determined on a Cary Model 14 Recording
spectrometer and on.a Beckman DK-1 recording spectrometer.

fThe microanalyses were performed by Calbraith Laboratories, Knoxville,
Tennessee.

55
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76°/4,5 mm.); yield 60.3 g. (89.5%). The IR and NMMR spectra (Plates II

and VIII) indicate that the cempound is quite pure.

Preparation of Diethyl (3a,4,5,6,7,7asHexahydro~4,7;me£hano~lﬂ—benzo-

tfiazolel—yl)phosphonate (I11). Diethyl phosphorazidate (I) (10,0 g.,

0.056 mole) and 20.0 g. (0.212 mole) of freshly distilled norbornylene (II)
were placed in a 50-mil., round-bottom flask equipped with a condenser and
a drying tube filled with type 5-A mole sieve. The reaction mixture was
thermostated at 45° for 40 hours. During this time the extent of reaction
was follpwed by observing the azide absorption in the 4.7 u region of the
IR, When azide absp:ption had nea:ly disappeared, excess norbornylene

and unreacted azide were removed in’vgcuo, b.p. 450/0.20 mm, ; yield 13,9 g.
(91%). IR and MMR spectra (Plates VII'and I) of the residue (a straw-
colored o0il) indicated that there was 1itt1e if .any decompositien of the
triazoline during the preparation. The IR spectrum shows no absorption

at 3u for N-H and no absorption at 6 x for C=N which is characteristic

of the decomposition product III. . NMRvanalysis shows the AB quartet
centered at § 4.10 (J = 8.5 cps.) which has been assigpned to the C-3a,

C-7a protons of the triazoline IIIf12 The nonequivalent C-4, C-7 bridge~
_head,protons‘absqrb at 6-2.5 and 2,65, Only a trace of norbornylene re-
mained as indicated by fhe very weak absorption at § 5.9 in the NMR.

Preparation of 2-Norbornylidene«P,P-Diphenylphosphinic Amide (ILXIV).

Diphenylphosphinyl azide (10.0 g., 0.41 mole) (VI) and 20.0 g, (0,212
mole) of norbornylene were placed in a 100-ml. round—bottom flask .equipped
with a condenser, heating mantle and a type 5-A mole sieve drying tube.
The reaction mixture was heated to 90° for 24 hours. A slow evolution

of nitrogen was observed during the reaction peried. IR analysis of the
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reaction mixture after gas evolution had ceased showed no absorption in
the 4,74 region for azide. There was Strong absorption at 6.03 4 (C=N).
Distillation of the reaction gave 9f0 g. (71% yield) of a dark oil (boil-
ing range 185-190/1 mm,) that solidified to a glassy solid upon cooling.
The IR spectra of samples taken before and after distillation were iden-
tical,

Anal. Caled for Q19H2OONP; C, 73.80; H, 6.54; N, 4,54; P, 10.02,

Found: C, 72,97; H, 6.71; N, 4.42; P, 10,03,

Several attempts were made at isolating possible intermediates lead-
ing to the amide IXIV in this reactipn by running the experiment at lower
temperatures and in polar and nonpolar solvents., None of these experi-
ments provided evidence (i.e., disappearance of azide absorption in the
IR) of reaction after periods as long as 100 hours. Perhaps reaction
periods of greater than this would give the intermediates without decom-

position at the lower temperatures.

Preparation of Diethy1—2—Norborny1idenephosPhqramidate (V). Diethyl-~
2-norbornylidinephosphoramidate was prepared by decomﬁosing the corres-
ponding triazoline III prepared from norbornylene (II} and diethyl phos-
phorazidate (I) in boiling toluene. Azide I (10.0 g., 0.056 mole) and
13.2 g (0.14 mole) of norbornylene were allowed to reaect in apparatus
previously described for 50 hours at 40~46°, Toluene (50 ml.) was then
added and- the resulting selution was heated to reflux. Nitrogen produced
(1.25 1, over a period of about 3.5 hours) was colleected by displacement
of water im an inverted graduated cylinder (caled, 1.26 1.). Solvent was
then removed in vacuo and the product distilled to give 12.1 g. (88.4%)

of V boiling at 119°9/2,0 mm.
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ép_g_;, Caled. for C11Bp00;NP:  C, 53.57; H, 8,22; N, 5.71; P, 12.63.
Found:_ C, 54.433 H, 8.45; N, 5.98,
IR examination (Plate IX) showed the,absence of a peak at 3 pu (N-H), strong
absorption at 5.99 u (C=N) and strong absorption at 7.88p (P—0). The
MR spectrum (Plate III) is consistent with the strueture proposed, show-
ing peaks for the nonequivalent bridgehead, C-3a and C—7a, protons at § 2.5
and 2.65, respectively. Similarly a doublet is observed (§ 2.85 and 3.10)

in the same solvent in the 2,4-DNP of norecamphor, a close model compound.

amidate V (1.00 g., 0,004 mole) was placed in av125-m1, Erlenmeyer flask
with 10 ml. of 10% HCl. 2,4-~Dinitrophenylhydrazene (1.0 g.) dissolved in

a minimum amount of menthol was added and the reSulting solution was heated
on a steam bath for about 20 minutes and then set aside to coel. Crystals
formed and were filtered out and dried, m.p. 129°. (1.0 g., B4.5%) A
mixture melting point determination with an authentic sample of the 2,4-~

75 was also 129°, The IR

DNP of norcamphor, prepared by usual tethniques,
spectrum was identical to that of the authentic 2,4-DNP of norcamphor.
Phosphoric acid in the hydrolyzate was determined as follows: 4,00 g,
of amidate V and 60 ml, of distilled water were added to a 200~ml. round-
bottom flask equipped with a condenser, heating mantle and magnetie stirrer.
Upon addition of 50 ml., of conecentrated HC1l the cloudy reaction mixture
became light pink and emitted a distinct odor of norcamphor almost immed-
iately. After boiling for about 2 hours, the entire reaction mixture was
transferred quantitatively to a 200-ml, volumetric flask and diluted to |

volume when cold. To a 20-ml. aliquot was added enough 10% Naoh to bring

the pH to about 3.0, The aliquot was then titrated potentiometrically
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with  0.1102 N NaCOH by the method of Blaedel and Meloche. 16 Two breaks
in the pH curve were observed at pH 4.52 (0.78 ml. of titrant plus the
10% NaOH) and pH 7.52 (3,23 ml., of titrant). The total phosphoric aecid
content calculated from thé difference in the two end points was 2,72 meq,
(Theoretical was 3,36 meq.) 81% yield,

Phosphoric acid was defermined qualitatively in the hydrolyzate with
ammonium molybdate reagent. The‘test consisted of diluting about 10 drops
of the hydrolyzate with 4 ml. of water and adding 3 drops of concentrated
HNO3 and 2 ml., of ammonium molybdate reagent. After boiling for about
1 minute, the 8olution became greenish yellow with the formafion of a
fine yellow precipitate. Ammonium molybdate reagent was prepared by dis-
solving 10,0 g. of (NH4)6M07024°24H20 in a mixture of 27 ml, of water and
15 ml, of concentrated NH40H, This mixture was then added to 150 ml. of
water to which 50 ml. of concentrated HNO; had been added.

Hydrolysis of 2-Norbornylidene-P,P~diphenylphosphinie Amide (XLIV).

To 4.1 g, (0.012 mole) of the amide XLIV, 50 ml. of 10% HCl was added.

A precipitate of diphenylphosphinic acid formed after 1 hour of stirring

at room temperature. After the precipitate (3.0 g., 0.01l1 mole) was
filtered and dried, it melted at 183-189°, Recrystallization from methanol
gave a pure sample of diphenylphosphinic acid, m.p. 192-194°, The filtrate,
containing norcamphor and ammonia, was neutralized with 10% NaOH to a pH

of 7.8 whereupon an o0il separated and a strong amine odor was detected.
Extraction with ether gave 2.0 g. of the oil (volatile) after removal of
the ether, The'2,4—DNP of the 0il was identiecal to the 2,4~DNP of nor-
camphor; yield, quantitative.

Preparation of N~(P,Pudiphenylphosphinyl)nN',N’—dimethylisobutyrmn
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amidine (EXIb). A 250-ml. Erlenmeyer flask was charged with 10.0 g.

(0.041 mole) of diphenylphosphinyl azide and 78 ml. (0.58 mole) of N,N-di-
methyl-2-methylpropenylamine. The reaction mixture was permitted to stand
for 12 hours. During the reaction period, nitrpgen gas was evolved at
a steady rate. Crystals of product began to form after about 3 hours. A
first crop of crystalline product (10.35 g., m.p. 132-138%), was filtered
out, A second crop of crystals (1.23 g., m.p. 136--138°), was obtained by
concentration of the filtrate to half of its original volume, cooling and
filtering. Total yield of crude product, based on azide, was 90.0%. Re-
erystallization of a small sample for analysis from a 50:50 mixture of
benzene @nd Skellysolve~F gave product with m,p. 137.5-9°,
éggl.‘ Caled. for Cyg,;ON,P: C, 68.80; H, 7.36; N, 8.91; P, 9.84;
N.Eq. 314.4,
Found; C, 67.73; H, 7.22; N, 8.44; P, 9.63;
N.Eq. 318.4.
Absorption in the IR (Plate XII) appeared at 6.25 u (C=N), and at 7.84
(P—»0). NMR analysis (Plate V) showed signals at § 1.14 (doublet) for
the C-methyl groups, § 3.07 (singlet) for the N-methyl groups and at
8§ 3.40 (heptet) for the tertiary hydrogen.

Preparation Qf.Nn(Diethylphpsphoryl)QN’,N”=dimethy1isobutyramidine

(IXIa). A 125 ml.—Erlenmeyer flask was charged with a 5.0 g. (0.028 mole)
of diethyl phosphorazidate and 15 ml. (0.11 mole) of N,N-dimethyl:2-methyl-~
propenylamie and let stand for 12 hours protected from moisture by a dry-
ing tube filled with 5-A mole sieve. Dufing the‘reaction period a gas
(nitrogen) was given off steadily. Fractionation bf the light green vis-

cous o1l in vacuo, after evaporation of excess enamine, gave 5.88 g,
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(0.024 mole) (83.9%) of product, boiling range 128-134°/1 mm. The wide
boiling range was due to superheating of the distillation flask necessary
to keep the distillate from condensing in the eolumn,
Anal. Caled. for CyoHp30;N,P: C, 47.99; H, 9.26; N, 11.20; P, 12.38;
N.Eq., 250.3.
Found: C, 48.27; H, 9.42; N, 10.98; P, 12.59;
N.Eq., 254,3,
IR analysis (Plateﬁﬁ[[) shows strong absorption at 6.30 L (C=N) and at -
7.82 and 8,15 (P—»0). MR analysis (Plate VI) shows ébsorption at
5 1.18 (doublet) for C-methyl groups, § 3.07 (singlet),for the N—methyl
groups and at § 3,40 (heptet) for the tertiary t}ydrogen°

Diphenylphosphinyl Azide. Generous samples of diphenylphosphinyl

azide were donated by American Potash and Chemical Corp., Los Angeles,
California, and were used without further purification., The IR spectrum
of this compound (Plate XIV) showed strong absorption at 4.74 u (~N3) and

at 7.88 and 8.15 4 (P—»0).

Preparation ofyN—(Di-n—butylphosphonyl)uNf,Nf—di—methylisobutyramidine
(XIII), In the usual apparatus was placed 5.0 g. (0.024 molé) of di-n-
butyl phosphorazidate and 15 ml, (0.11 mole): of N,Nﬂdimetﬁy1+2=methylpropeny1
amine, and the mixture was allowed to stand 12 hours protected from mois-
ture by a drying tube filled with type 5-~A mole sieve. Again during the
reaction period nitrogen was given off steadily. Fractionation of the
straw-yellow viscous oil in vacuo, after evaporatiom of the execess enamine,
gave 5.43 g. (0.018 mole, 74.2%) of product bp. 176/1.0 mm,

Anal. Galed. for Cy,Hz)0sN,P: C, 54.98; H, 10.19; N, 9.15; P, 10.12;

