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STUDY OF PHYSICAL ADSORPTION USING THE HOLE THEORY
III. THERMODYNAMIC FUNCTIONS

- D.A. JANNAKOUDAKIS, P.J. NIKITAS. A.K. PAPPA-LOUISI
Laboratory of Physical Chemistry Fac. of Physics & Mathematics, University of Thessaloniki, Greece

(Received June 25. 1980).

Summary v

The isosteric heat of adsorption, the internal energy. the integral and differential
entropy of the adsorbed layer of noble gases on homogeneous surfaces are derived on the
basis of the hole theory and the proposed models of the previous papers I and IT of this
series. ‘The theoretical data are compared with the experimental data of the Argon
-adsorption on graphite and boron nitride. The agreement with experiment is found to be
quite good for those models which consider the adsorbed phase as a hqund like layer.
Deviations appearing at the monolayer adsorption of Argon on boron nitride are due to the
heterogeneous surface of boron nitride.

Key words: Argon. Hole Theory, Physical adsorption.

I. Introduction

The theoretical and experimental study of physical adsorption showed that
different models often lead to theoretical isotherms which have similar mathema-
tical form. For this reason, the agreement between experimental adsorption
isotherms obtained at a single temperature and. a theoretical isotherm, is
insufficient evidence of the validity of a model. Thus, it is desirable to compare
experimental adsorption isotherms at various temperatures and thermodynamic

"functions obtained from them. with the theoretical isotherms and the thermody-
" namic functions predicted from a certain model. .

The hole theory of the liquid state''»%* provides a satisfactory qualltatlve
picture of the liquid state. The equation of state is in agreement with experimental
data throughout both the liquid and dense gas regions, but the agreement with
experiment becomes less satisfactory for the intérnal thermodynamic functions®*r*
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In previous papers™® (hereafter referred to as I and II) the hole theory has been
extended to study. the physical adsorption of noble gases on solid surfaces. The
adsorption isotherms predicted from the theory were found to be in good
agreement with experiment. Thus, it is interesting to compare the theoretical data
of the internal thermodynamic functions with the experiment.

In this paper the internal energy, the isosteric heat and the integral and
differential entropy of the adsorbed phase are calculated on the basis of the hole
theofy and the proposed models of papers I and II. The resulting theoretical values
are compared with the experimental data of the adsorptlon of Argon on graphitg
.(P-33) and boron nitride (BN).

il. Monolayer adsorption

If the adsorbed phase is considered to be a two-dimensional liquid-like layer
adsorbed on a structureless energetically uniform surface, then its .partition
function is given by : :

N expUay. Mol roo =N o PNY(0)y
Zaas™h *Qyip P (i) NT (017 T [ag @)} rexp[~ S ]

where the symbols have their usual meamng (from I).

From Eq. (1) we have the following relations which permit us to calculate all
the thermodynamic properties of the adsorbed phase.

l. Internal Energy. E ‘

31nz

=kT? f——ads :
E=kT* { 3T . /N,Ng,P 2
-hv/kT i
= Nhv, 1+e - N2¥(0) '
=NKT + =57 —o-hv/kT T VN T - @)

1

2. Isosteric Heat, Qu
From the definition” of Q«. we obtain, using Eq (2),

3E o i
=H -(<= (4)
Qg¢=Hyg (aN)T’NO
=hv/kT .
_g_ hv_1+e W(O)R .
i N 7 )

2\ 2k 1-

where Hg is the enthalpy in-the bulk gas phase.
3. Integral Entropy, S

From. the definition and Eq. (1) and (3) we have
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“E .. : .

§= T +klnzads ’ (6) -
oxr-

s Nhv 1+e TVAT

N
* N+§'k-"r ———m+N1n()\quﬁu) =5 n(1-6)-Nln (7)

1-e (1-0)2

4. Differential Entropy. S
Differentiating S of Eq. (7) with respect to N, we have

v 31nz_
=38y, _L(3E —_ads '
s=(5n) = (5%) k(g (8)
T,No. T,Ng : T,No
=R+&V.li'§._1}:’_/.}f +RIln(X )=R1 8 -rE - (9)
2kT _mhv/kT T i TRERTT=EY 7 T N6

111, Milltilayer adsorption
A Moa'tﬁed B.E.T. model — model A.
In this model, the flrst adsorbed layer is regarded as a two dlmensmnal liquid,

while the molecules in subsequent layers are located on top of one another as in the
B.E.T. treatment: The partition function of the adsorbed phase is given by®

C g Ny Ny N, U, Ng! L. N, _ N2y (0)
Z=x qyib(l)exP( KT }NlatN‘o—Nl)-x ag ' rexp| N, 2kT ]

R s (N-N1), o (N-N,)U : (10)
(N=N;) IN; ! +3z SXPTRT

" subject to the restriction

LAy
10 (2B, GV 3 (N 1 an 5 ) i

_'N1¥3(0) NN1 - . - (1
o (Y=o - = an

The isosteric heat is easily evaluated from the adsorption isotherm®

I fe—d2 L0270y 6(1-x)2 V.. 80-x) L 6(1-x)¥7{0) _
1“~Aqvib(1)m kT +ln(x[1 F— ) T ie (-5 T kT =0

(12)
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using the relation

3ln(2/Pg) } _prdlnx :
9st = [ 5070 J =R(§G7m7e (13)

Differentiating Eq. (12) with respect to T, we obtain. ueing Eq.\(13).

q U,-U;+6 (1-x) ¥ (O)R/k ] Sy
st "EBY, (0) , 1x (1~%) (2-%) 0+ (1-5) 78" (14)
®T (=% [1-6 (1-%) 12

‘The quantity g« is the isosteric heat of adsorption when 'the reference state is
the corresponding bulk phase of the adsorbent. Thus

Qs " 9g¢ * AHsubl:.mat:.on ’ ’ (15)

Alterhatively Qst can be obtained from Eq. (10), as in the case of monolayer
adsorption. We have, -

|re + RY Rhv_ 1+exp (<hv/kT)

Qge =dge *+ "2k "T-exp (=hv/kT) ~ Y1} ° (16)

where g« is given by Eq (14). It is obvious that the quantity in the brackets is the
theoretical expression of AH_, .. for the model A.
The differential entropy is evaluated from the relation’

Q ; ‘
S=§ - —S% 17)

where Se is the entropy of the bulk gas phase.
The integral entropy can be obtained from the deflmtlon of the dlfferentlal
entropy .

N
= [Fan . o as)
B. Mobile model - Model B

The partition function of the adsorbed phase regarded as a system Of_] two- -
dimensional liquid-like layers, 1s"
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1n%= N 1 ()\ a 0 )+lil_[.]_l:. +N lr Ni"1 -N.1ln Nl
nz=] |N;In(Qyipe593e° @) + 57 N I0g =, - NiloR o,
. i i-1 7i » i-1 i
N; 2 N, %Y. (O
- __}_Ll (19)
N, N;_,2KT ‘

~ The internal thermodynamic functions of the adsorbed phase can be derived
following the same type of procedure as in the case of the monolayer adsorption.
. . \

1. Internal Energy, E

B ST ,
;mi{ TA - U 4= 0.¥.(0)) . (200
. Rhv, 1+exp (~hv. /kT) . g .
h = L. 1 m
vhere -Ai RT + 5% 1-EXP(—hVi/kT) + RT? = (21)
2787 3/3ce 373 ag (0)
q~{ exp [ (3Lce (% 1(y) - m(y))}] ..73..._“& (22)
. 3
and g, = dg/dT 0 (23)
The L-JD functions I(y), m(y) are given in paper I
2. Isosteric Heat, Qs °
2 RT - ‘:ﬁ"‘{A -0, 40, ¥, (0) & - - 62 (0) =} . (24)
st T 2, Z 7 0141 ¥k ke
3. Integral Entropy, S
£ - fn,(B,-0, 1n(1-0;) ~Ing2p- - 0.} (25)
H i
_ A, : .
where Bl"—R'?[‘_+ ln“‘qvib(l) ag te) . (26)
4. Differential Entropy, S -
- oN. o 1=0,
Sy 1 R 2 27
T ~§_ {B; +1n PG 205 + 05,4} (27)
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IV. Numerical results and comparison with experiment
A. Monolayer adsorption

Ross and Oliver* have studied the adsorption of Argon on graphite at
“relatively low pressures. They have calculated isosteric heats of adsorption by
analysing their experimental data. Ross and Pultz’ have determined Qu and
adsorption isotherms for the system Ar-BN.

To calculate differential entropies from the above experimental data, using Eq.
(17), we have assumed that Qu was constant. The entropy of the ideal gas S; was
calculated from the Sackur-Tetrode equation.

w
o
T

Qst (kcal/mol ) —=
»
)
I

22

FIG. 1. Calculated and experimental isosteric heats of adsorption of Argon on graphite (a) and boron
nitride (b) at T=84°K. The solid lines represent theoretical caleulations while the dotied line gives the results
of the significant structures theory. Circles are experimental data from ref. (8), (9).

Figure 1 compares the theoretical values of Q« obtained from Eq. (5) with the
experimental results of the systems Ar-P33 and Ar-BN. Table I contains the values
of ¥(O)R/k :

TABLE 1. Values of W(O)R/k as mlcﬁlale(l from Eq. (28).

0 .1 2 3 4 . ) .6 N 8
—Y(O)R/k 1133.1 1133.1 1133.1 1138.0 1141.6 1143.8 1143.4 1127.4

cal/mole
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calculated from the relation®

¥(0) _ 3/3cer3/3 8
kx T 16k [maes m“J ’

(28)

where o* is the reduced cell area’ of an adsorbed molecule, ¢ the coordination
number of the adsorbed phase and & the maximum depth of the intermolecular
potential\. The values of the other parameters used in Eq. (5) are given in Table II of
paper 1. o ,

The agreement between experimental and theoretical data is considerably
good for the Argon on P-33. Included in Fig. 1 is the theoretical curve of the
significanf structure theory'®. The results of this investigation are in a better
agreement with experiment than the ones.of the significant structure theory.

The agreement with experiment is less satisfactory for the system Ar-BN. The
theoretical values of Q« for 6 = 0.6 and for 6 < 0.2 deviate from the experimental
values at about 120 cal/mole. The positive deviations of the experimental data of
Qs at low values of 6 and the negative deviations for 8 > 0.6, are susceptible to
the following explanation'!. Because of the heterogeneous surface of BN, at low
values of 8 molecules are adsorbed preferentially on the most attractive sites. As
adsorption proceeds and these sites become filled, the less active sites come into
play. ' ‘ :
) The lack of a linear dependenée of the free area® on the number of
neighbouring holes at 8 > 0.5 can have pronounced effects on the deviations
observed at this region of adsorption. ‘ ‘

FIG. 2. Calculated and experimemal differential entropies of adsorbed Argon ar 90.1"K. Solid line and
“dotted line represent theoretical calculations for Argon on C and BN respectively. The open circles and filled
circles represent experimental data of Ar-C and Ar-BN, respeciively.
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The theoretical differential entropies of the- adsorption of Argon on
P-33 and BN at 90.1°K were calculated using Eq.(9) and are shown in Fig. 2
plotted as a function of 6. As in the case of Q« against 0 plots, we have an excellent

agreement between theory and experiment for the system Ar-P33 and systematic
“deviations for Argon on BN mainly due to the heterogeneous surface of BN. -

B. Multilayer Adsorption
I. Computation of experimental values i‘of“Qst.;_,gcndvg;

Prenzlow and Halsey'? have measured adsorption isotherms for Argon on P-
-33 and calculated isosteric heats and differential entropies from these data.
Similarly, Pierotti'* has calculated isosteric heats of adsorption of Argon on BN. In
- this paper we have recalculated these quantities for purposes of checking self-
consistency, obtaining similar results.- :
The isosteric heat of adsorption was calculated using

91lnP o :
( }e R'I‘z ‘ (29)
The plats of InP vs 1/T at constant 8 for different temperatures yielded goods
straight lines, The experimental values of Q« were evaluated using a least square
- procedure. This procedure has also given the errors in isosteric heat, introduced by
the measurement of pressure. The errors for Argon on BN were about £10 cal/mol
except for the region of adsorption between 6 = | and 6 = 1.4, where a rather large
error, £50 cal/mol was found. The errors in Q« were % 30 cal/mol for the system
Ar-P33. Measurements of dosage (6) would appear to contribute about * 10
cal/mol.
Experimental values of differential entropies were calculated using Eq.(17), as
in the case of monolayer adsorption.

2. Computatlon of theoretical values of Qu and S.

We have used Eq.(15) and (17) for the theofetical calculatlon of Q« and Son
the basis of model A. Table I of paper II contains all the molecular parameters used
in this theory. ,

The theoretical values of Qs and S, predicted from the mobile model, have
been calculated using Eq. (24) and (27) g and gm have been evaluated from Eq.(22)
and (23) by means of an analytical integration using Simpson’s rule. The
differential terms (dN,/dN)T.N, in terms of the population ratios have been obtai-
ned in the following manner: If we differentiate the adsorption isotherms Eq. (22),
(23) of paper II with respect to N,, we have
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- 3N2 { ez(w—-+2}+(63+93) (.W_L(.Q)_{.z} +2_g?2. +263 }

1-03
+ SRR (1480 (“’3(0? +2) +e,3'1(‘1"833) b! ‘ ;0
+ {ei(‘i’}zci(‘O) +..2)+1-8sz-}=0 o 4 ok
and
g——ﬂ%{ (1+62) (‘“(0) +2) +%—§-(.‘yﬁéo) +2) +3 (1_93) 1392 }\
SWap S (BalO) gy sl ) > 31

‘ L 2-6
#.00 +2)+(92+e§)£h]'§fo—)'+2)‘+T—eJ+'1——z‘} =0 )

From the solution of this system we obtain the ;quantit'ies (ON,/0N,)1,no and
(aN;/aNl)T, No. . .

“The partial derivatives (ONi/dN);,no are now easily evaluated from the rela-
tions: .

(&') 3 .
N/, ’
T,Ng §(3Ni/aN1)T’NE

RN B 32)

T,Ng g(aNi/a.Nl)T,Nu
(3N3/3N1)T N

CT,Ng g(aNi/aN,)T'Nn

Table I shows the results of this procedhre._ The values of the molecular
parameters used in this treatment are in Table II of paper II.

3. Comparison with experiment - Discussion.

The experimental values of isosteric heat of adsorptlon of Argon on P-33 and
‘BN are given in Fig. 3 and 4, respectlvely
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TABLE II. Values of (aN{/aN)T,No as calculated from Eq.(32).

Ar-C \ ' Ar-BN
" (9N aN - N 3 9N N oN
8. (—BWI)T',No (.-'B_L)T:No» (W)T:No 6 (-3—1\11.)T,No (W)TINO (_B_I‘%)TINO

9% 682 .3]_2 .006 .88 025 014 961
1.04 156 798 .045 : 1.01 .399 .568 032
1.09 052 .869 .079 1.07 ;158 772 071
1.14 021 872 106 1.13 070 .829 101
1.22 009 .865 125 1.19 .032 .843 124
1.33 004 862 134 1.29 014 .848 1137
1.60 .00t .857 142 1.49 004 856 139
1.80 ‘ 003 761 235 .75 007 .786 207
1.91 *.004 610 385 1.88 011 636 353
2.00 004 .447 .549 1.98 011 471 518
2.05 . 003 : 353 644 2.03 009 374 616
2.12 002 - 239 758 2.11 007 256 737
2,23 001 17 , 881 2.22 003 127 869
2.34 001 081 919 2.33 002 088 909
2.44 001 103 .895 2.43 003 A 885

25
o
g 21
>
m .
ol =
M
s
Ll
"]
g

171

1 L L 1 1 1 L. 1
.8 1.2 1.6 2.0 24

FIG. 3. Calculated and experimental isosteric heat of” Argon on graphite at T=74.96"K. Solid line
represents theoretical results of the mobile model while dotted lines show the theoretical results of (a) model
A and (b) B.E'T. madel. Circles are experimental data.
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Qst Ckcal/mol)
1

17

8 1.2 16 20 24

FIG. 4. Calculated and experimental isosteric heat of Argon on BN at T=68.9'K. Solid line represents
theoretical results of the mobile model while dotted lines show the theoretical results of (a) model A and (b)
B.E.T. madel. Circles are experimental data. :

. The form of plots of Qu against 8 for the systems Ar-P33 and Ar-BN is that
commonly observed for physical adsorption. In both systems there are two maxima
‘and two minima. The P-33 curves have higher and sharper maxima and lower and-
sharper minima. For each system, as 0 increases the isosteric heat approaches the
heat of sublimation of Argon.

The theoretical isosteric heat curves predicted by B.E.T. and modified B.E.T.
models are almost similar in shape. They don’t show maxima and minima and give
a rough qualitative description of the phenomenon.

In contrast to B.E.T. and modified B.E.T. models, mobile- model provides a
satisfactory description of multilayer physical adsorption. The shape and the order
of magnitude of the isosteric heat curves are in good agreement with experiment
particularly if we take into account the order of magnitude of the experimental
errors in Qu. ‘ )

It is interesting to observe that the system Ar-BN shows rather strong

_.deviations around 0 = 1.1. These deviations should be attributed to the
heterogeneous surface of BN.

Figures 5 and 6 compare theoretical with experimental values of differential
entropies of the adsorption of Argon on P-33 and BN at T = 74.96°K and 68.9°K
respectively. The entropy curves are similar to those of isosteric heat. Thus, B. E.T.
and modified B.E.T. models give a quahtatlve description of the entropy curves,
while the mobile model provides an almost quantitative picture of these curves.
‘ As a conclusion we may Say that the mobile model seems to provide a-good
description of the multilayer adsorption. The satisfactory theoretical adsorption
isotherms according to the experiment, the correspondence between the calculated

" and observed position and the height of the two maxima and minima, in plots Qu
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— 0 and S-0, suggest that the general features of the mobile model are correct.

s/k

FIG. 5. Calculated and experimemal differential emtropies of Argon on C-at T=74.96°K. Solid line
represents theoretical results of the mobile model while dotted llm's sh(m the theoretical u'\ulls of (a) model
A and (b) B.E.T. maodel. Circles are experimental data.
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FIG. 6. . Calculated and experimental differential entropies of” Argon on BN a1 T=68.9'K. Solid line
represents theoretical results af the mobile model while dotted lines show the theoretic al results of (a) model
A and (b) B.E. T. model. Circles are exper, imental data.
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Mepidnyn
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III.. Ocpuodvvauikéc cuvapTrHaoeis. ]
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kai II. Of Ecwtepikég Beppoduvapikéc ididtnteg, 6mwg 1) BeppdnTa TPocPoPN-
oe0g y1d ion Emkdroyn, 1) Eowtepikr} Evépyeta, 1) SAokAnpaTikn Kai dtapopiky
gvipomio 1fic oTifddag mpoopogrocwg Gdpaviv depimv maveo oé Spoyevr
gmipdvela, tpoodiopilovrar pé faon 11 Bewpia dndv kol 1d npdTUTA npoch(pn-
cemg ol mpoteivovtal otig épyaoieg I kai II.

Oi mipég tiig Beppdntog mpocpogricewg yid iom EmkdAvym xai Tfig
Srapopikfic &vipomiog, oi 6moieg mpokdmToLV Bewpntikd, cvykpivovial pé td

_melpapaTikd dedopéva Tiic Tpocpogricenc Tod &dpavodc depiov Ar ndve of P-33
kai BN. ‘H ovpgovia petafd BewpnTik@dV Kol TElpapATIKGV TIN@V elval
EEarpetikd xar y1d 1d npdTuna, Td dmoia Dempolv Trv Tpocpoenuévn edon odv
byp1j. Opiopéveg dnokriceic mapatnpodviar otiv nepintwon tiig povopopia-
kfic mpocpopricewg Tob Ar mdve oté BN. Adtég Gmodidovror otniv umxp&n
oxetucng «e‘rspoyevstag» otfiv émoedvela ‘roo kpvotdAiiov tob BN.. :
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Summary

The synthesis of novel carbamate esters of phenethylamine pheny]ethylamlne derivatices is
described.- .

These N-substituted derlvatlves are prepared from phenethylamines thh chloroformate
esters.

The toxicity and the possible central pharmacologica! action of these compounds on
CNS was studied in animals.

In most of the tested compounds; although the phenethylamine system remains.in the
dextroratory conformatlon the particular changes reduce the central stimulant effects.

Key words: Phenethylamines; Carbamate esters.

Introduction

In this paper we study mono- and 2.3- or 3.4-disubstituted phenethylamine
derivatives.

. This work is an extension to previous research carried out in the Laboratory of
Pharmaceutical Chemistry'~? and deals with the synthesis and pharmacological
studies of mono- and disubstituted phenethylamines, as part of an extended
research project on the effect of disubstitution on the pharmacological activity of

. the above compounds.
In the present work various carbamate esters of () -amphetamme and 2.3-or
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3,4-dimethoxy substituted phenethy]ammes were prepared and their pharmacolo—

gical activity was determined.
The compounds synthesized and tested correspond to the general formulas I,

I, I1L

CH 0 JOLHB

R {
OCH1-$H~LH, </ M (Hy- CHy-NHEOOR.

B NHCODR ==

(1) (m)
c .
%"‘\
CHy0 \/‘>~ CHy- CHy - NHCOUR,
. 2

L)

The procedure followed for the preparation of the above compounds is shown
in Fig. 1. The parent compounds for the synthesis of the 2,3- and 3,4-disubstituted
derivatives were 4-methoxy-3-hydroxy-benzaldehyde and 2-hydroxy-3-methoxy-

benzaldeyde (1, la).

CH,0. OCH,
CHO OH W P

E (CHp5Oy CH.NO,
OH ocH,
t KOH 1
7\ -
CHgO-- <_—>- CHO CHgO- @—- CHO

, £ 2
CHQ OcHy <O ock,
,
/2 A\
2 . o, OCH:CHINHZ

4

OCHy
I

PR\ o :
cryo- QCH CHNO, - cHyo- /\’} CHyCHNH,
= Ja - = L
" . ®
CHyCHCH, .
_ HGHcHy  — ¢ N CHyGHCHy
NHg e =

NHCOOR

-

CH,O OCH . ¢
379 ] CH,? ?CH%

clCouR
7
<_\>— CHzC*HN“x—JW 7 N\ cHyCHNHUOOR

ocHy

s -
cHyo- Q CHLCH‘_MI. .J cHyo- @-— CHyCHNHCOOR -

R = Csz’CHICH(CH,)‘.,QH’..

Fig. 1
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: Methylation of these compounds with dimethyl sulfate in alkaline mediam®,’
gave the corresponding substituted benzaldehydes (2,2a) which were converted to
the corresponding nitrostyrenes (3, 3a) with the aid of nitromethane®.

Reduction of the above mentioned nitrostyrenes with zinc in hydrochloric
acid®,” or lithium aluminium hydride® gave the corresponding phenethylamines (4,
4a). . .

Reaction of the substituted phenethylamines and (+)-amphetamine with
chloroformate esters in alkaline media under nitrogen yielded I, I, III.

Experimental Part.

N- (2,3-Dimethoxy) B-phenethyl 1sobutylcarbamate

(2,3 Dimethoxy) -p-phenethylamine (ig, 0.005 mol) was dissolved in 100 ml of
ether. Into the solution was added dropwise 0.6 ml (0.005 mol) of isobutyl
cloroformate dissolved in 10 ml ether. The mixture was stirred for 30 min. The
reaction took place under a nitrogen atmosphere.

The ether solution was then washed with dilute hydrochloric ac1d followed by
water until neutral reaction. The solution was dried over anhydrous sodium sulfate
and the solvent was evaporated. ‘

The yellow oil (1.25g. 85%) was dlstllled under reduced pressure (1 lO”C/8()mm
Hg) to give an off-white oil. ,

s 1478, C:HuNO, (1)

Found: C:63,88 H:8,60 N:4,60
Calculated: C:64,02 H:8,24 N:4,99
The following were prepared as deseribed above.

N- (3,4-Dimethoxy) -B-phenethyl isobutyl carbamate.
C,sH,;NO, (2) m.p. : 50-52°C (petr. ether) yleld 85%.

Found: C:64,00 H800 N:4;51

Calculated: C:64,02 H:8,24 N:4,99

N- (3.4-Dimethoxy) - [iphenethyl Phenyl carbamate.
C;H;,NO, (3) m.p.: 127°C (Me,CO) yield 68%.
Found: C:68,04 H660 N:4,20

Calculated: C:67,75 H:6,36 N:4,65

N- (a-Methyl. B-phenethyl), ethyl carbamate.
C:H(NO, (4) np™i 1,449 yield 70%.
Found: C:69,59 H:8,35 N:6,65

Calculated: C:69,19 H:8,71 N:6,72

N- (a-Methyl, B-phenethyl), isobutyl carbamate.
CsH;;NO, (5) ny . . 1,484 yield 73%.
Found C:71,40_H:9,60 N:5,63
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Calculated: C:71.16 H:9.38 N:5.93

N- (a-Methyl. B-phenethyl)-phenyl carbamate.
C,.H,\NO, (6) n*’n: 1,488 yield 79%.
Found: C:74,96 H:6,86 N:5.00 :
Calculated: C:74,96 H:7,08 N:5.46 -

N- (2.3-Dimethoxy) -phenethyl, phenyl carbamate.
Cy,H,,NO, (*) n," : 1,481 yield 79%.

Found: C:67,80 H:6,80 N:4,00

Calculated: C:67,75 H:6.36 N:4,65

Pharmacological tests

Methods: Albino mice (18-22 g) and rats (200-220 g) bred in the laboratory
animal house were employed regardless of sex.

Experiments in mice and rats were done at a room temperature of 25 + 1° C.

Mice and rats were used in groups of 10 animals each unless indicated
otherwise. -

© All tested compounds were administered i. p. immediately before performance
of the test.

Wherever activity was observed at dose levels chosen on a logarithmic scale
(10,30 and 100 mg/Kg) graded doses were given to calculate EDx,,.

Acute toxicity: Acute toxicity of the compounds was determined by the i.p.
route in mice. Graded doses of compounds were given to groups of 10 animals each
and percent mortality over the next 24 hrs was recorded.

The LDs, was calculated graphically in mortality percentage according to the
administered dose (10). '

Behavioural observations: Behavioural observations were carried out in mice
according to the general screening procedure described by lrwin''.

Groups of seven animals placed in plastic transparent cages were injected with
each of the test compounds. The animals were observed 30 min afterwards for 5
hours.

Motor Activity: An activity recordmg system (Ugo Basile, Milano, Italy) was
used to measure motor activity in rats.

This system consisted of three parts: The animal chamber, the electrlc umt
and a recorder which were incorporated into the electric unit. The sides of the
chamber were opaque and the ceiling transparent in order to allow observation.
The floor consisted of a stainless steel sheet. the even bars were active.

Movements of the animals were thus recorded continuously on a counter, as
well as on paper every 15 min. during a session of 3 hours.

The counts for the first 10 minutes were rejected.

Results were expressed as the percentage change from control and compared -
by the student - t - test (two tails).
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(Table 1). :

Stereotypy: Groups of 6 male rats were mjected i.p. with each compound and
were observed every 30 min for 3 hours after administration.

Searching movements of the head, circling, walking backwards and grooming
were recorded!?, '

Body Temperature: Male mice we1gh1ngl8 -22 g were used. After two initial
hourly control readings of the rectal temperature the tested compounds were
administered i.p. in a range of doses.

Subsequent measurements were made at 1,2,3 and 4h after drug admlmstra-
tion.

The differences in mean temperature between the control group and the
treated: group was calculated.

Motor Coordination: Mice weighing 18- -23g, selected for use by their abllity to
maintain their position on a rotating rod, for two consecutive days, were injected
with the test compounds.

One hour after i.p. administration the mice were checked for their ability to
maintain their position on the rotating rod.

Anorexia: The details of our method have been described by Gosh'?.

All tested compounds were injected i.p. into rats which had been fasted
overnight.

Groups of 4 animals were used at each dose level.

Water was available at all times. i

The consumption of solid food by each group of rats was determined over one
hour, beginning 15 min after injection. :

Anorexia was measured as the reduction in the food consumption of starved,
drug-treated rats compared with that of starved, saline-treated rats determined on
the same day. '

The results are expressed as the percentage change from control.

Results

The intraperitoneal LDy, of the tested compounds in mice are listed in Table 1.

The isobutyl derivatives showed less toxicity than the other derivatives, which
was in paralled with the potency of these compounds.

The behavioural observations for all test compounds evoked alertness, slightly
increased respiration rate, restless and .in high doses ‘vocalizations.

“Chewing” movements and grooming were recorded. All test compounds .
(except the isobutyl derivatives) produced a marked lowermg of the motor activity
(Table I). ,

On the contrary, motor coordination of the mice was not affected as measured
on the rotating rod.

The substances tested evoked stereotypy of amphetamme type that is
searching movements of the head'2.
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TABLE 1. Pharmacological properties of the compounds tested.

Comp. No | LD;, mg/Kg Anorexia change % Motor activity
' change %
1 100 —63 — 45
2 200 : —40 — 28 N.S.
3 150 —52 — a2
4 200 —52 — 35
5 400 —15 . — 12 NS.
— 25 NS.
6 200 =20 . — 20
7 250 —47 — 380

The 1sobutyl derivatives of all the series d1d not dlsturb the behaviour of
animals in this respect.

All test compounds produced a rather limited increase in body temperature (|
£ 0.5° C), only at a few time intervals (5" - 30 min) after drug administration.

The anorectic activity effects in mice are summarized in Table I.

The effects of the compounds synthesized were recorded always in comparison
with a group of saline treated mice or rats. &

The behavioural .observations made according toblmd screening evoked an
amphetamine like response, but less potent. N

In most of the tested compounds, although the phenethylamine system
remains in the dextrorotatory configuration, the particular structural changes
reduce the -central stimulant effects.

This finding supports the view that they probably act through a dopammerglc
and not noradrenergic mechanism'*,'%. ‘ ‘

Horn (16) has shown that dopaminergic sites are less sensitive to structural
changes than are noradrenergic ones. Thus particular structural changes to a
molecule might substantially reduce the noradrenerglc system effect and yet leave
the dopaminergic largely intact.

The compounds synthesized in this work seem to be not stlmulant anorectics,
the mechanism of their action should be further studied.

Hepidnyn

Ei¢ 1iv mapoboav Epyaciav mepiypdestat n obvieois kapPapidikdv
EoTépav TGV QaivuiatBuiavav.

- Té N-drokateommuévae adtd mapdyeye mopookevdloviol &k TdV QvTi-
otoiyev @ovvAabviapivily fa petatponiic tov el Eotépag tf émdpdoet
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yAopopvppikik®dv Eotépov eig dhkaiikév nepitpariov. :
"H to€ikdétng kai 1 gappokoroyikti Spdcic &ni 108 K.N.X. 1@V veoouvte-
Belcdv obo1dv Eperetifnoay &ni neipapotoldov.
Td dnoteréopato E0eibav O6m1 10 icofovtvromapdywya sfxav HIKPOTEPQ
tofikéTe Gné Td dAla, GAAG SAha yevik@dg (8v kai TUmIKG GUEETAULVIKG
nopdyoya) ropovciacav pikpr dieyeptikn Spdon éni tob K.N.Z.
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Summary

Several aryliodine diacetates were used to effect the oxidation of ethyl hydrazodicar-
boxylate to ethyl azodicarboxylate. Measurements of oxidation rates revealed that various
substituents in the phenyl ring have not any significant influence on reactivity. The acyloxy
moiety of the oxidants enhances moderately its reactivity, when it comes from a strong acid.
Apparently conflicting results from the literature along with the present results are discussed
and explained taking into account the different mechanisms which hold for the various
reactions.

Introduction

Phenyliodine diacetate, C;H:I(OCOCH,),, hereafter abbreviated as PID, is a
well known oxidising agent. It has been found to react with alkenes forming 1,2-
diacetoxy alkanes and to cleave glycols to carbonyl compounds's?. Also, it oxidises
analinés to azocompounds®, thiols to disulfides®, thioethers to sulfoxides® and a
“variety” of other substrates to different kinds of products®. Several inorganic
‘reductants are also oxidised by PID, which is thus suitable for potentiometric
titrations’. .

Recently, phenyliodine dltrlﬂuoroacetate CoH; I(OCOCF) abbreviated as
PIT, has been found to possess considerably more pronounced oxidising power
than PID. Not only it effects oxidations under milder conditions than PIDK ® but
also it can oxidise substrates not oxidisable by PID* 011,12 .

Criegee and Beucker! as early as 1939 investigated kinetically the reaction of
PID and also C,H;I(OCOCH,CI),, C¢H; I(OCOCHC,), and C,HI(OCOCCI,),
with 1sohydrobenzom i.e. the racemic form of 1,2-diphenyl ethanediol. They found
a 5-fold increase in the reaction rate from.PID to C,H;I(OCOCCI,),. The same
authors studied the reaction of a series of phenyl substituted PID with
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isohydrobenzoin and they found that electron donors decreased moderately
reaction rates, while electron acceptors increased considerably (up to almost 100-
fold) reaction rates. This influence of substituents was reversed in the reactions of
substituted PID with anethole, p-CH,0-C,H,-CH=CHCH,, and oxalic acid: here
electron acceptors decreased reaction rates, although the differences were not as
great as with isohydrobenzoin. A similar situation has been found to hold in the
H,SO, catalysed reaction of substituted PID and toluene, where iodonium:salts are
formed'?.

The reaction of isohydrobenzoin with substituted PID was reexamined by
Pausacker?, who agreed with the above results and suggested a concerted
mechanism, similar to that for lead tetraacetate cleavage of glycols.

A third study with substituted PID’s has been performed by Johnson and
Riggs'? who examined the reaction between PID and N-(4-substituted- aryl)
acetamides, resulting to the acetoxylation of the benzene ring at position 3. These
workers found that only small erratic changes in reaction rates were caused by the
various substituted PID.

This unsatisfactory state of affairs has led us to the present study, in order to
elucidate the influence of both the acid moiety and the phenyl substituents on the
oxidising power of aryliodine diacetates. We have chosen a hydrazine derivative as
a suitable substrate and we have measured its reaction rates, which were used as a
criterion of the oxidising power of aryliodine diacetates. It must be emphasised that
the present results do not constitute a thorough kinetic study of the reaction but
rather an exploratory effort into the- reactrvrty of thrs interesting class of
compounds.

N

Results and Discussion

Two series of aryliodine diacetates were prepared, with variations either in the
phenyl ring (la-h) or in the acid part (2a-e).

X@\r(ococ%)z ' I1(0COR)
. 2

1 ‘ 2
a: X=H, b: X=p=CHy, c:X=m-CH, : (a:R=CHg, biR=CH,CT, c:R=éHc12

d: X=m- :X=p-~ X= '
X=m-C1, e:X=p-C1, f:X=m-NO, - d:R=CCT,, e:R=CF

gi X=0-CH,, h:X=o-Cl 3

Ethyl. hydrazodicarboxylate, C;H;OOCNHNHCOOC,H;, was chosen as a
suitable reductant, because it is oxidised quantitatively accotrding to the equation:

C H;O00CNHNHCOOC, H< + Ar[{OCOR), — C,H;O00CN=NCOOC,H; + Arl +
2 RCOOH

The resulting ethyl azodicarboxylate has been found to be equusivel)}‘in the
trans-configuration® and it has an absorption maximum at 410 nm, which allows
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for its easy monitoring spectrophotometrically. At this wavelength there is not any
interference from the starting materials or from the other reaction products. The
reactions with | were studied at 25°C while those ‘with 2 were too fast at this
temperature and they were studied at 1°C. All reactions were followed in the
thermostated cell of a spectrophotometer for approximately three half-lives. Using
equimolecular quantities of reactants it was found that the reaction rates follow
first-order kinetics in respect to ethylhydrazodlcarboxylate These rate constants
are brought out in the Table,

TABLE Rate Constants of the Reaction of Arylzo(lme Diacetates with l:thyl Hydrazodicarboxylate in
C hloroform

Arl(OCOCH,), 100 ks C.H.I(OCOR), 10* k s-!

la . 804 - 2a 1.34
1b : 4.87 : 2b v 1.47
Ic’ © 8.28 2 2.84
1d 11.50 2d 8.36
le 7.72 . 2e 7.37
If 5.33

g 6.15

1h ' 4.10

The above results show clearly that (i) the more acidic is the acid whose acy-
loxy group is bound to iodine, the faster is the reaction and (ii) the influence of the
substituents in the benzene ring on the reaction rate is unimportant.

The enhanced reactivity of aryliodine diacetates with increasing acidity of their
acyloxy groups is rather moderate, since only a six-fold rate enhancement has been
measured from PID to PIT or C,H,I(OCOCCI,).. This difference in reactivity is
almost identical with the reported for the oxidation of hydrobenzoin. In both cases
no linear relationship could be established between rate constants (k or log k) and
vKa of the acid. /

The insensitivity of the reaction rate to the nature of the aryl group is
remarkable, since only a three-fold difference has been observed between the slower
and the faster reaction. Practically any substituted aryliodine diacetate is almost
equally effective in the oxidation of ethyl hydrazodicarboxylate. Even the o-
‘substituted oxidants, i.e. o-CH, and o-Cl-C(H,J(OCOCH,), show insignificant
difference between them. A Hammett plot for these reactions has a p value of 0.08,
by contrast to the oxidation of isohydrobenzoin, which has p=+1.36 and the
reaction of anethole, where p=-1.05. In Fig. | reaction rates are pIotted against p
values for all three reaction and it is obvious that there are three dlfferent ways in
which ‘substituents influence the velocity of these reactions.

The oxidation of ethyl hydrazodicarboxylate is presumably a homolytic
reaction. When the reaction of 0-CH;-PID is run in the presence of 5%
acrylonitrile, which is a radical scavenger, a decrease in its rate is observed, from
6.15x107* s7! fo 3.8X10™* s”'. The final optical density of the oxidation product is
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—_— 6

FIG. 1. Hammett plots for the reactions of aryliodine dicarboxylates with ethyl hydrazodicarboxylate (0).
anethole' (4) and isohytl)'obgnzofnz (Q). Different scales are used for the three reactions.

also lowered, from.0.415 to 0.380. Both these low values in acrylonitrile suggest :
free-radical pathway, according to the general sequence:

’ -RCOOH . .
c oH 0 CNH-NHCO,C,H. + AFI(OCOR)2—-— (22H5N-NHCO2(22H2 + ArIOCOR -

2t
b 0L CHNHEO . ~RCOOH : N
c, 5o2 N-NHCO,CoHg  + ArOCOR ——————= C,He0,CN=NCOLCoH; +Ar

A free-radical mechanism has also been proposed for-the oxidation of anilines
to azocompounds with PID?; an intermediate of that'reaction is hydrazo-benzene,
which is further oxidised homolytically.

Homolytic reactions are generally only to a small degree sensitive to
substituent effects. In the present case the iodine radical, ArTOCOR, is not expected
to be particularly stabilised by conjugation, since iodine is reluctant to form double
bonds with carbon. This reluctance has been demonstrated'® from a!* F-NMR study
of a series of m-and p-fluorocompounds of the type FC,H,IX,, where X=0COCH,,
OCOCF,, CI, F. Therefore the influence of the substituents could be only of
inductive nature. Since though even ortho substituents have practically no
influence. it is concluded that the rate determining step of the reaction is the initial
electron transfer to iodine. Concerning the rate increase with increasing acidity of
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the acid moiety, it is reasonable to assume thatstronger electron acceptors, such as
. CF,COO0 vs CH;COO reduce the electron density of iodine, which can accept more
easnly the electron. -

In order to explain the behaviour of isohydrobenzoin and anethole towards
aryliodine diacetates, one must consider the mechanisms of these reactions, for
which adequate bibliographic data exist. The cleavage of 1sohydrobenzom has been’
shown to be a concerted reaction of the following mechanism?:

: \ ‘ Ar
_(l:- OH ~t-0- I< COOH
, ,
__(;:_ ot ArI(OCOR)Z—.————‘—_(I:_ OH 0COR RCO!
o
' ‘ — RCOOH
Voo
Me=0 . REEAN
. ’\ + Arl  ————— | _/I— Ar )
/c: 0 : ‘IC\\_O.

The rate determining step is the second, where electron acceptors in the
benzene ring favour attack by oxygen to iodine, to form the cyclic intermediate.
The Hammett p value of +1.36 is in accordance with this mechanism; the fastest
reaction is sixteen times faster than the slowest. Particularly effective is the o-NO,
group. which causes a 100-fold-acceleration of the reaction rate. In this reaction the
benzene ring substituents play surpisingly a more pronounced role than the acid
moiety.

The reaction of anethole with aryliodine diacetates must follow a dlfferent and
more complex mechanism, although no detailed mechanistic study has been done
so far. In the case of some reactions of PIT with alkenes® it was suggested that
initially PIT adds to the double bond under formation of an intermediate, which
may lose C,H,l as follows:

/o \
N7 : E/I\OCOR N OCOR G~ 0COR
+Ph1(OCOR) , ——= . — —
/ﬂ\ R —t- 0cOR “\0/ R —cl- 0COR

The second cyclic intermediate is eventually isomerized to the isolated reaction
product, i.e. the vic-trifluoroacetate derivative of the alkene. If the rate determining
step was the initial attack of the alkene to iodine, then electron acceptors would
accelerate the reaction rate. Since the opposite has been observed, it follows that
the second step is rate determining. The sensitivity of the reaction of anethole with
aryliodine diacetates is somewhat less than that of isohydrobenzoin, i.e. a twelve-
fald difference in rates was observed between the slowest and the fastest reaction.

' Inthe case of the reaction of substituted PID with toluene the main product is
- the p-iodonium salt, in a typical electrophilic aromatic substitution. The reaction
does not proceed without H,SO,, ‘which acts as a catalyst, promoting the
dissociation of PID to the effective electrophile: ~
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X + 3 -
Ar1{0COCH3), + ' =——= ‘ ArIOCOCH, + CH,COOH ;
+ - +
CH3@ + ArICOCH; ———= CH3~<9>— I-Ar’ + CH,CO0H

Thus electron donors in PID will increase its basicity, leading to greater
ionisation. which further increases with increasing H,SO, concentration.

The nature of the reaction of substitute PID with N-(4-substituted-aryl)
acetamides, which was initially thought to be of a radical character'* and then an
electrophilic displacement involving an acetoxy! cation', has recently been
elucidated'”. The reaction is especially complex with no less than eight discrete
steps; the acetoxy group enters the aromatic ring as an nucleophile and an
intermediate dienone imine has been isolated. Thus the observed insensitivity of the
reaction to the substituents' of PID is hardly surprising.

Finally, it has been reported that substituted PID with electron donors
accelerate the reaction rate in the oxidation of oxalic acid to carbon dioxide!. The
mechanism of this reaction was thought to involve a cyclic intermediate, but no
explanation can presently be offered -for the role of substituents in this system.

Conclusion -

Aryliodine dicarboxylates are emerging as useful oxidising agents of wide
applicability. Variations in their structure can exert a significant change in their
reactivity. As aryliodine dicarboxylates may react via homolytic, heterolytic or -
concerted pathways, sometimes quite complex, no general conclusion can be drawn
about relations between structure and reactivity. Nevertheless in a given system one
may moderate or enhance the oxidising power ofthe oxidant by su1table variations.
to its structure.

Generally it may be concluded that (i) the stronger the acid, the more efficient
is the oxident and (ii) o-substituted oxidants exert the more pronounced changes in
reactivity, provided that the reaction has a polar step.

Experimental'

Materials. All iodine compounds were known from the literature. Aryliodine
diacetates and bis chloroacetates were prepared by oxidation of aryl iodides with
peracetic “acid, -according, to Pausacker’s method?. The other phenyliodine
dicarboxylates were prepared by exchange of PID with an excess of haldacetic
acid®.

Ethyl hydrazodicarboxylate was prepared from hydrazine and ethyl chloro-
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- formate, m.p. 130°C (lit.”* m.p. 130 °C). Its oxidation product, ethyl azodicarboxy-
late, was a yellow-orange coloured oil, in one only diastereomeric form,
apparrently trans. A sample of it from an oxidation run in a preparative scale was

- converted to the trans-azodicarboxamide, m.p. 225-228 °C (lit."* m.p. 224-230 °C). -
Kinetic measurements. Stock solutions of the substrate and oxidants in chloroform
were thermostated, mixed in the appropriate equimolecular quantities and placed
in the jacketed thermostated cell of a Zeiss PMQ Il spectrophotometer. The
formation of ethyl azodicarboxylate was monitored by measuring the increase of
optical density at 410 nm, which is the wavelength of its absorption maximum. The:
**pseudo-first-order” rate constants were calculated after following the reactions
for about three half-lives, while final readings were taken after at least ten half-
lives. The differences of the final optical density and optical densities measured at
various ‘intervals were plotted logarithmically against time and the rate constants
calculated from the slopes of the straight lines obtained.

* Tepidmym

2vykpiikyf - peAétn tiic  éledwtinic lO‘){UOQ vnoxarsany,usva)v oaxetolo-
1wdofevioricwv
) 27 adti v épyacia é&sw@swl 1M smﬁpacn tdv dnokatactatdv X kol tfig

6padog R otiv 6éedoniky ioyd mdg oepdc diakerodu- w)ﬁostCova 700
yevikob tomov X-C,H,I(OCOR),. *Apyikd yivetor pid piehétn t1ig 6€eddoewg
C,H,00CNHNHCOOC,H; npdg C,H;O0CN=NCOOC,H; kai o11 cvvéyeia T’
aroteréopata ovykpivoviar pé Piprioypagikd dedopéva TV Avridphosmv
Sraxetobv-twdoPevioriav pé yhvkdreg (oydon mpdc xopPovurikés Evaocelg),
avnoséin (dvépbmon dimhod deopod) kai Tolovdério (cxnua‘ncpog indoviakdv
aAGToOV). ,
Té xvpra cuunspdcuaw givar: 1) éco ioyvpdtepo elvar 16 0&0 Mg
dxetofvopddac, téoo adEdvel 1 6EedoTiky ioydg 100 dEerdotikod kai 2) dév
ioyvel yevikdg kavévag yid v énidpaot tdv dnokatactatdv To8 Beviolikod
‘dakturiov, mod EEaptdtar 4ndé T6 pnyaviops tfic avridpaone.

16 ovotnua mob &Eetdletal, -NH-NH— -N=N-, 1} ¢nidpaon tdv droxdra-
ototdv elvar dueAntéa. Tt oyxdon 1@y YAvkordv dékTec fihexTpoviov-avEavovv
11} dpactikétnta 10 SEedwrtikol, Evd 8S6teg THY Ehattdvouv. Td . dvrtibeta
ioydovv omiv dvopbwon Tob Smhod Seopod Kou otV n)»avctpovtotpﬂn
bnokatdoTacn Tob TO)»OUO)»IOU
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~ Summary

The reaction of phenyliodine ditrifluoroacetate with eight aromatic ethers has been
studied. The main product of the reaction is an iodonium salt, provided that the aromatic
nucleus is not sterically hindered and not deactivated. It is remarkable that the p-isomers are
exclusively formed and' no acid catalysis is required. unlike with some other related
“reactions. ‘

Theoretical 7 .

The oxidative properties of phenyliodine -ditrifluoroacetate (hereafter abbre-
viated as PIT) have been demonstrated recently in a number of cases'™.
We describe here the reaction of PIT with aromatic ethers of various types.

PIT (l) reacts with most aryl ethers (2) under mild condltlons the main
product of the reaction being an iodonium salt (3), according to the equation:

. .
CeHsI(0COCF5), + <i:::>»0R — C6H5-1~<3§§£>—0R + CF,CO0H ]

: " CFy000" -
1 2 : 3

The ethers used and’the resulting iodonium salts along with some by-products
appear in the Table. As the above equation implies, phenyl ethers give exclusively
p-substituted iodonium salts, in yields ranging between 52 and 75%, while aryl
ethers may give also other products, depending on the nature of the substituent of
the phenyl ring. -
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The reaction appears to be a typical aromatic electrophilic substitution, where
the electrophilic species is the cation of bivalent iodine, which results from
d]SSOClatIOI’l of PIT:

C,H,I(OCOCF;),g=—= (,H.I' OCOCF; + CF,COO

Analogous.reactions “are known with phenyliodine diacetate (PID). Beringer
and his coworkers’ among the various methods which they developed for the
preparation of iodonium salts used also PID and various activated arenes in the
presence of strong acids. The reactions of PID with toluene'®!!*!2 and thiophene'?
have been studied in detail kinetically, while in several patents the preparation of
iodonium salts of thiophene has been described from its reactions with various
aryliodine diacetates'*. A similar reaction is that of toluene with some
perfluoroalkyliodine ditrifluoroacetates's, resulting to the formation of iodonium
salts, while the reaction of iodine tristrifluoroacetate, {OCOCF,);, with arenes!6

leads to aryliodine ditrifluoroacetates.
In the previous reactions with PID, there is no detectable reaction in the

absence of acid (H,SO,). In the reaction of PIT with aromatic ethers, there is no
need for an acid catalyst; presumably,.trifluoroacetic acid formed along with the

TABLE. Reaction Products from Aryl Ethers and PIT.

Ether Todonium Sa]tl(?'ield 2) Benzaldehyde(yield )

.

22 cn30@ cu3o-@-1 “Ch (67) —_

b w®  walrrenm  —

2 cﬁwsocnztnzo—@ C4HsOCH,CH, _@_1 RN (7 R—

2 chen0O) - sty 0~O)-Heg;  (s6) €]

2 co CHZO—@-CH cﬁhlscnzo—<6\-c143 (52) ()
‘ —\+

T-Cghg .

2t cghgno~<O)-ci — (s)

2 csﬂscuzo—@-mz —_ . —

2n CGHSCHZO—@—OCH3  unstable® (30)

The anion is always CF3COO_.

%

o

r isolated products see text.

iodonium salt may serve as a catalyst. Actually when a 5-109% of trifluoroacetic acid
is added to the reaction mixture, the reaction is completed in 2-6 h, instead of the
usual 24-36 h required, at room temperature. The reactions of toluene with PID
have been shown to give a mixture of p- and o-methyl diphenyl iodonium salts, in a
ratio of 9:1. In the present study the exclusive formation of p-isomers was
established -from the alkaline hydrolysis of the iodenium salts, which generally
proceeds in two directions as follows: .

f
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CBHS-OH * I@OR {major products)
CH -E'OOR HO '
65
H,0 )
. ) CGHS'I s HO«@-OR’ {minor products)

All four products have been isolated and characterised in most cases, but no o-
substituted iodoether nor o-monoether of pyrocatechol could be detected. Thus,
the formation of o-substituted iodonium salts at detectable amounts has been ruled
out. The bulkiness of both the C;HI" OCOCEF; group and the alkoxy (phenoxy,
benzyloxy) group.apparently precludes the attachment of the former group in ortho
position to the latter. This steric inhibition is "probably the reason why p-
chlorophenyl benzyl ether does not form an iodonium salt. Of course chlorine is a
mild deactivator, but under the drastic conditions used in this case (prolonged
heating, addition of trifluoroacetic acic), one would have expected the formation of
some iodonium salt in o-position to the benzyloxy group, unless steric inhibition
was dominant. This inhibition is more obvious in the case of p-tolyl benzyl ether,
where only the iodonium salt ortho to the methyl group-is formed.

A by-product of the reaction of PIT with aryl benzyl ethers is benzaldehyde,
which is always formed in small yields, 3-5%, with the exception of p-nitrophenyl
benzyl ether, which is completely inert in its reaction with PIT. The formation of
benzaldehyde is quantitative in the reaction of PIT with dibenzyl ether and other
substituted dibenzyl or related ethers. In those cases a trlﬂuoroacetate of benzyllc
alcohol is also formed, accordmg to the equation: .

C,H,CH,OCH,C, H; + C,H,[(OCOCF,), — C, H;CH,0COCF,
< + C(H,I + CF;COOH

The mechanism of the above reaction has been discussed® and a similar.
pathway probably operates with aryl benzyl ethers:

Ar

A v £ _ ; /
OCH0Ar + CH-I{0COCF4), — s OCH—-0- Ar s GCH=0 + I —
2 6'S 32 7 |J ~CF 3CO0H 1 /X
H Cghe DCOCF
\ / N
CF 1000 CgHg OCOCF;

— CGHSI + CFSCOOAr

The expected phenyl(aryl) trifluoroacetates though have not been isolated,
possibly because they are easily hydrolysed to phenols, which are then oxidised by
PIT to resinous material. The iriertness of p-nitrophenyl benzyl ether is easily
explained, as the etheral O has not anymore available its bonding electron palr .
because of interaction with the nitro group:

0 T Q-
\+ ) \+ _+
) /N@ 0—CH206H5 —t /N =0- CH2C6H5
. - g »

§

Especially noteworthy was the reaction between p-benzyloxy anisole and PIT.
Upon mixing of the reagents a deep green colour was formed which soon turned to
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yellow. When the reaction was carried out in an nmr tube, a complete
disappearrance of all peaks was observed and only after approximately 1 h the
peaks of the final products did appear. The reaction products turned out to be p-
benzoquinone (10%). benzaldehyde (30%) and a mixture of the isomeric phenols 4
and 5 (7%). No .iodonium salt could be isolated or detected. This reaction
undoubtly follows a homolytlc pathway. as the disappearance of the nmr peaks
points out., :

PIT
CH30—@- OCH,Cghy —— " + CH 0‘ CHyCeHy + CH3@— CH,CeHg

The free radicals involyed must be of considerable stability, since they suppress
all nmr signals for a relatively long period of time. The formation of benzaldehyde
and p-benzoquinone may be accounted for by the following series of reactions,
where initially a mixture of benzaldehyde and p- methoxyphenyl tnﬂuoroacetate
are normally formed:

CH 0— - OCH,CeHg + C6H I(0COCF ) ——‘C6H CHO + cuso@-ococ&;
0@ 0COCFy ———= CH 0@. OH — =<::>=

The ester may be hydrolys,ed to p-hydroxy anisole, which is further oxidised by
PIT to the quinone or alternatively it may undergo a homolytic scission to a p-
methoxy phenoxy radical, which is also oxidised to the quinone. Independent
experiments showed that both p-hydroxy anisole and p-methoxy anisole react with
PIT and they give p-benzoquinone as the main product. Durihg these reactions the
same colours develop and again the nmr signals disappear. There is little doubt that
free radicals, probably of the quinhydrone type, are involved in the stages of the
oxidation of these compounds. .

The formation of phenols 4 and 5 is best explained assuming that mmally two
unstable iodonium salts (6) are formed. Under expulsion of iodobenzene the esters

7 are formed. which hydrolyse to the phenols.
*1-CoR

: PIT 65 - o
CH300CH256H5 —_ cxao<@ocnzocsn5 CF,C00

[:3
0COCF,

CH30@ ocnz s LN 4+ 5
; :

The‘instability of 6 is probably due to the greatly enhanced = electron density

of the benzene ring, which favours the expulsion of a neutral molecule, ie. C H;l,

and the formation of a stablhsed carbonium ion, which combines with the
trifluorodacetoxy anion.

The formation of both phenols 4 and 5 was established from the nmr spectrum

of their mixture, where two sets of protons for the groups -OCH, and -OCH,- were

present. The mixture could not be separated by chromatography; after repeated

S
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recrystallisations one phenol was obtained in pure form, but it was not possible to
assign its correct structure on the basis of spectroscopic data. Itis of interest that p-
methoxyphenyl benzyl -ether gives initially two iodonium salts, despite the steric .
hindrance of the benzyloxygroup. We believe that this system is extremely activated
and the reaction of aromatic substitution is so rapid, that the steric factor becomes
unimportant and the two phenols which finally result are in a ratio of 2.5:1. The
isolated phenol was the minor constituent-and itis plausible to assume that because
-of the- greater steric hindrance of the benzyloxy group was the isomer 4.

Mass Spectra of lodoninm Salts’

The mass spectra’ of iodonium salts have not been described in the literature.
From the limited data available presently we cannot draw general conclusions yet.
In any case we observe in two from the four compounds studied iodonium ions
with very low intensity. It should be noted that rarely cations of various types of
salts give in their mass spectra the corresponding ion.

The fragmentation pattern is mainly a C-I scission occuring in both directions.
with almost equal probability, ie.-

\' jéo/_@_f-csns‘ 4< %—

The other fragments of high mass must be the products of thermal reactions,
as it has been observed with ammonium salts!’." The trifluoroacetate anion may
attack either-C in a-position to iodine, so that agam two kinds of trifluoroacetate

esters are formed:
. o i - +
. ‘ . RO ococF, — M
‘ + . ~an= -
R’O Iheghs + CFy007 : :

ARSI CF3COO Ces_‘—’ w

+CH

_|+

+ 1665

ey s, -

.ooEE Fragments arlsmg from the above esters are mamly the [M-CO]+ ions and the
'tropyhum lon. e . : k .

) Measurements Meltmg pomts have _been -obtained on a Kofler hot stage
apparatus and thery are uncorrected IR spectra were obtained from neat liquids or
nujol mulls with a Perkin- Elmer Model 257 spectrophotometer. 'H NMR spectra
: were recorded on a Varian A-60A spectrometer, in CDCIl, or CCl, with TMS as an -

internal standard. Mass spectra were obtained with.a Hitachi-Perkin-Elmer Model
RMU-6L spectrometer, with ionisation energy of 70 eV.

Materials. PIT was prepared as previously described'. All ethers were known
compounds and prepared by standard methods.

General procedure. The ether (0.1 mmole) is dissolved in dry ‘chloroform (10
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ml) and an excess of PIT(0.13 mmoles) is added with stirring, until it dissolves. The
reaction mixture is allowed to stand at room temperature for 36 h, when the ether
Has been consumed. The solvent is then removed and the residue is chromato-
graphed on-a silica gel column, using chloroform-hexane (6:4). lodobenzene is first
collected and then, where approppriate, benzaldehyde. The iodonium salt was
usually not possible to be eluted from the column, even with the use of pure
alcohols. In these cases the upper 1/3, of the silica gel was removed from the
column and it was extracted with a hot mixture of chloroform-methanol (1:1) and
the iodonium salt could be obtained crude after filtration and evaporation of the
solvents. All salts were purified by recrystallisation from chloroform-hexane. The
following compounds were obtained: _
3a. M.p. 168°C (lit. m.p.® 166-168°C), with decomposition.
3b. M.p. 155-156°C (dec.). IR (nujol) 1655 (C=0),1230, 1180, 150 (C-F,CF;) cm™.
NMR (CDCl;) 66.80-8.02 (m). Mass spectrum, m/e (relative intensity) 373
(trace) 296 (82), 282 (20), 204 (100), 190 (15), 185 (34), 149 (71), 141 (44), 139
(35), 119 (70), 117 (72), 77 (15), 76 (15),.69 (21).
Anal. Calculated for C,,H,,F;10, C 49.38, H 2.88. Found C 49.16, H-2.99.
3c. M.p. 120-122°C (dec.). IR (nujol} 1655 (C=0).1230, 1180, 1150 (C-F, CF;) cm™.
NMR (CDCl,) 4.55 (s.4H), 6.91-7.95 (m, 10H). Mass spectrum (rel. int.) m/e .
417 (1), 340 (100), 326 (25), 246 (7), 204 (39), 190 (19), 162 (6), 121 (14), 112(10),
83 (18), 77 (18), 70 (20), 69 (9).
Anal. Calculated for C,,H F;10, C 49.81, H 3, 39. Found C 49. 64, H 3 21.
M.p. 149-151°C (dec.). IR (nujol) 1655 (C=0), 1230, 1170, 1150 (C-F, CF,)
cm-'. NMR (CDCl,) 5.05 (s,2H), 6.98 (d, 2H, J=8Hz), 7.38 (s, SH). 7.49-7.98
(m, 7H). Mass spectrum (rel. int.) m/e 310 (18), 296 (6), 204 (20), 190 (17), 162
(9), 91 (100), 77 (25).
Anal. Calculated for C,,H,,F;10; C 50.40, H 3.20. Found C 50.11, H 3.28.
3e. M.p. 151-153°C (dec.). IR (nujol) 1660(C=0), 1230, 1180, 1150 (C-F, CF;)cm™.
NMR (CDCl;) 2.29-(s, 3H), 5.15 (s, 2H), 6.96 (d, 1H), 7,33-7.97 (m, 12H). Mass
spectrum (rel. int.) m/e 324 (100), 310-(12), 234 (60), 204 (79), 190 (36), 162(15),
91 (30), 77 (14), 69 (56):
Anal. Caleulated: for C,;H F,10, C 51.36, H 3.50. Found C 51.40, H 3. 39.
Phenols-4-and 5. The mixture had:-an'NMR spectrum (CCl,) with two singlets at
3.81 and-3.74'and two singlets at'4.93 and 4.90. The isolated phenol, believed to
be 4, had m.p. 106-107°C (from petroleum ether). IR (nujol) 3450 (OH), 1600,
1230 (C-0) cm-'. NMR (CCJ, 3.81 (s, 3H), 4.93 (s, 2H), 5.38 (s. br. 1H), 6.21-
6.77 (m, 3H), 7.33 (m,’SH). Mass spectrum (rel. int.) m/e 230 ( 100)M +, 215(2),
197 (2), 139 (40), 111-(10), 91 (99)."
Hydro!ysis of 3. The iodonium salt (0.1 mmole) was refluxed in 10% NaOH for
10 min. The hydrolysate was extracted with ether and the - residue was
chromatographed on a silica gel column; the 1odocompounds were thus obtained.
The aqueous layer of the hydrolysate was acidified, extracted with ether and
chromatographed; in this- way the phenols were obtained.
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Hepiinyn

‘H dvtiopaon ditpipfopaketobvicodofevioriov ué dpw/iarzkoéé aibfépec.

Tmiv épyacia avtr peretdtol 1 dvtidpaon pepikdv dpopatik®dv aibépov (2)
pé 16 dirprpbopaketofuiwdofevioiio (1). TS kbpro mpoidv mov oynpatiletar of
ixavomoinTikéc Gmodéocic elvar 16 iwdwviakd drag tod aibépo (3), of md
KavovikT Gvtidpaocn fAekTpoviopiAng DTOKATACTAOTG.

Xdpoktnprotikd tfig Gvridpaong sival 6 oynpatiopog povo Tév n-icopep@dv .
xai 16 yeyovde 8t 8¢ yperdaletar 8Eivn katdlvon, o dvtibeon pé diheg Gvdroyeg
avtidpdoelg. Aibépec pé dmoxaractdreg mol Gvevepyomolobv 16 dakTuAlo dév

. Gvtidpodv pé 16 (1). '
Mud nopdmievpn Gvridpacn tdv BevCuko apvioarbépav 08ny81 o16 oYNpa=
" Tiopd Peviardevdng.

T6 iwdoviaks drag Tfig n-stCuko&u-avwo)»ng (2h) swal dotabég xai

dwaondral o€ didgopa npqlovw
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STUDY OF THE LIQUID STATE AND THE VAPOR- LIQUID PHASE
TRANSITION USING A NEW APPROXIMATE METHOD OF THE
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Summary

- A new analytical expression for the free volume of the hole theories of liquids is derived
.-from the comparison -of theoretical and experimental lqothermq by means of the Bragg-
Williams approximation,

It is shown that this method constitutes a more satisfactory approach to the prediction
of the equilibrium thermodynamic properties of liquids and vapor-liquid phase transition.
compared to the already existing hole theories. The agreement with experimental and
machine - calculated data is generally good and in most cases comparable to the results of
the most important new mathe}natical theories of the liquid state.

Key words: Lattice statistics. Hole theory. Liquid state.

I. Introduction

The central problem in the statistical thermodynamics of fluids is the
prediction of the observed equilibrium properties of liquids from a knowledge of
the way in which the constitient molecules interact. The theoretical interpretation
of the liquid state phenomena has advanced through the development of two basic
categories of methods concerning the application of the statistical thermodynamics.

The first ‘category, namely the mathematical modelling, includes the
perturbation ‘theories and the methods for the direct calculation of the radial
distribution function. The application of these methods was greatly simplified by
the use of the modern computing machines leading to a hlghly accurate description
of the liquid state.

The second category, namely the physical modelling, has developed parallel to
" the first one. offering a reasonable alternative for the cases where purely
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mathematical methods become ineffective. Physical models are generally simple,
~ they lead to analytical solutions and they are very useful for the analysis of more
complicated systems such as mixtures, adsorbed molecules, phase transitions and
order - disorder problems in genetal. ‘

The major disadvantage of the mathematical modelling is that as abstraction
proceeds further, the physical picture of the starting point is gradually lost. On the
other hand, physical modelling although it usually involves assumptions of more or
less empirical nature, is more realistic to the extent it never loses contact with the
physical world. :

The most widely acceptable physical theories of the liquid state are the various
versiogs of the free volume theory of Lennard-Jones and Devonshire!. Hole
.theories result from the modification of the free volume theory which allows for the
existence of empty cells in the system. They have been investigated by several
authors™® and attention was given mainly to the determination of-a. 51mple'_,
analytlcal expression of the free volume, v. In the previous hole theories a certain
mathematical expression for the ur was proposed in an ‘empirical or semiempirical
way. On the basis of this expression the partition function and the properties of the
liquid state were determined. ' - )

In the present work, we avoid the application of the above procedure.
Alternatively an analytical expression for ur is derived from the comparison of
theoretical and experimental isotherms. This method leads to an almost
quantitative description not only of the dense gas region but also ‘of the liquid
region even at relatively low temperatures. It also entails a satlsfactory ‘description
of the thermodynamic equilibrium existing between the liquid state and its vapors.

I1. Equilibrium properties of simple:r liquids
a. Approximat[on to the free volume

The fundamental assumptions of the hole theories are the following': .
I. The volume V of the liquid, occupied by N molecules is divided into L
. identical cells, where L > N. The cell size, ©=V/L, is selected sufficiently-small so
that configuration with more than one molecule in any cell can be neglected
entirely. The number of cells L depends on either temperature and density.

2. The centres of cells form a regular face - centred cubic lattice.

‘3. The molecules are regarded.as moving independently in their cells.

4. Tt is supposed that interactions between molecules in cells, that are not
nearest neighbours, can be neglected. :

Assuming that the intermolecular potential is given by the 6 12 potential of
Lennard- Jones

u(r) = 4¢ [(o/1)? - (o/1)"], ' : (1)
where ¢ is the depth of the minimum in the potential curve and o is the diameter of

‘the particles, then the potential W(0) of a molecule at the center of its cell is given
by . , ,
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w(0) = 12 & [(1/0%) — 2A1/0%7, b))
where o*=w/c*,
Furthermore, assuming that holes and molecules are randomly distributed

within the system the hole model leads to the following expressmn for the partition
function®:

o= L! ~A3N/%‘U?~exp(-wNW(0!) )

N1 (L-N)! v 2kT (3)

where A=2.t.m.k.T / h% v=V/N and v is the free volume.
-Because each molecule moves into its cell under the influence of the field of the
nearest - neighbour molecules, the free volume v can be given by

(Vo). =w-~-b_ .y.
i 1ifi N C(4)
=0 (1-by.y; ) o ‘

where by and b are functions of ®,v, and T, while yi is defined by

- 3 '
Yi =1~ ? y
where j is the number of the vacant nearest-neighbour cells to the i th molecule and
¢ the coordination number of the lattice. Accounting for the random distribution
assumption, we can consider an average free volume v, for which we have

A i I (s)

In order to be able to use Eq. (4) for the calculation of the various
thermodynamic functions of the liquid state it is necessary to assume that b, is
given by a simple functional expression, Although b, may be calculated by
numerical methods under certain approximations, it is necessary for the analytical
determination .of Q.to assume that b, is given by a simple relation. Here, we’ll
assume that b, is a function of temperature only,

b2 = b(T)

or v, = ©-[1~b(T)-6 ] ()

The dependence of b, on T will be determined from the comparison between
theoretical and experimental isotherms. If we substitute Eq.(6) into Eq.(3) we
obtain the Helmholtz free energy, expressed as a function of V.N,.L,T and b:,

3/2 B 1
N—ki‘é—ln(}‘/want)+ln[-————b(T)e)+( ~1)1n(1-6)
v(0) ’

* 0 3xT . ‘ (n
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The equation of state may be calculated from

PV _ _ (3A/NKT .
T = o v )~T,w ; _ (8) A
which yields ) :
PV __b(m6 1 _ 666, 1 2
Wr - Tobime " 0 i) ()

where the volume per cell o is determined by minimizing A:

) ( dw )U‘T =0 ’ e ‘[4,‘ . )(10) ’ S
or ’ ) ) ’
. b (T)-0 1 66 , 2 3 " N
-1 e - —In(1-8) 4= [ = - =
T—o(ms ~ o U0+ gy (w.z m,u) 0- San
(-
-
2z
~
>
&~
L] ] 1 1 1 1 L S | |
01 0.3 05 0.7 0.9

" FIG. 1. Equation of state for 6:12 fluid. The curves are isotherms as labeled with T*, the related tempera-
ture. The solid curves are calculated from Eq.(9) while the broken curves are the results of Henderson's

" theéory. Fhe points shown by o. ¢ and @ are machine-calenlated values. The points given by @ were
caleulated using a five - term virial expansion and the points given by x.e-and + are experimental values.
See Fig. 5 of Ref.(8) for the data references. ) ‘
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Eqgs. (9) and (10) réveal that the theoretical isotherms are functions of V.N.T
and b. From preliminary comparisons between theoretical data for various values
of b with experimental isotherms of Argon and machine - calculated data’ (see Fig.
1), we come to the following conclusions: (a) if b is determined at every temperature
so that the best agreement between theoretical and experimental data is achieved,
the hole theory in an almost quantitative manner describes the experimental
isotherms, and (b) b is exponentially dependent on temperature. This dependence is
accurately described by the relation

(12)

b(T) =1.1718 exp[—°—°-;—f—61)

where T*=kT/e.

b. Calculations and comparison with experiment and previous theories

Once the free volume has been formulated, we can proceed to a detailed
comparison of the results obtained from the present hole theory with experimental
and machine - calculated data taken from the literature. We will also compare our
results with those obtained from Henderson’s theory® - which is one of the most
successful hole theories - as well as with the results of the most important new
mathematical theories of the liquid state. These theories are: The second order
perturbation theory of Barker and Henderson®, ‘BH2, the perturbation theory of
Weeks - Chandler - Anderson’, WCA, the variation theories of Mansoori-
Canfield'’®, Var. (PY), and Rasaiah-Stell'!, Var. (VW). Finally our results are

. compared with the results obtained by the application of the Percus - Yenick
equatlon" PY. In these comparisons we used the parameters e/k = 119.8 K and &
= 3.405 A derived by Michels ef al.'* from second virial coefficients.

Figure | displays the comparison of the theoretical and experimental values of
the compressibility factor. The agreement of the theoretical results with molecular
dynamics, Monte - Carlo and experimental results is quite satisfactory at
temperatures above the critical temperature and remains equally satisfactory even
at very low temperatures. In Fig. 1 the results of Henderson’s theory are also
included. : ’

In Fig. 2 the calculated compressibility factor for Argon at 0 °C is compared
with the experimental data of Michels ef al.'%'* and the prediction of Henderson’s

. theory. The compressibility factor has also been calculated for hydrogen at 0 °C
and in the same figure it is compared with the theoretical data of Henderson and
the experimental data of Michels and Goudeket!®. It is pointed out that the results
of our method give the best agreement with the experimental data. '
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PV/NKT

| 1 1 I

0.2 0.4 0.6 0.8
1/
FIG. 2. Calculated and ¢ xperimental values of the compr, mulnlm Jactor of argon (a) and hydrogen (b) at

("C. The solid lines give the authors' results, the broken lines dare the results of Henderson taken /I om
Rel ?) and the e\pumu'nm/ poml\ are taken from Rel. (14), ( lf) and (/6).

In table I we have compared the theoretical values of PV/kT predicted by the
present method with the corresponding results of the theories BH2, Var.(PY),
Var.(VW), WCA, PY and also with simulation data. Regardless of the approximate
nature of our method, it leads to results which are comparable to the results of the
above theories. :

Expandlng Eq.(9) in powers of 1/v we obtain for the second virial coefficient

_ 1
Bz—m(b(T)+ 5+ 2kT ) (13)
or in a reduced form - ’ ) ) >
3B ' ’
¥ . 2 3{.\) l1”0)
B =3mh = 5 -{b(m + 5 + 3 ;o (14)

In Fig. 3 the reduced second virial coefficient is compared with the exact
. values. The value of Boyle Temperature obtained by our method is found to be
equal to 3.68. This value if compared to the value of 3.95 obtained by Henderson’s
theory reveals a closer approximation to the experimental value of 3.42. '
"The excess Helmholtz free energy is given by

A _ A 3 :
BT © WKT 3 Inx + lnu +1 +lnq (15)

int,
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TABLE 1. Values of PV/NKT for 6:12 potential®

™ I/v* Simul. PY (E) BH2 Var (PY) Var (VW) WCA Present

(PY) Calc.
274 . 0.65 1222 223 222 248 254 221 2.23
0.75 305 31 . 310 343 354 3 312
0.85 4.38 442 444 479 4% 4.50 4.49
0.95 6.15 6.31 640 669 697 6.57 6.56 -
1.35 0.10 0.72 072 074 ° 078 . 0.78 0.77 . 0m
020 050 0.51 052 056 © 0.56 0.53 0.48
0.30 0.35 03 036 039 039 0.32 0.32°
040 027 029, 026 031 0.32 0.17 026
0.50 0.30 033 027 039 043 0.18 0.34
055 - 041 043 035 053, 0.58 0.27 0.47
0.65: 0.80 085 074 108 1.19 0.71 0.95
, 0.75° L73 1.72 164 214 234 170 1.91
0.85 337 324 33 392 424 351 3.63
0.95 6.32 565 632 667 116 - (6.58) 6.55
1.00 0.65 - 025 -022 -03 -010 +004 - 05 -70.13
; 075 +058 +057 +053 +095 + 120 +048 +0.73
0.85 1227 214 225 290 332 2.41 246
090 ~3.50 333 353 43 ax4 (3.96) 381
0.72 0.85 040 . 033 025 105 159 - 043 0.22
0.90 ’ 1.59 1.63 2.73 3.39 2.24) 1.51

a. Sce Table .1X of Ref.(12) for the data references.

-1..
L*N -2
m
-3l
-4
1 1 i 1 1
1 - . . 5 10 50 100 -

T —»

FIG. 3. Second virial coctficient for the 6:12 potential. The pamn are exact values taken from Rl ef.(19).
The solid line gives llu' results of Eq. (14).
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TABLE 1. Values of A°/NKT for 6:12 potential

T* 1/v* Simul. PY (E) BH2 .Var (PY) Var (VW) WCA Present

- ' (PY) Cale.

2.74 0.60 - 0.34 - 033 - 0.33 - 0.19 - 0.18 - 0.32 + 0.13
0.70 + 0.01 + 0.01 + 0.01 + 0.20.- + 0.21 + 0.02 + 0.32

0.80 0.43 0.43 0.42 0.65 0.69 0.43 0.61

0.90 - 0.93 0.95 0.95 121 1.27 0.97 1.02

1.00 1.59 " L6l 1.62 1.92 2.01 1.66 1.61

1.35 0.60 - 177 - L7 - 175 - LS9 - 187 - L7y - 127
0.70 - 165 - 162 - 163 - 142 - 1.39 - 1.62 "o 128

0.80 - 141 - 137 - 141 - LI13 - LO7 - .39 - 115

0.90 - 1.02 - 0.99 - Lol - 0.67 - 057 - 098 - 084

0.95 - 0.72 - 0.72 - 0.72 - 035 --0.23 (- 0.67) - 0.59

1.15 0.60 -229  -228 -230 - 210 - 209 - 225 - 1.78
0.70 =225 -223  -226 - 202 - 199 -2.23 - 186 -

0.80 -206 -206 -210 - 18 - 174 - 208 - 182

0.90 -L79 - 174 <176 - 140 - 129 - L73 - L56

0.75 0.60 - 4.24 ’ - 4.29 - 401 - 399 - 4.17 - 3.64
070 - - 4.53 - 450 - 4.28 - 424 - 424 - 4.5] - 404

0.80 - 4.69 - 4.60 - 4.74 --4.38 - 4.30 - 4.69 - 4.30

0.90 - 455 - 467 -422 - 408 (- 4.60) - 4.35

a. See Table VII of Ref.(12) for the data references.

In Table II the theoretical values.of the excess Helmholtz free energy obtained
from the theories BH2, Var.(PY), Var. (VW), WCA., PY. the present method and
simulation “experiments™ are compared. This comparison reveals that the results
of our method are equally satisfactory with the results of the variational theories.

Egs. (6) and (12) combined with Eq.(7) lead to the following expressions for
the internal functions of -the liquid state:

The entropy ‘can be calculated from

‘S=—(3A/’ﬁT)mlU : ) (16)
which gives
S o1na3/24) can(—2 ) - (L 1-0) +2 ‘
= e) 1n(1—b(T)-9] (g -1)In(1-0) +5 + Inq, .

_0.1361b(T)-0 alng, ¢ . (17)

T [1-b(T)e) T | ar
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The internal entropy being in excess to the internal entropy of a perfect gas at

the same temperature and volume is

+ S 5. _ 3/2 _ _ -
S‘ﬁi"? lnA» lnu lnqint..T I7

or .

dlhqi

nt.

s'= =1 +1n[1 ~b(1)e] - (4 = D1n(1=0) - TAITBLLL

Y .
The internal energy is determined from

=2 QAT
v T ( 9T )myu

which yields

U _ 3 ¥ 0.1361b(T)-6 a2 .
w=ST +66 ( J+TT

1 -b(T)0 w0 H w2

The excess internal energy is

dlng
dT

» . int.

U 3
U—Ns— 2'1‘ T-T

«_0,1361b(T)-0

- i
i e N LI Greriliaber

dlhq:nt

4ar

N

(18)

(19)

(20)

(21)

(22)

(23)

In Figures 4 and 5 the values of excess entropy and internal energy calculated
by our method are compared with those¢ of Henderson’s theory and with
experimental and machine - calculated data at three temperatures. Although the
agreement is somewhat less satisfactory than the agreement for the values of
PV/KT, it is still quite remarkable. On the contrary, Henderson’s results

remarkably deviate from the experimental and machine - calculated data.

The critical properties of the liquid state have been calculated from the

-relations '
(32/30) . =0

2 -
‘( #rp/3v )m,T _-Q

(24)

and they are provided in Table III. In the above table we also provide the
_ experimental data of Argon'®, the molecular dynamics results of Verlet'” and the

results of Henderson’s theory. It can be seen that the agreement of our results is

quite satisfactory especially with Verlet's results. '



340 " 'D.A. JANNAKOUDAKIS and P.J. NIKITAS

0.1 0.3 0.5 07 . 09
1/ v —=

FIG. 4. Internal entropy for 6:12 potential. The curves are isotherms and are labefed with the appropriate
value of T*. The solid curves are calculated from Eq.(19) while the broken curves are the results of
Henderson. The points given by x, + and <& are experimental values for T = 2.74, 1.35 and 0.72,
respectively. See Fig. 8 of Ref (8) Jor the data references.

TABLE IlL. Critical constanis for the 6:12 potential

Present Exptl
calc. Henderson Verlet? (Argon )b
T*: ’ 1.37 1.42 1.32 - 1.36 " 1.26
1/v% 0.28 0.29 C032-036 0.316
Px. 0.14 0.14 ' 0.13 - 0.17 0.117
6. ) 0.30 032 ~05
(P*v*/T*)e 0.37 0.33 0.30 - 0.36 ) 0.293

a. Reference (17)
b. Reference (18)
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1 i 1 I 1 FIBE 1
0.2 04 0.6 0.8

1/ 0
FIG. 5. Internal energy Jor 6:12 patential, The curves are isotherms and are labeled with the appropriate
_values of T*. The solid curves are calculated from Eq.(23) while the broken curves aré the results of
. Henderson, The points o are machine - calculated data for T*=2.74. The points given by Ol and A are
machine - calculated values for T*=1.35 and 0,72, respectively. The points shown by x, +, and -6- are
experimental values for T*=2.74,1.35 and 0.72 respectively. See Fig. 9 of Ref.(8) for the data references.

HI. Liquid - vapor phase transition

Since the holeé theory of the Iiduid state in the form which is developed in the-
previous section describes not only the liquid region but also the dense gas region, it
is expected to give a good prediction for the liquid - vapor transition.

When two phases are at equilibrium, the temperatures, the pressures and the
chemical potentials of them must be equal. Then the phase equilibria properties are
found by solving the following system of two equations at a given temperature to
obtain 1/u and 1/v i.e. the densities of the coexisting liquid and vapor respectively:

P = Pg
(A+PV) = (A+PV)

Pressures Pi, Pe can be calculated from Eq.(9) while the Helmholtz’ free

energies At and A, are determined from Eq.(7).
At a given temperature Egs.(25) are equivalent to a system of two equatlons
with four unknowns namely 1/ui, 1/7v;, on and w¢. Therefore for the solution of the

(25)
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above system an additional relatlonshlp for o is necessary. This relatlonshlp is the
Eq.(11). :
An approximate solution for this system can be obtained by plotting the
quantity A" =[A / NkT +In (A*/%.6.%.gin.)], at a given temperature, as a function
" of the reduced volume v* (see Fig. 6). The volumes at the points of common
tangency are the reduced volumes of the corresponding phases and the pressure is
given by the slope of the tangent. ‘

FiG. 6. Dependence of A” "=[A/NKT + In (\/.6".qmt.)] on the reduced volume v* at T*=[.2.

T —

FIG. 7. Rectilinear diameters plot. The curve gives the results of the solution of the system of Eqs (25).
based upon the Helmholtz free energy calculated from Eq.(7). The points are experimental va!um which are
ca/cu/aze:/ Jfrom the empirical formulas of Guggenheim.>
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The approximate solutions obtained from these diagrams were used as initial’
values for the numerical solution of the system of Egs. (25). The results of coex1st1ng ’
phases are shown in Figures 7-1(.

The values of densities of the two coexisting phases are given in Fig. 7 in a
rectilinear diameters plot and they are compared with the experimental values of
Argon. The agreement is quite good except in the neighborhood of the critical
point. The - calculated slope of the rectilinear diameter is -0.210, while the

experimental slope is® -0.186.

Iong’

] 1 1 !
14 1.2 1.0 08

1/ T

FIG. 8. Reducetl vapor pressures for the 6:12 parennal The curve gives the results of Eq (9) and the points
are experimental values. taken from Ref.(18).

The calculated values of the reduced vapor pressure, P* = P.c¥/¢, are
compared in-Fig. 8 with the experimental values. The calculated logarithm of P*’
varies 11nearly with 1/T* and this function can be represented by

log,, p*= 1. 19_...’}l9. . (26)

The experimental relation between log,,P* and 1/T* is’

log  B'= 1,29 = 2 e (27)

while Henderson’s theory gives

log‘ap'=1.oo-%§3 : ‘ (28)
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07 09 11 13

FIG. 9. Internal entropy at saturated vapor pressure for 6:12 liquid vs temperature. The solid curve is from
Eq.(19) with the-theoretical liquid densities as calculated from Eqs.(25). The broken curve gives the results
of Henderson. The-points ®and o are experimental data from two different sources. See Fig. 10 of Ref.(8)
Jor the data references.

0.7 - 08 1.1 1.3

FIG. 10. Internal energy at saturated vapor pressure for 6:12 liquid vs temperature. The solid curve is from
Eq. (23) with the theoretical liquid densities as calculated from Eqs.(25). The broken curve gives the results
of Henderson. The points ¢-and @ are machine calculated data, while points ®®nd o are experimental data
Jfrom two different sources. See Fig, 1 1 of Ref.(8) for the data references. ’
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_ The excess entropy and the excess internal energy for the liquid in equilibrium
with its vapor at various temperatures are plotted in Figs. 9 and 10, respectively.
Although the agreement between the present calculations and the experimental
values is more qualitative than quantitative, there is a remarkable improvement in
relation to the results of the previous hole theories.

1V. Discussion .

The above comparisons and results reveal that the present method of the hole
theory leads to quite satisfactory results for the overall temperature range from
Tiquid to gaseous state. The good agreement of the theoretical values of the internal
thermodynamic functions with experimental and machine - calculated data
indicates that even at low temperatures the temperature dependence of the free
volume, Eq.(6), is also predicted to a quite satisfactory: degree.

However, our attention must be focused to a critical point of this theory. The
hole theory is a lattice theory. In this kind of theories the successful description of a
phenomenon does not depend only on the choice of the appropriate approxima-
tions, but also on the elimination of the errors introduced by these approximations.
In the present method it must be pointed out that the minimization of the free
energy leads to ‘very small values for the volume of the lattice cells. This-is in
agreement with the assumption that each cell contains at most one molecule-but in
anyway it does not agree with the approximation of the free volume Eq. (6)™*' as
‘in the case of Henderson’s theory. If we improve the random approximation and
incorporate the effect of nonnearest - neighbour interactions into the hole theory,
then it is possible for our method to give a more realistic expressnon of the free
volume,

As it was mentioned earlier, latt1ce theories can effectively be applied to the
study of problems of much more complex nature. The properties of binary liquid
mixtures as well as other properties of liquids, such as the melting process and

- surface tension are subject to further investigation, currently carried out in our
laboratory - »

Hsptln\yn

Melsm ¢ Vypiic Kataotdoews kai th¢ moppomag uetald depiov xai vypfic
pdoewg pé pia véa mpooeyyiotiki] uébodo tic Oewpiag dmdov.
‘H émtoyric mepiypagy tdv pavopévev tiic dypiic Kamomosmg ué tic
- Bewpiec Ondv gEaptlitar Gné TV kaTdAAnin gxhoyr Tob EAetOepov Sykov
Kivjoeng T@v flopiev tod dypod. Ltiv &pyacia adth mpoodiopileton pia véa
avalvtikr) Ekppact yid Tév EdevBepo Byko amd v clyKpIoN TEPAPATIK®Y né
Bswpnrikés ic60eppec. *O GvarvTikée Kaeopmuog TG CLVAPTICEMG KATOVOUTG
100 ovotipatog otnpixdnke otv Yméeon tiic dmdpEenc Tvyaiac Katavoudic
popiov kai éndv oté Ao cvotnu.
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‘H xaraoratiky &€icwon kal oi écmrépmég Oepodvvaplkéc GUVOPTHOELS
700 AapBévovtol 4nd T ovvdprnon katavopfic mod mpotkvye EAEyyovrar pé
reEpapaTIiKG dedopéva kabhg kai pé dedopéva pnxavng (Monte - Carlo xai
poprakfig duvvapikfic).

‘H ovpgovia petofd Beopntikdv kai nstpapatmﬁ)v 8880uévmv glvar o° Gheg
tig mepintdoelg Egarpetikn kai dnodeikvier 61t 1) pébodog adtr 6dnyel o mo
ikavomoinTikad dnorskeouata & tic mponyovpevec Bswpieg dndv o 8,7 GPopd
v meprypaer tdv idotitov tfic bypfic kxatactdosng kabdsg xoai Tfig
Beppodvvapikiic icopporniac petald dypiic pdocme kai t@v dTudv piig odoiag.
*Eniong 1¢ Oeopnrikd drotedécpata tod hopfdvovtar eivar oTig TEPLOCATEPES
REPLRTOCELS RapanArioia pé td droteléopato T@V KupldTEpV VEOV BE® PNTIK®DY

“éndyeov yid v byp1 katdcToom.
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THEORY TO BINARY LIQUID MIXTURES
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Summary

The method of the hole theory proposed earlier for the calculation of the equilibriim
thermodynamic propertics of simple pure fluids. is extended to binary mixtures of simple
fluids. It is assumed that the constituents are-spherical molecules having the same size but
different fields of interaction and that the holes and molecules are randomly distributed
within the system. Calculated excess Gibbs encrgies. enthalpies.-and volumes are in a quite
satisfactory agreement with experimental data. for seven binary systems containing slmplc
nonpolar molecules. .

Key words: Lattice statistics, Hole theory. Liquid mixtures.

I.- Introduction

The statistical thermodynamics of solutions has been one of the most
* interesting problems in physical chemistry. A large number of qualitative and
quantitative theories have. been proposed to predict the properties of solutions,
when a knowledge of the respective properties of pure components is available.

This paper continues our previous work' on liquid state phenomena. The hole-
theory in the form given in Ref.(1) leads to good results for all the thermodynamic
properties of liquid state. In the preéent work, the hole theory of pure systems is
extended to binary mixtures of simple fluids. The thermodynamic excess properties
of mixed systems are calculated and the results are compared with experimental
data taken from the literature. Finally the results are compared with data obtained
from other theories of liquid mixtures.
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1I. Theory
a. General relations.

Before proceeding to the extension of the hole theory of pure simple liquids to
binary liquid mixtures it isnecessary to know the general relations which apply to a
closed system. having its N molecules arranged in space according to a definite
lattice structure. In this system we also assume that each molecule occupies only
one lattice site. The sites may be considered as points or generally as cells, whlch
" centres form a regular lattice.

If the system is composed of n components, then the L=N lattice sites are

occupied by N, molecules of type 1. N, molecules of typé 2..... Nn molecules of type -

n and therefore we have: ’
N= N +N,+ - +N_ | ’ - | n

‘We let Nij be the number of the nearest-neighbour pairs of sites composea ot
- one molecule of type i and one molecule of type j. If w; is the interaction energy
between a pair of nearest-neighbouring molecules, namely i and j, then the total
lattlce energy is given by

Eyatr= l); Nis¥is o . o (2)
- assuming that interactions between non nearest-neighbour ‘molecules can be
ignored (nearest-neighbour lattice statistics).

For an arbitrary lattice. '‘we have

CN; = ZNii+Ni1+Ni2+""m§i(i—1) +Ni(i+1)'+ ---+Nin ) (3)
oF N, = S CN,~-:(N.. 4N, +---+N, ) . ‘
ii 2 i~ 22 %Wi1 7 2 in ’ ) (4)

where ¢ is the number. of the nearest-neighbour snes surrounding 4 given site.
Therefore

ij ‘ .
N. W . :
E .y 2 u; o+ E, , : , (5)
' t;rhere . U -1 CN.w.. ) . ' (6)
. i 2~ ivii .
v ij=. 4 ) .
and w wij > ( L +wjj ) . (7)

The partition function of the i th molecule is

= ( ), la,, ) exp( - Elat')
qlnt qtr P NkKT
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where gm. and qu. are the internal and the translational partition functions of this -
molecule, respectively. The canonical ensemble partition function can be obtained
by multlplymg g and addmg over all permissible arrangements of the N molecules

Q=1]10gq; . ‘ ‘ - (9)
<N> , R ) B

Assuming that the internal degrees of freedom do not depend on the presence
of other molecules in the [fattice, then

(10)

and uthe general expression' for the partition function Q is given by:

Q = {= (qlnt ]) }exp( ZU/kT) ) (qul)exl’r ZN

<N>

wil /kT) (11)

1<

b. Partition function for a binary liquid mixture on the basis of the hole theory

The liquid mixture is regarded as a three-dimensional closed system which is

composed of N, molecules of type 1 and N, molecules of type 2. We assume that the
molecules are similar in size and we divide the volume V of the liquid mixture into L

,identi‘ca-l cells, where L > N +N.=N. Furthermore, we assume that the centres
of these cells follow the geometry of a regular face-centred cubic lattice and that
each molecule moves in its own cell under the influence of the field of its nearest-

- neighbouring molecules, The cells are considered to be so small that the number of -
‘molecules per cell can be either one or zero.

To determine the partition function of this system according to the hole
theory, as it has been developed in Ref.(1), and accounting for our conclusions of '
the previous section, we consider the empty cells as being the third. component of
the mixture. Then, from Eq.(11) we have

12 13

. . g
N, Ny R " PR VRS T A
Q_,qint.lqirﬁ:.Q'eXP(-h kT );ZJE,qtr"i).exp(_ kT )
: {12}
because qir__rt.S = qtr‘.S =0
and W,, =0

33

If vni is the free volume of the i'th molecule of type 1, (1 = 1,2), then
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3/2
q /2

. =A_ <0
tr.li 1 F11 . . (13)

Furthermore, assummg that holes and molecules are randomly distributed in
the mixture, the sum in Eq.(12) can be determined by the Bragg-Williams
approximation, which yields '

_ 11 N, "N, U 40U, 3N, /2 3&1/2' N, N,
Q‘leN'Q! (T-N)1 ’qintl‘?int.zexp('"if')' 1 Ay P Vs
= 12, 13.= 23 : e
N, w~ +N w +N -
12 13 23"
exp( i kT ) ? 14
where = N,, = ¢ N,N,/L . 4
N =c¢NNyL (15)
N.; = ¢ NoNy/L
Since w'=-w,,/2
and wH=-w,,/2

because Wi EWy Wy, =0
it follows that

FowlZim 1%y 428 _cNe . s
U1+U2+N12w N, WU 4N = {xlw

2
13 23" 5 XV, +2x X, W } (16)

1172 172712

where 9=N[L=w/v,, o=V/L, v=V/N,
and x,=N,/N 1=1 2

If we assume that the interaction energy between a pair of molecules, name]y i
- and j, can be satisfactorily represented by the Lennard-Jones 6:12 poteptlal, then
we have

W33 Uiy =de; (o, 5 /0) 12 - (oij/c‘a,_)6 } : L a7y

where a is the nearest-neighbour distance.

The parameters €,,, €,,, 6,; and ©,, are determined from the properties of the
pure components. The common mixing rule for the collision diameters of unlike
pairs is that given by the hard-sphere model i.c. :

‘ 1 L
0,,=3 (0, +0

227 - | ‘ , ‘ (18)

The usual mixing rule for the energy parameter €5 in the pair potential i$

-

€12 = Biplegy 6500 v ’ (19)
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~

where &, is an essentially empirical factor used to correct any deviations from the
geometric mean. Although several theoretical treatments have been proposed for
the calculation of mixed interaction energies they all involve assumptions which are
difficult to justify. Here, for comparison purposes with the experimental data, we
employ the practice of previous theories,® and we use ip as an adjustable
parameter.

If we introduce Eq (17) into Eq.(16), we have

T wi2em wlBiE w2 Ne <g>y 1% <o>y 7, _NB . '
UL+, N Wt S e e, =S (4<e>[(F) - () 11=F 00 (20)

where the average constants < ¢ > and < ¢ > are furnctions of the Lennard-
Jones constants for the individual types of molecular pairs and the mole fractions
of the components: : : :

2

T &
(X.E..O +2¥% X, € )
ce> = 1711 117 2 22 22 1%2%12 12 A (21)
e ol +x o +2x.%.¢€ " ’
%1%11%11 22222“121212
2
cr +xte  42%x %€ fe. : .
<o = %1%11 11 2%22 92 1*2%12 12 (22)
2 i
K 811011 X580, T 2% X, €1 501
while ¢(0) is given by
@(0) =12<2>[(1/0*) " = 2(2/0") ?] , , (23)

because a’=v2.0 , and " = @/ <o>% "

By assuming a random dlstrlbutlon things are markedly . sxmphfled We
considered all cells as equwalent and instead ofu .}>KBZ in Eq.(14), we use a_

smgle free volume < v > (one fluid model) Wthh is given by'
<u > = ofl-b(T)] ,
b(T) = 1.1718.exp(-0.1361/T*) : (24)

where T*= kT/ < & > .

" From Eqgs.(14), (20) and (24), the complete expression for the canonical
“ensemble partition function, by the single. frée volume approx1mat10n is the
following: .
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L N, N, L 3N1/2 3N;/2 _ R
Q=N ™! Jine.1%inc.gM Ay g -exp| 2kT L) s
\ N“11n0 = (1=-L) In(1-0) - 1n6 + ln<u,> - 9200
or A nY = ) £ 2kT
- - 1nA - . 26
xllnxl lenx2 +xllnA1 +x1nA2 (26)
, 3/2 ‘
where AJ. —Al "dint.1 (27) .

¢. Thermodynamic Functions.

Once the partition function has been formulated the thermodynamic
properties of a liquid mixture can be calculated- by usmg the equatlons of the
statistical thermodynamics.

Therefore:
The Helmholtz free energy is given by

A _ -1 —9) - 80(0) -
T < 1no ;\1 8 )1n(1 -8) ln<uf> + SRT + xllnxl+x2lnx2
- x,1nA; --x,1na, ‘ B (28)

where the volume per cell is determined by minimizing A:
9B = R ' (29)
( 30 ]U,T =0

The ¢quation of state is calculated from

PV b(T)-0 1 60e . 3 2’ o 20)
— ——————rs ] 1 - 4 ——f — P - -
NkT - T-b(mo o -0) KT Soraberd i

. From Eqs.(28), (29) and (30) the free energy A is determmed as a function of P,T,N-
and Xx,..
The internal energy of the liquid mixture is calculated from Eq.(28) and the
relation ’
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= 2 (8B/T
U=-T ( 3T )o),u )
u=-2rr- Q:1361D(TOR<e> | 60<e> (1 _ 2 y,ppe dlng,n, - '
2 1-b(T)6 K kK ots | @2 ar (31)

The excess properties of a mixture are defined as the difference between the
thermodynamic functions of mixing for a real solution in excess of those for an
ideal solution. Some of the excess properties needed in our calculations are
provided below ‘ .

i

A =A- (x.2° + x.A") - RT (x.1lnx. +x. lnx
( 171 2 2)' ( ll 1 21 2)

. U0 4 x. o . _ 32
( 171 272 X (32)

A =V (% V] + x,V))

where the superscript 0 corresponds to pure components. To calculate the excess
properties, the thermodynamic functions of the pure components have been taken
from Ref.(1).

Because in most cases the mixing process is considered to take place under
constant pressure, the differences between the configurational enthalpy and energy,
or between the‘configurationa] Helmholtz and Gibbs energies, are negligible.

Therefore we have S

w® =8 ana A% = G" . (33)

II1. Results and Discussion

The fundamental assumptions of the hole theory impose certain restrictions to
the choice of the experimental system which could be used for a reasonable test of.
this theory. The liquid mixtures must be composed of spherical molecules of equal
size, interacting with isotropic field forces. The mixtures Ar-O, and N, - CO with
oar / 6o, = 1.005 and on, / oco = 0.993 are considered as the most satisfactory
experimental systems in what concerns the fullfilment of these requirements.
Additionally, the systems CO-CH,, Kr-CH,, Ar-N,, Ar-CO, and N, - O,, although
they are less satisfactory, they can be used for the test of the hole theory.

In order to be consistent with the other theories of mixtures?? the calculation
of the excess properties, reported in this paper, involve the potential parameters
listed in table I. For Argon we use! ¢/k = 119.8 K and o = 3.405 A .
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TABLE 1. Potential parameters for pure. substances

Substance . €/€ (argon) ' o/c (argon)
argon . - 1.000 1.000
krypton 1.387 ‘ 1.070
nitrogen 0.836 : 1.063
oxygen 1.022 : 0.995
carbon monoxide © 0.881 . 1.070

methane . . 1266 ~ 1099

In table IT we compare the calculated and experimental excess properties of the
equimolar mixtures, for the above systems at zero pressure. The adjustable parame-
ter &, was chosen in order to give the best agreement with the data of the excess
Gibbs energy and was then used for the calculation of the other excess properties.
In table II, the mixtures have been arranged at an order of increasing values of the

TABLE I1. Comparison of theory and experiment (¢, adjusted) at P=0 and x,=x.=1/2

GE HE ©yE
s Jmol.'  Jmol*  emimol’

Ar-0, . T=84 K  ou/oo.= 1.005

Experimental data ©0.99 37 60 0.14
vdW (2)® ) 0.978 37 50 0.12
vdW (b4 0.978 37 50 0.12
G (b)b 0.987 37 59 0.09 -
APM € b 0.989 - 36 55 0.14
Perturbation ‘ : 0.987 37 51 0.07

Present Calc. 0.988 37 59 0.08

CO-N, - T=84 K oco/ox, = 1.007

Experimental data’ 0.99 23 - . 013

vdW (a)° ' : 0.983 23 34 -7 0.16
vdW (b)° ‘ 0.983 23 35 0.17
G (b ; ~ 0.989 23 40 0.12
APM ’ ' . o
Perturbation® 0.990 . 23 33 0.07

Present Calc. 0.991 - : 23 38 0{1(0
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]

TABLE II.- continued

G*® " HF ve
&, J.mol.™ J.mol.™ cm*.mol™

CH, - K T= 116 K ccs/ox = 1.027

Experimental datz“l" : . - 29 55 . ' + 0.01
vdW (a) v : 1.00 o2t 25 - - 0.14
vdW (b)Y’ 1.00 ) 15 17 - 0.11
G (b ) 1.00 18 . 2 - 0.03
APM' " 1.00 38 56 + 0.01
Perturbation® '

Present Calc. - 1.00 32 50 + 0.01
vdW (a)' 0.998 ) 36 V- 013 .
vdW (b) 4 0.997 29 : 36 - 0.09
G (b) 0.998 29 : 36 - 002
APM' 0.998 52 - + 0.03
Present Calc. . 1.001 . 29 45 + 0.01

CO-CH;, T=91 K . ocmfoco = 1.027
Experimental data* 1.00 115 108 - 0.32
vdW (a)’ 0.957 115 : 105 - 0.52
vdW (b)’ i 0.957 115 119 - 025
G (b)° 0.988 - 115 114 S 0.50
APM® 0.994 112 105 - 0.31
Perturbation’ ) 0.983 115 92 - 051
Present Calc. 1.004 115 137 - 0.33
N.-Ar  T=84 K ox2/0x = 1.063

Experimental data" . 1.00 34 51 ' - 0.18
vdW (a)’ 0.991 34 38 - 0.29
vdW (b)’ 0.987 34 40 - 0.18
G (b : 0.997 . 34 41 - 0.26
APM* 1.054 35 X 45 - 020
Perturbation® 0.999 34 30 ¢ - 033

Present Calc. : 1.027 33 52 - 0.11

s
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TABLE Il. - continued

GE HE VE
& J.mol.™}. J.mol.™! .cm*.mol.”!

N.-O, T=78 K Ox2/Gor = 1:068

Experimental data' - 42 44 .- 021
vdW (a)* : -1.003 42 41 - 0.34
vdW (b) ’ .

G (b) - . )

APM® 1.009 47 . 47 - 0.20
Perturbation® 0.999 - 2 36 - 0.34
Present Calc. - T L032 42 S 65 - 0.10

Ar-CO T=84 K oco/oy = 1.07

Experimental data’ 0.99 57 - + 0.10

vdW (a)" 0.971 57 79 + 0.00
vdW (b) 0.968 57 79 + 0.06
G (b) : 0.983 57 90 - 0.03
APM : ) ’
Perturbation® ) 0.985 - - 57 - om - 0.15
+ 0.24

Present Calc. . 1.020 RN ¥4 ; 102

a. Ref.(5)(6);b. Ref.(7);c. Ref.(8);d. Ref.(3);e. Ref.(6):f. Ref.(9);g. Ref.(10).(11).(12);h. Ref.(5):
i. Ref.(6) ; j. Ref.(5),(13).

a

difference (1-6,,/6,,). In table IT are also provided the corresponding theoretical
data resulting from five other theories of mixtures, thus enabling the comparison
with our calculations. These theories are: The “one-fluid™ (a) and “two-fluid” (b)
van der Waals models?7:', the “two-fluid” model of Guggenheim,”»*G(b), the

average potential model?"* (APM), and the perturbation theory of L.H.B.? Except‘f‘ .

from the perturbation theory which is a rigorous mathematical theory,-all the other
theories contain an empirical element by which experimental information is intro-
duced into them.

The comparlsons and results of table I1 indicate that for 6, / 6,, = 1 the hole
‘theory provides a quite satisfactory picture for the liquid mixtures. However, as the
difference (1-9,,/0,,) increases, the experimental system increasingly deviates from
the assumptions of the theory: (especially from the random distribution
assumption), and the theory fails to describe succesfully these systems, as this
happens with Ar-O, and N,-CO mixtures.

~
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FIG. 1. Excess properties of Ar-O, at 84 K. The curves give the theoretical results and the points give the
experimental results. o
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FIG. 2. Excess properties of N--CO at 84 K. The curves give the theoretical results and the points give the
experimental results. '
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FIG. 3. Excess properties of Kr-CH_. at 116 K. The curves give the lheorencal results and the points give
the experimental results.
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FIG. 4. Excess properties of CH,-CO at 91.K. The curves give the theoretical resulls and the points give the
experimental results.
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In figures 1-4 we have compared the calculated and experimental values of the
excess Gibbs energy, the excess enthalpy and the excess volume over the intire
composition range for the following systems: argon-oxygen (Figure 1), nitrogen-
carbon monoxide (Figure 2), krypton-methane (Figure 3), and methane-carbon
monoxide (Figure 4). From this comparison we conclude again that for 6,; = 0.,

the hole theory provides an almost quantitative description of the liquid mixtures.

‘ Hspiknwn

*Egapuoyij pdc véag mpoceyyrotikiic pebodov mg Oewpiag onddv of bypd Svadikd
Miyuaza.

‘H dvoAvtikny ovvdptnon katovopfic mod dvantiybnke pé paon 1 sopic
ondv of mponyovpevn &pyacic yud kabapd anid pevotd Enekteivetar otiv
épyacio adt otd Oypd piypata. Té cvotatikd tod piyparog vmotibetar 6Tt
arotedobvtal Gnd pépra pé ioeg mepinov drapétpovg, GAAG pé dropopeTikd nedia
dAAnAemdpdoswg. ‘H yevikevpévn cuvdptnon katavopfic tpocdiopiletat ua ™
Boribeia tfic mpooeyyicewg t@v Bragg-Williams.

* And ) ovvaptnon kotavoptic kai pé T Porisia TV Bepelwddv oyfocwv
¢ Lratiotikiic Oeppoduvapikfic tpoadiopilovrar oi Bewpntikég oxéoeig yid
v &AeldBepn svap‘yata Gibbs, t1jv &vBaArmia xai 6. u()pwucc’) dyko TOb
CUCTILOTOG.

Td fswpnTikd anoreksouaw ovykpivovral pé 1d netpapatikd dedopéva Entd
dvadik@dv cvotnudtov kol pE Tl BswpnTikd AroteAfopota TV KLUPLOTEPOV
YVOoTdv Bewpldv Y14 piypata. " And ot’)ylcptcm TpokHTTEL Té cuuTEpaopa OtL,
Stav mAnpodviar Sheg oi dmobéoerg, 1| pébodog mod dvamtiybnke nsprypa(pst
ikavomontikd tig idi1d6TnTEC TAV TPOYUATIKDY CLGTNUATOV.
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ACETAMIDINES -

II. CYCLISATION OF S- ALKYL—BENZOYLAMINO ALKYLENE-
SULFIDES IN THE PRESENCE OF PHOSPHOROUS OXYCHLORIDE.

GEORGE PAPA[OANNOU and ASP. PAPADAKI-VALIRAKI.
Laboratory of Pharmaceutical Chemistry, University of Athens, Athens (Greece).

(Received December 4, 1980; Revised April 22, 1981).

Summary

A new series of N,N’-Bis(S-alkyl-2tethanethio) acetamidines were synthesized. These
derivatives were prepared by reacting eduimolar quantities of S-alkyl-2-acetaminoethane-
sulfides and S-alkyl-2-aminoethané-sulfides with phosphorous oxychloride. The same
reaction when applied for the preparation of the analogous benzamidines failed to produce
such compounds because cyclisation takes place. Thus, in “all instances, by repeating the
_reaction, 2—-phenyl-thiazoline and 5 6-d1hydr0 2-phenyl 4H-1,3-thiazine were obtained from
S-alkyl-benzoylaminoethane-and propanesulfides respectively.

7 . )
Key words: N.N’-Bis(S-alkyl-2-ethanethip) acetamidines- S-alkyl-benzoylamino-alkylene-sulfides.

Introduction

The fact that some amidines and their derivatives show various biological
activities,”™ notably local anesthetic, antibacterial and antifungal, prompted the
synthesis of the title amidines. It was thought that the presence -of an-alkyl-thio
group would probably increase the antibacterial and antifungal . activities.*

Chemistry

The compounds formed correspond to the general formula I.

For the preparation of the above compounds, S-alkyl-2-aminoethanesulfides
(Sch. T v=2) were used as the starting materials.

These compounds were synthesized by reacting the appropriate alkyl-
mercaptans and ethylenimine®.
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R-S—(CH),/-N
e - x
R - § =(CH,) - v/
1

where R =CH3, CZHS’ nC3}f7, isoC3H7 X=CH3 v=2

The aminosulfides I were converted into their acetamino derivatives® 2 (Sch. I -
v=2 X=CH,), by: the:reaction of acetyl chloride in chloroform in the presence of
anh. sodium carbonate.. ,

The compoundsiof. the general formula I, were obtained by using equimolar
quantities of I and:2(Schs I, ¥=2), which refluxed in benzene and in the presence of
phosphorous “oxychloride’.

The synthesis was performed as oqtlined in Scheme I:

Xcocl _ _
R-S- (CH ) —NH —-—) R-S (CHZ)\) NHCOX ——)E
1 : 2
POC:L3 .
R—S—(CHz)v-N.=: c-x = R-S- (CHy),, - N = |c - X —>
OH.". '—H3PO4 Cc1l
HZN_(CHZ)\)— S-R > 1
”
-HC1l
Scheme T

The acetamldmes S0 obtamed were characterized by their plcrate or oxalate
salts. Their analytical data and physical constants are ‘given in Table I.

. An attempt was made to farther synthesize a new series of benzamidines of the
general formula I (R=C,H;, nC;H,, isoC;H;, nC,H,, v=2 or 3,X=C,H.. For that
purpose, S-alkyl-3 amlnopropanesulfldes 1 (Sch. I, v=3) were also synthesized by
the reduction of the appropriate nitriles* with Aluminium hydride®,'0.. - )

These, were converted into their benzoylamino derivatives 2 (Sch l v= 2 or 3 :
X=C.H;) by reaction with benzoylchloride in pyridine: i

All the prepared benzoylamino derivatives had the consistency of thick oils
and failed to crystallize. The compounds were analyzed (N,S) followmg
microdistillation (see Table IT).

For the preparation of the desired benzamidines, a method similar to that
described for the acetamidines was used: However, this reaction was ineffective-due
to the formation of unexpected cyclisation products. Repeated reactions with either
S-alkyl-2-benzolylaminopropanesulfides, always produced 2-phenylthiazoline 3
(Sch. II, v=2) and 5.6-dihydro-2-phenyl-4H-1,3-thiazine 3 (Sch. IT, v=3) respecti-
vely. . :



TABLE I

N,N'-bis(S-alkyl~2-ethanethio)~-acetamidines

== N-CH,CH,-S-R

oty-e T
NH—CH7CH2-S—R
r A ' n a 1l v s e s
R Salt Molecular Formula “lyield & (* |M.P.%C(** Calculated % Found ]
c H ] N s c H N ‘s
T
»CH3 Picrate C14H21N50752 40 77j79 38,61 4,86 16,08 14,73138,50/4,77/16,09|14,56
C2H5 Oxalate C12H24N204S2 30 110-111 :44,42i7,46‘8,63 19,76‘44,34 7,1818,77 19,93
n-C3H§ Oxalate ;C14H28N204SZ' 53 !98—99 ' 147,70i8,01 7,95 [18,19(47,31|7,96|8,17 18,76
iso-C3H7 Oxalate !C14H28N204$2n 1/2 HZO 51 ‘124—126 46,51?8L08r7,75 17,74146,54(7,60 7,72 17,80

(*) Yields refer to unpurified bases.

(**)Recrystallisation from absolute ethanol-anhydrous ether.

'SE[NICIIWV.LHbV (OIHLANVHIAC- TANTV-S)sIE- N'N

£9¢
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«TAVBLE Ir
S—Aikyl-z—hpnzovlaminoethane and propanethiols.
R=8=(Ci,) ~NHCOC (Hq
’ Analyses
R v Molecular formula | vield % | Calculated % Found %
‘ R N ' S N S
] ' : .
iy 2 | CyoHq 3NOS i' 87.8 . |7,17 116,42 | 6,92 |16,20
C,He 2 C,1H,5NOS . 97,8 6,69 :15,32' 6,58 |15,25
c,Hy 3 C 4ty N0S $5,0 . |6,27 114,36 | 5,97 |14,22
n-C;H, |3 " Cy4H,gNOS 95,4 5,90 113,51 |5,72 }13,37
iso-C,H,| 2 €4 oHy,NOS - 87,4 6,27 [14,36 | 6,11 |14,12
1s0-C;H,) 3 Cq 3H, gNOS 96,6 5,90'113,51 5,54 |13,28
n-C,Hy |2 " Cy5H, gNOS - 84,6 5,90 { 13,51 |5,78 |13,37
n-C,Hy |3 €, 4H,qNOS 89,0 |5,57 [12,75 |s5.,49 [12,52

(*) Yields of unpurified products.

_ Litterature survay did not obtain similaf formation of these heterocycles. (The
synthetic methods used to prepare the thiazolines and dihydrothiazines followed
standard procedures, described by Mac Farland'“.

The sequence of reactions which probably takes place can be presented as
follows (Scheme II).

e
R—s

ST o
09 (Cry) ©/6H \ -+ POC1
v . (CH,) 3
. / Y 27y
' R—S

_(cHy)

C—=N ’

| L C—=
©/(C1 \(CHZ)V —— @/\ N\

ey C s

where v=2 or 3 R=C,Hg, nC4H., iso CyH4, nC4H9

Scheme II
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The structure of the above described products 3-(v=2 and 3) was confirmed by
analytical data and by comparing their melting points.awith those of the derivatives
3 which were synthesized by a standard method.

The preparation of 2- phenylthlazohne -was carried out by heatmg thloben—
zamide with B-bromoethylamine'' at 160-165°. '

~ 5,6-dihydro-2-phenyl-4H-1,3-thiazine -was - synthesized by heating thioben-
zamide -with 3-chloro-1- bromo-propane'2 13,

N

Experimental section

S-alkyl-benzoylaminoethane and propanesulfides.
S-ethyl-2-benzoylaminoethane-sulfide.

4,1 ml (0,035 mol) of benzoylchloride were added dropwise with stirring in a
cooled solution of 3,6g(0.035 mol) S-ethyl-2-aminoethane-sulfide in 20 ml pyridine.
Stirring was continued for lhr after completion of the addition, at room
temperature or with slight heating. The mixture was taken up with ether and the
ethereal solution was washed successively with 5% HCl and water. dried and the
solvent was evaporated to give an oily product (yield, 97%). This was used without
further purification. The analytical sample was obtained after microdistillation.

All the derivatives of Table I were obtained in a similar manner.

N,N’-bis(S-alkyl-2-ethanethio) acetamidines.
N,N’-bis(S-methyl-2-ethanethio) acetamidine.

A mixture of 2,1g(0,023 mol) S-methyl-2-aminoethanesulfide, 3,1g(0,023 mol)
of S-methyl-2-acetaminoethanesulfide” and 6,8 mli(0,074 mol) of phosphorous
oxychloride in 75ml benzene was refluxed for 3 hr. After evaporation of the
benzene under reduced pressure, the residue was dissolved in a small quantity of
water, alkalinized with 20% solution of NaOH and extracted with ether. After
washing, drying and evaporating the ether, the amidine (1,8g) was obtained as an
_oily residue, yield 40% m.p. of the picrate 77-79° (EtOH).

All the amidines of Table I were prepared by the same procedure.

“Their oxalates were prepared by adding an equimolar proportion of oxalic
acid in abs. EtOH to a solution of the amidine in abs. EtOH.

2-phenyl thiazoline

. A mixture of 2,8g (0,03 mol) S-methyl-2-aminoethanesulfide, 6g(0,03 mol) of
. S-methyl-2-benzoylaminoethanesulfide and 9,2 ml (0,1 mol) POCI; in 50ml of
benzene was treated according to the above described method to afford 2,8g of an
oily base (yield 34%). The picrate formed corresponds to the formula. C,H,NS
.C.H;N,0, with a melting point-in 176-7°. This did not depress the m:p. of the
picrate of the same compound prepared by the standard method.'".
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Analysis -

Calculated for C,;H,,N,SO, C 4592 H 3,08 N 1428 S 8,17
Found , C 4581 H 294 N 14,55 S 7.66

5,6-Dihydro-2-phenyl-4H-1,3-thiazine.

A mixture of 2,6g(0,022 mol) S-ethyl-3-aminopropanesulfide, 5g(0,022 mol) of
S-ethyl-3-benzoylaminopropanesulfide and 6,7ml(0,073 mol)" of” phosphorous
oxychloride in 50ml benzene was treated as previously described to give an oily
base with 69% yield. The picrate salt was melted at 184-5° and did not depress the
m.p. of the picrate of the same product prepared by the standard method.'?
Analysis

Calculated for C”,H,4N4SO7 ’ : C 4729 H 347 N 13,79 S 7.89
Found . C 47,’37‘ H-3.54 N 13,54 S 8,03
Ilepidqyn

N, N "-Ai¢ dnokateotnuévec dAxvio-arfvievobeioaxetayidivec-Koklonoinon tov
s -dAxvlo-feviovlauvo-aikvievoaovlpidiwvy. ‘

Ztiv Eépycoic adth nepackevdodnke pia oeipd Sic dmokarecTnUéveVv s-
&Akvro-ciBvrevoberoaketapidividyv. Téd mapéyoya adtd mapeokevdocdnkav &t°
avtiépdoeng icopoplak®v MOCOTHTOV S-GAKLAO-2-GKETGUIVOULOVAEVOGOVAQL-
Siov kai s-GAkvAo-2-apuivoatBurevocovdgidiov pé SEuyAoplotyo @eGespo.
*Emyeipiibnke éniong 1) ovvleon pid¢ dvaldyov oeipdc dig dnokateotnpévoy s-
&AkvroBeiofeviomdivdy. “Opoc, 16 mapdyoye adtd Sév katéotn duvvatd vé
AnoeBodv pé tiv idia pébodo, Aoy xvkhomojosng 1 OToie AduPave ydpa Kotd
v 0éppavon THV s- dkkvko—BevCOﬁkaptvoatOukevo-xai - TpomvAeEvocoVAPISinY
pé o&uﬂ»mptouxo POoP6pO.

"Etc1, 8oeq @opég Emavelipbn 7 Gvtidpaon amé pév td s-érxvko-
Bavt;ou)»apwom@vkavooov)»(pwta TPoEKLTTE 1 2-QG1IVUAO- Batal;okwn 3 (Z)( 2,
v=2) &né && t6 s-GAkvro-Beviobrapivonponvievocovdeidia mpoékvnte 1 5,6-
&108po-2-paivuro-4H-1,3-0s1alivn 3 (Zy. 2, v=3).

T6 yeyovég avtd dramiotddnke pé dvardosic kai pé cuvbeTikn napacl(svﬁ,
Tdv mapaydyov 3, (v=2 kai 3) ué dAAN pébodo xai ouprlo'n To¥ onpaloo méeng
TV MKPIKAV GAGTOV.
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S.E. PAPAIOANNOU, P-C. YANG and F. FAGO
Searle Laboratories, P.O Box 5110 Chicago, Illinois, 60680 (USA) - .
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-Summary

During the’solid phase synthesis of the angiotensin IT (A-11) analog SC-30824, [Sar'. S-
benzyl-Cys*]-A-I1, a heterogenous by product was shown to have high A-II antagonistic
without agonistic activity. The active component (SN-790) of this by-product, was purified by
jon exchange chromatography. Structural studies .of SN-790 by means of animo acid
analysis, degradation with chymotrypsin and leucine aminopeptidase, and NMR, UV
spectra of the C-terminal tripeptide, suggested the structure [Sar', dehydro-Ala*]-A-II. The
novel structure was confirmed by peptide synthesis of [Sar', dehydro-Ala*]-A-11,(SC-33191).
[Sar!, S-benzyl-Cys*]-A-II, (SC-30824), SN-790 and [Sar!, dehydro-Ala*]-A-II, (SC-33191)
and the known A-II antagonists Saralasin and [Sar!, Ile*]-A-II were characterized in vitro for
A-II receptor binding. and aldosterone procuction by isolated rat adrenal glomerutosa cells.
The relative A-II receptor binding potencies of [Sar', S-benzyl-Cys*]-A-II. (SC-30824) and
[Sar!, dehydro-Ala®]-A-Il, (SN-790) were 4.0 and 1.7 respectively. using A-II as a standard.
Both analogs. were highly antagonistic (ID50=8.10X10™ M and 5.7X10™ M, respectively) of
aldosterone production stimulated by A-II at the cell level, but [Sar', S-benzyl-Cys*]-A-II,
(SC-30824) showed a partlal agonist activity. SN-790 and [Sar', dehydro-Ala*]-A-II, (SC-
33191) had a superior in vitro profile as A-II blockers of pharmacological potential, when
compared with Saralasin and [Sar!, S-benzyl-Cys*]-A-II, (SC-30824). They were found to be
more potent than Saralasin both in terms of binding potency and antagonlstlc activity at the

_glomerulosa cell level. Apart from [Sar', S-benzyl-Cys"]- A 11, (SC-30824), the above three
antagonists showed no agomstlc activity in vitro.

7

Introduction

The first antagonists of angiotensin II (A-II) have been instrumental for
structure-activity studies of the hormone.!*'¢ Regoli et al** have reviewed the early
pharmacological studies. The structure of the C-terminal residue was indentified as
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.most important for the agonistic and antagonistic properties of A-II analogs. More

recently, Catt and coworkers™***2% have demonstrated high affinity receptor
binding sites for the hormone in bovine and rat adrenal cortex plasma membrane
preparations, and correlated the specific binding to isolated canine and rat adrenal
glomerulosa cells with aldosterone production. Apart from their importance for
mechanistic studies, antagonists of A-II may be useful as diagnostic or therapeutic
agents in the treatment of hypertension. Saralasin, [Sar!, Val®, Ala*]-A-II and [Sar',
‘Tle*]-A-IT are potent,antagonists in vitro, * and have been shown to lower the
blood pressure in normal 2 and hypertensive subjects. ''* Both antagonists,
however, have also shown an initial pressor effect. +*#:13:22 In a search for A-I1
-antagonists and as a result of a solid phase synthesis of [Sar!, S-benzyl-Cys*]-A-I1, a
heterogeneous by-product was obtained by counter current distribution. 7 .
Preliminary studies (unpublished observations, R.L. Novotney) indicated that this
unknown by-product had no agonistic activity on blood pressure. We report here
our studies on the purification and structural elucidation of a novel A-II antagonist
from this by-product, as well as its characterization in vitro and comparison of its
receptor binding and agonistic/antagonistic profile with those of known
antagonists. - ‘ ’

Materials and methods

CM-Sephadex C-25 and Dextran T-70 were obtained from Pharmacia
(Uppsala, Sweden). Silica gel 60F-254 was purchased from E. M. Laboratories,
Inc. (Elmsford, NY), and silica gel (type H) for column chromatography from E.
Merck, Darmstadt (Elmsford, NY). HEPES (N-2-hydroxy-ethylpiperazine-N"-2-
ethane-sulfonic acid) and leucine aminopeptidase (type I1I-CP, 105 units/mg) were
from Sigma Chemical Co. (St. Louis, MO). Bio-Gel P-2 was obtained from Bio-
Rad Laboratories (Richmond, CA), and o-chymotrypsin (3x crystallized, 53
units/mg) was from Worthington Biochemical Co. (Freehold, NJ). A-II and [Sar!,
Ile*]-A-I1 were purchased-from Beckman Instrument Co. (Palo Alto, CA), while
[Sar!, Val’, Ala*]-A-II (P113, Saralasin acetate) was generously provided by Dr. K.
O. Ellis, Norwich Pharmaceutical Co. (Norwich NY). SC-33191 i.e. [Sar!, dehydro-
Ala*]-A-I1, and SC-30824 i.e. [Sar', S-benzyl-Cys*]-A-II were synthesized at Searle
Laboratories by E.A. Hallinan. ['**I] Monoiodo-A-II (specific activity, 1,000
m Ci/mg) was from New England Nuclear Co. (Boston, MA). EGWP filters
were from Millipore (Bedford, MA). [1,2-*H] Aldosterone (specific activity 136
m Ci/mg) was purchased from Amersham-Searle (Arlington Heights, IL). Norit A
(charcoal) was obtained from Fisher Scientific Co. (Pittsburgh, PA) and ‘Medium
199 from Grand Island Biological Co. (Grand Island, NY).

Purification of SN-790
Solid phase synthesis® of [Sar!, S-benzyl-Cys*]-A-II"7 resulted in a

heterogeneous by-product of unknown composition and structure(s). This by-
product (440 mg) was subjected to ion exchange chromatography using a CM-
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Sephadex C-25 column (2.5X29 cm) equilibrated with 0.05M ammonium acetate
pH 5.6. The column was ‘eluted with a gradient of ammonium acetate, €ight ml
fractions were collected and the optical density determined at 280 nm. The peak
" fractions were pooled, lyophilized ‘and t‘estedlfor homogeneity by ascending thin-
ldyer chromatography (TLC) on Merck Silica Gel 60-F-254 plates developed by
one of the following two solvents: n-propanol-ethylene dichloride-water-ammo-
nium hydroxide (24:8:8:1 by vol.), or ethanol-ethylene dichloride-water-ammonium
hydroxide (28:8:8:1 by vol.). The spots were visualized by short wave UV light, and
stained with ninhydrin or starch-potassium iodide'®. The first sharp peak (fractions
80-86) off the CM-Sephadex column was lyophilized and designated SN-790.

Structural characterization of SN-790

"Sixty mg SN-790 were dissolved in twelve ml of one percent ammonium
bicarbonate buffer pH 8.3 and two mg chymotrypsin were used for hydrolysis at
37°C. Progress of hydrolysis was followed by TLC as.above. After one hour the
solution was acidified to pH 4 with 1M acetic acid and lyophilized. This
hydrolysate was further fractionated on a (0.8%40 cm) column, packed with Merck
H silica gel. The column was prewashed. with ethanol, water, ethylene dichloride
and 0.1% ammonia. The hydrolysate dissolved in 1.5 ml of eluting solvent made of
60% ethanol, 10% water, 0.1% ammonium hydroxide and 29.9% ethylene
dichloride, was applied to the column followed by elution until three ml eluate were
collected in 75 fractions. The elution continued with a mixture of 60% ethanol, 20%
water, 0.1% ammonium hydroxide and 19.9% ethylene dichloride, until another 3.3
m] eluate were collected. The column chromatography was monitored by means of -
TLC as above. Fractions 8-15 were pooled and lyophilized. The lyophilizate was
hydrolyzed at pH 8.6 with one percent by weight of leucine aminopeptidase, after
activation of the enzyme on the basis of an earlier method?. Progress of
hydrolysis was followed by TLC as above. After one hundred min at 40°C the
hydrolysate was lyophilized. This product was fractionated by gel filtration using a
(0.9X90 cm) column packed with Bio-Gel. P-2, 200-400 mesh in 1% ammonium _ -
bicarbonate, and. 1.2 ml fractions were collected. Five ul from each fraction were
spotted on TLC plates (as above) and the column eluted material visualized by
short-wave UV light and after spraying with ninhydrin. Fractions 33-36 were visible
by UV, while fractions 38-40 were ninhydrin positive. These fractions were pooled.
lyophilized and tested for homogeneity by the above described TLC method. The
Iyophilizate of fractions 33-36 was further characterized by animo acid analysis®.
as well as UV and NMR spectroscopy. SN-790 and the lyophilizate from the silica -
gel column (fractions 8-15) were also analyzed for amino acid content®™.

Angiote‘ns}'n II receptor binding assay

The radioligand-receptor assay was performed as by Saltman et al ** , with the

’
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follo’wing minor modifications. The rat whole adrenals were homogenized in. 50
- mM Tris-HCI buffer (pH 7.4) For incubation, 0.1 mg protein of the crude plasma’
membrane preparation were used in 50 mM Tris-HCI, 0.6M sucrose and 0.2% BSA.
Filtration was through Millipore EGWP (0.20 um) filters. The initial binding of
“["*1}-monoiodo-A-II tracer in the absence of unlabeled hormone was approxima-
tely ten percent, and the nonspecific binding was less than one percent.

Aldosterone prodiiction assay by isolated adrenal glomerulosa cells .

Glomerulosa cell suspensions were prepared by collagenase digestion and
physical dispersion of the capsular layer from rat adrenal glands essentially as
described by Fredlund and coworkers (8). The tissue was minced, washed and
dispersed in buffer A: 10mM HEPES-25 mM NaHCO, - 118 mM NaCl - 1.18mM
MgSO,. pH 7.4. Dispersion was carried out by repeated pipetting through a ten ml
plastic pipette in buffer B: Medium 199 made 10 mM with HEPES, 0.065% with
NaHCO; and 0.1% with BSA, pH 7.4. For the agonistic assay the glomerulosa cells
were incubated in buffer B at 37°C for one hour. The antagonistic data were
obtained in the presence of 5X10™* M A-II. The aldosterone RIA was performed by
the direct method as in (8) except that 5 mg/m! BSA were used instead of gamma
globulin, and the bound tracer separated by the addition of 0.8 ml charcoaldextran
suspension (250 mg Norit A and 25 mg dextran per 100 m! of 50 mM sodlum
phosphate - 140 mM NaCl, pH 7.4).. -

Results
Pur[ﬁcdtion and enzymatic degradation of SN-790

. Ion exchange chromatography (Fig. 1) was. effective in separatihg several UV
absorbing peaks from the by-product of solid phase synthesis of [Sar!, S-benzyl-
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FIG. 1. Elution profile of a heterogencous by-product from solid phase synthess of | Sar®, S-benzyt-Cys¥]-

A-11, on a CM-Sephadex C-25 column. The flow ratcwas 42 mi/hr. Fractions 80-86 were pooled and [yophi-

lized. .
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Cys’f]-AJI.”The first sharp peak .(fractions 80-86). designated SN-790, was
homogeneous as judged by TLC. It was estimated that SN-790 was only two
percent of the crude mixture from the solid phase synthesis of [Sar!. S-benzyl-Cys*}-
A-II. The results of animo acid analysis (Table 1) indicated a heptapeptide with

TABLE 1. Amino Acid C r‘)rmposit'ion‘éf' SN-790 and its i’ul‘ilit’d C-terminal Peptides

C-terminal ‘ C-terminal
Amino 'Acid SN-790 Tetrapeptide Tripeptide

ASP 0 0 0

THR 0 0 0

SER 0 0 . 0

PRO 0.99 1.22 1.13

GLU 0.19 0 0

GLY 0 0 0

ALA 0 0 0

VAL Y102 0 - 0

MET ’ -0 0 0

ILE 091 1.02 0.01

LEU o 0 0 0

TYR - 0.95 0 = 0

PHE 0 0 0

S-benzyl-Cys' 0.07 0 0

Sarcosine 0.85 0 0 ~
LYS R 0 0 0

HIS ' 1.00 1.00 1.00

0 (U N

ARG 1.01

The peptides were hydrolyzed for 24 h at 110°C as described-in the text. The number of residues per mol--
of peptide was calculated by assuming one residue of histidine/mol.

only traces of S-benzyl-cysteine. The strong binding Vto the adrenal A-11 receptor
(Table 2), however, did not agree with proline being the C-terminal residue of SN-

TABLE 2. Angiotensin 11, (A-11) Rt’t'epml"Bi.nding and AI(Ioster{)m' Production Pmpt'(‘tii’s of SN-790 and
Related Antagonists.

Receptor Agonistic Antagonistic _

Binding Activity Activity
Compound Structure RP % 1D50 (M)
A-lI -Asp'Arg’ValPTyr'lle’His*Pro’Phe* 1.00 100 . —
SC-30824 [Sar'. S-benzyl-Cys*]-A-II 4.00 - 44 8.0 X 107¥
SN-790 - [Sar!, dehydro-Ala"]—A-Il 1.7 0 5.7 x 10°*
SC-33191 ‘[Sar'. dehydro-Ala*]-A-II 1.4 0 52 x 107%
Saralasin (P113) [Sar!, Val’, Ala*}-A-lI 0.7 0 3.5 x 107

- [Sar'. He*}-A-Il . 1.2 : 0 1.0 X 107"




374 ° : S.E. PAi’AIOANNOU, P-C. YANGand F. FAGO

‘Receptor binding studies were carried out on crude adrenal membrane preparations. while the agonistic
and antagonistic properties were based on aldosterone production by isolated glomerulosa cells. RP
stands for binding potency relative to A-11. The agonistic activity is expressed as percent of A-Il activity.
The data are from dose-response. curves. each dose point representing the mean of duplicate
determinations with 5% max. intra-assay variablility for the receptor bmdmg assay and 10% for the
aldosterone reledse assay.

790. The enzymatic degradations of SN-790, shown schematically in Fig 2, were

pursued in order to isolate the Ctermmal tnpeptlde for further-structural
characterization.

SC-30824 BY-PRODUCT (HETEROGENEOUS)
\L CM-SEPHADEX CHROMATOGRAPHY

FRACTIONS 80-86. SN-790 (HOMOGENEOUS)

(i) CHYMOTRYPSIN HYDROLYSIS
\/ (2) SILICA GEL CHROMATOGRAPHY

FRACTIONS 8-15. C-TERM. 'l"ETR‘APEPT_[DE OF SN-790

/ (1) LEUCINE AMINOPEPTIDASE HYDROLYSIS
\ (2) BIO-GEL P-2 GEL FILTRATION

FRACTIONS 33-36, C-TERM. TRIPEPTIDE OF SN-790
A.A. ANALYSIS. UV, NMR: His-Pro-Dehydro-Ala

SN-790: [Sar'. dehydro-Ala*}-A-il.
FIG. -2.-Diagram-of purification, dqgrnacialion and structural charachierization of' SN-790.

Hydrolysis of SN-790 with chymotrypsin (as in Methods) resulted in the
disappearance of the substrate material on TLC and the appearance of two new
spots. The reaction was complete in two minutes with no further TLC changes
during hydrolysis for one hour. Resolution of the chymotrypsin hydrolysate was
achieved by silica gel column chromatography monitored by TLC. The early
fractions from the column showed one major spot. with high Rf value, while the
later fractions showed lower Rf values. The early fractions (8-15) were pooled and
the animo acid analysis (Table 1) showed the presence of equimolar isoleucine,
histidine and proline, identifying the material as the C-terminal peptide of SN-790.

Hydrolysis of this peptide with leucine arhinope'ptidaser (as in Methods)
resulted in two spots by monitoring with TLC. One of the two spots was isoleucine.
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Gel filtration of the above hydrolysate in Bio-Gel P-2 separated the N-terminal
isoleucine (fractions 38-40) from the C-terminal peptide (fractions 33-36).

S‘truc‘tural characterication of C-terminal 'tripeptide of SN-790

-The lyophilizate of the above fractions 33-36 was estimated to be about ninety.
percent pure by TLC. Amino acid analysis (Table 1) indicated proline and histidine
in equimolar amounts. The UV and NMR spectra of this peptide are shown in Fig.
3 and 4, respectively. The 248.nm shoulder of the UV spectrum was similar to the
250 nm absorption characteristics of a,B-unsaturated amino‘acid residues as shown
by Gross and Kiltz!°. The pronounced olefinic peaks at 5.99 and 5.74 ppm of the
NMR spectrum (Fig. 4) were a further evidence of a dehydroamino acid residue in

s
S

OPTICAL DENSITY
o

az

0 220 =

WAVE L ppm

FIG. 3. Ulrraviolet abx’orplioﬁ spectrum of the C-terminal tripeptide of SN-790. The concentration was
S0pg per mi water. :

FIG. 4. Ptolon nuclear magnetic resonance spectrum o/ the C ~terminal tripeptide of SN-790 using a
Varian XL-100" spectrameter at 100 MHz. The sample concentration was 33 mg per ml D,0 (99.7%). and
the number of scans was 9,000.

the above C-terminal tripeptide of SN-790 (fractions 33-36). On the basis of the
above results the structures of SN-790 and its C-terminal tripeptide were tentatively
identified as shown at the bottom of Fig. 2. More recently, this structure of SN-790
was positively identified by solid phase synthesis of SC-33191, i.e..[Sar', dehydro-
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Ala*}-A-II. (E.A. Hallinan, unpublished work).
" Receptor bina’i'ng‘ana’ effects on aldosterone »proa’uction‘

Specific binding to crude rat adrenal membrane receptor preparations was
‘comparable to the binaing observed with similar bovine?® and rat® prepara-
tions. Thus, [Des-Asp']-A-II was essentially equipotent to A-II, Al was 2%
as potent, and the [Des-Asp', Des-Arg”]-A-IT was only 0.4% as potent. The binding
of Saralasin and [Sar!, Ile*]-A-II antagonists (Table 2) was also comparable to that
reported previously¥?'. The fifty percent effective dose .for A-II binding was
6.6+1.8X107° M, (n=13) similar to recent binding studies® usmg the 20,000xg pellet

without DTT and EDTA additives.
The aldosterone production results were also comparable to the original

methodology™®. The endogenous aldosterone production and inter-assay
variability in absence of added A-II was 2.0%1.1 ng/10° cells (n=8). A 3- to 7-fold
increase above this control value was obtained-by addition of 5X10* M A-II. The
A-II concentration for half maximal stimulation of aldosterone was 1.8+1.2x10™
M from five separate experiments, SN-790, SC-33191, ie the synthetic [Sar!,
dehydro-Ala*]-A-I1I, and the early synthetic antagonist [Sar',-S—benzyI-nys"]-A-Il, '
(SC-30824), were compared with A-II and model antagonists as shown i Table 2.
The relative binding potency of [Sar!, S-benzyl-Cys*]-A-II, (SC-30824) was the
highest reported to date*?%, but it is a partial agonist since it showed
considerable agonistic activity (Table 2). The- profiles of SN-790 and [Sar!,
dehydro-Ala*}-A-I1, (SC-33191) were very similar, as expected. They bound
strongly to the A-II receptor, had high antagonistic activity and no agonistic
activity. These antagonists were more potent than Saralasin, both in terms of
receptor binding and steroidogenic antagonistic activity. ’

Discussien

The present studies were promted from early preliminary data indicating that a
- crude by-product of [Sar!, S-benzyl-Cys*}-A-II synthesis had no agonistic activity,
while the above peptide was a partial agonist. It was decided to purify the active
constituent of the above by-product and ‘characterize structurally, as well as in
terms of its binding to the A-11I recepto'rs\, and its effects on aldosterone production
“at the cell level. The existence of highly sensitive, .specific ‘in vitro methodo-
logy*&##:2% that correlated well with in vivo data, made possible the relevant
monitoring for the purification and characterization of SN-790, a novel A-IT
antagonist, . .

SN-790 showed superior in vitro profile (Table J)asa potentlal dlagnostlc or
therapeutic antihypertensive agent, when compared with the originally designed
[Sar!, S-benzyl-Cys*]-A-II, (SC-30824). Amino ‘acid analysis (Table 1) showed the
seven residues of SC-30824 with only a trace of S-benzyl-cysteine. It was suspected
however that a residue at the eighth position was present in SN-790, since removal
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of the C-terminal phenylalanine residue from A-IT and its active analogs causes

complete inactibation®»?*, It was decided to identify this hypothetical C-terminal

residue that was undetectable by amino acid analysis. The enzymatic degrada-

. tion of SN-790 with chymotrypsin and leucine aminopeptidase proceeded as
" expected from the sequence of [Sar!, S-benzyl-Cys*]-A-II, (SC-30824). Thus
chymotrypsin hydrolyzed SN-790 at the peptide bond of the [Tyr*] carboxyl group.
while leucine aminopeptidase removed isoleucine from the C-terminal tetrapeptide,
resulting at the C- termmal tripeptide, the amino acid analy51s of which (Table 1)
was consistent with “the above interpretation.

The first hint about the structure of the C-terminal re51due came from the UV
spectrum of the tripeptide. On the basis of earlier studies'®, the spectrum in Fig.
3 was interpreted as indicating the existence .of an o,B-unsaturated amino acid
residue in the C-terminal tripeptide of SN-790. The NMR spectrum of this peptide
added more evidence to support the hypothesis that the C-terminal residue was
dehydroalanine. The formation of such a residue could be explained by
elimination of benzylmercaptan from the S-benzyl-cysteine during the synthesis of
[Sar!, S-benzyl-Cys*]-A-1I, (SC-30824), as documented in similar cases.?!:**
Acid hydrolysis of dehydroalanine peptides resulted in pyruric acid that is not
ninhydrin positive?, This explained why .dehydroalanine was not detected by
amino acid analysis of SN-790 or its C-terminal peptides (Table 1). The structure of
SN-790 was finally confirmed by solid phase synthesis of [Sar’, dehydro-Ala“]—A-II.
(SC-33191). Dehydroamino acid residues have been earlier reported in the .
literature as constituents of peptide antibiotics nicin'?, subtilin'', and other natural
products™!?, ‘

The structure- act1v1ty relationships for [Sar!, dehydro- Ala‘] A-II, (SN- 790)
and [Sar!, S-benzyl-Cys*]-A-II, (SC-30824) were in agreement with the litera-
ture?*252% Both peptides bound to-be A-II receptor with higher potency than A-II,
probably due to the N-terminal sarcosine®. The S-benzyl-cysteine residue in
[Sar!, S-benzyl-Cys*]-A-II, (SC-30824) resulted in an A-II antagonist with partial
agonistic activity (Table 2). In this aspect SC-30824 resembled the thienylalamine
derivative of A-II*, When the phenyl ring at the eighth position of A-IT was
substituted with a shoert.aliphatic chain, the analogs like-Saralasin-and [Sar'. Ile"]-
A-11 showed strong antagonistic activity’¥?*. The results of the present study on
these antagonists are in agreement with the literature’?*. The dehydroalanine
at position eight of [Sar', dehydro-Ala*]-A-I1, (SN-790) resulted in even stronger
-antagonistic activity than Saralasin and higher binding potency than Saralasin and
[Sar!, Ile*]-A-II. On the basis of the correlation between the antagonistic activities
of A-II antagonists on rabbit aortic strip and the aldosterone production in isolated
glomerulosa cells®®, it would be anticipated that [Sar', dehydro-Ala*]-A-II. (SN-
790) would possess antihypertensive properties. SN-790, Saralasin and [Sar’, Ile*]-
"~ A-11 showed no agonistic activity in vitro (Table 2) in spite of the definite agonistic
activity of the latter two antagonists in vivo!/'¥/5:22, Due to the more potent
binding and antagonistic activities of SN-790 compared to Saralasin, it is possible
that the in vivo hemodynamic profile of SN-790 would be superior. Furthermore,
dehydroamino acid residues offer increased resistance to hydrolysis by proteolytic
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enzymes’, resulting in. possible prolonged activity in vivo. The present work is
“also an example of the usefulness of specific and sensitive in vitro methodology for
identification, isolation and characterization of novel by- -products from crude
mlxtures resultmg from solid phase synthems
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Mepiknym

"Evag véog dvtaywviatijc tfic dyyetotovivag II, [Sar', dehydro-Ala®]-A-IL*
Kabapiopds xai Xapaxthpiouds in vitro. A

Katda v nsnnSlKn ovvBegon 1ob dvardyov SC-30824 Tfig ayymotovwng 11, -
[Sar!, S-benzyl-Cys8]-A-II, Gviyveddnke Eva ETEPOYEVEC TAPATPOIOY PE GVTAYOVL-.
otikég 1810TNTEg Ywpic dyoviotiky dpdon. TS Evepyd ovotatikd (SN-790) tobd
napanpoidviog adtol drepovddn ypopatoypapikd. Aouikry pelétn tod SN-790
S dvalvoewg @V GuivoEEwv Tov, VEporicsng did yupobpvyivng dpivomenTi-
ddon¢, NMR, koi pé drepuddn (p(lO‘ilU.TOO’KOTthﬂ dvdivon tod kapBolv-tehikod
tpinenTidiov--tov, katédnée ewrv mbawr] dopr)-[Sar!,- dehydro-Alad]-A-1I, mov
t¢mBePfardbnke pé nemtidikn obvbeon tiig doufic advtiic (SC-33191). Oi &vooelg
[Sar!, S-benzyl-Cys8]-A-II, (SC-30824), 16 drnopovwbév napanpoiév SN-790 kai 16
ouvvOeTikG [Sar!, dehydro-Alas]-A-II, (SC-33191), xabmc kai of yveorol dvriayw-
viotég Saralasin 1j [Sar!, Vals, Ala8]-A-II, kai [Sar!, Ile$]-A-II éuereribnoav in
vitro &1” éAAniemdpdosng pé tob¢ Gdpevepyikovg brnodoyeic Tfig dyyerotovivig
IL, kai d1é tfig mopaywyfic GAdocTepdvng of MPWTOYEVELG KLTTOPIKEG KOAMLED-
yeleC £k @ho1oD Emveppidiov dpovpaiov. Of oyeTikéc Spactnpiéteg 1ol [Sar?,
S-benzyl-Cys8]-A-II, (SC-30824) xai 10D Gmopovwdiévrog mapampoidvtog [Sarl,
dehydro-Ala8]-A-II, (SN-790), pé povdda tiv dpactnpiétnta cuvvdécewg Tfig
dyyerotoviyng II pé tobc dmodoyeic tne, mposdiopicOnoav &vrictoiywg dg 4,0
xai 1,7. Kai 16 8vo adtd avéroya eiyav ioyupri dviayoviotiky Spdon otiv 816"
1fig &yyerotovivng II mapayowyr dhdoctepdvng, &véd 16 [Sar!, S-benzyl-Cyst]-A-I1,
(SC-30824) £5e1&e pepiky dyoviotiky dpdon. Té dmopovedév napanpoidv [Sarl,
dehydro-Alas]-A-II, (SN-790) xai 16 covesmco [Sar!, dehydro-Alat]-A-II, (SC-
33191) elyav Behnwpéveg idi16tnTeg ohv uvamvmtsg tfi¢ dyyeiotovivng II in
vitro pé mbavéc pappakoroyikéc id16tnTeg &v ovykpioel pé Trjv Saralasin koi 16
[Sar!, S-benzyl-Cyst]-A-II, (SC-30824). Zvykekpiuéva 16 500 mpdta dviroya fTay
SpacTikdtepa th¢ Salalasin, 8cov Gpopd Trjv olivéeon pé tovg bmodoyeic Tiig dy-
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yelotovivng II kai v dyevictiky §pdon otd kbttapa 100 proiol Emveppidiov.
"Ext6¢ 10D [Sar!, S-benzyl-Cys ]-A-II, (SC-30824), oi m16 mavo tpeic dvtayovi-
otég 8év elyav dyoviotiky dpdon in vitro.
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The fact that several basic carbamates have shown. interesting pharmacody-
namic activity as local anesthetics!/?<* has prompted the synthesis of the title
compounds, in order to facilitate the increase of the local anesthetic properties of
diethylaminoethyl ester of p-aminobenzoic acid.

The new carbamates correspond to the general formula (I).

COOCH,,CH N/ 2°5
\c H
285

: R
NHCON< L
: TR
2
| (1)
where R, : H, CH,;.
" R, : CH,, G,H;, nC;H,, nC,H,.

These were synthesized by the reaction of diethylaminoethylester of p-
aminobenzoic acid with alkyl-isocyanates or dimethylcarbamoylchloride in
benzene, according to the method of G. Tsatsas et al*. The prepared compounds
were characterized by the picrate or HCl salts Their physical constants and
analytical data are cited in Table I.



TABLE 1. Diethylaminoethyl! esters of p-[(N “-alkyl)-carbamoylaminol-benzoic acid.

¢8¢

R, - C
1 ' H
>NCONH COOCH.CH. NI 2 °
2 C,H
. 275
(1)
i . Analyses ;
. o () . ; Calculated 9% ’— " "Found %
No Ref R, R, Yield Salt Molecular M.p. 0C =
% . formula C H Cl N C H Cl N
T4132 H CH, 91,4 Picrate CyHyNO,y  143-144 (b) 48,27 502  — 1609 4831 502 — 16,03
T4133 H CH; 923 _ Picrate Cp.Hy N0y, 129 (b) 4925 526 | — 1567 4916 529 — 1554
T4134 H  nC.H, 93,1 Picrate CyyHy N0,y  128-129 (b) 50,18 549  — 1527 4998 537 — 1521
T4133 H  nCH, 89.2 Picrate Cy,HiN:O,  139-140 (b) - 51,06 571 — 1489 5102 58 — 1483

T4137 CH, CH, 84,6  Hydrochlorid C,(H,CIN,O, 142-143 (c) 5589 762 1031 1222 5553 756 1023 1235

{a) Yields of ~unpuriﬁedA bases.
(b) Recrystal!ization from abs. ethanol.
{c) Recrystallization from abs. ethanol-anh.ether.

NONNVOIVdVd 309039
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The diethylaminoethyl esters of p-[(N’-methyl)-carbamoylamino]-benzoic
acid, were prepared as follows: 3g (0.0127 mol) of diethylaminoethylester of the p-
aminobenzoic acid were dissolved in 30 ml anhydrous benzene and to this solution
0.94g (0.0165 mol. 30% excess) of methyl isocyanate were added. The mixture was
~ left for 4 days at room temperature and the solvent was evaporated in vacuum. The

resulting oily base gave picrate salt melting at 143-4° (EtOH abs) (T4132).

All the carbamate compounds appearing in the Table were prepared in the
same way, with the exception of T4137, which was prepared by the addition of
-dimethylcarbamoylchloride instead of alky-isocyanate. °

’

Abstract

A series of diethylaminoethyl esters of the p-[(N* -alkyl)-carbamoylamino]-
benzoic acid were synthesized by the reaction of the diethylaminoethyl ester of the
p- ammoben201c acid, with alkyl- 1qocyanate9 or dlmethylcarbamoylchlorlde

Iepidnyn

KapPauidicd mapdywya tob JStasbvlapvoarBvleatépos tob p-duivofevioixod
o&éoc. ‘

Ztiv 2pyacio adti cuvvetdbn pia oepd ‘xapPapdikdy rapaydyov 108
SraviapivoarBurectépog T0D p-apivoPevioikob dEEo¢ pé TV okomd Gmg
gvioyuoii 1 Tomiky dvarcOntixy dpdon Tob &v ASye Eotépog.

Té mapdyoyo adTd EAjenoav &1” dvtidpdoewg Tod Swteuxauwoateuhsots-
pog Tob p-apvoPevioikod 8Eéog pé icokvavikovg £otépag 1 dipeBurapvokap-
Bapotroyropidio Evidég dvidpou Bevioriov kai Exapaktnpicdnoav di6 oynuo-
TIopod TOV mKpkdv 1 0dpoyrepikdv Tov drAdTov. ‘
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