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

D.A. JANNAKOUDAKIS. P.J. NIKITAS. A.K. PAPPA-LOUIS1 
Laboratory of Physical Chemistry Far. of Physrcs & Mathematics. University of' Thrs~aloniki. Greece 

(Received June 25. 1980). 

Summary 

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 I 1  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 liquid 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 a t  a single temperature and.  a theoretical isotherm, is 
insufficient evidence of the validity of a model. ~ h u s ,  it is desirable t o  compare 
experimental adsorption isotherms a t  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'r2r'1-' provides a satisfactory qualitative 
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 internal thermodynamic functions2#'l' 
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In previous papers'lh (hereafter referred to  as I and 11) the hole theory has been 
extended t o  study the physical adsorption of noble gases o n  solid surfaces. The 
adsorption isotherms predicted from the theory were found t o  be in good 
agreement with experiment. Thus, it is interesting t o  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 
theory and the proposed models of papers I and 11. The resulting theoretical values 
are compared with the experimental data of the adsorption of Argon on graphite 
(P-33) and boron nitride (BN). 

I I .  Monolayer adsorption 

If the adsorbed phase is considered t o  be a two-dimensional liquid-like layer 
adsorbed on a structureless energetically uniform surface, then its partition 
function is given byi 

where the symbols have their usual meaning (from I). 
From E q .  ( 1 )  we have the following relations which permit us to  calculate all 

the thermodynamic properties of the adsorbed phase. 
1. Internal Energy, E 

2. Isosteric Heat, Q,, 
From the definition7 of Q\,. we obtain, using Eq .  (2) .  

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

From the definition and E q ,  (1) and (3) we have 



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

111. Multilayer adsorption 

A. Modified B.E. T. model - model A. 

In this model, the first adsorbed layer is regarded as  a two dimensional 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 byh 

W! , j , (N-Nl)  . ( N - N 1 ) U 2  exp (N-Nl) !Nl! kT 

subject to  the restriction 

The isosteric heat is easily evaluated from the adsorption isothermh 
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using the relation 

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

- U -U +e l-X)'? (0)R k 
qs t  X B Y  (0) (:-X) ( 2 - k  B+:I-X) ' (14) 

k~ (1-X) [ I - e  (I-X) i 2  

The quantity q,t is the isosteric heat of adsorption when the reference state is 
the corresponding bulk phase of the adsorbent. Thus 

* s t  = qs t  + A "sublimation ' (15) 

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

where q \ t  is given by Eq.(14). It is obvious that the quantity in the brackets is the 
theoretical expression of A14 ,,,,,,,, for the model A. 

The differential entropy is evaluated from the relation7 

Qst , s=s - - 
g T 

where Ss is the entropy of the bulk gas phase. 
The integral entropy can be obtained from the definition of the differential 

entropy 

(1 8) 

B. Mobile model - Model B 

The partition function of the adsorbed phase regarded as a system of j two- 
dimensional liquid-like layers, ish 
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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 

Rhvi l +exp (-hvi/kT) g 
where Ai = R T + .  

2k l -exp (-hvi/kT) + R T ~ - ~  l 

g 

The L-JD functions l(y), m(y) are given in paper I 

2. Isosteric Heat, QSI 

3. Integral Entropy, S 

Ai where Bi= + In (Aqvibci) afOe) . 

4. Differential Entropy, 3 
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IV. Numerical results and comparison with experiment 

A. Monolayer adsorption 

Ross and OliverX have studied the adsorption of Argon on graphite a t  
relatively low pressures. They have calculated isosteric heats of adsorption by 
analysing their experimental data. Ross and Pultzy have determined Qt and 
adsorption isotherms for the system Ar-BN. 

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

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

TAB L E I .  Vrrlui~s c/' Y(O)R/k us crrkuluted Jrom Eq. (28). 
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calculated from the relation5 

where w* is the reduced cell area of an adsorbed molecule, c the coordination 
number of the adsorbed phase and E the maximum depth of the intermolecular 
potential. The values of the other parameters used in Eq. (5) are given in Table I1 of 
paper I. 

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 
significant' structure theoryi0. 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 8 = 0.6 and for 8 < 0.2 deviate from the experimental 
values at about 120 cal/mole. The positive deviations of the experimental data of 
Q,, at low values of 8 and the negative deviations for 8 >, 0.6, are susceptible to 
the following explanationii. 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 dependence of the free areah 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. Cnlcu/e~trc/ emcl i~.rycrin~cwtcrl eli~ji~rcnrierl cwrropies o/'crtborbivl A x o n  at Y0.I1'K. Solid lint nnd 
~ l ~ ~ t t c ~ c l  l i n ~  rcpruscnt /hcorc/icerl ccrlculutions/br'A,~on on C cmcl BN ri~.spcctivcfs. Thr opiw circli~s uncl,/~llc~d 
circlev rc,priwnr i~.vpc~:inti~nterl cle~rn of' Ar-C cmel Ar-BN. re~pi~ctivcly. 
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The theoretical differential entropies of the adsorption of Argon on 
P-33 and BN at 90.I0K were calculated using Eq.(9) and are shown in Fig. 2 
plotted as a function of 0. As in the case of Q,t 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 

1. computation of experimental values of Q,, .and 3. 

Prenzlow and Halsey12 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 

The plcts of InP vs 1/T at constant 8 for different temperatures yielded goods 
straight lines. The experimental values of Qst were evaluated using a least square 

procedure. This procedure has als6 given the errors in isosteric heat, introduced by 
the measurement of pressure. The errors for Argon on BN were about ? l0  cal/mol 
except for the region of adsorption between 0 = 1 and 8 = 1.4,where a rather large 
error, 5 0  cal/mol was found. The errors in QSt were k 30 cal/mol for the system 
Ar-P33. Measurements of dosage (8) would appear to contribute about 5 10 
cal/mol. 

Experimental values of differential entropies were calculated using Eq.(17), as 
in the case of monolayer adsorption. 

2. Computation of theoretical values of Qst and S. 
We have used Eq.(15) and (17) for the theoretical calculation of Q1t and S on 

the basis of model A. Table I of paper I1 contains all the molecularparameters used 
in this theory. 

The theoretical values of Qst 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 @N,/BN)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 11 with respect to NI,  we have 



STUDY OF THERMODYNAMIC FUNCTIONS OF PHYSICAL ADSORPTION USING THE HOLE THEORY 30 1 

From the solution of this system we obtain the quantities (aN, /aN, ) r ,~ ,  and 
(aNJBN, IT, N,,. 

The partial derivatives ( ~ N ~ / ~ N ) I , N ,  are now easily evaluated from the rela- 
tions: 

Table I1 shows the results of this procedure.   he values of the molecular 
parameters used in this treatment are in Table I1 of paper 11. 

3. Co,mparison with experiment - Discussion. 

The experimental values of isosteric heat of adsorption of Argon on P-33 and 
BN are given in Fig. 3 and 4, respectively. 
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FIG. 4. Criltuluti~cl untl c~.~perinic~ntr~l ~.ro.cti~ic liiwt ( I  Argon on BN NI T=6X Y'K. Solnl /in(, rc2pru,rc,nt.r 
rhcori~tiiul riwlts ot /hi, niohrlc nioclcl wIi~/i ,  r lot t i~ l  lincr show 1/11, rheorc~ficul ri~tulrs (0) nioclc.1 A cm(/ (h) 
H.L. T. fllot/l% C'rri/i~.r urc, i2.rpi~rmnic~ntcr/ (~(I IU. 

The form of plots of Q,, against 0 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 t o  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 Q t .  

It is interesting t o  observe that the system Ar-BN shows rather strong 
deviations around 0 = 1.1. These deviations should be attributed t o  the 
heterogeneous surface of BN. 

Figures 5 and 6 compare theoretical with experimental values of different-ial 
entropies of the adsorption of Argon on P-33 and BN at  T = 74.96'K and .68 .9 '~  
respectively. The  entropy curves a ie  similar t o  those of isosteric heat. Thus, B.E.T. 
and modified B.E.T. models give a qualitative 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 
isbtherms according t o  the experiment, the correspondence between the calculated 
and observed position and the height of the two maxima and minima, in plots QI 
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- 0 a n d .  S-0, suggest that t h e  general features of the mobile model are correct. 

FIG. 5. Ci~lculutc~il untl e~pcrintcntcrl dr(li.rc~nriul cntropiev r!/' Arxon on C-crr T=74.Yh1'K. Solid linc 
rcyriwnts tltc~ori~tici~l r ~ w l t . ~  o/'thc niohilc. ntot l~l  while ~brr r r l  linc~.s.dtow tltt th r~rcr ic i~ l  ~CSUIIS (!/'(U) nto~It~1 
A ccnd (h) B.E. T.  ntoiIi~/. Circles miJ e~pcrintc~ntc~l &m. ' . 

. 

FIG. 6. Cirlculc~tc~d und e~pi~rintc~ntcrl rli//i.rmriul c,ntropie\ (to/ Ar,~on on BN c11 T=6X.Y1K. Solid l m ~  
rc.priwnt.\ tltcori~ticc~l riw~lt.\ o/ thi2 mohrlc ntocld while ~ /o t~c~ i l  Iinrs .\how tht thaorc.ticr11 rerult.\ r!t (U) nntotlcl 
A rcnrl (h) B . E  T. ntorlc.1. C~rck.\ crrt i~.~p~rintc~ntul rlurcr. 
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MdErq rjjc ~ U O I K @  n p o ~ p o ~ r j ~ m ~  p i  rq Bewpia dnc3v. 
111. @ ~ p p o 6 v v a p r ~ i ~  avvap tv jo~i~  

'H  Epyaoia adrq &not&h&i ouvi :~&ta ~ a i  o u p n h f i p ~ o q  t 6 v  6qpoots6o~ov  I 
K a i  11. Oi  Eoorspl~kq 0 ~ p p 0 6 u v ~ p t ~ k q  i6t6rqzsq, 6noq fi ~ E ~ ~ ~ T T ~ T C Z  npoopocpq- 
osoq yla Toq Ent~&huyrq, fi k o o r s p l ~ q  kvipysta, fi 6 h o ~ h q p o r t ~ q  ~ a i  6tacpoplKtj 
Evrponia rqq oztP66aq npoopocpqosoq 86pavOv 8spiov navo oi: dpoysvfi 
Entcpavsta, x p o o 6 t o p i ~ o v r a ~  pi: Paoq rq  0swpia 6n6v ~ a i  sci np6tuna npoopocpfi- 
oeoq no6 n p o r ~ i v o v ~ a t  oriq Epyaoi,eq I ~ a i  11. 

Oi  rtp& ~ q q  0spp6~qraq  npoopocpfio&o< yta 'ioq knt~&hulpl  Kcli  ~ q c  
6tacpoptKqq Evrponiaq, 0i 6 n o t q  ~ C ~ O K ~ ~ T T O U V  ~ E W P T ) T ~ K ~ ,  C J U ) ' K ~ ~ V O V ' C C ~ ~  p i  76 
n&tpapasuc& 6 ~ 6 o p t v a  tqq npoopocpqoswq ro6 86pavo6q 8spiou Ar nkvw o k  P-33 
~ a i  BN. 'H oupcpovia psta56 8 s o p q r t ~ 6 v  ~ a i  x s t p a p a r t ~ 6 v  rtp6v sivat 
E ~ a ~ p s z t ~ &  Kahrj yta r a  np6tuna, -c6 dnoia Bswpo6v rqv 7cpoopocpqpi:vq qaoq  o6v 
fiypq. ' OptopLvsq 8 n o ~ h i o s t q  naparqpo6vra1 orljv nspinsooq rqq povopopta- 
~ q q  npoopocpfps~q ro0 Ar nkvo o r 6  BN. Afirkq 8no6i6ovrat ozljv iinaptq 
G X E T L K ~ ~  ~ ~ E ~ o Y ~ v E I C X ~ ~  G T ~ V  En~qcivsta  TO^ ~puorcihhou TOO BN. 
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Summary 

The synthesis of novel carbamate esters of phenethylamine phenylethylamine derivatices is 
described. 

These N-substituted derivatives are prepared from phenethylamines with chloroformate 
esters. 

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

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

Key words: Phenethylarnines; Carbarnate esters. 

Introduction 

In this paper we study mono- and 2.3- o r  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 phenethilamines, as part of a n  extended 
research project on the effect of disubstitution on the pharmacological'activity of 
the above compounds. 

In the present work various carbamate esters of (2) -amphetamine and 2.3-or 
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3.4-dimethoxy substituted -phenethylamines were prepared and their pharmacolo- 
gical activity was determined. 

The compounds synthesized and tested correspond to the general formulas I. 
11, 111. 

The procedure followed for the preparation of the above compounds is shown 
in Fig. I .  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). 

(3 \ - CH2:HCH, 

NYCOOR 
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Methylation of these compounds with dimethyl sulfate in alkaline medium4.' 
gave the corresponding substituted benzaldehydes (2,2a) which were converted to 
the corresponding nitrostyrenes (3, 3a) with the aid of nitromethaneh. 

Reduction of the above mentioned nitrostyrenes with zinc in hydrochloric 
a ~ i d ~ , ~  or lithium aluminium hydrideX gave the corresponding phenethylamines (4, 
4a). 

Reaction of the substituted phenethylamines and (+)-amphetamine with 
c6loroformate esters in alkaline media under nitrogen yielded I, 11, 111. 

Experimental Part. 

N- (2,3-Dimethoxy) -P-phenethyl isobutylcarbamate. 
(2,3 Dimethoxy) -P-phenethylamine (Ig, 0.005 mol) was dissolved in 100 m1 of 
ether. Into the solution was added dropwise 0.6 ml (0.005 mol) of isobutyl 
cloroformate dissolved in 10 ml ether. Thc mixture was stirred for 30 min. The 
reaction took place under a nitrogen atmosphere. 

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

The yellow oil (1.25 g, 85%) was distilled under reduced pressure ( 1  10i'C/80mm. 
Hg) to give an off-white oil. 

nl)3': 1,478. C,,H,,N04 (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,CDimethoxy) -P-phenethyl isobutyl carbamate. 
C,,H,,NO, (2) m.p. : 50-52•‹C (petr. ether) yield 85%. 
Found: C:64,00 H:8,00 N:4,51 
Calculated: C:64,02 H:8,24 N:4,99 

N- (3.4-Dimethoxy) -P-phenethyl Phenyl carbamate. 
C,,HI,NO, (3) m.p. : 127•‹C (Me,CO) yield 68%. 
Found: C:68,04 H:6,60 N:4,20 
Calculated: C:67,75 H:6,36 N:4,65 

N- (a-Methyl. P-phenethyl), ethyl carbamate. . 
C12H18N02 (4) m)": 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. P-phenethyl), isobutyl carbamate. 
C,,H,:NO, (5) n: : 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- (G-Methyl. P-phenethy1)-phenyl carbamate. 
C 1 6 H l x N 0 2  (6) n3"l): 1,488 yield 79%. 
Found: C:74,96 H:6,86 N5.00 
Calculated: C:74,96 H:7,08 N:5,46 

N- (2.3-Dimethoxy) -phenethyl, phenyl carbamate. 
Cl,Hl,)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 ED,,. 

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

Behavioural observations: Behavioural observations werz carried out in mice 
according to the general screening procedure described by IrwinH. 

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 recording system (Ugo Basile, Milano, Italy) was 
used to measure motor activity in rats. 

This system consisted of three parts: The animal chamber, the electric unit 
and a recorder which were incorporated into the electric unit. The sides of the 
chamber were opaque and theFceiling 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 a 

by the student - t - test (two tails). 
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(Table I ) .  
Stereotypy: Groups of 6 male rats were injected 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 miceweighing 18-22 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 administra- 
tion. 

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

Motor Coordination: Mice weighing 18-238, selected for use by their ability 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. 
The consuqption 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 LD,, of the tested compounds in mice are listed in Table I. 
The isobutyl derivatives showed less toxic~ty 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 lowering 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 amphetamine type, that is 
searching movements of the head'?. 
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TABLE I. Pharmacological properties of  the compounds tested 

Comp. N o  I LDIo mg/Kg ( Anorexia change % Motor activit 1 change % I 
-52 - 42 

200 -52 - 75  
400 -15 - I 2  N.S. 

- 2 5  N.S. 

The isobutyl derivatives of all the series did not disturb the behaviour of 
animals in this respect. 

All test compounds produced a rather limited increase in body temperature ( l  
+ O S 0  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 toblind screening evoked an 
amphetamine like response, but less potent. 

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 dopaminergic 

and not noradrenergic mechanism14,". 
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 noradrenergic system effect and yet leave 
the dopaminergic largely intact. 

The compounds synthesized in this work seem to be not stimulant anorectics, 
the mechanism of their action should be further studied. 
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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 coqes 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, ChHiI(OCOCH3),, 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 c o r n p o ~ n d s ~ ~ ~ .  Also, it oxidises 
analines to azocompounds3, thiols to disulfides" thioethers to sulfoxidesi and a 
variety' of other substrates to different kinds of productsh. Several inorganic 
reductants are also oxidised by PID, which is thus suitable for potentiometric 
titrations7. 

Recently, phenyliodine ditrifluoroacetate, ChHiI(OCOCF3),, abbreviated as 
PIT, has been found to possess considerably more pronounced oxidising power 
than PID. Not only it effects oxidations under milder cmditions than PIDX,' but 
also it can oxidise substrates not oxidisable by PID'~10,"~'2. 

Criegee and Beuckerl as early as 1939 investigated kinetically the reaction of 
PID and also C,H,I(OCOCH,CI),, C,H,I(OCOCHCI,), and ChHiI(OCOCC13), 
with i~oh~drobenzoin,  i.e. the racemic form of 1,Zdiphenyl ethanediol. They found 
a 5-fold increase in the reaction rate from PID to ChHiI(OCOCC13),. 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,O-C,H,-CH=CHCH,, and oxalic acid: here 

I 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 
Pausacker2, 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 
RiggsiJ 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 explora'tory effort into the reactivity of this interesting class of 
compounds. 

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). 

Ethyl hydrazadicarboxylate, C,HiOOCNHNHCOOC,H,, was chosen as a 
suitable reductant, because it is oxidised quantitatively accoiding to the equation: 

C,H,OOCNHNHCOOC,H, + ArI(OCOR)? - C,H,OOCN=NCOOC,Hi + ArI + 
2 RCOOH 

The resulting ethyl azodicarboxylate has been found to be exclusively in the 
trans-configurationh and it has an absorption maximum at 410 nm, which allows 

1 
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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 1 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 ethylhydrazodicarboxylate. These rate constants 
are brought out in the Table. 

TABLE . Rate Consrants of the Reaction of Aryliodine Diacetates with Ethyl Hyr/razodkarhoxylate in 
Chloroform. 

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 
.pKa 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,I(OCOCH,), show insignificant 
difference between them. A Hammett plot for these reactionshas a pvalue 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. 1 reaction rates are plotted against p 
values for all three reaction and it is obvious that there are three different ways in 
which substituents influence the velocity of these reactions. 

The oxidation of ethyl hydrazodicarboxylate is presumably a homolytic 
reaction. When the reaction of o-CH,-PID is run in the presence of 5% 
acrylonitrile, which is a radical scavenger, a decrease in its rate is observed, from 
6.15X10-4 S-' to 3.8X10-4 S-'. The final optical density of the oxidation product is 
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FIG. I .  Hammet? plots for the reactions of arylrodme c/icarboxylates wlth ethyl hy~lrazo~lrcarboxylate (a). 
anethole' ( A )  and isohyrlrobenzoin' (0). Different  ales 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: 

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, ArIOCOR, is not expected 
to be particul?rly 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=OCOCH,, 
OCOCF,, Cl, 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 thabstronger electron acceptors. such as 
CF,COO vs CH,COO reduce the electron density of iodine, which can accept more 
easily 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 isohydrobenzoin has been 
shown to  be a concerted reaction of the following mechanism': 

I I 
-C- O H  -C- 0- I 

/ 4r 

I + ArI(OCUR)2--F=I= I -C- O H  
'0~0~ + RCOOH 

-C- O H  
I l I 1 - RCOOH 

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 different and 
more complex mechanism, although no detailed mechanistic study has been done 
so  far. In the case of some reactions of PIT with alkenesh it was suggested that 
initially PIT adds to the double bond under formation of an  intermediate, which 
may lose C,HJ as  follows: 

\ / 
\ l 

C 
11 +PhI(OCOR)2---i- 1 \ - / 

-C- OCOR -C- OCOR A. l l 
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 ele'ctron 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- 
fqld difference in rates was observed between the slowest and the fastest reaction. 

In the case of the reaction of substituted P I D  with toluene the main product is 
- the p-iodonium salt, in a typical electrophilic aromatic substitution. The reaction 

does not proceed without H2S0,, which acts as a catalyst. promoting the 
dissociation of PID to  the effective electrophile: 
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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 charactertJ and then an 
electrophilic displacement involving an acetoxyl 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 i n  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 of the oxidant by suitable 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 haloacetic 
acidx. 

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. 224-23O0C). 
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 I1 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. 
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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. I t  is remarkable that the p-isomers are 
exclusively formed and' no acid catalysis is required. unlike with some other related 
reactions. 

Theoretical 
The oxidative properties of phenyliodine ditrifluoroacetate (hereafter abbre- 

viated as PIT) have been demonstrated recently in a number of cases'-x. 
We describe here the reaction of PIT with aromatic ethers of various types. 

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

The ethers used andjthe 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 
dissociation of PIT: 

Analogous reactions'are known with phenyliodine diacetate (PID). Beringer 
and ,  his coworkersy 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 and thiophene" 
have been studied in detail kinetically, while in several patents the preparation of 
iodonium salts of thiophefle has been described from its reactions with various 
aryliodine diacetatesI4. A similar reaction is that of toluene with some 
perfluoroalkyliodine ditrifluoroacetates", resulting to the formation of iodonium 
salts, while the reaction of iodine tristrifluoroacetate, I(OCOCF,),, with arenesl6 
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 jrom Aryl EShers and PIT. 

Ether 

------------.---- 

' ~ h e  amon I S  always CF3CO0 

Iadonium s a l t l ( y i e l d  X )  Benzaldehyde(yiel4 l) 

cH30-@ If-C6H5 (67) - 
C,H,O-@)- I + - C ~ H ,  (75) - 
C6H50CH2CH2 - @ - 1 + - C 6 H 5  (64) - 
C , H , C H ~ O ~ I - ~ C , H ,  (56) ( 3 )  

(4) 

I-C6H5 

( 5 )  

 or isolated products see t e x t .  

iodonium salt may serve as a catalyst. Actually when a 5-10% 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:l. In the present study the exclusive formation of p-isomers was 
established from the alkaline hydrolysis of the iodonium salts, which generally 
proceeds in two directions as follows: 
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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,H<I' OCOCF, 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 yeaction 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 trifluoroacetate of benzylic 
alcohol is also formed, according to the equation: 

The mechanism of the above reaction has been discussed3 and a similar 
pathway probably operates with aryi benzyl ethers: 

r 1 

The expected phenyl(ary1) trifluoroacetates though have not been isolated, 
possibly because they are easily hydrolysed to phenols, which are then oxidised by 
PIT to resinous material. The inertness of p-nitrophenyl benzyl ether is easily - 
explained, as the etheral 0 has not anymore available its bonding electron pair 
because of interaction with the nitro group: 

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 homolytic pathway, as the disappearance of the nmr peaks 
points out. 

OH OH 
PIT 

CH30-@)- OCH2C6H5 - ' ' '. + CH30@ CH2C6H5 + CH3-@ CH2C6H5 

The free radicals involved 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 trifluoroacetate 
are normally formed: 

- OCH2C6H5 C C6H51(OCOCF3)2- C6H5CH0 + CH30 0 OCOCF3 0 

The ester may be hydrolysed 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. During 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 initially two 
unstable iodonium salts (6) are formed. Under expulsion of iodobenzene the esters 
7 are formed. which hydrolyse to the phenols. 

I 

 he-~nstabilit~ of 6 is probably due to the greatly enhanced rc electron density 
of the benzene ring, which favours the expulsion of a neutral molecule, i.e. C,H;I. 
and the formation of a stabilised carbonium ion, which combines with the 
trifluoroacetoxy 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 
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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. It is 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:l. The 
isolated phenol was the minor constituent and it is plausible to assume that because 
of the greater steric hindrance of the benzyloxy group was the isomer 4. 

Mass Spectra of Iodonium 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, i.e. 

1t + I-C6H5 

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 again two kinds of trifluoroacetate 
esters are formed: 

RO@ O C O C F ~  - I? 
' RO@ 1: C6H; t CF3COO- 

c ~ = ~ c o o - ~  H - M ' ?  6 5 
' Fragments arising from the above esters a r i  mainly the [M-CO]+ ions and the 

I 

,tr6pylium ion.,. ., , , -. , - I ./ , - 
' _ *  a ,  . - 

, -  % .  

Exfierimental , . . ' 
t 

- _I 

I .  

Measurements. Melting p o h t s ,  ha n obtained on a Kofler hot stage 
apparatus and thery are uncorrecte'd. 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 CDCI, or CCI, 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/O. 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). Iodobenzene 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:l) 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: 

M.p. 168•‹C (lit. m.p.' 166-168"C), with decomposition. 
M.p. 155-156•‹C (dec.). IR (nujol) 1655 (C=0).1230, 1180, I I50 (C-F,CF,) cm-'. 
NMR (CDCI,) 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,IO, C 49.38, H 2.88. Found C 49.16, H 2.99. 
M.p. 120-122•‹C (dec.). IR (nujol) 1655 (C=O). 1230, 1180, 1150 (C-F, CF,) cm-'. 
NMR (CDCI,) 4.55 (s,4H), 6.91-7.95 (m, 10H). Mass spectrum (rel. int.) m/e 
417 ( l ) ,  340 (100). 326 (25), 246 (7). 204 (39). 190 (19), 162 (6), 121 (14). 112 ( I O ) ,  
83 (18). 77 (IS), 70 (20), 69 (9). 
Anal. Calculated for C,,H,,F,IO, C 49.81, H 3.39. Found C 49.64, H 3.21. 
M.p. 149-151•‹C (dec.). IR (nujol) 1655 (C=O), 1230, 1170, 1150 (C-F, CF,) 
cm-'. NMR (CDCI,) 5.05 (s,2H), 6.98 (d, 2H, J=8Hz), 7.38 (S, 5H). 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,IO, C 50.40, H 3.20. Found C 50.1 1,  H 3.28. 
M.p. 151-153'C (dec.). IR (nujol) 1660(C=0). 1230, 1180, 1150 (C-F, CF,) cm'. 
NMR (CDCI,) 2.29 (S, 3H), 5.15 (S, 2H). 6.96 (d, IH), 7.33-7.97 (m, 12H). Mass 
spectrum (rel. int.) m/e 324 (loo), 3 10 (12). 234 (60), 204 (79). 190 (36). 162 (15), 
91 (30), 77 (74), 69 (56). 
Anal. Calculated~ fo'r C,,H,,F,IO, C 51.36, H 3.50. Found C 5 1.40, H 3.39. 
Phenols 4 and 5: The mixture had an-NMR spectrum (CCI,) 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. 106-107X (from petroleum ether). IR (nujol) 3450 (OH), 1600, 
1230 (C-0) cm-,. NMR (CCI, 3.8 1 (S, 3H). 4.93 (S, 2H), 5.38 (S. br. l H), 6.2 1- 
6.77 (m, SH), 7.33 (m;5H). Mass spectrum (rel. int.) m/e 230 ( 1 0 0 ) ~ ' ,  215 (2). 
197 (2), 139 (40). 11 1 (10). 91 (99). 
Hydrolysis of 3. The iodonium salt (0.1 mmole) was refluxed in 10% NaOH for 
min. The hydrolysate was extracted with ether and the residue was 

chromatographed on a silica gel column; the iodocompounds 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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'H dvsi6paoq 6 1 r p ~ ~ 8 o p a ~ & s o ~ v z w 6 0 ~ & v ~ o ~ ~ o v  p i  dpopanicoo'g ai8ip~g. 
CzTjv Epyaoia ahTj pshsz8tat ?j 8vzi6paoq p s p t ~ 6 v  d l p w p a ~ t ~ 6 v  a i 6 . 6 ~ ~ ~  (2) 

p8 26 6t~ptcp@opa~&~o~uto6oP~v(6hto (1) .  T6 ~ \ j p t o  xpoi6v no6 o ~ q p a ' c i ~ s ~ a t  (3.6 

i~avoxotq~tK.6q Bxo66osy &hat 26 iw6wvta~6 &ha5 to6  ai@.6pa (3), o.6 p16 
~ a v o v t ~ q  8v~i6paoq  tjhs~~povt6cpthqq fixo~atciotaoqs. 

Xapa~Tqploz t~c i  T ~ S  8 v ~ i 6 p a o q ~  sivat 6 o ~ q p a z t o p 6 ~  p6vo 26v x-ioopsp6v 
~ a i  26 ysyov6< 6zt 6C: xps ta ( s~a t  65tvq Kazahuoq, (38 dlv~iOsoq p.6 b h h q  8vcihoys~ 
8vzt6pciost~. Ai0.6psq p8 f i x o ~ a z a o ~ a z s q  no6 8vsvspyoxoto0v 26 6 a ~ ~ 6 h t o  66v 
8vzt6po0v p.6 26 (1). 

Mtci xapcixhsupq ttv2i6paoq z6v Psv(uho-apuhoatO.6pwv 66qysi 026 o ~ q p a -  
z ~ o p 6  P~v[ah6&06q~.  

T6 iw6mvta~6 &ha5 245 x - P ~ v [ u h o t u - a v t o 6 ~  (2h) sivat 8oraO.65 ~ a i  
Staok8zat DC: Gtcicpopa npoi6vza. 
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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 isotherms 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 mathematical 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 constituent 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 highly 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 t o  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 general. 

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 
v e r s i q s  of the free volume theory of Lennard-Jofies 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 

and attention was given mainly to  the determination of a simple , 

analytical expression of the free volume, U.  In the previous hole theories a certain 
mathematical expression for the ut was proposed in an  empirical o r  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 ut 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'bf the liquid 
region even a t  relatively low temperatures. It also entails a satisfactory description 
of the thermodynamic equilibrium existing between the liquid state and its vapors. 

11. Equilibrium properties of simple liquids ' 

a. Approximation to the j'ree 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 2 N. The cell size, w=.Y/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. It 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. 

~ ( r )  = 4~ [(o/r)12 - ( ~ / r ) ~ ] ,  (1) 

where E is the depth of the minimum in the potential curve and o is the diameter of 
the particles, then the potential Y(0) of a molecule a t  the center of its cell is given 
*by 
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where w*=w/03. 
Furthermore, assuming that holes and molecules are randomly distributed 

within the system, the hole model leads to the following expression for the partition 
function': 

where h=2.n.m.k.T / h?, u=V/N and u 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 u can be given by 

where b ~ ,  and b2, are functions of o,u, and T, while y, is defined by 

where j is the number of the vacant nearest-neighbour cells to the i th molecule and 
c the coordination number of the lattice. Accounting for the random distribution 
assumption, we can consider an average free volume U ,  for which we have 

In order to  be able t o  use Eq. (4) for the calculation of the various 
thermodynamic functions of the liquid state it is necessary to  qssume 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. 

b 2  = b ( T )  

or uf = 4 1  - b ( T ) . 0  ] . (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: 
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The equation of state may be calculated from 

PV - = -  a A/NkT 
U,( - 

NkT au )T,u 

which yields 

6 8 ~  1 2 'V b ( T ) . 8  - L - 0  + -(- - - , - =  
N ~ T  I - ~ ( T ) . @  e k~ W,$ &,*2 ( 9 )  

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

FIG. I .  Eiluirtron o/ stcrrc /or 6:12 //uir/. The curve.\ crrc r.torI~~rnt.\ 11s /rhc~/c.i/ wrrh P, r/w r c l i ~ r c~ l  rivnprrir- 
ruri,. Tltc .\olri/ curvc~ uri, ccrlculrtcil /ram Eq.(Y) wl~i l l ,  the' l>roAcn curvi..\ uri, tlte rc2.tult\ o/ Ilc~~tilclc.r:ton'\ 
thew,): Tlw poinr.\ .\lrown by 0. 9 unil irrc niucltmi~-cc~/cuI~~~~~il vrrluet. Tlw points givcn by O MW r 
c d i  ulurcd u\mn,~ cr /rvc - tcrnt viriirl c,xpim.\ion imil rlte pomt.\ g~vcn hy . v . e  cmil + urcl e~pcrmtcwrul virlui~.c. 
Sc,c 1.i.q. 5 o/ Re/.(& /br tlic tluru rc:/c2rc~nre\. 
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Eqs. (9) and (10) reveal 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 data7 (see Fig. 
l ) ,  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 

where T*=kT/&. 

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 fro& 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 theor-y of Barker and Hendersonx, 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 
equation':, PY. In these comparisons we used the parameters ~ / k  = 119.8 K and a 
= 3.405 A derived by Michels et al." from second virial coefficients. 

Figure 1 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. l 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 et 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 Goudeketlh. It is pointed out that the results 
of our method give the best agreement with the experimental data. 
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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. 

Expanding Eq.(9) in powers of l/u we obtain for the second virial coefficient 

or in a reduced form 

* 3B B =2 =X. 
2nu3 2n i b ( T )  + 4 +g I . ( 1 4 )  

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 
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TABLE I .  Vuluec. 01' PV/NkTlbr  6:12 po~i~nlicrl'" 

T* l *  Simul. PY (E) BH2 Var (PY) Var (VW) WCA Present 
(PY) Cnlc. 

-- 

a. See Table IX of Ref.(l2) for the data references. 
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T* I h *  Simul. PY (E)  BH2 Var (PY) War (VW) WCA Present 
(PY) Calc. 

/ 

a. Sec Table V11 of  Ref.( 12) Ibr the data rcfcrcnccs. 

In Table I1 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. 

Eqs. (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  =-(aAjaT) 
W l ' J  

(16) 

which gives 
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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 

The internal energy is determined from 

" = , T 2 ( . ? 2 &  (20)'- 
aT ]o,u 

The excess internal energy is 

In Figures 4 and 5 the values of excess entropy and in;ernal 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 

and they are provided in Table 111. 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. 
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FIG. 4. Interncrl entropy fbr 6:12 potential. The curve.\ arc. i.\otherm.c and arc 1uhc~lc.rl with the approprirrtc, 
value 01 P. The wlrd curves are calculated jronl Eq.fl9) while rhc. hroh-cn curvc~c crre the retult.\ of 
Ilernlercon. The points grven hy .c + und 4 arc, e.rperirnenfa1 valuc,~ for T* = 2.74. 1.35 and 0.72. 
recprctrvdy See Fi,g 8 of ReI' (8) lbr jhr  data rc.lc.rc.ncrs. 

TA B L E I 1  I. Critical constants lbr the 6:12 potentid 

Present Exptl 
calc. Henderson Verlet a ( ~ r ~ o n ) ~  

a. Reference ( 17) 
b. Relkrence (18) 
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FIG. 5. Intcrnal en1,rg.v fbr 6:12 patentiul. The curves arc8 isorharms cmcl arc lahi~lccl with /hi, ccpproprrertc 
valui~s oj' P. The .so$/ curves arc. t.ulculatecl./iam Eq.(23) while thr broken curves are 11rc rcculrs of 

Henderson. The points o@ are machine - calculated data for T*=2.74. The points given by and A are 
machine - calculated values for T*=1.35 and 0.72, respectively. The points shown by X, t. and+ are 
experimental values for T*=2.74.1.35 and 0.72 respectively. See Fig. 9 of  Ref(8) ,for the data rderence~. 

111. Liquid - vapor phase transition 

Since the hole theory of the liquid 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 l/u and I/& i.e. the densities of the coexisting liquid and vapor respectively: 

Pressures R, PR can be calculated from Eq.(9) while the Helmholtz free 
energies At and A, are determined from Eq.(7). 

At a given temperature Eqs.(25) are equivalent to a system of two equations 
with four unknowns namely V u l ,  I/&; wr and %. Therefore for the solution of the 
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above system an additional relationship for w is necessary. This relationship is the 
Eq.(l l). 

An approximate solution for this system can be obtained by plotting the 
quantity A '  ' = [A / NkT +In (h3/'.o.'.qInt )l, at  a given temperature, as a function 
of the reduced volume U* (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. 

F I G .  6. ~epenrlence of A * ,=[A/NkT + In  (A'/'.al.gt~r)] on the r e ~ l u r ~ ~ l  volume U* at T*=I.2. 

FIG. 7 .  Rectilinear diameters plot. The curve grves the resulfs of the solutron of the system ot Eqs.(25). 
based upon zhe Helmholtz free energy calculaterl fpom Eq.(7). Thp pornts are experimental  value^ whrch are 
calculatecl from the emprrical .formulas of Guggenherrn."' 
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The approximate solutions obtained from these diagrams were used as initial 
values for the numerical solution of the system of Eqs.(25). The results of coexisting 
phases a re  shown in Figures 7-10. 

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. 

FIG. 8. Reduced vapor pressures.for the 6:12 potentral. The curve gives the results o f  Eq.(9) and the points 
are experimental values taken from Refi(l8). 

The calculated values of the reduced vapor pressure, P* = P.02/&, are 
compa~ed in Fig. 8 with the experimental values. The calculated iogarithm of P* 
varies linearly with 1/T* and this function can be represented by 

2.79 log,o P*= 1 . l 9  -- , (26)  
T* 

The experimental relation between log,,,P* and I/T* is' 

while Henderson's theory gives 
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FIG. 9. Internal entropy at saturated vapor pressure for 6:12 liquid vs temperature. The solid curve is from 
Eq.(19) with the theoretical liquicl densities as calculated from Eqs.(25). The broken curve sives the results 
o f  Henclerson. The points and o are experimental clata,from two different sources. See Fig. 10 of  Refi(8) 
.for the data references. 

FIG. 10. Internal enerxy at saturated vapor pressure,for 6:12 liqulrl vs temperature. The solid curve is,fiom 
Eq. (23) with the theoretical liquid rlensities as calculated,from Eqs.(25). The broken curve p e s  the results 
o f  Henrlerson. The points 6 vnd -S are machine calculaterl data. while points and o are expriimental data 
,from two diffirent sources. See Fig. I1 o f  Ref:(8) ;fbr 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 che experimental 
values is more qualitative than quantitative, there is a remarkable improvement in 
relation to the results of the previous hole theories. -.. 

IV. 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 
liquid 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)'f2' 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 expression of the free 
volume. 

As it was mentioned earlier, lattice 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. 
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APPLICATION OF A NEW APPROXIMATE METHOD OF THE HOLE 
THEORY TO BINARY LIQUID MIXTURES 

(Rcceivcd February 17. 198 I ). 

Summary 

The hethod of the hole theory proposed earlier for the calculation of the equilibribm 
thermodynamic properties of simple pure fluids. is extended to binary mixturcs of simple 
fluids. It  is assumed that the constituents are spherical molecules having the same s i x  but 
different fields of interaction and that the holes and molecules are randomly ciistributcd 
within the system. Calculated excess Gihbs energies. enthalpies and volumes are in a quite 
satisfactory agreement with experimental data. for seven binary systems containing s~mple 
nonpolar molecules. 

Key words: Lattice statistics. Holc theory. Liquid mixturcs. 

I. Introduction 

The statistkal the'rmodynamics 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.(l) leads to  good results for all the thermodynamic 
properties of liquid state. In the present work, the hole theory of pure systems is 
extended t o  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. 



D.A. JANAKOUDAKIS and P.J. NIKITAS 

11. Theory 

a. General relations. 

Before proceeding to  the extension of the hole theory of pure simple liquids to 
binary liquid mixtures it is'necessary 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 o r  generally as cells, which 
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 type 2, ..., Nn molecules of type 
n and therefore we have: 

N = NI + N Z  + +NI] . (1 

.We let Nij be the number ot'the nearest-neighbour pairs of sites composed or 
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 
lattice energy is given by 

assuming that interactions between non nearest-neighbour molecules can be 
ignored (nearest-neighbour lattice statistics). 

For an  arbitrary lattice. 'we have 

c N i =  2 N  ii t Nil t Ni2 t .-. . tNi(i.l) + N i ( i + l )  + ".+Nin (3) 
< 

-- 

or 1 1 
Nii = - C  Ni - - ( N i l  2  t N i 2 t . . . + N i n ) ,  ( 4 )  

where c is the number. of the nearest-neighbour sites &rounding a given site. 
Therefore 

where Ui= f c N i w i i  

. . 
and 1 wl)= W i j  - 7 ( W i i t W  ) . 

j j 

The partition function of the i th molecule is 
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where q ~ n ~  and q18. are the internal and the translational partition functions of this 
molecule, respectively. The canonical ensemble partition function can be obtained 
by multiplying ql and adding ove; all permissible arrangements of the N molecules 

Assuming that the internal degrees of freedom d o  not depend on the presence 
of other molecules in the lattice. then 

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

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 NI  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 
identical cells, where L 3 N I  + 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. 

T o  determine the partition function of this system according to the hole 
theory, as it has been developed in Ref.(l), 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.( l l )  we have 

- - 
because 'int. 3 qtr . 3  

= 0 

and w~~ = 0 . 

e If u n l  is the free volume of the i th molecule of type 1, (1 = 1,2), then 
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Furthermore, assuming 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 

Since W"=-W, ,/2 
and W*'=-W,& 

because w13 =w,,=w~~=o 

it follows that 

where 0=N/L=o/u, o=V/L, u=V/N, 

and xI=Nl/N 1=1,2. 

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

where a is the nearest-neighbour distance. 
The parameters E ,  ,, E,,, G , ,  and G,? 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.e. 

The usual mixing rule for the energy parameter E,? in the pair potential is 
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where c,? 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,*s3 and we use k , ,  as an adjustable 
parameter. 

If we introduce Eq.(l7j into Eq.(16), we have 

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

while ~ ( 0 )  is given by 

because a3 = 0. o , and w" = o / <a>? 

By assuming a random distribution, things are markedly simplified. We 
considered all cells as equivalent and instead of U:' . :) v in Eq.(14), we use a 
single free volume < ur > (one fluid model) which is given by' 

< W >  =@[l-b(T)B] 

b(T) = 1.17 l g.exp(-0.136 1/T*) (24) 

where T*= kT/ < E > . 
From Eqs.(l4), (20) and (24), the complete expression for the'canonical 

ensemble partition function, by the single free volume approximation, is the 
following: 
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- X lnxl - X  lnx +xllnA +xlnA2 
1 2 2 1 

c. Thermodynamic Functions. 

Once the partition function has been formulated the thermodynamic 
properties of a liquid mixture can be calculated by using the equations of the 
statistical thermodynamics. 
Therefore: 

The Helmholtz free energy is given by 

where the volume per cell is determined by minimizing A: 

The equation of state is calculated from 

PV 1 - b(T.1-0 6 0 ~  i 2 - - l n ( l  - 0 )  +-(- - -  
N ~ T  I - ~ ( T ) . G  e k~ &4 a*2 l .  

From Eqs.(28), (29) and (30) the free energy A is determined as a function of P,T,N 
and X,.  

The internal energy of the liquid mixture is calculated from Eq.(28) and the 
relation 
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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 
proyided below 

v' = v  -- (xp; + X&) 

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

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

Therefore we have 

'UE = HE. and A € = G ~ .  ( 3 3 )  

111. 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-0, and N, - CO with 
(JAr / DO, = 1.005 and O N ,  / 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, - 0,. 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 mixtures21' the calculation 
of the excess properties, reported in this paper, involve the potential poarameters 
listed in table I. For Argon we use"/k = 119.8 K and o = 3.405 A . 
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TABLE I. Potential parameters for pure substances 

Substance &/E (argon) d o  (argon) 

argon 1 .OOO 1 .OOO 
krypton 1.387 1.070 
nitrogen 0.836 1.063 
oxygen 1.022 0.995 
carbon monoxide 0.881 1.070 
methane 1.266 1.099 

In table I1 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 11, the mixtures have been arranged at an order of increasing values of the 

TABLE 11. Comparison of theory and experrment (c,, arljusterl) at PE0 and xl=x,=1/2 

Experimental data a 0.99 37 60 
v d ~  (a)b 0.978 37 v 50 
vdW (b)d 0.978 37 50 
G 0.987 37 59 
APM b 0.989 36 55 
Perturbation 0.987 37 5 1 
Present Calc. 0.988 37 59 

CO-N , T=84 K o< Joz, = 1.007 

Experimental data' 0.99 23 -- 0.13 
v d ~  (a)h 0.983 23 34 0.16 
vdW (b)h 0.983 23 35 0.17 
G (b)h 0.989 23 40 0.12 
APM 
perturbation" 0.990 . 23 33 0.07 
Present Calc. 0.991 23 38 0.10 
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TABLE 11.- continued 

Experimental data' -- 29 55 * 0.01 
vdW (a)' 1.00 21 25 - - 0.14 
vdW (by 1 .OO 15 17 - 0.11 
G (b)' 1 .OO 18 22 - 0.03 
APM' 1 .OO 38 56 + 0.01 
perturbationJ 
Present Calc. 1 .OO 32 50 + 0.01 

vd W (a)' 0.998 29 36 I - 0.13 
vdW (by 0.997 29 36 - 0.09 ' 

G (b)' 0.998 29 36 - 0.02 
APM' 0.998 52 -- + 0.03 
Present Calc. 1.001 29 45 + 0.01 

CO-CH, T=91 K o( II,/O(O = 1.027 

Experimental data' 1 .OO 115 108 - 0.32 
vd W (a)h 0.957 115 ' 105 - 0.52 
vdW (b)h 0.957 115 119 - 0.25 
G (bT 0.988 115 114 - 0.50 
APM' + 0.994 112 105 - 0.31 
perturbationd 0.983 115 92 - 0.51 
Present Calc. 1.004 115 137 - 0.33 

Experimental datah 1 .OO 34 51 - 0.18 
vdW (a)h 0.991 34 38 - 0.29 
vdW (blh 0.987 34 40 - 0.18 
G (bP 0.997 34 4 1 - 0.26 
A PML 1.054 35 45 - 0.20 
perturbation" 0.999 34 30 ' - 0.33 
Present Calc. 1.027 33 52 - 0.11 
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TABLE 11. - continued 

Experimental data' -- 42 44 - 0.21 
vdW (a)* 1.003 42 4 1 - 0.34 
vdW (b) 
G (b) 
A P M  1.009 47 - 47 - 0.20 
Perturbation" 0.999 42 36 - 0.34 
Present Calc. , 1.032 42 65 - 0.10 

Experimental data' 0.99 57 -- + 0.10 
vdW (ay 0.971 57 79 + 0.00 
vdW (b)h 0.968 57 79 + 0.06 
G (b)h 0.983 57 90 - 0.03 
APM 
perturbation" 0.985 - 57 7 1 - 0.15 
Present Calc. 1.020 57 102 + 0.24 

difference (I-o,,/o,,). In table I1 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 models21'1", the "two-fluid" model of Guggenheim,'~"G(b), the 
average potential model2iU (APM), and the perturbation theory of L.H.B.' Except- 
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 comparisons and results of table I1 indicate that for o,, / o,, --- 1 the hole 
theory provides a quite satisfactory picture for the liquid mixtures. However, as the 
difference (1-0, ,/G,,) 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-0, and N,-CO mixtures. 

, 
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FIG. 1. Excess properties of  Ar-0,  at 84 K. The curves give the theoretical results and the points give the 
experimental results. 

FIG. 2. Excess properties o f  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 theoretical results and the points give 
the experimental results. 

X ~ ~ ,  
FIG. 4. Excess Properties of CH,-CO at 91 K. The curvesgive the theoretlcafresulKs 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 l), nitrogen- 
carbon monoxide (Figure 2). krypton-methane (Figure 3). and methane-carbon 
monoxide (Figure 4). From this comparison we conclude again that for o,, - m, 
the hole theory provides an almost quantitative description of the liquid mixtures. 
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Summary 

A new series of N,N'-B~S(S-alkyl-2-ethanethio) acetamidines were synthesized. These 
derivatives were prepared by reacting equimolar quantities of S-alkyl-2-acetaminoethane- 
sulfides and S-alkyl-2-aminoethane-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-dihydro-2-phenyl 4H-1.3-thiazine were obtained from 
S-alkyl-benzoylaminoethane-and propanesulfides respectively. 

Y 

Key words: N.N'-Bis(S-alkyl-2-ethanethip) acetamidines- S-alkyl-ben~oylamino-alkylene-\ulfide\. 

Introduction 

The fact that some amidines and their derivatives show various biological 
acti~ities, ' -~ notably local anesthetic, antibacterial and antifungal, prompted the 
synthesis of the title amidines. ft was thought that the presence of an alkyl-thio 
group would probably increase the antibacterial .and antifungal a~t ivi t ies .~ 

Chemistry 

The compounds formed correspond to the general formula I. 
For the preparation of the above compounds, S-alkyl-2-aminoethanesulfides 

(Sch. I v=2) were used as the starting materials. 
These compounds were synthesized by reacting the appropriate alkyl- 

mercaptans and ethylenimine5. 
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I 

where R =CH3, C2H5, nC3H7, 1soC3H7 X=CH3 v=2 

The aminosulfides 1 were converted into their acetamino derivativesh 2 (Sch. I 
v=2 X=CH,), by the reaction of acetyl chloride in chloroform in the presence of 
anh. sodium carbonate. 

The compounds of the general formula I, were obtained by using equimolar 
quantities of 1 a n d 3  (Sch. I, v=2), which refluxed in benzene and in the presence of 
phosphorous oxychloride7. 

The synthesis was performed as outlined in Scheme I. 

Scheme I 

The acetamidines 'so obtained, were characterized by their picrate 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,H7, nC,H,, v=2 or 3,X=C,Hi. For that 
purpose. S-alkyl-3 aminopropanesulfides 1 (Sch. I, v=3) were also synthesized by 
the reduction of the appropriate nitrilesX with Aluminium hydride',lO. 

These. were converted into their benzoylamino derivatives 2 (Sch. 1, v=2 or 3 
X=C,H,) by reaction with benzoylchloride in pyridine. 

All the prepared benzoylamino derivatives had the consistency of thick oils 
and failed to crystallize. The compounds were analyzed (N,S) following 
microdistillation (see Table 11). 

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-benzolylamin~propanesulfides, always produced 2-phenylthiazoline 3 
(Sch. 11, v=2) and 5,h-dihydro-2-phenyl-4H-1,3-thiazine 3 (Sch. 11, v=3) respecti- 
vely. 



TABLE I 

N,N'-bis(S-alkyl-2-ethanethi0)-acetam~dines 

N-CH CH -S-R 
CH3-C 2 2 

n-C3H7 1 Oxalate Cl 4H28N204S2. 

lso-C H Oxalate ; Cl 4H28N204S2. 1 / 2  H20 
3 71 

CH2-S-R 

l l A n a l y s e s  

Yleld % ( * )  M.P.~c(**)( Calculated % Found % 

( * )  Yields refer to unpurified bases. 

(**)Recrystallisation from absolute ethanol-anhydrous ether. 
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TABLE I1 

t 
S-Alkvl-2-h~nzovlam~noethane and propanethiols. l 

( * )  Yields of unpurified products. 

R-S- ,-NHCUC H 
6 5 

1 Analyses 

Molecular formula Yield O 1 Calculated % Found % 

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 Farlandt4. 

The sequence of reactions which probably takes place can be presented as 
follows (Scheme 11). 

PoCl3 * 
R-S 

/ 
R-S 

( * l  

oH1 3NOS I 87,8 a 

I 

where v=2 or 3 R=C2H5, nC3H7, iso C3H7, nC4H9 

N I S  

7.17 16,42 

N 

6,92 

Scheme I1 

S 

1 6 , 2 0  
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The structure of the above described products 3 4 ~ 2  and 3) was confirmed by 
analytical data and by comparing their melting points with those of the derivatives 
3 which were synthesized by a standard method. 

The preparation of 2-phenylthiazoline was carried out by heating thioben- 
zamide with P-bromoethylamine" at  160-165". 

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

\ 

Experimental section 

S-alkyl-benzoylaminoethane and propanesuIfides. 
S-ethyl-2-benzoylaminoethane-suifine. 

4,l 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% HCI 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 I1 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 ml(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 m1 (0,l 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,O, 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." 



366 G PAPAIOANNOU and ASP. PAPADAKI-VALIRAKI 

Analysis 
Calculated for C,,H,,N,SO, h C 45,92 H 3.08 N 14.28 S 8.17 
Found C 45.81 H 2.94 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 6,7m1(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-S' and did not depress the 
m.p. of the picrate of the same product prepared by the standard method.I2 
~ n a l y s i s  
Calculated for C,,H,,N,SO, C 47.29 H 3,47 N 13.79 S 7.89 
Found C 47,37 H- 3.54 N 13.54 S 8.03 

Ztrjv Epyuoia adtrj napao~su&o0qlce pia ostp& Fis i m o ~ a ~ s o r q p 6 v o v  s- 
~ h ~ u h o - a t ~ u h ~ v o ~ ~ t o a ~ ~ ~ a p t F 1 ~ 6 v .  T& 7capCyoya a d ~ &  7 c a p a o ~ ~ u k o 0 q ~ a v  61' \ 

&v~tFp&osos i o o p o p t a ~ 6 v  R O ~ O T ~ ~ T Q V  ~-&h~~ho-2-~~~raptvoat~~h~~0(~0uhcpt- 
Giov K G ~  s-&h~uho-2-aptvoat0uhsvooouhcp16icov p8 d&hopto67jo cpwocp6po. 
'En tp tp- r j8q~e  Enioqs fi odv0soq PIES &vah6you o s t p E ~  Fiq i1no~a~sorqp6vov s- 
& h ~ u h o 0 & t o ~ ~ v ~ c p t ~ t v i i , v .  "Opws, 26 nap&yoya a d ~ &  66v K c T ~ o T ~  Fuvarb v& 
hqcp0oiiv p6 trjv IFtc p80080, h6y" ~ u ~ h o n o ~ r j o s w ~  G 6noio h6ppavs x h p a  K&& 

rrjv Bbppavoq ~ i S v  s - & h ~ u h o - ~ ~ v ( o i j h a p ~ v o ~ ~ ~ u h ~ v o - ~ ~  - nponuhsvooouhcptFiov 
p6 6cu~hopto67jo cpoocp6po. 

"Erot, 6 o q  cpop6~ Enavshrjcp0q fi 6vriFpaoq h 6  p8v rci S-bh~uho-  
~~v(oDhaptvoat~~hsvooouhcpiF~a ~ ~ o E K ~ ~ T E  f i~2-cp~tv~ho-0~1a~ohivq 3 (ZT. 2, - 

v=2) 6716 F6 T& S-8h~uho-~~v~oUhaptvonponuh~vooouhcpiG~a R ~ O ~ K U ~ T E  5,6- 
F1~Gpo-2-cpatvuho-4H-1,3-0~1a(ivq 3 (ZX 2, v=3). 

T6  ysyov6q a d d  6 ~ a n t o ~ h O q ~ s  p8 1ivah6os~~ ~ a i  p8 ouvO~.r l~r j  n a p a o ~ s u r j  
r 6 v  mpayhywv 3, (v=2 ~ a i  3) p8 ahhq p80060 ~ a i  o 6 y ~ p t o q  zo6 oqpsiov tfi+~ - 
r 6 v  n t ~ p t ~ i S v  dh600v. 
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Summary 

During the solid phase synthesis of the angiotensin I1 (A-11) analog SC-30824. [Sarf. S- 
benzyl-CysX]-A-11, a heterogenous by product was shown to have high A-11 antagonistic 
without agonistic activity. The active component (SN-790) of this by-product was purified by 
ion 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 @-terminal tripeptide. suggested the structure [Sarl. dehydro-AlaX]-A-11. The 
novel structure was confirmed by peptide synthesis of [Sar1. dehydro-Alah]-A-II.(SC-33 191). 
[Sarl, S-benzyl-CysX]-A-11, (SC-30824). SN-790 and [Sar'. dehydro-Alah]-A-11. (SC-33191) 
and the known A-11 antagonists Saralasin and [Sarl, IleX]-A-I1 were characterized in vitro for 
A-I1 receptor binding. and aldosterone procuction by isolated rat adrenal glomerulosa cells. 
The relative A-I1 receptor binding potencies of [Sarl. S-benzyl-CysX]-A-11, (SC-30824) and 
[Sarl, debydro-AlaX]-A-11. (SN-790) were, 4.0 and 1.7 respectively. using A-I1 as a standard. 
Both analogs were highly antagonistic (ID50=8.10x10-X M and 5.7X10-X M. respectively) of 
aldosterone production stimulated by A-I1 at the cell level. but [Sar'. S-benzyl-CysX]-A-11, 
(SC-30824) showed a partial agonist activity. SN-790 and [Sar1, dehydro-Alah]-A-11. (SC- 
33191) had a supeiior in vitro profile as A-I1 blockers of pharmacolog$al potential. when 
compared with Saralasin and [Sarl. S-benzyl-CysX]-A-11. (SC-30824). They were found to be 

- more potent than Saralasin both in terms of binding potency and antagonistic activity at the 
glomerulosa cell level. Apart from [Sar'. S-benzyl-CysX]-k-11, (SC-30824). the above three 
antagonists showed no agonistic activity in vitro. 

Introduction 

T h e  first antagonists of  angiotensin I1 (A-11) have been instrumental fo r  
structure-activity studies o f  the  h ~ r r n o q e . ' ' l ' ~  Regoli e t  aF3 have reviewed the early 
pharmacological studies. T h e  s tructure of  the  C-terminal residue was indentified as 
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most important for the agonistic and antagonistic properties of A-I1 analogs. More 
recently, Catt and c o w ~ r k e r s ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  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-I1 may be useful as diagnostic o r  therapeutic 
agents in the treatment of hypertension. Saralasin, [Sari, Val', AlaX]-A-I1 and [Sari, 
HeX]-A-I1 are p~ ten t~an tagon i s t s  in vitro, h , X  and have been shown to lower the 
blood pressure in normal 141" and hypertensive subjects. ' ! l i  Both antagonists, 
however, have also shown an initial pressor effect. ' 0 ' 4 1 1 5 9 2 2  . In a search for A-I1 
antagonists and as a result of a solid phase synthesis of [Sari, S-benzyl-CysX]-A-11, a 
heterogeneous by-product was obtained by counter current distribution. l 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-I1 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 111-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 a-chymotrypsin (3x crystallized, 53 
units/mg) was from Worthington Biochemical Co. (Freehold, NJ). A-I1 and [Sari, 
Heh]-A-I1 were purchased from Beckman Instrument Co. (Palo Alto, CA), while 
[Sar', Val', Alay-A-I1 (P1 13, Saralasin acetate) was generously provided by Dr. K. 
0. Ellis, Norwich Pharmaceutical Co. (Norwich NY). SC-33191 i.e. [Sar1, dehydro- 
Alay-A-11, and SC-30824 i.e. [Sari, S-benzyl-CysX]-A-II were synthesized at Searle 
Laboratories by E.A. Hallinan. ['2'1] Monoiodo-A-I1 (specific activity, 1,000 
m Ci/mg) was from New England Nuclear Co. (Boston, MA). EGWP filters 
were from Millipore (Bedford, MA). 11.2-'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). 

Purifi'cation of SN-790 

Solid phase synthesis of [Sari, S-ben~yl-Cys~]-A-II '~ 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. eight m1 
fractions were collected and the optical density determined a t  280 nm. The peak 
fractions were pooled, lyophilized'and tested for homogeneity by ascending thin- 
la'yer 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 (2423:s: 1 by vol.). o r  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 iodideIx. 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 m1 of one percent ammonium 
bicarbonate buffer p H  8.3 and two m g  chymotrypsin were used for hydrolysis a t  
37•‹C. Progress of hydrolysis was followed by TLC as-above. After one hour the 
solution was acidified to  p H  4 with 1M acetic acid and lyophilized. This 
hydrolysate was further fractionated on a (0.8X40 cm) column, packed with Merck 
H silica gel. The column was' prewashed with ethanol, water, ethylene dichloride 
and 0. l % 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 t o  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 
m1 eluate were collected. The column chromatography was-monitored by means of 
T L C  as  above. Fractions 8-15 were pooled and lyophilized. The lyophilizate was 
hydrolyzed a t  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 T L C  as above. After one hundred min a t  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 
bicaibonate, and 1.2 ml fractions were collected. Five p1 from each fraction were 
spotted o n  T L C  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 T L C  method. The 
lyophilizate 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 content2". 

Angiotensin II receptor binding assay 

The radioligand-receptor assay was performed as by Saltman et al 'i , with the 
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f o ~ ~ d w i n ~  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 pm) filters. The initial binding of 

["cI)-monoiodo-A-II tracer in the absence of unlabeled hormone was approxima- 
tely ten percent, and thehnonspecific binding was less than one percent. 

Alclosterone production 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: lOmM 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-X M A-11. The aldosterone RIA was performed by 
the direct method as in (8) except that 5 mg/ml BSA were used instead of gamma 
globulin, and the bound tracer separated by the addition of 0.8 m1 charcoaldextran 
suspension (250 mg Norit A and 25 mg dextran per 100 ml of 50 mM sodium 
phosphate - 140 mM NaCI, pH 7.4). 

Results 

Pur;fication ancl enzymafic c/egraclafion of SN-790 

lon exchange chromatography (Fig. 1)  was effective in separating several UV 
absorbing peak\ from the by-product of solid phase synthesis of [Sar', S-benzyl- 
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CysX]-A-11." 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-Cysy- 
A-11. The results of animo acid analysis (Table 1) indicated a heptapeptide with 

TABLE 1. Amino Acrd Composition of SN-790 and r t ~  Purific~l C-termmal Pq~trrle\ 

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

ASP 
THR 
SER 
PRO 
GLU 
GLY 
ALA 
VAL 
MET 
ILE 
LEU 
TY R 
PHE 
S-benzyl-Cys' 
Sarcosine 
LYS 
HIS 
ARG 

The peptides were hydrolyzed for 24 h at 110•‹C as descr~bed in the text. The number of resldue5 per mol 
of pept~de wa\ calculated by assumlng one residue of h~\ t~d~ne/mol .  

only traces of S-benzyl-cysteine. The strong binding to  the adrenal A-I1 receptor 
(Table 2). however, did not agree with proline being the C-terminal residue of SN- 

TABLE 2. Angiotensin II. (A-II) Reccptor Binrlin~g and A/clr,stcrone ~roc/ucti& Propo.ties (?fSN-7YO and 
Related Antagonists. 

Receptor Agoni\tlc Antagon~\tic 
B ~ n d ~ n g  Actwty Act~v~ty  

Compound Structure RP Yi ID50 ( M )  

A-I l Asp1Arg'Val'Tyr41le'Hi\"Pro7Phex 1 .00 100 --- 
SC-30824 [Sar'. S-benzyl-Cys'l-A-I1 4.00 44 8.0 X I O P  
SN-790 [Sar', dehydro-Ala'1-A-l1 1.7 0 5.7 X 10"  
SC-33 19 1 [Sar'. dehydro-Alas]-A-I1 1.4 0 5.2 X 10.' 
Saralasin (PI 13) [Sari. Val'. Alay-A-I I 0.7 0 3 5 X 10-' 
--- [Sari. IleX]-A-11 1.2 0 1 .O X ]Kx 
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Receptor binding studies were carried out on crude adrenal membrane preparations. while the agonistlc 
and antagonistic properties were based on aldosterone production by isolated glornerulosa cells. RP 
stands for bindmg potency relative to A-11. The agonistic activity is expreGsed as percent of A-Il activity. 
The data are from dose-response curves. each dose point representing the mean of duplicate 
determinations with 5% rnax. intra-asay variablility for the receptor binding assay and loo/( for the 
aldosterone release assay. 

790. The enzymatic degradations of SN-790. shown schematically in Fig. 2, were 
pursued in order to  isolate the C-terminal tripeptide for further Htructura~ 
characterization. 

SC-30824 BY-PRODUCT (HETEROGENEOUS) 

CM-SEPHADEX CHROMATOGRAPHY 

FRACTIONS 80-86. SN-790 (HOMOGENEOUS) 

(1) CHYMOTRYPSIN HYDROLYSIS 
(2) SILICA GEL CHROMATOGRAPHY 

FRACTIONS 8-15. C-TERM. TETRAPEPTIDE OF SN-790 

( I )  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 

FIG. 2. D r a , ~ m n  o/ purificatron, clcgradatton and structural charpchtcwzatron o/ SN-790. 

in the Hydrolysis of SN-790 with chymotrypsin (as in Methods) resulted 
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 aminopeptidase (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). 

Structural 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 l )  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 ofa,gunsaturated amino acid residues as shown 
by Gross and Kiltzlo. 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 

FIG. 3. Ultl~vrolet absorption spectrum of the C-tcrminal rripcptrclc. of SN-790. T ~ P  cantentration MW 

50pg per m1 water: 

FIG. 4. Proton nuclear ma.q~etrc remnante spectrum of the C-tc~mmal trrpcptrclc of SN-790 u\mg a 
Varran XL-100';p~ctr~mrter at 100 MHz. The sample conc~wtratron wa.c 33 mg per m1 L),O (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. [Sari, dehydro- 
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AlaX]-A-11. (E.A. Hallinan. unpublished work). 

Receptor binding and effects on aldosterone production 

Specific binding to crude rat adrenal membrane receptor preparations was 
comparable to the binding observed with similar 6 0 v i n e ~ ~  and rat' prepara- 
tions. Thus, [Des-Asp1]-A-I1 was essentially equipotent to A-11. AI was 2% 
as potent, and the [Des-Asp1, Des-Argq-A-I1 was only 0.4% as potent. The binding 
of Saralasin and [Sarl, IleX]-A-I1 antagonists (Table 2) was also comparable to that 
reported previously~z5. The fifty percent effective dose .for A-I1 binding was 
6.6+1.8X10-' M, (n=13) similar to recent binding studies5 using the 20,000xg pellet 
without DTT and EDTA additives. 

The aldosterone production results were also comparable to the original 
methodology'lx. The endogenous aldosterone production and inter-assay 
vg-iability in absence of added A-I1 was 2.0-+1.1 ng/lOz cells ( ~ 8 ) .  A 3- to 7-fold 
increase above this control value was obtained by addition of 5X 10-X M A-11. The 
A-I1 concentration for half maximal stimulation of aldosterone was 1 .8+1.2~10-~ 
M from five separate experiments. SN-790, SC-33191, ie the synthetic. [Sarl, 
dehydro-AlaX]-A-11, and the early synthetic antagonist [Sarl, S-benzyl-CysX]-A-11, 
(SC-30824). were compared with A-I1 and model antagonists as shown in Table 2. 
The relative binding potency of [Sarl, S-benzyl-CysX]-A-11, (SC-30824) was the 
highest reported to date4J5, but it is a partial agonist since it showed 
considerable agonistic activity (Table 2). The profiles of SN-790 and [Sar', 
dehydro-AlaX]-A-11, (SC-33191) were very similar. as expected. They bound 
strongly to the A-I1 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. 

Discussion 

The present studies bere promted from early preliminary data indicating that a 
crude by-product of [Sarl, S-benzyl-CysX]-A-I1 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 weil as in 
terms of its binding to  the A-11 receptorg and its effects on aldosterone production 
at the cell level. The existence of highly sensitive, specific in vitro methodo- 
I ~ g y ~ ~ ~ , ~ ~ ' ~ ~ ~  that correlated well with in vivo data, made possible the relevant 
monitoring for the purification and characterization of SN-790, a novel A-I1 
antagonist. , 

SN-790 showed superior in vitro profile (Table 2) as a potential diagnostic or 
therapeutic antihypertensive agent, when compared with the originally designed 
[Sar', S-benzyl-CysX]-A-11, (SC-30824). Amino acid analysis (Table l )  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-I1 and its active analogs causes 
complete i n a ~ t i b a t i o n ~ ' ~ ~ ~ .  It was decided t o  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 [Sarl, S-benzyl-CysX]-A-11, (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 a t  the C-terminal tripeptide, the amino acid analysis of which (Table 1)  
was consistent with'the above interpretation. 

The first hint about the structure of the C-terminal residue 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  a,&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 
[Sari, S-benzyl-CysX]-A-11, (SC-30824). as documented in similar cases. ' '~~' . 
Acid hydrolysis of dehydroalanine peptides resulted in pyruric acid that is not 
ninhydrin positive2. This explained why dehydroalanine was not detected by 
amino acid analysis of SN-790 or  its C-terminal peptides (Table I ) .  The structure of 
SN-790 was finally confirmed by solid phase synthesis of [Sarl. dehydro-Alay-A-11, 
(SC-33191). Dehydroamino acid residues have been earlier reported in the , 

literature as  constituents of peptide antibiotics nicin". subtilin". and other natural 
 product^'^^'. 

The  structure-activity relationships for [Sar', dehydro-Alay-A-11, (SN-790) 
and [Sarl, S-benzyl.-CysX]-A-11. (SC-30824) were in agreement with the litera- 
ture?3 ,?5 ,1h  . Both peptides bound t o  be A-I1 receptor with higher potency than A-11. 

probably due to  the N-terminal sarcosine2'. The S-benzyl-cysteine residue in 
[Sar1, S-benzyl-CysX]-A-11, (SC-30824) resulted in an  A-I1 antagonist with partial 
agonistic activity (Table 2). In this aspect SC-30824 reseinbled the thienylalamine 
derivative of A-I12'. When the phenyl ring a t  the eighth position of A-I1 was 
substituted with a short aliphatic chain, the analogs like-Sa-ralasin and [Sarl. Ile"- 
A-I1 showed strong antagonistic activity2"'<. The results of the present study on 
these antagonists are in agreement with the  literature"^'^. The dehydroalanine 
a t  position eight of [Sarl, dehydro-Alay-A-11, (SN-790) resulted in even stronger 
antagonistic activity than Saralasin and higher binding potency than Saralasin and 
[Sari, IleX]-A-11. On the basis of the correlation between the antagonistic activities 
of A-11 antagonists on  rabbit aortic strip and the aldosterone production in isolated 
glomerulosa cells2'. it would be anticipated that  [Sar'. dehydro-AlaX]-A-11. (SN- 
790) would possess antihypertensive properties. SN-790, Saralasin and [Sar'. IleY- 
A-I1 showed no agonistic activity in vitro (Table 2) in spite of the definite agonistic- 
activity of the latter two antagonists in vivol~l","l'< Due to  the more potent 
binding and antagonistic activities of SN-790 compared t o  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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enzymes7. 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 
mixtures resulting from solid phase synthesis. 
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"Eva~ vtoc dvrayovmt j~  r i j ~  dyyezorovivq~ 11, [Sar', dehydro--AlaX]-A-II.* 
KaBapropdc lcai Xapalcrqpzopd~ in vitro. 

Kark zrjv nsnzt6t~rj obv0soq 206 Bvah6you SC-30824 'cqq &yystorovivgq 11, 
[Sari, S-benzyl-Cyssl-A-11, Bvtxvsb0q~s iiva EtspoysvOq napanpoi6v pi: dvt'aywvt 
C T T I K ~ <  i6t62?l~&q x ~ p i ~  & Y W V ~ O T L K ~  6paoq. T6 ~ V E P Y ~  ~ U G T ~ T L K ~  (SN-790) to6 
napanpof6v~oq adro0 Bnspovh0q ~popa~oypacpt~c i .  A O ~ L K ~  psh6~q to0 SN-790 
61' dvahboso< r6v &ptvo@ov ~ou,~idipohbosoq 616 ~upo0puyivqq B ~ I V O ~ E ~ Z L -  
GCkJqq, NMR, Kcli pi: h ~ ~ p t h 6 q  cpaOpat00~07tt~~ dvkhuoq 706 Kap$0~~-2&hIK06 
~ptn~mt2i iou  .TXI, ~aaS3LqSs 5 2 ~ j v  nt0avq 60prj [Sarl, dehydro-Alas]-A-11, nob 
~ ~ P E P o ~ ~ ~ ~ I ] K E  p6 nsn~161~rj  odv0soq 2fjc 60pqc a62qq (SC-33191). Oi Evhoetq 
[Sari, S-benzyl-Cyssl-A-11, (SC-30824), 26 Bnopovo06v napanpof6v SN-790 ~ a i  t 6  
~ U V ~ E T ~ K ~  [Sar1, dehydro-Alas]-A-11, (S&'-33191), ~ a 0 h q  ~ a i  oi yvdoroi Bv~ayo- 
vto~i :< Saralasin -ij [Sarl, VaP, Alas]-A-11, ~ a i  [Sarl, Ilesl-A-I1 Epshstrj0qoav in 
vitro 61' &hhqhsx16p6o~w< p6 rod< &6p&v~pytK0b< bxo6oxsi~ ~ f j <  Byystozovivqq 
11, Kai 616 2qq napayoyqq Bh6oozep6vq< oi: npwroy~vslq ~u ' t 'capt~i :< 1cahht6p- 
yewq EK cphoto6 En1vscpptGiov Bpoupcliou. Oi O X E T L K ~ : ~  6 p a o ~ q p t 6 ~ q ~ ~ <  200 [Sarl, 
S-benzyl-Cyssl-A-11, (SC-30824) ~ a i  so6 Bnopovo06v~o< napanpof6vzoq [Sarl, 
dehydro-Alas]-A-11, (SN-790), p6 pov66a rrjv 6paotqpt6~qza  ouv6Bosq rqq 
Byystozovivq~ I1 pi: TOGS i ) n o 6 o X ~ ? ~  ~ q q ,  npoo6topio0qoav Bv~ to~o ixoq  6s 4,O 
~ a i  1,7. Kai 26 6150 a 6 ~ a  Bvahoycl sixclv i qup r j  d l v ~ a y o v t o ~ t ~ r j  6 p k q  o ~ r j v  6ta' 
oqq Byys~o~ovivqq I1 napayoyrj Bh6oo~~p6vqq,  Ev6 76 [Sarl, S-benzyl-Cyssl-A-11, 
(SC-30824) ii6st& p s p t ~ r j  B ~ O V ~ ~ Z Z K T ~  6phoq. T6 Bnopovw06v napanpoi'6v [Sari, 
dehydro-Ala81-A-11, (SN-790) ~ a i  t 6  O U V ~ E T ~ K ~  [Sarl, dehydro-Ala8]-A-11, (SC- 
33191) sixav P~httopBvsq i 6 1 6 ~ q ~ ~ ~  oav & v & y ~ v t o ~ i : ~  ~ q q  &yy~to~ovivqq 11 in 
vitro p6 nteaviq cpappXK0h0ytK6< i616~q~sq  EV ouy~p ios t  pi: rrjv Saraiasin Kai t 6  
[Sarl, S-benzyl-Cys81-A-11, (SC-30824). Z u y ~ s ~ p t p i v a  r 6  660 np6ra dvahoya fizav 
G p a o t t ~ h ~ s p a  245 Salalasin, Boov Bcpopti zrjv odv6soq p6 2 0 6 ~  bno60x~iq tqq By- 
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ye to tov ivq~  11 ~ a i  trjv c i y w v ~ o t t ~ ~ j  6paoq or6 ~ l h r a p a  t o 6  cphoto6 EmvscpptGiwv. 
' E K T ~ S  t o 6  [Sar1, S-benzyl-Cys 1-A-11, (SC-30824), o i  m 6  nkvo t p s i ~  civtaywvt- 
o t 8 ~  68v d x a v  ciywvtotucrj Fp6oq in vitro. 
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DIETHYLAMINOETHYL ESTERS OF THE p-[(N.-ALKYL)- 
CARBAMOYLAMINO] - BENZOIC ACID 
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The fact that several basic carbamates have shown interesting pharmacody- 
namic activity as local anesthetics'12/' 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). 

where 

C  H  
6 C H 2 C H  N / 2 5  'C H  

2  5 

/R1 NHCON, 

R 2  
(1, 

R ,  : H, CH,. 
R, : CH,, C2Hq, 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 HCI salts. Their physical constants and 
analytical data are cited in Table I. 



TABLE I. Diethyluminoethyl esters of p-[(N'-ulky1)-carbamoylamino]-benzoic acid. 

A n a l y s e \  

(a )  Calculated % Found % 
No Ref R, R, Yield Salt Molecular M.p. OC 

% formula C H Cl N C H Cl N 

T4132 H CH, 91.4 Picrate C2,H,,N,0,,, 143-144 (b) 48.27 5,02 - 16.09 48.31 5.02 - 16,03 
T4133 H C,H, 92,3 Picrate C22H,XNh0111 129 (b) 49.25 5.26 - 15.67 49.16 5.29 - 15.54 
T4134 H nC,H, 93.1 Picrate CllH,,lNhO1ll 128-129 (b) 50.18 5.49 - 15,27 49.98 5,37 - '15.21 
T4135 H nC,H, 89.2 Picrate C24H,2N6011, 139-140 (b) 51.06 5.71 - 14,89 51.02 5.83 - 14.83 
T4137 CH, CH, 84,6 Hydrochlorid C,,H,,CIN,O, 142-143 (c) 55.89 7.62 10.31 12-22 55.53 7.56 10.23 12,35 

(a) Yields of unpurified bases. 
(b) Recrystallization from abs. ethanol. 
(c) Recrystallization from abs. ethanol-anh.ether. 
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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 m1 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. , 

I 

Abstract 

A series of diethylaminoethyl esters of the p-[(N'-alky1)-carbamoylamino]- 
benzoic acid were synthesized by the reaction of the diethylaminoethyl ester of the 
p-aminobenzoic acid. with alkyl-isocyanates or dimethylcarbamoylchloride. 
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