
1522 Russian Chemical Bulletin, Intenzational Edition, l/bl. 49, No. 9, September, 2000 

Thermochemistry of heteroatomic compounds 
18.* The enthalpies of vaporization, solvation, and formation 

of isomeric 2,5-dimethyl- l-phenyl- l-thioxophosphorinan-4-ones 
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The enthalpies of solvation of tbur geometric isomers of 2,5-dimethyl-l-phenyl-t-  
thioxophosphorinan-4-one in chloroform, nitrobenzene, and methanol were calculated using 
the enthalpies  of vaporization of the isomers determined by the modified Solomonov.- 
Konovalov method from the en~halpies of solution of the compounds in CCI,~ and p-xylene 
and molar refractions. The enthalpies of formation [AItr ~ of the isomers in the condensed and 
gas phase were assessed in the framework of Benson's group additivity scheme by summing the 
=\Hf ~ values for phosphacycloketone IYagments obtained from molecular mechanics calcula- 
tions with the contributions of the phenyl group and S atom attached [o the P atom. 

Key words: cyclophosphine sulfides, enthalpy of vaporization, enthalpy of solvation, 
enthalpy of formation, molar refraction, molecular mechanics. 

Cycl ic  organic c o m p o u n d s  con ta in ing  phosphorus  
and  sulfur  a toms are u sed  in medic ine  and  agriculture,  z 
T h e r m o c h e m i s t ~ '  o f  s u c h  c o m p o u n d s  has been  little 
s tud ied  and publ ished d a t a  o n  thei r  en tha lp ies  of  vapor-  
iza t ion,  solvation,  a n d  f o r m a t i o n  in di f ferent  states of  
aggregat ion are scarce.  3 

In this  work. c a l o r i m e t r i c  s tudies of  t h e r m o c h e m i s t r y  
o f  four  isomers of  2 , 5 - d i m e t h y l -  1 -phenyl -  t - t h i o x o p h o s -  
p h o r i n a n - 4 - o n e  ( 1 - - 4 )  were  carr ied out. 
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Previously, 4,5 it was  f o u n d  that the  synthes is  of  
2 ,5 -d ime thy l -  l - p h e n y l -  l - t h i o x o p h o s p h o r i n a n - 4 - o n e  re- 
sults in four crysta l l ine  s t e r eo i somers  I - - 4 ,  wh ich  were 
sepa ra ted  by TLC.  T h e  s t r u c t u r e s  of  the  i somers  have 

* For Part 17. see Ref. I 

been es tabl ished by X-ray analysis and  c o n f i r m e d  by 
N MR spec t roscopy  and by the results of  m e a s u r e m e n t s  
of  the dipole  m o m e n t s  and  Kerr  cons tants .  6 - 8  

Experimental 

The enthalpies of solution (~Hs) of compounds 1--4 * in 
CCI 4. p--xylene, CHCt> nitrobenzene, and methanol were mea- 
sured using a differential calorimeter at 298 K. Reliability of the 
results obtained in this work was checked by calculating the 
enthalpy of solvation of KCI in water. The value found, 
_4H s = 17.4_.+0.8 kJ tool -~, appeared to be consistent with the 
reported data (17.22• LI mot-I)9; electrical calibrations 
differed by at most 1.5 to 2%; the procedure for determining the 
AH s value for KCI has been reported earlier. 3 Table I lists the 
numerical values of the enthatpies of solution of compounds 
1--4 averaged over two to four measurements carried out with 
an error of at most +0.4--1.2 ld tool - l .  

The solvents were dried following the known procedure. I~ 

Results and Discussion 

Previously, II , lz a me thod  for d e t e r m i n a t i o n  o f  the  
en tha lpy  o f  vapor izat ion (/5tfvap) was p roposed .  T h e  
me thod  uses the following re la t ionsh ip i lAz:  

* The authors express their gratitude to Yu. G. Bosyakov and 
A. G. Logunov (the Institute of Chemistr3', Academy of Sciences 
of Kazakhstan), who synthesized compounds 1--4 for submit- 
ting specimens used in this study. 
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Table 1. Enthalpies of solution (,~HffkJ tool - t)  and vaporization (Atl,,ap/kJ tool -I) of isomers 1 - 4  in different solvents 
(MR D = 78.8 cm J tool -~) 

Corn- ,~H, ,_~H,,~, r, 
p o u t e d  

CCI~ p-Xylcne CHCI 3 MeOH PhNO, CCIa p-Xylene Average" 

1 20.3 20.1 9.6 24.4 13.6 I 12.5 I 15.6 114. l • 
2 24.8 28.1 14.8 35.6 18.3 116.9 123.6 120.3~4.0 
3 17.2 t2. I 10. I 25.1 14.9 109.3 i07.6 108.5+__.2.3 
4 24.1 13.8 I3.3 20.5 23.5 116.2 109.3 112.8• 

�9 Here. the errors include those of determination of the enthatpies of solution in C C I  4 and p-xytene and the standard deviations from 
the above-mentioned linear dependences (2) and (3): : 3 H a s p ( C C [  4) := -13.01 - 1.02MRD, S o = 2.40: and ~Hnsp(I,4-Me2C6H 41 = 
- I  1.7 - I I.08MRc, S0 = 1.83 (_~H,:sp is the non-specific enthalpy of solution). 3 

'3H,,ap = :3. tts(c.C6Hi2) -~" 4.39 + 1.05MR D, (I) 

where :XHs,/kJ mol -~ is the  enthalpy of  solution o f  an 
inorganic nonelectrotyte  in infinitely dilute cyclohexane 
solution and M R t ) / c m  3 mol-~  is the molar refraction. 

More recently, this m e t h o d  was developed and modi-  
fied 3A3A4 to be applied to organophosphocus compounds .  
which are scantily soluble in alkanes. In this case, ei ther 
CC] 4 or p-xylene can serve as an inert solvent and 
Eq. ( I )  is t ransformed into  the following relationships: 

,3,H.,:jp = 3 . H s ( C C I ,  0 " , -  1 3 . 0  + I 0 2 ( M R  D - a ) .  (2 )  

,3.1-/~:,p = A H ; ( I . 4 . M e 2 C b H a )  ~ I 1.7 "," 1.08(MR D - ca). (3)  

where c~ is the hydroca rbon  skeleton branching cor- 
r ec t ion  for the so lu t e  m o l e c u l e  (for > C H ,  ct = 
1.6 cm 3 tool- l ) .  The  A t l ,  a p values lbr high-melt ing,  
cyclohexane- insolubte  c o m p o u n d s  1--4 were calculated 
using Eqs. (2) and (3). 

Analysis of  the data listed in -lable I shows that the 
a v e r a g e  ~Hva p value for i somer  2 is much higher than 
those for the o ther  c o m p o u n d s .  Passage from axial to 
equatorial  a r rangement  o f  the P=S bond has no pro- 
nounced  effect on the AHva p value, though the rela- 
t ive e r ro r  o f  d e t e r m i n a t i o n  o f  ~%Hva o values  was 
•  kJ tool -1 (see no te  to Table I1. 

The enthalpies o f  so lva t ion  (cXHsolv) o f  compounds  
1- -4  in CHCI  3, n i t robenzene ,  and methanol  (Table 2) 
were calculated using the equa t ion  

Table 2. Enthalpies of solvation (AH.~olv/kJ tool -'~) and transfer 
(,.~.Htr/kJ tool -L) of compounds 1--4 from CCh into chloro- 
form. nitrobenzene, and methanol 

Corn- CCI 4. CHCI 3 PhNO 2 MeOH 
pound 

-&Hsotv* ~-~Hsol~ -.,SH~ r ,~Hsol~ -.'Xlt w -AH,oI,, '3Ht: 

1 93.8 1 0 4 . 5  10.7 t00.5 6.7 89.7 4. I 
2 95.5 105.5 10.0 t02.0 6.5 84.7 10.8 
3 91.3 98.4 7.1 93.6 2.3 83.4 7.9 
4 88.7 99.5 10.8 89.3 0.6 86.3 2.4 

* Enthalpies of sotvation were calculated using the average 
enthalpies of vaporization. 

,:~H~otv = ~HdSolv ) -,_xH,.~d, CCL, ). (4,~ 

where SoN is the corresponding solvent. 
Since CCI 4 is an inert solvent, the d i f ferences  be- 

tween the enthalpies of  solvation of  c o m p o u n d s  1--4  in 
CCI 4 and in CHCI  3. ni t robenzene,  and M e O H  can be 
used for assessing the enthalpies of  transfer (Att:r),  which 
are due to the formation of  hydrogen bonds a n d / o r  to 
dipole-dipole  interactions: 

AHe: = 2~Hsol , (Solv)  - ~XHsoI,ACCI4). (5)  

Previously. 3,14 an analogous approach was used for 
determinat ion of  the enthalpy o f  formation o f  the  hydro-  
gen bond ('AHh.6) between the P=O g r o u p  in the 
phosphonic acid derivatives and CHC13 molecules .  F rom 
the data listed in Table 2 it can be seen that  the major  
contribution to the enthalpy of  transfer in to  C H C I  3 
solution comes from the interaction o f  the carbonyl  
group with the proton of  the solvent. This is in good 
agreement  with the reported data for cyclic ketones .  15 

The dipole moments (p) of  compounds 1 - -3  are 4.21, 
3.86, and 3.74 D, respectively. 6-7 whereas that o f  i somer  4 
is unknown. We correlated the p values with the entha lp-  
ies of  transfc:r from CCI 4 into a polar sol~,ent (n i t roben-  
zene) and revealed a tendency lbr a decrease in the 
enthalpies. However, the dipole moments have a lmost  no 
effect on the enthalpy of  solvation of  all the isomers  1 - 4  
(the ~H, r values are comparable in magnitude with the 
errors of  determination o f  the At/va p values). 

Unexpectedly,  we found that (i) the absolute  values 
of  the enthalpies of  solvation tbr methanol  are smal ler  
than those for nitrobenzene and chloroform and (it) the 
Atttr values fbr methanol are opposite in sign (posit ive) 
to those of  ni trobenzene and chloroform. This  is likely 
due to the cleavage of  the hydrogen bonds in the me tha -  
nol associates and the tbrmation of  new hydrogen  bonds 
between the methanol molecules and carbonyl  (and. 
possibly, thiophosphoryl)  groups o f  c o m p o u n d s  ! - -4 .  
The endothermic dissociation process was found to domi -  
nate  an exo the rmic  reac t ion  o f  the f o r m a t i o n  o f  
O H . . . O = C  and OH. . .S=P  hydrogen bonds. 

We also attempted to assess the enthalpies o f  forma-  
tion (AH~ of  compounds  ! - - 4  in the gas phase ,  since 
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calculations of the binding energies in the molecules 
require knowledge of this fundamental quantity. Using 
the known approach, t6 we considered a hypothetical 
gas-phase dissociation of isomeric molecules ! - -4  by 
cleavage of the P=S bond, resulting in an S atom and a 
tertiary phosphacycloketone. [his  process is described 
by the following equation: 

exH~ (R3P=S)g = _SH~ + ,AH~ - E(P=S)g. (6) 

The ,xH~ value equal to 279.1 kJ tool -J and the P=S 
binding energy, E(P--=S)g = 383.5 kJ tool -I (the subscript 
"g" indicates that the corresponding value was calculated 
for the gas phase), were taken from Reg. 16 and 17. 
Since thermochemical data are unavailable not only for 
isomeric 2,5-dimethyl-I-phenylphosphorinan-4-ones, but 
also for simple cyclophosphines with the ptU atom, the 
enthalpies of fi)rmation were obtained from the molecu- 
lar mechanics (MMX2) calculations using gaseous me- 
thytated cyclophophaketones (analogs of compounds 
I - -4 )  as model compounds. Here, too, because of the 
lack of the P--C(sp 2) binding enemy necessary for deter- 
minat ion of the enthalpy of vaporization, we first calcu- 
lated the enthalpies of formation. &H~ of com- 
pounds 5--8 with the methyl substituent attached to the 
P atom. 

Me 
I 

Me~ " ~  I~e 
O O 

5 6 

0 
7 8 

It was found that 4XH~ = -279.8 (5), -2,"14.7 (6), 
-277 .6  (7), and -264.8 kJ tool -+ t8). 

Then,  following Benson "s group additivity scheme, t8 
by subtracting the Me group contribution and adding 
that of  the phenyt group attached to the P atom 
(zXH~ = -42.2  kJ mol-I ;  ~'~H~ = 5[C(~)--H] 
+ 6[C(13)--C(13)] = 193.5 kJ tool-I), we calculated the 
enthalpies of formation of compounds 9--12 in the gas 
phase using the equation 

AH~ = ,6ttOr(5--8) - ,sHo:.(Me) + &H~ (7) 

It was found that &H~ = -44.1 (9), -49.0  (10), 
-41.9 (11), and -29.1 kJ mol "-I (IZ). 

The enthalpies of formation of isomers 1--4 in the 
gas phase were calculated using Eq. (6). The AH~ values 

Table 3. Enthatpies of formation (5H~ mot -t)  oF com- 
pounds ! - 4  in the condensed and gas phase* (MR o = 
78.8 cm s tool -I) 

Corn- ,.6 H,,ap --AIt~ 

pOulld Condensed Gas 
phase phase 

1 t14.1 38.6 152.7 
2 120.3 37.3 157.6 
3 108.5 42.0 150.5 
4 112.8 24.9 137.7 

* The accuracy of determination is • and • 1.5--2.8%, 
respectively 
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for the condensed (solid) phase (6.H~ t'or 
these compounds were calculated using the following 
relationship 

sxH~r(R3P)c~nd = ,~H~ + L'~tt~a ~. (8) 

"I'aking into account the errors of determination of 
zXH~a~, values, the enthalpies of formation of isomers 
1--4 in the condensed and gas phase can be assessed 
with an accuracy of _+5.5--15.0% and •  re- 
spectively (Table 3). 

The results of calculations of the ,_XH~ values 
suggest that isomer 4, with the cyclic skeleton in a 
twist-conformation, is the most unstable among the com-  
pounds under study. 

Thus, we first obtained estimates of the enthalpies 
of vaporization and solvation of four isomers  of 
2,5-dimethyl- 1 -phenyt- 1 - thioxophosphorinan-4-one in 
weak proton-donor (chloroform and methanol) and po- 
lar (nitrobenzene) solvents and the enthalpies of forma- 
tion of the isomers in the condensed and gas phase. The 
results obtained can be useful for asse~ment of thermo- 
chemical parameters of related cyclic compounds. 
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