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Abstract 

Using previously published values of the enthalpies of solvation of some derivatives of 
three-coordinated phosphorus compounds, the contributions of the non-specific solvation 
enthalpies in the general solvation effect in benzene, p-xylene, methanol and pyridine have been 
calculated. Taking into account the known possibility of intramolecular complex formation 
between halogenated derivatives of pm and pyridine, the magnitudes of specific interaction 

enthalpies for PCI3, PBr3, (EtO)2PC1 , ~ PCI and ~ 0  PBr were determinated. 
A 

Thermodynamic parameters of complex formation between cyclic chlorophosphites and 
1-dimethylamino-3,3-dimethyl-propan-2-one have been obtained and are discussed. 
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1. Introduction 

As has been shown previously [2], the enthalpies of specific interaction between 
three-coordinated phosphorus derivatives and some hydrogen-donor solvents, such as 
chloroform, can serve to some extent as special indicators of the electron density 
distributions in molecules and the intramolecular interactions of the bonds. This is 
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done by comparison of the electron-donor ability of some chlorophosphites of different 
structure to chloroform [2], i.e. 

l 0 >  PCI >(EtO)2PCI > ( - - 0 •  PCI" 

At the same time it is well known that halides of pm can be considered as acceptor 
molecules, able to form relative strong complexes with nitrogen compounds [3, 4]. 
With an interest in the investigation of different solvation factors, we report here some 
solvation enthalpies of halogenated species of three-coordinated phosphorus in py- 
ridine and the thermodynamic characteristics of complex formation between cyclic 
chlorophosphites and ~-aminoketone. 

2. Experimental 

Enthalpies of solution of compounds were measured at 295-298 K in a differential 
calorimeter as described previously [1, 2]. 

The exothermic heats of interactions of chlorophosphites with aminoketone were 
measured at 298 K in chloroform in an automatic differential microcalorimeter 
DAC-1-1 of Calvet type, interfaced to a computer. The working volume of the glass 
vessels was 3 cm 3. The heats of dilution of all chlorophosphites (2 cm 3) are very small 
and were not considered; the exothermic heat of dilution of aminoketone (1 cm 3) in 
chloroform (qdil) was taken as 0.00164 kJ being the average value of several determina- 
tions. Some experimental data for the interaction of aminoketone (13) with 2-chloro- 
1,3,2-dioxaphosphorinane (18) are presented as an example in Table 1. 

All halides of phosphorus were synthesized and purified by previously reported 
methods [2]. All preparations and measurements were carried out in dry argon 
atmosphere. Solvents were dried by standard methods I-5]. 

3. Results and discussion 

The measured enthalpy of solvation of any substances (Ai) in a solvent (S) consists of 
the sum of non-specific and specific interactions 

A HAo/l s (obs) = A H A'/s (non-spec.) + A H A'/s (spec. int.) (1) 

Table 1 
Experimental data for the interaction between amino-ketone (13) and 2-chloro-l,3,2-dioxaphosphorinane 
(18) 

-QobffkJ Co(13)/mol dm -3 Co(18)/mol dm 3 

0.006498 0.02087 0.03926 
0.007277 0.02981 0.03414 
0.006044 0.02697 0.03076 
0.008516 0.02783 0.27784 
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The first term is known for some solvents and is used in the form [6] 

A HAo'[ s (non-spec.) = a s + b s (MRD) A' (2) 

where a s and b s are coefficients, and (MRD) is the molar refraction. 
Eq. (2) was used previously for the determination of the contributions of non-specific 

solvation enthalpy in the general solvation effect for tetra-coordinated phosphorus 
compounds [1]. Taking into account this approach and using published data [2, 7, 8] 
(Table 2), we have analysed the enthalpies of solvation of three-coordinated phos- 
phorus compounds with different structures (1-7) in benzene, p-xylene, methanol and 
pyridine. 

The calculated coefficients of Eqs. (1) and (2) are shown in Table 3. Because the 
compounds with three-coordinated phosphorus listed in Table 2 do not form any 
detectable specific interactions with carbon tetrachloride, benzene, p-xylene or py- 
ridine, the observed dependences, which reflect the non-specific solvation in common, 
are not unexpected. However, the results in Table 3 for methanol with similar correla- 
tive parameters are surprising. Probably in this case we have to consider the compen- 

Table 2 
Enthalpies of solvation (in kJ mol 1) of some three-coordinated phosphorus compounds in solvents 

Compound Molecular - A Hso~v ~ 
no. formula 

MR D Benzene p-Xylene Methanol Pyridine 

1 Ph3P 102.4 102.6 95.1 - 
(85.0) 

2 (EtO)3P 53.0 54.2 49.9 52.0 
(42.8) 

3 ~ 0 ~ P O E t  50.8 50.1 - 49.4 

(40.6) 

4 ~ [ ~ 0 ~  POSiMe3 62.0 

(53.5) 

5 ~ 0 ~ P O E t  51.7 50.5 48.1 50.7 

(40.6) 

6 ~--x'~ ~0~ POEt 56.9 54.8 57.2 

(46.4) 

7 ~ 0 ~  POBu-t 62.4 b 

(55.6) 

a Data from Refs. [2, 7, 8]. b Enthalpies of solution in pyridine and vaporization are -0.5 and 61.9 kJ 
mol- 1, respectively. 



214 V.V. Ovchinnikov et al./Thermochimica Acta 264 (1995) 211-218 

Table  3 
Pa rame te r s  
coefficients 

and  character is t ics  of the equa t ion  AHso,,(non-spec.)=a,+bs(MRo) with  cor re la t ion  

Solvent  a s bs r S O No  of 
poin ts  n 

CC14 a - 9 . 1  + 0.6 - 1.08 + 0.01 0.997 1.42 46 

Benzene - 7.8 + 2.8 - 1.11 + 0.05 0.998 2.00 4 

p-Xylene - 6 . 1  + 1.8 - 1.13 + 0.03 0.998 1.32 6 

M e t h a n o l  - 6 . 4  ___ 1.7 - 1.04 + 0.03 0.999 1.09 4 

Pyr id ine  - 12.6 ___ 5.1 - 0 . 9 7  + 0.12 0.978 1.29 5 

a D a t a  from Ref. [2]. 

sative effect: the exothermic formation of some hydrogen bonds between molecules of 
methanol and pm compounds is compensated by an equal endothermic characteristic 
of the breaking of methanol-methanol molecular associations. 

The next stage of our investigation was concerned with the determination of 
enthalpies of solvation of some halides of three-coordinated phosphorus compounds 
(8-12, Table 4) in pyridine. We determined the experimental solution enthalpies of 
phosphorus trichloride (8) and -bromide (9), diethylchlorophosphite (10), and cateol- 
chloride (11) and -bromide (12) in pyridine. Taking into account the enthalpies of 
vaporization of all these compounds, calculated using their heats of solution in hexane 

Table  4 
Entha lp ies  of solut ion,  vapor iza t ion ,  so lva t ion  and  specific in te rac t ion  (in kJ  mol  - t) of some hal ides  of pm 

wi th  pyr idine  

A/4'AdPY C o m p o u n d  Molecu la r  AHso,, AHva p - ~ l ,  sotv - AH c of 

no. formula  specific 

(MRD) C6H14 C s H s N  Obs.  Calc. a in terac t ion  

8 PCI 3 1.6 b --90.6 32.2 b 122.8 36.6 8 6 . 2 + 6 . 8  

(24.9) 
9 PBr  3 5.0 - 141.5 44.3 185.8 44.8 141.0 _+ 9.5 

(33.3) 
10 (EtO)2PCI 4.3 b - 4 6 . 4  48.5 b 94.9 49.1 45.8 + 3.7 

(37.9) 

~ b P C I  5.5 b - 3 8 . 6  52.3 b 90.9 51.5 3 9 . 4 + 3 . 5  11 

(40.4) 

( ~ " ~ , ~ P B r  7.9 - 7 5 . 5  57.6 133.1 54.2 7 8 . 9 + 6 . 5  12 

(43.2) 

a Ca lcu la ted  using da ta  for pyr id ine  in Table  3. b D a t a  f rom Ref. [2]. c The resul t ing er ror  is the sum of the 
exper imenta l  de t e rmina t ion  and  the s t anda rd  dev ia t ion  in the pyr id ine  da ta  and  consis ts  of no  more  than  
+ 7 - 9 % .  
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and their molar refractions according to Eq. (3), as shown previously [1, 6, 7], we 
obtained the values of the solvation enthalpies in pyridine, described as the observed 
values (Eq. (4)) 

AHvap/kJ mol- 1 = AHsoln(C6H14 ) + 4.39 + 1.05 ((MRD) - ct) (3) 

where ct is the correction for the branched carbon atoms [1]. 

AHsolv (Obs) = AHsoj. (Py ) -  AHvap (4) 

Due to the possibility of complex formation between halides (8-12) and pyridine, the 
observed enthalpies of solvation have large negative values. At the same time the 
enthalpies of non-specific solvation of compounds 8-12 in pyridine can be calculated 
using the values for pyridine in Table 3. In turn, the differences between the observed 
and calculated values of solvation enthalpies represent the enthalpies of specific 
interaction of the halides under investigation with pyridine. 

It should be noted that the substitution of chlorine by a bromine atom in compounds 
8, 9, 11 and 12 leads to stronger specific interactions, since the energy of the P-Br bond 
is less than that of the P-C1 bond. Probably this is largely responsible for the complex 
formation. 

Comparing specific interaction enthalpies for compounds 10 and 11, acyclic chloro- 
phosphite (10) reacts more exothermically with pyridine than the corresponding cyclic 
derivative (11). Perhaps, the intramolecular n,tr*-hyperconjugative interaction between 
the lone electron pair of oxygens in alkoxy-radicals and the antibonding orbitals of the 
P-C1 bond is more pronounced in this case than the same effect in cateholchlorophos- 
phite. Finally, it is necessary to note that the absolute values of the enthalpies of specific 
interaction of PC13 or PBr 3 with pyridine are greater than those of the cyclic and acyclic 
phosphite analogues. With pyridine as solvent, there will be acceptor molecules such as 
PC13 and PBr 3 that can form complexes of different structure in this medium, i.e. 
PX3-Py, PX3.2Py and PX3.3Py. 

Because the values of the specific interaction enthalpies of chlorophosphites with 
pyridine obtained are large in comparison with those calculated [4] and found 
experimentally previously [3], further investigations of the acceptor ability of chloro- 
phosphites in the process of complex formation with 1-dimethylamino-3,3-dimethyl- 
propan-2-one (a-aminoketone) (13) were undertaken. It is known that chlorophos- 
phites form strong complexes with aminoketone in chloroform at 298 K by the absence 
of trialkylamine in reaction which serves as acceptor of HCI in the system [9] 

, N /  

~P--CI  + t-BuC(O)CH2NMe 2 - " ~P--CI" ' ~ 

Me / \ M e  
IR and NMR spectroscopic studies of the complex formation have shown that the lone 
pair of the nitrogen and the carbonyl-group of aminoketone (13) are involved; 
obviously a chelate is formed. This is supported by molecular orbital calculations of the 
aminoketone: the distance between the nitrogen and oxygen atoms is 2.7-2.8/~. 

The thermodynamic parameters of complex formation were studied using a calori- 
metric "entropy titration" method [11, 12] under the above conditions at different 
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Table 5 
Calculated thermodynamic characteristics of the complex formation process a between aminoketone (13) and 
cyclic chlorophosphites (11, 14-18): A G O and A H ° in kJ mol- 1, A S ° in J mol - 1 K - 1, distance of P-C1 (Ip c~) 
in 

Compound no. Formula log Kcq ' - AG o - A H  ° - AS ° Ip Ob 

11 ~ E 0 0 )  PC1 2.38 13.6 77.4 214 2.106 

14 [--0~PCI 2.08 11.9 72.7 185 2.105 

15 " ~ P C I  2.44 13.9 80.0 222 - 

16 ~E00")/PCI 2.42 13.8 58.6 150 - 

17 ~(~)/PCI 1.88 10.7 70.1 199 2.093 

18 

a The resulting error of the experimental and calculating determination of all parameters is no more than 
+ 7-10%. bData from Ref. [15]. 

ratios of  donor  to acceptor molecules (from 1:1 to 1:10). The observed exothermic 
effects (Qobs) were analysed according to s tandard  procedures calculated as multistage 
equilibria [11-14]  (Table 5). The basis of  these calculations involved known interre- 
lations between the heat of  complex format ion (QCompl = Qobs - qdil) and the stability 
constant  fli [16] 

i = l l  

~Compl = V i ~  1 f l i [M] [L]  i A H  ° (5) 

where V is volume of solution in 1, fli = K1 K 2 " "  Ki, [ M ]  and [L]  are concentrat ions of 
the complex and ligand, respectively, A H ° is the enthalpy of  complex formation,  and i is 
the number  of equilibrium stage. 

Analysis was by least-squares procedure [12, 16]. The procedure  was confirmed by 
determining the the rmodynamic  parameters  of  the system A g N O  3 + C s H s N  using 
literature experimental data  [12]. The following values were determined for the first 
stage: l o g K t = l . 9 1 + 0 . 0 5 ,  A H ° = - 2 1 . 8 + 0 . 5 k J  mol -1 ;  for the second stage: 
log K 2 - 4.06 _ 0.07, A H  ° = - 47.0 _ 1.1 kJ m o l -  1. The literature data  are: log K1 = 
1.99, l o g K  2 = 4.13, A H  ° = - 19.2, and A H  ° = - 46.5 kJ m o l -  1 [12]. 

As can be seen from the data  listed in Table 5 there is good  agreement  between the 
magni tude of the enthalpy and entropy, which is consistent with the general mechanism 
of complex formation for chlorophosphites  of different structure. Obviously the type of 
cyclic substituent (phenylenic or alkylenic) and the number  of  methyl  groups  on the 
five-membered rings (11-17) have a noticeable influence on the the rmodynamic  
parameters.  However,  the values of enthalpy and ent ropy for six-membered ringed 
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compound (18) differ from those of other analogues within experimental errors (see the 
footnote to Table 5). 

AH ° = ( -  17.9 + 5.4) + (0.28 + 0.02)AS ° 

r = 0.983, S O = 2.35, n = 6 (6) 

It is essential to note one other trend which is concerned with the sensitivity of the 
complex formation enthalpy to the size of the P-C1 bond in the chlorophosphites 
(Eq. (7)); the free energy of complex formation did not correlate with the P-C1 distance 
(r = 0.47) 

AH ° = (1532 +_ 116) - (765 ___ 55)1p-cl (7) 

r = 0.970, S o = 1.40, n = 4 

At the same time it is known that the energies (enthalpies) of bond formation in 
organic compounds often vary with bond lengths [17]. This should be taken as 
evidence that the energy of the P-C1 bond (or the energy of the antibonding orbital) is 
to a great degree responsible for the complex formation enthalpy. 

4. Conclusions 

Taking into account the previously published results [2] on solvation factors of 
three-coordinated phosphorous compounds and the results of this work, certain 
features are apparent. It is obviously possible to calculate non-specific solvation 
enthalpies for these compounds in solvents such as carbon tetrachloride, benzene, 
p-xylene and pyridine using the molar refraction data and coefficients listed in Table 3. 

Moreover, it is possible readily to determine the values of the specific interaction 
enthalpy of halides of pm in pyridine (or other nitrogen-containing solvents), which 
previously were difficult to obtain. 

Finally, the thermodynamic parameters of complex formation of cyclic chlorophos- 
phites with ct-aminoketone have been determined and serve as definite support for the 
strong acceptor ability of such compounds. 
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