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Thermochemistry of heteroatomic compounds
17.* Theoretical calculations of vaporization enthalpies
for alkylphosphines and alkyl(aryl)phosphines
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The vaporization enthalpies (AH,,,) of 97 primary, secondary, and tertiary alkylphosphines
and alkyl(aryl)phosphines with different spatial structures were calculfated using the Trouton
and Wadso equations and the first-order topological solvation index 'y5. The contributions of
the H.P and HP groups and the phosphorus atom to the vaporization enthaipies of primary.
secondary, and tertiary phosphines, respectively, were calculated. The results obtained can be
used in calculations of aAH,,, for related phosphorus compounds.
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The capability of three-coordinated phosphorus com-
pounds, especially tertiary phosphines, of forming com-
plexes with transition metals of different valence has
been studied theoretically in detail and is widely used in
synthetic practice.2.3

Particular interest has been given to compounds of
the P(C4H,4SO:Na); type. possessing some properties
analogous to those of ion-exchange resins and synthetic
surfactants. which makes it possible to use them for the
synthesis of organic compounds in two-phase aqueous-
organic media.4

Recently, it has been reported that heavy-metat (e.g.,
99Tc) complexes with phosphines can be effectively
used as transportation media in living organisms3.8
and in chemotherapy of certain forms of cancer (Au and
Pt complexes).”® It is believed? that phosphine-
containing peptides can be useful in studics of the
secondary structure of proteins, for diagnostics of dis-
eases of internal organs. and in medical studies by
instrumental methods.

Despite considerable demands for organic phosphines,
almost no reliable data of thermochemical experiments
(heats of vaporization, formation, and solvation) are
available even for simple representatives of this class of
compounds, namely. RPH,, R,;PH, and R3P, which is
mainly due to their easy oxidizability and inflammability
in air under coaditions of calorimetric experiments.
Therefore the aim of this work was to carry out a
detailed study of the thermochemistry of the above-
mentioned compounds and first of all to determine their
vaporization enthalpies.

* For Part 16, see Ref. |.

Calculation procedure

The vaporization enthalpies (AH /K] mol™!) of primary,
secondary, and tertiary phosphines were assessed using two

- independent calculation procedures:

1) by the Trouton (1) and Wadso (2) equations derived for
weakly associated and low-boiling liquids!®:

AH = (0.00736 T, + 1.056) - 22, h

where 22 is the Trouton constant characteristic of many
compounds of three-coordinated phosphorus.!! and

AH,

g™ 01727, + 20.9; )

2) using the model for description of dispersion interac-
tions suggested previously!?!3 and based on the topological
solvation index "y5 (Eq. (3)). which in essence is the Randig
connectivity index augmented with the factors dependent on
the period number. This makes it possible to take into account
not only peculiarities of the molecular structure (different-unit
structure, the presence of cycles, erc.), but also the size of the
atoms constituting the molecule in question:

mes = (1/2)mY Z, 2. Z,/(38;-50M2, (3)
!

where -m is the- order of theindex: ++is the-number.of subgraphs ..
of the order m; &, 3. ... §; are the connectivities of the
vertices of the given subgraph . Z;, Z. ..., Z; are coefficients
characterizing the size of the atom and numerically equal to
the number of the period of the periodic system to which the
corresponding element belongs. The first-order topological
solvation index !y is calculated by Eq. ()13

s = 0.25F Z, Z/(55)'% @
1
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A correlation (Eq. (5)) for calculating the AH\,up/kJ mol™!
values has been suggested in the framework of this model!3:

AH,p = 426 + 9.371p + 0.87u%, (33
n =327, r=0359. S =1.9.

where u is the dipole moment of the compound under study.
This dependence makes it possible 1o calculate the vaporiza-
tion enthalpies of both nonpolar organic substances and those
of low polarity (more than 500 compounds). incapable of
forming self-associates due to hydrogen banding or donor-
aceeptor interactions. using the first-order topological solva-
tion index 'y5 and the dipole moment with an accuracy of
+2 kJ mol™!.

Results and Discussion

To be certain that these equations can be used for
calculating the vaporization enthalpies of three-coordi-
nated phosphorus compounds, we calculated the AH,,,
values for several phosphines (Table |, compounds 1—3,
25—-27. 56, 38. and 61) using Eqgs. (1), (2), and (5) and
found a reasonable agreement between the calculated
and experimental data.

Let us illustrate the sequence of the calculation
procedure taking calculations of AHmp for primary phos-
phines as an example. First, we calculated the vaporiza-
tion enthalpies for the first (low-boiling) representatives
of the homologous series of this class of compounds (see
Table 1, compounds 3—11) using Egs. (1) and (2).
Then. the first-order topological solvation indices 'y
and AH,,, values were calculated for the same com-
pounds using Eq. (3) and Eq. (§), respectively. For
several compounds, the experimental values of the di-
pole moments (p,,,) measured in inert solvents (hexane,
CCl,, benzene) were taken from the literature!8: other-
wise they were obtained from gas-phase calculations by
the molecular mechanics (MMX2) method (see note "¢"
to Table 1). In some instances. the experimental (ueyp)
and calculated (p,.) values are somewhat different,
eg. 1.28 and 1.12 D for Me(Et)PH, 1.19 and 1.22 D for
Me;sP. and 1.84 and 1.15 D for Et3P, respectively.
According to calculations,1? the AH,,, values for the
compounds with u < | D can be estimated neglecting
the cffect of the dipole moment. Moreover, an error of
+0.2 D obtained when assessing the p values for sub-
stances of high polarity (p > 4 D) results in a AH,,
calculation error of no greater than *1.0 kJ mol™".
Therefore, small differences between the experimental
and calculated dipole moments lead to small errors that
were neglected in our calculations.

The AH,q, values for the RPH; compounds 3—11
calculated using Eqgs. (1), (2}, and (5), the average AH\,N,
values, and their standard deviations are listed in Table 1.

Then, we calculated the contributions of the PH,
group to the vaporization enthalpies of primary
alkviphosphines using the A/, values obtained and the
group additivity scheme (Eq. (6)):

AHyp = ; N X . (6)

i

f=)

where ¥ is the number of different groups (fragments) in
the molecule. N; is the number of fragmenis of the ith
type in the molecule. and X; is the contribution (incre-
ment) of the /ith fragment.

The corresponding group contributions of the alkyi
substituents at the phosphorus atom were taken from the
literature?* (6.4+0.2, 4.77+£0.04, 1.2+0.4. 5.3%0.1, and
4.330.4 k) mol™! for C—~(C)(H);, C—(C)y(H),,
C—(C)y(H). CD——(CB)Z(H). and Cy—(Cp)y(H), respec-
tively; for notations of the CB aromatic groups at the
phosphorus and carbon atoms, see Refs. 10 and 24).
Statistical processing of the results obtained showed that
the contribution of the PH; group is 13.6x1.2 k} mol™!
with probability (reliability) a = 0.999. This value was
used in the AH,,, calculations for compounds 12—24
using Eq. {6). For these compounds the AH,,, values
were also calculated using the topological solvation in-
dex !y4® (see Table 1).

The contributions of the PH group and phosphorus
atom at R3P to the vaporization enthalpies of secondary
and tertiary alkylphosphines were calculated analogously
and proved to be 12.840.4 kJ mol™! for R,PH (com-
pounds 25—34 and 48—52, at o = 0.999) and §.8%
0.7 kJ mol™! for RyP (compounds 56, 58. 59, 61—63,
and 80—84, at o« = 0.93). These values were used in
calcufations of AH,,, for compounds 35—47. 53—55,
64—79. and 85—90 (sce Table [).

From the data presented it can be seen that the
AH,,, values calculated using the two above-mentioned
procedures are in good agreement. thus indicating a
reliability of both the AH,, values obtained and the
contributions of the PH, and PH groups and the P atom
with respect to substituted phosphines.

To assess the AH,,, values of mixed alkvl{aryl)-
phosphines from the experimental Aanp values of
triphenylphosphine (118.325 and 113.2 26 kJ mol™!), we
calculated the contribution of the (Cg);—P group, which
proved to be 23.2 kJ mot~!. Then, the AH,,, values for
alkyi(aryl)phosphines 91—97 were calculated using Eq.
(6) and the contribution of the phosphorus atom in R;P
(8.8 kXJ mol™!) and the found contribution of the
(Cp)3—P group. For instance, for Me,PhP we obtained
AHvap =2 C(C)(H)3 + 5 CS(Cﬁ)Z(H) + CB(CG)Z(C) +
2/3 P(R); + 1/3 P(Cp); = 57.2 kJ moi~!.

An important fact is that the AH,,;, values calculated
for alkylphosphines (86 points. compounds 3—56, 58,
59, and 61—90) and alkyl(aryl)phosphines (7 points,
compounds 91—97) correfate well with their molar re-
fractions {MRp) (Table 2 and Egs. (7a) and (7b), respec-
tively). Previously,!” a similar dependence was observed
for simple alkanes. The general correlation equation has
the form

AH,p(phosphines) = a + bM R p(phosphines). (N

The average AH,,, values for phosphines also corre-
late with the experimental vaporization and sublimation
enthalpies of isostructural compounds, ie., primary
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Table 1. Thermochemical characterstics of alkvl- and aikyi(ary!) phosphines

¢ lys AH,0/K mol™!
/°C  /em’ mol™! /D exper- calculations using equation average

iment H (2) () 6)

Compound Trnett © MRp? u

Primary phosphines

CHF,CF,PH, (1) 2022 161 1768 2679 269 247 231

Me,CF;PH, (2) 6.8 174 2598 2944 309 289 312

MePH; (3) -17.1 177 110 1500 222 205 180 194 20.0+1.8
EtPH, (4) 25.0 223 122 1.768 273 252 221 24.9:2.6
PrPH, (5) 535 270 117 2.268 319 300 267 29.6+2.6
PriPH, (6) 41.0 254 123 202 299 280 245 27.4%2.7
Bu"PH, (7) 87.8 313 136 2.768 375 360 318 35.0+2.9
BuiPH, (8) 79.6 287 098  2.624 362 346 297 33.53.3
BusPH, (9) 67 7 098 2559 340 324 291 319425
Bu'PH, (10) 54 355 096  2.250 320 302 262 29.5+3.0
CsHyPH, (1D 104 354 099 3.268 401 338 358 38.242.2
i-CsH,, PH» (12) 106—107 346 098  3.124 344370 35.7=18
HexPH, (13) 128 403 134 3.768 411 438 425%19
C;H sPH; (14) 149.5 @435 099 4268 451 48.6  46.9%25
CyH,;PH; (15) 169.0 490 099  4.768 498 533 51.6%253
CoH 4PH; (16) 187 537 099  5.268 545 581  36.3%13
CioHs PHY (17) 03 - S8.3 099 5768 592 629  6L1%26
cyclo-CsHgPH, (18) 121 334 098 3183 349 403 376%38
cyclo-HexPH, (19) 146 381 098 3683 396 449 423%37
H,PPH, (20) 56 24.0 — 2250 256 272 264+
H,PCH,PH, (21) $3.4 28.6 183 2.121 322 320 32.0%0.1
H>P(CH,),PH, (22) 13 33.2 196 2621 3814 322 367 357%3.
H>P(CH1)3PH; (23) 143 37.8 136 3121 40.3¢ 351 415 35.0+34
HyP(CH)),PH; (24) 172.3 42.5 196 3621 3614 464 413 43936

Secondary phosphines

Me,PH (25) 211 25 123 2121 262 267 245 255 125.740.9
Me(EDPH (26) 54.3 26.2 128 2518 3104 321 303 293 30.7+1.2
Me(Pr")PH (27) 78.2 308 112 3018 3529 360 343 336 34.8+1.0
Me(CH,=CHCH,)PH (28) 81 26 116 3018 3427 364 348 337 34.811.0
Me(Bu")PH (29) 112.7 354 102 3518 3439 415 403 383 40.0+1.6
Me(Pr)PH (30) 7880 29 108 2.828 362 346 318 342422
EL,PH (31) 85 30.6 140  2.914 37.1 355 333 35.3%1.9
Pr,PH (32) 136 40.0 119 3914 453 442 422 43.6%1.3
Pri,PH (33) s 36.8 130 3.534 424 412 388 40.8+1.8
Pri(Bu')PH (34) 139 414 108 4080 458 448 435 447412
Bu",PH (35) 178 49.1 137 4914 519 541 53.0%L6
BulsPH (36) 169.0—171.8 459 11 4626 514 501 50.8+0.9
Bu%,PH (37) 459 LIl 4610 485 501 49.3%10
Buh,PH (38) 39.3 1.06 4061 463 433 448+21
(CsH,):PH (39) 58.5 1.08 5914 60.7 637  62.2%2.1
(i-CsH,1);PH (40) 210-215 569 112 5.626 58.1 597 58.9+1.1
Pri(Hex)PH (41) 194 53.9 112 5.414 561 589 57520
Hex,PH (42) 67.7 1.09  6.9i4 712 732 722%14
(C5H,35),PH (43) 77.0 109 7.914 794 828  Bl.1%2.4
(CyH,7),PH (d4) 85.9 I.1L 8.014 89.0 923 90.1+2.3
{CgH,9)zPH (45) 954 109 9.914 982 1018  100.0%25
(CroHy)2PH (46) 104.7 1.09 10914 107.6 1114 109.5%2.7
(cyclo-Hex),PH (47) 281-282  60.1 110 6.858 69.6 693  69.5+0.2
Cen @8 36.5 19.3 112 2000 289¢ 292 272 24 27.742.2
29.2¢
CPH (49) 105.4 8.6 122 3000 37.8¢ 404 390 337 37.742.8

(10 be conrinued)
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Table 1 (continued)

Compound Toneit © MRy ut Ty AH, /K8 mol™!
/°C Jem? mol™' /D exper- calculations using equation average
iment H ) (3) (6)
PH (50) 119 33.1 1.20 3.394 426 41.3 37.3 40.4x2.8
Me )
l:/PH (51) 75 26.4 1.54 3.000 35.4 33.8 344 34.5+0.8
/‘:/PH (52) 80 31.3 1.63 3.394 36.2 346 38.4 36.4:1.9
Me
EPH (33) 321 1.07  3.394 37.1 42.7 39.944.0
Me ‘
Me =
EPH (54) 146 —148 334 2.00 3.805 424 47.1 45326
Me
€ PH (55) 110 33.2 112 3.500 38.1 43.1 40.6£3.3
Tertiary phosphines
Me;P (56) 38.4 26.3 1.19 2.598 29.0/ 29.5 275 28.0 28.5+%09
C27.6%2.00
2914
Me,(CH,=CH)P (57) 67.9 1.52 3.052 32.44 34.3 32.6 349 33.6%1.2
Me,EtP (58) 71.2 28.7 i.31 3.052 32.84 34.8 331 344 33.8+1.0
Et:MeP (39) 110—112 35.5 1.58 3.505 41.3 40.0 39.6 40.3+0.9
(CH,=CH);P (60) 116.6 1.87 3.958 3724 422 40.9 444 41.2+3.0
Ei;P (61) 127.3 40.1 1.84 3958 39.7+2.t1 439 42.8 398 411221
’ 39.5¢4
Et,ProP (62) 146—149 448 1.14 4.458 ) 47.1 46.1 47.2 46.8%0.6
Pr;P (63) 187.5 544 1.14 5.458 46.7/ S3 331 55.8 54.2+1.4
PriyP (64) 49.2 1.32 4.954 523 50.5 SL4x1.3°
cyclo-PriP (65) 47.4 — 35.449 557 61.4 58.614.0
Bu™,P (66) 240--242 68.2 1.49 6.958 53.6F 71.4 69.8 70.621.1
Bu'sP (67) 215 63.1 1.10 6.526 49.54 66.5 64.8 65.7£1.2
Bu;P (68) 63.1 1.0S 6.578 66.8 - 6438 63.8%1.4
Bu';P {69) 53.5 0.86 5.799 59.2 59.0 59.140.1
Et-(CH,=CHCH,CH,)P (70) 170172 47.2 112 4.958 518 50.9 51.3£0.6.
EL(-CsH P (T 185—187 52.4 1.14 5.314 55.2 54.5 54.9%0.5
Et,(PhCH,)P (72) 250—~235 59.6 — 6.476 65.4 66.7 . 66.1+1.0
Bu'sMeP (73) 170—172 44.4 .11 4.732 49.7 48.6 49.1£0.8
(CsH,):P (74) 80.9 1.48 8.458 85.4 85.1 85.310.2
HexyP (75) 95.6 1.48 9.958 99.5 99.4 99.5+0.1
{C;H5)3P (76) 109.4 1.14  11.458 112.8 113.7  113.320.6
(CgH 7)3P (77) 123.3 LIS 12958 126.8 1280 127.4+0.8
(CoH,q);P (78) 137.1 1.14  14.458 140.9 1424 141711
(CigHa)5P (79 151.0 115 15958 154.9 156.7 1558%13
‘CP—Me (80 123 33.3 0.00 3.591 43.2 2.0 4173 22410
CP-—EI (81) 145—147 37.9 0.00 4.044 469 46.0 422 45.0%£2.5
[:P—Me (82) [1d—115 3t 0.23 3.591 419 40.6 38.0 402220
135—136 359 0.23 3.964 45.2 441 414 43.6x2.0

E}P—Me (83)

Me

(10 be continued)
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Table 1 (conrinued)

Compound Tmert @ MRp? ne by s A,k mol™!

/°C  Jemd mol™! /D exper- calculations using equation average
iment H {2) (3) (6)
JDP—'-MC (84) 135—138 359 0.16 3.985 454 443 41.6 43.7%1.9
Me . '
¢ P—Me (85) 379 1.23 4.091 439 45.5 +4.7+1.1
€ P—Et (86) 170 425 1.22 4.544 48.1 50.2 49.2x1.5
( P—Pr (87) 45.6 1.14 4.879 501 33.0 52.1%1.3
P—But (88) 47.0 b4 5.158 53.7 55.8 54.8%1.5
Me,P(CH,),PMe, (89) 188.1 50.4 o 5189 529 533 53.1%£0.3
EtyP(CH,),PEt; (90) 220—230 68.9 7.003 70.4 72.0 71.2%101
Tertiary alkyl(aryl)phosphines

Me,PhP (91) 192 45.8 1.31 5.049 43.44 53.1 372 35.2+2.9
Er,PhP (92) 2219 55.0 1.40 5.955 5214 66.7 61.6 64.2+3.6
Et3(4-CICcH )P (93) 255257 58.8 1.90 6.638 34.94 69.6 75.8x 727144
Et;(4-BrC,H )P (94) 263 61.7 1.97 6.927 59.34 72.5 7935 75.9+4.8
Et:(4-MeCH,)P (95) 240 38.3 6.349 53.3¢ 64.2 72.0 68.1£5.5
Ph,MeP (96) 284 65.3 1.39 7.499 76.2 86.4 §1.3+7.2
Ph;EtP (97) 293 69.9 1.35 7.952 80.4 91.2 85.8%7.6

2 Data taken from Refs. 14—16. -

b Experimental MRy values are listed for compounds 7—9, 13—19, 31, 35—37, 44, 50, 53. 61, and 66: for other compounds the
MRp values were caleulated using the group additivity scheme: corrections to the MR vaiues were introduced for branched R.Y7
< Experimental u values are listed for compounds 3—7, 13, 25—26. 31—33. 35. 48. 49, 36, 58, 59, 61, 63, 64, 66, 74, 75, 9195,
and 97'6.18; orherwise the dipole moments were calculated by the molecular mechanics (MMX2) method.

4 The AH e values for these compounds were calculated from the temperature dependence of vapor pressure. 16

¢ Data taken from Ref. 19.

/Data taken from Ref. 11,

£ Data taken from Ref. 14.

h Data taken from Ref 20.

 Data taken from Ref. 21

/ Data taken from Ref. 22.

* The contribution of the Cy—Cl group with respect to compound 93 (14.4 kJ mol™") and that of the Cz—Br group with respect to
compound 94 (17.9 kJ moi™!) were caleulated from the experimentat AH,,, values for C¢HsCl and CyH;Br. respectively. taken
from Ref. 23.

(RNH>), secondary (R:NH), and tertiary (R3N) amines Table 2. Parameters of correlation equations (7) and (8)
(see Table 2 and Egs. (3a). (8b), and (8c), respectively).

and the corresponding alkanes RCH,, R,CH,, and R;CH Equa- a b Sh r Number
(see Table 2 and Egs. (8d). (8e). and (8f). respec- tion of points
. tively) 23:2427 The general correlation equation has the (7, 49+0.5  0.99+0.01 237  0.99% 86
form (7Tb)  ~7.2%59  1.33%0.10 189  0.936 7
(8a) ~4.7%1.2 1.11£0.04 0.62 0.996 9
'_\Hﬂ,p(phosphines) =g+ AHvup(amines‘ alkanes). (8) (8hy 3.3+1.8 1.00+0.03 2.66 0.996 13
_ _ (8¢)  83%3.0  0.99x0.03 394 0997 8
The high correlation coefficients r and small stan- (8d) §6+1.1  0.93+003 137  0.99] 05
dard deviations §; of the correlations obtained suggest (8e) 8.8+1.0  0.96%0.02  1.98 0.996 19
that the calculated vaporization enthalpies of alkyl- and (8 11.4£1.6  0.99%0.05 1.25 0.986 12

alkyl(aryl)phosphines with different spatial structures
are reliable.
Nevertheless, the available experimental data on volatility) phosphines are strongly different from the

AH,,, for a number of high-boiling (and, hence, low- values we calculated (in kJ mol™'):
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Com- 24 29 32 65 67 91 92 93 94 95
pound

AAH,p) 7.9 5.7 7.3 200 163 9.5 98 156 144126

Likely. the previously used method of vaporization
enthalpy determination from the temperature depen-
dence of the vapor pressure of the substance under study
is unsuitable for high-molecular-weight compounds and
results in large errors of the AH, ., values.

Thus, we first determined the AH,,, values for alkyl-
and alkvi(aryl)phosphines of different structure using
the Trouton and Wadso equations and the first-order
topological solvation index and showed the correspon-
dence between the calculated and experimental AH, .,
values. The PH, and PH group contributions (13.6%
1.2 kJ mol™! for primary and 12.840.4 kJ mol™! for
secondary phosphines, respectively) and the contribu-
tion of the phosphorus atom in R3P (8.8+0.7 kJ mol™")
for tertiary phosphines obtained in this work can be used
for calculating the AH,,, values for analogous phospho-
rus compounds. Additionally, we found that the AH,,,
values of phosphines depend on their molar refractions
and change in paralle! to the vaporization enthalpies of
isosteric amines and alkanes.
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