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Numerous published data on the structure and thermodynamics of formation of molecular
complexes are analyzed. The enthalpies of complexation (—AH ) are related to the characteris-
tic parameter Ar = [rpp—a(rpTra)], Where rp4 is the donor-acceptor bond length determined
by microwave spectroscopy and X-ray analysis, r and r, are the tabulated values of the
homopolar covalent radii of the heteroatoms that form the donor-acceptor bond, and a; is an
empirical coefficient equal to 0.901+0.007. The relation between —AH and Ar values has the
form —AH = ay/Ar (a, = 21.6+1.6 kJ A mol~!), with a mean relative error of approximation of
about 15% and a correlation coefficient of 0.97. As the strength of the complex increases, the
donor-acceptor bond length approaches the sum of the heteropolar covalent radii of the atoms
involved in the bond (Ar tends to zero). At Ar >> 1, the strength of complexes is determined by
weak van der Waals interactions between the complex components and the —AH values tend

to zero.
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One of the most important characteristics of molecu-
lar complexes is the enthalpy of formation (—AH ), a mea-
sure of the strength of the donor-acceptor bond. Unlike
the —AH values for covalent bonds, the energies of

* Dedicated to the memory of E. N. Guryanova (1911—2004),
a prominent scientist who formulated the basic principles elabo-
rated by her disciples in this review.

formation of intermolecular donor-acceptor bonds
(—=AHp/kJ mol~1) vary over a rather wide range from a
few to a hundred and more kJ mol~!.

Numerous attempts to relate the —AH parameter to
other characteristics of molecular complexes, e.g., posi-
tions of the charge-transfer bands in electronic absorption
spectra (EAS), dipole moments of complexes, changes in
entropy of complexation, and the chemical shift of coor-
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dination!-2 were made in order to understand the nature
of the donor-acceptor interaction. Often, these relations
are linear, as in the case of the complexes of I, SnCly,
and TiCl, with n-donors:

_AHDA: 35.3MDA/erDA, (1)

where ppa/erpy is the degree of charge transfer from the
donor (D) to acceptor (A), up, is the dipole moment,
rpa is the donor-acceptor bond length, and e is the charge
of electron.!

For these systems, there is also a linear correlation
between the changes in the enthalpies and entropies (—A.S)
of the complexation reactions!

—AH = —0.337A§ + 3.1. 2)

Analysis of the 19F chemical shifts in the NMR spectra
of p-fluorobenzophenone complexes with acceptors made
it possible to establish a correlation between the enthal-
pies of formation of the complexes and the coordination-
induced chemical shift (A,) of 'F nuclei, i.e., the
I9F chemical shift differences between the complexes and
free n-donors3

—AH = A [c%2.75] + 0.7, 3)

where o0 is the Hammett constant of the substituent X in
the benzophenones p-F—CH,—CO—C.H,—X.

An interrelation between the enthalpy of formation of
a complex and the length of the donor-acceptor bond
(rpa) in it was hypothesized long ago.l"*> Although reli-
able experimental data were scarce at that time, such a
correlation was constructed using nonlinear functions.
In this work, based on the experimental data accumulated
to date, we attempted to establish a correlation between
the enthalpies of complexation and the donor-acceptor
bond lengths, to determine its quantitative characteris-
tics, and to elucidate its physical meaning.

We restricted our analysis to those experimental —AH
and rp, values that are not affected by additional interac-
tions (intermolecular hydrogen bonds, solvation ef-
fects, etc.). Since the donor-acceptor bond lengths deter-
mined by different methods (see below) differ apprecia-
bly, the results of gas-phase electron diffraction (GED)
measurements were not included in the primary data set
(Table 1); they are considered separately (Table 2).

The enthalpies of complexation listed in Tables 1 and 2
were determined from vapor pressure measurements un-
der gas-phase dissociation (GD) of the complexes, as well
as calorimetrically in the gas phase (CM, g.p.) or in solu-
tion (CM, solvent), and by electronic spectroscopy (ES),
dielectrometry (DEM), and NMR spectroscopy. Among
the data of solution measurements, we used only the re-
sults obtained using inert solvents including hexane,

Table 1. Donor-acceptor bond lengths (rp,) determined by X-ray analysis and microwave spectroscopy (MWS),
parameters Ar = rps — 0.901(rp + r4),% and the enthalpies of formation of molecular complexes (—AH/kJ mol~1)

Run  Complex rpa/A Ar/A —AH Run  Complex rpa/A Ar/A —AH
(method) (method) (method) (method)
1 Me;N-BH; 1.609 0.187 132 9 Me,SO-BF; 1.54 0.253 95
(MWS)6 (CM, (X-ray (CH,Cl,) 19
gas phase)’ analysis)18
2 CsHsN-BH; 1610 0.188 121 10 CsHSN-BCl, 1592 0.170 129
(MWS)8 (CM, (X-ray (CM,
NO,Ph)? analysis)20 NO,Ph)21
3 Me;N-B(CHy); 1.698  0.276 74 11 C4HgS-BCl 1960  0.232 80
(MWS)10 (GD)1 (X-ray (GD)23
4 Me,HN - 1.656 0.234 81 analysis)?2
B(CHj3); (X-ray (GD)! 12 Me;N - BBrj 1.600 0.178 139¢
analysis)12 (X-ray (CM,
5 H;P-B(C¢Fs); 2.046 0.264 80 analysis)24 benzene)23
(X-ray (GD)13 13 CsHsN-BBr 1500 0.168 151
analysis)13 (X-ray (CM,
6 Me;N - BF; 1.636 0.214 111 analysis)26 benzene)?3
(MWS)14 (CM, 14 Me;P-BBr; 1.924 0.142 1684
gas phase)’ (X-ray (CM,
7 CsHsN - BF; 1.610 0.188 104 analysis)2’ benzene)23
(MWS)3 (CM, 15 (n1-C3H,)4P- 1950  0.168 1687
benzene)!5 BBr; (X-ray (CM,
8 Et;P- BF; 2.028 0.246 796 analysis)28 benzene)?>
(X-ray (GD)V7
analysis)16

(to be continued)
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Table 1 (continued)

Run  Complex rpa/A Ar/A —AH Run  Complex rpa/A Ar/A —AH
(method) (method) (method) (method)
16 Me,S - BBr3 1.934 0.206 91 33 2Et,0-TiCly 2.139 0.357 64
(X-ray (CM, (X-ray (CM,
analysis)?2 cyclo- analysis)50 CH,Cl,)5
hexane)?? 34 CI3PO - NbCls 2.16 0.405 62
17 C4HgS - BBy 1.966 0.238 98 (X-ray (GD)%*
(X-ray (CM, analysis)38
analysis)22 benzene)?> 35 2,2"-(CsH4N), - 2.281 0.427 33
18 Me,Se - BBr; 2.065 0.220 95¢ SbCly (X-ray (CM,
(X-ray (CM, analysis)®0 DCE)%1
analysis)?2 benzene)30 36 2Ph;PO-SbCl; 2.455 0.736 18
19 Me,NH - AlMe; 2.000 0.236 129 (X-ray (CM,
(X-ray (CM, analysis) %2 DCE)®!
analysis)3! hexane)3? 37 MeCN - SbCly 2.23 0.466 59
20 Ph;PO - AICl; 1.733 0.104 211 (X-ray (CM,
(X-ray (CM, analysis)®3 DCE)%
analysis)33 benzene)34 38 Cl1;PO - SbCl; 2.18 0.398 49
21 CI3PO - AICI, 1.780 0.151 120 (X-ray (CM,
(X-ray (GD)3¢ analysis)38 DCE)%4
analysis)33 39 Cl1,SeO - SbCls 2.08 0.298 51
22 Ph;PO - AlBr; 1.736 0.107 191 (X-ray (CM,
(X-ray (CM, analysis)93 DCE)%
analysis)33 benzene)34 40 Me;N- SO, 2.260 0.694 41
23 2MeCN - SnCly 2.331 0.612 30 (MWS)66 (ES, gas
(X-ray (CM, phase)®’
analysis)37 benzene)38 41 [1,4-C4H0,-Cl,], 2.67 1.185 8.8
24 2Et,0-SnCly 2.191 0.355 47 (X-ray (ES,
(X-ray (CM, analysis)%8 CCl,)%
analysis)3? DCE)#0 42 [1,4-C4H4O, - Bry], 2.71 1.090 8.4
25 [Me,N];PO - 2.28 0.543 42 (X-ray (ES,
Me;SnCl (X-ray (CM, analysis)7? CCly)™
analysis)# CCl 4 43 Me;N-1, 227 0.443 51
26 Ph;PO- 2.391 0.654 35 (X-ray (ES,
Ph;SnCl (X-ray (CM, analysis)72 heptane)’3
analysis)43 benzene)*4 44 4-MeCsHyN-1, 2.31 0.483 37
27 2CsHsN - 2.39 0.518 37 (X-ray (ES,
Me,SnCl, (X-ray (CM, analysis)74 heptane)>
analysis)43 benzene)40 45 1,4-C4Hg05- 1, 2.81 1.019 16
28 2CsH5NO- 2.25 0.513 29 (X-ray (ES,
Me,SnCl, (X-ray (CM, analysis)’® CCly)7
analysis)4’ benzene)48 46 (PhCH,),S -1, 2.78 0.647 20
29 2[Me,N]5PO- 2.26 0.523 35 (X-ray (DEM,
Me,SnCl, (X-ray (IMP, analysis)’8 octane)”?
analysis)#? 1,1,2,2- 47 1,4-C4HgS,- 1, 2.867 0.734 26
TCE)50 (X-ray (ES,
30 2,2-(CsHy4N), - 2.360 0.488 41 analysis)3? CCly)8!
Ph,SnCl, (X-ray (CM, 48 C4HgS;- 1,/ 2.755 0.712 42
analysis)5! benzene)46 (X-ray (ES,
31 Ph;PO- 2.278 0.541 47 analysis)32 CHCl,)8
Ph,SnCl, (X-ray (CM, 49 C3HgN,S - 21, 2.487 0.444 348
analysis)>2 benzene)33 (X-ray (ES,
32 2,2-(CsHy4N), - 2.277 0.405 49 analysis)33 CCly)3
Snly (X-ray (CM, 50 Ph;PS-1, 2.753 0.710 31
analysis)>4 benzene)3s (X-ray (CM,
analysis)33 CCly)36

(to be continued)
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Table 1 (continued)
Run  Complex rpa/A Ar/A —AH Run  Complex roa/A Ar/A —AH
(method) (method) (method) (method)
51 [Me,N];PS-1, 2.705 0.662 34 56 [Me,N]3PSe-1, 2.718 0.558 54
(X-ray (ES, (X-ray (ES,
analysis)87 heptane)38 analysis)?3 heptane)88
52 C4HgSe- 1, 2.762 0.512 46 57 1,4-C4HgO,- 2.57 0.779 200
(X-ray (ES, 2ICl1 (X-ray (CM,
analysis)3? CCl,)%0 analysis)’8 benzene)4
53 1,4-C4HgSey- 1, 2.829 0.579 29 58  CsHsN-IBr 2.26 0.433 51
(X-ray (ES, (X-ray (CM,
analysis)®! CCly)8! analysis)®3 cyclo-
54 1,4-OC4HgSe- 1, 2.755 0.505 32 hexane)?6
(X-ray (ES, 59 Ph;PS-IBr 2.656 0.613 48
analysis)92 CCly)8! (X-ray (CM,
55 Ph;PSe- I, 2.803 0.643 39 analysis)87 CCly)?7
(X-ray (CM,
analysis)33 CCl,)36

¢ The rp and r, values are listed in Table 3.
b _AH of complex Me;P - BF;.

¢ —AH of complex Et;N - BBrs.

4 _AH of complex Bu";P - BBr;.

heptane, octane, cyclohexane, or solvents that slightly
affect the thermodynamics of complexation: namely, ben-
zene, carbon tetrachloride, 1,2-dichloroethane (DCE),
and in some cases methylene chloride, chloroform,
1,1,2,2-tetrachloroethane (TCE), and nitrobenzene.
Most complexes under study (see Table 1 and 2) have
the D-A (1:1) composition and the —AH values corre-
spond to reactions of the D + A = D-A type. However,
some systems have more complex chemical compositions,
e.g., 2 :1, as in the case of important diethyl ether com-
plexes with tin and titanium halides 2Et,O-SnCl, and
2Et,0 - TiCly. The —AH values listed in Table 1 (runs 24
and 33, respectively) correspond to one of the two identi-
cal donor-acceptor bonds, being halved as compared to
the measured enthalpies of formation of the 2 : 1 com-
plexes. This approach was used in the analysis of other
2 : 1 complexes of tin compounds. Some difficulties arise
when comparing the —AH values measured in solution
with the results of X-ray studies of the halogen complexes
(see Table 1, runs 41, 42, and 49). All the three complexes
have a 1: 1 composition D-X, (X is a halogen) in solu-
tion. However, in the crystalline state the complexes with
X = Cl and Br (see runs 4/ and 42) have a polymeric
structure - X—X-OC4HgOX—X-~OC4HgO- while in the
complex C3HN,S+I!—12~13—I* (run 49) the second
iodine molecule, I3—I%, adds to the 1 : 1 complex through
the formation of the 1?13 bond. The length of this bond
(3.004 A) much exceeds the I—I bond length in free
iodine molecule (2.67 A), but is smaller than the sum of
the van der Waals radiil?2 of two iodine atoms (4.2 A);
this indicates a weak interaction between the I1>—I* mol-
ecule and the C3HN,SI1'—I% complex in the crystal.

¢ —AH of complex Pr",Se - BBr3.

fC4H¢S; is 1,3-dithiacyclohexane-2-thione.

& —AH of al:1 complex with ethylene thiourea.
" —AH of the 1,4-C4HgO,-ICI complex.

Ignoring this weak interaction, we included in the data
set the enthalpy of formation of the 1:1 complex
(34 kJ mol~!) determined in solution and the S-I!' bond
length in the 1:2 complex C3HgN,SI!—I%-13—14
(2.487 A). Analogously, we included the enthalpies of
formation of the 1 : 1 complexes of 1,4-dioxane with Cl,
and Br, determined in solution (8.8 and 8.4 kJ mol~!,
respectively; see Table 1, runs 4/ and 42) and the O--Cl
and O-Br bond lengths in the [1,4-C4,HgO,-Cl,], and
[1,4-C4HgO, - Br,], complexes (2.67 and 2.71 A, respec-
tively).

In the rare cases where the enthalpies of complexation
were unavailable we used the —AH values of the com-
plexes of related homologs (see runs &, 12, 14, and 18 in
Table 1 and runs 6, & and 14 in Table 2) assuming that
this will not affect the results of our analysis. In addition
to the donor-acceptor interaction, other effects, e.g.,
pr-conjugation may contribute largely to the enthalpy of
formation of certain complexes. These complexes are not
included in Tables 1 and 2.

Table 1 lists the gas-phase and crystalline-phase do-
nor-acceptor bond lengths (rp,) determined by micro-
wave spectroscopy (MWS) and X-ray analysis. Analysis
of the published data shows that these methods often
give similar rp, values provided that the situation in the
crystal is not complicated by additional interactions
as in, e.g., the dimeric complex [(CHj3);N-AlH;], (see
Refs 123 and 124) where the Al atoms are linked by two
hydrogen bridges. In these cases, no X-ray analysis data
were used.

Gas-phase electron diffraction (GED) often overesti-
mates the rp, distances compared to MWS and X-ray
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Table 2. Donor-acceptor bond lengths (rp,) obtained by elec-
tron diffraction, parameters Ar = rpp — 0.901(rp + r4),? and the
enthalpies of formation of molecular complexes (—AH )

Run  Complex DA Ar —AH
—& /kJ mol~!
‘ (method)
1 Me;N-BH;  1.656% 0.234 132
(CM, gas phase)’
2 MesN-BF;  1.664%8  0.242 111
(CM, gas phase)’
3 CsH;N-BF; 1.6698 0.247 104
(CM, benzene)13
4 Me,0-BF;  1.75% 0.364 56
(GD)100
5 CsHsN-BCl;  1.7068 0.284 129
(CM, nitro-
benzene)?!
6 Me;N-BBr; 1663101 0.241 1399
(CM, benzene)25
7 CsHsN-BBry 1.6948 0.272 151
(CM, benzene)25
8 Me;P-BBr;  1.946102  0.164 168¢
(CM, benzene)?s
9 Me;N-AlMe; 2.099103 0335 125
(CM, hexane)32
10 Me;P-AlMe; 2.53104  0.406 88
(CM, hexane)32
11 Me,0-AlMe; 2.014195  0.286 85
(CM, hexane)3?
12 Me,S-AlMe; 2.55106 0,480 80
(GD)107
13 H;N-AICI;  1.996198  0.232 133
(GD)109
14 Me;sN-AICI;  1.945110 0,181 1744
(CM, benzene) 111
15 H;N-AIBr;  1.997112  0.233 140
(GD)109
16 BrjSb-AlBr; 2.52113  0.117 98
(GD)114
17 Me;N-GaMey 2.09115  0.326 88
(GD)116
18 Me;P-GaMe; 2.52117  0.396 75
(GD)118
19 Me,0-GaMe; 2.045119  0.317 40
(GD)118
20 H;N-GaCl;  2.057120 0.293 134
(GD)IZI
21 H;N-GaBr; 2.081112 0317 137
(GD)IZI

¢ The rp and r, values are given in Table 3.
b _AH of complex Et;N - BBr;.

¢ —AH of complex Bu";P - BBrj.

4 _AH of complex Et;N-AlCl;.

analysis. For instance, the rp, distances reported for the
Me;N - BH; complex are 1.609 A (MWS)® and 1.656 A
(GED),125 whereas the published rp, values in the

CsHsN - BF; complex are 1.603 A (X-ray analysis),12
1.610 A (MWS),8 and 1.669 A (GED).127 The drawbacks
of gas-phase electron diffraction can to some extent be
reduced by analyzing a combined set of the GED and
MWS data (see Ref. 128). The best results were obtained
using the SARACEN method (see Refs 128 and 129).
Unfortunately, the rp, values determined by this method
were not used due to the lack of corresponding thermal
effects of complexation reactions. The rp, determined by
gas-phase electron diffraction and the thermal effects of
corresponding reactions are listed in Table 2.

Undoubtedly, the length of the donor-acceptor bond
depends on its strength. However, direct correlations be-
tween rp, and the enthalpy of complexation —AH using
various functions have failed. This is not surprising be-
cause the rp, value is first of all determined by the sizes of
the heteroatoms involved in the donor-acceptor bond.
The sizes of heteroatoms can differ appreciably. For in-
stance, the covalent radii of the donor heteroatoms (rp)
increase in the order O (0.66 A) < N (0.7 A) < S (1.04 A) <
< P (1.1 A) < Se (1.17 A) while those of the acceptor
heteroatoms (r,) increase in the order B (0.88 A) <
<Cl1(0.99 A)<Br(1.14 A) <Al (1.26 A)=Ga (1.26 A) <
<Ti(1.32 A) <1(1.33 A) < Sn (1.38 A).122,130

Clearly, constructing a correct correlation between
the donor-acceptor bond lengths and the enthalpies of
complexation requires the introduction of corrections for
the heteroatom size. To this end, the rpy — Zr oy (Ereoy =
rp t 1y is the sum of the covalent radii of the heteroatoms
involved in the donor-acceptor bond) rather than the
measured bond lengths (1) were used.4> This was done
ignoring the polarity of the donor-acceptor bonds (cova-
lent radii are usually calculated using the data for the
molecules with homopolar bonds!22:130,131) Byt the mo-
lecular complexes, in particular, those listed in Tables 1
and 2, are polar compounds. The dipole moments of the
donor-acceptor bonds in such complexes often reach
3-4 D (see Ref. 1).

The heteropolar bond is much shorter than the sum of
the covalent radii in nonpolar molecules.130—132 Tt was
proposed!3? to calculate the length of heteropolar bonds
by the equation

rAB=rA+rB—aAXAB, (4)

where r, and rp are the covalent radii of the elements A
and B, respectively, AX,p is the electronegativity differ-
ence between these atoms, and a = 0.09. In other
words, enhancement of bond polarity causes the effective
radii of elements to decrease and they become smaller
than the covalent radii determined for nonpolar com-
pounds. Clearly, a correction similar to that used in
Eq. (4) should also be introduced for the heteroatoms that
form the polar donor-acceptor bond. However, the
Schomaker—Stevenson!32 equation can hardly be applied
to the donor-acceptor bonds; indeed, the electronegativ-
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ity of the Al atom in the acceptor AICl; should be much
higher than the recommended value of 1.5 (see Ref. 122)
due to the strong induction effect of three chlorine
atoms.133

Analysis!3! showed that the measured interatomic dis-
tances in the molecules with polar bonds are about 10%
shorter than the sum of the covalent radii in the com-
pounds with homopolar covalent bonds. Therefore, we
believe that it is more appropriate to use an empirical
coefficient at the sum (rp + r,). In this connection to
allow for the size difference between the heteroatoms in-
volved in the polar donor-acceptor bond, we introduced a
characteristic parameter Ar calculated as follows

Ar=rpp —ay(rp t ra), 5)

where a, is an empirical coefficient similar to 0.9;131 rp , is
the experimentally determined length of the donor-ac-
ceptor bond, and r and r, are respectively the donor and

acceptor covalent atomic radii according to L. Pauling;130

for the covalent radii of octahedral complexes of tin, tita-
nium, and antimony not available from L. Pauling we
used the values recommended by S. Batsanov.1?2 The
Ar value thus obtained was then used for constructing a
correlation with —AH. Physically, the product a;(rp + r,)
is the sum of the covalent radii for the heteropolar bonds.
Table 3 presents the numerical values of the homopolar
covalent radii used in our calculations and the geometry
of the environment of the acceptor atom involved in the
donor-acceptor bond, which was used for choosing the
corresponding r, values.

Table 1 presents the enthalpies of formation (—AH)
of almost sixty molecular complexes and the corre-
sponding rp4 values determined by MWS and X-ray analy-
sis. Regression analysis of these data (calculated using the
STATGRAPHICS 5.1 program) revealed that the corre-
lation between the enthalpies —AH and the experimental

Table 3. Covalent radii of heteroatoms donors (rp) and heteroatoms acceptors (r,) that form the donor-acceptor bonds in the

complexes listed in Tables 1 and 2

Donor rp/A130 Acceptors Complex composition (geometry) ra/A
A
/ 0.7 BX,9 BH;, BR; 1:1 (tetrahedron) 0.88130
AN
/N:
—C=N: 0.53 AlX;, AIR;, GaXs, GaR; 1:1 (tetrahedron) 1.26130
N
—/P: 1.1 TiX, 2: 1 (octahedron) 1.32122
>O: 0.66 NbXs 1: 1 (octahedron) 1.40122
>S: 1.04 SnXy, RySnX,, R3SnX 2: 1 (octahedron)
1: 1 (trigonal bipyramid)® 1.38122
>Se 1.17 SbXs 2: 1 (square pyramid)¢ 1.36130
AN
—/Sb: 1.41 SbXs 1:1 (octahedron) 1.43122
7 0.55 so, 1:1d 1.04130
Narn.
/S—O.
Neaae
/Se—O
N
_/P=S 0.94 Cl, 1:1 (linear) 0.99130
Nooa.
/C—S.
—>P=Se 1.07 Br, 1:1 (linear) 1.14130
I,, ICI, IBr 1:1 (linear) 1.33130
@ X is halogen.

b No data for this geometry are available; the r, value for octahedral complexes of tin was accepted.
¢ No data for this geometry are available, the r, value for tetrahedral complexes of antimony was accepted.

4 The geometry of the complex can be found in Ref. 66.
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values of the donor-acceptor bond length rp, and the
covalent radii of heteroatoms (r and r,, see Table 3) has
the form

—AH=a2/[rDA_a](rD+rA)]’ (6)

where a; =0.901£0.007, @, = 21.6£1.6 kJ A mol~! (here-
after the confidence interval is given at a probability level
of 0.95), the correlation coefficient is 0.97, and the mean
average relative error of approximation for —AH is 15%.

The numerical value of the coefficient a, is in excel-
lent agreement with the predicted!3! magnitude (10%) of
the decrease in the sum of the covalent radii on going
from homopolar to heteropolar bonds. This indicates the
correctness of our approach that makes it possible to de-
termine the lengths of the donor-acceptor bonds formed
by different sets of heteroatoms having strongly different
covalent radii using the parameter Ar calculated from
Eq. (5). The theoretical Ar values for a; = 0.901 are given
in Tables 1 and 2. It follows that —AH and Ar are related
by a hyperbolic function

—AH = ay/Ar, %)

where a, = 21.6 kJ A mol~!.

Figure 1, a presents a graphical illustration of the qual-
ity of our description; here filled triangles denote the
experimental data and the solid line represents the results
of calculations using Eq. (7). The experimental points
corresponding to the nv- and no-type complexes differing
in composition, coordination number, and the nature of
electron donors (amines, ethers, sulfides, oxo com-
pounds, etc.) and electron acceptors (compounds of bo-
ron, aluminum, tin, titanium, iodine, efc.) fall on the
curve with a reasonable accuracy. Thus, the correlation
obtained (see Eq. (7)) has a general character and is inde-
pendent of the nature of the constituents of the molecular
complex.

Figure 1, b presents the theoretical curve plotted using
the MWS and X-ray analysis data and the points corre-
sponding to the Ar values calculated with the rp, dis-
tances determined by gas-phase electron diffraction (see
Table 2). The GED data show a much larger scatter com-
pared with the MWS and X-ray analysis data (see Fig. 1, a)
and in most cases lie on the right of the theoretical curve.
We believe this is due to the fact that gas-phase electron
diffraction gives somewhat overestimated 7, values com-
pared to MWS and X-ray analysis. At the same time com-
bined regression analysis of the data listed in Tables 1
and 2 using Eqn. (7) gives a, = 23.2+1.4 kJ A mol~!, for
which the confidence interval overlaps with that of a,
determined by processing only the MWS and X-ray analy-
sis data (a, = 21.6£1.6 kJ A mol~'). But in this case the
correlation coefficient decreases from 0.97 to 0.85, i.e.,
there is no correlation according to known classifica-
tion.133 Seemingly, gas-phase electron diffraction (draw-

—AH/KJ mol~!

200

150

100

50

0.2 0.4 0.6 0.8 1.0 Ar/A

Fig. 1. Enthalpies of formation of molecular complexes (—AH )
plotted vs. characteristic parametet Ar. Points denote experi-
mental data; the Ar values were calculated using the rp, deter-
mined by X-ray analysis and microwave spectroscopy (a; see
Table 1) and by gas-phase electron diffraction (b; see Table 2);
the solid curve was calculated using Eq. (7).

backs of the technique were considered in Refs 128
and 129) is inappropriate for constructing correlations
with the enthalpies of complexation in the fashion we
have proposed.

Mention should be made of yet another source of
possible errors in the correlation between —AH and Ar.
The energy of the donor-acceptor bond equals the en-
thalpy of complexation only if the energies of structural
rearrangements in the donor and acceptor constituents of
the complex are low. Otherwise, the enthalpy of com-
plexation is lower than the energy of the donor-acceptor
bond. Examples are provided by the complexes whose
formation requires energy expenditure for violation of
pr-conjugation. The pr-conjugation energy depends on
the character of the heteroatom, the number of phenyl
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rings, steric effects and can be rather high, for instance,
61 kJ mol~! for N-methyldiphenylamine, 29 kJ mol~!
for triphenylphosphine, 26 kJ mol~! for anisole, and
23 kJ mol~! for diphenyl sulfide.!3* Therefore, the point
corresponding to complexes of such electron donors will
fall below the curve shown in Fig. 1,a. At the same time
the point corresponding to, e.g., the HC(O)NMe, - SbCl;
complex should lie above this curve, because the forma-
tion of this complex is accompanied by additional energy
gain due to the strengthening of the resonance interaction
between the lone electron pair of the nitrogen atom and
the m-system of the C=0 bond (see Ref. 135).

The plot in Fig. 1, a shows that as the binding energies
of the complexes increase the length of the donor-accep-
tor bond tends to the sum of the heteropolar covalent
radii of the atoms involved in this bond (Artends to zero).
Contrary to this, at Ar > 1 the bond weakens and the
—AH values tend to zero. The situation (see Fig. 1, a) has
a clear physical meaning, namely, it is determined by the
ratio of the contributions of the charge-transfer forces
and the classical intermolecular forces (Coulomb, dipole-
dipole, dipole-induced dipole interactions, efc.) to the
complexation energy. At small Ar, the charge-transfer
forces dominate; however, an increase in the distance
between the donor and acceptor molecules causes this
contribution to decrease and weak van der Waals forces
now play an increasingly important role. Nevertheless,
charge transfer still contributes largely even to the weak-
est complexes studied, that is, the complexes of halogens
with dioxane (Ar = 1—1.2 A, —AH = 8—16 kJ mol™!).
The necessary condition for the formation of this bond is
the orbital overlap between the donor and acceptor hetero-
atoms.1:2:136 Therefore, the length of a donor-acceptor
bond should be smaller than the sum of the van der Waals
radii (Zrywg) of the heteroatoms involved in this bond.
Indeed, the O—X bond lengths in the X, (X = CI, Br, I)
complexes with 1,4-dioxane are respectively 2.67, 2.71,
and 2.81 A, which is smaller than the corresponding ZrywR
values for the oxygen and chlorine, bromine, and iodine
atoms equal to 3.3, 3.4 and 3.6 A, respectively (see
Ref. 122). At the same time the dipole moments of halo-
gen molecules are equal to zero, while the repeatedly
measured dipole moment of 1,4-dioxane varies from 0 to
0.4 D depending on the temperature and solvent. Never-
theless, almost non-dipole halogen and 1,4-dioxane mol-
ecules form complexes having dipole moments p of the
order of 1.3 D;1:137 this is due to charge transfer from the
donor to acceptor.
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