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Abstract—The stability constants of complexes derived from tetraphenylporphyrinatozinc(Il) and various
ligands in chloroform at 25°C were proposed as nucleophilicity/basicity parameters of the latter, which reflect
the effects of electronic and steric factors. Supernucleophilicity of heteroaromatic N-oxides in reactions with
electrophiles was interpreted in terms of sp>—sp’ rehybridization of the N-oxide oxygen atom.
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Although nucleophilicity and basicity of pyridine
N-oxides were the subject of numerous studies, factors
responsible for their much higher reactivity (super-
nucleophilicity) despite considerably lower basicity, as
compared to pyridines, remain so far not clear [1].
Metal porphyrin complexes are very convenient model
systems for studying complex formation by electronic
absorption, IR, and NMR spectroscopy. From this
viewpoint, the formation of n,v-complexes with tetra-
phenylporphyrinatozinc(Il) (Zn-TPP) in aprotic sol-
vents may be selected as model process for studying
the effect of electronic and steric factors in molecules
of oxygen- and nitrogen-containing compounds (e.g.,
N-oxides) on their reactivity (nucleophilicity and
basicity). Tetraphenylporphyrinatozinc(ll) is readily
accessible and is characterized by fairly simple spectra
(due to symmetric structure of the molecule) which
change to an appreciable extent upon formation of
axial complexes.

Complexation of Zn-TPP with a ligand L (the com-
position of the complex thus formed depends on the
ligand nature and reaction conditions) largely re-
sembles nucleophilic substitution reaction. In both
processes, the nucleophile (ligand) may be an anion or
neutral molecule possessing at least one unshared elec-

L L

Zn-TPP ——>= Zn-TPP-L ——= Zn-TPP-2L (1)
-L -L
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tron pair (i.e., Lewis base), and the replaced (depart-
ing) group may be both anionic and neutral species.

X" Y-
RX R* RY 2)
X -Y-

Nucleophilic substitution at an sp>-hybridized car-
bon atom can follow both dissociative [Sy1, reaction
(2)] and synchronous mechanism [Sy2, reaction (3)].

Y-+ RX == [Y*-RX"F == YR + X (3)

In both cases, the reverse process is possible. It
should be emphasized that both the coordination entity
in Zn-TPP or carbocation with the sp*-hybridized
carbon atom [Sy1 mechanism; the first step in reaction
(1) and the second step in (2)] and the activated com-
plex in which the hybrid state of the carbon atom is
close to sp” [2] [Sn2; the second step in (1) and the
first step in (3)] have planar structure. Therefore, these
nucleophilic substitution reactions can be regarded as
equilibrium processes involving competing interac-
tions of a complexing agent (carbocation, Sy1) with
two different ligands or decomposition of a complex
containing two different ligands (activated complex,
Sx2). On the other hand, the complexation process is
similar to substitution (exchange) reaction with 1:1
(Zn-TPP-L) or 1:2 complex (Zn-TPP-2L) where the



NEW BASICITY/NUCLEOPHILICITY SCALE

nucleophile and departing group may be different or
similar. Such analogy may be drawn for other nucleo-
philic processes, e.g., nucleophilic addition (Ay) to
aldehydes and ketones and nucleophilic replacement in
carboxylic acids and their derivatives (SyAcyl), where
the carbonyl carbon atom or carbon atom in the carbo-
cation formed by protonation of the oxygen atom in
acid medium also have planar configuration (sp?).
From this viewpoint, study on complex formation with
Zn-TPP should provide a deeper insight into the effect
of solvent and ligand nature on the state of equilibrium
(1) and, correspondingly, on the composition, stability,
and structure of the complexes thus formed. The latter
can be isolated as individual substances and examined
by X-ray diffraction. The results can be used to control
nucleophilic processes.

Published data [3—6] and our results [7, 8] obtained
by calorimetric titration, electronic absorption spec-
troscopy, and '"H NMR experiments allowed us to
presume that rise in the basicity/nucleophilicity of
a ligand should be accompanied by increase in the
stability of the corresponding 1:1 axial complexes
with Zn-TPP. Extension of the distance between the
zinc atom and macroring plane as a result of com-
plexation should weaken deshielding of the 1-H-8-H
protons in the porphyrin macroring (in the 'H NMR
spectra) and change electron density distribution and
dipole moment; therefore, the electronic absorption
spectra should also change. Here, assuming variation
of at least electronic (and probably steric) factors for
a series of structurally related ligands, the magnitudes
of the above changes may be proportional to each
other. Then the stability constants K, shifts AA of the
absorption maxima in the electronic spectra, and dif-
ferences Ad in the chemical shifts in the NMR spectra
could be used as parameters characterizing the relative
basicity/nucleophilicity of ligands.

In the present article we report on our attempt to
apply the above approach to estimate the reactivity of
ligands toward Brensted—Lawry (H", basicity) and
Lewis acids (nucleophilicity) and propose possible
factors responsible for unusually high nucleophilicity
of heteroaromatic N-oxides.

Tetraphenylporphyrinatozinc(Il) was previously
proposed [7] as reference for a scale of weak bases. As
we showed in [8], shifts of the absorption maxima (AA)
in the electronic spectra of Zn-TPP in chloroform upon
complex formation with pyridine N-oxides (Table 1),
quinoline N-oxides, and acridine N-oxides are linearly
related to the logarithms of the stability constants of
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the corresponding complexes, pK, values of the li-
gands in water and other solvents, and Hammett con-
stants ¢ of substituents in the heteroring provided that
there are no steric hindrances. Our data indicated that
analogous relations are also fulfilled for six pyridine
derivatives substituted at position 3 or 4. Thus, in some
cases previously unknown values of K and pK, in
various solvents, as well as substituent constants ¢, can
be calculated from shifts AA of the absorption maxima
of Zn-TPP induced by complex formation with the use
of the corresponding correlation equations.

Analysis of the data in Table 1 gave the following
correlations:

logK =0.32pK, +2.77, r =0.987;
logK=-1.10c + 3.63, r = 0.993;
logK =—0.716pyo + 3.03, » = 0.988;
logK =0.23 Ah;—0.11, = 0.992.

We also noted [8] that some deviation of the data
for 3-methyl-4-nitropyridine N-oxide from the linear
relations logK—oc and AA—oc results from rotation of
the nitro group with respect to the pyridine ring, which
weakens conjugation between the nitro group and the
aromatic system. On the other hand, 2-methyl-4-nitro-
pyridine N-oxide, despite the presence of a methyl
group in position 2 of the pyridine ring, well fits the
above linear relations. This is hardly consistent with
generally unusual behavior of reagents having a sub-
stituent in the ortho position of benzene ring or posi-
tion 2 of pyridine or quinoline ring due to steric effect
on the reaction center. Obviously, the methyl group in
2-methyl-4-nitropyridine N-oxide exerts only electron-
ic effect on the reactivity of this compound. From the
stability constant K of the Zn-TPP complex with
2-methyl-4-nitropyridine N-oxide we calculated the
constant opyo for methyl group in position 2 for
a series of pyridine N-oxides using the formula logK =
—0.716py0 + 3.03 with a view to elucidate how appro-
priate would be to use it in the correlations proposed
for heteroaromatic N-oxides. The calculated substit-
uent constant (—0.35) turned out to be much greater in
absolute value than that found for methyl group in
position 4 (—0.24) and especially in position 3 of the
pyridine ring (—0.139) (Table 1). This means that the
size of the 2-substituent is not significant and that its
effect on the reactivity of 2-methyl-4-nitropyridine
N-oxide is very specific: it cannot be rationalized in
terms of common inductive effect. The presence of two
methyl groups in 2,6-dimethyl-4-nitropyridine N-oxide
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Table 1. Stability constants of tetraphenylporphyrinatozinc(Il) complexes in chloroform at 25°C, shifts of absorption maxima
in the electronic spectra of Zn-TPP upon complex formation, substituent constants, and pK, values of pyridine N-oxides

RCsH,N—O
R in the ligand K, /mol AL nm, Soret band/Il | pK,(H,0) [8, 9] o [8,9] Spy0 [8, 9]

4-MeO 2860+190 10.0/15.5 2.05 -0.268 -0.603
4-Me,NCgH,CH=CH 2110+120 ®/14.5 1.43 (N—0) | -0.15 -0.31
4-Me 1780+160 9.5/14.5 1.29 —0.17 -0.24
4-MeOCgH,CH=CH 105020 ®/13.8 1.00 -0.03 -0.10
H 1040+55 8.5/13.5 0.79 0 0
4-Cl 618+18 9.5/12.7 0.36 +0.227 +0.206
4-NO, 165+22 5.0/10.0 -1.7 +0.778 +1.19
3-Me-4-NO, 346+17 6.5/11.5 -0.97 +0.778,-0.069 | +1.19,-0.139
2-Me-4-NO, 269420 3.6/8.2 -0.967 - +1.19,°-0.35
2,6-Me,-4-NO, - d -0.86 - -

A for bands 7 and //] are given in [3].

Overlapped by the Soret band of metal porphyrin.

The opyo value at position 2 was calculated as described in text.
Bands assignable to molecular complex were not detected.

a 6o o =

is likely to increase steric hindrances to complexation
with Zn-TPP so strongly than neither AA value nor
stability constant K can be determined (the concentra-
tion of the complex is very small).

Pyridines, being much stronger bases than the cor-
responding N-oxides but having spatially less acces-
sible reaction center (nitrogen atom), display a differ-
ent pattern [5]. As follows from the data in Table 2, the
stability constants determined by electronic and fluor-
escence spectroscopy (they coincided within the ex-
perimental error) in toluene for the complexes with
Zn-TPP and octaethylporphyrinatozinc(Il) (Zn-OEP)
decrease in the series 4-methylpyridine > 3-methyl-
pyridine > pyridine >> 2-methylpyridine > 2,6-dimeth-
ylpyridine. Thus, unlike pyridine N-oxides, introduc-
tion of a methyl group into position 2 of the pyridine

Table 2. Stability constants of Zn-TPP and Zn-OEP com-
plexes in toluene at 25°C and pK, values of the ligands

Ligand K, 1/mol p Ka (HZO)
Zn-TPP | Zn-OEP (5]
2,6-Dimethylpyridine 60 40 6.72
2-Methylpyridine 110 70 6.11
Pyridine 3200 2300 5.29
3-Methylpyridine 4400 2800 5.68
4-Methylpyridine 9200 5000 6.11
Benzonitrile 0.62 0.41 —
Acetonitrile 0.92 0.45 -

ring, as might be expected, creates so strong steric
hindrances to complex formation that introduction of
the second substituent into position 6 produces almost
no additional effect. The sharp difference in the sub-
stituent effects on the reactivity of pyridines and the
corresponding N-oxides can be readily interpreted in
terms of spatial accessibility of unshared electron pairs
occupying sp”-hybridized orbitals on the nitrogen and
oxygen atoms for bonding with v-acceptors.

R
X — X — O
NO N-=-O
N\ / 2N
R R

Obviously, higher stability constants of the com-
plexes with Zn-TPP as compared to Zn-OEP may be
rationalized in terms of weaker +/ effect (larger
residual positive charge on the zinc atom) [10] of four
benzene rings {the large torsion angle formed by the
benzene rings and porphyrin macroring, 75.15 and
73.14° [11, 12], makes conjugation between these
fragments impossible) relative to the effect of eight
ethyl groups. The fact that 4-methylpyridine gives
stronger complexes with both Zn-TPP and Zn-OEP
than does 3-methylpyridine cannot be interpreted in
terms of inductive effect which should weaken as the
methyl group becomes more distant from the reaction
center (nitrogen atom), so that different electronic
effects should be taken into account. For example,
hyperconjugation [13] is hardly probable for 3-methyl
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group in the pyridine ring but it should be efficient for
methyl group in position 2; from this viewpoint, the
series of constants ¢ and op,o for methyl group seem to
be reasonable.

The values of logK for the complexes with Zn-TPP
and Zn-OEP in toluene (Table 2) show an excellent
correlation with each other (» = 0.999); i.e., peripheral
substituents in the porphyrin macroring exert only
electronic effect on the complexation process. Further-
more, good linear correlations are observed between
pK, values of the ligands and Hammett constants o, on
the one hand, and logK of 1:1 complexes of Zn-TPP,
Cd-TPP, and Hg-TPP with y-substituted pyridines in
benzene [3, 4] and Zn-TOP complexes with - and
y-substituted pyridines in methylene chloride [6]
(Fig. 1), on the other. Therefore, it is reasonable to
presume that the above relations should be applicable
to other related metal porphyrins in different solvents.

Decrease in the stability constants of metal por-
phyrin complexes in the series Zn-TPP > Cd-TPP >
Hg-TPP may be attributed to reduction in the effici-
ency of overlap of frontier orbitals on the pyridine
nitrogen atom (in keeping with the Pearson concept
[2]) and orbitals of the metal bearing a residual posi-
tive charge (Zn®" is a moderately soft, and Cd*" and
Hg”" are soft Lewis acids).

Figure 2 shows correlations between the stability
constants of Zn-TPP complexes in benzene and carbon
tetrachloride, determined by calorimetric titration
(Table 3). It is seen that stronger complexes are formed
in carbon tetrachloride. In going from benzene to
carbon tetrachloride, the stability of the complex with
hexamethylenediamine sharply increases, while the
complexes with acetone, quinoline, and imidazole are
destabilized. The sharp increase of the thermodynamic
stability of the Zn-TPP complex with hexamethylene-
diamine (XIX) in going from benzene to carbon tetra-
chloride is related to change in its composition to
27Zn-TPP-L. This is consistent with the data of [17]
and Cambridge Structural Database [11], according to
which Zn-TPP forms a 2:1 complex with 1,4-diazabi-
cyclo[2.2.2]octane in chloroform, as well as crystalline
2:1 complexes with propane-1,3-diamine and butane-
1,4-diamine. The unusual behavior of acetone, quino-
line, and imidazole is likely to be determined by
specificity of solvation of ligands XX-XXII and com-
plexes derived therefrom; this behavior requires addi-
tional study.

We can conclude that solvation effects must be
taken into account while drawing correlations based on

logK
logK = 0.23pK, + 2.58; r=0.995

L 12
> 13
4F
3 -

! o4

2 1 1 1 1 1 1

0 2 4 6 8 10 pKa

Fig. 1. Correlation of logK for Zn-TPP complexes with pyri-
dines in methylene chloride at 25°C with pK, of the ligands
in water according to the data of [6]: (/) 3-cyanopyridine,
(2) 4-cyanopyridine, (3) 3-bromopyridine, (4) 3-chloropyri-
dine, () 3-acetylpyridine, (6) 4-acetylpyridine, (7) pyridine,
(8) 3-methylpyridine, (9) 4-methylpyridine, (/0) 3,4-di-
methylpyridine, (/1) 4-aminopyridine, (/2) 4-dimethyl-
aminopyridine, (/3) piperidine, (/4) 2-methylpyridine, and
(15) 2-aminopyridine.

logK (CCly)

7| X XIX
y1=0.95x;+0.91; »=0.981

6 y2=1.01x, +0.42; »=0.993
y3=1.03x; + 0.05; »=0.993

5 -

4 -

3 -

2 -

l 1 1 1 1

1 2 3 4 logK (benzene)

Fig. 2. Plots of logK for Zn-TP complexes with various
ligands in benzene versus logK in carbon tetrachloride at
25°C; ligands: (/) PhCH,OH (X), MeOH, EtOH, PrOH,
t-BuOH, i-PrOH, BuOH, s-BuOH, CsH;;OH, 1,2-dimeth-
oxyethane, DMF, Et,NH, benzotriazole, pyridine; (2) benzyl-
amine, BuNH,, Pr,NH,, (PhCH,);N, piperidine, 3,5-dimeth-
ylpyrazole, N-ethylacetamide, HMPA, N,N-dimethylacet-
amide, DMSO, Me,NCH,CH,CN, MeCN, cyclopentanone;
(3) (PhCH,);N, PhNH,, PhNEt,, morpholine, benzimidazole,
THF, 1,4-dioxane; hexamethylenediamine (XIX), acetone
(XX), quinoline (XXI), imidazole (XXII).
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Table 3. Stability constants of Zn-TPP complexes with or-

ANDREEV et al.

ganic ligands and pK, values of the latter in water at 25°C

Comp. Ligand |pK, (H,0O) logh', logfs [7]
no. CeHy CCly
I PhCH,NH, | 9.34[14]| 2.70 3.26
11 BuNH, 10.59[14] | 3.26,2.80 | 3.66, 3.02
111 Et,NH 10.98 [14] | 2.76,2.61 | 3.50,2.27
v Pr,NH 11.00 [14] | 3.05,2.94 | 3.60, 2.51
A% (PhCH,);N | 6.90[15] 1.43 1.84
VI BusN 10.89[14]| 2.14 2.30
VII PhNH, 4.60[15] | 2.68,2.38 | 2.88,2.16
VIII | Piperidine |11.22[14]| 3.13,3.11 | 3.61,2.90
IX Pyridine® 5.21 [15] 3.58 4.30
X PhCH,OH - 1.68 2.31
XI MeOH —2.2[13] 1.77 2.78
XII EtOH —2.3[13] 1.96 2.86
XIII PrOH - 2.28 3.05
XIV | +~BuOH -3.8[13] 2.39 3.11
XV | i-PrOH ~3.2[13] 2.37 3.20
XVI | BuOH - 2.89 3.19
XVII | s-BuOH - 2.52 3.24
XVIII | CsH;;OH - 2.61 3.40

* logK =3.61 in chloroform [16].

any basicity and nucleophilicity parameter and that
better correlations are obtained for series of com-
pounds which interact with the medium according to
a common mechanism, e.g., for alcohols X-XVIII
(Fig. 2, plot 7). Here, not only specific interactions
involving the hydroxy group (hydrogen bonding with
acids and Brensted bases) but also those related to
polarizability of the hydrocarbon fragment are impor-
tant. For example, benzyl alcohol (Fig. 2, plot 7) con-
siderably impairs the correlation, for it is better (than
other alcohols) solvated by benzene due to dispersion
and inductive interactions between the aromatic rings
in the substrate and solvent molecules [2].

Figure 2 shows that the stability of Zn-TPP com-
plexes with amines and its solvent-dependent variation
are related to the ligand nature. Obviously, the reac-
tivity of amines is largely determined by their struc-
ture. If the environment of the nitrogen atom remains
unchanged, as in the case of meta- and para-substi-
tuted anilines and pyridines, the electronic effect can
be estimated on a quantitative level using the Hammett

equation. If variation of the substituent nature affects
steric shielding of the reaction center, the extended
Taft equation modified for amines [18] is used:

logk =logK, + p* Xo* + S En. 4)

Here, k is the reaction rate constant, the term p* Xo*
describes the overall inductive effect of all substituents
on the nitrogen atom, and & Fy takes into account the
steric factor (8 £ in the Taft equation).

We presumed that the complexation of Zn-TPP with
ligands should also be described in a similar way. Then
the stability constant K (as well as the rate constant)
should characterize the nucleophilicity (or basicity pK,
in reaction with H") of a ligand. By designating the
corresponding constants in both equations as a; and a,
b and b,, and ¢, and ¢,, we obtain Eq. (5) which indi-
cates that the ratio K/k is also determined by electronic
and steric factors.

10g(K/k) = ((l[ — dz) + (b] — bz)ZG* + (C] — CQ)EN
=a+ bXc* + cEn. 5

Insofar as the same values of Xo* and Ey are in-
cluded into equations for the calculation of logk and
logK, it is obvious that these equations may be con-
verted into two other, each containing only one of the
above variables. For this purpose, it is sufficient to
multiply the first equation by coefficient b,, and the
second, by b, and subtract one from the other. We then
arrive at

bylogK —bilogk = (ay by — ayby) — (¢1by — c2b1)Ex;  (6)
ClegK_ C| Ing: (016‘2 — azcl) — (b1C2 — szl)ZG*. (7)

Using Egs. (6) and (7) we can calculate unknown
values of £, K, 6*, and Ex. Analogous transformations
of the Hammett equation (provided that steric factor is
not taken into account) lead to the equation

log(K/Ko) = (p1/p2) log(kko), ®)

where p; and p, are parameters reflecting, respectively,
the sensitivity of the complexation with Zn-TFP and
reaction with nucleophiles to substituent in the ligand/
nucleophile. Obviously, the ratio p;/p, reflects the dif-
ference in the sensitivities of these processes to elec-
tronic effect of substituent in the ligand/nucleophile
molecule (or base molecule in log K—p K, correlation).

In fact, in the first approximation the stability con-
stants in benzene and carbon tetrachloride correlate

RUSSIAN JOURNAL OF ORGANIC CHEMISTRY Vol. 44 No. 6 2008
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Table 4. Axial (n,v) complexes of zinc porphyrins and zinc phthalocyanine
Compound Complex Ligand CSD refcode® pK, Coordination A | A
no. center
XXIII Tetraphenylporphyrinatozinc(Il) |2-Phenylethan- HAMMIR 9.83 [19] NH, 0.356 | 2.193
amine
XX1V Tetraphenylporphyrinatozinc(Il) [ 3-Nitroaniline HAMLAI 2.46 [20] NH, 0.249 | 2.314
XXV Tetraphenylporphyrinatozinc(Il) | Pent-3-en-2-ol HALXOH - OH 0.246 | 2.267
XXVI Tetraphenylporphyrinatozinc(II) |4-Chlorophenol HAMFUW - OH 0.122 | 2.329
XXVII Tetraphenylporphyrinatozinc(Il) | Hexane-2,5-dione | HAMGUX - =0 0.221 | 2.261
XXVIII | Tetraphenylporphyrinatozine(Il) |4-Methylcyclo- HAMHIM - =0 0.170 | 2.306
hexanone
XXIX 2,3-Dihydrotetraphenylpor- Pyridine HPORZNI10 | 5.21[15] —N= 0.391 | 2.171
phyrinatozinc(I)
XXX 2,3,12,13-Tetrahydrotetraphenyl- | Pyridine VIXGEO 5.21[15] —N= 0.368 | 2.164
porphyrinatozinc(II)
XXXT 2,3,7,8-Tetrahydrotetraphenyl- | Pyridine PRPHZN 5.21[15] —N= 0.379 | 2.155
porphyrinatozinc(II)
XXXII Tetraphenylporphyrinatozinc(Il) | (S)-a-Methylben- | HALWOG 9.08 [19] NH, 0.211 | 2.256
zylamine
XXXIIT | Tetrakis(4-bromophenyl)por- (R)-a-Methylben- | XAMHAU 9.08 [19] NH, 0.371 | 2.227
phyrinatozinc(II) zylamine
XXXIV Tetrakis(4-chlorophenyl)por- (S)-a-Methylben- | ZITMIY 9.08 [19] NH, 0.378 | 2.024
phyrinatozinc(II) zylamine
XXXV Tetrakis(4-chlorophenyl)por- Benzyl alcohol ZITMOE - OH 0.248 | 2.188
phyrinatozinc(I)
XXXVI | Tetrakis(4-chlorophenyl)por- DMSO ZITMAQ — =0 0.381 | 2.123
phyrinatozinc(II)
XXXVII | Tetraphenylporphyrinatozinc(Il) [ DMSO ATUSOX — =0 0.352 ] 2.119
XXXVIII | Tetraphenylporphyrinatozinc(Il) | DMF HEJVUN -0.19 [21] N 0.283 [ 2.160
XXXIX | Octaethylporphyrinatozinc(Il) Pyridine EPOPZNI10 | 5.21[15] —N= 0.396 | 2.200
XL Phthalocyaninatozinc(II) Hexylamine ZNPTCY 10.63 [22] NH, 0.610 | 2.183

* Reference to the Cambridge Structural Database.
® Distance from the macroring plane to the zinc atom.

¢ Distance from the zinc atom to the coordination center in the ligand.

well with both ligand basicity (Table 3) and electronic
effects of substituents. For example, the K values of
alcohols in benzene and carbon tetrachloride increase
in the series X — XVIII, in keeping with increase in
the ligand basicity; this is explained by rise of the posi-
tive inductive effect of hydrocarbon groups therein.
The unusually high value of logK for pentan-1-ol (the
butyl and pentyl groups are characterized by almost
similar inductive effects), is likely to be related to sol-
vation, as well as to hydrophobic (attractive) interac-

tion with the metal porphyrin complex. However, the
relative position in this series of fert-butyl alcohol
where the oxygen atom is least spatially accessible for
complex formation depends on the solvent nature.

Some relations between the structure of axial com-
plexes in the crystalline state and pK, values of the
ligands may be revealed by comparing the X-ray dif-
fraction data. The more basic is the ligand, the longer
is the distance 7, from the macroring plane to the zinc
cation and the shorter is the distance r, between the

RUSSIAN JOURNAL OF ORGANIC CHEMISTRY Vol. 44 No. 6 2008



912

Table 5. Rate constants of the reactions of amines with
phenacyl bromides in benzene at 25°C

Amine Yo [18] Ex[18] logk [18]
PhCH,NH, 1.20 -0.38 -3.25
BuNH, 0.85 —0.40 —2.65
Et,NH 0.29 -1.98 —2.60
(PhCH,);N 0.645 —4.15 -6.99
Bu;N -0.39 —4.50 -3.84
PhNH, 1.58 -0.98 -5.49
Piperidine 0.31 -0.79 -1.14

latter and the coordination center in the ligand. These
variations are observed upon formation of Zn-TPP
complexes (Table 4, complexes XXITI-XXVI).

Partial hydrogenation of the porphyrin ring and
introduction of alkyl groups thereinto (complexes
XXIX-XXXI, XXXIX) affect the distance r, and
hence r, almost similarly. The presence of halogen
atoms in the benzene rings of Zn-TPP considerably
extends »; (the extension is stronger in the case of
chlorine substitution as compared to bromine) and
shortens 7, (in the same order) upon complex forma-
tion with strong bases (such as 1-phenylethanamine;
complexes XXXII-XXXIV) but almost does not affect
7, (while the distance r, becomes shorter) upon inter-
action with weak bases (such as pent-3-en-2-ol and
benzyl alcohol; complexes XXV, XXXYV).

In the reaction of phthalocyaninatozinc(Il) with
hexylamine (complex XL), the zinc atom moves from
the macroring plane to a distance of 0.610 A, indicat-
ing a higher sensitivity of »; to the ligand nature, as
compared to Zn-TPP. Obviously, variations in the
distances , and r, provide valuable information on the
relative stability and nucleophilicity of such com-
pounds as ketones, DMSO, and DMF (complexes
XXVII, XXVIII, XXXVI-XXXVIII). Unfortunately,
the available X-ray diffraction data for axial Zn-TPP
complexes with ligands belonging to different classes
are insufficient to draw more definite correlations be-
tween these parameters.

As might be expected, our attempts to obtain gen-
eral correlations like logK—pK, and logK—Xc* for
all amines considered in [7] were unsuccessful, for the
substrates strongly differ from each other not only by
electron density on the nitrogen atom but also by
spatial accessibility of the latter. We can only note
similar trends in the variation in both solvents of logKX,
pK,, and inductive effects of substituents on the nitro-

ANDREEV et al.

gen atom in the couples benzylamine—butylamine, di-
ethylamine—dipropylamine, and tribenzylamine—tri-
butylamine, taking into account that the basicity and
nucleophilicity of primary, secondary, and tertiary
amines should fit different correlations (provided that
steric constants are not involved).

But the use of Egs. (4)—(7) allowed us to deduce
Egs. (9)~(12) relating logK values in benzene, Xo*,
Ey, and logk for the reactions of phenacyl bromide
with amines in benzene at 25°C [18] on the basis of
the data for seven amines (Tables 3, 5). In this case, the
coefficients » characterize correlations between the
experimental values of logK [log(K/k)] and those cal-
culated by Egs. (9)—(12).

logK =3.75 — 0.5556* + 0.43 Ex, = 0.961; )
log(K/k)=2.77 +2.73Xc* — 0.94 Ey, r = 0.983; (10)
logK = 3.56 + 0.20 Ex + 0.16logk, = 0.957;  (11)
logK = 3.43 + 0.485c*+ 0.31logk, r=0.951.  (12)

Equations like (4)—(12) can be applied to both
amines and other ligands, taking into account that Ey
for amines are numerically equal to E; in the Taft equa-
tion. Moreover, other parameters reflecting electronic
effects, e.g., opyo for heteroaromatic N-oxides, may be
used instead of o*.

Thus we can conclude that the stability constants K
of complexes formed by metal porphyrins (and prob-
ably by metal phthalocyanines), determined by calori-
metric titration and electronic and fluorescence spec-
troscopy, are linearly related to K, pK,, En, o, and AA
provided that some constraints are applied. Therefore,
we propose to use complex formation with Zn-TPP in
chloroform as model process for studying nucleophil-
icity of ligands. Here, the nucleophilicity parameter
depending on the ligand basicity, polarizability of the
nucleophilic center and the entire molecule, and elec-
tronic and steric factors is the stability constant K of
the corresponding 1:1 complex Zn-TPP-L, as well as
A\ and A (in spectrophotometric or high-resolution
NMR measurements).

Chloroform was proposed as solvent due to its
much lesser toxicity than that of benzene and carbon
tetrachloride [23], better solubility of most polar or-
ganic substances in that solvent, and the ability to form
weak hydrogen bonds and charge-transfer complexes
[24]; therefore, the above nucleophilicity parameter is
applicable to processes not involving or involving
specific interactions of moderate strength. However,
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Table 6. "H NMR spectra of pyridine N-oxides 4-RCsH;N—O and their molecular complexes with BF; in DMSO-d;

Chemical shifts 8, ppm
R Acceptor
2-H 6-H 3-H 5-H 4-H R
H - 8.17d 7.36t 7.27t -
BF; 8.53d 8.86d 8.01t 8.38t 7.70 t -
Me - 8.29d 7.42d - 2.47 s (CH3)
BF; 8.46d 8.98d 7.60d 8.07d - 2.59 s (CH3)
MeO - 8.01d 6.97d - 3.82 s (OCH3)
BF; 8.68d 7.45d - 4.05 s (OCH3)
4-Me,NC¢H,CH=CH - 8.04d 7.48 - 3.00 s (NMey)
BF; 8.22d 7.66 d - 2.94 s (NMe,)

the stability constants can be used as a measure of nu-
cleophilicity only if the corresponding 1:1 complexes
are axial (i.e., of n,v-type); otherwise, they would be
determined by a different set of interactions between
species involved in complex formation and would be
described by different (probably much more complex)
correlation equations.

Formation of 1:2 complexes with some ligands
(Table 3) could provide additional information on
nucleophilicity, and understanding of this information
requires some time. Now we can only suppose that the
formation of such complexes is determined by the
ionization energy (E;) of the ligand. For example, tetra-
tert-butylphthalocyaninatozinc(Il) forms 1:2 com-
plexes with amines whose ionization energy is lower
than 8.8 eV at room temperature, whereas analogous
complexes with amines with £; > 9.2 eV are formed
only at elevated temperature [25].

At present, we are engaged in determining stability
constants of Zn-TPP complexes with various n-donors
in chloroform by calorimetric titration, electronic ab-
sorption spectroscopy, and 'H NMR.

We already noted unusual behavior of pyridine
N-oxides from the viewpoint of nucleophilicity, which
was not rationalized so far. It is commonly assumed
that the oxygen atom in pyridine N-oxides has sp’
hybridization [9] which does not change during the
process. Then the formation of a new bond involving
one sp’-orbital should always lead to an unsymmetrical
(with respect to the N—-C* axis) compound, so that
protons in positions 2, 3, 5, and 6 have different
chemical shifts in the '"H NMR spectra. However,
nonequivalence of these protons in Zn-TPP complexes
with pyridine N-oxides cannot be detected due to fast
ligand exchange, and the positions of signals in the

'H NMR spectrum of the reaction mixture depend on
the ratio of the components. Our 'H NMR study on the
complexation of Zn-TPP with 4-(4-dimethylamino-
styryl)- and 4-(4-methoxystyryl)pyridine N-oxides in
CDCl; showed that the formation of axial (n,v) com-
plex is accompanied by upfield shift of signals from
1-H-8-H in the porphyrin ring and 2-H and 6-H in the
ligand. This is the result of reduced deshielding effect
(dissipation via additional coordination) of the zinc
cation on protons in the porphyrin ring due to donor—
acceptor bonding with the ligand in the first case and
ring current in the macroring, which induces magnetic
field directed opposite to the external field in the
vicinity of the N— O group.

In continuation of our studies on steric structure of
molecular complexes derived from heteroaromatic
N-oxides we recorded 'H NMR spectra of their com-
plexes with BF;, where the O-B bond is fairly strong
due to relatively high basicity of the ligands (pK, >
0.8; Table 6) with a view to elucidate hybridization
mode of the oxygen atom therein.

As expected, in the '"H NMR spectra of the com-
plexes formed by BF; with pyridine and 4-methylpyri-
dine N-oxides, all protons in the pyridine ring have
different chemical shifts. However, the 2-H/6-H and
3-H/5-H protons in the complexes derived from more
basic 4-methoxy- and 4-(4-dimethylaminostyryl)pyri-
dine N-oxides turned out to be equivalent in pairs. We
believe that this pattern may be rationalized in terms of
different hybridizations of the oxygen atom involved
in dative bond with the boron atom. The oxygen atom
in the complexes derived from pyridine and 4-methyl-
pyridine N-oxides has sp® hybridization, while in the
complexes formed by 4-methoxy- and 4-(4-dimethyl-
aminostyryl)pyridine N-oxides it has sp® hybridization.
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Obviously, fast (on the "H NMR time scale) conforma-
tional transformations of molecules with a single bond
between the pyridine nitrogen atom and sp’-oxygen
atom should lead to averaging of the 2-H/6-H and
3-H/5-H signals {as in the spectrum of 1-dimethylcar-
bamoyloxy-4-(4-methoxystyryl)pyridinium tetra-
phenylborate [26]}. On the other hand, we cannot rule
out that some complexes formed by heteroaromatic
N-oxides (e.g., those derived from 2,6-substituted pyri-
dine N-oxides) exist as one stable conformer in which
the sp>-hybridized orbital of the oxygen atom, involved
in dative bond with boron atom, lies in the plane
orthogonal to the pyridine ring and passing through the
N and C* atoms.

Presumably, the possibility for rehybridization of
the oxygen atom under mild conditions and its spatial
accessibility are factors responsible for supernucleo-
philicity of heteroaromatic N-oxides. From this view-
point, the lack of steric hindrances to complex forma-
tion between Zn-TPP and 2-methyl-4-nitropyridine
N-oxide can be readily understood assuming that the
new bond is formed with participation of sp*-orbital
which is more distant from the CH; group (or even
p-orbital conjugated with the pyridine ring) with even-
tual transformation of the oxygen atom into the sp’
state. On the other hand, the presence of two methyl
groups in positions 2 and 6 makes rehybridization of
the N-oxide oxygen atom even more probable. The
formation of a new bond involving sp>-orbital of the
oxygen atom above the pyridine ring plane should
eliminate steric strain intrinsic to the initial molecule
having sp*-hybridized oxygen atom.

It should also be noted that just heteroaromatic
N-oxides are characterized by a unique combination of
conjugation between the N— O group and the aromatic
ring and the smallest difference in the electronega-
tivities of the neighboring nitrogen and oxygen atoms,
which ensures polarization of the semipolar N— O
bond in both directions by the action of moderate-
strength external field. Therefore, under certain condi-
tions nitro derivatives of heteroaromatic N-oxides
could give rise to molecular complexes (i.e., could act
as nucleophiles and bases) with participation of not
only N— O but also NO, group and/or n-system of the
aromatic ring.

The '"H NMR spectra were recorded at room tem-
perature from solutions in DMSO-dg on a Bruker WM-
400 instrument (400 MHz) using tetramethylsilane as
internal reference. Molecular complexes of heteroaro-
matic N-oxides with BF; were synthesized according
to the procedures described in [9, 27].
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