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where Kz = [8](H*)/[8'], Ko = [9](H*)/[9’], and K3y =
[91(H*)/[8]. With the reasonable assumption that K3, Ko
> (H*), and since K13 = (H*), therefore Ko > (HY), and
kos = kgra D kg and kg1g = ko1¢. These conditions show
that the last term in the numerator of the above two equa-
tions are the dominant ones. It seems likely, for reasons dis-
cussed in regard to cysteine, that Kg > 10~2, therefore kge
> kga as long as kg3 < 10%kg 10. If this condition is satis-
fied then

by K1
= 2 —+
WU H) + Ky + Kw[M]
Big M) + kypKip + kag Kig
H) + Ky + Kis

Flowsa= Roy + K

(M] (B10)
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Electronic Effects in Transition Metal Porphyrins. 1.
The Reaction of Piperidine with a Series of Para- and
Meta-Substituted Nickel(II) and Vanadium(IV)
Tetraphenylporphyrins!
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Abstract: Para- and metassubstituted tetraphenylporphyrin complexes of Ni(II), Ni(p-X)TPP and Ni(m-X)TPP (X =
OCHj3, CH;, H, F, Cl, COOCHj3, CN, and NOy), and para-substituted V(IV) tetraphenylporphyrins, VO(p-X)TPP (X =
OCH3;, CH;3, H, Cl, and CN), react in the presence of high concentrations of piperidine in toluene to form the bis- and mono-
piperidine adducts, respectively Ni{X)TPP + 2Pip = Ni(X)TPP(Pip), (82) and VO(X)TPP + Pip == VO(X)TPP(Pip)
(K1Y). In most cases, equilibrium constants 3, and K1V are less than unity. For reactions 1 and 2 a Hammett op relationship
is observed, with pNi(®) = 0.331, pNi(m) = 0,413, and pV¥ = 0.113. Thus substituents at such remote positions as the meta and
para positions of the phenyl rings significantly affect the axial reactivity of the metal. The extent of this effect is greatly in-
creased if the metal has a full compliment of d= electrons (Ni(II), d8, as compared to V(IV), d!). Inductive and resonance
contributions to the observed substituent effects are almost equal when X is in the para position, but inductive effects pre-
dominate when X is in the meta position. Either # induction or moderate = conjugation between phenyl and porphine rings
(or a combination of both) may be the mode of transmission of resonance effects. In dilute piperidine solutions, NiTPP
reacts to give the monopiperidine complex, whose electronic spectrum is almost indistinguishable from that of the reactant.
ESR splitting constants and g values of the VO(p-X)TPP complexes and their piperidine adducts are independent of the
substituent X.

The transmission of electronic effects from various points
on the porphyrin ring through the four porphyrin nitrogens
to the metal ion has long been an interest of those who have
investigated the physical properties and chemical reactions
of metalloporphyrins.2-3 Because of the conjugated nature
of the porphyrin ring system, electron donating or with-
drawing substituents on the periphery of the molecule have

been shown to affect the basicity of the porphyrin nitro-
gens.2? This, in turn, often affects the visible absorption
spectra, redox potentials, and axial ligation reactions of the
free bases and their respective metalloporphyrin com-
plexes.*> Some of the most detailed investigations of the
transmission of electronic effects in metalloporphyrins have
been carried out on Ni(II) complexes of natural or modified
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natural porphyrins by Caughey and coworkers.* They have
shown that the position of the equilibrium

8.
NiP + 2Pip === NiP(Pip), (1)

where P = various porphyrins and Pip = piperidine, is de-
pendent upon the electron withdrawing or electron donating
characteristics of the substituents on the porphyrin, P.
Thermodynamic parameters for reaction 1 where P = a se-
ries of 2,4-disubstituted deuteroporphyrins in chloroform
solution have been reported.*® It was shown that log 83>
(reaction 1) was linearly related to the pKy of the deutero-
porphyrin free base.

In an attempt to further quantify the effect of electron
donating or withdrawing substituents on reaction 1, and to
assess the importance of the phenyl groups of tetraphenyl-
porphyrins on the reactivity of the metal, the investigation
of this reaction, where P = a series of meta- or para-substi-
tuted tetraphenylporphyrins, (m- or p-X)TPP, structure I,
was undertaken.

The rates and equilibria of many such reactions of substi-
tuted aromatics are known to follow the Hammett relation-
ship,6 which, for reaction 1, may be written as

log (Byx/Ben) = op @)
Thus, in the reaction of Lewis bases with M(X)TPP, the
questions to which we have sought answers in this work are
the following. How sensitive is a reaction at the metal cen-
ter to electronic effects of phenyl substituents on the por-
phyrin ring? How does the number of d electrons on the
metal affect the sensitivity of the metal to the electronic ef-
fects? Are these effects transmitted through the o or the =
system of the porphyrin ring? Associated with this question
is that of the degree of conjugation of the phenyl rings with
the porphyrin = system. In order to answer these questions,
two series of metal porphyrin complexes were chosen:
Ni(m- or p-X)TPP, in which the metal contained a full
compliment of d, electrons for interaction with the = or =*
orbitals of the porphyrin ring, and VO(p-X)TPP, in which
the metal did not contain electrons in proper symmetry or-
bitals for interaction with the = or =* orbitals of the por-
phyrin. The series of Ni(m- or p-X)TPP react with piperi-
dine according to eq 1, where P = (m-X)TPP or (p-X)TPP,
while the VO(p-X)TPP complexes add only 1 mol of piperi-
dine.

.
VO(p-X)TPP + Pip <= VO(p-X)TPP(Pip) (3)

In addition, the reaction of NiTPP with 1 mol of piperidine

Ni

K
NiTPP + Pip =—= NiTPP(Pip) (4)

was also investigated in order to clarify the spectral changes
and stoichiometry of reaction of piperidine with Ni(II) por-
phyrins.
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Because four substituents X are present in the systems of
this investigation (structure I), eq 2 will be written as

log (Bx/Bow) = (40)p (2a)

Experimental Section

The meta- and para-substituted tetraphenylporphyrin free
bases, Ha(m-X)TPP and H,(p-X)TPP, where X = OCHj;, CHs,
H, F, Cl, COOH, CN, and NO,, were prepared by the method of
Adler et al.” The Hy(p-COOH)TPP was esterified in methanol-
H,SO, by the method of Falk® and then chromatographed on sili-
ca gel (Baker chromatographic grade) with chloroform as solvent
to remove porphyrin which contained remaining free carboxyl
groups. All of the other substituted tetraphenylporphyrins were
chromatographed in like manner at least once before metal inser-
tion.

Formation of the Ni(II) and V(IV) complexes of the substituted
tetraphenylporphyrins was accomplished by the method of Adler et
al.? Considerable difficulty was encountered in obtaining complete
reaction of the porphyrin free bases in dimethylformamide, even
after prolonged heating in the presence of large (100-fold) excesses
of NiCl3-6H,0 or VOSO4xH,0 (Alfa Inorganics). In several
cases, addition of detergents such as sodium lauryl sulfate ap-
peared to aid in the insertion of Ni(II).!% Complete reaction was
assumed when the free base absorption peak at 650 nm had disap-
peared.

All Ni(IT) and V(IV) complexes were chromatographed in the
same manner as the Ha(m- or p-X)TPP before use. Anal. Calcd
for CagH3¢NuNi: C, 79.24; H, 4.99; N, 7.70; Ni, 8.07. Found: C,
78.89; H, 4.94; N, 7.96; Ni, 8.02 (analysis by Galbraith Laborato-
ries, Knoxville, Tenn).

Piperidine was distilled from zinc dust and then barium oxide,
and toluene was distilled from calcium hydride shortly before use.

Equilibrium constants for formation of the monopiperidine com-
plexes of the series of VO(p-X)TPP complexes (reaction 3)

K" = [VO(p-X)TPP(Pip)l/[VO(p-X)TPP][Pip] (5)

and for formation of the bispiperidine adducts of Ni(m- or p-
X)TPP (reaction 1)

B, = [Ni(X)TPP(Pip),)/[Ni(X)TPP|[Pip}? ()

were measured in toluene solution on a Cary 14 spectrophotometer
equipped with a circulating constant temperature bath, Calcula-
tion of 3, was carried out by the method of Bent and French!! and
checked by the method and criteria of Drago and coworkers.12
Calculation of K1V was carried out entirely by the method of
Drago et al.!2

Because of the insolubility of many of the M(m- or p-X)TPP
compounds (a saturated solution of Ni(p-CN)TPP is about 2.7 X
1076 M), stock solutions were prepared in many cases by heating
excess M(m- or p-X)TPP in toluene for about 1 hr, allowing the
solution to stand at room temperature for at least 1 day, and filter-
ing the solution before use. It was not necessary to know the con-
centration of the M(m- or p-X)TPP stock solution because [Pipeq
=~ [Piplo in all cases. Spectrophotometric cells of 10 cm, 1 cm, or 1
mm path length were utilized as required. Since aggregation is in-
significant in the nonaqueous solution behavior of tetraphenylpor-
phyrins at concentrations typical of ESR!? (1073 M) and NMR!4
(10=2to 10~! M) investigations, it is not expected to influence the
equilibrium constant measurements by visible spectral techniques
(10~%t0 1075 M),

The addition of one molecule of piperidine to NiTPP, eq 4, was
investigated by observing difference spectra on the 0.1 absorbance
scale of a Cary 1501 spectrophotometer utilizing 1-cm path length
cuvettes. Solutions 1.93 X 1073 M in NiTPP in which the sample
cell contained concentrations of piperidine ranging from 5 X 10~¢
to 4 X 1072 M were investigated at the ambient temperature of
22°. Maximum absorbance differences were observed at 437.6 nm,

The ESR spectra of the VO(p-X)TPP complexes were mea-
sured at 100 and —196° in toluene and piperidine on a Varian E-
12 ESR spectrometer. Varian weak pitch (g = 2.0027) was used as
field-frequency calibrant, and the field sweep width was calibrated
by use of an NMR gaussmeter, Alpha Model AL 675.
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Figure 1. Visible spectra of Ni(p-CH3)TPP in the presence of varying
amounts of piperidine. [Ni(p-CH3)TPP] = 4 X 1075 M: (a) cell path
length = 1 mm; (b) cell path length = 1 cm. Typical absorption maxi-
ma and extinction coefficients of the four- and six-coordinate com-
plexes are given in the Results section.

Results

The absorption spectra of Ni(m- or p-X)TPP (Figure 1,

= p-CHj) and VO(p-X)TPP (Figure 2, X = CHa)
change dramatically upon addition of large amounts of pi-
peridine. Typical absorption maxima and extinction coeffi-
cients for Ni complexes are 527.7 (¢ 9.50 X 10%) and 415.7
nm (e 1.36 X 10°) for Ni(p-Cl)TPP and 600.0 (¢ 5.35 X
103), 561.2 (¢ 7.96 X 103), and 433.5 nm (e 2.04 X 10°) for
Ni(p-Cl)TPP(Pip),. Peak positions of other meta- and
para-substituted NiTPP complexes differed by less than 1
nm and showed no obvious relationship to the donating or
accepting nature of the substituent. Similarly, vanadyl por-
phyrin complexes showed little dependence of peak posi-
tions on substituent. VO(p-CH3)TPP has absorption peaks
at 425 (¢ 4.77 X 10%), 549 (¢ 2.17 X 10%), and 587 nm (e
2.73 X 10%); other para-substituted vanadyl complexes gave
absorption peaks which were within 4 nm (425-nm peak) or
1 nm of the values for the p-CHj3 complex, and no linear de-
pendence on the substituent constant of X was noted.
VO(p-CH3)TPP(Pip) has absorption peaks at 438 (¢ 4.78
X 105), 563 (¢ 1.74 X 10%), and 605 nm (e 9.74 X 103).15

Calculation of 8 or K,V was carried out at each of the
above wavelengths except the 588-nm peak of VO(p-
X)TPP. Average values of the constant were obtained at
each wavelength, and in general the values of the constants
obtained at the five wavelengths in each case were in excel-
lent agreement (5% or better). Only the p-CN and p-NO;
complexes were so insoluble as to restrict measurement of
the equilibrium constants to only the wavelengths of the
most intense peak (Soret band) of reactant and product.
The equilibrium constants reported in Tables I-IV are the
average of those values obtained at the individual wave-
lengths. The logarithmic method!! was used for determina-
tion of B, for reaction 1 for two reasons: (a) the limiting
spectrum of the product could be measured, or estimated to
high accuracy, thus eliminating the problem of an equation
with two unknowns, and (b) in order to determine, without
imposing conditions upon the experimental data, the num-
ber of ligands involved in the reaction.!6 In the present case,
since (§; was small, eq 6 could be rewritten as

By = ((A, — Ap/(A, — A))[Pip)? (1)

where 49 = absorbance of a solution of Ni(X)TPP in the
absence of piperidine, 4. = absorbance of a solution of the

Table I. Equilibrium Constants for Addition of Two Piperidines to

Ni(p-X)TPP2 (pN¥p) = 0.331 = 0.005)

Para substituent ox? n Log 8,x Corr coeff
OCH, -0.268 2.03:0.04 -0.69+0.04 0.998
CH, -0.170 1.94+0.03 -0.60:x0.03 0.998
H 0.000 1.94+0.03 -0.37+0.03 0.999
F 0.062 2.07+0.04 -0.29:0.01 0.999
Cl 0.227 1.91+0.04 -0.12:0.07 0.996
COOCH, 0.450 196 +0.05 0.21 £ 0.07  0.996
CN 0.660 1.97 £ 0.05 0.56 + 0.06  0.997
NO, 0.778 199+ 0.05 0.65+0.04 0.997

aSolvent = toluene, temperature = 22°, bReference 5.

Table II.  Equilibrium Constants for Addition of Two Piperidines
to Ni(m-X)TPPa (pNi(m) = 0.413 = 0.06)

Para
substituent ox? n Log 8,X Corr coeff
OCH, 0.12 1.97 £ 0.03 -0.55 + 0.05 0.997
CH, -0.07 1.98 £ 0.02 -0.46 + 0.02 0.998
H 0.00 1.96 + 0.05 ~0.46 + 0.04 0.991
F 0.34 1.89  0.03 0.12+0.03 0.998
Cl 0.37 1.79 = 0.04 0.22 £ 0.08 0.991
CN 0.56 1.86 = 0.04 0.33 £ 0.07 0.993
NO, 0.71 1.90 + 0.04 0.76 + 0.06 0.995
aSolvent = toluene, temperature = 25°. 2 Reference 5.
Table III. Temperature Dependence of 8, for
Two Para-Substituted NiTPP Complexes
Para
sub-
stit- Temp, AH,
uent °C " Log 8, kcal/mol AS, eu
H 22.0 1.94+0.03 -0.37+0.03
25.0 1.96 +0.05 -0.46=0.04
30,0 1.92:0.05 -0.54+0.04 -56+0.5 =21=x2
35.0 2.03+£0.06 -0.62+0.08
452 1.95+£0.07 -0.70+0.10
CN 22.0 1.97+0.05 0.56 + 0.06
25.0 1.67:0.17 0.41 £ 0.19
353 1.83:013 027:011 ~87*L1 -27=4
45.1 1.78£0.15 0.06 + 0.12

Table IV, Equilibrium Constants for Addition of Piperidine
to VO(p-X)TPP (oV = 0.113 + 0.003)

Para  Temp,
substituent °C ox® Logk,V

OCH, 25.0 -0.268 -0.44 £ 0.07

CH, 25.0 -0.170 -0.42 + 0.04
345 -0.55 + 0.06 AH=-562:04
45.3 ~0.68 + 0.07 kcal/mol

AS=-21%1eu

H 25.0 0.000 0.40 = 0.05

Cl 25.0 0.227 0.28 £ 0.11

CN 25.0 0.660 0 17 £+ 0.11

a Reference 5.

same concentration of Ni(X)TPP in the presence of a large
excess of piperidine, 4; is the absorbance of a solution con-
taining an intermediate concentration of piperidine, and
[Pip] = [Piplo & [Pipleq. A plot of log (4i — Ao)/(Ac —
A;) vs. log [Pip] is expected to give a slope of 2 and an in-
tercept of log B2. Although, as discussed below, large con-
centrations of a monopiperidine complex were generally
present, its visible spectrum was almost identical with that
of the four-coordinate reactant, and thus spectral changes
were indicative only of the overall addition of 2 mol of pi-
peridine.

In Table I are listed, respectively, the values of log 38, for
the reaction of piperidine with Ni(p-X)TPP at 22°, the
number of moles of piperidine in each of the complexes de-
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Figure 2. Visible spectra of VO(p-CH;)TPP in the presence of varying amounts of piperidine. [VO(p-CH3)TPP] = 2.65 X 1075 M: (a) cell path
length = 1 mm; (b) cell path length = 1 cm. Typical absorption maxima and extinction coefficients of the five- and six-coordinate complexes are

given in the Experimental Section.

termined from the least-squares slope of the log-log plot,
and the ¢ constants for each of the substituents X. The
same quantities for the reaction of piperidine with Ni(m-
X)TPP at 25° are listed in Table II. Enthalpies and en-
tropies for reaction 1, where X = H and p-CN, which were
determined by measuring log 3, as a function of tempera-
ture, are listed in Table III.

Values of log X1V for reaction 3 and the o constants for
each of the substituents X are listed in Table IV, as are the
derived values of AH and AS for the reaction of VO(p-
CH3)TPP with piperidine. Plots of log K1x" and log 3,x for
Ni(p-X)TPP vs. 4ox (eq 2a) are shown in Figure 3.

The log-log plots for Ni(p-X)TPP and Ni(m-X)TP were
linear and all gave slopes within or very close to experimen-
tal error of n = 2.00, as shown in Tables I-III. This indi-
cates that at the wavelengths utilized in the calculation of
B2, no evidence for the formation of a monopiperidine com-
plex was obtained.

In dilute piperidine (<5 X 1072 M) it was possible to ob-
serve the formation of the monopiperidine adduct of NiTPP
(eq 4) at 437.6 nm by the difference technique. A value of
KN~ 200 + 100 M~! was estimated from spectra record-
ed at 22°. However, the accuracy and precision of this equi-
librium constant is limited by the very small change in the
absorption at 437.6 nm (Ae = 6.36 X 10?), where NiTPP
and NiTPP(Pip), both absorb strongly (¢ 1.92 X 104 and
1.41 X 105, respectively). Thus, when [Pip] = 5 X 1072 M,
the small (~10"% M) concentration of the bispiperidine
complex present contributes to A4 to the extent of about
10% of the measured value. Therefore, the value of K;Ni =
200 M~! must be regarded as only an estimate. Because of
the minute change in the spectrum upon formation of the
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Figure 3. Plot of log B2x and log K|V vs. ox: ® = Ni(p-X)TPP, ®
VO(p-X)TPP. 1 = OCH3,2 =CH;, 3=H,4=F,5=Cl, 6
COOCH;, 7 = CN, 8 = NO».

monopiperidine complex (<0.001 absorbance units under
the conditions of measurement of log §2), the absorbances
of the solutions used for measurement of log 8> were not
sensitive to the presence of the monopiperidine complex,
thus allowing reaction 1 to be investigated without correc-
tion for the concentration of the monopiperidine complex.
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The ESR parameters of the VO(p-X)TPP and their pi-
peridine adducts were equal, within experimental error,
throughout the series of substituents X, and showed no rela-
tionship to the o constants. The isotopic spectra were rela-
tively sharp at 100°, and any overlap of hyperfine lines was
minimized. For VOTPP, |ag| = 98.1 £ 1.0 G and go =
1.976 + 0.001 in toluene and 96.6 + 1.0 G, 1.978 + 0.001
in piperidine. The mechanism of line broadening at lower
temperatures is that of incomplete modulation of the g and
hyperfine anisotropies due to slow rotation of these rather
large molecules.!” The rotational correlation time, 7., has
an inverse dependence on r3, where r is the average effec-
tive molecular radius.!” It was noted that the differences in
effective radius r of the various VO(p-X)TPP complexes
(dependent upon the size of the para substituent) were
clearly manifest in the widths of the eight hyperfine lines.!8
In frozen toluene glass, VOTPP gave|4|| = 174.3 £ 1.0 G,
|4l =619+20G, g =1962+0001,and g, = 1.985
+ 0.002, and, in frozen piperidine, |4)] = 1709 + 1.0 G,
|A1] =59.4+20G, g =1965+0001 and g, = 1.985
+ 0.002.

Discussion

Reaction 1. Formation of Ni(m- or p-X)TPP(Pip);. The
data of Tables I and II and Figure 3 clearly show that 8, is
strongly dependent on electron withdrawing or donating
characteristics of substituents as far distant as the meta and
para positions of the phenyl rings of a series of substituted
tetraphenylporphyrin complexes. For para substituents, X is
at a distance of about 9 A and seven bonds from the metal
atom, and yet the slope of the plot of Figure 3, for M= Ni,
para substituents, gave p™Ni(®P) = 0,331 £ 0.005, while a plot
of the log B, values for the meta series (not shown) gave
oNim) = 0413 £ 0.06. The existence of such a Hammett
relationship is somewhat remarkable, in view of the fact
that X-ray crystallographic structure determinations of me-
tallotetraphenylporphyrin complexes invariably show!? that
the phenyl rings are not in the plane of the porphyrin and
thus cannot be fully conjugated with the porphyrin ring.
Space-filling molecular models (Corey, Pauling, Koltun)
show that steric interference between the ortho-H of the
phenyl ring and the pyrrole-H of the tetraphenylporphyrin
acts to prevent coplanarity of the rings. The barrier to rota-
tion of the phenyl rings has been estimated as =17 kcal/
mol 2021

However, even though coplanarity of the rings of tetra-
phylporphyrin is prevented by steric interference, signifi-
cant overlap of = systems has previously been suggested
from ir,22 ESR,2*> and NMR2124 studies of metallotetra-
phenylporphyrins. It may be anticipated that if the substitu-
ents, X, were attached directly to the meso positions rather
than at the para positions of meso-phenyl groups, the sensi-
tivity of reaction 1 to electronic effects would be considera-
bly greater than observed here. A plot of the values of log
B2(25°) for deuteroporphyrin complexes of Ni(II) in which
the 2,4-substituents are C>Hs, H, and COCH3% yields a
value of p = 1.4 in this unsymmetrical porphyrin system.
Thus, in this crude comparison, it would appear that a sub-
stituent on the para position of a phenyl ring in tetraphenyl-
porphyrin complexes has an effect approximately one-quar-
ter that of a substituent attached directly at the pyrrole po-
sition of a 2,4-disubstituted deuteroporphyrin as far as the
addition of ligands to Ni(II) porphyrins is concerned.

In comparing the electronic effects of 2,4-disubstituted
deuteroporphyrins*? to para-substituted tetraphenylporphy-
rins in termsof reaction |, it would appear that 2,4-diacetyl-
deuteroporphyrin IX is similar to (p-F)TPP, and 2,4-di-
formyldeuteroporphyrin IX is similar to (p-COOCH;)TPP,
if there were no major differences in the solvent employed.

However, because of hydrogen bonding between piperidine
and chloroform, the apparent equilibrium constants mea-
sured by McLees and Caughey*® are probably smaller than
those which could be measured in toluene solution.

The AH values for addition of two molecules of piperi-
dine to NiTPP and Ni(p-CN)TPP are negative and rela-
tively small, due to the unfavorable enthalpy associated
with the spin change (§ = 0 — § = 1). The six-coordinate
product thus has an unpaired electron in the d,2 orbital, as
well as one in the d,2-,2 orbital, both antibonding with re-
spect to the lone pairs of the bases. The presence of these
two antibonding electrons increases both the length of the
Ni-N(pip) and the Ni-N(porph) bonds?* over those of the
dé CoTPP(Pip),* complex.!9f

Derived values of AS for reaction 1 (Table III) are nega-
tive and within the range generally expected (—20 to —30
eu) for addition of two ligands to a metal complex. Because
of the similar structures of the series of Ni(m- or p-X)TPP
complexes, all compounds are expected to be similarly sol-
vated in toluene solution, and changes in solvation upon
complex formation should also be similar throughout the se-
ries of compounds studied. Thus the values of AS = —21 (X
= H) and —27 eu (X = CN) are indicative of a similar sol-
vation contribution to the stability of the complexes formed
with piperidine. This means that log (8, is almost directly
proportional to AH, as one would expect to be generally
true of a series of compounds of such closely related struc-
tures. The same comparison of AH and/or AS values for
reaction 1 among a series of 2,4-disubstituted deuteropor-
phyrins*? is not so easily made because of the major struc-
tural differences, which are expected to cause major differ-
ences in solvation and aggregation'4 in this series of com-
pounds, and thus a solvation term of unknown and variable
magnitude is contributed to each AH and AS.

Reaction 3. Formation of VO(p-X)TPP(Pip). In contrast
to the Ni(II) case, the data of Table IV and Figure 3 clearly
show that log K1V is much less dependent on the electron
withdrawing or donating characteristics of substituents on
the phenyl rings. The slope of the plot of Figure 3, M =
VO, is p¥ = 0.113 £ 0.002, or about one-third those for
the Ni(II) reactions.

An investigation of the reaction of pyridine with a series
of modified natural porphyrin V(IV) complexes in chloro-
form solution gave p ~ 0.65,26?7 approximately six times
that of the present study of the para-substituted tetraphen-
ylporphyrins. The equilibrium constants measured were in
general smaller than those of the present study.

One major difference between the Ni(II) and V(IV)
complexes may be that the V(IV) atom is thought to be
0.5-0.8 A above the plane of the porphyrin ring, on the
basis of theoretical calculations,?® and one X-ray crystallo-
graphic structure dermination of a natural V(IV) porphyrin
has shown the V atom 0.48 A out of the plane, while the
four-coordinate Ni(II) porphyrins have the nickel atom in
the plane. An out-of-plane position of the metal atom could
change the overlap between vanadium w-symmetry d orbit-
als and the porphyrin = and =* orbitals, and thus possibly
decrease the sensitivity of the vanadium atom to substitu-
ents, as has been suggested by Hambright.3® However, the
geometry of the five-coordinate monopiperidine intermedi-
ate in the Ni(II) case is not known, and it may show similar
out-of-plane displacement to that of the V(IV) atom.

Another difference between the Ni(II) and V(IV) com-
plexes is the number of d electrons on the metal: eight as
compared to one. More important, of the eight electrons of
Ni(II), four (the maximum possible) are in orbitals of prop-
er symmetry for d, back-bonding interactions with the =*
orbitals of the porphyrin (M — L = back-bonding). In the
case of V(IV), the lone d electron is in the dy, orbital,?! and
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cannot interact with the «* orbitals of the porphyrin ring.
The empty dy, and dy, orbitals of V(IV), however, have
proper symmetry for overlap with filled = orbitals of the
porphyrin ring (L — M = back-bonding). However, these
filled 7 orbitals are probably at considerably lower energy
than the d orbitals of the vanadium ion. If such overlap is
favorable, more electron density would be placed on vanadi-
um when an electron donating substituent is present on the
phenyl groups than when an electron withdrawing substitu-
ent is present.

As complexes are formed with additional ligands, elec-
tron density builds up on the metal. If this electron density
may be partially dissipated by delocalization onto the por-
phyrin ring through d,-7* back-bonding, as in the case of
Ni(II), then the formation of complexes with additional lig-
ands will be more favorable. If the ligand is able to with-
draw electron density from the porphyrin ring, as, for exam-
ple, in the cases X = NO,, CN, ..., then the formation of
complexes with additional ligands should be even more fa-
vorable. If the porphyrin ligand is already acting as a =
donor to the metal, as is the only possible = interaction for
the V(IV) case, then this buildup of electron density on the
metal should make complex formation more unfavorable as
the amount of electron density donated increases, or as the
o constant of X becomes less positive. Although the experi-
mental facts are not in disagreement with this interpreta-
tion, the magnitude of p¥ is much smaller than those of
pNi® and pNI(™_ Thus it would appear that if L = M =
back-bonding is involved in this case, it must be a less im-
portant means of electron delocalization in metalloporphy-
rins than M — L = back-bonding. Further studies of other
M(X)TPP systems are in progress to test this hypothesis.

The AH for addition of piperidine to VO(p-CH3)TPP is
small and negative, and the AS for reaction 3 is somewhat
more negative than generally expected for addition of one
amine molecule to a metal complex. This may reflect more
rigidity in and lack of internal rotation about the vanadium-
piperidine bond in the porphyrin complex than in vanadi-
um(IV) complexes with bidentate ligands.?? The small AH
value as well as the small values of XV in comparison to K
values for addition of ligands to other V(IV) complexes®?
indicate the extreme dominance of the bonding and struc-
ture by the porphyrin ring. The similarity of AH and AS
values for the Ni(IT) and V(IV) porphyrin reactions (Ta-
bles III and IV) despite the difference in stoichiometry of
the reactions probably arises from a combination of the
above-mentioned rigidity in the V(IV) system and an unfa-
vorable contribution to the enthalpy in the Ni(II) reaction
due to the spin change.

The lack of any significant dependence of the ESR pa-
rameters on the substituent X is not surprising in view of
the small sensitivity of the equilibrium constant for reaction
3. Although it was found, for a series of substituted natural
porphyrin complexes of Cu(II), that g, was linearly related
to the Hammett o constants of substituents,® variation of
g1 is extremely small throughout the series of complexes
investigated, as would be expected if = electron delocaliza-
tion is most important in these natural porphyrins, since the
electron is in the copper dx2-,2 orbital, ¢ antibonding in na-
ture.

Inductive and Resonance Contributions to Log 32 and Log
K1Y. The question of the degree of conjugation of the = sys-
tems of the phenyl rings with the porphine ring has been
raised by a number of investigations. X-Ray structure de-
terminations of metallotetraphenylporphyrins have general-
ly shown that the phenyl rings are at nearly 90° angles to
the porphine plane.!® Chlorine superhyperfine splittings
have been observed in the ESR spectrum of Cu(p-Cl)TPP
in frozen glasses,?® and = unpaired electron delocalization
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to the ortho and para protons of the phenyl rings of
FeTPPCI and the corresponding o-, m-, and p-CHj substi-
tuted porphyrin complexes has been found in NMR investi-
gations of these high spin hemins in deuteriochloroform so-
lution.2!-2* The best fit between calculated and experimen-
tal dipolar shifts of the corresponding low spin hemins was
obtained if the phenyl rings were allowed an oscillation
slightly greater than 30° from the normal to the porphine
plane* However, in an investigation of the Mossbauer
spectra of a series of high spin hemin derivatives of para-
substituted tetraphenylporphyrins, it was assumed that the
aryl groups were not in conjugation with the porphine
ring.?> Indeed, no correlation between Hammett o con-
stants and either isomer shift or quadrupole splitting were
observed in this system. This may be due to the fact that, as
suggested by the authors, Mossbauer parameters may be
more dependent upon crystal packing phenomena caused by
substitugnts than upon the electronic effects of these sub-
stituents.

In an attempt to quantify the importance of direct conju-
gation or 7 overlap in the transmission of substituent effects
in metallotetraphenylporphyrins, we have applied the dual
substituent parameter analysis of Taft and coworkers*37 to
this system. Their dual parameter equation is

P = oot + ogpgt (8)

where P’ is the substituent effect from the ith position, oy is
the o constant characteristic of inductive (polar) effects,
and oRr is one characteristic of resonance (w delocalization)
effects. The prf and pgr’ values represent the sensitivity of
the reaction in question to inductive and resonance effects
of substituents in the i/th position. They have defined four
types of or scales,?® three of which are potentially applica-
ble to the equilibria of complex formation between amines
and metalloporphyrins.

(a) or" constants are valid for systems in which there is
little or no significant through-conjugation between substit-
uent and reaction center. Transmission of electronic effects
of substituent X to the reaction center is mainly by field
and internal = induction.

(b) or(BA) constants are applicable in general to sys-
tems which involve only very moderate direct conjugation
between the substituent X and the reaction center.

(¢) or* constants are applicable to systems in which
there is strong direct conjugation between X and the elec-
tron deficient or positively charged reaction center.

The least-squares pr and pr values for the three systems
of interest in this investigation, calculated from eq 8 using
each set of or constants (where each ¢ constant has been
multiplied by 4 to take into account the presence of four
equivalent substituents) are listed in Table V, along with
the standard deviation, SD, for the fit between measured
and calculated log K;V or log 82. Unfortunately, the data
do not discriminate as clearly as might have been hoped
among the three possible types of resonance interaction be-
tween X and the metal, since the error in log K;Y or log 82
(Tables, I, II, and IV) is in general considerably larger than
the standard deviations of the best fits (0.01, 0.02). It is in-
teresting to note, however, that, as substituent constant
scales which imply increasingly direct conjugation between
X and metal are utilized, pr becomes progressively smaller
in all three metalloporphyrin systems investigated so far
(compare pr® pr(BA), and pr* in Table V). On the basis
of this, the larger standard deviation, and on structural
grounds discussed above, it is reasonable to eliminate the
possibility of full conjugation (case ¢, pr*) between X and
metal. However, a clear distinction between field and inter-
nal 7 induction (case a, pr®) and moderate direct conjuga-
tion (case b, pr(BA)) cannot be made in the present case.
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Table V. Separation of Substituent Effects into Inductive and Resonance Contributions?

Case a Case b Case ¢
Field and = induction Moderate conjugation Direct conjugation
System Py oR° SDe pI pR(BA) SDe o1 or* SDe
Ni(p-X)TPP 0.315 0.375 0.02 0.330 0.300 0.04 0.320 0.203 0.08
+ 2 Pipd
Ni(m -X)TPP 0.378 0.200 0.13 0.380 0.168 0.11 0.375 0.118 0.11
+ 2 Pip¢
VO(p-X)TPP 0.085 0.073 0.01 0.085 0.060 0.01 0.085 0.038 0.01
+ Pipd

2oy and oR values used in least-squares calculations of pj and pR are

taken from ref 31. ¥ Log g, used in least-squares calculation of o and

oR taken from Table L. ¢ Log 3, used in least-squares calculation of py and poR taken from Table II. € Log K, V used in least-squares calcula-
tion of oy and pR taken from Table IV. ¢ Standard deviation for agreement between experimental and calculated values of log 8, or log K,V.

Taft and coworkers have noted that some systems give an
indiscriminate fit to either scale.?’

Either of these types of 7 electron effects could presum-
ably account for the magnetic resonance observations noted
previously for other metalloporphyrin systems,2!:23:24.34 and
whether moderate conjugation or = induction is the mecha-
nism of resonance effect of the substituent, the resonance
and inductive contributions to the observed substituent ef-
fects (Figure 3) are of similar magnitude in the two para-
substituted systems, while in the Ni(m-X)TPP system, res-
onance effects are about half as important as inductive e:-
fects, and inductive effects are more important in the
Ni(m-X)TPP system than in the Ni(p-X)TPP system, both
of which are expected for a well-behaved system.3®

Reaction 4. Formation of NiTPP(Pip). A recent study of
the addition of one molecule of base to NiTPP, where the
base was one of a series of substituted pyridines has been re-
ported.?? In benzene solution typical K;Ni values are 1414
(pyridine) and 720 M~! (4-CN pyridine). No obvious rela-
tionship between ligand basicity and KNt was observed in
benzene or chloroform. The method of investigation was the
same as that of the present study of reaction 4. The value of
K Ni estimated in this study, 200 M~! in toluene solution
at 22°, is similar in magnitude to those reported previous-
ly.?* Measurement of AH was not attempted in the present
investigation because of the large interference of the bispip-
eridine complex formation on the interpretation of differ-
ence spectra, and we question the validity of thermodynam-
ic quantities determined for systems in which such minute
changes in spectra take place.

The reported differences in stoichiometry (1:133-3% or 1:
244941y of Ni(II) porphyrin complexes with axial bases
arise in part (a) from differences in the basicity of the
amine chosen (pyridine and substituted pyridines generally
form predominantly 1:1 complexes,*® while piperidine also
forms 1:2 complexes at high base concentrations,*® and N-
methylimidazole appears to form a mixture of 1:1 and 1:2
species'®) and (b) from differences in the solvent chosen. A
commonly used solvent is chloroform,*3° which is well
known to hydrogen bond extensively to basic solutes such as
amines. Thus the concentration of free amine available for
compiex formation is much lower than assumed, particular-
ly in the case of piperidine, and the calculated number of
ligands involved in complex formation in some studies falls
considerably below the value of 2.0 consistently found in
this work. Since metallotetraphenylporphyrins generally
form less thermodynamically stable axial adducts than their
natural porphyrin analogs, it is unlikely that piperidine
forms solely a 1:1 complex with an Ni(II) porphyrin investi-
gated to date.

Stepwise addition of two imidazoles to a water-soluble
Ni(II) porphyrin has been reported,*? but in this case it ap-
pears that coordinated water molecules are replaced by the
imidazole molecules, and there is no direct evidence of a
five-coordinate intermediate.

The electronic spectral and spin changes which accompa-
ny mono- and bispiperidine complex formation by
Ni(X)TPP are of interest. An almost imperceptible change
in the electronic spectrum is observed on going from four-
to five-coordination in toluene solution, but a dramatic
change takes place upon going from five- to six-coordina-
tion. No theoretical calculations have been reported on the
spectral changes of Ni(II) porphyrins upon change of coor-
dination number, but such calculations would be of interest.
The spin change, from S = 0 to S = 1, appears to take
place during the second step of ligand addition, as shown by
NMR techniques.** However, the NMR study has also pro-
vided evidence of either a spin equilibrium or a low energy
S = 1 excited state for the five-coordinate monopiperidine
complex. It would be tempting to correlate major changes
in the electronic spectrum of Ni(X)TPP with the change in
spin state if it were not for the fact that VO(p-X)TPP com-
plexes also undergo similar major spectral changes upon
complex formation, and here no change in spin state is in-
volved.
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Abstract: An investigation directed toward establishing the site(s) of metal binding in the antibiotic tetracycline has been
carried out in DMSO-d solution using proton NMR. The paramagnetic ions Nd(III), Tb(III), V(III), Cu(II), Mn(II), and
Co(II) and the diamagnetic ions La(III), Ca(II), and Mg(II) have been used. Isotropic shifts and broadening of certain tet-
racycline YH NMR signals are observed in the presence of paramagnetic ions. Diamagnetic ions also affect some of these 'H
NMR signals. Analysis of the selective effects of these ions on the 'H NMR signals has led to the conclusion that in DMSO
solution metal binding occurs at the tricarbonylmethane function of ring A, probably through oxygen donors.

The tetracyclines are a family of broad-spectrum antibi-
otics used extensively by the medical profession for more
than 2 decades. The structures of 7-chlorotetracycline (Au-
reomycin; I, Ry = Cl, R; = H) and 5-hydroxytetracycline
(Terramycin; I, Ry = H, Ry = OH) were first deduced
from chemical experiments and later confirmed through
X-ray crystallographic studies. A review of the structural
work 2and reaction chemistry of tetracyclines appeared in
1968.

CH, H
R on/H FH NCHy),

The multiplicity of potential metal binding sites present
in the tetracyclines has attracted much interest. Albert®#
measured stability constants of metal complexes of these
antibiotics in the early 1950’s. The stability constants found
for a number of metal ions are of the same order as those
for B-diketonate or w«-aminoacidate complexes of these
ions,” and Albert recognized that tetracyclines must com-
pete for metal ions in the human body. Concurrently it was
discovered that the presence of excess metal ions neutralizes
the effects of tetracyclines.®” A series of experiments by

Doluisio and Martin showed that therapeutically active te-
tracyclines form 2:1 ligand-to-metal complexes with Cu?*,
Ni2*, and Zn?*, whereas certain therapeutically inactive
derivatives form only 1:1 complexes with these ions.® Also,
using metal-free conalbumen as a model metalloenzyme
drug receptor, they found binding of active tetracyclines to
the receptor is greatly enhanced in the presence of Cu?*,
suggesting the existence of ternary drug-metal-receptor
complexes.® Acting on the hypothesis that tetracyclines act
by uncoupling oxidative phosphorylation through inhibition
of metalloflavoenzymes, Colaizzi and coworkers measured
the extent of inhibition of the metalloflavoenzyme NADH-
cytochrome ¢ oxidoreductase by a series of therapeutically
active and inactive tetracyclines.!® They presented evidence
that inhibition results from chelation of iron in the enzyme
by the drugs and suggested that the mode of action of tetra-
cycline antibiotics involves inhibition of bacterial metallo-
flavoenzymes by chelation of enzymatically bound metal.

It is now generally agreed that the ultimate effect of tet-
racycline antibiotics in minimum doses is inhibition of bac-
terial protein synthesis as a result of binding of the drugs to
bacterial ribosomes,!!-2! possibly mediated by metal ions
such as magnesium,!113-16.18-21 Tt has also been proposed
that metal ions serve to neutralize the charge on tetracy-
clines, thus enhancing transport through lipophilic bacterial
cell walls.2? There is some evidence that membrane pene-
tration by tetracycline involves reversible association of the
drug with membrang-associated cations, since chelating
agents such as EDTA and ATP have marked inhibitory ef-
fects on uptake of tetracycline by membranes.2* Although
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