culated using eq 10 and are listed in Table IX as Aksc
(calcd). As can be seen the agreement is quite good. In fact
if the experimental values of kis for the Cl, Br, and [ deriv-
atives of free base or ZnTPP were used to calculate D di-
rectly from eq 9 the value obtained would have been close to
k\sc of the unsubstituted derivative supporting the assump-
tion of eq 10. Equation 11 indicates that it is the cross term
Cpx involving the product (ab) and the first power of p,
which accounts for the variation in Akjs/px? for the para
derivatives. For the ortho derivatives the constant a in eq 6
would be much larger than that of the para derivatives be-
cause the ortho substituent interacts more strongly with the
porphin 7 system. Thus the first term in eq 9 would domi-
nate the others even for the Cl derivative.
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Kinetic and Equilibrium Studies on the Formation
of Zinc(II)-Salicylaldehyde Schiff Bases Derived
from Ethylenediamine and 1,3-Diaminopropane
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Abstract: The kinetic and equilibrium properties of Schiff bases derived from salicylaldehyde and either ethylenediamine or
1,3-diaminopropane in both the absence and presence of zinc(II) were studied over the pH range of 4.6 to 12.5 at 25.0°, 0.5
M ionic strength. Unprotonated, mono-, di-, and triprotonated sal~-diamine adducts were found and their stabilities were es-
tablished. The Zn(I1)-Schiff base complexes have stabilities consistent with tridentate coordination of two nitrogen atoms
and one oxygen atom. The rate law for diamine Schiff base formation was found to be similar to those found earlier for the
reactions of amino acids with sal~. Both unprotonated and monoprotonated diamines were found to be kinetically active.
Coulombic effects account to a large extent for the reactivity differences exhibited by various amines toward sal~; the cation-
ic monoammonium ions show the largest rate constants and aminoacidate ions the smallest. Zn(I1) promoted paths for
Schiff base formation were found. The magnitudes of the rate constants are consistent with a mechanism which involves the
preequilibrium formation of a mixed complex, (sal)Zn(diamine)*.

The equilibrium and kinetic properties of Schiff bases
and their metal ion complexes have received considerable
attention owing to their relationship to vitamin Bs chemis-
try. A quantitative study of the kinetic activity associated
with metal ions in Schiff base formation was first reported
from our laboratories in 1966 and 196723 but it was not
until a few years later that the nature of the metal ion pro-
moted step was more clearly recognized.* Metal ions were
postulated to function by forming a mixed ligand complex
with the amine donor and carbonyl compound in a preequil-
ibrium step, followed by Schiff base formation in the pri-
mary, or secondary, coordination sphere of the metal ion,

*

N o ‘ I 311 ~ . slow
_C==0 ~ RNH, - M"" == (__C=O0)M(H,NR) ——

M( >C==NR) = H,0 ()

The observed third-order rate constant is the product,
Bll*kp

The metal ion is considered to function by effectively re-
ducing the condensation reaction from a second-order to a
first-order process. The term promnastic (matchmaker)
was applied to this effect.* A systematic variation in diva-
lent metal ions revealed that Pb'!, Cd!!, Mn!!, Mg!!, and
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Table I. Formation Constants for the Species Present in
Salicylaldehyde—Diamine—Zn(Il) Solutions (25° 1 = 0.5)
Reaction Yog B
sal =+ H* & Hsal 8.22a
sal =+ Zn** Z Znsal 2.87a
2sal~+ Zn?* & Znsal, 5.004
en + HY & Hen* 10.01
en + 2H* & Hen?t 17.36
tn + H* & Htn* 10.40
tn + 2H+& H,tn?t 19.41

sal~+en <salen~? 1.34

sal~+en + H* 2 Hsal-en? 12.38
sal~+en + 2H* = H,sal-en* b 21.21
sal~+en + 3H* & Hysalen?t b 26.08

Zn** + en & Znen?t 6.01

Zn?* + 2en < Znen,** 11.19
Zn** + 3en < Znen,** 13.15
Zn?* + sal~+ en < Zn(sal-en)* b 11.10
Zn*t + sal ~+ 2en < Zn(sal-en)ent b 15.30

sal =+ tn < sal-tn~ b 1.91

sal~+ tn + H* < Hsal tn? 13.14
sal =+ tn2H* = H,sal-tn* & 22.39
sal =+ tn + 3H* & H,sal-tn?* b 27.35
Zn** + tn < Zntn?** 5.41
Zn** + 2tn < Zntn,?t 9.73
Zn**t + sal~+ tn Z Zn(sal-tn)* b 11.58

a Reference 3b. & H,0 molecules released in Schiff base formation
have been omitted.

Zn'! were kinetically active, while Co!!, Ni!!, and Cu!!, with
partially filled d orbitals, were inactive. The inactivity of
the latter group of metal ions was ascribed to the rigid
metal-ligand geometries imposed by the ligand field split-
ting of the 3d orbitals. Their inactivity also ruled out a
mechanism in which polarization of the carbonyl group
plays an important role.

The promnastic model was successful in quantitatively
accounting for a 100-fold difference between the rates of
the Zn"! promoted reactions of glycinate with pyruvate?
(pyu~) and salicylaldehyde3# (sal~). However, a study of
the amine variation in salicylaldehyde reactions yielded am-
biguous results. The rate constants for the Zn'l dependent
reactions of ethylamine (eta), and B-alaninate (B-ala™)>
with sal~ were found to be practically identical with that
found for glycinate (gly™). This result could indicate that
those factors which tend to increase 3* produce a com-
pensatory decrease in kp, and vice versa. It could also indi-
.cate that amine coordination is not at all involved. With the
hope of gaining more information, which would help to re-
solve the problem, this study of diamine behavior was un-
dertaken. The diamines investigated were ethylenediamine
(en) and 1,3-propanediamine (trimethylenediamine, tn).

Experimental Section

Aqueous stock solutions of salicylaldehyde were prepared by
weight from the redistilled reagent (Aldrich). Stock solutions of
ZnCl; were prepared by dissolving a weighed amount of granular
reagent grade Zn (Baker) in a slight excess of dilute HCI. The di-
hydrochloride salts of ethylenediamine (Sigma) and |,3-diami-
nopropane (Aldrich) were twice recrystallized from water-entha-
nol mixtures. The dihydrochloride salt of N,N-dimethylethylenedi-
amine (Aldrich) was prepared and standardized as described by
Rosin.® All experiments were performed using doubly distilled,
deionized, degassed water. lonic strengths of all reaction mixtures
were adjusted to 0.5 with KCl (Mallinckrodt) and the solutions
were maintained at 25.0° in a thermostated bath. Hydrogen ion
activity was measured using a Radiometer PHM26 pH meter di-
rectly after standardizing the glass electrode vs. NBS buffers. The
equilibrium and rate constants which depend on hydrogen ion
terms are reported here in units of hydrogen ion activity, that is,
are “practical” constants.

A Durrum-Gibson stopped flow apparatus which was interfaced

to a Nova minicomputer was employed for the fast rate experi-
ments. Slow reaction rates were studied using a Cary 14 spectro-
photometer and a Radiometer pH stat.

Equilibrium Studies. Potentiometric titrations were performed
on the dihydrochloride salts of both ethylenediamine (Hzen2*) and
1,3-diaminopropane (Htn2*) to establish the respective pK,, and
pK.2 values. The binary zinc(Il)-diamine complexes were also
studied potentiometrically. Either Bjerrum i methods or nonlinear
least-squares curve-fitting analyses* were employed in evaluating
the formation constants. The values are given in Table I.

The formation constants of the protonated and unprotonated
forms of the Schiff bases (sal-amine) and their Zn(1I) complexes
were evaluated using both potentiometric and spectrophotometric
techniques. The reversible reaction of sal~ with en at pH 12.0,
where the unprotonated adduct, sal-en™ is formed, was studied
spectrophotometrically. The absorption intensity of the adduct
band at its 349-nm maximum was measured in a series of solutions
over which the en concentration was varied from 0.0080 to 0.160
M while the total salicylaldehyde was held constant at 2.0 X 104
M.

The adduct protonation reaction, sal.en™ + H* = Hsal-en, was
studied in a stopped flow apparatus by monitoring the increase in
absorbance which occurred at 395 nm as the pH of solutions con-
taining sal-en™ was rapidly decreased from pH 12.9 to lower
values. It was necessary to perform these measurements rapidly
because sal~™ does not combine quantitatively with en at the con-
centration levels employed here and slow shifts in the total amount
of adduct present accompany pH changes. Absorbance measure-
ments were made within about 10 msec after solutions initially
containing a total of 4.9 X 1075 M sal™ and 0.1235 M en and
preequilibrated at pH 12.9 were mixed with phosphate buffers in
the stopped flow apparatus to give final solutions lying in the pH
range 10.28-12.44. Because the sum of the concentrations of Hsal-
en and sal-en™ remained constant in this set of experiments it was
not necessary to know the individual extinction coefficients of sal-
en~ and Hsal-en in order to obtain the protonation constant. The
fraction of adduct present as Hsal-en in a solution at a given pH
could be calculated from the absorbance using the equation

=4 _ -4 _ V(A —-A )

Hsalen pH salen Hsalen salen

f

where Aguen and Ajgalen are the respective absorbancies of solu-
tions containing essentially only salen™ (pH 12.9) and Hsal-en
(pH <10.3) at the same concentration. The protonation constant
was then evaluated from a plot of pH vs. —log (fisalen/(l =
fHSalen))-

Interactions between Hsal and enH»2* in acidic media were in-
vestigated potentiometrically using a Radiometer pH stat appara-
tus. A series of solutions were prepared containing total initial con-
centration of Hsal in the range (0.22-1.1) X 10=2 M and en-2HCI
in the range (0.40-5.3) X 1072 M, with the amine always being in
excess of the aldehyde. A standard solution of sodium hydroxide
was added to each reaction mixture from the Auto Buret of the ap-
paratus to reach a pH at which reaction was observed. The pH
range covered in this series of experiments was 4.6-6.4. The rate at
which additional base was added to maintain each solution at its
reaction pH (within 0.01-0.02 pH units) provided information re-
garding the reaction kinetics. The final equilibrium volume of
NaOH was used to calculate the equilibrium constant for the for-
mation of Hasal-en® according to the equation, Hsal + Hien?t =
Hasal-ent + H*. The independence of the value of the equilibrium
constant on reactant concentrations confirmed the assumed stoi-
chiometry. After the appropriate conversion. the result is expressed
in Table I as the constant for the overall reaction, sal™ + en +
2Ht = Hasal-en?*. In the discussion below this constant is re-
ferred to as 3.

Owing to the extensive hydrolysis of Hisal-en?* it was necessary
to determine the protonation constant of Hasal-en* using the
stopped flow apparatus in a manner analogous to that described
above for the determination of the protonation constant of sal-en™.
A solution containing 1.6 X 10™* M total salicylaldehyde and
0.049 M total en was preequilibrated at pH 8.01 to form Hoasal-
ent. Various portions of this solution were mixed with buffers in
the stopped flow apparatus to give final solutions in the range pH
1.8-5.4, and the absorbance decrease at 395 nm, which accom-
panies the formation of Hsisal-en2*, was determined. In this way
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Figure 1. Overall molar absorbancies of the adducts formed between,

salicylaldehyde and ethylenediamine: A, Hsal; B, sal~; C, sal-en—; D,
Hsal-en: E, Hasal-en*; F, Hisal-en2*.

absorbance changes arising from protonation were measured be-
fore hydrolysis created interference. The protonation constant was
evaluated graphically in a manner analogous to that described
above,

The addition of Zn(Il}) to salicylaldehyde-ethylenediamine
mixtures enhances absorption at 349 nm. Equilibrium values of ab-
sorbance at this wavelength were studied as a function of the con-
centrations of the components. Solution compositions covered the
range of from 0.001 to 0.034 M total Zn(II), 0.005 to 0.035 M
total en, and 1.1 to 12 X 1075 M total sal in the pH range 5.75-
10.54. The data were analyzed using a computer program, ABSFIT,
which was developed in our laboratories to obtain least-squares
values of equilibrium constants and extinction coefficients from
absorbance-concentration data.

The interactions that exist in sal~-tn solutions in the presence
and absence of Zn(Il) were, in general, investigated using experi-
mental approaches similar to those described above but with cer-
tain exceptions. The formation constant of sal-tn~ was determined
simultaneously with its protonation constant. A series of solutions
containing 2 X 10~ M sal~ and 0.008 to 0.5 M tn in the pH range
11.3-12.9 were prepared and values of the absorbance at 350 nm
were measured. The data were analyzed using ABSFIT to obtain
the two equilibrium constants.

The equillibrium constant for the reaction Hsal + Hstn =
Hysal-tn® + H* was determined potentiometrically, as described
above for en, and also spectrophotometrically by determining ab-
sorbance changes at 395 my of sal-tn mixtures in the pH range
6.5-9.2. The values of the equilibrium constants obtained from the
two types of measurements agreed within |5%.

Resolution of Absorption Spectra. The absorption spectra of the
various adducts were obtained from solutions made up to contain
accurately known concentrations of sal (at about 2 X 10~% M) and
diamine (0.004-0.2 M). In the case of en, solutions were preequili-
brated at pH 2.0, 6.6, 10.26, and 12.00, while with the more basic
tn molecule, values of pH 8.85, 11.48, and 12.30 were chosen.
After calculating the equilibrium distributions which pertain to
each reaction mixture, the extinction coefficients were resolved at
various wavelengths by solving linear simultaneous equations. The
spectra are shown plotted in Figure 1 for the en system and in Fig-
ure 2 for the tn system.

Formation of Zn-Sal-Diamine Complexes. Absorbance values of
equilibrated solutions containing known amounts of Zn(II), salicy-
laldehyde, and diamine were determined at the wavelength of the
maxima of the Schiff base complexes. This was found to be 349 nm
for Zn(sal-en)* and 345 nm for Zn(sal-tn)*.

For the en investigations, the concentrations employed lay in the
range of (1.1-12) X 1075 M sal, 0.001-0.035 M Zn(ll) and
0.005-0.035 M en. The pH was varied from 5.75 to 10.54. For the
tn systems the concentration of sal was held at 2.5 X 10=% M while
Zn(11) was varied from 0.0021 to 0.0049 M and tn was varied
from 0.005 to 0.05 M in the pH range 6.3-9.4.
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Figure 2. Overall molar absorbancies of the adducts formed between
salicylaldehyde and 1,3-propanediamine: A, salin~: B, Hsaltn; C,
Hjsal-tn*.

Rate Studies. In the stopped flow determinations, one of the two
solutions to be mixed contained only sal~ (or Hsal) and KCl, while
the second solution contained an excess of the diamine dihydro-
chloride, KCI, and varying, but known, amounts of NaOH, or
HCI, to give the desired pH. When reaction mixtures containing
Zn(I1) were investigated, aliquots of the ZnCl; solution were ini-
tially added to the diamine solutions. Upon mixing the diamine
and sal™ solutions, the reaction was followed by monitoring a
wavelength where one of the reactants or products had a strong ab-
sorption band. The formation of protonated imines could be fol-
lowed at 390-400 nm, the formation of Zn(Il)-imines could be
followed at 340-350 nm, and at pH >8 the disappearance of the
377-nm sal~ band could be followed. The total concentrations of
the mixed solutions covered the ranges (4.6-24.7) X 105 M sali-
cylaldehyde, 0.02-0.05 M diamine, and (1.3-5) X 10=3 M ZnCl,.
The pH values were adjusted to fall in the ranges pH 4.8-12.5 for
the Zn(11)-free reactions and pH 5.6-10.5 for those containing
Zn(11). The absorbance values were digitized using an analog to
digital converter (10 bits in 10 usec) at precisely determined time
intervals and logged into the Nova computer memory. Between 5
and 12 replicate runs were obtained for each experiment. The ex-
ponential decay curves were processed in the manner described by
Sharma and Leussing’ to obtain values of the first-order relaxation
constants, kghsd. Values of pseudo-first-order forward rate con-
stants, kfonsa were calculated using the relationship, kgpq =
kiobsd(1 + (1/Kcona)), where Kcong is the equilibrium ratio of total
salicylaldehyde condensed as Schiff base to total uncondensed sali-
cylaldehyde.

The kinetic data that were obtained with the pH stat apparatus
were analyzed using the linear approximations which apply as a
reaction system approaches equilibrium,® i.e., using relaxation
techniques. This was necessary because the initial rates were too
fast relative to the instrument time to be measured accurately.
Rates close to equilibrium could be determined with little diffi-
culty, however. Values of kobsa Obtained from the rate data (vol-
ume of NaOH vs. time) were resolved into forward and backward
rate constants in a manner analogous to that described above for
the stopped flow measurements. The rates were corrected for vari-
ations in the degree of protonation of reactants and producis as the
pH was changed.

Results

At pH 12.0, when the concentration of en is progressively
increased from 0 to 0.16 M in solutions that contain a con-
stant total amount of sal~ (2 X 104 M) it is observed that
the 377-nm band of sal~ decreases while an adduct band,
349 nm, increases. The existence of an isosbestic point at
about 360 nm demonstrates that under these conditions
sal™ and diamine react to give a product, or products, in
which the sal~:en combining ratio is constant. In agreement
with a 1:1 reaction of the type,

8
sal” + en .—L> sal-en”
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Figure 3. The logarithm of the observed first-order formation constant
reduced by the en concentration and fraction of sal™ as a function of
pH: a, pH stat results; O, spectrophotometric results. The solid line is
theoretical.

plots of [sal]cotal/Ax vs. (1 — esa[sal]r/Ar[en]™!) for two
separate series of experiments were found to yield straight
lines. A) represents the absorbance, measured at either 349
or 377 nm. From the slopes and intercepts of these plots
values of 26.3 and 25.9 M~! for the reaction constant were
obtained. After correcting for the small amount of Hsal-en
that is present under these conditions (see below) an aver-
age value of Bo equal to 22.1 M~! was obtained and is re-
ported in Table I.

The protonation of sal-en™ is evident as the pH is de-
creased below 12 by the disappearance of the 377-nm band
and the appearance of a band at 395 nm. The stopped flow
determinations of the 395-nm absorbance changes in the
pH range 10.4-12.9 provided a measure of fHsalen, the frac-
tion of total saben that is present as Hsal-en at a given pH.
A plot of pH vs. =log (fHsalen/(I = fHsalen)), yielded a
straight line of unit slope indicating the acquisition of a sin-
gle proton. The intersection at the ordinate yielded a pro-
tonation constant, Kgen!!, of 10'1:04 Af=! for the reaction
H* + sal-en” = Hsalien. The overall formation constant
for the reaction

8
1
H* + sal” + en — Hsal'en

was calculated from the relationship, 8| = 80K salen, and is
given in Table I.

The second stepwise protonation constant for the reac-
tion, H* + Hsalen = Hysalen® was not determined directly
but was evaluated from relationship, Knsalen™ = 82/81. A
value 1083 M—! was obtained.

In a manner identical with that described above for the
evaluation of K enH the third stepwise protonation con-
stant, Kp,salen’, defined by the reaction, H* + Hssal-en®
= Hasal-en?*, was calculated from the low pH stopped
flow measurements to be 10487 M—!. The overall formation
constant, (33, for the reaction 3H* + sal~ + en = Hjsal-en,
was calculated from the relationship, 83 = 82K Hsalen’ and
is, also, given in Table I.

In analyzing the equilibrium absorbance data obtained
from the Zn(1I)-sal~-diamine mixtures the presence of un-
complexed sal-diamine adducts as well as binary Zn(II)
sal™ and diamine complexes must be taken into account.

Table II. Rate Constants for the Zn(II) Independent Paths
for Schiff Base Formation (25°.IN= 0.5)

d[Schiff base] g/dr = > k;H[H*]![sal™] [amine]
=0

le’ sz’ kaH’

kH, M™sec™ M sec™ M= sec™
Amine M sec™ (X 107 (X 1071%) (X 107%
ena 1.5 32.0 7,500 7.8
tn 2.1 29.0 32,000 100
eta? 1.0 2.5 1.6
g-ala~a 0.48 1.8 6.0
gly™b 0.18 0.67 6.9

a Reference 5. P Reference 4.

Owing to this complexity it was necessary to use the com-
puter program ABSFIT to analyze the data. The simplest
model for the en system included only the formation of the
additional comples Zn(sal-en)*, and was found not to be
able to reproduce the observations within the experimental
accuracy. The further inclusion of a mixed complex,
Zn(sal-en)(en)*, which becomes important at high en and
high pH, yielded a satisfactory model. To account for the
behavior in the tn system it was sufficient to include only
Zn(salstn)*. The overall formation constants found for
these complexes are given in Table I. The molar absorption
spectra of these complexes were resolved from measure-
ments taken on the equilibrium reaction mixtures and were
found to be very similar to those found for sal'en™ and sal-
tn~. Zn(sal-en)* has an absorption maximum at 349 nm
with an extinction coefficient of 5.7 X 103 cm? mol~! and
Zn(saltn)* has an absorption maximum at 345 nm with
the same extinction coefficient. The absorption spectrum of
Zn(sal-en)(en)* was not resolved from high pH data but it
appears to be identical with that of Zn(sal-en)*. Experi-
mentally, the extinction coefficients at 349 nm were found
to be the same for these two complexes. Since the second en
molecule is independently coordinated to the Zn(II) ion it
should have little effect on the spectra.

Reaction Rates. Simple pH-rate profiles were found in
plots of kgbsq/[diaminelfs, vs. pH, where [diamine] is the
free diamine concentration and fy, is the ratio [sal~]/
({Hsal] + [sal7]). These results, shown in Figure 3 for the
en system, indicate that the rate law for diamine Schiff base
formation is the same as found earlier in the eta and ami-
noacidate studies.*> The general rate law conforms to the
expression,

d{Schiff basel/dt = }fk,.“ [H*]'|RNH,|[sal’]
i=0

The earlier studies in which monoamines were employed
showed a maximum value of N equal to 2.0. With the di-
amines, a value of 3.0 was obtained as a result of the pres-
ence of a second highly basic group. The values of the k;H
which were numerically resolved from the data plotted in
Figure 3 are given in Table II. For comparison purpose the
values of rate constants previously found for the reactions of
eta,’ B-ala=,% and gly —* with sal~ are also listed.

The values of kgpsq obtained for the rates of adduct for-
mation in the presence of Zn(II) are presented in Table III.
Analysis of the data reveals that the presence of Zn(II) in
the reaction mixture gives rise to two additional terms in
the rate law for Schiff base formation,

N
d(Schiff base)/d/ = ;L’iﬂ[H*]‘[sal'][RNHzl +

(k% + k%" [RNH,))[sal"|[RNH,]

The values of k12" and k22" which were found are given in
Table IV. The theoretical values of the relaxation rate con-
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Table HI. Observed and Calculated First-Order Relaxation
Rate Constants for the Zn(II) Promoted Reaction of
Salicylaldehyde and Ethylenediamine
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Table IV. Rate Constants for the Zn(lI)-Dependent Pathways
in Schiff Base Complex Formation

d[Schiff base]z/dr = Y k;H[H*]i[sal "] [amine] +

kobsds  Keatcas i=0
Series Total concentrations pH sec™  sec™ (k,Zn + k,Zn[amine])[Zn?*] [sal 7] [amine]
1 54X 107°Msal, 0.025 Men, 6.55 0.022  0.024 k,Zn k,Zn ky,© kp,d Log Log
0.00126 M Zn(1I) 6.87  0.034 0.035  Amine (M7Psec™) (Msec™h) (sec™)  (sec™h) B¢ Byt
;;22 8:8?3 8:8;8 en 1.07 X 10° 6.9 x 10** 0.70 51.9 835 10.12
9.50 0.062 0.069 tn 4.9 x 107 2:9 x 10 0.98 ~100 7.70 ~9.5
9.70 0.059 0.065 etad 8.0 X 10* 0.75 5.03
9.95 0.057 0.059 pala~? 6.5 x 10* 0.026 6.41
10.55 0.046 0.048 gl}'_b 59 x10* 1.2x10° 0.0026 0.37 7.36 9.51
-5
2 4.?).5013078 Aﬁ{l;a:llgl(l)).OZS Men, ggg 88?; 88% ;r}}efer:nce 5. ;’4Reference 4.Cky, =k, 20/, *, seeref 4. 9k, =
776 0064 0067 K2 Pt seereld.
3(5)2 88;8 882; species have been drawn. To assist the discussion the con-
1030 0045  0.042 clusions are anticipated and are presented in Schemes I and
3 4.8X 107SM sal, 0.0245 M en, 6.68 0.031 0.029 II. Microscopic equilibrium constants were resolved from
0.00504 M Zn(l) 7.25  0.055  0.054 o o
7.49 0.052 0.059 Scheme I. Principle Equilibria in the sal"—en System
749 0.052  0.060 T
749 0061  0.060 ey
8.23 0.061 0.068 o~
8.23  0.072  0.068 @ 77 349
9.48  0.046  0.055 '
10.39  0.033  0.038 &
10.39  0.036  0.038 10978 H
4 35.0x 107 Msal,0.025Men, 6.60 0.029 0.026
0.00529 M Zn(1) 7.41 0.067 0.058
7.76  0.075  0.065 H. L0 e
816  0.077  0.069 £ 3e cot e
972 0056  0.051 X 10 °
5 111X 10™ M sal, 0.025 M en, 6.04  0.014 0.016 HoN - NHz 77 1347
0.00506 M Zn(1l) 6.13 0.015 0.016 s 2
6.19 0.014 0.017 ”_”‘. 377 ~
6.24 0.015 0.017 " 04
6.37 0.018  0.019 0 ”
6.45 0.019 0.021
6.65 0.026 0.028 N *N/\ﬁNHZ
6.71 0.029 0.030 ~e#H
|osf9//, ° 77, : 395
stants which were calculated using these values are seen in . — \9“4
Table III to be in good agreement with the experimental PageNsy 2 H\C4N./..?NH§
observations. Rate constants which have been found for the 0" o’
Zn(II) dependent paths in the monoamine-sal™ reactions 0 77, 1398 0 77314

are also given in Table IV.

Discussion

In this study, 1:1 sal~-diamine adducts, their mono-, di-,
and triprotonated forms, and their Zn(II) complexes were
found to exist in aqueous solutions. The equilibrium data
which were obtained do not in themselves distinguish be-
tween possible isomeric forms or the number of water mole-
cules involved in a reaction, so it is possible that the adducts
found here exist as mixtures of imine, -HC==N-, carbino-
lamine, -HC(OH)NH, and cyclic imidazolidine (with en)
or hexahydropyrimidine (with tn),

N,

-H C/

N

Gansow and Holm® presented 'H NMR evidence for carbi-
nolamine formation in alkaline N-pyridoxylidenealanine so-
lutions, while Hilton and Leussing!® demonstrated the re-
versible formation of a highly stable cyclic imidazolidene in
glyoxylate-ethylenediamine solutions. Abbott and Mar-
tell'! cite NMR evidence for cyclization in diamino acid-
pyridoxal systems. In addition to these structures, various
protomers are also possible.

From the spectroscopic data, various inferences regard-
ing the microscopic distribution among these various

(CH,);

the overall constants given in Table I and are included as
are, also, the assigned Schiff base w-m* transitions!2 (in
nanometers) which are designated by the symbol ;.

The molar absorption spectra shown in Figures 1 and 2
exhibit maxima which closely correspond to those previous-
ly found to be characteristic of Schiff bases formed between
pyridoxal!? or salicylaldehyde®> and primary amines. Fur-
thermore, the extinction coefficient found for the m; transi-
tion of a given species in this study in general agrees re-
markably well with those previously found for the analo-
gous monoamine Schiff bases. For example, the values
found at the w; absorption maxima are 6.6 X 10° cm?
mol~! (357 nm) for sal-gly2~ and 5.6 X 10? cm2 mol~! (347
nm) for salen~, 2; 6.0 X 10% cm? mol~! for Hsal-gly~ and
6.3 X 103 cm?2 mol~! for Hsal-en, 3 (both at 395 nm); and
5.8 X 103 cm? mol~! (351 nm) for Zn(sal-gly) and 5.7 X
103 cm? mol~! (349 nm) for Zn(sal-en)™, 6.

Since it is expected that an equilibrium distribution of an
sal-amine adduct among imine, carbinolamine, and, if possi-
ble, a cyclic structure will vary to some extent depending on
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Scheme II. Principle Equilibria in the sal™—tn System
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the nature of the amine moeity, degree of protonation, and
complex formation, the relative invariance of these extinc-
tion coefficients together with their high values is interpret-
ed here to indicate that, in these cases, forms other than the
imine are present in negligible amounts. Unusually low ex-
tinction coefficients and/or the presence of more than one
peak in the spectral region >300 nm are assumed to indi-
cate the presence of structures other than the imine.

In one of the exceptions to ‘“‘normal” behavior, the =
transition of sal-tn™ is observed in Figure 2 to have an ex-
tinction coefficient at the maximum that is only about 45%
of that of the *‘normal” value, but on conversion to either
Zn(sal-tn)* or Hsal-tn, this 7, transition regains “normal”
intensity. Therefore, it appears that the low absorption in-
tensity of saltn™ is chemical in origin and an appreciable
fraction exists as either the carbinolamine or the cyclic hex-
ahydropyrimidine. The basicity of the condensing amine
group does not appear to be a factor in producing the low 7,
intensity, because both eta” and B-ala?~ have similar basi-
cities as tn but sal-eta” and sal-8-ala2~ show “normal’’ ab-
sorption behavior. It, therefore, seems to be the presence of
the second highly basic nucleophile on the amine carbon
chain which is associated with this effect, suggesting that 7a
cyclizes to give 7b.

The nitrogen atoms of the gem-diimine group of 7b have
appreciably lower basicities and form weaker complexes
than the imine nitrogen atom of 7a.!® Therefore, it is ex-
pected that either protonation or complexation with a metal
ion will stabilize the Schiff base relative to the cyclic form
and, thereby, induce an increase in the absorbance, as is ob-
served.

Protonation of the imine nitrogen atom of N-salicylal-
dehydeamines and the related pyridoxal Schiff bases nor-
mally occurs in the relatively high pH range 11-12 owing to
a substantial transfer of electron density from the phenolate
oxygen atom via the = system to the imine nitrogen

atom.*>12-18 This reaction is accompanied by the appear-
ance of an intense absorption band centered in the vicinity
of 400 nm. In spectral studies on model compounds in par-
tially aqueous media, Heinert and Marteli!? have experi-
mentally demonstrated that protonation at the imine nitro-
gen atom of a Schiff base leads to a 30-40-nm shift of the
m band to longer wavelengths, while protonation at the
phenolate oxygen atom leads to a shift of about 60 nm to
shorter wavelengths. These results have been confirmed by
molecular orbital calculations.?®!® The diamine Schiff
bases also have a third site that may be protonated under
somewhat alkaline conditions, the terminal nitrogen atom
of the diamine chain. Protonation at this site is expected to
have little direct effect on either the intensities of the =
transitions or their positions.

In Hsal-en the presence of a “normal” intense absorption
maximum at 395 nm and a minimum at 320 nm indicates
that this compound is present almost entirely in the form of
the zwitterion, 3. The slightly lower intensity of the 392 nm
band of Hsal-tn and the appearance of a shoulder at 350 nm
indicates the presence of about 10% of another structure in
addition to the zwitterion, 8a, Owing to the more basic
character of the terminal amine nitrogen atom in tn com-
pared to en, it is likely that it is the amine protonated iso-
mer, 8b, which is formed. 8b is expected to have a spectrum
similar to that of sal-tn™, hence, the weak absorption band
at 350 nm. The ratio of about 10:1 deduced from the band
intensities for the ratio of the imminium to ammonium
form is highly consistent with values given in Table I for the
protonation constants of the imine nitrogen of the Schiff
base, 10'!3 M~!, and the amine nitrogen of tn, 10104 A7~1.

The second stepwise protonation constants of the diamine
Schiff bases were found here to lie in the region of 10° M.
The absorption spectrum of Hjsal-tn* in Figure 2 shows
“normal” behavior and closely resembles that of Hsaltn
and Hsal-gly~. The 350-nm shoulder observed with Hsal-tn
is seen to disappear while the intensity of the 395-nm band
increases. Thus, Hasal-tn* appears to be present almost
completely as structure 9 in which both Schiff bases nitro-
gen atoms are protonated. On the other hand, the intensity
of the 395-nm band of Hjsal-en™ in Figure 1, is observed to
have only one-third the “‘normal” value and a new band ap-
pears at 314 nm. The 395-nm band arises from the immi-
mium-ammonium structure 4a, and we have assigned the
new band to the presence of the phenol-imine isomer 4b.
Precedent for this assignment has appeared in the litera-
ture. Christensen?® observed similar spectral behavior with
pyridoxal and pyridoxal phosphate Schiff bases derived
from amines containing electronegative substitutents. He
attributed the effect to the shift of a proton from the imine
to the phenolate site as the result of a decrease in the basici-
ty of the imine nitrogen atom. Heinert and Martell'? have
observed a similar pair of absorption bands in media of low
dielectric constant where the zwitterion form of the proton-
ated Schiff bases is destabilized with respect to the neutral
phenol-imine structure. Cyclization to give an imidazoli-
dine would seem to be ruled out by the observation that in
Figure 4 the spectrum of Hjsal-enMey* (enMe; = N/ N'-
dimethylethylenediamine) exhibits the same two peaks as
that of Hpsalen*. It is unlikely that Hasal-enMea2t would
show about the same tendency to cyclize as the en deriva-
tive.

In Figure | the spectrum of Hjsal-en?* shows an absorp-
tion band having a maximum at 328 nm. The shift of the
longer wavelength band of 4a to shorter wavelengths by 67
nm on forming Hjsal-en?* is consistent with phenolate
group protonation, while the shift of the 314-nm band of 4b
by 14 nm to longer wavelengths is consistent with imine
group protonation. The extinction coefficient at the maxi-
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mum of the 328-nm band of Hisaleen2+ (2.9 X 103 cm?
mol~!) is almost identical with that of the 323-nm maxi-
mum Hsal (3.2 X 103 cm2 mol~!). Thus, it appears unsafe
to conclude that structures other than § are present, al-
though the absorption intensity is relatively low for a Schiff
base.

The equilibrium constants for the formation of the un-
protonated diamine-sal~ Schiff bases, 2 and 7a, are 10!-34
and 103! M~!, respectively. These values are slightly high-
er than that found previously for the formation of the anal-
ogous ethylamine Schiff base, sal-eta= , 1010 M~!. Rela-
tive to Schiff base formation involving monoamines, the di-
amine constants are augmented by a statistical factor of 2.0
owing to the presence of two identical amine groups on one
of the reactants. After correcting the microscopic constants
of Schemes I and II for this statistical effect, the Schiff
base formation constants found in this series of studies are
ordered: sal-tn= (10121 M—1) > saleta= (10'90° M) ~
salen™ (10194 Af=1) > sal-B-ala2~ (10082 M~1) > sal-gly?
(10945 Af—1). Thus, these diamines are approximately simi-
lar to ethylamine with respect to their affinities for sal™.
The order of basicities of the parent amines as measured by
their protonation constants is eta (1098 M~!) > B-ala~
(101021 =1y > tn (101010 M=) > en (1097 M~1) ~ gly~
(10%70 A1), after the diamine protonation constants are
similarly corrected for a statistical factor of 2.0. Basicity is,
therefore, not the most important factor in determining the
affinities of these amines for sal™, but the order appears to
be roughly neutral amine > long chain anion > short chain
anion, From this it seems as if an electrostatic effect (repul-
sion between sal~ and the amino acidate residues) is super-
imposed upon a weak chemical bond which differs only
slightly in intrinsic strength from one amine to another.

Electron delocalization appears to influence the magni-
tude of the inductive effect of the imminium group on the
basicity of the terminal amine group of the Schiff base; the
amine group protonation constants of 3 and 7a are 10%:3°
and 104 M~!, respectively, compared to the analogous
values 10735 and 10%0! M—! for Hen* and Htn™*. In the re-
verse direction, the inductive effect of the positive charge of
the ammonium group on the basicity of the imine nitrogen,
is sufficient in Hpsal-en™ to cause a partial transfer of the
proton from the imine group to the phenolate oxygen atom,
resulting in a mixture of structures 4a and 4b. In Hjsal-tn2*
the greater length of the carbon chain diminished this effect
so that the phenol form is not observed.

The constant for the phenolate group protonation of
Hssal-en*, 4a — §, is about 10°32 AM—!. This is close to the
value 1049% M~! reported elsewhere?! for the protonation
of the phenolate oxygen atom of the imminium form of sali-
cylaldehyde Schiff bases. The third protonation constant of
the propanediamine-sal~ Schiff base was not measured but
is, also, likely to be about 105 M1,

The formation constants in Table [ show that Zn(II)
forms an appreciably more stable binary complex with free
en than it does with free tn. In contrast, with the diamine
Schiff bases, sal-tn™ forms the more stable Zn{II) complex.
Ring strain, introduced by the 120° bond angle of the imine
group, is less in the six-membered chelate ring of Zn(sal
tn)*, 11, than in the five-membered chelate ring of Zn(sal-
en)”, 6. Relief of this strain more than compensates for the
less favorable entropy of forming six-membered rings. A
complex, Zn(sal-en)(en)*, with an independently bound en
molecule was, also, uncovered. The analogous tn complex
was not observed in these studies owing to the weak binding
of free tn to Zn(II).

Schiff base condensation reactions proceed through the
formation of an intermediate carbinolamine,2?

5123

AT T T T T T ﬁ.’v“'q'—“;
?

. 3 -
I

S 2 :
~

@

(5

=

o L n
o

S

s

2

0 Y N A A TN NN S S O

300 320 340 36C 380 40C 420 440

Xynm

Figure 4. The overall molar absorbance of the adduct formed between
salicylaldehyde and N, N-dimethylethylenediamine at pH 6.93: [sal]io
=2.55%X 1074 M, [Mesenlior = 0.40 M, 1.00-cm cell.

> N0 — Zon 25
—CNH, + >C=0 = >CNHC<OH =

>CN=C< + H20
In acid media with bases of the strength of hydroxylamine
or stronger, the first step is generally rate limiting but in
basic media tends to be fast with respect to dehydration.22
The dehydration step shows general acid catalysis (a ~
0.75).22 The cross-over pH from the first to second rate lim-
iting step increases as the ease of protonation and expelling
an OH~ from the intermediate increases, i.e., as the elec-
tron donating ability of substituents on the moiety originat-
ing with the carbonyl compound increases.?? With aromatic
aldehydes which possess an oxy atom ortho to the carbonyl
group, only a monophasic reaction has been observed45.23
implying that one step is much faster than the other. Evi-
dence has been cited that the first step is rate limiting.45-23

For the reaction

k
sal”™ + amine :0: sal-amine”

it is seen in Table II that the diamine rate constants have
similar values as that found earlier for eta. After correcting
the diamine values for the statistical factor of 2.0, the tn
and eta values become essentially identical, while the en
value is slightly smaller. In those amine addition and elimi-
nation reactions which are subject to base catalysis, di-
amines tend to show greatly enhanced rate constants com-
pared to monoamines owing to internal base catalysis.24-25
No such diamine effect is observed in these reactions, con-
sistent with the postulate that dehydration is fast compared
to addition.

The diamine rate constants for those paths which exhibit
a proton dependence are seen in Table II to be much larger
than the corresponding monoamine constants. It appears
that the proton dependent diamine terms arise from paths
involving the reactions of monoprotonated diamines with
sal~ and Hsal, while the monoamine paths involve the reac-
tions of the free amines with Hsal. The difference merely
arises from the fact that under the pH conditions where the
proton dependent paths become important, the concentra-
tion levels of the monoprotonated diamines are usually
higher than those of the free diamines. The reduced rate
constants which have been derived for these proposed reac-
tion paths by dividing the values in Table II by the appro-
priate reactant protonation constants are presented in Table
V.

It is seen in Table V that the diamine rate constants re-
duced from the k; of Table II by assuming the reaction
paths, sal=™ + H,N(CH3);NH3 + — products, fall in the
range of group I values, which are reactions of the free
amines with sal~. Similarly, the diamine k, and k3 can be
considered to arise from the solvent catalyzed (group II)
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Table V. Reduced Rate Constants for Schiff Base Formation

ke, M~ sec™!
orM % sec™?

Reaction path

Group 1. Reactions Involving sal =

sal ~+ eta 1.0
sal~+gly ~ 0.18

sal ~+ B-ala” 0.48

sa] "+ en 1.5 (0.75)a
sal =+ tn 2.1 (1.05)a
sal~+ Hen* 3.0

sal =+ Htnt 1.2

Group II. Reactions Involving Hsal

Hsal + eta 13

Hsal +gly = 4.0

Hsal + g-ala™ 11

Hsal + Hent 4.4

Hsal + Htnt 7.7

Group III. Proton Catalyzed Reactions Involving Hsal

Hsal + eta + H 9.6 X 10¢
Hsal + gly~+ Ht 42 x 108
Hsal + g-ala—+ H* 36 X 10¢
Hsal + Hen+ + H* 4.6 X 10¢
Hsal + Htn+ + Ht 24 x 10¢

a Corrected by a statistical factor of 2.0.

and proton catalyzed (group III) reactions of the monopro-
tonated diamines with Hsal, Hsal + H,N(CH;);NH;* —
products. Reduced second- and third-order rate constants
similar in magnitude to the corresponding reduced mono-
amine constants are thereby obtained. See Table V. The re-
sults of this interpretation suggest that the two types of sys-
tems are highly similar, with en, Hen*, tn, and Htn* show-
ing roughly the same reactivity toward sal~ and Hsal as eta,
gly~, and B-ala™.

Coulombic effects appear to exert a measurable influence
on the values of the reduced Schiff base formation rate con-
stants, just as they influenced the Schiff base equilibrium
constants. Considering the group I reactions, which involve
negatively charged sal~, the constants in Table V are seen
to decrease in the order enH* > tnH* > eta > B-ala~™ >
gly~. This is the same order as short chain cation > long
chain cation > neutral molecule > long chain anion > short
chain anion. Furthermore, the rate constants for the group
II paths, which involve neutral Hsal, are seen to be much
less dependent on the electrical charge of the amine, with
the reactions involving the strongest bases, eta and §-ala™,
showing the highest rate constants. Finally, the proton cata-
lyzed reactions of group III give rise to either a positively
charged or neutral activated complex, and it is seen that the
fatest rate is exhibited by the smallest anion, gly™, while the
slowest rate is exhibited by smallest cation, enH*. The in-
termediate ordering of reactivities in this last group is more
ambiguous, however. Similar electrostatic effects in the
reactions of the monocations of diamines have been ob-
served by Kirby and Jencks26 and by Schwartz.?” Thus,
coulombic interactions appear to be important in determin-
ing reactivity orders in these types of reactions but are not
the sole factor.

In the monoamine investigations it was found that the
rate constants for Schiff base formation via Zn(II) depen-
dent paths are more, or less, independent on the nature of
the amine. In striking contrast the rate constants for the
Zn(II) dependent diamine paths are about a factor of 103
greater than those found earlier. The preequilibrium step
shown in mechanism I accounts for a major portion of this
large difference. Diamines have a much higher affinity for
Zn(II) than the monoamines. Another important fact in
support of mechanism 1 is that Zn(II) mediated paths
which involve the reaction of the monoprotonated diamines,
enH* and tnH*, were not observed. If the reaction mecha-
nism involved the external attack of diamine on complexed

sal™, Znsal®, it is then expected that reaction paths involv-
ing enH* and tnH* would be observed, just as in the ab-
sence of metal ion. Such reactions would be highly favored
under the experimental conditions employed in this work,
with the ratios of free monocation to free unprotonated di-
amine having been as high as 10°:1, in some cases. The ab-
sence of such paths together with the kinetic inactivities of
Co?*, Ni2*, and Cu?*, indicates that activation of sal~ via
metal ion polarization is not an important contribution to
the reaction mechanism.

Assuming reaction mechanism I, the observed overall
third- and fourth-order rate constants, k12" and k3Z" of
Table IV, were reduced by the preequilibrium mixed ligand
complex formation constants of (sal)Zn(diamine)* and
(sal)Zn(diamine),* to give the first-order promanstic con-
stants, kp and kps, which are also listed in Table IV. With-
in the accuracy of the calculations, the values of kp are
seen to be about equal for the eta, en, and tn reactions,
while the amino acids, 8-ala~ and gly~, have much smaller
values. This is consistent with an assumption of the prom-
nastic mechanism that the coordinated ligands of the mixed
complex must have sufficient freedom to react within the
primary or secondary coordination sphere of the metal ion.
The sp? hybridization of the amino acid carboxylate carbon
atom reduces the ligand flexibility and thereby tends to in-
hibit the reaction. In accordance with this view, the smaller
gly~ ion shows a lower reactivity than the more flexible and
larger $-ala~ ion.

Finally, while the promnastic model accounts satisfacto-
rily for the observed differences in rate constants produced
by variations in metal ion, carboxyl compound, and amine,
it should be noted that the effect is relatively small, espe-
cially when compared with the full potential of such a
mechanism. By reducing the order of the reaction through a
fast preequilibrium step a rate enhancement up to a factor
of 10% is possible.?® The relatively small values of k, and
kp2 found in these investigations show that the normal
metal ion-ligand interactions which are involved in coordi-
nation drastically reduce the ligand reactivities. In metal-
loenzyme systems it appears that entatic distortion®® is one
way by which such coordination inhibition is circumvented.
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Abstract: Oxygen adsorbs reversibly on an iron(11) porphyrin attached to the imidazole groups of a silica gel containing 3-
imidazolylpropy! groups bonded to surface atoms of silicon. The chemisorption of oxygen is weak at 0°, rather strong at
—178°, and irreversible at —127°, Each iron atom can adsorb one molecule of oxygen, a result in accord with formation of a
monoadduct of the type Fe-O,. Similarly, carbon monoxide is reversibly adsorbed by the activated modified gel giving the
adduct Fe-CO. Worthy of note is the fact that the adsorbent is stable in oxygen at room temperature, presumably because
the attachment of iron porphyrin to the rigid support prevents the dimerization to form Fe!!!'-O-Fe!!! which usually takes

place.

One of the major difficulties encountered in attempts to
prepare monomeric iron-oxygen adducts, particularly ad-
ducts of iron porphyrins, is preventing the conversion of the
adduct to the u-oxo dimer

F
Fe(I) + 0, == Fe-0, —2s Fell-O-Fe!”

Considerable recent work has been aimed at overcoming
this problem, and two approaches have been successful. In
the first, the reactions are carried out at a temperature so
low that the reactions leading to dimerization are very slow
but high enough so that the formation of adduct proceeds
readily.!2 Such a temperature is about —78°. In the second,
porphyrins have been substituted in a fashion that inhibits
dimerization. By this means reversible reaction between
oxygen and Fe(II) porphyrins in solution has been achieved
at room temperature.>

An additional approach would be to attach the iron com-
plex to the surface of a solid so that two iron atoms could
not approach each other in such a manner as to lead to dim-
erization. Wang® reported spectral evidence that oxygen
binds reversibly to 1-(2-phenylethyl)imidazoleheme diethyl
ester embedded in a matrix of an amorphous mixture of
polystyrene and 1-(2-phenylethyl)imidazole. However,
Collman and Reed® reported that cross-linked polystyrene
containing imidazole ligands was a support not rigid enough
to prevent dimerization and that, upon treatment with oxy-
gen, u-oxo dimer was extracted by benzene from tetraphen-
ylporphyriniron(II) attached to the modified polystyrene.

Attachment of an iron porphyrin to a rigid support
should better inhibit dimerization. We had prepared a num-
ber of modified silica gels for use as selective adsorbents
and catalysts.”® One of these’ contained surface 3-imidazo-

lylpropyl groups

_8—\—S'CH CH.CH,N Cis
- 1L, 7
-0~ NCH=CH

to which it should be possible to attach iron(II) porphyrins.
This has been done and it has led to the preparation of an
adsorbent to which oxygen binds reversibly and which is
stable in oxygen even at room temperatures.

Experimental Section

Surface Modification. The imidazolylpropy! gel was prepared as
previously described.” Ten grams of 60-80 mesh Davison grade 59
silica gel (a wide-pore gel with a nominal pore diameter of 14 nm,
a specific area of 340 m?, and a pore volume of 1.1 cm?3/g) was
dried in the oven at 150° and refluxed in m-xylene with 2 g of im-
idazole and 3 g of redistilled 3-chloropropyltrimethoxysilane. Dif-
ferent coverages were obtained by varying the time of reflux from
45 min to 9 hr. The product was washed consecutively in the ab-
sence of moisture with benzene and acetone to produce a modified
imidazolyl hydrochloride gel. The gel was dehydrochlorinated by
treatment with ethylene oxide® at 0°, washed with acetone, and
dried at 150°, Coverages calculated from C, H, N microanalysis
by Miss H. Beck ranged between 1.30 and 1.60 molecules/nm?
(1.29-1.45 mmol of N/g).

Characterization. The ir spectrum of the modified gel was re-
corded on a Beckman IR-5 spectrometer in the region 4000-800
cm~! using the KBr disk technique. A silica-KBr disk was used as
the reference. Absorption bands were observed at 3140 (w), 1570
(w), 1550 (w), 1220 (s), 1040 (s), and 930 (m) cm™~' which can be
assigned to vibrations involving the imidazole group,'? and at 2960
(w) cm™! which corresponds to C-H stretching in the propyl
groups.'' These results accord with the presence of imidazole and
of propyl groups on the surface.

Preparation of Adsorbents. All preparations of the iron com-
plexes and absorbents were carried out in Schlenk-type glass-
ware!?® under an atmosphere of thoroughly deoxygenated and
dried nitrogen. All solvents were saturated with nitrogen and
transferred by syringe techniques,'2P

The iron complexes,!* Fe(TPP)(py):'* and Fe(TPP){pip)..'*
were prepared by literature methods and were characterized by
satisfactory C, H, N analyses and by their visible spectra.'*

A typical adsorbent was prepared by adding 30 cm? of solvent to
a 100-cm® Airless-Ware flask containing S0-60 mg of the iron
complex and 1 g of the modified silica gel. Benzene or methylene
chloride was the solvent for Fe(TPP)(py)., and 1% piperidine-
methylene chloride (v/v) for Fe(TPP)(pip):. The mixture was
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