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curves are shown in Figure 11 (differential pulse,? dif-
ferential normal pulse,!??® differenced normal pulse,®
staircase,?! and square wave voltammetry) and in Fi jure
12 (normal!! and reverse®*% pulse voltammetry). The
values of E*; 5, a, and log «7'/2, displayed in Table III, all
fall within the calculated confidence intervals. With the
possible exception of reverse pulse voltammetry the quality
of the fit is about the same in each case. Note the greater
sensitivity of the voltammetric wave (Figure 11), and,
among the differential or derivative techniques (Figure 10),
the greater sensitivity of square wave voltammetry. Of
these techniques only normal and, of course, differenced
normal pulse voltammetry have well-established, although
questionable, methods of data analysis, as described above.
In the limit of small step height and high frequency,
staircase voltammetry approaches linear scan voltammetry,
and so these voltammograms could, with some resulting
errors, be analyzed as such. The data analysis employed
here depends on the calculation of currents over time in-
tervals short compared with the pulse time, but the cal-
culations must be done over the entire electrolysis time.
Of these techrliques reverse pulse and differential pulse
voltammetry are the only ones with extended electrolysis
times. In reverse pulse, only one such calculation needs
to be performed, but for differential pulse the calculation
must be done for each experimental point. With our
system as described the entire curve-fitting procedure
typically takes minutes for square wave, tens of minutes
for reverse pulse, and hours for differential pulse voltam-
metry. Thus, the latter is not competitive as a technique

for kinetic investigations. More detailed consideration of
techniques other than square wave voltammetry is beyond
the scope of this work. The response in differenced nor-
mal, differential normal, and differential pulse voltam-
metry for quasi-reversible systems is discussed in detail
by Lovrié et al.?

We conclude from this work that square wave voltam-
metry is an excellent technique for determining kinetic
parameters. Its inherent reliance on computer-based
systems for variation of experimental parameters and for
numerical calculation of the response expected from var-
ious models may be turned to advantage by using objective
techniques for curve fitting which yield best values of the
parameters of the model along with realistic estimates of
their confidence intervals. The techniques used here also
apply without modification to all pulse voltammetric wave
forms. As in other cases, the modified simplex algorithm
must be used with judgment, for the optimum values found
may represent saddle points or local maxima. The con-
fidence intervals lack rigorous statistical definition but are
well-defined mathematically and seem to provide realistic
estimates of the uncertainty in the values of the derived
parameters.
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Thermal-Induced and Photoinduced Atropisomerization of Picket-Fence Porphyrins,
Metalloporphyrins, and Diacids: A Means for Examining Porphyrin Solution Properties
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An investigation of the thermal-induced and photoinduced atropisomerization of the free base, diacid, and metal
complexes of tetrakis(o-pivalamidophenyl)porphyrin (H,PF, TPiv), tetrakis(o-hexadecanamidophenyl)porphyrin
(H,PF,THA), and tetrakis(o-propionamidophenyl)porphyrin (H,PF,TPro) was carried out. The isomerization
process involves rotation of a single phenyl ring through a coplanar transition state, which requires substantial
distortion from planarity of the porphyrin core. Relative thermal isomerization rates and photoisomerization
efficiencies were found to depend on the size of the ortho substituent as well as on the atom(s) coordinated
to the central core. The nature of the latter dependence suggests that porphyrin deformability in solution varies
with central substituent and increases according to the following order: Zn(1l) complex < Pd(II) and Cu(II)
complexes < free base < diacid < Ni(II) complex. This order is consistent with published reports of nonplanar
core distortions observed by X-ray crystallography for tetraphenylporphyrin and its metal complexes. The
nonplanar conformation characteristic of porphyrin diacids provides an explanation for their atropisomerization
rates as well as for spectral shifts observed for the four isomers upon protonation.

Restricted rotation of phenyl rings resulting in the ex-
istence of room-temperature stable atropisomers has been
demonstrated for a variety of compounds. Early inves-
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tigations focused on biphenyls, most notably optically
active ortho-substituted biphenyls which undergo ther-
mally induced or photoinduced racemization.!”” More
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4,0)
(31 (traps 2,2) (cis 2,2)

Figure 1. Atropisomers of an ortho-substituted tetraphenylporphyrin.
The structure of the (4,0) isomer Is given, and all four isomers are
represented schematically.

recently, several investigations of the atropisomerism of
ortho-substituted tetraphenylporphyrins, their metal
complexes, and their dications have been reported.®'* For
such systems, the high-energy barrier associated with the
interconversion between atropisomers arises from a steric
interaction between the o-phenyl substituent and the -
pyrrole hydrogen. As a result of the steric repulsion be-
tween these neighboring groups, rotation about the por-
phine—phenyl bond through a coplanar transition state is
hindered to such a degree that the ortho substituent is,
at room temperature, fixed on one side of the porphine
plane. The four atropisomers, pictured in Figure 1, cor-
respond to the possible distributions of the four o-phenyl
substituents between the two sides of the porphyrin plane.

Models show that, when the porphyrin core and phenyl
ring are in a coplanar conformation, there is a high degree
of contact between the 3-pyrrole hydrogen and the o-
phenyl substituent, and that this unfavorable interaction
is maximized when the porphyrin core is in a rigidly planar
configuration. In fact, models indicate that substantial
deformation from planarity of the porphine nucleus is
required in order to allow the groups to pass one another
in the transition state.® Thus, the rate of atropisomeri-
zation is expected to reflect the conformation (i.e., degree
of distortion from planarity) and deformability of the
porphyrin in solution. X-ray diffraction studies of tetra-
phenylporphyrin free base,'4!5 diacid,'® and numerous
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metal complexes!® have been carried out, and the crystal
structures reveal a predominance of nonplanar core con-
figurations. A large degree of variation in the magnitude
and symmetry of the core distortion, or “ruffling”, is ob-
served as the central substituent is varied. Deviations from
planarity observed for the porphyrins in the solid state are
at least partially attributable to crystal packing forces,®
and so it is unlikely that crystal structures accurately re-
flect the structure of the porphyrin in solution. The
atropisomerization process is therefore a useful probe with
which to study solution stereochemistry of tetraphenyl-
porphyrin as it depends on the coordinated central sub-
stituent, and to compare solution behavior with X-ray
structural data.

Several techniques have been used to determine energy
barriers of phenyl ring rotation for such systems. Kinetic
studies, in which isomerization was monitored with thin
layer chromatography and spectrophotometry to separate
and determine relative amounts of the four atropisomers,
were performed with tetrakis(o-hydroxyphenyl)porphyrin
and its copper complex.? Free energies of activation of 24
and 25.4 kcal/mol were measured respectively at 23 °C.
A value of 26.2 kcal /mol for the rotational barrier of tet-
rakis(o-cyanophenyl)porphyrin at 50 °C was determined
by a similar approach.’®* Dynamic *H NMR has been used
to estimate the energy barrier to atropisomer intercon-
version for nickel(II) tetrakis(o-tolyl)porphyrinate;® a lower
limit of 26 kcal/mol was determined from the separation
of the methyl resonances at 180 °C. The free base and
diacid of tetrakis(o-methoxyphenyl)porphyrin were in-
vestigated by use of line shape analysis of 'H NMR spectra
at different temperatures.!® The average AG* values for
rotation of a single phenyl ring were calculated to be 25.9
and 23.0 kcal/mol, respectively. A similar method has
been applied to tetraphenylporphyrin—metal complexes in
which the pheny! rings are unsubstituted or para substi-
tuted, but one or two different axial ligands are present.!!
The ortho hydrogens on the two sides of the porphyrin
plane are thus nonequivalent; coalescence of these phenyl
resonances has been observed, and rotational barriers
calculated for a variety of complexes.!!

We previously reported results of an investigation of the
atropisomerization of two “picket-fence” porphyrins!?
(tetrakis(o-amidophenyl)porphyrins) in which high-per-
formance liquid chromatography proved to be an effective
technique for monitoring isomeric ratios. Thermal-induced
and photoinduced atropisomerization reactions of tetra-
kis(o-pivalamidophenyl)porphyrin (H,PF,TPiv}) and tet-

T
H,PF TPV

HoPETHA H.PF,TPro

rakis(o-hexadecanamidophenyl)porphyrin (H,PF,THA) as
well as their copper and zinc complexes were described.
This study has been extended to include the shorter chain
derivative tetrakis(o-propionamidophenyl)porphyrin
(H,PF,TPro) and its metal complexes. For the present
study, photolytic and thermal atropisomerization processes
were monitored for all three picke fence porphyrins, their
complexes with divalent Cu, Zn, Ni, and Pd, and their
diacids (H,PF, TPiv**, H,PF,THA?%*", and H,PF,TPro**).
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The relative rates, energy barriers, and quantum yields of
atropisomerization are discussed in terms of their impli-
cations about the geometry and deformability of the
porphyrin core in solution. For the three porphyrin di-
cations, unusual thermal equilibrium and photostationary
state isomeric ratios and reduced rotational barriers were
obtained. These have been interpreted in terms of diacid
structure based on the results of a spectral comparison of
the four isomers in their free base and diacid forms.

Experimental Section

Materials. Benzene (Fisher, Certified ACS Grade) used
for photoisomerization reactions was purified by successive
washings with concentrated H,SO,, distilled H,0, dilute
NaHCOs, and distilled H,O, followed by distillations over
P,0;. Xylenes (Fisher, Certified ACS Grade) were used
as received for thermal studies. Solvents for HPLC use,
including chloroform, hexanes, ethyl acetate, benzene, and
methylene chloride, were obtained from Fisher, Baker, or
Mallinckrodt and filtered through Millipore or Rainin
filters (0.45-um pore size).

Palmitoyl chloride (Aldrich), pivaloyl chloride (Baker),
and propionyl chloride (Aldrich) were used as received for
the preparation of picket-fence porphyrins. Preparation
of tetrakis(o-aminophenyl)porphyrin (H,PF,TAm) and
isolation of the (4,0) isomer were performed according to
previously published methods.!” Separated isomers of
H,PF,TAm were obtained from a statistical mixture pro-
duced by thermal equilibration using preparative thin layer
chromatography (1:1 CHCly:ether) on silica gel.

Preparation of Picket-Fence Porphyrins. (4,0) Tetra-
kis(o-pivalamidophenyl)porphyrin (H,PF,TPiv) was
prepared by a modification of the procedure described by
Collman.'” (4,0) H,PF,TAm was dissolved in methylene
chloride. Excess pyridine and pivaloyl chloride were added
and the reaction was monitored by TLC (1:1 CHCl;:ether)
until low R; spots disappeared (1.5-3 h). The reaction
mixture was then stirred with dilute aqueous ammonia,
washed with H,0, and evaporated to dryness. The residue
was purified by preparative TLC (1:9 ether:CHCl;) on
1500-um silica gel plates.

(4,0) Tetrkis(o-hexadecanamidophenyl)porphyrin
(H,PF,THA) was prepared by addition of excess pyridine
and palmitoyl chloride to a solution of (4,0) H,PF, TAm
in dry distilled benzene. The flask was equipped with a
drying tube and the solution was stirred for 1 h. Benzene
was removed by rotary evaporation, and the residue dis-
solved in CHCl;. The reaction mixture was then neu-
tralized with dilute aqueous ammonia, washed with H,0,
dried over MgSO,, and filtered. The filtrate was concen-
trated by rotary evaporation and applied to a silica gel
column (1 in. X 12 in.) prepared as a slurry in CHCl;. (4,0)
H,PF,THA was eluted with 2.5:1 CHCl;:ether. Preparative
TLC (5% ethyl acetate in CHCl;) on silica gel was used
for purification of small quantities and for isolation of all
four isomers from a mixture. Anal. Caled for
CiosH15:N:z04 C, 79.66; H, 9.53; N, 6.88. Found for the
(4,0) isomer: C, 78.40; H, 9.49; N, 6.43. Found for the (3,1)
isomer: C, 79.31; H, 9.52; N, 6.44. UV-visible (benzene):
€403 = 270000; €315 — 18800, €549 = 5200, €590 = 5900, €47 —
2100.

(4,0) Tetrakis(o-propionamidophenyl)porphyrin
(H,PF,TPro) was prepared in analogous fashion to
H,PF,THA, by the condensation of (4,0) H,PF,TAm with
propionyl chloride in dry distilled benzene. Following
similar workup, H,PF,TPro was purified by preparative

(17) Collman, J. P.; Gagne, R. R.; Reed, C. A.; Halbert, T. R.; Lang,
G.; Robinson, W. T. J. Am. Chem. Soc. 1975, 97, 1427,
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TLC (10% ether in ethyl acetate) on silica gel. UV-visible
(benzene): €40 = 254000; €515 = 16600; €545 = 4500; €555 =
5200, €gag = 1800.

Metallation Reactions. Zn(II) and Cu(Il) were inserted
into the pickel-fence porphyrins by the metal acetate
method.!® NiPF,THA and NiPF,TPro were prepared by
combining solutions of nickel acetate in methanol with
porphyrin in methylene chloride, and stirring for several
hours or overnight. This procedure resulted in atropi-
somerization; isolation of pure (4,0) Ni(II) complexes was
accomplished by HPLC just prior to use. Attempted
preparation of NiPF,TPiv by this and other literature
methods was unsuccessful. Pd(II) complexes were pre-
pared by heating the porphyrin with bis(benzonitrile)-
palladium chloride under reflux in benzene.!® Unreacted
free base porphyrin was removed by cation-exchange
chromatography using resin AG 50W-X2 packed as a slurry
in HBr/methanol. Pd complexes were eluted with 2%
HBr in methanol; dark green protonated porphyrin re-
mained at top of column.

Porphyrin Diacids. Diprotonated picket-fence por-
phyrins were obtained by the addition of one drop of
concentrated HCl to a solution of the porphyrin in benzene
immediately prior to photoisomerization. For thermal
studies, several drops of concentrated HCl were added to
heated xylenes prior to addition of free base porphyrin.
Solutions of porphyrin diacids were neutralized by the
addition of dilute ammonium hydroxide before analysis
of isomeric ratios by HPLC.

Procedures. Thermal atropisomerization studies were
carried out in stirred xylenes using an oil bath and hot
plate to control temperature. The oil bath was heated to
the desired temperature and a flask containing 5-10 mL
of the xylenes was immersed in it. When the temperature
of the xylenes was constant, the (4,0) isomer of porphyrin
dissolved in a minimum amount of chloroform was added
and the timer started. Aliquots were withdrawn at desired
times and placed in an ice bath. The percent isomerization
as a function of time was monitored by HPLC. Rate
constants and free energies of activation were calculated
at the time corresponding to 10% isomerization from (4,0)
to (3,1), the initially produced isomer. Thermal equilib-
rium isomeric ratios were determined by long-term heating
until the relative concentrations of the isomers no longer
changed.

Photoatropisomerization studies were carried out with
a 100-W tungsten source (GE CDS/CDX bulb). A solution
of the (4,0) isomer of the porphyrin in dry, distilled
benzene was bubble degassed with argon for 15-30 min
prior to and during photolysis. Aliquots were withdrawn
with a syringe at desired time intervals, and isomerization
progress was monitored by HPLC. Photostationary states
were determined by irradiating the solutions until the
isomeric ratios remained constant. Relative quantum
yields for isomerization were determined by using a mer-
ry-go-round equipped with a Hanovia 450-W medium-
pressure Hg lamp and a Pyrex cooling well. Corning 3-75
and 5-58 filters were used to isolate the 436-nm band.
Solutions of (4,0) isomers of the various porphyrins and
metalloporphyrins (1 X 10™* M) in purified benzene were
degassed by the freeze-pump-thaw method and sealed at
2 X 1078 torr prior to irradiation for 2-7 h. Conversion of
the (4,0) isomer to the (3,1) isomer was monitored by
HPLC.

(18) Furhop, J.; Smith, K. M. In “Porphyrins and Metalloporphyrins”;
Smith, K. M., Ed.; Elsevier: Amsterdam, 1975; p 798.
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TABLE I: Solvents Used as Mobile Phases for the
Separation and Analysis of Atropisomeric Mixtures
by HPLC

compd mobile phase elution order?
H,PF,THA 65% CHCl,-35% (4,0); (trans 2,2);(3,1);
hexanes (cis 2,2)
H,PF,TPiv 20% EtOAc-80% (trans 2,2)}; (cis 2,2);
benzene (3,1); (4,0)
H,PF,TPro EtOAc (trans 2,2); (cis 2,2);
(3,1); (4,0)
ZnPF ,THA 60% CHC1,-30% (4,0);(3,1)
hexanes
ZnPF TPiv 15% EtOAc-85% (3,1); (4,0)
CH,CI,

ZnPF,TPro EtOAc
CuPF,THA 65% CHCIl,~35%

(3,1):(4,0)
(4 ,O)and (trans 2,2),

hexanes (3,1); (cis 2,2)
CuPF,TPiv 25% EtOAc-75% (trans 2,2); (cis 2,2);
benzene (3,1); (4,0)
CuPF,TPro EtOAc (trans 2,2); (cis 2,2);
(3,1); (4,0)
PdPF,THA 7.5% EtOAc-92.5% (trans 2,2);(4,0);(3,1);
benzene (cis 2,2)
PdPF,TPiv 25% EtOAc-75% (3,1); (4,0)
benzene
PAPF,TPro 7.5% THF in EtOAc (trans 2,2);(cis 2,2);
(3,1): (4,0)
NiPF,THA 60% CHCl,-40% (4,0); (trans 2,2); (3,1);
hexanes (cis 2,2)
NiPF,TPro EtOAc (trans 2,2);: (cis 2,2);
(3,1): (4,0)

@ Isomers are listed in order of increasing retention time
on a Whatman Partisil 5/25 HPLC column.

High-Pressure Liquid Chromatography. Analytical
work was performed with a high-performance liquid
chromatography consisting of a Perkin-Elmer Series 1 L.C
pump and a Varian Vari-Chrom UV-visible detector. A
Whatman Partisil 5/25 HPLC column was found to resolve
the isomers of most of the compounds studied. Appro-
priate solvent systems for each of the picket-fence por-
phyrins and metalloporphyrins are given in Table I along
with the elution orders of the atropisomers. In the case
of several compounds for which isomerization proceeded
slowly, (cis 2,2) and (trans 2,2) isomers were not detected
during the time of the isomerization experiment. For
these, elution orders of (4,0) and (3,1) isomers only are
indicated. Retention times required to obtain sufficient
resolution of isomers varied considerably with the o-amido
group and central substituent. Elution orders were de-
termined in each case by the preparation of each isomer
from known samples of the isomers of H,PF,TAm, and
comparison of retention times to those of the various
isomers in a mixture. In some cases atropisomers were
identified on the basis of their relative peak areas (a 1:2:4
ratio of (trans 2,2):(cis 2,2):(3,1) is statistically expected).
Isomers were detected by optical absorbance at 420 nm
{(Amax Soret band). Since the isomers have identical ab-
sorption properties,!? relative concentrations of the four
isomers could be determined directly from their relative
peak areas in a chromatogram. The flow rate used in all
cases was 1 mL/min.

Spectral Studies. Vigible spectra were recorded on a
Perkin-Elmer 576 UV-visible spectrophotometer. For the
diacid spectral comparisons, picket-fence porphyrin iso-
mers were prepared from the appropriate isomers of
H,PF,TAm (in analogous fashion to the preparation of
(4,0) isomers). Free base porphyrin was dissolved in
benzene and the spectrum was recorded from 450 to 700
nm. The porphyrin was then protonated by the addition
of one drop concentrated HCl, and the spectrum of the
resulting green solution was recorded.
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TABLE II: Isomeric Mixtures Produced by Thermal
Equilibration of Picket-Fence Porphyrin

thermal equilibrium

% %
% % (trans (cis
porphyrin (4,0) (3,1) 2,2) 2,2)
statistical 12.5 50 12.5 25
H,PF,THA 4 47 20 29
CuPF,THA 2 48 20 30
NiPF,THA 4 46 18 32
PdPF,THA 2 50 18 30
H,PF,THA* 3 37 33 27
H,PF,TPro 11 52 15 22

Results and Discussion

Thermal Atropisomerization. For all of the porphyrins
studied, thermal interconversion between atropisomers was
found to occur by rotation about a single porphine—phenyl
bond. The (4,0), (trans 2,2), and (cis 2,2) isomers can thus
interconvert directly through the (3,1) isomer only. Isom-
erization of (3,1), however, depending on which of its three
nonequivalent phenyl rings undergoes rotation, can lead
to any of the other three atropisomers. Heating of the (4,0)
isomer of a picket-fence porphyrin results in initial pro-
duction of (3,1). Following substantial buildup (10-20%)
of the (3,1) isomer, (trans 2,2) and (cis 2,2) appear in
roughly a 1:2 ratio. Eventually a thermal equilibrium
mixture is reached.

Equilibrium isomeric ratios are shown in Table II for
a variety of picket-fence porphyrins and metallo-
porphyrins. For H,PF,THA and its Cu, Ni, and Pd com-
plexes, the equilibrium mixtures observed are identical
within experimental error. The distribution of isomers for
these compounds varies significantly from the statistical
distribution only for the (4,0) and (trans 2,2) isomers. This
apparently results from an unfavorable interaction between
adjacent long-chain ortho substituents on the same side
of the porphyrin plane. Thus, a smaller amount of the (4,0)
isomer, for which there are four such interactions, and a
larger amount of the (trans 2,2) isomer, for which such
steric interactions are eliminated, are present at equilib-
rium. For the free base and metal complexes, there ap-
pears to be no effect of central substituent on equilibrium
ratio. The Zn complex was seen to undergo decomposition
at the long times and high temperatures required; equil-
ibration between isomers was therefore not observed. A
very slight deviation from the statistical distribution of
isomers is observed for H,PF,TPro at equilibrium. For
this shorter chain derivative, the interaction between ad-
jacent ortho substituents is less significant; the magnitude
of the difference between observed and expected ratios is
smaller than with H,PF, THA. The unusual equilibrium
mixture observed for the diacid H,PF, THF?* is discussed
in a later section.

Atropisomerization rates for the three free base pick-
et-fence porphyrins were measured as a function of tem-
perature. The rate constants and activation parameters
are given in Table III. By comparing the free energies
of activation at any temperature, it is evident that
H,PF,TPro and H,PF,THA have equal energy barriers to
rotation in spite of their differing chain lengths. This
indicates that the steric interaction responsible for the
hindered rotation occurs at the amido gorup and the first
few carbons of the attached chain. Interaction between
the hexadecy! group and the rest of the porphyrin molecule
upon phenyl ring rotation apparently does not significantly
increase the activation barrier. The presence of the bulky
tert-butyl group of H,PF,TPiv, on the other hand, in-
creases the AG* by an average of 1.6 kcal/mol at any
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TABLE III: Rate Constants and Activation Parameters for the Atropisomerization (4,0 > 3,1) of Picket-Fence Porphyrins

as a Function of Temperature

H,PF TPro H,PF,THA H,PF TPiv
AGY, aG?, aGH,
T, °C k,s! kcal/mol T °C keal/mol T °C k, 5! keal/mol
76 5.6 x 107 28.9 79 7.8 -6 28.9
96 4.4 x10°% 29.1 99 6.9 -s 29.0 96 6.7 x10°¢ 30.5
112 2.4 x107* 29.1 114 3.3 4 29.0 111 3.1 x10°° 30.6
127 1.0x 103 29.1 125 8.7 4 29.1 123 9.4 x 107% 30.7
135 1.9x10°3 29.2 133 1.8 3 29.1 133 2.0 x 10°° 30.9
AHT = 27.5 AHY = 27.5 AHY = 28.7
ASY = 4 AST = 4 as*=-10
TABLE IV: Free Energy of Activation for the 2
Atropisomerization of Picket-Fence Porphyrins as a
Function of Central Substituent
AGT, keal/mol 2 -CQa
MPF, MPF, MPF, =/
M TPro THA TPiv
free base (H,) 29.1 29.1 30.6
diacid (H,) 26.4 26.5 28.3 &
Ni(11) 25.8 25.8 Figure 2. D, ruffled conformation exhibited by H,TPP and its metal
Cu(ll) 29.7 29.6 31.4 complexes (see ref 8). Magnitudes of the out-of-plane displacements
Pd(Ll) 31.0 31.1 31.7 indicated here are given in Table V.
Zn(1l) 31.4 31.2 32.2

temperature. The temperature effect is similar for all three
picket-fence porphyrins. A small negative entropy of ac-
tivation and a large enthalpy of activation are associated
with the rotation process. The negative entropies observed
over a large number of temperatures are somewhat smaller
than those obtained in previous studies using few tem-
peratures;'>!3 the reason for this is not apparent.

So that the effect of the central substituent on the ro-
tational energy barrier could be determined, thermal
atropisomerization reactions of the picket-fence porphyrin
metal complexes and diacids were studied at one tem-
perature (110 £ 3 °C). The results are given in Table IV.
As was observed with the free base porphyrins, the com-
plexes of H,PF, TPiv exhibit slower isomerization than the
corresponding H,PF, TPro and H,PF,THA complexes.
With each central substituent, the two straight-chain
porphyrins have equal rotational energy barriers. It is
obvious from the results in Table IV that the ease of
isomerization (i.e., the ease of rotation about the por-
phine-phenyl bond) is affected by the atom(s) coordinated
to the porphine core. The dependence of the rotational
energy barrier on the central substituent is found to be the
same for all three porphyrins studied. The Ni complexes
and diacids are seen, in all cases, to have lower activation
barriers than the free base porphyrins, while the Pd and
Cu complexes isomerize less readily. The slowest isom-
erization rates are found for the Zn complexes; restricted
rotation resulting from complexation with Zn accounts for
an increase in AG* of about 2 kcal/mol.

The rate of atropisomerization of an ortho-substituted
tetraphenylporphyrin is expected to reflect the ability of
the porphyrin core to undergo nonplanar deformation.
Ruffling of the porphine core increases the distance be-
tween the ortho substituent and the pyrrole hydrogen,
thereby reducing the interaction responsible for restricted
phenyl ring rotation. This is consistent with the obser-
vation that, in the solid state, there exists a correlation
between planarity of the porphine core and perpendicu-
larity (with respect to the mean porphyrin plane) of the
phenyl ring 310! The variation in atropisomerization rate
as the central substituent is changed suggests that in so-
lution the degree of nonplanarity that can be achieved by
the porphyrin nucleus varies according to the steric re-
quirements of the coordinated atom(s).

TABLE V: Summary of Structural Data Obtained by
X-ray Crystallography for H,TPP and Its Metal Complexes
Showing the Effect of Shortened M-N Bonds on the
Degree of Distortion from Planarity

M-N
dis- displacement from mean plane,® A
tance,
porphyrin A Cm C1 C2 ref
H,TPP +0.38 +0.73 +1.43 7
NiTPP 1.928 :0.51 (for 8,15
NiOEP)
PdTPP 2.009 :0.38 +0.75 +1.44 8
CuTPP 1.981 =0.42 £0.75 :1.42 8
ZnTPP 2.036 0 0 0 8

¢ Cm, C1, and C2 are labeled on Figure 2.

As evidenced by crystal structure data, steric require-
ments of coordinated metal atoms result in deviations from
the optimum porphyrin center to nitrogen distance, esti-
mated to be 2.01 A.2° Although the porphyrin ligand is
unable to expand or contract radially, Hoard?' has shown
that deformation normal to the porphyrin plane can ef-
fectively shorten M-N distances without altering other
bond lengths or angles, thus relieving the strain resulting
from core contraction. For an expanded core, on the other
hand, nonplanar distortions cannot relieve the angular
strain and are therefore less likely to occur. Displacement
of the metal atom away from the center of the rigidly
planar porphyrin allows for longer M-N bonds. Crystal
structures of tetraphenylporphyrin (H,TPP) and its Ni,
Cu, and Pd complexes reveal that, with each of these
central substituents, the porphyrin exhibits a Dy, ruffled
conformation in which the methine carbons are alternately
displaced above and below the porphyrin plane!® (Figure
2). The magnitude of the deformation correlates with the
extent to which the M-N bond lengths are shortened, as
shown in Table V. Although a quantitative NiTPP
structure has not been published, it is expected, based on
its extreme M-N shortening and the large methine carbon
displacement reported for nickel octaethylporphyrinate
(NiOEP),? to exist in the most ruffled conformation. A

(20) Collins, D. M.; Hoard, J. L. J. Am. Chem. Soc. 1970, 92, 3761.
(21) Hoard, J. L. Ann. N.Y. Acad. Sci. 1973, 206, 18.
(22) Meyer, E. F.; Jr. Acta Crystallogr., Sect. B 1972, 28, 2162.



Porphyrin Solution Properties

planar configuration of the porphine nucleus is confirmed
by X-ray crystallography for ZnTPP,1® in which the co-
ordinated Zn ion requires relatively long M-N bonds.

The relative AG* values for phenyl ring rotation ob-
tained with the picket-fence derivatives of TPP are quite
consistent with the evidence for porphyrin deformability
provided by the crystal structures. The nickel complex,
which in the solid state has the most nonplanar confor-
mation, exhibits the most facile isomerization. The fact
that the Ni complexes undergo isomerization more readily
than the free base porphyrins indicates that the solution
conformation of the Ni porphyrins is, on the average, more
deformed from planarity than that of the uncomplexed
porphyrins. The free base, Pd, and Cu complexes of TPP
exhibit similar degrees of ruffling in their crystalline forms.
The Cu complex has a more contracted core than the Pd
complex, and, with the picket-fence derivatives, the rota-
tional energy barrier was found to be somewhat lower with
Cu as the central substituent than with Pd. In the absence
of a coordinated metal, however, the atropisomerization
becomes more facile. This is not surprising since, although
the magnitudes of the “allowed” deformations are similar
to those of the Cu and Pd complexes, one would expect
the unconstrained free base porphyrin to more readily
undergo the nonplanar deformation than the coordination
complexes. Gottwald and Ullman® also noted an increase
in AG* for the isomerization of tetrakis(o-hydroxy-
phenyl)porphyrin on going from the free base to the Cu
complex. The energy barrier difference was attributed to
the formation of a hydrated five-coordinate Cu porphyrin,
which would be expected to be more rigid. The present
study shows that the energy barrier increases for Cu com-
plexes in the absence of water and for Pd complexes for
which five-coordinate species would not be formed. The
zinc complexes have extremely high rotational barriers,
consistent with the planar configuration observed by
crystallography of ZnTPP. It is apparent that in solution,
as in the solid state, the Zn porphyrin is planar and
muchmore rigid than the free base and other metallo-
porphyrins studied. A discussion of the low-energy barriers
observed for the picket-fence porphyrin diacids is saved
for a later section.

These results, although they do not require that por-
phyrins achieve the same structure in solution as in the
solid state, do suggest a correlation between solution
conformation and deformability, and the degree of dis-
tortion seen in the crystal structures. The solid-state
conformation may represent a “limit of deformability” of
the porphyrin molecule, which, in solution, may be flipping
rapidly between planar and nonplanar forms. Coordina-
tion of a metal atom to the porphine core can have the
effect of either stabilizing a planar conformation (thereby
lowering the isomerization rate) or a nonplanar confor-
mation (thereby increasing the rate).

Photoatropisomerization. Photochemical interconver-
sion between atropisomers has been previously reported
for several substituted biphenyl derivatives.>® Racemi-
zation of these compounds proceeds via an excited state
which is characterized by an enhanced intraannular bond
order over that of the ground state. The barrier to rotation
of the phenyl rings through a coplanar transition state is
therefore reduced in the excited state.

Atropisomerization of picket-fence porphyrins can also
be accomplished photochemically at room temperature.
Whether this photoprocess originates from electronic
properties of the excited state (i.e., resonance stabilization
of coplanar transition states as proposed for the biphenyls)
or changes in steric properties upon excitation (i.e., sta-
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TABLE VI: Photostationary States and Quantum Yields
(¢) for the Photoatropisomerization of Picket-Fence
Porphyrins

photostationary state

% %
% % (trans (cis
compd (4,0) (3,1) 2,2) 2,2) ¢ 4031

H,PF, THA 5 48 20 27 1.3x1073
H,PF,THA** 6 13 80 1 1.7 x10°3
PdPF,THA 7 56 13 24 7.1 x10™*
ZnPF ,THA 7 49 18 26 1.9 x107*
H,PF,TPro 9 50 16 25 2.3 x 1073

H,PF,TPro?* 0 22 78 0

bilization of a ruffled configuration or an increase in the
deformability of the porphyrin core) is unclear. For the
picket-fence porphyrins, the situation is made more com-
plex by the presence of four sites at which atropisomeri-
zation can take place. A variety of interconversion path-
ways, ranging from a “one-bond activation” process to a
“total randomization” process (in which all four phenyl ring
experience reduced rotational barriers), can be visualized.
However, due to the low quantum yields associated with
photoatropisomerization (Table VI), these possible
mechanisms are essentially indistinguishable. The fraction
of absorbed photons resulting in an atropisomerization
event is low; the probability of two such events occurring
simultaneously is negligible. Therefore, although in most
cases initial product studies indicate that interconversion
proceeds by rotation of a single phenyl ring, this does not
rule out the existence of an excited state in which more
than one phenyl ring experiences an increased tendency
for coplanarity. There is some evidence that the photo-
isomerization of H,PF, THA proceeds via a mechanism in
which opposite phenyl rings can rotate simultaneously.!?
However, this was not observed with the other two free
base picket fence porphyrins.

The excited state leading to the photointerconversion
of atropisomers was confirmed by oxygen quenching
studies to be a triplet state. The isomerization process was
completely quenched in the presence of oxygen, even at
concentrations at which negligible fluorescence quenching
was observed. Under deoxygenated conditions, photoa-
tropisomerization occurred for the free base picket-fence
porphyrins, their diacids, and their Pd and Zn complexes.
The Ni and Cu porphyrins, which typically are charac-
terized by extremely short triplet lifetimes, do not undergo
photoisomerization. Photostationary state isomeric ratios,
given in Table VI, agree quite closely in most cases with
the rtios observed at thermal equilibrium. Again, for the
free base and metallo complexes, the agreement with the
statistical distribution is good with the exception of the
enhanced amount of (trans 2,2) and diminished amount
of (4,0) isomers. The deviations from the statistical ratio
are greater for the H,PF,THA complexes than for the
shorter chain H,PF,TPro complexes, as was found with
the thermal equilibrium mixtures. Photostationary states
for the three picket-fence porphyrin dications are very
different from those observed for the free base and
metlloporphyrins. The extreme enrichment of the (trans
2,2) isomer imples that the isomeric distribution is not
controlled by statistics, but rather by the relative energies
of the isomers. An explanation for this is offered in the
next section.

The quantum yields for the conversion of (4,0) to (3,1)
were measured for the long-chain picket-fence porphyrin
free base, diacid, and metal complexes for which photo-
isomerization occurred (Table VI). It is clear from these
results that the excited-state atropisomerization process
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is subject to the same deformability requirements that
governed the ground state (thermal) atropisomerization
rates. The lowest quantum yield for rotation of a single
phenyl ring is observed for the planar Zn complex. Isom-
erization of the free base porphyrin is more efficient than
that of the Pd or Zn complex. A slight increase in the
quantum yield on going from the free base to the diacid
form is also noted. Based on the relative energy barriers
of the ground-state rotation process for these two species,
one would expect a greater difference in the two quantum
yields. However, the excited triplet state lifetime of the
diacid species {70 us) is more than 15 times shorter than
that of the free base (1100 us). The fact that the quantum
yields are similar implies that the ease of rotation of a
phenyl ring in the excited state is greatly enhanced for the
diacid over that of the free base. The quantum yield for
the atropisomerization of HoPF,TPro was also measured
relative to that of H,PF,THA. Interestingly, the photo-
isomerization of the short-chain porphyrin is almost twice
as efficient as that of the long-chain porphyrin is almost
twice as efficient as that of the long-chain derivative, al-
though the two have identical ground state (thermal)
isomerization rates. Thus, of the two processes, the pho-
toinduced atropisomerization is more sensitive to ortho
substituent chain length.

Porphyrin Diacids. Acidification of a porphyrin mole-
cule yields a dicationic species in which all four pyrrole
nitrogens are protonated. The steric repulsion resulting
from the presence of four inner-core hydrogen atoms
causes the pyrrole rings to tilt alternately up and down
with respect to the mean porphyrin plane. An X-ray
structural determination of the tetraphenylporphyrin di-
acid, (H,TPP)Cl,,'® reveals the angle of this tilt to be 28°.
This corresponds to a displacement of the §-pyrrole car-
bons from the porphyrin plane of close to 0.9 A. Thus, the
steric interaction between the o-phenyl and §-pyrrole hy-
drogen atoms is greatly reduced, and the phenyl rings are
able to acieve a more coplanar conformation in which the
dihedral angle is reduced to 21°.

Picket-fence porphyrin diacids are expected to have the
same core conformation as that of the unsubstituted tet-
raphenylporphyrin diacid. The presence of the ortho
substituents should increase the angle between the phenyl
rings and the porphyrin plane over that observed for
(H,TPP)Cl,. However, this angle, as well as the energy
barrier associated with rotation of the phenyl ring through
coplanarity, is expected to be lowered relative to the free
base picket-fence porphyrins. Thus, on the basis of the
extreme core distortion, it is not surprising that the atro-
pisomerization proceeds more readily for the porphyrins
in their diprotonated forms. For (H/PF,TPro)Cl,,
(H,PF,THA)Cl,, and (H,PF, TPiv)Cl,, the free energies of
activation are decreased relative to the corresponding free
base porphyrins by 2.7, 2.6, and 2.3 keal/mol, respectively.
A decrease in AG* for phenyl ring rotation of 2.9 keal/mol
was observed by Gust and co-workers® on going from the
free base to the diacid of tetrakis(o-methoxyphenyl)-
porphyrin. The reduced steric interaction resulting from
pyrrole ring tilting is also most likely responsible for the
increased quantum yield for atropisomerization, in spite
of the shortened lifetimes, observed for (H,PF,THA)Cl,.

Changes in the visible absorption properties of the
macrocycle occur upon protonation of the core.?® The
increase in symmetry results in degeneracy of the two sets
of visible bands, and so the third and fourth bands dis-
appear. The nonplanar deformation of the porphyrin core

(23) Gouterman, M. In “The Porphyrins™; Dolphin, D., Ed.; Academic
Press: New York, 1978; Vol. 3, p 17.
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Figure 3. Visible absorption spectra of porphyrins and their diacids
recorded in benzene: (a) —, H,TPP; - ——, (H,TPP)Cly; ~- -, ((4,0)
HPF.TPivICly; «++», ((trans 2,2) H,PF TPiv)CL,.

TABLE VII: Comparison of Spectral Shifts Observed
upon Protonation for H,TPP and the Four Atropisomers
of Each Picket-Fence Porphyrin®

Amax band I, Ap.. band I,
nm nm

total

free free shift,

porphyrin base diacid base diacid nm

H,TPP 648 661 592 609 +30
H,PF, THA

(4,0) 647 643 591 592 -3

{trans 2,2) 648 654 591 600 +15

(3,1) 647 651 591 598 +11

(cis 2,2) 848 649 591 597 +7
H,PF,TPiv

(4,0) 647 638 590 589 -10

(trans 2,2) 648 651 591 598 +10

(3,1) 646 646 591 594 +3

(cis 2,2) 646 647 590 593 +4
H,PF,TPro

(4,0) 647 644 591 592 -2

(trans 2,2) 647 656 590 603 +22

(3,1) 647 650 590 597 +10

(cis 2,2) 647 650 590 598 +11

@ All spectra were recorded in benzene.

disrupts the w-system and results in loss of conjugation.
This is seen as a blue shift of the first and second visible
bands for the diacids of octaalkylporphrins.?? However,
for the tetraphenylporphyrin diacid, the increase in con-
jugation resulting from interaction of the almost coplanar
phenyl w-systems with the porphyrin 7-system results in
a red shift of the visible bands.’® Spectra of H,TPP and
(H,TPP)Cl, are shown in Figure 3a. Thus, from the
direction and magnitude of the spectral shifts observed
upon protonation, one can infer structural information
about the diacids. In particular, the relative degrees of
coplanarity achieved by the phenyl rings for a series of
diacids can be compared.

Such a study was carried out for the various isomers of
the picket-fence porphyrins. Although the atropisomers
of the free base porphyrins exhibit identical absorption
properties, the position and relative intensities of the two
diacid absorption bands vary substantially for different
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lcs 2,2)
Figure 4. Representations of the four atropisomers of the picket-fence
porphyrin diacids showing core conformation and direction of phenyi
ring titting: @, above the mean piane of the porphyrin; O, below the
mean plane of the porphyrin.

(trans 2,2)

isomers of the same porphyrin. As shown in Figure 3b,
the (4,0) isomer of H,PF,TPiv exhibits a blue shift upon
protonation, while the diacid of the (trans 2,2) isomer is
significantly red shifted. The A, values for the first and
second visible bands of the free base porphyrins and di-
acids are compared in Table VII, with the total shift upon
protonation indicated in the last column. The higher en-
ergy transitions observed for each isomer of H,PF, TPiv?*
relative to those of H,PF, THA?* and H,PF,TPro?* are
consistent with the idea that the positions of the absorp-
tion bands reflect the relative degrees of tilting of the
phenyl rings toward the porphine plane. With the bulky
tert-butylamido group the phenyl rings should be con-
strained to a more perpendicular orientation than with the
straight chain ortho substituents, and thus larger blue
shifts (and smaller red shifts) are observed. In each case,
the diacid spectrum of the (4,0) isomer is blue shifted,
while that of the trans (2,2) isomer is red shifted relative
to the free base spectrum. Intermediate spectral shifts are
seen for the (cis 2,2) and (3,1) isomers. This implies that
the interactions of the phenyl and porphyrin r-systems in
the diacids increase in the order (4,0) < (3,1) and (cis 2,2)
< (trans 2,2).

The differences in the abilities of the phenyl rings of the
various isomers to participate in conjugation with the
macrocycle can be explained on the basis of the nonplanar
distorted conformation of the diprotonated porphine core.
The B-pyrrole carbons and hydrogens, with which the
o-phenyl substituent interacts, are displaced in alternate
directions normal to the porphyrin plane. A phenyl ring,
in order to rotate from a perpendicular orientation, must
tilt such that its ortho substituent points toward the
pyrrole carbons which are displaced toward the opposite
side of the porphyrin plane (see Figure 4). Thus the
phenyl rings of the (4,0) isomer, in which all four sub-
stituents are above the porphyrin plane (solid circles), will
tilt toward the pyrrole rings whose 3-carbons and hydro-
gens are beneath the porphyrin plane (open circles). This
results in tilting of adjacent ortho substituents toward each
other, producing unfavorable steric interactions. For the
(4,0) isomer, therefore, substantial rotation of the phenyl
rings toward coplanarity is prevented, and a minimum of
interaction with the porphyrin 7-system is allowed. A
similar analysis for the (3,1) and (cis 2,2) isomers reveals
that, for each of these isomers, two adjacent phenyl rings
encounter a steric repulsion between their ortho substit-
uents. The other two phenyl rings are able to achieve a
more coplanar orientation, which accounts for the slight
red shift observed in the spectra of these two isomers. For
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the (trans 2,2) isomer, there are no adjacent ortho sub-
stituents on the same side of the porphyrin plane. Each
of the four phenyl rings is able to tilt in an appropriate
direction to avoid interactions with the pyrrole rings as well
as between ortho groups. Although the degree of copla-
narity achieved by the phenyl rings of a (trans 2,2) pick-
et-fence porphyrin diacid is less than that achieved by the
phenyl rings of H,TPP?*, the resulting spectral shift is
substantial.

The enhanced preference for the (trans 2,2) isomer in
both the thermally equilibrated mixture and the photo-
stationary state of the diacids can now be understood. It
is clear from the diagrams shown in Figure 4 as well as
from the relative red shfts of the visible bands that (trans
2,2) is the lowest energy isomer. The minimization of
unfavorable steric interactions and the increased conju-
gation possible for the diacid (trans 2,2) isomer make it
more energetically favored than the other three atropi-
somers of the porphyrin diacids. The isomeric mixture
produced by thermal equilibration of H,PF, THA?* con-
tains more than twice the expected amount of the (trans
2,2) isomer. In the excited state, the energy difference
between the (trans 2,2) isomer and the other three isomers
is even greater. The (trans 2,2) isomer accounts for 80%
of the total in the photostationary state. This is consistent
with the lower energy transitions observed spectrophoto-
metrically for the (trans 2,2) isomer of the diacids.

Conclusion

The results of this study indicate that the atropisom-
erization reaction is indeed a useful probe of porphyrin
solution properties. The effect of central substituent on
porphyrin geometry and deformability can be evaluated
by monitoring the atropisomerization process. A correla-
tion between nonplanar core distortions seen in crystal
structures and both thermal atropisomerization rates and
photoatropisomerization efficiencies has been demon-
strated.
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