10732 J. Am. Chem. S0d.997,119,10732-10742

An Analysis of Porphyrin Molecular Flexibility Use of
Porphyrin Diacids

Beisong Chengd, Orde Q. Munro, "¢ Helder M. Marques,” and W. Robert Scheidt*"

Contribution from the Department of Chemistry and Biochemistry pélsity of Notre Dame,
Notre Dame, Indiana 46556, and Centre for Molecular Design, Department of Chemistry,
University of the Witwatersrand, Wits 2050, Johannesburg, South Africa

Receied May 19, 1997

Abstract: The crystal structures of three porphyrin diacid speciesQEP](CIQy)2, [H4TPP](CIQ),, and [k TMP]-
(ClOy)2, have been determined from low-temperature X-ray diffraction data to delineate how the peripheral substituents
of the porphyrin affect the overatholecular flexibility [HsOEP](CIQy), (ICo| = 0.46 A), [HisTMP](CIO.)2 (|Co| =
0.67 A, moleculdl), and [H;TPP](CIQ)2 (|Col = 0.93 A) show increasingly saddled core conformations with effective
D,q symmetry. The mean porphyriraryl group dihedral angles in [FIPP](CIQy), and [HiTMP](CIO4), (molecule

1) are 27(2j and 63(13), respectively. The steric bulk of the mesityl substituents igT[MP]?* limits the range

of observed porphyrinaryl group dihedral angles t8e50° and, consequently, the magnitude of the core distortion.
[H4TMP]2" is therefore less flexible than [IPPET. Molecular mechanics calculations, using a modified version
of MM2(87) and a newly developed force field for porphyrin diacids, correctly predict that the flexibilityesio
tetraaryl porphyrin diacids decreases as the steric bulk of the peripheral substituents incregEPyPFH ~
[H4TPPE > [HT-2,6-(OH) PPPT &~ [H4T-2,6-F PPPH > [H4T-2,6-Ch PPPT &~ [H4,TMP]2*. Grid searches of
conformational space for [iporphinef™, [H;OEPE", [H4TPPF+, and [H4T-2,6-Ch PPF' located pairs of inversion-
related minima witlD,q -saddled an,n-stepped core conformations. Timevacuostrain energy barrier to inversion
of the lowest-energp,¢-saddled conformation increases from 0.45 kcal/mol igpptphine?t to 1.9 kcal/mol in
[H4T-2,6-ChPPE+. The calculations indicate that the relative stability and magnitude of distortion 8fisomer
increases as the steric bulk of the peripheral substituents increas@ERR" is therefore calculated to be less
distorted than [HTPPE", in agreement with the X-ray structures of these species.

Introduction two sr-stacked bacteriochlorophyti-molecules of the special

Diverse biological systems, ranging from vertebrates to algae pair exhibit mea_surably different degrees Of. dlstorﬁoe[-
and bacteria, utilize porphyrins or other tetrapyrrole-based senhofer and Mich&lhave suggested that this conformational

macrocycles® as prosthetic groups or coenzymes. The differ_ence may lead to unequal char_gg dis_tribution between the
biological functions of these cofactors are thought to depend chlorin groups and, consequently, unidirectional elect_ron trar_lsf_er
on intricate control mechanisms imposed on the intrinsic down the sequence of tetrapyrrole cofactors contained within
reactivity of the metal ion and/or tetrapyrrole macrocycle by the L subunit, rather than along those of both L and M subunits.
the protein. An example is the photosynthetic reaction center ThiS is consistent with spectroscopic studies and MO calcula-
from the purple bacteriunRhodopseudomonasridis.” The tions which have shown that significant changes in the electronic
X-ray structure of this membrane-bound protein reveals that the Properties of chlorins and porphyrins attend changes in the extent
of macrocycle distortiod2®

That the conformation of a porphyrin may play a decisive
role in controlling the functioning of a protein raises several
fundamental questions. What determines the overalecular
flexibility of porphyrins and other tetrapyrrole macrocycles?
Does porphyrin ring flexibility depend on the substitution pattern
of the macrocycle? If so, are peripheral substituents required
to engender a particular type of conformational distortion? These
guestions are particularly relevant in the case of hemoproteins
since there is evidence to support the idea that some bis-histidine
multiheme cytochromes, for example, cytochromeform
Desulfaibrio wulgaris© are able to fine-tune the redox
potential! and electronic properti&sof each heme group by
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core conformations, at each heme center. Since it is experi-HzPorph. It is known that the two unsubstituted nitrogens can
mentally difficult to examine the effect of peripheral substitution be alkylated or protonated to afford mono- or dicationic
on the conformational flexibility of porphyrins in intact proteins, derivatives with moderately to strongly distorted core
studies on suitably chosen model systems constitute an alternaconformation£%-22 |n 1968, Stone and Fleiscl#&t reported

tive for systematic evaluation of the factors that may control the first X-ray study on porphyrin diacid derivatives, 4H
porphyrin ring flexibility. While it is well-known that peripher-  Porphf". From the observeD.-saddled conformations of [H

ally crowded porphyrins adopt highly saddled core conforma- TPPF and [H;TPyPE", the authors concluded that alleviating
tions D2q Symmetry) in solution and in the solid stdfel® the the steric strain from the protonated porphyrin nitrogens involves
degree of distortion in these compounds remains large andcanting the pyrrole NH groups alternately above and below the
essentially fixed. Indeed, derivatives of®EP and HTPP porphyrin mean plane. Thus, from an experimental standpoint,
display a wider range of core conformations than the more protonating the four porphyrin nitrogens does appear to be an
highly distortedDog-saddled species derived fromyBDPP4 effective way to apply a near-constant deformation stress to the
or HOETPP!® For HLOEP and HTPP, the conformations  porphyrin macrocycle, and it should be possible to determine
depend on a number of factors, e.g., the identity of the metal the effect that the substituent groups have on the flexibility of

ion, its oxidation state, the steric bulk of the axial ligands, and the porphyrin as a whole.

the packing environmenf:'® Moreover, when analogous
derivatives of HOEP and HTPP have both been structurally
characterized, it is observed that theCHEP derivatives are

always more plana® suggesting intrinsic differences in mo-
lecular flexibility that result from the substituents. Thus
derivatives of porphine, ¥DEP, and HTPP should be the most

In 1964, Hoard suggested that tBeruffled tetragonal form
of H,TPP should have a low barrier to inversion since it is
relatively easily distorted from planarity in the solid stZt&lore
recently, Medforth et al. measured the free energies of activation
(AG*) for conformational inversion in [fTMTCPPF*, [Hs-
TETCPP?", and [HTPTCPP}" and found that the barrier

suitable for investigating how the peripheral substitution pattern increased slightly with the length of the alkyl chain appended

of the macrocycle affects the flexibility of trentire porphyrin
ligand.

to themesecarbons? If the flexibility of a porphyrin is reduced
by peripheral steric strain, as implied by the NMR data, and

The central question is how to dissect the contribution made can be gauged from the height of the barrier to inversion, then

by the peripheral groups to the flexibility of the porphyrin core.

one has available a simple method for determining the intrinsic

Our experimental approach is to provide a constant structural flexibility of the system. However, although dynamic NMR

perturbation to porphyrin derivatives with differing peripheral

methods may be used to measure the barrier to inversion in

substituents and to examine the structural differences; this shouldoorphyrin diacids, the method fails in systems with no diaste-
provide insight into the effects that the substituent groups have reotopic protons or intrinsically low inversion barriéfs Analy-

on the flexibility of the porphyrin core. Specifically, our

sis of the conformational space available to a particular system

approach is based on protonating the porphyrin free basesusing computational methodspn the other hand, can provide
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information on the relative stabilities of isomeric structures on
the potential surface, the heights of the barriers separating stable
pairs of conformations, and the lowest energy pathways for
conformational interconversion.

In this study we have used low-temperature X-ray crystal-
lography to characterize the structures of three porphyrin diacid
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perchlorate salts to evaluate whether changing the peripheral
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substitution pattern in a class of relatively unstrained porphyrins and ethanol and layered with hexane. After 1 week, green plate-like
engenders systematic conformational changes that reflect arcrystals were obtained. In our experience, the presence of ethanol is

underlying change in the inherent flexibility of the ligand. After
our structure determinations, but while our MM calculations
were in progress, a paper by Senge et%lappeared that
reported several new porphyrin diacid species.
incorporated those results into our MM calculations. This has
led to a new force field, for use with our modified version of
MM2(87) 2627aspecifically developed for porphyrin diacids. The

force field has been used to map the process of conformational

inversion Dzq — Do) in [Haporphinett, [H4OEPE, [Ha-
TPPE", and [H;T-2,6-CLPPE" in an attempt to determine the
relative flexibilities of these species from théir vacuostrain

We have

necessary to get X-ray quality crystals.

X-ray Structure Determinations. X-ray diffraction data were
collected on an Enraf-Nonius FAST area-detector diffractometer with
a Mo rotating anode sourcé & 0.71073 A). Our detailed methods
and procedures for small molecule X-ray data collection have been
described previousl}®. Data were corrected for Lorentz and polariza-
tion factors, and, at the final stage, a modified ver¥lofthe absorption
correction program DIFABS was applied.

All three structures were solved with SHELXS-86he remaining
non-hydrogen atoms were located by difference Fourier syntheses.
Structures were refined agains€ with SHELXL-9332 All data
collected were used including negative intensities. Almost all porphyrin

energy barriers. Molecular mechanics methods have also beerhydrogen atoms were located in difference Fourier maps and, except

used to delineate the role played by peripheral greugrphyrin
nonbonded interactions in determining the relative flexibilities
of mesetetraaryl porphyrin diacids.

Experimental Section

General Information. Dichloromethane, hexane, benzene, and

for those bonded to the pyrrole nitrogen atoms, were included as
idealized contributors in the least-squares process. Standard SHELXL-
93 idealization parameters were used. All the hydrogens bonded to
the pyrrole nitrogen atoms were located in difference Fouriers. The
coordinates of these atoms and isotropic temperature factors were
refined in all subsequent least-squares cycles. The one exception was
atom H(4) in [H,TPPE", where the thermal parameter became

sodium sulfate were purchased from Fisher and 70% perchloric acid unreasonably small, but whose geometry remained as good as that of

was obtained from Aldrich. HDEP was purchased from Midcentury
Chemicals; HTPP® and HTMP?° were synthesized following literature

the other three hydrogen atoms. Therefore, the thermal parameter of
this atom was fixed with & value of 0.030 (equal to the smallddt

methods. IR spectra were determined as KBr pellets on a Perkin Elmervalue found for the other three hydrogen atoms), and only its coordinates
883 spectrometer, and electronic spectra were recorded on a Perkinyere refined.

Elmer Lambda 19 UV/vis/near-IR spectrometer.
Synthesis of Porphyrin Diacids. All three diacid species can be

[H4OEP](CIQy), was found to form a nonsolvated lattice and:{H
TPP](CIQy), was found to have a well-behaved benzene molecule of

prepared by acid treatment of the porphyrin free base. Two hundred crystallization. Crystalline [TMP](CIO,), had an ethanol molecule

milligrams of HOEP, BTPP, or HTMP was dissolved in 20 mL of
dichloromethane;-5 mL of concentrated perchloric acid was added,
and the mixture was stirred for 30 min. The solution oHEP turned
red-purple, while the solutions of IPP and HTMP turned grass green.

of solvation disordered around an inversion center; some effort was
required to find a satisfactory crystallographic model. The perchlorate
anions in this structure are also disordered. Two types of well-resolved
disorder were observed: either a rotational disorder about th€©Cl

Electronic spectra did not show the characteristic four-banded porphyrin phond to the oxygen atom hydrogen bonded to the pyrrole NH hydrogen
free base patterh.The dichloromethane phase was separated and dried atom, or a “rocking” disorder in which two or three oxygen atoms and
with anhydrous sodium sulfate, the drying agent was removed by the chiorine each occupy two distinct positions. In both cases, the
filtration, the residual protonated compound washed out of the fritted- oxygen atom that is hydrogen bonded to a pair of porphyrin NH protons
glass filter with dichloromethane, and the solution evaporated to dryness. g totally ordered. At the final stage of the refinement for TMIP]-

For [H;TMP]?" we also used a slightly modified synthesis starting from
[Zn(TMP)]. Treatment of [Zn(TMP)] with an excess of concentrated
acid leads to demetalation, followed by protonation of the pyrrole
nitrogen atoms to form the diacid species. Spectra faDEP](CIQy).:

IR (v ClOg4), 1119(s), 1091(s), 626(m) crh UV —vis (CHCl,), 403,
550, 592 nm; [HTPP](CIQ) : IR (v ClO4), 1130(sh), 1094(s), 629(m)
cm L UV—vis (CHCly), 439, 602, 655 nm; [[TMP](CIO,),: IR (»
ClOy), 1140(s), 1122(sh), 1109(sh), 1091(sh), 624(m)%rV —vis
(CH.Cly), 436, 583, 632 nm.Caution! Although we have encountered
no problems with the above procedures for the preparation of

perchlorate salts of porphyrin diacids, they are potentially unstable and
may decompose spontaneously upon exposure to heat or if mechanically.

shocked. All perchlorate salts should be handled with care in milligram
guantities.

Crystallization of Porphyrin Diacids. Forty milligrams of [HHOEP]-
(ClOy4), was dissolved in 2 mL of Ckl, and layered with hexane.

After 3 days, pink plate- and diamond-shaped crystals were harvested,;

(ClO,),, a peak with a height of 1.26 e?#Aocated in the center of the
porphyrin core of molecul® was evaluated. This small peak was
interpreted as a minor amount (no higher than 2%) of & Zmpurity

in one of the two independent molecules in the asymmetric unit.
Although the amount of this impurity is small, its presence appeared
to have a significant effect on the crystal size.

Complete crystallographic details, fractional atomic coordinates for
all non-hydrogen atoms and the four porphyrin NH hydrogens,
anisotropic thermal parameters, and fixed hydrogen atom coordinates
for each structure are given in the Supporting Information.

[H 40EP](C|O4)2 C36H43N408C|2, fw=735.74 amua = 17221(4)
A, b=13.147(1) Ac = 17.332(3) A3 = 106.29(13, V = 3766.5(11)

3, monoclinic, space group2i/n, Z = 4, pcac = 1.297 glcm, u =
0.227 mn, T = 127(1) K, Ry = 0.069 for 5,457 “observed” data
with Fo = 4.00 (Fo),%® andwR, = 0.190 for 9454 unique data.

[H4aTPP](ClO4)2CeHe: CsoHagN4OsClo, fw = 893.74 amu,a =

although the latter were twinned, the plate-shaped crystals were suitable8.033(4) A,b = 31.015(13) Ac = 16.897(4) A,8 = 98.65(3}, V =

for single-crystal X-ray analysis. Green needle-shaped crystals,of [H
TPP](CIQy).:CsHs were crystallized by slow vapor diffusion of benzene
into 4 mL of CHCI, containing 40 mg of [HTPP](CIQ)2. (In our
laboratory, CHCI, and benzene were the only pair of solvents that
afforded X-ray quality crystals of [ITPP](CIQy),.) Fifty milligrams
of [H4sTMP](CIO,), was dissolved in 2 mL of a 3:1 mixture of GEll,
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54, 828.

4162(3) &, monoclinic, space group2,/c, Z = 4, pcaic= 1.389 g/crd,
w=0.215 mnT!, T = 127(1) K, R, = 0.107 for 3652 observed data
with Fo > 4.00 (F,), andwR, = 0.274 for 9686 total data.

[H 4TMP](C|O 4)2'1/2EtOH: C57H59N403_5C|2, fw = 1007.03 amua
= 14.288(3) A,b = 19.153(11) Ac = 19.622(9) A,a = 97.80(1},
B =99.16(2), y = 98.12(2}, V = 5179(4) A&, triclinic, space group
P1, Z =4, peac = 1.291 g/cm, 4 = 0.181 mnT%, T = 127(1) K,R, =
0.080 for 15339 observed data wiy = 4.00 (F,), andwR, = 0.211
for 26150 unique data.

(30) (a) The process is based on an adaptation of the DIFRB&)ic
to area detector geometry by Karaulov: Karaulov, A. |.; School of Chemistry
and Applied Chemistry, University of Wales, College of Cardiff, Cardiff
CF1 3TB, UK; personal communication. (b) Walker, N. P.; StuartAEta
Crystallogr., Sect. A983 A39 158.

(31) Sheldrick, G. MActa Crystallogr., Sect. A990 A46, 467.

(32) Sheldrick, G. MJ. Appl. Cryst. manuscript in preparation.
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Molecular Mechanics Calculations. These were performed on an
IBM compatible computer with our modified versirof Allinger's
MM program MM2(87)3* ALCHEMY Il % was used for molecule
building and viewing. A cut-off criterion for energy minimization of
AUr = 0.000 060 kcal/mol between successive iterations was used.
With different starting geometries for refinement, the total steric energies
calculated were reproducible to within 0.0603.001 kcal/mol. A
dielectric constant of 10 D was used throughout to take into account a
fairly polar crystal environment. Point charges were not used in the
calculations®

Porphyrin diacid force field parameters were derived from those for
low-spin iron(lll) porphyring’@ The barrier heights of some of the
porphyrin core torsional parameters were reduced to 93% (i
Cin—Ca), 39% (G—Np—Cs:—Cy), and 24% (G—N,—C,—Cy) of the
stiffness appropriate for low-spin ferric porphyritis. The crystal
structures of [HOEP](CIQ)2, [HaTMP](CIOs),, and [H,TPP](CIQ,).
were used initially for parametrization of the force fi#ldand,
subsequently, the highly distorted X-ray structure ofQETPP]-
(OAC)zTFA)12.2%4 Counterions were not included in the calculations.
New parameters for protonated pyridyl groups were developed from
the X-ray data for [HTPyP}6HCI2% Comparisons of MM-calculated

and crystallographically observed bond lengths, bond angles, and torsion

angles are given in the Supporting Information. New force field
parameters and MM2 atom types are given in Table S43 and Figure
S5, respectively.

MM2’s torsion angle driving algorithm was used to map confor-
mational inversion in [Hporphine}t, [H:OEPF", [H,TPPFF, and [H,T-
2,6-CbPPF*.3° Selected pairs of opposite-NC,—C—Ca,torsion angles
(W, andW;) were driven from—30° to 3C° in 3° increments. Planar

(33) Ri = 3IFol — IFcll/ZIFol and wRe = {3 [W(Fe> — FH/3-
[WFoA} 2, R factorsR; are based of, with F set to zero for negative?.

The criterion ofF2 > 20 (F?) was used only for calculating,. R factors
based or~2 (WR,) are statistically about twice as large as those based on
F.

(34) (a) Allinger, N. L.J. Am. Chem. S0d 977, 99, 8127. (b) Allinger,

N. L.; Yuh, Y. MM2(87). Distributed to academic users by QCPE, under
special agreement with Molecular Design Ltd., San Leandro, CA. (c)
Sprague, J. T.; Tai, J. C.; Young, Y.; Allinger, N. . Comput. Chem.
1987, 8, 581. (d) Burkert, U.; Allinger, N. LMolecular MechanicsACS
Monograph 177, American Chemical Society: Washington, DC, 1982. (e)
Bowen, J. P.; Allinger, N. L. InReviews in Computational Chemistry
Lipkowitz, K. B., Boyd, D. B., Eds.; VCH Publishers: New York, 1991;
Vol. 2, p 81.

(35) ALCHEMY I, 3D Molecular Modeling Software; Tripos Associ-
ates Inc. Other programs used in this study: (1) XANADU; Roberts, P.;
Sheldrick, G. M. 1976/7. (Used to fit least-squares planes through the
Cartesian coordinates of calculated structures.) (2) AXUM; Technical
Graphics and Data Analysis (V. 3.0), TriMetrix Inc. (3) SCHAKAL 88,
Program for the Graphic Representation of Molecular and Crystallographic
Models; Keller, E. Kristallographisches Institut der Univeitsitdebelstr.

25, D-7800, Freiburg, Germany.

(36) (a) Since the extent of charge delocalization over the porphyrin
skeleton is unknown, and likely to be porphyrin dependent, localized point
charges were not used in the calculations.3#8and others$8 have found
that good structural models of metalloporphyrin cations may be obtained
even if the electrostatic component of the total steric energy is ignored.
The empirical force field for porphyrin diacids therefore neglects charge
but not dipole contributions to the core geometry. (b) Shelnutt, J. A.;
Medforth, C. J.; Berber, M. D.; Barkigia, K. M.; Smith, K. M. Am. Chem.
Soc.1991, 113 4077.

(37) The force field for porphyrin diacids was tested on the structure of
[Fe(TMP)(1,2-Me-Im),]ClO4;272although an improved fit of the porphyrin
core conformation $-ruffling) was obtained (rmse= 0.047 A vs 0.060
A), the mean Fe N, bond distance was calculated to be too long by 0.037

J. Am. Chem. Soc., Vol. 119, No. 44, 199735

Figure 1. ORTEP diagram of the structure of JAEP](CIQ),.
Thermal ellipsoids are drawn at the 50% probability level. The refined
positions of the hydrogen atoms bonded to the pyrrole nitrogens are
shown; all other hydrogen atoms have been omitted for clarity.

structures withD4, symmetry were used as starting conformations on
the 21x 21 grid of conformational space. The method used by MM2
to fix the driven torsion angles has been described elsevéferEhe
strain energy components of the energy-optimized conformations were
extracted from the MM2 output files and analyzed as a function of the
driven torsion angles. The calculations were confined to these four
porphyrin diacids since their free ba¥&are planar and the perturba-
tion introduced by protonating the four porphyrin nitrogens will be
approximately constant across the whole series; this is not expected to
be the case with species such as@BrTPP}" (highly saddled free
base)?

In a second series of calculations aimed at exploring molecular
flexibility along a reaction coordinate defined by the orientations of
themesearyl groups, torsion angles involving the four aryl substituents
(Ca—Cin—Cy—Cp, %) in [HaTPYPE, [HsTPPEY, [H,T-2,6-(OHLPPE,
[H4T-2,6-RPPF*, [H4T-2,6-CLPPE, and [H,TMP]?" were driven from
~115 to ~25° in 5° steps, maintaining ne@,s symmetry throughou€
Steric energy components and atomic displacements from the 24-atom
porphyrin mean plane were analyzed as a function of the mean aryl
group orientationyay.

Results

Molecular Structures. ORTEP diagrams of [{fDEP](CIQy),
and [HsTMP](CIO4), (moleculel) are presented in Figures 1
and 2. Also illustrated in these diagrams are the labeling scheme
used in the tables for the non-hydrogen atoms. The ORTEP
diagrams of [HTPP](CIQ;), and molecule of [H4,TMP](CIO4),
are included in the Supporting Information. In the tables for
[H4TMP](CIOs)2, the atom names of moleculeare preceded
by the numeral “1” and those of molecu®eby “2”; however,
these indices are omitted in their ORTEP diagrams. All ORTEP
diagrams illustrate the experimentally derived positions of the
four inner hydrogen atoms of the diacid derivatives. The

(40) Free base porphyrins: (a) Codding, P. W.; Tulinsky].AAm. Chem.
So0c.1972 94, 4151. (b) Silvers, S. J.; Tulinsky, Al. Am. Chem. Soc.

A. This suggests that a degree of cross-correlation between the bond1967 89, 3331. (c) Chen, B. M. L.; Tulinsky, Al. Am. Chem. S0d.972

stretching and torsional parameters for the coordinated metal ion exists and

94, 4144. (d) Lauher, J. W.; Ibers, J. A. Am. Chem. Sod973 95, 5148.

presumably, that more than one set of parameters could describe the sam¢e) Little, R. G.; Ibers, J. AJ. Am. Chem. So04975 97, 5363. (f) Caughey,

class of structures.

(38) Acceptable rmsd’s (bond lengths, bond angles, torsion angles, 24-
atom core) were obtained with the calculated and X-ray structures: [H
TMTEP](CIOy)2% (0.014(10) A, 0.5(3), 1.8(9F, 0.062 A); [H4OEP]-
&CIO4)2 (0.008(7) A, 0.6(5), 1.8(1.3}, 0.093 A); [H,TMP](CIOy) (0.010(5)

, 0.81(83y, 0.9(6¥, 0.038 A); [H,TPYP}6HCR (0.009(7) A, 0.7(6),
1.5(9¥, 0.100 A); [FyTPP](CIQ)2 (0.010(9) A, 0.4(49, 1.3(1.4¥, 0.091
A); [H,OETPP](OACYATFA)y,2%d (0.010/&4 A, 0.5(8), 2.5(2.1}, 0.088
A); and [H,OBrTPP](TFA)2 (0.017(8) A, 0.7(5), 2.7(3.0%, 0.078 A).

(39) Since MM2 is dimensioned to drive a maximum of 50 atoms per
dihedral angle for intraring torsion angles andTMIP]2+ exceeds this limit,
[H4T-2,6-CLPPFE™ was used in its place. (Derivatives of TMP show near-
identical steric properties to those of T-2,6,@P273

W. S.; Ibers, J. AJ. Am. Chem. Sod.977, 99, 6639.

(41) Ochsenbein, P.; Ayougou, K.; Mandon, D.; Fischer, J.; Weiss, R.;
Austin, R. N.; Jayaraj, K.; Gold, A.; Terner, J.; Fajer, Ahgew. Chem.,

Int. Ed. Engl.1994 33, 48.

(42) Bhyrappa, P.; Nethaji, M.; Krishnan, hem. Lett1993 869.

(43) Because a maximum of two torsion angles may be driven at a time
by conventional conformational mapping methods, the orientations of the
four aryl groups were varied by (i) carrying out a constraint-free geometry
optimization, (ii) setting the four dihedral angles to a particular value in
the 25-115 range (retaining thé,q symmetry of the molecule), (iii)
constraining the four porphyrinmesearyl group torsion angles (€ Cn—
C,—Cy) by restricting translation of each set of four atoms in xagy-,
andz-directions, and (iv) refining the geometry of the conformation.



10736 J. Am. Chem. Soc., Vol. 119, No. 44, 1997

Nz ey
C(a2)

Figure 2. ORTEP diagram of the structure of JAVP](CIOs),
(moleculel). The same information is given as in Figure 1.

diagrams clearly show that in each derivative the perchlorate
ions form hydrogen bonds to the protons of the porphyrin diacid.

The small thermal parameter values of the hydrogen-bonded

oxygen atom, relative to the other oxygen atoms of the
perchlorate ions and visible in the ORTEP diagrams, is clear
evidence for the hydrogen bonding interaction. In the three
structures the H-O distances (based on the refined hydrogen
atom positions) range from 1.94 to 2.24 A. Values of the
N—H---O angles were close to linear with values in the range
160-179. The average values for-HO distances (or NH+:-O
angles) in each of the derivatives are 2.09 A ¢)66 [H4OEP]-
(ClOg)2, 2.12 A (165) in [H4TPP](CIQ),, and 2.00 A (170)

in [H4TMP](CIO4), (moleculel) and 1.99 A (172) (molecule

2).

The ORTEP diagrams clearly show the distortion from

planarity that results from the severe transannular crowding

between the four hydrogen atoms of the pyrrole nitrogen atoms.

Each derivative shows a distinEt,g-saddled porphyrin core.
The 5-carbon atoms of each pyrrole are alternately displaced
above and below the mean porphyrin plane (Figure 3). The

magnitudes can be seen in Figure 3, which are formal diagrams
that show the perpendicular displacement of each atom (in units

of 0.01 A) from the mean plane of the 24-atom core. Displace-
ments of the four central hydrogen atoms are also shown in
these diagrams. The deviation from planarity in the three

derivatives can be measured by the average absolute perpen

dicular displacement of the beta carbon atoms from the
respective 24-atom mean plane and follows the ordg©fEP]-
(ClOy)2 (0.46(7) A) < [H4TMP](CIOy), (molecule2, 0.61(5)
A) ~ [H4TMP](CIOq4), (moleculel, 0.67(3) A) < [H4TPP]-
(ClOy), (0.93(6) A). The numbers in parentheses following each

Cheng et al.

in the porphinato cores of the four dications are entered on their
mean plane diagrams given in Figure 3.

Molecular Mechanics. Calculated and crystallographically
observed core conformations fanesetetraaryl porphyrin
diacids are compared in Table*2. Two calculated structures
are given. The first was obtained by constraining the four aryl
group orientations at their X-ray values during refinement
(accounting for the influence of packing constraints on the
conformation). Core conformations calculated by this method
match those of the X-ray structures. The second calculated
structure is that produced without geometry constraints; these
“gas-phase” conformatioffsare considerably less saddled than
the X-ray structures. The unconstrained conformations gf [H
TPPEH, [H TPYyPEH, and [HiTMP]2 show similarD,g sym-
metry core distortions{N4| ~0.13 A, |C4 ~0.12 A, |Cy| ~0.49
A, |Cm| ~0—0.07 A, and|Cyo| ~0.25 A, with y, ~85°. The
total strain energylifferencebetween the “gas-phase” confor-
mation and that modeling the X-ray structure ranges from 5.94
kcal/mol in [HTMP]?" to 20.87 kcal/mol in [HOBrTPPE',
with the less distorted structure lowest in energy in each case.

Analogous data fof-alkyl porphyrin diacids are compared
in Table 3. All calculated structures, with the exception of the
D4, conformation of [Hporphinef™, were obtained without
geometry constraints. The agreement between the calculated
and observed core conformations of,{BEP](CIQy), and [Hs-
TMTEP](CIQy,),2%is particularly good. However, the calcu-
lated structure of [{TCHPE* is less distorted than the X-ray
structur@® since it hasCyy*¢ rather thanCa, symmetry.

[H4OEP](CIQy), (Figure 1) has the ethyl group configuration
-+ ++ ——++, where the signs denote methyl group
orientations abovef) and below ) the plane of the pyrrole
ring. From Table 3, different ethyl group configurations perturb
the Dyg-saddled conformation of the porphyrin ctfreand
determine the energy of the configurational isomer. (Fhe —

+ — + — + isomer is lowest in energy and the — + + —

— + + isomer the least stable by 1.41 kcal/m®l) [H-
TMTEP}?" shows smaller peripheral group-dependent variations
in core conformation.

Figure 4 shows plots of the change in total steric energy
(AUr) as a function of the torsion angl&; and W, for [Hy-
porphineft, (+ — + — + — + =) [H,OEPF*,*°[H,TPPF, and
[H4T-2,6-CLPPF+.50 In each case, tw®,q symmetry global
minima (related by a center of inversion &t@) occur at¥,, ¥,
= —12°, —12° and 12,12°. An inversion related pair o€
conformations have coordinatd$, W, = —21°, 21° and 22,

(44) Calculated and observed structures are also compared in Figure S8.

absolute average is the esd; the small values show the smallThe calculated structures of thmesetetraaryl porphyrin diacids were

dispersion of the individual atomic displacements. The pyrrole

NH protons are also alternately displaced above and below the

24-atom mean plane; individual pyrret@4-atom core dihedral
angles for each pyrrole ring are listed in Table 1.

Individual mesearyl group-porphyrin dihedral angles range
between 23.487.0° (Table 1). The four phenyl group
porphyrin dihedral angles in [HPP](CIQy), are quite acute,
averaging only 27(2) The mesityl group-porphyrin dihedral
angles of the two independent molecules of TMIP](CIOy),,
on the other hand, are much larger, averaging 63(13)
moleculel and 75(15) in molecule2. The large esd’s in

obtained by fixing the orientations {€Cn—Cp—C,, x) of the aryl groups
at their X-ray values. All bond lengths, bond angles, and torsional angles
(other thary) were fully optimized during structural refinement.

(45) Since the force field has been parametrized using crystallographic
data, unconstrained conformations may not represent the gas phase if the
crystallographic structures are strongly affected by environmental effects.

(46) The calculated conformation wity core symmetry has one pair
of opposite pyrrole rings approximately in the 24-atom mean plane and the
NH groups of the second pair of pyrrole rings canted above and below the
mean plane. The X-ray structure displays effectigg symmetry with one
adjacent pair of pyrrole NH groups displaced above the 24-atom mean plane
and the second (opposite) pair below the porphyrin mean plane, producing
a discrete step in the core geometry.

(47) In [HsOEPF*, the mean absolute perpendicular displacements of
the various classes of porphyrin core atoms span the ranges@113 A

parentheses show the considerable variation in the mesityl (pyrrole nitrogens), 0.070.12 A (C), 0.38-0.49 A (G)), and~0 A (Cn).

group—porphyrin dihedral angles. The magnitude of the saddle
distortion in the threenesetetraaryl porphyrin diacid derivatives
(Figure 3) clearly increases with decreasingsearyl group-
porphyrin dihedral angle, as demonstrated previotfs¥.
Individual bond distances and bond angles for the three
structures are given in the Supporting Information. Averaged

(48) For a two-state system, energy differences of 0.5, 1.0, and 1.5 kcal/
mol would lead to lower-state populations of 70, 84, and 93%, respectively,
at 298 K.

(49) The & — + — + — + —) isomer of [{HOEPF+ was used in this
study to ensure inversion symmetry upon reflection of the configuration
through the porphyrin mean plane.

(50) W1 andW,, which define the internal reaction coordinate, are a pair
of intra-ring N—C,—Cn—C, torsion angles related by @ axis along the

values for the unique chemical classes of distances and anglegorphyrin normal.
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Figure 3. Formal diagrams of the porphyrin diacid cores of (2)QHP](CIQ,),, (b) [HaTPP](CIQy)., (c) [HaTMP](CIO4), (moleculel), and (d)
[H4TMP](CIO,), (molecule2). Averaged values of the chemically unique bond distances (in A) and angles (in deg) are shown. The numbers in
parentheses are the esd’s calculated on the assumption that the averaged values were all drawn from the same population. The perpendicular
displacements (in units of 0.01 A) of the porphyrin core atoms from the 24-atom mean plane are also displayed.

Table 1. Pyrrole-Porphyrin and Aryl Group Porphyrin Dihedral OEPF" (0.55 kcal/mol)< [H4TPPE' (1.0 kcal/mol)< [H4T-

Angles in [I—hOEf](ClO;)z, [H4TPP](CIQy)2-CsHe, and 2,6-CbPPP* (1.9 kcal/mol).

[HaTMP](CIO4)-Y-EtOH Figures 5a-c plot the change in nonbonded, torsional, and
[HiOEPF*  [H,TPPFY  [H TMPPHP [H TMPJ2*© total steric energy with averageesearyl group orientation,

pyrrolel  13.88 31.94 22.46 18.80 Xau» fOr [HsTPPF*, [HaTPYPF*, [H4T-2,6-RPPF*, [H4T-2,6-

pyrrole 2 14.03 22.55 19.25 20.09 CILPPE', and [HT-2,6-(OHYPPE". The minimum in the plot

pyrrole 3 14.20 29.91 20.44 21.73 of AUt againstya, gives the optimum aryl group orientation.

pyrrole 4 16.94 27.16 20.58 16.87 The general steepness of the relationship betwdagnandya,

aryl 1 23.43 52.19 86.95 . . - 4 ./

aryl 2 26.99 8223 81.66 (Figure 5c) increases in the orderJFPyPF" ~ [H,TPPE" <

aryl 3 28.19 57.76 53.51 [HaT-2,6-RPPP" ~ [H,T-2,6-(OHYPPP* < [H,T-2,6-CLPPE*

aryl 4 27.35 58.66 77.59 ~ [H4TMP]2*, consistent with the increase in peripheral group

steric bulk and the extent of porphyrin core distortion (Figure
S10). Selected conformations of JFIMP]?" lying along the
—21°. For the four porphyrin diacids studied, tg, minima reaction coordinate are shown in Figure S11.

lie higher in energy than thB,4 minima. Thestability of the

2 Dihedral angles in ded.Molecule 1. ¢ Molecule 2.

D24 isomer relative to th€,n isomer increases in the order4H Discussion o o i o
porphine}t (= —0.8 kcallmol)< (+ — + — 4+ — + =) [H4 All three porphyrin diacid derivatives displayg-distortion
OEPP* (=~ —1.0 kcal/mol) < [H4TPPPEt (—1.7 kcal/mol) < of the porphyrin core in the solid. The distortions differ
[H4T-2,6-CLPPP+ (—1.8 kcal/mol). substantially and follow the order JOEP](CIQ), (|Cy| = 0.45
The calculated barrier to conformational inversion between A), [HaTMP](CIO,): (ICy| = 0.67 A), and [HTPP](CIQ)). (ICs|
the pair ofDoq isomers for [Hporphine}, (+ — + — + — + —) = 0.93 A). Since .[HOEP]” is calculated to be modestly less
[H,OEPE*, and [HTPPE* (Figure 4) is located at a saddle distorted (less flexible) than [FPPF" and [H,TMP]*" (Tables
point with C,, symmetry 1, ¥, = 0°,0°). TheC,, conforma- 2 and 3) I_out |ss|gn_|f!cant_lyless dlstortgd than these derlva_tlves
tion for [H4T-2,6-CLbPPE* lies atop a knoll flanked by a pair I the solid state, it is eV|der_1t thqt environmental effects directly
of isoenergetic cols®¥y, W, = —4°,4° and £,—4°).51 Selected influence the degree of distortion. We have therefore used

conformations of [4TPPE* taken from Figure 4, including the molecular mechanics methods to aid our understanding of the
C,, transition state, are shown in Figure S9. From Figure 4, solid-state structures, because time vacuo conformations
the calculated strain energy barriers to conformational inversion calculated using this technique are free from environmental

increase in the order [iporphine}™ (0.45 kcal/mol)< [Ha- constraints. .
The structure of [{TPP](CIQy), (Figure S6) shows a strongly

saddled porphyrin core conformation, acute porphyghenyl
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Table 2. Crystallographically Observed and Calculated Porphyrin Diacid Core Conformatiwess({etraaryl Derivatives withDyq
Symmetry)

porphyrin diacid [NgJ? |Cal? [Co|® |Cm? |Ca0l? |C20Ngl? KaP uU-¢

[H,OBITPP](TFA) 3(2) 52(2) 152(2) 3(1) 82(61) 69(64) 37(1)

[H.OBITPP}* (calcy 7(6) 48(2) 152(6) 3(2) 81(62) 68(63) 37(1) 26.202
[H,OBITPPP* (calc) 6(1) 36(1) 115(1) 1(0) 60(47) 51(48) 67(0) 5.335
[H,OETPP](OACYATFA) 2(1) 46(2) 136(2) 3(1) 73(55) 61(57) 54(4)
[H,OETPP](TFAY 1(1) 46(2) 137(2) 3(2) 74(55) 62(57) 54(4)

[H,OETPP} (calck 8(4) 43(2) 141(2) 3(2) 74(58) 63(59) 54(4) —16.345
[H,OETPP}* (calc) 9(1) 38(1) 128(1) 3(0) 67(53) 57(53) 64(0) —21.264
[H4TPP](CIQ), 8(5) 28(2) 93(6) 2(2) 48(38) 42(38) 41(2)
[H4TPP](TFAY-[UOZ|(TFA) S 8(4) 27(4) 90(4) 6(1) 48(36) 41(36) 46(4)
[H4TPP](FeCl,Cl)" 5(0) 34(16) 107(11) 28(0) 62(40) 52(42) 36(1)

[H,TPPE* (calcy 10(5) 27(1) 96(4) 1(1) 50(40) 43(40) 41(2) 6.225
[HsTPPP* (calc) 13(2) 12(1) 48(1) 0(0) 24(21) 22(19) 85(0) —11.389
[H.TPyP}6HCH 11(2) 24(5) 86(4) 6(2) 45(35) 39(35) 45(4)

[H,TPYPP* (calcy 11(4) 24(3) 91(3) 6(1) 47(37) 41(37) 45(4) 27.461
[H TPYPE* (calc) 14(0) 11(4) 49(2) 7(0) 25(20) 23(19) 84(1) 11.747
[HsTMP](CIO.); 8(5) 19(5) 67(4) 6(3) 35(27) 31(27) 70(12)

[HsTMP]?* (calcy 10(5) 20(6) 73(5) 5(6) 38(30) 33(29) 70(12)  —4.866
[HsTMP]* (calc) 12(2) 13(3) 51(2) 3(1) 26(21) 24(20) 84(0) —10.809
[H4T-2,6-CLPPE* (calc) 12(1) 13(1) 50(1) 1(0) 25(21) 23(20) 85(0) —2.703
[H4T-2,6-(OHYPPE+ (calc) 13(0) 12(3) 49(2) 5(0) 25(20) 23(19) 85(0) 0.029
[H4T-2,6-RPPP* (calc) 13(0) 12(0) 48(0) 0(0) 24(21) 22(19) 85(0) —3.654

21C4dl, |Col, |Cml, |Ca0l, IN4|, and|CzoN4| are the mean absolute displacements ofcthes-, mese, 20 porphyrin carbons, pyrrole nitrogens, and
24 core atoms from the 24-atom mean plane of the porphyrin (in units of 0.01 A), respectively. MM-calculated values are indicated in italics. The
values in parentheses are the esd’s calculated on the assumption that all averaged values are drawn from the same’pgpisidtieraverage
value of themesearyl group orientation defined by the torsion anglg-C,—C,—C,, where G, Cy, and G area-, mese, and phenyl carbons,
respectively ¢ Total steric energy in kcal/mof.Reference 20d: The mesearyl groups were constrained to have the orientations observed in the
crystal structure during energy minimization; all other geometric variables were optifiReterence 20¢f Reference 20€ Reference 20b.
"Molecule 1.

Table 3. Crystallographically Observed and Calculated Porphyrin Diacid Core Conformafieitkyl Derivatives)

porphyrin diacid [NgJ? |Cql? [Co|® [Cr|? [Ca0l? |C20N4|? Usb
[Haporphinet* (Dan)° 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 15.211
[Haporphine}+ (Cap)e 20(22) 8(2) 14(12) 10(0) 11(8) 12(11) 13.190
[Haporphine}" (Dag) 15(0) 6(0) 34(0) 0(0) 16(15) 16(14) 12.428
[HaTCHP](TFA), (Ca)e 24(4) 8(5) 16(3) 7(5) 11(6) 13(7)
[HsTCHPE' (Can)e 21(19) 8(3) 14(11) 11(2) 11(8) 12(11) 13.235
[HsTCHPE' (D2g) 15(1) 7(0) 36(1) 0(0) 17(16) 17(15) 12.252
[HsTMTEP](CIOy), (+ + + +, Dag)3n 7(2) 9(3) 37(4) 4(1) 19(15) 17(15)
[HaTMTEPE* (+ + + +, Dag)P 12(4) 10(1) 43(3) 1(1) 22(19) 20(17) —5.721
[HsTMTEPR' (— + + +, Dag) 13(2) 9(1) 42(2) 1(1) 21(18) 20(17) —5.942
[HsTMTEPR' (— — + +, Dag) 13(1) 8(1) 41(1) 1(1) 20(18) 19(16) —5.594
[HsTMTEPR' (— — — +, Dag)" 14(2) 8(1) 40(2) 1(1) 19(17) 18(16) —5.839
[HsTMTEPR' (— — — —, Dag)" 14(4) 8(1) 38(3) 1(0) 19(17) 18(16) —5.517
[HOEP|(TFAR (—+ — — — — — +, D)t 31(17) 12(9) 48(13) 28(11) 30(20) 30(19)
[HOEPR (—+— — — — — +, Dog)" 13(5) 10(1) 43(4) 1(1) 21(19) 20(17)  —10.599
[H4OEP](CIQ), (— + + + — — + 4, Dy)" 7(2) 12(8) 45(7) 12(3) 25(18) 22(18)
[H4OEPRH(— + + + — — + +, Dag)P 15(3) 7(2) 39(3) 2(1) 19(17) 18(16)  —10.039
[H4OEPE (+ — — — 4+ 4+ — —, Dyg)" 12(2) 12(1) 47(2) 1(1) 24(20) 22(19)  —10.442
[H4OEPE (+ + + + + + + +, Dag)" 13(11) 9(2) 42(8) 2(0) 21(19) 20(18)  —10.251
[H4OEPE" (+ + — + + + + +, Dyg)" 13(9) 10(2) 42(7) 1(1) 21(19) 20(18)  —10.481
[HOEPP (— —+ —— — — — , Dag)" 13(9) 9(2) 40(7) 1(1) 20(18) 19(17)  —10.352
[HOEPE (++———— — — , Dag)" 12(5) 11(1) 45(3) 1(1) 23(20) 21(18)  —10.168
[HsOEPRE (— — 4+ + + + + +, Dag)" 14(6) 8(1) 40(4) 1(0) 20(18) 19(16) —9.903
[HOEPR (+ + — — + + — —, Dog)" 11(1) 12(0) 49(1) 0(0) 24(21) 22(20) —10.174
[H4OEPE" (— — + + — — + +, Dgg)" 15(0) 7(0) 38(0) 0(0) 18(17) 17(15) —9.630
[H4OEPE (— + — + — 4+ — +, Dyg)" 13(1) 9(1) 42(3) 0(0) 20(18) 19(17)  —11.041

2|C4l, |Col, |Cml, |Ca0l, IN4|, and|CyoN4| are the mean absolute displacements ofcthes-, mese, 20 porphyrin carbons, pyrrole nitrogens, and
24 core atoms from the 24-atom mean plane of the porphyrin (in units of 0.01 A), respectively. MM-calculated values are indicated in italics. The
values in parentheses are the esd'’s calculated on the assumption that all averaged values are drawn from the same®Jayalatieric energy
in kcal/mol. ¢ Conformation calculated by constraining all atoms to be copldrtepped core conformation with one pair of trans pyrrole rings
lying in the porphyrin mean plane; the NH groups of the second pair of pyrrole rings are tipped above and below the mea8tpfgred core
conformation with aradjacentpair of pyrrole NH groups tipped above the porphyrin mean plane; the other pair of NH groups is canted below the
mean plane’Reference 20d Reference 20f? The + and— signs denote above- and below-plane orientations, respectively, for thgrGitps of
the ethyl substituents.

dihedral angles (2328°, Table 1), and bridging hydrogen bonds reflects the degree of nonbonded interaction between the phenyl
between each counterion and cofacial pair of trans pyrrole NH substituents and the flanking pyrrole ringg® Because the
protons. The core distortion found in the three X-ray structures collective peripheral group steric bulk of JHPPE" is less than

of [HsTPPE* (Table 2) varies slightly|Cs| = 0.90-1.07 A) that of [FHOETPP}" 20dg9or [H,OBrTPPEH,2%dthe potential and
with the average phenyl group orientation; more acute porphy- indeed the observed core distortion is inherently smaller (Table
rin—phenyl dihedral angles correlate with larger out-of-plane 2).52 Interestingly, there is no experimental evidence, at least
displacements of the porphyrii-carbons. This primarily from the [H,TPPE" crystal structures, to suggest that the
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core. This is believed to be the case in(HETPP}" and other
B-substituted [HTPPE' derivatives?d
Al three crystalline forms of [{TPPE™ have strongly saddled
- core conformations and acute porphysphenyl dihedral angles.
< The porphyrir-aryl group dihedral angles of [IMP](CIO,),,
~ on the other hand, are less acute than those §FIR](CIQy),,
averaging 63(13)and 75(15) in moleculesl and2 (Table 1).
Consequently, both independent molecules QfifAP](ClOy).
Figure 4. Plots of the change in strain energy relative to the global show substantially smaller core distortions thagl[PIP](CIQy).,
minimum, AU, as a function of an opposite pair ofF-f{Ca—Cn—Ca though both are considerably more saddled thagO[EP]-
torsion anglest¥'; andW, for [Haporphinet’, + — + — + — + — [Ha (ClO4),. Figure 2 shows that the eigbtmethyl groups of [
OEPF", [HiTPPP", and [HT-2,6-Ch PPF". Amap indicating the exact  T\pj2+ are positioned above and below the plane of the
gﬁg;g?iﬁ?aggt%er Epac;(:&?ﬁer?lnilsm;’vs:c:osrii?;e?ngglts on the strain porphyrin ring, approximately over thmesecarbons. Rotations
' about the G—C, bonds in response to external effects are
therefore likely to be severely restricted. The X-ray data indicate
counterion strongly affects the conformation of the porphyrin that [H;TMP]%" is inherentlyless flexiblethan [H,TPPF" and
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Table 4. Average Crystallographic Bond Lengths and Bond Angles for Selected Porphyrin DiacidBDai@ore Symmetry
[HTMTEPRF®  [H,OEPE* [HsTPPE* [HTPYPE e [HaTMPI?  [H,OBrTPPEYY  [H,OETPPEHd

N—C, 1.379(15) 1.378(6) 1.390(9) 1.386(14) 1.371(7) 1.367(5) 1.370(5)
Ca—GCo 1.438(10) 1.442(4) 1.431(13) 1.445(19) 1.422(5) 1.419(11) 1.448(9)
Co—Co 1.378(12) 1.377(4) 1.366(11) 1.326(18) 1.354(6) 1.362(11) 1.373(5)
Ca—Cn 1.386(8) 1.392(6) 1.414(11) 1.396(16) 1.400(6) 1.418(8) 1.407(4)
Ca—N—C4 109.5(2) 109.4(4) 110.3(10) 109.4(1) 109.6(5) 110.5(1) 110.2(1)
N—C.—Cs 107.5(6) 107.7(4) 106.1(8) 106.4(4) 107.1(2) 106.5(2) 107.1(2)
N—C,—Cn 125.4(8) 125.2(5) 125.9(6) 125.4(7) 126.2(5) 121.3(7) 122.5(4)
Ca—Co—Co 107.7(5) 107.6(6) 108.7(9) 108.9(8) 108.2(3) 108.2(6) 107.6(4)
Ca—Cn—Ca 128.2(10) 127.2(2) 123.2(7) 124.4(9) 124.5(7) 119.8(3) 122.1(4)
Cn—Ca=Co 127.1(7) 127.0(8) 127.9(5) 128.3(13) 126.7(5) 131.9(14) 130.3(5)

aBond distances and bond angles are in A and deg, respectively. The esd's of the least significant digits are given inpar&efezsase
20d and f.c Reference 20k Reference 20d.

less susceptible to packing-induced conformational distortions, 12 7T T T T T T T
particularly those caused by rotations of thesearyl groups. S ] ©  [HMTEPPR
This is consistent with variable-temperature solution NMR 8 180 |- é {::?g:,’:fz,, 1
studies on [M(TPPJ)I" and [M(TMP)I"* derivatives which ~ i 1 A [HapPR
indicate that free-rotation of thenesearyl groups may be 2 128 P Ly
prevented by substitution of treehydrogens with F or Cp#*3 5 [ -] M {5482;11’;,’3‘ ]
Importantly, the lower flexibility of [HTMP]2" relative to [Hy- ge) 126 i .. ! ]
TPPP* is correctly predicted by the present molecular mechan- & 124 | + : |
ics calculations (Figures 5 and S10). ‘?‘, A i
[H4OEP](CIQy), (Figure 1) has the least distortebyg Q it i
symmetry core conformation of the porphyrin diacids studied, 5 s o i
as evidenced by smaller out-of-plane deviations for the pyrrole o 120 | (3) L o
pB-carbons relative to [[TMP](CIO,), and [HTPP](CIQy), o - B
(Figure 3). However, [{TMTEP](CIOy)2,2% with only four 118 b 1 )
[-ethyl groups, is less distorted still (Table 3). Increasing the 0 20 40 60 80 100 120 140 160
total steric bulk of the3-substituents therefore enhances the 2
intrinsic distortion of the porphyrin core, in consonance with ICsl (0.01 A)
the predictions of our molecular mechanics calculations (Tables 1.45 —
2 and 3). The structure f + — — — — — + H4OEP](TFA) . o  [HIMTEPE 1
(IC20N4| = 0.30 AY%is more distorted than the present structure 144 & [HOEPR ]
of —+++——++ [HOEPICIQ), (ICaoNal = 022 A, € 443 [ S e ]
Table 3). Since the difference in ethyl group configuration is & 142 L z ntmpgf* h
not expected to increas€,oN4| by 0.08 A, at least by our MM 2 E e  [HOBTPPE: |
calculations, there may be a genuine counterion effect on ©  1.41 | | InoeTPRR
porphyrin core conformation in simpJesubstituted porphyrin 2 140 F o ]
diacids>* S - - -1 .
The near-constant conformational perturbation introduced by ¢ 138 [ RN i o W
protonating the porphyrin nitrogens should allow the determi- ©Q 138 i.__ \ .
nation of the stereochemical consequences of systematically ¢§ 187 L ]
increasing the distortion of the porphyrin core. Table 4 =7 (b) ' E
summarizes the average crystallographic bond lengths and bond 186 [ ]
angles forS-alkyl and mesetetraaryl porphyrin diacidsDig 116 118 120 122 124 126 128 130 132
symmetry). The average,E€Cy, bond lengths and £ Cn—
Ca bond angles vary significantly with porphyrin substitution Ca-Cm-Ca bond angle (deg)

pattern. From the X-ray data given in Tables4 Figure 6a

shows that the mean,€C,,,—C, angle varies linearly with the | " ¢ distorti ¢ th hvri

maghnitude of thd.q -symmetry distortion of the porphyrin core ~ 219!€ and the degree of distortion of the porphyrin core (gauged by
‘ L2 . the parametefCy|) for a range of peripherally substituted porphyrin

(IGol). The relationship indicates that much of the strain yiacig derivatives R = 0.95). The dotted line shows the 95%

associated with tipping the pyrrole rings alternately above and cgnfidence limit; the deviation of [FTMP]2+ from the trend is discussed

(51) The saddle-point conformations (cols) are slightly lower in energy [N the text. (b) Variation of the £&-Cr, bond length with the & Cr—
than theC,, isomer and hav€,, symmetry. They differ from the pair of =~ Ca bond angle for the porphyrin diacids given in partR& & 0.87).
Con isomers located a¥;, W, = —21°,21° and 2E,—21°, however, by a ) )
90° rotation of the symmetry elements about the porphyrin normal. below the porphyrin mean plane is taken up atrtiesecarbons.

(52) A reliable comparison may be made betweegT[PP](FeCl,Cl) Itis also evident that the average-€C,,—C, angles of thenese

(ICo| = 1.07 AP and [HOBrTPP](TFA)Y (|Cy| = 1.52 AP%dto illustrate : o
this point. Both porphyrin diacids show equivalent values;of(~36°), substituted derivatives are 2:B.5° smaller than those of the

whereys,, is the mean g-Cn—C,—C, torsion angle. However, because  f-alkyl derivatives. Part of this difference clearly depends on
[H4OBITPPF* (eight-bromide substituents) is more highly strained than the extent of porphyrin core distortion.

[H4TPPF, a larger saddle distortion appears to be necessary to stabilize ~~ _ :
its structure. (Note that the torsion anglenay differ from the porphyrir Although the mean £-Cm—Ca bond angle correlates with

aryl group dihedral angle measured using the least-squares piane of thethe porphyrin conformation, the fact that {AMP]?* fails to
porphyrin core and the aryl group. For the purpose of comparisomesié fit the relationship in Figure 6a suggests that the-C,—C,

aryl group orientations listed in Table 2 are valuegpfmeasured from  gngje js determined both by the level of distortion and whether
the coordinates of the X-ray structures or calculated structures.) . .
(53) (a) Eaton, S. S.; Eaton, G. R.Chem. Soc., Chem. Comma874 or not themesecarbon is substituted. As noted above, the

576. (b) Eaton, S. S.; Eaton, G. R.Am. Chem. S0d.975 97, 3660. mesityl groups of [HTMP]2" display restricted rotation both

Figure 6. (a) Plot of the relationship between the-,,—C, bond
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in solution and in the solid state. This limits the extent to which

J. Am. Chem. Soc., Vol. 119, No. 44, 199741

the rigidity of the macrocycle. The barrier to inversion of the

packing interactions may enhance the saddle distortion of the D,q conformation therefore increases fromgfirphinef* to

protonated porphyrin core, accounting for the unexpectedly
small value ofiCy| for [H4,TMP]2" and the observed departure
of this species from the trend in Figure 6a. If the least-strained
Co—Cn—Cn angle is~124.6, as suggested by Hoafelthen
simple mesetetraaryl derivatives such as [HPPF', [Ha-
TPyPF*, and [HTMP]?+ show minimal angular strain at the
Cm positions. -Substituted porphyrin diacid derivatives, on

[H4T-2,6-ChPPF+. A similar conclusion may be reached by
considering the relative populations of thgy andC;, confor-
mational states at 298 ¥.

A planar conformation wittD4, symmetry is not predicted
for any of the porphyrin diacids studied on energetic grounds
(Table 3). The saddle points connecting thg minima on
the surfaces shown in Figure 44, 1, = 0°) therefore have

the other hand, exhibit greater angular strain at the methine C,, rather tharD4, symmetry, as shown in Figure S9 for f{H
carbons (Table 4). A second stereochemical consequence offppp+ 60

deforming the porphyrin core, and thus thg-C,,—C, angles,

is a concomitant increase in the meag-Cn, bond length as
the average £-C,—C, angle decreases (Figure 6b). This
stretch-bend relationship mainly reflects the angular depen-
dence of the 1,3-van der Waals interaction between the
o-carbons attached to the porphyriresecarbons.

The conformational surfaces for jporphinef*, + — + —

+ — + — [H4OEPP, [H4TPPE*, and [H;T-2,6-CbPPP (Fig-
ure 4) indicate that th®,4-saddled conformation is lower in
energy than the&,, conformation. Furthermore, the stability
of the D,y isomer increases with increasing substituent bulk,
suggesting that B,q-symmetry distortion of the porphyrin core
efficiently minimizes peripheral steric strain. The energy
differences between tHg,y andC,, isomers of [Hporphinef™
(~0.8 kcal/mol) and [HOEPF+ (~1.0 kcal/mol) are smaller
than those calculated for [IPPF" (1.7 kcal/mol) and [HT-
2,6-CbPPEF (1.9 kcal/mol). From the geometry of the calcu-
lated Czn, conformation of [HTPPF* (Figure S9), much of this
increase in steric strain in thmesetetraaryl derivatives can be
attributed to unfavorable pyrrotearyl group nonbonded interac-
tions.

Importantly, the calculated inversion barriei3;{ — D2q)
increase with increasing substituent bulk:sfidrphine}* (0.45
kcal/mol) < [H4OEPE" (0.55 kcal/mol)< [H4,TPPE" (1.0 kcal/
mol) < [H4T-2,6-CLPPF* (1.9 kcal/mol). This trend parallels
that observed in solution by NMR spectroscopy fors{H
TMTCPPE' (9.2 kcal/mol), [HTETCPP} (11.7 kcal/mol), and
[HsTPTCPPF (11.9 kcal/mol}* However, the calculated
barriers AH¥) are expected to be lower than the barriers
measured in solutiorG*) because, in addition to steric strain,
solvation and ion-pairing effects will contribute #G*.56 If
AH¥ is a good arbiter of conformational flexibility, then Figure

The relative flexibilities of severahesetetraaryl porphyrin
diacids were determined from the variation of total steric energy
with average aryl group orientation (Figure 5). Since the slope
of the plot of AUt vs ya, at any point along the reaction
coordinate gauges the ease of conformational change at that
point, themolecular flexibilityincreases in the order JlIMP]>*
~ [H4T-2,6-CbPPP" < [HT-2,6-RPPET ~ [H4T-2,6-(OH)-
PPE" < [H4TPPE" &~ [H4TPyPE". (This order prevails for
all points along the reaction coordinate.) Figure 5 indicates that
nonbonded interactions and torsional strain dominate the
energetics of the process. Since torsional strain tends to zero
for a planar porphyrin core, the asymmetric variationAdJ,,
with y,, reflects progressive distortion of the porphyrin core as
Yav — 40° (Figure S10). Importantly, the prediction thatH
TMP]?* is lessflexible than [HTPPE" is consistent with the
conclusion based on the barrier to inversieifdé infra) and
their X-ray structures.

To evaluate the assumption that nonbonded interactions
between the pyrrole NH protons drive distortion of the porphyrin
macrocycle in porphyrin diacids, we first calculated the energies
of the Dg4n, D2g, and Cy, conformations of [Hporphineft,
followed by the energies of these conformatidessthe strain
contribution from the NH proton&. From Table 5, theDsn
conformation of [Hporphinef' lies 2.78 kcal/molhigher in
energy than th®,4 conformatiorf2 The data for [porphinéf,
however, indicate that in the absence of the pyrrole NH protons,
the D4, conformation is 2.70 kcal/mahore stablghan theDoy
symmetry conformation. This is largely due to a higher degree
of torsional strain (3.13 kcal/mol) in the latter.

(57) There are two and four ways of forming tBeq (AHel = 0 kcal/
mol) andCy, (AHre = 0.76 kcal/mol) conformations of [orphinef",

4 shows that the peripheral substituents substantially affect respectively. The statistical contribution to the distribution of the two isomers

molecular flexibility Thus, the strain introduced by increasing
the bulk of the peripheral groups has two major effects. First,
it favors aDyg-saddled conformation. The degree of distortion,
in the absence of efronmental constraintsherefore increases
from [Haporphine}* (|Cy| = 0.34 A) to [F4T-2,6-CLPPE* (|Cy|

is given byASe = RTIn (2/1) 58 From the partition function for the system,
Ni = 100 expCAGI/RT)/Yi exp(—AG/RT), whereN; is the percentage
population of theith conformatior? and the relative stabilities of thBag
(AGrel = 0.41 kcal/mol) andCan (AGre = 0.76 kcal/mol) isomers at 298
K, 64% of a “gas-phase” sample of Jpbrphine}* should populate the
D4 conformation. The percentage population of g conformation at
298 K in the case of [{DEPE" (71%), [k TPPE" (90%), and [HT-2,6-

= 0.50 A, Tables 4 and 5). Second, it leads to an increase in Cl,PPP* (92%) reflects the increase in peripheral steric bulk across the

(54) The affinity of CRCO,™ for protonated sapphyrins (Kr&/.; Furata,
H.; Shreder, K.; Lynch, V.; Sessler, J. 1. Am. Chem. Sod996 118

series and the fact that thi2yy conformation most effectively minimizes
the associated increase in steric strain.
(58) Bond, A. M.; Hambley, T. W.; Snow, M. Rnorg. Chem.1985

1595) and, presumably, porphyrins may be responsible for the unusual 24, 1920.

crystallographic conformation of JTCHP](TFA).2% In this species, the
CRCO; ions bridge adjacent NH protons, favoring a stepped core
conformation with one pair of cis pyrrole NH groups canted above (and
the other below) the porphyrin mean pla@{ symmetry). Our calculations
show that without the counterions, the stepgigd conformation of the
X-ray structure refines into a more statile, geometry with one pair of
trans pyrrole rings lyingn (and the other pair canted above and below) the
porphyrin mean plane. SinceCGa, conformation appears to be an accessible
local minimum for simple porphyrin diacids (Figure 4), tBe, conforma-
tion of [HsTCHP](TFA)2% may result from distortion of th€,, conformer
by the CRCO;~ ions bridgingcis-pyrrole NH groups.

(55) Hoard, J. LAnn. New York Acad. Sc1973 206, 18.

(56) If the present force field reliably estimates the steric strain

(59) Comba, P.; Hambley, T. WMolecular Modeling of Inorganic
CompoundsVCH: New York, 1995; p 68.

(60) A highly strained conformation in which both pairs of trans pyrrole
NH groups become coplanad4,) is clearly avoided in th€,, transition
state, which has one pair of trans NH groups tipped well below the porphyrin
mean plane and a near in-plane location for the second pair.

(61) TheD4, conformation of [Hporphine}* is inherently unstable and
refines into theD,y -saddled conformation in the absence of geometry
constraints. However, by using a planar input structure and allowing only
the x- and y-coordinates of the porphyrin core atoms to refine, the total
steric energy of th®4, conformation of [Hporphinef* can be calculated.

(62) Although there is a 3.34 kcal/mol increase in torsional strain
associated with aDyq symmetry conformational distortion, there are

contribution to the barrier and the mechanism in solution is the same as significant reductions in the van der Waals energyJ{s, —4.76 kcal/
that in the gas phase, then comparison of the calculated and observed barriermol), angle-bending energAUy, —1.02 kcal/mol), and bond deformation

for [H4TMTCPPF' (0.55 vs 9.2 kcal/mol) and [HETCPP}" (1.4 vs 11.7
kcal/mol) (surfaces not shown) indicates that the solvent contribution to
the barrier is large.

energy A\Ug, —0.41 kcal/mol). These collectively outweigh the unfavorable
increase in torsional strain, leading to net stabilization of@Dagsaddled
conformation.



10742 J. Am. Chem. Soc., Vol. 119, No. 44, 1997 Cheng et al.

Table 5. Strain Energy Components of i, Ca,, andD2g Conformations of [Hporphineft and [Porphine? 2

[H4porphineft [porphinef—®
Dan D2g Con A° Dan Dag Con A°

U 15.211 12.428 13.190 2.783 3.829 6.533 6.663 —2.704

Upd 0.574 0.168 0.228 0.406 0.066 0.068 0.078 —0.002

Uy? 6.179 5.156 5.213 1.023 4.697 4.638 4.631 0.059
Usg 0.088 0.005 0.012 0.083 —0.011 —0.016 —0.018 0.005
Uz,4-ng? 0.721 0.906 0.956 —0.185 1.759 1.647 1.748 0.112
Ung? 1.539 —-3.221 —2.646 4.760 —3.096 —3.318 —3.296 0.222
U, 6.000 9.342 9.346 —3.342 0.000 3.134 3.140 —-3.134

U, 0.110 0.074 0.083 0.036 0.414 0.379 0.380 @035

2All energies are in kcal/moP Each conformation of [porphing&] is equivalent to the core geometry of the energy-minimized conformation of
[Haporphinef™ minus the four pyrrole NH protons. The total strain energies of the [porphieehformations give a measure of the intrinsare
strain energies of the relevantfbbrphine}* conformations® A is the energy difference between g andD,q conformations? The components
of the total steric energyUr) are the bond deformation energyyj, angle bending energyJg), stretch-bend energyJgg), 1,4-van der Waals
energy Ui4-ng), through-space van der Waals enerty), torsion angle deformation energy), and dipole energyly,).

Since protonation of the porphyrin clearly favorsDag- Since [HOEPE" is calculated to be modestly less distorted than
saddled conformation, the change in total steric energy ac-[H TPPF', but is in fact considerably less distorted (less
companying theD4, — Dy conformational switch can be flexible) in the solid state, our results suggest that differences
factored into contributions from distortion of the porphyrin ring in conformation between analogous [M(OEP)jand [M(T-

and interaction of the NH groups, eq 1 PP)I* derivatives (the latter are always more distorted) are
largely, though not entirely, the result of environmental effects
AU; = AUypr0tons T AU porphinecore 1) on the molecular conformation.
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(OCHg)PPE" from temperature-dependett NMR data (2.4 Supporting Information Available: Complete crystal-
kcal/mol)83 lographic details, atomic coordinates, anisotropic thermal pa-
_ rameters, fixed hydrogen atom coordinates, bond lengths, and
Conclusions bond angles for [(DEP](CIQy),, [H4TPP](CIQy), and [HTMP]-
The crystal structures of BOEP](CIQy), (ICo| = 0.45 A), (ClOy), (Tables S+S18). Comparison of X-ray and MM-
[H4TMP](CIO4); (|Cs| = 0.67 A), and [HTPP](CIQ)> (ICy| = calculated bond lengths, bond angles, and torsion angles for

0.93 A) show that th®,4-symmetry distortion of the porphyrin ~ €ight porphyrin diacids (Tables St$42) and listing of new
core depends critically on the nature of the peripheral substit- force field parameters (Table S43). Diagrams showing the
uents. The large distortion for JIPPR* suggests that it is ~ Perpendicular displacements of the porphyrin core atoms from
overall more flexible than [{TMPJ2*. This conclusion is  the nitrogen-atom mean planes of4fPEP](CIQy), [HaTPP]-
supported by molecular mechanics calculations which indicate (C104)2, [HsTMP](CIO,), (moleculel), and [HTMP](CIO,),

that the strain energy penalty to rotation of thesearyl groups ~ (molecule2) (Figures Si-S4); ORTEP diagrams of [TPP]-
(and concomitant distortion of the porphyrin macrocycle) (ClOs)2and [TMP](CIO,), (molecule2) (Figures S6 and S7).
increases in the order [IPYPR* < [H TPPR < [H4T-2,6- Diagram of MM2 force field atom types (Figure S5). Fits of
(OH), PP+ & [H4T-2,6-RPPE* < [H4T-2,6-CbPPR* & [Ha- MM-calculated and X-ray structures (Figure S8), selected
TMP]2*. The calculatedif vacug barrier to conformational ~ conformations of [4TPPF* from Figure 4 (Figure S9), variation
inversion also increases with increasing substituent bull, [H ©f tétraaryl porphyrin diacig-carbon displacements (Figure
porphinel* < [H4OEPE+ < [HsTPPE™ < [H4T-2,6-CLPPE*, S10) and [HTMP]?* conformations (Figure S11) Withe, (68
suggesting that steric crowding decreases molecular flexibility. Pages.) See any current masthead page for ordering and Internet
access instructions.
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Chem.1979 44, 2551. JA9716214



