3932

J. Am. Chem. So@001,123,3932-3939

On the Negligible Impact of Ruffling on the Electronic Spectra of
Porphine, Tetramethylporphyrin, and Perfluoroalkylporphyrins

Alan K. Wertsching, Andrew S. Koch, and Stephen G. DiMagno*

Contribution from the Department of Chemistry, eisity of NebraskeaLincoln,
Lincoln, Nebraska 68588-0304

Receied August 22, 2000

Abstract: In the first part of this paper, the syntheses, structural characterization, molecular modeling, and
electronic spectra for planar and nonplanar perfluoroalkylated porphyripsR (& are reported. These studies
demonstrate that the intrinsic substituent effect of the perfluoroalkyl group on the long-wavelength electronic
spectrum of porphyrins is substantial, and similar (in magnitude) to that of a phenyl ring. Moreover, it is
shown that out-of-plane distortion of {&°’s has a negligible impact on their electronic spectra. These data
bolster the findings of our earlier work and demonstrate that nonplanarity {pfP(Rdoes not result in a
red-shift in their optical spectraln the second part of this paper, time-dependent density functional spectral
calculations (B3LYP/6-311G*/TD) for porphine, 5,10,15,20-tetrakis(trifluoromethyl)porphyrin, and 5,10,15,-
20-tetramethylporphyrin in a variety of ruffled conformations are reported. The results of these studies indicate
that (1) substantial ruffling of porphyrins has a negligible effect upon their electronic spectra, (2) similarly
small effects upon electronic spectra are predicted if electron-withdrawing or electron-releasing groups decorate
the porphyrin periphery, (3) for sterically encumbered porphyrins, ruffling can actually result in hypsochromic
shifts in various absorption bands, and (4) the bulk of the red-shift commonly thought to be due to nonplanar
distortion actually arises from other substituent effects. These results pose serious challenges to previous
theoretical and empirical studies that have sought to find a cause-and-effect relationship between nonplanarity

and electronic spectra in porphyrins.

Introduction

Toward the goal of understanding the biological relevance
of nonplanar distortion in protein-bound porphyrinoid pigments,

considerable effort has been directed toward the synthesis and Cz H //010

spectroscopy of highly substituted, conformationally constrained
model compounds: 12 Such highly substituted porphyrins adopt

nonplanar structures; two of the most common deformation
modes$? are shown in Figure 1, along with labeling schemes
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Figure 1. Labeling diagram and two principal distortion modes for

porphyrins. Closed and open circles represent displacement above and
below the mean plane, respectively.

for the macrocycle. Numerous studies amesesubstituted,
sterically encumbered nonplanar porphyrins demonstrate that
these compounds exhibit bathochromically shifted absorption
spectra relative to standard planar porphyrins such as 5,10,15,-
20-tetraphenylporphyrin (TPP) and 2,3,7,8,12,13,17,18-octa-
ethylporphyrin (OEP}# The number of such studies has grown
to the point that it is generally accepted that a red-shift in the
long-wavelength region of the optical spectrum is the signature
of porphyrin ring distortion, as is clearly reflected in current
reviews!> 17 However, an often neglected potential pitfall in

(14) Ravikanth, M.; Chandrashekar, T.8truct. Bonding.995 82, 105—
188.
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studying sterically encumbered model compounds is that the controversy lies in assigning the relative contributions of
substituents introduced to cause nonplanar macrocycle distortionsubstituent effects and porphyrin ring ruffling to the observed
perturb the electronic structure and deform the porphyrin ring difference. To draw these distinctions, one must first recognize
in a manner that is distinct from nonplanarity. If these substituent that substituents have conformational consequences (such as
effects are important, one can neither extrapolate the electronicrehybridization) that are distinct from nonplanarity. Sterically
effects of porphyrin ring distortion in models to those of their demanding substituents located at the porphyrin ring periphery
biologically relevant cognates nor logically infer a cause-and- introduce significant changes in the bond lengths and bond
effect relationship between nonplanarity and spectral properties.angles of the macrocycle; these bonding alterations occur
In this article we show conclusively that, for at least one regardless of whether the ring distorts from planarity. Relief of
common deformation mode, porphyrin ring ruffling, these strain resulting from in-plane nuclear reorganization (IPNR) is
hitherto neglected substituent effects both dwarf the stereoelec-the driving force for nonplanarity in highly substituted free base
tronic consequences of nonplanar distortion and are the principal,porphyrins. Importantly, nonplanarity induced by IPNR is not
and perhaps only, cause of experimentally observed bathochro-necessarily related to that observed in proteins, where nonbonded
mic spectral shifts previously thought to have their origins in peptide-pigment interactions and contraction of the core around
nonplanarity. The logical relationship between ruffling and red- a metal ion lead to macrocycle distortion. It is difficult to
shifts is shown to be one of collateral contiguity rather than delineate the relative impact of electronic substituent effects,
cause-and-effect. nonplanarity, and IPNR induced by perfluoroalkyl groups in
5,10,15,20-Tetrakis(perfluoroalkyl)porphyrins,J§®’s, are (Rr)4P’s upon spectroscopic properties directly; nevertheless, this
unusual in that they possess highly distorted macrocycle Problem may be approached empirically and theoretically, and
conformations yet show ground- and excited-state electronic both tacks are described below. The first part of this paper
properties that are virtually identical to those of their planar describes the syntheses, structural characterization, molecular
counterparts, such as TP#L The lowest energy absorption ~Mmodeling, and electronic spectra of planar and nonplanar
band (Q(0,0)) for 5,10,15,20-tetrakis(heptafluoropropyl)por- Perfluoroalkylated porphyrins. These studies enable empirical
phyrin, (GF7)4P, occurs at 647 nm in Gi&l,, making (GF7)4P assessment of the electronic and steric substituent effects in the
comparable to TPP (646 nm) in this regard. At the time these absence and in the presence of nonplanar distortion and serve
data were reported, it was noted that they were incompatible to disentangle how IPNR, electronic substituent effects, and
with the prevailingWeltanschauunghat nonplanar distortion ~ nonplanarity alter porphyrin spectroscopic properties. This work
in porphyrins is equated with bathochromically shifted electronic demonstrates that the intrinsic substituent effect of the perfluo-
spectra® Furthermore, these data indicated that substituent roalkyl group on the long-wavelength electronic spectrum of
effects were major factors contributing to the red-shift in other Porphyrins is substantial, and similar in magnitude to that of a
conformationally constrained porphyrin models and, by exten- phenyl ring. Moreover, it is shown that the out-of-plane
sion, raised questions regarding the biological relevance of distortion of (R)4P’s has a negligible impact on their electronic
current structure/optoelectronic property relationships derived spectra. The second part of this paper reports theoretical studies
from studies of nonplanar heme models. likewise aimed at deconvolution of the substituent and confor-

In response, Parusel, Wondimagegn, and Ghosh have recent|)mational effects of th(_a perfluo_roalkyl substit_uent. We report
countered that (RP’s do, in fact, possess substantially red- time-dependent er5|ty functional calgulatlons (B3LYP/6-
shifted optical spectra resulting from their nonplanar macrocycle 311G*/TD) of optimized nonplanar @&P in three nonplanar
geometrieg! After comparing the results of electronic spectral conformations. A comparison of these studies with similar
calculations of zinc porphine in its optimized, planar form and Studies of porphine (P) and 5,10,15,20-tetramethylporphyrin
in two nonplanar geometries derived from optimized structures (TMP) indicates that the effect of porphyrin ruffling upon
of zinc tetrakis(trifluoromethyl)porphyrin, they conclude that ©lectronic spectra is generally small and can result in either
the reported absence of red-shifts in)gR electronic spectra bathochrom_lc or hypsochromic shifts, depen_dln_g upon the natu_re
merely “stems from the questionable use of tetraphenylporphy- of the substituents. These data bolster_ the flno!lngs of our earlier
rin” (instead of porphine [0,0) = 614 nm]) “as a zero level WOfK a}nd demonstr{:\te tha}t nonlplanarlty of)fR’sresults in a
for spectral shifts”. This controversy concerning perfluoroalkyl- N€dligible change in their optical spectrahese data also
ated porphyrins serves as a useful starting point to reexaminelndicate that increased ruffling can be correlated with hypso-

the spectroscopic consequences of ring distortion in thesechromic.shifts in sterically hindered ruffl_ed mpdel compounds,
compounds, and in porphyrins generally. suggesting that observed bathochromic shifts commonly at-

tributed to nonplanar distortion arise largely from IPNR. These
studies help us explain why conflicting data are obtained from
theoretical studies in this area, and they indicate that the majority
of the differences in electronic spectra generally thought to be
(15) Shelnutt, J. A. IThe Porphyrin Handbogkadish, K. M., Smith, caused by ruffling of porphyrins may, in fact, be due to

K. M., Guilard, R., Eds.; Academic Press: New York, 2000; Vol. 7, pp Substituent artifacts which are absent in biology.
167—223.

It is a matter of simple empirical fact that the electronic
spectra of ruffled (R4P’s differ substantially from the electronic
spectrum of the unsubstituted parent compound. The crux of

(16) Shelnutt, J. A.; Song, X.-Z.; Ma, J.-G.; Jia, S.-L.; Jentzen, W.;
Medforth, C. J.Chem. Soc. Re 1998 27, 31-41. Symheses
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539'\43 4G7U|Iard, R., Bds.; Academic Press: New York, 2000; Vol. 1, pp 5,10,15-tris(heptafluoropropyl)porphyrin @&)sP) are shown in Scheme

(18) DiMagno, S. G.; Williams, R. A.; Therien, M. J. Org. Chem. 1. Fo_IIowmg t_he MacDonald app_roa_éliw%3 the syntheses e_mploye_d
1994 59, 6943-6948. substituted dipyrrylmethane derivatives to provide regiochemical

(19) Goll, J. G.; Moore, K. T.; Ghosh, A.; Therien, M.J.Am. Chem. control. The appropriate dipyrrylmethane precursors cyclize to por-
S0c.1996 118 8344-8354.
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aConditions: (a) heptafluorobutyryl chloride, triethylamine, THF,
0 °C; (b) NaBH,, MeOH; (c) pyrrole,p-toluenesufonic acid, benzene
heated at reflux; (d) DDQ.

phyrinogens under typical dry, acidic conditié®& and are subse-
guently oxidized with DDQ to give (P and (R)sP in low (5%) but

acceptable yield. Full experimental procedures are given in the

Supporting Information.

Structure
Crystals of (GF7)sP grown from CHCJ were suitable for X-ray

diffraction. Perspective drawings from the crystal structure determi-

nation are shown in Figure 2.The perfluoropropyl group at C10 is

disordered due to equal occupancy of two possible extended conforma:

tions within the crystal lattice. This structure is quite informative in

Wertsching et al.

in porphyrins, and to assess the accuracy of the DFT method
employed to model the empirical geometries. Optimized ge-
ometries for porphine, (§Es)1P, (GFs)2P, (GFs)sP, and (GFs)4P
were obtained by using hybrid density functional calculations
(B3LYP) and a minimal basis set (3-21G¥The perfluoroalkyl
groups were truncated to perfluoroethyl in order to conserve
computational effort.

Two compounds from the homologous seriesHAzP?” and
(CsF7)4P 18 have been structurally characterized. A perspective
drawing from the X-ray determination of ruffled {&)4P, drawn
from the Cambridge Crystallographic datab#sis shown in
Figure 3, juxtaposed with the calculated, optimized ruffled
structure. Both structures have similar core sizesIly, = 4.06
A calc; 4.08 A X-ray), transannular distances (6515= 6.76
A calc; 6.75 A X-ray), and peripheral nonbondeetA contacts
(average= 2.15 A calc; 2.24 A X-ray). The graph showing the
degree of nonplanarity of the porphyrin ring (maximum devia-
tion = 0.498 A calc; 0.493 A X-ray) demonstrates that the DFT
method employed provides a reasonable model of the structure
of this compound using the small 3-21G* basis set.

The calculated structure of ¢&;)sP is shown in Figure 2
beside the crystal structure determination. The overall nonpla-
narity of the empirical structure is well described by the
modeling; maximum displacements from the ring mean plane
for the trisubstituted structures are 0.214 and 0.209 A for the
calculated and empirical structures, respectively. However, the
type of distortion mode observed in the X-ray crystal structure
is not reproduced well in the model, as is clear from inspection
of the lower half of Figure 2. The shallowness of the confor-
mational energy surface for the calculated porphyrin, along with

the susceptibility of porphyrins to crystal packing distortions,

makes the differences in the calculated and empirical geometries

that half of the macrocycle is essentially flat and half adopts a modestly Understandable. Given these variables, the modeling appears to
nonplanar geometry. The maximum deviation of the pyrrole carbons mimic reasonably well the degree of nonplanar distortion seen
C7, C8, C12, and C13 from the mean porphyrin plane is 0.209 A, and for these perfluoroalkylated porphyrins.

no other ring atom is displaced more than 0.11 A. These data suggest The calculated structures of {&):P and (GFs),P demon-

that perfluoropropyl groups at the 5- and 15-postions do not provide strate the striking degree of in-plane nuclear reorganization in

sufficient steric bulk to cause the porphyrin ring to deviate from
planarity, while introduction of the thirdheseperfluoropropyl group
buckles the ring. Examination of the<C bond lengths and the internal
bond angles at theesaopositions provides evidence for this postulated
additive steric effect. At the unencumbene@socarbon atom (C20),
the average €C bond length is 1.382(8) A and the internal bond angle
(C1—C20-C19) is 130.3(4). In contrast, the corresponding-C bonds

at the perfluoroalkylated positions are somewhat longdr.40 A). In

the porphyrin ring caused by the bulky substituents (Figure 4).
In these structures, introduction of a perfluoroethyl group at a
mesaposition is associated with a significant contraction of the
interior bond angles (C4C5—C6) at the substituted positions:
122.9 for (C,Fs)1P and 122.4for (C,Fs),P. The effect of these
changes is to elongate the macrocycles along their CB
axes. For (GFs)1P, the distance from C5 to C15is 7.14 A, while

addition, the average internal bond angles are contracted dramaticallythe distance from C10 to C20 is 6.65 A. The ellipticity is slightly

at C5 and C15 (C4C5-C6 = 124.0(4}, C14-C15-C16= 125.3(4)),

larger in (GFs),P: C5-C15 is 7.26 A and C10C20 is 6.54

indicating that the pyrrole rings have rotated away from the bulky A ~Although considerable IPNR caused by thg=Cgroups is

perfluoropropyl groups. While this steric pressure is accommodated at

C20 by expanding the C+9C20-C1 bond angle, the presence of the

perfluoroalkyl group at C10 causes additional angle strain, the ring

buckles, and the C9C10-C11 bond angle contracts to 127.3(4)

Molecular Modeling

Molecular modeling studies were conducted with four goals

in mind: to verify that the X-ray structure of ¢€;)sP is a

reasonably accurate description of a local conformational
minimum, to determine the degree of nonplanarity caused by
sequential perfluoroalkyl group substitution, to illustrate other

conformational consequences of incorporating bulky substituents

(24) Lindsey, J. S.; Schrieman, I. C.; Hsu, H. C.; Kearney, P. C;

Marguerettaz, A. MJ. Org. Chem1987, 52, 827—-836.

(25) Crystal data for 5,10,15,-tris(heptafluoropropyl)porphyrig:HzoF2gN4
crystallizes in the monoclinic space groB@(1)/c with a = 17.4086(6) A,
b= 18.4656(6) Ac = 9.1527(3) Ao = 90°, § = 95.4050(10), y = 90°,
V =2929.1(2) B, Z = 4, andd.ac = 1.847 Mg/n?. Refinement converged
to Ry = 0.0759 andr, = 0.1023.

evident, the maximum and average deviations from the least-
squares plane in these calculated structures are only 0.16 and
0.065 A for (GFs):P and 0.09 and 0.049 A for ¢Es).P,
respectively. Given the reasonable degree of success of this
theoretical method to mimic the out-of-plane distortion seen in
(CsF7)sP and (GF7)4P, it is reasonable to consider#&).P to

be essentially planar.

The modeling and structural studies described in this work
are consistent with one another: as the number of appended
meseperfluoroalkyl groups increases from 2 to 4, the conforma-
tion of the porphyrin ring changes from planar (or nearly so),
to slightly nonplanar, to substantially ruffled. Together with
porphine, this set of molecules constitutes an appropriate

(26) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(27) This work.

(28) Allen, F. H.; Kennard, OChem. Des. Automat. NeW893 8, 31—
37. The coordinates were obtained from Cambridge Crystallographic
Database entry YESBON.
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Figure 2. Comparison of X-ray and calculated structures for 5,10,15-tris(perfluoroalkyl)porphyrins. (Left) A perspective drawing of the X-ray
crystal structure of (€)sP. (Right) The calculated structure of£&)sP is shown in blue superimposed upon the calculated structure of porphine
(shown in red). The graph at the bottom of the figure compares the out-of-plane displacements (in angstroms) at the macrocycle periphery for the
X-ray (yellow) and calculated (blue) structures.

empirical instrument to extricate the effect of nonplanar distor- substituent effect of a perfluoroalkyl at the porphyrimeso

tion from other substituent effects in this system. position upon the long-wavelength region of the optical spectrum
_ is responsible for most, if naill, of the observed red-shift in
Optical Spectroscopy the spectrum; any alteration of the long-wavelength electronic

The wavelengths for the,(,0) transitions of porphine (614  SPectrum due to a conformational tra.msiti.on.frqm_planar.to
nm, 2.02 eV), (R:P (628 nm, 1.98 eV), (P (636 nm, 1.95 nonplan_ar perfluoroalkyla.ted porphyrins is insignificant in
eV), and (R4P (647 nm, 1.92 eV) were determined from cOmparison to other substituent gffects. Furthermore, tet.raphe-
electronic spectra of the compounds in L. For comparison, ~ NYlporphyrin seems an appropriate benchmark by which to
the spectra of 5,15-diphenylporphy#i{DPP) (Q(0,0) = 629 gauge the spectral shlfts_ln perfluoroalkylated porphyrins, since
nm, 1.97 eV), 5,10,15-triphenylporphyrin {0,0) = 641 nm, the impact of successive phenyl or perfluoroalkyl group
1.93 eV)3®and TPP (Q0,0)= 646 nm, 1.92 eV) were recorded ~ Substitution upon the ma_crocyqle has a compa_lrabk_e effect on
under identical conditions; the data are plotted in Figure 5. The the spectroscopic properties. Given that nearly identical batho-
addition of two perfluoroalkyl or two phenyl groups results in  chromic shifts in the spectrum of porphine are observed for DPP
a similar red-shift in the electronic spectrum of porphine; and (R):P in the absence of significant nonplanar distortion,
significantly, neither of these compounds is substantially non- @nd that nearly identical spectral shifts are recorded upon
planar. These data indicate that there is a considerable substituerdditional substitution (DPP- TPP and (R2P — (Ri)4P) that
effect associated with the perfluoroalkyl group that is indepen- induces significant nonplanarity only in (&P, it is clear that
dent of nonplanar conformational change and is similar in there are no empirical data here to support the notion that there
magnitude to that of a phenyl group. Further substitution (of is a significant red-shift in the optical spectrum due to nonplanar
either phenyl or perfluoroalkyl groups) leads to nearly linearly distortion of (R)4P’s.
increasing bathochromic shifts in thg(Q,0) absorption band; It is informative to analyze the analogous structural and
there is no obvious bathochromic shift attributable to the onset spectroscopic data for the corresponding zinc(ll) derivatives.
of nonplanar distortion. In summary, it appears that the Zn(CsF7)4P-pyridine exhibits a ruffled structure in which the

(29) Manka, J. S.; Lawrence, D. $etrahedron Lett1989 30, 7341 mesq30§itions are diSpl‘.aCEd .0'405 A, (.)n a"er‘f"ge' from the mean
7344. porphyrin plané? Despite this extensive ruffling, the longest-

(30) Callot, H. J.; Schaeffer, B. Chem. Res. (M}978 690-697. wavelength optical transition (THF, 652 nm, 1.902 eV) occurs
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Figure 4. Calculated structures of ¢€s)1 and (GFs).. (Top) The structures overlaid upon the calculated structure of porphine. (Bottom) The
degree of out-of-plane displacement (in angstroms) at each carbon atom in the porphyrin ring.

at precisely the same energy as the corresponding transition inthe maxim that bathochromic optical absorption spectra are
(planar) ZnTPP under identical conditions (THF, 652 nm, 1.902 electronic signatures of nonplanar distortion holds neither for
eV).1° Thus, the distortion in the structure of ZngG)4P is not (Rr)4P’s nor for Zn(R)4P’s.

reflected in a red-shift versus the planar benchmark ZnTPP. ) )

Once again, the available empirical evidence does not supportP€nsity Functional Theory

the argument that the electronic spectra of perfluoroalkylated In the empirical studies described above, the effect of a
porphyrins differ from the spectrum of porphine because of perfluoroalkyl group upon porphyrin optical spectroscopy was
macrocycle nonplanarity. The observed spectral shift arises fromseen to be comparable to that of a phenyl group and largely
substituent effects that are independent of nonplanar distortion;independent of macrocycle conformation. However, due to the
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Figure 5. Plot comparing the impact of increasing substitution with
phenyl or perfluoroalkyl groups upon the lowest energy electronic

absorption band of porphine. Spectra were recorded in methylene Prup

chloride.

disparate electronic nature of phenyl and perfluoroalkyl sub-
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Table 1. Structural Details from B3LYP/6-311G* Calculations of
P, TMP, and (CE)4P

rufling relative core

angle energy siz¢  B-oof  meseoop

compd  (deg) (kcal/mol)  (A) A R
(CR),P 28 0.28 409  0.179 0.497
(CR)4P 34 0.00 4.06 0.218 0.590
(CR)4P 40 0.31 4.02 0.254 0.678
TMP 14.2 0.00 4.13 0.095 0.250
TMP 28 0.97 4.07 0.182 0.470
TMP 40 3.95 4.00 0.254 0.656
P 0 0.00 4.15 0.000 0.000
P 28 4.59 4.08 0.180 0.445
P 40 9.82 4.01 0.252 0.629
Pcryp 28 8.07 409  0.179 0.497
Py 34 10.22 406 0.218 0.590
Pcrp 40 12.46 4.02  0.254 0.678
MP 14.2 3.15 4.13 0.095 0.250
MP 28 6.48 4.07 0.182 0.470
40 11.63 4.00 0.254 0.656

2 The first nine entries are full geometry optimizations. The structures
featuring 28 and 40 ruffling angles were obtained by using dihedral

stituents and the divergent electronic ground and excited statesconstraints, as outlined in the text. For the final six entries, porphine

of the resultant porphyrins, one could question whether the
negligible impact of ruffling observed in these studies is an

was calculated in the conformations derived from thegjgFFand TMP
optimizations after replacement of the substituents with hydrogen atoms,
as described in the textDefined as the dihedral angle betwesnti

isolated and serendipitous occurrence, or is a manifestation ofpyrrole rings. The absolute value is reporte&nergies are calculated
a more general phenomenon. To ascertain theoretically the effectrelative to that of the corresponding fully optimized, unconstrained

of ruffling upon the electronic spectra of porphyrins generally,
and (R)4P’s specifically, we performed higher level DFT
geometry optimizations (B3LYP/6-311G*) and time-dependent
density functional theory calculations (B3LYP/6-311G*/TD) on
porphine (P), 5,10,15,20-tetramethylporphyrin (TMP), and a
truncated perfluoroalkylated derivative, 5,10,15,20-tetrakis-
(trifluoromethyl)porphyrin ((CE)4P). The choice of trifluoro-
methyl instead of trifluoroethyl as the appended perfluoroalkyl

group was made to facilitate comparison of these results with

earlier work! and to save computational effort. All optimizations

compound. For porphine, the lowest energy structure was planar; for
(CR)4sP and TMP, ruffled minimum energy conformations were
obtained, as indicated.The core size is defined as the average of the
N21—-N23 and N22-N24 distances® The out-of-plane displacement

at the porphyring positions was calculated by summing the distance
of carbons 2, 3,7, 8, 12, 13, 17, and18 from the porphyrin least-squares
plane and dividing by 8.The out-of-plane displacement at the
porphyrin mesopositions was calculated by summing the distance of
carbons 5, 10, 15, and 20 from the porphyrin least-squares plane and
dividing by 4.

transannular dihedral constraints of4énore ruffled) and 28

were performed without symmetry constraints; ruffled geom- (jess ruffled). Again, the shallowness of the potential energy
etries were obtained by constraining four transannular dihedral syrface is indicated by the small endotherms associated with

angles (CtN21-N23—C14, etc.) to either Z8or 4C. It
deserves comment that the structures obtained from the 40

dihedral constraints exhibit more out-of-plane displacement than

any ruffled porphyrin or metalloporphyrin yet observed in a
protein crystal structure determination.

For porphine, the lowest lying planar structure and two ruffled
conformations were fully optimized. The 28tructure obtained

lies 4.60 kcal/mol above the energy of the planar ground state.

The second, more highly ruffled structure (ruffling dihedral
angle = 40°) was calculated to lie 9.82 kcal/mol above the

planar ground state. Further structural data for these compounds
are summarized in Table 1. Similar geometry optimizations were

performed for TMP, with the exception that the optimized
(unconstrained) ground-state structure was slightly ruffled
(ruffling angle= 14.2) due to steric interactions of the methyl
substituents with thes-hydrogen atoms at the porphyrin

periphery. The data are also summarized in Table 1. The

relatively small energetic cost associated with ruffling TMP to
a dihedral angle of 40(3.96 vs 9.82 kcal/mol for P) indicates

that there is an exchange of IPNR for torsional strain as the

porphyrin is ruffled; nonplanar distortion alleviates IPNR, and
the potential energy surface is shallower than that in the
unsubstituted parent compound. For gGP, the ground-state
optimized geometry is significantly more ruffled (ruffling angle
= 34°) than it is for the same calculation at a lower basis set.
This ruffling angle is slightly larger than that seen in the
available crystal structure determination (ruffling angl8°).
Two additional optimized structures were obtained by using

macrocycle deformation.

Finally, we used the previously employed strategfenhereby
the CFk; groups from the three calculated ruffled structures of
(CR3)4P were replaced by hydrogen atoms—& bond length
=1.08 A) at themesapositions to yield porphine in the (GP
geometry. Single-point calculations on P were performed at each
geometry. An identical process was used to calculate P in the
ruffled TMP geometries. The structural data for all of these
calculations are summarized in Table 1.

Two parameters from Table 1 demonstrate that IPNR plays
a significant role in the rufflednesesubstituted compounds
TMP and (CR)4P. First, the degree of out-of-plane distortion
at themesopositions for TMP and (C§j4P exceeds that seen
in the comparably ruffled optimized structures of porphine.
Second, porphine in its optimized ruffled geometry is signifi-
cantly more stable than it is calculated to be in its corresponding
TMP- or (CR)4P-derived ruffled conformations. Although IPNR
accounts for only roughly 2640% of the total strain energy

of porphine in the latter conformations, its effect on the
spectroscopic properties of the distorted macrocycle is significant
(vide infra).

(31) In ref 21, the authors state that “(t)he artificially ruffled conformation
of ZnP was derived from the ruffled optimized geometry of ZnP{¢By
replacing the Ck groups with H, with the H's lying exactly along the
original C(meso) C(CRs) vectors and C(meseH bonds being set to 1.08.”
The authors then compare the calculated results from ruffled ZnP and planar
(fully optimized) ZnP and attribute all of the difference in the electronic
spectrum to nonplanar distortion.
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Table 2. Electronic Structure Calculations (B3LYP/6-311G*/TD) of P, TMP, and P

ruffling energy (eV)

compd angle (deg) HOMG- 1 HOMO LUMO LUMO + 1 transition wavelengtignm)

(CR)4P 28 —6.572 —6.354 —3.596 —3.544 567.0, 531.3, 404.9, 398.8
(CR)4P 34 —6.570 —6.350 —3.602 —3.540 568.0, 532.6, 404.4, 397.9
(CR)4P 40 —6.569 —6.346 —3.607 —3.537 569.0, 533.9, 404.0, 397.5
TMP 14.2 —5.418 —4.996 —2.401 —2.341 592.0, 547.0, 389.4, 373.8
TMP 28 —5.399 —4.983 —2.378 —2.343 591.7, 549.5, 390.2, 372.7
TMP 40 —5.375 —4.968 —2.350 —2.341 590.7, 551.9, 390.9, 373.8
P 0 —5.542 —5.407 —2.485 —2.472 543.9, 509.8, 372.3, 362.2
P 28 —5.522 —5.401 —2.483 —2.461 545.2,511.9, 372.9, 362.9
P 40 —5.504 —5.396 —2.481 —2.453 546.5,514.0, 373.7, 363.9
Per)p 28 —5.476 —5.381 —2.492 —2.466 553.7,519.9, 374.2, 361.8
Pcryp 34 —5.463 —5.374 —2.488 —2.456 554.1,520.7, 374.3, 361.4
Per)p 40 —5.455 —5.369 —2.487 —2.448 554.5,521.6, 374.5, 361.5
Prvp 14.2 —5.520 —5.424 —2.510 —2.486 548.2,513.5, 375.7, 366.7
Prup 28 —5.503 —5.415 —2.508 —2.474 549.4, 515.3, 376.0, 366.7
Prwp 40 —5.482 —5.405 —2.500 —2.464 550.8, 517.5, 376.9, 367.9

a Geometries are identical to those described in TabRChlculation details are given in the Supporting Information.

Calculated Electronic Spectra in the long-wavelength region of the spectrum of highly ruffled
(CR3)4P are largely due to electronic effects and IPNR; only

Electronic spectral calculations for all of the computed . X
P P 10% (or less) of the difference between the lowest lying

geometries are summarized in Table 2. It is evident from I . .
inspection of Table 2 that ruffling has a small impact on the transition energies of highly ruffled (GRP and planar P can

electronic spectrum of porphine, even at relatively large be attributed to nonplanarity using this factoring methodology.

deviations from planarity (0.65 A maximum displacement). Similar conclusions can be drawn from studies of porphine
The four frontier orbitals move to higher energy with increasing in the TMP-derived ruffled geometries, except that reduced
distortion, and modest bathochromic shifts are evident in the IPNR, due to the smaller steric demand of methyl compared to
four calculated lowest lying electronic transitions. In contrast, trifluoromethyl, results in smaller red-shifts in the spectra. Still,
TMP shows a more Compncated electronic response to rufﬂing_ the SpeCtra' shifts due to IPNR dwarf those due to ruffling. Itis
The lowest lying transition exhibits a modest hypsochromic shift consistent with the data presented here for TMP and;)@F
at large nonplanar deviation, while the remaining transitions to postulate that the importance of IPNR scales with the steric
either move steadily to lower energies or exhibit a nonlinear demand at the porphyrimesoposition.
response to ruffling. The transitions of (g also exhibit a These studies show that IPNR is a major factor influencing
mixed response to ruffling: the low-energy Q-bands are shifted the spectra of sterically encumbered porphyrins such ag{&F
slightly to the red, while the higher energy bands move to the This in-plane nuclear reorganization was evident in the empirical
blue. Taken together, these spectral calculations predict that theand modeling studies in the first part of this article. Furthermore,
impact of ruffling on the electronic spectra of porphyrins is itis consistent with basic notions of chemical bonding that bond
extremely modest and can result in either slight bathochromic and angle distortion derived from strain- and/or substituent-
or hypsochromic shifts in various bands, depending upon the induced rehybridization should affect electronic transition
nature of the substituents. energies? These considerations help us explain why the impact
To assign the relative importance of conformational and of nonplanar distortion is often overestimated in theoretical
electronic effects to the differences between the electronic studies in this area. It is imperative that the IPNR caused by
spectra of (CE)4P and porphine, it is important to note that, in  the substituents be taken into account, yet this has not generally
addition to an electronic effect, the €RBubstituent has a  been done. Attributing to nonplanarity the difference in the
conformational effect (IPNR) that is distinct from nonplanarity. calculated spectra of optimized porphine and porphine in a
This fact is illustrated by comparing time-dependent density geometry derived from a highly substituted nonplanar porphyrin
functional theory calculations on porphine in the giP-derived  misses this key substituent effect and introduces significant
geometries to those on porphine in its optimized, ruffled errors that jeopardize the conclusions of such wdrk.
conformations (Table 2). For a measure of the ellect.ronic. effect, Taken together, the DFT studies outlined here should strike
one can compare the spectra of P and P in identical 5 tqcsin for those attempting to derive general stereoelectronic
conformations. For example, replacing the gCBubstituents g |ationships from highly substituted porphyrins. While easy
with hydrogen atoms results in a 0.057 eV shift (from 569 10 5ccess to nonplanar geometries is made available by sterically
554.5 nm) in the longest wavelength transition for th€ 40  yomanding substituents, the geometries so obtained necessarily
structure and a 0.053 eV shift (from 567 to 553.7 nm) in the ;4 norate a great deal of IPNR. Given that the impact of IPNR
28 structure. An estimate of the impact of IPNR on the upon the electronic spectra of porphyrins is predicted to be far
electronic spectrum of (P can be made by comparing the  |546r than that arising from ruffling, these studies suggest that
spectra of porphine in the (GfP-derived conformations 10 gieically encumbered porphyrins, though fascinating molecules,
those of P in optimized structures with the same degree of 5.o nerhaps misleading structural models for assessing the
ruffling. IPNR is responsible for a 0.033 eV shift (from 554.5 impact of nonplanarity upon porphyrin electronic properties.

to 546.5 nm) in the 40structure and a 0.035 eV shift (from  \, 0.\« |PNR should be absent in biologi
- S , gical systems where
ggggotr?]sgrsiﬁ)rr:mczfmglrj'jwiirst;)u(;:rtgrr]ieﬁsutzlmr% f'lfl‘ze(:f' ?Sp%iﬁjigig) the pigment is not subject to such substituent-derived localized
. e teric f , d it Il th type,
porphine, accounts for only 0.011 and 0.005 eV shifts in the steric forces, hor does 1t generally possess e same Lype

lowest WaVelength transition energies in the® ‘Eh.d 28 (32) Pauling, L.; Wilson, E. Bintroduction to Quantum Mechanics with
structures, respectively. These data show that red-shifts observedpplications to ChemistryMcGraw-Hill: New York, 1935.
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location, or number of peripheral substituent groups as seen inempirical studies that have sought to find a cause-and-effect

typical model systems. relationship between nonplanarity and electronic spectra in
_ porphyrins. Claims that such a relationship exists need to be
Conclusions revisited® "

In summary, several key conclusions may be drawn from this

work: (1) the impact of ruffling on the electronic properties of Acknowledgment. We thank Victor Day of the University

ﬂ lkvlated hvrins | tionall dest: (2) 1 of Nebraska for performing the reported crystal structure analysis
per L:orlog ya;_e pol;p yrlnds ]'CS extce_p |?Ina y mo bes é ) ?frlgﬁ and Crystalytics Co. of Lincoln, NE, for use of its equipment
spectral deviations observed for sterically encumbered, ruttied, 5, supplies. We thank the National Science Foundation (CHE-

free base porphyrins may not be due to nonplanar distortion, : YR
but rather arise from substituent electronic effects and IPNR; ?08r137u2:g())r?nd the Office of Naval Research (N00014-00-1-0283)

(3) the impact of in-plane reorganization of the nuclear
coordinates upon porphyrin electronic properties is large and  Supporting Information Available: Experimental proce-
has not been generally recognized previously; and, consequentlydures and characterization data fogfgsP, (GF7)2P, and their
(4) the use of structurespectroscopy relationships derived from  precursors; computational details; X-ray structural information
the study of highly substituted, nonplanar porphyrin model on (GF,)sP (PDF, CIF). This material is available free of charge
compounds to interpret the structure of porphyrins in proteins via the Internet at http://pubs.acs.org.
is not currently justifiable.

The methods employed here can also be used to assess the\003137Y
impact of nonplanarity upon the electronic properties of  (33) For example, in ref 17 the author states, “An analysis of closely

; i ; FEAr [ related species indicates a direct correlation of these bathochromic shifts
metalated porphyrins and porphyrins with differing substitution with the degree of nonplanarity.” He goes on to say. “Proof for the

patterns or distortion modes. We believe that the results rejationship between nonplanarity and absorption band shifts has been
presented here pose serious challenges to theoretical angbrovided by several molecular orbital calculations.”




