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Comparative Analysis of the Conformations of Symmetrically and Asymmetrically Deca-
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Conformational analysis of highly substituted porphyrins has potential implications for modeling the behavior of
macrocycles in tetrapyrrole-containing protein complexes and during catalytic reactions. In order to study the
influence of different substituent patterns on the conformation of the porphyrin macrocycle, a series of metal free
and nickel(ll) decasubstituted porphyrins bearing aryl or ethyl groups at opposite meso positions and alkyl groups
at the pyrrole positions have been synthesized and characterized by X-ray crystallography. Crystal structures of
the free-base porphyrins with 5,15-diaryl substituents showed negligible out-of-plane distortion but a large amount
of in-plane distortion along the 5,15-axis accompanied by large bond angle changes similar to those previously
seen for related porphyrins with 5,15-dialkyl substituents. Nickel(ll) complexes of the 5,15-diaryl-substituted
porphyrins show planar or modestly nonplanar conformations, suggesting that these complexes are not intrinsically
nonplanar, whereas a complex with 5,15-diethyl substituents has a very ruffled conformation similar to those
observed for related complexes with other metals. The nickel(ll) complexes are also elongated along the 5,15-
axis in a qualitatively similar but less dramatic fashion than are the free-base porphyrins. Spectrosopic studies
(*H NMR, optical, and resonance Raman spectroscopy) suggest that conformations similar to those determined
by X-ray crystallography are present in solution for the 5,15-dialkyl- and 5,15-diaryl-substituted porphyrins. Several
asymmetric nickel(ll) and metal-free deca- and undecasubstituted porphyrins containing both aryl and alkyl meso-
substituents were also investigated. Metal-free 5,15-disubstituted porphyrins with one aryl and one alkyl group
showed considerably elongated porphyrin cores, whereas nickel(ll) complexes of porphyrins with 5,10- or 5,10,15-
substitution patterns showed very nonplanar structures consisting mainly of ruffle and saddle type distortions.

Introduction R'" R? R

The conformations of porphyrins are currently under active Rl R
scrutiny with regard to the connection between macrocycle
distortion and physicochemical propertfes. The flexibility of R2 R2
the tetrapyrrole system was demonstrated in the early porphyrin
crystal structures of Hoartland since then, a considerable body R R!
of information has been accumulated about how the conforma-
tions of simple porphyrin compounds such as octaethylporphyrin R" R2 R
(OEP,1) and tetraphenylporphyrin (TPR) can be influenced Rl R2
by metal, packing, and axial ligand effeétsThe concept of ! ChacHy - H
conformationally flexible tetrapyrrole macrocycles has wide 3 CH,CH3  CgHs
implications for the study of chromophor@rotein interactions 8 -
in »iv0.236 Some years ago, it was realized that the confor- s (CHas- CHaCHy
mational flexibility might modulate the biological properties of 6 Brord] (c(,Hf;)4 ’
tetrapyrrolesn vivo,2 and nonplanar tetrapyrrole conformations : S
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have been observed in the bacterial photosynthetic reaction
center/ a photosynthetic antenna compfekeme protein§,
methyl reductas&’ and vitamin B>-dependent enzymés.
Physical studies have shown a direct correlation between
macrocycle nonplanarity and properties such as spin delocal-
ization, redox potential, and the positions of optical absorption
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and resonance Raman barélsTheoretical studies on the

Senge et al.

cases, highly nonplanar sad®leonformations were observed

bacteriochlorophylls have also indicated that the observed due to steric interaction of the meso-substituents with neighbor-
individual absorption bands in pigment protein complexes can ing G, substituents. Quite different ruffiéconformations were

be correlated to the conformation of the individual
chlorophylls2122 The unidirectionality of the electron transfer

observed in 5,10,15,20-tetrasubstituted porphyrins with very
bulky groups, e.g. 5,10,15,20-tetiert-butylporphyrin (TtBuP,

in the bacterial photosynthetic reaction center has also been8).2

attributed to specific “structural engineering” of the prosthetic

Although the possibility of steric strain in mono- and di-meso-

groupst2b and ruffling of the porphyrin core has been proposed substituted OEP derivatives was pointed out by Wood®#ard

to play a role in the ligand binding function of heré.

during his elegant synthetic studies of chlorophyll, less sym-

Recently, specific heme distortions were found to be conservedmetric porphyrins have not attracted much interest within the

for mitochondrial and some other cytochrontesom diverse
species, further implying a biological role for such ring

distortions!® Model compounds employed in contemporary

studies are mainly dodecasubstituted porphyrins wih

symmetry?421 Examples include 2,3,7,8,12,13,17,18-octaethyl-

5,10,15,20-tetraphenylporphyrin (OETPB),21415 dodeca-
phenylporphyrin (DPP4),1617TPP with alkano rings enclosing
the G—Cy, positions §),18 2,3,7,8,12,13,17-octahalogeno-TPP
derivatives 6),1° and 5,10,15,20-tetranitro-OER)2° In most

context of recent conformational analyses. However, historically
the first crystallographic proof of porphyrin nonplanarity induced
by peripheral substituents was found for a mono-meso-
substituted OEP derivative. Such compounds were therefore
labeled “highly substituted porphyring®. Crystallographic and
spectroscopic evidence has since been obtained for nonplanar
conformational distortions in a number of mono- and di-meso-
substituted porphyrins, although the compounds studied are too
unrelated to allow the identification of general treR¢is® A
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Porphyrins Bearing Meso-Alkyl or -Aryl Groups

number of reports on the synthesis of 5,15-disubstituted por-
phyrins have also appearét#336put no detailed analysis of
their conformations has heretofore been performed.

As a first step to understanding the conformational properties
of 5,15-disubstituted porphyrins, we recently reported a study
of the free base, nickel(ll), and zinc(ll) complexes of the
decaalkylporphyrird.25 An interesting feature of the crystal

RE RB R2
R R!
R R*
R R
R R® R?
R1 R2 R3 R4
9 CH,CHj3 CH3 H CH,CH3
10 CH3 CH,CH3 H CH,CH3
11 CH3 CH,CH3 H CeHs
12 CH3 CH,CH3 H CgH3-2,5-OCH3
13 CHj3 (CH2)3CH3 H CeH4N

structure of metal-freed (H,9) was an essentially planar

conformation of the macrocycle, with steric strain between the
meso and pyrrole ethyl substituents being relieved by a novel
elongation of the macrocycle along the 5,15-axis. To see if

Inorganic Chemistry, Vol. 36, No. 6, 19971151

Experimental Section

General Procedures. Chemicals and solvents used were of analyti-
cal grade and were purchased commerically. Melting points are
uncorrected and were measured on a Bristoline hot stage apparatus.
Silica gel 60 (76-230 and 236-400 mesh, Merck) or neutral alumina
(Merck, usually Brockmann Grade lll, i.e. deactivated with 6% water)
was used for column chromatography. Analytical thin-layer chroma-
tography (TLC) was carried out using Merck 60 F254 silica gel
(precoated sheets, 0.2 mm thick). Reactions were monitored by TLC
and spectrophotometry and were carried out in dimmed light.

Proton NMR spectra were recorded at a frequency of 300 MHz.
The chemical shifts are given in ppm and have been converted to the
0 scale using the solvent signal at 5.80for CD,Cl, or 7.266 for
CDCl;. The variable-temperature unit was calibrated using a sample
of methanof’ Electronic absorption spectra were recorded on a Hewlett
Packard 8450A spectrophotometer using dichloromethane as solvent.
Mass spectra were obtained at the Mass Spectrometry Facility,
University of California, San Francisco, on a VG Analytical ZAB-HS-
2F mass spectrometer, using a direct-insertion probe. High-resolution
spectra were acquired at 70 eV, 50 mA, and a source temperature of
200 °C. Raman difference spectra were obtained using procedures
described elsewhef&218

Syntheses. The syntheses of metal-free compouhtd$1,382H,12,33
H>14,380 and H,15%° H,16,38 and nickel complexeblil7,3%aNi18,382
andNi19%2are described elsewhere. Metal complexes were prepared
from the corresponding free-base porphyrins using standard methodol-
ogy3®

(a) H210. Step 1. 1,1-Bis(5-(ethoxycarbonyl)-4-ethyl-3-methyl-

such elongation is a general feature of this class of porphyrins pyrrol-2-yl)propane. A solution of 2-(ethoxycarbonyl)-3-ethyl-4-

and to understand the influence of different 5,15-substituents methylpyrrolé®(10.4 g, 57.4 mmol) in 200 mL of benzene was heated
(e.g., aryl vs ethyl) on the porphyrin conformation, we have to reflux under nitrogen. A catalytic quantity (0.5 g) @TsOH was
synthesized the nickel(ll) and metal-free forms of compounds added, followed by propionaldehyde (6.6 g, 114 mmol). The mixture
10—13and determined the structures of these porphyrins using Was refluxed overnight using a Dean Stark trap to remove water, after

X-ray crystallography. The solution conformations of the

porphyrins were also probed with a range of techniques
including proton NMR, optical, and resonance Raman spec-
troscopy. In addition, X-ray crystal structures were obtained
for a limited number of asymmetrically decasubstituted por-
phyrins (L4—16) and undecasubstituted porphyririg,(18) to

co,Me

o O

14R'=OH,R?=H
15 R" = Cl, R? = CH,ClI

Cl

R
- O &

CO,Me CO,Me

18 R = CH=CHCO,CH,CHj

17 19 R = CHO

investigate the effect of different substitution patterns on the
degree and type of nonplanar distortion.

which it was cooled to room temperature, washed with sodium
bicarbonate (3x 100 mL) and water (x 100 mL), and dried over
anhydrous sodium sulfate. The light brown solution was concentrated
in vacuo to yield a brown waxy solid. The solid was triturated with
hot pentane and filtered off. Yield: 8.8 g (74%) as a white flocculent
powder. Mp: 151°C. H-NMR (CDCl): 6 9.35 (br s, 1H, NH),
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4.24 (q, 4H, CGCH,CHj), 4.05 (t, 1H, GICH,CHj3), 2.72 (g, 4H, C-4
CH.CHjs), 2.06 (p, 2H, CHEI,CHg), 1.93 (s, 6H, Ch), 1.25 (t, 6H,
CO,CH,CHjs), 1.09 (t, 6H, CHCHg), 0.88 (t, 3H, CHCHCHg). °C-
NMR (CDCl): ¢ 8.69, 12.35, 14.32, 14.97, 18.53, 26.45, 35.93, 59.79,
116.36, 116.89, 134.02, 134.16, 162.05. MEz(relative intensity,
%): 402 (Mf, 100), 374 (14), 373 (57), 327 (100). HRMS8{z calcd

for CysHaN.Os4 402.2518; found, 402.2521. Anal. Calcd for
Co3HzaN2O4: C, 68.63H, 8.51; N, 6.96. Found: C, 68.72; H, 8.48;
N, 6.98.

Step 2. 1,1-Bis(4-ethyl-3-methylpyrrol-2-yl)propane. The above
diester (8 g, 19.8 mmol) was suspended in ethylene glycol (200 mL),
aqueous sodium hydroxide (40 mL of 4 N) was added, and the mixture
was heated at 190C for 2 h. The hot mixture was poured onto ice
(500 g) and extracted with benzene. The organic layer was washed
with water, dried over anhydrous sodium sulfate, and concentrated in
vacuo to yield 4.6 g (90%) as a light brown oil. The residual dark
brown oil was found by NMR spectroscopy to be the crude product.
This product was not purified but instead was used directly in the next
reaction step.'H-NMR (CDCl): ¢ 7.62 (br s, NH), 6.46 (d, 2H,
pyrrolea-H), 4.08 (t, GHHCH,CHjs), 2.57 (g, 2H, CHEi,CHz), 2.09 (s,
6H, CHs), 2.05 (p, CH®,CHs), 1.26 (t, 3H, C-4 CHCHj3), 1.26 (t,
3H, C-4 CHCHy).

Step 3. H10. 1,1-Bis(4-ethyl-3-methylpyrrol-2-yl)propane (4.6 g,
17.8 mmol) was dissolved in dry dichloromethane (800 mL). Dry
trichloroacetic acid (45.6 g, 280 mmol) was added, followed by
trimethyl orthoformate (19.4 g, 182,8 mmol), and the mixture was
refluxed for 40 h, shielded from ambient lighting under nitrogen. After
40 h, 1,4-benzoquinone (2,4 g, 22.1 mmol) was added and the solution
was refluxed for 3 h. The reaction mixture was cooled, washed with
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was washed with saturated sodium bicarbonate solution and water, dried
over anhydrous sodium sulfate, and concentrated under reduced
pressure. The resulting solid was purified on a silica gel column, eluting
with 1% CHOH in CH,Cl,. Two fractions were obtained; the major,
second band was collected, concentrated, and crystallized by addition
of methanol, yielding dark red-purple crystals (1.08 g, 1.45 mmol,
41.5%). Mp: >300°C. UVNis (CHCIly) Amax M €, M~ cm™):
406 (181 000), 506 (15 300), 538 (5800), 574 (6400), 624 (186D).
NMR (CDCk): ¢ —2.42 (br s, 2H, NH), 1.10 (t, 12H, GiEH,-
CH,CHj3), 1.75 (m, 8H, CHCH,CH,CHj), 2.16 (p, 8H, CHCH,CH,-
CHg), 2.50 (s, 12H, El3), 3.97 (t, 8H, G1,CH,CH,CHs), 8.04 (d, 4H,
pyridine 3-H), 9.01 (d, 4H, pyridinex-H), 10.26 (s, 2H, m-H). MS,
m/z(relative intensity, %): 744 (M, 7), 668 (100), 624 (25). HRMS,
m/z calcd for GoHeoNes, 744.4879; found, 744.4851. Anal. Calcd
for CsgHsoNe"H20: C, 78.70; H, 8.19; N, 11.01. Found: C, 78.68; H,
7.99; N, 10.97. On the basis 8f-NMR and mass spectral data, the
leading band was determined to be 2,8,12,18-tetrabutyl-3,7,13,17-
tetramethyl-5-(4-pyridyl)porphyrin.

(e) Ni13. This compound was prepared in 90% yield fréipl3
by reaction with nickel acetylacetonate. Mp: 282B1°C. UV/vis
(CHClL) Amax, NM (€, M~ cm™1): 406 (181 000), 528 (11 500), 564
(17 000). *H-NMR (CDCly): 6 1.04 (t, 12H, CHCH,CH,CHj3), 1.61
(m, 8H, CHCH,CH,CHs), 1.98 (p, 8H, CHCH,CH,CHs), 2.26 (s, 12H,
CH), 3.65 (t, 8H, G,CH,CH,CH), 7.85 (d, 4H, pyriding-H), 8.92
(d, 4H, pyridineo-H), 9.46 (s, 2H, m-H).23C-NMR (CDCk): 6 14.07,
15.61, 23.11, 25.98, 34.95, 96.89, 113.47, 128.47, 138.25, 139.32,
139.64, 144.80, 148.94, 149.42; M@/z (relative intensity, %): 800
(M*, 100), 757 (11), 723 (40). HRMSy/z calcd for GoHsgNeNi,
800.4076; found, 800.4076. Anal. Calcd foyBsgNeNi-2.5H,0: C,

agueous sodium carbonate and water, and dried over anhydrous sodiurgg go- 1 7.50: N. 9.92. Found: C. 71.14: H. 7.39: N. 9.73.

sulfate, and the solution was concentratedvacua The resulting
residue was purified via column chromatography, eluting with chlo-
roform, and recrystallization from GiI,/CH;OH yielded a dark purple
powder (0.88 g, 164 mmol) in 18.5% yield. Mp: 25857°C. UV/

Vis (CHCly), Amax, NM €, M~ cm™%): 412 (137 200), 514 (12 000),
546 (3100), 584 (4250), 642 (2900}H-NMR (CDCl;): 6 —1.67 (br

s, 2H, NH), 1.89 (t, 12H, pyrrole Ci€Hs), 1.95 (t, 6H, meso-CkTCHj3),
3.65 (s, 12H, pyrrole 83), 4.13 (q, 8H, pyrrole €,CHs), 5.12 (q,
4H, meso-G1,CHjs), 10.10 (s, 2H, meso). M3/z(relative intensity,
%): 534 (M, 56), 532 (21), 519 (30), 505 (100). HRM®/z calcd
for CseHaeNs, 534.3725; found, 534.3725. Anal. Calcd for
CaeHagN4-HO: C, 76.02; H, 8.51; N, 9.85. Found: C, 75.87; H, 8.19;
N, 9.82.

(b) Ni10. This compound was prepared frdi10 by reaction with
nickel acetate. Mp: 284285°C. UV/is (CHCL2) Amax, NM €, M1
cm™1): 418 (146 200), 548 (10 600), 580 (5850H-NMR (CDCl):

0 0.76 (t, 6H, meso-CkCHs), 1.67 (t, 12H, pyrrole ChCHg), 3.69 (s,
12H, (Hs), 3.71 (q, 8H, pyrrole €,CHs3), 4.46 (g, 4H, meso-B,CHs),
9.12 (s, 2H, m-H). *C-NMR (CDCk): ¢ 145.39, 140.51, 137.18,
136.64, 116.04, 96.06, 25.71, 19.49, 18.62, 17,31, 15, 76. V3,
(relative intensity, %): 591 (M, 100), 575 (29), 561 (79). HRMS,
m/z calcd for GeHaaNsNi, 590.2919; found, 590.2902. Anal. Calcd
for CseHaaNaNi-HO: C, 70.94; H, 7.61; N, 9.19. Found: C, 71.08;
H, 7.45; N, 9.08.

(c) Zn10. This compound was prepared frdi#al0 by reaction with

zinc acetate. Mp>300°C. UV/Nis (CHCL,) Amax NM (€, M~ cm™):

418 (210 000), 518 sh, 548 (14 6003-H-NMR (CDCls): 6 1.53 (br
s, 12H, pyrrole CHCH3), 1.79 (t, 6H, meso-CkCH3), 3.63 (s, 12H,
CHj3), 4.04 (q, 8H, pyrrole €,CHj), 5.16 (g, 4H, meso-B,CHs), 9.93
(s, 2H, m-H). MSm/z(relative intensity, %): 596 (M, 30), 571 (42),
569 (62), 567 (100). HRMSn/z calcd for GeHaqNsZn, 596.2857;
found, 596.2830. Anal. Calcd forsgHsaNaZn: C, 72.32; H, 7.41; N,
9.37. Found: C, 71.98; H, 7.54; N, 9.57.

(d) H213. 2,8-Dibutyl-3,7-dimethyldipyrrylmetharfé€ (2 g, 6.98
mmol) and freshly distilled 4-pyridinecarboxaldehyde (0.748 g, 6.98
mmol) were dissolved in methanol (700 mL), and the solution was
deaerated with argon. Trifluoroacetic acid (0.55 mL, 6.98 mmol) was

X-ray Crystallography. Single crystals of the listed compounds
were grown from dichloromethane/methanol. The crystals were
immersed in hydrocarbon oil, and a single crystal was selected, mounted
on a glass fiber, and placed in the low-temperaturstieant’a Used
for data collection was either a Siemens R3m/V automatic diffractom-
eter equipped with a graphite monochromator and with a locally
modified low-temperature device or a Siemens P4 instrument equipped
with a Siemens LT device and a Siemens rotating anode, operated at
50 kV and 300 mA. Cell parameters for the structures measured with
Mo Ko radiation were determined from 230 reflections in the range
20° < 260 =< 30°; for structures measured with Cuokradiation, the
range 40 < 20 < 60° was used. Two standard reflections were
measured every 198 reflections and showed only statistical variation
in intensity during all data collection<2% intensity change). The
intensities were corrected for Lorentz and polarization effects. In all
cases, an absorption correction was applied using the program XABS;
extinction effects were disregarded. The free-base porphyrin structures
were solved using direct methods, while the Ni(ll) porphyrin structures
were solved via Patterson syntheses followed by subsequent structure
expansion using the SHELXTL PLUS program systémRefinements
were carried out by full-matrix least-squares procedureg~pmising
the same program system. The function minimized wagF, — Fc)2.
Hydrogen atoms were included at calculated positions by using a riding
model (G-H distance 0.96 A, N-H distance 0.9 A). All calculations
were carried out on a Vax-station 3200. All non-hydrogen atoms were
refined with anisotropic parameters. In the casMiaD, only the nickel
and nitrogen atoms and the peripheral ethyl and methyl carbon atoms
were refined with anisotropic thermal parameters. The refinement of
the structure oNil12 gave unsatisfactory fin& values because of poor
crystal quality and a low-intensity data set and high thermal motion of
some of the side chain atoms in the structure. The ethyl ester side
chain inNi19 was found to be disordered. The ethyl carbon atoms
[C(104) and C(105)] were refined with two split positions with
occupancies of 0.55 and 0.45.

Further details of the crystal data and structure solutions and
refinements are listed in Table 1 and in the Supporting Infor-

added, and the solution was stirred overnight at room temperature undermation.

Ar. 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ; 2.37 g, 10.5
mmol) dissolved in 100 mL of THF was added, and the resulting
solution was stirred for an additional 4 h. The solvent was removed
in vacuo, the residue was dissolved in dichloromethane, and the solution

(41) (a) Hope, HACS Symp. Sell987, 357, 257. (b) Hope, H.; Moezzi,
B. XABS University of California: Davis, CA, 1987. ((JHELXTL
PLUS Siemens Analytical Instruments, Inc.: Madison, WI, 1990.
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Table 2. Selected Structural Parameters for Geometrically Equivalent Positions of PorpHyfitis H,13, Ni1l, andNil10
Ni1l0
H,11 H13 Nill molecule 1 molecule 2
meso-H meso-R meso-H meso-R meso-H meso-R meso-H meso-R meso-H meso-R
Displacements, A
24 core atonts 0.04 0.03 0.21 0.37 0.37
N4 plané 0 0 0.10 0.01 0.01
Nib 0(0) 0.02 (0.02) 0.01 (0.01)
Cnb 0.08 (0.01) 0.11(0.08) 0.11(0.01) 0.09 (0.03) 0(0) 0.13(0.11) 0.70(0.71) 0.85(0.85) 0.68 (0.71) 0.86 (0.84)
CP 0.07 (0.03) 0.04 (0.03) 0.08 (0.02) 0.08(0.03) 0.20(0.19) 0.18(0.17) 0.42(0.43) 0.44(0.44) 0.41(0.44) 0.45(0.43)
CyP 0.13(0.05) 0.10(0.07) 0.14(0.03) 0.16 (0.04) 0.37(0.37) 0.38(0.38) 0.32(0.33) 0.26 (0.25) 0.29(0.31) 0.29(0.27)
Bond Lengths and Distances, A
core size 2.086 2.094 1.957 1.899 1.903
N—N separation 3.159 2.727 3.207 2.692 2.833 2.706 2.731 2.641 2.736 2.646
Ni—N 1.957(3) 1.900(4) 1.903(3)
N—C, 1.374(3) 1.373(3) 1.362(4) 1.373(2) 1.377(4) 1.393(4) 1.380(5) 1.386(6) 1.375(6) 1.386(6)
C:Co 1.454(4) 1.461(4) 1.451(4) 1.467(4) 1.437(4) 1.459(4) 1.436(6) 1.461(6) 1.436(6) 1.452(6)
Ca—Cnm 1.387(4)  1.408(4) 1.389(4) 1.412(4) 1.364(4) 1.384(4) 1.377(6) 1.400(6) 1.381(6)  1.398(6)
Co—Cy 1.359(4) 1.362(4) 1.349(4) 1.350(6) 1.363(6)
Cpr—CHy 1.503(4) 1.504(4) 1.501(5) 1.506(5) 1.507(4) 1.507(5) 1.509(6) 1.510(7) 1.503(6) 1.510(7)
Cn—C 1.498(4) 1.494(4) 1.506(4) 1.512(6) 1.522(6)
Bond Angles, deg

N—Ni—N adj 92.8(1) 87.5(1) 91.2(2) 88.1(2) 92.0(2) 88.1(2)
N—Ni—N opp 174.1(1) 178.8(2) 179.2(2)
Ni—N-C, 125.0(2) 130.3(2) 125.7(3) 128.2(3) 125.6(3) 128.3(3)
N—Cy—Cn 127.4(3) 123.0(2) 127.8(3) 122.4(3) 125.4(3) 123.9(3) 123.6(4) 123.3(4) 124.1(4) 123.1(4)
N—Cs—Cp 108.5(2) 108.5(2) 109.1(3) 108.6(3) 111.2(3) 109.9(3) 110.2(4) 109.2(4) 110.5(4) 109.4(4)
Ca—N-C, 108.3(2) 108.3(3) 104.9(2) 106.0(3) 106.1(3)
Ca—Cn—Cy 131.7(3) 123.8(2) 132.5(3) 123.7(3) 125.6(3) 122.9(3) 124.4(4) 119.6(4) 123.9(4) 120.3(4)
Ca—C—GCy 107.9(2) 106.8(2) 107.5(3) 106.6(3) 107.2(3) 106.8(3) 107.6(4) 106.9(4) 106.9(4) 107.0(4)
Cn—Ca—GCp 124.1(2) 128.4(2) 123.3(3) 129.0(3) 123.2(3) 126.2(3) 125.5(4) 127.1(4) 124.6(4) 127.2(4)
Ca—Cp—CH 124.8(2) 129.2(3) 123.7(3) 129.1(3) 123.9(2) 129.9(2) 124.0(4) 128.7(4) 125.0(4) 129.0(4)
Cp—Cp—CHy 127.2(3) 124.0(3) 128.9(3) 124.3(3) 128.9(3) 123.4(3) 128.2(4) 124.2(4) 128.0(4) 123.8(4)

aMean deviation of all atoms in least-squares pl&rigeviations from N plane; numbers in parentheses are deviations from the least-squares
plane of the 24 core atoms.

Results and Discussion [124.1(2F], and significant differences are observed between
the G—Cp,—CH and G—Cy—CH angles of the two quadrants.
A comparison with the respective structures of free-base*®EP
and TPP? reveals that the differences between the two
guadrants cannot be attributed solely to a substitution effect.
The differences are significantly larger than those observed
base porphyrirH,11 is shown in Figure 1. The porphyrin is betwgen QEP and TP'P an.d, as d[scussed Iater,.cgn be rgadily
located on a crystallographic inversion center. The molecular explained in terms of distortions wh_lch reo_luce steric interactions
structure is characterized by a relatively planar macrocycle core, P€tween the meso-phenyl and neighboring pyrrole groups. In
The overall degree of distortion in the macrocycle is small with addition to differences in the bond lengths and angles, a unique
an average deviation of the 24 core atoms from their least- Structural pattern is observed with regard to the orientation of
squares plane of 0.04 A and angles between the pyrrole planeghe meso-phenyl groups. With respect to thephéne, the meso
and the plane of the four nitrogens{Nlane) of only 2.6 and carbons are displaced by about 0.1 A above and below the plane
4.3. Due to the crystallographically imposed symmetry, the and the phenyl ipso carbons are oriented above and below the
macrocycle is slightly folded along the C(5)-C(15) axis. The Na plane by 0.34 A, respectively, giving an anti orientation of
largest deviations are observed for thg &oms, which have  the phenyl groups with respect to the molecular plane. The
deviations of up to 0.16 A. phenyl rings are almost orthogonal to the plane and make
The general trends in bond lengths and bond angles for thean angle of 85.24
pyrrole rings and the unsubstituted meso positionid ihl are While the out-of-plane distortions id,11 are not very large,
similar to those of other free-base porphyrins like TPR2) there is clearly significant in-plane distortion of the macrocycle,
or OEP H21).># However, a closer inspection reveals as evidenced by a change from the typical square geometry in
significant differences between the meso-H and meso-phenyline porphyrin to a rectangular elongated core characterized by
quadrants of the molecule (Table 2). The-Crbond lengths  he relevant N-N separation along the two molecular axes
are elongated [1.408(4) vs 1.387(4) A] while the-8,—Cp, (Table 2). A similar effect was previously observed F9.35
[123.0(2) vs 127.4(3] and G—Cm—Ca [123.8 vs 131.7(3] In H211, the N+-N separation along the 5,15-axis is 3.159 A,
bond angles are narrowed in the_ meso-phenyl quadrants. Thq/vhile the N--N separation along the 10,20-axis is 2.727 A
Cn—Ca—Cy angles are also widened in the meso-phenyl (An--n = 0.43 A). Typically, porphyrins exhibit similar NN
quadrant [128.4(2] compared to the meso-H quadrant separations along both axes on the order o2.8 A. This
asymmetry in the macrocycle is mirrored in the relevagt C
Cm—Cabond angles. While the average bond angle in the meso-
phenyl quadrant is 123.8(2)this angle is considerably widened

Crystal Structures. Selected structural parameters for the
porphyrins investigated are given in Tables2 5,15-Diaryl-
substituted porphyrins of typel were first studied in order to
allow a comparison with the 5,15-dialkyl-substituted porphyrins
of type 9 studied earlie?®> The molecular structure of the free-

(42) (a) Lauher, J. W.; Ibers, J. A. Am. Chem. S0d.973 95, 5148. (b)
Silvers, S. J.; Tulinsky, AJ. Am. Chem. Sod967 89, 3331. (c)
Codding, P. W.; Tulinsky, AJ. Am. Chem. Sod.972 94, 4151.
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Table 3. Displacements (A) along the Lowest-Frequency [Minimal Basis Set (min)] and Second-Lowest-Frequency [Extended Basis Set (ext)]
Out-of-Plane and In-Plane Normal Coordinates of the Macrocycle for Nickel(ll) Metalloporphyrin X-ray Crystal Structures, along with the
Observed Doy and Simulated@sim) Total Distortions and the Mean Simulated Errod3 (

mode
porphyrin Dope basis DaP Ooop By By Ay Eqw Eqq) Ay
Nil0 2.190 min 2.182 0.027 —0.453 2.133 0.074 0.026  —0.027 0.010
ext 2.189 0.007 —0.452 2.133 0.067 0.025 —0.027 0.010
0.057 0.046 —0.156 —0.022 0.012 0.000
Ni10 2.149 min 2.143 0.025 0.260 2.127 0.022 —-0.057 —0.019 —0.003
ext 2.149 0.007 0.260 2.127 0.016 —0.056 —0.019 —0.003
—0.010 0.036 —0.148 0.009 0.004 —0.009
Ni1l 1.219 min 1.211 0.023 —1.192 0.000 0.000 0.154 0.154 0.000
ext 1.219 0.005 —1.193 0.000 0.000 0.151 0.151 0.000
—0.049 0.000 0.000 —0.090 —0.090 —0.012
Ni12 0.123 min 0.105 0.010 0.000 0.000 0.000 0.008 0.104 0.000
ext 0.117 0.006 0.000 0.000 0.000 0.009 0.103 0.000
0.000 0.000 0.000 0.014 —0.051 0.000
Nil17 2.070 min 2.062 0.027 —0.053 2.023 0.137 —0.27 —0.251 0.011
ext 2.068 0.012 —0.053 2.023 0.132 —0.268 —0.247 0.011
—0.004 0.017 —0.112 0.05 0.110 0.011
Ni18 3.083 min 3.078 0.026 2.806 —1.234 0.199 0.037 0.195 —0.035
ext 3.083 0.007 2.803 —1.234 0.197 0.040 0.193 —-0.035
—0.140 0.007 —0.037 0.068 —0.054 0.000
Ni19 2.183 min 2.172 0.032 —1.033 —1.883 0.172 —0.147 0.228 0.017
ext 2.182 0.010 —1.032 —1.883 0.165 —0.143 0.225 0.017
0.050 —0.021 —0.157 0.084 —0.100 —0.008
mode
porphyrin D& basis D& Oip Bag Big Euw Eug) Ay Azg
Ni10 0.654 min 0.559 0.061 —0.109 —0.010 —0.012 0.012 —0.548 —0.018
ext 0.632 0.025 —0.109 —0.010 —0.012 0.012 —0.547 —0.019
—0.017 —0.012 —0.006 —0.012 0.279 —0.093
Ni10 0.633 min 0.544 0.058 —0.090 0.009 —0.009 —0.028 —0.536 0.000
ext 0.615 0.024 —0.090 0.009 —0.009 —0.028 —0.535 0.000
—0.036 0.006 0.013 0.027 0.278 0.050
Nill 0.295 min 0.264 0.024 —0.193 0.000 0.034 —0.034 —0.173 0.000
ext 0.288 0.013 —0.194 0.000 0.034 —0.034 —0.173 0.000
—0.112 0.000 —0.014 0.014 —0.024 0.000
Nil12 0.263 min 0.190 0.031 —0.175 —0.010 0.000 0.000 —0.064 0.032
ext 0.247 0.015 —0.176 —0.010 0.000 0.000 —0.064 0.032
—0.156 0.019 0.000 0.000 —0.020 0.000
Nil17 0.633 min 0.522 0.060 0.010 -—0.035 —0.053 —0.151 —0.496 0.006
ext 0.604 0.032 0.011  —0.035 —0.053 —0.15 —0.495 0.006
0.129 0.008 0.000 0.073 0.266 —0.015
Ni18 0.847 min 0.756 0.071 —0.008 0.131 —0.003 0.025 —0.744 —0.009
ext 0.818 0.041 —0.009 0.132 —0.004 0.025 —0.745 —0.012
—0.052 0.012 —0.017 0.042 —0.074 —0.294
Ni19 0.601 min 0.490 0.057 —0.092 —0.014 —0.094 0.031 —0.471 —0.004
ext 0.577 0.029 —0.093 —0.014 —0.093 0.031 —0.471 —0.003
—0.161 —0.022 0.040 —0.002 0.198 0.160

aFor further details of the model used, see: Jentzen, W.; Song, X.-Z.; Shelnutt]JJPAys. Chemin press.

in the meso-H quadrant [131.7¢{Band the G—C, bond lengths
are elongated in the H quadrant [1.408(4) A vs 1.374(3) A].
Thus, likeH29, H,11 experiences considerable steric strain from
the peripheral substituents which is relieved in the major part
by in-plane distortion of the macrocycle. If no steric strain
would have been present, neither out-of-plane distortion (which
is minimal) nor in-plane rotation (which is significant) would
have been observed.

A similar essentially planar conformation was observed in
the molecular structure dfi,13 (Figure 2). Instead of meso-
phenyl groups, this compound bears 4-pyridyl groups and has

n-butyl substituents at the 2,8,12,18-positions; selected structural™igure 1. MoI%crl:Ia:jr structure OHﬁll 'ﬂ”psc’ids. arg fdra"‘l’” for ZO%b
: : . 0 occupancy, and hydrogen atoms have been omitted for clarity. Numbers
?hata aTd g(leohmetrlcal fetatlijres a[? I'S”teq In Tal:()jlg 2. H_ T t give the deviations of the macrocycle atoms from the least-squares plane
e molecule has a crystallographically imposed inversion point. of the four nitrogen atoms (A« 1().

The trends and differences in the meso-H and meso-aryl

guadrants are the same as those described fbt. The aryl the meso-aryl groups. The two NN axes are clearly inequiva-
group is tilted 4 against the biplane, and the pyrrole rings are  lent with N--+N distances of 2.692 and 3.207 A, respectively.
tilted 4.9 against the biplane. The macrocycle is again folded The crystallographic data reported tdp11 andH>13in this
along the C(5)-C(15) axis and shows significant but small paper, together with the similar structure reported Hp8,3°
deviations from planarity and has a similar anti orientation of suggest that in-plane distortion along the 5,15-axis is a viable
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Figure 3. Molecular structure oNill. Ellipsoids are drawn for 50%
occupancy, and hydrogen atoms have been omitted for clarity. Numbers
give the deviations of the macrocycle atoms from the least-squares plane
of the four nitrogen atoms (A 107).

Figure 2. Molecular structure oH,13. Ellipsoids are drawn for 50% 2 706,Ay...y = 0.13 A] (Table 2), indicating that the in-plane
occupancy, and hydrogen atoms have been omitted for clarity. Numbersdistortion is less pronounced than that seen Kol As

gie he deviatons of e magfocycle toms from th leas-sauares PNSgy yocred, the average NN bond length itNIL1 [1.957(3) Al

is longer than that seen in severely saddled dodecasubstituted
i ; 15¢,20 i
alternative to out-of-plane distortion for relieving peripheral g'(l!) porphy(rjlns t()|1.£f902—1.922 k’]&)' ‘ lc The p_henyl_ rzlngs
steric strain in these systems. This view was supported by a eviate considerably from an orthogonal orientation with respect

review of 5,15-diarylporphyrins in the literatut&® For to the m_acropycle plane (96__ 78.6° = 11.4). .
example, a similar elongation along the arghyl axis and a The distortions of the substituted and unsubstitutg@@ms
slight anti orientation of the aryl rings were observed in two Were nonequivalent, with the unsubstituted &oms showing
5,15-diphenyloctaalkylporphyrins where the phenyl rings were N0 deviation from the dplane while the phenyl-substituted
covalently linked in the ortho positions by alkyl chains and a Ones were displaced by 0.13 A alternatively above and below
quinone spacer group to make a “strapped-type” porpH§fin.  the mean plane. This leads to a deviation of the phengidns
The differences in the N-N distances were similar in both ~ from the macrocycle plane by 0.33 A. Owing to the inversion
structures: A..n = 0.43 A [3.14 A (C(5)-C(15) axis) and center, an anti orientation of the aryl groups wlth tilting above
2.71 A (C(10%-C(20) axis)], andAn..x = 0.44 A [3.16 A and below the macrocycle plane was again observed. A
(C(5)—-C(15) axis) and 2.72 A (C(18)C(20) axis)]. Structures Ccomparison of the relevant bond lengths and angles (Table 2)
determined by Gunter et al. in which the meso-phenyl groups for the meso-aryl and meso-H quadrants revealed the same
were connected in the ortho positions by ether bridges showeddifferences seen fot11, although the magnitude of the
either nonplanar or planar macrocycle conformations dependingdifférences was significantly smaller Mil1. Thus, it appears
on the length of the straff® Rectangular porphyrin cores have  that the presence of the central metal leads to a redistribution
also been noted in 5-substituted octaalkylporphy#rdb of the confor_matlonal strain energy within the macrocycle._ Note
although the degree of in-plane distortion in these systems wasthat large differences were observed for the =N (ad))
less than that observed for the 5,15-substituted porphyrins [e.g.,2ndle, which was smaller by*5n the meso-phenyl quadrant,
2.96 A along the C(5)C(15) axis and 2.83 A along the C(10) and in the Ni-N—C, angle, which is about 5larger in the
C(20) axis], givingAn_y = 0.13 A24a meso-phenyl quadrant. o

In order to study metal effects in the 5,15-substituted Recently, it was shown that the nonplanar distortions
porphyrins, the nickel(ll) complex df1 was also prepared and encpunte_red in the crystal structures of_ porphyrlns correspond
structurally analyzed (Figure 3). The molecular structure of to dlstor_tlons along th5e Iowest-ene_r_gy V|brat|onal_ modes of the
Ni11 is characterized by a crystallographically required 2-fold POrPhyrin macrocyclé? Decomposition of the static nonplanar
axis which passes through the Ni, C(10), and C(20) atoms. Thedistortions seen in the crystal structures into contributions from
structure is quite different from the corresponding free-base th€ lowest-energy normal modes indicates the amount of each
H,11 The macrocycle conformation is nonplanar, as evidenced tYP€ Of nonplanar distortion present, although generally only
by an average deviation of the macrocycle atoms from the 24- four of the out-of-plane normal modes are of sufficiently low
core-atom plane of 0.21 A, and the conformation can be best €N€rgy to make a significant contribution [the,Bnode (saddle
described as a shallow saddfe.The maximum distortions  disortion), the B, mode (ruffle distortion), the A mode
observed are on the order of 0.4 A for the &oms; this is  (doming), and the Emode (wave distortiomjsee Figure 4].
slightly smaller than those observed in the tetragonal form of 1he crystal structures afi11 and the other nickel porphyrins

NiIOEP#42 which is characterized b ruffling.22 While the used in this study were subjected to this decomposition
out-of-plane distortion is significant iNi11, only small procedure. The results of these calculations are summarized

differences were found for the ‘NN separations [2.833 and N Table 3. _
Excellent agreement was obtained between the observed and
(43) (a) Krieger, C.: Dembach, M.. Voit, G.. Carell, T.. Staab, HORem. fitted totgl ogt-of-p!ane dIS.tOI’tIO.nS fodill and thg other nickel
Ber.1993 126, 811. (b) Gunter, M. J.; Hockless, D. C. R.; Johnston, POrphyrins investigated in this study, especially when the
M. R.; Skelton, B. W.; White, A. HJ. Am. Chem. S0d.994 116 expanded basis set was employed. The decomposition process

4810. (c) Staab, H. A.; Krieger, C.; Anders, C.;dRamann, AChem. i i i
Ber. 1004 127, 231, revealed that the nonplanar conformationMifl1 consisted

(44) (a) Meyer, E. F., JiActa Crystallogr.1972 B28 2162. (b) Cullen,

D. L.; Meyer, E. F., JrJ. Am. Chem. S0d974 96, 2095. (c) Alden, (45) Jentzen, W.; Hobbs, J. D.; Simpson, M. C.; Taylor, K. K.; Ema, T.;
R. G.; Crawford, B. A.; Doolen, R.; Ondrias, M. R.; Shelnutt, JJA. Nelson, N. Y.; Medforth, C. J.; Smith, K. M.; Veyrat, M.; Mazzanti,
Am. Chem. Sod.989 111, 2070. (d) Brennan, T. D.; Scheidt, W. R.; M.; Ramasseul, R.; Marchon, J.-C.; Takeuchi, T.; Goddard, W. A,,

Shelnutt, J. AJ. Am. Chem. Sod.98§ 110, 3919. IIl; Shelnutt, J. A.J. Am. Chem. Sod.995 117, 11085.
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saddle

Figure 4. The four symmetrical nonplanar distortions commonly
encountered for porphyrirf8.Circles and filled circles correspond to
atoms above and below the least-squares plane of the 24 atoms of the
porphyrin core, respectively, whereas atoms not represented by circles
are in the plane.

mainly of a saddle distortion with some wave distortion. A
comparable decomposition of the in-plane distortionMat1 Figure 5. View of the two independent molecules in the structure of
. . . Ni10. Ellipsoids are drawn for 50% occupancy, and hydrogen atoms
revealed that it \?Iis domlr;]atgd by thegkbr%atrf]llng) rl?c:de due have been omitted for clarity. Numbers give the deviations of the
to C'on.tractlon oft e.porp yrlnlcore .aroun the nickel(1l) atom. macrocycle atoms from the least-squares plane of the four nitrogen
A similar pattern of in-plane distortion was seen for the other ztoms (Ax 1.
. o ; Aol ( )
very nonplanar nickel(Il) porphyrins investigated in this study. . i . . )
The crystal structure oNi12 (not shown) is of marginal structure ofNil0, which crystallizes with two independent
quality, but several general trends can be observed. The phenyfm"lecLlles per asymmetric unit. The main difference between

ipso carbon atoms again show an up and down displacementthe two independent molecules is the relative orientation of the

; PR : le ethyl groups. The molecule with Ni(1) has two ethyl
with respect to the Nplane (0.3 A), which is required by the pyrro L . . S
crystallographic symmetry operation. However, in contrast to 9rCUPS pointing to one side [C(2), C(18)] in the same direction

the structure oNill, a planar macrocycle conformation was as the meso-ethyl groups and two pointing toward the other

. ide of the macrocycle [C(8), C(12)], while the molecule with
observed. The average deviation of the macrocycle atoms fromS! R
the 24-core-atom least-squares plane was only 0.02 A, with the \Ni(2) has three ethyl groups [C(28), C(32), C(38)] pointing in

largest observed deviation being 0.05 A for the substitutgd C Fhe same dir(_actio_n as the meso-ethy] groups and one pointing
atoms. The structure ®i12 therefore more closely resembles in the othgr ghrectlon [C(22)]. Othermse:, the general structural
the situation found in the planar forms of NiOE®:<d This characteristics of both molecules are similar.

similarity is also evidenced by an average- bond length Decomposition of the out-of-plane distortions for the two
of 1.967(9) A and an average angle of °Lisetween the I molecules indicated only slight differences in the total distortion
plané and the planes of the individual pyrrole rings. and how it was distributed between the normal coordinates

The different conformations seen fblill and Ni12 show gl'able 8). The average displacements O.f the core atoms (0.37
that nickel(ll) 5,15-diaryloctaalkylporphyrins can adopt both (2) 43;%tﬂ?ﬂﬁﬁgiﬁ;gfg:g[:fhgizoslgém%;gtg (tjl?(e:p;lﬁlrr:e
planar and nonplanar conformations [a similar situation is ' 9

observed for NiOEP, which adopts planar and nonplanar that the flanking groups have little effect on the porphyrin

: ; : : conformation. The similar structures seen 9 and Nil10
(ruffled) conformations in the crystalline stafé].Interestingly, . ; .
two related nickel(ll) porphyrins with mes@{3-alanylamido)- suggested that, in contrast to the 5,15-diaryloctaalkylporphyrins,

R . . the 5,15-dialkyloctaalkylporphyrins were intrinsically nonplanar.
phenyfa and mesae-(nicotinoylamino)phenyf® substituents . :
exhibited ruffled structures similar to the nonplanar form of This was 23‘2)50”6(1 by the crystal structures of worﬂ‘i?laant_j
NiOEP. Complexes of 5,15-diarylporphyrins with N©*” or copper(IIf#* complexes of 5,15-dialkyloctaalkylporphyrins,

Zn(lly = were essentially planar, as was the Zn() complex %5 1S STAVEE STRTUES BILAUES:
of 5,15-dinitro-OEP%® The available crystal structures thus 9 '

ety nicte tnat metal complexes o he 5.15-danypor- PPN oM 1 amine e Sl how Sere
phyrins are not intrinsically nonplanar. P berp

Earl ted th tal structureiB. where th by in-plane or out-of-plane distortions. Table 5 summarizes
arlier, we reported the crystal structureids, where the the structural differences between substituted and unsubstituted
meso-substituents were flanked by ethyl grotfpdn order to

study the influence of different flanking groups, we investigated positions within the molecule for a range of 5,15-substituted
the ():lonformation oiNi10, where the ?n%so-gtrylyl substitu%nts porphyrins. Note that the changes in bond angles are precisely

flanked b thvl Fi 5 sh h lecul those expected to minimize interactions between the meso-
are Tlanked by methyl groups. Figure 5> Shows the molecular ¢,nstituents and pyrrole substituents; i.e., the pyrrole subunits

(46) (2) Woo, L K. M VR Toloi . 3 Jacoh R ALY move away from the meso-substituents, resulting in a decrease

a 00, L. K.; Maurya, M. R.; Tolpi, C. J.; Jacobson, R. A.; Yang, H _ _ :

S." Rose, Elnorg. Chim. Actal991 182, 41. (b) Woo, L. K.; Marya, in the G—Cn—C, angle, the pyrrole substltue_nts_themselves
M. R.; Jacobson, R. A; Yang, S.; Ringrose, Slrorg. Chem1992 move away from the meso-substituents, resulting in an increase
193 143. in the G—Cp—Cy angle and a decrease in the-«C,—C angle,

(47) van Dijk, M.; Morita, Y.; Petrovic, S.; Sanders, G. M.; van der Plas, f ; ~ : :
H. C.. Stam. C. H.. Wang, YJ. Heterocycl. Chemi992 29, 81, and the pyrrole rings tilt about the £ C, bond, resulting in

(48) Benson, D. R.; Valentekovich, R.; Knobler, C. B.; Diederich, F. @n increase in the £-C,—Cy angle and a corresponding
Tetrahedron1991, 47, 2401. decrease in the &-C,—N angle. These structural differences
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Table 4. Selected Structural Parameters for Porphykig4, H;15, H,16, Nil7, Nilg§ andNil9

H,14 H,15 H,16 Nil7 Nil8 Nil9
Displacements, A

24 core atonts 0.10 0.11 0.11 0.36 0.53 0.37
N4 plané 0.07 0.03 0.01 0 0.12 0.05
NiP 0.02 (0.04) 0.02 (0.08) 0.02 (0.04)
Cn 0.06 (0.06) 0.04 (0.03) 0.14 (0.13) 0.73 (0.73) 0.44 (0.44) 0.68 (0.68)

e 0.09 (0.08) 0.08 (0.08) 0.12 (0.08) 0.41 (0.41) 0.37 (0.38) 0.38 (0.38)
Cy° 0.20 (0.15) 0.21 (0.21) 0.28 (0.15) 0.28 (0.28) 0.91 (0.91) 0.36 (0.35)
C(5p 0.04 (0.1 0.05 (0.049 0.17 (0.109 0.73 (0.68) 0.45 (0.469 0.87 (0.909
Cc(10p 0.04 (0.02) 0.05 (0.04) 0.02 (0.23) 0.88 (096) 0.48 (0.52 0.62 (0.58)
C(15y 0.13 (0.03) 0.06 (0.059 0.14 (0.13) 0.66 (0.68) 0.51 (0.37) 0.58 (0.609
C(20y 0.04 (0.07) 0.01 (0) 0.22 (0.06) 0.64 (0.59) 0.31 (0.40) 0.63 (0.63)

Bond Lengths and Distances, A
core size 2.094 2.096 2.083 1.907 1.909 1.916
N(21)—N(22) 2.695 2.67F 2.733 2.68F 2.708 2.72F
N(22)—-N(23) 3.201 3.239 3.143 2.690 2.700 2.686
N(23)—-N(24) 2.70% 2.659% 2.750 2.693 2.694 2.75%
N(24)—N(21) 3.214 3.235 3.128 2.718 2.725 2.677
Ni—N(21) 1.909(3) 1.903(4) 1.912(3)
Ni—N(22) 1.902(4) 1.916(4) 1.916(2)
Ni—N(23) 1.913(3) 1.902(4) 1.917(3)
Ni—N(24) 1.904(4) 1.914(4) 1.917(2)
Bond Angles, deg

C(4)-C(5)—C(6) 124.4(4 123.1(3% 125.2(4% 122.4(45 121.9(4% 120.3(3y
C(9)-C(10)-C(11) 131.8(4) 133.9(3) 131.4(5) 120.144) 121.3(4% 122.0(3y
C(14)-C(15)-C(16) 123.5(4 122.6(3y 123.5(4§ 122.9(4) 121.8(4) 124.2(4y
C(19)-C(20)-C(1) 133.3(4) 132.8(3) 131.5(5) 123.8(4) 122.9(5) 122.0(2)

aMean deviation of all atoms in least-squares pl&ri@eviations from N plane; numbers in parentheses are deviations from the least-squares
plane of the 24 core atom$Meso-R-substituted.

Table 5. Differences in Bond Angles (deg) andNN Separations (A) between the Substituted and Unsubstituted Meso Quadrants of
Porphyrins9—11 and 13

H29 H211 H213 av Ni9 Ni102 Nill av %P
Ca—Cin—Ca —11.0 —-7.9 —8.8 —9.2 —2.9 —4.2 —2.7 —3.5 38
Cn—Cs—N -7.1 —4.4 —5.4 —5.6 —-15 —-0.7 —-15 -11 20
Cn—Ca—Cp +7.6 +4.3 +5.7 +5.9 +2.6 +2.1 +3.0 +2.0 34
N-N —0.66 —0.43 —0.52 —0.50 —0.09 —0.09 —0.13 —0.10 20
N—M—N —23.6 —-17.8 —20.0¢ —20.5 —3.6 —3.5 —-5.3 —-4.0 20
Ca—Cy—CHy +8.9 +4.4 +5.4 +6.2 +4.4 +4.4 +6.0 +4.8 7
Cp—Cp—CHx —6.7 —3.2 —4.6 —4.8 —4.1 —4.1 —55 —4.5 94

a|ncludes two independent molecules\ifl0. ® Average difference in the nickel(ll) complexes expressed as a percentage of the average difference
in the metal-free porphyrin$.Calculated from the N-N separation, assuming a hypothetical metal ion centered in the porphyrin core.

are consistent for all three metal-free porphyrins but decreaseshort intermolecular contacts were found for the two metal-
in size in the ordeH,9 > H,13> H,11. The average changes free structures, and no evidence for stromgpverlap and

in bond angle for G—C5—Cy, Cn—Cs—N, C,—Cy—Cy, and G— aggregation was seen in the Ni(ll) structures. Some overlap of
Cp—Cx are similar (5.5 0.7°) whereas the change for,€ the w-systems was found iNi11, where the separation of the
Cn—C, is somewhat larger (9°2 N4 planes was 3.88 A. However, the large-Mii separation

The differences in the bond angles are generally much smallerof 5.96 A leads to a very weak aggregate strucudue to
for the nickel complexes, suggesting that metal complexation the orthogonal arrangement of neighboring molecules in the
restricts the ability of the porphyrin to undergo asymmetric in- nickel(ll) porphyrin structures, a side-chain hydrogeckel
plane distortions. For example, the differences for the-C contact on the order of 2-73.1 A was observed, although no
Ca—N, C—C,—C,, and G—C—C; angles and the differences unusually short intermolecular contacts between peripheral
between the two NN distances and the NM—N angle (for groups or macrocycle atoms were found. In the unit cell of the
the metal-free porphyrins the-NM—N angle was calculated  5,15-dialkylporphyrinNil0, the planes of the two crystallo-
from the N-N separations by assuming a hypothetical metal graphically independent molecules form an angle of 6Il&e
ion centered in the porphyrin core) decrease te 28% of their Ni—Ni separation in these pairs is 7.41 A, while the-Mii
values in the metal-free porphyrins. The differences between distance between different layers is 9.82 A. The crystal packing
the G—C,—Cx and G—C,—C angles decrease to a much analysis thus suggests that the very ruffled structures seen for
smaller extent, which is reasonable given that this method of the nickel(ll) 5,15-dialkylporphyrins are due mainly to steric
relieving steric strain will be less dependent on whether the effects and not crystal packing forces.
porphyrin is complexed to a metal ion. In addition to the symmetric porphyrins, some related

Finally, a packing analysis was performed for all of the asymmetrically substituted porphyrins were also examined
structures. A typical example of the molecular packing for the (Table 4). Figure 7 shows the molecular structure of the free-
5,15-diarylporphyrins is shown fdi,11in Figure 6. With the base porphyriH,14, which bears a meso-phenyl and a meso-
exception ofH,13, which crystallized by formation of parallel  hydroxyethyl group flanked by ethyl substituents. Studies on
running layers of molecules, the 5,15-diaryl compounds crystal- the 5,15-diarylporphyins (seél;11 and H;13) and 5,15-
lized in the general fashion shown in Figure 6. No unusual diethylporphyrins (e.gH»10)3% have shown that both types of
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Figure 8. Partial view of the hydrogen-bonded polymer in the crystal
of H.14.

Figure 9. Molecular structure oH,16. Ellipsoids are drawn for 50%
Figure 6. View of the molecular packing in the unit cell ¢f,11. occupancy, and hydrogen atoms have been omitted for clarity. Numbers
Hydrogen atoms have been omitted for clarity. give the deviations of the macrocycle atoms from the least-squares plane
of the four nitrogens atoms (4 1.

Figure 7. Molecular structure oH,14. Ellipsoids are drawn for 50%
occupancy, and hydrogen atoms have been omitted for clarity. Numbers
give the deviations of the macrocycle atoms from the least-squares plane
of the four nitrogen atoms (A 107). Figure 10. Molecular structure oNil17. Ellipsoids are drawn for 50%
occupancy, and hydrogen atoms have been omitted for clarity. Numbers
porphyrin relieve steric strain mainly by in-plane distortion of give the devigtions of the macrocycle atoms from the least-squares plane
the macrocycle.H,14 also shows a rectangular core conforma- of the four nitrogen atoms (A 10°).
tion (N--N = 3.21 and 2.70 A An.n = 0.51 A) and
significantly different G—Cy,—C, angles (132.5vs 124.0)
(Table 3). The two meso-substituents also show a slight anti - ginjjar structural results were obtained #6515 (structure
orientation with respect to the macrocycle plane similar to that shown), which has para-chloropheny! and chloroethyl meso-
seen for the 5,15-diarylporphyrins. substituents.H,15 packed in a manner similar to thatldf14,
Some ruffling is observed for one half of the molecule albeit with the shortest intermolecular contact being CK1)
(pyrroles 1 and II) with G displacements on the order of 0.35 H(21) (2.89 A). H,16 has meso-phenyl and carboxy methyl
A. This might be the result of packing forces, ldsl4 shows  ester groups (Figure 9). It shows considerable in-plane distor-
a special type of molecular packing in the crystal (Figure 8). tion, as evidenced by inequivalent\N separations (3.14 A
Individual molecules are bound together via a hydrogen bond vs 2.74 A Ay..n = 0.40 A) and G—C,—C, angles (131.4 vs
between the hydroxyl group and pyrrole nitrogen [N(2@)1) 124.£) (Table 3). However, in this case, a nonplanar confor-
= 3.21 A; N(24)-H(1A) = 2.38 A]. This leads to the formation  mation is observed with modest out-of-plane displacements at
of a hydrogen-bonded polymer in the crystal. The molecules both the meso and pyrrole positions. A packing diagram showed
related by hydrogen bonds are not further stabilized by thatH,16 formed antiparrallel running layer of molecules; the
z-interactions. The interplanar separation of neighboring closest intermolecular contacts are between nitrogen atoms and
molecules is 4.65 A, and the centers are separated by 8.09 Aphenyl hydrogen atoms [N(22H15(D) = 2.597 A; N(23)-
Individual polymer stacks are separated by solvate moleculesH(15E) = 2.620 A].
of n-hexane. However, this arrangement brings the hydroxy- Nil7 is an example of a porphyrin with a 5,10- rather than
ethyl group close to pyrrole Il of a neighboring molecule; for 5,15-substitution pattern (Figure 10). The meso-aryl and meso-
example atom C(152) is separated from N(22) (a pyrrole formyl substituents give rise to a mainly ruffled conformation
nitrogen with strong gdisplacements) by 3.6 A. On the other with some wave distortion and a small amount of doming (Table
hand, the closest contact observed between the phenyl orthd3). The displacements of the meso-carbon atoms were larger

position C(52) and a neighboring pyrrole [N(24)] phenyl is 3.95
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Figure 13. Solution structures previously proposed fty9 andzn9.2°
Wedges indicate the substituents at the 5- and 15-positions.

Figure 11. Molecular structure oNi18. Ellipsoids are drawn for 50%
occupancy, and hydrogen atoms have been omitted for clarity. Numbers
give the deviations of the macrocycle atoms from the least-squares plane
of the four nitrogen atoms (A 107).

Figure 14. Representations of the structures and the conformational
equilibria proposed for decaalkylporphyrins in solution (see text for
discussion}®

the contributions of ruffled and saddle distortion modes are
reversed (Table 3).

As might be expected, an analysis of the molecular packing
of the asymmetrically substituted Ni(ll) porphyrins gave no
evidence that the observed nonplanarity was due to packing
forces. In most cases, the individual molecules showed
intermolecular contacts of the non-hydrogen atoms-dfA.

) ) o Nil7 shows some degree of overlap of thesystems in the
Figure 12. Molecular structure oNi19. Ellipsoids are drawn for 50% crystal. These weak dimers are characterized by an interplanar

occupancy, and hydrogen atoms have been omitted for clarity. Numbers . S .
give the deviations of the macrocycle atoms from the least-squares plamesel:""lr"jltlon of 3.89 A, a NiNi separation of 5.77 A, and a lateral

of the four nitrogen atoms (A 109). shift of the metal centers of 4.28 A. The shortest intermolecular
contact found was H(13A)N(23) at 2.615 A. Ni19 shows a
than those seen in NiOEP (0.5 & consistent with additional ~ Molecular packing similar to that found for many other
peripheral steric strain arising from the presence of the meso-Nonplanar saddle-shaped porphyrins with the molecules arranged
substituents. The overall degree of nonplanarity was similar in @ such away that the concave shapes face and interlock with
to that found in the 5,15-dialkyl-substituted porphyrii§ and each other. The closest contact observed is 2.519 A between
Ni10. In line with the asymmetric substitution pattern, the ©(1) and H(18A). Ni18 adopts a similar structure with the
distortion mode is asymmetric and there are smaller deviations closest contact being NiH(15D) (3.136 A).
from planarity for pyrroles Ill and IV and larger displacements Proton NMR Spectroscopy. Proton NMR spectra of the
of the substituted & positions compared to the unsubstituted free-base and zinc(ll) complexes ®fand other related deca-
ones*® alkylporphyrins are temperature dependent and show two species
The structures of two undecasubstituted Ni(ll) porphyrins, at low temperature®.3®> These species were initially assigned
Ni18 andNi19, are shown in Figures 11 and 12, respectively. to syn and anti conformations of the porphyrin macrocycle as
The crystal structure dRi18 (Figure 11) shows a mixture of ~ shown in Figure 13? although subsequent studies suggested
ruffle and saddle distortions with minor contributions from other that cis and trans conformations of the meso-substituents due
distortion modes. The large displacements of thep@sitions to hindered rotation about the £ Csypsiituendoond was a more
(average 0.44 A) and the out-of-plane displacements of indi- likely explanation for the observed NMR propertied8, Zn9,
vidual G, positions [e.g., 1.33 A for C(18)] indicate that the andNi9.35 The main points of the cis/trans model proposed
molecule is very distorted. The largest @isplacement is  for 5,15-substituted porphyrifiscan be summarized as fol-
comparable with those seen in highly nonplanar dodecasubsti-lows: (1) The conformation of the porphyrin macrocycle can
tuted porphyrind> The distortion mode is also asymmetric, be planar (A and D) or roof-shaped (B, C, E, and F) with cis
although the differences between sterically “overloaded” parts (A—C) or trans (D-F) ethyl orientations (Figure 14). (2) The
of the molecule and those without meso-substituents are lessenergy difference between the planar conformations A and D
pronounced than those seen in the decasubstituted porphyrinsis small, but as the porphyrin becomes nonplanar, axial ethyl
Interestingly, the only difference betwebiil9 (Figure 12) and groups (B) are favored over equatorial groups (C). (3) There
Ni18 is the exchange of a meso-formyl for a meso-acrylate is an energy increase in the seriessBE = F < C which
group, yet the total nonplanar distortion decreases markedly andbecomes more marked as the porphyrin becomes more non-
planar. (4) Conformations B and C or E and F are in
(49) Kalisch, W. W.; Senge, M. Oletrahedron Lett1996 37, 1183. equilibrium due to inversion of the porphyrin macrocycle.
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Table 6. Proton NMR Data

Inorganic Chemistry, Vol. 36, No. 6, 19971161

H,11 H»10 H9 Znl10 Zn9 Nill Ni10 Ni9 H4102+ H492+
293K 296K 223K 293K 233K 293K 233K 293K 233K93K 273K 293K 293K 183K 298K 183K
meso-H 10.19 10.05 10.06 10.08 10.13 9.90 9.85 991 9.99 945 9.06 907 996 10.05(1) 10.00 10.11(1)
10.10 9.88 9.88 10.02(2) 10.05(2)
9.97(1) 9.97(1)
Ho/CH, 806 512 510 502 497 518 513 506 500 7.83 440 436 487 483 481 472
5.09
Hm/CHs 776 195 196 179 192 169 182 130 126 7.63 0.67 067 208 1.99 2.08 1.99
1.94 1.81 1.64 1.73
Hp 7.82 7.69
CHs 250 365 364 361 361 366 363 354 351 223 334 320 321 321 318 3.15
3.60 3.62 3.56 3.15
CH,CHs 403 413 415 402 404 407 404 403 400 369 3.67 374 372 372 358 3.78
4.10 3.92 3.57
3.37
CH,CH3 181 189 18 179 177 185 181 183 182 159 158 172 134 1.18 1.44 1.99
1.75 1.01
NH —2.51 —1.91 —2.19 —1.78 —1.98 —2.10 —2.85 —2.78 —2.89
K 1 1.14 1.20 2.8 ~1 ~1
AG 0.0(233K) 0.1(233K) 0.1(233K) 0.5(243K)
AG* (ethyl rotation) 145(273K) 14.3(273K) 13.5(263K) 13.6(273K) 9.8 (198 K) 9.9 (203 K)
12.3 (253 K)
We first compared the previously published NMR data for A
H»9, Zn9, andNi9% with those of the structural isom&0where
the meso-ethyls are flanked by methyl groups rather than ethyl
groups. All of the signals expected for the two species could
not be resolved at low temperature for the free-base porphyrins. B
However, the chemical shifts and thermodynamic and kinetic
data for the free-base or nickel(ll) complexes were found to be
essentially independent of the flanking substituents (Table 6). C

This suggests that the arrangement of the pyrrole substituents
has little effect on the solution structure, a result consistent with
the similar crystal structures seen fi93° and Ni10 (Figure

4). The solution structure dfl,10 might best be describéd

in terms of a mixture of conformations A and D, and the

structure ofNil10, in terms of conformation B, which is the  ature proton NMR spectroscopy. The proton spectrutd 8+
lowest energy nonplanar structure. HoweverZo® andZn10  showed additional signals for the meso, NH, and pyrrole; CH
the ratio of the two species and the chemical shifts of the meso-gt0ns at low-temperatureAG* = 9.8 kcal mot?), with the
methyl groups are different, suggesting that the groups flanking meso protons splitting into three signals of ratio 1:2:1 (Table
the meso-ethyl groups perturb the conformation of the porphyrin 6). ForH410%*, the pyrrole methylene protons initially became
macrocycle. In this case, the smaller equilibrium constant SeeNjiastereotopicAG* = 12.3 kcal mot?), followed by a second
1;0_;an10 (1b'20 Vs 2.t81 for_Zn9)dand the sm_aller c{nemmgar:f;;uft dynamic process which again caused splitting of the meso
ffference between the cis and trans Species (0.18 pp protons (1:2:1 pattern), the NH protons, and the pyrrole, CH
vs 0.47 ppm forzZn9) both suggest a slightly more planar and CH protons AG* = 9.8 kcal mot). The unusual 1:2:1
conformation when the flanking substituents are methyl groups. pattern for the meso protons H(10) and H(20)Hg9%* and

eﬁzgtr %?&n:r}oir?n?#; vrngifzﬁgsii?g%?sref?otrﬁ i?ﬁelrm'rgi ﬂ;eto H+10%* can be explained by hindered rotation of the meso-ethyl
ging y! group groups AG* = 9.8 kcal mof') and asaddleconformation of

phenyl groups. No dynamic processes were observed Whenthe orphyrin macrocycle (a saddle conformation is not unrea
H,11 andNill were cooled to 193 K. Furthermore, the ortho porphyri yele ( lont u i

or meta protons of the phenyl rings appeared as single signals,sonable because it will minimize repulsions between the four

contrary to what one might expect on the basis of the anti core hydrogens of the d_icat_ion).h In the saddle structures seen
arrangement of the phenyl rings seen in the crystal structuresf® the free baséidthe dication®™ and metal complexés*
of H,11 (Figure 1) andNill (Figure 3). There are likely several ©f 3 the 5,15-meso-phenyl groups are twisted with respect to
factors underlying the behavior éf,11 andNil1l. Obviously, the porphyrin plane (Figure 15A). By analogy, saddle structures
rotational isomerism of the kind seen for the 5,15-diethyl- for H49*" andH410*" with ethyl rotation slow on the NMR
porphyrins is not possible for the 5,15-diphenylporphyrins time scale could give cis or trans meso-ethyl orientations (Figure
because of the symmetry of the phenyl groups. The planar 15B,C). One meso proton signal would be seen for the cis
crystal structure oH,11 (Figure 1) and the shallow saddle oOrientation and two signals for the trans orientation, thereby
conformation seen foNil1 (Figure 3) also suggest a minimal  Producing the observed 1:2:1 pattern if the cis and trans
barrier for nonplanar conformational distortions in the 5,15- conformations were about equally populated. Note that a
diphenylporphyrins. Itis therefore likely that the chemical shifts process with a similar barrieAG* = 9.3 kcal mot™) was seen
of the ortho or meta protons are averaged by molecular motionsfor H45b?* and was also assigned to hindered rotation of the
of the porphyrin. meso-ethyl group¥® Also, the barriers for rotation of the ethyl
Because the dications of 5,15-disubstituted porphyrins were groups in the dications are significantly lower than those seen
not previously investigated, we also studied the dications of for the free-base porphyrins (8:8.9 vs 14.3-14.5 kcal mot?).
porphyrins9 and 10 (H49%" andH410?") by variable-temper-  The second dynamic process fepl0?*" (AG* = 12.3 kcal

Figure 15. Representations of saddle conformations: (A) the free-
base porphyritt9 and metal complexé% < of 3; (B) cissH,9?" or
-H410?*; (C) transH49?* or -H410%" (see text for discussion).
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Table 7. Absorption Maxima (nm) for Free-Base and Nickel Table 8. Resonance Raman Data (cthfor Nickel(ll) Porphyrins
Porphyrins in CHCI,
- V2 V3 Va V10
no. free-bas@,(0,0) Ni(1) complexQ(0,0) NiL, planar triclinic B (crystalf® 1525 1383 1662
“Planar” Reference Compounds Ni3 (crystalye® 1566 1507 1360
1 618 55180 Ni3 (CS)° 1562 1505 1360
2 646:8¢ 557180 Nil0 (CS) 1580 1500 1357 1614
“Nonplanar” Reference Compounds Ni11(CS) 1589 1515 1361 1631
3 7068 585180
4 724160 613top from the optical studies are therefore consistent with the
Decasubstituted 5,15-Compounds available crystallographic data, which show essentially planar
9 6325 578, 5965 conformations with elongation of the porphyrin core along the
10 648 580 5,15-axis [e.gH211 (Figure 1),H»13 (Figure 2), andH»9%9.
11 624 562 Absorption maxima for the nickel(ll) complexes of porphyrins
ig 2323 %%i 9—11 are also summarized in Table 7. Thg(p,0)] bands for

the less subsituted and planar or slightly nonplanar reference
1 I . e compound$Nil andNi2 are found at similar wavelengths (551
mgll_l)irr??_lyggzinacrocycllc inversion @Ginersiot = 11.8 keal and 557 nm). Absorption maxima for the very nonplanar
4 ) o ) dodecasubstituted reference compouli and Ni4 are red-
The examples reported in this and our earlier study of 5,15- ¢picaq by 36-60 NM (max NM (€, M~% cm1): 585 and 613
substituted porphyr_iﬁ?, require revised explanati_ons Olf%the nm, respectively). The nickel complexes of the 5,15-diphenyl-
NMR data for the nickel(ll) c_omplexes of porphyrigs—c substituted porphyrins have absorption maxima similar to those
and t.he free bases and .zmc(ll) _complexes of .other 5,15 of the regular porphyrins (562564 nm), indicating planar or
substituted depalkylporphynﬁ%.Prewously, adynamic process  aarly planar structures in solution. This is consistent with
observed fON'le (AGr = 11_'2 keal TOT ) andNisc (AlG = crystallographic data for the 5,15-diphenyl-substituted por-
12.5 kcal mot™) but not forNi5a (AG* < 8.0 keal mot™) was phyrins, which show planar or only slightly nonplanar structures
assigned to macrocyclic inversion. Another macrocyclic inver- [e.g.,Ni11 shows a shallow saddle structure (Figure 3) Bif®
sion process which occurred with retention of the relative 5 gianar structure (structure not shown)]. The nickel complexes
orientations of the ethyl groups was also invoked, and required ¢ ta 5,15-ethyl-substituted porphyrins show a shift to absorp-

to bg fa§t on the NMR t@me scale at all of the temperatures 4 o+ longer wavelength, withmax being approximately 580
studleo! in order to explain the NMR data. From the present (an additional band at 596 nm was seen i®). This
study, it is clear that the dynamic process observed\ibb bathochromic shift suggests a more nonplanar conformation than

andNi5c was not macrocyclic inversion but hindered rotation ;o< seen for the 5 15-diphenylporphyrins, which again agrees
of the meso-alkyl groups and that the lower energy process that,, i the very nonplanar crystal structures seerNdi0 (Figure

was fast on the NMR time scale was indeed inversion of the 3y 5n4Ni9.% Overall, the optical studies agree with the results
macrocycle with retention of the relative orientations of the ethyl ji;i-ined from crystallographic investigations. This reinforces

groups. This revised model explainngvyhy there was no 4 jgea that optical spectrospcopy is a useful tool for investigat-
observable dynamic process fdi5awhere Ris a symmetrical 5 horphyrin nonplanarity in solution, provided there are

methyl group. A similar argument can also be used 10 \oa50nably large nonplanar deformations but only small elec-
rationalize the absence of two species at low temperatures fory i perturbations from the substituents.
9 where R = CHy° Resonance Raman spectroscopy provides another technique
Optical and Resonance Raman SpectroscopyRecent for determining if porphyrins adopt nonplanar conformations
studies demonstrated significant differences between the opticalin solution, with significant differences being observed between
spectra*>16181%nd excited state properti€$of nonplanar  the resonance Raman spectra of metal complexes of nonplanar
dodecasusbstituted porphyrins such as OETd&r({d DPP 4) dodecasusbstituted porphyrins such Zsand 4 and metal
and those of regular porphyrins such as OEPapd TPP 2). complexes of regular porphyrins suchlaand2.15b.d.18c,20e,50
The principal difference in the optical spectra is a shift to longer For example, increased nonplanarity has been shown to correlate
wavelengths for the absorption maximum of the first electronic jith a shift to lower frequency for structure-sensitive lines (e.g.
excited state Q«(0,0) for free-base porphyrins @p(0,0) for v, v, andv,) in a series of nickel(ll) porphyrin$a< Table 8
metal complexes], which can be used as an indicator of the symmarizes the frequencies of several structure-sensitive Raman
degree of macrocycle nonplanarity. Theoretical calculations jines for Ni1, Ni3, Ni10, andNill. The frequencies of the
indicate that the underlying mechanism of the observed red shift strycture-sensitive lines foti10 andNi11 typically fall midway
is a destabilization of the porphyrin HOMO and a significantly petween those of the regular porphyritil and the very
smaller perturbation of the LUM®?%b< nonplanar dodecasubstituted porphyhii8. Lower frequencies
The absorption maximaQy(0,0)] for the free bases of are also seen foNil0 compared taNill, suggesting a more
porphyrins 9—13 were compared with those of the less nonplanar conformation fa¥il0. This is again consistent with
subsituted and essentially planar reference compoldptiand the crystallographic data discussed previously. Interestingly,
H»2 and the very nonplanar dodecasubstituted reference com-extensive broadening of thgg line is seen folNi1l but not
poundsH,3 andH4 (Table 7). The Q«(0,0)] bands foH,1 for Ni10. The mostly likely explanation for this broadening is
andH»2 are seen at 618 and 646 nm, whereadHgd andH»4 the presence of multiple porphyrin conformations in solution,
the absorption maxima exhibit large bathochromic shiftg.y a phenomenon which has been observed for Ni®EPThis
= 706 and 724 nm foH,3 and H»4, respectively). The result agrees with crystallographic data fdill and Nil2
absorption maxima for the free bases of porphyréisl3
encompass a range similar to that seen for the essentially planat50) (a) Shelnutt, J. A.; Majumder, S. A.; Sparks, L. D.; Hobbs, J. D.;

; Medforth, C. J.; Senge, M. O.; Smith, K. M.; Miura, M.; Luo, L.;
reference compoundd,1 andH»2, suggesting that all of the Quirke, J. M. E.J. Raman Spectros992 23, 523, (b) Sparks, L.

free-base 5,15-diaryl- and 5,15-diethylporphyrins adopt planar D.; Anderson, K. K.; Medforth, C. J.; Smith, K. M.; Shelnutt, J. A.
or nearly planar conformations in solution. The results obtained Inorg. Chem.1994 33, 2297.
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showing that the 5,15-diaryl-substituted porphyrins can exist degrees of nonplanarity characterized mainly by ruffle and

in both planar and nonplanar conformations. saddle distortions, implying that these macrocycles are perma-
) nently distorted. Interestingly, a fairly minor structural change
Conclusions for the 5,10,15-substituted porphyrins (exchanging a meso-

A comparative analysis of the conformations of eight formylfora meso-acrylate group) markedly decreases the degree
2,3,5,7,8,12,13,15,17,18-decasubstituted porphyrins determinecPf nonplanarity and reverses the contributions of ruffle and
by X-ray crystallography reveals that peripheral steric strain in saddle distortion modes. This suggests that the 5,10,15-
these systems can be relieved via in-plane and/or out-of-planetrisubstituted porphyrins are most likely conformationally flex-
distortions. This is in contrast to the case of dodecasubstitutedible. On this point, it is interesting to note that marked
porphyrins, which minimize steric strain principally by out-of- conformational flexibility was recently demonstrated for do-
plane distortiond®16:19%.20cor to the case of mono-meso- decasubstituted porphyrins using a series of dodecaphenyl-
substituted octaalkylporphyrins bearing small substituents, whereporphyrins>!
similar conformational analyses can sometimes be ambiguous A spectroscopic analysis of the 5,15-dialkyl- and 5,15-
because steric effects can be masked by the influence of packingdiarylporphyrins using optical, resonance Raman,&hNMR
forces3tb techniques suggested that the structural trends seen in the

Free-base porphyrins with 5,15-diaryl, 5,15-dialkyl, or mix- crytsalline state were retained in solution. For example,
tures of alkyl and aryl substituents at the 5- and 15-positions absorption maxima for the metal-free 5,15-dialkyl- and 5,15-
show small or negligible out-of-plane distortions but significant diaryl-substituted porphyrins and the nickel(ll) complexes of
in-plane distortions. The in-plane distortions give rise to a the 5,15-diarylporphyrins were comparable to those of regular
specific pattern of bond angle changes, and to an unusualporphyrins, whereas those for nickel(ll) complexes of the 5,15-
elongation of the porphyrin core along the 5,15-axis which diarylporphyrins showed a shift to longer wavelength, indicating
makes the macrocycle appear oblong rather than square. Anonplanar conformations. Variable-temperattteNMR ex-
review of the literature reveals that this in-plane distortion is periments confirmed our earlier sugges#othat the dynamic
conserved for other 5,15-substituted free-base porphyrins andprocess seen for the 5,15-dialkylporphyrins is hindered rotation
is also present to a lesser degree in free-base octalkylporphyrin®f the meso-substituents and not interconversion between two
with only one meso-substituent. Nickel(ll) complexes of the different nonplanar porphyrin structurés.
5,15-dialkyl-substituted porphyrins adopt highly ruffled con- .
formations, suggesting that steric repulsions are relieved by Acknowledgment. This work was supported by grants from
nonplanar distortions of the macrocycle. However, there is also the National Science Foundation (K.M.S., CHE-96-23117), the
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both planar and saddle conformations. Again, there is a small showing atom numbering for all crystal structures, thermal ellipsoid
but significant elongation along the 5,15-axis which is quali- plots for Ni12 andH,15, packing plots foNi11, H»13, Ni10, H,14,
tatively similar to that seen for the free-base 5,15-substituted Nil7, andNil9, a side view of the molecular structure 13, and
porphyrins. Published structures of other nickel(ll) 5,15-diaryl- deviations from the four-nitrogen least-squares plan&lfb2 andH;15
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Crystal structures of the nickel(ll) complexes of a 5,10-
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