Inorg. Chem. 2009, 48, 3954—3965

Inorganic: Chemistry

* Article

Influence of Mixed Substituents on the Macrocyclic Ring Distortions of
Free Base Porphyrins and Their Metal Complexes

P. Bhyrappa,* C. Arunkumar, and B. Varghese
Department of Chemistry, Indian Institute of Technology Madras, Chennai 600 036, India

Received August 25, 2008

Crystal structures of a series of free base porphyrins, 2,3,12,13-tetra(cyano/chloro/bromo)-5,7,8,10,15,17,18,20-
octaphenylporphyrin solvates [Ha(TPP(Ph)4(CN)y) - 3(CoH4Cl,), Ho(TPP(Ph)4Cly) - 2(CH50H), and Hy(TPP(Ph),Bry) -
2THF - 1.5(CH30H)], were determined to examine the influence of mixed antipodal /-pyrrole substitution on the
stereochemistry of the porphyrin macrocycle. Nonplanarity of the porphyrin skeleton increases with an increase in
size of the X group at the S-pyrrole positions, and the root-mean-square deviation of the core atoms follows the
order CN (0.508 A) < CI (0.687 A) < Br (0.792 A). The normal-coordinate decomposition analysis of the free-base
structures shows dramatic substituent- (X-)dependent out-of-plane distortions featuring saddling combined with a
ruffled conformation in Ha(TPP(Ph)4(CN),), while it is predominantly saddled geometry in Ho(TPP(Ph),X,) (X = Cl,
Br) structures. For Hy(TPP(Ph),Xs) (X = CI, Br) structures, the core elongation is along the antipodal pyrroles
bearing halogen groups, and in the case of the Ho(TPP(Ph)4(CN),) structure, it is along the other antipodal pyrroles
with phenyl groups. However, the average core, N- - - N separation along the transannular pyrrole direction follows
the trend Hy(TPP(Ph),(CN),) (4.134(4) A) < Hy(TPP(Ph),Cl,) (4.184(5) A) < Ho(TPP(Ph),Br,) (4.205(5) A). The
bond lengths of the 24-atom core are comparable, but its bond angles showed significant differences along
the antipodal direction bearing 3-pyrrole with X groups when compared to the other transannular pyrrole direction.
The four-nitrogen porphyrin core (N4H,) exhibited weak intramolecular hydrogen bonding and also intermolecular
interactions. Interestingly, Ho(TPP(Ph),Cls) - 2(CH30H) shows an extended chain structure involving hydrogen-bonding
interactions between the CH;OH - - - OHCH; (O - - - O) and CH40H - - - core (N4H,) interactions. The nonplanar geometry
of these free base porphyrin rings suggests a more predominant influence of steric crowding of the peripheral
substituents rather than intermolecular interactions. The four-coordinated Ni(TPP(Ph)4(CN)y) - CeHi4 - 0.5(C5H4Cly)
complex shows an enhanced ruffling of the macrocycle along with the saddled conformation relative to more saddle-
shaped Ha(TPP(Ph)4(CN),) - 3(C2H4Cl,) structure. The crystal structure of the Zn(TPP(Ph),Cls)(Py) - (C.H4Clz) complex
features distorted square-pyramidal geometry with the reduction in the nonplanarity of the core in contrast to its
free base porphyrin structure. Normal-coordinate-decomposition analysis for the out-of-plane displacement of the
core atoms in the Ni(TPP(Ph)4(CN),) structure showed enhanced ruffling combined with saddling of the macrocycle
while Zn(TPP(Ph),Cl,)(Py) exhibited mainly saddling when compared to their corresponding free base porphyrin
structures. The nonplanar distortion in the Ni(TPP(Ph)4(CN)s) - (CeH4) - 0.5(C2H4Cly) complex indicates that the
contracted porphyrin core and the weak intermolecular interactions are responsible for the nonplanar geometry of
the macrocyclic ring.
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Introduction of a wide range of sterically crowded, diverse porphyrins.' ™

The presence of peripheral substituents produces new types

Nonplanar conformations of tetrapyrrole pigments, in
particular, influence the biological functions of various
porphyrinoids in metalloproteins and have led to the synthesis
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of porphyrin chromophores with significantly altered phys-
icochemical properties that arise from the conformational
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distortions of the macrocycle.” *? Shelnutt and co-workers>
have examined the stereochemistry of the heme centers in
many hemeproteins and synthetic porphyrins with differing
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conformational features. An increase in the number of
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substituents, leading to the nonplanarity of the macro-
cycle.!*~* High-valent metalloperhaloporphyrins serve as
robust catalysts for the oxidative transformation of organic
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attributed to the stabilization of the highest-occupied 7z-mo-
lecular orbitals.’** Unlike planar porphyrins, nonplanarity
features disposition of the core nitrogen atoms above and
below the faces of the macrocycle and produces dramatic
solvent-dependent optical spectral properties.>*> In addition,
nonplanar free base porphyrins exhibited facile metal inser-
tion reactions.>®”
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M=2H, X =CN, Cl, Br
M = Ni(ll), X = CN
M = Zn(ll), X = CI

Figure 1. Chemical structures of mixed substituted porphyrins and their
metal complexes.

groups.”® %% The mixed substituted porphyrins exhibited an
interesting trend in their electronic spectral and electrochemi-
cal redox properties.®? The pronounced changes in properties
of the B-pyrrole substituted porphyrins in contrast to meso-
phenyl functionalized porphyrins were due to the substituents
which are in direct conjugation with the extended s system.
The introduction of antipodal tetrasubstitution as in
H,(TPPR,) (R = C¢Hs, CH3, Br)®® exhibited a nearly planar
porphyrin ring, while the corresponding five-coordinated
Zn(IT) complexes® showed moderate nonplanar geometry.
Crystal structures of M(TPPRg)’s bearing similar electron-
donor (R = alkyl or aryl groups)*®*!®!7?% and electron-
withdrawing®*-3® substituents feature nonplanar distortion
of the macrocyclic ring, and it varies with the size of the
B-pyrrole substituents.! The role of mixed f-pyrrole sub-
stituents on the porphyrin macrocyclic ring conformations
has been largely unexamined.’*°** In the present work,
the crystal structures of a series of free base derivatives
(Hy(TPP(Ph),X4); X = CN, Cl, Br) with varying steric
crowding at the periphery of the porphyrin have been
elucidated (Figure 1). These free base porphyrin derivatives
and their metal complexes feature dramatic differences in
their stereochemistry in contrast to the porphyrins bearing
similar 3-pyrrole substituents.

Experimental Section

Materials. 2,3,5,10,12,13,15,20-Octaphenylporphyrin, H,(TPP-
(Ph),), was prepared using the reported procedure.®*® 2,3,12,13-
Tetrabromo-5,7,8,10,15,17,18,20-octaphenylporphyrin (H,(TPP(Ph),-
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5495.
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Varghese, B. Acta Crystallogr. 2008, E64, m330. (c) Zou, J.-H.; Xu,
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Bry)), 2,3,12,13-tetrachloro-5,7,8,10,15,17,18,20-octaphenylporphyrin
(Hx(TPP(Ph),Cly)), 2,3,12,13-tetracyano-5,7,8,10,15,17,18,20-octaphe-
nylporphyrin (Hy(TPP(Ph)4(CN),)), 2,3,12,13-tetracyano-5,7,8,10,15,
17,18,20-octaphenylporphinato nickel(Il) (Ni(TPP(Ph)4(CN),)), and
2,3,12,13-tetrachloro-5,7,8,10,15,17,18,20-octaphenylporphinato zinc(II)
(Zn(TPP(Ph),Cly)) complexes were synthesized using slightly modified
literature methods.% All of the solvents employed in this study were
of analytical reagent grade and distilled prior to use.®®

The mixed substituted free base porphyrins and their metal
complexes were characterized by electronic absorption and 'H NMR
and mass spectroscopic methods. Hy(TPP(Ph)4(CN),). Electronic
absorption spectrum in CH,Cl,, .y, nm (log €): 465 (5.16), 584
(3.96), 621 (3.98), 779 (4.15). '"H NMR in CDCl;: 7.85 (d, 8H,
meso-o-phenyl-H), 7.50 (t, 4H, meso-p-phenyl-H), 7.40 (t, 8H,
meso-m-phenyl-H), 6.84 (m, 20H, -pyrrole-phenyl-H), —1.48 (s,
2H, imino-H). ESI-MS (m/z): 1019.22 (calcd, 1019.18). H,(TPP-
(Ph)4Cly). Aoy, nm (log €): 375 (4.36), 464 (5.20), 568 (3.92), 621
(3.96), 718 (4.05). 'TH NMR in CDCl;: 7.95 (d, 8H, meso-o-phenyl-
H), 7.30 (m, 12H, meso-m and p-phenyl-H), 6.85 (m, 20H,
[-pyrrole-phenyl-H), —1.80 (bs, 2H, imino-H). ESI-MS (m/z): 1057
(caled, 1056.92). Hy(TPP(Ph)4Bry). Ay, nm (log €): 378 (4.32),
469 (5.16), 574 (3.94), 630 (3.94), 734 (3.97). 'H NMR in CDCl;:
7.85 (d, 8H, meso-o-phenyl-H), 7.23 (m, 12H, meso-m- and
p-phenyl-H), 6.75 (m, 20H, S-pyrrole-phenyl-H), —1.79 (bs, 2H,
imino-H). ESI-MS (m/z): 1235 (calcd, 1234.72). Zn(TPP(Ph),Cly).
Amax> N (log €): 365 (4.42), 455 (5.26), 587 (4.10), 636 (3.95). 'H
NMR in CDCl;: 7.66 (d, 8H, meso-o-phenyl-H), 7.16 (m, 12H,
meso-m- and p-phenyl-H), 6.70 (m, 20H, f5-pyrrole phenyl-H).
MALDI-TOF-MS (m/z): 1120.10  (calcd, 1120.28).
Ni(TPP(Ph)4(CN)y). Aoy, nm (log €): 344 (4.34), 457 (5.10), 546
(3.81), 590 (sh), 653 (4.45). '"H NMR in CDCls: 7.36 (d, 8H, meso-
o-phenyl-H), 7.31 (t, 4H, meso-p-phenyl-H), 7.09 (t, 8H, meso-m-
phenyl-H), 6.89 (t, 4H, 3-pyrrole-p-phenyl-H), 6.80 (t, 8H, 3-pyrrole-
m-phenyl-H), 6.71 (d, 8H, f-pyrrole-o-phenyl-H). MALDI-TOF-
MS (m/z): 1075.18 (calcd, 1075.85).

Crystal Structures. Single-crystal X-ray structure data collec-
tions were performed on a Bruker AXS Kappa Apex II CCD
diffractometer with graphite monochromated Mo Ka radiation
(A =0.71073 A). The crystals were coated with inert oil, mounted
on a glass capillary, and transferred to the cold nitrogen gas stream
of the diffractometer, and crystal data were collected at 173 K.
The reflections with I > 20(/) were employed for structure solution
and refinement. The SIR92°%* (WINGX32) program was used for
solving the structure by direct methods. Successive Fourier synthesis
was employed to complete the structures after full-matrix least-
squares refinement on IFI? using the SHELXL97°®" software.
Fourier syntheses led to the location of all of the non-hydrogen
atoms. For the structure refinement, all data were used including
negative intensities. The criterion of F? > 20(F?) was employed
for calculating R;. R factors based on F? (wR) are statistically about
twice as large as those based on F, and R factors based on all data
will be even larger. Non-hydrogen atoms were refined with
anisotropic thermal parameters. All of the hydrogen atoms in the
porphyrin structure could be located in the difference map.
However, the hydrogen atoms were geometrically relocated at
chemically meaningful positions and were given riding model
refinement.
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Chemicals; Elsevier: New York, 2003.
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Table 1. Crystal Structure Data of Mixed Substituted Porphyrins and Their Metal Complexes, 1, Hy(TPP(Ph)4(CN),)+3(C,H,Cl,); 2,
Hy(TPP(Ph),Cly)-2(CH;0H); 3, Hy(TPP(Ph),Bry)+2THF- 1.5(CH;0H); 4, Ni(TPP(Ph),(CN),)+C¢H;4+0.5(C,H,Cly); and 5, Zn(TPP(Ph),Cly)(Py) - C,HsCl,

1 2 3 4 5
empirical formula C73H54C16N3 C70H50C14N402 C77.5H(,2 BI'4N403.5 C79H5(,C1N3Ni C75H49C|5N5ZI1
fw 1315.99 1120.94 1426.96 1211.48 1298.26
color green green black brown purple
cryst syst monoclinic monoclinic triclinic triclinic monoclinic
space group P2/n P2y/c P1 P1 P2/n
a, A 17.9279(5) 15.8098(6) 13.1059(3) 14.1775(7) 13.6590(3)
b, A 19.9174(6) 27.6166(8) 16.1824(3) 15.6420(7) 12.4972(3)
¢, A 19.7750(6) 13.7545(4) 17.7714(4) 16.0408(8) 36.3352(9)
a, (deg) 113.3310(10) 65.001(2)

B, (deg) 109.800(10) 102.6770(10) 94.8680(10) 82.372(2) 90.5380(10)
v, (deg) 107.2520(10) 74.191(2)

vol (A% 6643.7(3) 5859.0(3) 3215.98(12) 3101.4(3) 6202.1(3)
z 4 4 2 2 4

Deaiea (mg/m?) 1.316 1.271 1.474 1.297 1.390
wavelength (1), A 0.71073 0.71073 0.71073 0.71073 0.71073
T (K) 173(2) 173(2) 173(2) 173(2) 173(2)
no. of unique reflections 11691 10308 11177 10836 10908
no. of params refined 831 738 771 783 766

GOF on F? 1.049 1.032 1.065 1.048 1.029
R 0.0855 0.0666 0.0644 0.0763 0.0702
WRy? 0.2242 0.1742 0.1776 0.2289 0.1806

4R, = JNF,) — IFIVZIF); I, > 20 (I). " wRy = [X w(F2 — FAXYEw(F 2.

Crystals of the free base porphyrins and their metal complexes
were grown at room temperature. Ho(TPP(Ph)4(CN),)+3(C,H4Cl,)
was crystallized from the vapor diffusion of methanol to a 1,2-
dichloroethane solution of the porphyrin over a period of seven
days. All three lattice solvates showed positional disorder and were
refined with the sum of their individual occupancies equal to 1.0.
Crystals of Hy(TPP(Ph),Cly)+2(CH30H) were obtained by the vapor
diffusion of methanol to the porphyrin in 1,2-dichloroethane over
a duration of five days. Hy(TPP(Ph)sBrs)<2(THF)-1.5(CH;0H)
crystals were grown by the diffusion of methanol vapor to the
porphyrin in THF over a period of five days. This structure shows
positional disorder of one of the THF and methanol solvates. The
hydrogen atoms of these solvates were not observed in the
difference map and could not be fixed reliably. Ni(TPP(Ph)4(CN),)*
(C6H14)*0.5(C,H4Cly) crystals were obtained by the vapor diffusion
of hexane to the porphyrin in 1,2-dichloroethane for a period of
four days. The hexane solvate showed positional disorder. Hydrogen
atoms of the hexane solvate were not observed in the difference
map. The structure was refined without fixing the hydrogen atoms
for hexane solvate. Zn(TPP(Ph),Cl,)(Py) < (C,H4Cl,) was crystallized
by the vapor diffusion of hexane to the 1,2-dichloroethane solution
of the Zn(Il) porphyrin containing few drops of pyridine for a
duration of six days. The axial pyridine, one of the [-pyrrole
phenyls, and the lattice 1,2-dichloroethane showed positional
disorder. The intermolecular contacts were calculated using the
Platon®®® program.

Results and Discussion

Crystal structures of numerous highly substituted porphy-
rins have been reported in the literature,' and the different
structural distortion of the macrocyclic ring was examined
by Scheidt and Lee.®”-°® The nonplanar conformation of the
porphyrins may be altered by varying the size and number
of the peripheral substituents.'* The H,(TPP(Ph),X,) deriva-
tives and their metal [Ni(TPP(Ph),(CN);) and Zn(TPP-

(67) Scheidt, W. R.; Lee, Y. J. Struct. Bonding (Berlin) 1987, 64, 1.

(68) Scheidt, W. R. In The Porphyrin Handbook; Kadish, K. M., Smith,
K. M., Guilard, R., Eds.; Academic Press: New York, 2000; Vol. 3,
p 49.

(Ph)4Cly)] complexes were synthesized and characterized by
electronic absorption and '"H NMR and mass spectroscopic
methods. The stereochemistry of the macrocycle in H,(TPP-
(Ph)4X4) (X = CN, Cl, Br) was examined by varying the
p-pyrrole substituents X at the antipodal positions. Table 1
lists the crystal structure data of the solvated structures of
mixed substituted free base tetraphenylporphyrins and their
metal complexes. To compare the extent of steric crowding
induced by the substituent (X) and phenyl groups at the
antipodal S-pyrrole positions, the selected mean bond lengths
and geometrical parameters of the porphyrin skeleton are
compared for the solvated H,(TPP(Ph),Xy) structures and
are listed in Table 2. A comparison is made with the
symmetrically substituted 2,3,5,7,8,10,12,13,15,17,18,20-
dodecaphenylporphyrin trihydrate, H,(DPP)+3(H,0), struc-
ture® to elucidate the influence of mixed substitution on the
stereochemistry of the macrocyclic ring.

The ORTEP diagrams of the porphyrin ring of the solvated
H,(TPP(Ph),X,) (X = CN, Cl, Br) structures along with the
atomic numbering scheme are shown in Figure 2. These
porphyrins feature bond lengths of the 24-atom core that are
comparable to the reported saddle-shaped H,(DPP)+3(H,0)
structure'” and other similarly solvated H,(DPP) struc-
tures,'”®’° but they showed interesting differences in their
geometrical parameters. The presence of differing sizes and
shapes of the substituents (X) in the mixed substituted
porphyrins, Hy(TPP(Ph),Xy), is anticipated to generate varia-
tion in steric crowding at the periphery of the macrocycle.
The parent 2,3,5,10,12,13,15,20-octaphenylporphyrin showed
almost planar geometry of the porphyrin ring.®** As sug-
gested previously,®® the elongation of the core (N,H,) is due
to the steric strain enforced by the peripheral groups, and
this results from the bulky C,,C, substituents that push the
adjacent meso-phenyl groups toward other pyrroles with less

(69) Barkigia, K. M.; Nurco, D. J.; Renner, M. W.; Melamed, D.; Smith,
K. M.; Fajer, J. J. Phys. Chem. B 1998, 102, 322.
(70) Senge, M. O. Z. Naturforsch. 1999, 54b, 662.
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Table 2. Comparison of Selected Mean Bond Lengths and Geometrical
Parameters of Free-Base Mixed Substituted Porphyrins

X = CN, Hy(TPP(Ph),(CN),):3(C,H,Cl,), 1

X = Cl, Hy(TPP(Ph),Cl,)-2(CH;0H), 2

X = Br, Hy(TPP(Ph),Br,)-2(THF)+1.5(CH,0H), 3
X = Ph, Hy(DPP)*3(H,0)

1 2 3 H,(DPP)-3(H,0)"
Bond Lengths A)
C,—N 1.361(5) 1.360(4) 1.362(6) 1.357(4)
C,/—N’ 1.373(5) 1.379(4) 1.359(6)
C,—C, 1.450(5) 1.459(5) 1.445(7) 1.442(2)
C/—Cy 1.444(5) 1.437(5) 1.443(7)
Cp—Cy 1.378(5) 1.345(5) 1.351(8) 1.370(2)
Cy—Cy’ 1.380(5) 1.380(5) 1.381(7)
C,—Cn 1.415(6) 1.409(5) 1.413(7) 1.410(2)
C,/—Cy 1.398(5) 1.412(5) 1.415(7)
Bond Angles (deg)
C,—N—-C, 107.2(3) 107.8(3) 108.2(4) 109.4(14)
C/—N'-C,/ 111.0(3) 110.4(3) 110.94)
C,—C,—C,/ 124.0(3) 122.3(3) 121.3(4) 122.1(11)
N—-C,—Cy, 126.0(3) 122.7(3) 122.6(4) 123.0(11)
N'—-C/—C, 124.3(3) 125.3(3) 123.5(5)
N—-C,—C, 110.0(3) 109.1(3) 108.7(4) 107.9(10)
N'—-C,/—Cy  106.6(3) 106.7(3) 107.2(4)
C,—GC,—GCy 106.4(3) 107.0(3) 107.2(4) 107.1(10)
C/—Cy—Cy 107.8(3) 107.93) 107.3(4)
C,—C,—Cp 124.0(3) 128.2(3) 128.7(5) 129.0(11)
Cy—C,/—C, 128.9(3) 127.9(3) 129.2(5)
C,—Cn—Cpni 116.8(3) 120.1(3) 119.9(4) 118.9(11)
C/—Cn—Cpn 119.1(3) 117.7(3) 118.8(4)
C,—C—X 130.5(4) 128.1(3) 127.8(4) 126.1(11)
C/—Cy—Cp 127.7(3) 125.3(3) 125.1(4)
Distance (A)

N---N 4.044(3) 4.245(4) 4.230(4) 4.291
N’---N’ 4.227(3) 4.122(4) 4.182(6) 4.235

Average Dihedral Angle Relative to Mean Plane (deg)
meso-phenyl 51.7(3) 41.7(2) 26.4(3) n.a.
f-phenyl 64.1(2) 54.8(2) 51.3(3) n.a.
pyrrole (X) 25.5(2) 29.3(6) 39.8(2) n.a.
pyrrole (Ph) 18.7(1) 35.9(1) 36.7(2) n.a.

“ Data are from ref 69; n.a., data not available.

sterically crowded Cy’,C,” positions. The relief of steric
strain results in Cy—C, > C,’—C, and C,—C,,—Cpni >
C)/—Cn—Cpn parameters. Surprisingly, solvated Hy(TPP(Ph),-
X4) (X = Br, Cl) structures showed C,—C;, < C,'—Cy” and
C,—Cn—Cpni > C/—Cp—Cppi. This is perhaps due to the
influence of steric and electronic factors.®® However, the
H>(TPP(Ph)4(CN)y) * 3(C,H4Cl,) structure exhibited almost
similar C,—C, and C,’—C,’ bond distances with lowered
C,—C,—Cpyp relative to Ca’—Cm—Cphl angles. Furthermore,
the smaller X group at the pyrrole position moves away from
the adjacent meso-phenyl groups, resulting in an increased
C,—C,—X angle and decrease in the C,/—C,'—C, angle.
For solvated H,(TPP(Ph),X,) structures, the C,—C,—X >
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Figure 2. ORTEP diagrams of (a) Hy(TPP(Ph)4(CN),)+3(C,H,CL,), (b)
Hy(TPP(Ph),Cly) - 2(CH30H), and (c) Hy(TPP(Ph).,Bry)*2THF- 1.5(CH;0H).
Solvate and hydrogens are not shown for clarity. Thermal ellipsoids shown
at 40% probability level.

C,/—Cy'—Cpp angle follows the order CN > Cl > Br, and
the change in the angle is 2—3° (Table 2).

A previous report on the antipodal S-tetrasubstituted
H,(TPPBry) structure®*® showed that the C,—C, bond
distance of the pyrroles with Br groups is shorter (1.33(2)
A), while the other unsubstituted pyrroles feature longer
Cy—Cy" bond distances (1.36(2) A). An opposite trend
(C,—C, > C,’—C}’) was reported in the case of Hy(TPPR,)
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(R = CHs;, C¢Hs) structures.®*®® Further, the hydrogens
located on the transannular pyrrole nitrogens bearing f3-phe-
nyls showed a greater C,/—N’—C,” angle relative to the
C,—N—C, angle by 2—4° along the other transannular
pyrroles with X substituents. The relief of steric strain also
results in C,—C,—C, < C,/’—C,/—C,, angles for smaller
substituents (X) along the transannular S-pyrrole direction.
Such a trend in angles is observed for the
H,(TPP(Ph)4(CN)4)*3(C,HyCl,) structure, while they are
approximately similar in the solvated H,(TPP(Ph)4X,) (X =
Cl, Br) structures. This suggests that the antipodal halogen
substituents induce greater steric crowding than the smaller
cyano groups with respect to 3-phenyl groups. The separation
between the transannular nitrogens is found to be N++*N >
N’-++N’"in solvated H,(TPP(Ph),X,) (X = Cl, Br) structures,
but an opposite trend is observed in the Hy(TPP(Ph),(CN),)*
3(C,H4CL) structure (Table 2). This also indicates that the
elongation of the core is more along the transannular pyrroles
with halogens as in the former structures, and it is along the
other pyrroles with phenyl groups in the latter structure.
Nevertheless, in all three mixed substituted free base por-
phyrins, the average size of the N4H, core decreased when
compared to the H,DPP-3(H,0) structure and varies in the order
H,(TPP(Ph)4(CN),) < Hy(TPP(Ph),Cly) < Hy(TPP(Ph),Bry). In
these solvated H,(TPP(Ph),X,;) (X = CN, Cl, Br) structures,
the C,—C,, (mean value of C,—C,, and C,/—C,,) bond distance
increases as anticipated; however, the C,—C,—C,” angle
decreases with the increase in core size (Table 2). It is known
that, as the core size increases, the meso bridges open up,
resulting in an increase in the C,—C, bond length and
C,—C,,—C,” angle.*?® This is probably due to the relaxation in
steric strain induced by the differing shapes and sizes of the
antipodal mixed substituents. It is worthy to note that the
H,(TPP(Ph),Br4) showed nonplanarity of the ring similar to that
reported for Hy(DPP)3(H,0) and Hy(TPPBrg)- DMF*® struc-
tures. Moderately sterically crowded f3-tetrasubstituted porphy-
rins, Hy(TPPX,) (X = C¢Hs, CH3, Br), exhibited a nearly planar
macrocyclic ring with the elongation of the core (N ++<N) along
the substituted S-pyrrole direction.> The short intramolecular
contact distance between C,,; and Cex was found to be 2.850(4)
A, and the (Cp—C=N),, angle is 174.3(2)°, indicating the extent
of steric crowding between the meso-phenyl and the S-pyrrole
CN groups. Similarly, the close contact in Cypy**+ X (X = Cl,
Br) was found to be 3.155(4) and 3.224(3) A in solvated
H,(TPP(Ph),Cl,) and H,(TPP(Ph),Bry) structures, respectively.
The intermolecular short contact between the S-pyrrole (CN)N,
Cl, and Br groups and the adjacent meso-o-phenyl carbon is
3.38(5), 3.16(4), and 3.23(4) A, respectively, for the corre-
sponding H,(TPP(Ph),X,) (X = CN, Cl, Br) structures.

The edge-on views of the free base porphyrin structures
along the transannular direction (N1+<++N3) are shown in
Figure 3. These structures showed enhanced distortion of
the macrocyclic ring from planarity. The mean plane
displacement of the core atoms from the porphyrin ring plane
(Figure 4) shows that the pyrrole rings are displaced
alternatively up and down from the 24-atom core with
minimal displacement of the meso-carbons. However,
H,(TPP(Ph)4(CN),)+3C,H4Cl, shows considerable displace-

(c)

Figure 3. ORTEP diagrams showing the edge-on view of (a) H,(TPP-
(Ph)4(CN)4) '3(C2H4C12), (b) HQ(TPP(Ph)4C14) '2(CH30H), and (C) Hz(TPP-
(Ph)4Brs)+2THF+ 1.5(CH;O0H) structures. Hydrogen atoms and lattice sol-
vates are not shown for clarity. Thermal ellipsoids shown at the 40%
probability level.

ment of the meso-carbon and f-pyrrole carbons (Figure 4a).
The linear display of the core atoms indicates that the
H,(TPP(Ph)4(CN),)+3(C,H4Cl,) has a less nonplanar con-
formation when compared to solvated H,(TPP(Ph),X,)
(X = Cl, Br) structures (Figure 4b,c). The displacement of
pyrrole carbons and the meso-carbons indicates that these
free base structures exhibit more of saddle distortion
combined with a varying degree of ruffled and domed
conformations.”®® In the case of H(TPP-(Ph)4(CN),)*
3(C,H4Cl,), the average deviation of the cyano carbon (C69,
C70, C71, and C72) atoms is +0.072(3) A, while the phenyl
carbons (C27, C33, C51, and C57) attached to the S-pyrrole
carbon (Cyp) exhibit an opposite deviation from their corre-
sponding mean plane of the pyrrole ring by —0.030(3) A.
The adjacent halo groups tilt from each other within 0.011(3)
A in H,(TPP(Ph),Xy) (X = Cl, Br) structures with ap-
proximately similar deviation in the phenyl carbon (Cppy)
attached to the -pyrrole positions. In the Hy(TPP-(Ph),Xy)
structures, the phenyl rings are oriented perpendicular to the
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Figure 4. (left column) Mean plane displacements (in angstroms, esd’s 0.004 A) of the 24-atom core. (right column) Linear display (in angstroms) of the
skeletal atoms for (a) Hy(TPP(Ph)4(CN),)+3(C,H,Cl,), (b) Hy(TPP(Ph),Cl,)+2(CH;0H), and (¢) Ho(TPP(Ph)4Br,)+2THF+ 1.5(CH30H) structures.

24-atom core with C,,—C;,; and C,—Cpy, bond lengths that
are in the range 1.480—1.495 A, indicating very minimal
conjugation between the phenyl groups with the porphyrin
7 system. The extent of steric crowding at the periphery of
the porphyrin is anticipated to be in the same order as the
van der Waals radii of the X groups, and it follows the order
Br > Cl > (C) CN.”! The extent of distortion of the
macrocycle in H,(TPP(Ph),X,) (X = CN, Cl) structures is
significantly less relative to H,(DPP):3(H,0O), and it is
comparable to that of H,(TPP(Ph),Br,):2(THF)-
1.5(CH;0H) (Table 2, Figure 4).

As observed, the steric crowding varies with the size of
the X groups in H,(TPP(Ph),X,) (X = CN, Cl, Br) structures.
To avoid steric repulsion among the peripheral substituents,
pyrrole rings tilt and phenyl groups twist from the mean plane
of the porphyrin ring. meso- and S-Pyrrole phenyl groups
are nearly planar (within 0.01 A), oriented perpendicular to
the porphyrin ring, and the degree of twist of these groups
showed severe dependence on the nonplanarity of the
macrocyclic ring (Table 2). The average dihedral angle of
the meso-phenyl groups is lower in contrast to the 3-pyrrole

3960 Inorganic Chemistry, Vol. 48, No. 9, 2009

phenyl groups, and it increases with a decrease in nonpla-
narity and follows the order H,(TPP(Ph),Br,) < H,(TPP-
(Ph)4Cly) < Hy(TPP(Ph)4(CN),). The root-mean-square dis-
placement of the core atoms also suggests that the extent of
nonplanarity follows the size of the X groups (Figure 4).
The free base porphyrin structures feature intramolecular
hydrogen-bonding interactions within the N4H, core. Similar
bifurcated hydrogen bonding was observed in H,(TPPBry)*
2(DMF)**® and H,(DPP)+3(H,0)* structures. It can be seen
that the average nitrile (C=N) bond length in H,(TPP(Ph),-
(CN)4)*3(C,H4Cl) is found to be longer (1.146(6) A) and
the B-pyrrole (C) to the cyano carbon shorter (1.427(6) A)
when compared to the corresponding distances known for
the dodeca-substituted Ni(TPP(CN),Br,)+2.5(C,H4Cl,) com-
plex [1.064(15), 1.458(18) A].%> The center-to-center distance
between the adjacent phenyl rings in all of these structures
was in the range of 3.45—4.61 A.

The crystal structures were examined for any intermo-
lecular contacts which could be responsible for the nonplanar

(71) Bondi, A. J. Phys. Chem. 1964, 68, 441.
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C69

Figure 5. The hydrogen-bonding interactions of the H,(TPP(Ph),Cly)-
2(CH;0H) structure via CH3OH-:-*HOCH; (O1:-+O2) and por-
phyrin++*HOCH; (N+++O) along the unit cell ¢ axis. Hydrogen-bonding
interactions are shown in dotted pink lines. The phenyl and chloride groups
are omitted for clarity.

conformations in these mixed substituted free base porphy-
rins. In the case of the Hy(TPP(Ph)4(CN),)+3C,H,4Cl, struc-
ture, a close contact distance of C73+++N3 = 3.308(13) A
(C—H-*-*N) is observed for porphyrin--+C,H,Cl, interac-
tions. For the Hy(TPP(Ph)4Br,) - 2THF - 1.5(CH;0H) structure,
the closest hydrogen-bonding intermolecular distance
(N—H+-+0) N2-+-01 = 3.00(4) A is found to be between the
core and the disordered THF solvate. A very short N3++-02 =
2.79(3) A was also observed between the core with the
disordered methanol solvate. The H,(TPP(Ph),Cly)*
2(CH;0H) structure shows interesting solvate-induced inter-
molecular hydrogen-bonding interactions. The hydrogen-
bonding interactions of the porphyrin core--*methanol and
CH;0H---HOCH; featured an extended chain along the unit
cell ¢ axis (Figure 5). This one-dimensional chain is formed
by N—H:++O [N2:+-O1 = 3.018(3) A, N1+--02 = 2.852(4)
A, and N4---O1 = 3.052(4) A] and CH;0H---HOCH;
[O1+++02 = 2.664(4) A (O—H:++0); C69++-02 = 3.064(6)
A (C—H:++-0)] hydrogen-bonding interactions. Interchain in-
teractions are largely van der Waals in nature because the close
contact C+++C distance between the adjacent chains is 3.459(4)
A. The observed hydrogen-bonding distances indicate mode-
rate to fairly strong intermolecular interactions in the H,(TPP-
(Ph)4Cly) *2(CH;0H) structure, while similarly solvated Hy(TPP-
(Ph)4X4) (X = CN, Br) structures showed very weak intermo-
lecular interactions.”> Geometrical and structural parameters of
the porphyrin ring in these structures seem to suggest that the
steric crowding is predominantly responsible for induced
nonplanarity of the macrocycle.

Crystal structures of Ni(TPP(Ph)4(CN),)*CeH;4°0.5(C,Hy-
Cly) and Zn(TPP(Ph),Cly)(Py)-C,H,Cl; complexes were
determined to elucidate the role of the divalent metal ion in
the stereochemistry of the porphyrin skeleton. The crystal-
lographic data of the complexes are listed in Table 1. An
ORTEP diagram of Ni(TPP(Ph)4(CN)4)*CeHi4°0.5(C,Hy-
Cl,) is shown in Figure 6a. The selected bond lengths and
geometrical parameters of these porphyrin skeletons are listed
in Table 3. The bond lengths and angles are comparable to that
reported for the Ni(TPP(Ph)4(CN),Br,)+2.5(C,HsCl;) com-
plex.®’ The edge-on view of the Ni(I) complex shows con-

(72) Desiraju, G. R.; Steiner, T. The Weak Hydrogen Bond in Structural
Chemistry and Biology; Oxford University Press: Oxford, U.K., 1999.
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Figure 6. ORTEP diagrams of Ni(TPP(Ph);(CN),)+C¢H 4+ 0.5(C,H4Cly)
complex. (a), top view and (b), side view (the solvate, phenyl, cyano and
hydrogen atoms are not shown for clarity). Thermal ellipsoids are shown
at 40% probability. (c) The displacements of the Ni(II) ion and the core
atoms are shown in angstrom units (esd’s, 0.004 A).

siderable nonplanarity of the porphyrin ring (Figure 6b). The
Ni(II) ion is situated slightly above the mean plane by 0.032(4)
A. The pyrrole rings with electron-withdrawing S-cyano groups
decrease the electron density on the nitrogen atoms, resulting
in an elongation of the Ni—N bond distance, but interestingly,
it is marginally shorter when compared to the Ni—N’ bond
length for S-pyrroles bearing electron-donor phenyl groups
(Table 3). These distances are less than that found in the more
electron-deficient four-coordinated Ni(TPP(CN),Br,)+2.5(C,H,-
Cly) structure® (Ni—Npycn = 1.9294) A; Ni—N,g, = 1.911(4)
A). The nonplanar cores tend to show shorter Ni—N bond
distances,” if the porphyrin pyrrole rings are substituted with
electron-withdrawing groups, the basicity of these nitrogens
tends to decrease, resulting in increased Ni—N bond distances.
The marginal decrease in the Ni—N bond distance relative to
Ni—N’ in the Ni(TPP(Ph)4(CN)y) - C¢H 4+ 0.5(C,H,Cl,) complex
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Table 3. Selected Mean Bond Lengths and Geometrical Parameters of
Mixed Substituted Metalloporphyrins
X

M = Ni(ll), X = CN, Ni(TPP(Ph),(CN),)*(CH14)*0.5(C,H,Cl,), 4
M = Zn(ll), X = Cl, Zn(TPP(Ph),Cl,)(Py)*(C,H,Cl,), 5

4 5
Bond Length A
M—-N 1.882(3) 2.104(5)
M-N’ 1.902(3) 2.051(4)
C,—N 1.371(5) 1.370(4)
C,/—N’ 1.384(5) 1.374(4)
C,—G, 1.440(5) 1.449(6)
C/—Cy 1.456(6) 1.455(6)
Cp,—Cy 1.378(6) 1.349(6)
Cy—Cy’ 1.363(6) 1.366(6)
C,—Cp 1.402(6) 1.405(6)
C,/—Cy 1.394(6) 1.410(6)
Bond Angle (deg)
M—-N-C, 125.2(3) 121.7(2)
M—-N'-C,/ 126.1(3) 125.9(2)
C,—N—-C, 108.3(3) 108.8(3)
C,/—N'-C/ 106.2(3) 106.9(3)
C,—Cn,—C/ 119.8(3) 124.1(3)
N—-C,—Cy, 124.7(3) 124.0(1)
N'—-C,/—C, 122.4(3) 124.4(1)
N—-C,—C, 108.6(3) 107.8(4)
N'—-C,/—Cy 109.7(3) 109.6(2)
Cp—C,—Cpy 126.0(3) 128.0(4)
Cy—C/—Cn 127.0(4) 125.9(4)
C,—C,—X 129.3(4) 129.0(1)
C/—Cy'—Cpn2 127.2(4) 127.2(4)
(N—M~—N)gpp 173.0(14) 161.2(4)
(N—M—N), 90.2(14) 88.5(3)
Dihedral Angle Relative to the Mean Plane (deg)
meso-phenyl 57.5(2) 57.0(2)
f-phenyl 68.5(1) 61.4(2)
pyrrole (X) 27.8(2) 19.8(2)
pyrrole (Ph) 30.7(2) 24.9(2)

is perhaps due to contraction of the porphyrin core rather than
electronic effects of the pyrrole nitrogens. It was reported earlier
that the Ni—N distances were less in four-coordinated low-spin
Ni(IT) porphyrins and known to exhibit distortion of the
porphyrin skeleton.” It can be seen that the (N —Ni—N),qj angle
is close to 90°, while the (N—Ni—N),,, angle deviates signifi-

(73) (a) Veyarath, M.; Ramassuel, R.; Marchon, J. C.; Turovska-Tyrk, L.;
Scheidt, W. R. New J. Chem. 1995, 19, 1199. (b) Hobbs, J. D.;
Majumder, S. A.; Luo, L.; Sickelsmith, G. A.; Auirke, J. M. E;
Medforth, C. J.; Smith, K. M.; Shelnutt, J. A. J. Am. Chem. Soc. 1994,
116, 3261. (c) Barkigia, C. M.; Renner, M. W.; Furenlid, L. R;
Medforth, C. J.; Smith, K. M.; Fajer, J. J. Am. Chem. Soc. 1993, 115,
3627. (d) Scheidt, W. R. In The Porphyrins; Dolphin, D., Ed.;
Academic Press: New York, 1978; Vol. 3, p 463. (e) Cullen, D. L.;
Meyer, E. F., Jr. J. Am. Chem. Soc. 1974, 96, 2095. (f) Brennan, T. D.;
Scheidt, W. R.; Shelnutt, J. A. J. Am. Chem. Soc. 1988, 110, 3919.
(g) Kratky, C.; Waditschatka, R.; Angst, C.; Johansen, J. E.; Plaque-
vent, J. C.; Schreiberg, J.; Eschenmoser, A. Helv. Chim. Acta 1985,
68, 1312.
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cantly from 180°, indicating distorted square-planar geometry
around the Ni(Il) ion (Table 3). The observed structural features
in Ni(TPP(Ph)4(CN)4)*C¢Hy4°0.5(C,H4Cl,) indicate the low-
spin complex, and such a feature was previously known for
highly substituted four-coordinated Ni(II) porphyrins such as
2,3,7,8,12,13,17,18-octabromo-5,10,15,20-tetramesitylporphi-
nato nickel(Il), 2,3,7,8,12,13,17,18-octabromo-5,10,15,20-te-
trakis(pentafluorophenyl) porphinato nickel(Il), and 2,3,7,8,
12,13,17,18-octachloro-5,10,15,20-tetraphenylporphinato nick-
el(IT) complexes.33a The average C,—C, (1.378(6) A) bond
distance is marginally longer than C,’—C,’ (1.363(6) A), and
these distances are greater than the corresponding [1.368(7) and
1.342(7) A] data reported for the similarly functionalized
NiTPP(CN)4Br,+2.5(C,H4Cl,) complex. The average C=N
distance (1.146(6) A) is greater in the present complex than in
the corresponding reported four-coordinated Ni(II) complex
(1.064(15) A).%°

The mean plane deviation of the core atoms in Ni(TPP-
(Ph)4(CN)4)*CsH14°0.5(C,H4Cl,) are shown in Figure 6c¢.
There is significant distortion of the 24-atom core in the
Ni(I) complex (Table 3). The nonplanarity of the porphyrin
ring is also evident from the deviation of the S-pyrrole and
the meso-carbons from the mean plane (Table 3, Figure 6c).
The meso-phenyl groups showed a lesser dihedral angle when
compared to the f(-pyrrole phenyl groups (Table 3). The
pyrrole rings are tilted alternatively up and down with an
average dihedral angle of 29.3(2)° relative to the mean plane
of the porphyrin. The corresponding six coordinated
Ni(TPP(Ph)4(CN),)(Py),*(Py)®? structures feature nearly
planar geometry with the expansion of the porphyrin core
and elongation of the Ni—N bond lengths in the equatorial
plane.®? In addition, the average dihedral angle formed
by the phenyl groups to the porphyrin mean plane was
reported tobe 80.8(5)°. Inthe case of the Ni(TPP(Ph),(CN),)
C¢H4°0.5(C,H4Cl,) complex, the short intramolecular
contact distance for (CN)N-++C (meso-o-phenyl carbon)
was found to be 3.231(3) A. Intermolecular interactions
in this complex indicate an unusual CN(N)*«+porphyrin
with a short contact distance of N6++-C17 = 3.072(7) A.
The porphyrin solvate (C,H4Cl,) is influenced by weak
C—H---Cl (C23---CI1 = 3.400(9)) A interactions. This
suggests the possible influence of the weak intermolecular
interactions on the nonplanar conformation of the por-
phyrin.

An ORTEP diagram of the Zn(TPP(Ph),Cly)(Py)-
(C,H4Cl,) complex is shown in Figure 7a. The selected bond
lengths and angles for both the Zn(II) complexes are listed
in Table 3. In the equatorial plane, the Zn—N bond distance
is longer along the chloro-substituted pyrroles, while it is
shorter along the phenyl-substituted pyrroles. This indicates
the decreased electron density of the pyrrole nitrogens
bearing chloro substituents relative to the pyrroles with the
electron-donor S-phenyl groups. The Zn—N distances ob-
served in the equatorial plane are comparable to that reported
for five-coordinated Zn(TPP(Ph),Br,)(CH;OH)-CH;OH)%>
and Zn(TPPBr,)(CH;0H)-DMF®* structures. Interestingly,
the C,—C,, bond length is marginally shorter in pyrroles with
chloro groups in contrast to the C,'—C,’ distances in pyrroles
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(c)
Figure 7. ORTEP diagrams of the ZnTPP(Ph),Cly(Py)-(C,H,Cl,) complex.
(a) Top view (hydrogens and minor disordered pyridyl group are not shown)
and (b) side view (solvate, phenyls, chloro, and hydrogen atoms are omitted
for clarity). Thermal ellipsoids are shown at 40% probability. (c) The
displacements of the Zn(Il) ion and core atoms from the mean plane in
&ngstrom units (esd’s 0.004 A).

with B-phenyl groups (Table 3). This is perhaps due to the
influence of steric crowding induced by the peripheral
substituents rather than electronic factors.

The equatorial nitrogens are situated almost in a square-
planar conformation within an average deviation of £0.063(3)
A from the mean plane. The Zn(II) ion is situated about 0.368
(4) A from the plane of the four nitrogen atoms with a fairly
short axial (Zn—Npyrigine) distance of 2.145(4) A. The axially
ligated pyridine shows two disordered positions bent sig-
nificantly toward the mean plane with (N4—Znl—NS5)
dihedral angles of 58.4(2)° and 60.7(3)° (Figure 7b). A
similar Zn—Nyrigine distance (2.144(9) A) was reported for

Table 4. Comparison of Selected Mean Bond Lengths and Angles of
the Cores in H,(TPP(Ph)4X4) (X = CN, Cl) and Their Metal Complexes

Hy(TPP(Ph)s- Ni(TPP(Ph),- H,(TPP(Ph)s- Zn(TPP(Ph),-

(CN)y) (CN)4) ClL) Cly)(Py)
Bond Length A)
M—N 1.892(3) 2.078(4)
C,—N 1.367(5) 1.378(5) 1.370(4) 1.372(3)
Cp,—Cy 1.379(5) 1.371(6) 1.363(5) 1.358(6)
C,—GCy 1.447(5) 1.448(5) 1.448(5) 1.452(6)
C,—Cpn 1.407(5) 1.398(6) 1.411(5) 1.408(6)
r.m.s.” 0.508 0.632 0.687 0.530
Bond Angle (deg)
(N=M—N),gj 90.2(14) 88.5(3)
(N=M—N)opp 173.0(14) 161.1(5)
M—-N-C, 125.7(3) 123.8(2)
C,—N—-C, 109.1(3) 107.3(3) 109.1(3) 107.9(3)
N-C,—C, 108.3(3) 109.2(3) 107.9(3) 108.7(3)
N—C,—C, 125.2(3) 123.6(3) 124.0(3) 124.2(2)
C,—Cn—C, 124.0(3) 119.8(3) 122.3(3) 124.1(4)
Cp—C,—Chy 126.5(3) 126.5(3) 128.1(3) 127.0(4)
Average Dihedral Angle (deg)
phenyl 57.9(3) 63.0(2) 48.3(2) 59.2(2)
pyrrole 22.1(2) 29.3(2) 32.6(3) 22.4(2)
Distance (A)

N---N 4.044(3) 3.760(4) 4.245(4) 4.169(3)
N’---N’ 4.227(3) 3.794(3) 4.122(4) 4.026(4)

“r.m.s., root-mean-square displacement of the core atom (in dngstroms)
from the 24-atom core.
the five-coordinated nonplanar 2,3,7,8,12,13,17,18-octam-
ethyl-5,10,15,20-tetraphenylporphinato zinc(II) pyridine sol-
vate.”® In the equatorial plane, the (N—Zn—N),,, angles
significantly deviate from 180°, while the (N—Zn—N),q;
angle is approximately close to 90° (Table 3). The displace-
ment of [S-pyrrole and meso-carbons indicates that the
stereochemical features of the 24-atom core in Zn(TPP-
(Ph),Cly) are significantly altered (Table 3) in contrast to
that observed for the H,(TPP(Ph),Cl,) +2(CH;0H) structure.
The adjacent chloro groups deviate from each other and from
the pyrrole ring mean plane by 0.045(2) A. Similarly, the
phenyl carbon (C27, C33, C51, and C57) atoms attached to
the B-pyrrole positions deviate from the adjacent phenyl
carbon by < 0.059(2) A. The short intramolecular contact
distance between the 5-Cl and the adjacent meso-o-phenyl
carbon is 3.193(4) A.

To elucidate the extent of distortion of the macrocyclic
ring by the core metal ions, the average bond lengths and
geometrical parameters of Ni(TPP(Ph)4(CN)4)<CeH4°0.5-
(C,H4Cl,) and Zn(TPP(Ph),Cl,)(Py) - C,H4Cl, were compared
with their corresponding free base structures (Table 4). The
metal complexes showed interesting structural differences
compared to their free base porphyrin derivatives. It is known
that the porphyrin ring is sensitive to the size of the divalent
core metal ion. In-plane asymmetric distortion is anticipated
to decrease with the incorporation of the Ni(Il) ion, which
results in an increase in C,—N and C,—C,, bond distances
and a decrease in C,—N—C, and N—C,—C,, angles in
contrast to its free base porphyrin structure.’”'’® The
NiOPP(CN), structure shows a lengthening of C,—N and a
marginal decrease in C,—C,, bond distances, but decreases
in C,—N—C, and C,—C,,—C, angles were observed relative
to those of the Hy(TPP(Ph),(CN),) structure (Table 4). With
the increase in size of the divalent metal ion, there is an
increase in M—N and C,—C,, bond distances with shorter
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Table 5. Normal-Coordinate Decomposition Analysis of Free Base Porphyrins and Their Metal Complexes”

out-of-plane displacements (A)

Dyop B,,, sad B, ruf Ay, dom  Eg(x), wav(x) E,(y), wav(y) Ay, prop sum sad/sum (%) ruf/sum (%) dom/sum (%)
1 24628 2.3884 —0.5136  —0.2389 0.0771 0.1801 —0.0382  3.4363 69.5 14.9 6.9
2 33055 -—3.3010 0.0127  —0.1690 —0.0328 —0.0003 0.0071  3.5229 93.7 0.4 4.8
3 38113 3.8070 0.1281  —0.0976 0.0518 —0.0566 0.0265 4.1676 91.3 3.1 2.3
4 3.0910 —2.3478 —2.0045 0.0617 0.1163 —0.0501 0.0662  4.6466 50.5 43.1 1.3
5 25970 2.5857 —0.0442 —0.1727 —0.0520 —0.1515 —0.0353 3.0414 85.0 1.5 5.7
in-plane-displacements (A)
Dy, By (m-str)  Big (N-str)  Eu(x) (trn)  Eu(y) (trn) A, (bre) Ay (rot) sum By o/ sum (%) Big/sum (%) A,/ sum (%)
1 0.3074 —0.0733 —0.2540 —0.0254 0.0229 —0.1508  —0.0263  0.5527 13.3 459 27.3
2 0.5928 0.0046 0.3512 —0.0053 0.0112 —0.4774 0.0036  0.8533 0.5 41.2 55.9
3 0.7673 0.0358 0.0005 —0.0206 —0.0130 —0.7656 0.0281  0.8636 4.1 ~0 88.7
4 0.8565 0.0334 0.0830 0.0560 —0.0479 —0.8479 0.0354  1.1036 3.0 7.5 76.8
5 0.2753 0.0179 —0.1843 0.0287 —0.0158 —0.2008 0.0110  0.4585 3.9 40.2 43.8

1, Hy(TPP(Ph)4(CN),); 2, Hy(TPP(Ph),Cly); 3, Hy(TPP(Ph),Bry); 4, Ni(TPP(Ph),(CN),); 5, Zn(TPP(Ph),Cl,)(Py).

C,—N bond lengths. Further, C,—N—C, and C,—C,—C,
angles tend to increase, and the M—N—C, angle decreases
with the reduction in nonplanarity of the 24-atom core.'"
Interestingly, the Ni(TPP(Ph)4(CN),)*C¢Hy4°0.5(C,H4Cly)
complex exhibited an enhanced dihedral angle for the phenyl
and the pyrrole rings relative to its free base porphyrin
structure. The increase in distortion of the macrocyclic ring
in the Ni(TPP(Ph)4(CN),4) complex is reflected in the root-
mean-square deviation of the core atom and pyrrole dihedral
angle in contrast to its free base porphyrin (Table 4). In the
Zn(TPP(Ph),Cly)(Py)+(C,H4Cl,) complex, the mean bond
lengths of the 24-atom core are comparable to its free base
structure; however, they showed significant differences in
some bond angles. For example, C,—N and C,—C,, bond
distances are similar, but there is a decrease in C,—N—C,
and an increase C,—C,,—C, angles relative to that observed
in the Hy(TPP(Ph),Cl,) +2(CH3;0H) structure (Table 4). There
is a decrease in nonplanarity of the porphyrin ring in the
Zn(Il) complex. The N-++N separations in Ni(TPP(Ph)-
(CN)4) and Zn(TPP(Ph)4Cl,) exhibited contraction of the
cores relative to their corresponding free base structures
(Table 4). The extent of contraction of the (N,) core is more
dramatic in the Ni(II) complex when compared to the Zn(II)
complex. As expected, the pyrrole groups showed increased
and decreased dihedral angles in the Ni(Il) and Zn(II)
complexes, respectively, relative to their free base structures.
This is reflected by the root-mean-square displacement of
the core atoms. The average dihedral angles made by the
phenyl groups relative to the porphyrin ring mean plane
are increased significantly in Ni(TPP(Ph),(CN),) and
Zn(TPP(Ph),Cly)(Py) - (C,H,4Cl,) structures relative to their
corresponding free base structures (Table 4).

To determine the different degree of contribution from the
lowest-energy out-of-plane displacements (Do) and in-plane
displacements (D;;) of the free base porphyrin macrocycle,
crystal structures of the 24-atom core (C,,N,) were examined
by normal-coordinate structure decomposition (NSD) an-
alysis.?’* Table 5 lists the contributions from the different
degrees of saddling (sad, B,,), ruffling (ruf, By,), doming

(74) (a) Jentzen, W.; Ma, J.-Ma.; Shelnutt, J. A. Biophys. J. 1998, 74, 753.
(b) Sun, L.; Jentzen, W.; Shelnutt, J. A. The Normal Coordinate
Structural Decomposition Engine. http:/jasheln.unm.edu /jasheln/
content/nsd/NSDengine (accessed Mar 2009).
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(dom, A,,), waving (wav(x),wav(y), E,), and propellering
(prop, Ay,) of the distortion of the macrocycle. Both total
distortion D,,, and the core elongation of the macrocyclic
ring vary in the order Hy(TPP(Ph)4(CN),) < Ho(TPP(Ph),Cly)
< Hy(TPP(Ph)4Bry). Thus, in the series, H,(TPP(Ph),(CN),)*
3(C,H4Cl,) shows the least nonplanarity and least elongation
of the N4H, core. The free base structures, H,(TPP(Ph),X4)
(X = CN, Cl, Br), showed contributions mainly from
saddling with varying degrees of ruffling and dome confor-
mations, but the H,(TPP(Ph)4(CN),4) structure features ad-
ditional minor wav(x),wav(y) contributions. The NSD cal-
culations show that the saddling increases sharply from
H,(TPP(Ph)4(CN),) to Hy(TPP(Ph),4Cl,) with the decrease in
ruffling of the ring. For the H,(TPP(Ph),Bry) structure, a
slight decrease in saddling with a small increment in ruffling
was observed in contrast to that of the H,(TPP(Ph),Cl,)
structure. In-plane displacements of the free base porphyrins
are also listed in Table 5. The N-breathing (A;;) and
N-stretching (By,) contribute significantly to the in-plane
displacement of the core atoms. However, the m-stretching
(By,) contributes minimally for Hy(TPP(Ph)4Xy4) (X = ClI,
Br) and moderately for H,(TPP(Ph)4(CN),). The other
displacements [E, (translation), A,, (rotation)], contribute
very minimally, mainly to in-plane displacements. As sug-
gested previously,”** By, By, and A, contribute for in-plane
displacements since they are energetically favorable when
compared to other displacements. Nearly planar free base
porphine (H,P) and octaethylporphyrin (H,OEP) structures
are reported to be very small for in-plane and out-of-plane
displacements.2b NSD calculations on the 2,3,7,8,12,13,17,
18-octaethyl-5,10,15,20-tetraphenylporphinato nickel(Il) ex-
hibited in-plane and out-of-plane displacements with pre-
dominantly saddled distortion of the macrocyclic ring,?®-*!
and the magnitudes of the displacements are similar to that
observed for the H,(TPP(Ph),Br,)+2(THF)-1.5(CH;0H)
structure.

The metalation of Hy(TPP(Ph),X,) (X = Br,%? Cl) by the
Zn(II) ion exhibited decreased nonplanarity of the ring, and
a similar trend was observed in the structure of five-
coordinated complex 2,3,7,8,12,13,17,18-octaethyl-5,10,15,20-
tetraphenylporphinato zinc(I) methanol.?® The data from the
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NSD calculations on the porphyrin ring in Ni(TPP(Ph)4(CN)y)*
C6H14‘0.5(C2H4C12) and Zn(TPP(Ph)4Cl4)(Py)'C2H4C12 com-
plexes are listed in Table 5. The geometry of the complex
(Figure 6) and the data in Table 5 suggest that the degree of
saddling and ruffling is approximately similar in the Ni-
(TPP(Ph)4(CN>4) 'C6H14 '05(C2H4C12) Complex, while Zl’l(TPP—
(Ph),4Cly) * (C,H4Cl,) predominantly (Figure 7) shows saddling
with a very minimal doming contribution. Moreover, the extent
of saddling is decreased in the metal complex relative to the
corresponding free base porphyrins. The reported NSD analysis
on the four-coordinated Ni(TPP(CN),Brs) complex indicated
predominant saddling (sad = 3.068 10%) with very moderate
ruffling (ruf = 0.205 A) of the macrocycle.”® Ni(TPP-
(Ph)4(CN),) shows a major in-plane displacement contribution
from the N-breathing (A;,) mode, and it is considerably
less in the parent Hy(TPP(Ph)4(CN)4)*3(C,H4Cl,) structure.
Zn(TPP(Ph)4Cl,)(Py) - C,H,Cl, exhibits decreased A, and By,
displacements relative to the H,TPP(Ph),Cl; structure. The
observed out-of-plane displacement in Ni(TPP(Ph)4(CN),)--
CeHi4°0.5(C,H4Cl,) shows the role of the shape of the sub-
stituent Ph versus the Br group, as in the Ni(TPP(CN),Bry)
complex. Previous structures of partially substituted free base
porphyrins, Hy(TPPRy4) (R = C¢Hs, CH3, and Br), feature nearly
planar geometry of the macrocyclic ring. Crystal structures of
highly substituted porphyrins showed a nonplanar conformation
induced by the steric crowding of the peripheral substituents."
As reported, the size and number of substituents alter the extent
of steric crowding around the porphyrin periphery, and 3-oc-
tasubstituted MTPPs produced varying degrees of nonplanarity.
Mixed dodecasubstituted porphyrins, 2,3,12,13-tetramethyl-
5,7,8,10,15,17,18,20-octaphenylporphinato copper(I) dichlo-
roform solvate and 2,3,12,13-tetrabromo-5,7,8,10,15,17,18,20-
octaphenylporphinato zinc(I) dimethanol solvate structures
featured nonplanar distortion of the porphyrin macrocycle.®>

Conclusions

The influence of mixed substituents on the stereochemistry
of the porphyrin skeleton has been examined by changing
the size of the X group in H,(TPP(Ph),X,;) (X = CN, Cl,

Br) derivatives. The macrocyclic ring shows considerable
distortion. The extent of nonplanarity increases with the size
of the X groups, and it follows the order CN < Cl < Br.
Interestingly, the average core (N4H,) sizes in these mixed
substituted free base porphyrins follow the trend H,(TPP-
(Ph)4(CN)4) < Hz(TPP(Ph)4Cl4) < Hz(TPP(Ph)4BI‘4) Further-
more, normal-coordinate decomposition analysis of the free
base porphyrin structures, H,(TPP(Ph),X,) (X = CI, Br),
showed predominantly saddle-shaped geometry, while the
H,(TPP(Ph),(CN),) structure exhibited a combination of mostly
saddled and ruffled conformations. The crystal structure of the
Zn(TPP(Ph),Cly)(Py)+C,H4Cl, exhibited distorted square-
pyramidal geometry around the Zn(Il) ion, and the Ni(TPP-
(Ph)4(CN)y4)+CH,4°0.5(C,H,4Cl,) complex features nearly square-
planar geometry around the Ni(Il) ion. As observed from the
NSD analysis, the macrocyclic ring in Zn(TPP(Ph),ClLy)(Py)
exhibited less nonplanarity relative to its free base structure,
which predominantly showed saddled-shaped geometry, while
a combination of saddling and ruffling was observed in the
Ni(TPP(Ph)4(CN),) structure. The nonplanarity of the Ni(TPP-
(Ph)4(CN),) was attributed to the steric crowding and contraction
of the porphyrin core combined with the possible weak
intermolecular interactions. The varying nonplanar distortions
in free base porphyrins showed the effect of steric crowding
by the mixed substituents on the conformational flexibility in
these systems.
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