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Substituent-Induced Perturbation Symmetries and Distortions ofmesetert-Butylporphyrins
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The out-of-plane and in-plane distortions of a series of nickel(ll) meso-substituted porphyrins with 0, 1, 2, or 4
tert-butyl groups [nickel(Il) porphine (NiP), nickel(Il) montert-butylporphyrin (NiMtBuP), nickel(ll) ditert-
butylporphyrin (NiDtBuP), and nickel(ll) tetrgert-butylporphyrin (NiTtBuP)] are investigated using molecular
mechanics (MM) calculations, X-ray crystallography, Y¥sible absorption spectroscopy, and resonance Raman
spectroscopy. MM calculations are used to predict the stable conformations for this series of porphyrins. The
out-of-plane distortions are then analyzed in terms of displacements along the normal coordinates of the porphyrin
macrocycle using a new normal-coordinate structural decomposition method. As expected, the distortions are
found to occur primarily along the lowest-frequency normal coordinate of each symmetry type and the distortions
could be adequately simulated using only the lowest-frequency normal coordinates as a basis (the minimal basis).
However, the distortions could be simulated significantly more accurately by extending the minimal basis by
including the second-lowest-frequency normal coordinate of all symmetries. Using the extended basis is most
important for the in-plane distortions. Detailed analysis of the types of distortion revealed that both the out-of-
plane and the in-plane distortions depend on the perturbation symmetry of the peripheral substituents. The symmetry
primarily depends on the pattern of substitution (humber and positions of substituents) and the orientations of
substituents. Often the perturbation symmetry can be predicted for a given porphyrin simply from the possible
orientations of the substituents. Then, the main type(s) of symmetric deformation occurring for each possible
molecular symmetry can be readily predicted fror® correlation table. The stable conformers predicted by

MM for the series otert-butyl-substituted porphyrins confirm this simple but informative approach. Experimental
verification of the calculated contributions of the symmetric deformations is provided by normal-coordinate structural
decomposition of the available X-ray crystal structures of NiP, NiMtBuP, and NiDtBuP. The solid-state results
are also supported by the resonance Raman andhiBible absorption spectroscopic characterization of the
porphyrins in solutions. The X-ray crystal structure of NiMtBuP is reported here for the first time.

planar in solution environments and that external forces must
be applied to cause significant nonplanar distortioRecently,

Significant nonplanar distortions of the porphyrin macrocycle 5 normal-coordinate structural decomposition (NSD) method

are observed in X-ray crystal structures of most hemoproteins. a5 developed for characterizing the distortions of the porphyrin
The heme macrocycle displays a range of distorted nonplanarmacrocycle in terms of displacements along the normal coor-

shapes; which are presumably caused by different protein ginates of the macrocycfe.lt provides a means of analyzing

environments surrounding the heme. This presumption is basedne complicated structures of heme groups in proteins. Further,
on evidence showing that the isolated heme group is nearly NSp of the hemoproteins has revealed that the nonplanar

conformation of the heme is typically conserved for proteins
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acid sequenc@’® This finding strongly suggests a biological
function for the nonplanar structures. The possible functional

Song et al.

studied by examining series of dR,dodeca?! and other-
substitute® porphyrins with metals of different sizes. The

importance of these nonplanar heme structures in proteins hasstudies on the electronic properties of substituents have been

been suggested by several other authdtsand is supported
by model studies in which nonplanar distortions have been
shown to influence redox potent&i212axial ligation? electron-
transfer rate§213and photophysical processgs!é

To understand the structuréunction relationship in this case,

conducted on the series of dodecaphenylporphyrins with dif-
ferent numbers of halogen atoms on the phenyl grééps.
Systematic studies of axial ligation on the nonplanar distortions
are under way.

In this work, we investigate the effect of the symmetry of

it is necessary to know the mechanisms of distortion of the the substitution pattern and substituent orientations on the out-

porphyrin macrocycle, that is, how different nonplanar structures of-plane and in-plane distortions of the porphyrin macrocycle.
occur and what the protein factors are that control them. A series of nickel porphyrins with 0, 1, 2, andreso-tert
Theoretically, the factors that influence the structure of the butyl groups [nickel(ll) porphine (NiP), nickel(ll) montert-
macrocycle can be classified into one of four basic categories: butylporphyrin (NiMtBUP), nickel(ll) ditert-butylporphyrin
peripheral substitution, the central metal, axial ligation, and the (NiDtBuP), and nickel(ll) tetraert-butylporphyrin (NiTtBuP)]
environment of the heme. Peripheral substitution includes the were studied using molecular mechanics (MM) calculations,
substitution pattern (the number and sites of substituents), theX-ray crystallography, UV-visible absorption spectroscopy, and
substituent orientations, and substituent properties (steric shapgesonance Raman spectroscopy. MM calculations have previ-
and size, electronic properties). The central metal may vary in Ously been used by several other grédgsto predict the
electronic nature and size. The environment may be somethingconformations of metalloporphyrins. The force field employed
as complex as a protein or simply the solvent. Our group has here has been shown to be capable of accurately predicting the
been systematically studying the effects of many of these factorspossible structures of metalloporphyrins that can appear in
on nonplanar distortions of metalloporphyrins using model crystalst”? Here, the conformers predicted by MM are
systems. The steric effects of substituents have been exploreccompared with the available X-ray crystal structures for the
by studying various series of diZ, tetra-18 and dodeca- series of porphyrins, including the crystal structure of NiMtBuP
substitute#® porphyrins with different peripheral substituent determined in this study. The comparison is facilitated by

groups. The metal dependence of nonplanar distortions has beegharacterization of the structures using the new normal-
coordinate structural decomposition metifgfl. As before, we

found that the distortions primarily occur along the collection
of lowest-frequency normal coordinates of the macrocycle that
includes one mode of each symmetry type. Further, as is
expected, the types of distortion (both in-plane and out-of-plane)
for a specific porphyrin depend on the perturbation symmetry
introduced by the peripheral substituents. Surprisingly simple
symmetry and energy arguments leadtpriori predictions of

the perturbation symmetry and thus the types of stable conform-
ers that are possible for a given porphyrin. Similar reasoning
gives novel insights into the distortion mechanisms of hemes
in proteins. The predicted degree of nonplanar distortions for
the series of porphyrins is confirmed by comparison of the NSD
results for the calculated and X-ray structures and by-UV
visible absorption and resonance Raman spectroscopies of the
porphyrin in solution.
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Figure 1. lllustrations of the lowest-frequency out-of-plane eigenvec-
tors, the minimal basis, used for simulating the nonplanar distortions
of the porphyrin macrocycle. Static displacements representing a 1-A

deformation along each lowest-frequency normal coordinate are shown.

S
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Figure 2. lllustrations of the lowest-frequency in-plane eigenvectors,
the minimal basis, used for simulating the in-plane distortions of the

porphyrin macrocycle. In-plane displacements represent a 1-A deforma-

tion along each lowest-frequency normal coordinate.

elsewheré’*® 5-tert-Butylporphyrin (HMtBuP) was obtained in 0.3%
yield as a byproduct from the synthesis ofBuP. Nickel was
inserted using the procedure described for NiDtBuP.

HoMtBuP: mp 230-231°C; 'H NMR (CDClz, 300 MHz)6 10.15
(S, 1H, Hnesd, 10.06 (S, 2H, Hesd, 9.94 (d, 2H,3-H), 9.37 (m, 4H,
p-H), 9.28 (d, 2H,3-H), 2.63 (s, 9H, Ch), —2.64 (s, 2H, NH); MS
m/z 367.2 MH' (100).

NiMtBuP : mp >300 °C; 'H NMR (CDCls, 300 MHz) 6 9.69 (d,
2H, -H), 9.63 (s, 1H, Resd, 9.52 (S, 2H, Hesd, 9.14 (d, 2H,3-H),
9.08 (d, 2H,5-H), 9.01 (d, 2H,5-H), 2.17 (s, 9H, CH).

Crystal Structure Determination for NiMtBuP. Crystals of
NiMtBuP were grown by slow diffusion of methanol into a solution
of the porphyrin in dichloromethane. A single crystal was selected
with dimensions of 0.30x 0.04 x 0.01 mm. The unit cell was

Inorganic Chemistry, Vol. 37, No. 9, 1992119

b

Figure 3. Comparison of the X-ray crystal structure (heavy red line)
and the energy-minimized structure (blue line) for NiMtBuP (a) and
NiDtBuP (b).

orthorhombicPbca with cell dimensionsa = 11.9141(13) Ab =
10.707(2) A,c = 29.017(4) Ao = p =y = 90°, V = 3701.6(9) A&,
andZ = 8 (fw = 423.15,pcac = 1.519 g cm®, u = 1.647 mnTY).
X-ray diffraction data were collected on a Siemens P4 diffractometer
with a rotating anodeA[Cu Ko) = 1.541 78 A] at 130(2) K ir9/260

scan mode to @nax = 112. Of the 2823 reflections measured
(h,£k,+£l), 2419 were independent and 1375 had2o (R = 0.015).

The structure was solved by direct methods and refined (basé&d on
using all independent data) by full-matrix least-squares methods
(Siemens SHELXTL version 5.02); the number of parameters was 262.
Hydrogen atoms were placed at idealized positions and refined using
a riding model. An absorption correction was applied using the program
XABS2.% Final R factors were RE 0.066 (based on observed data)
and wR2= 0.1809 (based on all data).

UV —Visible Absorption Spectroscopy. UV —visible absorption
spectra were obtained with a 10-mm quartz cell using a HP 8452A
diode-array spectrophotometer (Hewlett-Packard). The absorption
spectra of the porphyrins were taken in carbon disulfide. The peak
positions of the absorption bands were obtained by curve-fitting the
absorption spectra with Gaussian lines. The estimated error in the band
positions is less thag:1 nm.

Resonance Raman SpectroscopyResonance Raman spectra were
obtained using a partitioned Raman cell and a dual-channel spectrom-
eter?” The 413.1-nm line from a krypton ion laser (Coherent, INNOVA
20) was used for excitation resonant with the Soret band region of the
absorption spectrum. The scattered light was collected in tfe 90
scattering geometry. The porphyrin samples were dissolved in carbon
disulfide. Nickel(ll) tetraphenylporphyrin (NiTPP) in carbon disulfide
was used as reference. The sample and reference solutions were put
into a partitioned two-compartment Raman cell. The Raman cell was
rotated at 50 Hz to prevent local heating of the sample and to alternately
probe the sample and reference solutions, allowing the Raman spectra
of the sample and reference to be obtained simultaneously. The typical
conditions were 58660-mW laser power, 5-cm spectral slit width,

4—6 scans with 0.3-crit increments, and 1-s integration times. The
frequency calibrations were carried out by using théine of NiTPP

in carbon disulfide at 1373.3 crhas the reference. The latter was
calibrated with the 992.2-, 606.7-, and 1586.4/1606.2%climes of
benzené! In addition, all the spectra were corrected for the nonlinearity

(26) Parkin, S. R.; Moezzi, B.; Hope, H. Appl. Crystallogr 1995 28,
53
(27) Shelnutt, J. AJ. Phys. Cheml1983 87, 605.
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of the spectrometer. The accuracy of the cited frequencie4 ism*
with greater accuracy for the differences between spectra run simul-
taneously?®

Molecular Mechanics Calculations. Molecular energy-optimization
calculations were carried out using POLYGRAF software (Molecular
Simulations, Inc.) and displayed on a Silicon Graphics workstation.
The original force field used in the calculations has been described
elsewher® as have the subsequent improveméfits®¢2? |t is a hybrid
force field based on the DREIDING Il paramefémmodified to include
atom types specific to the porphyrin macrocycle. Force constants for
the macrocycle atom types were obtained from the normal-coordinate
analyses of nickel porphyrir#s. The equilibrium bond lengths and bond
angles were then varied to obtain the closest match of the energy-
optimized structure of nickel(ll) octaethylporphyrin (NiOEP) with the
planar crystal structures of NIOEP32 Most importantly, a recent
significant improvement was made by a 50% reduction of the out-of-
plane force constants. This improvement corrected in an approximate
manner a long-existing problem, namely, the contribution of the in-
plane force constants to the independently obtained out-of-plane force
constants. This improvement also makes the force field capable of
accurately predicting the structures of various conformers and their
relative energie3?3+

Normal-Coordinate Structural Decomposition. NSD is a method
recently developed by our group for classifying and quantifying the
out-of-plane and in-plane distortions of the porphyrin macrocée.
It characterizes the distortion in terms of equivalent displacements along
the normal coordinates of tHe4, symmetric porphyrin macrocycle.
Theoretically, the complete set oN3— 6 (=66) normal coordinates
forms a basis for exactly describing all possible distortions of the 24
macrocyclic atoms. For thB4, symmetric macrocycle, the basis can
be divided into two independent subsets: the out-of-plane (OOP) basis
set that consists of thd — 3 = 21 normal modes of the out-of-plane
symmetry types (3 B, 3 Bi, 3 Az, 5 By, and 2 Ay) and the in-plane
(IP) basis that consists of théN2- 3 = 45 normal modes of the in-
plane symmetry types (628 6 By, 11 E, 6 Aig, and 5 Ag. Any
distortion from planar geometry can be exactly represented or simulated
by a linear combination of all the OOP normal coordinates, and any
IP distortion from the ideal reference geometry, which is chosen to be
copper(ll) porphiné, can be described or simulated by a linear
combination of all the IP normal coordinates. The linear coefficients
are obtained by the NSD mathematical procedure, which projects out
the distortion along each of the normal coordin&tés.

The NSD method is an alternative to giving thxe y, and z

Song et al.

Figure 4. The energy-minimized stable conformers for the series of
nickel porphyrins with different numbers ofeso-terdbutyl substituents.
The conformations are obtained from different starting orientations of
the substituents: (a) NiP, (l)-NiMtBuP, (c) a.a-NiDtBuP, (d) a3-
NiDtBuP, (e)aaS-NiTtBuP, (f) aaoa-NiTtBuP, (g)aoss-NiTtBuP,

(h) aoo5-NiTtBuP.

wav(y); Eg, Egl, and propelleringro, Ay for OOP distortions and
meso-stretching ng-str, Bag), nitrogen stretching N-str, Big), x-
translation frn(x), Eud, y-translation frn(y), E,], breathing bre, Ayg),
and pyrrole rotationrpt, Ayg) for IP distortions. The structures shown

displacements for each atom of the porphyrin skeleton. The advantagel Figures 1 and 2 illustrate 1-A deformations along each of the normal

of a description in terms of the normal coordinates is that the distortion
energy of the macrocycle takes on its simplest form in the normal mode
representatiof’®1” For any actual distortion, a great simplification

in the description occurs because the distortion of the porphyrin will
generally take place along only the lowest-frequency normal coordinates

coordinates (normal deformations). That is, the square root of the sum
of the squares of the displacements is eqoal tA for each of the
structures shown.

The minimal basis is usually adequate for simulating the structures
of porphyrins found in X-ray structures of proteins. However, for

since the restoring forces are the smallest for displacements along thes@ccurate simulation of the macrocyclic distortions of the high-resolution

coordinates. In fact, using only the set composed of the lowest-
frequency normal coordinate of each symmetry type iftirémal basis
set) usually well simulates the distortion of the porphyrin macrocycle.
The minimal basis, as illustrated in Figures 1 and 2, consists of ruffling
(ruf, Bay), saddling $éad B,y), doming flom Ay, waving , y) [wav(X),

(28) Jentzen, W.; Turowska-Tyrk, I; Scheidt, W. R.; Shelnutt, InArg.
Chem.1996 35, 3559.
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Kincaid, J. R.; Su, Y. O.; Spiro, T. Gl. Phys. Chem199Q 94, 31.
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structures of porphyrin crystals, the basis needs &xteEndedo include

the second-lowest-frequency normal coordinate of each symmetry. This
extendedasis is also necessary for simulating the IP distortions. The
goodness of the simulation can be estimated from the difference between
the simulated total distortionD{, D&,) and the observed total
distortion Ogps, D), or it can be measured by the mean deviation of
the coordinates of each macrocycle atom in the simulated structure
from those in the observed structure. The difference between the total
deformation of each symmetry obtained from the complete basis and
that obtained from the reduced basis (minimal or extended) measures
the deviation of the simulation for each symmetry type of deformation.
These quantities are mathematically defined elsewhere.

Results

X-ray Crystallography. Figure 3 shows the crystal struc-
tures of NiMtBuP and NiDtBuP, respectively. The crystal
structure of NiDtBuP has been reported elsewRérehereas
the structure of NiMtBuP was determined for this study. Crystal
data, data collection, solution and refinement, atomic coordinates
(Ni, C, and N), bond lengths, bond angles, anisotropic displace-
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Table 1. Selected Average Structural Parameters Obtained from the Calculated Stable Conformers of Nickel Porphine and Mono-, Di-, and
Tetratert-butylporphyrins and Some of Their X-ray Crystal Structures

Ni-N  dihedangle C,—N-C, N-Ni-N C;~C; Cy—Cm Co—N N-Co—Cs~Cs;  N—Co—Cn—Cq

porphyrin  (A) (deg) (deg) (deg) A) Q) Q) (deg) (deg)
NiP
calcd 1.944 0.1 104.2 180.0 1.330 1372 1379 0.0 0.0
X-ray  1.951 1.7 104.3 179.32 1.347 1.371 1379 0.3 0.8
NiMtBuP
« 1.914 30.1 105.2 178.0 1.333 1.380 1377 2.3 13.8
X-ray  1.901 43.9 106.3 178.9 1.342 1.380  1.380 3.0 111
NiDtBuP
oo 1.892 41.4 106.0 175.9 1.334 1.387 1376 2.0 205
X-ray  1.900 46.7 106.2 177.0 1.353 1.394  1.383 2.9 14.8
o 1.928 5.1 104.8 180 1.329 1.383  1.380 5.5 212
NiTtBuP
opaf  1.845 56.6 107.7 180 1.336 1401 1375 1.6 313
oo 1.931 0.0 104.8 173.0 1.327 1.388  1.382 6.8 37.1
aoBf  1.913 7.6 105.4 180.0 1.329 1.393  1.380 6.7 34.0
oo 1.882 41.8 106.5 176.4 1.332 1.396  1.378 47 325

Table 2. Energies (kcal/mol) for the Energy-Optimized Stable Conformers of Nickel Porphine and Mono-, Di-, and
Tetramesetert-butylporphyrins

pOfphyrin relative energy Etotal Ebond Eangle Etorsion Einversion EvdW Eelectrosrat
NiP 73.05 4.11 70.76 0.00 0.00 11.56 —13.32
NiMtBuP 97.98 6.09 73.59 14.27 0.72 22.35 —19.03
NiDtBuP
ao 0.00 119.78 9.06 77.11 24.24 0.89 33.26 —24.77
of 10.64 130.42 11.53 80.50 25.76 0.59 36.78 —24.74
NiTtBuP
afof 0.00 164.36 17.59 85.84 39.36 0.60 56.76 —35.80
ool 19.54 183.90 18.83 88.53 53.09 0.66 58.51 —35.71
aafp 21.90 186.26 19.26 89.87 50.55 1.64 60.6 —35.68
oaof 11.87 176.23 17.52 87.74 46.52 1.49 58.76 —35.80

ment parameters, and hydrogen coordinates for NiMtBuP areresults for the entire series of porphyrins obtained using the
given in Tables S29 (Supporting Information). The atom- minimal basis.

labeling scheme is given in Figure S1 (Supporting Information).  Spectroscopy. The UV—visible absorption spectra of NiP,
The crystal and calculated structures are compared in Figure 3.NiMtBuP, NiDtBuP and NiTtBuP in CSare shown in Figure

NiDtBuP is found to have theert-butyl substituents in the.o S4. With increasing number of substituents, all of the porphyrin
configuration, and the macrocycle shows a gableahY absorption bands (B, QQand Q) shift to the red and become
conformation. broader. In addition, the intensity of theo®@and becomes

Molecular Modeling. All the stable conformers (local  weaker relative to the B band and the vibrational sideband Q
energy minima) for the series tt-butyl-substituted porphyrins The B-band excited resonance Raman spectra of NiP,
were found by. energy minimization of the _|n|t|glly planar  NiMtBuP, NiDtBUP, and NiTtBuP in CSin the high-frequency
structures starting from all meaningful combinations of sub- 54 low-frequency regions are shown in Figures 10 and S5,
stituent orientations. The resulting structures are shown (without respectively. The frequencies of some of the structure-sensitive
hydrogen atoms) in Figure 4. Structural parameters for the jines and other strong lines are listed in Table 4. With increasing
resulting energy-minimized conformers are listed in Table 1, nymber oftert-butyl substituents, the structure-sensitive lines
and the calculated energy distributions for all the conformers gch agy,, vs, andvi shift to low frequency andss shifts to

are listed in Table 2. . higher frequency, indicating an increasing degree of nonplanar
Normal-Coordinate Structural Decomposition. The results distortion1”18 The structure-sensitive lines o and vg are

of normal-coordinate structural decomposition of each con- generally narrow, indicating structural homogen¥i##-34for
former with both theminimalandextendedasis sets are given  his series of porphyrins. The doublet of for NiDtBuP

in Table 3. Table 3 also lists the simulated total distortions propably arises from Fermi resonance rather than structural
and the mean deviations, as well as the total deformation of peterogeneity?

each symmetry type obtained from NSD using the complete

basis set. The simulated structures for the OOP distortion of pigcyssion

the macrocycle are shown in “clothesline” displays for the

calculated and/or X-ray crystal structures of NiMtBuP in Figure =~ Conformers of the Nickeltert-Butyl-Substituted Porphyrin

5, NiDtBuP in Figure S2, and NiTtBuP in Figure 6. In these Series. Not surprisingly, the degree of nonplanarity is found
figures, the black lines represent the actual structures, calculatedo increase (Tables 1 and 3) as the number of substituents and
or X-ray. The blue lines are for the structures as simulated by the van der Waals energy increase (Table 2). NiP is planar
only the optimal contributions from the lowest-frequency mode (Figure 4a), in agreement with the X-ray crystal strucfrehe
deformations. The red lines give the simulated structures substituted porphyrins are nonplanar. NiMtBuP has only one
obtained using the lowest-frequency and second-lowest- possible conformer, which is shown in Figure 4b. The
frequency deformations of each out-of-plane symmetry type. calculated structure agrees well with the crystal structure (Figure
The corresponding in-plane distortions are shown in Figures 7, 3a), except that the ruffling is underestimated by about 0.5 A
S3, and 8, respectively. Figure 9 graphically illustrates the NSD (Table 3). NiDtBuP has two possible conformers: the
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Table 3. Normal-Coordinate Structural Decomposition Results for the X-ray Crystal and Energy-Minimized Structures of the Series of
Nickel(ll) mesetert-Butyl-Substituted Porphyrins: Displacements (A) along the Normal Coordinates of Each Symmetry Using the Minimal,
Extended, and CompleteBasis Sets

out-of-plane displacements

in-plane displacements

porphyrin Doop 5oop Bay By Azy Egx Egy Ay Dip 6ip Bag Big Eux =Y A1g Azg
NiP
X-ray
e 0.088 0.006 0.012 0.080 0.006 0.0030.033 —0.003 0.158 0.008 0.007 0.016-0.004 —0.006 —0.157 O
f 0.094 0.002 0.013 0.080 0.006 0.0030.032 —0.003 0.159 0.007 0.007 0.016-0.004 —0.006 —0.157 O
f 0.008 0.003 —0.005 —0.005 0.031 O —0.007 O —0.007 —0.005 —0.015 —0.003
g 0.094 0 0.015 0.080 0.008 0.009 0.046 0.003 0.164 O 0.010 0.011 0.010 0.011 0.162 0.005
calcd
0 0 0 0 0 0 0 0 0.199 0.011 O 0 0 0 -0.199 O
0 0 0 0 0 0 0 0 0.203 0.007 O 0 0 0 -0.199 O
0 0 0 0 0 0 0 0 0 0 —0.040 O
0 0 0 0 0 0 0 0 0.207 O 0 0 0 0 0.207 O
NiMtBuP
X-ray
2.023 0.016 —0.037 1.999 0.135 0.211 0.186-0.002 0.572 0.051—-0.090 0.003 0.082 0.074-0.554 —0.007
2.025 0.011 —0.037 1.999 0.131 0.210 0.179-0.002 0.614 0.028—0.089 0.004 0.081 0.074-0.553 —0.007
0.002 0.020 —0.087 —0.032 —0.032 0.010 0.033 0.023-0.025 0.013 0.218 O
2.026 0 0.038 1999 0.161 0.216 0.190 0.010 0.638 O 0.099 0.034 0.096 0.088 0.616 0.009
calcd
1528 0035 O 1453 0.280 0.269 0.268 O 0.484 0.026.081 O 0.104 0.104-0.454 O
1544 0.023 O 1453 0.273 0.266 0.266 O 0.501 0.020.081 O 0.104 0.104-0.454 O
0 0.113 —0.162 —0.072 —0.072 O 0084 O —0.018 —0.018 0.095 O
1551 0 0 1459 0324 0295 0294 O 0.515 0 0123 O 0.117 0.116 0472 O
NiDtBuP
X-ray
2.239 0.033 —0.021 2.182 0.488-0.079 0.078 0.007 0.646 0.058-0.261 —0.002 0.036 —0.043 —0.588 0O
2.248 0.008 —0.021 2.182 0.480-0.079 0.078 0.007 0.697 0.036-0.261 —0.002 0.035 —0.043 —0.587 O
0.004 0.062 —0.199 0.014 —0.008 O 0112 O —0.018 0.031 0.234-0.003
2249 0 0.021 2183 0528 0.081 0.079 0.007 0.721 0.000 0.294 0.004 0.044 0.059 0.655 0.003
oo
2085 0.054 O 2013 0541 O 0 0 0.692 0.0550.195 O 0 0 —-0.664 O
2113 0.014 O 2013 0528 O 0 0 0.746 0.0290.193 O 0 0 —-0.663 O
0 0.188 —0.287 O 0 0 0.188 0 0 0 0.206 O
2114 0 0 2023 0615 O 0 0 0.764 0 0.2820 0 0 0710 O
of
0.985 0.065 O 0 0 0.696 0.697 O 0.378 0.018-0.130 O 0 0 -0.355 O
1.020 0.056 O 0 0 0.689 0.690 O 0.384 0.013-0.129 O 0 0 -0.355 O
0 0 0 —0.187 —0.188 0 0.057 O 0 0 -0.039 O
1.074 0 0 0 0 0.759 0.759 O 0.391 0 0.147 0 0 0 0362 O
NiTtBuP
ofof
2744 0.059 O 2.744 0 0 0 0 0.986 0.090 O 0 0 0 —-0.986 O
2763 0.018 O 2.744 0 0 0 0 1.096 0.039 O 0 0 0 -0.985 0
0 0322 0 0 0 0 0 0 0 0 0478 O
2.765 0 0 2.765 0 0 0 0 1.117 0 0 0 0 0 1.117 0
ool
1.195 0.122 0 0 1.195 O 0 0 0.495 0.0470 0 0 0 —0495 O
1.448 0.026 O 0 1.160 O 0 0 0.528 0.0300 0 0 0 —0495 O
0 0 —-0.818 O 0 0 0 0 0 0 —-0.185 O
1.455 0 0 0 1455 O 0 0 0.5490 0 0 0 0 0549 O
aafp
1.433 0.084 O 0 0 1433 O 0 0556 0.033 0 —-0.191 O 0 —-0522 O
1.473 0.074 O 0 0 1420 O 0 0560 0.029 O —-0.191 O 0 —-0522 O
0 0 0 —0.341 O 0 0 —0.046 O 0 —-0.047 O
1.543 0 0 0 0 1543 O 0 0.583 0 0 0229 O 0536 O
oo
2.269 0.076 O —2.007 0601 0.616 0617 O 0.845 0.086 0.014 0 —-0.187 —0.187 —0.803 O
2.303 0.049 O —2.007 0586 0.613 0613 O 0.927 0.054 0.013 0 —-0.184 —0.184 —0.802 O
0 —0.164 —0.333 —0.097 —0.097 O -0.19% O 0.197 0.197 0.173 O
2322 0 0 2.014 0689 0.655 0655 O 0.977 0 0.213 O 0.316 0316 0843 O

aBoldface roman® Lightface italic.¢ Lightface romand The simulated total distortion8.., andDj, (A), and the mean deviationdeop anddip
(R), for different basis sets are also given. Tolesewed total distortions are the same Bsop, and Dy, for the complete basig.Minimal basis:
displacements along the lowest-frequency normal coordinate of each symmetry, which are listed in the order of increasing fregeadds:[B
ruf, Az, dom Eg waw(x), Egy waw(y), and Ay pro for out-of-plane; By m-str, Big N-str, Ey trn(X), Euy trn(y), Aig bre, and Ay rot for in-plane].

fExtended basis: the first row in italics lists displacements along the lowest-frequency normal coordinate of each symmetry, and the second row

in italics lists the displacements along the second-lowest-frequency normal coordinate of each syfr@uehpiete basis: the total deformation
of each symmetry as defined in ref 6. The total distortiDgy, andDj,, simulated with the complete basis is equal to the observed total distortion

Dobs
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Figure 5. Comparison of the simulated out-of-plane distortions using I
the minimal basis (blue) and the extended basis (red) with the observed L b
distortion (black) of the macrocyclic atoms for the X-ray crystal [ ]

structure (top) and the energy-minimized structure (bottom) of NiMt- L
structure (top) 9y (bottom) 1 4ooap

conformer, for which the two substituents are above the average Y
plane of the macrocycle, and tlhg$ conformer, for which one -|
substituent is above and the other below the plane. These two 0
conformers are shown in Figure 4, parts ¢ and d. Tle

conformer has a@ab conformation and is more stable by 10

kcal/mol than thex3 conformer (see Table 2), and thus only

the o.oe conformer exists in solution. Furthermore, the crystal A
structure of NiDtBuP shows gabconformation and agrees well | S [ I

with the calculatedxo. conformer (Figure 3b). . . . N .
ith the i df field. f bl f f Figure 6. Comparison of the simulated out-of-plane distortions using
‘With the improved force field, four stable conformers for e minimal basis (blue) and the extended basis (red) with the distortions
NiTtBuP, resulting from different orientations of substituents, (pjack) of the macrocyclic atoms for the energy-minimized stejies,

are predicted as shown in Figure 4, partshe the ofaf oo, aosB, andaaas conformers of NiTtBuP.
conformer (the four substituents are alternately above and below
the average plane), thteaoae conformer (all four substituents  frequency normal coordinates of the macrocycle. In particular,
are above the plane), theoSs conformer (two adjacent the simulated out-of-plane and in-plane total distortions using
substituents are above and the other two are below the plane)the minimal basis account for most of the observed total
and theao.os conformer (three substituents are above and one distortions Doop andDj, in Table 3 obtained using the complete
is below the plane), respectively. ThewoS conformer was basis). In addition, the displacement along each lowest-
not stable with the old force field, converting to thegafS frequency normal coordinate accounts for most of the total
conformer during energy optimizatidf. The ruffledoBaf is deformation of each symmetry type. Moreover, displacements
the most stable, with the other three conformers being2PlL along the second-lowest-frequency normal coordinates are much
kcal/mol higher in energy (see Table 2) and unlikely to be smaller than the displacements along the lowest-frequency ones,
significantly populated in solution. Thewwoo and oofps especially for the out-of-plane deformations. Nevertheless, the
conformers show purelgomandway(x) macrocyclic shapes, extended basis significantly improves the agreement between
respectively. The shape of tlewa3 conformer is a combina-  the simulated and observed (X-ray and calculated) structures.
tion of normal deformations. This is clearly illustrated by the comparison of the simulated
Distortion along the Lowest-Frequency Normal Coordi- structures with the observed structures in the clothesline displays
nates. By examining the NSD results for the series of nickel of Figures 5, 6, and S2. While the simulated structure using
porphyrins given in Table 3 and Figure 9, one concludes that the minimal basis reflects the main characteristics of the
the distortions of porphyrins occur primarily along the lowest- macrocycle distortion for the low-energy conformers, the
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(2.7 Ay W), 516 cnT? (5.9 B, M), 721 cn? (11.1 B, @), and

238 cn1! (1.4 EM), respectivel\f. Thus, the frequency ratios
are generally closer to unity (i.e., the modes are more energeti-
cally equivalent) for the in-plane symmetries than for the out-
of-plane symmetries. Another factor is that the number of
degrees of freedom within each symmetry type is higher for
the IP modes than for the OOP modes. That is, the number of
modes of each in-plane symmetry (GgA5 Ayg, 6 Big, 6 Bag,

11 Ey) is larger than for the out-of-plane symmetries (2,/8

Aoy, 3 By, 3 By, 5 Ey). Thus, small contributions from a
number of modes may contribute to the distortion.

These two factors also account for the frequently observed
larger deviations between simulated and observed structures for
thedomandway OOP deformations than for thiaf type when
using the minimal basis. This effect can be seen for the NSD
results for the calculated NiTtBuP conformers (Table 3). NSD
shows that the distortion of thgSo,8 conformer is purely B,
that of theaa.cca. conformer is purely A, and that of thexa 53
conformer is purely k. However, because of the large
Calculated j'/ frequency ratio for B, %ymmetry and small frequency ratios

oOEFE for Ay and E symmetries, the minimal basis accurately
‘g/' - simulates the nonplanar distortion of th§o8 conformer, but

A 1 only approximately simulates the distortions of theoa and
] aapp conformers as shown in Figure 6. Consequently, the
_J_;__.'i-‘zfr — I P extended basis set is needed to accurately simulate the distortions
o ] = of the aaoia and a3 conformers. Because of the large
Y bt g - number of degrees of freedom foy Bymmetry, an obvious
.};”' b - | deviation still exists even with the extended basis (Figure 6).
¥ . When the third-lowest-frequency normal coordinates gf E
- ! symmetry are included in the basis, there is no significant
'i'. Y f . B Y A deviation between the simulated and observed structures for the
" , oo conformer (results not shown). Finally, it is interesting
bt/ 2A |, to note that, because of the (near) orthogonality of the normal
\ | l- deformations, the projection along one coordinate is (almost)
b= —= X § . - independent of the size of the basis set (minimal, extended, or

Figure 7. Comparison of the simulated in-plane distortions using the complete).

minimal basis (blue) and the extended basis (red) with the observed Relationship between the Type of Out-of-Plane and In-
distortions (black) of the macrocyclic atoms for the X-ray crystal Plane Distortions and the Perturbation Symmetry. The NSD
structure (top) and the energy-minimized structure (bottom) of NiMt-  results in Table 3 and Figure 9 show that different substituent
BuP. The distortions are enlarged by a factor of 10. conformations give different types of out-of-plane and in-plane

extended basis is especially necessary for the high-energy stabléleformations. For example, in terms of the minimal basis set,
structures. For the in-plane distortions in particular, the theofof .conformer of NiTtBuP is purelyuf (Byy) for thg OOP
deformations along the higher-frequency normal coordinates aredeformation and purelpre (Ayg) for the IP deformation; the
often significant. That is, displacements along the second- aaao conformer is purelydom(Az,) for OOP and purelyre
lowest-frequency normal coordinates are usually of a magnitudefor IP; the aoff conformer is purelywau(x) (Eg) for OOP
similar to the displacements along the lowest-frequency coor- and a linear combination dfre andN-str (B1g) for IP; and the
dinates (Table 3). However, expansion of the basis set to also®oa3 conformer is a linear combination ofif, dom wau(x),
include the second-lowest-frequency modes is adequate, tha@ndwau(y) (Eg) for OOP and a linear combination ofi-str
is, still more high-frequency modes are not required to simulate (Bzg), trn(X) (Ew). tm(y) (E), andbrefor IP. The deformations
the structure to within the experimental error. This is verified that arise are related to the perturbation symmetry of the
by comparison of the observed and simulated IP distortions Peripheral substituents.
using different basis sets in Figures 7, 8, and S3. For thetert-butyl-substituted porphyrins, the possible orienta-
Two main factors cause the large deviations between thetions of the substituents (Figure 11) are known beforehand
simulated and observed structures for the IP distortion when because of the simple shape of teg-butyl group. For a planar
using only the minimal basis of normal modes. The firstis the macrocycle, eackert-butyl group can have only two possible
small difference in frequencies of the lowest-frequency and orientations with respect to the macrocycle. The repulsive van
second-lowest-frequency in-plane normal modes of each sym-der Waals interaction ensures that one of its methyl groups will
metry. The second-lowest-frequency in-plane normal modes orient vertically and that this vertical plane will bisect the other
(A1g?, Axd?, B14?), Byg?, and K@) are calculated to be at  two methyls. This is the optimal way to relieve the steric strain
701 cnmt (1.9 AygY), 769 cnt (1.4 AxgY), 757 cnTt (2.9 for the tert-butyl group. The two orientations come from the

Big"), 428 cmit (2.0 By¢Y), and 413 cm® (1.1 EWM), up or down orientation of the vertical methyl group. This up/
respectively. This is in contrast with the second-lowest- down orientation of the substituents is illustrated by the wedge-
frequency out-of-plane normal modesy (R, A, B1 @, B, shaped (solid, dashed) bonds in Figure 11. In the series of nickel

and E@), calculated to be at 680 crh (2.0 A.(Y), 359 cnt?t porphyrins with different numbers and orientationsnoése
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Figure 8. Comparison of the simulated in-plane distortions using the minimal (blue) and extended (red) basis with the distortions (black) for the
energy-minimized conformers of NiTtBuP. The distortions are enlarged by a factor of 5.

tert-butyl substituents illustrated in Figure 11, each conformer OOP and Ay, Byg and E IP symmetries. These results agree
has a specific type of perturbation symmetnbig,. Figure 11 precisely with the NSD results shown in Table 3 (and Figure
indicates these perturbation symmetries for this series of 9). Thus, as expected, a simple relationship exists between the
porphyrins. The symmetric perturbation causes the macrocycletypes of deformation and the perturbation symmetry. That is,

to distort only with certain types of.de.formations_. . if the orientations of the substituents for the planar macrocycle
Each molecular symmetry that is illustrated in Figure 11 can be predicted without molecular mechanics, then the
allows only certain types of deformations from tbg, group contributing normal deformations can be known beforehand.

representations. The symmetry-allowed deformations belong
to those irreducible representations of tw point group that

are totally symmetric in the molecular point group of lower
symmetry. These allowed symmetry types are easily determined
from a correlation table for thB4, point group (Table S1). For
example, the perturbation of tlgbaS orientation of NiTtBuP

has symmetry belonging to tii4(C',) point group Figure 11e).
From the correlation table, theifpand By, representations in
the D4y, point group are totally symmetrici/Aepresentations in

the Dog(C',) point group. Thus, the symmetrically allowed
deformations fonSaS-NiTtBuP are Aqfor IP and B, for OOP
deformations. Consequently, the resulting deformations are
mainly ruf (B1y) andbre (A1) for the oo conformer. These
deformations give the familiar ruffling of the macrocycle an

If the substituent pattern lowers the symmetry, that is, there
are fewer than four meso substituents, then additional normal
deformations will contribute to the distortion. For example, for
NiMtBuP there is only the one meso substituent. When the
substituent orientation relative to the macrocycle plane is
considered, it produces a perturbation W&§Sy) symmetry
(Figure 11b). From the correlation table, the,AB1g, Eu, Biu,

Aoy, and E representations in thB4, point group transform
like A" in the C4(Sy) point group. Thus, the OOP deformations
are primarily ruf, dom, wa(x), and wau(y), and the IP
deformations arbére, N-str, trri{x), andtrn(y). This is confirmed

by the decomposition results in Table 3 and Figure 9, which
d shows that OOP deformations offand B, symmetries are

associated contraction of the porphinato core. missing, and B and Ay IP symmetries are missing.

Similarly, theCs, symmetry of thexaaa orientation allows For the NiDtBuP, two combinations of substituent orientations
A, symmetry for OOP and 4 symmetry for IP deformations, ~ labeled asxa and a3 are possible (Figure 11c, and d). The
resulting in the familiar domed conformatiorC,n(C'2) sym- o orientation give<C,,(Cz,Sy) symmetry, and thes orienta-
metry of thea.a33 orientation gives Efor OOP and Ag and tion givesCa(C"'2) symmetry. Again, from the correlation table,
B1g Symmetries for IP deformations. The resulting conformers the symmetry-allowed types of deformations are gf, Az,
have primarily away OOP deformation and an IMN-str Aa, and B, symmetries folC,,(C2,Sy) and of Ayg, Bog, and K
deformation. Finally, theCy(Sy) symmetry of theaaof symmetries folCon(C"'2). Consequently, the nonplanar distortion

substituent orientation allows1B Az, and g symmetries for of the aa. conformer is mainly composed afif (B;,) anddom
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Figure 9. Graphical representations of the displacements along the
lowest-frequency coordinates that best simulate the structures of the
series of nickel porphyrins: cyan, X-ray structure; red, calculated

structure.
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Figure 10. High-frequency region of the resonance Raman spectra of
NiP, NiMtBuP, NiDtBuP, and NiTtBuP in carbon disulfide.

(A2y) deformations, and thes conformers is composed of equal
war(x) andwau(y) (Eg and Ey) deformations. The in-plane
distortions of thexa. anda5 conformers are the same, a linear
combination ofbre (A1g andm-str (B,g) deformations.
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(a) Dgp

(b) o: Cs(Sq)

(c) ato: Cay(C2,S4) (d) 0p: Ca4(C"2)

(f) oo Cqy

(8) €oBp: C24(C2) (h) acaB: Cy(Sa)

Figure 11. Perturbation symmetries from different patterns of periph-
eral substitution and orientations of substituents for the series of nickel
mesetert-butyl-substituted porphyrins.

Table 4. Frequencies (crit) of Selected Resonance Raman Lines
for the Series Consisting of Nickel(ll) Porphine and Mono-, Di-,
and Tetratert-butylporphyrins in Cg

Raman line NiP NiMtBuP NiDtBuP NiTtBuP
V2 1575 1561 1548 1533
V3 1461 1449 1443 1433
V4 1378 1370 1371 1355
) 1067 1078 1079 1098
Ve 992 1007 1023 1059
Vg 369 379 398 418

Macrocycle Distortion in Crystal Structures. The types
of distortion are mainly those symmetrically allowed by the
substituent perturbation symmetry; however, crystal-packing
forces may alter allowed deformations or introduce other
symmetry types. From the NSD results for the X-ray crystal
structure for NiMtBuP (Table 3 and Figure 9), the main types
of deformations areuf (Byy), dom (Azy), wav(x) (Eg), and
waw(y) (Egy) for OOP andbre (A1g), m-str(Bag), trn(x) (Ew),
andtrn(y) (E.y) deformations for IP. These are the symmetries
predicted from the maximum perturbation symmetry of the
substituents. However, the small contribution from g
deformation may be caused by crystal packing. In addition,
the inequality ofwvau(x) andwau(y) deformations may also result
from crystal-packing effects. The small contributions frpro
(A1), N-str (B1g), androt (A,g) deformations are most likely a
result of the random errors in the X-ray crystal structure. From
the NSD results for the X-ray crystal structure of NiP, the small
amounts ofruf, wau(y), sad and N-str deformations may be
caused by crystal packing, including Ni interaction with a
nitrogen of a neighboring porphyrin macrocyéfe.

If the substituents of a porphyrin have more than one possible
combination of orientations, then the conformation that occurs
in the crystal depends on the relative energies of the conformers.
If the energy differences are small, several conformations may
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Figure 12. Correlation between the absorption maxima and total out-
of-plane displacements for the series of nickekesetert-butyl-
substituted porphyrins.

be observed in the crystalline state. For nickel octaethylpor-

phyrin (NIOEP), the energy differences between stable con-

formers with different ethyl orientations are calculated to be
less than 2 kcal/md® and triclinic A32 triclinic B,33 and
tetragona® crystalline forms of NiIOEP have different substitu-

ent orientations. On the other hand, if energy differences among
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Figure 13. Correlation between the frequencies of some structure-
sensitive Raman lines and the total out-of-plane displacements for the
series of nickemesetert-butyl-substituted porphyrins.

for NiP, a-NiMtBu, ao-NiDtBuP, andoSoS-NiTtBuP. The
wavelengths of all the absorption bands increase in a nonlinear
way, as the porphyrin becomes more nonplanar. INDO/s
calculations show that the red shifts are caused by nonplanar
distortions of the porphyrin macrocycle (Song, X.-Z., unpub-
lished results).

different stable conformers are large, the conformation observed Nonplanar distortion of the macrocycle is known to cause

in the crystal is likely the most stable one. For example,
NiDtBuP has two stable conformeradq ando3), but because
the energy of thex3 conformer is much higher (10.64 kcal/
mol, Table 2) than that of thewo conformer, only theoa
conformation is predicted and observed in the crystal (Figure
3b). Further, the main types of distortions in the crystal are
ruf anddomdeformations for OOP aniore andm-strdeforma-
tions for IP, as predicted from theo. substituent perturbation
symmetry. Crystal-packing forces likely cause the small out-
of-planewav(x), waw(y), and sad deformations and the small
in-planetrn(x) andtrn(y) deformations (Figure 9).

The Degree of Nonplanar Distortions. For the series of
nickel mesetert-butyl-substituted porphyrins, only one con-
former (the most stable one) exists in solution for each porphyrin

(see Table 2). These conformers are the planar conformer of

NiP, the oo conformer of NiMtBuP, theao conformer of
NiDtBuP, and thexSa conformer of NiTtBuP. MM calcula-
tions and X-ray crystallography show that the total degree of

nonplanarity, as characterized by the total root-squares out-
of-plane displacement of the 24 macrocycle atoms, increases,

as the number afesetert-butyl substituents increases (Table
3). This is confirmed by the UM visible and resonance Raman

downshifts in the frequencies of the structure-sensitive lines,
especiallyvy, v3, andvy,.17:1828.37 The dependence on the total
OOP displacement of the structure-sensitive Raman lines,
andvs, and the oxidation-state marker lingis shown in Figure

13. The observed downshifts of and v3 are completely
consistent with the MM predictions and crystal structures which
show the macrocycle becoming more nonplanar as the number
of tert-butyl substituents increases.

Conclusions

The distortion of a metalloporphyrin that is induced by
peripheral substitution occurs mainly along the lowest-frequency
normal coordinates of the macrocycle. The types of out-of-
plane and in-plane deformations present for a conformer are
primarily determined by the perturbation symmetry of the
substituents, especially if the steric interaction between the
macrocycle and substituents is large. The perturbation sym-
metry is determined by the pattern of substitution and the
orientations of the substituents. Hence, given a substituted
metalloporphyrin, the main types of deformations present in the
stable conformers can usually be predicted from the perturbation
symmetry of the substituents alone. Molecular mechanics

spectra of these porphyrins. Figure 12 shows the peak positionscgcyations are needed to determine the magnitudes of these

of the absorption bands B, ,Qand Q in carbon disulfide
solutions as a function of the total out-of-plane displacement

(35) Jia, S.-L.; Shelnutt, J. A., unpublished results.
(36) Meyer, E. FActa Crystallogr., Sect. B972 28, 2162.

symmetric deformations. The relative energies of the stable

(37) Czernuszewicz, R. S.; Li, X.-Y.; Spiro, T. G&.Am. Chem. S0d989
111, 7024. (b) Prendergast, K.; Spiro, T. & .Am. Chem. S0d.992
114, 3793
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conformers, also provided by MM calculations, predict which Supporting Information Available: A symmetry correlation table
conformers may appear in crystals and in solution. for the Dan point group and its subgroups (Table S1), the X-ray crystal
From another point of view, the types of deformations present structure data for NiMtBuP (Tables $8), the atom-labeling scheme

. : “ » for the X-ray crystal structure of NiMtBuP (Figure S1), comparison of
in a porphyrin report upon the symmetry of the “external the simulated structure using the minimal and extended bases with the

perturbqtlon. T.hl.Js’ structgral analysis .Of tf_le _macrqcycle N observed structures for the X-ray crystal structure and energy-minimized
porphyrin-containing proteins can provide insights into the gipie conformers of NIDBUP (Figure S2), comparison of the simulated
symmetry of the protein-induced perturbation. Therefore, the jn.pjane distortions using the minimal and extended bases to the
types and magnitudes of the deformations of porphyrins in observed distortions for the X-ray crystal structure and energy-
proteins can be used to probe the properties of the protein minimized stable conformers of NiDtBuP (Figure 3S), the-thsible
environment at the active site. absorption spectra of NiP, NiMtBuP, NiDtBuP, and NiTtBuP in carbon
disulfide (Figure S4), and the resonance Raman spectra of NiP,
NiMtBuP, NiDtBuP and NiTtBuP in carbon disulfide in the low-
| frequency region (Figure S5) (20 pages). Ordering information is given
on any current masthead page.
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