J. Phys. Chem. 2008,112,305-311 305
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Porphyrin and pincer complexes are both important categories of compounds in biological and catalytic systems.
The idea to combine them is computationally investigated in this work. By employment of density functional
theory (DFT), conceptual DFT, and time-dependent DFT approaches, structure, spectroscopy, and reactivity
properties of porphyrin pincers are systematically studied for a selection of divalent metal ions. We found
that the porphyrin pincers are structurally and spectroscopically different from their precursors and are more
reactive in electrophilic and nucleophilic reactions. A few quantitative linear/exponential relationships have
been discovered between bonding interactions, charge distributions, and DFT chemical reactivity indices.
These results are implicative in chemical modification of hemoproteins and understanding chemical reactivity
in heme-containing and other biologically important complexes and cofactors.

1. Introduction SCHEME 1

Porphyrin, a hetero- and macrocyclic compound derived from 1
four interconnected, coplanar pyrrole-like subuhitsis the
fundamental building block of hemoproteins abundant in nature
and responsible for a variety of physiological functions such as Dy,D,D; = Donor atoms: O, N, S, P, Se, etc.
storage and transportation of oxygen (hemoglobin and myo- \ D2_
globin), catalysis of HO, dismutation (catalase), electron
transfer (e.g., cytochromeand cytochromé5), and oxidation
of substrates (e.g., horseradish peroxidase and cytochrome
P450)12 The porphyrin ring in the common dianonic form has D3
26 electrons and forms a highly conjugated, aromatic structure
with unique properties in stability, ligand binding, spectroscopy, sor, leading to its profuse applications in different areas of
redox potential, etc. Chemical modifications to fathom and chemistry, particularly in catalysis.
harness the extraordinary structural and electronic properties \jore recently, the idea of combining porphyrin with the
of this compound have been of great interests in the literéttre, pincer complex has been exploréd2 This idea is appealing
among which one recent example is called porphyrin pincers. i that porphyrin employs the inner cavity to form peripherally

The pincer complex (see Scheme 1), first synthesized by metalated complex with one divalent metal ion, whereas a
Moulton and Shafin 1976, consists of a metallic center and second, more often different, metal ion utilizes side donor atoms
a pincerlike ligand containing donor atoms in coordination in of the macrocycle to form the pincer complex. This modification
the tridentate manner with the metal id¥ The tridentate of the porphyrin is relevant because heme motifs in hemopro-
o-bonded nature between the pincer ligand and the metal atomteins have two carboxylate “arms”, which can serve as electron
strongly supports the metallic center, preventing it from dis- donors and are implicative in physiological functions. It is
sociation and thus achieving high thermal stability. Meanwhile, anticipated and has been demonstrated that because of the
choices of donor atoms allow the fine tuning of the steric and coupling between the two metal ions this heterobimetallic
electronic properties of the pincer complexes. Common triden- complex offers distinctive physiochemical properties such as
tate atoms include NCA, OCO12 PCP13 SCS4 SPS!S etc. magnetism, photochemistry, and reactivity in metal-catalyzed
The pincer complex often exhibits pronounced structure, reactions from its precursofS.
spectroscopy, and reactivity properties different from its precur-  In this work, we employ quantum mechanical computational
tools from density functional theory (DF ) ,conceptual DFF2
*To whom correspondence should be addressed; E-mail: xmxiao@ and time-dependent DFT (TD-DFF)?’ to investigate the

/ f M = Metallic center: Zn, Cu, Pt, Pd, Ir, Ru, etc.

hu?nu.edu.cn (X.M.X.); shubin@email.unc.edu (S.B.L.). structural, spectroscopic, and reactivity properties of this
Hunan Normal University. . . category of complexes and compare them with those of the
*Hunan University of Traditional Chinese Medicine. . .
s Taizhou College. precursor. We found that porphyrin pincers are structurally
' University of North Carolina. distinctive and chemically more reactive, confirming experi-
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Figure 1. Top and side views of the optimized structure of 2M évH, Mg, Fe, Ni, Cu, and Zn).
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Figure 2. Top and side views of the optimized structure of 3M €vH, Mg, Fe, Ni, Cu, and Zn).
SCHEME 2 second metal cation is divalent Pd. Structurally speaking, as

shown in Scheme 2, 2H and 3H are different from others
because they do not have the first metalation in the porphyrin
inner cavity.

All calculations were performed with the B3LY# 2 func-
tional and a generic basis set, where C and H use Pople’'s
valence-split doublé-6-31G basis set and the electronegative
N and first metal element employ the 6-31&(d) basis set!3?
This generic basis s&t3° has been shown to be effective, both
efficient and reliable, in predicting structural and reactivity
properties for hemelike systerffsFor Pd, we use the ECP
Stuggart basis sét.Structural optimization was performed for
both 2M and 3M systems at first, and then a frequency
calculation was carried out to check that the optimized structure
is indeed a minimum (with no imaginary frequency). A natural
bond orbital (NBO) analys?§ is conducted to obtain the
mental findings and suggesting that they can serve as valuablecondensed natural orbital charge distribution of the systems and
substitutes in chemical modification of porphyrin in hemopro- to perform the second-order perturbation theory analysis of the
teins. Fock matrix in NBO basis to obtain the porphyrimetal and
pincer—metal interaction energies. TD-DFT calculations are
followed to obtain their UV/vis spectra. As we noticed earlier,

Scheme 2 shows the systems that we have studied in thisspin multiplicity’®-4!is an important issue for transition metals,
work, where porphyrin pincers are denoted by 3M €MH, for M = Fe, Ni, and Cu, different spin states are possible. Our
Mg, Fe, Ni, Cu, and Zn) with the corresponding precursor by studies show that for each of them in both 2M and 3M
2M (M = H, Mg, Fe, Ni, Cu, and Zn), and in all cases, the complexes the lowest spin sta®= %/, for Cu andS = 0 for

Il. Computational Methodology
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Figure 3. Quantitative relationships stemming from the NBO and second-order perturbation theory analyses for 2M and 3M systems.

TABLE 1: Selected Parameters from the Optimized Structure for 2M and 3M Systems

3H 2Mg 3Mg 2Fe 3Fe 2Ni 3Ni 2Cu 3Cu 2Zn 3Zn
M—N; 2.069 2.068 2.011 1.995 1.983 1.962 2.028 2.021 2.059 2.056
M—Naz 2.070 2.069 2.011 2.004 1.983 1.970 2.029 2.023 2.060 2.052
Pd-C 2.013 2.017 2.018 2.016 2.017 2.018
Pd—N 2.092 2.087 2.086 2.086 2.086 2.087
Pd-ClI 2.452 2.464 2.461 2.458 2.461 2.463
OM—Pd-ClI 179.9 180.0 180.0 179.9 180.0
0C1-C2-C3-C4  63.2 3.6 61.8 4.3 64.4 4.6 65.1 4.0 64.7 3.6 64.5

TABLE 2: NBO Charge and Second-Order Perturbation Theory Analyses of Porphyrin—Metal and Pincer—Metal Interactions
for 2M and 3M Systems

NBO charges second-order PT analysis (kcal/mol)

M N1 N, Pd Ppr—M Ppr—M Pnc— Pd Pnc—Pd
2H —0.532 —0.568
3H —0.524 —-0.572 0.657 256.6 383.9
2Mg 1.755 —-0.722 —-0.734 150.3 85.7
3Mg 1.756 —-0.715 —-0.738 0.654 161.2 5.0 252.7 1005.5
2Fe 1.232 —0.592 —0.604 393.9 63.3
3Fe 1.021 —0.563 —0.580 0.653 463.2 217.5 225.8 427.1
2Ni 1.022 —0.555 —0.567 391.2 111.2
3Ni 1.016 —0.548 —0.568 0.654 413.8 126.6 251.6 387.1
2Cu 1.308 —-0.624 —0.635 291.8 40.5
3Cu 1.306 —-0.617 —0.637 0.654 322.4 457 248.5 392.3
2Zn 1.620 —0.699 -0.710 228.8 60.7
3Zn 1.622 —0.691 —-0.715 0.654 232.9 12.7 256.7 1009.9

a Ppr— M stands for the doneracceptor interaction between Ppr (porphyrin) and M (metal), and Ppr serves as the electron donor and M as the
electron acceptor. Pre Pd denotes the doneacceptor interaction between Pnc (pincer) and M (metal), and Pnc serves as the electron donor and
M as the electron acceptor. The total interaction, in kcal/mol, is the sum of all orbital contributions larger than 0.05 kcal/mol.

Fe and Ni) possesses the lowest energy. We employ the loweshardnessy, are defined ag = —y = (9E/dN), andy = (9°E/
spin state for each system in the present study. oN?), = (duldN),, whereE is the total energy of the systei,
DFT reactivity indices are conceptually insightful and practi- is the number of electrons in the system, and the external
cally convenient in predicting chemical reactivity and regiose- potential. The chemical potential can be identified as the
lectivity of a molecule. In DFP}! the chemical potential, and negative of electronegativity).#2 According to Mulliken?® one
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Figure 4. Comparison of calculated IR spectra between 2Cu (dotted g e 5 Comparison of calculated UVivis spectra between 2Ni
line) and 3Cu (solid line) systems. (dotted line) and 3Ni (solid line) systems using the TD-DFT method.

2, the plane becomes twisted with the two pyridyl groups
hasu = —y = —(*2)(I + A) andyy = | — A* wherel andA pointing away and lying in the different side of the porphyrin
are the first ionization potential and electron affinity, respec- ring.
tively. Under the Koopmans' theorem for closed-shell molecules,  Taple 2 shows the charge distribution for a selected list of
based on the finite difference approathndA can be expressed  atoms from the NBO analysis and the doracceptor interac-
in terms of the highest occupied molecular orbital (HOMO) tion energies from the second-order perturbation theory in NBO
energy,exomo, and the lowest unoccupied molecular orbital pases. It is seen from Table 2 that the positive charge on Pd is

(LUMO) energy, eLumo, respectively,l ~ —euomo; A ~ almost unchanged, 0.654, across different metals. Mg has the
—ewwwmo. Recently, Parr, Szentpaly, and Buntroduced the  |argest positive charge, and its accompanying\i atoms are
concept of electrophilicity indexy, in terms ofu and#n, w = most negative, indicating that MegN; and Mg—N; bonds are

u?l2n, appraising the capacity of an electrophile to accept the most ionic within the series. On the other hand, Ni is least
maximal number of electrons in a neighboring reservoir of charged in the series, and thus the-Ni; and Ni~-N, bonds
electron sea. More recently, Ayers and co-worker$ have  gre of the covalent nature. In the dor@cceptor back-bonding
proposed two new reactivity indices to quantify nucleophilic jnteractions, it is observed that except for the Fe system where
and electrophilic capabilities of a leaving group, nucleofugality 3 little smaller value is found, the pincer (as donef)Pd (as
AEn= —A+ w = (u + n)%2n and electrofugalitAEe = | + acceptor) interaction is more or less a constat®50 kcal/mol.

w = (u — 17)?2y7. These reactivity indices from the conceptual For other parts of the interaction, such as porphyrin (doner)
DFT framewoeky, 1, o, AE,, andAE,, are used to appraise M (acceptor), M (donory~ porphyrin (acceptor), and Pd (donor)
the chemical reactivity of both 2M and 3M systems. All  — pincer (acceptor), large variance in the magnitude of the

calculations are performed with the Gaussian 03 pacRagth interaction has been discovered. Since Mg does not have d
tight self-consistent field convergence and ultrafine integration orbital electrons and Zn’s d shell is full, it is expected that their
grids. M — porphyrin interaction is small, as confirmed by the data,

5.0 and 12.7 kcal/mol, respectively, from Table 2. The metal
I1l. Results and Discussion cation that possesses the strongest deaoceptor interaction

with the porphyrin ring is iron, whose porphyrir Fe and Fe

Table 1 shows a few selected bond distances and angles from- porphyrin energies are 463.2 and 217.5 kcal/mol, respectively.
the optimized structure of 2M and 3M systems. One finds that These strong back-bonding interactions between Fe and the
there exists little change in P&, Pd-N, and Pd-Cl bond macrocyle, which as a result may keep the scaffold both stable
lengths as well as the MPd—Cl angle among different divalent  and reactive, might be an important reason that nature chooses
3M systems when a metal ion is in the inner cavity of porphyrin. iron as an integral ingredient of hemoproteins to perform redox
For Mg where there is no 3d electron, the bond length oFMg  and other life-essential processes. We notice also that even
Ni and Mg-N2 between 2M and 3M systems is almost the though the pincer— Pd interaction is approximately constant,
same, only by a change of 0.001 A. For transition metalsNyl the reverse interaction is not. For example, with no metal ion
and M—N; are shortened after the pincer complex is formed in the inner cavity of porphyrin, in 3H, the Pd pincer energy
because of the backbonding interactions between the pinceris 383.9 kcal/mol, but it becomes 427.1 kcal/mol in 3Fe, 1005.5
donor atoms and Pd cation. For example—~Rg distance kcal/mol in 3Mg, and 1009.9 kcal/mol in 3Zn. This drastic
changes to 1.995 from 2.011 A. The main difference between variation in the backbonding flow of electrons from Pd to the
2M and 3M structures, however, lies in the€1-C2—C3—C4 pincer’'s unoccupied* orbitals in different 3M systems is an
dihedral angle, where one observes a substantial change fromindication of the dependence of the electron distribution of the
~5°in 2M to ~65° in 3M. This change is needed to bring the macrocycle ring on the first metal ion, M, in the porphyrin inner
donor atoms together to form the pincer complex. Figures 1 cavity. Because there exists strong denacceptor interactions
and 2 illustrate the structure difference between 2M (Figure 1, between transition-metal ion M in the inner cavity and the
two views) and 3M (Figure 2, two views) systems, where it is porphyrin ring, d-electron donations of the second metal ion,
seen that, before the pincer complex is formed (Figure 1), all Pd, to ther* orbitals of porphyrin are hindered, leading to the
atoms in the porphyrin macrocycle ring stay in the same plane, smaller Pd— pincer interaction. On the other hand, for 3Mg
whereas after the pincer complex is formed, shown in Figure and 3Zn systems, where either there is no d-electron or the
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Figure 6. Comparison of HOMO and LUMO orbitals for 2Ni and 3Ni systems.

TABLE 3: Calculated DFT Reactivity Indices for 2M and covalent nature) (Figure 3b), the more the charge gntihe
3M Systems (Units in au) more charge on M (Figure 3c), and the longer theNi bond
HOMO LUMO  pu n w AE, AE (Figure 3d).

2H —0.186 -0.085 0.135 0.051 0.181 0.342 0.071 We also calculated the IR/Raman spectra for all 2M and 3M
3H —-0.187 -0.098 0.142 0.045 0.227 0.392 0.107 systems. Shown in Figure 4 as an example is the comparison
2Mg -0.186 —0.082 0.134 0.052 0.172 0332 0.064 ofthe |R spectra between 2Cu (dotted line) and 3Cu (solid line)
g'g’g :8:%88 :8:288 8&2‘11 8:812 8:%2 8:233 8:22? syste.ms. The peaks have .been broadened by fitting to a Gaugsian
3Fe -0.191 —-0.107 0.149 0.042 0264 0434 0136 function. Itis seen from Figure 4 that, because of the formation
2Ni  —0.191 -0.080 0.136 0.056 0.165 0.328 0.057 of the pincer complex, some peaks such as those associated
3Ni  —0.192 -0.094 0.143 0.049 0.207 0.375 0.089 with the coupled pyridyl groups and=€C stretches become
2Cu  -0.190 -0.081 0.136 0.054 0.170 0333 0.061 \yeaker, whereas in other regions one observes new peaks in

3Cu -—-0.190 -0.095 0.143 0.048 0.213 0.380 0.095 - . .
57n  —0.189 —0082 0135 0054 0171 0333 0.062 3M (see the insertion of the Figure) or peaks that become

3Zn —0.189 —0095 0.142 0047 0214 0.380 0.096 Stronger after the pincer complex is formed.

Recent experimental eviderf€esuggests that the UV/vis
d-shell is full for the metal cation M in the inner cavity of the spectra of the porphyrin pincers exhibit different absorption
porphyrin ring, the back-bonding interaction between M and spectra from their precursors with the first peak significantly
porphyrin is weaker, and thus the virtual orbitals of the conjugate red-shifted. To ascertain the origin of such differences we
macrocyclic ring are less disturbed, leading to stronger interac- performed TD-DF#3-27 calculations at the B3LYP/6-3HG*
tions with the second metal ion, Pd, in the pincer complex. level. Figure 5 displays the comparison of the UV/vis spectra

Shown in Figure 3 are a few quantitative relationships between 2Ni (dotted line) and 3Ni (solid line) systems. In
obtained from the NBO and second-order perturbation theory accordance with the experiments, we found that, compared to
analyses for 3M systems. In Figure 3a, we found that back- those of 2Ni, 3Ni's absorption peaks are indeed significantly

bonding interactions between porphyrinc M and M — red-shifted, but because of the difference in their molecular
porphyrin follow an exponential relationship with a positive Structures, the nature of the transitions associated with each peak
exponent, indicating that the larger the porphysirM interac- is also different. For example, the peaks near 360 nm in 2Ni
tion, the larger the M~ porphyrin interaction. In parts-bd of are transitions from Ni's 3elto porphyrinz* molecular orbital,

Figure 3, linear relationships are observed between the porphyrinbut in 3M, the red-shifted peaks are associated with transitions
— M interaction and charge on M (Figure 3b), between charges from orbitals close to HOMO and LUMO, which are shown in
on M and N (Figure 3c), and charge on;Nind distance of Figure 6. From the Figure, it is observed that the HOMO
M—N; (Figure 3d) with a negative slope in Figure 3b and electron distribution in both the 2Ni and 3Ni systems is similar,
positive one in others, demonstrating that the larger the and noticeable differences between the two systems come from
porphyrin—=M interaction, the less the charge on M (more of the LUMO, especially in the two pyridyl groups.
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Figure 7. Linear relationships obtained from DFT reactivity indices
of the 2M and 3M systems: (a) LUMO vs hardness and (b) LUMO vs
electrophilicity index.

To understand the reactivity difference between the porphyrin
pincer complex and its precursor, we employ conceptual DFT
reactivity indices. Shown in Table 3 are their numerical data
from HOMO and LUMO. It is observed that between each pair

of 2M and 3M (M= H, Mg, Fe, Ni, Cu, and Zn) systems: (i)
the HOMO does not change noticeably, and it is the LUMO
that contributes the majority of the difference to the HOMO
LUMO gap between 2M and 3M; and (ii) for each pair,

compared to 2M, we find that 3M’s global hardness is always

Huang et al.

(2M and 3M, where M= H, Mg, Fe, Ni, Cu, and Zn), whose
structure, spectroscopy, and reactivity properties are systemati-
cally investigated by DFT, conceptual DFT, and TD-DFT
approaches. In accordance with earlier experiments, we found
that, in comparison with 2M, 3M is structurally and spectro-
scopically different from and more reactive than its precursor.
We also found that the reactivity difference mainly comes from
the LUMO. In addition, a few linear/exponential relationships
have been discovered in binding interactions, charge distribu-
tions, and DFT chemical reactivity indices of the systems
concerned. The results from the present work might have
implications in chemical modification of hemoproteins and in
understanding chemical reactivity difference in heme-containing
and other metal-containing biologically important complexes
and cofactors.
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