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We report density functional theory calculations on six-coordinate ferric-NO ({ FeNO}®) porphyrinates that contain
either imidazole or imidazolate as the trans axial ligand. Our results show that the sensitivities of the Fe—NO and
N-O stretching frequencies to cis and trans influences are directly correlated. In other words, as one decreases
so does the other for both the imidazole and the imidazolate complexes. This correlation is opposite that of the
isoelectronic ferrous-CO systems, whose Fe—CO and C-O frequencies are well-known to be inversely correlated.
Based on the results of our calculations, the molecular origin of the direct correlation in {FeNO}® porphyrinates
can be explained by trends in the electron density distributions within the HOMO or HOMO-1, which exhibits
Fe—NO and N-O sr-antibonding character. Variability in the Fe—N—O sr-antibonding character of the HOMO or the
HOMO-1 modulates the CIFeNO as well as the Fe—NO and N-O bond strengths in concert. Orbital interactions
in the six-coordinate Fe'"NO porphyrin complexes are compared and contrasted with those of the isoelectronic
Fe'CO analogues, and an overall view of { FeNO}® bonding in these complexes is set forth.

Introduction decrease the strengths of both the-R& and N-O bonds.
This correlation is opposite that observed for the isoelectronic
[FE'CO] complexes, as well as tH&=eNG 7 and [FEO,]
systems?!1For the five-coordinat¢FeNG  porphyrinates,

the sensitivity of the FeNO bonding was analyzed using
density functional theory (DFT) calculations on a series of
complexes whose electronic properties were modulated by

modification of the porphyrin peripheThose calculations

Nitric oxide (NO) is involved in a number of important
biological functions in higher organisms, including neuro-
transmission, vasodilation, and blood clotting.Addition-
ally, NO complexes of heme iron and copper are crucial to
bacterial and fungal denitrification reactions wherein NO is
reduced to NO.S An interesting feature of NO, which
distinguishes it from CO and Qis its affinity for heme

proteins in both their ferrous and ferric oxidation states to
yield the ferrous and ferric NO adduct§FeNG 7’ and
{FeNQG ¢, respectivelyf 8

In a previous study on five-coordinat&eNG; & porphyrin
complexes, we observed direct correlation between the
Vee-no aNd vy—o frequencies, as determined by resonance
Raman scattering and IR absorbance metfodkat is,
factors that affect the FeNO triatomic unit either increase or
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the ve—o and vn—o shifts in the CO and NO complexes of
ferrous Mb(H64L), which are observed at over 20 ém
higherin frequency?? In the current model for the relation-
ship between FeXO and X—O sensitivities in the CO, NO,
and Q adducts of ferrous Mb, H64 exists as theHN
tautomer, which results in a positive polar§ or H-bond
donor interaction between H64 and the XO ligahtf.It

has been suggested that the frequency loweringyod in
Mb(H64L)"NO is due to H64 tautomerization to yield
deprotonated Nresulting in a negative polar interactiad ]

with NO.” The premise for this model is that the pattern of
Fe—NO and N-O bond sensitivities to environmental
changes is the same in the ferrous and ferric systems.
However, given that othgiFeNG ¢ systems exhibit direct
correlation in thevee—no andvn—o frequencies, the presump-
tion of an indirect correlation analogous to that seen in the

Figure 1. Experimental correlations betweeg.-no andvn-o frequencies Fd'XO adducts warrants re-evaluation.
for {FeNG ¢ systems constructed from published data. Circ®} 6ix- . .
coordinate hemes in enzymes having proximal Cys-based thiolate ligands; Although NO binds to the ferrous state with much greater

triangles ), five-coordinate complexes; diamond®)( six-coordinate affinity than the ferric statef FeNG ¢ complexes of heme

hemes in proteins having proximal His-based ImH or ligands. P45022 i iynifi ; i ;
CPO2 NgRZO fungal P%EOnoiB b 14.16.17 R 1416 N'?Dlﬂ FHO-119 proteins hgvg significant blolog!cal importance. For example,
HbA,14.15 HbN 18 [Fe(OEP)(NO)CIQ.? the vasodilating effect of NO in mammals is exploited by

the blood-sucking insed®hodnius prolixusvhich delivers

revealed an elegant relationship between the sensitivities ofNO to the tissues of its victim as a means of maintaining
the Fe-NO and N-O bond strengths that clarifies the blood flow to the site of its bite. Delivery of NO is
correlations betweert.-no andvn-o in those five-coordinate  accomplished by the NO adduct of a group of ferric, not
complexes. The electronic basis for this behavior is centeredferrous, heme proteins called nitrophorins (NPs), which are
around a high-energy molecular orbital whictvigntibond- contained in the insect’s sali¥&2324The nitrophorins are
ing _throughout the FeN—-O triatomic unit. A direct  six-coordinate ferric heme proteins which contain a proximal
relationship between the experimental-f¢O and N-O histidine ligand trans to NO. Other histidine-ligatgeeNG} 6
frequencies has also been reported for six-coordinate thiolate-heme proteins that have been characterized include myo-
ligated { FeNG ® hemes?2 Hence, thedirect relationship globin (Mb) 116172526 hemoglobin (Hb)*1® horseradish
between the sensitivities of F&NO and N-O bond strengths  peroxidase (HRPY¥:162’mammalian heme oxygenase (hHO)
to changes in structure and environment of the complexesisoforms £° and 228 nitric oxide reductase (NORYC FixL,2°
is emerging as a general characteristi¢ NG 6 porphyrin and leghemoglobif? While structural and electronic proper-
systems.

Figure 1 shows plots ofe-no Versusvn-o correlations (16) Tomita, T.; Haruta, N.; Aki, M.; Kitagawa, T.; Ikeda-Saito, B.Am.
for five- and six-coordinat FeNG ¢ porphyrinates con- 17 %Ahlfm- LSO&Z_Ogldlz?a 226%—_28?17- M. Biochemisind997 36
structed using published experimental frequencies. Even from™") Miet L. M., Pedraza, A. J.; Chance, M. Biochemistiyl997, 36
this limited data set, it is evident that a direct correlation (18) Mukﬁi, M.; Ouellet, Y.; Ouellet, H.; Guertin, M.; Yeh, S.-R.

; e ; o Biochemistry2004 43, 2764-2770.
eX|StS_ for both the five CO_Or:dmate sys.tems ?‘nd th? SIX (19) Wang, J.; Lu, S.; Moenne-Loccoz, P.; Ortiz de Montellano, RI.R.
coordinate enzymes containing a proximal thiolate ligand Biol. Chem.2003 278, 2341-2347.

trans to NO. Although the plots in Figure 1 do not address (20) Pinakoulaki, E.; Gemeinhardt, S.; Saraste, M.; Varotsis]. iol.
Chem.2002 277, 23407-23413.

whether a Correlat.ion eXiS_tS in sig-coor'dipa{[Eequ (21) (a) Ding, X. D.; Weichsel, A.; Anderson, J. F.; Shokhireva, T. Kh.;
systems that contain an axial (proximal) imidazole ligand, Balfour, C.;hPierik, A. J.; Averill, B. A Mczg;fort, W. R, Walkelk F.
s di~at PO A.J. Am. Chem. S0d999 121, 128-138. Maes, E. M.; Walker,

_there are indications thgt t_he FeNO bopd strength sensitivities ¢ A Monfort, W. R.: Czemnuszewicz. R. $.Am. Chem. So@001
in these systems are distinct from their RLe{FeNG 7, and 123 11664-11672.
isoelectronic F&CO counterparts. For example, in wild-type  (22) (@) Phillips, G. N.; Teodoro, M. L.; Li, T Smith, B.; Olson, J. 5.

" . . Phys. Chem. B999 103 8817-8829. (b) Springer, B. A,; Sligar, S.
Mb"NO a singlevy-o band is observed at 1927 claWhen G.; Olson, J. S.; Phillips, G. NChem. Re. 1994 94, 699-714.

the distal histidine (H64) is replaced by leucine, this band (23) [F;ibEeir?l,vJ.”LVI. C'.:; ilaézfard,gighgéHégl(\iussggfé\ﬁig, R. H.; Champagne,
. . 17 i . E.; Walker, F. A.Scienc .

shifts down in frequency to 1904 cth'’ This is counter to (24) Roberts, S. A.; Weichsel, A.; Qiu, Y.; Shelnutt, J. A.; Walker, F. A.;

Montfort, W. R.Biochemistry2001, 40, 11327 11337.

(12) (a) Obayashi, E.; Tsukamato, K.; Adachi, S.; Takahashi, S.; Nomura, (25) Rich, A. M.; Armstrong, R. S.; Ellis, P. J.; Lay, P. &. Am. Chem.
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(13) Shimizu, H.; Obayashi, E.; Gomi, Y.; Arakawa, H.; Park, S.-Y.; 1996 96, 2841-2888.

Nakamura, H.; Adachi, S.-I.; Shoun, H.; Shiro,J Biol. Chem200Q (28) Ishikawa, K.; Takeuchi, N.; Takahashi, S.; Mansfield Matera, K.; Sato,
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(15) Wang, Y.; Averill, B. A.J. Am. Chem. S0d.996 118 3972-3973. 200Q 5, 642—654.

1368 Inorganic Chemistry, Vol. 44, No. 5, 2005



Structure and Bonding in 6-Coordinatg FeNO} 6 Porphyrinates

ties of {FeNG " heme proteins and model complexes have
been extensively studied, thg=eNG® analogues have
received less attention, due perhaps in part to their greater
reactivity. The{FeNG® porphyrinates are susceptible in
varying degrees to reductive nitrosylation, wherein a nu-
cleophile, such as hydroxide ion, is nitrosated by the
{FeNG ¢ complex with concomitant formation of an Fe(ll)
center’ In the presence of excess NO, the Fe(ll) is trapped
by formation of the exceedingly stabf&eNG’ complex.

Our previous study clearly showed that, in addition to the
direct relationship between the relative susceptibilities of the
Fe—NO and N-O bond strengths to peripheral and distal
effects, their absolute sensitivities to these effects are
substantially larger than those of their [lBO] and{ FeNG *
counterparts. In other words, FeNO bonding in{keNG; &
porphyrinates appears to be sufficiently sensitive to structural
and environmental factors that tiheactivity of bound NO
can be modulated. Thus, in addition to ferric hemes having
lower affinity for NO, as in the aforementioned example of Figure 2. Side and top views of six-coordina{&eNG® porphyrinate
the nitrophorins, this malleability ffFeNG © reactivity is ggdtilcs,'séAgf[cheé?g[nvkglggqlzn(%)(aﬁi(z?gr:t)r’:gl]irep: femerers shou
also tied to variable electrophilicity of the bound NO nitrogen
atom. The reactivity of bound NO toward nucleophiles such tional frequencies, and energies of transition metal containing
as hydroxide, leading to reductive nitrosylation (NO oxida- Systems is known to require extensive electron correlation
tion), and hydride, leading to NO reduction, is thereby techniques. The DFT methods, which incorporate nonlocal
regulated. Given that these reactions of coordinated NO exchange and correlation functionals, have demonstrated the
proceed through six-coordinaf&eNCG ¢ heme centers, we  ability to account for much of this electron correlatit?
have undertaken the present study with the aim of clarifying Moreover, DFT methods are very promising for the study
the role of proximal heme ligation by imidazole (ImH) and ©f large systems of biochemical interest, including porphy-
imidazolate (InT) in the modulation of FeNO bonding and  ins, since electron correlation effects can be included at a
reactivity. fraction of the computational cost of traditional ab initio

This report describes the structural and electronic effects, methods®%’
as determined using computational methods based on density All electronic structure calculations were performed using
functional theory7 of Systematica”y Varyin‘gesoandﬂ-pyr- the hybrld eXChange'Correlation functional B3LYP, as imple-
role substituents of SiX'COOfdiﬂﬂ{&Equ porphyrinates mented in Gaussian 98.This functional is Becke’s three-
containing either ImH or Im ligands trans to NO (Figure  Parameter exchange functional, in conjunction with the
2). The{ FeNG} —ImH and{ FeNG é—Im~ models represent  nonlocal correlation functional of Lee, Yang, and Paithe
the extremes of proximal charge that the protein environment - -
can impose on proximal His ligands, that is, no H-bonding (32) &ilrgc[ﬁéf&fzfé‘ %nx,vgg?f ';{;Fsusr?cf\',%wl\(zrf O{gg‘;f Atoms and
and strong H-bond donation by the bound His. The DFT (33) Ziegler, T.Chem. Re. 1991 91, 651-657.
results indeed show direct correlation between the Fe G4 fég%bggnézpl'_g"lg'\"'; Blomberg, M. R. Annu. Re. Phys. Chem.
NO and N-O bond strengths for both the ImH and im \ '

(35) For a review of DFT calculations on porphyrin systems see: Ghosh,
systems, further suggesting ttieect correlation is an innate A. In The Porphyrin Handbogkadish, K. M., Smith, K. M., Guilard,
property of the{FeNG ¢ porphyrinates. Furthermore, the

Kohn—Sham molecular orbitals reveal the origin of thirect
correlation. For both the ImH and Imsystems, the FeNO
and N-0 bond strength sensitivities are dominated by FeNO
electron density in either the HOMO or the HOMQ, which

is -antibonding throughout the entire FBl—0O triatomic
unit.

Methods

The theoretical techniques used in this study are based on
the density functional theory of Hohenberg, Kohn, and
Sham?'32 The accurate computation of geometries, vibra-

(30) Rich, A. M.; Ellis, P. J.; Tennant, L.; Wright, P. E.; Armstrong, R.
S.; Lay, P. A.Biochemistry1999 38, 16491-16499.

(31) (a) Hohenberg, P.; Kohn, Whys. Re. B 1964 136, 864-871. (b)
Kohn, W.; Sham, LPhys. Re. A 1965 140, 1133-1138.

R., Eds.; Academic Press: New York, 2000; Vol. 7, pp3B.

(36) Liu, Y.-P.J. Chem. Inf. Comput. S2001, 41, 22—29.
(37) Rovira, C.; Kunc, K.; Hutter, J.; Ballone, P.; Parrinello, 34.Phys.

Chem. A1997, 101, 8914-8925.

(38) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Rega, N.; Salvador, P.; Dannenberg, J. J.; Malick, D.
K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski,
J.; Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko,
A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D.
J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M.
W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.;
Pople, J. AGaussian 98revision A.11.4; Gaussian, Inc.: Pittsburgh,
PA, 2002.

(39) (a) Becke, A. DJ. Chem. Phys1993 98, 5648-5652. (b) Lee, C.

T.; Yang, W. T.; Parr, R. GPhys. Re. B 1988 37, 785-789. (c)
Stephens, P. J.; Devlin, F. J.; Chablowski, C. F.; Frisch, M. Bhys.
Chem.1994 98, 11623-11627.
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DFT methods and the B3LYP approach in particular have the range of calculated bonding parameters for [Fe(P)(ImH)-
been used on many other Fe and Fe-porphyrin systems, andNO]* and [Fe(P)(Im)NQO] agrees well with those reported

they appear to give reasonable restflt8.The basis set used

for the proteins (Table 1). There is a significant difference

consists of the 6-31G(d) set for all atoms except Fe which between the calculated F&O bond lengths in [Fe(P)(Im)-
is the all electron basis set of Wachters and Hay using the NO] (Ree-no = 1.661 A) and [Fe(P)(IMH)NG] (Ree-no =
scaling factors of Raghavachari and Trucks and including 1.639 A), as illustrated in Figure 2. For these structures, the

diffuse functions (6-31+G).*2 An ultrafine integration grid

calculated FeN(Im~) bond is substantially shorter than the

was used in all calculations to ensure numerical accuracy.Fe—N(ImH) bond Ree-n = 1.937 and 2.024 A, respectively),

Additionally, we use the linear scaling factor of 0.961 for

which suggests that the F&O and Fe-Npoxima bond

the computation of harmonic vibrational frequencies, as strengths are inversely correlated. The DFT calculations also

reported for the B3LYP/6-31G(d) methddl.
All calculations were performed undefs symmetry

indicate similar and relatively short-NO bond lengths in
the [Fe(P)(ImH)NO} and [Fe(P)(Im)NO] complexes with

constraints unless otherwise stated. The plane of symmetrydistances of 1.136 and 1.146 A, respectively. In fact, theory

includes the FeN—O unit and bisects adjacent +e
N(pyrrole) (Fe-Np) bonds with the trans ImH or Imligand
parallel to this plane. A geometry very close to this

and experiment are consistent in showing Rato is shorter
in six-coordinate{ FeNG® porphyrinates with proximal
nitrogenous ligands than in free NQR(_o = 1.151 A

orientation has been reported in the high-resolution X-ray (experimentaly/ 1.159 A (DFT)). This effect is also

structure of NP4NO (PDB code: 1KOI* All results are
obtained from the all-electron restricted Keh8ham cal-
culations for the systems of singlet spin multiplicity.

indicated by highervy_o frequencies in thes¢ FeNG ©
systems relative to free NO(-o = 1877 cm? (experi-
mental)¥” 1913 cm?! (DFT)). Finally, the calculations

Experimental results indicate a low spin, diamagnetic ground indicate that the FeN—O moiety is nearly linear for [Fe-

state for thgl FeNG ¢ heme proteins and model complexes
containing a trans ImH or Imligand’2344

The forthcoming discussion involves significant compari-
son of six-coordinatd FeNG® porphyrins with their six-
coordinate [FECO] analogues. This comparison is appro-
priate and applicable becaudd=eNG ¢ and [FECO]
porphyrinates are isoelectronic, and theirfe-O geom-
etries both tend toward linearity. Additionally, the [f20]

(P)(ImH)NOJ+ with OFeNO = 179.7, while FeNO is
slightly bent in [Fe(P)(Im)NO], whereinflFeNO= 174.6.
These angles are well within the range of experimental
values, with the exception of the highly bent NFXO
complex (Table 1).

Effects of basis set size on axial ligand bonding in [Fe-
(P)(IMH)NQOJ" and [Fe(P)(Im)NO] were investigated by
increasing our basis set size to 6-311G(2d,p). The bonding

systems have been throughly studied, both experimentallyparameters from the respective optimized structures are listed

and theoretically, and their inversg-eco versusvc—o

in Table 1. The larger basis set has only a small impact on

correlation is well established. The DFT calculations reported the optimized geometries of these two complexes. The largest

here for the [FECO] systems were carried out in the manner
as described for theFeNG ¢ complexes.

Results

The results of the DFT calculations for the [Fe(P)(ImH)-
NO]* and [Fe(P)(Im)NO] complexes are shown in Table 1.

discrepancy is the NO bond length, both of which are
shorter by 0.013 A in the 6-311G(2d,p) optimized structures.
All Fe—N bond lengths change by0.006 A. Wondimagegn

et al*® have performed a geometry optimization calculation
on the [Fe(P)(ImH)NQO] system, using the PW91 exchange-
correlation functional and a tripl&plus polarization quality

This table contains relevant bond lengths, bond angles, ando@sis set, and obtained FeNO bonding parameteRp0fio

the scaled %0.961) harmonic vibrational frequencies as-

= 1.639 A Ry_0 = 1.149 A, anddFeNO = 179.8, all

sociated with these geometries. Additionally, experimental Similar to the results of the B3LYP calculations reported here.

parameters for relevagFeNG & heme proteins and model
complexes are included in Table 1 for comparison.

1. Comparison of Axial Ligand Bonding in [Fe(P)-
(ImH)NQ] * and [Fe(P)(Im)NQ]. The DFT-optimized struc-
ture of [Fe(P)(ImH)NO} agrees well with reported structures
of six-coordinate FeNG ® model complexes containing an
ImH or other nitrogenous base trans to NO. Although the
experimental FeNG ¢ heme protein data are more varied,

(40) Salomon, O.; Reiher, M.; Hess, B. A.Chem. Phy2002 117, 4729~
4737.

(41) Zhang, Y.; Mao, J.; Godbout, N.; Oldfield, £.Am. Chem. So2002
124, 13921-13930.

(42) (a) Raghavachari, K.; Trucks, G. \l..Chem. Physl989 91, 1062—
1065. (b) Wachters, A. J. H. Chem. Phys197Q 52, 1033-1036.
(c) Hay, P. JJ. Chem. Physl977, 66, 4377-4384.

(43) Foresman, J. B.; Frisch, Axploring Chemistry with Electronic
Structure Methods2nd ed.; Gaussian, Inc.: Pittsburgh, PA, 1996.

(44) Hori, H.; Ikeda-Saito, M.; Lang, G.; Yonetani, I.Biol. Chem199Q
265 15028-15033.
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Since the effect of the larger basis sets on calculated bond
lengths is small and since the differences do not change the
correlations between FeNO and N-O bond strengths (vide
infra), we have used the 6-31G(d) basis set throughout this
study.

The Fe-NO and N-O vibrational frequency differences
between the [Fe(P)(ImH)NO]and [Fe(P)(Im)NO] com-
plexes are consistent with the differences between the bond
lengths, withveeno and vy—o frequencies of the former
complex being greater than those of the latter. The DD

(45) Ellison, M. K.; Scheidt, W. RJ. Am. Chem. Sod 999 121, 5210~
5219.

(46) Ellison, M. K.; Schulz, C. E.; Scheidt, W. B. Am. Chem. So2002
124, 13833-13841.

(47) NIST-JANAF Thermochemical Tabldsh ed.; Chase, M. W., Jr., Ed.;
Journal of Physical and Chemical Reference Data Monograph No. 9.;
American Chemical Society: Washington, DC, 1998.

(48) Wondimagegn, T.; Ghosh, A. Am. Chem. So@001 123 5680—
5683.
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Table 1. Six-Coordinate{ FeNG} ¢ Theoretical and Experimental Bond Lengths, Bond Angles, and Vibrational Stretching Fregtiencies

system Rre-no Ru-o OFeNO  Rere-ng Rre-np VFe-NO YN-0 OFe-NO (references) comments
[Fe(P)(ImH)NOJ" (imidazole) 1639 1.136 179.7 2.024 2.020,2.023 630 1981 597,588 DFT, 6-31G(d)
[Fe(P)(ImH)NOJ" 1644 1122 1799  2.029 2.017,2.019 nc nc nc DFT, 6-311G(2d,p)
[Fe(P)(Im)NO] (imidazolate) 1661 1.146 1746  1.937 2.021,2.030 590 1924 581,612 DFT, 6-31G(d)
[Fe(P)(Im)NQ] 1.663 1.132 1767  1.944 2.020,2.024 nc  nc nc DFT, 6-311G(2d,p)
[Fe(P)NOT" (5-coordinate) 1.614 1.145 1800 -- 2.006 682 1932 9)
Proteins and Complexes
[Fe(OEP)(1-Melm)NO} 1646 1135 177.3  1.989 2.003 1921 (45)
[Fe(OEP)(Pyrazole)NO] 1627 1141 1769  1.988 2.004 1909 (45)
[Fe(OETPP)(1-Melm)NO] 1.650 1.130 177.0 1.983 1.990 1871 (46)
[Fe(OEP)(Indazole)NO] 1632 1.136 177.6 2.010 1.996 1914 (45)
NP4(1l)-NO 166 1.08 1560  2.013 1.99,2.00 (24) nitrophorind,
PDB: 1KOI
Mb(II)-NO 1.68 1.13 180 2.04  2.00 (25) myoglobin (MS-XAFS)
Lb(Il1)-NO 168 112 173 1.89  2.00 (30) leghemoglokain
(MS-XAFS)
NP1(I11)-NO 591 1917,1904 578 (21) nitrophorin 1 from
R. prolixussaliva
hHO-1 596 1918 588 (19) human heme
oxygenase-1
metMb(lIl)-NO 595  1927,1922 573 (14, 16, 17) myoglobin
HbA(II)-NO 594 1925 574 (14, 15) hemoglobin A
HRP(I11)-NO 604 1903 574 (14, 16) horseradish
peroxidase
NOR(II)-NO 594 1904 (20) bacterial nitric oxide
reductase
HbN(II1)-NO 591 1914 (18) HbN, fronM.
tuberculosis
HbN(I11)-NO Y33F 592 1908 (18) HbN mutant
Substituted Models (Imidazole)
[Fe(P#-Fg)(ImH)NOJ* 1645 1134 1797  2.023 2.017,2.019 619 1987 589, 597
[Fe(P#-(NH2)z)(ImH)NOJ* 1.634 1138 179.7  2.025 2.020,2.025 636 1971 587, 593
[Fe(PmeseF)(ImH)NO]* 1642 1.134 179.9 2.026 2.019,2.020 621 1986 570,578
[Fe(Pmese(NH,))(ImH)NOJ* 1639 1.137 1765  2.025 2.013,2.022 620 1973 579
[Fe(P-mesa(NHz))(ImH)NOJ* 1659 1.140 171.2  2.016 1.999,2.030 507 1947 555, 567
[Fe(Pmeso((NHo)2,Cl)(ImH)NOT*  1.672 1.141 167.8  2.009 1.994,2.028 501 1934 547,570
[Fe(Pmese((NHy)2,Cl)(ImH)NO]™  1.793 1.154 144.0 1.998 1.982,2.019 nc nc nc
[Fe(Pmeso((NHo)2,F)(IMH)NOI™  1.812 1.158 141.1  1.998 1.988,2.029 382 1775 445, 452
[Fe(Pmeso((NHo)2,F)(ImH)NO]*  1.845 1.162 137.2  2.004 1.991,2.022 nc  nc nc
[Fe(Pmese(NHa)z)(ImH)NO]* 1860 1.170 1323 2.018 1.982,2.013 379 1695
[Fe(Pmese(NHz,F)(ImH)NOT" 1.642 1.137 175.8 2.024 2.008,2.026 602 1971 573,580
[Fe(Pmese(NH,,F2)(ImH)NO]* 1.654 1.138 1720  2.016 2.005,2.028 561 1960 570, 570
[Fe(Pmese(NH2,F)(ImH)NO]*+ 1676 1.140 167.1 2.006 1.997,2.035 546 1936 542,568 6-31G(d)
[Fe(Pmese(NHy,F3)(ImH)NOJ+ 1662 1.125 1718 2.023 1.998,2.026 nc nc nc 6-311G(2d,p)
Substituted Models (Imidazolate)
[Fe(P$3-Fg)(Im)NO] 1669 1.144 1746  1.930 2.019,2.027 577 1928 572, 609
[Fe(P#-(NH2)2)(Im)NO] 1656 1.145 176.3  1.943 2.027,2.027 599 1929 587, 611
[Fe(PmeseF,)(Im)NO] 1680 1.146 165.8 1.930 2.009,2.036 558 1909 561, 579
[Fe(Pmese(NH>))(Im)NO] 1665 1.146 170.4 1.937 2.018,2.036 577 1918 576, 606
[Fe(P-mesa(NH2)2)(Im)NO] 1679 1.148 1646  1.938 1.996,2.027 533 1896 573,578
[Fe(Pmese((NH2)2,F)(Im)NO] 1703 1.152 158.0 1937 1.986,2.032 540 1863 549, 557
[Fe(Pmeso(NHz, F)(Im)NO] 1733 1155 151.8  1.937 1.985,2.028 516 1826 507,535 6-31G(d)
[Fe(Pmeso(NHz, F)(Im)NO] 1707 1.138 1585  1.943 1.986,2.024 nc  nc nc 6-311G(2d,p)
[Fe(Pmese(NH3)s)(Im)NO] 1761 1.163 1449  1.948 1.973,2.022 492 1768 499

a All theoretical parameters are from B3LYP/6-31G(d) calculations, and calculated frequencies are scaled by 0.961. Bond lengths in angstmans (A), bo
angles in degrees) frequencies in wavenumbers (cH) L = trans ligand, N = pyrrole nitrogen atom. Abbreviations: P, porphyrinate (dianion of
porphine); Por, generalized porphyrinate; ImH, imidazole7 limidazolate; OEP, octaethylporphyrinate; TPP, tetrakis(5, 10, 15, 20)phenylporphyrinate;
nc, not calculated.

frequencies are 1981 and 1924 ¢nfor [Fe(P)(ImH)NOJ H-bond strengths between the proximal imidazole and
and [Fe(P)(Im)NO], respectively, with corresponding-no H-bond acceptors, with totally non-H-bonded ImH being
frequencies of 630 and 590 cf The experimentabre-no relatively rare. Moreover, the hemes in proteins contain
frequencies (593604 cn1?) for {FeNG ® heme proteins and  substituted porphyrinate and experimental FeNO bonding
model complexes fall between those calculated for [Fe(P)- parameters are obtained from solution or crystal structures
(ImH)NO]* and [Fe(P)(Im)NO] and tend toward the Tm  where interactions with solvent are plentiful. Since the
end of the calculated range. The experimemtalo values calculated frequencies were obtained for isolated unsubsti-
(18711927 cm?) also tend toward the Imend of the tuted porphine complexes in the gas phase, small differences
calculatedvny—o range. This tendency toward the FeNO in vibrational frequencies are not unexpected. Considering
frequencies of [Fe(P)(Im)NO] is not particularly surprising, these caveats, the agreement between the calculated and
as heme proteins and model complexes exhibit a range ofexperimental parameters is quite good.
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2. Substituted Models.With a starting model in hand that SR Vv aieesee B-(NHL)
accurately mimics experimental structures and spectroscopic ~ ®40[4*™" e D . ™ Porphine
properties of six-coordinatgFeNC ¢ porphyrinates, we set 0] e L), & Pohine “wo g v @0"’4 |
out to establish the basis of the relationship between the A meso-(NH,, F;) 4405 meso-(NH,) B-Fy
sensitivities of the FeNO and N-O bond strengths to 600 AmesoNH,, F) & Wineso-(NH,, F)
changes in structure and environment. While the hemes in_~ pEA fas”
many proteins have similar peripheral substitution patterns, 's 801 R

. . . . . . . . ) 2010 2015 2020 25)25 2030 2035
their distal and proximal environments differ in amino acid 2 560, Vg (om™) Wineso-(NHL, )
composition and in the number, types, and strengths of 2 v
electrostatic interactions. Such variations in the electrostatic = & sgo] ¥ 77e-(NH )
environments are difficult to model systematically, as choice =
and design of distal electrostatic interactions with axial 520+
ligands has high dimensionality.For five-coordinate CO, W meso-(NH,),
NO, and Q adducts of F&§Por) and for six-coordinate [Fe 3009 Woeso-((NH,),, €
(Por)(ImH)CO] complexes, it has been shown experimentally 1930 1940 1950 1960 1970 1980 1990

that porphyrin peripheral substitutions produce inverse
vibrational frequency correlations. In this regard, the FeXO
moieties respond in much the same way as they would if Figure 3. Correlation betweenreno and vn—o frequencies for six-
the molecule were subjected to a series of distal electrostaticco0rdinate [Fe(Pon(imH)NO] complexes as calculated at the B3LYP/6-
. . . . 31G(d) level of theory. Inset, [Fe(Por)(ImH)CO] complexes.

fields, such as those experienced across a series of protein
environmentsd?*! Therefore, to induce shifts in thee o (Por)(ImH)CO] complexes show the expeciadersecor-

and vy-o frequencies of our model systems, we have relation betwenre co andvc_o that is uniformly observed
exploited these cis or equatorial effects on FeXO bonding for heme proteins and model complexes. This result is shown
by modifying the structural and electronic properties of the in the inset of Figure 3. Furthermore, the diregt no versus
porphine periphery with-NH;, —F, and—Cl substituents  y_, correlation is extensive, spanning\are no range of

in B-pyrrole and meso positions. Using this approach, full 257 cnr? (379-636 cntl) and aAvy-o range of 292 cmt
geometry optimizations and frequency calculations can be (1695-1987 cntl). The analogous calculations for the [Fe
performed without imposing arbitrary distance and/or ge- (Por)(ImH)CO] complexes give values spanning a small

ometry constraints. The FeN—O bond lengths, angles, and  fraction of this range, 19 cm for Avee_co and 23 cm? for
vibrational frequencies calculated using this approach are Avc_o,.

-1
Vo (€m))

listed in Table 1. The analogous +€—0O parameters for Systematic variation inlFeNO for these complexes raises
the isoelectronic [F&Por)(ImH)CO] and [F&Por)(Im)COJ the question of whether the vibrational frequencies provide
are listed in Table S1. an accurate picture of the bonding interactions occurring

2a. [Fe(Por)(ImH)NQ]"; FeNO Geometry and Vibra- within the FeNO unit. For the fully optimized [F&Por)-
tional Frequencies.From Table 1, it is clear that modifica- (ImH)CO] systems, the FeCO moiety is always linear
tions of the porphyrin periphery have a profound influence (OFeCO> 179). However, the data in Table 1 reveal that
on the Fe-N—O geometry. This is especially true for [OFeNO tracks the FeNO vibrational frequencies for [Fe-
variations in meso substituents. Not only do the-R®© and (Por)(IMH)NOQOJ" complexes having 13223< [OFeNO =<
N—O bond distances change significantly, but the-Ne-O 179.7. This bending induces changes in the contributions
angle does as well. The corresponding vibrational frequency of Fe—NO stretching and FeN—O bending coordinates to
correlation plot constructed from the data in Table 1 is shown the normal modes involving FeNO motion. Consequently,
in Figure 30 Overall, it is clear from this figure that factors it could complicate the gauging of F&IO and N-O bond
affecting the bonding in the FeNO triatomic unit either strengths based on vibrational frequencies. To address this
increase or decrease botheno and vy—o. That is, our issue, a correlation between the calculatedtR® and N-O
theoretical model predictsdirect correlation betweenre-no bond lengths was plotted and is shown in Figure 4. This
andwvy-o frequencies for the [Fe(Por)(ImMH)NOEBystems. figure unambiguously shows th&.-no and Ry-o either
Analogous calculations performed on the isoelectroni¢{Fe increase or decrease in concert, consistent with the vibrational
data. Moreover, and consistent with the ranges of the
(49) Frazen, SJ. Am. Chem. So@002 124, 13271-13281. vibrational frequencies, the bond length ranges are substan-

(50) A note of clarification, The F&NO data in Figures 3 and 4 do not . . .
contain the entire data set from Table 1. The reason for this is that tial, With ARee-no spanning 0.226 A (1.6341.860 A) and

there is a very large gap between the data shown and the remaining ARy_o = 0.036 A (1.134-1.170 A) The corresponding
four data points. However, a direct correlation is still observed for all —

of the data points. Moreover, the remaining data points correspond to values for [Fé(Por)(ImH)CO] aréARee-co = 0.017 A ansd
complexes in which]FeNO < 144°. A previous stud§t on Fé'NO ARc-o=0.004 A, which are much smaller than #feeNG

thiolate systems shows that the singlet electronic state is the ground yglyes and. of coursel and R-_~ are inversel
state for systems in whichlFe—-N—O =z 14(°. For OFe-N-0 =< ! Ree-co Re-o y

135, the triplet and quintet states become lower in energy. We have Correl?-tGQv as shown_in the inse_t of Figure 4. Although
not p?rformed Calculatir?ns on states ?f hlgﬂerh_spr;rll rgultlpllcﬂy lfor examination of the vibrational eigenvectors reveals that
any of our systems as the parameters from the highly bent complexes . . ; :

are not necessary to explain the correlations between indicators of MXINY of internal Fe.NO.C0.0I’dInates does oceur, the clear
Fe—XO and X—O bond strengths. bond length correlation indicates that the direct frequency
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Figure 4. Correlation between FENO and N-O bond lengths for six-
coordinate [Fe(Por)(ImH)NO] complexes at the B3LYP/6-31G(d) level
of theory. Inset, [Fe(Por)(ImH)CO] complexes.

1.63

1.134 1.136 1.140

correlation is not attributable tdFeNO-dependent changes
in normal mode compositions.

In the initial stages of performing DFT calculations on
substituted [Fe(Por)(ImH)NQO]complexes, it became ap-
parent that choice of peripheral substitutents could have a
large effect ond0FeNO. Therefore, we have attempted to
quantify the energetics of FEN—O bending by performing
a series of constrained geometry optimizations holding only
[(OFeNO fixed at 8 increments from 17977to 155.0. This
set of calculations can be viewed as modeling of FeNO
bending in response to distal steric interactions that induce
minimal electrostatic polarization withigfFeNG6. The
results are listed in Table 2 with the corresponding bond
length correlation plot shown in Figure 5. Two interesting
properties of thg FeNG 6 moieties are revealed by these
calculations. Firstf FeNG € is quite flexible, requiring very
little energy to perturb its geometry. In fact, bending the
linear FeNO unit 15 (to 165.0) requires less than 1 kcal/
mol, while a bend of 25(to 155") requires less than 3 kcal/
mol (RT = 0.6 kcal/mol at 300 K). This energy cost is
consistent with that calculated for six-coordinate"[E®)]
porphyrinate having a proximal ImH ligarté.{FeNG ®
structures havingFeNO of this magnitude have been
observed experimentally in the six-coordinate NND,
which contains a proximal His ligarfd,and in a porphyrin
model complex containing an axiatfluorophenyl ligand
trans to NO?3 Second, Figure 5 shows tHat. no andRy-o
are directly correlated. That is, bending the FeNO unit to
155.0 increaseReeno by 0.045 A andRy_o by 0.004 A.
Because the vibrational frequencies calculated for nonequi-
librium geometries are not invariant with respect to transla-
tion and rotation, they are not reported here. Nevertheless,

(51) Scherlis, D. A.; Cymeryng, C. B.; Estrin, D. org. Chem.200Q
39, 2352-2359.

(52) Ghosh, A.; Bocian, D. B. Phys. Chem1996 100, 6363-6366.

(53) Richter-Addo, G. B.; Wheeler, R. A.; Hixson, L. A.; Chen, L.; Khan,
M. A.; Ellison, M. K.; Schulz, C. E.; Scheidt, W. R.. Am. Chem.
Soc.2001, 123 6314-6326.

the bond length correlation suggests that the cause and effect
relationship between FeN—O bond strengths andFeNO
is bidirectional.

2b. [Fe(Por)(Im)NQJ; FeNO Geometry and Vibrational
Frequencies.From Table 1, it is clear that modification of
the porphyrin periphery also has a significant influence on
the FeNO geometry of the corresponding Hmound sys-
tems. However, the overall influence is less for the Im
complexes than for their ImH-bound counterparts. This is
first evidenced by the smaller sensitivity afFeNO to
substituent effects in the Incomplexes(IFeNO= 174.6-
144.9 for Im—; OFeNO= 179.7-132.3 for ImH). Figure
6 shows the vibrational frequency correlation plot constructed
from the data on Im complexes in Table 1. This figure
clearly illustrates that factors affecting the FeNO triatomic
unit either increase or decrease the frequencies ofietko
andvy-o. Hence, our theoretical model also predictiirect
vibrational stretching frequency correlation for the series of
[Fe(Por)(Im)NO] complexes. This correlation spang.-no
and Avn-o ranges of 107 cmt (492-599 cn?t) and 161
cm 1 (1768-1929 cn1Y), respectively. Although these ranges
are smaller than those for the ImH complexes, they are
substantially larger than the corresponding ranges for the
isoelectronic [F&(Por)(Im)COT complexes Avee-co = 19
cm! and Avc—o = 15 cn1l). Analogous calculations
performed on the isoelectronic [H&or)(Im)COJ systems
once again show the expectedersecorrelation between
Vre-co aNdvc_o frequencies, as shown in the inset of Figure
6. Consistent with the vibrational frequencies, Figure 7 shows
thatRre—no @andRy—o are also directly correlated. Moreover,
and consistent with the range in vibrational frequencies, the
range of bond lengths is large witkRre—no Spanning 0.105
A (1.656-1.761 A) andARy_o = 0.018 A (1.145-1.163
A). The corresponding ranges for the [feor)(Im)COT
complexes aré\Ree_co = 0.014 A andAR:_o = 0.002 A,
about one-eighth of th€FeNG; ¢ ranges withRre-co and
Rc—o showing the expected inverse correlation (inset of
Figure 7).

Although large variations ihlFeNO (down to 144 9for
P-mese(NH,)3) in the [Fe(Por)(Im)NO] complexes could
complicate interpretation of FeNO frequencies because of
angle-dependent changes in normal mode composition, the
correlation between the F&NO and N-O bond lengths
shown in Figure 7 is a clear indication that systematic
variations in normal mode composition do not play a
dominant role in either the sign or magnitude of the
vibrational frequency correlation. However, these variations
probably influence the shape of the vibrational frequency
correlation; Figure 6 does exhibit noticeable curvature. The
decrease in slope of the correlation with decrea&irgNO
is consistent with the FeNO stretching potential becoming
increasingly distributed across other normal modes as the
equilibrium FeNO geometry becomes more bent. Interest-
ingly, the vibrational frequency correlation for the ImH
complexes (Figure 3) does not appear to be curved. The
curvature in Figure 6 may be a result of changes in the
normal mode compositions in the fntomplexes due to
weaker Fe-N—O bonding.
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Table 2. Theoretical Bond Lengths and Bond Angles from Constrained-Geometry Optimizations of Six-Coordinate [Fe(P)(Im#H)NO]

system Ree-nO Rn-o OFeNO Ree-N(imH) Rre-np relative energy (kcal/mol)
[Fe(P)(ImH)NOH 1.639 1.136 179.7 2.024 2.020, 2.023 +0.0
[OFe-N—O fixed at 175.0 1.641 1.136 175.0 2.022 2.016, 2.027 +0.1
[OFe—N—O fixed at 170.0 1.646 1.136 170.0 2.017 2.012,2.030 +0.4
OFe—N-O fixed at 165.0 1.655 1.137 165.0 2.011 2.008, 2.033 +0.9
OFe—N—O fixed at 160.0 1.668 1.138 160.0 2.004 2.004, 2.035 +1.6
[OFe—N—O fixed at 155.0 1.684 1.140 155.0 1.997 2.000, 2.037 +2.6

2 All parameters are from B3LYP/6-31G(d) calculations. Bond lengths in angstroms (A), bond angles in ddgmegs=(pyrrole nitrogen atom.

"155°V SoT ' - '
1.68 1 1761 ) meso-(NH,) 4
me.m-FAP . 8
s
>
1.67- 1 1815
S~ vi 600 1.741 lneso-(NHz, 14 4 ) . B
o::i/ » mm-«mj,i?ol:r\rﬂz)g Ez::h:; meso-(NH,, F),
© 1.661 ~ B-(NH > 1.810
A L7240 " ineso-(NHY,
ij v165° s T 1155 1.156
1.65/ e Reo ()
v170° % 1.704 meso-(NH,),, F) |
164 W175° ] o
—179.7 meso-F .
1136 1137 1138 1039  1.140 1681 ¢ € s, 1
8
RN-O (A) < ‘meso-(NHz)
Figure 5. Correlation betweemRee—no and Ry-o for the [Fe(P)(ImH)- 1.66 | B-m Porphine 1
NO]J* complex for whichOFeNO was constrained at the indicated values. r — : : .
1.145 1.150 1.155 1.160
so0 [ ST : . . — 1 A
e P meso-(NH,), 450 B([\"HZ)J‘ RN_O( )
> R ppy, s Porphine «{ Figure 7. Correlation between FENO and N-O bond lengths for six-
I g 1"~ i coordinate [Fe(Por)(Im)NO] complexes at the B3LYP/6-31G(d) level of
580 X B meso-((NH,),, F) g NH
Porphine £ meso-NH,« 4 theory. Inset, [Fe(Por)(Im)CO]complexes.
[ meso-(NH,), 1440 8/0 B-Fg
s0-(NH,, F) P> -Fp g ] . : ; ;
o~ seop BEP L ias & mesoF o molecular orbital (MO) representations and identify those
i= . L P to which the bond strength sensitivities can be attributed.
L, 540 1980 1985 1990 " gmeso-(NH,),F) 1 Figure 8 shows a collection of MOs for a subset of the [Fe-
) Veo (6M) meso-(NH,) 4 (Por)(ImMH)NOJ" complexes in Figures 3 and 4 (top) and
& 5501 ] their isoelectronic [P§Por)(ImH)CO] analogues (bottorf.
> meso-(NH,, F), 4 They show the FeX—O0 interactions that account for the
5001 ] differences in behavior between these systems. This subset
of complexes was chosen because it represents a continuous
‘meso-(NHz)x . . . .
: trend in the bond lengths and vibrational frequencies for both

1760 1780 1800 1820 1840 1860 1880 1900 1920 1940 the{FeNG ® and [FéCO] complexes, which facilitates direct

Vo (cm'l) comparison of these isoelectronic systems. The [Fe(Por)-

Figure 6. Correlation between and frequencies for six (ImH)NOJ™ complexes in Figure 8 spatiwee-no andv-o
. Fe-NO YN-O - 1 1
coordinate [Fe(Por)(Im)NO] complexes at the B3LYP/6-31G(d) level of ranges of 84 cmt (546_630 cnr ) and 45 cm (1936_

theory. Inset, [Fe(Por)(Im)CO]complexes. 1981 cmY), respectively. The corresponding ranges for the
[Fe'(Por)(ImH)CO] complexes are 10 ci(437—447 cn1?)
Discussion and 5 cnmi! (2018-2023 cn?).
Having established that bothFeNG t-imidazole and Figure 8 shows the highest occupied molecular orbitals

-imidazolate systems exhibit larg@ect correlations in their ~ (HOMOs) for the [Fe(Por)(ImH)NO] complexes on the top
Fe—NO and N-O vibrational frequencies and bond lengths, and for the [Fe(Por)(ImH)CO] complexes on the bottom. This
the ensuing discussion aims to establish a cause and effecget of orbitals show pronounced differences in the FeXO
relationship between systematic changes in FeNO electron€lectron density between the respec#@NG° and [Fé-

densities and the relative sensitivities of-A¢O and N-O COJ complexes. Figure 8A shows that the FeXO electron
bond strength indicators to changes in structure and environ-densities in the HOMOs of both [Fe(P)(ImH)NG4nd [Fe-
ment of{ FeNG} ¢ porphyrinates. (P)(ImH)CQ] are very similar. The HOMOs are porphyrin

1. Orbitals Responsible for the Direct Correlation 7 MOs with electron density concentrated on the meso
between Sensitivities of FeNO and N—O Bond Strengths carbon and pyrrole nitrogen atoms. Additionally, these two

to Structure and Environment. 1a. [Fe(Por)(ImH)NO]*. 59 Al MO T G faces) FSE——

. . - ijgures (Isosurraces) were produced wi € program
To understand thel \{lbratlonal frequency correlations at a MOLEKEL version 4.2 (http://www.cscs.ch/molekel/). Portman, S.;
fundamental level, it is helpful to examine the Kehiham Liithi, H. P.Chimia200Q 54, 766-770.
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Figure 8. HOMOs for ImH complexes. Tod,FeNOF porphyrinates; bottom, [F€O0] porphyrinates. (A) Porphine, (B) iese(NHz, F), and (C) Pmese
(NH2, F3). Electron density at the front edges has been removed to facilitate viewing of the FeENO moiety.

Figure 9. HOMOs-1 for Inm complexes. TopiFeNG € porphyrinates; bottom, [€0] porphyrinates. (A) Porphine, (B) iRese(NH,), and (C) Pmese
(NHgz, F); (HOMO for {FeNG ©). Electron density at the front edges has been removed to facilitate viewing of the FeNO moiety.

HOMOs exhibit slight Fe-XO o¢-bonding character with the
[Fe'CQJ having the stronger interaction. As peripher&lH,

NO] complexes (top) and their [FPor)(Im)COT analogues
(bottom). This is the highest occupied MO having significant

and —F substituents are added at the meso positions of theFeNO electron density; the HOMO is an trbasedr MO
{FeNQG ¢ and [FéCO] complexes, a metamorphosis occurs that is nonbonding with respect to FeCO and has slight

in the electron density distribution within the HOMOs of
the {FeNG® complexes. The HOMOs of th¢FeNG®

character with respect to-NO. The subset of complexes in
Figure 9 represents a continuous trend in the bond lengths

porphyrinates undergo a change in FeNO character, fromand vibrational frequencies for Imcomplexes of both the

slightly Fe-NO o bonding to stronglyzr antibonding with
respect to FeN—O. Moreover, Figure 8B,C shows that the
HOMOs for [Fe(Pmese(NH,, F))(ImH)NOJ" and [Fe(P-
mese(NH,, F3))(ImH)NO]™ become increasinglyr-anti-
bonding with respect to the F&N—O triatomic unit. This
increased FeN—O s-antibonding character has the effect
of simultaneously diminishing the FANO and N-O bond

{FeNQ ¢ and [F&CO] porphyrinates. The calculated fre-
guency ranges arAveeno = 74 cnt! (516-590 cnt?),
Avn—o = 98 cnT? (1826-1924 cm?Y), Avpe-co = 14 cnT?t
(437-451 cnmY), andAvc—o = 9 cnTt (1977-1986 cnt?).
The FeNO angle bends approximately °2@cross the
{FeNQ® systems, while the FeCO moiety remains es-
sentially linear.

strengths as electron density is polarized toward the FeNO Consistent with the HOMOs of the ImH complexes, the

core by the addition of meseF and —NH, substituents.

set of orbitals in Figure 9 also shows pronounced differences

The aforementioned change in FeXO character of the HOMO between the FeXO electron densities of {f&eNG® and

is not observed in the corresponding [E©] complexes.
On the other hand, the F&€O o-bonding character of the
[F€"(Por)(ImH)CO] HOMOs is virtually unaffected by the
same meso substituents.

1b. [Fe(Por)(Im)NQ]. In support of a similar analysis,

Figure 9 shows the HOMOs-1 for a series of [Fe(Por)(Im)-

[FE'CO] complexes. Figure 9A shows that the HOMOs-1
for the series of [Fe(P)(Im)NQ] and [Fe(P)(Im)COom-
plexes are principally porphyrim MOs with electron density
concentrated on the meso carbon and pyrrole nitrogen atoms.
Also consistent with the behavior of the ImH complexes
(Figure 8), the introduction of mese-donor substituents
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induces large redistributions of electron density toward the
FeNO moiety. Such remarkable polarization of the HO-
MQOs-1 is not observed in the corresponding "[E©]
porphyrinates. This contrast is illustrated in Figure 9B,C for
the Pmese(NH;) and Pmese(NH,, F), systems, respec-
tively. The HOMOs-1 of the [Fe(Por)(Im)NO] complexes
take on increasing FeN@-antibonding character as electron
density is polarized toward the FeNO core. This increase in
totally Fe-N—O z-antibonding character has the effect of
simultaneously diminishing the F&NO and N-O bond
strengths. Additionally, for [Fe(laese(NH;, F),)(Im)NO]
this orbital increases in energy to the extent that it becomes
the HOMO. On the other hand, the very slight FeG®
character of the HOM®©1 is effectively constant among the
[F€'(Por)(Im)COT series.

1c. Basis Set Effects on Axial Ligand Bonding in [Fe-
(Por)(ImH)NQ] ™ and [Fe(Por)(Im)NQ]. Although we have
pointed out that the larger 6-311G(2d,p) basis set yields only
small effects on FeNO bond lengths and vibrational frequen-

Linder and Rodgers

Figure 10. HOMO-2 and HOMG-3 for [Fe(P)(ImH)NO} and [Fe(P)-
(ImH)CO] showing the Fe XO & and X—O z* character of these MOs.

NO]* and [Fe(P5-(NH2)4)(ImH)NQO]*) behave in a manner
distinct from their meso-substituted counterparts. Fhmyr-

cies, it remains to determine whether the larger basis setrole-substituted systems cluster in the vicinity of the porphine

influences the correlations among-H¢—0O bonding pa-
rameters and/or the molecular orbital analysis described
above. Toward this end, geometry optimizations were
performed on [Fe(Prese(NH,, F3))(ImH)NO]J* (Figure 8C)
and [Fe(Pmese(NH,, F))(Im)NO] (Figure 9C) using the

complex in both the frequency and bond length correlation
plots. Moreover, they appear to constitute a separate inverse
correlation. In fact, the [Fe(Por)(ImH)NOJ}3-inverse cor-
relation for these two points hasAreno range of 17 cm?
(619-636 cn1?) and aAwvy-o range of 16 cm! (1971~

6-311G(2d,p) basis set; the resulting FeNO parameters for1987 cnt!), while the analogous two poing-inverse
these complexes are listed in Table 1. The results of thesecorrelation for [F&(Por)(ImH)CO] spans 15 cm (435—

calculations, along with those for the unsubstituted porphine
analogues, reveal that the direct correlations between Fe
NO and N-O bond lengths are also calculated with this basis
set. In addition to the slopeaRre no/ ARN-0) from these
sets of calculations being indistinguishable, the molecular
orbitals (not shown) indicate the same electronic basis for
the direct correlation between the strengths of the IR@
and the N-O bonds.

2. Orbitals Responsible for the Indirect Correlation
between Sensitivities of Fe XO and X—0 Bond Strengths
to Structure and Environment. The above orbitals quali-
tatively account for thedirect correlations shown for
{FeNQ ¢ porphyrinates in Figures 3, 4, 6, and 7. However,
they neither account for nor provide insight into the inverse
correlations between Fe&XO and X—O bond strength
correlations.

2a. [Fe(Por)(ImH)NQO]* and [Fe(Por)(ImH)CO]. Our
recent work on five-coordinatd FeNGé porphyrinates
showed that they can exhibit either a large direct correlation
between FeNO and N-O bond strengths or a small inverse
correlation covering stretching frequency and bond length
ranges similar to the corresponding [E©] complexe$.The
inverse correlation ifFeNG € porphyrinates was observed
for variations in theS-pyrrole substitution pattern at the
porphyrin periphery. In these complexes, the only MOs in
which FeNO electron density was significantly influenced
by variations ing-pyrrole substituent pattern were those
having Fe-NO 7/N—O z* character, namely, the HOMO©
(2,3) pair.

Careful examination of Figures 3 and 4 and Table 1 reveals
that s-pyrrole-substituted systems (i.e., [Fe§H=s)(ImH)-
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450 cnT?) and 23 cm* (2008-2031 cnt?) for Avee-co and
Avc—o, respectively. These sets of complexes cover very
similar correlation ranges, suggesting similarity in the orbital
basis of their correlations.

In contrast to the large direct correlation {fFeNGC} 6
complexes, the indirect correlation does not appear to be
attributable to sensitivity of FeNO electron density within a
single MO. There are a number of high-energy occupied
MOs (i.e., HOMO-2, HOMO-3, HOMO-8, and
HOMO-9 for [F€'(Por)(ImH)CO]) having Fe COz/C—0
* (back-bonding) character in these complexes, as illustrated
for the HOMO-(2,3) pair of [FeP(ImH)NO} and [FeP-
(ImH)CO] in Figure 10. However, changes in FeXO electron
density are not apparent from examining the Kef@ham
orbitals (not shown). This is not particularly surprising, given
that the Fe-X—0O bond strength sensitivities responsible for
the small indirect correlations are distributed over multiple
orbitals.

The large ranges of the direct correlation betweer Fe
NO and N-O bond strengths relative to those of the inverse
correlation suggest that any changegfeNGQ  porphyrinate
structure and/or environment that influence FeNO electron
density in the HOMO will cause the correlation to be direct.
This analysis provides a consistent picture of the direct
stretching frequency and bond length correlations for the ImH
adducts of meso-substitut¢FeNG ¢ porphyrinates.

2b. [Fe(Por)(Im)NQO] and [Fe(Por)(Im)CO] . The HO-
MO—(5,6) pair of the [Fe(Por)(Im)NO] and [Fe(Por)(Im)CO]
complexes is the closest in FeXO character to the HOGMO
(2,3) pair of their ImH counterparts. Again, however, these
complexes comprise multiple high-energy MOs (i.e., HOMO
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2, HOMO—4, HOMO-5, and HOMG-6 for [Fe(Por)(Im)-
COJ") having Fe-CO n/C—0O x* character. Despite this
commonality with their ImH counterparts, the imidazolate
complexes of FeNG é porphyrinates do not appear to exhibit
a separate inverse correlation for ffrsubstituted systems.
Although the reason for this is not clear, it may be rooted in
multiple orbital contributions to the relative sensitivities of
the Fe-NO and N-O bond strengths. As suggested by the
approximately vertical correlation for [Fe(®{NH,)(Im)-
NO]J, [Fe(P)(Im)NO], and [Fe(B-Fg)(Im)NQ], it is possible

to have offsetting contributions such that the net contribution
of a change in porphyrig-pyrrole substitution to the change
in N—O bond order is nearly zero while the F8O bond
strength remains responsive.

3. Other Structural Sensitivities to Peripheral Substit-
uents. 3a. Equilibrium Out-of-Plane Deformation of the
Porphyrin Ligand. Casual examination of Figures 8 and 9
reveals that the porphyrin ring adopts an increasingly ruffled
conformation as the number and size of its meso substituentsNO bond away from the normal to the mean heme plane
increase. Given the widespread interest in out-of-plane and in the same direction as the bend. As will be discussed
porphyrin deformations and their physicochemical manifesta- below, these distortions occur in response to buildup of FeNO
tions, this trend warrants comment. Our previous calculations electron density in the HOMO or HOMOL. Similar
on five-coordinate porphyrins with the only axial ligands distortions occur in response to buildup of FeNO electron
being NO or CO showed that ruffling is unlikely to be density in the HOMO or HOMG&1 due to increasingr
attributable to steric interactions between the porphyrin and donation by a trans axial ligand, as can be seen by the
these axial diatomic ligands. This was confirmed in this study decreased]FeNO in [Fe(P)(Im)NO] (Figure 9A) relative
by analysis of the resultant structures for constrained to the nearly linear FeNO unit in [Fe(P)(ImH)NO{Figure
geometry optimizations of [Fe(P)(ImH)NO](Figure 5) 8A). The FeNO distortions are accompanied by the appear-
where in the highly bent structuré]FeNO = 155.0) ance of asymmetry in the Fé\, core. The Fe-N, distances
becomes no more ruffled than the fully optimized structure listed in Tables 1 and 2 show that this asymmetry tracks
(structures not shown). With the addition of an imidazole or inversely with JFeNO. In all cases, decreasifngFeNO,
imidazolate ligand to [Fe(P)NQ] the extent of ruffling  either by imposing]FeNO< 180 (Table 2) or by polarizing
increases slightly, the extent of which can be seen in Figureselectron density toward FeNO in the HOMO of the ImH
2, 8A, and 9A. Thus the sixth imidazole ligand plays a minor complexes (vide infra, Table 1), causes inverse changes in

Figure 11. Correlation between B3LYP/6-31G(d)-optimized-HeH and
Fe—NO bond lengths for varying meso substituents in [Fe(Por)(ImH)YNO]
complexes 4, constructed from data in Table 1) and for constrain€@NO
calculations M, constructed from data in Table 2). The point corresponding
to NP4-NO (@) was placed according to crystal structure coordingtes.

role in ruffling. It appears that the most significant driving
force for ruffling is the relief of steric interactions involving

the lengths of opposing FeN, bonds, with the iron atom
shifting in the opposite direction of the FeNO tilt and bend.

the peripheral porphyrin substituents. This is corroborated When decreasinglFeNO is imposed on the complex, the

by comparing the extent of ruffling in P, ReseF,;, P-mese
(NH2)2, Pmese(NHy)s, P5-(NH,)4, and Pp-Fg, in both the

distance between opposing Bitoms decreases by 0.004 A
as JFeNO is decreased from 179.% 155.0 (Table 2).

imidazole and imidazolate complexes, which reveals that This is attributed to a slight increase in the out-of-plane
ruffling in these structures is driven by interactions between distortion along the ruffling coordinate as the FeNO moiety
meso substituents agipyrrole hydrogen atoms. The extent s bent. The bond lengths in Table 2 indicate that this is not
of ruffling depends on meso substituents for the ferrous CO a direct effect of steric interaction between the bent NO
complexes in a similar fashion as it does for the ferric NO ligand and the porphyrin; in fact, the distance between the
complexes. These observations are consistent with a largaerminal oxygen atom and the porphyriecreasesis the
body of crystallographic and spectroscopic data showing thatFe-NO bond gets longer with increased ruffling. The
(a) axial imidazole planes oriented between pyrrole nitrogen increased ruffling that accompanies the decrease in porphyrin
atoms induce ruffling of the porphyrin ligand as a conse- core size is an indirect effect of systematic-fiemH bond
quence of steric interactions and/or electronic stabilization shortening as the FeNO bond becomes weaker due to
and (b) steric interactions of peripheral porphyrin substituents FeNO bending. The shorter FémH bond increases the
can induce very large distortions along the ruffling coordi- steric interactions between the axial ImH and porphyrin
nate®® ligand, thereby increasing the ruffling distortion. This inverse
3b. Core Deformations of Fe-N—O and Fe—Np Bonds. correlation between the FémH and Fe-NO bond distances
Examination of Table 1 as well as Figures 2, 8, and 9 also js clearly shown by the plots in Figure 11. They show
reveals that increased donation from meso substituents virtually the same correlation lines, whether the off-axis
elicits bending in the FeNO moiety and tilting of the-Fe  distortions are imposed by constraining them or electronically
driven by polarizing electron density toward FeNO in the
HOMO. A similar inverse correlation is not seen for

(55) Ellison, M. K.; Schulz, C. E.; Scheidt, W. B. Am. Chem. So002
124, 13833-13841.
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analogous Im complexes, possibly because the HOMO and
HOMO-—1 exchange character with respect to axial ligand
interactions when the FeNO moiety becomes electron rich.
The effects described above have been observed experi-
mentally to varying degrees. Two structurally characterized
systems will be considered here. Examination of the high-
resolution NP4NO crystal structure shows ruffling of the
{FeNG % heme similar to that seen in all of the DFT-
optimized structures reported here. Although out-of-plane
distortion of the heme in NP4NO also occurs along the
saddling coordinate, it is dominated by ruffling that appears
to be synergistic with the side chain positions of the distal
Leu residues that make van der Waals contact with the axial
NO ligand. The extent of ruffling and saddling distortions
both increase upon replacement of an axial water or ammonia
ligand by NO?* As suggested by the constrained geometry
calculations reported here, these increases in out-of-plane
heme distortion are likely attributable, at least in part, to
increased steric interactions due to closer approach of a
strongly bound proximal ImH ligand to the mean porphyrin
plane in NP4NO. However this is not unambiguous, as
the difference in ImH approach is on the order of the
experimental uncertainty in the bond distances. Core asym-
metry cannot be discerned due to uncertainty in the e
distances.
Another six-coordinat§ FeNG ¢ porphyrinate having a
conspicuously bent FeNO moiety is [Fe(OFPI:H4F)NO],
in VthCh DFeNO: 157.4.% AlthO_UQh t.hIS compqu contains Figure 12. MOs showing the interplay between ImtFe—NO character
a different ligand trans to NO, it is a high-resolution structure of the HOMO-1 and HOMO-3 and ImH-Fe—NO distortions, equatorial
that lends itself to detailed analysis of FeNO bonding zﬁq_H'\)lF\l %S]xn;]rg\itr:y,DF:el\lN% bf;?si?rgiﬁzg g:f-fgga?lm glt_ ffréze(epz)-n
parameters. This com'pl'ex exhibits -AEO filting and view with electror?density at the front edges removed to facflitatg viewing
bending, Fe-(p-CsH4F) tilting, and core asymmetry analo-  of the FeNO moiety; (B) HOM® 1, top view; and (C) HOMO 3, edge-
gous to that observed in the [Fe(Por)(ImH)N@pmplexes on view.
presented herein. Although this complex does not contain
peripheralr donor substituents to polarize electron density NO]*, HOMO and HOMQ-1 are reversed from their order
toward the FeNO moiety, it does contain the strongly in all other ImH complexes studied here. The reason for the
donatingp-C¢H4F aryl ligand. The fact that thelFeNO is reversal is not clear at this point. The center of Figure 12A
so small strongly suggests that the aryl ligand induces reveals an Fe-centereg-tike contribution to HOMG-1 that
substantial FeN@* character in a MO in the frontier region. is slanted in the opposite direction of the FeNO tilt and bend.
In this situation, FeNO bending and tilting are expected in This electron density along with that on the NO ligand
order to partially compensate for the increased FeNO contributes to a totallyz antibonding character of the
antibonding. This complex also exhibits significant asym- HOMO—1 with respect to FeNO. At the same time, it
metry of the porphine core with the F&l, bonds nearestto  contributes to FelmH bonding character. Thus any elec-
the bent NO ligand being longest. This is consistent with tronic or structural perturbation of the axial ImtFe—NO
the asymmetry calculated for the various substituted por- “stem” of the molecule will simultaneously weaken the-Fe
phyrinates (Table 1) and for the enforced changeskeNO NO bond and strengthen the +FnH bond. A reason for
(Table 2). Fe—NO bending and tilting will be discussed below, but there
Having established by these comparisons that the calcu-are two structural properties that are intimately intertwined
lated bonding parameters listed in Table 1 are meaningful, with bending and tilting. The first is a slight off-normal tilt
we now proceed to a discussion of two KetBham orbitals of the Fe-ImH bond in the direction of the FeNO tilt. This
to which these first coordination sphere distortions can be maximizes the FelmH bonding character of the HOMO
attributed. There appear to be two MOs relevant to FeNO 1. The second is a core asymmetry, which trackseNO.
distortion and equatorial asymmetry. They are most easily Tilting of the dz-like contribution to HOMG-1 leads to two
identified in the constrained geometry optimization of [Fe- Fe—N,antibonding interactions in the direction of the FeNO
(P)(ImH)NOJt with OFeNO constrained to 1550 as bend and two bonding interactions on the other side of the
illustrated in Figure 12. The images in Figure 12A,B show NO ligand. Figure 12B shows the bonding interactions. These
edge-on and top views, respectively, of the HOMDO In interactions result in simultaneous lengthening of two
the 158 constrained geometry calculation for [Fe(P)(ImH)- adjacent FeN, bonds and shortening of their trans coun-
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terparts, resulting in ahlFeNO-dependent shift of the Fe
atom in the mean porphyrin plane and away from the NO
ligand. While there may be other MOs or groups of MOs

the possibility of the heme having been reducefiReNG ’
in the X-ray beam has been set fofthhe intrinsic stability
of bent{ FeNG ¢ porphyrinates and the small cost of bending

that contribute to these structural relationships, they arethe FeNO moiety revealed by the results presented here

clearly rationalized in terms of the electron density distribu-
tion in the HOMO-1 and the systematic redistribution

clearly support the possibility of a highly beffeNG ©
porphyrinate having a neutral proximal imidazole ligand.

thereof in response to changing structure and/or environment.Moreover, the direct relationship between NO electron

The question of why the ImHFe—NO stem of the

density within the HOMO andlFeNO supports the hypoth-

molecule becomes increasingly distorted with increasing esis that enforcement of this small angle by the protein is

electron density still remains. Table 1 reveals that the Fe

the means by which reductive nitrosylation, which would

NO bond is weakened, as gauged by its increased lengthrender the protein useless as an NO delivery vehicle, is

with the introduction ofr donor substituents at the meso
carbons of the porphyrinate ligand, which is attributed to
the totally antibonding FeNO character of the HOMO.

precluded. If this hypothesis is borne out, the proposed attack
of hydride on the nitrogen atom ¢§FeNG ¢ hemes in NO
reductase reactions would be favored by an electron-deficient

Interestingly, the same effect is observed upon enforcedNO ligand. The results presented here suggest that, based
bending of the FeNO moiety, as shown in Table 2 and Figure on electronic considerations alone, if P450nor-catalyzed NO

11. This loss in FeNO bond order is partially compensated
by an axially asymmetric FeNO bonding interaction in the
HOMO-3 that is facilitated by bending and tilting of the
FeNO moiety as well as slanting of a-tlype contribution

to HOMO-3. Such bonding character would likely be quite
weak or nonexistent in a linear FeNO unit having a long
Fe—NO bond. This FeNO bonding character is illustrated
in Figure 12C, which shows an edge-on view of HOM®

for [Fe(P)(ImH)NOJ" with OFeNO constrained at 155.0

It is interesting to note that the FeNO electron density in
fully minimized [Fe(P)(ImH)NOT (Figures 8A) and in that
with OFeNO fixed at 155.9 (Figure 12A) differ substan-
tially. Enforcing a bend in the FeNO moiety increases the
off-normal Fe-NO tilt, the FeNO electron density, and+e
N—O distances. On the other hand, by changingrtige®nor
ability of porphyrin meso substituents in such a way as to
concentrate electron density on the FeNO moietlfeNO
decreases, off-normal tilt increases, ané-Ne-O distances
increase. Additionally, the inverse correlation between Fe
NO and Fe-ImH bond lengths is observed for both types

reduction involves hydride attack on the nitrogen atom of
{FeNQ ¥, it would best be facilitated by a more electron-
deficient, lineaf FeNG ® moiety. Interestingly, the structures
of fungal P450no+NO indicate a bent FeNO moiety with
OFeNO= 16C°.13 There is but one steric interaction between
the backbone carbonyl of Ala 239 and the NO ligand, which
might play a role in enforcing an FeNO bend. The bent
structure is also likely to be stabilized by strong donation
by the proximal Cys-based thiolate ligand, analogous to that
observed for the aryl ligand of [Fe(OEB)CsH4F)NO] and

for the Im™ complexes studied here. A bent and, therefore,
electron-rich NO ligand would make it less susceptible to
attack by nucleophiles such as water and hydroxide. While
this could serve to protect the heme against reductive
nitrosylation, it would also be expected to diminish the
kinetic efficacy of hydride transfer to bound NO. Hence, as
one might expect, it appears that explanation of structural
and mechanistic data for NO reduction will require a unified
understanding of the interplay between static and dynamic
aspects of the protein environment and intrinsic electronic

of perturbation (Tables 1 and 2). Taken together, these resultgproperties of the hemeNO complex. For example, the NO
clearly show that the cause-and-effect relationship betweencould be released from its bent geometry in response to a

FeNO geometry and NO electron density in the higher
occupied MOs of FeNG ¢ porphyrinates (and the conse-
guent changes in FENO and N-O bond strengths) is

bidirectional. Hence, whether FeNO electron density is

conformational transition triggered by NADH binding. This

could occur by relaxation of the interaction between bound
NO and Ala239 and/or by protonation of the proximal Cys-
based thiolate ligand which, by analogy to protonation of

increased by changes in peripheral substituents (cis effects)the InT ligand in [Fe(P)(Im)NO], would render the bound

by changes in proximal donor strength (trans effects), or by NO less bent and more electron deficient. Such an NADH-
enforced bending (steric effects), the concerted responses ofriggered change in FeNO structure and bonding would
the FeNO geometry and bond strengths remain consistentexplain how the bound NO can be reduced by hydride

These calculations reveal an exquisite sensitivity of NO
electron density within MOs in the frontier energy region to

transfer while being protected from reductive nitrosylation
in the rather solvent exposed heme pocket of P450N@.

enforced structural changes or polarization effects such as

those imposed by bonded and nonbonded hepnetein

interactions in the heme pockets of proteins and enzymes.

Conclusions

In this study we present DFT calculations on a series of

Thus it is reasonable to suggest that such sensitivity providesmodel six-coordinate FeNG ¢ porphyrinates that contain

considerable control over the reactivity of NO toward
oxidation, reduction, and dissociation {ifeNG ¢ porphy-
rinates.

Recent discussions of the NPHIO crystal structures have

either an axial ImH or Im ligand trans to NO. The results
of geometry optimizations and force constant calculations
show that indicators of FeENO and N-O bond strengths
(vibrational stretching frequencies and bond lengths) are

cast some doubt upon the assignment of the heme as alirectly correlated in both classes of complexes. An analysis

{FeNG ¢ species. Because of the rather small FeNO angle,

of Kohn—Sham orbitals shows that this direct correlation

Inorganic Chemistry, Vol. 44, No. 5, 2005 1379



Linder and Rodgers

results from structural and environmental sensitivities of the tions in the axial stem of FeNG ® porphyrinates and their
FeNO electron density within the HOMO or HOM4, electronic properties provides insight into how, and the extent
which aresz antibonding with respect to the entire FeNO to which, protein environment can influence the reactivities
triatomic unit. In addition to the large direct correlation for of heme-bound NO toward nucleophiles such as water,
both systems, we also propose that the responses-ef Fe hydroxide, and hydride.

NO and N-O bond strengths are inversely correlated over
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