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Abstract: Vibrational spectra of CO, NO, and;@dducts of heme proteins contain information on interactions

of the heme and its bound ligands with the surrounding protein matrix that may help in elucidating the mechanism
of small-molecule activation. Whereas the hen@® system is well studied and a framework exists for the
interpretation of such interactions, herdO and—0O, complexes have not been systematically investigated.
Here we examine resonance Raman spectra of all three classes of adducts, combining literature values with
new data for FENO porphyrins having both electron-donating and electron-withdrawing substituents. Negative
linear correlations are observed for all three adducts between theX®end X—O stretching frequencies.

The slopes of these correlation lines ar@.4 for five-coordinate FeCO and FeNO porphyrins ar@l8 for
five-coordinate Fe@adducts. Thus, FeNO and Fe-O, bonds are equally or even more sensitive than Fe

CO bonds to electronic influences that affect metal-to-ligarithck-bonding. However, the responses of the

NO and Q adducts to trans ligand binding are very different from those for CO complexes. Ligands trans to
CO displace the plot to steeper slopes and lower®&® frequencies, reflecting competition of the ligand lone
pairs for theo acceptor orbital, 4. However, no displacement of the line is observed for six-coordinate FeNO
and FeQ adducts, but only a shift to higher positions on the line, indicating greater back-bonding. We infer
that trans ligand competition for thezdbrbital is not as effective for NO and (s for CO, reflecting the

lower energy of the N and O orbitals relative to that of the C orbitals. These results are discussed with the aid
of a simple bonding model involving FeXO valence isomers. To examine this model, we applied density
functional theory to five- and six-coordinate XO adducts of Fe(ll) porphine. Geometries were in good agreement
with experiment, as were vibrational frequencies for CO adducts. However, DFT overestimated-t4@ Fe
bond extension on binding a trans ligand and predicted a decrease inth&OFgtretching fregency, whereas

an increase is observed. The predicted frequency change was likewise in the wrong directierCiatiegching

in six- vs five-coordinate Fefadducts. The results suggest that DFT captures the essential features of back-
bonding, but not of ther competition with the trans ligand, in the cases of NO and O

Introduction vibrational modes in characteristic ways. The ligand modes can

The diatomic molecules CO, NO, and @re ubiquitous in be monitored.by infrared and Raman spectroscopy. Raman
biology, and the receptor molecules that have evolved to bind SPECroscopy is particularly useful for heme proteins, because
and activate them are mostly heme protéifisThe heme the visible region electronic transitions provide resonance
cofactor is able to bind CO, NO, and,@eversibly and to gnhancement, not only of _the ring modes but also of the bound
provide sites for controlled reactions. The course of these /19and modes, since the ligands are coupled electronically to

reactions is determined by the disposition of side chains from the _hem_e7. .
the surrounding protein residues. Consequently, there is great, ViPrational systematics have been worked out for the CO

. " reed
interest in establishing the nature of the heme protein interactions!'9and and are well understodd: The main variables are (1)
and their biochemical roles. the nature of the axial ligand trans to the CO and (2) the polarity

Vibrational spectroscopy is a useful probe for these interac- ©f distal residues in the heme pocket and their proximity to the

tions, since they perturb the frequencies of bound ligand €©: The FeCO bonds are dominated by back-donation of Fe
d, electrons into the CQr* orbitals. Back-bonding decreases

the CO bond order while increasing the FeCO bond order. Thus,
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the Fe-CO and C-O stretching frequencies are negatively
correlatedyy(Fe—CO) rises and/(C—O0) falls as back-bonding
increases. Changes in back-bonding result from electron-
donating or -withdrawing influences, either of porphyrin chemi-
cal substituents or of polar molecules in the vicinity of the bound
CO. Thus, solvents which are electron-donating diminish back-

bonding, as do electron-donating residues in the heme pocket

of heme proteins, whereas solvents or protein residues which
are H-bond donors enhance back-bonding. A wide range of
(Fe—CO) andv(C—0) values are observed for heme proteins
and models, but the pairs of data all fall on a single negative
linear correlation, provided that the trans axial ligand is held
constanf,

When the donor strength of the trans axial ligand is increased,
then the entire correlation shifts to lowgFe—CO) values. This
is because the trans ligand and ©Qlionor orbitals compete
for the Fe & bonding orbital. Therefore, stronger trans donors
weaken the FeCO bond even if the €0 bond order is held
constant. Proteins and models with neutral imidazole as trans
ligands all fall on the same back-bonding line, while those with
imidazolate or thiolate ligands fall on a lower line, and five-
coordinate complexes, with no trans ligand, fall on a higher
line 82 It has recently been determin@dhat the slope of the
six-coordinate lines is twice that of the five-coordinate line,
reflecting the higher rate of change offFe—CO), relative to
v(C—0), when the Fe CO bond is lengthened by trans ligand
binding. The back-bonding pattern has been modélaith
density functional theory (DFT) calculations of the FeCO
vibrational frequencies for Fe(ll) porphine with different sub-

Vogel et al.

Table 1. Vibrational Frequencies for E6P)(NO) Adducts

compound v(Fe—=NO) v(N—0)
Five-Coordinate, FENO)
TPP/Bz (CHCl,) 524 (527) 1678 (1675)
TPP(4-OH)/DMF 530 1663
TPP(4-OCH)/DMF 527 1666
TPPp-tolyl)/Bz 524 1675
TPP(2,6-di-Cl)/Bz 518 1689
TPP(4-CN)/CHCI, 523 1686
TPP(2,6-di-F)/Bz 515 1695
TPP(penta-F)/Bz 514 1703
Six-Coordinate, PENO)
MbP 552 1612
P45C 554 1591

a Abbreviations: TPP, tetraphenylporphyrin; Bz, benzene; DMF,
dimethylformamide; Mb, myoglobin; P450, cytochrome P45Bef-
erence 31°¢ Reference 21.

Methods

Preparation of Five-Coordinate Heme(NO) Model Complexes.
Fe''(TPP)(CI) (TPP= tetraphenylporphyrin) was purchased from
Aldrich Chemical Co. and used without further purification. The phenyl-
substituted P&(TPP)(Cl) complexes, 4-OH, 4-CN, 4-OGH2,6-
dichloro, 2,6-difluoro,p-tolyl, and pentafluoro, were purchased from
MidCentury Chemical Co. and used without further purification.
Anhydrous benzene, methylene chloride, and dimethyl formamide were
purchased from Aldrich and stored under nitrogen. Fe(ll) porphyrin
solutions (30uM) were prepared in a nitrogen drybox and reduced
using Zn/Hg. The reduced iron porphyrin solutions were then removed
from the drybox in an anaerobic NMR tube sealed with a septum. Nitric
oxide gas was generated by reacting sodium nitrité/W@,, or its

stituents and trans ligands. Shifted correlations are observed for'>N isotopomer (Cambridge Isotope Laboratories) with sodium ascorbate

the calculated(Fe—CO) andv(C—O) frequencies, and the ratios
of the slopes are in excellent agreement with experiment.

In this study, we extend the analysis of diatomic ligand
vibrations to NO and @adducts of heme. Bonding is more
complex for these ligands than for CO, because their extra
valence electrons are antibonding with respect to a linear
geometry, and they force the ligands to béh#'Bound ligand
vibrations have been reported for a number of NO aptiéne
adducts and have been discussed from qualitative per-
spectives®24 In addition, kinematic analyses of the bound
ligand vibrations have been carried 8é¢:*'However, electronic
effects on the vibrations have not been examined systematically,
either experimentally or theoretically. We report new data and
DFT calculations which help to illuminate the systematics; they
exhibit both similarities and contrasts with the FeCO pattern.
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in an anaerobic aqueous solution. The NO gas was then transferred to
the anaerobic Fe(ll) porphyrin solutions via gastight syringe. Formation
of the Fe(ll) and FENO adducts was confirmed by monitoring the
heme absorption spectra.

DFT Calculations. Calculations were performed using gradient-
corrected DFT with the Beckel_ee—Young—Parr composite exchange-
correlation functional (B3-LYP), as implemented in the Gaussian 94
suite of program$® Most calculations were carried out with Ahlrich’s
VDZ,% and for some adducts we tested the influence of basis set quality.
Extension of basis set quality to 6-31G* for C, N, O, H and Ahlrich’s
VTZ for Fe leads primarily to changes in>O bond lengths. Because
the extended basis set was too expensive for the frequency calculations,
we carried out vibrational analysis only with the VDZ basis set.

Results and Discussion

Fe—N and N—O Frequencies for Five-Coordinate Fe
Porphyrins. Vibrational data have been reported for a number
of heme proteinr NO adducts? 1921242729 byt data for model
compounds are sparse. To examine the effects of variable back-
bonding, we obtained resonance Raman (RR) spectra for a series
of (NO)FeTPP adducts with electron-withdrawing and -donating
substituents on the phenyl groups (Table 1). Attempts to
characterize six-coordinate adducts were unsuccessful because
of the low affinity for trans ligands occasioned by the strong
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Figure 3. v(Fe—=NO)/»(N—O) correlation for the five-coordinate NO
Fe[II}(TPP)(NO) adducts in this study (Table 1).
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Table 2. Vibrational Frequencies for £EP)(O;) Adducts

530

¥
o
compound v(Fe—0y) »(0—-0) ref
4-OH s, - : _ ,
“\/\VW"%MJMA_\\/g ~, W\N\\/ g . Flve-Cogrzdzlnate F't(Oz)lﬂl a3
4-OCH, 0 T™P 516 1188 34
LS 2 OEP 509 1192 34
\f TPP 508 1195 34
E-tolyl e TPFPP 486 1223 34
S = PC 488 1207 35
Six-Coordinate, PEO;)
4-CN 8 TPP(pip) 575 1157 36
= TPivP(1-Melm) 568 1159 3739
. - TPivP(1,2-Melm) 564 1159 39
2,6-difluoro [ TPivP(GHF.S") 527 1140 20, 40
= TPivP(GFsSY) 536 1147 20
pentafluoro a Abbreviations: TMP, tetramesitylporphyrin; OEP, octaethylpor-
phyrin; TPFPP, tetrakis(pentafluorophenyl)porphyrin; PC, phthalocy-
anato; TPP, tetraphenylporphyrin; TPivP, picket fence porphyrin; pip,
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piperidine; Melm, methylimidazole.
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Raman Shift (em’™) the back-bonding sensitivity to electronic changes at the heme
Figure 2. 15149NO difference RR bands far(Fe-NO) andv(N—O) is as high for NO as it is for CO.
for the five-coordinate (TPP)NO adducts in this study (Table 1). From the literature, we were able to compile sufficient data
(Table 2) to construct a similar correlation for five-coordinate
trans-labilizing influence of NO in Fe(ll) adductéHowever, Fe'(P)Q, adducts (Figure 4). Again, a negative linear correlation

good quality spectra of the five-coordinate adducts were is observed, only now the slope-<.78, twice as high as that
obtained (Figure 1). Isotopic substitution witANO clearly for five-coordinate FeNO or FeCO. Thus, the back-bonding
revealed the(Fe—NO) andv(N—O) bands at ca. 520 and ca. sensitivity for bound @is higher than that for CO.
1680 cnt?, and these shifted systematically to lower and higher FeXO Comparison: Trans Ligand Effects. The back-
frequencies, respectively, as electron-donating substituents werdonding correlations are compared in Figure 5 for CO, NO,
replaced by electron-withdrawing ones (Figure 2). and Q. The five-coordinate data describe a set of lines which
When plotted against one another, these data describe aare displaced along the(X—0) axis, reflecting the greater
negative linear correlation (Table 1, Figure 3), just as the FeCO sensitivity of the X-O bond order to the antibonding influence
data dd although the actual frequencies are quite different for of the extra valence electrons on NO (one) andt®o), relative
NO and CO. For the TPP-substituted porphyrins, electron- to CO. In each case, however, there is compensation of bond
donating groups (OH, C#)l push the data points higher on the order between the FeXO and X—0O bonds as the extent of
correlation, reflecting greater back-donation, while electron- back-bonding is modulated by electron-donating and -withdraw-
withdrawing substituents (F, Cl) are low on the line. To our ing effects of porphyrin substituents.
surprise, the slope of the five-coordinate NO correlatio,40, However, the response to trans ligands is very different for
is the same as that of the five-coordinate CO correldfidrus, the CO adducts, on one hand, and NO ando® the other.
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Figure 6. Valence isomer bonding model for XO adducts of Fe(ll)
PC- .TPFPP pOrphyrinS.
480 data that fall on the five-coordinate correlations, but at higher
1160 1180 1200 1220 positions on the line (open circles, Figure 5). Thus, for the NO
v(0-0) in cm”” and Q adducts, a trans ligand enhances back-bonding, but the

v(Fe—XO) responsitivity is unaltered.

Bonding in CO, NO, and O, Adducts. The bonding of first-
row diatomic molecules XY in transition metal complexes has
been analyzed many times, generally in the context of molecular
orbital theory. The classic paper of Hoffmann et al. discusses
the evolution of orbital overlaps and energies as the MXY unit
deviates from linearity#

These orbitals are complex, and the separate effects of back-
bonding and trans ligand bonding are not easy to anticipate. A
simple valence isomer model (Figure 6), which is related to
the valence-bond approach of Michael et'&lis better suited
to understanding these effects. The essence of this model is that
o* antibonding electrons are accommodated in a nonbonding
‘* lone-pair type orbital, which is directed away from the metal,
*5

Figure 4. v(Fe—0,)/v(O—0) correlation for the indicated five-
coordinate @ adducts (Table 2).

580
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5-c Fe[l)(P}{NO)
| =-0.40 . . . . .
slope - Fe[llI(P)(CO) along the bisector of the FeXO angle. If this orbital is occupied,

\Aswpe—'w the angle is bent (isomél), whereas if it is empty, the angle

4 is linear (isomerl). The structures are isomers, rather than

\ resonance forms, since the nuclei change positions. However,

! the nuclear positions are averaged on the vibrational time scale,

| Go FellPmico) so that a single spectrum is found. NO has one apta3 two

\ a* electrons, producing structures which are increasingly bent;

\ for O, the angle is close to the 12@ngle expected for the $p

! hybridization implied by isomelt (Table 3). For NO, the angle

' 11I45 ' 12|95 I 14145 ' 15|95 ' 17|45 ' 13I95 ' 20[45 ' 21|95 is wider, ~140Q (Table 3), reflecting an isomércontribution.
V(X-0) in cm’ This contribution also explains the higheiN—0) thany(O—

0), and it accounts for the strong trans effect, which is well

) " . .
O) of five- (a) and six-coordinateX) XO adducts of Fe(ll) porphyrins. _known fo_r NO adducts. ISOT“ is formally F&!(NO"), Wh”f
For the five-coordinate adducts: CO data from ref 13; NO data from 'SOMer! is formally FE[NO*]. Isomer| tranfers the NOr
Figure 4; Q data from Figure 5. For the six-coordinate NO ang O electron tq the_ Fedorbital, where it is ant|bpnd|ng with rgspec_t
points, see Tables 1 and 2; CO points for adducts with imidazole t0 the axial ligando bonds. The trans ligand loses in this
ligands, see refs 8 and 9. competition, as evidenced by the long-Hgand bonds (Table
3).
Bothv(Fe—CO) andv(C—O0) are diminished when a sixth ligand Back-bonding remains important, even in isorfielbecause
is added to hemeCO, except when there is a strong distal there is an empty* orbital perpendicular to the FeXO bending
polarization (e.g., an H bond to the O atom), which greatly plane (Figure 6, bottom). The,etz* overlap accounts for the
increases back-bonding. The six-coordinate data also fall on anegativev(Fe—X0O)/v(X—0) correlations for NO and £ as
negative linear correlation for a given trans ligand, but the slope well as for CO. Since there are twq-dz* overlaps in isomer
is increased, as is the spread of the experimental points alongl and only one in isomell , the extent of back-bonding might
thev(Fe—CO) axis. Thus, the trans ligand increasesftee— be expected to diminish in the order CONO > O,. However,
CO) responsiveness to back-bonding effects. In the case of NOthis trend is countered by stabilization of th& orbital as a
and Q adducts, however, addition of a trans ligand produces result of the lowering in p orbital energy from C to N to O.
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N

(=3
1
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Figure 5. Back-bonding correlations betweefFe—X0O) and v(X—
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Table 3. Heme F&XO Structural Parameters

J. Am. Chem. Soc., Vol. 121, No. 43,9909

D

compound Fe—XO (A) X—0 (A) Fe—X—0 (deg) Fe-N, (A) Ooof (A) Fe—L (A) ref
Five-Coordinate CO
Deut(THF)(CO) 1.706(5) 1.144(5) 177.4(9) 1.980 2.127(4) 41
DFT®: Fe(P) 1.727 1.171 180. 2.013 0.186 this work
Six-Coordinate CO
TPP(py)(CO) 1.77(2) 1.12(2) 179(2) 2.015 - 2.10(1) 42
DFT®: Fe(P)(py) 1.781 1.168 180.0 2.028 0.186 2.102 this work
Five-Coordinate NO
OEP(NO) 1.722(2), 1.167(3) 144.4 (2), 1.991 (3) 0.29 43
2.016 (1)
OEP(NO) 1.7307(7) 1.168(11) 142.74(8) 1.999(1) 0.27 43
2.020(4)
TPP(NO) 1.717(7) 1.122 (12) 149.2 (6) 2.001 (3) 0.211 (5) 44
p-tolyl-TPP(NO) 1.717 (7) 149.2 (6) 2.001 0.21 25
2,6-dichloro-TPP(NO) 1.703 (8) 138.8 (9) 2.004 0.31 25
octabromo-TPP(NO) 1.75(6) 1.418 (73) 146.4 (2) 1.986 0.37 25
average 1.723 1.219 145.1 2.002 0.28
DFT®: Fe(P) 1.716 1.198 142.0 2.020 0.15 this work
Six-Coordinate NO
TPP(1-Melm)(NO) 1.743(4) 1.14 142.1(6), 2.008(9,4) 0.05 2.180(4) 44, 45
1.12 138.3(11)
TPP(4-MePip)(NO)CHCl 1.721 1.14 138.5(11) 2.328 (10) 0.09 2.328(10) 46
TPP(4-MePip)(NO) 1.740 (7) 1.11 143.7(6) 2.463(7) 0.11 2.463 (7) 46
average 1.735 1.13 140.7 2.266 0.08 2.324
DFT®: Fe(P)(py) 1.786 1.201 141.6 2.03 0.04 2.066 this work
Five-Coordinate @
DFT®: Fe(P) 1.715 1.314 122.386 2.01 0.22 this work
Six-Coordinate @
TPivP(2-Melm) 1.898(7) 1.22(2) 129 1.95(6) —0.086 2.107(4) 47
TPivP(1-Melm) 1.75(2) 1.16(8) 131 1.996(4) 0.03 2.07(2) 48
TPivP(1,2-Melm) 1.77(3) 1.99(3) 2.29(4) 49
average 1.806 1.19 130 1.979 —0.028 2.156
DFT®: Fe(P)(py) 1.776 1.311 122.9 2.023 —0.019 2.024 this work

a Abbreviations: P, porphine; py, pyridine; TPP, tetraphenylporphyrin; OEP, octaethylporphyrin; Melm, methylimidazole; MePip, methy&piperidin
TPivP, picket fence porphyrin; Men, dimethylimidazole2 B3LYP with Ahlrich’s VDZ basis set® doop, Fe out-of-plane toward nitrogen atom.

Thus, back-bonding is of comparable importance in all three infer that the Fe-XO bond is not significantly lengthened by
the trans ligand because thg drbital is monopolized by the
The slopes of the back-bonding lines express the sensitivity NO or O, ¢ lone pairs, which are lower in energy than the lone

cases.

of v(Fe—XO) relative to that ofvy(X—0O) for a given increment

pair on CO. This inference is supported by the structural data

of back-bonding. This sensitivity is expected to increase with on five- and six-coordinate NO adducts (Table 3). On average,
increasing Fe XO bond distance because the rate of change of the Fe-NO bond lengthens by only 0.01 A upon trans ligand

the d,—x* overlap will be greater. It is the change in this overlap
that determines the extent ofFe—XO) variations, whereag-
(X—0) depends only on the extent of electron transfer frgm d
to z*. Consistent with this model, the FXO distance is greater
for O, (ca. 1.81 A) than for NO (ca. 1.73 A) adducts, and the
back-bonding slope is twice as high (Table 3, Figure 5).

binding. Unfortunately, there is no crystal structure for a five-
coordinate @ adduct.

DFT Analysis. We sought to test these ideas with ab initio
calculations using density functional theory. DFT has been
shown to give accurate geometries and reliable scaled frequen-
cies for metalloporphyrins and adduété23%-3%For Ni porphine,

For CO adducts, the back-bonding slope is twice as high for pe provided greater accuracy than previous empirical force

six- as for five-coordinate adducts, suggesting a substantial
lengthening of the FeCO bond upon trans ligand binding. This
is, indeed, observed (Table 3). Although a strictly five-
coordinate crystal structure is not available, one finds a 0.06 A
lengthening of the FeCO bond when the structure of (CO)-
Fe(TPP)(py), having the strong trans ligand pyridine, is com-
pared with the structure of (CO)Fe(Deut)(THF), having the weak
tetrahydrofuran ligand. This lengthening of the-®&O bond
reflects the competition for the Fezdr bonding orbital between
the o lone pairs on CO and on the trans ligand. As the trans
donor strength increases, the-ReO ¢ bond weakens.

This effect of the trans ligand or(Fe-XO) sensitivity isnot

fields and produced reliable IR and Raman intensities as*¥ell.
In the case of Fe(ll) porphine, the proper ground state and
geometry were obtained with DFP? and for six-coordinate
(CO)(ImH)Fe(ll) porphine, accurate frequencies were also
calculated for FeCO and C-O stretching and FeC—0O
bending mode&21! Moreover, inclusion of electron-donating
and -withdrawing groups as porphyrin substituents led to
negative back-bonding correlations betweeg co andvc-o,

and the observed factor of 2 difference in slopes for five- vs
six-coordinate FeCO adducts was reprodu@ékhus, DFT has

(30) (a)Kozlowski, P. M.; Rush, T. S., llI; Jarzecki, A. A.; Zgierski, M.

seen for NO and © As expected, back-bonding is enhanced 7z chase, B.; Piffat, C.; Ye, B.-H.; Li, X.-Y.; Pulay, P.; Spiro, T. G.
by the electron donor effect of a trans ligand, resulting in Phys. Chem1999 103 1357. (b) Kozlowski, P. M.; Spiro, T. Gl. Phys.

diminishedv(X—0) and increased(Fe—XO). However, the
back-bonding slope is not increased, and the six-coordinate datsy

Chem.1998 102, 2603.
(31) Vogel, K. M.; Rush, T. S., lll; Kozlowski, P. M.; Spiro, T. G.;
ou, Y.; lkeda-Saito, M.; Olson, J. S.; Zgierski, M. Biochemistry

points fall on the five-coordinate correlations (Figure 5). We manuscript in preparation for submission (1998).



9920 J. Am. Chem. Soc., Vol. 121, No. 43, 1999

passed several tests of reliability in exploring electronic effects
on bonding in metalloporphyrin adducts.

The present calculations on five- and six-coordinate [XO]-
Fe(ll) porphine (X= C, N, O) give optimized geometries which

are in good agreement with crystal structure determinations on

several porphyrin adducts (Table 3). FeCO is linear, while FeNO
and FeQ are calculated to be bent, with angles of ca.“1did

ca. 128, as observed. The experimental and calculated Fe
XO and X—O distances are in the 2.9 and 1.+1.3 A

ranges. Similar parameters have recently been reported in a DFT6-C C:

analysis of hemeCO and heme O, models by Sigfridsson and
Ryde32

Vogel et al.

Table 4. Experimental and Calculated Vibrational Frequencies
(cm™) for XO Adducts of Fe(Il) Porphyrirs

r(X—-0) v(Fe—X0O) 0(FeXO)

ligand expt DFF expt DFT expt DFT ref
5-cCO 1978 1985 531 581 (510,510) 49,50
6-cCO 1976 1991 496 501 (572,578) 51,52
5-cNO 1669 1718 522 565 434 this work
6-cNO 1593 1687 547 541 444 450 22
5-cQ, 1198 1159 508 702 349 347,397 32

1157 1176 575 623 34

1207 488 279 268 33

aDFT, Fe(P), and Fe(P)(Py); all calculations reported are from this

However, the observed and calculated axial ligand trends arework. Abbreviations: OEP, octaethylporphyrin; Bz, benzene; ImH,

not entirely parallel (Table 3). DFT predicts 0:66.07 A
lengthening for all the Fe-XO bonds when imidazole is bound
as a trans ligand. This prediction is correct for CO, but not for
NO. As noted above, the F&NO bond lengthens by only about
0.01 A upon trans ligand binding. The FBIO lengthening is

overestimated because the DFT calculation fails to capture the

trans labilizing effect of the NO. This can be seen in the near-
normal distance, 2.07 A, calculated for the-f[ImH] in the

NO adduct, whereas the observed-gligand] distances are
much longer, 2.182.46 A. These long trans ligand bonds are
a manifestation of the domination by NO of the Featbital.
This effect is not captured by the DFT calculation, possibly
reflecting misestimation of the relative Fe and ligand orbital

energies. As a result, the trans ligand is calculated to compete

more effectively with NO for the g orbital than is actually the
case.

DFT-calculated vibrational frequencies for these adducts are
compared with experiment in Table 4. The agreement is very

(32) Sigfridsson, E.; Ryde, Ul. Biol. Inorg. Chem1999 4, 99-110.

(33) Mizutani, Y.; Hashimoto, S.; Tatsuno, Y.; Kitagawa JTAm. Chem.
Soc.1990 112, 6809.

(34) Proniewicz, L. M.; Paeng, |. R.; Nakamoto, K.Am. Chem. Soc.
1991, 113 3294.

(35) Bajdor, K.; Oshio, H.; Nakamoto, K. Am. Chem. So0d.984 106,
7273.

(36) (a) Nakamoto, K.; Paeng, I. R.; Kuroi, T.; Isobe, T.; OshioJH.
Mol. Struct.1988 189, 293. (b) Wagner, W. D.; Paeng, |. R.; Nakamoto,
K. J. Am. Chem. S0d.988 110, 5565.

(37) Burke, J. M.; Kincaid, J. R.; Peters, S.; Gagne, R. R.; Collman, J.
P.; Spiro, T. GJ. Am. Chem. S0d.978 100, 6083.

(38) Walters, M. A.; Spiro, T. G.; Suslick, K. S.; Collman, J.J>Am.
Chem. Soc198Q 102, 6857.

(39) Collman, J. P.; Brauman, J. |.; Halbert, T. R.; Suslick, KP&c.
Natl. Acad. Sci. U.S.AL976 73, 3333.

(40) Chottard, G.; Schappacher, M.; Ricard, L.; Weissn@rg. Chem.
1984 23, 4557.

(41) Scheidt, W. R.; Haller, K. J.; Fons, M.; Fashiko, T.; Reed, C. A.
Biochemistry1981, 20, 3653.

(42) Peng, S. M.; Ibers, J. Al. Am. Chem. Sod.976 98, 8032.

(43) Ellison, M. K.; Scheidt, W. RJ. Am. Chem. S0d997, 119, 7404.

(44) Scheidt, W. R.; Frisse, M. B. Am. Chem. Sod.975 97, 17.

(45) Piciulo, P. L.; Rupprecht, G.; Scheidt, W. R. Am. Chem. Soc.
1974 96, 5293.

(46) Scheidt, W. R.; Piciulo, P. 0. Am. Chem. Sod976 98, 1913.

(47) Jameson, G. B.; Molinaro, F. S.; Ibers, J. A.; Collman, J. P;
Brauman, J. |.; Rose, E.; Suslick, K. 5.Am. Chem. So498Q 102, 3224.

(48) Jameson, G. B.; Rodley, G. A.; Robinson, W. T.; Gagne, R. R;
Reed, C. A,; Collman, J. Rnorg. Chem.1978 17, 850.

(49) Woolerey, G. L.; Walters, M. A.; Suslick, K. S.; Powers, L. S;
Spiro, T. G.J. Am. Chem. S0d.985 107, 2370.

(50) Kerr, E. A., Georgia Institute of Technology, Atlanta, GA, personal
communication, 1984.

(51) Yoshida, Z.; Sugimoto, H.; Ogoshi, Adv. Chem. Ser198Q 191,
307.

(52) Kerr, E. A.; Mackin, H. C.; Yu, N.-TBiochemistryl983 22, 4373.

(53) Hashimoto, T.; Dyer, R. L.; Crossley, M. J.; Baldwin, J. E.; Basolo,
F.J. Am. Chem. S0d.982 104, 2101.
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imidazole; cyt, cytochrome; TPP, tetraphenylporphyrin; pip, piperidine;
Pc, phthalocyanin€. The two degenerate components of the bending
mode (E inC,, symmetry) are separated by the orientation of the trans
ligand, py.¢ Normal corrdinate analysis gives two modes with signifi-
canté(FeXO0) contributiond OEP in Bz.¢ OEP(N-Melm) in Bz. OEP

in Bz. 9 Cyt P450." OEP, matrix/ ' TPP(pip) in CHCI, [v(O—0)] and
toluene p(Fe—-0;)]. | Pc, matrix.

Table 5. Experimental and Calculated Isotope Shifts fot X@
Vibrational Frequencies (cm)

Av(Fe-XO) AS(Fe—XO) Av(X—-0)
isotopé exptl calcd exptl calcd exptl  calcd
Five-Coordinate, Fe(P)(CO)
na3Ce0 6 15 48 48
na+?C'e0 12 4 43
na+Ct®o 14 16 17 92
Six-Coordinate, Fe(P)(Im)(CO)
na+3Ct0 4 14 16 48 46
na+2Ct0 8 u 3 48! 45
na+3C'e0 g 11 18 92
Five-Coordinate, Fe(P)(NO)
na-+sNeo & 12 2 3E 33
na+“N€0 5 2 42
na+°Neo 14 17 4 70 75
Six-Coordinate, Fe(P)(Im)(NO)
na+SN0 5 13 2 1 27h 31
na+*No 6 1 4 0 41
naSN0 16 14 5 1 68 74
Five-Coordinate, Fe(P)&p
na+éot0o 27 3 39
na+0*0 2 3 35
na-800 21 28 4 5 66 76
Six-Coordinate, Fe(P)(Im)%
na+é0t0 21 28 x 1 3K 39
na+0*0 1K 1 6 1 31k 36
na+é0te0 2% 20 & 3 63 77

ana, natural abundanceTPP(Bz), ref 12.¢ TPP(Bz), refs 50, 54.
dSW Mb, ref 55. e This work. fsGC, ref 22. 9 Mb, ref 31. "Mb,
Tomita et al., in press! Mb, ref 21. | TPP(matrix), ref 33.¥ Pthalo-
cyanato (matrix), ref 34.

good for CO with a trans imidazole ligand. BotiiFe—CO)
ando(Fe—C—0) are within 5 cm® of the experimental values
for the OEP complex, while the calculatedC—O) is within

20 cntl. However, the agreement with experiment is less
impressive for the other adducts in Table 4. Thus, for the five-
coordinate CO adduct(Fe—CO) is overestimated by 50 crh

The shift from the six-coordinate value is in the right direction,
reflecting the observed F&CO bond strengthening, but it is
double the observed shift. Other DFT calculations on CO
adducts show that back-bonding effects associated with electron-
donating or -withdrawing porphyrin substituents are also in the
right direction, but the slopes of the back-bonding correlations
are likewise twice as large as obseryédhus, DFT captures
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the essential features of back-bonding to CO and trans ligandangle deviates from linearity, because the effective mass of the
competition but predicts too high a sensitivity. vibrating ligand decreases. This factor may be important in heme
For the NO and @adducts, the direction of the trans ligand proteins, where distal interactions can affect the-Ke-O
effect onv(Fe—XO) is incorrectly predicted. The(Fe—NO) angle3!
frequency is close to the observed value for six-coordinate FeNO
but is predicted to increase 25 chin the five-coordinate
adduct, whereas a 25 cthdecrease is observed. TheiN—O)
frequency is overestimated by large amounts, 50 and 95,cm Back-bonding effects dominate the variations in vibrational
in the five- and six-coordinate complexes. For@lducts, the  frequencies for NO and Das well as CO adducts of heme.
v(O—0) discrepancies are smaller, but thge—0O,) discrep- Although back-bonding is diminished by FeXO bending, this
ancies are larger, 38 crhfor the six-coordinate adduct and  effect is compensated by enhanced back-bonding perpendicular

Conclusions

193 cnr! for the five-coordinate adduct. A largeFe—0;) to the bending plane due to the loweretiorbital energies in
downshift is predicted upon binding of the trans ligand, whereas NO and Q. Adding a trans ligand increases back-donation in
a large upshift is observed instead. all cases, but in addition it increases the slope of the CO back-
Because the FeNO and F@Ghlts are bent, their vibrational bonding Corre|ati0n, reﬂecting the |engthening of the—e
mode compositions are complex. There is mixing of-R© bond. For NO and @ the correlation is unshifted, implying

stretching and FeX—O bending coordinates, and also ofFe  insensitivity of the Fe-XO bond length to the trans ligand. This
X—0 bending with porphyrin out-of-plane coordinates. Nev- insensitivity is suggested to result from dominance of taerd
ertheless, the isotope shifts (Table 5) are satisfactorily repro- orpita) overlap by NO and € but not CO. DFT captures the

duced by the calculations, so that the mode compositions areggsential features of back-bonding but not of sheompetition
reliable. The mode assigned &¢Fe—X—0) is highly mixed, with the trans ligand.

but the mode assigned te(Fe—XO) is ca. 65% FeX
stretching, according to the calculated potential energy distribu-
tion. Itis therefore e>$peCted fo reflect the-60 bond strgngth. GM33576 from the National Institute of General Medical
However, the coordinate mixing makes the frequencies highly Sciences. This paper is issued as NRCC No. 42187
dependent on the F&X—O bond angle, due to kinematic ' ’ ’
changes. The(Fe—XO) frequency increases as the-F¢—0 JA990042R
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