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Using magnetic circular dichroism (MCD) spectroscopy together
with DFT calculations, the spin density distributions in five-
coordinate [Fe(TPP)(NO)] (I) and six-coordinate [Fe(TPP)(MI)(NO)]
(I, MI' = 1-methylimidazole) are defined. In the five-coordinate
complex, a strong Fe—NO ¢ bond between 5’ and d2 is present
that leads to a large transfer of spin density from the NO ligand
to Fe(ll) corresponding to an electronic structure with noticeable
Fe(l)-NO™* character. Consequently, the MCD spectrum is domi-
nated by paramagnetic C-term contributions. On coordination of
the sixth ligand, the spin density is pushed back from the iron
toward the NO ligand, resulting in an Fe(ll)-NO(radical) type of
electronic structure. This is reflected by the fact that the MCD
spectrum is dominated by diamagnetic contributions.

Iron—porphyrin NO complexes play a key role in the
mechanisms of many metalloproteirsHence, synthetic

different EPR spectra, Wyllie et al. speculated that these
systems have different electronic ground stétésit no
further evidence for this conjecture is provided. Judging from
the MCD spectra and DFT calculations presented here, this
difference in electronic structure ¢fandll is elucidated.
MCD intensity is generally considered to arise from three
different mechanism&The C term is temperature-dependent
and originates from spinorbit coupling of the ground and
target excited states with other intermediate excited states.
On the other hand, th& and B terms are temperature-
independent and are also present in diamagnetic materials.
Thus, the paramagneti€{term) contribution to the total
spectrum can be extracted by subtracting MCD data taken
at variable temperatures. Figure 1 shows the MCD spectra
of five-coordinate (5C) [P§TPP)(NO)] (top) and six-
coordinate (6C) [F§TPP)(MI)(NO)] (bottom) in compari-
son. As one can see, these data are very different. In the
case ofl, the C-term spectrum obtained from temperature-

model systems for these species have been investigated ilependent data is identical in appearance to the total

great detaif Corresponding iron(Il-NO complexes are still

spectrum. Consequently, the MCD response is dominated

the focus of many ongoing studies because of their interestingby the paramagneti€-term contribution. Because spin

spectroscopic and photochemical propettisl their mecha-
nistic significancé.In this communication, the low-temper-
ature magnetic circular dichroism (MCD) spectra of five-
coordinate [F&TPP)(NO)] (, TPP= tetraphenylporphyrin)

and six-coordinate [F€TPP)(MI)(NO)] (I, MI = 1-meth-

ylimidazole) are reported for the first time and analyzed with
the help of density functional (DFT) calculations. Both

complexed andll haveS= %/, ground state%.From their

orbit coupling is weak for light elements such as carbon,
nitrogen, and oxygen, th€-term nature of the spectrum
indicates that a significant amount of spin density of the
unpaired electron ih must be located on the formally iron-
() center. This is dramatically different for the 6C complex

Il . From Figure 1, bottom, one can see that the deconvoluted
MCD C-term spectrum is different from the total spectrum,
which is, in fact, dominated by temperature-independent
diamagnetic contributionsA( and B terms). These are
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COMMUNICATION
Table 1. Comparison between Experimental and Calculated Properties of FB@iphyrin NO Adducts (AlIS= 1/,) 2

geometrlc parameters spin Mossbauer
(A or deg) »IN—O density parameters (mm/s) EPR parameters

molecule FeN N-O Fe-N-O Fe-X (cml) Fe NO o AEq Omax  Omid  Omin orientation ref
Fe(TPP)NO)()* 172 112 149 -— 1697 033 125 2102 2.064 2.010— 11a
Fe(OEP)(NO) 173 117 143 - 1673 035 126 2.106 2.057 2.015gm/Fe-N=8" 11b
Fe()(NO) (@) 170 118 146 — 1703 +0.47 +0.53 2.043 2.007 1.99Tym/Fe-N = 24°
Fe(P)(NOY 036 073 2049 2.025 2.004m/Fe-N =20°
Feg';cp)('\’”)(’\'o) 175 118 138 217 1630 084 073 2.079 2.004 1.972— 11d
FeRIMNODUa) 173 119 140 218 1662 +0.21 +0.78 2.031 1.998 197%“://,'25:” pr
Fe(P)(MI)(NOY 038 (057 2.024 1.991 1.955gmq/Fe-N =2

aFor abbreviations, see text. +¥ is the Fe-N(imidazole) distance. Because there is an ambiguity about tH@ Btretch in five-coordinate [Fe(TPP)(NO)]
(values of 17082 and 1678° cm™! have been reported), we have reinvestigated the IR spectramd |l as shown in Figure S3. For [Fe(OEP)(NO)],
v(N—O) is taken from ref 6. Experimental Mebauer parameters are taken from ref 8pin densities are calculated at the B3LYP/LanL2DZ* level (cf.
Experimental Details in the Supporting InformatiofBtructural data: [Fe(TPP)(NO)] and [Fe(OEP)(NO)], ref 3b; [Fe(TPP)(MI)(NO)], réf@Galculated
with B3LYP and the following basis sets: Fe, CP(PPP); N, ERRC and O, TZVP; H, TZV (see Supporting Information).

Figure 1. MCD spectra of [F&TPP)(NO)] (top) and [PTPP)(MI)-
(NO)] (bottom) measured in a butyronitrile/propionitrile glass.

symmetry? This indicates that the unpaired spin density is
mostly located on the NO unit in the 6C case, which leads
to the temperature-independent MCD spectrum of dia-
magnetic low-spin Fe(I-porphyrins. Detailed assignments
gure 2. Contour plots of important-MOs of [Fé'(P)(MI)(NO)] (left)
of the observed electronic transitions are complicated and") ary [Fé (P)(NO)] (right) calculated with BPS6/TZVP.
will therefore be presented in a forthcoming full paper.

The fact that the paramagnetic compléxexhibits such 1, the obtained agreement between the calculated and
low C-term intensity is surprising and indicates a different experimental structures is excellent. In compléx the
ground state fol compared td. To elucidate the electronic  Fe-NO bond is dominated by two interactions. First, a
structural origin of this difference, DFT calculations at the pseudos donation from the singly occupiet;, orbital of
BP86/TZVP level have been applied using the model systemsNO (h = horizontal, ther* orbital in the Fe-N—O plane)
[Fe'(P)(NO)] (a) and [Fé(P)(NO)(MI)] (lla, P= porphine; into the unoccupied dorbital of iron(ll) is present. The
cf. Figure S4, Supporting InformatioAAs shown in Table  ¢orresponding bonding combination[123] has an addi-

(8) Gouterman, M. Optical Spectra and Electronic Structure of Porphyrins tIO!’Ial admixture of g and is t.herefore labeleat*_oz/d,
and Related Rings. IThe Porphyrins Dolphin, D., Ed.; Academic It is the HOMO of Il (cf. Figure 2, left). Because A
Press: New York, 1978; Vol. IIl. also interacts with thes donor orbital of the bound

(9) The model systems and the applied coordinate system are shown i”l-methylimidazole, this competition for;dexplains the

Figure S4. The complete MO diagram and contour plotdl oare . ]
shown in Figures S6 and S7. strong trans effect of NO oo-donor ligands. This can also
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be seen from the corresponding antibonding orbital, Fe(l)-NO" with a d configuration on iron. In contrast, the
d2/dy, m*n (0129). The second interaction is a medium- occurrence of the NO stretching frequency below 1700

strengthsr back-bond between the', orbital of NO (v= cmtin | shows that this is a clear overestimate. This is
vertical, therr* orbital perpendicular to the FeN—O plane) also not in agreement with the calculations presented here,
and the ¢, orbital of iron? Corresponding bondingy(118) which show an even distribution of the unpaired electron

and antibonding[126) orbi_tals are :_;llso shown in Figure  over the Fe-N—O unit. In a previous DFT study, it was
2. To calculate accurate spin densities fiar, the B3LYP  claimed that complex has Fe(llly-NO~ charactet3 This,

functional was applied, as pure density functionals tend to however, is not in agreement with our experimental and DFT
clearly overestimate metaligand covalencies. Importantly,  results.

only a small amount of spin population is obtained on iron
(+0.2), which is mostly due to the F&NO o bond, whereas
the contribution from the back-bond is small. As shown in
Table 1, most spin population is actually located on the
coordinated NO ligand, in agreement with the MCD result.
Altogether, a satisfactory theoretical description of the six-
coordinate compleX is obtained. This is also reflected by
the calculated NO stretching frequency, which is in good
agreement with experiment. Therefore, complexnust be
described as the prototype of a low-spin Fe{lNO(radical)
adduct.

The interesting question is then how this electronic
structure changes when going to the five-coordinate complex
I. The most important difference is that, because of the P
absence of the sixth ligand, the drbital strongly decreases ~9Z_7 n orients theg tensor along the FeN(O) bond as
in energy? Hence, mixing withz"» becomes very strong such shown in Table 1. In this case, the axisgaf, (the smallest

that the HOMO & "1 ([101) has mostly ¢ character g value) is almost aligned with the F(N(Q) bond, which
(cf. contour in Figure 2, right). Because of mixing with leads to the occurrence of the experimentally observed

porphyrin orbitals, an additional 18%zcbceurs in orbital  hyperfine lines omgmin. In complexil, theg tensor is rotated
a@8(7", contribution= 3%). In total, this corresponds to ~away from the Fe-N(O) bond, withgmiq now being closest

a net transfer of about one-half of an electron to the Fe(ll) to the Fe-N(O) and Fe-N(imidazole) axes. Correspond-
center. Hence, the complex has noticeable Fe{p* ingly, this g value now shows strong hyperfine splittings.
character. This leads to the occurrence of a large amount ofWe have also calculated Msbauer parameters (cf. Table
positive spin density on iron (cf. Table 1) and explains the 1) and the*N hyperfine tensoA of the coordinated NO
C-term MCD spectrum obtained fdr In agreement with  (cf. Table S2, Supporting Information), which show accept-
this description, the NO stretching frequency is shifted to ~ able agreement with experiment, further indicating that a
higher energy by~70 cnt! in | compared tdl (cf. Table good theoretical description défandll is achieved.

1). On the other hand, the back-bond is comparable for )
andll, as shown in Figure 2, right. From single-crystal Acknowledgment. This work was supported by the

EPR spectroscopy, the spin populations in the related Deutsche Forschungsgemei_nschaft (DFG,_ Grant LE 1393/
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als!? However, this would correspond to an almost complete
electron transfer from NO to iron, leading to a low-spin

The results presented above are also useful for evaluating
the very different EPR spectra of five- and six-coordinate
Fe(Il)—porphyrin NO adduct& For complexI, a charac-
teristic spectrum is observed with hyperfine lines from the
nitrogen of NO on the smallegy value gmin. The six-
coordinate complexl shows a broader spectrum, where
hyperfine lines are observed for the nitrogens of NO and of
the trans-N donor ogmig. In addition, differeng values are
obtained for these complexes. It was claimed that these
differences in the EPR spectra are due to different orienta-
tions of theg tensor with respect to the molecular frafiés
In agreement with these results, our calculations show that
the strong FeNO o interaction inl mediated by the orbital

Supporting Information Available: Experimental details, UV
vis absorption vs MCD spectra bfandll including Gaussian fits,

(10) Small differences imr back-bonding are observed for theMOs. The IR_spectra _Ofl _and I K MO diagram ofll, a”‘?' contour plots.
somewhat increaseg-back-bond forl compared tdl leads to the This material is available free of charge via the Internet at
transfer of a small additional amount of spin density from NO to iron http://pubs.acs.org.
in | relative toll . This will be discussed in detail in the forthcoming
full paper. 1C050144K
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