Inorg. Chem.2001,40, 4127-4133 4127
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Reaction pathways for the one- and two-electron reductions of [Fef@D5~ have been investigated by means

of a density functional theory (DFT) approach combined with the polarized continuum model (PCM) of solvation.
In addition, UV—vis spectroscopic data were obtained using ZINDO/S calculations including a point-charge model
simulation of solvent effects. DFT methodologies have been used to assess the thermodynamical feasibility of
protonation and cyanide-release processes for the reduced species. We conclude thagNIEHEC) a stable
species in agueous solution but may release cyanide yielding [F&CY¥, consistent with experimental results.

On the other hand, the [Fe(CMO]*~ complex turns out to be unstable in solution, yielding the product of
cyanide release, [Fe(CMYO]3~, and/or the protonated HNO complex. All the structural and spectroscopic (IR,
UV —vis) predictions for the [Fe(CNHNO]3~ ion are consistent with the scarce but significant experimental
evidence of its presence as an intermediate in nitrogen redox interconversion chemistry. Our computed data support
an Fe/(LS) + NO* assignment for [Fe(CNINO]?~, an Fé(LS) + NO assignment for the one-electron reduction
product, but an FE.S) + NO™ for the one-electron product after dissociation of an axial cianide, and'ar-Fe
singlet NO for the two-electron reduction species.

Introduction the formally named NO species to NO. The subsequent

The chemistry of transition-metal nitrosyl complexes has been dissociation of the FeNO bond and release of NO to the
of great interest during past decaddis interest has increased ~medium is followed by further activation of several different
in recent years as the importance of nitric oxide in a variety of Processes.On the other hand, the more reduced form, NO
physiological processes has been realfzéul.addition to its  (Or its protonated form, HNO), has been suggested to play an
coordination ability toward metal centers (dissociation and important role in many biological systems. Multiple evidences
formation reactions), the redox interconversion of bound NO exist of it as being an intermediate either in the biosynthesis of
into its oxidized (NO) or reduced (NO) species has attracted NO mediated by the NO-synthase enzyme or in the redox
the attention of modern coordination chemists, due to its relation interconversions of nitrogenated species in natural cycles.
to relevant biological functionsAlthough the focus of the latter ~ Recently, the HNO adduct of myoglobin has been prepared and
studies is placed in the chemistry of NO complexes with Ccharacterized in agueous solutitfiThe so-called “nitroxyl”
porphyrin-like coligands, interest in classical coordination ~SPecies are precursors of the formation ONor of peroxyni-
chemistry remains alive, with emphasis in disclosing the trite species upon reaction with dioxygerit has been also
different factors influencing NO reactivity, e.g., by changing Suggested that NOshould be a necessary intermediate in the
the metals, coligands, and the mediéim. multielectronic reduction of NO down to hydroxylamine or

A mechanism proposed for the in vivo action of NO by using @mmonia carried out by several coordination compounds

transition-metal complexes is associated with the reduction of containing low-spin #imetal centers (Fe, RG. o
Coordination compounds containing nitrosyl species in any

of the three redox forms have been documedtddowever, it
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was previously unprecedented to find adequate metaligand and (111111/1) for H® A more detailed description of the technical
fragments allowing the interconversion of all these forms in a aspects of the program is given in ref 11. Geometries were optimized
controlled way without dissociation, as recently reported for a for the isolated systems within the local density approximation (LDA)
series of complexes derived from the [Ruedta)} fragment using the Voske-Wilk —Nusair correlation functiondf. It has been
(hedta= N-(hydroxyethyl)ethylenediaminetriacetatejhe com- shown that LDA performs well in predicting bond distances and angles
plexes with low-spin 8 configurations are good potential in Werner-type transition-metal complexé4?Single-point calculations

: his Si . h . h were performed at the LDA gas-phase optimized geometries using the
candidates for this situation. Therefore, it seems worthy to focus GGA Becke and Perdew combination of functionals for exchange and

the research effort on the pentacyanonitrosylferrate(ll) ion correlation, respectiveR?21 The GGA level of theory has been found
(nitroprusside), one of the oldest known nitrosyl compol#ds,  to be necessary to obtain reliable metigjand bond dissociation
which, acting as a vasodilator, is useful in lowering blood energies. Specifically, in the case of Fe and Ru complexes, it has been
pressure. The [Fe(CBNOJ?~ ion is a well-characterized shown that good agreement with gas-phase measurements is achieved
specied, and the same could be said of the one-electron atthe GGA level for metal carbonytdNormal modes were computed
reduction product, [Fe(CNNOJ3-, for which some spectro- at the LDA level for the is_olated systems b_y numerical differenti_ation
scopic information but no crystal structure is availabidlore of anal)_/tlcal energy gradler_]ts. Free energies at 298 K were estlmat_ed
uncertainties exist on the electronic structure of the two-electron ?Y 2dding thermal corrections to take into account the change in

. . population of vibrational, rotational and translational levels, and the
reduction product. Some spectroelectrochemical résulggest entropic contributions to the computed electronic enéfggolvent

that a NO'-bound species is formed at sufficiently negative gftects were modeled using the polarized continuum model (PCM)
potentials upon reduction of nitroprusside, but the characteriza- scheme, in which the self-consistency between the solute wave function
tion still remains obscure. and solvent polarization is achieved during the self-consistent field
In the present work, we search on the stability of the different cycle2* All PCM computations were performed using the GAUSSIAN
redox-active species of NO bound to the pentacyano fragment98 software package at the gas-phase optimized geom@tries.
by using theoretical methods. We also address on the thermo- Electronic spectra were computed by means of the ZINDO/S
dynamical feasibility of some reactions, namely protonation Methodology, included in the ZINDO program packag&his model
(either of the cyanides or nitrosyl moieties) and cyanide- has been extensively used for electronic spectrostoppd its
dissociation reactions, which are relevant to the chemistry of Eerfq:pa_ncehmdily defmor!s:]ra(tje_d. A fr;xge¥hof the dulnqe[)lymg dmOdt‘;'
these species. A density functional theory (DFT) scheme |amifoman has been furnisnedin ref 2o, 'he modetis based on the
combined with the polarized continuum model (PCM) for taking original INDO of Pople, Santry, and Segia® and s similar to the

. . complete neglect of differential overlap (CNDO) adopted for spectros-
into account solvent effects has been used for the calculations..qpy by DelBene and Jaffé:®2The CNDO model, however, does not

In addition, the IR and UV spectra of the stable species were contain the one-center two-electron terms (Sta@ondon factors}
computed using DFT and ZINDO/S techniques, respectively. and, therefore, is not suitable for excited states of transition-metal
The predictions have been finally compared with all the available
structural and spectroscopic information.
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Table 1. Selected Structural Parameters (A and deg) for the
[Fe(CN)NO]™ lons ( = 2, 3) Derived from DFT Calculatiods

n=2 (exptly n=2 n=3

r(FeC1) 1.9403(6) 1.900 1.908
r(FeC2) 1.9310(6) 1.896 1.913
r(FeC3) 1.9310(6) 1.896 1.909
r(FeC4) 1.9257(9) 1.900 1.914
r(FeC5) 1.9403(6) 1.904 1.901
r(FeN6) 1.6656(7) 1.621 1.737
r(C1N1) 1.1622(8) 1.174 1.185
r(C2N2) 1.1603(8) 1.172 1.183
: L o 3 r(C3N3) 1.1603(8) 1.172 1.181
ilzlggre 1. Optimized structures of [Fe(CBNOJ>~ and [Fe(CN3NO] r(CAN4) 1.1591(12) 1174 1182
’ r(C5N5) 1.1622(8) 1.175 1.183
_ . r(N60O) 1.1331(10) 1.162 1.199

complexes. Most parameters of the theory come directly from atomic O(FeN60) 176.03(7) 177.2 146.6

spectroscopy and are based on experimental ionization potentials,
electron affinities, and the Slate€Condon two-electron integrals. The aExperimental values are given for comparisbReference 38.
resonance integrals are determined empirically from a database ofValues in parentheses are standard deviations.
molecules with well-established structures and optical properties. The
SCF calculations for the ground state were followed by a multireference
configuration interaction (MRCI) treatment, using a Rumer diagram
technique’* which is adequate for open shell structures. The structures
have been derived from the DFT geometry optimizations with no further
symmetryzation. Oscillator strengths were evaluated with the dipole-
length operator, retaining all one-center terms.

It has been already demonstrafethat the accurate interpretation
of the absorption spectra of transition-metal (TM) complexes in aqueous
solution requires the consideration of specific second-sphere coordina-
tion effects. For NH-containing complexes, Stavrev, Zerner, and Meyer
showed that the positions of the metal-to-ligand charge-transfer (MLCT) _
excitations are successfully reproduced when a point-charge modeligure 2. DFT computed LUMO of [Fe(CNNOJ*.
mimics the effect of the solveit.Following their experience, we have
chosen to model point charges along the axis behind the cyanide ligandsvacuum without symmetry constraints, for the complexes with
The charge magnitudes have been adjusted in the different coordinationn = 2, 3. Table 1 shows the calculated bond lengths and angles,
compounds, to attain systems that are defined neutral as a whole. Theogether with experimental data available for[#&(CN)NO]-:
particular modeling conditions are reported, for each case, in the next 2H,0 38 The overall agreement for the [Fe(GN)O]?~ ion is
section. The model thus defined represents a mutually depe”demreasonable, mainly based on the consideration that LDA

solvent-ligand effect thqt generates an _enwronment |mme_d|ate to the calculations tend to underestimate slightly the meligiand
complex that, together with the molecule itself, has no associated charge.bon d distance&

Due to the large localization of the charge on the cyanide ligands, the . .
effect of the solvent is strong and not compatible with a simulation ~ Solid salts of the one-electron reduction product, [Fe¢N)

concerning only the definition of a small number of coordinated solvent NOJ*~, have been obtain€d, but no crystal structures are
molecules. We have tested the effect of the consideration of five or 10 available. Table 1 shows that the reduction of [Fe(§NQ]?~
solvent molecules (one or two for each ligand) and found no significant is associated with an overall increase in bond lengths, suggesting
change of the calculated excitation energies, although it has a sizablean increase of the electron population in the antibonding system,
effect when NH, instead of CN, are the ligand$: The number of = gelocalized over the metal and the ligands. The increase is
water molegules t_haF should b_e included in ord_er to att_aln a _shlft of particularly noticeable for the FeN and N-O bond lengths,
tehneoﬁlgeﬁt{gr;'ﬁa?@;a;'zgZhuzvx'tr;%qagrzzfnr?g;tcg'ltchug:%?]”"\)\?:tcgr:;rg:rsuggesting that most of the electronic density associated with
' the extra electron is localized in the*(NO) orbital, which

this topic out of the scope of the present research, which is centered in . N
the interpretation of experimental data. however could also contain some participation of Fe (see below).

ZINDOJ/S calculations are not only useful for the assignment of the This is equivalent to consider that the [Fe(GNP]*~ ion
UV—vis transitions but also provide further confirmation of the contains a partially reduced nitrosyl ligand. This description is
structural characteristics of the molecules that generate the spectraconsistent with the analysis of the frontier orbitals of both
allowing even to discern between different possible structures on the species. Whereas the LUMO is mainly centered in NO in
basis of the accurate reproduction of the experimental featufigse [Fe(CN)XNOJZ~ (Figure 2), the odd electron in the paramagnetic
applicability of this methodology to TM complexes is based on the [Fe(CNENOJ3~ complex is mainly localized on the N and O
sensitivity of Iiggnd_field (LF) and charge-transfer (CT) transitions to atoms, with spin Mulliken populations of 0.487 and 0.254,
structural modifications. respectively, and a smaller contribution on Fe of 0.226. This
agrees with both experimentdland previous DFT results
] o obtained using partial optimizations performed within a discrete

Structural and Electronic Description of [Fe(CN)sNO]"™ variational schemé In the [Fe(CN}NO]™ optimized struc-

(n = 2-4). Figure 1 shows the geometries, optimized in a yyres, the calculated values of the-A¢—O angles are 177°2
(n = 2) and 146.6 (n = 3). The first one agrees with the

Results and Discussion
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Table 2. Calculated Selected Wavenumbers (&for [Fe(CNyNO]?~ and Its Stable Reduction Produtcts

C—Ns C—N s (exptl) N-O's N=0 s (exptl) Fe-Ns
[Fe(CNBNOJ* 2156-2166 2156-2164 1932 1918 725
[Fe(CN)NOJ*~ 2000-2084 2075, 2095 1650 1568, 1608 657
[Fe(CNYNOJ*~ 2074-2107 2100 1782 1746 697
[Fe(CNYNOJ*~ 2010-2035 1581 657
Fe(CN}NHO]*~ 1955-2018 1338-1394 808

2 Experimental values are given for comparisbReference 465 Reference 39.

Table 3. UV—Vis Spectroscopic Features of the Compounds

experimental value for sodium nitroprussitgiand with the linear Calculated as Stable

conformations generally found for low-spirf ditrosyl com- :
plexes?? The bending in the reduced compound is typical of a E(calc) oscillator — E(expy _

{FeNG 7 system, named according to the Enemeffleltham’s (cm™) strength  (cm™) assignment

notation?2 A similar value, 148, was found in the related = 20847 0.00004 20000 (4) CT Fe—~NO  [Fe(CN}NOJ*
[FE'(NO)(das)Br][CIO4] compound (das= o-phenylenebis- gg%ig 8-888;3 25300 (8) CT Fe—NO
(dimethylarsine)#3 An angle of 158 was obtained for a 29189 000050 30300 (50) LF

complex of FeEEDTA-NO with unknown structure, by perform- 59379  0.00152

ing EXAFS analysis studies, based on the angular dependence21288 0.00138 23180 (530)LF Fe(CN)NOJ*~
of multiple scattering effect¥!2this value was consistent with 21382  0.00340
those calculated for complexes in thEeNG 7 seriest The 28427  0.01000 28985 (3500)CT Fe— NO .
Fe—N and N-O distances obtained from the best fit for the 18288 8'8881 tE Fe(ChHiNO]
FEEDTA-NO complex were 1.78 and 1.10 A. Although the 51770 00010 CT Fe- NO
NO unit is an NO triplet spin-polarized with high-spin Hein 29552  0.0050 LF
the EDTA complex, but NO bound to a low-spin'Feenter in 30128 0.2700 CT Fe- NO
the Fe(CNJNO]3~ complex, there is bond distance similarity ig?gg 8-8828 16200 (380) LF [Fe(CNXNOJ*

. : 3 )
W|'Elr_1hthe results shown in Table 1_for [Fe(Q]NI)Ol_ . 23702 0.0021 23256 (100) CT Fe— NO

e two-electron reduced species, [Fe(MD]*", has not 57133 0.0016 28570 (300) LF

been described in the literature. Our calculations showed it to 13763 0.0002 LF [Fe(CNINOJ3-
be unstable in vacuo. A stable species was however predicted 15907  0.0010 CT Fe-NO
upon protonation of the N atom (see below). 20580  0.0020 LF

Spectroscopic Characterization of Stable Pentacyanide aExperimental values are reported, for comparison, whenever

Species.Table 2 shows some selected IR wavenumbers, as available.” Intensity between brackete)( ° Reference 47¢ Reference
obtained by DFT calculations for the species that we calculate 54-

as stable. The values for [Fe(GNIO]*~ agree with a vibrational | F excitation. This assignment for the first two bands has been
analysis performed previously using DFT toéist the LDA claimed to be correct several times, according to CNDO
level, the values forcy (ca. 2160 cm?) andwno (1932 cnt) calculations®® ESR48 XPS49 optical electronic spectra in
are in agreement with experiméhiand consistent with the  gqjytion and with polarized light in crystat& and Mssbauer
formal consideration of the nitrosyl ligand as a N@pecies. spectroscop§? The influence of the solvent was modeled, in
Additional structural confirmation is given by the U\is this case, by means of five point chargesidd.4e, located at
calculated bands. We center the discussion in the low energyq 4 A of each CN ligand. The system thus defined bears no
bands, which are the most strongly sensitive to structure. Tablecharge as a whole. Within this scheme, working with the
3 allows the comparison of the results of our calculations with nonsymmetrized DFT optimized geometry, no degeneracy
the experimental data previously reported by Manoharan andesylts in the calculated ZINDO/S MO distribution. The two
Gray®*"2In agreement with experiment, we found two bands in  highest occupied MO are, however, almost degenerate and d in
the visible and one in the UV region. The difference between natyre. The LUMO and LUMO- 1 are also almost degenerate
the experimental and calculated data is, in all cases, within the gnd described as*(NO). This MO description, which is in
error expected for this methodolog¥lt is larger for the high  ¢lose agreement with the one previously derived by Manoharan
energy bands, an effect usually found in these calculations, gnq Gray on the basis of extendeddKal (EH) calculationd?
which is mainly attributed to the fact that double excitations is not attained when the solvent is not modeled. In this case,
are not included. The calculated and experimental intensities the HOMOs have a large contribution of the CN orbitals, which
give the same trend of variation, and even their relative values mix with the Fe ones. NO orbitals also mix with those of Fe to
can be compared. The bands in the visible are assigned to MLCTefine the LUMOs. This description resembles several ones
Fel — 7*(NO™) transitions, whereas the band in the UV to a previously given, which have been obtained by means of
different methodologies with no consideration of the sol-

(42) 1Fgeg|;t2a1n21' ?55',3'; Enemark, J. fopics Inorg. Organomet. Stereochem  yenfl-53 and also with the DFT calculations performed in this

(43) Quinby Hunt, M.; Feltham, R. Onorg. Chem 1978 17, 2515. work for isolated [Fe(CNYNOJ?~. In this way, lack of modeling
(44) (a) Zhang, Y.; Pavlosky, M. A.; Brown, C. A.; Westre, T. E.; Hedman,
B.; Hodgson, K. O.; Solomon, E. 0. Am. Chem. Sod992 114 (48) Fenske, R. F.; DeKock, R. Ilnorg. Chem 1972 11, 437.
9189. (b) Westre, T. E.; Di Cicco, A.; Filipponi, A.; Natoli, C. R.; (49) Calabrese, A.; Hayes, R. G. Am. Chem. Sod 974 96, 5054.
Hedman, B.; Solomon, E. I.; Hodgson, K. ®.Am. Chem. So&994 (50) (a) Hauser, U.; Oestreich, V.; Rohrweck, H.2D.Phys 1977, A28Q
116 6757. 17;1978 A284 9. (b) Braga, M.; Pavao, A. C.; Leite, J. Rhys.
(45) Estrin, D. A.; Baraldo, L. M.; Slep, L. D.; Barja, B. C.; Olabe, J. A. Rev. B 1981, 23, 4328.
Inorg. Chem 1996 35, 3897. (51) Hollauer, E.; Olabe, J. Al. Braz. Chem. S0d 997, 8(5), 495.
(46) Paliani, G.; Poletti, A.; Santucci, A. Mol. Struct 1971, 8, 63. (52) Bottomley, F.; Grein, FJ. Chem Soc, Dalton Trans.198Q 1359.
(47) (a) Manoharan, P. T.; Gray, H. B. Am. Chem. S0d965 87, 3340. (53) (a) Golebiewski, A.; Wasielewska, E. Mol. Struct 198Q 67, 183.

(b) Manoharan, P. T.; Gray, H. Bnorg. Chem 1966 5, 823. (b) Wasielewska, Elnorg. Chim Acta1986 113 115.
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the solvent seems to be the origin of the controversy among Table 4. Free Energy Changes (kcal/mol) Associated to the
the related data. The calculations by Fenske and DeKbck, Process: [Fe(CNNOP~ — [Fe(CNANOJ*~ + CN-
whose results agree with ours, support this inference, as they LDA GGA  GGA(water) GGA(acetonirile) exp (watér)

have applied an eigenvalue shifting as a way of incorporating —gq 6™ _101.3 8.4 39 5.7
the influence of the environment. .
Upon one-electron reduction of [Fe(GNJO]?~ in aqueous Reference 54.

solution, a pH-dependent mixture of a brown and a blue speciestpie 5. Selected Structural Parameters (A and deg) for the
is obtainec®* It has been proposed that the brown one [Fe(CN)XNOJ™Anions (1 = 2, 3)
(predominant at pH’s around 9) corresponds to the [Fe§CN)

: ; =2 =2 =
NOJ®~ ion, while the blue one, [Fe(CMYO]?-, appears as a N (expy N n=3
result of cyanide release, this being favored by low pHs (see “Eegé) igg; 1-32‘5‘ iggg
eq 1)>* As shown below, our calculations confirm that not only :gFZCSg 1887 1885 1884
[Fe(CN)XNOJ®~ but also [Fe(CNJNOJ®~ are stable species in r(FeC4) 1.897 1.885 1.907
equilibrium. For [Fe(CNgNOJ3, the predictedcy are in the r(FeNs) 1.565 1.625 1.637
range 2006-2084 cntl, while vyo appears at 1650 crh. The r(C1IN1) 1.154 1.181 1.191
C—N and N-O stretchings agree fairly well with experimental r(C2N2) 1.164 1.18 1.189
3- r(C3N3) 1.154 1.18 1.188

values found for some salts of [Fe(GN)O]*~ (2075-2095 for

39 r(C4N4) 1.164 1.178 1.188
ven, 1568-1608 forvno).* The sharp decrease ofo upon r(N50) 1161 1184 122
reduction is another evidence of the major localization of the OFeN50 177.1 171.4 171.2
additional electron at the NO ligand, as has been also found [OC2FeC1 85.7 86.1 107.1
for the ruthenium and osmium pentacyanide analotjuzsd UNSFeC1 102.3 101.2 117.9

confirmed by our estimation of the spin Mulliken populations. aRef 60. No standard deviations have been reported.

The calculated electronic spectrum for [Fe(GNQp]3~ pre-
dicts a LF band at 470 nm, together with a MLCT band at 347 vis spectrum, computed using five point charges of 0.6e at 1.4
nm, of higher intensity. According to Table 3, there is good A of each cyanide ligand, is characterized by an intense feature
agreement with the experimental data reported in ref 54. The at 330 nm, together with bands of lower intensity at 450 nm,
calculated intensities are larger than for the nitroprusside ion, poth assigned to MLCT excitations. This description is in
showing also the proper trend of variation. The solvent has beenqualitative agreement with the spectra determined after elec-
modeled, in this case, by means of five point charges@fe, trolysis of the nitroprusside ion under conditions of 2-electron
located at 1.0 A of each CN ligand, giving, as before, a neutral reduction, which show a band at 345 nm, together with one of
system. The MO description is similar to the one previously lower intensity at 445 nm. There are also bands at 240 nm in
given for the [Fe(CNgNOJ?>~ complex, with the odd electron  the experimental spectfawhich we calculate and assign to
occupying ar*(NO) orbital. This description is in agreement, MLCT transitions involving the CN ligands.
on the other hand, with the one derived from DFT calculations.  Cyanide Release Reactions: The [Fe(ChMYO]"~ Species

In contrast to the unstable [Fe(GN)O]* ion, the calcula-  (n = 2, 3).It has been reported that the one-electron reduced
tions show that a stable two-electron-reduced species is obtainedspecies derived from [Fe(CMyOJ?~ releases cyanide according
upon protonation of the N-atom, as detailed below. This to eq 1954
important but very elusive species has not been properly
characterized yet, although there is strong evidence for it being [Fe(CN)SNO]s_ . [Fe(CN)4NO]2_ +CN (1)
an intermediate in different processes. The stabilization of the
so-called “nitroxyl” species, NO upon coordination and
protonation was shown for some complexes closely related to
[FE(CNEHNO]J3~, namely [Ri(hedta)(NO)}~, [R€(CO)-
(PPR)2(HNO)]™, and [O4Clx(CO)(HNO)(PPh),)].8:56:5" The
calculated IR spectrum of [Fe(CMJNO]3~ shows a strong band
at 2983 cm?! (vn-p), two bands at 1394 and 1338 cin
corresponding tano modes with some H participation, and
bands assigned te-y in a range from 1955 to 2018 crh The
N—O stretchings are consistent with the values found for the
above-mentioned complexes: 1383, 1391, and 1410%cm
respectively. Thecy values agree with those found for cyanides
bound to Fe(ll) complexes bearing other weak-to-moderate
m-acceptor ligand3® The very low value fowyo reveals that
the second electron enters also the antibonding orbital mainly
centered on the nitrosyl moiety. This is consistent with the
calculated very large NO bond distance (see below). The-UV

The free energy change for reaction 1 is given in Table 4, as
it results from calculations in vacuo and in aqueous solution.
Due to the fact that both reactants and products are charged
species, solvent effects have a sizable influence in the computed
values. Reaction 1 turns out to be slightly endergonic in aqueous
solution; the computed\G° value of 8.4 kcal/mol agrees
reasonably well with the experimental value of 5.7 kcal/&fol.
Remarkably, the process is predicted to be spontaneous in vacuo,
while AG® is expected to decrease when going from water to
less polar solvents. In fact, computations in acetonitrile predict
a value of 3.9 kcal/mol. This is consistent with the fact that
[Fe(CN)XENO]J®~ decomposes completely in organic solvents
according to reaction ¥

The product of reaction 1, the [Fe(CN)O]?~ ion, has been
well characterized as a tetrabutylammonium €lthe anion
displays a distorted square-pyramidal structure, and spectro-
(54) Cheney, R. P.; Simic, M. G.; Hoffman, M. Z.; Taub, I. A.; Asmus, K.  SCOPIC characterization data are available. The data that result

D. Inorg. Chem.1977, 16, 2187. from a geometry optimization of [Fe(CMNYO]?~ (Table 5,
(55) (a) Baumann, F.; Kaim, W.; Baraldo, L. M.; Slep, L. D.; Olabe, J. A; Figure 3) agree reasonably well with the experimental X-ray

i'.egfgh‘é'lligﬂrgd SVZ':E.' Actal999 285 129. (b) Kaim, W.; Olabe, J. results. The experimentdland DFT predicted values forcy

(56) Southern, J. S.; Hillhouse, G. . Am. Chem. Sod997, 119, 12406.
(57) (a) Grundy, K. R.; Reed, C. A.; Roper, W. R.Chem. Soc., Chem. (59) Bowden, W. L.; Bonnar, P.; Brown, D. B.; Geiger, W.I&org. Chem
Commun 197Q 1501. (b) Wilson, R. D.; Ibers, J. Anorg. Chem 1977, 16, 41.
1979 18, 336. (60) Schmidt, J.; Kuhr H.; Dorn, W. L.; Kopf, Jnorg. Nucl. Chem. Lett.
(58) Toma, H. E.; Malin, J. Minorg. Chem 1973 12, 1039. 1974 10, 55.
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Table 6. Relative Energies (kcal/mol) of Different Protonated
Derivatives of the [Fe(CNNO]"™ Anion (h = 3, 4)

protanation [Fe(CNXNOJ*- [Fe(CNNOJ*
site GGA GGAPCM GGA GGA PCM
CN(ax) 1.2 2.6 26.0 25.6
CN(eq) 0.0 0.0 22.4 24.4
O(NO) 32.0 28.7 23.9 20.6
N(NO) 6.8 19.9 0.0 0.0

Table 7. Selected Structural Parameters (A and Deg) for the
[Fe(CN)((CNH)NOJ and [Fe(CNJNHO]®*~ Anions, as They

Figure 3. Optimized structures of [Fe(CMYOJ2~ and [Fe(CN)NOJ3~ Result from DFT Calculations
lons. [Fe(CN)(CNH)NOP~ [Fe(CNYNHOJ*-
andvyo, (Table 2) show good agreement. It has been suggested CN ax CNeq
that the [Fe(CNJNOJ?~ ion contains Fe in oxidation statel, r(FeC1) 1.911 1.737 1.902
with NO™ as a ligand® We calculate that the odd electron in r(FeC2) 1.902 1.913 1.909
the latter complex is mainly localized at the iron atom, with a r(Fec3) 1.900 1.923 1011
spin Mulliken population of 0.920e. This agrees with ES®R ;EEZggg i'ggg 1'282 1'3%
and IR measurement&as well as with previous DFT calcula- r(FeN6) 1.769 1.752 1.783
tions# r(CIN1) 1.18 1.215 1.183

The calculated UV-vis spectrum of [Fe(CNNOJ?~ gives r(C2N2) 1.176 1.178 1.184
an intense band at 645 nm, associated with a LF transition, "(C3N3) 1.179 1177 1.182
together with bands of lower intensity at 422 and 368 nm, :Eggmgg 1%% 1%3; ii%
assigned to MLCT and LF transitions, respectively. The r(N60) 1.184 1.193 1.249
comparison with the experimental data (Table 3) demonstrates r(N1H) 1.034
the accuracy of the calculations. Solvent simulation was based r(N5H) 1.034
on the definition of four point charges 0.5 at 1.0 A of each r(N6H) 1.056
CN ligand. (FeN60O) 143.3 140.1 137.5

. . . (HN5CS5) 126.8

A more reduced species has been obtained electrochemically (HN1C1) 123.2
from [Fe(CN)NOJ>~ and described as [Fe(CMO]3~.7:61 (HNG6Fe) 1105
Although it has not been properly characterized, our optimization  (HN60O) 1105

procedure suggests that it is a stable species with a trigonal ] ] S
bypiramidal structure (Figure 3). The structural parameters of the negative charge in the protonated cyanide is probably
[Fe(CNYNOJ3~ are given in Table 5. It can be noted that the responsible for the large increase in the CN bond length relative
CN, and particularly the NO bond distances, are larger in the t0 the nonprotonated cyanides. This is also consistent with the
more reduced species (compare [Fe(§NQ]*~ to [Fe(CN)- effect observed in the HNC bc')n'd qngles, V\{hlch are close to
NOJ>). The computed IR spectrum of the [Fe(GND]* those correspondmg_to anzsp/brldlzat_lon, and implies, the_nc_e,
complex shows an expected decreaseéarandvyo, compared a double CN bond, |_nstead of the triple bond characteristic of
to the values obtained for [Fe(CW)O]?~ (Table 2).There are nonprqtonated cyanides. On the other hand, the two-glectron
no experimental data to compare with the calculated-Ui¢ reduction product protonates preferentially on the NO nitrogen
spectrum, shown in Table 3. The distribution of point charges atom. ) )
(+0.75 at 1.6 of each CN ligand) in the model used for these ~AS described above, the stable two-electron reduction product
calculations is consistent with the absence of negative charge®f [Fe(CNENOJ*~ was proposed to be the protonated [Fe(&N)
on the NO ligand. HNOJ3~ ion (F|gure 4), a species that is predicted to form
Acid—Base Reactions. Protonation of Cyanide or Nitrosyl ~ SPontaneously in water. Table 7 shows some selected geo-
Ligands. It is known that the [Fe(CN)]"~ complexes, with L metrical parameters for this species. When the structural data
being ac-only ligand (like HO or NHs) or any weak-to- of the two-glectron reduced [Fe(CMNOJ*~ complex are
moderater-acceptor ligand, can protonate at the cyanide ligands compared with those of the one-electron reduced [FefOI}*~
in the pH range &3, depending oi..8 This is not the case for 10N (Table 1), the I_arger value of the NO bond d|_stance, as well
the strongly acceptor NQ but it is feasible that the NO-reduced ~ @S the larger bending of the £&—0 bond (137.5) in the two-
species could also protonate. We have optimized the structuresglectron reduced product, appear as remarkable; the angle value
of all possible protonated complexes that may result from one- iS close to the one reported for [G3l;(CO)(HNO)(PPE),)],
and two-electron reduction of [Fe(C#)OJ. Protonation on ~ 136.9.5" This adds strong evidence on the presence of a
equatorial and axial cyanides and on the N and O atoms of NO “Nitroxyl” species (see above the analysis of spectroscopic
have been considered. The relative stabilities of all the structurescalculations, which also were found to be consistent with the
are given in Table 6. For [Fe(CMOJ3-, it turns out that the results obtamed experimentally for compl_exes in which the
protonation of the cyanides, either in equatorial or axial Pound HNO ligand has been well characteriz€dy. Although

positions, is favored over the protonation of the NO. Thus, the direct spectroscopic evidence on the [Fe(@MO]*~ ionis
AG® for reaction 2 unavailable; the stable product of the two-electron electrochemi-

cal reduction of the nitroprusside ion (see above) has been
[Fe(CN),(CNH)NOJ™ + H,0 — [Fe(CNLNOJ*™ + H,O" tentatively described as [Fe(CMNC)NOJ*~;” the reported
2 spectrum is close to the one presently calculated for [Fe{CN)
HNOJ3". In the reaction of [Fe(CNINOJ?~ with NH,OH, the
was predicted to be 8.6 and 11.2 kcal/mol, for the axial and
equatorial protonated species, respectively. The stabilization of (61) Glidewell, C.; Johnson, I. Unorg. Chim. Actal987 132 145.
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Figure 4. Optimized structures of the most stable protonated complexes of [FeNOW) and [Fe(CNJNO]J*.

[FE(CNEHNO]3~ ion could be a reactive intermediate in the The two-electron reduction product, [Fe(GND]*", is

route to NO formation®? calculated as unstable, but the species protonated at the N atom
. of NO, [Fe(CN}HNO]?, turns out to be stable. The geometry
Conclusions optimization and spectral calculations (particularly the structural

The bond lengths and angles resulting from the geometry and IR predictions associated to the-ffé—O moiety) are in
optimization of the nitroprusside ion (bearing a formal NO  good agreement with the values that can be expected for
bound species) are in good agreement with structural X-ray protonated “nitroxyl” species, as those found in related com-
results. Infrared and U¥vis spectra can be also successfully plexes of Ru(ll), Re(l), and Os(ll), which bear the same low-
interpreted by means of DFT and ZINDO/S calculations, spin ¢ configurations as Fe(ll). Although the [Fe(GNNO]®~
respectively. ion has not been fully characterized, the spectroelectrochemical

Although no single-crystal structure is available, the geometry generation of a species probably containing bound Ni@s
optimization and spectroscopic predictions for the one-electron been reported in the literature; many evidences point to
reduced compound, [Fe(CMJOJ®~, are also consistent with  [Fe(CNHNOJ3~ as a reactive intermediate in the redox
the available experimental results and confirm the inference thatinterconversions of nitrite and nitrogen hydrides on iron
the extra-electron occupies a delocalized molecular orbital pentacyanide centers, as well as a precursor.af férmation.
mainly centered on the NO ligand. Accc_)rdmg to the_ calculations, pET and ZINDO/S methodologies also became useful in the
the [Fe(CN3}NOJ*~ ion affords protonation on cyanides butnot  4jcyjation of structural and spectroscopic parameters for the
on 'Fhe NO ligand. This endergonic process could occur tetracyano-species, [Fe(CINO]™, (n = 2, 3), which are
significantly at low pHs. formed through cyanide release from the pentacyano-ones upon
one- or two-electron reduction processes.
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