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The addition of nitrogen hydrides (hydrazine, hydroxylamine, ammonia, azide) to the pentacyanonitrosylferrate(ll)
ion has been analyzed by means of density functional calculations, focusing on the identification of stable intermediates
along the reaction paths. Initial reversible adduct formation and further decomposition lead to the #*- and #?
linkage isomers of N,O and N,, depending on the nucleophile. The intermediates (adducts and gas-releasing
precursors) have been characterized at the B3LYP/6-31G** level of theory through the calculation of their structural
and spectroscopic properties, modeling the solvent by means of a continuous approach. The 7?-N,O isomer is
formed at an initial stage of adduct decompositions with the hydrazine and azide adducts. Further conversion to
the 5'-N,O isomer is followed by Fe—N,O dissociation. Only the #'-N,O isomer is predicted for the reaction with
hydroxylamine, revealing a kinetically controlled N,O formation. #*-N, and 7%N, isomers are also predicted as
stable species.

Introduction the nitrosyl ligand is reduced. The stoichiometries of these

The electrophilic reactions of the nitrosyl ligand toward Processes are dependent on the nucleophile. Different
different nucleophiles (OH nitrogen hydrides, thiolates, etc.)  Nitrogen hydrides have been found to generate the following
have been a subject of early concérBolor tests using ~ réaction patterns with NP:

[FE(CNENOJ?>~ (NP) to identify SH or SO?~ have been .

known for many yeardMore recent reports refer to amines [Fe(CNLNO]™ +

and thiols as reactive toward nitrosation, with the products [N,H, + OH™ — [Fe(CN}H,0]*" + N,O+ NH; (1)’
Egllng _fu?ctlo;:;%IIé_f(?escrtl?;a(dMal\TogosabI(T N@ar:rlersbm NH,OH + OH™ — [Fe(CN)5H20]3_ + N,O + H,0 (2)8

iological mediz Different{ X5 complexes have been _ b
used in reductive processes as electrophiles containing mainly N'_i3 +OH — [Fe(CN%HZO;’_ + N, +H0 (3
group 8 metals, together with variable coligands (X) as |Ns +H;O—[Fe(CN}H O™ + N, + N,O @)y’
ammonia, cyanides, and polypyridines, among othewith
the exception of OH, which leads to the corresponding nitro  All of these reactions are assumed to proceed through an
complexes,other nucleophiles are irreversibly oxidized when initial reversible adduct formation between the N atoms of
the nitrosyl ligand and the nucleophile. Although direct
spectroscopic evidence affording a conclusive characteriza-
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calculations. These adduct intermediates may either go backinfancy!® Recent advances comprising the generation of
to the reactants or decompose intramolecularly by releasinglinkage isomers of N& and N6 have shed light on the
gaseous products. The introduction of alkyl substituents atrelated behavior of other small moleculésit this point,
different positions of the hydrazine molecule was found to DFT calculations appear as a powerful tool to validate the
promote selectively the release of eithe\N,, or mixtures characteristics of reaction intermediates and even propose
of them? This is also the case for the reactions@presented  the existence of others not experimentally captured at the
in this work. The stoichiometry and mechanism of these present time. We present results that are valuable to predict
reactions depend on electron-counting factors associated withand characterize possible; dr N,O intermediates in the
the structures of the nucleophiles, as well as on the kinetic corresponding potential hypersurfaces for reactiond.2
routes that are available in each case. Overall, the detailed
mechanisms of these adduct formations and decompositionscComputational Methods
are largely unknowr>1°Nevertheless, the accuracy attained
in the above-mentioned calculatiérigrompted us to apply Calculations have been performed using Gaussia? 88d
a similar theoretical approach to advance some mechanistic3ecke's three-parameter hybrid functioffakith LYP correlation
information for the other addition reactions. funcn_one_ll (B3LY_P)?O Basis were of doublé-split valence plus

In the above reactions, the anionic product [Fe@MpJ- polgrlgatlon guallty (6-31G(d,p)). The. structures have been fully
. . o e . optimized with no symmetry constrains. The true nature of the
is able tq coordinate the nitrite ion Wh('enever Itis presentin optimized minima has been verified, in each case, by means of the
the mediunt! In favorable pH conditions (range-80), calculation of the harmonic frequencies. Time-dependent DFT
nitrite is transformed into bound NO (formally considered (TD-DFT) calculationd-2? were conducted to study the singlet
as NO).° Further attack of this species by an excess of excited states of the complexes. Transition states have been opti-
nucleophile may lead to the onset of a catalytic process for mized, at the same level, following a quadratic synchronous transit
nitrite reduction’ At this point, the reactions of the algorithm. They were fully characterized by means of a vibrational
[Fe(CN)XH2OJ® ion appear as closely related to the behavior analysis, leading to one imaginary frequency. A restricted approach
of some nitrite reductase enzym@syhich also react with was followed, on the basis of experimental EPR results, which
nucleophiles in a similar walg These enzymes, as well as indicated that no radical intermediates are formed in the course of
others also related to denitrification processes occurring in the relz_ated_addition_reactions of hydrazine and substituted Qeriva-
natural systems, usually contain iron or copper in their tives with nitroprussidé Bulk solvent effects (water) are described

reaction centers. The irerporphyrin enzymes have a water- via an isodensity continuum polarizable moéfellhe dielectric
labile site ca able of binding the nitrosvl ligand and of properties of the media have been found to influence the relative
leading, then I?o species with |?)W spiﬁ(mnfiéurgtions The energies of the intermediates, as they involve species of different

o . . charges. Nevertheless, we are mainly interested in the structural
structural .mechanlstlc subtleties afford?d by the different characterization of the stable species that can be found along the
enzymes in order to release,NN,O, or mixtures of them,

i i ) reaction pathway, without attempting a more complex kinetic study,
are still open issues and matters of current intefest. which should include a more thorough consideration of environ-

Given the well-known characterization of the pentacyano- mental and thermodynamic contributions. Moreover, the influence
L-ferrate(ll) complexes for different L ligand$,and the of the solvent has been recently considered in relevant theoretical
accurate description afforded by DFT calculation for nitro- studies on NO linkage isomers in nitroprusside, and a minor
prussiate and other related compleXase considered it  influence has been found in the calculated propeffies.
worthy to extend the calculations on reaction 1 to reactions

2—4. For reaction 1, we have elucidated crucial mechanistic (15) Carducci, M. D.; Pressprich, M. R.; CoppensJPAm. Chem. Soc
1997 119 2669-2678.

features, namely the structure of the adduct intermediate and(ls)

the stabilization of linkage isomers ob®.” The coordination
chemistry of NO with transition metals is still in its
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Chem 1961, 20, 75.

(10) Trogler, W. C.Coord. Chem. Re 1999 187, 303-327.
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Stratman, R. E.; Burant, J. C.; Dapprich S.; Millam, J. M.; Daniels,
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T. C. In Nitric Oxide Principles and Actiond.ancaster, J., Jr., Ed.;
Academic Press: New York, 1996.

(13) Kim, C. H.; Hollocher, T. CJ. Biol. Chem 1984 259, 2092-2099.

(14) (a) Macartney, D. HRev. Inorg. Chem1988 9, 101—-151. (b) Baraldo,
L. M.; Forlano, P.; Parise, A. R.; Slep, L. D.; Olabe, J. @oord.
Chem. Re. 2001, 219-221, 881—921.

4874 Inorganic Chemistry, Vol. 42, No. 16, 2003



Reactions of Nitrogen Hydrides with [Fe(CNNO]?~

Results and Discussion about their structure from the analysis of the spectroscopic
data®3°This fact makes increasingly valuable the information
IIhat can be derived from theoretical calculations. Therefore,
reactions 2-4 have been analyzed by means of the applica-
tion of DFT theory, following the same procedure previously
applied to study reaction AThe results for hydrazine are
included for the sake of comparison.

Several consecutive steps were considered in the reaction
profiles for eqs 4, associated with the existence of stable
intermediates that result from the theoretical calculations.
The theoretical identificatioof stable intermediates has been
based in geometry optimization procedures, which afforded
evidence for the existence of true minima in the potential
hypersurfaces. The first step is defined by the stabilization
of a NP-nucleophile adduct (first entries in Figures3),
which further deprotonates to give a second stable intermedi-
ate. The structures of both adducts are very similar, and
similar also for the different nucleophiles, in the character-
istics of the Fe-N(O)N moiety. While the first step, asso-

. iated with the formation of the protonated adducts, is uphill
intense red colors and the IR spectra suggest that the adduct%1 energy at about 15 keal/mol, the species are stabilized by

decay after formation. The structures of the intermediates deprotonation at 31 keal/mol. Table 1 summarizes the
have not been clearly elucidated in most cases, though arelZvant calculated distances .an les, and IR frequencies
crystal structure has been obtaineddis[RuCl(bpy):{ N(O)- » angles, q :
SO}1.2 Intense bands are calculgted for thesg second adducts around
Experimental results and mechanistic analysis led to the 410 nm, associated with metal-to-ligand charge-transfer

following values for the forward nucleophilic rate constants (MILCt-rII—) trzrclisnlfnsthcer'ltelileg n thi l\II\ION m0|e;t|es. | ¢
in eq 5, associated with reactions4: ks (M~1s) =0.43 n the adducts, the FEND and FENN angles are close 1o

(hydrazine, 25C, | = 0.1 M)7 4.6 (hydroxylamine, at pH 125 and 130, respectively, whereas the +8l and N-O

9 26°C |’ = l\'/l) 8 and 0 2 (azide, 23C, | = 1’ M).2 bond distances are significantly elongated relative to the ones
A,mmoniél is a po'or nucleophile to;/vard ’NP in aqueous in NP, revealing a strqng decrease in the bond order. _The
alkaline solutions. An estimation of the nucleophilic rate N_'\.Il and N—N(0) d|stances_ agree with those found in
constant of ca. 10—10"5 M1 s (50 °C)® showed it to the literature for the corresponding compleXe€The Fe-C

be much lower than the one for Obk = 0.55 M1 s (25 and C-N distances do not change significantly upon adduct
°C, 1 = 1 M).5 Significantly higher valueé ofs have been formation, showing that reactivity is mainly associated with
measured for the more polarizable sulfur binding nucleo- changes in théMNO} fragments.' Computed.values for the
philes, ca. 18-10f M1 s 12627 The differences in the values relevant IR frequencies agree with expectations: the values
of ks still allow to include most of the studied electrophilic of ¥nor(y and vk are in the region of stretching and

reactions of nitrosyl under a common mechanistic frame- rocking vibrations found for hydrazine and other complexes,
work, as described by egs 5 and 6 and thevcy values are those expected for Fe(ll) pentacyano

ini - i ,33
DFT Calculations for Adduct Formation Reactions (Eq complexes contalnm.g gcceptor L I|gandé‘.‘
5). As detailed before, direct spectral evidence on the The above results indicate that a linear to bent transforma-
transient adducts is generally scarce. No intermediate spectra"on of the FeNO moiety occurs upon formation of the

traces could be found in the reactions of hydrazine ogNH different adducts. This was also observed for the ©H
with NP (egs 1 and 3} When available, as for the case of addition reactions to differedtMXsNO} complexes$.Bend-

the reactions of NP with hydroxylamine and azide (eqs 2 ing can be anticipated considering that the addition process

and 4), it becomes difficult to extract conclusive evidence NVOIves a two-electron transfer to the antibonding LUMO,
highly delocalized in the FeNO moiety, with maintg*no

General Mechanism.The mechanism of reactions-24
has been considered on the basis of a common pattern fo
different B nucleophile$:®

[Fe(CNYNOJ*™ + B"= {Fe(CN)NO-B}"*  (5)

{Fe(CN)NO-B}" ?+ OH =
[Fe(CNYH,0]"® + products (6)

Equations 5 and 6 are supported by trustable evidence for
the overall stoichiometries and the general way the reac-
tion rates increase with the concentration of OHEvi-
dence on the reversibility of eqs 5 and 6 is conclusive for
the cases when B- OH™, reacting with either NP or other
{MXsNO} complexe and has also been found for the
reactions of hydrazine and phenylhydrazine with [RuCI(NO)-
(das)]?" [das = o-phenylenebis(dimethylarsine}.In the
reactions of NP with B= SH™, SR", and SGQ*~,%5°28 the

(24) (a) Gorelsky, S. I.; Lever, A. B. Pnt. J. Quantum Chen200Q 80,

636-645. (b) Delley, B.; Schefer, J.; Woike, Th.Chem. Physl997, (30) In the reactions of NP with azide and hydroxylamine, the absorbance

107, 1006710074. (c) Boulet, P.; Buchs, M.; Chermette, H.; Daul,
C.; Gilardoni, F.; Rogemond, F.; Schlapfer, C. W.; Webed, Phys.
Chem. A2001, 105 8991-8998.

(25) (a) Douglas, P. G.; Feltham, R. D.; Metzger, HJGAm. Chem. Soc.
1971 93, 84—90. (b) Bottomley, F.; Kiremire, E. M. RJ. Chem.
Soc., Dalton Trans1977 1125-1131.

(26) Rock, P. A.; Swinehart, J. Hnorg. Chem 1966 5, 1078-1079.

(27) (a) Johnson, M. D.; Wilkins, R. Gnorg. Chem 1984 23, 231-235.
(b) Schwane, J. D.; Ashby, M. T. Am. Chem. So2002 124, 6822-
6823.

(28) Andrade, C.; Swinehart, J. tthorg. Chem 1972 11, 648-650.

(29) Bottomley, F.; Brooks, W. V. F.; Paez, D. E.; White, P. S.; Mukaida,

M. J. Chem. Soc., Dalton Tran$983 2465-2472.

changes at 510 and 440 nm, respectively, are probably not related to
the evolution of the adduct intermediates. Fast coordination of excess
nucleophile into the aqua ion and further reactions (aquation of the
azide or hydroxylamine complexes or disproportionation of the
hydroxylamine-bound product) are possible complicating features.
Nevertheless, the measured rate constants in both cases seem to reflect
the slow adduct-formation processes, through the measurement of
products arising in fast reactions occurring afterward (cf. ref 8).

(31) Heaton, B. T.; Jacob, C.; Page@®ord. Chem. Re 1996 154, 193~

229.

(32) Wieghardt, KAdw. Inorg. Bioinorg. Mech1984 2, 213-274.
(33) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-

dination Compoundsith ed.; Wiley: New York, 1986.
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Figure 1. (a) Schematic representation of the initial steps involved in the reaction of [FeNC}~ with hydrazine, rendering theJ®-bound intermediates.
The structures correspond to singular points in the potential hypersurface, calculated at a B3LYP/6-31G** level. Relative gregidméte) are not
drawn at scale. Arrows indicate changes in the molecule that lead to the next step. Key (from left to right): EFEMOH)NHNH]Z; 2,
[(NC)sFeN(O)NHNH]3~; 3, [(NC)sFe@*-N20O)*~; 4, TS structure; 5, [[NGFe@*-N20)]3". (b) Same for hydroxylamine. Key (from left to right): 1,
[(NC)sFeN(OH)NHOHE; 2, [(NC)sFeN(O)NHOHF™; 3, [(NC)sFe@ -N20)13~.

characteP* The process triggers a change of hybridization [Fe(CN)H.OJ3>" ion and the release of gaseous products. The
at the N atom of nitrosyl, from sp to 3p DFT calculations are capable of identifying additional energy

The addition reactions with OHhave been described as minima. The species that complete the description of the
an energy costly process, the cost associated with thereaction coordinate for the different reactions are in agree-
modifications of bonds and angles of the MNO and OH ment with what can be established on the basis of the
reactants upon conversion to the-MO,H adducts. This available experimental evidence.
description is supported by DFT calculations and by the (a) N,O-Bound Intermediates for B = N;H, and
experimental trends in the activation enthalpies for the NH,OH. For the reactions of nitrosyl complexes with
different {MXsNO} complexe$. It is likely that similar hydrazine, the stoichiometry described by eq 1 represents a
reorganization changes occur upon adduct formation in novel situatiort. The formation and release o£® and NH
reactions 14, thus giving support to the interpretation of is quite unusual, because,Ns the common product of
ks values as related to slow processes followed by fast adducthydrazine oxidationg® Early work with [MCIl(das)NO]?*
decompositions. This interpretation is also compatible with (M = Ru, Os) has shown bound azide as the product of
the failure in obtaining spectral information for the adduct nucleophilic addition, for which a nitrosohydrazine adduct
intermediates in reactions—4. intermediate has been propogéd similar mechanism was

A particular situation is found for the azide adduct, for suggested for [Ru(NgsNO]J3". In this case, the azide product
which different structures have been proposed in the was proposed to evolve to a mixture of-Nound and NO-
literature. The formation of a cyclic addition product has bound pentaammine complexes-23 °C.2” The alternative
been previously anticipated for the reaction of azide with mechanisms responsible for the different products found in
trans[RuCINO(das)]Cl,,*® while a linear addition mode has the hydrazine addition reactions with differefi1XsNO}
been proposed for its reaction with N®ur DFT calcula-

(34) Westcott, B. L.; Enemark, J. H., imorganic Electronic Structure

tions do not converge to a stable linear minimum. Instead, and Spectroscopyolume II: Applications and Case StudieSo-

they provide structural and spectroscopic information sup- I‘?Er’T(;on, E.1, Lever, A. B. P., Eds.; Wiley: New York, 1999; pp 403

porting the stability of the cyclic azideNP adduct. (35) Douglas, P. G.; Feltham, R. D. Am. Chem. Sod972 94, 5254
Adduct Decomposition Processes-igures -3 display 5258.

. . - (36) Stanbury, D. MProg. Inorg. Chem1998 47, 511-561.
the results for the conversion of the adduct intermediates (37) Bottomley, F.; Crawford, J. Rl. Am. Chem. Sod972 94, 9092

into new stable species preceding the production of the 9095.
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Figure 2. Structures involved in the decomposition of the adduct intermediate resulting from the reaction of FQEN)with NHs. (a) Only the
formation of the lineary*-N2 complex is considered. (b) The formation %N, as an intermediate step is also included. The structures correspond to
singular points in the potential hypersurface, calculated at a B3LYP/6-31G** level. Relative energies are not drawn at scale. Arrows indieate thang

molecule that lead to the next step.
fragments, as well as with HN® have been recently

discussed.On the other hand, the addition of NBIH into
[IrXsNO]~ (X = CI~, Br)®* and [Ru(NH)sNOJ*" shows

of pentaammino and pentacyano complexes and the existence
of »* and 72N, complexes, related to the first ones. The
pentacyano complexes are more labile, however, precluding

the same stoichiometry as eq 2. For the latter compound,the isolation of NO complexes as stable solid sdits.

the proposed adduct, [Ru(NJN(O)NHOH]?*, led to the

Figure 1b shows the structures that result from a similar

[Ru(NHs3)sN2OJ** ion, which has been isolated as a dihalyde calculation, associated this time with the hydroxylamine

salt®’

In Figure 1a, for B= NyHy, the first minimum after NH
release corresponds #8-N,O, which is 43 kcal/mol more
stable than the deprotonated adduct coordination méae.
the [Ru(NH)sNOJ?t ion 3740t has been assumed that\
binds in an® linear mode through the terminal N atdffi,
giving a structure supported by theoretical calculatit¥ps.
The 5! linear mode, shown in Figure 1a, (6 kcal/mol more

adduct decomposition. It can be seen that the evolution of
the first adduconly allows the stabilization of th@'-N,O
intermediate, which is formed in a single process, with an
energy decrease of 27 kcal/mol.

It is a remarkable fact that the mechanisms of adduct
decompositions differ significantly for the hydrazine and
hydroxylamine complexes. In the hydrazine adduct, the
oxygen atom of the resulting X is obviously the one

stable than the previous one) defines the fourth minimum in previously existing in NP. With hydroxylamine, however,
the potential hypersurface, according to our calculations. Thethe |abeling experiments have demonstrated that the O atom

reaction sequence that we predict justifies and 72

in N2O comes from this reactahiThe NO-belonging O atom

coordination mOdeS, deﬁning stable intermediate Stl‘uctUI’ESiS released as Water, |eaving the linear intermediate, after

in the reaction coordinate. However, the lingaicoordina-
tion is not easily attained in a single step from the initial
adduct, as it is they? one, which only needs angular
reorganization after Nkreleasing. The transition-state (TS)
structure calculated for the conversion gf-N,O into
7*-N,O (fourth entry, Figure 1a) stands 7 kcal/mol higher
in energy than thg? state. Although never proposed before,
the existence of the [Fe(CM,0]*~ »* and#,? complexes

angular reorganization, in a single step. The main structures
involved, shown in Figure 1b, are true minima in the potential
hypersurface. In this case, the proposed mechanism is
substantially supported by the experimental evidence. The
different kinetic stabilization of the intermediates offers an
explanation to this crucial mechanistic feature that differenti-
ates nucleophiles that are structurally as similar as hydrazine
and hydroxylamine.

is quite understandable, given the similarities in the chemistry  14pje 2 displays the calculated distances, angles, and IR

(38) Perrott, J. R.; Stedman, G.; Uysal, N.Chem. Soc., Dalton Trans
1976 2058-2064.

(39) Bottomley, F.; Clarkson, S. G.; Tong, S. B.Chem. Soc., Dalton
Trans 1974 2344-2346.

(40) (a) Armor, J. N.; Taube, H. Am. Chem. Sod969 91, 6874-6876.
(b) Bottomley, F.; Brooks, W. V. Flnorg. Chem 1977, 16, 501—
502. (c) Tuan, D. F.; Hoffmann, Rnorg. Chem 1985 24, 871-876.

frequencies for both D linkage isomers. The NN and
N—O distances im*-N,O are slightly longer than in free
N.O, but the difference is greater, ca. 0.06 A, f8:N.O.

(41) (a) Ford, P. CCoord. Chem. Re 197Q 5, 75-99. (b) Taube, H.
Pure Appl. Chem1979 51, 901-912.

Inorganic Chemistry, Vol. 42, No. 16, 2003 4877



Olabe and Estiu

Figure 3. Possible decomposition paths of the cyclic adduct formed by reaction of [FeXC§®~ with azide: (a) N release and stabilization of the
N2O-bound intermediates; (b)J release and stabilization of the-NHound intermediate; (c) D release promoted by Otsubstitution. The cyclic species
decomposes to give D and N in a reaction that is exothermic at 60 kcal mblThe structures correspond to singular points in the potential hypersurface,
calculated at a B3LYP/6-31G** level. Relative energies are not drawn at scale. Arrows indicate changes in the molecule that lead to the next step.

Table 1. Calculated Distances (A), Angles (deg), and Selected IR Frequencied)(fanthe Reactant, [Fe(CMYO]2~ (NP), and the Deprotonated
Adduct Intermediateq,Fe(CNYNO-B}"2, Formed by Reaction with Nucleophile’Bfor B" = NoH4, NH,OH, NHa, and Ny~

FeNO (NP) FeNG-NyH,4 FeNO-NH,0OH FeNO-NH3 FeNO-N3~
Fe—N 1.615 1.785 1.787 1.789 1.825
N—-O 1.160 1.376 1.377 1.367 1.443
N—N;2 1.365 1.385 1.354 1.310
Ni—NgP-e 1.405 1.403 1.342
F-C, cis 1.959 1.962 1.955 1.960 1.983
Fe—C, trans 1.965 1.972 1.958 1.960 1.971
C—N, cis 1.169 1.172 1.175 1.173 1.175
C—N, trans 1.168 1.172 1.170 1.169 1.175
OFeNO 179.9 123.0 124.8 125.6 121.3
OFeNNy 133.0 130.8 129.0 133.9
OONN;N2°¢ 115.8 1145 109.7
noH? 1008, 1041 1006, 1487 989 906
NN 1021, 1160, 1310 751, 1414 819, 1188 1090
VeN 2160 21272172 2125-2176 2122-2172 2136-2143

aN;: N atom binding to nitrosyl? N: N atom binding to N. ¢ Ny is O for the case of NkOH. ¢ H must be replaced by N for the cyclic azide

This seems reasonable on the basis of predictabler shows that the equatorial ligands are repelled by the side-on
interactions weakening the two bonds. The existence of theN,O group. The calculated IR results also show significant
n? side-bound MO intermediate should be considered in the shifts in the relevant frequencies, consistent with the
context of the modern developments on the structure of thedescribed geometry changes. ThyisN,O shows calculated
photogenerated linkage isomers of NO, namely the MS1 andstretching frequencies for the NNO fragment at 2287 and
MS2 states (end-on, O-bound “isonitrosyl” ligand api 1120 cn1?, close to those observed for [Ru(ysNNO]?+.400
side-bound, respectivelyj.Interestingly, the FeNN angle of  In contrast, fory>-N,O the calculations render absorption
69.19 is similar to the one found for FeNO in the side on bands at 1812 and 1159 cf The first one, strongly
MS2 state of NP, 65°1 As in the latter MS2, Figure 1a  downshifted with respect to the one in thg isomer,
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Table 2. Calculated Distances (A), Angles (deg), and Relevant IR
Frequencies (cri) for the Stable Intermediates Formed withONand

N2 Ligands after the Decomposition of the Different Adducts Described
in the Text

nZ_Nzoa,b nl_Nzoa.b 772-Nzc’d 7]1-N2°’d
Fe—N 2.075,1.992 1.820 2.226, 2.226 1.793
N—-O 1.254 1.242
N—N 1.191 1.138 1.133 1.128
Fe—-C, cis 1.975 1.990 1.988 1.989
Fe—C, trans 1.949 1.962 1.928 1.976
C—N, cis 1.175 1.176 1.177 1.176
C—N, trans 1.175 1.176 1.177 1.176
OFeNO 142.5
OFeNN 76.8 179.8 75.3 180.0
[ONNO 140.6 179.8
VYNNO 1159, 659 2287,1120
VNN 1812 2100 2167
VeN 21272147 21142131 2106-2116 2115-2126

aDistances in free pO: N—N, 1.1282 A; N-O, 1.1842 Al® b Fun-
damental IR wavenumbers in free;®t v, (asymmetric stretch), 1285
cm % v, (bending), 589 cml; vz (symmetric stretch), 2224 crh10
©N—N distance in free B 1.10 A; N—N distance in [Ru(NH)s(17>-N2)]2*,
1.12 A% dSee text for comparisons with!- and n2-complexes of
[Os(NHs)sN]2+.16

probably reflects the strong-interactions of iron with the
side-on N=N moiety. The cyanide-stretching values can be
interpreted in terms of the competingacid abilities of
cyanide vs the BD ligands.

In relation to the UV-vis spectra, calculated MLCT bands
appear at 323 nm for th@?N,O intermediate (with a
shoulder at 451 nm) and at 265 nm for tieN,O one. They
correspond, in both cases, to transitions from an orbital
centered in the metal to the LUMO, delocalized in th£ON

experimental and theoretical evideri€eNe found stable
energy minima for both th&*-N, and then?-N, interme-
diates bound to [Fe(CNJf~. We calculate thg*-N, isomer
more stable by 23 kcal/mol than thg-N, one. For the
reaction shown in Figure 2b, the adduct’'s energy is lower
than that ofy?N,, and therefore, we do not expect this
intermediate to occur. Table 2 displays the relevant struc-
tural and spectroscopic parameters. In the same way previ-
ously described for pD, it becomes evident thaj*-N,
has a significantly elongated F& distance compared to
the one iny-N,. These elongated FeN distances, as well
as the FeNN angle, 75.23are very close to those ob-
served in [Os(NR)s(7%-N2)]?". The N-N distances in both
isomers approach 1.13 A, a value close to the one in
[Ru(NHs)sN2]2*, 1.12 A, and expectedly longer than in free
N2 molecule, 1.098 A344The stretching N-N frequencies
for the pentacyanoferrate,domplexes were 2167 and 2100
cm* for then* and#n? isomers, respectively. The latter shows
a lower value, which is predictable on the basis of the
consideration of the strong-interactions responsible of
weakening the NN bond. The magnitude of the shift is
however smaller than in [Os(N§#N2]>": 2025 and 1838
cm for the stretchings im* and?, respectively, due to the
stronger interactions that imply bonding to an osmium center.
Reaction 3 could be envisaged as a basis for the catalytic
reduction of nitrite to Nin the presence of excess ammonia.
A NO,~ — N0 catalytic conversion has been also described
for reaction 17 However, the poor rate of NdHaddition to
NP (see above) seriously compromises the possible practical

ligand. The 265 nm band is consistent with the one found at applications of this reactiof¥.

233 nm for the linear [Ru(NEJsN-O]?" ion.4op

(b) No-Bound Intermediates for B = NH3. The stoichi-
ometry of the reaction of NP with NHeq 3) has been early
studied? This reaction is very important for the chemistry

(c) N2- and N,O-Bound Intermediates for B= N3~. The
reactions of azide with nitrosyl complexes have been largely
used for synthetic purposes, with the aim of replacing the
nitrosyl ligand by other L'$:* Several MXsNO} complexes

of pentacyano-L-ferrates, because it allows the isolation of have been found to react according to the stoichiometry

salts of the [Fe(CN)NH3]®~ ion ¢ a suitable precursor for
the synthesis of complexes with different L ligartdsi
similar stoichiometry has been only found for the addition
of NHs into the [IrXsNO]~ ions (X = CI-, Br).%

The maximum Nyield for reaction 3 was obtained at pH
10 (1 M NH,CI). Whereas higher pH’s favor OHattack,
lower pH's favor protonation of ammonia. Nucleophilic
addition of NH; is precluded in both cas&sFigure 2a shows

shown in eq 4 (M%: trans[RuCl(das})]*;% trans[RuCl-
(PY)a] ;% cis-[Ru(bpyxCI] ;% [IrX ]~ (X = CI7, Br);*
[Os(bpy)(CIy]~.*"

Figure 3 shows the calculated decomposition paths for the
cyclic adduct, with different possible intermediates. Either
the release of Nleaving az?N,O complex which further
evolves to then! isomer (Figure 3a) or the competitive
release of NO leaving a’-N, complex is probable (Figure

the structure of the calculated adduct intermediate and 0f3b) |nteresting|y, evidence for both reaction paths have been

the '-N; isomer that is attained by its further conversion.
The system is stabilized in 20 kcal/mol in this reaction,

(43) Leigh, G. JSci. Prog. (Northwood, U.K.1989 73, 389-412.

according to the calculations. The end-on linear coordination (44) A side-on dinitrogen nickel complex, [(LIPE©O):-1sNi]2No|2, has

mode is well-known to be a stable form for dinitrogen bound
to transition metal centefd.The formation of this Fe N,

intermediate appears as reasonably predictable, following al

three-electron transfer to NP with further proton and OH

loss. The calculated geometrical and IR parameters are(46)

displayed in Table 2.
The presence of*-N; in irradiated samples of [Os(Nj#-
(7*-N2)][PFg]2 has been recently reported and supported by

(42) Hidai, M.; Mizobe, Y. InReactions of Coordinated LigandBrater-
man, P. S., Ed.; Plenum Publ. Corp.: New York, 1989; Vol. 2, pp
53—114.

been reported (cf. ref 41), with a remarkably lengthy Nl distance,
1.35 A. The dinitrogen ligand binds to both Ni and Li metals and
leads to NH in aqueous medium.

45) (a) Bottomley, F.; Mukaida, MJ. Chem. Soc., Dalton Tran$982

1933-1937. (b) Coe, B. J.; Meyer, T. J.; White, P.18org. Chem

1995 14, 593-602.

(a) Miller, F. J.; Meyer, T. JJ. Am. Chem. S0d 971, 93, 1294. (b)

Adeyemi, S. A.; Miller, F. J.; Meyer, T. Jnorg. Chem 1972 11,

994—999.

(47) Huynh, M. H. V.; Baker, R. T.; Jameson, D. L.; Laboriau, A.; Meyer,
T. J. J. Am. Chem. Soc2002 124, 4580-4582. The mer
[Os(bpy)(CI(N(OH)N3)] complex, formulated as an ®s-azido
hydroxoamido species, led to the [@spy)(Clk(N2O)]~ complex upon
deprotonation, internal electron transfer, ang rdlease. The pD
complex was isolated as a PPN salt; IR evidence suggests an
nt-coordination mode for PO, similar to [Ru(NH)sNO]?+.40
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found for [RuCl(dasiNOJ]?*.35> On the basis of isotopic  barrier dissociation ending in,Nind NO. The kinetic study
substitution experiments starting from RO and unlabeled  of the first step of this mechanism becomes, thence, a subject
azide, equal amounts &fNNO and'“N“NO were found. of interest in relation to HEDM research.

It was concluded that the cyclic adduct could decompose The potential stabilization of small Nelated structures
following both ways, a reaction that would most probably through coordination to metal centers has been recently
occur after dissociative cleavage of theONspecies from discusse¥ for the case of coordination to Al centers. In this
the metal center. In contrast, the reaction of F&N(in NP) framework, metal catalysis appears as a promising strategy
with labeled azidéSN'*N'N~ led only to >N“N€0. The to be considered in the synthesis of HEDM.

authors suggested that either a linear addition mode or a
cyclic intermediate exclusively breaking as in Figure 3a could
be possible. However, they discarded the latter mode without DFT calculations have been performed for the reactions
further foundatior$. of different nitrogen hydrides with NP. The reaction profiles

Our calculations do not lead to a stable energy minimum show energy minima indicative of the stabilization of adduct
for the linear addition mode. Moreover, only 10 kcal/mol intermediates in the first step of the reactions, attained
favors the decomposition mode described in Figure 3b over through additions of the hydrides to the N atom of nitrosyl.
the one shown in Figure 3a. This calculated figure indicates The adduct structures reveal that a linear to bent conversion
that the trend could be certainly reversed if different effects, has occurred, associated with a charge transfer from the
as a simulated environment taking into account the specific nucleophile to the FeNO fragment. This results in a popula-
cyanide-solvent interactions, are included in the theoretical tion of the antibonding LUMO orbital of the adduct, largely
models. For the decomposition mode of Figure 3a, a TS hasdelocalized on this fragment The calculated distances, angles,
been calculated (same figure), which is 18 kcal/mol more and IR frequencies for the corresponding adducts agree with
stable than the initial adduct, indicative of a nonactivated the above picture.
process. It is characterized by an-® distance of 2.01 A The results provide a conclusive structural interpretation
and a ONN angle that has slightly increased from°10% for the available kinetic and mechanistic information associ-
the adduct) to 120%in the TS. The N-N bond that should ~ ated with these reactions. On the basis of the well-defined
break in the next Step of the reaction has been a|readyStOiChi0metries for the different reaCtionS, which lead 0 N
elongated to 1.54 A, compared to the-N distance of 1.17 N0, or to equimolar mixtures of them, the DFT calculations
A in N,. The mechanism depicted in Figure 3b |mp||es an also prediCt the stabilization of Iinkage isomers ofoNand
energy decrease close to 60 kcal/mol, measured from theN2 bound to the iron center. Thg-N.O isomer is formed
adduct to the final product. Within this scheme, tfeN, as an initial stage of adduct decomposition in the reactions
intermediate might appear as an additional step. However,With hydrazine and azide, followed by a conversion to the
on the basis of the different FN distances for consecutive ~more stabley’-N;O isomer and further release of® to
N atoms in the adduct (1.82, 2.89 A), we do not consider the medium. Interestingly, only the'-N.O isomer is
this 3-step reaction as a predic[ab|e path predicted for the reaction of NP with hydroxylamine,

A third poss|b|||ty has to be considered (Figure 3c) for revealing the importanCe of kinetica”y controlled processes
the azide-adduct decomposition mechanism. This implies thefor N2O formation. Bothy'-N2 and >N isomers are also
initial Cieavage of the FeN bond, re|easing a neutral,8 predicted as stable SpeCieS, but Only the first one seems to
cyclic molecule, whose further decomposition resullts in equal b€ energetically allowed in the actual reactions of NP with
amounts of N and NO. The release of MD can occur in NH; and azide. The structural and spectroscopic data
alkaline media, assisted by Osubstitution, according to ~ calculated for the linkage isomers are entirely consistent with
eq 7, with an energy decrease of 10 kcal/mol. recent experimental X-ray and spectroscopic measurements

An additional energy decrease of 62 kcal/mol is attained on related NO and Nanalogues.
by N,O decomposition, defining a reaction path which We have shown the Ut|||ty of modern theoretical proce-
competes with the ones pre\/ious|y described. dures to predict and/or confirm the reaction profiles of an

important reaction type: the nucleophilic attack to bound
Fe(CngN4O]3_ +OH — [Fe(CN)SOH]“_ +N,0 (7) nitrosyl. This article appears as a significant contribution,
given the environmental importance of denitrification pro-

This mechanism is exothermic, attaining an energy releasecesses, helping to understand the mechanisms involved in
close to 75 kcal/mol/Mmolecule. Then, although the,8 the formation and release of;Mr N;O products.
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