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Abstract: The reaction(s) of nitric oxide (nitrogen monoxide) gas with sublimed layers containing the nitrato
iron(lll) complex Fe"'(TPP)(7?-O,NO) (1, TPP = meso-tetraphenyl porphyrinate?-) leads to formation of
several iron porphyrin species that are ligated by various nitrogen oxides. The eventual products of these
low-temperature solid-state reactions are the nitrosyl complex Fe(TPP)(NO), the nitro-nitrosyl complex Fe-
(TPP)(NO2)(NO), and 1 itself, and the relative final quantities of these were functions of the NO partial
pressure. It is particularly notable that isotope labeling experiments show that the nitrato product is not
simply unreacted 1 but is the result of a series of transformations taking place in the layered material.
Thus, the nitrato complex formed from solid Fe(TPP)(5#?-O,NO) maintained under a **NO atmosphere was
found to be the labeled analogue Fe(TPP)(3>-O2**NO). The reactivities of the layered solids are compared
to the behaviors of the same species in ambient temperature solutions. To interpret the reactions of the
labeled nitrogen oxides, the potential exchange reactions between N,Oz; and ®NO were examined, and
complete isotope scrambling was observed between these species under the reaction conditions (T = 140
K). Overall it was concluded from isotope labeling experiments that the sequence of reactions is initiated
by reaction of 1 with NO to give the nitrato nitrosyl complex Fe(TPP)(5*-ONO_)(NO) (2) as an intermediate.
This is followed by a reaction in the presence of excess NO that is equivalent to the loss of the nitrate
radical NOgz* to give Fe(TPP)(NO) as another transient species. A plausible pathway involving NO attack
on the coordinated nitrate of 2 resulting in the release of N,O, concerted with electron transfer to the metal
center is proposed.

Introduction tions between various NOcomplexes of theheme model
Nitric oxide (NO) has been well-characterized as an important €oOmMpound Fe(TPP) (TPP mesetetraphenyl porphyrlna‘\:t’e)

regulatory molecule in mammalian biology. The interaction of USing the bidentate nitrato complex Fe(TRPYO:NO) (1) as

NO with ferro- and ferrihemeproteins plays a central role in  the entry point. This compound can be prepared by reaction of

. . P

this bioregulatory activity,and the reactions of NO with various the oxo-bridged [Fe(TPR)P with HNO;* and it has also been

iron porphyrin complexes have been investigated as models forSNOWnN to be a product of the N@eactions with Fe(TPP) species

these process@3n addition to simple association reactions, NO Poth in the solid state and in solutiohS. _ _

has been shown to participate in reversible redox reactions The present investigations were carried out both in solution

involving biologically relevant metal centers. In model reactions gnd in sublimed Iaye;rs of the iron.porphyrin complex using
it is clear that metal complexes mediate both oxygen atom and infrared and electronic spectroscopic probes of the transforma-

electron-transfer processes involving NO and various other tions. The low-temperature spectral investigations of the sub-

nitrogen oxide species (N Such oxidative processes may Iimed_ layers provide the opport_unity to opserve the stepwise
not only be significant in the biological chemistry of various reactions that lead to the formation of the final products and to

NO but also have potential in the catalytic oxidations of various (3) (&) Tovrog, B. S.; Mares, F. M.; Diamond, S..E.Am. Chem. S0d.98Q
102 6616-6618. (b) Andrews, M. A.; Chang, T.; Cheng, C.-®tgano-

organic substrateslt was in these contexts that the present study metallics 1985 4, 268-274. (¢) Castro, C. EJ. Org. Chem 1996 61,
was initiated, with the goal of elucidating the redox transforma- 6388-6395. (d) Goodwin, J., et alnorg. Chem 2001, 40, 4217-4225.
(4) Phillippi, M. A.; Baenziger N.; Goff, H. MInorg. Chem1981, 20, 3904
T Research Institute of Applied Chemistry 3911,
* Molecule Structure Research Centre NAS ® 1Kgétg|k)2/gn,7zis.7;285tepanyan, T G.; Akopyan, M.fuss. J. Coord. Chem.
§ University of California. (6) (a) Kurtikyan, T. S.; Martirosyan, G. G.; Lorkovic’, I. M.; Ford, P. C.
(1) Ignarro, L.Nitric Oxide: Biology and PathobiologyAcademic Press: San Am. Chem. So2002 124, 10124-10129. (b) Lim, M. D.; Lorkovic, I.
Diego, CA, 2000. M.; Wedeking, K.; Zanella, A. W.; Massick, S. M.; Ford, P. &.Am.
(2) Ford, P. C.; Lorkovic, I. MChem. Re. 2002 102, 993-1017. Chem. Soc2002 124, 97379743.
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characterize the intermediates that define these transformations.
The solution studies offer the opportunity to evaluate whether
such reactions follow analogous pathways in fluid media and
to observe the dynamics of these processes.

see- 1248

Experimental Section

Preparation of Fe(TPP)@?-O.NO) Sublimates. Fe(ll) porphyri-
nates are very sensitive to oxygen and readily transform to Fe(lll)
derivatives. For this reason, the more stable Fe(TPRX8nplexes
with nitrogen bases (B is pyridine or piperidine) were used as parent
compounds. These were synthesized by a known procédure low-
temperature sublimate was prepdrag placing an Fe(TPP)(Bsample
in a Knudsen cell and heating to about 470 K under high vacueim (
= 3 x 1075 Torr). Evacuation fo 3 h resulted in the complete
elimination of the coordinated axial ligands B, as monitored by
measurement of the pressure at the outlet of the cryostat. Liquid nitrogen
was then poured into the cryostat, and the Knudsen cell was heated to
520 K, at which temperature sublimation of Fe(TPP) onto the KBr
and Cak substrate occurred. In the latter case, OalBtes were also
used as the optical windows of the cryost&#t.The M(TPP) layers
obtained in this manner by sublimation onto a low-temperature (77 K)

surfgce are spongelike and have high micropordiiotential reactants (TPP)?-0:NO) (solid line), (b) after supplying 10 Torr NO to cryostat at
easily diffuse across these layers, and adducts thus formed can begg k ‘followed by warming to 140 K, pumping briefly to remove excess
studied spectroscopically without solvent interference. NO and recooling to 80 K (dashed line), (c) the same after interaction of

Sublimation was typically carried out over periods of-9210 h to 15NO with Fe(TPP)(?-0,°NO) (dotted line).
build up layers of thickness convenient for BVisible and IR spectral
studies. The Fe(TPP) sublimed layer was heated to room temperaturequantitatively using vacuum line techniques directly into an airtight
under dynamic vacuum, and then BN@as was introduced. As shown  flask that included a 1.0-cm quartz cuvette for monitoring reactions
previously? this procedure leads to the formation of a very clean via changes in their UV visible spectra. A typical reaction would be
spectrum of the bidentate nitrato compléxThese layers were then initiated by injection of the porphyrin solution into this reaction vessel,
cooled with liquid nitrogen, and NO was fed to the cryostat from a shaken vigorously to provide gas/solution equilibration, and then
vessel provided with a mercury manometer to measure the pressure ofnounting the cuvette in the spectrophotometer. The electronic spectra
NO. The layers were warmed to specified temperatures controlled by were acquired at 10-s intervals for the initial 200 s and at longer time
thermocouple, and FTIR or electronic absorption spectra were measuredincrements afterward.

Labeled and Unlabeled Nitric Oxide. NO gas was purified by Infrared spectra of reacting solutions were recorded using rapid
passage through KOH pellets and a cold trap (dry ice/acetone) to removemixing techniques with a custom-made instrument. Two gastight
higher nitrogen oxides and trace quantities of water. The purity was Syringes were connected via PEEK tubing to a mixing block that
checked by IR measurements of the layer obtained by slow depositionpreceded the entrance to a 0.5-mm g#R cell. Before use, the
of NO on the cooled substrate of the optical cryostat (80 K), which apparatus was evacuated overnight under vacuum. Purified NO was
did not show the characteristic IR bands ofQ\ N.Os, or H;O, thus transferred using vacuum line techniques into a sealed glass flask and
indicating the absence of these species. (Freezing the purified NO with brought into the glovebox where degassed,Clwas injected into
the liquid nitrogen on the wall of the glass storage bulb serves as a the NO-containing flask. The equilibrated solution was then loaded

T

2000 1800 1600 1400 1200 1000
Wavenumber(cm-1)

Figure 1. Low-temperature (80 K) FTIR spectra of (a) a thin film of Fe-

rapid procedure for checking purity, since in the presence of, NG5 directly into one of the gastight syringes. The second syringe was filled
solid takes on the bluish color from the tracg.) SNO with 98.5% with a CHCI, solution of1. A mechanical device was used to engage

enrichment was purchased from the Institute of Isotopes, Republic of the two syringes simultaneously, causing the solutions to mix and flow
Georgia, and was purified by the same procedures, KENO,), to an IR cell mounted in an FTIR spectrometer. The first acquisition

obtained by oxidation of NO¥NO) with excess of pure dioxygen,  was taken while the syringe driver was running, and spectra were
was dried over fDs and then was purified by fractional distillation  acquired after this was disengaged and the exit valve was closed.
until a pure white solid was obtained. Instrumentation. FTIR spectra of porphyrin sublimates were

Solution Studies.Solid Fe(TPP2-0,NO) (1) was prepared fol- obtained on Nicolet Nexus FTIR and Specord M-80 spectrometers, and
lowing a published procedutrand was stored in an inert atmosphere €lectronic spectra were recorded on a Specord M-40 spectrophotometer.
glovebox. Solutions were prepared in the glovebox using distilled and Solution kinetics studies were carried out on an HP 8452 diode array
deoxygenated solvents and then loaded into gastight syringes for transfespectrophotometer or on a modernized BioRad model FTS-Pro FTIR
to the reaction cells. NO was purified, measured, and transferred Spectrophotometer.

(7) Epstein, L. M.; Straub, D. K.; Maricondi, @org. Chem1967, 6, 1720~ Results and Discussion
1722.

. 1 .
(8) Nakamoto, K.; Watanabe, T.; Ama, T.; Urban, M. W.Am. Chem. Soc. Formatpn of Fe(TF_)P)('] ‘QNOZ)(NO) (2) in Low-Tem-
1982 104 3744-3745. ) . perature Films. The nitrato nitrosyl comple® represents the
(9) Experiments using Cafoptics were performed to avoid additional bands . . . .
that appear in the 1350 crhregion due to interaction of NCgas with only charactgrlzed example of a six-coordinate nitrato ferro or
salt windows'? ferri-porphyrinato complex. This was described several years

(10) Peters, S. J.; Ewing, G. H. Phys. Chem1996 100, 14093-14102. . - L . : .

(11) (a) Byrn, M. P.; Curtis, C. J.; Hsiou, Y. Khan, S. I.: Sawin, P. A.; Tendick, @go in a preliminary communicati&hand is described in greater
S. K.; Terzis, A.; Strouse, C. El. Am. Chem. Socl993 115 9480- i i
9497 (b) By, M. P Curtis G 3. Khan. 8. 1. Sawin. P. A.. Tsurumi, detail here. Figure 1 presents the FTIR spectra of the product
R.; Strouse, C. E]l. Am. Chem. S0499Q 112 1865-1874. (c) Kurtikyan,
T. S.; Gasparyan, A. V.; Martirosyan, G. G.; Zhamkochyan, Gl.HAppl. (12) Kurtikyan, T. S.; Martirosyan, G. G.; Hakobyan, M. E.; Ford, PCBem.
Spectrosc(Russ.)1995 62, 62—66. Commun 2003 1706-1707.
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Table 1. IR Spectral Data of Nitrosyl and Nitrate Groups for Fe(TPP)(ONO2)(NO) in cm~1

Fe(TPP)(ONO,)(NO) Fe(TPP)(ONO,)(**NO) Fe(TPP)(O™*NO,)(NO) Fe(TPP)(O*NO,)(**NO) assignment
1899 s 1862 s 1900 s 1863 s v(N=0)
1505 m 1505 m 1472 m 1472 m va(NO2)
1265s 1265s 1246 s 1246 s v¢(NOy)

969 w 969 w 954 w 954 w v(N—0)
605 vw 602 vw 605 vw 602 vw o(Fe—=N—-0)
548 vw 542 vw 548 vw 542 vw v[Fe—N(NO)]

obtained after exposing a low-temperature (80 K) layer of solid A |
Fe(TPP){?-O,NO) to NO gas, warming to 140 K, pumping

out the excess NO, and then recooling. The transformation is
characterized by appearance of new bands at 1899 s, 1506 m,; s
1265 s, and 969 w cmt and disappearance of bands at 1528
and 1273 cm! attributed to bidentate-coordinated nitrate.
Additionally, a porphyrin band at 1341 crhis shifted to 1350 o
cm™t, while new weak bands at 605, 548, and 464 tappear

at low frequency (Supporting Information Figure S1). The
intensities of the new bands correlate during their growth
(Supporting Information Figure S2) and can be confidently
assigned to the formation & as depicted in eq 1.

0 T T T T

Fe(TPP)§*O,NO) + NO = Fe(TPP)(;"-ONO,)(NO) (1) 400 450 500 550 600 700
(1) 2 > om
Figure 2. (a) Low-temperature (80 K) U¥visible spectrum of a sublimed

When the same procedure is carried out with the isotopically layer of Fe(TPP){>-O,NO) (dashed line). (b) Optical spectrum after

labeled material®NO and Fe(TPP);(Z—Ozlf’NO) the new bands ngp)osmgl to NO (5 Torr at 77 K warming to 140 K and recooling (solid
’ ine).

appear at the shifted frequencies 1863 s, 1472 m, 1246 s, 954
w, 602 vw, and 542 vw cmt (Figure 1, dotted line), but others  porphyrin complexes of mixed nitrogen oxides. For example,

at 1350 and 464 cnt are not affected by the isotope labeling. the electronic spectrum of the nitro nitrosyl complex Fe(TPP)-

If instead the reaction is betweéPNO gas and unlabelet], (NO2)(NO) (3) in chloroform solution displays a spectrum with
the product spectrum displays bands at 1862 s, 1505 m, 1265maxima at 433, 545, and 577 rirh.
s, 969 w, 602 vw, and 542 vw cmh (Supporting Information The bidentate nitrate ligand of Fe(TPF0.NO) (1) has

Figure S3), that is, only the new bands at 1862, 602, and 542been shown to be bound in a slightly asymmetric mode with a
cm ! are shifted relative to the product bands seen in the reactionlarge out-of-plane displacement (0.6 A) of thehigh-spin Fe-
between unlabeled NO antishown in Figure 1. When this  (Ill) center toward the lone axial ligarfdFor this structure, the
procedure was performed with unlabeled NO and Fe(TP{O  n?-nitrate ligand would be expected to show three IR-active
NO), the IR spectrum displayed bands at 1900 s, 1472 m, 1246stretching modes, a high-frequeneyN=0) stretch for the
s, 954w, 605 vw, and 548 vw crh (Supporting Information uncoordinated oxygen, and symmetric and asymmetric stretching
Figure S3) where only those at 1900, 605, and 548cane modes for the coordinated NOfragment. Two bands of
unchanged relative to the unlabeled reaction. Spectral datacompatible intensity seen fdrat 1530 and 1275 cm in Nuijol
obtained for these systems are summarized in Table 1. Thesanull* and in sublimed layePswere assigned, respectively, to
results indicate that, in the 840 K temperature interval, the  »(N=0) and to the asymmetric mode of the coordinated,NO
only observable reaction proceeding in the layer is addition of fragment!® The low-intensity, but isotopically sensitive, FTIR
NO to Fe(TPP){?-O,NO) (1) to give the six-coordinate complex band near 965 cni (Figure S3) can plausibly be assigned to
Fe(TPP){1-ONO,)(NO) (2). the symmetric stretching mode of the N@agment of1.1°

The electronic absorption spectra recorded under identical Adding NO to samples ofl shifts the high-frequency
conditions and using Cafoptics as used to record the FTIR vibrations of coordinated nitrate to lower frequencies with a
spectra with the same sample also demonstrated formation ofchange in the relative intensities, the higher energy band
the new complex. The Soret band bfin the 80 K thin film diminishing and the lower energy band becoming much stronger.
appears at 423 nm, about 10 nm red-shifted from that seen inAdditionally there is enhancement and shift of the weak
the ambient temperature solution spectrurt,dfut the Q-bands ~ symmetric stretching mode of the N@®agment. These changes
at 511 and 572 nm are close to the reported solution vdlties. can be interpreted in terms of the bidentate-to-monodentate
Upon addition of NO gas, the optical spectrum (Figure 2, dashed transition of the nitrate coordination illustrated by Scheme 1.
line) is significantly changed. The Soret and Q-bands of the The highest-frequency nitrato band at 1505 émow represents
new species are shifted to higher wavelengths (436, 547 andv,(NO,), while that at~1260 cn1! is assigned t@g(NO,). For
582 nm) as illustrated in Figure 2 (solid line). Notably, this comparison, the IR spectrum of the monodentate nitrato complex
spectrum is similar to that of other hexacoordinate!' Fe Fe(OEP){'-ONGO;) (OEP= octaethylporphyrina) displays

(13) The U\+vis spectrum of the film sample dissolved in @, is quite (14) Yoshimura, TInorg. Chim. Actal984 83, 17—21.
similar to reported solution datahence the red shift of Soret band is (15) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coordination
evidently a solid-state effect. Compounds3rd ed.; Wiley: New York, 1978; pp 24447.

6218 J. AM. CHEM. SOC. = VOL. 127, NO. 17, 2005
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Scheme 1. Schematic Representation of the Reaction between
Fe(TPP)(NOs) and NO

(0]

Tl O\\N o
N =
o 0o o’
\F/ NO Ph
~-Fe
B e e L
Ph Ph
N
Il
o)

a coordinated nitrate band at 1515 ¢nKBr pellet) 16 Closer
disposition of the high-frequency bands is one criterion of
monodentate coordination in nitrate complekXe$he band at
~970 cnt! can be assigned to the-ND vibration for the
coordinated oxygen.

The low-frequency weak bands at 605 (602) and 548 (542)
cm~! sensitive to NO labeling should be assigned to metal-
nitrosyl vibrations. The former was tentatively assignedto
(Fe-=N—0), while the latter tov(Fe—N) by analogy with
Fe(lll)(tropocoronand)(nitrosyl) compléX,in which deforma-
tion Fe-N—O mode of linearly bound NO is disposed at higher
frequencies and revealed smaller isotopic shift than-Ife
stretching.

Additional information regarding the nature®€an be drawn

from porphyrin vibrational modes that reveal systematic changes
depending on the spin and oxidation states of axial complexes

of Fe(TPP)'8 The band in vicinity of 1350 cm' representing

a porphyrin core modev(Ca—Cp,) mixed with somev(Cy—
phenyl)) lies at higher frequencies in low-spin complexes.
Similarly, a low-energy porphyrin core deformation mode occurs
in the range 450 crt. For the high-spim?-nitrato complext,
these bands lie at 1341 and 436 émUpon coordination of
NO, they shift to 1350 and 464 crh(see Figures 1 and S1),

indicating a change to the low-spin state. This result is consistent

with other low-spin, six-coordinate ferri-heme nitrosyl com-

plexed® and supports the conclusion that, under these conditions,

NO reacts with Fe(TPP)g-O.NO) to give Fe(TPP){:--ONOy)-
(NO). While this bidentate-to-monodentate transition may
alleviate nonbonded repulsions between nitrate oxygens an

1400
Wavenumber(cm-1)

Figure 3. Formation of nitro nitrosyl complex Fe(TPP)(NYNO) from
nitrato nitrosyl complex Fe(TPR)}{-ONO,)(NO) during the course of
warming the sublimed layers from 145 to 180 K in the presence of NO (4
Torr).

Low-Temperature Reactions of Fe(TPP)(ONG)(NO) with
NO. Transformations of solid Fe(TPP){0) in thin films
under a NO atmosphere can be divided into three temperature-
dependent processes. At very low temperatures-{80 K),
the only process is the formation of nitrato nitrosyl compex
Raising the temperature into the 24800 K range leads to the
further reaction of NO with this species, as illustrated in Figure
3. Warming of the layered material, in whi@has been formed,
leads to gradual intensity decreases in its characteristic bands
at 1899, 1506 1266, and 969 cfwhile new bands at 1863,
1452, and 1296 cmi gain intensity. The latter indicate the
formation of the well-known nitro nitrosyl complex Fe(TPP)-
(NO2)(NO) (3).54

Further warming to room temperature is accompanied with
partial reformation of the nitrato compléxand the appearance
of the iron(ll) nitrosyl complex Fe(TPP)(NOJ). At this stage,
the reactions are sensitive to the partial pressure of NO, and
depending orPyo, different relative quantities of, 3, and4
are formed. At relatively higlPno (a few decades of Torr

dis the main species seen in the solid layer, while at loey

porphyrin nitrogens, it is likely to involve relatively moderate (& few Tom) all three are present in comparable amounts.

energy expenditures given the existence of monodentate an
bidentate binding, respectively, in Fe(OEP)(Oi\énd Fe(TPP)-
(O2NO), which differ only in the nature of the peripheral

substituents. To our knowledge, the only other six-coordinate

nitrato Fe(P) complex known is an aqua complex (Fe(P)(
ONG,)(H20)) (P not identified) reported in a review by Wyllie
and Scheidt?

Jcontinuous evacuation to remove the headspace gases shifts

the product mixture from Fe(TPP)(NIYNO) to give increased
yields of Fe(TPP)(GNO) and Fe(TPP)(NO).

Scheme 2 offers several scenarios as starting points for
discussing the reactions following exposing sublimed layers of
Fe(TPP)(GNO) to NO gas. In each case, the first stage is
formation of the nitrato nitrosyl compleX as evidenced from

Notably, ambient temperature solution studies described € low-temperature solid-state FTIR and by rapidly mixing

below also indicate the formation &fas an intermediate in the
reaction ofl with NO, although the former is unstable toward

decay to other products. This behavior is in contrast to the

greater stability of the analogous ruthenium complex Ru(TTP)-
(ONO,)(NO) (TTP= mesotetra(4-tolyl)porphyrinate dianion),
which was first prepared by the solution reaction of Ru(TTP)-
(NO)CI with AgNO32° and subsequently by the reaction of Ru-
(TTP)(CO) with NGQ/N20,4.%

(16) Ellison, M. K.; Shang, M.; Kim, J.; Scheidt, W. Rcta Crystallogr., Sect.
C 1996 C52 3040-3043.

(17) Franz, K. J.; Lippard, S. J. Am. Chem. S0d.999 121, 10504-10512.

(18) Oshio, H.; Ama, T.; Watanabe, T.; Kincaid, J.; NakamotoSgectrochim.
Acta 1984 40A 863—-870.

(19) Wyllie, G. R. A.; Scheidt, W. RChem. Re. 2002 102 1067-1089.

(20) Bohle, D. S.; Hung, C.-H.; Smit, B. Dnorg. Chem.1998 37, 5798-
5806.

UV —visible measurements in solution (see below). Three
different pathways may be considered in evaluating the second
stage of the reaction leading to Fe(TPP)IN®O). Scenario

(i) suggests that this is initiated §-bond cleavage of N©
from 2 to give an oxo nitrosyl complex B&TPP)(O)(NO),
scenario (ii) involves oxygen atom abstraction from the coor-
dinated nitrato ligand by excess NO to give directly a species
of the same stoichiometry (but perhaps a linkage isomeB) as
and NQ, and scenario (iii) would be initiated by dissociation
of an*NOj; radical (perhaps assisted by reaction with NO) to
give directly4, which is then rapidly oxidized t8 by reaction
with the NQ; resulting from reaction of N@with NO.25

(21) Kang, Y.; Zyryanov, G. V.; Rudkevich, D. MChem. Commun2003
2470-2471.
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Scheme 2. Pathways for the Reactions of Fe(TPP);2-O,NO) with
Excess NO

Fe(TPP)(n*-O,NO) + NO

—_
—_—

Fe(TPP)( n'-ONO,)(NO)

Scenario i (B-bond cleavage)

Fe"(TPP)(ONO,)(NO) === (Fe""’=0)(TPP)(NO) + NO,

(Fe"=0)(TPP)(NO) + NO —» Fe"(TPP)(ONO)(NO) === Fe"(TPP)(NO,)(NO)

Scenario ii (Oxo-transfer from coordinated nitrate to free nitric oxide)

Fe"(TPP)(ONO,)(NO) + NO —» Fe""(TPP)(ONO)(NO) + NO,

Fe"(TPP)(ONO)(NO) === Fe"(TPP)(NO,)(NO)

Scenario iii (elimination of nitrate radical)
Fe"(TPP)(ONO,)(NO) === Fe"(TPP)(NO) + NO,’
‘'NO,+ NO === 2NO,

Fe'(TPP)(NO) + NO, — Fe"(TPP)(NO,)(NO)

IR measurements with isotopically labeled NO were used to
lend insight into differentiating these pathways, with particular

focus on the early stages before subsequent reactions lead to

isotopic scrambling. For example, reaction of Fe(TPRNO)
with excess!™NO (systemA) leads first to the formation of
Fe(TPP)(ONQ)(**NO), and different products are predicted for

Absorbance

0,6

0,5

Absorbance

0,3

0,2

1450 1400 1350 1300 1250

Wavenumber(cm-1)
Figure 4. Isotope effects on FTIR spectra changes during the course of
warming sublimed layers from 145 to 170 K in the presence of nitric oxide
(4 Torr). Bottom: 13NO + Fe(TPP)(NQ) (systemA). Top: NO + Fe-

the subsequent reactions according to the three scenarios(rpp)eiNos) (systemB).

Scenario (i) should give Fe(TPPIJO,)(**NO), scenario (i)
should give Fe(TPP)(N£**NO), and scenario (iii) should give
a mixture of Fe(TPP}NO,)(**NO) and Fe(TPP)(NQ(*°NO).
Since all three are accompanied by formation of 1 mol oENO
which in excess NO will give dinitrogen trioxide (93), the

4, bottom) and in the vicinity of 1830 cmh may represent the
overlapping absorptions characteristic of Fe(TER)ID2)(*°NO)
and (‘5N)203.

Analogous data for addition of NO to Fe(TPP}&NO)

appearance of the latter in the low-temperature spectrum would(systemB) to give initially Fe(TPP)(@NO,)(NO) are displayed

also be expected.

The results were as follows: Figure 4 (bottom) displays the
FTIR spectral changes observed when exéad® was added
to Fe(TPP)(GNO) (systemA) to give Fe(TPP)(ONQ(*5NO),

in Figure 4 (top). The same analysis shows the disappearance
of the latter to be accompanied by growth of bands at 1860
(not shown), 1452, 1422, 1296, and 1275 ¢éniThis can be
interpreted in terms of the initial formation of two isoto-

and then the mixture was gradually warmed. The further reaction pomers: Fe(TPP)(N(NO) (bands at 1860, 1452, and 1296

of Fe(TPP)(ON®)(**NO) is manifested by diminishing intensi-
ties of bands at 1860 (not shown), 1506, and 1266 cm
accompanied with the appearance of new bandsl&30 (not
shown), 1452, 1422, 1295, and 1273 ¢mThe new bands at
1830, 1452, and 1295 crh belong to thev(*3NO), v4(NO»),
andvs(NO,) absorptions of Fe(TPP)(NJ>NO), while those
at 1422 and 1273 cm can be assigned t8NO; stretches of
the doubly labeled complex Fe(TPPNO,)(*3NO). In the latter
case, unambiguous assignment of the band at 1273 @sn
complicated, since¥N),0s also shows absorptions in the same
region. IR bands at 1830, 1546, and 1277 ¢rare reported
for solid (*°N),0s.22 The growth of the weak band at1550
cmt confirms formation of ¥°N),Os. These coincidences do
not challenge the formation of Fe(TPPNO,)(**NO) at this
stage, since the band at 1422 ¢rappears in a region relatively
free of interference from the spectra of other \&pecies and
of porphyrin itself. However, the bands at 1273 ¢nfFigure

cm™1) and Fe(TPPJNO,)(NO) (bands at 1860, 1422, and 1275
cm™1). Simultaneously, a weak band in the vicinity of 1590
cm™! appears (due to §Ds3) and enhances the intensity of the
porphyrin band disposed in this region. Other bands character-
istic of solid N;O3 appear at 1863 and 1297 ch?? and they
overlap with bands assigned to Fe(TPP)ANRO).
Interpretation of Isotope Studies of the Low-Temperature
Reaction of 2 with NO. To a first approximation, these data
appear to be consistent with scenario (iii) and not with (i) or
(ii). For example, scenario (i) predicts that syst&mvould give
Fe(TPP)PNO,)(1°NO) and singularly labeled dinitrogen trioxide
(O>NNO) and systemB to give Fe(TPP)(N®(NO) and
ONNO,.2% In contrast, system gave Fe(TPP)(N@(*°NO),
Fe(TPP)PPNO,)(**NO), and #N),03 while systemB gave Fe-
(TPP)(NQ)(NO), Fe(TPPYNO,)(NO), and NOs. Addition-
ally, no new IR bands were found in the region where ferryl
v(Fe=0) stretches are usually disposed (7880 cnt1).24

(22) ) Hisatsune, I. C.; Devlin, J. P.; Wada, ¥..Chem. Phys196Q 30, 714—
719.
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(23) Here we consider only the more stable-'N bonded form of NOs.
(24) Nakamoto, KJ. Mol. Struct.1997, 408/409 11-16.
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The situation is more ambiguous with regard to scenario (ii), Scheme 3
which predicts systerA formation of {*N);0; and Fe(TPP)- ~ No  Q
(NO2)(*>NO) (after isomerization of the initially formed nitrito K' N=q
complex) and syster formation of Fe(TPP}NO,)(NO) and 9
N.Os. For each set of reaction conditions, products not predicted @ — @ + [ONON()2 == NO, +NO,
by scenario (i) were formed, Fe(TPFNO,)(**NO) in system e
A and Fe(TPP)(N@(**NO) in systemB. o

As outlined in greater detail in Supporting Information @
Scheme S1, scenario iii predicts the formation of Fe(TPP)- . o
(15NO,)(15NO), Fe(TPP)(N@(NO), and both doubly and T_he f_undamental problem v_wth scenario il is that tN{)_g
singly labeled dinitrogen trioxide for the conditions of system adical is a high energy speci€sand although its formation
A, and Fe(TPP}NO,)(NO), Fe(TPP)(N@)(NO), and both from 2 should be facilitated by the high thermodynamic stability

singly labeled and unlabeled dinitrogen trioxide for the condi- of 4, th? first sf[ep in this sequence ‘_NOUId appear.to be
tions of systemB. The experimental results obtained are in substantially uphill. However, an alternative step by which the

agreement with scenario iii with the exception that only one loss Qf arNO; equivalent mlght be effected_ would b_e the (_jlrect
type of dinitrogen trioxide was observed under each set of reaction of the excess NO with the coordinated nitrate ligand.

conditions, namely}N),0; for systemA and NO; for system In eff(_act, thig is eq_uivalgpt to the reduptive nitrosation of a
B. A possible explanation of this inconsistency would be isotopic coordlpated ligand identified recent!y with a FOpPer(!') com-
scrambling of the monolabeled speci$XNO, and ONSNO, plex?® |nl the cpntext that the coordinated anion |s. n|trgsated
by reaction with the excess nitric oxide preséflQ in system concomitant with the reductlon of the metal_ center (in _th|s case
A and NO in systenB). This would give dinitrogen trioxide the _reduced metal speciesdpas illustrated in eq 2. With X
with the same nitrogen labeling as the added nitric oxie@ = nitrate and |,M"" = Fe(TPP)(NO), the concerted transfer
and NO, respectively). This process should be facilitated by of a NG equwalept to NO, to give some.form o284 and the
the formation of dinitrogen trioxide species isomers at very low VeTY Stable4 as intermediates would give the same product
temperature® Consistent with this point of view is the absence dlstrlbl_Jtlons as scenario iii Wh|le avoiding the formation of the
of published data describing the mixed isotope species as'e'Y Nigh energy nitrate radical.

O*NNO; or ON'SNO:;.

The possible exchange reaction between NO ag;Nvas
examined under closely related experimental conditions using
amorphous Ni(TPP) layers as adsorb®rRartly oxidized NO Hence, we believe that the most plausible mechanism for
was deposited on the Ni(TPP) layer at 80 K and warmed to formation of Fe(TPP)(N&(NO) (3) from 2 involves the
120 K, and then the system was evacuated to expel any freePathway represented in Scheme 3. Reaction of Méh the
NO and then cooled back to 80 K. This procedure led to the Nitrosyl complex4 would rapidly give3.° Notably, the reaction
formation of N\Os which was manifested by IR bands at 1842, 0f NO with coordinated nitrate to give an ONONGpecies is
1593, and 1292 cnt and a small amount of 0, in the layer the microscopic reversal of a likely first step in the formation
with weak IR bands at 1734 and 1254 th? !5NO was then ~ Of Ru(TTP)(ONQ)(NO) by the reaction of bO, with Ru(TTP)-
introduced into the cryostat, and the FTIR spectra of this system (Co)*
were measured at various temperatures upon slow warming. This Higher Temperature Reactions of Fe(TPP)(NQ) Films
procedure showed that isotope exchange reaction occurs atvith NO. For systemA, further warming of the layer does not
temperatures as low as 140 K. Thus, under the experimentalsignificantly change the intensity of the 1296 cthband of Fe-
conditions used in the NO reaction with to give 3, the (TPP)(NQ)(*NO), but thev{(**NOz) andvs(**NO,) bands (1275
suggested isotopic exchange reaction should indeed lead to@nd 1422 cm?, respectively) corresponding to the fully labeled
formation of dinitrogen trioxide species dominated by the Nitro nitrosyl complex Fe(TPPJNO,)(**NO) grow more
isotopic composition of the excess nitric oxide. intense. An analogous pattern is observed for sysigexcess

Hence, of the three scenarios described by Scheme 2, théNO) where the intensity of they(**NO,) band for Fe(TPP)-
most plausible appears to be scenario iii, which is represented(**NO2)(NO) (1275 cn) grows only to a certain level while
as initiating by elimination of aNO radical (however, see the  intensities of thes(NO,) andvs(NO,) bands of Fe(TPP)(N£-
discussion below). Beside the experimental results given above,(NO) (1296 and 1452 cr, respectively) continue to increase.
there is additional, indirect evidence consistent with this Atthe end of this stage of reaction, the layers consist mostly of
scenario. During the course of the reaction of Fe(TPP)(@NO  Fe(TPP)PNO,)(**NO) and Fe(TPP)(N@(NO) for experiments
(NO) (2) with NO to give Fe(TPP)(NE(NO) (3), a weak band with excess'®>NO and NO, correspondingly. This process can
in the vicinity of 1675 cm! initially grows and then diminishes D€ rationalized according to the hypothetical pathway presented
in intensity (Figure 3). This can be interpreted in terms of in Scheme 4. Other mechanisms involving oxidation of coor-
formation and decay of Fe(TPP)(NOJ)(as an intermediate ~ dinated NO by NG decomposition of a putative dinitro
resulting from*NOj3 elimination.

o=z

@

L ,M=X]" +NO—I[L,M]""+ X—NO 2

(28) (a) The electron affinity of the N§¥adical has been report&fto be 375
kJ mol L. (b) Lias, S. G.; Barmes, J. E.; Holmes, J. L.; Levin, R. D.; Mallard,

(25) Wayne, R. P., et aAtmos. Emiron. 1991 25A 1-203. W. G.J. Phys. Chem. Ref. Daf®88 17 (Suppl. 1), +-86 as summarized

(26) Fateley, W. G.; Bent, H. A.; Crawford, B. Chem. Physl959 31, 204— on p 43 in Huheey, J. E.; Keiter, E. A.; Keiter, R. Inorganic Chemistry
217. 4th ed.; Harper-Collins College Publishers: New York, 1993.

(27) (a) At low temperatures, sublimed layers of Ni(TPP) react with neither (29) (a) Tsuge, K.; DeRosa, F.; Lim, M. D.; Ford, P. £.Am. Chem. Soc.
NO nor NG, while at room temperature N@xidizes porphyrin ring with 2004 126, 6564-6565. (b) Ford, P. C.; Fernandez, B. O.; Lim, M. D.
formation of Ni(TPPY"(NO,)~ ion pair?%® (b) Martirosyan, G. G.; Kur- Chem. Re., published online Feb 18, 2005. http://dx.doi.org/10.1021/
tikyan, T. S.Zh. Prikl. Khim.(Russ.)1998 71, 1595-1598. CR0307289.
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Scheme 4. Possible Mechanism of Isotope Exchange for Fe(TPP)(NO2)(**NO) + >NO
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complex, and re-formation of isotopically exchangedannot in systemB can be assigned, respectively, to formation of Fe-
be ruled out. Isotope mixing could also occur just by ligand (TPP)NO)(O™NO,) and Fe(TPP)(ON@(NO). Further warm-
exchange. ing of the layer is accompanied by decreases of these bands
In contrast to the well-defined temperature interval that and increased intensities of new ones at 1253 and 1273 cm
divides formation of the nitrato nitrosyl complex from the corresponding to the appearance of Fe(TPRDs) and Fe-
subsequent transformation ®to the nitro nitrosyl comple®, (TPP)(NQ). The well-defined isosbestic points seen in Figure

there are no clear temperature boundaries between the lattep indicate that these spectral changes are coupled to the
processes and subsequent steps in these solid films leading tdransformation of Fe(TPP)(ENO)(**NO) to Fe(TPPYNOs)
the partial formation of Fe(TPP)(N{Dand Fe(TPP)(NO). In  (in A) and Fe(TPP)(ONgY(NO) to Fe(TPP)(NG) (in B). Oddly,

the presence of NO, all three species, namgl\g, and4, are under these conditions, the processes described before appear

formed in the layer in relative quantities depending Ryp. to be reversed; that i§ is oxidized to the nitrato analogu®

Exhaustive evacuation of NO from the cryostat depl&eahd which loses NO to regenerate

increased quantities df and 3. A plausible pathway for the oxidation of the coordinated nitro
Isotopic experiments with systends and B help elucidate ligand would involve linkage isomerization &fto the nitrito

reformation of Fe(TPP)(@N0) during this stage (Figure 5). The  analogue Fe(TPP)(ONO)(NOj)(prior to oxygen transfer from

bands that appear at 1245 thin systemA and at 1265 crm one of the NQ species present, probably MCrhere is only
moderate spectral data regardgvhich was recently observed

06 by irradiation of a KBr pellet containing Fe(TPP)(MMNO)

at low-temperature conditior$8.In difference spectra, isotope-
sensitive bands at 1507 and 934 dmvere assigned to(N=

0O) andv(N—O) of coordinated nitrito ligand in six-coordinate
nitrito nitrosyl complex Fe(TPP)(ONO)(NO). Similar isotope-
sensitive bands at 1528 and 908 ¢nwere recorded in the
course of low-temperature studies of the reaction between small
quantities of NQ with sublimed layers of Fe(TPP) and were
assigned to the same stretching modes as those in five-coordinate
nitrito complex Fe(TPP)(ONG} Close examination of the
spectra presented in Figure 3 shows that the broad band in the
vicinity of 970 cnT?! has a low frequency shoulder, suggesting
the presence of an additional weak band with a maximum in
the vicinity of 940 cntl. We believe that this isotope-sensitive
band belongs t&, although bands in the vicinity of 1900 and
1500 cnt! are obscured by those of Fe(TPP)(ON®O) (2).

. § Solution-Phase Reactivity Studies at Ambient Tempera-
ture. We have also briefly investigated the solution-phase

0,5

Absorbance
o
F-N

03

02

06

reactions of Fe(TPP)(#DIO) (1) with NO at ambient temper-
ature, and these gave spectral changes consistent with the
chemical processes found in the solid films. The transformations
after rapidly mixing solutions of in toluene or dichloromethane

05

1350

20'4 and NO were followed by U¥vis and IR spectral measure-
§ ments. Similar spectral changes were seen in both solvents.
< 03 Figure 6 displays the changes in the electronic spectrum
' featuring the disappearance Df(Asoret = 414 nm,1q = 510
nm) and the generation of a species with an electronic spectrum
0 P similar to that of Fe(TPP)(NE(NO) (3) (Asoret= 432 nm). Over

a period of minutes the solution underwent further spectral
changes to give aseret value at 406 nm, consistent with the
formation of Fe(TPP)(NO)4). No simple [NO] and [NO;]

1340 1320 1300 1280 1260 1240

Wavenumber(cm-1) (30) Lee, J.; Kovalevsky, A. Y.; Novozhilova, I.; Bagley, K.; Coppens, P.;
. . . . Richter-Addo, G. BJ. Am. Chem. So2004 126, 7180-7181.
Figure 5. FTIR spectra changes resulting from warming sublimed layers (31) Kurtikyan, T. S.; Gulyan, G. M.; Ford, P. ®ook of AbstractsXV1 All-
from 200 to 240 K in the presence of nitric oxide (4 Torr). BottoFNO Russian Symposium on Modern Chemical Physics, Tuapse, Russia, Sept.
+ Fe(TPP)(NQ) (systemA). Top: NO+ Fe(TPP){®NO3) (systemB). 20—Oct. 1, 2004; p 179.
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Figure 6. UV —vis absorption spectra recorded every 80.3 s after introduc- 1
tion of 1.6 mM NO to toluene solution containing 20 1 (A, Asoret = 1800 1850 1900
414 nm,Agband= 510 nm). This is interpreted in terms of the conversion
of Fe(TPP)(GNO) to a new species (Blsoret = 432 nm), probably Fe-
(TPP)(NQ)(NO), followed by subsequent reaction to give Fe(TPP)(NO) Figure 8. Infrared spectral changes (degassed 0.5-mm, Calf) during
(C, Asoret= 406 nm). Inset: time dependence of the absorbance changes atthe rapid mixing (deadtime-1 s) of 30uM Fe(TPP)(NQ) with either 4.7
432 nm (B). mM N0 (dark, solid line) or 4.7 mM'NO (light, dashed) in
dichloromethane. Reaction witfN'®O resulted in the formation of two

Wavenumber (cm'1)

new species with absorption peaks matchingitixg characterized for Fe-
(TPP)(ONQ)(NO) (A, vno = 1909 cnT?) and Fe(TPP)(NQ(NO) (B, vno

= 1885 cn1Y). Reaction with">N'80 resulted in spectra that were interpreted
as a mixture of Fe(TPP)(ONEN0) (A, vno = 1909 cnt?l), Fe(TPP)-
(NO2)(*N160) (B, vno = 1885 cnt?), Fe(TPP)(ONQ)(**N®0) (C, vno =
1873 cntl), and Fe(TPP)(ONE)(*N80) (D, vno = 1829 cnrl).

s0x107

at 1829 cm! (Figure 8). This is in agreement with the formation
of Fe(TPP)(ONG)(**N180) and the assignment of the isotope-
sensitive absorption bands at 1909 and 1829'ams the nitrosyl
stretch(es) of the nitrato nitrosyl compl@xThe other species
formed under these conditiong(lNO) = 1886 cn1)14 has been
characterized as Fe(TPP)(BONO). Unfortunately, the bands
expected for coordinated N@r ONO (1206-1550 cnT?) were

L WY, . obscured by solvent overtones. At longer times, the absorption
1600 1650 1700 1750 1800 1850 1900 1 bands characteristic of &3 (v(NO) = 1830 cn?, »(NO,) =
Figure 7. IR spectral changes (degassed 0.5-mm Qz) after rapid 1600 cnT1)?2 decreased simultaneous with the growth of a new

mixing (deadtime~1 s) of dichloromethane solutions containing 201 band at 1684 cmt characteristic of the(NO) of Fe(TPP)(NO).
Fe(TPP)(N@) and 4.7 mM NO. The initial spectrum is taken during

continuous flow through the cell, and the following spectra were ac- Summary

cumulated approximately 1, 2, and 4 min after the flow was stopped. The

quick formation and transformation of Fe(TPP)(OH®IO) (A, vno = 1909 We have described here redox transformations of Ii¢@nds

cm™1) was followed by the formation and decay of Fe(TPP)gN®O) . . -
(B, vno — 1886 cnTl). N»Os was also observed to decrease (o — coordinated to the heme model Fe(TPP) in the solid state as

1830 ¢, vno2 = 1600 o . INset: Eventual formation of Fe(TPP)(NO) layered films and in aprotic media. The entry point to these
(D, vno = 1684 cnr?), initial spectrum taken 4 min after stopping the flow  investigations was th@2-nitrato complex Fe(TPP)E-0,NO)

Absorbance

with the following spectra taken every 10 min. (1), which undergoes a rapid NO addition step to form Fe(TPP)-
dependencies on the rates of reaction were apparent, but it wag;-ONO,)(NO) (2) (Scheme 1). In the presence of excess NO,
noted that the presence ob®%s stabilized3. the latter species undergoes further reaction in a process that

Addition of PPh (as an NOs; sink) to the reaction mixture,  would appear to be the result of a “simple” oxygen atom transfer
or scrupulous purification of NO prior to mixing, led to faster from 2 to give the nitro nitrosyl complex Fe(TPP)(NENO)
transformation of3 to 1. (3). However, reactivity studies in low-temperature films using

A custom-made rapid flow apparatus was used in conjunction IR detection and isotope labeling techniques argue against this
with IR measurements to help reveal the identity of the transformation occurring by oxygen atom transfer fromihe
intermediates. As shown in Figure 7, rapid mixing of dichlo- coordinated nitrate oR to NO to give (initially) the nitrito
romethane solutions of NO and Fe(TPPY{Q) led to the nitrosyl complex Fe(TPP)(ONO)(NOY) and NQ (scenario ii
formation of a species that displayed IR band maxima at 1909 of Scheme 2). Similar arguments based on these data can be
and 1886 cm!. At longer times, the band at 1909 chwas mounted against a mechanism proceedingivizond cleavage
found to decay, leaving the species with a band at 1886'cm of the FeG-N bond of the coordinated nitrate @fto give a
as the dominant product. On the basis of the analogous reactiongerryl complex and N@(scenario i). Neither of these scenarios
in the solid state, the band centered at 1909%twas assigned  can explain the isotopic distributions of products when the
as thev(NO) of Fe(TPP)(ON®(NO) (2). Rapid mixing of reactions are initiated with labeled NO or labeRdinless there
dichloromethane solutions of isotopically label&#I'%0 and is significant isotopic exchange between the coordinated nitro
Fe(TPP)(QNO) resulted in formation of a product with a band group and the free NO.
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A third pathway (scenario iii) involves FeO bond homolysis the nitrate ion, usually considered relatively innocuous in
of 2 to give Fe(TPP)(NO)4) and the*'NOs radical, followed mammalian systems, can be activated by NO and hemes to form
by rapid trapping of this radical by excess NO to giveld other reactive NQintermediates.

which then reacts witt# to give 3. While this would indeed Acknowledgment. Financial support from CRDF (Grant No.
explain the product isotopic distributions given the demonstrated AC2-2520-TB-03), the U.S. Department of Energy (DE-FG02-
exchange between20; and NO under these conditions, the  o4eR15506), and a Visiting Scholarship for T.S.K. at UCSB

high energy of theNO; radical would make the first step i o petroleum Research Fund is gratefully acknowledged.
scenario iii highly endoergic. A more palatable alternative giving

the same isotopic distributions is represented above in Scheme Supporting Information Available: ~Scheme S1 showing

3. In this model, loss of theNO; radical is effected by attack ~ transition of Fe(TPP)(ONEXNO) to Fe(TPP)(NQ(NO) by

of NO at the oxygen of the coordinated nitrate concerted with Mechanism of N@radical elimination for mixed isotope species.
electron transfer to the metal center, leading to rapid dissociation COMPlete citations for refs 3d and 25. Figure S1 demonstrating
of the transient bD; ligand and the formation of. An analogy R SPectra in the range 66@00 cn1* of thin layers containing
can be drawn between this pathway and the recently documented €(TPP)(@NO) and Fe(TPP)(ONE(NO), Figure S2 showing

reductive nitrosylation of a copper(ll)-coordinated amine that spectral changes describing formation of (NO)Fe(TPPNO,)

: - in the course of Fe(TPP)(INO) interaction with NO, and
has been suggested to occur via such an inner sphere electroff!
transfer proc?egs%g P Figure S3 showing FTIR spectra of Fe(TPP)(O)N®&NO) and

) ) . _ _ . Fe(TPP)(G°NO,)(NO) isotopomers. This material is available
It is notable that the various scenarios for NO interaction with free of charge via the Internet at http:/pubs.acs.org.

the nitrato complex lead to the intermediacy of highly reactive

species such as NON;Os, and NO, that contribute to oxidative ~ JA042237R

and nitrosative stress and can be damaging to Ce||l_,llal’ Sﬁé_C_IeS. (32) Kirsch, M.; Korth, H.-G.; Sustmann, R.; de Groot, Biol. Chem.2002
Hence, the present study shows that under certain conditions, 383 389-399.
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