3110 Inorg. Chem.1999,38,3110-3115
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Non-heme Fe(ll) proteins form stable nitrosyl adducts. However, there are few synthetic examples of structurally
characterized non-heme iron nitrosyl complexes, especially those that are coordinatively unsaturated. Presented
herein is a series of non-heni&e—NO} 7 complexes with trigonal bipyramidal coordination geometry. These
complexes were synthesized with tripodal ligands derived fromN\iig(carbamoylmethy)amine )3~ where R

= isopropyl (Pr), cyclopentyl (cyp), or 3,5-dimethylphenyl (dmp) groups. The R groups of ti8e [ligands

form cavities around the metal ion that can influence structural and functional properties. The nitrosyl complexes
were synthesized by treating the Fe(ll) precursorsifFe with NO at room temperature. These iron nitrosyl
complexes have similar molecular structures as determined by X-ray diffraction methods. They differ in their
Fe—N—O angles which range from 178.2{gn [Fel'Pr(NO)I" to 160.3(2} in [Fe1®™NO)]~. The observed
difference in angle is related to the cavity size: TR#(NO)]™ has the most restricted cavity with a small diameter

(~ 3 A) while [Fel9™(NO)]~ is more flexible and larger<8 A diameter). This angular difference is supported

by EPR measurements which shows thatIffgNO)]~ has a significantly more rhombic spectrum than that
found for [FELPr(NO)]". Magnetic moment, Masbauer and EPR data on thg$&e—NO}’ complexes agree

with a electronic configuration of [F& d® HS (S = 5,)—NO~ (S= 1)] that lead to ars = ¥/, ground state via
antiferromagnetic coupling.

Introduction lished non-hemig=e—NO} 7 complexes are six-coordinate having
i Fe-N-O bond angles<160°.° We have reported recently the

Nitric oxide has been shown to bind to the Fe(ll) state of . i . .
(b first example of a trigonal bipyramiddlFe—NO}7 complex

many mononuclear non-heme iron enzymes. Examples include _ . . . : L -
soybean lipoxygenaserotocatechuate 4,5-dioxygendszate- [Felsmk.’Z(NO)] ,Pusing a chiral tr|pqdal I|g§md which is derived
cholate 2,3-dioxygenasgutidamonooxirf,and isopenicillin N from _trls(N-R-carpamoylmethy)amméﬂf] : )
synthasé.Many of these FeNO adducts have stabB= 3/, This clas_s of tripodal ligands, when_bonc_zled toa meta_ll ion,
ground states and serve as analogues for the possible dioxygefPrMs cavities around vacant qoordlnar\r'][:)on sites on metalions.
intermediates involved in catalysis. Surprisingly, there are few OUr initial structural study with [FEE™(NO)]~ revealed a
synthetic examples of structurally characterized non-hiffee relationship between cavity structure and the angle of the Fe
NO}7 complexes withS = 3/, spin states that can be used as NO unit: cavities that had relatively small size supported nearly

models for these protein derivatives Most previously pub- linear Fe-N—O motifs while those having larger cavities yield
nonlinear Fe-N—O units. To further probe this structural

T University of Kansas. relationship we have synthesized IEENO)]~ complexes where
zSﬁircggi%;'\g?|I|§>;ak\ll\?;\r/:rsﬁy- R = isopropyl, cyclopentyl, and 3,5-dimethylphenyl. This report
(1) Nelson, M. .. Biol. Chem 1987, 262, 12137. dgscrlbgs the structur?l and physical properties qf these trigonal
(2) Arciero, D. M.; Lipscomb, J. DJ. Biol. Chem.1986 261, 2170. bipyramidal{ Fe—NO}’ complexes and substantiates the cor-
(3) zAégelrgbgéM.; Oriville, A. M.; Lipscomb, J. DJ. Biol. Chem1985 relation between cavity structure and-f¢—O bond angle
(4) Twilfer, H.. Bernhardt, F-H.: Gersonde, Eur. J. Biochem1985 noted in our earlier work? Moreover, magnetic studies indicate
147, 171.
(5) Chen, V. J.; Orville, A. M.; Harpel, M. R.; Frolik, C. A.; Surerus, K. (8) The EnemarkFeltham nomenclature fgiMNO}* is used where is
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Complex R
(Fe15MPZ(NO)]"™  N-(S)-(-)-(o)-methylbenzyl
[Fe1Pr(NO) ™ isopropyl
[Fe1®P(NO)]'"  cyclopentyl
[Fe19™P(NO)]"  3,5-dimethylphenyl

that theS = ¥/, ground state observed for the§Ee—NO}’
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(0.290 g, 0.578 mmol) in 10 mL anhydrous DMF was treated with
solid KH (0.070 g, 1.74 mmol) under an Ar atmosphere. After gas
evolution ceased, solid Fe(OAc{0.101 g, 0.580 mmol) was added
slowly. The resulting light yellow solution was stirredrf@ h and
filtered to remove KOAc formed in the reaction. The filtrate was
concentrated to 4 mL, and 5 mL of MeCN was added. The resultant
solution was transferred to a Schlenk tube, and 15 mL (0.67 mmol)
of NO was added by injecting from a gastight syringe. The solution’s
color changed rapidly to red brown. After stirring for 15 min, 40 mL
of diethyl ether was added slowly to the reaction mixture. The complex
K[FeldmA(NO)] was isolated as dark red crystalline solid (0.28 g, 80%)
after 2 days. An analytically pure sample was prepared by recrystallizing
the powder from DMF/diethyl ether. X-ray-quality crystals were grown
by diffusing diethyl ether into DMF solution of the complex. Anal.
Calcd (found) for K[F&9mA(NO)] [C3oH33FeKNsOy]: C, 57.88 (57.35);

complexes arises from the antiferromagnetic coupling betweenH: 5:34 (4.74); N, 11.25 (10.95). FTIR (Nujol, c) »(NO) 1750 (s);

high spin ferric ions $= %/,) and the coordinated NO(S= 1)
ligands.

Experimental Section

v(CO) 1618 (s), 1611 (s), 1601 (s), 1582 (&)ax (DMF, e, M~ cm™?),
783 (120), 508 (390), 357 (320Q): (powder, 298 K) 4.4Qgwm; tei
(DMSO-dg, 298°K) 4.40 ugwm.-

Physical Methods.Elemental analyses were performed by Desert
Analytics (Tucson, Arizona). All samples used for elemental analyses

All reagents and solvents were purchased from commercial sourceswere dried under vacuum before shipment. The presence of solvates
and used as received unless otherwise noted. Solvents were deaerateglas corroborated by FTIR antH NMR spectroscopy. Electronic

by bubbling Ar for 30 min. The ligands #Pr and HI1%" were
synthesized by procedures reported previo&isixl manipulations

spectra were recorded with a SLM-Aminco 3000 diode array spectro-
photometer*H NMR spectra were recorded either on"Beu DRX

involving metal complexes were done under an Ar atmosphere using 400 MHz equipped with a SGI workstation or GE QE 300 MHz

a Vacuum Atmospheres drybox.

Tris(N-(3,5 dimethylphenyl)carbamoylmethyl)amine (H19m).
3,5-Dimethyl aniline (15.1 g, 157 mmol) was added slowly to a slurry
of nitrilotriacetic acid (10.0 g, 52.3 mmol) in 40 mL of pyridine and
stirred for 1 h. After the mixture was heated to 8Q, triphenyl

spectrometer. Chemical shifts are reported in ppm relative to an internal
standard of TMS. FTIR spectra were recorded either on Mattson Sirius
100 (with an 4326 upgrade) or on ATl Mattson Genesis series FTIR
spectrometer and are reported in wavenumbers. Fast atom bombardment
mass spectra (FAB) were recorded on a Hewlett-Packard 5989 A

phosphite (49.0 g, 158 mmol) was added dropwise. The reaction mixture spectrometer. Room-temperature magnetic susceptibility measurements

was stirred at 90C for 12 h. After the reaction had cooled to room

of the solid samples were obtained using a magnetic susceptibility

temperature, 150 mL of diethyl ether was added and the mixture was balance MSB-1 manufactured by Johnson Matthey. Solution magnetic

stirred for 1 h. This mixture was filtered and the resultant solid was

washed three time with chloroform and twice with diethyl ether to yield

H319mP (15.0 g, 58%) as a white solitkHH NMR (DMSO-ds) 6 2.22 (s,

18 H, —CHg), 3.61 (s, 6 H—CHy), 6.70 (s, 3 Hp-CeHg), 7.27 (s, 6

H, 0-CeéHg), 10.15 (s, 3 H, M); MHT m/e 501 (+ FAB in TG/G,

DMSO); FTIR (Nujol, cnt?), »(NH) 3295 (s), 3238 (sh), 3184 (s),

3153 (s), 3063 (s)¥(CO) 1686 (s), 1672 (s); mp 23% (dec).
Potassium [(Tris(N-cyclopentylcarbamoylmethyl)aminato)(ni-

troso)]ferrate(lll) K[Fel %P(NO)]-DMF). The ligand H1%? (0.200 g,

0.510 mmol) was deprotonated with KH (0.062 g, 1.53 mmol) in 10

mL of DMF. After H, evolution ceased, solid Fe(OAdp.089 g, 0.51

mmol) was added in one portion and the mixture was stirred for 2 h.

After being filtered to remove the insoluble KOAc, the yellow filtrate

moments were measured following Evan’s metkodiamagnetic
corrections were taken from those reported by O’Confisrband EPR
spectra were recorded on a Bruker ESP 300 spectrometer equipped
with an Oxford Instruments ESR 910 liquid helium cryostat. All spectra
were obtained under nonsaturating conditions. The magnetic field was
calibrated with an NMR gaussmeter and the microwave frequency was
measured with a Hewlett-Packard 5352B Microwave Frequency
Counter. M@sbauer spectra were obtained on a constant acceleration
instrument and isomeric shifts are reported relative to an iron metal
standard.

Cyclic voltammetric experiments were conducted using a BAS CV
50W (Bioanalytical Systems Inc., West Lafayette, IN) voltammetric
analyzer. All experiments were done under argon at ambient temperature

was transferred to a Schlenk tube and NO (15 mL, 0.668 mmol) was in solutions with 0.1 M tetrabutylammonium hexafluorophosphate at
added using a gastight syringe. The addition of NO changed the color the supporting electrolyte. Anhydrous DMF was obtained from Burdick-
of the solution to dark red. A 40 mL amount of diethyl ether was added Jackson Laboratory and used without further purification. Cyclic
to this solution, and red crystals (0.13 g, 44%) were obtained after 24 voltammograms (CV) were obtained using a three-electrode system
h. These crystals were washed with diethyl ether and dried under consisting of a glassy-carbon working electrode, a platinum wire

vacuum. X-ray-quality crystals were grown by diffusing diethyl ether
into a DMF solution of the complex. Anal. Calcd (found) for
K[Fel®P(NO)]-DMF [Ca4HsFeKNsOs]: C, 49.06 (49.04); H, 6.86,
(6.56); N, 14.30 (14.16). FTIR (Nujol, cm), »(NO) 1739 (s), 1712
(sh), »(CO, DMF) 1681 (s),»(CO, amide) 1596 (s), 1567 (s), 1560
(S); Amax (DMF, €, M~* cm™1), 836 (160), 514 (570), 378 (5200), 332
(4700); uerr (powder, 298 K) 4.32tgm; peit (DMSO-ds, 298 °K) 4.01
UBM.

Potassium [(Tris(N-isopropylcarbamoylmethyl)aminato)(nitro-
so)]ferrate(lll) (K[Fel 'Pr(NO)]-DMF). The complex was synthesized
following the procedure described for K[E&(NO)]-DMF with 70%
yield. Anal. Calcd (found) for K[F&Pr(NO)}DMF [C1gH34~eKNeOs):

C, 42.43 (42.20); H, 6.73, (6.52); N, 16.49 (16.06). FTIR (Nujol; &n
v(NO) 1729 (s), 1712 (sh),(CO, DMF) 1679 (s)»(CO, amide) 1594
(s), 1582 (s), 1559 (Sfinax (DMF, €, M~1 cm2), 840 (170), 512 (620),
372 (6700), 324 (6900)ici (powder, 298K) 3.98 upu; teif (DMSO-
ds, 298 K) 4.03ugwm.

Potassium [(Tris(N-(3,5-dimethylphenyl)carbamoylmethyl)am-
inato)(nitroso)]ferrate(lll) (K[Fe(1 9mP)(NO)]). A solution of H19mP

auxiliary electrode and a glass encased nonaqueous-siixer nitrate
reference electrode containing a Vycor plug to separate it from the
bulk solution. A ferrocinium/ferrocene couple was used to monitor the
reference electrode and was observed at 0.46 V wih = 0.070 V
andipeipa 1= 1.0 in DMF. IR compensation was achieved before each
CV was recorded. Potentials are reported vs the saturated calomel
couple. Controlled potential coulometry was performed with a PAR
175 digital coulometer using a system composed of a platinum mesh
working electrode, a platinum mesh auxiliary electrode encased in a
glass tube with supporting electrolyte solution and separated from the
bulk solution by a medium porous glass frit, and the same silver
silver nitrate reference electrode used for the CV experiments.
Crystallographic Structural Determination. Crystal, data collec-
tion, and refinement parameters are given in Table 1. Suitable crystals
for single-crystal X-ray diffraction were selected and mounted in

(12) (a) Evans, D. FJ. Chem Soc1959 2003. (b) Sur, S. KJ. Magn.
Reson1989 82, 169.
(13) O’Connor, C. JProg. Inorg. Chem1992 29, 203.
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Table 1. Summary of Crystallographic Data and Parameters for 7.0¢ 7.0
[FeIR(NO)]~ Complexes b .
K[FelP(NO)]-  K[Fel™P(NO)]- ._ £ 50
complex DMF DMF K[Feldm(NO)] ~50F s 30’
molecular formula CgHzsFeKNsOs CasHaoFEKNsOs  CzoHzsFeKNsOy g b 8 -
fm 509.46 587.56 622.56 - e 100
T(°C) 25 —-100 —50 = 30k , , : .
cryst syst triclinic triclinic monoclinic = 400 500 600 700 800 900
space group P1 P1 P2;/n bt r Wavelength (nm)
a(A) 9.427(2) 14.363(5) 13.8253(2) E
b (A) 10.841(2) 10.929(8) 11.3653(2) 1.0F
c(A) 12.952(2) 9.517(3) 20.9166(3) g , e — ez
5 (deo) G008 07200  104445000) 300 400 800 600 700 800 900
eg . . .
v (deg) 83.993(15) 99.72(4) 90 Wavelength (nm)
z 2 2 4 Figure 1. Electronic spectra of [R&Pr(NO)J-~ (—) and [FE9™NO)]*~
V (A3) 1305.2(4) 1453(1) 3182.70(9) (+++) in DMF. Inset shows details between 400 and 900 nm.
Uealc (CM™Y) 7.74 58.06 6.45
Ocarc (g/cn) 1.296 1.343 1.299 Table 2. Selected Bond Distances and Angles for TR&O)]~
A (R) 0.710 73 1.54178 0.710 73 Complexes
Rb 0.0519 0.051 0.0284 :
RS 0.1013 0.074 0.0930 distance (A) or P . . i _
angle (deg) [FEP(NO)] [Fe1l®¥P(NO)] [Feldm(NO)]
*R= [ZIAFIZIFol]. ® Ru = [Fo(AFYYF wF 12 Fe-N(1) 2.027(4) 2.032(4) 2.024(2)
, _ L . Fe-N(2) 2.028(3) 2.020(4) 2.036(2)
nitrogen-flushed, thin-walled glass capillaries. The data for K[Fe Fe-N(3) 2.025(4) 2.027(4) 2.017(2)
(NO)]'‘DMF was collected on a Siemens P4 diffractometer, that for Fe—N(4) 2.189(3) 2.184(4) 2.198(2)
K[Fe19mANO)] was collected on a Siemens P4 diffractometer equipped Fe—N(5) 1.735(4) 1.737(4) 1.748(2)
with a SMART/CCD detector, and that for K[E&(NO)]-DMF was N(5)—0(5) 1.122(5) 1.138(5) 1.146(3)
obtained using a Rigaku AFC5S diffractometer containing a 12 kW N(1)—Fe-N(2) 114.74(14) 115.9(2) 116.00(7)
rotating anode generator. o o N(2)—-Fe-N(3)  115.5(2) 115.0(2) 115.32(7)
No evidence of symmetry higher than triclinic was observed in either  N(3)—Fe—N(1) 117.0(2) 116.2(2) 117.52(7)
the photographic or the diffraction data for K[Fer(NO)}DMF and N(4)—Fe-N(5)  179.2(2) 179.4(2) 175.47(2)
K[Fel®P(NO)]-DMF, and the systematic absences in the diffraction Fe—N(5)—0(5) 178.2(5) 172.7(4) 160.3(2)
data are uniquely consistent for the reported space group for d[Fe—Namid? 0.424 0.428 0.395

K[Fe1dmNO)]. E statistics suggested the centrosymmetric space group,
P1, for K[FelPr(NO)}DMF and K[Fel?(NO)]-DMF, which yielded
chemically reasonable and computationally stable results of refinement.
The structures were solved by direct methods, completed by subsequenf Fe—-NO}7 complexes where the NO stretching frequency
difference Fourier syntheses and refined by full-matrix least-squares ranges from 1690 to 1840 crhé’

procedures. A semiempirical ellipsoid absorption correction was applied i : - _ ; : _
to K[Fe1'Pr(NO)}DMF but was not necessary for K[E#(NO)]-DMF . SOIICtthtﬁ;[e Slt:r ucwg S7.S|nglei crystal Xf.ray cti;]ﬁractloglstutq

or K[Fel'Pr(NO)}DMF because there was less than 10% variation in les on the threg¢Fe—NO} complexes confirms the coordination
the integrated 41-scan intensity data. A molecule of DMF was located of an NQ molecule to th(f.' |ro_n resulting in an overall t_r'gonal

in the asymmetric units of K[FEPr(NO)FDMF and K[FeL®P(NO)]- bipyramidal (TBP) coordination geometry. Selected dls.tances
DMF. All non-hydrogen atoms were refined with anisotropic displace- and angles for structures of these complexes are shown in Table
ment parameters and hydrogen atoms were treated as idealized? and Figure 2 contains the thermal ellipsoid diagrams and
contributions. All software and sources of the scattering factors are space-filling representation of each complex. Additional struc-
contained in the SHELXTL (5.3) program library (G. Sheldrick, tural parameters are provided in the Supporting Information.
Siemens XRD, Madison, WI). The molecular structures of [E@r(NO)]-, [FEL%(NO)],

and [FA9MANO)]~ (Figure 2) show that the three amidate
nitrogen donors from the tripodal ligands are arranged in the

a Displacement of Fe from the plane formed by N{N(2)—N(3).

Results and Discussion

Synthesis and Characterization.In solution the [F&R]~ trigonal plane around the iron center. The trigonal bipyramidal
complexes rapidly bind NO as indicated by the formation of coordination sphere is completed by the trans positioning of
intensely red-colored solutions (eq 1). The IR@NO)]*~ the apical N(4) donors ofif]3~ and nitrosyl nitrogens N(5).
complexes The average Bna—Fe—Namig angle for the complexes are

115.74(13 for [Fel'Pr(NO)]~, 115.7(1} for [Fel»P(NO)]~, and
K[FelR - No, K[Fe_‘]_R(NO)]_ (1) 116.28(4) for [Fel“™NO)] . These angles are lower from the
pale yellow ®™*  red-brown 120 expected for trigonal bipyramidal geometry because the

iron sits out of the trigonal plane (0.39.43 A) toward N(5).
have similar electronic absorbance spectra that contain threeThe average FeNamig bond lengths for the three [E&NO)]*~
visible bands at approximately 350, 500, and 800 nm (Figure complexes are virtually identical: 2.027(2) A for [ERr(NO)I,

1, Table 4). Similar absorbance spectra have been observed fornd 2.026(2) and 2.026(1) A for [E&P(NO)]~. Surprisingly,
other non- heméFe—NO} 7 complexes! In the solid state, NO  these bond distances are comparable to that observed in the
binding appears to be irreversible as no color changes were[Fel'Pr]~ (2.027(2) A), the Fe(ll) precursor complex, which has
observed after placing the complexes under vaccum for severala trigonal monopyramidal coordination geomé'tHy.

hours &12 h). Fourier transform infrared spectra of all the The spin state and oxidation state of metal ions often influence
complexes show strong peaks between 1710 and 1750 cm metal-ligand bond distances. For example, we have observed
which are assigned to the stretching frequecies of the coordinatedpreviously the shortening of average-He.miq bond length in
nitrosyl ligands. These data agree with those reported for otherlow-spin [Fel'Pr(CO)J” (S= 1) by 0.023 A compared to high-
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Figure 2. Thermal ellipsoid diagrams of [E#Pr(NO)T (A, top), [FELY?(NO)]~ (B, top), and [F&mA(NO)]~ (C, top) and space-filling representations
of each complex viewed down their respective pseudo 3-fold axis. The ellipsoids are drawn at the 30% probability level, and all non-methine
hydrogens are removed for clarity.

Table 3. Magnetic, EPR, and Nesbauer Parameters for

; iPr- (Q = 2) 11b Thi
spin [FEL'Pr]~ (S= 2).1P This constrasts to the current results [Fe1R(NO)]- Complexes

for the [FELR(NO)]~ complexes which have been formulated
as FET—NO™ species (vide infra). Thus no adjustment in the | EIDF (’ﬁr ‘3/ AE/q
Fe—N bond distances was observed for this change in the iron __COTPIeX __ #er(iten) oep_(MT) (mm/sy (mm/sy
center. A similar observation in six-coordinaf&e—NO}’ [Fel':;L(NO)]i 3-9824-03'; 0.062 0.025 7.8 0427 1.294
complexes has been reported by Que and co-workers who sa Feld (NO)|”  4.3224.00 0.072 0.024 56 0412 1.336
. N Fel"(NO)|~ 4.4024.40 0.090 0.020 4.1 0.430 1.33F
no change in bond length for a change in oxidation $fafaey _ _
attribute factors other than oxidation state, such as strongmetal ~ *Powdered samplé.DMF solution, using the Evan’s methotAll

ligand interactions, that can counterbalance this effect and rendeSimulations “See‘je = 2.00, 2.00, and 2.01 for eq 2Data recorded at
bond Iengths essentially unperturbed. 4.2 K, 0.45 kG2 At 195 K, 6 = 0.365 mm/sAE; = 1.330 mm/s.

The most significant difference between the molecular (546 from 3.98 to 4.40gy and are close to the spin-only value
structures of the [FEY(NO)]~ complexes are their FeN(5)— for anS= 3/, complex of 3.87ugw.

O(5) angles which relate to the size of the enclosing cavity. In \jagnetic moments larger than the spin-only value may be
[FeI'Pr(NO)I", which has a more restricted cavity with a gye ejther to an orbital contribution to the spin-only moment
diameter of~3 A, a nearly linear FeN(5)-O(5) angle is  or to population of an excited spin state. However, the EPR
observed (178.2(8). A larger and more flexible cavity~8 A data (vide infra) allow an orbital contribution to the spin-only
in diameter) which is formed by planar phenyl rings in  moment of no greater than 1%. Some otBer ¥, { Fe~NO}
[Fe1‘™NO)] " has a significantly smaller FEN(5)-O(5) angle complexes also display magnetic moments which are higher than
of 160.3(2). This nonlinear angle lies within the range reported the spin-only valu®& by comparable amounts.

for most other non-heméFe-NO}’ complexes which lack The frozen solution EPR spectra of the three nitrosyl
restrictive cavities around the F&O m0|ety An additional Complexes’ shown in Figure 3] are typ|ca| of S“ghtly rhombic
complex, [FE¥XNO)]", has a cavity similar to that found in 5= 3/, signals wheray, ~ gy ~ 4 andg; ~ 2. The spectra can

[Fel'Pr(NO)]~ and a correspondingly similar F&(5)—O(5) be described with the standard spin Hamiltonian
angle of 172.7(4) This relationship between cavity structure

and Fe-N—O angle was also observed in the solid-state _— E, > 5

structure of [F&S™4NO)]~.1° The cavity surrounding the Fe H=pB-g-S+ D|(S"— 7)) + 5(% -3 (2)

NO unit in [FeLIS™4NO)] is flexible because the benzene ring

of the methylbenzyl group can adopt different conformations. in which D andE are the axial and rhombic zero field splitting

Crystallization of the potassium salt of [F€"*{NO)]~ resulted  parameters, respectively. The temperature dependence of the

in four crystallographically independent complexes in the sjgnals from all three complexes indicate that all signals arise

asymmetric unit. These complexes differ by cavity size and their from a ground|+%/,> doublet withD > 0. No significant

Fe—N—O angles. The smallest cavity has an-e-O angle features are observed from the excited/,> doublet at higher

of 175.6(5J, while an angle of 157.0(8)is observed for the  temperatures. Simulations of the signals were calculated from

complex with the largest cavity. eq 2 using a line shape model which allows for a Gaussian
Magnetization, EPR, and Mdsshauer SpectroscopyThe distribution og/p in the rhombic parameter, and a spin-packet

room-temperature magnetic moments of the nitrosyl complexesline width og for unresolved hyperfine broadening. The simula-

in solution and the solid state are given in Table 3. The values tions shown in Figure 3 (dashed lines) are least-squares fits
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Figure 3. EPR spectra<) and simulations «-) of frozen DMF
solutions with nominal concentrations of 1 mM [Eer(NO)I™ (A),
[Fel»P(NO)]~ (B), and [FA9™(NO)]~ (C). Instrumental parameters:
12 K; microwaves, 0.2 mW at 9.62 GHz; 1 mT modulation at 100
kHz. The simulation parameters can be found in Table 3. The inset
shows the EPR spectrum of [ERr(NO)]~ with instrumental parameters

as above except 0.3 mT modulation.

350 450

derived from variation of the parametdtfD, ogp, andog. The
best-fit parameters are given in Table 3. Both line width
parameters are required to give reasonably good fits.

The signal line widths are dominated by partially resolved
hyperfine splittings from the nitrogen ligands which results in
some simulation mismatch. The [EBr(NO)I~ complex shows
additional features a ~ 4 as shown in the inset of Figure 3.

Ray et al.

splitting remains unchanged. High-spin Fe(lll) complexes tend
to have slow electronic relaxation times and thus give a six
line magnetic spectrum in low magnetic fields. TheO
complexes of this work, however, show only quadruple doublets
in low magnetic field at 4.2 K, indicating fast electronic
relaxation in the powder samples. Solution samples at high
concentration (80 mM) in CkCN showed the same isomer
shifts and quadruple splittings as the powder samples, but
increased line widths, presumably due to slower relaxation in
solution which results in a small residual magnetic moment.
The EPR signals at lower concentrationl( mM) also show
fast electronic relaxation as the signals are not saturable at 2 K
and microwave powers of 200 mW.

Previously characterizeflFe—NO}’ complexes have been
observed in spin states of eith®r= 1/,16:17or S= 3/,5¢" or to
undergo a temperature-dependent transition between these two
spin stateg2:® These complexes all have either octahedral or
square pyramidal geometries. For iron porphyrin complexes,
binding NO results in low spin complexes and may be
approximated as P&é—NQO°17 The non-heme NO complexes
have been characterized as high-spin Fe(BB=(°/,) exchange
coupled to NO (S= 1) to give an antiferromagnetic ground
spin state of S= 3/,.1* The lower coordination number of the
trigonal bipyramidal{Fe—NO}’ complexes described here
produces a smaller ligand field splitting as compared to the more
common six-coordinate iron-nitrosyl species. Nevertheless tri-
gonal bipyramidal iron complexes withl{]3~ ligands can
undergo spin state transitions as has been observeidPfFe
(CO)]~ 1P thus, we must consider a variety of electronic models.
The spin states of the [EB(NO)]~ complexes studied here have
been examined using room-temperature magnetic susceptibility,
EPR, and Mesbauer spectroscopy. This information can be used
to determine the oxidation state of the metal and the nitrosyl
ligands as well as the electronic configurations of the complexes.

Four conceivable electronic structures could describe a
trigonal bipyramidalS = 3, {Fe—NO}’ complex. These are
[Fe¥T d®® HS (S= %,)—NO~ (S= 1)]*¥ and [F&" d® HS (S=
2)—NQ° (S = Y,)]*° both antiferromagnetically coupled; [Fe
d’ HS (S= 3%/;)—NO" (S= 0)];?° and [F&" d6 LS (S= 1)—

NQ° (S = 1/,)], ferromagnetically coupled. These possible

These features do not have regular spacing, probably due toconfigurations, differing in the oxidations states of the iron and

multiple overlapping hyperfine patterns from the amide, amine,
and nitrosyl nitrogens. The nitrosyl ligand, however, probably
does not contribute significantly to the hyperfine pattern due to
pairing of the nitrosyl electron with metal orbitats.

Mossbauer spectra of the nitrosyl complexes exhibit simple
quadrupole doublets at both low and high temperatures. The
isomer shifts at 4.2 K, ranging frodh= 0.41-0.43 mm/s, and
the quadrupole splittings, ranging frafvE; = 1.29-1.33 mm/s
(Table 3), most closely match typical values of high spin ferric
complexes. Although the isomer shift is also in the appropriate
range for an Fe(lll5 = 1 complex, data from the CO adducts
of the four-coordinate iron complexes with th&*P]®~ and
[1PrP- ligands which have aB= 1 configuration, have a much
smaller isomer shift of = 0.26 mm/st1P Thus, the iron nuclei
of the nitrosyl complexes are significantly more shielded from
s electron density than that of the CO adducts, corroborating a
high spin Fe(lll) electronic configuration in the NO adducts,
rather that an S= 1 configuration. At 195 K the measured
isomer shift of K[FA9™NO)] is slightly reduced as expected
due to the second-order Doppler shffihile the quadrupole

(14) Brown, C. A,; Pavlosky, M. A.; Westre, T. E.; Zhang, Y.; Hedman,
B.; Hodgson, K. O.; Solomon, E. 0. Am. Chem. Sod 995 117,
715.

the nitrosyl ligand can be distinguished with "B&bauer
spectroscopy. The small isomer shifts and quadrupole splitting
of the [FEIR(NO)] complexes indicate that the iron is in the
high spin Fe(lll) electronic configuration Thus, for the trigonal
bipyramidal complexes considered here, only thé"F® HS
(S="5/,)—NO~ (S= 1)] configuration agrees with the magnetic
susceptibility, EPR and Mssbauer spectroscopy. The iron of
the four-coordinate starting material has been oxidized by the
NO ligand to give a system which can be formally described

(15) Lang, G.Q. Rev. Biophys.197Q 3, 1.

(16) (a) Karlin, K. D.; Rabinowitz, H. N.; Lewis, D. L.; Lippard, S. J.
Inorg. Chem1977, 16, 3292. (b) Berno, P.; Floriani, C.; Chiesi-Villa,
A.; Guastini, C.J. Chem. Soc., Dalton Tran&988 1409. (c) Qian,
L.; Singh, P.; Ro, H.; Hatfield, W. Elnorg. Chem.199Q 29, 761.

(17) (a) Scheidt, W. R.; Frisse, M. H. Am. Chem. Sod975 97, 17. (b)
Scheidt, W. R.; Piciulo, PJ. Am. Chem. Sod 976 98, 1913. (c)
Scheidt, W. R.; Brinegar, A. C.; Ferro, E. B.; Kirner, J. ¥.Am.
Chem. Socl977, 99, 7315. (d) Scheidt, W. R.; Lee, Y. J.; Hatano, K.
J. Am. Chem. Sod984 106, 3191. (e) Nasri, H.; Haller, K. J.; Wang,
Y.; Huynh, B. H. and Scheidt, W. Rnorg. Chem.1992 31, 3459.

(18) zhang, Y.; Pavosky, M. A.; Brown, C. A.; Westre, T. E.; Hedman,
B.; Hodgson, K. O.; Solomon, E. 0. Am. Chem. Sod992 114,
9189.

(19) Salerno, J. C.; Siedow, J. Biochim. Biophys. Actd979 579, 246.

(20) Wells, F. V.; McCann, S. W.; Wickman, H. H.; Kessel, S. L.;
Hendrickson, D. N.; Feltham, R. Dnorg. Chem.1982 21, 2306.
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Table 4. Electronic Spectraand Cyclic Voltammetrie Data for
[FEIR(NO)]~ Complexes

Amax NM oxidationEy,, reductionEyy, 70 A
complex (e, M~LcmY V (AE, mV)  V (AE, mV) H

[FelP(NO)]- 324 (6900), 372 (7600),  0.56 (65) —1.57 (105)
512 (620), 840 (170)

[Fel"P(NO)]~ 332 (4700), 378 (5200),  0.55 (60) —1.60 (76)
514 (570), 836 (160)

[Feldm(NO)]~ 357 (3200), 508 (390),  0.61(65) —1.48 (110)

783 (120)
a Spectral measurements of DMF solution in the range—8ID

nm were made at ca. I®M and for the 306-500 nm region were T T T T T,

made at ca. 18 M. ° Supporting electrolyte [NBU]BF,4 (0.15 M); all 1000 500 0 Poter?t(i)gl (V)1 000 -1500 -2000

potentials are referenced to the SEz, = 0.5 Eyc + Eps) WhereEp.

andE, are the cathodic and anodic peak potentials, respectively; scanFigure 4. Cyclic voltammogram of [F&*(NO)]*~ in DMF. Condi-

rate of 100 mV st at a glassy carbon electrode. tions: concentration, 1.64 mM; working electrode, glassy carbon; scan
rate, 100 mvst.

as an NO ligand bound to Fe(lll). TheS = % iron is ) ) o )

antiferromagnetically coupled to ti&= 1 NO- ligand to give with the assignment of a one-electron oxidation ofl{PgNO)J".

anS = 3/, system, which has also been found by Solomon and Upon completion of the coulometric oxidation of [FRer(NO)]",

co-workerd*to best describe the octahed8a 3/, complexes, a deep red solution was generated which faded to a pale brown

Fe(EDTA)(NO) and Fe(Mg ACN)(NO)(Na). color within minutes. Cyclic voltammetry of this brown solution

In the literature much emphasis has been placed on theshows that only 40% of [FEPr(NO)I™ is present. These cyclic

binding angle of the nitrosyl ligand to metal centers and the voltammetric properties diminish further with time, indicating

effect on the Fe NO z-bonding722A bent NO is expected to  the instability of the oxidized [FEPr(NO)] species generated

lower the symmetry of the complex from axial, and thus increase in solution. Attempts to isolate the oxidized species were

the rhombic parameté/D in EPR data. The value of E/D from  unsuccessfu#?

Table 3 does follow this trend with the binding angle of the  symmary. We have demonstrated that the cavity structure
NO ligand, and agrees with the solid state molecular structures 5round an FeNO unit affects its angle. Restricted cavities of
discussed previously. No significant differences between the bentgy|ier diameter yield nearly linear F8l—0O angles as shown
and linearly bound NO complexes are observed from the e solid-state molecular structure of Ifer(NO)]. Larger
Moéssbauer data. Similarly, in studies of many other nitrosyl and potentially more flexible cavities yield smaller-Ag—0
complexes, no correlation has been observed between theangles of~16C as seen in [FE™ANO)]". EPR data of frozen
binding angle of the NO ligand and the-D stretching solutions corroborate the results found in the solid state.

frequency’® . .
The Fe-NO angular results obtained here agree with those

The simulations in Figure 3 are derived from eq 2 and require ; )
ge = 2.00(1). Since thee values differ from the spin-only value ~ 'ePorted for other non-hemige—NO} * complexes having

by no more than 1%, the increase observed in the magnetic= 72 ground states. Most of the previously characterized
moment above the spin-only value cannot be due solely to an complexeg that are elt.her square pyyamplal or 'S|x-coord|nate
orbital contribution. Alternatively, the antiferromagnetic cou- have relatively unrestricted NO binding sites with-F¢—0O
pling between th&= 5, Fe** andS= 1 NO™ will give excited angles that range from 147 to 159 Fe(TMC)(NO)](BF), and

spin manifolds ofS = 5/, and 7/,. Population of theS = 5/, an isomer of [F&S™"4NO)]~ are the only other complexes with
state at room temperature would cause an increase in thenearly linear FeN—O angles reported in the literatUi®!°Both
effective magnetic moment. We have looked carefully for an complexes have restricted cavities; the former by four nearby
excitedS= %, signal in the EPR spectra up to 225 K. No such methyl groups, the latter bg-benzylmethyl groups. Although
additional signals were observed to grow in, and the ground an example of a trigonal bipyramidflFe—NO}’ complex has
state signal remains clearly visible without a detectable decreasebeen reported? [FelR(NO)]~ is the first series of related

in its population. The origin of the deviation in the room complexes that has allowed the examination of the magnetic
temperature magnetic moments are currently unclear and will and structural properties of this class of compounds.

be resolved in later studies.

Electrochemistry. Cyclic voltammetry of the three complexes Acknowledgmentis made to the NIH (Grants GM50781 to
was performed in DMF with a glassy carbon electrode and the A.S.B. and GM49970 to M.P.H), NSF for their support of the
results are summarized in Table 4. All the complexes undergoespurchase of the CCD-based diffractometer at the University of
almost identical reversible oxidationE, ~ 60 mV) and quasi- Delaware (Grant CHE-9628768), and Professor Enbkufor
reversible AE, range from 80 to 100 mV) reduction at the use of his M@sbauer spectrometer.
electrode surface (see Figure 4 forJP&NO)] ). This observed
small differences in the potentials for both redox processes Supporting Information Available: Tables of X-ray structural data
between the thregFe—NO} 7 complexes suggest that the donor ~ for K[Fel'Pr(NO)} DMF, K[Fel**NO)]-DMF and K[Fel""(NO)] (30
abilities of the three tripodal ligands are nearly equivalent. pages). This material is available free of charge via the Internet at
Controlled potential coulometry (CPC) on [ERr(NO)I™ was http://pubs.acs.org.
used to explore the accessibility of oxidized products, such as|cgg0070A
{Fe—NO} ¢ species. At a potential of 340 mv vs Ag/AgCPC
experiments measured 1/mol of [FelPr(NO)]~, which agrees

(22) An example of a non-hemgFe—NO} ¢ complex has recently been
reported that models the inactive form of nitrile hydratase: Schweitzer,
(21) Hoffmann, R.; Chen, M. M. L.; Elian, M.; Rossi, A. R.; Mingos, D. D.; Ellison, J. J.; Shoner, S. C.; Lovell, S.; Kovacs, JJAAmM. Chem.
M. P. Inorg. Chem.1974 13, 2666. So0c.1998 120, 10996.




