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The Mn(ll) and Mn(lll) complexes of the pentadentate ligand N,N-bis(2-pyridylmethyl)amine-N-ethyl-2-pyridine-2-
carboxamide (PaPy;H; H is the dissociable carboxamide H), namely, [Mn(PaPys;)(H,0)]CIO, (1) and [Mn(PaPys)-
(CN]CIO4 (2), with bound carboxamido nitrogen have been isolated and characterized. The high-spin Mn(ll) center
in 1 is very sensitive to dioxygen, and this complex is rapidly converted into 2 upon reaction with CI~ in air. The
bound carboxamido nitrogen in 1 is responsible for this sensitivity toward oxidation since the analogous Schiff base
complex [Mn(SBPys)CIICIO, (4) is very resistant to oxidation. Reaction of NO with 1 affords the diamagnetic
{Mn—-NO}¢ nitrosyl [Mn(PaPy3)(NO)]CIO,4 (5). Complexes with no bound carboxamido nitrogen such as 4 and
[Mn(PaPy;H)(CI)] (3) do not react with NO. No reaction with NO is observed with the Mn(lll) complexes 2 and
[Mn(PaPy3)(MeCN))>* either. Collectively these reactions indicate that NO reacts only with the Mn(ll) center ligated
to at least one carboxamido nitrogen. Both the carbonyl and N—-O stretching frequencies (vco and vyo) of the
present and related complexes strongly suggest a { low-spin Mn(I)-NO*} formulation for 5. The alternative description
{low-spin Mn()-NO*} is not supported by the spectroscopic and redox behavior of 5. Complex 5 is the first
example of a {Mn—-NO} ¢ nitrosyl that exhibits photolability of NO upon illumination with low-intensity tungsten
lamps in solvents such as MeCN and H,0. The rapid NO loss from 5 leads to the formation of the corresponding
solvato species [Mn(PaPys)(MeCN)J>* under aerobic conditions. Oxidation of 5 with (NH,),[Ce(NO3)¢] in MeCN
affords the highly reactive paramagnetic (S = /,) {MnNO}® nitrosyl [Mn(PaPys)(NO)J(NOs), (6) in high yield.
Spectroscopic and magnetic studies confirm a {low-spin Mn(Il)-NO*} formulation for 6. The N-O stretching
frequencies (vno) of 5, 6, and analogous nitrosyls reported by other groups collectively suggest that vo is a better
indicator of the oxidation state of NO (NO*, NO*, or NO™) in non-heme iron and other transition-metal complexes
with bound NO.

The reactions of nitric oxide (NO) with transition-metal manganese is an important metal in biology and is known
ions have been studied for quite sometitie.recent years,  to participate in redox reactiodsye were curious about its
interactions of NO with iron and copper centers have been reactions with NO, a key molecule in biologitaand
explored to model Fe- and Cu-containing metalloenzymes environmental processé#lthough the Mr-NO linkage is
involved in bacterial respiration and denitrificatidiBince well documented in organometallic compoufidsand in
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Reactions of NO with Mn(Il) and Mn(lll) Centers

porphyrin®tand phthalocyanine complex&s,relatively

[MNn(CN)s(NO)]*~ (1725 cnt), an organometallic species

fewer mononuclear coordination complexes with bound NO with an effectively Mn(l) centet! Although this argument

are reported so faf 15> Assignment of the formal oxidation

favors the{Mn(l)-NO*} formulation for the diamagnetic

states of the manganese center in all these complexes hasomplexes such as [Mn(TPP)(NO)], controversy still exists

often been avoided by the use of thigin—NO} " notation
of Enemark and Felthad§.In selected cases, formal oxida-

in the case of complexes derived from ligands such as the
Schiff base¥ that are usually not very supportive of metals

tion states have been assigned on the basis of metric,in low oxidation states. Also, the average MN distance
magnetic, and spectroscopic data. For example, Taylor andin [Mn(NO)(TC-5,5)], a formally high-spin Mn(lll) complex,

co-workers have suggested mw-spin Mn(I)-NO*} for-
mulation for the diamagnetitMn—NO} ¢ species derived
from dianionic pentadentate Schiff base complexes of
Mn(ll), 138 while Lippard and co-workers have assigned a
{ high-spin Mn(l11)-NO~} ground state for theMn—NO}©
tropocoronand complex [Mn(NO)(TC-5,5)] on the basis of
FTIR (vno = 1662 cnTt) and magnetic{4 ug) parameters

In the case of the diamagnefitin—NO} ¢ tetraphenylpor-
phinato nitrosyl [Mn(TPP)(NO)], &low-spin Mn(I)-NO*}

is 2.00 (3) A, while that in the Schiff base complex, a

formally low-spin Mn(l) species, is 2.06 &P Clearly, the

Mn(l)—NO" formulation is not supported by metric data in
most cases. Whether the alternative descriptiofiaf-spin
Mn(l)-NO*}, namely, a strongly coupleflow-spin Mn-
(I —=NO}, is a possibility in such cases remains an open
guestion.

The reactions of the various manganese complexes with
NO as well as the reactions of excess NO with the reported

formulation has also been assigned on the basis of the metrignanganese nitrosyls are also quite different. For example,

parameters (a linear MAN—O bond and shorter MaN
bond distances¥? Interestingly, the MaRN—O angles in all
these species are within the narrow range of-178C, and
hence, assignment of N@ver NO or NO™ on the basis of
the Mn—N—O bond angle is not very convincing. On the
other hand, the NO stretching frequency (o) appears to
be quite sensitive to the assignment since [Mn(NO)(TC-5,5)]
exhibitsvyo at 1662 cm?® while [Mn(TPP)(NO)] and [Mn-
(5-CH;SALDPT)(NO)] (SALDPT= dianionic pentadentate
Schiff base) displayno at 1735 and 1715 cm, respec-
tively.100.13215The |atter vno values are close to that of
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H.; Lennhoff, N. S.; Ryan, W. J.; Sweigart, D. A.; Bushweller, C. H.;
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1976 98, 94.

(12) Goldner, M.; Geniffke, B.; Franken, A.; Murray, K. S.; Homborg, H.
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(13) (a) Coleman, W. M.; Taylor, L. ™. Am. Chem.&.1978 100, 1705.
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Chem. Res., Miniprint979 3359. (c) Coleman, W. Mnorg. Chim.
Acta 1981, 49, 205.

(14) Franceschi, F.; Hesschenbrouck, J.; Solari, E.; Floriani, C.; Re, N.;
Rizzoli, C.; Chiesi-Villa, A.J. Chem. Soc., Dalton Tran200Q 593.
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Mn(1l) complexes of the aforementioned Schiff base ligands
(L) react with NO to afford diamagnetic [MnL(NO)] species,
while the corresponding Mn(lll) complexes of the type
[MnLX] (X =17, NCS) react with NO to yield EPR-active
high-spin Mn(ll) specie$® The Mn(ll) tropocoronand com-
plex [Mn(THF)(TC-5,5)] reacts with NO to afford [Mn(NO)-
(TC-5,5)], which reacts further with excess NO to produce
N,O and the nitrito complex [Mn(NE(TC-5,5)]% In
addition, [Mn(NO)(TC-5,5)] transfers NO to [Fe(TC-5,5)]
to produce thg¢ Fe—NO} 7 nitrosyl [Fe(NO)(TC-5,5)[8 The
Mn(ll) porphyrinato complex [Mn(TPP)] reacts readily with
NO to afford [Mn(TPP)(NO)LL>1* while the corresponding
Mn(lll) species such as [Mn(TPP)(CN)] reacts with excess
NO to yield EPR-active Mn(ll) complexes of the type [Mn-
(TPP)(CN)(NO)J* This reaction can be reversed by thor-
ough degassing. Reversible coordination of NO to Mn(ll)
complexes of the type MnXPRs), (PRs = phosphines, X
= CI7, Br7) in THF solution has also been reported.
Collectively, these reactions suggest that NO might have a
preference for Mn(ll) over Mn(lll).

Recently, we have synthesized a designed pentadentate
ligand, N,N-bis(2-pyridylmethyl)amineN-ethyl-2-pyridine-
2-carboxamide (PaRM; H is the dissociable carboxamide
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H), in which we have assembled two domains that respec-
tively provide stability to low and high oxidation states of
transition-metal ions. For example, the bis(pyridylmethyl)-
amine portion of PaRyd prefers Fe(l1)}*2° while the

(17) Cotton, F. A.; Monchamp, R. R.; Henry, R. J. M.; Young, R.JC.
Inorg. Nucl. Chem1959 10, 28.
(18) Franz, K. J.; Lippard, S. Jnorg. Chem 200Q 39, 3722.
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carboxamide portion stabilizes Fe(lll) to a significant
extent?! As a consequence, this ligand readily affords the
low-spin Fe(lll) complex [Fe(PaRyMeCN)](CIOy), that
binds to a variety of ligands (C] NO,~, CN") at the sixth
site via replacement of the bound solvent mole&tl€his
complex also binds NO to afford a diamagndtiee—NO} &
nitrosyl [Fe(PaPy)(NO)](CIO,), that rapidly loses NO upon
illumination to visible light of low intensity>24In addition,
one can synthesize [Fe(PaRNO)]CIO,, the corresponding
{Fe-NO}’ species with arS = Y/, ground staté* These

Ghosh et al.

CAUTION! Perchlorate salts of metal complexes with organic
ligands are potentially explogé. Only small quantities of these
compounds should be prepared and handled with proper protection.

Synthesis of the CompoundsThe ligandsN,N-bis(2-pyridyl-
methyl)amineN-ethyl-2-pyridine-2-carboxamide (PajP) andN,N-
bis(2-pyridylmethyl)amineN-ethyl-2-pyridine-2-aldimine (SBRy
were synthesized according to the literature proceéif®e.

[Mn(PaPy3)(H,0)]CIO,4 (1). To a solution of 200 mg (0.58
mmol) of PaPyH in 15 mL of degassed MeOH was added a batch
of 60 mg (0.59 mmol) of BN, and the mixture was stirred for 1
h. A batch of 210 mg (0.58 mmol) of solid Mn(CJ3-6H,O was

results have prompted us to study the reactions of NO with then added, and the mixture was stirred vigorously. A clear pale
manganese complexes of this ligand. In this paper we reportyellow solution was formed, and within 15 min, a beige precipitate

a Mn(ll) complex, [Mn(PaPy)(H,0)]CIO, (1), and a Mn-
(111 complex, [Mn(PaPy)(CI)]CIO4 (2), and their reactions
with NO. Two more Mn(ll) complexes, namely, [Mn-
(PaPyH)(Cl);] (3) and [Mn(SBPy)CI|CIO, (4), that are
devoid of coordinated carboxamido nitrogen, and their
reactions with NO, are also discussed. THédn—NO}°
nitrosyl [Mn(PaPy)(NO)]CIO, (5), isolated from the reaction
of 1 with NO, and the correspondingin—NO}® species
[Mn(PaPy)(NO)](NOs), (6) are also described. Synthetic
attempts to isolate the diamagnefi®in—NO} € nitrosyl 5
have revealed that (a) high-spin Mn(lll) shows no affinity
for NO and (b) NO binds only to low-spin Mn(ll). The Mn-
(1) nitrosyl 5 also exhibits photolability of the bound NO
much like the M(III) nitrosyls [Fe(PaRYNO)](CIO,), and
[Ru(PaPy)(NO)](BF4),.2%2?® The results described herein

separated out. The precipitate was collected, washed with MeOH,
and dried in vacuo (yield 68%). Anal. Calcd fopdH,NsClOs-
Mn: C, 46.29; H, 4.24; N, 13.50. Found: C, 46.23; H, 4.22; N,
13.52. Selected IR frequencies (chnKBr disk): 3446 (s, br), 1608
(vco), 1591 (vs), 1563 (s), 1372 (s), 109%c(04), 755 (S), 622 (s).
Value ofuer (298 K, polycrystal): 5.9kg. X-band EPR spectrum
(298 K, polycrystal): strong broad signal with~ 2.00.
[Mn(PaPy3)(CI]CIO 4 (2). A batch of 15 mg (0.63 mmol) of
NaH was added to a solution of 200 mg (0.58 mmol) of Ra&Fg
15 mL of degassed MeCN, and the reaction mixture was stirred
for 1 h. Next, a solution of 459 mg (0.58 mmol) of [Mn(DM§F)
(ClOg)3 in 2 mL of MeCN was added to it, and stirring was
continued. A green-brown solution was generated within 1 h. At
this point, a solution of 97 mg (0.59 mmol) of JRICI in 2 mL of
MeCN was added, and the mixture was stirred for another 2 h.
The green-brown solution slowly changed to a clear green solution.

demonstrate that unlike the previously reported diamagnetic The solvent was then removed in vacuo, and the green solid was

iron(l11) and ruthenium(lll) nitrosyls [M(PaPy(NO)]X2 (M

= Fe, Ru; X= CIO,, BF,;), manganese is in the2 oxidation
state in5, and yet all three nitrosyls exhibit photolability of
the bound NO ligand.

Experimental Section

2-AminomethylpyridineN-bromoethylphthalimide, picolinic acid,
hydrazine monohydrate, pyridine-2-aldehyde, Mp@H,0, and

recrystallized from MeCN/E&O (yield 62%). Anal. Calcd for [Mn-
(PaPy)(CI)]ClO42MeCN @-2MeCN, GHz6N7Cl,0sMn): C, 46.68;
H, 4.21; N, 15.88. Found: C, 46.71; H, 4.17; N, 15.84. Selected
IR frequencies (cmt, KBr disk): 3432 (br), 1638 (vS;co), 1604
(vs), 1447 (s), 1362 (s), 1291 (w), 1083 (¥gj04), 1020 (s), 764
(s), 623 (s). Electronic absorption spectrum in MeGNax (nm)
(e (M~tcmY)): 623 (110), 445 (370), 320 (3400). Value mfis
(298 K, polycrystal) 5.29.

[Mn(PaPy3H)(CI) 4] (3). A batch of 114 mg (0.58 mmaol) of solid

Mn(ClOy),-6H,0 were purchased from Aldrich Chemical Co. and MnCl,*4H,O was added to a solution of 200 mg (0.58 mmol) of
used without further purification. NO gas, procured from Johnson PaPyH in 15 mL of degassed MeCN, and the pale yellow solution
Mathew Chemical Co., was purified by passing it through a KOH was stirred for 2 h. Next, the solvent was removed in vacuo, and

column. The starting metal salt [Mn(DM§CIO4); was synthe-
sized by following the published procedu’fAll the solvents were

the pale yellow solid thus obtained was redissolved in 5 mL of
MeOH. Slow diffusion of acetone into this solution afforded almost

purified and/or dried by standard techniques and distilled prior to colorless blocks within 72 h (yield 70%). Anal. Calcd fof821Ns-
use. Standard Schlenk techniques were used during all synthese€l,OMn: C, 50.74; H, 4.44; N, 14.80. Found: C, 50.77; H, 4.42;
to avoid exposure to dioxygen. Elemental analyses were performedN, 14.78. Selected IR frequencies (ciyKBr disk): 3362 (vsynw),

by Atlantic Microlab Inc.

(19) Patra, A. K.; Olmstead, M. M.; Mascharak, P.IKorg. Chem 2002
41, 5403.

(20) (a) Goldsmith, C. R.; Jonas, R. T.; Stack, T. DJPAmM. Chem. Soc
2002 124, 83. (b) Roelfes, G.; Lubben, M.; Chen, K.; Ho, R. Y. N.;
Meetsma, A.; Genseberger, S.; Hermant, R. M.; Hage, R.; Mondal,
S. K.; Young, V. G., Jr.; Zang, Y.; Kooijmann, H.; Spek, A. L.; Que,
L., Jr.; Feringa, B. LInorg. Chem 1999 38, 1929.
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2000Q 29, 69.
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2001, 40, 2810.

(23) Patra, A. K.; Afshar, R.; Olmstead, M. M.; Mascharak, PAKgew.
Chem., Int. Ed2002 41, 2512.
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1645 (vs,vco), 1605 (s), 1525 (s), 1449 (s), 1425 (s), 1019 (s),
996 (s), 779 (vs), 685 (s). Value pt« (298 K, polycrystal) 5.95
Us.

[Mn(SBPy3)CIICIO 4 (4). A batch of 120 mg (0.61 mmol) of
solid MnCh+4H,0 was added to a solution of 202 mg (0.61 mmol)
of SBPy; in 10 mL of degassed MeOH, and the mixture was stirred
for 1 h. Next, a batch of 150 mg (1.22 mmol) of solid NaGl@as
added to the pale yellow solution, and the mixture was stirred for
1 h. The pale yellow solid that separated out was collected by
filtration, washed with MeOH, and recrystallized from a £CHp/
toluene mixture (yield 22%). Anal. Calcd for [Mn(SBREI|CIO4
0.25MeOHH,0 (4’025M€OHH20, 020'25’424N5C|205.2d\/|n): C,
44.42; H, 4.39; N, 12.80. Found: C, 44.49; H, 4.35; N, 18.77.
Selected IR frequencies (c) KBr disk): 3434 (br), 1664 (s),
1606 (vs,vcn), 1444 (vs), 1306 (s), 1090 (V8¢ioq), 759 (S), 623
(s). Value ofues (298 K, polycrystal): 5.9Q¢g.



Reactions of NO with Mn(Il) and Mn(lll) Centers

[Mn(PaPy3)(NO)]CIO,4 (5). A steady stream of purified NOwas  from tungsten lamps of different powers (25, 60, and 100 W).
passed through a suspension of 100 mg of 10 mL of degassed Periodic scanning of the absorbance values at 440 nm was carried
MeCN in the dark, and the mixture was stirred vigorously. A clear out in the case of MeCN solution, whereas in the cases of DMF
green solution was obtained within 30 min. Next, the passage of and HO, the wavelength was held fixed at 450 nm. These
NO was stopped, and the solvent was removed in vacuo. The greenrwavelengths were chosen to record maximum changes in the
solid thus obtained was recrystallized from MeCN(Ein the dark absorbance values. Observed rate constant vElysga/ere obtained

(yield 80%). Anal. Calcd for [Mn(PaRYNO)]CIOs2MeCN G- by fitting the kinetic traces to the equatidit) = A. + (Ao —
2MeCN G4HoeNgClOgMnN): C, 47.02; H, 4.24; N, 18.29. Found:  A.){exp(Knot)}, where A, and A, are the initial and final

C, 47.09; H, 4.21; N, 18.23. Selected IR frequencies{¢r{Br absorbance values at fixed wavelength, respectively. The rate
disk): 1745 (vs,vno), 1627 (vs,vco), 1600 (vs), 1450 (s), 1403  constants shown in Table 3 are the mean values of three independent
(w), 1090 (vs,vciog), 766 (S), 623 (s)*H NMR (500 MHz, CDhs- measurements in each case.

CN, 6 from TMS): 8.99 (d, 1H), 8.51 (t, 1H), 8.28 (d, 1H), 8.14 X-ray Data Collection and Structure Solution and Refine-
(t, 2H), 8.04 (m, 1H), 7.73 (d, 2H), 7.44(t, 2H), 6.72 (d, 2H), 5.02 ment. Green blocks o2-2MeCN and5-2MeCN were obtained by
(dd, 4H), 3.73 (d, 2H), 3.68 (d, 2H). Electronic absorption spectrum diffusion of EtO into solutions of the two complexes in MeCN at
in MeCN, Amax (M) (€ (Mt cm1)): 635 (220), 440 (3300), 420 4 °C. Crystals of3 were obtained by slow diffusion of acetone
(3320). into a methanolic solution of the complex at room temperature.
[Mn(PaPy3)(NO)](NO3) (6). A solution of 145 mg (0.26 mmol) Orange needles ofl-0.25MeOHH,0O were obtained by slow
of (NH4)2[Ce(NGs)g] in 15 mL of MeCN was slowly added to a  evaporation of a solution of the complex in @th/toluene.
solution of 132 mg (0.22 mmol) of [Mn(PaRyNO)]CIO, in 10 Interestingly, the crystal structure showed the presence of a water
mL of MeCN, and the mixture was stirred for 30 min. The red- molecule in the lattice even after recrystallization from CH/
brown solid that precipitated out almost immediately was filtered, toluene. Diffraction data were collected a80 K (Table 1) on a
washed two times with 5 mL of MeCN, and dried in vacuo (yield Bruker SMART 1000 system. Mo d€ (0.71073 A) radiation was
98%). Anal. Calcd for [Mn(PaRY(NO)](NOs), (6, CooH20NgOs- used, and the data were corrected for absorption. The structures
Mn): C, 46.80; H, 3.93; N, 13.64. Found: C, 46.72; H, 3.84; N, were solved by direct methods (standard SHELXS-97 package).
13.73. Selected IR frequencies (chNaCl disk): 3438 (br), 1875 The structure o#-0.25MeOHH,0 has two cations in the asym-

(VS,vno), 1622 (VSvco), 1602 (vs), 1471 (Sino3), 1455 (Svno3), metric unit, one of which shows disorder. The disorder involves
1311 (s, br), 1035 (m), 819 (m), 766 (m), 734 (m). Valueugf N6, N7, and C21 through C28. These atoms were split into two
(298 K, polycrystal): 2.22. groups with occupancies of 0.60:0.40 for A:B sets and refined with

Conversion of 5 into 2. A batch of 50 mg (0.08 mmol) of isotropic thermal parameters. They were also restrained to have
[Mn(PaPy)(NO)]CIO, was dissolved in 15 mL of MeCN in a  the same geometry. One of the two perchlorates was also disordered.
round-bottom flask, and the green solution was stirredifd in It was refined with two sets of oxygen atoms with occupancies
the presence of ordinary light and air. Next, a solution of 15 mg 0.53:0.47 for the two sets. Machine parameters, crystal data, and
(0.35 mmol) of E{NCI in 5 mL of MeCN was added to it, and the ~ data collection parameters for all the complexes are summarized
mixture was stirred for another 3 h. The volume of the green in Table 1, while selected bond distances and angles are listed in
solution was reduced to 5 mL. Diffusion of £ into this solution Table 2. Complete crystallographic data for [Mn(PgE§1)](ClO,):
afforded crystalline2 in 60% yield. 2MeCN @-2MeCN), [Mn(PaPyH)(Cl);] (3), [Mn(SBPy;)CI|CIO,-

Conversion of 1 into 2.A batch of 117 mg (0.21 mmol) of ~ 0.25MeOHH0 (4-0.25MeOHH0), and [Mn(PaPy)(NO)]CIO4
[Mn(PaPy)(H,0)]ClO, was suspended in 30 mL of MeCN, and 2MeCN 6-2MeCN) have been submitted as Supporting Information.
the suspension was stirred in the presence of air. The yellow
suspension of the complex first turned brown, and then a clear

brown solution was obtained after 6 h. At this point, a solution of Reaction of the pentadentate ligand Pa&Pwith Mn-

21 ul of 12 N HCl in 5 mL of MeCN was added, and th_e _color (CI04)2-6H,0 in MeOH (or MeCN) in the presence of 1

sharply changed to deep green. After another hour of stirring, the equiv of EtN affords [Mn(PaPy)(H,0)]CIO, (1) as a beige

volume of the solution was reduced to 5 mL. Diffusion op@&t - .2 4 .
precipitate. Elemental analysis, a strong CO stretching

into this solution afforded crystalling in 77% yield. 1 . .
Physical Methods. Electronic absorption spectra of the com- frequency {co) at 1608 cnr, and a strong EPR signal with

plexes were recorded on a Cary 50 Varian spectrophotometer. Thed ~ 2.00 confirm 1 as a Mn(ll) species with bound
infrared spectra were obtained with a Perkin-Elmer 1600 FTIR Carboxamido nltroge?ﬁlntergstlngly, in the absence of &t
spectrophotometetH NMR spectra were recorded at 298 K on a  reaction of MnCj-4H,O with PaPyH gives rise to the
Varian 500 MHz spectrometer. A Bruker ELEXSYS E300 spec- pentacoordinate Mn(ll) complex [Mn(PagM)(Cl);] (3) in
trometer equipped with a standard cavity and an Oxford Instrumentswhich PaPyH uses only two pyridine nitrogens and the
ESR910 flow cryostat was employed to monitor the EPR spectra. tertiary amine nitrogen to bind the Mn(ll) center. The
Electrochemical measurements were performed with Princeton protonated form of the carboxamide group does not partici-
gppll(led Re:e_arlch 'nStrE_memTt'on' dThe wgrkli:lg eleCterle Was a nate in coordination. This is readily discernible by the strong
eckman Ptinlay working electrode, and the potentials were 5, sharp/yy band at 3362 cnt (also in its structure, vide
measured versus a saturated calomel electrode (SCE). . o . . O
. ) . _ : infra). Addition of EgN to a solution of3 in MeCN in air
Photolysis Experiments.The photolysis reactions were studied results in a green solution which upon addition of NagIO
with the aid of a Cary 50 Varian spectrophotometer. A Varian fiber 9 ution which up i .
qaffords [Mn(PaPy)(CN](CIO4) (2), a Mn(lll) complex with

optics probe was used to monitor the absorbance values at fixe y ! ) )
wavelengths for kinetic studies. The tip of the probe was placed Pound carboxamido nitrogen. This hexacoordinated Mn(lll)

inside a 5 dram capped vial containing~®.4 x 10-3 M solution complex is very similar to the Fe(lll) complex [Fe(Papy

of 5 (prepared in the dark). Three different solvents (MeCN, DMF, (CI)](ClO.).22 Complex2 can be conveniently synthesized
and HO) were used. The vial was held at a fixed distance of 5 cm by starting with the Mn(lll) species [Mn(DME)CIO,)s,

Results and Discussion
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Table 1. Summary of Crystal Data and Intensity Collection and Structural Refinement Paramet2r8G6%CN, 3, 4:0.25MeOHH0, and5-2CH;CN

2 3 4 5
empirical formula Q4H26N705C|2Mn C20H21N50C|2Mn C20425H24N505425C|2Mn C24H26N805CIMn
fw 618.36 473.26 547.28 612.92
cryst size, mrh 0.58x 0.31x 0.17 0.31x 0.27x 0.23 0.71x 0.22x 0.66 0.31x 0.20x 0.08
cryst color, habit green, plate yellow, block orange, needle brown, plate
T, K 90(2) 90(2) 93(2) 92(2)
cryst syst monoclinic monoclinic orthorhombic monoclinic
space group P2 P2:/n Pna2; P2,

a A 8.5142(19) 13.029(2) 15.161(5) 8.2795(8)

b, A 14.365(3) 9.2820(17) 11.340(3) 14.0828(14)
c, A 11.451(3) 18.002(3) 27.053(8) 11.6333(11)
o, deg 90 90 90 90

p, deg 99.483(6) 111.107(3) 90 98.071(2)
y, deg 90 90 90 90

vol, A3 1381.3(5) 2031.0(6) 4651(2) 1343.0(2)

z 2 4 8 2
density(calcd), g cmt 1.487 1.548 1.563 1.516

abs coeff, mm? 0.719 0.935 0.841 0.647

GOP onF? 1.033 1.021 1.080 1.030

R1P % 2.04 2.86 6.13 3.00

WR2¢ % 5.62 6.89 16.60 6.79

aGOF = [Y[W(Fo?2 — FAA/M — N)]¥2 (M = number of reflectionsN = number of parameters refined®)R1 = S ||Fo| — |Fell/3|Fol. SWR2 =

[XIW(Fo? — FA)2/ Y

[W(F?)] M2

Table 2. Selected Bond Lengths (&) and Angles (deg) 282CHsCN,
3, 4-0.25MeOHH,0, and5-2CH;CN

2 3 4 5
Mn—N(1) 2.0696(11) 2.3975(13) 2.297(5)  1.9953(15)
Mn—N(2) 1.9133(11) 2.257(5)  1.9551(14)
Mn—N(3) 2.1599(10) 2.409(5)  2.0283(15)
Mn—N(4) 2.2254(11) 2.2244(13) 2.237(5)  2.0336(14)
Mn—N(5) 2.2292(10) 2.2159(13) 2.258(4)  2.0234(14)
Mn—N(6) 1.6601(14)
Mn—CI(1) 2.2472(4) 2.3459(6)  2.4243(16)
Mn—CI(2) 2.4006(6)
O(1)-C(6) 1.2318(15) 1.244(2)
N(2)—C(6) 1.3445(16) 1.267(7)  1.326(2)
N(3)—C(15) 1.4856(15) 1.498(7)  1.488(2)
N(6)—0(2) 1.1918(18)
N(1)-Mn—N(2)  80.17(4) 70.38(16)  79.45(6)
N(1)-Mn—N(3)  162.59(4) 142.11(16) 162.48(6)
N(1)-Mn—N(4) 100.68(4) 72.72(5) 98.29(17)  96.60(6)
N(1)-Mn—N(5) 105.48(4)  73.23(4) 112.86(17) 98.36(6)
N(1)—Mn—N(6) 95.42(6)
N(1)-Mn—CI(1) 96.24(3)  94.77(3) 95.26(13)
N(1)~Mn—CI(2) 159.75(3)
N(2)-Mn—N(3) 82.86(4) 74.31(16)  83.19(6)
N(2)-Mn—N(4)  91.39(4) 96.90(16)  89.57(6)
N(2)-Mn—N(5)  86.87(4) 80.99(15)  84.99(6)
N(2)—Mn—N(6) 174.70(7)
N(2)-Mn—CI(1) 176.24(3) 161.35(13)
N(3)-Mn—N(4) 75.82(4) 72.55(15)  80.82(6)
N(3)-Mn—N(5)  77.29(4) 73.88(15)  82.40(6)
N(3)—Mn—N(6) 101.88(7)
N(3)-Mn—CI(1) 100.64(3) 122.00(11)
N(4)-Mn—N(5) 153.06(4) 116.10(5)  145.60(16) 162.86(5)
N(4)—Mn—N(6) 89.72(6)
N(4)-Mn—CI(1) 88.14(3)  121.50(4)  96.93(11)
N(4)—Mn—CI(2) 97.55(4)
N(5)—Mn—N(6) 97.13(6)
N(G)-Mn—CI(1) 95.23(3) 113.73(4)  94.45(12)
N(5)—Mn—CI(2) 96.49(3)
Mn—N(6)—0(2) 171.91(13)

cl(1)-Mn—CI(2)

105.394(17)

PaPyH, NaH, and EMNCI in MeCN. The affinity of the
deprotonated carboxamido group for a M(lll) ceAtétis
clearly evident in the conversion 8fto 2. We believe that
isolation of 1, a Mn(ll) species with bound carboxamido from the Mn(ll) precursof. The{ Mn—NQO}® nitrosyl [Mn-
nitrogen, has only been possible due to its extremely low (PaPy)(NO)](NOz3), (6) has been isolated as a red-brown
solubility and lack of other ligands in the reaction mixture. solid via oxidation of thgf Mn—NO}® nitrosyl 5 with ceric
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Scheme 1
[Mn(PaPy;)NO]"

©)
w\ation

NO,

hv
[Mn(PaPy;)H,0]" 0, [Mn(PaPy;)NOJ**
@ (6)
cr| 0,
[Mn(PaPy;)CI]" [Mn(PaPy;)CH;CNJ*
cr

(03]
Indeed, suspension dfin a solvent such as MeCN is very
sensitive to air and is readily converted i the presence
of CI~. The extra stability provided by the carboxamido
nitrogen to the Mn(lll) center ir2 is a major driving force
behind this transformation. This is further supported by the
fact that the Mn(ll) complex of the Schiff base ligand SBPy
namely, [Mn(SBPy)CI]CIO, (4), is very stable and shows
no reactivity toward dioxygen.

Passage of NO through a suspensionldh degassed
MeCN in the dark results in a clear green solution that affords
[Mn(PaPy)(NO)]CIO, (5) in high yield (Scheme 1). This
{Mn—NO}® nitrosyl is sensitive to light (vide infra) par-
ticularly when in solution. Exposure of a solution 6fin
MeCN (Imax = 635 nm) to lightunder aerobic conditions
results in a different green solutioix = 585 nm) which
upon addition of EfNCI affords the Mn(lll) chloro complex
2 (Amax = 622 nm, Scheme 1). It is important to note that
NO does not react with manganese in the oxidation state
when PaPy is used as the ligand. Thus, direct passage of
NO through solutions of [Mn(PaR}{MeCN)P* (generated
either from [Mn(DMF)]*" and PaPy or from irradiation
of a solution of5 in MeCN under aerobic conditions) does
not afford any nitrosyl specie& can only be synthesized
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Figure 1. Thermal ellipsoid (probability level 50%) plot of [Mn(Pagy
(CH]* (cation of2) with the atom-labeling scheme. H atoms are omitted

for the sake of clarity. Figure 2. Thermal ellipsoid (probability level 50%) plot & with the
atom-labeling scheme.

ammonium nitrate in MeCN (Scheme 1). The insolubility
of 6 in MeCN allows one to isolate this highly unstable (176.24(3}), N1-Mn1—N3 (162.59(49), and N4-Mn1—
{Mn—NO}® nitrosyl in pure form. Comple$ dissolves in N5 (153.06(4)) angles of2 due to ligand constraints.
solvents such as DMF and water to afford brown solutions  [Mn(PaPysH)(CI)] (3). As shown in Figure 2, the ligand
that rapidly turn green, showing reduction %o Although PaPyH in this Mn(Il) complex exists in the protonated form,
these problems did not allow us to determine the structure and the carboxamide group and the nitrogen of the pyridine
of 6 yet, results of physical and analytical measurements havering attached to it are not coordinated to the metal center.
confirmed the structure of thigMn—NG}® nitrosyl. The geometry around the Mn(ll) center in this pentacoor-

Structure of the Complexes. [Mn(PaPy)(CH](CIO 4)- dinate species is distorted trigonal bipyramidal with twg N
2MeCN (2-:2MeCN). The structure of [Mn(PaRYCI)]* (the atoms and one Clligand in the basal plane. The free
cation of 2) is shown in Figure 1, and the selected bond carboxamide-pyridine arm of the ligand stays away from
distances and bond angles are listed in Table 2. Thethe metal center, and a hydrogen-bonding interaction is noted
pentadentate monoanionic PgPYigand and a Cl ion are in the crystal lattice between the hydrogen of t+HgHCO—
coordinated to the Mn(lll) center in a distorted octahedral moiety and the carbonyl oxygen of the same moiety from a
geometry. Theert-amine and three pyridine nitrogens of the neighboring molecule (Figure S1, Supporting Information).
PaPy~ ligand comprise the equatorial plane, while the The two axial donors, namely, Nne and the second C)
carboxamido nitrogen occupies a position trans to the boundare drawn to each other to some extent NAn1—CI2 =
CI~ ligand. A similar mode of coordination has been 159.75(3)), and both the Mn(IB-Np, (2.2244(13) and
observed in the corresponding Fe(lll) complex [Fe(RaPy  2.2159(13) A) and Mn(IB-Namine (2.3975(13) A) distances
(CNICIO4?* Comparison of metric parameters of [Mn- are longer than the corresponding distances noted for the
(PaPy)(C)]* (Table 2) with those of [Fe(PaByCl)]* Mn(lll) complex 2 (Table 2). Likewise, the Mn(Ib-Cl
however reveals that the metdigand bond distances inthe  distances (2.3459(6) and 2.4006(6) A) of this-dichloro
Mn(lll) complex are significantly longer than those noted species are also longer than the MnH{I (2.2472(4) A)
for the Fe(lll) species. For example, the average Mnflll)  distance in2. The Mn(ll)—Cl distances of3 are however
Npy (py = pyridine) distance is 2.1747 (11) A, while the well within the range of Mn(I}-Cl distances reported for
average Fe(lIF-N,, distance is 1.9862 (16) A. This arises  sjmilar high-spin Mn(ll) complexe&.
from the fact that the Mn(l“) center igis hlgh Spin(Vide [Mn(SBPy3)Cl]C|O 4°0.25MeOH-H,0 (4'025M90H‘
infra) in contrast to the low-spin Fe(lll) center in [Fe(PgPy H-0). The structure of the cation df (Figure 3) resembles
(CHICIO,. Indeed, the M(l11)-Npy, MN(lll) —Narine ((2.1599- that of 2 except for the facts that the pentadentate Schiff
(10) A), and Mn(lll)-Cl (2.2472(4) A) distances adt are . cq ligand is coordinated to a high-spin Mn(ll) center and
comparable to the corresponding distances reported forotherthe CI ligand is trans to an imine nitrogen instead of a
Pti)gh-spig l\zln(llll) S?Nmpleﬁef sudch alsz[MS(bpia)gg[G'O4 carboxamido nitrogen. Consequently, the MriD) (2.4243-

ia= bis(pico -methylimidazol-2-yl)amine}® [Mn- N
(biF[))y)Clg(Hzg)] (gipy: 2’2_3/bipyridine) ,zgimd Mn(oher. (16) A), MN(I)—~Narine(2.409(5) A), and Mn(11}-Npy (2.264-
) - “ (5) A) distances oft are close to the corresponding distances

CI;JNO; (phen= 1,10-phenanthrolinef. Significant devia- 10 for3 rather tharg. The Mn(ll)—Nimne distance (2.257-
tions from ideal values are observed in the-N2n1—Cl1 (5) A) of 4 is close to that noted for other Mn(ll) Schiff

base complexes.

(27) The deep brown solution obtained from oxidationlofn MeCN
presumably containsiaoxodimanganese(lll) species. So far, we have
not been successful in isolating crystals of this compound. Addition (31) (a) Hubin, T. J.; McCormick, J. M.; Collinson, S. R.; Buchalova, M.;

of dilute HCI to this brown solution finally afford& in high yield. Perkins, C. M.; Alcock, N. W.; Kahol, P. K.; Raghunathan, A.; Busch,
(28) Triller, M. U.; Pursche, D.; Hsieh, W.-Y.; Pecoraro, V. L.; Rompel, D. H. J. Am. Chem. So00Q 122 2512. (b) Oki, A. R.; Bom-

A.; Krebs, B.Inorg. Chem.2002 41, 5544. marreddy, P. R.; Zhang, H.; Hosmane, INorg. Chim. Actal995
(29) Tesouro, A.; Corbella, M.; Stoeckli-Evans, Atta Crystallogr.1997, 231, 109. (c) Lah, M. S.; Chun, Hnorg. Chem.1997, 36, 1782. (d)

C53 430. Collinson, S.; Alcock, N. W.; Raghunathan, A.; Kahol, P. K.; Busch,
(30) Reddy, K. R.; Rajasekharan, M. Polyhedron1994 13, 765. D. H. Inorg. Chem.200Q 39, 757.
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Figure 3. Thermal ellipsoid (probability level 35%) plot of [Mn(SBR)y
CI]* (cation of4) with the atom-labeling scheme. H atoms are omitted for
the sake of clarity.

e

Figure 4. Thermal ellipsoid (probability level 50%) plot of [Mn(Pagy
(NO)]* (cation of5) with the atom-labeling scheme. H atoms are omitted
for the sake of clarity.

[Mn(PaPy3)(NO)]CIO 4-2MeCN (5 2MeCN). The struc-
ture of [Mn(PaPy)(NO)]" (cation of5) is shown in Figure

Ghosh et al.
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IH NMR spectrum (500 MHz) o6 in CDsCN (295 K).
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Figure 5.

Mn(ll) centers however exist in the high-spin configuration
in both complexesuer = 5.91 and 5.95s for 1 and 3,
respectively). Effects of the bound carboxamido nitrogen are
mostly noted in the overall stability of these two species;
unlike 3, complex1 is more sensitive toward oxygen, is
readily oxidized to Mn(lll) species such asand also reacts
with NO to afford5. In contrast, the high-spin Mn(ll) center
of the Schiff base comple& with no ligated carboxamido
nitrogen is very stable in air and doast react with NO33
Complex2 also contains a high-spin Mn(lll) centeref =
5.29 ug). In this regard, the diamagnetism bfdeserves
special attention. The clean NMR spectrum of this nitrosyl
(Figure 5) confirms itsS = 0 ground state, and its IR
spectrum exhibits a strongyo at 1745 cm?® (KBr disk).
This vno value is significantly higher than that reported for
[Mn(TC-5,5)(NO)] (1662 cm?).> A Mn(lll) —NO~ formula-
tion has been suggested for the latter complex. Sinee
values for manganese nitrosyls with formally Mn(ll)

4, and selected metric parameters are listed in Table 2. Incenterd®!31%all in the range of 17351772 cnm?, we have
this structure, the metal center is in a distorted octahedraltwo choices for the electronic description fér namely,

geometry and th&ert-amine and three pyridine nitrogens of
the deprotonated Payligand comprise the equatorial plane.
The carboxamido nitrogen is trans to NO, and the-NAh-O
angle is nearly linear (171.91(T3) Both the Mn—NO
(1.6601(14) A) and N-O (1.1918 (18) A) distances &fare
comparable to those observed in NO adducts of Mn(ll)
complexes derived from porphyrifsand Schiff base&® It
is important to note that the MtlN,, and Mn—Namine bond
distances 0b are consistently shorter than the corresponding
distances in the Mn(ll) comple#. For example, irb, the
Mn—Naminedistance is 2.0283 (15) A, while the same distance
in 4 is 2.273 (5) A. This difference clearly indicates the
presence of a low-spin Mn(ll) center Bk

Spectroscopic, Magnetic, and Redox PropertiesThe
presence of a noncoordinated carboxamide group is
readily indicated by the strongyy at 3362 cm?* andvco at
1645 cmt. Thewvco value is~20 cnt? red shifted from the
free vco value of PaPyH (1666 cntl) due to hydrogen-
bonding interactions in the lattice as described above.
Complex1, on the other hand, exhibitgo at 1608 cm?
(and nowvyy), and the red shift ofrco confirms that the
carboxamido nitrogen is bonded to the Mn(ll) cerffeé®The

(32) (a) Ouyang, X.-M.; Fei, B.-L.; Okamura, T.-a.; Sun, W.-Y.; Tang,
W.-X.; Ueyama, N.Chem. Lett 2002 362. (b) Louloudi, M.;
Nastopoulos, V.; Gourbatsis, S.; Perlepes, S. P.; Hadjiliadig)dvg.
Chim. Actal999 2, 479. (c) Nishida, Y.; Tanaka, N.; Yamazaki, A.;
Tokii, T.; Hashimoto, N.; Ide, K.; lwasawa, Knorg. Chem 1995
34, 3616.
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{low-spin Mn(lI)-NO*} and strongly coupled low-spin
Mn(Il) —NO}. Since the manganese centebas$ ligated to
a carboxamido nitrogernvéo = 1627 cnt?), it should be
resistant to further reductich We therefore prefer thow-
spin Mn(I)-NO*} description for thgl Mn—NO} © nitrosyl
5. Indeed, a scrutiny of literature reveals that {in(l)—
NO*} formulation has often been suggested despite the fact
that Mn(lIl) centers ar@ot easily reduced. Electrochemical
studies orb indicate that this complex is not reduced even
at —1.0 V vs SCE. On the other hand, exhibits a
guasireversible cyclic voltammogram wikh,, = 0.9 V vs
SCE in MeCN (Figure 6). Chemical oxidation ®fvith ceric
ammonium nitrate in MeCN affords tH&n—NQO}° species
6. Since6 exhibitsvco (1622 cn1?l) very similar to that of
5 but a very differentno (1875 cn1?), it is clear that the
oxidant converts th¢low-spin Mn(I1)=NO} nitrosyl 5 to
a{low-spin Mn(I)-NO"} nitrosyl 6. Loss of electron from
the antibonding orbital raisesc in 5. More discussion on
these assignments is included in a forthcoming section.
The{Mn—NO}° nitrosyl 6 is paramagneticts = 2.2 ug)
and exhibits a low-spis= 1/, EPR spectrum both in solution
and in frozen glass (Figure 7). In DMF solutighexhibits
a six-line Mn, | = %) isotropic EPR spectrum with =
1.998. The observed hyperfine coupling const@)tvalue

(33) Itis interesting to note here that the Fe(ll) complex of SBRgmely,
[Fe(SBPy)(MeCN)](BF»), is also very resistant to oxidation although
the Fe(ll) center exists in a low-spin configuration in this speties.
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Figure 6. Cyclic voltammogram o6 in MeCN (Pt electrode, 0.1 M (gYl)-
(ClOq4), 100 mV/s scan speed). Potentials are indicated vs aqueous SCE.
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Figure 7. X-band EPR spectrum @&in DMF solution (298 K, top panel)
and in frozen DMF glass (110 K, bottom panel). Instrument settings:
microwave frequency, 9.4187 GHz; power, 31.7 mW; modulation, 100 kHz;
modulation amplitude, 2 G.
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of 94.6 G lies within the range of 75100 G reported for
other low-spin Mn(ll) specie¥:*>The relatively highA value

of 6 indicates only a small extent of Mrligand back-
bonding (PaPy is predominantly as-donor ligand)* In
frozen glassg displays a well-resolved rhombic spectrum.
The threeg components further split due to hyperfine
coupling to give complex spectral features much like the
reported low-spin Mn(ll) speci€$:3* At this time, we are
trying to determine the values of the various energy
parameters from this spectrum. Details will be published
elsewhere in conjunction with more structural information
on this{Mn—NO}® species.

(34) (a) Saha, A.; Majumdar, P.; GoswamiJSChem. Soc., Dalton Trans
200Q 1703. (b) Karmakar, S.; Choudhury, S. B.; Chakravorty, A.
Inorg. Chem 1994 33, 6148. (c) Basu, P.; Chakravorty, Anorg.
Chem 1992 31, 4980.

(35) (a) McNeil, D. A. C.; Raynor, J. B.; Symons, M. C. R.Chem. Sac
1965 410. (b) Manoharan, P. T.; Gray, H. Bhem. Commuri965
324.
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Figure 8. Photodissociation of NO fronb in MeCN under aerobic

conditions (illumination by a 50 W tungsten lamp; concentratios,d.6
mM, tyo = 52 S).

Light Reactions. Much like the behavior of [Fe(PaBy
(NO)J?* (a{FeNQ ¢ species}? exposure of a solution &
in MeCN to visible light of low intensity (50 W) results in
rapid loss of NO and formation of [Mn(Pag{MeCN)J]**
under aerobic conditions. No loss of NO is noted when the
solution is kept in the dark for 48 h. The light-induced NO
loss from5 can be monitored by recording the electronic
absorption spectrum of the sample under irradiation. As
shown in Figure 8, the conversion &f to [Mn(PaPy)-
(MeCN)J" in MeCN is evident by the shift of thémax from
635 nm (value fors) to 585 nm. That the final spectrum
belongs to [Mn(PaPg(MeCN)P* has been confirmed by a
sample independently synthesized from the reaction of
[Mn(DMF)g)(ClO4)s and PaPy in MeCN. The clean
conversion of5 into the MeCN-bound (solvated) complex
is indicated by the isosbestic points at 735 (Figure 8) and
365 (Figure S2, Supporting Information) nm. No back-
reaction (i.e., NO recombination) is observed when the light
is turned off since the photoproduct [Mn(Papi¥eCN)J**,
generated under aerobic conditions, is a Mn(lll) species with
no affinity toward NO. This should be regarded as an
advantage wittb as a photoactive NO donor. As mentioned
before, addition of Cl to the photolyzed solution affords
complex2 in good yield.

The light-induced NO loss frorh (eq 1) follows a pseudo-
first-order behavior in solvents such as MeCN, DMF, and
H,0. The value of the NO-off rate constaHiyo, increases
linearly with the intensity of light (Figure 9). The rate of

[Mn(PaPY)(NO)]" " [Mn(PaPy)(MeCN)F* (1)

NO loss is faster in MeCN compared to that in water (Table
3). Although theKyo values of5 in these solvents are smaller
than theK ¢ values of the NO adducts of Fe(lll) porphyritfs,
one must consider the mild photolysis conditions that have
been employed in the case bf The fact that this water-
soluble nitrosyl releases NO upon exposure to ordinary light
makes it a very good candidate for photodynamic therapy.

(36) Hoshino, M.; Laverman, L.; Ford, P. Coord. Chem. Re 1999
187, 75.
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Figure 9. Decrease in absorbance at 450 nm of a solutiob wf H,O

with time upon illumination (60 W tungsten lamp) and the fit to an
exponential function. InsetKno values vs the light power (W).

Table 3. Values ofKno of 5 in Different Solvents under Different
Light Intensities

light light
intensity  Kno x 1C° intensity  Kno x 108
solvent (W) (s} solvent (W) (s
MeCN 25 2.10+ 0.04 HO 25 2.10+0.01
60 7.20+ 0.01 60 5.60t 0.01
100 15.50+ 0.01 100 8.70 0.02
DMF 25 1.90+ 0.01
60 6.10+ 0.03
100 13.304+ 0.02

We are looking into this possibility in more detail, and the
results of such studies will be published in due time.
Electronic Description of the {Mn—NO}® Nitrosyl
[Mn(PaPys)(NO)](CIO4) (5). In the case of Mn—NO}©
nitrosyls, an almost linear MAN—O bond andvno in the
range 1706-1750 cm® are considered as strong evidence
for a{low-spin Mn(l)-NO*} formulation. This formulation
has its origin in the organometallic species [Mn(GND)J*",
which exhibitsvyo at 1725 cm*.t” What is ignored here is
the fact that organometallic species such as [MR[RR
(NO)] (X = CI~, Br) exhibit vyo in the range 15951607
cm ! and have been assigned Bn(Ill) —NO~} formula-
tion.3” Since CN is a bettew-donor and pooret-acceptor,
the assignment of 4Mn(l)—NO™"} description for [Mn-
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Figure 10. FTIR spectra (20001500 cnt?) of 5 (solid line, KBr disk)
and6 (broken line, NaCl disk).

carbonyl stretching frequency is a good indicator of the
oxidation states of the metal centers in complexes with a
coordinated PaRy ligand. For example, the high-spin Mn-
(1) complex 1 exhibits itsvco at 1608 cm?, while the high-
spin Mn(lll) complex 2 displays itsvco at 1638 cm™.
Keeping this in mind, one can easily notice tlhagxhibits

its vco at 1627 cm?, a value close to that noted in the case
of the{Fe—NO} " species [Fe(PaR){NO)]CIO, (1615 cn1?)

for which a{low-spin Fe(Il)>NO*} formulation has been
confirmed?* If the resonance structura were the right
description of5, one would have observed a very different
vco value for this complex.

The facile NO loss fronb upon illumination is another
piece of evidence in favor of resonance structbreThe
electronic coupling in thlow-spin Mn(I1)=NO*} unit is
readily lost upon excitation of an electron from the HOMO;
scission of a formally double bond in the case{Mn(l)—
NO'} is somewhat unlikely. That the loss of NO frofn
upon illumination leaves a Mn(ll) center behind is also
confirmed by the following chemical evidence. When a
solution of5in MeCN is irradiated under strictly anaerobic
conditions and then sealed in an EPR tube under vacuum,
one monitors a strong EPR signalgte 2.00, confirming
the presence of Mn(I38 Addition of CI~ to such a solution

(CN)s(NO)]*~ seems less probable; the metal center is lessdoes not afford2. The trivalent manganese compléxis
likely to accept the single electron on NO in such a species. formed only when dioxygen is allowed into the system. Also,

The same argument holds good far The PaPy ligand

since NO does not react with a Mn(lll) center, passage of

has been repeatedly shown to support high oxidation statesNO through a solution o6 that has been irradiated in the

of transition metald?~?* and hence, one expects that the
manganese center Bis more likely to remain in thet-2
oxidation state.

Although the two electronic descriptions are just a formal-
ism, we suggest that resonance structbrés a better
description of the electronic configuration®fThe following
are the reasons for this choice.

{low-spin Mn(I)-NO*}  {low-spin Mn(Il)~NO"}
a b

The first evidence in favor of resonance structioiis the
value of vco. Our work has already demonstrated that the

(37) Barratt, D. S.; McAuliffe, C. AJ. Chem. Soc., Chem. Comm884
594.
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presence of air does not lead to re-formatiorbof

Formation of 6 via one-electron oxidation ob also
supports structurd for 5. Sincevco does not show any
significant change during this oxidation buto does (a
change from 1745 to 1875 cry Figure 10), it is apparent
that the manganese center does not undergo a change in
oxidation state during th& — 6 transformation; it is the
coordinated NO irb that undergoes oxidation to NCto
afford 6. The alternative scenario in which the oxidant takes
away one electron from the Mn(ll) center and {ew-spin

(38) The NO molecule, following dissociation frofupon illumination,
can be transferred to reduced myoglobin under this condition (result
to be published). This result confirms that the products of the light
reaction under anerobic conditions are [NiRaPy)(H20)]" (EPR
active) and NO.



Reactions of NO with Mn(Il) and Mn(lll) Centers

Mn(lll) —NO} intermediate then rearranges into the final
{low-spin Mn(Il)>-NO"} product6 also supports structure
b for 5.

Finally, one must note that significant difficulty arises

(iif) Complex 1 readily reacts with NO to afford the
diamagnetic $ = 0) {Mn—NO}¢ nitrosyl [Mn(PaPy)-
(NO)]CIQOq4 (5). Since both [Mn(PaRy(MeCN)]" and2 do
not show any reactivity toward NO, it is evident that NO

when one tries to assign the oxidation state of manganese irreacts only with Mn(Il) and not a Mn(lll) center. The lack
5 on the basis of the metric parameters. For the complex of any reactivity of4 toward NO also suggests that a bound

[Mn(NO)(TC-5,5)] with a{high-spin Mn(lll)-NO~} for-
mulation, the MR-N—O angle and the MaNO and N-O
distances are 174.1(3)1.699(3) A, and 1.179(3) A, respec-
tively. In the case 05, these values are 171.91(13).6601-
(14) A, and 1.1918 (18) A, respectively. Thus, the-®
distance in5 although close to the NO distance of free
NO (1.15 A) is longer than that noted for [Mn(NO)(TC-
5,5)], a species containing NOSimilar problems arise in
the cases of the nitrosylated Mn(ll) porphyrinato com-
plexest?® These nitrosyls were formally assigned {dsw-
spin Mn(I)-NO*} on the basis of nearly linear MiN—O

carboxamido nitrogen is another requirement for the forma-
tion of the nitrosyl species.

(iv) 5 is the first example of § MnNO}® species that
exhibits photolability of NO. Spectroscopic and chemical
properties support dow-spin Mn(I1)—NO} formulation for
5.

(v) Oxidation of 5 with (NH4)[Ce(NO;)g] in MeCN
affords the highly reactiveMn—NO}® species [Mn(PaRy-
(NO)](NOs) (6). Spectroscopic and magnetic studies confirm
a{low-spin Mn(ll)-NO"} formulation for this paramagnetic
(S= Y ) nitrosyl.

angles and high NO stretching frequencies. However, the  (vi) Assignment of the oxidation states of the metal centers

Mn—N—O bond angle and MANO and N-O distances of

nitrosyl(4-methylpiperidine)(5,10,15,20-tetraphenylporphinato)-

manganese(ll) (174.9(8) 1.644(5) A, and 1.176(7) A,
respectively) are practically identical to those of [Mn(NO)-
(TC-5,5)] with a{high-spin Mn(ll)>-NO~} formulation.

in manganese nitrosyls on the basis of metric parameters
leads to ambiguity. In contrast, the NO stretching frequency
(vno) appears to be a good indicator of the oxidation state
of manganese at least in non-porphyrinato complexes. For
example, [Mn(NO)(TC-5,5)] with &high-spin Mn(lll)—

Clearly, the metric parameters of these nitrosyls are not goodNO-} formulation exhibitsyno at 1662 cmt, while 5 with

indicators of the oxidation state of the metal centers.

Summary and Conclusions

The following are the principal findings and conclusions
of the present study.

(i) One Mn(Il) complex and one Mn(lll) complex of the
pentadentate ligand PaPynamely, [Mn(PaPy(H20)]CIO,
(1) and [Mn(PaPy)(CDN]CIO4 (2), with bound carboxamido

a {low-spin Mn(I)=NO} formulation shows/yo at 1745
cm! and 6 with a {low-spin Mn(Il)-NO*} formulation
displaysvno at 1875 cm™.
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nitrogen have been isolated. The manganese centers in thesgctions in solid3 (Figure S1), electronic absorption spectra (800

complexes exist in a high-spin configuration.
(i) Complex 1 is very sensitive to oxidation and readily
converts into2 in the presence of Cland dioxygen. The

300 nm) showing photodissociation of NO frdinunder aerobic
conditions (Figure S2), and X-ray crystallographic data (in CIF
format) and tables for the structure determination of compl@xes

bound carboxamido moiety is responsible for this reactivity 2MeCN., 3, 4-0.25MeOHH;0, and5-2MeCN. This material is

since the analogous Schiff base complex [Mn(SBE}CIO,
(4) is very resistant to oxidation.
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