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A mononuclear high-valent tetraazidomanganese(1V) complex, [Mn(bpy)(N,),] (bpy = 2,2'- 
bipyridine), which possesses two pairs of distinct metal-azide interactions, has been isolated from an 
in situ reaction between [Mn20(0,CCH3)2(bpy)2(H20)2]* + [S. Menage, J.-J Girerd and A. Gleizes, J. 
Chem. Commun. 1988, 4311 and sodium azide. The complex has been structurally characterized by 
single crystal X-ray crystallography and UV-vis, EPR and resonance Raman (RR) spectroscopic 
methods. The crystals are monoclinic, space group C2/c, with a = 16.570(3) A, b = 13.946(3) d;, 
c = 7.019(1) A, = 11 1.17(3)', and Z = 4. The two azides trans to the nitrogens of the bpy ligand 
show stronger Mn-N bonds compared to those cis to bpy. The difference in Mn-azide interactions is 
reflected in splittings of the v(Mn-N,) (373, 362 cm-I), v,(N,) ( 1  354, 1335 cm-') and v,,(N,) (2055, 
2038 cm-I) stretching vibrational frequencies of the coordinated N< as identified by RR spectros- 
copy. These modes are enhanced in resonance with the visible absorption band of [Mn(bpy)(N,),] 
centered at 442 nm, indicating that the 442 nm electronic transition must have N; - Mn(IV) 
charge-transfer character. A very rare example of a 8 system with an isotropic g = 2 signal observed 
for the title complex indicates a nearly perfect octahedral ligand field around the Mn(1V) ion. 

KEYWORDS: azide, tetraazidomanganese, Manganese (IV) 

INTRODUCTION 

Inorganic azides have long enjoyed industrial usefulness as detonators, generators of 
pure nitrogen gas in safety cushions (air bags), and photographic materials.' The 

* Author for correspondence. 
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ability of the azide ions to act as detonators or as effective generators of nitrogen 
gas has been found to be a property of the polarization of the ordinarily symmetric 
azide anion brought about by complexation with a metal ion. Apart from its 
industrial usefulness, the azide ion, being very reactive, acts as an inhibitor in 
various biological systems by blocking the substrate binding sites.' In manganese 
biosystems, the azide ion is known to inihibit the superoxide dismutation in 
mononuclear superoxide dismutases via binding to the metal at the active site in 
both the Mn(I1) and Mn(II1) oxidation states2 The function of dinuclear active sites 
in Mn catalases, which catalyze the conversion of toxic peroxide to oxygen and 
water in certain bacteria, is also dramatically inhibited by azide.,~~ 

The metal-azide interaction is usually accompanied by intense ligand (azide) to 
metal charge-transfer electronic transition(s), which makes it an excellent probe to 
elucidate the structure and oxidation states of the active site by monitoring the 
resonance Raman (RR)5 enhanced vibrations associated with the anion. In order to 
determine the nature of the metal-azide binding in Mn containing biomolecules, it 
is important to establish signature vibrations in well-defined inorganic model 
complexes.6 Described in this work are the synthesis, structure and properties, 
including UV-vis, EPR and RR spectroscopy, of a high-valent Mn(IV) complex, 
[Mn(bpy)(N,),], possessing two crystallographically distinct metal-azide interac- 
tions. 

MATERIALS AND METHODS 

Synthesis 
All chemicals and solvents (Aldrich, Milwaukee, WI) were of analytical grade and 
were used without further purification. The tetraazido-Mn(1V) complex, 
[Mn(bpy)(N,),], was isolated while trying to replace the water molecules in the 
@-oxo)bis@-carboxylato) Mn(II1,III) dimer, [Mn20(02CCH3)2(bpy)2(H20)2]2+,7 
with azide. Dimer formation was initiated by mixing 0.490g (2 mmol) of 
Mn(0,CCH,),.4H20 in methanol (20 mL) containing 3 mL of glacial acetic acid 
with 0.39 g (2.5 mmol) of bpy ligand to give a yellow colored solution. To this 
mixture was added 0.079 g (0.5 mmol) of KMnO, dissolved in 5 mL of water to 
give a red-brown solution containing [Mn20(0,CCH,)2(bpy)2(H20)2]2+ .' This 
solution was then treated with 0.163 g (2.5 mmol) of NaN, dissolved in 5 mL water 
and left standing at 0°C. Black crystals of [Mn(bpy)(N,),] were afforded overnight 
which were purified by recrystallization in dichloromethane. 

[Cautionl The [Mn(bpy)(NJ J complex is potentially explosive, extremely shock 
sensitive and thermally unstable, and should be handled with appropriate care.] 

Yield, 0.15 g (499/0 based on total Mn). Anal. Calcd. for ClOH8N,,Mn(%): C, 
31.64; H, 2.28; N, 51.68. Found: C ,  30.18; H, 1.97; N, 54.71. Elemental analysis 
was performed at Texas Analytical Lab., Houston, Texas. 

X-ray Structure Determination 
A black needle of [Mn(bpy)(N,),] was mounted in a random orientation on a 
Siemens P4 automatic diffractometer operated at room temperature. The radiation 
used was Mo KCY monochromatized by a highly-ordered graphite crystal. The final 
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METALAZIDE INTERACTIONS 259 

cell constants, as well as other pertinent information, are given in Table 1. 
Systematic absences led to two possible space group choices C2/c or Cc. The 
statistics (0.940 found, 0.968 expected for ( E 2  - 1 I )  clearly favored the centrosym- 
metric C2/c and hence it was chosen for initial evaluation. The successful solution 
and refinement in this space group validated the choice. Intensities were measured 
using the 8-28 scan technique to a maximum 28 value of 45.0', with the scan rate 
depending on the count obtained in rapid pre-scans of each reflection. Three 
standard reflections were monitored after every 100 data collected, and these 
showed no significant change. Stationary-background counts were recorded at the 
beginning and the end of scan, each for 0.5% of the total scan time. Of the 1219 
reflections which were collected, 990 were unique (Rint = 0.0381). The linear 
absorption coefficient for Mo KLY radiation is 9.03 cm-'. A semi-empirical absorp- 
tion correction, based on azimuthal scans of several reflections, was applied, which 
resulted in transmission factors ranging from 0.7945 to 0.8615. The data were 
corrected for Lorentz and polarization effects. 

The structure was solved using Siemens SHELXTL PLUS (PC version) direct 
methods program, which revealed the position of most of the non-hydrogen atoms 
in the molecule. The usual sequence of isotropic and anisotropic refinement using 
full-matrix least squares was followed, after which all hydrogens were entered in 

Table 1 Crystallographic Data for [Mn(bpy)(N,),]." 

molecular formula 
formula wt 379.2 
color and habit black needles 
crystal system monoclinic 
space group c2/c 
a, 8, 16.570 (3) 

13.946 (3) 
7.019 (1) 

b, 8, 
c, A 
P, deg 111.17 (3) 
v, A3 1512.5 
Z 4 
crystal dimensions, mm 
p(calc), g cm-3 1.665 
p(Mo Ka), cm-1 9.03 
F(OO0) 764 
T, K 298 

1.2 
4-29.3 

C I O H P ,  4Mn 

0.1 x 0.1 x 0.6 

28 range, deg 3.5-45.0 

scan speed range, deg min-' 
scan range (total in o), deg 

reflections collected 1219 
independent reflections (Rint = 0.038) 990 
reflections observed ( F >  4.0u(F)) 626 
total variables 114 
transmission coefficients 0.7945, 0.8615 
R, R, 0.059, 0.063 
S(goodness-of-fit) 1.14 
aData collected on a Siemens P4 diffractometer operating in the 8-20 scan mode (h, - 1 to 17; k, - 1 
to 14; I, -7 to 17); graphite-monochromated Mo Ka  X-radiation, 1 = 0.71073 A. Refinement was by 
a full-matrix least-squares method on F with a weighing scheme of the form 
w-I = [a2(F,) + 0.00081F012], where ac2(Fo) is the variance in F, due to counting statistics. The 
maximum and minimum peaks on the final difference Fourier map corresponded to 0.37 and -0.39 
e k3. bR = E((F~-~Fc~)/E(~Fo~), R w =  [Ew((F,(-lF,1)2/~w(1F,J)2]1'2. 
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their idealized positions (d(C-H) = 0.96 A) and constrained to riding motion, with 
a single isotropic temperature factor (U,,, = 80 x A2) for each. The final cycle 
of full-matrix least-squares refinement was based on 626 observed reflections 
( F >  4.04F)) and 1 14 variable parameters and converged with weighted and 
unweighted agreement factors of R = 0.0594 and R,  = 0.0638. The final atomic 
coordinates and equivalent isotropic displacement parameters for the non-hydrogen 
atoms are given in Table 2, important distances and bond angles are listed in Table 
3, and an ORTEP diagram of [Mn(bpy)(N,),] is given in Figure 1. 

Physical Measurements 
Resonance Raman spectra of [Mn(bpy)(N,),] and its lsN14N2 isotropically labeled 
analog were obtained in CH,Cl, solution (-1 mM) at room temperature by 
excitation with a 457.9 nm laser line (-50 mW laser power) from a Coherent 90-6 
Ar + ion laser. The "N-labeled compound for RR measurements was prepared as 
described above by reducing ten times the amounts of all reagents and using sodium 
azide-containing I 5N' ,N2 anion, which was obtained from Cambridge Isotope 
Laboratories (Andover, MA). The scattered photons were collected via backscatter- 
ing geometry fromr a spinning NMR tube.* A scanning Raman instrument 
equipped with a Spex 1403 double monochromator and a Hamamatsu 928 
photomultiplier detector system was used to record the spectra under the control of 
a Spex DM3000 microcomputer system, as described in detail elsewhere.6 Due to 
the photolability of [Mn(bpy)(N,),], the spectra were recorded over small frequency 
ranges (1 00-300 cm-') and fresh solution samples were employed for each 
individual scan. An average of multiple scans (6-8) were taken to improve the signal 
to noise ratio. Raman data manipulation was performed using LabCalc software 
(Galactic Industries Inc.) on a 486-DX 33 MHz PC microcomputer. Baseline 
correction and data smoothing were performed utilizing the two-point baseline 
correction and fast-Fourier transform smoothing LabCalc routines. A smoothing 
factor of 0.1 was used consistently as it removed high-frequency noise without 
distortion to band shape or height. A Hewlett-Packard 8-pen ColorPro graphics 
plotter was used to hardcopy output of spectra. 

Table 2 Atomic Coordinates ( x lo4) and Equivalent Isotropic Displacement Parameters (8, x lo3) 
for Non-Hydrogen Atoms in [Mn(bpy)(N,),]. 

Atom X Y Z U ( d a  

Mn 0 7455 (2) 2500 26 (6 
N(2) -217 (5)  7402 (6) -441 (10) 38 (3) 
N(31 -910 (5) 7648 (7) -1629 (13) 46 (4) 
N(4) -1579 (7) 7846 (8) -2835 (15) 79 (5) 
N 5 )  -920 (5)  8360 (5)  2033 (14) 42 (4) 
N(6) -891 (5) 8955 (7) 3331 (15) 45 (4) 

C(1) -473 (5) 5433 (6) 2193 (12) 27 (3)  
C(2) -981 (6) 4607 (7) 1718 (13) 33 (4) 
C(3) -1868 (6) 4687 (7) 1145 (14) 39 (4) 
C(4) -2220 (6) 5572 (8) 1113 (14) 44 (4) 
C(5) 1696 (5)  6375 (7) 1590 (14) 34 (4) 

N(1) -832 (4) 6295 (5) 2093 ( 1  1)  25 (3) 

N(7) -915 (7) 9510 (9) 4442 (19) 103 (7) 

"Equivalent isotropic U defined as one-third of the trace of the orthogonalized U, tensor. 
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METALAZIDE INTERACTIONS 26 1 

Figure 1 ORTEP view of [Mn(bpy)(N,),] with the atom labeling scheme (40% probability ellipsoids; 
hydrogen atoms omitted). Selected bond lengths and bond angles are listed in Table 3. 

Absorption spectra were obtained on a HP-8542 diode array spectrophotometer 
in 1 mm quartz cuvettes using approximately 1mM solutions with CH,Cl, as a 
solvent. Magnetic moments were obtained by using a Johnson-Matthey MSB- 1 
magnetic susceptibility balance. The solid state EPR spectrum of [Mn(bpy)(N,),] 
was recorded on a Bruker ER200 E-SRC spectrometer equipped with a liquid- 
nitrogen dewar and a Varian variable-temperature controller. DPPH (g = 2.0037) 
was used as an external standard. Cyclic voltammetric measurements were carried 
out on an IBM Model 225 voltammetric analyzer by utilizing a three-electrode 
electrochemical cell. The working electrode was platinum, and the potential 
reference was a saturated calomel electrode (SCE). 

RESULTS AND DISCUSSION 

Synthesis 
The isolation of [Mn(bpy)(N,),) from the in situ reaction of azide with the 
[Mn,&-0)&-0,CCH,),]2 + core demonstrate the fragile nature of this core in the 
presence of a strong ligand like azide. Similar lability of this core was also observed 
for the analogous complexes with tridentate ligands tacn and Me,tacn.' However, 
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breaking the 0x0-bridged core in [Mn,0(O2CCH3],(tacn),12’ leads to isolation of 
the Mn(II1) species, [Mn(ta~n)(N,),],~” as opposed to the Mn(1V) species obtained 
with the bidentate ligand bpy. This destruction of the dinuclear p-0x0 core 
supported by two acetato bridges is particularly noteworthy in light of the fact that 
in the structurally analogous dichloro complex, [Mn20(02CPh),(bpy)2(Cl),l, the 
chloride ions can be replaced with azide by using NaN, to give 
[Mn,0(02CPh)2(bpy)2(N3)2].10 The [Mn(bpy)(N,),] complex is stable at room 
temperature in direct contrast to the tetrachloro analog, [Mn(bpy)Cl,], which 
decomposes at room temperature.’ The stronger n-acceptor ability of azide ion 
might be an important factor in formation and stabilization of [Mn(bpy)(N,),]. 

Crystal and Molecular Structure 
The high-valent [Mn(bpy)(N,),] complex crystallizes in the monoclinic space group 
C2/c with cell constants a = 16.570(3), b = 13.946(3) and c = 7.019(1) A, 
p = 11 1.17(3)”, Y = 1512.5(3) A3, and four molecules per unit cell. Figure 1 shows 
the molecular structure of [Mn(bpy)(N,),] and the atom-labeling scheme, while 
Table 3 lists important bond distances and angles. The structure of [Mn(bpy)(N,),] 
has a crystallographically imposed C, axis of symmetry with two equivalent pairs 
of terminally bound azides and two nitrogens from bpy completing a distorted 
octahedral arrangement around the metal center. The two azides trans to the bpy 
nitrogens show stronger Mn-N bonds (1.914(8) A) as compared to the azides cis to 
bpy (1.965(7) A). 

Electronic Absorption Spectrum 
The UV-vis spectrum of [Mn(bpy)(N,),] in dichloromethane, shown in Figure 2, 
exhibits three intense absorptions at 442 (22,000), 290 (33,000) and 244nm 
(36,000 M-’cm-’). For a coordinated azide ion, the Mn-N, group vibrations are 
expected to be coupled with the charge transfer (CT) electronic transitions from 
azide to the metal atom, and the band at 442 nm is assigned to the N; - Mn(IV) 
CT transition on the basis of strong enhancements of the Mn-azide and intraazide 
stretching modes observed in the RR spectrum by excitation with a 457.9-nm laser 
line (vide inpa). From N; several CT transitions can take place to the acceptor 

Table 3 Selected Bond Lengths (A) and Bond Angles (deg) for [Mn(bpy)(N,),]. 

Bond Lengths 
Mn(1)-N( 1) 2.077 (7) Mn(1)-N(2) 1.965 (7) Mn( 1)-N(5) 1.914 (8) 
N(2)-N(3) 1.200 (10) N(3)-N(4) 1.160 (11) N(5)-N(6) 1.220 (13) 
N(6)-N(7) 1.109 

Bond Angles 
N(1)-Mn( 1)-N(2) 88.0 (3) N( I)-Mn( 1)-N(5) 92.4 (3) 

N(2)-Mn(l)-N(lA) 88.6 (3) N(5)-Mn(1)-N( 1A) 170.1 (3) 
N(2)-Mn( 1)-N(2A) 175.7 (5) N(5)-Mn( 1)-N(2A) 92.1 (4) 
N(5)-Mn(I)-N(SA) 97.5 (5) Mn( 1)-N(2)-N(3) 119.1 (8) 
Mn( l)-N(5)-N(6) 120.5 (6)  W)-NP)-N(4) 176.6 (11) 
N( 5)-N(6)-N( 7) 175.8 (9) 

N(2)-Mn( 1)-N(5) 90.7 (4) N(1)-Mn(1)-N(1A) 77.7 (4) 
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Figure 2 Electronic absorption spectrum of [Mn(bpy)(N,),] in CH2C12. 

263 

&orbitals on the metal, which are divided into two groups, d, and d,  with an 
energy separation A. The difference of 1 52 nm (- 12 000 cm-I) between the maxima 
of the two lowest energy bands in [Mn(bpy)(N,),] is comparable to the A value for 
Mn(1V) (-20 000 cm-’) complexes.” The bands at 442 and 290 nm could therefore 
be assigned as N; - Mn(d,) and N; - Mn(d,) CT transitions, respectively, with 
the transitions probably originating from different orbitals on the azide. 

Previously, CT transitions near 459 nm were assigned as metal to ligand in 
porphynnic (N,)Mn(III)TMP.13 In light of the very high oxidation state of 
manganese atoms in [Mn(bpy)(N,),], the possibility of these transitions being metal 
to ligand CT seems unlikely. The Mn(II1) oxidation state with a highly donating 
porphyrin macrocycle in (N,)MnTMP is sufficiently electron rich to donate electron 
density to N; in the excited state. Moreover, while the Mn(II1) oxidation state can 
undergo an oxidative CT transition, the Mn(1V) state is highly preferential towards 
a reductive transition and, therefore, the direction of charge transfer in 
[Mn(bpy)(N,),] is expected to be ligand (N; ) to metal (Mn(1V)). 
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Resonance Raman Spectra 
The RR spectra of [Mn(bpy)(N,),) obtained at room temperature in CH2C12 
solutions with 457.9-nm excitation are informative and show strong resonance 
enhancement of the modes associated with the Mn(1V)-N, units, as established by 
their frequency shifts registered upon substitution with terminally-labeled sodium 
azide, Nal'NN,. The results are presented in Figure 3. In the low frequency region 
there are two RR bands at 362 and 373 cm-' for the natural abundance sample 
which shift to 359 and 370 cm-', respectively, on isotopic labeling. The vibrations 
associated with stretching of the Mn-Nazide bonds, v(Mn-N,), are expected to occur 
in this region. The fact that two bands are observed in the RR spectrum with 
identical isotope shifts implies the presence of two distinctive Mn-Nazide interac- 
tions. These vibrational results are consistent with the differences in metal-azide 
bond strengths observed in the X-ray crystal structure of the complex which shows 
two pairs of distinct Mn-Nazide bond lengths (Table 3). Thus, the higher frequency 
peak at 373 cm-' could be assigned to the Mn-Nazide oscillator trans to the bpy 
nitrogens, whereas the lower frequency vibration at 362 cm-' is ascribed to the 
longer Mn-Nazide interaction cis to bpy ligand. By using Badger's rule 
K cc (re - 0.68)-3, where re is the equilibrium bond length and K is the stretching 
force ~onstant] , '~  the frequency difference of 11 cm-' observed between the two 
-N3) peaks is consistent with the Mn-NaZide bond length variation (-0.050 A) 
observed in the crystal structure (Table 3). 

With the porphyrinic ligand TMP, the v(Mn-N,) vibration was found to occur at 
349 cm-' in the infrared spectrum of N,Mn(III)TMP. ' Higher frequencies of the 
v(Mn-N,) stretches observed in [Mn(bpy)(N,),] are consistent with the higher 
charge on the Mn atom. Also, due to the strongly electron donating nature of the 
porphyrin macrocycle, the interaction of the metal with the azide anion in 
N,Mn(III)TMP is expected to be diminished to a certain extent, lowering the bond 
strength and the frequency of vibration. Thus, the 362 and 373 cm-' RR 
frequencies can be ascribed to stretching motions of the Mn-Nazide bonds with a 
considerable degree of confidence. In addition, whereas the v(Mn-N,) stretching 
modes are significantly enhanced in [Mn(bpy)(N,),], the analogous vibration in the 
porphyrinic complex N,Mn(III)TMP is not enhanced, implying that the M-Nazide 
bond length in the latter compound does not change much as a result of the charge 
transfer. If the nature of charge transfer is azide(lr) to porphyrin(z*) or alternatively 
M(d,) to azide(x') as has been ~uggested,'~ then there would be minimal resultant 
displacement along the v(Mn-N,) coordinate during the transition, thereby showing 
little or no enhancement of this mode. It is clear that the direction of charge transfer 
transition near 450 nm in the two complexes must be opposite. 

Figure 3 also reveals two pairs of "NN, isotope sensitive bands centered near 
1340 and 2050 cm-' where, respectively, the symmetric (in-phase) and asymmetric 
(out-of-phase) intraazide nitrogen-nitrogen streching vibrations are known to occur. 
Again, the appearance of doublets in each spectral region signifies two different 
metal-azide interactions in [Mn(bpy)(N,),], in agreement with crystallographic data 
(Table 3). The asymmetric stretch, vas(N3), is not Raman active in the centrosym- 
metric non-ligated azide anion (Dmh symmetry). Coordination to a metal, however, 
polarizes the azide moiety and destroys the center of inversion, making it 
asymmetric in the ground electronic state. This explains the observation of both the 
vs(N3) and va,(N3) intraazide stretches in the RR spectrum, as both become 
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Raman-active upon coordination of N; to Mn(1V). In addition, the N< - Mn(IV) 
CT excited state of the bound a i d e  unit would then be more symmetric, via an 
asymmetric displacement of the three nitrogen atoms. Taken together, the preceding 
arguments imply that the CT transition from N; to Mn(1V) results in changes in 
bond lengths in the N-N-N unit that mimic the v,,(N,) vibrational mode. Indeed, 
the RR spectrum of [Mn(bpy)(N,),] shows two azide dependent peaks at 2038 and 

t c 
v) 
Z 
W 
I- z 

f 

I I I I I 
h 

I 
h 

I 

300 400 500 1300 1350 2000 21 

AV I cm-' 
10 

Figure 3 Room temperature RR spectra of [Mn(bpy)(N,),] and its ISNl4N2 labeled isotopomer in 
CH,CI, solution excited at 457.9 nm; 50-mW laser power, 6cm-' slit widths. The bands marked by 
asterisks are due to bpy vibrations. 
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2055 cm-', which downshift to 2024 and 2045 cm-' on "N14N2 labeling. A similar 
v,,(N3) peak in the (N3)MnTMP RR spectrum was found to occur at -2040 cm-', 
the lower frequency consistent with the more symmetric axial azide ligand in this 
~omplex. '~  Enhancement of the [Mn(bpy)(N,),] v,,(N3) modes by 457.9-nm 
excitation wavelength also strongly supports the assignment of the visible absorp- 
tion band of [Mn(bpy)(N,),] at 442 nm as the azide to metal CT transition. 

Magnetism and EPR Spectrum 
The room temperature magnetic moment of 3 . 9 4 ~ ~  corresponds well to the 
theoretically predicted spin only value (3.87 pB) for three unpaired electrons of d 3  
Mn(IV) species. For a d 3  system two EPR resonances centered at g =4 (strong) and 
g =  2 (weak) are typically o b s e r ~ e d . ' ~ - ' ~  The EPR signal of [Mn(bpy)(N,),], which 
is presented in Figure 4, is particularly interesting in that it shows only a very strong 
g = 2 signal at liquid nitrogen temperature. This difference can be explained as 
follows. 

For Mn(IV) complexes, a d3 system, in a crystal field of strict octahedral 
symmetry, a ,A2, ground state is expected. Spin-orbit coupling Qr a low-symmetry 
ligand field may mix this ground state with excited states (configuration interaction) 
and split the quartet ground state into two Kramer's doublets separated by 
2(D2 + 3E2)"2, where D and E are the axial and rhombic zero-field splitting 
constants, respectively, such that D/E 2 3." 

In the limiting approximation with D >>E, the zero-field splitting is simply 2 0 .  
The EPR spectra of d 3  systems are expected to be highly dependent on the value 
of D as compared to the resonance quantum energy hv( = 0.317 cm-' for X- 
band).I5 In the case of 2 0  > > hv (large distortion), the EPR signal consists of two 

Figure 4 EPR spectraum of a solid sample of [Mn(bpy)(N,),] at 77 K, showing the g = 2 
transition. Microwave frequency 9.1 8 GHz; field modulation amplitude, 32 G; time constant, 0.5; 
receiver gain, 2. 
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resonances at g = 2 and g = 4 with the latter being much more intense. As the value 
of D decreases with respect to hv, the g= 4 resonance diminishes in intensity 
whereas the g =  2 signal gains intensity, and, in the case of 2 0  << hv (small 
distortion), the dominant signal is expected to be the one at g= 2. A large number 
of instances have been reported where the observed EPR signal can be classified 
between the realms of these two simplified cases;15-19 examples of the 2 0  << hv 
situation for Mn(1V) are sparse however. 18~17b 

The low C, symmetry of the [Mn(bpy)(N,),] complex, with a formally rhombic 
coordination environment as observed in the crystal structure, and the fact that two 
different ligands with highly disparate ligand field strengths coordinate the central 
metal ion, would predict a rhombic or axially distorted EPR signal with resonances 
at g = 2 and 4. In sharp contrast to the expectation, the observed EPR signal of 
[Mn(bpy)(N,),] at 77 K consists only of a strong isotropic resonance centered at 
g = 1.999 that is devoid of any hyperfine interactions (Fig. 4). As such the X-band 
EPR spectrum of [Mn(bpy)(N,),] not only conforms to the rare Mn(1V) 2 0  << hv 
case but reveals an effective electronic environment around the metal atom that is 
a nearly perfect octahedron (Le., D = 0). A g= 2 isotropic signal has previously been 
documented in K,MnCl,, where an octahedral environment has been structurally 
verified," and now in [Mn(bpy)(N,),]. In the case of trans-[Cr(py),(OH),]+ and 
trans-[Cr(NH,),(OH),] + complexes, which display essentially isotropic g = 2 EPR 
signals with minor components near g = 4, the magnitude of D has been calculated 
to be less than 0.01 ~ m - ' . ' ~ ~  Also in the two Schiff-base N,O, coordinated 
complexes, a very small 0 value (-0.012 cm-') was recently calculated, even though 
the Mn(IV)N,02 coordination spheres were structurally determined to be rhomb- 
ically distorted.'*" It is also interesting to note that [Mn(HB(3,5-Me,pz),),I2 + with 
a nearly octahedral Mn(IV)N, environment shows a strongly axially distorted EPR 
signal'6d whereas the neutral [Mn(bpy)(N,),] with a rhombically distorted structure 
shows a signal indicating minimal ligand field distortion of the electronic environ- 
ment with a ,Azg ground state. 

Electrochemistry 
The cyclic voltammetry of [Mn(bpy)(N,),] shows a reversible wave at + 0.48 V (vs 
SCE) corresponding to the Mn(IV)/Mn(III) reduction and an irreversible wave at 
E,,,  = -0.16 V (Fig. 5). The positive potential implies a spontaneous reduction 
towards the Mn(II1) oxidation state. The Mn(IV)/Mn(III) reduction is reversible 
with a peak-to-peak separation (AEp) of 0.12 V. The compound did not show any 
oxidative electrochemistry as expected for the Mn(1V) complex. With the all 
pyrazolyl N,-donor ligation in the complex [Mn(HB( 3,5-Me2pz),),], the Mn(IV)/ 
Mn(1II) reduction was found to occur at 1.35 V (vs SCE).16d The lower reduction 
potential for [Mn(bpy)(N,),] is an indicator of the stabilization of the Mn(1V) 
oxidation state afforded by the azide ligands due to the greater extent of metal to 
ligand back-bonding. 

CONCLUSIONS 

A monomeric high-valent Mn(1V) complex with N2N'4 coordination, which 
exhibits a comparatively rare set of physical and chemical properties, has been 
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1 .o 0.5 0.0 -0.5 

QV) vs SCE 

Figure 5 Cyclic voltammograms of [Mn(bpy)(N&] in CH2Cl2, 0.1 M TBAP at a scan rate of 0.1 Vls. 

isolated and structurally and spectroscopically characterized. The intense 
N; - Mn(1V) CT transition at 442 nm ascertains the viability of the azide anion 
as a potential vibrational probe and leads to enhancement of the Mn-azide and 
intraazide stretching vibrations in RR spectra. The observed v(Mn-N,), v,(N3) and 
va,(N3) RR frequencies serve as useful signatures of high-valent Mn-azide interac- 
tions and should be beneficial in characterization of similar interaction(s) in 
manganobiomolecules. The low reduction potential obtained for this complex, as 
compared to the all pyrazolyl N, coordination, indicates a stabilization of the 
Mn(1V) oxidation state by azide ligands. Combination of bpy and azide nitrogens 
in [Mn(bpy)(N,),] provides an effective ligand field around the Mn(1V) ion that is 
a nearly perfect octahedron, and [Mn(bpy)(N,),] seives as a very rare example of a 
d3 system with an isotropic g = 2 signal. This complex can, in principle, liberate 
four moles of N, gas per mole, and therefore could be useful in applications 
requiring an impact-sensitive N, gas generator. Finally, the presence of two different 
sets of azide coordination makes this complex potentially suitable for shock-trains 
with the polarized azides acting as initiators and the more symmetrical azides as 
propagators of the train, and [Mn(bpy)(N,),] may find use as an energetic material. 
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