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The manganese(lll)-bis[poly(pyrazolyl)borate] complexes, Mn(pzb),SbFs, where pzb~ = tetrakis(pyrazolyl)borate
(pzTp) (1), hydrotris(pyrazolyl)borate (Tp) (2), or hydrotris(3,5-dimethylpyrazolyl)borate (Tp*) (3), have been synthesized
by oxidation of the corresponding Mn(pzb), compounds with NOSbFg. The Mn(l1l) complexes are low-spin in solution
and the solid state (uer = 2.9-3.8 ug). X-ray crystallography confirms their uncommon low-spin character. The
close conformity of mean Mn—N distances of 1.974(4), 1.984(5), and 1.996(4) A in 1, 2, and 3, respectively,
indicates absence of the characteristic Jahn—Teller distortion of a high-spin d* center. N-Mn—N bite angles of
slightly less than 90° within the facially coordinated pzb~ ligands produce a small trigonal distortion and effective
Dsq symmetry in 1 and 2. These angles increase to 90.0(4)° in 3, yielding an almost perfectly octahedral disposition
of N donors in Mn(Tp*),*. Examination of structural data from 23 metal—his(pzh) complexes reveals systematic
changes within the metal—(pyrazolyl)borate framework as the ligand is changed from pzTp to Tp to Tp*. These
deformations consist of significant increases in M=N-N, N-B-N, and N—N-B angles and a minimal increase in
Mn-N distance as a consequence of the steric demands of the 3-methyl groups. Less effective overlap of pyrazole
lone pairs with metal atom orbitals resulting from the M—N-N angular displacement is suggested to contribute to
the lower ligand field strength of Tp* complexes. Mn(pzb),* complexes undergo electrochemical reduction and
oxidation in CH3CN. The electrochemical rate constant (k) for reduction of tog* Mn(pzb),* to t,s°es> Mn(pzb), (a
coupled electron-transfer and spin-crossover reaction) is 1-2 orders of magnitude smaller than that for oxidation
of tag* Mn(pzb),* to toe® Mn(pzb),?*. ks values decrease as Tp* > pzTp > Tp for the Mn(pzb),™ electrode reactions,
which contrasts with the behavior of the comparable Fe(pzb),*® and Co(pzh),"° couples.

Introduction center (OEC) of photosystem4i8 and in single-molecule
. . . magnet$ has stimulated interest in its properties and reac-
Manganese is an important and widespread elefist. tivities, especially in oxidation states Il, Ill, and IV. Many

occurrence in a number of redox enzymes (e.g., catalase

peroxidase, superoxide dismutad&jn the oxygen-evolving investigations have employed the versatile poly(pyrazolyl)-

borate (pzb = pzTp, Tp, or Tp*) ligands;? and homoleptic
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Low-Spin Mn(lll) —Poly(pyrazolyl)borate Complexes

Scheme 1 strong-field axial ligand$ Among complexes which contain
o a Mn""Ng coordination environment, [Mn(sar)](N&-H.O
is high-spin at room temperature, whereas Mnifda)a true
! 1 ! spin-crossover complex that exhibits an abr@pt 1 to
e — S = 2 transition at 46-50 K. Recently, Wieghardt et &.
HS-Mn(ll) reported aS = 0 Mn"(L*"),* complex in which the two
} f unpaired electrons of low-spin Mn(lll) are antiferromagneti-
— cally coupled to the unpaired electrons of the monoanionic
) } radical pyridine-2,6-diimine ligands (£), and Morgan et
al?reported a Mn(lll) complex of a hexadentatgy Schiff
base ligand with trans phenolate donors, which undergoes
low-to-high-spin crossover at 1600 K.
On the basis of these observations, we decided to explore
ad o — — - the nature of the Mn(pzb) complexes more completely and
report here the synthesis and X-ray structural characterization
N LA B of [Mn(pzTp)ISbFs, [Mn(Tp);|SbFs, and [Mn(Tp*}ISbFs
and additional studies of their electrochemical, magnetic, and
spectroscopic properties.

HS-Mn(ll) Mn(1V)

LS-Mn(lll)

bis(pzb) complexes of Mn(Il) [Mn(pzTp}° Mn(Tp)2,*° and _ _
Mn(Tp*)2tY and Mn(1V) { [Mn(Tp*)2](ClO.)2} 2 have been Experimental Section
isolated and structurally characterized. Heretofore, the cor-  \aterials. The following reagents were obtained from com-

responding Mn(lll) complexes have not been studied in this mercial sources and used as received: MAtELO (Alfa Aesar),
manner. KpzTp (Acros), and KTp and KTp* (Strem).

Our interest in these compounds derives from the position  Syntheses.Mn(pzb) complexes were prepared by mixing
of Mn(lll) between the #Pe? Mn(ll) and &g Mn(IV) aqueous solutions of MnghH,O and the potassium salt of the
oxidation states, which leads to the question illustrated in ligand in stoichiometric proportior.The white Mn(pzbj solids
Scheme 1: Does stepwise Mn(Hy Mn(lll) — Mn(IV) were (_:o_llected and recrystallized from 1,2-dichloroethane or
electron transfer proceed through high-spig*é?) or low- acetonitrile.
spin (bg") Mn(ll)? The answer is central to understanding _ [Mn(PZTP)2SbFs (1). To 0.382 g (0.62 mmol) of Mn(pzTp)
the redox behavior of Mn in many of its biological applica- " 300 ML of 1:1 CHCN/CH,CI, was added 0.172 g (0.65 mmol)

tions and in understanding the thermodynamics and kineticsOf NOSDfe. The solution turned pale yellow while being stirred

f el f . h led . for a period of 2 h. The solution was filtered and evaporated to
of electron-transier reactions that are coupled to spin yield a finely powdered yellow solid, which was recrystallized from

crossovef? Recently, we surveyed the electrochemical, cr,cN. Yield: 0.529 g, 98%ue (solid): 3.26us. UVAvis in CHs-
magnetic, and spectroscopic properties of a number of cN. 4., nm (loge, M~ cm2): 270 (4.11), 345 (3.93), 388 (sh)
metat-bis(pzb) complexé$ and reported the Mn(lll) ex-  (3.76). Anal. Calcd for @H24N;6B,MnSbR;: C, 33.96; H, 2.85;
amples to be low-spin on the basis on their room-temperatureN, 26.40; Mn, 6.47. Found: C, 33.87; H, 3.11; N, 26.14; Mn, 6.11.
magnetic moments. This result was not anticipated because [Mn(Tp) J]SbFs (2). To 1.286 g (2.67 mmol) of Mn(Tpjn CHs-
mononuclear low-spin Mn(lll) is uncommon. Rare examples CN was added 0.742 g (2.78 mmol) of NOgbFhe solution turned
include the hexacyanomanganate(lll) ¥and complexes  Yellow and was stirred for 30 min. A yellow solid, obtained upon

with tetradentate macrocyclic equatorial and unidentate filtration and evaporation of the solvent, was recrystallized twice
from CHsCN. Yield: 1.72 g, 90%gues (solid): 2.95ug. UV/vis in

(9) Abbreviations: pzTp= tetrakis(pyrazol-1-yl)borate; Tg hydrotris- CH3CN. Amax nm (loge, M~t cm™): 267 (3.92), 342 (3.97), 385

$)yMrgzolr;layl)b9r(a3te; Tr;’:I hydrotlrii(Si)Sb-dimetgylﬁyrazol-lt;yl)tforatE: (sh) (3.54). Anal. Calcd for {gH,0N1,B,MnSbFR;: C, 30.16; H, 2.81;
pMe = hydrotris(3-methylpyrazol-1-yl)borateBuTp = tert-butyltris- . . . . .

(pyrazol-1-yl)boratet-BuTpHe = tert butyliris(3-methylpyrazol-1-yl)- N, 23.45; Mn, 7.66. Found: C, 30.08; H, 3.00; N, 23.38; Mn, 7.48.
borate; ta& = trianion of tris(1-(2-azolyl)-2-azabuten-4-yl)amine; sar
= 3,6,10,13,16,19-hexaazabicyclo[6.6.6]icosane (sarcophagine); acac (16) (a) Hansen, A. P.; Goff, H. Mnorg. Chem.1984 23, 4519-4525.
= acetylacetonate; trop = anion of 2-hydroxy-2,4,6-cyclohep- (b) Galich, L.; Hickstalt, H.; Homborg, H.J. Porphyrins Phthalo-
tatrienone (tropolone); TBARF= tetran-butylammonium hexfluo- cyaninesl99§ 2, 79-87. (c) Mossin, S.; Sgrensen, H. O.; Weihe, H.
rophosphate; tripod = cyclopentadienyl-tris(diethylphosphito-P)- Acta Crystallogr2002 C58 m204-m206. (d) Matsuda, M.; Yamaura,

cobaltate(1).
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Chem. Soc., Dalton Tran2001, 3564-3571.
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Chem.2004 34, 1149-1163.
(12) Chan, M. K., Armstrong, W. Hnorg. Chem1989 28, 3777-3779.
(13) (a) Turner, J. W.; Schultz, F.ACoord. Chem. Re 2001, 219221,
81-97; (b) Turner, J. W.; Schultz, F. A. Phys. Chem. B002 106,

J.-l.; Tajima, H.; Inabe, TChem. Lett2005 34, 1524-1525.

(17) Anderson, P. A.; Creaser, |. |.; Dean, C.; Harrowfield, J. M.; Horn,

E.; Martin, L. L.; Sargeson, A. M.; Snow, M. R.; Tiekink, E. R.T.

Aust. J. Chem1993 46, 449-463.
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Nakano, M.; Matsubayashi, G.; Matsuo, Fhys. Re. B 2002 66,
212412, (c) Kimura, S.; Narumi, Y.; Kindo, K.; Nakano, M;
Matsubayashi, GPhys. Re. B 2005 72, 064448. (d) Guionneau, P.;

2009-2017. Marchivie, M.; Garcia, Y.; Howard, J. A. K.; Chasseau,Hhys. Re.
(14) De Alwis, C. D. L.; Schultz, F. Alnorg. Chem.2003 42, 3616~ B 2005 72, 214408.
3622. (19) de Bruin, B.; Bill, E.; Bothe, E.; Weyheritier, T.; Wieghardt, K.

(15) (a) Alexander, J. J.; Gray, H. B. Am. Chem. S0d.968 90, 4260-
4271. (b) Chawla, I. D.; Frank, M. J. Inorg. Nucl. Chem197Q 32,
555-563. (c) Buschmann, W. E.; Liable-Sands, L.; Rheingold, A. L.;
Miller, J. S.Inorg. Chim. Actal999 284, 175-179.

Inorg. Chem.200Q 39, 2936-2947.

(20) Morgan, G. G.; Murnaghan, K. D.; Mar-Bunz, H.; McKee, V.;
Harding, C. JAngew. Chem., Int. EQR006 45, 7192-7195.
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Table 1. Crystallographic Data for [Mn(pzTg)SbFs (1), [Mn(Tp)2]SbFs (2), and [Mn(Tp*);]SbFs (3)2

Hossain et al.

1 2 3
empirical formula G4H24B2FsMnN16Sb GigH20B2FsMNnN72Sh GoH14B2FsMNN12Sh
fw 848.90 716.77 885.08
temp 130(2) K 120(2) K_ 120(2) K
cryst syst, space group monoclin@2/c triclinic, Pl monoclinic,P24/c
unit cell dimens a=17.4593(16) A a=7.5518(2) A a=10.4142(4) A

o =90 o =99.097(1Y o =90
b=20.0737(18) A b=8.8710(2) A b=14.1854(6) A
p=118.728(Y p=91.782(1Y B =94.2700(10)

vol

A

calcd density
abs coeff

final Rindices | > 20(1)]

Rindices (all data)

c=10.2596(9) A
y =90°
3153.1(5) R

4

1.788 Mg n?

1.340 mmt
R1=0.0350
wR2=0.0823

R+ 0.0426
wR2=0.0878

©=19.9838(3) A
y =108.516(19
623.87(3) R

1

c=12.4063(5) A
y =90
1827.69(3) R

2

1.908 Mg nt3 1.608 Mg n13
1.670 mn?t 1.157 mntt
R1=0.0210 R1=0.0334
WR2 = 0.0546 wWR2=0.0923
R1=10.0230 R1=0.0476
WR2 = 0.0562 wR2=0.1017

8 GOF = [¥[W(Fo? — F2)2/(Nobservations— Nparameted V2, all data. R1= 3 (|Fo| — |Fel)/Y|Fol. WR2 = [T [W(Fo? — F)2/ ¥ [W(Fsd] Y2

[Mn(Tp*) 2]SbFs (3). To 0.123 g (0.19 mmol) of Mn(Tp3)in
50 mL of 1,2-dichloroethane was added 0.052 g (0.20 mmol) of
NOSbF. The solution turned pale yellow while being stirred for a
period of 2 h. The solution was filtered and evaporated, and the
resulting yellow solid was recrystallized from warm acetonitrile.
Yield: 0.109 g, 65%uuef (solid): 3.83up. UV/vis in CH;CN. Amay
nm (loge, M~ cm™1): 277 (3.80), 364 (3.94), 420 (sh) (3.38).
Anal. Calcd for GgHaaN12BoMnSbF;: C, 40.71; H, 5.01; N, 19.00;
Mn, 6.21. Found: C, 40.61; H, 5.20; N, 19.12; Mn, 5.77.

X-ray Structure Determinations. Crystals suitable for X-ray
analysis, which were obtained by vapor diffusion of hexane into
acetonitrile solutions of, 2, and3, were mounted on the tip of a
glass capillary in a SMART6000 CCD diffractometer (Bruker). Data
collection was carried out by use of MooKradiation (graphite
monochromator,A = 0.71073 A). Final cell constants were
calculated from thexyz centroids of 4492, 6983, and 2816 strong
reflections from the actual data collection fdr, 2, and 3,
respectively, after integration (SAINP3.The intensity data were
corrected for absorption (SADABS). The space groups were

were determined with a Johnson Matthey MSB-1 susceptibility
balance. Magnetic moments in solution were determined as a
function of temperature as described previously by use ofithe
NMR method of Evansg’ These measurements were conducted in
CH3;CN-d; for 1 and2 and in DMF4; for 3. Elemental analyses
were performed by Huffman Laboratories, Golden, CO.

Electrochemical measurements were conducted in a three-
electrode cell consisting of a glassy carbon working electrode
(Bioanalytical Systems, MF-2012, are20.071 cnd), a Pt auxiliary
electrode, and a Ag/AgCl (3 M NacCl) reference electrode (Bio-
analytical Systems, MF-2079). The working electrode was polished
with an aqueous suspension of 0% alumina (Buehler), rinsed
with deionized water, and rinsed with solvent before use. Potentials
are reported versus that of the ferrocene/ferricenium’@Fcouple,
which was determined to b&0.44(1) V vs Ag/AgCl under the
experimental conditions.

Cyclic voltammetry (CV) experiments were conducted at 298
K in acetonitrile (Burdick and Jackson, distilled-in-glass reagent)
containing 0.1 M TBAPE as supporting electrolyte. Data were

determined by intensity statistics and systematic absences. Structuresollected by use of an EG&G PAR 273A potentiostat. Values of

were solved using SIR-92and refined with SHELXL-97°> A

direct-methods solution was calculated, which provided most non-
hydrogen atoms from the E-map. Full-matrix least-squares/differ-
ence Fourier cycles were performed, which located the remaining
non-hydrogen atoms. All non-hydrogen atoms were refined with

the standard heterogeneous electron-transfer rate corigamtere
determined from the peak potential separatidi,, of background-
subtracted voltammograms at scan rates f0.025-0.25 V s'1.
Approximately 90% of the estimated solution resistance (calculated
asR = pl4r, wherep = 109 Q cm is the resisitivity of 0.1 M

anisotropic displacement parameters. The hydrogen atoms wereTBAPF/CH;CN28 andr is the electrode radius) was compensated

placed in ideal positions and refined as riding atoms with individual
isotropic displacement parameters2land3, the Mn and Sb atoms
are located in special positions, and the Mn complex and the
counterion have inversion symmetry. Innonclassical hydrogen
bonding® is observed between the Mn complex and the counte-
rion: C3—-H3---F2, 2.370 A, 168.83 and C7H7---F3, 2.468 A,
133.2. Further crystallographic data and refinement information
are presented in Table 1.

Physical MeasurementsElectronic spectra were recorded by
use of an HP 8453A spectrometer. Magnetic moments of solids

(22) SAINT Current VersigrBruker Analytical X-ray Systems: Madison,
WI.

(23) Blessing, R. HActa Crystallogr.1995 A51, 33—38.

(24) Altomare, A.; Cascarno, G.; Giacovazzo, C.; GualardiJAAppl.
Cryst. 1993 26, 343-350.

(25) SHELXL-Plus Current VersigrBruker Analytical X-ray Systems:
Madison, WI.

(26) Taylor, R.; Kennard, QJ. Am. Chem. Sod.982 104 5063-5070.
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electronically ks, was determined from the published relationsip
betweemAE, and the kinetic parameteyp, for AE, < 250 mV and
from eq 1 in ref 29b foAE, > 250 mV. Values ofx = 8 = 0.50
and a diffusion coefficient), determined from the linear relation-
ship between voltammetric peak curreigt,and »*? were used in
these calculations.

Results and Discussion

Synthesis and Characterization.Manganese(lll) com-
plexesl—3 were prepared in high yield in a straightforward

(27) (a) Turner, J. W.; Schultz, F. Anorg. Chem2001, 40, 5296-5298;
(b) Evans, D.FJ. Chem. Socl959 2003-2005.

(28) Bowyer, W. J.; Engelman, E. E.; Evans, D.HElectroanal. Chem.
1989 262, 67—82.

(29) (a) Bard, A.J.; Faulkner, L.FElectrochemical Methods: Fundamentals
and Applications2nd ed.; Wiley: New York, 2001, Chapter 6. (b)
Schultz, F. A.J. Electroanal. Chem1986 213 169-174.



Low-Spin Mn(lll) —Poly(pyrazolyl)borate Complexes

Figure 1. Magnetic moments of Mn(pzb) complexes in CHCN-d3 Figure 2. Electronic spectra of Mn(pzp) complexes in CKCN.
(pzTp, Tp) and DMK, (Tp*) as a function of temperature. Open and filled
symbols represent warming and cooling cycles, respectively. Lines are drawn
as a guide to the eye.

significant ligand dependence, pzFp Tp > Tp*, which
parallels the increase in the-NMin—N bite angle (vide infra).
manner by oxidation of the corresponding Mn(pzbdm- Structures. ORTEP diagrams and numbering schemes of
pounds with NOSbE The [Mn(pzb)]SbFs products were  the Mn(pzb)* cations are shown in Figure 3. Selected bond
isolated as yellow crystals and were characterized by distances and bond angles are collected in Table 2. In
elemental analysis, U¥vis spectroscopy, magnetic moment complexesl, 2, and3 the Mn(lll) ion is bound in a facial
measurements, electrochemistry, and X-ray crystallography.tridentate manner by the three pyrazole N-2 nitrogens of each

Complexesl—3 exhibit magnetic moments of 2.93.83 ligand at mean distances of 1.974(4), 1.984(5) and 1.996(4)
us in the solid state. This range of values is consistent with A, respectively. The close conformity of MiN distances
low-spin d" character (spin-only value= 2.83 ug) ac- within each complex indicates the absencegfaecupation,
companied by an orbital contribution. Magnetic moments which would characterize a high-spirt denter. A much
in solution (Figure 1) are consistent with these results, greater dispersion in metaligand bond distances is apparent
although solution and solid-phase values differ by-M23 in established high-spin Mn(lll) complexes. Examples in-
us in individual cases. Measurements of Mn(Tg*were clude four short and two long MnO distances at mean
extended to 370 K in DMR; to explore the possible values of 1.935(3) and 2.111(4) A in-Mn(acacy**® and
existence of a low-to-high-spin crossover promoted by the 1.94(2) and 2.13(3) A in molecule 1 of Mn(tragf® three
presence of 3,5-dimethyl substituents in this complex. short Mn—Npyoe and three long MaNimine distances at
Although uerr increases by~5% between 270 and 370 K, 2.054(2) and 2.148(2) A in Mn(tad$ and three pairs of
higher temperatures were not attainable, and it is not possibleMn—N distances at 2.08(1), 2.13(1), and 2.18(1) A in Mn-
to ascertain if such behavior corresponds to the onset of spin(sarf*.1” Moreover, the 1.9741.996 A range of Ma-N
crossover. If spin crossover occurs fa8r its transition distances irl—3 and 0.72 A crystal radius of low-spin Mn-
temperature is much higher than that of previous examples(lll) 3! are consistent with the 0.69 A crystal radius of low-
involving Mn(ll1).1820 spin Fe(lll) and Fe-N distances of 1.937(3) A in [Fe(

The electronic spectra af—3 are shown in Figure 2.  BuTp)]PFs% 1.955(4) A in [Fet-BuTp"®),]PFs,*2 1.956(6)
Prominent absorptions with= 0.6-1.3 x 10* M~ cmt A in [Fe(Tp)BF. and 1.964(5) A in [Fe(Tp*PFs.3*
are observed at 267277 and 342364 nm, and a shoulder ~ Thus, X-ray crystallography confirms the low-spin character
with € = 0.2—0.6 x 10* M~tcm ! is observed at 386420 of 1-3.
nm. The higher-energy bands are likely of charge transfer Tridentate coordination of the two pyrazolylborate ligands
origin; the origin of the low-energy shoulder is uncertain. in 1 and2 produces N-Mn—N bite angles of slightly less
Although spin-allowed ¢d transitions with loge = 3.2— than 90, which leads to a small trigonal distortion and
3.5 have been assigned variously at 27-680 000 cm? effective D3y symmetry in these complexes. However, the
in Mn(CN)3~,*® the location of such bands in low-spin Mn-
(111) species has not been established conclusively. The three(30) (a) Stults, B. R.; Marianelli, R. S.; Day, V. Whorg. Chem.1979
Mn(pzb)* transitions, which are almost identical in energy |1n86rlg?‘r’c‘°’r:§r?ffg7(2)g‘y’dl%‘gﬁigggf‘tamag”a* J. A, Fackler, J. P., Jr.
for 1 and2, are red-shifted by 10662000 cnt? in 3. Similar (31) Shannon, R. DActa Crystallogr.1976, A32, 751—767.
energetic differences are observed in the transitions of other(32) Graziani, O.; Hamon, P.; Thet, J.-Y.; Toupet, L.; Szilyi, P. A.;

. L . Molnar, G.; Bousseksou, A.; Tilset, M.; Hamon, J.-Rorg. Chem.

metal-bis(pzb) complexé4 and indicate a smaller ligand 2006 45, 56615674,
field strength for Tp*. Intensities of the 34864 nm band (33) Calogero, S.; Gioia Lobbia, G.; Cecchi, P.; Valle, G.; Fried|, J.
and the shoulder are approximately independent of ligand. 35 fﬂoiggﬁfjg”i?%”%?\Z:mrphy’ V. J.: O'Hare, D.: Watkin, ..
However, the intensities of the 26277 nm band exhibit a Organomet. Chenl995 485, 165-171.
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Figure 3. Structures and numbering schemes of the Mn(pzbations

of 1, 2, and 3 from top to bottom, respectively, with ellipsoids shown at
50% probability.

bite angles increase to 90.0{4h 3, producing an almost
perfectly octahedral disposition of N donors in Mn(Tg*)
In all three complexes, the MFAIN—N—C and Mn—-N—N—B
torsion angles are close to 18@nd @, respectively,
indicating little titling or twisting of the planar pyrazole rings,
and there is little trigonal twisting of the ‘NN---N faces
away from an octahedral arrangemegit=f 60(1Y].

2600 Inorganic Chemistry, Vol. 46, No. 7, 2007
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Table 2. Selected Bond Distances (A) and Bond Angles (deg)ifa?,
and3

1 2 3
Distances
Mn—N2 1.970(2) 1.983(1) 1.998(1)
Mn—N4 1.978(2) 1.979(1) 1.999(2)
Mn—N6 1.974(2) 1.989(1) 1.992(2)
Angles

N2—Mn—N4 88.00(8) 87.41(4) 89.82(10)
N2—Mn—N6 87.09(7) 87.78(4) 89.74(10)
N4—Mn—N6 88.65(8) 88.73(4) 90.51(10)
N2—Mn—N4' 92.00(8) 92.59(4) 90.18(10)
N2—Mn—N6&' 92.91(7) 92.22(4) 90.26(10)
N4—Mn—N6&' 91.35(8) 91.27(4) 89.49(10)
Mn—N2—-N1-C1 178.1(2) 177.6(1) 179.4(2)
Mn—N4—N3—-C4(C6} 177.0(2) 176.4(1) 178.2(2)
Mn—N6—N5—C7(C11¥ 176.6(2) 179.5(1) 176.5(2)
Mn—N2—-N1-B1 2.5(5) 0.7(1) 1.8(3)
Mn—N4—N3—-B1 0.9(2) 2.5(1) 1.1(3)
Mn—N6—N5—-B1 4.9(2) 1.4(1) 2.7(3)

aC6in3.PC11in3.

The crystallographic results fdr—3 in conjunction with
structures of the corresponding Mn{f}* and Mn(IV)?
species allows the combined influence of oxidation state and
ligand substitution pattern on the structure of Mn(pZbjn
= 0, 1, 2) complexes to be examined. These data are
compiled in Table 3. The MaN distance is the structural
parameter most significantly influenced by oxidation state.
This distance decreases by 0-2627 A upon oxidation from
Mn(1l) to Mn(lll), consistent with the conversion of a high-
spin te,? to low-spin 4 configuration. The Ma-N
distance decreases further by only G:0203 A upon
oxidation to 5 Mn(IV). The Mn—N distance also decreases
as Tp*> Tp > pzTp in each oxidation state; however, the
largest range of such values is 0.034 A. Bulky 3-position
substituents are known to create unfavorable steric interac-
tions in pzb complexes, and the mean 3.8, 3.7, and 3.7 A
interligand separations between 3-methyl groups in Mn-
(Tp*)2, Mn(Tp*)2", and Mn(Tp*}?*, respectively, are con-
sistent with such congestion. However, presence of these
groups does not prevent formation of homoleptic bis(Tp*)
complexes containing small metal ions such as low-spin
Mn3t, low-spin Fé"3234and Mrft.12

Additional structural differences resulting from changes
in ligand or oxidation state are apparent in Table 3. For
example, the N-N bite distance increases systematically as
pzTp < Tp < Tp* and as Mn(IV) < Mn(lll) < Mn(ll).
However, the N-Mn—N bite angle, which also increases as
pzTp < Tp < Tp*, decreasess Mn(IV) > Mn(lll) > Mn-

(I1). A general expectatidfi*®is that the N--N bite distance

will increase and the NM—N bite angle will decrease as
the size of the metal ion increases. The first relationship is
illustrated by the lower plot in Figure 4, where the-NN
distance is plotted against the-N\ bond distance for a series

of homoleptic bis(pzb) complexes containing a variety of
metal ions and oxidation states, but having a single spin state
[low-spin for M(lll) and M(IV), high-spin for M(I)]. A

(35) (a) Reger, D. L.; Collins, J. E.; Layland, R.; Adams, R.lBorg.
Chem.1996 35, 1372-1376. (b) Reger, D. L.; Collins, J. E.; Myers,
S. M.; Rheingold, A. L.; Liable-Sands, L. Mnorg. Chem1996 35,
4904-4909.
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S =883 888 S & distances independent of metal ion and oxidation state.
§|%Z|S3ax 5252 £ 22 Furthermore, the N-N distance increases as pzRpTp <
gl®| SSS 7888 S9 Tp* in parallel with the increase in MN distance. However,
S = although Table 3 reveals that the-INIn—N bite angle
@ decreases as the MiN distance increasetis correlation
g| | ggeo s a5 o is true only if the identity of the ligand is not changed
X | = =N = o~ . .
L1z @en 499 o~ 8 It also is expected that the distance from the metal to each
£ c| 588 8883 38 & b~ ligand (defined as the length of the-MB vector) will
5|3 S Pz e i
g 5 E increase as the MN distance increases. This behavior is
g - @ confirmed by the trend of the upper plot in Figure 4.
2| el ~a 3 However, as the ligand changes from pzTp to Tp to Tp*
9z d8s ®LS =< % within a single family of M(pzby*" complexes, there is a
g Ll Se2 222 s 3 systematicdecreasén the M-+-B distance and a systematic
2= O 2®e % 9 increasein the N—~M—N bite angle (Table 3) with increasing
=& 2 M—N bond distance. The contrasting behavior of the:M
5] — = B and N--N distances as a function of N distance in
= aga gagas Sgo 0 S ,
2| ?| e I a5 % Mn(pzb)™t complexes is illustrated by the filled symbols
N -0 — x . . . . ..
DE| ©6n Hen @@ 9 in Figure 4. Such behavior also is found for complete families
f} @ of Fe(pzb)*™ and Ni(pzb) complexes, which are among the
c = . .
8 ¢ ¥¥3 aaS ag ; data represented by open symbgls in Figure 4. .
< %‘ 598 Sry ©9 o It has been customary to describe structural deformations
glz| 8@ odd e g within metal-(pyrazolyl)borate complexes in terms of
8 s ligand-based changes. Such pflexibility has been depicted
a BN~ e ~e E as an opening of the ligand mo#éttor as a change in the
z oy Iy Lo o
ol 1 © 4o I © HhN &
] c ™m0 N~ N~ 0 O o~ — . R .
/2| JIJYJ 222 a3 9 (36) Trofimenko, S.; Golen, J. A.; Rheingold, A. L.; Yap, G. P. A. Private
2 S communication, Cambridge Crystallographic Data Centre, 2004.
) 5 (37) Bandoli, G.; Clemente, D. A.; Paolucci, G.; Doretti,Qryst. Struct.
« B 4 B, B . O Commun.1979 8, 965-970.
2 Reh RKabh Kah (38) Cecchi, P.; Gioia Lobbia, G.; Marchetti, F.; Valle, G.; Calogero, S.
8 o+  akk  aFk Polyhedron1994 13, 2173-2178.
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Scheme 2 Table 4. Electrochemical Data for Reduction and Oxidation of
‘ Mn(pzb)*t Complexed
B redox E” ipf/v2AC Ks,h
NX@XN ligand step VvsFct0 yAsl2yv-12¢m2mM-1 cmst
N
‘ : ‘ pzTp Il 40.13(1) 500(10) 7.8(17x 1074
Tp WA +0.14(1) 630(10) 1.8(2x 1074
N N N Tp* WM —0.01(1) 460(40) 2.6(2x 10-3
Xﬂ /K pzTp IV +1.30(1) 750(60) 1.2(4x 102
V) Tp AV +1.22(1) 860(30) 2.1(9% 1072
Tp* WAV +0.96(1) 580(100) 1.4(6x 1025
extent of pyramidalization of the boron atdfnHowever, aQObtained from background-subtracted, resistance-compensated cyclic

inspection of the data in Table 3 indicates that large changesvoltammograms at a glassy carbon dlectrode in 0.1 M TBAPH:CN

in structure occur also at the point of metéijand contact, ~ [°f v = 0-025-0.25 V s ® Background subtraction not applied.

where bonds are relatively weak. Thus, in addition to a-6.01

0.03 A increase in the MaN distance, MR-N—N angles

contract by 2.44.2 and Mn—N—C angles widen by similar

amounts as pzb changes from pzTp to Tp to Tp*.

Concomitantly, there are small increases of-Ql&¥ in the

N—B—N and N-N—B angles'® Thus, there are two com-

ponents to the structural distortions that arise from the

presence of methyl groups at the pyrazole 3-positions. One

is contraction of the B-Cty; distance (Gi; is the centroid

of the plane defined by the pyrazole N-1 nitrogens) upon

opening of the N-NB—N and N-N—B angles. The other is

contraction of the Ma-Cty, distance (Gi, is the centroid

of the plane defined by the pyrazole N-2 nitrogens) by a

hinging or sliding motion of the pyrazole ring at the Mn Figure 5. Concentration-normalized cyclic voltammograms for the reduc-

N2 juncture. These structural changes are illustrated in ﬂ%lggggﬁggﬂogflebég \'}"\é'l'Odi?d?gm;bzﬂgn?ﬁggr;“nﬁ’soénog%i%tg’c'j

Scheme 2. Examination of structural data for Mn(ph) due to large noise content.

complexes reveals that thety; and Mn—Cty, contrac-

tions contribute approximately equally to the decrease in a sterically imposed increase in MiN bond distance.

Mn---B distance upon passing from pzTp to Tp*. However, Mn-N distances increase by only 0:60.03 A
The above observations provide further insight to the upon substitution of Tp* for Tp or pzTp (Table 3); thus, we

influence of (pyrazolyl)borate substitutents on the properties suggest that changes in the MN—N angles (Scheme 2)

of their transition metal complexes. Generally, there is a also make an important contribution to differences in

systematic decrease in ligand field strength and an increasedspectroscopic and magnetic behavior. Because the pyrazole

tendency for low-to-high-spin crossover in Tp* versus Tp rings are inflexible, their displacement will direct the N2

or pzTp complexe$’ This trend is apparent in the spectro- lone pair orbitals away from the metal leading to less

scopic and magnetic properties in Figures 1 and 2. Sucheffective overlap and lower ligand field strength. Such

changes are thought to arise primarily from the influence of distortions, in combination with other factors, are consistent

with the proclivity of Tp* and other 3-methyl substituted

pzb ligands to favor high- versus low-spin states in their

(39) Churchill, M. R.; Gold, K.; Maw, C. E., Jinorg. Chem.197Q 9,

1597-1604.

(40) Nakata, K.; Kawabata, S.; Ichikawa, Kcta Crystallogr.1995 C51, metal complexes.

(41) lS?J%Zri_nl,O\?.‘;LKokusen, H.; Kihara, S.; Matsui, M.; Kushi, Y.; Shiro, Electrochemistry. The electrochemical behavior of com-
M. J. Am. Chem. Sod.993 115 4128-4136. plexes1-3 was examined in CECN containing 0.1 M

(42) Reger, D. L.; Mason, S. S.; Rheingold, A. L.; Ostrander, Rnbrg. TBAPFs. This work was undertaken to study the Mn(H—B

Chem.1993 32, 5216-5222. . . .
(43) Reger, D. L.; Myers, S. M.; Mason, S. S.: Darensbourg, D. J.; Mn(ll) reductions and Mn(lll)— Mn(IV) oxidations as

Eoltcghmp, MS. Véég%e;bl%ni%gsgiﬁdé ![)-ipton, A. S, Ellis, P. D. primary electrode processes and to acquire more accurate

m. em. S0 f . . . . . .

(44) De Bari, H.: Zimmer, Minorg. Chem2004 43, 3344-3348. k|net!c and. thermodynamic da.\ta via compensathn of

(45) Reger, D. L.; Gardinier, J. R.; Elgin, J. D.; Smith, M. D.; Hautot, D.;  solution resistance. Electrochemical data are summarized in
Long, G. J.; Grandjean, Anorg. Chem.2006 45, 8862-8875. Table 4.

(46) Similar structural differences about B and the bonding pyrazole N’s ) ) ) ) )
are apparent in the recently reported crystal structures of- Fe( The cyclic voltammetric traces in Figure 5 illustrate the

BuTp)xPFR and Fe(-BuTpYe),PF:.32 Here, Fe-N—N angles contract ; ; ; At
from 122.2(43 in Fet-BUTp)PFs to 118.4(1) in Fe(-BUTp"),PF, chemically reversible reductions and oxidations of Mn(pzb)

while smaller changes of 0-5L.%° occur in the N-B—N and N-N—B complexes, which occur at potentials separated by-1.2
angles. N-Fe—N bite angles increase from 87.8(#) Fe¢-BuTppPFs V. This large spacing is consistent with the metal-based
t0 90.1(2% in Fet-BuTpe),PFs. Similar comparative differences occur .

in the structures of [Fe(TEBF+* and [Fe(Tp*}JPFs* and Ni(Tpyi0 character of the electrode reactions. Hievalues for each
and Ni(Tp"e),.38 redox step become more positive in the sequenée<Tpp

(47) Long, G.J.; Grandjean, F.; Reger, D.LSpin Crosseer in Transition
Metal Compounds;|Gitlich, P., Goodwin, H.A., Eds.; Springer: < pzTp and encompass a range of 8013 V. Such

Berlin, 2004; pp 9+122. observations are consistent with the results of previous
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electrochemical studies of metabis(pzb) complexe¥!+® for comparable Fe(pzp)° 3* and Co(pzhy™ * couples,
The Mn(pzb)" oxidations exhibit voltammetric peak current which also involve reduction of a low-spin ¥ to high-
parametersy/v2AC, that are consistent with a one-electron spin M?* center. Further investigation is needed to understand
transfer involving reactants of this size in gEN.*° The Mn- this difference and the fundamental relationships between
(pzb)* reductions also exhibit/v?AC parameters that are  structure and electron-transfer rate for these reactions.
consistent with one-electron stoichiometry, but values are However, we note that the Tp* pzTp > Tp sequence of
smaller because of the slow kinetics of Mn(lll)/Mn(ll)  Mn(lll)/Mn(ll) rates (Table 4) parallels the apparent high-
electron transfer. spin content of Mn(pzb) complexes (Figure 1). This
The difference in kinetics of the two-electrode reactions suggests a greater component of reaction via a high-spin
is apparent from the peak potential separations in Figure 5.intermediate pathway for Mn(pzi)° reactions versus those
The Mn(pzb)™ oxidations are nearly nernstian and yiklg of Fe(pzb)™® and Co(pzhy™°.
values of 0.010.02 cm s* with little ligand dependence.
The Mn(pzb)" reductions are 42 orders of magnitude
slower and exhibiks , values of 7.8x 104—2.6 x 10°3cm Three manganese(Ihbis[poly(pyrazolyl)borate] com-
s ! with significant ligand dependence (Table 4). These plexes have been prepared by NOSlXidation of the
findings are consistent with results reported earlier in 1,2- corresponding Mn(ll) compounds and characterized by X-ray
dichloroethané? where individuaks, values are 24 times crystallography and electrochemical, spectroscopic, and

Summary and Conclusions

smaller than those reported here. magnetic methods. These homoleptic Mn(pzlspecies are
The electrode kinetic data in conjunction with structural uncommon examples of low-spin Mn(lll). Presence of methyl
and magnetic results (vide supra) indicate that MattIMn- groups at the 3-position of the pyrazole rings does not prevent

(1) — Mn(IV) oxidation of Mn(pzb)"* complexes proceeds formation of low-spin Mn(Tp*}* and does not incur
through a low-spin Mn(lll) rather than high-spin Mn(lll)  crossover to its high-spin form under ambient conditions.
oxidation state (Scheme 1). Thus, each Mn(lll)/Mn(ll) Examination of structural data from 23 metdlis(pzb)
electrode reaction is accompanied by a change in metal atomcomplexes reveals that significant adjustments inWA-N

spin state: and M—N—C, as well as in N-B—N and N-N—B, angles
) L ) _ occur in the presence of 3-methyl substituents. These
low-spin Mn(pzb)" + e = high-spin Mn(pzb) (1) structural changes appear to be equally or more important

than simple metatligand bond lengthening in accommodat-

Mn(II/Mn(ll) electron-transfer reactions frequently are ing the steric demands of 3-methyl groups in bis(Tp*)

50 i i
slow?>° Although underlying causes are not well established complexes.

in most instances, .the structurgl and magnetic informat?on Mn(pzb)* complexes undergo electrochemical reduction
agpgrteql Egre ;:onf|rm§ thr?t i.pm pros?ol\\/ller occurs and s 8and oxidation to Mn(pzh)and Mn(pzbY*. The Mn(ll)/
,V',it('gfg)'},'f %I:Strlé:jeelrrle;;owsetlcs of Mn(pzbf versus Mn(ll) electrodfe reactions are accompanied _by a change in
Knowledge of the general pat.h of Mn(i#y Mn(lll) — metal-atom spin stateft — ts°e;?) and exhibit electro-
chemical electron-transfer rate constants2lorders of

(I\j/lnt(IY) o;qdau?n, th\Svetr’ dotes noft reveal the m.e%hsn'su.c magnitude smaller than those of the corresponding Mn(lll)/
etails of reaction L. Electron fransier accompanied by Spin Mn(IV) (t2g* — tog°) oxidations. The rate constants for Mn-

crossover may proceed through a low-spin Mn(ll) or high- ()/Mn(Il) reduction decrease as Tp* pzTp> Tp, which
spin Mhn(lll) intermediate via coupleg electron ]Eramer and is the inverse of the sequence found for c’omparable
spin-change steps or in a concerted manner fr. n- 40 0 :

(1) to tog%ey? Mn(ll). In either case, large therm%dynamic Fe(pzb)™ and Co(pzb)™ reactions.
or kinetic barriers must be overcome, resulting in slow  Acknowledgment. M.-H.B. thanks the National Institutes
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