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ABSTRACT: The syntheses, structures, and magnetic properties of Mn(acac®); + KTp*
a series of di- and trivalent hydridotris(3,5-dimethylpyrazol-1-
yl)borate (Tp*) cyanomanganates are described. Treatment of
tris(acetylacetonate)manganese(III) [Mn(acac);] with KTp* and
tetra(ethyl)ammonium cyanide affords [NEt,] [(Tp*)MnH(KZ-
acac)(CN)] (1), as the first monocyanomanganate(II) comcg}ex;
attempted oxidation of 1 with iodine affords { (Tp*)Mn"(k*-acac* ™)},
(2) as a one-dimensional chain and bimetallic {[NEt,]-
[(Tp*)Mn" (k*-acac® ™) ],(u-CN) (3) as the major and minor
products, respectively. A fourth complex, [NEt,][(Tp*)Mn"
(7*-acac™N) (17" -NC-acac)] (4), is obtained via treatment of Mn-
(acac®™); with KTp* and [NEt,]JCN, while [NEt,],-
[Mn"(CN),] (5) was prepared from manganese(II) trifluoro-
methanesulfonate and excess [NEt,]CN. Tricyanomanganate(HI) complexes, [cat] [(Tp*)Mnm(CN)3] [cat = NEt, ", 7; PPN,
8], are prepared via sequential treatment of Mn(acac "N, with KTp* followed by [NEt,]CN, or [cat] 3[Mn™(CN)4] with
(Tp*)SnBu,Cl. Magnetic measurements indicate that 1, 2, and 4 contain isotropic Mn" (S= >/ g = 2.00) centers, and no long-
range magnetic ordering is found above 1.8 K. Compounds 7 and 8 contain S = 1 Mn"" centers that adopt singly degenerate spin
ground states without orbital contributions to their magnetic moments.

B INTRODUCTION

Recent studies indicate that polynuclear cyanometalate com-
plexes that contain ?aramagnetic centers with first-order
spin—orbit coupling' ' exhibit fundamentally different beha-
vior than oxide-bridged complexes,lg_29 in which the spin—

choice of cyanometalate building blocks, a variety of polynuclear
complexes and, in some cases, magnetic chains that exhibit slow
relaxation of the magnetization may be systematically
engineered.' ' Among these derivatives, several are reported
to exhibit spin crossover,”* superparamagnetism' '’ and opti-

orbit effect is nearly quenched by the low-symmetry ligand envi-
ronment. In polynuclear cyanometalate complexes con-
taining [M"(CN)4]™ and [(L)M"(CN);]"~ (M" = Re", Mo,
Fe™ Mn™, etc.) ions, where L is a facially coordinated tridentate
ligand, significant orbital contributions to their spin ground states
are exhibited that are a necessary factor for establishing uniaxial
type anisotropy and an activation energy barrier (A) to thermal
magnetization reversal, ie. Single-Molecule Magnet (SMM)
behavior.' 7% The tripodal ligands limit the numbers and
spatial arrangement of cyanide linkages formed, and via judicious
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cally responsive behavior.*> While tuning the single-ion anisot-
ropy can in principle be accomplished via alterations of metal
ions, spin state and/or orbital anisotropy in various building
blocks, predicting how these single-ion properties impact overall
magnetic anisotropy of the polynuclear complexes, still remains a
persistent challenge.'~'”*°~** However, the orbital contributions
are often sensitive to local crystal fields, and this feature offers the
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prospect of tuning magnetic properties at the single-ion level
via distortion of the metal ion coordination spheres.3b’10’3’lb

High-spin Mn"" (S = 2) ions are the most common paramag-
netic ions used in the construction of oxo-carboxylate SMMs
and are the principal source of their single-ion anisotropy. How-
ever, in cyanometalate chemistry, only materials containing
low-spin [Mn"(CN)4]*~ (S =1/2) and [Mn"(CN)s]*~ (S=1)
anions have been reported prior to our work. These cyanome-
talate anions exhibit first-order orbital contributions to their
degenerate spin ground states and are known to efliciently
engage in 77 back bonding and cyanide-mediated superexchange
interactions within Mn(u-CN)M’ units;>*”~*" of these, only
[Mn"™(CN)g]>~ has been used to construct discrete poly-
nuclear complexes.

Despite reports of several cyanomanganates, most are unsui-
table for constructing magnetic complexes, as they are diamag-
netic. For example, dinuclear K,[Mn(CN),(NO),], can be
prepared via treatment of Mn(NO);CO with KCN in liquid
ammonia, while a mononuclear dinitrosyl complex, K;[Mn-
(CN),(NO),], is obtained via reduction of the former with
potassium.*~*° A pentacyanonitrosyl complex, K3[Mn(CN)s-
NO],** in addition to several carbonyl analogues of
Mn(CO);CN, K[Mn(CO)4(CN),], K,[Mn(CO);(CN);], and
K3[Mn(CO),(CN),] stoichiometry are also known;*°>* Na;-
[Mn(CN)g] is the only well-defined homoleptic diamagnetic
cyanomanganate. sl

Prior to 2010, there were six known pammalgnetic cyanoman-
ganates: K,[Mn"(CN),]-3H,0, Na,[Mn"(CN)4]-10H,0,
K3[Mn""(CN)g] - H,0, [PPN]3[Mn/(CN)o], [PPN],[Mn'-
(CN),], and [PPN]Z[MnII(CN)4].45’62_77 The low-spin di-
and trivalent hexacyanomanganates are known to exhibit
low-spin t2g5 (S =1, g= 2.5)59’66’67 and t2g4 (S=1,¢=
2.47) %7 electron configurations, respectively, with signifi-
cant orbital contributions to their magnetic moments found,
while tetracyanomanganate(II) complexes are magnetically iso-
tropic (S = °/,, °A; ground state).”® A single pentanuclear
complex, [Mn"(tmphen)]5[Mn"(CN),], (tmphen =3,4,7,8-tet-
ramethyl-1,10-phenanthroline), is reported to exhibit slow relaxa-
tion of its magnetization below 1.8 K.?

Over the past several years, we have strived to engineer
structurally related polynuclear complexes containing paramag-
netic [(Tp*)M"(CN),,]" " " ions, where Tp" is a pyrazolybo-
rate anion. We have extensively utilized these di- and tricyano
pyrazolylborate complexes to prepare a variety of tri-, tetra-, and
octanuclear derivatives that exhibit SMM properties.” ">
In these polznuclear complexes, we discovered that substitution
at the [(Tp)M"(CN),,]" ™" sites [M" = VO**, ™", Fe"",
Co™] appears to be the most efficient means to tune the
magnetic and optical properties.” '>*>*> Among known analo-
gues, polynuclear {FeCo}, (n = 2, 4) complexes are found to
exhibit thermally- and light-induced changes in their optical and
magnetic properties with exceptionally long lifetimes (up to 10y
at 120 K).»*

Much like their tricyanoferrate analogues, low spin Mn"|g
(S="/,) and Mn"" g (S = 1) ions are also expected to engage
in efficient 77 back bonding and cyanide-mediated superexchange
interactions, making them attractive building blocks for the
construction of polynuclear comI;I)lexes, with the former ion
being isoelectronic to low spin Fe ILS.3’5716’35741 We reasoned
that insertion of tricyanomanﬁanate(III) ions into the trivalent
sites of rectangular {M",M",} and octanuclear {M"",M",}
complexes might allow for systematic investigations into

how orbital symmetry, magnetic, and optical properties
change upon M" ion substitution in structurally related
complexes.5 1632333536

Unfortunately, we have been unable to find a single pyrazo-
lylborate complex that is suitable for the preparation of any
paramagnetic cyanomangante until only recently. However,
given the number of known manganese f3-diketonates, we turned
our attention toward these reagents and investigated their
usefulness for preparing [(Tp*)Mn"(CN);]"~* complexes.”” %
Substituted complexes of Mn(acac®); (acac® = acetylacetonate,
dipivaloylmethanoate, 3-cyanoacetylacetonate, etc.) stoichiome-
try are attractive starting materials because they are generally
air and water stable soluble in a variety of organic solvents and
their redox potentials can be systematically altered via introduc-
tion of various functional groups.”””®” We reasoned that se-
quential substitution of acetylacetonates with pyrazolylborate
anions followed by cyanide would minimize the formation of
[(Tp*),Mn"]** and [Mn"(CN),,]" ™ complexes and likely
afford the desired tricyanomanganates. Herein, we describe
the synthesis, crystallographic and magnetic characterization
of several [-diketonates and their transformation into
cyanomanganates.

B EXPERIMENTAL SECTION

Materials. All operations were conducted under an argon atmo-
sphere using standard Schlenk and drybox techniques. Transfers of
solutions containing cyanide were carried out through stainless steel
cannulas. Solvents were distilled under dinitrogen from CaH,
(acetonitrile, dichloromethane), sodium-benzophenone (diethyl ether),
or magnesium turnings (methanol) and sparged with argon prior to use.
The preparation of KTp*,””® (Tp*)SnBu,Cl,”® K3[Mn(CN),] - H,0,”*
[NEt,]CN,"%'°" " 3.cyano-2,4-pentanedione  (Hacac™N),”%7  tris-
(d.ipivaloylmethanat“.o)manganese(HI),SO*83 Mn™(acac);,®>  [Mn™-
(3C3C3-CN)3];80_84 MH(OTf)z;wl and {[CiS'MH(biPY)z(OHz)z] [OTf],} -
3H,0 (M"™ = Co, Ni)'® are described elsewhere. Iodine (Baker),
cobaltacene (Aldrich), and 2,2'-bipyridine (Aldrich) were used as received.

Physical Measurements. The IR spectra were recorded as Nujol
mulls between KBr plates on Mattson Galaxy 5200 and Nicolet 6700
FTIR instruments. Magnetic measurements were conducted on a
Johnson-Matthey magnetic susceptibility balance and a Quantum De-
sign MPMS XL magnetometer. Diamagnetic corrections were estimated
using Pascal’s constants.>”** Microanalyses were performed by Robert-
son Microlit Laboratories.

Synthesis of [NEt,][(Tp*)Mn"(k2-acac)(CN)] (1). Treatment
of Mn(acac); (3.68 g, 10.S mmol) in CH,Cl, (20 mL) with solid KTp*
(3.68 g, 11.2 mmol) rapidly afforded a brown mixture that was allowed
to stir overnight. The mixture was filtered, and the brown filtrate was
evacuated to dryness at room temperature. The addition of MeCN
(20 mL), followed by [NEt,JCN (3.94 g, 22.4 mmol) in MeCN
(20 mL), afforded a brown solution that was allowed to stir for 2 h.
The solution was filtered and concentrated under vacuum conditions
(ca. 15 mL) at room temperature. The addition of Et,O (100 mL) with
stirring precipitated a pale brown residue, and subsequent rapid filtration
afforded yellow crystals within 10 min upon standing. The crystals were
isolated via filtration, washed with Et,O (3 x 10 mL), and dried under
vacuum conditions at room temperature for 2 h. Yield: 3.52 g (55.2%).
Anal. Caled for CooH,,BMnNgO,: C, 57.3; H, 7.80; N, 18.40. Found: C,
57.4;H,7.88; N, 18.62. IR (Nujol, cm™'): 3113 (s), 3067 (s), 2735 (m),
2508 (s), 2099 (m), 2076 (w), 1604 (s), 1539 (s), 1508 (s), 1450 (s),
1396 (s), 1378 (s), 1350 (s), 1248 (s), 1192 (s), 1172 (s), 1142 (m),
1065 (s), 1037 (s), 1005 (s), 980 (m), 914 (m), 859 (w), 842 (m), 804
(s), 774 (s), 750 (m), 697 (m), 653 (m), 647 (m), 534 (m), 459 (m).
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Synthesis of {(Tp*)Mn"(k-acac® M)}, (2). Treatment of 1
(1.00 g, 1.65 mmol) in MeCN (S mL) with I, (0.211 g, 0.820 mmol)
rapidly afforded a brown solution that was allowed to stand for 12 h. The
yellow crystals that deposited were isolated via filtration, washed with
Et,0 (2 X 3 mL), and dried under vacuum conditions for 2 h at room
temperature. Yield: 0.172 g (20.1%). Anal. Calcd for C,3H;;BMnNgO,:
C, 53.40; H, 6.04; N, 21.66. Found: C, 53.12; H, 6.08; N, 21.44. IR
(Nujol, em™): 3468 (s), 3376 (s), 3251 (s), 3124 (s), 2733 (m), 2516
(s), 2452 (m), 2247 (m), 2202 (s), 2146 (m), 1634 (s), 1541 (s), 1522
(s), 1456 (s), 1417 (s), 1377 (s), 1348 (s), 1273 (m), 1196 (s), 1181 (s),
1148 (m), 1126 (m), 1067 (s), 1044 (s), 983 (m), 912 (m), 843 (m),
805 (s), 776 (m), 723 (w), 694 (m), 648 (s), 608 (w), 523 (w), 460 (m).
The final yellow filtrate (from 2) was layered with Et,O (50 mL), and the
mixture was allowed to stand at room temperature for an additional 24 h.
A small quantity of yellow crystals, {[NEt,] [(Tp*)MnII(KZ—acac3'CN)]2—
(u-CN)} -MeCN-'/,Et,0 (3), were also isolated via filtration, washed
with Et,0O (2 X S mL), and dried under vacuum conditions for 2 h at
room temperature. IR (for 3; Nujol, cm_l): 3363 (s), 3243 (s), 3113 (s),
2731 (m), 2517 (s), 2448 (m), 2189 (s), 2124 (m), 1624 (s), 1537 (s),
1510 (s), 1446 (s), 1378 (s), 1261 (s), 1196 (s), 1181 (s), 1068 (s), 1033
(s), 912 (m), 847 (m), 801 (s), 698 (m), 644 (s), 60S (m), 522 (m).

Synthesis of [NEt,][(Tp*)Mn"(k2-acac® “M)(5'-3-NC-acac)] -
MeCN - /,Et,0 (4). Treatment of Mn""(acac*“N), (0.331 g, 0.767
mmol) in MeOH (20 mL) with KTp* (0.253 g, 0.758 mmol) afforded a
red-brown mixture that was allowed to stir overnight. The addition of
[NEt,]CN (0.360 g, 2.31 mmol) in MeOH (20 mL) followed by stirring
for 1 h afforded a yellow suspension that was evacuated to dryness at
room temperature. The yellow residue was extracted with MeCN
(15 mL) , filtered and Et,O (100 mL) was added to the brown filtrate.
The deposited yellow crystals were isolated via filtration, washed
with Et;0 (3 X S mL), and dried under vacuum conditions for 2 h
at room temperature. Yield: 0.150 g (25.3%). Anal. Caled for
C37Hs9BMnNyO, 5: C, 57.89; H, 7.75; N, 16.42. Found: C, 57.89; H,
7.56; N, 16.67. IR (Nujol, cm ): 3118 (m), 2737 (m), 2528 (m), 2449
(w), 2418 (w), 2256 (w), 2188 (vs), 2140 (m), 1619 (vs), 1585 (vs),
1540 (vs), 1506 (s), 1486 (vs), 1446 (vs), 1416 (vs), 1378 (vs),
1328 (vs), 1291 (s), 1199 (vs), 1124 (s), 1069 (s), 1043 (vs), 997 (s),
958 (m), 925 (s), 913 (m), 843 (m), 808 (s), 780 (s), 697 (m), 651 (s),
611 (m).

Synthesis of [NEt,],[Mn"(CN),] (5).'° The addition of a MeCN
(10 mL) solution of Mn(OTf), (0.200 g, 0.566 mmol) to [NEt,]JCN
(0.400 g, 2.56 mmol) in MeCN (10 mL) rapidly afforded a pale yellow
mixture that was allowed to stir for 30 min. The mixture was concentrated
under vacuum conditions at room temperature to a ca. 10 mL volume, and
Et,0 (S0 mL) was layered onto the yellow solution. After 16 h, pink crystals
deposited and were isolated via filtration, washed with Et,O (2 x S mL),
and dried under vacuum conditions at room temperature for S min. Yield:
0.176 g (56.3%). Anal. Calcd for CooH,0BMnNg: C, 57.26; H, 9.61; N,
20.03. Found: C, 56.92; H, 9.89; N, 20.02. IR (Nujol, cmfl): 2957 (vs),
2923 (vs), 2855 (vs), 2578 (s), 2455 (s), 2357 (s), 2311 (s), 2120 (s), 2078
(s), 1804 (m), 1678 (m), 1581 (m), 1451 (vs), 1401 (vs), 1376 (vs), 1264
(s), 1175 (vs), 1059 (s), 1010 (vs), 908 (m), 799 (vs), 723 (m), 604 (w).
Ue(298 K) = 5.90 1 (S = /)

Synthesis of [NEts]5[Mn"(CN)s]-H,O (6).)°> Treatment of
K3[Mn"(CN)] - H,O (1.00 g, 2.89 mmol) with [NEt,]Cl-H,0 (3.20
g 17.4 mmol) in MeCN (25 mL) for 14 h afforded a yellow suspension
that was filtered. Subsequent Et,O (100 mL) addition afforded yellow
crystals after 24 h. The crystals were isolated via filtration, washed with
Et,0 (3 X § mL), and dried under vacuum conditions for 2 h at room
temperature. Yield: 0.781 g (42.8%). Anal. Calcd for C30Hg;NoMnO: C,
58.13; H, 10.08; N, 20.34. Found: C, $8.32; H, 10.04; N, 20.04. IR
(Nujol, cm™"): 2096 (s), 1487 (s), 1463 (s), 1440 (sh,s), 1398 (s), 1376
(m), 1364 (m), 1304 (w), 1185 (m), 1175 (s), 1056 (w), 1029 (w), 1006
(m), 793 (m), 722 (w), 467 (w).

Synthesis of [NEt][(Tp*)Mn"(CN)s] (7).'®> Method A.
Treatment of tris(3-cyano-2,4-pentanedionato)manganese(III) (0.332
g, 0.767 mmol) in MeOH (20 mL) with KTp* (0.250 g, 0.758 mmol)
afforded a brown mixture that was allowed to stir for 20 min. The
addition of [NEt,]CN (0.479 g, 3.07 mmol) in MeOH (15 mL) rapidly
afforded a yellow mixture that was allowed to stir an additional 1 h, was
subsequently filtered, and was concentrated to ca. 10 mL under vacuum
conditions at room temperature. The addition of Et,O (200 mL) with
stirring precipitated a yellow solid that was isolated via filtration. The
yellow solid was dissolved into MeCN (10 mL), and Et,O addition
(20 mL) afforded yellow crystals after 24 h. The crystals were isolated via
filtration, washed with Et,O (3 X 10 mL), and dried under vacuum
conditions for 2 h at room temperature. Yield: 0.213 g (49.6%). Anal.
Calcd for C,4H4,BMnN,o: C, 55.72; H, 7.55; N, 24.99. Found: C, 55.49;
H,7.37; N, 24.86. IR (Nujol, cm ™ '): 3440 (3), 3208 (s), 2923 (vs), 2854
(vs), 2552 (s), 2113 (m), 1539 (s), 1484 (s), 1448 (s), 1415 (s), 1392
(s), 1369 (s), 1262 (m), 1200 (s), 1172 (s), 1062 (s), 1049 (s), 998 (m),
879 (w), 861 (m), 813 (m), 789 (s), 780 (s), 721 (w), 69S (m), 648 (s).

Synthesis of [NEt,][(Tp*)Mn"(CN)3] (7). Method B. Treat-
ment of [NEt,]5[Mn"(CN)s] (0.301 g 0.931 mmol) in CH,Cl,
(S mL) with a CH,Cl, (S mL) solution of (Tp*)SnBu,Cl (0.525 g
0.932 mmol) afforded a yellow solution that was allowed to magnetically
stir for 2 h at room temperature. The yellow mixture was concentrated to
ca. 10 mL under vacuum conditions at room temperature, layered with
Et,O (30 mL), and allowed to stand 1 week at —20 °C. The yellow
crystals were isolated via filtration, washed with Et,O (2 X 10 mL), and
dried under vacuum conditions for 2 h at room temperature. Yield: 0.113
g (29.6%). Anal. Calcd for Co6H4,BMnN : C, 55.72; H, 7.55; N, 24.99.
Found: C, 55.32; H, 7.31; N, 24.72.

Synthesis of [PPN][(Tp*)Mn"(CN);] (8). Treatment of [PPN ;-
[Mn"™(CN),] (0.020 g, 0.11 mmol) in CH,Cl, (5 mL) with a CH,Cl,
(5 mL) solution of (Tp*)SnBu,Cl (0.061 g, 0.11 mmol) afforded a
yellow solution that was allowed to magnetically stir for 15 min at room
temperature. The yellow mixture was layered with Et,O (30 mL) and
rapidly precipitated a white solid which was removed via filtration. The
filtrate was allowed to stand for 7 days, and the yellow crystals were
isolated via filtration, washed with Et,O (2 X 5 mL), and dried under
vacuum conditions for 2 h at room temperature. Yield: 0.037 g (35.0%).
Anal. Caled for Cs4Hs,N;oP,BMn: C, 66.89; H, 5.42; N, 14.45. Found:
C, 66.52; H, 5.40; N, 14.40. IR (Nujol, cm™"): 3665 (w), 3411 (w),
3056 (s), 3077 (m), 2923 (vs), 2853 (vs), 2547 (s), 2108 (m), 1538 (s),
1482 (s), 1436 (s), 1415 (s), 1376 (s), 1285 (s), 1260 (m), 1200 (s),
1172 (s), 1114 (s), 1026 (s), 997 (m), 930 (w), 863 (m), 795 (m),
761 (s), 749 (s), 721 (w), 695 (m), 648 (s). tte(298 K) = 5.90 u
(8=")

Structure Determinations and Refinements. X-ray diffrac-
tion data for 1 and 2 were collected at 90.0(2) K on a Bruker X8 Proteum
rotating anode diffractometer using graphite-monochromated Cu Ko
radiation, while data for 3—5 and 10 were obtained at 90.0(2) K and
those for 8 and 9 were obtained at 293(2) K on a Nonius kappaCCD
difractometer using Mo Ko radiation. Crystals were mounted in
Paratone-N oil on glass fibers. Initial cell parameters were obtained
(DENZO)'** from ten 1° frames (SCALEPACK).'®* Lorentz/polariza-
tion corrections were applied during data reduction. The structures were
solved by direct methods (SHELXL97)'* and completed by difference
Fourier methods (SHELXL97).'” Refinement was performed against
F* by weighted full-matrix least-squares (SHELXL97),'* and empirical
absorption corrections (either SCALEPACK'®* or SADABS'%) were
applied. Hydrogen atoms were found in difference maps and subse-
quently placed at calculated positions using suitable riding models with
isotropic displacement parameters derived from their carrier atoms.
Non-hydrogen atoms were refined with anisotropic displacement param-
eters. Atomic scattering factors were taken from the International
Tables for Crystallography Vol. C.'”” Crystal data, relevant details of the
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Table 1. Crystallographlc Data for [NEt4] [(Tp*)MnH(K -acac)(CN)] (l), { (Tp*)MnH(K acac3 N1, (2), {[NEt4][(Tp*)

Mn"(k,-acac

3C)

1,(u-CN)}-MeCN-'/,Et,0 (3), [NEt,][(Tp*)Mn" (k*-acac?

M) (n"-acac>N)]-MeCN- ' /,E,O (4),

[NEt,],[Mn ‘(CN)4 1 (5), [PPN][(Tp*)Mn""(CN);] (8), [Cp2Co™"]4[Mn"(CN)s] - 2H,0 (9), and [cis-Co'"'(CN),(bpy),]-
[OTf]-MeCN (10)

formula

fw

cryst syst
space group
wavelength,
temp., K
a,A

b A

oA

a, deg

B, deg

¥, deg

v, A

Dy g cm 3
z

u, mm '
R,

wR,"

“1>20(I), R, =

1

CaoHyo

BMnN,O,

607.51
monoclinic
P2,/n
1.54178
90.00(2)
11.4389(5)
22.3832(1)
12.9427(6)
90.0
92.026(2)
90.0
3311.8(3)
1.218

4

3.536
0.0839
0.2706

2

CasHay
BMnN;O,
517.31
monoclinic
P2,/c
1.54178
90.00(2)
13.7449(3)
7.9023(2)
24.6315(6)
90.0
101.228(1)
90.0
2624.2(2)
1.309
4
4378
0.0358
0.0876

3

CssHso
BMnNyO, 5
1186.89
triclinic

P1

0.71073
90.0(2)
11.3921(1)
15.0378(2)
19.0437(2)
87.6479(4)
77.8182(4)
83.1053(4)
3165.48(6)
1.245

2

0.456
0.0576
0.1443

4

Cs7Hso
BMnNyO, 5
767.68
monoclinic
P2,/n
0.71073
90.00(2)
9.6732(2)
23.2168(4)
18.5506(4)
90.0
98.0310(9)
90.0
4125.3(1)
1.236

4

0.370
0.0389
0.0889

SIF,| — [FI/SIF,|, wRy = [Sw(E,” — F2)*/sw(F,)*]">.

S

CaoHao
MnNg
419.52
monoclinic
C2/c
0.71073
90.00(2)
15.4590(4)
10.3260(3)
15.6990(5)
90.0
99.175(1)
90.0
2474.0(1)
1.126
4
0.549
0.0426
0.0939

8

CsaHsy
BMnN, P,
968.75
triclinic
P1
0.71073
293(2)
9.7995(2)
15.7266(3)
16.3355(4)
84.4993(8)
85.7660(8)
82.9083(9)
2481.84(9)
1.296
2
0.378
0.0567
0.1520

9

CasHy0Coy
MnN¢O,
999.50
tetragonal
14
0.71073
293(2)
13.026(2)
13.026(2)
13.993(3)
90.00
90.00
90.00
2374.2(7)
1.398
8
1.668
0.0783
0.2306

10

CasHig
CoF;N,03S
613.46
monoclinic
C2/c
0.71073
90.00(2)
15.282(3)
14.216(3)
12.110(2)
90
109.58(3)
90.00
2478.8(9)
1.644

4

0.844
0.1015
02977

Table 2. Selected Bond Distances (A) for [NEt,][ (Tp*)MnH(K -acac)(CN) (1),
Mn"(k5-acac> )], (u-CN)} -MeCN - '/,Et,0 (3), and [NEt,][(Tp*)Mn" («*-acac

1 2
Mnl—Cl6  2248(8)  Mnl—N7A  2315(2)  Mnl—N14(C43)
Mnl—O01 2162(5)  Mnl—01 2.156(1)  Mnl—01
Mnl—02 2227(5)  Mnl—02 2.195(1)  Mnl—02
Mnl—N1 2286(5)  Mnl—N1 2226(2)  Mnl—N1
Mnl—N3 2281(5)  Mnl—N3 2.196(2)  Mnl—N3
Mnl—Ns 2263(5)  Mnl—NS 2213(2)  Mnl-NS
01-C18 1259(8)  01-C17 1246(2)  Mnl—C43(N14)
02—-C20 1264(8)  02—Cl19 1248(2)  Mn2—03
C18—C19 1.40(1) C17—C18 1433(3)  Mn2—04
C19—-C20 1.40(1) C18—Cl19 1432(3)  Mn2—N7
C16—N7 1.15(1) C21-N7 1.150(3)  Mn2—N9
Mn- - -Mn 9.08(3) Mn2—N11

{(Tp)Mn" (i -acac™ ™)}, (2), {[NEL,][(Tp")

M (57"-acac*N)]-MeCN - '/,Et,0 (4)
3 4
2241(4) Mn2—N14(C43) 2.241(4) Mn1-N8 2.256(2)
2.164(2) C17—-C18 1.407(6) Mn1-01 2.159(1)
2.171(2) C18—C19 1.426(6) Mnl—02 2.178(2)
2.335(3) 01-C19 1.261(5) Mnl1—-N1 2.220(2)
2.221(3) 02-C17 1.250(4) Mnl—N3 2.229(2)
2217(3) C38—C39 1.407(7) Mn1—N3 2.240(2)
2.249(3) C39—C40 1.419(7) 01-C17 1.253(2)
2.144(3) 03—C40 1.261(5) 02-Cl19 1.253(2)
2.152(3) 04—C38 1.257(5) C17—C18 1.427(3)
2.357(3) C21-N13 1.147(6) C18—C19 1.429(3)
2.215(3) C42—N15 1.144(6) C21-N7 1.148(3)
2.256(3) C43—N14 1.151(4) C27—N8 1.092(3)

structure determinations, and selected geometrical parameters are
provided in Tables 1—4 (for 1—5 and 8—10).

B RESULTS AND DISCUSSION

Synthesis and Spectroscopic Characterization: Divalent
Complexes. Our initial studies investigated the conversion of
tris(acetylacetonato)manganese(III) and its conversion to other
pyrazolylborate complexes in polar organic solvents. Treatment
of Mn(acac); with potassium hydridotris(3,5-dimethylpyrazo-
lyl)borate [KTp*] in dichloromethane affords a red-brown
precipitate and supernatant whose infrared spectra suggest that
[(Tp*)Mn(acac), ] fragments are present. The infrared spectrum
of this mixture contains strong Vg absorptions that are shifted to

5156

higher energies [2512 and 2522 cm™ '] relative to KTp*
(2436 cm '],
consistent with the presence of coordinated acetylacetonates are

while additional and intense Pco absorptions

also present.®'*® The absence of pyrazole Pc—y stretches near
ca. 1575 ecm
in the soluble and insoluble fractions.””® Assuming that the

! suggests that the Tp* ligands are three-coordinate

energy of the Vyyy tracks with the overall charge of the complex,
the dichloromethane-insoluble material is probably cationic
[Ppy = 2522 cm ™ '], while the soluble fraction likely contains a
neutral complex [V = 2512 cm ™ '].”7"® Further assuming that
each fraction contains [(Tp*)Mn"!(acac),]” > ions, we tenta-

tively propose that the soluble and insoluble compounds have
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Table 3. Selected Bond Angles (deg) for [NEt,] [(Tp*)Mn" (k*-acac)(CN)] (1), {(T “)Mn" (k*-acac* M)}, (2), {[NEt,] [(Tp¥)
Mn" (k,-acac> M) ],(u-CN)} -MeCN - ' /,Et,0 (3), and [NEt,][(Tp*)Mn" (k*-acac®> ) (n'-acac> “N)]-MeCN - ' /,Et,0 (4)

1 2 3 4
N1-Mnl1-C16 171.5(2) N1-Mnl—N7A 96.38(6) N1—Mnl1—C43 179.2(1) N1—Mnl—N8 94.21(7)
N1-Mnl—N3 80.7(2) N1-Mnl—N3 85.42(6) NI1—Mnl—N3 82.38(9) N1-Mnl—N3 86.43(6)
N1-Mnl—-N$5 82.2(2) N1—Mnl—NS5 86.60(6) N1-Mnl—-N$5 95.7(1) N1-Mnl—NS$ 81.74(6)
N1-Mnl—01 94.0(2) NI1—-Mnl1—O1 175.51(S) N1-Mnl—01 90.86(9) NI1-Mnl—O1 95.05(6)
NI1-Mnl1-02 89.1(2) NI1—-Mnl1—02 94.70(S) NI1-Mnl1—02 89.46(9) NI1—-Mnl1—02 173.66(6)
01-Mnl1—-02 83.3(2) 01-Mnl—-02 80.93(5) 01-Mnl1—02 81.8(1) 01-Mnl1—-02 81.05(5)
Mnl—C16—N7 176.5(6) Mnl—N7—C21 155.0(2) Mnl—C43—N14 173.1(3) Mnl1—N8—C27 170.8(2)
01-C18—C19 126.2(7) 01-C17-C18 124.0(2) 01-C19—C18 124.2(4) 01-C17—-C18 123.5(2)
02—C20—C19 127.0(6) 02-C19—C18 124.1(2) 02—C19—C18 127.4(4) 02—C19-C18 124.1(2)
C18—C19—C20 125.8(6) C17—C18—C19 124.8(2) C17—-C18—C19 125.7(4) C17—C18—C19 125.2(2)

C18—C21-N7 178.2(2) N7—Mn2—N14 176.3(1) C18—C21-N7 179.1(3)
C19—C18—C21 117.8(2) N7—Mn2—N9 81.2(1) 03—-C23—C24 124.3(2)
C17—C18—C21 117.3(2) N7—Mn2—N11 81.9(1) 04—C25—C24 121.0(2)
N7—Mn2—03 90.3(1) C23—C24—C2§ 127.2(2)
N7—Mn2—04 90.3(1) C23—C24—C27 117.1(2)
Mn2—N14—C43 177.5(3) C25—C24—C27 115.6(2)
03—Mn2—04 81.7(1)
03- C40—C39 123.7(4)
04—C38—C39 124.4(4)
C38—C39—C40 125.5(4)
Table 4. Selected Bond Distances (A) and Angles (deg) for [NEt,],[Mn"(CN),] (5), [PPN][(Tp*)MnIII(CN)3] (8),
[Cp>Co™]4[Mn"(CN),] - 2H,0 (9), and [cis-Co™(CN),(bpy),][OTf]-MeCN (10)

S 8 9 10
Mnl—Cl1 2.137(2) Mnl—Cl1 1.982(3) Mnl—Cl1 1.982(8) Col—N1 1.936(5)
Mnl-C2 2.151(2) Mnl-C2 1.986(3) Mnl—C2 1.989(8) Col—N2 1.964(5)
C1-N1 1.152(3) Mnl1—-C3 1.980(3) Mnl—ClA 1.982(8) Col—NIA 1.936(5)
C2—N2 1.144(3) Mnl—NS§ 2.022(2) Mnl-CI1B 1.960(7) Col—N2A 1.963(5)

Mnl—N7 2.049(2) Mnl—CI1C 1.960(7) Col—Cl1 1.876(6)

Mnl—N9 2.032(2) Mnl—C2A 1.98(1) Col—Cl11A 1.876(6)

C1-N1 1.160(4) C1—N1 1.175(9) C11-N3 1.155(8)

C2—N2 1.14(2)

C1—Mnl1-C2 111.47(7) C1—Mnl1-C2 87.8(1) C1—Mnl1-C2 179.6(6) N1-Col—N2 82.8(2)
Mnl—C1-N1 178.3(2) C1—Mnl1—-C3 86.2(1) Mnl—C1-N1 179.1(9) NIA—Col-N2A 82.8(2)
Mnl—C2—N2 177.7(2) C2—Mnl1—C3 88.5(1) Mnl—C2—N2 180.000(1) Cl1-Col—Cl11A 89.0(4)
Cl-Mnl—CIlA 111.5(1) Cl1—Mnl—NS$§ 93.7(1) Cl1-Mnl1—CIC 90.001(2) Col—C11-N3 179.4(6)
C1—Mnl—C2A 108.06(8) C1—Mnl—N7 177.4(1)

C1—Mnl1—N9 92.2(1)

NS—Mnl1—N7 88.8(1)

N5—Mn1—N9 88.1(1)

N7—Mn1—N9 88.6(1)

[(Tp*)Mn"(acac),] and [(Tp*)Mn'"(acac)](acac) formula-
tions, respectively.

Unfortunately, attempts to isolate and structurally characterize
these intermediate complexes consistently met with failure, and
we elected to use the pyrazolylborate/Mn (acac); mixtures in situ in
subsequent reactions. Sequential treatment of Mn (acac) 3 with KTp¥,
followed by excess tetra(ethyl)ammonium cyanide [NEt,CN],
affords [NEt,][(Tp*)Mn"(x*-acac) (CN)] (1) as a yellow crystalline
solid. Attempted oxidation of 1 with molecular iodine yields { [(’II\']p*)-
Mn'(*-acac™ ™)1}, (2) and {[NE,][(Tp*)Mn" (k™acac™ ™) ]»-

(u-CN)}-MeCN-'/,Et,0 (3) as the major and minor pro-
ducts, respectively, while air exposure of 1—3 affords intractable
mixtures. We presume that electrophillic iodination of 1 followed
by rapid cyanide substitution affords 2 and 3, rather than the
desired neutral trivalent [(Tp*)MnHI(KZ—acac)(CN)] complex.
The infrared spectra of 1 and 2 exhibit intense cyanide
stretching absorptions that are shifted to higher ener%ies relative
to tetra(ethyl)Jammonium cyanide (2056 em™ )" and most
cyanomanganates. For 1, the 7y absorptions [2099 and
2076 cm™')] are in the range seen for K,[Mn"(CN)4]-3H,0

5157 dx.doi.org/10.1021/ic200464t |Inorg. Chem. 2011, 50, 5153-5164



Inorganic Chemistry

(2060 cm™"), [Mn"(CN),(bipy),]+-3H,0 [2114 cm™ '], and
[NEt,],[Mn"(CN),] (5, below) [2120 and 2078 cm™ '], suggest-
ing that Mn" ions and efficient 7 back bonding interactions are
p1'esent.41’59’61777’102’108 For 2, the Ty stretches [2247, 2202, and
2146 cm™ '] are comparable to those seen in infrared spectra of
Ko[Mn™(CN)g]>'% (2240, 2150 ecm '), Mn™(acac®N),50%3
[2211 em™ '], and 3-cyano-2,4-pentanedione”®” (2217 cm ") but
are far from those in 1 and a variety of cyanomanganates: [PPN],-
[Mn"V(CN)g] (2132 em™ '), [PPN]5[Mn™(CN)4] (2092 and
2098 cm '), K3[Mn™(CN)s] (2112 and 2121 em '), and
K>Mn"[Mn"(CN),] (2055 cm™1).#75771981% The infrared spec-
trum of 2 also contains intense Vo stretches that are shifted to
higher energies relative to those seen for 1. The highest energy Ve
absorptions in 2 [2247 and 2202 cm '] are likely due to coordi-
nated k”:17"-acac” N ligands spanning adjacent Mn" centers, while
the lowest energy Ve [2146 cm '] stretches belong to nitrile-like
terminal 3-cyano groups.*"'**'%

As judged from the energies and numbers of Vcy stretches
present in the infrared spectrum of 3 [2189 and 2124 cm ™ '], we
propose that organic nitriles and anionic cyanides are likely
present.''® The highest energy Py stretching absorption is in
the range expected for organic nitrile groups, while the latter
stretch is comparable to those seen for K,Mn'"[Mn"(CN)4]
(2055 ecm ™), Mn"5[Mn"™(CN)s]-12H,0 (2148 cm™ '), and
CsMn"[Mn"(CN)s]-'/,H,O [2148 em ' (Mn"™(u-CN)-
Mnn)]f“’lo&m9 The lowest energy ey [2124 cm '] is most
consistent with the presence of Mn" (u-CN)Mn" linkages, and
we propose that inefficient charge delocalization (via 7z back
bonding) in 3 affords a higher energy cyano stretching absorg-
tion relative to those reported for K,Mn'" [Mn"(CN),].*"10%!

Realizing that the manganese centers are reduced during the
above reactions (likely by cyanide), we investigated the reactivity
of several substituted Mn(acac®); complexes with KTp*. Treat-
ment of Mn(acac®); (acac® = 3-cyano-2,4-pentanedionato,
acac>“N) with methanolic KTI\;I)*, followed by [NEt,]CN, affords
[NEt,][(Tp*)Mn" (k*-acac> ™) (17'-NC-acac) ] - MeCN - ' /,Et,0
(4) as the major product. Subsequent treatment of 4 in methanol
with excess [NEt,]CN affords [NEt,][(Tp*)Mn"(CN);] (7) in
moderate yield; efforts to isolate the putative divalent tricyano
intermediate have been unsuccessful to date. In an attempt to
simplify the preparation of 7, we reasoned that if pyrazolylborate
stannyl reagents [e.g, (Tp*)SnBu,Cl]” can effectively substitute
coordinated halides for Tp* anions, then pseudohalide complexes
(such as cyanometalates) should undergo analogous transforma-
tions. Indeed, treatment of [cat];[Mn™(CN)s] with (Tp*)-
SnBu,Cl in dichloromethane affords [cat] [(Tp*)MnHI(CN)3]
complexes (7, NEt,*; 8, PPN, bis(triphenyl) phosphine iminium)
in modest crystalline yields.

The infrared spectra of 4, 7, and 8 contain high-energy 5y and Ve
stretching absorptions that are shifted to higher energies relative to
those seen for 1—3. For 4, the T4 [2528 cm ™ '] and oy absorptions
[2188 and 2140 cm '] indicate that organic nitriles and coordinated
Tp* ligands are present.'® Likewise, the infrared spectra of 7 and 8
also contain intense gy [2552 and 2547 cm '] stretches at
considerably higher energies than those seen for 1—3, suggesting that
trivalent manganese ions are also present. Consistent with this
assumption, the Ty [2113 and 2108 cm ] absorptions seen for 6
and 7 are comparable to those found for [ PPN J[Mn™(CN)¢] [2092
and 2098 cm™ '] and K3[Mn™(CN)4] [2112 and 2121 cm™ '] and
are far from those reported for [PPN],[Mn"(CN)4] (2132 em ™)
and K,[Mn"(CN)4] (2150 cm™ ') 45397577198 Brom the infrared
data, we conclude that 7 and 8 contain trivalent manganese centers.

While investigating the cyanide substitution chemistry of
manganese complexes, we also discovered an improved and
direct method for the preparation of a homoleptic tetracyano-
manganate(II) complex. Treatment of manganese(1l) trifluor-
omethanesulfonate with four equivalents of [NEt,]CN in acet-
onitrile cleanly affords [NEt,],[Mn"(CN),] (5) as pale yellow
crystals. The infrared spectrum of § exhibits two strong Vey
stretching absorptions [2120 and 2078 cm ™ '] that are markedly
different in energy than those reported for a variety of cyano-
manganates: K4[MnH(CN)6] -10H,O (2036 cm™ '],
[PPN],[Mn"(CN),] (2209 cm™ '), [PPN],[Mn"'(CN),], and
[PPN]5[Mn""(CN),].#536675 777198 The 51 energies seen for
S are comparable to that found for [MnH(CN)Z(bpy)z] -3H,0
[2114 cm™ '] As judged from the energy of the Vcy in the
infrared spectrum of 5, we propose that those reported for
[PPN],[Mn"(CN),]7 are most likely due organic nitriles
(e.g, MeCN), rather than coordinated anionic cyanides.'*

Unfortunately, attempts to prepare additional divalent cyano-
manganates from 1—8 using a variety of reagents and reaction
conditions has, to date, afforded a plethora of undesirable
reaction products. For example, air exposure to 1—S5 affords
intractable mixtures, while treatment of § with KTp* or
(Tp*)SnBu,Cl consistently affords [(Tp*),Mn"], [NEt,]CN,
and KCN as the m;ﬂor reaction products. Likewise, attempts to
prepare [(Tp*)Mn (CN);]*>" via treatment of 7 or 8 with
cobaltacene in acetonitrile or dichloromethane affords mixtures
of [(Tp*),Mn"]" [¥gy = 2523 em™'] and [Cp,Co™]s-
[MnH(CN)G] -2H,0 (9), with the energy of the 7cy stretching
absorption [Vcy = 2098 cm '] apgearin in the range expected
for divalent hexacyanometalates; %" intractable mixtures
are also obtained when 7 is treated with Na/Hg amalgams.

Attempted insertion of 7 and 8 into the trivalent sites of
{Mn",M",} square complexes (M" = Mn, Co, Ni) at room
temperature were met with limited success due to redox and
cyanide redistribution reactions. For example, treatment of 7
with [cis-Co"(bpy),(OH,),][OTf], cleanly affords [cis-Co'-
(CN),(bpy),][OTf] (10, Ve = 2142 cm ™ ') in dimethylforma-
mide, rather than the desired {Mn"",Co",} complex. Likewise,
under identical reaction conditions, a combination of 7 and
[Ni"(bpy),(OHS,),][OTf], rapidly precipitates a white to color-
less solid whose infrared spectrum exhibits a medium intensity
Vgy stretch [2521 cm™']; single crystal diffraction studies of
these crystals verify that [(Tp*),Mn] has formed.** Additional
and intense Py absorptions [2139 and 2150 cm '] are also
found in reaction mixture residues containing 7 and [Ni" (bpy).-
(OH,),][OTf], and are tentatively attributed to Ni"'(u-CN)M"
linkages derived from [Ni"(CN),]>” ions [Py =
2124 cm™ ']."""!M"? Unfortunately, all attempts to obtain struc-
tural data of the putative cyanide-bridged polynuclear tetracya-
nonickelate have been unsuccessful.

Reasoning that ligand substitution and redistribution would
proceed more slowly at lower reaction temperatures (—40 °C),
we reinvestigated the reaction chemistry of 7 with anhydrous
divalent triflates and 2,2’-bipyridine mixtures. Indeed treatment
of 7 with manganese(II) and nickel(II) trifluoromethanesulfo-
nates in the presence of 2,2-bipyridine affords tetranuclear
complexes of {[(Tp*)Mn""(CN);],[M" (bpy),],[OTf],} -
2DME stoichiometry (M" = Mn, Ni).'*® Surprisingly, analogous
efforts to prepare {Mn",Co",} complexes consistently met with
failure. For example, treatment of 7 with [cis-Co"(bpy),-
(OH,),][OTf], at or below room temperature cleanly affords
[cis—CoIH(CN)z(bpy)z] [OTf]-MeCN (10; Ve = 2142 cmfl) as
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Figure 1. X-ray structures of anionic portions of 1 (left) and 3 (right). Thermal ellipsoids are at the 50% level, and all hydrogen atoms, cations, and

lattice solvent are removed for clarity.

N7 @

Figure 2. Truncated X-ray structures of (left) asymmetric unit and (right) zigzag chain in 2. Thermal ellipsoids are at the 50% level, and all hydrogen

atoms and lattice solvent are removed for clarity.

the sole cyanide-containing complex, while [(Tp*)zMnH] is the
only isolable pyrazolylborate complex. Similarly, treatment of 7
with Co"(OTTf), and two equivalents of 2,2"-bipyridine affords a
mixture of reaction products regardless of reaction temperature.
From these studies, we infer that facile cyanide redistribution
and electron transfer prevents the formation of the desired
{Mn"™,Co",} complex.

Crystallographic Studies: Divalent Complexes. Yellow
crystals of 1 are found in the monoclinic P2,/n space group
(Table 1 and Figure 1, left). The pseudo-C,-symmetric six-
coordinate anions exhibit Mn—C and Mn—O bond distances
of 2.248(8) [Mn1—C16], 2.162(5) [Mn1—01], and 2.227(5)
[Mn1—02], while the Mn—N distances range from 2.263(5) to
2.286(5) A (Table 2). In 1, the *-0,0’-acetylacetonate (acac)
ligand C—O bond lengths are identical [1.261(6) A], while the
C18—C19 and C19—C20 [1.40(1) A] distances are equivalent

(Table 2). The O1—Mn1—02, Mn1—01—C18, and Mnl—
02—C20 bond angles are 83.3(2), 126.8(5), and 124.7(5)°,
while the Mn1—C16—N7 and C16—Mn1—N1 angles are nearly
linear, being 176.5(5) and 171.5(2)°, respectively (Table 3). The
manganese, O1, and O2 centers are ca. —0.167(4), +0.171(4),
and +0.145 A above the mean Mn1—01—C18—C19—C20—02
plane, suggesting that torsional twisting (ca. 22°) of the acet-
ylacetonate may result from steric interactions with the Tp*
ligand methyl group (C1) directed toward the Mn(acac) plane;
the closest contact is 3.382(1) A [C1---O1].

Compound 2 crystallizes in the monoclinic P2,/c space group
as a zigzag one-dimensional chain that propagates along the
crystallographic ¢ direction (Table 1 and Figure 2). The
Mnl1—01 and Mnl1—02 distances [2.156(1) and 2.195(1) A]
are slightly shorter than those in 1, while the Mn—N7 bond is
2.315(2) A (Table 2). The O1—Mnl—02 bond angle is
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Figure 3. X-ray structures of the anionic portion of 4 (left) and §
(right). Thermal ellipsoids are at the 50% level, and all hydrogen atoms,
cations, and lattice solvent are removed for clarity.

80.93(5)°, while the Mn1—0O1—C17 and Mn1—02—C19 an-
gles are comparable at 130.7(1) and 129.5(1)°, respectively; the
bridging nitrile Mn1A—N7—C21 and C17—C18—C19 angles
are also distorted and are 155.0(2) and 124.8(2)°, respectively
(Table 3). The «*-0,0'-3-cyanoacetylacetonate ligand (acac™ M)
in 2 also adopts a twisted (ca. 21°) orientation, relative to the
mean plane defined by the manganese and 3-cyanoacetylaceto-
nate [Mnl, O1, C17, C18, C19 and O2] (Figure 2) that is
reminiscent of those in structures of 1. The Mn" and oxygen
atoms are —0.160(1), 0.153(1), and 0.152(1) A from this plane,
respectively, while C16 and C20 are nearly coplanar. The
3-cyanoacetylacetonate is also bent away from the Tp* methyl
group projecting above and toward the Mn(k*-acac* ") plane
[155.0 (1)°, Mn1—N7—C21], and the closest O+ « - C contacts
are ca. 3.328(1) A.

Compound 3 crystallizes in the triclinic P1 space group and
consists of two neutral [(Tp*)Mn"(x*-acac®*™)] fragments
linked via a single #-CN bridge (Table 1 and Figure 1, right),
which resides on a crystallographic inversion center. The brid-
ging cyanide carbon and nitrogen atom sites are disordered along
the Mn1 - - -Mn2 vector, and nearly identical Mn1—C43(N14)
and Mn2—N14(C43) bond lengths [2.241(4) A] are found
(Table 2). Consistent with this assumption, the Mn—(CN)
distances in 3 are longer than those seen in Na,[Mn"-
(CN)s]-10H,O [1.95(1) A, Mn—C], [Mn"(HL)(OH,)]-
[Mn""(CN)4]-2H,0 (L = 1,2-diaminopropane) [2.197(1) to
2232(1) A], and the Mn—Nyecn bonds present in
[Mn"(bptz) (NCMe), ] [BF,], [2.143(4) and 2.166(4) A; bptz =
3,6-bis(2-pyridyl)-1,2,4,5-tetrazine ] 5465112

The structural features of the 3-cyanoacetylacetonate frag-
ments in 3 are nearly identical, and their bonds are comparable to
a variety of substituted analogues.””'°° The O—C bonds range
from 1.250(4) [02—C17] to 1.261(5) [03—C40] A, while the
C17—C18—C19 and C38—C39—C40 bond angles are 125.7(4)
and 125.5(4)°, respectively (Tables 2 and 3). The acac> ™
fragments in 3 are canted toward each other relative to the
Mn1—C43—N14—Mn2 axis, and the cyano groups are rotated
by ca. 14.5° (Figure 1, right) from an eclipsed conformation. The
close acac> N ligand contacts [3.605(S) A] are likely the result of
steric pressure from adjacent Tp* methyl groups [ca. 3.620(S) A].

Compound 4 crystallizes in the monoclinic P2,/n space group
as a six-coordinate complex that is structurally related to 1—3

(Table 1 and Figure 3, left). Charge balance considerations
suggest that 4 contains a Mn" center, two anionic 3-cyanoace-
tylacetonates, and a Tp*  anion (as shown below magnetic data
confirm this assumption). The 3-cyanoacetylacetonate ligands
adopt 7'-NC-acac and k*-acac™™ conformations, respectively
(Figure 3, right), and a distorted octahedral coordination environ-
ment is found for 4. The O1—Mn1—02 and C17—C18—C19
angles are rather acute [81.05(5) and 1252(2)°], while the
N1—Mnl—N8 and N1—Mnl—O1 ones are 94.21(7) and
95.05(6)°, respectively. The acac> ™ ligands are nearly planar, and
bond angles of 1252(2) [C17—C18—Cl9] and 127.2(2)°
[C23—C24—C25] are found (Table 3).

The structural data also suggest that negative charge deloca-
lization within the 3-cyanoacetylacetonates may be dependent
on how they coordinate to the manganese ion in 4. The C—O
distances are slightly shorter within the 7'-3-cyanoacetylaceto-
nate (17'-NC-acac), and an anti- orientation of the carbonyl
groups is found, with C—O bonds ranging between 1.226(2)
[C23—03] and 1253(2) A [C17—O1]. The C24—C25,
C24—C23, and C24—C27 [1.442(2), 1.445(2), and 1.443(2) A]
distances are also slightly longer in the 77'-NC-acac fragment, rela-
tive to those in the k*-acac® N unit [1.429(2) A, C17—C18
and C18—C19; 1.434(2) A, C18—C21], while the cyano C—N
distances differ only slightly for C27—N8 and C21-—-N7
[1.092(2) vs 1.148(3) A, respectively (Table 2). Assuming that
efficient charge delocalization within the «*-acac®“" fragment
leads to a more symmetrical bonding arrangement, the Mn1—01
and Mn1—O02 distances are also comparable [2.159(1) and
2.178(2) A], while the Mn1 —N8yano distance is slightly shorter
than those in 2 [2.256(3) vs 2.315(2) A]. As judged from the
metrical parameters, we tentatively conclude that the negative
ligand charge is localized onto C24 within the 7'-3-NC-acac
fragment, while it is delocalized throughout the k*-acac™N
ligand in 4 (Table 2).

Compounds § and 9 crystallize in the monoclinic (C2/c) and
tetragonal (14) space groups, respectively, and represent rare
examples of divalent homoleptic cyanomanganates (Table 4) SH6S76
Crystals of § contain four-coordinate [Mn"(CN),]*” anions
with Mn—C distances ranging between 2.137(2) [Mn1—Cl1]
and 2.151(2) A [Mn1—C2] and C—N bonds of ca. 1.152(3) A.
The C1—Mn1—C2 bond angle [111.47(7)°] deviates slightly
from ideal tetrahedral symmetry (Figure 3, right) and is compar-
able to those seen for [PPN],[Mn"(CN),].”¢ Complex 9
crystallizes in the tetragonal I4 space group (Table 4 and Figure
S1, Supporting Information) and is, to our knowledge, the first
crystallographically characterized hexacyanomanganate(II) de-
void of alkali metal cations.**® The Mn—C distances are nearly
equivalent and range from 1.960(7) A [Mn1—C2] to 1.989(8) A
[Mn1—C1], while the C—N bonds are comparable [ca. 1.16(2)
A average]. The C1-Mnl1—CIC and C1—Mnl—C2 bond
angles are 90.0(1) and 179.6(6)°, indicating that 9 adopts a
nearly perfect octahedral geometry (Table 4).

Crystallographic Studies: Trivalent Complexes. Crystals of
7 and 8 are found in the trigonal (P3,) and triclinic (P1) space
groups, respectively (Table 4). The six-coordinate tricyano
anions adopt nearly ideal C3, symmetry and exhibit markedly
different Mn—C and Mn—N bond lengths in comparison to
divalent analogues (Figure S2, Supporting Information).''®
Assuming that the Mn—Ccy distances scale as a function of
the metal center oxidation state, Mn'" centers are expected to
engage in stronger electrostatic interactions with coordinated
cyanides, and the shortest Mn—C distances should be seen for 7
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Figure 4. Temperature dependence of the T product of 1 (¢), 2 (O),
and 4 (A) between 1.85 and 300 K at Hy. = 1 kOe (with y defined as the
magnetic susceptibility per mole of manganese complex and equal to
M/Hy.). The solid line superposed to the experimental data of 2 is
the best fit using a Heisenberg chain model of classical S = 5/2 spins
(see text).

and 8. Conversely, efficient 77 backbonding (if present) should
afford the short Mn—Ccy distances in divalent complexes.
Consistent with this assumption, the Mn—Ccy bonds in 7 and
8 are rather short, ranging from 1.976(3) A [for 7] to 1.982(3) A
[for 8], and are also considerably shorter (Table 4) than those in
structures of 1 and 5. The Mn—C distances are similar to those
seenin 9 [1.986(1) A] and [PPN]5[Mn"(CN)g] [2.0020(2) A,
confirming that trivalent manganese centers are present.”>
Considering the infrared and structural data, we conclude that
little 77-back bonding occurs in any of the prepared mono- and
tricyanomanganate complexes [1, 7, and 8].'"

Given that trivalent centers are expected to have smaller ionic
radii than divalent ones, tighter binding of the Mn" jons within
the [N]; pocket of the facially coordinate Tp* ligand is antici-
pated. The Mn1 distance from the mean [N]; plane of the three
coordinated Tp* nitrogen atoms appear to support this assump-
tion: the Mn1—[N]; distances are 1.476(2), 1.377(2), 1.432(3)
and 1.453(3), 1.403(2), 1.193(3), and 1.205(2) A for 1—4, 7,
and 8, respectively, with the smallest values being found for 7 and
8 (Table 4)."” Consistent with periodic trends, the average
Mn—C distances in 7 and 8 [1.985(3) and 1.983(3) A]
are also shorter than those seen for early transition metal
[(Tp*)M™(CN);]” anions [eg, Ti", 2.171(3) A; V'™,
2.090(3) A] and are longer than those observed when Co'™" is
present [1.875(3) A] (Table 4).""*'"* The N—Mn—N bond
angles are also more acute in 7 and 8, ranging from 89.4(1) to
90.3(1)°, while the C—Mn—C angles are between 85.8(1) and
91.7(1)°, suggesting that the Tp* ligand exerts modest steric
pressure on the cyanide ligands in 7 and 8 (vide infra, Table 4).'%

Complex 10 crystallizes in the monoclinic C2/c¢ space group
(Table 4) and adopts a structure that is similar to
{IMn"(CN),(bpy),]} - 3H,0."°>"'° For 10, the Co—Ny,y dis-
tances range between 1.936(S) and 1.964(5) A and are shorter
than the corresponding Mn—N bond len§ths reported by
Dunbar et al. [2.284(2) to 2.350(2) A].'®> The Col—Cl1
distance [1.876(6) A] is in the range expected for complexes
containing trivalent cobalt, while the C11—Col—C11A angle
[89.0(4)°] is more acute than the corresponding C—Mn—C
angle [96.92(8)°] seen for [Mn"(CN),(bipy),], being consis-
tent with a higher positive charge and a smaller Co™" ion (Table 4
and Figure S3, Supporting Information).""*

Magnetic Studies. For 1, 2, and 4, the temperature depen-
dence of the yT product suggests that isotropic Mn" (S = °/,)
centers are present (Figure 4). Using crushed single crystals of 1,

the y T product remains nearly constant (~ 4.14 cm® Kmol ') as
the temperature is lowered from 300 to ca. 50 K. Below S0 K, the
T values decrease slightly, approaching a minimum [4.01 cm® K
mol '] at 1.8 K. Fitting the susceptibility data to the
Curie—Weiss expression down to 10 K affords Curie and Weiss
constants of 4.13 cm® K mol ' and —0.5(1) K, respectively.
Lastly, fitting the field dependence of the magnetization data
(collected between 1 and 7 T at 1.85 K) with an S = °/, Brillouin
function confirms that 1 contains isotropic and quasi-isolated
(g=193) Mn" ions (Figures S4, Supporting Information) 80

Compound 2 exhibits magnetic behavior that is consistent
with the presence of weakly interacting isotropic Mn"" centers. As
the temperature is lowered from 300 toward 33 K, the y T values
gradually decrease from 4.55 to 442 cm® K mol ' and then
sharply approach a minimum of 3.07 cm® K mol " at 1.8 K. The
¥ T vs T data for 2 were also modeled usin% a modified version of
a classical S = 2 Heisenberg chain (eq 1):"''"*

~ Ng’upS(S+1) 14 u
B 3ksT 1—u

(1)

where u = coth(K) — 1/K, K =2JS(S + 1)/kT, S =>/,, and an
exchange Hamiltonian of H = —2J XSS, ; were used. The
calculated values for Jyi,- - -ma/ks and g are —0.062(S) K and
2.04(2), respectively;''® this result suggests that 2 contains
isotropic and magnetically quasi-isolated Mn" ions.'**''* Further
support for this assumption is found in the field dependence of
the magnetization at 1.85 K that rapidly approaches saturation
[5.39 ug] at 7 T, confirming that isotropic S = 3/, Mn" centers are
present (Figure SS, Supporting Information).

Likewise the yT vs T data for 4 indicate that isotropic Mn""
ions are also present (Figures 4). At room temperature, the y T
product is 4.25 cm® K mol " and slowly approaches a slightly
smaller value [4.13 cm® K mol ' at 16 K] as the temperature
decreases. At lower temperatures, the T values increase slightly
and reach a maximum of 4.20 cm® K mol ™" at 1.8 K. The xT
product is very weakly temperature dependent following roughly
a Curie law with C = 4.15 cm® K mol !, confirming that 4
contains isotropic quasi-isolated S = */, Mn"' centers. Consistent
with this assumption, at 1.8 K the saturation magnetization data
collected for 4 quickly approach a maximum value of 4.71 up at
an applied magnetic field of 7 T (Figures S6 and S7, Supporting
Information).

Consistent with previously described infrared and structural
data, the magnetic measurements suggest that 7 is an authentic
tricyanomanganate(I11) complex.'” The room temperature y T
value [1.1 cm® K mol '] of 7 is close to the value expected for a
complex containing Mn" ions (S = 1). In comparison, values
reported for either [PPN],[Mn"(CN),] or [PPN];[Mn™"-
(CN)g] (449 and 1.98 cm® K mol ') are much higher, which
suggests that trivalent ions are present and that orbital contribu-
tions to the spin ground state are nearly absent in 7.>7>7%'% The
temperature dependence of the T data follows Curie behavior
down to ca. 100 K and then decreases further toward a minimum
of 0.15 cm® K mol ' at 1.8 K. An anisotropic Heisenberg
Hamiltonian (H = DSy;,>) can be used to fit the experimental
data, and g and D/kg 3parameters of 2.09(2) and +9.4(2) K are
found, respectively.'”> The unexpectedly large D parameter is
probably due to antiferromagnetic intercomplex interactions,
and this assumption is supported by the M vs H data collected
below 8 K, in that the same D value is not reproduced when using
an anisotropic Heisenberg model.'*"'¢ Additionally, compound
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7 remains EPR silent down to 2 K and consistent with behavior
expected for complexes containing an integer spin ion.

Further evidence in support of an S = 1 ground state for 7
can be found in extended Hiickel tight-binding (EHTB)
calculations.'® The d(xz) and d(yz) orbitals lie close in energy
to the d(z*) orbital (225 and 267 meV above, respectively), and 7
concomitantly adopts an St = 1 spin ground state. Significant
7T-type spin density is found to be delocalized into the Tp* and
cyanide ligands, and short H- - H and H- - - NC—Mn contacts
(ca. 24 and 2.7 A) are also found between adjacent
[(Tp*)Mn(CN);] ™ anions. We propose that these short inter-
complex contacts may allow for antiferromagnetic interactions
and explain the unusual appearance of the T data seen for 7 at
low temperatures.

Il CONCLUSIONS

Manganese pyrazolylboates are easily prepared from substi-
tuted 2,4-pentanediones under mild reaction conditions. These
complexes exhibit rich reactivity under oxidative and metathesis
reaction conditions and can be used to prepare new paramagnetic
mono- and tricyanomanganate complexes. The divalent com-
plexes exhibit isotropic S = 5/, spin ground states, while the
corresponding  Cs,-symmetric tricyanomanganate(III) com-
plexes adopt a S = 1 spin states. These results highlight the role
that symmetry and orbital degeneracy play in introducing orbital
angular momentum contributions to the magnetic ground state
of structurally related tricyanometalate anions.

B ASSOCIATED CONTENT

© Supporting Information.  Additional magnetic (Figures
$4—S10) and X-ray crystallographic (Figures S1—S3; CIF for-
mat, 1—5) and 7—10 data. This material is available free of
charge via the Internet at http://pubs.acs.org.
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