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This report describes the synthesis and characterization of a series of novel biscapped and monocapped tris-
(dioxime) Mn(ll) complexes [Mn(dioxime)s(BR);] and [Mn(dioxime)sBR]* (dioxime = cyclohexanedione dioxime
(CDOH,) and 1,2-dimethylglyoxyl dioxime (DMGH,); R = Me, n-Bu, and Ph). All tris(dioxime) Mn(ll) complexes
have been characterized by elemental analysis, IR, UVAis, cyclic voltammetry, ESI-MS, and, in the cases of
[Mn(CDOH)3BPh]OH-CHCI; and [Mn(CDO)(CDOH),(BBu(OC,Hs)),], X-ray crystallography. It was found that biscapped
Mn(ll) complexes [Mn(dioxime)s(BR),] are not stable in the presence of water and readily hydrolyze to form
monocapped cationic complexes [M(dioxime)sBR]*. This instability is most likely caused by mismatch between the
size of Mn(ll) and the coordination cavity of the biscapped tris(dioxime) ligands. In contrast, monocapped cationic
complexes [M(dioxime)sBR]* are very stable in aqueous solution even in the presence of PDTA (1,2-diaminopropane-
N,N,N',N'-tetraacetic acid) because of the kinetic inertness imposed by the monocapped tris(dioxime) chelators
that are able to completely “wrap” Mn(ll) into their Ng coordination cavity. [Mn(CDO)3sBPh]OH has a distorted trigonal
prismatic coordination geometry, with the Mn(ll) being bonded by six imine-N donors. The hydroxyl groups from
three dioxime chelating arms form very strong intramolecular hydrogen bonds with the hydroxide counterion so
that the structure of [Mn(CDOH);BPh]OH can be considered as being the clathrochelate with the hydroxide counterion
as a “cap”.

Introduction can be improved by using chelators, such as EDTA (ethyl-
There is a burgeoning interest in Mn(ll) complexes as enediaminetetraacetic acid) and DTPA (diethylenetriamine-

magnetic resonance imaging (MRI) contrast agérftsor pentaacetic acid);but they often undergo rapid ligand
Mn(Il) complexes to be useful as MRI contrast agents, they excha}nge because of their I.ack of kinetic inertness. This may
must have a sufficient solution stability to withstand trans- €XPlain why thermodynamically stable Mn(ll) complexes,
chelation in the blood circulation. However, most Mn(ll) Such as Mn-DPDP (DPDP- N,N'-dipyridoxylethylenedi-
complexes have a low solution stability, because of the d amineN,N-diacetate-5,5-bis(phosphonate)), decompose rap-
configuration of Mn(ll) and a lack of ligand-field stabilization ~dly to produce the “free” Mn(ll) ions once they are injected
energy. The thermodynamic stability of Mn(ll) complexes Nto the biological syster.»? Despite the success of Mn-
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Bis- and Monocapped Tris(dioxime) Mn(ll) Complexes

DPDP in the detection of liver and cardiovascular disetsé&s, R R

there is a continuing need for Mn(Il) complex contrast agents o/?\o /é\

with improved solution stability. RioN. §  NUR L9
One approach to achieving a high solution stability of < }Mﬂ\\f I Ri N\ In'l /Nj:R1

Mn(Il) complexes is to increase their kinetic inertness. For Re 'f N "i' Re gy -l \/\::EN/ Ry

example, macrocyclic pentaamines, such as 1,4,7,10,13- \c:)/o (')u N é

pentaazacyclo-pentadecane, have been used to prepare Mn(ll) l|3 N

complexes with a high solution stability, because these M = Fe, Cx Ru and Mn M = Tc and Re

macrocycles are able to impart kinetic inertness by wrapping A B

Mn(ll) into their Ns coordination cavity*~1” Mn(ll) com- R

plexes of C-substituted macrocyclic pentaamines have been Meo/_é R

studied as manganese superoxide dismutase (Mn-SOD) 9]!4_0\9 é

mimetics that are useful for the treatment of diseases, such R N\ &\ N R 9/ [ o

as myocardial ischemia reperfusion injury, inflammation, and R \N,MB\I\NIR N § /r'u Ry

cerebral ischemia injur§#~2® Macrocyclic chelators, such 2 WO < }3?\\1 I

as 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid O\? -0 Re 'i' ‘N/\T R

(DOTA) and 1,4,7,10-tetraazacyclododecane-1,4-diacetic B-OMe OH 4y OH

acid (DO2A), have also been used to prepare Mn(ll) 2 o

complexes with high thermodynamic stability and kinetic
inertnesg42>

In this report, we describe a new approach to achieving
high solution stability for Mn(Il) complexes by using the
boron-capped tris(dioxime) chelators that are able to com-
pletely wrap the Mn(ll) into their i coordination cavity.
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Figure 1. Mn(ll) complexes with BATO type chelators, where R can be
methyl or butyl phenyl groups.

We are particularly interested in cationic Mn(ll) complexes,
[Mn(dioximekBR]" (Figure 1, complex D; dioxime=
CDOH, (cyclohexanedione dioxime) and DMGH1,2-
dimethylglyoxyl dioxime); R= Me, n-Bu, and Ph), because
of their similarity to the Tc(lll) complexes *§™TcCl-
(dioxime)xBR] (Figure 1, complex B), which have been
studied as potential radiotracers for myocardial perfusion
imaging?6-3! As a matter of fact,P™TcCI(CDOH}RBCHj]

is a radiopharmaceutical approved by the FDA (Food and
Drug Administration) for heart imaging under the tradename
of Cardiotec. It is postulated that like thef#™Tc(lIl)
analogues, cationic complexes [Mn(dioxini&R]* might be
able to selectively localize in the heart because of their
cationic nature.

As the first step in our research toward new Mn(ll)-based
MRI contrast agents, we now present the synthesis and
characterization of novel tris(dioxime) Mn(ll) complexes
(Figure 1, complexes A and D) as well as the X-ray crystal
structure of the cationic complex [Mn(CDOBPh]OH.
Different alkyl or aryl groups in dioxime chelating arms and
boron caps were used to modify the lipophilicity and water
solubility of the boron-capped tris(dioxime) Mn(ll) com-
plexes. The main objective is to determine their structures
and study their stability in aqueous solution.

Tris(dioxime) metal complexes [M(dioximg€BR),] (Fig-
ure 1, complex A; M= Fe, Co, Ru) have been known for
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many year$? 3 However, very limited information is
available on Mn(ll) complexes [Mn(dioximgBR),] (Figure

1, complex A; dioxime= CDOH, and DMGH;; R = Me,
n-Bu, and Ph). The structure of [Mn(CDO)(CDOXBPh-
(OCHg)),] has been reported by Jurisson and co-workers,
but it has an unusual biscapped structure (Figure 1, complex
C), in which only two of the three dioxime oxygen atoms
are covalently bonded to the capping boron atoms. The X-ray
crystal structure of [Mn(CDOHBPh]OH represents the first
example of structurally characterized cationic Mn(ll) com-
plexes with boron-capped tris(dioxime) ligands.

Experimental Section

Materials and Methods. All chemicals were purchased from
Sigma Aldrich (St. Louis, MO) and used without purification.
Infrared (IR) spectra (4008400 cnr!) were recorded on a Perkin
Elmer FT-IR spectrometer. UV/visible spectra were recorded on a
Beckman DU-640 UV/vis spectrometer. Electrospray ionization
mass spectral (ESI-MS) data were collected on a Finnigan LCQ
classic mass spectrometer at the School of Pharmacy, Purdu
University. Elemental analysis was performed with a PerlEmer
Series Il analyzer at the Department of Chemistry, Purdue
University. The HPLC method used a LabAlliance semi-prep HPLC
system with a LabAlliance UV/vis detectot & 265 nm) and a
Zorbax Rx-C18 column (4.6 150 mm, 5um). The flow rate was
1 mL/min, with the mobile phase starting from 100% solvent A
(10 mM NH,OAc buffer, pH 6.8) and changing to 90% solvent A
and 10% solvent B (acetonitrile) at 10 min and 50% solvent A an
50% solvent B at 20 min. Cyclic voltammograms of Mn(ll)
complexes were recorded on a Bioanalytical System BAS-100

d

A
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mode) 650 (calcd for [MngH33NsO6B2] ~, 650.20); (positive mode)
566 (calcd for [MNnG4H3,NeOeB] ™, 650.20).

[Mn(CDO)(CDOH) »(BBu(OC;Hs)),]. Crystals of [Mn(CDO)-
(CDOH),(BBu(OGHs)),] were obtained from evaporation of the
ethanol containing [Mn(CDQJBBu),]. Yield: 0.46 g (~65%). IR
(KBI’, Cmfl): 3385 (S,’UofH); 1562, (S,UCzN); 1211, 1057 (S‘L)Nfo);
1172 and 810, (¥/s-0). ESI-MSm/z: (positive mode) 546 (calcd
for [MnC22H36N5068]+, 54622)

[Mn(CDO) 3(BCH3),]. The compound was recrystallized from
a mixture of acetonitrile and chloroform (50:50 v/v). Yield: 0.41
g (66%). IR (KBr, cnmh): 3434 (s,vo-n); 1513, (S,vc=n); 1211,
1043, (s,un-0); 1172 and 810 (sys-o0). ESI-MSm/z (positive
mode) 504 (calcd for [MngH30NsOgB]*, 504.23).

[Mn(DMG) 3(BPh)]. The compound was recrystallized from a
mixture of acetonitrile and methanol (50:50 v/v). Yield: 0.38 g
(66%). IR (KBr, cnm?): 1605, 1513, 1453, 1419, 1340 (S%-n
anduvying); 1201, 1043 (syn-o); 1172 and 810, (/s-0). ESI-MS
m/z: (negative mode) 572 for [MngH»7NsOsB] ~; (positive mode)
488 (calcd for [MnGgH,7NsO6B] *, 488.14).

[Mn(DMG) 3(BBu),]. The compound was recrystallized from a

emixture of acetonitrile and methanol (50:50 v/v). Yield: 0.32 g

(60%). IR (KBr, cnm?): 3410 (So-n); 1513 (spc=n); 1201, 1043
(S, vn-0); 1172 and 810 (syg-o). ESI-MS m/z (positive mode)
468 (calcd for [MnGgH9NsO6B] *, 468.17).

[Mn(DMG) 3(BCH3),]. The compound was recrystallized from
a mixture of acetonitrile and methanol (50:50 v/v). Yield: 0.28 g
(62%). IR (KBr, cnm?): 3350 (Svo-n); 1513 (spc=n); 1201, 1043
(S, vn-0); 1172 and 810 (syg-o). ESI-MS m/z (positive mode)
426 (calcd for [MnG3H23NsO6B] *, 426.12).

General Procedure for Preparation of Monocapped [Mn-
(dioxime);BR]*. Mn(OAc),*4H,0 (0.49 g, 2 mmol) and dioxime

electrochemical analyzer. A standard three-electrode cell was used® mmol) were dissolved in 50 mL of degassed absolute ethanol

with a polished glassy-carbon working electrode, a Pt wire as the
auxiliary electrode, and Ag/AgN£n acetonitrile solution as the
reference electrode. All measurements were performed in aceto
nitrile containing 0.1 Mn-Bu,NPF; at a scan rate of 100 mV/s.
The sample solution was blanketed with extra pugegBls during
the experiment.

General Procedure for Preparation of Biscapped [Mn-
(dioxime)s(BR),]. To a solution containing anhydrous Mp@0.255
g, 2 mmol) in 30 mL of absolute ethanol was added the dioxime
(6 mmol) in 30 mL of ethanol under a nitrogen atmosphere. After
the solution was refluxed for 60 min, alkyl- or arylboronic acid (4
mmol) in 20 mL of degassed ethanol was added. The mixture wa:
stirred at room temperature for 2 h. The light brown precipitate
was filtered and dried under vacuum overnight. Recrystallization
of the crude product in the appropriate solvent or solvent mixture
afforded the pure product, which was dried under vacuum for 4 h
at room temperature before being submitted for elemental analysis.

[Mn(CDO) 3(BPh);]. The compound was recrystallized from
acetonitrile and chloroform (50:50 v/v). Yield: 1.05 g (76%). IR
(KBr, cm™1): 1605, 1513, 1453, 1419 (8c=n and vying); 1211,
1043 (s,un-0); 1172 and 810, (sys-o0). ESI-MSm/z. (negative

S
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under a nitrogen atmosphere. After the solution was refluxed for 3
h, alkyl or arylboronic acid (2 mmol) in 20 mL of degassed ethanol
was added slowly in order to minimize formation of the corre-
sponding biscapped Mn(ll) complex. The mixture was refluxed for
2 h, and the volume was reduced t0l0% to give a brown
precipitate. The solid was filtered, washed with cold ethanol and
diethyl ether, and dried under vacuunr fbh atroom temperature
before being submitted for elemental analysis.

[Mn(CDOH) 3BPh]CI. Yield: 0.65 g (68%). IR (KBr, cm?):
3401 (s,wo-n); 1636, 1605, 1562, 1445, 1421, 1340+s~n and
Vring); 1211, 1057 (syn-o); 1172 and 810 (sys-o0). ESI-MSm/z
(positive mode) 566 (calcd for [MngH3.NgOsB] ™+, 566.19).

[Mn(CDOH) 3BBU]CI. Yield: 0.38 g (62%). IR (KBr, cm?):
3395 (s,vo0-n); 1557 (S,vc=n); 1211, 1057 (Spn-o); 1172 and
810 (s, vg-o). ESI-MS m/z (positive mode) 546 (calcd for
[MnC22H36NBOGB]+, 54622)

[Mn(CDOH) 3BCH3]CI. Yield: 0.56 g (65%). IR (KBr, cm?):
3144 (s,vo-n); 1552 (s,vc=n); 1211, 1043 (spn-o); 1172 and
810 (s, vg-o). ESI-MS m/z (positive mode) 504 (calcd for
[MnC19H3oNSOGB]+, 50423)

[Mn(DMGH) 3BPh]OAc. Yield: 0.34 g (62%). IR (KBr, cm?):

3387 (s,vo-n); 1677 (S,vc=0); 1605, 1513, 1453, 1419, 1340 (s,
Ve=n andvying); 1201, 1043 (syn-o); 1172 and 810 ()5—o). ESI-
MS m/z. (positive mode) 488 (calcd for [MnigH,7NsOsB]™,
488.14).

[Mn(DMGH) sBBu]OAc. Yield: 0.33 g (63%). IR (KBr, cm?):

3404 (s,v0-n); 1667, 1513 (Spc—o andvc=y); 1201, 1043 (s,
Un-0); 1172 and 810 (ys-0). ESI-MSm/z. (positive mode) 468
(CalCd for [MnQGHngGOGB]+, 46817)

[Mn(DMGH) sBCH3]OAc. Yield: 0.31 g (64%). IR (KBr,
cm™1): 3405 (spo-n); 1675, 1510 (Syc—o andvc—y); 1201, 1043



Bis- and Monocapped Tris(dioxime) Mn(ll) Complexes

Table 1. Selected Crystallographic Data of [Mn(CDO3DO)—(BBu(OGHs))2] and [Mn(CDOH}BPh]JOHCHCls

[Mn(CDOH),(CDO)—(BBu(OGHs))2] [Mn(CDOH)3BPh]JOHCHCIs
formula CaoHsszMﬂNeOs C25H34BC|3MHN607
fw 701.34 702.69
space group P2:/n (No. 14) Pbca(No. 61)

a(A) 17.8789(6) 12.6712(5)
b (A) 10.3613(4) 18.2899(4)
c(A) 20.9762(8) 26.8276(9)
p (deg) 112.2941(19)

V (A3) 3595.3(2) 6217.4(3)

z 4

Jealca (g CNP) 1.296 1.501

T (K) 150 150

crystal dimensions (m# 0.48x 0.45x 0.38 0.30x 0.28x 0.13
Mo Ko 4 (A) 0.71073 0.71073
linear absorption coefficient (mm) 0.403 0.718
transmission factors 0.800.86 0.863-0.914
R(Fo)? 0.065 0.048
Ru(Fod)P 0.169 0.123

AR = Y ||Fo| — IFcll/Z|Fol for Fo? > 20(Fe?). P Ry = [IW(IFe?l — [F2)2 3 WIF?3*2,

Table 2. Selected Bond Distances (A) of HPLC (A = 265 nm) att = 0, 1, 3, 5, and 8 h post-dissolution.

[Mn(CDOH)(CDO)(BBU(OGHs))z] and [Mn(CDOH}BPh]OHCHCs The chelator challenge experiment was performed by dissolving
[Mn(CDOH),(CDO)(BBU(OGHs))2]  [Mn(CDOH)3BPh]JOHCHCI3 the Mn(ll) complex (1 mg) in 2 mL of a mixture of water and
atom 1 atom2  distance (A) atom1 atom2 distance (&) acetonitrile (50:50 v/v). PDTA was added in large exces$d0

Mn N(11) 2.308(3) Mn N(11)  2.242(3) fold), and the pH was 7.5. Samples from the mixture were analyzed
Mn N(12) 2.275(3) Mn N(12)  2.260(3) by HPLC att = 0, 1, 3, 5, and 8 h post-dissolution.

Mn N(21) 2.278(3) Mn N(21)  2.262(3)

Mn N(22) 2.237(2) Mn N(22)  2.232(3) X-ray Crystallographic Analysis. Selected crystallographic data
Mn N(31) 2.313(2) Mn N(31)  2.213(3) for complexes [Mn(CDOHBPh]OHCHCIl; and [Mn(CDOH)-

Mn N(32) 2.246(2) Mn N(32)  2.272(3) h

o(11) N(11) 1.376(3) 0O(11) N(11) 1.383(3) (CDO)(BBuU(OGHs)),] were collected on a Nonius Kappa CCD
0(12) N(12) 1.381(3) 0(12) N(12)  1.372(3) diffractometer and are listed in Table 1. The selected bond distance
0(21) N(21) 1.378(3) O(21)  N(21)  1.386(3) and bond angles are listed in Tables 2 and 3, respectively. Crystals
0(22) N(22) 1.381(3) 0(22) N(22) 1.381(3) I . . -
0(31) N(31) 1.375(3) 0(31) N(31) 1.387(3) were mounted on a glass fiber in a random orientation. Preliminary
0(32) N(32) 1.382(3) 0(32) N(32) 1.376(3) examination and data collection were performed using graphite-
O(11) B(1) 1493(5)  O(11)  B(1)  1.490(4) monochromated Mo ¥ radiation ¢ = 0.71073 A). Cell constants
0(21) B(1) 1.499(5) 0(21) B(1) 1.499(4) . - - . )

0(111) B(1) 1.460(5) 0(31) B(1) 1.505(4) and an orientation matrix for data collection were obtained from
0(22) B(2) 1.492(4) 0(12) H(12) 0.87(3) least-squares refinement, using setting angles in the rangeof 2
0(31) B(2) 1.493(4) 0(22) H((22) 0.87(3) o

o(211) BC) 1472(4) 0(32) HGE2)  0863) 6 < 27° for [Mn(CDOH),(CDO)(BBu(OGHs)),] and I < 6 <

24° for [Mn(CDOH)3;BPh]JOHCHCI;. A total of 24 681 reflec-

(s, vn-0); 1172 and 810 (sys_o). ESI-MSm/z (positive mode) tions were collected and 5451 reflections were unique for
426 (calcd for [MnGaH2aNsOgB] ™, 426.12). [Mn(CDOH)3sBPh]JOHCHCIs. A total of 29 952 reflections were

[Mn(CDOH) 3BPh]JOH. Crystals of [Mn(CDOH)BPh]OH collected and 8440 reflections were unique for [Mn(CDg{EPO)-
CHCJ; suitable for X-ray crystallographic analysis were obtained (BBu(OGHs)),]. Lorentz and polarization corrections were applied
from slow evaporation of the chloroform solution containing to the data. A linear absorption coefficient is 4.0¢rfor Mo Ka
[Mn(CDO)s(BPh)]. IR (KBr, cm™?): 3434 (so-w); 1605, 1513, radiation in [Mn(CDOH)(CDO)(BBU(OGHs));] and 7.2 cmt in
1453, 1419, 1340 (3jc=n andvying); 1211, 1043 (spn-o); 1172 [Mn(CDOH);BPh]OHCHCl;. An empirical correction was applied
and 810 (sps-o). ESI-MSmz. (positive mode) 566 (calcd for  sing the program SCALEPACK. Both structures were solved
[MnC24H32NGO6B] ", 566.19). by the direct method using SIR2082nd refined on a Linux PC

Soll_Jtlon Stap'“ty Experlmerjts. The Mn(ll) complex (1 mg_) . using SHELXL97% Crystallographic drawings were produced using
was dissolved in 2 mL of a mixture of methanol and acetonitrile
the program ORTERS

(50:50 v/v). Samples from the resulting solution were analyzed by

Table 3. Selected Bond Angles (deg) of [Mn(CDOKEDO)(BBu(OGHs)),;] and [Mn(CDOH}BPh]OHCHCl;

[Mn(CDOH),(CDO)(BBu(OGHs))2] [Mn(CDOH)3BPh]JOHCHCI;

atom 1 atom 2 atom 3 angle (deg) atom 1 atom 2 atom 3 angle (deg)
N(11) Mn N(12) 68.82(9) N(11) Mn N(12) 70.36(10)
N(21) Mn N(22) 70.42(9) N(21) Mn N(22) 70.80(9)
N(31) Mn N(32) 69.82(8) N(31) Mn N(32) 70.61(9)
N(12) Mn N(22) 114.40(9) N(12) Mn N(22) 102.74(10)
N(12) Mn N(32) 94.18(9) N(12) Mn N(32) 99.43(10)
N(22) Mn N(32) 133.94(10) N(22) Mn N(32) 100.98(9)
N(11) Mn N(21) 79.36(10) N(11) Mn N(21) 78.03(9)
N(11) Mn N(32) 82.34(10) N(11) Mn N(31) 77.87(9)
N(21) Mn N(32) 116.65(9) N(21) Mn N(31) 77.14(9)
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compd C anal. (found) H anal. (found) N anal. (found)
[Mn(CDO)3(BPh)]-2H,0 52.40 (52.01) 5.53(5.35) 12.22 (12.30)
[Mn(CDOH)3;BPh]OH 49.40 (49.75) 5.66 (5.47) 14.40 (14.02)
[Mn(CDOH)3;BPh]CF0.75H0-0.5GHs0H 47.04 (47.17) 5.76 (5.54) 13.17 (12.89)
[Mn(CDOH),(CDO)(BBU(OGHs))2] 51.23 (50.98) 7.74 (7.52) 11.95 (11.92)
[MNn(CDOH)3;BBU]CI-1.75H0 39.95 (39.75) 5.91 (5.49) 14.71 (14.77)
[MNn(CDO)3(BCHs)2] 45.58 (45.23) 5.74 (6.06) 15.94 (15.57)
[Mn(CDOH)3BCHjz]Cl-H,0 40.89 (40.73) 5.38 (5.46) 15.07 (14.94)
[Mn(DMG)3(BPh)] 50.30 (50.27) 4.92 (4.76) 14.66 (14.56)
[Mn(DMGH)3BPh]JOAcH20 42.50 (42.15) 5.53 (5.64) 14.87 (14.58)
[Mn(DMG)3(BBU)]-0.5CH;OH 44.84 (45.01) 6.97 (7.12) 15.30 (14.95)
[Mn(DMGH)3BBU]OAc+0.5CHOH 40.90 (41.12) 6.49 (6.55) 15.47 (15.31)
[Mn(DMG)3(BCHs)2]-H20 36.72 (36.43) 5.50 (5.55) 18.35(18.22)
[Mn(DMGH)3BCHs]OAc-0.5CHOH 37.11 (37.15) 5.93 (6.02) 16.75 (16.56)

Scheme 1. Synthesis of Biscapped and Monocapped Mn(ll) Table 5. Summary of Oxidation Potential&{) and Extinction
Complexes Coefficients €) for Biscapped and Monocapped Mn(Il) Complexes
/E\ compd Eox (V)2 e (M~tecm b*
oH oH T L To [Mn(CDO)s(BPh)] 135 16 250
R, ) ™ b R, Ri N LN Ry [Mn(CDOH):BPh]CI 1.35 16 250
f NaR; 2 RB(OH),/MnCl, I S R1I [Mn(CDOH),(CDO)(BBu(OGHs))2] 131 15550
RSN I NOR, Absolute Ethanol Rs T’ QN\/]%T Ry [Mn(CDOH);BBuU]CI 131 15550
o (S [Mn(CDO)3(BCH3)2] 1.26 14 350
.~ [Mn(CDOH);BCH;]CI 1.26 14 350
'|3 [Mn(DMG)3(BPh)] 1.25 14750
[Mn(DMGH)3BPh]OAc 1.25 14 750
Ethanol [Mn(DMG)3(BBu)] 1.22 13950
[Mn(DMGH)3BBU]OAc 1.22 13950
[Mn(DMG)3(BCHs3).] 1.20 12 950
R [Mn(DMGH)3BCH3]OAc 1.20 12950
B—OEt
o | rﬂ—o aBoth cyclic voltammograms and extinction coefficients of Mn(ll)
,L ? Ne R4 complexes were obtained in acetonitrile containing a trace amount of water
N (0.02%).

H,O/-EtOH 7
f /Mn\/Ré[ -RB(OH), RZIN/MQ/\\ R1I
' [Mn(CDOH);:BPh]JOHCHCI; suitable for X-ray crystal-
| lographic analysis were isolated from the chloroform solution
R containing [Mn(CDOJ)(BPh)] in the presence of air. Both
the biscapped and monocapped Mn(Il) complexes have been
characterized by elemental analysis (Table 4), IR, UV/vis,
ESI-MS, cyclic voltammetry (Table 5), and, in the cases of
plexes.Biscapped Mn(Il) complexes [Mn(dioximgBR),] [Mn(CDOH);BPh]JOHCHCI; and [Mn(CDOH)(CDO)(BBu-
(Figure 1, complex A; dioxime= CDOH, and DMGH; R (OC:Hs))2], X-ray crystallography.
= Me, n-Bu, and Ph) were prepared according to Scheme 1  Spectroscopic Characterization.The IR spectra of both
by reacting anhydrous Mn(ll) chloride with 3 equiv of the monocapped and biscapped complexes are similar to
dioximes and 2 equiv of alkyl- or arylboronic acids in those reported for [M(dioxime(BR),] (M = Fe, Co, and
absolute ethanol under a nitrogen atmosphere. ComplexesRu) and [MX(dioxime)BR] (M = Tc and Re; X= Cl, Br,
[Mn(dioxime)(BR),] are stable in the solid state but NCS, and SCN; R=alkyl and aryl)26:27:3839The single band
decompose rapidly in the presence of water. [Mn(CD9H) between 1650 and 1550 ctnis due to the &N stretch.
(CDO)(BBuU(OGHs)),] was isolated from the ethanol solution  Several strong bands between 950 and 1050 @md 1226-
containing [Mn(CDOy(BBu),] during recrystallization. Cat- 1270 cnm! are tentatively assigned as-XD stretches, and
ionic complexes [M(dioximeBR]* (Figure 1, complex D; the multiple absorption bands at 81815 cnt* and 1006-
dioxime= CDOH and DMGH; R= Me, n-Bu, and Ph) were 1200 cnt! are due to the BO stretches. The UV/visible
prepared in a similar fashion except that only 1 equiv of spectra of both monocapped and biscapped Mn(ll) complexes
alkyl- or arylboronic acid was used. The addition of alkyl- in chloroform show no transitions in the visible region (400
or arylboronic acid had to be slow to minimize formation of 800 nm) because of the high-spihabnfiguration of Mn(ll).
the corresponding biscapped Mn(ll) complex. Cationic The single transition that has been observed in the UV region
complexes [M(dioximeBR]" could also be prepared by is in the range of 256270 nm with an extinction coefficient
hydrolysis of biscapped complexes [Mn(dioxig@R),] in value around 12 00017 000 (Table 5). This transition is
a mixture of water and acetonitrile or chloroform with a trace likely due to the metal-to-ligand charge transfer (MLCT).
amount of water. For example, crystals of the complex

Results and Discussion

Synthesis of Biscapped and Monocapped Mn(ll) Com-

(42) Shelderick, G. MSHELXL 97: A Program for Crystal Structure
RefinementUniversity of Gdtingen: Gitingen, Germany, 1997.

(43) Johnson, C. KORTEPI} Report ORNL-5138; Oak Ridge National
Laboratory: Oak Ridge, TN, 1976.

(40) Otwinowski, Z.; Minor, W.Methods Enzymoll997, 276, 307—326.
(41) Burla, M. C.; Camalli, M.; Carrozzini, B.; Cascarano, G. L.; Giaco-
vazzo, C.; Polidori, G.; Spagna, RAppl. Crystallogr2003 36, 1103.
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Figure 2. ESI-MS spectra of [Mn(CDQJBPh)] in positive mode (A) and negative mode (B), and that of [Mn(CDgB®h]" in positive mode (C), along
with the proposed molecular fragments. The ethoxy group might come from crystallization ethanol in the bulk sample.

ESI-MS data of biscapped and monocapped Mn(ll) shows the expected molecular ion, fW]~, and the
complexes were obtained using chloroform, acetonitrile, or hydrolyzed molecular ion [M+ H,O — H]~ (Figure 2B),
methanol as the matrix, depending on the complex solubility. which are not observed in the negative mode ESI-MS
Figure 4 shows typical ESI-MS spectra of [Mn(CRO) spectrum of [Mn(CDOHBPhH]. This suggests that com-
(BPh)] and [Mn(CDOH}BPhJ" using chloroform as the plexes [Mn(dioxime)BR),] are indeed synthesized, even
matrix. The positive mode ESI-MS spectra of both biscapped though they are unstable in aqueous solution. However, this
and monocapped Mn(ll) complexes show the molecular ion cannot completely exclude the presence of the partially
[Mn(dioxime)sBR]™ (panels A and B of Figure 2). The capped complex (Figure 2). The positive mode ESI-MS
negative mode ESI-MS spectrum of [Mn(CD{@BPh)] spectrum of [Mn(CDOH)CDO)(BBu(OGHs));] always
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Figure 3. ORTEP diagram of [Mn(CDOHBPh](OH). (Ellipsoids are at
the 50% probability level). Crystallization chloroform and hydrogen atoms
are omitted for the sake of clarity.

Figure 4. H-bonding network in [Mn(CDOHBPh]OH.

shows the molecular ion due to [Mn(CDOJBBuU]". It loses

Hsieh and Liu

the monocapped tris(dioxime) Tc(lll) and Re(lll) complexes,
probably because of their differences in size and coordination
number of the metal ioff2° Each dioxime chelating arm
forms a planar five-membered chelate ring with the Mn(ll)
center. The average bidentate bite angle is 70.89(#)ich
is smaller than those observed in other biscapped and
monocapped tris(dioxime) metal complexXég? most likely
because of the large size of Mn(ll). Three hydroxyl groups
from the dioxime chelating arms in [Mn(CDOBPh]OH
form strong intramolecular hydrogen bonds with the hy-
droxide counterion. The average hydrogen bond distance is
0.87 A. These hydrogen bonds in some way act as a
topological closure (BMn—0 angle= 179.45). Therefore,
the structure of [Mn(CDOHBPh]OH can be considered as
being the clathrochelate type with the hydroxide counterion
as a cap. In addition, there are two strong intermolecular
hydrogen bonds between the hydroxide hydrogen and two
oxygen atoms of the three-BO bonds (Figure 4).

The structure of [MNn(CDOHBPhH]OH is different from
those of the tris(dioxime) complexes, [MCI(dioxirgBR]
(M = Tc and Re; R= alkyl and aryl)?6-3%in which Tc and
Re are seven-coordinated and the two uncapped dioxime
(CDOH) groups form strong intramolecular hydrogen bonds
with the deprotonated CDO (Figure 1, complex?B° It
is surprising to see that the Mn(ll) in [Mn(dioxim@®R]™
is six-coordinated, whereas smaller metal ions, Tc(lll) and
Re(lll), in [MCI(dioxime);BR] are seven-coordinated by
virtually the same monocapped tris(dioxime) chelating
system. We believe that this structural difference is probably
related to the charge of metal ions. For cationic complexes
[Mn(dioxime)BR] ", the Mn(ll) is highly stabilized by six
imine-N donors, and the intramolecular hydrogen bonding
between the hydroxide counterion (Figure 4) and hydroxyl

one boron cap and one ethanol from the remaining boron groups of the CDOH chelating arms prevents the coordina-
cap in the mass spectrophotometer. These findings aretion of other ligands, such as chloride, to the Mn(ll). In

completely consistent with the instability of biscapped Mn-
(1) complexes in protic solvents.

X-ray Crystal Structure of [Mn(CDOH) 3;BPh]OH-
CHCI3. The ORTEP drawing of [Mn(CDOHBPhH]OH is
illustrated in Figure 3. Figure 4 shows the H-bonding network
in [Mn(CDOH);BPh]OH. Crystallization chloroform and

complexes [MCI(dioximeBR] (M = Tc and Re), the metal
ion is in the +3 oxidation state. The monodentate ligand
and the intramolecular hydrogen bonding are needed to
satisfy their neutrality.

It is interesting to note that the biscapped complexes
[M(dioxime)s(BR);] (M = Fe and Co) are stable, whereas

hydrogen atoms are omitted for the sake of clarity. There the biscapped tris(dioxime) Mn(ll) complexes [Mn(dioxime)

are four [Mn(CDOH)BPh]" cations in each unit cell. In
general, [Mn(CDOHBPhI" has a neaC; symmetry. The
Mn(ll) is coordinated with six nitrogen atoms from three

(BR),] tend to hydrolyze in the presence of water. This is
probably related to the size of the metal ions. For complexes
[M(dioxime)3(BR);] (M = Fe and Co$82° the metal ions

dioxime chelating arms, which are capped by a tetrahedral are relatively small (ionic radi= 0.61 and 0.65 A for Co(ll)

boron atom at one end through three covalent@®bonds.

and Fe(l1)}’ respectively) and fit into the coordination cavity

The coordination geometry is best described as trigonal of the biscapped tris(dioxime) ligand. For [Mn(dioxirge)

prismatic, with the two triangular planes being defined by
N11—-N21-N31 and N12-N22—N32. These two triangular

planes are almost parallel, with the dihedral angle at 1.4-

(2)°. The average MaN distance in [Mn(CDOHBPh]OH

(BR),], however, Mn(ll) (ionic radius= 0.67 A) is larger
than Co(ll) and Fe(ll}’ Its size may not match the cavity
of the tris(dioxime) ligand and causes significant constraints
to the ligand framework. Losing one of the two boron caps

is 2.247(3) A, which is well comparable to those observed allows the tris(dioxime) ligand to release these constraints

in the Mn(ll) complexes with distorted trigonal prismatic
coordination geometr§f 6 The average MaN bond length

(44) Mikuriya, M.; Fukumoto, H.; Kako, Tinorg. Chem. Commuri998
1, 225-227.

at the boron-capped end is about 0.016(3) A shorter than(45) Mikuriya, M.; Hatano, Y.; Asato, EBull. Chem. Soc. Jpri997, 70,

that at the uncapped end because of constraints imposed by

2495-2507.
46) Mikuriya, M.; Hatano, Y.; Asato, EChem. Lett1996 849-850.

the boron cap. This difference is smaller than that found in (47) Shannon, R. DActa Crystallogr., Sect. A976 32, 751-767.
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the ethoxyl group. In this way, the constraints imposed by
the mismatch between Mn(lIl) and coordination cavity of the
tris(CDOH) ligand can be released while it is still able to
wrap the Mn(ll) with its six imine-N donor atoms. That may
explain why [Mn(CDOH)(CDO)(BBu(OGHbs)),] is isolated
during recrystallization of [Mn(CDOHJBBu),] from etha-
nol.

Solution Instability of Biscapped Mn(ll) Complexes.
We used a reversed-phase HPLC method to monitor the
solution stability of Mn(ll) complexes. It was found that both
[Mn(CDO);(BPh)] and [Mn(CDOH)}BPh]JOH have the
same retention time at16 min. To confirm this observation,
we co-injected [Mn(CDQ)BPh)] and [Mn(CDOH}BPh]-
o 5 ORTEP i ¢ Mn(CDOMICDOYBBUOGH OH using the same HPLC method. Figure 6 shows a
(égllltggoid's are at the 5(|)%/gors:2b:bili[ty rI]ével). Ezldrog)e(n atléJ(msC2 argg)é]fnitted repre;e_ntatwe HPLC chromatogram of the aqueous solution
for the sake of clarity. containing [Mn(CDOJ(BPh)] and [Mn(CDOH}BPh]OH.

The 16 min peak was the only signal detected, suggesting
while remaining able to completely wrap Mn(ll) with its six  that the compounds share the same composition in the HPLC
imine-N donor atoms. That may explain why biscapped mobile phase. The ESI-MS spectrum of the collected fraction
Mn(Il) complexes [Mn(dioxime)BR),] tend to hydrolyze at ~16 min displayed a molecular ion a¥z = 566 that
in the presence of water, whereas the biscapped metalcorresponds to [Mn(CDOHBPh]", clearly demonstrating
complexes [M(dioximefBR);] (M = Fe and Co) remain  that [Mn(CDOX(BPh)] is not stable in aqueous solution.
stable. As soon as [Mn(CDQJBPh))] is in contact with water in

X-ray Crystal Structure of [Mn(CDOH) »(CDO)(BBu- the HPLC mobile phase, one of the boron caps quickly
(OC,H5x));]. Figure 5 shows the ORTEP drawing of hydrolyzes to form [Mn(CDOHBPh]OH. These results
[MNn(CDOH),(CDO)(BBU(OGHs))], which is almost identi- ~ would explain why crystals of [Mn(CDOHBPh]JOH were
cal to that of [Mn(CDOH)(CDO)(BPh(OCH)),].2° Mn(ll) isolated from the slow evaporation of the chloroform solution
is coordinated by six imine-N atoms, and the coordination containing [Mn(CDO)(BPh)]. Similar instability was ob-
geometry is distorted trigonal prism. One triangular plane is served for [Mn(CDOHYCDO)(BBu(OGHs)),] in aqueous
defined by N11, N21, and N32, whereas the other is defined solution.
by N12, N22, and N31. The dihedral angle between these Solution Stability of Monocapped Mn(ll) Complexes.
two triangular planes is 3.21(13)The average MnN The results from the stability experiment also showed that
distance is 2.276(3) A, consistent with the MN (dioxime) [Mn(CDOH);:BPh]OH remained stable in solution for more
distances reported by Jurisson and co-workérEach  than 8 h. To further demonstrate its solution stability, we
dioxime group forms a planar five-membered chelate ring carried out a chelator challenge experiment in a mixture of
with Mn(ll). The average bite angle is 69.69(9) acetonitrile and water (50:50 v/v) with a large excess of

In [Mn(CDOH),(CDO)(BBuU(OGHs)),], only one of three added PDTA {100-fold), which forms stable Mn(ll)
dioxime chelating arms is bonded to both boron atoms. The complex Mn(PDTA)? with a log K value of 15% It
other two are bonded to one boron atom at one end and havevas found that the peak intensity at16 min from
a hydroxyl group at the other end. Both boron atoms are [Mn(CDOH);BPh]" remains unchanged ov8 h (Figure 7)
bonded to three oxygen atoms: two from the hydroxyl and that the pH (5:69.0) has no significant impact on the
groups of two dioxime chelating arms and the third from stability of [Mn(CDOH)BPh]". These data clearly dem-

280 [Mn(CDOH);BPh]*
|
210 | \
I
140 | ‘
2 |
2 ) \ PhB(OH),
270 1
= I
|
/
0 J —
I I | ] I ]
0.0 5.0 10.0 15.0 20.0 25.0 30.0
Minutes

Figure 6. Typical HPLC chromatogram of the solution containing [Mn(CR@BPh)] and [Mn(CDOH}BPh]OH. The presence of a PhB(QH)eak at
~16.5 min is caused by the hydrolysis of [Mn(CD{BPh))].
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Figure 7. HPLC chromatograms of the aqueous solution of [Mn(CD¢BPh]Cl at 0.5 h (top) ath 8 h (bottom) after the addition of a 100-fold excess of
PDTA.

[10ua e 5. The fact that biscapped Mn(ll) complexes [Mn(dioxime)
/" (BR),] have oxidation potentials identical to those of their
f“*\, cationic analogues provides further support for our conclu-
A ) ) | ) ) ) sion that they are not stable and form cationic complexes

L7 14 11 f‘i‘) 05 2 -u [M(dioxime);BR]" in the presence of water. As the boron

Figure 8. Typical cyclic voltammogram of [Mn(CDOHBPh]CI. The
concentrations of Mn(ll) complexes were about 2 mM in acetonitrile. The
oxidation potential is given as that vs NHE, because the Ag/Agdl€ztrode
has a potential of-0.4 V vs NHE. The scan rate was 100 mV/s.

onstrated the solution stability of cationic complexes
[Mn(dioximexBR]™. It is important to note that most Mn(ll)
complexes are not thermodynamically stable because of
lack of ligand-field stabilization energy.In [Mn(CDOH)s-
BPh]", the Mn(ll) is completely wrapped by six imine-N
donor atoms so that it is very difficult for Mn(ll) to become
dissociated. Therefore, the high solution stability of cationic
complex [Mn(CDOH)BPhJ" is most likely due to its kinetic
inertness imposed by the boron-capped tris(CDOH) chelator.
Electrochemistry. Cyclic voltammograms were obtained
using acetonitrile as the solvent for both biscapped and
monocapped Mn(ll) complexes. They all show an irreversible
one-electron oxidation wave at 1:20.35 V vs NHE,
depending on the identity of the boron cap and dioxime
chelating arms. Figure 8 shows a cyclic voltammogram of
[Mn(CDO)sBPh]CI. The oxidation potentials of biscapped
and monocapped Mn(ll) complexes are summarized in Table

(48) Ogino, H.Bull. Chem. Soc. Jprl965 38, 771-778.
(49) ljeri, V. S.; Srivastava, A. KPolyhedron2003 22, 569-574.
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cap becomes smaller (phenyi;butyl, and methyl), the
oxidation potential of [M(dioximeBR]" decreases. A similar
trend was also observed when CDOH was replaced by
DMGH in cationic complexes [M(dioximeBR]*. The high
oxidation potential for the Mn(Il)/Mn(lll) couple clearly
indicates that the-2 oxidation state is highly stabilized by
six soft imine-N donors. The irreversibility suggests that the
oxidation from Mn(ll) to Mn(lIl) probably involves signifi-
cant conformational changes of the coordinated dioxime
ligand. Similar irreversibility was also observed in the
monocapped Fe(ll) clathrochelafés!

Conclusion

The key finding of this study is that the biscapped
complexes [Mn(dioximefBR),] can be readily prepared,
even though they are not stable in the presence of water.
One of the boron caps quickly hydrolyzes to for cationic
complexes [M(dioximeBR]*, which are stable in aqueous
solution in the presence of a strong Mn(ll) chelator such as
PDTA. This high solution stability is most likely due to the

(50) Bieda, K. L.; Kranitz, A. L.; Grzybowski, J. Jnorg. Chem.1993
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