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ABSTRACT: The use of water as a reagent in redox-driven
reactions is advantageous because it is abundant and
environmentally compatible. The conversion of water to
dioxygen in photosynthesis illustrates one example, in which a
redox-inactive Ca" ion and four manganese ions are required
for function. In this report we describe the stepwise formation
of two new heterobimetallic complexes containing Co™™ and
Ca' ions and either hydroxo or aquo ligands. The preparation
of a four-coordinate Co" synthon was achieved with the
tripodal ligand, N,N’,N"-[2,2,2"-nitrilotris(ethane-2,1-diyl)]-

tris(2,4,6-trimethylbenzenesulfonamido, [MST]*". Water binds to [Co"MST]" to form the five-coordinate [Co"MST(OH,)]~
complex that was used to prepare the Co"/Ca" complex [Co"MST(u-OH,)Ca"C15-crown-S(OH,)]* ([Co"(u-OH,)-
Ca"OH,]"). [Co"(u-OH,)CaOH,]" contained two aquo ligands, one bonded to the Ca" ion and one bridging between the two
metal ions, and thus represents an unusual example of a heterobimetallic complex containing two aquo ligands spanning different
metal ions. Both aquo ligands formed intramolecular hydrogen bonds with the [MST]*~ ligand. [Co"MST(OH,)]™ was oxidized
to form [Co™MST(OH,)] that was further converted to [Co™MST(u-OH)Ca"C15-crown-5]* ([Co™(u-OH)Ca™]*) in the
presence of base and Ca"OTf,/15-crown-5. [Co™(u-OH)Ca"]* was also synthesized from the oxidation of [Co"MST]~ with
iodosylbenzene (PhIO) in the presence of Ca"OTf,/15-crown-5. Allowing [Co™ (u-OH)Ca"]" to react with diphenylhydrazine
afforded [Co"(u-OH,)Ca"OH,]* and azobenzene. Additionally, the characterization of [Co™(u-OH)Ca"]" provides another
formulation for the previously reported Co™—oxo complex, [(TMG;tren)Co™ (u-O)Sc™(OTf);]** to one that instead could

contain a Co™—OH unit.

H INTRODUCTION

A significant challenge in synthetic chemistry is regulating the
secondary coordination sphere of metal ion(s) to affect
function.' These types of regulatory interactions are found
within the active sites of metalloproteins and aid in promoting
efficient and selective transformations. Noncovalent inter-
actions are the major forces that control the properties of the
secondary coordination spheres in proteins. For instance,
intramolecular hydrogen bonds (H-bonds) involving metal-
bound water ligands are often found within the structures of
active sites and are instrumental in dictating subsequent
function. Lipoxygenase is a nonheme iron enzyme that
catalyzes the cleavage of C—H bonds by cycling between
Fe"—OH and Fe'—OH, states.” In both states, it is proposed
that H-bonding networks involving the hydroxo/aquo ligands
are necessary for catalysis. Additionally, recent structural
evidence on the oxygen-evolving complex (OEC) within
photosystem II has shown that the active site contains an
extensive H-bonding network surrounding the terminal aquo
ligands on the Mn,CaOj cluster that most likely influences
function.>* The OEC also illustrates that calcium ions have an
essential role in the oxidation of water to dioxygen.’ The
presence of a Ca' ion within the OEC cluster suggests that
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group 2 metal ions can influence other redox processes
performed by transition-metal complexes. In fact, synthetic
molecular water oxidation catalysts often contain a mixture of
transition-metal ions and group 1 or 2 ions,* such as in the
cobalt/K,PO, system developed by Kanan and Nocera.®>*
Recent examples of MnCaO clusters have also been reported;
in particular, the Mn;CaO, system of Agapie demonstrated the
role of the Ca' ion in modulating redox potentials.”®
Nevertheless, the limited number of discrete molecular
examples makes it difficult to assess the effects of H-bonds
and group 2 metal ions on redox processes at transition-metal
ions. Moreover, there are few synthetic examples of
heterometallic complexes containing aquo ligands bound
similarly to those found in the OEC.

In this report we describe the stepwise assembly of a series of
Co™M_QOH, and Co™-OH complexes from water that
contain intramolecular H-bonds and Ca" ions (Chart 1). The
complexes are formed using the tripodal ligand N,N',N"-
[2,2/,2"-nitrilotris(ethane-2,1-diyl)]tris-(2,4,6-
trimethylbenzenesulfonamido) ([MST]*") that contains three
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sulfonamido units. We have shown that this design supports
formation of complexes with (Cal—(u-OH)—Mn™") cores.’
The formation of the heterobimetallic Ca/Co complexes in the
present study establishes the importance of Ca" ions in
stabilizing water binding and is crucial in activating the cobalt
center for redox chemistry. Moreover, our findings suggest that
the recently reported heterobimetallic complex [(TMGstren)-
Co™(u-0)Sc™(0Tf);]**, where (TMGstren) is tris-
(tetramethylguanidino)tren, could be formulated to have a
Co™—OH unit rather than the more unusual Co™—oxo
moiety.10

Chart 1. Design Aspects of the Heterometallic Complexes
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B EXPERIMENTAL SECTION

General Methods. All reagents were purchased from commercial
sources and used as received, unless otherwise noted. Solvents were
sparged with argon and purified using a JC Meyer Co. solvent system.
Potassium hydride (KH) as a 30% dispersion in mineral oil was filtered
with a medium porosity glass frit and washed five times each with
pentane and Et,O. Solid KH was dried under vacuum and stored
under an inert atmosphere. The syntheses of metal complexes were
conducted in a Vacuum Atmospheres Co. drybox under an argon
atmosphere. The ligand H;MST,” Ca(OTf),/15-crown-5,” [FeCp,]-
OTf, e acetyl ferrocenium tetrafluoroborate,''® Ca''[N-
(TMS),],THE,,"'* where N(TMS), is bis(trimethylsilyl)amide, and
iodosylbenzene (Ph1O)"¢ were synthesized according to literature
methods. Tetrabutylammonium hexafluorophosphate (TBAP) was
recrystallized from hot ethanol three times and dried at 150 °C for
several days under reduced pressure.

Preparative Methods. Preparation of Me,N[Co"MST]. H;MST
(900 mg, 1.3 mmol) was dissolved in 45 mL of DMA, and KH (160
mg, 3.9 mmol) was added and allowed to stir until gas evolution
ceased (~30 min). This solution was allowed to react with Co"(OAc),
(230 mg, 1.3 mmol) and Me,N(OAc) (260 mg, 1.9 mmol), and the
mixture was allowed to stir overnight. The resulting purple solution
was filtered to remove insoluble white material (KOAc, 330 mg, 3.4
mmol, 94% yield), the purple filtrate was concentrated (~5 mL), and
Et,O was added to form a precipitate. The resulting blue solid was
isolated on a fritted glass funnel, washed several times with Et,0, and
dried under vacuum for several hours (990 mg, 93%). Further
purification of the crude material was possible by dissolving the blue
solid in DCM and layering under pentane (660 mg, 62%). Dissolving
the crude blue salt in a DMA and MeCN mixture (1:1) and allowing
for slow vapor diffusion of Et,O afforded crystals suitable for X-ray
diffraction analysis. FTIR: (KBr, cm™) selected vibrations 3039, 3021,
2975, 2935, 2874, 2854, 2838, 1655, 1604, 1563, 1488, 1467, 1446,
1405, 1379, 1346, 1279, 1237, 1221, 1141, 1102, 1073, 1055, 1039,
975, 960, 943, 932, 847, 826. UV—vis: A_,. [DCM, nm (¢, M~ cm™)]
420 (shoulder), 410 (23), 568 (72), 752 (14). Solid suitable for
elemental analysis was recrystallized from DCM/pentane. Anal. calcd
(found) for Me,N[Co™ST]-0.25 DCM (Cj;,5Hs,5ClysCoNO4S;):
C, 5299 (52.68); H, 6.86 (691); N, 8.30 (8.33). An alternative
method was also utilized: crystalline solid of this salt could be obtained
by slow diffusion of Et,O into the initial DMA filtrate, which after 4
days yielded sky blue crystals (780 mg, 73%).

Preparation of Me,N[Co"MST(OH,)]. Me,;N[Co"MST] (99 mg,
0.12 mmol) was dissolved in DCM (~$ mL) and treated with water
(20 L, 1.1 mmol), and the sky blue solution turned pink. Layering the
pink solution under pentane produced a crystalline solid of the salt.
The pink microcrystals were isolated by decanting and then dried by
flowing Ar over the solid for a few seconds (prolonged drying or use of
vacuum resulted in loss of the aquo ligand). FTIR: (Nujol, cm™)
v(OH) 3494, 3186; (KBr, cm™) v(OH) 3602, 3497, 3273; selected
vibrations (KBr, cm™) 3022, 2960, 2913, 2856, 1653, 1603, 1563,
1489, 1467, 1451, 1405, 1377, 1384, 1256, 1231, 1133, 1120, 1093,
1055, 1038, 978, 957, 932, 846, 826, 813. UV—vis: A, [DCM, nm (¢,
M 'em™)] 530 (63), 712 (26). Anal. caled (found) for Me,N-
[Co"™ST(OH,)]-2H,0 (C;,HgCoNsO,S,): C, 50.67 (50.73); H,
7.24 (7.18); N, 7.99 (7.79).

Preparation of [Co"MST(u-OH,)Ca"c15-crown-5-(OH,)]OTf.
Me,N[Co"™ST] (100 mg, 0.12 mmol) was dissolved in 4 mL of
DCM, and Ca"OTf,/15-crown-5 (73 mg, 0.13 mmol) was added.
After stirring for S min, the homogeneous blue solution was treated
with water (12 mg, 0.67 mmol), and the solution turned pink. Crystals
suitable for diffraction were obtained by layering the pink solution
under pentane. Crystallized compound was separated from Me,NOTf
by vigorously stirring with pentane and decanting; the pink salt was
isolated on a fritted glass funnel and dried under reduced pressure
(111 mg, 63%). FTIR: (Nujol, cm™") v(OH) 3430 and 3218; selected
vibrations 1604, 1564, 1151, 1124, 1096, 1033, 992, 980, 955, 892,
875, 819. UV—vis: A, [DCM, nm (¢, M'em™)] 530 (49), 698 (28).
Anal. caled (found) for [Co™MST(u-OH,)CaCl5-crown-5(OH,)]-
OTF£0.SDCM (C,, sH,,CaCICoF; N,0,6S,): C, 4322 (43.01); H,
570 (5.87); N, 4.53 (4.49).

Preparation of [Co"MST(u-OH)Cac15-crown-5]0Tf from H,0.
Me,N[Co"MST] (100 mg, 0.12 mmol) was suspended in 5 mL of
THF, and H,0 (12 mg, 0.67 mmol) was added, causing the mixture to
become homogeneous and pink. The solution was then treated with
[FeCp,]OTf (40 mg, 0.12 mmol) to produce a dark-red mixture that
was stirred for at least 30 min. The mixture was then treated with a 1
mL THF solution containing the following species: Ca''[N-
(TMS),],(THF), (45 mg, 0.089 mmol), Ca"OTf,/15-crown-5 (50
mg, 0.090 mmol), and 1S-crown-S (20 mg, 0.091 mmol). This
addition resulted in an immediate color change from dark-red to
yellow-brown. The solution was stirred for 1 h and filtered, and the
THEF solvent was removed under reduced pressure. The brown solid
was triturated with pentane (3 X S mL portions) until the washings
were colorless, affording a yellow-brown solid that was dried under
reduced pressure. The solid was redissolved in a minimal amount of
DCM and stored at —35 °C overnight to produce a white solid
(Me,NOTTY) and a small amount of pink crystals ([Co"™MST (u-OH,)-
CaC15-crown-5(OH,)]OTf) that were removed from the solution via
filtration. The resulting yellow-brown filtrate was layered under
pentane and stored at —35 °C to produce yellow-brown crystals (44
mg, 31%). Crystals suitable for diffraction were obtained by dissolving
the crystalline salt in DCM and layering under pentane at rt. FTIR:
(KBr, cm™) v(OH) 3430; selected vibrations 3023, 2935, 2858, 1604,
1471, 1405, 1380, 1355, 1265, 1229, 1133, 1090, 1053, 1031, 978, 954,
872, 852, 822. UV—vis: A, [DCM, nm (¢, M~'em™)] 390 (4800),
430 (shoulder), 730 (730). ESI-MS(+) caled (m/z) (found) for
[Co™MST(u-OH)CacCl15-crown-5]* (C,3HgsCaCoN,O,S;):
1025.2798 (1025.2771).

Preparation of [Co"MST(u-OH)Cac15-crown-5]OTf from PhIO.
Me,N[Co"™ST] (99 mg, 0.12 mmol) was dissolved in S mL of DCM,
Ca"OTf,/15-crown-5 (68 mg, 0.12 mmol) was added, and the mixture
was stirred until homogeneous. The blue solution was then treated
with PhIO (51 mg, 0.23 mmol), causing the blue solution to slowly
turn yellow-brown (30 min). Unreacted PhIO was removed by
filtration, and the resulting yellow-brown filtrate was concentrated to
dryness to afford a solid that was washed with pentane (3 X 10 mL).
The solid was extracted with benzene (3 X 10 mL). The benzene
solution was reduced to dryness in vacuo. The resulting fine yellow-
brown solid was isolated using a fritted glass funnel, washed with
pentane, and dried to afford 120 mg (85%) of the desired salt. The
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spectroscopic data match those obtained for samples of the salt made
by the previously described method.

Preparation of [Co"MST(OH,)]. Me,N[Co"MST] (50 mg, 0.061
mmol) was dissolved in S mL of DCM and treated with water (5.0 mg,
0.28 mmol), causing a color change from blue to pink. The
homogeneous solution was treated with [FeCp,]OTf (42 mg, 0.13
mmol) resulting in an immediate color change to deep red. After
stirring for 30 min, the reaction mixture was filtered, and the DCM
filtrate was layered under pentane. A brown-red solid mixture of
[Co™MST(OH,)], unreacted [FeCp,]OTf, and Me,NOTf was
obtained, which was isolated on a fritted glass funnel and washed
with pentane until the washings were colorless. The solid was dried
(4S5 mg) and suspended in ~10 mL of toluene, stirred for at least 1 h,
and filtered to afford a red filtrate. Pentane (10 mL) was then added to
the filtrate, and the mixture was stored at —35 °C, causing the
precipitation of pure [Co™MST(OH,)]. The complex was isolated on
a fritted glass funnel, washed with pentane, and dried (13 mg, 28%).
Crystals suitable for diffraction were obtained by saturating a
DCM:pentane solution with pure [Co™MST(OH,)] and storing at
—35 °C for an extended period of time. FTIR: (KBr, cm™) v(OH)
3308; selected vibrations 2970, 2936, 2867, 1603, 1564, 1469 1442,
1405, 1388, 1306, 1280, 1144, 1118, 1073, 1051, 1033, 983. UV—vis:
A [DCM, nm (g, M~'em™)] 403 (5700), 494 (5100), 845 (750).
Anal. caled (found) for [CoMST(OH,)]-0.75 DCM
(Cy375H455Cl, sCoN,O,S,): C, 48.80 (49.07); H, 5.89 (6.32); N,
6.75 (6.72).

Physical Methods. Elemental analyses were performed on a
Perkin-Elmer 2400 CHNS analyzer. Electronic absorbance spectra
were recorded with a Cary 50 and an 8453 Agilent UV—vis
spectrophotometer equipped with an Unisoku Unispeks cryostat.
Fourier transform infrared spectra were collected on a Varian 800
Scimitar Series FTIR spectrometer. 'H NMR spectra were recorded
on a Bruker DRXS500 spectrometer. High-resolution mass spectra were
collected using Waters Micromass LCT Premier mass spectrometer.
Cyclic voltammetric experiments were conducted using a CHI600C
electrochemical analyzer. A 2.0 mm glassy carbon electrode was used
as the working electrode at scan velocities 0.1 V-s~L. A cobaltocenium/
cobaltocene couple (—1.33 V vs [FeCp,]") was used as an internal
reference to monitor the reference electrode (Ag*/Ag). Perpendicular-
mode X-band electron paramagnetic resonance (EPR) spectra were
collected using a Bruker EMX spectrometer equipped with an
ER041XG microwave bridge, an ER4116DM dual-mode cavity, and
an Oxford Instrument liquid He quartz cryostat. All EPR spectra were
recorded at 10 K with the following experimental parameters:
frequency, 9.64 GHz; power, 0.20 mW; modulation amplitude, 9.02
G; time constant, 20.48 s; conversion time, 40.96 s. EPR spectral
simulations were done using SpinCount 3.0.'> Crystals for X-ray
diffraction were mounted on a Bruker SMART APEX II
diffractometer, and the APEX2 program package was used to
determine the unit-cell parameters and for data collection.'> X-ray
absorption spectra were collected at the Stanford Synchrotron
Radiation Lightsource (SSRL) on beamlines 7-3 at an electron energy
of 3.0 GeV with an average current of 300 mA. The radiation was
monochromatized by a Si(220) double-crystal monochromator. The
intensity of the incident X-ray (I,) was monitored by an N,-filled ion
chamber in front of the sample. The data were collected as
fluorescence excitation spectra with a Ge 30 element detector
(Canberra). Energy was calibrated by the rising edge position of Co
foil (7709.0 eV).

Bl RESULTS AND DISCUSSION

Sulfonamido groups have been used by others to prepare
multidentate ligands. For instance, the work of Walsh illustrated
that C, symmetric sulfonamido ligands could be used to
synthesize a series of metal complexes.'> Structural studies on
these complexes showed that in some cases both the
deprotonated nitrogen donors and the oxygen atoms could
bind metal ions to form bridged dinuclear complexes.
Sulfonamido groups also have been incorporated into tripodal
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compounds, but only those ligands of Mountford were used to
prepare metal complexes.'* We have extended the use of
sulfonamido-based tripods by preparing [MST]*", which has
allowed us to synthesize heterobimetallic complexes.” Form-
ation of this type of complex takes advantage of the two
structurally distinct metal ion-binding sites on the ligand (Chart
1): One site that is composed of four nitrogen atoms, and a
second site that incorporates oxygen atoms of the sulfonamido
moieties. The nitrogen-based site can readily bind a transition-
metal jon, whereas the oxygen-based site is able to bind main-
group metal ions. Furthermore, the sulfonamido groups are
positioned to promote the formation of intramolecular H-
bonds. We have applied these concepts to assemble a series of
Co''—aquo and Co™—OH complexes.

Preparation and Structure of [Co"MST]". Treating a
DMA solution of H;MST with 3 equiv of KH followed by
Co"(OAc), and metathesis with Me,N(OAc) resulted in the
formation of Me,N[Co"MST], which was purified via
crystallization. The crystal structure of Me,N[Co"MST]

Figure 1. Thermal ellipsoid diagram depicting the molecular structure
of [Co™ST]™. The thermal ellipsoids are drawn at the 50%
probability level, and the hydrogen atoms are removed for clarity.

revealed that the anion contained a four-coordinate cobalt
center having trigonal monopyramidal (TMP) coordination
geometry (Figure 1). The average Co—N,q bond length and
N.—Co—N,, angle were 1.967(3) A and 119.1(2)°, and the
Col—NI1 bond distance was 2.114(1) A (Table 1). The Co"

Table 1. Selected Metrical Data for [Co™ST]",
[Co™ST(OH,)]™, and [Co™MST(OH,)]

[Co"™™MST- [Co"™MST-
[Co"MST]™ (OH,) ]~ (OH,)]
Bond Distances (A)
Col-07 - 2.135(1) 1.934(2)
Col-N1 2.114(1) 2.199(1) 1.954(2)
Col—-N2 1.973(1) 2.020(1) 1.950(2)
Col-N3 1.957(1) 2.028(1) 1.927(2)
Col—-N4 1.971(1) 2.054(1) 1.961(2)
d[Co—N,]* 0.207 0.310 0.127
Bond Angles (°)
N1-Col-07 - 175.52(5) 178.20(7)
N3—Col—-N4 118.90(5) 119.83(5) 119.48(8)
N4—Col-N2 117.52(5) 119.28(5) 119.43(7)
N3—Col-N2 120.31(S) 114.04(5) 118.78(7)

“d[Co—N,,] is the Co displacement from the equatorial plane formed
by three deprotonated sulfonamido nitrogen donors of [MST]*".
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center is displaced 0.207 A from the plane formed by N2—N4
toward the vacant axial coordination site. These metrical
parameters are similar to those of other Co" complexes with
TMP geometry. 154616 The structure of [Co™ST]™ also
showed that the SO,R groups of the [MST]*~ ligand formed
a cavity around the vacant coordination site on the cobalt
center. The UV—vis spectrum of Me,N[Co"MST] in DCM
had absorbance peaks at 4,,,, = 410, 572, and 712 nm (Figure
S1); these features are similar to the optical 1propertles found
for previously reported TMP Co" complexes.****¢ Moreover,
EPR spectra on frozen DCM solutions of Me,N[Co"™ST]
showed that the complex has an § = 3/2 spin ground state
(Table 2), similar to what is observed in other C;-symmetric,

Table 2. EPR and Redox Properties of the Co" Complexes

2 Ey,

complex g-values (em™) (Vﬁ“
[Co"™MST]™ 4.36, 2.00 96 x 107* 0.41
[Co"™ST]™ + Ca" 4.31, 2.00 94 x 107 0.62

[Co™ST(OH,)]~ 4.33,2.04 90 x 107* 0.068
[Co"(u-OH,)Ca"0H,]* 4.35, 2.02 98 x 107* 0.29

“Versus [FeCp,]*".

four-coordinate Co'" complexes."*™"” Based on these data, we
concluded that [Co™ST]™ maintained a TMP structure in
solution and could serve as a synthon for the preparation of
Co"™M—QOH, and Co™~OH complexes.

Preparation and Structures of Co"-Aquo Complexes.
The synthesis of [Co"MST]™ allowed us to examine the
stepwise binding of external species to the complex. This
process is illustrated with the preparation of the monoaquo Co"
complex [Co"™ST(OH,)]”, which was accomplished by

treating a DCM solution of [Co"MST]™ with excess H,O
causing a color change from sky blue to pink (Scheme 1). The
UV—vis spectrum of [Co"MST(OH,)]™ is similar to that found
for the Co"—OH complex [Co"Hsbuea(OH)]*~ (where
[Hjbuea]®™ is tris(tert-butylureaylethylene)aminato), which
has a trigonal bipyramidal (TBP) coordination geometry.'>
The molecular structure of the complex was determined by X-
ray diffraction methods and confirmed the trigonal bipyramidal
coordination geometry of the cobalt center (Figure 2). The
binding of the water molecule occurs at the open site within the
sulfonamido cavity, having a Col—O7 bond distance of
2.135(1) A and an O7—Col1-N1 bond angle of 175.52(5)°.
Minor structural differences in bond lengths of less than 0.085
A were found between [Co™ST]™ and [Co"™MST(OH,)]". In
addition, the Co" ion is displaced 0.310 A from the plane
formed by N2—N#4 atoms of [MST]*", a change of greater than
0.1 A from that observed in [Co™ST]". The aquo ligand also
forms two intramolecular H-bonds to the O3 and OS atoms of
[MST]*" as indicated by the O7---03 and O7---O5 distances of
2.677(2) A.

The binding of water to [Co"MST]™ also occurred when
Ca" ions were added to the complex. In the presence of
CaOTf,/15-crown-5 and S equiv H,O (Scheme 1), a new
species was isolated whose analytical and vibrational properties
suggested the formation of a heterobimetallic complex
containing a Co"—(u-OH,)—Ca" core. The visible spectrum
of this species measured in DCM was similar to [Co"MST-
(OH,)]", a finding that is consistent with the complex
maintaining a Co'—aquo unit with trigonal bipyramidal
coordination geometry (Figure S1)."®

Determination of the molecular structure of this new species
revealed the heterobimetallic complex [Co"MST(u-OH,)-

Scheme 1. Preparative Routes to the Cobalt Complexes”

0
A 0 W4
Mes)s:’ 0 ‘?O Mes—S"H\ /H"'O ,O
Su-. R W o ] o
Mes (o) S~
\\;; ( o“—N/ N 0\\ y N,\| - Mes.
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d
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/\”\_.‘u\/

[Co"MST(OH,)]

[Co"(u-OH)Ca"*

“Conditions: (a) 5—10 equiv H,O, rt, DCM; (b) Ca(OTf),/15-crown-5, 5 equiv H,0, rt, DCM; (c) [Fe"™Cp,]OTf, rt, DCM (or THF); (d)
Ca(OTf),/15-crown-5, PhIO, rt, DCM; (e) 0.5 equiv Ca[N(TMS),],-THF,, 0.5 equiv 15-crown-S, and equiv 0.5 Ca(OTf),/1S-crown-S, rt, THF;

(f) 10 equiv DPH, rt, DCM.
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Figure 2. Thermal ellipsoid diagram depicting the molecular structure
of [Co™ST(OH,)]™. The thermal ellipsoids are drawn at the 50%
probability level, and only the hydrogen atoms of the water ligand are
shown for clarity.

Ca"c15-crown-5(0OH,)]* ([Co"(u-OH,)Ca"OH,]*) (Figure
3). As in [Co"™ST(OH,)]™, the Co® ion accommodates a
single aquo ligand; however, the aquo ligand bridges the Co"
and Ca" ions to form the Co"—(u-OH,)—Ca'l core. There are
several small changes in the metrical parameters around the
Co" ion as compared to those in [Co"MST(OH,)]™. For

Figure 3. Thermal ellipsoid diagram depicting the molecular structure
of [Co"(u-OH,)Ca"0H,]*. The thermal ellipsoids are drawn at the
50% probability level, and only the hydrogen atoms of the water
ligands are shown for clarity.

instance, the Col—0O7 bond length of 2.221(2) A in [Co"(u-
OH,)Ca"OH,]" is elongated by 0.086 A. In addition, the Co"
ion in [Co"(u-OH,)Ca""OH,]" is slightly more displaced out of
the trigonal plane by 0.015 A. The bridging aquo ligand also
forms two intramolecular H-bonds as indicated by the O7---O3
and O7--0O5 distances of 2.656(2) and 2.693(2) A. These
changes suggested that the Ca' ion does not perturb the
primary coordination sphere of the Co' ion to a large extent, in
agreement with the optical spectrum.

In addition to the small changes in the primary coordination
sphere of the Col! center, there are several new structural

features within the secondary coordination sphere. The
[Co"™ST(OH,)]™ moiety acts as a bidentate ligand to the
Ca" ion through the bridging aquo O7 atom and the O1 atom
from a sulfonamido group with a Cal—O1 bond distance of
2.399(1) A and a longer Cal—O7 length of 2.531(2) A. The
structure of [Co"(u-OH,)Ca"OH,]* also showed that the
complex had a second terminal aquo ligand bonded to the Ca"
ion. The Cal—013 bond length of 2.369(2) A is significantly
shorter than the distance observed for the Cal—O7 bond by
0.16 A. The terminal aquo also forms a single intramolecular H-
bond with an O13:+-O2 distance of 2.758(2) A. The oxygen
atoms of the 15-crown-5 ligand fill the remaining coordination
sites on the Ca™ ion. The structure of [Co"(u-OH,)Ca"OH,]*
also showed that the two aquo ligands are relatively close to
one another, having an O7--O13 interatomic distance of
3.762(3) A.

Even though the structural properties of the primary
coordination sphere of the Co" center in [Co"MST(OH,)]~
and [Co"(u-OH,)Ca"OH,]* are nearly the same, the addition
of Ca' ion affects the lability of Co—OH, unit in the solid state.
Conversion of [Co™ST(OH,)]” to [Co™ST]™ was
accomplished by simply applying a small vacuum (P ~ 1073
Torr). However, attempts to remove either the terminal or
bridging aquo ligands in [Co"(u-OH,)Ca"OH,]" were
unsuccessful, even after prolonged exposure to vacuum,
determined by comparison of FTIR spectra (Figure $S2B) and
elemental analyses to those obtained from independently
prepared samples of [Co(u-OH,)-Ca**C15-crown-5-
(OH,)]OTH.

Electrochemical and EPR Properties. The redox proper-
ties of the Co' complexes were explored using cyclic
voltammetry in DCM (Figures 4A and S3, Table 2). For

A * B

]:B A

[P P P P |
2800 3200 3800 4000
B(G)
T T T T T T N T o T (T S T I T |
1.0 0.0 -1.0 -2.0 1000 2000 3000 4000
E (V vs Fc/Fc') B (G)

Figure 4. Cyclic voltammograms (A) and L-mode EPR spectra (B) of
[Co™ST(OH,)]™ (black line) and [Co"(u-OH,)Ca"OH,]* (gray
line). Cobaltocenium (*) was used as an internal standard in the CV
experiments. The voltammograms were recorded at rt in DCM (with
0.1 M TBAPF), and the EPR data were collected at 10 K on frozen
DCM solution (6 mM). Inset: comparison of the hyperfine
interactions for the two Co"—aquo complexes. See Table 2 for E,,
and g- and A -values.

[Co"MST]", a reversible one-electron process was observed at
0.41 V vs [FeCp,]*/° that is assigned to the Co™™ couple. The
potential shifted to more positive values when Ca" ions were
introduced to the electrochemical cell. Treating [Co"MST]~
with 1 equiv Ca(OTf),/15-crown-S produced a new quasi-
reversible couple at 0.62 V vs [FeCp,]*’°, suggesting that Ca"
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ions can interact with [Co™ST] in the absence of an external
ligand within the cavity (Figure S3).

The electrochemical properties of the Co”"—OH, complexes
were substantially different from [Co"™™ST]™. For [Co"MST-
(OH,)]7, a reversible couple was found at 0.068 V, a shift of
nearly 0.4 V from that of [Co"MST]™. This shift is consistent
with a more facile oxidation of a five-coordinate Co™ center
than one that is four-coordinate. The Co™™ potential for
[Co"(u-OH,)Ca""OH,]" appeared at 0.29 V vs [FeCp,]™°, a
shift of more than 0.2 V compared to [Co"MST(OH,)]™. The
increase in redox potential reflects that change in overall
positive charge of the complex upon the binding of the Ca" ion.

The L-mode EPR spectra measured on frozen solutions of
the Co" complexes all have features with g-values centered near
4.3 and 2.0, which is indicative of S = 3/2 spin ground states."”
However, there are distinguishable differences in the g-values
(Figures 4B and S4, Table 2) that reflect the changes in the
coordination environments of the complexes. In addition, the
complexes have similar eight-line hyperfine patterns on the
features at g ~ 2.0 (Table 2), which is consistent with
monomeric Co" species. Notice that the largest difference in
the hyperfine splitting (AA, = 8 X 10™* cm™) is observed
between the two Co'—OH, species, [Co"™MST(OH,)]™ and
[Co"(u-OH,)Ca"OH,]".

Synthesis and Structure of [Co"'MST(OH,)]. The
reversible Co™™ couple measured for [Co"MST(OH,)]”
prompted our investigation into isolating this oxidized product
by chemical methods. We found that treating [Co"MST-
(OH,)]™ with [Fe"™'Cp,]OTf in DCM (or THF) resulted in an
immediate color change from pink to deep red (Scheme 1,
Figure S5). The optical spectrum in DCM of the new species
revealed intense features at A, (&y) = 403 (5700), 494
(5100), 845 (750) nm that are characteristic of Co™ complexes
with TBP geometry."> Additional spectroscopic and analytical
measurements suggested that this new red species was the
expected Co™—OH, complex, [Co™™MST(OH,)]. We also
investigated this oxidative process in the presence of Ca-
(OTY),/15-crown-5 and found that the reaction was incom-
plete when using [Fe™Cp,]OTf as the oxidant, which agrees
with our electrochemical observations. Complete conversion to
an oxidized species was accomplished using the stronger
oxidant acetyl ferrocenium tetrafluoroborate (E;;, = 0.27 V vs
[FeCp,]*/°);''" this complex had optical properties nearly
identical to those of [Co™MST(OH,)], but we were unable to
obtain the complex in sufficient purity to determine its
formulation.

The molecular structure of [Co™MST(OH,)] showed that
the primary coordination sphere of the cobalt center had the
expected contraction compared to its Co""—OH, analog (Table
1 and Figure S6). The Col—N1 bond distance in [Co"™MST-
(OH,)] is 1.954(2) A, and its average Col-N,, bond distance
is 1.946 A, which are shorter by 0.245 and 0.088 A, respectively,
compared to those in [Co"MST(OH,)]". In addition, the
Col1—07 bond distance in [Co™MST(OH,)] decreased by
0201 A upon oxidation to 1.934(2) A. There are also
intramolecular H-bonds between the aquo ligand and
[MST]*" in [Co™MST(OH,)], yet the O7--O1 and O7--05
distances of 2.589 and 2.576 A are significantly shorter than
those found in [Co™ST(OH,)]™. The shortening of these
distances corresponds to a strengthening of the H-bonds in
[Co™MST(OH,)], which is expected because the acidity of the
aquo ligand will increase upon coordination to the Co™ center.
This premise is further supported by FTIR studies: The v(O—

H) bands in [Co™MST(OH,)] are broadened and at lower
energies than those found in [Co"MST(OH,)]".

Oxidation Chemistry: Preparation and Structure of
[Co""MST(u-OH)-Cac15-crown-51*. [Co"MST]~ did not
react with dioxygen even in the presence of Ca' ions, in
agreement with our electrochemical measurements. The
reactivity of [Co"MST]~ with PhIO was also explored, and
we found no evidence for a reaction, even after several days.
However, when [Co™™ST]™ was treated with PhIO in the
presence of Ca(OTf),/15-crown-S, a new dark-yellow-brown
species was formed within 1 h (Scheme 1). The new species
had an absorption spectrum in DCM with features at A,,,,, (&y)
= 390 (4800), 430 (sh), 730 (730) nm, which are similar to
another monomeric TBP Co™—OH complex (Figure §5).1%¢
Electrospray ionization high-resolution mass spectrometry
(ESI-HRMS) results showed a species with a strong ion peak
with mass-to-charge ratio (m/z) of 1025.2771 (caled,
1025.2798), corresponding to a species having a formulation
of [Co™MST(u-OH)-CaC15-crown-5]* ([Co™(u-OH)Ca"]*).
Furthermore, FTIR analysis revealed a sharp peak at 3430 cm™
supporting the presence of a hydroxo ligand (Figure S7).

Repeated attempts to crystallize [Co™(u-OH)Ca"]* synthe-
sized from PhIO were unsuccessful, and thus a new synthetic
route was sought. We reasoned that deprotonation of
[Co™MST(OH,)] with an appropriate base could lead to a
putative Co™—OH complex which could then be treated with
Ca(OTf),/15-crown-5 to form [Co™(u-OH)Ca"]*. This
approach was realized by treating a THF solution of
[Co™MST(OH,)] with 0.5 equiv Ca[N(TMS),], THF,, 0.5
equiv 15-crown-S, and 0.5 equiv Ca(OTf),/15-crown-$ that
produced a species that had identical spectroscopic properties
to [Co™(u-OH)Ca"]* (Scheme 1). Moreover, this approach
yielded single crystals that were suitable for X-ray structural
determination, thereby confirming the mass spectral formula-
tion of the yellow-brown species as [Co™MST (u-OH)-CaC
15-crown-5]* (Figure S). The molecular structure of [Co™(u-

Figure S. Thermal ellipsoid diagram depicting the molecular structure
of [Co™(u-OH)Ca"]". The thermal ellipsoids are drawn at the 50%
probability level, and only the hydrogen atom of the hydroxo ligand is
shown for clarity.

OH)Ca"]* contained a hydroxo ligand bridging the Co™ center
and the Ca' ion, in a manner similar to the manganese analog.9
The Co™ center has TBP coordination geometry provided by
the nitrogen donors of the [MST]*~ and the hydroxo ligands.
The Col—N1 and Col—N,, bond distances are comparable to
those found for [Co™MST(OH,)]. However, the Col—07
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bond distance in [Co(u-OH)Ca']* is 1.854(1) A a
decrease in length of 0.080 A from [Co™MST(OH,)] and
0.367 A from [Co"(u-OH,)Ca"OH,]*. The N1—-Col—07
bond angle in [Co™(u-OH)Ca'"]" is statistically equivalent to
that in [Co"(u-OH,)Ca"OH,]*, whereas the Cal—O7 bond
distance in [Co™(u-OH)Ca"]* is 0.265 A shorter than that in
[Co"(u-OH,)Ca"OH,]". In addition, there is a large
contraction of the Col—Cal interatomic distance of over 0.5
A between [Co"(-OH,)Ca"OH,]* and [Co™(y-OH)Cal']*.
A comparison of the molecular structures of [Co™(u-
OH,)Ca"OH,]* and [Co™(u-OH)Ca™]* (Table 3) illustrates

Table 3. Comparison of Metrical Parameters for [Co™ (u-
OH)Ca"]* and [Co"(u-OH,)Ca"OH,]*

[Co'™(u-OH)- [COHQﬂ-OHz)-
Ca"]* Ca'"oH,]*
Bond Distances (A)
Col-07 1.854(1) 2.221(2)
Col-N1 1.997(1) 2.126(2)
Col-N2 1.971(2) 2.037(2)
Col-N3 1.950(2) 2.031(2)
Col—-N4 1.962(2) 2.013(2)
Cal-01 2.361(2) 2.399(1)
Cal-03 2.379(1) -
Cal-07 2.266(1) 2.531(2)
Cal-013 - 2.369(2)
Cal--Col 3.804(1) 4.315(1)
d[Co—N,,]* 0212 0.325
Bond Angles (°)

N1-Col-07 177.38(6) 177.75(7)
Col-07-Cal 134.56(7) 130.41(7)
07-Cal-013 - 100.29(6)
N3—Col-N4 124.35(7) 113.87(8)
N4—Col-N2 123.14(7) 114.14(8)
N3-Col-N2 109.01(7) 124.40(8)

“d[Co—Neq] is the Co displacement from the equatorial plane formed
by three deprotonated sulfonamido nitrogen donors of [MST]*".

the versatility of the [MST]*" ligand to accommodate a second
metal jon and form intramolecular H-bonds. In [Co™(u-
OH)Ca"]* a single intramolecular H-bond between the
hydroxo ligand and OS of the [MST]*~ ligand was present.
Because of this lone H-bond, the remaining sulfonamido
groups, along with the hydroxo ligand, formed a tridentate-
binding site for the calcium ion; binding to the Ca'l ion
occurred through O7 and the Ol and O3 atoms of the
sulfonamido groups. In [Co"(u-OH,)Ca"OH,]", the bridging
aquo ligand (the one containing O7) is involved in two
intramolecular H-bonds with the [MST]*" ligand. Thus, the O1
atom of the remaining sulfonamido group and O7 act as a
bidentate ligand to the calcium center. These results suggest
that [MST]*" can regulate the mode of coordination to a
second metal ion depending on the type of intramolecular H-
bonding network in the complex.

The reactivity of [Co™(u-OH)Ca"]* with diphenylhydrazine
(DPH) was also explored. [Co™(u-OH)Ca"]* reacts slowly
with 0.5 equiv of DPH at rt. However, when 10 equiv of DPH
were employed, [Co™(u-OH)Ca"]* was converted to a new
species in less than 20 min, whose EPR spectrum was identical
to that of [Co"(u-OH,)Ca"OH,]" (Figures S8 and S9), along
with the formation of azobenzene in a yield of 70%.

Comparison of [Co"(u-OH)Ca"l* to a Proposed
[Co"(u-0)Sc"1** Complex. We compared the properties of
the Co™™ complexes with [MST]>~ to other cobalt complexes
with C; symmetric ligands.'®"> In particular, we found
noticeable similarities in the reactivity and physical properties
to complexes synthesized by Ray derived from [Co"TMG;-
tren(OTf)]*, a five-coordinate Co" complex with a tripodal
ligand that is comparable to [MST] 3= 10 Both [Co™™ST]™ and
[Co"TMG;tren(OTf)]* are only oxidized with oxygen-atom
transfer reagents in the presence of redox-inactive metal ions.
Ray reported that treating [Co"TMGstren(OTf)]* with 2-(tert-
butylsulfonyl)iodosylbenzene (*PhIO) and Sc(OTf); produced
a new species formulated as [(TMG;tren)Co'(u-O)-
Sc™(OTf),]** (Scheme 2A), whose EPR features were assigned

Scheme 2. Comparison of Possible Heterobimetallic
Complex Formed When Treating [Co"TMGtren(OTf)]*
with *PhIO and Sc(OTf), as Proposed in the Literature'’
(A) and Reformulated Based on the Results Obtained
Herein (B)
A. Literature Proposal™®
NMe, Sc(0Tf); 12+

Me;N / NMe,
o
Me:N N NMe;
+ N
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[Co®{u-OH)Sc"]*

to a Co"™(u-0)Sc™ core having a S = 3/2 spin ground state.
This presumed Co" product had a visible spectrum with
features at A, = 489 and 810 nm that are strikingly similar to
those found for [Co™(u-OH)Ca"]" (Figure SS) and other
Co"-O(H) species.lsc’c1 Using EXAFS methods, a Co—O
bond length of 1.85 A was found in [(TMGstren)Co™ (u-
0)SM(OTH),]*, which was used as evidence for a Co™ —oxo
unit; yet this bond length is identical to the Col—0O7 bond
distance of 1.854(2) A found by X-ray diffraction methods for
[Co™(u-OH)Ca"]*"."” Moreover, data from X-ray absorption
near-edge spectra (XANES) showed a 1.25 eV shift in edge
energies between [Co"TMGstren]* and the [(TMGstren)-
Co™(u-0)Sc™(OTf);]** complex. The XANES spectra for
both [Co"(u-OH,)Ca"OH,]* and [Co™(u-OH)Ca"]* have
also been measured®’ (Figure 6), and we found an edge energy
shift of 142 eV even though the cobalt centers in our
complexes differ by only one oxidation state. From these results
we propose that treating [Co"TMGstren(OTf)]" with ‘PhIO in
the presence of Sc** ions produced a metastable [(TMGstren)-
Co™(u-OH)Sc™(OTf);]** complex rather than the Co™—oxo
analog proposed previously (Scheme 2B). Our premise is
supported by the similarities in the electronic and structural
properties of the oxidized product of [Co"TMGstren(OTf)]*
with those found in other Co™—hydroxo complexes, including
[Co'™(u-OH)Ca™]*. A [(TMGstren)Co'"(u-OH)-
Sc"™(OTf);]** complex should also have analogous types of
reactivity as we observed for [Co™(u-OH)Ca"]*; namely it can
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Figure 6. XANES spectra for [Co"(u-OH,)Ca"OH,]* (gray line) and
[Co™(u-OH)Ca"]* (black line) collected on solid samples (10% by

weight) in boron nitride.*

react with X—H bonds to produce a Co'-containing species.
Our proposal suggests that both Co'™ and Co" complexes could
be present at the same time>" and accounts for the observation
of a S = 3/2 species (i.e., these EPR features are derived from a
Co!! center, rather than Co'). Note that the EPR parameters,
specifically the hyperfine interactions, between the putative
Ray’s Co''—oxo complex and our [Co"(u-OH,)Ca"OH,]" are
nearly identical (A, = 100 X 107* and 98 X 107* cm™,
respectively).

B SUMMARY

We have demonstrated for the first time the stepwise
generation of Co—aquo complexes that led to the isolation of
a system containing a Co"(u-OH,)Ca"OH, core, a motif
resembling structural elements found in the OEC. The active
site includes both transition-metal ions (Mn) and a Ca" ion, in
addition to an extensive H-bonding network, and all these
features are critical for water oxidation.”* The presence of a
Ca" ion in the OEC has prompted several synthetic efforts to
prepare transition-metal clusters that include calcium ions.>~”
In addition, intramolecular H-bonds have been progosed to be
involved in some synthetic water oxidation systems> and have
been used to isolate metal—aquo complexes.23 However,
incorporation of a Ca" ion, transition-metal ions, at least two
water molecules, and an intramolecular H-bond network into a
single molecular species has been difficult to replicate in
synthetic systems. We accomplished the synthesis of this type
of heterobimetallic complex using the multifunctional tripodal
ligand [MST]*", which coordinated both Ca" and Co" ions, as
it positioned two aquo ligands within 3 A of each other. Its
design took advantage of noncovalent interactions that linked
the two metal centers and stabilized the aquo ligands through
intramolecular H-bonds. Utilizing noncovalent interactions
produced versatile systems in which the cobalt and Ca" centers
could readily adopt different primary and secondary coordina-
tion spheres.

Changes in redox properties of the Co'' complexes correlated
with the coordination of Ca" ions. For example, the redox
potential of the [Co"™ST]™ shifted over 200 mV in the
presence of Ca' ions. A similar positive shift was observed
when Ca" ions were added to [Co"™™ST(OH,)]™. Moreover,
[Co"MST]™ does not react with dioxygen but only with
stronger oxidants, such as PhIO, in the presence of Ca" ions to
afford the heterobimetallic complex [Co™(u-OH)Ca™]*. The
dependency of this reaction on Ca" ions suggests an inner
sphere process, whereby the Ca' ion is essential for binding and
oxidation. The need for Ca" ions to promote reactivity is

similar to what we observed in the synthesis of the analogous
[Mn"(u-OH)Ca"]* species.”**

The conversion of [Co™(u-OH)Ca"]* to [Co"(u-OH,)-
Ca"OH,]* when treated with DPH illustrated that Co™—OH
complexes can homolytically cleave X—H bonds. This type of
reactivity is observed in the enzyme lipongenase which utilizes
Fe"™OH species to cleave C—H bonds.” Similar X—H bond
cleavage reactivity by synthetic M™—OH complexes is
known,” but to our knowledge [Co™(u-OH)Ca"]* is the
first example of a Co™—OH species exhibiting this kind of
chemistry. This finding, along with the structural and physical
properties of [Co™(u-OH)Ca"]* and [Co"(u-OH,)Ca"OH,]",
indicated that the recently reported Co"—oxo species'® is likely
a complex containing a Co™ center. Theoretical studies using
DFT methods on in silico generated CoV—oxo species sugﬁest
that the oxo ligand can have appreciable spin density, **°
leading to the possibility of Co™—oxyl radical complexes. We
think it is an unlikely assignment based on the experimental
data presented here, which is consistent with the more plausible
formulation of a Co™(u-OH)Sc" core.
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