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6 ABSTRACT: A pentamethylcyclopentadienyl−iridium com-
7 plex containing a tricyclic, dianionic, tridentate, scorpionate
8 (facial binding), mixed organic−inorganic ligand was synthe-
9 sized and characterized by single-crystal X-ray crystallography,
10 as well as polynuclear NMR, UV−vis, and IR spectroscopies.
11 The central cycle of the tridentate ligand consists of a modified
12 boroxine in which two of the boron centers are tetrahedral,
13 anionic borates. The complex is stable to hydrolysis in aqueous
14 solution for >9 weeks at 25 °C but reacts with a 50 mM
15 solution of sodium periodate within 12 s to form a periodate-
16 driven oxygen evolution catalyst that has a turnover frquency of >15 s−1. However, the catalyst is almost completely deactivated
17 within 5 min, achieving an average turnover number of ca. 2500 molecules of oxygen per atom of iridium. Nanoparticles were not
18 observed on this time scale but did form within 4 h of catalyst activation under these experimental conditions. The parent
19 complex was modeled using density functional theory, which accurately reflected the geometry of the complex and indicated
20 significant interaction of iridium- and boracycle-centered orbitals.

21 ■ INTRODUCTION

22 Several organometallic half-sandwich complexes of iridium
23 containing pentamethylcyclopentadienyl (Cp*) and chelating
24 polydentate ligands have been shown to be active catalysts or
25 precursors of catalysts for oxygen evolution,1−11 oxygen
26 reduction,12 C−H bond functionalization,11,13−15 and transfer
27 hydrogenation.12,16 Complexes with neutral bidentate ligands

c1 28 (Chart 1), such as 1a and 1b, are competent oxygen evolution
29 precatalysts when using sodium periodate1,3,4 or ceric
30 ammonium nitrate (CAN)9 as the terminal oxidant, while 1c
31 has been shown to be catalytically inert.1 Monoanionic
32 bidentate N,C (2a−2c)4,7−9 and N,O (3a−3c)1−6 ligands
33 have also been shown to be active for oxygen evolution using
34 either chemical or electrochemical5 oxidants. Of these, complex
35 3a, containing the chelating pyridine alkoxide ligand “pyalc”,
36 forms a particularly active oxygen evolution1−6,11 and C−H
37 activation11,13−15 catalyst. Complexes containing dianionic
38 chelating ligands have also been demonstrated as competent
39 for oxygen evolution (4a),10 oxygen reduction (4b),12 and
40 transfer hydrogenation (4b and 4c).12,16

41 The relative activity of the N,O-ligand-containing complexes
42 (3a > 3b > 3c) demonstrated by Koelewijn et al.6 follows the
43 trend of both the donor power and pKa of the oxygen terminus
44 of the ligand, where more basic, more donating ligands generate
45 more active catalysts. In an effort to investigate these trends
46 more thoroughly, complex 5 was targeted because the pKa of
47 the borate is expected to be between that of the carboxylate and
48 sulfonate,17 while the donating power might be expected to be
49 reduced as the formally anionic center is farther removed from

f1 50 the iridium atom (Figure 1). Additionally, the trihydroxyborate

51might be capable of several potentially interesting hydrogen-
52bonding interactions with substrates.
53Although the instability of pyridine-2-boronic acid and its
54corresponding lithium borate salt under protic conditions has
55been reported as highly problematic,18,19 other researchers have
56since successfully isolated the lithium salt.20 Therefore, sodium
57 s1trihydroxy(2-pyridyl)borate (Na-Pybor, 6; Scheme 1) was
58targeted as a viable precursor of 5. The preparation of 6 from
59the commercially available dimethylboronate ester and sodium
60hydroxide (prepared in situ by hydrolysis of sodium tert-
61butoxide) proceeded quantitatively in water.
626 was found to be effectively stable in a mildly alkaline
63aqueous solution for several hours at 23 °C. A solution of 6 in
64D2O was found to decompose to 2-deuteropyridine with a half-
65life of about 1 week (Figure S6). However, the reaction of 6
66with (Cp*IrCl2)2 in water resulted in the formation of multiple
67iridium- and boron-containing compounds, including complex
687, which selectively crystallized out of the worked-up reaction
69mixture and contains an unexpected, dianionic, tridentate,
70boracycle-containing ligand (Dipytribor).
71The class of boron-containing anions contains a particularly
72rich variety of structures, but there have only been a small
73number of reports of molecular transition-metal21−30 or main-
74group metal31 complexes paired with partially organic or
75completely inorganic polyborate counterions and fewer reports
76of the borate anions serving as monodentate,25,30 bidentate,27,31

77or tridentate27 ligands, coordinating to the metal through

Received: May 18, 2016

Article

pubs.acs.org/IC

© XXXX American Chemical Society A DOI: 10.1021/acs.inorgchem.6b01218
Inorg. Chem. XXXX, XXX, XXX−XXX

bsh00 | ACSJCA | JCA10.0.1465/W Unicode | research.3f (R3.6.i11:4432 | 2.0 alpha 39) 2015/07/15 14:30:00 | PROD-JCA1 | rq_5819935 | 7/20/2016 12:32:46 | 9 | JCA-DEFAULT

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b01218/suppl_file/ic6b01218_si_001.pdf
pubs.acs.org/IC
http://dx.doi.org/10.1021/acs.inorgchem.6b01218


78 oxygen atoms. There have also been reports of such anions
79 accompanying organic cations.32−34

80 Polydentate organoboron ligands containing a tetrahedral,
81 anionic boron atom in the backbone are a common and useful
82 class, including tridentate scorpionate ligands, like tris-
83 (pyrazolyl)borate.35−37 In some cases, the boron center within
84 the ligand is activated, and one of the substituents is replaced
85 by the bound metal center, resulting in a metallaboratrane
86 complex.38−41 There is also at least one report of cleavage of a

87B−aryl bond during metalation of diphenylbis(pyrazolyl)-
88borate.42

89Herein we report the synthesis and characterization of an
90organometallic iridium complex with a boron-containing ligand
91and examine the application of this complex to oxygen
92evolution catalysis.

93■ EXPERIMENTAL SECTION
94Synthesis of Sodium Trihydroxy(2-pyridyl)borate (Na-
95Pybor, 6). Dimethyl (2-pyridyl)boronate (383 mg, 2.25 mmol, 1
96equiv) and sodium tert-butoxide (275 mg, 2.86 mmol, 1.27 equiv)
97were combined in a 5-dram vial, open to air. Deionized water (6.0 mL)
98was added, and the mixture was sonicated for 60 s. The resulting
99homogeneous solution was then heated to 35 °C and evaporated to
100dryness over the course of 25 min using a dynamic vacuum and a
101carbon dioxide/acetone cold solvent trap. The resulting white solid
102(430 mg, quant.) was a single organoboron species (27 mol % excess
103sodium hydroxide) and was used without further purification.
1041H NMR (400 MHz, D2O): δ 8.46 (d, JHH = 5.2 Hz, 1H, H1), 7.71
105(dt, JHH = 7.6 and 2.0 Hz, 1H, H4), 7.61 (d, JHH = 7.6 Hz, 1H, H3),
1067.23 (t, JHH = 6.4 Hz, 1H, H2). 11B NMR (160 MHz, D2O): δ 1.5.

13C
107NMR (150 MHz, D2O): δ 175.6 (C5), 146.7 (C1), 135.8 (C4), 126.0
108(C3), 121.1 (C2). IR (diamond, thin film): 3626 (w), 3367 (br), 3037

Chart 1. Relevant Cp*IrIII Half-Sandwich Complexes Containing Chelating Ligands

Figure 1. (Left) Targeted Cp*Ir(OH)Pybor complex (5). (Right)
Formally zwitterionic representation.

Scheme 1. Synthesis of 6 and Transformation in Complex 7
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109 (w), 2999 (w), 1587 (m), 1555 (w), 1421 (m), 1272 (m), 1152 (m),
110 1094 (m), 1049 (m), 958 (s), 908 (s), 856 (s), 770 (s), 742 (s), 629
111 (s), 607 (s) cm−1.
112 Synthesis of Pentamethylcyclopentadienyliridium(III) meso-
113 2,4,6-Trihydroxy-2,4,-di(2-pyridyl)-1,3,5,2,4,6-trioxaborinane-
114 2,4-diuide (Cp*IrDipytribor, 7). 6 (121 mg, 629 μmol of Pybor, 1
115 equiv) was dissolved in deionized water (2.0 mL). Then powdered
116 (Cp*IrCl2)2 (238 mg, 597 μmol of iridium, 0.95 equiv; prepared by
117 the method of Tönnemann et al.43) was added, and the resulting
118 suspension was mixed and sonicated at 25 °C until a pale-orange
119 homogeneous solution was obtained (ca. 35 min). The resulting
120 solution was diluted with deionized water (2 × 10 mL) and transferred
121 to a 150 mL separatory funnel. The aqueous layer was washed with
122 two portions of dichloromethane (25 mL) and then extracted three
123 times with a 3:1 (w/w) mixture of dichloromethane and tert-butyl
124 alcohol (3 × 50 mL). The alcoholic extracts were combined,
125 evaporated to dryness, and then dissolved in a 1:1 (w/w) mixture of
126 tert-butyl alcohol and ethyl acetate (ca. 10 mL). The resulting solution
127 was filtered into a 5-dram vial, and an equal volume of hexanes was
128 layered on top. Analytically pure 7 was obtained as pale-yellow
129 prismatic crystals.
130 1H NMR (500 MHz, D2O): δ 8.53 (d, JHH = 5.0 Hz, 2H, H1), 7.54
131 (dt, JHH = 7.75 and 1.15 Hz, 2H, H3), 7.26 (d, JHH = 7.5 Hz, 2H, H4),
132 7.11 (dt, JHH = 6.75 and 1.5 Hz, 2H, H2), 1.49 (s, 15H, Cp* Me). 11B
133 NMR (160 MHz, D2O): δ 19.3, 5.6. 13C NMR (125 MHz, D2O): δ
134 178.6 (C5), 148.8 (C1), 136.9 (C3), 127.5 (C4), 124.6 (C2), 87.1
135 (Cp* ring), 8.0 (Cp* Me). IR (diamond, thin film): 3411.8 (br), 2917
136 (w), 2496 (br), 1600 (m), 1447 (m), 1383 (s), 1332 (s), 1204 (m),
137 1090 (m), 1004 (s), 884 (s), 766 (s), 680 (s) cm−1.
138 Single-Crystal Structure Determination of 7. Low-temperature
139 diffraction data (ω scans) were collected on a Rigaku MicroMax-
140 007HF diffractometer coupled to a Saturn994+ CCD detector with Cu
141 Kα (λ = 1.54178 Å) for the structure of 7. The diffraction images were
142 processed and scaled using the Rigaku Oxford Diffraction software.44

143 The structure was solved with SHELXT and refined against F2 on all
144 data by full-matrix least squares with SHELXL.45 All non-hydrogen
145 atoms were refined anisotropically. Hydrogen atoms were included in
146 the model at geometrically calculated positions and refined using a
147 riding model. The isotropic displacement parameters of all hydrogen
148 atoms were fixed to 1.2 times the U value of the atoms to which they
149 are linked (1.5 times for methyl groups). The only exception is the
150 hydrogen atoms associated with oxygen atoms. These positions were
151 found in the difference map, but free refinement presented
152 unreasonable O−H distances. The distances were subsequently fixed
153 to values of 0.950 (0.002) Å, and the positional parameters were freely
154 refined. The full numbering scheme of compound 7 can be found in
155 the full details of the X-ray structure determination (CIF), which is
156 included as Supporting Information.
157 Density Functional Theory (DFT) Calculations. DFT calcu-
158 lations were carried out using Gaussian 09. Gas-phase enthalpies were
159 calculated at the B3LYP/DEF2SVP level using minimum-energy
160 structures obtained at the same level of theory.

161 ■ RESULTS AND DISCUSSION

t1 162 Solution-phase NMR of 7 in D2O at 23 °C (Table 1 and
163 Figures S7−S11) indicates a high degree of symmetry, in which
164 both pyridyl rings are equivalent (by 1H and 13C NMR), and
165 there are only two distinct boron chemical environments (by
166

11B NMR): one at 5.6 ppm, assigned as tetrahedral, and one at
167 19.3 ppm, assigned as trigonal. The Cp* ring is also freely
168 rotating under these conditions, showing only one sharp singlet
169 in the 1H NMR spectrum and two signals in the 13C NMR
170 spectrum (endocyclic and exocyclic carbon atoms).
171 In the crystal, however, this symmetry is broken by the
172 orientation of the hydroxyl group bound to the trigonal boron
173 center. The unit cell contains two crystallographically
174 inequivalent molecules of each configuration. Parts A and B

f2 175 of Figure 2 show one of these molecules from two perspectives.

176Additionally, the unit cell contains interstitial water molecules
177that are hydrogen-bound to the hydroxyl substituents on the
178boracycle in an unsymmetrical fashion. Together the inorganic
179rings and water molecules have self-assembled to create parallel
180channels of hydrogen-bonded species that run through the
181entire crystal. Figure 2C shows multiple adjacent molecules,
182highlighting the hydrogen-bonding network.
183The Ir−O bond in 7 was found to be only 2.092(3) Å. Of the
18431 iridium ether complexes with reported crystal structures
185(average Ir−O bond length of 2.218 Å), only five contain Ir−O
186bonds shorter than 2.13 Å, all of which are monocationic
187iridium(I) complexes,46−48 and of these, only two have shorter
188Ir−O bonds than those observed for 7 (SAHYEG46 and
189QUKLIR47). For three of these five compounds, the ether in
190question is part of a neutral, bidentate, N,O-chelating ligand
191that forms a five-membered metallacycle. Thus, it is perhaps

Table 1. Details of X-ray Crystal Structure 7

compound Cp*IrDipytribor (7)
empirical formula C20H30B3IrN2O8

fw 651.09
cryst syst monoclinic
space group P21/n
a (Å) 9.3069(2)
b (Å) 16.4356(3)
c (Å) 15.5445(3)
α (deg) 90
β (deg) 100.959(2)
γ (deg) 90
V (Å3) 2334.39(8)
Z 4
ρ(calcd) (g cm−3) 1.853
μ (mm−1) 11.501
R1, wR2 [I > 2σ(I)] 0.0386, 0.1016
R1, wR2 (all data) 0.0452, 0.1066
GOF 1.057

Figure 2. Thermal ellipsoid representation of the crystal structure of 7
at the 50% level (some hydrogen atoms are excluded for clarity; any
shown are depicted as arbitrary spheres). A and B show two views of
one molecule of 7 with two associated water molecules, while C shows
a view of the hydrogen-bonding network along the a axis (hydrogen
bonds tabulated in Table S7).
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192unsurprising that the doubly anionic, doubly chelated,
193tridentate ligand bound to a formally dicationic iridium center
194has such a short Ir−O contact.
195Interestingly, the boracycle in 7 is hydrolytically robust,
196showing no sign of decomposition or interconversion by 1H or
197

11B NMR over the course of 9 weeks as a dilute solution (<10
198mM) in unbuffered water (D2O) at 23 °C. In addition to being
199less susceptible to protonolysis than 6 is, this indicates a stark
200contrast to most reported neutral boroxines, which undergo
201very facile hydrolysis.49 One study reported complete
202hydrolysis of an aryl-substituted boroxine in 4% water/
203acetonitrile within 10 s.50 Anionic borate oligomers (both
204cyclic and acylic) are also subject to hydrolysis. Studies of the
205speciation of borate anions in aqueous solution indicate that, at
20625 °C, solutions of Li2B4O7 (at total boron concentrations of
207up to 750 mM) contain almost entirely B(OH)3 and B(OH)4

−,
208with traces of B3O3(OH)4

−.51 Only with concentrations
209approaching and exceeding 1 M were significant concentrations
210of higher oligomers detected. Similarly, solutions prepared by
211the dissolution of sodium and potassium polyborates in water
212were observed to contain mostly B(OH)3 and B(OH)4

−, with
213B3O3(OH)4

− and higher oligomers accounting for less than
214one-third of the total boron content when prepared from
215KB5O8·4H2O or NaB5O8·5H2O with boron concentrations
216between 50 and 150 mM.52 With more basic salts like
217K2B5O8(OH)·2H2O, the species were reported to undergo
218rapid exchange.
219It is also unclear how the boracycle in 7 formed in the first
220place. As mentioned in the Introduction, both pyridine-2-
221boronic acid and its lithium borate salt have been reported as
222unstable in protic solvents.18−20 In our hands, 6 appears to be
223relatively stable in aqueous solution, decomposing with a half-
224life of about 1 week, but reacts quickly with (Cp*IrCl2)2 to
225form a mixture of at least four Cp*Ir-containing complexes (as
226seen by 1H NMR) and at least three chemically inequivalent
227boron species (as seen by 11B NMR). Given the propensity of
228iridium to activate B−H bonds38 and the report of the
229rhodium-mediated cleavage of a B−C bond in a rhodium(III)
230complex of an aryl borate,42 it is not unreasonable to suspect
231that an iridium species in the reaction mixture may promote
232scission of the B−C bond in 6.
233 f3The gas-phase DFT-optimized structure of 7 (Figure 3) was
234obtained using the hybrid B3LYP exchange-correlation func-
235tional and the def2svp basis set with unrestricted Kohn−Sham
236wave functions, as implemented in the Gaussian 09 package.53

237Favorable comparison of the optimized geometry of 7 with the
238obtained crystal structure indicated the suitability of the
239method (the two structures can be overlaid with a root-

Figure 3. Computed structure of 7 viewed from two angles and overlaid with its crystal structure.

Table 2. Calculated Enthalpies of Reaction and Bond
Lengths of Hypothetical Analogues

M
ΔH

(kcal mol−1)
O1−M
(Å)

N1−M
(Å)

N2−M
(Å)

B−O1
(Å)

Cp*Ir −65.77 2.08 2.11 2.11 1.52
d0 metals

Ca −44.86a 2.09 2.37 2.46 1.50
Sr −52.79a 2.23 2.55 2.63 1.49
Ba −76.17b 2.54 2.91 2.94 1.46
Cp*Y −43.16 2.15 2.40 2.50 1.51
Cp*La −43.79 2.30 2.59 2.69 1.49

d10 metals
Zn −51.03 1.89 1.96 1.96 1.52
Cd −38.87 2.14 2.16 2.16 1.49
Hg −25.58 2.28 2.12 2.12 1.48

aBonding to one exocyclic oxygen atom. bBonding to both exocyclic
oxygen atoms.

Figure 4. Visualizations of the three HOMOs, each viewed from two
angles.
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240 mean-square deviation of only 0.22 Å). Optimizing 7 with six
241 hydrogen-bound water molecules did not substantially change
242 the geometry of the boracycle.

243To assess the contribution of d electrons to the bonding
244interaction between the iridium center and tridentate ligand,
245the theoretical gas-phase reactions of the hypothetical neutral
246 t2tridentate ligand (8; Table 2) with a series of metal hydroxides
247were compared. The calculated gas-phase structure of 7 was
248found to be sufficiently similar to the crystal structure of 7 (vide
249supra), with a dissociation energy of 65.77 kcal mol−1.
250Both group II metals and Cp* complexes of group III metals
251form complexes that are poor analogues of 7. The O−M bond
252is significantly shorter than the N−M bonds, which are also
253significantly different from each other. It appears that the
254structure is distorted to bring the metal center closer to one of
255the hydroxide substituents on the boracycle core. Therefore, it
256is difficult to compare the energetics with d0 metals. It should
257be noted, however, that the calculated dissociation energies for
258all of these complexes is substantially less than that calculated
259for 7, with the exception of the barium complex. In this last
260case, there is a different binding mode, in which the metal atom
261is more tightly associated with the oxygen atoms in the
262exocyclic hydroxide groups (2.67 Å) than to the nitrogen atoms
263in the pyridyl rings (2.94 Å).
264The group XII metals form complexes that resemble the
265symmetry of 7 much more closely. Of these, the cadmium
266complex has O−M and N−M bonds that are closest in length
267to those of 7. The O−M bond is only 2.9% longer and the N−
268M bonds only 2.4% longer than those in 7, but the bond
269dissociation energy of the cadmium complex is more than 40%

Scheme 2. Catalytic Oxygen Evolution Using 3a, 7, or 9 Driven by Sodium Periodate

Figure 5. Representative oxygen evolution, as measured by the Clark electrode: TON (left) and TOF (right) comparing 1.0 μM loadings of 3a, 7,
and 9 in 49.8 mM NaIO4. Saturation of the detector is responsible for the jump discontinuity in TOF curves.

Table 3. Calculated TOF and Induction Period for 1 μM
Loadings of 3a, 7, and 9 in 49.8 mM NaIO4, Using a Linear
Fit of TON versus Time Data between 15 and 27.5 s after
[Ir] Addition

TOF (s−1) induction period (s)

[Ir] averagea standard deviationa averagea standard deviationa

7 10.9 0.7 13.3 0.6
3a 1.9 0.2 14.0 0.7
9 5.8 0.7 11.8 0.4

aAverage and standard deviation calculated from four trials for each
complex.

Table 4. Maximum Observed TOF and Induction Period for
1 μM Loadings of 3a, 7, and 9 in 49.8 mM NaIO4

maximum TOF (s−1) time elapsed until max TOF (s)

[Ir] averagea standard deviationa averagea standard deviationa

7 12.2 1.0 29.2 1.1
3a 4.4 0.1 75.5 2.3
9 7.8 0.6 44.6 4.0

aData from four trials for each compound.
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270 smaller than that calculated for 7. Even in the case of the zinc
271 complex, for which the O−M bond is 9% shorter and the N−M
272 bonds are 7% shorter than the corresponding bonds in 7, the
273 dissociation energy is still only 22% smaller than that of 7. The
274 lengths of the B−O bonds in the boracycle appear to be quite
275 insensitive to the identity of the metal, spanning only from 1.46
276 to 1.52 Å. There may be a slight correlation between the
277 dissociation energy and B−O bond length (R2 = 54%, excluding
278 barium), but the effect is too small and the trend too weak to
279 support or contradict the hypothesis. Given that the calculated
280 dissociation energy of 7 is substantially greater than that
281 calculated for all d10 and d0 complexes (except barium), it is
282 reasonable to ascribe some of the stability of 7 to a bonding
283 interaction between d electrons on the metal center and
284 electrons in the ligand.

285This is supported by computational analysis of the electronic
286structure of 7. Depictions of the high-lying occupied frontier
287molecular orbitals in the calculated structure of 7 indicate a
288significant interaction between the iridium-centered d orbitals
289 f4and much of the boracycle core (Figure 4). Examination of the
290symmetry of the calculated occupied molecular orbitals of 7
291indicates the highest occupied molecular orbital (HOMO) to
292be a largely antibonding interaction between the iridium-
293centered dz2 orbital and one of the sp2 orbitals of the adjacent
294oxygen atom, with some density extending into the rest of the
295boracycle as well as the Cp* ligand. HOMO−1 appears to be
296largely a bonding interaction between the iridium-centered dxz
297orbital and several orbitals in the boracycle. HOMO−2 appears
298to show the bonding interaction character. While it is difficult
299to give an accurate estimate of the overall bonding order of that
300interaction, both the degree of delocalization of these orbitals
301between the metal center and boracycle and the relatively high
302dissociation energy compared to the d0 and d10 metals indicate
303an overall d-electron bonding interaction.
304The addition of 7 to a 50 mM solution of CAN resulted in
305very slow evolution of oxygen, with a measured turnover
306number (TON) of only 10 in the first 200 s and a maximum
307observed turnover frequency (TOF) of 0.08 s−1 (Figure S17).
308This rate is more than 250 times slower than that observed
309under the same conditions but using NaIO4 (vide infra). It is
310uncertain whether the difference is due to the lower pH of the
311CAN solution, a different mode of chemical activation, different
312active species, or a different mechanism of oxygen evolution.
313Because CAN cannot serve as an oxygen-atom donor, all of this
314oxygen must have come from the oxidation of water. However,
315in the case of NaIO4, one or both of the oxygen atoms in a
316produced O2 molecule may have originated in the oxidant.
317Unfortunately, because of extremely rapid exchange, it is not
318possible to address this question by 18O isotope-labeling
319studies. Cyclic voltammetry using a boron-doped diamond
320working electrode in a 0.1 M KNO3 electrolyte containing 76
321μM 7 showed no reversible features and no evidence of
322electrochemical reaction beyond decomposition of the complex
323(Figure S18), indicating a substantial difference between
324NaIO4- and electrode-driven activity.
325As with Cp*Ir complexes 1a, 2a, and 3a, 7 was also found to
326react quickly with sodium periodate to form a highly active
327periodate-driven oxygen evolution catalyst. Clark electrode
328quantification of the oxygen evolved from a 49.8 mM NaIO4
329solution held at 25.0 °C after the addition of the iridium
330complex to a final concentration of 1.0 μM [Ir] indicates a TOF
331greater than 10 s−1, which is significantly faster than those
332reported for Cp*Ir complexes 1a, 2a, and 3a1 and faster even
333than the catalyst formed from Ir(CO)2pyalc (9), which was
334recently reported as one of the most efficient precatalysts.2 A
335direct comparison of 7, 3a, and 9 under the same experimental
336 s2f5t3t4conditions (Scheme 2, Figure 5, and Tables 3 and 4)
337demonstrated this dramatic difference in the TOF.
338In each case, the onset of oxygen detection occurred between
33910 and 15 s after the addition of the iridium species to the
340periodate solution. By analysis of the rate of oxygen evolution
341from 15 s after the addition until 27.5 s after the addition, the
342initial TOFs were calculated (with 95% confidence error bars)
343for 7 as 10.9 ± 2.0 s−1, 9 as 5.8 ± 2.1 s−1, and 3a as 1.9 ± 0.5
344s−1. The latter two values are in excellent agreement with the
345published values.2 However, if the highest instantaneous TOF
346during the course of each run is taken as the value, the values
347increase to 12.2 ± 2.9, 7.8 ± 1.8, and 4.4 ± 0.4 s−1, respectively.

Figure 6. Oxygen evolution data, as measured by the Clark electrode,
using10 nM [Ir] in 49.8 mM NaIO4.
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348 The substantial increase in the apparent TOF, especially in
349 the case of 3a, is indicative of a gradual activation. Modeling the
350 induction period as the x intercept of the linear regions of each

351curve gives similar values for 7 (13.3 ± 1.8 s), 9 (11.8 ± 1.2 s),
352and 3a (14.0 ± 2.1 s). However, this is not necessarily a good
353measure of the activation kinetics for these complexes because
354mixing is a significant portion of the latency on this time scale.
355Analysis of the rate of oxygen production (apparent TOF) with
356respect to time after iridium addition indicates a larger
357difference in the activation kinetics of the three precatalysts.
358Oxygen evolution from 7-catalyzed solutions reaches a
359maximum rate at approximately 22 s after addition, after
360which the rate is roughly constant for the next 10 s until the
361detector is saturated. However, the rate of oxygen evolution
362from solutions containing 3a and 9 does not appear to reach a
363maximum rate before the detector is saturated (ca. 40 s for 9
364and ca. 80 s for 3). That 7 reaches a maximum oxygen
365evolution rate under these conditions could indicate either that
366this species is the most quickly activated of the three complexes
367tested or that it generates an active species that is most quickly
368deactivated, quickly reaching a momentary steady state for
369which the activation and deactivation rates are similar.
370To remove this ambiguity, oxygen assays were conducted
371using only 10 nM of either 7 or 9 in 49.8 mM NaIO4, so as to
372 f6allow probing of the kinetics for longer time periods (Figure 6).
373Under these conditions, 7 activated quickly, reaching a
374maximum apparent TOF of 17.1 s−1 32 s after the addition,
375at which point each iridium atom had turned over an average of
376400 times. The apparent TOF then decayed rapidly, returning
377to within experimental error of the baseline around 1000 s after
378the addition. In contrast, 9 reached a fairly steady TOF of 5.7
379s−1 starting 11 s after the addition and continuing for about 800
380s (standard deviation of 0.6 s−1 over this period), after which
381there was a steady decline in the rate of oxygen evolution,
382returning to within experimental error of the baseline around
3831500 s after the addition.

Figure 7. Possible monomeric IrIV-Dipytribor species with calculated relative enthalpies (left) and two 3D renderings of the most stable isomer,
viewed from two different angles (right).

Figure 8. Possible dimeric IrIV-Dipytribor species with calculated
enthalpies relative to the most stable species shown in Figure 7
(2monomer → dimer + H2O).
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384 After oxygen evolution had ceased, the pH of the solution
385 was found to have fallen to 4.0 from a starting pH of 5.1. 1H
386 NMR spectroscopy suggested complete conversion of the Cp*
387 ring into acetate, which is consistent with previous findings,1−3

388 and the production of multiple pyridyl-containing species
389 (Figure S14). 11B NMR spectroscopy indicated only one
390 species, with a chemical shift of 19.3 ppm, consistent with boric
391 acid (Figure S15). The resulting solution had a single strong
392 absorbance in the visible region, λmax = 580 nm, which could be
393 consistent with either hydrated iridium oxide nanoparticles or
394 molecular iridium(IV)−iridium(IV) dimeric species.2,3 Real-
395 time dynamic light scattering (DLS) measurements indicated
396 no formation of nanoparticles within 1 h of the addition of 7 to
397 a 50 mM NaIO4 solution at loadings between 100 nm and 2.0
398 μM. However, nanoparticles were evident by 4 h after the
399 addition. Together these DLS and UV−vis measurements are
400 consistent with a final species similar to that generated by the
401 oxidation of (Cp*Ir)2(OH)4 by NaIO4.

3 At this point, however,
402 it appears that the catalytically active species during the first 60
403 s of oxygen evolution is likely molecular.
404 Because the catalytically active species generated by reaction
405 with NaIO4 is too short-lived to be well-characterized
406 experimentally and appears to be molecular, several plausible
407 binding modes of the Dipytribor ligand with an octahedral
408 iridium(IV) center were examined computationally. In the
409 absence of conclusive experimental structural data, it is not
410 possible to determine the speciation of catalytically active
411 compounds derived from 7. However, candidate structures can
412 be proposed by analogy to those studied in previously
413 published systems, and computed relative enthalpies of
414 formation offer a way to compare the likelihood of these
415 proposed structures existing under the reaction conditions.
416 It is known that periodate-mediated activation of complexes
417 1a, 2a, and 3a proceeds with rapid conversion of the Cp*
418 moiety to acetate,1−3 and this appears to be the case as well for
419 the oxidation of 7 with periodate. It has been shown6,54 that in
420 aqueous solution, Cp*Ir complexes such as 3a and Cp*Ir-
421 (pyridine)Cl2, with weakly bound ligands, are in equilibrium
422 with Cp*Ir(OH2)3

2+, which is known4 to form iridium-
423 containing nanoparticles very quickly under the action of
424 NaIO4. In contrast, complexes such as 1a, 2a, and 3a retain
425 their strongly bound bidentate ligands and remain homoge-
426 neous under the action of NaIO4.

4 Because rapid particle
427 formation is not observed in the case of 7, it is reasonable to
428 assume that some polydentate ligand remains bound to the
429 iridium center during oxygen evolution.
430 Without the Cp* ligand enforcing a tetrahedral coordination
431 sphere about iridium, the tridentate ligand has the opportunity
432 to adopt either a planar, meridional, pincer-type binding mode,
433 ejecting the exocyclic hydroxide substituents from the boracycle
434 or remaining as a scorpionate ligand, binding in a facial
435 configuration. Gas-phase calculations comparing the stability of
436 possible isomers of hydrated iridium(IV) hydroxo species
437 reveal a very strong preference (>45 kcal mol−1) for the

f7 438 scorpionate binding mode (Figure 7). The favored scoprionate
439 facial chelation mode differentiates this ligand from the
440 meridional-specific ligands, like terpyridine.
441 Because mono(μ-oxo) dimeric specieis have recently been
442 implicated as possible catalytically active species,55,56 three
443 likely mono(μ-oxo) dimers of the most stable monomeric

f8 444 species were also modeled computationally (Figure 8). When
445 accounting for the enthalpy of formation of the dissociated
446 water, the enthalpies of formation of these dimeric species are

447only slightly less favorable than the most stable monomeric
448species. Therefore, we cannot rule out the possibility of these
449species existing under experimental conditions.

450■ CONCLUSIONS
451An iridium complex (7) of a tridentate, mixed organic−
452inorganic ligand was prepared from 6. Both 6 and 7 were found
453to be surprisingly hydrolytically stable in aqueous solution for
454days and weeks (respectively) at 23 °C. The unique boracycle
455at the core of the tridentate ligand binds to iridium through an
456endocyclic oxygen atom, but the whole ring appears to have a
457significant covalent bonding interaction with the d orbitals on
458the iridium center. Complex 7 is a fast-activating precatalyst for
459a chemically driven oxygen evolution catalyst with a TOF of at
460least 15 s−1 in a solution of 50 mM sodium periodate at 25.0
461°C. However, this activity is short-lived, ceasing almost entirely
462within 5 min under these conditions. The nature of the
463catalytically active species and mechanism of oxygen formation
464are currently the subjects of further study.
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