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1 Spectroscopic characterization of Ti(IV) metaphosphate complexes.

1.1 [PPN]4[OTiP4O12]2 ([PPN]4[1]).
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Figure S1: 31P{1H} NMR spectrum of [PPN]4[1] (CD3CN, 162 MHz, 25 ◦C).
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Figure S2: 1H NMR spectrum of [PPN]4[1] (CD3CN, 400 MHz, 25 ◦C).
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Figure S3: 13C{1H} NMR spectrum of [PPN]4[1] (CD3CN, 101 MHz, 25 ◦C).
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Figure S4: ATR-IR of [PPN]4[1].
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Figure S5: Zoomed-in ATR-IR of [PPN]4[1].
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Figure S6: UV-Vis spectrum of [PPN]4[1] (0.5 mM, MeCN, 20 ◦C).

S7



m/z
200 300 400 500 600 700 800 900

18
9.

89

38
0.

80

m/z186 189 192 195

18
9.

89

18
8.
89

18
9.
39

19
0.
89

19
0.
39

m/z186 189 192 195

18
9.

88

18
8.

91
18

9.
41

19
0.

90
19

0.
41

A

B

[OTiP4O12 + H+]-

[OTiP4O12]
2- 

Figure S7: ESI-MS(–) of [PPN]4[1]. A: Zoomed-in spectrum; B: simulated spectrum (MeCN, 3200
V).
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1.2 [PPN]2[OTiP3O9(acac)] ([PPN]2[2]).

-50-45-40-35-30-25-20-15-10-505101520253035404550
ppm

2
.5
4

4
.0
0

-1
8
.5
2

2
2
.2
0

PPN+

Figure S8: 31P{1H} NMR spectrum of [PPN]2[2] (CD3CN, 162 MHz, 25 ◦C).
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Figure S9: 1H NMR spectrum of [PPN]2[2] (CD3CN, 400 MHz, 25 ◦C).
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Figure S10: 13C{1H} NMR spectrum of [PPN]2[2] (CD3CN, 101 MHz, 25 ◦C).
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Figure S11: ATR-IR of [PPN]2[2].
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Figure S12: Zoomed-in ATR-IR of [PPN]2[2].
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Figure S13: UV-Vis spectrum of [PPN]2[2] (1.0 mM, MeCN, 20 ◦C).
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Figure S14: ESI-MS(–) of [PPN]2[2]. A: Zoomed-in spectrum; B: simulated spectrum (MeCN,
3200 V). The acac ligand is not observable under ESI-MS(–) conditions.
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1.3 [PPN]4[O2TiP4O12]2 ([PPN]4[3]).
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Figure S15: 31P{1H} NMR spectrum of [PPN]4[3] (CD3CN, 162 MHz, 25 ◦C).
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Figure S16: 1H NMR spectrum of [PPN]4[3] (CD3CN, 400 MHz, 25 ◦C).
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Figure S17: 13C{1H} NMR spectrum of [PPN]4[3] (CD3CN, 101 MHz, 25 ◦C).
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Figure S18: ATR-IR of [PPN]4[3].
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Figure S19: Zoomed-in ATR-IR of [PPN]4[3].
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Figure S20: UV-Vis spectrum of [PPN]4[3] (0.5 mM, MeCN, 20 ◦C).
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Figure S21: ESI-MS(–) of [PPN]4[3]. A: Zoomed-in spectrum; B: simulated spectrum (MeCN,
3200 V).
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1.4 [PPN]2[O2TiP3O9(acac)] ([PPN]2[4]).
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Figure S22: 31P{1H} NMR spectrum of [PPN]2[4] (CD3CN, 162 MHz, 25 ◦C).
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Figure S23: 1H NMR spectrum of [PPN]2[4] (CD3CN, 400.1 MHz, 25 ◦C).
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Figure S24: 13C{1H} NMR spectrum of [PPN]2[4] (CD3CN, 101 MHz, 25 ◦C).
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Figure S25: ATR-IR of [PPN]2[4].
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Figure S26: Zoomed-in ATR-IR of [PPN]2[4].
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Figure S27: UV-Vis spectrum of [PPN]2[4] (1.0 mM, MeCN, 20 ◦C).
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Figure S28: ESI-MS(–) of [PPN]2[4]. A: Zoomed-in spectrum; B: simulated spectrum (MeCN,
3200 V). The acac ligand is not observable under ESI-MS(–) conditions.
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2 Variable Temperature 31P{1H} NMR spectra of [PPN]2[2].

A solution of [PPN]2[2] (10 mg) was prepared in MeCN (0.5 mL). An initial 31P{1H} NMR

spectrum of the sample was collected (25 ◦C), and then the temperature of the NMR probe was

cooled in increments of 10 ◦C until a final temperature of –35 ◦C was reached. 31P{1H} NMR

spectra were collected every 10 ◦C, and the temperatures were calibrated with methods reported

by Merbach et al.1
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ppm

25 oC

15 oC

5 oC

-5 oC

-15 oC

-25 oC

-35 oC

Figure S29: Variable temperature 31P{1H} NMR spectra of [PPN]2[2] collected between 25 and
–35 ◦C (MeCN, 202.4 MHz).
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3 Evaluating the water stability of [PPN]2[2].

A colorless solution of [PPN]2[2] (10 mg, 0.0068 mmol, 1.0 eq) was prepared in MeCN (0.5

mL) and transferred to an NMR tube. To this solution was added H2O (10 µL, 0.55 mmol, 82 eq)

via 10 µL syringe, and a 31P{1H} NMR spectrum was immediately collected. To the same sample

was added an additional 10 µL H2O (20 µL total, 0.11 mmol total, 160 eq), and a 31P{1H} NMR

spectrum was immediately collected, and then collected again after 24 h (Figure S30). There were

no changes observed in the 31P{1H} NMR spectra after the H2O additions.
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Figure S30: 31P{1H} NMR spectrum of a sample of [PPN]2[2] in the presence of 160 eq H2O after
24 h (MeCN, 162 MHz, 25 ◦C).
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4 17O solution NMR spectrum of [PPN]2[2].

A colorless solution of [PPN]2[2] (15 mg, 0.010 mmol, 1.0 eq) was prepared in MeCN (0.5 mL)

and transferred to an NMR tube. To this solution was added 70% 17OH2 (10 µL, 0.55 mmol, 55 eq).

The tube was capped and inverted to effect good mixing. A 17O NMR spectrum (Figure S31) of

this mixture was collected at 25 ◦C. After the acquisition was complete, a 31P{1H} NMR spectrum

was collected, indicating the [PPN]2[OTiP3O9(acac)] complex remained intact in the presence of

excess water during the course of the 17O NMR experiment.
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Figure S31: 17O NMR spectrum of [PPN]2[2] spiked with 70% 17OH2 (10 µL, 55 eq). Externally
referenced to D2O (68 MHz, MeCN, 25 ◦C).
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Figure S32: Zoomed-in 17O NMR spectrum of [PPN]2[2] spiked with 70% 17OH2 (10 µL, 55 eq).
Externally referenced to D2O (68 MHz, MeCN, 25 ◦C).
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5 Monitoring the conversion of [PPN]4[1] to [PPN]4[3] by UV-Vis spectroscopy.

A 1.0 mM solution of [PPN]4[OTiP4O12]2 was prepared in acetonitrile (2 mL) and transferred

to a 1 cm path length Quartz cuvette. An initial UV-Vis spectrum was acquired, and then to this

colorless solution was added urea hydrogen peroxide (2 mg, 0.06 mmol, 30 eq) as a solid. The

cuvette was shaken to effect good mixing, and UV-Vis spectra were acquired every 60 sec for a

total of 2 h.
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Figure S33: UV-Vis spectra displaying the conversion of [PPN]4[1] to [PPN]4[3] monitored over
the course of 2 h (25 ◦C, MeCN, 1.0 mM).
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6 Monitoring the conversion of [PPN]2[2] to [PPN]2[4] by UV-Vis spectroscopy.

A 1.0 mM solution of [PPN]2[2] was prepared in acetonitrile (2 mL) and transferred to a 1 cm

path length Quartz cuvette. An initial UV-Vis spectrum was acquired, and then to this colorless

solution was added 30% aqueous hydrogen peroxide (2 µL, 0.1 mmol, 60 eq) via 10 µL syringe.

UV-Vis spectra were acquired every 3 sec for a total of 10 min.
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Figure S34: UV-Vis spectra of 2 upon treatment with 30% H2O2 collected every 3 sec over the
course of 10 min (25 ◦C, 1.0 M, MeCN).
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7 Monitoring the conversion of [PPN]4[1] to [PPN]4[3] by 31P NMR spec-

troscopy at 5 ◦C.

A solution of [PPN]4[1] (10 mg, 0.0034 mmol, 1.0 eq) was prepared in MeCN and transferred

to an NMR tube. An initial 31P{1H} NMR spectrum was collected, and then the solution was

frozen in a dry ice/acetone slush bath. While the solution was allowed to freeze, the NMR probe

was cooled to 5 ◦C. Solid UHP (approx. 5 mg, 0.055 mmol, 16 eq) was then added on top of the

frozen solution. The tube was capped, and then quickly inserted into the pre-cooled NMR probe.

Spectra were collected every 4 min for a total of 76 min, and temperatures were calibrated with

methods reported by Merbach et al.1
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Figure S35: 31P{1H} NMR spectra of a solution of 1 treated with UHP monitored over the course
of 76 min at 5 ◦C (MeCN, 202.4 MHz).
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8 ESI-MS(–) data displaying exchange of the titanyl oxygen of [PPN]2[2]

with 18OH2 and 17OH2.

Two solutions of [PPN]2[2] (<1 mg per sample) were prepared in MeCN (2 mL). 18OH2 (97%

enriched, 5 µL) was injected into one solution and 17OH2 (70% enriched, 10 µL) was injected

into the other solution via 10 µL syringe. ESI-MS (–) data for both solutions were immediately

collected.
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Figure S36: ESI-MS(–) of a sample of [PPN]2[2] spiked with 5 µL of 97% enriched 18OH2
(MeCN, 3200 V).
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Figure S37: ESI-MS(–) of a sample of [PPN]2[2] spiked with 10 µL of 70% enriched 17OH2
(MeCN, 3200 V).
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9 Treatment of [PPN]4[1] with 16OH2 and 17OH2.

9.1 16OH2.

To a colorless solution of [PPN]4[1] (15 mg, 0.0050 mmol, 1.0 eq) in MeCN (0.5 mL) was

added ACS reagent grade H2O (10 µL, 0.52 mmol, 100 eq) via 10 µL syringe. A 31P{1H} NMR

spectrum of this solution was immediately collected (Figure S38). The sample was allowed to stand

at ambient temperature (22 ◦C) for an additional 24 h, at which point a 31P{1H} NMR spectrum

was collected again (Figure S40).
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Figure S38: 31P{1H} NMR spectrum of [PPN]4[1] after 10 min in the presence of 100 eq H2O
(MeCN, 162 MHz, 25 ◦C).
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Figure S40: 31P{1H} NMR spectrum of [PPN]4[1] after 24 h in the presence of 100 eq H2O
(MeCN, 162 MHz, 25 ◦C).
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9.2 17OH2.

To a colorless solution of [PPN]4[1] (15 mg, 0.0050 mmol, 1.0 eq) in MeCN (0.5 mL) was

added 70% enriched 17OH2 (5 µL, 0.3 mmol, 50 eq) via 10 µL syringe. 17O and 31P{1H} NMR

spectra of this solution were collected after 30 min (Figure S41). The sample was allowed to stand

at ambient temperature (22 ◦C) for an additional 24 h, at which point 17O and 31P{1H} NMR

spectra were collected again (Figure S42).

4505005506006507007508008509009501000105011001150
ppm

56
4.
94

78
8.
41

92
9.
80

10
60
.4
2

-31.0-30.0-29.0-28.0
ppm

-3
0.
50

-3
0.
39

-3
0.
31

-3
0.
20

-2
9.
34

-2
9.
24

-2
9.
17

-2
9.
05

Figure S41: 17O NMR spectrum of [PPN]4[1] after 30 min in the presence of 50 eq 17OH2 (ex-
ternally referenced to D2O, MeCN, 68 MHz, 25 ◦C). Inset: 31P{1H} NMR spectrum of the same
solution (202.4 MHz).
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Figure S42: 17O NMR spectrum of [PPN]4[1] after 24 h in the presence of 50 eq 17OH2 (externally
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10 Assessing the reversibility of the reaction of [PPN]4[1] with H2O.

To a colorless solution of [PPN]4[1] (15 mg, 0.0050 mmol, 1.0 eq) in MeCN (0.5 mL) was

added ACS reagent grade H2O (10 µL, 0.52 mmol, 100 eq) via 10 µL syringe. A 31P{1H} NMR

spectrum of this solution was immediately collected (Figure S43, top). The contents of the NMR

tube were then transferred to a 20 mL scintillation vial. The vial and its contents were heated

at 80 ◦C under vacuum for 2 h. The colorless residue was then dissolved in MeCN (0.5 mL),

and a 31P{1H} NMR spectrum (Figure S43, middle) of the resulting solution was collected. This

procedure was repeated once more such that the sample was heated to 80 ◦C under vacuum for a

total of 5 h, at which point a final 31P{1H} NMR spectrum (Figure S43, bottom) of the residue was

collected in MeCN (0.5 mL).
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Figure S43: 31P{1H} NMR spectra of a solution of [PPN]4[1] after initial treatment with 100 eq
H2O (top), after the solution was heated to 80 ◦C under vacuum for 2 h and redissolved in MeCN
(middle), and after the solution was heated to 80 ◦C under vacuum for 5 h and redissolved in MeCN
(bottom). MeCN, 121 MHz, 25 ◦C.
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11 Oxygen atom transfer (OAT) from [PPN]4[3] to P(OMe)3, PPh3, and

SMe2.

11.1 P(OMe)3.

To a MeCN (0.4 mL) solution of [PPN]4[3] (10 mg, 0.0034 mmol, 1.0 eq) in an NMR tube was

added neat P(OMe)3 (4 µL, 0.034 mmol, 10 eq) via 10 µL syringe. A 31P{1H} NMR spectrum of

the reaction mixture was collected after 10 min.
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Figure S44: 31P{1H} NMR spectra of a solution of [PPN]4[3] after treatment with 10 eq P(OMe)3
at 23 ◦C after 10 min (MeCN, 121 MHz, 25 ◦C).
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11.2 PPh3.

To a MeCN (0.4 mL) solution of [PPN]4[3] (10 mg, 0.0034 mmol, 1.0 eq) in an NMR tube was

added a solution of PPh3 (4 mg, 0.01 mmol, 4 eq) in MeCN (0.1 mL). A 31P{1H} NMR spectrum

was collected immediately (Figure S45, top), and then again after 30 min (Figure S45, bottom).
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Figure S45: 31P{1H} NMR spectra of a solution of [PPN]4[3] after treatment with 4 eq PPh3 at 23
◦C after 30 sec (top), and after 30 min (bottom). MeCN, 121 MHz, 25 ◦C.
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11.3 SMe2.

To a solution of [PPN]4[3] (10 mg, 0.0034 mmol, 1.0 eq) in CD3CN (0.5 mL) was added SMe2

(2 µL, 0.03 mmol, 10 eq) via 10 µL syringe. 1H (Figure S46) and 31P{1H} NMR (Figure S47)

spectra were collected after 2 h of reaction time at 23 ◦C.
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Figure S46: 1H NMR spectrum of a solution of [PPN]4[3] after treatment with 10 eq SMe2 at 23
◦C after 2 h (CD3CN, 400 MHz, 25 ◦C).
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Figure S47: Initial 31P{1H} NMR spectra of a solution of [PPN]4[3] (top), and 2 h after treatment
with 10 eq SMe2 at 23 ◦C (bottom) (CD3CN, 400 MHz, 25 ◦C).
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12 Oxygen atom transfer (OAT) from [PPN]2[4] to PPh3.

To a MeCN (0.4 mL) solution of [PPN]4[4] (15 mg, 0.010 mmol, 1.0 eq) in an NMR tube was

added a solution of PPh3 (4 mg, 0.02 mmol, 1.5 eq) in MeCN (0.1 mL). A 31P{1H} NMR spectrum

was collected immediately (Figure S48, top), and then the tube was placed in a preheated oil bath

set to 80 ◦C. A 31P{1H} NMR spectrum of the sample was collected again after the reaction had

been heated for 1 h at 70 ◦C (Figure S48, bottom).
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Figure S48: 31P{1H} NMR spectra of a solution of [PPN]2[4] after treatment with 1.5 eq PPh3 at
23 ◦C after 30 sec (top), and after 1 h at 70 ◦C (bottom) (MeCN, 121 MHz, 25 ◦C).
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13 Experiments testing the catalytic activity of 1 and 2 towards organic sub-

strates in the presence of H2O2.

The conditions used for these reactions were adapted from literature procedures for similar trans-

formations.4 General procedure for phenol, cis-cyclooctene, and diphenylmethanol substrates:

In the fumehood, colorless solutions of [PPN]4[1] (10 mg, 0.0034 mmol, 1.0 eq) and [PPN]2[2]

(10 mg, 0.0068 mmol, 1.0 eq) were prepared in CD3CN (0.5 mL). To these solutions was added

each substrate (2 eq per Ti center). After allowing complete dissolution of the substrate, urea H2O2

(20 eq per Ti center) was added to each solution as a solid. The colors of the solutions gradually

became orange, and then 1H and 31P{1H} NMR spectra of these reaction mixtures were collected

after 20 min at 23 ◦C. 1H and 31P{1H} NMR spectra of the reaction mixtures were checked again

after 2 additional h at 23 ◦C. No new organic products were observed in the 1H NMR spectra,

so the solutions were heated at 70 ◦C for 4 h and checked again. The 1H NMR spectra did not

contain resonances corresponding to any new organic products, and the 31P{1H} NMR spectra all

displayed resonances associated with the peroxotitanium metaphosphate complexes 3 and 4.
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Figure S49: 31P{1H} NMR spectrum of the reaction of a solution of 1 + phenol + UHP after
heating at 70 ◦C for 4 h (CD3CN, 121 MHz, 25 ◦C).
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Figure S50: 1H NMR spectrum of the reaction of a solution of 1 + phenol + UHP after heating at
70 ◦C for 4 h (CD3CN, 400 MHz, 25 ◦C). Only urea, PPN+ and phenol resonances are observed.
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Figure S51: 31P{1H} NMR spectrum of the reaction of a solution of 1 + diphenylmethanol + UHP
after heating at 70 ◦C for 4 h (CD3CN, 121 MHz, 25 ◦C).
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Figure S52: 1H NMR spectrum of the reaction of a solution of 1 + diphenylmethanol + UHP after
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Figure S53: 31P{1H} NMR spectrum of the reaction of a solution of 1 + cis-cyclooctene + UHP
after heating at 70 ◦C for 4 h (CD3CN, 121 MHz, 25 ◦C).
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14 Experiments testing the oxidizing capacity of 3 and 4 towards organic

substrates.

General procedure for phenol, cis-cyclooctene, and diphenylmethanol substrates:

In the fumehood, orange solutions of [PPN]4[3] (10 mg, 0.0034 mmol, 1.0 eq) and [PPN]2[4]

(10 mg, 0.0068 mmol, 1.0 eq) were prepared in CD3CN (0.5 mL). To these solutions was added

each substrate (1 eq per Ti center). 1H and 31P{1H} NMR spectra of these reaction mixtures were

collected after 20 min at 23 ◦C. 1H and 31P{1H} NMR spectra of the reaction mixtures were

checked again after 2 additional h at 23 ◦C. No new organic products were seen in the 1H NMR

spectra, so the solutions were heated at 70 ◦C for 4 h. 1H NMR analyses of these reaction mixtures

after heating did not show the presence of any new organic products, and the 31P{1H} NMR spectra

all displayed resonances associated with the peroxotitanium metaphosphate complexes 3 and 4.
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Figure S55: 1H NMR spectrum of the reaction of a solution of 3 + phenol after heating at 70 ◦C
for 4 h (CD3CN, 400 MHz, 25 ◦C). Only PPN+ and phenol resonances are observed.
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Figure S56: 1H NMR spectrum of the reaction of a solution of 3 + diphenylmethanol after heating
at 70 ◦C for 4 h (CD3CN, 400 MHz, 25 ◦C). Only PPN+ and diphenylmethanol resonances are
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15 Crystallographic information for [PPN]4[1], [PPN]2[2], [PPN]4[3], and

[PPN]2[4].

15.1 X-ray crystal structure determination details.

Low-temperature (100 K) diffraction data (φ and ω) were collected on a Bruker-AXS X8

Kappa Duo diffractometer coupled to a Smart APEX2 CCD detector with Mo Kα radiation (λ

= 0.71073 Å) from an IµS micro-source. Absorption and other corrections were applied using

SADABS.5 The structures were solved by direct methods using SHELXT6 and refined against

F2 on all data by full-matrix least squares with SHELXL-20157 using established refinement ap-

proaches.8 All hydrogen atoms were included into the model at geometrically calculated positions

and refined using a riding model. The isotropic displacement parameters of all hydrogen atoms

were fixed to 1.2 times the Ueq value of the atoms they are linked to (1.5 times for methyl groups).

Details about crystal properties, diffraction data and crystal structures can be found in the tables

below. All disorders were refined with the help of similarity restraints on 1,2- and 1,3-distances as

well as similar ADP and advanced rigid bond restraints.9

The program SQUEEZE10 as implemented in PLATON11 was used to account for the contri-

bution of disordered solvent contained in voids within the crystal lattice for structures [PPN]2[1],

[PPN]4[3], and [PPN]2[4]. The solvent contribution was added to the model in a separate file (the

.fab file) by SHELXL.
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Figure S58: Solid-state structures of [OTiP4O12]2

4− (1, left) and [OTiP3O9(acac)]2− (2, right) ren-
dered with PLATON12 with thermal ellipsoids at the 50% probability level, and with [PPN]+

cations and solvent molecules of crystallization omitted for clarity. Selected interatomic dis-
tances (Å) and angles (◦): 1, Ti1-O1 1.6252(13), Ti1-O2 1.9909(12), Ti1-O3 1.9939(13), Ti1-O4a
1.9844(13), Ti1-O5a 2.0014(13), Ti1-Ti1a 4.233(9), Σ(Oeq-Ti-Oeq) 341.8(9); 2, Ti1-O10 1.644(2),
Ti1-O1 2.033(2), Ti1-O2 2.0491(18), Ti1-O3 2.0145(19), Ti1-O4 2.0113(19), Ti1-O5 2.3211(19),
Σ(Oeq-Ti-Oeq) 355.08(2).
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Figure S59: Solid-state structures of [O2TiP4O12]2

4− (3, left) and [O2TiP3O9(acac)]2− (4, right)
rendered with PLATON12 with thermal ellipsoids at the 50% probability level, and with [PPN]+

cations and solvent molecules of crystallization omitted for clarity. Selected interatomic dis-
tances (Å) and angles (◦): 3, Ti1-O10 1.815(8), Ti1-O20 1.795(8), Ti1-O1 1.896(13), Ti1-O2
1.935(12), Ti1-O3b 1.986(13), Ti1-O4a 1.963(12), O20-O10 1.486(6), Ti1-Ti1b 4.23(1), Σ(Oeq-Ti-
Oeq) 352.0(7); 4, Ti1-O20 1.850(4), Ti1-O10 1.823(5), Ti1-O1 2.063(3), Ti1-O2 2.048(2), Ti1-O3
2.040(2), Ti1-O4 1.997(2), Ti1-O5 2.166(2), O10-O20 1.443(6), Σ(Oeq-Ti-Oeq) 353.9(8).
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