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S1 General considerations

All manipulations were carried out in a Vacuum Atmospheres model MO-40M glovebox

under an inert atmosphere of purified nitrogen unless otherwise noted. The anhydrous

tetrabutylammonium (TBA) salts of 5’-UMP, 5’-AMP, and 5’-ADP were prepared ac-

cording to the procedure of Taylor.S1 All solvents used in the glovebox were obtained

anhydrous and oxygen-free by bubble by the method of Grubbs,S2 and stored over ac-

tivated 4A sieves. HPLC grade water was purchased from Sigma Aldrich and used as

received. [PPN]4[P4O12]·5H2O and [NH4]5[HP5U] were prepared according to the litera-

ture procedure.S3,S4 All other reagents were purchased and used as received. Deuterated

solvents were purchased from Cambridge Isotope Labs and used as received. NMR spec-

tra were obtained at ambient temperature (ca. 25 �C) on a Bruker Avance 400 or 500

instruments. 1H and 13C NMR spectra were referenced to residual solvent peaks: D2O

(1H = 4.79 ppm), CDCl3 (1H = 7.26 ppm, 13C = 77.16 ppm), CD3CN (1H = 1.94 ppm,

13C = 1.32, 118.26 ppm). 31P NMR spectra were referenced externally to 85% H3PO4

(0 ppm). Electrospray ionization mass spectra (ESI- MS(-)) were acquired on an Agilent

6545 QToF ESI spectrometer. HPLC purifications were performed using an Agilent 1260

Infinity II HPLC system comprising a 1260 Infinity II Preparative Binary Pump coupled

to a 1260 Infinity II Diode Array Detector. Anion exchange HPLC utilized a PRP-X100

anion exchange column and was carried out with a gradient method from 100% A, 0% B

to 0% A, 100% B (A = 100% water; B = aqueous 1M NH4HCO3) with a 6 mL/min flow

rate. Ribonuclease A was purchased from Sigma-Aldrich (product 4875 for NMR titra-

tion and product R6513 for X-ray protein crystallization) and was used without further

purification.

S3



S2 Synthesis and Characterization of Compounds

S2.1 Synthesis of [PPN]2[TBA]1
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In a glovebox, N, N ’- dicyclohexylcarbodiimide (DCC, 0.43 g, 2.08 mmol) was added

to a solution of the mixture of [PPN]2[P4O12H2]
S3 (1.0 g, 0.72 mmol) and [TBA]H2PO4

(0.24 g, 0.72 mmol) in a 20 mL vial with 5 mL of acetonitrile at room temperature. The

resulting solution was stirred for 48 hours at room temperature and then filtered in a short

pad of Celite to remove insoluble dicyclohexylurea (DCU). The filtrate was dried in vacuo

and purified by recrystallization from CH3CN/Et2O, affording a waxy white solid. The

solid was rinsed three times with 15 mL of ether, then dried under vacuum, producing the

product as a white solid (0.88 g, 0.52 mmol, 72% yield). 1H NMR (400 MHz, CD3CN)

� 7.69 – 7.64 (m, 12H), 7.62 – 7.53 (m, 24H), 7.50-7.46 (m, 24H), 3.15 – 3.08 (m, 8H),

1.61 (p, J = 7.4 Hz, 8H), 1.36 (h, J = 7.4 Hz, 8H), 0.97 (t, J = 7.4 Hz, 12H). 13C{1H}

NMR (101 MHz, CD3CN) � 134.57 (s), 133.39 – 132.59 (m), 130.85 – 129.59 (m), 128.71

(s), 127.64 (s), 60.24 – 56.74 (m), 24.30 (s), 20.29 (s), 13.78 (s).31P{1H} NMR (162 MHz,

CD3CN): � 21.00 (s, 4P), -24.92 (t, J = 24.4 Hz, 1P), –25.66 – –26.02 (m, 2P), –35.87

– –36.38 (m, 2P). ESI-MS calc’d for C32H72N2O14P5
�[TBA]2[P5O14]

� 863.3677, found

863.0684. While [PPN][H2PO4] also allows for the synthesis of [PPN]31, the preparation

of [PPN][H2PO4] is not that easy. In contrast, [TBA][H2PO4] is commercially available.

Furthermore, the choice of counter cations does not affect the reaction, which makes the

S4



use of [TBA][H2PO4] more e�cient in terms of both time and cost.

S2.2 Synthesis of [PPN] 2[TBA]2

In a 20 mL vial, [PPN]2[TBA]P 5O14 (62 mg, 0.037 mmol) was dissolved in 1 mL of

acetonitrile at room temperature, and took out of glovebox. H2O (13.5 � L, 0.74 mmol)

was added into the reaction vial. The resulting solution was stirred for 24 hours at room

temperature, and was dried in vacuo, giving an oily sold. The solid material was rinsed

three times with 15 mL of ether, then dried under vacumm, producing the product as a

white solid (55 mg, 0.032 mmol, 88 % yield). We also con�rmed that the addition of 1

equiv of DCC to the acetonitrile solution of2 induces the formation of1 by 31P NMR

spectroscopy.1H NMR (500 MHz, CD3CN) � 7.69 { 7.65 (m, 12H), 7.61 { 7.55 (m, 24H),

7.50-7.46 (m, 24H), 3.14 { 3.10 (m, 8H), 1.61 (p,J = 7.4 Hz, 8H), 1.37 (h,J = 7.4 Hz, 8H),

0.97 (t, J = 7.4 Hz, 12H). 13Cf 1Hg NMR (126 MHz, CD3CN) � 134.56 (s), 133.27 { 132.12

(m), 130.41 { 130.23 (m), 128.60 (d,J = 2.1 Hz), 127.74 (d,J = 2.2 Hz), 59.24 { 59.19

(m), 23.29 (s), 20.27 (s), 13.79 (s).31Pf 1Hg NMR (162 MHz, CH3CN): � 21.00 (s, 4P),

-26.82 (s, 5P). ESI-MS calc'd for C52H68N2O15P7
� [TBA][PPN][P 5O14H2]� 1177.2788,

found 1177.2802. ESI-MS calc'd for C72H62N2O15P9
� [PPN]2[P5O14H2]� 1473.1794, found

1473.1801.
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S2.3 Synthesis of [NH 4]6[HP 6A]

In a glovebox, [PPN]2[TBA] 1 (90 mg, 0.053 mmol) and Mo(NCCH3)3(CO)3 (32 mg,

0.11 mmol) were dissolved and stirred in acetonitrile (2 mL) for 10 min. A solution of

[TBA] 2AMP (43.8 mg, 0.053 mmol) in 1 mL of acetonitrile was added to the reaction

mixture and stirred overnight. To the resulting solution was then added a solution of

sodium tri
ate (0.10 g, 0.58 mmol) in 1 mL of acetonitrile. Once the precipitation was

induced, all volatile materials in the reaction vessel were removed under reduced pressure,

giving a tan-yellow solid. The solid material was rinsed three times with 5 mL of acetoni-

trile, taken out of the glove box, and then suspended in 10 mL of high-purity water. The

resulting solution was �ltered through a short pad of Celite and lyophilized overnight,

a�ording a pale brown solid. The solid was redissolved in 1.5 mL HPLC grade water to

give a brown solution. 1.1 mL of 1 M NaOH was added to the brown solution, stirring

the mixture for 3 hours. The solution went from pale brown color to colorless. It was

passed through an Acrodisc 0.2� m wwPTFE syringe �lter and puri�ed by AX-HPLC

according to the procedure in the General Considerations. The product fractions were

collected and lyophilized, yielding a 
u�y white solid (22 mg, 0.026 mmol, 50 % yield).

1H NMR (500 MHz, D2O) � 8.62 (s, 1H), 8.38 (s, 1H), 6.17 (d,J = 5.7 Hz, 1H), 4.91

{ 4.88 (m, 1H), 4.65 { 4.63 (m, 1H), 4.44 { 4.42 (m, 1H), 4.34 { 4.23 (m, 2H).13Cf 1Hg

NMR (126 MHz, D2O) � 155.67 (s), 152.87 (s), 149.23 (s), 139.87 (s), 118.61 (s), 86.54

(s), 84.21 (s), 74.22 (s), 70.45 (s), 65.39 (d,J = 5.8 Hz). 31Pf 1Hg NMR (203 MHz, D2O):

� -10.78 (d, J = 17.8 Hz, 1P), -11.40 (d, J = 16.4 Hz, 1P), -22.46 { -23.17 (m, 4P).
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ESI-MS calc'd for C11H20N5O21P6
� [HP6A] � 745.8874, found 745.8871. ESI-MS calc'd

for C11H19N5O21P6
2� [H5P6A]2� 372.4401, found 372.4401.Note: instead of performing

cation exchange from Mo to Na+ , we attempted to open the ring with amines. However,

this method did not e�ectively open the ring. Additionally, we tried opening the ring after

the cation exchange from Mo to Na+ to potentially enhance the yield. Unfortunately, this

approach resulted in a signi�cant production of AMP and pentametaphosphate, indicating

that it does not contribute to yield improvement.

S2.4 Synthesis of [NH 4]6[HP 6U]

In a glovebox, [PPN]2[TBA] 1 (0.18 g, 0.106 mmol) and Mo(NCCH3)3(CO)3 (64 mg,

0.22 mmol) were dissolved and stirred in acetonitrile (5 mL) for 10 min. A solution of

[TBA] 2UMP (86 mg, 0.106 mmol) in 2 mL of acetonitrile was added to the reaction mix-

ture and stirred overnight. To the resulting solution was then added a solution of sodium

tri
ate (0.20 g, 1.16 mmol) in 2 mL of acetonitrile. Once the precipitation was induced,

all volatile materials in the reaction vessel were removed under reduced pressure, giving

a tan-yellow solid. The solid material was rinsed three times with 5 mL of acetonitrile,

taken out of the glove box, and then suspended in 10 mL of high-purity water. The

resulting solution was �ltered through a short pad of Celite and lyophilized overnight,

a�ording a pale brown solid. The solid was redissolved in 2 mL HPLC grade water to

give a brown solution. 2.2 mL of 1 M NaOH was added to the brown solution, and the

resulting mixture was stirred for 3 hours. The solution went from pale brown color to
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colorless. It was passed through an Acrodisc 0.2� m wwPTFE syringe �lter and puri�ed

by AX-HPLC according to the procedure in the General Considerations. The product

fractions were collected and lyophilized, yielding a 
u�y white solid (25 mg, 0.030 mmol,

29 % yield). 1H NMR (500 MHz, D2O) � 7.97 (d, J = 8.1 Hz, 1H), 6.02 (d, J = 5.5

Hz, 1H), 5.99 (d,J = 8.1 Hz, 1H), 4.46 { 4.40 (m, 2H), 4.32 { 4.30 (m, 1H), 4.27 { 4.25

(m, 2H). 13Cf 1Hg NMR (126 MHz, D2O) � 166.22 (s), 151.90 (s), 141.66 (s), 102.73 (s),

87.93 (s), 83.60 (d,J = 9.0 Hz), 73.64 (s), 69.78 (s), 65.16 (d,J = 5.7 Hz). 31Pf 1Hg

NMR (203 MHz, D2O): � -6.25 (d, J = 19.5 Hz, 1P), -11.53 (d,J = 18.0 Hz, 1P), -21.53

{ -21.97 (m, 1P), -22.44 { -22.59 (m, 1P), -22.86 { -23.26 (m, 2P). ESI-MS calc'd for

C9H17N2O24P6
� [H6P6U]� 722.8602, found 722.8613. ESI-MS calc'd for C9H16N2O24P6

2�

[HP6U]2� 360.9265, found 360.9271.

S2.5 Synthesis of [NH 4]7[HP 7A]

In a glovebox, [PPN]2[TBA] 1 (90 mg, 0.053 mmol) and Mo(NCCH3)3(CO)3 (64 mg,

0.22 mmol) were dissolved and stirred in acetonitrile (2 mL) for 10 min. A solution of

[TBA] 3ADP (61 mg, 0.053 mmol) in 1 mL of acetonitrile was added to the reaction mixture

and stirred for two days. To the resulting solution was then added a solution of sodium

tri
ate (0.10 g, 0.58 mmol) in 2 mL of acetonitrile. Once the precipitation was induced,

all volatile materials in the reaction vessel were removed under reduced pressure, giving

a tan-yellow solid. The solid material was rinsed three times with 5 mL of acetonitrile,

taken out of the glove box, and then suspended in 10 mL of high-purity water. The
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resulting solution was �ltered through a short pad of Celite and lyophilized overnight,

a�ording a pale brown solid. The solid was redissolved in 3 mL HPLC grade water to give

a brown solution. 1.1 mL of 1 M NaOH was added to the brown solution, stirring the

mixture for 3 hours. The solution went from pale brown color to colorless. It was passed

through an Acrodisc 0.2� m wwPTFE syringe �lter and puri�ed by AX-HPLC according

to the procedure in the General Considerations. The product fractions were collected and

lyophilized, yielding a 
u�y white solid (12 mg, 0.013 mmol, 24 % yield). 1H NMR (500

MHz, D2O) � 8.58 (s, 1H), 8.33 (s, 1H), 6.16 (d,J = 6.0 Hz, 1H), 4.88 { 4.84 (m, 1H),

4.62 { 4.60 (m, 1H), 4.44 { 4.42 (m, 1H), 4.33 { 4.22 (m, 2H).13Cf 1Hg NMR (101 MHz,

D2O) � 151.91 (s), 148.60 (s), 147.76 (s), 141.80 (s), 118.44 (s), 87.81 (s), 84.43 (d,J =

9.09 Hz), 74.32 (s), 70.44 (s), 65.27 (d,J = 5.8 Hz). 31Pf 1Hg NMR (203 MHz, D2O):

� -5.98 (br, 1P), -11.45 { -11.36 (d,J = 15.3 Hz, 1P), -21.34 { -21.71 (m, 1P), -22.10

{ -22.42 (m, 1P), -22.64 { -23.10 (m, 2P). ESI-MS calc'd for C10H19N5O25P7
� [H7P7A] �

825.8537, found 825.8570. ESI-MS calc'd for C10H18N5O25P7
2� [HP7U]2� 412.4232, found

412.4249.

S2.6 Synthesis of [NH 4]7[HP 7U]

In a glovebox, [PPN]2[TBA] 1 (90 mg, 0.053 mmol) and Mo(NCCH3)3(CO)3 (64 mg,

0.22 mmol) were dissolved and stirred in acetonitrile (2 mL) for 10 min. A solution

of [TBA] 3UDP (60 mg, 0.053 mmol) in 1 mL of acetonitrile was added to the reaction

mixture and stirred for two days. To the resulting solution was then added a solution
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of sodium tri
ate (0.10 g, 0.58 mmol) in 2 mL of acetonitrile. Once the precipitation

was induced, all volatile materials in the reaction vessel were removed under reduced

pressure, giving a tan-yellow solid. The solid material was rinsed three times with 5 mL

of acetonitrile, taken out of the glove box, and then suspended in 10 mL of high-purity

water. The resulting solution was �ltered through a short pad of Celite and lyophilized

overnight, a�ording a pale brown solid. The solid was redissolved in 3 mL HPLC grade

water to give a brown solution. 1.1 mL of 1 M NaOH was added to the brown solution,

stirring the mixture for 3 hours. The solution went from pale brown color to colorless. It

was passed through an Acrodisc 0.2� m wwPTFE syringe �lter and puri�ed by AX-HPLC

according to the procedure in the General Considerations. The product fractions were

collected and lyophilized, yielding a 
u�y white solid (8.3 mg, 0.009 mmol, 17 % yield).

1H NMR (400 MHz, D2O) � 7.97 (d, J = 8.2 Hz, 1H), 6.03 { 5.96 (m, 2H), 4.45 { 4.38

(m, 2H), 4.32 { 4.23 (m, 3H). 13Cf 1Hg NMR (126 MHz, D2O) � 166.19 (s), 151.85 (s),

141.66 (s), 102.71 (s), 88.03 (s), 83.50 (s), 73.74 (s), 69.70 (s), 65.07 (d,J = 5.01 Hz).

31Pf 1Hg NMR (203 MHz, D2O): � -6.37 (d, J = 18.7 Hz, 1P), -11.60 (br, 1P), -21.63

{ -21.83 (m, 1P), -22.44 { -22.58 (m, 1P), -22.82 { -23.14 (m, 2P). ESI-MS calc'd for

C9H18N2O27P7
� [H7P7U]� 802.8265, found 802.8271. ESI-MS calc'd for C9H17N2O27P7

2�

[HP7U]2� 400.9096, found 400.9102.
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Figure S1: 1H NMR spectrum of [PPN]2[TBA] 1 in CD3CN.
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Figure S2: 13Cf 1Hg NMR spectrum of [PPN]2[TBA] 1 in CD3CN
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Figure S3: 31Pf 1Hg NMR spectrum of [PPN]2[TBA] 1 in CD3CN.
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Figure S4: ESI-MS({) of [PPN]2[TBA] 1 (acetonitrile, 25 � g/mL) with assigned structures
showing calculated m/z values.
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Figure S5: 1H NMR spectrum of [PPN]2[TBA] 2 in CD3CN.
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Figure S6: 13Cf 1Hg NMR spectrum of [PPN]2[TBA] 2 in CD3CN.
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Figure S7: 31Pf 1Hg NMR spectrum of [PPN]2[TBA] 2 in CH3CN.
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