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General

All chemicals were purchased from Merck, Alfa Aesar, or TCl Europe and were used without further
purification. All aqueous solutions were prepared from ultrapure laboratory grade water (18 MQ + cm)
obtained from Millipore/MilliQ purification system. *H and 3C NMR spectra were recorded at 400 MHz on a
Bruker Avance Neo 400 spectrometer. Chemical shifts are reported in ppm with the protic impurities of the
deuterated solvent as the internal reference. Mass spectra were obtained with a Thermo Finningan LCQ-Deca
XP-PLUS ion trap spectrometer equipped with an electrospray source. High resolution mass spectra were
registered on a ThermoScientific Q-Exactive Plus spectrometer. TLC were performed with silica gel (MN
Kieselgel 60F254) and visualized by UV or sprayed with Dragendorff reagent or alkaline KMnQ,. Column
chromatography was carried out on Macherey-Nagel Silica gel 60 (0.063-0.200 mm). HMF (1)* and cis-2,5-bis-
(hydroxymethyl)tetrahydrofuran (2)?> were prepared according to literature procedures, and spectroscopic
data were consistent with those reported.

Synthetic procedures
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Synthesis of cis-2,5-bis-(hydroxymethyl)tetrahydrofuran ditosylate (10). Compound 9 (2.00 g, 15.2 mmol)
was dissolved at room temperature in acetonitrile (10 mL). p-Toluensufonyl chloride (8.66 g, 45.6 mmol) and
pyridine (15.6 g, 197.6 mmol) were sequentially added at room temperature, and the resulting reaction
mixture was stirred at room temperature overnight. Water (10 mL) was added and the resulting suspension
was filtered and washed with water and with cold ethanol. The residual solvent was removed by evaporation
under reduced pressure, affording compound 10 (4.9 g, 88 %) as a white crystalline solid. *H NMR (400 MHz,
CDCl;, 298 K) 6 7.77 (d, J = 8.0 Hz, 4H), 7.34 (d, J = 8.0 Hz, 4H), 4.09 (p, J = 5.4 Hz, 2H), 3.96 — 3.89 (m, 4H),
2.45 (s, 6H), 2.02 — 1.89 (m, 2H), 1.76 — 1.66 (m, 2H) ppm. 3C NMR (101 MHz, CDCls, 298 K) § 145.1 (C), 132.9
(C), 130.1 (CH), 128.1 (CH), 77.1 (CH), 71.2 (CH,), 27.6 (CH,), 21.8 (CH;) ppm.

Synthesis of cis-2,5-bis-(azidomethyl)tetrahydrofuran (11). Sodium azide (2.1 g, 32.4 mmol, 3 eq) was added
at room temperature to a stirred solution of 10 (4 g, 10.8 mmol) in DMSO (10 mL). The resulting reaction
mixture was stirred at 100 °C for 4 hours, checking periodically by TLC. Water was added and the resulting
solution was extracted thrice with diethylether. The organic layers were combined and the solvent was
reduced by evaporation under reduced pressure. Methanol was added and the diethylether was completely
removed by evaporation under reduced pressure. One portion was completely dried to give 10 mg of 11 for
NMR analysis. The rest of the solution was used for the next step without the removal of the methanol. *H
NMR (400 MHz, CDCl;, 298 K) 6 4.13 (p, J = 5.2 Hz, 2H), 3.40 (dd, J = 12.8/4.1 Hz, 2H), 3.29 (dd, J = 12.8/5.6
Hz, 2H), 2.10 — 1.94 (m, 2H), 1.84 — 1.71 (m, 2H) ppm. 3C NMR (101 MHz, CDCl;, 298 K) & 78.8 (CH), 54.7
(CH,), 28.6 (CH,) ppm.



Synthesis of cis-2,5-bis-(aminomethyl)tetrahydrofuran (6). Palladium on charcoal (10 % w/w, 0.5 g) was
added to the solution obtained in the previous step (compound 11 in methanol) and hydrogen was flowed in
for 4 hours, checking periodically by TLC. The solution was filtered and the solvent was removed by
evaporation under reduced pressure. The resulting oil was purified by gravity-flow chromatography on silica-
gel column (petroleum ether/ethyl acetate 7:3), affording 1.18 g of 6 (1.18 g, 85 % from ditosylate) as a
yellowish liquid. *H NMR (400 MHz, CDCls;, 298 K) 6 3.85 (p, J/ = 5.3 Hz, 2H), 3.37 (s, 4H), 2.76 (dd, / = 13.1/3.7
Hz, 2H), 2.63 (dd, J = 13.1/7.0 Hz, 2H), 2.02 (br s, 4H), 1.94 — 1.85 (m, 2H), 1.59 — 1.47 (m, 2H) ppm. 3C NMR
(101 MHz, CDCls, 298 K) 6 80.9 (CH), 46.7 (CH,), 28.5 (CH,) ppm.

Synthesis of EHDTA-tBu, (7). Compound 6 (600 mg, 4.6 mmol) was dissolved in acetonitrile (10 mL) at room
temperature, and potassium carbonate (3.2 g, 23 mmol) was added. The resulting solution was cooled down
to 0°C with an ice bath and tert-butyl bromoacetate (3.8 g, 19.3 mmol) was added dropwise. The resulting
reaction mixture was allowed to warm to room temperature and stirred overnight. After checking by TLC,
the solution was filtered and the solvent was removed by evaporation under reduced pressure. The crude
product was purified by gravity-flow chromatography on silica-gel column (petroleum ether/ethyl acetate
8:2) affording EHDTA-tBu, 7 (1.5 g, 56 %) as a yellowish oil. *H NMR (400 MHz, CDCl;, 298 K) 6 4.00 — 3.93 (m,
2H), 3.51 (d, J = 17.3 Hz, 4H), 3.42 (d, J = 17.4 Hz, 4H), 2.87 (dd, J = 13.5/6.3 Hz, 2H), 2.71 (dd, J = 13.6/4.8 Hz,
2H), 1.93 — 1.85 (m, J = 4.3 Hz, 2H), 1.65 — 1.56 (m, 2H), 1.43 (s, 36H) ppm. 3C NMR (101 MHz, CDCls, 298 K)
6 171.0 (C), 80.8 (C), 79.3 (CH), 59.0 (CH,), 57.0 (CH,), 29.3 (CH,), 28.3 (CHs) ppm. MS (ESI*): m/z = 587.39
(100%, [M+H]*). Calc. for CsoHssN,04+H*: 587.39.

Synthesis of EHDTA. EHDTA-tBu, 7 (1.0 g, 1.7 mmol) was dissolved at room temperature in trifluoroacetic
acid (10 mL), and the resulting reaction mixture was stirred overnight at room temperature. Volatiles were
removed by evaporation under reduced pressure and the product was purified by dissolution in MeOH and
precipitation with diethyl ether. This procedure was repeated 2-3 times, affording EHDTA (600 mg, 97 %) as
a white hygroscopic solid. *H NMR (400 MHz, D,0, 298 K) 6 4.48 —4.42 (m, 2H), 4.24 (d, /= 17.3 Hz, 4H), 4.18
(d, J=17.2 Hz, 4H), 3.66 (d, J/ = 13.4 Hz, 2H), 3.45 (dd, J = 13.6/10.0 Hz, 2H), 2.23 - 2.16 (m, 2H), 1.74 - 1.66
(m, 2H) ppm. 33C NMR (101 MHz, D,0, 298 K) 6 168.6 (C), 74.8 (CH), 59.6 (CH,), 55.6 (CH,), 28.2 (CH,) ppm.
MS (ESI*): m/z = 363.14 (100%, [M+H]*). Calc. for C;4H,,N,04+H*: 363.14.
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Figure S1. 'H NMR spectrum of compound 3.
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Figure S2. 13C APT NMR spectrum of compound 3.
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Figure S3. 'H NMR spectrum of compound 4.
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Figure S4. 13C APT NMR spectrum of compound 4.
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HRMS spectra
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Figure S11. HRMS spectrum of compound 5.

Thermodynamic studies
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Figure S12. Species distribution of Mn?* - EHDTA system ([Mn?*]=[L]=1.0 mM, 0.1 M KCl, 25°C)



100 -
— Mn2t MnL
X
5 80 H
£
« 60 -
o)
S
c 40 -
©
2
S 20 -
!
©
0 - Mn(HL)
20 30 40 50 6.0 70 80 9.0 10.0
pH
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Figure S14. Species distribution of Mn?* - EGTA system ([Mn?*]=[L]=1.0 mM, 0.1 M KCl, 25°C)

Kinetic studies

The kinetic inertness of the [Mn(EHDTA)]?> and [Mn(OBETA)]?> complexes have been evaluated by following
the transmetallation reactions between the Mn(ll) complexes and Cu?* with spectrophotometry in the
presence of Cu?* excess (Eg. (S1)).

MnL + Cu?* &= CulL + Mn? (S1)

Rates of the transmetallation reactions have been determined in the presence of 10 — 40 fold Cu?* excess in
the pH range 3.3 -4.9 ([MnL]=0.1 mM, [Cu?*]=1.0—4.0 mM, 0.15 M NaCl, 25°C). In the presence of large Cu?*
excess the transmetallation can be regarded as a pseudo-first-order process and the rate of reactions can be
expressed with the Eq. (S2).

d[MnlL],
Fram k,[MnL], (52)



where ky is a pseudo-first-order rate constant and [MnL];; is the total concentration of Mn(ll) complex. The
pseudo-first-order rate constants (ky) for the transmetallation reactions of [Mn(EHDTA)]?> and [Mn(OBETA)]*
with Cu?* are plotted as a function of pH, [H*] and [Cu?] in Figures S15 — S18.
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Figure S15. Pseudo-first order rate constants (kq) characterize the transmetallation reactions of
[Mn(OBETA)]? with Cu?* as a function of pH and [H*] ([MnL)] = 0.1 mM, [Cu?*] = 1.0 (©), 2.0 (W), 3.0 (O) and
4.0 mM (®) (20 mM NMP, 0.15 M NaCl, 25 °C).
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Figure S16. Pseudo-first order rate constants (ky) characterize the transmetallation reactions of
[Mn(OBETA)]? with Cu?* as a function of [Cu®*] ((MnL)] = 0.1 mM, pH=4.89 (©), 4.68 (W), 4.40 (), 4.14 (@)
and 3.84 (O) (20 mM NMP, 0.15 M Nacl, 25 °C).
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Figure S17. Pseudo-first order rate constants (ky) characterize the transmetallation reactions of
[Mn(EHDTA)]?> with Cu?* as a function of pH and [H*] ([MnL] = 0.1 mM, [Cu?] = 1.0 (&), 2.0 (m), 3.0 (O) and
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Figure S18. Pseudo-first order rate constants (kq) characterize the transmetallation reactions of
[Mn(EHDTA)]* with Cu?* as a function of [Cu?*] ([MnL] = 0.1 mM, pH= 4.49 (©), 4.19 (M), 3.91 (V), 3.61 (@)
and 3.31 (O) ([DMP]=[NMP]=0.01 M, 0.15 M NaCl, 25 °C)



The kinetic data presented in Figures S15 — S18 indicates that the ky values characterizing the
transmetallation reaction of [Mn(EHDTA)]* and [Mn(OBETA)]?> with Cu?* increase with increase of the [H*]
and [Cu?*]. The transmetallation reactions of Mn(Il) complexes takes place by the slow rate determining
dissociation followed by a fast reaction between the free ligand and the exchanging metal ions.3* The
dependence of kg on the [H*] can be expressed as a first- and second-order function of [H*] which indicates
that the exchange can take place by proton independent (ko, Eq. (S3)) and proton assisted (K and K™ynm,
Egs. (S5) and (S6)) pathways. The proton assisted dissociations of Mn(ll) complexes can be explained by the
equilibrium formation of a protonated Mn(HL) species (Eq. (S4)), which can slowly dissociate to the free Mn2*
ion and the ligand in spontaneous and proton assisted reactions.

k
Mn——> Mn? + L (s3)
Kyner)

MnL + H* = Mn(HL) (S4)

p _ [Mn(HL)]

D L[]

Knngny)
Mn(HL) —> Mn?* + HL (S5)
K \ingru)

Mn(HL) + H*—> Mn? + H,L (S6)

kq rate constants also increase with the increase of [Cu?*]. Similar behaviours have been identified for the
transmetallation reactions of [Mn(EDTA)]>, [Mn(CDTA)]> and [Mn(EGTA)]* complexes with Cu?* ions.3
According to the kinetic data, the presence of large Cu?* excess results in the formation of heterodinuclear
Mn(L)Cu intermediate (Kvincu EQ. (S7)) which can dissociate by the slow transfer of the functional groups
from the Mn?* to the exchanging Cu?* ion (kwnwcu, Ed. (58)) leading the release of the Mn?* ion and the
formation of the corresponding CuL complex.
Kymnwycu
MnL + Cu?* &= [Mn(L)Cu] (S7)

[Mn(L)Cu]

K = R
MO L [cu?

knnLycy
[Mn(L)Cu] ——> Mn#* + CulL (S8)

By taking into account all the possible pathways, the rate of the transmetallation of [Mn(EHDTA)]* and
[Mn(OBETA)]> complexes can be expressed by Eq. (S9), where the [Mn(HL)] and [Mn(L)Cu] are the
concentrations of the monoprotonated and the heterodinuclear complexes, respectively.

[MnL], . +
— = ko[MnL] + k) [MNCHL)] + Ky cy [MRCHL)I[H ™ ] + Ky cu[M(L)Cul

(59)

Considering the equations defining the protonation constant of the MnL species (Eq. (S4)) and the stability
constant of the hetero-dinuclear Mn(L)Cu complex (Eq. (57)), Eq. (S9) can be expressed as follows:

[MnL]
dt

- + H +12 2+
= ko[MnL] + an(HL)KMn(HL)[MnL][H 1+ an(HL)KMn(HL)[MnL] [HT]"+ an(L)CuKMn(L)Cu[MnL][Cu ] (510)



In the presence of large Cu?* excess the total concentration of the Mn(ll) complex is given by Egs. (S11 and
S12).

[MnL]io=[MnL]+[Mn(HL)]+[Mn(L)Cu]=[MnL](1+Kny [H*]+Kmnwcu[Cu?*1) (511)
[MnL],,,
m T [MnL]
L+ Ky [H ™ ]+ Kyl Cu™ ] (512)

Combination of Eqgs. (S2), (S10) and (S12) leads to Eq. (S13).

+ H +12 2+
3 ko + kK v [H ™1+ KK vn@n [H 17+ Evnyca mnycal €0 ]
tot —

k [MnL]

+ 2+ [MnL]¢o;
L+ Ky [H ™ ]+ Kynycul Cu” 7] (513)

By the substitution of kyinmi<Kwingu, K™*mnmnX*Kvinmy and KunwcuXKvincu terms with kq, k, and k3 parameters
in the numerator of Eq. (S13), the pseudo-first-order rate constant (ky) can be expressed as follows:

ko + ky[HY] + ky[H TP + kG [Cu® ¥
d:

1+K [HY]+K [Cu®*]

Mn(HL) Mn(L)Cu (514)
where ko, ki, k; and k;*“ parameters are the rate constants characterise the spontaneous, proton- and metal-
assisted dissociation of the [Mn(EHDTA)]> and [Mn(OBETA)]> complexes, respectively. The rate and
equilibrium constants that characterise the transmetalation reaction of [Mn(EHDTA)]?> and [Mn(OBETA)]*

complexes were calculated by fitting the kq values presented in Figures S15 — S18 to Eq. (S14).



1H and 70O NMR relaxometric data
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Figure $19. Temperature dependence of the transverse O water relaxation rate (R,) measured at 67.8
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Solution structure and dynamic processes of the [Zn(EHDTA)]?%, [Zn(OBETA)]* and [Zn(EGTA)]%.
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Figure $20. VT-'H NMR spectra of [Zn(EHDTA)]% ([ZnL]=50 mM, pH=7.10, 9.4 T, D,0)
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Figure S21. VT-13C NMR spectra of [Zn(EHDTA)]% ([ZnL]=50 mM, pH=7.01, 9.4 T, D,0)
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Figure S22. 'H — 'H COSY spectra of [Zn(EHDTA)]> complex ([ZnL]=50 mM, pH=7.10, D,0, 9.4 T, 273 K)
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Figure $23. 'H — 'H EXSY spectra of [Zn(EHDTA)]?> complex ([ZnL]=50 mM, pH=7.10, D,0, D8=200 ms 9.4 T,
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Figure S24. 'H — 13C HSQC spectra of of [Zn(EHDTA)]?> complex ([ZnL]=50 mM, pH=7.10, D,0, 9.4 T, 274 K)
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Figure S25. VT-H NMR spectra of [Zn(OBETA)]* ([ZnL]=50 mM, pH=7.01, 9.4 T, D,0)
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Figure $26. VT-13C NMR spectra of [Zn(OBETA)]* ([ZnL]=50 mM, pH=7.01, 9.4 T, D,0)
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Figure $27. 'H — 'H COSY spectra of [Zn(OBETA)]* complex ([ZnL]=50 mM, pH=7.01, D,0, 9.4 T, 298 K)
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Figure $28. 'H — 'H EXSY spectra of [Zn(OBETA)]* complex ([ZnL]=50 mM, pH=7.01, D,0, D8=200 ms 9.4 T,
298 K)
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Figure $29. 'H — 13C HSQC spectra of of [Zn(OBETA)]?> complex ([ZnL]=50 mM, pH=7.01, D,0, 9.4 T, 298 K)
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Figure S30. VT-'H NMR spectra of [Zn(EGTA)]* ([ZnL]=50 mM, pH=7.04, 9.4 T, D,0)
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Figure S31. VT-13C NMR spectra of [Zn(EGTA)]? ([ZnL]=50 mM, pH=7.04,9.4 T, D,0)
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Figure $32. 'H — 'H COSY spectra of [Zn(EGTA)]* complex ([ZnL]=50 mM, pH=7.04, D,0, 9.4 T, 343 K)
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Figure $33. 'H — 'H EXSY spectra of [Zn(EGTA)]?> complex ([ZnL]=50 mM, pH=7.04, D,0, D8=200 ms 9.4 T,
343 K)
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Figure S34. 'H — 13C HSQC spectra of of [Zn(EGTA)]* complex ([ZnL]=50 mM, pH=7.04, D,0, 9.4 T, 343 K)



Table S1. NMR spectral parameters for [Zn(EHDTA)]?%, [Zn(OBETA)]? and [Zn(EGTA)]* complexes (pH=7.0,

D,0)
[Zn(EHDTA)]* 1/1° 2/2° 3 4 5
S/ 2821321 2.30/2.65 3.92 1.42/1.89
u/ ppm 2.93/3.01 R ' S
2Jun/ Hz — 16.0/ 16.0 11.6/10.8 — —
Oc / ppm 177.4/177.9 56.9/61.2 60.7 74.1 28.3
[Zn(OBETA)|* 1/1° 2/2° 3 4
8y / ppm - 2.89/2.95 2.59 3.15
2JH-H /[ Hz — 16.3 — —
8¢/ ppm 178.1 60.1 57.2 64.5
[Zn(EGTA)|* 1/1° 2/2° 3 4 5
8y / ppm - 3.80 3.45 3.95 4.05
ZJH_H / Hz — - — _ _
Sc/ ppm 177.3/179.2 58.9/60.8 56.8 65.2 68.1
Measured Calculated
3 7 Kex (s7)
I 500
343K \ \
333K i N 325
323 K ) i 196
313 K% }/,\ — 118
303 K /h A\ 74
298 K\~ I 57
293 K N /\JI.\ 45
288 K__ _ L 36
283 K X A NN 28
278 K AN N nJ A 21
213 K_____ 2,2 NN N2,2 22, ) _ N2,2 14
3 62 61 60 59 58 57 \i& ‘i3 62 61 60 59 58 57 56
13C (ppm) 13C (ppm)

Figure S35. Measured and calculated VT-13C NMR spectra of [Zn(EHDTA)]? in the temperature range 298 -
343 K ([ZnL]=50 mM, pH=7.10,9.4 T, D,0)
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Figure $36. Measured and calculated VT-13C NMR spectra of [Zn(EGTA)]? in the temperature range 298 -
343 K ([zZnL]=50 mM, pH=7.04, 9.4 T, D,0)
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Figure S37. Measured and calculated VT-*H NMR spectra of [Zn(OBETA)]% in the temperature range 298 -
343 K ([ZnL]=50 mM, pH=7.01,9.4 T, D,0)
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Figure S38. Eyring plot for determining the activation parameters of the isomerization

processes in [Zn(EHDTA)]?*, [Zn(OBETA)]* and [Zn(EGTA)]*



DFT calculations

Figure S39. Structure of the [Mn(EGTA)]* complex observed by X-ray diffraction in Sr[Mn(EGTA)]-7H,0.

Data taken from Ref °. Hydrogen atoms were omitted for simplicity.

Table S2. Bond distances (A) of the metal coordination environment in [M(EGTA)]> complexes (M = Mn or
Zn).

[Mn(EGTA)]® (X-ray) [Mn(EGTA)]> (DFT) [Zn(EGTA)]? (DFT)
M-N1 2.427 2.495 2.527
M-N2 2.426 2.507 2.400
M-01 2.211 2.196 2.073
M-03 2.256 2.195 2.086
M-05 2.495 2.705 3.011
M-06 2.529 2.542 2.555
M-07 2.285 2.229 2.183
M-09 2.233 2.237 2.146

a Data from Ref >.



Figure S40. Superimposition of the structures of [Mn(EGTA)]? (green) and [Zn(EGTA)]? (blue) obtained with
DFT calculations.

Figure S41. Structure of the [Mn(OBETA)]? obtained with DFT calculations. Hydrogen atoms omitted for

simplicity.



Table S3. Bond distances (A) of the metal coordination environment in [M(OBETA)]* and [M(EHDTA)]>
complexes obtained with DFT (M = Mn or Zn).

[Mn(OBETA)]> [Zn(OBETA)]* [Mn(EHDTA)]* [Zn(EHDTA)]>
M-N1 2.450 2.376 2.519 2.350
M-N2 2.440 2.407 2.395 2.245
M-01 2.162 2.060 2.210 2.130
M-03 2.178 2.105 2.166 2.089
M-05 2.642 2.916 2.417 3.085
M-07 2.194 2.108 2.198 2.101
M-09 2.150 2.044 2.193 2.085

Figure S42. Structure of the [Mn(EHDTA)]* obtained with DFT calculations. Hydrogen atoms omitted for

simplicity.



Figure S43. Superimposition of the structures of [Mn(EGTA)]? (green) and [Zn(EGTA)]? (blue) obtained with
DFT calculations.

Figure S44. Superimposition of the structures of [Mn(EHDTA)]% (green) and [Zn(EHDTA)]? (blue) obtained
with DFT calculations.
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