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Materials and Methods

Section 1. Experimental methods and data

|1.1Spectroscopic characterizations of [Na*(2,2,2-cryptand)Na-] (1)
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Figure S1: '"H NMR (500 MHz, 25 °C) of crystalline [Na*(2,2,2-cryptand)Na-] (1) in dg-THF
solution.
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Figure S2: 2Na NMR (106 MHz, 25 °C) of crystalline [Na*(2,2,2-cryptand)Na-] (1) in dg-
THF solution. O1P = 0 ppm.
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Figure S3: 2’Na NMR (106 MHz, 25 °C) of crystalline [Na*(2,2,2-cryptand)Na-] (1) in dg-
THEF solution. OP1 = 1100 ppm.
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Figure S4: Stacked 2*Na (132 MHz, 25 °C) MAS solid-state NMR of [Na*(2,2,2-
cryptand)Na'] (1). O1P = 0 ppm. Top (cyan): crude product. Bottom (blue): crystallised
product. * = Spinning side bands.
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Figure S5: Stacked 2*Na (132 MHz, 25 °C) MAS solid-state NMR of [Na*(2,2,2-
cryptand)Na'] (1). O1P = 1150 ppm. Top (cyan): crude product. Bottom (blue): crystalli
product.

T T T
1300 1250 1200 950

MD_sodide WT_h.313.fid
Sodide

1H

'500' MHz

d8-THF

313K 5

i

MD_sodide WT_h.298.fid
Sodide

1H

'500" MHz

d8-THF

298K 4

MD_sodide WT_h.283.fid
Sodide

1H

'500" MHz

d8-THF

283K 3 I\

MD_sodide WT_h.263.fid
Sodide \
iH

500" MHz
d8-THF |
263K 2 [l

MD_sodide_VT_h.243.fid
Sodide

1H

'500' MHz |
d8-THF

243K 1

1

sed

-3

3

2

3.8

T T T T
28 26 24 22 2.0 18

T T T T T T T
3.6 34 32 3.0 1.6 14 12 10 08 06 04

f1 (ppm)

T T T T T T T T T T
60 58 5.6 54 5.2 5.0 48 46 44 42 40

S5



Figure S6: Stacked 'H (500 MHz) variable temperature NMR on crystalline [Na*(2,2,2-

cryptand)Na] (1) in dg-THF.
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Figure S7: Stacked 2*Na (132 MHz) variable temperature NMR on crystalline [Na*(2,2,2-

cryptand)Na'] (1) in dg-THF. O1P = 0 ppm.

S6



ND_sodide_VT_Na_1100ppm.313.fid 1
Sodide (

23N il
'500' MHz / |
d8-THF ‘ 3

313K 5 J—/ lﬂL

ND_sedide_VT_Na_1100ppm.298.fid

Sodide f\
23Na ‘ |
'500° MHz '\
48-THF i

J\ f

ND_sodide_VT_Na_1100ppm.283.fid 1
Sodide |'|
23Na Il
500" MHz |
d&8-THF Il
283K 3 11

ND__sodide_VT_Na_1100ppm.263.fid i
Sodide
23Na
'500" MHz
d8-THF Iy
263K 2 /|

ND_sodide_VT_Na_1100ppm.243.fid
Sodide
23Na

500" MHz ”
d8-THF 1
243K 1

1250 1240 1230 1220 1210 1200 1190 1180 1170 1160 1150 1140 1130 1120 1110 1100 1090 1080 1070 1060 1050 1040 1030
f1 (ppm)

Figure S8: Stacked >*Na (132 MHz) variable temperature NMR on crystalline [Na®(2,2,2-
cryptand)Na-] (1) in dg-THF. O1P = 1100 ppm.
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Figure S9: Stacked 2*Na (132 MHz, 313 K) decomposition study at 313K on crystalline
[Na*(2,2,2-cryptand)Na] (1) (0.0017 g) in dg-THF (0.5 ml) with O1P at O ppm.

Time point = time since temperature reached 313 K. The total time the sample was at room
temperature and the time taken to reach 313 K = 27 minutes prior to time point 0.
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Figure S10: Stacked ?*Na (132 MHz, 313 K) decomposition study at 313K on crystalline
[Na*(2,2,2-cryptand)Na] (1) (0.0017 g) in dg-THF (0.5 ml) with O1P at 1100 ppm.

Time point = time since temperature reached 313 K. The total time the sample was at room
temperature and the time taken to reach 313 K = 27 minutes prior to time point 0.
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[1.2 NMR spectroscopies of 2
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Figure S11: '"H NMR (400 MHz, 25 °C) of crystalline 2 in dg-THF.
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Figure S12: 2Na NMR (106 MHz, 25 °C) of crystalline 2 in dg-THF.
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Figure S13: BC{'H} NMR (101 MHz, 25 °C) of crystalline 2 in dg-THF.
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1.3 NMR spectroscopies of 3
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Figure S14: '"H NMR (400 MHz, 25 °C) of crystalline 3 in dg-THF.
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Figure S15: 2Na NMR (106 MHz, 25 °C) of crystalline 3 in dg-THF.
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Figure S16: BC{'H} NMR (101 MHz, 25 °C) of crystalline 3 in dg-THF.

1.4 'H and ?*Na NMR spectra of the reaction between 1 and benzylamine
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Figure S17: "H NMR (400 MHz, 25 °C) of an NMR scale reaction between 1 and
benzylamine in dg-THF.
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Figure S18: 2Na NMR (106 MHz, 25 °C) of an NMR scale reaction between 1 and
benzylamine in dg-THF.
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1.5 Spectroscopic characterisations of 4
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Figure S19: Stacked '"H NMR (400 MHz, 25 °C) of 4 in dg-THF. Blue: NMR scale reaction;
green: crude product; red: single crystals.
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Figure S20: Stacked 2Na NMR (106 MHz, 25 °C) of 4 in dg-THF. Blue: NMR scale
reaction; green: crude product; red: single crystals.
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Figure S21: An EPR spectrum (X-band CW, 25 °C) of 4 in THF solution.
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1.6 Single Crystal X-Ray Diffraction

General Procedure:

Single crystal diffraction data were collected on a XtalLAB Synergy HyPix-Arc 100
diffractometer using copper radiation (Acukq = 1.54184 A). Data were collected at 150
K using an Oxford Cryosystems CryostreamPlus open-flow N, cooling device.
Intensities were corrected for absorption using a multifaceted crystal model created by
indexing the faces of the crystal for which data were collected[1]. Cell refinement, data
collection and data reduction were undertaken via the software CrysAlisPro [2].

All structures were solved using XT [3] and refined by XL [4] using the Olex2 interface
[5]. All non-hydrogen atoms were refined anisotropically and hydrogen atoms were
positioned with idealised geometry. The displacement parameters of the hydrogen
atoms were constrained using a riding model with Uy, set to be an appropriate multiple

of the U4 value of the parent atom.

Table S1. Crystal Data and Refinement Details for [Na*(2,2,2-cryptand)Na-] (1) in /2 as in

this work.

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

o/°

pre

v/°

Volume/A3

Z

pcalcg/ cm3
wmm-!

F(000)

Crystal size/mm?
Radiation

SCXRD data tables

C1sH36N,NaOg
422.47

150.0(2)
monoclinic

12

13.9517(6)
8.7304(3)
10.8769(5)

90

106.010(4)

90

1273.46(9)

2

1.102

0.957

456.0

0.31 x0.15 x 0.03
CuKo (= 1.54184)

20 range for data collection/°9.18 to 154.07

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]

-16<h<17,-9<k<10,-13<1<13
11835

2400 [Rjn; = 0.0270, Rgigma = 0.0168]
2400/1/210

1.077

R; =10.0248, wR, = 0.0741

R, =0.0257, wR, = 0.0748

Largest diff. peak/hole / ¢ A30.14/-0.16

Flack parameter

0.06(4)
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Table S2. Crystal Data and Refinement Details for [Na*(2,2,2-cryptand)Na~] (1) in R3, as
reported in 1974 by Dye et al. (J. Am. Chem. Soc. 1974, 96, 608-609), CSD reference
CRYPNAIO.

Empirical formula CoH;gN3NaO
Formula weight 207.25
Temperature/K 150.0(2)

Crystal system trigonal

Space group R3;

a/A 8.7415(2)

b/A 8.7415(2)

c/A 28.9149(9)

o/° 90

pB/e 90

v/° 120

Volume/A3 1913.48(11)

Z 6

Pealcg/cm’ 1.079

wmm-! 0.873

F(000) 672.0

Crystal size/mm? 0.33 x 0.15 % 0.03
Radiation CuKa (A =1.54184)
20 range for data collection/°9.176 to 153.644
Index ranges -11<h<9,-9<k<10,-35<1<35
Reflections collected 11844

Independent reflections 894 [Rin; = 0.0330, Ryigma = 0.0106]
Data/restraints/parameters ~ 894/48/71

Goodness-of-fit on F? 1.209

Final R indexes [[>=2c (I)] R; =0.0680, wR, =0.2126

Final R indexes [all data] R; =0.0685, wR, =0.2139
Largest diff. peak/hole / e A3 0.79/-0.68

Flack parameter 0.10(4)
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Table S3. Crystal Data and Refinement Details for [Ph;C]~ [Na(2,2,2-cryptand)]* (2)

Empirical formula CsH110N4Na,O13
Formula weight 1357.67
Temperature/K 150.0(2)

Crystal system monoclinic
Space group P2,

a/A 9.7751(2)

b/A 16.5217(5)

c/A 22.3659(6)

a/° 90

pB/e 91.800(2)

v/° 90

Volume/A3 3610.34(16)

Z 2

Pealcg/cm’ 1.249

wmm-! 0.776

F(000) 1464.0

Crystal size/mm? 0.21 x 0.1 x 0.06
Radiation CuKa (A= 1.54184)
20 range for data collection/®3.952 to 155.1
Index ranges -8<h<11,-20<k<20,-28<]1<28
Reflections collected 43193

Independent reflections 43193 [Rin; = 0.0327, Rgigma = 0.0334]
Data/restraints/parameters ~ 43193/1222/956

Goodness-of-fit on F? 1.040

Final R indexes [[>=2c (I)] R; =0.0381, wR; =0.0930

Final R indexes [all data] R; =0.0428, wR;, = 0.0965

Largest diff. peak/hole / e A3 0.34/-0.20

Flack parameter 0.24(3)
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Table S4. Crystal Data and Refinement Details for [Ph,CH]™ [Na(2,2,2-cryptand)]|* (3)

Empirical formula C;31H47N,NaOgq
Formula weight 566.69
Temperature/K 150.0(2)

Crystal system monoclinic

Space group C2/c

a/A 21.8563(16)

b/A 8.7447(3)

c/A 20.0160(15)

a/° 90

pB/e 127.459(11)

v/° 90

Volume/A3 3036.7(5)

Z 4

Pealcg/cm’ 1.240

wmm-! 0.807

F(000) 1224.0

Crystal size/mm3 0.14 x 0.11 x 0.02
Radiation CuKa (A= 1.54184)
20 range for data collection/®9.478 to 154.242
Index ranges 26<h<26,-11<k<10,-21<1<24
Reflections collected 27126

Independent reflections 3106 [Riy = 0.0348, Rigma = 0.0175]
Data/restraints/parameters ~ 3106/372/241

Goodness-of-fit on F? 1.170

Final R indexes [[>=2c (I)] R; =0.0428, wR, =0.0976

Final R indexes [all data] R; =0.0470, wR, = 0.1006

Largest diff. peak/hole / e A 0.22/-0.23
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Table S5. Crystal Data and Refinement Details for [PhNNPh]~ [Na(2,2,2-cryptand)]* (4)

Empirical formula C3oH46N4NaOg
Formula weight 581.70
Temperature/K 150.0(2)

Crystal system monoclinic

Space group C2/c

a/A 22.492(2)

b/A 8.7552(5)

c/A 19.7484(18)

a/° 90

pB/e 126.438(14)

v/° 90

Volume/A3 3128.7(6)

Z 4

Pealcg/cm’ 1.235

wmm-! 0.816

F(000) 1252.0

Crystal size/mm? 0.17 x 0.08 x 0.06
Radiation CuKa (A= 1.54184)
20 range for data collection/®9.498 to 153.688
Index ranges -23<h<28,-10<k<10,-24<1<24
Reflections collected 14707

Independent reflections 2988 [Rint = 0.0207, Rgigma = 0.0163]
Data/restraints/parameters ~ 2988/463/250

Goodness-of-fit on F? 1.075

Final R indexes [[>=2c (I)] R; =0.0309, wR;, =0.0819

Final R indexes [all data] R;=0.0356, wR, =0.0848

Largest diff. peak/hole / e A3 0.16/-0.18
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Na2

Figure S22: Crystal structure of [Na*(2,2,2-cryptand)Na-] (1). Key bond lengths (A): Na1-O1
2.5390(15), Na1-02 2.5393(16), Nal-03 2.5417(10), Nal-N1 2.6650(10), Nal---Na2
6.9732(12).
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Figure S23: Crystal structure of [Ph;C]~ [Na(2,2,2-cryptand)]* (2). Key bond lengths: Nal—
01 2.403(3), Nal-03 2.605(3), Nal-04 2.472(3), Nal-05 2.598(3), Nal-06 2.410(3),
Nal-N1 2.854(4), Nal-N2 2.858(4), C37—C38 1.455(6), C37-C44 1.442(5), C37-C50
1.462(6), C38—C39 1.425(5), C38—C43 1.414(6), C39-C40 1.378(6), C40—C41
1.381(7), C41-C42 1.382(6), C42—C43 1.383(6), C44—C45 1.421(6), C44-C49 1.421(6),
C45-C46 1.380(5), C46—C47 1.398(6), C47-C48 1.382(6), C48-C49 1.379(5), C50-C51

1.418(6), C50-C55 1.414(5), C51-C52 1.380(6), C52-C53 1.384(5), C53-C54  1.389(6),
C54-C55 1.377(6).
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Figure S24: Crystal structure of [Ph,CH]™ [Na(2,2,2-cryptand)]* (3). Key bond lengths (A):
Nal-0O1 2.3835(11), Nal-02 2.5670(13), Nal-03 2.5607(14), Nal-N1 2.7505(13), C10-
C111.423(7), C10-C17 1.414(7), C11-C12 1.417(7), C11-C16  1.408(5), C12—C13
1.378(8), C13—C14 1.393(10), C14—C15 1.393(8), C15—C16 1.389(5), C17-C18 1.412(6),

C17-C22 1.409(6), C18-C19 1.386(10), C19-C20 1.392(10), C20-C21 1.400(7), C21-C22
1.392(5),
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Figure S25: Crystal structure of [PhANNPh] [Na(2,2,2-cryptand)]* (4). Key bond lengths (A):
Nal-0O1 2.5907(9), Nal-02 2.5645(10), Nal-03 2.3815(8), Nal-N1 2.7539(10), N2A—
N2A2 1.352(3), N2A—-C10A 1.373(3), CI0A-C11A 1.408(3), CI0A—-C15A 1.415(3), C11A—
C12A 1.372(4), C12A—C13A 1.396(4), C13A—C14A 1.401(3), C14A—CI15A 1.385(3).
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Section 2. Computational details and data

|2. 1 General Procedure:

Geometry optimisation and vibrational frequency calculations were completed for each
structure considered in this work; inputs were created using experimental SCXRD structures
where appropriate. The calculations utilised the hybrid DFT functional B3LYP along with a
6-311+g** basis set for all atoms [7] [8], in the case of molecules that possessed spin
unrestricted B3LYP was used. The effects of THF molecules as a solvent were included
through the implementation of the integral equation formulation of the polarizable continuum
model (IEFPCM) and Grimme’s D3 dispersion correction with Becke-Johnson damping was
used as implemented in Gaussian 16 [9]. Each structure optimised in this work was
confirmed to be a minimum on the potential energy surface, through observation of 3N-6 real
vibrational frequencies. The geometry optimisation, vibrational frequency, natural bond
orbital charge analysis and NMR shielding tensor calculations utilised in this work were all
completed using the Gaussian 16 Rev. C.01 package. Molecular orbital diagrams and spin
density orbital diagrams were generated using ChemCraft 1.8 based on the relevant optimised
geometry from the Gaussian 16 calculation [9] [10] [11].

|2.2 Gibbs free energy of formation calculations:
In order to assess the thermodynamic feasibility of the 1-electron and 2-electron reaction

routes for the reaction between 1 and tritylamine the Gibbs free energy of formation for each
process was investigated.

The electronic energy (EE), thermal correction to Gibbs free energy (AG,,) and thermally
corrected Gibbs free energy (AG(29g)) for each species were obtained from the calculations and
are shown in Table S3 alongside the sum of the AG,9g) for the reactants and both sets of
products.
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Table S6. The EE, AGcorr, AG(298) and the sum of AGa9s) for the reactants and both sets of
products for the reaction between 1 and tritylamine.

Structure EE / kJmol! AGeor / kKImol! [ AGog) / kImol! [ £(AG 295)) /
kJmol-!
Reactants
1 ([Na(2,2,2- -4183683.0528 | 1303.3271 -4182379.7546
cryptand)]"Na) -6253999.2598
tritylamine -2072305.6797 | 686.1692 -2071619.5053
1-electron reaction route products
[Na(2,2,2- -5828335.3727 | 2020.8368 -5826314.5254
cryptand)]*
[PhsCNHJ -6253803.2111
H radical -1318.4597 -27.9721 -1346.4325
Na(0) -426102.6345 | -39.6004 -426142.2532
2-electron reaction route products
2 ([Na(2,2,2- -5683026.8127 | 1981.7642 -5681045.0853
+
fggg‘]l?f)] 6254225.1054
NaNH, -573172.1961 | -7.8240 -573180.0201

The Gibbs free energy of formation (AGy) for the two potential reaction routes was calculated
using Equation S1, yielding values of 196 and -226 kJmol! for the 1 and 2-electron reaction
routes respectively (rounded to the nearest whole number).

AGr = z AG (298)(products) — z AG (298)(reactants)

Equation S1.

A similar approach was attempted for the reaction of 1 with azobenzene, however, the

hypothesised product of the 2-electron reaction (uranium complex analogue) did not appear to
resemble a minimum energy structure. Each attempt to optimise the hypothesised product
resulted in breakage of the 4-membered ring structure in the centre of the complex, suggesting
that the product itself is not feasible.

|2.3 Molecular orbital diagrams of 1, 2, 4

The following molecular orbital diagrams are based on the optimised minimum structures of
1, 2 and 4 are show in Figures S11-13 respectively.
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Figure S26: Diagrams of the HOMO (left) and LUMO (right) of the optimised structure of 1
generated using Chemcraft 1.8 with a contour value of 0.02.

Figure S27: Diagrams of the HOMO (left) and LUMO (right) of the optimised structure of 2
generated using Chemcraft 1.8 with a contour value of 0.02.
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SOMO - side view LUMO - side view

Figure S28: Diagrams of the a highest energy SOMO (left - with both side and top view) and
LUMO (right -with both a side and top view) of 4 generated using Chemcraft 1.8 with a
contour value of 0.02.

|2.4 Spin density analysis of 4

Figure S29: Diagrams of the spin density orbitals of 4 from both a side view (left) and a top
view (right), images generated using Chemcraft 1.8 with a contour value of 0.002.
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As can be seen from the spin density plots, the unpaired electron is delocalised across the
entire [Ph-N-N-Ph] moiety with the largest lobes present on the two central N atoms (28 %
likelihood of being located on either of the N atoms).
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