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Experimental Details 

General Considerations 

All manipulations were carried out using Schlenk techniques, or an MBraun UniLab glovebox, 

under an atmosphere of dry nitrogen. Solvents were dried by passage through activated alumina 

towers and degassed before use. All solvents were stored over potassium mirrors except for ethers 

which were stored over activated 4 Å sieves. Deuterated solvent was distilled from potassium, 

degassed by three freeze-pump-thaw cycles and stored under nitrogen. Tungsten hexacarbonyl, 

potassium, naphthalene, and 18-crown-6 ether were purchased from Sigma Aldrich and dried for 4 

hours under vacuum before use. 

 

NMR spectra were acquired on a Bruker AV400 spectrometer operating at 400.2 (1H) and 100.6 

(13C{1H}) MHz; chemical shifts are quoted in ppm and are relative to SiMe4. Attenuated total 

reflectance (ATR) infrared (IR) spectra were obtained using a Bruker Alpha Platinum-ATR FTIR 

spectrometer or a Thermo Scientific™ Nicolet™ iS™5 FTIR spectrometer with iD5 ATR 
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accessory. A Horiba XploRA Plus Raman microscope with a 638 nm laser (power: ≤150 mW) was 

used to obtain all Raman spectra. The power of the laser was adjusted for each sample using a filter 

to prevent sample decomposition. UV/Vis spectra were obtained using a PerkinElmer Lambda 750 

spectrometer. All samples were prepared under a nitrogen atmosphere and collected using a 1 mm 

path length quartz cuvette. Samples were run vs. THF solvent. Electrochemical experiments were 

carried out using an µAutoLab Type III potentiostat controlled by Nova. Measurements were 

performed inside a sealed N2 vessel at room temperature, and subsequently calibrated through the 

addition of ferrocene. A three-electrode configuration was employed: a Pt working electrode; a Pt 

wire counter electrode; and an Ag wire pseudo-reference electrode. All electrodes were polished 

using alumina/H2O. CHN microanalyses were carried out by Mr M Jennings at the University of 

Manchester. Crystals were examined using a Rigaku FR-X diffractometer, equipped with a HyPix 

6000HE photon counting pixel array detector with mirror-monochromated Mo Kα (λ = 0.71073 Å) 

or Cu Kα (λ = 1.5418 Å) radiation. Intensities were integrated from a sphere of data recorded on 

narrow (1.0°) frames by ω rotation. Cell parameters were refined from the observed positions of all 

strong reflections in each data set. Gaussian grid face-indexed absorption corrections with a beam 

profile correction were applied. The structures were solved either by dual methods using SHELXT1 

and all non-hydrogen atoms were refined by full-matrix least-squares on all unique F2 values with 

anisotropic displacement parameters with exceptions noted in the respective cif files. Hydrogen 

atoms were refined with constrained geometries and riding thermal parameters; Uiso(H) was set at 

1.2 (1.5 for methyl groups) times Ueq of the parent atom. The largest features in final difference 

syntheses were close to heavy atoms and were of no chemical significance. CrysAlisPro was used 

for control and integration,2 and SHELXL and Olex2 were employed for structure refinement.3,4 

ORTEP-3 and POV-Ray were employed for molecular graphics.5,6  
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Preparation of [(OC)5W-W(CO)5][K(18-crown-6)(THF)2]2 (1) 

THF (20 ml) was added to a mixture of [W(CO)6] (0.704 g, 2.0 mmol) and 18-crown-6 (0.53 g, 2.0 

mmol). THF (20 ml) was then added to a separate mixture of potassium metal (0.08 g, 2.0 mmol) 

and naphthalene (0.26 g, 2.0 mmol), and the mixture agitated until all the potassium was consumed. 

The completed potassium naphthalenide solution was added dropwise to the W(CO)6 solution, 

instantaneously forming a red solution which was allowed to stir over 3 days, resulting in a brown 

solution. Volatiles were removed in vacuo and the resulting brown solid was washed with pentane 

(2 × 10 ml), then extracted into THF (5 ml) and filtered away from the remaining solid. Volatiles 

were removed in vacuo to afford 1 as a yellow powder. Crystals of 1 suitable for X-ray diffraction 

were grown from a concentrated THF solution at ambient temperature. Yield: 0.728 g, 58%. 

Extended drying under vacuum removes the THF as evidenced by the elemental analyses. Anal. 

Calc’d for C34H48K2O22W2: C 32.55; H 3.86%. Found: C 32.80; H 3.90%. 1H NMR (500 MHz, d8-

THF) δ: 3.64 (48H, s, CH2), 3.62 (16H, m, THF(O-CH2)), 1.78 (16H, m, THF(CH2-CH2)). 13C{1H} 

NMR (d8-THF) δ: 222.86 (s, W-CO) 70.21 (s, O-CH2), 66.63 (THF(O-CH2)), 23.33 (THF(CH2-

CH2)). FTIR ν/cm−1 (ATR): 2905 (w), 1938 (m), 1863 (s), 1772 (s), 1467 (w), 1351 (w), 1095 (s), 

959 (s), 833 (m), 576 (s). Raman ν/cm−1 (Neat, ≤15 mW): 2019 (w), 1960 (br), 1904 (m), 1794 (w), 

595 (w), 447 (s), 405 (m), 97 (vs).  

Experimental Data 

 

Figure S1. UV/Vis spectrum of complex 1 in THF. 

0

20

40

60

80

100

225 275 325 375 425 475

ε
/  M

‒1
cm

‒1

Wavelength  /  nm



- Electronic Supplementary Information - 

S4 
 

 

Figure S2. Cyclic voltammogram of 1 (0.42 mM) vs. Fc+/O (2 mM), with [nBu4N][BF4] (0.5 M) as 

electrolyte, showing first (black), second (red) and third (blue) scans. Arrow shows scan 

directions. 

 

 

Computational Details 

General Considerations 

All calculations were performed in Molpro 2018.2.7 Calculations were performed at the density 

functional theory (DFT) level of theory, using the hybrid B3LYP8-11 functional. DFT calculations 

included dispersion with Grimme’s D3 dispersion correction, and Becke-Johnson damping.12 

Additional calculations were performed with spin-coupled scaled second-order Møller–Plesset 

perturbation theory (SCS-MP2, where singlet excitations are scaled up by 1.2, and triplet excitations 

down by 1/3, which has previously been shown to perform well for transition metals13,14), and 

coupled cluster with singles, doubles and perturbative triple excitations (CCSD-(T)). Density fitting 

was employed for DFT and SCS-MP2 calculations.15 The def2-ATZVPP basis set, from the Molpro 

basis set library, was used on all elements, alongside the analogous auxiliary basis set for density 

fitting calculations. This is the def2-TZVPP basis set augmented with one set of diffuse 

functions,16,17 and uses the 60 electron quasi-relativistic effective core potential of the 
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Stuttgart/Cologne Group.18,19 Calculations were constrained to preserve the four-fold symmetry, i.e. 

D4h when eclipsed, D4d when staggered and D4 between. Orbital isosurfaces were generated by 

IBOView.20 QTAIM calculations were performed with AIMALL version 17.11.1421 with .wfx files 

generated by Molden2AIM.22 

 

 

Table S1. Z-matrix used for all calculations 

W, 
W,  1,  BWW, 
C,  1,  BCWeq,         2,  ACWWeq, 
C,  1,  BCWeq,         2,  ACWWeq,       3,  Deq,   0 
C,  1,  BCWeq,         2,  ACWWeq,       4,  Deq,   0 
C,  1,  BCWeq,         2,  ACWWeq,       5,  Deq,   0 
C,  1,  BCWax,         3,  180.0-ACWWeq, 2,  Dax,   0 
O,  1,  BOCeq + BCWeq, 2,  AOWWeq,       6,  Deq,   0 
O,  1,  BOCeq + BCWeq, 2,  AOWWeq,       8,  Deq,   0 
O,  1,  BOCeq + BCWeq, 2,  AOWWeq,       9,  Deq,   0 
O,  1,  BOCeq + BCWeq, 2,  AOWWeq,      10,  Deq,   0 
O,  1,  BOCax + BCWax, 3,  180.0-ACWWeq, 2,  Dax,   0 
C,  2,  BCWeq,         1,  ACWWeq,       4,  Dspin, 0 
C,  2,  BCWeq,         1,  ACWWeq,      13,  Deq,   0 
C,  2,  BCWeq,         1,  ACWWeq,      14,  Deq,   0 
C,  2,  BCWeq,         1,  ACWWeq,      15,  Deq,   0 
C,  2,  BCWax,        13,  180.0-ACWWeq,15,  Dax,   0 
O,  2,  BOCeq + BCWeq, 1,  AOWWeq,       4,  Dspin, 0 
O,  2,  BOCeq + BCWeq, 1,  AOWWeq,      13,  Deq,   0 
O,  2,  BOCeq + BCWeq, 1,  AOWWeq,      14,  Deq,   0 
O,  2,  BOCeq + BCWeq, 1,  AOWWeq,      15,  Deq,   0 
O,  2,  BOCax + BCWax,13,  180.0-ACWWeq,15,  Dax,   0 
[Na, 2,  BOCax + BCWax + 4.0,    13, 180.0 - ACWWeq,   15,  Dax,   0 
 Na, 1,  BOCax + BCWax + 4.0,    3,  180.0 - ACWWeq,   2,   Dax,   0]* 
*B3LYP with explicit Na counter cations only 

The following variables were fixed to preserve four-fold symmetry: 

   Deq=  -90.0° 
 Dax=  180.0° 
  



- Electronic Supplementary Information - 

S6 
 

Ta
bl

e 
S2

. E
ne

rg
ie

s a
t t

he
 o

pt
im

ize
d 

ge
om

et
rie

s, 
in

 H
ar

tre
e,

 a
nd

 e
ne

rg
ie

s r
el

at
iv

e 
to

 th
e 

sta
gg

er
ed

 (D
4d

, D
SP

IN
=4

5°
) g

eo
m

et
ry

, i
n 

kJ
 m

ol
-1

 

 
C

C
SD

(T
)   

ΔE
 / 

kJ
 m

ol
-1

 

16
.2

71
 

        

0.
00

0  

E e
l / 

H
a 

-1
26

5.
35

90
32

 

        

-1
26

5.
36

52
30

 

SC
S -

M
P2

 

ΔE
 / 

kJ
 m

ol
- 1

 

18
.8

46
 

18
.3

87
 

17
.0

35
 

14
.9

06
 

12
.1

74
 

9.
06

9  

5.
87

2 

2.
95

2 

0.
80

9 

0.
00

0 

E e
l / 

H
a 

-1
26

5.
08

53
09

 

-1
26

5.
08

54
84

 

-1
26

5.
08

59
99

 

-1
26

5.
08

68
10

 

-1
26

5.
08

78
51

 

-1
26

5.
08

90
33

 

-1
26

5.
09

02
51

 

-1
26

5.
09

13
63

 

-1
26

5.
09

21
79

 

-1
26

5.
09

24
88

 

B3
LY

P 
(N

a)
 

ΔE
 / 

kJ
 m

ol
-1

 

17
.2

47
 

16
.8

23
 

15
.5

19
 

13
.5

43
 

11
.0

31
 

8.
17

9 

5.
21

6 

2.
40

7 

0.
61

6 

0.
00

0 

E e
l / 

H
a 

- 1
59

2.
16

04
71

 

- 1
59

2.
16

06
32

 

- 1
59

2.
16

11
29

 

- 1
59

2.
16

18
82

 

-1
59

2.
16

28
38

 

-1
59

2.
16

39
25

 

- 1
59

2.
16

50
53

 

- 1
59

2.
16

61
23

 

- 1
59

2.
16

68
05

 

-1
59

2.
16

70
40

 

B3
LY

P ΔE
 / 

kJ
 m

ol
-1

 

16
.7

05
 

16
.3

01
 

15
.0

53
 

13
.0

77
 

10
.7

04
 

7.
93

4 

5.
08

7 

2.
52

8 

0.
67

9 

0.
00

0 

E e
l / 

H
a 

-1
26

7.
80

55
45

 

-1
26

7.
80

56
99

 

-1
26

7.
80

61
74

 

-1
26

7.
80

69
27

 

-1
26

7.
80

78
31

 

-1
26

7.
80

88
86

 

-1
26

7.
80

99
70

 

-1
26

7.
81

09
45

 

-1
26

7.
81

16
49

 

-1
26

7.
81

19
08

 

 D
SP

IN
: 0 5 10
 

15
 

20
 

25
 

30
 

35
 

40
 

45
 



- Electronic Supplementary Information - 

S7 
 

 
Ta

bl
e  

S3
.  S

CS
-M

P2
 O

pt
im

ize
d 

va
ria

bl
es

 o
f t

he
 d

ih
ed

ra
l a

ng
le

 sc
an

, a
t  t

he
 S

CS
-M

P2
 le

ve
l o

f t
he

or
ya  

45
* 

3.
11

04
59

 

2.
04

38
99

 

85
.4

89
58

1  

1.
96

83
86

 

1.
16

77
38

 

85
.5

80
46

6 

1.
18

50
96

 

a  A
ll 

bo
nd

 le
ng

th
s i

n 
Å,

 a
ng

le
s i

n 
°

. b 
us

ed
 in

 C
C

SD
(T

) s
in

gl
e 

po
in

t c
al

cu
la

tio
n.

 

40
 

3.
11

44
89

 

2.
04

39
78

 

85
.6

45
27

5 

1.
96

79
06

 

1.
16

77
25

 

85
.7

91
84

9 

1.
18

51
14

 

35
 

3.
12

50
10

 

2.
04

40
63

 

86
.0

25
67

5 

1.
96

68
56

 

1.
16

76
59

 

86
.3

07
08

0 

1.
18

51
56

 

30
 

3.
13

94
49

 

2.
04

41
18

 

86
.5

02
71

5 

1.
96

54
53

 

1.
16

75
45

 

86
.9

50
69

4  

1.
18

52
09

 

25
 

3.
15

57
22

 

2.
04

41
98

 

86
.9

61
95

7 

1.
96

39
11

 

1.
16

73
84

 

87
.5

67
32

9  

1.
18

52
76

 

20
 

3.
17

17
61

 

2.
04

43
00

 

87
.3

58
74

9 

1.
96

24
30

 

1.
16

72
07

 

88
.0

97
91

8 

1.
18

53
49

 

15
 

3.
18

65
76

 

2.
04

42
67

 

87
.6

80
93

3 

1.
96

12
36

 

1.
16

70
47

 

88
.5

30
66

7 

1.
18

54
01

 

10
 

3.
19

81
46

 

2.
04

42
53

 

87
.9

15
31

0 

1.
96

02
49

 

1.
16

69
17

 

88
.8

43
50

0 

1.
18

54
46

 

5 

3.
20

55
34

 

2.
04

42
54

 

88
.0

64
06

6 

1.
95

96
74

 

1.
16

68
35

 

89
.0

41
35

6 

1.
18

54
73

 

0b  

3.
20

77
14

 

2.
04

43
14

 

88
.1

16
67

3 

1.
95

94
45

 

1.
16

68
04

 

89
.1

09
72

8 

1.
18

54
89

 

 D
SP

IN
 

BW
W

 

 B
C

W
eq

   
  

 A
C

W
W

eq
   

 

 B
C

W
ax

   
  

 B
O

C
eq

   
  

 A
O

W
W

eq
   

 

 B
O

C
ax

   
  



- Electronic Supplementary Information - 

S8 
 

 
 
 

Ta
bl

e 
S4

. B
3L

YP
 2

N
a 

O
pt

im
iz

ed
 v

ar
ia

bl
es

 o
f t

he
 d

ih
ed

ra
l a

ng
le

 sc
an

, a
t t

he
 B

3L
YP

 le
ve

l o
f t

he
or

y,
 w

ith
 e

xp
lic

it 
N

a 
co

un
te

r -
ca

tio
ns

a   

45
 

3.
21

67
35

 

2.
05

47
55

 

85
.0

66
02

3  

1.
93

61
15

 

1.
15

43
86

 

85
.1

50
91

9 

1.
18

61
98

 

a  A
ll 

bo
nd

 le
ng

th
s i

n 
Å,

 a
ng

le
s i

n 
°

. 

40
 

3.
21

98
14

 

2.
05

47
85

 

85
.1

96
14

5  

1.
93

58
46

 

1.
15

43
76

 

85
.3

32
72

1 

1.
18

61
84

 

35
 

3.
23

09
76

 

2.
05

48
29

 

85
.4

90
03

7 

1.
93

49
63

 

1.
15

43
39

 

85
.7

47
35

4 

1.
18

61
74

 

30
 

3.
24

60
23

 

2.
05

49
71

 

85
.9

05
61

5 

1.
93

38
29

 

1.
15

42
27

 

86
.3

33
00

1 

1.
18

61
47

 

25
 

3.
26

27
48

 

2.
05

50
38

 

86
.2

99
50

0  

1.
93

26
07

 

1.
15

40
82

 

86
.8

85
41

3  

1.
18

61
30

 

20
 

3.
27

90
57

 

2.
05

51
03

 

86
.6

29
73

2 

1.
93

15
02

 

1.
15

39
24

 

87
.3

45
79

3 

1.
18

61
20

 

15
 

3.
29

40
24

 

2.
05

51
58

 

86
.9

23
23

4  

1.
93

05
02

 

1.
15

37
54

 

87
.7

59
38

6 

1.
18

61
11

 

10
 

3.
30

55
39

 

2.
05

51
89

 

87
.1

21
86

8 

1.
92

97
94

 

1.
15

36
25

 

88
.0

37
12

4 

1.
18

61
08

 

5 

3.
31

31
75

 

2.
05

51
93

 

87
.2

50
71

5 

1.
92

93
09

 

1.
15

35
39

 

88
.2

19
51

9  

1.
18

61
07

 

0  

3.
31

44
92

 

2.
05

51
37

 

87
.3

01
77

9  

1.
92

92
41

 

1.
15

35
15

 

88
.2

88
96

4 

1.
18

60
98

 

D
SP

IN
 

B
W

W
 

 B
C

W
eq

   
  

 A
C

W
W

eq
   

 

 B
C

W
ax

   
  

 B
O

C
eq

   
  

 A
O

W
W

eq
   

 

 B
O

C
ax

   
  



- Electronic Supplementary Information - 

S9 
 

 

Ta
bl

e 
S5

. B
3L

YP
 O

pt
im

iz
ed

 v
ar

ia
bl

es
 o

f t
he

 d
ih

ed
ra

l a
ng

le
 sc

an
, a

t t
he

 B
3L

YP
 le

ve
l o

f t
he

or
y  

45
 

3.
26

08
37

 

2.
04

99
18

 

84
.9

54
74

0 

1.
96

50
41

 

1.
15

80
84

 

84
.9

37
03

7 

1.
17

42
31

 

40
 

3.
26

49
40

 

2.
04

99
57

 

85
.0

49
77

4 

1.
96

49
69

 

1.
15

80
72

 

85
.0

69
64

1 

1.
17

42
08

 

35
 

3.
27

60
94

 

2.
05

00
32

 

85
.3

46
91

9  

1.
96

40
55

 

1.
15

80
56

 

85
.4

88
92

8 

1.
17

42
13

 

30
 

3.
29

28
54

 

2.
05

01
92

 

85
.7

41
19

1 

1.
96

27
36

 

1.
15

79
78

 

86
.0

45
52

3  

1.
17

42
21

 

25
 

3.
31

10
11

 

2.
05

02
51

 

86
.1

23
18

2  

1.
96

14
53

 

1.
15

78
65

 

86
.5

82
56

5 

1.
17

42
23

 

20
 

3.
32

89
27

 

2.
05

03
55

 

86
.4

40
19

4 

1.
96

02
20

 

1.
15

77
31

 

87
.0

26
82

2 

1.
17

42
44

 

15
 

3.
34

46
52

 

2.
05

03
75

 

86
.7

13
11

9 

1.
95

91
67

 

1.
15

75
98

 

87
.4

13
07

8 

1.
17

42
59

 

10
 

3.
35

71
52

 

2.
05

04
14

 

86
.9

08
71

4  

1.
95

83
53

 

1.
15

74
81

 

87
.6

88
54

9 

1.
17

42
74

 

5 

3.
36

53
85

 

2.
05

04
67

 

87
.0

28
04

2 

1.
95

78
05

 

1.
15

74
07

 

87
.8

56
16

8 

1.
17

42
90

 

0 

3.
36

75
64

 

2.
05

04
60

 

87
.0

74
75

7 

1.
95

77
23

 

1.
15

73
83

 

87
.9

20
52

8 

1.
17

42
88

 

D
SP

IN
 

B
W

W
 

 B
C

W
eq

   
  

 
A

C
W

W
eq

   
 

 B
C

W
ax

   
  

 B
O

C
eq

   
  

 
A

O
W

W
eq

   
 

 B
O

C
ax

   
  

 



- Electronic Supplementary Information - 

S10 
 

Table S6. Calculated CO, W-W and imaginary frequencies and IR intensities at the eclipsed D4h 

 geometry 

 

D4h 
irrep 

Exp. ν / 
cm-1 

 SCS-MP2 B3LYP B3LYP 2Na 

  ν / cm-1 

IR 
intensity / 
km mol-1 ν / cm-1 

IR 
intensity / 
km mol-1 ν / cm-1 

IR 
intensity / 
km mol-1 

CO A1g 2019 Raman 2012.38 0.00 2069.70 0.00 2075.77 0.00 
CO A2u 1937 IR 1955.69 1085.36 1990.13 1085.36 2009.68 783.08 
CO B1g 1960 Raman 1903.10 0.35 1966.19 0.35 1988.72 0.00 
CO Eu 1863 IR 1895.74 4368.02 1954.59 4368.02 1979.03 3894.70 
CO B1u - - 1858.37 0.01 1928.79 0.01 1952.91 0.00 
CO Eg 1904 Raman 1827.38 0.00 1897.31 0.00 1924.56 0.00 
CO A1g 1794 Raman 1812.19 0.00 1865.75 0.00 1808.16 0.00 
CO A2u 1772 IR 1794.88 3258.81 1850.15 3258.81 1792.85 3055.36 
W-W A1g 97 Raman 100.20 0.01 88.19 0.01 91.99 0.00 
W-W 
twist A2g - - 26.60i - 26.39i - 25.63i - 

Na 
A1g, 
A2u - - - - - - 

65.03i, 
69.41i - 
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Table S7. Calculated CO, W-W and imaginary frequencies and IR intensities at the staggered D4d 

geometry 

 
D4d 
irrep 

Exp ν / 
cm-1  

SCS-MP2 B3LYP B3LYP 2Na 

ν / cm-1 

IR 
intensity / 
km mol-1 ν / cm-1 

IR 
intensity / 
km mol-1 ν / cm-1 

IR 
intensity / 
km mol-1 

CO A1 2019 Raman 2011.99 0.07 2068.69 0.00 2077.97 0.00 
CO B2 1937 IR 1951.85 727.93 1988.22 1110.72 2007.39 544.34 
CO E1 1863 IR 1893.77 4313.89 1951.33 4068.49 1976.63 3871.40 
CO E2 1960 Raman 1882.76 0.03 1947.39 0.00 1971.00 200.00 
CO E3 1904 Raman 1827.56 0.01 1898.92 0.00 1926.34 0.01 
CO A1 1794 Raman 1809.78 5.21 1864.71 0.01 1806.67 0.01 
CO B2 1772 IR  1793.60 3692.31 1848.48 3083.97 1790.16 3706.87 
W-W A1 97 Raman 117.49 0.01 105.37 0.00 106.47 0.00 

Na A1,B2       
64.04i, 
69.31i  
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