
 

 

 

School of Molecular Sciences

College of Science, Health and Engineering

















−

° μ μ

° μ μ



° μ μ

° μ μ

° μ μ



°

°

°

°

















C
Y

X

HOMO

Singlet

LUMO

C

SOMO

Triplet

SOMO

Y
X1a 1b

2pπ
σ

σ
2pπ

C
PyPx Py

Px

Pπ

σ

Pπ
σ

Bent

Linear

σ1 Pπ1

σ2 Pπ0

E

2a

2b

2c



N

N N

N
Ph Ph

Ph Ph

N

N

N

N

R
R

R
R

N

N

1.1 1.2 1.3 R = H
1.4 R = CH3

1.5



P
N N

N(Pr)2

RR N N RR N N RR N
N
N RR N

N N
N RR

N N RR
N N

NN NN

2-Amine-diazaphosphetin- Imidazolidin- Imidazol- Triazol- Tetrazol-

Benzimidazol- Hexahydropyrimidin- Dihydroperimidin- Dihydro-dibenzo-diazepin-

R = Alkyl, aryl ylidene





N

N

N N

N

(CH2)n (CH2)n

HO OH

Ag

OH

N

N

N

N

N

HO OH

Ag

2+

2OH

N

N

N

N

N
Ag

HO OH

+

n

N

N

R
N

N
Ag

R

+
PF6

1.6 1.7
1.8 R = CH2COCH3
1.9 R = CH2CH3
1.10 R = (CH2)4CH3



N

N
R

R
N

N
R

R

+

Ag

R

R
N

N

+

X-

(a) or (b) or (c)

X-

2 +  AgX-



N

N

N

N
Au

+

R

R

O
AcO
AcO

OAc

OAc
S PAu

1.11 1.12 R = H
1.13 R = Br

1.14 R = Ph
1.15 R = 4-Br-Ph

I



π

NN

H

R R
X

+

NNR R
X

+
NNR R

Au
Cl

NNR R NNR R

Au
Cl

M
Cl

NNR R

Au
Cl

(c) free carbene route

(a) in situ 
deprotonation

(b) transmetallation

(THT)AuCl
weak base

M = Ag or Cu

(THT)AuCl

(THT)AuCl
Strong base

HN
1

5

4

N 3

2 HN
1

5

N
4

3

N 2



π

π

N
X

N R

N
X

N R

M

R

R

+

Z

N
X

N R

N
X

N R

M

+

Z

R = Me
R = Et

R = Me
R = Et

M = Ag(I) 
M = Au(I)
X = C, N
Z = I-, Br-, PF6-

N N
X
N N

X

R R

NN
X
NN

X

RR
M M

2 +

n

n

2Z

R = Et, n = 2
R = Me, n = 2





−

Br

HN
X

N
N N
X

2.1, X = C 
2.2, X = N

CuI, K2CO3,  ʟ-proline,

DMSO, 120 ºC, 48 h.

N N
X

R

2.3·I, X = C, R = Me 
2.4·I, X = C, R = Et
2.5·I, X = N, R = Me
2.6·I, X = N, R = Et

CH3I or CH3CH2I

CH3CN
 reflux, 24 h.

+
I



N
X

N RR

2.11·I, X = C, R = Me
2.12·I, X = C, R = Et
2.13·I, X = N, R = Me
2.14·I, X = N, R = Et

K2CO3, acetone
RT, 24 h.

CH3I or CH3CH2I N
X

NR

2.7, X = C, R = Me
2.8, X = C, R = Et
2.9, X = N, R = Me
2.10, X = N, R = Et

+
IHN

X
N



−

°

°

(a) or (b) or (c)
N
X

N R’R

I

N
X
N R’

N
X

N R’

Ag

R

R
I

+
2.3·I, a2.15·I, R = Ph, R′ = Me, X = C
2.4·I, a2.16·I, R = Ph, R′ = Et, X = C
2.5·I, b2.17·I, R = Ph, R′ = Me, X = N
2.6·I, b2.18·I, R = Ph, R′ = Et, X = N
2.11·I, c2.19·I, R = R’ = Me, X = C
2.12·I, a2.20·I, R = R’ = Et, X = C
2.13·I, c2.21·I, R = R’ = Me, X = N
2.14·I, a2.22·I, R = R’ = Et, X = N

2.3·I - 2.6·I
2.11·I - 2.14·I

Ag2O

2.15·I - 2.22·I



−

° −

−

−



°

°

° °

°

°

° °

° °

°

(a) or (b)
N
X

N R′R

+

I

N
X
N R′

N
X

N R′

Au

R

R
I

+
a2.23·I, R = Ph, R′ = Me, X = C
a2.24·I, R = Ph, R′ = Et, X = C
a2.25·I, R = Ph, R′ = Me, X = N
a2.26·I, R = Ph, R′ = Et, X = N
b2.27·I, R = Me, R′ = Me, X = C
b2.28·I, R = Et, R′ = Et, X = C
b2.29·I, R = Me, R′ = Me, X = N
b2.30·I, R = Et, R′ = Et, X = N

(THT)AuCl

2.3·I - 2.6·I
2.11·I - 2.14·I

2.23·I - 2.30·I





−

°

N
X

NR

a2.31·Br2, R = Et, n = 2, X = C
b2.32·Br2, R = Et, n = 2, X = N
b2.33·Br2, R = Me, n = 2, X = N

N N
X
N N

X

R R
2Br

2 +

n
(a) or (b)

2.8 - 2.10



−

−

2.31 - 2.33

2.34·Br2, R = Et, n = 2, X = C 
2.35·Br2, R = Et, n = 2, X = N
2.36·Br2, R = Me, n = 2, X = N

N N
X
N N

X

R R

NN
X
NN

X

RR
Au Au

2 +

2Br

N N
X
N N

X

R R
2Br

n

2 +

n

n
NaOAc, DMF
 110 ºC, 4 h.

(THT)AuCl



Au Au

L

X

L

X

Au Au

X X

Au Au







−



−

R1 R2N
N
NR1 R2NN

I I

1

2
3 4

5
1

2

345

Imidazolium- Im 1,2,4-Triazolium- Trz

N NN N
R1 R1

2Br
n

Bis-Imidazolium- Bis-trz

1 2
3

45

12
3

4 5

N N
N
N N

N

R1 R1

2Br
n

Bis-1,2,4-Triazolium- Bis-trz

1

2
3

4

5 1

2
3

4
5



−

−

−
NN

NN

Ag

+

I

N
N
N

N
N
N

Ag

+

I



N
N
N

N
N
N

Ag

+

I

NN

NN

Ag

+

I

−

−

−

−

NN

NN

Ag

+

I



−

−

−

−

− −

NN

NN

Au

+

I

N
N
N

N
N
N

Au

+

I

NN

NN

Au

+

I

N
N
N

N
N
N

Au

+

I

NN

NN

Au

+

I

N
N
N

N
N
N

Au

+

I



−

−

NN

NN

Au

+

I

N
N
N

N
N
N

Au

+

I

N N
NN

Au

NN
N N

Au

2 +

2Br

N N
N
NN

N

Au

NN
N
N N

N

Au

2 +

2Br



− −

− −

−

NN

NN

Ag

+

I

N
N
N

N
N
N

Au

+

I







−

−



NN

Au
N

N

N

N
Au

N
N

N

Au
N

NN

N

N N
Au



N

N

N

N
Au

NN

Au

Au



N

NN

N

N N
Au

N
N

N

Au
Au



−

−







° μ μ

N
X
N RR

N
X
N R

N
X

N R

M

R

R

+

k (m-1• s-1)
2

+ M+



° μ μ

−



° μ μ

−



° μ μ

° μ μ



−

−





HN

O

N
H

OH
O

O O
OH

OH
OH

O

H2N
OH

O

N
H

O

O

H
N

OO

H
N

OH
OH

HO

NH
O N

H

O
HO

Cl
O

HO

O

Cl

Vancomycin
S. aureus: 0.25 μg/mL to 4.0 μg/mL

E. faecium: ≤ 4.0 μg/mL

NH2

H
NH

H2N
HN

NH

H2N

HN

NH H
N

H2N

NH
NH2

NH

NH
HN

H2N

NH
O

H O

H

O
H

O

H

O

H

O

OHH
H

O

H

OH
O

OH
H

H

OH
O

Colistin
A. baumannii: ≤ 4.0 μg/mL 

E. coli: ≤ 4.0 μg/mL





−







δ

δ δ δ

δ

α λ λ





°

×

N

N

2.1



N
N

N

2.2

N N

2.3
I



N N

2.4

I

N
N

N

2.5

I

N
N

N

2.6

I



N N N N
I

2.7 2.11

N NN N

2.8 2.12
I



N
N

NN
N

N
I

2.9 2.13

N
N

NN
N

N

2.10 2.14
I



°

NN

NN

Ag

+

2.15

I

NN

NN

Ag

+

2.16

I



δ

N
N
N

N
N
N

Ag

+

2.17

I

N
N
N

N
N
N

Ag

+

2.18

I



NN

NN

Ag

+

2.19

I

NN

NN

Ag

2.20

+

I

N
N
N

N
N
N

Ag

+

2.21

I



°

°

N
N
N

N
N
N

Ag

2.22

+

I

NN

NN

Au

+

2.23

I



NN

NN

Au

2.24

+

I

N
N
N

N
N
N

Au

+

2.25

I



δ

N
N
N

N
N
N

Au

2.26

+

I

NN

NN

Au

+

2.27

I



NN

NN

Au

2.28

+

I

N
N
N

N
N
N

Au

+

2.29

I

N
N
N

N
N
N

Au

2.30

+

I



°

NN
N N

2.31
2Br

NN
N
N N

N

2.32
2Br



NN
N
N N

N

2.33
2Br

N N
NN

Au

NN
N N

Au

2 +

2.34

2Br



N N
N
NN

N

Au

NN
N
N N

N

Au

2 +

2.35

2Br

N N
N
NN

N

Au

NN
N
N N

N

Au

2 +

2.36

2Br



















 
 

71 

APPENDIX 
NMR Spectra  
 
Figure S1. 1H-NMR spectrum of compound 2.1 
 

 
 
Figure S2. 3C-NMR spectrum of compound 2.1 
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Figure S3. 1H-NMR spectrum of compound 2.2 
 

 
 
 
 
 
Figure S4. 13C-NMR spectrum of compound 2.2 
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Figure S5. 1H-NMR spectrum of compound 2.3 

 
 
Figure S6. 13C-NMR spectrum of compound 2.3 
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Figure S7. 1H-NMR spectrum of compound 2.4 

 
 
 
Figure S8. 13C-NMR spectrum of compound 2.4 
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Figure S9. 1H-NMR spectrum of compound 2.5 
 

 
 
 
 
Figure S10. 13C-NMR spectrum of compound 2.5 
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Figure S11. 1H-NMR spectrum of compound 2.6 
 

 
 
 
 
Figure S12. 13C-NMR spectrum of compound 2.6 
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Figure S13. 1H-NMR spectrum of compound 2.7 
 

 
 
Figure S14. 13C-NMR spectrum of compound 2.7 
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Figure S15. 1H-NMR spectrum of compound 2.8 
 

 
 
Figure S16. 13C-NMR spectrum of compound 2.8 
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Figure S17. 1H-NMR spectrum of compound 2.9 
 

 
 
Figure S18. 13C-NMR spectrum of compound 2.9 
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Figure S19. 1H-NMR spectrum of compound 2.10 
 

 
 
 
Figure S20. 13C-NMR spectrum of compound 2.10 
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Figure S21. 1H-NMR spectrum of compound 2.11 
 

 
 
 
Figure S22. 13C-NMR spectrum of compound 2.11 
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Figure S23. 1H-NMR spectrum of compound 2.12 
 

 
 
Figure S24. 13C-NMR spectrum of compound 2.12 
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Figure S25. 1H-NMR spectrum of compound 2.13 
 

 
 
Figure S26. 13C-NMR spectrum of compound 2.13 
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Figure S27. 1H-NMR spectrum of compound 2.14 
 

 
 
 
Figure S28. 13C-NMR spectrum of compound 2.14 
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Figure S29. 1H-NMR spectrum of compound 2.15 
 

 
 
 
Figure S30. 13C-NMR spectrum of compound 2.15 
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Figure S31. 1H-NMR spectrum of compound 2.16 
 

 
 
Figure S32. 13C-NMR spectrum of compound 2.16 
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Figure S33. 1H-NMR spectrum of compound 2.17 
 

 
 
 
Figure S34. 13C-NMR spectrum of compound 2.17 
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Figure S35. 1H-NMR spectrum of compound 2.18 
   

 
 
 
Figure S36. 13C-NMR spectrum of compound 2.18 
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Figure S37. 1H-NMR spectrum of compound 2.19 
 

 
 
 
Figure S38. 13C-NMR spectrum of compound 2.19 
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Figure S39. 1H-NMR spectrum of compound 2.20 
 

 
 
 
 
Figure S40. 13C-NMR spectrum of compound 2.20 
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Figure S41. 1H-NMR spectrum of compound 2.21  
 

 
 
 
Figure S42. 13C-NMR spectrum of compound 2.21 
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Figure S43. 1H-NMR spectrum of compound 2.22  
 

 
 
 
Figure S44. 13C-NMR spectrum of compound 2.22 
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Figure S45. 1H-NMR spectrum of compound 2.23  
 

 
 
 
Figure S46. 13C-NMR spectrum of compound 2.23  
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Figure S47. 1H-NMR spectrum of compound 2.24 
  

 
 
 
 
Figure S48. 13C-NMR spectrum of compound 2.24  
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Figure S49. 1H-NMR spectrum of compound 2.25  
 

 
 
 
Figure S50. 13C-NMR spectrum of compound 2.25 
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Figure S51. 1H-NMR spectrum of compound 2.26 
  

 
 
 
Figure S52. 13C-NMR spectrum of compound 2.26 
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Figure S53. 1H-NMR spectrum of compound 2.27 
 

  
 
 
 
Figure S54. 13C-NMR spectrum of compound 2.27 
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Figure S55. 1H-NMR spectrum of compound 2.28 
 
 

 
 
 
Figure S56. 13C-NMR spectrum of compound 2.28 
 

 
 

NN

NN

Au

+

I

NN

NN

Au

+

I



 
 

99 

Figure S57. 1H-NMR spectrum of compound 2.29 
 

 
 
Figure S58. 13C-NMR spectrum of compound 2.29 
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Figure S59. 1H-NMR spectrum of compound 2.30 
 

 
 
 
Figure S60. 13C-NMR spectrum of compound 2.30 
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Figure S61. 1H-NMR spectrum of compound 2.31 
 

 
 
 
Figure S62. 13C-NMR spectrum of compound 2.31 
 

 

NN
N N

2Br

NN
N N

2Br



 
 

102

 
Figure S63. 1H-NMR spectrum of compound 2.32 
 

 
 
Figure S64. 13C-NMR spectrum of compound 2.32 
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Figure S65. 1H-NMR spectrum of compound 2.33 
 

 
 
 
Figure S66. 13C-NMR spectrum of compound 2.33 
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Figure S67. 1H-NMR spectrum of compound 2.34 
 

 
 
 
Figure S68. 13C-NMR spectrum of compound 2.34 
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Figure S69. 1H-NMR spectrum of compound 2.35 
 

 
 
 
Figure S70. 13C-NMR spectrum of compound 2.35 
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Figure S71. 1H-NMR spectrum of compound 2.36 
 

 
 
 
Figure S72. 13C-NMR spectrum of compound 2.36 
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Figure S73. Stacked 1H-NMR spectrums of compound 2.20 in DMSO-d6 over a period 1 
week.   
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Figure S74.  Normalised ESI-HRMS plots at 355 – 370 V CV for gold(I) complex of bis-1-
phenyl-3-methyl-imidazole-2-ylidene ligands 2.23 (above) and 360 – 370 V CV gold(I) 
complex of bis-1-phenyl-4-methyl-1,2,4-triazol-5-ylidene ligands 2.25 (below). The ligand-Au 
peak of 2.23 (m/z 355.0768) has been omitted to allow visualisation of the low intensity gold 
peak m/z 196.974. 
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Table S1. Crystallographic data for 2.5, 2.17, 2.24, 2.25, 2.35 
 

 
 

     

Identification code Compound 
2.5 Complex 2.17 Complex 2.24 Complex 2.25 Complex 2.35 

Empirical formula C9H10IN3 C9H9Ag2I2N3 C22H24AuIN4 C84H76Au2B2N12 C20H34Au2Br2N12O 
Formula weight 287.10 628.73 668.32 1669.12 1012.34 
Temperature/K ? 293(2) 293(2) 293(2) 293(2) 
Crystal system monoclinic monoclinic monoclinic triclinic triclinic 
Space group P21/c P2/n P21/n _P-1 P-1 

a/Å 7.83570(10) 12.9749(2) 9.9001(3) 12.2740(2) 9.54745(7) 
b/Å 12.72860(10) 7.37600(10) 17.1969(4) 17.4133(3) 9.97551(6) 
c/Å 14.2408(2) 32.9550(5) 13.1878(3) 18.2302(5) 17.05412(8) 
α/° 90 90 90 70.245(2) 99.8735(4) 
β/° 131.433(2) 120.190(2) 90 82.615(2) 90.4278(5) 
γ/° 90 90 90 86.3760(10) 112.6243(6) 

Volume/Å3 1064.87(3) 2726.10(8) 2245.24(10) 3635.81(14) 1472.226(16) 
Z 4 8 4 8 2 

ρcalcg/cm3 1.791 3.064 1.977 1.525 2.284 
μ/mm-1 23.302 58.438 23.211 7.897 21.953 
F(000) 552.0 2272.0 1264.0 1664.0 948.0 

Crystal size/mm3 0.04 × 0.03 × 
0.02 

0.03 × 0.02 × 
0.02 

 0.04 × 0.02 
× 0.03 

 

0.05 × 0.07 × 
0.04 0.06 × 0.02 × 0.02 

Radiation CuKα (λ = 
1.54184) 

CuKα (λ = 
1.54184) 

CuKα (λ = 
1.54184) 

 

CuKα (λ = 
1.54184) CuKα (λ = 1.54184) 

2Θ range for data 
collection/° 

10.816 to 
142.474 

6.866 to 
142.48 

8.45 to 
129.664 

 

7.264 to 79.894 
9.782 to 130.164 

Index ranges 
-9 ≤ h ≤ 9, -
15 ≤ k ≤ 15, 
-13 ≤ l ≤ 17 

-15 ≤ h ≤ 11, -9 
≤ k ≤ 8, -38 ≤ l 

≤ 40 

-11 ≤ h ≤ 11, -
19 ≤ k ≤ 20, -

15 ≤ l ≤ 15 

-10 ≤ h ≤ 10, -
14 ≤ k ≤ 14, -15 

≤ l ≤ 15 

-11 ≤ h ≤ 11, -11 ≤ k 
≤ 11, -19 ≤ l ≤ 20 

Reflections collected 21563 27986 16822 28148 26139 

Independent reflections 

2066 [Rint = 
0.0585, 
Rsigma = 
0.0182] 

5280 [Rint = 
0.0609, Rsigma 

= 0.0336] 

3783 [Rint = 
0.0277, Rsigma 

= 0.0196] 

4379 [Rint = 
0.0377, Rsigma = 

0.0193] 
5012 [Rint = 0.0522, 

Rsigma = 0.0227] 

Data/restraints/parameters 2066/0/119 5280/0/296 3783/0/255 4379/0/905 5012/2/347 
Goodness-of-fit on F2 1.083 1.062 1.080 1.068 1.188 

Final R indexes [I>=2σ 
(I)] 

R1 = 0.0273, 
wR2 = 
0.0754 

R1 = 0.0364, 
wR2 = 0.1048 

R1 = 0.0182, 
wR2 = 0.0461 

R1 = 0.0179, 
wR2 = 0.0461 R1 = 0.0334, wR2 = 

0.0876 

Final R indexes [all data] 
R1 = 0.0275, 

wR2 = 
0.0757 

R1 = 0.0404, 
wR2 = 0.1082 

R1 = 0.0192, 
wR2 = 0.0467 

 

R1 = 0.0183, 
wR2 = 0.0464 R1 = 0.0335, wR2 = 

0.0876 

Largest diff. peak/hole / e 
Å-3 1.33/-1.01 2.25/-1.54 0.64/-0.93 0.27/-0.41 

 2.68/-2.26 



 
 

 

 
 


