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Abstract 

This dissertation focuses on three main areas of study: (1) investigating the effects of 3-

coordinate gold (I)-centered dimers with aurophilic interactions, (2) comparing these with 2-

coordinate gold (I)-centered dimers in terms of their emission properties, and (3) exploring the 

impact of changes in the bridging ligand chain length (n), where n ≤ 3, across different solvates 

and non-coordinating anions. 

Chapter 1 reports that crystals of the dimer Au2(-dppe)2I2 (dppe is 1,2-bis-

(diphenylphosphino)ethane) have different separations between the three-coordinate gold ions, 

that are related to the solvent system used for crystallization.  In the different solvates of Au2(-

dppe)2I2, the Au…Au separation varied from 3.192(1) to 3.7866(3) Å.  Computational studies 

undertaken to understand the flexible nature of these dimers indicated that the structural 

differences were primarily a result of crystal packing effects with aurophillic interactions having 

a minimal effect. 

Chapter 2 reports six salts containing the dication, [Au2(-dppe)2]
2+. The structure of the 

helical dication, [Au2(-dppe)2], in the salts with non-coordinating anions is remarkably consistent 

with the Au...Au separation falling in the narrow range 2.9593(5) Å to 2.8787(9) Å. In the solid 

state, the six crystals display a green luminescence at room temperature and at 77 K, which has 

been assigned as phosphorescence.  However, solutions of the dication are not luminescent.  The 

other reported crystals are salts containing the analogous dication, [Au2(-dppp)2]
+2 (dppp is bis-

(diphenylphosphine)propane). None of these crystals are luminescent, but all contain two nearly 



 

x 

 

parallel, linear P-Au-P groups and a long separation between the gold ions that varies from 

5.6613(6) to 5.3409(4) Å.  

Chapter 3 reports five new crystalline gold(I) complexes Au2(μ-dppm)2Xn•solvate, where 

dppm is bis-(diphenylphosphino)methane) and X=Br or Cl, that have been prepared and 

structurally characterized by single crystal X-ray diffraction. Colorless crystals of -Au2(μ-

dppm)2Br2•2CH2Cl2  have a centrosymmetric structure with two three-coordinate gold(I) ions 

held in close proximity by the dppm ligands. Crystals of [Au2(μ-dppm)2Br]Br•2CH2Cl2 , [Au2(μ-

dppm)2Br](PF6) , and [Au2(μ-dppm)2Cl](BPh4)•3CH2Cl2 anion each have a cation with an 

unusual arrangement that binds a two-coordinate gold(I) ion to a three-coordinate gold(I) ion 

through an aurophilic interaction, or has an ion paired chloride ion that is symmetrically disposed 

between the two gold ions at a rather long distance. Each complex displays luminescence under 

UV irradiation. 

Chapter 4 reports four that the new crystalline gold(I) complexes [Au2(μ-dppm)2(μ-I)]X 

and [Au2(-dppm)2](X)2, where dppm is bis-(diphenylphosphino)methane) and X- is I-, PF6
-, or 

AsF6
-,  have been prepared and structurally characterized by single crystal X-ray diffraction and 

nuclear magnetic resonance. Yellow crystals of [Au2(μ-dppm)2(μ-I)]X have a structure with two 

three-coordinate gold(I) ions held in close proximity by the dppm  and bridging iodide ligands 

Yellow crystals of [Au2(μ-dppm)2(μ-I)]I•2CH2Cl2 and [Au2(μ-dppm)2(μ-I)](PF6)•CH2Cl2 have a 

structure with two three-coordinate gold(I) ions held in close proximity by the dppm and bridging 

iodide ligands. Crystals of [Au2(μ-dppm)2I][Au2(μ-dppm)2(μ-I)](AsF6)4•4CH2Cl2 have two 

different cations: one similar to the preceding complexes and the other cation with a terminal 

iodide ligand in an unusual arrangement that binds a two-coordinate gold(I) ion to a three-

coordinate gold(I) ion through an aurophilic interaction. In contrast, [Au2(-
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dppm)2](AsF6)2•CH2Cl2 has no anion bound and only has the gold ions as two-coordinate centers.  

Each complex displays luminescence under UV irradiation in solid and solution state.  The NMR 

spectra of solutions of the iodide complexes suggest that the iodide ion is bound to the [Au2(-

dppm)2]
2+ core but is able to circulate around this core.
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Introduction  

Gold (I) complexes have been investigated for their biological, biochemical, electronic, 

catalytic, and optical uses.1 One of the key reasons for their study is the phenomenon of 

aurophilic interactions—weak, yet significant, attractive forces between gold(I) atoms arising 

from relativistic and correlation effects.2–4 Relativistic effects are the result of the velocity of 

electrons approaching the speed of light, which leads to the contraction of the radial size.5 In 

gold (I) atoms relativistic effects cause the s and p orbital contraction, spin-orbit coupling, and d 

orbital expansion.  

Figure 1 shows a molecular orbital (MO) diagram for the association of two 2-coordinate 

gold(I) complexes along the z axis. The MO diagram shows that the association of two gold (I) 

complexes leads to the stabilization of the filled dz
2 and empty pz orbitals along the Au(I)…Au(I) 

interaction.6,7 This interaction stabilizes the self-association between two gold (I) complexes at 

distances ranging from 2.8 to 3.6 Å.2,3,8–11 These interactions are stronger than hydrogen bonding 

but weaker than a covalent bond. Under excitation, the promotion of an electron into the empty 

pz orbital, followed by relaxation into a triplet state leads to the release of a photon, as seen in 

Figure 1B. 6,9,13–20 The relaxation mode correlated to the complexes mentioned in this 

dissertation and model in Figure 1B are phosphorescence with lifetimes within the microsecond 

scale.21  
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A B  

Figure 1: A, Molecular orbital diagram of Au(I)…Au(I) with relativistic effects. B, Molecular 

orbital diagram showing the emissive first excited triplet  

Short bidentate phosphine ligand have commonly reacted with Au (I), leading to a variety 

of unique structures.2 Gold (I) complexes prefer a 1:1 ratio of gold atoms to these bidentate 

ligands.2 One of the most notable structures is the [M2((C6H5)2P(CH2)nP(C6H5)2)]
2+, as seen in 

figure 2A, with Au(I) can contain an aurophilic interaction.2,10,21–23 These  2-coordinate gold (I) 

dimers typically prefer inter- vs intra- molecular interactions between gold(I) ions, due to the 

bulky phenyl substituents that protrude from the dimer.2 The conjunction of inter-molecular and 

aurophilic interactions leads to a host of luminescent properties dependent on solvates, gases, 

and non-coordinating anions.10,21,22,24–27  
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A B  

Figure 2: A, A drawing of a short bridging phosphine ligand connecting two 2-coordinate metal 

ions a dimeric form, [M2((C6H5)2P(CH2)nP(C6H5)2)]
2+. B, A drawing of a short bridging phosphine 

ligand connecting two 3-coordinate metal ions into a dimeric form, 

[M2((C6H5)2P(CH2)nP(C6H5)2)X2]. 

There is an alternative to the cationic structure, the molecular dimer with coordinating 

anions bonded to the metal centers shown in Figure 2B.  For Au2(-Ph2P(CH2)nPPh2)2I2 where n 

=3 or greater, there are no aurophilic interactions present; however, all the complexes are 

emissive.28 This luminescence is due to the three coordinate metal center excitation process 

involves a transition from dx
2-y

2 and dxy orbital to an empty pz orbital.7,10,20,29–32  

Three coordinate gold (I) complexes with aurophilic interactions have more interesting 

luminescence due to the dual excitation pathways.22,23,33 Typically the 3-coordinate dimers have 

Au(1)…Au(I) distances that range from 3.2 to 3.8 Å and are heavily dependent on solvate or 

anion interactions.7,10,20,29–32 Many 3-coordinate Au(I) dimers have the gold(I) ions widely 

spaced as seen in the dppp (diphenylphospinopropane) modelPThe reported structure of 

polymorphs - and - Au2(μ-dppe)2I2•(CH3)2CO contains an aurophilic interaction between two 

three-coordinate centers.23 These polymorphs have vapochromic properties allowing a reversible 

exchange between the polymorphs, cataloged by changes in emission.  
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 An analogous compound, Au₂(μ-Ph₂P(CH₂)ₙPPh₂)₂X₂ (X = Cl, Br), where n = 1, has been 

reported in various crystal forms containing a three-coordinate gold(I) center with an aurophilic 

interaction. A notable example is Au₂(μ-dppm)₂Br₂•CH₂Cl₂ (dppm = 

diphenylphosphinomethane), where the aurophilic interaction is particularly short, at 3.015(2) Å. 

However, there has been minimal discussion on the impact of this bonding on emission 

properties. This gap in the field highlights the need for further investigations to better understand 

how 3-coordinate gold(I) centers with aurophilic interactions affect excitation pathways. 

Another interesting and unique property of M2(μ-dppm)2
+2 cations is the production of A-

frames.37–42  A-frames are binuclear complexes contain two bridging bidentate ligands and a 

single-atom bridge between metal atoms. Most metal centers undergoing A-frame conformations 

are square-planar metal centers Rh, Ir, Ni, Pd, Pt, and Au.43 This A-frame structure with both 

aurophilic and three coordination could lead to novel emission and properties. Previous work 

encountering a similar Au(I) A-frame structure has provided limited information on luminescent 

properties.44–48  

The Au2(dppm)2
2+ cation has major four coordination types, seen in Figure 3: the first 

completely molecular, next the A-frame, following the A-frame like, and lastly the completely 

ionic structures.32,44–64 Only one of these studies reports luminescence due to aurophilicity or 

three coordinate gold centers which are not bonded to another metal. The Konno et al. group 

analyzed trigonal-planar di-gold(I) centers systems, [Au2(dppm)3]
2+, and the two coordinate di-

gold(I) centers system [Au2(dppm)2]
2+.53 These structures had unique emission in the solid state 

undergoing; thermochromic, solvachromic, and mechanochromic changes.  
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Figure 3: Types of bonding dimers with the dppm ligands ranging from molecular to cationic 

structures. The first ionic structure is the A-frame structure, the next is the A-frame like, and the 

last is the completely ionic complex with no coordinating halide. 

This dissertation aims to investigate the effects of 3-coordinate dimers with aurophilic 

interactions compared to 2-coordinate dimers on emission properties, exploring various solvates, 

non-coordinating anions, and changes in n when less than or equal to 3.   
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Abstract 

We report the ability to trap the dimer Au2(-dppe)2I2 (dppe is 1,2-bis-

(diphenylphosphino)ethane) with different separations between the three-coordinate gold ions in 

crystalline solvates.  All of these solvates ((Au2(-dppe)2I2•4(CH2Cl2) (1),  Au2(-

dppe)2I2•2(CH2Cl2) (2) the polymorphs -Au2(-dppe)2I2·2(HC(O)NMe2) (3) and -Au2(-

dppe)2I2·2(HC(O)NMe2) (4) and Au2(-dppe)2I2·4(CHCl3) (5) along with polymeric {Au(-

dppe)I}n·n(CHCl3) (6) originated from the same reaction, only the solvent system used for 

crystallization differed.  In the different solvates of Au2(-dppe)2I2, the Au…Au separation varied 

from 3.192(1) to 3.7866(3) Å.  Computational studies undertaken to understand the flexible nature 

of these dimers indicated that the structural differences were primarily a result of crystal packing 

effects with aurophillic interactions having a minimal effect. 

 

Introduction  

Diphosphine ligands have been used to prepare a range of binuclear, polynuclear and 

polymeric metal complexes.1,2  In particular, ligands of the type R2P(CH2)nPR2, have been used to 

form binuclear, macrocyclic complexes with an M2(-R2P(CH2)nR2)2 core with varying distances 

between the metal ions.  When n is 1, the ligand places the metal centers in close proximity and 

facilitates bonding between these metal centers.3,4  When n is three or more, the metal centers are 

generally widely separated and not directly interacting with one another.5-11  However, when n is 

2 the bridging ligand can accommodate a range of separations between the metal centers.9,12,13 

The remarkable flexibility of the bridging diphosphine ligand 1,2- 

bis(diphenyl)phosphinoethane (dppe)  in the dimers Au2(-dppe)2I2 and Au2(-dppe)2Br2 

produced solvated crystals with varying Au…Au separations and some unusual luminescent 
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properties.12,13 Scheme 1 shows the behavior of crystals containing the dimer Au2(-dppe)2I2 and 

related compounds.13  The two polymorphs of the acetone solvate Au2(-dppe)2I2·2(OCMe2) 

exhibit different luminescence and different separations between the planar, three-coordinate gold 

ions.  Upon brief exposure to air, the orange luminescent -polymorph with an Au…Au distance 

of 3.6720(2) Å was converted into the green luminescent -polymorph with an Au…Au distance 

of 3.3955(3) Å.  This process could be reversed by exposure of the crystals to acetone vapor.  

However, upon prolonged standing in air the -polymorph lost acetone to form a green 

luminescent powder that was converted into orange luminescent Au2(-dppe)2(-I)2 upon 

exposure to acetone vapor.  Crystals containing the dimer Au2(-dppe)2Br2 also displayed a range 

of Au…Au distances that extended from 3.0943(2) to 3.8479(3) Å and displayed varying 

luminescence: green when the Au…Au distance was less than 3.5 Å, orange when it was greater 

than 3.5 Å.12  Even shorter Au…Au distances (in the range 2.8787(9) to 2.9593(5) Å) occur in the 

cationic dimers, [Au2(-dppe)2]
2+, which involve two-coordinate, rather than three-coordinate 

gold(I) ions.11,14  
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Scheme 1.  Crystal transformations of the polymorphs of Au2(-dppe)2I2·2(OCMe2) and related 

compounds from data in ref. 13. 

 

The variation in the Au…Au distances in the solvates of Au2(-dppe)2I2 and Au2(-

dppe)2Br2 suggested that aurophilic interactions between the two gold ions might influence the 

structure and luminescence of the crystals.  Aurophilic interactions between closed shell d10 Au(I) 

ions occur when there are short distances between adjacent gold(I) ions and involve mixing of the 

filled 5d orbitals with the empty 6s and 6p gold orbitals.15,16  Such interactions are particularly 

prevelant in two-coordinate gold(I) complexes17 and are likely to occur when the Au…Au 

separation is shorter than the distance of about 3.6 Å expected from simple van der Waals factors. 
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Here we report the structures and luminescent behavior of new crystalline solvates of 

Au2(-dppe)2I2 along with computational studies designed to understand the factors responsible 

for the variations in Au…Au distances in these crystals. 

 

Results and Discussion 

Preparation and Crystal Growth.  Addition of dppe to a slurry of solid AuI in acetone or 

dichloromethane produced a colorless solution, which yielded a colorless solid upon evaporation.  

This colorless solid was crystallized from three different solvents to yield pairs of crystalline 

compounds as outlined below.  Crystal data for the six compounds are set out in Table 1.  

Significant interatomic distances and angles are given in Table 2. 
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Table 1.  Crystal Data and Data Collection Parameters  

 Au2(-dppe)2I2 

·4(CH2Cl2) 

(1) 

Au2(-dppe)2I2 

·2(CH2Cl2) 

(2) 

-Au2(-dppe)2I2 

·2(HC(O)NMe2)  

(3) 

Formula C56H56Au2Cl8I2P4 C54H52Au2Cl4I2P4 C58H62Au2I2NOP4 

Formula weight 1784.22 1614.37 1590.72 

T, K   100.15 100(2) 90(2) K 

Color and Habit Colorless block  Colorless block Colorless plate 

Crystal system Monoclinic Monoclinic Triclinic 

Space group P21/c  P21/c P-1 

a, Å  13.539(4) 10.7304(4) 11.9418(5) 

b, Å 22.002(7) 22.6930(8) 12.0967(5) 

c, Å 10.801(4) 11.9931(4) 12.5362(5) 

, deg  90 90 63.892(2) 

, deg 110.057(14) 108.4470(10) 68.434(2) 

, deg 90 90 64.039(2) 

V, Å3  3022.3(17) 2770.32(17) 1427.31(10) 

Z 2 4 1 

dcalcd, g•cm-3 1.961 3.148 1.816 

, mm-1 6.366 13.268 6.366 

Unique data  6960 6370 6513 

Restraints 0 0 0 

Parameters.  325 309 318 

R1a 0.0404 0.0267 0.0163 

wR2
b
 0.1001 0.0602 0.0500 

a  For data with I > 2I 

    

R1 =
Fo - Fcå

Foå
; b For all data. 

    

wR2 =

w Fo2 - Fc2( )
2

[ ]å
w Fo

2( )
2

[ ]å

; w = 1/σ2 (Fo
2) 

+ (aP)2 + bP, where P = [max(0 or Fo
2) + 2(Fc

2)]/3 
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Table 1 continued.  Crystal Data and Data Collection Parameters  

 -Au2(-dppe)2I2 

·2(HC(O)NMe2)   

(4) 

Au2(-dppe)2I2 

·4(CHCl3)   

(5) 

{Au(-dppe)I}n 

·n(CHCl3)  

(6) 

Formula C58H62Au2I2N2O2P4 C56H52Au2Cl12I2P4 C27H25AuCl3IP2 

Formula weight 1590.71 1921.99 841.63 

T, K   90(2) K 100(2) 90(2) K 

Color and Habit Colorless plate Colorless block Colorless irregular 

plate 

Crystal system Triclinic Triclinic Triclinic 

Space group P-1 P-1 P-1 

a, Å  11.9340(5) 10.5616(11) 10.0425(7) 

b, Å 14.2277(6) 12.7861(13) 11.4032(8) 

c, Å 18.4006(8) 13.0433(14) 13.7462(10) 

, deg  83.4850(10) 69.469(2) 76.248(10) 

, deg 89.3280(10) 83.592(2) 88.288(1) 

, deg 66.3480(10) 88.929(2) 70.641(1) 

V, Å3  2841.4(2) 1638.8(3) 1440.53(18) 

Z 2 1 2 

dcalcd, g•cm-3 1.859 1.947 1.939 

, mm-1 6.399   6.036 6.578 

Unique data  13954 9479 6582 

Restraints 0 0 0 

Parameters  635 344 307 

R1a 0.0399 0.0178 0.0411 

wR2
b
 0.0745 0.0402 0.0680 

a  For data with I > 2I 

    

R1 =
Fo - Fcå

Foå
; b For all data. 

    

wR2 =

w Fo2 - Fc2( )
2

[ ]å
w Fo

2( )
2

[ ]å

; w = 1/σ2 (Fo
2) 

+ (aP)2 + bP, where P = [max(0 or Fo
2) + 2(Fc

2)]/3 
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Table 2.  Selected Interatomic Distances (Å) and Angles (deg) for Gold Complexes. 

 

 

Distances (Å)   Au2(-dppe)2I2 

·4(CH2Cl2) 

(1) 

Au2(-dppe)2I2 

·2(CH2Cl2) 

(2) 

-Au2(-dppe)2I2 

·2(HC(O)NMe2) 

(3) 

    

Au1...Au1A 3.192(1) 3.5013(2) 3.4289(2) 

P1…P2 4.025(2) 4.116(1) 4.0888(9) 

Au1-I1 2.9173(9) 2.9045(3) 2.9699(2) 

Au1-P1  2.315(2) 2.3182(9) 2.3170(7) 

Au1-P2  2.326(2) 2.3126(8) 2.3156(8) 

    

Angles (deg)    

P1...Au1...P2 148.24(6) 153.24(3) 152.91(2) 

P1...Au1...I1 108.56(4) 103.40(2) 103.07(2) 

P2...Au1...I1 102.65(4) 102.94(2) 103.55(2) 

  Angles 

about Au1 

       359.45       359.58                   359.53 
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Table 2.  Continued 

 

     

Distances (Å)   -Au2(-dppe)2I2 

·2(HC(O)NMe2)  

(4) 

Site A 

-Au2(-dppe)2I2 

·2(HC(O)NMe2)  

(4) 

Site B 

Au2(-dppe)2I2 

·2(CHCl3) 

(5) 

{Au(-dppe)I}n 

· n(CHCl3)  

(6) 

     

Au1...Au1A 3.2366(3) 3.7866(3) 3.5959(5) 7.1910(7) 

P1…P2 4.040(2) 4.202(2) 4.1251(8) 4.437(2) 

Au1-I1 

 

3.0044(4) 3.0055(4) 2.9296(4) 2.8499(4) 

Au1-P1  2.301(2) 2.320(2) 2.3183(7) 2.316(2) 

Au1-P2  2.310(2) 2.318(2) 2.3162(7) 2.300(2) 

     

Angles (deg)     

P1...Au1...P2 155.43(6) 160.12(6) 153.92(2) 148.03(6) 

P1...Au1...I1 102.52(4) 100.44(4) 102.45(2) 101.98(4) 

P2...Au1...I1 

 

  99.22(4)  99.40(4) 103.45(2) 108.43(4) 

  Angles 

about Au1 

 357.17 359.96 359.82 358.44 
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Crystallization from Dichloromethane: Formation of Solvates Au2(-dppe)2I2·4(CH2Cl2) (1) 

and Au2(-dppe)2I2·2(CH2Cl2) (2) 

Crystals of the two solvates, Au2(-dppe)2I2•4(CH2Cl2) (1) and Au2(-dppe)2I2•2(CH2Cl2) 

(2), were obtained individually by diffusion of diethyl ether into a dichloromethane solution of the 

colorless solid mentioned above.  Oddly, the sample of Au2(-dppe)2I2•4(CH2Cl2) (1) was 

obtained during the summer, while sample of Au2(-dppe)2I2•2(CH2Cl2) (2) was obtained during 

the winter.  Based upon their luminescence and crystal morphology, each of the samples appeared 

to be homogenous.  The structure of Au2(-dppe)2I2•4(CH2Cl2) (1) is shown in Figure 1.  The 

asymmetric unit of the gold complex consists of a gold ion, an iodide ion and a bridging dppe 

ligand with the rest of the molecule created by reflection through a center of symmetry.  The 

distance between the two gold ions is 3.192(1) Å, which is the shortest such distance in the 

complexes reported here.  Each gold ion exhibits planar, three-coordinate geometry.  The P-Au-P 

angle is much wider than the two P-Au-I angles, but the sum of the three angles is close to 360°.  

This situation is characteristic of other molecules with two phosphine ligands and an iodide ligand 

as can be seen in Table 3.  The four solvate molecules are rather far from the gold ions.  The closest 

interaction is the 5.473 Å distance between a gold ion and a hydrogen atom of the nearest 

dichloromethane molecule. 

 The structure of Au2(-dppe)2I2•2(CH2Cl2) (2) is similar to that of Au2(-

dppe)2I2•4(CH2Cl2) (1).  In both solvates, the dimeric complexes are centrosymmetric.  However, 

the separation between the two gold ions is longer in Au2(-dppe)2I2•2(CH2Cl2) (2) (3.5013(2) Å) 

than in Au2(-dppe)2I2•4(CH2Cl2) (1) (3.192(1) Å).  Additionally, the distance between the two 

phosphorus atoms in the bridging dppe ligand is longer in Au2(-dppe)2I2•2(CH2Cl2) (2) (4.116(1) 

Å) than in Au2(-dppe)2I2•4(CH2Cl2) (1) (4.025(2) Å). 
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 Colorless crystals of Au2(-dppe)2I2•4(CH2Cl2) (1) and Au2(-dppe)2I2•2(CH2Cl2) (2) are 

photoluminescent.  Figure 2 shows the excitation and emission spectra for the two complexes at 

room temperature and at 77 K.  These spectra and all other excitation and emission spectra reported 

here were obtained from crystalline samples that were handled to minimize the loss of solvate 

molecules, which could result in alteration of the spectroscopic properties as has been reported 

previously.18,19  Information about the excitation and emission maxima for these and other crystals 

are shown in Table 4.  At room temperature both complexes show a single excitation band at 380 

– 384 nm and a single emission band at 556 nm for compound () or 594 nm for compound ().  

At 77 K the emission bands shift to longer wavelengths without a significant change in the 

excitation spectrum.  For Au2(-dppe)2I2•2(CH2Cl2) (2), the emission lifetime at room temperature 

is 9 microseconds, while at 77 K it lengthens to 14 microseconds.  These lifetimes suggest that the 

emission arises from phosphorescence. 
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Figure 1.  The molecular structure of Au2(-dppe)2I2•4(CH2Cl2) (1) with the hydrogen atoms 

removed for clarity except for those on the dichloromethane molecules.  Color code: gold, yellow; 

phosphorus, orange; iodine, purple; carbon, grey; chlorine, green; hydrogen, white. 
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Table 3.  Selected Bond Distances (Å) and Angles (deg) for Three-Coordinate Gold Complexes. 

 

 Au(PCy3)2I
a 

 

Au(PCy3)2

I·PCy3
a 

Au(PPh3)2I
b 

 

Au2(-dcmp)2I2
c  

Bond 

distances (Å) 

     

Au1-I1 2.895(2) 3.008(1) 2.7588(6) 2.9960(7)  

Au1-P1  2.344(2) 2.315(3) 2.3331(1) 2.342(3)  

Au1-P2  2.328(2) 2.310(3) 2.3331(1) 2.321(3)  

Au…Au    3.0756(6)  

      

Bond angles 

(deg) 

     

P1...Au1...P2 143.1(1) 159.1(1) 131.86(6) 157.93(7)  

P1...Au1...I1 106.26(7) 98.69(7) 114.07(3) 94.40(6)  

P2...Au1...Br1 110.45(7) 101.87(7) 114.07(3) 107.62(6)  

  Angles 

about Au1 

359.81 359.66 360.00 359.95  

 

 

Data from:  a PCy3 = tricyclohexylphosphine. Bowmaker, G. A.; Brown, C. L.; Hart, R. D.; Healy, 

P. C.; Englehardt, L. M.; Rickard, C. E. F.; White, A. H. J. Chem. Soc. Dalton Trans. 1999, 881-

889. b Fränkel, R.; Kniczek, J.; Ponikwar, W.; Nöth, H.; Polborn, K.; Fehlhammer, W. P. Inorg. 

Chim. Acta 2001, 312, 23. c dcmp = bis-(dicyclohexylphosphino)methane, centrosymmetric dimer.  

Fu. W.-F.; Chan, K.-C.; Cheung, K.-K.; Che, C.-M. Chem. Eur. J. 2001, 7, 4656. ddmpe = bis-

(dimethylphosphino)ethane. Jaw, H.-R. C.; Savas, M. M.; Rogers, R. D.; Mason, W. R. Inorg. 

Chem. 1989, 28, 1028-1037. e dpmp = bis(diphenylphosphinomethyl)phenylphosphine. Xiao, H.; 

Weng, Y.-X. Wong, W.-T.; Mak, T. C. W.; Che, C.-M. Dalton Trans., 1997, 221–226.  
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Table 3. Continued Selected Bond Distances (Å) and Angles (deg) for Three-Coordinate Gold 

Complexes. 

 

 [{Au2(-

dmpe)2}2-I]a 

Au1 

 

[{Au2(-

dmpe)2}2-I]a 

Au2 

 

[{Au2(-

dmpe)2}2-I]a 

Au3 

 

[{Au2(-

dmpe)2}2-I]a 

Au4 

 

 

Bond 

distances (Å) 

     

Au1-I1 3.267(2) 3.331(2) 3.151(2) 3.277(2)  

Au1-P1  2.287(5) 2.285(5) 2.292(5) 2.297(2)  

Au1-P2  2.294(5) 2.287(5) 2.291(5) 2.310(5)  

Au…Au 2.971(2) 2.971(2) 2.976(1) 2.976(1)  

      

Bond angles 

(deg) 

     

P1-Au1-P2 174.0(2) 176.0(2) 171.6(2) 178.6(2)  

P1-Au1-I1 93.8(1) 87.8(1) 89.6(1) 93.8(1)  

P2-Au1-I1 89.4(1) 89.2(1) 94.3(1) 84.8(1)  

  Angles 

about Au1 

357.2 353.0 355.5 357.2  
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Table 3. Continued Selected Bond Distances (Å) and Angles (deg) for Three-Coordinate Gold 

Complexes. 

 

 [Au3(µ-dpmp)2 

(-I)I]Ie 

Au1 

 

[Au3(µ-dpmp)2 

(-I)I]Ie 

Au2 

 

[Au3(µ-dpmp)2 

(-I)I]Ie 

Au3 

 

Bond 

distances (Å) 

   

Au1-I1 3.008(1) 3.036(1) 3.191(1) 

Au1-P1  2.306(3) 2.309(3) 2.313(3) 

Au1-P2  2.316(3) 2.321(3) 2.315(3) 

Au…Au 2.9525(9) 2.9525(9) 

3.0202(9) 

3.0202(9) 

    

Bond angles 

(deg) 

   

P1-Au1-P2 173.0(1) 155.3(1) 170.4(1) 

P1-Au1-I1 93.37(8) 103.46(8) 95.89(8) 

P2-Au1-I1 93.44(8) 101.15(8) 91.42(8) 

  Angles 

about Au1 

359.81 359.91 357.71 
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Figure 2.  Excitation and emission spectra from crystalline solids of: A, Au2(-

dppe)2I2•4(CH2Cl2) and B, Au2(-dppe)2I2•2(CH2Cl2) (2). 
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Table 4.  Excitation and Emission Spectral Data 

Compound Temp. 

(K) 

Excitation 

(nm) 

Emission 

(nm) 

    

Au2(-dppe)2I2·4(CH2Cl2) (1) 298 

  77 

378 

373 

556 

581 

Au2(-dppe)2I2·2(CH2Cl2) (2) 298 

  77 

384 

372 

594 

598 

-Au2(-dppe)2I2·2(HC(O)NMe2) (3)    298 371 581 

-Au2(-dppe)2I2·2(HC(O)NMe2) (4)    298 

  77 

394 

378 

570 

572 

Au2(-dppe)2I2·2(CHCl3) (5) 298 

  77 

365 

395 

537 

540 

{Au(-dppe)I}n·n(CHCl3) (6) 298 

  77 

None 

300, 347 

None 

437 

 

 

 

Polymorphs of Au2(-dppe)2I2·2(HC(O)NMe2).  Evaporation of an N,N-dimethylformamide 

solution of the colorless complex obtained from adding dppe to AuI in dichloromethane produced 

colorless crystals of the -polymorph, which displayed a yellow-green luminescence along with  

colorless crystals of the -polymorph that produced yellow emission.  Figure 3 shows photographs 

of crystals of both -Au2(-dppe)2I2·2(HC(O)NMe2) (3) and -Au2(-dppe)2I2·2(HC(O)NMe2) 

(4) under ambient and UV light.  The crystals were separated manually based on their morphology 

and luminescence to provide samples for spectroscopic investigation.  The excitation and emission 

maxima for the two different polymorphs are given in Table 4.  

Crystals of -Au2(-dppe)2I2·2(HC(O)NMe2) (3) contain a centrosymmetric Au2(-

dppe)2I2 molecule, whose structure is similar to the dimers in crystals of (1) and (2).  In -Au2(-

dppe)2I2·2(HC(O)NMe2) (3) the separation between the two gold ions is 3.4289(2) Å. The other 

dimensions of this dimer are given in Table 2. 
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The -polymorph contains two distinct centrosymmetric dimers with different distances 

between the gold ions: 3.7866(5) and 3.2366(5) Å. One of the dimers in this polymorph contains 

the longest Au…Au separation seen in this study.  The structures of the two different dimers are 

compared in Figure 4.  In addition to the variation in Au···Au distances, the orientations of the 

phenyl rings are different in the two molecules.  In the molecule with the shorter separation 

between the gold ions, the two phenyl rings that protrude toward the viewer in Figure 4 are roughly 

perpendicular to one another, and the two phenyl rings that extend away from the viewer at the 

back of the dimer are also roughly perpendicular to one another.  In contrast, in the molecule with 

the longer separation between the gold ions seen at the bottom of Figure 4, the two phenyl rings 

that protrude toward the viewer are roughly parallel to one another as are the two phenyl rings that 

extend away for the viewer on the backside of the molecule. 
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Figure 3.   Photographs of crystals of -Au2(-dppe)2I2·2(HC(O)NMe2) (3) under (A) ambient 

light and (B) under UV irradiation, and -Au2(-dppe)2I2·2(HC(O)NMe2) (4) under (C) ambient 

light and (D) under UV irradiation 
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Figure 4.  The structures of the two independent dimers in -Au2(-dppe)2I2•2(HC(O)NMe2) (4) 

with the hydrogen atoms and solvate molecules removed for clarity.  The molecule with the shorter 

separation between the gold ions is shown in A.  The molecule with the longer separation between 

the gold ions is shown in B.  Color code: gold, yellow; phosphorus, orange; iodine, purple; carbon, 

grey. 
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Crystallization from Chloroform: Formation of dimeric Au2(-dppe)2I2·4(CHCl3) (5) and 

Polymeric {Au(-dppe)I}n·n(CHCl3) (6).  Layering diethyl ether over a chloroform solution of 

the product from the reaction between gold(I) iodide and dppe produced colorless blocks of Au2(-

dppe)2I2·4(CHCl3) (5), which displayed green luminescence under UV irradiation.  Excitation and 

emission data are given in Table 4.  The structure of the complex is similar the other gold dimers 

reported here.  The separation between the gold ions is 3.5959(5) Å. 

 

Colorless blocks of the polymer {Au(-dppe)I}n·n(CHCl3) (6) were obtained by layering 

pentane over a chloroform solution of the initial colorless product.  A portion of the structure of 

the product is shown in Figure 5.  The asymmetric unit consists of a chloroform molecule in a 

general position and a CH2Ph2PAuIPPh2CH2 unit with the rest of each dppe ligand formed by 

reflection through a center of inversion.  Within the polymer, the gold center is planar and 

coordinated to a terminal iodide ligand and phosphorus atoms from two different bridging ligands. 

The gold ions are widely separated in these polymers.  The closest contact between two gold 

centers is 6.7401(7) Å within a chain and 10.0425(7) Å between different chains. Clearly, there 

are no aurophilic interactions in these polymers.  The structure of polymeric {Au(-

dppe)I}n·n(CHCl3) (6) is similar to the structures of {Au(-dppe)Br}n·(CH2Cl2) and{Au(-

dppe)Br}n·0.5(C4H10O) reported previously,12 but none of these crystals are isostructural. 
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Figure 5.  The structure of part of the polymeric chain in {Au(-dppe)I}n·n(CHCl3) (6) 

with the hydrogen atoms removed for clarity.  Color code: gold, yellow; phosphorus, orange; 

iodine, purple; carbon, grey; chlorine, green. 

 

 

The polymer is not luminescent at room temperature but becomes luminescent (max for 

excitation, 300, 347nm; max for emission 437 nm) when cooled to 77 K.  The lack of luminescence 

at room temperature is somewhat unusual, particularly since the related polymers, {Au(-

dppe)Br}n·(CH2Cl2) and{Au(-dppe)Br}n·0.5(C4H10O), are luminescent at room temperature as 

are many other three-coordinate gold(I) complexes. 7,12 

 

Computational Analysis of Structural Differences: Computational methods were employed to 

better understand the energetics and the nature of the Au···Au interactions in structures of dimeric 

Au2(-dppe)2I2.  Au···Au distances in this family of compounds span an unusually large range, 

from 3.19 to 3.79 Å. In order to probe the factors controlling this distance, we have performed 

computational analysis on two structures that correspond to the two polymorphs of previously 
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reported Au2(-dppe)2I2•2(OC(CH3)2):
13 Geom(Short) with an Au···Au distance of 3.3177(7) Å 

and Geom(Long) with an Au···Au distance of 3.6720(2) Å. 

Geometry optimizations starting from crystallographic coordinates were used to locate 

energetic minima corresponding to these structures.  To optimize geometries for these two 

structures, the Au···Au distances were constrained while all other distances were allowed to 

optimize. A third hypothetical structure, Geom(Very_Short), with an Au–Au distance of 2.987 

Å, well below the sum of the Au van der Waals radii, was obtained from a full geometry 

optimization (including the Au···Au distance) starting from the Geom(Short) structure. Selected 

measurements and comparisons between the computational structures and their experimental 

counterparts are noted in Table 1. A notable difference between Geom(Short) and Geom(Long) 

is the Au···I interaction between the gold center and the iodine atom bound to the other gold center. 

As the Au···Au distance shrinks, so does this Au···I interaction, and in the Geom(Very_Short) 

this distance is smaller than the sum of the van der Waals radii, 3.64 Å. No significant differences 

in other non-covalent interactions were observed between the three optimized structures. 

Frequency calculations confirm that all three structures occupy local energetic minima, and allow 

comparison of the Gibbs free energies, ΔG, of the structures. Geom(Very_Short) was found to be 

lowest in ΔG (at 298.15 K), followed by Geom(Short) (+9.2 kJ mol–1), followed by Geom(Long) 

(+18.4 kJ mol–1). The change in calculated energy between the Short and Long structures (< 10 

kJ/mol) is within the associated range of crystal packing effects, which, for this system, are 

predominantly weak hydrogen-bonding interactions, namely solvent – aryl-proton (2-20 kJ/mol) 

and proton-to-phenyl π-stacking (>3 kcal/mol).23-28 The <10 kJ/mol difference in energies between 

the two calculated structures and notable intermolecular forces in the packed structure strongly 
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suggest that the differences in Au···Au distances in the two polymorphs are primarily a result of 

crystal packing effects resulting from the incorporation of various solvate molecules.   

Another factor that affects the Au – Au separation is the relative orientations of the phenyl 

rings within Au2(-dppe)2I2.   The Supporting Information contains two animations that show the 

output from the relaxed surface scan where the Au…Au distance was surveyed from 4.599 Å to 

2.959 Å over the course of 50 steps.  The animation shows a glitch at about 65% through the 

animation or at an Au – Au separation of ~3.5 Å where the orientation of the phenyl rings changes 

from that shown in Figure 4B with pairs of phenyl rings nearly parallel to each other and an 

Au…Au separation of 3.7866(3) Å to that shown in Figure 4A, where the same pairs of phenyl 

rings are nearly perpendicular to one another and the Au…Au separation is 3.2366(3) Å.  

 

 

 

Table 5. Selected geometric features of Au2(-dppe)2I2 from the experimental crystal structures 

and the computed systems. 

 
 

Au–Au, 

Å 

 

Au–P  

Å  

Au–I 

Au···I 

Å  

 

I–Au–Au 

Angle 

 

P–Au–P 

Angle 

 

P–Au–I 

Angle 

 

Origin 

Geom(Short) 

 

3.395 

(fixed) 

2.321    

 

2.871  

3.695 

71.7° 

 

 

 

146.0° 

 

109.7° 

104.3° 

  

 

 

DFT 

Au(Short) 3.3955(2) 2.316(2) 2.9759(2) 

3.7143(2) 

70.97(2)° 152.98(2)° 103.57(2)° 

102.79(2)° 

Crystal 

Ref. 13 

Geom(Long) 3.6720 

(fixed) 

2.321 2.871 

3.842 

70.7° 146.1° 108.8° 

104.8° 

DFT 

        

Au(Long) 3.6720(2) 2.314(1) 2.9106(2) 

3.937(2) 

72.43(2)° 154.33(2)° 103.34(2)° 

102.27(2)° 

Crystal 

Ref. 13 

 

 

Geom(Very_Short) 2.987 2.327 2.865 

3.576 

75.3° 143.5° 111.5° 

103.4° 

DFT 
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Analysis of Au···Au Interactions: Single point calculations on the three gold structures were 

used to determine the nature of the interactions between the two Au atoms in each structure using 

the calculated Mayer bond orders (MBO).20-22 The Geom(Very_Short) structure was calculated 

to have an Au–Au MBO of 0.11, indicating a weak but non-zero Au–Au bonding interaction. Both 

the Geom(Short) and Geom(Long) structures returned MBO values less than 0.10. Thus, Au–Au 

bonding interactions in these two structures are minimal. These bond order results agree with the 

comparison of the Au···Au distances to the sum of the Au van der Waals radii, described above.  

Metal-metal bonding between the d10 Au(I) ions can occur at short Au–Au distances when 

the Au–Au antibonding highest filled molecular orbital (HFMO, consisting of an out-of-phase 

combination of 5d orbitals) is raised close enough in energy to mix significantly with the empty 

6s and 6p orbitals.23-28 This mixing, particularly with the 6p orbitals, causes the HFMO to have 

non-bonding, rather than antibonding, character, as the orbital lobes bulge out away from the Au–

Au centroid. The structures Geom(Very_Short), Geom(Short), and Geom(Long), provide 

snapshots of this effect, which is seen via analysis of the orbital compositions given in Table 6 and 

Figure 6. Starting with Geom(Long), beyond the sum of the Au van der Waals radii, we see that 

the HFMO is essentially a hybrid of 5d and 6s orbitals with little 6p character (<3% of the metal 

contribution per Au atom). Geom(Short), which is very close to the sum of the Au van der Waals 

radii, has ~5% 6p character, while Geom(Very_Short) has ~20% p character.  
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Table 6. Percentage contributions of atomic orbitals to the filled Au–Au 

σ and σ* molecular orbitals.   

 System Contributions (%) 

Geom(Very_Short) 

  
Highest Occupied Metal 

Orbital Au 1 d: 9.4; s: 2.4; p: 2.9 

 Au 2 d: 9.4; s: 2.4; p: 2.9 

 

other 70.6 

   
Geom(Short) 

  
Highest Occupied Metal 

Orbital Au 1 d: 8.8; s: 4.2; p: 0.7 

 Au 2 d: 8.8; s: 4.2; p: 0.7 

 

other 72.6 

   
Geom(Long) 

  
Highest Occupied Metal 

Orbital Au 1 d: 4.8; s: 2.8; p: 0.2 

 Au 2 d: 4.8; s: 2.8; p: 0.2 

 

other 84.4 
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Figure 6. Isosurface plots (at 50%) of the highest filled metal orbitals for Geom(Very_Short), 

Geom(Short), and Geom(Long), highlighting the increasing degree of Au–Au antibonding 

character across the series.  

 

Conclusions  Our results indicate that crystallization of materials containing the components Au+, 

dppe, and I- in a 1:1:1 ratio can produce solvates of the centrosymmetric dimer, Au2(-dppe)2I2, 

as well as the polymer, {Au(-dppe)I}n·n(CHCl3) (6), and the iodide bridged dimer, Au2(-

dppe)2(-I)2, which was reported previously.13  The centrosymmetric dimer, Au2(-dppe)2I2, is 

quite flexible with Au…Au separations that range from 3.192(1) to 3.7866(3) Å. However, none of 

the compounds we have isolated have Au…Au separations that are as short as 2.987 Å, the distance 

that was computed for the hypothetical Geom(Very_Short).  Only the cationic dimer, [Au2(-

dppe)2]
2+, with two-coordinate gold(I) ions has an Au…Au separation that short.11,14  Thus, at short 

Au…Au contacts, the formation of the dimeric dication, [Au2(-dppe)2]
2+, with two-coordinate 

gold(I) centers is preferable to retaining the iodide ligands to form the molecular dimer, Au2(-

dppe)2I2, with three-coordinate gold(I) centers. 

The pair of polymorphs of Au2(-dppe)2I2·2(OC(CH3)2) were investigated 

computationally to better understand the origin of their different Au···Au distances. These two 
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structures were computationally predicted to differ in energy by only ~ 10 kJ/mol, an energy that 

is small enough to be attributable to crystal packing forces. An analysis of Au···Au interactions 

highlighted the changes in electronic structure that occurred as the Au atoms were brought together 

from a non-bonding range into the aurophilic bonding range. Notably, an increase in 6p 

contribution to the Au–Au highest filled metal orbital (HFMO) changes the nature of this orbital 

from Au–Au antibonding to Au–Au non-bonding as the two Au atoms were brought together. 

However, this effect was minimal over the crystallographically observed Au···Au distances, and 

only became relevant at a hypothetical Au−Au distance of <3.2 Å. Overall, the structural 

differences between the Au dimers were found to originate primarily from crystal packing effects 

with minimal aurophilic influence.  

The interplay of coordination number and aurophilic interactions is not clear cut. Two-

coordinate gold(I) complexes frequently engage in aurophilic interactions, which are responsible 

for the self-association of some these compounds.17  For three-coordinate gold(I) the issue is 

ambigous.  As our computations have shown, aurophilic interactions are not significant at the 

distances found in our solvates of Au2(-dppe)2I2.  However, there are several three-coordinate 

gold(I) complexes involving AuP2I coordination where shorter Au…Au distances may indicate 

aurophilic interactions.  We have included relevant data about these complexes in Table 3.  Finally, 

there are a least two cases of four-coordinate gold being involved in aurophilic interactions with 

other two-coordinate gold centers.29,30 

The luminescence in the solvated crystals of Au2(-dppe)2I2 is associated with the presence 

of planar, three-coordinate gold centers, which are usually luminescent without the need for 

aurophilic interactions.31-34 For such complexes, the excitation process generally involves a 
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promotion of an electron from the doubly occupied, in-plane dx2-y2,dxy gold orbitals into an empty 

orbital, which can be the out-of-plane px gold orbital or a an empty ligand orbital.28,29  

B3LYP density functional computations have been conducted on the related series of 

dimeric complexes, Au2(-Ph2P(CH2)nPPh2)2I2 (n = 3−6) and on mononuclear Au(PPh2Me)2I.
7  

Those calculations indicated that for compounds with an AuP2I core, the excitation involves metal-

to-ligand charge-transfer (MLCT) from an orbital with Au-I antibonding character to an orbital 

that is largely composed of phosphine ligand  bonds.  These computations also examined 

variations in the P-Au-P bond angles and the Au-I distances and found a correlation between the 

Au-I distances in these complexes and the emission wavelength.7  That correlation is not observed 

in the crystals of Au2(-dppe)2I2, where the variation in emission wavelength is small as seen in 

Table 4.  

 

Experimental Section. 

Preparation of Au(dppe)I.  A 100mg (0.309 mmol) portion of AuI was suspended in 30 mL of 

dichloromethane and to this suspension was added 185mg (0.463mmol) of dppe. After stirring for 

3hr, the suspension became a clear solution. The solution was filtered, and then the solvent was 

removed in a vacuum. The white solid was collected and washed with diethyl ether: yield, 195 mg 

(87.4%).  This material was used to obtain crystalline samples of the following compounds. 

    

Au2(-dppe)2I2·4(CH2Cl2) (1).  Crystals suitable for X-ray structure determination were grown 

by slow diffusion of diethyl ether to a solution of the colorless solid in chloroform. Colorless, 

block-shaped crystals with yellow luminescence grew in the mixture in about three to four days. 
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Infrared spectrum: 3035w, 2933m, 2920m, 2849m, 1718w, 1441w, 1431s, 1433w, 1430w, 

1377w, 1274m, 1177m, 1174m, 1096m, 1098m, 1027m, 999m, 995m, 727s, 699s cm-1. 

 

Au2(-dppe)2I2·2(CH2Cl2) (2). The suitable crystals for X-ray structure determination were 

grown by slow diffusion of diethyl ether to a saturated solution of the initial white solid in 

dichloromethane. The colorless blocks of Au2(-dppe)2I2·2(CH2Cl2) with a yellow luminescence 

formed over a 2-3 day period.  

Infrared spectrum: 3048w, 2891w, 1480s, 1434m, 1415m, 1305w, 1264w, 1156w, 1098s,  1069m, 

998w, 820m, 741m, 727m, 705m, 689s, 521m, 508s, 486m cm-1 

 

-Au2(-dppe)2I2·2(HC(O)NMe2) (3) and -Au2(-dppe)2I2·2(HC(O)NMe2) (4). The white 

solid was dissolved in a minimum volume of N,N-dimethylformamide and the colorless solution 

was filtered. After evaporation for a week, two different kinds of colorless blocks grew from in 

the solution.  These crystals, which produced yellow-green and yellow-orange luminescence 

respectively, were separated manually and used for the spectroscopy and crystallography.   

 

Infrared spectrum green emissive -Au2(-dppe)2I2·2(HC(O)NMe2) (3): 3053w, 2927w, 2893w, 

1660s(ν C=O from HC(O)NMe2), 1483m, 1433m, 1386m, 1098s, 1053m, 1024m, 952m, 822m, 

741m, 721m, 705m, 688s, 659m, 519m, 507s, 488m, 478m cm-1  

 

Infrared spectrum yellow emissive -Au2(-dppe)2I2·2(HC(O)NMe2) (4): 3054w, 2929w, 2894w, 

1662s(ν C=O from HC(O)NMe2), 1483m, 1434m, 1414m, 1385m, 1097s, 1053m, 1023m, 951m, 

822m, 742m, 721m, 705m, 688s, 659m,519m, 508s, 486m, 478m cm-1 
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Au2(-dppe)2I2·2(CHCl3) (5). Crystals suitable for X-ray structure determination were grown by 

slow diffusion of diethyl ether to a solution of the colorless solid in chloroform. Colorless, block-

shaped crystals of Au2(-dppe)2I2·2(CHCl3) appeared within two to three days. 

Infrared spectrum: 2940m, 2922vs, 2852m, 2362w, 2332w, 1464m, 1435w, 1377w, 1260w, 

1187w, 1171w, 1175m, 1099m,1072w, 1027w, 998w, 802w, 740s, 728s, 691vs cm-1 

 

Polymeric {Au(-dppe)I}n·n(CHCl3) (6).  Crystals suitable for X-ray structure determination 

were grown by slow diffusion of diethyl ether to a solution of the colorless solid in chloroform. 

Colorless, irregular plates of {Au(-dppe)I}n·n(CHCl3) (6) appeared in three to four days.  

Infrared spectrum: 3049w, 2975w, 2899w, 1481s, 1433s, 1412m, 1315m, 1099s, 1072m, 950m, 

750m, 726s, 692s, 521m, 509s, 486m, 477m 

 

X-ray Crystallography and Data Collection.  The crystals were removed from the glass tubes in 

which they were grown together with a small amount of mother liquor and immediately coated 

with a hydrocarbon oil on a microscope slide.  A suitable crystal of each compound was mounted 

on a glass fiber with silicone grease and placed in the liquid nitrogen cold stream of a Bruker 

SMART CCD with graphite monochromated Mo Kα radiation at 90(2) K.  Check reflections were 

stable throughout the data collection.   

 The structures were solved by direct methods and refined using all data (based on F2) using 

the software SHELXTL 5.1.  A semiempirical method utilizing equivalents was employed to 

correct for absorptions.  Hydrogen atoms were added geometrically and refined with a riding 

model. 35 
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Physical Measurements.  Infrared spectra were recorded on a Bruker ALPHA FT-IR 

spectrometer.  Fluorescence excitation and emission spectra were recorded on a Perkin-Elmer 

LS50B luminescence spectrophotometer. 

 

Computational Methods: Geometry optimizations, frequency calculations, and single-point (SP), 

were carried out using ORCA version 5.0.1.36,37 For the geometry optimizations and frequency 

calculations the BP86 exchange-correlation functional was used.38,39,40,41 Crystallographic 

coordinates, excluding solvent molecules, were used as the starting point for all geometry 

optimizations. The two experimental crystal structures were used as a basis for two computational 

models, Geom(Short) and Geom(Long), having Au···Au distances fixed to those of the two 

polymorphs.13 All other geometric parameters were optimized. A third model, 

Geom(Very_Short), with an even shorter Au–Au distance of 2.99 Å, resulted from a full geometry 

optimization without fixing the Au···Au distances. All calculations used the resolution of identity 

and correlation of spheres, RIJCOSX approximation.42,43,44 The segmented all-electron relativistic 

contracted (SARC) basis set, SARC-DKH-TZVPP,45, 46, 47 was used for the Au atoms. The SARC 

contracted Karlsruhe basis set, SARC-DKH-TZVP,48 was used for I atoms, while def2-SVP49 was 

used for all other atoms. The auxiliary coulomb basis set, def2/J,50 was used for all atoms. 

Dispersion corrections to the calculations were accounted for with the atom pairwise dispersion 

correction employing the Becke-Johnson damping scheme (D3BJ).51, 52 All molecules were 

calculated in their open shell singlet state using unrestricted Kohn Sham (UKS) theory. The radial 

grid of the Au atoms was set to 10, whereas the grids for all other atoms were set to 6. Frequency 

calculations were performed by numerical differentiation with a central-differences increment of 
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0.01. Visualizations of the orbitals from self-consistent field calculations were carried out with the 

UCSF Chimera package.53 Structure comparisons were made using Mercury.54  
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The flexibility of the three-coordinate dimer, Au2(-1,2-bis-(diphenylphosphino)ethane)2I2, with 

different separations between the gold ions in crystalline solvates has been examined 

crystallographically, spectroscopically and by computations. 
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Structure and Luminescence Studies of Salts of the Helical Dication, 

[Au2(μ-bis(diphenylphosphine)ethane)2]2+ and Comparison with Salts of [Au2(μ-

bis(diphenylphosphine)propane)2]2+ † 
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Abstract 

Six salts ([Au2(-dppe)2](BF4)2•CHCl3, [Au2(-dppe)2](BF4)2•1,2-Cl2C2H4, [Au2(-

dppe)2](PF6)2•CHCl3, [Au2(-dppe)2](PF6)2, [Au2(-dppe)2](SbF6)2, and [Au2(-

dppe)2](OTf)2•2CHCl3, (dppe is bis-(diphenylphosphine)ethane) containing the dication, [Au2(-

dppe)2]
2+, have been prepared and structurally characterized by single crystal X-ray 

crystallography.  Unlike the three-coordinate dppe-bridged dimers, Au2X2(-dppe)2 (X = Br, I), 

which show considerable variation in the distance between the gold(I) ions over the range 

3.8479(3) to 3.0995(10) Å in various solvates, the structure of the helical dication, [Au2(-dppe)2], 

in the new non-coordinating salts is remarkably consistent with the Au...Au separation falling in 

the narrow range 2.9593(5) Å to 2.8787(9) Å.  In the solid state, the six crystals display a green 

luminescence at room temperature and at 77 K, which has been assigned as phosphorescence.  

However, solutions of the dication are not luminescent.  Salts containing the analogous dication, 

[Au2(-dppp)2](PF6)2 (dppp is bis-(diphenylphosphine)propane), have been prepared to determine 

whether the longer bridging ligand might also twist into a helical shape.  These salts include 

[Au2(-dppp)2](OTf)2 (OTf  is triflate) and three crystalline forms of [Au2(-dppp)2](PF6)2: the 

solvate, [Au2(μ-dppp)2](PF6)2•(CHCl3), and two polymorphs of the unsolvated salt.  None of these 

crystals are luminescent but all contain a similar dication, [Au2(-dppp)2]
2+, that contains two 

nearly parallel, linear P-Au-P groups and a long separation between the gold ions that varies from 

5.6613(6) to 5.3409(4) Å.  
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Introduction 

Many gold(I) complexes display interesting luminescent properties that make them 

promising candidates for applications in sensing and electro-optic devices.1-6  For example, three-

coordinate, planar gold(I) complexes are generally luminescent both in the solid state and in 

solution.7-11  For such trigonal planar complexes, the excitation process involves a transition from 

the filled, in-plane dx2-y2,dxy gold orbitals to an empty orbital that may be a ligand-based orbital or 

the pz gold orbital and may cause significant distortion of the excited state.10,11 

On the other hand, two-coordinate linear gold(I) complexes are frequently non-emissive 

but can become emissive through aurophilic interactions with another gold(I) center.1,12-15  For 

example, salts containing the cations, [(cyclohexylNC)2Au]+ , exhibit no luminescence when the 

cations are isolated from one another, but show vibrant emission when aggregation occurs due to 

the formation of close contacts between the gold(I) ions.16-20    

Prior work has demonstrated that planar, three-coordinate, gold(I) complexes bridged by 

bis-(diphenylphosphine)ethane, (dppe), ligands show remarkable flexibility that is reflected in the 

Au...Au distance and in the luminescence of the complexes.  For example, dimeric Au2(-dppe)2Br2 

crystallizes as a variety of different solvates in which the Au...Au separations range from 

3.0995(10) to 3.8479(3)Å.21  Figure 1 shows the structure of one such solvate, Au2(μ-

dppe)2Br2•2(OSMe2), which has the longest Au...Au separation, 3.8479(3) Å.  The luminescence 

for different solvates of Au2(μ-dppe)2Br2 varies. Crystals with Au...Au separations longer than 3.5 

Å display orange luminescence, while those with Au...Au separations shorter than 3.5 Å produce 

green luminescence. While the presence of different solvate molecules in these crystals alters the 

molecular packing, no direct interactions of the solvate molecules with the gold ions have been 

identified. 
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Figure 1. The structure of the centrosymmetric dimer, Au2(μ-dppe)2Br2, in crystalline Au2(μ-

dppe)2Br2•2(OSMe2) where the Au...Au separation is 3.8479(3) Å drawn with thermal 

contours at the 30% probability level. For clarity hydrogen atoms and solvate molecules have 

been omitted. Color scheme: gold, yellow; phosphorus, orange; bromine, brown; carbon, grey. 

 

The related three-coordinate dimer, Au2(-dppe)2I2, crystallizes from acetone solution as 

two polymorphs that also show the flexibility of the bridging ligand. Crystals of -Au2(-

dppe)2I2·2OCMe2 exhibit orange emission and an Au…Au distance of 3.6720(2) Å while colorless 

crystals of -Au2(-dppe)2I2·2OCMe2 (2) display a green emission and a shorter Au…Au distance 

of 3.3955(2) Å.22   

Most other two coordinate gold(I) complexes lack aurophilic interactions and 

luminescence. However, based on the previous work, we became interested in examining the 

luminescence and structure of the dimeric dication [Au2(-dppe)2]
2+.23,24  Peringer and coworkers 

examined the structure of [Au2(-dppe)2](OTf)2•2CH3OH and observed that it had a helical 
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structure with a short Au…Au distance of 2.9594(10) Å and two distinct environments for the 

phosphorus atoms.1  Nevertheless, in solution only a single 31P NMR resonance was detected, 

which the authors suggested came from rapid exchange.  Awuah and coworkers found a similar 

structure for the dication in another salt, [Au2(-dppe)2](ClO4)2•CH3CN.26  However, they also 

reported a computed structure at the B3LYP level that produced a more symmetrical, non-helical 

structure with an Au…Au separation of 4.494 Å.  Since solvate molecules and poorly coordinated 

anions can influence the structures of gold(I) complexes,27-30  we have prepared and examined 

several other salts containing the dimeric dication, [Au2(-dppe)2]
2+, to examine their 

luminescence and the possibility that the cation structure might be flexible and readily altered.  We 

have also prepared and examined the structure of the related dication, [Au2(-dppp)2]
2+ (dppp is 

bis-(diphenylphosphine)propane), with a longer bridging diphosphine ligand in order to see how 

the longer bridge affects structure and luminescence.  In related cases, longer bridging 

diphosphines tend to create longer separations between gold(I) centers in dinuclear complexes.31,32  

It is also interesting to note that with only one bridging dppe ligand, the two-coordinate complex, 

AuCl(-dppp)AuCl, lacks intramolecular aurophilic interactions but dimerizes via two 

intermolecular aurophilic interactions in the solid state.33,34  

 

Results and Discussion 
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Preparation of Salts of [Au2(μ-dppe)2]2+.  Salts containing [Au2(μ-dppe)2]
2+ were obtained by 

mixing dichloromethane solutions of equimolar amounts of thtAuCl and dppe followed by the 

addition of the appropriate anion from sodium tetrafluoroborate, ammonium hexafluoro-

phosphate, sodium hexafluorostibonate, or potassium triflate in a mixture of dichloromethane and 

methanol.  The resulting solutions were evaporated to dryness and the resulting solids were treated 

with dichloromethane to extract the gold salt.  The dichloromethane solution was evaporated to 

dryness.  Colorless crystals of [Au2(-dppe)2](BF4)2•CHCl3, [Au2(-dppe)2](BF4)2•1,2-Cl2C2H4, 

[Au2(-dppe)2](PF6)2•CHCl3, [Au2(-dppe)2](SbF6)2, and [Au2(-dppe)2](OTf)2 •2(CHCl3), each 

with a green luminescence, were grown by slow diffusion of a mixture of diethyl ether or toluene 

into a chloroform or 1,2-dichloroethane solution of the salt. 

  

Crystallographic Characterization of Salts Containing [Au2(-dppe)2]2+.  The structure of the 

dication, [Au2(-dppe)2]
2+, changes only slightly in the six different crystalline salts examined here 

and is similar to that found earlier in  [Au2(-dppe)2](OTf)2•2CH3OH and [Au2(-

dppe)2](ClO4)2•CH3CN.25,26  Figure 2 shows two views of the dication in crystals of Au2(μ-

dppe)2](BF4)2•(CHCl3).  The view labelled B of this figure shows, the cation has a helical geometry 

with the bridging diphosphine ligands twisting about the two gold ions.  These diphosphine ligands 

are arranged so that two of the eight phenyl rings extend outward at one end of the dication on the 

left side of Figure 2 A, while four of the phenyl groups protrude outwardly at the opposite end of 

the dication on the right side of Figure 2 A. In the salts reported here, individual dications are 

chiral due to their helical shape.  However, these salts form in the centrosymmetric space groups, 

P21/c or P𝟏̅, and consequently each crystal contains a racemate of the dications. 
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Figure 2. Two views of the structure of the dication, [Au2(μ-dppe)2]
2+, in crystalline   Au2(μ-

dppe)2](BF4)2•(CHCl3) drawn with thermal contours at the 50% probability level.  In B, only 

the ipso carbon atoms of each phenyl ring are shown for clarity.  Color scheme: gold, yellow; 

phosphorus, orange; carbon, grey. 

 

  Figure 3 shows the numbering scheme of the dication.  Table 1 presents bond distances, 

bond angles and torsional angles for the dication in the different salts.  Each gold ion is bound to 
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two phosphorus atoms of the bridging dppe ligands and to the other gold ion.  The Au…Au distance 

varies only slightly over the range, 2.8787(9) to 2.9593(5)Å.  In contrast, the three coordinate, 

centrosymmetric dimer, Au2(μ-dppe)2Br2, has a large variation in the Au…Au separation from 

3.0943(2) to 3.8479(3)Å in different solvated crystals.21,22  In [Au2(μ-dppe)2]
2+ the P1-Au1-P4 

bond angles range from 164.82(3) to 171.37(3)° while the P2-Au2-P3 bond angles, which range 

from 174.14(3) to 179.21(7)°, are more nearly linear. The Au2 center is consistently near the 

anions with two phenyl rings pointed away from the cation. In comparison to these bond angles, 

the torsional angles, P2-Au2…Au1-P1 and P3-Au2…Au1-P4, are nearly equal in the 

hexafluorophosphate, hexafluoroantimonate and triflate salts. These torsional angles differ 

significantly only in the two solvated forms of the smallest anion, the tetrafluoroborate salts. 

 

Figure 3. Numbering scheme for the dication [Au2(μ-dppe)2]
2+.  Only the ipso carbon atom 

of each phenyl ring is shown for clarity. Anions and solvate molecules are not shown.   
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Table 1.  Selected Bond Distances and Angles for [Au2(-dppe)2]
2+. 

 
Complex  [Au2(-

dppe)2] 

(BF4)2 

•CHCl3 

[Au2(-

dppe)2] 

(BF4)2 •1,2-

Cl2C2H4 

[Au2(-

dppe)2] 

(PF6)2•CHCl3 

[Au2(-

dppe)2] (PF6)2 

[Au2(-

dppe)2] 

(SbF6)2 

[Au2(-dppe)2] 

(OTf)2•2CHCl3 

Distances (Å) 

Au-Au  2.8954(4) 2.8787(9) 2.9414(5) 2.9329(5) 2.9460(4) 2.9593(5) 

Au1-P1 2.302(2) 2.301(1) 2.3087(9) 2.319(2) 2.305(1) 2.3146(9) 

Au1-P4 2.302(2) 2.299(1) 2.3060(7) 2.313(2) 2.307(1) 2.312(1) 

Au2-P2 2.325(1) 2.3133(9) 2.3056(9) 2.299(2) 2.307(1) 2.308(1) 

Au2-P3 2.316(2) 2.3254(9) 2.3157(7) 2.313(2) 2.304(1) 2.312(1) 

 

Angles (deg) 

P1-Au1-P4 164.82(6) 164.82 166.09(3) 170.88(7)  171.32(5) 171.37(3) 

P2-Au2-P3  

174.61(6) 

174.14 177.86(3) 179.21(7) 176.92(5) 176.17(3) 

 

Torsional angles (deg) 

P2-

Au2…Au1-

P1  

54.79(6) 38.56(3) 41.81(3) 42.73(7)  47.76(5)  47.06(3) 

 

P3-

Au2…Au1-

P4  

39.16(6) 54.65(3) 45.32(3) 45.40(7) 46.64(5) 47.23(3) 

 

 

Spectroscopic Properties the dication, [Au2(μ-dppe)2]2+.  Each of the six salts reported here 

exhibit green luminescence in the solid state at room temperature.  The excitation and emission 

spectra of crystals of [Au2(-dppe)2](BF4)2•CHCl3  are shown in Figure 4.  The excitation and 

emission spectra of the other crystals are similar and are shown in the Supporting Information.  

The excitation and emission wavelengths and lifetimes for these salts are given in Table 2.  Based 

on the large Stokes’ shifts in these spectra and the microsecond lifetimes, it appears that the 

emissions of these salts are due to phosphorescence. 
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Figure 4.  The excitation and emission spectra of crystals of [Au2(-dppe)2](BF4)2•CHCl3 at room 

temperature in blue (emission obtained with excitation at 367 nm, excitation obtained for emission 

at 493 nm)  and at 77 K in orange (emission obtained with excitation at 354 nm, excitation obtained 

for emission at 488 nm). 
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Table 2.  Data for Excitation and Emission of Salts Containing [Au2(μ-dppe)2]
2+ 

  298K 77K 

Crystal 

Composition  

Au--Au 

bond 

distance 

(Å) 

Visual 

Color  

Emissio

n (nm) 

Lifetim

e (ms) 

Excitatio

n (nm) 

Emissio

n (nm) 

Lifetim

e (ms) 

Excitatio

n (nm) 

[Au2(μ-dppe)2] 

(BF4)2 •CHCl3 

2.878(6)  green  484 32 367 486 33 354 

[Au2(μ-dppe)2 ] 

(BF4)2•1,2-Cl2C2H4 

2.878(6)  green  484 32 355 486 33 348 

[Au2(μ-dppe)2] 

(PF6)2•CHCl3 

2.941(5)  green 474 32 378 485 34 364 

[Au2(μ-dppe)2] 

(PF6)2 

2.9329(5) green 494  374 495  350 

[Au2(μ-dppe)2] 

(SbF6)2  

2.95(2)  green  494 11 361 501 34 357 

[Au2(μ-

dppe)2]OTf2•CHCl

3 

2.959(4)  green  491 32 364 491 32 358 

 

 

 The UV spectrum of an acetonitrile solution of [Au2(-dppe)2](PF6)2 is shown in Figure 5.  

Notice that there is no significant absorption at 365 nm, where the crystalline forms of this cation 

display their excitation maxima.  This observation suggests that the structure of [Au2(μ-dppe)2]
2+ 

in solution differs from the structure found in the solid state.  It is possible that this dication in 

solution has a structure like that calculated by Awuah and coworkers with a long separation 

between the gold(I) ions and no significant aurophilic interaction, which is why there is no 

luminescence.26  
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Figure 5.  UV spectrum of [Au2(-dppe)2](PF6)2 in acetonitrile solution at room temperature. 

 At room temperature, colorless solutions of salts containing the dication, [Au2(μ-dppe)2]
2+, 

are not emissive. However, upon freezing in liquid nitrogen, these solutions become luminescent.  

Relevant spectra for solid Au2(-dppe)2](PF6)2 and frozen solutions of this salt in a variety of 

solvents are shown in Figure 6.  As the spectra show, there is a dependence of the excitation and 

emission wavelengths on the nature of the frozen solvent involved.  Solvation effects, particularly 

in the vicinity of the gold ions are the likely cause of the minor differences in these spectra in 

Figure 6.  There is a precedent for such behaviour, the dimeric dication, [Au2(-dpae)2]
2+ (dpae is 

1,2-bis(diphenylarsino)ethane) has a helical structure analogous to that of [Au2(-dppe)2]
2+.35  

Over time crystals of the di-solvate [Au2(-dpae)2](AsF6)2•2(CHCl3) loose chloroform and are 

converted into the mono-solvate, [Au2(-dpae)2](AsF6)2•(CHCl3).  This process is accompanied 

by a change in luminescence and a change in the surroundings of one of the gold ions in the 

dication. 
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Figure 6.  The excitation (left) and emission (right) spectra of [Au2(-dppe)2](PF6)2 as a solid and 

in various frozen solutions at 77 K. 

 The 31P{1H} NMR spectrum of [Au2(-dppe)2](BF4)2 in chloroform-d solution shows a 

single resonance at 38.4 ppm at 290 K.  Cooling the solution results only in a slight downfield shift 

to 38.2 ppm at 273 K, 38.2 ppm at 263 K, and 38.1 ppm at 253 K.  These results are consistent 

with the data reported by Peringer and coworkers, who observed only a single 31P{1H} NMR 

resonance at all temperatures for a solution of [Au2(-dppe)2](OTf)2•2CH3OH.25  The observation 

of only a single 31P{1H} resonance could be explained by either rapid exchange of the phosphorus 

atoms between the two different environment seen in the crystal or by the existence of a more 

symmetrical, non-helical structure like that computed by Awuah and coworkers in solution.26   

 Infrared spectra are reported for these salts in the experimental section.  These spectra are 

dominated by vibrations of the diphosphine ligand, but there are also characteristic vibrational 

bands due to the individual anions that distinguish each spectrum. 
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[Au2(μ-dppp)2]2+.  Salts containing [Au2(μ-dppp)2]
2+ were obtained by mixing dichloromethane 

solutions of equimolar amounts of thtAuCl and dppe followed by the addition of ammonium 

hexafluorophosphate or potassium triflate in a mixture of dichloromethane and methanol as 

described for salts of [Au2(μ-dppe)2]
2+.  Three crystalline forms of [Au2(-dppp)2](PF6)2  and 

[Au2(-dppp)2](OTf)2 were grown concomitantly by diffusion of diethyl ether into a chloroform 

solution of the salt. 

Structural Characterization of [Au2(-dppp)2](PF6)2 and [Au2(-dppp)2](OTf)2. Three 

colorless crystalline salts containing the dication [Au2(μ-dppp)2]
2+ with hexafluorophosphate as 

the counter ion have been obtained: the solvate [Au2(μ-dppp)2](PF6)2•(CHCl3), and two 

polymorphs (designated as the  and  forms) of the unsolvated salt. 

 The structure of the dication, [Au2(-dppp)2]
2+, in the solvate, [Au2(μ-

dppp)2](PF6)2•(CHCl3) is shown in part A of Figure 7, where its structure is compared with that of 

the −polymorph Au2(μ-dppp)2](PF6)2 in part B. The dication in the solvate, [Au2(μ-

dppp)2](PF6)2•(CHCl3) has no crystallographic symmetry, while the dication in the  −polymorph 

Au2(μ-dppp)2](PF6)2 is centrosymmetric.  Figure 8 offers another comparison of the structure of 

the dication in [Au2(μ-dppp)2](PF6)2•(CHCl3) with the structure of the dication in the 

entrosymmetric  −polymorph of Au2(μ-dppp)2](PF6)2.  In Figure 8 these dications are viewed 

down the P-Au-P axes of each dication.  The structure of the dication in the  polymorph of Au2(μ-

dppp)2](PF6)2 is also centrosymmetric with a structure similar to that of the  polymorph.  

Likewise, the dication in [Au2(-dppp)2](OTf)2 is also centrosymmetric and has a similar structure 
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to the centrosymmetric dimer shown in Figures 7 and 8.  In all these structures the P-Au-P units 

are nearly linear and parallel to one another with a rather long separation of the two gold ions, 

which ranges from 5.6613(6) to 5.3409(4) Å.  Comparative structural data are contained in Table 

3. 

 Figure 7 also shows the structure of the related three-coordinate dimer, Au2I2(μ-dppp)2, 

whose structure was reported earlier.32 Au2I2(μ-dppp)2 also has a centrosymmetric structure with 

the two gold ions widely separated by 5.067(2) Å.  Each gold ion is coordinated to two phosphorus 

atoms and an iodide ion.  Since the complex contains three-coordinate gold(I), the P-Au-P angle 

(152.88(5)°) is far from linear.   
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Figure 7. A, the structure of the dication, [Au2(μ-dppp)2]
2+, in crystalline Au2(μ-

dppp)2](PF6)2•CHCl3; B, the structure of the centrosymmetric dication, [Au2(μ-dppp)2]
2+, in 

the a polymorph of Au2(μ-dppp)2](PF6)2; and C, the structure of centrosymmetric Au2I2(μ-

dppp)2 drawn from coordinates from reference 32 with all thermal contours at the 50% 
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probability level.  Color scheme: gold, yellow; phosphorus, orange; iodine, violet; carbon, 

grey. 

 

 

Figure 8. Views down the P-Au-P bonds of: A, the dication, [Au2(μ-dppp)2]
2+, in crystalline 

Au2(μ-dppp)2](PF6)2•CHCl3; B, the centrosymmetric dication, [Au2(μ-dppp)2]
2+, in the a 

polymorph of Au2(μ-dppp)2](PF6)2.  Color scheme: gold, yellow; phosphorus, orange; carbon, 

grey. 
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Table 3.  Selected Bond Distances and Angles for [Au2(-dppp)2]2+. 

 
Complex  [Au2(-dppp)2] 

(PF6)2 •(CHCl3) 

-[Au2(-

dppp)2] (PF6)2  

-[Au2(-

dppp)2] (PF6)2  

[Au2(-dppp)2] 

(OTf)2 

Distances (Å) 

Au-Au  5.6613(6) 5.6414(3) 5.3409(4) 5.602(1) 

Intraligand 

P…P 

5.558(3) 5.483 5.5478(8)  

 5.505(3)    

Au1-P1 2.309(2) 2.3176(7) 2.3045(9) 2.310(2) 

Au1-P4 2.311(2) 2.3189(7) 2.3086(9) 2.310(2) 

Au2-P2 2.308(2) 2.3189(7) 2.3086(9) 2.310(2) 

Au2-P3 2.307(2) 2.3176(7) 2.3045(9) 2.310(2) 

 

Angles (deg) 

P1-Au1-P4 174.60(7) 175.95(3) 169.44(3) 178.4(5) 

P2-Au2-P3 175.31(8) 175.95(3) 169.44(3) 178.4(5) 

 

Torsional 

angles (deg) 

P2-Au2-Au1-

P1  

6.81(7) 1.04(3) 9.40(3) 0.00 

P3-Au2-Au1-

P4  

6.17(7) 1.04(3) 9.40(3) 0.00 

 

Spectroscopic Properties the dication, [Au2(μ-dppp)2]2+.  The 31P{1H} NMR spectra of samples 

of Au2(μ-dppp)2](PF6)2 and [Au2(μ-dppp)2](OTf)2 showed a single resonance at 41.5 ppm  at room 

temperature.  None of the salts containing the dication [Au2(μ-dppp)2]
2+ show any luminescence 

at 77 K or at room temperature.  Solutions of these salts were not luminescent.  The lack of 

luminescence is consistent with the large separation between the gold ions in these dimers, which 

prevents aurophilic interactions.  In contrast, the neutral binuclear complex, Au2I2(μ-dppp)2, whose 

structure is shown in Figure 7, is luminescent at room temperature with exc = 350 nm and em = 
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420 nm as reported previously.32  The luminescence is of the dimer of [Au2(μ-dppp)2]
2+ is expected 

as it is seen in the three-coordinate gold complexes. 

Conclusions 

 While the three-coordinate dppe-bridged dimers, Au2X2(-dppe)2 (X = Br, I), show 

considerable variation in the distance between the gold(I) ions over the range 3.8479(3) to 

3.0995(10) Å in various crystalline solvates, the structure of the dication, [Au2(-dppe)2]2+, in the 

new salts reported here is remarkably consistent with a helical structure that brings the Au...Au 

separation into the narrow range 2.9593(5) Å to 2.8787(9). In other words, the anion or the solvate 

molecules produce only very minor changes in the Au...Au separation. With the two-coordinate 

gold ions experiencing aurophilic interactions in these salts, each emits a green luminescence at 

room temperature and at 77 K. However, solutions of the dication are non-luminescent, possibly 

due to a change in structure with an increase in the separation between the gold(I) ions.  

 The gold(I) ions in the dication [Au2(μ-dppp)2]
2+ are widely separated in the various 

crystals examined here.  The longer dppp bridging ligand does not participate in helical twisting 

that is characteristic for the dication, [Au2(-dppe)2] and does not allow the gold(I) ions to engage 

in aurophilic interactions. Other cases are known where bridging diphosphines with three or more 

methylene groups between the phosphorus atoms keep metal centers apart and restrict 

metallophilic interactions.31,32,36 

Experimental 

Preparation of compounds. Methanol, toluene, and dichloromethane were purchased 

from Sigma-Aldrich Co, LLC.  Chloroauric acid was purchased from Strem Chemicals, 
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Inc. Ammonium hexafluorophosphate was purchased from Alfa Aeser, Inc. Solids were 

used as received.  Solvents were used as received and all reactions were conducted on the 

bench top open to the atmosphere. 

 

Preparation of [Au2(-dppe)2](BF4)2•CHCl3.  A 82.5 mg (0.207 mmol) portion of dppe was 

dissolved in 7 mL of dichloromethane and an equivalent amount of thtAuCl (66.4 mg, 0.207 mmol) 

which had been dissolved in 4 mL dichloromethane was added to the dppe solution. This solution 

was stirred for about 10 min followed by the addition of NaBF4 (228.5 mg, 2.07 mmol) that was 

dissolved in 6 mL of dichloromethane and 2 mL of methanol. The colorless solution was then 

stirred over a 24-hour period. To remove the excess salt, the crude product was vacuum-dried and 

the resulting solid was dissolved in a minimum amount of dichloromethane.  The colorless solution 

was filtered using a filter pipet and the filtrate was evaporated to dryness. A crude yield of 119.5 

mg (85%) was obtained. The dried crude product was dissolved in chloroform and filtered.  This 

solution was placed at the bottom of an outer diameter of 5 mm diameter glass tube and anti-

solvent of diethyl ether or toluene was layered above it. Colorless crystals with green luminescence 

grew over a two-week period.  

Infrared Spectrum (cm-1): 3051 (w), 3018 (w), 2965 (w), 1585 (w), 1486 (w), 1434 (m), 1404 

(w), 1270 (m), 1248 (m), 1227(w), 1171 (w), 1132 (m), 1098 (s), 1025 (vs), 996 (m), 919 (w), 

872 (w), 841 (w), 796 (w), 737 (s), 689 (vs), 630 (s), 570 (w), 514 (w), 477 (m), 422 (m).  The 

peak at 1025 (vs) cm-1 correlates to the B-F stretch of the BF4
- anion.  

31P{1H} Nuclear Magnetic Resonance (ppm): 38.4 ppm in chloroform-d at 290 K. 
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Preparation of [Au2(-dppe)2](PF6)2.  This salt was obtained in 70% yield following the 

procedure used to prepare [Au2(-dppe)2](BF4)2•CHCl3 with the substitution of ammonium 

hexafluorophosphate for sodium tetrafluoroborate. 

Infrared Spectrum (cm-1): 3050 (w), 3018 (w), 2965 (w), 1479 (w), 1435 (m), 1399 (w), 1337 

(w), 1303 (w), 1269 (w), 1184 (w), 1101(m), 1074 (w), 1030 (w), 994 (w), 828 (vs), 736 (m), 

685 (s), 556 (m), 515 (s), 471 (m).  The peaks at 828 (vs) and 556 (m) cm-1 correlate to the P-F 

stretch and bend of the PF6
- anion.  

31P{1H} Nuclear Magnetic Resonance : 38.4 ppm in chloroform-d at 290 K. 

1H Nuclear Magnetic Resonance: complex multiplets for the aromatic resonances at 7.67, 7.65, 

7.62, 7.60, 7.48, 7.46, and 7.43 ppm (40 protons); methylene resonance, quintet, 3.30 ppm  (8 

protons) chloroform-d at 290 K. 

 

 

Preparation of [Au2(-dppe)2](SbF6)2.  This salt was obtained in 6.8% yield following the 

procedure used to prepare [Au2(-dppe)2](BF4)2•CHCl3 with the substitution of sodium 

hexafluoroantimonate for sodium tetrafluoroborate. 

Infrared Spectrum (cm-1): 3058 (w), 2973 (w), 1585 (w), 1483 (w), 1436 (s), 1407 (w), 1333 (w), 

1307 (w), 1270 (w), 1189 (w), 1132 (w), 1099 (m), 1070 (w), 1023 (w), 999 (w), 874 (w), 840 

(w), 798 (w), 739 (m), 718 (w), 690 (s), 650 (vs), 565 (w), 524 (s), 512 (s), 467 (m), 439 (w), 

418 (w) 396(w).  The peak at 690 (s) cm-1 correlates to the Sb-F stretch of a SbF6
- anion.  
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Preparation of [Au2(-dppe)2](OTf)2•2(CHCl3).  This salt was obtained in 93% yield 

following the procedure used to prepare [Au2(-dppe)2](BF4)2•CHCl3 with the substitution 

of potassium triflate for sodium tetrafluoroborate. 

Infrared Spectrum (cm-1): 3052 (w), 2971(w), 1579 (w), 1479 (w), 1433 (m), 1408 (w), 1337 

(w), 1297 (w), 1265 (m), 1249 (m), 1222 (m), 1148 (m), 1101 (m), 1025 (m), 993 (w), 915 (w), 

881 (w), 846 (w), 799 (w), 725 (m), 686 (s), 630 (w), 570 (w), 514 (s), 472 (m).  The peaks at 

1297 (w), 1265 (m), 1249 (m), 1222 (m), 1025 (m), 630(w) cm-1 correlate to the C-F and S-O 

stretch and bend of the OTf - anion.  

 

 

Preparation of [Au2(-dppp)2](PF6)2.  A 68.5 mg (0.166 mmol) portion of dppp was dissolved 

in 7 mL of dichloromethane and an equivalent quantity of thtAuCl (51.9 mg, 0.162 mmol) 

dissolved in 4 mL dichloromethane was added to the dppp solution. This colorless solution was 

stirred for 10 min followed by the addition of potassium hexafluorophosphate (350 mg, 1.90 

mmol) that was dissolved in a 6 mL portion of dichloromethane and 2 mL of methanol. This 

mixture was then stirred over a 24-hour period. To remove the excess salt, the crude product was 

evaporated to dryness.  The resulting solid was dissolved in dichloromethane and filtered with a 

filter pipet.  The dried, green luminescent crude product (yield: 184 mg, 75%) was dissolved in 

chloroform. Slow diffusion of diethyl ether into the colorless chloroform solution produced 

colorless crystals that did not luminesce under UV light at 77 K or at room temperature. 

31P{1H} Nuclear Magnetic Resonance (ppm): 41.5 ppm (cation) and -144.12(JPF, 3.54) ppm 

(anion) in chloroform-d. 
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Infrared Spectrum (cm-1): 3066 (w), 2913 (w), 2850 (w), 1573 (w), 1483 (w), 1436 (m), 1314 

(w), 1191 (w), 1185 (w), 1105 (m), 1000 (w), 996 (w), 960 (m), 827 (s), 744 (m), 691 (m), 688 

(m), 555 (m), 486 (m), 481 (m), 463 (m), 422 (w), 392 (w).  The peaks at 827 (s) and 555 (m) 

cm-1 correlate to the P-F stretch and bend of the PF6
- anion.  

 

Preparation of [Au2(μ-dppp)2]](OTf)2.This salt was obtained in 52% yield following the 

procedure used to prepare [Au2(-dppp)2](PF6)2 with the substitution of potassium 

hexafluorophosphate  for potassium triflate. 

31P{1H} Nuclear Magnetic Resonance (ppm): 41.5 ppm. 

Infrared Spectrum (cm-1): 3050 (w), 2950 (w), 2920 (w), 2899 (w), 2853 (w), 1481 (m), 1436 (s), 

1405 (w), 1381 (w), 1259 (s), 1221 (m), 1160 (m), 1102 (s), 1067 (w), 1026 (s), 997 (m), 967 

(m), 939 (m), 835 (m), 798 (w), 742 (s), 690 (s), 635 (s).  The peaks at 1259 (s), 1221 (m), 1160 

(m), 1026 (m), 635(s) cm-1 correlate to the C-F and S-O stretch and bend of the OTf - anion.  

31P{1H} Nuclear Magnetic Resonance: 41.4 ppm in chloroform-d at 290 K. 

1H Nuclear Magnetic Resonance: complex multiplets for the aromatic resonances at 7.64, 7.54, 

7.53, 7.52 ppm (40 protons); methylene resonance, broad multiplet, 3.04 ppm  (8 protons) and 

2.16 broad multiplet, ppm (4 protons) in chloroform-d at 290 K. 
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Table 4.  Crystal Data 

 
[Au2(-dppe)2] 

(BF4)2 •CHCl3 

[Au2(-dppe)2]  

(BF4)2 •1,2-

Cl2C2H4 

[Au2(-dppe)2] 

(PF6)2• 2CHCl3 

[Au2(-dppe)2] (PF6)  

Color/Habit  Colorless 

Block  

Colorless 

Block 

Colorless 

Block  

Colorless block 

Chemical 

formula  

C53H49Au2B2 

Cl3F8P4 

C54H52Au2B2 

Cl2F8P4 

C54H50Au2Cl6 

F12P6 

C52H48Au2 F12P6 

formula 

weight  

1483.72 1463.29 1719.39 1480.65 

crystal 

system 

monoclinic monoclinic triclinic monoclinic 

space group P21/c P21/c P-1 P21/c 

a/Å 21.0445(9) 21.075(6) 12.3528(17)  11.2050(2) 

b/Å 13.0917(6) 13.134(4) 12.4980(17) 25.1101(5) 

c/Å 20.1991(9) 19.698(5) 22.069(3) 18.5313(4) 

α/deg 90 90 101.917(3) 90 

β/deg 107.382(3) 104.334(7) 91.887(3) 96.3980(10) 

γ/deg 90 90 114.272(3) 90 

V/Å3 5310.9(4) 5282(2) 3012.4(7) 5181.47(18) 

Z 4 4 2 4 

T(K) 90(2) 100(2) 100(2) 90(2) 

λ(Å) 0.71073 0.71073 0.71073 0.71073 

ρ(g/cm3) 1.856 1.840 1.896 1.898 

μ(mm-1) 5.855 5.836 5.364 5.922 

R1(obsd 

data)a 

0.0439 0.0499 0.021 0.0425 

wR2(all data, 

F2 

refinement)b 

0.1408 0.0631 0.0371 0.1461 
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Table 4.  Crystal Data (continued)  
[Au2(-dppe)2] 

(OTf)2•2(CHCl3) 

[Au2(-dppe)2] 

(SbF6)2 

[Au2(-dppp)2] (PF6)2 

•(CHCl3) 

Color/Habit  Colorless Needle   Colorless 

Parallelepiped  

Colorless block 

Chemical 

formula  

C56H50Au2Cl6F6 

O6P4S4 

C52H48Au2 F12P4Sb2 C55 H54 Au2 Cl3 F12 P6 

formula weight  3335.81 1662.25 1629.08 

crystal system monoclinic monoclinic orthorhombic 

space group P21/c P21/c P212121 

a/Å 11.5718(10) 11.3952(9) 12.2983(2) 

b/Å 36.444(3) 36.836(3) 18.3220(4) 

c/Å 14.6822(13) 14.4435(12) 26.5245(5) 

α/deg 90 90 90 

β/deg 106.807(2) 106.711(3) 90 

γ/deg 90 90 90 

V/Å3 5927.3(9) 5806.7(8) 5976.8(2) 

Z 2 4 4 

T(K) 100(2) 100(2) 90 

λ(Å) 0.71073 0.71073 0.71073 

ρ(g/cm3) 1.869 1.901 1.806 

μ(mm-1) 5.394 6.14 5.272 

R1(obsd data)a 0.0267 0.0394 0.0329 

wR2(all data, F2 

refinement)b 

0.0505 0.0984 0.1026 
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Table 4.  Crystal Data (continued) 

 
[Au2(-dppp)2] 

(PF6)2 (α 

polymorph) 

[Au2(-dppp)2] (PF6)2 

(β- polymorph) 

[Au2(-dppp)2] 

(OTf)2 

Color/Habit  Colorless 

Parallelapiped 

Colorless plate  Colorless block  

Chemical formula  C54H52Au2F12P6 C54H52Au2F12P6 C56H52Au2P4F6O6S2 

formula weight  1508.16 1508.72 1516.91 

crystal system triclinic triclinic orthorhombic 

space group P-1 P-1 Ibam 

a/Å 9.0514(2) 10.5733(5) 15.2016(11) 

b/Å 11.8984(2) 11.8113(5) 17.0643(12) 

c/Å 14.0805(2) 13.4238(8) 21.6296(16) 

α/deg 69.2180(10) 64.005(2) 90 

β/deg 74.1960(10) 71.710(3) 90 

γ/deg 79.3420(10) 64.425(2) 90 

V/Å3 1357.58(4) 1343.04(12) 5610.8(7) 

Z 1 1 4 

T(K) 90(2) 90(2) 190(2) 

λ(Å) 0.71073 0.71073 0.71073 

ρ(g/cm3) 1.882 1.865 1.796 

μ(mm-1) 5.654 5.713 5.481 

R1(obsd data)a 0.0177 0.0179 0.0242 

wR2(all data, F2 

refinement)b 

0.0635 0.0678 0.0631 

 

 

X-ray Crystallography and Data Collection. Crystals were coated with a hydrocarbon 

oil after being transferred with a covering of mother liquor to a microscope slide.  Colorless 

crystals of [Au2(μ-dppe)2](BF4)2•CHCl3, [Au2(μ-dppe)2](PF6)2•2CHCl3 [Au2(μ-

dppe)2](PF6)2, [Au2(μ-dppe)2](BF4)2•1,2-Cl2C2H4, [Au2(μ-dppe)2(OTf)2]•2(CHCl3), 

[Au2(-dppp)2] (PF6)2 •(CHCl3), [Au2(μ-dppp)2](PF6)2, [Au2(μ-dppp)2](OTf)2, and were 

mounted under a nitrogen cold stream produced by an Oxford Cryostream low temperature 

apparatus on the goniometer head of a Bruker D8 Venture Kappa DUO diffractometer 

equipped with Bruker Photon II CMOS detector and a MoKα microsource. A colorless 
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paralleapiped of Au2(dppe)2(SbF6)2 was mounted in the 100 K nitrogen cold stream 

provided by a Cryo Industries low-temperature apparatus on the goniometer head of a 

Bruker APEX II sealed-tube diffractometer and CCD detector with the use of MoKα ( = 

0.71073 Å) radiation. A multi-scan absorption correction was applied with the program 

SADABS.37 The structures was solved by a dual space method, (SHELXT)38 and refined 

by full-matrix least-squares on F2 (SHELXL-2017).38 CCDC contain the supplementary 

crystallographic data for this paper. 

 

 

Physical measurements 

IR spectra were recorded on a Bruker Alpha FT-IR spectrometer using attenuated total reflectance 

(ATR).  Fluorescence excitation and emission spectra were recorded on a Jobin Yvon Horiba 

Floromax-P luminescence spectrophotometer. UV-Vis spectra were recorded on a Shimadzu UV-

3600 spectrophotometer.  

Supporting Information 

The data that support the crystallographic findings of this study are openly available in Cambridge 

Crystallographic Data Centre at https://ccdc.cam.ac.uk, reference number CCDC xx-xx .  
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Bridging 1,2-Bis-(diphenylphosphino)methane Ligands Facilitate the Formation of 

Binuclear Complexes with Both Two-Coordinate and Three-Coordinate Gold(I) Ions † 

 

 

 

† Reprinted in part with permission from Costa, S.; Chui, S. M.; Espinoza, K. A.; Olmstead, 

M. M.; Fettinger, J. C.; Balch, A. L. “Bridging 1,2-Bis-(diphenylphosphino)methane Ligands 

Facilitate the Formation of Binuclear Complexes with Both Two-Coordinate and Three-

Coordinate Gold(I) Ions” Inorg. Chem. 2024, 63 (52), 24563–24572. 
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Abstract 

Five new crystalline gold(I) complexes (-Au2(μ-dppm)2Br2•2CH2Cl2 (1), [Au2(μ- 

dppm)2Br]Br•2CH2Cl2 (2), [Au2(μ-dppm)2Br](PF6) (3), [Au2(μ-dppm)2Cl](BPh4)•3CH2Cl2 (4) 

and [(Au2(μ-dppm)2]Cl(AsF6)•2CH2Cl2 (5) (where dppm is bis-(diphenylphosphino)methane) 

have been prepared and structurally characterized by single crystal X-ray diffraction. Colorless -

Au2(μ-dppm)2Br2•2CH2Cl2 (1) has centrosymmetric structure with two three-coordinate gold(I) 

ions held in close proximity by the dppm ligands. Crystals of [Au2(μ- dppm)2Br]Br•2CH2Cl2 (2), 

[Au2(μ-dppm)2Br](PF6) (3), and [Au2(μ-dppm)2Cl](BPh4)•3CH2Cl2 (4) have a cation with an 

unusual arrangement that binds a two-coordinate gold(I) ion to a three-coordinate gold(I) ion 

through an aurophilic interaction. Whereas Au2(μ-dppm)2Cl](BPh4)•3CH2Cl2 (4) has a chloride 

ion bound to only one of the gold ions in the complex, [(Au2(μ-dppm)2]Cl(AsF6)•2CH2Cl2 (5) has 

an ion paired chloride ion that is symmetrically disposed between the two gold ions at a rather long 

distance. Each complex displays luminescence under UV irradiation.  

 

 

Introduction  

Frequently gold(I) complexes form colorless crystals, but many crystalline gold(I) 

compounds become luminescent under UV irradiation and can produce colors ranging from blue 
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to red.1-5  This luminescent behavior makes gold(I) complexes promising candidates for the 

development of various electro-optical devices and sensors.6-10  

Individual two-coordinate, linear gold(I) complexes are generally not luminescent unless 

one of the ligands involved is emissive itself.3  However, two-coordinate gold(I) complexes can 

become luminescent upon aggregation due to aurophilic interactions.  Thus, the two-coordinate 

cation, [(cyclohexylNC)2Au]+, is not luminescent when it is surrounded by two large tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate anions.11 However, this cation becomes luminescent due to 

assembly into extended chains with close Au…Au contacts when smaller anions like 

hexafluorophosphate are the counterions.10,12-15  In contrast, monomeric, three-coordinate gold(I) 

complexes are usually luminescent.16,18  Consequently, luminescence cannot be utilized to identify 

cases where three-coordinate gold(I) complexes associate through aurophilic interactions. 
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The aurophilic interactions responsible for the aggregation of two-coordinate gold(I) 

complexes result from a combination of London dispersion forces and relativistic effects,19,20 and 

have been used to assist in the construction of various supramolecular arrays.8,21,22  The aurophilic 

interaction between two closed-shell, d10 gold(I) ions has a bond strength comparable to a 

hydrogen bond.23 

While the aggregation of cationic, anionic, and neutral two-coordinate gold(I) complexes 

is well established, much less is known about the ability of three-coordinate gold(I) complexes to 

participate in aurophilic interactions.  There is only one example of self-association of a three-

coordinate gold(I) complex that we have found.  The planar cations in crystals of 

[(bipyridine)Au(2,6.dimethylphenylisocyanide)](N{SO2CF3}2) pack around centers of symmetry 

to form dimers connected by a Au…Au bond at a distance of 3.2201(6) Å.24  Computational 

analysis indicates that the strength of this bond is 6.3 kcal/mol.  Nothing has been reported about 

the absorption and possible emisssion spectra of this compound. 

As shown in structure A of Scheme 1, diphosphine ligands of the type R2P(CH2)nPR2 can 

be used to form binuclear metal complexes with varying spacings between metal centers.25-29  

When n is 3 or greater, the metal centers are generally far apart.  For example, in Au2(-

Ph2P(CH2)3PPh2)2I2 the gold ions are separated by 5.0671(6) Å, well beyond the point where 

aurophilic interactions occur, and the distance between the gold(I) ions is even larger as n 

increases.  However, for crystals of the accordion-like dimers, Au2(-dppe)2X2 (where dppe is bis-
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(diphenylphosphino)ethane and X is I or Br), the separations between the two gold ions varied 

depending upon the solvate molecules incorporated into the crystals.  For X = I the separation 

between the gold(I) ions varied from 3.192(1) Å to 3.7866(3) Å,14,15 while for X = Br the separation 

ranged from to 3.0943(2) Å to 3.8479(3) Å.16   While the short end of these ranges suggest that 

aurophilic interactions are present, computational studies indicate that aurophilic interactions are 

not a significant contributor to the bonding within Au2(-dppe)2I2 unless the Au…Au distance 

shrunk down to 2.987 Å.31  Such a short Au…Au distance was not found in any of the solvated 

forms of three-coordinate Au2(-dppe)2X2, but can be found in the dimeric dication [Au2(-

dppe)2]
2+ with two-coordinate gold(I) ions.31 
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Scheme 1.  (A), Binuclear complexes bridged by two diphosphine ligands. (B)-(E), Ligand 

dispositions in gold(I) dimers bridged by dppm. 

 

To examine the flexibility of interactions of three-coordinate gold(I) ions in close 

proximity, we turned to compounds bridged by bis-(diphenylphosphino)methane (dppm).33  

Au2(-dppm)2Br2 and Au2(-dppm)2Cl2  were known to possess a face-to-face structure shown as 

(B) in Scheme 1 and [Au2(-dppm)2(-I)]+ was shown to have an A-frame structure34-36 shown as 

(C) in Scheme 1, but the possible luminescence of these compounds had not been examined.37-39   
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Results and Discussion. 

Formation and Structure of the -polymorph of Au2(μ-dppm)2Br2•2CH2Cl2 (1) and 

[Au2(μ-dppm)2Br]Br•2CH2Cl2 (2).  Treatment of a solution of dppm with a suspension of gold(I) 

bromide in dichloromethane and a solution of potassium bromide in dichloromethane/methanol 

produced a yellow solid.  Colorless crystals were obtained by diffusion of diethyl ether into a 

dichloromethane solution of the product.  Examination of the crystals under a microscope using 

UV light revealed the presence of two types of crystals that had grown concomitantly as shown in 

Figure 1.  The blue luminescent plates were crystallographically identified as a new polymorph of 

molecular -Au2(μ-dppm)2Br2•2CH2Cl2 (1), while the teal luminescent blocks were found to be 

ionic [Au2(μ-dppm)2Br]Br•2CH2Cl2 (2). The proportion of the molecular compound, -Au2(μ-

dppm)2Br2•2CH2Cl2 (1), could be enhanced when carefully dried dichloromethane was used as 

solvent, while the fraction of the ionic compound, [Au2(μ-dppm)2Br]Br•2CH2Cl2 (2), could be 

increased by using dichloromethane that had been saturated with water to provide a more polar 

environment.  Occasionally crystals of the −polymorph of Au2(μ-dppm)2Br2•2CH2Cl2 were 

found along with crystals of molecular -Au2(μ-dppm)2Br2•2CH2Cl2 (1) and ionic [Au2(μ-

dppm)2Br]Br•2CH2Cl2 (2).  However, we were unable to reliably produce enough of the 

−polymorph of Au2(μ-dppm)2Br2•2CH2Cl2 to collect spectroscopic data on these crystals.  The 

original report on the −polymorph of Au2(μ-dppm)2Br2•2CH2Cl2 did not indicate how the crystal 

were grown.36  Consequently, we limit further discussion to the -polymorph of Au2(μ-

dppm)2Br2•2CH2Cl2 (1).  
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Figure 1.   Photograph of crystalline plates of blue luminescent -Au2(μ-dppm)2Br2•2CH2Cl2 

(1) and teal luminescent blocks of ionic [Au2(μ-dppm)2Br]Br•2CH2Cl2 (2) taken under UV 

irradiation. 

 

The structure of the  -polymorph of Au2(μ-dppm)2Br2•2CH2Cl2 has been determined by 

single crystal X-ray diffraction.  Crystal data are given in Table 1 and selected bond distances and 

angles are presented in Table 2.  A view of the -Au2(μ-dppm)2Br2 molecule is shown in Figure 2.  

The dimer is located on a crystallographic center of symmetry, which lies at the midpoint of the 

bond between the two gold ions.  The Au…Au distance is 3.0771(4) Å, which is suggestive of an 

aurophillic interaction between the two gold ions.  Each gold ion is in a nearly planar, three-
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coordinate geometry, which is quite similar to the coordination environment found in the various 

solvates of Au2(μ-dppe)2Br2.
32 The Au-Br distance is  2.8978(5) Å, which is a bit longer than the 

range of Au-Br distances (2.7115(11) - 2.8848(3) Å) in the solvates of  Au2(μ-dppe)2Br2 and quite 

a bit longer than the Au-Br distance (2.625(2) Å) in Au(PPh3)2Br.40  The Au-P distances, 2.3060(7) 

Å and 2.3390(7) Å, fall near the range of Au-P distances (2.2995(6) - 2.3205(6) Å) observed in 

the solvates of Au2(μ-dppe)2Br2. As usual with complexes of this sort, the P-Au-P angle (159.06(3) 

°) is much larger than the P-Au-Br angle (96.46(1) °).  The Au…Au-Br angle is 96.46(1) °, and the 

bromide ion is quite far (4.4580(5) Å) from the adjacent, non-bonded gold(I) ion. As can be seen 

from the data in Table 2, the bond distances and angles in -Au2(μ-dppm)2Br2•2CH2Cl2 (1) are 

similar to those in -Au2(μ-dppm)2Br2•2CH2Cl2.
36  Drawings comparing these two polymorphs 

can be found in the Supporting Information, Figures SI-1and 2. 

 

 

Table 1. Crystal Data for Gold(I) Complexes 

 
-Au2(μ-dppm)2Br2 

•2CH2Cl2 (1) 

-Au2(μ-dppm)2Br2 

•2CH2Cl2 
c 

[Au2(μ-

dppm)2Br]Br•2CH2Cl2 

(2) 
color/habit colorless plate pale yellow  colorless block  
chemical formula C52H48Au2Br2Cl4P4 C52H48Au2Br2Cl4P4 C52H48Au2Br2Cl4P4 
formula weight 1492.32 1492.33 1492.33 
crystal system triclinic triclinic orthorhombic 
space group P-1 P-1 P 21 21 21 
a (Å) 10.1292(12) 10.970(2) 13.6747(5) 
b (Å) 11.0548(14) 11.332(1) 14.5276(6) 
c (Å) 12.9356(16) 12.343(1) 25.8882(10) 
α (deg) 71.338(2) 109.54(1) 90 
β (deg) 86.797(2) 107.81(1) 90 
γ (deg) 67.197(2) 97.88(1) 90 
V (Å3) 1261.2(3) 1326.81 5143.0(3) 
Z 1 1 4 
T (K) 90(2) 298 90(2) 
λ (Å) 0.71073  0.71073 
ρ (g/cm3) 1.965 1.868 1.927 
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μ (mm-1) 7.769  7.620 
R1 (obsd data)a 0.0183 0.0535 0.0160 
wR2 (all data, F2 

refinement)b 

 

0.0389 

 

 

 

 

 

0.0359 

 

 
a R1 = (Σ||Fo| − |Fc||)/Σ|Fo| 
b wR2 = ((Σ[w(Fo

2 − Fc
2)2])/Σ[w(Fo

2)2])1/2 

c From data in Shain, J.; Fackler, Jr., J. P. Inorg. Chim. Acta, 1987, 131, 157-158. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. (Continued) Crystal Data for Gold(I) Complexes 

 
[Au2(μ-dppm)2Br](PF6) 

(3) 
[Au2(μ-dppm)2Cl] 

(BPh4)•3CH2Cl2 (4) 

[Au2(μ-dppm)2]Cl(AsF6)• 

2CH2Cl2 (5) 

color/habit colorless block yellow block colorless block 

chemical formula C50H44Au2BrF6P5 C77H70Au2BCl7P4 C52H48AsAu2Cl5F6P4 

formula weight 1387.54 1772.11 1556.89 

crystal system monoclinic Triclinic monoclinic 

space group P 21/n P -1 C 1 2/c 1 

a (Å) 18.6625(10) 12.0702(4) 27.274(7) 

b (Å) 13.3339(7) 16.8803(6) 20.4594(18) 

c (Å) 20.1402(10) 20.5697(7) 15.035(4) 

α (deg) 90 69.1994(18) 90 

β (deg) 105.504(3) 71.2565(18) 92.187(4) 

γ (deg) 90 90 90 

V (Å3) 94829.4(4) 3636.9(2) 5357(2) 

Z 4 2 4 

T (K) 90(2) 90(2) 90(2) 

λ (Å) 0.71073 0.71073 0.71073 

ρ (g/cm3) 1.908 1.618 1.930 

μ (mm-1) 7.120 4.417 6.510 
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R1 (obsd data)a 0.0433 0.0288 0.0177 

wR2 (all data, F2 

refinement)b 

 

0.1185 

 

 

0.0720 

 

 

0.0783 

 

 
a R1 = (Σ||Fo| − |Fc||)/Σ|Fo| 
b wR2 = ((Σ[w(Fo

2 − Fc
2)2])/Σ[w(Fo

2)2])1/2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.  Selected Bond Distances and Angles for Gold(I) Complexes 

 
Complex -(Au2(μ-

dppm)2Br2) 

•2CH2Cl2  

(1) 

-(Au2(μ-

dppm)2Br2) 

•2CH2Cl2
 a  

[(Au2(μ-

dppm)2Br)Br] 

•2CH2Cl2  

(2) 

Distances (Å) 

Au…Au 3.0771(4) 3.015(2) 2.9475(5) 

Intra-

ligand 

P…P 

3.0580(8) 3.049(5) 3.057(1)(P1-

P2) 

3.053(2)(P3-

P4) 

 

Au1-P1 2.3060(7) 2.312(4) 2.318(1) 

Au1-P4 2.3390(7) 2.354(4) 2.313(1) 

Au2-P2 2.3060(7) 2.354(4) 2.304(1) 

Au2-P3 2.3390(7) 2.312(4) 2.305(1) 

Au1-X1 2.8978(5) 2.869(2) 2.9148(7) 

Au2-X1   3.2223(6) 

Au2-X2 2.8978(5) 2.869(2)  
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Angles (deg) 

 

P1-Au1-

P4 

159.06(3) 156.50(1) 169.65(4) 

P2-Au2-

P3 

159.06(3) 156.50(1) 166.40(4) 

Au1…Au2-

X1 

96.46(1) 102.68(6) 66.68(1) 

Au1…Au2-

X2 

96.46(1) 102.68(6)  

Torsional angles (deg) 

 

P2-

Au2…Au1-

P1 

20.73(2) 23.4(1) 0.61(4) 

P3-

Au2…Au1-

P4 

-20.73(2) -23.4(1) 4.15(4) 

 

 

 

 

 

 

 

 

Table 2.  Continued Selected Bond Distances and Angles for Gold(I) Complexes 
Complex [(Au2(μ-

dppm)2Br) 

(PF6)  

 (3) 

[(Au2(μ-

dppm)2Cl)] 

(BPh4)•3CH2Cl2 

(4) 

[(Au2(μ-

dppm)2Cl)] 

(AsF6)•2CH2Cl2 

(5) 

Distances (Å) 

Au…Au 2.9435(3) 2.9522(4) 2.9968(8) 

Intra-

ligand 

P…P 

3.081(2)(P3-

P4) 

3.059(2)(P1-

P2) 

3.068(1)(P1-P2) 

3.053(1)(P3-P4) 

3.068(1) 

 

Au1-P1 2.328(2) 2.3042(9) 2.311(1) 

Au1-P4 2.301(2) 2.307(1) 2.311(1) 

Au2-P2 2.321(2) 2.3042(9) 2.134(1) 

Au2-P3 2.317(2) 2.3040(9) 2.134(1) 

Au1-X1 2.9687(7) 3.0220(7) 3.1035 

Au2-X1 3.4461(7) 2.8956(9) 3.1035 

Au2-X2    

Angles (deg) 
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P1-Au1-

P4 

159.12(5) 177.59(3) 175.87(3) 

P2-Au2-

P3 

169.80(5) 175.75(3) 175.87(3) 

Au1…Au2-

X1 

71.31(2) 62.22(2) 61.13 

Au1…Au2-

X2 

   

Torsional angles (deg) 

 

P2-

Au2…Au1-

P1 

-8.03(5) -1.18(3) 7.61(3) 

P3-

Au2…Au1-

P4 

2.84(5) -4.26(3) 7.61(3) 

 
a From data in Shain, J.; Fackler, Jr., J. P. Inorg. Chim. Acta, 1987, 131, 157-158. 

 

 

 

 

Figure 2.  The structure of Au2(μ-dppm)2Br2 in the -polymorph of Au2(μ-dppm)2Br2•2CH2Cl2 

(1).  Hydrogen atoms and solvate molecules are not shown for clarity. Drawn with thermal 

contours at the 30% probability level.  Color code: gold, yellow; phosphorus, pink; bromine, 

brown; carbon, grey. 
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The structure of the cation in the other product from this reaction, [Au2(μ-

dppm)2Br]Br•2CH2Cl2 (2), is shown in part A of Figure 3.  This cation contains an unusual 

combination of a three-coordinate gold(I) ion and two-coordinate gold(I) ion.  The distance 

between the two gold(I) ions is 2.9475(5) Å, which is indicative of an aurophilic bond between the 

two ions.  The coordinated bromide ion is displaced toward the adjacent gold(I) ion so that the 

Au…Au-Br angle is 66.68(1) ° and the distance to the other gold(I) ion is 3.2223(6) Å.  The 

remaining bromide ion is quite far (8.9378(6), 10.3285(6) Å) from either gold(I) ion.  
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Figure 3.  The structures of the cations in: A, [Au2(μ-dppm)2Br]Br•2CH2Cl2 (2); and B, 

[Au2(μ-dppm)2Br](PF6) (3).  Hydrogen atoms are not shown for clarity. Drawn with thermal 

contours at the 30% probability level.  Color code: gold, yellow; phosphorus, pink; bromine, 

brown; carbon, grey. 

 

The Preparation and Structure of [Au2(μ-dppm)2Br](PF6) (3). Colorless crystals of 

Au2(μ-dppm)2Br](PF6) (3) were obtained by mixing dppm, gold(I) bromide, and ammonium 

hexafluorophosphate in dichloromethane/methanol as outlined in the experimental section. The 

structure of the cation in [Au2(μ-dppm)2Br](PF6) (3) is shown in part B of Figure 3. While the 

structures of the two cations shown in Figure 3 are similar (as are the Au…Au distances (2.9475(5) 

Å in (2), 2.9435(3) Å in (3)), there also some significant differences.  For example, in [Au2(μ-

dppm)2Br](PF6) (3) the P-Au-P angle (159.12(5) °) at the three-coordinate gold center is more 

acute than the corresponding angle (169.65(4) °) in [Au2(μ-dppm)2Br]Br•2CH2Cl2 (2).  In [Au2(μ-

dppm)2Br]Br•2CH2Cl2 (2), the two methylene groups reside on the same side of the Au2P4 group 

as the bromide ligand.  However, in [Au2(μ-dppm)2Br](PF6) (3) one methylene group is on the 

same side as the bromide ligand while the other one is on the opposite side.  Otherwise, [Au2(μ-

dppm)2Br]Br•2CH2Cl2 (2) and  [Au2(μ-dppm)2Br](PF6) (3) have similar structures and similar 

bonding. 

   

The Preparations and Structures of [Au2(μ-dppm)2Cl](BPh4)•3CH2Cl2 (4) and 

[(Au2(μ-dppm)2]Cl(AsF6)•2CH2Cl2 (5). These salts were produced by mixing 

(tetrahydrothiophene)gold(I) chloride with dppm in dichloromethane followed by the addition of 

either sodium tetraphenyl borate or sodium hexafluoroarsenate as outlined in the experimental 
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section. The structure of the cation in [Au2(μ-dppm)2Cl](BPh4)•3CH2Cl2 (4), as determined by 

single crystal X-ray diffraction, is shown in Figure 4 A.  This cation has a structure that is similar 

to those of the bromo analogs found in [Au2(μ-dppm)2Br]Br•2CH2Cl2 (2); and [Au2(μ-

dppm)2Br](PF6) (3) shown in Figure 3.  [Au2(μ-dppm)2Cl](BPh4)•3CH2Cl2 (4),  has a three-

coordinate gold(I) ion as well as a two-coordinate gold(I) ion connected by two bridging dppm 

ligands.  The distance between the two gold(I) ions is 2.9522(4) Å, which is suggests that there is 

an aurophilic interaction between the two ions.  The Au-Cl bond distance is 2.8956(9) Å, which is 

significantly longer than the known Au-Cl distance (2.533(4) Å) in Au(PPh3)2Cl or the Au-Cl 

distance (2.500(4) Å) in Au(PPh3)2Cl•0.5(C6H6).
37 The coordinated chloride ion is displaced 

toward the adjacent gold(I) ion so that the Au…Au-Cl angle is 62.22(2) °.  The distance from the 

chloride ion to the adjacent two-coordinate gold(I) ion is 3.0220(7) Å.   
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Figure 4.  The structures of the cations in: A, [Au2(μ-dppm)2Cl](BPh4)•3CH2Cl2 (4), and 

B, [(Au2(μ-dppm)2]Cl(AsF6)•2CH2Cl2 (5).  Hydrogen atoms are not shown.  Thermal contours are 

at the 30% probability level.  Color code: gold, yellow; phosphorus, pink; chlorine, green; carbon, 

grey. 

The structure of the cation and the loosely associated chloride ion in [(Au2(μ-

dppm)2]Cl(AsF6)•2CH2Cl2 (5) is shown in Figure 4B.  The asymmetric unit consists of one half of 

the cation, which resides on a mirror plane that bisects the two methylene carbon atoms and the 

midpoint of the Au…Au bond.  In addition, the asymmetric unit contains half of an ordered 
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hexafluoroarsenate ion that resides on a mirror plane, half of a hexafluoroarsenate ion that resides 

on a mirror plain and is disordered over two orientations, and a disordered dichloromethane 

molecule in a general position.  In the cation, the Au…Au distance, 2.9968(8) Å, is similar to the 

Au…Au distance (2.9522(4) Å) in [Au2(μ-dppm)2Cl](BPh4)•3CH2Cl2 (4).  The loosely associated 

chloride ion is symmetrically positioned 3.1035 Å from either gold(I) ion in the dication.  A similar 

situation occurs in [Au2(-dppm)2]Cl2• (CH3)2CO•H2O, where there is a chloride ion in a similar 

position but closer to the gold(I) ions with Au…Cl distances of 2.9492(13) and 2.9776(12) Å.   

 We have identified three salts ([Au2(μ-dppm)2Br]Br•2CH2Cl2 (2), [Au2(μ-dppm)2Br](PF6) 

(3), [(Au2(μ-dppm)2Cl)](BPh4)•3CH2Cl2 (4) that contain the unusual arrangement of a two-

coordinate gold(I) ion connected to a three-coordinate gold(I) through an aurophilic interaction.  

In looking for other such arrangements, we found that [Au2(-dcmp)2Cl]Cl•0.25CH3OH (where 

dcmp is bis(dicyclohexylphosphino)methane) also has a two-coordinate gold(I) ion connected to 

a three-coordinate gold(I) but in a somewhat different orientation with a nearly linear Cl-Au…Au 

unit and an Au…Au distance of 2.9925(2) Å as shown in (A) in Figure 5.19  That crystal also 

contained a second isomeric cation shown in (B) in Figure 5 that was not mentioned in the original 

article.  The cation shown in (B) is quite similar to the cation in [Au2(μ-dppm)2Cl](BPh4)•3CH2Cl2 

(4).  Both cations have acute Cl-Au…Au angles (62.22(2) ° for (4), 68.64(2) ° for [Au2(-

dcmp)2Cl]Cl•0.25CH3OH), nearly equivalent Au-Cl distances (2.8956(9) Å for (4), 2.8731(9) Å 

for [Au2(-dcmp)2Cl]Cl•0.25CH3OH), and similar Au…Au distances (2.9522(4) Å for (4), 

2.9445(2) Å) for [Au2(-dcmp)2Cl]Cl•0.25CH3OH. 

 

 
 



 

104 

 

 

Figure 5.  The structures of the cations in [Au2(-dcmp)2Cl]Cl•0.25CH3OH drawn from 

data in Fu, W.-F.; Chan, K.-C.; Cheung, K.-K.; Che, C.-M. Chem. Eur. J. 2001, 7, 4656-4664. 

Selected dimensions. (A), bond lengths; Au…Au, 2.9925(2); Au-Cl, 2.7756(9) Å; bond angle, Cl-

Au…Au, 171.89(2) °. (B), bond lengths; Au…Au, 2.9445(2); Au-Cl, 2.8731(9) Å; bond angle, Cl-

Au…Au, 68.64(2) °. Hydrogen atoms are not shown.  Thermal contours are at the 30% probability 

level.  Color code: gold, yellow; phosphorus, pink; chlorine, green; carbon, grey. 

 Within the gold(I) dimers bridged by two dppm ligands, the Au…Au distances are confined 

to a rather narrow range (2.9475(5) to 3.0771(4) Å) for the five compounds reported here.  In 

comparison, the variability of Au/Cl interactions is remarkable for compounds with a Au2(-
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dppm)2
2+ core.  Molecular Au2(-dppm)2Cl2 with the structure shown in (B) in Scheme 1 exists in 

two forms: an acetone solvate with an Au-Cl distance of 2.771(4) Å,34 and an acetonitrile solvate 

with a longer Au-Cl distance of 2.951(4) Å.35 In contrast, crystalline [Au2(-

dppm)2]Cl2•(CH3)2CO•H2O, has an A-frame structure (C in Scheme 1) with a bridging chloride 

ions somewhat asymmetrically placed between the gold(I) ions with Au-Cl distances of 2.9492 

(13) and 2.9776(12) Å while [Au2(μ-dppm)2]Cl(AsF6)•2CH2Cl2 (5) contains a symmetrically 

positioned chloride ion that is 3.1035 Å away from either gold(I) ion.36  Finally, [(Au2(μ-

dppm)2Cl)](BPh4)•3CH2Cl2 (4) has a structure with a chloride ion connected to only one gold(I) 

ion with an Au-Cl distance of 2.8956(9) Å.  All of these binuclear compounds have Au-Cl 

distances that are much longer than the Au-Cl distance (2.533(4) Å) in monomeric Au(PPh3)2Cl.38  

It appears that this lengthening of the Au-Cl bonds in these dimeric complexes may be a 

consequence of the aurophilic interactions.   

   

Excitation and Emission Data. 

Each of the five crystalline complexes reported here is luminescent in the solid state.  For 

solvated crystals, the loss of solvate molecules can affect the excitation and emission spectra. 11,20 

Consequently, we were particularly careful to obtain spectra on homogeneous samples that were 

protected to avoid solvate evaporation.   

Table 3 contains the excitation and emission maxima for each compound.  Figure 1 shows 

how we were visually able to differentiate -Au2(μ-dppm)2Br2•2CH2Cl2 (1) from [Au2(μ-

dppm)2Br]Br•2CH2Cl2 (2) based on differences in luminescence and crystal morphology.  Figure 
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6 shows the excitation and emission spectra for these two compounds and for [Au2(μ-

dppm)2Br](PF6) (3). Crystalline -Au2(μ-dppm)2Br2•2CH2Cl2 (1) has its emission at 458 nm at 

room temperature, while [Au2(μ-dppm)2Br]Br•2CH2Cl2 (2) shows emission at 472 nm under the 

same conditions.  Notice that while the spectra are similar, there is enough difference to allow the 

two compounds to be identified.   

 

Table 3.  Excitation and Emission Data for Crystalline Solids 

Complexes Room Temperature  

(298 K)  

Low Temperature  

(77 K)  

Excitation 

(nm) 

Emission 

(nm) 

Excitation 

(nm) 

Emission 

(nm) 

(-Au2(μ-dppm)2Br2•2CH2Cl2 (1) 398  458  395 & 420  470  

[Au2(μ- dppm)2Br]Br•2CH2Cl2 (2) 380  472  375  472  

[Au2(μ-dppm)2Br](PF6) (3) 363  468  365  482  

[Au2(μ-dppm)2Cl](BPh4)•3CH2Cl2 (4) 371  467  355  474  

[(Au2(μ-dppm)2]Cl(AsF6)•2CH2Cl2 (5) 358  464  363  454  
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Figure 6.  The excitation and emission spectra of crystalline samples of -Au2(μ-

dppm)2Br2•2CH2Cl2 (1), [Au2(μ-dppm)2Br]Br•2CH2Cl2 (2) and [Au2(μ-dppm)2Br](PF6) (3) at 

room temperature and at 77 K. 
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For these compounds, the emission varies over a rather short range, which is perhaps not 

surprising given the structural similarities within this group of complex ions. Cooling the crystals 

results in a narrowing of the emission bands as expected for the reduction in vibrational motion.  

While [Au2(μ-dppm)2Br]Br•2CH2Cl2 (2) and [Au2(μ-dppm)2Br](PF6) (3) nominally contain a 

common cation, the structures of these cations differ as shown in Figure 3 and the emission spectra 

differ as well.  

As seen in Table 3, the excitation and emission maxima for [Au2(μ-

dppm)2Cl](BPh4)•3CH2Cl2 (4), and [(Au2(μ-dppm)2]Cl(AsF6)•2CH2Cl2 (5) differ slightly but fall 

near the range seen for the bromo salts..  Again, the effect of cooling the crystals results in only 

small changes with a narrowing of the emission bands be the most common feature.  The spectra 

for these two salts can be found in the Supporting Information, Figure SI-3. 

 

Solution Behavior. To better understand the solution behavior of these new gold(I) complexes, 

we examined their 31P{1H} NMR spectra. Due to poor solubility, we were unable to obtain 

31P{1H} NMR spectra for -Au2(μ-dppm)2Br2•2CH2Cl2 (1) or [Au2(μ- dppm)2Br]Br•2CH2Cl2 

(2). In acetonitrile solution, [Au2(μ-dppm)2Br](PF6) (3) displayed a singlet at 31.5 ppm for the 

cation and a heptet at for the (PF6)
- ion. The spectrum for [Au2(μ-dppm)2Cl](BPh4)•3CH2Cl2 (4) 

in chloroform solution consisted of a singlet at 32.1 ppm, while the spectrum for [(Au2(μ- 

dppm)2]Cl(AsF6)•2CH2Cl2 (5) displayed a singlet at 32.2 ppm in chloroform solution. Cooling 

the samples of each of these three compounds to 255 K produced some line broadening and 

shifting. These data suggest that the halide ions move about the cations in solution, but the actual 

identity of the species present in solution has not been ascertained. Additional evidence for the 

mobility of the halide ions in solution comes from the observation that -Au2(μ- 
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dppm)2Br2•2CH2Cl2 (1) and [Au2(μ-dppm)2Br]Br•2CH2Cl2 (2) crystallize from a single solution 

concomitantly. Consequently, we did not continue to investigate the solution properties of these 

complexes further and limited our studies to the crystalline state, where the structures of the 

complexes are well-established.  

 

Conclusions   

Unlike the situation in the flexible dppe-bridged dimers, Au2(-dppe)2X2 and  [Au2(-

dppe)2]
2+, where the separation between the two gold(I) ions can vary from 2.8787(9) Å to 

3.8479(3) Å,29-32 the dppm-bridged dimers reported here have short, intra-ionic Au…Au distances 

that fall in a narrow range from 2.9435(3) to 3.0771(4) Å.  No inter-ionic aurophilic interactions 

occur in these salts.  The variability in the structures of these dppm-bridged dimers involves the 

bonding to the bromide or chloride ions, while all maintain aurophilic bonding. In the three cations 

([Au2(μ-dppm)2Br]Br•2CH2Cl2 (2), [Au2(μ-dppm)2Br](PF6) (3) and [Au2(μ-

dppm)2Cl](BPh4)•3CH2Cl2 (4), the halide ion is clearly bonded only to  only one gold(I) producing 

unusual complexes with a two-coordinate gold(I) ion connected to a three-coordinate gold(I) ion.  

In contrast, in -Au2(μ-dppm)2Br2•2CH2Cl2 (1) both bromine ions are coordinated to produce a 

face-to-face arrangement of two three-coordinate gold(I) ions, while in [(Au2(μ-

dppm)2]Cl(AsF6)•2CH2Cl2 (5), the chloride ions is ion paired between the two gold(I) ions.  

 Each of the new compounds is luminescent in the crystalline state.  This result is not 

surprising since dimers of two-coordinate gold are luminescent as are many three-coordinate 

gold(I) complexes, and these new compounds contain both structural elements.  The excitation and 

emission maxima for these complexes show only small variations, which may reflect the fact that 

bromide or chloride coordination is rather weak.  Thus, the luminescence may be attributed to 
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transitions involving the interactions between the two gold ions, which has been discussed 

elsewhere.38 

 Finally, this article reports three compounds in which the unusual combination of a three-

coordinate gold(I) ion with a two-coordinate gold(I) ion are held together by bridging dppm 

ligands and aurophilic interactions.  As shown in Figure 5, there are two possible positions for the 

X-Au bond in these complexes: nearly perpendicular to the Au-Au bond as found in the new 

compounds reported here or parallel to the Au-Au bond. 

 

 

Experimental Section. 

Materials.  Gold(I) bromide was purchased from Alfa Chemistry and dppm was purchased from 

Sigma-Aldrich.  All solvents were reagent grade and used as received. 

 

Preparation of Molecular -Au2(μ-dppm)2Br2•2CH2Cl2 (1) and Ionic [Au2(μ-

dppm)2Br]Br•2CH2Cl2 (2). 

A 79.8 mg (0.208 mmol) portion of dppm was dissolved in 5 ml of dichloromethane, and 

an equivalent amount of AuBr (50.0 mg,  0.180 mmol) suspended in 4mL of dichloromethane was 

added to the dppm solution under agitation. The solution was stirred for 5 minutes followed by the 

addition of KBr (34.1 mg, 0.287 mmol) dissolved in 4 mL of dichloromethane and 1 mL of 

methanol. The light yellow solution was stirred for 3 hours and the crude mixture was evaporated 

to dryness. The resulting yellow solid was dissolved in a minimum amount of dichloromethane. 

The yellow solution was filtered using a filter pipet, and the filtrate was evaporated to dryness. A 
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purified yield of 70.1 mg (29.5%) was obtained. The dried crude product was dissolved in 

dichloromethane. This solution was filtered into the bottom of an outer diameter of 5 mm glass 

tube and a few drops of dichloromethane were layered over this solution.  Subsequently, diethyl 

ether was layered over the dichloromethane. As the solutions diffused together, colorless block 

crystals with blue luminescence and colorless parallelepiped crystals with teal luminescence 

formed.  For spectroscopic measurements, the two types of crystals were manually separated.  

 

 Infrared spectrum, molecular -Au2(μ-dppm)2Br2•2CH2Cl2 (1): 3051(w), 3013(w), 

2968(w), 2928(w), 2854(w), 1965(w), 1884(w), 1818(w), 1773(w), 1586(w), 1573(w), 1484(m), 

1435(s), 1369(w), 1360(w), 1321(w), 1310(w), 1266(w), 1186(m), 1158(w), 1090(w), 1097(m), 

1070(w), 1028(m), 998(m), 918(w), 843(w), 750(m), 736(s), 688(vs), 615(w) cm-1. 

Infrared spectrum, ionic [Au2(μ-dppm)2Br]Br•2CH2Cl2 (2): 3055(w), 3022(w), 2949(w), 

2875(w), 1483(w), 1435(m), 1359(w), 1265(w), 1149(w), 1099(m), 1070(w), 1026(w), 999(w), 

783(s), 740(s), 721 (s), 688(vs), 617(w) cm-1.. 

 

Preparation of [Au2(μ-dppm)2Br](PF6) (3) 

A 78.7 mg (0.205 mmol) portion of dppm was dissolved in 5 ml of dichloromethane, and 

an equivalent amount of AuBr (56.7 mg,  0.205 mmol) suspended in 4mL of dichloromethane was 

added to the dppm solution under agitation. The solution was stirred for 5 minutes followed by the 

addition of NH4PF6 (31.9 mg, 0.205 mmol) dissolved in 4 mL of dichloromethane and 1 mL of 

methanol. The light yellow solution was stirred for 3 hours and the crude mixture was evaporated 

to dryness. The resulting yellow solid was dissolved in a minimum amount of dichloromethane. 

The yellow solution was filtered using a filter pipet, and the filtrate was evaporated to dryness. A 

purified yield of 82.3 mg (28.9%) was obtained. The dried crude product was dissolved in 
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dichloromethane. This solution was filtered into the bottom of an outer diameter of 5 mm glass 

tube, a few drops of dichloromethane was layered over that solution and then diethyl ether was 

layered over the mixture. Colorless blocks with blue luminescence grew as diffusion mixed the 

solutions.  

 

Infrared spectrum: 3049(w), 3016(w), 2966(w), 2918(w), 2362(w), 2337(w), 1485(m), 

1436(s), 1317(w), 1311(w), 1186(w), 1163(m), 1101(s), 1024(w), 999(m), 918(w), 837(vs), 

742(s), 740(s), 721(s), 688(vs), 619(w) cm-1. 

 

Preparation of [Au2(μ-dppm)2Cl](BPh4)•3CH2Cl2 (4).  

A 65.7 mg (0.169 mmol) portion of dppm was dissolved in 5 ml of dichloromethane, and 

an equivalent amount of thtAuCl (54.7mg,  0.171 mmol) dissolved in 4 mL of dichloromethane 

was added to the dppm solution under agitation. The solution was stirred for 10 minutes followed 

by the addition of Na(BPh4) (55.6 mg, 0.161 mmol) dissolved in 4 mL of dichloromethane and 1 

mL of methanol. The light yellow solution was stirred for 3 hours and the crude mixture was 

evaporated to dryness. The resulting light yellow solid was dissolved in a minimum amount of 

dichloromethane. The solution was filtered using a filter pipet, and the filtrate was evaporated to 

dryness. A purified yield of 202.1 mg (78.9%) was obtained. The dried product was dissolved in 

dichloromethane. This solution was filtered into the bottom of an outer diameter of 5 mm glass 

tube and a small amount of dichloromethane was layered of the solution.  Diethyl ether was then 

layered over this mixture. Yellow block crystals with blue luminescence were formed and were 

isolated.  
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Infrared spectrum: 3052(w), 2850(w), 1434(m), 1418(m), 1344(w), 1265 (w), 1238(m), 

1112(w), 1102(m), 1026(w), 996(w), 944(w), 869(w), 776(m), 705(s), 685(s), 571(w), 515(m), 

471(w) cm-1. 

 

Preparation of [(Au2(μ-dppm)2]Cl(AsF6)•2CH2Cl2 (5) 

A 69.9 mg (0.1818 mmol) portion of dppm was dissolved in 1 ml of dichloromethane and 

1 ml of acetonitrile, and an equivalent amount of thtAuCl (58.9 mg, 0.1837 mmol) dissolved in 2 

mL of dichloromethane was added under agitation. The solution was stirred for 5 minutes and then 

a solution of NaAsF6 (194.63 mg, 0.9185 mmol) in 1 mL of dichloromethane and 1 mL of methanol 

was added. The colorless solution was stirred for 3 hr and the crude mixture was evaporated to 

dryness. The resulting yellow solid was dissolved in a minimum amount of dichloromethane. The 

solution was filtered using a filter pipet, and the filtrate was evaporated to dryness. A yield of 29.6 

mg (2.13%) was obtained. The dried product was dissolved in dichloromethane. This solution was 

filtered into the bottom of a 5 mm diameter glass tube and a small amount of dichloromethane was 

layered over it.  Diethyl ether was subsequently layered over these solutions. This mixture was 

cooled to -20 °C and allowed to stand.  Colorless block-like crystals with green luminescence 

formed and were isolated.  

 

Infrared spectrum: 2929(w), 2922(w), 2854(w), 2355(w), 2331(w), 1481(w), 1437(m), 

1352(w), 1311(w), 1263(w), 1184(w), 1159(w), 1107(m), 1068(w), 1029(w), 999(w), 850(w), 

783(m), 744(s), 684(vs) cm-1. 

 

 

X-ray Crystallography and Data Collection.  The crystals were removed from the glass tubes in 

which they were grown together with a small amount of mother liquor and immediately coated 
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with a hydrocarbon oil on a microscope slide.  A suitable crystal of each compound was mounted 

on a glass fiber with silicone grease and placed in the liquid nitrogen cold stream of a Bruker 

SMART CCD with graphite monochromated Mo Kα radiation at 90(2) K.  Check reflections were 

stable throughout the data collection.   

 The structures were solved by direct methods and refined using all data (based on F2) using 

the software SHELXTL 5.1.  A semiempirical method utilizing equivalents was employed to 

correct for absorptions.  Hydrogen atoms were added geometrically and refined with a riding 

model. 21 

 

Physical Measurements.  Infrared spectra were recorded on a Bruker ALPHA FT-IR 

spectrometer.  Excitation and emission spectra were recorded on a Perkin-Elmer LS50B 

luminescence spectrophotometer. 
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The structures and luminescence of five new dinuclear gold(I) complexes are reported, including 

three with the unusual arrangement of a two-coordinate gold(I) ion undergoing an aurophilic 

interaction with a three-coordinate gold(I) ion. 
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Abstract 

Four new crystalline gold(I) complexes, [Au2(μ-dppm)2I][Au2(μ-dppm)2(μ-

I)](AsF6)4•4CH2Cl2 (1), [Au2(μ-dppm)2(μ-I)]I•2CH2Cl2 (2), [Au2(μ-dppm)2(μ-I)](PF6)•CH2Cl2 

(3), and [Au2(-dppm)2](AsF6)2•CH2Cl2 (4) where dppm is bis-(diphenylphosphino)methane), 

have been prepared and structurally characterized by single crystal X-ray diffraction and nuclear 

magnetic resonance spectroscopy (NMR). Yellow crystals of [Au2(μ-dppm)2(μ-I)]I•2CH2Cl2 (2) 

and [Au2(μ-dppm)2(μ-I)](PF6)•CH2Cl2 (3) have a structure with two three-coordinate gold(I) ions 

held in close proximity by the dppm and bridging iodide ligands. Crystals of [Au2(μ-

dppm)2I][Au2(μ-dppm)2(μ-I)](AsF6)4•4CH2Cl2 (1) have two different cations: one similar to 

complexes 2 and 3 and the other cation with a terminal iodide ligand in an unusual arrangement 

that binds a two-coordinate gold(I) ion to a three-coordinate gold(I) ion through an aurophilic 

interaction. In contrast, [Au2(-dppm)2](AsF6)2•CH2Cl2 (4) has no anion bound and only has the 

gold ions as two-coordinate centers.  Each complex displays luminescence under UV irradiation 

in solid and solution state.  The NMR spectra of solutions of the iodide complexes (1), (2), and (3) 

suggest that the iodide ion is bound to the [Au2(-dppm)2]
2+ core but is able to circulate around 

this core. 

 

Introduction 

 Gold(I) complexes have been investigated for their biological, biochemical, electronic, 

catalytic, and optical uses due to their tunable luminescent properties.1-4 These emissive properties 

 
 

 



 

124 

 

are frequently correlated to aurophilic interactions between neighboring gold(I) ions particularly 

in two-coordinate gold complexes. Aurophilic interactions are a result of correlation and 

relativistic effects that promote weak bonding between closed-shell gold(I) ions.5,6  The 

noncovalent interactions can lead to aggregation of gold(I) complexes into dimers, chains, and 

polymers.7  

Crystalline gold(I) complexes display an interesting and varied array of properties and have 

the virtue of a well-defined structures that can be determined by single crystal X-ray diffraction.  

The luminescence of several gold(I) complexes show variation when polymorphic crystals form.8,9  

For example, [Au(CNC6H11)2](PF6) crystallizes as three polymorphs; a) yellow crystal with green-

luminescent, b) colorless crystal with blue-luminescent, and c) colorless non-luminescent 

crystals.10,11  The yellow, green-luminescent crystals contain kinked extended chains of gold(I) 

ions connected through aurophilic interactions, while the colorless, blue-luminescent crystals 

contained linear extended chairs of gold(I)  ions.  In the colorless non-luminescent crystals, the 

gold(I)  ions are widely dispersed and there are no aurophilic interaction.  Several crystalline 

gold(I) complexes are mechanochromic and display alteration in their luminescence upon 

grinding.12,13,14 For example, mechanical pressure transforms the blue-luminescent polymorph of 

(PhNC)AuPh into a yellow-luminescent polymorph through rearrangement of the packing between 

the molecules.15 

Diphosphine ligands, R2P(CH2)nPR2, allow the formation of dinuclear complexes in which 

the interactions between two gold(I) ions can be somewhat constrained.  For dimers built around 

an [M2(-R2P(CH2)nPR2)2]
+m core, the distance and bonding between the metal centers can be 

dictated by the length of the methylene bridge in the diphosphine.  When three or more methylene 

groups are present, the metal ions are widely separated and no metallophilic interactions occur.16 
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However, with one or two methylene groups, the metal centers are close enough that metallophilic 

interactions may occur.23 In particular, for complexes with a [Au2(-dppm)2]
2+ core, the gold(I) 

ions are constrained to be rather close together, but an array of structural possibilities exist as 

shown in Scheme 1. 

 
 

Scheme 1.  Structural possibilities for complexes with an [Au2(-dppm)2]
2+ core. 
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Despite the constraints placed by the bridging phosphine ligands, in solution gold(I) 

complexes frequently form mixtures from which a variety of compounds can be isolated.  For 

example, a 1:1 mixture of AuBr and 1,2-bis(diphenylphosphino)ethane (dppe) can produce 

colorless, orange luminescent crystals of the dimer Au2(-dppe)2Br2 with Au…Au separations 

ranging from 3.8479(3)  to 3.5142(3) Å, colorless, green luminescent crystals  of the same dimer 

with shorter Au…Au separations ranging from 3.3249(2) to 3.0943(2) Å, or colorless, orange 

luminescent crystals of the polymer {Au(μ-dppe)Br}n with no close interactions between the 

gold(I) ions.21  Similarly, a 1:1 mixture of AuI and  dppe can produce colorless, orange luminescent 

or colorless, green luminescent crystals of the dimer, Au2(-dppe)2I2, colorless, orange 

luminescent crystals of another dimer, Au2(-dppe)2(-I2), or colorless crystals of the polymer 

{Au(-dppe)I}n·n(CHCl3), which is luminescent only at 77 K.22,23   In another example,  the same 

synthetic procedure and crystallization method leads to two completely different products: 

[Au6(Triphos)4(CuCl2)](PF6)5·(CH2Cl2)4, (where Triphos is tridentate ligand bis(2-diphenyl-

phosphinoethyl)phenylphosphine) with a box-like structure and a copper ion suspended between 

two Au(I) ions,24 or [Au6(Triphos)4](PF6)6⋅2CH2Cl2⋅6C6H5CH3⋅H2O, which contains two helical 

segments in which two different gold(I) ions are bridged by two Ph2PCH2CH2PPh segments and 

no copper ion.25  In an example that is immediately relevant to the present paper, blue luminescent 

plates of the molecular compound, Au2(μ-dppm)2Br2•2CH2Cl2, and teal luminescent blocks of the 

ionic complex, [Au2(μ-dppm)2Br]Br•2CH2Cl2, formed from the same dichloromethane solution.26  

As a consequence of these observations, it has been difficult to thoroughly understand the solution 

dynamics involved.  Finally, an examination of the solution behavior of [ClAu(-dppm)Au(-

dppm)AuCl]Cl by 31P{1H} NMR spectroscopy showed that the compound is in equilibrium with 

Au2(-dppm)2Cl2 and (-dppm)Au2Cl2.
27 
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 In this paper, we explore a series of luminescent dppm-bridged gold(I) complexes with an 

[Au2(-dppm)2I]
+ core and propose a mechanism to explain their behavior in solution. 

 

Results and Discussion. 

 

Formation and Structure of the [Au2(μ-dppm)2I][Au2(μ-dppm)2(μ-

I)](AsF6)4•4CH2Cl2 (1).  

Treatment of a solution of dppm with a suspension of gold(I) iodide in dichloromethane 

and a solution of sodium hexafluoroarsenate in dichloromethane/methanol produced a yellow 

solid. Yellow crystals were obtained by diffusion of diethyl ether into a dichloromethane solution 

of the product. Crystal data for these and other compounds are given in the experimental section, 

while structural data can be found on Table 1. The structures of the two different cations in [Au2(μ-

dppm)2I][Au2(μ-dppm)2(μ-I)](AsF6)4•4CH2Cl2 (1), as determined by single crystal X-ray 

diffraction, are shown in Figure 1.  The cation A has a rare arrangement with three-coordinate 

gold(I) ion as well as a two-coordinate gold(I) ion connected by two bridging dppm ligands.  The 

distance between the two gold(I) ions is 2.9180(5) Å, which consistent with an aurophilic 

interaction between the two ions. The Au-I bond distance is 3.0051(9) Å, while the distance from 

the iodine ion to the adjacent two-coordinate gold(I) ion is 3.6458(9) Å. The coordinated iodide 

ion is displaced toward the adjacent gold(I) ion so that the Au…Au-I angle is 75.96(2)°.  The 

methylene groups in cation A lie in the same direction as the iodide bridge. 

Cation labeled B has a structure that is similar the structures of the cations in [Au2(μ-

dppm)2(μ-I)]I•Et2O,28 [Au2(μ-dppm)2(μ-I)][Au(CN)2],
29 and [Au2(μ-dppm)2(μ-

I)][(Au(C7H9Si)2)].
30  The cation B contains a bridging iodide between two three-coordinate 

gold(I) ions, which are connected by two bridging dppm ligands. The distance between the two 
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gold(I) ions is 2.9791(5) Å, which is consistent with an aurophilic interaction between the two 

ions. The iodide ion is asymmetrically disposed between the two gold(I) ions: the Au1-I1 bond 

distance is 3.195(1) Å while the Au2-I1 bond distance is 3.2379(9) Å. Additionally, the Au-I bond 

distances in cation B are significantly longer than the Au-I distance in cation A (3.0051(9) Å) or 

in the classic example Au(PPh3)2I (2.753(9) Å).17   

 

 

Figure 1.   The structures of the cations in [Au2(μ-dppm)2I][Au2(μ-dppm)2(μ-I)](AsF6)4•4CH2Cl2 

(1): A, [Au2(μ-dppm)2I]
+, and B, [Au2(μ-dppm)2(μ-I)]+. Hydrogen atoms are not shown for 

clarity. Drawn with thermal contours at the 30% probability level.  Color code: gold, yellow; 

phosphorus, pink; iodide, purple; carbon, grey.  
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Table 1.  Selected Bond Distances and Angles for Gold(I) Complexes 

Complex [Au2(μ-

dppm)2I]
+  

in [Au2(μ-

dppm)2I] 

[Au2(μ-

dppm)2(μ-I)] 

(AsF6)4•4CH2

Cl2 (1) 

[Au2(μ-

dppm)2(μ-I)] 

+  

in [Au2(μ-

dppm)2I] 

[Au2(μ-

dppm)2(μ-I)] 

(AsF6)4•4CH

2Cl2 (1) 

[Au2(μ-

dppm)2(μ-

I)]I•2CH2Cl

2 (2) 

[Au2(μ-

dppm)2(μ-

I)](PF6)•CH2

Cl2 (3) 

Distances (Å) 

Au…Au Au51…Au52 

2.9791(5) 

Au1…Au2 

2.9180(5) 

2.9473(6) 2.949(1) 

Intra-

ligand 

P…P 

P51-P52 

3.082(4) 

P53-P54 

3.054(4) 

P1-P2 

3.096(4) 

P3-P4 

3.098(4) 

P1-P2 

3.072(4) 

P3-P4 

3.070(4) 

P1-P2 

3.050(1) 

P3-P4 

3.084(1) 

Au1-P1 2.327(3) 2.327(3) 2.320(3) 2.3054(8) 

Au1-P4 2.325(3) 2.334(3) 2.321(3) 2.3074(8) 

Au2-P2 2.294(3) 2.315(3) 2.310(3) 2.3100(8) 

Au2-P3 2.293(3) 2.313(3) 2.312(3) 2.3101(8) 

Au1-I1 3.0051(9) 3.195(1) 3.098(1) 3.2953(8) 

Au2-I1 3.6458(9) 3.2379(9) 3.169(1) 3.0694(6) 

 IAu-I1-

Au-I2I 
0.6407 0.0429 0.071 0.159 

Angles (deg) 

P1-Au1-

P4 

160.6(1) 164.6 (1) 165.2(1) 173.37(4) 

P2-Au2-

P3 

171.7(1) 169.4(1) 169.04(9) 169.82(4) 

Au1-Au2-

X1 

75.96(2) 61.69(2) 63.18(2) 66.36(2) 

Torsional angles (deg) 

P2-

Au2…Au1-

P1 

-4.6(1) 19.0(1) 0.84(9) -3.08(3) 

P3-

Au2…Au1-

P4 

17.6(1) 13.6(1) 4.98(9) 1.42(3) 
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Table 1.  Continued Selected Bond Distances and Angles for Gold(I) Complexes 

Complex [Au2(-

dppm)2] 

(AsF6)2•C

H2Cl2 (4) 

 

[Au2(μ-

dppm)2(μ-

I)] 

I•C4H10O
a 

[Au2(μ-

dppm)2(μ-

I)] 

[Au(C4SiM

e3)2]
b 

[Au2(μ-dppm)2(μ-

I)] 

[Au(CN)2]
c 

Distances (Å) 

Au…Au 2.9758(6) 2.948(2) 2.9577(4) 2.967(3) 

Intra-

ligand 

P…P 

P1-P2 

3.048(1) 

P3-P4 

3.072(1) 

 P1-P2 

3.114(3) 

P3-P4 

3.094(2) 

P1-P2 

3.086(5) 

P3-P4 

3.095(5) 

Au1-P1 2.315(1)  2.311(3) 2.310(4) 

Au1-P4 2.312(1)  2.317(3) 2.322(3) 

Au2-P2 2.315(1)  2.310(3) 2.317(3) 

Au2-P3 2.312(1)  2.320(3) 2.322(3) 

Au1-I1  3.127(2) 3.1015(6) 3.162(3) 

Au2-I1  3.196(2) 3.1069(6) 3.343(3) 

 IAu-I1-

Au-I2I 
 0.069 0.0054 0.181 

 

Angles (deg) 

P1-Au1-

P4 

177.86(4) 167.7(2) 166.33(7) 170.1(1) 

P2-Au2-

P3 

177.86(4)  61.46(1) 66.01(6) 

Au1-Au2-

I1 

    

 

Torsional angles (deg) 

P2-

Au2…Au1-

P1 

0.00(4)  -6.58(7) -2.4(1) 

P3-

Au2…Au1-

P4 

0.00(4)    

a From data in Shain, J.; Fackler, Jr., J. P. Inorg.Chim. Acta, 1987, 131, 57-158. 

b From data in Bruce, M. I.; Jevric, M.; Skelton, B. W.; Smith, M. E.; White, A. H.; Zaitseva, N. 

N. J. Organometal. Chem. 2006, 691, 361–370. 

 
c From data in Khan, M. N. I.; King, C.; Heinrich, D. D.; Fackler, J. P.; Porter, L. C. Inorg. 

Chem. 1989, 28, 2150–2154. 
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Formation and Structure of the [Au2(μ-dppm)2(μ-I)]I•2CH2Cl2 (2) and [Au2(μ-

dppm)2(μ-I)](PF6)•CH2Cl2 (3). With the goals of preparing the hypothetical neutral molecule 

“Au2(μ-dppm)2I2” and a salt containing solely the cation [Au2(μ-dppm)2I], we undertook the 

following studies.  Treatment of a solution of dppm with a suspension of gold(I) iodide in 

dichloromethane and a solution of potassium iodide or ammonium hexafluorophosphate in mixture 

of dichloromethane/methanol produced two yellow solids.  Yellow crystals of each compound 

were obtained by diffusion of diethyl ether into a dichloromethane solution of the product. The 

asymmetric units in [Au2(μ-dppm)2(μ-I)]I•2CH2Cl2 (2) and [Au2(μ-dppm)2(μ-I)](PF6)•CH2Cl2 (3) 

contain the entirety of the cation, anion, and solvate molecules.  The cations in [Au2(μ-dppm)2(μ-

I)]I•2CH2Cl2 (2) and [Au2(μ-dppm)2(μ-I)](PF6)•CH2Cl2 (3) have similar A-frame structures with 

a slightly asymmetry in the position of the bridging iodide ligand.  Figure 2 shows two views of 

the cation and anion in [Au2(μ-dppm)2(μ-I)]I•2CH2Cl2 (2) with the iodide counter ion located over 

8 Å away from the nearest gold(I) ion.  While a compound of this composition could have had a 

face-to-face structure with both iodide ions bonded to gold, the compound crystallized with an A-

frame structure for the cation and non-coordinated iodide counter ion.  A similar situation exists 

in [Au2(μ-dppm)2(μ-I)]I•Et2O, whose structure was reported previously.  Thus, we did not achieve 

the goal of preparing molecular “Au2(μ-dppm)2I2”. Both [Au2(μ-dppm)2(μ-I)]I•2CH2Cl2 (2) and 

[Au2(μ-dppm)2(μ-I)](PF6)•CH2Cl2 (3) as well as [Au2(μ-dppm)2(μ-I)]I•Et2O have close contacts 

between the gold(I) ions (2.9473(6), 2.949(1) and 2.9180(5) Å, respectively) and the methylene 

groups of the bridging diphosphine pointed in the same direction over the bridging iodide anion. 
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Figure 2.   The two views of the structure of the cation and anion in [Au2(μ-dppm)2(μ-

I)]I•2CH2Cl2 (2) showing the location of the nearest iodide ion to a gold(I) ion in the cation. 

Hydrogen atoms are not shown for clarity. Drawn with thermal contours at the 30% probability 

level.  Color code: gold, yellow; phosphorus, pink; iodide, purple; carbon, grey. 

 

Formation and Structure of the [Au2(-dppm)2](AsF6)2•CH2Cl2 (4).  

For comparison with these iodide-containing cations, we prepared [Au2(-

dppm)2](AsF6)2•CH2Cl2 (4) as an example of the simple cation, [Au2(-dppm)2]
2+ without a iodide 

ligand.  Treatment of a solution of dppm with a solution of chloro(tetrahydrothiophene)gold(I) in 
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dichloromethane and a solution of silver hexafluoroarsenate (to provide a non-coordinating anion 

and to remove halide ions) in mixture dichloromethane/methanol produced a colorless solid.  

Colorless crystals were obtained by diffusion of diethyl ether into a dichloromethane solution of 

the product.  The structure of the dication in [Au2(-dppm)2](AsF6)2•CH2Cl2 (4) is shown in Figure 

3.  The asymmetric unit consists of one half of the cation, which resides on a mirror plane that 

bisects the two methylene carbon atoms and the midpoint of the Au…Au bond along with half of 

an ordered hexafluoroarsenate ion that resides on a mirror plane, half of a disordered 

hexafluoroarsenate ion that resides on a mirror plane and is disordered over two orientations, and 

a disordered dichloromethane molecule in a general position. The distance between the two gold(I) 

ions is 2.9758(6) Å, which is indicative of an aurophilic interaction. The methylene groups of 

[Au2(-dppm)2](AsF6)2•CH2Cl2 (4) are pointed in opposing directions; unlike the complexes 1, 2, 

and 3 where both methylene groups are pointed towards the same side and over the bridging iodide. 

In comparison to the other complexes reported here, the P-Au-P angles are more nearly linear in 

[Au2(-dppm)2](AsF6)2•CH2Cl2 (4).  The structure of the cation, [Au2(-dppm)2]
2+, is similar to 

that found in the salts, [Au2(-dppm)2]Cl2,
31 [Au2(-dppm)2](NO3)2,

32 [Au2(-dppm)2](ClO4)2,
33 

[Au2(-dppm)2](BF4)2,
34 [Au2(-dppm)2](PF6)2.

35 

 



 

134 

 

 

Figure 3.   The structures of the cation [Au2(-dppm)2](AsF6)2•CH2Cl2 (4).  Hydrogen 

atoms are not shown for clarity. Drawn with thermal contours at the 30% probability level.  Color 

code: gold, yellow; phosphorus, pink; carbon, grey. 

 

1H and 31P{1H} NMR Studies of the Structure of the Binuclear Dications in Solution. 

1H and 31P{1H} NMR spectral data for acetonitrile-d3 solutions of  [Au2(μ-dppm)2I][Au2(μ-

dppm)2(μ-I)](AsF6)4•4CH2Cl2 (1), [Au2(μ-dppm)2(μ-I)]I•2CH2Cl2 (2), [Au2(μ-dppm)2(μ-

I)](PF6)•CH2Cl2 (3) and [Au2(-dppm)2](AsF6)2•CH2Cl2 (4) at 290K  are compiled in Table 2.  As 

expected, [Au2(-dppm)2](AsF6)2•CH2Cl2 (4) shows a single resonance in its 31P{1H} spectrum 

and a quintet for the methylene protons with J(HP) of 5.10 Hz.  Solutions of [Au2(μ-

dppm)2I][Au2(μ-dppm)2(μ-I)](AsF6)4•4CH2Cl2 (1), [Au2(μ-dppm)2(μ-I)]I•2CH2Cl2 (2) and 

[Au2(μ-dppm)2(μ-I)](PF6)•CH2Cl2 (3) also show only one 31P{1H} resonance, whereas three 

resonances would have been expected for [Au2(μ-dppm)2I][Au2(μ-dppm)2(μ-I)](AsF6)4•4CH2Cl2 

(1), if it maintained its structure in solution.  The similarity of the 1H and 31P{1H} NMR spectral 

data for [Au2(μ-dppm)2I][Au2(μ-dppm)2(μ-I)](AsF6)4•4CH2Cl2 (1), [Au2(μ-dppm)2(μ-
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I)]I•2CH2Cl2 (2) and [Au2(μ-dppm)2(μ-I)](PF6)•CH2Cl2 (3) indicate that all produce a common 

species in solution.  Moreover, that species is distinct from [Au2(-dppm)2](AsF6)2•CH2Cl2 (4), 

which displays different 1H and 31P{1H} NMR spectral data.  Thus, we conclude that the iodide 

ligand remains attached to the [Au2(μ-dppm)2]
2+ core in solutions of [Au2(μ-dppm)2I][Au2(μ-

dppm)2(μ-I)](AsF6)4•4CH2Cl2 (1), [Au2(μ-dppm)2(μ-I)]I•2CH2Cl2 (2) and [Au2(μ-dppm)2(μ-

I)](PF6)•CH2Cl2 (3).  

 

Table 2. 1H and 31P NMR results at 290K in acetonitrile-d3 

 31P 

 (ppm) 

1H methylene 

 (ppm) 

1H methylene 

J(HP) 

[Au2(μ-dppm)2I][Au2(μ-dppm)2(μ-

I)](AsF6)4•4CH2Cl2 (1)  

27.8 4.68 (quintet) 4.72 

[Au2(μ-dppm)2(μ-I)]I•2CH2Cl2 (2) 27.9 4.66 (quintet) 4.76 

[Au2(μ-dppm)2(μ-I)](PF6)•CH2Cl2 

(3) 

27.9 4.63 (quintet) 4.76 

[Au2(-dppm)2](AsF6)2•CH2Cl2 (4) 35.6 4.43 (quintet) 5.10 

 

The 1H NMR resonances for the methylene protons in acetonitrile-d3 solutions of [Au2(μ-

dppm)2(μ-I)]I•2CH2Cl2 (2) and [Au2(-dppm)2](AsF6)2•CH2Cl2 (4) at room temperature and at 235 

K are shown in Figures 4 and 5, respectively.  At room temperature, each complex displays a single 

1:4:6:4:1 quintet due to the virtual coupling of the methylene protons to the four phosphorus nuclei.  

The virtual coupling is caused by the very large coupling (ca 300 Hz) between the trans phosphorus 
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atoms on the gold ions.  Similar quintets for the methylene protons have been observed for other 

binuclear complexes bridged by two dppm ligands.36,37  The observation of a single resonance for 

the dppm methylene protons in these complexes indicate that both methylene protons are situated 

in equivalent orientations. Note that in the crystallographic structures of [Au2(μ-dppm)2(μ-

I)]I•2CH2Cl2 (2) and [Au2(μ-dppm)2(μ-I)](PF6)•CH2Cl2 (3) one methylene proton lies close to the 

bridging iodide, while the other methylene proton is further from that bridging iodide.  Hence, two 

different resonances would be expected for these A-frame cations.  Similarly, if [Au2(μ-

dppm)2I][Au2(μ-dppm)2(μ-I)](AsF6)4•4CH2Cl2 (1) retained its structure in solution, four 

methylene resonances would be expected, two for each cation.  To account for the observation of 

a single 31P{1H} NMR resonance and a single methylene resonance for compounds (1), (2), and 

(3), we suggest that the dynamic process shown in Scheme 2 occurs in solution.  In this process, 

the iodide ligand orbits the [Au2(-dppm)2]
2+ core while remaining attached to it.  There are 

crystallographic precedents for each of the three different structures shown in the scheme.  For, 

example, [Au2(μ-dppm)2I][Au2(μ-dppm)2(μ-I)](AsF6)4•4CH2Cl2 (1) contains both the A-frame 

structure and the structure with two and three-coordinate gold ions with an iodide ligand nearly 

perpendicular to the Au…Au bond. A structure with a two and a three-coordinate gold(I) ion but 

with the iodide ligand positioned parallel with the Au…Au bond has also been observed.30,38   
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Figure 4. The 1H NMR spectrum of the methylene region of [Au2(μ-dppm)2(μ-

I)]I•2CH2Cl2 (2): A at 290 K and B at 235 K 

.  

Figure 5. The 1H NMR spectrum of the methylene region of [Au2(-

dppm)2](AsF6)2•CH2Cl2 (4): A at 296 K, and B at 235 K.  
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Scheme 2. Suggested dynamic behavior in solutions of [Au2(μ-dppm)2I][Au2(μ-dppm)2(μ-

I)](AsF6)4•4CH2Cl2 (1), [Au2(μ-dppm)2(μ-I)]I•2CH2Cl2 (2) and [Au2(μ-dppm)2(μ-

I)](PF6)•CH2Cl2 (3) showing the movement of the iodide anion.  

 

Cooling solutions of [Au2(μ-dppm)2I][Au2(μ-dppm)2(μ-I)](AsF6)4•4CH2Cl2 (1), [Au2(μ-

dppm)2(μ-I)]I•2CH2Cl2 (2) or [Au2(μ-dppm)2(μ-I)](PF6)•CH2Cl2 (3) resulted only in slight 

broadening of the 31P{1H}NMR resonance of the cation in each solution.  Similarly, cooling to 
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235 K produced broadening of the methylene quintet for these complexes as seen in4 for the 

methylene protons of [Au2(μ-dppm)2(μ-I)]I•2CH2Cl2 (2).  This we were unable to freeze out the 

dynamic process in the range of temperatures were these salts had sufficient solubility for 

measurements. 

Excitation and Emission Data. 

Each of the four crystalline complexes reported here is luminescent in the solid state and 

solution state. Figure 6 shows the solid-state excitation and emission spectra for the three iodide 

containing crystals.  Table 3 contains excitation and emission maxima for all four compounds.  

Since the loss of solvate molecules can affect the excitation and emission from crystalline 

samples,5,9 we were particularly careful to be sure we obtained spectra on homogeneous samples 

that were protected to avoid solvate evaporation. For these compounds, the emission varies over a 

rather short range, which is perhaps not surprising given the structural similarities within this group 

of complex ions. Crystalline [Au2(μ-dppm)2(μ-I)]I•2CH2Cl2 (2) has its emission at 503 nm at room 

temperature; [Au2(μ-dppm)2(μ-I)](PF6)•CH2Cl2 (3) shows emission at 510 nm; and [Au2(μ-

dppm)2I][Au2(μ-dppm)2(μ-I)](AsF6)4•4CH2Cl2 (1) emission is at 500 nm under the same 

conditions.  Cooling the crystals results in a narrowing of the emission bands as expected for the 

reduction in vibrational motion. While [Au2(μ-dppm)2(μ-I)]I•2CH2Cl2 (2) and [Au2(μ-dppm)2(μ-

I)](PF6)•CH2Cl2 (3) nominally contain a common cation, the structures of these cations differ 

slightly as seen by the Au…Au distances in Table 1; thus the emission spectra differ slightly.  
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Table 3.  Excitation and Emission Data for Crystalline Solids 

Complexes Room Temperature  

(298 K)  

Low Temperature  

(77 K)  

Excitation 

(nm) 

Emission 

(nm) 

Excitation 

(nm) 

Emission 

(nm) 

[Au2(μ-dppm)2I][Au2(μ-dppm)2(μ-I)] 

(AsF6)4•4CH2Cl2 (1) 

396 500  396  540 

[Au2(μ-dppm)2(μ-I)]I•2CH2Cl2 (2) 414 503  395  502  

[Au2(μ-dppm)2(μ-I)](PF6)•CH2Cl2 (3) 416  510  419  521  

[Au2(-dppm)2](AsF6)2•CH2Cl2 (4) 376 515  370  508  
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A  

B  

C  

 

Figure 6. The luminescence of crystalline complexes A [Au2(μ-dppm)2I][Au2(μ-

dppm)2(μ-I)] (AsF6)4•4CH2Cl2 (1), B [Au2(μ-dppm)2(μ-I)]I•2CH2Cl2 (2), and [Au2(μ-dppm)2(μ-

I)](PF6)•CH2Cl2 (3) at room temperature green and 77 K in pink.  

 

These compounds are also luminescent in solution.  Figure 7 compares the excitation and 

emission spectra of solutions of [Au2(μ-dppm)2(μ-I)]I•2CH2Cl2 (2) and [Au2(-

dppm)2](AsF6)2•CH2Cl2 (4) in acetonitrile.  Clearly, the two spectra are different as expected from 
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the NMR studies that showed these two complexes contained different cations in solution.  

Previous studies reported that acetonitrile solutions of [Au2(-dppm)2](BF4)2 were luminescent 

with emission occurring at 593 nm in agreement with our results.39  However, acetonitrile solutions 

of [Au2(-dppm)2](ClO4)2 are reported to produce luminescence at 565 nm.40  We have no 

explanation for the discrepancy.   For [Au2(-dppm)2], the excitation involves promotion of an 

electron from the antibonding orbital arising from the combination of the two gold dz2 orbitals 

(where the z axis lies along the gold-gold bond) to the bonding orbital.41 

 

A  

B  

 

Figure 7. The excitation and emission spectra of acetonitrile solutions of: A, [Au2(μ-

dppm)2(μ-I)]I•2CH2Cl2 (2) and B, [Au2(-dppm)2](AsF6)2•CH2Cl2 (4) at room temperature. 
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Conclusions   

In the luminescent complex [Au2(μ-dppm)2I][Au2(μ-dppm)2(μ-I)](AsF6)4•4CH2Cl2 (1)  the 

iodide can be seen in two different positions. In one cation the iodide is nearly centered between 

the two gold(I) ions to give an A-frame structure, while the other cation contains a two-coordinate 

gold(I) interacting with a three-coordinate gold(I) center that is bonded to a terminal iodide ligand. 

This cation exhibits the shortest Au-I bond reported in this paper at 3.0051(9) Å, but it is 

significantly longer than the Au-I distance (2.753(9) Å) in Au(PPh3)2I.
17 The cations in the 

luminescent salts, [Au2(μ-dppm)2(μ-I)]I•2CH2Cl2 (2) or [Au2(μ-dppm)2(μ-I)](PF6)•CH2Cl2 (3), 

have an A-frame structure with a bridging iodide ligand.  We have been unable to form a neutral 

complex with composition Au2(μ-dppm)2I2 although the analogous complexes, Au2(μ-dppm)2Br2  

and Au2(μ-dppm)2Cl2, have been prepared and characterized as containing the face-to-face 

structure shown as A in Scheme 1.   

31P{1H} and 1H NMR studies reveal that each complex, [Au2(μ-dppm)2I][Au2(μ-dppm)2(μ-

I)](AsF6)4•4CH2Cl2 (1), [Au2(μ-dppm)2(μ-I)]I•2CH2Cl2 (2) or [Au2(μ-dppm)2(μ-I)](PF6)•CH2Cl2 

(3), forms a single species in solution.  In that species the iodide ion remains attached to the [Au2(μ-

dppm)2I] core but is free to orbit around that core as shown in Scheme 2.  Additionally, that species 

is distinct from the dication, [Au2(μ-dppm)2]
2+, which produces different 31P{1H} and 1H NMR 

spectra.  It is interesting to note that the orbiting movement of the iodide ligand in solutions of (1), 

(2), and (3) does not quench their luminescence in solution. 
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Experimental Section 

 

Preparation of [Au2(μ-dppm)2I][Au2(μ-dppm)2(μ-I)](AsF6)4•4CH2Cl2 (1)  

A 68.7 mg (0.179 mmol) portion of dppm was dissolved in 5 ml of dichloromethane, and 

an equivalent amount of AuI (57.1 mg,  0.176 mmol) suspended in 4mL of dichloromethane was 

added to the dppm solution under agitation. The yellow solution was stirred for 10 minutes 

followed by the addition of NaAsF6 (37.5 mg, 0.177 mmol) dissolved in 4 mL of 

dichloromethane and 1 mL of methanol. The light yellow solution was stirred for 3 hours and the 

crude mixture was air dried. The resulting yellow solid was dissolved in a minimum amount of 

dichloromethane. The yellow solution was filtered using a filter pipet, and the filtrate was 

evaporated to dryness. A purified yield of 112.7 mg (21.7%) was obtained. The dried product 

was dissolved in dichloromethane. This solution was filtered into the bottom of an outer diameter 

of 5 mm glass tube, a few drops of dichloromethane was layered over that solution and then 

diethyl ether was layered over the mixture.  As the solutions diffused together, yellow block 

crystals with green luminescence were isolated.    

Infrared spectrum: 3033(w), 3019(w), 2955(w) 2925(w), 2879(w), 2877(w), 2854(w), 

1484(m), 1435(s), 1360(w), 1310(w), 1308(w), 1149(w), 1147(w), 1100(s), 1067(w), 1002(w), 

1000(m), 969(w), 916(w), 796(w), 746(s), 704(s), 708(s), 686(vs), 615(w) cm-1 

UV-Vis: 355 nm, 2.098 abs, 27987.48 L/mol/cm; 385nm, 1.088 abs, 14514.0 L/mol/cm 

31P{1H} Nuclear Magnetic Resonance: 27.77 ppm in acetonitrile-d3 at 295 K. 

1H Nuclear Magnetic Resonance: complex multiplets for the aromatic resonances at 7. 

82, 7.81, 7.80, 7.79, 7.78, 7.77, 7.76, 7.70, 7.68, 7.67, 7.66, 7.64, 7.51, 7.50, 7.48, 7.47, 7.46, 
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7.43, 7.41, 7.38, and 7.36 ppm (40 protons); methylene resonance, broad quintet, 4.68 ppm (4 

protons) in acetonitrile-d3 at 295 K. 

 

Preparation of [Au2(μ-dppm)2(μ-I)]I•2CH2Cl2 (2) 

A 64.7 mg (0.168 mmol) portion of dppm was dissolved in 5 ml of dichloromethane, and 

an equivalent amount of AuI (54.3 mg,  0.168 mmol) suspended in 4mL of dichloromethane was 

added to the dppm solution under agitation. The solution was stirred for 10 minutes followed by 

the addition of KI (14.8 mg, 0.0892 mmol) dissolved in 4 mL of dichloromethane and 1 mL of 

methanol. The light yellow solution was stirred for 3 hours and the crude mixture was evaporated 

to dryness. The resulting yellow solid was dissolved in a minimum amount of dichloromethane. 

The yellow solution was filtered using a filter pipet, and the filtrate was evaporated to dryness. A 

purified yield of 128.9 mg (54.3%) was obtained. This product was redissolved in 

dichloromethane, filtered and placed in the bottom of an outer diameter of 5 mm glass tube and a 

few drops of dichloromethane were layered over this solution and diethyl ether was layered above.  

As the solutions diffused together, yellow blocks with green luminescence were isolated.    

Infrared spectrum: 3049(w), 2903(w), 2635(m), 1587(w), 1570(w), 1646(s), 1606 (m), 

1483(m), 1433(s), 1357(w), 1261(m), 1244(m), 1219(w), 1152(m), 1096(s), 1026(m), 999(m), 

919(w), 849(w), 780(m), 738(s), 720(s), 687 (vs), 569(w), 512(vs), 468(s) cm-1 

UV-Vis: 355nm, 2.319 abs, 9124.75 L/mol/cm; 385nm, 1.301abs, 5119.146 L/mol/cm 

31P{1H} Nuclear Magnetic Resonance: 27.9 ppm in acetonitrile-d3 at 290 K.  

1H Nuclear Magnetic Resonance: complex multiplets for the aromatic resonances at 7.82, 

7.81, 7.80, 7.79, 7.78, 7.77, 7.76, 7.75, 7.53, 7.51, 7.48, 7.43, 7.41, and 7.38 ppm (40 protons); 

methylene resonance, quintet, 4.66 ppm (4 protons) in acetonitrile-d3 at 290 K.  
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Preparation of [Au2(μ-dppm)2(μ-I)](PF6)•CH2Cl2 (3)  

A 62.5 mg (0.166 mmol) portion of dppm was dissolved in 5 ml of dichloromethane, and 

an equivalent amount of AuI (52.4 mg,  0.162 mmol) suspended in 4mL of dichloromethane was 

added to the dppm solution under agitation. The yellow solution was stirred for 10 minutes 

followed by the addition of NH4PF6 (26.6 mg, 0.1632 mmol) dissolved in 4 mL of 

dichloromethane and 1 mL of methanol. The light yellow solution was stirred for 3 hours and the 

crude mixture was evaporated to dryness. The resulting yellow solid was dissolved in a 

minimum amount of dichloromethane. The yellow solution was filtered using a filter pipet, and 

the filtrate was evaporated to dryness. A purified yield of 104.3 mg (44.9%) was obtained. The 

dried product was dissolved in dichloromethane. This solution was filtered into the bottom of an 

outer diameter of 5 mm glass tube, a few drops of dichloromethane was layered over that 

solution and then diethyl ether was layered over the mixture. As the solutions diffused together, 

crystalline yellow blocks with green luminescence were isolated.    

Infrared spectrum: 3271(w), 3034(w), 2958(w), 2824(m), 2852(m), 1692(m), 1648 (m), 

1636 (m), 1545 (m), 1437(s), 1396(w), 1304(w), 1172(w), 1160(w), 1100(s), 999(w), 839(vs), 

774(m), 738(m),689(vs), 849(w), 780(m), 738(s), 720(s), 687 (vs) cm-1 

UV-Vis: 354 nm, 0.791 abs, 1973.48 L/mol/cm; 385nm, 0.468 abs, 1167.62 L/mol/cm 

31P{1H} Nuclear Magnetic Resonance: the phosphorus atoms of the dppm; singlet at 27.95 ppm 

and the phosphiorus atom of the PF6 anion a multiplet at -144.65 ppm in acetonitrile-d3 at 290 K. 

1H Nuclear Magnetic Resonance: complex multiplets for the aromatic resonances at 7.77, 7.76, 

7.75, 7.74, 7.73, 7.72, 7.48, 7.47, 7.45, 7.38, 7.37, and 7.35 ppm (40 protons); methylene 

resonance, broad quintett, 4.63 ppm (4 protons) in acetonitrile-d3 at 290 K.  
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Preparation of [Au2(-dppm)2](AsF6)2•CH2Cl2 (4) 

A 78.9 mg (0.205 mmol) portion of dppm was dissolved in 5 ml of dichloromethane, and 

an equivalent amount of thtAuCl (65.8mg,  0.205 mmol) dissolved in 4mL of dichloromethane 

was added to the dppm solution under agitation. The solution was stirred for 5 minutes followed 

by the addition of AgAsF6 (58.9 mg, 0.198 mmol) dissolved in 4 mL of dichloromethane and 1 

mL of methanol. The colorless solution was stirred for 3 hours and the crude mixture was air 

dried. The resulting colorless solid was dissolved in a minimum amount of dichloromethane. The 

solution was filtered using a filter pipet, and the filtrate was evaporated to dryness. A purified 

yield of 11.0 mg (3.6%) was obtained. The dried product was dissolved in dichloromethane. This 

solution was filtered into the bottom of an outer diameter of 5 mm glass tube, a few drops of 

dichloromethane was layered over that solution and then diethyl ether was layered over the 

mixture. As the solutions diffused together, colorless block crystals and green luminescence were 

isolated. 

Infrared spectrum: 3034(w), 2924(w), 2852(w), 2360(m), 2358(m), 2340(m), 2156(w), 

2159(w), 2029(w), 2028(w), 1966(w), 1559(w), 1540(w), 1489(w), 1484(w), 1444(w), 1437(s), 

1101(m), 1072(w), 1004(w), 1000(m), 780(m), 739(s), 701(vs), 694(s), 668(m), 616(s), 605(m) 

cm-1 

UV-Vis: 298 nm, 0.355 abs, 359.88 L/mol/cm; 338 nm, 0.281 abs, 284.86 L/mol/cm 

31P{1H} Nuclear Magnetic Resonance: 35.58 ppm in acetonitrile-d3 at 295 K.  

1H Nuclear Magnetic Resonance: complex multiplets for the aromatic resonances at 7.74, 

7.73, 7.72, 7.71, 7.55, 7.53, 7.52, 7.45, 7.43, and 7.41 ppm (40 protons); methylene resonance, 

quintet, 4.43 ppm (4 protons) in acetonitrile-d3 at 295 K.   
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X-ray Crystallography and Data Collection.  The crystals were removed from the glass tubes in 

which they were grown together with a small amount of mother liquor and immediately coated 

with a hydrocarbon oil on a microscope slide.  Suitable crystals of [Au2(μ-dppm)2I][Au2(μ-

dppm)2(μ-I)](AsF6)4•4CH2Cl2 (1) and [Au2(-dppm)2](AsF6)2•CH2Cl2 (4) were mounted on a 

microloop with hydrocarbon oil and placed in the liquid nitrogen cold stream of a Bruker APEX-

II CCD with graphite monochromated Mo Kα radiation at 90(2) K.  Suitable crystals of [[Au2(μ-

dppm)2(μ-I)]I•2CH2Cl2 (2) and [Au2(μ-dppm)2(μ-I)](PF6)•CH2Cl2 (3)  were mounted on a dual-

thickness microloop with hydrocarbon oil and placed in the liquid nitrogen cold stream of a Bruker 

Kappa DUO with graphite monochromated Mo Kα radiation at 90(2) K.  Crystal data are given in 

Table S1. 

 Data collected were corrected for Lorentz and polarization effects with Saint and for 

absorption using Blessing’s method42 and merged as incorporated with the program Sadabs. The 

SHELXTL program package was implemented to determine the probable space group and set up 

the initial files based upon system symmetry, systematic absences and intensity statistics. The 

structures were determined by SHELXT and structural refinements were performed with 

SHELXL.43,44 
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Table 1. Crystal Data for Gold(I) Complexes 

 [Au2(μ-dppm)2I] 

[Au2(μ-dppm)2(μ-I)] 

(AsF6)4•4CH2Cl2 (1) 

[Au2(μ-dppm)2(μ-I)] 

I•2CH2Cl2 (2) 

[Au2(μ-dppm)2(μ-I)] 

(PF6)•CH2Cl2 (3) 
[Au2(-dppm)2] 

(AsF6)2•CH2Cl2 (4) 

color/habit Yellow Block Yellow Irregular 

Plate 

Yellow Block Colorless Block 

chemical 

formula 

C51H46AsAu2 

Cl2F6IP4 

C52H46Au2Cl3 

I2P4 

C50H44Au2F6I P5 

[+ solvent] 

C52H48As2Au2Cl4 

F12P4 

formula 

weight 

1563.42 1548.85 1434.54 1710.36 

crystal 

system 

triclinic orthorhombic monoclinic orthorhombic 

space group  P212121 C2/c Pnma 

a (Å) 15.8401(5) 13.6768(6) 42.063(3) 20.6227(17) 

b (Å) 18.4089(6) 14.8760(8) 11.7847(8) 20.6478(18) 

c (Å) 19.5383(6) 26.1893(14) 22.0854(15) 13.1233(11) 

α (deg) 91.437(2) 90 90 90 

β (deg) 112.451(2) 90 103.495(4) 90 

γ (deg) 91.727(2) 90 90 90 

V (Å3) 5259.0(3) 5328.4(5) 10645.5(13) 5588.1(8) 

Z 4 4 8 4 

T (K) 90(2) 90(2) 90(2) 90(2) 

λ (Å) 0.71073 0.71073 0.71073 0.71073 

ρ (g/cm3) 1.975 1.931 1.790 2.033 

μ (mm-1) 7.064 6.963 6.289 6.803 

R1 (obsd 

data)a 

0.0538 0.0373 0.0226 0.0286 

wR2 (all 

data, F2 

refinement)
b 

 

0.1509 0.0909 0.0593 0.0617 

     
a R1 = (Σ||Fo| − |Fc||)/Σ|Fo| 
b wR2 = ((Σ[w(Fo

2 − Fc
2)2])/Σ[w(Fo

2)2])1/2 

 

 

Physical Measurements.  Infrared spectra were recorded on a Bruker ALPHA FT-IR 

spectrometer.  Excitation and emission spectra were recorded on a Perkin-Elmer LS50B 

luminescence spectrophotometer. 

_
P1
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TOC Text: The NMR spectra of solutions of the iodide complexes, [Au2(μ-dppm)2I][Au2(μ-

dppm)2(μ-I)](AsF6)4•4CH2Cl2, [Au2(μ-dppm)2(μ-I)]I•2CH2Cl2 and  [Au2(μ-dppm)2(μ-

I)](PF6)•CH2Cl2, suggest that the iodide ion is bound to the [Au2(-dppm)2]
2+ core but is able to 

circulate around that core. 
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