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Abstract: Phosphine gold(I) thiolate complexes react with aromatic disulfides via two 

pathways: either thiolate–disulfide exchange or a pathway that leads to formation of 

phosphine oxide. We have been investigating the mechanism of gold(I) thiolate–disulfide 

exchange. Since the formation of phosphine oxide is a competing reaction, it is important 

for our kinetic analysis to understand the conditions under which phosphine oxide forms.  
1H and 31P{1H} NMR, and GC-MS techniques were employed to study the mechanism of 

formation of phosphine oxide in reactions of R3PAu(SRʹ) (R = Ph, Et; SRʹ = SC6H4CH3, 

SC6H4Cl, SC6H4NO2, or tetraacetylthioglucose (TATG)) and R*SSR* (SR* = SC6H4CH3, 

SC6H4Cl, SC6H4NO2, or SC6H3(COOH)(NO2)). The phosphine oxide pathway is most 

significant for disulfides with strongly electron withdrawing groups and in high dielectric 

solvents, such as DMSO. Data suggest that phosphine does not dissociate from gold(I) prior 

to reaction with disulfide. 2D (1H-1H) NMR ROESY experiments are consistent with an 

intermediate in which the disulfide and phosphine gold(I) thiolate are in close proximity. 

Water is necessary but not sufficient for formation of phosphine oxide since no phosphine 

oxide forms in acetonitrile, a solvent, which frequently contains water. 
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1. Introduction 

Thiol–disulfide exchange reactions are essential for a number of biochemical transformations. The 

mechanism of this reaction in solution (in the absence of metals) is described as SN2 between thiolate 

and disulfide [1,2]. We have been studying how metals, such as a phosphine gold(I) thiolate complexes, 

alter the mechanistic reaction pathways for thiol–disulfide exchange. Our work to date has shown that 

the phosphine gold(I) thiolate–disulfide exchange reaction is overall second order; first order in  

gold–thiolate and first order in disulfide (see Equation (1)) [3–5]. The initial products of exchange are 

the unsymmetrical disulfide (i.e., R*SSRʹ) and a new gold–thiolate complex (i.e., R3PAuSR*). In a 

second step, the unsymmetrical disulfide reacts with the gold–thiolate starting material forming the 

symmetrical disulfide (RʹSSRʹ) (see Equation (2)). Furthermore, neither free thiolate nor gold(III) (from 

possible oxidative addition of disulfide) [6] appear to be involved in the reaction.  

R3PAuSRʹ + R*SSR* ⇄ R3PAuSR* + R*SSRʹ (1)

R3PAuSRʹ + R*SSRʹ ⇄ R3PAuSR* + RʹSSRʹ (2)

Our focus has been on understanding how the phosphine and thiolate ligands, disulfide, and solvent 

influence the kinetics of the exchange reaction. During the course of exchange studies, we have found 

that the nature of the solvent has a profound effect on the outcome of the reaction. When the reaction is 

carried out in solvents of low dielectric constant (e.g., methylene chloride), thiolate–disulfide exchange 

is clean but occurs very slowly (e.g., hours to days timescale). In solvents with higher dielectric constants 

(e.g., acetonitrile), thiolate–disulfide exchange is faster (e.g., min to hours timescale). 

We have reported our preliminary findings on exchange reactions [3–5,7–10], but several issues to 

date have complicated the data analysis. One has been trace impurities in certain solvents that persist at 

the low mM concentration and complicate kinetic analysis when metal thiolate disulfide exchange reactions 

are studied at µM to mM concentrations. This issue will be reported separately [11]. The other issue has 

been a competing reaction leading to formation of phosphine oxide and a bis-thiolate gold(I) complex. 

The production of phosphine oxide becomes evident when the exchange reactions in high dielectric 

solvents are monitored for longer periods of time. We report here a series of experiments conducted to 

investigate reaction of disulfide with phosphine gold(I) thiolates in order to gain mechanistic insight into 

the competing pathways of gold(I) thiolate–disulfide exchange and phosphine oxide formation.  

2. Results and Discussion  

2.1. Phosphine Oxide Formation in DMSO  

Reactions of Ph3PAu(SC6H4CH3) and (SC6H4NO2)2 were monitored by using 1H and 31P NMR 

spectroscopy. We observed formation of R3P=O in DMSO and DMF, but not in tetrahydrofuran, 

methylene chloride, acetone, or acetonitrile. We investigated the reaction in DMSO in more detail to 
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determine the influence of the phosphine, thiolate and disulfide on the amount of phosphine oxide 

formed. The reactions of four phosphine gold(I) thiolates (10 mM) with four disulfides (10 mM) were 

carried out in DMSO-d6 and monitored by 31P{1H} NMR for 12 h. The results are plotted in  

Figure 1A–D for reactions of Ph3PAuSC6H4CH3, Ph3PAuSC6H4Cl, Ph3PAuSC6H4NO2, and 

Et3PAuTATG (auranofin), respectively. The percentage of R3P=O was calculated from the ratio of 

integrals for R3P=O (at 26.5 ppm for R = Ph or 50.8 ppm for R = Et) and R3PAuSRʹ (at 39.2 ppm for  

R = Ph or 40.3 ppm for auranofin). These are the only two signals observed in the 31P NMR spectra 

during the course of each reaction. Table 1 lists the reactions in decreasing order of extent of phosphine 

oxide formation at the 75 min. time point for each combination shown in Figure 1. The results show that 

disulfides with more strongly electron withdrawing groups [DTNB and (SC6H4NO2)2] produce more 

phosphine oxide. Electron withdrawing groups on the thiolate ligands also increase the extent of R3P=O 

formation. However the nature of the disulfide appears to have a larger effect. We have noted some 

variability in reaction rates with different batches of DMSO-d6, which may originate from differences 

in water content in the solvent. The experimental results reported in Table 1 were obtained employing 

the same batch of DMSO-d6 solvent. 

 
(A) (B) 

 
(C) (D) 

Figure 1. Formation of R3PO in DMSO-d6 during reaction of 10 mM disulfides with 10 mM 

(A) Ph3PAu(SC6H4CH3); (B) Ph3PAu(SC6H4Cl); (C) Ph3PAu(SC6H4NO2); (D) Et3PAu(TATG) 

(auranofin). The percentage of R3PO was calculated as the ratio of R3PO to the total 

phosphorus in the 31P{1H} NMR. 
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Table 1. Comparison of the percentage of R3P=O formed from the reaction of 10 mM 

PR3AuSRʹ and 10 mM R*SSR* in DMSO-d6 (t = 75 min). 

R3PAuSRʹ  R*SSR*  R3P=O (%) 

Ph3PAuSC6H4NO2 DTNB 1 100 
Ph3PAuSC6H4CH3 DTNB 68 
Ph3PAuSC6H4NO2 (SC6H4NO2)2 67 
Ph3PAuSC6H4Cl DTNB 40 
Ph3PAuSC6H4Cl (SC6H4NO2)2 31 

Ph3PAuSC6H4CH3 (SC6H4NO2)2 23 
Et3PAu(TATG) 2 DTNB 20 

Ph3PAuSC6H4NO2 (SC6H4Cl)2 15 
Et3PAu(TATG) (SC6H4NO2)2 11 

Ph3PAuSC6H4CH3 (SC6H4Cl)2 4 
Ph3PAuSC6H4Cl (SC6H4Cl)2 3 

Ph3PAuSC6H4NO2 (SC6H4CH3)2 3 
Et3PAu(TATG)  (SC6H4Cl)2 <1 
Et3PAu(TATG)  (SC6H4CH3)2 <1 

Ph3PAuSC6H4CH3 (SC6H4CH3)2 0 
Ph3PAuSC6H4Cl (SC6H4CH3)2 0 

1 DTNB = 5,5'-dithiobis-(2-nitrobenzoic acid); 2 TATG = tetraacetylthioglucose. 

2.2. Possible Mechanistic Pathways for Phosphine Oxide Formation in DMSO 

Two possible explanations for formation of phosphine oxide are illustrated in Scheme 1. The first 

involves dissociation of the phosphine ligand from gold(I), followed by nucleophilic attack on disulfide. 

The second involves reaction of the intact phosphine gold(I) thiolate complex in which the Au-P bond 

acts as the nucleophile. Dissociation of phosphine from the gold(I) complex was considered likely 

because of the well-known reaction of triarylphosphines with disulfides. Mechanistic studies reveal that 

the reaction of Ph3P and disulfide in dioxane/water mixtures is second order and proceeds via 

nucleophilic attack of Ph3P on the S–S bond in disulfide, resulting in a thiophosphonium cationic 

intermediate ([R′SPR3]+), which is subsequently hydrolyzed by water to produce phosphine oxide and 

thiol [12,13]. Disulfides with electron withdrawing groups react faster than those with electron donating 

groups. We have seen a similar trend for reactions of free Ph3P with disulfides in DMSO-d6 solution. 

For example, reactions of ca. 5 mM Ph3P and 10 mM R*SSR* (R* = C6H4NO2, C6H4Cl, C6H4CH3) were 

monitored by 31P NMR and the relative rates of formation of Ph3P=O are NO2 >> Cl > CH3. 

 
(A) 

Scheme 1. Cont. 
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(B) 

Scheme 1. (A) Dissociation of phosphine and nucleophilic attack on disulfide; (B) Nucleophilic 

attack of Au–P bond on disulfide. 

It is also interesting to note that Et3P=O is known to be an in vivo metabolite of auranofin. Interactions 

of auranofin with albumin have been studied in vitro. Shaw, et al. proposed that Et3P, from the Et3PAu(I) 

moiety bound to the cysteine-34 in albumin, is substituted by an additional cysteine thiolate. The released 

phosphine reacts with a protein disulfide bond, followed by hydrolysis to give Et3P=O [14,15]. 

2.3. No Evidence for Dissociation of Phosphine from Phosphine Gold(I) Thiolate in DMSO 

To check for dissociation of phosphine from the phosphine gold(I) thiolate complexes in Table 1, the 

stability of each gold complex in DMSO-d6 was monitored by 1H and 31P NMR. The complexes are 

stable in this solvent and there is no evidence for dissociation of phosphine over a period of 24 h. An 

additional check on the stability of the gold–phosphorus bond was performed by adding benzyl azide as 

a trapping agent [16,17]. In a control reaction, a few drops of neat benzyl azide were added to a 5 mM 

solution of PPh3 in DMSO-d6 and the reaction was observed by 31P NMR. One hour after mixing, all of 

the phosphine was converted to a mixture of Ph3P=O and C6H5CH2N=PPh3. In contrast, when a few 

drops of neat benzyl azide were added to separate solutions of Ph3PAuSC6H4CH3 and Ph3PAuSC6H4NO2 

(5 mM in DMSO-d6), the only peak observed in the 31P NMR was at ca. 39 ppm for the Ph3P ligand in 

Ph3PAu(SR′). These results suggest that the gold(I) complexes are stable in DMSO-d6 and phosphine 

does not dissociate, i.e., the reaction sequence depicted in Scheme 1A is not likely.  

2.4. Water Is the Source of Oxygen for the Formation of Ph3P=O 

Water is critical to the formation of R3P=O in the reaction of free phosphine with disulfide. The next 

set of experiments were carried out to determine whether water is also critical for the formation of R3P=O 

in the gold(I)/disulfide system. Dimethyl sulfoxide is a hygroscopic solvent and NMR solutions prepared 

in the atmosphere typically contain water. We therefore prepared a solution of 10 mM Ph3PAuSC6H4NO2 

and 10 mM NO2C6H4SSC6H4NO2 in DMSO-d6 in an argon-filled drybox to minimize the amount of 

water present. (We used sealed ampoules of 99.5% DMSO-d6 with a water content of ca. 60 ppm, or  

3.3 mM). The solution was divided into two portions and a drop of water was added to one of these 

solutions. Each solution was observed immediately (within 5 min) by 31P NMR. In the solution without 

added water, approximately 35% of the Ph3P had been converted to Ph3P=O. Addition of a drop of water 

(which is an excess) to the second sample caused complete conversion of the phosphine in 

Ph3PAuSC6H4NO2 to Ph3P=O. This demonstrates that water accelerates the formation of phosphine 
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oxide in the gold(I)/disulfide system. In addition, GC-MS experiments using labeled water (H2
18O) 

demonstrate the formation of Ph3P=18O, confirming that water is the source of the oxygen in Ph3P=O 

(see Experimental Section). 

2.5. What Is the Fate of Gold(I)? 

When a solution of 7.5 mM Ph3PAuSC6H4CH3 and 5.0 mM NO2C6H4SSC6H4NO2 in DMSO-d6  

was monitored by 1H NMR, a new peak at 7.9 ppm (broad doublet) was observed. This peak was 

assigned to the aromatic protons in [Au(SC6H4NO2)2]− on the basis of comparison to a sample  

prepared independently by reaction of Au(tht)Cl with two equivalents of the sodium salt of  

para-nitrophenylthiolate (Na[SC6H4NO2]).  

2.6. Mechanistic Reaction Sequence of Disulfide Competition for Phosphine Gold(I) Thiolates 

The competing pathways for formation of thiolate–disulfide exchange and formation of phosphine  

are summarized in Equations (3)–(7), using as an example the reaction of Ph3PAuSC6H4CH3  

and (SC6H4NO2)2. 

Thiolate–disulfide exchange: 

Ph3PAuSC6H4CH3 + (SC6H4NO2)2 ⇄ Ph3PAuSC6H4NO2 + NO2C6H4SSC6H4CH3 (3)

Phosphine oxide formation: 

Ph3PAuSC6H4CH3 + (SC6H4NO2)2 ⇄ [Ph3PSC6H4NO2]+ + [(NO2C6H4S)Au(SC6H4CH3) ]− (4)

[Ph3PSC6H4NO2]+ + H2O ⇄ Ph3PO + HSC6H4NO2 + H+ (5)

HSC6H4NO2 ⇄ H+ + [SC6H4NO2]− (6)

[SC6H4NO2]− + [(NO2C6H4S)Au(SC6H4CH3) ]− ⇄ [Au(SC6H4NO2)2]−	+ [SC6H4CH3]− (7)

2.7. Scheme 1B Is Supported by 2D (1H-1H) NMR Experiments 

The second possibility shown in Scheme 1B is that the Au-P bond acts as nucleophile toward  

the disulfide. Indirect support for this possibility is provided by 2D (1H-1H) NMR experiments,  

described below.  

As part of our studies on the mechanism of thiolate–disulfide exchange, we have carried out a series 

of 2D (1H-1H) NMR ROESY experiments. For the self-exchange reaction between (SC6H4NO2)2 and 

Ph3PAuSC6H4NO2 in CD3CN during a 12 h ROESY experiment (for which no R3PO is detected,  

vide supra), analysis of the NOE peaks suggests a close approach of the disulfide and the gold(I)-thiolate 

moiety, which places the disulfide in a position to undergo exchange with the gold(I) bound thiolate [5]. 

In addition, on the related zinc(II)-thiolate, disulfide exchange reaction, there is experimental data 

suggesting close association [5,18], as well as DFT calculations which indicate close association of the 

disulfide with the zinc(II)-thiolate in the transition state [19]. 
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2.8. 2D (1H-1H) NMR ROESY Experiments 

2D (1H-1H) NMR ROESY experiments were also carried out in DMSO-d6. Since formation of 

phosphine oxide competes with thiolate–disulfide exchange in this solvent, and leads to eventual 

decomposition of the gold(I) thiolate complex, reactants were chosen to minimize the formation of 

R3PO. On the basis of the results shown in Table 1, we reasoned that the more electron donating methyl 

substituent on the thiolate ligand and the disulfide would produce the least amount of phosphine oxide. 

However, a nitro substituent on at least one aromatic ring is desirable because these peaks are well 

separated from the aromatic ring protons in the thiolate and phosphine ligands (i.e., SC6H4CH3 and PPh3) 

allowing for easier visualization and assignment of the NOEs. Thus we used Ph3PAuSC6H4CH3 in 

combination with the unsymmetrical disulfide, NO2C6H4SSC6H4CH3. (The unsymmetrical disulfide was 

prepared in situ by mixing NO2C6H4SSC6H4NO2 with an excess of CH3C6H4SSC6H4CH3, prior to 

addition of the gold(I) thiolate complex; see experimental section.) 

The 2D (1H-1H) NMR ROESY spectrum shown in Figure 2 was acquired over a 4-h period. In this 

time frame, the starting gold(I) thiolate complex has undergone thiolate–disulfide exchange according 

to Equation (8). This is evident from the peaks labeled H3 and H4, which belong to the thiolate aromatic 

ring in Ph3PAuSC6H4NO2, and H1 and H2 for the nitro aromatic ring in NO2C6H4SSC6H4CH3 (see 

Scheme 2 for labels). 

Ph3PAuSC6H4CH3 + NO2C6H4SSC6H4CH3 ⇄ Ph3PAuSC6H4NO2 + CH3C6H4SSC6H4CH3 (8)

The remaining peaks in the 1D 1H-NMR spectra are assigned as follows, starting at the high field 

side. The intense doublets at 7.38 and 7.18 ppm are due to the large excess of CH3C6H4SSC6H4CH3. The 

doublets at 7.42 and 7.2ppm (partially hidden by the symmetrical disulfide peak at 7.18 ppm) are 

assigned to the methyl aromatic ring in NO2C6H4SSC6H4CH3. The complex multiplet at 7.6 ppm is 

assigned to PPh3 and a small amount of Ph3PO. (The 31P NMR spectrum collected at the end of the 2D 

(1H-1H) experiment, shows ca. 3% Ph3P=O formation, which indicates that the conditions minimize the 

formation of phosphine oxide.)  

 

Figure 2. 2D (1H-1H) ROESY spectrum in the aromatic region showing interaction between 

Ph3PAuSC6H4NO2 and CH3C6H4SSC6H4NO2 (DMSO-d6). See Scheme 2 for assignment of 

aromatic protons labeled H1, H2, H3, and H4. (The intense peaks at 7.16 and 7.37 ppm are 

due to the excess CH3C6H4S-SC6H4CH3; see Experimental Section.) 
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Scheme 2. Labels for aromatic ring protons in the disulfide and gold(I) thiolate complex. 

The off diagonal contours in the 2D (1H-1H) ROESY spectrum provide important conformational 

information. Cross peaks with the same phasing as along the diagonal (red), indicate molecular exchange 

while the oppositely phased contours (blue) indicate long-range spatial interactions. The red, cross peaks 

centered at 7.9 and 8.2 ppm indicate thiolate–disulfide exchange between H3 on the thiolate in 

Ph3PAuSC6H4NO2 and H1 on the nitro end of the unsymmetrical disulfide, NO2C6H4SSC6H4CH3. (This 

is a nonproductive exchange since no new molecules are formed.) Intramolecular, long-range 

interactions between protons on the same ring (ortho to each other) are indicated by blue cross peaks for 

H1 and H2 in the disulfide, and also for H3 and H4 on the thiolate.  

The most interesting aspect of the 2D (1H-1H) ROESY spectrum is the set of blue cross peaks, which 

indicate intermolecular long-range interactions between H4 on the thiolate ligand and H1 on the 

unsymmetrical disulfide as well as H3 on thiolate and H2 on disulfide. The distance between spatially 

close nuclei can be estimated according to the Equation (9) [20], where ηab is the ROE cross-peak volume 

(intensity) and rab is the inter-proton distance of the two protons “a” and “b”. The term, rref is a known 

distance between two protons and its ROE volume is given by ηref [20].  

ୟୠݎ
୰ୣ୤ݎ

ൌ ൬
η୰ୣ୤
ηୟୠ

൰
ଵ
଺ൗ
 (9)

For our calculation, rref was chosen as the intramolecular distances between H1 and H2 in the disulfide. 

The crystal structure of the symmetrical disulfide, (SC6H4NO2)2, is available in the Cambridge Structural 

Database (CSD Refcode: NIPHSS) [21,22] and the average distance between these protons is 2.365 Å. 

Using this value and the experimental ROE volumes, the spatial separation between H1…H4, and H2…H3 

is estimated to be 2.6 Å. 

2.9. Visualizing the Association of Disulfide and the Phosphine Gold(I) Thiolate Complex  

Figure 3 shows two views of a cartoon drawing to help visualize the association (and exchange) 

between disulfide and the phosphine gold(I) thiolate complex. The figure was constructed in Autodesk 

using typical bond lengths and angles for the disulfide and the gold(I) complex (e.g., the S–S, Au–S, and 

Au–P bonds are 2.02, 2.30, and 2.26 Å, respectively) [21,23]. The spatial orientations of the two 

molecules were adjusted to achieve intermolecular H1…H4, and H2…H3 distances of 2.6 Å, the distance 

estimated by analysis of the ROESY data. The S–S bond is oriented approximately parallel to the Au–S 

bond and the intermolecular S…S, S…Au and S…P distances are 3.66, 3.60, and 4.44 Å, respectively. 

We emphasize that this cartoon is not the result of a calculation but is useful to envision a possible 

conformational arrangement of the disulfide and gold(I) thiolate complex that is consistent with the 

ROESY data.  

S

H4

H3

NO2

AuPh3PS

H2

H1

NO2

H3C

S
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(A) (B) 

Figure 3. Cartoon drawings in two different views (A and B) to illustrate a possible 

orientation of Ph3PAu(SC6H4NO2) and the unsymmetrical disulfide, CH3C6H4SSC6H4NO2. 

The distance between the aromatic protons, H1 and H4, and H2 and H3 was set at 2.60 Å. The 

S…S and Au…S distances are 3.66 and 3.60 Å, respectively. The drawings were generated 

by using Autodesk 3DS MAX 2013. 

Figure 3 also is useful for visualizing the competing reaction that leads to phosphine oxide. Sliding 

the disulfide along the linear S–Au–P moiety toward the Au–P bond would appear to require a relatively 

small spatial reorganization and would set up the disulfide to react across the Au–P bond rather than the 

Au–S bond (see Scheme 3). Reaction of gold(I) with the more electron withdrawing half of the 

unsymmetrical disulfide is consistent with the known chemistry of gold(I) [24]. The reaction is promoted 

by DMSO, a solvent with a high dielectric constant (ε = 46.6), which may help to stabilize the charged 

species that form following scission of the S–S bond. 

 

Scheme 3. Competing reaction that leads to phosphine oxide. 

3. Experimental Section  

3.1. Chemicals and Instrumentation 

All NMR solvents were purchased from Cambridge Isotope Laboratories, Inc. (Tewksbury, MA, 

USA) Only for 2D (1H-1H) NMR, solvents in ampules were used as received and solvents in the bottles 

were used after degassing by 5–10 freeze-pump cycles. Triphenylphosphine oxide (Ph3PO), 

triethylphosphine oxide (Et3PO), triphenylphosphine (PPh3), benzyl azide (BzN3), bis(4-chlorophenyl) 

S

H4

H3

NO2

AuPh3P

S

H2

H1

NO2

R

S

Ph3P SC6H4R
+

[Au(SC6H4NO2)2]-+
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disulfide [(ClC6H4S)2], water (H2
18O) and Ellman’s reagent [5,5′-dithiobis-(2-nitrobenzoic acid) or 

DTNB] were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as received.  

Bis(4-nitrophenyl) disulfide [(O2NC6H4S)2] and bis(4-methylphenyl) disulfide [(CH3C6H4S)2] were 

purchased from Sigma-Aldrich (St. Louis, MO, USA) and used after recrystallization. Auranofin 

[(Et3P)Au(TATG); TATG = 2,3,4,6-tetraacetyl-1-thio-D-glucopyranosato] was purchased from Enzo 

Life Sciences (Farmingdale, NY, USA). Syntheses of Au(tht)Cl [25], and phosphine gold(I)  

thiolates [23], were carried out according to previously reported procedures. Experiments were carried 

out under atmospheric conditions unless otherwise stated. 
31P{1H} NMR spectra were obtained at 26 °C in deuterated solvents on a Varian (Palo Alto, CA, 

USA) UNITYplus-400 MHz “Oxford” NMR spectrometer operating at 161.9 MHz. 31P{1H} NMR 

spectra were referenced to 85% H3PO4 (external standard).  

The sample tubes for 2D (1H-1H) ROESY (rotating frame Overhauser enhancement spectroscopy) 

NMR experiments were prepared in a Vacuum Atmospheres dry box under an argon environment and 

were capped with an air-tight seal. Two-dimensional NMR spectra were acquired at a constant 

temperature (30 °C) on a Varian (Palo Alto, CA, USA) UNITYplus-400 MHz “Oxford” NMR 

spectrometer (399.96 MHz for 1H) equipped with 4-nuc probes. Chemical shifts were referenced to 

residual 1H signals of the deuterated solvents.  

GC-MS analyses were performed using a Thermo Scientific Trace (Waltham, MA, USA) GC Ultra 

gas chromatograph and Thermo Scientific (Waltham, MA, USA) ISQ mass spectrometer. Compound 

separation was achieved with a Rtx5-MS column (30 m × 0.25 mm i.d., crossbond 5% diphenyl/95% 

dimethyl polysiloxane× 0.25 µm (df) capacity Film thickness, Restek Corp., Bellefonte, PA, USA). The 

column flow rate was 2 mL/min. The oven temperature was held at 50 °C for 1 min, then increased to 

350 °C (at a rate of 20 °C/min) and held at that temperature for 1 min. Injection, MS transfer line, and 

ion source temperatures were 270, 250, and 200 °C, respectively. Electron ionization mass spectrometric 

data from m/z 50 to 300 amu were collected using an ionization voltage of 70 eV. Compound 

identifications were made by comparing mass spectral patterns with those from known samples and the 

use of NIST mass spectra database. 

3.2. Calibration of 31P NMR Integrals for a Mixture of Ph3PAuSC6H4CH3 and Ph3PO  

The amount of 0.5 mL of a 9.96 mM solution of Ph3PAuSC6H4CH3 in DMSO-d6 was mixed in a vial 

with 0.5 mL of a 10.42 mM solution of Ph3PO in DMSO-d6. The resulting solution mixture containing 

4.98 mM of Ph3PAuSC6H4CH3 and 5.21 mM Ph3PO was transferred into a NMR tube and investigated 

by 31P{1H}NMR experiments. The integral ratio for the peak at 39.2 ppm (Au–P) to the peak at 26.5 

(P=O) was ca. 1:1. 

3.3. Procedure for Measuring % of Phosphine Oxide 

The amount of 0.4 mL of a 20.0 mM solution of Ph3PAuSC6H4R (R = CH3, Cl, NO2) or Et3PAu(TATG) 

in DMSO-d6 was mixed in a vial with 0.4 mL of a 20.0 mM solution of (R′C6H4S)2 (R′ = CH3, Cl, NO2) 

or DTNB in DMSO-d6. The solution mixture containing 10.0 mM Ph3PAuSC6H4R and 10.0 mM 

(R′C6H4S)2 or DTNB was transferred into a NMR tube and investigated by 31P{1H} NMR array 

experiments. The same experimental procedure was carried out for the reaction between 
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Et3PAuSC6H4NO2 and (O2NC6H4S)2 in DMSO-d6. The Au–PR3 peak and R3P=O peaks were integrated 

and the % R3PO is based on the ratio of the R3P=O integral to the total phosphorus signal. 

3.4. Test for Free Phosphine; Reaction of PPh3 and N3Bz in DMSO-d6 

Four drops of benzyl azide (N3Bz) (~1.5 mmol) were added into 0.75 mL of a 5 mM solution of 

Ph3PAuSC6H4CH3 in DMSO-d6. 31P{1H} NMR spectra were observed over the time. The same reaction 

was carried out for Ph3PAuSC6H4NO2 in DMSO-d6. As a control, four drops of benzyl azide (N3Bz) 

(~1.5 mmol) were added into 0.75 mL of 5 mM solution of PPh3 in DMSO-d6. The 31P{1H} NMR spectra 

were observed over the time. 

3.5. Test for Influence of Water  

Solutions of Ph3PAuSC6H4NO2 (20 mM) and (SC6H4NO2)2 (20 mM) in DMSO-d6 were prepared in 

an argon-filled drybox. Equal volumes of solutions were mixed and the mixture was divided into two 

NMR tubes. The 31P{1H} NMR spectrum was obtained for one sample while keeping the second sample 

in the drybox. A drop of water was added to the second sample and the 31P{1H} NMR spectrum  

was obtained. 

3.6. GC-MS Experiment for Source of Water 

The amount of 0.2 mL of H2
18O was transferred into 2 mL of DMSO-d6, which contained 90 ppm  

(5 mM) water as received from the manufacturer. This solution was used to prepare solutions in the 

drybox for 31P {1H} NMR and GC-MS analysis as follows. 

A solution of Ph3PAuSC6H4CH3 (5.8 mg in 1.1 mL, 10.0 mM) in DMSO-d6 was mixed in a vial with 

a solution of (O2NC6H4S)2 (3.1 mg in 1.1 mL, 10.0 mM) in DMSO-d6. Then 0.75 mL of the solution 

mixture was transferred into an NMR tube and investigated by 31P NMR. A separate sample (1 mL) of 

the same solution was transferred into a vial for GC-MS analysis. 

A solution of Ph3PO in DMSO-d6 (1.3 mg in 1.0 mL, 4.7 mM) was prepared and analyzed by  

GC-MS as a reference. 

3.7. Reaction of Au(tht)Cl and Na[SC6H4NO2]  

The reaction was carried out under N2 using using Schlenk techniques. A solution of sodium 

methoxide (0.09 g, 1.56 mmol) in CH3OH (10 mL) was transferred via cannula into a solution of  

4-nitrobenzenethiol (0.24 g, 1.56 mmol) in CH2Cl2 (20 mL). After stirring at 0 °C for five min., the 

mixture was transferred into a solution of Au(tht)Cl (0.25 g, 0.78 mmol) in CH2Cl2 (20 mL). The final 

mixture was stirred for 30 mins at 0 °C. The product was obtained by reducing the solvent in vacuo and 

then filtering through a sintered glass crucible in air. The product was washed thoroughly with EtOH 

and dried under a stream of N2. Yield calculated for Na[Au(SC6H4NO2)2]: 0.36 g, 90.12%. The sample 

was dissolved in DMSO-d6 to obtain a 1H NMR spectrum. There are two sets of doublets; the set with 

lower intensity centered at 7.89 and 7.60 ppm appears to convert to a more intense set centered at 7.87 

and 7.55 ppm. Over time, the more intense set decreases and no new peaks grow in as a pale yellow solid 
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precipitates, which is likely a gold(I) thiolate polymer since it is only sparingly soluble in DMSO and 

insoluble in other solvents.  

3.8. 2D (1H-1H) ROESY Experiment 

All solutions were prepared in an argon-filled drybox. Preparation of unsymmetrical disulfide: the 

two symmetrical disulfides, (SC6H4NO2)2 and (SC6H4CH3)2 were combined in an ~1:4 ratio and 

dissolved in 1 mL of DMSO-d6. (Complete conversion of (SC6H4NO2)2 to CH3C6H4SSC6H4NO2 under 

these conditions was confirmed by 1H NMR in a separate experiment.) After 30 min, the disulfide 

mixture was transferred into a vial containing Ph3PAu(SC6H4CH3). All solids were completely 

dissolved. The final concentrations of Ph3PAu(SC6H4NO2), CH3C6H4SSC6H4NO2, and (SC6H4CH3)2 at 

the end of the 2D experiment (~3 h) were estimated by integration to be 20, 30 and 160 mM, respectively. 

The reaction mixture was transferred into a screw cap NMR tube and a ROESY experiment was carried 

out with the π/2–t1–π/2–tm(spin lock)–π/2-FID pulse sequence by setting the previously measured PW90 

and T1 for a dummy sample in DMSO-d6. An 8 s mixing time was applied. The spectra were recorded 

with 128 increments in t1values and 512 data points for the t2 dimension with 4 scans per t1 increment 

with a relaxation delay of 3 s. 2D (1H-1H) NMR data were processed with MestReNova NMR software 

(8.1.1, MestRelab Research, Santiago de Compostela, Spain, 2013).  

The cartoon drawing showing a possible orientation of the disulfide and phosphine gold(I) thiolate, 

which is consistent with the 2D (1H-1H) ROESY experimental results was constructed in Autodesk 3ds 

MAX (2013, Autodesk, San Rafael, CA, USA). 

4. Conclusions 

The formation of phosphine oxide in the phosphine gold(I) thiolate–disulfide system shares some 

features with the reaction of free phosphine and disulfide; i.e., disulfides with electron withdrawing 

substituents react faster, and water is the source of oxygen. The presence of water is necessary but not 

sufficient in the gold(I)thiolate–disulfide system since phosphine oxide was not observed in acetonitrile, 

which also contains mM concentrations of water. There is no evidence for dissociation of the phosphine 

ligand from the gold(I) complex prior to reaction with disulfide. This suggests that the Au–P bond acts 

as a nucleophile to attack the S–S bond. 2D (1H-1H) NMR ROESY experiments provide evidence for a 

close association between disulfide and the gold(I) complex, which we have interpreted as a possible 

intermediate in the thiolate–disulfide exchange reaction. In addition, we suggest that a small spatial 

reorganization would allow the disulfide to react with the Au–P bond. The two disulfides which produce 

the most phosphine oxide are (SC6H4NO2)2 and DTNB. The corresponding thiols of these disulfides 

have low pKa’s (5.5 and 2.95, respectively) [12,26] and the thiolates would be expected to have a strong 

affinity for gold(I) [24]. This may be an important factor for the formation of the bis-thiolate gold(I) 

anion shown in Scheme 3. However, the relative affinity of thiolates for gold(I) would also be expected 

to drive the thiolate–disulfide exchange reaction. Thus the factors controlling the competition between 

thiolate–disulfide exchange and phosphine oxide formation are subtle and need to be more thoroughly 

investigated. Finally we have established that phosphine oxide formation happens on a longer time scale 

than thiolate–disulfide exchange, which is important for kinetic studies aimed at understanding the  

latter reaction.  
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