
2438 Russian Chemical Bulletin, kbl. 45, No. 10, October, 1996 

Study of the effect of triarylphosphine iigands on chemical hardness of 
triarylphosphinegold cations 
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Exchange reactions with the participation of triarylphosphincgold and phenylmercury 
4-fluorothiophenoxides, 4-nitrophenoxides, and acetates were studied by 19F NM R spectros- 
copy. The data on the comparative chemical hardness of Ar3PAu + and PhHg + cations were 
obtained based on the data on the eqtlilibrium constants. The chemical hardness of Ar3PAu + 
cations increases as the electron-donating ability of triarylphosphine ligands increases, The 
effect of these ligands is described by the cr or eT tl constants of substituted phenyl groups and 
by ionization potentials of their electron pairs or the pK a values. 
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Recently,  great interest has been expressed in the 
problems of chemical  hardness, t - t °  In connect ion  with 
the question of  whether  the principle of  soft and hard 
acids and bases 5 is promising in the organometal l ic  
chemistry,  it is worthwhile to study quanti tat ively the 
character  of  the effect of  the nature of  ligands on the 
hardness of  organometa l l ic  groups or cations. One pos- 
sible way of  solving this problem is to study exchange 
equil ibria with the par t ic ipat ion of  hard and soft anions 
X and y:7,8,10 

LnM1X + LnM2y ~ LnM1Y + LnM2X. 

Previously, 5 studies of  the reactions 

ArHgSC6H4F-4 + Ph3PAuOC6H4NO2-4 

ArHgOC6H4NO2-4 + Ph3PAuSC6H4F-4 

have yielded the quanti ta t ive data on the effect of  aryl 
ligands on the hardness of  ArHg + cations. It has been 
established that the value of  the constant  of  an exchange 
equi l ib i ium (IogKeq) is l inearly propor t ional  to the hard- 
hess of  the o rganometa l l i c  ca t ion qi0 according to 
Eq. ( l ) .  

log#.'eq = aq + c (I) 

In this work, the exchange reactions were studied by 
19F N M R  spect roscopy in the following systems: 

Ar3PAuSC6H4F-4 + PhHgX ~ PhHgSC6H4F-4 + 

Ar3PAuX 

1 a - - f  2 a - - b  2c 

1: Ar = 4-(CH3)2NC6H 4 (a); 4-CH3OC6H 4 (b); 4-CH3C6H 4 
(c); Ph (d); 4-FC6H 4 (e); 4-CIC6H 4 (f); 

2: X = OCeH4NO2-4 (a); OCOCH 3 (b) 

with the aim of  elucidat ing the effect of  t r ia ry lphosphine  
ligands on the hardness of  Ar3PAu + cations.  

The choice of the phenylmercury derivatives as the 
reaction partners was determined by the known data 7 
that the hardnesses of the PhHg + and Ph3PAu + cations 
are similar. In addit ion,  organomercury derivatives 11 and 
tr iorganylphosphinegold derivatives lz are character ized 
by high reactivities of  the me ta l - -he t e roa tom bonds in 
exchange reactions. The choice of  anionoid  ligands was 
determined by the fact that the parameters  of  chemical  
hardness for the corresponding anions and their  closest 
analogs are known. 5 These parameters  are 14, 23, and 23 
kcal mol -I  for PhS- ,  PhO- ,  and M e C O O - ,  respectively. 
In addit ion,  the SC6HaF-4 and OC6HaNO2-4  ligands 
have similar structures, and the corresponding acids HX 
would be expected to have close values of  dissociation 
constants,  t3 Of the ligands studied, SC6H4F-4 is a soft 
ligand, and OC6H4NO?-4 and O C O C H  3 are hard ligands. 
According to the principle of  soft and hard acids and 
bases, the character  of  distribution of  the organometal l ic  
fragments among hard and soft anionoid ligands would 
be expected to determine the comparat ive  hardness of 
organometal l ic  cations. 

The use of  the 19F N M R  spect roscopy for d ' : te rmin-  
ing equi l ibr ium constants (Keq) of  exchange reactions is 
based on a substantial difference in the f luorine chemi-  
cal shifts, on the one hand, for compounds  l a - - f  and, 
on the o ther  hand, for compound  2e. For  example ,  the 
fluorine chemical  shifts relative to PhF  were 8.50 and 
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4.49 ppm for benzene solutions of  compotmds  ld and 2c  
(at concentrat ions of  0.02 tool L-I  ), respectively, whereas 
only one signal at 6.50 ppm was observed for a benzene 
solution of  a mixture of  these c o m p o u n d s  at the same 
concentra t ions  of  both components .  This indicates that 
rapid (within the 19F N M R  t ime scale) exchange of  4- 
f luoro th iophenox ide  l igands be tween organometa l l i c  
groups occurs in a solution of  a mixture of  these com-  
pounds.  An analogous si tuat ion was observed in the 19F 
N M R spectra of  solut ions of  mixtures of  2e with l a - - c ,  
e-- f .  

The so-cal led dynamic  method  was used for deter- 
mining equilibriurn constants  of  exchange reactions. 
According to this rnethod, in the rapid equilibrium 
systems: 

l a - - f  + 2 a - - b  ~ 2c + Ar3PAuX 

the values of  the fluorine chemical  shifts should depend 
on mole fractions of  the 4-FC6H4S ligand bonded to the 
mercury or gold atom and on the values o f  the fluorine 
chemical  shift for this ligand in two possible states. 
Therefore,  a,1 average chemical  shift is de termined by 
Eq. (2): 

6F = ot6F(Au) + #6F(Hg) ,  (2) 

where 6F(Au)  are the fluorine chemical  shifts for com-  
pounds l a - - f ,  ~SF(Hg) is the chemica l  shift for com-  
pound 2c ,  and ct and 13 are mole  fractions of  the corre- 
sponding compounds .  The following equat ion may be 
written for equ imolar  amounts  o f  the initial reagents: 

8F = ctSF(Au) + (I - oOaF(Hg). (3) 

Hence,  it follows that the mole  fraction ct can be 
de te rmined  from the following formula: 

a = [6F - 8 F ( H g ) I / I S F ( A u )  - 8F (Hg) ] .  (4) 

According to the equat ion of  the exchange reaction, Keq 
= ( I  - c~)2/c~ 2. 

Table !. '9F chemical shifts and equilibrium c o n s t a n t s  (geq) for 
the benzene solutions of the compounds Ar3PAuSC6H4F-4 
(la--f)  and the systems Ar3PAuSC6H4F-4+ PhHgOC6H4NO2-4 

Ar3PAuOC6H4NO2-4 + PhHgSC6H4F-4 (I) and 
Ar3PAuSC6H4F-4 + PhHgOCOMe ~ Ar3PAuOCOMe + 
PhHgSC6H4F-4 (11) 

Ar ~ mF Keq 

l a - - f  I II I II 

4-Me2NC6H 4 
4-MeOC6H 4 
4-MeC6H 4 
Ph 
4 - FC 6 H 4 
4-CIC6H 4 

9.41 5.37 8.47 21 0.056 
8.66 5.72 7.92 5.7 0.047 
8.63 5.89 7.99 3.83 &033 
8.50 5.95 7.96 3.05 0.024 
7.86 5.99 7.31 1.55 0.035 
7.67 5.98 7. I 1 1.29 0.046 

This formula was used for calculat ing the equil ib-  
rium constants  of  the exchange reactions studied. 

Let us consider  the results obtained in the studies of 
the following exchange reactions: 

l a - f  + 2a  ~ 2c + Ar3PAuOC6H4NO2-4, 

T h e  f l u o r i n e  c h e m i c a l  shi f ts  obse rved  fo r  c o m p o u n d s  

i a - - f  and for tile exchange systems and the equil ibrium 
constants calculated based on these shifts are given in 
Table I. The exchange reactions were studied at con- 
centrat ions of  0.02 tool L -I  of both reagents (at these 
concentra t ions ,  the fluorine chemical  shift of  the ex- 
change reaction ,1o longer depends on concentrat ions) .  
It was demonst ra ted  that the fluorine chemical  shift for 
this exchange system is independent  of  the nature of  
initial reagents when 2e and Ph3PAuOC6H4NO2-4 are 
used as the initial reagents. 

From Table 1 it follows that for the reactions of  
l a - - f  with 21, the equilibrium constant  depends  sub- 
stantial ly on the nature of  the t r iarylphosphine ligand. 
This constant  varies by more than an order  of  magn i- 
tude. In all the cases, the equil ibrium is shifted to the 
reaction products.  Correspondingly,  the Ar3PAu + cat- 
ions exhibit a somewhat higher tendency to form bonds 
with a harder  -OC6H4NO2-4 anion and are character -  
ized by a higher hardness than that of  the PhHg + cation. 
These results do not agree with the published data 14 on 
the absolute hardness of  the Au (3.46 eV) and Hg (5.54 
eV) atoms and of  the Au + ( 5 £  eV) and Hg 2+ (7.7 eV) 
cations. The hardness of Ar3PAu + cat ions increases as 
the e lec t ron-donat ing  ability of  t r iarylphosphine ligands 
increases. An analogous situation was observed in the 
case of  ArHg + cations, whose hardness also increases as 
the e lec t ron-donat ing  ability of the aryl ligand increases. 7 

The relat ionship between Keq for the exchange reac- 
tions studied and the nature of t r iarylphosphine ligands 
is de termined by their  effect on the dissociat ion con-  
stants of  th,. derivatives ~" t r iarylphosphinegold and is 
described by the following equation: 

IogKeq = logKD(la--f) - IOgKD(Ar3PAuOC6H4N02-4 ) + C. (5) 

Unfortunately,  data on the character  and the extent  of  
the effect of  t r iarylphosphine ligauds at the t ransi t ion-  
metal a toms on the constants of heterolyt ic  dissociat ion 
of  meta l - - su l fur  and meta l - -oxygen bonds are unavail-  
able in the literature. Based on general considerat ions ,  
an increase  in the e l e c t r o n - d o n a t i n g  ab i l i ty  o f  a 
t r iarylphosphine ligand would be expected to favor het- 
erolytic dissociat ion of the A u - - S  and A u - - O  bonds 
owing to stabilization of the Ar3PAu + cation that formed. 
According to these concepts and based on the fact that 
the Keq value increases as the e lec t ron-dona t ing  abili ty 
of Ar3P increases, it may be concluded that substi tuents 
in the t r iphenylphosphine  ligand affect the dissociat ing 
ability of  the A u - - S  bond to a greater  extent  as com-  
pared to the A u - - O  bond. 
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The  results o f  ca lcu la t ions  o f  the effect  o f  sttbstitu- 
ents  on the hardness  o f  subst i tu ted t r i pheny lphosph ine  
l igands are unavai lab le  in the l i terature.  It is bel ieved 
that  the hardness  will decrease  under  the effect o f  
e l e c t r o n - d o n o r  subst i tuents  because  an increase in the 
charge  on the key a tom o f  the l igand increases its 
hardness,  t5 It is also known that  the r ep l acemen t  o f  a 
hard l igand with a soft l igand can decrease  4 as well as 
increase 5 the hardness  o f  the meta l  a tom.  The  first effect 
is cal led symbio t ic ,  '~ and the second  effect  is cal led 
an t i symbio t ic .  5 There fo re ,  the an t i symbio t ic  effect mani -  
fests i tself  both  in tile inf luence  o f  t r i a ry lphosphine  
l igands on the hardness o f  Ar3PAu + ca t ions  and in the 
in f luence  o f  a~,l l igands on the hardness  of  Ar3Hg + 
cat ions .  

With  the aim of  establ ishing quan t i t a t ive  regulari t ies 
o f  the effect o f  the nature  o f  t r i a ry lphosph ine  ligands oil 
the hardness  o f  Ar3PAu + cat ions ,  the cor re la t ions  be-  
tween  the logKeq values for the  react ions  o f  c o m p o u n d s  
l a - - f  with 2a and the H a m m e t t  t6 (or) and Taft  t7 (c~ °) 
cons tan ts  o f  subst i tuted phenyl  groups ,  the values o f  
ion iza t ion  potent ia ls  of  the lone e l ec t ron  pair, Is and the 
basicity cons tan ts  19 of  t r i a~ ' l phosph ines  were  studied.  

Tile fo l lowing l inear  d e p e n d e n c e s  were  ob ta ined :  

IogKeq = -1.48{'; + 0.39 r = 0.984 

IogKcq = -I.68{& + 0.49 r = 0.979 

logKeq = -O.91/P + 7.60 r = 0.985 

IogKeq = 0.16pK a - 3.26 r = 0.994 

These  results  d e m o n s t r a t e  that  the 

s = 0.09 

s = 0.10 

s = 0.08 

s = 0.05 

po la r  ef fec t  o f  
triars, Iphosphine  ligands on logA%q are best descr ibed  by 
the H a m m e t t  cons tants  cr o f  subst i tu ted phenyl  groups,  
whereas  the  pK:, values are the best charac te r i s t i cs  of  the 
effect o f  the dona t ing  abili ty o f  Ar3P ligands. Hence ,  
taking into accoun t  Eq. ( I ) ,  it fol lows that  the  effect  o f  
t r i a ry lphosphine  ligands on tile c h e m i c a l  hardness  o f  
Ar3PAu + ca t ions  is best descr ibed by e i t he r  the cr c o n -  
stants o f  subst i tuted phenyl  grot, ps or  the i r  p K  a values.  
Accord ing  to E q  (5), this conc lus ion  is t rue  also for the 
effect o f  t r i a ry lphosph ine  l igands on the  d issocia t ing  
ability o f  the  A u - - S  and A u - - O  bonds.  

A dif ferent  s i tuat ion was observed in the  s tudies o f  
the effect  o f  t r i a ry lphosph ine  l igands on the equ i l i b r ium 
constants  for the exchange  react ions:  

Table 2. Yields, melting points, the data of elemental analysis, and 3t p chemical shifts (in CDCI 3) for compounds l a - -e ,  e--f,  
3a--e ,  e--f ,  and 4a--d 

Compound Yield M.p./"C Found t'o,~ Molecular formula 831P 
(%) Calculated 

C H P S 

[4- Me2NC6H4]3 PAuSC6H4F-4 (la) 

(4- MeOC6H4)3PAuSC6H4F-4 (lb) 

(4- MeC6H4)3PAuSC6H4F-4 (le) 

(4-FC 6, ,4)3PAuSC6H4t--.., (le) 

(4-CICo H4)3PAuSC6H4F-4 (If) 

[4-(CH3)2NC6H4]3PAuOCOMe (3a) 

(4-MeOC6H4)3PAuOCOMe (3b) 

(4-MeC6H4)3PAuOCOMe (3e) 

(4-FC6H4)3PAuOCOMe (3e) 

(4-CIC6H4)3PAuOCOMe (31") 

[4-Me2NC6H4]3PAuBr (4a) 

(4-MeOC6H4)3PAuBr (4b) 

(4- MeC6H4)3PAuBr (4e) 

(4-CIC6H4)3PAuBr (4d) 

39 179--180 49.82 4.65 4.68 4.27 C30H34AuFN3PS 34.29 
50.35 4.79 4.32 428 

52 140--141 48.16 3.68 4.76 4.63 C27H25AuFO3PS 35.69 
47.93 3.72 4.58 4.80 

64 135--136 51.37 4.08 5.27 5.04 C27H25AuFPS 37.49 
51.60 4.00 4.93 5. I 0 

68 155-- 156 45.02 2,39 4,_~9_4 4.96 C24H 16Au F4PS 36.99 
45.01 2.51 4.83 500 

41 165--166 41.84 2.30 4.53 4.81 C24H i6AuCI3FPS 37.59 
41.79 2.34 4.49 4.65 

31 205--206 48.51 5.02 4.62 -- C26H33AuN302P 22.00 
48,30 4.99 4.79 -- 

40 130--132 45.52 3.98 5.16 -- C23H24AuO2P 24.23 
45.41 3.98 5.09 -- 

48 155--156 49.37 4.33 5.54 -- C23H24AuO2P 2632 
49.30 4.32 5.52 -- 

46 159--161 42.24 2.65 ~ -- C2oH IsAuF302P 26,00 
41.97 2.64 5.41 -- 

50 165--166 38.30 2.45 4.87 -- C20H 15AuCI302P 26.85 
38.64 2.43 4.98 -- 

34 246--248 43.64 4.72 4.24 -- C24H30AuBrN3P 30.81 
43.13 4.52 4.63 -- 

43 196--198 40.21 3.40 5.03 -- C2tH21AuBrO3P 32.04 
40.08 3.36 4.92 -- 

58 214--215 43.28 3.63 5.63 -- C21H21AuBrP 34.18 
43.39 3.64 5.32 -- 

53 200--201 33.76 1.92 4.67 -- CI8H 12AuBrCI3P 33.90 
33.65 1.88 4.82 -- 
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l a - - f  + 2b ~ Ar3PAuOCOMe + 2e 

3a - - f  

3: Ar := 4-Me2NC6H 4 (a); 4-MeOC6H 4 (b); 4-MeC6H 4 (c); 
Ph (d); 4-FC6H 4 (e), 4-CIC6H 4 (f). 

F rom Table I it fo l lows that in this case there is no clear 
re la t ionship between the equ i l i b r i um constants and the 
nature o f  the aryl group in the t r ia ry lphosph ine ligand. 
This fact is analogous to that observed previoasly 7 in 
s tudies  o f  the e x c h a n g e  r eac t ions  o f  Id with 
A r H g O C O M e  and was attributed to chelat ion of the 
acetate ligand as a result of  intramolecular  coordination 
of  the mercury atom to the carbonyl oxygen atom of the 
carboxylate ligand. In particular, this chelat ion mani- 
fests itself in the fact that for the reactions of  l a - - f  with 
P h H g O C O M e ,  the equil ibrium is shifted to the initial 
compounds ,  whereas for the reactions of  l a - - f  with 2a 
the equil ibr ium is shifted to the reaction products. How- 
ever, in the case of  compound  3d, intramolecular  coor- 
dination is absent 21 as opposed to compound  2b, in 
which w e a k  intramolecular  coordinat ion may occur as 
evidenced by the X-ray structural data. 2° 

In this connect ion ,  it may be suggested that this 
phe nomenon  is caused by the effect of  intramolecular  
d ipole-dipole  interactions in compounds  3 a - - f  on their 
stability. As ment ioned above, the relationship between 
IogKeq and the dissociating ability of  derivatives of  
t r iarylphosphinegold can be described by the following 
equat ion:  

IogKeq = IogKD(la--f) - logKo(3a--f) + C. 

Dipole-dipole  interactions between dipoles of  the Au 5 + -  
O ~- and C5+=O 5- bonds should stabilize compounds  
3 a - - f  with respect to heterolytic dissociation. However, 
the cha rac t e r  of  the effect o f  subst i tuents  in the 
t r iphenylphosphine ligand on the intensity of  dipole- 
dipole interactions is dual: introduction of  electron- 
donor  substituents will decrease 5+ on the Au atom but 
increase ~5- on the carbonyl oxygen atom (the opposite 
situation occurs in the case of  e lectron-withdrawing 
substituents). This results in the fact that the Keq value 
for the reaction under considerat ion is virtually indepen- 
dent of  the donat ing ability of  the triarylphosphine 
ligand. These data demonstra te  once again that the 
acetate ligand cannot  be used in studies of  comparat ive 
chemical  hardness of  organometal l ic  cations. 

Experimental 

The 19F and 3tp NMR spectra were recorded on a Bruker 
WP-200 SY spectrometer (the operating frequency was 188.3 
MHz for I'~F and 81.03 MHz for 3tp). Resonance conditions 
were stabilized relative to external D20. The fluorine chemical 
shifts were recorded by the substitution method relative to 
external PhF in the solvent and at the concentration identical 
to those used for the compounds and the system studied 
(0.02 M). The plus sign corresponds to the upfield shift of the 

signal relative to the standard. The errors in determination of 
fluorine chemical shifts and Keq were no more than +0.02 ppm 
and :t: 10%, respectively. The values of ~31 p were measured by 
the substitution method relative to external 85% H3PO 4 and 
are given without correction for the bulk magnetic susceptibil- 
ity. The plus sign corresponds to the downfield shift of the 
signal. The error in determination of tS31p was no more than 
+_0. I ppm 

Compounds Id, 2a, 2h, 2c, 3d, and Ph3PAuOC6HaNO2-4 
were prepared according to the known procedures (see Refs. 
22--27, respectively) and identified from the melting points. 
Triarylphosphinegold bromides (4a--d) were prepared from 
AuBr 3 by the following reactions: 

AuBr 3 + KBr + SO~ - ,  KAuBr2, 

KAuBr 2 + Ar3P -+ Ar3PAuBr 

4a--d 

4: Ar = 4-*'~2NC6H~ (a); 4-MeOC6H 4 (b); 4-MeC6H 4 (c); 
4-CIC6H 4 (d). 

The above-mentioned compounds were used as the initial 
compounds in the synthesis of the corresponding 4-flt,oro- 
thiophenoxides and acetates: 

4a--d  + NaSC6H4F-4 - ,  1a--c,  f, 

4a- -d  + MeCOOAg - ,  3a--c,  f. 

Compounds le and 3e were synthesized according to the same 
procedures starting from (4-FC6H4)3PAuCI (5). 28 

Syntheses of triarylphosphinegold bromides (4a--d). KBr 
(0.54 g, 4.57 mmol) was added to a solution of AuBr 3 (2 g, 
4.57 mmol) in ethanol (50 mL) and a stream of SO 2 was 
passed through with stirring tmtil the color of the solution 
changed from dark red to pale yellow. The precipitate was 
filtered off. Then a solution of Ar3P (4.5 retool) in a minimum 
amount of benzene was added with stirring to the filtrate. After 
30 min, the solvent was evaporated to dryness. The dry residue 
was dissolved in CHCI 3 and chromatographed on A1203, Then 
the resulting compound was reprecipitated from CHCI3 with 
light petroleum. 

Syntheses of triarylphosphinegold 4-fluorothiophenoxides 
( la- -c ,  e--f). Compounds 4a--d or 5 (0.7 mmol) were added 
with stirring to a suspension of Nail (0.024 g, 1 mmol) in a 
solution of 4-FC6H4SH (0.1 g, 094 retool) in anhydrous THF 
(a large excess.of 4-FC6H4SH affords polynuclear compounds 
that do not contain Ar3P). Once 4a--d or 5 reacted completely 
(a control was carried out by chromatography on SiO 2 in 
C6H6) , two drops of H20 and K2CO 3 were added to the 
reaction mixture. Then the mixture was filtered, and the 
solution was concentrated to -15 mL. Light petroleum was 
added dropwise until the solution became turbid. Then the 
mixture was filtered once again, and tile product was precipi- 
tated with an excess of light petroleum. 

Syntheses of triarylphosphinegold acetates (3a--c, e--f). 
MeCOOAg (0.23 g, 1.4 mmol) was added to a solution of 
4a--d or 5 (0.7 mmol) in a I : l  THF--benzene mixture 
(25 mL). The suspension was stirred until the initial 4a--d or 5 
were consumed completely (a control was carried out by 
chromatography on SiO 2 in C6H6). The reaction mixture was 
twice filtered through a thick filter and then through a tube 
packed tightly with cotton (carefld filtration was necessary to 
remove completely silver salts, which hinder isolation of the 
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final product). The solvent was removed trader reduced pres- 
sure at -20  °C. The residue was dissolved in a minimum 
amount of C6H 6 and filtered once again. The product was 
precipitated with light petroleum. 

The yields and melting points of the resulting compounds 
and the results of elemental analysis are given in Table 2. 

This work was supported by the Russian Foundation 
for Basic Research (Project No. 93-03-5528) and the 
International Science Foundat ion (Grant  M D6 300). 
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