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419. Kinetics of the Reaction of Alikyl and Aryl Compounds 
of the Nickel Group with Pyridine. 

By F. BASOLO, J. CHATT, H. R. GRAY, R. G. PEARSON, and B. L. SHAW. 
Kinetic studies are reported of the reaction in ethanol solution between 

pyridine and several planar platinum(II), palladium(n), and nickel(I1) com- 
pounds of the general formula @fClR(PR’,),]. The relative rates of attain- 
ment of equilibrium of trans-[hlCl(o-tolyl) (PEtJJ with pyridine are approxi- 
mately 5,000,000 : 100,000 : 1 where M is Ni(zI), Pd(II), and Pt(I1) 
respectively. The effect on the rates of equilibration of different groups 
trans to the chloro-group undergoing replacement shows that the trans- 
labilizing abilities of these ligands decrease as follows : PMe, > PEt, =: H > 
PPr, > Me > phenyl Z p-methoxyphenyl Z p-chlorophenyl > biphenylyl > 
o-tolyl > mesityl Z C1. Both the electrostatic (polarization) and x-bonding 
theories of the trans-effect are needed to explain these results. Mesityl com- 
pounds always react more slowly than do analogous aryl derivatives. These 
observations are discussed in terms of probable mechanisms of planar 
substitution. Experimental details are also given for the synthesis of new 
compounds whose dipole moments are recorded. 

SUBSTITUTION (replacement) reactions of square-planar metal complexes have been 
studied kinetically, especially those of coinpounds of platinum(I1) which react at rates 
suitable to be followed by ordinary techniques., The results of these investigations indicate 
that solvent and/or reactant are involved in the rate-determining step. For reversible 
reactions of the type reported in this paper: 

[MCIR(PR’&] + py =s+k [M(R)py(PR’J,]- + CI- . . . . . . . ( 1 )  
(where R = alkyl, aryl, o r  hydrogen; R’ = alkyl) 

the general rate law for the attainment of equilibrium can be expressed by the equation 

kobs = k, + k2[py] . . . . . . . . . . * (2) 

where kobs. is a pseudo-first-order rate constant, k,  is a first-order rate constant for solvent- 
controlled reaction, and k,  is a second-order rate constant for reaction with pyridine., 
This paper reports k ,  and k ,  values for a number of such reactions in ethyl alcohol solutions. 

Neither k,  nor k, is a simple rate constant since, for a reversible process, both forward 
and reverse reactions contribute to the attainment of equilibrium. It may then be 
expected that a part of k,  and also of k ,  should depend on the chloride-ion concentration, 
which is certainly involved in the reverse reaction and increases markedly during the 
course of a kinetic study. Experimentally the effect of changing chloride concentration 
cannot be detected since a first-order course is followed throughout. This was also 
observed by Lamb3 in his study of the reversible aquation of [Rh(NH3)5Br]2+, and his 
explanation may be applicable here, namely, that changes in activity coefficients due to 
ionic-strength effects roughly cancel changes in concentration. Despite the complex 
nature of k,  and k,, they seem suitable for assessing the relative activating influence of 
substituents in a series of analogous compounds undergoing the same reaction, since they 
are independent of concentration over the ranges studied. 

The results obtained permit (1) a comparison of rates of reaction of analogous nickel(II), 
palladium(n), and platinum(r1) compounds; (2) an estimate of the tram-effect of different 
groups; (3) demonstration of a large steric effect on the rates of these reactions; and 
(4) comparison of rate constants and equilibrium constants. 

SOC., 1960, 82, 4200; and references therein. 
(u) Grinberg, RRUSS. J .  Inorg. Chem., 1959, 4, 683; (b)  Basolo, Gray, and Pearson, J .  Amer. Chenz. 

Gray and OIcott, unpublished work. 
Lamb, J .  Amer. Chem. SOC., 1939, 61, 099. 
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General Method of Preparation of the Organometallic Complexes.-Many of the alkyl-, 

aryl-, and hydrido-metal complexes studied in this work have been described previously; 4-7 

and many of the remainder were prepared by analogous methods. A new method was 
used to prepare the chloro-complexes trans-[PtClR(PEt,)J (R = o-tolyl or mesityl). The 
reaction scheme is outlined below for the o-tolyl complexes. 

LiC,H, 
cis-[PtCI,(PEt,),] - cis-[Pt(C7H,),(PEt3)pI 

&Nos ""1 
trons-[Pt(NOJ(C,H,)(PEt,),'] cis-[PtCI(C7H,)(PEt,),1 

LiCl 1 
trans-[PtCI(C,H,)(PEtd,'l 

The sterically hindered cis-[PtCl(o-tolyl) (PEt,),] could not be converted into the trans- 
complex by treatment with a trace of triethylphosphine, in contrast with the complexes 
cis-[PtClR(PEt,),] (R = Me, Ph, or P-tolyl) which were readily isomerised by this treat- 
ment. However, cis-[PtCl(o-tolyl) (PEt,),] on treatment with silver nitrate gave only the 
tram-nitrato-complex ; presumably the cis-nitrato-complex is formed initially but this 
rapidly changes to the more stable trans-form. Mesitylplatinum complexes behaved 
similarly. The nitrate complexes trans-[Pt(NO,)R(PEt,),] (R = o-tolyl, mesityl) were 
volatile, subliming slowly without decomposition above l6Oo/l atm. 

EXPERIMENTAL 
Preparation of OrganometaZZic CompZexes.-The preparation and properties of the complexes 

studied in this paper and which have not been described previously 4-7 are given below. M. p.s 
were determined on a Kofler hot-stage and are corrected. 

A 1.7 5~-solution 
of o-tolyl-lithium in ether (9.0 c.c.) was added at  ca. - 10' to a solution of trans-dibromobis(tri- 
ethylphosphine)palladium(II) (3.0 g.) in benzene (16 c.c.). After 15 min. a t  ca. 10" benzene 
(30 c.c.) and water were added and the product was isolated from the organic phase. After one 
recrystallization from methyl alcohol and one from light petroleum (b. p. 40-80') trans-di- 
(o-toZyZ)bis(triethyZphosphine)~aZZa~i~m(II) was obtained as needles (1.29 g.), m. p. 123-127' 
(decomp.) (Found: C, 59-65; HI 8.6. 

trans-ChZoro-(o-toZyZ)bis(triethyZ~hos~hzine)paZZadium (11) , [PdCl(o-tolyl) (PEt,) J. A solution 
of trans-di-(o-tolyl)bis(triethylphosphine)palladium(~~) (0.84 g.) in benzene (5 c.c.) and ether 
(5 c.c.) was treated with a 1-00N-solution of hydrogen chloride in ether (1.61 c.c.). After 18 hr. 
a t  20" the solution was evaporated to dryness and the residue recrystallized first from methyl 
alcohol, then from light petroleum (b. p. 40-60'), to give trans-chZoro-(o-toZyZ)b;is(triethyZ- 
phosphirte)paZZadiurn(II) as prisms (0.67 g.), m. p. 86-88' (Found: C, 48.55; H, 7.95. 
Cl,Hs,CIP,Pd requires C, 48.65 ; H, 7.95%). 

trans-Nitrato-(o-tolyl) bis(triethyZphosphine)pZatin~m(II) , [Pt(NO,) (o-tolyl) (PEt,) ,I. A mixture 
of cis-chloro-(o-tolyl)bis(triethylphosphine)platinum(11) (3.43 g.) , silver nitrate (1.2 g. ) ,  and 
ethyl alcohol (40 c.c.) was shaken for 3 hr. a t  20'. The precipitated silver chloride was then 
filtered off, the filtrate evaporated to dryness, and the residue extracted with boiling light 
petroleum (b. p. 60-100'). The light petroleum extracts, on cooling, gave trans-nitrato-(o- 
toZyl)bis(trieCityZ~hospkine)~Zatirt~m(II) as needles (2.83 g.) , m. p. 188-190" (with sublimation 
above 160') (Found: C, 39.0; HI 6-45; N, 2.65. C19Hs7N0,P,Pt requires C, 39.05; H, 6.4; 
N, 2.4%). 

A mixture of this nitrate complex (0.290 8.) , pyridine (0.04 g.) ,  and ether (10 c.c.) was boiled 

trans-Di- (o-tolyl) bis (triethyZ~hosphi.12e)palladium (11) , [Pd (o-tolyl) (PEt,) J. 

C26H44P2Pd requires C, 59.5; H, 8.46%). 

Chatt and Shaw, J., 1959, 705, 4020. 

Adams, Chatt, and Shaw, J., 1960, 2047. 
Chatt, Duncanson, and Shaw, Proc. Chenr. SOC., 1957, 343; Chein. and Ind., 1958, 859. 

ti Chatt and Shaw, J., 1960, 1718. 
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for 5 min. Benzene (5  c.c.) was then added and after the mixture had been warmed to 40' an excess 
of light petroleum (b. p. 60-8O0) was added. The precipitate was filtered off and washed with 
light petroleum (b. p. 60-80°), to give o-toZyZ(p~ridine)bis(trieth~Zphosphine)pZutinum(11) 
nitrate (0.261 g.) as colourless prisms, m. p. 190-192" (decomp.) (Found: C, 43.5; H, 
6.55. C,4H,,N,0,P2Pt requires C, 43.45; H, 6.4%). The product was soluble in benzene or 
water and had a molar conductivity in nitrobenzene a t  25" of 29-3 mho corresponding to a 
univalent-univalent electrolyte. 

trans-ChZoro-(0-toZyZ)bis (triethyZphosphine)pZutinum(II), [PtCl(o-tolyl) (PEt,),] . The above- 
mentioned nitrate (0.70 g.) and lithium chloride (1-5 g.) in acetone (20 c.c.) were heated under 
reflux for 30 min., then evaporated to dryness, water was added, and the product was isolated 
with ether. trans-ChZoro-(o-toZyZ)bis(triethyZ~hosphzine)pZutinum(11) was obtained as prisms 
(0.305 g.), 111. p. 104-105", from light petroleum (b. p. 60-80') (Found: C, 41.2; €1, 6.85. 
C,,H,,ClP,Pt requires C, 40.9; H, 6.7%). 

o-Tolyl(pyridine)bis(triethylphosphine)platinuni(rI) nitrate (0.100 g.) in water (2 c.c.) was 
treated with sodium chloride (0.2 8.) and put aside. After 18 hr. a t  20" trans-chloro-(o-toly1)bis- 
(triethylphosphine)platinum(II) had crystallized as colourless needles (0.084 g.), m. p. 103- 
104", identical with the preceding sample. 

A solution 
of cis-bronio(mesityl)bis(triethylphosphine)platinum(~~) (1.89 g.) in benzene (30 c.c.) and ethyl 
alcohol (30 c.c.) was treated with a suspension of silver nitrate (0.61 g.) in ethyl alcohol (30 c.c.). 
The mixture was then shaken for 2 hr., after which the silver chloride was filtered off and the 
filtrate evaporated to dryness. The residue was recrystallized first from ethyl alcohol, then 
from light petroleum (b. p. 60-80"), to give trans-.tzitrato(mesityZ)bis(triethyZphosphine)pZatinurPz- 
(11) as prisms (1.55 g.), m. p. 146-147' (Found: C, 41-25; H, 6.85; N, 2.4. C,,H,,NO,P,Pt 
requires C, 41.15; H, 6-75; N, 2.3%). 

A mixture of 
the last-mentioned nitrate (0.70 g.), lithium chloride (1-15 g.), and acetone (25 c.c.) was heated 
under reflux for 20 min., then evaporated to dryness, and water was added. The residue was 
dried and recrystallized from light petroleum (b. p. 60--80°), to give trans-chZoro(mesityZ)bis- 
(triethyZ~lzosphine)pZuti~um(II) as needles (0.43 g.), m. p. 196.5-197.5' (with sublimation into 
prisms) (Found: C, 43.1; H, 7.15. 

cis- and trans-Bronzo (mesityZ)bis(triethyZphosphiize)pZuti~zum( H), [PtBr(mesityl) (PEt3),]. trans- 
Dibromobis(triethylphosphine)platinum(II) (3.0 g.) and benzene (40 c.c.) were added to a 
Grignard reagent, prepared from magnesium (0-7 7 g.), a trace of iodine, 2-bromomesitylenc 
(6.38 g.), and tetrahydrofuran (15 c.c.). The mixture was stirred a t  20' for 50 min. and then 
heated under reflux for 20 min., cooled, and hydrolysed with dilute hydrobromic acid. The 
crude product isolated from the organic layer was extracted with hot light petroleum (b. p. 
40-6O0), leaving a residue of cis-bromo(mesityl)bis(triethylphosphine)platinum(r1), which 
formed matted needles (0.51 g.), m. p. 184-186" from benzene-light petroleum (b. p. 60-80') 
(Found: C, 39.65; H, 6.6. The light petroleum 
(b. p. 40-60') extract was evaporated to dryness and the residue recrystallized from light 
petroleum (b. p. SO--SO'), to give trans-bronzo(mesityZ)bis(triet~zyZplzosphine)platinum(Ir) as 
needles (0.59 g.), m. p. 185.5-187" (with sublimation) (Found: C, 40.3; H, 6.6%). 

Broi.lzo(mesityZ)-l,~-bis~ie~hyZplzosphinoethunenic~eZ(II), "iBr(mesity1) (Et,P*CH,CH,-PEt,)]. 
Dibromo-l,2-bisdiethylphosphinoethanenickel(11) (0.80 6.) was added to the Grignard reagent, 
prepared from magnesium (0.24 g.), tetrahydrofuran (15 c.c.), and 2-bromomesitylene (1.99 g.). 
Benzene (15 c.c.) was added and the resultant dark brown solution stirred a t  15" for 10 min., 
then cooled to ca. -50' and hydrolysed by the slow addition of dilute hydrobromic acid. Ether 
was added and the product was isolated from the organic layer. Bvomo(mesityZ)-l,2-bisdi- 
ethyZ~hospl~inoetl~unen~c~eZ(I1) was obtained as orange needles (0-69 g.), m. p. 172-174", from 
benzene-light petroleuni (b. p. 60-8O0) (Found: C, 49.4; H, 7.6. C,,H,,BrNiP, requires 
C, 49.2; H, 7.6%). 

trans-Di-(4-biphe.tzyZyZ)bis(trzet~~~Z~~~osph~ne)pZutj~~?~(11), [Pt(C,H4*C,H,),(PEt,),]. trans-Di- 
chlorobis(triethylphosphine)platinum(Ir) (2.00 g.) was added to the Grignard reagent, prepared 
from magnesium (0.48 g.), 4-bromobiphenyl (4.66 g.), tetrahydrofuran (20 c.c.), and benzene 
(25 c.c.). After the mixture had been heated under reflux for 3& hr. it was cooled and hydrolysed 
with dilute hydrochloric acid, and the product was isolated from ihe benzene layer. trans-Bi- 
(4-h~phenyZ~Z)bis(triethyZphosplzi.tze)~Z~ti~z~~~z(11) was obtained as prisms (1.45 g.) ,  m. p. 209- 

trans-Nitrato(mesityZ)bis(triethyZ~kosphiize)pZutinu?iz(11), [PtNO,(mesityl) (PEt,) ,I. 

trans-ChZoro(nzesityZ)bis(triethyZphosphine)PZutzn~~( II), [PtCl(mesityl) (PEt,),] . 

C2,H4,C1P,Pt requires C, 43.05; H, 7.05%). 

Calc. for C,,H,,BrP,Pt: C, 40.0; H, 6.55%). 
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215" (decomp.), from light petroleum (b. p. SO-100') or ethyl methyl ketone (Found: C, 59.0; 
H, 6.65. C,,H,,P,Pt requires C, 58.6; H, 6.55%). 

A solution of trans-dG(4-bi- 
phenylyl)bis(triethylphosphine)platinum(II) (0.60 g.) in benzene (5 c.c.) and ether (10 c.c.) was 
treated with a 0.425~-solution of dry hydrogen chloride in ether (2.77 c.c.). After 3 hr. a t  20" 
the solution was evaporated to dryness and the residue recrystallized from light petroleum 
(b. p. GO-SO'), giving trans-~l~Zovo-(kbi~henyZyZ)bis(trietl~~Z~hos~3~ine)~Zutinum(11) (0.395 g.) as 
prisms, m. p. 116-118" (Found: C, 46.55; H, 6.4. C,,H,,ClP,Pt requires C, 46.6; H, 6.35%). 

trans-ChZoro-(p-chZorophenyZ) bis(triethyZ9hosphine)pZatinunt (11) , [PtCl (p-chlorophenyl) (PEt,) 2]. 

trans-Di-(p-chlorophenyl) bis(triethylphosphine)platinum(II) (1.67 g.) in methylene chloride 
(1s c.c.) was treated with a 0.935~-solution of dry hydrogen chloride in ether (3.0 c.c., 1 mol.). 

complexes in benzene at 25" 

trans-ChZoro-(4-bi~henyZyZ) bis(triethyZ~hos~hine)~latinum( 11). 

TABLE 1. Dipole moments qf some arylplatinum(zI) and palladium(@ 

tralzs- [PdCl(o-tolyl) (PEtJJ . . . . . . . . . . . . . . . 4.362 
6.229 

~ T U H S -  [PtNO, (O-tolyl) (PEts) 2] . . . . . . . . . . . . 5.3 10 
5.076 

tYUns-[PtCl(O-tolyl)(PEt~),] . . . . . . . . . . . . . . . 3.990 
7.202 

trans-[PtNO,(mesityl)(PEt,),] . . . . . . . . . . . . 3.611 
3.876 

trans-[PtCl(mesityl) (PEt,) 2] . . . . . . . . . . . . . . . 4.436 
5.301 

trans-[PtBr(mesityl) (PEt,),] . . . . . . . . . . . . 2.842 
3.608 

trans-[Pt(4-biphenylyl),(PEt,),] . . . . . . 2.839 

tvans-[PtCl(Pbiphenylyl) (PEt,)J . . . . . . 3.582 
4.454 

trms-[PtCl(p-chlorophenyl) (PEt,),] . . . 4.542 
7.466 

tr~tzs-[Pt(p-methoxyphenyl),(PEt~)~] . . . 4.106 
4.864 

cis-[Pt(p-metlroxyphenyl),(PEt,),l .. . . . . 5.193 
6.433 

ivaizs-[PtCl(p-methoxyphenyl) (PEt,) J 4.037 
4.452 

A h  
2.597 
2.600 

5.153 
5-119 

1.348 
1,335 

5-263 
5.258 

1.430 
1.434 

2.015 
1-974 

0.442 

1.833 
1.879 

0-482 
0.462 

1.058 
1.044 

8.503 
8.524 

2.072 
2.067 

- AV/W 

(0.40) 

(0.55) 

(0.55) 

(0.55) 

(0.55) 

(0.58) 

(0.45) 

(0.53) 

(0.56) 

(0.53) 

(0.45) 

(0.55) 

T p  * 

334 

669 

240 

716 

262 

343 

214 

330 

162 

245 

1169 

326 

o p  * 

194 

535 

112 

574 

124 

202 

0 

167 

26 

73 

997 

196 

P * (D) 

3.1 

5.15 

2-36 

5.3 

2.45 

3.15 

0 

2.85 

1.1 

1.9 

7.0 

3.1 
* Calc. by using estimated values of densities and refractivities (see Chatt and Shaw 4). Estimated 

values are given in parentheses. 

After 1& Irr. the resultant solution was evaporated t o  dryness and the residue recrystallized 
from light petroleum (b. p. 4O-6Oo), to give trans-ckZoro-(p-clzZorophenyZ) bis(triethyZ9hospkine)- 
~ Z U $ ~ ~ U W Z ( I I )  as prisms (1.25 g.), ni. p. 110--111.5" (Found: C, 37.5; H, 5.95. C1,H,,C1,P2Pt 
requires C, 37.4; H, 5.95%). 

cis- and trans-Di-(p-met~zoxy~l~enyZ)bis(trietl~yZ~l~os~hine)~Zati~nurn (11) , [Pt (C,H,OMe),(PEt,) ,I. 
tru.l-zs-Dichlorobis(triethylphosphine)platinum(II) (2-00 g.) in benzene (30 c.c.) was added to a 
Grignard reagent, prepared from magnesium (0.48 g . ) ,  9-bromoanisole (2.63 c.c.), a trace of 
iodine, and tetrahydrofuran (15 c.c.). The mixture was stirred at 20" for 50 min., then heated 
under reflux for 40 min., cooled, and hydi-olysed with dilute liydrobromic acid. The crude 
product isolated from the organic layer was recrystallized from benzene-methyl alcohol, to 
give trans-di-(p-methoxyphenyZ) bis(triethyZPhosphine)platilzum( 11) as prisms, m. p. 195-210" 
(decomp., with sublimation above 180") (Found: C, 48.0; H, 7.0. C2,H440,P,Pt requires C 
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48.35; 13, 6.85%). The mother-liquors from this crystallization were evaporated to dryness 
and the residue recrystallized from methyl alcohol and then light petroleum (b. p. S0-1OO0). 
Thus was obtained cis-di- (p-methoxyphenyl) bis(triethylpkosp~zine)plntinum(II) as prisms (0.72 g.), 
m. p. 129-132" (Found: C, 48.35; H, 6.85%). 

trans - Chloro - (p -methoxyp~enyl)bis(triet~yl~hosphine)~latinum(~~), [PtCl(C,H,OMe) (PEt,),]. 
tvans-Di-(pmethoxyphenyl) bis(triethylphosphine)platinum(II) (0.890 g.) in benzene (10 c.c.) 
and ether (15 c.c.) was treated with a l-l7~-solution of hydrogen chloride in ether (1.19 c.c.). 

0-2 c 
gl 0.1 - r //i/ FIG. 1. Pseudo-first-order rate analysis at 25" : 

C,H,N, 0 - 0 0 1 8 ~ ;  trans-[PtClMe(PEt ) 1, 
0 .0002~ .  (R, and R, we the electrical ve%- 
ances of the solution at time t and equilibrium, 
respectively.) 

d-LLL 
1 2 3 4 5 6 7  

Time (min) 

FIG. 2. Dependence of kobs on the con- 
centration of pyridine in reaction witJt 
0.0002wtrans- [PtClMe(PEt,) 2] at 
25". 

I I I I 
0001 0*005 0.01 0*015 0 0 2  

Pyridine concn.(M) 

After 2 hr. the solution was evaporated to dryness and the residue recrystallized from light 
petroleum (b. p. 60-!30°) to give trans-chloro-(p-methoxyphenyl) bis(triethylpl~osphine)platinum (11) 
as needles (0.582 g.), m. p. 131-133.5' (Found: C, 40.05; M, 6.6. C1,H,,CIOP,Pt requires 
C, 39.75; H, 6.5%). 

Determination of Dipole Moments.-These were determined as described previously; the 
measurements and estimated values (shown in parentheses) are recorded in Table 1. The 

TABLE 2. Comparison of the rates of nttaiizment of equilibrium of similar nickel(n), 
j5alZadiztm(iI), and pZatinum(11) complexes at 25". 

Range of initial 
Complex 1WPYl (M) Jz, (min.-l) 

trans-[NiCl(o-tolyl) (PEt,),] .................................... 1-24-6.2 2000 6 

t~an~-[PdCl(~-t~lyl) (PEt,),] .................................... 1.24-6.2 35b 
trans-[PtCl(o-tolyl) (PEt,),] .................................... 0.9-6.2 4 x 10-4 
trans-[NiCl(mesityl) (PEt,),] .................................... 1.24-6.2 1.2 
trans-[PtCl(mesityl) (PEt,),] .................................... 0-9-6-2 7 x 10-5 
CNiBr(mesity1) (PEt,.CH,CH,.PEt,) J ..................... 1.24-6-3 20 b 
cis- [PtBr(mesityl) (PEt,) 23 .................................... 0.9-6.2 3 x 10-4 

a The initial concentration of complex was 0 .0004~ .  b Rate constants estimated from data at 
temperatures ranging from -80" to  0". 

margin of error is less than +O-2 D for dipole nionients between 5.5 and 2.5 D. For dipole 
moments (2.5 D the margin of error will be greater than this but is difficult to estimate. The 
errors in determining small dipole moments are largely due to the uncertainty in the magnitude 
of the atom polarization which has been assumed to be 15% of the electron polarization in 
Table 1 but may be higher than this in complex compounds. 

Determination of Reaction Rates and Equilibrium Constants.-The reactions with pyridine 
were followed by measuring changes in the electrical conductivity of an ethanol solution of the 
reactants.ln The concentration of the complex was in the range 0-0002-0.002~ and the 
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pyridine concentration was varied between 0 . 0 0 1 ~  and 0 . 0 2 ~ .  
corresponded to the reversible reaction : 

The conductance change 

[ptC I R(PEt3)zI + PY [PtR(PY)(PEte>zlt -k CI- 

in which the equilibrium favours the left-hand side. The rate of attainment of cquilibrium in 
all cases was of pseudo-first order, as shown in Fig. 1 for tran.s-[PtCl(Me) (PEt,),]. The variation 
of the pseudo-first-order rate constants (kob8) with initial pyridine concentration was consistent 

TABLE 3. trans-Effect : rates of attainment of equilibrizm Between pyridine aqzd 
complexes of the types A and B in ethanol at 25". 

Range of initial 
trans-Ligand S 103[PYI (MI h,  (iiiiii.-l) k, (mole-' 1. min.-l) 

(A) cis-[PtCl,XZ] a 

-- PMe, .................................... 0.9-6-2 5 b  
PEt, .................................... 0.9-6.2 1 b  3.3 x 102* 
PPr, .................................... 0.9-6.3 5 x 1 0 - ' h  1 x 102* 

H .......................................... 1 . 2 6 6 2  1.1 b 2.5 x 102b 
Me c ....................................... 1.24-37.3 1 x 10-2 4 
Ph ....................................... 0.9-6.2 2 x 10-3 9.6 x 10-1 
9-Chlorophenyl ........................ 0.9-6.2 2 x 10-3 9 x 10-1 
f -Methoxyphenyl ..................... 0.9-6.2 1.7 x 10-3 7.8 x 10-1 

6.8 x 10-1 4-Biphen ylyl ........................... 0.9-6.2 
0-Tolyl.. .................................. 0.9-6.2 4 x 10-4 1 x 10-1 
Mesityl ................................. 0.0-6.2 7 x 10-5 2.2 x 10-2 
C1 .......................................... 0.9-6.2 6 x 10-5 2.4 x 

(B) truns-[PtClX(PEt,),] 

1 x 10-3 

Initial concn. of complex, 0 ~ 0 0 0 4 ~ .  Rate at 0"; rcactioii is too iast to measure at 25". C This 
complex was also examined for 0~0003-0~001~-solutions and the pyridine concentration varied from 
0.062 to 0 .124~.  

TABLE 4. cis-Efect : rates of attainment of equilibrium in the reactioiz of pyyidine with 
complexes of the types A, B, and C in ethanol at 0". 

Range of initial 
cis-Ligand X 1O3[py] (M) 

(A) cis-[PtClX(PEt,).J 4 

Me .................. 0.9-6.2 
Ph .................. 0.9-6.2 
p-Tolyl ............ 0.9-6.2 
o-Tolyl ......... 0.9-18.6 

C1 .................. 0.9-6.2 
Mesityl ......... 0.9-6.2 

Range of initial 
k, (min.-l) cis-Ligand X 103[py] (M) h, (min.-l) 

(B) trUlzs-[PtHClX2] 
3.6 PEt, ............ 1 . 2 6 6 . 2  1.1 
2.3 PEt2Ph ......... 1.24-6.2 0.8 
3 PEtPh, ......... 1.24-6-2 2 

5.2 x 10-3 PPh, ............ 1 - 2 6 6 - 2  d 
3.5 X lo-' (c) t r u n s - [ ~ t ~ l ~ e ) i , l  a 

PMe, 0.9-6.2 1.5 x 10-1 1 ............ 
PEt,' ............ 1-24-37.2 1 x 10-2 

a The initial concn. of complex was 0.0004~. This complex was also examined in 0.0002- 
This complex was the bromide, cis- 0.001M-solutions with pyridine concns. of 0.062-0.124~. 

[PtBr(mesityl)(PEt,),]. Reaction is too fast to measure a t  0". 

TABLE 5. Comparison of rate constants and concentration equilibrium constants for  the 
reaction with $yridine of some $latinzt,m(u) complexes in ethaiaol at 25". 

Complexes k ,  (min.-l) Keq. Complexes h, (min.-l) Keq. 
truns-[PtHCl(PEt,),] ......... 1.1 (at 0") 0.03 cis-[PtClPh(PEt,),] ......... 2.3 0.15 
truuts-[PtClMe(PEt,),] ...... 1 x 0.15 cis-[PtCl(o-tolyl) (PEt,),] ... 3.8 x 0.10 
truns-[PtClPh(PEt,),] ...... 2 x lo-, 0-02 cis-[PtBr(mesityl) (PEt,),] 3 x 0.01 
cis-[PtClMe(PEt,),] ......... 3.6 (at 0') 0.3 

with the expression kobs = k, -k k,[py], since a plot of k,bs against pyridine concentration for 
trmzs-[PtClMe(PEt,),] gives a straight line with a non-zero intercept (Fig. 2). Similar plots 
were obtained for all the complexes studied and the rate constants K, and k ,  extracted are 
reported in Tables 2 4 .  

Equilibrium concentrations of products were calculated from conductance measurements 
and the concentration equilibrium constants resulting are reported in Table 5.  Con- 
ductance was directly related to concentration only in the case of the isolable compound 



“Cil] Comfiouiids of the Nickel Group with Pyridinc. 2213 
[I’t(o-tolyl) (py) (PEt,)JNO, which gave a molar conductance of 34 cni.2 mole-’ ohmb1 in the 
concentration range used in the kinetic studies. This value of the molar conductance was used 
as equal to that of [PtR(py) (PEt,)&l in calculating the equilibrium constants. The constancy 
of these equilibrium constants over a range of pyridine concentrations was taken to justify the 
proportionality between conductance and concentration for the non-isolable chloride salts. 

DISCUSSION 
The kinetic data in Table 2 afford a unique quantitative comparison of rates of reaction 

of analogous nickel(Ii), palladium(Ir), and platinum(I1) compounds. The ratio of rates 
for trans-[MCl(o-tolyl) (PEt,)J compounds is approximately 5,000,000 : 100,000 : 1 where 
M is Ni, Pd, and Pt respectively. The large difference in lability between platinum(@ and 
nickel(@ is consistent with a mechanism in which groups above and below the plane move 
in to displace the halide ion,* since nickel(I1) is known to expand its co-ordination number 
more easily than platinum(I1). It is also consistent that trans-[NiCl(mesityl) (PEt,),] 
reacts only about 20,000 times faster than trans-[PtCl(mesityl) (PEt,),]. Thus by 
blocking the positions above and below the plane of the complex with a mesityl group,5 
nickel(I1) is made much less labile than platinum(II), and in fact the rate differences then 
resemble those between octahedral cobalt (111) and iridium(II1) complexes. For example, 
the relative rates of acid-hydrolysis of [M(NH,),Br],+ complexes are about 4000 : 1 when 
M = Co and Ir re~pectively.~ 

Table 3 summarizes data showing how k, and k,  depend on the ligand in tmns-position 
to the chlorine atom. By using either k, or k,  as a measure, the trans-labilizing ability 
(tvans-effect) of the ligands in this particular equilibration reaction is found to decrease in 
the order: PMe, > PEt, ,” H > PPr, > Me > phenyl ,“ p-methoxyphenyl ;=: 9-chloro- 
phenyl > biphenyl > o-tolyl > mesitylz C1. 

There are two main hypotheses on the nature of the trans-effect. 
Grinberg and others of the Russian school consider it to be mainly electrostatic in 

origin,lO and to depend on the polarizability of the ligand. Thus the more polarizable the 
ligand the greater the tram-effect. 

The second hypothesis suggests that large trans-effects are produced by ligands capable 
of dative x-bonding to the metal.11,12 The large trans-effects of the trialkylphosphines are 
well known and have been attributed to this x-bonding which enhances nucleophilic attack 
and/or stabilizes a five-co-ordinated transition st ate. 

The relative rates of reaction of complexes with trans-groups H, Me, phenyl, and C1 are 
approximately 100,000 : 200 : 30 : 1. Since x-bonding is not expected to be very important 
in binding these groups to the metal, this rapid decrease in rate must be mainly electro- 
static in orgin. This is supported by the rapid decrease in dipole moment along the series 
of compounds trans-[PtClR(PEt,)J whose moment are R = H (4.2 D), Me (3-4 D), Ph 
(2.6 D), and C1 (0 D). 

Indeed it 
causes more rapid substitution in the position tram to itself than any other anionic ligand 
we have studied. The hydride ion, because of its substantial polarizability, may induce a 
strong polarization of the positive platinous ion which causes the repulsion of the trans- 
ligand according to the mechanism suggested by Grinberg.lo We would expect that the 
large electrostatic effect of the hydride ion would be apparent as a large ligand field 
strength. Recent work 13 has confirmed this: both hydride ion and methide ion cause 
large ligand field splittings of the &energy levels in ruthenium(@ complexes. The 

* Basolo and Pearson, “ Mechanism of Inorganic Reactions,” Wiley and Sons, New York, 1958, pp. 

I t  is of interest that hydrogen (or hydride ion) has such a high Irans-effect. 

186-190. 
Ref. 8, p. 122. 

lo Grinberg, Ann. Inst. Platiize U.S.S.R., 1932, 10, 58; see ref. 8, p. 177. 
l1 Chatt, Duncanson, and Venanzi, Chem. and Ind., 1955, 749; J., 1955, 4456. 
l2 Orgel, J .  Inorg. Nuclear Chem., 1956, 2, 137. 
l3  Chat t  and Hayter, J . ,  19G1, 772. 

41, 
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development of negative charge on the side of the platinous ion trans to the hydride ion 
should also lead to long bonds of considerable ionic character between the metal and the 
trans-ligand. This has been observed in tram-[PtHBr(PEt,),] where the distance Pt-Br 
is 2.56 A, to be compared with the radius sum of 2.43 A.14 

Data in Table 4 show that the reactivity of cis-[PtClR(PEt,).J varies only slightly with 
changes in R. Thus for R = C1, Ph, and Me the relative rates are 1, 2.3, and 3.6, increas- 
ing in the same sequence but very much more slowly than in the trans-series of complexes. 
This shows clearly the directional nature of this activating effect for groups such as H, Me, 
Ph, and C1 which must act almost entirely by induction. 

It is interesting that in trans-[PtCl,(C,H,) (NHMe,) J the dimethylamine is very readily 
replaced by other groups owing to the high trans-effect of the ethylene, yet in contrast to 
the bromohydride mentioned above the Pt-N bond is of normal length (2.02 A,15 very 
similar to the distance 2.06 in hlagnus’s green salt [Pt(NH,)4][PtCl,]}.16 In this case we 
consider the rapid substitution to be mainly an effect of dative x-bonding by the 
e thylene.11J2 

We can thus distinguish two electronic mechanisms of the trans-effect ; (1) polarization 
of the metal ion by electrostatic forces resulting from electron release by the ligand via the 
o-bond; (2) polarization of the metal ion by dative sc-bonding to a suitable ligand, i e . ,  
electron release by the metal via the r-bond. Hydride ion and ethylene are examples of 
ligands with high trans-effects promoted mainly by mechanisms (1) and (2) respectively. 
There is also the possibility that both effects may operate with some ligands (e.g., iodide 
ion) and in combination give a strong trans-effect. 

It is interesting that para-substituents, X in trans-[PtCl(p-C,H,X) (PEt,),] (x = H, 
Ph, OMe, Cl), hardly affect the rate of displacement of chloride ion. This supports the 
above observation that hydrogen and hydrocarbon radicals must exert their trans-eff ects 
mainly through induction. The inductive effects of the groups X should be very weak 
when they reach the platinum atom and so have little effect on the rate. On the other 
hand, if dative x-bonding were essential to a high trans-effect the para-substituent, X, 
would affect the rates considerably, because dative x-bonding would be very sensitive to 
the widely different and strongly transmitted mesomeric effects of the groups X. 

In contrast, substituents in the ortho-position of the phenyl group do markedly affect 
the rate of reaction. Molecular models indicate that this is largely due to shielding of the 
central metal. For example, with the mesityl compound the aromatic ring is forced out 
of the plane of the complex so that two methyl groups occupy positions above and below 
the plane.5 This will hinder the approach of a nucleophilic reagent and thus retard the 
rate of displacement. Since the results show that both k, and k ,  are affected, this supports 
the view that k, is a solvent displacement process and not just a bond-cleavage dissociation 
path. It is of interest that the steric effect is greater for cis- than for trans-isomers. Thus, 
for [PtClR(PEt,),] where R = phenyl, o-tolyl, and mesityl, the relative rates of reaction 
for the cis-isomers are 100,000: 200 : 1 whilst for the trans-isomers they are 30 : 6 : 1 
respectively. * Scale molecular models suggest that the formation of a square-pyramidal 
intermediate by the approach of nucleophilic groups along the z-axis of either isomer is 
extremely difficult, if not impossible. Further, the same steric effect would be expected 
for both isomers. However, a nucleophilic approach at  a slight angle in the direction of the 
chloro-group leading to a trigonal bipyramidal intermediate is possible in both cases and 
the steric hindrance would be much larger for the cis- than for the trans-isomer. The 
results therefore suggest a displacement process via a trigonal bipyramidal intermediate 
for these hindered complexes. 

between the reactivities of chlorides and bromides of this type. 
* When li was iiiesityl the cis-compound was a bromide, but kinetically there is little difference 

l4 Owston, Partridge, and J. M. Rowe, Acfa  Cvysf., 1960, 13, 246. 
l5 Alderman, Owston, and J. M. Rowe, Acla Cvyst., 1960, 13, 149. 
l6 Atoji, Richardson, and Rundle, J. Amer. Chem. SOL, 1957, 79, 3017. 
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The decrease in tram-eff ect of trialkylphosphines with increasing chain length of the 
alkyl groups is probably due to increased steric hindrance, because similarly a slightly 
larger effect is found in the compounds where both trialkylphosphine ligands are in the 
cis-position to the chloride ion being replaced (compare the last two compounds in Table 3 
with the last two in Table 4). 

The replacement of a halide by pyridine in these complexes is reversible in ethyl alcohol 
solution. It was not possible to isolate complexes of the type [PtR(py) (PEt,)JCl from the 
reaction mixtures since the equilibrium favours the non-ionic compound. With 
nitrato-complexes, however, the reaction with pyridine goes to completion and salts 
[PtR(py) (PEt&]NO, can be isolated. This can be converted into the non-ionic chloro- 
complex by adding chloride ion. 

It can be seen from Table 5 that the equilibrium constants for the reaction of pyridine 
with several platinum complexes vary very much less than the rate constants. 
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