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ABSTRACT 

The preparation of a series of salts of the hydridopentammine-

rhodium(III) cation is described and spectroscopic data for these 

compounds are presented. The aqueous equilibrium between the 

hydridopentammine and the hydridoaquotetramminerhodium(III) 

complexes is discussed in terms of the trans effect of the hydrido 

ligand. Olefins and fluoro-olefins are shown to 'insert' into 

the (Rh-H) bonds of both complexes to form a-bonded alkyl and 

fluoroalkyl complexes all of which have been isolated as crystalline 

salts. These complexes show pentammine-aquotetrammine equilibria 

in the same way as do the parent hydrides. 

The replacement of ammonia in the hydridopentammine complex 

by a number of aliphatic amines leads to the formation of new 

hydrides, some of which have been isolated as crystalline salts. 

In these, the complexes are shown to have the trans configuration 

by their infrared spectra. The trans hydridoamminebisethylene-

diaminerhodium(III) complex has been studied in some detail and 

evidence for the existence of a cis-trans isomeric equilibrium, 
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in aqueous solution, is presented. The efficiency of the zinc- 

amine couple as a source of hydride ion is compared with that 

of sodium borohydride. 

Two paramagnetic compounds have been isolated from the 

reaction of hydridoaquotetramminerhodium(III) sulphate with 

molecular oxygen. The complex cations are proposed as being 

binuclear in having two rhodium atoms linked by oxygen ligands. 
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INTRODUCTION 

The great interest in hydrido-complexes of transition metals, 

stimulated by the isolation of [(C5  H5 
	

1 is reflected in the 

scope of two review articles on the subject.2 '
3 	

Prior to this 

report,1 the only known examples were the unstable complexes 

[H2Fe(C0)4]
4 and [HCo(C0)4]5,6 wherein the FeH2  and CoH moeities 

were considered as pseudo-nickel atoms. Perhaps of greater 

significance than the relative stability of [(C5H5)2ReH], was the 

observation of the unusually large chemical shift of the hydride, 

in the proton resonance spectrum, which has since been shown to 

be a general feature of transition-metal hydrides. 	The multiplet 

structure of the p.m.r. spectra of complexes in which the central 

metal ion and the donor atoms of the other ligands can enter into 

spin-spin coupling with the hydride proton, often serves to show 

the stereochemistry of the complex. However, the p.m.r, method 

has some disadvantages in that concentrated solutions are required 

when one is attempting to detect the signal arising from the unique 

proton in a complex of high molecular weight. The necessity of 

using high instrument power in these cases can lead to saturation 

of the expected signal. 

Another valuable diagnostic technique is the infrared spectrum 

wherein the metal-hydrogen stretching vibration often shows as a 

strong, sharp band within the range 1700 - 2200 cm. -1. In fewer 



cases, a band attributable to the metal-hydrogen deformation mode 

in the region, 700 - 950 cm.
-1, has been observed. Where more 

than one band exists in the 2000 cm.
-1 region e.g. for cyano and 

carbonyl complexes, the M-H stretch can often be identified by its 

shift on deuteration. Deuteration can usually be performed 

conveniently and the spectral shifts are normal (vH/vp  = 1.4). 

The p.m.r. and infrared spectra, in conjunction with elemental 

analyses, are usually adequate to characterise the complexes. 

In the past thirteen years, hydrides of almost all the transi-

tion metals have been prepared. The most general method of 

preparation involves the replacement of chloride by hydride ion 

generated either, in aqueous solutions of sodium borohydride or, 

in tetrahydrofuran solutions of lithium aluminium hydride. 

However, hydrido-complexes, particularly the cyanide hydrides, 

have often been the unexpected product of reactions. Thus, 

whilst aqueous solutions of Coil salts in the presence of excess 

cyanide ion, quantitatively absorb molecular hydrogen7 to form 

[Co(CN)5H]3-  , the same species is formed, albeit in low concentration, 

on mere dissolution of K6[Co2(CN)10] in water.8'9 Furthermore, the 

complexes K2 Ph(CN)4(H20)H]10 and K3[Ir(CN)5H]
11 

have been prepared 

by the addition of excess methanolic KCN to methanolic solutions of 

gth(C0)2C1h and [Ir(C6H8)2C1] respectively, Other, less obvious 

methods, include: 
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(a) protonation by strong acids e.g. E(C51-102WH3]+  from 

[(C5115 )2W/12], 

(b) hydrogen transfer from alcohols13  e.g. for [PtHC1(PEt3)2], 

(c) by the reversed carbonylation reaction
14 e.g. for 

[RuHC1(C0)(PEt2Ph)3]. 

The majority of hydrido-complexes are those in which the comple- 

mentary ligands are capable of forming n bonds with the metal ion, 

e.g. the tertiary phoSphine and arsine, carbonyl and cyclopenta- 

dienyl hydrides. Indeed it has been proposed15 that the presence 

of such ligands is a probable prerequisite for the formation of 

stable hydrido-complexes. Here, the stability to dissociation 

was expressed as a function of the energy separation, LIE, between 

the highest occupied and the lowest empty electronic levels in the 

molecule. A sufficiently large value of AE would best be achieved 

in complexes having n-bonding ligands. These proposals are discussed 

in relation to the stability of the hydridopentamminerhodiumni cation, 

in Chapter I. 

The chemical reactions of hydrides are varied and for a particu- 

lar metal, are sensitive to changes in the other ligands. However, 

there exist three important features, common to most hydrides; 

these are listed below: 

(a) the powerful labilising effect on the ligand in the 

trans position, i 	the trans effect, 
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(b) their ability to participate in hydride - transfer 

reactions, e.g. with carbontetrachloride, chloroform is 

produced, 

(c) the reactions with olefins and fluoro-olefins to form 

the alkyl and fluoro-alkyl complexes via insertion into the 

metal-hydrogen bond, e.g.13 the reversible addition of 

ethylene to [PtHC1(PEt3)2] to give [PtEtC1(PEt3  )2] and the 

insertion of tetrafluoroethylene into the Mn-H bond of 

[HMn(C0)5] to give [(C2F4H)Mn(C0)5]16  

With the developing knowledge of hydride chemistry came the 

realisation of the importance of many transition-metal complexes 

as catalysts. The transient existence of their hydrido derivatives 

had long been postulated17 and yet, in only a few systems had 

hydrido-complexes been shown to participate, e.g. the function of 

[HCo(C0)4] in the hydroformylation of olefins.18  One such complex 

is [RhCl(PPh3)3], whose role in the homogeneous hydrogenation of 

olefins by molecular hydrogen has been extensively investigated.19 

The "activation" of molecular hydrogen in this case, was via the 

formation of a cis dihydrido complex. 

The isolation of hydridopentamminerhodium(III)sulphate had 

been reported
20 

prior to the commencement of the work described 

in this thesis. The conversion to the related hydridoaquotetrammine-

rhodiumIII sulphate, a reaction with ethylene and a colour change 

on exposure to molecular oxygen had been noted but in no case had 
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pure solids been isolated. The isolation and characterisation 

of these compounds together with other reactions of related 

hydrido-complexes are described in three chapters. In Chapter I 

the reactions,, primarily of the hydride ligand, are considered 

whilst in Chapter II, the replacement of the ammine ligands by 

other amines is described. In Chapter III, observations on the 

reaction with molecular oxygen are reported. 
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CHAPTER I 

I. HydridopentamminerhodiumIII salts  

The complex cation has been obtained by the action of zinc 

dust and ammonia upon a warm, aqueous suspension of chloropentammine-

rhodiumIII chloride, in the presence of ammonium sulphate and 

isolated as the white, microcrystalline sulphate salt by saturating 

the ice-cooled reaction solution with ammonia gas. This method was 

originally used for the preparation of RuII ammines.21  The salt 

is diamagnetic, appears to be stable indefinitely in dry air and 

shows both of the features characteristic of transition metal hydrido 

complexes, namely, a relatively sharp, intense band in the infrared 

spectrum at 2079 cm.
-1 

and a high field signal, in the proton 

magnetic resonance spectrum which consists of a doublet centred at 

T 27.1 [J(Rh-H) 14.5 c./sec.]. 

A- 1 The most concentrated aqueous solution contains ca. 160 gdo 

has a pH of ca. 10 and again, is sufficiently stable so that it can 

be recovered unchanged on cooling after having been stored at 400  

for several hours, in the presence of excess ammonia and in the 

absence of oxygen. Aqueous solutions are reducing as shown by the 

decolourisation of permanganate solution. However this reaction 

cannot be used for quantitative estimation since the oxidant titre 

is much less than that calculated for the formal one electron oxidation 

step:- H-1 -4 Ho + e. 
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With dilute sodium hydroxide solution, the complex is rapidly 

decomposed together with the precipitation of rhodium metal. With 

dilute halogen acids and concentrated halide solutions, at room 

temperature, hydride replacement occurs at measuralqle rates. 

Mixtures of halidopentammine and dihalidotetrammine complexes are 

formed, again with the deposition of a rhodium mirror. These 

substitution reactions were not considered further. 

The substitution reactions are sufficiently slow that, when 

a cold concentrated solution of [Rh(NH3)5H]SO4  was treated with 

a cold saturated potassium halide solution, hydride replacement did 

not take place but rather the corresponding halide salt of the 

hydridopentammine complex cation was precipitated. In this way, 

the pure bromide, iodide and tetrabromomercuratell salts were prepared. 

The chloride salt was not analytically pure; however the formation 

of a salt other than the sulphate was clearly shown by the infrared 

spectrum, of the impure solid, which had a strong, sharp (Rh-H) 

stretching vibration at 1995 cm.-1 	The perchlorate ion showed no 

tendency to displace hydride and consequently, a crystalline specimen 

of the perchlorate salt could be obtained by the standard method 

of mixing warm, moderately concentrated solutions and allowing to 

cool. The crystal structure of this salt is being investigated.22 

The vibrational spectra of all the salts, taken as mulls 

(e.g. for the [HgBr0=  salt, see Fig.I) have been measured for the 

range 4000 - 400 cm.-1  and are listed along with that of [Rh(NH3)5C1]SO4 
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in Table 1.1. Assignments for the (N-H) and (Rh -H) stretching 

vibrations, the (NH3 ) symmetric and asymmetric deformations and 

the (NH3 ) rocking mode, are clear on the basis of present knowledge;
23 

however the origin of a medium strong band, present in the spectra 

of all the hydridopentammine complex salts and yet absent in the 

chloride and sulphate salts of the chloropentammine complex, which 

occurs in the region of 1200 cm.
-1 has not been established. This 

band shifts on deuteration (vH/vD, 1.3) and is absent in the i.r. 

of the hydridoaquotetramminerhodium sulphate salt (discussed later). 

It is unlikely that this absorption is that of the (Rh-H) bending 

mode since a value of 1200 cm.-1  is substantially outside the range 

in which this vibration normally occurs;3 also, it would be present 

in the hydridoaquotetrammine complex. It is more likely that this 

absorption arises from the ammine group trans to and under the 

influence of the hydrido ligand. It has not been possible to 

identify the (Rh-H) bending vibration; this is probably obscured 

by P(NH3). 

Of the ammine and hydride vibrations, all of which vary with 

changes in anion, v(Rh-H) and v(N-H) are the most sensitive, 

decreasing in the orders 0104  > SO4
2- 

> I-  > [HgBr4  ]2  ^' Br-  > C1

(6v, 131 cm. -1) and C104-  > SO 24 -  > CHgBr02  > 1-> Br-  (6v 100 cm. -1) 

respectively. (In the chloride salt, the bands arising from 

v(N -H) were too broad for measurements of significant accuracy.) 



TABLE 1.1 

I.r. spectra of hydridopentamminerhodium(m) salts (cm:1  in Nujol mulls) 

Complex 
[Rh(N112)3H]S0, 	 

[Ith.(ND3),DISO, 	 

[Rh(NH3)6H1(C104)2 	 

[Rh (ND,),D)(00,), 	 

[Rli(NH,),H)Br, 	 

[Rh(ND3)11))Brz 	 

[1211(NII,)6HjI2 	 

(16(NH3),H2[HgBrI) 	 

[Rh(N1-1,)6C1X1, 	 

(Rh(NH3)6C1)604 	 

[Rh(N1-1,),(11,0)1I2SO, 

v(15-1-1) 
3293s 
3152s 

2353s 
2297s 
3375s 
3269s 
3226sh 
2494s 
2360s 
3276s 
3186s 
2459s 
2353s 
3278s 
3233s 
3294s 
3235s 

3258s 
3177s 

•32I2s 

3160s 
3300s 

v(Rh-I4) 
2079s 

1486s .  

2126s 

1530m 

2015s 

1452 g 

2045s 

2016s 

2146s 

S(NH3) 
asym. 
1629m 

1163m 

1623m 

1176M 

1609m.  

1059m 

160Ss 

1620s 	. 

1553m 

1618m 

1638m 

8(NH,) 
sym. 

1325sh 
1295s 
1250w 
1002m 

1308s 
1282sh 

1005s. 

1278s 

981m 

1302m 
1280s 
1325m 
1306s 
1286m 
1295s 
1263w 

1316s 

1320m 
1290s 
1252m 

p(NH3) 
859m 
839m 

a 

789m 

•b 

820s 

616m 

806s 

795s 

845s 

883m 

861m 
or 

828 4  

v(Rh-N) 
465m 
494w 

440w 
472w 
499w 
479w 
455w 
432w 
400w 
483w 
452m 
448w 
418w 
481w 
452w 
460w 
457w 

• 518w 
480w 
470w 
476w 
449w 
479w 
463m 
445w 

Other bands 
1195s, 1082vs, 970w, 617s, 613s 

914m, 1082vS, 970w, 617s, 613s 

1248m, 1081vs, 624vs, 560s 

960, 1081vs, 624vs 

1171M 

912w, 901m 

1181m 

1221s, 1216s 

1087vs, 976w, 620s 

	

1104vs; 	106Gvs, 	973m, 	816m, 

	

619s, 	610s, 	569s 	(broad), 
3480m,sh 

• Obscured by S0,2-  bands. 	Obscured by CI0,- bands. a  Hexachlorobutadiene mull, 4  See discussion. 
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These trends
24 

are similar in magnitude to those observed in a 

series of salts of the ion [Co(NH3)6] where hydrogen bonding 

between the anion and the co-ordinated ammine groups was proposed. 

This proposal was made on the grounds that the perchlorate ion 

forms very weak hydrogen bonds, if at all, and that with increasing 

degree of hydrogen bonding it is to be expected that the frequency 

of a particular vibration (in this case v(N-H)) would decrease. 

The highest frequencies observed were therefore those of the Per- 

chlorate salt. The shifts in (Rh-H) stretching frequency can also 

be explained on this basis with hydrogen bonding between the hydrido 

ligand and the anion. 

II. HydridoaquotetramminerhodiumIII sulphate. 

The salt has been obtained as a chalk-white, air stable solid 

by acetone treatment of dilute aqueous solutions of hydridopentammine- 

rhodiumIII sulphate. The salt, which is less soluble than the 

pentammine precursor is also less stable, in that aqueous solutions 

at 60
o decompose as shown by the formation of rhodium metal. 

Halide substitution is also much faster and consequently, salts 

other than the sulphate have not been prepared. The (Rh-H) stretching 

frequency is at 2146 cm.-1 and shows a normal shift on deuteration 

('Rh-H/vRh_D, 	It is not possible to assign P(NH3) unequivo-

cally since two bands exist in the expected region. Both are of 

reduced intensity compared to p(NH3) for salts of [Rh(NH3)0]2+1  

however it is possible that the sharper band at 828 cm,-1 arises 
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from the (Rh--H) bending mode which was not assigned in the pentammine 

series. The (0-H) stretching vibrations of the co-ordinated aquo 

group appear as a broad shoulder merging with and on the high energy 

side of the (N-H) stretches. 

The proton resonance spectrum consists of a doublet centred at 

T 32.0 [J(Rh-H) 25 c./sec.]. When a concentrated aqueous solution, 

contained in an n.m.r, tube, was treated with one drop of concentrated 

ammonia solution, this signal disappeared and was replaced by the doublet 

characteristic of [Rh(NH3)5H]. The original signal was regenerated 

immediately on acidification with either concentrated sulphuric or 

perchloric acid, the use of the latter producing a much sharper 

doublet signal. 

These observations are consistent with the existence of an 

equilibrium system of the form: 

150 
[Rh(NH3  )04]4  4.. H2O IL,  ph(NH3)4(H240)H]24. + NH3 	(1) 

The lability of an ammonia group is attributable to the trans 

labilising effect of the hydride ligand and thus, trans stereo-

chemistry is assigned to the hydridoaquotetramminerhodium4III) cation. 

III. Insertion Reactions  

(a) Hydridopentamminerhodium(III) cation. Aqueous solutions of 

[Rh(NH3)5H]SO4  absorb ethylene, propene, but -1 -ene, tetrafluoro- 

ethylene, hexafluoropropene, octafluorobut -2 -ene and hexafluorobut -2 -yne, 
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under mild conditions (1 atmos., 250), to form 1:1 complex cations 

in which the resulting alkyl or perfluoroalkyl group is a-bonded 

to rhodium, e.g. with ethylene, [Rh(NH3)5Et]2±,is formed.% All of the 

complex cations have been isolated as pure crystalline salts of 

one or more of the bromide, iodide, perchlorate and sulphate anions. 

The rates of reaction decrease in the orders; 

C2H4  > C3H6  > C4H8  and C4F6  > C2F4  > C3F6  C4F8, 

so much so that the latter members of both series are more conveniently 

prepared, in sealed tubes, under a slight pressure of olefin. 

Reaction is inhibited by concentrated ammonia [in 3:2 v/v NH3  

(d, 0.880) - H20, no absorption of ethylene occurred over 6 hr.]. 

Detailed analyses of the infrared spectra, to include assign- 

ments for the alkyl and perfluoroalkyl vibrations, are not attempted 

but the (C-H) and (C-F) stretching vibrations are clearly evident 

as peaks of medium and strong intensities respectively. The salt 

[Rh(NH3)5Et][C1002, after repeated treatment with D20, had an n.m.r. 

spectrum consisting of a triplet due to the methyl protons, centred 

at T 9.2 [J(CH2-CH3) 7.6 c./sec.], with the methylene proton signal, 

as a shoulder on the high field side of the ammine proton signal, 

consisting of a double quartet centred at T 7.6 [J(Rh-CH2) 3.0 c./sec.]. 

The ammine signal persisted even after repeated deuteration but in 

low intensity. 

The proton resonance spectrum of CRh(NH3)5(C2F4H)]SO4  in D20 

consists of a 1:2:1 triplet centred at T 4.88 [J(F-H) 56 c./sec.] 
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with each peak further resolved into triplets [J(Fa-H) 4.9 c./sec.]; 

coupling with rhodium was not detected. The '9F spectrum consists 

of two groups of lines centred at 73.3 (Fm) and 36.7 p.p.m. (Ff3) 

below hexafluorobenzene as external reference. The group to low 

field consists of eleven lines in which a central multiplet of 

five lines (relative intensities 1:2:2:2:1) is flanked by 1:2:1 

triplets; the central multiplet arises from two overlapping triplets$  

This signal was resolved to give J(Rh-Fa) 6, J(H-Fix) 4.9 and J(Pa-F0 

1.2 c./sec. The high field signal consists of a doublet only arising 

from J(F -H) 56 c./sec.; J(Fa-Fp) was not observed. The absence 

of the latter in the F13  signal is probably due to a small (Rh-Fe) 

eoupling which, were it of the order of 0.5 c./sec., would produce 

the observed broadening of the doublet signal (3 c./sec, at half 

height) with consequent merging of the expected triplet signal. 

The low solubilities of the other insertion products precluded detailed 

analyses of their n.m.r, spectra; however the spectra were consistent 

with the formulations as a-bonded fluoroalkyl complexes. 

(b) Hydridoaquotetramminerhodium(III) sulphate. Ethylene and 

tetrafluoroethylene are equally readily absorbed by aqueous solutions 

of Dh(NH3)4(H20)HN04  to form complexes analogous to those of the 

hydridopentammine complex. Propene and but-l-ene are absorbed 

more slowly and some rhodium metal is formed. However, pure crystal-

line perchlorate salts have been obtained by treatment of the screened 

solutions with perchloric acid, The ethyl and tetrafluoroethyl-

aquotetrammine complex sulphates were precipitated from the 
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reaction solutions by acetone treatment. 

A striking feature of the perchlorate salts is the very sharp 

doublet in the infrared spectrum which arises from the symmetric 

and asymmetric (0-H) stretching vibrations of the co-ordinated 

aquo group. In the sulphate salts of the ethyl and tetrafluoro-

ethylaquotetrammine complexes and also of the parent hydride, 

these vibrations were recognised as a broad band in the 3400 cm.-1  

region. The perchlorate salts were readily converted to the 

chlorides by anion-exchange and again the (0-H) stretching vibrations 

appeared as a broad band. This phenomenon is explained in terms 

of hydrogen bonding with the anion in the same way as the spectral 

variations for salts of the hydridopentammine complex. 

The proton resonance spectrum of Ph(NH3)4(H20)C2H5][SO4] in 

D20 is similar to that of [Rh(NH3)5C2H5]SO4  with the methyl protons 

as a triplet centred at T 9.2 [J(CH2  -CHO 7.8 c./sec.] and the 

methylene protons as a double quartet centred at T 7.5 [J(Rh-CH2) 

3.1 c,/sec,], (Fig.II). The ammine protons were not deuterated 

efficiently due to some decomposition in hot solutions and conse-

quently, partially obscured the CH2  signal. 

Both the propylpentammine and propylaquotetramminerhodium(III) 

perchlorates were too insoluble in water for proton resonance studies 

and it was not possible to differentiate between a-bonded normal 

and iso-propyl groups. However, the chloride salt of the complex 

Ph(NH3)4(1120)Pr)24-1  obtained from the perchlorate salt by ion-exchange 
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Fig.2. Proton resonance spectrum of [Rh(NH3)~(H20)Et]SO~

in DaO, measured at 56.46 Mc./sec., spinning
sample; side band calibrations upf'ield of HOD
line ..
A =CH, protons, B =CHI protons; C =NH, protons•

.>
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was sufficiently soluble and had a proton resonance spectrum 

consistent with that expected for a a-bonded n-propyl group (Fig.III). 

The proton resonance spectrum of ERh(NH3)4(H20)(C2F4H)]SO4  

consists of the expected triple triplet centred at T 4.1 [J(Fp—H) 55, 

J(Fa-11) 4.0 c./sec.]. The 19F spectrum consists of two groups of 

lines centred at 81.5 and 37.1 p.p.m, below hexafluorobenzene as 

external reference. The group to low field consists of a.ten 

line multiplet which was resolved to give values of J(Rh-Fa) 7, 

J(H-Fa) 4,0 and J(F-,-Fp  ) 5.2 cdsec. The high-field signal consists 

of a doublet J(H-F111  ) 55 c,/sect   fUrther split into triplets J(Fa-Fp) 

5,2 c./sec. (in contrast to the 19F spectrum of 	 )5  (C2F4H)]SO4  

where the high-field doublet was not further resolved). 

IV. PentammineAquotetrammine oom0_ex ETAlibria - • 

(1) 	When sodium perchlorate solution was added to a warm aqueous 

solution of ph(NH3)4(H20)Et]S041  previously treated with a few drops 

of concentrated 'ammonia solution, crystals of [Rh(NH3  )5Et][C1002  

separated on cooling. This was confirmed by analysis of the product, 

(ii) When one drop of concentrated ammonia was added to a 

solution of [Rh(NH3)4(H20)C2F4H]SO4, contained in an n.m.r, tube, 

the 19F signal disappeared and was replaced by that characteristic 

of the pentammine analogue. The process was reversed, only more 

slowly, when concentrated sulphuric acid was then added,, i.e. the 

signal arising from ph(NH3)4(H20)C2F4H] was observed to develop 

whilst that of [Rh(NH3)5C2F4H]2+  decayed. 
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7'25 	7.55 	 8-4-5 	9.15 

_Fig.3. Proton restnano° spectrum of Ph(NR04(H2O)Pr)2÷  in D201  measured 
at log Mc. sec" spinning sample, 
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From these observations (1) and (ii), the lability of the 

trans ammine ligand, described earlier for the hydridopentammine 

complex, is also evident in the fluoroalkyl and alkyl series. 

Thus, as for the parent hydride, there exist the aqueous equilibria: 

[Rh(N13  )3  C 	
]2+ 
  + 1120  1:-!F 

[
"1%"
"

3 / k" 2 
1\0

215 

i2+ 
NH3 	

(2) 
k_2 

and 
k3  

[Rh(NH3)5C2F4H]2+ + H2O , Ph(N113)4(H20)C2FX
2+ 

+ NH3 	(3) 

The pH of an aqueous solution, a reflection of the degree of 

dissociation of the trans ammonia group, makes possible the esti- 

mation of the equilibrium constants for the aquation reactions. 

The pH's of aqueous solutions (excluding CO2), containing known 

amounts of the hydrido, ethyl and tetrafluoroethylpentamminerhodium(III) 

salts were measured and, using the known value of K for the 

equilibrium relation: 

NH3  + H2O 	NH4+  + OH- 

K2  and K3  were calculated as 2 x l04, 1+ x 1010 and 2 x 1010 

at 25
o 	

This method of calculation, neglecting the contributions 

of other ions, is at best a crude approximation; however the values 

of K2  and K3, indeed the alkalinity of aqueous solutions alone, show 

that the labilising effects of both ethyl and tetrafluoroethyl 

groups on the trans ammonia group, although several orders of 
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magnitude smaller than that of hydride, are still greater than that 

of chloride in the chloropentammine cation. 

V. Reactions with alkynes  

(i) Acetylene  

It is not surprising, in view of the reactions which take place 

with alkenes, that the hydridopentamminerhodium complex reacts 

rapidly with alkynes. Acetylene was taken up smoothly at room 

temperature and at a pressure of one atmosphere depositing a dark 

red powder. The composition of this product varied as shown by 

microanalysis of separately prepared samples, i.e. the carbon 

content varied between 30 and 40%. The solid was too insoluble 

in water and organic solvents to be purified by recrystallisation. 

The infrared spectrum had bands arising from ammine groups, in 

addition to those arising from the organic ligand. The product 

probably consists of a mixture of polymerised acetylene together 

with the inorganic substrate; this reaction was not investigated 

further. 

(ii) Phenyl Acetylene  

When a concentrated solution of the hydridopentammine complex 

was shaken with phenyl acetylene, a white unstable solid was 

precipitated. This solid exploded on heating and was not considered 

further. 
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(iii) Alkyne-ols  

The hydridopentammine complex reacted very quickly with several 

water-soluble alkyne-ols and in some cases pure 1:1 complexes were 

isolated as perchlorate salts. In contrast to the reactions with 

acetylene and phenylacetylene, the products are relatively stable 

and were recrystallised from boiling water to give large, well-formed 

colourless crystals. Crystalline products were obtained from 

reaction with but -3-yne -1-ol(I) 2-methyl-but -3-yne -2-ol(II) and 

3-methyl-pent -1 -yne -3 -ol(III). The solids were only sparingly 

soluble in water even as the chloride salts and a clear n.m.r. 

spectrum was obtained only for the 3-methyl-pent -1 -ene -3-01 derivative. 

For a 1:1 complex formed by insertion of the alkyne into the 

Rh-H bond, there are three possible structures for the product, i.e.: 

H2 

// 
C =C 	C =C 	and 	C=C 
N 	 // // 

R Rh 	Rh 	H2 	Rh 	112 

(a) 	(b) 	(c) 

R = alkane-ol residue 

Values of (111 -H2) coupling constants in the proton resonance 

spectra of substituted olefins are well documented25 and fall within 

the ranges 4 - 12 and 12 - 18 ./sec. for cis and trans isomers 

respectively. For the 3-methylpent-l-ene-3-ol derivative, 

the resonance signals of the protons other than those 

involved in the olefin linkage are identical with those 
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of the parent alkyne-ol. In addition there are two signals of 

equal intensity centred at T 2.35 and T 4.3. The low-field 

signal is a double doublet which was resolved to give J1 , 7 c./sec. 

and J21  9 c./sec. The signal at T 4.3 is a triplet which arises 

= from overlapping doublets and has ,j1  = j, 	7 c,/sec, The structure  

(c) can now be discounted since this would require a small geminal 

(H-H) coupling of N  3 c./sec.; this was not observed. Further, 

the steric overcrowding arising from both the rhodium and alkyl 

residue on the same carbon atom would be sufficient to preclude the 

formation of (c). Of the two alternative structures, the cis 

isomer, (a), is preferred since all of the values of J observed 

are somewhat smaller than that expected for a trans (H1-H2) coupling. 

The coupling constants are therefore assigned as J1 = 	-}12), 

J2  = J(Rh-H2) and J3  = J(Rh-110. 

In this complex therefore, J(Rh-H1) and J(Rh-H2) are of similar 

magnitude. This is somewhat surprising when compared with the 

changes in J(H1 -H2) for different stereoisomers. However it is 

considered that the magnitude of the cis (H1 -H2) coupling enables 

the differentiation between cis and trans to be made. Examples 

of similar complexes are few and in the related RhIII complex
26 

RhC12(C2H3)(PPh3)2, the proton resonance spectrum, complicated by 

the presence of an additional proton, was not analysed to give 

J(Rh-H) values. 
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The signals in the spectra of the other products could not 

be analysed in detail but weak peaks, each attributable to a single 

proton resonance were observed, i.e. for I at T, 3.1 and T, 3.8 and 

for II at T7  2.6 and T, 4.3. 

In the infrared spectra of of all the complexes, the alcoholic 

(0-H) stretching vibration appears as a very strong, sharp band in 

the 3500 cm. 
-1 region whereas in the spectra of the pure liquid 

alkyne-ols, this band is very broad, presumably due to inter molecular 

hydrogen bonding. 

When the hydridopentammine complex was treated with propargyl 

alcohol (HC = C CH2  - OH) and DL Butyne-ol, the colour of the 

solutions quickly turned to deep red-brown. The development of this 

colour also occurred to a lesser extent during the reaction with 

but-3-yne-l-ol. Solids were not precipitated with the addition 

of other ions, e.g. I , C104  SO4=  and when acetone was added, an 

intractable brown gum was precipitated. Attempts at recrystallisation 

from water and organic solvents were not successful. The only common 

factor in the alkynes which undergo this reaction is the presence of 

one or two hydrogen atoms on the carbon atom adjacent to the alkyne 

linkage. The further reaction, of the alkene formed in the primary 

insertion, with residual hydride complex can be discounted since this 

colour change occurred when the pure complex derived from 3-but yne-1 of 

was heated in water during recrystallisation. It is possible that 

the hydrogen atoms a to the olefinic linkage are activated and give 

rise to an intermolecular condensation reaction, however, there is no 

evidence to support this. 
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VI.Reactions with mixed halogenofluoro -olefins  

When solutions of [Rh(NH3)5H]SO4  were treated with CC12  = CF2, 

CBrF = CF2, CF3I, MeC1 and EtI, the corresponding halidopentammine-

rhodium(III) sulphate salt crystallised out as the exclusive solid 

product arising from hydride-halide exchange. This behaviour is to 

be contrasted with that of HMn(C0)5  and HCo(C0)4; e.g. with HMn(C0)5, 

CC12  = CF2  gave reduction and insertion products along with Mn2(C0)10  

depending upon reaction conditions27. The 'exchange' reactions 

are much faster than the 'insertion' reactions, i.e. 1 - 2 hours 

at normal temperatures. Yields are essentially quantitative and 

since only the sulphate salts rather than the halide salts are formed, 

the process presumably involves exchange via a four-centre transition 

state without halide ions existing free in solution. 

VIi.Reactions of Hydridopentamminerhodium(III) sulphate with mercuric  

halides  

There is some evidence for the formation of a complex having 

Rh-Hg bonds from the reaction of the hydridoaquotetracyanorhodateCIII) 

complex with mercuric chloride.
10 A similar reaction takes place 

for the hydridopentammine complex although the striking colours noted 

for the cyanohydride complex were not observed. When a hydrochloric 

acid solution of mercuric chloride was added to a solution of the 

hydridopentammine complex and the solution gently warmed, the fine 

white suspension, initially formed, redissolved and from the resulting 

pale yellow solution golden yellow platelets settled out. The Raman 

spectrum, taken for a powdered sample, has a very strong, sharp band 
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at 165 cm.-1 which is taken as evidence for the existence of a 

Rh-Hg bond.
28 

The complex analyses for [(NH3)4C1 Rh-HgCl]2EHgc14] -1120, 

wherein the (HgC1) group would have a charge of -1, The salt is only 

sparingly soluble in water and on heating to N  €00, decomposes to 

a complex mixture containing a heavy white solid and a yellow flocculate. 

When the reaction was repeated using the mercuric bromide and 

iodide salts in the appropriate halogen acid solution, the dihalido-

tetramminerhodium(III) complexes were formed as the [HgX4]2 salts. 

VII. Electronic Spectra and Discussion  

The electronic spectra of the complexes [Rh(NH3)5X]2+  (X = H, 

alkyl and fluoroalkyl) have been measured and are listed, along with 

data for related pentammine complexes, in Table 1.2. The spectra 

show three bands; the high intensity band (e > 1000) to shorter 

wavelength is attributed to a charge transfer process, Of the other 

two, both of which have low intensity (e 135 - 300), the band to 

longer wavelength approximates to the value of the ligand field 
29 

splitting parameter 6, and shows a hypsochromic shift in the order, 

I-  <Br <C1-  < OH-  <H20 < alkyl <IC 4--, NH3  <NO2  < fluoroalkyl. 

On this basis, the hydride and alkyl ligands occupy a fairly low 

position in the spectrochemical series whilst the fluoroalkyl ligands 

are somewhat higher. Ligands have previously been classified30  

according to the atom coordinated to the metal Ion, viz, 

I < Br < Cl < S < 0 <N <C. This classification is clearly an 

oversimplification since, in the case of carbon as the donor atom, 

the substitution of fluorine for hydrogen in the alkyl ligands, 

appreciably alters the ligand field strength, 
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Table 1.2 

Electronic Spectra of Rhodium Complexes 

( X, 

Complex 

11114 	v, 	cm.-1) 

X v e Ref. 

[Rh(NH3  )5  I] 2+  388 25,800 230 b 

[Rh(NH3  )5  OH] 2+  321 31, 200 124 

[Rh(NH3  )5Et]2+  311 32,150 210 
[Rh(NH3  )5  Pr] 2+  311 32,150 225 

[Rh(NH3  )5  Bu]2+  311 32,150 230 
[Rh(NH3  )5  (NH3  )T1314-  306 32,700 135 b 

[Rh(NH3  )5  H]2+  307 
(a)  32,700 

[Rh(NH3  )5  (NO2 )3 2+  296 33, 80o 330 b 
[Rh(NH3  )5  C2  F4  H] 2+  284 35,120 190 

[Rh(NH3  )5  C3F6H]2+  284 35,210 270 
[Rh(NH3  )5  C4  F6  H] 2+  284 35, 210 24o 
[Rh(NH3  )4  (H2  0)Et]2+  310 32, 250 170 

[Rh(NH3 )4  (H2  0)H]2+  300 33, 350 280 
[Rh(NH5)6tH20) C2F4H]2+  286 34,700 230 

a 	Reflectance spectrum on ground solid 

b 	Reference 29 
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The field strengths of the hydrido, alkyl and fluoroalkyl 

ligands however, may be underestibated since, in classifying the 

ligands on the. basis of their electronic spectra it is assumed that 

each ammonia ligand has the same field strength, i.e. all the Rh-N 

bond lengths are the same. It is evident that the ammonia trans 

to the hydrido, alkyl and fluoroalkyl ligand is very labile, almost 

certainly associated with a weaker and longer Rh-N bond. Such 

bond lengthening would have the effect of decreasing the contribution 

of the trans ammonia to the total field strength. Indeed, the 

apparent variation of the field strength of the hydrido ligand from 

fairly low in complexes such as [Rh(N14)5H]
2+ 

to very high31 in the 

complex ERuHC4C2H4(PMe2)232] may result from such effects. 

The fact that all the hydrido-complexes prepared during the 

early period of intense activity (1955-1961) contained ligands which 

entered into n-bonding with the metal ion, indicated that the presence 

of n-bonding ligands was an essential factor in the stability to 

decomposition of these complexes.
32 

The stability was regarded as 

being dependent upon the ease with which an electron in the highest 

bonding molecular orbital could be promoted to the lowest empty 

non-bonding or antibonding orbital; where the energy difference, a, 

between these two levels was large, the complex would be more stable. 

For an octahedral complex of a d6  metal ion, e.g. [Rh(NH3)6]3"1-  in 

which the ammine ligands do not form n-bonds, a is the energy 

difference between the t (non-bonding) and the e* (antibonding) 

levels. Ligands such as the phosphines and arsines, having vacant 
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n-orbitals which can interact with the t2g 
orbitals on the metal 

ion, would form a n-bonding and antibonding set of orbitals. The 

formally metal-ion electrons would then occupy the 

n-bonding orbitals (which are now stabilised with respect to the 

original t2g  set), and, as a result, the energy difference AE 

would be greater than in the absence of n-bonding ligands. 

At the time of these proposals, the hydridoaminerhodium(III) 

complexes had been detected in solution33 and it was noted that the 

greater value of AE, inherent in the complexes of the elements of 

the 2nd and 3rd rows could be sufficient to stabilise hydrido-complexes 

having no n-bonding ligands. 

At this point, it should be mentioned that the quantity, al  

is the same as the ligand field splitting parameter, A, referred to 

earlier in this section. Electronic spectra of complexes of the 

type [RuXYfC2H4(PMe2)42] (X = Y = Cl, Br, I, CN; X = H, Me, Ph, Y = C1), 

were measured
31 in order to determine the contribution of the hydrido 

ligand to the total quantity AE. The significant transitions were 

obscured by bands of high intensity but it was possible to estimate 

a lower limit and, from this value, to conclude that the hydride ion 

exerted a field strength of magnitude similar to the cyanide ligand 

and as such, would lead to an inherent stability greater than say, 

for the corresponding chloro complex. The electronic spectra of 

the rhodium(III) complexes prepared in the present work ,Table 1.2) 

show that the hydrido ligand exerts a somewhat lower field strength 

than in the Ru complexes. However, it is significant that AE in 
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the hydride complex is appreciably greater (by 7000 cm.-1) than in 

the iodo-complex. 

Of course whilst being stable to dissociation, the hydridopentammine 

complex is kinetically labile in that, not only is the hydrido ligand 

replaced by halides but also the ammine group trans to the hydride is 

labilised in solution. The expected lability of hydridoamine complexes 

was invoked to explain the catalytic effect of reducing agents in the 

syntheses of several halidoaminerhodium(III) complexes.
34 

These 

proposals were made on the grounds that the catalysts, e.g. borohydride 

ion, hypophosphorous acid, zinc/amalgam, were not only typical reducing 

agents but also those which gave rise to hydrido complexes. In 

particular an aqueous solution containing rhodium trichloride, ammonia 

and ethanol gives a quantitative yield of ph(NH3)5C1N12  on bringing 

to the boi1.35 However, the hydridopentammine complex, which would 

have to be the reactive species in this preparation is not smoothly 

converted to the chloropentammine cation. Consequently it seems 

likely that the alternative proposals which have been made36  to 

explain the catalyses, are more correct. In these, the generation of 

a labile planar Rh
I 
species was postulated and catalysis was said to 

occur via the formation of a RhI 	Cl 	RhIII species. 

The trans effect, particularly in square-planar PtII complexes, 

has attracted much attention and several theories have been put 

forward to explain this phenomenon. The electrostatic polarisation 

theory37  considers the weakening of the bond between the metal and 

the leaving group in the ground state. The n-bonding theory38 39 



refers to bimolecular reactions and whilst the stabilisation of the 

five-coordinate transition state via n-bonding is emphasised, bond 

weakening in the ground state is taken into account. The theory 

of Langford and Gray
ko  emphasises the bond weakening in the ground 

state via a-effects but points out that the five-coordinate inter-

mediate can be stabilised via the formation of n -bonds. The driving 

force is however the a-effect which is consistent with the high trans 

effects of hydride and methyl ligands which do not form n -bonds. 

The trans bond weakening in the ground state has been termed a trans 

influence.41 Recent work has shown that the trans influence and 

trans effect series are closely paralleled.
42 

Several ligands have been placed in a trans effect order for 

Pt
II 

complexes, viz. 

CO, CN-, H, PMe3  > NO2-, 1-  CH3-  > Br-, Cl-  > NH3  H20 

v, large 	large 	mod, 	small. 

Trans effect studies for octahedral systems are relatively few 

and are often hampered by other factors, e.g. the reactions of octa-

hedral Pt
IV 

complexes are complicated by catalysis reactions taking 

place in the presence of small amounts of Pt
II
. Furthermore, the 

reactions of Co
III complexes often involve extensive stereochemical 

rearrangements. The reactions of RhIII complexes do not suffer 

from these effects and a trans effect series has been established.43  
11••••••••••••••••••11 

for the complexes [Rh(NH3  )5 X]
2+ (X = Cl, Br, I), viz. I-  > Br > Cl-. 

The rates of anation are independent of the incoming nucleophile and 

37 
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were tentatively explained in terms of a dissociative mechanism. 

More definitely, the replacement of X in [Co(NH3)4S03X]n+  (X = NH3, 

OH NO2  SON) has been shown
44 to proceed via the formation of 

the five-coordinate intermediate [Co(NH3)4S03]
24- which arises by loss 

of the trans NH3  as a result of the trans labilising effect of the 

sulphito ligand. 

It is most likely that the trans effect in the hydridopentammine- 

rhodium complex arises via the a-effect of trans bond weakening and 

probably initiates the formation of the five-coordinate intermediate 

[Rh(NH3)4H]2+  in'substitution reactions with halides. However, in 

this context, the rates of insertion of several al p-unsaturated 

compounds into the Co-H bond of [Co(CN)5H]3 have been shown
45 

to 

be insensitive to the presence of added cyanide ion and on these 

grounds the formation of a five-coordinate intermediate of the form 

[Co(CN)411]2" has been ruled out. 

Examples of simple water-soluble transition-metal alkyl complexes 

are rare and whilst several Cr
III 

complexes of the kind [Cr
III(H20)5R]

2+ 

(R = benzyl,46 CH2C1,47 isomeric pyridiomethyl S) have been characterised 

in solution, solids were not isolated. Salts of the complex 

[Rh(NH3)5Et]
2+ 

are the first such simple compounds formed which have 

no it-bonding ligands. The crystal structure of the bromide salt has 

* been solved by X-ray diffraction and exhibits the largest trans bond 

lengthening so far detected for octahedral complexes of d6  metal ions, 

i.e. (Rh-N) cis = 2.072 R; (Rh-N) trans = 2.253 R. 	It was indicated 

earlier (section IV) that the trans ammine group in this complex was 

Table 7 
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Fig.7. X-ray crystal structure of [RWHO5Et]
2 ; 

bromide salt. 

(Reproduced by permission of P.G.R. Troughton) 
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labile in aqueous solution; this lability can now be related to the 

trans effect of the ethyl ligand in the ground state. This striking 

effect is to be contrasted with that in the complex K3[Co(CN)5(C2F4H)] 

where the Co-CN bond lengths were only marginally different 
 

Crystallographic structural studies on the alkyl and fluoro-

aikylpentamminerhodium(III) complexes prepared in the present work are 

being undertaken to compare the structural trans effects of correspond-

ing alkyl and fluoroalkyl ligands. 



EXPERIMENTAL 

Microanalyses were by the Microanalytical Laboratory, 

Imperial College, and by A. Bernhardt, MtIlheim. Infrared spectra 

(in Nujol and hexachlorobutadiene mulls unless otherwise stated) 

were recorded on a Grubb-Parsons grating 'Spectromastert  .model. 

and electronic spectra were taken on a Perkin-Elmer 350 instrument. 

N.m.r, spectra were taken using a Varian Associates 43100 and a 

Perkin-Elmer R14 model at 56.5 and 100 Mc,/sec. respectively. 

E.s.r, spectra were measured using a Varian Associates V-502/15X 

model at 9,300 Mc./sec. All preparations were normally carried 

out under nitrogen. 

Hydridopentamminerhodium(III) sulphate To a solution of chloro-

pentamminerhodium(III) chloride (6 g.), ammonium sulphate (9 g.) 

and aqueous ammonia (d. 0.880, 15 ml.) in water (30 ml.) held at 

60°  was added zinc dust (3 g.) in three aliquots over ca. 2 min. 

The mixture was held at ca. 60°  for a further 2 min, after which 

time the pale yellow colour of the chloropentammine complex had 

disappeared. Undissolved zinc and the particles of rhodium metal 

formed, were screened off using a sintered glass filter and the 

colourless solution was cooled in ice. On saturation of this 

solution with ammonia gas, the white complex was precipitated. 

The salt was contaminated with a second species which has not been 

identified but which has no absorption in the 2000 cm.-1  region. 

The contaminant remained as a grey flocculate when the crude product 

41 
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was treated with degassed water (30 ml.). After screening, the 

ice-cooled liquor was resaturated with ammonia gas to yield the pure 

product as white microcrystals. These were washed with acetone 

(20 ml.) and dried in vacuum at 20°. Yield 70% based on [Rh(NH3)501]C12. 

Hydridopentamminerhodium(III) perohiorate To a warm solution of 

hydridopentamminerhodium(III) sulphate (0.1 g.) in water (3 ml.) 

containing ammonia solution (d. 0.880, 0.1 ml.) was added saturated 

sodium perchlorate solution (3 ml.). After ca, 2 min., colourless 

needles of the salt were formed which were collected, washed with 

water (1 ml.) and acetone (5 ml.) and dried in vacuum at 20°. 

Yield 60%. 

Hydridopentamminerhodium(III) bromide [Rh(NH3)5H]SO4  (0.2 g.) 

was dissolved in the minimum of de-oxygenated water and the solution 

cooled to 5°  under nitrogen. On addition of a saturated solution 

of potassium bromide (cooled to 5°) dropwise, the white bromide 

salt was instantaneously precipitated. The collected solid was 

washed with ice cold water (2 ml.) and acetone (5 ml.) and dried 

in vacuum at 200. Yield essentially quantitative. 

Hydridopentamminerhodium(III) iodide As for the bromide salt but 

using potassium iodide solution to give a pale yellow solid. 

Yield 60%. 

Hydridopentamminerhodium(III) tetrabromomercurate(II) To an ice 

cold solution of [Rh(NH3)5H]SO4  (0.2 g.) in water (5 ml.) was 

added cold, concentrated K2HgBr4  solution (prepared by mixing 

stoichiometric amounts of potassium bromide and mercuric bromide). 



43 

The white precipitate of the salt, obtained immediately, was washed 

with water (1 ml.) and acetone (5 ml.) and dried in vacuum. 

Yield 80%. 

Hydridoaquotetramminerhodium(III) sulphate [Rh(NH3)5H]SO4  (2 g.) was 

dissolved in degassed water (50 ml.) at 30°  and, after shaking under 

nitrogen for a few minutes, deoxygenated acetone (80 ml.) was added. 

The resulting suspension was agitated for 2 min. to coagulate the 

solid which was then allowed to settle. The cloudy supernatant 

liquor was decanted off before collecting the bulk product on a 

sintered filter. The solid was washed with acetone (10 ml.) and 

dried in vacuum. The process was repeated three times to yield 

the final product as a chalk white solid. Yield ca. 80%. 

Interaction of Hydridopentamminerhodium(III) sulphate with olefins  

The solutions of [Rh(NH3)5H]SO4  were treated with gaseous olefins 

in a closed system in which the gas absorption could be measured. 

Some preparations were also carried out for convenience in sealed 

glass pressure tubes. It is extremely important that the water 

used and the systems be free of oxygen; traces of oxygen appear 

to initiate decomposition of the solutions with the formation of 

rhodium metal. Once formed, however, the alkyl complexes are 

quite stable towards air and can be handled normally. All the 

salts were recrystallised from water at 600  before analysis. In 

all cases, the products were obtained as large, colourless to pale 

yellow crystals. 
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(a) Ethylpentamminerhodium(III) perchlorate A solution of 

[Rh(NH3)5H]SO4  (0.5 g,) in water (10 ml.) was exposed to ethylene 

(1 atmos.); the gas was quantitatively absorbed during 16 hr. 

Addition of warm concentrated sodium perchlorate solution (8 ml, 

containing 5 g.) gave crystals of the salt which were washed with 

water (5 ml.) before drying in vacuum. 	Yield 50%. 	I.r. 3330s, 

3275s, 3225s, 1620s, 1305s, 790s, 470w, 460w, and 445w (NH3  ligands); 

2955w, 2910m, 2880m, and 2835w (C-H stretch); 	others: 2050w, 

2025w, 1365w, 1205s, 1090vs, 970w, 940m, 735m, 719m, and 625s, cm. 1. 

(b) Ethylpentamminerhodium(III) bromide As above to yield, on addition 

of potassium bromide solution (10 ml.1  4 g.) the salt as pale yellow 

crystals. Yield 35%. I.r. 3290s, 3172s 1615s, 1290ms, 809s, 

480w, and 456w (NH3  ligands); 2827m, 2850, 2896m, 2909m, and 

2956m, (C-H stretch); 1202m cm„-1, 

(c) Ethylpentamminerhodium(III) iodide As above, the salt was 

obtained on addition of potassium iodide solution (10 ml.1  4 g.) 

as pale yellow crystals. Yield 35%. I.r, 3260s, 3178s, 1615s, 

1290s, 800m, 475w, and 450w (NH3  ligands); 2950m, 2890m, 2885m, 

and 2820m (C-H stretch); 1202 cm.-1. 

(d) Propylpentamminerhodium(III) perchlorate Using propene and 

[Rh(NH3)5H]SO4  and the procedure as in (a), the salt was obtained 

as colourless crystals. Yield 40%. I,r, 3355s, 3279s, 3223s, 

1625s, 1300s, 793ms, 473ws  and 460w (NH3  ligands); 2955m, 2930m, 

2895m, 2865m, and 2820w (C-H stretch); others 2087w, 1456w, 

1362w,sh, 1220ms, 1192ms, 1087vs, 934w, 699w, and 625s,cm.-1. 
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(e) Butylpentamminerhodium(III) perchlorate As described in (a) 

to give the salt as colourless crystals. Yield 35%. I.r. 3352s, 

3280s, 3225s, 1620s, 1295s7  795s, 475w, and 455w (NH3  ligands); 

2970m, 2940m, 2925m, 2880m, 2865m, and 2820w (C-H stretch); 	othersr 

1460w, 1375w, 1232ms, 1193ms, 1180ms, 1087vs, 970w, 935w, 890w, 

715w, and 625s, cm71. 

Interaction of Hydridoaquotetramminerhodium(III) Sulphate with Olefins 

The aquo complexes, described below, decomposed with the 

formation of rhodium metal during attempts to recrystallise. 

(a) Ethylaquotetramminerhodium(III) sulphate As for the corresponding 

pentammine complex except that, due to the lower solubility of 

[Bh(NH3)4(H20)H]SO4, (0.5 g.) in water (50 ml.) was exposed to 

ethylene (1 atmos.); the take up was again quantitative over 

12 - 16 hours. The solution was then added to acetone (ca. 100 ml.) 

and stirred to coagulate the solid which was then collected washed 

with acetone (20 ml.) and dried in vacuum. Yield 60%. I.r. 2920m, 

2890m, 2852m, 2820w, and 2956m, (C-H stretch); others: 3252s, 

3155s, 1637s, 1465w, 1365s, 1321ms, 1292s, 1232w, 1200s, 1087vs, 

1028m,sh, 975s, 810m, 826m, 625s, 615s, 607s, 490w, 465w, and 440w,
-1  cm. . 

(b) Propylaquotetramminerhodium(III) perchlorate As for the analogous 

ethyl derivative except that the product obtained by acetone treatment 

was an oily gum. Pure colourless crystals were obtained by trONating 

the reaction solution with concentrated perchloric acid (10 ml.). 

These were washed with acetone (10 ml.) and dried in vacuum. 

Yield 45%. I.r, 3600m, 3520m, (0-H stretch); 3345s, 3280s, 3220m, 

(N-H stretch); 2960m, 2925m, 2900w, 2865m, (C-H stretch), 



(c) Butylaquotetramminerhodium(III) perchlorate The colourless 

crystalline salt was obtained by the procedure outline in (b). 

Yield 40%. I.r. 3595m, 3515m, (0-H stretch); 3345s, 3280s, 

3220m, (N-H stretch); 2965m, 2945m, 2926m, 2880w, 2865w, 2820w, 

(C-H stretch) cm.-1. 

Interaction of Hydridopentamminerhodium(III) sulphate with fluoro  - 

olefins Into a thick-walled glass tube were placed [Rh(NH3)5H]SO4  

(0.4 g) and water (5 ml.); after freezing and degassing, excess of 

fluoro-olefin (ca. 5 moles per mole Rh) was condensed in and the 

tube seal-d. After shaking for two, days at 20°, the tubes were 

opened and the salts isolated as described below. 

Tetrafluoroethylene was prepared by the pyrolysis of polytetra-

fluoroethylene at 500 - 6000  and purified from perfluoropropene 

impurity by distillation at the temperature of a melting slush of 

light petroleum (b.p. 300-400). The other fluoro-olefins were 

purchased from the Peninsular Chemical Corporation. 

(a) Tetrafluoroethylpentamminerhodium(III) sulphate The ice-cooled 

solution was saturated with ammonia gas to give colourless crystals 

of the salt which were washed with acetone (5 ml.) and dried in 

vacuum. Yield ca. 80%. 	I.r. 3232s, 3077s, 1652m,sh, 1630m, 

1341s, 1333s, 1298m, 1276m, 1150m,sh, 1138s,sh, 1086s, 1030s, 

983m, 974m, 947s, 856m, 772m, 638m, 620s, 612s, 578m, 574m, and 

539m, cm.-1. 
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(b) Hexafluoropropylpentamminerhodium(III) perchlorate The reaction 

solution was screened and to the solution was added a saturated 

solution of sodium perchlorate (5 ml.). The pale yellow crystals 

obtained were washed with acetone (5 ml.) and dried in vacuum. 

Yield 70%. I.r. 3343s, 3283s, 1622m, 1338s, 1271s, 1187s, 1155s, 

1087S, 1000m, 965m, 845s, 794m, 721w, 689m, 666s, 595w, 558w, 533w, 

574w, 471w, 459w, and 457w, cm.-1. 

(c) Octafluorobutylpentamminerhodium(III) sulR,hate The white 

crystals of the salt obtained by saturating the ice-cooled solution 

with ammonia gas were washed with acetone (5 ml.) and dried in vacuum. 

Yield 60%. I.r. 3384s, 3171s, 1636s, 1345s, 1280s, 1261s, 1241s, 

1192s, 1111s, 1001w, 971w, 954m, 917m, 896w, 865m, 821w, 807w, 783m, 

768w, 717s, 684m, 677w, 671m, 668sh, 661m, 623s, 614s, and 446m, cm.-1. 

(d) Hexafluorobut-2-enylpentamminerhodium(III) sulphate The pale 

yellow crystals formed during reaction were collected, washed with 

acetone (5 ml.) and dried in vacuum. Yield 60%. I.r. 34066, 

3246s, 3185s, 1635m, 1596m, 1333s, 1298s, 1291s, 1277s, 1223m, 1159s, 

1142s, 1105m, 1074s, 978m, 913m, 873m, 841m, 825m, 739m, 721m, 647s, 

621s, 609s, 540w, 479w-1  and 445w, cm.-1. 

Interaction of Hydridoaquotetramminerhodium(III) sulphate with  

tetrafluoroethylene Ph(NH3)4(H20)HPO4  (0.4 g.) was dissolved in 

degassed water (40 ml.) and stirred in an atmosphere of fluoro-olefin 

for 3 days at 25°. The solution was then added to acetone (80 ml.) and 

the precipitated white sulphate salt collected, washed with acetone and 

dried in vacuum. Yield ca. 60%. I.r. 3225vs, 3000m, 1605s, 1377ms, 
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1359w, 1335s, 1304s, 1245s, 1185m, 1087vs, 985s, 973s, 887m, 863s, 

779w, 647s, 637s, 614s, 602s, 584s, 544w, 517w, 505w, 495w, 476w, and 

437w, cm. -1. 

Interaction of Hydridopentamminerhodium(III) sulphate with water-soluble  

alkyne-ols  

Trial experiments were carried out in order to discover the time 

required for complete reaction. 

Into a boiling tube containing [Rh(NH3)511]SO4  (0.5 g) was added 

degassed water (8 ml.) and the alkyne-ol (0.5 ml.). This operation 

was carried out under a constant stream of nitrogen. The tube was 

then stoppered with a self sealing rubber cap ('Suba-seal') through 

the top of which passed inlet and outlet delivery tubes carrying 

nitrogen. The space above the solution was flushed out with nitrogen 

before the delivery tubes were withdrawn in the order:- first the 

outlet tube, quickly followed by the inlet tube. The strength of 

the self sealing cap was sufficient to maintain a slight internal 

pressure of nitrogen. In this way, oxygen was excluded from the 

system. 

4The vessels were shaken and at half-hour intervals, samples were 

withdrawn using a syringe, and solids precipitated by the addition 

of solid sodium perchlorate. The filtered products were quickly 

washed with acetone and dried in a vacuum. Completeness of reaction 

was indicated by the absence of a (Rh -H) stretching frequency in the 

infrared spectrum. Once the minimum time for reaction had been 

established, the preparations were repeated using the quantities 
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listed above. The products were precipitated when solutions 

were treated with solid sodium perchlorate (6 g) and shaken 

vigorously. 	The filtered solids were recrystallised from the 

minimum of water (3 - 4 ml.) at 80°  to give large colourless 

crystals. Yields and infrared spectra are listed below. 

(a) With But -3-yne -1-ol.  Reaction was complete after two hours 

when the solution was yellow-brown. Yield 60%. I.r. 3565s, 

v(0 -H); 3300br, v(N-H); 2960ms, 2935ms 2890ms, 2835m, v(0 -H); 

others, 2630w, 2560w, 2540w 2250w, 2140wt  2010w (C104  overtone), 

1637s, 1460m, 1430w, 1383m, 1340ms, 1310s, 1242ms, 1220m, 1156b, 

1085vs (0104), 990m, 960m, 930w, 890w, 845w, 795s, 725ms, 625vs (0104), 

(b) With 2-methyl-but -3-Ine -2-ol. 	Reaction was complete after three 

I.r. 3500s, 

2945m, 2925m, 

hours when the solution was colourless. 	Yield 65%. 

v(0 -H); 	3340s, 3265s, 3200s, v(N-H); 	2980m, 2970ms, 

2910m, 2875mw, v(C -H); others, 2560w, 2010w (C104  overtone), 1630ms, 

1480m, 1450w, 1390ms, 1380m, 1340s, 1300s, 1275s, 1250s, 1240s, 

1175m, 1160s, 1085vs (C104), 980m, 960ms, 940m, 905m, 840ms, 820ms, 

780m, 740ms, 675w, 625vs (0104). 

(c) With 3-methyl -pent -1 -yne -3 -01.  Reaction was complete after 

six hours when the solution was colourless. Yield 60%. 

I.r. 3500s, v(0-H); 3320s, 5260s, 3195s, v(N-H),. 2970ms, 2930m, 

2870m, 2840w, v(0 -H); others 2010 (0104  overtone) 1645s, 1455m, 

1380m, 1370m, 1340s, 1300s, 1260s, 1240s, 1180s, 1165s, 1085vs (0104), 

990m, 970m, 930m, 830w, 820ms, 795ms, 765m, 730m, 660w, 625vs (0104). 



50 

Interaction of Hydridopentamminerhodium(III) sulphate with 

mercuric chloride 

To a solution of mercuric chloride (0.1632 g., 6 x 10 4 mole.) 

in water (10 ml.) containing concentrated HC1 (0.5 ml.) was added 

a solution of hydridopentamminerhodium(III) sulphate (0.0858 g., 

3 x 104 mole.) in water (5 ml.). The fine white suspension 

formed was gently heated to 40°  and on cooling, the pale yellow 

solution deposited golden-yellow platelets. These were filtered 

off, washed with water (2 ml.) and acetone (5 ml.) and dried in 

vacuum. 	Yield 65%. 

[Cl(NH3)4Rh-HgC1]2[HgC14] requires Cl, 22,8; Hg, 48.3; N, 9.0; 

0, 1.3; 	Found Cl, 22.8; 	Hg, 49.1; 	N, 8.9; 0,  1.6%. I.r. 3610w, 

3590w, (0-H) stretch. Raman, 165s,  cm.-1. 



Table 1  

Analytical data for rhodium(III) complexes 

Found Required 

Complex C H F 	N 0 S Xa  C H F 	N 0 S Xa 

[Rh(NH3  )5  H]SO4  5.5 24.4 22.6 11.0 5.6 24.6 22,5 11.2 

[Rh(NH3  )5 H] [C104]2  4.1 17.8 18.1 4.1 18.0 18.3 

[Rh(NH3  )511]Bra 4.5 19.8 45.8 4.6 20.0 45.8 

[Rh(NH3  )5  H]I2  3.6 15.7 57.9 3.6 15.8 57.3 

[Rh(NH3  )5 H] [HgBr4] 10,0 45.5  9.9 11.5,1 

[Rh(NH5  )5  Et] [C104  ]2  6.1 4.7 16.8 17.7 5.8 4.8 16.8 17.1 

[ilh(NH3  )5  Et]Br2  6.6 5.3 18.7 6.4 5.3 18.6 

[Rh(NH3  )5  Et] 12  5.5 4.3 14.9 53.9 5.1 4.2 14.8 53.9 

[Rh(NH5  )5Pr] [C104  ]2  8.1 4,8 16.g 8.4 5.1 16.3 

[Rh(NH5  )5  Bu] [C104  ]2  1,0 5.3 16.0 10.8 5.4 16.0 

[Rh(NH3  )4  (H20 )H]S 04  5.3 19.5 27.9 11.1 5.3 19.9 28.0 11.3 

Ph(NH5 )4 (H20)EtN04  7.4 5.6 18.0 25,5 10.3 7.6 6.1 17.8 25.5 10.2 

[Rh(NH5  )4 (H20)Pr] [C104]2  8.6 4.5 13.1 • 16,3 8.4 4.8 131,0 16.5 



Table 1 (continued) 

Complex C 
Found 

H 	F 	N 0 	S aa C 
Required 

H 	F N 0 	S Xa 

[Rh(NH3 )4 (R20)Bu][C104] 11.0 4.9 12.6 15.9 10.8 5.2 12.6 16.0 

[Rh(NH3 )5C2F4H]SO4  6.2 19.5 18.5 8.7 6.2 19.7 18.2 8.3 

[Rh(NH3  )5  C3F6H] [C104]2  6.9 20.4 13.3 13.0 6.7 21,2 13.0 13.0 

[Rh(NH3  )5  C4F8H]SO4  10.2 31.3 13.9 6.6 9.9 31.3 14.4 6.6 

[Rh(NH3  )5  C4F611]SO4  10 ,6 25.3 25.4 10.7 25.5 15.7 

[Rh(NH3  )4  (H2  0)C2F4H]SO4  6.1 4.119.4 14.7 8.2 6.2 19.7 14.8 8.3 

[Rh(VH3  )5R1  ] [C104  ]2  12,8 5.0 14,6 14.9 12.8 5.1 . 14.8 15.0 

[Rh(NH3  )5  R2  ] [C104  ]2  14.6 5.5 14.2 14,6 14.8 5.2 14.4 14.6 

[Rh(NH3  )5R3  ] [C104]2  10.8 4.7 15.3 15.3 10.5 5.0 15.3 15.5 

a Cl, Br or 	CH3 
	 C113  

= 	
CH - C - C ; CH, 

	R2 	CH3  - CH - 	C S CH 	R3  = HO - CH2  - CH2  C S CH 

OH 
OH 



53 

CHAPTER II 

Introduction  

The nucleophilic displacement of chloride in chloroaminerhodium(III) 

complexes, by hydride ion was first observed33  when aqueous solutions 

containing cis or trans dichlorobisethylenediaminerhodium(III) 

cation were treated with sodium borohydride. The hydride product 

was detected by its characteristic high field proton resonance signal. 

Followins this observation, it was found51 that the yellow colours of 

solutions containing [Rh(NH3)5C1]2+, cisERh(trien)C1211-, 

trans[Rh(DMG)2C12] and trans[Rh py4C12]+, were discharged by boro - 

hydride ion, and in some cases hydrides were detected by proton 

resonance (trien = triethylenetetramine HDMG = dimethylglyoxime, 

py = pyridine), These systems, in particular the dihalidobisethylene- 

diaminerhodium(III) complexes were then studied in greater detail.
52 

The one disadvantage in these experiments is the formation of 

large amounts of rhodium metal. In order to minimise this effect, 

dilute solutions were employed; this however, precluded the use of 

the proton resonance technique which has limited sensitivity. It.  

was found that the stepwise formation of products could be followed 

by observing the growth and decay of bands in the electronic spectrum. 

A two stage process was indicated, i.e., 

transERh en2X2]+ 1,u.T x 

(X = Cl,-  Br-, I..; Bx  varied with change in X; C was - independent 

of X). 
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The products Bx  were precipitated as tetraphenylborate salts and 

the (Rh -H) stretching frequencies in the infrared spectra were 

interpreted as arising from the formation of the monohydrides 

trans[Rh en2XH][BPh4]. The final product C was obtained irres- 

pective of the original dihalido complex used and was formulated as 

the trans dihydridobisethylenediaminerhodium(III) cation. In 

support of this suggestion, all the halide was found to be in the 

filtrates obtained after precipitation of solids as tetraphenylborate 

salts and in addition, when more concentrated solutions were employed, 

the final proton resonance spectra were identical. 

By considering the changes in the electronic spectra of complexes 

of the type [Rh en2C1Y]+  and CRh(NH3  )5Y124.  brought about when Y was 

varied (Y = I-, Br, Cl-, H etc), the hydride ion was located as 

being fairly low in the spectrochemical series. This assignment 

is confirmed by the work described in Chapter I. The hydrido -complexes 

described in pregious work are listed in Table 2.1. 

In this chapter, the replacement of the ammine ligands in the 

hydridopentamminerhodium(III) complex is considered; it was found 

necessary to investigate the effect of the zing/ethylenediamine 

couple (a source of hydride ion) on the dihalidobisethylenediamine- 

rhodium(III) complexes. The results obtained are compared with 

those obtained by borohydride treatment. 

When the hydridopentamminerhodium(III) complex is treated with 

halide solutions, hydride replacement occurs and also, rhodium metal 

is deposited. However, when solutions are treated with cyanide ion 



Table 2.1 

Infrared and Proton Resonance Data for Rh
III Complexes  

Complex T v(Rh-H) Complex T V(Rh-H) 

trans [Rh en2C1H]+  - 2100 [Rh(VH3)5H]2l-  - 2080 

trans [Rh en2Brli]+  - 2120 cis [Rh en2C1H]+  - 2105 

trans [Rh en2IV-  30.2 2140 cis [Rh trien ClIa+  28 2081 

trans [Rhpy4C1H] 28.5 - trans [Rh en2H2]-1-  31.6 - 

trans [Rhpy4BrI]+  28.5 1976 cis [Rh en2H2]-1.  32 1969 

cis [Rh trien H2]+  32.5 1969 



56 

or chelating aliphatic amines, e.g., ethylenediamine, 1,2-diamino- 

propane, the ammine ligands are replaced either completely or in 

part with the formation of new hydridoaminerhodium(III) complexes. 

These reactions have been followed by proton resonance spectroscopy. 

In some cases, solids have been isolated; these are characterised 

as being cis or trans from their infrared spectra and their solution 

properties have been studied by proton resonance. The lability of 

the group trans to the hydrido ligand, as in the pentammine complex, 

is again evident and gives rise to solution equilibria involving hydrido 

aquoaminerhodium(III) complexes. 

I. Treatment of [Rh(NH3),H]2+  with ethylenediamine  

This reaction was followed by observing the changes in the high 

field region of the proton resonance spectrum, brought about by the 

dropwise addition of very dilute aqueous ethylenediamine to a con- 

centrated solution of [Rh(NH3)5HJS04. With successive additions, 

the doublet characteristic of the hydridopentammine complex at 

T 27.1 [J(Rh-H) 14.5 c./sec,], decayed with the development of a new 

doublet centred at T 27.4 [J(Rh-H) 20 c./sec.]. This signal does 

not persist for long; its decay is accompanied by the growth of two 

new signals at T 26.3 [J(Rh-H) 19 c./sec,] and T 27,8 [J(Rh-H) 22 c./sec.]. 

When more concentrated solutions were mixed, a white micro- 

crystalline solid was isolated as the perchlorate salt. The infrared 

spectrum taken as a mull showed, in addition to the sharp bands 

arising from v(N-H) and v(C-H), two sharp bands at 2056 and 2025 cm.-1, 

indicating the presence of two hydrides, and soveral bands around 
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1600 cm. -1 - the region associated with the NH2  asymmetric deformation 

mode of coordinated ethylenediamine. On recrystallisation from hot 

water, large colourless crystals were obtained; this product was 

shown to be a single, pure hydrido-complex, hydridoamminebisethylene-

diaminerhodium(III) perchlorate, from the analysis and the infrared 

spectrum which had only one band at 2056 cm.-1. The infrared spectrum 

also shows that this complex is the trans isomer since, in a series 

of dihalidobisethylenediaminerhodium(III) complexes, it has been 

shown53 that the trans isomer had only one sharp band in the 1600 cm.-1  

region whereas the cis isomer could be identified by a multiplicity 

of peaks in this region 	In particular, trans[Rh en2(NH3  )C1](N002  

has a single sharp band at 1600 cm.-1 whereas the cis isomer has 

bands at 1590 and 1615 cm.-1. 

The pure trans[Rh en2(NH3)g0[01002  is stable as a solid and in 

aqueous solution in the absence of air and can be recrystallised 

from boiling water without decomposition to rhodium metal. The 

proton resonance spectrum of an aqueous solution shows two signals, 

namely the aforementioned doublets centred at T 26.3 and T 27.8, with 

relative intensities 2:3; the composition of this solution is discussed 

below. The infrared spectrum of the crystals recovered from this 

solution shows that the pure trans complex is regenerated on crystallisa- 

tion. 

As indicated earlier, the crude product obtained from routine 

experiments, invariably contains a mixture of two hydrides as shown 

by the infrared spectrum. Attempts at recovering the product (A) 
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which gives rise to the band at 2025 cm.-1 from solutions after 

removal of the less soluble trans isomer, were unsuccessful. 

However the crude product from one routine preparation in which 

more dilute solutions were employed was almost exclusively the 

product A. In addition to the peak at 2025 cm.-1, the infrared 

spectrum had several bands in the 1600 cm.-1 region. The proton 

resonance spectrum of an aqueous solution of A, and also the spectrum 

of the crude product normally obtained, was identical with that of 

the pure trans[Rh en2(NH3)H]
2+ 

complex. The pure trans complex was 

obtained from these solutions on crystallisation. Since the proton 

resonance spectra are identical, the compound A is evidently closely 

related to the pure trans complex and is probably the cis complex. 

However, it has not been possible to isolate the compound A in a pure 

state for microanalysis and therefore the presence of other ligands, 

e.g., aquo or amine, cannot be discounted. 

Equilibria in aqueous solutions of trans[Rh en2(NH3  )HHC1002  

In the infrared spectrum of an aqueous solution of 

trans[Rh en2(NH3)H][01002  taken as a thin film, the (Rh-H) stretching 

frequencies showed as broad band, presumably due to hydrogen bonding 

with the water, and the two peaks expected were not resolved. 

The proton resonance spectrum of an aqueous solution 

trans[Rh en2(NH3  )HHC1002  did not change when concentrated ammonia 

was added and so these signals cannot arise from an equilibrium of 

the form:- 

trans[Rh en2(NH3  )H]
2+ 
 + H2O -4 trans[Rh en2(H20)11]2 	NH3, 
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as was established for the hydridopentamminerhodium(III) complex in 

aqueous solution. However, when the solution was acidified with 

concentrated perchloric acid, both signals disappeared simultaneously 

and were replaced by two more doublets at T 32,6 [J(Rh-H) 30 c./sec.] 

and T 32.2 [J(Rh-H) 30 c./sec.] having relative intensities 5:1. 

The original doublet pair was regenerated immediately upon addition 

of excess concentrated ammonia solution. 

It is reasonable to assume that the doublet pair at T 26.3 and 

T 27.8 arises from a cis - trans equilibrium mixture of [Rh en2(NH3)H]2  

complexes; also, the ammine group trans to the hydride should be 

labile and replaced by an aquo group in acid solution. Overall, 

the system would be represented by the equilibria:- 

trans[Rh en2(NH3)Hj2l. 	cis[Rh en2(NH3)11]24-  

trans[Rh en2(H20)H]2+  cis[Rh en2(H20)Hi24- 

Several observations are consistent with this interpretation. 

These and related experiments are discussed in subsequent subsections. 

(a) Several unsuccessful attempts were made at observing the approach 

to the equilibrium concentrations by inspecting the proton resonance 

spectra of freshly-made, ice-cold concentrated solutions of trans 

[Rh en2(NH3)HHC104]. Equilibrium had been reached during the time 

required for manipulation of the instrument controls. However, it 

was possible to observe the approach to equilibrium in an acetone - water 
41. 
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slurry. The pure trans complex is insoluble in acetone but when an 

ice-cold acetone slurry of the trans complex, contained in an n.m.r, 

tube, was treated with a few drops of ice-cold water and the tube 

quickly transferred to the instrument probe, only one signal, the 

one at T 27.8, was observed. During one minute, this signal decayed 

with the concurrent growth of the signal at T 26.3 until equilibrium 

was reached. In this solvent mixture, the signals were very weak 

and an accurate integration of the relative intensities could not be 

performed, however, the low-field signal could be seen to be then, 

the more intense (approximately 3:2). It is to be expected that the 

relative concentrations of species arising from an equilibrium system 

would change with variation in solvent. 

It could be argued that this experiment is a reflection of the 

differing solubilities of the two isomers, not necessarily in equili-

brium, however, this would not be consistent with the decay of the 

high-field signal, once formed, with the concurrent growth of the 

low-field signal_ 

This experiment is regarded as the best evidence for the 

proposed equilibrium system. 

(b) That the zinc/aliphatic amine couple is a general source of 

hydride ion in the presence of Rh
III complexes is discussed in 

subsection (e), When aqueous solutions of either cis or trans 

en2(NH3)C1]
24. 

are treated with zinc and ammonia, the cis - trans 

en2(NH3)102  equilibrium mixture results as shown by the proton 
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resonance spectrum. It has previously been shown53 that the 

conversion of both cis and trans[Rh en2Cl2]+  to the corresponding 

cis or trans[Rh en2(NH3 )C1]
2+ 

complex proceeds smoothly without 

isomerisation. Electronic spectra of aqueous solutions of the 

latter show that no isomerisation takes place on dissolution. Thus 

the formation of the two hydrides from either of cis or trans 

[Rh en2(NH3)C1]
2+ 

on treatment with zinc and ammonia arises as a 

result of the equilibrium relationship. 

Of course, this is on the assumption that the replacement of 

chloride by ammine to form [Rh en2(NH3)C1]2'  and also the replacement 

of chloride by hydride to form [Rh en2(NH3)H]2+  both proceed by 

similar mechanisms. The latter assumption is not proven and 

consequently, the observations outlined in this subsection must 

he regarded as consistent with rather than conclusive for the 

existence of an equilibrium of the proposed form. 

In subsequent subsections, evidence for the existence of 

hydridoaquobisethylenediaminerhodium(III) complexes derived, from 

the parent ammine complexes, is presented, 

(c) The presence of a labile ammine group is shown by blowing 

nitrogen through an aqueous solution of trans[Rh en2(NH3)H Hc10472 

when ammonia is given off, presumably being replaced by H2O. 

(d) The reversible replacement of amine by an aquo group is 

suggested by the changes taking place in the proton resonance spectrum 

on treatment with perchloric acid and ammonia. When trans 

[Rh en2  (NH3  )H] [0104  ]2  is recrystallised, not from water but from very 
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dilute perchloric acid, colourless needles of a new hydride are 

obtained in small yield (Fig. 4, 5 and 6). The complex exploded 

during attempts at microanalysis and a satisfactory assay was not 

obtained, however, several features point to its being the cis 

hydridoaquobisethylenediaminerhodium(III) perchlorate. Firstly, 

the infrared spectrum in which all the significant peaks are sharp 

and intense, has two bands at 3565 and 3470 cm.-1  attributable to 

the asymmetric and symmetric (0-H) stretching vibrations of coordinated 

water. In addition, the (Rh-H) stretching frequency is at 2135 cm.
-1 

and there are several bands in the 1600 cm.
-1  region. 

The proton resonance spectrum shows only one signal namely 

the doublet at T 32.6. Treatment of this solution with ammonia 

yields the cis - trans equilibrium mixture of the [Rh en2(11H3)H]2+ 

complexes and addition of perchloric acid to the resulting solution 

gives the two doublets at T 32.2 and T 32.6. Therefore the cis 

   

hydridoaquo-complex isolated from acid solution is not in so labile 

an equilibrium with the trans hydridoaquo-complex as are the hydrido-

amines. 

It is interesting to compare the changes in the proton resonance 

and infrared spectra brought about by conversion of both the hydrido-

pentammine and hydridoamminebisethylenediaminerhodium(III) complexes 

to the related hydridoaquo-complexes (Table 2.2). In both cases, 

the chemical shifts, coupling constants and (Rh-H) stretching 

frequencies show increases of similar magnitude. Whilst demonstrating 

the marked sensitivity of the hydride towards small changes in chemical 
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Table 2.2  

Infrared and Proton Resonance Data for RhIII Complexes (this work)  

Complex T J(Rh-H) v(Rh-H) A 
r 

trans [Rh en2(NH3  )H][C1002  274  8 22 2056 AT, 5.6 

cis [Rh en2(NH3  )H][C1002  26.3 19 2025 AJ, 10 

trans [Rh en2(H20)H]2+  32.2 30 - Avl 95 
Ave. cis [Rh en2(H20)H][C1002  32.6 30 2135 values 
taken 

[Rh(NH3)35]SO4  27.1  14.5 2079 AT, 4.9 

[Rh(NH3)4(H20)H1SO4  32.0 25 2146 AJ, 10.5  
Av, 67 

T, p.p.m. measured w.r.t. t-butanol 

J, c/sec. 

-1 v, cm. 



environment, these spectral changes can be regarded as further 

evidence for the formation of aquo-complexes by analogy with the 

hydridopentammine system which is well established. 

(e) An attempt was made to study the temperature dependence of 

the cis - trans[Rh en2(NH3)11]2  equilibrium by observing the changes 

in the proton resonance spectrum of an aqueous solution of the trans 

complex when the temperature was varied. With rise in temperature, 

the signal at T 27.8 became increasingly broad and less easy to 

see above the noise until, at 75o  it was no longer visible. The 

wignal at T 26,3, which remained sharp even at 750, showed only 

a small shift to low-field (0.2 p.p.m.). On cooling to 30°  the 

spectrum reverted to its original form. One might have expected 

the system to behave in one or both of the following ways:- 

(I) An increase in temperature should accelerate the rate 

of interchange between the isomers; the rate could increase to such 

an extent that the interchange would become so fast, on an n.m.r. 

time scale, that it would be impossible to observe the isomeric 

hydrido-complexes as separate signals. In this case, only one 

signal, an average of the two, would be observed; 

(ii) The equilibrium constant should vary with temperature 

and so one would expect to see a change in the relative intensity 

of the two signals, even though the interchange between them was 

slow on the n.m.r, time scale. 

The fact that 'neither of these phenomena was reflected in the 

proton resonance spectrum does not necessarily disprove the existence 

66 
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of an equilibrium since the observed changes in the spectrum can 

be explained if the two types of hydride protons exchange with water 

at different rates; the more labile hydride being the one giving 

rise to the signal at T  27.8. At 75°, the exchange of this hydride 

proton with water must be fast on the n.m.r. time scale (i.e. relative 

to the frequency separation between its line and the H2O line). 

Its resonance position will appear as part of the single coalesced 

line but since this lies at a weighted average position, it will 

occur very close to the original H2O position, slightly on the high-

field side. 

The exchange of the low-field hydride proton (at T 26.3) with 

water and also the cis - trans exchane processes, though chemically 

faster at 75°, are still sufficiently slow on the n.m.r. time scale 

so as not to affect the shape of the signal. 

(f) The pale yellow colours of many halidoaminerhodium(III) 

complexes are discharged on ti,eatment with zinc and an aliphatic amine, 

to form hydrido-complexes. At first sight, this method appears to 

be more convenient than the use of borohydride ion in these systems 

since little if any rhodium metal is formed. However, zinc-amine 

complexes are formed as by-products and are readily precipitated by 

most anions and in no case other than that of the hydridopentammine- 

rhodium(III) complex has a product been isolated free of the zinc- 

amine complexes. As an added complication, there exists the possibility 

of amine replacement reactions so that, where pure complexes are not 



68 

isolated, one must turn to the proton resonance technique for 

attempts at characterisation. By siitable choice of amine, it is 

possible to minimise the number of products which could result. 

Even so, in only the simplest of systems can the products be formu-

lated with any degree of certainty. 

In view of the replacement of ammonia by ethylenediamine, it 

was considered of interest, indeed necessary that the reactions of 

the cis and trans dihalidobisethylenediaminerhodium(III) complexes, 

with the zinc/ethylenediamine couple and sodium borohydride, both 

separately and in conjunction be considered. These observations 

are listed (i), (ii), (iii) and (iv). 

(i) Aqueous solutions of all of the cis and trans[Rh en2X2] 

complexes (X = Cl, Br, I), on treatment with zinc and ethylenediamine 

had identical proton resonance spectra, namely, two doublets centred 

at T 26.35 [J(Rh-H) 20 c./sec.] and T 27.95 [J(Rh-H) — 20 c./sec.], 

having relative intensities approximately 4:1. Whereas the signal at 

T 26.35 was very sharp, the one at 27.95 was broad and less well 

resolved. Since identical spectra are obtained irrespective of the 

original halide complex used, the species in solution probably do 

not contain any residual halide. Treatment of the resulting solution 

with either borohydride ion, perchloric acid or ammonia, produced no 

change in spectrum. 

(ii) The proton resonance spectra of solutions of the [Rh en2X2]
+ 

complexes, after treatment with borohydride ion were in agreement 

52 
with those published previously-  for the cis and trans[Rh en2H2] 
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complexes. After addition of ammonia to the dthydride solutions 

the proton resonance spectra were identical with that previously 

assigned (subsections(a) and (b)) to the cis - trans[Rh en2(NH3 )H]21-

equilibrium mixture. 

(iii) On addition of ethylenediamine to solutions of [Rh en2X2] 

previously treated with borohydride ion, the spectrum was as that 

described in (i) above. 

(iv) When an aqueous solution of cis[Rh ene(H20)H][01002, 

previously isolated from acidified solutions of trans[Rh en2(N113  XOCC10021 

was treated with ethylenediamine the proton resonance spectrum was 

identical with that described in (1) above. 

At this point, two observations appeared to be pertinent in 

comparing the products derived from the alternative hydride sources. 

Firstly, the chemical shifts and coupling constants of the products 

derived from borohydride treatment are very similar to those attributed 

to the aquo-species derived from trans[Rh en2(NH3 )11]
2+ 

by acid treatment. 

It appeared possible that the species previously formulated
52 

as being 

the cis and trans[Rh en2H2]
+ 

complexes could be in fact the cis and 

trans[Rh en2(H20)H]
2+ 
 complexes. The differences in chemical shift 

(0.5 p.p.m.) between the signals could be explained in terms of 

solvent effects on the hydride (the dihydrido complexes were prepared 

in alkaline borohydride solutions whereas the [Rh en2(H20)H]2  

complexes were prepared in acid solutions). Indeed, appreciable 

solvent shifts have been noted13 for the hydride in the complex 
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trans[Pta(PEt3)2], where the shifts were T 26.9, 28.1 and 29.0 in 

benzene, ethanol and chloroform respectively. It was further found 

in the present work that addition of ammonia to each of the complexes 

formulated as cis and trans[Rh en2H2]
+ and cis and trans[Rh en2(H20)M2  

gave the proton resonance spectrum of the cis - trans[Rh en2(NH3)102  

equilibrium mixture. 

In order to test this idea, a solution obtained by treating 

trans[Rh en2Br2][NO3] with borohydride ion was mixed with a solution 

obtained by treating trans[Rh en2(NH3)H][C104]2  with perchloric acid. 

The proton resonance spectrum of the resulting solution, in which 

three hydride signals were observed, showed that the products 

derived by the alternative treatments were quite separate and 

distinct. Furthermore, the electronic spectrum of an aqueous 

solution of cis[Rh en2(H20)H][01002, which has a band at X 295 

(el  275) (on the low-energy side of a charge-transfer band) was 

quite different from those of either of the complexes previously 

formulated as dihydrides. 

In considering the observations outlined in (i) in conjunction 

with those of (iii) and (iv), it must be concluded that the complexes 

obtained by zinc/ethylenediamine treatment, contain monodentate 

ethylenediamine; the two signals in the proton resonance spectrum 

probably arise from geometrical isomers. The observation that the 

signals always have the same relative intensity irrespective of the 

method of preparation, suggests that the isomers are in equilibrium. 
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However, the trans ligand (a monodentate ethylenediamine group) is 

apparently not replaced by water in perchloric acid solution which 

does not at first seem to be consistent with the labilising effect 

found for a hydride ligand in the [Rh(NH3)5H]24- and [Rh en2(NH3  )H]2  

complexes. One possibility would be for the ethylenediamine to 

act as a bridge between two separate hydridobisethylenediamine 

complexes. This formulation again would require ethylenediamine 

to be purely monodentate with respect to each complex cation and 

as such should be labile. 

That these relatively simple complexes have not been characterised 

only serves to emphasise the importance of isolating pure solids. 

II. Treatment of [Rh(NH3)5H] 2+  with 1,3-diaminopropane 

The reaction of the hydridopentamminerhodium(III) complex with 

1,2-diaminopropane, is entirely analogous to that with ethylene-

diamine and [Rh pn2(NH3  )HJEC1002  is isolated as large colourless 

crystals. The reaction was again followed in the high-field region 

of the proton resonance spectrum and in this case, the intermediate 

signal was superimposed upon that of the hydridopentammine complex but 

had J(Rh-H) 18 c./sec. The final solution (and also an aqueous 

solution of the pure solid) had signals at T 26.3 [J(Rh-H) 21. c./sec.] 

and T 27.4 [J(Rh-H) 24 c./sec..] with relative intensities 3:1. When 

perchloric acid was added, both signals disappeared and were replaced 

by two more signals centred at T 31.7 [J(Rh-H) 32c./sec.] and T 32.3 

[J(Rh-H) 30 c./sec.] with relative intensities 1:3. The increases 

in chemical shift and coupling constants, noted in the related 
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ethylenediamine complexes, are again evident. In the infrared 

spectrum of the original pure solid, the (Rh-H) stretching frequency 

is at 2060 cm.-1  and there is only one sharp band at 1595 cm.
-1 

indicating, by previous reasoning, that the crystalline solid is the 

trans isomer. 

III. Treatment of FRh(NH3)H]2+  with triethylenetetramine and diethilene-

triamine. 

The stepwise formation of products has not been investigated nor 

have pure solids been isolated from these reactions. The proton 

resonance spectra of solutions containing excess amine have been 

measured. 

In the reaction with diethylenetriamine, two hydrides are formed; 

these have proton resonance signals at T 26.1 [J(Rh-H) 18 c./sec.] 

and T 26,45 [J(Rh-H) 20 c,/sec,] having equal intensities. 

In the reaction with triethylenetetramine, three hydrides are 

formed; these are assigned to the isomeric hydridoamminetriethylene-

tetraminerhodium(III) complexes. The proton resonance signals are at 

T 25.45, 26,05 and 26,5 with J(Rh-H) 19, 20 and 22 c./sec. respectively. 

The signals have the relative intensities, 2:1:2 approximately. 

IV, Treatment of [Rh(NH3)51-1]2+  with cyanide ion  

The stepwise formation of products and the stoichiometry of 

reaction of the hydridopentammine complex with potassium cyanide 

solutions has been investigated. With the addition of one molar 

equivalent of KCN to an aqueous solution of [Rh(NH3)5H]S0g$  in the 

presence of air, the solution underwent a series of striking colour 
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changes indicating the formation of one or more air-sensitive 

products, i.e., 

fast 	
fast intense

slow colourless 	pale green 	blue-black ----obrown. 

The blue product is present as a fine suspension; this suspension 

has no high-field proton resonance signal below T 40. With the 

addition of a further three molar equivalents of cyanide ion, the 

blue colour was discharged and the remaining solution contained 

two hydrides with proton resonance signals at T 21,4 [J(Rh-H) 12,5 c./sec.] 

and T 26.4 [J(Ril-H) 15 c./sec.]. When the 07:Rh ratio was made up 

to 5:1, the signal at T 26.4 disappeared leaving the one at T 21.4. 

When the reaction was repeated in the absence of air, (in deoxygenated 

solvents), the colour sequence was not observed but the final solution 

had the signal at T 21.4 eith the same intensity as that measured 

in the aerobic treatment. This hydrido-complex has previously been 

isolated as a solid by two other workers and has been characterised 

separately as K3  [Rh(CN)5  H] 56  and K2 ph(CN)4(H20)H] 10. Aqueous 

solutions of both had identical proton resonance spectra and in both 

cases reliable elemental analyses were presented. It was proposed10 

that the mutual trans effects of hydride and cyanide would result in 

the formation of the hydridoaquotetracyanorhodate(III) complex but it 

was also noted that the addition of excess cyanide ion brought about 

no change in proton resonance spectrum. The complex K3[Rh(CN)511] 

was recovered unchanged from aqueous solutions when the solvent was 

removed by evaporation. It is entirely possible that different 
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solid complexes can be precipitated by different methods from solutions 

which contain a common species; however, the fact that five moles 

of cyanide are required for complete conversion of the hydridopentammine 

complex points to the hydridopentacyano complex as being the more 

likely formulation. 

The intermediate blue-black suspension has an appearance very 

similar to the blue polymeric [Rh(C0)2CN]n, isolated as an intermediate 

in the alternative method for preparing the hydridocyano-complex
10
; 

it is probably a polymeric cyanoammine complex. 

An attempt was made at preparing Baph(CN)4(H20)H] by treating 

one molar equivalent of [Rh(NH3)4(H20)H]SO4  with two moles of barium 

cyanide whereby it was hoped that, after the stoichiometric displace- 

ment of ammine by cyanide and removal of sulphate as insoluble BaSO4, 

the desired product would be obtained by evaporation to dryness. 

However during the concentration stage which was carried out under 

vacuum at room temperature, the solution turned deep blue. It was 

found that a large excess (..,10 molar) of cyanide was necessary to 

avoid this colour change, however, the necessity of having to use 

excess Ba(CN)2  defeated the purpose of the exercise, 

Discussion  

It is generally found that substituted aminerhodium(III) 

complexes do not readily undergo structural rearrangements, in 

contrast with their Co
III 

analogues. The Co
III 

complexes which 
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isomerise, do so when they contain either a croup of strong trans 

labilising power, or a bidentate chelating ligand, or both. Thus 

the cis and trans [Co en2(1120)NH3]3+  complexes, in basic solution, 

were said to rearrange54  via the reversible labile dissociation 

of one end of an ethylenediamine ligand under the influence of the 

high trans labilising power of the hydroxo ligand. In the 

+ 
[Co en2(H20)NO2] complexes, isomerisation was said55 to occur via 

the initial formation of the nitrito-complex which is present in 

small concentration in equilibrium with the nitro-complex. The 

nitrito ligand could then chelate and in so doing could bring about 

the synchronous replacement of one end of a coordinated ethylene-

diamine ligand. All these processes were said to be reversible 

and as such led to structural isomerisation. 

In view of the reversible lability of the amine ligand (either 

the ammine group or one end of an ethylenediamine ligand) trans to 

the hydride in trans or cis[Rh en2(NH3)H]2+, it is not surprising 

that these complexes undergo structural rearrangements. The ready 

reversibility found in this system is probably accounted for by the 

fact that only small energy factors differentiate between the 

structural isomers. The latter factor appears to be quite general 

for analogous ammine and ethylenediamine complexes of RhIII, for 

example, the electronic spectra of cis and trans[Rh en2(NH3  )C1]2  

complexes are virtually identical.53 Furthermore, the trans 

en2(NH3)C1] complex has almost exactly the same activation 
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enthalpy for loss of chloride as does the [Rh(NH3)5C1]
24. 

complex.
43 

Thus the relative stability of a particular isomer of the 

[Rh en2(NHOH]
2+ complex compared with that of the alternative 

isomer, in aqueous solution, is probably insufficient to encourage 

the formation of a preferred configuration. 

In considering the relative inertia of Rh
III complexes compared 

with their CoIII analogues, it appears that the presence of a powerful 

trans labilising ligand such as hydride or cyanide, is a prerequisite 

for the structural rearrangement process, In RhIII complexes, the 

trans labilising effect of say an OH group is not sufficiently 

great to initiate isomerisation. It is significant however, that 

of the dihalidobisethylenediaminerhodium(III) complexes, only the 

cis di-iodo complex shows any tendency to rearrange to the trans 

isomer.53 
 

This is probably a result of the greater trans labilising 

power of an iodu ligand compared with that of the other halides. 

Even so, this rearrangement is slow (-5 days) and is not reversible. 

Experimental 

Wherever possible, preparations were carried out in test tubes 

under a constant stream of nitrogen. Solids were collected by 

filtration through sintered-glass filter beds - the use of filter-paper 

often led to contamination with consequent errors in carbon analyses. 

All solids were vacuum dried at room temperature. 
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(a) trans Hydridoamminebisethylenediaminerhodium(III) perchlorate 

To a solution of hydridopentamminerhodium(III) sulphate (0.5 g) 

in water (5 ml) was added ethylenediamine (0,4 ml). The slurry was 

warmed to 40°  with gentle shaking until complete dissolution occurred, 

Solid sodium perchlorate (6 g) was added and the whole heated to 

731
o at which temperature a fine suspension was obtained. The tube 

was sealed and allowed to cool to room temperature before being 

stored in an ice-brine mixture for a further half hour. The crude 

product was collected and quickly transferred to a vacuum desiccator 

for drying. At this stage, the crude product is fairly soluble in 

acetone hence this solvent cannot be used to aid removal of water. 

The dry crude product was redissolved in the minimum of water at 64e 

and allowed to cool, as before, in the sealed tubc, The large 

colourless crystals were collected, washed with acetone (1 ml) and 

dried in a vacuum. Yield 65%.  The ethylenediamine charge is 

fairly exacting since the use of insufficient leads to incomplete 

replacement of ammine whilst an excess of ethylenediamine appears to 

solubilise the produce and low yields are obtained. Any unreacted 

hydridopentammine complex is readily detected by the presence of 

large needle crystals in the crude product before filtration. 

Complete conversion is then effected by aiding a further drop 

(0.1 ml) of ethylenediamine and reheating the solution as before. 

I.r. 3360s, 3320s, 3275s, 3180s, 3110m, (N-H) stretch; 2980m, 2975m, 

2960m, 2890mw, (C-H) stretch; 2056s, (Rh-H) stretch; 1603s, 6(NH2)asym; 
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others, 1482m, 1470ms, 1460m, 1410mw, 1380w, 1365mw, 1335m, 1300m, 

1250ms, 1190ms, 1087vs, 1010m, 970m, 940w, 870w, 775mw, 750w, 735w, 

625vs, cm.-1. 

(b) trans Hydridoamminebis(I-24iaminopropane)rhodium(III) perchlorate 

The procedure was as that described in (a). The quantities 

of reagents used were as follows:- hydridopentamminerhodium(III) 

sulphate (0 .5 g), water (5 ml), 1,2-diaminopropane (0,8 ml), sodium 

perchlorate (6 g). In this case, the yield was not reduced by the 

presence of excess amine; again, large colourless crystals were 

obtained on recrystallisation from water. Whereas in (a), the 

crude product was invariably a mixture of isomers, in this case only 

the trans isomer separated. Yield 45%. 	I.r, 3360ms, 3320s, 

3280s, 3180ms, (N-H) stretch; 2985m, 2970m, 2960m, 2870mw, (C-H) 

stretch; 2O6Dms, (Rh-H) stretch; 1595ms, 6(NH2) asym.; others, 

1460ms, 1395w, 1375ms, 1360w, 1350w, 1340w, 1305w, 1245ms, 1220ms, 

1190m, 1085vs, 1010m, 935w, 910w, 840w, 830w, 780w, 625vs, cm,-l. 

(c) cis Hydridoaquobisethylenediaminerhodium(III) perchlorate 

Sufficient perchloric acid solution (1:15 HC104:H20) was added 

dropwise, with gentle heating, to hydridoamminebisethylenediamine- 

rhodium(III) perchlorate (0.5 g),  until the solid just dissolved at 

,, 600 	On cooling in ice-brine, a mixture of the desired product 

and the ammine precursor, separated. The solid was collected and 

the process was repeated three times before complete conversion was 
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achieved. The product separated as fine colourless needles. 

These were collected, washed with petroleum-ether (2 ml), to remove 

traces of solvent and dried in a vacuum. If solutions are too 

strong in acid, there is some co-precipitation of ammonium perchlorate. 

Yield 10%. 	I.r. 3565ms, 34?Oms, (0-H) stretch; 3320s, 3270s, 

3190ms, (N-H) stretch; 2135s (Rh-H) stretch; 1630m, 6(0H2) asym; 

1610ms, 1600s, 1588s, 8(NH2) asym.; others, 1480m, 1400w, 1385m, 

1365m, 1320w, 1290m, 1200s, 1170ms, 1085vs, 780ms, 740mw, 625vs7  

(d) cis Hydridoamminebisethylenediaminerhodium(III) perchlorate 

This product was obtained by the procedure outlined in (a) 

with some minor modifications. The exact conditions are not known 

and could not be accurately reproduced, however, the following approach 

was used. Hydridopentamminerhodium(III) sulphate (0.5 g) was 

dissolved in water (-15 ml). Ethylenediamine (-0.5 ml) was 

added and the solution was heated to 600. Sodium perchlorate 

(unknown wt.) was added until precipitation was adjudged to be 

complete on cooling as before. 	(After successive additions of 

sodium perchlorate the solution was reheated to dissolve.) Crude 

yield 25%. 	I.r. 3350m, 3320s, 3270s, 3175s, 3110m, (N-H) stretch; 

2025s, (Rh-H) stretch; 1630m, 1620s, 1605s, 1595s, o(NH.d asym,; 

others, 1400m, 1380m, 1330m, 1295m7  1285m, 1240m, 1200m, 1085vs, 

1010m 990mi 945w, 935w, 895w7  800mw, 760mw, 625vs, cm,-1. 
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(e) Observation of the cis - trans[Rh en2(NH3)H]2+  equilibrium 

The Perkin-Elmer R14 model n.m.r, spectrometer has facility for 

repetitive scanning of fractions of the total scale calibrated on the 

oscilloscope screen. 	In this experiment, 2.5 p.p.m. was scanned at 

intervals of five seconds. To a powdered sample of trans hydrtdo-

amminebisethylenediaminerhodium(III) perchlorate (25 mg), contained 

in an n.m.r, tube, was added ice-cold acetone (1 ml). 	To the 

resultant slurry was added ice-cooled water (0,5 ml) and the tube 

was quickly transferred to the n.m.r. probe. The instrument controls 

had been adjusted using a trial sample, immediately prior to the 

experiment. The range T 26.0 - 28.5 was inspected. Originally, 

only one signal, that at T 27.8, was observed and within one minute, 

this signal decayed with the concurrent growth of the signal at 

T 26.3 until equilibrium was reached. 
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CHAPTER III 

Introduction 

In recent years, many binuclear complexes of cobalt, containing 

bridging peroxo (022 ) and superoxo (02 ) ligands, have been 

characterised. The crystal structures of several complexes have 

been reported, e.g. [(NH5)5Co.02.Co(NH3)5]54- 57 and 

[(NH3  ) Co.02  .Co(NH3  )5] 44- 58 	In some cases, the peroxo or superoxo 

.10 

bridge is reinforced by another ligand, e.g. NH2  in the complex, 

[en2Co.u(NH2,02).Co en2]4  59 	The superoxo complexes are para-

magnetic and whilst this phenomenon may be considered to arise 

from the unpaired electron of the superoxo ligand, the e.s.r. 

spectra (in which the hyperfine structure consists of fifteen 

lines) shows that the odd electron spends some time under the 

influence of the cobalt atoms, e.g, in the complex 

[(CN)5Co.02.Co(CN)5]5 . 6°  The chemical properties of peroxo and 

superoxo cobalt complexes have been extensively studied. 61 One 

interesting reaction is that of SO2  with the complex 
NH2  

34.  [en2Co..µ(NH2,02).Co en2]4-1- 	 S where the complex [en2Co < O4  > Co en2 ]  
is formed.62 

The only rhodium complex which contains the higher valency 

oxygen ligands is the one obtained by the reaction of [Rh(CN)4(H20)H]2  

with molecular oxygen. There is some evidence63 that it is the 

hydroperoxo complex, ph(CN)4(H20)00H]27 however the formation of 

4- 
the complex [(H20)(CN)4Rh.02.Rh(CN)4(H20)] 	is a possibility.

10 



In this chapter, the reaction of molecular oxygen with the 

hydridoaquotetramminerhodium(III) complex is described. Two 

paramagnetic compounds have been isolated; these have not been 

positively characterised, although their properties have been 

studied in some detail. 

I. The Reaction of [Rh(NH3)4(H20)H]SO4  with Molecular Oxygen 

An aqueous solution of Ph(NH3)4(H20)H]SO4  reacts with 

molecular oxygen by what is apparently a two stage process. For 

a saturated solution (0.04 molar) there is an initial rapid uptake 

of oxygen (ca. 0.75 moles 02  per g. atom of Rh, over 10 min.) and 

an apple-green colour develops. This solution contains a para-

magnetic species as shown by the electron spin resonance spectrum 

of the frozen solution (see experimental section). More slowly 

(ca., 11 hr.), oxygen is given off from this solution and an intense 

blue colour develops, i.e., 

-0 aq. [Rh(NH3)4(H20)H]2+ 	0 apple-green -24 intense blue. 

In this sequence, the rate of the first reaction is considerably 

greater than that of the second consequently, when more dilate 

solutions are employed, the apple-green colour persists for some 

time. It has not been possible to isolate a solid from the green 

solution by the addition of any of the common anions. Furthermore, 

addition of acetone or removal of water by vacuum distillation only 

accelerates the conversion to the blue product. 

Two solids, one pale yellow the other blue, have been isolated 

from the final blue solution; these products are discussed in 

82 
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sections II and III respectively. The blue product is paramagnetic 

and reacts reversibly with acid and base to form other paramagnetic 

species. These reactions are discussed in section IV. 

II. Hydroxoaquotetramminerhodium(III) perchlorate  

The pale yellow compound, which appears to be the main product 

of the reaction with oxygen, has been obtained as the crystalline 

perchlorate salt. This salt analyses for ph(NH3)4(H20)(OH)][C1002, 

is diamagnetic and has a strong band at 3560 cm.-1 in the infrared 

spectrum attributable to v(0-H). The electronic spectrum which has 

bands at X, 350 (e, 90) and X, 290 (et  135) 	is similar to that 

of [Rh en2(H20)(OH)]24.  which has bands at X, 340 (e, 88) and A, 270 

(e, 158) mil.
64 

III. The Nature of the Blue Compound  

The blue compound, which has been obtained as the perchlorate 

salt, is stable at room temperature but explodes on heating to 1800. 

Before considering the paramagnetism of the complex, it was necessary 

to obtain the molecular weight of the compound. The compound 

analysed for Cl:N:0 as 1:2:5 (+ 0.25) and therefore each (Rh(NH3)4) 

unit is associated with two perchlorate ions. The additional 

oxygen was assumed to be present in the form of peroxo, hydroperoxo, 

superoxo, hydroxo or aquo ligands. All the perchlorate was assumed 

to be ionic and therefore the charge on the cation had to be some 

multiple of 2. This charge was then determined by a conductimetric 

method65 and was found to be 4. The complex can therefore be 

considered to be of the form - 
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AA 
✓UNH3)4Rh 	Rh(N1-13)4]4+  or UNH3)4R11 -. 	Rh(NH3)4] 

B" 
C 	D 

wherein the bridging ligands A and B could be hydroperoxo, superoxo, 

peroxo, hydroxo or aquo groups. The ligands C and D could be all 

of the aforementioned groups with the exception of peroxo and 

superoxo. Alternatively the presence of rhodium in oxidation 

state II or IV is a possibility. 

Under ideal conditions, it should be possible to establish the 

nature of the complex from its magnetic properties, its electron 

spin resonance spectrum and by titration with standard oxidising 

and reducing agents. The magnetic moment should indicate the 

number of unpaired electrons per molecule, the e.s.r, spectrum could 

possibly show some rhodium hyperfine structure and the redox titrations 

should define the nature of the oxygen ligands. However, none of 

these measurements was conclusive for a particular formulation. 

The temperature variation of the magnetic susceptibility has 

been measured and, when calculated for a formula weight of 400 

(i.e. per Rh atom), the magnetic moment decreased from 1.6 B.M. 

(at 293°K) to 1.3 B.N. (at 87°K). The room temperature magnetic 

moment is taken to indicate one unpaired electron per rhodium atom 

although this unpaired electron need not reside on the rhodium. 

One possible formulation for a complex having two unpaired 

electrons and a cationic charge of 4 would be - 



.N.  

[(1\1113 	 .."• 

-4'

02
Rh(NH3)4]1++  

027"  

This complex can be regarded as containing two Rh
IV 

ions bridged by 

two peroxo ligands or alternatively as two Rh
III 

ions bridged by 

two superoxo ligands. 

The e.s.r, spectrum has been measured and is listed in the 

experimental section. No rhodium hyperfine structure could be 

detected in the signal. 

The redox titrations have been carried out with both acidified 

permanganate and I -/5203
2,
. In neither case was the reaction 

stoichiometric and very low results were obtained (less than one 

electron change per molecule of blue compound). 

IV. The Reactions of the Blue Complex with Acid and Base  

The electronic spectrum of an aqueous solution of the blue 

compound has one band at k, 580 11111 (e, 4000). When strong acid 

is added, this band shifts to Al  565 mµ (e > 4000) and when excess 

sodium hydroxide is added to the resulting solution or to the 

original blue solution, the bands shift to A 590 141 (e > 4000). 

The alkaline solution is a paler blue and the acid solution is 

purple; these solutions contain paramagnetic compounds. The 

interchange between acid and alkaline species is reversible hence, 

the complexes formed are evidently closely related and are probably 

dimeric, having two rhodium atoms bridged by oxygen ligands. 

It has not been possible to isolate a solid from the alkaline 

solution however, when the blue compound, discussed in section 

85 



86 

is recrystallised from 90% trifluoroacetic acid, shiny purple crystals 

of a paramagnetic compound are formed. From the analysis, which 

shows the C:N ratio to be 2:1, it follows that there must be eight 

'trifluoroacetic units per complex cation. Formally, the crystals 

must contain trifluoroacetic acid molecules of crystallisation; 

it is probable however, that the trifluoroacetic acid molecules 

are present as dimeric units of the form, [H(Fa)2] (Pa = trifluoro- 

acetate). The existence of these units has previously been shown66 

in the compound Rb[H(Fa)2]. 

In an attempt to determine the number of trifluoroacetic acid 

molecules, the purple compound was heated at SO°  under vacuum (it 

was intended to carry out a thermogravimetric analysis), hoWever 

the compound slowly decomposed to an intractable yellow gum. 

The molecular weight of the purple solid should be approximately 

1300. A pH titration was carried out with dilute NaOH solution; 

the end point (pH 7) corresponded to 3 strong acid protons per mole 

of compound. However, it is not certain that all these strong 

acid protons are derived from 'free' trifluoroacetic acid since 

there could be some ionisation of a proton originating in the complex 

cation. 

The oxidising power of the purple complex has been determined 

by titration with I -/5203  and for a molecular weight of 1300, the 

complex is a 3 electron oxidising agent. Surprisingly however, 

the oxygen ligands within the complex are not oxidised by acid 

permanganate. 
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DISCUSSION  

It is evident that the reaction with molecular oxygen is very 

involved however, several experiments on the compounds isolated, 

have yielded quite definite results, e.g. for the purple complex, 

the acid-base titration showed the presence of 3 strong acid protons 

and the I -/S2032- titration indicated a 3 electron oxidation process. 

Moreover, the magnetic measurements on the blue compound showed the 

presence of one unpaired electron per rhodium. 

Despite these good results, not one of the paramagnetic products 

has been positively characterised. However, the preliminary X-ray 

data67 obtained for the crystal structure of the purple salt confirm 

the earlier conclusion that these compounds contain two tetrammine-

rhodium units bridged by oxygen ligands.  The oxygen ligands are 

disordered in the crystal and the data have not yet been refined 

to give a definite structure. 

EXPERIMENTAL 

(a) The reaction of [Rh(NH3)4(H20)H]SO4  with oxygen. A solution 

of [Rh(NH3)4(H20)H]SO4  (0.5 g,) in water (50 ml.) was stirred in 

an atmosphere of oxygen in a closed system, for three hours. 

Saturated sodium perchlorate solution (..• 20 ml.) was then added; 

the blue product precipitated out over a period of ca, three hours. 

This product was filtered, washed with acetone (10 ml.) and dried 

in a vacuum. Yield, ca., 15%. The compound analysed for 

Cl, 17.7; H, 3.8; N, 13.9; 0, 39.7%; from these figures, the 



C1:N:0 ratio is 1:2:5. The infrared spectrum has no bands other 

than those arising from the ammine ligands and all these bands were 

rather broad, 

(b) Hydroxoaquotetramminerhodium(III) perchlorate. This product 

was isolated from the filtrate obtained after removal of the blue 

precipitate described in (a), To this filtrate was added sufficient 

sodium perchlorate (— 20 g,) to saturate the solution. The impure 

product which precipitated within five minutes was collected and 

washed with acetone (10 ml.). The product, which was contaminated 

with the blue compound, was purified by recrystallising several 

times from boiling water. The pure product separated as pale yellow 

crystals; these were collected, washed with acetone (10 ml.) and 

dried in a vacuum. Yield 35%. Found, N, 13.6; H, 3.6; Cl, 17.5; 

RhN4H15010012  requires, N, 13.8; H, 3.7; Cl, 17.5%. 	I.r., 3560s, 

3330s, 3270s, 3210s, 2010w, 1640m, 1560m,br, 1310m, 1080vs, 810m, 

620vs, cm.-1. 

(c) Recrystallisation of the blue compound from trifluoroacetic acid 

Sufficient 90% trifluoroacetic acid was added dropwise to the 

blue compound obtained in (a) so that complete solution was obtained 

on boiling. On cooling, shiny purple platelets of the product were 

formed. These were collected and dried in a vacuum for twelve 

hours. 	Yield ca., 50%. Found, C, 15.1; N, 9,0; H, 2.4; from 

the analysis, the C:N ratio is 2:1. 	T.r., 3300s,br, 2090vw, 1790s, 

1690s, 1610m,sh, 1420m, 1330m,sh, 1320s, 1100vs,br, 820m, 790m, 730m, 

-1 715s, cm.. 
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(d) Determination of the charge on the cation of the blue product  

It has been shown65 that the gradient of the grqph obtained by 

plotting X0  - e 
versus Id for a strong electrolyte can be used to 

establish the electrolyte type ('\ = equivalent conductance at 

infinite dilution; Xe 
= equivalent conductance at a particular 

concentration; C = concentration in molar equivalents per litre). 

It is first necessary to establish the equivalent weight of the 

compound. For the compound under consideration, the microanalysis 

shows that the formula weight is 402 and since there are two per-

chlorate ions per rhodium atom, the charge on the cation must be 

some multiple of 2. The equivalent weight is therefore half the 

formula weight and equals 201. 

The cell constant was obtained using standard A.R. NaCl solutions 

at two concentrations and was found to remain constant throughout 

the experiment. The equivalent conductance at 25°, was obtained 

for a series of solutions of the blue product and a value of X0  

(155 ohm.-1cm.2  equiv.-1) was obtained by plotting ke  versus IC' 

(Fig.8). The values of X0  - Xe were then plotted versus lb (Fig.9) 

and the gradient of the graph found to be 522. This figure compares 

very well with the values obtained for other 4:1 electrolytes, 

examples of which are listed in table 3.1.65 

It is concluded that the charge on the cation is 4+. 
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Table 3,1  

Values of X0  - X
e for various ion types in water. 

Compound iIon type 
i 

Gradient 

KC1 j 1 : 1 92 

[Co(NI-13  )5  (NO2  )]C12  2 : 1 185 

K5[Fe(CN)6] 3 : 1 285 

K4[Fe(CN)6] 4 : 1 525 

[CO2  N2  02 (NH3 )1 0 ] [NO3 It 4 : 1 538 

(e) Determination of the temperature variation of the paramagnetism  

of the blue compound  

Magnetic measurements were carried out on a variable-temperature 

Gouy Balance constructed by Dr D. Forster to the design of Figgis 

and Nyholm.68 The instrument had previously been calibrated by 

Mr D. Marsham using Hg[Co(SCN)4], the magnetic properties of which 

are known. 69 The paramagnetic susceptibility 	was calculated 

per rhodium atom by taking a value of half the molecular weight of 

the dimer. The correction for the diamagnetic contribution of the 

constituent atoms was calculated to be 170 x 10-6 

The temperature variation of 1/ym  is shown in Fig.10. At 

temperatures greater than 130oK, the points lie on a straight line; 

below this temperature, the points lie on a smooth curve. The 
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magnetic moment per rhodium atom decreases from 1.6 (at 2930) to 

1.3 B.M. (at 87°). From the room temperature value, it is concluded 

that there is one unpaired electron per rhodium atom, 

(f) Titration of the purple complex with sodium hydroxide  

Weighed amounts of the purple solid (,, 30 mg,) were dissolved 

in water (10 ml.) and these solutions were titrated with N/100 NaOH 

solution. The pH was measured after each addition of 0.04 ml. 

Increments. Titrations were carried out on separately prepared 

samples and in all cases, a sharp change in pH from ^6 to -8 was 

observed for the addition of one increment of NaOH solution. 

Calculations were based on a molecular weight of 1300. 

0.0346 g = 8.20 ml.igo  NaOH i.e. 3.1 moles NaOH per mole 

of complex. 

(ii) 	0.0298 g = 7.0 ml. 100 NaOH i.e. 3.0 moles NaOH per mole 

of complex. 

It is concluded that there are three strong acid protons per 

mole of purple compound. 

(g) Titration of the purple complex with I-/S203  

Weighed amounts of the purple complex ( ,̂10 mg.) were dissolved 

in water (25 ml.) and an excess of potassium iodide was added. The 

solution was gently swirled and within 15 seconds, the purple colour 

of the complex had been replaced by the brown-red colour of the 

liberated iodine. The solution was titrated with N/100 sodium 

thiosulphate solution to a colourless starch end-point. Again the 



OH- 

blue solution (Fig,14) 

H
+ 

purple solution (Fig.13) 

calculations were based on a molecular weight of 1300 and titrations 

were carried out on separately prepared samples. 

(1) 	0.00965 g. = 2.19 ml, 100 n
3  
 = 4 96 moles 5203=  per 

mole of complex. 

(ii) 	0.01105 g. = 2.47 ml. .m5
2
0
3 

 i.e., 2.91 moles S203=  

per mole of complex. 

It is concluded that the purple complex is a 3 electron oxidant. 

(h) Electron Spin Resonance spectra of the paramagnetic products  

The e.s.r. spectra have been measured for frozen solutions 

(-170
o
) of the species obtained in the following reaction sequence. 

[Rh(NH3  ) 4  (H2  0)HPO4  

02 
V 

apple-green solution (Fig.11) 

further reaction 
-02 

blue solution (Fig.12) 
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The spectra, which are reproduced in Fig.11 m'14 are diagrammatic and 

are not drawn to the same scale. 

The g values were determined by comparing the magnetic field 

value with that of a particular line in the hyperfine structure of 

the spectrum of a 0.1% solid solution of Mnal.  in Mg0 containing 

a small amount of D.P.P.H. 
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Fig.10. The temperature dependence of the paramagnetism 
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Fig.11. E.s.r, spectrum of the apple-green solution 
= 2.11; g2  = 2.01; g3  = 1.99. 

H 

Fig.12. E.s.r, spectrum of the blue solution 
gt  = 2.09; g2  = 2.04; g3  = 2.01. 
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E.s.re  spectrum of the purple acid 
solution. 
gi  = 2.14; g2  = 2.07; g3 = 2.03. 

H 
Fig.14. E.s.r, spectrum of the blue alkaline 

solution. 
= 2.10; g2  = 2.03; g)  = 1.99. 
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