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Summary. 

In part one, spectroscopic methods are used in a study 

of the products of some metal-promoted reactions of 2-cyano- 

pyridine. This compound reacts exothermically with copper(II) 

chloride in methanol to give dichlorobis/ 0-methylpyridine- 

-2-carboximidate /copper(II). Methyl 2-picolinate and 

pyridine-2-carboxamide may both be obtained in good yield 

via metal-promoted reactions of this type. Some proposed 

mechanisms for these reactions are discussed. Nine new com- 

plexes of O-methylpyridine-2-carboximidate are characterised 

by spectroscopic, magnetic, and conductimetric methods, 

Spectroscopic evidence for the electron-rich nature of this_ 

ligand is used in an explanation of its unusually high d- 

orbital splitting capacity. 

In part two, infrared and Raman data for triphenylamine, 

tri(2-pyridyl)amine, tri(2-pyridyl)phosphine and tri(2-pyridyl- 

arsine) are presented, and vibrational assignments are pro- 

posed. A literature survey focuses attention on inter-ring 

vibrational coupling in these molecules. 

In part three, assignments for metal-ligand vibrations 

in a closely related series of complexes of the type 

bis/ tri(2-pyridyl)amine 7M *2x~ are made by comparing infra- 

red and Raman data obtained in both solid state and in solution. 

Most of the "ligand" vibrations of the centrosymmetric cations 

(Dag symmetry) are accidentally degenerate, but splittings 

are observed in the low-spin complexes. Variable temperature 

magnetic and spectroscopic studies of bis/ tri(2-pyridyl)- 

amine /cobalt(II) perchlorate show that an equilibrium
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between Ye and on spin states exists in this complex. The 

dependence of the susceptibility on the crystal structure 

in complexes of this type is attributed, in part, to variations 

in the abilities of different lattices to accommodate the 

predicted Jahn-Teller distortions in the low-spin isomers. 

Explanations are given for the unusually high A value pro- 

duced by terdentate tri(2-pyridyl)amine, and for its tendency 

to form diacidobis(bidentate) complexes.
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Preface 

The work described in the first part of this thesis, 

although not directly related to the other two parts, en- 

abled mé: to gain some experience in the experimental and 

theoretical methods used in the characterisation of trans-— 

ition metal complexes. The topic: selected arose out of a 

chance observation which I made while working as a vacation 

student at the (then) National Chemical Laboratory. At that 

time (1963), the development of far-infrared instrumentation 

was in its infancy, and laser Raman spectrometers were un- 

known. However, we had access to a machine which would scan 

bOx 9.75 om” |, and it seemed logical to prepare complexes using 

the highly purified organic bases then available at Teddington 

and te examine their spectra. I found .to my surprise that 

the infrared spectra of copper complexes eae 2-cyano- 

pyridine were markedly different from the spectrum of the 

free base, and from the spectra of copper complexes of 3— and 

4-cyanopyridine. A few preliminary infrared spectra and 

analyses were obtained at Teddington, but the complete charac-— 

terisation of all the complexes was carried out during the 

tenure of my Research Assistantship at Aston. I will remain 

grateful to Dr. J.H.S. Green (N.P.L., Teddington) for stim- 

ulating my interests in spectroscopy and coordination chem— 

istry, and for the many useful discussions we had during the 

early stages of the work. 

Parts Two and Three describe the results of an attempt 

to apply the latest and most sophisticated vibrational spec- 

troscopic methods to the investigation of a set of complexes 

of a chelating heterocyclic ligand. This involved careful
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selection of a group of complexes which could be studied in 

both infrared and Raman, and in solution as well as in the 

solid state. The eventual choice of the tri(2-pyridyl)amine 

complexes was fortunate in that the coordination chemistry 

of this ligand had been studied in this department for some 

time. If Part Two seems unduly long, this is because I con- 

sidered it essential to arrive at a definitive assignment for 

a closely related molecule (triphenylamine) before proceeding 

to work on the ligand and its complexes. 

The use of sophisticated instrumental techniques involved 

visits to no fewer than five other Universities, and it is 

a pleasure to record my appreciation of the unstinted assis-— 

tance I was given wherever I went.: In particular, I am . 

grateful to Drs. D.M. Adams, B.J. Hathaway, and A.E. Underhill 

for their advice and encouragement. Thanks are also due to 

Drs. J.A. Creighton and G. Davidson for allowing me to use 

Raman spectrometers at Canterbury and Nottingham, respectively, 

and to Dr. R.R. Smardzewski for obtaining low-temperature 

Raman spectra. The variable-temperature magnetic susceptibility 

measurements were carried out under the watchful eye of Mr. 

(now Dr.) R.J. Dosser, and I am grateful for his cooperation, 

which is acknowledged elsewhere, 

Many students and staff at Aston contributed help and 

advice, and space does not allow me to mention them all. How- 

ever, I must thank Drs. A.W. Downs, G.C. Kulasingan, 

W.R. McWhinnie, and J.D. Miller for their constructive advice 

and friendly criticism throughout the course of this work. 

I am eet ee eis grateful to Dr. McWhinnie, who read an early 

draft of Part One and most of Part Two, and made many valuable 

suggestions at Aston and subsequently in correspondence.
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Mrs. B. Taylor performed some C, H, and N microanalyses: 

I am also grateful to Dr. A.E. Underhill for arranging 

for some of this work to be done at U.C.N.W. when our instru- 

ment broke down. Solution spectra on the Unicam SP 700 were 

obtained by Mrs. V. Shearsby. 

Finally, I must express my sincere appreciation of the 

continuing encouragement given by my supervisor, Dr. A.V. Golton, 

throughout the five years it has taken to bring this work to 

a conclusion. I must also thank my head of department, 

Professor W.G.S. Parker, for his encouragement — particularly 

in correspondence after IT had left Aston. 

This thesis was typed by my mother-in-law, Mrs. Anne Wallis, 

and no praise can be too high for the work which she produced, 

often from an appallingly rough manuscript and in working 

conditions which were far from ideal, 

In a work of this size, mistakes must occur, and I should 

be grateful if readers would bring them to my attention. 

PPB Banner 

P.F.B. Barnard, 

Rannoch School, 

Perthshire. 

September 1972
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PART ONE. 

SOME METAL-PROMOTED REACTIONS OF 2-CYANOPYRIDINE, 

CHAPTER ONE : Introduction, 

The study of reactions of organic compounds which are 

homogeneously catalysed by transition metal complexes has 

constituted a topic in which interest has rapidly increased 

during the past few years, The extent of this recent de- 

velopment may be gauged by the fact that three books dealing 

with the metal-catalysed or metal-promoted reactions of organ- 

ic substrates have been published during the course of this 

work, | e This expansion of interest in a previously neglected 

field of chemistry has been stimulated by two principal consid- 

erations. Firstly, it has been found that certain transition 

metal compounds can effect the homogeneous catalysis of some 

industrially important reactions of simple organic molecules 

(e.g. the Hoechst-Wacker and Oxo processes) and in this context 

it is, perhaps, significant that the lengthiest of the three 

books previously referred to was written by three members of 

the research staff of I.C.I. Ltd. 

The second spur to the development of interest in metal- 

catalysed reactions has been provided by an increasing aware- 

ness of the role which transition metal ions play in many bi- 

ological processes, Together, these factors have been tending 

to break down the traditional barriers between organic and in- 

organic chemistry. 

€ 
However, until recently, the use of stoichk ometric quan= 

tities of transition metal ions to promote (rather than catalyse)



organic reactions has received little systematic attention 

possibly because of the difficulties involved in classify- 

ing reactions of this type. Some of these difficulties 

have been described by M.M.Jones', who has pointed out that 

a very general, but nevertheless useful, classification may 

be derived from a consideration of whether the changes which 

result when a metal complex is added to an organic reaction 

system occur as a result of changes in the kinetic or in the 

thermodynamic factors governing the reactions, Thus, if a 

co-ordinated product has less free energy than an uncomplexed 

product, then a reaction will be thermodynamically promoted 

by the addition of a suitable metal ion. (Fig.1.) 

     

    

  

Free A, B are the organic 

- Energy reactants 

AB is the organic product 

M is the Metal ion 

(AB)m     
Reaction Co-ordinate 

Fig.i. 

Alternatively, the free energy of activation for the
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reaction may be reduced by the introduction of a metal ion. 

Since 

i q 
=AH™ - TAS! AG 
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a reduction in the free energy of activation, and hence an 

increase in the rate of the reaction, can occur if either 

(a) the enthalpy of activation is reduced (e.g. if complex 

formation facilitates charge delocalisation in the trans- 

ition state) or (B) the entropy of activation is increased 

e.g. if complex formation causes the reactants to come to= 

gether in a complex in positions favourable for reaction to 

occur between them (Fig.2), or if (as is generally obser- 

ed) the reduction in the net charge on a cationic complex, 

caused by the addition of a nucleophile, leads to release 

of water or other molecules from the solvation shell around 

the cation, oS 

Free 

Energy 

  

(Asy™     
Reaction Co-ordinate 

Fig.2,. 

Frequently, kinetic and thermodynamic effects occur to- 

gether and the resulting energy profile would have the form



shown in Fig.3. ets 
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Reaction Coordinate 

FPig.3. 

In 1963 it was observed that 2-cyanopyridine, when 

added to an aqueous solution of copper(II) chloride, rapidly 

dissolved to give a deep blue solution, whereas the 3- and 

h-cyanopyridines slowly formed green solid complexes under 

these conditions, This observation prompted an invest- 

igation of the reactions of 2-cyanopyridine with metal ions 

in various solvents, since it seemed likely that both kinetic 

and thermodynamic effects might favour the formation of a 

chelating amide complex in the system 2-cyanopyridine-water- 

copper(II). The results of this investigation are set out 

in the first part of this thesis, and they are also summarised 

hy 
in a recent publication. 

There are only a few examples in the literature of metal-— 

promoted addition reactions of carbon-nitrogen triple bonds, 

The first such example to be studied was undoubtedly the 

> platinum-promoted hydration of acetonitrile~ which has been 

shown? to proceed to the amide stage, This reaction is also
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7 
promoted by mercuric sulphate. Various transition 

metal ions have been found to promote the addition of 

alcohols across the triple bond in dicyandiamide(III). 

It was originally thought that the resulting complexes were 

derivatives of guanylurea (rvy8 - 2 wot further studies 

have shown that the structure (IV) is incorrect and that the 

ligand in the resulting complexes is, in fact, an O-alkyl-1- 

amidinourea (¥) 27 a H 
oe ] O 

% He ne GK N~—~ Cc 7 

oo ay /] \ 
Be cen: ROM NH _-NHR f To 2 ah 

NH 2 

Tis H IV 
| 

NH a~c— yo 

II \\ 
a NH 

V 

This result could have been predicted. No reasonable 

mechanism for the reaction of a nitrile with an alcohol to 

give an N-alkylamide can be written down; indeed, no alkyl. 

amide has ever been prepared by such a method, yet both 

acia-!© and pase-catalysea’ ’ addition of alcohols to nitriles 

give O-alkyl-carboximidates (or salts thereof), and the ligand 

V if an example of this class of compounds. Moreover, the 

copper (II) complexes of this ligand. are pink. Since the 

molecules are planar, this should have suggested that the 

ligand is able to produce a very high degree of ligand field 

splitting, yet amides are known to be weak-field ligands, '®



We note that the authors of two recent books! 9? vis describe 

the products of these reactions incorrectly. The strong- 

field nature of the O-alkyl-1-amidinoureas has been confirmed 

by studies of the electronic spectra of their planar nickel(11) 1? 

and copper(II)*" complexes, The strength of thexligand field 

in the copper(II) complexes is illustrated by the unusually 

high position (approximately 20,000 om’) of the principal 

d€— d transition in their spectra, and E.S.R. results“! for 

the copper(II) complexes show that the very high value of 

produced by these ligands is attributable to a marked degree 

of J-covalency in the metal-ligand bonds. Infrared studies’ 

have shown that the form VI probably represents the structure 

of the ligand in the complex (VI@ VIL). The ni giywalue, 

and the (f-covalency, were attributed to the anionic character 

of the nitrogen atoms (a) in VI and VII. 
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The chemistry of these complexes has been reviewed,-~ 

During the course of this work, kinetic studies of 

some metal-promoted hydration reactions of 2-cyano-1, 10- 

23 2h were reported, A phenanthroline and 2-cyanopyridine 

metal-promoted "alcoholation" reaction of the first compound 

was described, Although the metal complexes formed were not 

characterized, these studies are of direct relevance to the 

present work, Their results will be discussed at some 

length in Chapter Six. 

Another metal-promoted reaction of 2-cyanopyridine was 

2 These workers obtained a reported by Watanabe and Sakai. 

blue complex by heating 2-cyanopyridine with an aqueous sus- 

pension of Raney nickel. Its I.R. spectrum indicated that 

it was a complex of pyridine-2-carboxamide, but it was not 

characterized by elemental analysis, This work was followed 

up, and in a report which was published during the course of 

this work???» the effect of metal ions on the hydration of 

2-cyanopyridine to pyridine-2-carboxamide was investigated, 

The hydration of 2-, 3-, and 4-cyanopyridine to the 

corresponding amide was found to be catalysed by nickel 

oxide, In the case of the 3- and 4-isomers, the rate of 

hydration was markedly reduced when thiophene was added, but 

no such effect was observed with the 2-isomer, Since thio- 

phene is known to poison many heterogeneous catalysts, these 

results are consistent with a heterogeneous mechanism for 

catalysis of the hydration of the 3- and 4-isomers, with 

homogeneous catalysis by metal ions in the case of 2-cyano- 

e€ 
pyridine, When stoichiometric quantities of metal ions were
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used to promote the hydration of 2-cyanopyridine, the bis(py- 

ridine-2-carboxamide) complexes described in this thesis 

were obtained, When smaller quantities of copper(II) or 

nickel(II) ions were used, chelated complexes were formed 

first, followed by catalysis of the hydration of 2=cyano- 

pyridine to pyridine-2-carboxamide. 

Although complexes of 3— and 4-cyanopyridine have been 

investigated quite jeiensreeles aa ,» only two systematic 

studies of the coordination behaviour of 2-cyanopyridine 

have been reported, and in neither of these was any evidence 

found for metal-promoted reactions of the ligand. Walton 

has described complexes of 2=cyanopyridine with some a® 

transition metal halides, 2° Unfortunately, however, detail- 

ed experimental procedures for the preparation of these com= 

plexes were not given, so that it is difficult to assess 

whether or not metal-promoted reactions of the ligand might 

have been expected to occur, It was concluded that the lig- 

and was monodentate and that it coordinates via the pyridine 

ring nitrogen atom, This result is in contrast to the find- 

ings of Farha and Iwamoto, who showed, from an infrared 

examination of the 2-cyanopyridine complexes of copper(I), 

silder(I), and gold(I) perchlorates, that the metal ions 

are coordinated via the nitrile nitrogen atom”? , Complexes 

of substituted 2-—cyanopyridines”' and 2-cyanopyridine-N- 

oxide?” have also been studied, but again, no evidence for 

any metal-promoted reactions of the ligand was presented, 

The basicity of 2-cyanopyridine is almost negligible: 

in this respect, and in its steric requirements, it might be 

expected to resemble the 2-halogenopyridines in its coordin-
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ation behaviour. Complexes of these ligands with the 

cobalt(II) halides have been shown to be pseudo-tetra- 

Bh 26 | whereas the copper(II) chloride and bromide 

55,36 

hedral 

complexes are believed to be approximately square 

planar, except for CuCl, (2-chloropyridine),, which may be 

square-pyramidal in structure’, The feeble coordinating 

tendency of the halogenopyridines is reflected in the fact 

that the preparations of these complexes must be carried 

out in non-aqueous media, and also by the failure of Billing 

and Underhill to obtain nickel(II) complexes with these 

ligands, Nickel(II) complexes can, however, be prepared in 

the absence of solvent, and the colours of these labile pro- 

ducts suggest that they have pseudo-tetrahedral structures
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CHAPTER TWO : Experimental. 

Zee Physical Measurements, 

2.1.1. Electronic Spectra. 

Spectra in the region 30,000 — 5,000 com” were record= 

ed on a Perkin-Elmer 350 Spectrophotometer, modified by the 

substitution of a 250W quartz-iodine lamp for the standard 

tungsten source. Solution spectra were obtained using 

matched cells of path lengths varying between one and four 

centimetres, Solids were examined as thick Nujol mulls, 

after it had been established that the detector system of 

the diffuse reflectance accessory supplied with the instrum~ 

ent could under no circumstances be induced to provide enough 

energy to enable acceptable resolution in the vital near- 

infrared region to be maintained, In order to reduce 

radiation losses due to scattering, the mulls were spread 

on the outside surface of an empty 1 cm. liquid cell, which 

was mounted behind the lens at the detector side of the 

sample compartment so that the mull was within five milli- 

metres of the surface of the detector (Fig.4). An empty 

cell smeared with Nujol was placed in the reference beam. 

This mull technique has two advantages over the more con- 

ventional method for obtaining the spectra of solid com- 

plexes. Firstly, much less sample is required, and secondly, 

the same mull can often be used for an infrared spectrum, 

However, the method is only applicable to spectrophotometers 

in which it is possible to place the scattering sample in 

close proximity to the detector(s).
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Fig. 4, Adaptation of the P.E. 350 spectrophotometer 
for diffuse transmittance. 
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The wavenumber scale on the instrument was checked by 

reference to the published spectra of benzene (for the near- 

infrared region)? and holmium glass (for the visible region) > 

Some solution and diffuse-reflectance spectra were also recoord- 

ed on a Unicam S.P. 700 spectrophotometer; in general, good 

agreement was obtained between data for a given compound ob- 

tained on both instruments, 

The results of these measurements are presented in Tables 

1 and 2. 

2.1.2. Infrared Spectra, 

Infrared spectra (4.000 — 195 em!) were obtained on a 

Perkin-Elmer 225 Spectrophotometer. Liquids were examined 

as capillary films and in 0.05 mm. liquid cells : caesium 

iodide windows were used, Solids were examined as mulls in 

Nujol and also, in some cases, as mulls in a fluorinated hydro- 

carbon. Potassium bromide plates were used to support these 

mulls in the region 4000 - 00 em™!; rigid polyethylene plates 

were used in the 410 = 200 om region, In the latter case,
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a pair of similar plates with a drop of Nujol between them 

was placed in the reference beam. The instrument was cal- 

Wu 
ibrated by reference to the published spectra of indene 

and water vapour, and the calibration was frequently 

checked using a polystyrene film. Our reported values are 

considered to be accurate to within ¢ 2 om™ : they are 

presented in Tables 3 and 4, 

2.1.3. Magnetic susceptibilities. 

Magnetic susceptibilities were determined by the Gouy 

method at 28K, The apparatus uses a Stanton model SM 12 

semi-micro balance in conjunction with a Newport Instruments 

Electro-Magnet. A novel method for packing the Gouy 

tube with powdered solids was found to give reproducible 

ly 
results far more quickly than the recommended 3 "tapping" 

procedure, In this method, about 0.1 g of the powdered 

sample is introduced into the tube (e.g. through a drawn- 

out glass funnel; see Fig.5A); the tube is then held in 

the fingers and placed lightly against the top of the vi- 

brating unit of R11C "Grindex" infrared sample grinding 

machine, A piece of rubber should be interposed in order 

to reduce the risk of fracturing the tube (Fig.5A). 

When the tube containing some powder is caused to 

vibrate, the powder behaves like a liquid and rapidly settles 

to a constant level. In this way, the tube could be filled 

in two minutes so as to give susceptibilities reproducible to 

within 2%; this may be contrasted with the ten minutes or 

So required to fill a tube by the "tapping" procedure, The



      

    
PLATE 1. 

Fig. 5A 

Fig. 5B
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Table 1. Solid-state electronic spectra (3075 kK). 

  

  

Complex (for key, see next page) No. aii. (kK) . 

LZ (Mepy)Cuc1, 7 (method 1) 4 27.6vs; 14.383 13.0sh 

Z (Etpy)Cudl, 7 2 27.9vs; 14.2m; 13.0sh 

L (Bupy)Cuc1, 7 5 26.6vs; 14.8m; 13.1sh 

Z (Mepy),(H20),Cu/C1, 4 15.45s; br; 

Z (Mepy),(H§) )BrNi_/Br 5 17.1m; 15.8w; 12.2w; 8.65m, br 

Z (Mepy)CoC1, 7 .H,0 6 20.3w; 19.35vw; 18.75w; 18.O0vw; 16.3sh; 15.98; 15.7sh; 

15.0vs; 14.18; 10.5w; 6.7sh; 6.2m; 5.55w; 4.90w; 4.65w 

L (Mepy) .C¢u_/ (C10, ) 5 7 16.95s,br 

LZ (20P) Cucl, / 8 16.5vs,br 

£ (Mepy)Nie# (620) )5 9 18.65m; 12.6sh; 11.4m 
ZL (Mepy) Co_/(C10),)5 10 21.758; 18.55sh; 10.6m 

Z (Mepy) ,CoCl, 7 14 20.6sh; 19.25m; 10.4vw; 7.2w 

L (Mepy) sFe_/(C10),) 5 .H0 12 26.18; 19.6vs; 18.0vs 

Z (NP)cucl, 7 13 26.3vs; 12.95m,br; 10.6sh 

Z (NP) gi 7(C10),),, 4 16.8m; 13.0w; 10.3m 
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Key to Table i. 

* 1kK 

Mepy 

NP 

2CcP 

Etpy 

Bupy 

4000 em~’. 

O-methylpyridine-2-carboximidate 

N-methylpicolinamide 

2-cyanopyridine 

O-ethylpyridine-2-carboximidate 

O-n-butylpyridine-2-carboximidate 

-~
 
T
=
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Table 2, Solution spectra and conductivities, 

  

  

Complex kK); in parentheses uf 
No.* Pie: ( See onaes #10 solvent 

4 26.85(800); 14.6(100); 13.8(110); 3 CH,NO, 
43.1(100) 

1 13.7(30); 12.7sh 220 H,0 

2 fe: 62ee 21.7(90); 14.8(110) 
13.8(100 6 CH,NO, 

3 26.4(1000); 14.8(80); 13.3(60); 5 CHNO, 

hy. 25.1(400); 13.2(150); 10.0sh 35 CHNO, 

4 15.2(60);13.2sh 230 H,0 

5 17.7(10); 15.8(8); 13.2(6)3 10.8(12): 120 DMF 
9.7(10) 

6 21.9 ae ae 16.2(20); 15.8(80); 30 CH NO, 
15.5(80): 14.9(1505; 14.5(100); 6.4(80) ; 
5.95(180); 4..68(160); 4.26(1603 

7 15.9(700) 160 CH,NO, 

Z 15.2(60); 13.2sh 200 H,0 

8 22.9(200); 10.8(100) 27 DMF 

9 25.65(17)3 18.5(14) 3° 12.8(8)- 14.5010) 180 CH NO. 

10 25.5(120); 21.5(40); 18.5(15); 10.6(6) 180 CH,NO, 

+ 20.85(30); 18.9sh; 9.9(10) 122 CH ,0H 

12 26.1(4200); 19.9(7700); 18.7( 7600) 180 CH,NO, 

13 22.9(250); 20.7(70); 10.4(120) 25 DMF 

14, 17,0 1h) 3 A3.1(3)3-10.4(16) 190 CH,NO, 

8.1 88 CH,NO, 

s.1 76 DMF 

  

* see Table 1, 

DMF = N,N'-dimethylformamide. 

2 1 
tT units are ae 

S.1 = Z (C)Ho))N z 

mol. K measured for 0.001 M solution.
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Table 3. 

and complexes. 
the ligands 

  

  

Compound Y(N-H) y(C=N) YC-0O-C Other bands (om7'), 
No.8 

Mepy 3292vs 1652vs 1365vs 

- NP 3595) v5 167uvst; 1532vst 
3350 

1 33788 1658vs 1380vs 

2 338 5m 1650vs 1379s 

3 3220m 1649vs 1375s 

by 3220s,br 1650vs 1378m 3380s.br (#0) 

5 3230w,br 1650vs 1380vs 300w,br (H,0) 

6 3270s,br 1648vs 1388vs 3450m,br (H50) 

7 3318s 1651vs 1376m 1081383 926m*; 620s* 
101.1 : 

8 2236m ( CaN) 

9 3300s 1651vs 1382vs 1085vs*; 930vw*; 621vs# 

10 3292s 1650vs 1382vs 1085vs*; 930vw*; 6215% 

41 3210s,br 1649vs 1378vs 

12 3270s 1640vs 1400vs 1085vs*; 932vw; 623%; 
3350m (H,0) 

43 3350m 1635st; 1460st 
3300sh 

1h 334.08, br 1639vs,1643sht; 1460st 

1060vs; 930w*; 6215% 

  

7 "amide I" band; 

8 see Table 1. 

+ "amideII" band; * bands due to perchlorate,
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Table 4. Infrared spectra(500 - 200 om) of the ligands 

and complexes. 

  

com-# s 
pound Principal absorption bands, cm 

Mepy 475vw;436vw;404m; 371w; 348m 

NP 487w;4L0w;405m; 364m; 312s 

2—CP = 473m;3978;358m 

4 L52w34.1 8w; 3 78w; 320s* ; 503vw* 285m; 279sh; 260w; 255 vw; 228vw 

2 4.90m;44 5w; 365w;320sh* ; 309m* ;273m;235vw;205vw 

3 450w, br 341 2vw; 339w; 326m* 5 303m* ; 285m; 274m; 205w 

4 495w3438w;420w; 378w; 3518; 330sh;250vw; 225vw 

5 48 5vw ;4h0w;420ws 370w; 318m; 297s, br; 2h. 6vw; 227 vw 

6 420m; 371W; 320s, br* ;292s*; 285s; 2h 7vw; 220w 

700. 450m; 4.0 544 7m; 378w; 323m; 257vw; 235w 

8 491w34.35s;403vw; 363w3; 330sh; 320vs* ;256sh; 2.3m; 22 7w; 220m 

9 L50w 5.4 Om; 372m; 287s; 278s; 2h 7vw; 225vw 

10 44 2Qw; 365m; 2678; 248s; 228w 

41 510w;4.21m; 368w; 290sh* ; 284m; 235vw; 220w 

12 546w 34 75vw;h60m;428w; 380m; 364m; 337w; 260m; 233m 

13 5958; 513m34.51w;426w; l1 Qw; 367w; 3168* ;276m* ; 250w 

14 505w;450w;4.1 Ow; 360m; 286m 

  

- for abbreviations, see Table 1, 

* metal-chlorine vibrations
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Table 5. 

Data used in the calculation of magnetic susceptibilities. 

Temperature of measurements T = 298 K I 

Specimen volume V = 0.653 x 407° m? 

Me (298 K) for tris(1,2-diaminoethane)nickel(II) 

thiosulphate = 136 x 107? mg 

Me (293 K) for mercury tetrathiocyanatocobaltate(II) 

= 207 x 1077 wg’, 

X,= volume susceptibility of air = 0.36 x 10°, 

The tube calibration constant C was calculated from the 

equation 

: =X nasa “ V%, 

a 

where m, = mass ot. specimen, 

My = apparent change in mass of standard, allowing 

for the diamagnetism of the tube, The following 

results were obtained: 

(a) using (en),Nis,0, : (1) © = 2962 x 107? mkg™' 

(4i)°C 2983 x 1077 m kg 

Mean C = 2972 x 107? wkg™ 

(b) Using HCo(cNs), : (4) ¢ = 2962 x 1077 mkg~ 
4 

(41) ¢ = 2967 x 107? wxe™ I 

Mean C = 2964 x 1077 mkg”', 

Average value for C = 2968 x 4079 mke 

Mass susceptibilites were calculated from the formula 

Masts = ia Cm, 

  

m 
1 

The molar susceptibilities %,, were then calculated from the 

relationship
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: =| 
Xo mA. as x molar mass in kg mol. 

The molar susceptibility%,, was then corrected for the dia- 

magnetism of the ligands and anions, and the resulting value 

of X corr. was used to calculate the Bohr magneton number 

from the formula: 

n+
 

= 79UX corr x T) 
Poe, - e 

The following diamagnetic corrections were used 

Oo x 1907"! uel 

1 Role 

(C10, )~ 

Br yee 407! 

4 e 
H,0 = 16° %°10



Table 6. 

Magnetic Susceptibilities. 

  

  

a —x x . 
Compound. we 3 es 3. s Mete AARDan 

m- kg m mol m mol Meft 

-14 - 
Mepy 7ik x 16 4 968 x 10 1S 

np 641 x 40714 880 x 107'* 

(Mepy) .Ni(C10,,). 684 x 10719 455 x 107'° 493 x 107'° 3.02 3.04 
70 x 107! 469 x 107!° 506 x 10719 3.07 

L (Mepy)NiBri,0_7Br. 1015 x 107/19 516 x 10719 545 x 107'° 3.18 3.16 
992 x 10719 504 x 10719 533 x 10719 3.44 

(Mepy) ,Co(C10, ) 1814 x 10719 4209 x 107/19 4246 x 10719 4.81 4 Bly 
3 a2 -10 10 -10 4855 x 10 4236 x 107 4273 x 10 4.86 

(Mepy) ,Fe(C10),) 5 .H,0 666 x 10712 454 x 10712 432 x 107'1 0.90 

(np) ,Ni(C10,), 761 x 10° 508 x 1079 542 x 107° 3.17 3.12 
-10 -10 ~10 

yi2 =< 7e HT x10 509x190 3.07
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tube may be emptied rapidly and safely by placing a small 

beaker or weighing bottle on the vibrating unit and invert- 

ing the tube so that, with both tube and collecting vessel 

held in the fingers, the tube just touches the inside wall 

of the vessel (Fig.5B). When the tube is set into vibrat- 
= 

ion, the powder rapidly "flows" out. 

The tube was calibrated using tris(1,2-diaminoethane) 

nickel(II) thiosulphate4+ and mercury(II) tetrathiocyanato- 

cobaltate(11)4, Most of the measurements were carried out 

in duplicate (i.e. the tube was emptied and repacked between 

each set of readings); the calculated susceptibilities gen- 

erally agreed to within - 2% The diamagnetic susceptibil- 

ities of the liquid ligands were determined separately. 

Diamagnetic corrections for the anions were obtained from 

tables", The results of these measurements are presented 

in Tables 5 and 6. The presentation of the results in SI 

units is based on the treatment outlined by Hoppe t>®, 

2.1.4. Conductivity measurements. 

Solution conductivities were measured at 298K using a 

Mullard bridge with a "magic eye" balance detector, in con- 

junction with a dipping cell fitted with bright platinum 

electrodes of about 1 em area separated by about 1 cm. 

The cell constant was determined by measuring the conduct- 

ivity of an aqueous 0.1M solution of A.R.potassium chloride, 

The solvents used were purified as follows: -— 

(a) Nitromethane (Eastman Kodak "Spectro" grade) was dried 

over anhydrous calcium sulphate and distilled; k = electrical 
-1_ =1 

conductivity = 0.65 x 107° Ohm m
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(b) N,N'-dimethylformamide (Bpectro" grade) was dried by 

adding one-fifth of its volume of benzene and then distill- 

ing at atmospheric pressure; this procedure removes the 

water as an azeotrope with benzene, The remaining N,N'- 

dimethylformamide was then distilled under reduced pressure 

(b.p.373 —- 383K/15 - 20 mmHg) Spectrosol grade methanol 

(Hopkin and Williams) was used without further purification. 

The results of these measurements are recorded in 

Table 2, 

2.2. Analyses. 

Most of the carbon, hydrogen, and nitrogen micro- 

analyses were carried out in this department using a Hewlett- 

Packard F and M Autoanalyser, Other analyses were performed 

by Messrs.Weiler and Strauss and by the A.Bernhardt Micro- 

analytical Laboratory. 

Labile halogens were determined by Volhard's method after 

warming the sample with excess 6M nitric acid. 

After several other methods had been tried and abandoned 

when they were found to give non=reproducible results, the 

following procedure was adopted for determining the metal in 

complexes of metal perchlorates with strong-field ligands; - 

Approximately 0.2g of the complex was weighed into a 

250 cm beaker. A.R. concentrated nitric acid (5 cm?) was 

then added, and the mixture heated gently on an electric 

hotplate behind a safety screen until the volume was reduced 

to 4 cm, The beaker was then cooled to eo and A.R.concen- 

trated sulphuric ackd (3 cm) was cautiously added, followed
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by A.R. concentrated (6.g. = 1.70) perchloric acid (3 cm). 

The beaker was then placed on an electric hotplate set to 

maintain the temperature of the contents of the beaker at 

about 520 K, and the mixture was heated at this temperature 

in a fume cupboard overnight. The beaker was left partially 

covered with a watch glass in order to allow acid fumes to 

escape, The beaker was then cooled to 273 K and the contents 

were cautiously neutralised (using methyl orahge) with 10% 

sodium hydroxide solution. The resulting solution was then 

analysed gravimetrically for the metal. Nickel was deter- 

mined by weighing as its complex with dimethylglyoxime; cobalt 

and copper were determined by the pyridine-thiocyanate method. 

2.3. Materials, 

2-cyanopyridine Z "pure", M.D. 300—301K (11t.29°C®) 7was 

obtained from Koch-Light Laboratories and was used without 

further purification. Cobalt (II), nickel(II), and copper(II) 

perchlorates were prepared by treating A.R.perchloric acid 

(about 30%) with an excess of the appropriate metal carbon- 

ate, filtering *, and evaporating the filtrate (preferably 

in a rotary evaporator). The hygroscopic crystals which 

deposited were recrystallised from water. All other chemic- 

als and reagents were of the best quality obtainable, 

2.4. Preparations, 

Unless otherwise stated, products were obtained in yields 

of 60 - 80% and solid products were washed with methanol and 

ether and dried in vacuo over silica gel. 

* If filter papers are used for this filtration they must 

be thoroughly washed with water before they are disposed of, 

Since they are potentially explosive when ary «



i 

O-methylpyridine-2-carboximidate: - This compound was 

prepared by the method of Schaefer and Peters’, Sodium 

metal (0.3g) was dissolved in methanol (250 cm?) and 2-= 

cyanopyridine (52.0g) was added. The mixture was set aside 

for three days at PSE Pee ears a lised to pH 8 with glac- 

ial acetic acid. The solvent was then distilled and the re- 

sidue, a yellow oil, distilled under reduced pressure, A 

fraction of about 40 cm boiling at 423K/20 mm Hg collected. 

This fraction was redistilled and gave 30g (45%) of O-methyl- 

pyridine-2-carboximidate, b.p. 331-341K/20 mm Hg. (Found: 

G, 61.67 8,6. 125 8, 20.75 ClHgN0 requires C, 61.8; H, 5.93; 

N, 20.6%). The identity of this compound was confirmed by 

comparing its infrared spectrum with the reported spectrum 

of methyl benzimidate: +! the spectra are very similar. The 

first distillation was stopped when a colourless solid began 

to collect in the condenser, The contents of the distill- 

ation flask also solidified on cooling. These solid re- 

sidues were combined and recrystallised three times from 

aqueous ethanol : yield, 9.25g. This substance melts at 

517-518K. 

The similarity of its infrared spectrum to that of 2, 

4, 6-triphenyl-1,3,5—triazine® supports its formulation as 

2,4,6-tri(2-pyridyl)-1,3,5-triazine. In subsequent prepar- 

ations of O-methylpyridine-2-carboximidate the yield was 

found to vary in an unpredictable manner, and some of the 

products decomposed to a colourless solid when allowed to 

stand, even in sealed ampoules, The compound was therefore 

redistilled under reduced pressure before use in the prepar- 

‘ation of complexes.
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Picolinic acid N-methylamide;:- Methyl 2-picolinate 

(20 g) was stirred with an ethanolic solution of methyl- 

amine (100 cm; 33% w/v) at room temperature; an exothermic 

reaction occurred, The mixture was then set aside at 298K 

for three days. The solvent was distilled off and the re- 

sidue distilled under reduced pressure: a fraction boiling 

at 373-383K/5 mm Hg was collected and redistilled to give 

18.0 g (86%) of a colourless liquid, b.p. 378-383K/5 mm Hg. 

(Found: C, 61.9; H, 5.86; M, 20.8. CH,N,0 requires C, 61.8; 

H, 5.6933 N, 20.6 %) 

Dichloro(O-methylpyridine-2-carboximidate) copper(II): 

Method 1:- A solution of 2-cyanopyridine (41.6 g, 0.4 mol) 

in methanol (150 om”) was added to a solution of copper(II) 

chloride dihydrate (68.2 g., 0.4 mol) in methanol (400 cm) 
at 303K. The mixture became warm and after one minute blue- 

green crystals (97.4 g., 80%) were deposited. Analytical 

Samples were recrystallised from methanol (Found: ©, 30.9; 

By Sel 5s HM, 10533: Gi, 2648; (C-HN 20 )CuCl, requires C, 31.3; 

H,, 2.9638, 10.4; G1,°26.3°%). 

Method 2:- Copper(II) chloride dihydrate (1.70 g., 10 mmol) 

in methanol (100 om?) was treated with concentrated hydro- 

chloric acid (2 cm), Addition of O-methylpyridine-2-carb- 

oximidate (2.5 g., 20 mmol) gave a light green precipitate 

(Found: 0, 31.4; H, 2.923; W, 10.9; 61, 26.0 (C_-H,N0) CuCl, 

requires GC, 31:3; H, 2598; N, 10.4; G1, 26.3 %).; 

Dichloro(O-ethylpyridine-2-carboximidate)copper(II) and 
Dichloro(0-n~butylpyridine-2-carboximidate)copper(II): - These 

complexes were prepared as described in method 4 (above), but
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using ethanol, and n-butanol, respectively, as the reaction 

solvent (Found: ©, 32.7; H, 3.71; N, 9.88; Cl, 25.0. 

(CoH, (NWO )CuCl, requires 0, 53./3 H, 4.46; N, 8.95; G1, 22.7%). 

(Found: ¢C, 38.0; 8; 4.503 N, 9.01; G1, 22,6. (C, oHy),N50)Cucl, 

requires C, 38.4; H, 4.48; N, 8.95; Cl, 22.7% ). 

O-methyl 2-picolinate: - Dichloro(O-methylpyridine-2-carb-— 

oximidate)-copper(II) ( 97 g., 0.36 mol) was stirred with a 

suspension of disodium ethylenediaminetetra-acetate (126 g., 

0.36 mol) in water (200 cm). The mixture was warmed to 

313K and the resulting blue solution was extracted with 

chloroform (3 x 100 cm”). The combined extracts were washed 

with water (1 x 100 cm”), dried over anhydrous calcium sul- 

phate, and the solvent removed by distillation on a water 

bath, The residue was distilled under reduced pressure to 

give a colourless liquid (38.6 g., 78%) (b.p.361-363K/670 Nm~") 

which was identified by its analysis and infrared spectra? 

(Found: C, 61.4; H, 5.30; N, 10.62. CHINO, requires C, 61.3; 

H, 5.15; N, 10.46%). 

Diaquobis(Q-methylpyridine-2-carboximidate) copper(II) 

chloride: - Copper(II) chloride dihydrate (1.71 g., 10 mmol) 

in methanol (30 om) was heated under reflux with a solution 

of 2—cyanopyridine (4.0 g., 40 mmol) in methanol (10 cm’). A 

deep green crystalline precipitate was formed at first; this 

Slowly dissolved to give a deep blue solution, After heat- 

ing under reflux for two hours, solid sodium hydroxide (0.05g) 

was added: the residual precipitate then dissolved. The pale 

blue complex, which was obtained after concentrating and 

cooling the solution, was recrystallised from chloroform ; °
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methanol (1°; 1). (Found: ©, 37.5; H,. 3.63; N, 12.78; 

Gt, 16.u4 (C-H_NQ0) CuCl, .2H,0 requires C, 38.0; H, 3.6h; 

N, 12.65; Cl, 16.1 %). A product having an identical 

appearance and infrared spectrum was obtained, after concen- 

tration and cooling, by adding O-methylpyridine-2-carboxin- 

idate (20 mmol) to a solution of copper(II) chloride dihydrate 

(10 mmol) in methanol (50 om). 

Dichlorobis(2-cyanopyridine)copper(II):- Ice-cold 

solutions of copper(II) chloride dihydrate (3.47 g., 20 mmol) 

in methanol (15 om?) and of 2-cyanopyridine (4.20 g., 4O mmol) 

in methanol (10 cm?) were mixed. The deep green arystals, 

which were formed almost immediately, were filtered by suction, 

washed with ice-cold methanol (2 x 5 om”) and dried (Found: 

Oy bitchy: By 2487-8, 16515;: Cle 20,8 (CgH) N.) CuCl, requires 

C, 42.13 Hy 2.34; N,..16.355 Cl; 20.7 %). <A product having 

an identical appearance and infrared spectrum was obtained by 

addition of a solution of copper(II) chloride dihydrate (3.40 g., 

20 mmol) in methanol (15 cm?) to a solution of 2=cyanopyridine 

(2.04 g., 20 mmol) in methanol (10 em?) containing concentrated 

hydrochloric acid (5 cm). Deep green crystals were formed 

when the mixture was set aside for several hours at room temper- 

ature, 

Bis(0-methylpyridine-2-carboximidate) copper(II)perchlorate: - 

Hydrated copper(II) perchlorate (7.41 g., 30 mmol) in methanol 

(20 cm”) was added to a solution of 2-cyanopyridine (6.2h g., 

60 mmol) in methanol (20 cm) at 298K. The solution became 

deep blue almost immediately and sufficient heat was evolved 

to cause the methanol to boil, A deep blue solid separated 

when the mixture was set aside for one minute, The product 

was recrystallised from methanol (Found: 0, 32.6; H, 3.07;
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WN. 40.123' Gu, 11.9. (CH N50) ,Cu(C10, ) 5 requires c, 31.4; 

H, 2.98; N, 10.39; Cu, 11.7% ). Attempts to prepare adducts 

of this complex with water, pyridine, and acetone invariably 

1e& to the recovery of unchanged starting material. 

Bromoaquobis(O-methylpyridine-2-carboximidate)nickel(II) 

bromide:- Solutions of hydrated nickel(II) bromide (3.26 g., 

10 mmol) in methanol (20 com”) and of 2-cyanopyridine (2.08 g., 

20 mmol) in methanol (20 om”) were mixed and stirred with 

2,2'- dimethoxypropane (50 com”) for 30 minutes, The pre- 

cipitated green solid was purified by dissolution in methanol 

and reprecipitation with 2,2'-dimethoxypropane (Found: 

CO, 32.9}°8,.. sine BN, 9.53. Br, 31.2. (C_H,N,0) .NiBr, .H,0 re- 

quires C, 33.0; H, 3.54; N, 11.0; Br, 31.5%). A product 

having an identical appearance and infrared spectrum was ob- 

tained by mixing methanolic solutions of nickel(II) bromide 

and of O-methylpyridine-2-carboximidate, 

Tris(O-methylpyridine-2-carboximidate)nickel(II) per- 

chlorate:- 2-cyanopyridine (3.14 g., 30 mmol) was added to 

a solution of sodium methoxide (0.1 g., approx.2 mmol) in 

methanol and the mixture was warmed. A solution of nickel(II). 

perchlorate hexahydrate (1.82 g., 5 mmol) in methanol (10 om?) 

was then added, and the mixture was heated under reflux for 

30 minutes, during which time the colour of the solution 

changed from green to deep violet. Benzene (30 cm?) was then 

added and the mixture was distilled. A pink solid began to 

separate when about 20 om? of distillate had been collected, 

The mixture was then allowed to cool to room temperature and
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the solid which deposited was recrystallised from methanol 

(FPourid:. "0,374.73 Ny, 3.763 By 1258): Ni, 8.5. (CH,N,0) .Ni- 

(C1)))5 requires C, 3768; H, 3.60; N, 11.6; Ni, 8.8 %). 

Tris(O-methylpyridine-2-carboximidate)cobalt(II) per- 

chlorate: - This orange complex was prepared in a similar manner 

to the corresponding nickel(II) complex (Found: C, 37.5; 

Hy, 3.573 Ne 12.6; Co, &.5. (ClHgNQ0) ,Co(C10),), requires 

Gy. 57.83 My. 5.60; N; 242.6: Go; 678 %),, 

Dichlorobis(0-methylpyridine-2-carboximidate)cobalt(II):- 

This orange complex was prepared as described above, but 

using hydrated cobalt(II) chloride instead of the perchlorate. 

The product was purified by dissolution in oe inane i Mt 

cipitation with ether (Found: C, 41.3; H, 4.21; N, 13.6; 

Cl. - tes, (CH.N,0) ,CoC1, requires CG, 41.8; H, 3.96; WN, 13.9; 

Cl, 17.8 %) 

Dichloro(Q-methylpyridine-2-carboximidate) cobalt(II) 

ishydrate:- A solution of 2-cyanopyridine (4.08 g., 4O mmol) 

and of hydrated cobalt(II) chloride (9.50 g., 40 mmol) in 

nethanol (40 cm?) and 2,2'sdimethoxypropane was heated under 

reflux for three hours: blue-green crystals were slowly de- 

posited (Found: 0,31.0; H, 3.56; N, 9.68; Cl, 24.9. (C_H,N,0) 

CoC1,.H,O requires C, 29.6; H, 3.52; N, 9.85; Cl, 25.0 %). 

Tris(O-methylpyridine-2-carboximidate)iron(II) perchlor- 

ate 1-hydrate:- The solvents used in this preparation were 

deoxygenated before use. Iron(II) chloride tetrahydrate 

(1.98 g., 10 mmol) was dissolved in methanol (20 cm”) and 

the solution was treated with iron powder (0.1 g.) and
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hydrochloric acid (0.5 cm; 10%). This mixture was filtered 

into a solution of 2-cyanopyridine (3.12 g., 30 mmol) in 

methanol which had been previously warmed with sodium meth- 

oxide (0.1 g., approx. 2 mmol). A deep violet colour 

formed immediately. The mixture was heated under reflux 

(10 minutes) and then filtered while hot into a solution of 

sodium perchlorate (10 g.) in water (15 cm”) at 273K. Violet- 

black crystals were formed when the mixture was set aside, 

The product was recrystallised from methanol (Found; C0, 36.8; 

By 3. 76e 0,412 A; (CH,N,0) .Fe(C1)) )5-H20 requires C, 37.0; 

By 3.05; 8.12.33). 

Dichloro(picolinic acid N-methylamide)copper(II):- This 

bright green complex was precipitated when a solution of the 

ligand (1.31 g., 10 mmol) in methanol was added to a solution 

of copper(II) chloride dihydrate (1.78 g., 1) mmol) in meth- 

anol (15 em) (Found: ©, 30.7; H, 5.06; N, 10,33 61, 26.0. 

(ClH_NQ0)CuCl, requires: G, 51.3% H, 2.98; N, 10.43°CG1, 2653.%). 

Tris(picolinic acid N-methylamide)nickel(II) perchlorate: - 

A solution of the ligand (4.1 g., 30 mmol) in methanol 

(10 cm”) was added to a solution of nickel(II) perchlorate 

hexahydrate (3.64 g., 10 mmol) in methanol (10 cm). The 
pale blue crystals which deposited were recrystallised from 

methanol (Found: C, 38.5; H, 3.64; N, 11.9; Ni, 8.8. (C_H_N.0) 

Ni(C10))o requires C, 37,8; H, 3.60; N, 12.6; Ni, 8.8 %). 

Diaquobis(pyridine-2-carboxamide) copper(II) chloride: - 

é-cyanopyridine (20.8 g., 0.2 .mol) was added, with stirring, 

to a solution of copper(II) chloride dihydrate (17.1 Rie Gs nel)
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in water (100 cm”) ao. 512k, The 2-cyanopyridine rapidly 

dissolved, heat was evolved, and the mixture assumed a deep 

blue colour. The pale blue crystals which separated on 

cooling (30.1 g., 80 %) were recrystallised from water 

(Found: ©, 35.0; H, 4.0; N, 13.6; Cl, 17.2.(CgH_N0) CuCl, 

2H,O requires C, 34.7; H, 3.9; N, 13.5; Cl, 17.1 %). 

Picolinamide (pyridine-2-carboxamide):- A suspension of 

diaquobis(picolinamide)copper(II) chloride (4.13 g., 10 mmol) 

in water (50 cm?) was treated with disodium ethylenediamine- 

tetraacetate (7.83 g., 12 mmol). The resulting deep blue 

solution was evaporated to dryness and the residue extracted 

with benzene. The colourless crystals (1.65 g., 68 %) which 

separated from the cooled extract were recrystallised from 

benzene. The solid had m.p. 377-~378K and was identified by 

its min. (11t .2°105-106°C) and infrared spectrum’ 

Diaquobis(pyridine-2-carboxamide )nickel(II)chloride: - 

2-cyanopyridine (2.08 g., 20 mmol) was heated under reflux 

for three hours with a solution of hydrated nickel(II) 

chloride (2.37 g., 10 mmol) in water (50 cm). The pale blue 

crystals which separated on cooling were recrystallised from 

water (Found: C, 34.4; H, 4.0; N, 13.6; Gl, 17.0 (CH_.N,0). 

NiC1,.2H,0 requires C, 35.1; H, 3.9; N, 13.6; Cl, 17.3 %). 

The effect of pH on the nature of the products of the re- 

action between 2-cyanopyridine and copper(II) chloride: - 

(i) 2-cyanopyridine (2.07 g., 20 mmol) was dissolved in 

methanol (5 om); this solution was then added to a solution 

of copper(II) chloride dihydrate (3.45 g., 20 mmol) in methanol



ee 

(10 cm?) containing concentrated hydrochloric acid (1 em). 

The mixture was warmed to 333K and then left overnight at 

room temperature, The deep green solid product which de- 

posited was shown, by comparing its infrared spectrum with 

the spectra of the corresponding pure complexes, to be a 

mixture of dichlorobis(2-cyanopyridine)copper(II) (major 

product) with some dichloro(0-methylpyridine-2-carboximidate)- 

copper(II) (minor product). 

(ii) The reaction described in (i) was carried out (omitting 

the hydrochloric acid) in the presence of sodium hydroxide 

(0.05 g.) The solid product was show to be a mixture of 

diaquobis(pyridine-2-carboxamide)copper(II) chloride (major 

product) and dichloro(0-methylpyridine-2-carboximidate) copper(II) 

(minor product).



oc AN fe 

CHAPTER THREE : Results. 

3.1. Copper(II) complexes : The nature of the ligand in 

the complexes formed by the metal-—promoted reactions of 

2-cyanopyridine with methanol. 

The formula of the complex which is obtained when a 

solution of 2-cyanopyridine in methanol is added at room 

temperature to a solution of copper(II) chloride in the 

same solvent shows that the elements of methanol have been 

incorporated into the new complex. Moreover, the methanol 

appears to have undergone reaction with the 2-cyanopyridine, 

since the infrared spectrum of the new complex (Table 3) 

shows strong absorption at 3378 om! (characteristic of 

imino N-H) and at 1380 cm™' (characteristic of the -0-CH 
2 

group) but has no absorption assignable toYC®y, Three 

possible structures for the new ligand are illustrated in 

Fig.6. 

eee ec Ny -H 
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Fig.6. Showing possible structures for the ligand in the com- 

plexes formed by the metal-promoted reactions of 2-cyanopyridine 

with methanol,
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In the absence of metal ions, the reaction of 2-cyano- 

pyridine with methanol, when catalysed by base or acid, should 

give O-methylpyridine-2-carboximidate (IX) or the salt (XII), 

meepectivelsc.’. On the other hand, no reasonable mechanism 

for the reaction of 2-cyanopyridine with methanol to give 

either structure X (which is N-methylpyridine-2-carboxamide) 

or structure XI (which is potentially tautomeric with X) can 

be postulated, It is therefore predictable, on mechanistic 

grounds, that IX represents the structure of the ligand in 

the complex. This prediction is conclusively verified by 

the fact that the same complex can be obtained directly from 

O-methylpyridine-2-carboximidate, which was separately pre- 

pared by the base-catalysed addition of methanol to 2-cyano- 

pyridine, 

In’ the preparation of O-methylpyridine-2-carboximidate, 

varying amounts of 2,4.,6-tri(2-pyridyl)-1,3,5-triazine were 

formed in a side reaction, and some samples of the imidate 

tended to deposit this substance when kept. In this context, 

we note that this triazine has been prepared by the reaction 

of 2-cyanopyridine with another strong base, viz. sodium 

hydride 4 

In order to rule out structure X, N-methylpyridine-2- 

carboxamide was separately prepared, and the spectroscopic 

properties of a 1: 1 complex of this ligand with copper(II) 

chloride were compared with the spectroscopic properties of 

the complex obtained from 2-cyanopyridine. The first prin- 

cipal d 4d absorption maximum (Table 1) in the solid-state
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electronic spectrum of the amidé complex lies 1350 om! 

lower in energy than in the latter complex. This obser- 

vation, besides confirming that the two compounds are 

different, indicates that O-methylpyridine-2-carboximidate 

is a strong-field ligand. The infrared spectrum of the 

amide complex resembles the spectrum of the free amide 

(some assignments are given in Table 3) but differs sub- 

stantially, particularly in the 1700 = 1100 em! region, 

from the spectra of both O-methylpyridine-2-carboximidate 

and the complex prepared from 2-cyanopyridine, 

The structure XI for the ligand in the latter complex 

is a tautomer of structure X; it is most unlikely that a 

complex containing XI as a ligand could coexist with the 

copper(II) complex of X. However, the structure XI cannot 

be completely ruled out, since the -OH, C-O-, and C=N groups 

in XI could conceivably give rise to infrared absorption in 

regions similar to those in which the functional groups in 

structure IX should absorb. For this reason, additional 

evidence against the formulation XI was sought. The com- 

plexes (C,H) N.CN.C,H,OH)CuC1, and (C,H) N.CN.C) HOH )CuC1, 

were therefore prepared by treating 2-cyanopyridine with a 

solution of copper(II) chloride in the appropriate alcohol; 

their electronic spectra are virtually indistinguishable 

from the spectra of the complex obtained from 2-cyanopyridine 

in methanol solution, This result indicates that the nature 

of the alkyl group in the ligand does not materially affect 

the bonding to the copper atom: such an effect would be ex-— 

pected if the alkyl group were attached directly to the atom
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bonded to the copper atom, so this result provides further 

evidence against structure Xl. 

If the structural arguments presented above seem unduly 

elaborate, it should be remembered that for some time it was 

thought that the metal-promoted reactions of dicyandiamide 

(III, p.5) gave derivatives of guanylalkylureas ery) 8! 

The evidence presented here offers clear support for the 

correct assignment of the structures of the ligands (V) in 

these complexes. 

The 1 : 1 complex of copper(II) chloride with O-methyl- 

pyridine-2-carboximidate dissolves in nitromethane to give 

an essentially non-conducting solution, and its electronic 

spectra in this solvent and in the solid state are consist-— 

ent with a strongly tetragonally distorted octahedral 

structure, The axial coordination positions are probably 

filled by halogen atoms from neighbouring molecules in the 

crystal lattice, and by solvent molecules in solution, 

N es 
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The far-infrared spectrum of XIII shows a strong band 

at 320 om™! which is not present in the spectrum of the free 

ligand (Table 4). This band is in the position expected 

. for a copper-chlorine stretching frequency:-97>! presumably
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the in-plane symmetric and asymmetric frequencies are accident~ 

ally degenerate in this complex. Alternatively, a weak feat- 

ure at 303 om~ could be assigned to the symmetric stretching 

vibration. The O-ethyl- and O-n-butylpyridine-2-carboximid- 

ate complexes show similar bands in the same regions. A 

pair of bands at 285(m) and 279 (sh) in the spectrum of XIII 

are tentatively assigned to"metal-imidate stretching vibrat- 

ions." 

A 2: 1 complex of O-methylpyridine-2-carboximidate 

(henceforward referred to as Mepy) can be prepared either by 

heating an excess of 2-cyanopyridine with copper(II) chloride 

in methanol for a prolonged period, or directly from the free 

ligand in neutral solution. The formulation of this complex 

as diaquobis (Mepy)copper(II) chloride picccpdeue by the 

Similarity of its solid-state (deed) spectrum to its solution 

spectrum in water, in which it dissociates as a1: 2 electro- 

lyte, and by the presence of a broad band at 3380 om”! in its 

infrared spectrum attributable to coordinated water, Consid- 

erable association evidently occurs between the chloride ions 

and the cations in nitromethane solutions, Similar effects 

have been previously observed. 

If the reactions between 2-cyanopyridine and copper(II) 

chloride is carried out in methanol at o°c, a blue-green 

complex having the formula (C,H) N.CN) CuCl, can be isolated, 

In view of its method of preparation, this complex is pre- 

sumably an intermediate in the formation of XIII from 2-cyano- 

pyridine since it affords (Mepy )CuC1, on warming with methanol. 
¢
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The complex is formulated as XIV since its electronic and 

far-infrared spectra are similar to the corresponding spectra 

of some analogous complexes of 2-chloro-and 2-bromopyridine, 

which have been described as having approximately square 

planar structures.->~>/ 

N % 
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Also, the C=N stretching frequency is essentially unshifted 

on complex formation, indicating that the ligand is coordin- 

ated via the pyridine ring nitrogen atom,-°? 30 Strong bands 

in the infrared spectrum at 320 and 23 om! are assigned to 

re Cu-Cl and a. Cu-N, respectively, tn view of the neg= 

ligible basicity of 2-cyanopyridine (pKa = 0.26% 0.04) .?> 

which is reflected in the fact that the copper complex can 

form even in a strongly acid medium, it is at first sight 

somewhat surprising that the Cu-N frequency is higher in this 

complex than in the corresponding 2-halogenopyridine complexes 

L(2-chloropyridine),CuCl,; » Cu-N = 23 om”; (2-bromopyridine), 

CuCl,; YyCu-N = 236 em! 7 However, Wong and Brewer have 

shown “that for a closely related series of copper(II) halide 

complexes of 4-substituted pyridines, W-bonding plays an 

increasingly important role in the metal-ligand bonding as the



= 39 = 

electron-withdrawing capacity of the substituent increases; 

this effect was maximised in the case of 4-cyanopyridine. 

This hypothesis is supported by Burgess' work on complexes 

of 3- and 4-cyanopyridines. a It is therefore reasonable 

to attribute the increase in the Cu-N stretching frequency 

observed in (2-cyanopyridine) ,CuCl,, to an increased contrib- 

ution, from ti-—bonding, to the copper-nitrogen bond strength 

in this complex. Some reactions of 2-cyanopyridine with 

copper(II) chloride are summarised in scheme I. 

The predicted splittings for coordinated perchlorate 

5h ions~” are observed in the infrared spectrum of bis(Mepy) 

Copper(II) perchlorate, but the weakness of any bonding cap- 

acity in the z-direction is illustrated by the fact that solid 

adducts with water, pyridine, or acetone could not be prepared, 

The complex dissociates as a1: 2 electrolyte in nitrometh- 

ane, but the position of the d<—+4d band in the electronic 

spectrum in this solvent is shifted to lower frequency relat- 

ive to the position of the band in the solid-state spectrun, 

which suggests that the axial perchlorate ligands are re- 

placed by coordinated nitromethane molecules in solution. 

The behaviour of the perchlorate groups in this complex is 

considered to represent another example of "semi-coordin- 

ation"? 56 

Hathaway and Billing’© have pointed out that in copper(II) 

complexes of J -bonding ligands such as ammonia and 1,2-diam- 

ino-ethane, true square planar stereochemistry is almost un- 

known, Normally, some further bonding is required for stab- 

ELE, This requirement can be satisfied by the weak axial 

coordination of anionic ligands (known as "semi-coordination)



Scheme 1. Some reactions of 2-cyanopyridine with 

copper(II) chloride. 
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such that the metal-ligand distances are ca.60 pm greater 

than the in-plane metal-ligand distances, or alternatively 

by metal-ligand mT! bonding. The fact that the perchlorate 

ions in (Mepy ) ,Cu(C10) ), are apparently semi-coordinated 

suggests that the tr-bonding capacity of the imidate ligand 

is limited. A direct comparison of the behaviour of this 

complex with that of the copper(II) complexes of 2,2'-bi- 

pyridyl and 1,10-phenanthroline is not possible, since the 

Cu(bipy),** and Cu(@-phen),.** cations cannot, for steric 

reasons, assume a square planar ts tegen Gad aeEee” No such 

constraint affects Mepy. 

3.2. Cobalt(II) complexes. 

In contrast to the copper(II) perchlorate complex des- 

cribed above, the infrared spectrum of (Mepy) ,Co(C10, ), shows 

that the perchlorate groups are ionic. The complex is ai: 2 

electrolyte in nitromethane, and the similarity of the solut- 

ion and solid-state spectra confirm the presence of a tris- 

chelated cation. The magnetic moment of the complex is in 

the range usually found for high-spin cobalt(II) complexes. 

of strong-field ligands. a7 

The complex Z (Mepy),CoC1,_7, like the perchlorate com- 

plex, can only be obtained in alkaline solution. It is in- 

soluble in nitromethane and in N,N'-dimethylformamide, and 

its solution spectrum and conductivity in methanol indicate 

that some reaction of the type 

Z (Mepy) 0001, 7 + methanol = £ (Mepy) .Co( methanol) , 7+ 201" 

is taking place. However, its solid-state spectrum is Con- 

sistent with an approximately octahedral structure.
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Z (Mepy)CoC1,_7 .H,0 is blue-green and the position and 

multiplicity of the bands in its electronic spectrum show that 

the cobalt atom is in a pseudo-tetrahedral environment; strong 

bands in the infrared spectrum at 320 and 292 em are assigned 

to the asymmetric and symmetric metal-—chlorine stretching fre- 

34-36 
quencies, in keeping with previous work. Despite the use 

of 2,2'-dimethoxypropane as solvent, this complex was obtained 

as the 1-hydrate,. When heated to 393K the colour of the com- 

plex changed to deep royal blue, but loss of water was accom- 

panied by decomposition and loss of ligand. 

3.36 Nickel(II) complexes; the Ligand Field Strength of Mepy. 

Like the analogous cobalt(II) complex, £ (Mepy) Ni_7(C10,) 5 

is a1: 2 electrolyte in nitromethane, and its perchlorate 

groups are ionic: the magnetic moment confirms the essentially 

octahedral nature of the cation. The electronic spectra of 

the complex in solution and in the solid state are very similar, 

The band of lowest frequency in the mull spectrum has a shoulder 

on its high-frequency side, which is more clearly resolved in 

solution. This shoulder (12,8000 com!) is assigned to the 

spin ~ alloweaA, => on, 2 transition, and the main band at 

11,500 cm! to the spin -forbidden “hee > "E, transition. 

This somewhat unusual assignment is based on our observation 

that the corresponding iron(II) complex is low -spin,. It has 

been shown that for "octahedral" nickel(II) complexes of poly- 

amine ligands, the critical value of Dq /w.r.t. Ni(II) _7 for 

spin-pairing in the iron(II) "octahedral" complex of the same 

ligand is 1170 om’ <Dq 21163 on™, 78 In other words,
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if the position of the first (lowest-frequency) spin-allowed 

band in an "octahedral" nickel(II) complex of a polyamine 

ligand is at a frequency higher than, or equal to, 11,700 em™" 

then the "octahedral" iron(II) complex of the same ligand will 

be diamagnetic; if the frequency is lower than 11,6301 om 

then the analogous iron(II) complex will be paramagnetic with 

a moment corresponding to the presence of four unpaired elec- 

trons; no exceptions have been found to this rule. The band 

which we observe at 11,500 om cannot, therefore, be the spin- 

allowed transition, since our iron(II) complex is essentially 

diamagnetic, The reason for the greater intensity of this 

spin-forbidden transition is not clearly understood, but it 

probably reflects a considerable degree of spin-orbit coup- 

ling in the complex, arising from the fact that the S and 

EB, states are almost equi-energetic: Lever has pointed out 

that the intensities of spin-forbidden bands which gain inten- 

sity by a spin-orbit coupling mechanism are inversely propor- 

tional to the separation in energy between the states which 

mix under the influence of this mechanism,” A similar 

phenomenon has been observed to occur in the tris(2-pyridinal- 

isopropylimine)nickel(II) ion, ©° 

The value of Dq = 1280 én’ shows that Mepy is a strong- 

field ligand, causing an even higher degree of d-orbital 

splitting than o-phenanthroline, This value for Dq may be 

compared with the value of 1040 on™! obtained from the spectrum 

of the isomeric nickel(II) complex of N-methylpicolinamide, 

No solid complex could be isolated from the reaction of 

é-cyanopyridine with nickel(II) chloride in neutral methanol
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solution, even after heating the mixture under reflux with 

2,2'-dimethoxypropane for 48 hours. The reaction under alk- 

aline conditions gave a pink product; analytical results 

suggested that it was a mixture of £ (Mepy) Ni_7C1, with 

Z (Mepy) .Nic1, 7. This substance could not be prepared with 

a reproducible composition and was therefore not further in- 

vestigated, The solid-state spectrum and magnetic moment 

of the complex obtained in neutral solution from nickel(II) 

bromide are consistent with a tetragonally distorted octa- 

61 
hedral structure. The complex is a1: 1 electrolyte 

in poluk anil. calms ee ee but the electronic 

spectrum in this solvent is quite different from the mull 

spectrum. A broad band at 3400 em™ is observed in its 

infrared spectrum, but since hydrogen-bonding to bromine 

atoms could modify the appearance of the O-H stretching 

bands of lattice water, this result is not diagnostic of 

coordinated water, Attempts to dehydrate the complex led to 

decomposition of the ligand, so it is formulated as £ (Mepy),, 

(H,0)BrNi_7Br, with £ (Mepy) NiBr, 7. H,0 as a plausible al- 

ternative. This complex is undoubtedly the "unknown product" 

obtained by Walton, 7° who described it as a sles iste enes 

pyridine: his analytical data for the "unknown product" 

agree quite well with our own results, When nickel(IT) 

iodide is used instead of nickel(II) bromide in the above 

preparation, a similar green product is obtained: this com= 

plex was not characterised,
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3.4 Leg) sFe_7(C10)). 150 

This complex is low-spin ( More. 0.90 BM). A 

slight residual paramagnetism, which persists after re- 

crystallisation, is often found in low-spin iron(II) com- 

plexes of chelating heterocyclic Vipende,°* The electron- 

ic spectrum of this complex in nitromethane solution (the 

complex decomposes in aqueous solution) exhibits a doublet 

band of high extinction (€, = 7700) at 19,900 and 18,700 cm 1. 

This type of band is characteristic of iron(II) complexes 

containing the %-diimine group, and has been assigned toa 

- Ae 63 
tog” tm transition, 

3.5. Complexes of pyridine-2-carboxamide, 

The complexes diaquobis(pyridine-2-carboxamide) copper(II) 

chloride and diaquobis(pyridine-2-carboxamide)nickel(II) 

chloride were formed when 2-cyanopyridine was treated with a 

neutral aqueous solution of the metal salt; the copper(II) 

complex was formed exothermically, but heating under reflux 

was required to effect the formation of the nickel(II) com- 

plex, These complexes have already been well Mie oeaca 

and their identity was confirmed by comparing their infrared 

spectra (2000-200 om7!) with the spectra recently reported, °° 

The structure of the nickel(II) complex has been determined 

by a single-crystal X-ray study, which shows that the ligand 

is coordinated via the pyridine ring nitrogen atom and the 

67 amide oxygen atom.
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CHAPTER FOUR : Discussion. 

Bes The Stability of the Complexes. 

The susceptibility of O-methylpyridine-2-carboximidate 

(Mepy) to hydrolysis is illustrated by the development of 

appreciable intensity for a band at 1,722 em7' — attributable 

to YC = O in methyl 2-picolinate - following exposure of the 

ligand to moist air for five minutes. By contrast, / (Mepy) 

CuCl, 7 may be crystallised unchanged from 5M hydrochloric 

acid. On the other hand, £ (Mepy) Fe_/(C10,) 5.150, although 

it is structurally similar to tris(2,2'-bipyridyl) iron(II) 

perchlorate, does not share the unusual degree of stability 

possessed by the latter complex. Thus, £ (Mepy) sFe_7 (C10) )o. 

H50 decomposes rapidly in aqueous solution when exposed to the 

air, with deposition of iron(III) hydroxide. Also, the deep 

purple colour of the iron(II) complex is not generated when a 

solution of L (Mepy) sCo_7(C10, )5 is treated with aqueous 

iron(II) ions, in contrast to £ (bipy) Co_7(C10,) 5, which 

gives the violet colour. of the £'(bipy) Fe 7** cation immed- 

iately. 

A satisfactory explanation for the unusual behaviour of 

this ligand (relative to other«-di-imine ligands) and for its 

large Dq value may be derived from a consideration of the 

synergic mechanism which governs the bonding in complexes in 

which the ligands can simultaneously donate and accept elec- 

trons by J- andW- bonding, respectively: the function of 

the Tl- bonding is to remove the excess charge built up on 

the metal atom by T- bonding. °° The effectiveness of ligands 

such as pyridine, 2,2'-dipyridyl, pyridine-2-aldehyde alkylimines,
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and aliphatic % -di-imines is limited by their weak basicity: 

they are feeble J-donors and so the potential for stabilisat- 

ion afforded by the synergic effect cannot be fully exploited. 

However, O-methylpyridine-2-carboximidate, while retaining 

the conjugated &-di-imine unit and accordingly having atr* 

molecular orbital of relatively low energy for "back-bonding" 

in its complexes, is also a strong base. The strong basicity 

of imidates may be considered to result from the enhanced re- 

sonance stabilisation of the protonated form ( XIV<XV ). 

The canonical structure XVII, which is analogous to XV in the 

unprotenated form, involves charge separation and is therefore 

less stabilised by resonance than XV. 
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Mepy may therefore be classified as an “electron-rich 

«< -di-imine ligand" (like biacetyldihydrazone?? which has a > 

Da value of 1,280 cm’) and its effectiveness as a ligand,
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particularly in its copper(II) complexes, is attributed to 

its markedly enhanced QJ-donating ability relative to other 

« -di-imine ligands. This explanation is fully in accord 

with the reasons given for the unusually high ligand field 

strength of )-alkyl-1l-amidinoureas,~' and it is supported 

by the infrared evidence discussed below. 

4.2. The Infrared Spectra (3,500 - 1,100 cm~') of Mepy 

and its complexes. 
  

Y C=N and Y,, C-O-C in Mepy (Table 3) were assigned by 

comparing the infrared spectrum of this ligand with the re-=- 

L7 
ported spectrum of methyl benzimidate,. Two general trends 

are evident from an inspection of Table 3. With the ex- 

ception of the iron(II) complex (No.12) the C=N frequency 

is essentially unshifted on complex formation, but the C-O-C 

frequency increases, A small decrease (12 cm) in the C=N 

frequency is observed in the iron(II) complex. At first 

Sight, this is a surprising result, because the C=N fre- 

quency in 2-pyridinal-methylimine (XVI) increases by about 

20 em on complex formation with cobalt(II), nickel(II), 

and copper(II), but decreases by 76 cm™! on complex formation 

with iron(II) .°9 

i ; 

ae CH, 

| < x <
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The absence of marked change in the C=N frequency in 

the complexes of Mepy is considered to arise from the super- 

imposition of two effects, which tend to cancel one another. 

The first effect is the increase in the bond order on com— 

plex formation which was observed by Figgins and Busch; °? 

this effect is difficult to explain, but may be visualised 

as a "quenching" of the normal resonance (XVI<> XVII) in the 

ligand, with the stabilisation of the form XVI in the com- 

plexes of cobalt, nickel, and copper. The second effect 

arises from the reduction in the bond order which occurs 

on quaternisation of an imidate nitrogen atom; (9 i this 

is probably a consequence of an increased contribution from 

the structure XV in the quaternised form, Also, a decrease 

in the C=N frequency of methyl acetimidate (XIVe Xv, R,= Ro= 

methyl) was observed when this ligand formed a pentacarbonyl- 

chromium complex. /* 

Support for the existence of the second effect is pro- 

vided by the observation of an increase in the C-O-C asym- 

metric stretching frequency of Mepy on complex formation ;: 

this is consistent with an increased contribution from struct- 

ure XV (Ry= 2-pyridyl, Ro= methyl). A similar increase in 

the C-0-C frequency was observed in the complexes of methyl 

71 
te and in methyl acetimidate hydrochloride. acetimidate, 

These shifts illustrate the electron-donating effect of the 

methoxy group, and support the arguments advanced for the 

"electron-rich" nature of Mepy. 

A large reduction in the C=N frequency of 2=pyridinal- 
a 

methylimine was found to occur on complex formation with
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iron(II): this was attributed to w-bond formation between 

the metal and the ligand, with a concomitant reduction in 

the C=N bond erie 7 The iron(II) complex of Mepy shows a 

much smaller reduction in the C=N frequency relative to the 

free ligand. This difference indicates that any Tf —-bonding 

in the Mepy complexes is much weaker than in the «-di-imine 

complexes studied by Busth et.al. 

Mason has shown that there is a negative correlation 

between N-H and the N-electron density on the nitrogen 

13 atom, Inspection of Table 3 shows that the position of 

VYN-H for the copper, nickel, cobalt, and iron complexes 

decreases in the order Cu(II) —» Fe(II); this is also the 

expected order of increasing mf-bonding. The positions 

of VYN-H in the complexes containing labile halogen atoms 

are probably perturbed by hydrogen bonding effects in the 

crystals. 

4.3. Dhe preparation of ligands via the metal-promoted 

reactions of 2-cyanopyridine, 

Methyl 2-picolinate may be obtained in 78% yield from 

Z (Mepy) CuCl, / following sequestration of the metal with 

Na jEDTA: the imidate group is evidently repidly hydrolysed 

under these conditions. Since this complex is readily ob- 

tainable in good yield from 2-cyanopyridine, these reactions 

constitute a useful new route to the ester. The procedure 

recommended by Levine and Sneed, 74 after they had un- 

successfully attempted the preparation of the ester by other 

standard methods, involves addition of thionyl chloride to 

solid picolinic acid with stirring, and is difficult to con- 

trol; we failed to obtain a yield of better than 5% of
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Scheme 2. Methyl picolinate as an intermediate in the 

synthesis of new ligands. 
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methyl picolinate using this procedure. This ester is re- 

active, since it has an electron-withdrawing group substit- 

uted at the carbonyl function, and it might therefore be a 

useful intermediate in the preparation of several interest- 

ing and, as yet, little-studied ligands, Synthetic routes 

to some ligands which could, in principle, be prepared from 

methyl picolinate are summarised in Scheme 2, 

The preparation of pyridine-2—-carboxamide via the metal- 

promoted hydration of 2-cyanopyridine has already been des- 

oribea, 9? 25a This amide is also difficult to prepare in 

good yield by standard methods; for example, reaction of 

2-cyanopyridine with hydrogen peroxide gives not the amide 

but pyridine-2-carboxamide-1-N-oxide’ and an aiieet by us 

to prepare the amide by treatment of 2-cyanopyridine with 

concentrated sulphuric acid gave pyridine-2-carboxamide in 

a yield of only % 

2-cyanopyridine can be prepared from pyridine, via 

pyridine-N-oxide, by the method of Feely and Beavers, /? or 

alternatively by a vapour-phase reaction between cyanogen 

and patadions. © 

4.4. The mechanism of the metal-promoted reactions. 

The formation of imidates from nitriles is known to be 

catalysed by both strong acids © and strong pases! This 

can be used as a basis for an elementary mechanistic dis- 

tinction between two types of metal-promoted reaction, 

The first type of reaction is exemplified by the for- 

mation of (Mepy) ,Ni(C10, ). from 2-cyanopyridine and hydrated
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nickel(II) perchlorate. This complex is not formed unless 

a strong base is present, and the role of the nickel ion in 

this case probably consists merely in its ability to form a 

stable complex with the imidate immediately after its for- 

mation by the action of methoxide ion on the nitrile / (1) 

and (2) 7. 

oo - ne wep ie cH: i CoH NCW. oO; Che see CoH, N ; 3 
NT 

GHN=G20-CH,.44Nio => Cha N— Geo-Ciy <2 [2] 
Tl - Ve 
uo N, «<—N 

To the extent that (1) is an equilibrium process, the 

nickel ion increases the yield in the forward reaction by 

removing the imidate,. At the same time, further reaction 

of the imidate (e.g. with water, to give the ester) is 

prevented. We have already seen how complex formation with 

copper(II) makes the coordinated imidate remarkably resist- 

ant to hydrolysis. 

The rapid copper(II)-promoted reactions of 2-cyano— 

pyridine are thought to constitute a second type of reaction, 

Neither added base nor acid are necessary for these reactions 

to proceed rapidly to completion. The isolation of the 

intermediate (2-cyanopyridine )CuCl, suggests that in these 

cases the metal ions have a definite catalytic role, as
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Well as being effective in stabilising the product,, 

The kinetic aspects of the metal-—promoted hydration and 
23,2 

"alcoholation" reactions of 2-cyano-1,10=—phenanthroline, 

and of the metal-promoted hydration of 2-cyanopyridine, on 

have been discussed by Breslow, Fairweather, and Keana, The 

copper(II )=-promoted reactions of these compounds were found 

to be too rapid for convenient study. However, nickel(ITI) 

ions were found to promote the hydration of 2-cyano-1-10- 

phenanthroline by a factor of 10! relative to the hydroxide- 

ion catalysed hydration in the absence of transition metal 

ions, This remarkable acceleration eee accounted for by a 

t relative to the 
4” 

at about 15 Kceal/mole. For the analgous hydration re- 

gain of about 35 entropy units inAS 

hydroxide-ion catalysed hydration; AH“ remained unchanged 

action of 2-cyanopyridine, the ratio of second-order rate 

constants for hydroxide attack on the complexed and free sub- 

strate was found to be approximately 5 x 107, Both sets of 

reactions were found to be first-order in hydroxide ion and 

were not susceptible to general basic catalysis. Three 

mechanisms, each of which could account for the observed in- 

crease in the entropy of activation of the reaction, were 

considered by Breslow et.al. 

The increase in the entropy of activation in mechanism 

A was reasonably attributed to the liberation of solvated 

molecules from around both nucleophile and substrate result- 

ing from the reaction of the nucleophile with a positively 

RL NNR RN at 

418k J mol 

4,184 J 

© 216 su, ll 

1 Keal I
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charged species. In mechanisms B and C, the increase in 

the entropy of activation is attributable to a template 

effect, which reflects the enforced proximity of the nucleo- 

phile to the substrate. These three mechanisms are kin- 

etically equivalent, so extra-kinetic arguments were resorted 

to in an attempt to deduce the correct mechanism. 

Breslow et. al. decided in favour of mechanism A for two 

reasons, Firstly, they found that neither ethanolamine nor 

hydroxyethylethylenediamine were more nucleophilic in the 

metal—promoted reaction than in the metal-free control: they 

argued that since these alcohols should have been present in 

a high concentration in the metal coordination sphere, they 

should have shown enhanced reactivities, if mechanisms B or 

C were followed. Secondly, an experiment conducted in 50% 

aqueous ethanol showed that ethanol was more reactive than 

water (this is the normal order of hy Siutaniiio GG iesi esa 

they argued that if mechanisms B or C were followed, the 

preferential coordination of water would have made water more 

reactive than ethanol. Mechanism C was ruled out because 

"in the attack on the nitrile, the oxygen, carbon, and nitro- 

gen must remain coplanar as the carbon atom becomes trigonal: 

Stabilisation by the metal in the plane of the molecular com- 

plex is therefore geometrically impossible." 

The validity of these arguments is questionable. Firstly, 

no positive evidence in support of mechanism A was presented, 

Secondly, if a coordinated alcohol such as ethanolamine (bound 

wia the nitrogen end of the molecule as a unidentate aes 

were to react by mechanism B or C, then either the transition
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Alternative mechanisms for the metal-promoted hydration 

of 2-cyano-1,10-phenanthroline. 

OX). GX) 
N N LY “oH Nv 2 074 

Sie cm 
Ny 

N 

» a) 

Mechanism A 

  

Mechanism B 

  
Mechanism C
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state for the reaction (XVII) would contain a (highly 

strained) seven-membered ring, or else the breaking of the 

metal-NH, coordinate bond would have to be a first step in 
2 

the reaction: the resulting solvolysis and reaction to form 

the amide would then be consistent with mechanisms B or C. 

It is therefore not surprising that these nucleophiles did 

not exhibit enhanced reactivities. 

1 

HN- CH, CH, 0-H 
  

XVII 

Thirdly, if the rate of the reaction is governed by the 

nucleophilicity of the coordinated group, and not by the re- 

lative concentrations of the intermediate species containing 

the different coordinated nucleophiles, then the observed 

greater reactivity of ethanol is as consistent with mechan- 

isms B and C as it is with mechanism A. 

Fourthly, we were not able to prepare an imidate complex 

from 2=-cyanopyridine and nickel(II) chloride in neutral meth- 

anol solution, even after heating umer reflux for 48 hours, 

yet the amide complex of nickel(II) chloride was formed read- 

ily in aqueous solution: this observation is more consistent 

with mechanism B or C than with mechanism A, Moreover, when 

2-cyanopyridine was treated with copper(II) chloride in meth- 

anol containing dissolved sodium hydroxide, the major product
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isolated was a complex of the amide, not the imidate. Since 

a substantial concentration of methoxide ions would exist in 

this solution, a complex of the imidate would be expected as 

the major product, if mechanism A were correct. 

Finally, the statement which “rules out" mechanism C is 

based on the assumption (for which Breslow et. al. presented 

no supporting evidence) that the ligand in the amide complex 

is coordinated via the amide nitrogen atom, since if it were 

coordinated via the amide oxygen atom, then no steric hind- 

rance would be present. This assumption is almost certainly 

incorrect, since single-crystal cc ae infrared caer’ 

(including studies on 135 substituted complexes) have shown 

that the ligands in diaquobis(pyridine-2-carboxamide)nickel(II) 

chloride are coordinated via the pyridine ring nitrogen atoms 

and the amide oxygen atoms. 

We conclude that it is best to refrain from postulating 

a general mechanism for these reactions on the basis of the 

evidence now available, So far, the results of additional 

investigations have been inconclusive. In a very recent 

study, Watanabe et. al. attempted to prepare amidine derivat-— 

ives of the type XVIII 

  

Ms 
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by the reaction of various amines with dichlorobis(2-cyano-
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pyridine)copper(II). They succeeded only in obtaining 

mixed ligand complexes of the type XIX when ammonia, methyl- 

amine, 

CH, 

N C* 
ian 

Cen — Noy 

amne | 
x x 

dimethylamine, ethylamine, and benzylamine were used. When 

the more sterically hindered and strongly basic amines di- 

ethylamine, trimethylamine, and triethylamine were used, then 

a bis(Mepy)copper(II) complex was formed. 

These results can only be used as evidence against mech- 

anisms B or C if it is assumed that the nucleophilicities of 

the amines are the same as the nucleophilicity of the meth- 

oxide ion. If these reactions had been carried out in the 

absence of water or alcohols as solvent, then the possibility 

of competition between different nucleophiles would not have 

arisen, A more useful experiment might be to compare the 

catalysis of the hydration by nickel(II) ions and palladium(II) 

ions. Since palladium(IT) has very little tendency to co- 

ordinate in axial positions, it should be much less effective 

as a catalyst than nickel(II) if mechanism C is followed, but 

of comparable activity if mechanism A is correct, 

The most rapid metal-promoted reactions of 2-cyanopyrid- 

ine with methanol in neutral solution were those which were
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promoted by copper(II) salts: the formation of complexes of 

Mepy with nickel(II) bromide and iodide and with cobalt(II) 

chloride took place much less readily, and we were unable to 

prepare any solid complex of 2-cyanopyridine with nickel(II) 

ehloride. These differences in reactivity may be correl- 

ated with the differences in the anticipated stabilities of 

the corresponding complexes of the metal halides with 2-cyano- 

pyridine. In other words, we are making the reasonable as- 

sumption that in the metal-ion-accelerated reactions the 

formation of an appreciable concentration of a metal complex 

of 2-cyanopyridine is a necessary first step in its conversion 

to Mepy. In support of this, we note that copper(II) chloride 

which reacts rapidly with 2-cyanopyridine in methanol to form 

Z (Mepy)CuCl, 7 also forms a complex with 2-cyanopyridine which 

was stable enough to be isolated at O° The formation of an- 

alogous complexes of copper(II) salts with dicyandiamide was 

quoted as evidence in favour of the "template" nature of the 

reaction between dicyandiamide, copper(II) salts, and alcohols, 

to give copper(II) complexes of pce eee 

The behaviour of cobalt(II) chloride and the nickel(II) hal- 

ides may be explained by comparing the anticipated stabilities 

of their (hypothetical) ie wasnt as complexes with the 

stabilities of the corresponding (known) complexes of the 2- 

halogenopyridines, since these ligands are sterically and 

electronically similar to 2-cyanopyridine. The order of 

increasing tendency to form stable, solid complexes of 

cobalt(II) and nickel(II) halides with the halogenopyridine 

is Co)Ni and Werder. Trends of this type would 

account for the formation of £ (Mepy).NiBr, .H,)_7.Bmiand 

Z (Mepy)CoC1,_7 .H,0 and for our failure to obtain any com- 

plex with nickel(II) chloride.
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4S. CONCLUSIONS. 

A transition-metal promoted reaction of 2-cyanopyridine 

has been used in a novel preparation of an ester which is 

difficult to synthesise by other methods, Reactions of this 

type may find further applications in synthetic organic chem- 

istry, particularly in systems where the use of conventional 

acidic or basic catalysts might cause undesirable side re- 

actions. The mechanism of the metal-—promoted hydration of 

2-cyanopyridine has been explained on the basis of a template 

effect. 

The donor properties of O=-methylpyridine~2-carboximidate 

have been investigated, and it has been classified as an "el- 

ectron-rich" ligand. The investigation of the donor proper- 

ties of ligands of this type, which can produce large ligand 

field splittings despite having only a moderate Tr~acceptor 

capability, constitutes a topic of some interest, and further 

research in this field is described in Part 4.of this thesis.
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PART TWO : THE VIBRATIONAL SPECTRA OF TRIPH TRIPHENYLAMINE, TRI- 

( 2—-PYRIDYL)-AMINE, TRI (2-PYRIDYL)PHOSPHINE, AND TRI (2-PYRIDYL )- 

ARSINE, 
TS 

      

  

    

CHAPTER FIVE : INTRODUCTION. 

5.1. General. 

The principal motive for this study was to provide a 

firm basis for making vibrational assignments in a series of 

metal complexes of tri(2-pyridyl)amine by establishing a vi- 

prational assignment for the ligand. Previous workers have 

shown that it. is possible to make reliable and self-consistent 

assignments in large molecules provided that a homologous 

series of molecules is studied, and to this end, tri(2-pyridyl)- 

phosphine and tri(2-pyridyl)arsine were prepared and their 

spectra obtained. These two compounds are also of consider- 

able potential interest as ligands, and it is hoped that the 

simplified method for preparing these compounds which is de- 

scribed here will facilitate future studies of their donor 

properties, Triphenylamine was used as a ‘model compound! 

in order to help to relate the spectra of the little-studied 

tri(2-pyridyl) compounds to the more extensively studied 

spectra of triphenyl compounds, 

Saas The vibrational spectra of monosubstituted benzenes, 

The benzene molecule belongs to the point group Dens Ef 

one of its hydrogen atoms is replaced by a monatomic substit- 

uent, the symmetry is lowered to Cos and the degeneracy of 

the E vibrations in benzene is lifted. A group theoretical
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analysis shows that the normal vibrations of this monosub- 

stituted benzene span the irreducible representation 

ee = 114, + 6B, +34, + 108, 

The A,, Bi, and B, vibrations are infrared and Raman active, 

but the Ay vibrations are Raman active only. 

It was noted by Whiffen, during the course of an in- 

vestigation of the vibrational spectra of the monohalogeno- 

benzenes, that twenty-four of the thirty normal vibrations 

of these molecules only involve motions of the carbon and 

hydrogen atoms and therefore remain nearly constant in the 

series, while the six other modes involving stretching or 

bending of the carbon-halogen linkage were observed to shift 

to lower wavenumbers with increasing mass of the halogen, ! 

In subsequent investigations of the spectra of other mono- 

substituted benzenes, it has generally been found that if 

bands attributable to vibrations of polyatomic substituents 

are discounted, then their vibrational spectra are similar 

and resemble the spectra of the halogenobenzenes,. Several 

tables giving average values or ranges of values for the 

substituent-insensitive vibrations have Cie ad these 

tables have been used in making assignments for many mono- 

substituted benzenes by a 'bingo' procedure involving com- 

paring the position, intensity and degree of depolarisation 

of an observed feature with the results given in the tables, 

Although this empirical procedure has enabled many sat- 

isfactory and self-consistent assignments to be carried out,
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some confusion has arisen in the literature largely because 

different authors have used different systems of nomenclature 

for describing the forms of these vibrations, Three systems 

of Senile latues are currently in use. re oe. might be 

thought that the comparison of these three systems would be 

quite straightforward, since the identification of the forms 

of the vibrations can be checked by comparing assignments for 

similar saleeta: made using different systems. However, 

inconsistencies are present in the comparisons already pub- 

lished. For example, Stephenson et. oo say that their 

vibration No.5 (described by Langseth and o as No.13) 

is the same as Whiffen's ‘ and they describe it as a C-H 

stretching vibration belonging to the A class, yet Varsanyi 

describes Langseth and Lord's mode No.13 as the "C-X stretch- 

ing" mode = which Whiffen calls q. On the other hand, 

Varsanyi considers that the Langseth and Lord mode 7a con- 

tributes to C-X stretching, yet Stephenson classifies 7a as 

a C-H stretching mode, 

This apparent confusion is explicable if we remember 

that the only "correct" description of the normal modes of 

a molecule is that which is giventy the potential energy 

distribution calculated using a "correct" force field. In 

other words, although Whiffen (for example) draws two Ay 

C-C stretching modes a and D, the actual modes will in fact 

be linear combinations of these idealised motions. Thus, 

the only "correct" representations of the vibrations of mono- 

Substituted benzenes are those calculated for chlorobenzene 
5 

by Scherer , for Toluene by Bogomolov . and for a mono-
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substituted benzene with a substituent of mass 15 - 19 by 

7 
Schmid . Even these calculated representations are "correct" 

only to the extent that the force fields are themselves correct. 

Further ambiguity can result from the quite inappropriate 

attribution of certain specific frequencies to 'C-X stretching’ 

and similar hypothetical vibrations. This point can be illus- 

trated by reference to the three substituent-sensitive A, vi- 

prations. Fourteen years ago, Whiffen pointed out that three 

modes (q, r and t) involve appreciable C-X stretching, and 

that there is no justification for calling any one of them 

the C-X stretching frequency. Nevertheless, there have 

peen controversies in the literature since then concerning, 

for example, whether the Sn-C stretching frequency in tri- 

phenyltin chloride lies near 1100 om” or near 4.50 a es 

In fact, as Varsanyi points out in his review, the vibrational 

form in which the largest change in the C-X distance takes 

place can be either mode 13 (LL) or mode 7a (LL), depending 

on the mass of the substituent. - There is, of course, no 

sudden change from one to the other: this has been demon- 

strated by the work of Becher and Hofler, who calculated the 

potential energy distribution of the C-X stretching coordin- 

ate in the three substituent-sensitive A, vibrations of the 
11 

halogenobenzenes using a model of the type
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Table 5,1. 

The potential energy distribution of the valence force 

constants in the three A, x-sensitive vibrations (from ref,1) 

of the halobenzenes,. 

Subpstituent X Approximate fraction of phenyl-X stretching 

incorporated in q, r, and t 

q. 

F 150 

Cl 0.47 

Br 0.31 

z 0423 

0.02 

0.18 

0,12 

0.10 

0.08 

0.39 

0.59 

0.68



The two groups Y were chosen to-represent the phenyl ring 

and were assigned masses equal to double the mass of a carbon 

atom, Some of their results are reproduced in Table 5,1, 

which shows the potential energy distribution of the C-xX 

stretching force constant in the three substituent-sensitive 

A, vibrations of the halogenobenzenes,. These results in- 

dicate that in fluorobenzene the C-X stretching vibration is 

concentrated in mode 13 (LL) = q (W) = 12‘(SWC), but that in 

the other halogenobenzenes each of the three vibrations in- 

cludes a C-X stretching component, which becomes concentrated 

in mode 6a (LL) = t (W) = 18° (swc) as the mass of the sub- 

stituent increases. Although many approximations are made 

in this treatment, the results clearly demonstrate the need 

for care in assigning specific frequencies to modes which can 

couple strongly with other modes. 

To sum up, the assignments of the vibrations in mono- 

substituted benzenes are generally well established, apart 

from some ambiguities involving vibrations containing con- 

tributions from C-X stretching and, to a lesser extent, C-X 

in-plane bending modes, A comprehensive discussion of these 

assignments is given in a recent book by Varsanyi. - This 

author reviews assignments for a wide variety of compounds 

under a separate heading for each normal mode, and compares . 

his own nomenclature - based on that of Langseth and Lord - 

with the descriptions of vibrations used by other authors, 

This comparison is not, however, presented in the table in 

which Varsanyi lists the frequency regions to be expected



Table 5.2. The Vibrations of Monosubstituted Benzenes, 

    

  

  

Light Substituents. Heavy Substituents. 

Vv LL W_ wsc vib. frequency IR Ra LL W vib. frequency IR Ra 
type range type range 

2 36 5 6 7 8 9 1a 12 13 14, g 3 16 47 

1 1 2 («CCC 620-830 m-S S,p 1a gq 12 ( “CCC 1060-1100 W-M Mm-S,p 
& C-H &C-H 
vy C-X y C-X 

z 2 Zi, 1 YC-H 3030-3070 m vs,p 

3 3 76 3 BC-H 1270-1331 w  w,dp 1253-1275 w  vw,dp 

4, hoe 8 $C-C 680-700 vs vw,dp 
5 57.4 7 ¥C-H 970-1000 w  vw,dp 

6a 6a % 46": CxocC 300-530 m-s m,p 4 ™ 2 (ccc 650-710 w m-S,p 
y C-X (» C-X 

3 C-H (8 C-H 

6b 6b 8s 18 « CCC 605-630 Ww m, dp 

Ja - Zi 15*  YC-H 3000-3060 w  vp,p? oe t 18 inc 260-420 w-mM m-S,p 

BC-H 

7o Jo 2, 15 C-H 3030-5060 “waa apt 
8a Ba k 16' YC-C 1574-1614 m m-s,p* 

8b 8b e 16 ¥VC-C 1562-1597 w w-m,dp 

Sa Sa a. 17" « BCR 1170-4481 m: © B,p 

9b 18b u 4) fp c-x 200-410 w-m m,dp 160-300 

10a 1G 2. 14 ¥C-H 810-860 vw vw,dp 

10b $168 i 41° Yc-H = 860-910 w  vw,dp 166 -x 20' (¥c-x 140-200 w-m m,dp 

(17>) 7) You   

-
2
/
-



  

  

Be 2 so 5 6 7 8 9 Woe Ag: 43 1h 15 16 47 

Beeld. ee 4 ¥ C-H 720-760 s  vw,dp 720-830 

A, 12 122% 6 ring 990-1010 m Vvvs,p 

Reel3 150 ee ae ¥C-X 1100-1280 3 s,p 7a Zi. 15 yYC-H 3020-3040 Ww vw, pet 
(20a) x CCC 

BC-H 

ee ee 9 %C-G 1300-1350 m w, dp 

Bo 15 9b c 47 BC-H 4150-1160 Ww m,dp 

A, 16a 16a w 20 40-6 390-420 vw vw,dp 

B, 16h. 17m Fe ae ¥c-x 430-560 m vw,dp 
(16b) (x) ¢c-C 

hy 7a 17a Be a ee 940-980 w  vvw,dp ' 

B, 17o SQ6b2: x. 20" ¥c-x 140-250 w-m m,dp 10 =i 41° VYC-H 880-940 Ww vw,dp ~ 
: WN 

| (17b) () gc-C 
A, 18a 18a b 1h Bc-H 1018-1030 m 8,D 

Bo 16h 15. @. 70 BC-H 1065-1082 w-m_ w,dp 

A, 19a 19a m 13 ¥C-C 44.70=1515 m m,p 

Bo 19b 19b’a 43" yo-c 1440-1470 s w, dp 

A, 20a 20a * 5  YO-# 3070-3110 s m, pt 
(13) 

By 20b 20bz, 12' YC-H 3020-3080 vs am, apt
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for the thirty normal modes of monosubstituted benzenes,. 

We have therefore attempted to summarise Varsanyi's textual 

comparison by including it in an expanded version of his own 

table. Our tabulated comparison (Table 5.2) differs from 

that of Stephenson et. al. in that by adopting Varsanyi's 

distinction between molecules containing light and heavy 

substituents, consideration is given to the effect of the 

substituent mass on the extent of coupling and hence on the 

nature of the substituent-sensitive vibrations, 

Key to Table 5.2: The Vibrations of Monosubstituted Benzenes. 

Column No.1 : Coy. 

This column gives the species of the vibrational irred- 

ucible representation to which each vibration belongs. The 

choice of the B, and Bo labels follows from a dg ting of the 

recommended axes for molecules of Coy symmetry. 

Column No.2 : V 

The numbers in this column refer to the numbers 

used by Varsanyi to label his drawings of the vibrations of 

benzene, the components of degenerate vibrations being separ- 

ated, They are similar to, but not identical with, the 

drawings used by Lord and Langseth. It must be remembered 

that these drawings are no more "correct" than any other set, 

Light Substituents. 

These are defined, for in-plane vibrations, (A, and B,) 

as those in which the first atom has a mass of less than 

25 a.m.u., except for ~CF, and -NSO which are classified 

as heavy substituents. For out-of-plane vibrations (Ao and B,)
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the only substituents considered to be "light" are monatomic 

ones having a mass of less than 25 a.m.u., and polyatomic ones 

such as toluene in which free rotation is possible around the 

bond connecting the first "light" and non-branching atom with 

the ring. 

Columns 3 and 11: LL 

The numbers in these columns are those used by Langseth 

and Lord in their description of the vibrations of benzene, 

The numbers in parentheses refer to alternative attributions 

which other workers have used. 

Columns and 12 3: W 

Whiffen's illustrations of the vibrational modes of mono- 

substituted benzenes are given in Ref.1. The permutation of 
13 

modes x and y is discussed by Wilcox. 

Columns and 13: SWC 

These columns contain the numbers used by Wilcox, Stephen- 

son and Coburn in their notation, which is based on Herzberg's 

illustration of the vibrational modes of benzene, The swe 

notation has been adopted by Durig and his co-workers, ag 

Columns 6 and 14 : Vibration Type. 

In these columns, an attempt is made to give an approxim- 

ate indication of the form of the vibrations. Some of these 

modes are "purer" than others, Thus, modes marked YC-H are 

essentially pure carbon-hydrogen stretching vibrations; the 

large difference between the frequencies of these vibrations 

and the other vibrations inhibits coupling. By contrast,
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the out-of-plane deformations “16b and “17b (x and y) are so 

strongly coupled that it is inaccurate to describe either of 

them as the "out-of-plane C-X bend". &CCC = in-plane ring 

deformation; YCC = carbon-carbon (ring) stretching vibrations; 

¥C-X = phenyl-X stretching; $CC = out-of-plane ring deform- 

ation; BC-H = in-plane C-H bending; YC-H = out-of-plane C-H 

bending. The "ring" mode 13 (i.e. mode 13 in Varsanyi's 

notation) is a totally symmetric breathing of the whole ring. 

Columns 7 and 1§ : Frequency Range. 

The values in these columns are reproduced from p.39l4 of 

Varsanyi's book; they indicate the region of the spectrum in 

which the various vibrations may be looked for. They are 

based on a compilation taken from data available up to 1966. 

All the data are taken from the spectra of compounds in con- 

densed phases; this presumably accounts for the appearance 

of y10a, »¥16a, and »919a in the infrared spectra, 

Columns 8 and 16: IR 

The letters w=weak, m=medium, s=strong and v=very give 

an approximate indication of the relative intensities of fun- 

damental frequencies in the infrared absorption spectra of 

monosubstituted benzenes. A designation such as w-m means 

that the relative intensity can vary between weak and medium, 

Columns 9 and 17: Ra 

These columns give an indication of the relative inten- 

sities and degrees of depolarisation of Raman lines, The 

letter p indicates a polarised line. In general, vibrations 

which are derived from the totally symmetric modes of benzene 

give rise to Raman lines with a degree of depolarisation of less
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than 0.1; this applies in particular to the vibrations V2 

and Yi2. The degree of depolarisation of the other A, vi- 

prations varies considerably, that of W8a (marked p*) ex- 

ceeding 0.5 in some cases, The Raman lines marked ft are 

not normally observable as separate lines since they are ob- 

scured by the extremely intense line due to W2, 

5.3. The Effect of Inter-Ring Coupling on the Phenyl Spectra. 

5.3.1. The determination of the species of the phenyl and 

skeletal vibrations in various triphenyl point groups. 

In the discussion which follows, Whiffen's notation will 

be used, because it has been chosen by most previous workers 

in: this field, 

The triphenylamine molecule contains thirty-four atoms 

and it will therefore have ninety-six fundamental vibrations, 

If we assume that the molecule has a Cz axis passing through 

the nitrogen atom in the direction of the lone pair, then we 

can regard these fundamentals as being made up of ninety vi- 

brations from the phenyl groups together with six new modes 

arising from the fact that the three groups are joined at the 

nitrogen atom, The six new modes will comprise one symmetric 

and one asymmetric (doubly degenerate) bend of the 

System, and one symmetric and one asymmetric torsion of the 

phenyl groups relative to one another. The degrees of freedom 

corresponding to stretching of this system are included in the 

phenyl group vibrations,
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Each of the thirty phenyl group vibrations mentioned in 

the previous chapter will couple through the central atom to 

give one in-phase non-degenerate vibration and one out-of- 

15,27 
phase and doubly degenerate vibration. The distribution 

of the thirty phenyl vibrations among the various symmetry 

species of the point group Dan was worked out by using a 

correlation table for the point group D_,. For example, the 
3h 

phenyl vibration q transforms as A, in the point group Coy of 

a monosubstituted benzene (see Table 5.2). By looking down 

the column under the heading Co, in Table 5.3, we locate the 

! ' 

A, species and note that it transforms as A, and as E in 

  

the point group Pi as A, and E in the point group D,, and 

So on. 

Dan Crh D, Oey Coy Cz 

1 ! 

A, A A, A, A, A 

{ i 

Ay A Ay Ay B, or Bo A 

f 1 

E E E E A, + (B, or Bo) E 

a t? 

A, A A, Ay Ay A 

tf i 

A, A Ay A, B, or B, A 

ws 3 

E E E E Ay + (B, or B,) E 

  

Table 5.3. A correlation table for the species of the point 

group Dan and its subgroups (adapted from ref.32).
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Arminor complication arises from the fact that the species 

By and Bo in the point group Coy are determined by the con- 

ventional specification of axes shown in fig.5.2. 
N\ | 

N | 
» 

a i \ 

ee a i eeeiak nelle Xx— et ead >2 

XN 

\ 
X\ Bs a on a Fig 5 | 

| 
v 
J 

In the vertical D structure shown in fig.5.3, the 
3h 

yz planes shown in fig.5.2 are identical with the Uyplanes 

of the point group Dan, In this case, the first of the al- 

ternative sets of species listed in the column under Coy 

in Table 5.3 must be used, This follows from a comparison 

of the character tables of the point groups Coy and Dane 

The Bo phenyl vibrations are symmetric w.r.t. reflection in 

the yz plane; inspection of the Don character table shows 

that the non-degenerate species which preserves this feature 

is A On the other hand, the B, phenyl vibrations are 

antisymmetric w.r.t. inversion in the xz plane, which cor- 

responds to g, in the Dan point group. The degenerate species 

¢ 

in Dan which preserves this antisymmetry is E 

In the'flat D,,' structure shown in Fig.5.4, the B 
53h 2
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the Cz axis) 
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Side view 

Fig. 5.3. Vertical Dan 
4 

structure for a (phenyl) ,x 

molecule, 

| 

C3 

l 
| 
| 

; k ee 

x ee ee 

top view (looking down 
the C, axis) 

| 
| 
| 

| 
Side view 

Fig, 5.4. Flat D 3h structure for a (phenyl) x 

molecule,
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phenyl vibrations are now antisymmetric wer.t. reflection in 

1 

the V, planes of the D point group, so they transform as Ao} 
3h 

the corresponding degenerate species is EB, which preserves 

the symmetry of these vibrations w.r.t. reflection in the 4 

plane. The statements made in the preceding paragraph about 

the Bo phenyl vibrations are now true of the B, phenyl vi- 

prations instead, In summary, the effect of changing from 

a vertical Dan structure to a flat structure is to inter- 

change the Bo and By species, so the second alternative set 

of species must be used. 

A further example should help to show how the consider- 

ations described here are applied in practice, The phenyl 

vibration u can be described as an in-plane bending mode of 

the phenyl-X linkage. From Table 5.3, we note that it be- 

longs to the species Boe Looking down the column under Cow 

in Table 5.3, we note that this vibration splits into A, and 

z components in the 'vertical' Dan structure (choosing the 

first of the alternatives), and into A, and E components 

in the 'flat' Dan structure (choosing the second of the al- 

ternatives). 

The symmetry species of the skeletal vibrations were 

determined by inspection, The symmetric skeletal bend
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(Sim, Fig. 5-7) of the (pheny1) x unit preserves the three 

Vy planes of Dan but is antisymmetric w.r.t.%: the only 

species in the character table for Dan which incorporates 

this feature is ie On the other hand, the asymmetric and 

doubly degenerate bend (SasymrPig.5-8) is symmetric w.r.t. I, 

and mst therefore transform as ie The torsions 7%. and Tasy 

(Pig.5<5:and 5.6) are both antisymmetric w.r.t.G. sy» is 

also antisymmetric w.r.t. ¥, - These considerations apply in 

both the flat and vertical D structures, so %,. transforms 
3h 

tt tt 

as A, and %,.28 re 

The effect of lowering the symmetry from Dan on the 

classification of all these vibrations in the point groups 

of lower symmetry was then determined by using the correlation 

table 5.5. The distinction between the in- and out-of-plane 

phenyl vibrations (B, and Bo species) is preserved in the 

'flat' and ‘vertical' C Sy structures which result when the vi, 

plane of Don is lost, and this has important consequences 

which are discussed in section 5.4.3. These species are, 

however, mixed in the Dz and C, point groups. The species 
3 

for Can are included here because although this is not a 

feasible point group for a triphenyl compound, it could 

describe one of the possible symmetries for the tri(2-pyridyl) 

amine molecule,
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The results are summarised in Table 5.4. The infrared 

and Raman activities of the vibrations were determined by 

inspection of the character table for the appropriate point 

group. If the vibration belongs to the same symmetry species 

as a translation of the molecule, it will be infrared-active; 

this is indicated by the presence of the symbol Tex, y, or 2) 

to the right of the characters for that symmetry species. If 

the vibration belongs to the same symmetry species as one of 

the components of the polarisability tensor (denoted by terms 

such as Oey appearing in the column to the right of the char- 

acters) then it will be Raman active. 

A final check on the results presented in Table 5.4. was made 

by setting up molecular models of the 'flat' and 'vertical' 

Dan structures and then finding the structures of the irreduc- 

ible representations of the molecular vibrations by the method 

5D 
of Wilson. The numbers of vibrations in each species, cal- 

culated in this way, corresponded exactly with the numbers 

of vibrations assigned to each species by the methods out- 

lined above, 

The group theoretical treatment presented here shows 

that it should be possible, in principle, to assign a point 

group symmetry to a triphenyl compound by finding the number 

of components into which assignable phenyl vibrations are
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split in the vibrational spectra of the triphenyl compound, 

For example, if strong Raman lines without infrared co- 

incidences are found in the positions expected for the A, 

(m Co.) x-sensitive phenyl vibrations q, r, and t, then re- 

ference to Table 5.4 shows that the point group symmetry of 

Or D.. the molecule in question is likely to be either Dan 3 

Examination of the multiplets assignable to the B, and By 

phenyl vibrations should then enable a choice to be made be-— 

tween flat Don vertical Day? and Dz ; thus, if only one 

component of the out-of-plane bending vibration x can be 

identified, and if this is found in both infrared and Raman 

spectra, then reference to Table 5.4 shows that the likely 

symmetry is 'vertical' Dane 

In practice, however, the application of these apparently 

straightforward selection rules must be carried out with some 

caution, for three main reasons, 

First of all, the fact that a splitting is predicted 

does not necessarily mean that it will be observed. The 

extent to which a given phenyl vibration is x-sensitive de- 

pends on the magnitudes of the changes in the phenyl-x 

distance and the adjoining bond angles which occur during 

the vibration. The width of the frequency range given in 

Table 5.2. is a measure of the x-sensitivity of a given
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vibration; the larger the range of values, the more x-sensit- 

ive the vibration. Since any splitting of a phenyl vibration 

caused by inter-ring coupling must involve transmission of 

some vibration through the central atom, it follows that the 

splitting of phenyl vibrations will increase as the x-sensit- 

ivity of the vibrations increase, In other words, a phenyl 

vibration which is not x-sensitive will not interact apprec- 

iably with the corresponding vibrations in the other phenyl 

rings. This is particularly likely to occur if the mass of 

the central atom is large, since such atoms should act as 

effective insulators between the phenyl groups. In general, 

the magnitude of splittings due to inter-ring coupling should 

decrease rapidly with increasing mass of the central atom, 

As a result, the splitting of vibrations of this type is 

likely to be too small to be observed. It must not be assumed, 

therefore, that if only one component of a phenyl vibration is 

observed, the other must be forbidden by the selection rules, 

Splitting of vibrations can occur for reasons other than 

inter-ring coupling. If the compound is being studied in 

the solid state, splittings may occur as a result of inter- 

molecular vibrational coupling, or because of the situation 

of molecules on lattice sites of low symmetry. Alternatively,
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slight separation of frequencies can arise from the presence 

of molecules in non-equivalent sites in the crystal lattice. 

Fermi resonance is yet another possible cause, These effects 

make it very difficult to recognise genuine splittings due to 

inter-ring coupling in solid-state spectra, 

Finally, it is clear from a perusal of Table 5.4 that 

Raman dade te Sanenticr if the symmetric components of all 

the split vibrations in molecules of Dan or Dz symmetry are 

to be located. In the lower symmetry point groups, Raman 

data is also of considerable value in identifying symmetric 

components of split vibrations, since the corresponding 

Raman lines should exhibit some degree of polarisation. In 

view of these considerations, assignments based solely on 

infrared data must be treated with circumspection. 

To sum up, the credibility of any vibrational assign- 

ments in molecules in which inter-ring coupling occurs de- 

pends on whether the compound is studied in solution or in 

the solid state only, and also on whether Raman data are 

used in conjunction with infrared measurements.
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Table Saif. 

  

  

  

  

  

Point Symmetry Vibrations No. of Activities 
group Species vibrations 

Phenyl Skeletal 

Dan A, a,b,k,m,p,d,r,t,2, ;% O RE, p61 

flat =50" 5 
! 

(Fig.5.4) As c,d,e,1,n,5,U,0, 2%), 10 O inactive 

t re 

E A yb gk Moye 8" I.R. + Ra 
rt,t',2),2'5 22k, depol 

oe 56) gl in? Bt 

a" ,.0 229 25 ee 

5 

A, Gay WT yn 5 1 inactive 

7% : 

Ay £,1,41,v;2,7, oy 6 1 I.R. 
t? 

gt hg alge io", 

Wie eT! Teg 9 4 Ra, depol 

total 90 + 6 = 96 

Cay A, a,b,k,m,p,q,r,t,2Z,, +7 1 I.R. + Ra 

flat ZosZzat,1,J,VsXsV, 8, pol 

Ay c,d, e,1,n,S,U,0, 2), 

2 18,l,WyT, 1s 1 inactive 

E at coke oP aS 30 2 I.R. + Ra 

vl ,t',25,25,25,0', depol 

a.6° 2° a" 8 ony 

o! 9Z)9 2598" shi ,w', 

gl gd oV gh y's 

as?" as 

  

total 
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Table 5.4. (continued) 

  

Point Symmetry Vibrations No.of Activities 
group Species vibrations 

Phenyl Skeletal 

  

  

  

  

Dan A, a,b,k,m,p,q,r,t,2,, 11 O Ra, pol 

vert "oes 
: t 

(Fig.5.9) Ay £,51,35%,%09% 6 0 inactive 
1 

E a. b' mk gp' a" 

rl ,t',25,25,25,f",i', 

Je" 476 as 17 1 I.R. + Ra 

tt depol 
A, &,h,w,7, 3 4 inactive 

+3 

Ay c,d,e,1,n,0,5,U,Z), 

Ze9 5. 10 4 Tis 
et 

E g*o pl w oe , arse", 

1',n',o',s',u',z), 

Ze San 13 1 Ra, depol 

total 90 + 6 = 96 

oy A, a,b,k,m,p,4,r,t,2,, 21 1 I.R. + Ra 

vert Bai ss Aa Rees ByGs Best 

8,0, 292555, 

Ao Soka Joie che Cees 9 1 inactive 

7 

s 

E at 20° eee ie se 30 2 I.R. + Ra 

vl, t' 24 ,25,2%,0c', depol 
t ! ! t ! ! G40" yi. pe gO 28 > 

  

total 90 4 Ga £96 
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Table 5.4. (continued) 

  

Point Symmetry Vibrations No.of Activities 
group Species vibrations 

Phenyl Skeletal 
  

A, a,b,k,m,p,q,r,t,2,, 

Zo9%z98,h,W,T,, 1h 1 Ra, pol 

Ao c,d,e,1,n,s,u,0,%),, 16 4 TOR. 

Z5of,1,5,V,X,7, 8, 

E at bd! em! spoyay 50 2 I .Ry Re 
r',t',zt,z',z',g', depol 

hii wt 6'..0'38' 51°; 

Hes ee oe 

f0 ji" 3s vas oe 

Tas } Sas 

  

total 90 °*4 6 “=*.-96 
  

  

3 A a,b,k,m,p,q,r,t,Z,, 30 a ieRs. + Ra 

Zp» % 9S,h,W,C,d,e, Bet 
3 

1,1, 5,U,0,2), 52,50, 

1,5,V,X,V, 7,5 $5) 

s a',b',k',m',p',q', 30 2 L.R. + Ra, 

vl, t! 21 525525,8', depol 

o we 40,6" 52s 

n',s',u',ot,zt,zt ft it 

Ed Vat ov" 

Tas? Sas? 

  

total 90 te 6 = 96 

  

Key. Unprimed 1.c.letters = symmetric components of Whiffen's 
phenyl vibrations. 

Primed es * asymmetric components of Whiffen's 
phenyl vibrations, 

i. symmetric deformation (Fig.5.7) 
¥ s = symmetric torsion (Fig.5.5) $.g= asymmetric deformation 
Was = asymmetric torsion (Fig.5.6) (Fig.5.8) 
I.R = infrared active; Ra = Raman active; 
pol = polarised Raman lines (© £0.75); 
depol = depolarised Raman lines (@ 5 ors ). 

I 
i
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5.4. The effect of coupling on phenyl spectra ;: a survey of 

the literature. 

Some idea of the scope of previous work in this field is 

given in Table 5.5. It is obvious that many of these studies 

fall far short of meeting the experimental criteria outlined 

at the end of the previous section. 

54.1. Lriphenylamine 

Coupling effects in this molecule must be expected to be 

quite considerable, in view of the low mass of the central atom. 

In the absence of Raman data and solution studies, the assign- 

ments Poe se x-sensitive vibrations must be re-= 

garded as being largely speculative. Thus, it was suggested 

that the splitting of infrared bands near 420 on™ is due to 

crystal Te ee yet we have found that the splitting per- 

sists in solution spectra. By comparing the spectrum of tri- 

phenylamine with the spectra of compounds believed to have a 

planar configuration about the central atom (triphenylboron 

and the triphenylcarbonium ion) and also with the spectra of 

related compounds which were known to be tetrahedral, Sharp 

OG, poe concluded that the infrared spectrum of triphenyl- 

amine favoured a planar arrangement about the central nitro- 

gen atom (D,, symmetry). 

5.4.2. Triphenylphosphine. 

16,17 
In early studies of the spectra of this molecule, 

the effects of inter-ring coupling on the x-sensitive vi- 

brations were not fully appreciated. Thus, Goubeau and 

Wenzel assigned bands at 1090, 687 and 42 om™! to the three 
tT 

x-sensitive A, phenyl vibrations ; they then assigned 

another pair of bands at 397 cm” and 4.93 om™! to¥PO and 
>
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Table 5,5. 

Compound Physical Spectral Coupling Reference 
Studied State(s) Range effect 

Covered discussed. 

Les Raman ‘ 
(cm7) ( AY, ow 

Triphenyl- solid 1700-650 _ Yes 14, 
amine 

ey solid 1700-650 ~ Yes, in 15 
detail 

solid 650-200 - No 16 

Triphenyl- solid 4000-280 1700-600 No 17 
phosphine 

" solid 650-200 - No 16 

* solid 667-222 ~ No 18 
and 

solution 
x 

" solid 1600-375 1600-400 Yes 19 

- solid 550-100 500-50 Yes 20 
and 

solution 
oe 

¥ solid 1500-50 1500-50 No ea 

Triphenyl- solid 650-200 ~ No 16 
arsine 

¥ solid 4000-250 ~ Yes 22 

t solution 4000-200 1600-50 Yes 23 

¥ solid 550-100 500—50 Yes 20 
and 

solution 

° solid 1500-50 1500-50 No 21 

" solution - 1600-50 Yes 2h 

Triphenyl- solid 1700-650 - Yes 25 
boron 

" solid 4.000-4.00 - Yes 26 
and 

solution 

Triphenyl- solid 1700-650 ~ Yes 25 
carbonium 
salts 

solid 4.000=—300 - Yes, in 27 
detail 
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Table 5.5. (continued) 

  

  

Compound Physical Spectral Coupling Reference 
Studied State(s) Range effect 

Covered discussed 

teks Raman 
(cm) (4%, cm" 

Triphenyl- 
methane solid 1700-650 = Yes 25 

" solid 667-222 - No 18 
and 

solution 

. (not 650-50 650-50 No 27 
stated) 

Triphenyl- (not 600-50 600-50 No 27 
silane stated) 

Triphenyl- liquid 4000-33 4000-33 Yes, in 29 
germane detail 
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) PCz, respectively. In fact, the degree of freedom 

corresponding to P-C stretching is incorporated into the 

three X-sensitive A, phenyl vibrations, so that the eee PC 3" 

and a PC" vibrations are spurious. 

In more recent studies, coupling effects have been con- 

sidered, and infrared studies over a wider frequency range, 

together with Raman ai oe ee permitted satisfactory 

assignments to be made for most of the vibrations. In gen- 

eral, small splittings (less than 30 om™') were observed in 

the phenyl vibrations t, u, x and y, and most of the other 

split components of phenyl vibrations were found to be accid- 

entally degenerate, The assignments were made by comparing 

the position and intensity of observed spectral features with 

results obtained for other compounds in which the vibrational 

assignments are well established. Only one controversial 

point merits some discussion: this concerns the assignments 

for x, an out-of-plane bending mode of the ring, and the in- 

plane ring bending mode u. 

5.4.3.The effect of inter-ring coupling on the vibrations 

X and u. 

The majority of workers assign a group of vibrations 

occurring between 200 and 280 om™! to u, and the lower fre- 

quency group between 155 and 220 cm7! tO xX. These authors 

are presumably relying on the results of calculations per- 

formed by Whiffen and others, who obtained a reasonable fit 

with their data for simple monosubstituted benzenes by assum- 

ing that the out-of-plane bending force SE oat - lower 
pk ts 

than the in-plane deformation force constant, This 

approach certainly seems to give consistent assignments when
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the spectra of compounds of the type Ph-MX,, are compared os 

the spectra of the corresponding di- and triphenyl compounds, 

The only divergent view is that held by Gidene os it is 

based on intensity arguments, He states that since the x 

vibrations of monosubstituted benzenes are generally weak in 

the infrared but strong in the Raman - whereas u vibrations 

appear weakly in both infrared and Raman - his x vibrations 

must be the higher-frequency group, in view of the fact that 

a strong polarised Raman line appears in this group as a per- 

sistent feature. 

In our view, the assignment of the higher-frequency group 

of vibrations to u is more convincing, because an alternative 

explanation is available for the appearance of a stong polar- 

ised Raman line in this group. Unless the symmetry is Cas 

with an angle of twist of exactly 45°, the totally symmetric 

pending vibration a of the (Ph) .M skeleton should couple 

strongly and preferentially with either u or x and y. Refer- 

ence to Table 5.4 shows that preferential coupling of bon with 

x and y will occur if the structure of the molecule approx- 

imates th "flat 6, or Dan structure. In fact, neither 

of these abe likely, because of non-bonding interactions be- 

tween neighbouring ortho-hydrogen atoms, but if this coupling 

did occur, then some polarisation of the Raman line correspond- 

ing to the symmetric component of y (as well as x) should be 

observed. The majority of workers in this field have failed 

to identify a polarised component of the Raman line correspond- 

ing to y, so the assignment of the polarised lines to the 

symmetric component of u seems more consistent with all the
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data available. x is then assignable to the lower group 

of vibrations, 

5.4.4. Triphenylarsine. 

This compound has been the subject of several recent 

detailed studies, and its vibrational assignment seems well 

established. As expected, the magnitude of the splittings 

found — generally less than 10 om! - was smaller than in the 

corresponding vibrations of triphenylphosphine, 

54.5. Triphenylboron. 

It is unfortunate that this compound has not been made 

the subject of a comprehensive infra-red and Raman study, 

since the results would have been relevant to the present 

work, in view of the close structural similarity expected be- 

tween triphenylamine and triphenylboron. Although an as- 

Signment has been proposed on is based solely on infra- 

red absorptions observed between 4000 and 400 om”, and 

accordingly the x-sensitive vibrations t, x ace were left 

’ 
unassigned. However, certain observations seem com— 

patible with an overall symmetry of Dz for this molecule, 

5.4.6. Triphenylcarbonium salts. 

The triphenylmethyl cation in triphenylmethyl perchlorate 

is very similar in structure to triphenylamine. An X-ray 

study has shown that the three central C-C bonds are coplanar, 

with lengths of 14.54 nM In triphenylamine, a slight 

distortion from planarity in the three C-N linkages occurs in 

the vapour (cnc = 116° = 2"). and the corresponding bond 

length is 14.2 nM. a The angles by which the aromatic rings 

twist out of the plane of the central atoms differ somewhat, 

The angles (47° t 5°) in triphenylamine are presumably greater
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than the angles in the triphenylmethyl ion (32°) because 

of the smaller degree of f1!-overlap expected in the former 

compound. 

Weston et. al. showed awareness of the effects of inter- 

ring coupling on the distribution and activity of the phenyl 

and skeletal vibrations in the various point groups possible 

for the compounds they studied (triphenylmethyl fluoborate, 

ag 
triphenylcarbinol, triphenylmethyl chloride and their 1 = C 

and -p? analogues), fla they failed to appreciate that the 

magnitude of the splitting of a phenyl yee ion depends 

markedly on the x-sensitivity of the vibration, Alternative 

assignments for asymmetric components of the r and t modes 

are proposed in Chapter 7 , but it is clear that Raman 

data are required before the assignment of the vibrations of 

these molecules can be said to have been completed, 

5.4.7. and 5.4.8. Triphenyl compounds of group IVA elements. 

The Raman and infrared spectra of a wide range of mole- 

cules of the type (pheny1) ,Mx have been Se oe 

(M = C, Si, Ge, Sn and Pb; X = H, Cl and CH;). Splitting of 

the phenyl modes t, u, x and y was almost always observed. 

The magnitude of these splittings decreased in the order tu) 

xy and, as expected, cy si) Ge Sn Pb.
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Chapter 6 : Experimental. 

6,1, Spectroscopic Methods. 

6.1.1. Infrared Spectra. 

6.10101. 4,000 = 195 cm 

Spectra in this range were recorded on a Perkin-—Elmer 

225 Spectrophotometer, Scale expansion was used so that 

4 1 each of the sub-ranges 4,000-2,0006 em, 2,000-1,000 cm , 

a and 410-195 em” (these sub-ranges are de- 1,000-l.00 cm” 

termined by various combinations of gratings and filters) 

was accommodated on about 50 cm. of chart paper. The shit. 

programme was set so that the spectral slit width varied from 

1 4 
1 em™! at 4.000 om™! to hom at 195 ‘cm, The average spec- 

troscopic slit width throughout the whole range was about 

Me but it tended to increase to about 4 om”! in the first 1.6m": 

and last 10 em™ of each sub-range,. In order to reduce the 

risk of recording distorted band shapes, artefacts, or other 

spurious features, each trace was repeated using different 

settings of the scanning speed, gain, and time constants. The 

instrument was calibrated as described in part one: the fre- 

quencies recorded in the tables are considered to be accurate 

4 to within = 2 em” for sharp bands in the region 4,000 - 

1,000 cm~! and to within t 14 em! in the region 1,000 - 

195 ont The interior of the instrument was continuously 

purged with dry air while spectra were being recorded. 

igo112-biats spectra were obtained at ambient temperatures 

for samples in the form of nujol and fluorocarbon mulls sup- 

ported between caesium iodide plates, and for some samples as 

discs pressed in a caesium iodide matrix. Spectra were re- 

corded for saturated solutions in matched 0.5 mm or 1.0 mm
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cells with caesium iodide windows. Some spectra were also 

obtained in an 0.5 mm cell with potassium bromide windows, 

used in conjunction with a variable-path cell with potassium 

bromide windows. The solvents used were of spectroscopic 

grade and were dried over Uk molecular sieves. 

Spectra at 420° 10 K were measured for samples in the 

form of nujol or vaseline mulls using a RIIC VLT-2 variable- 

temperature cell holder. The silicone elastomer seals pro- 

vided for the entry of heating and thermocouple wires were 

found to leak and they were accordingly replaced by permanent 

joints made with Araldite. The temperature of the sample in 

the beam was estimated by inserting the tip of a chromel- 

alumel thermocouple into a small blind hole drilled in the 

caesium iodide mull support plate, and the cell was set up so 

that this hole was facing the entrance slit of the spectro- 

photometer (Fig.6.1). The temperature estimated in this way 

was found to differ appreciably (10 - 20 K) from the temper- 

ature of the cell holder measured at the point A as recommended 

by RIICY Moreover, the magnitude of this temperature differ- 

ence was observed to be a function of the thickness and absorb- 

tivity of the sample. However, for the purpose of this work, 

an accurate knowledge of the temperature of the sample was con- 

sidered to be less important than an ability to ascertain when 

the sample had reached a steady temperature. In the low- 

temperature work described here, the '‘hot' junction of the 

thermocouple was kept in an ice-bath while liquid nitrogen was 

poured into the coolant reservoir until the thermocouple e.m.f., 

which was traced on a recording millivoltmeter, reached a steady 

value, Between twenty and twenty-five minutes was required to
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cool the sample from ambient temperature to a steady temper- 

ature. The calibration of the thermocouple was checked by 

immersing the 'cold' junction in boiling nitrogen, The heat- 

ing effect of the intense beam of radiation from the Globar 

source is demonstrated by the observation that with no exter- 

nal heating or cooling, a typical nujol mull sample reached 

a temperature of between 310 and 320 K after being allowed to 

stand in the beam for an hour. The precise temperature 

~oaabed was found to depend on the colour and thickness of the 

sample, the concentration of the mull, and the thickness and 

condition of the mull plates, 

Oi tel Ses 4.00 bd LO em™' . 

Spectra in this region were computed from Fourier trans- 

forms produced by an RIIC FS-720 Fourier Spectrophotometer. 

The computation was carried out on an ICL 1905 computer using 

a program written by RIIC and modified to output drawn spectra 

on a graph plotter. The transmitted intensity was recorded 

on punched tape for a total of 1024 positions of the moving 

mirror, giving an effective resolution of 2 om™! on the com- 

puted spectra. A full description of this instrument, its 

operation, and of some problems encountered in its use has 

a2 been prepared by Thompson. The wavenumber calibration was 

checked by comparing a recorded spectrum of atmospheric water 

vapour with published data,-° and also by comparing the posit- 

ions of sharp bands observed in the region of overlap with the 

Perkin-Elmer 225 spectrophotometer (4.00 - 195 em~'), An 

interferogram (i.e. a continuous recording of a voltage pro- 

portional to the transmitted output of the Golay detector) was 

traced for each run, and data tapes obtained for runs in which
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sharp 'spikes' appeared on the interferogram eleswhere than 

at the zero path difference position were rejected, since 

these tapes were found to give a meaningless saw-tooth pattern 

when computed, Separate date tapes were obtained for each 

sample by causing the moving mirror to travel in both direct- 

ions through the Zero path position, and the risk of recording 

spurious bands was reduced further still by obtaining spectra 

for each solid sample as mulls in vaseline at different solid 

concentration, so that four computed spectra were obtained for 

each sample, The mulls were supported in vacuum-tight cells 

using an 0.1 mm spacer between 'Rigidex' polythene supports. 

Background runs of vaseline between these plates showed no 

distinctive features other than a sharp hand at 72 em™ and 

another weak and broad absorption centered at about 380 ony. 

These spectra were indistinguishable from a spectrum of the 

empty cell. Vaseline was therefore preferred to nujol asa 

mulling agent, since it is less likely to leak into the vacuum 

of the instrument, 

The bands at 72 and 380 cm~' are attributable to poly- 

thene and were recognisable in most of the single-beam com- 

puted spectra. The interior of the Fourier spectrophotometer 

was evacuated to better than 0.1 mm/Hg. during each run, 

Some far-infrared spectra spectra of common solvents were 

reported by Wyss. 37 Unfortunately, their results are of lim- 

ited value in assessing the usefulness of these solvents in 

interferometric far-infrared spectroscopy. Since the de- 

tector in the FS-720 integrates all the radiation it receives 

in the frequency region below 600 on™ (the approximate limit
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set by the black polythene optics), any strong absorption in 

this region, due, for example, to hydrogen bonding or non- 

specific dipole-dipole interactions in polar solvents, will 

reduce the net amount of transmitted light and hence reduce 

the signal-to-noise ratio in the computed spectrum. 

Test spectra show that this effect is sufficiently serious 

to make purified nitromethane and chloroform useless as sol- 

vents at path lengths exceeding 1.0 mm. (Commercial chloro- 

form contains about 2% of ethanol as a stabiliser; this 

must be removed by passing the solvent over activated alumina, 

It was found that the transmission properties of nitromethane 

were also improved by this treatment). Grating spectrometers 

operating in this region, such as the Perkin-Elmer 301 and the 

Beckmann I.R.11, do not suffer from this disadvantage, since 

solute absorption bands can be sought and found in 'windows' 

of high % transmission in the solvent spectrum, This dis- 

advantage of interferometric spectrophotometers has received 

scant attention in the literature, yet it is of considerable 

efcntredunees since many organometallic compounds, complexes, 

and other compounds having molecular vibrations in the far- 

infrared are sufficiently soluble for far-infrared solution 

measurements only in those solvents, such as chloroform and 

nitromethane, which absorb so strongly below 100 em” that 

the S/N ratio is seriously reduced in computed spectra. This 

effect, coupled with the low extinction coefficients of the 

far-infrared absorption bands in the compounds studied in 

this work, severely curtailed opportunities to observe sol- 

ution spectra using the FS-720.
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6.1.2. Raman Spectra, 

Most of the Raman spectra reported here were recorded 

on the Coderg PH1 Raman spectrophotometers at the Universities 

of Kent and Leicester, using 632.8 nM He-Ne laser excitation. 

However, a few solid-state spectra were also recorded on the 

Cary 81 Raman spectrophotometer at the University of Notting- 

ham, using 632.8 nM excitation, and on the Coderg instrument 

at Leicester using an Argon ion laser, in order to check for 

the presence of grating ghosts and non-lasing emission lines 

in the Raman spectra obtained using the Coderg instruments 

with 632.8 excitation. No artefacts or ghosts were found in 

any of the duplicated spectra. However, weak sharp lines 

1 ay = 433 em, and Ay = 828 cm! appeared in near Avy= 180 cm” 

some spectra obtained using 632.8 nM excitation. The increase 

in the intensity of these lines observed on removing the inter- 

ference filter showed them to be « non-lasing neon lines, since 
38 

these lines are expected in these positions. 

Explicit instructions in English for the operation of the 

Coderg Raman instrument are not commercially available, so the 

procedures used to obtain Raman spectra of solids and solutions 

will be described here in some detail. The optical layout 

of the Coderg spectrophotometer is shown schematically in 

Pig.6.2 3; many components have been omitted for 

clarity. The sample at X is illuminated by an intense beam 

of radiation from a gas laser, Two types of laser are current- 

ly in general use as Raman sources, The first is a laser 

containing a mixture of helium and neon which is tuned to emit
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nearly all of its radiation in a coherent line at 632,8 nM 

in the red region of the visible spectrum, A few non-lasing 

emission lines of neon are also excited, but these can be 

removed if necessary by placing a thin-film interference 

filter between the source and the sample, The He-Ne lasers 

used in this work produced a total output power of between 

4o and 85 mW. The second type of laser, which can emit mono- 

chromatic radiation of greater intensity, but which is more 

expensive and less reliable emits a series of lines from ion- 

ised Argon containing a small proportion of Krypton. Most 

of the output power of 2 —- 3 W is concentrated in a line in 

the green region of the visible spectrum at 514.5 nM. This 

laser was found to cause intense fluorescence and photo- 

decomposition of most of the compounds studied in this work, 

so its use was limited to obtaining duplicate spectra of a few 

solids as a check on the spectra obtained with the He-Ne laser, 

The lasers were switched on and allowed to stabilise for one 

hour before obtaining spectra, 

With a few exceptions, solids were examined as samples 

weighing between 5 and 10 mg in glass capillary tubes. The 

best spectra (i.e. spectra with high signal-to-noise ratios) 

were obtained from crystalline solids having a high ratio of 

volume to surface area, In other words, it was found dis- 

advantageous to grind the sample before introducing it into 

the capillary tube, and prismatic crystals were found to give 

better results than needles, The best results of all were 

obtained for tri(2-pyridyl)arsine; this sompoune was ob- 

tained, after purification, as large prisms (approximately 

5 mm x 5 mm x 2 mm). These crystals were mounted with epoxy 

adhesive on the ends of capillary tubes which were placed in
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the solid sample holder so that the laser beam impinged directly 

on the crystal. (No orientation effects were observed with 

this sample.) After setting the photomultiplier to 1 KV, 

the amplifier time constant to 3, and the (low-noise) amplif- 

ier gain to 5, the chart recorder was switched on and the re- 

corder gain set at 1. The slits were then opened to 4 and the 

monochromator scanned until movement of the recorder pen showed 

that a strong Raman line in the sample had been located. The 

monochromator was then scanned slowly to maximise the inten- 

sity for the chosen line. The position of the sample in re- 

lation to the laser beam was then adjusted using the eccentrics 

provided at the base of the sample holder until no further in- 

crease in the intensity of the line relative to the background 

could be observed, taking care not to allow direct reflections 

from the glass capillary to enter the spectrometer. The 

scattered light was then focussed on the spectrometer entrance 

slit using the controls A and B (Fig.6.2) The intermediate 

slits, was then gradually closed until a sharp and rapid re- 

duction in the signal intensity was observed. This adjust- 

ment markedly reduces the amount of stray light reaching the 

photomultiplier. 

The purpose of the 'backing-off' control is to introduce 

a variable e.m.f. in opposition to the photomultiplier output 

so that the variation in this output as a function of wavelength 

(i.e. the photoelectrically recorded spectrum) over a selected 

e.m.f. interval determined by the recorder gain (in this case 

1 mV) can be displayed on the chart recorder for any reasonable 

value of the total photomultiplier output,
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This control must not be used indiscriminately, however, 

since an increase in the backing-off voltage results in an 

increase in the noise level on the spectrum. 

On the Coderg instrument, an indicator light shows, for 

each setting of the amplifier time constant (this controls 

the noise level), when the fastest scanning speed which will 

not cause loss of resolution has been selected. By choosing 

suitable values for these parameters, and for the slit widths, 

photomultiplier voltage, and recorder gain, a selection of 

spectra was obtained for each sample. For example, one run 

was made with wide slits (8 om™!) and low recorder gain (5 nV) 

in order to observe very weak lines above the noise level, and 

another run was made with narrow slits (2 om7') and high re- 

corder gain (0.5 mV) in order to resolve closely spaced lines 

and to locate lines close to the exciting line, 

The arrangement of the sample compartment or ‘transfer 

plate' used in obtaining the Raman spectra of solutions is 

illustrated in Fig.6.2. Solutions were filtered directly 

into the liquid cell B, which had a volume of ca, 1.5 cm, 

using a syringe fitted with a 'millipore' filter. The cell 

was then placed in its holder at C, and the horizontal and 

vertical inclination of the mirror D were adjusted until at 

least five light 'tracks', produced by the multipass system, 

could be seen in the liquid. The Raman and scattered light 

were then focussed on the entrance slit, and operating para- 

meters were selected as previously described.
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The gas lasers used as sources produce light which is 

100% linearly polarised in the vertical plane containing the 

cell filling tubes, Provision is made for rotating the plane 

of polarisation of the incident light by turning a half-wave 

plate at E through 90° about an axis coincident with the laser 

beam, Depolarisation ratios were measured using a polaroid 

analyser in the scattered beam which passed only vertically 

polarised light: spectra were obtained first with the half- 

wave plate set to pass vertically polarised light, and then 

with the half-wave plate set to pass horizontally polarised 

light. The use of a polaroid analyser ensures that the accur- 

acy of the depolarisation measurements is a function of the 

efficiency of the multipass system rather than of the ability 

of the monochromater to pass only vertically polarised light. 

The efficiency of this system is demonstrated by the observat-— 

ion that depolarisation ratios of less than 0,01 were obtained 

for polarised Raman lines such as the ring breathing modes of 

benzene and pyridine, which indicates that very little of the 

polarisation of the incident beam is lost in reflections at the 

multipass mirrors or at the cell interfaces, 

A thin-film interference filter was used for solid-state 

spectra in order to remove the non-lasing He-Ne plasma lines 

from the incident beam, This filter was removed for solution 

spectra, thereby achieving a useful gain in the intensity of 

the incident beam, since much less of the incident light is 

reflected directly into the spectrometer, The wavenumber 

calibration of the instrument was established by removing this 

filter and running a spectrum of the laser source by reflecting
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a fraction of the incident beam into the spectrometer off an 

empty glass capillary tube: a spectrum showing the plasma 

lines was obtained, and the position of the marker lines on 

the spectra, which are marked every 50 om”! of the monochrom- 

ator travel, were calibrated using literature sctgaa ece the 

plasma lines, The calibration was subsequently checked from 

the positions of sharp lines in the spectra of solvents. The 

values recorded in the tables for the spectra of solids are 

considered to be accurate to within + 2 em™ for strong lines, 

and to within ca, 5 om for weak lines. The values recorded 

from solution spectra are accurate to within only = 5 om™! for 

strong lines, since the signal to noise ratio was generally 

lower than for solids, and it was normally found necessary to 

employ wider slit widths. 

Spectroscopic grade chloroform was purified by passing 

it through a short column (10 cm x ca. 0.5 om*) of 'Camag' 

activated alumina (Grade 10). Spectroscopic grade pyridine 

was used without further purification, Details of the pur- 

ification of the compounds studied gre given with the details 

of their preparation, 

2. Preparations. 

(1) Triphenylamine. 

Triphenylamine (B.D.H.) was recrystallised from aqueous 

ethanol using decolourising carbon to give pure white leaflets. 

Traces of a fluorescent impurity were removed from the satur- 

ated solution in chloroform used for Raman spectra by passing 

the solutions through alumina, as described for the solvent.
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(2) Tri(2-pyridyl)amine. 

This compound was prepared by a modification of the method of 

Wibaut and La Bastide ; the original procedure involving steam 

distillation to remove 2-bromopyridine and the solvent mesity- 

lene was found to be unsuitable for large-scale preparations. 

(a) Materials. 

Di(2-pyridyl)amine was obtained from the Reilly Tar and Chemical 

Corporation and was used without further purification, It was 

dried at 0.1 mm Hg/300 K before use. 2-bromopyridine (Koch- 

Light) was dried over anhydrous potassium carbonate and dis- 

tilled under reduced pressure. Mesitylene (Hopkin and Williams 

reagent grade) was dried over anhydrous calcium chloride and 

distilled. A.R. anhydrous potassium carbonate was dried at 18)° 

Copper bronze (B.D.H., for organic synthesis), potassium iodide, 

and disodium ethylenediaminetetra-acetate (Na, EDTA) were used 

without further purification. 

Procedure, 

Di(2-pyridyl)amine (15.0 g) and 2-bromopyridine (10 cm”) 

were dissolved in mesitylene (1) (200 cm”) in a 1000 em three- 

neck flask fitted with a mechanical stirrer and a reflux con- 

denser with drying tube, Finely powdered anhydrous potassium 

carbonate (10 g), copper bronze (6 g) and powdered potassium 

iodide (w 0.1 g) were then added, and the mixture was heated 

under reflux with stirring for twenty hours, After cooling, 

the mixture was filtered and the residue extracted with boil- 

ing chloroform (3 x 100 cm), The volume of the combined 

> filtrates was reduced to 100 cm by distilling under reduced
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pressure, The solid which separated on cooling was filtered 

off, dried in vacuo, and recrystallised from a dilute aqueous 

solution (1 g in 500 cm’) of Na,EDTA (2) to give 13.9 g (64%) 

of tri(2-pyridyl)amine, m.p. 130° (1it.?? 130°) (Found C,72.9; 

H, 4.903: N, 22,5. C, Hy oN), requires’ 0, 72,5; H,:4.64} 

N, 22.6%). Repeated recrystallisation from water using de- 

colourising carbon gave long (ca.5 mm) colourless needles which 

were used for Raman spectroscopy. Solutions used for Raman 

spectroscopy were purified by chromatography as described 

previously. 

(1) <A preparation using p-cymene as solvent failed to give 

an increased yield. 

(2) The sequestering agent was added in order to remove 

copper(II) ions from solution, in order to prevent them from 

forming complexes with the product. 

(3) Tri(2-pyridyl)phosphine. 

Two preparations of this compound have been reported, 

4.0 
The first synthesis, by Mann and Watson, involved the 

ens = phosphorus trichloride to a 2-pyridyl grignard 
LT. 

reagent obtained by the ‘entrainment! method from a mixture 

of 2-bromopyridine and ethyl bromide. (I)— (III). 

Me 
Cats Br PCR 

ye ee Fi Ne 3 

2 0 Tt 

.This method suffers from two disadvantages. Firstly, the 

entrainment procedure involves the formation of substantial
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quantities of ethyl magnesium bromide, which reacts in stage 

II-+ III to give the volatile and highly toxic triethyl- 

phosphine, a most undesirable by-product. Secondly, a 

coupling reaction gives 2,2 -dipyridyl. This is an organ- 

ic base with a similar melting point to the desired product, 

and it can only be separated from the phosphine by a fraction- 

al distillation in vacuo. An attempt to prepare tri(2-pyridyl) 

phosphine by this method failed when extensive decomposition 

of the products. occurred at the distillation stage. e Atten— 

tion was therefore directed to the second method, which was 

employed by Placzek and Tyka. IV- VII . 

a CyHge + ALK —S a CyHyli + Lie 

sf. i, 

acepiald (CA 

a Be N Li N Pp 

Several preliminary attempts to prepare tri(2-pyridyl) 

phosphine by this method were unsuccessful, and it was sub- 

sequently found that other workers had experienced sonsider— 

able difficulties with this Coie = The princip- 

al reason for our failure to obtain a measurable yield in 

preliminary experiments is considered to be the fact that 

despite taking every conceivable precaution, such as working 

in an atmosphere of dried argon and rigorously drying and 

purifying the solvent ether and the 1-chlorobutane, 1-lithio- 

butane could not be obtained in a yield of greater than ca, 

10% in stage IV-}+V. The reasons for this failure are not
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understood, since according to Gilman, this reaction proceeds 

quite smoothly in diethyl ether solution at room oe 

to give 1-lithiobutane (n-butyllithium) in 76% re As 

a consequence of the failure at stage IV-y,V, it was necess- 

ary to filter the cooled products from stage IV-yV through 

glass wool in order to remove unreacted lithium, and it is 

possible that a rise in temperature, occurring during the slow 

process of filtration, may have made a further contribution 

to the loss in yield, since 2-lithiopyridine decomposes if 

the temperature is allowed to rise above 20 K. At the end 

of stage VI - VII, the reaction products were hydrolysed with 

dilute acid, and the acid layer separated and made alkaline. 

At this point, a voluminous white precipitate was formed. 

At first, it was thought that this precipitate was the de- 

sired product, but tests showed that it was actually lithium 

phosphate, presumably formed from the phosphate ion produced 

on hydrolysing the excess of phosphorus trichloride. In all 

probability, the further steps which were undertaken in order 

to remove this inorganic by-product contributed still further 

to the loss in the yield of the phosphine, 

A review of the probable causes of these failures indic-— 

ated the desirability of ensuring that the reactants for 

stages V-—-§SVII are present in the correct molar proportions, 

and in the successful preparation described here, this was 

achieved by using a known quantity of standardised commer- 

cially available 1-lithiobutane solution. 

In view of the difficulties previously experienced,
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full details of the successful preparation are given here. 

Materials, 

1-lithiobutane (n-butyllithium) was obtained as a 

nominally 2M solution in hexane from Alfa Inorganics. The 

actual concentration was found to be 2.34 M by titration. 

2-bromopyridine (Koch-Light Laboratories) was dried 

over anhydrous potassium carbonate and distilled, b.p.4.66 K/ 

760 mn, The product was distilled under reduced pressure 

immediately before use, in order to remove coloured impurit- 

ies. 

Phosphorous trichloride (B.D.H., 99% by titration) was 

redistilled at atmosphere pressure, 

Diethyl ether (B,P.) was dried over anhydrous calcium 

sulphate and distilled. The redistilled ether was allowed 

to stand over successive fresh portions of sodium wire until 

effervescence was no longer perceptible. B.O.C. ‘White 

Spot' nitrogen was dried by passing it through concentrated 

sulphuric acid. 

Apparatus. 

The equipment used is illustrated in Fig.6.6. Flask A 

and its attachments were 'flamed out' in a stream of dry 

nitrogen before adding the reagents, Nitrogen was admitted 

at 9 and its flow-rate controlled by observing the rate of 

bubbling of the liquid paraffin in D. The temperature of 

the contents of flask A was measured using the alcohol-in- 

glass thermometer E, and was controlled by raising or lower- 

ing the Dewar flask F, A mixture of solid carbon dioxide
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Fig.6.6. Apparatus used in the preparation of tri(2-pyridyl)- 

phosphine and tri(2-pyridyl)arsine. 
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Fig. 6.7. An alternative method for admitting n-butyl- 

lithium to the flask A.
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and acetone was used as the refrigerant in F, and a roughened 

metal rod G was inserted in order to prevent violent 'bump- 

ing' of carbon dioxide. 

Procedure, 

Diethyl ether (200 om”) was placed in A. 1-lithiobutane 

(4.0 cm”) was then transferred into A by pipetting it from 

the stock bottle and admitting it at H under a rapid stream 

of nitrogen (1-lithiobutane can ignite in the presence of 

a a 5% 

excess over 1-lithiopyridine) in diethyl ether (50 cm”) was 

moist air). A solution of 2-bromopyridine (10 cm 

placed in the flask B. A solution of phosphorous trichlor- 

ide (4.5 cm”) in ether (50 om?) was placed in I. The stirrer 

was switched on and the contents of flasks A and B were cooled 

to 208 K. The contents of B were then added to A through H, 

under a countercurrent of nitrogen. The addition was com- 

pleted in 30 seconds and was accompanied by the formation of 

a deep red colour in A and by a rise in the temperature of A 

GO 255 Kk. After stirring the contents of A at 218 K for 

45 minutes, the contents of I were added dropwise during 30 

minutes; this addition caused the temperature in A to rise 

to 233 K. The addition of the phosphorus trichloride solut- 

ion caused the deep red colour to be almost completely dis-— 

charged, and a voluminous white precipitate was formed, 

After stirring at 233 K for 30 minutes, the Dewar flask F 

was removed and the contents of A were allowed to warm up to 

298 K. The mixture was then stirred at room temperature 

overnight, and then cooled to 273 K and cautiously hydrolysed 

by adding ca. 2M sulphuric acid (100 cm), The contents of
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A were then transferred to a separating funnel, and the 

yellow acid layer was removed. The ether layer was extract- 

ed with two further portions (30 cm?) of 2M sulphuric acid, 

The combined acid extracts were cooled at 273 K and caut- 

iously neutralised with a concentrated solution of sodium 

hydroxide, when a white precipitate was formed together with 

a small quantity of a dark-coloured oil; The mixture was 

then diluted to a total volume of 1 litre, when most of the 

white solid dissolved leaving a small quantity of a biscuit-— 

coloured crystalline solid. The residual solid was filtered 

off, washed with water, and dried in vacuo. (a). The fil- 

trate was extracted with chloroform (3 x 50 ou?) and the 

chloroform extracts were extracted with 4N sulphuric acid and 

‘then worked up as before to give a further quantity of bis- 

cuit-coloured solid. (b). Crop (a) was recrystallised three 

times from cyclohexane to give 1.22 g of colourless leaflets 

having mp. 385 K (1it 47 386-387 K) (Found: C, 67.8; 

BE, 4.563 N, 1603. P, 11.7. (C,H) N) 5P requires C, 67.9; H, 

4.53; N, 15.93; P, 11.7%), Crop (b) was recrystallised 

twice from cyclohexane to give 0.76 g of a product having an 

infrared spectrum identical to that of crop (a). % yield 

(combined crops) = 23%. A sample for Raman spectroscopy was 

freed from traces of a fluorescent impurity by passing a 

solution of the product in chloroform through a short (10 cm x 

0.5 om) colum of activated alumina ('Camag' grade 10), evap- 

orating the eluate, and repeatedly recrystallising the solid 

from water using decolourising carbon, This purification 

procedure did not proceed in a yield good enough to enable a
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satisfactory solution spectrum to be obtained, although 

sufficient colourless prisms were obtained (ca. 5 mg.) to 

record a fluorescence~free spectrum of the solid. 

Tri(2-pyridyl)arsine. 

This compound was prepared and purified in an analogous 

manner to tri(2-pyridyl)phosphine, using essentially the same 

3 apparatus and procedure, In this case, however, 80 cm of 

1-lithiobutane was transferred from the stock bottle into A 

by the method illustrated in Fig.6.7. The flask A was filled 

to the calibration mark by cautiously applying a slight posit- 

ive pressure of nitrogen from a separate cylinder through the 

tube P, 300 om? of anhydrous ether was then added to the 

1-lithiobutane, A solution of 2-bromopyridine (20 cm”) in 

ether (70 cm?) was placed in the flask B and a solution of 

arsenic trichloride (B.D.H. from a fresh bottle) (8.6 cm”) 

in ether (30 cm?) was placed in I. The procedure for tri(2- 

pyridyl)phosphine was then followed through without modific- 

ation. At the end of the reaction, the mixture was acidified 

as before. However, when the acid layer was neutralised, an 

oil separated but no precipitate was formed. The oil was 

extracted with chloroform (3 x 50 om), and the chloroform 

extract was itself extracted with dilute (ca. 2M) sulphuric 

acid (3 x 50 cm). The acid extract was neutralised with 

concentrated sodium hydroxide solution. The oil which separ- 

ated crystallised when the mixture was allowed to stand at 

278 K overnight. The solid was filtered off, dried in vacuo, 

and recrystallised from cyclohexane to give pale biscuit- 

coloured leaflets (1.22 g., 6.3%), mp. 85° C (1it. 85° cet
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(Found: ©, 58.3; H, 3.92; -N, 13.6. (CH) N)zAs requires 

C, 58.3; H, 3.88; N, 13.6%). Samples for Raman spectros- 

copy were purified by dissolving the compound in benzene 

and passing the solution through alumina as before. Large 

selourielis pintes (ca. 5 mm x 5 mm x 2 mm) were obtained 

when the benzene eluate was evaporated.
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CHAPTER SEVEN ; THE VIBRATIONAL SPECTRA OF TRIPHENYLAMINE; 

RESULTS AND DISCUSSION. 

Zi. Results. 

Our observed frequencies in the 2000 — 50 om region 

are given. in Table 7<1. Comparison of our results with the 

earlier data reproduced in columns 1 and 2 shows that good 

agreement exists in general, provided that about 6 om! is 

added to the values in column 1 between 1150 and 1600 em’, 

Since our I.R.results agree very well with the Raman fre- 

quencies obtained using two different instruments, we must 

conclude that the earlier data contains a calibration error 

in this region. Also, the existence of weak I.R.absorption 

q and 1204. om” was not confirmed, so these bands near 1530 cm” 

are presumably due to impurities. The relative intensities 

given in column 8 are on an arbitrary scale on which the 

strongest line (996 om!) = 500 units. The "depolarisation 

ratio" (column 9) was obtained by dividing the peak height 

(measured in mm, above the background) obtained with the in- 

cident light in the same plane of polarisation as the analys- 

ed light, by the peak height obtained when the plane of 

polarisation was rotated through 90° by turning the quarter 

wave plate, 

The assignments (columns 11-14) are discussed in sections 

7.2 to 7.6. Column 11 gives the species of the vibration 

assuming that the molecule has D, symmetry (see Table Bey 

Colum 12 gives the species of the corresponding vibration 

of a monosubstituted benzene of Coy symmetry. Column 13
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Table 7.1. TRIPHENYLAMINE : VIBRATIONAL 

INFRARED SPECTRA RAMAN 

solid solid CHC1, CHBr solid solid 

previous this soln soln Cary 81 Coderg 

hae or? work 
1 =| -1 -1 -1 ot cm cm cm cm em cm 

88vs 

103vs 

12ush 
163Vvs 
179Vvs 

217vvw 213Vw 213Vw 220vw 

239sh 
2h x 245m 2h4m 246m* ehiis 2h.6vs 

252sh 2u.9sh 252sh* 

28 5vw 288vvw* 288m 286m 

326vw 326vw 326vw* 

335vw 335vw 335vw* 334m 3328 

361vw 

05 w 408m 409m 409m 408m 410s,br 

431 u-432m L3z5br 4.40br 

500 y 501vs 50l.vs 50lvs 50l.vw 502vw 

512sh + 513m 515m 515m 51 7vw 516w 

539vVW ? 

550vw ? 

615 s 613s 613s 613s 613m 611s 

1 2 a 4 by 5 6 

* benzene solution
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SPECTRA ASSIGNMENT 

eoln Jeoe ph Dz Coy desig- approximate 
in . spe- spe-.nation vibrational form 
CHC1 e cies cies 

3 
—1 

cm 

91 500°. 0,43: p A, ane 

laitice 

vibrations 

Ap $ \T 

sy N-phenyl out-of-plane 
bend +6," deformation 

ahh “us. 0, 60.ap-)°E : 
Ap B, — N-phenyl out-of-plane 

bend + aN def. 4:ring 
folding 

283 ey Ooi. 2p A, x in-plane ring bend + 
phenyl-N stretch 

eee 165 = 326 

33 29 0.83 dp | E By x N-phenyl out-of-plane 
bend + g,N def. + ring 

folding 
2x 179. 358 

i 38 O.40 p+ A, +E Ant w'4w ving folding superiam- 

dp Bo +U posed on in-plane phenyl- 

N bend 
Ap B, ut in-plane phenyl-N bend 

Ay B, y' out-of-plane ring folding 
+ phenyl-N out-of-plane 

bend 
E B, y t 

612 LO 0.88 dp | A,tE By s'+s in-plane phenyl deform-- 
ation    
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INFRARED SPECTRA RAMAN 

solid solid CHC1, CHBr solid solid 

eet peta soln soln Cary 81 Coderg 
work —’ 

620vs 620vs 619vs,br 618m 621m 
625sh 62h4.sh 

689vs 695vs 696vs,br 700vs,br 
69l.vs Vv 700sh 

715vs 713vs 

720vw 718vw 

Tye ep (h9ovs 752vs 

760sh 763sh 757m 760m 

831 g 829w 825vw 

831vw 835w 832w 

836m 839m 

891sh 891sh 886vw? 
896s i 893m 898m 898m 

921m h 921w 923VW 923w 926m 926w 

94.1 vw 

956m h 961m 963w 963w 

975w 

98 5w 

996vs 995vvs     7 oS L 4 5 6
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SPECTRA ASSIGNMENT 

soln “rel, depo, D Co, desig—- approximate 
in int. ratio spe- spe- nation vibrational form 
CHC1 e cies cies 

3 

621 16° 570,0'. 2p. 1. 8 A, +t in-plane ring bend+phenyl- 
N stretch 

Apj+E By ¥'+v  outeof-plane phenyl 
deformation 

711 +20... 0,900", A, A, rt in-plane phenyl def.+ 
C-C stretch + phenyl-N 
stretch 
$+ y! = 718 

Ap B, ae out-of-plane C-H bend 
(split by solid-state 
effects) 

wD] 20 0.60 dp E B, L " put unsplit 

ex u'-= 82h. 

E Ap g out-of-plane C-H bend 

Bay. 41. Ob6 'p A, A, g' . 

: t t Apt# B, 4°42 

92h, hy 0.75 dp | Ez A, r in-plane phenyl def.+ 
C-C stretch + pheny1l-N 
stretch 

y'+u' = 939; 64 v = 9h0 
as 

A,+E A, h'+h out-of-plane C-H bend 

¢ t Ay B, j ' 

it E B, J 

996 500 .0.00 p A, AD" ring breathing 

7 5 9 10
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INFRARED SPECTRA RAMAN 

solid solid CHC1, CHBr solid solid 

eas oe soln soln Cary 81 Coderg 

998s p 998w 999m 999m 1006m, sh 

101 7w, sh 101 7w, sh 

1025vs b 1025m 1026s 1026s 1026s 102Lvs 

1030sh 

1069vs d 1071s 1073s 1072s 

107 7vw 

1110vw 

1156m c 1150m 1153m 1156m,br 1152m 
1160s 

1165m a 1170s 14738 11718 1171s 1171vs 

1187m 1185s 

41204 1210w, br 121us 
1219m e 

1282vs 1273vs,br 1276vs 1276vs 4277m 1279s 

1287m 1290m 1290m 1289m 1290m 

1302va -g@ 1310m 1341m 1311m 1311 1311m 

1319Vs ©. 1325 1327m 1327m 1330Vw 

1379m J+ 1393VW 1390VW 
w 

4 2 3 L 4 5 6
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SPECTRA ASSIGNMENT 

soln rel. depol,. D C desig- approximate 
in int. ratio spe- spe- nation vibrational form 
CHCL, e cies cies 

E A, p ring breathing 

Coe Wo OAs 

402h 2-450. <0.01p A, +E A, b'4b in-plane C-H bend 

(w+u) + s = 1031 

Ay By a! in-plane C-H bend 

1076 4 0.75 dp | E Bo a " 

(w+u) + vs 1105 

1155 36 0.75 ap AptH Bo c'4ce in-plane C-H bend 

41468 1hS 0 707-.p A, +H Ay alsa . 

418375 0.02 p Ay A, e phenyl-N stretch + in- 
plane O-H bend + C-C 
stretch 
y+v = 1204 

1275 50 0.80 dp | Ap+E A,+ q+e' phenyl-N stretch+ in- 
By plane C-H bend + C-C 

stretch (superimposed) 
1289 38 0.84 dp | E Bo e in-plane C-H bend 

4951S 27 0. /4 dp |= B, 0 C-C stretch 

1331-10 0.86 dp Ap Bo o! ” 

i+y = 14023. 2 x V'= 13590; 
j+w = 1383 

if 8 GO st 7231S 1h
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INFRARED SPECTRA RAMAN 

solid solid CHC1, CHBr, solid solid 

iy 15916 ee soln soln Cary 81 Coderg 

14.30vw 1430vw 

Tudw 14. 3w 

14 57w 14. 56w 

1480vw 

14.81vs m 1489vs 1492vs,br 1h491vs,br 14.93w 14.91m 
1493vs 

1530w 

1583vs k 1586vs,br 1586vs,br 1586vs,br | 1587s 1585vs 

1601s 1600s 

16L.0vw 1639Vw 1636vw 

1711vw 1725w 1721w 

1780w 1791Ww 1791w 

184 5vw 

1856vw 1860w,br 1860w,br 

1930m 1938m 1935m 

194l4.m ? 

1 2 3 4 Ly 5 6
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SPECTRA ASSIGNMENT 

Goin. Tel, dopol, D C desig- approximate 

in int. ratio spe-: 186 - nation vibrational form 
CHC1, e cies ciés 

  

p'+ ut= 1429 

Basar! C-C stretch 

n C-C stretch 

1ABO Ty. 0555-6 A, A, m' " 

TH91*: 26;:. OL50 pt. |B A, m " 

impurity ? 

1586 153 0.74 dp | Aj+E A,+(1'41 C-C stretch 
By + k) (superimposed) 

4598 122 0.27 p A, iy net CG-C stretch 

f'4 i = 1640 

g+ i= 1730 

+H = 1798; 2x 1's 

1796 

2xr = 1846 

1 Ree 164 

b+ J =: 1956     
4 8 9 10 11 ree 14
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contains our proposed assignment of the observed frequencies 

using Whiffen's notation, and column 14 gives the approximate 

description of the form of the vibrations using the notation 

explained in section 5.2. p.10. Following dite we have 

used primed letters (u', t', etc.) to denote the symmetric 

components of the split phenyl vibrations, Asymmetric com-— 

ponents are denoted by unprimed letters, 

Tele Discussion, 
———————— 

7-2.1.The symmetry of the molecule. 

A careful examination of the observed results shows 

that a consistent assignment of the fundamental vibrations 

of triphenylamine can only be made if it is assumed that the 

symmetry of the molecule is De Sheppard and Sharp also 

interpret the spectra of triphenylamine and the triphenyl- 

carbonium ion in terms of Dz symmetry, but their spectro- 

scopic evidence in favour of this point group was not con- 

vincing, since it relied only on the fact that the 'umbrella' 

C-H out-of-plane bending vibration (f in Whiffen's notation) 

is split into two components in the I.R. spectra of these 

cocauice In fact, this splitting is compatible not only 

with Dz symmetry but also with Cz and (flat) Czy symmetry, 

and even with Day symmetry if the molecules are occupying 

non-equivalent positions in the crystal lattice, This 

earlier work, which relied solely on solid-state I.R. data, 

cannot therefore be said to have established the true sym- 

metry of these compounds, Similar criticisms can be direct- 
15 

ed at the work of Costa and Puxeddu.
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Reference to Table 5.4. shows that an immediate dis- 

tinction between the symmetries Ds (on the one hand) and Cz 

and Czy (on the other) can be made by looking for the presence 

or absence of certain coincidences between I.R. and Raman fre- 

quencies, It was shown in Section 5.4 that coupling effects 

are most frequently observed in the x-sensitive phenyl vi- 

brations q, Pr, t,-x, y,:-and-u, If the symmetry of tri- 

phenylamine is D3, then each of the three A, (C,.) x-sensit- 

ive vibrations q, r, and t should give rise to two components, 

and the totally symmetric A, (Dz) component should be Raman 

active but infrared inactive and should give rise to a polar- 

ised: line, Inspection of the results shows that two strong, 

polarised Raman lines are indeed found in the regions expect- 

ed for q and r (at 1183 and 711 om” respectively) and that 

no infrared absorption occurs at the corresponding frequencies, 

even with concentrated samples, The absence of these co- 

incidences rules out the possibility of any significant dis- 

tortion from Dz or Dan symmetry. Moreover, throughout the 

Raman spectrum, it is observed that polarised lines can only 

be reasonably assigned as symmetric components of vibrations 

which originated as A, or Aophenyl vibrations. Our failure 

to identify any polarised Raman lines with symmetric com- 

ponents of B, or Bo phenyl vibrations provides further evid- 

ence. -for Dz symmetry. The all-planar Dan structure can be 

ruled out by our observation of two components of the in- 

plane phenyl vibrations d, o, u, and n (only one component 

is expected in D symmetry); by our observation of polar- 3h 

ised symmetric components of the Ap phenyl vibrations w and g
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(only the i phenyl vibrations give rise to totally symmetric 

components in Dan symmetry) ; and by our observation of two 

I.R.-active components of the out-of-plane phenyl vibrations 

f, i, x, and y (only one I.R.-active component is expected in 

Dan symmetry). 

Our choice of Dz symmetry is consistent with the a 

of the electron diffraction study performed by Sasaki et.al. 

They found that the phenyl-N-phenyl angle in gaseous tri- 

phenylamine differed from that expected for a _ structure 

by only 4°, ‘They commented that their slightly pyramidal 

propellor-shaped Cz structure could be interpreted as involv- 

ing a flat trigonally-bonded nitrogen at equilibrium, the 

molecule appearing pyramidal because of thermal bending 

motions, It is quite possible that the D. configuration is 
3 

stabilised in the solid and solution phases by lattice forces 

and solvation effects, respectively. 

7.2.2. Frequency Assignments, 

The assignment was made on the basis of the theoretical 

treatment given in the preceding chapter, with particular 

reference to the predicted frequency ranges and intensities 

of the phenyl vibrations given in Table 5.2, One striking 

and immediately obvious difference between these spectra and 

the spectra of triphenylphosphine - the closest analogue of 

triphenylamine to have been studied in detail - is that where- 

as in triphenylphosphine splittings of phenyl vibrations have 

been described as "anomalous" and "peculiar" se et pre~ 

dicted splittings are more often observed than not in the 

spectra of triphenylamine, i.e. the "anomalous" cases are 

those where the symmetric (A, or Ay) and asymmetric (E) vi- 

brations are accidentally degenerate. However, in most cases
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the observed splittings are small enough to enable reasonable 

assignments to be made by reference to Table: 5,2. 

Much larger splittings are, however, expected in the six x- 

sensitive phenyl vibrations and in the skeletal modes. 

Without a normal coordinate analysis, it is impossible 

to predict which of the asymmetric or symmetric components of 

each vibration will have the higher frequency. Our choice 

has therefore been made by comparing the observed relative 

intensities of the I.R. and Raman bands of each component 

with the intensity ratio predicted using the Dz selection 

rules given in Table 5.4. However, calculations on simpler 

molecules of the type MX, show that if the mass of M is less 

than the mass of X, then ) ara is lower in frequency than 

asym’ so it is probable that the vibrations involving 

phenyl-nitrogen stretching (q, r and t) will split so that 

Wa is less than » wisi 

Moreover, it is clear that some of the higher-frequency 

phenyl vibrations behave as if they were "isolated". For 

example, both components of the A, phenyl vibration ™ appear 

to give rise to polarised Raman lines, and there are several 

other cases of departure from the selection rules for the D 
a 

point group among the higher-frequency vibrations. 

7e2e2e1. C-H stretching vibrations. 

A study of the C-H stretching vibrations of triphenyl- 

amine is essentially irrelevant to the purpose of this work, 

Accordingly, although well-resolved absorptions were observed 

in the 3000-3100 em™! region in preliminary studies, we 
18-2), 

follow recent workers in neither tabulating nor discuss- 

ing these frequencies.



a ae 

Tl etatets C-C stretching vibrations. 

34, 
According to Varsanyi, only five vibrations of mono- 

substituted benzenes (k, 1, m, n and o) can be described as 

C-C stretching vibrations, In fact, a sixth vibration must 

have some C-C stretching character, but the remaining Ay 

vibration (r) will be mixed with C-C-C bending and C-N 

stretching vibrations (t and q). Of the five simple C-C 

stretching vibrations, the two A, phenyl vibrations m and k 4 

can be recognised by the appearance of polarised Raman lines 

which are assigned to the symmetric components (A, in Dz) 

myn and Koym* Neither of these Raman lines have any dis- 

cernible counterpart in the I.R.spectra: this provides fur- 

ther evidence for our choice of D, symmetry. The remaining 
2 

assignments (1, n and o) are made using the data given in 

Table 5.2, allowing for the possible overlap of some bands, 

The sixth C-C mode in a monosubstituted benzene is ex- 

pected between 620 and 830 em™', Since it also contains a 

strong element of phenyl-N stretching, this vibration can be 

expected to undergo strong inter-ring coupling: the symmetric 

component is accordingly assigned to the strong polarised 

Raman line at 711 om, where there is no corresponding I.R. 

absorption, The assignment of the asymmetric component pre- 

sents more difficulty. There is no reasonable alternative 

assignment for I.R. and Raman frequencies observed near 

925 om7!, since they lie outside all the frequency ranges pre- 

dicted for the out-of-plane C-H bending modes, and they seem 

too strong to be due to an overtone or combination mode, It 

is interesting that both triphenylchloromethane and the tri-
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phenylcarbonium ion show I.R. absorption near 900 em which 

was assigned as the out-of-plane C-H vibration i but which 

undergoes a red shift of 9 em™' when the central carbon atom 

13 
is substituted by Cz This anomaly was noted but no 

27 
explanation for it was offered. In our view, the band in 

this region must be a strong candidate for assignment to asym 

Since this vibration must involve some movement of the central 

atom. 

| imehece C-H in-plane bending vibrations. 

The five vibrations, a, b, c, d and e are found in the 

1000-1300 cm~' region. The A, phenyl vibration b is clearly 4 

the strong polarised Raman line at 102 em’, The fact that 

this vibration involves virtually no change in the phenyl-X 

bond length in monosubstituted benzenes is demonstrated by 

the very small variation (12 em”) in the frequency of b as 

X is varied. In view of the evident inability of b to couple 

with the phenyl-X modes, it is not surprising that the sym- 

metric and asymmetric components of b are found to be accident- 

ally degenerate, since inter-ring coupling is only likely to 

be significant if some effect can be transmitted through the 

phenyl-N bond. 

Similar considerations account for our decision to assign 

the strong polarised Raman line to 1168 om™ - which is ac- 

companied by strong I.R.absorption - to both components of 

the other A, phenyl in-plane C-H vibration (a). The only 

other plausible assignment for a strong polarised Raman line 

in this region would be to q, which is one of the phenyl-x 

modes: however, this vibration would be most unlikely to
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show an I.R.coincidence, In fact, another weaker polarised 

Raman line is observed at 1183 om7!, which is not accompanied 

by I.R.absorption, so this is assigned to deym* 

The non-totally symmetric Bo vibrations c and d are also in- 

sensitive to variations in the substituent (X) in monosub- 

stituted benzenes, so any splitting in c and d is expected 

to be small. Absorption near 1155 on™! and 1074 om can 

be confidently assigned to these Theeieen The other Bo 

mode e is more X-sensitive. We assign Sasym to a medium- 

4 
intensity I.R.band at 1290 cm which is coincident with a 

depolarised Raman line, Cov probably contributes to the 

breadth and intensity of the I.R.absorption at 1276 on™! 

which was assigned to qosyin’ 

72.2.4. C-C-C in-plane ring bending vibrations. 

Two of these (p and s) are not x-sensitive, i.e. their 

recorded frequencies vary with x by less than 25 em", so 

appreciable splittings are not expected. The ring breath- 

ing mode p is obviously the intense Raman line at 996 om, 

The third mode t couples strongly with the phenyl-N stretch- 

ing mode, and a large splitting is anticipated. 

Smith finds no splitting in s in the spectra of the 

tetraphenyl derivatives of the group IVA elements C to Pb, 

yet all the other vibrations obeerved below 650 cm™ are 

split to an increasing extent as the mass of the central 

atom decreases, re This failure of $ to split reflects its 

smaj,1 x-sensitivity - the range of values given for it is 

only 605-630 on; Sh the \esletion spectrum of triphenyl- 

amine, two depolarised Raman lines of medium and strong in- 

tensity are observed in this frequency range, Both of these
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lines, each of which has an I.R.coincidence, cannot be as- 

Signed to S without involving a serious and inexplicable 

breach of the Dz selection rules, so we prefer to assign one 

of these frequencies to 8 and the other to +t The 
asym’ 

stronger of the two I.R. absorption is assigned to tosym? LA 

keeping with Varsanyi's intensity predictions, 

A shoulder on the higher-frequency side of this I.R. 

band may be due to the symmetric component of s. This 

assignment for tasym is consistent with Smith's assignment 

of this vibration to a band at 635 em in tetraphenylmethane, 
28 

and to a band at 598 cm™' in triphenylmethane, Moreover, 

I.R.absorption bands found at 637 em”! (mefium intensity, un- 

assigned) in triphenylchloromethane, and at 658/67 on™! 

(medium-weak combination) in the triphenylcarbonium ion, were 

found to exhibit red shifts of 20 cm and 6 cm~ respective- 
27 

ly when the central carbon atom was substituted by 139, 

This provides further evidence that tasym is to be found in 

the 550-650 on™! range in polyphenyl compounds in which strong 

inter-ring coupling occurs. 

Smith found little variation in the frequency of boym 

in the tetra- and tri-phenyl derivatives of the group IVA 

elements, — which is not surprising in view of the fact that 

the central atom scarcely moves in this vibration. We have 

therefore assigned te - to a polarised Raman line of medium 
y 28 

intensity at 283 mats in keeping with previous work. 

It is interesting that there should be weak I.R.absorption 

associated with this line in solution but not in the solid 

state spectra: this suggests that there may be some slight 

departure from Dg symmetry in solution, but that the symmetry
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of the molecule in the crystal is accurately D Alter- 3° 

natively, some solvation effect involving an interaction 

between the lone pair of electrons on the nitrogen atom and 

a solvent molecule could cause a lowering of the symmetry 

from Dz. In this context, it may be significant that the 

weak band observed at 285 om” in a chloroform solution of 

triphenylamine is barely perceptible in the I.R.spectrum 

of a benzene solution in which other bands in the 200-410 cm™ 

region have the same intensity as in the chloroform solution. 

Temvewee C-H out-of-plane bending vibrations. 

It is possible to find observed frequencies to fit the 

intensity and frequency data given in Table 5.2 for the five 

modes f, g, h, i and j, but the assignments are less certain 

than those discussed previously, because of the overlapping 

frequency ranges of some of the vibrations, and because the 

low intensity of the observed features makes it difficult to 

use the Dz selection rules as an aid in their assignment, 

However, the assignments givm in Table 7.1 are supported by 

the satisfactory assignments of the summation frequencies ob-— 

served in the 1600-2000 cm™' region. The "umbrella" mode f 

is known to be particularly sensitive to solid-state pee. 

and indeed some splitting of one component of this vibration 

is observed in the I.R.spectrum of a Nujol mull of the solid. 

Veta Ran: C-C-C out-of-plane ring bending vibrations. 

Two of these vibrations, v and w, are "x-insensitive" and 

so no appreciable splitting is expected. v is obvious as 

the strong I.R. absorption near 700 em™!; again, this band 

appears to be split in the solid state. w certainly con- 

1 tributes to the I.R. absorption near 410 cm, but it cannot
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account entirely for its intensity, nor for the intensity of 

the Raman line observed near 412 em, This Raman ine is 

asymmetric, and the polarisation data suggest that two lines 

may be superimposed. | We therefore suggest that 

one component of u, an in-plane phenyl-N bending mode, may 

contribute to these features, The two components of u are 

expected to occur in this region in view of the trend which 

can be discerned in the position of u in the poidyphenyl 

derivations of the group IVA and VA elements. The asym- 

metric component is preferred, as this could account for the 

observed increase in the intensity of both the I.R. and Raman 

features; the symmetric component of u should be Raman- 

inactive. 

The third vibration y may be regarded as a ring folding 

mode which is strongly coupled with an out-of-plane phenyl-—N 

bending mode x, so appreciable inter-ring coupling and split- 

ting can be anticipated. y is normally strong in the I.R. 

but weak in the Raman; a pair of bands conforming to these 

requirements is found in theexpected frequency range at 504 

and 515 om”. 

7-2.2./- Skeletal Vibrations. 
  

It was made abundantly clear in the previous chapter 

that there is no pure vibration corresponding to "phenyl-N 

stretching", The assignment of the three modes, q, r and t 

which involve stretching of the phenyl-N bond have been dis- 

cussed in Sections 7.2.2.3, 7.2.2.2, and 7.2.2.1 respectively. 

There are two other "phenyl-X" modes u and x, usually des- 

cribed as a phenyl-x in-and out-of-plane bending motions, 

respectively. Depending on the angle of twist of the phenyl
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rings about the Co axes of the molecule, the skeletal de- 

formations S cn and 8 sym (see Fig.5.h) can couple prefer 

entially with either u or x. In fact, the angles in gaseous 

triphenylamine are 45°, oe there is no reason to expect 

different angles in the condensed phases, so coupling 

effects will probably influence both :x and u equally. As a 

result, both x and u can be expected at higher frequencies 

tham are normally found in monosubstituted benzenes having 

a light substituent attached to the ring, (e.g. CF or 

CoH .WH,), whereas the skeletal deformations S$. and 
y 

will be found at lower frequencies than in (for example) 

asym 

trimethylamine, In view of the large possible frequency 

ranges expected for these vibrations, the assignments given 

in the region 200-50 on™! are not unequivocal, but they are 

consistent with the Dj selection rules and with the trend in 
3 

the frequencies of u and x predicted from observations on 

Similar compounds. 

The symmetric torsional vibration is Raman active and 

can be assigned to an intense Raman line at 91 em™! which is 

polarised in chloroform solution; the asymmetric torsion 

asym, although predicted to’be both I.R. and Raman-active, 

will cause little effective change in either the dipole 

moment or the polarisability ellipsoid of the molecule and 

is accordingly presumed to give rise to spectral features 

which are too weak to be observed, The strong Raman lines 

observed between 100 and 200 om~! are not found in any sol- 

ution spectra, nor was there any corresponding absorption in 

the I.R. of the solid. Durig observed similar features in 

the Raman spectra of solid triphenylgermanium derivatives,
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29 
and in agreement with his work we assign these Raman lines 

to lattice modes, 

7.3. Conclusions, 

(a) The triphenylamine molecule has the point group 

symmetry Dz in the solid state and in benzene solution, but 

a slight distortion to Cz symmetry may occur in chloroform 

solution, 

(bd) A complete vibrational assignment (except for C -H 

stretching modes) has been made for triphenylamine, and in 

the light of this new assignment, modifications to the vi- 

brational assignments in triphenylchloromethane and the 

triphenylcarbonium ion have been proposed,
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CHAPTER 8 

THE VIBRATIONAL SPECTRA OF SOME TRI(2-PYRIDYL) COMPOUNDS OF 

THE GROUP VA ELEMENTS. 

Ours Introduction, 

8.1.1. General, 

The complete assignment of the triphenyl compounds 

which was discussed in Chapters 5 and 7 provides a basis 

for the assignment of some vibrations in the analogous 

tri(2-pyridyl) derivatives, on the reasonable assumption 

that the extent of coupling, and hence the degree of split- 

ting of those vibrations which are sensitive to the mass 

of the central atom, will be similar in both classes of com- 

pounds. This assumption rests on the close similarity be- 

tween the phenyl group and the 2-pyridyl group insofar as 

mass and structure are concerned, However, differences in 

coupling may arise from the different nature of the bonding 

which may be expected between the external groups and the 

central atom, in view of the additional electron-withdrawing 

capacity of the 2-pyridyl groups. 

8.1.2. The symmetry of the 2-pyridyl group. 

The other main ditbuséacs between the 2-pyridyl group 

and the phenyl group lies in their symmetry. A 2-substit—- 

uted pyridine has the symmetry of the point group C. only. 

Pyridine itself belongs to the point group Coy and has 27 

normal vibrations; the vibrations which are missing from 

those of a monosubstituted benzene correspond to the loss 

of three degrees of freedom associated with a ring-hydrogen
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bond; these comprise a stretching frequency, an in-plane 

bend, and an out-of-plane bend. in pyridine itself, the 

species divide as in (1) 

' 
Neate) = 10 A, 4-9 BS + 3h5 + SB, (1) 

but when the Cy axis and its associated wy plane are removed, 

as in 2=- and 3-substituted pyridines, the vibrational irred- 

ucible representation becomes 

' 

[ae tor) 2 19 A + ok. 

47 
As has been pointed out by Green » the reduced sym- 

metry of the substituted pyridines results in considerable 

mixing of the normal coordinates. In other words, the 

pattern of atomic displacements in the vibrations of pyrid- 

ine which was illustrated by Long = will be altered, and 

these alterations will be particularly noticeable in vi- 

brations in the mixed classes (e.g. A, and Bo) which are close 

in frequency. 

8.1.3. A notational system for the vibrations of the 

2-pyridyl group. 

In view of the statements made in section 8.1.2., it 

might be thought that a description of the vibrational modes 

of a 2-substituted pyridine would be impossible, However, 

just as Whiffen found that only six vibrations of mono- 

substituted benzenes are X-sensitive, so Green and his co- 

workers a found that only six vibrations of monosubstituted 

pyridines are sensitive to the mass of the substituent. The | 

curious feature of their results is that it appears to be 

possible to make consistent assignments for monosubstituted 

pyridines, using a notational system adapted for use in
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pyridine itself, irrespective of the position of the sub- 

stituent. Thus, reference to the tables of frequencies 

published for the vibrations of 2-, 3-, and 4-substituted 

pyridines shows that the vibration 6a in pyridine, drawn 

as 

in ref. 48, is 'X-sensitive' in a very similar manner to the 

2-, 3-, and 4-substituted compounds. This is illustrated in 

  

  

Table 8.1. 

Position Subsktuent : 

of 

substituent -H - D - Me - Et - F - Cl - Br 

2— 605 600 548 500 556 428 315 

3~ 605 599 538 488 555 428 319 

ym 605 597 51, 493 - 44h aT7 

Reference 7 47 47 9 47 47 47   
  

Table 8.1. The effect of varying the substituent position on 

the frequency of the X-sensitive mode 6a of substituted py- 

ridines, 

These results are explicable if it is remembered that 

varying the substituted position will have no effect on the 

number of vibrational degrees of freedom permitted, and that 

any difference arising from different positions of substit- 

ution will result only from the different positions of the
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nitrogen atom relative to the substituent. The mass 

difference between the N atom and a C-H group is negligible, 

and no great variation in the ring bonding is expected. Ac- 

cordingly, although the normal modes will look different on 

paper, their frequencies will not be markedly sensitive to 

the position of substitution. 

We therefore follow recent workers in using, for 2- 

substituted pyridines, the nomenclature for the vibrations 

of pyridine ee was itself derived from the notation 

used by Langseth and Lord ee describe the vibrations of ben- 

gene, Combining the data provided by Green et. al. with the 

notational comparison set out in Table 5.2 enables a direct 

comparison to be made between the notation and expected fre- 

quency ranges for the vibrations of monosubstituted benzenes 

and those of 2-substituted pyridines. This comparison is 

given in Table 8.2.
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Table 8.2. The vibrations of 2-substituted pyridines. 

C-H stretching vibrations are excluded, 

  

C Oy C d WB W vibration frequency I.R. Raman 

species species ype ee 

(pyridine) 

! 

A, A Sa k yC-C 1573-1598 s 8 

19a m Y C-C 1452-1475 os wm 
y C-N 

9a a’ Poa 1143-1150 . ms .me-s 

48a. bo Bb C-a 1041-1048 8s VS,D 

4 p ring 991-996 m-S VS,p 

13° q X=sens 1104-12h9 = s m-S,p 

12 xr X-sens 701-828 Ss S,p 

6a +t X-sens 315-548 m m-S,p 

Bo 6b. 1 Y C-C 1565-1568 s m-s 

19b n » C-C 1417-1440 8s wm 
y C-N 

1B a C-C 1253-1376 w-m w-m 
y C-N 

3 e. * PB O-8.. © 1282-1300). m-6. : wee 

18b d BCH 1079-1106 m-s  w-s 

6b 6s & CCC 615-629 m m-s 

15°. au 2 GX 265-359 w-m wem,dp 
! 

Ap — 17a he TO 960-972 W-m sow 

10a g ¥ c-H 881-886 w-m Ww 

16a w $c-C 4.03-L.06 w-S VW 

By 5 j Vou 934.-959 Ww vvw 

10b 1. ¥o-n 749-763 vs vw 

no PC-C 719-729 w-s VVWw 

11 y 4g C-C 457-572 m-s w 
¥C-X 

16b:°°=x YC-X 152-207 ; vs,dp 
  

1 2 5. a 6 7 8
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Key to Table 8.2. 

Column 1. 

These give the species which the vibration would belong 

to if the substituent were on the 4-position. 

Column 2. 
These are the actual species of the point group a of a 

2-substituted pyridine. 

Column 3. 

Wilmshurst and Bernstein (WB) used q notation for the vi- 

brations of pyridine which was derived from Langseth and Lord's 

original notation for the vibrations of monosubstituted ben- 

zenes, A comparison of this column with column 3 in Table 5.2 

shows that the two discarded vibrations which correspond to the 

loss of the two C-H bending vibrations are 9b = c and 17b = f. 

A few other discrepancies require comment. Vibrations 1 and 

12 are permuted by WB. They allocate the symbol 18b to a C-H 

bending rather than to a C-X bending vibration, following 

Varsanyi, so their in-plane C-X bending vibration is numbered 

Tos This results from a permutation of the assignments for 

rever ° 
9b, 18b, and 15. The vibrations 11 and 17b are also seen 

Column 4. 

The letters in this column refer to the "Whiffen vibrations" | 

which correspond in symmetry, vibration type, and frequency 

range to the WB vibrations listed in column 3, 

Columns 5 - 8. 

The symbolism used here follows that used in Table 5,2, 

The data for frequency ranges are taken from values given for 

the following 2-substituted pyridines: 2—methy1*? | 2-ethy149, 

U7» L7 47 2-fluoro'', 2-chloro » and 2-bromopyridine™',
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For the sake of overall consistency, Whiffen's notation 

is retained in the discussion which follows, despite the use 

of the WB notation by previous workers 475 28; 

8.1.4. The effect of inter-ring coupling on 2-pyridyl spectra. 

The tri(2-pyridyl) compounds of the group VA elements 

contain 31 atoms, so their molecules will have 87 fundamental 

vibrations, Triphenylamine has 96 vibrations: the missing 

vibrations correspond to one symmetric and two asymmetric com- 

ponents of the three vibrations of the missing pyridyl-H group, 

viz. a pyridyl-H stretch (which will not concern us any further), 

an in-plane pyridyl-H bend (c) and an out-of—plane bend (f). 

The procedure used for allocating pyridyl and skeletal vibrat- 

ions to the different symmetry species of the various point 

groups possible for the whole molecule closely follows that 

used in Section 5.3.1., so only the results are presented here. 

For a tri(2-pyridyl) compound, there are only three 

possible symmetry point groups which preserve a Cz axis pass-— 

ing through the central atom. The highest possible symmetry 

is Cane Molecular models show that this structure is possible: 

it would maximise M-overlap through the central atom, but would 

leave some non-—bonding interaction between the lone pairs on 

the ring nitrogen atoms and the 5-—hydrogen atoms of adjacent 

pyridyl rings. A Czy structure is unlikely in the free mole- 

cules since it would maximise repulsion between the ring ni- 

trogen lone pairs, but it could be important in complexes of 

these ligands, A C. structure represents a propellor-—shaped 
3 

compromise between these two extremes, Various other struc- 

tures are possible containing at most one plane of symmetry,
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but these will not concern us any further since from a spectro- 

scopic point of view they are indistinguishable from structures 

having no symmetry at all. 

The distribution and activities of the pyridyl and skeletal 

vibrations in the point groups Cone Coy and C; are presented 

in Table 8.3. C-H stretching vibrations are omitted. 

  

  

  

Table 853. 

Point Symmetry Vibrations. Number of Activities 
Group. Species. vibrations 

Pyridyl Skeletal 
t 

C A k,m,a,b,p,q,r,t,i,n, 15 0 Ra, pol 3h 
0,6,0,5,U. 

E kim! ,G',b*,p',a*,r', 415 1 ie ee. 

S° 50 Ge Oe a pes, Ra, depol 

as as 
tf 

A cies oo a ees 8 2 1 Ree 

sym? 
3 : 

E Rte? Ae 3s sh was: 8 1 Ra, depol 

x 
as 

Czy A, XO AO, Pia its oi aie 15 1 Lats.+ RS 

0,¢,d,s,u, ee pol 

Ao hig, Wy ie T sym 8 1 inactive 

E a0 oe 8, 0 eee a3 2 I.R. + Ra 

3. io ge eee depol 
ut, me noe ss, 

ae Fe sa Ae Cae tz 

C; A k,m,a,b,p,qg,r,t,1,n, os 2 I.R. + Ra 

0,¢,0,5,u,h,g,w, j,i, pol 

V9¥9%s boy? Taym 

E k' ,m' ,a' sh ea, Res 23 2 eS + Ra 

S51) ne oe ae depol 
tint Er ek oe et 

u' ,h 28 9 W od gt 9V 9 

! t 7 

J 9% 7 %g59 as    
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The data given in this table shows that it should be 

possible to assign a point group symmetry to the triphenyl 

compounds by inspection of their vibrational spectra, subject 

to the conditions outlined in section 5... 

32: The vibrational spectra of tri(2-pyridyl)amine: 

results and discussion, 

8.2.1. Results. 

The observed vibrational frequencies are presented in 

Table 8.4. The symbols used have the same significance as 

in. Fable; 7.7. Agreement with previous work las excellent. 

8.2.2. The symmetry of the molecule. 

Inspection of the results shows that the point group Con 

can be ruled out, since in contrast to triphenylamine, all 

observed vibrations are active in both I.R. and Raman. Refer- 

ence to Table 8.3 shows that it is more difficult to disting- 

uish between Czy and Cz. If the symmetry is Cz, then the 

out-of-plane vibrations h,g,w,j,i,v,y,x, and7T should give rise 

to only one observable component. In fact, only y exhibits 

definite splitting, and both components of this vibration give 

rise to depolarised Raman lines: if the symmetry were Crs then 

one component of y should exhibit some polarisation. These 

observations are consistent with Czy symmetry if some other 

effect (e.g. Fermi resonance; ex, = 480em™" ) is responsible 

for the splitting of y. The assumption of Cay symmetry would 

also account for the observation of marked polarisation in the 

symmetric component of u. Point groups of lower symmetry than 

C; are ruled out by our failure to observe more than two com— 

ponents in any vibration, Some distortion from C to C 
3V 3 

cannot be ruled out, since a small distortion would give rise
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to correspondingly small changes in the dipole moment and 

polarisability in the vibrations derived from the inactive 

Ao vibrations in Czy symmetry, so that the corresponding 

spectral features might be too weak to be observed, 

Although Cay symmetry maximises the repulsion 

between the dipoles on each ring, it minimises the repulsion 

between the ring nitrogen lone pairs and the amine nitrogen 

lone pair. Moreover, the electron-withdrawing effect of the 

2-pyridyl groups must reduce the ff-overlap between adjacent 

rings which presumably accounts for the Dz structure adopted 

by triphenylamine. 

8.2.35. Frequency assignments. 

The premises on which this assignment is based have been 

stated in section 8.1.1. Detailed assignments were made by 

looking for spectral features in the ranges predicted from 

Table 8.2., then referring to Table 7.1 to find the extent 

to which the vibration is expected to split, and then compar- 

ing the activities of the observed features with the predict- 

ions made in Table 8.3. 

The general pattern of the, spectra is very similar to that 

found for triphenylamine, so detailed comment on the assign- 

ment of each group of vibrations is omitted. Just as was 

found in triphenylamine, the largest splittings occurred in 

the x-sensitive vibrations, and vibrations for which only a 

small range of values is given in Table 8.2. were found to 

exhibit little or no splitting. Where splitting was observed, 

the magnitudes of the splittings were found to be consistently 

Similar to those found in triphenylamine, Thus, we find the
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three "AL! x-sensitive vibrations q, r, and t to be split by 

77, 202, and 356 om™! respectively in tri(2-pyridyl)amine, and 

by 90, 211, and 325 em! respectively in triphenylamine,. 

8.3. The vibrational spectra of tri(2-pyridyl) phosphine. 

8.3.1. Results. 

The observed vibrational frequencies are presented in 

Table 8.5. The Raman spectrum of the solid compound was ob-— 

tained using both He-Ne and — lasers, Apart from a higher 

level of background radiation caused by more intense fluores- 

cence produced by the a laser, the spectra were identical. 

8.3.2. The symmetry of the molecule. 

One startling and immediately obvious difference between 

the spectra of tri(2-pyridyl)amine and tri(2-pyridyl) phosphine 

is the multiplicity of absorption in the solid-state spectra 

of the latter compound, These splittings do not persist in 

Solution, so they must be caused by one (or more) of the 'solid- 

state effects' discussed in section 5.3. It is not possible 

to state which of these effects is responsible for the splittings: 

suffice it to say that the data are consistent with the mole- 

cules having effectively no symmetry in the solid state, but 

adopting a Czy or C, structure in solution, In view of the 

greater mass of the central atom, the extent of inter-ring 

coupling is much less than in tri(2-pyridyl)amine, and as a 

result there are far more accidental degeneracies between 

symmetric and asymmetric components. This makes it impossible 

to distinguish between Cay and Cz in this case, 

8.3.3. Frequency assignments. 

Assignments were made by looking for spectral features in 

the ranges predicted from Table 8.2, and then using the published
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$on8l Sg guide to the location data for triphenylphosphine 

of the x-sensitive vibrations and to the extent of the split- 

tings expected to arise from inter-ring coupling. As expected, 

the x-sensitive vibrations q and r are found at lower frequen- 

1 ana 722 om!) than in tri(2-pyridyl)amine cies (112) cm 

(symmetric components at 1250 em”! ana 71 om, respectively). 

The movement of the central atom in the symmetric component of 

these vibrations is likely to be small, so these differences 

presumably reflect the weaker bonding expected in the phosphine. 

The position of voym in tri(2-pyridyl) phosphine appears 

anomalous at first sight: in view of the trend in the other 

x-sensitive vibrations, it might be expected to occur at a 

lower frequency in tri(2—pyridyl)phosphine than in tri(2- 

pyridyl)amine. In fact, we have assigned v aym to Raman lines 

at 435 em™' and 295 om~' in the phosphine and the amine, re- 

spectively. This could be accounted for if the stretching of 

the pyridyl-N bonds in a is accompanied by a relief of non- 
ym 

bonding interactions between hydrogen atoms or lone pairs on 

adjacent rings, Any such effect would amount to a reduction 

in the bond stretching force constant, and could explain the 

observed reduction in the frequency of .. in triphenylamine,. 

31 
ym 

The propellor shape of the triphenylamine molecule clearly 

illustrates the role of these non-bonding interactions; indeed, 

an analogous ‘inversion' in the positions of oo in tri- 

phenylamine and triphenylphosphine is observed, In support 

of this hypothesis, we note that in tri(2-pyridyl)amine, where 

considerable non-bonding dipole-dipole interactions between 

the ring nitrogen lone pairs is expected in a Czy structure, 

1 
the splitting of t is 25 cm” greater than in triphenylamine,
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whereas the splittings of r and q are less than in triphenyl- 

amine, 

8.4, The vibrational spectra of tri(2-pyridyl)arsine, 

8.4.1. Results. 

The observed vibrational frequencies are presented in 

Table 8.6. 

8.4.2. The symmetry of the molecule. 

The solid-state spectra exhibit splittings which are 

similar to those found in tri(2-pyridyl)phosphine. These 

splittings do not persist in solution, so we again assume 

that the molecules have effectively no symmetry in the solid 

state, but revert to a Czy or C, structure in solution. We 

note that similar solid-state splittings were found in the 

spectra of triphenylphosphine and triphenylarsine.~° 

8.4.3. Frequency assignments. 

These require little comment. The downward trend in 

the frequencies of the %-sensitive vibrations, and the re- 

duced extent of their splittings, are in accord with results 

obtained for the corresponding triphenyl compounds 192k. 

tom is at a lower frequency than in tri(2-pyridyl)phosphine. 

The covalent radii of phosphorus and arsenic are similar fi so 

this reduction presumably reflects weaker bonding in the arsine, 

The covalent radius of nitrogen, on the other hand, is 0.04 nM 

less: this difference would account for the existence of non- 

bonding interactions in tri(2-pyridyl)amine but not in the 

phosphine or arsine.
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8.5. Conclusions. 

In view of the empirical nature of the methods used 

in making these assignments, they are clearly not un- 

equivocal, particularly in the region below 4.00 om7', but 

they are self-consistent and they are in complete accord 

with the assignments proposed for the analogous triphenyl 

compounds 19- 2h



Table 6.4. TRI(2-PYRIDYL)AMINE: VIBRATIONAL FREQUENCIES (cm!) AND ASSIGNMENTS. 

  

Infrared Spectra Raman Spectra Assignment 

previous work this work Sais e CG 

solid soln. solid soln, solid sein, thi, species 

53ve? 

6m ? 

94m 95s 98 200 0.9dp | E co 

131m 
134m 138s,br A, $ 
110s s 

143s 

220Vw? 

228sh 252 11 0,805 E o 

2378 236br 238s 241 15 0.9dp |» a 

297vvw 300w 295 40 0,19 A, t,     

“
o
e
s
 

 



  

    

1 2 3 4 5 6 Y= 6 co 10 

352m 3 =345w 355m 348br 355m ae 9- °1,0dp. “1 noe 

hi2s 410s 412s hO8m 410m 444 16 0.8dp E 7 

L22vw 423sh 416 15% 0613p | A, | 

Pa op 
533m ' 

i _ ose ch aatecnk coe cd G22br/ tT 0098p A, +H = ‘ 

656m 652m 656w 657br 10 O.9dp |E t 
658m oF 

710w, br 7O5vw E Vv 

740sh 
Thus This 72 50 0O.O0Lp A, - 

7798 783m 780 4 0.8dp |E i 

832w 832vw 2xw = 8eh



Table 8.4. (continued) 

  

    
  

Tumiea Spectra Raman Stal ‘ Assignment 

solid soln. solid soin,. int. e species 

876m 866vw 880br 2 + E g 

94.0w 94. 5vi¥ 94.3w : E e 

956m 960w 958w 950br 2 ? E 2 + 

994m 992m 994vs 994 160 O.14p | A, +E P 

1029Vw 2x v= 1030; s + w = 1026 

1050w 104.8m 1047s 1050. 7/7. OQwtOp A,+8 b 

1 084.vw 1094.w 1 084.vw E 
4400vw  1100vw 1109w toa 9. (OS TMET A, . 

1150m 1146s 114.6w E 
1161m 1150s 1159vw 1154 4 0.8dp A, 

1208vw impurity ? 
12h4.6vs 12h) in 0.5p A —- : 

1 q. Split by Fermi Resonance 1 256vw 4255w 1253vs 4255 8 0.5p A, Ss fo egw 10nk) 

3 4 > 6 oS 10 

= 
Se
t 

>



  

3 4 5 6 7 8 q 10 

1274sh 1274s 1277 25% 0.9dp A,+z e 

1281m 1281s 128lvs 41286 20 0.9dp A, +E oO 

1334m 1352vea,or 13358 1552 1:9%..1,.0dp E Qos 

1 366w rs 6 = 1561: w+.j = 1368 

138h.w y+ g = 1389 

1h26vs 
143ivs 1h3evs 14.31m 1433-30 0.9dp | A, 2 \ 

14.38s 1nd 720. 7ape st 8 “3 
uw 
\O 

4465sh 1463s 1465 yy Os7ap? {5 a 1 
1473vs 14.70vs 4472w 144.71 ip = 6. 7Gn2 A, 

14.90vWw ox rs = 14.88 

1528vw 1 520vw ee i = 19253 2+ toast 15352 

1565s 1568s 1565s 1570 35 6.9dp | A,4E 7 

1584sh 
1589vs 1590vs,br 1591m 1594 11 O.6p? | A, +z k 

1600w bog + Po, = 1596 

1625vw 1620sh     r aS e s + g= 1620; i. +t, = 1634
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Table 68.5. 

Vibrational frequencies (en?) and assignment 

for tri(2-pyridyl) phosphine. 

  

i-R.Spectra. Raman Spectra. Assignment. 

Solid Solution Solid Solution 

2evs 

61vs 

9evvs 

105vs 

164vs 175 (200,?) Sol 
18lu.vs 

205m 205m, br 21s x 

2h9 2.6m, br 2h6s 246 (22,p) ws? 

259w 259w 

270m 270m Uss 

eens 394m 395m w 
4.06m 

ia 426m a 
433m 435m ts 

cnt 495w I 
503s 501sh 
513s) 511s 514m y 

5u8vw 

ao 619w 624m Ss 
622w 

71 2w 708vw 709m } 

721w 720w 722s 716 (22.p) a i 

742m) 
tel Thus 7h6w r 

74.7 m = 
765s. 
773vs 764.vs,br 766w i 
7778 

81lw,br    
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Table 8.5. (continued) 

I.R.Spectra. 

Solid Solution 

Raman Spectra. 

Solid Solution 

Assignment 

  

ori 
898w 
907w) 

961m 

sc} som 
1046s 1046s 

tmeee: 
1094.m 

1146sh 
1121w 

4 084.m 

1120m 

1131Vw 

1147s 
Hane) pte 

1160m 
1162m 

1210vw 

1221vw 

1229w 

1276s 1276s 

1284s 

1290VWw 

1303w 

1360m,br 

1387w 

thAbvs) 1h20vs 
1421vs 
ty26ve} 

1450s) 
tse 1448vs 
1456s 

1556m 
464m. (pee 
1570s 1570s   

894w, br 

992vs 

104.9vs 

1083w 

412h4m 

1156m 

1232W 

1276w 

1290sh 

1419w, br 

146w, br 

1560s 

1568vs  



Table 8.6. 

Vibrational Frequencies (on and Assignment for tri(2-pyridyl)arsine. 

  

  

ik. Raman, Assignment. 

solid solution solid solution rel,int. A 

175s TS 
* sy~ 

189Vs 

195m 196br 20 0.9dp x 

229m 231m 

237vs 238 85 0.06p u 

252m 24.5sh 25u4sh 

1 
304m a1 me 

314, 314m, br 3138,br 312 42 O.4ip : > 

325m 320 10 O.Lp 

392sh 388sh 399VW 

397m 396m w 

450m 458sh 
462m 

469s 

475s 74s, br 472w y 
485m,br 

550vw t + u = 550    



617m 

620m 

695w - 

698m 

722m, br 

738sh 

742w 

744.w 

7578 

759s 

761s 

767s 

7/0s 

888w 

897w 

958vw 

974w,br 

988vs 

992sh 

1041s 

1046s 

616m 

696m 

T4yhw 

763vs 

77ish 

987s   

616w 

630vw, sh 

696s" 

7i2sh 

7h2w 

804.w 

89l.vw, br 

988vs 

1044s 

620 1S O./7dp 

630 6 

obscured by solvent lines 

894br eS O17 

988 250 0.06p 

104.6 160 0.06   
as 

 
¢
O
,
 

=



  

  

Table 8.6. (continued) 

Tks Raman. Assignment. 

solid solution solid solution rel.int. e 

1080sh 4084m 4081 42 0.7dp d 
1083 

1103s 

1106s 

1111s 

4449w 1120s 1120 8 0.5p qa 

1150s 1150m 1733 20 0.5p a 

1154s 

1158sh 1158n 1161sh 10 0.8ap a 

1167vw 

4223 4 22h. 

4269m 1270w 

1275m 

1280s 1 280w 1280br 12 6, 5p e 

1300w, br gm > = 41302 

1 365m 

1376s,br     

= 
79
1 -



1415vs 

14.20 

1425sh 

1440vs 

1uu5vs 

1460vs 

14.65vs 

14.75sh 

1532sh 

154.0sh 

1551s 

1555s 

1565vs 

1570   
1462w 

1556s 

1568vs 

1451br 

1558 

4571 

14 

50 

70 

O.1p 

0.2p 

O.35p°   

— 
G
9
1
"



De 

10. 

11% 

4125 

13. 
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PART THREE; THE VIBRATIONAL SPECTRA OF SOME METAL COMPLEXES 

OF TRI(2-PYRIDYL)AMINE, 

CHAPTER 9 : INTRODUCTION, 

9,1. General, 

The foundation for this study was laid in Part Two by the 

assignment of the molecular vibrations of tri(2-pyridyl)amine. 

There were three main reasons for selecting complexes of this 

particular ligand for detailed study. Firstly, the coordin- 

ation behaviour of tri(2-pyridyl)amine has been studied in this 

department for some time, to the extent that the interest de- 

veloped in complexes of this and of related ligands has merited 

a recent ee aia Despite its exceptionally high ligand field 

splitting capacity when te€pdentate (A = 12,800 em™! W.T.t. 

Ni(II)*), the ligand exhibits a marked tendency to form diacid- 

obis(bidentate) complexes with salts containing potentially co- 

6-8 ordinating anions. Also, bisf tri(2-pyridyl)amine 7iron(IT) 
iy 

perchlorate is spin-paired , despite the fact that the terden- 

tate ligands cannot accommodate extensive W—delocalisation. 

Secondly, the cations in complexes of the type bis/ tri- 

(2-pyridy1)amine_7M"*(C10, )5 (M = Fe, Co, and Ni) are believed 

to have the symmetry of the point group D (not C » as was 5 3a 3V 5 

previously suggested) . This follows from the observation, 

that the cobalt(II) and nickel(II) complexes are isomorphous 

with the iron(II) complex, which was found to exhibit a neglig- 
w 

ible quadrupole splitting ( A Eq = 0.00) in its Mossbauer 
Lb 

spectrum, The centrosymmetric structure of these cations has 

consequenc®® which, from a practical point of view, are vital



ad PA ee 

to this study. The simplification of the vibrational spectra 

of the cations arising from their high symmetry causes the total 

number of infrared-active fundamental vibrations to drop from 

183 (assuming no symmetry) to 52 (in Dag symmetry). The number 

of vibrations in each of the six different species of Dag is 

sufficiently small to enable the assignments of some low- 

frequency fundamental vibrations to become a practicable ob- 

jective, Since coupling can only occur between vibrations of 

the same symmetry, the small size of each group will enable a 

more accurate description of the nature of each normal mode to 

be made, Another advantage results from the high symmetry of 

these cations. Transitions uobvech centrosymmetric orbitals 

are forbidden by the Laporte rule: this accounts for the gen- 

erally feeble intensity of d@d absorptions in octahedral com- 

plexes of transition metals.” These absorptions can only 

gain intensity if the higher-energy state can acquire some non- 

centrosymmetric character, either by vibration of the metal- 

ligand bonds to give temporary non-centrosymmetric configur- 

ations, or by the availability of non-centrosymmetric ligand 

orbitals for overlap with the metal d-orbitals. Neither of 

these mechanisms is likely to operate in the bisf tri(2- 

pyridyl) amine_/ complexes, The relatively rigid metal-ligand 

cage system (Plate II) is unlikely to afford opportunities for 

molecular vibrations to destroy the centre of symmetry, and 

there are no non-centrosymmetric ligand orbitals available, 

As a result, the complexes of terdentate tri(2-pyridyl)amine 

are very pale in colour, in contrast to the well-known tris-— 

complexes of 2,2'-dipyridyl and 1,10-—phenanthroline which are



  
PLATE 2. 

The metal—ligand "cage" system, 

Large red spheres = amine nitrogen atoms 

Green spheres = 2—pyridyl carbon atoms 

Small red spheres = pyridine ring nitrogen atoms 

Blue sphere = metal atom
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of B, symmetry and are much deeper in colour. - However, 

some of the intensity of absorption in the latter complexes 

derives from to at” transitions, particularly in the iron(II) 

and cobalt(II) complexes: even this mechanism is not available 

in the complexes of terdentate tri(2-pyridyl)amine: the lack 

of extensive conjugation precludes the availability of a low- 

energy m* orbital. These facts, coupled with the exception- 

ally high A value for the terdentate ligand, which brings the 

d<»d absorption maxima away from the red region of the visible 

spectrum, enables the nickel(II), cobalt(II), and iron(II) 

complexes to transmit enough radiation at 635.8 nM to enable 

Raman spectra to be obtained. In view of the high symmetry 

of these complexes, Raman data are essential for a complete 

assignment of metal-ligand vibrations. 

The third reason for selecting this system for study was 

the observation that the iron(II), nickel(II), and cobalt(II) 

complexes are readily soluble in nitromethane at room temper-— 

ature without any sign of decomposition or isomerisation, 

This solvent has little or no coordinating tendency: it has 

relatively few vibrations of its own to interfere with solution 

spectra, and many of these can be shifted by using nitromethane- 

a.. The advantages of studying the spectra of complexes in 

solution are that "solid-state effects" can be recognised as 

such, and that polarisation data can be obtained from the Raman 

spectra, 

Perchlorate and hexafluorophosphate were chosen as the 

counter-anions for three reasons. Firstly, it has already 

been mentioned that tri(2-pyridyl)amine has a marked tendency 

to form diacidobis(bidentate) complexes with anions which ean



ATS 

coordinate. These two anions are known to have only a very 

feeble coordinating tendency: indeed, until very recently : 

no complexes containing coordinated hexafluorophosphate had 

been isolated, so complexes containing these two counter- 

anions should preserve the bis(terdentate) configuration of 

the ligands, Secondly, both anions have very simple vi- 

brational spectra in view of their high symmetry, and no over- 

lapping between their spectra occurs (as occurs, for example, 

between the spectra of perchlorate and tetrafluoroborate). 

Thirdly, the anions differ sufficiently in size and mass to 

cause the frequencies of lattice vibrations in the solids to 

be appreciably different for complexes of the same cation with 

the two different anions, This should enable lattice vibrat- 

ions to be distinguished from low-frequency molecular vibrat- 

ions in the cations. 

This is the first vibrational spectroscopic study of com- 

plexes of this type in which solution data have removed the 

normal uncertainties associated with solid-state spectra, 

9.2. The symmetry of the bis/ tri(2-pyridyl)amine 7m*t cations. 

By assuming D symmetry and then applying the methods 
3d 12 

described by Wilson to the vibrations of the cation, the 

representation 

Fri (3a) = 21A,, + 10A,,, + 95, + 21A,, + 30E, + 31E, & (I) 

is obtained, Each vibration of the free ligand will, in 

theory, split to give symmetric (g) and antisymmetric (u) 

components in the complexes, By applying the methods des-— 

cribed in Section 5.3.1., the ligand vibrations can be



ua Phy as 

classified into the appropriate Dag species. For example, 

the symmetric components of the Ao ligand vibrations preserve 

the inversion centre in the point group Daas but are asym- 

metric w.r.t. the three Ts planes, as in the free ligands 

they accordingly belong to the species hog in the point group 

Dage 

The cations contain 63 atoms and they will accordingly 

have (3 x 63) - 6 = 183 fundamental vibrations. The split- 

ting of the ligand vibrations gives 2 x 87 = 174 vibrations, 

so 183 - 174 = 9 vibrations must be associated with the metal- 

ligand bonds. A check on the distribution of these skeletal 

vibrations was made by setting up a representation for bond 

stretching in terms of internal coun. oe the metal- 

ligand "cage" system illustrated in Plate II. In terms of 

cartesian displacement coordinates, the representation is 

Lubna = 5 Ade + 2A, + Ade + 5 A... + 6 Ee Bd ee ts {IT) 

(cartesian) 

In terms of bond stretching, the representation becomes 

2 a Sat DAog + SBS 5B cous GED 

(bond stretching) 

This result follows from the fact that there are just three 

different kinds of bond in the system. By subtracting (III) 

from (II) we obtain an expression for the number of vibrations 

in each species which primarily involve deformation of bond 

angles: - 

[pip (Osa) = 2A + 2A + Ang + 2A + 3 BL + 4 B, — (IV) 
(angle bending) 

The problem of redundant Beaten hence 1% aitficuit to 

derive the expression (IV) from first principles.
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There will clearly be one stretching vibration for each 

of the three different types of bond in the cage system, so 

one can be assigned to the totally symmetric metal-ligand 

stretching frequency Y M-lig. Likewise, in the Any class 

one stretching vibration is assignable to y M-lig; in this 

vibration, the metal nucleus moves with appreciable amplitude. 

Both of these stretching vibrations should be markedly sen- 

sitive to the nature of the bonding between the ligand and 

the metal. The two bending vibrations in each of these 

classes are derived from the vibrations u and Sie of the 

free ligand, The two bending vibrations in the Ay class 

are derived from the x vibration of the free ligand and from 

a metal-ligand torsion, which is illustrated along with the 

other skeletal vibrations in Table 9.1. The single bending 

vibration in the Aog class is the symmetric component of the 

ligand vibration x, The E. and EL stretching vibrations 

can be regarded as metal-ligand rocking modes. The additional 

EL bending vibration is illustrated in Table 9.1. 

unit 

The vibrations of an isolated MLg\ of D35 symmetry (Fig.9.1) 

aa bc ke 

ag Z 

/ 

M : 
ie 

L’ 

es ts 

Fig.9.1. 

would span the representation 

Fa = 2 Ag + Ay. + 2 Ad + 2 apo 2 ae (Vv)



Table. -Oe ts The vibrations of the bis/ tri(2-pyridyl)amine 7metal(II) cations. 

    

Eee - 

le a 

= 4A, +) 10 Aye +19 te, 21 An. +| 308, +) 315, 

20 ligand 9 ligand 9 ligand 20 ligand 29 ligand 29 ligand 

(A, in Cz.) (A, in C3) (A, in 0,,) (A, in Cz.) (E in Cz.) (3 in C5) 

i » M-ligand + M-ligand ie v. M-ligana + M-ligand | +@asym (M-ligand) 

torsion symmetric |+$asym (M-Ligand) 

"rock" @ sym 
  

\7 
dN 

g M- - ligand   
\y 
d\ 

M- i gond 

Forsion     ¥. M- ligand   
WV 
i 

Csym 
M-! igand   

-
 

9
l
L
°
-
 

Si, 
AN 

Casym Me Vigan 

/ ; Le / 

Saris M- ~ higand



See 7a 

Comparison of this result with the number of skeletal vi- 

brations illustrated in Table 9.1. shows that six vibrations 

are ‘'lost' when this ML¢ unit becomes part of the cage system 

of. Plate II. These six vibrations are incorporated into 

deformation vibrations of the ligand: they arise from the 

loss of six degrees of freedom associated with the closure of 

the rings in the cage system. 
« 

Table 9.2. shows the distribution of the ligand and 

skeletal vibrations in the various species of the point group 

Daa together with the expected infrared and Raman activities. 

The tables also show the effect on the activities of these 

vibrations of distortions to S¢ and C,, symmetries, The Con 

point group is of particular interest in that systems in which 

the electronic state of the metal ion is degenerate - for ex- 

ample, bisf tri(2-pyridyl)amine_7copper(II) and the low-spin 

“3 form of bisf tri(2-pyridyl)amine_/cobalt(II) - will be 

required, by the Jahn-Teller theorem af to undergo a distortion 

of this type, in order to lift the degeneracy of the ey orbitals. 

A distortion to S¢ would not lift this degeneracy but might 

arise if a Atatortlen towards Cz symmetry in the ligand were 

induced by a lattice effect. However, any such distortion 

would reduce the amount of overlap between the lone pairs on 

the ligand nitrogen atoms and the appropriate metal orbital, 

if the assumption of Dag symmetry in the cations is correct. 

If necessary, the effects of other distortions can be deter- 

mined by reference to a correlation table for the point group 

Daas
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Table 9.2. The distribution and activities of the ligand and 
  

skeletal vibrations in the cations bis/ tri(2-pyridyl)amine_7m*. 
  

(omitting C-H stretching vibrations) 
  

9.2.1. Point group Dea 

  

        

Species Vibrations © No, of Activities 

vibrations 

lig. skel, 

Ady K,m,a,b,P,a,7,t,1,n,0,¢,4,5,,9,.., 16 4 Ra, pol 

ui M-lig 

Aay hy 8,W,5,1,V,7,%oT Ty ig 9 4 inactive 

Aog hi; Weds ty V5 95% sym 9 O inactive 

Aoy K,m,a,b,P,d,r,t,1,n,0,e,d,8,u, & 

sae M-lig 16 1 eee, 

E. Eee oe oe de ye yd VR Oe 25 4 Ra 

ee tt ooh! Gy Nie Seek Ving 

t ole 

EB. Be 4850508 oe ee Oe O"’t OD 2 

a, 8° Al oc eee wy" ee, 

; ite 
x sl aas C asym? M-lig) cc M-lig 

Total: 150 +9 + 2h C-H 
= 183
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9.2.2. Point group S¢ 

Species Vibrations No. of l Activities 
Vibrations 

lig. skel. 

A, k,m,a,b,p,q,r,t,1,n,0,¢,d,5,u, 25 1 Ra, pol 

8 eral? Vy M-lig,h, B,W, J,1,V,y,X, 

VT sym* 

AL k,m,a,b,p,q,r,t,l1,n,o,e,d,s,u, 25 2 I.R. 

§ ym? YyM-Ligsh,8,W, 5,4, Vs x7, 

T oym? * M-lig. 

By RE meee el bgt A, 25 1 Ra 

gic! a! alah 0 4b! eed 
it v',y',x', + dat Gaya 'S 

EL Kigm,a' sb"yp', a'r’, t%1! n', 25 e I.R. 

6°, 0)54' 355 b. Wig ¥ 57", 

t! 9VI S's Xs Tass vet § gl-lig. 

Total 150 + 9 + 24 C-H = 183 

9.2.3. Point Group Con 

Species Vibrations No. of Activities. 

Vibrations 

lig. skel,. 

A, K,m,8;0, DB, Gsr, 6,178, 0.0; 4, 8, 83 4 2 tRay Yol 

boym? MM-lig, (k'),(m'),(a'), 
(b'),(p'), (a"), (2"), (6"), (1"), 

(n'),(o"),(e"), (a"),(s"), (ut), 

( 4). (n), (at), Cw), (3"), (4) 
(x!) Ga"), Oe a) CaN      
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9.2.3. Point group C5, (continued) 

Species Noy. of 

Vibrations 

lig. kel’. 

Activities 

  

  

Ny SyWy 5,1, V,VyXy Toys (k"'), (m'), 

fatty ich); eee 

Care gla! elo ced, 

Carty Ce 7a) ho) (Os 

Cg'S)s (wie td ets) ) (vi, 

(Frade (yg 5) Caga NG 

Ny Ss Wo dole Ve VX sym’ M-lig, 

(x'),(m'),(a'),(b"),(p"), (a"), 

(r*),(t*),(1'), (n"), Co"), Ce"), 

(a), (s"), (ut), (6,,),(h"), (a), 
(Ca 08 Cr) Gr (a), 

ta Goals t $ ,M-lig) 

Meg 

k,m,a,b,p,qg,r,t,1,n,0,¢6,0,58,u, 

Y M-lig, (k''),(m''),(a'"),(b""), 
Raya) Cee), a) 

tpi"), (ert), (a?) (0°), (a"?), 

($.5)0(h'"),(e""),(w''),(3""), 
(a9), GT), RY), 
a $ , M-lig). 

3. 

34, 

44 

  

4 

Ra 

Sais 

  
Vibrations marked ( ') and ('') are the split components of 

previously degenerate ligand vibrations. 

The application of these selection rules to the interpretation 

of spectra is subject to the reservations outlined in section 5.3.1.
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In particular, many of the symmetric (g) and antisymmetric 

(u) components of each ligand vibration will be accidentally 

degenerate: in other words, coupling through the central 

metal atom of the cation is only likely to be significant for 

vibrations which occur in, or can couple with, the vibrations 

of the cage system illustrated in Plate II. 

9.35. The effect of coordination on the vibrations of 

2-substitute pyridines, 

The effects of coordination on the ligand vibrations of 

2-substituted pyridines have been studied by many oa 

Unfortunately, studies on the chelating ligand poo. a: 

are complicated by the change of symmetry from Con in the free 

oa a Coy in the complexes, The effect of this change 

is to cause previously Raman-active symmetric components of 

ligand vibrations to become infrared-active, which makes the 

identification of genuine coordination shifts a difficult task, 

Although the recent work of Strukl and Walter included normal 

coordinate analyses of the vibrations of 2,2'-dipyridyl, 2,2'- 

dipyridyl-de, and some complexes of the type (2,2'-dipyridyl)- 

MXo5; their results cannot be regarded as being conclusive, since 

no Raman data were used, and their calculations on the complexes 

were based on an assumed set of bond angles and acl a 

In a succinct review article, Hart has drawn attention to the 

sensitivity of calculated vibrational frequencies to small 

changes in molecular ee it was for this reason that 

in the absence of accurate structural data, no attempt was made 

to perform such calculations on the complexes which are the 

subject of this study. It is clear that little or no signific- 

ance can be attached to the results of calculations which use an 

assumed force field and which assume a certain molecular geometry.
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For molecules of this size, a computer can generate almost 

any set of frequencies by suitable variations of bond lengths, 

bond angles, and force constant data which would be within 

apparently acceptable limits, 

In complexes of monodentate 2-substituted pyridines, the 

symmetry of the ligand does not change markedly on coordin- 

ation, and - if coupling effects through the central metal 

atom are ignored - any shifts in the ligand frequencies can 

be attributed to changes in the electron distribution in the 

ligand caused by coordination. In general, it has been found 

that these shifts are relatively small and that no distinct 

trends occur in the shifts when the metal (M) or the halide 

ligand (x) is changed in a series of complexes of the type 

(2-R-Py) uk. | S one insensitivity of these shifts has been 

attributed to ™-bonding between the metal and the pyridine 

ring: it has been suggested that increasing fT -bonding 

counterbalances possible trends caused by the decreasing 

strength or the f-bond between ie: Pine nitrogen and the metal 

Lon en Controversy regarding the significance of metal- 

ligand M-bonding in complexes of heterocyclic ligands has con- 

tinued for several years. It is difficult to devise exper- 

iments which might conclusively decide the issue one way or 

the other. A recent attempt to investigate the possibility 

of ff-bonding in complexes of h-substituted pyridines was 

based on observations of the shift in the frequency of a mode¥t2 

which was described as an aromatic ring vibration without ane" 

mass effect of the substituents, and which does not involve any 
25 

substituent-ring or hydrogen-ring vibrations, In fact, this
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26 27 
is the mode which other workers have described as», (p) ‘ 

It has been made quite clear that there are three mass-sensit- 

ive vibrations in the A, class in a 4-substituted ate 

this has been established by reference to the similar spectra 

of monosubstituted benzenes, and by extensive calculations 

performed on 4-substituted pyridines. < The 'satisfactory 

agreement' obtained between calculated and observed vibrat- 

ional frequencies in these oe based on assignments 

which include only two mass-sensitive vibrations in the A, 

class, merely serves to illustrate the point made in the pre- 

ceding paragraph concerning the validity of normal coordinate 

calculations performed on molecules of this size. Despite 

the errors implicit in this work, the weight of evidence pre- 

sented is consistent with the existence of some f—bonding 

in copper(II) complexes of 4-substituted pyridines: as expected, 

this type of bonding was found to play a more important role 

as the electron-withdrawing capacity of the 4-substituent in- 

creases. 

The most extensive compilation of data in this field was 

made by Gill and Piel the results of additional studies 

by McWhinnie ee by Goldstein aa are in good agreement 

with their work. The results of their studies on coordin- 

ation shifts are summarised in Table 9.3. Unfortunately, 

most of these complexes have distorted tetrahedral or approx- 

imately square planar stereochemistries, in contrast to the 

essentially "octahedral" bond type expected in the bis/ tri- 

(2-pyridyl)amine_7 complexes, However, it was shotaetuak 

for 3-, and to a lesser extent, 4-substituted pyridines, the
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magnitudes of the shifts are insensitive to the steréochemistry 

of the complex, Reference to Table 9.3. shows that the only 

obvious differences between the 'tetrahedral' cobalt and zinc 

complexes and the 'planar' copper complexes are in the mag- 

nitudes of the shifts in the out-of-plane modes wand i: in 

both cases, the shifts are much greater in the copper complexes. 

Also, splittings are more often in evidence in the 'tetra- 

hedral' complexes: this may mean that they are due to inter- 

ligand coupling, because the symmetric component of split vi- 

brations should be infrared-inactive in a trans-planar copper(II) 

complex, Besides, if they are caused by lattice effects, they 

would not occur with such regularity in a wide range of com- 

plexes which are unlikely to be isomorphous. However, in the 

absence of solution data, these deductions are somewhat specul- 

ative. 

9.4. Metal-ligand vibrations in complexes of heterocyclic 

ligands, 

In metal complexes of the type (2-pyridine) .MxX,, at least 

two, and sometimes three or four infrared active bands are 

1 and 300 on™! which cannot be attributed found between 200 cm™ 

to vibrations of the ligands. One or more of these bands is 

sensitive to the nature of the halogen X leaving the other ab- 

sorption or absorptions to be assigned as the infrared-active 

metal-ligand stretching frequencies y ae me Tetrahedral 

complexes will give rise to two such vibrations, both of which 

will be infrared-active, whereas in theory a planar or octa- 

hedral complex should give rise to only one M-N band in the 

29 
infrared, the symmetric vibration being Raman-active. However,



Table 9.3. 

Frequency shifts (in em™!) of ligand vibrations in complexes of the general formula (2-R-pyridine) ,Mx 
  

  

  

o* 

R et me Cl Br me Cl Br me Cl Br 

MX. CuCl, CuCl, CuBr, CuCl, CoCl, CoC, CoCl, 4nC1,, 2nC1,, 2nC1,- 

Ref. 18 7 19 19 17 LE 17 py. 1 dafi 

Mode 

8a=-k +17 +18 +18 +16 +15 +15 +2, 

8b=1 a +3 : 5 =7 -10 ay | 

-12 -8 

19a=m ss 4+-7 +20 +12 +/ +13 +19 4-7 
+5 +10 

19b=4 + +5 +14, +7 +4, +4, +11 +10 +6 
-10 +20 —6 -6 on —5 

1i4=o +15 +3 +5 +3 +5 +6 ? +6 1 

3=€ 1 +12 +9 —y +15 +11 +10 +16 +16 +10 iad 
+6 +3 +10 +4. 

13=¢ ~3 +5 +10 +5 +2 +12 +9 +9 +15 
+5 

9Ja=a +19 +2 —4 -5 —l. +5 +3 +4 +7 

18b=d° +15 +11 -2 0 +7 +5 +2 +7 +5 

18a=b +8 +13 +2 +4 +19 +17 +1, +19 +16 
+11 +11 +11 

1= +40 +3 +29 +32 +28 +37 +35 +35 +27 +3u, 
$19 +32 +30 +27



17a=h 

10a=g 

12=9r 

1O0b=i 

Liv 

6b=s 

6a=t 

11=y 

16a=w 

15=u 

16b=x 

+15 

+11 

+13 

+344 

+28 

+13 
—2 

+8 
+5 
+28 

+26 

+12 

+11 

+36 

+35 
+25 

+2 

+14 

+27 
+9 

+27 

+4, 

+6 

+30 

+31 

+20 

+29 

20 

+29 

+7 

+29 

+18 

+5 
—1 

+1 

+13 
+3 

-10 

+2 

+9 
+7 

+1 

+19 
+15 

+34, 

+10 

+8 
+3 

+2 
-6 

+5 

+26 

+21 

-1 

+16 
+12 

+37 

+28 

+25 

—2 

+15 
+12 

+45 
+35 

+19 

+2 

+13 
+3 

+2h 
+21 

+9 
+6 

+2 

+18 
+14, 

+35 

+10 

+9 
+4 

+4 

+3 +3 
~D —4. 

+5 0 

+23 +29 ! 
+25 ie 

+19 +23 
1 

0 +h 
+1 

+15 +15 
+11 +11 

+33 +359
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these selection rules are unlikely to be strictly obeyed in 

the solid state, 

Far-infrared studies of some tris(chelate) metal com- 

plexes of 2,2'-dipyridyl revealed broad bands between 297 em™! 

and 264 em~' which were not, at the time, thought to be attrib- 

utable to any I.R.active vibrations of the ligand, or of any 

anion piiouk le The spectra of the low-spin iron(II) com- 

plex differed considerably from the others, and assignments 

of »Fe-N were made at 4.23 om™ |, in keeping with the much 

stronger bonding expected in a complex of this type. These 

assignments were criticised by Clark 31, on largely on the 

basis of mass arguments: he asserted that because of the 

greater mass of the ligands, these bands should occur at lower 

frequencies than the vibrations ebulcned YM-N in pyrid- 

ine complexes, However, McWhinnie has shown that there is 

a limiting mass dependency for ¥ M-N: it was pointed out 

that the overall variation in YM-N in the complexes listed in 

Table 9.3, together with the value quoted for ¥ M-N in (pyrid- 
28 

ine) ,CuCl, » was only 29 cm~' when the mass of the 2-substit- 

uent was varied between 1 and 80 a.m.u. - It is quite true 

that symmetric vibrations, in which the metal atom does not 

move in the tris-chelate complexes, will be sensitive, to 

some extent, to the mass of the ligands. However, this will 

be true only to the extent to which the whole ligand, includ- 

ine any heavy substituents, moves in the vibration, 

The asymmetric vibrations, which are the subject of this 

controversy since they are infrared-active in the tris( chelate)



- 188 - 

complexes, are of two kinds; an asymmetric metal ligand stretch 

(A, in D, symmetry) which preserves the c axis of the complex, 
a 

and two vibrations of species E in which one of the metal-— 

nitrogen bonds lengthens while the other shortens, in: view 

of the relative masses of the metal ion (56 — 65) andthe lig- 

ands (156 each), the A, vibration is likely to consist essent- 

ially of the metal ion moving up and down the Cz axis ina 

"pox' defined by the ligands. Likewise, the E vibrations 
destroy 

probably involve 'rattling' movements of the metal ion which/ 

the C, axis but which do not involve significant movement of 
2 

the ligands, These considerations could account for the 

presence of metal-ligand vibrations at frequencies which are 

mugh higher than would be expected if the frequencies were a 

function of the ligand mass. 

Strukl and Walter, in their studies of complexes of the 

type (2,2'-dipyridyl)MCl,, assigned bands at 24.3, 270, and 

318 on to the By asymmetric M-N stretching frequencies where 

M = Zn, Co, and Fe respectively. These vibrations correspond 

roughly to the E vibrations of the tris-chelates, but coupling 

effects will obviously differ appreciably. Their a ebcnsaes 

were supported by approximate normal coordinate analyses based 
20 

on assumed structural data for the complexes j 

In a recent and very elegant study involving the use of 

metal isotope effects to locate vibrations involving movement 

33 
of metal ions, Nakamoto et.al. have essentially confirmed 

30 
Inskeep's earlier assignments . Of the three M-N stretching 

frequencies expected, two are observed in some cases and three
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in other cases, The vibrations were positively identified 

by the fact that they are the only vibrations above 150 om™ 

which exhibit significant shifts (2 - 7 om7!) on metal iso- 

topic substitution. Although it is not clear whether some 

of these bands are overlapped on each other or split due to 

solid-state effects, these studies show definitely that the 

M-N stretching vibrations in the tris(2,2'-dipyridyl) complexes 

of iron(II), nickel(II), amd zinc(II) occur in the regions 381- 

376, 292 - 266, and 231 - 184 om~', respectively.
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CHAPTER 10 :; EXPERIMENTAL. 

10.1. Preparations, 

10,1 ole. Materials. 

Tri(2-pyridyl)amine was prepared as described in 

Section 6.2.1. Barium perchlorate 3-hydrate (Hopkin and © 

Williams: G.P.R), cobalt(II) perchlorate 6-hydrate (Koch- 

Light Laboratories), A.R. grade hydrated metal sulphates, 

and basic metal carbonates were used without further purif- 

ication, Nitromethane (Eastman Kodak "Spectro" grade) was 

used without further purification. Nitromethane-D, 

(CD NO>5 about 98%) was obtained from Koch-Light Laboratories, 

Hexafluorophosphoric acid (65% HPF ¢, Sh HF, 30% Hiy- H50) 

was generously donated by the Ozark-Mahoning Company, Tulsa, 

Oks, U.S.A. The preparation of other transition metal 

perchlorates was described in Section 2.2.3. 

10.1.2. Bis/ tri(2-pyridyl)amine_/nickel(II) perchlorate, 
  

bis/ tri(2-pyridyl)amine_7cobalt(II) perchlorate, bisf/ tri(2- 
  

-pyridyl)amine_/copper(II) perchlorate, and bisf tri(2- 
  

pyridyl)amine_7zinc(II) perchlorate. 
  2. ae 

The preparation of these complexes has been described “ 

Yields in normal recrystallisation procedures were found to be 

unsatisfactory, owing to the flat solubility curves of the 

complexes, so, with the exception of the nickel complex, which 

was successfully recrystallised from water, the following pro- 

cedure was adopted: the impure product was washed with water 

and then ethanol, and sucked dry on a No.4 sinter. The
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minimum volume of nitromethane required to dissolve most of the 

solid was then added, and the mixture stirred, The product 

was then filtered through the sinter. Benzene was then added 

dropwise with stifring to the filtrate until a faint turbidity 

appeared, On standing, crystals of the complex were formed, 

and addition of benzene was continued until the colour of the 

solution was almost completely discharged. Analytical data 

for these complexes are given in Table 10.1. 

10.1.3. Bisf tri(2-pyridyl)amine /iron(II) perchlorate. 

Iron(II) sulphate 7-hydrate (0.72 g, about 3 mmol) was 

dissolved in water (5 om?) and a solution of barium perchlor- 

ate 3-hydrate (0.98 g, 2.5 mmol) was added. The precipitated 

barium sulphate was filtered off, and a solution of tri(2- 

pyridyl)amine (1.24 g, 5 mmol) in ethanol (10 cm”) was added 

to the filtrate, The orange precipitate was filtered off 

and purified by the method déscribed in 10.1.2: yield, 0.83 g. 

10.1.4. Bisf tri(2-pyridyl)amine 7nickel(II) hexafluorophosphate, 

bis/ tri(2-pyridyl) amine /cobalt(II) hexafluorophosphate, and 

bisf tri(2-pyridyl)amine_/copper(II) hexafluorophosphate. 
  

The method used was the same in each case. Hexafluoro— 

3 phospheric acid (0.4 cm; about 1 mmol) was diluted with an 

equal volume of water, and the appropriate basic metal carbon- 

ate was added in small portions until effervescence was no 

longer perceptible. The mixture was then filtered through a 

No.4 sinter, and a solution of tri(2-pyridyl)amine (0.50 g, 2 mmol’ 

in ethanol (7 cm) was added, The resulting precipitates were 

filtered, washed with water and ethanol, and then purified by
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repeated dissolution in nitromethane, filtering, and re- 

precipitation with benzene. This procedure was necessary 

to remove traces of a nitromethane-insoluble complex, 

possibly arising from the presence of hydrofluoric acid in 

the starting material, Colours and analytical data for 

these complexes are given in Table 10.1. Yields of about 

O./7 g of pure products were obtained. 

10.1.5. Bisf tri(2-pyridyl)amine_7iron(II) hexafluorophosphate. 
  

Potassium hexafluorophosphate was prepared by neutral- 

ising the acid with A.R.potassium Geumem ter’ the resulting 

solid was recrystallised from water. $42 g¢ (6.5. mmol) of 

the pure crystalline salt was dissolved in water (25 cm”) and 

iron(II) chloride 4-hydrate (0.47 g, 2.5 mmol) was added, 

This solution was then added to a solution of tri(2-pyridyl)- 

amine (1.24 g, 5 mmol) in ethanol (15 cm), The resulting 

orange precipitate was filtered off, washed with water and 

ethanol, and purified by the method described in Section 10.1.2. 

Yield, tye f. 

10.2. Vibrational spectra. 

The methods used to obtain infrared and Raman spectra at 

ambient temperatures, and infrared spectra at low temperatures, 

were described in Chapter 6. The Raman spectrum of bis/ tri- 

(2-pyridyl)amine /cobalt(II) perchlorate at ca. 100 K was 

obtained by Dr.R.R.Smardzewski, at the University of Leicester, 

using a Coderg low-temperature cell, The solid sample, which 

is placed in a glass capillary tube, is cooled by forcing a



i OS 

stream of cold nitrogen gas to flow through the capillary 

tube holder. 

10.43. Magnetic susceptibility measurements. 

The magnetic susceptibilities of the two microcrystalline 

Solid complexes bis/ tri(2—pyridyl)amine /cobalt(II) per- 

chlorate and bisf tri(2-pyridyl)amine_/cobalt(II) hexafluoro- 

phosphate were measured at temperatures between 93 K and 373 K 

using a Newport Instruments variable-temperature Gouy balance. 

This work was carried out in collaboration with R.J.Dosser, 

and details of the experimental procedure, including calibrat-— 

ion of the Gouy tubes, are given Gee a All meas— 

urements were made at two different field strengths, but no 

dependence of the susceptibilities on the field strangth was 

detected in either sample, After the thermostatting device 

had caused the desired steady temperature to be reached, the 

force on the Gouy tube was measured and then measurements were 

repeated at intervals. No time-dependence of the susceptib-— 

ility was detected in either sample. The reversibility of 

the effect of temperature on the susceptibility of the per- 

chlorate complex was demonstrated by taking another reading 

at 173 K after cooling the sample to 93 K and then allowing 

it to warm up again; the calculated susceptibilities differed 

by less than 0.2%. The"magnetic moment" Pere was cal- 

where % 14 is the molar susceptibility of the cation in c.g.s.
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units obtained after applying the following corrections for 

the diamagnetism of the ligand and anions: 

tri(2-pyridyl)amine : 277 x 40° CoS. 

uw (C10, ) 34, 

(PF¢) 6h _ 

‘The c.g.s. units system is retained here in order to facil- 

itate comparison of these results with recent work on similar 

wo” = 

10.4. Electronic Spectra. 

An attempt was aie to obtain the polarised spectra of 

bisf tri(2-pyridyl)amine 7nickel(II) perchlorate and bis- 

Z tri(2-pyridyl)amine 7cobalt(II) perchlorate using a 

Unicam SP700 spectrophotometer at the University of Essex, 

This work was carried out in collaboration with Dr.B.J. 

Hathaway and his c@®workers, and the experimental methods 

used are described Sette The effect of rotating the 

plane of polarisation of the light incident on well-defined 

external faces of the crystals - grown by evaporation from 

nitromethane solution - was merely to alter the intensity of 

all the absorptions by the same amount. In particular, no 

effects attributable to trigonal distortions of the crystal 

field were detected.
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Table 10.1 mt e 

Analytical data for the complexes described 

in Sections 10,12, .to-. 40.1.5, 

Complex Colour 

Vem) 4 (C10,) 5 pink 

(TM) ,Co(C1O, ) orange 

(TM) ,Cu(C10,), mauve 

(TM) ,Fe(C10, ) , red 

(TM) Ni (PF), pink 

(TM) .Co(PF¢), orange 

(TM) ,Cu(PF¢), mauve 

(TM) Fe(PF¢), red 

(TM) 54n(C10, ) 9. white 

“TM = tri(2-pyridyl) amine 

Found 

%C SH 

47.8:5.3,21 

U7? 3.22 

W6.9 3.15 

MB 47 3534 

42.0? «2.67 

eae; 2.50 

41.7 2.71 

43.0 2,84 

AGP. S61) 

14.9 

156 

14.8 

1ae2 

13.3 

1592 

13.0 

13.5 

14.6 

Calculated 

% C % H 

47.7 3.15 

ATG” Dees 

L7.u4 3.16 

47.9 3.20 

42,6 2,8) 

H2.4 2,82 

42.4 2,82 

42.77 2.85 

47.3 3.16 

% N 

14.67 

14.48 

11.48 

1.49 

13.3 

tL3ee 

13.2 

13.3 

41.7
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CHAPTER i123 RESULTS. 

11.1 Vibrational Spectra. 

11.1.1 General. 

The results are presented in Tables 11.1, 11.2 and 

11.3. 

The 

following general points emerge from an inspection of 

these results: - 
2,34 

1. Agreement with previous work is generally 

satisfactory, provided that allowance is made for the 

better resolution achieved by our instrument, and for a 

calibration error in the 1000-1600 em™" region in previous 

work, 

2. The spectra of the perchlorate and hexafluoro- 

phosphate salts of the same cation are very similar, with 

the sole exception of the spectra of pis(tripyam’) cobalt(II) 

perchlorate and bis(tripyam) cobalt(II) hexafluorophosphate 

at 100 K (see Fig.11.1). taid aietiantty is particularly 

significant in the region below 4.00 om, where effects 

esused by the interaction of molecular vibrations with 

lattice vibrations Ere likely to be important. Where solid- 

state splittings are evident, these are ugual ly of the order 

of 3 - 8 om™ and are readily recognisable as such, These 

splittings are similar in the pe Wibretes and hexafluoro- 

phosphates, Moreover, the spectra of the complexes in 

solution in nitromethane closely Waele the corresponding 

solid-state spectra, and again this is particularly signif- 

icant in the low-frequency region. The only exception is 

* tripyam = tri(2-pyridyl)amine
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the infrared spectrum of bis(tripyam)zinc(II) perchlorate 

in nitromethane solution, This contains extra bands in 

the 400 =— 200 om region which indicate that a disolvated 
2 

species, containing bidentate ligands, may be present. 

3. No significant distortions from the expected sym- 

metries of the anions (C10), = T, » PFe = 0) are discern- 

ible in their vibrational spectra. 

lh. The infrared spectra of the copper(II) complexes 

(Raman spectra could not be obtained because they absorb the 

laser radiations, and the perchlorate complex may isomerise 

in nitromethane Soler) contain more multiplet bands than 

the other complexes. This additional multiplicity is found 

in both the perchlorate and hexafluorophosphate, so it may 

arise from the lifting of the degeneracy of the “Ee levels 

in the complex which is required by the Jahn-Teller acea 

rather than from "lattice effects", These additional split- 

tings are particularly marked in those vibrations such as 

w, S, and p, which are known to be "metal-sensitive" (see 

Table 9.3). 

5. The spectra of the other complexes (Fe(II), Co(II), 

Ni(II), and Zn(II) ) can be divided into two classes: those 

in which the selection rules for a centrosymmetric point 

group are obeyed in most vibrations of the metal-ligand cage 

system (PlateII) as well as in the metal-sensitive ligand 

vibrations (see Table 9.3), and those in which the selection 

rules are only rigorously obeyed in the metal—ligand vibrat- 

ions. For this reason, the vibrations of low-spin complexes, 

which fall into the first category, are tabulated separately
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(Table 11.2) from the vibrations of the high-spin complexes, 

which are in the second category (Table 11.1) 

11.1.2. Ligand vibrations, 

In general, the spectra of these complexes above 

4.00 cm~' resemble the spectrum of the free ligand, subject 

to perturbations of the ligand vibrations which are similar 

to those found in other complexes of heterocyclic ligands 

(see Table 9.3). Assignments were made by comparing the 

“spectra of the free ligand (Table 8.3) with the spectra of 

the complexes, and then using symmetry considerations (Table 

9.2) and the expected perturbations (Table 9.3) to predict 

the position and activity of the ligand vibrations in the 

complexes, The spectra of the high-spin complexes are so 

similar in the 1000-1650 em= region that the positions and 

assignments of bands in the high-spin cobale(II), copper(II), 

and zinc(II) complexes in this region are omitted. Table 

11.3 contains the assignment of the vibrations of the nickel(IL) 

complexes in this region, 

11.1.3. Metal-ligand vibrations, 

The assignment of metal-ligand vibrations were based on 

the following premises; - 

1. They should obey the "rule of mutual exclusion", 

required by a centrosymmetric point group, to a greater ex- 

tent than the ligand vibrations in the region below 00 om~', 

This follows from the assumption that ligand vibrations will 

not couple strongly through a heavy central atom. 

2. They should be more sensitive to the nature of 

the metal than ligand vibrations in the same region: in other
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words, a change of metal should cause a perceptible shift in 

these vibrations, 

3. A change in spin state, as was found to occur in 

bis(tripyam)cobalt(II) perchlorate on cooling to 100 K, 

should produce more pronounced shifts in metal-ligand vi- 

brations than in vibrations derived from ligand vibrations, 

11.2. Magnetic Susceptibility Measurements. 

The results are presented in Tables 11.4 and 11,5, and 

the variation of Pore with temperature is shown in Fig.11.2. 

Bis(tripyam)cobalt(II) hexafluorophosphate obeys the Curie- 

Weiss law, but the analogous perchlorate salt exhibits the 

behaviour previously found to be typical of cobalt(II) com- 

plexes in which a temperature—dependent equilibrium between 

hi 2 apo 
ip and E states has been postulated. Inspection of 

Table 11.4 shows that the magnetic susceptibility follows the 

"minimax" pattern previously observed in these complexes, 

The equilibrium is reflected in the change observed in the 

vibrational spectra of the complex on cooling to 100 K. The 

changes in the spectra and in the susceptibility were found 

to be smooth, progressive, and completely reversible.



Table 11.1. BIS/ TRI(2-PYRIDYL) AMINE 7M°* 2xX7(high-spin complexes) 

VIBRATIONAL FREQUENCIES AND ASSIGNMENTS (50 = 1050 cm™') 

  

  

    
  

+4#,1.1. M = Co(II) (high-spin), 

Infrared spectra Raman Spectra Assignment 
X=C10), X=PF¢ X=C10), X=C10), X=PF¢ X=C10), X=PP¢ Rel. e g * 26 

solid solid - soln solid solid soln(a) soln(b) Int. u 

12livvs,br 12lvvs,br S >8 M-Ligand(#.) 

163vvs 161vvs g ¥M-ligand(A, ,.) 

180vs 178sh neon emission 

227m 228m 230m,br u  @M-ligand(E_) 
237m o 

263m 262m 261m u Y M-ligand(A, ) 

285w,br 276w 280w,br | 285m,br 282m 281 288 25.09 e 
28lLw 286m r 

320m 319s 321 326 kO--p eS. 

325m 325m 35238 at. 

3uu-vw 3u.w 343w Uae 
36L.w? 

i 2 5 hb 5 6 7 8 9 10 11 

—
G
o
r



  

1 2 2 4 5 6 7 So 102 14 

360w 356w e.4 

LLO7w LO6vw? w (non-coordinated) 

433m 431m 43im LZ6vvw w (+ neon emission) 

L.66vvw L.60vw U56w,br us + PFe(T5 S$ FPF) 
otvwe + CeO, (&; SCe0) 513s. 509s 500vw 512vw,br 506w,br y 

515s 516s 
520sh 529vw, br 54.6? 160(b)dp 

5uilyw 5u2w 
g 

. . i 558vs 563w PF, (T,,.;SFPF; Bos § PF) 
601 vw? 

Ae 622vs a ee tag + CeOy (T, $¢eo) 

6315s 630s 629m E 

6L.2vw 640m 643m 6.2m 
646m 646m 
652vw ° 
685m 685m 683w 683w 684.w 

722w Vv 

738m 744m Pp     PF 
6 (A, g? ¥ LPF )



Table 11.1.1.(continued) ; (tripyam),Co“* 

Infrared Spectra Raman Spectra Assignment 

  

      

X=C10), X=PF¢ X=010), X=C10), X=PF¢ X=C10), X=PF¢ Rel. e@ 

solid solid soln solid solid soln(a) soln(b) Int(,) 

7huw 741 w 74.0w 

7h.6w 
760vs 756vs 761vs 757s 756s 758 761 p 7a > P 
768vs 766vs 
7738sh 7(5vw 77em 7/2w 771w 

7978,br 786w 795s i 

796s 

816w,br 811m,br 850 16° p neon emission 
872? 5° 0 solvent combination I 

frequency? nm 
Oo 8h42vvs,br Pett, 3?) “ 

898vw 89L.w 89k.w 906w,br 889w 
902w & 912w 911w 912w 

929s C10) (A, » % C1-0) 

6 3378 «936 934sh 936 936 936s 9378 30s S m 4 4 
939s 942s a ie Tas 

4 2 3 4 2 6 7o S28 14



  
1 2 2 uy 5 6 L = cf 

950w,sh 959vw 962vw 

968w 966w 

98 9w 986w 990Vw 982vw h 

1021s 1022s 10218 1022vs 102uvs 1022 1028 p p p 

- 
£
0
0
-
>



11.51.26 Mc ae) 

  

Infrared Spectra Raman Spectra Assignment 

X=C10), X=PF¢ X=C10), X=C10), X=PF¢ X=C10}) X=PHe Pel e E . 

solid solid soln solid solid soln*(a) soln(b) int.(b)(b) |t 

110s,br 125sh g €M-ligand(E_) 
132s,br & 

166vvs g YM-ligand(A, ,) 

180sh 187vs : neon emission 

2.8m 250m 2.8m 2h.0br, sh u  @M-ligand(z_) 
254m u 

PO 
° 
ie 

276s 276s 274s DD M-ligand(A,..) 1 

289m 289m 286m 287 285 359 dp x 

oa 300vw egitim oti. 2 
310w 

325s 325s 323 322 60 p g a 

326s 3278 326s U e      



  

1 2 3 4 5 6 4 9 11 

349W 350w 34.9W 338sh i 

357w 389w? as 

LO6w, br w (non-coordinated) 

438m 437s 438m 437w,br 19vw 435 dp w + neon emission 
4 3b.w 

L50vw LO7vw 452w = 
458m L67w U6 0? u, + PF¢(T5,.SFPF) 

+ Ceo, (E, § CeO) no 
L.90vw? LO1vw? Oo 
513m 509m : ow 

516m 516m 514m 513w,br 519 p? I 
555vw 560vw 530w,br D5lulw? 

55/vs P¥g(T),,,$FPP5E.,$ PF) 

603m? 600w, br? 
621vs 627s 621vs 622m 
629s 630s 626sh 626m t + COO, (7, Sto) 
632w 634sh ne 

638m 
6L.6w 646m 64.0m, br 64.78 645m 
666w 66L.w s 
686m 680m 687m 689w 

720w 722br 720vw 4 Vv    



Table 11.1.2 (continued): (tripyam),Ni** 

Infrared spectra Raman Spectra Assignment 

  

      

X=C10,, X=PFe X=C10), X=C10), X=PF¢ X=C10), nar Ped. e 

solid solid soln solid solid soln*(a) soln(b) int.(b) (b) 

738w 737m 739 30 P PE6 (Ay 9 ¥ PF) 

760s 756m 
762sh 762s 764s 761s 763 760 53 p r 

767s 765s : 
772sh 778w,br 776w 772m, sh Tz Pp 

798m 797m 795s 7195 4 ? it 

828m,br 826w 827 14 dp 
851 9 dp neon emission 
874 +4 P 

8uuvvs,br PP6 (T4112 a gPF) 

896vw 892w 893w 
906vw 901br 907m, br g 
912w 909wW 912w 

918w, br? 
925m, br? 

1 2 5 4 5 6 = 8 9 44 

=
 
G
O
o
-
—



  

    

: . 5 “; 5 6 7 8 9 14 

931vs 931 (p) C10) (A, %C1-0) 
> 

936m 936m 936m 939sh 934 6 dp r 
9.0m 9l4.0sh = 

958w 
968w 965w 974.VW 979 3 ? J 

989vw 986w 990VW h ' 

| 8 
1020s 1023s 1027vvs 1027vs 1026(p) 1026 425 P p ’



Table Tete. M= 

- 208 - 

Cu(II) and Zn(II) 

  

  

M = Cu(II Ms Zn(11) 

Infrared Spectra Infrared Spectra Raman Assignment 

X=C10) X=PE¢ X=C 10), Xx =C10), X=C10), 

solid solid solid soln solid 

126vvs,br YM-Ligand(A, .,) 

181w neon emission 

198m 196m 206sh 195vw? @iu—Ligand(#, ) 

238vvw? 239VVW? 
260s,br 260s 2115 h-1igena(a, ) 

255vw - 

295m 294m 280m 274m, br 285m F 
282m 298sh ie 

329m 328m 320s 319s 322s t, 

343w 343w 34.0w 339w 339w, br 
3L.8w 34.9W 355w Yas 

364m? 

LLOow LO5w LLO7vw 
lituvw 13w w (non-= 

ccordinated) 

33m L.42w 428s Ww 
LlpOm 440m L29sh 

L65vw U, 

489w? 
497m 497m 
5118,br 508s 510m 

Sius,br | 513m y 
54.0w, br 

556vs PF¢(T,,,.$FPF) 

613m 615s 
621vs 621s 621vs,br 6. + CLOg (Th, $0) 
629m 630s 628vs 627m a 
634m 634m    



aS a 

Table 11.1.3. (continued) 

  

  

Vos Cucil i =a LT) 

Infrared Spectra Infrared Spectrum Raman Assignment 

X=C10), X=PPe X=C10), X=C10), 

solid solid solid solid 

64.1 m 6li1vs 64.5vs 64. 5w 
64.5sh 653vw s 
656m 656m 658s 
681m 681m 680s 

721m 720w Vv 

737m 737m 7T4hw 
739sh 

750m 753V8 759vs 
756vs 
765vs 763vs 767vs . 
769sh 7718h Ss 
778vs 775vs 775m 
782sh 

79evs 793VS8 797V8,br i 
797sh 

84 5w? 84.0vvs, br SL ovw? PF (Ty .,% PF) 

876w neon emission? 

870vw 876m, br 
909w 890sh 897w 906w g 
91 6w 912w 

930m C10) (A, 9,010) 

934m 934m 937m a 
938m 939sh 94.4 m 94.1 sh as 

950m 950w : 
970w 96lLi.vw 969w J 

987w 991Ww 989w h 

1016s 1017s 
1029s 1031s 1021vs 1026vs p    



Table 11.2 LOW-SPIN COMPLEXES: VIBRATIONAL FREQUENCIES AND ASSIGNMENTS 

    

  

* e+,..— : (tripyam) ,Fe 2X at room temperature (tripyam),Co(C10, ). (frequencies marked () 

are present in the 

Infrared Spectra Raman Spectra auoca. 100 K high-spin spectra) 
Assignment 

solid solid soln, solid Soin, rel. infrared Raman Eon 
X=C10 X=PF X=C1o, X=C10 X=C10, int.@| solid sojia [2° by 6 4 Ly 4 

18evs 183 LO p 170vs, bx YM-ligand(A, _) 185vs ellie ‘ar 1g 

2e29sh ae0 Lyn 223w g' e M-ligand(z,) + =, Ce)? 
(230w) 

1 
255vw, br 278vw, br 252m ne 

266w) . “ *as O 
292w 

300m 304m 301s 
309s 309s 312m ast 
326m 322m u YM-ligand(A,, +E.) 

334w 339 6. @ 4 (332w) g t, 

348m 345m 347m 345m u +. 

357w 354m 359 Tae g &,       
 



  

| 2 4 Ly 5 6 ¥e 8 10 44 

374w 
381w 379W 384m = Us 

Z96vw? 
L.ievw? 

42um u w 

(434m) 
433w . 439 10 ‘dp g Ww 

L56vw L.68w Lb6éw 460m, br LU 5l.w g+ u+We Ceo, (E, Sceo) 
460m u : 

i 

485m 473m = 
h87m 483m 4o2m U Uy ae 

1 

500w 513m 504sh 
51 50 519vs 516s ee 

5ees 52us 529sh 520m, br 52a 107 dp 5ais 

558w 556s 558vw 
561 sh 
569sh 

556vs PFe(T,_»SFPF) 

pe 618vs = 
23vs 62.8 621vs Me ae 88 e 

632m 631m 632 8 ap | 628vs * as* © O% (Tz, $¢e0)   63uvs    



Table 11.2 (continued) 

(tripyam),Fe@*2x7 at room temperature 
  

(tripyam),Co(C1o, ) 

atca. 100 K 

2 

  

      
  

Infrared Spectra Raman Spectra Assignment 

solid solid soln. solid soln rel. infrared Raman ... 

a i X=PF¢ X=C10), X=C010), X=C10), ant. solid solid U 

64.6sh 64.3sh { 61s 
648m 648m 647vs 64.7 w Ss 

651m 

66L.w? 
688sh 

694.m 695m 700w 700w, br 6918 Be. 

721w,br 721w,br u Vv 

745vw 738w 743W 735w, br g v - 

765vs 758vs 766vs u r = 

773vs 769Vs 
7/5vs 774s 

778sh 

774vs 774 vi g Ps 

7928 794s 792vs 792w 193 13: dp 
798sh 802s i 

827m 829 26. =p? neon emission 

4 2 > 4 5 6 1 8 9 10 71



  

1 2 3 h 5 ce: 9 £0 17 

8L.5w? 845vs,br 8h0vs? Sit 2k. BF PF, (T, 7 oP), 
875s, br 877 vw? oe ee 

” binations 
896vw? 885w? 885 Lie idee 

905w 90L.w 903m g 

930m 926w 93hm 930vw 928n,br 929vs + C10) (A, ,¥.C10) 

963w 951m 975w, br 7 

98liw 982m 984w h 

101 5vw? 1008w? combinations? 

1026m 1027w 1029vvs 1029 150 p 41 026w P 

1100vs,br 1061m 4054m b + C10) (T5,%,,010) 

1034.vw? 

1103m 11035m, BP - 116 65. D7 d 
1108m 

1155sh 

1160s 4160s 4157m 115 oe dp a 

1202vs 41202 60 p g qd. 

1255s 1254s 4 

1265s — 1255 8 ds(u) + o       

~ 
P
e
e
t



Table 11.2 (continued) 

(tripyam)Fe *2x7 at room temperature 
  

Infrared Spectra Raman Spectra Assignment 

  

solid solid soln, solid soln. rel. ex. 
X=C 10), X=PF¢ X=C10), X=C 10), X=C10), InGig U 

1288m 1290s 1292m 1290 16. ae e 
1293s 1295m 
1298m 

1359w,br 1360w 1374w, br .. 

14.38m 444,0m 1yddvw n 
1448m 148m 

' 

1h62vs 1h6uvs u i 

14 7hw 44,72m 4468 15 p? g ¥ = 
i 

1532w? 

1565m 41569m Aye>)6=s(o330.—s—s ap 1 
1580 10. 2 

1598s 1598vs 1596vs,br 1599 66 dp i 

1616s 1617s u ky 

1643s 16.6 150 p g k     
 



Table 11.3. BIS(TRIPYAM)Ni<t2x7 : VIBRATIONAL FREQUENCIES AND ASSIGNMENTS (1000 - 1650 cm'), 

Raman Spectra Infrared Spectra 

  

    
  

X=C10), X=PF¢ X=C10), X=PF¢ X=C10), X=PF¢ Rel. e Assignment 
x 

solid solid solid solid soln(a) soln(b) Int.(b) 

1020s 1023s 1027vvs 1027vs 1026(p) 1026 125 “p p 

1058s 1055s 1058m 1056m 1047(p) 1051 1? p b 
1058sh 

1083vs,br C10) (T,,%, C10) 

1100vs 1102s 1105m,br 1103m,br 1101(p) d 
T2sh 

1 
1157s 1155s 1162s 1168w,br 1152 6 Pp a os 

ul 
1208m 4207m 1203(p) 1201 ay p a. (g) ; 

12h.0s 1 2h.2m 1236vw,br 1225w,sh 9253 5 p? a, (u) 

1256m 1255sh | 1260w,br 1270w,br 1252(0p7) 1254 8 dp Oo 
1261s 

1287m 1288s 
1290m 1293w,br e 

1298w 1296sh 

1 2 3 4 5 6 7 8 9



  

1 2 3 6 ze 8 9 

1350w 1355m 
1365sh 1366m 

1373sh gee 
1375m 1376s 

1482sh 

14.1 0vw? 1L08vw, br? 

14.28sh 
1438vs 1439s n 

1444sh 

1461vs 1h6lvs 
14.67sh 

1476s 1476s m 
1479s 

1 500w? 1511m,br? 

1566m 1568m 1558w 1 
1568m 

1598vs 160ivs | 1601w 1597 3 ap? 
1613s 161 5m 161 5w k(u) 
1628m 

164.5 15 dp k(g)     

=O 
le
. 

—



oe 

Key to Tables 71.4%, 11.2, and 11.3 
  

1. In every case, the far right-hand column contains assign- 

ments for "ligand" and metal—ligand vibrations. Whiffen's 

notation is retained here for use in the description of "lig- 

and" vibrations (see Chapter 8 for details) in view of the 

generally small shifts observed on coordination... The subscripts 

Ss and as indicate components of pyridyl vibrations which are 

symmetric and antisymmetric, respectively, w.r.t. the Cz axes 

of the cations. The letters g and u are used to differentiate 

between components of these and other vibrations which are 

symmetric and antisymmetric, respectively, w.r.t. the centre 

of symmetry of the cations. It was shown in Table 9.2.1 

that some pyridyl vibrations may, in fact, be split into four 

components in the complexes, e.g. t,(g), t,(4), to5(8) and 

be) It should be borne in mind that this notational sys- 

tem gives only an approximate description of the vibration, 

For example, the vibrations described by Whiffen as C-C stretch- 

ing modes will contain an admixture of C-N stretching, result- 

ing from the presence of the nitrogen atoms in the pyridyl 

rings. 

2. Where tables are presented at right angles to the normal 

direction of reading, a row of numbers is given at the bottom 

of the first page and at the top of the next page, in order 

to facilitate visual alignment of the columns. The numbers
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have no other significance, 

3. No attempt has been made to assign combination modes, 

in view of the very large number of possible assignments. 

A number of observed features have therefore been left un- 

assigned, and are shown thus: 569w? 

4, All solution spectra (infrared and Raman) were obtained 

using nitromethane as the solvent, except where an asterisk 

appears in the column heading, which indicates that nitromethane- 

D. was used, 
J
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Table it.4. 

Bis(tripyam)cobalt(II) perchlorate : variation ott and 

Pore with temperature. 

T (K) 10°% "(c.g.s.) Pore (BoM. ) (= 0.01) 

373.4 Tip ty 82 

5332 8735 4.83 

293.3 9573 Le 74 

253.9 10807 4.63 

213.2 11808 448 

193.0 11864, 4.28 

1735.3 10345 3.78 

1732 10359" 3.79" 
163.9 8652 547 

15565 | 7202 2.97 

13542 5887 2.50 

30 568, 2 oo 

931 6212 2e45 

% 
measurement repeated after allowing sample to warm 

up : see text (section 10.3).
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Table 11.5. 

Bis(tripyam)cobalt(II) hexafluorophosphate : variation of 

t : < 
x and Perr with temperature, 

T (Kk) 10° %* (c.g.8.) Woeg(Bel.) (* 0.01) 

37361 6383 4.36 

S55 54e 7190 4,38 

97.9 23/8 4.36 

25542 9586 4.4.0 

213,52 11213 4.37 

493.02 12398 4.38 

175.1 13845 4.38 

a8! 15563 4.36 

133.3 17581 | 4.33 

113.2 20538 4.31 

9361 24185 4.30
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CHAPTER 12 ; DISCUSSION. 

12.1. Vibrational assignments. 

12.1.1. The symmetry of the cations. 

The solution spectra of the complexes show that the 

assumption of Dag symmetry for the complex cations was en- 

tirely justified.” In particular, no splitting of degener— 

ate ligand vibrations could be detected in solution spectra, 

which shows that the Cz axis present in the ligand must be 

preserved in the complexes, 

12.1.2. Metal ligand vibrations. 

The measure of agreement between the results reported 

here, and previous work outlined in Chapter 10, is very 

satisfactory. In particular, we find the asymmetric metal- 

ligand stretching frequencies to be in similar positions to 

35 
those found by Nakamoto et.al. (see Table 12.1.) 

Table 12.1. A comparison of the asymmetric metal-—ligand 

stretching frequencies in bis(tripyam) complexes and 
a9 

tris(2,2'-dipyridyl) complexes. 

  

  

M 

ie M-lig. Fe Ni an 

bis(tripyam)Mtt 3044, 2u8, 206, 
276 211 

' 

tris2,2 -dipyridyl)m** | 374, 282, 186, 
381 292 235     

The assignments of the totally symmetric (A, ,) metal- 

ligand stretching frequencies are more tentative, in view 

of the difficulties experienced in obtaining solution Raman 

K oxcopt in the Cu complerer: See Hell nok &~
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data and infrared data below 200 ono: The rising back- 

ground emission of nitromethane below 200 om" reduces the 

accuracy of polarisation data obtained in this region, and 

various malfunctions of the R,I.I.C. instrument frustrated 

attempts to obtain infrared spectra below 200 om7!, How- 

ever, a very strong line at AY = 130 em~' in the room- 

temperature spectrum of bis(tripyam)cobalt(II) perchlorate 

disappears on cooling, and this change is accompanied by 

an increase in the breadth and intensity of a line at AY = 

170 em7!, These vibrations were by far the strongest lines 

observed in the spectra of this compound: indeed, all other 

lines except for p were indistinguishable from background 

noise, It is unlikely that any vibration other than the 

totally symmetric metal-ligand of breathing vibration would 

exhibit such a marked shift with a change of spin state. This 

observation supports our assignments of ¥ (M-—lig) (A, ,) to 

lines observed near 160 om™! in the low-spin complexes, and 

near 175 om” in the high-spin complexes, This constitutes 

the first application of Raman spectroscopy to the study of 

a spin-equilibriunm. The trend in the frequencies of this 

vibration / Fe(II) ) Co(II) (*n)) Ni(II)> Zn(II)_7 is the same 

as in the asymmetric vibrations (Table 12.1.) The order of 

masses of the metals studied is Fe { Co” Ng G Cu c Zn, so 

it is safe to conclude that the observed order of M-ligand 

stretching frequencies, viz. Fe(II) Co(II) (73) 2 BsIT)> 

Go(11)("r)> cu(rz)> Zn(II) represents the order of the 

strength of the metal-ligand bonds. This order is not the 

"natural order" of bond strengths / Fe(II) < Co(II) < Ni(I1)< 
| 

Cu(II) ) Zn(II)_7 : the deviations are obvious in the
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case of the low-spin Fe(II) and Co(II) complexes, in view 

of the additional ligand field stabilisation energy (L.F.S.E.) 

known to be present in these complexes, but the order of bond 

strengths in the high-spin complexes can only be explained 

if it is assumed that the effect of L.F.S.E. is much more 

important in these complexes than is normally found to be 

the case. Copper is an exception in that the Jahn-Teller 

theorem requires some distortion which will lift the degen- 

eracy of the en levels: this must lead to a distortion of 

the geometry of the ion which will affect the overall strength 

of the bonding. 

12.1.3. Ligand vibrations. 

The most interesting features of our results is the 

marked difference observed between the "ligand" spectra of 

the high-spin and low-spin complexes. It is clear that 

strong coupling of the ligand "cage" vibrations and other 

metal-sensitive vibrations occurs through the central metal 

ion in the low-spin complexes, but not in the high-spin ones, 

The x-sensitive ligand vibrations u, r and t occur at sig- 

nificantly higher frequencies in the low-spin complexes than 

in the high-spin ones, which suggests that a "tightening-up" 

of these pyridyl ring vibrations occurs in the low-spin com- 

plexes, 

The absence of any significant effect on q, which is the 

vibration most likely to be sensitive to changes in the bond 

order of the pyridyl-nitrogen bonds in the ligand, confirms 

that conjugative interactions through the chelate rings in 

these complexes can be ignored: the conjugation extends to 

each pyridyl group, but no further.
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These results are in accord with previous deductions 

made from the spectra of complexes of other chelating 

heterocyclic ligands, in which the profound differences 

observed between the spectra of high-spin and low-spin 

complexes were attributed to extensive back bonding between 

metal orbitals anda 1” molecular orbitals on 
28 30, 42-45 

the ligands. There is no reason to suppose that a 

filled t 

different mechanism operates in this case. The surprising 

feature of our results is that spin-pairing occurs in both 

iron(II) and cobalt(II) complexes of a ligand in which the 

geometry is unlikely to permit extensive M-delocalisation: 

this non-availability of a low-energy at” orbital is con- 

firmed by the relatively high frequency found for ie 

* 
to.% 7 charge-transfer bands in these complexes. Tn 
2g 

only three recent instances have low-spin complexes of 

iron(II) been prepared using ligands which do not contain 

Ht 4.7-U.8 

the X-di-imine function, (I) 

\ Z 
c—C 

fs a Es (I) 

and this is the first report of a low-spin cobalt(II) com- 

plex prepared from a ligand which cannot accommodate exten- 

sive -bonding in the chelate rings. This result is par- 

ticularly surprising when the value of A /w.r.t. Ni(II)_7 

for ta (12,800 em!) is compared with the value of TT, 

the energy required to effect spin-pairing in a cobalt(II) 
ea De 

complex (19,500 cm’).
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42.2, he ‘ ee “gm equilibrium in bis(tripyam) cobalt(II) 

perchlorate, 

Interest in systems exhibiting "anomalous" magnetic 

behaviour near the crossover region between high= and low-— 

spin complexes has been sufficient to merit the publication 

of three review articles in recent years. (119s 20. The 

various attempts which have been made to fit the experimental 

magnetic data by using a Boltzmann distribution over the 2a 

iy 
and “T states have only met with limited success, The most 

recent attempt was successful in obtaining a good fit to the 

observed graphs of + vs. temperature by assuming values for 

E, the zero-point geerdiet of: the a anal on states; C = =z, 

the ratio of the vibrational partition functions of the Ge 

states; - 2) d ¢ -l1 , the spin-orbit coupling constant 

for a a! ion; and bus the one-electron spin-orbit coupling 

constant. It is not surprising that with these four adjust- 

able parameters at their disposal, a "good fit" was obtained?? 

For this reason, attempts to fit the observed susceptibility 

of bis(tripyam)cobalt(II) perchlorate will be postponed until 

structural data for the high- and low-spin isomers are avail- 

able, 

It has been shown that the change from high-spin tris- 

complexes of 1,10-phenanthroline (Co(II), Ni(II)) to low-spin 

complexes (Fe(II)) is accompanied by a considerable shrinkage 

5 
in the volume of the cation, This shrinkage must affect 

E and C considerably. Moreover, it would account for the 

marked dependence of the magnetic behaviour of these "cross- 

over" complexes on the nature of the anion and on the degree 

of hydration: >" It has already been pointed out that
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different crystal lattices will differ in their abilities 

to permit this shrinkage .- Another. lattice effect which 

operates in cobalt(II) "crossover" systems has not been con- 

sidered previously. The on state of cobalt(II) leaves a 

single electron in the 2a levels: this is a case of orbital 

degeneracy which (as in copper(II) ) will require some dis— 

tortion, according to the Jahn-Teller theorem, so as to remove 

15,40 In view of the very high A value the degeneracy. 

required to effect spin-pairing, few examples of low—spin 

cobalt(II) complexes have been structurally characterised, 

In a very recent study, a static tetragonal "copper-—like" 

distortion was found in dipotassium barium hexanitrocobaltate(II) 

at 233K°>: other workers have invoked dynamic Jahn-Teller 

distortions in order to explain their failure to observe 

oH It is possible tetragonality in related complexes. 

that some of the “anion effects" observable in cobalt(II) 

"crossover" systems are caused by variations in the abilities 

of different lattices to accommodate the required Jahn-Teller 

distortions in the low-spin isomers. In support of this 

hypothesis, we note that 1,10-phenanthroline, although exert- 

ing a very high value of A(w.r.t. Ni(II) = 12,700 oan 29), 

fails to cause spin-pairing in its tris(cobalt) culplex’”: 

whereas other ligands having lower values of A cause spin 

pairing. The “E, level remains degenerate in the rigid D 
3 

symmetry of the tris(1,10-phenanthroline)cobalt(II) cation, 

hg whereas the other ligands referred to are either: more 

flexible and could therefore accommodate the required dis- 

tortions without difficulty, or else the symmetry of the cat-— 

ions is such that the degeneracy is already lifted. For ex- 

2 
ample, the E. level becomes A, + B, in the point group
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Dog (not Co,» a8 previously stated) of the bis(2,2,2"-ter- 

pyridyl) complex eations?°, Since the a level also remains 

unsplit in Dag symmetry, it is possible that this effect may 

operate in the cobalt(II) complexes of tripyam and its der- 

ivatives. Any distortion which removes the degeneracy On 

the ce, electron must also reduce the effectiveness of fr-bond- 

ing between the filled ton metal orbitals and the ligand 

orbitals, 

Recent work has shown (see Part One) that "electron- 

rich" ligands, which concentrate electron density into 

orbitals while retaining some Tf-acceptor capability will 

produce very high values of A(w.r.t. Ni(II) ). However, A 

is essentially a quantity which measures the ability of a 

ligand to destabilise the ey orbitals of Ni(II) w.r.t. the 

toe set, and it depends more on the coulombic charges on 

the donor atoms than on the ability of the ligand to delocal- 

ise top electrons by ff—bonding. The results presented in 

Table 12.2 show clearly that O(w.r.t. Ni(II) ) is not nearly 

such a useful criterion as it is in iron(II) complexest®s 57 

for determining whether the analogous cobalt(II) complex of 

a given ligand will be high- or low-spin. Clearly, an 

"electron-rich" ligand cannot be a good electron acceptor, 

and in this context we note that although Mepy forms a low- 

spin iron(II) complex (Chapter 3, this work), the complex is 

markedly less stable towards oxidation and hydrolysis than 

most other low-spin iron(II) complexes of chelating ligands, 

This suggests that the highdvalue can force the electrons 

into the toe subset, but once they are there, they cannot 

form strong bonds with the ligand. Similar considerations
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Table 12,2, The effect of A(w.r.t. Ni(II) ) on the 

spin state of some cobalt(II) complexes, 

Complex A value of spin state ref, 

ligand (w.r.t.Ni(II) ) i 
car A spin state 

2 a] 
(py) Co . 9850 high-spin 59 

(NH) Co“ 10800 high-spin wi 

( 2+ : 
en) ,Co 11200 high-spin 55 

(dipy)Co°* 12650 high-spin 55 60 

(BMI) ,Col,, 12660 ; spin-equilibrium 57 Lg 

(PlI) ,Co(BF, ), 12670 spin-equilibrium 57 Lg 

(o-phen) ,Go°* 42700 high-spin 55 60 

(PAH) ,Com* 12720 high-spin 57 61 

(BDH) ,Co** 12800 spin-equilibrium 57 61 

(itepy) ,Com* 12800 high-spin (at Part One 

289 K) 

(tripyam),Co“+ 12800 spin-equilibrium see text 

(4=mpdpa),Co** — 13050 high spin ? h6 58 

Abbreviations. py = pyridine; en = 1,2-diaminoethane; 

dipy = 2 Payee BMI = diacetylbis(methylimine) ; 

PMI = pyridine-2-aldehyde methylimine; o-phen = 1,10-phen- 

anthroline; PAH = pyridine-2-aldehyde hydrazone; BDH = 

diacetyldihydrazone; Mepy = O-methylpyridine-2-carboximidate; 

4—mpdpa = -methyl-2-pyridyldi-2-pyridylamine,
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may make the formation of low-spin cobalt(II) complexes of 

methyl-substituted derivatives of tripyam thermodynamically 

unfavourable. This situation appears to be carried to an 

extremity in the bis/ tri(4-methyl-2-pyridyl)amine 7cobalt(IT) 

ion: apparently, the preparative conditions favour the for- 

mation of a cobalt(III) derivative. 

To sum up, we suggest that there are fours main factors 

which tend to favour spin-pairing in cobalt(II) complexes: - 

1. Ligands having a very high A value (at least 12500 cm), 

2. Complexes in which the symmetry is such that the degen- 

eracy of the *B, state is lifted, or in which the ligands 

are sufficiently flexible to permit a tetragonal distortion, 

3. Crystal lattices which can OS anhadece tetragonal dis- 

tortions and/or a slight shrinkage in the volume of the 

complex sauna This shrinkage will be less than in iron(II) 

and iron(III) crossover situations since an electron remains 

in the a orbitals in the low-spin cobalt(II) complexes, but 

not in the iron complexes, 

4, Ligands having low-energy W orbitals available for over- 

lap with the top metal orbitals, 

Whether or not a low-spin cobalt(II) complex is formed with 

a given ligand depends on the relative magnitudes of these 

four factors,
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12.3. The nature of the bonding in complexes of tri(2-pyridyl)- 

amine. 

There are two features of the coordination behaviour 

of tri(2-pyridyl)amine which have aroused interest and on 

which the present study may have some bearing. The first 

is the remarkably high ligand field strength of the ter- 

dentate ligand (I) and the second is that despite this very 

high 4 value, the ligand frequently forms diacidobis(biden- 

tate) complexes (II). 

N 
ee bale ed oe? 

Wat at Nee aN 

ie
 

Let us consider the equilibria 

K 
2+ ~ ey 2+ Mo (aq)* + 2X (aq) + 2 tripyam(aq) = bdis(tripyam)M™” (aq) 

+ 2X (aq) — (A) 

K ‘ 
w-* (aq) + 2X (aq) + 2 tripyam(aq) as diaquobis(tripyam)N** (aq) 

+ 2X (aq) — (B) 

K 
e+ _ ; 3 : ‘ : 2+ M“(aq) + 2X (aq) + 2 tripyam(aq) <= di(X)bis(tripyam)M“*(aq) 

wet) 

* The arguments which follow apply equally well to other 

solvent systems, 

Since we are dealing with species which can be assumed 

to be kinetically labile under the conditions usually employed,
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the nature of the solid species formed in a particular sit- 

uation will depend on the relative magnitudes of Ky» Kos and 

Kz» unless they are nearly equal, in which case the solid 

with the highest lattice energy will be formed, In this 

context it is interesting that despite using a variety of 

solvents, very little more of the solid bis(terdentate) com- 

plexes was found to dissolve at the reflux temperature than 

at room temperature. It was also found that bis(tripyam)- 

copper(II) perchlorate isomerised to diperchloratobis(tripyam)- 

copper(II) on heating*, and in preliminary studies made during 

the course of this work, it was found that samples of 

bis(tripyam)iron(II) perchlorate and bis(tripyam) iron(II) 

tetrafluoroborate sometimes exploded violently when placed 

in the He-Ne laser beam. Incidentally, this is another good 

reason for wearing safety goggles when adjusting the position 

of the sample in a laser Raman spectrometer, Taken together, 

these observations suggest that the lattice energies of the 

terdentate complexes are low, so that in situations where 

Kek ss Kz, the solid product isolated is likely to contain 

bidentate ligands, Moreover, simple steric considerations 

indicate that in the bis(terdentate) complexes, the cations 

will be separated from the counter—ions by distances which 

are greater than in the complexes containing bidentate ligands, 

Returning to the equilibria postulated above, K (in each 

case) is related to the enthalpy and entropy changes accom- 

panying the formation of the appropriate complex by the usual 

expressions 

AG. <« “RT In'K. and. -4¢:.: An = FAS
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So far as translational entropy is concerned, equilibrium 

(A) is clearly favoured, since this results in the loss of 

translational entropy of only two particles: another approach 

would be to say that terdentate coordination of two tripyam 

molecules releases six solvent molecules from coordination 

sites around the metal, whereas (B) involves the loss of only 

four molecules. In (C), six solvent molecules are released, 

but the translational entropy of two anions is lost. This is 

65 
the normal "chelate effect" It has been suggest- 

ed that the conformational entropy of the ligands may be greater 

when they are bidentate’, but the equilibrium position 

of the ligand has since been found to favor the terdentate 

mode. 

Enthalpy changes on coordination are more difficult to 

assess, It has been shown that the basicity of the third 

pyridyl nitrogen atom in tripyam is lowered when the other 

rings are quaternised, Thus, it is only possible to methyl- 

ate two pyridyl groups of tripyam, but all three can be methyl- 

ated in the analogous phosphine and Saat It has been 

suggested that this may be due to some conjugative effect in 

tripyam, and that the reduced basicity of the third nitrogen 

atom accounts for the formation of so many complexes in 

which the ligand is Widentaie. * °° However, the third base 

dissociation constant of trifunctional ligands is invariably 

lower than the first and second ones, because of the difficulty 

of attaching a third positive charge to a species which already 

carries two. On this basis, the difference between the amine 

and the arsine and phosphine can be accounted for by the
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greater distances between the pyridyl nitrogen atoms in the 

phosphine and the arsine, and by the ability of their pyridyl 

rings to rotate about the central atom so as to minimise the 

repulsion between the positive charges on the guaternised 

compounds; the spectroscopic data for the tri(2-pyridyl) 

compounds (Sections 8.3.3 and 8.4.3) offer clear support for 

this hypothesis. iersanee: the spectra of tripyam indicate 

(Section 8.2.2) that the molecule has C,. symmetry in the 

solid and in chloroform solution. This would appear to rule 

out any conjugative effect involving the central nitrogen 

atom, since the lone pair must be orthogonal to the ring 

orbitals. There is therefore nothing peculiar about tripyam 

as a terdentate ligand in this respect, so the reduced basicity 

argument, if applicable in tripyam, should apply to any other 

terdentate ligand. Since other terdentate ligands invariably 

form complexes in which the ligands are, in fact, terdentate, 

it is doubtful whether enhanced basicity is a major factor 

in the ease of formation of tripyam complexes in which the 

ligand is bidentate. However, to the extent to which ion 

pairing and/or solvation effects are important in the prepar- 

ative conditions used, an enthalpy effect may favour the form 

ation of bidentate complexes, since work must be done in 

order to remove attached species from the metal ion before 

the coordination of each donor atom ina tripyam molecule can 

take place, 

The M&ssbauer spectrum of bis(tripyam)iron(II) perchlorate 

exhibits a negligible quadrupole splitting (AEq = 0.00 

1\4 mm sec )", which shows that in this low-spin complex, the 

terdentate ligands are producing an effectively octahedral 

ligand fie1a, © Although it has been shown that the iron(II),



- 245 - 

cobalt(II) (hey, nickel(II) and copper(II) complexes in 

: ' ; 2 
this series are isomorphous, 22 this does not neccessarily 

mean that they are isostructural, since minor distortions of 

the metal-ligand framework need not be apparent in X-ray 

463 powder photographs, It has been shown a1, that metal—-ligand 

bond shortening occurs in low-spin complexes of iron(II). 

52, This has been attributed to the vacancy of the c. orbitals~"; 

alternatively, it can be argued that a close approach is en- 

forced by the f¥-bonding which stabilises the low-spin state. 

It follows that some distortion of the cubic metal—ligand 

framework must occur in the high-spin tripyam complexes. Thet the 

stability of the bis(terdentate) tripyam complexes is strongly 

dependent on the radius of the metal ion | is demonstrated 

by the fact that bis(terdentate) complexes of chromium(Tj) 3 

and cadmium(II) (this work) could not be prepared. The dis- 

tortion postulated could take one (or more) of three different 

forms; - 

(a). Octahedral geometry involving orbital misdirection. 

This would involve some bending of the ligands about the 

pyvidyl-nitrogen bonds; energy would be required to do this, 

but the octahedral geometry which maximises the L.F.S.E. would 

be preserved, even though the actual value might be reduced 

by less effestive T-overlap. It is interesting to note that 

a distortion of this type would not reduce TW-overlap: indeed, 

it might increase it, since a WT orbital which no longer points 

directly at the metal ion must acquire some p character, A 

detailed ligand-field treatment of the bonding in these complexes 

is beyond the scope of this work; however, simple symmetry
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considerations show that in these complexes, only two out 

of the three to, orbitals can overlap with the ff orbitals 

on the pyridyl rings. A similar situation occurs in the 

tris-complexes of 2,2'-dipyridyl and 1,10-phenanthroline. 

(b). Octahedral geometry retaining maximum UT-overlap. This 

is most unlikely since it would involve stretching of bonds 

Jn. the ligand, 

(c) True D3 geometry in which the ligands retreat from the 

metal ion along the C; axis. This need involve no distortion 

of the ligand, but it would cause a significant reduction in 

the L.F.S.E., and should give rise to trigonal splittings 

in the crystal field spectra of the cations. This is unlikely 

since no such trigonal splittings were detected, either in 

tripyam complexes or in bis-complexes of cis,cis-—triaminocyclo- 

64,67, 68 hydrotris(1-pyrazoly1)borate®?, tris(1-pyraz- 

oly1)methane’? or 4, 3-diamino-2-aminomethylpropane °, ali of 

hexane 

which are: of D4 symmetry. 

It therefore seems likely that distortions of the type (a) 

occur in these complexes. They will be formed in preference 

to bis(bidentate) complexes only when the L.F.S.E. gained in 

an octahedral ligand field is more than sufficient to compen- 

sate for the factors opposing terdentate coordination, which 

must include the energy required to produce the distortion in 

the ligand. Among the complexes studied to date, this will 

only apply to low-spin iron(II) and to complexes of cobalt(II) 

and nickel(II) containing anions which are poor donors. 

Although Cu(II) has a fairly high L.F.S.E., it needs to undergo 

a tetragonal distortion in order to conform to the requirements 

of the Jahn-Teller theorem. It therefore takes advantage of
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the built-in tetragonality of the bis(bidentate) system 

whenever suitable donors are available to fill the axial 

positions. With all other metals the ligand evidently pre- 

fers to adopt the bidentate configuration in which the six- 

membered chelate ring is flexible enough to accommodate 

either distorted octahedral (tetragonal, approximately Din) 

geometry, or tetrahedral configurations with ions such as 

Zn(II), Mn(II) and Co(II) in the presence of halide ions. 

Thus, the hypothesis outlined in (a) affords an explanation 

of the coordination behaviour of tripyam which is in accord 

with most of the known chemistry of the. ligand. 

It is possible that the orbital misdirection referred to, 

with the consequent development of some p character in the 

nitrogen lone pairs, may account for the ability of this lig- 

and to stabilise the Ss and “a states in its iron(II) and 

cobalt(II) complexes, respectively: an effect of this type 

was invoked in an explanation of the observation of charge- 
transitions ; 

transfer )\of unusually low energy in the bis(cis,cis-triamino- 

cyclohexane )cobalt(II) ion®8 | It is possible that the resulting 

increased pfr - dtr overlap might compensate for the lack of 

extensive conjugation in this ligand, and in other non-conjug-— 

ated ligands containing 2-pyridyl groups, t® 

There remains the question of why terdentate tri(2-pyridyl)- 

amine exerts such a high value of A, Although it is widely 

65 realised that chelation increases the stability of complexes 

by an entropy effect, it is less generally known that chelation 

also increases the stability of complexes to a small but 

nevertheless significant extent by an enthalpy effect /! Let 

us consider a metal ion being approached by six unidentate
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ligands, each carrying a fractional negative charge. Work 

must be done to bring these charges together and to make them 

point in the right direction for the formation of an octahed- 

ral complex. This effect causes an inter-ligand repulsion 

which tends to reduce the metal-ligand bond distances and 

hence the bond strength. Moreover, the value of A is inversely 

proportional to the fifth power of the metal-ligand bond dis- 

tances !* If, on the other hand, two terdentate ligands carry- 

ing the same donor groups are brought together near a metal 

ion, a large part of this repulsive energy is already built 

into the ligands: indeed, it makes a contribution to the 

enthalpy of formation of the complex, since an opportunity is 

thereby provided for some delocalisation of the negative charges, 

This enthalpy gain on chelation has been found to be partic- 

ularly small in complexes of non-transition metal ions, 

presumably b@cause the ligand electrons are not delocalised 

on complex formation! ! 

Another effect has been briefly mentioned by tence 

in connection with the unusually high value of WZ Wert Ni(tt) 7 

produced by cis,cis-triaminocyclohexane. It was suggested that 

the rigidity of this terdentate ligand might enforce a strong 

octahedral field. The effect on orbital overlap of skeletal 

vibrations of metal-ligand systems offers support for this 

idea, Let us consider a twisting vibration such as
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Table 12.3. 4 values / wer.t. Ni(II) 7 produced by unidentate, bidentate, and terdentate 

ligands containing similar coordinating groups. 

  

  

group unidentate ref.| bidentate ret. | terdentate eame2t.x Pet. 

complex em complex cm complex én” 

,e+ 2+ ; : oe 
-NH, (NH) gi 10800 55 (en) Ni 14200 55 (cis,cis-tach),Ni 11.550... 67 

e+ 
(pmtn) Ni 72050*: 70 

PO ee ‘ ee -py (py) Na 9850 59 (dipyam) Ni 11100 73 (tripyam) Ni T2800. 2         

* the higher A value produced by this ligand is probably due to its ability to encapsulate 

the nickel(II) ion more effectivély than cis,cis-—tach. 

Abbreviations py = pyridine; en = 1,2-diaminoethane; cis,cis-tach = cis,cis-—triaminocyclo- 

hexane; pmtn = 1,35-diamino-2-aminomethylpropane; dipyam = di(2-pyridyl)amine; tripyam = 

tri(2-pyridyl)amine
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In complexes of tripyam and related terdentate ligands, each 

set of three L groups are "tied together", so that if effect- 

ive v (or WT ) overlap at one metal-ligand bond is to be red- 

uced, then either the ligand must undergo some deformation 

or else both of the ligand orbitals must simultaneously move 

out of effective overlap with the metal orbitals. Ina com- 

plex of bidentate ligands, the constraints are much less, 

and no constraint at all exists in complexes containing uni- 

dentate L groups. The net result of this"enforced covalency" 

effect is to increase the amount of time which a ligand 

orbital spends in effective overlap with a metal orbital. 

Like the depuleion effect discussed above, this.effect will 

be most pronounced in complexes of metal ions having high 

L.F.S.E. values, and will be of no significance in complexes 

of non-transition metals, since in these complexes there is 

no overlap of ligand orbitals with metal orbitals. The results 

produced by the "repulsion effect" and the “enforced covalency 

effect" are illustrated in Table 12.3. 

To sum up, there is clearly nothing mysterious about 

the effect of chelation on Avalues. It is certainly not 

neccessary to invoke the transmission of electronic effects 

through chelate ring systems containing fully saturated groups./® 

12.4. Conclusions, 

1. The vibrational spectra of bis/ tri(2-pyridyl)amine 7 

complexes indicate that they possess Daa symmetry in solution, 

Although the solid-state spectra are more complicated, no 

gross departure from this symmetry is indicated, However, 

splittings in some metal-sensitive ligand vibrations in the 

copper(II) and low-spin cobalt(II) complexes are consistent



ae NEA os 

with a tetragonal distortion of the electron distribution 

around the metal ions in these complexes. 

2. Inter-ligand vibrational coupling is only significant 

when the metal ion is in a low-spin state. In nearly all 

other cases the g and u vibrations are accidentally degenerate. 

This is consistent with the stronger bonding expected in the 

low-spin complexes, 

5. The assignments of metal-ligand stretching vibrations are 

in good agreement with recent work on similar complexes. In 

particular, there is a marked decrease in frequency: with 

decreasing L.F.S.E., which confirms the importance of covalent 

bonding in these complexes, 

4. The variation of the vibrational spectra and magnetic 

susceptibility of bisf/ tri(2-pyridyl)amine /cobalt(II) 

hn toa eR equil- perchlorate with temperature indicate that a 

ibrium exists in this complex. The observation of superimposed 

spectra shows that the energy barrier between the two states 

is greater than the zero-point vibrational energy. 

5. The unusually high A value produced by tri(2-pyridyl)amine 

when terdentate is attributed to 

(a) its ability to enforce directionally effective covalent 

bonding without gross misalignment from its equilibrium pos- 

ition: as a free ligand, and 

(ob) unusually efficient ¢-bonding, promoted by the release 

of interelectronic repulsions between the nitrogen lone pairs 

in the Tigand. 

6. The ability of tri(2-pyridyl)amine to stabilise the 

1, and ea states in iron(II) and cobalt(II) respectively 

indicates that the ligand must etait some TT-acceptor 

capability. It is suggested that the effect of orbital : ‘we
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misdirection, which produces some p character at the pyridyl 

nitrogen atoms, together with the "directinnal effectiveness" 

of the ff-bonding, may compensate for the absence of exten- 

ded conjugation in this ligand. 

7. Some factors affecting the coordination behaviour of this 

ligand are discussed in the light of the proposals outlined 

in 5 and 6,
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