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EQUILIBRIA IN COMPLEXES OF ~-HETE~~CYCLIC MOLECULES. 
PART III [ 1,2]. AN EXPLANATION FOR CLASSICAL ANO~~IES 
AMONG CO~lPL~XES OF ~,~~-PHENANTHR~~INES AND 2,2’-BE 
PYRIDYLS 

A lecture delivered at the Bressanone Conference on “Stability and Reactivity 
of Coordination Compounds”, in August, 1954, and based on earlier lectures 
at Canterbury (196’7), Coleraine (X914), Cambridge (19’74) and Gregynog 
(1974). 

Some classical anomalies in the aqueous chemistry (kinetics, stabilities, and 
seactivities) of substituted pyridine complexes, such as 2,2’-bipyridyl and 
~,~O-phen~tl~roline, are summarized. The analogy is drawn between quaterni- 
zation of pyridines (by protons, alkyl, aryl, or other groups) and complexing 
by metals. In particular, the idea of accessibility to attack by nucleophiles of 
the 2-position of quaternized pyridines is extended to metal derivatives. This 
suggestion, that species derived from the partial structure (If participate in 

equilibria of such complexes in protic media, is used to interpret available 

(HX = H&3, HCN, HCCHa etc.) 

results on systems bonding M(L): and water, hydroxide, cyanide, or alkox- 
ide. 

Many anomalous properties of complexes such as [Mfbipy jsln* and 
IM(phenW* are rationalized on this basis. 

Ligands based on pyridine are widely used and the rather stable complexes 
of the chelating ligands (L), 2,2’-bipyridyl (B) and ~,l~-phe~an~rol~e (Pj 
and of their &any derivatives have occupied a central position in coordination 
chemistry, ptiicularly in aqueous solutions. Because they have been so exten- 
sively studied, there is a mass of experimental fact on these systems. Among 
these many obseked properties a surprisingly high proportion have been 
anumalous in that no ready explanation wasavailable in molecular terms. A 
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few examples of these anomalous groperties will suffice to introduce a novel 
exp,lanation, 

(If The rate of base hydrolysis of [FeL3j2+ contains f3,4] dominant 
terms in {Fc;&~~ fOPI-1. Simifar~y, the rate of substitution of L by cyanide 
ion contains [ 5f terms in [FeLg* ] [CN- 3. Sirrce no pre-equilibrium of con- 
jugate base is possible, there certainly being no protons ionizable at pH’s 
below 12, these rate expressions suggest either a bimolecular reaction or some 
specific and rem:xkable association of reacting species. 

(2) The reduction potentials of lMLsf3& (M = Fe, Ru, OS) and of the bis- 
complexes with 2,2’,2”-terpyridyl vary* strongly f6, ‘?f with acidicy (&though 
acid is not involved in the equation fur the half-cell!). 

(3) A number of (at least initially) reversible changes in spectra occur for 
complexes [ML, ] n+ on the addition of base. These compounds include: 
W42+, with [ 1 J M = Pd, Pt, and L = B or 5,5’-dimethyl-2,2’-bipyridyl; and 
[M(5-N02-P)3J2+, M = Fe [3] and Ru [9}- 

(4) In the course of this discussion several other anomalies are mentioned 
for complexes of these N-heterocycfic ligands, in protic media, OS the presence 
of water, cyanide, or alkoxide. 

THEORY 

As a means of bringing together the general reactivity of I?-heterccyciic 
molecules wit;h our knowledge of their.metal complexes, the postulate is that 
quaternization, whether by proton, alkyl, aryl, oxide, or metal ion, leads to 
similar electronic changes in the pyridine and consequently to similar reactivi- 
ties in the ligand. An early calculation actually predicted [lo] that the 2(9)- 
position of 1,X0-phenanthroline was mos$ liable to nucleophilic attack and that 
“if the Coulomb integral of the nitrogen atom in an aza-compound is increased 
by quaternary atkylation, the reactivity of (such) positions will be enhanced 
still further”‘. In this paper, the general term “2-position” is used to describe 
the ring carbon atom adjacent to the nitrogen atom. 

To unite effects of metal ions with those of more classical quatemizing 
agents, observations on metal complexes are discussed in terms of the equihb- 
ria shown in (2). The equilibrium described by .Ka is exactly that** calfed 
“covalent hydration” by Albert [Xl] and the equilibrium K, corresponds to 

* For example, for [ RuB3 ] 3* f e -+ [RUBS ] 2+, A?& = 1.27 V in 0.1 F HaSO but [S] 0.98 V 
in 16.0 F N&Od_ 

** Lowry sugg&ed [ lZ] such a hydrate to explain the different electronic sgeetra of 
(-1 nicotine in cyclohexane and water: 





70 

101 = WA3 EKM 3-l IHzOF-l , i.e., the concentration of 0 is inversely propor- 
tional to the activity of water, at least in acid solutions where Cl3 is unim- 
portant, 

KA describes the acid dissociation of HA to give its conjugate base CB, 

This treatment requires extension for those cases where the remaining 
ligands B are N-heterocycles. Here, the salvation equilibria may&e species 

@IL,] -f ~ML~~LH~O)J * ~ML~LH~U)~] * ~M~LH~O)~] etc. 

and each covalentfy hydrated species has its own set of pK, values, e.g. 

(a) [ML~(LH~~)]#~ -+ [ML~(LOH)J~-~)* -+ [ML2fLO)]‘R-2” 
(b) rML~LH~O)~]~~ + IML(LH,O)(LOH)]‘“-“” + [MLfLOH),](“--““* 

Albert pointed out 1131 that loss of a proton from a covalent hydrate may 
give a stable anion, e.g. for pteridine, with pK, 11.21. This suggests that 

typically free covalent hydrates may have acid strengths like those of phenols. 
Large drops in pK, (ApK,) ensue on coordinating a protonated atom to metal 
ions; ApK, for M2’ ca. 5 log units; Ap& for M3+ ca. 8-10 log units. So we 
might expect the pfz, for covalently hydrated bipy or phen attached to 
iron( for example, to be ca. 4, but attached to iron(ILI) to be ca. 0. 

Although sa%s [ML,J {X), , where HX is a strong acid, give [14J neutral 
solutions, this is also, in general, true even of those quaternized N-heterocyclic 
salts of HX which on addition of base give pseludo bases. However, the product 
KAKs is unlikely to be large. The bases [ML,] (OH), are “strong” in the sense 
that they absorb COz from the air and liberate ammonia from its salts. 

Roughly speaking, some anomalies in the chemistry of [ML, J”” are now 
attributed to effects arising from I& (e,g., the decline of fH,O) in stronger 

-id media will increase f0] , the concentration of unsolvated species). Others 
(effects of [OH- ] ) are attributed to K, , the concentration of the conjugate 
base being proportional to [OH- J . Other anomalies reflect the similar equilib- 
ria for other H-X (e.g. HCN, to account for the high nucfeophiiicity of fCN_) 
toward these compfexes). 

The relative size of the product I&K, for [ML,]“’ and [ML313* is im- 
portant. The more highly charged the central metal ion, the greater its polar- 
izing power on the C-N bond, so that n”s for [MLs]“’ > h’s for [ML312*. 
In the same way, KA (ML, .H,0)3” > KA (ML, .H,0)2+. 

Within the complexes [ML3 1”” of a single metal ion in one oxidation state, 
the size of KS will presumably follow the intuitive order, i.e., the stronger L 
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is as a base, the less will Ks be. Effects on K, might be less obvious. This 
treatment takes no account of steric effects (particularly of substituents in the 
2,9-positions of P or the 6,6’-positions of B.) 

Blocking by aIky1 substituents is often used in heterocyclic ibns as a test 
ill] for covalent hydration and as a means of identifying the position of 
attack. However, despite the steric hindrance of the methyl group at the 7-posi- 
tion, Z-methylimino-6,7,84rimethylpteridinium ion is [ 151 readily hydrated. 
Further, it is conceivable *in sterically hindered metal complexes of such ligands, 
that the relief of steric compression may encourage reaction at the C-substituted 
positions (cf. ref. 1). 

EFr’ECTS OF HYDROXIDE 

A. With M(II): substitution 

The general scheme proposed for the attack of hydroxide ioii upon [ML3 J2* 
is shown as (4). 

The scheme contains three possible fates for the com.?zon internediate, HA 
(a covalent hydrate). It can react by an intramolecular shift of hydroxyl within 
the covalent hydrate (rate constant F cnzO), by protonation’ to give the con- 
jugate acid (CA) followed by an intramolecular shift of water from C-2 to Fe 
(he), or by deprotonation with hydroxide, giving CB, the conjugate base, 
which then reacts by an intramolecular shift (C-Z to Fe) of hydroxyl (ks). The 
kinetic pattern observed for solvolysis of [ FeL, ] 2+ in aqueous media is 
similar to that [16] for other covalent hydrates, where the rate of covalent 
hydration is accelerated by acid or base. The effects of substituents on the 
aromatic rings upon the rates of the-reactions have been explained fl’?] in 
terms of changes in electron density at the iron atom. However, changes of the 
substitutent will also lead to changes in the ease of attack by nucleophile at 
the carbon-nitrogen double bond. 

Some recent observations of spectroscopic changes with pH are most easily 
explicable in terms of shifts in the equilib:eium KA (or the equivalent direct 
formation of the conjugate base by attack of hydroxide). 

(i) The reversible spectroscopic changes [ 1] with increased PI-I of fPtL2]2+, 
(L = B, 5,5’-DMB, P etc.) were attributed to hydroxylation at the 6 position of 
B or the 2 position of P. 

(ii) The complex [ Fe( 5-NOaP)s ] 2+ shows [3] an initially reversible shift of 
its electronic spectrum with pH, the neutral solution having X = 510 and the 
afkahne solution, initially, X > 528 nm. The absorbance at 510 nm of 
[Fe(5-NOzP)a]2’ falls [3] from 0.54 in neutral solution to 0.44 in 0.2 A4 
alkali, an effect probably related to the shift of maximal absorbance. 

* In the acid hydrolysis of metal complexes of these ligands, protonated intermediates are 
often prog2sed to account for the remarkable var$$ion of rate with pI%%e.g., for [Ni(phen)- 
W2Oh I [18] at H+ > 0.5&f, for fFe(phen)a] [l-9] and [FePa] [20]. 



(0%) 

3+ 

PR!&JCS 

I 

Pr&ts 



73 

(iii) Likewise, [ Ru( S-N07P),] ‘+ in neutral solution has [9] h = 440, log E = 
4.3; ;\ = 330, log E = 4.0 (not a peak); h = 265, log E = 5.0, but in alkaline solu- 
tion, X = 450, log E +-’ 4.4; A = 340, log E = 4.5; h = 270, log E = 4-7; h = 265, 
log e = 4.5. The new peak at 340 nm in alkaline conditions is most noteworthy. 
Most striking of all is the fact that the circular dichroism spectrum changes 
sharply in alkaline solution. 

The Cotton effects in the so-called ‘exciton’ region (ca. 270 nm) diminish 
strongly* in intensity, suggesticrg that the long-axis polarised transitions of 
coordinated P haste been markedly modified. Simultaneously, in the visible 
region, the intensity of circular dichroism increases sharply*, supporting the 
notion *hat ne\v chiraiities (e.g. the newly tetrahedral Z-carbon atom) have 
been induced. A number of kinetic observations may be interpreted in terms 
of pathways through the conjugate base. The anomalous kinetic behaviour [3] 
of [Fe(5-NOsP)s!“* with base, which was ascribed to deprotonation at tlle 
6-position of the Iigand, may resuli from addition of hydroxide ion to the 
ligand. Certai:zly no hydrogen exchange of the free ligand occurs with alkaline 
DsU. 

The observed promotir;ti [ 211 by base of hydrolysis of the first chloride 
ion from [M(AA)2CI,]+ (where AA = bipy or phen; M = Co or Cr) is envisaged 
as occurring through (5). 

The &-halo groups in a-halo- b-pyridin+ metal complexes, e.g. [Co(en)2 - 
(C,H,N)Cll ‘+ hydrolyse 1221 very p y ra id1 in base. It has been suggested 1231 
that the special properties of the pyridine contribute in some vray to the re- 
moval of the chloride ion. The intermediate may best be thought of as the 
pseudo base with hydroxyl covalently attached at the 2-position of the pyridina. 

B. With ilI(III): reduction 

W&13’ is very unstable in the presence of hydroxide ion, being reduced 
by it. Biau was unable 1241 to isolate [ Fe(B)s ] (OH), , and [OsBs 13+ instantly 
gave f14] [OS&]~+ with base. Davies and Dwyer pointed out 1251 that since 
[FeLs J3* with hydroxide gives ozone, and that since Ea is ca. 1 volt, there is 
“a special interaction of hydroxyl ions with this type of complex ion”. [ML313” 

* Neutral: X = 475, AE = 5.5; X = 400, AE = +8.5; x = 275, AC = -150; x = 250, Ae = +lOO. 
igk$ine: h = 485, AIZ = -13.5; A = 415, AC = +15; ?.. = 296,_Ac = -65; & = 255, AE = +25. 
(approximate values fcxn Fig. 6 of ref. 9). 



74 

(M = Fe, Ru, OS, L = B or P) with base is instantly reduced; this is reversed on 
immediate [ 261 acidification but not after standing. Products on standing 
include [26] Hz02 and 03, neither of which oxidises* [MLsJ2+ to [ML,]“‘. 
“An unstable intermediate product of OH- must be formed which decomposes 
irreversibly to ozone and hydrogen peroxide” 126 J . Similarly, hydroxide is said 
[27] to attack [FeP313+ with degradative oxidation of the ligand and reduction of 
iron(II1) to (II). 

The reduction for [ FeL3 ] 3* 
Taking [ RuBs ] 3+ 

is known [ZS] to have a rate = k[FeL3] [OH-] _ 
as an exampie, the rapid reaction may be seen as arising 

from the intramolecular contact of the C(6)-hydroxo group with the metal ion, 
as in (6). 

(6) 

Cllemilumines~ence is observed f30] on mixing acid solutions of [RuL313* 
(L L= B, 5 MeP, 6,7-DMP, 3,5,6,WetraMP) with base. In the case of [RuBJ ‘+ 
in 9N H2S04 mixed with 9M NaOH, the emitted light coincides with the 
Guorescence spectrum of [ RuBs] 2+ ; the intensity of emitted light depends 
on the strength of acids and bases used. The intermediates in this scheme (the 
covalent hydrate and the derived pseudo has@) are identical with those in (4) 
relating to substitution, except for the oxidation state of the metal ion. The 
step involving intramolecular reduction of MfIII) to M(H) by C(6)-OH is 
strongly reminiscent of the well-known [31] intermolecular reduction of 

* In this context, the observation [ 281 that neutral [FeBz 12+ and hydrogen peroxide at 
once give a blue tint, not due to [FeB3 f 3+, is particularly striking. Slow degradation of the 
organic ligand then ensues. 



alkaline ferricyanide by pseudo bases, which themszfves yield pyridones”, e.g., 
<7)* 

The redox potent~~s (and consequently the reactivities in a redox context) 
of tris(phenanthroline), bis(2,2’,2”-terpyridyl), and similar complexes of Fe, 
Ru and OS vary strongly with acidity **. This has been explained [34] in 
terms of extensive formation of very stable ion pairs. Schilt said 1351 that 
such a @-dependent behatiour indicates very marked changes in the species 

* &At oxidations to pyridone have been usei [31] to show the position of covalent hydra- 
tion, but have not yet been deliberately appIied to metal complexes, though the formation 
[333 of phenanthrid-Z-one from pheranthtidine in aqueous C!aCIz in presence of eobaIt ions 
probably represents such a case, 

0 
NH 

* & /\ I\ 
- - 

** For example f6], for the complex [Ruby f 3ec2eT E. = 1.27 V in 0.1 F E&SO~, but 0.98 V 
in 16.0 F H&504. Similarly, over the range 0.05 < If’ < 22:: .i? for the ha.lf-ceIi [FePa 1 3q 
+e+[FeP3] ‘* drops [IQ] by ca. 0.1 V. 
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phenanthrolin?s, where covalent hydration wollld be smallest, the values for 
AS(Hz0) are (cf. P - 20.5): 5-MP, -2.8; 4,7-DMP, 1.4; 5,6-DMP, 1.8. 

Among the classical nuzleophiles which attack the Z-position of quatemized 
pyridines are cyanide (cf. the Reissert reaction) and alkoxidese. In exactly the 
same T L:J, cyanide and alkoxides are superior nucleophiles towards [ FeLa 12+. 
The rate expression for 

[FePZ]2* + 2 CN- + [FeP,(CN)z] + P 

includes IS] a term dependent on incoming nucleophile, i.e. 

dr~~p31 = {kr + h,[CN-1) [FeP3J2+. 

The mechanism proposed is that a Reissert compound is formed**, which 
then undergoes an intramolecular shift of cyanide (8). Details of the pathway 
remain to be elucidated. For example, does cyanide attack the unsolvated 
species [ 0 ] or the covalent hydrate and does the cyanide shift lead to an iso- 
cyanide which then isomerizes? The stereochemical information on this sub- 

H 

2+ 

ta) 

* Bisulphite also readily adds [38] to quaternary ions, but there seems to be no work upon 
metal complexes with this reagent. 
** l,lO-Phenanthtoline itself (like other 8-stibstituted quinolines) is not known 1391 to form 
a Reissert compound. However, the mono-N-oxide does react with potassium cyanide and 
benzoyl chloride to give [40] Z-cyano-l,lO-phenanthro~ine. 
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shows the effect of changes in {H,O} . For methanol, ethanol, or acetone, the 
addition of a small amount of water to the “dry” organic solvents produces 
large increases in rate. Similarly, the high rate in pure water is depressed on 
adding up to ea. 20% of any of these solvents, 

Mixed proticfaprotic solvent systems 153, 541 seem likely to be particularly 
sensitive to the effects of covalent solvation, which will be a delicate function 
of the activity of the protic component. 

(c) Some of the known consequences of the decrease of water activity in 
strong acids are 

(i) The rate of dissociation of [Fe(phen)s13’ decreases and its stability 
increases with increasing sulphuric acid concentration (this was attributed f 553 
to the formation of [ FeHP314+). The first order decomposition of [ FePs ]3+ 
ii; sulphuric media at 100.7” C is [ 561 “very markedly dependent on the con- 
centration of unprotonated water in the solvent”, with an almost millionfold 
decrease from 2M to 95% H2S04. 

(ii) The quantum yield for the photochemical reduction of [FeP,j3’ in 
aqueous sulphuric acid decreases [ 57 ] with increasing acid concentration from 
ca. 2.4 X lo-” at [HzSO~] < 10M to ca. 0 at [HsS04] > 16M. 

(iii) The electronic spectrum of tmns-[Rh(py),(H,0)Br]12+ shows [58] a 
marked shift in 11 M perchloric acid. 

(iv) Similarly, reflecting an effect on KS due to the lowering of {HzO), 
tbe hydrolysis 

[Co(B)&&,]’ + Ha0 + [COB~(H~O)CI]~~ + Cl- 

is markedly retarded [ 591 in 50% methanol or 3 M hydrochloric acid. 
-411 these findings are consistent with the view that the unsolvated species 

[0] has a different spectrum and is much less reactive than [HA] _ Decrease 
of (HsO) (by the addition of miscible solvents, surfactants, or ammonium 
sulphate, or by adding strong acids) leads to a decrease in the concentration of 
the reactive covalent hydrate [HA]. This feature is commonplace in quinazoline 
chemistry: the quaternized forms are least covalently hydrated in the strongest 
acids*. 
B. Solids 

Although, of course, the mere existence of a solid solvate does not comment 
on the function of the solvent in the lattice (i.e. whether it be solvent of CS~S- 

tallization or of constitution), when quaternary salt-s crystal&e from protic 
solvents, the solvent (e.g. water or ethanol) is often held [613 very tenaciously. 
y-Hydroxypyridine readily yields 1451 a monohydrate. Quinazoiine methiodide 
is very deliquescent (as is indeed pyridinium hydrochloride) and crystallises 
f62f as a methanol solvate. Quinazoline-3-oxide readily forms 1631 a covalent 
hydrate. 

* Complexes of B and P are often remarkably stab:e in very strong acid. The increase in re- 
dox stability of [ML3 ] 3+ in strong sulphuric acid is one example of this, and the fact [SO] 
that fPd(phen)CLz] may be crystallized from the concentrated acid is another. 



m m 
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[ FeBs]S04. .2HsO 1g’o* in “==“L simultaneous loss of over magnesium 

p~~ChlOmte water and bipyridyl 

(e) The basis for the formulation [79] of the grey-green cobalt(Hf) com- 
plex containing 2,2’,2” ,Z”‘-tetrapyridyl (T’ ) as trans-[ COT’ Cla J C1.3HsO is not 
clear (there is [74a] a lack of evidence for any six-coordinate complex con- 
taining two truns bipyridyls or phenanthrolines). However, the water may be 
constitutive: indeed it is hard to envisage a possible cis-structure other than 
involving saturation of ring carbons, so giving some stereochemical flexibility. 
(f) A relationship between salvation, magnetic properties and colour is 
shown in complexes of the terdentate ligand papth f80] (12) where different 

hydrates of [ Fe(papth)a ] X.nHaO have different properties. Thus the brown 
hydrated nitrate has different magnetic behaviour from the anhydrous salt, and 
similar differences are found between the pentahydrated brown suiphate and 
the orange-yellow 3.5 hydrate. 

Similar magnetic anomalies are those recorded by Schift, for [8l] yellow 
Ni(phen)(CN)s -Hz0 (peff = 1.67 BM) and lavender Ni(phen)(CN)2(H20)0.5 
(p = 2.26 BM) and by Barbieri 1821 and Schilt [70] for hydrates of [FeLs(CN),] 
and hydrated salts of [ FeL(CN)4]- (ca. 0.6 BM). 
(g) It has been suggested that the intramolecular racemisation of the iron(H) 
complexes of phenanthroline and bipyridyl may result from a process of ex- 
pansion, in which metal-nitrogen distances are increased and the compound 
becomes high spin and labile. The present alternative view of the labile inter- 
mediate would involve the carbinolamine formulation which might well havt: 
high sp’m (cf. the magnetic anomalies in [Fe(papth),JX.yH20). Similarly, the 
rate acceleration by pressure of the racemisation in the solid state of 
[ Fe(phen)s](ClO,), .xHsO and of fNi(phen)s] (ClOh)s .nH,O, attributed 
[83] to the twist mechanism or possible increase of coordination number of 
the metal, may in fact be due to increased covalent addition of water to the 
organic ligand. 

SOME EXTENSIONS 

A. Alternative structures for some known compounds 

Some anomalies of cyanide and/or hydroxide with complexes af hetero- 
cyclic ligands are known which may well reflect Reissert or pseudo-base beha- 
viour, for example, 

(a) On treatment of palladium(H) cyanide with 8-hydroxy-quinoline, one 
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product is Pd(oxine),(CN)2 [84]. It seems likely* that this is in fact the iso- 
me& complex of the Reissert adduct (13). 

(13) 

.(b) On treating [Pd(CN)4]2- with an excess of 2,9-DMP. Plowman and Power 
obtained 1851 white Pd(DMP),(CN),(H,O)s, a non-electrolyte, which did not 
lose water over PsOs . At 110°C for a period of 48 h, water and ligand were lost 
together, leaving buff [Pd(DMP)(CN),] . This compound is probably (14) or 
some similar isomer. The relief of steric compression here is akin to (but 
greater than) that /I] in the fM(L)a]” systems (M = Pd, Pt). 

(14) 

Similarly [87], the water cannot be removed from [Pt(DMP)(NOz)z JHsO with- 
out causing decomposition of the organic molecule. The compounds [87] 
Pd(2,9-DMP)2X2.yH,0 (X = Cl, y = 4; X = Br, 3~ = 3; X = I, y = 2) which Iose 
water over P20B, but then pick it up again on exposure to the atmosphere, 
may well be covalent hydrates. 

(c) Miller and Prince, in attempting to make cis-[CoPs(CN), ] (CN), found 
[88] that analyses for C, H, and N were neither satisfactory nor reproducible. 

(d) In view of the fact that either water or hydrogen cyanide might saturate 
the C=N Iink in ~hen~thro~ine, and that all-the Schitt-Barbieri compounds 
are hydrated as solids, (e.g. Fe(phen)~(CN)~(H~O~~~HCl~ [433 Ru(bip:y),- 
(CN),(H,O), 1891 j it is clear that there is a range of possible structures for 
these compounds, including (1) coordinated cyanide, covalently hydrating 
waters; (2) coordinating hydroxyls, covalently saturating Reissert-type hydrogen 
cyanide; (3) various mixed forms of (1) and (Z), and those with other proton 
distributions, rather akin to the pIatinum~I1) species. 

The behaviour of the charged species [ML,]“’ in their differing interactions 
with protic solvents is strongly reminiscent of that of the Schilt-Barbieri 
compounds, [ Fe(L)s(CN),] , L being 2,2’-bipyridyl or l,lO-phenanthroline. 
Here, [70] the electronic absorption spectrum of the iron species is remark- 

* S-~ydroxyqu~noline is not known to form a Reissert adduct, and Smethoxyquinoline gave 
an as yet uncharacterised product [ 861 under Reissert conditions. r 



pasing from unprotonatect to proton d forms, Murmann and Healey, noting 
this and other effeeb of acid, conclude$ 1731 that “iAxxa&ion of protons 



86 

complexes [HPs]’ and [HPs 3’. Indeed, solid salts of an ion [HP2 1‘ are 
known 197, 981. However, there is also the aossible explanation in terms of 
a covalently hydrated monocation, a typical source of anomalies in ph: in other 
N-hetcrocyclic systems. The less anomalous behaviour found 1951 by Fahsel 
and Banks for 2,9-dimethyl-l,lO-phenanthroline would then correspond 
exactly to the recommended method [ll] of reducing covalent hydration by 
methyl substitution at the position of hydroxide attack. 

(d) A similar unexplained finding [ 99 ] is that stability constants for a par- 
ticular metal complex with B or P measured by pH titration and by other 
methods often disagree. Martin and Lissfelt found it necessary [loo], in 
studying the equilibrium between Fe2+ and 2,2’,2”-terpyridyl, to formulate 
the product as [ FeT2H2]*+ to obtain an equilibrium constant, for 0.98 < pH 
< 4.61. The equilibrium constants measured [loll at 45” for pH’s 2.58, 2.45, 
and 2.24, for Fe2+ + B + [ FeBs]2+ were 12.7,4.36, and 1.22 (X 10-lo). 
To obtain constancy Baxendale and George had to multiply by (H*) 133. This 
need would arise because as the activity of water decreases, so the proportion 
of non-solvated species (kinetically distinct from the covalent hydrate) in- 
creases. Many examples of such behaviour are given later. 

(e) Other unexplained variations in properties of the aqueous phenanthrol- 
ines may also arise from covalent hydration of the monocation. For example, 
the distribution coefficients for 5-methyl-l;lO-phenanthroline between water 
and either chloroform or chloroform:carbon tetrachloride showed [ 1021 a 
slight variation with pH, being largest in the more alkaline conditions*. This 
may indicate that covalent hydration is more important for the cation than 
for neutral P. Irving and Mellor also mention [103 ] the h-reproducibility of 
measurements of distribution coefficient for 2,9 DMP between water and carbon 
tetrachloride, which perhaps indicates the slow establ~hment of an equilibrium 
with solvent. Albert had already commented [63J that the distribution coeffi- 
cient for a heterocyclic compound between lipids and water was greatly re- 
duced by covalent hydration. 

(f) The changes described [95] in the IR spectrum of P in hydrochloric acid 
(at PT :HCI, > 1, new bands arise at 1570,15x5, and 1145 cm-‘, and the band 
at 1425 cm-’ increases in intensity) are consistent with changes in aromatic 
character. 

(g) The solid salts and derivatives of P with H+ :P = 0 or 1 are often hydrated. 
There is 11041 a solid P.HCl.HsO, of unknown structure**; P2 .H2Crz07 .2H20 
and P2 .H2PtCle. l%( 2)H20 are also recorded 1105 ] P and several of its deriv- 
atives are remarkably ready to form solid monohydrates. These have high 
stability. For example, 4-chloro-l,lO-phenanthroline and 2-carboxy-phenan- 
throline are [40] hygroscopic and Grigg and Hall found [ 1061 water of crys- 
tallization in 3,&DMP, 4,7-DMP, 2,4,7,%tetra MeP, and 5N02P: 3,8-dibutyl-6- 
bromo-P has methanol of solvation. Fritz et al. gave [ 107 ] for the equilibria 

* McBryde pointed out f993 that f-IzL2* is much too acidic to account for this effect. 
** cf. PH C104_GH20 obtained [98] after drying in vacua over P205. 
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the low activity of water in 8--1C M hydrochloric acid, salts of the cation 
(RHs12’ are anhydrous, e.g. [llO] [BH, ] [MnCls] and [BH,] [ReC16]. Where- 
as the solid dihydrochloride of B is anhydrous the monohydrochloride is 
]I041 dihydrated, (B)(HCL)BK,O. Many salts of the “diquat” series (perhaps 
best of all models for electronic shifts in 2 ,3’-bipyridyls coordinated to metal 
ions) form stable solvates with protic solvenL. c For example, the compounds 
shown [ 1141 (17) are all monohydrates, for R = H, 3,3’-dimethyl, or 4,4’- 

R 

\ I’ 

~~~ 

t&3r& H&l 1171 

-_N@ @N- 

L 
\ cl+AG? 

dimethyl. Z,Z’-Terpyridyl gives ]115J 2,2’,2”-terpy (HCQ2 .H,O. 
NI the properties of phen~~rolj~e (and probably of 2,2’-bipyridyl) are 

consistent with the equilibria shown in (18). 

CONCENTRATED 
ACID 

H f 

WEAK ACID & + 
km 

l-l 

1 -HI 

t 
I OH I_-__-__ __----2 (18) 

NEUTRAL 
Ks(ro -F 

H 

STRONG BASE 

' i I__________.. 



K SC1 ) is probably greater than Kscz,, but KA1 is also very much larger than KA2. 
At lihe concentrations of acid where the di-cation is a significant species, the 
activity of water is so low that the covalent hydrate is unimportant. By similar 
arguments, the species in boxes dominate at equilibrium over the acidity range 
indicated. 

The nature of solidspecies is consistent with this - [PHJ++ salts are an- 
hydrous, but salts of [PHI+ are usually hydrated. The equilibrium, KA3, re- 
presenting the formation of a conjugate base explains the initially reversible 
shift with pH of the electronic spectrum 133 of 5-nitro phenanthroline. The 
spectra of the neutral and alkaline* solutions are related by a clear isosbestic 
point. 

C. Optical activity 

There are stereochemical consequences [ 1171 of covalent hydration (or of 
nucleophilic attack at the Z-position). Thus attack at trans-his-complexes (e.g. 
[PtBa]” ) may lead to net relief from steric strain, and there do not seem to 
be any obvious disadvantages in terms of non-bonded interactions for addi- 
tion to his- and cis-bis-octahedral complexes. Further, the saturated carbon 
centre formed by nucleophilic attack is asymmetric (denoted R or S). In the 
case of a single ligand, such as phenanthroline, in a non-chiral environment 
there is no distinction between cy- and ~-hy~oxylation. However, if the metal 
complex is chiral (denoted D or L) (e.g. cis-[Co(en),(py)ClJ2*, [FePa12+, 
[Co(en)aB] 3+ ) then the relevant equilibria are complicated by the possibilities 
of diastereoisomerism in the products 

D-[MLsA]“+ + OH- “sR D-[ML,R-(AOH)]‘“-l’* 

L-[ML5A J”’ + OH- “3’ L-[ML,S-(AOH)f<“-l’+ 

D-[MLsA]“+ + OH- “3’ D-[ML,S-(AOH)]‘“-l)f 

L-[ML5A]“+ + OH KsR L-[MLr,R-(AOH)]‘“-l’+ 

Since DR and LS are enantiomers, KD R = K,s ; similarly KDs = K,R. However, 
KDR # KDs . While, as yet, nothing is known of the ratio KDK :Kns , any devia- 
tion from 1 would have striking consequences, because of the complicated 
isomerism shown (19), with three new sources of chirality, (a)-(c). 

* The pseudo basic product is of course an internai ddehyd- monia. SNitrophenanthrol- 
ine, with base, slowly gives [116] ea. 40% NH3 ! 
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(a) “Asymmetric carbon atom” 
(b) “Asymmetric nitrogen atom” 
(c) Skewed diene chromophore 
From the enhancement 191 of the circular dichl-oism of [Ru(SNO~P)~~*’ in 

basic solution, it does seem likely that Rn, j Yns. 
The present suggestion of the intervention of a covalent hydrate (with the 

polar substituents C(2)-OH and N-H) gives a plausible acccunt of yet another 
well-known phenomenon, the Pfeiffer effect. Here, the present suggestion is 
that the asymmetry of added charged species (anions or cations) is readily trans- 
mitted to the covalent hydrate through selective salvation by hydrogen bonding 
of one of the possible diastereoisomers. In detail, the proposal is as follows 

D[ML,(LorOH)] + L[ML2(L@OH)] 

If, say, D[ML2(LPOH)] is more stabilised by the addition of an optically 
active anion, then the equilibrium will shift toward the D side, giving a net 
excess of D over L, which is the Pfeiffer effect. 

CONCLUSION 

The importance of specific solvation in the reactions of coordination com- 
pounds is widely acknowledged, though ill understood. For example, equilibria 
involving interactions of ligand with protic solvent (HS), which are u_nimportant 
for a free molecule, may be enhanced for it when complexed as a ligand: 

I 

IM 

R’ 
+HX 

C=N y 
> / 

C-N 
-HX R'& lH II 
+HX 

R/c=N\M -----HX 

II 

11, 

CIIIIII~ = G3oIv for the free ligand, but in the presence of metal ions 

CIIM I/ fI&3 1 = &,r”f(ll~ /&,, 

where KI, , &I, are stability constants for the appropriate complexes. De- 
pending upon the ratio of these stability constants, binding the ligand molecule 
to a metal ion may lead to its form II becoming less or more important than 
when free. 

Such effects are known in preparative chemistry: for example, metal com- 
plexes of carbinolamines (Dimroth bases) have been made from complexes cf 
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Schiff bases* both with alcohols [119,120] and water 1;121,122]. Such com- 
plexes may well be kinetically important at a higher level than their stoichio- 
metric activity would suggest, particularly as the advantigeous location of the 
added solvent (I-IX) relative to other groups in the molecule may [l22] facilitate 
further reaction. 

Carbinolamine formation (“covalent hydration”) in complexed pyridines is 
of obvious significance in coordination chemistry, since the nucleophilic 
hydroxo group is then adjacent to the metal ion**. Saturation is known to 
occur [ 11 in “the case of carbon-nitrogen double bonds in 2,2’-bipyridyl and 
l,~O’-phen~throline attached to platinum; the wider significance of this 
equilibrium has been presented with respect to some facts and anomalies in 
the chemistry of complexes of N-heterocyclic ligands with metal ions. 

This paper suggests that attack by nucleophiles at the 2-position of com- 
plexed pyridines may be as relevant and widespread in the general field of co- 
ordination chemistry as it is among other quaternized pyridines in the general 
field of heterocyclic chemistry. In any system involving metal ions and I?- 
heterocydic ligands in protic solvents, equilibria and/or reaction pathways in- 
volving solvent attack at the 2-position of the ligand are likely to occur- Such 
equilibria may be invoked to explain anomalous experimental results. 
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