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The stab&y of transitton metal complexes wtth aliphatrc multtdentate hgands 1s 
dependent, to a large extent, on the srze of the chelate rings, and rt IS well known that 
complexes contammg five-membered rmgs are more stable than analogous complexes wrth 

srx-membered rings 
Such drfference m stabrhty is currently explamed in terms of a higher strain m the SIX- 

membered than m five-membered rings’ _ Attempts to quantrfy the different effects whrch 

define the conformatrons of the chelate rings were first made by Corey and BadarZ , and 
have been further developed by Gollogly and Hawkms3 m their mvesttgatton of metal- 
dramme systems Two of the more important terms which influence the stability of the 

metal dramme cycle are the angle bending energy and the bond length dtstortron energy, 
whrch depend on the devratron from the normal undistorted parameters Exammation of 

crystallographrc data allows us to carry out an a posterrorr analysrs of the relattve energtes 
and stabrlrtres of metal complexes contanung five- or srx-membered rmgs Frgurc 1 reports 
some structural parameters of the complexes ECu(e *+(ref 4) and [Cu(tn),] *+ (ref. 5) 

(en = ethylenedramme, tn = trrmethylethylenedramme), with therr thermodynamic functtons 

It can be seen that m the brs(ethylenedramme) complex, contammg five-membered 

rings, there is no appreciable dtstortton of the angle and bond lengths m the ahphatrc chain 

log K = 19 7 log/f = ‘7 3 

-AM=252 -AH= 220 

AS= 58 AS= 54 

Frg 1 Thermodynanuc and structural parameters for the complexes [Cuter& ] *+ and [Cu(tn)z ] 2+ 
(Thermodynamic data from refs 6 and 7. structural data for [Cu(en)t ] (N03)2 from ref 4 and for 
[Cu(tn)z ] (NO3)2 from ref 5) 
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and the angles CNCu and NCuN are only slightly distorted from the normal values of 
109 5“ and 90”. On the other hand, m the bistnmethylenedtamme complex, mvolvmg SIX- 
membered metal dramme rings, there are appreciable distortions of the angles from the 
expected values The energy terms mentioned above whrch affect the stabrhty of a chelate 
complex are of course enthalptes In fact, the htgher thermodynamtc stabrhty of complexes 
having five-membered rmgs measured by log K values is entirely due to a more favourable 
enthalpy term (Frg 1) 

A COMPLEXES CONTAINING LINKED CONSECUTIVE CHELATE RINGS 

(I) Terdentate lrgands 

When two or more rings are fused, further stertc constraints are introduced and a 

decrease of the heat of formatton IS expected For example, the 1 2 complex formed by 
nickel(H) with the terdentate hgand 2,2’-drammodtethylamme (den)‘, wluch contains two 
lmked consecuttve five-membered rings, exhibits a lower heat of formation than the 
analogous complex [Nr(en)3]2+ (ref. 7), which has mdrvtdual five-membered rmgs (25 3 and 
27 9 kcal male-1, respectively) Similarly [Nr(dpt)a 3” (dpt = 3,3’-diaminodtpropylamme)g 
whtch has two srx-membered fused rmgs, has a !ower heat of formation than [Nr(tn)s]*+ 

(ref. 7) (17 6 and 2 1 7 kcal mole-’ ) 

(II) Quadndentate lrgands 

In rhe case of complex formation with qJadrrdentate hgands which have three fused 
rings, the dtfficulty m occupying the coordmatton sites becomes greater and an mcrease of 
the sterrc constraints m the rmg system IS expected The crystal structure of the nickel(U) 

complex wrth the linear trrethylenetetramme (trten)” shows the difficulty of the hgand m 

spanning the square planar coordmatlve posttions, the four mtrogen atoms are coplanar but 
deformed towards a trapezoidal arrangement and the central five-membered rmg 1s present 

m an eclipsed rather than m the normalgauche form The stertc constramts unposed m this 
hgand m the square planar coordmatron reflect m the enthalpy of complex formation The 
complex [Cu(trien)] ‘+ (ref. 1 l), for example, has a heat of formation rather lower than the 
reference complex [Cu(en),]*+ (ref 6), with sepdrated five-membered rings (Table 1) 

Similarly the complex [Cu(3,3,3)-tet] *+ (ref 12) (3,3,3-tet = N,N’-bis(3-aminopropyl)-I ,3- 

propanediamme), with three consecutrve six-membered rmgs, has a heat of formatton lower 
than that of [Cu(tn),]*+ (ref 7), with separated rings (Table 1) 

The progressive lmkmg of chelate rings mvolves a decrease m the heat of complex 
formation, as we have seen, but thts 1s only true when the consecutive rings have the same 
number of atoms, I e either all five-membered or all six-membered_ The copper complex 
with the tetramme (2,3,2)-tet (2,3,2-tet = NJ’-bn(2-ammoethyl)-1,3-propanedramme), 
which has two external five-membered rings and a central six-membered ring, IS much more 
stablei than the correspondmg complexes with the homologous tetramme trren and this 1s 
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TABLE 1 

Reacttons of copper ran wtth lmear altphattc four-coordmate polyammes m aqueous solution at 2S°C 
thermodynamrc functtons AC, AH and AS 

Reaction -AC -AH As 
(kcal mole-’ ) (kcal mole-’ ) (cal mole-’ deg-t) 

Cu2+ + trten -Z 2+ Q [Cu(trren)] 27 4 21 6 19 5 
Cu*+ + (3,3,3)-tet 2 [Cu(3,3,3)-tet] 2+b 23 3 19 5 12 8 
Cu2+ + (2,3,2)-tet t’ [Cu(2,3,2)-tet] 2f 32 6 ’ 21 I d 16Sd 
Cu2+ + 2 en .Z 2+ e [Cu(en)z] 26 9 25 2 58 
Cu2+ + 2 tn .Z I+f [Cu(tn)a] 23 6 22 0 54 

QRef 11 (0 lMKCI),b ref 12 (0 1 ~$2 NaNOa), c ref 13 (0 5 M KU), d thts uork (0 5 A4 KC& ’ ref 6 
(0 S M KNOS), f ref 7 (0 3 M NaC104) 

due to an exceptronally lugh heat of reactton (Table 1) The complex [Cu(trren)] 2+ could 
be consrdered as derived from [Cu(en),12’ b y Iommg two nitrogens wtth an ethylemc 
chain Introducmg this ethylemc cham leads to sterrc strain m the external five-membered 

rmgs, which we shall call girdle strain, tlus unfavourable sterrc effect 1s reflected, as shown 
above, m a decrease m the heat of formatron. However, the mtroductton of a methylene 

group m the central chain, as occurs m the complex [Cu(2,3,2)-tet] 2+, removes the gtrdle 

strain and the other steric constramts generated by it, so that the heat of formatton and 
hence the stability of tins complex are increased relative to trren complex (Table 1) 

However, rt 1s apparently surprrsmg that the complex [Cu(2,3,2)-tet] 2+ has a larger heat 
of formatron than fCu(en),]*+ Itself Thus we have a case where the formatton of a 
complex wrth lurked rmgs has a greater thermal effect than the formation of a complex 
with separated rings, wluch we have prevrously considered to be the more favourable case 
because rt is the less sterrcally hmdered The drfference m the enthalpy values parallels the 

increase of the strength of the hgand field (the vrstble absorptron maxima m aqueous 

solutron of the complexes [Cu(en)2]2i and [Cu(2,3,2)-tet] 2+ are 18.2 and 19 0 kK, 
respectively) r4 Probably the increase of the heat of reaction reflects the crystal field 

stabilisatron of the copper(H) ground state owing to a more enhanced tetragonal drstortton 
It 1s remarkable that the addrtron of another six-membered rmg to the complex 

CWW,2)12+ increases the stabrhty even more Thus the stabrhty constant of the Cull 
complex wrth the cychc tetramme tet-a (tet-a = 5,7,7,12,14,14-hexamethyl-1,4,&l l-tetra- 
azocyclotetradecane)15 IS about 4 log umts larger than the (2,3,2)-tet Lomplex In order to 
underlme the exceptronal stabrhty of these complexes the term macrocyclzc effect has been 
Introduced Because of the kmetic mertness of these compounds a full thermodynamrc 

mvestrgatton IS not possrble. However, we can state that the macrocychc effect IS not a 
more extensrve chelate effect, I e due to a favourable change m the translatronal entropy, 
but 1s due prtmarrly to the enthalpy term 
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(tttj Hexadentate Itsands 

The stablllzmg effect of a central trlmethylemc cham on the formatlon of linear 
ahpbtlc tetramme complexes does not occur m the form&Ion of complexes with the 
allphatlc Ilexamme penten (N,N,N’,N’-tetra-(2-ammoethyl).ethylenedlamme) and p-tetraen16 
~~,~,~‘,~‘-tetra-(2-am~noethyl)-tr~methylened~am~ne) These polyammes behave as 
hexadentate hgands with their donor atoms arranged at the corners of an octahedron. The 
resulting complexes have three hnked chelate rings m the equatorial plane, as also occurs m 
the complexes with the tetradentate hgands, considered above (trien and its homologues), 
plus two rings m a plane contauung the axial bonds Unhke the case of the tetrammes, the 
mtroductlon of a methylemc group m the central equatorial ring causes a decrease in the 

stabrhty of the complexes In fact all the complexes formed by metal ions of the first 
transition series wth p-tetraen, wluch has the sequence 5,6,.5 m the equatorial rings, are less 
stable than the correspondmg penten complexes m which all the rings are five-membered 
Once again &s decrease m stability 1s due to a less exothermrc heat of formation as can be 
seen by comparmg the respective .&I values, for example, for [Nl(penten)] 2+, IogK = 

19 16, -AM= 19 65 kcai mole-‘, AS=21 5 cal-mole- ’ deg-‘, for [Nl(p-tetraen)] 2+, 
log K = 18 46, -&?I= I9 29 kcal mole-‘, AS = 19 8 cal mole-’ deg-’ It should be 
pointed Out that these complexes are susceptible to electroptilc attack, and that the Co” 
complexes m particular are also susceptible to nucleophlhc attack by hydroxide ion 

An examination of the crystal structures of the mckel(I1) complex with the analogous 
hexadentate hgand EDTA, Nl(H2 EDTA) (ref 17) and [Co(OH)penten] Iz (ref 16) shows 
that m both cases these reactions lead to the openmg of five-membered equatorial rings 
The p-tetraen complexes are more resistant to attack by protons or hydroxide ion than the 
correspondmg penten compounds, and Co(p-tetraen)3+ m particular 1s stable even m 
strongly alkalme solutions The apparentiy surprlsmg fact that the thermodynamlcally 
more stable penten complexes are more susceptible to electrophlhc or nucleophllrc attack 

than the less stable p-tetraen complexes must be attributed, once agam, to the different 
effects of the steric strain The crystal structure of the compound 
[Co(penten)] Co(CN), - 3Hz 0 (ref 18) has been reported and it was found that the 
external equatorral rrngs are the more sterlcaliy strained This explams the opemng of one 
of the equatorial rmgs m the reactions with protons and the hydroxide Ion The greater 
resistance of the p-tetraen complexes to electrophlhc and nucleophhc attack can be 
explained by the reduction of stram m the external equatorial rings following the 
mtroductlon of 2 methylemc group m the central equatorial rmg However, the expansion 
of the central equatorial ring probably gives rise to sterlc stram m the axial rmgs, sufficient 
to overcome the enthalplc gam due to the removal of the stram m the equatorial ring 
system In the Cul’ complexes with these two hexammes only five of the mtrogen atoms 
are coordinated to the central metal ion (For Cucpenten), IogK = 22.15, --A/Y = 
24 5 kcal mole-‘, AS = 19 0 cal mole-’ deg-’ , for Cu(p-tetraen), log K = 21 10, 
--Lw= 22 73 kcal mole-‘, AS = 20 7 cal- deg-’ mole-’ ) 

As has been explained, the open rmg must be one of the external equatorial ones 
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Therefore the mtroductron of a methylene group in the central ahphatic ring IS no longer 

able to remove the strain m the equatorral rings, with the resultmg enthalptc gam, whrlst 

the destabrhzmg effect of the axial rings remams Thus explams why m going from penten 

to p-tetraen, there 1s a larger decrease m the heat of formatron of the five-coordinate Cur1 

complex (1 8 kcal mole-‘) than m the formation of the correspondmg hexacoordmate Nrrl 

complex (0 4 kcal mole-’ ) c 

B REACTIONS 01- POLYAMINL COUPLEXLS WITH SOME INORGANIC ANIONS 

Copper(U) complexes of ahphatrc tetraammes can coordmate a further anion to grve five- 

coordinate species A crystallographrc study of the solid compound [Cu(trren>(SCN)l (CW 

(ref 19) has shown rt to have a square pyramidal structure with the Cur* ran about 0 4 A 

above the plane contammg the four mtrogens of the organic hgand, and the fifth, apical, 

positron occupred by the sulphur atom of a throcyanate group Furthermore, the bond 

distances and bond angles of the tetramme molecule do not differ from those reported for 

Cu’r brs(ethylenedramme) complexes The elevatron of the copper ran above the basal plane 

seems to remove the stram m the polyamme molecule, stretched to a&eve a square-planar 

coordmatron In methanohc solutron the solvent may cause thus removal of the stram by 

the drsplacement of one of the two axial groups in 4 + 2 complexes of Cu’l ion and 

formation of a five-coordmate adduct ” In some copper(U) brs(throcyanate) complexes thus 

effect also causes rsomerrzation of the remammg throcyanate group from bemg S- to N- 

bonded The same effect may also be obtained by substituting one throcyanate group u-r the 

sohd compound by a weakly coordmatmg group such ds perchlorate” In order to 

determine whtch energy terms play an Important role in the formatron of pentacoordmate 

complexes, we have carrred out a thermodynamic study of the equrhbrra of adduct 

formatron m methanohc solution between square planar polyamme complexes and 

morgaruc aruons, according to the reaction 

cuLZ+ -l-x- = cuLX+ 

The polyammes consrdered were L= 2en, 2tn, (3,3,3-tet) and (2,3,2-tet), and X = iodide, 

thlocyanate and aztde anions It can be seen that the enthalples of formation are all posnrve 

or only shghtly negative, and thus 1s due to the endothermrc desolvatron process 

accompanymg the reactron (Table 2) This unfavourable enthalpy contribution more than 
compensates for the much smaller contrrbutron arising from the formation of the Cu-X 

bond However, these adduct formatron reactrons, whether they be considerably or only 

shghtly endothermrc, occur because of the favourable change in entropy which 

accomparues all reactions involving neutrahzation or partral neutrahzatron of electric charge 

Thus the energy terms useful to explain the formation of pentacoorclmate adducts In 

solution are exclusively entropy terms In general, the rc .ctrons mvolvmg the addrtron of 

throcyanate ran are less endothermrc and more entropic than those mvolvmg the rodrde ran 

whrch 111 turn are less endothermrc and more entroprc than those mvolvmg the azrde ran 
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TABLE 2 

Adducts of copper(H) polyamme complexes with morgamc amons Thermodynamxc functrons AG, AH 
and AS for the reactlon [CuL] 2f + X- i-’ [CuLX]+ m methanohc solution at 25°C 

CUL X- ac 
(kcal mole-’ ) 

aH as 
(kcal mole -1 ) (cai mole -’ _ &g-z) 

[Cu(en)2 I 2+ SCN- -30 18 15 9 
N3- -3 5 35 23 5 
J- -25 28 17 9 

ICu(tnI2 1 2+ SCN- -3 8 00 12 7 
N3- -36 24 20 3 
J- -36 05 13 7 

[Cu(3,3,3)tet] 2+ SCN- -4 8 -07 138 
N3- -4 3 16 19 6 
J- -44 -04 13s 

[Cu(2,3,2)tet] 2+ SCN- -3 9 -0.8 15 7 
N3- -35 33 22 9 
J- -3 6 12 16 0 

The larger posltlve values of aS and M for the complex formatlon wth the N3- ion are 111 
agreement with the fact that this hgand has a hydration sphere bulluer than Iodide or 
thiocyanate 1on21 However, the thlocyanate ion has an entropy value similar to that of the 
Iodide Ion m all the series considered Thus agrees with the hypothesis that m solution all 

these complexes have the thlocyanate group bonded with the same S or N atom The 
different bondmg atom would be expected to @ve different enthalpy and especially 
entropy effects, m fact, coordmation mvolvmg the sulphur atom, the most probable site of 
the negative charge22, would result m more effective neutralization of charge m the 
formation of the complex and a more posltlve AS 
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