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A. INTRODUCTION 

This review describes metal-ion complexes which are formed by reaction of 

certain amine complexes with aliphatic carbonyl compounds. The characteristic 
feature of the reaction is the linking of coordinated amine groups by a three carbon 
bridge. With acetone as the carbonyl compound, the bridging group is diacetone- 
amine-imine, formed from two acetone molecules. 

“? /CH3 CH3 

1 
o=c 

/ 
\ CH3 

C*3 
, ,c* ,CH3 

L i l>H3 

.lNy \. 
+ 2H20 

With diamines, formation of a second bridge gives a cyclic compIex (e.g. with 

diaminoethane a complex of a hexamethyltetra-azacyclotetradecadiene is obtained). 
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This reaction provides a convenient route to complexes of macrocyclic ligands with 
for nitrogen donor atoms. The macrocycle ring size can be changed by replacing 
one or both of the diaminoethane residues by 1,3_diaminopropane residues, or by 
cyclisation of triethylenetetramine complexes by a single amine-imine bridge. The 
ting substituents can be changed by replacement of e.g. diaminoethane by a C 
substituted diaminoethane, or by replacement of acetone by some other aliphatic 
carbonyl compound. 

The macrocyclic complexes formed by cyclisation with diamines have two 
imine and two secondary amine donor groups, but it is possible to vary the un- 
saturation of the macrocycle, by oxidation or reduction, from the tetra-imine to 
the tetra-amine. 

The direct condensation between metal-amine complexes and carbonyl com- 
pounds is satisfactory only for nickel(H) and copper@), but by isolation of some 
of the macrocycles from the nickel(n) complexes it has been possible to prepare 
complexes of other metal ions. Recently, a method of preparing some of the 
macrocycles by direct condensation of diamines and carbonyl compounds in the 
absence of metal ions has been devised, and can be used to prepare complexes of 
metal ions. 

The majority of this review refers to the cyclic complexes, particularly the 
most extensively studied hexamethyltetraazacyclotetradecadtenenickel(I1) complex- 
es formed by condensation of (diaminoethane)nickel(II) complexes with acetone. 
Complexes of macrocycles derived by oxidation or reduction, and complexes of 
related but non-cyclic ligands, will only be mentioned brie4y. Much of the work 
has been carried out in these laboratories and some unpublished material is in- 
cluded to clarify the discussion. 

B. NOMENCLATURE 

Systematic names for these compounds are cumbersome and abbreviations 
will be used. The majority of the compounds discussed are formed with acetone 

as the carbonyl compound and the presence of the six methyl substituents from 
the acetone residues is assumed unless otherwise stated. The bridging group derived 
from acetone is 2-methyl-2-amino4iminopentane (&acetone-amine-imine), which 
will be abbreviated to “a&“. Thus the square planar nickel complex cation IX 
with the linear tetradentate igand formed from two diaminoethane residues linked 
by a single amine-imine bridge will be referred to as [Ni(en-aib)12+, and extension 
of this nomenclature to other non-cyclic tetradentate complexes will be made as 
required. 

The cyclic complexes will be distinguished by ring size and degree of un- 
saL-Iration e.g. a tetra-azacyclotetradecadienenickel(II) complex will be referred to 
as [Ni([14]diene)12+ and the hexadecadiene analogue with two 1,Zdiaminopropane 
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residues .zs [Ni(~l6]~~~e)] 2+_ The tetra-imine and tetra-amine complexes derived 
from [Ni([r 4]diene)lzf become mi([l4]tetene)]“+ and ~i([l4Jtetr~ine)]** etc. 
The macrocycle derived from triethylenetetramine will for convenience be referred 
to as ([13]monene) even though it has only three ring methyl substituents. Various 
forms of isomerism are possibIe with these macrocycIic complexes. Thus the amine- 
imine bridge components can be cis or tram with respect to the nickel ion, giving 
~i(cis[14]diene)] 2 * , II, and mi(trans[ 14]diene)] 2*, I. Restricted inversion about 
the secondary amine centres distinguishes @G(rac trans[14]diene)]2” and lFri(meso 
t~~~~~14~die~e)lz *, etc. The more general abbreviations will be used where the 
configuration of the macrocycle has not been established and when referring to all 
known isomers. Formulae, systematic names and abbreviations for the simplest 
members of the various types of macrocyclic complexes formed by condensation 
of nickel-amine complexes and acetone are represented in formulae I-V. 

I INi(truns[l4]diene)1’+ (5,7,7,12,l4,l4-Hexamethyl-l,4,8.ll-tetra-azacyclotetrad~a~,ll-diene)- 
nickel(H) 

II fNi(cisl14jdiene)]af ~5,7,7,12,1~14-Hexamethy1-1,4,8,11-tetra-azacyc1otetradeca-4,14-diene)- 
nickel@) 

III ~i([lS]diene)]s+ (5,7,7,13,15,15-~ex~ethy1-1,4,8,12-tetra-azacyc1opentadecaiQ,12~ene)- 
nickel@) 
IV ZNi([Sjdiene)j*+ (6,8,8,14,16,16-Hexamerhy1-1,5,9,13-tetra-a=ztcyc1o~~d~-5,13-diene)- 
nickel(IQ 
V fNi(f13]moneoe)jg+ (11,13,13-Trime?hyE1,4,7,lO;tetra-azacyclotl10-ene)nickel(lI) 



CXMDENSATION OF METAL-AMINE COMPLEXES WITH ALIPHATIC COMPOUNDS 7 

C. KUZACMONS OF NKCKEL(KK) AMINE COMPKEXKS WKTH ALKPHATKC CARBONYL COM- 

l?or.mrs 

(i) Reaction of various n&zkef(II) amine complexes with acetone 

Addition of acetone to non-aqueous solutions of (diaminoe~aue~~ckel~ 
complexes results in a slow colour change from blue-violet to brown. This reaction 
had ~doubte~y been observed previously but the fo~uitous combination of 
per&orate diamine complex salts and acetone as a solvent resulted in the forma- 
tion of crystalhne reaction products and opened a wide fieid to investigation’. 

Reaction of t~s~diamiuoethane)~ckel~I~ perchIorate with acetone at room 
temperature yields a yehow crystalline product’. The stoic~ome~ of the reaction 
can be represented as 

[Ni(NHt.CH,.CH,.NH321a+ +-4CH&O.CH, -+ @Zi(Cx,H,,N,)]*e 
f NH&!H&H..NH. -f-4X&O 

i.e. the product is a nickel complex containing two diaminoethane residues and 
four acetone residues, condensed by elimination of four moles of water. (The 
mechanism of the reaction is discussed in section F, i)The product is diamagnetic, 
and the infrared spectrum shows that all NH2 groups have been ebminated and 
C: N groups introduced. The tetra N-isopropylidene (Sehiff base) structure VI was 
suggested’, but this formulation failed to account for the observed resistance to 
hydrolysis (H, i), as apparently analogous Schiff base complexes (such as VII 
described by Hoyer), are readily hydrotysed’. 

R+l I 
t 0 

II II 
RCH WCR 

50 Ya 

When the produ& was decomposed by cyanide, (H, iv), mesityi oxide (4methyt-3- 
pentene-2-one) was the only carbonyl compound isolated, indicating that the ace- 
tone was present in the complex as C6 units 3. Ths cyclic structure [Ni(tra&l4]- 
diene)]‘“, I, isomeric with VI, was therefore proposed’. ?‘h& chemical inertness of 
the product was more easiiy understandable with this macrocyclic Iigaud, and a 
band at -3200 cm-’ in the infrared spectrum, una~ounted for by formula VI 
was now assignable as @NH) of the secondary amine groups. Moreover, thlt C: N 
groups of the compound were completely reduced by the uptake of two moles of 
hydrogen with a platinum catalyst indicating the presence of only two imino 
groups fir, ii)4. 

This formulation received support from work by Hanic and Serato? who 
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reported a slow reaction between copper(I1) nitrate, acetone and ammonia to yield 
truns bis(2-methyl-2-amino-4-imino-pentane)copper(II) nitrate, VIII, the structure 
of which wzs confirmed by an X-ray crystallographic investigation (J, v). This 
compound can be considered analogous to the nickel/diaminoethane/acetone pro- 
duct, with the diamienoethane replaced by ammonia. (Analogous nickel@) com- 

pounds are described below.) 

The product of the tris(diaminoethane)nickel(IIj perchlorate/acetone con- 
densation reaction was observed to have a somewhat variable infrared spectrum, 
particularly in the “finger print” region and gave non-reproducible X-ray diffrac- 
tion patterns, although the analytical data always fitted the expected formula. It 
was later observed that the tris(diaminoethane)nickel(II)/acetone condensation 

reaction yielded two chemically distinct products, and these were considered to 
have the amine-imine bridging components cis, Ir\ri(cis[l4]diene)]‘+, II, or trans, 

[Ni(trans[l4]diene)] , 2+ I with respect to the nickel. Furthermore, the tram isomer 

can exist in two forms which are interconvertible in solution, but form distinct 
salts, so that three isomeric perchlorate salts were isolated from the reaction6. The 

isomerism of the trans complex was attributed to restricted inversion about the 

asymmetric nitrogen atoms (Gj. These assignments have since been verified by 
X-ray crystallographic studies (J,v). 

Similar reactions, yielding analogous products, occur with other tris(diamino- 
ethanejnickel(I1) salts which are soluble in acetone, e.g. the fiuoroborate and 
fluorophosphate7. Salts of other anions will react under reflux with acetone, e.g. 

the thiocyanate’, or in mixed solvents such as acetone/methanol. 
At higher temperatures (e.g. sealed tube at 100°) tris(diaminoethane)nickel(Il) 

complexes react with acetone, diacetone alcohol (4-methyl4hydroxy-penta2e-2- 

one) or with mesityl oxide to yield” only INi(trans[14]diene)]2f. 
Bis(diaminoethane)nickel(IIj perchlorate reacts with acetone under reflux or 

in a sealed tube at 100” to yield a mixture of two products, both square planar 
nickel@) complexes of non-cyclic tetradentate ligands. The products are [Ni(en- 

aib)12 +, with two diaminoethane residues linked by a single amine-imine bridge, 

IX, and pi(en-aib-N-iprop)]2 + which has in addition a coordinated N-isopropyl- 
idene imino group, assumed trans with respect to the other imino group, X1.10 

These compounds were initially formulated as N-isopropylidene Schiff bases’, but 

isolation of mesityl oxide from the products of acid hydrolysis indicated the 



CONDENSATION OF METAL-AMINE COMPLEXES WITH ALIPHMIC COMPOUNDS 9 

Ix 
K 

X 

IX wi(en-sib)]‘+ (4,6,6-Trimethyl-1,9-diamin o-3,7-di-aza-nona-3_ene)nickel(II) 
X @Ii(ea-sib-N-iprop)12+ (4,6,6,1l-TetramethyEl-amino-5,7,IO-tri-azaduodeca-3,lO-diene)- 
nickel(H) 

presence of the C6 amine-imine bridging unit4. The same condensation reaction 
occurs with the more conveniently prepared bis(pyridine)bis(diaminoethane)- 
nickel(I1) perchlorate and acetone’ O (at room temperature thii reaction yields 
pi(en-aib-N-iprop)‘+ only)g. The perchlorate of [Ni(en-aib)12+ is very soluble in 
water and this cation is conveniently isolated as the tetrachlorozincate, prepared 
by reaction of tris(diaminoethane)nickel(II) chloride dihydrate with acetone and 
zinc chloride at 100” in a sealed tube. 

Bis(diaminoethane)nickel(II) perchlorate reacts over a period of days with 
acetone at room temperature to yield the bis-nickel complex of the B amino ketone 
NH2.CH2.CH2.NH.C(CH,),.CH.C0.CH.CO_CH3, [Ni(en-@k),](ClO,),, XI, which is 
stabilised as the octahedral complex, with the coordinated ketone groups probably 
in cis positions. This compound is decomposed by aqueous acids or bases, but in 
pyridine is rapidly converted” to mi(rrans[14]diene)12 i _ 

xl 

XI mi(en-@k),]‘+ Bis(4,4-dimethyl-S-amino-5-azahepta-2-one)-nickel(II) 

The reaction of tris(rac 1,2-diaminopropane)nickel(II) perchlorate with ace- 
tone yields a mixture of non-interconvertible orange and yellow crystalline products_ 
These were initially formulated as simple N-isopropylidene imino complexes, as 
for the (diaminoethane)nickel/acetone products”. However, the chemical and 
physical properties resemble those of the macrocyclic nickel complexes and they 
are now formulated as dimethyl analogues of the [Ni([14]diene)lzf complexes. 
With 1,Zdiaminopropane there are several possible sources of isomerism. Cis and 
tram arrangements are possible for both the amine&nine bridge components and 
for the diamine residue methyl groups. For the tram tram arrangement the diamine 
residue methyl groups could be adjacent to either the amino or imino groups. 

Coordin. Gem. Rev., 3 (1968) 3-47 
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Optical isomerism associated with the asymmetric carbon centres (rtonintercon- 
vertible) or the asymmetric nitrogen centres (inter~onve~ibIe) is also possible. The 
space group of the “orange” perchlorate salt (3,~)) requires that the complex 
cation be centrosymmetric, i.e. that the bridge components and the d&mine noethyl 
groups be tram and the asymmetric carbon and nitrogen centres be meso. The 
N.MR. spectrum of the “orange” isomer resembles that of ~i(meso trans[14]- 
diene)]* * and &he spectrum of the ‘“yellow” isomer resembles that of @?i(rac 
trans[l4]diene)]**, in each case with additional bands indicating the presence of 
an equivalent pair of methyl groups, thus excluding structures with cis amine- 
imine bridging units ‘*_ Rea&ion of tris(c;r or 2 I,Z-di~noprop~e)~ckel~) per- 
chlorate with acetone yields, in each case, an orange and yellow pair of complexes, 
the orange pair being formed in low yield. The yellow pair (and presumabIy also 
the orange pair) are en~ti~mo~hs and their racemic mixture has a crystal struc- 
ture different from that of the yellow product from rat diaminopropaneg. This 
indicates that the latter compound is C mescl, le. both products from rut diamino- 
propane are C n?eso. 

The tetra-imine complexes formed by oxidation of these compounds (El, iii) 
both give green products on treatment with base (like ~i(~~~~~~14]tetene)12~ and 
unlike @li(cis[14]tetene)12+ which gives a violet product), supporting the assign- 
ment of tram structures to both isomers. The infrared spectrum of the tetra-imine 
complex from the “yellow’” isomer, but not that from the ‘“orange’” isomer, has a 

weak band’ at 3070 cm- ‘. For the ~i(~14]tete~e)]2i complexes this band was 
assigned to v(CH) of the viny1 hydrogenf3. The presence of vinyl hydrogens for 
the ‘*yellow” tetra-imine complex would indicate that the methyl groups of the 
diamine residues are in the 3,lO positions, XII, and their absence for the “orange” 
compound would indicate they are in the 2,Q position, XIII. 

x3x lxKii 

XII yetlow Ir\ri(M%rransZ14]diene)IS+ (3,5,7,7,10,12,14,14-Octamethyi-1,4&l I-tetra-azacycIote- 
tradeca-4,11-diene)nickel(II) 
XItE orange IrJi(M%r~u~[l4]diene)JPf (2 5 7 7 9 12,~4,l~O~ethyi-1,4,8,1 I-tetra-azacycIo- , * , t , 
tetradecm&,I 1-diene)nickel(K) 

The orange isomer can be prepared from the macrocycie perchlorate formed by 
reaction of i,Z-~a~opropaue ~ydro~rchlorate with acetone or mesityl oxid_e, 
(F, ii iii)_ 

Bis( I ,2-di~oprop~e)~~keI~ perchlorate reacts with ace&me at room 



tem~ra~re to yield blue ~~~~-~~)*~ (CKlJ+, analogous to XI. In pyridine this 
is convened to the “orange”’ isomer of the maor~yol~c complex and t~~refo~ the 
trideutate @and has the structure 

ass~ng XIII is corre@. 
At I 10” bis( 1,2-~~uopro~a~e)~cke~ perchlorate reacts with acetone 

to yield the non cychc, sin&y bridged complexes ~i~~-aib~~2~ and wi(pn-aib- 
N-ipro~~~2 +* an~ogous to IX and Xt *. 

R-is or bis(Z-methyl-Z~3-~~~opropane~uicke~~ $erchlorate both react 
readily with acetone to give the non-cyehc, sir&y bridged praduct, ~i(ibna~h~l’ +, 
presumably with the methyl substi~e~~ adjacent to the primary amine gruups. 
A~~rn~ts to ~~~~c cyclic complexes by prolonged beating or ~travio~et irradia- 
tion of acetone solutions were unsuccessfuP”. 

Neither tris nor his complexes of meso or racemio 2,3-diami~obu~~~~ckel~I) 
reacted with acetone under any co~di~ous tried’. 

T~s(l,3-dia;minopropane~nickel(UC) per&orate reacts rapidly with acetone, 
particularly if heated, to yield a yellow crystahine product. Analysis indicates the 
presence of two di~iae and two acetone residues, but the compound is hydrolysed 
in aqueous solution yie~d~g acetone as the ~bouyl product and the infrared 
spectrum shows no v(NIQ baud. It was therefore concluded that no ~~e-~e 
bridge is present and the compound was assigned structure XIV with two eoordin- 
zted N-isopropy~deue group~“~. 

If the ~s(~,3-di~oprop~e~~cke~~) pe~~orate/a~tone reaction m&t- 
ure is ahowed to stand for sever& days the rnaor~~~c complex ~ir16~~ene~~2 +r 
IV, is formed (trans s~c~e assumed). The reacting solution shonld be tightly 
stoppered as much tarry polymeric material is formed if it is exposed to the 
a~os~h~~14. 

T~e~y~ene~ e~c~el~ ~rnpiex~ react with acetone at 100” to yield 
the oycIic compkur ~i(r~3]rno~eue)~ 2 +, Vf *. This complex is simiiar to the cyche 
produets obtained from d&mines, but it has three secondary amiue and one imiue 
donor groups in plaoo of two of each.. As for t&e non~~~~ siagly budged bone 
cations e.g. ~i(en-~b)~ *** the ~rc~orate salt is very soluble9 and the product is 

Curmi%r~ C%em. Rev., 3 (1968) 347 
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conveniently isolated as the tetrachlorozincate salt, prepared by reaction of 
Ni,trien,CIJH,O, acetone and zinc chloride in a sealed tube at 1 10*f5. 

No reaction was observed with bis(diethylenetriamine)nickel(iI) and acetone 
under any condition studiedg. Bis(dipropylenetriamine)nickel(II) perchlorate reacts 
rapidly with acetone at room temperature to yield the paramagnetic complex XV 
with two N-isopropylidene Scbiff base groups and with coordinated hydroxide, 
considered to be dimezised by hydroxy-bridging”. 

II 

XV Hydroxo(2,12-dimethyl-3,7,1 l-tri-azatrideca-2,ll-diene)nickel(II) perchlorateur Hydroxo- 
(di-(3-jsopro~y~de~e-am~opropyl)amine)-Rick~I~I) per&orate 

Equimolar mixtures of tris(di~noethane~ and ~is~l,3-diaminopropane)- 
nickel(H) perchlorates react with acetone to yield the macrocyclic complex 
[Ni( { 1 Sldiene)] 2+, III with one diaminoethane and one diaminopropane residuezz, 
(a preparation of a k analogue, XXV, is described in section(F, iii). Similarly 
when equimolar mixtures of tris(dia~oethane)nickeI(II) and tris(l,2-diamino- 
propane)nickel(II) perchlorates react with acetone, the major product is mi(Me- 
~~~~~[14]diene)]‘~ with one diam~oethane and one l,Z-diam~opropane residue’ 7. 
This compound is conveniently prepared from [H,(Metrans[l4]diene)](ClO& 
formed by reaction of equimolar amounts of di~oetha~e and I,Z-diaminopro- 
pane hydroperchiorates with acetone or mesityl oxide (F, ii, iii). (A preparation 
of a cis copper(H) analogue, XXIV, is described in section (F, iii)_ When mixtures 
of tris(diaminoethane) and tris(2-methyl-2,3-diamiuopropane)nickel(H) percblo- 
rates were reacted with acetone, only the products formed by the amine complexes 
reacting separately were isolatedg. 

Nickel@) ammine salts with a variety of anions react with acetone to yield 
the bis(2-~e~yl-2-ami~o-~imino~n~ne)~ckel~ salts analogous to VIH8*1 8~1g. 
In the case of Ni(NH,)el?Fs, triplet ground state (TGS) t&(2-methyl-2-amine-4- 
im~opentane)~ckeI~) hex~uorophosphate is formed19. 

Busch and Urbach describe the preparation of macrocyclic complexes with 
two sulphur and two nitrogen donor atoms, XVI, by bridging the coordinated 
amine groups of the dithio diamine, by reaction with acetone20*2z. 
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(ii) Reactions of nickei(I..) amine complexes with aliphatic carbonyl compounds 

other than acetone 

Tris(diaminoethane)nickel(II) reacts with a variety of aliphatic aldehydes 
and ketones to yield analogues of [Ni(en-aib)12+, with a single amine&nine bridge 
linking two diamine residuesg*ga~22*23. Furth er reaction to yield the cyclic complexes 
analogous to [Ni([14]diene)lzt, is extremely slow and the product has been isolated 
only for butanone-2 (methyl ethyl ketone), XVII. In this case the reaction to yield 
the singly bridged product took several hours at IOO”, while only a small yield of 
the cyclic product was obtained after many weeks at this temperature22. @Ii- 
(tra,rs[14]diene)12 f analogues formed from carbonyl compounds other than ace- 
tone are usually more conveniently prepared via the appropriate macrocycle 
perchlorate (F, ii)_ MacDermott and Busch have prepared mi(en-sib)]‘+, and 
various analogues, by reaction of [Ni(en)J2+ salts with j? hydroxy ketones and 
fi hydroxy aldehydesga. 

With triethylenetetramine, which needs only a single amine-imine bridge to 
form a cyclic complex, reaction occurs readily with a variety of aldehydes and 
ketones to yield analogues of [Ni([13]monene)]2 c with different ring substituents”. 

XmI xscur XIX 

XVII (7,14-Dimethyl-5,7,12,14-tetra-ethyl-1,4.8,1 l-tetra-azacyclotetradeca-4,1l-dieoe)nickel(II) 
XVIII (5,5-Dimethyl-6-isopropyl-l,9-diamino-5,7~i-~uona-3-ene)-~ckel(I~ 
XIX (12,12-Dimethyl-1,4,7,l0-tetra-azatrideca-lO-ene)nickel(II) 

The perchlorate salts of these analogues of [Ni(en-sib)]‘+ and [Ni([13Jmonene)]2f 
tend to be very water soluble and the complexes are conveniently isolated as the 
tetrachlorozincates23. 

One distinction between the reactions of diaminoethane and triethylenete- 
tramine has been observed. With isobutyraldehyde and diamiuoethane the expected 
product XVIII is obtained, while with triethylenetetramine the symmetrical cyclic 
complex XIX, minus one isopropyl group is formed23. 

Formation of the amine-imine bridge requires a carbonyl compound with at 
least one a hydrogen. There is no such restriction on the formation of simple 
imino groups and tris( 1,3-diaminopropane)nickel(II) perchlorate reacts with a 
wider range of carbonyl compounds, including cyclohexanone and furfuraldehyde 
to form di-imino analogues of XIV’. 

Coordin. Chem. Rev., 3 (1968) 3-47 
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--T-F 
Nq+,NH 

( 1 N<l\H 
/UC 

D. REACTIONS OF COPPER(U) AMINE COMPLEXJ3 WITH ALIFHATIC CARBONYL COM- 

POUNDS 

(i) Reaction of various copper(I1;) amine complexes with acetone 

Bis(diaminoethane)copper(II) perchlorate reacts with acetone at room tem- 
perature over a period of I-2 days, or under refl ux for about 30 minutes, the coIour 
of the solution changing from magenta to blue as the copper@) complex of the 
pentadentate ligand NEI,.CH,.CH,.NH.C(CII~)~.CH~.C(CH~): N.CH,.CII,. 
NH.C(CH,)2.CH,.C0.CH[3 [Cu(en-aib-j?ak)]‘+, XX, is formed1 ‘. Under basic 
conditions this compound is rapidly converted” to [Cu(rra~.s[l4]diene)12f. 

6,2+..H 
(NH NH’ 

/=u 1 
“4 

2 

/O 

XX [Cu(en-aib-&ak)]gf (4,4,9,11,11-Pentamethy1-1~amino-5,8,12-~-~tetradeca-8-ene-3-one)- 
cower(IU 

Bis(diaminoethane)copper(II) perchlorate reacts slowly with acetone at room 
temperature in the presence of diaminoethane to yield a mixture of [Cu(c&fl4]- 
diene)]’ f and [Cu(~~~[14]diene)]‘~. As with the equivaIent nickel(II) reaction 
the Iess soluble perchlorate of the cis complex crystal&es first”. The mechanism 
of the room temperature reactions are discussed in section (F,i). 

In a sealed tube at llO”, bis(diaminoethane)copper(II) perchlorate reacts 
with acetone yielding first the singly bridged complex [Cu(en-aib)J’+ and then the 
cyclic4 complex [Cu(~ra~[l4]diene~] ‘+. The reaction is catalysed by diamino- 
ethane. If the heating is continued too long much dark polymeric material is 
formed and copper metal is deposited. Yields are reported to he improved and 
polymer formation reduced if the dehydrating agent 2,2_dimethoxypropane is 
present2’. The cation [Cu(en-aib)12+ is also prepared by reaction of equimolar 
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amounts of [Cu(en-aib-&k)]2+ and fCu(en),]2+ in the presence of a trace of 
diaminoethanef’, or as the tetrachtorozincate by reaction of bis(diam.iuoethaue)- 
copper chloride with 1: 1 acetone:me;hanol at 100” in the presence of zinc 
chlorideg. 

[Cu(&rm[14]diene)](CIOJ2 occurs in two crystaliine forms, because of 
restricted inversion about the coordinated secondary amine centrcs. The “orange” 
form of Curtis and Blight is N meso and their “red” form N racemic (Section G). 

Bis(l,2-diaminopropane)copper(II) reacts with acetone at 100” in the pre- 
sence of 1,Zdiaminopropane as catalyst, yielding first the singly bridged product 
[Cu(pn-sib)]’ + and then the cyclic4 complex [Cu(Me,transt14]diene)12~. A single 
cyclic product was observed (c$ the nickeI@) reaction (C, i), but the yield was 
Iow and a minor product may have escaped detection. The same product is formed 
from the macrocycle dihydroperchlorate (F, ii) which gives the “orange” nickel 
complex and hence the copper and the “orange” nickel(U) complexes are 
assigned9 the same structure (C, i). 

Reaction of the copper compIexes of Z-methyl-2,3-diaminopropane4 (iso- 
bu~Ienedia~e), l,3-di~inopropane~3, t~ethyIenetetramine” and dipropylene- 
trianiinel 6 with acetone yields products analogous to those formed by the nickel(II) 
complexes of the amines, i.e. [Cu(ibn-aib)]2f, [Cu(l,3-pn-N-iprop)$+, [Cu- 
([16]diene)]‘*, [Cu([ 13]monene)]2 + and the Cu analogue of XV, respectively. 
[Cu(Mefrans[l4]diene)] ’ * has been prepared from the macrocycle (F,ii, iii). As with 
uicke&II) no reaction was observed with the copper complexes of nzesu or rat 

2,3-diaminobutane, 
Copper@) nitrate, acetone and ammonia react slowly to form the complex 

VIII, which has the same amine-imine bridge system as the other amine-acetone’ 
condensation products (J, v). 

The 2-hydroxyethylam~ne (ethauoI~ne) complex of copper(H) perchlorate 
or nitrate reacts with acetone to form a compIex of the linear tetradentate ligand 
XXI in which the amino groups have been linked by an amine-imine bridge24. 

XXI (4,6,6,-Ttiethyl-Ghydroxy-P-oxy-3,7-di-azanort-3-ene) copper (or -I-oxy-P-hydroxy-) 

(ii) ReacGon of various copper@.) amine complexes with a~~ha~i~ catbonyl com- 

pounds other than aceione 

Copper(lI) amine complexes, like their nickel@) analogues react most ra- 
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pidly with acetone. The methyl ethyl ketone analogue of [Cu(tmns[1~]diene)]2* 

has been described4. Attempts to react copper@) triethylenetetramine complexes 
with aldehydes led to extensive reduction of the copper and no cyclic complexes 
were isolated23. 

E. REACTIONS OF AMINE COMPLEXES OF METAL IONS OTHER THAN NICKEL(H) AND 

COPPER(I1) WITH ACJXONE 

Complexes of metal ions other than nickel@) and copper@) are conve- 
niently prepared from ~2(trans[14Jdiene)](CI04)2 or from (cis[14]diene) (Sec- 
tion (F, ii, iii). The following reactions of diaminoethane complexes with acetone 
have been reported. 

(i) Cobalf (II) 

Sadasivan and Endicott report a very air and water sensitive reaction between 
tris(diaminoethane)cobalt(II) perchlorate and acetone to yield initially a very 
readily hydrolysed crystalline product which was dehydrated by treatment with 
l,l,l-trifluoro-acetone to yield [Co(trans[14]diene)](C104)22s. The initial product 
showed a v(OH) band in the infrared spectrum and may have been a carbinol- 
amine intermediate. 

Tris(diaminoethane)cobalt(III) and a wide variety of bis(diaminoethane)- 
cobalt(III) complexes have been heated with acetone for periods of months, with- 
out any indication of reactiong. 

(iii) Platinum (II) and palladium (I.) 

’ There is some indication of an extremely slow reaction between acetone and 
the bis(diaminoethane) complex perchlorates to yield ([14]diene) compIexes26. 

(iv) Ii-on (II) and magnesium (II) 

The reactions of tris(diaminoethane)iron(II) perchlorcte and of bis(diamino- 
ethane)magnesium(II) perchlorate with acetone are discussed in section (F, ii). 
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F. REACTIONS YlELDING -El-RA-AZA-DIENE MACROCYCLES 

(i) Mechanism of the reactions oj diaminoethane complexes with acetone 

Bis(diaminoethane)nickel(II) perchlorate dissolves in acetone to form an 
orange, diamagnetic solution which rapidly changes to blue, over a period of hours, 

forming the /?-amino ketone complex [Ni(en$ak),] (ClO,),, XI, (C, ’ 5. Bis- 
(diaminoethane)copper(LI) perchlorate forms a magenta solution in acetone which 
changes to blue, again over a period of hours, as the complex CCu(en-sib-j?ak)]- 
(ClOJ,, (XX), is formed (D, i). 

The initial reaction of a primary amine complex with acetone would form 
an N-isopropylidene imine. Imine formation occurs by the mechanism shown 
(elucidated with the more stable aromatic Schiff bases), the carbinolamine inter- 
mediate often having appreciable stability 27. Imine formation could not occur with 
the amino group coordinated (for steric reasons and because of the reduced 

=v”’ - ‘T 2”’ 
R-P;< ‘o- R-Nd ‘OH i + 40 

R-N 

nucleophilic character of the coordinated amino nitrogen), and this is supported 
by the observed lack of reaction with non labile diamine complexes e. g. of 
cobalt(IIQg. Reaction probably occurs with transient species which have one amino 
group of the diamine detached from the metal ion, the imino group then re- 
coordinating. (Reaction of free diaminoethane is discussed below.) The next stage 
of the reaction appears to be formation of j3 amino ketones by an aldol reaction 
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between the coordinated ~-~o~ro~y~den~ imino group and an acetone molecule 

(reaction A). This species, which is fairly resistant to hydrolysis, would be stabilised 
by coordination of the ketone group. The alternative reaction B would lead to a 

fi imino.alcohol, which would be readily hydrolysed and effectively catalyse the 
formation of diacetone alcohol_ In the case of bis(diaminoethane)nickel(II) the 
bag-aminoketone) complex fNi(en-#%&)2f2 f is stabilised as a six coordinate com- 
pIex by coordination of the two ketone groups. The metal-ion spectrum suggests 
a structure with the oxygeas in cis position, such as XI, which prevents cyclisa- 
tion by intra-molecular imine formation. Cyclisation to yield mi(trans[l4]diene)]‘+ 
occurs rapidly in pyridine solution, but the formation of some [Cu(rrans[l4]diene)]’ f 
when the reaction was carried out in the presence of copper@) indicates that it is 
not a simple intra-molecular reaction 9_ In the case of bis(diaminoethane)copper(~, 
the tendency to form tetragonal compiexes probably restricts the four nitrogen 
atoms, with stronger donor properties, to a planar arrangement, with the ketones 
weakly coordinated in the axial positions. One imino group is formed readily, 
giving [Cu(en-aib-gak)J*’ and the remaining ketone group is more firmly held in 
an axial position. Formation of the second imino group occurs readily under basic 
conditions, yielding CCu(trunsC14]diene)12 +. 

It is a possibility that the reaction forming these complexes occurs via the 
small equilibrium concentration of free diaminoethane, the metal ions taking no 
part in the significant reactions, but merely coordinating the products. Reaction of 
diaminoethane with acetone at room temperature is very slow, a faint yellow 
colouration appearing in a 10% solution after a week, and gradually becoming 
darker. Initial reaction yieIds N-isopropylidene imines and these undergo further 
aldol reactions, analogous to those of the coordinated imino groups discussed 
above. For diaminoethane the more resistant Jl amino ketone is probably stabilised 
by formation of the Tyclic imine, dihydro diazapine, XXII_ However, reaction of 
ammonia with acetone yields’? the @-amino ketone (CH,),C - NH, - CO - Cl&, 
so this reaction may be generaf. A diaminoethane-acetone solution which has 
reacted for about a week at room temperature or for eight hours under reflux, 
reacts with copper(H) to yield the complex [Cu(en-aib-/3ak)J2+ which is also formed 
by reaction of bis(diaminoethane)copper(IQ with acetone after one day at room 

temperature or 30 minutes under retfux. Thus reaction of copper-coordinated 
diaminoethane with acetone yields the same products, but is faster than reaction 
of free diaminoethane by a factor of the order of 10. 

When tris(diaminoethane)nickel(Il) is dissolved in acetone the violet solution 
initially formed rapidiy (minutes) turns brown. This colour change is caused by a 
decrease in intensity of the three band spectrum of the [Ni(en),]2f cation and the 
growth of a band at 23,000 cm-’ charac~ristic of singlet ground state (SGS) NiN, 
complexes (Table 1). The product formed is probably the di-imine (the diamino- 
ethane analogue of XIV), since with 1,3-diaminopropane the di-imine complex 
crystal&s at this stage (C, i). The colour changes are reversed by the addition of 
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water, supporting the proposition that readily hydrolysed coordinated imino groups 

are present. Thus in the solution there will be coordinated diamino-ethane-imino 

groups, which will react further to form the /I-amino ketone and free diamino- 
ethane, which will react much more slowly. Similarly for his(diamlnoethane)- 

copper( the third mole of diaminoethane is probably largely “free”. Water 
resistant, but acid hydrolysed SGS species appear in the reacting solutions after 
about 30 minutes and steadily increase in concentration. The singly bridged species 
[Ni(en-aib-N-iprop)]’ t and [Cu(en-aib)]’ f can be isolated from the solution -at 
this stage 28. These are considered to be formed by raction of a coordinated 
/?-amino ketone molecule with diaminoethane. This is supported by the observa- 

tion that equimolar amounts of [Cu(en-aib-/3ak)]2+ and [Cu(erQ212’ react together 
in the presence of a trace of diaminoethane to form [Cu(en-sib)]‘+, and that 
diaminoethane will displace the /?-amino ketone from [Ni(en-/Iak)J” to form 

[Ni(en)J3 +. Reactionof wi(en-aib)]‘+with acetoneto form pi(en-aib-N-iprop)]*+ 
is extremely slow and water sensitive”, but is probably more rapid for the TGS 
diaminoethane adduct, since diaminoethane catalyses the reverse reaction. 

The non cyclic complexes [Ni(en-sib)]*‘, [Ni(en-aib-N-iprop)12+ and 
[Cu(en-sib)]* t react with acetone in the presence of diaminoethane to form the 

(ci.s[14]diene) complexes and it is reasonable to conclude that the cis macrocyclic 
complexes formed in the reaction of the tris(diaminoethane) complexes are formed 

via these species. When tris(diaminoethane)nickel(II) reacts with acetone in the 
presence a of molecular sieve [Ni(en-aib-N-iprop)] (ClO,), crystallises in about 30 % 
yield, about the same as the normal yield of the cis macrocyclic complex. (The 
molecular sieve apparently acts by removal of diaminoethane from the addact 

[Ni(en-aib-N-iprop)enlZt causing the sparingly soluble [Ni(en-aib-N-iprop)]- 
(CIO,), to crystalliseg.) Only one complex [Ni(en-aib-N-iprop)]2f has beeniso- 

lated and this probably has the imino grouping in trans positions as this arrange- 
ment is adopted by other di-lmine complexes of copper(III;; and nickel(U) where 
possible. An aldol reaction of the tram complex to form the @amind ketone, 
which then cyclises, would yield the cis macrocycle. 

The major products of these reactions are the (trans[14]diene) complexes, 
probably formed from the p aminoketone complexes [Ni(en-/3ak)2]2f and [Cu(en- 

aib+Iak)]*+, which are converted to the (trans[l4]diene) complexes in the presence 

of diaminoethane. 
It has been suggested that the reactions forming the (trans[l4]diene) macro- 

cyclic complexes are examples of “metal-ion template” reactions2g. However, the 
preparation of the critical p-amino ketone species by reaction of diaminoethane 

and acetone and the isolation of the macrosyclic salts (F, ii) shows that the 
metal ions are not necessary. T.he (cis[14]diene) macrocycle is formed only in the 

presence of metal ions, and this does appear to be a metal-ion template reaction. 
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Acetone undergoes base catalysed aldol dimerisatioa by the mechanism 
shown. In the presence of large amounts of amine, aldol type condensations will 
occur between imines, leading to fl amino imines. For example, acetone reacts 
with ammonia to form 2-me~yl-2-amino~-~rnino pentane (the imine of diacetone- 

amine)3 *. ~$3 Unsaturated ketones (e.g. mesityl oxide) readily undergo Michael 
addition with amines, yielding /3 amino ketones3’. The whole series of compounds, 
ketones, carbinolamines, imines, j3 keto amines, etc., are linked by reversible pro- 
cesses, with many equilibrium steps. Removal of any species from solution as a 
solid, or as a complex of some sort, may give high yields of that species by dis- 
placement of successive equilibria, regardless of the equ~b~um concentration. 
Thus amine hydroperchforates react rapidly with acetone to give the crystalline 

imonium perchlorate, usually in high yield-the reaction is fast because of the near 
optimum acidity, and the yield is high because of the insolubility of the product3’. 
Mesityl oxide znd diacetone alcohol are Iinked to the reaction system as shown, 
and the same product is obtained starting with acetone, diacetoae alcohol or 
mesityl oxide (or even with higher polymers such as phorone). 

The di-hydroperchlorate of diaminoethane yields the di-imonium perchlorate 
(CH3),C:NH - CH2 - CH, * NH: C(CH&(ClO,), by this reaction. The mono- 
hydroperc~lorate reacts exothermally with acerone, diacetone dlcohol or mesiwl 
oxide, to yieId a different product, formulated as [H,(trans[l4jdiene) (Cf0,&32_ 
This product is considered to be formed because of the insolubility of the per- 
chlorate salt, i.e. to be a function of tlze lattice energy of this salt, rather than any 
special icberent stability of the (tran.s[14Jdiene) macrocycle (see later for discussion 
of the stability of the macrocycle). Similar reactions occur with bromide, iodide or 
thiocyanate replacing the perchlorate ions. ‘The high lattice energy of the salts of 
the doubly protonated macrocycie is possibly related to an optimum coronation 
of this macrocycle for inter-nitrogen hydrogen bonding. An analogous macrocycie 
dihydroperchIorate, is formed with 1,2-diaminopropane, but not with f&diamino- 
propane which would form the (trans[l6]diene) macrocycfeg. 
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R --NH~ R-NH?._ TNT$z 

R-N OH 0 OH 

R-NH2 c~,/c~c,c” 

U 
R-NH+ GO; R--N NH-R 

The product of the di~~oetha~e HX/acetone condensation reaction c&d 
conceivably be the substituted dihydrodiazapine salt, formed by mono-molecular 
cyclisation of the diaminoethane j? amino ketone. The diaminoethane hydroper- 
chlorate/acetone condensation product yields pi(trans[l4]diene)]‘+ and the rat 

l,Z-dia~nopropane hyd~op~rch~orate/a~eton~ condensation product yields the 
orangedimethylanalogue ~~i(Me~~~ff~~[l4Jdiene)J’*, XXTI. These reactions do not 
exclude the possibility of dimerisation of the diazapine about the metal ion as the 
complex is farmed. However, reaction of equimolar amounts of diaminoethane 
and rat I,%diaminopropane hydroperchlorates with acetone yielded a perchlorate 
salt which exclusively formed [Ni(lHe tra&14]diene)]2*, (with one diaminoethane 
and one diaminopropane residue), whereas reaction of equal amounts of the 
separately formed diaminoethane and 1,2-diaminopropane condensation products 
yielded a mixture9 of pi(trans[ 14]diene)] ’ * and orange ~i(Mestrcms[ 14]diene)]’ +. 
This series of reacrions conf!irms that the diaminz hydroper&lorate/arRtone con- 
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densation reaction described by Curtis and Hay yields the (zrans[l4]diene) macro- 
cycle, which does not dissociate during the metal-ion insertion reaction. 

Acetone 

-1 

The condensation reaction proceeds with diaminoethane and mono-C-sub- 
stituted diaminoethanes, such as l,Zdiaminopropane, with acetone and with 
various methyl and CL methylene ketones. It does not proceed with 1,3-diamino- 
propane, and no equivalent reaction was observed with diethyienetriamine, dipro- 
pylenetriamine or triethylenetetramineQ. 

Sadasivan and Endicott report a reaction between acetone and anhydrous 
tris(diaminoethane)iron(II) perchlorate to yield [H2(trans[14]diene)](CIO&25. 
The product commenced to separate within a few hours and simultaneously a 
black precipitate formed. Access of air appears to be necessary for the reaction 
to proceed, suggesting that the iron diaminoethane complex may be the react- 
ing species. 

Fe(en)3(C10& + acetone $ air + ~&un.s[14]diene)] (ClO,), + oxide of iron + water 

It appears probable that the ferrous perchlorate in this reaction is serving 
as a buffered source of perchloric acid, and that the reaction should be classified 
with the acetone/diamine perchlorate reaction, rather rhan with the cobalt(II), 
nickel@) or copper diaminoethane complex/acetone reactions. 

When two moles of diaminoethane were added to anhydrous magnesium 
perchlorate dissolved in acetone a rapid, exothermic reaction occured and a mixture 
of magnesium hydroxide and [ZI,(trans[l4Jdiene)] (ClO,), crystallisedg. A me- 
chanism similar to that proposed for the iron@) perchiorate/acetone reaction is 
suggested. Addition of tris(diaminoethane)nickeI(II) perchlorate to an acetone 
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solution of magnesium perchlorate resulted in the crystallisation of [Hz(trans[14]- 
diene)] (CIO,),. 

Musbkalo and Shokol report a reaction between diaminoethane and mesityl 
oxide (equimolar quantities) when heated at 100” for 15 minutes. A product was 
separated by fractional distillation (b. 60”/3 mm) in 56% yield and formulated as 
the substituted dihydro diazapine, XXl130*33. From the base they prepared the 
perchiorate, picrate and quatemized derivatives. The melting point of the perchIo- 
rate is the same as the product of the diaminoethane hydroper~hlorate/acetone 
condensation and it appears that these salts are identical. It is therefore possible 
that the free base also exists as the (trans[llt]diene) dimer, although dimerisation 
of the diazapine upon salt formation could occur. 

The dihydroperc~orate of ~~~~~~[14]dien~~ is remarkably resistant to hydro- 
Iysis, and can be recrystallised unchanged from aqueous methanol or dilute aqueous 
ammonia25. It is hydrolysed by concentrated hydrobromic acid in two stages 
yielding first the dibromide of the /? amino ketone NH * CH, - CH, - NH2 - C- 
(CH,), * CH, - CO - CH, and finally diaminoethane (as the dihydrobromide)25. 
Hydrolysis of (&[14]diene) by dilute perchloric acid yields the dihydroperchlorate 
salt of the di-j?-ketodiamine34 XXIH, (F, iii). 

Sodium borohydride reduces the cyclic diene to the cyclic tetramine25 (pre- 
sumably yielding a mixture of the optical isomers (tet a) and (tet b)). 

It should be noted that diamine di-hydroperchlorates can detonate extremeIy 
violently when heated to about 200”, and care should always be exercised in their 
preparation. The macrocycle per&orates decompose non-violently when heated. 

Powell has described the preparation of solutions of the free base (&[14]- 
diene) by treatment of [Ni(&]l4]diene)] (CIO,), with potassium cyanide in dry 
methanol. Ether was added and the precipitated KC104 and X,Ni(CN),, filtered 
off, leaving a solution of the free base34. (?rans[l4]diene) can be prepared simi- 
larly6’. 

(iii) Preparation of metal-ion complexes from the macrocyclic ligand 

Metal ion complexes of (tmnsfl4]diene) can readiIy be prepared from 
[H~(~~~~~[l4]diene)] (CiO4)2. Sadasivan and Endicott reacted the macrocycfe per- 
chlorate with rhe carbonates of cobah( nickel@%), copper(U) and zinc(H) in 
methanol/water _ *s Higher yields have been obtained by reaction with the metal 
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acetates in methanol’. Cobalt(III) complexes have been prepared by reaction with 
Na&o(COs)s, and by oxidation of solutions prepared by reaction withcobalt 
acetate or carbonate. ~d(rrans[l4&liene)] (ClO,), has been-prepared by reaction 
of the macrocycle perchlorate and H,PdC14’ and there appears no reason why 
the range of complexes should not be extended. 

The direct preparation of the (&mts[14]diene) complex by reaction of the 
meta diamine complexes with acetone is applicable only for nickel(U) and cop- 
per(U), but even here the preparation via the macrocycle is often advantageous, 
as the need for separation from the cis isomer is avoided. For complexes of macro- 
cycles derived from carbonyl compounds other than acetone the direct reaction is 
extremely SIOW and preparation from the appropriate macrocycle perchlorate is 
preferable. 

Metal ion complexes of the ([14]diene)s can also be prepared from the ma- 
crocycle, released from the nickel(lI) complex by reaction with cyanide (H, iv). 
For (trans[14]diene) complexes this method is less convenient than preparation 
from the macrocycle perchlorate. For (cis[l4Jdiene) complexes, preparation via 
the free base is the only method available, since only for the diaminoethane- 
nickel(U) (or copper(II))/acetone condensation is the cis isomer formed. Love and 
Powell describe the preparation of [Zn(cis[l4]diene)]ZnCl., CH,OH, [Fe(cD[14]- 

xH4! XXPI 

XXIII 4,4,9,9-Tetramethyl-5,8-di-aza-duodeca-2,l I-dione 

XXIV 3,5,7,7,12,12,14 Septamethyl-l,4,8,11-tetra-azacycltetradeca~,14-diene copper(U) 

XXV (6,8,8,13,13,15-Hexamethyl-1,5,9,12-tetra-azacyclopentadeca-5,15-diene)nickel(II) (or cop- 
per(W) 

XXVI (4,4,9,9-Tetramethyl-2,1l-di-imino-5,8-di-azaduodecane) nickel(H) (or copper (II)) 
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die@] FeCl,, H2034, and cobalt@) (cis[l4]diene) complexes with the stable 
[(cis[14]diene)Co”-Cou(c~s[14]diene)]4’ moiety3’ (I, iii). 

Love and Powell report the isolation of the di /3-keto diamine XXIII as the 
perchlorate salt, by treatment of (&[14]diene), or its Fe”’ or Znrr complexes, with 
dilute perchloric acid. By reaction of this compound with diaminoethane in the 
presence of metal ions they were able to reform (cis[l4]diene) complexes. Reaction 
with 1,2-diaminopropane in the presence of copper(H) gave Cu(Me&[l4]diene) 
XXIV, and reaction with copper(H) or nickel(H) plus 1,3-diaminopropane gave 
the M(c~~l5]diene) complexes, XXV_ With ammonia the linear tetradentate com- 
plexes XXVI of copper(I1) and nickel(U) were formed34. 

G. ISOMERISM ASSOCIATED WITH RESTRICTED INVERSION ABOUT THEl COORDINATED 

SECONDARY AMINE CENTRES 

Each of [Ni(rrans[l4]diene)]“’ and [Cu(rrans[14]diene)]2t exists as a pair 
of interconvertible isomers. For [Cu(trans[ 14]diene)] (ClO& the phenomenon was 
originally attributed to polymorphism4. For ]Ni(trans[14]diene)]2” the isomerism 
was shown to persist in solution and the perchlorates, tetrachlorozincates, thio- 
cyanates, etc. of the isomers were isolated6*7*36. By X-ray crystallographic studies 
of the perchlorates (J, v) Bailey and Maxwell showed that the isomerism was 
attributable to restricted inversion about the secondary amiae centres, the a mo- 
d&ation of reference 6 being the racemic form and the /3 modification the mero 
form3’ . Rose, Warner and Busch came to the same conclusion by N.M.R. studies 
(J, iv) and by partial resolution of the racemic form on a starch column7.36. 
[Ni(meso trans[l4]diene)] (CIO,), and the “orange” modification of [Cu(trans[l4]- 
diene)] (ClO,), are isostructural and therefore the “orange” form is considered to 
be meso, the “red” form racemi&. Other examples of isomerism attributed to re- 
stricted inversion about coordinated secondary amine centres have been reported3 ‘_ 

In solution the rate of isomerisation depends on the solvent, temperature, 
anion (or added electrolytes) and on the pH. In aqueous soiution the rate of equi- 
libration of wi(trans[l4]diene)]’ L is very slow (days) at room temperature, rapid 
at 100” and retarded by acid. 

Only the racemic forms of fNi(cis[ 14]diene)12+ and [Cu(&[ 14]diene)]“* 
have been observed, in line with the suggestion of Bailey and Maxwell that a cis 
Meso arrangement, with both gen? methyl groups on the same side of the molecular 
plane, would be very crowded3’. 

Orange ~i(Mezrrans[14]diene)] (ClO,),, formed by reaction of tris(rac 1,2- 
diaminopropane)nickel(II) perchlorate with acetone, or from the macrocycle pre- 
pared by reaction of rat 1,Zdiaminopropane hydroperchlorate with acetone (F, ii) 
is centrosymmetric (J, v) and therefore must have zueso arrangements of both the 
asymmetric carbon and nitrogen centres. The copper analogue, prepared by 
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simi.Iar reactions (D, i) forms a red perchlorate salt, very sMa.r to the racemic 

modification of [Cu(trans[l4Jdiene)] (ClO.& and is therefore probably racemic. 
(The copper and nickel compounds have dissimilar X-ray powder diffraction 

patterns)p. 
The two forms of tram [Co(trans[14]diene)C12J+ reported by Endicott and 

co-workers3 g are presumably complexes of the meSa and racemic forms of the 
macrocycfe (I, v). 

gimilar isomerism, attributed to restricted inversion about coordinated sec- 
ondary amine groups, has been observed for cis and irrms ~i([l4]monene)J’~, 
and complexes of the four ([14]tetramines)p_ 

H. CHEhfICAL REACTIVITY OF THE METAL ION COMPLEXES 

(i) Acid hydrolysis 

Nicker(H) and copper complexes with coordinated N-isopropyhdene 
imino groups such as the non-cyclic complexes formed by reaction of the 1,3- 
di~~opropane (XlV) or dipropylene~~e (XV) complexes with acetone (C, i 
and D, i) are readily hydrolysed by water, as observed for analogous complexes 
formed by other ketones such as VII. The N-isopropyhdene imino groups of 
complexes such as jNi(en-sib-N-iprop)]* + are hydrolysed extremely slowly in 
aqueous solution, yielding e.g. mi(en-sib)]* + and acetone. The reaction is so slow 
that Q%(en-aib-N-iprop)] (CIOJ, can be recrystalhsed from boiling water without 
appreciable loss’. The rate of hydrolysis is much increased in the presence of 
diaminoethane, probably indicating greater lability of the imino group for the 
TGS octahedral diaminoethane adduct “. These complexes are hydrolysed slowly 
by dilute acetic acid (but more rapidly than amine-in&e bridged compounds with- 
out the N-isopropylidene group) yielding acetone and mesityl oxide as the car- 
bony1 compounds. 

Amine-imine bridged complex cations such as fNi(en-aib)]2i are stable to 
water, but are slowly hydrolysed by dilute acetic acid and rapidly by dilute mineral 
acids. The TGS diaminoethane adduct mi(en-aib)en)“’ is slowly hydrolysed in 
aqueous sc!ution* ‘. In view of the resistance to acid hydrolysis of the cyclic 
complexes, below, it seems probable that acid hydrolysis occurs by stepwise proto- 
nation and unrolling of the linear tetradentate ligand, rather than by attack on the 
imino groups, yielding the protonated /3 amino ketone NH,.CH,.CH2.NH,.C- 
(CH,),.CH.CO.CH,. jl Amino ketones are hydrolysed by an acid catalysed reversal 
of the Michael addition yielding the protonated amine plus as @ unsaturated 
carbonyl compound (e-g_ mesityl oxide from acetone condensation products)40. 
For the singly bridged nickel@?) analogzie of IX formed with di~oethane and 
isobutyraldehyde (C, ii), the fi amino ketone formed by hydrolysis cannot form 
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an u/3 unsaturated carbonyl compound by amine elimination. Hydrolysis yields 
isobutyraldehyde, possibly via the non-conjugated unsaturated aldehyde aa- 
dimethyl-/I-isopropylidene acrolein, which is readily hydrolysed to isobutyr- 
aldehydez3. 

The complexes pi(trans[14]diene)]2+ and [Ni(cis[14]diene)12+ are very re- 
sistant to hydrolysis, being unaffected by boiling dilute mineral acids. (They are 
oxidized by nitric acid (II, iii). They are slowly decomposed by boiling concentrated 
sulphuric and perchloric acids, but this is probably a result of the oxidising ability 
of the acids. Boiling dilute mineral acids hydrolyse the other heterocyclic nickel 
complexes, [Ni([13]monene)12+ over a period of hours, [Ni([15]diene)12+ and 
[Ni([16]diene)12+ in minutes”. 

One explanation for the readier hydrolysis of the [15] and [16]diene com- 
plexes is that the C: N groups are not as effectively shieIded by the remainder of the 
compact “doughnut” macrocyle. It is perhaps significant that the rate of hydrolysis 
for [Ni([16]diene)12’ which has both diaminoethane residues replaced by 1,3-di- 
aminopropane residues, is approximately twice as great as that for [Ni([15]diene)]2+. 
The suggestion that the reactivity is a consequence of the lack of shielding of the 
imine groups receives some support from the hydrolytic properties of some[Ni- 
([13]monene)]2f analogues formed with various aldehydes. The compounds which 
have no methyl groups adjacent to the C:N groups are hydrolysed by acid more 
rapidly than their acetone-condensation analogues which have an adjacent methyl 

group - ” The ([14]diene) cyclic ligand with a 5,6,5,6 chelate ring system is a less 
strained system than ([13]monene) (5,5,5,6), [15]diene) (5,6,6,6) or ([16]diene) 
(6,6,6,6) and this factor may contribute to the ease of hydrolysis of the complexes 
of the latter macrocycles by making the complexes thermodynamically less stable 

The ([lS]diene) and ([16]diene) nickel(II) complexes are also hydrolysed by 
hot dilute base. The ([14]diene) complexes are not hydrolysed by base, but in 
strongly basic media red deprotonated species are formedg. 

The copper compounds are hydrolysed slightly more readily than their 
nickel@) analogues and in particular the cyclic complexes are speciscally attacked 
by concentrated hydrochloric and hydrobromic acids, apparently via an interme- 
diate with coordinated halide, since a dark colouration develops when the acid 
is added4. 

The imine groups of the macrocycle in trans [Co(trans[l4]diene)Cl,l+ are. 
reported to be slowly hydrolysed in hydrochloric acid solution3’. 

(ii) Reduction 

The coordinated imino groups of the macrocyclic nickel(E) complexes can 
be reduced to give coordinated secondary amine groups. For the fourteen mem- 
bered macrocycles, hydrogen (platinum catalyst), sodium borohydride, nickel alu- 
mlnlum alloy in basic solution and cathodic reduction have been found effective4143. 

Cuordin. Chem. Rev., 3 (1968) 347 



28 N. F. CURTIS 

For fNi([13]monene)]2+, &li([15]diene)J2* and [Ni([l6]diene)]?’ catalytic hydro- 
genation is the only satisfactory method 44 Under carefully controlled conditions _ 

the diene complexes can be half reduced yielding cyclic triamine-monimine com- 
pIexef3 e.g. mi(trans[14]monene)]z +. 

Reduction of each of the ~j(~~4~die~e)~‘~ complexes yields two isomeric 
cyclic tetramine complexes (the products from [Ni(ltrans[141diene)]2f have been 
designated [Ni(tet a)12 * and pi(tet b)]’ t41 and the pair from [Ni(cis[l4]diene)]“, 
[Ni(tet c)j2 ’ and @i(tet &)I2 t42, and this less cumbersome nomenclature will be 
used). The attribution of this isomerism to the ~trodu~tio~ of two asymmetric 

41 carbon centres during reduction has been conikmed by X-ray crystallography 
for the (tet a)-(tet b) pair, (tet a) being (C meso trans[l4Jtetramine) and (tet 6) being 
(C rae ~~a~s~~4~te~a~~e) (.J, v). The pair of cyclic amines (tet h) and (tet d) are 
able to form cis octahedral complexes (I, i) and it appears probable that (tet d) 

monene NC 
OIL 
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like (tet b) is asymmetrical about the molecular plane Le. (tet d) is (C meso cis- 

[14]tetramine) while (tet c) is (C rat ci.s[14]tetramine). The relative yields of the 
two isomers varies with the reducing agent e.g. for jNi(zrans[l4]diene)]‘+, 22% 
[Ni(tet b)12’ was obtained with alkali and nickel ahuninium alloy, 33 % with 
hydrogen and platinum catalyst, and about 40% with borohydride41*43. When 
mi([ 15]diene)]’ c and mi([16]diene)lzf were reduced only one product WE ob- 
fained, but these reductions were carried out on a small scale and a second isomer 
produced in low yield may have escaped detection44. 

The [Ni([14]tetramine)]2C complexes are chemically very stable, e-g_ being 
extremely resistant to acid attack, but react with cyanide to yield the free cyclic 
amine, plus the tetracyanonickelate ion 41*42. The four isomeric ([14]tetramines) 
c_ystallise as hydrates, but the other amines have not been obtained crystalline. 
A similar phenomenon was observed for the nonsubstituted cyclic tetramines, 
prepared by standard organic techniques by Stetter and Mayer4’. 1,4,8,11-Tetra- 
azacyclotetradecane, cyclam, (the analogue of the ([14]tetramines) without the six 
methyl substituents) crystalhsed readily but amines with other ring sixes had much 
lower melting points. It was suggested that N . . . H-N intermolecular hydrogen 
bonding is most efficient for the fourteen membered cyclam ring45*46. The cyclic 
tetramines, prepared by decomposition of the nickel complexes with cyanide, can 
be used to form complexes with a variety of metal ions41*47V48. 

Attempts to reduce the copper(H) analogues have been unsuccessful, de- 
composition occurring with deposition of copper metal. Since the copper cyclic 
tetramine complexes can be prepared readily from the free amines these reductions 
have not been studied in detail. The cobalt(III) complexes [Co(?rans[14]diene)X,]+ 
are usually reduced by Zn/Hf or by BH,- to yield the cobalt(H) (trans[l4]diene) 
complexes. [Co(trans[l4]diene) (CN),lt is exceptional, BH4- reducing the imino 
groups yielding [Co”‘(tet a) (CN),]‘“‘. 

{iii) Oxidation 

Strong oxidising agents such as acid permanganate and peroxydisulphate 
completely destroy the ligand of these macrocyclic complexes. The [Ni([ 14]diene)12+ 
complexes are oxidised by nitric acid to give cyclic tetra-imine “tetene” complexes, 
e.g. [Ni(trans[l4]tetene)]‘+ and [Ni(cis[14]tetene)12+ 13. The crystal structure of 
one modification of [Ni(cis[l4]tetene)] (ClO4)s has been determined by Bailey and 
Maxwell, confirming the structure shown (J, v). The tetene complexes are readily 
reduced by borohydride or hydrogen (platinum catalyst), to give first the original 
diene complexes and finally the tetramine complexes. Milder reducing agents, such 
as sulphurous acid yield the trieae complexes and hypophosphorous acid yields 
first the triene and finally the diene complexes. The tetene complexes are stable to 
acids, but in basic solutions undergo an irreversible slow reaction to yield intensely 
coloured products, violet for pi(cfs[14]tetene)]2+ and green for fNi(trans[14]- 
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tetene)12 + . The violet 12s compound is stable, but the green material in solution is 
slowly oxidised on exposure to the air. From the increase in intensity of visible 
light absorption some cf the C:N groups may have migrated to increase the con- 
jugation, or addition of hydroxide to the C:N bonds may have occurred, as sug- 

gested for the related compound XXVII (below). 
The ([14]tetene) complexes are closely related to the macrocyclic complex 

XXVII, described by Melson and Busch, formed by the self condensation of fou’r 
moles of o-aminobenzaldehyde in the presence of nickel@) ions. This complex is 
also stable to acids, but reacts with bases4’. 

The mi([l4]tetene)]’ f complexes can also be prepared by nitric acid oxida- 
tion of the pi([14]tetramine)]2f complexes. Under mild conditions (warm dilute, 
or cold concentrated nitric acid) nickel(II1) tetramine complexes can be isolated, 
e.g. wi(tet a) (NO&] (CIOJso_ It thus appears probable that the oxidation reac- 
tions yielding the tetene complexes occur via the Ni”’ complex as intermediate. 

The complexes [Ni([13]monene)]2f, [Ni([lS]diene)]‘+, lNi([16]diene)IZf 
and all copper(I1) analogues are apparently destroyed by the rather violent condi- 
tions of the nitric acid oxidationg. 

(iv) Reactions with cyanide ion 

The macrocyclic nickel(E) and copper(I1) complexes react with cyanide to 
yield the tetracyanonickelate(I1) or cyanocuprate(1) ions plus the macrocycle41*42*5L 
The macrocycleswith imino groups are readily hydrolysed and the products isolated 
depend on the conditions. Thus under anhydrous conditions the reaction of cyanide 
with the [Ni([14]diene)12+ complexes yields solutions of the macrocycle which can 
be used to prepare complexes of other metal ions (F, iii). The addition of acetic 
acid to the solution resulting from the reaction of INi(tra~sl4]diene)] (CIO,), and 
sodium cyanide in me+&anol causes crystallisation of w,(trans[l4]diene)] (CN), 
(sparingly soluble dihydrocyanides are formed by the ([14]tetramines) alsog). In 
water, the diene macrocycles are hydrolysed, yielding first the /? amino ketone and 
tially diaminoethane plus mesityl oxide3*‘. 

Addition of cyanide to aqueous solutions of jJVi(rac trans[14]diene)12’ causes 
a colour_change from orange to pink, the colour then fading over a period of 
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minutes as pale yellow Ir\ri(CN),]‘- is formed. The pink colouration was shown 
to be due to a TGS monocyanide adducf formation constant of the order” of 10. 
The racemic isomer is less hindered on one side of the molecular plane and is thus 
suited to formation of five-coordinate adducts. No TGS adducts were observed 
with @i(meso rrans[14]diene)]2f or [Ni(cis[14]diene)12+ but the overall decom- 
position reaction occurs at about the same rate for the three isomers6. Solutions 
of [Ni([lS]diene)]” and [Ni([16]diene)12+ both change from orange to pink in 
colour on addition of cyanide (the formation constants of the cyani&.8dducts 
appearing to be larger than for wi(rac trans[14]diene)12’), the colour then fading 
as for the ([14] diene) complexes”. 

Addition of cyanide to solutions of a variety of macrocyclic copper(U) com- 
plexes causes a colour change from magenta to blue, the colour then fading over 
about a day as colourless cyanocuprate(1) complexes are formed. For several cases 
the blue colour was found to be due to the formation of monocyanide adducts with 
formation constants’i ranging from 300-900. 

(v) Reactions with ammonia 

The non-cyclic nickel(U) complexes [Ni(en-aib)]2i and [Ni(en-aib-N- 
iprop)12 + undergo a variety of reactions with ammonia. In the solid state the 
powdered perchlorate salts absorb two moles of ammonia gas to form violet TGS 
di-ammine adductsgvs2. The ammonia is rapidly lost on exposure to the atmo- 
sphere_ In dilute aqueous solution violet TGS ammine adducts are formed. In con- 
centrated aqueous ammonia a “disproportionation” type reaction occurs, yielding 
pi(trans[ 14]diene)] 2+ G. When ammonia gas is passed into a solution of the per- 
chlorate salts in methanol a complex series of colour changes occurs, and [Ni- 
(NH3)6] (CIO,), crystallises52. 

(vi) Iso topic exchange 

Bums found no exchange of nickel ion between several of the amine-imine 
complexes and NiaqZf labelled with 63Ni in aqueous sdlutions2. Very slow ex- 
change occurred between the complexes and mi(en),12’ similarly labelled in 
aqueous ammonia solution. The non-cyclic complexes /?li(en-aib)12+, [Ni(pn- 
aib)12+ and wi(ibn-aib)12+ exchanged much more rapidly than mi([14]diene)12+ 
in the presence of ammonia but slow decomposition of the non-cyclic complexes 
under theseconditions complicated the reaction 52. The studies on [Ni([ 14])diene)12 f 
were carried out before the existence of the cis and trans isomers was realised and 
hence it is not known whether the studies were on a single isomer or a mixture 
of the two. 

The secondary amine protons exchange rapidly with deuterium in basic 
D,O, the exchange being inhibited by acid. Warner, Rose and Busch report that 
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the methyl and methylene protons adjacent to the imino group of the isomers of 
&Ii([l4]diene)]’ f exchange for deuterium in basic Dz07*36. 

I. COMPLEXES OF THE TE=l-hl-AZA CYCLIC DIENES WITH COORDINATION NUMBERS 

ABOVE FOUR 

(i) iVickel(ll) compounh 

Almost all the salts of the ([13]monene), ([14], [15] and [16]diene)nickel(II) 
complex cations are square planar, (diamagnetic, SGS), as are their solutions even 
in solvents of high coordinating ability. For small ligands, SGS square planar 
nickel(H) complexes are formed by high ligand field ligands, such as cyanide, but 
spectroscopic measurements (J, iii) show that these macrocycles have ligand field 
strengths comparable with bis(diaminoethane), which forms mainly octahedral 
TGS derivatives. 

The two main factors determinin g the relative stabihty of SGS square planar 
and TGS octahedral arrangements by tetra-amines are the blocking of the axial 
coordination sites by substituents, and the extent of strain in poly-chelate ring 
systems. For bis(C-methyldiaminoethane)nickel(IJ) complexes the tendency to 
form SGS salts and SGS species in solution increases with increasing P‘buhc” of 
the ligand, but axial methyl groups have a much greater effect than equatorial 
ones. Hence this tendency increases in the sequence: diaminoethane c l,Zdia- 
minopropane < rat 2,3-diaminobutane(0) < I-methyl-2,3-diaminopropane N 
meso 2,3_diaminobutane (2) < 2,3-dimethyl-2,3-diaminobutane (4) (Number of 
axial methyl groups for the bis complexes in parenthesis). These observations in- 
dicate that for these diamines crowding of the axial sites is the factor determining 
the relative stability of the SGS planar and TGS octahedral species, rhe latter with 
t?.g. water or an anion coordinated in two sites. The [Ni([14]diene)12+ structures 
reported (J, v) reveal considerable crowding of the axial sites by methyl groups, 
indicating that this is an important factor for these macrocyclic complexes_ 

Models suggest that for the cyclic amine cyclam with a 5,6,5,6 chelate ring 
system there should be little difference in total strain between planar (square planar 
or trans octahedral) and folded (cis octahedral) arrangements, but the former are 
most common53. The ([14]tetramines) have the cyclam chelate ring system but 
interactions involving the six methyl substituents affect the arrangements adopted. 
The C meso bans isomer (tet a) has the more symmetrical structure and only square 
planar and frans octahedral derivatives have been prepared41*43*54--56. Most 
derivatives have a centrosymmetric C meso N meso N meso arrangement (similar to 
that found for Ni(cyclam)Cl,) (J, v) but isomeric forms with different arrange- 
ments of the asymmetric nitrogen centres have been observed. The C racemic 
isomer (tet b) is unsymmetrical about the molecular plane, and commonly adopts 
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a cis octahedral arrangement with the macrocycle folded41*43*48*54 (e.g. [Ni(tet b)- 
CH,COO]ClO,, (J, v). 

The (irans[l4]diene) macrocycle is symmetrical about the molecular plane 
for the N meso isomer and more crowded on one side of the molecular plane for 
the N racemic isomer. The only TGS octahedral derivatives known for the racemic 

isomer is (@i(rac trans[ 14]diene)]&04) (ClO,),, with the macrocycle folded and 
with the oxalate ion functioning as a bridging bichelate”. A recent crystallo- 

graphic study of a bis(diaminoethane) analogue, ([Ni(en,]C,O,} (NO,),, has con- 

firmed the structure with 

P-i-p\ 
Ni Ni 

b-cQ 1 
groups as postulated in reference 5758. The only known TGS derivatives of the 

meso isomer are metastable N-coordinated Ni@zeso trans[l4]diene) (NCS), (pre- 

pared by recrystallisation from chloroform and reverting to the stable SGS form on 
exposure to the atmosphere)7*36 and mi(meso trans[ 14]diene)]Xi(CN),, H,Og, 

(a polymer with cyanide bridges) both presumably with frans arrangements. No 
TGS derivatives of Ni(cis[l4]diene)‘+ are known’. The occurrence of mani TGS 
derivatives of the tetramines and so few of the cyclic dienes is probably a con- 
sequence of the greater flexibility of the saturated tetramine macrocycle, which 
permits distortion to accommodate additional ligands with less strain (J,v). 

Both ~i([15]diene)]2+ and mi([l6]diene)]‘+ form TGS thiocyanates and 

tetracyanonickelates23, while no TGS derivatives of [Ni([13]monene)12+ are 
knownQ. 

The linear tetradentate amine-imine complex [Ni(en-aib)12 t and [Ni(en-‘sib- 

N-iprop)12 + occur as SGS perchlorates and aqueous solutions, but form a variety 

of TGS salts (e.g. []NO2ClO4, []2C204(C10a)z5’. nBH,C10443, u(NCS), etc., 
and form amme adducts such as [](NH3)2(C104)2 and []en(C104)2Q. The bis 

nickel(H) complexes of the bidentate ligand 2-amino-2-methyl4iminopentane, 
formed by reaction of nickel ammine complexes with acetone, occurs as SGS salts 
with most anions. The thiocyanate has a TGS, and TGS adducts are formed with 
some aromatic basessy5’. 

(ii) Copper(H) cornpozmdk 

Solution spectra of the [Cu([14]diene)12+ perchlorates vary with the solvent, 
the characteristic single band of the Cu” ion shifting from 20,400 cm-’ in acetone 

(magenta) to 19,500 cm -’ in dimethylformamide (blue)“. This shift of the band 

to lower energy is indicative of axial interactions with the solvent, and in cbn- 
firmation, blue di-aquo and dimethylsulphoxide adducts can be isolated for the 
trans isomer4*g. Addition of ammonia to aqueous solutions causes a colour change 
from magenta to blue, and a blue di-ammine can be isolated, for the trans isomer. 
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These adducts provide a convenient source of the isomers, the di-ammine, like the 
di-hydrate, yielding the racemic (red) form on heating, while the dimethylsulphoxide 
adduct yields the nze.so (orange) form when washed with ethanol. 

Interaction can occur with anions also, and blue mono cyanide adducts are 
formed in aqueous solution (H, iv). A crystalline cyanide derivative {[Cu(trans- 
[14]diene)]&N) (CIO,)s was isolated and assigned a dimeric structure with a 
cyanide bridging groupie. For [Cu(trans[14]diene)]2+ the blue chloride, bromide, 
chloride perch!orate and bromide perchlorate have been prepared, and are con- 
sidered to have five coordinate structures ‘. The mauve di-thiocyanate has S bonded 
thiocyanate (v(CS) at 727 cm- ’ , cf. S bonded Cu(eu),(SCN)2)g. SimiIar, but more 
soluble, derivatives with coordinated anions are formed by [Cu(cis[ 14]diene)12 t ‘. 

(iii) Cobalt (II) compounds 

Love and Powell prepared cobaIt(I1) (cis[14]diene) complexes by reaction of 
the free base (F, ii) with cobalt(H) salts 35. Dimeric formtdae with a cobalt- 
cobalt single bond were proposed for orange brown [(H20) (ci.s[14]diene)Co- 
Co(cis[l4]diene) (H,O)] (CIO,),, Hz0 (&r = 4.7 B-M.); green [(SCN) (cis[l4]- 
diene)Co-Co(cis[14]diene) (NCS)]Co(NCS),,H,O; yellow [(CN) (ci.s[14]diene)Co- 
Co(cis[14]diene) (CN)] (CIO,),, &r = 0.84 B-M.); and (X,CoX) (cis[14]diene)- 
Co-Co(&[l4]diene) (XCoX,), 2H20 (X = Cl-, blue-green, X = Br, yellow green). 
The moiety [(cis[14]diene)Co-Co(c~~[l4]diene)l4f is reported to have high chemical 
stability towards acid, alkali and metal ion reagents3’. An X-ray crystahographic 
study of the cyanide derivative is in progress60. These compounds, unlike the 
cobalt(H) (trans[ 14]diene) derivatives, are resistant towards oxidation to cobalt(III). 

(iv) Cobalt(M) compounds 

Cobalt(It1) complexes of (trans[l4]diene) reported by Endicott and co- 
workers include the cis complex with chelate carbonate, and various frans com- 
plexes 25~3g. Trans[Co(trans[l4]diene)Cl,] (CIO,) was obtained in two forms, de- 
signated “a” and “b”3g. The cis derivative [Co(trans[l4]diene) (CO,)] (CIO,), by 
analogy with the cis nickeI(I1) oxalato derivative, probably contains the N racemic 
isomer of the macrodycle (Section G)_ Treatment of this carbonato derivative with 
hydrochloric acid yields the “a” dichloro derivative and hence the “a” series is 
probably N racemic and the “b’ series N mesog. 

(v) Zinc(H) compound 

Sadasivan and Endicott report the preparation of the zinc(H) complex 
[Zn(rrans[l4]diene) (Cl) (H,O)] (CIOJ from H,(tuans[l4]diene)] (CIO,), (formu- 
Iated as hexacoordinate without experimental justi&zation)25. 
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J. PHYSICAL PROPERTIES 

(i) Ultraviolet Spectra 

The nickel(I1) complexes have a strong band near 49,000 cm- ‘, a - 20,000 

and a weaker band near 36,000 cm-‘, E N 5,000’~‘“. The 36,000 cm-’ band is 
lost when the imino groups of the cyclic complexes are reduced, forming cyclic 
amine complexes, and was therefore assigned to transitions involving the azo- 
methine chromophore, and the 49,000 cm - 1 band which remained was assigned 
as a charge transfer transition41. The copper@) complexes show similar ultraviolet 

spectra, with bands at 38,000 cm-‘, E - 6,000, and at -50,000 cm-‘, E - 10,000, 
but in this case it is the lower frequency band which remains in the spectrum of 
the cyclic amine complex and therefore was assigned as the charge transfer transi- 
tion4*41. The cobalt(III) (trans[lLt]diene) complexes have charge transfer bands 
near 46,000 cm-’ 25*3g. 

(ii) Infrared Spectra 

The infrared spectra of the macrocyclic ligands are complex. The complexes 
which have coordinated secondary amine groups have band/bands in the vicinity 

of 3,200 cm-’ assigned as v(NH). The frequencies are raised by increasing the 

coordination number, and decreased by hydrogen bonding interactions, (e.g. for 
[Ni(rac trans[l4]diene)]’ t ; ([]zC,O4} (C104),, 3255, 3250s7; [] (ClO4)2, 31706; 
[]ZnC14,H,0, 3110 (hydrogen bonded to a water molecule?)6 ; [] @KS),, 3085. 

2870 (hydrogen bonded to NCS-)61 ; and for [Cu(rac trarr.s[14]diene)12+ ; [] (ClO,),, 

3205; {[]Cl}ClO,, 3242 cm -’ g. The frequencies observed for Co”’ derivatives, 

-3200cm-‘3g, are similar to those observed with derivatives of divalent ions, not 
showing the usually observed displacement to lower frequency with increasing 
charge on the central ion. A similar effect has been observed for the complexes of 

the cyclic tetramine (tet a)47. 
The coordinated methyl imino groups absorb at - 1660 cm- ’ while the 

a hydrogen imino groups of ([14]triene) and ([14]tetene) ccmplexes absorb at 

- 1675 cm- ’ I3 The ([14]triene) and ([14]tetene) complexes are also distinguished . 
by sharp bands at - 3070 cm-’ assigned to v(CH) of vinyl hydrogen atoms13. The 
remainder of the spectra are complex and vary with the anion. Marked changes 
occur with different ring conformations and the infrared spectra in the region 

1350-750 cm-’ p;ovide a convenient method of identifying isomeric compounds 

(e.g. rat and n~so iXi(trans[14]diene)]2+ and [Ni(cis[l4]diene)]‘+ 6. Band positions 
for some (transjii]diene) complexes of Con, Com, Ni”, Cu’r and Zn” are tabulated 
(together with some spectra), by Endicott and co-workers25*3g. Warner, Rose ard 

Busch report the spectra of deuterated [Ni(trans[l4]diene)]*+ cations36. 
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TABLE 1 

Band 
Max -mumb 

Reference 

(meso tram [14]diene) 23.0 (101) 6 
(rat trans [14]diene) 23.2 (93) 6 
(rut cis [14]diene) 23.0 (108) 6 
(tet a) 21.7 (79) 41 
(cr tet b)’ 22.6 (70) 41 
@ tet b) 22.2 (104) 41 
@et c) 22.5 (111) 9 
(cyclam) 22.1 (68) 53 
(Me= trun.s[14jdiene) “orange” 22.9 (78) 10 
(Mq rrans[l4]diene) “yellow” 23.7 (95) 10 
([15]diene) 22.1 (131) 17 
([lqdiene) 22.8 (100) 14 
([16]tetramine) 22.2 (106) 44 
([13lmonene) 23.8 (110) 15 
([13]tetramine) 23.3 (119) 44 
(cis [14lmonene) 22.9 (85) 9 
(traIzs [14]tetene) 22.6 (159) 9 
(en-aib) 23.0 (70) 10 
(en-aib-N-iprop) 23.0 (105) 10 
(Me*en)zd 23.0 (64) 62 
(2-me~~y1-2-amin0-4-imin0pentane), 23.1 (100) 18 
(ibn)n 22.5 (59) 26 
(meso sbn), fs 22.5 (55) 26 
(beap)hi 22.2 (?) 63 

n Spectra of related compounds quoted in references 1. 10, 14-16, 30. 
b In 10s cm-l. Extinction coefficient in parenthesis. 
c N meso N meso isomer. 
d Me,en = tetra-C-methyldiaminoethane (2,3-dimethyl-2,3-diaminobutane). 
e ibn = isobutylenediamine (2-methyl-2,3_diaminopropane). 
f Singlet ground state form (the perchlorate salt in acetone). 
g meso sbn = nleso sym. butylenediamine (2,3_diaminobutane). 
i Singlet ground state form. triethylenetetramine complex has a similar band64. 
h beap = I,9-diamino3,Fdi-azanonane. 

(iii) Metd ion spectra 

Singlet ground state nickel(II) complexes in 4 N square planar coordination 
typically have a single metal-ion absorption band near 22,000 cm-‘, E N 100. 

For amine&nine ligar;ds the energy of this transition is relatively insensitive 
to changes in the ligand. Reduction of the ([14]diene) complexes to yield the 
tetramine complexes, or oxidation to yield the tetra-imine complexes, causes little 
change in the absorption spectrum. The spectra of SGS nickel(II) complexes with 
a variety of bis diamines, linear and cyclic tetramines, iinear and cyclic amine- 
imines are listed in Table 1. The similarity of the band positions for these com- 
plexes indicates a similarity in ligand field strength of the Iigands. The solution 
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spectra are the same in solvents of widely varying donor strength ($I the copper(H) 
complexes, (J, iii). The colours of salts often vary slightly with the anion, remain- 
ing in the general colour range yellow-orange. The molar extinction coefficients 
are approximately 100 and in general are higher for less symmetrical arrange- 
ments. For example the extinction coefficient is higher for (c&[l4]diene) than for 
(trans[l4]diene), and is higher for ([lsldiene) than for ([14]6iene) or ([16]diene). 

The spectra of TGS octahedral nickel(II) complexes show three main bands, 
corresponding to the transitions 3TIp c 3A2g, 3T2,(F) c 3A,, and 3T2,(P) t 3A,,. 

The lowest energy transition 3TIg t 3ii2, gives an approximate value for the ligand 
field parameter d. 

The mi(tran.s[ 14]diene)]’ + cation forms two pseudo-octahedral TGS deri- 
vatives, the dithiocyanate7*36, and the oxalato perchlorate”. Analogous com- 
pounds are formed by a variety of nickel-tetramine cations, making comparison 
of the ligand field strengths of the amines ligands possible_ Both series of com- 
pounds have “three-band” reflectance spectra; for the truns thiocyanates the dif- 
ference between the ligand field strengths of the nitrogen atoms of the amine- 
imines and of the thiocyanate ioils are too small to cause splitting of the lowest 
energy band (vr) commonly observed with tetragonal distortion65, while for cis 

NiN402 complexes (such as the oxalato derivatives) splitting of this band does not 
usually occur . 54 Within each of these series of compounds, the energy of the v1 
band probably gives a reliable indication of the relative ligand field strengths of 
the tetramines. Most of these compounds dissociate in solution, and hence the 
data in Tables 2 and 3 refer to the reflectance spectra and therefore too much 
should not be inferred from minor variations. 

TABLE 2 

REFLECTANCE SPECTRA OF SOLIE {~i(N&CIO1}(C1o& COMPLEXES’L 

N4 VI 
b 

v,= 
d 

% 

(rut trun.x[14]diene)e 10.8 17.8 28.6 
(a tet 6) 10.1 17.2 27.2 
(cis[l4]triene) 11.2 18.2 28.5 
(cis[ 14]monene)’ 10.3 17.1 27.0 
(a tet d) 10.6 17.5 27.6 
(et& 10.8 17.6 27.2 
(trien) 11.0 18.0 27.6 
(I,3 pn), 10.7 17.5 27.7 
(en-aib) 10.7 17.7 27.9 

a In order to make comparisons valid the spectra were all measured using the same apparatus, 
a Unicam S.P.700 spectrophotometer calibrated using the 15273 cm-l hydrogen lille and with 
MgC05 as reference. 

b “Tzg + sA,g in 0, symmetry. 
’ “T,*(F) -+ sAzg in 0, symmetry. 
d =T,,(P) + 3A2g in 0, symmetry. 
i Violet anhydrous salt. Forms a blue hydrate also. 

Hydrated. 
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TABLE 3 

REFLECIXNCE SPE~~AOFSO~E Ni(Nd(NCS), CO~LEXE? 

(meso rrans[14]diene)e 10.8 20.5 28.5 
([lS]diene) IOsh, 11.8 17.7 28.7 
([16]diene) 10.5 17.6 ? 
(tet a) 10.5 19.0 28.6 
(cc tet 6)’ 9.7 16.6 26.0 
(tet c) 10.9 19.2 28.9 
(rx tet C@ 9.4 16.8 27.5 
(j3 tet d>” 10.6 19.2 . 28.7 
(cis[l4]tetene) 11.0 21 26.6 
(TAAB)’ 10.5 18.2 - 
(en-aib) 10.5 18.6 27.9 
(en), 10.0,11.5sh 18.0 27.8 
(I,3 pn), 10.6 17.3 27.0 
(trien) 11.0 18.1 27.4 
(2-methyl-2-amino_4_iminopentane), jlO.7 18.7 - 
(2-methyl-2-amine-4-iminopentane), k10.6 J 8.1 - 

-- 
II 

b 

C 

d 

e 

f 

g 

h 

I 

j 
k 

See footnote a to table 2 

::2by 
a “&.a) + s&g (from 3T2g -+ sA,, in O,& 

“AZ*) +- sB,, (from “TQF) -+ =Azg in Oh). 
(3.E>: =A ) +- 3B,, (from =T (P) +- =A in 0,). 
Metastabz TGS compound ~~staJJized?rom chloroform. Values from ref. 36. 
Same isomer as the oxalate-perchlorate, probably N meso N meso. 
Same isomer as the oxalate perchlorate. 
Produced by recrystallization of the previous (g) compound from hot methanol. 
Tetrabenzo b, f, j, n 1,5,9,13 tetra-azacyclohexadecine. Values from ref. 49. 
Nujol mull Values from ref. 19. 
Acetone solution. Values from ref. 18. 

For the cis oxalato compounds (Table 2) the derivatives of (trans[l4]diene), 

(C meso rrans[l4]tetramine), diaminoethane, 1,2- and 1,3-diaminopropanz and 
(en-aib) have similar spectra and vi values. For the trans dithiocyanato derivatives 
(Table 3) the values cover a range of values near that of the dithiocyanato bis- 
(diaminoethane) complex. For the dithiocyanato derivatives, expanding the diene 
macrocycie has no clear cut effect-the energy of vi increases from [14] to 1151 
but falls again to [16]diene. 

Increasing the degree of unsaturation of the macrocycle (i.e. replacing amine 
by imine donor groups appears to cause a slight increase in the ligand field strength, 
but the effect is masked by the variability associated with differing ring configura- 
tions, e.g. cis[l4]-oxalato series: tetramine, v1 = 10.4; monene, 10.1; triene, 11.2. 
trans[l4]-oxalato series: tetramine, 10.1; diene, 10.8, trans[14]-thiocyanato series: 
tetramine, 9.7, and 10.5; diene, 10.8, tetene, 11.2 (lo3 cm-l). This effect is possibly 
a consequence of the slightly shorter Ni-N bond lengths for imino compared with 
amino donor groups and does not necessarily indicate any significant degree of 
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K bonding by the imino groups (J, v). The spectra of the nickel(H) complexes of 
a number of macrocyclic ligands are discussed by Busch2’. 

The spectra of the copper(II)compl show the single band near 19OOOcm- ‘, 
E - 150 characteristic of square planar copper(H) complexes’. The band position 
and intensity are very susceptible to axial interactions, the band being displaced 
to lower frequency in coordinating solvents, with a corresponding colour change 
from magenta to blue. For [Cu(trans[14]diene)12+ the highest frequency was ob- 
served in acetone (20,400 cm-‘) and the lowest in dimethylformamide (19,500 
cm-1)4. Addition of ligands such as ammonia or cyanide to aqueous solhtions 
causes colour changes from magenta to blue, with displacement of the band to 
lower frequencies. A variety of solid five and six coordinated derivatives can be 
isolated (I, ii) and these are characteristically blue in colour. 

The spectra of octahedral cobalt(III) complexes show two main bands as- 
signed to the transitions ITI + ‘A, (Band I) and lT2 t ‘A, (Band II)_ Values of 
d can be calculated from the energies of these transitions only for arbitrarily 
assigned values of the electronic repulsion parameters B and C. 

For ci.s tetramine complexes, Co(N4)X2+, the two band spectrum remains 
and Lge values can be calculated, which should be sufficiently reliable for com- 
parison purposes with a series of analogous compound:. Table 4 lists details of 
the spectra of a series of carbonato tetramine complexes [Co(N,)CO,]+, with 

TABLE 4 

SPECTRA OF SOME [cO(N~co,]+ COMPLEXES= 

(trans[14]diene-b)fg 19.4 26.8 22.8 0.472 3.3 24.7 
(tet b)g 18.2 25.9 21.6 0.487 3.4 22.9 
cyclenh 18.9 27.2 22.6 0.518 3.7 24.4 
(en)gh 19.4 27.6 23.2 0.515 3.6 25.3 
a trien’ 19.9 28.0 23.5 0.515 3.6 25.5 
p trien’ 19.7 27.9 23.3 0.518 3.7 25.8 
(NH3P 19.0 27.6 22.9 0.543 3.8 24.4 

Order of Aavgc and Apmine trien > en > (rrans[14]diene_b)NH, - cyclen > (tet b) 

a All energies in lo3 cm-‘. 
b ‘TX -+ ‘A, in Oh symmetry. 
= ‘T E c IA, in Oh symmetry. 
d Calculated from 11 = 16B-C; I = d-C, assuming C/B = 7.0. This ratio gives values of B and 
C similar to those obtained by Wentworth and Piper in calculations making use of the energy of 
the =Tl -+ IAl transition. Other reasonable values of the ratio give ooly slightly different values of 
A c avge- 

Calculated using the “average environment” approximation, thed value for cheiate CO,‘- being 
obtained from the Aavge values for the en and NH3 complexes, assuming A,, = 25.3 and dNHs = 
24.9 which both give A values of Aco3=- = 9.5 x lo3 cm-l. 
’ Differing values quoted in reference 39 are in error’“. 
g Measl;red in methanol. 
h From reference 67. 
i From reference 68. 

Coordin. Chem. Rev., 3 (1968) 347 



40 N. F. CTJRTK 

TABLE 5 

SPECTRA OF SOME t?fftfS [cO(&)a,]+ COMPL?2XESa 

N4 12 Ib== ZP A amird 

(tra,tsl14:diene-b)g~ 15.9 22.3 29.3 24.8 
(trans[lQGene-a}g 15.9 ? 2 24.8 
ftet ~7)~ 15-7 20.5 24.3 24.4 
(tet bjh 15.5 20.7 24.3 24.0 
cyctam’ If.7 22.7 ? 244 
trier+ 16.3 22.2 ? 25.6 
be&l 16.1 23.4 ? 25.2 
(en),’ 16.1 21.9 25.0 25.2 
(NIQ, 15.9 21.0 24.9 24.8 

Order of A ornine: trien > heap N en > N&N (rrunsfl4]diene) > (tet n) w cyclam > {tet b) 

a Allenergiesin IO3 cm-‘, 
b %C+- IA, in D,, derived from IT, -+ “Al in 0,. 
c IA, f- ‘A, in Dab derived from ‘TX +- IA I in 0,. 
d (‘E, I&) -+ lAAr in Dab derived from ‘T, +- 1At in 0,. 
e Often shouIders on, or obscured by charge transfer bands. 
f Calculated by the procedure of Wentworth and Piper” as modified by Sadasivan, Kernohan 
and Endicott” d amine = 2Ia-2C-Al,,, 
14600 cm-l, i.:, damint 

where C is given the value 3800 cm-l and A,,- the value 
= Qiz+7OO)cm- 1. 

g Differing values quoted in reference 39 are in error”. 
’ Methanol solutions of perchlorate salts. 
’ Estimated from the published spectrum - values approximate - reference 46. 
j From reference 69. 
k beap * NHn(CH3nNntCH,)sNH(CII;L)eNHs. 
’ From reference 66. 

values of LI,,~~ (calculated assuming C/B = 7.0), and values of Aamine (Anmine is the 
A value for an octahedral complex with six donor groups of the same average 
ligand f?eId strength as the tetramine-see footnote to Tab!e 4). The order of ligand 
field strength obtained is trien > en > (frlts[l4Jdiene) > (tet b). 

For tram tetramine complexes, [Co@QX,]+ the ‘T, levef is appreciably 
split, resulting in the splitting of band I into two components, Ia and Ib. The in- 
tensities are much lower than for cis complexes and bands Ib and II often occur 
as shoulders on, or are obscured by, charge transfer bands. From the energy of 
ehe Ib band, using a procedure described by Wentworth and Piper66, as modified 
by Sadasivan, Kernohan and Endicott3’ (S~XZ footnote to Table 5) values of damint 
can be calculated. Spectral data and Anmine values for some trans[Co(N&12]* 
complexes are listed in Table 5. The order obtained is much the same as observed 
for the carbon&o complexes; trien > en > NH, N (&ans[f4]diene) >(tet a) m 
cyclam > (tet b). Sadasivan, Kernohan and Eadicott calcuIate values for d=min, of 
(tram[l4]diene) well above the other amines, but spectral values used in the cal- 
culations have since been shown to be in error’*“. They also list spectra for fratls 
di-aquo and other tram di-acido compIexes 39 The spectra of tetragonai complexes _ 

of cobalt(II1) with a number of macrocyclic Iigands have been discussed by Busch’ ‘. 
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The various macrocycles have four nitrogen donor atcms which can be 
present as secondary amino or as imino groups, depending on the level of oxida- 
tion. Although imines appear to have lower base strengths than related amines 
(few have been measured27a), the aliphatic imino groups in these compounds have 
higher ligand field strengths than their secondary amine equivalents. (The difher- 
ence is larger for cobalt(III) than for nickel(H) presumably a consequence r;f the 
smaller size of the trivalent ion). The higher ligand field strengths of the imino 
groups compared with the secondary amino groups is reflected in a slightly shorter 
nickel(II)-nitrogen bond length (J, v). Imino groups can in principie from n 
bonds by overlap of fZed d orbitals on the metal ion and n antibonding orbitals 
of the ligand. The ligand field strengths observed suggest that this effect is not of 
much significance for these first row transition elements, the ligand field strengths 
all being lower than for triethylenetetramine which is incapable of n bonding. The 
effective ligand field strengths of the various optical isomers of the macrocycles 
can vary appreciably (cf- a and p Ni(tet 6) (NCS)2, Table 3) presumably because 
the isomers (particularly those associated with asymmetric nitrogen centres) may 
have quite different conformations of the chelate rings. Secondary amines generally 
have ligand field strengths lower than primary amines”-the base strengths are 
higher, but crowding is more serious for secondary amines. Overall, the average 
ligand field strengths for the cyclic dienes appear comparable with bis(diamino- 
ethane) for nickel(H), and rather less than bis(diaminoethane) for cobalt(II1). 

(iv) N.M. R. spectra 

The N.M.R. spectra in acidic D,O of rat and meso [Ni(trans[14]diene)]‘+ 
and rac[Ni(cis[14]diene)12 f are described by Warner, Rose and Busch7*36. The 
spectra show three equally intense methyl resonances, indicating that the methyls 
are pairwise equivalent, i.e. that the two six membered chelate rings have equivaient 
conformation and that the secondary amine centres are configurationally stable 
towards inversion, thus producing an axial-equatorial distinction between the gem 

methyl groups. Under basic conditions inversion of the nitrogen centres is rapid 
and the gem methyl resonances collapse into a single band at BItI”. The methylene 
resonances can be used to distinguish cis and trans isomers7*36. Rose, Elder and 
Busch describe the N.M.R. spectrum of tris(2-methyl-2-amino-Piminopentane)- 
nickel(H) hexafiuorophosphate (C, i) in deutero-acetone’ g. (The N.M.R. spectra of 
the 1,2-diaminopropane/nickel/acetone condensation products [Ni(Me,trans[l4]- 
diene)12 i are discussed in section C). 

(v) X-ray crystallographic studies 

The first structural determination of a complex with the diacetone-amine- 
imine bridge was reported by Hanic and Serator’ (Fig. 1). The compound was the 
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copper nitrate/acetone/ammonia condensation product, trans bis(2-methyl-2 ami- 
no4iminopentane)copper(II) nitrate (C, i; D, i). Monoclinic; P&/c; a = 
7.10 _I 0.03 A, b = 14.63 f 0.04 A, c = 9.24 It 0.02 A, @ = 99”21’; -gz‘:= 2). 

Structural investigations have been reported on the three isomer% forms of 
the mi([l4]diene)] (C104)2 complexes (C, i), con6rming the cis (4,14-) and trans 
(4,11-) arrangements of the imine groups, and that the interconvertible pair of 
tram isomers are the meso and racemic forms associated with restricted inversion 
about the secondary amine centres (G). Bailey and Maxwell report3’ that crystals 
of the “AcI(C~O~)~” form described by Curtis, Curtis and Powell6 are orthorhom- 
bit, space group Pbca (a = 19.73 A, b = 17.01 A, C = 13.69 A; Z = 8) and 
describe in preliminary form the results of a structural investigation confnmfng the 
racemlc truns arrangement. Refined parameters are shown in Fig. 2. Crystals of 
the isomer “Aj?(ClO&” are monoclinic, with the centrosymmetric space group 
P&/c (a = 9.65 A, b = 10.76 A, C = 10.90 A; /I = 99”55’; Z = 2) requiring that 
the nickel atom be on a centre of symmetry i.e. the complex must have the Mesu 
tram arrangement 3 7 Bailey and Maxwell also predicted from stereochemical con- . 

siderations that the cis isomer “B(ClO&” would exist in the racemic form and 
this was confirmed by Ryan, Rilbourn and Dunitz who give a preliminary report 
of a structural investigation72. (Orthorhombic, space group Pbcn with Ni on the 
dyad axes ; a = 10.60 A, b = 11.11 A, c = 19.16A; Z = 4). 

Fig. 1. Dimensions for trarrs bis(2-methyl-2-amino_4_iminopentane)copper(Ii) nitrate. Centro- 
symmetric structure, NO3- in axial sites, Cu--O = 2.75 A. 

Fig. 2. Dimensions for [Ni(roc rrans[14]diene)](CIOp),. Dimensions quoted are the averages for 
the pairs of chemically equivalent sites. 

The space group has also been determined by Maxwell for the orange cyclic 
nickel-1,2-diaminopropane-acetone condensation product as the perchlorate salt” 
“orange [Ni(Mezfrans[14]diene)] (ClO,),“. (Monoclinic, P2Jc; a = 11.22 A, b = 
8.44 A, C = 14.0 A, /I = 99”40’; Z = 2). Again the nickel atom lies on a centre 
of symmetry, showing that the imino groups are tram (i.e. the compound is the 
dimethyl analogue of [Ni(meso trans[l4]diene)] (CIO,),, that the methyl groups of 
the diaminopropane residues are in rrans (2,9 02 3,lO) arrangements, and that the 
cation contains one d and one I diaminopropane residues (Section C). 

Robinson and Ireland in a preliminary study of [NC(cis[l4]diene)Co- 
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Co(ccis[lrl]diene)CN] (CIO,), (I, (iii)) have determined the space gr0t.1~‘~. (Ortho- 
rhombic; Pbca; a = 12.2 A, b = 21.3 -4, c = 18.5 A; Z = 4). 

Structural determinations of related compounds include: * 
[Ni(cis[14]tetene)] (ClO,), ( a modification) (PI, iii) by Maxwell and Bailey3 
reported in preliminary form 74. The structure confirms the 4,8,10,14_tet& 
imine arrangement. Refined parameters are shown in Fig. 3. 
lNi(cis[l4]diene)] (CiO,),, wi(cis[l4]tetene)] (CIO,), and mi(cis[14]triene)]- 
(CIO,), are isostructural (the triene derivative from powder diffraction data)g. 

Fig. 3. Dimensions for aWi(cis[l4]tetene)] (ClO&. 
Fig. 4. Dimensions for INi(C mc N mem N mem rruns[l4]tetramine)CH~COO] ClO,. Chelate 

acetate group dimensions: Ni-0 = 2. 12 A, 0-C = 1.26 A, 0% = 62-, 0% = 120=‘, 

N% = 89’. Dimensions quoted are the averages for the pairs of chemically equivalent sites. N, 
and N. are in the same (approximate) plane as the acetate oxygen atoms. The macrocycle is 
folded along N,NiN*, with N3, NI and the two acetate oxygen atoms approximately in a plane. 
N,NiN, = 175’, NzNiNI = 103’. 

(b) Ir\ii(tet h) (CH,COO)] (ClO,), (H, ii) by Whimp and Bailey. The structure in- 
dicates that (tet 6) is the (C rat trar;s[14] tetramine), with both pairs of asym- 
metric nitrogen centres meso and that the acetate ion is functioning as a 
chelate75. Refmed parameters are &own in Fig. 4. 

Fig. 5. Dimensions for Ni(cyclam)Cla. 
2.49 A. 
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(c) Ni(cyclam)Cl, by Bosnich, Mason, Pauling, Robertson and Tobe (Fig. 5). 
The space group has also been determined for Cu(tet a& (violet modifica- 

tion) by Maxwell. This requires that the copper ion lie on a centre of symmetry 
i.e. that the complex contains a (C nzeso N meso N meso tru~zs[14]tetramine)Lz. 
The space group of Co(tet b) (C,O,) (ClO,), determined by Whimp, confirms the 
C racemic trans configuration of (tet b) (II, ii)75. 

For comparison, details of completed relevant structures are shown (Figs. 
l-5). The additional strain in the 1,4,8,11-tetra-azacyclotetradecadiene ring system 
through the linking of the separate chelate groups appears to be minimal. Thus 
five membered diaminoethane chelate rings have very similar bond angles to those 
observed for simple nickel(H) diaminoethane complexes and the six membered 
chelate ring system has very similar angles to those observed for the bis(diacetone- 
amine-imine)copper(II) complex (Pi g. 1). Ring strain in the five membered chelate 
rings causes a slight contraction of the central (N-Ni-N) bond angle from the 
optimum 90” and a slight expansion in the six membered chelate ring system. The 
strain in the six membered ring system also results in considerable distortion about 
the central methylene group, this bond angle being near 120”. Reduction to form 
the cyclic tetramine causes changes in the bond angles about the “ex-imino” 
groups. Two tetramine structures have been reported, trazzs Ni(cyclam)Cl, and 
cis[Ni(tet b)CHsCOO]ClO,. The bond lengths and angles within the macrocycle 
are similar for the planar cyclam derivative and the folded (tet b) derivatives, 
although the angle at the central methylene of the six membered chelate ring is 
larger for (tet b) than for cyclam suggesting that the ring strain may be greater for 
the folded arrangement, explaining why only tratzs derivatives of cyclam have been 
prepared. With the ([14]tetramines) the interactions of the six methyl substituents 
alter the relative stability of the two arrangements, the more symmetrical C me,-0 
isomer (tet a) forming only tram derivatives, while (tet b) (C racemic), which is 
asymmetric about the molecular plane, forms trans derivatives with monodentate 
ligands and cis derivatives with chelates. For mi(tet b)CH3COO]C10, the macro- 
cycle has folded with the more crowded side outward, i.e. with the gem dimethyl 
groups pointing towards the chelate acetate group. In view of the structure of this 
compound, it seems probable that the cis derivatives {[Ni(ruc trans[l4]diene)],- 
CzO,) (CIO,), and [Co(trans[14]diene)Co,lclo, have the macrocycle similarly 
folded. 

The Ni-N (and Cu-N) bond lengths are slightly, (but significantly) shorter 
for the imino nitrogens than for the amino nitrogens. This small difference is most 
probably a consequence of the change from tetrahedral to trigonal arrangement 
about the nitrogen atom producing a decrease in repulsion, together with a change 
in orbital hybridisation, and does not imply any sign&ant degree of n bonding 
between metal ion d orbitals and the imino rr orbitals. The Ni-N bond lengths are 
appreciably longer for the TGS octahedral complexes than for the SGS square 
planar complexes. 
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There are a number of amine-imine macrocyclic complexes which are similar 
to those described in this review, but which are outside its field. These include the 
series of complexes discovered by Curry and Busch, formed by reaction of 2,6- 
diacetyl pyridine with various polyamines in the presence of metal ions”. The 
nickel(K) complex formed with dipropylenetriamine which has a tetra-aza macro- 
cycle with one secondary amino, one pyridine nitrogen and two imino donor 
groups, can be reduced to form the cyclic tetramine complex. Others include com- 
plexes of the cyclic tetramer of o-amino benzaldehyde, XXVII, and the nickel(H) 
complex reported by Jager78. 

The complexes of the tetra-aza macrocycles described in this review, formed 
by reactions between metal-amine complexes and aliphatic carbonyl compounds, 
are related to complexes of biological significance such as the porphyrins and 
corrins (and more distantly to a wider group of metal-ion macrocyclic derivatives 
such as the phthalocyanines) 21*2g. There are two major features distinguishing the 
complexes described from these other classes of macrocychc complexes: the ab- 
sence of conjugation involving the donor atom, and the absence of fused ring 
systems. The complexes can serve as models for the biological system to the extent 
that their properties are characteristic of metal ions coordinated to tetra-aza macro- 
cycles, but the greater flexibility of the macrocycles and the inability to transmit 
electronic effects through the ligand because of the absence of conjugation limit 
their usefulness in this regard. 

The condensation reaction provides series of compounds in which macro- 
cycle size, degree of unsaturation, and ring substituents can be varied, and the 
effects on the properties of the complexes studied. The macrocycle-metal-ion 
moiety is non-labile, simplifying studies of the reactivity at additional coordination 
sites. The compounds illustrate the importance of stereochemical considerations 
in determining the properties of complexes of macrocycles, for example the ability 
of the macrocycle to buckle to accommodate a chelate depends on the configura- 
tion about coordinated secondary amine centres. 

The most useful feature of the metal-amine carbonyl condensation is the 
facility with which a variety of macrocyclic complexes can be prepared. The con- 
densation is an interesting example of the reaction of coordinated ligands, and of 
the steric control of an organic reaction by a coordination centre. 
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