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1. lntrudwtioi~ 



r;t~l&! t‘rcrm s),nthcsis of new ring sptems \uith pendmt ;IIms nnd studies on the 
properties and function of macrocyclic ligand complexes to their application in 
industry, medicine and other fields. 

From the kinetic point of view, macrocyclic ligands represent an interesting class 
of ligands. Compared with linear multidentate ligands. cyclic ligands, especially 
substituted ones, are less flexible and less apt to folding, One can expect, therefore, 
that the process of metal coordination by cyclic ligands is more complex and not 
necessa-ily metal-controlled, as it is in the case if the Eigen- Wikins mechanism. 
The steric constraints of the cyclic system may well lead to Iigand-cuntrol in that 
the second (or a later) coordination step becomes rate-limiting. 

The properties and structure of macrocyclic ligand complexes critically depend 
on ring size, number and type of donor atoms as well as on size and number of 
&elate rinss formed upon caordication. Fnurtezn-membered rings with faur donor 
atoms X. spaced ;ts shoivn in 1. provide a cavity large enough to allow the planar 
X, coordination of a range of metal ions. In pnrticular, the NJ-donor macrocyclc 
cyclam ( I ,4.8.11 -tetr~lazncyclotetradecane). 2. has been the subject of mm~crous 
investigations on the chemistry and structure of complcscs lvith 3d trarGtion metals 
such as nickel. copper and cobalt. 

2 (cpzlam) 



The following sections &ix a brief summary of results pertinent to this question. 

As described in detail by Burgess [3], the work of Eigen, Tamm and Wilkins [4..5] 
led to it simple hypothesis which \sas able to accomodate the results obtained for 
the kinetics of complex formation of a wide range of metal ions. What has become 
known 8s the Eigen-Wilkins mechanism is set out in reaction sequence (2) (M. 
metal ion: S. sobxnt: L. monodentate ligand. present in excess: charges omitted for 
clarity). 

MS., + L 2 [MS,, LI 2 MS, ,L+S 

The equilibrium constant Ic,,, describes the rapid equilibratjon of the solvated metal 
ion MS, and the l&and L to form the outer-sphere complex [MS,, Lt. The ligand 
L, outer-sphere bound in I MS,. Lt. enters the inner coordination sphere by an 
interchange process. i.e. L replaces a coordinated solvent molecule. The rate of this 
interchange, characterized by the first-order r&e constant I?,, controls the rate of 
complex formation. The ftindamentally important point is that the size of ki is close 
to that of I<,,, as long as the mechanism of solvent eschange is dissociatively 
controlled (I,,-type). The rate constant k,, describes the rate of solvent eschang on 
tl~e salvated metal cation MS, according to reaction (3). 

I.,., 
MS, + s* * MS, ,S*+S 13) 

Knoi\ing Ii,, for a given tnetai ion in it given solvent. one has a remarkably good 
measure for h-,. The size of K,‘,,,, which is determined mainly by the charges on IV 
;tnd L, can be calculated on the basis of electrostatic considcrutions. This means 
that the knwn v;riues of k,, [6] and calcuhtted ~xiues of &,. aiio~v one to predict 
4 31 complex formation notes rather rrliablj~ for those metal ions, the sc~lvent 
~.ych;~n~e of nhich is I,,-cc*rntrolicd. 



It has been shown convincingly for the complex formation of Ni(lI). Co(I1) 
am1 Cu(I1) M.ith biclentate ligands L-L’ such as r-amino acids and /l-amino 
acids [3] that the shili fi-om rate-control through first-bond formation (based 
on k,,) to rate-control through ring closure is determined by the size of the 
chelate ring formed and by steric factors, affecting the ffexibility of L-L’, When 
the geometry and structure of L-L’ make chelate ring closure the rate-limiting 
step, reaction (4) is sometimes called a sterically controlled substitution (SCS 
mechanism) [3]. 

Reaction sequence (5) indicates schem;lltically that, in the case of linear tetra- 
dentate ligands. L-L-L-I_, the multiplicity of steps increases the difficulty in 
predicting the rate-detcrmining step and understanding the mechanism. 

_/L-L-L L-L-L 
M + LL-l/L u M-L-L-L-L e M \ I! - (3 

In principle. the formation of the first M-L bond could still be rate-limiting 
(rate-control through solvent exchange on the metal: Eigen-Wilkins mechslnism). 
There is a good chance. however, that one of ~bc consecutive steps detccmines 
the rate of the crverall process (rate-control through steric constraints of the 
ligand: SCS mechnnism). 

Compared with linear tetradentate Iigands, cyclic tetradedtate ligands are dif- 
ferent in that they havcs 110 end and the cyclic structure keeps the four donor 
atoms in ;I Itither close neighborhood. As indicared schematici~lly iti reaction 
sequence 16). second-bond formation ciin occur tither with it (‘is or with a twrfs 
located donor atom. 
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Crown ethers are Nboxygen donor macrocyc~s and, as hard ligands, they tbrm 
smb~ comNexes pre~rent~t~ with alka~ and alkaline earth cations. The ~ud~s 
on the kinm~s of comp~x format~n of a var i fy  of s y m h ~  and bioloNcN crown 
ethers with metal cations such as Na ~ and K-  in diffe~nt solven~ IN led to the 
general result that the formation rate constants are high and remarkably ~sens~ive 
to ligand structure [~. 

The work carried out by the groups of Eigen {[Sla-d). P~rucd 1[gla-el and 
Eyfing [1~ revealed that. ccmpared with the Eigen-WiNins mechan~m, comNex 
format~n with crown ethers land cryptands) is m e c h a N ~ M ~  more comNex. In 
addition to the form~ion of fl~e ome~sphere comp~x and the first metal-hgand 
bond, as based on the rate of soNent loss from the metN, one or more ring closures 
with atwndant changes in ligand contbrmat~n have to be con~dered. As an 
e~en~on of ~he Eigen~Wi~ins mechanism, the Eigen-Wink~r mechan~m 
emerged ~om the mechanistk discussion of comp~x formation with Nologkal and 
synth~m crown ethers, According to this mechaNsm, wh~h ~s set out in reaction 
sequence (7). without charges and the solvafion number of the m~at. diflhsion-con- 
trolled tbrmmion of the euter4phe~ complex I M. CI is tbilowed by s~pwiw 
coordination of the i donor atoms of the crown ether C. until lkfll coordinatmn in 
MC~ is ach~ved. 

M + C~-~ l M. C l ~.£~, MC, ~.MC~,.~,MC ~ ' ~ .  ~' . .~ ,MC,  171 

in each of the single steps, at retool-bound solvent mdeeu~ is succesdvdy weaced 
by anmher M-C  bond. so ~hat a Ntlance of so[ration and ligand-bmding energy is 
aluays mainm~ed. 

As in the ca~e of ~he Eigen ~Wilkins medmngm, the condition k~l ~ k,t ~ k~, 
should be lhlfilled~ Thi~ could n,ean that. lbr a ver~ flexible crown ether C Ibrming 
a very stable complex MC,. only one rea~tmn step is observed and. due Io 
k~ ~ k. ~ k., ~ k,. the overall compkx lbrmation rate conslant k, is close to ~. ,  On 
lhe other hand. increasing ligand fiNd~y should make one of the subsequent ~eps 
slower and thus observabk. Convin~ng proof lbr lhe latter expectation ~,mes ~om 
the kinetic imestigation of the crown ethe~ 4-6  reaming with Nat' ions in 
.V.N-dim~h3 l lbnnam~e [I0]. 

c"'o% 
> <  > 

%°.,) %o,,,) 
4 i 18-cr~wn~ ~) 5 g 

By lhfing cydohexane rings IB) or benzene nngs 161 hlto the crown, ligand 
flc~Nli~ is reduced. Two steps arc observed, the first one ~ith k, betueen 4 and 
6 > ~0 ~ M ~ s ' I\w ~hese three ~gands. and the second one with k = 3.5 × 10" s ~ 



(4), 2 x 10” s -. I (5) and c 1 x 10” s ’ (6) at 313 K. This example shows that, after 
first-bond formation. there are subsequent slower steps which are obviously affected 
by the dynamics of conformational change in the ligand& 

Macrocycles containing sulfur atoms as donors possess several properties which 
are relevant to the study of their complex formation kinetics. namely. (i) S-donor 
macrocycles are soft lipands and only metal ions such as C’u(lJ), Pd(iI), Ag(I) and 
Hg(I1) show a significant affinity for these ligands, (ii) copper(H) complexc.~ with 
S,-donor macrocycles absorb strongly in the visible reapian. which facilitates 
spectrophotometric monitorin,, it (iii) in contrast to N-donor macrocycles, S-donor 
m;kcrocyclic lignnds are free of proton;rtion . and (iv) the solubility of unsubstituted 
S-donor macrocycles in water is very limited. As a result, copper (II) has been the 
metal of choice for the investigation of compkx fmmhm with S-donor rnaerocy- 
cles and methanol-water misttrres hnve been used as medium, 

The kinetics of formation find dissociation of C’U( Ill-cyclic polythiaether com- 
plexes have been studied estcnsively by Rotabacher and coworkers ([I l]a-e). With 
regard to complex formittiotl kinetics. the work of this group concentrates on 
Cu(H,O)~ c:rtions reacting with a variety of S-donor macrocyclic ligands. In view 
of multi-step scheme (7). one of the important overall results is that. for complex 
formation of Cu(Il) \vith ;I wide spectrum of cyclic S.,-donor ligands, only one 
re;iction step is observed. Ieitding lo it single second-order formation rate collstallt 
I\ , . 
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The inwoduction of two -OH groups ~d to the c&~ and nzo~hsomer of 
liga~d 9. Again, a reduction in rate constant kc was observed according to 
[i4]aneSa : [14]aneS~-ol : tm~14laneS~dio l  : cS~14]aneS~diol = 13:1.4:&&~ i3 at 
298 K ~[1 l]b). 

The study of comp~x formation kinetics for solvated coppe~II) reacting wi~h 
sub~Rumd polyth~ethe~ was extended to a series of ligands in whkh one or both 
of the eth~ene bridging groups in [14]aneSAT} were replaced by ¢~- or o'am-l,2-cy- 
dohexaned~l, to ykld two s~reoisomers of 10 and five ~ereo~omers of 11 ill lid). 
These seven ligands were compared to the u n s u b ~ u ~ d  parent [14]aneS~ figand 7. 

I0 Ii 12 

The complex format~n rate constants kv were found to lie within the narrow range 
of (2-5~ × 10 ~ M - ~ s ~. This means that the cydohexandrl subsfituents do not 
induce figMficant steric efl~cts relative to the fir~ two bond forrn~ion steps, which 
is surprising. 

Sub~anfiM rate effects were observed when the tbur sulfu~donor atoms in 7 
were successively replaced by ~trogen, according to the ser~s [14]aneSATl~ 
[l~aneNS~12) -~. [14]aneN~Sz ~ [I~ancNSSN ~ [l~aneNSN$ --* [ l~aneN~S~ 
[l~aneN~ (2=cyclam) I[l l]cl. For the reaction of aquocoppe~ll) with these 
ligands, each N-donor ~ a d n g  a S-donor increases the thermodynam~ s~bili~ of 
the comp~x Ibrmed c o n f i d e ~ y  and the complex lk)rmation rate constant k,. 
marked~, For [I4~neNSNS. k~ arfves at 2.0 × Iff' M ~ s t at 208 K, which is i, 
line with the int,zrp~tat~n that tbrmation of lhe first coordinate bond is the 
~ t ~ d ~ e r m ~ g  step. 

The m e c h a n i ~  int\~rmat~n resulting ~om the work of Rorabacher and cowork- 
ors on coppe~lil complex Ibnnation ~ith type 7 Sa~onor macrocyc~s ~m be 
summarized as follow~ it) the size of com~ex tk~rmation ~te cons,ant k~. sugge~s 
that Ibrm~ion of the second Cu-S bond {i.e. closure of the first chelate ring) is 
rat~de~nninin~ (iij the introduction of sterica~y demanding group~ such as ~ 10 
and I1, does not induce fignificant ~ te  efl~cls, and tiiil tbr all of the cyclic 
S~-donor ligands ~udied. only one second-order r e a ~ n  step is observed, which 
means that the m c c h a n i ~  a~s~nment of this ~ep is dil~ic~t. 

3. K~et~s of ~omp~x format~n ~ith N4-d~nor macrocyc~s iu aqueous solution 

3.1, ¢icm'ral 

As pointed out. the 14-memhcred N~-donor ma~rocydic ligand cydamI2t pro- 
rides a cavilv most properly sized t\~r lhe planar coordination of 3d transition metal 



Complex formation constants K = k(;‘li,, of the species [Ni( cyclwm)]2 *- (iog K = XL1 ) 

nnd [Cu(cyclam)]’ + (lop K = 26.5) are large [I& due to very small dissociation rate 
constants kJ. This means, that even udder 1:l conditions, compia formation 
according to reaction (8) with M = Ni, Cu proceeds to completion and the reverse 
reaction can be neglected. 

In contrast to oxygen-donor and sulfur-donor macrocycles, cyclic polyamines are 
much more basic and subject to protonation. In the case of cyclam, for example, 
the pH has io be raised to pH > 12 to generate the non-proton&d neutral @and. 
Under these conditions, metal hydroxide precipitation or ilydroxo complex forma- 
tion occurs. This means that. at low pH, complex formalion of hydrated iransition 
metnt cations M( H,O),L: - with N,-donor macrocycles is complicated by protonnation 
and deprotonatioo equilibria. 

Finally, the four nitrogen atoms in N-,-donor type ligands such as cyclm~ are 
prochiral centers. Upon meal coordination, they become chiral centers which, 
according lo Bosnich et al. [I?], leads to the slereoisotners rr~/ns-I (RSRS) to 
rttnl,~-V (RRRR). In the solid state, most of the cyrlam complexes prefer the 
rrtrr~s-III arrangement, whereas thr; fr*tars-I configuration is often observed in the 
c:tse of substituted cyclirnl ligimds L, forming five-coordinate ccmplexes MLX 
(X = tnonodentnte ligand 1’. 



Nil - cation rtxts 3 x II)’ times fasta- with the open-chain P&,-donor trien than 
with the cyclic NJ-dnnnr cyclam. He concluded that, in the reaction with the more 
rigid ligand cyclam. formation of the second Ni-N bond is rate-limiting. Later on. 
I&l&n and co~vorkcrs showed Ihat the rutet; observed for the reaction of g~to- 
mted trtramethqlc!.Elarn i3(TMC). with divalent transition mcral cations follow the 
order Cu’ > ZII’ >Co’. >Ni‘_, which parallels rhe order found for the r;lte 
of axter rschange : n these cations [l Sj. 



enhancement is explained on electrostkitic grounds. For the series of nickel species 
NIX2 - = Ni(H+3),?,‘, Ni(H,C&NHS ', Ni(H@),en' + and Ni(H,O),dien’ -?, the 
change in complesation rate Evith q&m was found to be very minor. The authors 

present a quantitative relationship which correlates the thermodynamic stability at’ 
ii series of copper{11 ) species CuX’ with the reactivity of the species CuX’ towards 
mono-protanatcd cycIam and explains the results of earlier studies [2O,Zl] in a more 
general way. With regard to the mech,znism, Wu and Kaden 1191 conclude that, far 
the reaction sf the species NiX with mono-pratoriated cyclam, formation of the first 
Ni-N bond is not the rate-limiting step. 

The kinetics of complex formation of non-protonated N.,-donor macrocyclic and 
open-chain lignds with copper( III in strongly basic aqueous solution (pH = 13) was 
studied first by Margerum and coworkers i__,__ *)’ 711. Under these conditions, the 
uyqxr is present as CutOH), ;md Cu(C)H)i , with Cu(OW), being the more 
rt?ilctive species. In contrast to the syutcms Ni’ - ‘cyclam and Ni’ * /tricn. ~1s studied 
by Kaden [ICI. the ratedreducing effect of ligand cycliration was found to be very 
small for the reuction of Cu(0l-f)~ with cyclam and 2,3.2-tet ( = 1,4&l l+tetraaza- 
Lmdecane), respectively. The species Cu(UH)j ” reacts with cyclam by approximntely 
two orders of rnqgGtu& sloi\,er than with LA?-tet. The comparison of the lipands 
2,3,‘-tei, Et,-2.3,3-tet ( -7 1. I 1 -diethpl- t ,4&l I -tetraazaundecane), cyclam, X7a( tet-a) 
ilnd 18(5,1 ?-DMC) sho\ved convincingly, that in ;lddition to the effect ofcyclization, 
alkyiatiotl at the N-donor atoms or on the cllrbon backbone 1~0s ;I strong rdte-reduc- 
ing effect on the complexation with tht: species Cu(OH), :md CutOH) . Second- 
bond form;rtinn \v;\s sugested ;LS the ruts-controlli:rg step for the Cu(OH)i .- 
rei\ction with the mihcrtlcyclic ligunds and tllc more stericully hindered open-chuin 
poly;lminrs. SimiI;lr kinetic md nmhdstic results were obtained by Chung and 
cowcnrkers [ZJ] for tlic rP:iction of Cu(QH )1 ;md CU(OH 13 with 17b( tet-b), 

The kinetics vt’uornplcs Ibrmrtion VI’ ZIP ;md CL+ \c’ith the m:icroc~clic lig ‘9 ,’ 
1H in itqllCl>llS solution M’;lS 5tlldied by CIlOi [251. 
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Kasprtyk and Wilkins investigated the kinetics of compiex formation af 19 and 20 
with ~1 series of hydrated M’* ions [B]. They found that the monoprotonated 
lipand species HL’ -- is the reactive one and that compkx formation is lo’-IO-’ 
times ktster than with the corresponding non-functionalized macrocycles. In nddi- 
rion to more favorable electrostatic conditions, the acetate goups, working in 
cooperation with the non-protonated nitrogen atoms, help to enhance the rate of 
complexation by rapid intermediate formation which brings the metal close to the 
macrocyclic ring. Further kinetic studies. especially on complex formation of 
lanthanide ions Ln’ - with various N-donor macrocycles with pendant acetate 
groups, confirmed that, compared lo the non-f’unctionalized parent macrocyclic 
lipands. there is a change in mechanism. The metal ion is initially captured by one 
of the pendant acetate _eroups. which occurs in cooperation with the N-donor 
atoms of the macrocycle and facilitates fast formation of protonated intermediates. 
beptolonation of these intermediate complexes controls the rate of product forma- 
tion [‘91% 

Pendant hydrosyl groups ace also affecting the r;rte of metal entry into N,-donor 
macrocycles. This was shown for complex formation with derivatives of the lipand 
cyciam, beitring either 2-hydroxyethyl groups [30] or 3-hydroxypropyl groups [31j 
on the four nitrogen atoms. As in the case of acetate groups. the hydroxy groups. 
in wipmttion with 1he nill’open atoms. are supposed to initiate complex formation 
by Ihst adduct formation. In support of this mech;lnistic interpretittion. it wi\s 
found [3Zj thilt il minimum of t\Vo I-hydrosyeth~i groups. located on adjacent 
l1ilrogt.n ;lioms. is required to L1chiet.r the Il\cilil;~tion of metal coordiniktion. 



Cut OH ,i ions with X ions because there are no data describing the kinelic 
lability of the OH ions in Cu(QH)i ‘” . Also, the rate of Cu(H,O)i + iaIrs reacting 
with HX to form Cu(H,O),X+ can be accordingly treated only if the pK,, of HX 
is known and if the reaction of copper with I-K can be excluded. In other words, 
in the case of macrocyclic ligands L, an adequate check for the operation of the 
Eigen-Wilkins mechanism should be made only for solvated, non-complexed metal 
ions reacting with solvated, non-protonated ligands L. 

As pointed out (see Section 3.2)” the study of complex formation of nitrogen- 
donor macrocycfes L in aqueous solution is hampered by the fact that these ligands 
are protonated srt the low FH necessary to prevent deprotonation of the hydrated 
metal ions M. The mechanistic interpretation of the formation kinetics of com- 
plexes ML via partially proton&d intermediates M(LH,) is in most cases difficult. 

As iI resuit of these limitations, dipolar aprotic organic solvents S can be 
considered as an interesting alternative ta the medium water. Taking into account 
that these solvents should be polar enough to dissolve and dissociate metal salts 
sufficiently, one can think, for example, of nitriles, sulfoxidcs and dialkylfor- 
mamides. Another condition is. of course, that the corresponding k,, data (see 
reaction (3)) for the solvated metnl species, MS,, are known. For the divalent 36 
transition metal cations Mn’ + , Fe’ ’ , Co’ + , Ni? ’ and Cu’ ’ , the rate of solvent 
exchange has been measured for the species M(DMF),?, -f and M(MeCN)i + 
(DMF = N,IV-dimethylformatnide. MeCN = acetonitrile) [GJ Systems such as 

Ni(DMF),(ClO,),IN,-macrocycleiDMF or Cu(DMF),,(C10J),/N4-macrocycle/DMF 
should therefore be suitable systems for the study of complex formation of 
hcxasolvated nickel(I1) and coppcr(ll) with IIon-protonated N,-donor macrocycles. 

Oxygen-donor and sulforbdonor macrocycles are free of protanation in aqueaus 
solution. The mechanistic results obtained for complex formation of crown ethers 
(,Scction 2.2) and SJ-donor macrocycles. reacting with hexasolvated copper in 
methanol-water mixtures (Section 2.3). can be used for :I powerrul compnrison 
with the results obtained for complex formation of non-protonkIted N,-dorlor 
macrocycles in media such as DMF ;md acetonitrile. This comparison should reflect 
the difference il.1 the kinetic et’l’ects ol’ sulrur and nitrogen as donor in tnacrocyclic 
ligands OC equal size ,rnd s~ruolure. 

Hay and Norman were the first to study the kinetics or metal incorporulion into 
N,-donor macrocyclic ligands in a dipolar i~~~rotis solvent [XI]. They investigaled 
the reactions crf tliukcl(Il) with 2(cycl;rm) and C’-mcthyln~ed cyclun dcriwrtives, 
18(5,tSDMC), 21, X7u(tet-a) ;u~d Ifhftet-b). in ;\cCtodrilt’. 



In all cases, they observed a fast incorporation step {first-order in both nickel and 
ligand), i’ollowd by one or twa slower isomerisation steps. The second-order rate 
constant for nickel incorporation R’~S found to be more or less the same for all of’ 
the macrocyclic ligands and even open-chain tetra-amines studied (see Table IL 

Mertli and Kaden investigated the kinetics of complex formation of nickI 
nith cyclam(2) and Thr,C(13) in dimethplsulfoxide (DMSO) and DMF [ZIJ]. In both 
solvents and for both ligmds, an initial second-order reaction was observed, leading 
to electronic spectra typical for nickeltil) in a square-planar NJ-coordination 



sphere, The second-order rate consta~u A- for the comptcsation with TMC was 
smatter than with cyclam by a factor of 300 (DMSO) and 23 (DMF). As shown in 
two-step reaction scheme (Sr), for the reaction of nickel(lI) with L = q&m in both 
DMF und DMSO a slow subsequent first-order step was observed. 

This step ws interpreted to describe a rearrangement of rhe coordinated tigand in 
the intermediate (F&L’ - jl,,, to form the thcrmodyll;ltnicatt~ most stable stcrcaiso- 
ma- NiL’ -. . 

For the system Ni’ +. cyclam DMF. the won&order rate constant for the 
incorporation step was found to be k =: 1.8 x IO’ M I s 1 ut 298 K (see Table l), 
Within the framework of the Eigen-Wilkins mechanism (see Section 2. I ), rhe 

nssumptiarz of an outer-sphere complex formarion constanl K,,, = II. 1-0.5 M - ' 
leads to k, = I( & = ~3.6-18) x 10‘ s ’ for the interchange step. In view of the 
very comparable riite of solvent exchanpe in Ni(DMF)i .- (k,, = 3.5 x 10’ so ’ [b]), 

Hwtli and Kaclen concluded thal for the systems Ni: . cydnm DMF and Nil I 

cyclam ‘DMSO the substitllGon of the first solvent n~stecule (i.e. formation of the 
first Ni-N bond) is raie-controlling. The a\bstanti~~t drop in rate observed for the 
tetra-,l’-metllyl~~ted tipand TMC( 13) \vus ascribed to steric efttcts. 

Cu(TMBC)’ ’ (ini) -+CLI(TMBC)’ Ii,,,, 



full N,-co0rdin;ltion, The intermediate Cu(TMBC)’ -. tint) finally isomerizes accord- 
ing to reaction ( 13) to optimize its stereochemistry. According to equilibrium (11). 
this mechanistic interpretation invokes the dynamics of conformationat change in a 
partialI!: coordimzted macrocyclic tigand us possible rare-limiting factor. It implies 
that the esperimentrttt~ obtained second-order rate constant X- = 39 M - ’ s -- ’ 

corresponds f’ormally to k = K,*K, ,,,,, *liL,. The small size of 1~ relative to I<,, for the 
r~~tvatrd copper, Cu(DMF)t . . \voutd thl;c be (due to a mall value of‘ A’,.,,,] and. 

patrern abse:ved corresponds to the tlvo-step scheme (9), 
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Table 2 
Comparison of rate con~tmits fi~r complex Ibrmation of C-substitmed and X,substfluled figands L 
with coppertll! and nickel~lll in DMF according to reztctio~ scheme 191 137t 

Li~nd L l(1 : /~ (Cu l* (NiO at 303 K ~ ( ~ 1  k,,,,(Ni) at ~ 3  K 

13 1.7 q.3 
26 3.4 
22 0.73 4,7 x I0: ' 
17a 9.3 
17b 4~ 
18 I.() 1.3 
27 IA 5.2 

• 

" Rate cm~mm k,~,,lCul u~ed to ~ k ~ ¢  thi> ~alu¢ r ~ r ,  ~, 298 K i n ~  ~f 303 K. 

the eccond Ni -N bond is indeed involved in the rate<ontrolling step of in~rmedb 
ate lbrmation. 

~.Z~ The k ~ t f l  ~ q[Ibc~ ~tI ~-med~rhahm ~!f cvHam .n ~nenm, dia~e ~ t ~ t ~  
Ligands 17a, 17b, 18. 22, 26 and 27 were chosen by R6per and Elias [37] to 

inve~igate the influence of subslituei~ts on the carbon skeleton of cyclam on the 
kinetics of complex lbnuation with n~kcl(ll l  and copper(iI)in DMF. 

CH~~ 
i:ii! 

O , , " V  "CH~ 

~6 27 

Again it wa~ found that complex flmna[mn according to reaction {I) i\~llo~vs the 
t~o~tep ~chemc 49). ( ' o ~ i r e d  ~ith ~hc cl~cl of s ~ p w i S ¢  N-m~hylatioll on 
second-order tale constanl k {see sequence It)), the eflkct of C-methy~tion is kss 
pronounced. For M = Ni. lhc k values obtained Ibr 18 (lwo methyl groups~ 
17n~lTb (six me|hyl gmups)and ~7 (two methyl and lwo phenyi groups) are all of 
the same order 1(2 ~ 10) × 10: M ~ s ~ at 303 K: see 'Fable I). For M = Cu, the 
results arc similar (k=12--141 x 10 a M ~ s ~ at 218 K). One can conclude, 
therelbre, that meth~ or phenyl groups ota the propy~ne bridge of cyelam have a 
minor effect only on ~he ~te of me~al incorporation. The addition oF ring systems. 
however, as in 26 (dibenzocyclam). has a much more pronounced ra~-redudng 
effect Ifl~r M ~ C u .  k = 1,3 × 10: M ~ s ~ at 21S K)  apd the combination of 
N.methyhtion and added ring sy~cm~ as in ~2. lets the rate of metal coordination 
drop by a lhctor of ca. I(P (nickel) and I(~" (copper)[37]. 

The comparison of the second-order rate con~an~ k obtained Ibr the reaction of 
ligands 13, 17a. 17h, 18. ~]. 26 and 27 with nickel(ll)and coppeali) ,  respectNe~, 
leads to ,n in,resting result. As shown in Tab~ 2, the ratio k(Cul/k(NiL 



describing the difference in the rate of intermediate r’orn~ation according to reaction 
(9), is of the order of IO3 for all of the differently substitrlted ligands studied, 
Considering the rate ot’ DMF eschaqe on Cu(DME),?, - and Ni(DMFI~‘* , it is not 
surprising 10 see copper reactin, 0 faster than nickel. It is very remarkable and 
instructive, hn~vever, to find a factor of only 10’ instead of ca. lo’, :\s expected on 
rhe basis of rhe corresponding li,, da!,1 161. This general finding indicates clearly. 
that even in the case oi stericully vcrg hindered NJ-donor macrocycias such as 22. 
rhe kinetic lability of the solvent Sound to the met:il affects the rate of intermediate 
formation, but does nut contra1 it, In other uards. the incorporation of the meta 
into the planar NJ-donor rx\:it!: of cyclic ligands uf the c~8clam type is obviously 
metr&xntrolled as ~~11 as lig~lnd-controlled. \vhich has to be discussed in detail. 



only in that the data for ki,,, lie in the rather narrow range of (O.OS- 1,s) x IO .I ’ 
1 s ’ for all of the substituted ligands 113, 18, 17a. 17b. 18. 22-27). Considering 
the duct than. for ~XUIIPI~, k(23) k(22) = 4 x 10’ and kill,(23) ‘k;,,,(22) = 1 .I, one 
recognizes that. mecha~zistically. intermediate formtim (rate constant k) and 
inter-mediate reorganization (rate constmt I?,,,,) are furxdamentally different. One 
should also note that the copper intermediate Cu(TMC)f,,; (TMC = 13) reacts 
only ten times faster than the analopous nickel intermediate (see Table 2) and 
that the correspondins enthalpitls of activation. AH ’ . agree within the limits of 
error (67 kJ mol I for nicki and 65 kJ mol ’ for copper [36]). These findings 
support the plausible interpretation that the second slow stage of the overall 
prc xss of complexation describes ligand-specific stereochemical rearrangement 
!Gteps. 

(15) 



The kinetic investi,eation of the complex formation of ligand 28 with divalent 
metal ions M’ . (M = Zn. Ni. Co. Cu) in DMSQ, as carried out by Moore et al. 
[Gl]. is an example to show as to how ligand functi~nalization affects the mecha- 
nism of metal incorporation. 

As in the woe of the medium banter (see Section 3.3). the pendant donor group 
initiiltes comptes formation by catching the metal. The overaIl process. schemati- 
cally described by reaction sequence ( 17). has t\vo stages. 

M(DiVSO), i L $ intermediate 2 pwduit (17) 

The rapid first stage is second*order and reversible. leading tcr an intermediate with 
the metal bound to the bipyridyl group. The slolver second stage is first-order and 
practically irreversible, involving chrlation by the macrocyclic ring. 
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4.3.Z Mow ~h9ailcd &&mmtio~t on mtcnnediatc.hm.mim~ 0~ the &'action ~!/' 
nh'kcl(ll) with c3~h1.1(2) aml ~t-a(17a} 01 DMF 

Multi wav~ength analysis of the data obtained for the reaction of L = cyclam(2) 
with an excess of n~k~(l l)  in DMF revealed that the experimental rate constant 
describing the initial fast stage of the reaction, &++~, is not just linearly depending 
on [NiZ-I according to ~,..~ = k  + [Ni z +]. The data obtained lbr k,. . ,  at vafiab~ 
concentration of nkkel follox relmionshlp (Ill instead ~2]. 

k,~,,, = a • h • [Ni ++ t/il + + • [NF ~ ]) (11) 

This sort of dependence indicates the eM~ence of a fist eqmiibfium accord~g to 
Nact!on (lSa) (M ~ Ni~' ). p~ce~ng the format~n of the Nwrmedia~ (ML)i,,t 
according to reaction !lSb). 

M + L ~ I M L I  K (18a) 

IMLI~(MLI , . ,  k~ (18b) 

The parameters a and h in (11) correspond tO amk~ = 2 7 ±  1 s ~ and h m K =  
210 ± 20 M ~ at 298 K Isee Table 3)+ With regard to the chmn~al nature of the 
species IMLI. the size of equilibrium constant K is such that the assumption of 
IMLI b~ng an outer sphere complex can be rued out. It is much mo.e plauNbte 
to suggest in .cad that IMLI is sort of a precursor compl+x. M+.L, with sing~ 
bonded cydam, which ibrms the species with doubly ~onded cyclam. M+L. with 
first-order rate constant k~. The conver~on of the species M=L into the fully 
Na+oordinamd intcnned~m (ML)... is a fast proce~, not d~ected by mopped-flow 
technique at amb~nt tempen~tm+ lsee Section 4+2). 

The results obtained tbr complex formation of the ligand tet-allTa) with an 
excess of nkkel in DMF are in line with the kinetic pattern described ibr complex 
Ikwmation with cydaml21 ~2]. The first stage of mmrmed~te tbrmation with tet.a 
can be broken down into three steps+ charaderized by the experimental rate 
constants k...~, k..,.: and k~.~.~. The nickel dependence of rate constant k,,,.~ Ibllows 

TaNe ~ 
Rat~ and cqmlihfium ~,~m~tam~ tier cmnl~lcx fi~rlnatim~ ot the N,-&mor macnw?clic ligunds L =  
¢3¢1mn1~), lct.allTa} and %I2-DM(XI~) ~ttll n ick~l l )  il, DMI: at +:)S K I M = N i "  

~ l  ~, , , ,  I L m , "  I ,++, , 

Rcact+n +berne: M.t L~ IML ; - -~ IMI+  .... ,,k .g +ME 

L K~M '~ ~ is I) k,,,,; ~s ') ~,,,,~ls ~} k,,,~<s ~'  Rcfl 

('yclam(2) 2~0 27 1.2 [421 
T c t ~ l T ~  ~.~ 41 2,1 IL28 0.3 ~ Iii ~ 1421 
5.12-DM(]I~I 10+5 7s 24" 0.84x II) ' h+ [42] 

" Rate  c o a s t a ~ l  k,,,~ dc~c~be5 lilt  rate o f  f i~rn~,mon o f  fl~c l inal p m d u c l  t 'umlqeX ML,  

" Base ~'alalyzcd slep. 
' t~pon prohm~cd .bscrv;akm under .na~x~hic condmu.~..nolhcr ~low fir~porder ~arrangemem 

, t ep  can  he dc te¢ lcd ,  ~+,,+~ ~ o,Ol~ ~ l~l + ~ ' a: 29~ K, 
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relationship {IlL whereas k,,~: and k,,~,~ are independent of [Ni: ] .  As shown in 
reaction sequence {19a-d) ~M ~ Ni: - ). the consecutive fir~-order steps {19c) and 
~!0d) are lhst steps. 

M + k~-~ IMLI K ~ 8 . 9  M ~ (19a) 

IMLI~{ML), , , ,  k ; = 4 1  s ' (19b) 

(ML},,,---'A ki,, , l=2.1 s ' 11%1 

A--*B ~,,u:~0"28 s ~ {19d) 

The intermediate {MLi;,,, lbnned in~ia~y according to ~eaction l lgb) rearranges 
quickly via an intermediat~ A to an imermediate B, whkh finally immefizes slowly 
with rate con~ant  k,,,o = 0.30 x 10 ~ s ~ tsee Table 3}. The size of  equilibrium 
constant K= 8.9 ± 1.7 M ' again suggesls that in the species 'ML} the ligand tet-a 
is singly bonded. 

Compared with the parent ligand cydam, hexa C-methylated tet-a is less flexible. 
Reduced flexibility of the Ncdonor  ligand causes obvioudy a greater kinetic 
comple~ty of the lar ia t  lhst stage of intermediate lbnnation, which makes sense. It 
is also plau~ble to see ~bat the cqmlibfimn constant K lbr the tbnnat ion  of  the 
precursor complex I ML~ with singl) bonded ligand is con~derably smal~r  lot  the 
s u b ~ u m d  ligand tel-a than lbr cvtlam. 

As out ,ned in Section 4.2. in the earlier ~ork  intcrmed~te Rmnation according 
to reaction sequence 114} was kine'ically treated as a simple second-order rm~ction 
with rote consla, t  k tsce Table I1. For b .  tNi: ' I m K ' [Ni: " ] ~  1. relationship Ill) 
takes tl~e ibrm ii111 ~i th k t '  K o,rresponding to sccondmrder rate constant k of 
reaction {14) 

k,.,,., ~ a , / , . [ N i '  ] ~ k t . ~  .lNi" I i111) 

For L = cyclaml2) and L = tel~tllTa), the product k, • K amounts to 55 x 10: M ' 
s ' and 3.7 × 1~1 ~ M ~ , t. respectivdy, at 298 K. wh~h difl)rs from the data 
obtained Ibr k lsee Table I I by less than a ~tctor of two. 

In summary, tl~¢ investigation of lhe reamion of  cydaml2)and  tcba{ 17a) ~i th an 
excess of nickel reveals that the rate-controlling step of intermediate Ibnnali tm is 
preceded by a ~tst equilib~um in which species ~i th  {mosl pmNtbly} s ingb bonded 
Na-donor ligands arc Ikmned. 

~ . ~  Rdm~m~e ,!~ ~&' c ~ a ~  O/~m~p~'.v.~,'ma~L~m ,,t ~12-1)Af~kl~) wLth 
~:n~c~lD m l),Uf" 

The kinetic inwstigation oK the lhe l\~rmation of NilS.12-DMCI' in the 
presence of an excess of nickel or ligand L is rcvealug in a t~o-lbld sense [43]. 

The results obufined whh excess nickel confirmed that. a~ in the case of 
let-allT~k tatem~ediale fimnation is not a simple secondm~xler process. The fit~' 
stage can be broken down into a l~t~t initial eqmtibfium fo!!o~ved bb t~o  steps 
acc~,rding to lhe sequence {20a c l lNl  ~ N i :  I. 

M ~ k ~  :MLI K ~  lt~.5 Xl 120al 

IMLI ~IMLI,,:, k~=VS s ' 120bl 
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IML)i., --*A k,,,,, = 2.4 s "' ~20c1 

The mechani~k interpretation is analogous to the one given lbr r¢action sequence 
I lga-c). The precusor compkx IMLI is again assumed to be one with singly 
bonded 5.12-DMC. It reacts with rate constant k, to form the lhlly Na-coordinated 
intermediate tML~,,. The lalter one rearrat,ges qukkly with rate constant k,,,,, to an 
intermediate A, whirl1 finally ~omer~es slowly in two first-order steps Isee Table 3) 
to t~rm the thennodynam~aHy most stabk product NRLI2-DMCRDMF~ ' .  

In the presence of an excess of the ligand L 12-DMC118). three comparativdy first 
steps are observed, as charadefized by rate con~ants k,,~. k, ,~ and k,,,.~ [43]. 
Surpfidngly. all three of these rate constants increase linearly with [5.t2-DMC], 
Accepting equi~bfium (20a) with K = 10.5 M ~, as resuhing l¥om the studies with 
an excess of nickel, one would expect to find this equi~bfium in the presence of an 
excess of 5.12-DMC as well. la other words. ~lationship ti l l  should apply in the 
l\~nn of Ilia). 

k,,~., = k, • K ' [L] (l + K • ILl) Ilia} 

The solubility of the ligand 5.12-DMC in DMF is. howeve~ limited to 0.02 M. For 
thg maximum concemration and K = 10.5 M ~, the ~enn K. [L] anaounts to 0.105 
and contributes to the denominator it, relationship {lla) only very weakly. Thi~ 
m~tns that (lla~ takes the flwm k,,,~, ~ kt • K [L] and the dependence of k,.~ on 
[L12-DMC]. as observed ext,erimental ~, is linear with a slope of k , .  K =  644 M ~ 
s ~. On the basis ol" K=10.5 M ~. ra tcconstantk~iscakula tedtobc61 s ~.This 
number compares xatislitctarily to k~ = 78 s '. as o~t~ned witla an excess of n~kd. 

Accerding to this interpretation of the ligand dependence ot" k , ,~ .  the lirst step 
of complex Ibrmation leads to the intcrmcdiaw IML),,,, which is expected to 
isolne~ze slowly in t~vo steps tsec above and Table 3t. As a matter of liter, this is 
not observed. The product o~,~-IlI-Nil5.12-DMCRDMF)! ' is lk~rmcd instead in 
two surprisingly fast steps and the corresponding nile constanls k,,,.~ and ~,~,,~ 
increase fincafly with [5.12-DMC]. Sanz,rnbachcr and Elias give a plau~ble explana- 
lion for this observation by assuming that the last two steps of the overall proces~ 
are ~ereochem~al rearrangement steps, which are subject to bt~sc cata~si~ by 
5.12.DMC land. less eflicwntly, by tfiethylaminel. As schematically suggested i~i 
reaction sequence 1211tM ~ Ni e t. the base B = 5.12.DMC might add to the nickel 
and thus l~dlitate the process of N ~1 bond inversion according to rcadion 121al. 

B H~ 

. . . . . . .  . . . .  

H 

. . . . . . . . . . . . . . . . . .  

; 

B 

+ B (21bl 

B ~ ~ ~ C  ( 1 ~  



Aitersutivety md possibly additionally, hydrogen bond formation between coordi- 
nated 5.12~DMC and bulk 5.12~DMC according io rc’action (2lbI might contribute 
to iower the energy barrier for rhe inversion process. This sort of interaction 
bc?ween (ML),,,, and 5.1?-DMC would mean that. at high cotxentrations of the free 
ligand, rate constimts /is,,,,; and A,,,,,3 should show saturation behavior according to 
relationship {IIs), Wnfortunately, the solubility of j,lZ-DMC in DMF is too limited 
to prove this. 



stercoctremicalty (and tlrermadynamically) stable product ML z mm-I-Ni(l,4- 
DMC)‘.. . 
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L = 1,4-DMC(34), M = Ni3+ L = l,bDMC(29), M = Ni” 

MSt,+L 

kl 

MSs+L 

I kmrt 



Fig. t shons s&emes suggested for the course of the reactions of tmtet-a(30) with 
nickel and wppw. The assicgnmeni of specific ligand cnnfipurations to the wrious 
steps (as well as the corresponding assignments in Fig 1) is based (i) an the known 
ligand configuration of the product complex ML. (ii) on vis-spectroscopic informa- 
tion and (iii) an the results of a molecular mechanics study on nickel(H) complexes 

L = tmtet-a(30). M = N? 

! 

j hlltr 



with &donor macrocyclcs [45]. It follows from the latter study that, in the case of 
Ni(cyctam)” ‘- , he ~ln~~s-1 and rwrt,41 iwmer are the lowest in relative strain 
energy. The narw1I isomer, somewhat less favored than the tw~u-t and IUW-III 
isomer. is calculated to be much more stable than the rrarrs-IV arld fwriu-V isomer. 
One has to keep in mind. however, that any IV- or C-methylation of cyclam wit1 
affect the relative stabilities of the various configurational isamers. 



These preliminary results demonstrate the significance of the solvent. The kinetic 
interpretation ot’ the observed effects is difficult. It is reassnab;e to assume that the 
less coordin,~ting solvent nitromethane (NM) partially enters the inner sotvation 
shell of the nickel iorl to form species such HS Ni(DMF),(NM)z *, 
Ni(DMF),(NM)~ + and PJi(DMF),(NM)i + , In these species the lability of the 
coordinated solvent molecules is probably increased, In the cue UT the non-coordi- 
noting solvent 1 .?-dichlorocthane (DE) partial dissociation of the calicrl 
Ni(DMF)z and changes in coordination number and coordination geometry 
according to equilibria (34) are also conceivable. 

Ni(DMF): ti Ni(DMF)< _ + DMF s Ni(DMF)i ’ + X’IMF (24) 

Compared ivith the cation Ni(DMF)i * species such as Ni(DMF)j, - and 
Ni( DMF): with it reduced coordination wrnber arc probably much more reactive 
with re~ar-d to cumplcx form:lrGn with N,-donor macrocyclic lignds. 
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the spccics Ni(DMF),Br in the system nickel(ll)~bromide~DMF. Alternatively. it 
is also conceivable that the stability of the halo species Ni(TMC)X - (as expressed 
by equilibrium constant K(X) for reaction (26)) is essential. 

Ni(TMC)-‘ + X hs’ Ni(TMC)X _ (26) 

III DMF solution. K(C1) is \‘ery high an can only be estimated (K(CII > 10” M -I). 
\~here;ts K( Br) is found to be considerably smaller (K(Brl = 2.4 x IO4 M ‘1 [46]. 

As poirred out above, the spectra obrained for the reaction of TMC(l3) with 
nickel(II) in the presence of chloride icns clearly show that chloride is bound to the 
nickel in the rapidly formed intermediate a~ \vcll as in the final product. In view of 
lhc Ni-N bond inversion mechanism suggested ior the isomerization of 
Ni(TMC)i,; (see reaction (15)). it is surprising to find that the intermediates 
Ni(TMC)CI,;, and Ni(TMC)$ isomerize at practically the same rate (see data for 
/G,,,, ia Table 5). Another puzzling findin p is that, compared with the ligand 
TMC( 13). the reaction of the tetra IV-ethylated ligand TEC(31) nith nickcl(II) is 
only weakly ,iccelerured by chloride ions (see Table 5). 

In sumtnary, the rate of complex formation ot’ N,-macrocyclic ligands of rhc 
cyclam type \tilh nickel(II) in DMF is rather specifically alTected by admixtures ot 
less coordinatin! or non-coordinating sol~en& and by coordinating anions. It is 
obvious [hat thts sort ot‘ solvent and anion effects needs fo be studied in greater 
daI;til, 

S. Sunmnry and cnnchsinns 
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Firs: (fast) 7 
stag2 

Second (slow ) 
stap? 

. . -s 
.CIC 

+S 

-S .*. - 
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-s 
,L. 

*s 

MS6+L 

!I h- 

SsM-L 

trims-l 

Solvated metal cation and 
@and 

Precursor complex {ML] 
with singly banded L 

Unstable intermediate compicx 
(ML)iat Gth NJ-coordinanan 

Nwoordinote complex with 
rs,arr,angcd stereochemistry 

N4-coordkiate complex with 
rearmngcd stcreochcmistry 



balled) unstable intermediate complex with planar N,-coordination of the mzlal. 
Depending on the pattern of substituents on the l&and L, the second stape is found 
to consist of up to three first-order reorganization steps. In these ~.eps, rearrange- 
ment of the carbon skeleton and M-N bond inversion occurs. lvhich finally leads 
to the stereochemically and thermodynamically most stable rr~rru-I or trmrs-III 
configurated product complex. Within the series of first-order rearrangement steps. 
the mm-11 isomer plays probably a. major role. It is important to note that. in the 
presence of bases (such as. for example. excess ligand) the rearrangtment steps can 
be subject to base catalysis. In addition. all of the inrermediatc complexes and also 
the final product complcs are subject to ligand-specific salvation of the metal site. 

The reaction sequence sugested in Fig. 3 is getax in the sense that intermediate 
formation and subsequent intermediate rearrangement is typically round for com- 
plex formation of nickelt II) and copper4 111 ivith all of the N,-mxroc>xzlic ligands L 
studied. Ligand specificity expresses itself in the size of K and k, (first stage) and in 
the numbei of rearrangement steps followin, 0 intermediate formation (second 
stage). 

The Eigcw Wilkins mechanism correlates the rate ofcomplrs formation with the 
rate or sol\,ent cschnnge on the metal. \vherc,ls the Eigen-Winkler mechanism 
allo\vs for the rate of conformationul change ot’ the ligand L to become rate-limit- 
ing. Does the mechanistic scheme in Fig. 3. as suggested for intermediate forma- 
tion. currcspond to one of these two mech;l*lisms’ T The ;msu’er to be given is 
obGous1~~ J’CS and no. 

As a matter of fact. a highly substituted c>clam deri\xtive such as tmteta(30) 
tivms the intcrnitxliatc camplcs nith copper( II; and ni&cl( 11) at such it Iow r,\te 
thilt thy i&ii Al’ r;tte corltrol b>’ SOIVW~ cXclli\tlgc IHI these III~L\IS h :t> bc rcjectcd. 
On 111~ c~tlw hiitld. intmmx~inttt form;~tion oI’ this ligantf wirh wpp:r is b>’ more 
tllitll I;~tlr orders ol‘ tw~y~itudt~ hstu Ihm with niukcl. \vhich rcllccis the greater 
lability 01’ tllc wl\,aled wpper cation. ;LS csprewd 1~~ k,,(Cu(DMF)t ) 

I,,.,(Ni(D~Il.)~ j -- 2.4 x IO’. 
TIIC c\rn&iwition art’ lig;inci risidit!, iI> 11 Ctl 35 (II’ mcl,il lilbiiil!’ pro\.idcs il 

~*ti~S~~II~~bl~ e\pliltlarion for tllc tkt that, even in the Citsc of very rigid cgclan~ 
dcriWi\w. tlw rcxtion with copper is coti>idr;rabl!, 113s slo\v than the reaction with 
nickel. AS schemi\tici\ll! sho\\n by rewti,w (c). the lignd L is suhjcct to f;lst 
~~~llli~l.lll~lti~~tlilI chIp2 (rate wnsl;n~t A,,.,,,. 



As schematicslly sho\\;n in reaction (e). ill the precursor compler. ehe rate of sohat 
exchange on the met.ll \~ill also be chansed (Ii,, f k:, 1. 

s 

!(: /\‘\‘u k’ 
I/ /\ “71i --N\ ,,,I +5* _ey s_ (e) 

s 
h’ c’ ’ 

:q-y/N 4-s 

L 
* I 

lC fotmniion of the stcond M-N bond warding to rcactwn (f’) is controlling the 
rate of intermedialc t xmation. the rate of this step (rate constant k,) \vill depend 
on both X-l.,,l, and I<:, 
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