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147. Metal Complexes with Macrocyclic Ligands, VI 1). 

The Role of Substituents on the Complexation Rate of Transition 
Metal Ions with Several 1,4,7,10-Tetraazacyclotridecanes 

by Wllli Steinmann and Thomas A. Kadens) 
lnstitut fiir Anorganischc Chcmic, Spitalstr. 51, CH-4056 Base1 

(3.11.75) 

Summavy. 12,12-l)imcthyl-1,4,7,1O-tetraazacyclotrjdccanc (I), 11,13-dimethyl-l,4,7,10- 
tetraazacyclotridecane (11). 11,11,13-trimethyl-l, 4,7.10-tctraazacyclotridec~e (Iff) and 1,4,7,- 
10,12,12-hcxamethyl-1,4,7,1O-tetraazacyclotridecanc (IV) have been synthesized and thcjr 
properties are described. 

While the Ni2+ and Cu*+ cornplexcs of 1-111 have squarc planar geometries, those of IV are 
pcntacoordinate according to their absorption spectra. Similarly, while the Cos+ complex of I is 
octahedral and readily oxygenated, the analogous complex with IV is pcntacoordinate and not 
sensitive to oxygen. 

The rate of complexation of thcse ligands with Cuz+ and Nia+ decreases in the order I > I1 > 
111 & IV, indicating that the numbcr as well as the position of the methyl groups arc important. 
Finally for Cu*+ the formation of the thcrrnodynamic stablc cnd product is down down by methyl 
substitution in &-position to the coordinating nitrogen atoms (ligand I1 and 111) so that an inter- 
rnediatc can be observed, whereas with I Cu2 I_ directly forms the end product. 

One of the factors which is responsible for the slowness of the complexation of 
tetraazacyclotetradecanes with transition metal ions was thought to be the high 
energy barrier for internal rotation [Z]. This part of the activation energy can be 
influenced by introducing substituents into the cyclic ligands, which sterically 
interact with each other and thus inhibit conformational changes. In a previous paper 
we have reported that methyl substitution at the coordinating nitrogen atoms has 
only a little effect on the rate of complexation [3]. This might be expected since 
N-substitution mostly slows down first bond formation 1:4], which probably is not the 
rate determining step for thcse macrocycles. On the other side substitution at the 
carbon atoms of the ring does not directly influence first bond formation, but is 
known to increase the energy barricr for closing the chelate ring [S]. In fact we have 
observed that the formation of the square planar mauve complex of Cue+ with 
5,7,7,12,12,14-hexamethyl-1,4,8,1l-tetraazacyclotetradecane (tet a) is a two step 
process, in which a slow reacting intermediate was found [6]. 

We have now systematically studied the role of substituents on the complexation 
rate with the following ligands (I-IV) 
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Experimental Part, - Ni~(Trien)&lr . 21180 [7]. 12,12-dirncthyl-1,4,7,1O-tetraazacyclo- 
trideca-l0-m-nickel-tetrachlorozincate (V) [B], l1,11,13-trirnethyl-lI 4,7,10-tetraazacyclotridcca- 
13-en-nickcl-tetrachlorozincatc (VI) [8] and 11,13-tli1nethyl-1,4,7,10-tetraazacyclotrideca-l0,13- 
dienato-nickel-iodidc (VII) [9] werc synthesircd according to thc literature. 

12,12-Dimethyl-l, 4,7,70-fetraa~acycZotride~a~a~-nickeL-d~~e~ch~orat~ (VIII). To 7.0 g of V in 
200 ml watcr (ca. 3 g) NaHCOs was added until thc solution was slightly alkalinc and the pre- 
cipitated ZnCOa was then filtered off, The clear solution was cithcr treated with 0,85 g NaBH4, 
which was addcd in small portions at 6O0, or reactcd with h.ydrogcn (50 atm) at room tcrnp. in 
the presence of 50 mg PtOs during three days. PIftcr adjusting thc pH to  7 with acctic acid the 
reduced solution was evaporated to a small. volumc and a satrrrxtcd solution w a ~  added. 
From thc NaBHA reduction 6 g (86%) of VIII were obtaincd. whcrcas 6.3 g (90%) werc recovered 
from thc catalytic reduction. The C-N band at 1660 cm-1 of thc: starting matcrial is absent. 

C I I I I B & ~ ~ N ~ N ~ O ~  Calc. C 27.89 H 5.55 N' 11.87% 
(471.97) Found ,, 27.87 ,, 5.46 ,, 11.78% 

12,12-Dimethyhyl-7,4,7,70-tetraazaqcloMdecane-trihydroc/rloricE (I). G.0 g of VIII in 150 rnl water 
were reacted with 5 g KCN in 50 ml water. Thc pink colour which appears upon mixing rapidly 
changes to yellow [Ni(CN)i-J, 150 ml CkICls wcrc then addcd and the mixture was shakcn for 
1-2 h. After separation of the organic phase thc aqucous solution was extracted five morc timcs 
with 50 ml CHCla. The combincd cxtracts werc dricd over K&Os and evaporated Co dryness 
whereupon 2.4 g of the free base crystallizcd. The hydrochloride of I was obtaincd by addition of 
aIcohoIic HC1-solution (yield 61%) and rccrystatlised from EtOH/H&. Uec. 257" 

C&s&lsN4 Calc. C 40.81 H 9.03 C1 32.85% N 17.31 
(323.74) Found ,, 40.81 ,. 9.01 ,, 32.96% ,, 17.47 

71,l1,13-Tvimethyl-1.4,7,70-tet~~~yclotradecalze-n~ckel-~i~~~~hlo~ate (IX). To 6.0 g of VI 
in 200 ml water solid NaHCOs was added until thc pH o f  the solution was slightly alkaline. After 
filtration from the precipitated ZnCOa thc solution was heatcd to 60" and reacted with 1.G g 
NaOH and 2.4 g Ni-hl-alloy (50% Ni). Thcrcaftcr high-ilow was addcd, the pH of the solution 
adjusted to 8-9 with conc. HC1-solution and thc precipitated Al(0H)s filtcred off. The filtrate was 
acidified to  pH 4 with HClO4 and concentrrttcd. Upon addition of n saturatcd NaClO&olution 
to  this concentrate yellow crystals of IX wcro obtained. which werc rccrptallized from water 
(5.4 g, 93%): The C=N band at 1665 cm-1 prcscnt in the starting rnatcrial is absent. 

cinHn~Cl#&"O~ Calc. C 29.66 11 5.81 N 11.53% 
(485.99) Found ,) 29.51 ,, 5.64 ,, 11.27% 

71.~~.13-Trimcthyl-1.4,7.~0-tstr~~yclolridccarte-tet~a~ydro~hlo~~de (If). The ligand was 
obtained from Lx by a similar procedure and with similar yields (63%) as for I. Uec. 11. 4HC1 > 
250'. 

CigHs&I4N4 Calc. C 38.51 IT 8.62 CI 37.83% N 14.97 
(374.23) Found ,, 38.62 ,, 8.61 ,, 37.74% ,, 15.02 

1~,13-Dimethyl-l, 47, IO-tetvaa8acyclotriJecane-nicRcl-d~~e~chlo~a~e (X) . 8.0 g of VII were dis- 
solved into 200 rnl water and the pH was adjustcd with HCl to 4. The hydrogcnation was carricd 
out at 40° and 180 atm. in the presence of SOU mg R O Z  during 5 days. Thc catalyst was then 
filtered off, the solution was concentrated and to this a saturated NaC104 solution was added, 
whereupon yellow crystals of X were obtained. Crystallisation from MeOH gavc 8.3 g (87%) of 
the pure product. The C-C and C=N bands at 1560 and 1525 cm-1 of the starting material are 
absent. 1H-NMR. (100 MHz, DaO): 1.06 (d, CHs). 

C~IHWCISN~N~OB (471.97) Calc. C 27.99 H 5.55 N 11.87% Found C 27.95 H 5.39 N 11.67% 

11,13-Dimcthyl-1,4, 7. I O - t e t r ~ ~ ~ c l o i Y i d e c a n e  (111). Thc frcc ligand was obtained as described 
for 1 and recrystallized from ether, m.p. 88-88.5' (yield 81 x). 
C ~ H M N ~  (214.35) Calc. C 61.63 H 12.23 N 26.14% Found C 61.61 H 12.43 N 26.2Sy0 

7,4,7,1OI12,12-Hexamethy1-~, 4, 7,70-te~~aaaacycIotr.idecane-tr~hy~ro~erchlarate (IV). A solution 
of 1.8 g I in 10 mlW% ffirrnic acid and 4 ml35% formaldehyde was slowly heated until the C02 
evolution stopped and then refluxed for 20 h. After addition of 5 rnl 60% HC104-solution the 
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excess of formic acid and formaldehyde was rcmovcd at the rotatory evaporator. Addition of 
EtOH gave the product IV, which was recrystallizcd from MeOH/H20 (1.7 g, 35%). Dcc. 3 240" 
C15lI37CI9N4012 (571.84) Cdc. 31.52 11 6-52 N 9.80% Found C, 31.80 11 6.41) N 9.86% 

Measurements and equi@ment. - Rcagcnts : analytical grndc used without further purification. 
Measurements Temp. 25 0.05", 1 = 0.5 (KC1). Titration curves of  thc 10-8, ligands were 
obtained on a potentiograph I? 436 (Melvohm) equiped with a glass electrodc UX (Melvohm) under 
nitrogen. 

Absorption spcctra wcrc mcasured on B Cavy 14 spcctrophotoInetcr in 1 or 2 cm cells with 
solutions containing eqiiimolar amounts of metal ion and ligand, which wcrc allowed to react at 
60" until complexation was complete. The spectrum nf thc Cog+ complex with I was taken under 
anaerobic conditions in a Twlzberg cuvctte. The near IR. spcctrum of the Ni2+ complcx with IV 
was measured in DzO. The p H  dcpcndcncc 01 the Co21 spcctrutn of IV was studied by adjusting 
the y H  of the stock solution with small sniounts i)f NaOH or HG1. The rate o f  complcxation of the 
macrocyclcs with Niz+, Cue+, CoS+ and Zn2+ was followcd on a pH-stat and thc ratc constants 
calculatcd on an Olivetti Programma 101 as describod prcviously 131. The second step of the reaction 
of CUB+ with II and I11 was Iollowed spectrophotomctrically at 50" in 0.1~ t-butylamino-ethanol 
buffer (1 = 0.5) at 520 nm. Stock solutions of thc intermediates were prcpared with the pH-stat 
at 25" and kept at 0". 

IK. spectra were measured on a Beckman TR-8 spectrophotometer in KRr pcllets. NMR. 
spectra were obtained in D2O solution on a Vayian 100 MlIz instrument. 

Results and Discussion. - Synthesis arcd PKR values of the Ligands. All macro- 
cycles were syntheskAed using temyhte reactions dcscribed in the literature 181 [9] 
and the reduction of the imine groups was achicvcd either with NaBH4, or PtOz and 
Hg or Ni-Al-alloy in alkalinc solution. Whereas the Niz+ complcx V can easely be 
reduced with NaBH4 (see also [8]) or PtOz/Ha, thc complex VI does not react with 
these reagents [ 8-1. I-Iowever, Ni-Al-alloy in alkaline solution produces thc product IX. 
The reduction of VII was the most difficult m d  had to be donc with FtOz and Hz 
under slightly acidic conditions. Below pH 6 protonatiori and localization of the double 
bonds occurs [lO] making them more accessible to hydrogenation. This reaction can 
give two isomers. In the mew form the two mcthyl groups in position 11 and 13 are 
equivalent (probably equatorial) and will appear in the NMR. spcctrum as one 
doubIet. The methyl group of the racemic form are not equivalcnt (one being axial the 
other equ.a.toria1) and should give two doublets. Thc single doublet observed for our 
compound is therefore attributed to the absorption of the methyl protons of the 
meso form. In the IR. spectra of the ligands, obtaincd Iron1 their corresponding Ni2+ 
complcxcs by demetallation with cyanidc, typical N-H bands at 3300 cm-1 and N-H 
deformation bands in the region 3 580--1.620 curl  are observed. 

The pKH values of the cyclic tetraamines are obtaincd from the titration curves 
using the computer program Va~iat  [ll]. The first three are given in Tablc 1, the 
fourth being to low to bc determined potentiomctrjcally. In analogy to the fourteen 

Table 1. pKH valws of I, 11, I11 ami IV at 25" and I = 0.5 

I I1 rII IV 

PK:' 11.53 11.57 11.40 11.53 
PK," 10.10 9.91 9.61 8.10 
PKf < 2.5 < 2.5 < 2.5 < 2.5 
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membered rings [3], the protonation of the tetraazacyclotridecanes also takes place 
in two two-proton steps. 

Strzcctwe of the complexas. The spectra of the Ni2+ complexes with 1-111 exhibit 
one band at  427-429 nm with molar absorptivities of 112 to 167~-1  em-l (Fig. 1) and 

Fig. 1. Absm+fion spectra ofthe Ntq+ complenes lvith I (-.), I1 (. . . .), 111 (---.-) arrd I V  (--.--) 

clearly indicate a square planar geometry. In contrast the NP+ complex of IV shows 
three bands in the visible part of its spectrum at 410 (sh), 472 and 635 nrn (Fig. 1) and 
an additional absorption in the near IK. at 1600 run.  A trigonal bipyramidal or square 
pyramidal arrangement is the most probable geometry for this complex, in analogy 
to the Ni2+ complex of 1,41 8,1l-tetramethyl-1,4,8,1l-tetraazacyclotetradecane 
(CMe-Cyclam-14) [3] [lZ] [13]. 

The end products of the complexation of Cu2+ with 1-111 absorb at 540-565 nm 
with molar absorptivities of ZOO-235~-1 cm-1 (Fig. 2) and are typical for square 
planar chromophores with four nitrogens 1141. In contrast the spectrum of the Cu2+ 
complex with IV has a band at 630 nm with E = 375W-I cm-1 and resembles that of 
the CUB+ complex with 4-Me-Cyclam-14 for which pentacoordination has been 
proposed [12] [13] and that of the blue intermediate of the reaction of Cu*+ with tet a 
[6], which was shown to be trigonal bipyramidal [,15]. 

The complexation of CUB+ with I1 and 111 does not directly give the thermo- 
dynamically most stable square planar compound. Intermediates with bands at 
590 nm (e = 2 3 5 ~ ~ ~  em-1) for I1 and at 585 nm (e =: 2 1 5 ~ - 1  cm-1) for I11 which 
slowly interconvert to the square planar end product are observed (Fig. 3). Although 
their structures are not yet known, it is clear that distortions from a regular geometry 
and that a weaker ligand field is present in these complexes. 
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Fig. 2. Absorfition s+sctru offhe Cd+ comjderes wdh I (-- -), I1 (. . . .), 111 ( --.-) aad IV (- - - ) 

Fig. 3. Ruse catalyzed inlsvconwevsion of the blue to the mauzle Cu2+ C O ~ ~ ~ E X  wilh I1 at PH 5.8 and 85" 

The Co2+ cornplexcs of I and IV also exhibit stricking differencies. Whereas thc 
complex with I absorbs at 450 nm ( E  = 3 5 ~ 4  cm-X) and is extremely sensitive to 
oxygen, the Co2+ complcx of IV has two structured bands in the visible spectrum 
(Fig. 4) and does not react with oxygcn at all. In addition the spectrophotometric 
titration indicates as for Co(4-MeCyclarn-1.4)2+ 11 21 that thc complex with IV reacts 
as a weak acid when titmted with NaOH @KH 5: 7.98). This together with the 
absorption spectrum allows to assumc the prcsencc of a water molecule coordinated 
in the fifth position. 
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Fig. 4. Absorfition spectra of the Coa+ com#Zexes with I (-), and IV at PH 6.9 (-.-.-) and 
PH 71.0 (- 

Kilzetics and mechanism of complexatiorz. The kinetics of complcxation of the macro- 
cyclic ligands I-IV with Ni2+, Cu2+, Co2f and Zn%+ foIlow in the yH region in which 
HaL2+ is the predominant species of the ligand the ratc equation (1) (Fig. 5). 

vr = (Kl/[H+] + K2/[H+]2) I'M"+] LHgr'+]. (1) 
In  the case of NiZ+ and Cu2+ k.2 was to small to be measured. The corresponding ratc 
constants, Arrhenius constants and activation energies arc given in Table 2. 

The pH dependence of the rate of formation can as usual be resolved into the 
bimolecular rate constants KHL and kr, (Table 2) using the pKH valucs given in 
Table 1. These results show that the 13-membered ring ligands react slower than 
opcn chain tetraamines but at rates similar to those obscrved for the tetrsazacyclo- 
tetradecanes [1-3:] [6]. This would indicate that also for these ligands first bond 
formation probably is not thc rate determining stcp and that other factors discussed 
in [3] are responsible for the slow reaction. Secondly we find that the values of k x ~  
and kL differ by factors of 10s to 106. Thc high vducs of k~ arc probably due to a 
different and more reactivc conformation of the frcc ligand and/or to a high conjugate 
base effect of the strongly basic nitrogen with a p K l H  of about 11.5 [IG]. A third 
interesting point is the correlation between the ratc of complcxation and the number 
and position of the substituents in the macrocyclic ring. In the cast of Ni2" and Cu2+ 
the introduction of two methyl groups in the P-position to thc coordinating nitrogen 
atoms 1 and 10 (ligand I) has no influence on the rate of complexation, whereas 
a decrease of these rates is observed whcn two or thrce methyl groups are in the 
a-position (ligand 11 and 111) or when six methyl groups arc present (liiand IV). In 
addition 11 and 111 react with Cu2+ in a two step process. I n  a first reaction an 
intermediate i s  formed, which then slowly interconverts in a base catalyzed step to 
the end product (Fig. 3). The rate law for this second stcp (2) 

vf,2 = kSLCuL2+(blue)] [OH-] (2) 
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a 

Fig. 5. pHDependcmce ofthe rate ofcompkxation of Nia* (a), Cu2+ ( b ) ,  CoZ.1- (c) andZnz 1. (d) with I (O), 
11 (+), 111 (0) and IV (m) at 25’ (40” €or NP+ and IV) and I = 0.5 

and the rate constants Ra for 11 and I11 arc similar to those observed for the reaction in 
which the blue Cu(tet @I- complex gives the squarc planar end product [6]. ICcaction 
(2) can be explained by assuming a rapid prc-cquilibrium of CuLz+(blue) with a 
species containing a dcprotonated coordinated amino group (H-lL stands for the 
mono-deprotonated ligand L) (3) [17]. 

OH- 
CuT,2+(blue) ~==2 CuH-lL+ -b CuL2+(rnauve). (3) 

fast slow 
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These results show that substituents in a-position not only slow down the first step 
of the reaction, but in the case of Cu2-f. also strongly inhibit thc interconversion to the 
square planar end product. a-Methyl groups are thought to interact sterically more 
strongly than similar groups in ,&position. 
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148.2 4 x 0  -9qJ>-hydroxy - und 2 - 0x0 -9c(7> -hy droxy - 
bicyclo[3.3. llnonanl) 

von Rudolf Otto Duthaler und Camille Ganter 
Laboraturium fUr Organische Chemie dor Eidg. Tcchnischen Hochschule, CH-8006 Zurich 

(5. v, 75) 

Summary. A synthesis of the two C(9) cpimers 14 and 15 of 2-oxn-9-hydroxy-bicyclo[3.3.1]- 
nonaac is described starting from thc two C(2) epimers 3 and 4 of 2-hydroxy-9-oxo-bicyclo[3.3.1]- 
nonane. 

Im Zusammenhang rnit UV.-Restrahlungen von Z-Oxo-bicyclo[3.3.l]non~n (1) 11.1 
war es crforderlich, eine geziclte Synthese der beiden bisher unbekannten C(9)-Eyi- 
meren 2-0xo-9c(3)-hydroxy- und 2-0~0-9c(~)-~iydroxy-~i~cl0[3.3. llnonan (14 und 15) 
ausxuarbei ten. 

1) 

--. - 
Mit don hochgestcllten Indices C(3) werilm diejcnigcn Subtituentm an C(9) beeeichnct, die 
gegen C(3) hin und mit C(7) jene, wclche gegen C(7) hin oricntiert sind. 


