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Kinetic Origin of the Chelate Effect. Base Hydrolysis, H-Exchange Reactivity, and
Structures of syn,anti[Co(cyclen)(NHs)2]3+ and syn,anti[Co(cyclen)(diamine)ft lons
(diamine = H2N(CH2)2NH2, HzN(CHz);;NHz)
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The synthesis ofkyn,anti{Co(cyclen)en](ClQ); (1(ClO4)3) and syn,antifCo(cyclen)tn](CIQ)s (2(ClOy)3) is
reported, as are single-crystal X-ray structures $gn,antijCo(cyclen)(Nh)2](ClO4)s (3(ClO4)3). 3(ClOy)3:
orthorhombicPnma a = 17.805(4) Ab = 12.123(3) Ac = 9.493(2) A,a ==y = 90°, Z= 4, R1= 0.030.
1(ClO4)3: monoclinic,P2(1)h, a = 8.892(2) A,b = 15.285(3) A,c = 15.466(3) A,o. = 90°, B = 91.05(3}, y
=90°, Z= 4, R1= 0.0657.2Br3. orthorhombicPca2(1),a= 14.170(4) Ab = 10.623(3) A,c = 12.362(4) A,
oa=p=y=90,2Z=4,R1=0.0289. Rate constants for H/D exchange@Dl = 1.0 M, NaClQ, 25 °C) of
the syn and anti N protons (rate law:kops = ko + ky[OD™]) and the apical M, and the NHz and NH; protons
(rate law: kops = ky[OD™]) in the 1, 2, and 3 cations are reported. Deprotonation constaKts=([Co(cyclen-
H)(diamine¥*]/[Co(cyclen)(diamine¥"][OH]) were determined fol (5.54 0.5 M™1) and2 (28 £ 3 M™1). In
alkaline solution1, 2, and 3 hydrolyze to [Co(cyclen)(OH)" via [Co(cyclen)(amine)OHJ} monodentates.
Hydrolysis of3 is two step: kopsa) = kon@[OH™], Kobs2) = ko + Kon@[OH™] (konay = (2.2 + 0.4) x 10 M1
sk =(51£1.2)x 104sL, koney= 1.0+ 0.1 Mt s71). Hydrolysis of2 is biphasic: kops(1y= kiK[OH]/(1

+ K[OHf]) (k1 =50+0.2 §l, K =28 Mfl), k0b3(2)= k2K2[0H7]/(1 + Kz[OHf]) (kz =35+1.2 §l, Ky =
1.2+ 0.8 M™Y. Hydrolysis of1 is monophasic:kops = kikoKK[OH™1%/(1 + K[OH™])(k-1 + koKo[OHT]) (k1 =
0.035+ 0.004 s, k.g =29+ 0.6 s, K=55 M1, kK, =4.0 M!s1). The much slower rate of chelate
ring-opening inl, compared to loss of Niifrom 3, is rationalized in terms of a reduced ability of the former
system to allow the bond angle expansion required to producexth€BStrigonal bipyramidal intermediate.

Introduction the kinetically important NH deprotonation site (cf. ed ahd
] ] ) probe the nature of the 5-coordinate intermediate (cf. €& 2).

With a view toward exploring how rates ofHNexchange | i generally agreed that deprotonation at a ci$ $ite leads
and chelate ring-opening and closure in Co(lll) chelates are g the most reactive conjugate b&&@he relatively high charge
correlated with complex structure andHNacidity, three [Co- (34 carried by the Co(ll}-cyclen complexes should result in
(cyclen)diamine](CIG)s complexes (diamines (NHs),, en, tn} enhanced N acidity compared to relatedtland 2+ charged
have been prepared and characterized. In alkaline solution thesgpacie$,6 and theseecNH sites (syn, anti, and ap (ap apical)
species undergo rapid hydrolysis to [Co(cyclen)(g@H)via
processes involving formation of [Co(cyclen)(monodentate-

(2) For general discussions see: (a) Jordan, RRé&action Mechanisms

amine)OH}" intermediates. It is well-known that base hydroly- of Inorganic and Organometallic Systen@xford University Press:
sis of acido-Co(lIll) amines proceeds vial&B mechanisnts New York, 1998; pp 4245. (b) Basolo, F.; Pearson, R. echa-
(eqs 13 for [Co(NHs)sX]™), and several previous studies nisms of Inorganic Reactionnd ed.; Wiley: New York, 1968; pp

177-193. (c) Wilkins, R. GKinetics and Mechanism of Reactions of
Transition Metal Complexefnd ed.; VCH: Weinheim, 1991; pp

n+ o (n=1)+ 215-218. (d) Tobe, M. LAdv. Inorg. Bioorg. Mech1983 2, 1.
[Co(NH):X]™ + OH [Co(NHy),(NHo)X] +HO (3) (a) Buckingham, D. A.; Marzilli, P. A.; Sargeson, A. Morg. Chem
(fast) (1) 1969 8, 1595. (b) Sosa, M. E.; Tobe, M. LJ. Chem. Soc., Dalton

Trans 1985 475. (c) Comba, P.; Jackson, W. G.; Marty, W.; Zipper,
L. Helv. Chim Actal992 75, 1147. (d) Rotzinger, F. P.; Weber, J.;

[Co(NH),(NH,)X] ™2 — [Co(NH,) ,(NH,)]™ + X~ Daul, C. Hely. Chim. Acta1991, 74, 1247. (¢) Fabius, B.; Geue, R.
J.; Hazell, R. G.; Jackson, W. G.; Larsen, F. K.; Qin, C. J.; Sargeson,
(rds) (2) A. M. J. Chem. Soc., Dalton Tran$999 3961.

(4) (a) Pearson, R. G.; Basolo, F..Am. Chem. S0d 956 78, 4878. (b)
+ + Buckingham, D. A,; Olsen, I. |.; Sargeson, A. Nl. Am. Chem. Soc
[Co(NHy),(NH,)]™" + H,0 — [Co(NH,);OH]" 1966 88, 5443;1968 90, 6654. (c) Rotzinger, F. Anorg. Chem
(fast) (3) 1988 27, 768, 772. (d) Brasch, N. E.; Buckingham, D. A.; Clark, C.
R.; Finnie, K. S.Inorg. Chem 1989 28, 4567. (e) Dixon, N. E.;
Jackson, W. G.; Marty, W.; Sargeson, A. Morg. Chem 1982 21,
involving various (N3Co systems have endeavored to identify 688. (f) Reynolds, W. L.; Hafeezi, $norg. Chem 1978 17, 1819.
(g) Jackson, W. G.; Hookey, C. N.; Randall, M. L.; Comba, P.;
Sargeson A. Minorg. Chem 1984 23, 2473.

* Authors to whom correspondence should be addressed. (5) Buckingham, D. A.; Clark, C. R.; Rogers, A. J.; Simpsonudst. J.
TE-mail: charles.clark@stonebow.otago.ac.nz. Chem.1998 51, 461.
(1) en= ethylenediamine, tr= 1,3-trimethylenediamine. (6) Clark, C. R.; Buckingham, D. Ainorg. Chim. Actal997, 254, 339.
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Figure 1. Representation of a [Co(cyclen)XY]ion showing the syn,
anti, and ap configurations for theeeNH centers. This example has
syn(X),anti(Y) stereochemistry.

cf. Figure 1) are able to be distinguished by NOE methdds.
what follows we identify the critical N site and directly
measure its acidity. We further explore whether the reactivity
of the conjugate base is altered when—-@b bond cleavage
results in opening of a chelate ring, rather than in loss of a
monodentate ligand, and whether these two processes ar
discernibly different in a mechanistic sense. Jofdes recently
commented on the unexpectedly slow rates of chelate ring-
opening in exchange labile systems.

Experimental Section
CAUTION! The potentially explosive qualities of perchloric acid

e

Clarkson et al.

Reactions were monitored over at least three half-lives and peak areas
obtained by integration. DClOconcentrations were determined by
titration (standard NaOH), and measurements of pD were made using
a Radiometer PHM 82 pH meter equipped with G2040B and K4040
electrodes. Standardization was carried out using 0.05 M potassium
tetroxalate (pH 1.679), 0.05 M potassium hydrogen phthalate (pH
4.008), and 0.025 M Kk&PO,/0.025 M NaHPO, (pH 6.865) buffers at
25.0°C.2% pD was obtained from the relationship pPmeter reading

+ 0.401* and concentrations of ODwere calculated from pD or [0

using Kw(D20) = 14.952 andy. = 0.67 ( = 1.0 M NaClQ).*® First-

order rate constants were obtained by least-squares afabfspeak

area vs time data (exchange reactions) or absorbance vs time data
(hydrolysis reactions). The biphasic reaction of [Co(cycleAjtrih
alkaline solution was monitored at a wavelength either in the range
500-580 nm (absorbance decrease followed by increase) or at 356
nm (continuous decrease), with the wavelength selected being the one
that gave best definition to the fast and slow processes at a particular
[OH7]. Values of the rate constants were obtained by least-squares
analysis using the appropriate double-exponential expre&sldW—

vis spectra were recorded using the Cary.

Diffraction quality crystals of [Co(cyclen)en](CI{ were obtained

on leaving a concentrated solution (weakly acidifiegDpin an NMR

tube. [Co(cyclen)tn](Cl@s was converted to the Brsalt by anion
exchange chromatography on Amberlite IRA 400 resin, and crystals
were obtained on layergna 1 M HBrsolution with EtOH. [Co(cyclen)-
(NH3)2](ClOy); crystallized as orange blocks on diffusion of ethanol
vapor into a weakly acidic aqueous solution. X-ray data were collected

and perchlorate salts mean that these should be treated with great car@" @ Siemens Smart diffractometer with graphite-monochromated Mo
at all imes. No problems were encountered during the synthesis andK@ radiation and a CCD detector, with exposures ovet.(&ta were

use of the complexes described below.
syn,anti{Co(cyclen)en](ClQy); and syn,anti{Co(cyclen)tn](CIO,)s
H.0. Ethylenediamine or trimethylenediamine (989%, 1.50 crf) and
finely powdered [Co(cyclen)GJCI® (1.0 g) were ground to a smooth
paste for 30 s. To the semisolid was added HCI (3.0 M, 58) @nd
water (200 mL), and the solution was sorbed onto Dowex 50%/|E
resin. The orange product was removed on elution with 3.0 M HCI
and recovered by evaporation. The residue in HCI (1.0 M, & evas
treated with excess LiCIOStorage at 4C gave orange crystals, which
were filtered off, washed with ethanol, and air-dried. Found for the en
complex: C, 20.40; H, 4.69; N, 14.11. Cafd28NsCls01- requires:
C, 20.37; H, 4.79; N, 14.28H NMR in ca. 1 M DCI: 6 = 7.26 (1H,
s, br), 7.13 (1H, s, br), 6.13 (2H, s, br), 5.35 (2H, s, br), 4.94 (2H, s,
br), 3.9-2.7 (20H, m) ppm. UV~vis in 1 M HCIOs: Amax € (M2
cm 1) = 487 nm, 205; 342 nm 156. Found for the tn complex: C,
21.45; H, 5.38; N, 13.57; Cl, 17.37. CeEl30NsCl;012-H.0 requires:
C, 21.25; H, 5.19; N, 13.52; Cl, 17.1"H NMR in acidified (ca. 3 M)
DCl: ¢ =7.20 (1H, s, br), 6.93 (1H, s, br), 6.50 (2H, s, br), 4.98 (2H,
s, br), 4.65 (2H, s, br), 372.7 (20H, m), 2.10 (2H, m) ppm.

Reagents were of AR grade. Anhydrous Na@\@s obtained from
the monohydrate by drying under vacuum (0.05 mmHg;@85 DO
(isotopic purity 99.9 atom %) was obtained from Aldricdyn,anti-
[Co(cyclen)(NH)2](ClO,)s was prepared from the reaction of [Co-
(cyclen)CH]ICI® with NH3(g) in acetoné.

Zero time absorbance data (25°G, | = 1.0 M, NaClQ) were
obtained using Durrum D-110 and Olis USA stopped-flow spectro-
photometers. Measurements were obtained within 10 ms of mixing
equal volumes of the complex in NaCJ®olution and NaOH solution
of the required concentration. Rates of alkaline hydrolysis (26,0
1.0 M, NaClQ) were measured using a Cary 219 Yuis
spectrophotometer for [Co(cyclen)en](G)e) and either the Durrum
or Olis for [Co(cyclen)tn](CIQ)s, [Co(cyclen)(NH)2](ClO4)s, and [Co-
(cyclen)(NH;)OH](CIO4),. Rapid scan spectra were obtained using the
Durrum in conjunction with a Harrick rapid-scan spectrometer.CH
exchange data were obtained using a Varian VXRS 300 MHz or Inova
500 MHz NMR spectrometer for the complex+{3 mg) in HCOOD
buffer (0.05 M) or DCIQ solution (0.80 mL,I = 1.0 M NaClQ).

(7) Buckingham, D. A.; Clark, C. R.; Rogers, A. lhorg. Chim. Acta
1995 240, 125.

(8) Reference 2a, pp 936.

(9) Collman, J. P.; Schneider, P. \Worg. Chem 1966 5, 1380.

processed, empirical corrections were applied, and space groups were
assigned using programs from the SHELXTL pack&gehoice of the
correct space groups were confirmed by subsequent solution and
refinement of the structures. The structures were solved using SHELXS-
97} with the resulting Fourier map revealing the location of all non-
hydrogen atoms. Weighted full-matrix refinement Bhwas carried

out using SHELXL-97 with all non-hydrogen atoms being refined
anisotropically. Hydrogen atoms were included in calculated positions
and refined as riding atoms with individual (or group, if appropriate)
isotropic displacement parameters. The large thermal parameters of the
perchlorate oxygen atoms bonded to CI1 in [Co(cyclen)en]{zlO
suggested that some disorder was present, and this was modeled as
2-fold rotational disorder about the CtD14 bond, giving occupancies

of 63:37 for the two conformations.

Results and Discussion

The formation of [Co(cyclen)ef] or [Co(cyclen)tn}™ occurs
rapidly (within seconds) on treating [Co(cyclem]Cll with the
neat diamine. The products are easily isolated from acidic

(10) Bates, R. GDetermination of ptWiley: New York, 1965.

(11) Glascoe, P. K.; Long, F. Al. Chem. Physl96Q 64, 188.

(12) N@sanen, R.; Merilanen, P.Suom. Kemistil196Q 33B, 149, quoted
in Stability Constants of Metal-lon Complex&sllén, L. G., Martell,

A. G., Eds.; The Chemical Society: Burlington, London, 1964.

(13) Data for activity coefficients of salts in normal water are given by
Latimer (Latimer, W. M.The Oxidation States of the Elements and
Their Potentials in Aqueous SolutioRrentice-Hall: New York, 1953)
and quoted in the following:pH Measurements in Theory and
Practice Linnet, N. Radiometer: Copenhagen, 1970. Marshall and
Katz (Marshall, P. R.; Katz, J. Inorg Nucl. Chem1974 36, 1589)
have shown that these are not too different feODsolution.

(14) Purves, R. DJ. Pharm. Pharmacol1993 45, 934.

(15) Espenson, J. HChemical Kinetics and Reaction Mechanisrad
ed.; McGraw-Hill: New York, 1995; p 71.

(16) Sheldrick, G. M.SHELXTL-Plus. Structure Determination Software
Programs Siemens Analytical X-ray Instruments Inc.: Madison, WI,
1990.

(17) Sheldrick, G. MSHELXS-97. A program for the solution of crystal
structures from diffraction datdUniversity of Gdtingen: Gitingen,
Germany, 1997.

(18) Sheldrick, G. MSHELXL-97. A program for the refinement of crystal
structures from diffraction datdUniversity of Gdtingen: Gitingen,
Germany, 1997.
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solution as CI@™ or Br~ salts, and crystal structures (see below) Table 1. Rate Datafor the OH -Catalyzed Loss of Nkifrom
show syn,anti configurations for the equatoridH lgrotons in Syr(NHs),ant'(NHs)-[ng(Cyglen)(Nl'&)z “and
both complexes. In théH NMR spectrum (acidified BO) these ~ [Co(cyclem(NH)OH]™" (I = 1.0 M, NaCIQ; 25 °C)

give rise to the signals at lowest field (7.26, 7.13 ppm, pH (or[OH)
respectively, en complet M DCI; 7.20, 6.93 ppm, respectively, [Co(cyclen)(NH)J* [OH"IM kobsafS™t Keadls™
tn complex, 3 M DCI), and the assignments were confirmed by 7.66 6.82x 1077 0.0163 0.0150
NOE spectroscopy. Thap-NH protons of both complexes give 8.09 1.84x 10°¢ 0.0384 0.0405
rise to a single resonance in the vicinity of6.5 ppm, while 8.82 9.86x 1077 0.277 0.217
the NH; protons in the diamine chelates are distinguished and 3'2(7; %.ggx l(rs 0.437 0.385
. . . - . .98x 10~ 0.648 0.656

appear in the region 4-%.5 ppm. We could find no evidence 9.9pe 1.24% 104 2.75 273
for isomerization in either complex (by IE chromatography and 10.42 3.93x 104 7.43 8.65
reversed-phase HPLC, syn,syn and anti,anti isomers absent), 10.7% 9.20x 10 20.1 20.2
and this was also the case feyn,anti{Co(cyclen)(NH)s]-
(CIOs)>H0,” where the configuration was assigned by a [CO(Cyclem(NH)OH]* OHUM 10 L okt
combination of NOE and COSY spectroscopies and confirmed (1someric mixture) [OH] abs(zfS eacS
by a crystal structure. 8-6;’1 7.14x 10 5.14 5.47

1. NH Proton Exchange. In all three complexes the 3:27’ é;gi 1g5 2:4212 g:%
equatorial NH centers are the most labile and these undergo 9.9%pe 1.24% 104 7.28 6.62
H/D exchange even under acidic conditions. Figure S1 (Sup- 10.42 3.93x 10 9.59 9.28
porting Information) shows this for [Co(cyclen)éh]at [D*] 10.79 9.20x 10 15.2 145
= 0.0535 M and 25°C with the syn and anti-NH signals 0.1f 0.1 995 994
decaying at identical ratekgps = (1.084- 0.04) x 104s7L In 0.28 0.25 2470 2470
less acidic solution the other amine signals (adNalso decay, 0.50 0.50 4950 4950
and Tables S1, S2, and S3 (Supporting Information) give rate a4 = 523 nm for [Co(cyclen)(NH)z]*+; 570 nm for [Co(cyclen)-
data for all three complexes. Exchange atgiie andanti-NH (NH3)OHJ?*; [buffer] = 0.1 M unless stated otherwisg[Buffer] =
sites follows the two-term rate law: 0.2 M. ¢ Tris. 4 Ches.® Caps.f NaOH solution 9 keac (s71) = (2.2 0.4)

x 10[OHT]. "keaie (1) = (5.1 1.2) x 1074 + (1.0 + 0.1)[OH].

Kobs = K, + ky[OD"] 4)

) _ <142which is consistent with the observation of “spontaneous”
with, for the en com_p|e>§ko =(8+3)x10°s*and kH_= pathways (i.e., water catalyzekh, = 8 x 10°to 1.1 x 1073
(3.0+ 0.3) x 10° M™% s%. Exchange of the ap and primary -1 for exchange. Only for an acid of@ < 14 in water wil
amine protons follows strictly first-order kinetics in OD H,O be a sufficiently strong base to abstract the proton at a

catilysis, withkyy = %6%10'?2 x 10" M~ s7 for ap-NH and measurable rate. In contrast, most other Co@léinines have
ky = (8.3£ 0.8) x 10° M~1 571 for both ethylenediamine N, pKa values in well in excess of 14.

centers. The latter rate is not too different from that observed 2. Acidity Measurements and Hydrolysis in Alkaline

for [Co(en);]3.+, ki =2.4x 1M ls, 1:19 The Syn andant!- Solution. OH-catalyzed loss of the NHigands in [Co(cyclen)-
NH protons in [Co(cyclen)trd]" are distinguished by differing ()13 occurs in two stages, egs 5 and 6. The first reaction
exchange rates, and wikgsy" = (3.7 & 0.4) x 1074 s71, kg™
=(3.3£0.2)x 1° M 1s% kA= (1.1+ 0.1) x 103572, a _
ke = (6.2 + 0.6) x 10° M~ s1 (cf. eq 4) indicating ~ LCO(CYclen)(NH) ™ + OH " —
somewhat faster processes than those observed for [Co(cyclen)- [Co(cyclen)(N I-g)OH]2+ + NH; (5)
enPt. This is also true for ap proton exchange; = (7.8 +
0.8) x 10" M~* s%. No attempt was made to obtain rate data [Co(cyclen)(NH)OH]*" + OH™ —
for exchange of the primary amine protons (partially obscured n
by the HOD signal) in the tn complex. The data for [Co(cyclen)- [Co(cyclen)(OH)]™ + NH; (6)
(NH3)2]®" show that decay of the lowest field signal (6.7 ppm,
2H) follows eq 4 withk, = 1.5 x 1075 s andky = 4.5 x 10° shows strict OH catalysis, i.€.Kobs(1)= Kon[OH™] with ko)
M~1s1(l = 1.0 M, 25°C). This process involves both the = (2.2+ 0.4) x 10* M~1s7%, while the second reaction follows
syn andanti-NH protons, as shown by an experiment in 0.035 a two-term rate law:Kops(2)= ko + kon@[OH™] with k, = (5.1
M DCIO,, where acid quenching after caxlty,, recovery of +1.2)x 1045 konezy =1.0£ 01 MIst(1=10M,
unreacted starting material as the ¢tGalt, and examination =~ NaClQy, 25°C), Table 1. The first reaction gives an equilibrium
of this in d-Me;SO showed both the syn (7.30 ppm) and anti mixture of the two [Co(cyclen)(NEJOH]?" isomers (75%
(7.12 ppm) NH protons at ca. 50% exchange when compared syr(NHz),anti(OH) + 25% syn(OH),anti(NHs)).2? This was
to theap-NH signal (6.76 ppm, 2H). The ap andy protons established by quenching experiments (pH 8.0; 2, 5, 10 min)
showed no exchange over 2 days under this condition, nor werefollowed by IE chromatography, anation of recovered [Co-
they found to have exchanged in the [Co(cyclen)ghbH,]3" (cyclen)(NH;)OH,]**" (HCI, 55 °C), and HPLC estimation of
product following acid quenching after 1 min at pD 7.62. resulting [Co(cyclen)(NB)CI]?*. The [Co(cyclen)(NH)OH]**
Therefore, they cannot be involved in the O#atalyzed isomers rapidly isomerize under the pH 8 condition, but anate
hydrolysis reaction. with full retention of configuratiorf? Thus the identity (syn or
OD-catalyzed exchange atyn and anti-NH sites in the anti) of the first NH ligand lost and the stereochemistry of the
complexesky = (3—7) x 10° M~1s71) occurs with rates either
close to or at (for the tn complex) the diffusion limit (ca.X40  (20) Eigen, M.; Kruse, W.; Maass, G.; De Maeyer Arog. React. Kinet.
M~1s1). This is in accord with these centers havir¢,palues 1) }qgeﬁgrghg’g%b' bp 33, 183.

(22) Buckingham, D. A,; Clark, C. R.; Rogers, A. J.; Simpsonindrg.
(19) Palmer, J. W.; Basolo, B. Inorg. Nucl. Chem196Q 15, 279. Chem.1998§ 37, 3497.
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first formed [Co(cyclen)(NH)OH]% product remain unknown.

Likewise, since eq 6 refers to the reaction of the equilibrated

mixture, the stereochemistry of release of the seconglIlgeind
is also unknown. The final [Co(cyclen)(O#J product was
characterized as [Co(cyclen)}Tt following workup from HCI
solution?3

In alkaline solution both chelates also hydrolyze rapidly to
[Co(cyclen)(OHY] ™ (Amax € (M~1 cm™1) = 547 nm, 188; 358
nm, 166), but stopped-flow mixing allowed absorbances to be

determined before hydrolysis was appreciable. Initial absor-

bances An) for [Co(cyclen)eni™ are plotted versus [OH
(0.10-1.0 M, [Co}r = 8.24 x 1074 M) in Figure S2 (Supporting
Information). These follow eq 7, withm, K, A, = 0.884, 5.9

Ain = (AinK[OH ]+ A)/(1 + K[OH ) (7)
M~1, 0.097 (360 nm data) and 1.053, 5.1M0.419 (495 nm

data). The constank, is interpreted as arising from deproto-
nation at an M site in the cyclen ligand (cf. eq 8), and the

[Co(cyclen)eni” + OH™ = [Co(cyclen-H)(en)i* + H,0
(8)

data correspond toKa® = 12.92+ 0.04 KL = KKylyL? =
(1.24£ 0.2) x 10713 M). Parallel measurements on [Co(cyclen)-
tn]3* (495 nm, [Co} = 1.46 x 103 M) establisheK = 28 +

3 M1 (pK S = 12.214 0.05), but a direct acidity determination
for [Co(cyclen)(NH),]3+ was precluded owing to its enhanced
base hydrolysis reactivity. However, the similar H/D exchange

rates of the diammine and chelate complexes would suggest

very similar K, values. The exchange datq", k2" = (3—

7) x 10° M~1 s71) are clearly in accord with deprotonation at
equatorial NH, proven in the case of the diammine, but the
results do not distinguish whether exclusive syn or anti

deprotonation is involved, or whether the conjugate base is a

Clarkson et al.
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[OH]/M

Koy ! 8™
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Figure 2. Plots ofkos versus [OH] for alkaline hydrolysis of [Co-
(cyclen)en} (A), and for the two processes observed on alkaline
hydrolysis of [Co(cyclen)tr#f (B) at 25.0°C andl = 1.0 M. The fitted
curves are drawn using eq 11 and egs 9 and 10, respectively, and the
values of the constants given in the text.

0.8 1

combination of syn- and anti-deprotonated forms. Deprotonation Scheme 1

in the (N}Co*" ions coincides with a color change from orange
to red and is distinguished from ion association ¢(M¢f*+-OH",
which gives spectral changes only below 300 4m.

Rate data for hydrolysis of the chelate complexes were

obtained under conditions where [OHvas in large excess over
[Co]t. For [Co(cyclen)eriit only one process was observable
using rapid-scan spectrophotometry, and valuek,gfwere
obtained at 320 nm (cf. Table S4, Supporting Information).
These are plotted against [OHin Figure 2A giving a clear
sigmoidal variation. This behavior contrasts with that of [Co-
(cyclen)tnft where two processes were evident (5880, 356
nm data;Kops1y Kobs(zy Cf. Table S5, Supporting Information).
Both increased in rate as the Oldoncentration increased, and
approached limiting rates at high concentrations, Figure 2B.

The data for both chelate complexes are interpreted in terms

of the processes shown in Scheme 1. For [Co(cyclet)th]s
involves initial rapid deprotonation of the cyclen ligan)(
with ring opening k;) in the resultant conjugate base being
essentially irreversiblek( > k_;) and corresponding to the faster
of the two observed processes. Thus:

Kobs(ry= KiK[OH J/(1 + K[OH ]) 9)

and least-squares fitting usirg = 28 M~ (see above) gave

[Co(cyclen){(diamine)P++ OH-

(fast)] l K

[Co(cyclen-H)(diamine) 2+ + H20

A
k4 Elk1

[Co(cyclen)(diamine) OHR+

+ OH
(fast)} { K

[Co(cyclen-H)(diamine)OH} + H,O

|

[Co(cyclen)(OH),]*+ diamine

k; = 5.0+ 0.2 s'1. The slower process corresponds to loss of
monodentate tn from [Co(cyclen)(tn)O#] This varied in rate
according to eq 10, and data fitting gake= 3.54+ 1.2 s’1
andK; = 1.2+ 0.8 M1 (see Table S5).

good correspondence between observed and calculated data for

(23) Rogers, A. J. Ph.D. Thesis, University of Otago, 1995.

Kops(z) = KoK [OH J/(1 + K,[OH]) (10)
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Table 2. Crystallographic Data for [Co(cyclen)(diamine)}XComplexes (diamine= en, tn, (NH)2)

Inorganic Chemistry, Vol. 39, No. 21, 200@773

chemical formula (IongC|3CON6012 C11H3oBI’3CON6 CSH26C|3CON6013
fw 589.66 545.07 579.63

T(K) 149(2) 168(2) 163(2)

2 (R) 0.71073 0.71073 0.71073

cryst syst P2(1)h Pca2(1) Pnma

space group monoclinic orthorhombic orthorhombic
a(A) 8.892(2) 14.170(4) 17.805(4)

b (A) 15.285(3) 10.623(3) 12.123(3)
c(A) 15.466(3) 12.362(4) 9.493(2)

S (deg) 91.05(3) 90 90

V (A3 2101.7(7) 1860.8(10) 2049.1(8)

z 4 4 4

Pealca (g €NT9) 1.864 1.946 1.827

u (mmL) 0.954 7.387 1.300

RI2[I > 20(1)] 0.0657 0.0289 0.0300

wR2 (all data) 0.166%6 0.0780 0.086F

aR1= 3||Fo| — |Fell/ZIFol. PWR2 = [S[W(F& — FA]YZ[(WFAF] Y2 ¢ w = 1/[0%Fc2) + (0.070P)2 + 6.569%] whereP = (Fo2 + 2F2)/3. 9w
= 1[0*(F2) + (0.047P)? + 4.5410P] whereP = (F? +2F2)/3.¢w = 1/[0¥F)+(0.055P)2 + 2.6980] whereP = (F2 + 2F2)/3.

On the premise that ring opening in the en chelate conjugate

than [Co(NH)g]3". This enhancement appears to be the largest

base is reversible and assuming steady-state conditions in [Coyet observed in Co(lll) substitution chemistry.

(cyclen)(en)OH™], then eq 11 follows. The hydrolysis data (cf.

Me\ H
. ,
Kops = KilKK[OH T/(1 + KIOH T)(K_ + kK, [OH ) [Nz N
(12) <N\ ,,,,, ’ .+ NH3 N\ ..... ‘ | L NH3
Co. < _Co
Table S4) were fitted to eq 11 by setting the valuéusf, equal g/ | “SNNH ﬂ/ ’ N NH;
to that determined for [Co(cyclen)(tn)OH](4.0 M1 s71, near 2 NHz Z\NHZ
identity in the base hydrolysis rates would be expected), and
with use of the known value of the deprotonation constant (5.5
M~ see above). This approach gave excellent agreement 1 2

between observed and calculated datakfor 0.0354+ 0.004
standk-; = 2.9+ 0.6 s! (Table S4, Figure 2A). Because
the reaction is dissociative, cyclization in the [Co(cyclen)(en)-
OHJ?" ion (ty2 ~ 0.2 s) is controlled, at least in part, by the
rate of ligand OH/solvent exchange. This should be similar to
that for [Co(cyclen)(NH)OHJ?* (kex = 8 s7%, 25°C, | = 1.0
M NaClOs?%), which implies an efficient mechanism for re-
entry of the dangling Nkigroup; identity in the exchange rates
would correspond to one cyclization event occurring for every
two or three acts of ligand OHexchange. Cyclization in the
[Co(cyclen)(tn)OH?" cation is likely to be substantially slower
than in [Co(cyclen)(en)OHT since the entering group is further
removed from the Co(lll) center, but ligand OHolvent
exchange rates for these two intermediates will be similar.
Base hydrolysis reactivity in the Co(lH)cyclen system is
very sensitive to the nature of the non-cyclen amine ligand(s),
with relative rates for [Co(cyclen)(Ngb]®T, [Co(cyclen)tnf,
and [Co(cyclen)er] lying in the order 18(7 x 10%):1. [Co-
(cyclen)(NH)2]3 (kon = kiK = 2.2 x 10 M~1s7%) undergoes
base hydrolysis 4x 1CP times faster than does [Co(tren)-
(NH3)2]3" (1, kon = 0.054 Mt s71), but only 2 x 1 times
faster than doeanti-p-[Co(metren)(NH)2]3" (2, koy = 100 M2
s71).25 This emphasizes both the labilizing influence of the
cyclen ligand and the importance of a c&cNH site to
enhanced reactivity. We were unable to detect appreciable
hydrolysis <1% [Co(NHs)sOH]J?" production) for [Co(NH)g]®"
in 1.0 M NaOH at 25°C after 5 h. Thuskon for this substrate
must be< 6 x 1077 M~1s71, which indicates that [Co(cyclen)-
(NH3),]3 is at least 3x 101°(=2 x 10%6 x 10~7) more labile

(24) Brasch, N. E.; Buckingham, D. A.; Clark, C. R.; Rogers, Andrg.
Chem 1998 37, 4865.

(25) Buckingham, D. A.; Clark, C. R.; Lewis, T. Whorg. Chem.1979
18, 2041.

3. Structure and Reactivity. Table 2 gives crystal and
structure refinement details for [Co(cyclen)(§JH(CIO4)s, [Co-
(cyclen)en](ClQ)s and [Co(cyclen)tn]By, and the structures of
the three cations are shown in Figure 3. Bond length and bond
angle data are listed in Tables S8, S12, and S16 (Supporting
Information). The Ce-N bond lengths all lie within the range
considered normal for Co(IHjamines, with those involvingyn
andanti-NH centers being somewhat shorter than those involv-
ing ap-NH, NH2R, or NHs. There are significant differences in
the geometry of theecamine centers, with the-€N—C bond
angles forsynNH (C1-N1-C8: 118.3-118.7) being con-
sistently larger than those faanti- (C4—N3—C5: 114.0-
115.8) andap- (C2—N2—C3, C6-N4—C7: 88.9-94.8") NH
sites, as is usually observed in Co(Hyclen complexe&?2®
Also, the bond angles do not differ greatly from those for
comparable sites in complexes of reduced overall charge (2

(26) X-ray structures have been reported for the followingsyg)N),anti(N)-
[Co(cyclen)(NQ)ICI: litaka, Y.; Shina, M.; Kimura, Elnorg. Chem
1974 13, 2886. (b) syn(N),anti(O)[Co(cyclen)(§)-Ala)]l-H20,
synO),anti(N)[Co(cyclen)(§)-Ala)](ClO4)2-H20, andsyn(N),syrnO)-
[Co(cyclen)(§R)-Ala)]ZnBra, see ref 5. (c) [Co(cyclen)#@0O)]ClOs*
H,O: Loehlin, J. H.; Fleischer, E. BActa Crystallogr.1976 B32
3063. (d) [Co(cyclen)(acac)](CUp-H,O and [Co(cyclen)(Br-acac)]-
(ClO4)2+0.5H,0: Matsumoto, N.; Hirano, A.; Hara T.; Ohyoshi, A.
J. Chem. Soc., Dalton Trand983 2405. (e)syn(S)anti(N)-[Co-
(cyclen)(§)-NH2CH,CH(CHs)S)]ZnClL-H,0 (green isomer): Kojima,
M.; Nakabayashi, K.; Ohba, S.; Okumoto, S.; Saito, Y.; Fujit&gull
Chem. Soc. Jpnl986 59, 277. (f) synNHs),anti(Ns)[Co(cyclen)-
(NH3)N3]Clo 5(ClO4)1 5H20, see ref 24. (g3yn(OH,),anti(OP(H)Gy)-
[Co(cyclen)(OH)OP(H)Q)](ClOy4): Carrington, S. J.; Buckingham, D.
A.; Simpson, J.; Blackman, A. G.; Clark, C. R.Chem. Soc., Dalton
Trans 1999 3809. The structures of a number of alkyl-substituted
cyclen complexes have also been reported, see: Buckingham, D. A;;
Clark, C. R.; Rogers, A. J.; Simpson,ldorg. Chem 1995 34, 3646.
Buckingham, D. A.; Clark, C. R.; Rogers, A. J. Am. Chem. Soc
1997 119, 4050 and references therein.
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Figure 3. ORTEP diagrams for the [Co(cyclen)(N}d3" (A), [Co-
(cyclen)eni™ (B), and [Co(cyclen)trij (C) cations. Thermal ellipsoids
are drawn at the 50% confidence level.

1+).526ad The structural differences between syn and anti sites
in the 3+ charged complexes are not reflected in their essentially
identical NH exchange rates, but the slower to exchaage

NH centers are distinctly less strained. The bite angles for the
en (83.2) and tn (83.8) chelate rings are remarkably similar
and are not too different from the corresponding angle in the
diammine complex (N5Col-N6 = 84.2). Clearly, the
conformation of the macrocyclic ligand controls this angle to a
considerable degree.

Clarkson et al.

Scheme 2
/\3+ /\2+
T L
H, H;
HNu.. | o N~ K HN.... |\ o N~
i C _(CHz)n + OH- === i o _(CHy)
N |0\N o fast N/T i “
K/N“

~

conjugate base

H:
07 N > (CHn
g /\21-
¥3
HNw...
Co—NH,(CHy),NH:
Nl 7 2(CHz)nNH,

H:0 \/NH
4 &/

S-coordinate intermediate

Previously, we arguéd that the positioning of ais-NH
proton in the parent acideCo(lll) complex was crucial to high
base hydrolysis reactivity, with repulsive overlap between the
lone pair in the amido base derived fraynNH and the filled
bonding and nonbonding orbitals of the leaving group assisting
its departuré’ However, the leaving groups in the present
complexes are not too different in basictythe complexes
possess essentially the same geometry, and each has a compa-
rably acidicsynrNH proton in the correct orientation. This makes
it all the more surprising that the rates of first €d bond
cleavage should differ so widely. Clearly the energy barrier for
formation of the dissociative 5-coordinate intermediate is
significantly higher for the [Co(cyclen)(diaminéj]ions than
it is for [Co(cyclen)(NH)2]3". We interpret this in terms of
retention of diamine chelate character in the transition state for
ring opening, cf. Scheme 2, where rate-determining-Bdond
cleavage and concomitant production of the trigonal bipyramidal
intermediate become increasingly more difficult the greater the
degree of structural restriction imposed by the diamine chelate.
Formation of the intermediate requires expansion of the bond
angles in the equatorial plane from ca’®6 ca. 120, and the
in-plane bidentate ligand will hinder expansion provided the
Co—N bond is not fully broken in the transition state. Loss of
NH3 from the [Co(cyclen-H)(NH),]?" conjugate base is not
restricted in this way, and the more rapid ring opening of [Co-
(cyclen-H)tnft compared to [Co(cyclen-H)et] (k; = 5.0
versus 0.0357¢, respectively) is in accord with the tn chelate
ring having the greater flexibility.

The formation constant of a metathelate complex is related
to the rate constants for the separate bond-making and bond-
breaking steps by the expressiin = kiks/koks (eq 12), and
there is increasing evidence from studies on exchange labile

(27) Sargeson et al. (ref 3e) interpret data for base hydrolysis of [Co-
(ditame)CIF+ (ditame= 2,2-dimethyl-2,2-iminodimethylene-bis(1,3-
propanediamine)) in terms of traseeNH deprotonation and reaction
via a stabilized square pyramidal intermediate. The base hydrolysis
rate constantkop = 68 M~1 s71) is 250-fold greater than that for
[Co(NH3)sCl]3*. Such observations suggest that reacting@9)x"*
systems have a range of options, depending on the nature gf (N)
both as to N deprotonation site (or sites) and as to 5-coordinate
intermediate geometry.

(28) pKa values for NH*, tnH2", and enH?* are 9.50, 9.12, and 7.49,
respectively (25C, 1 = 1.0 M (KNOs)), see ref 16. Substitution of a
(N)sCa" center for H in enH?" does not appreciably change its
acidity (<0.1 K unit): Clark, C. R., unpublished data.
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n+ k1 nt+ k3 n+/L
M +L—L — M-L-L =—= M > (12)
k ka Np

system& indicating that the processes of metijand bond
formation ki, ks) and loss of monodentate ligankb) are not
the principal factors in determining heightened stability; the
slowness of the ring-opening reactida)(accounts for the high
formation constants of Co(ll) and Ni(ll) chelaté®>30 These

Inorganic Chemistry, Vol. 39, No. 21, 200@775

suggest that this is limited more by the nature of thelL
bidentate than by intrinsic differences in-NL bond strength.

Supporting Information Available: Tables listing H/D exchange
data as a function of pD fosynanti-[Co(cyclen)(NH);]®", synanti-
[Co(cyclen)enit, and synanti-[Co(cyclen)tn}™ in D,O, and rate
constants as a function of [Offor hydrolysis ofsynanti-[Co(cyclen)-
enPf" and synanti-[Co(cyclen)tnf* (I = 1.0 M (NaClQ,), 25.0°C);
detailed crystallographic data, bond lengths and angles, atomic coor-
dinates and equivalent isotropic displacement parameters, anisotropic

species also react via dissociative pathways, and it seems likelydisplacement parameters, and hydrogen coordinates and isotropic
that chelate ring-opening rates are similarly controlled by the displacement parameters feynanti-[Co(cyclen)(NH)z](ClO4)s-H20,

ability of the complex to adapt its geometry in the drive to

produce an intermediate of reduced coordination number. We

(29) Aizawa, S.; lide, S.; Matsuda, K.; Funahashi)ri&rg. Chem 1996
35, 1338.

(30) Soyama, S.; Ishii, M.; Funahashi, S.; Tanaka)mérg. Chem 1992
31, 536.

synanti-[Co(cyclen)en](ClQ)s, andsynanti-[Co(cyclen)tn]Bg. Figures
showing *H NMR spectra for decay of the syn and asgcNH
protons and time-zero absorbances versus{Idét [Co(cyclen)enit.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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