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Formation of Metallo-64-((2-(bis(2-aminoethyl)amino)ethyl)amino)-6-deoxy{#-cyclodextrins
and Their Complexation of Tryptophan in Aqueous Solution
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A pH titration study shows that'6((2-(bis(2-aminoethyl)amino)ethyl)amino}-@leoxy3-cyclodextrin 3CDtren)

forms binary metallocyclodextrins, [MCDtren)E", for which log/dm? mol~1) = 11.654 0.06, 17.2%- 0.05,

and 12.25+ 0.03, respectively, when ¥ = Ni2*, Ci?*, and Zri#+, whereK is the stability constant in aqueous
solution at 298.2 K and = 0.10 mol dn73 (NaClQy). The ternary metallocyclodextrins [CDtren)Trp]",

where Trp is the tryptophan anion, are characterized by kdd(® mol~1) = 8.2+ 0.2 and 8.1 0.2, 9.5+ 0.3

and 9.4+ 0.2, and 8.1 0.1 and 8.3+ 0.1, respectively, where the first and second values represent the stepwise
stability constants for the complexation &®)¢ and ©-Trp~, respectively, when kr = Ni?*, Cw#+, and Zri#t.

From comparisons of stabilities and UW¥isible spectra, the binary and ternary metallocyclodextrins appear to

be six-coordinate when ¥ = Ni2" and Zri#+ and five-coordinate when # = Cl2". The factors affecting the
stoichiometries and stabilities of the metallocyclodextrins, are discussed and comparisons are made with related

systems.

Introduction

The formation of a binary metallocyclodextrin through the
coordination of a metal ion by a functionalized cyclodextrin,
and the formation of a ternary metallocyclodextrin through the

The catalytic activities of metalloenzymes are very metal center
specific, and this may be partly due to the influence of the metal
center on the thermodynamic stability of the metalloenzyme and
its efficacy in binding substrates. The simpler and more readily
manipulated metallocyclodextrins provide an opportunity to

binding of a substrate, offers an opportunity to study the effects study the influence of the metal center on metallocyclodextrin

of metal center and cyclodextrin interactions on metallocyclo-
dextrin stability and substrate bindidgl” The ternary metal-

formation and on substrate binding in some detail, and such
studies may be relevant to the understanding of some aspects

locyclodextrin annulus can partly encapsulate a substrate whichof metalloenzymes. Although a range of metallocyclodextrin
also interacts with the adjacent metal center, and in this respectstudies have appearéd.’ only two of these studies incorporate

it resembles the Michaelis complex of some metalloenzyfés.
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guantitative data on the effect of changing the metal center on
binary and ternary metallocyclodextrin formati&-’

We now report a study of the binary metall6-§2-(bis(2-
aminoethyl)amino)ethyl)amino)®6deoxy3-cyclodextrin,
[M(BCDtren)f", where M = Ni2*, Ci?*, and Z#*, and the
ternary metallocyclodextrins [MCDtren)Trpl", where Trp is
the tryptophan anion. Their protonated analogues have also
been studied. (Bound water molecules are generally not shown
in the metallocyclodextrin formulas in the text, and tryptophan
and its protonated form are indicated by TrpH and TzpH
respectively.) The three ™ were selected because Zn
frequently acts as a metal center in metalloenzyted, and
while Ni2™ and C@ fill this role less often, they are closely
related in electronic structure and size t&ZnThe tetradentate
6~-((2-(bis(2-aminoethyl)amino)ethyl)amino) substituent of
BCDtren ensures the formation of stable p@{Dtren)f+. The
substratesR)- and §)-Trp~ were chosen for study because their
aromatic moieties are of appropriate size to fit into the
[M(BCDtren)f" annulus, they bind to metal centers and provide
a test for enantioselectivity in [NSCDtren)Trp]".16

It is found that the M/BCDtren/Trpg systems exist as a
series of labile equilibria, some of which are shown for th&Ni
system in Figure 1. The truncated cone represents the cyclo-
dextrin moiety where the wide end of the annulus is delineated
by fourteen secondary hydroxy groups and the narrow end is
delineated by six primary hydroxy groups and the secondary

(19) Silverman, D. N.; Lindskog, SAcc. Chem. Red988 21, 30.
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Figure 1. Both [Ni(8CDtren)(HO),]?>" and [Ni(3CDtren)Trp]" are six-
coordinate, as is probably the case for theit'Zanalogues. It is possible
that coordination of a cyclodextrin primary hydroxy group may replace
one of the two coordinated water molecules in th& ldind Zr#* binary
metallocylodextrins. The Cti metallocyclodextrins are probably five-
coordinate as discussed in the text.

amine group of the’6((2-(bis(2-aminoethyl)amino)ethyl)amino)
substituent in place of the seventh primary hydroxy group of
pB-cyclodextrin, SCD. The structures shown for the complex
BCDtrenTrp~ and the metallocyclodextrins [NECDtren)f+
and [Ni(3CDtren)Trp]" are deduced from this study.

Experimental Section

Preparation of Materials. The tetrakis(hydrochloric acid) salt of
6~-((2-(bis(2-aminoethyl)amino)ethyl)aminof@leoxy-cyclodex-
trin (BCDtren(HCI)) was prepared by stirring“édeoxy-6-O-((4-
methylphenyl)sulfonyl)3-cyclodextrirt? (8.0 g, 6.2 mmol) and (2-
(bis(2-aminoethyl)amino)ethyl)amine (tren, 0.9 £r6.02 mmol) in
pyridine (60 cnd) at 333 K for 48 h. The solution was evaporated to

dryness under reduced pressure, and the residue was triturated witl

acetone (3x 80 cn?) and dissolved in water (20 &n This solution
was added dropwise with stirring to acetone (256)cand the resulting

precipitate was collected by filtration and washed with acetone and

ether. The resultant off-white solid was dissolved in water (68)cm

and the solution was heated and treated with charcoal (2 g). Filtration
of the mixture and evaporation to dryness of the filtrate under reduced

pressure gave a white solid that was dissolved in water (2 amd
stirred with Bio-Rex 70 ion-exchange resin in the acid form (50 g) for
16 h at room temperature. The resin was isolated by filtration and
was washed with water (1 djnand then agueous ammonia (10%, v/v,

1 dnf). The ammonia washings were evaporated to dryness under

reduced pressure, the residue was dissolved in water (2 amd
dilute hydrochloric acid (1 cA)was added dropwise with stirring. The

solution was evaporated to dryness under reduced pressure, and the

SCDtren residue was dried to constant weight oveDsto give
BCDtren(HCI) as a colorless solid (2.6 g, 31%). Anal. Calcd for
CagHooCluN4Os4: C, 40.91; H, 6.43; N, 3.97. Found: C, 40.84; H,
6.52; N, 4.06. The tris(methanesulfonic acid) salt 6f(@-(bis(2-
aminoethyl)amino)ethyl)amino)*6deoxy-cyclodextrin, SCDtren-
(MeSQH);, was prepared by dissolvingCDtren(HCI) (2.6 g, 0.15
mmol) in water (15 cr¥), adding methanesulfonic acid (1 &mnand
adding the mixture to acetone (250 Yrwith stirring. The resulting
off-white precipitate was filtered off, washed with acetone and ether,
and dissolved in water (30 &n and the resultant solution was heated
with charcoal (1 g). Filtration of the mixture and evaporation to dryness
gave fCDtrenH(MeSQ;)3(Me,CO)(H20)s as a white solid (2.1 g),
which was dried to constant weight and stored ow€sRinder vacuum

(22) Brown, S. E.; Coates, J. H.; Coghlan, D. R.; Easton, C. J.; van Eyk,
S.; Lepore, A.; Lincoln, S. F.; Luo, Y.; May, B. L.; Schiesser, D. S.;
Wang P.; Williams, M. L.Aust. J. Chem1993 46, 953.
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in darkness. Anal. Calcd forggH144N4Os6S:: C, 39.91; H, 7.26; N,
2.82; S, 4.84. Found: C, 39.85; H, 7.26; N, 2.92; S, 4.99.NMR

(300 MHz, D:O): 0 2.75 (s, 9H), 2.84 (t) = 6 Hz, 4H), 2.92 (tJ =

6 Hz, 2H), 3.10 (tJ = 6 Hz, 4H), 3.20 (tJ = 6 Hz, 2H), 3.4-4.0 (m,
42H), 5.03 (m, 7H).*3C NMR (75.8 MHz, BO): d 37.8, 39.8, 46.2,
495, 50.0, 51.2, 61.6, 62.1, 68.9, 73.1, 73.2, 73.3, 73.6, 74.1, 74.4,
81.7, 82.4, 82.8, 84.4, 102.4, 103.1.

(R)- and ©-tryptophan (Sigma) were dried to constant weight and
stored in the dark over,Bs in a vacuum desiccator before use. Their
enantiomeric purities were determined tozh89% after HPLC analysis
(Pirkle covalent §)-phenylglycine column) of the esters formed with
thionyl chloride pretreated methanol. Metal perchlorates (Fluka) were
twice recrystallized from water and were dried and stored oy€s P
under vacuum. Gaution! Anhydrous perchlorate salts are potentially
powerful oxidants and should be handled with care.) Stock 0.100 mol
dm~2 Ni(ClO,),, Cu(ClQy),, and Zn(ClQ), solutions were standardized
by edta titration in the presence of Murexide indicator in the first two
cases and Eriochrome Black T in the last c&séeionized water,
purified with a MilliQ reagent system to produce water with a specific
resistance of 15 MQ cm, was boiled to remove G@nd used in the
preparation of all solutions.

Equilibrium Studies. Potentiometric titrations were carried out
using a Metrohm Dosimat E665 titrimater, an Orion SA 720 potenti-
ometer, and an Orion 8172 Ross Sureflow combination pH electrode
that was filled with 0.10 mol dr® NaClO,. All titration solutions
were saturated with nitrogen by passing a fine stream of nitrogen
bubbles (previously passed through aqueous 0.10 mof taClQy)
through them for at least 15 min before commencement of the titration.
During the titrations, a similar stream of nitrogen bubbles was passed
through the titration solution that was magnetically stirred and
thermostated at 298.2 0.1 K in a water-jacketed 20 chtitration
vessel closed to the atmosphere except for a small exit for nitrogen.

In all titrations, standardized 0.100 mol dinNaOH was titrated
against the species of interest in solutions 0.007 motdmHCIO,
and 0.090 mol dm® in NaClQ,. Thus, the protonation constants for
BCDtren were determined from titrations of 10.00%atiquots of 0.002
mol dm 3 SCDtrenH(MeSQ); solutions. The stability constants for
the formation of [MBCDtren)f" and related complexes were deter-
mined by titration of 10.00 cfaliquots of 0.001 mol d# SCDtrenH**
to which 0.075 criiof M(CIQ,), solution had been added. The stability
constants for the formation gfCDtren(R)-Trp~, SCDtren(S-Trp™,
and related complexes were determined by titration of 5.09eanh
of 0.002 mol dm? solutions of either R)-TrpHz* or (S-TrpH,*™ and
BCDtrenH*t. The stability constants for the formation of [BCDtren)-
(R)-Trp]*, [M(SCDtren)-§-Trp]*, and related complexes were deter-
mined by titration of 5.00 cfheach of 0.002 mol dn? solutions of
either R)-TrpH," or (§-TrpH;™ and BCDtrenH*" with 0.075 cnd of
M(CIO,), solution added. Ey and (K. values were determined by
titration of 0.010 mol dm? HCIO,4 (0.090 mol dm? in NaClQy) against
0.100 mol dnm® NaOH. Derivations of the stability constants were
carried out using the program SUPERQUAD At least three runs
were performed for each system, and at least two of these runs were
averaged; the criterion for selection for this averaging beingythtatr
each run was<12.6 at the 95% confidence lev&l.

Spectrophotometric Studies. All spectra were run in duplicate on

a Cary 2200 spectrophotometer in 0.025 mol@iaPIPES buffer at

pH 7.00 and = 0.10 mol dnt? (NaCIQy) in quartz cells thermostated

at 298.2 K against reference solutions containing all components of
the solution of interest except the metal salt. The spectra of the Co
systems were run under nitrogen on solutions prepared under nitrogen
in a glovebox.

Results

Several complexes exist in aqueous solutiong@Dtren,
M2+, and tryptophan in the pH range 2:01.5 (Figure 1 and
Tables 1 and 2). Their stabilities were calculated from the
differences between the pH profiles arising from titration of

(23) Vogel, A. I. Quantitatve Inorganic Analysis3rd ed.; Longmans:
London, 1961.

(24) Gans, P.; Sabatini, A.; Vacca, A.Chem. So¢Dalton Trans.1985
1195.



Metallocyclodextrins

Table 1. Protonation and Stability Constants for
6~-((2-(Bis(2-aminoethyl)amino)ethyl)aminoY-&leoxy-cyclodextrin
(6CDtren) and Its Complexes and Related Spédie#\queous
Solution at 298.2 K and = 0.10 mol dnt® (NaClO4)

equilibrium

log/dmB mol~1)P

BCDtren+ H* = SCDtrenH"
BCDtrenH" + Ht = BCDtrenH2*
BCDtrenH2t 4+ HT = SCDtrenH;3*
BCDtrenH®™ + HT = BCDtrenH**

9.854 0.02 (10.14
8.99+ 0.09 (9.43)
6.89+ 0.05 (8.419
2.6£0.3

BCDtren+ (R)-Trp~ == SCDtren(R)-Trp~ 6.36+ 0.01
BCDpn+ (R)-Trp~ = BCDpn(R)-Trp~ @ 3.41

BCD + (R)-Trp~ = BCD-(R)-Trp~ ¢ 2.33
BCDtren+ (S)-Trp~ = SCDtren(S)-Trp~ 6.5+ 0.1
BCDpn+ (S-Trp~ = BCDpn(9-Trp~— d 3.40
BCD+ (9-Trp~ = BCD+(9-Trp~— ¢ 2.33
BCDtrenH + (R)-Trp~ = SCDtrenH(R)-Trp 5.85+ 0.03
BCDtrenH" + (§-Trp~ = SCDtrenH(S-Trp 5.9+ 0.1
BCDtren(R)-Trp~ + HT = SCDtrenH(R)-Trp 9.34+ 0.04
BCDtren(9)-Trp~ + HT = BCDtrenH(9)-Trp 9.3+ 0.2
BCDtrenH" + (R)-TrpH = SCDtrenH(R)-TrpH*  5.59+ 0.05
BCDtrenH" + (§-TrpH = ACDtrenH(9-TrpHt  5.61+ 0.08
BCDtrenH(R)-Trp + HT = SCDtrenH(R)-TrpH™  8.99+ 0.07
BCDtrenH(9-Trp + HT = SCDtrenH(S)-TrpH™ 8.9+ 0.2
Trp~ + HY = TrpHd 9.28

TrpH + H* = TrpH," d 2.40

a 8-Cyclodextrin and &-((3-aminopropyl)amino)4%-deoxy-cyclo-
dextrin are represented BCD andSCDpn, respectively 5CDtrenH""
indicates the degree of protonation of the title cyclodextrin, and
BCDpnH™ has an analogous meaning. TypTrpH, and TrpH*"
represent the anionic, neutral, and protonated forms of tryptophan. The
complex formed betweefiCDtren and R)-Trp~ is represented by
pCDtren(R)-Trp~, and other complexes are represented in a similar
manner.? This work unless otherwise indicated. Errors quotedkior
(the mean oN runs) represent the standard deviatiors /(3 (Ki —
K)?)/(N — 1)), wherekK; is a value from a single run for the best fit of
the variation of pH with added volume of NaOH titrant obtained through
SUPERQUAD and =1, 2, ..., N.¢ Data for the analogous equilibria
tren(H}"™ + H* = tren(H)+1:""* wheren = 0, 1, and 2, respectively,
from ref 31.9 References 15 and 16.

Scheme 1
BCDtren + Trp™ + H ——= BCDtren'Trp” + H"

| |

BCDtrenH"* + Trp BCDwenHTrp

Scheme 2
M2* + BCDten + H =———= [M(BCDuen)]?* + H

H |

MZ2* + BCDwenH* [M(BCDrenH)]**

Inorganic Chemistry, Vol. 35, No. 4, 1994061
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Figure 2. Titration profiles for (a)SCDtrenH#*" (8.25 x 10~* mol

dm=3) and R)-TrpHz* (1.03 x 1072 mol dn12) and (b)CDtrenH*"

(8.25 x 107* mol dm3), (R)-TrpH;" (1.03 x 1072 mol dn13), and
Cu(ClQy); (7.64 x 107 mol dn12), each in aqueous 0.007 mol dn
HCIO,4 and 0.090 mol dm® NaClQ, against 0.101 mol dn# NaOH at
298.2 K.

0 2 25

The sequence of titrations was (i) protonation constant
determinations foSCDtren, followed by determination of the
stability constants of the complexes formed from fgDtren
and either R)-Trp~ or (9-Trp~ and their protonated analogues,
(iii) M 2™ and eitheBCDtren orCDtrenH", and (iv) M+ and
eitherSCDtren or3CDtrenH" and either R)-Trp~ or (S-Trp~
and their protonated analogues. The protonation constants
determined in (i), and those previously determifachder the
same conditions for Trp together with the stability constants
determined in (ii) and (iii) and those for the complexation of
tryptophan by MT previously determined under the same
conditions!® were used where appropriate in the determination
of stability constants from (it (iv). The pH titration data were
fitted to equilibria containing the minimum number of species
required for a good fit, and any newly determined species found
to be <5% of the total cyclodextrin or amino acid concentrations
were considered to be insignificant. Two such pH titration
profiles are shown in Figure 2. The protonation and stability
constants derived in this study appear in Tables 1 and 2, and
the speciation plots of the major species present in th& Cu
system (Figures 3 and 4) exemplify those generated from these
data.

Discussion

Formation of 64-((2-(Bis(2-aminoethyl)amino)ethyl)amino)-
6~-deoxyB-cyclodextrin tryptophan complexes. The stability
constants (Table 1) f@#CDtren(R)-Trp~ and3CDtren(S)-Trp~
are ~10° times greater than those f@CDpnr(R)-Trp~ and

acidified solutions, containing different combinations of the ACDpr(S)-Trp~ ¢ (where SCDpn is 6-((3-aminopropyl)-

complexing species, against NaOH using the program SUPER-

QUAD.?* The titrimetric technique depends either on the
protonation constant of an equilibrium constituent changing on
complexation or on the complexation constants for the constitu-
ent and its protonated form differing, or both, to produce a pH
change. This is exemplified by tl®CDtren/Trp /H* system
(Scheme 1) where the protonation constantg©@Dtren and

its complexSCDtrenTrp~ differ as do the stability constants
of SCDtrenTrp~ andCDtrenHTrp (Table 1). Similarly, for
the M2T/BCDtren/H" system (Scheme 2) both the protonation
constants offCDtren and [MBCDtren)f™ and the stability
constants of [MCDtren)ft and [M(BCDtrenH)Ft differ
(Tables 1 and 2).

amino)-8'-deoxy;3-cyclodextrin), which are-10 times greater
than those fopCD-(R)-Trp~ andSCD-(S)-Trp~.1> The phenyl
moiety of Trp~ probably resides largely within the hydrophobic
region of the cyclodextrin annuli of these complexes (Scheme
1), as has been shown to be the case for a range of cyclodextrin
complexes formed with other aromatic guest3® Polar guests
tend to align their dipole moments antiparallel to that of the

(25) Saenger, Winclusion Compd1984 2, 231.

(26) Szeijtli, J.Cyclodextrin TechnologyKluwer: Dordrecht, The Neth-
erlands, 1988.

(27) Clarke, R. J.; Coates, J. H.; Lincoln, S. Adv. Carbohyd. Chem.
Biochem.1989 46, 205.

(28) Harata, Klinclusion Compd1991 5, 311.
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Table 2. Protonation and Stability Constants for Metallocyclodextrins B{@-(Bis(2-aminoethyl)amino)ethyl)aminoY&leoxy-cyclodextrin

(BCDtren) and Related Speciga Aqueous Solution at 298.2 K arid= 0.10 mol dnt® (NaClO4)

log(K/dm? mol=1)P

equilibrium MPT = Niz+ M2t = Cu?t M2t = Zn?*
M2t + tren==[M(tren)]?* ¢ 14.6 18.5 145
M2" + pn==[M(pn)]?+ ¢ 6.31 9.75
M2+ + BCDtren= [M(5CDtren)p+ 11.65+ 0.06 17.29+ 0.05 12.25+ 0.03
M2+ 4+ BCDpn=[M(BCDpn)R+ ¢ 5.2 7.35 4.96
M2* + BCDtrenH" = [M(SCDtrenH)p* 8.46+ 0.06 11.56+ 0.02 7.9240.02
M2+ 4+ BCDpnH" = [M(BCDpnH)P ¢ 3.1 3.09 3.0
[M(BCDtren)p* + H* = [M(BCDtrenH)p* 6.65 0.09 4.11+ 0.05 5.514 0.04
[M(BCDtren)OH} + H* = [M(BCDtren)E* 9.68= 0.09 8.48+ 0.04 8.9+ 0.6
M2 + Trp~ = [M(Trp)] * ¢ 5.42 8.11 4.90
[M(Trp)]* + Trp~ == [M(Trp)7]¢ 4.67 7.20
[M(BCDtren)f™ + (R)-Trp~ == [M(SCDtren)-RQ)-Trp]* 8.2+0.2 9.5+ 0.3 8.1+ 0.1
[M(BCDpn)F" + (R)-Trp~ = [M(BCDpn)-R)-Trp]* ¢ 4.1 7.85 5.3
[M(BCDtren)f™ + (9-Trp~ = [M(SCDtren)-§)-Trp]* 8.1+0.2 9.4+ 0.2 8.3+ 0.1
[M(BCDpn)F" + (9-Trp~ = [M(BCDpn)-©)-Trp]* 5.1 8.09 5.3
[M(BCDtren)f" + (R)-TrpH = [M(SCDtren)-R)-TrpH]?" 464+0.2 4.3+0.3
[M(BCDtren)-R)-Trp]* + HT = [M(SCDtren)-R)-TrpH]>* 5.6+0.3 4.0+ 0.5
[M(BCDtren)f" + (9-TrpH == [M(BCDtren)-§)-TrpH]** 434+0.2 42+0.2
[M(BCDtren)-©-Trp]™ + HT = [M(SCDtren)-§)-TrpH]>* 5.44+0.3 4.0+ 0.3
[M(BCDtrenH)F* + (R)-TrpH = [M(BCDtrenH)-R)-TrpHJ3* 3.56= 0.07 44402 4.82+ 0.06
[M(BCDtren)-R)-TrpH]J?t + H* == [M(3CDtrenH)-R)-TrpH]3* 5.6+ 0.3 4.3+ 0.4
[M(BCDtrenH)F* + (S-TrpH = [M(BCDtrenH)-0)-TrpHJ* 3.6+0.3 4.4+0.2 4.96+ 0.05
[M(BCDtren)-©-TrpH]?* + HT = [M(BCDtrenH)-©)-TrpH]**" 6.0+ 0.4 4.3+ 0.3
[M(BCDtren)(R)-Trp)OH] + H* = [M(BCDtren)-Q)-Trp]* 7.86 0.02 8.58+ 0.02 8.7+ 0.3
[M(BCDtren)(8)-Trp)OH] + H* = [M(BCDtren)-&-Trp]* 7.77+£0.03 8.53+ 0.08 8.764 0.08

2 |n addition to the abbreviations given in the footnote to Table 1, the following abbreviations apply: (efbis(2-aminoethyl)amino)ethyl)amine,
pn = 1,3-diaminopropane, and their complexes are represented by [M{tramgd [M(pn)F", respectively. The binary metallocyclodextrin formed
by the title cyclodextrin is represented by [BGDtren)f*, and [M(BCDtren)-R)-Trp]* is the ternary cyclodextrin formed withR}-Trp~. Analogous
representations refer to the metallocyclodextrins’ef(@-aminopropyl)amino)6-deoxy3-cyclodextrin 3CDpn). Metallocyclodextrin protonation
is indicated by the addition of protons to the abbreviations and appropriate changes of efigevork unless otherwise indicated. Errors
quoted forK (the mean oN runs) represent the standard deviations v/((3(Ki — K)2/(N — 1)), whereK; is a value from a single run for the

best fit of the variation of pH with added volume of NaOH titrant obtained through SUPERQUAD=arid 2, ..., N.¢ Reference 319 Reference

16.

% Species

Figure 3. Plot of percentage of Ct species in a solution 7.64%
104, 8.25x 1074, and 1.03x 1073 mol dnv2 in total Ci#*, SCDtren,
and R)-TrpH, respectively, calculated from the data in Tables 1 and 2
and plotted relative to total ])-TrpH] = 100%: (a) Cé&"; (b) [Cu-
(BCDtrenH)-R)-TrpH]*t; (c) [Cu(®)-Trp)]*; (d) [Cu(BCDtrenH)F*;

(e) [Cu@CDtren)t+; (f) [Cu(BCDtren)-R)-Trp]*; (g) [CuBCDtrenH)-
(R)-Trp]?*; (h) [Cu(BCDtren)(R)-Trp)OH]. No other Cét species are
present at-5%.

cyclodextrin, which for-cyclodextrin has a magnitude of 0

the narrow and wide ends of the annulus, respectitfEly.

80

% Species

Figure 4. Plot of percentage of non-€uspecies in a solution 7.64
1074, 8.25x 1074, and 1.03x 1072 mol dn2 in total C#*, SCDtren,
and R)-TrpH, respectively, calculated from the data in Tables 1 and 2
and plotted relative to total R)-TrpH] = 100%: (a) R)-TrpH; (b)
BCDtrenH;3; (c) SCDtrenH**; (d) (R)-TrpH:*; (e) SCDtrenH2*; (f)
BCDtrenH(R)-TrpH"; (g) SCDtrenH(R)-Trp; (h) (R)-Trp™, (i) SCDtren-
(R)-Trp~. No other non-C# species are present ab%.

Similar dipole orientations are assumed for the cyclodextrins
considered here. Thus, the increase in stability of the complexes
20 D with the positive and negative poles near the centers of with change in nature of the cyclodextrin in the sequefic®

< CDpn < BCDtren is attributable to the interaction of the

(29) Sakurai, M.; Kitigawa, M.; Hoshi, H.; Inoue, Y.; Cjgy R. Chem.
Lett 1988 895.

(30) Sakurai, M.; Kitigawa, M.; Hoshi, H.; Inoue, Y.; Cjiy R. Carbohydr.
Res 199Q 198 181.



Metallocyclodextrins

Trp~ amino carboxylate group with the narrow end of the
cyclodextrin annulus.

The higher stability of thesCDtren complexes may arise
because either (jJCDtren has a greater dipole and a conse-
guently stronger interaction with Trp (ii) the greater bulk of
the 6-((2-(bis(2-aminoethyl)amino)ethyl)amino) substituent
hinders egress more than ingress of Trpr (iii) it hydrogen
bonds more strongly to Trp or a combination of these factors.
As no complexation of Trp by (2-(bis(2-aminoethyl)amino)-
ethyl)amine (tren) was detected by the pH titrimetric method
employed in this study, it appears that the interaction of the
phenyl moiety of Trp with the interior of the cyclodextrin
annulus is the essential contribution to complex stability on
which the stabilizing effect of the”6((2-(bis(2-aminoethyl)-
amino)ethyl)amino) substituent is superimposed. The similarity
of the SCDtren(R)-Trp~ andSCDtren(S)-Trp~ stabilities is also
consistent with this interaction dominating the complexation free

Inorganic Chemistry, Vol. 35, No. 4, 1994063
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Figure 5. Absorbance spectra for [Cu(treryBi?* (dotted curve), [Cu-

900

energy and any free energy differences arising from matching (3cptren)H0J?* (dashed curve), and [GBCDtren)Trp} (solid curve)

of the opposite chiralities ofR)-Trp~ and §-Trp~ with the
homochirality ofsCDtren being small by comparison. A similar
dominance applies for the analogo8€D and 3CDpn com-
plexes.

Protonation decreases the stabilitiesp@DtrenH(R)-Trp,
BCDtrenH(9)-Trp, SCDtrenH(R)-TrpH*, andSCDtrenH(S)-
TrpH' (Table 1) despite an anticipated increase in the dipolar
character ofsCDtrenHt. This may reflect either a decreased
ability of SCDtrenH' to hydrogen bond with Trpand TrpH
or an increased hydration giCDtrenH", by comparison with
that of SCDtren, diminishing the hydrophobic interaction with
the tryptophan phenyl moiety.

Formation of Binary Metallocyclodextrins. The stabilities
of the binary metallocyclodextrins, [MCDtren)Et, are lower
than those of the analogous [M(treti)lcomplexes when &t
= Ni2", Cl#", and Z#* 31 (Table 2). This probably reflects a

in aqueous 0.025 mol dri NaPIPES buffer at pH 7.00 arid= 0.10
mol dnm3 (NaClQy) at 298.2 K.

400-900 nm, [Ni(tren)(HO),]?>* exhibited a major absorbance
maximum at 560 nm with a molar absorbance of 1 dmol~*
cm ! assigned to théA,; — 3T14(F) transition in reasonable
agreement with the literatuf€. The spectra of [N§CDtren)-
(H20),]2" and [Ni(3CDtren)Trp]" differ only slightly in molar
absorbance in the range 40900 nm, and both show maxima
at 567 nm with molar absorbances of 6 dmol~! cm,
consistent with six-coordination. (It appears that a metal center
bound to a polyamine substituent at the gite of a modified
cyclodextrin may simultaneously coordinate a cyclodextrin
primary hydroxy group, but it was not possible to distinguish
between such coordination and that of a water molecule from
our data’)

difference in the electron-donating powers of the secondary The spectrum of [Cu(tren®]?" (Figure 5) shows a shoulder

amine group in3CDtren and a primary amine group in tren

at ~720 nm and a maximum at 847 nm (molar absorbance

and the greater steric hindrance to metal binding caused by143 dn? mol~! cm™) assigned to théA,' — 2E" and?A;' —

BCDtren. However, the stabilities of [MCDtren)f™ are
substantially greater than those of [BGDpn)E" because of
the tetradentate nature B€Dtren. The stability variations for
both binary metallocyclodextrins with the nature ofVare as
anticipated from the IrvingWilliams sequenc® (Ni2" < Cu?*
> Zn?*) which arises through a combination of the variation
of M2t size and ligand field effects. The stabilities of
[M(BCDtrenH)P" are decreased by comparison with those of
[M(BCDtren)f+ because the protonation of an amino group
decreases the denticity gCDtrenH" to 3 and causes charge
repulsion of M+. The acidity of [MBCDtrenH)F* (Table 2)
is greatly increased by comparison with thatAEDtrenH"
(Table 1) because of the coordination of'M The most acidic
is [Cu(BCDtrenH)P*, coincident with its being the most stable
of the protonated binary cyclodextrins formed in the equilibria
between M and BCDtrenH" (Table 2). The formation of
[M(BCDtren)OHT arises from the protolysis of a coordinated
water molecule that has &pof 9.68, 8.48, and 8.9 when W
= Ni?*, CW#*, and Zri#t, respectively.

In aqueous solution, [Ni(tren)@®D),]2" is six-coordinate, but
the five-coordinate stoichiometry, [M(tren)8]2*, is observed
when M+ = CU2 and Zr#+.33-35 Over the wavelength range

(31) Critical Stability ConstantsSmith, R. M., Martell, A. E., Eds.; Plenum
Press: New York, 1975; Vol. 1.

(32) Irving, H.; Williams, R. J. PJ. Chem. Sac1953 3192.

(33) Coates, J. H.; Gentle, G. J.; Lincoln, S.Nature 1974 249, 773.

(34) Hunt, J. PCoord. Chem. Re 1971, 7, 1.

(35) Rablen, D. P.; Dodgen, H. W.; Hunt, J. P.Am. Chem. Sod.972
94, 1771.

2E' transitions, respectively, in reasonable agreement with
literature dat&® The spectra of [CCDtren)H0]%" and [Cu-
(BCDtren)Trp]" exhibit shoulders at~698 and ~690 nm,
respectively, and maxima at 841 nm, with molar absorbances
of 131 and 128 dimol~1 cm™, consistent with C# being
five-coordinate in these metallocyclodextrins. YVisible
spectroscopy provides little information about the environment
of Zn?* because of its @ electronic configuration. While the
formation of five-coordinate [Zn(tren}®D]2" in solutior?’
indicates the possibility of five-coordinate [A€Dtren)HOJ>"
and [ZnBCDtren)Trp]" forming, an analysis of stability data
indicates that six-coordination is more probable. Thus, the
differences between the Idg/dm® mol=1) values for
[M(BCDtren)f+ and [M(tren)f+ are 2.95, 1.21, and 2.25 when
M2+ = Ni2t, Cw?", and Zri#t, respectively (Table 2). The first
difference corresponds to the effect of €D substituent on
a six-coordinate metal center, whereas the second corresponds
to its effect on a five-coordinate metal center. The difference
when M+ = Zn?t is intermediate between the other two values,
which may result from thggCD substituent causing a change
from five- to six-coordination, consistent either with Znin
[Zn(BCDtren)HOJ?" being six-coordinate through the coordina-
tion of a cyclodextrin primary hydroxy group as discussed above
or with the stoichiometry being [ZBCDtren)(HO),]% .

The spectra of solutions of [Co(tremy@]?", Cc?*/3CDtren,
and C@*/BCDtren/Trp and their protonated analogues ob-

(36) Jargensen, C. KActa Chem. Scand 956 10, 887.
(37) Paoletti, P.; Ciampolini, M.; Sacconi, . Chem. Sac1963 3589.
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served under the same saturating nitrogen conditions as thosdrasts with the formation of [M{CDpn)-R)-Trp]* and
applying in the titrations exhibited significant charge transfer [M(SCDpn)-©-Trp]*, where a 10-fold enantioselectivity for
bands extending from 400 to 500 nm, which are absent from (S)-Trp~ was found when M = Ni2* and a lesser enantiose-
the spectra of completely oxygen free solutions of [Co(tren)- |ectivity arose when MiF = Cl2* (Table 2)1516 (A similar
H20]?".37 These bands probably arise from the formation of variation was found in the enantioselective complexatiorRpf (
u-peroxo complexes that are well established for tetra- and and ©-phenylalanine anions by [MCDpn)E*.17) Despite the
pentaamminecobalt(ll) complex&. While the proportion of  high stabilities of [MBCDtren)-R)-Trp]* and [M(3CDtren)-
the complex existing as the-peroxo form is probably small, (9-Trp]* by comparison with those of [MMCDpn)-®)-Trp]*
the effect of this on the measured stability constants is uncertain,gnq [M(8CDpn)-(-Trp]*, the opposed chiralities oR}- and
and acco_rdlngly the Co system is not further dISCUSSGd-. (9-Trp~ generate too small a free energy difference through
Formation of Ternary Metallocyclodextrins. The stepwise  interaction with the homochiral annulus of the metallocyclo-
stability constants for the formation of the ternary metallocy- dextrin for thermodynamic enantioselectivity to be observed.
clodextrins [MCDtren)-®)-Trp] " and [M(5CDtren)-Q-Trp]* (Thermodynamic enantioselectivity may reverse with change
from [M(BCDtren)f" and ®)- and §-Trp~ are substantially i, the metal binding group as is shown by{Bistamino-8-
greaterlhan the analogous stab+|llty constants forf(®Mpn)- deoxy#-cyclodextrin)copper(ll), which forms ternary complexes
.(R)-Trp]. andf[M(ﬂCI.DEn%-@grp] : Thlzreflectshthe dlf(fjerln% with (R)-Trp~ and the R)-phenylalanine anion that are 2.2 and
interactions of Tip wit t_ _eﬂ Dpn and3 Dtre_n that produce 1.5 times more stable than those formed with the corresponding
the ~10%-fold greater stability o8CDtren(R)-Trp~ andSCDtren- (9-enantiomerdl 1 or it may disappear for the same chiral

(9-Trp~ by comparison with that offCDprr(R)-Trp~ and . : .
L . o substrates as is found for{(§(2-aminoethyl)amino)-5-deoxy-
BCDprr(9-Trp~, as discussed above. The probability of B-cyclodextrin)copper(ljd)

substitution of Trp on [M(BCDpn)I" where four water
molecules are available for substitution compared to the one or  The pair of protonated species [MEDtren)-R)-TrpH]** and
two available in [MBCDtren)P*, depending on the identity of ~ [M(SCDtren)-)-TrpH]?* are more stable than or similarly
M2+, should be higher for the former species on a statistical stable to the [MGCDtrenH)-R)-TrpH]*" and [M(3CDtrenH)-
basis. However, this is insufficient to offset the differences in (S-TrpH]*" pair when Mt = Ni2" and C@", respectively, or
the contributions to ternary metallocyclodextrin stability arising have decreased stabilities by comparison with those of
from the interaction of Trp with SCDpn andSCDtren. [M(BCDtren)-R)-Trp]t and [M(SCDtren)-§-Trp]™. Only

The stabilities of [MBCDtren)-R)-Trp]™ and [M(3CDtren)- [M(BCDtrenH)-R®)-TrpH]** and [M(BCDtren)-R®)-Trp]* and
(9-Trp]* are greater than those of the analogous [M(Trp)] their (S analogues were detected for Zn and the latter
and ACDtrenTrp~ complexes (Tables 1 and 2). This is metallocyclodextrin is much more stable. These stability
consistent with the binding of the Trpamino acid moiety by variations probably arise because TrpH acts as a monodentate

M2+ and the hydrophobic interaction between the Tapomatic ligand and the major contribution to stability arises from the
moiety and the hydrophobic interior of the cyclodextrin annulus interaction of the substrate aromatic moiety with the hydropho-
(Figure 1) reinforcing each other to stabilize [fGDtren)-R)- bic interior of the cyclodextrin annulus.

Trp]*™ and [M(BCDtren)-§-Trp]*™. The variation of the step-
wise stability constants for the binding of Trpn the ternary
metallocyclodextrins with the nature of ¥ in the sequence

Ni* < CW* > Zn?* is similar to that for the formation of While the relative stabilities of [MECDtren)B* vary with
[M(Trp)] *,3* consistent with the siZ8and electronic configu- 12+ in the sequence Ri < Ci?* > Zn?* and are dominated

ratiorf® of M2+ exerting a major influence in this complexation b - .

o y the nature of M, the subsequent binding of Trjs greatly
steCp[.) The_ly |S|blehspec:]ral dk?ta for [llﬂt(:Dtren)Trpr gnd [%u]; influenced by its interaction with the cyclodextrin annulus. Thus,
% t_ren) Pl s ow that the metal centers are six- and five- oo o, mnined effects g8CDtren and M™ produce a greater
coordinate, respectively. In the first case the structure is binding of Trp- in [M(BCDtren)Trp]" (which also varies with
probably six-coordinated as indicated in Figure 1, but for [Cu- M2+ in the sequence Rif < CL2* > Zr?*) than that in either
(BCDtren)Trp]" the possibility arises that either the amine or [M(Trp)]* or SCDirenTrp-, but no enantioselectivity between

the carboxylate group of Trpmay be bound, or both may be (R- and §-Trp is observed. The closely related [MDpR)E*

bound and one of the amine groups of th&-(@-(bis(2- ) - ) ) ~ B
aminoethyl)amino)ethyl)amino) substituent may not be bound. Pind (S-Trp~ enantioselectively overR)-Trp~ when M =
Ni2* and Cd" but with lower stabilities that also vary with

i -1
The differences between the lég@im® mol~?) values for M2* in the sequence Rf < CL2* > Zr?* .16 This enantiose-

[M(BCDtren)-R)-Trp]* and [M(BCDtren)} are 3.45, 7.79, and o A : . ;
4.15, and the analogous data for i Trp~ analogue are 3.55, Ie_ct|V|ty _'S commden'F with f[he weaker |nter_act|orJ1r AEDpn
7.89, and 3.95 when K = Ni2+, Cl?+, and Z#", respectively with Trp~ (by comparison witf8CDtren) allowing M+ to exert

(Table 2). In both cases, the first and third values are quite MOre influence on the binding of Trp These observations

similar, whereas there is about twice the difference in the casendicate the subtle relationship between the nature of the

of CL2*. This is consistent with similar coordination changes Cyclodextrin and M in substrate binding in ternary metallo-

occurring for [Ni(3CDtren)]" and [ZnCDtren)]" on complex- cyclodextrins. Similarly subtle relationships are probably partly

ation of Trp-, and with both metal centers being six-coordinate. responsible for the high degree of metal ion specificity observed
No enantioselectivity was found in the formation of for metalloenzyme activity.

[M(SCDtren)-®Q)-Trp]* and [M(BCDtren)-Q-Trp]*. This con-

Conclusions
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