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Fig.l. Chemical formula of N N-bis{2-hydroxyethyljglycinate {Bicinale of Bic "1 as well as of s patent
compound glycinate (Gly 7 ).

A INTROGDUCTION

N, N-bis(2-hydroxyethyl)glycine, generally known as Bicine, is a very common
buffer substance often used in biocheinical studies (scc, for example, refs. 1-4), Like
its parent compound, the amino acid giycine, Bicine is also expected to form meial
ion complexes in the moncanionic form. These anions, glycinate and Bicinaie, arc
shown in Fig. 1.

Indeed. the metal ion coordinating properties of Bicinate have long been
recognized [1,5]; many stability constants are known [5 12], and the participation
of the hydroxy groups in metal ion binding has been suggested [5} and recently
confirmed for agueous solution [11.12] as well as for the solid state [13.14]. More-
over, the formaticn of mixed ligand complexes involving Bicinate and 1,10-
phenanthroline [15] or imidazole [ 16] 1s known. Very recently, 1t was also established
that rather stable ternary complexes are formed [12]. even between Bicinate and
M{H - ATP} or M{ATP)? ", despite the evident charge repulsion. These few examples
demonstrate guite well that Bicinate is a very versatile ligand, and that great care
should be excrcised in employing this substance as a buffer in the presence of metal
ions and possibly also other hgands.

The siructure of Bicinate in Fig. | immediately reveals that, in principle. all
four potential binding sites could coordinaic to a metal 1on with a tetrahedral or an
octahedral coordination sphere. Clearly, the main stability-determining binding core
is of a glycinate-type mode and the guestion drises: to what extent do the hydroxy
groups additionally bind to the metal 1on?

It is clear that not only one. but also both hydrexy groups of bicinate could
coordinaie, leading to the equilibrium sequence that is illustrated schematically in
Fig. 2. Equilibrium (1} is evidently conceatration-dependeni, while equilibria (2) and
(3} are of an intramolecular type. 1.c. they occur between structurally differcnt isomers
and are thus concentration-independent. The corresponding isomers in Fig. 2 arc
designated as M{Bic);;, (eqn. (1)), M(Bic),, (egn. (2}} and M(Bic)j,, (eqn. (3)); hence,
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Fig. 2. Schematic representation of the successive formation of the various complexes formed between a
divalent metal ion and Bicinate {sce alo text in Sects. A and E(i) The eyuilibrium constants for the
above equilibria (1) (3 arc defined m egns. (&) {6), respectively

Ki(2)

the corresponding equilibrium constants can be defined as follows:

M [M(Bic), K,p] )
Mmlclﬂ I_Mj +][B1L ]
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"= EM BIC}I.]{I]]
[t shouid be emphasized that the only constant which is accessible experimentally 15
M? " + Bic™ = M{Bic)’ {7a)

[M(Bic)” ]
[Mz‘][Blc ]

_ ([M(Bic) )op ] + [M(Bic)1, 1 + [M(Bic)2,])
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K\"Iil:lnl [?h:'

(7c)

The difficulty lies in eqns. (4) (6): only knowledge of these cquilibrium coenstants
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allows the calculation of the percentages of the various MiBic)” isomers (Fig. )
which occur simuitaneously in solution.

At this point, 1t must be emphasized that the chemical formulae M{Bic),,,,, and
M(Bic),),, already represent the sum of various isomers: e.g. the three donor atoms
forming M{Bic),,, may coordmnate in a facial or an cquatorial way (the latter is
shown in cquilibrium (2} of Fig. 2). These additional isomeric equilibria will be
ignored mn the following evaluations {see aiso Sect. E{ii)); emphasis is only put on
the guestion of whether one or hoth hydroxy groups are bound and this is solely
expressed by the formulac MiBic),,,, and M(Bic),,,. respectively. Hence, in the
following section. an evaluation 15 attempted of the equilibrium constants lor
eqns. (4) §6). In fact, the ligand N N -bis(2-hydroxyethyliglycinate and its complexes
with several divalent metal 1ons are used here simply with the intention of demonstrat-
ing by example. how the isomeric complexes of such multidentate ligands and the
involved equilibria may be treated,

B, COMPARISON OF THE STABILETIES OGF BINARY COMPLEXES FORMED WITH GLYCINATE AND
SOME OF IS DERIVATIVES, INCLUDING BICINATE

The tertiary amino nitrogen and the negatively charged carboxylate group of
Bicinate are certainly the crucial binding sites 1n the formation of metal ion complexes
of this ligand {as is aiso shown in Fig. 2), but the cxtent of the {partial} involvement
of the oxygen atoms of the hydroxycthyl groups remains to be determined, as already
indicated (Sect. A) Hence, the question is: is it possible to guaniify the extent of
participation of the hydroxy groupis) in the binding of metal ions?

To help to answer this guestion, the cquilibrium constants listed in Tabie 1
have been cellected [1,58,9.11.12,17-227: data for glycinate. as well as for its deriva-
tives N, N-dimethylglycinate [=(CH;), N-Gly™ ], N-N-diethylglycinate [={C,H:),
N+ Gly Tand Bicinate are given. The fact thai the data refer in part 10 various ionic
strengths is of minor impoertance as no sigaificant trends are observable. Of course,
one might argue about the sources and selection of some of the equilibrium constants,
yet in the present case the results and conclusions are hardiy affected by this choice
{see also Tables 2 and 3 in Sects. D and E{iii}. respectively).

There is a further, more scricus problem associated with the values of Table 1:
i.c. not alt pertinent stability constants for the five metal ions listed are known, but
the systems involving Ma?' and Zn®~ were included in the present considerations
due to their biological importance. The data of row || are based on the constants
given in rows |- 4; with the aid of these constants and those of rows 5 7, those of
rows 12 and 13 have been deduced and, in part, estimated. Finally, row 14 contains
the equilibrium coastants for the Bicinate sysiems, which are based on rows § -{(.
All these “best estimates™ lisied in rows 11 14, which will be discussed below, refer
to 25°C and an tonic strength of .1 M. The crror limits are estimated to be. 1n most
instances. within +0.1 log unit. though in some cases they may exiend {at the most)
to +0.2 log unit.
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TABLE 1

Negative logarithms of the acidity constants for monoprotonated glycinate and for some of
its derivatives including Bicinale®, and logarithms of the stability constants of the correspond-
ing complexes with some divalent metal jons (analogows to cqn. (7)) in aqueous solution at
25°C and various ionic streagths (0

Row Ligand f pKliL  log KM for M?* = Ref®
no. (L7 M)
Mn'™  Co’  Ni'T Cu't ZntT
| Gly 0.1 3.57 280 4.64 578 8.5 496 947
2 Glv ™ 0.1 9.62 586 B8 ¥
3 Gly G.1 9.68 4.63 583 827 496 14
4 Glv’ i.0 g.75 569 8.30 il
5 (CHy),N-Gly~ 0.1 980 482 730 1%
6  (CH,),N-Gly 015 980 477 126 21
7 (C,Ho);N-Gly™ 01 1047 421 688 18
8" Bic 0.1 go8! 318 5.27 6.38 8.15 5.37 5
g Bic” 0.1 839 307 5.30 6.42 8.07 5.37 11
19 Bic” 1.G 833 3~ 5.08 6.02 824 i2
i Gly 0.i 965 2380 463 5.83 827 496 !
12 (CH,,N-Gly" 01 980 206 37 430 728 41
13 (CLH)N-Gly™ 1 1045 1.5 3.2 4,20 685 16 '
14 Bic .1 825 310 3.25 6.30 8.15 535 !

‘Kin = [(H"J[L " J[HL).

Pif nothing clse is specified, all values in a row are taken from the corresponding reference.
“All values m this row refer 1o 36°C.

YOther values for pKilgio are 83520 C: I~ 00 M (M [1]) 822 (25°C, 1 =02 M, NaClO,
from ref 22 as given in ref &) and 825 25 CLF =05 M, KNG, [12])

“From ref 17 20°C § ~ 04 M(H,

"These values are based on the data given in the rows above as well as on experience; they are
considered as the “best estimates™ presently available, see also text tn Secls. B and 1.

To a first approximation, the siability constants of the glycinate complexes
irow 11) may be dircetly compared with those of the N .N-dimethylglycinate com-
plexes {row 12} because the basicities of these two ligands are rather similar. despite
the small increase by about 0.15 pK unit for N, N-dimethylglycinate. 11 15 therefore
immediately evident that substitution of the two amino hydrogens in glycinate by
methyl groups inhibits complex stability by about 0.8 to 1 log unit due to steric
influence. Clearly, replacement of the two methyl groups {row 12} by cthyl groups
{row 13} considerably enhances this effect: complex stabaiity decreases further by
about another 0.5 log unit, despite an additional increased basicity {(by about 0.65 pK
unit) of the nitrogen site.

in contrast to the observations summarized 1 the preceding paragraph. which
establish the inhibitory steric efiect of alkyl substituents at the amino nitrogen. it 15
quite cvident that the stabilities of the bicinate complexes of Mn? ™, Co?™, Ni' ' and
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Zn® ' {row 14), if compared with those ol glycinate (tow 11} increase on average by
about 0.4 log unit, despite a considerably lower basicity {about —1.4 pK units) of
the nitrogen site in bicinate; Cu’ " is somewhat special (sce Scets. D and E il but
even here the stabilities of Cu(glycinate)” and Cu(Bicinate)' arc ncarly the same,
Hence. these comparisons confirm carlier conclusions [5,11,12] about the importance
of the hydroxy groups for the complexing properties ¢of Bicinate in solutton,

With these qualitative considerations in mind, it 18 necessary (o develop first a
mcthod which allows quantification of the described effect of the hydroxy groups n
MiBicinatc)” complexes. This is done in the following section; only then may the
above formulated question be addressed further {see Sects. D and E).

C QUANTIFICATION PROCEDLRE FOR THE COMPLEX STABILITY-ENHANCING EFFECT O THT
HYDRGXY GROUPS OF BICINATE

It is safe to assuime, as indicated before, that any metal ion coordinated 1o
Bicinate binds to the amino and carboxylaic groups (Fig. 2); hence, the addiiional
participation of the hydroxy groups then leads to an intramolecular equilibrium
between an isomer with a glycinate-type coordination, which was designated as the
“open” M(Bic),, isomer (eqn. (1}). and two further isomers in which one or both
hydroxy groups coordinate (see egns. {2) and {3)). As there is. at this point, no way
to distinguish between these last two isomers, for the present simply the sum of their
concentrations is considered and they are designated as the “closed” M(Bic)) ..
species. Based on these definitions, one may combine equilibria (2) and {3) into

M(Blc):p i M{ Bic}c‘i’-‘lol (8:'
where [M(Bic)w] = [M(Bic)i 1,1 + [M(Bic)g, -

It is evident that the presence of any closed specics will enhance complex
stability [23]; this mcans that the presence of such species will be reflecied in the
experimentally measured stability constants, Ky, {eqn. (7% row 14 in Table 1).

Thus, one may define a siability enhancement. E, according to eqn. (9) {for further
details see ref. 23):

M M
. KM:B'.:} - KM(Hi:)"p
- M
KMi’HicL,,,
M
K.\«'I{!ii‘.'}

= M
K.\‘llﬁich,..

E

_1 9

The stability constant Kﬂm,-c,w {egns. {1 and 4)} in eqn. (9 quantifics the stability of
the open species in cquilibrium (8), It is cvident that, in the case where the two
equilibrium constants in egn. {3) become equal, the stability enhancement E becomes
ZETO,

Usually, the so-called stability enhancement factor {1 + E) is considered [23].
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This factor follows from egn. {9} and is given by

M
1+E=-M (10)

Y]
MiBiclar,

This stability enhancement factor is often also expressed [24-26] as 10™F* because
it equals the difference between the logarithms of two stability constants:

log A =log(l + E)
= log Kimio) — log Kmmiu.,,, (i

Henge, provided one can obtain values for log K;‘\;{Bic,op, one 18 now in the posiiion
to describe in a guantitative way, based on eqn. {1 1), the effect of the hyvdroxy groups
on the stability of M(Bicinate}™ complexcs.

D E¥ALUATION OF THE STABILITY ENHANCEMENT FACTORS FOR M{BICINATE)” COMPLEXES

For a calculation of the stability enhancement factor, 10™%*, according o
eqn. (11}, it is necessary to determine the stability constant, log Kﬂqmc)‘,,,e for the open
isomer in equilibrium {8). Corresponding determinations ase often based on
log K3, versus pKY, plots [23,27]; this is possible because straight lines are obtained
for families of structurally related ligands. For simple, sterically uninhibited bidentate
amino acid monoanions and the resulting compiexes with several divalent metal
ions. Martin [28] has recently provided the slopes, i, of such lincar log K}, versus
pKH, plots. These slopes are listed in the second column of Table 2 [23,27.29].

Such a slope together with the stability constant of the corresponding metal
ton complex of an amino acid monoanion, which is represeatative of the glycinate-
like binding mode of the open isomer of a M(Bicinate}* complex, allows calculation
of the respective stability constant log Kﬂ(mc,w according to the equation

log K:ﬁl(ilic}..,, =log K\jy —m-ApK, (12)

where ApK, = pK{l} — pKilgi, and L = bidentate amino acid monoanion.

Clearly. the difficuity is to select the most representative amino acid anion for
the glycinate-like binding in MiBicinate)". Glycinate itself is a possibility, of course.
and the resulis of the corresponding calculations are histed in the third row of Table 2.
However, these values for log K::m'.c}(,,, are definitely too large because therc 15 no
steric inhibition with glycinate by alkyl substituents at the amino nitrogen. an
important efiect as aircady discussed in Sect. B.

The linear plots of log K, versus pKE; for two familics of related ligands
which differ by a constant sieric effect are parailel to each other, i.c. the siraight lines
have the same slope [30,31]. Hence, we may use the slopes of column two in Table 2
and the equilibrium data for N.N-dimethylglycinate {row 12 in Tabie 1); this leads
to the results for log K::(Biu}op lisicd in the fourth column of Table 2. These resuits
arce further ilustrated in Fig. 3 for the systems with Cu®* and Zn?", and they also
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TABLE 2

Estimation of log Kﬁmic},,,, {egn. (4% for the “open” isomer of M{Bicinatc)' fegns. {1 and 81 in
which the ligand & bound in a glycinate-type mode for several metal ion sysiems, together
with the logarithm of the stability enhancement factor log A {eqn. (11)). which quantifies the
contribution of the hydroxy groups of Bicinate to the stability of M(Bicinaic)” complexes
(1 =0.1 M; 25°C)

M*" m log Kiu,,, based” on Estimate®  log K., log A
- : for {fegn. (1 1)F
Gly™ {CH3REN-Gly” (C;H L N-Gly™ g Ko,
Mni~ 040 224 138 (.62 EO04+G.30 3104008 21403
Col™ @38 410 311 2.36 2744030 52544105 25+03
Ni2~ 035 534 426 343 IRS5+030 6301015 25403
Cu**t 055 750 643 564 604+ G300 Bi15+0.00 2.14+03

Zo? 047 430 337 257 297+ 030 535040 24+03

*Slopes of the linear log Kfj, versus pK}, plots for the bidentate monoanion systems of
x-amino acids [28]. No slope is listed for Mn®" i ref. 28. but expericace shows {23,27.29]
that the average of the slopes for the Co®~_ Ni’ " and Zn?~ syslems is usually very close 1o
that for the corresponding Mn®~ system. The above Mn” " value was therefore estimated by
forming the average in the indicated way.

"Calculated with pKH ., = 8.25 {Table 1) and the data of rows 11, 12 and 13 in Table 1 with
egn. {12) for glycinate, N,N-dimethyiglycinaie and N, N-diethylglycinate, respectively,
“Averages of the valucs given in the two columns to the left (see text n Sect. DY the error
limils are estimated,

d¥Values from row 14 in Table 1; the error limits arc cstanated.

*These errcr limits are based on those given in the two columns to the left; they were calenlated
according 1o the error propagation after Gauss.

confirm the unsuitability of M{Gly)' complexes as a reference for M{Bicinate)’
species. The vertical broken lines in Fig. 3 represent the values for log A inequ. (i 1),
clearly revealing that the stability of the M(Bicinate}' complexes s much higher
than expected for a simple bidentate glycinate-iype binding mode.

In Fig. 3, the data pairs for Cu®” and Zn"* complexes with N.N-diethylgiyci-
nate from row 13 of Table 1 are also inserted. As one might expect {see Sect. B), the
full circles corresponding to these data are somewhat below the reference lines defined
by the N N-dimethyigivcinate systems. which is a reflection of the somewhat larger
steric effect of cthyl subsiituents compared with methyl groups. Taking this into
account, and considering the similarity of the siructures of N N-bis{2-hydroxyethvl})-
glycinate (= Bicinate; Fig. 1} and N, N-diethylglycinate, one may conclude that the
latter ligand is a very suitable representative for the opea binding mode of Bicinate
{Fig. 2}. Therefore, values for log K_‘t}(mc,“p were also calculated on the basis of the
N.N-diethylglycinate data (row 13 of Table 1} these results are listed in the fifth
column of Table 2.

indeed. the steric effect of an ethyl and of a 2-hydroxyethyl substituent is
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Fig. 3. Relationship between log Kif and pKji, for the Cu?” and Zn® " 1:1 complexes of the monoanions

ol & &-dimethyl-substituted amino acids in agueous solution (25 ]

0.1 M] based on thg straight-line

dopes given in Table2 and the equifibrivm constants for the N.N -dimethylglycinate  systems
1" ACH,1:N - Gly ) listed in row 12 of Table 1. The points due to the 111 complexes formed with Bioinate
(W, Bic 1 glycinale (%, Gly " 1and N.N-dicthylglycinate (@, (C, Hgi, N+ Gly )are given for companson:
these values are from rows 14, 11 and 13 in Table 1, respectively. The vertical broken lines emphasize the
stabitity enhancement observed for the MiBic}' complexes on the basis of the MICH,1;N - Gly] " species:
the lengihs of these broken lines correspond 1o the logarithm of the stability enhancement factor log A as

defined i eqn. 11



236 1. Sigel. Coord. Chem. Rer. £22 11993 227242

cxpected {o be very similar; hence, these results {column 5 in Tablke 2) possibly
represent the stability of the M(Bicinate),, complexes rather well. An argument
against the simple use of the N.N-diethylglycinate data could be that. in this ligand.
the two ethyl groups undergo 4 hydrophobic interaction in agqueous solution and
that this leads to a differcat solvation and makes the ligand more rigid compared
with Bicinate (where solvation is favourcd due to the presence of the hydroxy groups).
Hence, to prevent an overesiimation of the stenie effect and to be on the safe side
regarding the following conclusions about the cxient of hydroxy group coordination,
the averages obtained for the N N-dimethylglycinate and the N N-diethylglycinaie
systems are used as the final values for log Ky, and a comforiable error limit of
+8.3 log unit has also been added. Thesc estimaies are listed in the sixth column of
Table 2. and they now allow one finally to calculate. using the data in the seventh
columa, valucs for the stability enhancement as expressed by log A in egn. {111,

Evidcatly, the participation of the two hyvdroxy groups in metal ion binding,
which is sterically possible in octahedral {or wirahedral) coordination spheres (Fig. 21
is very significant; it adds about 2.3 log uniis to the stabihiy of the glycinate-type
binding mode of Bicinate for all five metal ions. including the Cu® " complex. This
means thai the stability increasc for the CuiBicinate)” complex is only slightly smallcr
if at all, than for the complexes with Mn®". Co? ™, Ni*~ and Zn>~ (Table 2, final
column}. Considering the inability of the tetragonally distorted Cu” ¥ to bind ligating
atoms strongly in an apical position [32]. though weak interactions arc possible and
well known [23.33]. this cbservation may at first sight appear to be surprising,
However, it should be recalled (sce also Fig 2) that, in the Jahn Teller distorted
coordination sphere of Cu”'. one of the two hydroxy groups still reaches a strongly
coordinating equatonal position while for the other. only a weakly coordinating
apical position is available; the average of these interactions then brings the stability
increase for Cu{Bicinaie)™ into the order observed for the other M{Bicinate}' com-
plexes. Moreover, ihe stability increase for complexes of the same five metal 1ons
with ~N-(2-hydroxyethyljiminodiacetate due Lo the presence of the single hydroxy
group ia this ligand amounts to 0.8-1.5 log units [23]: hence, the stabihity morease
ol about 2.3 log units observed now for fwoe hydroxy groups is most reasonable.

F.OONMCLUSIONS REGARDING THE INTRAMOLCOULAR EQUILIBRIA TN MIBICINATE)Y COMPLEXFES

(i) The mathematical treatment

It is cvident that the position of eqguilibrium (8) 1s defined by the dimensionless
constant K, @

[MiBic)), o]
L LR Rt ] 13
Ko fM{Bic),},] A
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Values for K., may be calculated according to eqn. {14} [23.24.277:
K-;:ﬂlicl

M
Kmmcln.,

Jl!(l;lul - -1 “4}

Hence, {rom egns. (9} and {13) it follows that K, = E, and together with eqn. (11),
cyn, {15) results:

K =10 =1 {15)

Recall (see Scct. €) that the “closed” species MiBic),).,,, in equilibrium {8) encom-
passes, in fact, two isomers (Fig. 2} ic. onc in which a siagle hydroxy group 18
coordinated, which was designated as M(Bic).y,, and one in which both hydroxy
groups bind to the metal ion, designated as M(Bic),),,, (sce also Sect. A). If equilib-
rium {8) is rewritten in this more detailed form, one obtains the successive equilib-
ria (16). which 1n fact correspond to cquilibria (2) and (3) in Fig. 2.

Ly Bun o LTS .
MiBic),, == MI(Bic);y,,, == Mi{Bic) s (16)

The corresponding intramolecular equilibrium constants were aiready defined in
eqns. (53 and {6). Together with the expernmeatally determined stability constant
{eqn. (7c)) and the stability of the open isomer {eqn. {4)), one obtains the relation

Kﬁmm = Kﬁlﬁiclul,“ + KI(II + Klm' Kuz]} {th
From cgns. {13) {15} and {17}, it follows that

K, = [MiBickiy, ] + IM(Bickig) ) _ [M(Bickiuy ]
b [M(Bici., ] [ M(Bic);, ]

Koo = Ky, 4 Kygpy 0 Ky = 1094 — {18h)

(18}

Hence, K, can now be calculated while solutions still have to be sought for K,,,
and K,

(it ) Statistical considerations

Assuming a regular octahedral coordination sphere for a certain metal 10n and
no differences between the two hydroxy groups in their affinity for the metal ion
sites, one may make a simple statistical consideration [34] for the relation between
Ky, and K, There are two hydroxy groups at the N-site of Bicinate and for cach
theie are two sterically accessible positions at the metal ion {the third position is
always shielded by the other hydroxy group; see Fig. 2). hence four possibilities for
the formation of M{Bic);,,, and evidently one possibility for its decomposition; i.c.
Ky, o 4¢1. However, once M(Bic)),,, is equatorially formed, only a single pathway
remains for the formation of M{Bic)),,. yet there are now two possibilities for the
reverse reaction: 1€, Ky equaoria X 1.2, Moreover, should M(Bic),,,, form via an
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apical position, i.e. have a facial structure, then there are rwo ways for the formation
of M(Bic]t.' } and of course still two possibilities for its decompeosition: ¢
Kiyzrracia % 2/2. Assuming both pathways for the formation of M(Bick,,., arc cqually
likely. then K5, % 1.5:2. Thercfore one may conclude, for an octahedral coordination
sphere, that K, 5,/Ky,, =(1.5:2}(41) and hence egn. (19) holds:

|
4

i.5

Ky = ?'Krm (1%

i.5
! T ) Kl:l}:
Combination of eqns. {18b) and (19} gives:
1.5 2 .
?iKim}"l‘Klm—f\l.'mlzo (20)

If cgn. {20} is solved for K,,,, one obiains:

N+ T+ 450K, 0 1+ T +0.T5K,,
Ky = — —+ [— J e +_\.. il 1. 21
2 x{1L.58) 0.375

Clearly, once Ky, 15 calculated, K\, follows {rom egn. (19).

The coordination spheres of Mn®*. Co” ™ and Ni°7 are usually octahedral
{33]. The following comparison indicates that this is. to a first approximation, also
true for Zn(Bicinate)*: the difference log Kiju;., — log Kyizie), = 1.84. 2.04 and 2.14
for Co*~, Ni** and Zn"*. respectively (averages from the vafues given in refs. 5 and
I1). Not surprisingly. the same diflerence for the Cu®~ ‘Bicinate complexes cquals
281, which is considerably larger, showing that the sccond Bicinate 10 be bound Lo
CuiBicinate) " is disfavoured. in agreement with the tclragonal distorted coordination
spherc of Cu?* [32.33] {sce also Sect. D).

Therefore, for the special case of CuiBicinate) ™, 1t 1s apparent that K, shouid
be further disfavourcd and for cqn. {19} an additional factor of 1.6 is assumed, which
leads then to the relation

] - .
Kiyaicw = :_%2' " Kyagea {22}
By analogy to egns. (20) and (21}, it foltows that

. —|+ 1+0]25K w0t
Kynow = — x00675 s {23

(iit; Results of the caleulations. Percentages for M Bic )y, and MiBici ;)

The values for tog A {eqn. (1 1}) discussed in Sect. D now allow the calculation
of the percentages of M{Bic)] .. Le. of the sum of the species shown in equilibria (2)
and (3) of Fig. 2, and of M(Bic},, (see also eqn. (8)) from eqgns. {13}-{I5}. Thesc results
are listed in columas 4 and 5 of Tabie 3, and 1n agreemeni with the large stability



Lo |

-

1221993 227240

H. Sivel Coord. Chem, Rev,

slayarlg adenbs 3yl gl uosueduon

103 uaatd aaw sy osoy e ae AFuiszdims Jou (ssneny 1oy uonvdedosd 20112 al) BlA POIB[NA[ED OS[B} SHWI| FOLI 31]) ISED SIYL Ul "Ing
(g unjan) g a0, pur (£ uwmion Ag) uba) ey s paienoje ag ospe Arw £y RO A G — DI A B WO MO[0] SN 25ay ],
OIS

1031 f((g) uba) "IN 0 uondRl [ow oy Y g DIB[ADIED 01 3U0 smofje SRy ) ‘ubo) sapads uado oy jo su [lam s sa0ads
PASOID AL JO WNS YL JO UCNARY) JOW SYL SaULRp My Aeam Sulmofjo) Yy ui Uise 10} sanjea JYL YILs PRARNED d1dM sAERIU00IAD 382y ],
(04 01 SPY )1 SB) 0500 ] O 380[0 AN[TA 1 01 JUNOWE $a0ads snotiea 3y jo soamuassad 241 jo wns i) §30p uay) Auo pum

RIEP 25313 LU0 1831 ¢ PUR § SULLIOD 10§ SUOHIRIND{ED DY SSAEIXY Juiod [RUIIIOP Y)Y JOYT UIALR IR SIETIP oM sy 10013 adaep oy adsac],
(1Fg 109G UL 1%} 298 L) puw (g7) suba WOy pAaIRMIIED 2UdM 1Y 0] SIN[RA L,

PRI % — 001 WO MQ|[0f SaIN[RA 382Y T,

Ly )My o) = "R A 94 01 BUIpIodde pAIRINDIE ).

' #0] 0} Hun R0y 0} JO NI J0IID UB UO PIskQ 21T $SIIUAIEd Ul UIAIR SHWI] IO 3y,

ssmecy Joyw uonededold Joa1a oY1 0) FuIpIODDE PRABMIED Jdm

£31) 17 UWR|OD UL 2SOY1 WO PISRYG DIE YL SIY] W UdALE $1UI| JoMID ||y T QL W UINJOD 18R] ) WOeL) GINRE I T UINOD UL TP AL,

[sg¥se] (bhtl F 9% (Pl =i RETHOEY  L9TIFSEYY SL0TOF0 K0+ 0966 (38hL1 F 082 COFYT LU
Lenigs] (IEc F oo IRET 6L JL90FpST  SUITFPI6r  SS0F6L0 §S0F ITR6 (678 T 5T TOFIT L W)
fiszioe] {01 1 8w (101 + I COTTFOCL  sIpl+1¥8  TTOFTED TT0 F Roes (£LIRIT+51¢ S0FST CeIN
[(sTioL] (9101 + 88 (£ + 21 COTTOTL  sIvl~1F8 L0+ TE0 TTO + 8960 (r)R1g +61¢ C0FST 9D
(FL] (8l =R (g1 F R QO] ~LEF  PER FOTLT  SSOT L0 SSOTF IT66 6Ty F ¢zl fOFIT W
pallgl) pue pI0) pue ({lE]) pue A1) pue
wellg) uba () uba) (gl (y) suba) () (7Y suba) (g} -suba) (gisuba) (s} (¢1)suba) A1) uba)
g ea TN v Wiy iy g, TOEIN My y o N

LA TTO =1 PUR D ST 1B UONTOS SNOINDE U INdD0 SI3WOSE 3Y) Yy s
soReiuaosad AU) Iw 1aI0R0} saxo]dWed | (21RUII Y SLDUIOST SNOLITA 3Y1 O UONPULIO) 3G 10) (T F14) siueisuod wnLlquinba rnoajoweiu)

¢ 14V



240 I Sigel Coned. Chem. Rev, 12211943 227 242

enhancement factors 0'°%4 {Sect. C; Table 2}. they show that the M{Bicinale)~ species,
in which the hydroxy groups are aiso involved in metal jon binding. reach a degree
of formation of about 99%. Howevcr, it should also be emphasized that the specics
M{Bic),.,. in which the metal ion is coordinated only in a glycinate-type mode, stifl
occurs to a remarkable extent for all five metal ions, even though the degree of
formation of this specics is small, about 0.5%.

Based on the statistical considerations outiined in Sect, Edi), it is possible (¢
estimate the degrees of formation of the species with a single, M{Bic},),,,. as well as
with both hydroxy groups, M{Bic)));,. bound to the metal ion. These results are
listed in the last two columns most right in Table 3. The error Limits given with these
data are rather large; this fact originates 1n the large errors of K ,,. which continue
0 Ky, and K, ;,. and consequently alse to the percentages of M(Bich,, and
M(Bic).2,. Clearly, the large crrors of K, are the resuli of the £0.3 log unit
assumed as crror limit for the log A values.

Indeed. if an error limit of +{0.1 log unit 1s taken [or log A {a value which iy
well achicved in many instances (see. for example, refs. 26,27 and 36)). then the other
limits are also considerably reduced. this is demonstrated for K, ,, (column 3).
% M(Bic).,, {column 8) and %% M{Bic)d,,, tcolumn 9} for which these reduced error
limits are listed in parentheses 1 Table 3. Despite the indicated shortcomings. it is
evident that M(Bic);,,, and M(Bic},, reach degrees of formation of about 10 20%
and 80 90%. respectively, for the systems with Mn® ", Co” " Ni* " and Zn? . The
corresponding values for the Cu{Bicinate)™ system are about 40 and 60%. as herc
diffcrent statistical considerations were employed (Sect. E fii)). Of course, the (otal
degree of formauon of the closed species, 1.6, M{Bic) ], 18 well defined (see column 4
in Table 3} because the stability enhancement due to the binding of the hydroxy
groups is large. te log A > 2. It may further be added that, in the case of Cu{Bicinate)”
in the solid staie, the M{Bic)),;, specics is isolated [13,14].

Finally. in conncction with the discussion of the error limits in the preceding
iwo paragraphs and the way in which the values for log A were obtained (see Sect. ).
the following considerations on Ni(Bicinate) ™. s un cxample. appear to be important,
i1 should be recalled that the values listed for log Kﬁtl‘lit‘h.,, in the sixth column of
Table 2 arc the averages of the data calculated lor the complexes with N.N-dimethyl-
glycinate und N N-dicthylgivemate, and this procedure then leads to values for
fog A (cgn. (1)), which arc possibly somewhat too small. If one employs only the
N.N-dicthylglycinate data, onc obtains for Ni(Bicinate) : log A = log KU,
—log Kiipiy,, = 6.30 — 3.43 == 287, From this latter value, it then follows tha
K =740, K, =6021 and K, =1129 the species distributions are
Ni{Bic)) o = 99.87%. Ni(Bic),, = 0.13%. Ni(Bic)’,,, = 8%, and Ni(Bic)],, = 92%.
Hence, this example definitely confirms that the order of the values listed in Tabic 3
is correct and 1t further proves that alt three complex species shown in Fig. 2 are
actually formed.
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F. SOME GENERAL CONCLUSIONS

in summary, the presented calculations show that, in the complexes of Bicinate
with Mn?*, Co®~, Ni*~, Cu?”, and Zn?~, more than 99% of the M(Bicinate}’
species also contain one of two bound hydroxyethyl groups. Obviously, a serics of
successive intramolecular equilibria occurs in M(Bicinate}™ systems: {i) an “open”
isomer in which only the amino and carboxylate groups are bound to the metal 100,
M(Bicinate),,. (i) a “closed” species in which, in addition, onc of the two hydroxy
groups is linked to the metal ion, M(Bicinate)d,,,, and (iii} a specics where both
hvdroxy proups participate in metal lon binding, M{Bicinatel.,,,. The approximate
degrees of formation {or M{Bicinaic),),, and M{Bicinate);,,, are 16- 20 and 80- 96%.
respectively: in the case of Cu(Bicinate)”, the first value is somewhat higher and the
other lower due to the Jahn-Teller distorted coordination sphere of Cu’*. The
“open” 1somer, M{Bicinate}:p, mentioned above always occurs in only minor
amounts, 1e. with a degree of formation of about 0.5%.

It has been the aim of this study to indicate. by example, how intramolecular
equilibria arising in complexes of multidentate ligands may be treated. Such ligands
are legion in biological systems. To some extent. N .N-bis(2-hydroxyethyl)giycinate
may even be considered as a very simple model for a protein as it ofiers for metal
ion binding an amino acxt o a carboxylate group, and the intramelecular equilibria
mvolve the iwo hydroxy groups. Such weakly coordinating sites as hydroxv. clher,
thioether, carbonyl groups, etc., next to stronger binding sites, such as amino.
carboxylate or imidarole groups are common i protemns [37]. There can be no
doubt that, in enzymic processes. the "oil * and “on” of certain binding sites 15 crucal
for the whole catalysis. Needless to say, such intramolecular equilibria invoiving
weakly bound groups easily allow the formation of mixed hgand complexes, e.g. with
imidazole [16].

To conclude, the demonstration that M(Bicinate)™ compiexes actually exist in
aqueous soluiion in the form of three different somers. linked by intramolecular
equilibria. emphasizes that such complexes must noi be viewed as “static” species
{an often encountered view). In a way, one could say that such a complex is
“breathing”, altering its structure all the time within the limits defined by the
equilibrivim constants,

It is hoped that this article will stimulate further research on successive intra-
molccular equilibria, an area in coordination chemistry which has so far not received
mugch aticntion, despite its obvious importance for catalytic and biological processes.
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