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MONODENTATE CARBOXYLATE COMPLEXES AND THE CARBOXYLATE SHIFT:
IMPLICATIONS FOR POLYMETALLOPROTEIN STRUCTURE AND FUNCTION
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ABSTRACT. — Carboxylates serve as an important class of ligands in inorganic chemistry and biology. Of the
various types of metal-carboxylate binding modes, monodentate bridging between metal centers offers unique
flexibility. More than 30 complexes containing this structural motif have been characterized, many of them
recently. Through a detailed analysis of their stereochemistry, it has been possible to arrange these complexes
into three classes, depending upon the strength of the interaction of the ““dangling” oxygen atom of the
carboxylate group with one of the bridged metal atoms. The monodentate bridging mode is postulated to be
an important intermediate between the other, more common, carboxylate attachment modes, based on observed
variations of the geometry for monodentate bridges in structurally characterized complexes. The movement
from monodentate bridging to these other binding modes, termed the “carboxylate shift”, is analyzed for the
three classes of carboxylate bridged complexes. Such a shift could be kinetically important in carboxylate

containing metalloproteins.

Introduction

Simple carboxylate anions are ubiquitous and versatile
ligands in coordination chemistry. ! ~* Numerous complexes
with a variety of elements have been prepared, many of which
have played key roles in the conceptual development of
modern inorganic chemistry. Perhaps most striking in terms
of their impact are the so called dinuclear “paddlewheel”
and trinuclear ‘“‘basic” carboxylate complexes (Figure 1).
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Figure 1. — Paddlewheel (left) and trinuclear basic carboxylate

(right) complexes. Curved lines represent bridging carboxylate
groups.

Extensive structural and physicochemical studies of these
species have been crucial for increasing our understanding of
bonding and magnetic interactions between proximate metal
centers, subjects with implications ranging from industrial
catalysis to metalloprotein structure and function. * =22

The versatility of the RCO; ligand is reflected by the wide
range of metal binding modes it can adopt (Figure 2). Up to

* Correspondence and reprints.

three transition metal ions have been shown to bind to a
single carboxylate ligand; 23 more common is the coordina-
tion of one or two metals in structurally distinct ways to one
or more of the four available electron lone pairs of the
carboxylate anion (Figure 3). Examples of every type of
bonding situation shown in Figure 2 can be found in any
of several reviews published on the inorganic chemistry of
carboxylates. 173

Considering the myriad of biological functions performed
by metalloproteins, nature has evolved very few ligands to
coordinate metal ions. Of these few types of biological
ligands, carboxylates provided by aspartate and glutamate
side chains form an important class. A survey 24~*7 of rep-
resentative metalloprotein crystal structure determinations
reveals the presence of carboxylates bound to the mono- and
polymetallic active sites of numerous functionally significant
systems (Table I). Among these biomolecules are proteins
that perform electron-transfer (azurin, photosystem I),
dioxygen metabolism (superoxide dismutases, hemerythrin,
ribonucleotide reductase), and hydrolytic chemistry (holoeno-
lase, carboxypeptidase A), to cite just a few examples. Despite
their potential importance, however, the roles of carboxylate
coordination to metalloprotein active sites in redox potential
attenuation and in mechanisms of catalysis, metalloregula-
tion, and metal ion reconstitution have not been systematical-
ly investigated.

We and others have begun to study the structures, physical
properties, and basis for functional activity of several carbox-
ylate bound polymetallic proteins by preparing and fully
characterizing models of their active sites. 1722 By using
simple carboxylates and the appropriate metal starting ma-
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Figure 2. — Carboxylate binding modes in metal complexes.
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Figure 3. — Schematic of a carboxylate depicting the oxygen syn
and anti lone pairs.

Table I. — Representative structurally characterized metalloproteins
with carboxylate coordination at their active sites

Active Site

Metalloprotein Function Metal(s) Ref.
Azurin electron transfer Cu 24
Superoxide O detoxification Cu, Zn 25726
Dismutase

Carboxypeptidase A peptide hydrolysis Zn 27

Thermolysin thermostable peptide Zn 28-32
hydrolysis

Holoenolase 2-phosphoglycerate Zn 33
dehydration

Lactoferrin iron binding Fe 34

Photosystem I electron transfer Fe 35-36

Reaction Center

Hemerythrin O, transport Fe 37

Ribonucleotide ribonucleotide Fe 38-39

Reductase reduction

Superoxide O; detoxification Fe, Mn 40-41

Dismutase

Concanavalin A saccharide binding Mn, Ca 42743

Trypsin polypeptide Ca 44
hydrolysis

Phospholipase A,  phospholipid Ca 45
hydrolysis

Staphylococcal DNA/RNA Ca 46

Nuclease hydrolysis

Intestinal Ca BP calcium binding Ca 47

terial, bidentate carboxylate bridged polynuclear complexes
have been assembled, some of which are good structural and
spectroscopic metalloprotein core analogs. 1! ~22:48755 For
the most part, these efforts have focused on complexes of
iron and manganese in their higher (greater than +2) oxida-
tion states, prepared in order to model the more accessible
forms of polyiron and polymanganese oxo proteins. Recent
emphasis on the synthesis of divalent iron and manganese
compounds to mimic the less well understood but functionally
important reduced forms of these metalloproteins has led to
a novel class of molecules that contain a relatively rare
monodentate bridging carboxylate. 16 48:56=57 This binding
mode is unique in that two metal ions coordinate to a single
carboxylate oxygen atom, utilizing both of its available lone
pairs. Also distinguishing monodentate bridging from other
binding geometries are widely varying interactions of the
second, or “dangling”, oxygen atom either with one of the
bridged metal ions or with a third metal center. The flexibility
of this additional metal-oxygen interaction results in signifi-
cant structural variations within the monodentate bridging
carboxylate class of molecules. This phenomenon, which we
have termed the “carboxylate shift”, 37 identifies the mono-
dentate bridging mode as an important intermediate between
other carboxylate orientations.

In this article we present a structural base from which the
consequences of the monodentate bridging mode and the
carboxylate shift can be assessed. Although, for proteins,
monodentate bridging has thus far been definitively identified
only in concanavalin A, #2~43 the isolation of a series of
synthetic complexes containing such a bridge presages its
potential presence in additional metalloproteins and suggests
a possible functional role in biology for the carboxylate shift.

Classification of compounds containing monodentate bridging
carboxylates

The versatility of carboxylates as metal ligands arises from
the presence of four lone pairs of electrons available for
metal binding to the carboxylate oxygen atoms. Each lone
pair lies in the plane of the carboxylate group and subtends
an angle of approximately 120° with respect to the O-C-O
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interbond angle. It has been suggested on the basis of stereo-
electronic arguments that syn lone pairs (Fig. 3) are more
basic than those in the anti positions, ® and theoretical
calculations have supported this idea. 3°~°° One consequence
of the different relative basicities of the lone pairs is a prefer-
red orientation of carboxylates in proteolytic enzymes to
favor syn protonation. Protonation of the syn electrons is
suggested to be >10* times faster than anti protonation in
these proteins. 58 This phenomenon has led to the design
and synthesis of polycarboxylates structurally constrained to
permit interactions of proton donors to syn rather than anti
lone pairs (e. g. 1 in Figure 4) in order to take advantage of

CH CH
o—H (o)
0O o
1 — >
H3C N N CH3
(o) (o)
CH, CH,
H,C CH,

Figure 4. — Schematic of a ligand, 1, constrained to bind carboxylate
syn lone pairs to a metal.

the basicity difference and facilitate molecular recognition. ¢!
The greater basicity of the syn lone pairs also has been
used to rationalize preferential syn binding of metal ions, a
tendency noted in a recent survey of structurally characterized
metal-carboxylate complexes, 2 and in the design of highly
effective metal chelators. ®* Syn lone pair attachment to
metals occurs in the most commonly encountered carboxylate
binding modes, namely, the monodentate terminal, chelating,
and bidentate bridging arrangements (Fig. 2). Presumably
because of the lower basicity of anti lone pairs, anti monoden-
tate terminal, syn-anti bidentate bridging, and anti-anti
bidentate bridging modes have been less frequently encount-
ered. 174

The monodentate bridging mode is unique in its use of
both syn and anti lone pairs of one oxygen atom in metal
binding. This type of bridging was first recognized in poly-
meric metal carboxylates, where the second oxygen atom
interacts with a third metal center to extend the oligomeric
array. 23 %478 More recently, discrete complexes of divalent
Mn, Fe, Co, Cu, Zn and Nb as well as heterometallic systems
containing monodentate bridging carboxylates have been
reported. 7° 711 This class of complexes is generally synthe-
sized by simple treatment of low valent, and often polymeric,
metal carboxylates with a mono- or bidentate nitrogen donor
ligand. Examination of the results of crystallographic studies
of these compounds reveals considerable flexibility in the
geometry of the monodentate carboxylate bridge that affords
a variety of metal-metal distances and metal coordination
geometries, even within a single complex. Analysis of the
structural characteristics of discrete compounds containing
monodentate bridging carboxylates shows that they can be
categorized based on the degree of interaction of the non-
bridging, or dangling, oxygen atom with one of the bridged
metals. The grouping of complexes in such a manner, while
artificial in the sense that there is a continuum of structures,
highlights the position of the monodentate bridging orienta-
tion as an intermediate between other carboxylate binding
modes. Compounds in which the dangling oxygen atom inter-
acts with a third metal, including polymeric materials, have
been excluded from this classification scheme. Moreover, no
attempt has been made to include all known carboxylate
bridged metal complexes in the present analysis.
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Figure 5. — Structural parameters defining the geometry of mono-
dentate carboxylate-bridged polymetallic centers.
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CLASS I: NO OR WEAK INTERACTION

The monodentate bridging carboxylate geometry can be
distinguished by several characteristic parameters shown in
Figure 5, where D is the distance between the dangling oxy-
gen (O,) and interacting metal (M,;,), 4 and B are the
distances along the anti and syn lone pairs on the bridging
oxygen atom (O,) to the appropriate metal atoms M, , and
M,,,., respectively, o and B correspond to the angles between
A and B and the C-O, distance, and M-M is the metal-metal
distance. Complexes having no or only a weak interaction
between O, and one of the bridged metals display several
characteristic features, the most obvious being a large D
value (Table II). Little distortion of the M;, geometry is
observed as a result of this contact. Class I complexes have
short M-M distances arising mainly from shorter A values
relative to other complexes having monodentate carboxylate
ligands. Another property of these species is a large difference
between C-O, and C-O,, which indicates localization of the
double bond between C and O, and further supports the fact
that the M, ,-O, interaction is weak. In some cases, a distinct
infrared spectral band occurs in the asymmetric CO, stretch-
ing frequency region that can be attributed to the localized
C=0, bond, although caution in interpreting such infrared
spectroscopic data as evidence for bond localization has been

advised. 102

There is only one complex of which we are aware that
contains a monodentate bridging carboxylate with no appar-
ent interaction between O, and a metal atom. The compound
(Me, N)[Nb,CL,(tht)(OAc)s] (tht= tetrahydrothiophene; see
Figure 6 for a sketch of this and other pertinent ligands), 2,
contains acetate groups bound in three ways: chelating, syn-
syn bidentate bridging and monodentate bridging
(Figure 7). 7° As is found in some alkaline earth carboxylates,
and in contrast to the more commonly encountered position-
ing of metals in the plane of the carboxylate group, 52 the
Nb atoms in 2 lie in a plane perpendicular to that of the
monodentate bridging carboxylate. Neither the syn nor the
anti lone pairs are directed toward the Nb atoms in this
unusual orientation, implying either that rehybridization of
the ligating oxygen atom from sp?+p to sp® occurs or that
the bonding is primarily ionic. Analogous explanations have
been invoked to explain planar rather than pyramidal geome-
try of coordinated ethers and water molecules to transition
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C4

Figure 7. — Structure of the anion of 2, [Nb,Cl,(tht)(OAc)s]”. For
clarity, only the sulfur atom of the tht ligand (Figure 6) is depicted.

metals. 1°3 There is no interaction between the Nb atoms
and O, the D value being greater than 3.75 A for both
metals (Table II). Consistent with the absence of significant
contact between the O, and Nb atoms is the observation of
double bond localization between C and O,, as revealed by
the distances 1.36 (1) A and 1.19 (1) A for C-O, and C-O,,
respectively (Table II). In this case, infrared spectroscopic

support for such localization is unequivocal. Two bands
appear in the asymmetric CO, stretching region of the IR
spectrum at 1523 cm™' and 1723 cm~™!, which can be
assigned to the bidentate and monodentate acetate ligands,
respectively.

A series of linear homo- and heterotrinuclear complexes
consisting of a central hexacoordinate metal flanked by two
tetracoordinate Zn?* or Co2* ions was recently reported
(Figure 8). 8°785 Each terminal Zn?" or Co?* is connected

R R
R [/
o}
“'- O. O—O/‘/C\CO\O
base/o= O \O y '-“\base
S e \
6= 7 \—b
R \ /
R R

base = quinoline or 6-Me-quinoline

Figure 8. — Generalized structure for [M,M’(O,CR)¢(base),] com-
plexes 3-7 and 22-28.

to the central metal by one monodentate and two syn-syn
bidentate bridging carboxylate ligands. The compounds that
contain transition or post-transition metals in the central
position and Zn?* in the terminal positions, [M,M’(0,CR),-
(base),] [R = CH = CHMe, base = quinoline (CoH,N),
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M=Zn(I) and M'=Mn(II) (3), Co(dI) (4), Ni(Il) (5),
Zn(II) (6) or Cd(II) (7)], 8* display only weak interactions
between the dangling oxygen atoms and the terminal metals.
Support for the presence of some bonding interaction
between M, and O, includes the observed disposition of the
carboxylate such that it always places the dangling oxygen
near a tetracoordinate terminal metal. In addition, the car-
boxylate group is tilted in such a way as to bring O, closer
to the terminal metal, as evidenced by the difference (x,
Fig. 5) between o and B of up to 32° (Table II). The D values
are>2 5 A in these complexes, however, indicating that the

M,.-O, interactions are still rather weak. This interpretation
is supported by the relatively short C-O, bonds (1.201 (5) -
1.219 (5) A) and the disparity (>0.06 A) between C-O, and
C-O, distances, indicating significant bond localization within
the bridging carboxylate (Table II). A distinct band at
ca. 1625 cm™! in the IR spectra of these complexes was
assigned as the monodentate carboxylate asymmetric CO,
stretch based on the bond localization observed in the crystal
structures. Another manifestation of the relative strength of
the M, ,-O, interaction is the distortion of the M;,, coordina-
tion sphere from the tetrahedral geometry expected in the
absence of any interaction with the dangling oxygen atom
for these compounds. The angle bisected by the M,,-O,
vector, O,-M,-N, where N is the quinoline nitrogen atom,
is a reasonable measure of this distortion. Although O,-M;, -
N angles range from 128-138° for these complexes (Table II),
a significant deviation from the 109.6° characteristic of
tetrahedral coordination, these values are still far from the
180° angle expected for the trigonal bipyramidal stereochem-
istry which these metals approach as the M, -O, interaction
strengthens (vide infra). It is also noteworthy that the angles
between the other ligands coordinated to M, range from
99-112°, much closer to the tetrahedral value, again support-
ing the assignment of the M, ,-O, interactions as being weak
in these complexes.

Another complex displaying a weak interaction of O,
with one of the bridged metals is [Fe;(OAc)s(BIPhMe),]
[BIPhMe=2,2"-bis  (1-methylimidazolyl)phenylmethoxyme-
thane)), 8 (Fig. 9). 37 This complex has a linear structure

Figure 9. — ORTEP drawing of [Fe; (OAc)q(BIPhMe),], 8

similar to that of the trinuclear complexes described above,
except that the terminal metal ions are pentacoordinate in
this case. The D value of 3.005 (4) A is one of the longest
observed for any complex containing a carboxylate bridging
in the monodentate mode, excluding 2 (Table II). The 0.07 A
difference between C-O, and C-O, also indicates a weak

M,,-O, interaction. Nevertheless, a distinct C=0 IR band
is not observed for the monodentate acetate ligands in this
complex. The terminal Fe?* ions adopt a trigonal bipyrami-
dal coordination geometry. There is very little perturbation
of this geometry by interaction with the dangling oxygen
atom, as judged by the 124.6 (1)° N ,-Fe-O, angle (Table II),
which is bisected by the Fe, ,-O, vector, and the values
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of the other angles in the trigonal plane, 124.9 (1)° and
110.5 (1)°. 37 The large quadrupole splitting, 3.60 mms~*!
versus Fe metal, for the terminal Fe?™ ions in the Mdssbauer
spectrum of this complex is consistent with the inherently
less symmetric pentacoordinate environment of the terminal
iron atoms relative to the octahedrally coordinated central
iron atom. The Ilatter has a quadrupole splitting of
2.64 mms~!. The monodentate carboxylates tilt toward the
terminal metal ions, as indicated by a t value of 20°, but this
distortion is relatively small compared to those observed in
other complexes (Table II).

A series of complexes containing a pair(s) of cupric ions
bridged asymmetrically by two monodentate carboxylates has
been reported. 86723 Both Cu(Il) ions have four ligands,
including O, from one of the bridging carboxylates, bound
in a square planar arrangement (Fig. 10). Each of the O,

R

\““

/ (|:

: |

Figure 10. — Schematic representatlon of dicopper(Il) complexes
containing two monodentate bridging carboxylates.

atoms, besides bonding at a distance of 1.9-2.0 A to one
Cu(Il) ion (Table II), also interacts weakly (distances, 2.4-
2.7 A) at an axial position of the other Cu(Il) ion, thus
forming an asymmetric bridge. In addition, each O, atom
associates weakly at the second axial position of one of the
Cu(Il) ions. Two of these compounds, [Cu,(u-L),L,(H,0),]
(L=hippurate, (C¢Hs)CONHCH,CO3), 9, #¢ and [Cu,L-
(OAc),]'2 CH,OH (L?>~ =N, N’-bis (2-((o-hydroxyben-
zhydrylidene)amino)ethyl )-1,2-ethanediamine, C¢Hs(CcH,OH)
(C=N-(CH,),-NH-CH,-),), 102 CH,OH (see Fig. 6), 87 fall
into class I based on their relatively long Cu,,-O, distances.
Compound 9 is a discrete dinuclear complex, whereas 10 is
polymeric because the hexadentate Schiff base ligand bridges
dinuclear units. Compounds 9 and 10 have long Cu,,-O,
distances of 2.903 (8) A and 2.934 (9) A, respectively. In
addition, the C-O, and C-O, bonds in 9 differ by 0.08 A,
while a similar difference of 0.05 A is observed for 10
(Table II). The t value of ~26° in both complexes reveals a
lesser tilt of the carboxylate toward the Cu(II) ion with which
O, interacts than in similar dicopper(II) complexes where the
Cu,,-O, bonding is stronger (vide infra). In contrast to the
previous examples, the metal geometries in these Cu com-
pounds are not distorted by M,,-O, interactions. We
attribute this lack of structural reorganization to the fact that
movement of O, is toward the face of the Cu square plane
rather than along a polyhedral edge, as was the case for the
Fe, Co and Zn complexes discussed above.

Two other dicopper(Il) complexes fall naturally into
class I. The first of these, [Cu,(OAc);(BIPhMe),](BF,)3
H,O0, 11:3 H,0, was recently prepared in our laboratory. 88
It contains a triply bridged core comprised of two Cu (II)
ions linked by two monodentate bridging acetates and one
syn-syn bidentate bridging carboxylate (Fig. 11). The core of
this complex is similar to those discussed above, except that
the bidentate bridging carboxylate bonds to the in-plane
positions in both Cu(Il) coordination spheres, filling coordi-
nation sites occupied by terminal ligands in 9 and 10. For
one of the monodentate carboxylates, having D=3.040 (6) A,
the difference between C-O, and C-O, is 0.07 A (Table II).
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ORTEP drawing of the cation of 11,
[Cu,(OAc),(BIPhMe),]*.

Figure 11. —

Its t value, 2.7°, is the smallest observed in any of the
monodentate carboxylate bridged complexes and indicates
virtually no tilt of the carboxylate toward Cu,,. The second
monodentate carboxylate in this complex is actually better
categorized as a class II ligand, discussed in the next section.

The final class I complex contains two cupric ions bridged
by two syn-syn bidentate and one monodentate carboxylate
groups, [Cu,(OAc);(bpy),l(ClO,) (bpy=2,2'-bipyridine), 12,
(Fig. 12). 8 It has a core structure resembling one half of

Figure 12. — Schematic representation of the cation of 12,
[Cu,(0AC);(bpy),] ™.

compounds 3-8. Although the D value of 2.716 (2) A is
shorter than observed for 9-11, the difference of 0.095 A
between C-O,; and C-O, and small carboxylate tilt toward
Cu,,, of only 18.9° indicate that there is probably little inter-
action between Cu,, and O, (Table II).

To summarize, class I complexes display little or no inter-
action between M;,, and O,, as evidenced by several crystallo-
graphic parameters. An important structural feature of these
complexes is M-M, which ranges from 3.257 (2) A to
3.39? (1) A, excluding compound 2, which has a metal-metal
bond (Table II). These values are short in comparison to the
M-M values for complexes in classes II and III. Another
notable observation is that, for class I complexes, B is~2 A
and less than A4. The disparity between A4 and B dramatically
increases in complexes of classes II and III, where the mono-
dentate bridge begins to move toward bidentate bridging or
chelating modes, a clear demonstration of the carboxylate
shift.

CLASS I1I: MODERATE INTERACTION

In some complexes containing monodentate bridging car-
boxylates there is significantly greater interaction between
one of the bridged metals and O, than observed for class I
complexes. These compounds can be distinguished from those
having fully formed M;,,-O, bonds, however. The diminished

D values that set these complexes apart from class I molecules
significantly distort the coordination geometry of M,,. In
addition, the monodentate carboxylates tend to have more
equivalent C-O bond lengths, and M-M is lengthened as a
result of an increase in 4 and, in some cases, B. A more
distinct tilt of the carboxylate toward M;, is observed in
such class II complexes. Finally, considerable variability in
the geometry of the carboxylate-bridged dimetallic unit
occurs as the M;,-O, interaction strengthens. As a conse-
quence, some interesting correlations can be drawn.

Among class II compounds are two linear, trinuclear
Mn(II) complexes that are structurally similar to 3-7 and 8,
namely, [Mn;(OAc)s(BIPhMe),], 13, 7 and [Mn;(OAc)s-
(phen),] (phen= 1,10-phenanthroline), 14. °¢ Characteriza-
tion of three different crystal forms of 13 by X-ray
diffraction 37> °° revealed the presence of at least two isomers,
designated syn- and anti-13 depending upon the disposition
of BIPhMe imidazole groups with respect to the best plane
passing through the three metal atoms and two monodentate
oxygen atom bridges (Fig. 13). The anti isomer of 13 crystal-
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Figure 13. — Schematic representation of syn- and anti-forms of 8

and 13-14, where N is the nitrogen atom in the trigonal plane of
the terminal metal ions.

lizes in both centrosymmetric 37 and asymmetric forms, °°
while only an asymmetric form of the syn isomer exists. >’
Compound 14 crystallizes as the syn isomer, the two halves
of the molecule being related by a C, axis passing through
the central Mn(II) ion. A dinuclear Fe(II) complex, [Fe,-
(0,CH),(BIPhMe),] (15), 3¢ and a dinuclear Mn (II) com-
plex, [Mn,(OAc);(bpy),(ClO,)] (16), °® with cores that
resemble one half of the cores of 7 and 13-14, respectively,
can also be categorized in class II.

Compounds 13-16 have D values ranging from 2.306 (5) A
to 2.790 (7) A (Table II). Significant distortion of the M,
coordination sphere is evident from the N-M,,-O, angle
bisected by the M,,-O, vector and in the trigonal plane of
the pentacoordinate M;,, atom. The N-M,_,-O, angles, which
range from 133.8 (3)° to 163.6 (2)°, are distorted from the
trigonal bipyramidal value of 120° toward the octahedral
angle of 180°, owing to the stronger interaction between M,
and O,. The N-M,_-O, angle correlates in roughly a linear
fashion with D. Furthermore, there is an approximately linear
correlation between D and B for 13-16 (Fig. 14). The increase
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Figure 14. — Plot of D versus B for 8, 13-16 and 22.

in B that accompanies the decrease in D results in a relative
lengthening of M-M, which ranges from 3.370 (3) A to
3716 (2) A for 13-16. Note that both extremes of M-M
occur in the same complex, 13, demonstrating the flexibility
afforded by the monodentate bridging carboxylate group.
This M-M variation in complexes with similar topologies
suggests that caution should be used in interpreting metallo-
protein EXAFS data, where structural conclusions are some-
times drawn solely on the basis of metal-metal distances. 1°#
Moreover, the difference between M, -O,-C and M, ,-O,-C
is roughly 40° for 13 and 14, indicating a marked tilt of the
carboxylate toward M,,,. Compared to the values for 13 and
14, the tilt of the carboxylate toward M, is much smaller
(t=24.9°) in 15. The carboxylate ligands display more sym-
metrical internal bonding in 13-16 as reflected by differences
0f<0.06 A between C-O, and C-O,, indicating greater delo-
calization of the double bond.

The Cu(l) complexes [Cu,(OAc),(L),] [LH=N-(1,l-dime-
thyl-2-hydroxyethyl)salicylaldimine (17), °° LH=N-methyl-N'-
salicylidene-1,3-propanediamine (18), °* LH = N-methyl-N'-(5-
methoxysalicylidene)-1,3-propanediamine (19), °2 LH=N-(2-
(4-imidazolyl )ethyl)pyridine-2-carboxamide (20) °” or LH = N-
methyl-N'~(5-nitrosalicylidene)-1,3-propanediamine (21); °8 see
Fig. 6] are similar in basic structure to 9 and 10 (Fig. 10).
Complexes 18-20 can be readily assigned to class II while
only one of the monodentate carboxylates in 17 falls into
this category and complex 21 lies somewhat closer to class III.

closer to class III. One of the monodentate carboxylates of
11 also best fits into class II. Less marked differences between
classes I and II are observed for Cu(II) than for Mn(II) and
Fe(II). In fact, the change in M-M distance is insignificant
for 11, 17-19 and 21 relative to 9 and 10 (Table II). This
decoupling of M-M from D parameters probably results from
the weaker link between metals provided by the asymmetri-
cally bridging carboxylate. There is also relatively little
change in B as D decreases. A smaller D, less asymmetry in
the carboxylate group and a larger tilt of the monodentate
carboxylate toward M, are the characteristics that distingu-
ish 11 and 17-21 from class I complexes 9 and 10.

The overall distinction between classes I and II can be seen
most clearly by comparing the cores of 8 and 15 (Fig. 15),
As D decreases M-M increases. The strengthening of the
M,,-O, interaction in 15 (class II) compared to 8 (class I) is
reflected by a greater tilt of the carboxylate toward M;,,, an
increase in the ratio of the distances D and B, and a signifi-
cantly more distorted trigonal bipyramidal geometry about
M,,.. The effect of the stronger M, -O, interaction is essen-
tially movement of the carboxylate from monodentate bridg-
ing toward bidentate bridging. This type of motion illustrates
one aspect of the carboxylate shift, depicted in Figure 16,
the ramifications of which are further discussed in the next
section. It is interesting that, in the Cu(I) complexes, no
significant correlation of B with D is observed. We visualize
this movement as being toward a non-bridging chelating
interaction of the carboxylate with M,,, further extending
the carboxylate shift concept (Fig. 16). Class II thus affords
an important transition between the weak interactions of M,
and O, in class I and the strong interactions observed in
class III.

CLASS III: STRONG INTERACTION

We define class III complexes as those having a strong
interaction between M,;, and O, delineated by small D
values. There are two variants here, namely, the cases where
B>D and where 4> D. The former is represented by com-
plexes that have shifted toward syn-syn bidentate bridging as
D decreases and B increases, while the latter represents a
shift toward chelate formation as D decreases and A
increases. These movements generally lead to larger M-M
values than observed for class II complexes and an even
greater tilt of the carboxylate group toward M;,,.

[Fe,(O,CH),(BIPhMe),)

Fe-Fe 3.574 (1) A
N31-Fe2-01 146.7 (1)°

[Fe3(OAC)5(BIPhMe)2]
Fe-Fe 3.325 (1) A
N3-Fe2-01 124.6 (1)°

Figure 15. — ORTEP drawings comparing the cores of 8 and 15.
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Figure 16. — The “carboxylate shift”.

A linear trinuclear Mn(II) complex, [Mn;(O,CPh)4(bpy),]
(22), similar in structure to 8 and 13-14, was reported
recently. 1696 The D values in 22 are 0.011 A less than the
B values for the complex (Table II), placing it very close to
the border between classes II and III. In fact, some of the
other structural parameters, including the M-M distance and
T, are in the ranges observed for the class II complexes 13-
14. In complex 22, as in 8 and 13-16, D is correlated with B
(Fig. 14). Tt is interesting that linear trinuclear complexes of
this stoichiometry (8, 13-14 and 22) span all three classes,
further demonstrating the flexibility of this structural unit.

Complexes similar to 3-7 (Fig. 8), but with alkaline earth
metals in the central position 8785 or Co2™ in all three posi-
tions, 89781 [M,M’(0,CR)¢(base),] [M=Zn%", M'=Mg?™,
base=quinoline, C,H,N, R=CH=CHMe (23); M=Zn?",
base = 6-methylquinoline, C, ,H,N, R=CH=CHMe, M’ =Ca?*
(24) or Sr?* (25); M=Zn2%*, M'=Ba?*, base=quinoline,
R=CMe, (26); M=M'=Co?*, base=quinoline, R=C¢H;
(27) or R=CzH;NO, (28)], exhibit D values that are 0.295-
1.273 A shorter than the corresponding B values. These
results demonstrate the movement of the monodentate car-
boxylate to a syn-syn bidentate bridging mode (Fig. 16,
Table II). In 25 and 26, the formerly monodentate carboxyl-
ates are indistinguishable from the other bridging ligands.
The M-M distances, 3.518 (3) A to 4.224 (2) A, are signifi-
cantly extended relative to the values observed for 3-7. As the
interaction between M;,, and O, weakens, the M, , geometry
moves once again toward tetrahedral, analogous to the case
where D is long, as in class I complexes. The t value increases
as the central metal varies from Mg?* to Ba?™*, reflecting
the tilt of the carboxylate into a syn-syn bidentate bridging
mode.

A key aspect of the shift from the monodentate to syn-syn
bidentate bridging mode is the transition of the O, lone pair
donation to M, , from anti to syn. In fact, the immediate
result of a decrease in D and increase in B without reorienta-
tion of O, relative to M, , is a syn-anti bidentate bridging
carboxylate. This rare binding mode has been observed
recently in three discrete complexes, [Fe,(tpa),(OAc),]-
(BPh,), [29; tpa=tris-(2-pyridylmethyl)amine], °° [Mn,-
(OAc),(bpy)4l(ClO,), (30) *° and [CuL(imH),], [31; L=(N-
carboxymethyl)glycinate(2-), imH=imidazole], 1°°® all of
which contain a dimetallic center spanned solely by two syn-
anti carboxylates (Fig. 17). A polymeric Pb(II) complex of
phenoxyacetate (pa), [Pb,(pa),(H,0)], 32, °* also contains
such a syn-anti bridging carboxylate. Examination of the M-
M values for 29-32 (Table II) reveals that syn-anti bridges

Figure 17. — Structures of the dications of 29, [Fe,(OAc),(tpa),]**
(top), and 30, [Mn,(OAc),(bpy),]*>* (middle), and the neutral com-
plex 31, [Cu,L,(ImH),] (bottom).

yield an expanded dimetallic center relative to other carboxyl-
ate bridging modes. This result makes it less likely that a syn-
anti bridging carboxylate occurs as an intermediate between
monodentate and syn-syn bidentate bridging carboxylates in
metalloproteins, where the space required for such an expan-
sion of a dimetallic center might be limited. On the other
hand, if such a transformation were to take place, it might
trigger considerable protein chain movement and possibly be
linked to substrate binding or release, redox potential chan-
ges, or to allosterism. Most probably, the presence of other
bridging ligands would add rigidity to the core, allowing the
monodentate to syn-anti to syn-syn transitions to occur
without the large increase in M-M seen in 29-32. Complex
24 contains a monodentate carboxylate poised close to the
anti/syn transition, as indicated by the nearly linear M, ,-O,-C
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angle of 190.0 (2)° (Table II). Again, as in complex 2, the
metal ion appears not to be bound directly to either the syn
or anti lone pairs of the carboxylate. In this case, such an
orientation may be a consequence of either rehybridization
of O, or of a more ionic alkali earth M,_,-O, bond. 62-103
The basis for such unusual orientations remains unclear and
would be an interesting topic for theoretical investigation. In
any case, the M-M distance of 3.855 (3) A in 24 suggests
that such a linear arrangement could possibly exist as an
intermediate in the movement from monodentate to syn-syn
bidentate bridging, precluding the need for a dimetallic center
to pass through a fully extended syn-anti bridged state during
such motion.

Further shift of the carboxylate ligand toward chelate
formation as D decreases and A increases occurs in the
dicopper complex [Cu,L,(OAc),] [LH=N-methyl-N'-(5-
bromosalicylidene)-1,3-propanediamine (33)] °® and in one of
the monodentate carboxylates of 17 (Fig. 10). In these cases,
D has decreased to a point where it is less than 4, which in
turn is somewhat larger than the A4 values observed for the
other dicopper (II) complexes discussed. As a result, M-M is
also larger in 17 and 33 (Table II). A more significant tilt of
the carboxylate toward M, is observed, as evidenced by a
difference of ~50° between M, ,-O,-C and M, ,-O,-C.

In sum, the geometries of the class III complexes nicely
illustrate the link between the monodentate bridging, syn-
anti/syn-syn bidentate bridging, and chelate binding modes
of carboxylate ligands and thus provide the basis for the
carboxylate shift (Fig. 16).

Factors Affecting the Carboxylate Shift and its Possible Bio-
logical Relevance

A common feature among the growing list of complexes
that contain a monodentate bridging carboxylate is the
presence of relatively low oxidation state metal ions. In no
instance to date does a carboxylate use a single oxygen
atom to bridge two metals that have oxidation states greater
than+2, even when higher redox levels are readily accessible
(e. g. for iron and manganese). This preference for monoden-
tate linking of low valent metal ions presumably derives from
resonance stabilization and effective charge delocalization in
the carboxylate anion. The formal charge on a carboxylate
oxygen atom linking two metal centers (-/,) is less than that
of oxo (-2), alkoxo (-1), aryloxo (-1), and hydroxo (-1)
ligands, all of which form stable bridges between
higher valent metals such as Fe(III), Mn(III) and
Mn (IV). 11722.105 Tn effect, the monodentate carboxylate
bridge offers a “‘softer” ligand than the other oxygen atom
donors and thus is particularly well-suited for bridging mono-
and divalent metal ions.

The strength of the M, -O, interaction does not appear
to correlate with the electron density or geometrical prefer-
ences of M;,,. The factors responsible for differences in this
interaction are clearly subtle, as evidenced by the observation
of varying monodentate carboxylate geometries in the iso-
meric series of syn/anti-[Mn;(OAc)s(BIPhMe),] complexes.

An important manifestation of an increased dangling oxy-
gen atom interaction is movement of the monodentate bridg-
ing carboxylate, a carboxylate shift, toward either chelating
terminal or bidentate bridging orientations (Fig. 16). The
ability of a carboxylate ligand to adopt such a continuum of
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static conformations between different modes in a range of
structurally characterized complexes implies that the shift
may also be a kinetically important phenomenon. °¢ Oxida-
tion of the metal(s) in a dinuclear complex bridged by a
monodentate carboxylate would be anticipated to facilitate
the shift and allow either separation of the metals or the
insertion of a harder, more negatively charged bridge such
as oxide or hydroxide. A reaction of this sort has, in fact,
been discovered for 15, which upon exposure to dioxygen
forms the (p-oxo)diiron (III) complex 34 (Fig. 18). #8356 We
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Figure 18. — Conversion of 15 to 34 upon treatment with O,.

speculate that, in this instance, the monodentate bridging
formate in 15 becomes a monodentate terminal ligand in the
oxidized product, although supporting evidence such as might
be provided by labeling experiments is not yet available.
While other types of carboxylate linkage isomerizations have
been observed in mononuclear complexes, €. g. between chel-
ating terminal and monodentate terminal, 1°7 we believe the
carboxylate shift in dinuclear complexes to have unique rami-
fications for dinuclear metalloprotein active sites.

In particular, the facile self-assembly of compounds with
monodentate carboxylate bridges between such biologically
relevant metals as Mn, Fe, Cu, and Zn suggests to us that
such a structural unit may be present and functionally
important in nature. A monodentate carboxylate provided
by glutamate or aspartate side chains would be a stable
alternative to hydroxo or aqua bridges between low valent
metals in proteins, especially when a hydrophobic environ-
ment is required. Such a bridge has been identified so far
only in concanavalin A (ConA). #2743 ConA is a lectin from
jackbeans that binds polysaccharides, presumably at or near
a site containing linked Mn (IT) and Ca (II) ions (Fig. 19). A

glus O

Figure 19. — Structure of concanavalin A (conA).

form of the protein with two Mn(II) ions has also been
prepared. 1°8 A 1.75 A resolution X-ray crystal structure of
conA indicates that the metals in the native system are 4.25 A
apart and are bridged by bidentate and monodentate carbox-
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ylates. The latter falls into Class III because of its strong
M, -O, dangling oxygen interaction (Table II). 42

While significant evidence supports the presence of
hydroxo (or aqua) bridges in hemocyanin °° and the reduced
forms of hemerythrin, 1*°~115 the ligand environments sur-
rounding the low valent metal ions in several other dinuclear
metalloprotein active sites are presently unknown. Intriguing
possibilities are ribonucleotide reductase (RR) and methane
monooxygenase (MMO), both of which are believed to have
predominantly oxygen donor ligands about their diiron (II)
active sites. 1167119 A recent X-ray structural study of the
native (p-oxo)diiron(IIT) form of RR has revealed the pres-
ence of four carboxylates bound to the core, one bidentate
bridging, one chelating, and two monodentate terminal
(Fig. 20). 38 The reduced diferrous form appears to play a
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Figure 20. — Structure of the oxidized form of ribonucleotide reduc-
tase (RR).

key role in regulation of RR activity, since the native diferric
core and the tyrosyl radical necessary for enzymatic catalysis
of ribonucleotide reduction are produced in a reaction involv-
ing O, and the reduced active site. ** The similarity between
aspects of the conversion of 15 to 34 and the generation of
active RR according to equation 1 (stoichiometry currently
unknown) suggested to us the possible occurrence of a mono-
dentate carboxylate bridge in the reduced form of RR. As
shown in Figure 20, glu238 is positioned cis to the oxo bridge
in the oxidized core of the protein, poised to replace the oxo
ligand and form a monodentate carboxylate bridge upon
reduction to the diferrous form. The reverse of this carboxyl-
ate shift may occur during the oxidative process of tyrosyl
radical generation. Future detailed structural work will allow
evaluation of this proposal.

Fe(Il),+ O, +tyr-OH — Fe(III)-O-Fe (III) + tyr-O- (1)

Other resonance stabilized, biologically relevant oxyanionic
ligands such as phosphate !2° and sulfate 12! also exhibit
versatility in the manner in which they bind metal ions.
Specifically, phosphate geometries approaching monodentate
bridging, analogous to those observed for carboxylates, have
been reported. 122 The structural principles that we have
employed in our analysis of the metal binding of carboxylates
may be similarly applied to their P- or S-based analogues.
Consequently, a corresponding “phosphate shift” or “sulfate
shift” may have structural and/or mechanistic significance in
polymetallic proteins such as purple acid phosphatase 13b- 123
or the recently reported thiosulfate oxidizing protein. *24
Thus, flexibility in the monodentate bridging of metal atoms
by phosphate and sulfate anions may parallel that which
we have delineated herein for carboxylates, with similarly
significant ramifications in biological systems.
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