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Hydrogen bonds stabilize and direct chemistry performed by metalloenzymes. With inspiration

from enzymes, we will utilize an approach that incorporates intramolecular hydrogen bond

donors to determine their effects on the stability and reactivity of metal complexes. Our premise is

that control of secondary coordination sphere interactions will promote new function in synthetic

metal complexes. Multidentate ligands have been developed that create rigid organic structures

around metal ions. These ligands place hydrogen bond (H-bond) donors proximal to the metal

centers, forming specific microenvironments. One distinguishing attribute of these systems is that

site-specific modulations in structure can be readily accomplished, in order to evaluate

correlations with reactivity. A focus of this research is consideration of dioxygen binding and

activation by metal complexes, including developing structure–function relationships in metal-

assisted oxidative catalysis.

Introduction

Transition metal-mediated transformations are widespread in

chemistry and biology. One only has to give a cursory

examination of the vast literature on palladium complexes in

organic chemistry to grasp the importance of metal-containing

species in the synthesis of new compounds.1 It is no different in

biology, in which metal ions have essential functional roles in

nearly one-third of all proteins. The diversity of function can

be understood within the context of the basic principles of

coordination chemistry, as described by Werner over 100 years

ago.2 Within this framework, structure–function relationships

are developed through the analysis of the primary and sec-

ondary coordination spheres. The primary sphere controls basic

properties, such as electronic structure and Lewis acidity,

whereas the secondary coordination sphere is responsible for,

among other things, regulating accessibility and substrate selec-

tivity. Ultimately, it is the integration of these two spheres that

produces the functional aspects attributed to metal complexes.

The effects of the primary coordination sphere on metal ion

reactivity have been extensively investigated, leading to pre-

dictable structure–function relationships. In contrast, the in-

fluences of the secondary coordination sphere are less known,

and in fact, have often been ignored in the considerations of

function. Renewed interest in this area has occurred because

cumulative physical evidence suggests a regulatory role for the

secondary coordination spheres within the active sites of

metalloproteins.3 This has prompted the design of synthetic

systems utilizing the secondary coordination sphere to induce

new functionality from metal complexes. For instance,
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sterically bulky ligands have been developed to prevent un-

wanted intermolecular interactions.4 A prominent example of

this effect is the steric tuning of salen ligands to produce metal

complexes for the stereoselective oxidation of olefins.5

Hydrogen bonds (H-bonds) in the secondary coordination

sphere have also been implicated in the control of metal-mediated

processes. The first indication of their importance again arose

from biology through the discovery of protein-derived H-bond

networks within the active sites of metalloproteins. Their presence

are proposed to influence a vast array of functions that span

hydrolysis6 to O2 binding and activation—for example, H-bond

networks have been linked to O–O bond cleavage and proton

transfer in the monooxygenase cytochrome P450 (Fig. 1).7

However, the fundamental aspects of how H-bonds facilitate

most of these processes are still largely unknown.

The utilization of H-bonds in the design and preparation of

synthetic metal complexes is still in the early stages of devel-

opment. Some notable advances have been reported, which are

highlighted in two excellent reviews by Rivas.8 Our group has

been investigating the effects of H-bonds on the binding and

activation of small molecules by transition metal complexes. A

review of our initial findings appeared in 2005 that included

the design considerations for the complexes and the reactivity

of iron and manganese complexes with dioxygen.9 This Fea-

ture Article focuses on results that have occurred since, with

an emphasis on systems having varied H-bond networks. Our

findings further demonstrate that placement of H-bonds with-

in the secondary coordination sphere can have pronounced

effects on the chemical reactivity of metal complexes.

Formation of metal oxo and hydroxo complexes

with hydrogen bonds

Monomeric iron and manganese complexes with terminal oxo

ligands were our initial targets. These complexes have been

implicated in a variety of chemical and biochemical processes

but there were few structurally characterized examples when

we started this work 10 years ago.10 In fact, there were no

examples of mononuclear iron complexes with a terminal oxo

ligand prior to our work, presumably because of the strong

thermodynamic driving force for the formation of

FeIII–O–FeIII units.11 Our premise was that H-bonds involving

the terminal oxo ligand would stabilize the M–O unit, allowing

for the detection, characterization, and ultimately structural

determination of these complexes. The motivation for using

H-bonds to stabilize the M–O unit came from metalloproteins,

whose active sites are replete with H-bond networks that are

essential for oxidative function, as discussed previously.

We were successful in preparing iron and manganese com-

plexes with terminal oxo or hydroxo ligands derived directly

from O2 activation.
12 This was accomplished with a urea-based

tripodal compound, tris[(N0-tert-butylureayl)-N-ethylene]amine

(H6buea) that was designed and developed to bind metal ions

through the deprotonated a-nitrogen atoms, forming a rigid

H-bond donating cavity proximal to the metal ion. As

shown in Scheme 1, formation of these complexes was depen-

dent on the amount of base initially added to deprotonate

H6buea: 4 equivalents (equiv.) of base were necessary to isolate

[MIIIH3buea(O)]2�, whereas 3 equiv. of base afforded

[MIIIH3buea(OH)]�. Our studies suggest that the first three

equiv. of base deprotonate each of the a-NH groups of the

ligand—the fourth equiv. used to make the M(III)–O complexes

deprotonates one a0-NH moiety (Fig. 2). [MIIIH3buea(O)]2�

was converted to [MIIIH3buea(OH)]� in the presence of 1 equiv.

of acid, such as phenols or water, and 1 equiv. of methyl iodide

reacts with [FeIIIH3buea(O)]2� to form [FeIIIH3buea(OMe)]�.

These results suggest that the coordinated oxo ligand is

nucleophilic.

The [MIIIH3buea(O)]2� and [MIIIH3buea(OH)]� complexes

were thoroughly characterized, including with single-crystal

X-ray diffraction methods. The complexes all have trigonal

Scheme 1 Preparative routes for the formation of the
[MIIIH3buea(O)]2� and [MIIIH3buea(OH)]� complexes. Reagents and
conditions: (a) 4 equiv. KH, DMA, inert atmosphere (Ar), rt; (b)
3 equiv. KH, DMA, Ar, rt; (c) M(OAc)2 (M= Fe, Mn), DMA, Ar, rt;
(d) 0.5 equiv. O2, DMA, rt; (e) H+, DMA rt; (f) base, DMA, rt.

Fig. 2 Proposed [MIIH3buea]
2� intermediate formed during the

activation of O2.

Fig. 1 Proposed H-bonding network in cytochrome P450.
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bipyramidal structures (Scheme 1) and intramolecular

H-bonds to the MIII–O(H) units. Isotopic labeling experiments

with 18O2 confirmed that dioxygen is the source of the oxo

ligands in the M(III)–O complexes and oxygen atoms in the

hydroxo ligands in the M(III)–OH complexes. Key structural

and vibrational data are summarized in Table 1. To our

knowledge, [MIIIH3buea(O)]2� are the first structural charac-

terized examples of high-spin metal complexes with a terminal

oxo ligand and at least four d electrons.

One of the key intermediates in the formation of the

[MIIIH3buea(O)]2� complexes is proposed to be a MII complex

with an anionic site within the cavity to assist in scavenging

protons (Fig. 2). This concept led us to prepare MII–OH

complexes directly from water as shown in Fig. 3A, which

were obtained in relatively high yields after recrystallization

and have been characterized completely.13 Each complex has

the expected trigonal bipyramidal coordination geometry,

with the MII–OH unit placed within the cavities. The

MnII–OH and FeII–OH complexes could be oxidized to their

corresponding MnIII–OH and FeIII–OH complexes. In addi-

tion, [FeIIIH3buea(O)]2� and [MnIIIH3buea(O)]2� were

synthesized directly from water when two anionic sites were

placed within the cavity (Fig. 3B).14 These methodologies

permitted the isolation of a unique series of monomeric iron

and manganese complexes containing MII–OH, MIII–OH, and

MIII–O units, with the same primary and secondary coordina-

tion spheres. This is the first instance of such a series of

complexes and they have allowed us to investigate fundamen-

tal reactivity related to the M–oxo unit.15

Formation of a Mn
IV
–oxo complex

The discovery of the MIII–O complexes allowed us to probe

the formation of higher valent analogs. We examined the

oxidation chemistry of [MnIIIH3buea(O)]2� to produce the

corresponding Mn(IV)–oxo complex.16 Treating the purple

[MnIIIH3buea(O)]2� with [Cp2Fe]BF4 at �45 1C in DMF or

in DMSO at room temperature (Scheme 2) produced a new

green species (lmax = 635 nm) that is stable for several hours.

X-Band EPR measurements at 4 K (Fig. 4) indicated that the

green species is a Mn(IV) complex and spin quantification

showed that it was the major manganese component of the

oxidation (70(10)%).17 The spectrum contained g-values of

5.15, 2.44 and 1.63 that were simulated to show conclusively

that this complex has an S= 3/2 ground state with a zero-field

Table 1 Structural and vibrational results for [MIIIH3buea(O)]2� and [MIIIH3buea(OH)]� complexes

Complex M–O/Å M–N1/Å a0-N� � �O/Å n(M–O)/cm�1 n(MO–H)/cm�1

[FeIIIH3buea(O)]2� 1.813(2) 2.276(4) 2.711(6) 671 (645)a na
[FeIIIH3buea(OH)]� 1.926(1) 2.180(2) 2.833(2) — 3632 (3621)a

[MnIIIH3buea(O)]2� 1.771(4) 2.144(5) 2.731(5) 700 (672)a na
[MnIIIH3buea(OH)] 1.872(2) 2.033(3) 2.849(3) — 3614 (3603)a

a Values for 18O-isotopomer in parentheses.

Fig. 3 Proposed interactions of H2O with H-bonding cavities.9

Reprinted with permission from reference 9. Copyright 2005,

American Chemical Society.

Scheme 2 Synthetic routes for the preparation of [MnIVH3buea(O)]�.
Reprinted with permission from reference 16. Copyright 2006,
American Chemical Society.

Fig. 4 X-Band EPR spectrum (—) of [MnIVH3buea(O)]� measured

at 3.6 K and a spectral simulation ( ). Inset: enlargement of spectrum

at g = 5 (—) showing the contributions from the ms = 1/2 ( ) and

ms = 3/2 ( ) doublets.16 Reprinted with permission from reference

16. Copyright 2006, American Chemical Society.
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splitting constant of D = 3.0 cm�1. The six-line hyperfine

pattern centered at the g = 5.15 component had a hyperfine

constant of a = 66 G (Fig. 4, inset), a value that is consistent

with a monomeric Mn(IV) species. The rhombicity of the EPR

signal (E/D= 0.26) is predicted by theory: the DFT geometry-

optimized molecular structure of [MnIVH3buea(O)]�, done at

the B3LYP/6-311G level, showed large differences in bond

distances and angles within the basal plane, producing a

distorted ligand field around the Mn(IV) center. These devia-

tions in structure are attributed to a Jahn–Teller distortion

arising from the high-spin Mn(IV) ion in C3 symmetry.

The Mn(IV) complex’s moderate stability at room tempera-

ture in dry DMSO allowed us to monitor vibrational proper-

ties of the complex via solution FTIR methods—these studies

confirmed that the Mn–O unit remained intact during oxida-

tion. FTIR spectra collected in DMSO for the green species

generated from 16O2 contains a new peak at 737 cm�1 that

shifts to 709 cm�1 in the 18O-isotopomer (n(Mn16O)/n(Mn18O)=

1.04; calc. 1.05). This value is comparable to the n(MnO) =

754 cm�1 reported for [MnIVTMP(O)], the only other

MnIVQO species whose vibrational properties have been

characterized.

These spectroscopic findings are consistent with the product

from the oxidation of [MnIIIH3buea(O)]2� being the compa-

nion MnIVQO complex, [MnIVH3buea(O)]�. The detection of

the oxomanganese complexes gave us the uncommon oppor-

tunity to do comparative investigations for two closely related

oxometal complexes that are nearly structurally identical and

differ electronically by only one electron. Moreover, manga-

nese complexes with terminal oxo ligands have been the

subject of many studies because of their purported involve-

ment in various processes that range from the oxidant in olefin

conversion to epoxides and a key intermediate in water

oxidation in photosynthesis. However, there is still much

debate about the chemical properties of oxomanganese

complexes, especially those with nearly identical structural

features.

In an ongoing study, we are investigating the reactivity of

both oxomanganese complexes (the results are summarized in

Fig. 5). We have shown so far that [MnIIIH3buea(O)]2� reacts

with substrates with C–H bond dissociation energies

(BDEC�H) of o80 kcal mol�1. More recently, we found that

the Mn(IV)–oxo complex also reacts with similar substrates:

for example, [MnIVH3buea(O)]
� converts 1,2-diphenylhydrazine

(BDEC�H, 69 kcal mol�1) to azobenzene (in 495% yield)

and 9,10-dihydroanthracene (BDEC�H, 78 kcal mol�1) to

anthracene (B100% yield) at room temperature in DMSO.18

In addition, [MnIVH3buea(O)]� can react with substrates

having BDEC�H of 490 kcal mol�1, an example of which is

DMSO (BDEC�H, 94 kcal mol�1).19

Additional reactivity studies showed that O-atom transfer

was possible from [MnIVH3buea(O)]�: treating

[MnIVH3buea(O)]� with PMePh2 in DMSO at room tempera-

ture or at �45 1C in DMF produced OQPMePh2 in B60%

yield. Moreover, 18OQPMePh2 (B50% yield) was produced

when the reaction was carried out with [MnIVH3buea(
18O)]�,

proving that the MnIV–oxo complex was the oxidant. Simi-

larly, O-atom transfer was observed to form OQPMe2Ph

when PMe2Ph was employed as the substrate. Monitoring

the transfer reactions with EPR spectroscopy showed that a

Mn(II) species with axial symmetry is formed when the reac-

tion is completed. This is consistent with a two-electron

process that would yield phosphine oxide and the correspond-

ing MnII complex, presumably [MnIIH3buea]
�. Note that

bulkier phosphines, such as PPh3 and PCy3, do not react with

[MnIVH3buea(O)]�. We attributed this selectivity to steric

effects arising from the H-bond cavity surrounding the

Mn(IV)QO unit.

We have also probed the ability of [MnIIIH3buea(O)]2� to

oxidize substrates via O-atom transfer. Similar ‘‘two-electron’’

reactivity is not observed in the Mn(III)–O complex, presum-

ably because of the inaccessibility of the Mn(I) complex.

Formation of terminal sulfido and selenido

complexes of iron(III)

We have found over the years that the cavity structure formed

by [H3buea]
3� is ideally suited for the binding of oxygen-

containing ligands. This selectivity has hindered the isolation

of complexes with other exogenous ligands with different

donor atoms—trace amounts of water appears to be the

culprit because it can displace all non-oxygen donating

ligands. One area that we have had success was in the forma-

tion of iron complexes with terminal sulfido and selenido

ligands. Fe–E–M (E = S2�, Se2�; M = metal ion) units are

common motifs, especially in protein cofactors,20 yet to our

knowledge, iron complexes with terminal sulfido and selenido

ligands were unknown prior to our work in 2004.10,21 The lack

of these iron complexes has been attributed in part to the

propensity of the chalcogenides, especially the heavier con-

geners, to bridge metal centers.10 Multinuclear complexes with

bridging chalcogenido ligands have thus dominated this chem-

istry.20 However, there are fundamental and practical reasons

for preparing and characterizing iron complexes with terminal

sulfido and selenido ligands, including obtaining a better

understanding of the inherent electronic and bonding proper-

ties of Fe–E units and how they relate to chemical reactivity.

We were successful in preparing [FeIIIH3buea(S)]
2� and

[FeIIIH3buea(Se)]
2� following the procedure outlined for the

M–O complexes but used molecular S8 and Se instead of

dioxygen.21 X-Band EPR spectra on frozen solutions are

consistent with both complexes having nearly axial symmetry

around high-spin Fe(III) centers. X-Ray diffraction studies

support the monomeric nature of [FeIIIH3buea(S)]
2� and

[FeIIIH3buea(Se)]
2� in the solid state. The molecular structures

(Fig. 6) reveal that each complex has three a-N� atoms and the

terminal chalcogenido bonded to the iron centers: inFig. 5 Summary of the reactions involving the Mn–oxo complexes.
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[FeIIIH3buea(S)]
2�, the Fe1–S1 length is 2.276(4) Å, while the

Fe1–Se1 distance is 2.355(1) Å in [FeIIIH3buea(Se)]
2�. The

apical nitrogen N1 of [H3buea]
3� also interacts weakly with

the iron centers at Fe� � �N1 distances of 2.666(5) and 2.604(5)

Å for [FeIIIH3buea(S)]
2� and [FeIIIH3buea(Se)]

2�. Their mo-

lecular structures differ from that of the related monomeric

FeIII–O complex, [FeIIIH3buea(O)]2� (Table 1). Significantly

shorter Fe1–O1 and Fe1–N1 bonds are observed in

[FeIIIH3buea(O)]2� than Fe1–E and Fe1–N1 bonds in the

other two iron–chalcogenido complexes, and the iron(III)

center in the oxoiron complex is situated closer to the trigonal

plane formed by N2, N4, and N6.

The molecular structures of [FeIIIH3buea(S)]
2� and

[FeIIIH3buea(Se)]
2� also indicate the possibility of weak in-

tramolecular H-bonds between the a0-NH’s and the terminal

chalcogenido ligands. The average intramolecular

Fe–E� � �Ha0-N distances of 3.377(3) Å in [FeIIIH3buea(S)]
2�

and 3.438(3) Å in [FeIIIH3buea(Se)]
2� both suggest the for-

mation of H-bonds.22 In addition, solid-state FTIR spectra of

the complexes contain broadened NH signals relative to those

of H6buea, which is another indicator of H-bonds.

The [FeIIIH3buea(E)]
2� complexes, along with

[FeIIIH3buea(O)]2�, represent the first series of iron complexes

with terminal chalcogenido ligands, allowing comparative

investigations into their properties. For instance,

[FeIIIH3buea(S)]
2� and [FeIIIH3buea(Se)]

2� have limited sta-

bilities compared to [FeIIIH3buea(O)]2�. One possible reason

for their relative instabilities is that the Fe(III)–E units are not

fully confined within the H-bond cavities, as is the case for the

Fe(III)–O unit in [FeIIIH3buea(O)]2�. The urea groups within

the Fe(III)–E complexes are tilted relative to the trigonal plane:

average angles of 4351 from the normal are observed, result-

ing in bowl-like structures. The cavities in [FeIIIH3buea(S)]
2�

and [FeIIIH3buea(Se)]
2� are thus relatively open, resulting in

greater exposure of the sulfido and selenido ligands (Fig. 7).

In a collaborative project with Professor E. Solomon, a

series of X-ray absorption experiments were performed

to examine the bonding within the FeIII–S unit.23 The

sulfur K-edge X-ray absorption spectrum (XAS) of

[FeIIIH3buea(S)]
2� showed an intense pre-edge transition at

2469.8 eV that was assigned to an envelope of S1s - Fe3d
transitions. Because the intensity of the peak is proportional to

the %S3p mixing into the five singly-occupied Fe3d orbitals, a

fit of the data (2.32 � 0.02 intensity units) corresponds to 82%

S3p orbital character summed over the five half-occupied Fe3d
orbitals. For comparison, the sulfur K-edge spectra of

Et4N[Fe(SPh)4] and (Et4N)2[Fe2S2Cl4] were also analyzed

and significantly lower intensity peaks were observed, corres-

ponding to 68 and 35% S3p orbital character to the Fe–S

bond, respectively. These findings indicate that the terminal

sulfido ligand in [FeIIIH3buea(S)]
2� forms a considerably more

covalent FeIII–S bond than those found in complexes with

bridging sulfido or terminal thiolate ligands. In fact, to our

knowledge [FeIIIH3buea(S)]
2� has the most covalent Fe–S

bond yet observed.

Theoretical studies on the Fe
III
–E complexes

There have been several reports on the theoretical aspects of

the above iron and manganese oxo complexes.12,24 More

recently we have teamed with the Solomon group to examine

the bonding in the [FeIIIH3buea(X)]2� complexes (X = O2�,

S2�)23—the isolation of these complexes provided the oppor-

tunity to examine the bonding within the terminal M–X

units and the effects of the H-bonds. A complete XAS study

was undertaken (i.e., iron L-edge and K-edge) on

[FeIIIH3buea(O)]2� and [FeIIIH3buea(S)]
2�; additional sulfur

K-edge XAS experiments were done on FeIII–S complex

(see above). Experimentally derived electronic structures for

the two complexes were determined from the XAS measure-

ments and used to evaluate DFT calculations. Properties of

the ground state wave functions obtained from the geometry

optimized DFT calculations at the BP86 level are in close

agreement with results from XAS measurements. For instance,

the average Fe3d character per hole is calculated to be 67 and

72% for [FeIIIH3buea(S)]
2� and [FeIIIH3buea(O)]2�, respec-

tively, which are comparable with the 69 and 67% values

obtained experimentally. These results indicate that the DFT

calculations have acceptably reproduced the experimental

ground-state properties, which gave us confidence to pursue

further assessments of the bonding within the FeIII–X unit.

Evaluations of the Fe–X bond energies and the H-bond

energies in [FeIIIH3buea(X)]3� were complicated by the fact

that [H3buea]
3� can H-bond to itself. To uncouple this effect,

the model of [H3buea]
3� (Fig. 8, A) was modified by eliminat-

ing the H-bond donor urea arms of the ligand (Fig. 8, B). The

Fig. 7 Space-filling representations of the Fe(III)-chalcogenido com-

plexes showing the different cavity architectures.

Fig. 6 Molecular structures of [FeIIIH3buea(S)]
2� and [FeIIIH3-

buea(Se)]2�.
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H-bond network was simulated by introducing three H2O

molecules in approximately C3 arrangement around the

Fe(III)–X unit (Fig. 8, C). The geometries for each structure

were then fully optimized.

The results show that without H-bonds the Fe–S bond is

more covalent (i.e. higher ligand character in the Fe3d mani-

fold) than the Fe–O bond; however, the Fe–O bond energy

(EB) is much higher (–102 kcal mol�1 vs. –62 kcal mol�1 for

Fe(III)–S). From a simple MO description, the covalent con-

tribution to the bond energy can be approximated by a2D,
where a2 is the ligand character per orbital and D is the energy

gap between acceptor FeIII orbitals and the donor X2� orbitals

before bonding. Thus the covalency is scaled by the energy of

the ligand donor orbitals. We find that even though a2 is

higher for the Fe(III)–S complex, the Fe(III)–O complex has a

greater value for D because of the greater electronegativity of

the oxo ligand. The net result is that the Fe(III)–O complex has

a larger covalent contribution to the bond energy by approxi-

mately 8 kcal mol�1 (determined from the DFT calculated

ground states). Note that the FeIII–O unit has a larger ionic

contribution (B25 kcal mol�1) because of the higher charge

density on the iron and oxo centers, reflecting lower covalency

relative to the sulfido and contributes to the greater BEFe–X

and shorter Fe(III)–O bond distance.

Inclusion of H-bonds polarizes the Fe–X bonds and loca-

lizes charge density on X, weakening the Fe–X bond and

results in lowering of the Fe–X bond energies, force constants,

and covalencies (Table 2). However, the overall H-bonding

energy is favorable even with the weakened Fe–X bonds

(Fig. 9). These effects are shown graphically in Fig. 9 for the

FeIII–O complex: the overall stabilization results from the

compensation of the lowering of the Fe–X bond energy by

the large energy gained fromH-bonding to the oxo/sulfido group:

the energy of the three H-bonds is�25 and�12 kcal mol�1 in the

Fe(III)–O and Fe(III)–S complexes, respectively. Therefore, in

both complexes, the presence of H-bonds is energetically

favorable despite a weakening of the Fe(III)–X bonds. For

the Fe(III)–O and Fe(III)–S complexes the H-bonds are mainly

dipolar and selectively affect the Fe–X p bonds because of

their favorable orientation with respect to the H-bonded

dipoles. The Coulombic nature of the interaction leads to a

stronger H-bond in the oxo complex because of the

shorter O� � �HN distance and high oxo charge, which in turn

weakens the Fe–O bond more than the Fe–S bond upon

H-bonding.

Terminal metal–oxo units are normally stabilized via multi-

ple bonds between the metal ion and the oxo ligand.25 While

the degree of p bonding varies, this type of bonding produces

low-spin complexes with relatively short M–O bonds. Based

on our structural, spectroscopic, and theoretical results on

[MIIIH3buea(O)]2� we offer that in some cases H-bond(s) to

the terminal oxo ligand can replace p bonds and be used in

stabilizing metal–oxo complexes. The H-bonds would decrease

the multiple bond character of the M–oxo unit, resulting in

high-spin complexes with longer M–O bonds. These predic-

tions are consistent with our results on the [MIIIH3buea(O)]2�

complexes. For instance, the properties of the FeIII–O bond in

[FeIIIH3buea(O)]2�, such as the reduced covalency and wea-

kened Fe–O bond, are often associated with complex instabil-

ity; however, in [FeIIIH3buea(O)]2� they are offset by the

overall stabilization gained from formation of the H-bonds.

Modular H-bonding networks around metal

complexes

The possibility that H-bonds can modulate the properties of

metal oxo complexes would have profound implications parti-

cularly in metalloproteins, where H-bond networks are pre-

valent within active sites. Varying the number or type of

H-bonds to M–O2 or M–O(H) moieties could modulate

reactivity to ensure a desired function. This type of effect

has been implicated in some metalloproteins, where both

structure and function are known. For example, myoglobin

and heme oxygenase both bind dioxygen: myoglobin does it

reversibly as it is part of respiration, whereas heme oxygenase

cleaves the O–O bond, producing a reactive intermediate for

heme catabolism. Comparisons of their structures in the

oxygenated states reveal identical primary coordination

spheres (Fig. 10) but major differences in the H-bond network

Table 2 Effects of H-bonds on the Fe(III)–X bonding23

X

H-Bond
system
(Fig. 8) Fe–X/Å

Covalency
(%Xnp)

EB(Fe–X)/
kcal mol�1

EB(hbs)
b/

kcal mol�1

O2� A 1.81 (1.81)a 49
O2� B 1.74 73 �102
O2� C 1.80 46 �83 �25
S2� A 2.23 (2.20)a 61
S2� B 2.17 81 �62
S2� C 2.21 60 �55 �12
a From XRD measurements. b H-bond stabilization.

Fig. 9 Bonding decomposition scheme for the FeIII–O complex.23

Fig. 8 Complexes used in the theoretical studies.
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that surrounds the Fe–O2 unit.26,27 These differences in the

secondary coordination sphere could lead to their divergent

functions.

To further understand the effects of H-bonds on metal-

mediated processes we considered it necessary to know how

varying H-bond networks correlated with changes in function.

Our initial approach to probe these structure–function rela-

tionships required the development of structurally tunable

cavities with varied H-bond networks. This can be accom-

plished through the design and preparation of a series of

ligands that enforce similar primary coordination spheres,

but create differing architectures proximal to the metal cen-

ter(s) to render varied H-bonding networks within the second-

ary coordination spheres. There are only a small number of

examples that have utilized this approach; those reports of

Masuda, Berreau and Mareque-Rivas are the most notable.28

They have explored the effects of varied H-bonding networks

on physical properties such as redox potentials and acidity of

coordinated ligands. We have continued the theme of investi-

gating O2 activation with various M(II) complexes and also

probed the reactivity of aryl azides with iron(II) complexes.

We designed our initial series of ligands around two tri-

anionic ligands, [H3buea]
3� and [0]3� (Fig. 11).29 The H-bond

network produced for complexes of [H3buea]
3� contains three

H-bonds within the secondary coordination sphere. Some time

ago we introduced the carboxamide-based analog [0]3�,30

which in contrast does not include H-bond donors. We thus

sought to develop hybrid ligands of these two parent systems.

The hybrid ligands31 [H22
R]3� and [H1

R]3� (Fig. 11) contain at

least one urea arm and, together with [H3buea]
3� and [0]3�,

constitute a series of ligands whose metal complexes have the

desired equivalent primary coordination spheres but different

H-bond networks within the secondary coordination sphere.

Besides varying the H-bond network around the metal ion,

these hybrid ligands can also be used to influence the overall

cavity architecture through the choice of R0 groups attached to

the carboxamide arms.

The need for hybrid ligands led us to devise a convergent

multi-step synthesis, in which the ‘‘arms’’ of the tripods would

be placed on an amine nitrogen atom that ultimately served as

the apical nitrogen donor. The preparative routes used the key

starting compounds chloroethylurea 3 and N-alkylbromoace-

tamides 6–8 (Scheme 3). [H22
R]3� require two urea arms that

were produced from alkylating the secondary amine 4 with

6–8. In a similar fashion, [H1
R]3� were prepared by treating

primary amine 5 with an N-alkylbromoacetamide. Scheme 1

outlines the experimental conditions employed for the produc-

tion of the hybrid ligands, which are routinely isolated in

multi-gram quantities.

Formation of Co
III
–OH complexes via O2 binding

and activation

We first used these ligands to prepare a series of Co(II)

complexes and examined their reactivity with dioxygen.29

Our thought was that we could prepare four Co(II) complexes

with nearly identical primary coordination spheres but, be-

cause of the different number of H-bond donating groups,

distinct secondary coordination spheres that could influence

reactivity. The study utilized the symmetrical urea-tripod

[H3buea]
3�, the two hybrid ligands [H22

iPr]3� and [H1iPr]3�,
and the tri(carboxamide) ligand, [0iPr]3�. The choice of ap-

pending isopropyl groups from the carboxamide nitrogen

atoms was based on our previous studies that indicated these

groups create cavities that are appropriate for external ligand

binding. An important structural consequence of our ligand

design is that each isopropyl group is positioned such that the

methine C–H bond is outside the cavity, nearly eclipsing the

carbonyl group of the adjacent amide.32 This conformation of

isopropyl groups was fortuitous but advantageous, because

the outward placement of these relatively reactive C–H bonds

appears to be far enough away from the metal center to

prevent ligand oxidation.

The Co(II) complexes were prepared as outlined in Scheme 4

for [CoIIH22
iPr]� and isolated in crystalline yields of 475%.

Single-crystal X-ray diffraction studies of the series revealed

Fig. 11 Series of ligands and complexes with varied H-bond net-

works. Reprinted with permission from reference 9. Copyright 2005,

American Chemical Society.

Scheme 3 Preparative routes for the hybrid urea/amide ligands.
Reagents and conditions: (a) potassium phthalimide, DMF, 80 1C,
73%; (b) H2NNH2�H2O, EtOH, heat,498%; (c) 6–8, Et3N, heat, NaI
(cat.); (d) BnNH2, Et3N, NaI (cat.), THF, heat, 77%; (e) cyclohexene,
Pd/MeOH, heat, 86%; (f) 6–8, Et3N, heat.

Fig. 10 Structures of the active sites in OxyMb (A) (PDB, 1A6M)

and the oxy form of heme oxidase (B) (PDB, 1V8X).
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that [CoIIH22
iPr]�, [CoIIH1iPr]� and [CoII0iPr]� have nearly

identical structural properties. Each complex is four-coordi-

nate, with a trigonal-monopyramidal coordination geometry

(Fig. 12). The deprotonated urea/carboxamide nitrogen atoms

form the trigonal planes with the amino nitrogen atom N1 as

the apical donor. The bond lengths and angles for the com-

plexes are also similar—this is illustrated by the overlay of the

primary coordination spheres that is included in Fig. 12. The

complexes have the expected differences in their secondary

coordination spheres. The appended isopropyl groups from

the carboxamide arms have the predicted conformation in

which the methyl groups are proximal to the metal center, and

thus function as scaffolding for the cavities surrounding the

vacant axial coordination sites. In the complexes with the

hybrid ligands, the urea groups complete the cavity structures,

with two H-bond donors positioned within the cavity for

[CoIIH22
iPr]� and one for [CoIIH1

iPr]�.

[CoIIH22
iPr]�, [CoIIH1

iPr]� and [CoII0iPr]� have nearly iden-

tical optical properties and EPR spectra that are consistent

with S = 3/2 ground states. Electrochemical studies show a

linear spread of 0.23 V in anodic potentials (Epa) with

[CoIIH22
iPr]� being the most negative at �0.385 V vs.

[Cp2Fe]
+/[Cp2Fe]. The fourth member of the series,

[CoIIH3buea]
� has similar properties to those of the other

complexes based on spectroscopic data. Taken together, these

studies show that this series of Co(II) complexes have similar

primary coordination spheres, but differ in their cavity struc-

tures surrounding the coordinately-unsaturated metal centers.

Differential reactivity with dioxygen

We have investigated the reaction of each complex with

dioxygen. [CoIIH3buea]
� and [CoIIH22

iPr]� react with 0.5 equiv.

of O2 at room temperature to afford [CoIIIH3buea(OH)]� and

[CoIIIH22
iPr(OH)]� as isolatable solids in high yields (470%,

see Scheme 5). Spectroscopic and analytical data support their

formulations as monomeric CoIII–OH complexes.33 Isotopic

labeling studies confirm that dioxygen is the source of the

oxygen atom in the hydroxo ligands: [CoIIIH3buea(
16OH)]�

has a n(O–H) band at 3589 cm�1 that shifts to 3579 cm�1 in

[CoIIIH3buea(
18OH)]�; [CoIIIH22

iPr(OH)]� has a n(16O–H) at

3661 cm�1 and n(18O–H) at 3650 cm�1.

The remaining two Co(II) complexes with fewer H-bond

donors displayed markedly different O2 reactivity. The com-

plex with a single H-bond donor, [CoIIH1iPr]� did not react

with 0.5 equiv. of O2 at room temperature—reactivity was

Fig. 12 Molecular structures of the Co(II) complexes with differing

intramolecular H-bonding networks and an overlay of their primary

coordination spheres.

Scheme 5 Preparative method for the synthesis of CoIII–OH complex
of the hybrid ligand [H22]

3� directly from O2 activation.

Scheme 6 Proposed reaction sequence for the interaction of
[CoIIH1iPr]� with dioxygen.

Scheme 4 Synthetic procedure for isolation of Co(II) complexes with
hybrid ligand.
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only observed when excess dioxygen was introduced into the

reaction mixture (Scheme 6). We initially observed a species

with an X-band EPR signal at g = 2.0 that could be reverted

back to [CoIIH1iPr]� when Ar was bubbled through the

system. Based on these observations, we assigned this species

to a Co–O2 adduct; however, definitive determination of its

formulation was not possible because it was only moderately

stable. Our studies suggested that the Co–O2 converted to

another compound whose properties were similar to those

found for the other CoIII–OH complexes. For example, the

FTIR spectrum of a solid sampled obtained via precipitation

had a peak at n= 3633 cm�1, which is consistent with an O–H

vibration. This proposed [CoIIIH1iPr(OH)]� also proved to

be too unstable for complete characterization, as it slowly

decayed to a yet undetermined species.

The complex [CoII0iPr]�, which is incapable of forming

intramolecular H-bond, did not bind dioxygen under our

experimental conditions (Scheme 7). We have ruled-out steric

constraints as the cause for the lack of O2 binding. Previous

studies in our laboratory found that other complexes of

[0iPr]3� readily bind external ligands, including dioxygen.

Secondly, we were able to prepare five-coordinate complexes

of [CoII0iPr]� using other external ligands. For instance,

[CoII0iPr]� binds a cyanide ion to form [CoII0iPr(CN)]2�,

whose molecular structure, as determined by X-ray diffraction

methods, is shown in Scheme 7. These findings support the

premise that the cavity structure formed from the appended

isopropyl groups has sufficient flexibility to allow external

species access to the cobalt center.

Effects of the intramolecular H-bonding networks

Despite their nearly identical primary coordination sphere, the

cobalt complexes in this study have markedly different func-

tional properties toward dioxygen. These differences are cor-

related, at least in part, to the differing H-bonding networks

generated by the tripodal ligands. With two H-bond donors

within its cavity, [CoIIH22
iPr]� reacts at lower dioxygen con-

centrations compared to [CoIIH1iPr]�, which only has one

H-bond donor. The additional H-bond donor in [CoIIH22
iPr]�

assists in the initial O2 binding event that is essential in

metal-mediated O2 activation. Furthermore, [CoII0iPr]�, which

does not have the capability to form intramolecular bonds,

does not bind dioxygen. These functional differences observed

in our Co(II) complexes are akin to what is found in biology,

whereby variation in H-bond networks within secondary

coordination spheres alters function, especially O2 binding

and activation.

Changes in H-bond networks also correlated with the

stabilities of the CoIII–OH complexes that are produced upon

O2 activation. [CoIIIH3buea(OH)]� contains a symmetrical

H-bond network with up to three H-bond donors that can

interact with the coordinated hydroxo ligand—this complex is

stable in solution for weeks and can be readily crystallized. On

the other hand, the complexes with fewer numbers of H-bond

donors have limited stability: [CoIIIH22
iPr(OH)]� and

[CoIIIH1iPr(OH)]� decay with initial rate constants of 5.9 �
10�8 and 2.5� 10�7 min�1, respectively. We suggested that the

greater number of intramolecular H-bonds involving the OH�

ligand increases the stability of the complexes, possibly

through a lowering of the nucleophilicity of the CoIII–OH

unit. In addition, more intramolecular H-bonds within a

complex would reinforce the cavity structure, producing a

more protective cavity.

Binucleating H-bonding ligands

As the preceding section described, our initial research goals

involved mononuclear metal complexes with H-bond net-

works—this hinged on our ability to prepare several new

tripodal ligands. More recently we have begun a program into

the design and preparation of binucleating ligands with

H-bond donors. We reasoned that H-bonding binucleating

ligands would allow us to prepare complexes with two oxo

ligands and thus explore the cooperative influences of two

M–O(H) centers within an intramolecular H-bond network.

This led to the design concept illustrated in Fig. 13 that began

with our pre-existing tripodal urea compound, H6buea. Cou-

pling two of these tripods together by removal of one urea arm

and replacing them with a 3,5-disubstituted pyrazole unit

Scheme 7 Reactions involving [CoII0iPr]�.

Fig. 13 Design evolution for the binucleating H-bonding ligands.
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results in dinucleating ligands 3,5-bis{bis[(N0-R-ureayl)-N-

ethyl]aminomethyl}-1H-pyrazole (H9P
Rbuam) that have cav-

ities composed of four intramolecular H-bond donors. Using a

pyrazole bridge maintains a similar N4 donor set as used in our

mononucleating ligands. In addition, there should be flexi-

bility within the H-bond cavity: reports by Okawa and

co-workers and Meyer and co-workers.34,35 showed that

metal–metal separations range from 3.4 and 4.5 Å when

methylene groups are used as linkers to the pyrazole ring.

This flexibility would aid in preparing complexes with

M–O(H) units and their subsequent chemistry with substrates.

We again used a convergent synthesis to prepare the

H9P
Rbuam ligands that utilized making the bridging unit

from 3,5-dimethylpyrazole (Scheme 8).36 The key intermediate

11 was made via a convenient six-step route following

procedures first outlined by Bosnich and co-workers37 and

Meyer and co-workers.38 The bis[(alkylureayl)-N-ethyl]amine

compounds 4R were prepared according to our own methodo-

logy. H9P
tBubuam and H9P

iPrbuam were isolated as white solids

in overall yields of 22 and 18% from the coupling of 11 and the

diurea compounds 4R. We have optimized the routes to

prepare the ligands in multigram quantities without use of

chromatography.

To evaluate the structural properties of metal complexes

with H9P
tBubuam and H9P

iPrbuam, we prepared the corres-

ponding cobalt dimers following similar procedures described

for our monomeric complexes (e.g., Scheme 1) but using

CoCl2 (Scheme 9). Single-crystal X-ray diffraction measure-

ments reveal that the cobalt centers are bridged by a single

chloride ion with relatively long Co� � �Co separations: for

example, in [CoII2H4P
iPrbuam(m-Cl)]2� the Co� � �Co distance

is 4.113(1) Å. Each Co(II) ion has a distorted trigonal-

bipyramidal geometry containing two urea-a-N� atoms, one

pyrazolate nitrogen atom, and a bridging chloride ion with an

average CoII–Cl bond length of 2.6279(4) Å for [CoII2H4P
iPr-

buam(m-Cl)]2� and 2.570(1) Å for [CoII2H4P
tBubuam(m-Cl)]2�.

The CoII–Cl bond lengths in the [CoII2H4P
Rbuam(m-Cl)]2�

complexes differ from the norm; for CoII–m-Cl–CoII motifs, they

are usually o2.30 Å. We proposed that these atypical CoII�Cl
bonds result from the H-bonding network surrounding the

bridging chloride ion. Intramolecular H-bonds between the binu-

cleating ligands and the chloride ion are evident from their

molecular structures: the a0-N� � �Cl distances are o3.5 Å and,

along with N–H� � �Cl angles being 41401, are consistent with

intramolecular H-bond assignments.39 Further support comes

from FTIR measurements that showed a broadening of the peaks

associated with the N–H vibrations, which is common for urea

groups when strongly H-bonded.

CoII–OH mediated hydration of nitriles to amides

We have also prepared Co(II) dimers with a bridging hydroxo

ligand, [CoII2H4P
Rbuam(m-OH)]2�.40,41 The procedure

(Scheme 10) was similar to those described previously for

our mononucleating complexes (Fig. 3), in which an extra

equiv. of KH (i.e., 6 equiv. in this case) was initially added to

the ligands and water served as the source of the hydroxo

ligand. The molecular structure of [CoII2H4P
iPrbuam(m-OH)]2�

(Fig. 14A) shows that the Co(II) ions also have trigonal-mono-

pyramidal coordination spheres. However, there are differences

in the structure compared to that of [CoII2H4P
Rbuam(m-Cl)]2�.

The average Co–O(H) bond length is 2.216(2) Å, which is

similar to distances found in other Co(II) complexes. The

Co� � �Co separation is 3.587(1) Å, a distance that is significantly

shorter than the 4.113 Å separation observed in the [CoII2H4P
R-

buam(m-Cl)]2� complexes. This coordination appears to posi-

tion the OH� ligand deeper within the cavity and thus, greatly

weakens the H-bond interactions with the urea groups. All the

a0-N� � �O distances are 43.1 Å, which are longer than what is

normally observed for H-bonds (r3.0 Å). The FTIR spectra of

Scheme 8 Preparative method for the binucleating ligand,
H9P

Rbuam. Reagents and conditions: (a) KMnO4, H2O, heat, 56%;
(b) HCl(g), EtOH, rt, 81%; (c) LiAlH4, ether, heat, N2; (d) ethanolic
HCl, 80%; (e) SOCl2, heat, 94%; (f) 1,2-dihydropyran, CH2Cl2, rt,
75%; (g) 4 or 4iPr, Na2CO3, CH3CN, N2, heat, 481%; (h) ethanolic
HCl, rt; (i) Na2CO3(aq), 488%. Reprinted with permission from
reference 36. Copyright 2006, American Chemical Society.

Scheme 9 Preparation of [CoII2H4P
Rbuam(m-Cl)]2� and the molecu-

lar structure of [CoII2H4P
iPrbuam(m-Cl)]2�.
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the [CoII2H4P
Rbuam(m-OH)]2� complexes support this asser-

tion: the n(N–H) bands are sharper and at higher energies than

we usually find for urea groups involved in H-bonding.

The [CoII2–(m-OH)] complexes are reactive; for example, they

can hydrate unfunctionalized nitriles to amides. We discovered

this reactivity serendipitously when [CoII2H4P
iPrbuam(m-OH)]2�

was dissolved in acetonitrile during purification—a new complex

was obtained with a coordinated acetamido ligand. Its formula-

tion was verified by obtaining it in pure form after crystal-

lization. In addition, we have independently prepared this

complex from [CoII2H4P
iPrbuam(m-Cl)]2� and [OC(NH)CH3]

�.

The molecular structure of the complex reveals that the acet-

amido ligand bridges between the two Co(II) ions in a 1,3-m
manner (Fig. 14B). In [CoII2H4P

iPrbuam(1,3-m-OC(NH)CH3)]
2�

the Co� � �Co separation is 4.480(1) Å, a lengthening of nearly 0.9

Å compared to that observed in the starting [CoII2(m-OH)]

complex. Furthermore, the acetamido ligand is strongly

H-bonded: the acetamido oxygen and nitrogen atoms each

have a pair of H-bonds involving the a0-NH groups of the

[H4P
iPrbuam]5� ligand.42

We propose a mechanism (Fig. 15), whereby displacement

of the OH� ligand from one of the cobalt centers occurs upon

nitrile coordination. We proposed that this initial step could

be facile because of the lack of intra-molecular H-bonding to

the hydroxo ligand. Binding of the nitrile places the activated

electrophilic carbon atom in position for nucleophilic attack

by the adjacent Co(II)–OH unit. A final proton shift produces

the 1,3-m-acetamido bridge, which is further stabilized by four

intramolecular H-bonds.43

These findings illustrate that tunable H-bonding cavity

structures are possible in complexes of [H4P
Rbuam]5�. Our

preliminary work suggests that structural changes are achieved

because the pyrazolate unit serves as a flexible linker that

allows the system to accommodate varied metal� � �metal se-

parations. The urea arms that form the H-bond cavities are

relatively rigid, but their positions are correlated to changes in

the metal� � �metal separation. This tunability may allow for

subtle adjustments in structure that are necessary for the

development of functional metal complexes. In the hydration

of nitriles, the [CoII2(m-OH)] motif is not H-bonded, presum-

ably enabling the complex to bind substrate and react. After

hydration, the acetamido product is positioned within the

cavity such that four intramolecular H-bonds are formed

adding to the overall stability of the product. These properties

are reminiscent of structural effects attributed to active sites in

metalloproteins, in which secondary sphere H-bond networks

are often proposed to influence transition states and stability

of the species formed during turnover.

Conclusions

We are just beginning to realize the effects that non-covalent

interactions have on metal-mediated transformations. Their

importance has been denoted within the active sites of metal-

loproteins and some structure–function relationships have

been established. These influences in biomolecules, as exem-

plified by H-bonding networks, appear to be mostly centered

within the secondary coordination spheres of the metal com-

plex. Therefore the function and dysfunction of metallopro-

teins can be understood within the context of changes in their

secondary coordination spheres.

Our premise is that similar relationships need to be estab-

lished in synthetic systems through the rational design of

complexes with intramolecular H-bond networks. Our goals

are to obtain fundamental understanding into the effects of

H-bonds on the properties of metal complexes and to produce

new systems with new or enhanced functions. We have de-

scribed a set of complexes containing a variety of different

H-bonding networks and discussed their reactivities toward

small molecules, especially dioxygen. The monomeric iron and

manganese complexes we produced have multiple

Fig. 14 Molecular structures of [CoII2H4P
iPrbuam(m-OH)]2� (A) and

[CoII2H4P
iPrbuam(1,3-m-OC(NH)CH3)]

2� (B). The methyl groups on

the isopropyl groups are omitted for clarity.

Fig. 15 Proposed mechanism for the hydration of acetonitrile by

[CoII2H4P
Rbuam(m-OH)]2�. Reprinted with permission from reference

40. Copyright 2007, American Chemical Society.

Scheme 10 Synthetic route to [CoII2H4P
Rbuam(m-OH)]2�. Reprinted

with permission from reference 40. Copyright 2007, American Che-
mical Society.
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intramolecular H-bonds involving terminal oxo or hydroxo

ligands. In addition, related FeIII–S and FeIII–Se complexes

have also been isolated. Our studies have shown that H-bonds

directly affect the strength of the Fe–O(S) bonds, at the

expense of p-bonds. These findings led us to the idea that

variation in the number of H-bonds involving oxometal

species should have functional consequences, an idea that

was tested with a series of four-coordinate Co(II) complexes

with varied numbers of H-bond donors. A clear dependence

was observed: only the systems with H-bond donors were able

to bind and activate dioxygen, albeit with different affinities.

Moreover, the stability of the CoIII–OH products were depen-

dent on the number of intramolecular H-bonds. Finally, our

efforts in developing binucleating systems that form intra-

molecular H-bonding network about two metal ions were

reviewed.

Future work in this area will undoubtedly seek to establish

new correlations between H-bonds and function in both

biological and synthetic systems. One possible scenario where

this may be pertinent is in the oxidation of organic substrates.

Multiple H-bonds to a metal oxo center could contribute to

cleaving C–H bonds, whereas a lower number could promote

O-atom transfer processes. Similarly, numerous hydrolytic

metalloenzymes have H-bond networks surrounding M–OH

units that could produce metal hydroxo centers with enhanced

nucleophilicity. Whether these ideas are viable must

await further studies but they do point to some intriguing

possibilities for the role of intramolecular H-bonds in metal

complexes.
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