Downloaded by UNIV OF MISSOURI on October 2, 2015 | http://pubs.acs.org
Publication Date (Web): September 11, 2015 | doi: 10.1021/bk-2015-1194.ch011

Chapter 11

RuBisCO-Inspired Biomimetic Approaches to
Reversible CO; Capture from Air

Metal Dependence of the H,O/CO; Replacement Penalty
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The highly endergonic exchange of a Mg2*-coordinated H,O
by CO; is an essential feature of rubisco thermochemistry
because this HyO/CO; replacement penalty ensures the overall
reversibility of the CO» capture reaction. While the active site
of rubisco employs Mg2* catalysis, rubisco-inspired biomimetic
approaches to CO; capture from air may involve alternatives
to Mgzt. To guide the search for alternatives, we studied the
metal dependence of the H,O/CO; exchange reaction CO> +
H,O-ML; s OCO-ML, + HyO for M2+ = Mg2t, Ca?*, Zn2*
(closed-shell, class 1) and M2+ = Cu2t, Ni2*, Co?*, and Fe2*
(open-shell, class 2) at the MP2(full)/6-31G* level. The results
suggest that Ca2+, Zn2*, Cu2+, and Co?* are excellent candidates
as magnesium alternatives.
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Introduction

CO; scrubbing involves the capture of CO, from air by a substrate, the
release of CO; from the substrate and its collection, and the long-term CO;
sequestration. Global Research Technologies (GRT) first demonstrated CO>
capture from air with the ACCESS™ system in 2007 (/), CO capture from the
air is the pertinent tool to address CO; emissions from distributed sources (2, 3),
and, most importantly, CO, capture from the air is the method of last resort to
combat excessive atmospheric CO; concentrations (4, 5). CO; scrubbing relies on
chemical systems for reversible CO; capture and usually involve carbamic acid
formation; i.e., CO; reaction with amines (6—8), polyamine-based solid adsorbents
(9), alkylamine-appended metalorganic framework (/0—12), or diamine-appended
metal-organic frameworks (/3). Alternatives to amine-based capture systems
also have been explored and these include, for example, polyethylene glycol
promoted CO; chemistry (/4). The success of any CO, capture system relies
on the thermochemistry and the kinetics of the CO, capture reaction. The
thermochemistry of the CO» capture reaction must ensure the effective capture as
well as the possibility for the subsequent CO» release. The kinetics of the CO»
capture reaction must be such that both the capture and the release of CO; are not
hindered too much by their activation barriers. Biomimetic CO> capture systems
are of special interest because they hold promise to meet both the thermodynamic
and the kinetic requirements for reversible CO; capture. For example, bio-CO;
capture in carbonic anhydrase II from Chlorella vulgaris has been characterized
(15). It is our goal to develop rubisco-based biomimetic systems for reversible
CO; capture from air and the general strategy has been described (/6). Our
designs of the chemical CO; capture and release systems (CCR) are informed by
the understanding of the binding of the activator CO, (ACQO>) in rubisco.

Rubisco (ribulose 1,5-bisphosphate carboxylase/oxygenase, RuBisCO)
catalyzes the addition of CO; and water to RuBP (d-ribulose 1,5-bisphosphate) in
the photosynthetic carbon assimilation via the Calvin-Bassham-Benson cycle and
results in two molecules of 3-PGA (3-phospho-d-glycerate) and 0.5 Oy (17-19).
The carboxylation reaction competes with photorespiration, that is, the fixing
of molecular O; by its addition to RuBP to form one equivalent of 3-PGA and
one equivalent of phosphoglycolate. Nearly all carbohydrate production in the
biosphere depends on rubisco catalysis and rubisco is the most abundant protein
on Earth. Many photosynthetic organisms contain form I rubisco (20) which is
comprised of eight large (L) and eight small (S) subunits and the crystal structure
of Spinacia oleracea (21, 22) provided an early example of a hexa-decameric
rubisco (23). Form II rubisco lacks small subunits, generally occurs as L, and is
exemplified by the bacterial rubisco of Rhodospirillum rubrum (24). We focus
on form I rubisco and this form also occurs in algae including the green algae
Chlamydomonas reinhardtii (25) and the red algae Galdieria sulphuraria (26).
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Scheme 1. Activation of RuBisCO by N-carbamic acid formation with 4CO;.
Residue numbers refer to the structures of activated RuBisCO in Spinacia
oleracea (21, 22) and Rhodospirillum rubrum ( (24), data in parentheses).

Hartmann and Harpel (27) and Lorimer et al. (28) discussed the mechanism
of rubisco catalysis. To exhibit both the carboxylase and oxygenase activities,
rubisco must be activated by carbamylation of active-site lysine (Lys) with an
activator CO2 (ACO,). The carbamate formed is stabilized both by complexation
to Mg2* and by NH:--OChydrogen-bonding (Scheme 1). Rubisco activase (29)
causes the release of RuBP from unactivated rubisco so that the carbamylation
of the lysine by ACO» can occur. Theoretical studies of the carboxylation and
oxygenation reactions of a model system (CH;COCH,OH in place of RuBP; Mg2*
coordinated by two formate anions as models for Asp203 and Glu204; HoN-COy-
as carbamate model of Lys201) have been reported (30, 31).

COs(g) + MLy(g) S [CO,'ML1(g)  (R7)
H,0(g) + ML,(g) S [H,0-ML;](g) (R9)
COy(g) + [H,0-ML;](g) S [CO,-ML,)J(g) + HO(g) (R10=R7-R9)

In the context of our studies of heterocumulenes (32—34) and of nucleophilic
additions to heterocumulenes (35-37), we recently analyzed the thermochemistry
of a rubisco-based small molecule model of the formation of N-methylcarbamic
acid (NMCA) by addition of methylamine (CH3NH>) to CO; considering substrate
and product stabilization by an active-side carbonyl model and complexation by a
model metal complex ML, (/6). The model system is described by 14 reactions,
the reactions R1 - R14 will be reviewed below, and the thermochemistry was
determined at the B3LYP/6-31G* level for the natural case of magnesium M2*
= Mg?2*. Importantly, the complexation of CO> to the metal cation M2+ requires
the replacement a water molecule and our analysis showed that this HyO/CO»
replacement is an essential feature of rubisco thermochemistry. The exchange
of a ligand water by a CO; molecule (reaction R10) is highly endergonic with
AG93(R10) = 15.7 keal/mol (16, 38), and this H;O/CO; replacement penalty
is required to lower the overall exergonicity of the CO, capture reaction and
to allow overall reversibility. While rubisco employs Mg2* catalysis, one may
consider other metals in rubisco-inspired biomimetic approaches to CO; capture.
As a first step in that direction, we studied the metal dependence of the H,O/CO»
replacement penalty for the metal cations M2+ = Mg2*, Ca2t, Zn2*, Cu2*, Ni2*,
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Co?*, and Fe2". Here we report on the geometries of the metal formates ML, and
their electronic structures, on the conformations of the HoO-ML, and OCO-MIL,
adducts, and on the thermochemistry of reactions R7, R9 and R10.

The present study employs second-order Maller-Plesset perturbation theory
(MP2) at the MP2(full)/6-31G* level while the earlier work employed density
functional theory (DFT) at the B3LYP/6-31G* level (/6). Technical aspects
of the MP2 computations and especially of the 6-31G* basis sets for the
metals will be described below, and here we want to briefly address the major
conceptual difference between the approaches. In Hartree-Fock self-consistent
field (HF-SCF) theory, each orbital is optimized considering the average electron
density of all the other electrons until the iterative process reaches self-consistency.
Post-HF electronic structure theory deals with the fact that electrons actually move
in ways to avoid each other as much as possible to minimize electron-electron
repulsion, that is, the motion of each electron is correlated with the motions
of all the other electrons (rather than each electron moving in the field of the
average electron density of the other electrons). In post-HF theories, it is
common to distinguish between dynamical and non-dynamical (or static) electron
correlations. The dynamical correlations of the electrons’ motions minimize
electron-electron repulsion and especially improve the motions (i.e., the orbitals)
of opposite spin electrons. Static correlations become important when only a
small gap separates low-lying excited states from the electronic ground state.
In such cases one electron configuration may not suffice to describe the wave
function. The common DFT approach accounts only for short-range dynamical
correlations and neglects static correlations. However, dispersion interactions
require long-range dynamical correlations and van der Waals interactions (a.k.a.,
London interactions or dispersion interactions) are known to affect the accuracy of
the reaction thermochemistry of larger systems. To capture dispersion interactions
one can perform DFT calculations with empirical London dispersion corrections
((39), DFT-D methods) or one may employ correlation interaction (CI) methods.
The CI methods are advantageous because they do not only account for dispersion
but also for static electron correlations. Meller-Plesset perturbation theory
(MPPT) is a powerful approxi-mation to CI theory and methods development
has especially focused on second-order Mgller-Plesset perturbation theory (MP2,
(40)). With a view to the incor-poration of dispersion interactions, one may
employ DFT-D or MP2 methods. We chose to employ the MP2 method in the
present study because this method also accounts for non-dynamical correlations
and this type of electron correlation becomes important in situations with
low-lying empty orbitals (i.e., metal d-orbitals) and weak dative bond formation.

Small Molecule RuBisCO Model

Reaction R1 is the formation of N-methylcarbamic acid (NMCA,
H3C—NH—CO—OH) by addition of methylamine to CO> in the gas phase (g).
Three effects of the environment need to be considered in the active site of rubisco
(Scheme 1) and these are (A) the stabilization of the product by hydrogen-bonding
between NMCA and a model carbonyl compound, (B) the complexation of
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NMCA by a model metal complex ML,, and (C) the forced replacement of
ligand water by CO; at the metal center. We describe the thermochemistry of
small molecule model systems {CO2, RNH2, (A/K), MgL,} by a system of 14
reactions, R1 - R14, and the case for magnesium (M2+ = Mg2*) has been analyzed
(16).

CO,(g) + CH3NHy(g) S NMCA (R1)

Reaction R2 describes the association of NMCA with a model carbonyl
compound (aldehyde A or ketone K) to the aggregate NMCA-(A/K). The
presence of the carbonyl compound also may stabilize the amine substrate
prior to the addition reaction in the aggregate CH3NH; (A/K) as described by
reaction R3. The combined effects of substrate and product stabilization by
the carbonyl compound are reflected in reaction R4, the addition of CO, to a
carbonyl-aggregated methylamine to form carbonyl-aggregated NMCA. The
thermo-chemistry of reaction R4 is a function of reactions R1 - R3: R4 =RI1 +
R2 - R3.

NMCA(g) + (A/K)(g) S [NMCA-(A/K)](g) (R2)
CH;NH(g) + (A/K)(g) S [CH3NH,-(A/K)](g)  (R3)
[CH3NH,(A/K)](g) + COx(g) S [NMCA-(A/K)](g) (R4)

The model metal complex is neutral ML, where L is a singly charged anion,
and here we use metal(Il) formate (L = HCO2"). Reaction R5 describes the
association of NMCA with the formate ML, to form the complex NMCA-MgL,.
The metal formate will not only stabilize the addition product NMCA, but
it also has the potential to stabilize the CO, substrate prior to its addition
reaction. Reaction R7 describes the association of the CO, with MgL, to
form the pre-reaction substrate aggregate OCO-ML,. The combined effects of
CO; substrate stabilization and of NMCA product stabilization by the model
metal complex are reflected in reaction RS8, the addition of methylamine to
an MZ*-complexed CO; molecule to form the M2*-complexed NMCA. The
thermochemistry of reaction R8 depends on reactions R1, RS, and R7: R8 =R1 +
R5 - R7 and with R6 = R1 + R5 one obtains R8 = R6 - R7.

NMCA(g) +tML,(g) S [NMCA-ML](g) (RS)
COy(g) + CH;NHy(g) + MLy(g) S [NMCA-ML,](g) (R6)
COx(g) + MLy(g) S [COyML](g) (R7)
[COy"ML,](g) + CH3NHy(g) S [NMCA-ML;](g) (R8)

Prior to the addition reaction, the substrates methylamine and CO; and their
future binding sites, the model carbonyl compound and the model metal complex,
all will be interacting with their respective environments as best as possible. We
have shown that the interactions of one water molecule with CH3NH3, a carbonyl,
or CO; all are relatively weak whereas the complexation of ML, by water (reaction
R9) stands out dramatically for M2+ = Mg2+ (16).

H,0O(g) + MLy(g) = [H,O-ML,]J(g) (R9)
COx(g) + [H,0-ML,](g) & [CO,"MLy)I(g) + HO(g) (R10)
[H,O0-ML,](g) + COx(g) + CH3NHx(g) S [NMCA-ML,](g) + H,O(g) (R11)
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The association of one water molecule with magnesium formate, reaction
RY, is highly exothermic (AH298(R9) = -20.7 kcal/mol) and the reaction also is
significantly exergonic (AG293(R9) = -12.0 kcal/mol) at the B3LYP/6-31G* level
(16). On the other hand, CO; binding is weak and, hence, the exchange of a
ligand water by a CO; molecule, reaction R10 (R10 = R7 - R9) is significantly
endothermic with AH93(R10) = 16.4 kcal/mol and endergonic with AG29g(R10) =
15.7 kcal/mol (38) at the B3LYP/6-31G* level (16). Therefore, a reasonable model
of the M2*-catalyzed NMCA formation must consider the forced replacement of
ligand water by CO,. Accounting for reaction R10 converts reaction R8 to reaction
RI11: R11 =R8 + RI10.

[NMCA-ML;](g) + (A/K)(g) S [(A/K) NMCA-ML,](g)  (R12)
[H0-ML;](g) + COx(g) + CH3sNH,(g) + (A/K)(g) S [(A/K)-'NMCA-ML,](g) +
H0(g) (R13)

[H20-ML;](g) + COx(g) + [CH;NH, (A/K)](g) S [(A/K)-NMCA-ML;](g) +
H0(g) (R14)

The combined effects of the product stabilization by effects (A) - (C) can
now be considered. The model systems (A/K)-'NMCA-MIL; is constructed
by addition a carbonyl (aldehyde or ketone) to the appropriate metal formate
complexes NMCA-ML, (reaction R12). Combination of R11 and R12 results
in reaction R13 (R13 = R11 + R12), and considering the aggregation between
the substrate methylamine and the carbonyl model (reaction R3) one obtains
reaction R14; R14 = R13 - R3 = R11 + R12 - R3. Reaction R14 models the
capture of CO; and the addition of the M2*-complexed CO; to a pre-positioned,
carbonyl-aggregated methylamine CH3NH,'(A/K) to form the M2*-complexed
and carbonyl-aggregated NMCA, (A/K)-NMCA-ML.

Computational Methods
Theoretical Level and Potential Energy Surface Analysis.

Computations were performed at the MP2(full)/6-31G* level of ab initio
quantum theory, that is, second-order Meoller-Plesset perturbation theory (4/—43)
was employed with the inclusion of all electrons in the active space. Structures
were optimized completely using redundant internal coordinates (44) and
vibrational frequencies were computed analytically for stationary structures to
determine the thermochemical properties.

Solvation influences the electronic energy of molecular systems because of
the mutual polarizations between solute and solvent and solvation also manifests
itself in the molecular thermochemistry. One can consider solvation effects
in several ways and these include the explicit inclusion of solvent molecules
in the model system, the application of continuum solvation models (45), or a
combination of both approaches (46). Within each approach one may select
various levels of sophistication beginning with the computation of solvation
corrections to the energies of gas-phase structures, via the optimization of
structures within the solvation model, and on to the determination of optimized
structures and their thermochemical properties with the solvation model. In the
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present study, we consider the two most important solvent effects. First, we are
studying the metal dependence of the HoO/CO; replacement penalty with explicit
consideration of the water molecule which is replaced by CO; as ligand of the
ML, complex. Second, we are accounting for the fact that translational entropies
in solution are much smaller than the value computed for free or solvated
molecules in the gas phase (vide infra). This approach will provide meaningful
results about the metal dependence of the H>O/CO, replacement penalty and
further refinements may include additional corrections for bulk solvation.

Basis Sets

In Pople’s nomenclature, the 6-31G* basis set describes the atomic orbitals
(AOs) of H, C, and O in the usual fashion (47). Hydrogen atoms are described by
a “31G” basis set, that is, by two s-type basis functions which are comprised of 3
or 1 primitive Gaussian functions, respectively. The so-called first-row atoms C
and O are described by the 6-31G* basis set, that is, the core 1s AO is described by
one basis function comprised of 6 primitive Gaussian functions (“6G” part for the
core), and each of the 2s and 2p valence AOs is described by two basis functions
comprised of 3 and 1 primitive Gaussian functions, respectively. The Pople basis
sets are particularly efficient because s- and p-basis functions in the same sp-shell
use primitives with the same exponents. The star in the notation indicates that one
set of d-type polarization functions was added to the basis sets of C and O atoms.
These polarization functions allow the p-orbitals to deviate from perfect rotational
symmetry to better account for polarization in the molecule.

The 6-31G* basis set for magnesium (48) really is a 66-31G* basis set: the
s core-AO is described by one s-type basis function, and each one of the 2s
and 2p core-AOs, respectively, is described by one s- or p-type basis function,
respectively, and all of them are comprised of 6 primitive Gaussian functions. The
electrons in the valence shell of magnesium (3s, 3p) are described with a split
sp-shell and a set of d-functions is added to allow for polarization (0.175).

In analogy, the 6-31G* basis set for calcium (48) really is a 666-31G* basis
set: Three core shells (s, sp, sp), a split-valence 31G description of the 4s and 4p
atomic orbitals, and one set of d-type polarization functions (0.216).

The 6-31G* basis sets for the transition metals (48) build on the 666-31G
basis set of calcium: Three core shells (s, sp, sp; 6G) and a split-valence 31G
description of the 4s and 4p AOs. However, the 3d orbitals now are part of the
valence shell and they are described by a 31G basis set, that is, with two sets of
d-type basis functions. These d-type basis functions also help to polarize the 4s
and 4p orbitals. In addition, one set of f-type polarization functions is added to
allow for more flexibility of the d-orbitals (f-exponents, Zn — Fe: 0.8).

The calculations employed sets of 6 Cartesian d-type orbitals (6D) which were
later combined to sets of 5 spherical d-orbitals and one additional s-type basis
function. Sets of seven pure f-functions were used throughout (7F).
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Molecular Entropies

While molecular entropies for vibrational and rotational motions in solution
can be approximated well by gas phase computations (49), the translational
entropy is greatly reduced in solution relative to the value computed for the free
molecules in the gas phase (50—52). Wertz (53) derived an equation that relates
the entropy of solvation ASs to the gas-phase entropy Sgas at 25 °C and 1 atm
via ASsol = -0.46-(ASgas - 14.3). We employ the Wertz equation to compute the
translational molecular entropy in solution via Sy,w = Strgas + Strsol = 0.54-Sy +
6.578, and we then use the corrected molecular entropy Sw = Svib,gas + Srot,gas
+ Su,w = Sgas + Susol instead of the directly computed molecular entropy S to
compute free enthalpies.

Total Energies and Thermochemistry

The most pertinent results of the potential energy surface analysis at the
MP2(full)/6-31G* level are summarized in Table 1 and the data include total
energies E(MP2(full)/6-31G*), vibrational zero-point energies (ZPE) and thermal
energies (TE), and molecular entropies (S). The molecular entropy includes
contributions from vibrational, rotational and translational motions, S = Syib + Srot
+ St. The computed molecular transla-tional entropy (St) also is listed together
with a corrected total molecular entropy (Sw) which accounts for the reduced
translational entropy in solution.

Table 1. Total Energies and Thermochemical Data

Molecule E(MP2)a ZPE? TE« Sd Sie Sl
HO -76.19924 13.5 15.3 45.1 34.6 35.8
CO2 -188.11836 7.3 8.9 51.2 373 40.6

Diformate, ML,

Mg?, tetra -577.15278 30.8 355 86.5 40.1 74.7
Ca?", tetra -1054.28288 29.9 35.0 92.5 40.5 80.4
Zn2*, tetra -2155.28461 30.7 35.4 87.5 41.0 75.2
Cu?t, square -2016.45207 30.9 355 87.5 41.0 75.2
Ni2*, square -1884.35764 31.7 359 81.9 40.9 69.7
Co?*, square -1758.90937 317 359 83.4 40.9 71.1
Fe2*, square -1639.88556 30.8 355 86.8 40.9 74.6

Hydrate, L;M-OH,

Mg?*, tbpy-HB2ax -653.39401 46.3 52.9 101.5  40.6 89.5
Ca?", tbpy-HB1ax -1130.52277 454 52.4 107.3 409 95.1

Zn?*, tbpy-HB2ax -2231.52231 46.3 52.9 101.8 413 89.3
Continued on next page.
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Table 1. (Continued). Total Energies and Thermochemical Data

Molecule E(MP2)« ZPEb TE< Sd Su¢ N4
Cu?*, spy-HB2a -2092.68542 46.6 53.0 101.3 413 88.8
Ni2*, spy-HB2a -1960.57769 47.0 532 96.9 41.2 84.5
Co?*, spy-HB2a -1835.14561 47.1 53.3 97.8 41.6 85.4
Fe2+, spy-HB2a -1716.16992 47.7 53.6 937 41.2 81.3
Cu?*, spy-HB2b -2092.68428 46.1 52.8 104.6 41.3 92.1
Ni2*, spy-HB2b -1960.57747 46.4 53.0 102.7 412 90.3
Co?*, spy-HB2b -1835.14594 46.9 53.8 98.7 41.6 86.3
Fe2*, spy-HB2b -1716.17001 47.6 53.5 94.6 41.2 82.2

C0>-Agg, L;M-0CO

Mg, thpy-INAlax  -765.28614 387 459 1100 411 977
Ca?*, tbpy-INAlax ~ -1242.41900  37.8 454 1168 414 1043
Zn?t, tbpy-INAlax ~ -2343.41681 385 458 1126 418 999

Cu?, spy-INA2 -2204.58715 38.8 45.9 112.7 41.7 100.1
NiZ*, spy-INA2 -2072.48821 39.5 46.3 107.1 41.7 94.6
Co?, spy-INA1 -1947.04467 39.1 46.0 110.4 41.7 97.9
Fe?, spy-INA2, s -1828.06284 39.6 46.2 103.8 41.6 91.2
Fe2t, spy-INA2, 1 -1828.03511 394 46.3 109.4 41.6 96.9

a Total energy E(MP2(full)/6-31G*), in atomic units. ¢ Vibrational zero-point energy
(ZPE) in kcal/mol. ¢ Thermal energy (TE) in kcal/mol. ¢ Molecular entropy (S) in
cal/(K-mol). ¢ Molecular translational entropy (Si) in cal/(K-mol) as computed. / Total
molecular entropy (Sw) in cal/(K-mol) based on reduced translational entropy.

Computations were performed with Gaussian09 (54) on various platforms
including the Lewis cluster system of the University of Missouri Bioinformatics
Consortium (535).

Molecular Structures

The structures naturally fall into two classes (Scheme 2). The formates of
magnesium, calcium, and zinc feature quasi-tetrahedral coordination (qt) of the
metal ion (closed-shell systems), and they are clearly distinct from the (nearly)
square planar (spl) coordination modes of the formates of copper, nickel, cobalt
and iron (unfilled d-shells). The H,O and CO; adducts of the formates ML, reflect
the structural distinctions of the formates and also fall into two classes.

The optimized structures of the formates ML, of M = Mg, Ca, and Zn are
shown in the left column of Figure 1, and the structures of the formates of M = Cu,
Ni, Co and Fe are shown in Figure 2. The structures of their D-ML, complexes
of the closed-shell systems are included in Figure 1 and the others are shown in
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Figures 3 - 5. Major structural parameters are given in the captions of Figures 1
and 2 for the formates, in Table 2 for the hydrates, and in Table 3 for the CO>
complexes. Complete Cartesian coordinates of all stationary structures can be
obtained via email from the author.

. / \O . / \O
& » d »
H H
quasi-tetrahedral nearly square-planar

%
H

tbpy-HB2ax tbpy-HB1lax spy-HB2a spy-HB2b

S’ S
H H
tbpy-INAlax spy-INA2 spy-INA1

Scheme 2. Geometries of the formates ML (top) and of their complexes H>O-ML>
(center) and OCO-ML; (bottom). The formates of the closed-shell systems with

M = Mg, Ca, and Zn (class 1) feature quasi-tetrahedral structures (qt) while the

formates of the open-shell systems with M = Cu, Ni, Co, and Fe (class 2) feature
square-pyramidal structures (spy). The D-ML, complexes of the closed-shell
systems adopt trigonal-bipyramidal structures (tbpy) while the complexes of the
open-shell systems prefer square-pyramidal structures (spy). Conformational

aspects are discussed in the text.

The distances d(M: - -O)between M2* and a ligand O atom in the formates ML,
(Figures 1 and 2) roughly parallel M2 ion sizes (56); M2+ = Mg2* (86 pm), CaZ*
(114 pm), Zn2+ (88 pm), Cu2* (87 pm), Ni2* (83 pm), Co?" (79 pm), and Fe2* (75
pm). The Ca?* ion is much larger than Mg2*, Zn2* ion is the best match for Mg+,
and the ions in class 2 allow for a systematic decrease in M2* size.
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The additional coordination of one donor ligand D to a tetrahedral formate
results in trigonal bipyramidal structures (tbpy) in which one formate O-atom
of each ligand occupies an axial position (O.x) while the second O-atom of
each formate occupies an equatorial position (Oeq). The additional ligand D
occupies an equatorial position. The addition of donor ligand D to a (nearly)
square-planar formate results in (nearly) square-pyramidal structures (spy) in
which the additional ligand occupies the unique axial position. These main
structural motives are further distinguished depending on the orientation of the
ligand D.

Table 2. Major Structural Parameters of Hydrates H,O-ML,2d

Mol. d(M...0) BOCO)  d(M...D) Other
MgL, 2.098 & 2.063 122.2 2.064 D(0u-M-D) 89.11
d(H...Ou) 2.862
Cal, 2.446 & 2.384 124.3 2.403 D(0:x-M-D) 67.53
2.396 & 2.382 124.5 d(H...Ou) 2.065
ZnL, 2.113 & 1.999 121.8 2.055 D(0.x-M-D) 85.63
d(H...04) 2.699
CuL, 1.970 & 2.016 120.3 2.182 D(0-M-D) 84.77
HB2a d(H...0) 2.470
CuL, 1.986 & 2.002 120.5 2.169 D(0-M-D) 91.61
HB2b 1.984 & 1.972 120.3 d(H...0) 2.836, 3.159
NiL, 1.908 & 1.879 118.1 2.396 D(0-M-D) 80.66
HB2a d(H...0) 2.396
NiL, 1.893 & 1.895 1183 2.325 D(0-M-D) 94.95
HB2b 1.884 & 1.885 118.1 d(H...0) 3.229, 3.045
CoL, 1.961 & 1.943 119.1 2.149 D(O-M-D) 86.45
HB2a d(H...0) 2.502
CoL, 1.954 & 1.955 119.3 2.133 D(0-M-D) 92.67
HB2b 1.939 & 1.941 119.1 d(H...0) 2.872, 2.855
FeL, 1.995 & 1.983 119.5 1.971 D(0-M-D) 87.36
HB2a d(H...0) 2.411
FeL, 1.992 & 1.994 119.7 1.969 D(0-M-D) 91.42
HB2b 1.974 & 1.976 119.5 d(H...0) 2.663, 2.672

a d(M:---O)and B(OCO) values in one row refer to the same formate. ¢ Class 1 systems:
In each row, the d(M---O)values refer to Oax and Oeq, respectively. Data for the formate
more engaged in HB are listed first. HB contacts refer to the closer Oa. < Class 2, HB2a
systems: The first d(M:--O)value as well as the B(0O-M-D) and d(H---O) values refer to the
formate-O with the HB contact. 4 Class 2, HB2b systems: d(M---O)and B(OCO) values
in the first row refer to the formate more engaged in HB contacts. The B(O-M-D) value
and the first d(H--O) value refer to the formate-O with the best HB contact.
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Table 3. Major Structural Parameters of CO,-Aggregates OCO-ML,2-d

Mol. d(M--0) B0CO)  d(M-D) Other
MgL, 2.101 & 2.055 121.9 2.210 D(M-0-C) 124.35
2.068 & 2.048 121.9 D(0-M-0-C) -2.03

d(INA) 2.830
Cal, 2.405 & 2.383 124.2 2.551 D(M-0-C) 125.53
2.374 & 2.372 124.3 D(0-M-0-C) 1.08

d(INA) 2.826
ZnL, 2.073 & 2.014 121.1 2.234 D(M-0-C) 125.82
2.043 & 2.009 121.2 DP(0-M-0-C) 0.36

d(INA) 2.808
CuL, 1.975 & 1.963 119.9 2319 D(M-0-C) 113.84

D(0+M-0) 85.86
d(INA) 3.110

NiL, 1.880 & 1.875 117.7 2.527 D(M-0-C) 103.56
D(0r-M-0) 82.91
d(INA) 2.991

CoL, 1.966 & 1.961 119.2 2.236 D(M-0-C) 115.11
1.957 & 1.958 119.2 D(0+-M-0) 86.93

d(INA) 3.010 & 3.238
FeL, 1.973 & 1.977 119.2 2.027 D(M-0-C) 114.78
short D(0+M-0) 89.91

d(INA) 3.002

FeL, 1.911 & 1.909 117.9 2.745 D(M-0-C) 106.42
long D(0+M-0) 78.16

d(INA) 3.110

@ For all CO;, aggregates: d(M---O)and D(OCO) values in one row refer to the same
formate. ©In the absence of Cs-symmetry, data in the first row refer to the formate closer to
CO,.  <B(M-0O-C) is the angle between the (M- -D)dative bond and OCO. 4 P(0+M-0)
is the angle between and CO»-O and the (M- --Q) dative bond of the formate-O involved in
INA. <¢d(INA) is the distance between the CO,-C and the closest formate-O.

In the hydrate complexes (D = OH») of class 1 systems (Figure 1, center
column), there exists the possibility for hydrogen bonding between the ligand
water and one or two proximate formate O-atoms (Scheme 2). In the H,O-Cal,
complex, the ligand water is placed to optimized one H-bond to one axial formate-
O (HB1ax) with a short contact of 2.065 A, while the HyO-ML, complexes with
M = Mg, Zn feature two equivalent HB-contacts to the two axial formate-O atoms
(HB2ax) which are much longer (> 2.65 A).

In the carbon dioxide complexes (D = OCO) of class 1 systems (Figure 1,
right column), there exists the possibility for incipient nucleophilic attack (INA)
interaction (57, 58) between the electrophilic C-atom and one or two proximate
formate O-atoms. In the OCO-ML, complexes with M = Mg, Ca, Zn, the ligand
CO is placed to optimize one INA to one axial formate-O (tbpy-INAlax) and
allows the proximate nucleophilic formate-O to approach the electrophilic CO,-
carbon to a distance of d(INA) = 2.80 - 2.83 A (Table 3).
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Figure 1. Optimized structures of the metal formates ML, (left) and of complexes
D-ML; formed with water (center) and CO; (right) with M?+ = Mg?*, Ca?*, and
Zn?*. Structural parameters d(M---0) and D(OCO) of formates ML;: Mg?*:
2.044 A, 121.8°; Ca’+: 2.366 A, 124.2°; and Zn?+: 2.007 A4, 120.9°.

In the hydrate complexes (D = OH>) of the open-shell systems in class 2, the
water molecule can be oriented in such a way that water forms one HB contact with
each ligand (HB2a) and such structures correspond to minima for every formate
of this type (Figure 3). Alternatively, the ligand water can be oriented to engage
preferentially with one of the ligand (HB2b) and such structures also correspond to
minima for every formate (Figure 4). The HB2b structures allow for a somewhat
closer approach of water to the metal center. Irrespective of the specific type of HB
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contact, the d(M---O)distances are markedly longer for the class 2 ions than for the
closed-shell systems. Note especially that the d(M---O)distance in the H>O-NiL,
complex is almost as long as that in HO-CalL,.

Cu2+ Ni2+ C02+ Fe2+
d,M=2 dM=1 d,M=2 & M=1

" ; b .0
e?e o%0 o7 e
° o 0.’) o*; of*;o

[

J J 9 J

Figure 2. Optimized structures of the metal formates ML of the open-shell
systems with M2+ = Cu?*, Ni2+, Co?*, and Fe?*. Structural parameters d(M-+-O)

and BD(OCO) of formates MLy: Cu?*: 1.959 A 119.6° Ni2+: 1.871 A, 117.4°;
Co?+: 1.895 A, 117.8° and Fe?+: 1.943 4, 118.8°.

’

Cu2+ Ni2+ C 02+ F e2+
’
HB2a HB2a HB2a HB2a

Oiu rjb r:;b K;O
m\,p *f’ m*p k*)

o 9 o o

@9 ‘@. 0@, 25 W

Figure 3. Optimized structures of the hydrate complexes D-ML; of the open-shell
systems with M2+ = Cu?*, Ni?*, Co?*, and Fe’*. HB2a complexes are viewed
down the H,O--M bonding line (top row) and from the side (second row).
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Figure 4. Optimized structures of the hydrate complexes D-ML; of the open-shell
systems with M2+ = Cu?*, Ni2*, Co?*, and Fe?*. HB2b complexes are viewed
down the H;O--M bonding line (top row) and from the side (second row).
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Figure 5. Optimized structures of the CO; complexes D-ML; of the open-shell
systems with M2+ = Cu?*, Ni2*, Co?*, and Fe?*. The complexes are viewed down
the OCO--M bonding line (top row) and from the side (second row).
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In the class 2 systems, the OCO-ML, complexes (Figure 5) with M = Cu, Ni,
and Fe feature double INA involving one O-atom of each formate (spy-INA2),
while the OCO-CoL, complex prefers a structure with one stronger INA contact
(spy-INA1). The contacts d(INA) =~ 3.0 - 3.1 A are slightly longer than for class
1 ions (Table 4).

The geometries indicate that H>O is a much better donor compared to CO,
and this is true for all metal ions. The d(M:--O)distances are about 0.16£0.02 A
shorter for HO-ML, than for OCO-ML, for the class 1 metal ions and the same
is true for Cu? and Ni2" (Tables 3 and 4). However, this difference is reduced to
0.10 A and 0.06 A for Co?+ and Fe2*, respectively.

Binding Energies and H,O/CO; Replacement Penalty

Relative and reaction energies computed at the MP2(full)/6-31G* level are
summarized in Table 4, and Figures 6 (AE, AHz9s) and 7 (AG29s, AGw) illustrate
the cost of replacement (in kcal/mol) of water by CO; in complexes (R10) and
binding energies of ML, with water (R9) and CO; (R7).

Theoretical Level Dependency

The B3LYP/6-31G* data for Mg2* (/6) are included in Table 4 for comparison.
The MP2(full)/6-31G* data of the present study indicate stronger binding for water
(AH293(R9) = -24.1 kcal/mol) and CO2 (AH293(R7) = -7.9 kcal/mol) than at the
B3LYP/6-31G* level, but the enthalpy of the exchange reaction (AH293(R10) =
16.2 kcal/mol) is just about the same as the value computed at the DFT level.
The enthalpy differences at the two levels account for all but 0.24 kcal/mol of
the differences between the AG293(R7) and AG293(R9) values computed at the two
levels, and it accounts essentially for all of the difference between the AG293(R10)
values computed at the DFT (15.7 kcal/mol) and MP2 (15.5 kcal/mol) levels.

Wertz Correction of Molecular Translational Entropy

The comparison of the DFT and MP2 data for the Mg2* systems suggests that
both theoretical levels provide rather similar thermochemical parameters, which
is encouraging. The thermochemical parameters are computed for the gas phase
and we pointed out above that molecular entropies for vibrational and rotational
motions in solution can be approximated well by gas phase computations while
translational entropies are significantly reduced in solution relative to the free
molecules in the gas phase. Hence, we employed the Wertz equation (53) to
compute the translational molecular entropy in solution via Syw = 0.54-Sy: + 6.578
and we employed the corrected molecular entropy Sw = Svib,gas + Srot,gas T Str,w
(Table 1) in the computation of the 4Gw values (Table 4).
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Figure 6. Cost of replacement (in kcal/mol) of water by carbon dioxide in
complexes DML, (left column, green online) and binding energies of ML with
water (center column, blue online) and CO: (right column, red online). Top:
AE. Bottom: AH>os.
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Figure 7. Cost of replacement (in kcal/mol) of water by carbon dioxide in
complexes DML, (left column, green online) and binding energies of ML with
water (center column, blue online) and CO: (right column, red online). Top:
AGags. Bottom: AGy.
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Parameter AED AH ¢ AH4 AGe AGy!
HB2a vs. HB2b
Cu(+II) -0.72 -0.29 -0.54 0.45 0.45
Ni(+II) -0.14 0.44 0.09 1.83 1.83
Co(+II) 0.21 0.38 0.29 0.56 0.56
Fe(+II) 0.06 0.19 0.12 0.40 0.40
R10: L,M-OH; (HB2b) + CO; = L,M-OCO + H,0
Mg(+)s 16.47 15.95 16.42 15.69h
Mg(+II) 16.93 15.57 16.23 15.52 15.23
Ca(+II) 14.36 12.96 13.70 12.69 12.39
Zn(+I) 15.45 13.93 14.73 13.31 13.00
Cu(+II) 10.20 9.08 9.63 9.02 8.27
Ni(+II) 5.26 4.55 4.90 5.39 3.25
Co(+II) 12.79 11.18 11.97 10.28 9.41
Fe(+II) 16.50 14.75 15.52 14.60 13.89
R7: LM + CO; = LoM-OCO
Mg(+II)g -6.52 -5.01 -4.33 3.72h
Mg(+II) -9.41 -8.72 -7.89 0.39 -2.63
Ca(+ID) -11.15 -10.52 -9.63 -1.61 -4.64
Zn(+II) -8.68 -8.12 -7.20 0.60 -2.45
Cu(+II) -10.49 -9.85 -8.96 -1.22 -4.27
Ni(+IT) -7.66 -7.15 -6.18 1.57 -1.48
Co(+II) -10.63 -10.48 -9.40 -2.22 -5.26
Fe(+II) -36.97 -35.44 -35.19 -24.99 -28.03
RY: L;M + H,0 = L,M-OH, (HB2b)
Mg(+I)g -22.99 -20.96 -20.74 -11.99
Mg(+II) -26.35 -24.30 -24.12 -15.13 -17.86
Ca(+II) -25.51 -23.48 -23.33 -14.30 -17.03
Zn(+1I) -24.14 -22.05 -21.92 -12.71 -15.45
Cu(+IT) -20.68 -18.93 -18.60 -10.24 -12.98
Ni(+IT) -12.92 -11.69 -11.07 -3.82 -6.56
Continued on next page.
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Table 4. (Continued). Relative and Reaction Energies?

Parameter AE?P AH ¢ AH4 AGe AGw/
Co(+II) -23.42 -21.66 -21.38 -12.50 -15.23
Fe(+II) -53.47 -50.19 -50.71 -39.59 -42.32

a All values in kcal/mol. » Relative or reaction energy, AF, computed using total
energies. ¢ Relative or reaction enthalpy at absolute zero Kelvin, 4Hy, = AE + A(ZPE). 4
Relative or reaction enthalpy at standard conditions (298.15 Kelvin), AH =AE + A(TE). ¢
Relative or reaction free enthalpy at standard conditions (298.15 Kelvin), 4G = 4H —
TA(S). [ Relative or reaction free enthalpy at standard conditions (298.15 Kelvin) with
Wertz correction for translational entropy, AGw = 4H — TA(Sw). & B3LYP/6-31G*, ref.
(16). " S(COy) = 51.17 cal/(mol-K) at B3LYP/6-31G* and was listed erroneously in ref.
(16) as S(COz) = 39.63 cal/(mol-K).

If molecular translational entropy is reduced in solution, then any association
reaction in solution will suffer less of an entropy penalty compared to the
association reaction in the gas phase; 4Gw < 4Gagg. This is borne out by the
AGw values for the formations of the OCO-ML; complexes (4Gaos - AGw = 3.04
kcal/mol) and of the H>O-ML, complexes (4Gaos - AGw =~ 2.74 kcal/mol). Note in
particular that the CO, complexes are predicted to be bound in solution: AGw(R7)
< 0 for all of the cases studied (Figure 7).

Conformational Preference Energy of H;O-ML, Complexes

We optimized the H,O-ML, complexes of the class 2 systems with two
conformations about the HO-M axis, HB2a and HB2b. On the potential energy
surface, the HB2a conformation is preferred for Cu?* and Ni2* while the HB2b
conformation is preferred for Co?* and Fe?*. Thermal energies and molecular
entropies provide advantages to the HB2b conformation, the free enthalpies 4G
all show a small preference for HB2b, and rotation about the HyO-M axis is
essentially free. Reactions R9 and R10 have been evaluated using the HB2b
structures.

Alternatives to Magnesium

The major reason for the exergonicity of the CO; capture reaction with
rubisco mimics is the coordination of the carbamic acid adduct to the metal cation
(R5). The overall exergonicity of the CO, capture reaction is moderated by the
H>O/COs replacement penalty (R10) which allows for overall reversibility. The
most important parameter of the present study clearly is 4Gw(R10); it needs to
be positive and of significant magnitude. In addition, it is advantageous if the
water binding is not too strong; |[4Gw(R9)| should be relatively small because the
reaction rate constant for the dehydration is inversely proportional to the strength
of the water binding.

Among all of the metals studied, magnesium shows the highest AGw(R10)
value. Iron shows the second highest H;O/CO, replacement penalty, but the
very high water affinity is a disadvantage for iron(II). The data show that the
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closed-shell systems calcium and zinc are excellent candidates to serve as
potential magnesium alternatives. The data further suggest that the open-shell
transition metal ions copper(Il) and cobalt(I) might be possible magnesium
alternatives.

Reaction Free Enthalpies and Equilibrium Concentrations

We computed reaction free enthalpies 4G (also referred to as Gibbs free
energies) and these values provide the equilibrium constants K; via the familiar
equation 4G; = -RT"In(K;), or equivalently K; = exp(-AGi/RT), where AG; is the
free enthalpy of reaction i, R is the gas constant, and 7 is the absolute temperature.
With Chicone, we recently described mathematical methods for the determination
of steady-state concentrations of all species in multiequilibria systems using
the traditional equilibrium approach or with the dynamical approach (59). The
dynamical approach to the equilibrium problem involves the formulation of the
kinetic rate equations for each species using general mass action kinetics theory,
which together constitute a nonlinear system of ordinary differential equations
(ODEs). The equilibrium concentrations are determined by evolving the initial
concentrations via this dynamical system to their steady state (59).

Every equilibrium reaction is described by two reaction rate constants, one
reaction rate constant kr for the forward reaction and one reaction rate constant
kv for the backward reaction. These reaction rate constants are related via the
equilibrium constant K via K = ki'ky. If the equilibrium constants K are specified
for a multiequilibria system and one is interested in the determination of the
concentrations of all species at equilibrium, then one can freely choose in each
case either the forward or backward reaction rate constant and use the equation
Ki = keilkvi to determine the other. Hence, with the reaction free enthalpies
AG; reported here and some elemental knowledge of computing software
(i.e., Mathematica, (60)), the fast and accurate computation of all equilibrium
concentrations is feasible for any given set of initial conditions. On the other
hand, if one is interested in the transient kinetics of reaching the equilibrium,
then it no longer suffices to know only the ratios of the forward and backward
reactions (i.e., the equilibrium constants) and one must also know one of the
reaction rate constants for each elemental reaction (59). We are in the process of
computing the actication barriers for the M2*-catalyzed carbamylation reactions
for simulations of the transient kinetics.

Electronic Structures and Spin Density Distributions of
Formate Complexes of Open-Shell Systems

Molecular orbitals (MOs) with significant d-orbital involvement are shown in
Figures 8 and 9, respectively, for iron formate, FeL, (d¢) and nickel formate, NiL,
(d®), respectively. The description of atomic orbital (AO) components of the MOs
assumes that the molecules lie in the xy plane with the CH bonds aligned with the
X-axis.
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In the quasi spl-coordination, the lobes of the d(xy) orbital are oriented toward
the O atoms of the formate ligands and d(xy) is the highest-lying d-orbital because
of electron-electron repulsion. The lobes of the d(yz) orbital are in the plane that
is perpendicular to the molecular plane and mirrors the two ligands. The d(xy)
orbital is singly occupied in CuL; and it is left empty in NiL,, CoL, and FeL,. The
d(yz) orbital is doubly occupied in CuL, and NiLy, it is singly occupied in CoL,,
and it is left empty in FeL,. The MO analysis helps to understand the spin density
distributions of CoL, and CuL, (Figure 10).

MO46, d(xy), unocc. MO43, d(yz), unocc.

MO36, d(Z%) - d(x*-y*), HOMO MO34, d(xz), occ.

M029, some d(Xz-yz) M028, d(Zz) + d(Xz-yZ)

Figure 8. Selected MOs of iron formate, FeL; with significant d-orbital
involvement. The description of AO components of the MOs assumes that the
molecule lies in the xy plane with the CH bonds aligned with the x-axis.

For CoL,, one might expect single-occupation of the d(z2) MO because it is
above the d(yz) MO in NiL,. Nevertheless, CoL, features single-occupation of the
d(yz) orbital as is evidenced by the a-spin density in a d(yz)-shaped region around
the cobalt center. The a-spin density is largely localized at the Co-center with only
minor spin polarization in the basins of the formate O atoms. Large a-spin density
accumulation at the M2+ center might lead to spin-polarization of a coordinating
CO; and influence its reactivity.
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On the other hand, the spin density distribution of CuL; is more complex. The
SOMO of CuL; involves the d(xy)-MO as expected, but the excess a-spin density
clearly is not localized in the d(xy)-shaped region around the copper center. For
CuL,, the MO analysis merely provides a starting point to think about the spin
density and the actual spin density distribution shows large transfers of a-spin
density from a d(xy)-shaped region around copper toward the formate O-atoms.

MO29, d ,
MO44, d(xy), unocc. , d(yz), occ

MO30, some d(z%)

MO33, mostly d(z%)

MO31, some d(xz) MO25, some d(xz)

MO27, some d(x*-y%)

MO22, some d(x*-y%)

Figure 9. Selected MOs of nickel formate, NiL; with significant d-orbital
involvement. The description of AO components of the MOs assumes that the
molecule lies in the xy plane with the CH bonds aligned with the x-axis.
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Co™, d’, d(yz)-shaped region Cu*, &, d(xy)-shaped region

Figure 10. Spin density distributions of the formates CuL; and CoL; in their
doublet states. The complete UMP2/6-31G* spin densities are shown for an
isodensity value of 0.001 e/au’; a-spin density is shown in dark grey (blue online)
and B-spin density regions in light grey (green online). The description of d-type
AO components assumes that the molecules lie in the xy plane with the CH bonds
aligned with the x-axis.

Conclusions

The equilibrium CO; + H,O-ML; = OCO-ML; + H20 lies very much on
the left side: Water is great donor ligand, CO; is a comparatively poor donor
ligand, and the H>O/CO; exchange reaction is significantly endergonic for M2*
= Mg2* (AGw = 15.2 kcal/mol). How can a reaction with such a large H,O/CO;
replacement penalty be nature’s key to reversible CO, capture? Well, the “capture”
reaction is only one side of the coin and the “release” reaction is just as important
for “reversibility”. Rubisco’s ACO; binding is reversible because of the large HO/
CO; replacement penalty and this advantage of reversibility comes at the tolerable
disadvantage of slow CO, loading. The equilibrium reaction CO; + H;O-ML, =
OCO-ML; + H>O may go back and forth many times, but an OCO-ML, aggregate
must eventually lead to CO; capture because only CO> can react with the lysine’s
amino group and because the carbamic acid complex (RNH)(HO)C=0-ML,; is
bound much more strongly than CO; and also more strongly than H,O. Water does
not prevent CO; capture, it only slows it down, and more importantly, it is only
for the sake of water that CO; release is feasible.

The enzyme rubisco employs magnesium and Mg2?+ exhibits the highest
H>0/CO; replacement penalty among the metal ions studied here. The results
show that the closed-shell systems Ca2?* and Zn2* are excellent candidates
for magnesium alternatives. The theoretical analysis further suggests that the
open-shell transition metal ions Co?" and Cu?* also are interesting targets in the
search for magnesium alternatives with similar size and comparable binding
energies, and Co?" is particularly interesting from a mechanistic perspective.
The cobalt ion’s spin density is localized at the Co2*-center and may lead to
spin-polarization of coordinating O=C=0 or (RNH)(HO)C=0 and influence their
reactivities.
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