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The aim of our present investigation is to unravel the general mode of biomimetic activation of a wide
variety of cumulenes by carbonic anhydrase (CA) models. Carbonic anhydrases allow the specific
recognition, activation and transfer not only of CO, but also of heteroallenes X=C=Y such as the polar
or polarizable examples COS, CS,, HyCCO, and RNCS. Therefore, this enzyme class fulfils the
requirements of excellent catalysts with a wide variety of important applications. Can this be extended
to the isoelectronic but less reactive allene molecule, H,C=C=CH, and extremely simplified models as
mimetic concept for active center of the carbonic anhydrase? Allene is a waste product in the refinery,
i.e. the C3-cut of the naphtha distillation; therefore, any addition product that can be obtained from
allene in high yields will be of significant value. We investigated the complete catalytic cycle of a very
simple model reaction, the hydration of allene, using density functional theory. Additionally, calculations
were performed for the uncatalyzed reaction. There are two possible ways for the nucleophilic attack
leading to different products. The zinc hydroxide complex and the water molecule can react at the central
or the terminal carbon atoms (positional selecticity), the resulting products are 2-propen-1-ol and propen-
2-o0l, respectively, acetone. The calculations indicate a significant lower energy barrier for the rate
determining step of the formation of propen-2-ol and therefore a well-expressed regioselectivity for the
addition of such small molecules. The zinc complex has a pronounced catalytic effect and lowers the
activation barrier from 262.5 to 123.9 kJ/mol compared with the uncatalyzed reaction. This work suggests
the most probable paths for this reaction and discloses the necessity for the development of novel catalysts.

Introduction

Carbonic anhydrases, a ubiquitous family of zinc enzymes,
catalyze the hydration of the heterocumulene carbon dioxide
to carbonic acid. This reaction is important for physiological
processes in all living organisms, such as respiration, photo-
synthesis, or acid—base balance. Human carbonic anhydrase
HCA 1I, which is the most efficient one, accelerates this
hydration by a factor of 107."? Thus it is possible to remove
the excessive CO, continuously from organisms to the sur-
rounding atmosphere. In the active site of HCA 11, a single Zn?"

" Dedicated to Professor Dr. Alan R. Katritzky on the occasion of his 80th
birthday.
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cation is surrounded by three imidazole ligands originating from
three histidyl side chains. Depending on the pH value, the central
metal ion coordinates water or a hydroxide ion.> This funda-
mental reaction has led to an intense and continuing research
for structure details and the mode of action.*”'°

Carbon dioxide and propadiene (allene) are isoelectronic.
Therefore it is conceivable that there could be a variety of
possibilities which allow the zinc mediated hydration of this
cumulene analog to the natural prototype. The general aim of
this work is the density functional theory (DFT) based and
experimental search for such biomimetic reaction paths in which
allenes play the role of the natural cumulene, CO,. This can be

(3) Hakansson, K.; Carlsson, M.; Svensson, L. A.; Liljas, A. J. Mol. Biol.
1992, 227, 1192-1204.
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of synthetic and commercial interest, vide infra. So far
hydrogenation dominates in the industrial research.'' 7

The catalytic cycle of the CO, hydration was investigated
with the so-called ammonia model, the simplest biomimetic
theoretical model for the elaborate enzyme.*'® The zinc atom
is complexed by three ammonia molecules and a hydroxide ion.
So it is possible to calculate all kinds of reaction paths at an
acceptable high theoretical level which allows the estimation
of very reliable energy relationships and structural predictions.

Allene is the simplest cumulated hydrocarbon. Since van’t
Hoff has predicted the correct structures of allene and higher
cumulenes, chemists are fascinated by the extraordinary proper-
ties like axial chirality of the elongated tetrahedron if two
different substituents at every terminal carbon exist.'” Even
cyclic allenes were synthesized.”® Allene with its isomer methyl
acetylene accrues in large amounts in the C3-cut of the naphtha
distillation. Both compounds are hydrogenated to propene.”'
About 150 biogenic compounds with inclusion of allenic
systems are known. They have different biological functions
and the chirality of different substituted allenes probably plays
a relevant role. For example, a nongenetically coded allenic
amino acid is known.”? Hints for an activity of mixtures
containing allene and zinc compounds came from Temkin et
al.”® Allene with methanol on zinc oxide and zinc nitrate spread
out on charcoal or silica gel in the gas phase yielded to
2-methoxypropene. Teles et al. could not verify all of these
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results.>* They found only an activity on silicagel with zinc
acetate in methanol and obtained 2-methoxypropene and 2,2-
dimethoxypropene in 85% yield.

The present work is focused to investigate the possibility for
a CO; analog reaction of allene with carbonic anhydrase (CA)
models. The aim is to set the basics for development of new
catalysts. For this reason all conceivable kinds of pathways were
investigated. This is therefore the first report with the complete
description of a zinc complex catalyzed allene hydration
inclusive the consecutive reactions. Some analogous aspects of
comparable reactions with the cumulens ketene and CO, are
included in the discussion. This investigation is an example for
our general research topic Metal Mediated Activation of Organic
Compounds Modeled after Nature.>

Computational Methods

All structure and energy calculations were performed using the
mPWI1k functional (modified Perdew—Wang 1-parameter for
kinetics)®® in combination with the augmented cc-pVDZ basis
set.>” 2% The hybrid density mPW 1k functional is a modified PW91
functional for kinetics and the calculation of energy barriers. It is
based on the Perdew—Wang exchange functional®® with Adamo
and Barone’s modified enhancement factor®' and the Perdew—Wang
correlation functional.®® A larger percentage of Hartree—Fock
exchange has been introduced to circumvent the underestimated
barrier heights typical of standard exchange-correlation functionals.
It has been shown that this functional generally yields much more
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TABLE 1. Charge Distribution from the NPA for Allene, Carbon
Dioxide, and Ketene Segregated and in the Transition States with
the Zinc Hydroxide Complex As Well As for Water and the
Segregated Zinc Hydroxide Complex 5

molecule” atom natural charge
allene C terminal —0.511
C central 0.071
7(ts); 123.9 C central 0.226
C Zn-bound —=0.912
C extroverted —0.462
carbon dioxide C 1.127
(0] —0.567
TS (CO; + 5); 55.6° C 1.136
O Zn-bound —0.787
O extroverted —0.593
ketene C terminal —0.818
C central 0.768
(0] —0.496
TS (H,CCO + 5); 75.9¢ C central 0.912
(CC attack) C Zn-bound —1.119
O extroverted —0.416
TS (H,CCO + 5); 36.6¢ C central 0.735
(CO attack) O Zn-bound —0.705
C extroverted —=0.716
water (0] —0.982
H 0.491
5 (0] —-1.379
H O-bound 0.505

“ AAG, [kJ/mol], activation energy in italics. ” Starting the geometry
taken from ref 18 and reoptimized at mPW lk/aug-cc-pVDZ. ¢ Starting
geometry adapted to 7(ts) respectively the CO, TS, level of theory
mPW 1k/aug-cc-pVDZ.

reliable reaction barrier heights than B3LYP.?%*273> All calcula-
tions were realized by using the Gaussian 98¢ and Gaussian 03*’
program packages. NBO analyses were performed by using NBO
5.0.%® Stable structure geometries were characterized by frequency
calculation. The structures represent energetic minima without the
existence of imaginary modes. One imaginary frequency character-
izes a transition state. The visualization of this mode illustrates the
reaction path. Ambiguous TS were verified by IRC**° or
BOMD*'*? calculations. Solvent corrections were performed as
CPCM single point calculations**~** in methanol with the same
method and basis set as for the gas phase calculations. Methanol
was used due to its protic and polar properties. Optimization of
the ammonia model is impossible in solvents.** The solvent
corrected energies are significantly higher than the gas phase
energies. The variance is roughly 50 kJ/mol for the zinc catalyzed
reaction and 20 kJ/mol for the uncatalyzed as well as the water
catalyzed reactions. This does not result in modifications of the
relative energies. Solvent corrected and gas phase barriers differ
by only about 10 kJ/mol. For details, see the Supporting Information
and Table 2. All energy values termed in the text and figures are
the optimized gas phase energies.

(38) Glendening, E. D.; Badenhoop, J. K.; Reed, A. E.; Carpenter, J. E;
Bohmann, J. A.; Morales, C. M.; Weinhold, F. NBO 5.0; Board of Regnets of
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wisc.edu/~nbo5/.
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FIGURE 1. Superimposed structures of 3(ts) (brown) and 3a(ts) (gray)
(in the case of substituted allenes, this is an example for positional
selectivity).

TABLE 2. Gibbs Free Energy Values and Activation Barriers
Relative to the Separated Reactants Allene and Water for the
Uncatalyzed and Water Catalyzed Reaction Paths, Respectively”

structure AG¢ AAG,”* AG? AAG,>
2 22.3 294

3(ts) 262.5 240.2 278.9 249.5
4 —92.0 —78.2

4-i —85.6 —=76.0

3a(ts) 293.2 270.9 307.3 277.9
4a —43.9 —34.2

2-w 42.1 58.8

3-w(ts) 223.2 181.1 243.3 184.5
3a-w(ts) 259.8 217.7 277.4 218.6

“Energies are given in kilojoules per mole. ” AAG,, activation
energy. © Gibbs free energy from optimized gas phase structure. ¢ Single
point solvent corrected energy.

Results and Discussion

Nucleophilic Attack at Different Positions. In contrast to
carbon dioxide, the nucleophilic attack of hydroxide or water
in case of an allene is more complicated. Further, all the
problems known from alkenes and alkynes are still present (i.e.,
the variants of chemo-, regio-, and stereoselectivity aspects).
For allenes, there exists a positional selectivity (Figure 1)*’ as
the attack can take place at two different positions of the allene
molecule. Therefore, additions at one of the orthogonal double
bonds will lead to constitutional isomers in the case of
substituted allenes, and as a consequence, this inclusion of
regioselectivity redoubles the number of isomers. Obviously and
supported by our calculations, the attack of the central carbon
is preferred as a consequence of charge distribution. The natural
population analysis (NPA) yields +0.071 for the central C-atom
and —0.511 for the terminal carbons. The oxygen atom in the
water molecule has a natural charge of —0.982 and —1.379 in
case of hydroxide 5 (see Table 1). However, the attack on the
terminal C-atoms is also possible and produces two alcohols 4
and 4a. The stable 2-propene-1-ol (allyl alcohol) 4a results from
the attack at the terminal carbons, the enol propene-2-ol 4 from
the attack at the central carbon. The latter tautomerizes under
ambient conditions to give acetone. Compared with 4a, inter-
mediate 4 results to be the significantly more stable structure
(AAG = 48.2 kJ/mol; Scheme 1 and Table 2).

Uncatalyzed Hydration of Allene. “Uncatalyzed reactions”
in this context denote water addition reactions without a zinc
catalyst but also without any acid or base catalysis. This
investigation serves to evaluate the catalytic effect. The reaction
paths (i.e., the two nucleophilic attacks of water) are shown in
Scheme 1. The first step is the encounter complex 2 of water
and allene. It is the same for both reaction paths. The water
oxygen lies in opposition to the central C-atom. One water
hydrogen is aligned via the ;v orbital of a double bond. The

(47) (a) Hashmi, A. S. K. Angew. Chem. 2000, 112, 3737-3740. (b) Hashmi,
A. S. K. Angew. Chem. Int. Ed. Engl. 2000, 39, 3590-3593.
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SCHEME 1. Reaction Path for the Uncatalyzed Hydration
of Allene via 4-Membered Cyclic Transition States”

H H
——\ 100
H H
H,0
\\H
o
\
H H H
>—\—_" 2:22.3
H H
H H
N /
wo ol o 0
o :_: ' JH
H H H
3(ts); 262.5 3a(ts); 293.2
H
\
H 04 H H
1 2 3
H —H H o\
H 7§ H § H
4;-92.0 4a; -43.9
H 40—H
1 2
3
H —H
H 7§
4-i; -85.6

“ Energies are given in kilojoules per mole.

partial positive hydrogen interacts with the electron-rich
orbital. The oxygen points to the central carbon atom, because
the charge analysis indicates a small positive charge at the C(2)
atom and negative charges at the terminal C-atoms (see Table
1). The charge of carbon in CO; is 1.05 and the corresponding
charge of allene carbon is 0.07. Nucleophilic attack on the CO,
carbon is facilitated but not impossible for allenes. Especially,
for the so-called “push—pull” substituted allenes, both nucleo-
philic and therefore electrophilic reactions are feasible.*® Allenes
as described react with water or alcohols under formation of
esters and orthoesters. Although some allene derivatives are
known to react instantly under dimerization, stable examples
are also found.*’

Transition states (TS) 3(ts) and 3a(ts) (Figure 2) were located,
both are 4-membered rings. These strained structures explain
the high energy barriers. The Gibbs free energy for 3(ts) is AG
= 262.5 kJ/mol which is just AAG = 30.7 kJ/mol lower
compared with that of 3a(ts). The difference results from the
different electrostatic properties in both structures. The arrange-
ment of the atoms involved in the TSs are quite similar. Figure
1 shows the superposition of both TSs. The elongated (partial

(48) Saalfrank, R. W. Tetrahedron Lett. 1973, 14, 3985-3988.
(49) Saalfrank, R. W. Tetrahedron Lett. 1975, 16, 4405-4408.
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broken) double bonds are the reference for alignment of both
structures. Only small differences in the bond distances, angles,
and dihedrals are recognizable. The CCO angle of 3(ts) is 90.3°
and 87.4° for 3a(ts). The OHC angles for both structures around
the shifted hydrogen differ less than 0.4° (122° in 3(ts) and
121.6° in 3a(ts)). This also applies to the bond lengths. The
broken CC double bonds have almost the same values (1.386
A in 3(ts) and 1.392 A in 3a(ts)). Larger varieties exist for the
CCC angle. For 3(ts), it is 157.4° unlike the angle of 142.1°
found in the 3(ts) structure. These values illustrate the light-
weight higher tension in 3a(ts). Therefore, uncatalyzed hydration
to 4 is preferred kinetically (AAG = 30.7 kJ/mol) and
thermodynamically (AAG = 48.1 kJ/mol) in contrast to 4a (cf.
Table 2). However, the barriers are so high that a reaction is
impossible under normal conditions. A reaction may become
possible under somewhat extreme conditions involving increased
pressure and temperature, but oligomerization of allene as
competitive reaction can also pass off. Acid or base catalysis is
the more reliable way, but it is restricted comparable to the zinc
catalyzed reaction paths due to the ionic procedure.

Scheme 1 shows an additional structure 4-i after the uncata-
lyzed reaction to product 4. Both structures are potential products
for the catalyzed reaction pathways as well and hence are
described here. 4-i differs from 4 with regard to the orientation
of the hydroxide group. 4 is (AAG = 6.5 kJ/mol) more stable,
although the shortest HH distance (between hydroxide and
methylene group) is only 2.299 A (d = 2.436 A for 4-i between
the hydroxide and methyl group). The steric strain at the terminal
C hydrogens is not relevant, because it is similar for both
structures (distance 2.438 A in 4 and 2.426 A in 4-i, respec-
tively).

This difference can be explained by negative hyperconjuga-
tion.”® This effect results in an interaction of a heteroatom lone
pair with an acceptor o* orbital. Despite the fact that originally
sp’ configurated carbons were investigated, such effects can be
observed for carbons with sp? hybridization, too. Energy E(2),
a second-order perturbation approach estimating the interaction
energy between the orbitals, is used for quantification.”’

Water Catalyzed Hydration of Allene. Another focus was
the determination of the water catalyzed hydration (Scheme 2).
This reaction proceeds with two water molecules via an enlarged
6-membered cyclic TS instead of a 4-membered ring (Schemes
1 and 2). 4 and, respectively, 4a are formed, and a water
molecule is regenerated. For differentiation, such structures and
TSs are indicated by the additional letter “w”. In relation to
geometry, 2-w is comparable to 2 with additive water. This
second water forms a hydrogen bond to the other oxygen (d =
1.907 A). Accordingly, the reaction path leads to the transition
states 3-w(ts) or 3a-w(ts) (Figure 2). Relaxation results in a

(50) Nilsson Lill, S. O.; Rauhut, G.; Anders, E. Chem.—Eur. J. 2003, 9,
3143-3153.

(51) Equation E(2) =—nF;?/Ae describes the E(2) estimation, ny, is the
occupancy number of the lone pair, F;; the Fock matrix element between orbitals
i and j, and Ae is the energy gap between the two interacting orbitals. E(2) for
the interaction of the first lone pair of oxygen with o* orbital of the CC double
bond in 4 amounts to 30.5 kJ/mol. In 4-i, this lone pair must interact with the
o* orbital of the CC single bond (E(2) = 28.0 kJ/mol). Next to this “classical”
negative hyperconjugation, further interactions exist between the second lone
pair of the oxygen and the sr* orbital of the CC double bond in both isomers.
The second lone pair has 99.8% x character. For this interaction, E(2) amounts
to 152.7 kJ/mol in 4-i and 160.6 kJ/mol in 4. All these interactions lead to bond
contractions and bond elongations, respectively, depending on the nature of the
bonds to which the antibonding orbitals are belonging. Hence, the CC double
bond distance is 1.332 A in 4 and 1.329 A in 4-i. Conversely, the CC single
bond distance is 1.486 A in 4 and 1.489 A in 4-i. Furthermore, the 0.004 A
longer CO distance in 4-i shows that the negative hyperconjugation in this
structure is expressed to a lesser extent.
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FIGURE 2. Calculated transition structures for 3(ts) and 3a(ts). The TSs 3a-w(ts) and 3-w(ts) contain an additional molecule of water, the “catalyst”.
Distances are given in angstroms. The colors are as follows: red, oxygen; black, carbon; and white, hydrogen.

SCHEME 2. Uncatalyzed Reaction of Allene with Two
Water Molecules via 6-Membered Cyclic Transition States”
H H
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13t Il
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H
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3-w(ts); 223.2 3a-w(ts), 259.8

4+ H,0,-92.0 4a+H)0; -43.9

“ Energies are given in kilojoules per mole.

lower activation barrier for the formation 3-w(ts) in comparison
to 3(ts) (AAG = 39.3 kJ/mol; see Table 2). Activation barriers
differ by AAG = 59.1 kJ/mol relative to the preceding water
encounter complexes 2 and 2-w because of the AAG = 19.8
kJ/mol difference between both of them. AG = 223.2 kJ/mol
is still a rather high energy barrier. A slightly lower catalytic
effect can be observed between 3a-w(ts) and 3a(ts) (AAG =
33.4 kJ/mol and AAG = 53.2 kJ/mol in relation to 2 and 2-w).
The energy value is AG = 259.8 kJ/mol) for 3a-w(ts) (see
Table 2).

Catalytic Cycle for the [(NH3);ZnOH]"-Mediated Hydra-
tion of Allene. The first step of searching for the reaction path
is comparable with the procedure applied for the uncatalyzed
reaction. Hydroxide has an affinity to the central and terminal
carbon atoms. To check whether the nucleophilic attack on the
central carbon is energetically favorable, we performed DFT
calculations in order to get the relative activation barriers. The
resulting pathway and structures involved are shown in Scheme
3. At the beginning, the model complex [(NH3);ZnOH]* and
the allene molecule form an encounter complex 6 from which
both reaction paths start. This structure has Cs-symmetry with
the carbon backbone, hydroxide, the metal ion, and one
ammonia ligand in the symmetry plane. Allene is located
opposite to the hydroxide group, similar to 2. The distance

between hydroxidic hydrogen and the central allenic carbon
atom amounts to 2.516 A, and the nearest terminal carbon is at
2.693 A. 6 is destabilized (AG = 29.3 kJ/mol) in comparison
to the separated reactants 5 and allene.

Reaction Path for Nucleophilic Attack at the Terminal
Carbon Atom of Allene (Schemes 3 and 4 and Figure 3).
Continuing from the encounter complex 6, the transition state
7a(ts) has to be surmounted. This structure is a trigonal
bipyramid with a hydroxide group and two ammonia ligands
as equatorial plane and the third ammonia and central carbon
atom as axis. The off-axis angle CZnN amounts to 10.8°. The
hydroxidic oxygen, central zinc atom, and the two carbon atoms
form a 4-membered cyclic transition state. The 7-CC bond and
ZnO bond are broken simultaneously; new ZnC and CO bonds
are formed. The distance between Zn and the central C atom
results in 2.284 A. The Gibbs free energy value is AG = 139.3
kJ/mol in relation to the free educts and AAG = 109.9 kJ/mol
in relation to 6.

7a(ts) relaxes to give the intermediate 8a (Figure 3). This
structure has Cs-symmetry comparable to that of 6. The carbon
backbone, hydroxide, the metal ion, and one ammonia ligand
span the symmetry plane. The now carbon bound oxygen forms
two hydrogen bonds (d = 2.318 A) to the adjacent ammonia
ligands. Thus, the hydroxide is placed between and in front of
the ligands. The ZnC distance is now 1.959 A. AAG between
7a(ts) and 8a is 159.4 kJ/mol. Therefore, the intermediate is
AAG = 20.2 kJ/mol more stable than the separated reactants.

The insertion of a water molecule into the reaction system is
the consecutive step (Scheme 4). It approximates perpendicularly
to the symmetry plane so that two positions of attack are
possible. Both are mirror-symmetric so that only one way is
described and displayed. Water is stabilized by two hydrogen
bonds to the ligands. This results in a small stabilization of AAG
= 2.7 kJ/mol (9a; see Figure 4). One water hydrogen is located
2.508 A in front of the central carbon. The distance between
the water oxygen and zinc is 3.114 A. The appropriate ammonia
ligand is about 4° out of the symmetry plane due to the hydrogen
bonds.

Continuation of the reaction path results in the 4-membered
cyclic transition state 10a(ts). It is far away to be a perfect
quadrangle. The geometric form of the participating atoms
resembles a triangle with zinc, carbon, and oxygen as corners.
With 163.5°, the CHO angle is near the theoretical value of
180°. This is the reason why hydrogen is only 1.939 A remote
from the zinc, whereas the distance between zinc and the water
oxygen is 2.118 A. 10a(ts) has a AG = 81.9 kJ/mol relative to
free allene and 5 and an activation barrier of AAG, = 104.8
kJ/mol relative to the water encounter complex 9a. 11a is the
product complex after 10a(ts) and consists of the initial zinc
hydroxide complex 5 and allyl alcohol 4a. AAG from 10a(ts)
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SCHEME 3. First Part of the Catalyzed Reaction: Reaction Paths for the Nucleophilic Attack at the Central or the Terminal
Carbon Atoms of the Reaction between [(NH;3);ZnOH]" (5) and allene (1)*

H
"\
LO—H LO—H \
H,N—2n 1 HN—Zn’ L
HN/| HN | H
N NH, 3 NH, ~
5,00 6,293
H,N—2zn’
HN

7(ts); 123.9
“ Energies are given in kilojoules per mole.

SCHEME 4. Second Part of the Catalyzed Reaction to 4a: Addition of an External Water Molecule (Formation of 11a),
Regeneration of the Catalyst 5, and Formation of the Product 4a“
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NHS W, M NHS i NH;H  NH,
8a; -20.2 9a;-22.9 11a; -53.7

“ Energies are given in kilojoules per mole.

7a(ts); 139.2

11la
FIGURE 3. Calculated structures of selected stationary points along the reaction coordinate of the reaction between [(NH3);ZnOH]" (5) and allene

(1) to allyl alcohol (4a). Distances are given in angstroms. The colors are as follows: red, oxygen; green, nitrogen; black, carbon; white, hydrogen;
and gray, zinc.

alcohol oxygen and hydrogens from two ammonia ligands.

3 Furthermore, there exists an interaction between the oxygen of

E 5 and the hydrogen at the central carbon of 4a.

3 10a(ts); 51.9 Reaction Path for Nucleophilic Attack at the Central

3 6, 20.3 Carbon Atom of Allene (Scheme 3). The second variant of
the nucleophilic attack is that at the central carbon atom of the

0 allene molecule. Similar to the nucleophilic attack at the terminal

92.22.9 4a+5; -43.9

11a; -53.7

FIGURE 4. Gibbs free energy as a function of the reaction coordinate
of the reaction between [(NH3);ZnOH]' (5), allene (1), and water
(formation of allyl alcohol 4a).

to 11a is —135.6 kJ/mol; 11a is by AAG = 9.8 kJ/mol more
stable in comparison to the separated products 4a and 5. The
stabilization results from the two hydrogen bonds between the
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carbon atom of allene, this path starts with structure 6 (Scheme
3 and Figure 7). The transition state 7(ts) is the rate-determining
step and also the structural analog for the rate-determining step
in the CO, or COS reaction paths.”?

7(ts) (Figure 7) has a quadratic pyramidal structure with allene
carbon and the aggressing oxygen in plane and one ligand
nitrogen as the vertex. The attacked double bond is elongated
(1.363 A). Oxygen is 1.941 A separated from zinc and 2.047 A
approximated to the central carbon. The CZnO angle of 79.7°
reduces the strain of the 4-membered ring so that the CCO angle
of these at the TS participating atoms is 103.5°. Compared with
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SCHEME 5. Predominant Mesomeric Structures of the Intermediate 8
H : | H
n—o_y M H—O H—o ¢t H n—o_ S H H—o 4 "
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HN H.N H.N HN
NH, NH, *7 NH, 7 NH, 7 NH,
A; 70.56% B; 5.25% C; 4.99% D; 0.95% E; 1.04%
SCHEME 6. Schematic Depiction of the Lindskog is useful. All natural charges are shown in Table 1. For allene,

Equivalent Mechanism of the Rotation around the CC
Bonding Axis of the Zn Bound Carbon and the Central
Carbon Atom“
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NH.—2Zn H H—Zn
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“ Energies are given in kilojoules per mole.

— hydrolysis — 5+1 +H,0

[— water attack to methylene group — 5+ 4

HO,,
[— water attack to methylene group after —= &§ + 4
rotation of the hydroxide group
Y

+
II3N n H —1+— water attack to Zn bound C-atom — 5+4

HN Ng,
8 | water attack to carbonyl! group — = 5+ 4

after H-shift

[— water attack to methylene group
after H-shift and coordination change

—» 5§ + acetone

L water attack to Zn bound O-atom

; L = 5§ + 4-i
after H-shift and coordination change

FIGURE 5. Overview of possible reaction paths starting from the key
intermediate 8 and the resulting products.

the water catalyzed reaction, the activation barrier for the zinc-
mediated attack is significantly reduced by more, roughly 100
kJ/mol (from 223.2 to 123.9 kJ/mol, Schemes 2 and 3). As with
the other 4-membered ring transition states, the formation of 8
via 7(ts) is a concerted reaction (Scheme 5). The activation
barrier for the nucleophilic attack of the zinc hydroxide complex
on the allene is more than twice as high as for the reaction with
CO; (AG = 55.6 kJ/mol calculated at the mPW lk/aug-cc-pVDZ
level) and after all only a third higher as for the reaction with
COS (AG = 84.2 kJ/mol for the sulfur attack on zinc; AG =
95.9 kJ/mol for the oxygen attack on zinc; each at the B3LYP/
6-3114+G(d,p) level).”*

At this point, a comparison of the allene, carbon dioxide,
and the important and reactive “in between” heteroallen ketene

a strong displacement of electron density is necessary in the
transition state 7(ts) (see below). The charge of the reacting
terminal carbon changes to —0.912 (A = 0.4). For CO,, the
difference of the charge of the correspondent oxygen is only A
= 0.22 and negligible A = 0.009 for the central carbon. In the
case of ketene, two variants of the nucleophilic attack exist. In
the CO; equivalent case, the change of the central carbon natural
charge is very small (A = 0.033) in the transition state. In the
allene equivalent second case, the charge of the central carbon
changes A = 0.144 and A = 0.3 for the terminal carbon. The
activation barrier for the CO attack on ketene (AG = 36.6 kJ/
mol) is on the half-level of the CC attack (AG = 75.9 kJ/mol).
That implies that a stronger displacement of electron density
correlates to a lower activation barrier.

As depicted in Scheme 6 and Figure 5, the compound 8 plays
the role of an interesting key intermediate in the catalyzed
reaction.

8 exists in two isomeric forms. A clockwise and counter-
clockwise rotation around the single bond between the zinc
bound carbon and the central carbon atom can interconvert the
two isomers. As a result, the two C-symmetric transition states
8-I(ts) and 8-II(ts) were found. The symmetry plane goes
through all atoms except two ammonia ligands, two hydrogens
from the third ammonia, and the two hydrogens at the zinc
bound carbon. At 8-I(ts), the hydroxide group points to the
ammonia ligand. In 8-II(ts), the hydroxide and methylene groups
are interchanged. 8-I(ts) is stabilized due to hydrogen bond
interactions in contrast to 8-II(ts). The activation barriers for
the conversion of both isomers 8 into one another amount to
AAG, = 16.3 kJ/mol (8-I(ts)) and AAG, = 27.6 kJ/mol (8-
II(ts)).

In comparison, the proposed analog transition state for
catalytic cycle for the CO, hydration'® and the transition state
7(ts) result to be quite similar. In contrast to 8, the following
so-called Lindskog-type intermediate®® is C,-symmetric like
8-I(ts). The geometric structure of intermediate 8 is comparable
to the Lindskog-type rotational TS which leads to the Lipscomb
product. The latter is a geometrical equivalent to 8-II(ts). An
alternative way, like Lipscomb mechanism (proton shift)>*>>
appears to be impossible for intermediate 8 due to the different
geometry. At first inspection, there is no reason for special
geometrical properties of 8. NRT (natural resonance theory)
calculations®®>® and Wiberg bond indices™ give an explanation.
This index for the ZnC bond is 0.36 and 1.11 for the CC single
bond. The NRT calculation explains the partial double bond
character for this CC single bond.

Scheme 5 shows the most important mesomeric structures.
Stucture A has the highest resonance weight of 70.56% and
represents 8 in all reaction schemes. Structure B has a
negative partial charge on the remote methylene group and
a double bond with positive partial charge on oxygen. C is
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FIGURE 6. Energy profiles for the reaction of [(NH3);ZnOH]" (5) and allene (1) to propen-2-ol (4 and 4-i) with water attack on the methylene
group with and without a preceding rotation of the hydroxide group. The lowest energy barrier of metal free hydration of allene is AG = 223.2

kJ/mol (structure 3-w(ts), cf. Table 2).

SCHEME 7. Reaction Paths for Water Attack to 8 Followed by a Hydrogen Shift to the Methylene Group via a 6-Membered
Cyclic Transition State with and without Rotation of the Hydroxide Group”
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“ Energies are given in kilojoules per mole.

the best mesomeric structure to explain the special geometry
of 8. C has a double bond between the Zn bound and the
central carbon atoms. Therefore, the hydroxide and the
methylene group are not able to stand perpendicular to the
plane spanned by the ammonia ligands. The carbon backbone
and the oxygen roughly form a parallel plane to it. B and C
have resonance weights of 5.25% and 4.99%. D and E form
another mesomeric structure with double bonds between Zn
bound and the central carbon atoms, but have only resonance
weights of about 1% each.

Many reaction paths were found starting with the key
intermediate 8 (Scheme 5). Hydrolysis recreates allene and the
zinc complex. One way leads to acetone. For all other paths,
the catalytic products are 4 or the isomer 4-i. AG relative to
the free educts is —144.7 kJ/mol for acetone, 92.0 kJ/mol for
4, and 85.6 kJ/mol for 4-i (cf. Figures 6 and 8).
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Reaction Paths Starting from Key Intermediate 8. The
introduction of one water molecule can take place at different
positions (Scheme 7). Stable water encounter complexes result
from hydrogen bonds between ammonia hydrogen and water
oxygen. 9 is stabilized further by an interaction of the s orbital
of CC double bond with the o* orbital of the water HO bond
(E(2) = 52.9 kJ/mol). The distance between the water hydrogen
and the terminal carbon of the double bond is 2.109 A.
Therefore, 9 is AAG = 8.6 kJ/mol more stable in comparison
to 8 and the free water molecule (Scheme 7). The water oxygen
is located 3.295 A away from the central Zn atom. Both CC
bonds are of quite the same lengths (1.408/1.486 A, Wiberg
bond indices 1.309/1.381; see Figure 7). The energy barrier from

(52) Schenk, S.; Kesselmeier, J.; Anders, E. Chem.—Eur. J. 2004, 10, 3091—
3105.

(53) Lindskog, S.; Henderson, L.; Kannan, K. K.; Liljas, A.; Nyman, P. O.;
Strandberg, B. The Enzymes, 3rd ed.; Accademic Press: New York, 1971; Vol.
5, p 587.
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FIGURE 7. Calculated structures of selected stationary points for the reaction of [(NH3);ZnOH]" (5) and allene (1) to propen-2-ol (4 and 4-i) with
water attack on the methylene group with and without a preceding rotation of the hydroxide group. Distances are given in angstroms. The colors
are as follows: red, oxygen; green, nitrogen; black, carbon; white, hydrogen; and gray, zinc.

9 to 11 amounts to AAG, = 60.4 kJ/mol. The proton is shifted
in a 6-membered cyclic transition state 10(ts) to the intermediate
11 and not directly to the product encounter complex 13. 11
has a trigonal bipyramidic geometry with two ammonia ligands
as axis. The ZnC bond is not completely broken (d = 2.320
A). The ZnO bond distance is 1.868 A (d = 1.825 A in 5). The
energy E(2) between the CC double bond st orbital and the
antibonding lone pair (99.7% s-character) from Zn amounts to
158.7 kJ/mol (for comparison, between same antibonding lone
pair of Zn and the lone pair of the equatorial ammonia nitrogen
E(2) = 185.4 kJ/mol). To obtain the product encounter complex
13, the energy barrier of the transition state 12(ts) must
surmounted (AAG = 9.1 kJ/mol). It is “the countermovement”
to take up 4-i by 5. The shortest ZnC bond length is 2.604 A to
the external sp? hybridized carbon. The energy gain for 13 is

AAG = —54.2 kJ/mol, but AAG = 24.1 kJ/mol to obtain the
free molecules 4-i and 5.

The transition state 10(ts) is the equivalent TS of the water
addition to the intermediate in the CO, reaction path.52 With
CO, as substrate, the water attack is almost barrier-free.

If the hydroxide group rotates 180° around the CO bond
before water attacks to 8, the more stable product 4 is obtained.
14(ts) represents the rotational TS. The hydroxide is orthogonal
to the plane spanned by the carbon backbone. The energy barrier
for rotation is AAG, = 51.1 kJ/mol, and the energy of the
intermediate 15 is AG = 38.9 kJ/mol. The energetical difference
between 8 and 15 stems from the same negative hyperconju-
gative effect as between 4 and 4-i. The interaction of the second
oxygen lone pair (92.65% p-character) and the s* orbital of
the CC double bond amounts to E(2) = 134.9 kJ/mol for 8 and
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FIGURE 8. Water catalyzed H-shift over a 6-membered cyclic transition state starting with intermediate 8 and pursuing reaction paths as shown

in Schemes 9 and 10.
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“ Relative energies are given in kilojoules per mole.

only E(2) = 74.1 kJ/mol for 15. The negative hyperconjugation
between the first lone pair of oxygen with the o™ orbital of the
CC double bond in 8 amounts to E(2) = 27.2 kJ/mol. For 15,
this lone pair must interact with the o* orbital of the CC single
bond (E(2) = 29.4 kJ/mol).

Continuation of the reaction path (structures 16 to 20) results
in a similar description compared to the structures 9—13
(Scheme 7 and Figure 7). There are no differences in the
mechanism for both reaction paths. The progress of the Gibbs
free energy for the OH group rotated path is about AAG =
16—20 kJ/mol parallel above to the unrotated variant due to
the same reasons as described for 8 and 15. Only the product
complexes 13 and 20 show a slightly lager difference (AAG =
23.7 kJ/mol). The product 4-i results from 13 (endergonic step;
AAG = 24.1 kJ/mol), whereas 20 gives the more stable isomer
4 (Figure 6; exergonic step; AAG = —6.0 kJ/mol). Both reaction
paths are the most probable variants as remains to be seen (vide
infra). All others have higher barriers to close the catalytic cycle.

Starting with the key intermediate 8, further stable water
encounter complexes were calculated. The water molecule can
be positioned in the two other gaps between the ammonia
ligands (structure 21; Scheme 8). As in 9 or 16, hydrogen bonds
between oxygen and one of each of the ammonia hydrogens
stabilizes 21. In contrast to 9 or 16, it lacks the attraction to the
methylene group 7 system. Therefore, the distance between the
water hydrogen and the zinc bound carbon is 4.655 A in contrast
to the 2.109 A in 9. The distance between Zn and the water
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Reaction Path for Water Attack on the Zn Bound C Atom over a 4-Membered Cyclic Transition State Starting

4+5,-92.0

oxygen is 3.844 A. 21 has AG = —61.0 kJ/mol and is only
AAG = —4.1 kJ/mol more stable than 8. The water encounter
complex 21 exists in two mirror-symmetric variants with the
water molecule on one side of the symmetry plane spanned by
the opposite ammonia nitrogen, zinc, and the zinc bound carbon.

The transition state 22(ts) follows, its geometry is similar to
that of 10a(ts) (Figure 3)—a 4-membered ring assembly.
Hydrogen from water is shifted to the zinc bound carbon atom,
and simultaneously, the water oxygen attacks the zinc ion. The
CHO angle is 167.9°, and the shifted hydrogen is only 2.014 A
afar from zinc (ZnO distance d = 2.005 A). The zinc bound
carbon is already 2.623 A remote from zinc. Altogether, it is a
significantly strained TS though this strain is slightly reduced
by a hydrogen bond between an ammonia hydrogen and the
hydroxidic oxygen (d = 1.898 A) as well as by an interaction
of a further ammonia hydrogen with the methylene group 7
system (d = 2.194 A). The energy barrier from 21 is AAG, =
121.2 kJ/mol and AG = 60.2 kJ/mol relative to free educts.
Accordingly the activation barrier is quite as high as for the
initial allene attack to the zinc complex. Therefore this variant
is more improbable. 22(ts) relaxes to give the product complex
23. The interactions between the hydrogens of the ammonia
ligands and the methylen group 7 system (d = 2.382 A) as
well as the hydrogen bond (d = 2.005 A) still exist. The energy
of 23 is AG = —85.3 kJ/mol and AG = —92.0 kJ/mol for the
free products 5 and 4.
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SCHEME 9. Reaction Paths for the Water Catalyzed H-Shift via a 6-Membered Cyclic Transition State 25 Starting from the
Key Intermediate 8 and Further Steps”
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A proton shift, equivalent to the Lindskog mechanism>*>? is

impossible in the case of intermediate 8 for the reasons described
above. Nevertheless, a proton shift from hydroxide to the
methylene group is possible. The water catalyzed variant via a
6-membered cyclic TS is described here (Scheme 9). In the
water encounter complex 24 exists a hydrogen bond between
the hydroxidic hydrogen and the water oxygen (d = 1.778 A).
The distance between the ensuing shifted water hydrogen and
the terminal carbon is 3.507 A. The bond length of the CC
double bond is 1.344 A. The energy of 24 is quite the same as
for 8.

In the next step, the 6-membered cyclic TS 25(ts) is formed.
The corresponding activation barrier is AAG = 108.1 kJ/mol.
This barrier is lower than for 22(ts) but obviously higher than

Decomposition of the Key Intermediate 8 under Formation of the Educts via a 6-Membered Cyclic Transition

1+5+H,0; -0.0

for 10(ts) or 17(ts) (Scheme 7). The to be shifted hydrogen is
1.512 A remote from the terminal carbon. The CC double bond
is elongated to 1.408 A. 25(ts) relaxes to give the intermediate
26, which has a carbonyl and methyl group instead of a
hydroxide and methylene group. A new molecule of water is
formed, which moves barrier-free to the ligand sphere. There
exist hydrogen bonds between an ammonia hydrogen and the
water oxygen as well as between the water hydrogen and the
carbonyl oxygen. 26 is AAG = —81.5 kJ/mol more stable than
the water encounter complex 24. With an energy value of AG
= —137.9 kJ/mol relative to the free educts, this complex 26 is
the most stable intermediate found so far.

A proton transfer to the carbonyl group is perfectly precon-
figured in 26. AAG = 61.5 kJ/mol are needed to reach the
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28

3.977

1.707

36 37(ts) 38

FIGURE 9. Calculated structures of selected stationary points of the reaction coordinate for the water catalyzed H-shift via a 6-membered cyclic
transition state, starting with the key intermediate 8 (Schemes 9 and 10). Distances are given in angstroms. The colors are as follows: red, oxygen;
green, nitrogen; black, carbon; white, hydrogen; and gray, zinc.

6-membered cyclic TS 27(ts), in which the distance between
the zinc and water oxygen is reduced to 1.952 A. The shifted
hydrogen is already located 1.033 A near to the carbonyl
oxygen. 27(ts) relaxes to give structure 28, which consists of
product 4 and the initial zinc hydroxide complex 5. 28 is
stabilized in due to a hydrogen bond (d = 1.635 A). But, the
Gibbs free energy is only AG = —110.5 kJ/mol for 28 and as
a consequence only AAG = —34.1 kJ/mol lower relative to
27(ts). This part of the reaction path is endergonic (AAG =
27.4 kJ/mol). Additionally, AAG = 18.5 kJ/mol must be
provided to get the free products 4 and 5 (Figures 8 and 9 as
well as Scheme 9).

Another path variant starts also from 26. A coordination
change from Zn bound carbon to the carbonyl oxygen can occur
(formation of 30; Scheme 9). Water is not involved in this
reaction step. It remains between the two ammonia ligands and
stabilizes the transition state 29(ts) by means of an hydrogen
bond to the carbonyl oxygen (d = 1.758 A). The structure 29(ts)
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is a high strained species. The CZnO angle is 62.5°, and the
distance of the breaking ZnC bond is 2.363 A and 2.058 A for
the forming ZnO bond. The activation barrier for the coordina-
tion change is AAG = 48.2 kJ/mol. 29(ts) relaxes to give the
intermediate 30 with Zn bound carbonyl oxygen. In this
structure, the carbon backbone is not perpendicular to the plane
spanned by the ammonia ligands as expected for intermediates
with Zn bound oxygens.’***®! The ZnOCC dihedral angle is
31.2°. The reason for this fact is an interaction between the
terminal carbon of the new double bond and an ammonia
hydrogen (d = 2.374 A). The second-order perturbation theory
analysis determined E(2) = 17.6 kJ/mol for this interaction.
Further, this carbon has a charge of —0.66 determined from
the natural population analysis which leads to a coulomb
attraction to the ammonia hydrogen (natural charge 0.45). The
Gibbs free energy for 30 is AG = —127.0 kJ/mol and is
therefore AAG = 10.9 kJ/mol less stable than 26 (Figure 8).
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The next step is a new alignment of the water molecule in
30 to form the water encounter complex 31, which is precon-
figurated to shift one water hydrogen via the transition state
32(ts) to the methylene group similar to the transition states
10(ts) and 17(ts) (Scheme 7). For 31 exists an attraction between
one water hydrogen and the terminal carbon of the double bond
based on 7—CC orbital and 0*—HO overlay (E(2) = 54.5 kJ/
mol), comparable to the water encounter complex 9.

32(ts) is a 6-membered concerted TS with trigonal bipyra-
midic geometry (Figure 9). The water oxygen is located at one
axial tip and 2.035 A remote of zinc (breaking ZnO bond d =
1.990 A). The shifted hydrogen is 1.366 A remote of the
attacked carbon. Only AAG, = 32.6 kJ/mol is needed to
overcome the activation barrier. No further intermediates were
found. 32(ts) relaxes directly into the product complex 33. It
consists of acetone and free initial hydroxide complex 5.
Acetone is placed between two ammonia ligands with its
carbonyl oxygen and is stabilized by two hydrogen bonds (d =
1.987 A). This reaction path variant via 32(ts) is the only one
to obtain acetone directly without the preceding formation of
the enol form.

A further possibility is the following: As discussed for the
key intermediate 8, water can attack the Zn bound carbon atom
starting with intermediate 26. As in 22(ts), a concerted
4-membered TS will be expected. However, scanning of the
potential hypersurface indicates another reaction mechanism.
If the water hydrogen approximates to the carbon, the ZnC bond
breaks. Instead of forming the hydroxide complex, the carbonyl
oxygen coordinates and a noncoordinated methylene group is
generated (structure 31). Accordingly, the reaction path follows
as described above.

Without the new alignment of the water molecule, the zinc
bound oxygen of intermediate 30 can immediately be attacked
(Scheme 9). The resulting transition state 34(ts) is a concerted
4-membered TS similar to 22(ts) (Scheme 8). 34(ts) has a
distorted trigonal bigyramidic geometry (Figure 9). The water
oxygen is 1.988 A remote of zinc. The OZnO angle is 65.3° so
that the OHO can be 148.6°. The activation barrier for this step
is AAG, = 42.1 kJ/mol and as a consequence 10.5 kJ/mol higher
than for 32(ts) (Figure 8). 34(ts) relaxes to give the product
complex 35. It consists of 4-i and 5. Like all other product
complexes, it is stabilized by hydrogen bonds as shown in Fig-
ure 9.

The last path variant for the reaction of allene and the
ammonia model of carbonic anhydrase described here is the
decomposition of the key intermediate 8 back to the starting
components 1, 5, and water (Scheme 10). For this alternative,
a hydrogen of the attacking water must be shifted to the
hydroxide group and not to the methylene group. Structure 36
is the corresponding water encounter complex. Water is
stabilized by hydrogen bonds to the hydroxide group and two
ammonia ligands. With AG = —61.1 kJ/mol, it is the second
stablest water encounter complex with intermediate 8. A
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transition state for hydrolysis 37(ts) was hard to find. Gibbs
free energy for 37(ts) is AG = 141.0 kJ/mol and thus higher
than the initial attack to allene. As a consequence, the activation
barrier is AAG = 202.1 kJ/mol (Figure 8). This path variant is
most improbable. A new water molecule and the starting
compound, allene, come into existence, and the zinc hydroxide
complex is regenerated. The product complex (or starting
material, depending on the point of view) is structure 38 (Fig-
ure 9).

Conclusions

From this investigation, we conclude that allene, which is
isoelectronic with CO2, should have the capability to interact
with models of carbonic anhydrase in a manner which will
allow the inexpensive transformation of this abounding
cumulene. Application of high level DFT calculations leads
to a manifold of very plausible reaction paths. The rate-
determining step for all variants is the initial nucleophilic
attack of the hydroxy group of the zinc complex at the C(2)
of the allene with the decomposition reaction (regeneration
of the starting components; cf. Scheme 10) being the only
exception. Energy relationships indicate that this variant can
be excluded. Both the attacks at the central and/or the
terminal allene carbons can proceed on a lower energetic
level. Which one will be more successful? The important
reaction steps via a 4-membered cyclic transition structures
differ only by about AAG = 15 kJ/mol; therefore, the attack
at the central carbon and the selective formation of 8 is
slightly preferred. The water addition to the intermediate 8a
induces a hydrogen shift to the zinc bound central carbon
and is characterized by a relatively high activation barrier
(AAG, = 104.8 kJ/mol). The product of this pathway is allyl
alcohol.

The other reaction path which starts with the nucleophilic
attack on the central allene carbon was investigated thor-
oughly. The key structure for this reaction is the intermediate
8 after surmounting the initial transition state 7(ts). From
that structure, a variety of interesting reaction paths have
been detected. Our calculations indicate that the variants with
the lowest activation barriers are the water attacks at the free
methylene group via 6-membered cyclic TSs (structure 10(ts)
and 17(ts)). The rotation of the hydroxide group before the
water attack does not lead to great differences for the
energetic and structural properties. Therefore both path
variants are probable. The activation barrier for the hydrogen
shift via the 4-membered cyclic TS 22(ts) to the zinc bound
terminal carbon is nearly as high as for initial nucleophilic
attack. This attack is likely negligible. Alternatively, a water
catalyzed hydrogen shift from the hydroxide to the methylene
group via the 6-membered cyclic TS 25(ts) can proceed in
the propenole moiety. Even though further reaction paths arise
out of the proceeding intermediate, the activation barrier
speaks against such an alternative. Water can directly attack
the carbonyl oxygen over the 6-membered cyclic TS 27(ts)
or a coordination change from zinc bound carbon to zinc
bound oxygen occurs over the 4-membered cyclic TS 29(ts).
After the coordination change, water can attack the zinc
bound oxygen. The products from all of these paths are
isomers of propene-2-ol. The only reaction path from which
acetone is directly generated is the hydrogen shift to the
newly formed methylene group over the 6-membered cyclic
TS 32(ts) after the coordination change.
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Due to the clear-cut results, currently experimental examina-
tions of the reaction of allene with synthesized CA model
systems are in progress. Experiments are based on zinc
hydroxide complexes with azamacrocylic ligands inspected with
Raman spectroscopy.®? ®* Zinc catalysis of the “worst case”
allene (AAG, = 123.9 kJ/mol) in comparison with ketene
(AAG, = 36.6 kJ/mol and, respectively, AAG, = 75.9 kJ/mol
dependent on the attacked bond) and carbon dioxide (AAG =
55.6 kJ/mol), appears to be feasible as an efficient method
adding value to a cheap byproduct of industrial process.
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