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Recent observation of the acetal species in the course of autoamplifying Soai reaction was analysed by the formal
kinetic analysis of the experimental data and DFT computations. Kinetic analysis demonstrated convincingly that the
observed species cannot be a precursor of the reaction product. Hence, it is an off-loop species that is not important for the
process of the chirality amplification. DFT search for a kinetically stable acetal species resulted in the location of a Znj

cluster stabilized with three Zn—O-Zn bridges.

The widespread interest in the mechanism of the Soai
reaction (Scheme 1),'~ the only known straightforward exam-
ple of self-amplifying autocatalytic reaction, is mostly stipu-
lated by its possible connection to the emergence of homo-
chirality in the biosphere.'% Although it is well recognized
that physicochemically the phenomenon of a self-amplifying
autocatalysis must be based on some of the numerous possi-
ble modified Frank schemes,!'?} the intrinsic nature of the
chemical processes that make possible effective amplification
of the enantiomeric excess is much less clear.

Recently Brown, Blackmond, et al. reported observation of a
transient intermediate in the Soai reaction.>* Although the exact
structure of the observed species remained elusive, it was possi-
ble to demonstrate that it definitely contains an acetal fragment.
However, no suggestions of the origin of this transient species
have been made. Nor has the relevance of this species to any
amplifying catalytic cycle of the Soai reaction been discussed.

Hence, three questions are posed by the publication of the
paper cited as Ref. 24:

1. Is the acetal species an important intermediate in the
amplifying catalytic cycle of the Soai reaction? Must then any
catalytic cycle suggested for this reaction contain an acetal
intermediate?

2. If this is not the case, how can the kinetics of accu-
mulation and decay of the acetal be explained?

3. What are the origin and the structure of the acetal species?

In this work we argue that the experimental kinetic curves
reported in** (Figures la and 1b) contain enough information

to identify the acetal as an out-of-loop species in the catalytic
cycle, as well as to discriminate between two possible kinetic
schemes for the formation of an off-loop species. We also
suggest a possible structure of the acetal being a kinetically
trapped Znj cluster, and simulate the kinetics of its formation
from a pentameric product.?

Our approach to the problem involves formal kinetic
analysis of the available data, DFT (density functional theory)
computation of the possible intermediates and transition states
followed by the kinetic simulation of the kinetic curves using
the thermodynamic parameters obtained computationally and
comparison of the calculated kinetic curves to the experimental
ones.

The recent developments of the DFT methods resulted in the
possibility to compute accurately various thermodynamic and
kinetic parameters of organic and organometallic reactions in
a reasonable agreement with experiments, provided that an
appropriate computational method is used.?6=* In our previous
publication on the mechanism of the Soai reaction we have
shown by careful comparison with the experimental data
and other computational methods that the use of B3LYP/
6-31G*(cpcm, toluene) level of theory adequately describes
sophisticated equilibria in the reaction pool of the Soai
reaction.”> Hence, we reasoned that the same computational
method can be used for unravelling the nature of the acetal
species and its role in the autoamplifying reaction.

The kinetics of the acetal concentration decay at large
times?* can be used for the rough estimation of the correspond-
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Scheme 1. The Soai reaction.
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Kinetic curves for the aldehyde decay (dots) and acetal formation at 273 (a) and 253 K (b). Experimental data points were

taken from Ref. 24. The arrows show the conciding points of the maximal rates of the acetal formation and aldehyde decay. Results
of modeling the kinetic curves are (c) and (d) respectively. Conditions: [Al] 0.022 M, Pr,'Zn 0.044 M, starting concentration [P],

0.0011 M, toluene-dg. The red curve in the Figure la shows kinetics of a monomolecular decay with kgac = 6.7 x 10735

Table 1. Estimations of the Rate Constants and Activation
Energy for the Acetal Decay

T/K ka.ac/s™

2739 (6.7 4+1.9) x 1073

2539 (6.8+£1.9) x 107*
E, =15.9 + 4.0kcal mol™!

a) Obtained assuming monomolecular decay of the acetal at
large times (red curve in the Figure la). Evaluation of the
possibility of a bimolecular decay is given in ESI. b) Obtained
from last two points of the experimental kinetic curve in the
Figure 1b.

ing rate constants and effective activation energy (Table 1).
It should be noted that the following kinetic analysis is not
sensible to the accurateness of the values listed in Table 1,
whereas the estimation of the rate constants on the necessary
level of the magnitude order is quite reliable.

We have considered three possible kinetic schemes of the
acetal formation:

1. Acetal is a precursor of the reaction product in the
catalytic cycle, i.e. it is being produced via a consecutive route
(Scheme 2): In this case the kinetics of the acetal formation is
described by the following equations:

% = —f(k, [Al], [cat], [reactant])
d[Ac]
@ f(k, [Al], [cat], [reactant]) — kg ac[Ac] )
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Scheme 2. Al is the starting aldehyde, Ac is the acetal, and P
reaction product.

where kg A is the rate constant of the acetal decay, and the
function f{k,[Al],[cat],[reactant]) describes the formation of
the acetal from the starting aldehyde in the first stage of the
consecutive kinetic scheme.
Substituting the first equation in the second equation in eq 1
one can obtain the following:
d[Ac] d[Al]

o = ar  FKaaclAc] 2

Formal integration of eq 2 yields the following expression:
" d[Ac] " d[Al] !
dt=— | ——dt— | kgac[Aclds 3
/0 ar /O & /O dac[Ac] 3)

Taking into account the absence of the acetal in the initial
solution [Ac]y = 0, the left side of eq 3 can be expressed as:

" d[Ac]
/ d dr = [Ac], — [Ac]y = [Ac], “
0 t
First term in the right side of eq 3 is:
" d[Al
— / gdt = —[Al], 4 [Al] Q)
o dr

Second term in in the right side of eq 3 is:
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Table 2. Specific Features of the Acetal Formation Computed Assuming its Participation in the Catalytic Cycle
Compared to the Experimental Values

/K tfs ([Allo - [Al]) ki ac D IACkAL  kaac) [ACkAL  [Aclaea  [Aclesper
253 926 0.025 6.8 x 107 0.4429 3x 107 0.0247 1.2 x 1073
273 445 0.0175 6.7 x 1073 0.0345 23 x 107 0.0173 3.6 x 107*
273 964 0.0217 6.7 x 1073 0.1019 6.8 x 107 0.0210 3.5 x 1073
cat, ZnPr/, +Al, kAc The decrease of the concentration of acetal at large times
Al —» P 4_’ Ac occurs in this case due to the decrease of the aldehyde
-Al, kg ac concentration. When the concentration of acetal reaches its
T maximum, the right part of the eq 9 should be equal to zero
Scheme 3. giving the rate constant for the acetal formation:
kaaclAcl
! 1 Cc
kac = | = 10
~ [ Kanctcldr = ke [ tacia © x ( PIAL ), "o
0 0

By combing eqs 4, 5, and 6:
!
[Acl, = ([Allo — [Al])) — kg Ac / [Ac]ds (7
0

For practical use the integral in the eq 7 can be changed to a
sum:

Acldr = ) [Ac];Af
fo [Ac] Z[ cl
[Acl, = ([Allo — [Al]) — ke Y_[Acl A ®)

and eq 7 is transformed to eq 8, which can be directly used for
the comparison of the calculated and experimental values of the
acetal concentrations (Table 2).

Data presented in Table 2 show that experimental acetal
concentrations are incompatible with eq 8. Substitution of the
experimental running concentrations in the right part of eq 8
lead to the calculated values [Ac].,c Which are overestimated
by several orders of magnitude. Indeed, because of the rela-
tively low value of the decay rate constant, the consecutive
scheme implies that all reacted aldehyde must remain in the
acetal form for a considerable time span. Experiment does
not confirm this feature. Hence, we can reliably conclude that
the acetal is not formed via the consecutive scheme and is
not a precursor of the product within the catalytic cycle. This
conclusion remains valid for a quite wide range of the acetal
decay rate constants and for bimolecular acetal decay as well.

It should be noted that no additional assumptions have been
made for the kinetic scheme shown in Scheme 2, hence the
above conclusion makes possible a definite answer for the first
question: the acetal species is not an important intermediate in
the amplifying cycle of the Soai reaction. The other two possible
kinetic schemes explaining the experimental detection of the
acetal consider it as an off-loop species of the catalytic cycle.

2. Formation of the acetal from the reaction product and
remaining aldehyde (Scheme 3): In terms of this model the
kinetic equation for a bimolecular acetal formation can be
drawn in the following way:

d[Ac]
dr

= kac[P][Al] — kg ac[Ac] €))

where ky. is the rate constant of the acetal formation.
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where all concentrations are taken at the time of the maximal
acetal concentration.

Equation 10 allows estimation of the rate constant kxc.
Applying the corresponding values yields kac(273) = 0.033
M~ 's7! and kA (253) =028 M~!s™! exhibiting an unusual
temperature dependence. Moreover, the maximal acetal con-
centrations in terms of this kinetic scheme must be observed
at the maximal values of the product [P] [Al], i.e. at 50%
conversion. The experimental kinetic data are in disagreement
with this prediction, especially at 253 K (Figure 1b).

Although the discrepancies between the experimental ob-
servations and simulated kinetics of this kinetic scheme are not
as significant as in the case of the consecutive formation of the
product, the evident deviations of the maximal acetal concen-
trations from the 50% conversion points make this scenario
doubtful. To further check the possibility of realization of this
kinetic scheme we have undertaken the DFT calculations of the
acetals which could be formed by product molecules. The most
evident possibility is the acetal forming by the reaction of the
square dimer P, with aldehyde via the corresponding adduct
P,-Al (Scheme 4).>* Formally, these transformations corre-
spond to the kinetic scenario shown in Scheme 3.

We have computed the equilibria showed in the Scheme 4;
the results are collected in the Table 3.

The values of the reaction Gibbs energy in the Table 3
demonstrate that acetal formation from dimer product is
thermodynamically forbidden. The estimations of rate con-
stants prove slow formation and rapid destruction of the acetal
formed by the dimer product. Similarly, the product of the
reaction of aldehyde with the monomer P was found to be
prone to rapid reverse reaction regenerating the starting com-
pound and cannot be the source of acetal in noticeable amounts.
Evidently, this conclusion is also valid for any other oligomer
containing an acetal fragment lacking any additional structural
stabilization. Thus the combination of kinetic and structural
data strongly evidenced against this scenario.

3. Acetal is obtained from the same intermediate as the
reaction product and yields itself the reaction product after
decay (Scheme 5): In this case the maximal rate of the acetal
formation must be observed at the moment of the maximal rate
of the aldehyde decay that nicely corresponds to the exper-
imental kinetic observations, since the points of the maximal
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Table 3. Computed Gibbs Energies and Gibbs Activation Energies for the Formation of Acetal

AG /kcal mol ™! AG7 /kcal mol ! &) a1 o1 AG7 /kcal mol ™! a) je1
UAS P, + Al — P,Ac P, + Al — PrAc /M~ PyAc — Py + Al koac®/s
273 8.6 11.5 0.7 10.7 3% 103
253 7.6 8.6 41.5 10.7 6 x 10?

a) The pre-exponential factors for monomolecular and bimolecular rate constants presented in Table 3 were assumed

to be 1025~ and 10°M~'s~!, respectively.

cat, ZnPr', kp
Al — " 2 h — P
+ Al Kae
-Ali kd,AC

Ac —m—> P
Scheme 5.

rates of the acetal formation and aldehyde decay coincide
(arrows in the Figure la and Figure 1b). The concentration of
acetal is determined by the relative values of the rate constants
kp and kAc-

Thus, this kinetic scheme does not contradict the exper-
imental observations. It also gives certain hints for the possible
structures of the intermediate and the acetal. The latter must
form from an intermediate of the main catalytic cycle, give the
same product after decomposition, and be thermodynamically
unstable relative to decay, but kinetically long-living molecule
to demonstrate the observed slow decay reaction with activa-
tion energy ca. 16 kcalmol~!. Besides, according to the experi-
mental data, it must be able to regenerate the aldehyde
reversibly.?* This is a rather strict set of criteria to meet, so we
hoped to be able to identify a matching structure among the
numerous possibilities.

Recently we have reported detailed study of the reaction
pool of the Soai reaction that resulted in the formulation of

4 | Bull. Chem. Soc. Jpn. 2015, XX | doi:10.1246/bcsj.20140341
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a catalytic cycle consistent with all known structural, kinetic
and amplifying properties of Soai reaction.> The immediate
product of the stereospecific alkyl transfer within this catalytic
cycle is an adduct of the tetrameric catalyst P4 and monomeric
alcoholate P. Under conditions of thermodynamic equilibrium
the most stable species existing in the reaction pool of the Soai
reaction are square Zn—O-Zn—O dimers, whereas monomeric or
any “uneven” alcoholates (monomers, trimers, pentamers, ets.)
are disfavored.?>3%-3% Therefore, to reach the thermodynamic
equilibrium, the adduct P,4-P formed in the catalytic cycle must
react with another molecule of P either directly or via disso-
ciation to P and P4 to yield the square dimer P, (Scheme 6). We
reasoned further that in the presence of significant concen-
trations of the starting aldehyde, it could also react with the
pentamer P4-P yielding adduct Ps-Ac (Scheme 6).

Indeed, we have found by DFT computations that the
formation of the acetal fragment can proceed through TS2 from
P,-P and Al with low activation barrier (AG7#(298) = 6.4
kcal mol~!) affording adduct of the catalyst and acetal Ps-Ac
(Scheme 6). However, the reaction is reversible and the kinetic
simulations showed that it is impossible to accumulate
detectable concentrations of the acetal via this route, since
the system very rapidly achieves the resting state consisting of
square dimers P, and aldehyde.

We have undertaken the systematic search of stable acetal
species with different (from one up to five) number of mono-
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mer product units. Only the acetal P3-Ac was found to be
kinetically stable due to the formation of a Znj cluster with
close values of three Zn—Zn bond lengths (Figure 2).

Hence, we concluded that immediately after formation of
the adduct Ps-Ac it can produce a more stable combination
P, 4+ P3;Ac (Scheme 7).

The activation barrier for the recovery of Al from P;Ac was
computed to be AG#(298) = 25.3 kcalmol~!, i.e. it was high
enough to explain the kinetic trapping of acetal in P3Ac, but too
high to explain the kinetics of the acetal decay.

On the other hand, we have found that P3Ac is capable of
dissociating to PAc and P, with effective activation barrier
below 20kcalmol™' (Scheme 7 and Figure 3). The dissocia-
tion followed by the rapid aldehyde recovery in PAc stands in
a reasonable quantitative agreement with the velocity of the
decay of the acetal species.

Thus the computational results are consistent with the

modified kinetic scheme (Scheme 8). Figure 2. Optimized structure of the acetal Ps-Ac: zinc,
In previous work we have shown that the kinetic features of green; oxygen, — red, nitrogen; blue, carbon; black, hydro-
the Soai reaction can be reasonably described in a quasi- gen — white. The Zn—Zn interatomic distances are 3.02,
stationary approximation. It implies that the equilibrium 3.09 and 3.19A.
Bull. Chem. Soc. Jpn. 2015, XX | doi:10.1246/bcsj.20140341 © 2014 The Chemical Society of Japan | 5
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between various oligomers of alcoholate is much faster than the approximation the kinetics of the aldehyde decay is described
rate limiting catalytic stage of the reaction. Within this by the egs 11:%

d[C
27] = ([Clo + [Ally — [C])+[Zn]-[4k:[P21*((1 + ee)* — (1 — ee)*) + 2ko]
dee _ (IClo + [Allo — [CD-[Zn]-[P2] [, s g ko-ee
Fre 1+ KogolZn] |:2kr (1 4+ee)' (1 —ee) — (1 —ee) (1 + ee)) K2D ] (11)

where [C]y, [C] are starting and running concentrations of the assume that the background reaction is much slower than the
reaction product (total for all oligomers) expressed in moles catalytic reaction. In these approximations the eqs 11 give for
of monomer, [Al]y is starting concentration of aldehyde, k& the Scheme 5:

and k; is effective rate constants of background and catalytic d[Al]

alkylations, [Zn] is concentration of diisopropyl zinc, Kpz, TR = —kr[Al]-[Zn]-[Pz]2 — kac[Al]«[In] + kg ac[Ac]
is equilibrium constant for binding of diisopropyl zinc with d[In]

the square dimer P, [P;] is concentration of dimers that is o k[Al]-[Zn]-[P2]* — kac[Al]-[In] — kp[In]
calculated from the material balance conditions, Kp is equi- d[Ac]

librium constant for product dimerization, ee is enantiomeric P kac[Al]«[In] — kg ac[Ac] (12)

excess.

In our case ee = 1. The further simplification of the eqs 11 where [In] is the concentration of the intermediate, [Ac] —
is possible if we assume that P, is the major component of  concentration of acetal in the form P;-Ac, and the concen-
the oligomeric mixture and neglect the concentrations of other trations [Zn] and [P;] are determined from the conditions of the
oligomers and their complexes with diisopropyl zinc. We also ~ material balance:

6 | Bull. Chem. Soc. Jpn. 2015, XX | doi:10.1246/bcs].20140341 © 2014 The Chemical Society of Japan
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[Zn] = [Zn]y — [Al]p + [Al] 4 [Ac]
[P2] = ([Clo + [Al]p — [Al] = 5[In] — 4[Ac])/2  (13)

The kinetics of the aldehyde decay and of the acetal
formation was simulated via numerical solution of the eqs 12
and 13 as it is shown in Figure l1c and Figure 1d. The rate
constants of the acetal decay shown in the Table 1 were used
in the simulations. The values k. were adjusted to scale the
reaction times to the experimental ones; their values were
1 x 10° and 7.2 x 10* for 273 and 253K respectively. The
absolute values of the rate constants k. and kp do not affect the
shapes of the kinetic curves significantly, but their ratio is an
important parameter. The simulated curves shown in Figure 1c
and Figure 1d were obtained with the ka./kp values equal to
0.5 and 0.2 for 273 and 253 K respectively.

Comparing simulated kinetic curves to the experimental
results one can conclude that they are in good qualitative
agreement. The simulated kinetics demonstrates sharper start of
the reaction that is due to the applied assumption of the instant
achievement of the equilibrium between various oligomers of

Bull. Chem. Soc. Jpn. 2015, XX | doi:10.1246/bcs}.20140341
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the product. The simulation of the kinetic curves also confirms
the validity of the applied estimation of the order of magnitude
of the aldehyde decay rate constants.

Thus, we conclude that the experimentally detected acetal
species forms in the off-loop of the catalytic cycle and is not an
important intermediate in the process of the ee amplification.
On the other hand, this observation is in agreement with the
catalytic cycle outlined in our previous work,?® since it implies
the formation of the monomeric product that is essential for the
possibility to trap the acetal in the form of P3-Ac (Scheme 8).

Computational Details

Computations were carried out using the hybrid B3LYP
Becke functional***! with 6-31G™ basis set as implemented in
the Gaussian 09 software package.*? The solvent influence has
been accounted for by carrying out optimizations in the CPCM
force field (toluene).

Supporting Information

Describe concisely what is in the material. This material is
available electronically on J-STAGE.
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