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a difluoroglycine derivative based on a path
generated by quantum chemical calculations†

Tsuyoshi Mita, *ab Yu Harabuchiabcd and Satoshi Maeda *abce

The systematic exploration of synthetic pathways to afford a desired product through quantum chemical

calculations remains a considerable challenge. In 2013, Maeda et al. introduced ‘quantum chemistry

aided retrosynthetic analysis’ (QCaRA), which uses quantum chemical calculations to search

systematically for the decomposition paths of a target product and proposes a synthesis method.

However, until now, no new reactions suggested by QCaRA have been reported to lead to experimental

discoveries. Using a difluoroglycine derivative as a target, this study investigated the ability of QCaRA to

suggest various synthetic paths to the target without relying on previous data or the knowledge and

experience of chemists. Furthermore, experimental verification of the most promising path chosen by an

organic chemist among the predicted paths led to the discovery of a synthesis method for

a difluoroglycine derivative. We emphasize that the purpose of this study is not to propose a fully

automated workflow. Therefore, the extent of the hands-on expertise of chemists required during the

verification process was also evaluated. These insights are expected to advance the applicability of

QCaRA to the discovery of viable experimental synthetic routes.
Introduction

Recent developments in computational algorithms and
computer technology have allowed quantum chemical calcula-
tions to become an essential tool in the eld of organic
synthesis.1–5 One of the most important applications of
quantum chemical calculations is for the geometry optimiza-
tion of transition states.6 In many recent studies, reaction
mechanisms have been elucidated by calculating the transition
state through quantum chemical calculations.1–5 Increasingly,
these calculations are being used not only to conrm experi-
mental results but also to design reactions with improved
reactivity and selectivity. In general, quantum chemical calcu-
lations require an initial guess for the target molecular struc-
ture. That is, they can only be used when a reaction mechanism
is assumable. Therefore, quantum chemical calculations have
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never been used to predict a synthesis method for which
a similar method was not already available.

Concurrently, extensive efforts have been made to predict
synthesis methods based on enormous amounts of experi-
mental data.7–15 Some of these efforts are based on a concept
similar to retrosynthetic analysis, which is traditionally used in
organic synthesis.16 In the conventional retrosynthetic analysis,
a synthesis method is proposed by dividing the target molecule
into fragments and then determining the synthetic equivalents
of each fragment. However, only expert organic chemists, who
can oen make appropriate choices based on their knowledge
and experience, can identify suitable approaches from the vast
collection of fragmentation patterns and synthesis methods.
Therefore, there has been recent focus on developing the ability
of machines to make such choices by learning from huge
quantities of experimental data. Moreover, some successful
tools of this nature have already been recognized in the eld of
organic chemistry.

Despite these efforts, it remains unclear whether it is feasible
to propose a synthesis method from scratch using quantum
chemical calculations. To realize such predictions, we applied
‘quantum chemistry aided retrosynthetic analysis’17 (QCaRA),
which was introduced in 2013, as a tool to provide hypothetical
paths to a real organic synthesis for the rst time. In this paper,
the acronym QCaRA has been used for convenience. QCaRA
applies quantum chemical calculations to search systematically
for the decomposition paths of a target molecule and suggest
a synthesis method corresponding to the reverse reaction of the
Chem. Sci., 2020, 11, 7569–7577 | 7569
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obtained path. This concept is similar to retrosynthetic analysis,
as it predicts a reaction path by decomposing the target mole-
cule into fragments and tracing the decomposition pathways
backward to generate input molecules. However, QCaRA differs
from general retrosynthetic analysis in three ways: (1) the
transition state of the decomposition process can be obtained,
(2) the effect of the presence of compounds other than the target
compound on the decomposition path and its transition state
can be predicted, and (3) reactant candidates that are not found
in previous data and would typically be considered implausible
can be included. Of these, (1) and (2) are both advantageous and
disadvantageous. Because the transition state of the decompo-
sition process is also that of the formation process, its energy
and structure can guide the design of a synthetic path.
Furthermore, executing calculations with a virtual catalyst
added to the system enables the selective exploration of paths in
which the catalyst effectively lowers the energy barrier.
However, because of the vast amount of catalyst options, the
result depends on the selection of a suitable catalyst, which is
a serious drawback.

Previously, the prediction capability of QCaRA has been
considered theoretical, as no new reactions have been discov-
ered experimentally based on the synthetic paths proposed by
QCaRA. Maeda et al. introduced QCaRA based on the results of
an extensive exploration of the decomposition paths of glycine.
Prior to this analysis, they had reported that glycine could be
obtained from acetolactone and ammonia or ammonium ylide
and CO2 as reactant pairs.18,19 Separately, Mita et al. developed
a synthesis method involving the carboxylation of ammonium
ylide with CO2.20 Although the ndings of Maeda et al. and Mita
et al. were separate outcomes in different elds, this case can be
considered to demonstrate the possibility of experimentally
verifying a prediction made through QCaRA.

Herein, we report the rst successful discovery of a synthesis
method based on a theoretical path suggested by QCaRA. In this
study, to demonstrate the power of QCaRA, we chose a target
molecule for which no facile synthesis methods exist, i.e. a,a-
diuoroglycine (NH2–CF2–CO2H). The replacement of
a hydrogen atom with a uorine atom in bioactive molecules
such as a-amino acids is a promising strategy for enhancing the
biological activity and bioavailability via increased lipophilicity
and improved stability against enzymatic degradation.
However, to our knowledge, no synthesis method of diuor-
oglycine itself has been reported. Although the basic diuor-
oglycine core (“N”–CF2–CO2H with “N”¼ NR2, N3, NO2, etc.) has
been constructed by organic synthesis, it can only be performed
in inefficient ways using already functionalized starting mate-
rials like Br–CF2–CO2R.21 If simple, small, easily accessible
molecules could be assembled to create the target structure,
such a method would be effective due to its novelty and good
performance. It should be emphasized that the theoretical
paths, including the one that led the discovery of the synthesis
method, were generated solely from quantum chemical calcu-
lations without the input of any previous experimental data or
human knowledge. Then, the most promising path was chosen
by an organic chemist for further computational and experi-
mental verication. The verication process demanded human
7570 | Chem. Sci., 2020, 11, 7569–7577
knowledge and experience. Thus, this paper discusses the
contribution of quantum chemical calculations to the predic-
tion of possible synthetic methods and the use of human
knowledge for further verication.
Results and discussion
Prediction of synthetic paths using QCaRA

Over the last several years, the development of various auto-
mated reaction path search methods has shown that many
reaction paths can be predicted.22–24 If previously unknown
chemical transformations were to be predicted and such novel
chemical transformations achieved experimentally, a series of
new chemical reactions could be discovered. This study used
QCaRA, proposed by Maeda et al. in 2013, to carry out system-
atic searches for the decomposition paths of a,a-diuoroglycine
as a target molecule and suggest a synthetic path that used the
resulting decomposition products or their equivalents as
reactants.17

QCaRA requires an automated reaction path search method
as its reaction path exploration engine, and, in principle, any
automated reaction path search method can be used for this
purpose. The technical difficulty of QCaRA is that the search
target is a reaction path that does not actually proceed.
Conventional automated reaction path searches can be per-
formed by assuming thermodynamics or kinetics. In other
words, it is not necessary to search for a path leading to the
thermodynamically unstable structure or for a path with a high
energy barrier. In QCaRA, by contrast, the decomposition
product that is energetically less stable than the target molecule
is oen more favourable in the forward synthetic path
(exothermic). Thermodynamically very unstable decomposition
products should also be searched for because their equivalents
could be candidate reactants for novel reactions. Therefore, in
this study, an articial force induced reaction (AFIR)
method,25,26 which has been proven to provide an exhaustive
search, including for unstable decomposition products,27 was
adopted as an automated reaction path search method for
QCaRA.

The AFIR method is one of the automated reaction path
search methods implemented in the global reaction route
mapping (GRRM) program.17 The AFIR method induces struc-
tural changes by applying a virtual articial force between
molecules or fragments within a molecule. The systematic
repetition of this process makes it possible to calculate a path
for transforming a given reactant into an unknown product. It
also allows the prediction of an unknown reaction by analysing
the network of obtained reaction paths. The further details of
this method are beyond the scope of this paper.25,26 In this
study, the AFIR method was only applied to structures with the
same bonding pattern as the input molecule and the decom-
position path was comprehensively searched.28 Aer prospec-
tive decomposition products were selected from the obtained
candidates, the automated reaction path search was also per-
formed using their equivalents as starting materials, where the
option to select a path kinetically was used.29 Finally, the
This journal is © The Royal Society of Chemistry 2020
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predicted synthetic path was experimentally veried. The
calculations and experiments are detailed in the ESI.†

Prediction of synthesis methods for diuoroglycine

This study focused on the synthesis of a,a-diuoroglycine, for
which an efficient synthesis method has not yet been estab-
lished. However, obtaining such a synthesis protocol is highly
desirable due to the expected usefulness. Therefore, the
diuoroglycine derivative was used as an input when executing
the automated reaction path search. A number of reactant
candidates were obtained through a constrained search, in
which the AFIR method was only applied to the equilibrium
structures with the same bonding pattern as the input structure,
i.e. conformers of diuoroglycine.

Of the obtained reactant candidates, the 30 with the lowest
energies are shown in Fig. 1. These reactant candidates correspond
to decomposed species obtained by the systematic exploration of
the dissociation pathways of diuoroglycine. The most stable
reactant pair is R1, which consists of diuoromethylamine and
Fig. 1 Reactant candidates predicted by the automated reaction path se

This journal is © The Royal Society of Chemistry 2020
CO2. The set with the second lowest energy (R2) consists of uo-
roimine, CO2, and hydrogen uoride. Although most species
observed in these 30 reactant candidate sets are stable molecules
in which all atoms full the octet rule, there are also some short-
lived intermediates like carbene. The energy levels of the reac-
tant candidates are depicted in Fig. 2 together with the reaction
path network onwhich these species were predicted. Notably, the 4
sets with the lowest energies, i.e. R1–R4, cannot be reactant
candidates because the reactions from them to the target molecule
are endothermic. Among the other 26 reaction candidates, the
path from R26 (CF2, NH3, and CO2), highlighted in Fig. 1 and 2,
was selected considering the energy barrier for the formation of
diuoroglycine and the availability of the reactants. As seen in the
reaction prole for this path (Fig. 3), the energy barrier along the
path from R26 is reasonably small, and the three simple compo-
nents, i.e. CF2, NH3, and CO2, convergently react to give diuor-
oglycine in one step.

Among the components of R26, NH3 and CO2 are both
commercially available. In particular, CO2 is an abundant,
arch.

Chem. Sci., 2020, 11, 7569–7577 | 7571
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Fig. 3 Reaction path for R26, which was selected for experimental
demonstration. The H, C, N, O, and F atoms are coloured white, grey,
blue, red, and green, respectively.
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inexpensive, and non-toxic chemical utilized in various organic
transformations as a C1 unit.30 Furthermore, diuorocarbene
can be generated in situ in several ways.31 Among them,
a method using CF3

� as a precursor, which is generated from
Me3SiCF3 (Ruppert–Prakash reagent) and Ph3SiF2$NBu4 (TBAT),
was initially selected owing to the reasonable accessibility of
both reagents.32 To evaluate the validity of this synthesis
method, the automated reaction path search was executed
using CF3

� + NH3 + CO2 as reactants, with the constrained
search option applying the AFIR method only to equilibrium
structures that the system can reach at a reaction temperature
of 300 K in a reaction time of 1 h. The resulting reaction path
networks are illustrated in Fig. 4a and b, which represent
identical networks colour-coded by (a) the energy of the struc-
ture to which each node corresponds and (b) the calculated
yield of the corresponding structure. The calculated yield was
obtained by simulating the propagation of the population from
the initial structure using the rate constant matrix contraction
method under a reaction temperature of 300 K and a reaction
time of 1 h. Fig. 4a shows that the target product, diuor-
oglycine, is obtained on the network, while Fig. 4b indicates
that the calculated yield of diuoroglycine is almost zero
because the equilibrium between CF3

� and CF2 + F
� favours the

former. As a result, CF3CO2
�, in which CF3

� is directly bound to
CO2, was obtained as the main product (99.8%).

As the addition of CF3
� to CO2 was faster than a-elimination

from CF3
�, to enhance a-elimination, Me3SiCF2Br was then

chosen as the diuorocarbene precursor.33 The improved
leaving ability of bromide accelerates a-elimination from the
corresponding CF2Br

�, which can be generated in the presence
of an appropriate silane activator.33 To examine the validity of
this method, the reaction path networks were obtained with
CF2Br

� + NH3 + CO2 as reactants (Fig. 4c and d). The usage of
CF2Br

� was revealed to shi the equilibrium between CF2Br
�

and CF2 + Br� towards the latter; thus, diuoroglycine was ob-
tained. However, as shown in Fig. 4d, the generation of CF2-
BrCO2

� (29.3%) competes with the process for forming the
target product (69.6%). Furthermore, it was suggested that
NH2–CO2–CHF2 was obtained as a minor by-product (0.8%).
Fig. 2 Histogram of the energy levels of the 30 reactant candidates (R
through the automated reaction path search (right). In the reaction path n
of the corresponding equilibrium structure and transition state (blue: �
304.5 kJ mol�1, and red: 429.5 kJ mol�1).

7572 | Chem. Sci., 2020, 11, 7569–7577
To further improve the yield of diuoroglycine, the addition of
the amine to diuorocarbene should be accelerated. It is also
necessary to reduce proton transfer from the amine to CF2 in order
to suppress the formation of NH2–CO2–CHF2. Therefore, to meet
both of these requirements simultaneously, a tertiary amine was
selected. To test the validity of this hypothesis, the reaction path
networks with CF2Br

� + NMe3 + CO2 as reactants were obtained, as
illustrated in Fig. 4e and f. These results verify that the desired
diuoroglycine derivative was selectively obtained when NMe3 was
used as a reactant. In addition, the calculated yield of 99.98%
could be further increased to 99.99% by lowering the reaction
temperature to 250 K and reached almost 100% when the
temperature was further lowered to 200 K.

Experimental verication of the predicted synthetic method

As a calculated yield of 100% was achieved with CF2Br
� + NMe3

+ CO2 as reactants, we chose to verify the validity of this
synthetic path for the diuoroglycine derivative experimentally.
We rst examined several silane activators for the generation of
the diuorocarbene in situ from Me3SiCF2Br in THF under an
atmosphere of 1 atm CO2 at room temperature (�300 K) (Table
1). When CsF was employed as the silane activator, target
1–R30, listed in Fig. 1) (left) and the reaction path network obtained
etwork, each node and edge is colour-coded according to the energy
70.4 kJ mol�1, aqua: 54.5 kJ mol�1, green: 179.5 kJ mol�1, yellow:

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Reaction path networks corresponding to (a and b) CF3
� +NH3 +CO2, (c and d) CF2Br

�+NH3 + CO2, and (e and f) CF2Br
�+NMe3 + CO2.

Each node and edge in the reaction path networks of (a), (c), and (e) is colour-coded by the energy (relative to the most stable structure) of the
corresponding equilibrium structure and transition state (blue: 0.0 kJmol�1, aqua: 125.0 kJmol�1, green: 250.0 kJmol�1, yellow: 375.0 kJmol�1,
and red: 500.0 kJ mol�1). Each node in the reaction path networks of (b), (d), and (f) is colour-coded by the calculated yield of the corresponding
equilibrium structure at a reaction temperature of 300 K and a reaction time of 1 h (blue: 0.0%, aqua: 0.8%, green: 4.0%, yellow: 20.0%, and red:
100.0%).
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diuoroglycine derivative 1 was obtained in 10% yield together
with compound 2, which was derived from protonation of the
ammonium ylide intermediate, in 27% yield. Although F$NBu4
(TBAF) was not a suitable activator, the use of TBAT dramati-
cally improved the yield of 1 to 81% and gave 2 in only 7% yield.
Subsequently, the reaction was carried out at a lower tempera-
ture (�40 �C ¼ 233 K) for 16 h and the generated precipitates
were isolated by ltration. It was found that the obtained solids,
as a mixture with Br$NBu4, contained 1 and 2 in 96% and 2%
yields, respectively. This result, with 1 obtained in high yield, is
consistent with our prediction based on quantum chemical
calculations. In addition, we conducted the reaction of
This journal is © The Royal Society of Chemistry 2020
Me3SiCF3 (1 equiv.), TBAT (1 equiv.), and NMe3 (1 equiv.) under
a CO2 atmosphere (1 atm) in THF at room temperature for 16 h.
This reaction gave triuoroacetate (CF3CO2$NBu4) in 96% yield,
which is also consistent with the theoretical prediction that
CF3

� is consumed quickly by reacting with CO2 rather than
providing the diuorocarbene.

Although the reaction occurred in THF, product 1 was ob-
tained as a precipitate that was insoluble in THF. Thus, the
precipitate should be dissolved in another solvent for further
purication to remove Br$NBu4. However, the dissolution of salt
1 in solvents such as H2O, MeOH, CH3CN, and DMF promoted
to varying extents a decarboxylation–protonation process that
Chem. Sci., 2020, 11, 7569–7577 | 7573
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Fig. 5 Preparative-scale synthesis of a difluoroglycine derivative
without silica-gel column chromatography.

Table 2 Condition screening for esterification

Entry Solvent

Yielda (%)

3 4 Rec. 1

1 CH2Cl2 18 73 8
2 –(Ball milling) 48 12 36
3 AcOEt 4 80 15
4 Acetone 81 16 —

a Yields were determined by 1H NMR analysis in DMSO-d6 using
pyridine as an internal standard.

Table 1 Condition screening for silane activators

Entry Silane activator Temp. (�C)

Yielda (%)

1 2

1 CsF rt 10 27
2 F$NBu4 (TBAF) rt Trace 66
3 Ph3SiF2$NBu4 (TBAT) rt 81 7
4 Ph3SiF2$NBu4 �40 96 2

a Yields were determined by 1H NMR analysis in DMSO-d6 using
pyridine as an internal standard.
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generated 2. For example, when the obtained product mixture
(1 : 2 ¼ 98 : 2) was dissolved in various solvents at room
temperature for 1 h, the ratio of 1 : 2 changed to 87 : 13 (H2O),
89 : 11 (MeOH), 62 : 38 (CH3CN), and 50 : 50 (DMF). This result
indicates that it might be difficult to achieve the purication of
1 at this stage.

Therefore, esterication was investigated as a method of
isolating and purifying the diuoroglycine derivative without
decarboxylation. First, MeI was employed as a methylating
reagent. However, established conditions using MeI in DMF or
an excess amount of MeI without any solvent (neat conditions)
did not afford the corresponding methyl carboxylate. Instead,
the undesired decarboxylation–protonation process proceeded
to some extent. Thus, esterication using highly electrophilic
Me3O$BF4 (Meerwein reagent)34 was investigated. However, as
the esterication process also requires redissolution in a highly
polar solvent in which salt 1 is soluble, there was some concern
that the yield might be decreased. First, CH2Cl2, which is
a typical solvent for esterication using the Meerwein reagent,
was used (Table 2). Although target methyl ester 3 was obtained
in 18% yield, protonated compound 4 was obtained as a by-
product in 73% yield. In contrast, when esterication was per-
formed under solvent-free ball-milling conditions, the yield of 3
was increased to 48%. Furthermore, although AcOEt was not
a suitable solvent, the use of acetone as a solvent improved the
yield of 3 to 81%.

Subsequently, we conducted preparative-scale synthesis
using 1 mmol of each reactant under the optimized reaction
conditions (Fig. 5). Aer 1 was obtained as a mixture with
Br$NBu4, the obtained solids were treated with Me3O$BF4 in
acetone. The resulting product (methyl ester 3) was washed with
MeOH to remove Br$NBu4, unreacted Me3O$BF4, and proton-
ated compound 4, affording 3 in 80% yield (205 mg). The
structure was conrmed by X-ray crystallography aer recrys-
tallization from MeOH (CCDC 1971834). This method is an
elegant demonstration of the synthesis of a diuoroglycine
derivative from three simple compounds through multi-
component assembly under silica-gel-column-
chromatography-free conditions. In most reported examples,31
7574 | Chem. Sci., 2020, 11, 7569–7577
an excess amount of diuorocarbene precursor (>2 equiv.) is
necessary, probably due to undesirable carbene dimerization.
In contrast, our new protocol achieves a high yield with just 1
equiv. of Me3SiCF2Br, which emphasizes the practicality of this
synthesis. Other substrate candidates predicted by the quantum
chemical calculations as well as the application of this
compound are now being investigated and the results will be
reported in due course.35

We would like to highlight that this synthesis of a diuor-
oglycine derivative is the rst experimental demonstration of
a reaction suggested by QCaRA. Moreover, the process by which
QCaRA provided predictions, i.e. the process for obtaining
reactant candidates (Fig. 1) aer deciding the target, did not rely
on the experience or intuition of chemists nor was any previous
experimental data used in this process. Although the developer
version of the GRRM program was used in this study, the same
calculation can be performed using the GRRM17 program.28,36 It
is noted that a chemist's knowledge was indispensable in
selecting diuoroglycine as the target and choosing R26 from
the many candidates predicted by QCaRA. Automating these
two processes remains a future challenge.

The prediction strongly motivated us to conduct the subse-
quent experimentation. However, the experience and intuition
This journal is © The Royal Society of Chemistry 2020
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of chemists also played an important role in validating the
predicted synthetic path. First, because the proposed reactant
candidates included a molecule (diuorocarbene) that was not
commercially available, it was generated in situ using a previ-
ously reported method. The calculations to determine what
products were actually produced and in what proportion sug-
gested that the yield of the target compound could be improved
by changing the type of amine. The use of a tertiary amine based
on this prediction was also decided by chemists according to
their experience.

The process that demanded the greatest input from chemists
was the isolation of products. Aer determining the optimal
reagents and reaction conditions, the product was precipitated
as a mixture with Br$NBu4; however, the target diuoroglycine
derivative was not sufficiently stable during subsequent isola-
tion processes. Because the calculated yield was approximately
100%, the decision was taken that isolation should be per-
formed aer methyl esterication. Aer examining several
solvents for this process, acetone was found to be the most
suitable. In fact, the trial and error required for this step was the
most time-consuming process in this study.

The selection of both THF as the reaction solvent and the
calculation method were also responsible for the success of
this demonstration. THF was chosen as the reaction solvent
because it is commonly used in CO2 xation and carbene
insertion chemistry. However, if a different solvent had been
used, competition with decarboxylation might have pre-
vented the isolation of the target product. For the computa-
tional techniques, it is possible that the choice of an
unsuitable DFT functional or basis function could lead to
incorrect predictions. It is undeniable that the experience
and intuition of chemists, or even luck, contributed to
appropriate choices being made.

Experimental
General experimental procedure

In an oven-dried round-bottom ask was placed TBAT
(539.9 mg, 1.0 mmol, 1 equiv.). The ask was evacuated and
backlled with CO2 (3 times) followed by the addition of THF
(10 mL). The mixture was stirred at room temperature until
TBAT was completely dissolved. Aer adding trimethylamine
(2 M in THF, 500 mL, 1.0 mmol, 1 equiv.) at 0 �C, the solution
was cooled to �40 �C, and then Me3SiCF2Br (156 mL, 1.0 mmol,
1 equiv.) was added dropwise. Aer the resulting slurry was
stirred at �40 �C for 16 h, the precipitate was isolated by
ltration, washed with hexane, and dried under vacuum. The
approximate yield of carboxylate 1 was 96%, as determined by
1H NMR spectroscopy using pyridine as an internal standard.
The solids were then treated with the Meerwein reagent
(295.8 mg, 2.0 mmol, 2 equiv.) in acetone (1.5 mL) for 2 h. Aer
the solvent was removed under vacuum, the resulting solids
were washed with a small amount of MeOH to afford methyl
carboxylate 3 aer ltration (1st crop: 176.6 mg, 2nd and 3rd

crops: 28.2 mg, 0.803 mmol, 80% yield).
White solids; IR (ATR): 3068, 2977, 1787, 1483, 1343 cm�1;

1H NMR (400 MHz, DMSO-d6) d: 4.05 (s, 3H), 3.40 (s, 9H) ppm;
This journal is © The Royal Society of Chemistry 2020
13C NMR (100MHz, DMSO-d6) d: 155.7 (JCF¼ 31.6 Hz), 112.5 (JCF
¼ 282.7 Hz), 56.5, 49.4 ppm; 19F NMR (376 MHz, DMSO-d6) d:
�105.4 (CF2),�151.4 (BF4) ppm (internal reference: CF3CO2H in
DMSO-d6 ¼�78.5 ppm); HRMS (ESI)m/z calcd for C6H12F2NO2

+

[M � BF4
�]+: 168.0831, found: 168.0833; calcd for BF4

� [M �
C6H12F2NO2

+]: 87.0035, found: 87.0030.
Computational analysis

All the calculations were performed using the developer version of
the GRRM program combined with the Gaussian 16 program.36,37

For all the calculations, theuB97X-D functional and 6-31+G* basis
functions were used and the Grid¼ FineGrid option was adopted.
The Gibbs free energy values at 300 K and 1 atm were estimated by
assuming ideal-gas, rigid-rotor, and harmonic vibrational models,
where all the harmonic frequencies smaller than 50 cm�1 were set
as 50 cm�1 as suggested in the literature.38 The QCaRA calculation
was performed under gas-phase conditions, whereas the other
calculations were performed in THF, as modelled by the CPCM
method, because THF is oen chosen as an experimental solvent
for reactions involving CO2. Kinetic simulations were performed
using the reaction path networks shown in Fig. 4, where the initial
populations given to the reactants were propagated using the rate
constant matrix contraction method at a reaction temperature of
300 K and a reaction time of 1 h.29 Further details on the reaction
path searches and kinetic simulations are available in the ESI.†
Conclusions

In this study, we applied QCaRA to a diuoroglycine derivative
for which no efficient synthesis method has been established.
Out of the 30 synthetic paths proposed for diuoroglycine,
those involving a diuorocarbene, an amine, and CO2 were
selected for further investigation. The effects of the diuor-
ocarbene generation method (CF3

� vs. CF2Br
�) and the selected

amine (NH3 vs. NMe3) on the yield were then veried by calcu-
lation to determine a set of reactants that gave a calculated yield
of almost 100%. Subsequently, experiments were conducted to
verify the predicted synthetic path.

It should be emphasized that QCaRA was not used to
propose a fully automated workow. QCaRA is used to
explore possible paths leading to a given target structure. In
the process of verifying such possibilities, a trial-and-error
approach and the hands-on expertise of chemists are still
required. Aer the synthetic target was chosen, the predic-
tion of potential synthetic paths by QCaRA did not require
the experience and intuition of chemists or previous experi-
mental data. However, the experience of chemists and trial-
and-error experiments were necessary during the verica-
tion process. In this example, this hands-on expertise of
chemists was needed to select a suitable path from among
those predicted by QCaRA, to propose a diuorocarbene
production method, to select an appropriate amine, and to
isolate the product. In particular, experimental trial and
error was key for the purication of the product.

This study demonstrated the effectiveness of QCaRA for
predicting new synthesis methods. However, if the procedures
Chem. Sci., 2020, 11, 7569–7577 | 7575
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used in this study were applied to a more complex molecule, the
computational cost would be huge. In our previous applications
of the AFIR method, the number of atoms contained in target
systems was less than 30 when a small reactive centre was not
assumable in the system. In QCaRA, it is usually difficult to
assume a reactive centre because a limited search assuming
a reactive centre may exclude important paths involving bond
rearrangements occurring outside the reactive centre. It follows
that the application of QCaRA to systems involving more than
30 atoms is not straightforward. For a catalytic reaction or
a reaction involving a leaving group, QCaRA would need to be
performed on the system to which the catalyst or the leaving
group would be added, which would further limit the applica-
bility of QCaRA. Moreover, to evaluate different catalysts
systematically, QCaRA would need to be repeated while
considering various metal/ligand combinations. In future, we
hope to apply QCaRA to more complex systems by improving
the calculation procedures, making a database of the results,
and so forth.
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