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Abstract:

The systematic exploration of synthetic pathways to afford a desired product through
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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 decomposition paths of the target product
and propose 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 seemingly most
promising path led to the discovery of a synthesis method for the difluoroglycine derivative.
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 calculations to become an essential tool in the field of organic
synthesis.'® One of the most important applications of quantum chemical calculations is for
the geometry optimization of transition states.® In many recent studies, reaction mechanisms

have been elucidated by calculating the transition state through quantum chemical
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calculations.’® Increasingly, these calculations are being used not only to confirm
experimental results but also to design reactions with improved reactivity and selectivity. In
general, quantum chemical calculations require an initial guess for the target molecular
structure. That is, they can only be used when a reaction mechanism is assumable.
Therefore, quantum chemical calculations have 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 experimental data.”'* Some of these efforts are based on a concept
similar to retrosynthetic analysis, which is traditionally used in organic synthesis.’® In
retrosynthetic analysis, a synthesis method is proposed by dividing the target molecule into
fragments and then determining the synthetic equivalents of each fragment. Unfortunately, it
is difficult to identify suitable combinations from the existing vast collection of disconnection
patterns and synthesis methods. Similar to distinguished organic chemists, who can often
make appropriate choices based on their knowledge and experience, there has been a
recent focus on developing the ability of machines to make such choices by learning from
huge quantities of experimental data.

Despite these efforts, it remains unclear whether it is feasible to propose a synthesis
method from scratch using quantum chemical calculations. Towards realizing such

predications, we introduced ‘quantum chemistry aided retrosynthetic analysis’ (QCaRA),
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which applies quantum chemical calculation to search systematically for the decomposition
paths of a target molecule and suggest a synthesis method corresponding to the reverse
reaction of the obtained path.'® This concept is similar to retrosynthetic analysis, as it
predicts a reaction path by decomposing the target molecule 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 decomposition 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 discovered experimentally based on the synthetic paths proposed by

QCaRA. Maeda et al. introduced QCaRA based on the results of an extensive exploration of
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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 Separately, Mita et al. had developed a synthesis method involving the
carboxylation of ammonium ylide with CO2.'° Although the findings of Maeda et al. and Mita
et al. were separate outcomes in different fields, this case can be considered to demonstrate
the possibility of experimentally verifying a prediction made through QCaRA.

Herein, we report the first 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-difluoroglycine. Replacement of a hydrogen atom with a fluoride atom in bioactive
molecules such as a-amino acids is a promising strategy for enhancing biological activity
and bioavailability via increased lipophilicity and improved stability against enzymatic
degradation. It should be emphasized that the theoretical path that led the discovery of the
synthesis method originated solely from quantum chemical calculations without the input of
any previous experimental data or human knowledge. Nevertheless, some steps in the
experimental verification process demanded human knowledge and experience. Thus, this
paper discusses the contribution of quantum chemical calculations to the prediction of

synthetic methods and when human knowledge is required.



Results:
Prediction of synthetic paths using QCaRA

Over the last several years, the development of various automated reaction path search
methods has shown that many reaction paths can be predicted.?%?? 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 systematic searches for the
decomposition paths of a,a-difluoroglycine as a target molecule and suggest a synthetic
path that used the resulting decomposition products or their equivalents as reactants.®

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 performed 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 often 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 artificial force induced reaction (AFIR) method,?*?* which has been proven to

provide an exhaustive search, including for unstable decomposition products,?® was adopted
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as an automated reaction path search method for QCaRA.

The AFIR method induces structural changes by applying a virtual artificial 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.2324 In
this study, the AFIR method was only applied to structures with the same bonding pattern as
the input molecule and the decomposition path was comprehensively searched.?®¢ After
prospective decomposition products were selected from the obtained candidates, the
automated reaction path search was also performed using their equivalents as starting
materials, where the option to select a path kinetically was used.?” Finally, the predicted
synthetic path was experimentally verified. The calculations and experiments are detailed in

the Supplementary Information.

Prediction of synthetic methods for a,a-difluoroglycine

This study focused on the synthesis of a,a-difluoroglycine (NH2CF2CO2H), for which an
efficient synthesis method has not yet been established. However, obtaining such a
synthesis protocol would be highly desirable due to the expected usefulness. Therefore, the

difluoroglycine derivative was used as an input when executing the automated reaction path
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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 difluoroglycine.

Of the obtained reactant candidates, the 30 with the lowest energies are shown in Figure 1.

These reactant candidates correspond to decomposed species obtained by the systematic

exploration of the dissociation pathways of difluoroglycine. The most stable reactant pair is

R1, which consists of difluoromethylamine and CO2. The set with the second lowest energy

(R2) consists of fluoroimine, COz2, and hydrogen fluoride. Although most species observed in

these 30 reactant candidate sets are stable molecules in which all atoms fulfil the octet rule,

there are also some short-lived intermediates like carbene. The energy levels of the reactant

candidates are depicted in Figure 2 together with the reaction path network on which 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, NHs, and

CO2), highlighted in Figures 1 and 2, was selected considering the energy barrier for the

formation of difluoroglycine and the availability of the reactants. As seen in the reaction

profile for this path (Figure 3), the energy barrier along the path from R26 is reasonably

small, and the three simple components, i.e. CF2, NH3, and COz2, convergently react to give

difluoroglycine in one step.
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Figure 1. Reactant candidates predicted by the automated reaction path search.
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Figure 2. Histogram of the energy levels of the 30 reactant candidates (R1-R30, listed in
Figure 1) (left) and the reaction path network obtained through the automated reaction path
search (right). In the reaction path network, each node and edge is colour-coded according
to the energy of the corresponding equilibrium structure and transition state (blue: -70.4 kJ
mol~', aqua: 54.5 kJ mol™', green: 179.5 kJ mol™", yellow: 304.5 kJ mol~', and red: 429.5 kJ
mol™").
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Figure 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.

Among the components of R26, NHs and CO: are both commercially available. In
particular, CO2 is an abundant, inexpensive, and non-toxic chemical utilized in various

organic transformations as a C1 unit.?® Furthermore, difluorocarbene can be generated in
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situ in several ways.?® Among them, a method using CF3™ as a precursor, which is generated
from MesSiCFs (Ruppert—Prakash reagent) and PhsSiF2:NBus (TBAT), was initially selected
owing to the reasonable accessibility of both reagents.3® To evaluate the validity of this
synthesis method, the automated reaction path search was executed using CFz™ + NH3 +
COz2 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 Figures 4a and 4b,
which represent identical networks colour-coded by (a) the energy of the structure 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 reaction method under a reaction temperature of 300
K and a reaction time of 1 h. Figure 4a shows that the target product, difluoroglycine, is
obtained on the network, while Figure 4b indicates that the calculated yield of difluoroglycine
is almost zero because the equilibrium between CFs~ and CF2 + F~ favours the former. As a
result, CF3COz27, in which CF3™ is directly bound to CO2, was obtained as the main product

(99.8%).
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Figure 4. Reaction path networks corresponding to (a, b) CF3™ + NHs + COz, (c, d) CF2Br~ +
NHs + COz2, and (e, f) CF2Br~ + NMes + 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 kJ mol™,
aqua: 125.0 kJ mol™', green: 250.0 kJ mol™, yellow: 375.0 kd mol™', and red: 500.0 kJ mol™").
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%).

As the addition of CF3~ to CO2 was faster than a-elimination from CF3~, to enhance

a-elimination, MesSiCF2Br was then chosen as the difluorocarbene precursor. The improved
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leaving ability of bromide accelerates a-elimination from the corresponding CF2Br-, which
can be generated in the presence of an appropriate silane activator.3! To examine the
validity of this method, the reaction path networks were obtained with CF2Br~ + NH3 + CO2
as reactants (Figures 4c and 4d). The usage of CF2Br~ was revealed to shift the equilibrium
between CF2Br- and CF2 + Br™ towards the latter; thus, difluoroglycine was obtained.
However, as shown in Figure 4d, the generation of CF2BrCO2™ (29.3%) competes with the
process for forming the target product (69.6%). Furthermore, it was suggested that
NH2CO2CHF2 was obtained as a minor by-product (0.8%).

To further improve the yield of difluoroglycine, the addition of the amine to difluorocarbene
should be accelerated. It is also necessary to reduce proton transfer from the amine to CF2
in order to suppress the formation of NH2CO2CHF2. 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~ + NMes + CO2 as reactants were
obtained, as illustrated in Figures 4e and 4f. These results verify that the desired
difluoroglycine derivative was selectively obtained when NMes 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.
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Experimental verification of the predicted synthetic method

As a calculated yield of 100% was achieved with CF2Br~ + NMes + COz2 as reactants, we

chose to verify the validity of this synthetic path for the difluoroglycine derivative

experimentally. We first examined several silane activators for the generation of the

difluorocarbene in situ from MesSiCF2Br 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

difluoroglycine derivative 1 was obtained in 18% 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 dramatically improved the yield of 1 to

81% and gave 2 in only 7% yield. Subsequently, the reaction was carried out at a lower

temperature (-40 °C = 233 K) for 16 h and the generated precipitates were isolated by

filtration. It was found that the obtained solids, as a mixture with Br-NBuas, 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 MesSiCFs (1 equiv), TBAT (1 equiv), and NMes (1 equiv) under a CO:2

atmosphere (1 atm) in THF at room temperature for 16 h. This reaction gave trifluoroacetate

(CF3CO2'NBua4) in 96% yield, which is also consistent with the theoretical prediction that

CF3™ is consumed quickly by reacting with COz2 rather than providing the difluorocarbene.
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Table 1. Condition Screening for Silane Activators

Me3SiCFzBr
(1.0 equiv) co, (1
2 atm)
+ + l!l @%k . @X Br

silane activator - THF 16 h

(1.0 equiv) (1.0 equiv) 2
entry silane activator temp (°C)  vyield of 1 (%)% yield of 2 (%)@

1 CsF r.t. 10 27

2 FeNBu, (TBAF) r.t. trace 66

3 Ph3SiF,*NBu, (TBAT) r.t. 81 7

4 Ph3SiF,*NBuy -40 96 2

aYjelds were determined by 'H NMR analysis in DMSO-dg using pyridine as an
internal standard.

Although the reaction occurred in THF, product 1 was obtained as a precipitate that was

insoluble in THF. Thus, the precipitate should be dissolved in another solvent for further

purification to remove Br-NBu4. However, the dissolution of salt 1 in solvents such as H20,

MeOH, CHsCN, and DMF promoted to varying extents a decarboxylation—protonation

process that generated 2. For example, when the obtained product mixture (1:2 = 98:2) was

dissolved in various solvents at room temperature for 1 h, the ratio of 1:2 changed to 87:13

(H20), 89:11 (MeOH), 62:38 (CH3CN), and 50:50 (DMF). This result indicates that it might be

difficult to achieve the purification of 1 at this stage.

Therefore, esterification was investigated as a method of isolating and purifying the

difluoroglycine derivative without decarboxylation. First, Mel was employed as a methylating

reagent. However, an established condition using Mel in DMF or an excess amount of Mel

without any solvent (neat conditions) did not afford the corresponding methyl carboxylate.
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Instead, the undesired decarboxylation—protonation process proceeded to some extent.
Thus, esterification using highly electrophilic BFs+-OMes (Meerwein reagent)®? was
investigated. However, as the esterification 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 esterification 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% vyield. In contrast, when
esterification was performed 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%.

Table 2. Condition Screening for Esterification

\(g/ S
" BF,
\| @) ° (2.0 equiv) 0 (I;)F \|
N Meerwein reagent) 4 N__H ©
/@%ko ‘ gent_ >N <, TeX BF
@ (@) + 4
F F solvent, r.t., 2 h F F
FF
1 3 4
(1:2 = 98:2)

entry solvent yield of 3 (%)?  vyield of 4 (%)? recovery of 1 (%)?

1 CH,ClI, 18 73 8
2 - (ball milling) 48 12 36
3 AcOEt 4 80 15
4 acetone 81 16 -

aYields were determined by "H NMR analysis in DMSO-dg using pyridine as an
internal standard.
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Subsequently, we conducted preparative-scale synthesis using 1 mmol of each reactant
under the optimized reaction conditions (Figure 5). After 1 was obtained as a mixture with
Br-NBus, the obtained solids were treated with BF4:OMesin acetone. The resulting product
(methyl ester 3) was washed with MeOH to remove Br-NBus, unreacted BF4-OMes, and
protonated compound 4, affording 3 in 80% yield (205 mg). The structure was confirmed by
X-ray crystallography after recrystallization from MeOH (CCDC 1971834). This method is an
elegant demonstration of the synthesis of a difluoroglycine derivative from three simple
compounds through multi-component assembly under
silica-gel-column-chromatography-free conditions. In most reported examples,?® an excess
amount of difluorocarbene 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
MesSiCF2Br, which emphasizes the practicality of this synthesis. Other substrate candidates
predicted by the quantum chemical calculations are now being investigated and the results

will be reported in due course.
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Me,SiCF,Br

(1.0 equiv) | CO, (1 atm) o
+ + N \N%k @
Ph3SiF*NBu, 7N IHF “® o
(1.0 equiv) (1.0 equiv) -40 °C, 16 h F F
\(g/ S
| BF,
0]
(2.0 equiv) \,L
(Meerwein reagent) g o~
acetone, r.t,, 2 h F F 3
80% vyield

Figure 5. Preparative-scale synthesis of a difluoroglycine derivative without silica-gel
column chromatography.

Discussion:

We would like to highlight that this synthesis of a difluoroglycine derivative is the first
experimental demonstration of a reaction suggested by QCaRA. Moreover, the process by
which QCaRA provided predictions, i.e. the process for obtaining reactant candidates
(Figure 1) after 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.? It is noted that a chemist’s knowledge was indispensable in selecting
difluoroglycine as the target and choosing R26 from the many candidates predicted by
QCaRA. Automating these two processes remains a future challenge.

Furthermore, the experience and intuition of chemists also played an important role in
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validating the predicted synthetic path. First, because the proposed reactant candidates

included a molecule (difluorocarbene) that was not commercially available, it was generated

in situ using a previously reported method. The calculations to determine what products

were actually produced and in what proportion suggested 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.

After determining the optimal reagents and reaction conditions, the product was precipitated

as a mixture with Br-NBuas; however, the target difluoroglycine derivative was not sufficiently

stable during subsequent isolation processes. Because the calculated vyield was

approximately 100%, the decision was taken that isolation should be performed after methyl

esterification. After 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 COz2 fixation and carbene insertion chemistry. However, if a

different solvent had been used, competition with decarboxylation might have prevented

isolation of the target product. For the computational techniques, it is possible that the
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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.

Conclusions:

In this study, we applied QCaRA to a difluoroglycine derivative for which no efficient

synthesis method has been established. Out of the 30 synthetic paths proposed for

difluoroglycine, those involving a difluorocarbene, an amine, and CO2 were selected for

further investigation. The effects of the difluorocarbene generation method (CFs~ vs CF2Br")

and the selected amine (NHs vs NMes) on the yield were then verified by calculation to

determine a set of reactants that gave a calculated yield of almost 100%. Subsequently,

experiments were conducted to verify the predicted synthetic path.

After the synthetic target was chosen, the prediction of potential synthetic paths by

QCaRA did not require the experience and intuition of chemists or previous experimental

data. However, the experience of chemists and trial-and-error experiments were necessary

during the verification 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

difluorocarbene production method, to select an appropriate amine, and to isolate the

product. In particular, experimental trial and error was key for the purification of the product.
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This study demonstrated the effectiveness of QCaRA for predicting new synthesis
methods. However, if the procedures used in this study were applied to a more complex
molecule, the computational cost would be huge. In particular, for a catalytic reaction,
QCaRA would need to be performed on the system to which the catalyst is added, which
would further increase the computational cost. 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.

Experimental section:

In an oven-dried round-bottom flask was placed TBAT (539.9 mg, 1.0 mmol, 1 equiv). The
flask was evacuated and backfilled with CO2 (3 times) followed by the addition of THF (10
mL). The mixture was stirred at room temperature until TBAT was completely dissolved.
After adding trimethylamine (2 M in THF, 500 pL, 1.0 mmol, 1 equiv) at 0 °C, the solution was
cooled to -40 °C, and then MesSiCF2Br (156 pL, 1.0 mmol, 1 equiv) was added dropwise.
After the resulting slurry was stirred at —40 °C for 20 h, the precipitate was isolated by
filtration, washed with hexane, and dried under vacuum. The approximate vyield of
carboxylate 1 was 96%, as determined by 'H NMR spectroscopy using pyridine as an

internal standard. The solids were then treated with the Meerwein reagent (295.8 mg, 2.0
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mmol, 2 equiv) in acetone (1.5 mL) for 2 h. After the solvent was removed under vacuum,
the resulting solids were washed with a small amount of MeOH to afford methyl carboxylate
3 after filtration (15 crop: 176.6 mg, 2" and 3 crops: 28.2 mg, 0.803 mmol, 80% yield).

White solids; IR (ATR): 3068, 2977, 1787, 1483, 1343 cm™"; '"H NMR (400 MHz, DMSO-ds)
6: 4.05 (s, 3H), 3.40 (s, 9H) ppm; *C NMR (100 MHz, DMSO-ds) &: 155.7 (Jcr = 31.6 Hz),
112.5 (Jcr = 282.7 Hz), 56.5, 49.4 ppm; '°F NMR (376 MHz, DMSO-de) 6: -105.4 (CF2),
-151.4 (BF4) ppm (internal reference: CF3CO2H in DMSO-des = -78.5 ppm); HRMS (ESI) m/z
calcd. for CeH12F2NO2" [M-BF47]*: 168.0831, found: 168.0833; calcd. for BF4~

[M-CeH12F2NO2*]: 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.33 For all the calculations, the wB97X-D functional
and 6-31+G* basis functions were used and the Grid=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™" were set as 50 cm™' as suggested in the literature.3* 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 often chosen as an experimental
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solvent for reactions involving COz2. Kinetic simulations were performed using the reaction
path networks shown in Figure 4, where the initial populations given to the reactants were
propagated using the rate constant matrix reaction method at a reaction temperature of 300
K and a reaction time of 1 h.?” Further details on the reaction path searches and kinetic

simulations are available in the Supplementary Information.
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(A) General

All manipulations were carried out under an atmosphere of nitrogen unless otherwise noted. Infrared (IR)
spectra were recorded on a JASCO FT/IR 4600 Fourier transform infrared spectrophotometer. NMR
spectra were recorded on a JEOL ESZ-400S spectrometer, operating at 400 MHz (*H), 100 MHz (*3C),
and, 396 MHz (*°F). Chemical shifts in DMSO-ds were reported in the scale relative to DMSO-ds (2.50
ppm) for *H NMR and to CDCls (39.52 ppm) for 3C NMR as internal references. Chemical shifts for 1°F
NMR in DMSO-de was reported in the scale relative to trifluoroacetic acid (-78.50 ppm). ESI mass
spectra were measured on a Thermo Scientific Exactive. Dry THF was purified under argon using the
Ultimate Solvent System (GlassContour: Nikko Hansen & Co.,Ltd.). A cylinder of CO, was purchased
from Hokkaido Air Water, Inc.

(B) The Synthesis of Difluoroglycine Derivative

Me;SiCF,Br

(1.0 equiv) | CO3 (1 atm) < 0
+ + N > N%L °©

PhySiF,+NBu, o THF “ex ©
(1.0 equiv) (1.0 equiv)  -40°C,16h F F
1
® 96% yield by "H NMR
~~~ ©O
(|3 BF,
0
(2.0 equiv) \,!l
(Meerwein reagent)  ~q o~
>
acetone, rt.,, 2 h FF 3
80% yield

In an oven-dried round-bottom flask was placed TBAT (539.9 mg, 1.0 mmol, 1 equiv). The flask was
evacuated and backfilled with CO> (3 times) followed by the addition of THF (10 mL). The mixture was
stirred at room temperature until TBAT was completely dissolved. After adding trimethylamine (2 M in
THEF, 500 uL, 1.0 mmol, 1 equiv) at 0 °C, the solution was cooled to —40 °C, and then MesSiCF2Br (156
uL, 1.0 mmol, 1 equiv) was added dropwise. After the resulting slurry was stirred at —40 °C for 20 h, the
precipitate was isolated by filtration, washed with hexane, and dried under vacuum. The approximate
yield of carboxylate 1 was 96%, as determined by *H 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. After the solvent was removed under vacuum, the resulting solids were washed
with a small amount of MeOH to afford methyl carboxylate 3 after filtration (1% crop: 176.6 mg, 2" and
3 crops: 28.2 mg, 0.803 mmol, 80% yield).

White solids; IR (ATR): 3068, 2977, 1787, 1483, 1343 cm™%; 'H NMR (400 MHz, DMSO-ds) d: 4.05 (s,
3H), 3.40 (s, 9H) ppm; C NMR (100 MHz, DMSO-ds) 6: 155.7 (Jce = 31.6 Hz), 112.5 (Jcr = 282.7 Hz),
56.5, 49.4 ppm; °F NMR (376 MHz, DMSO-ds) d: —105.4 (CF>), —151.4 (BF4) ppm (internal reference:
CF3CO2H in DMSO-ds = —78.5 ppm); HRMS (ESI) m/z calcd. for CeH12FoNO," [M-BFs"]*: 168.0831,
found: 168.0833; calcd. for BFs~ [M-CsH12F2NO2"]: 87.0035, found: 87.0030.
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1H NMR, d-DMSO, 400 MHz
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19F NMR, d-DMSO, 376 MHz
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Instrumental method © C:\Xcalibur\methods\HESI_100ulipn_L55_S$156_50.meth
Instrumental Analysis Division, Global Facility Center, Creative Research institution, Hokkaido University
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Sampie No. : C:\Xcalibur\..\1108\181103_Ex_54_pn Instrument : Exactive
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(C) Data for Single Crystal X-ray Structural Analysis

Polymorph Compound 3
CCDC Name CCDC 1971834
Empirical Formula CeH12BFsNO2
Formula Weight 254.98

Crystal System Orthorhombic
Crystal Size / mm 0.75x 0.09 x 0.08
alA 7.2137(2)

b/A 11.1355(3)
c/A 13.0859(3)

al® 90

pl° 90

yl° 90

VA3 1051.17(5)
Space Group P212:2;

Z value 4

Dcalc /g cm™® 1.621
Temperature / K 293

26max | ° 10.432 t0 152.24
1 (CuKy) / mm-1 1.643

No. of Reflection

o
Residuals: Ry 0.0610

(1 >2.000(1))

Residuals: Ysz 0.1651

(All reflections)

Goodness of Fit Indicator (GOF) 1.064
Maximum peak in

Final Diff. IF:/Iap/A3 0507

(D) Computational Details

To obtain the 30 reactant candidates in Figure 1, we performed an automated search by the single
component artificial force induced reaction (SC-AFIR)! method starting from a,a-difluoroglycine.
SC-AFIR is a method to search for many structures and reaction paths for their interconversions by
inducing structural deformations systematically by applying artificial forces between fragments
automatically defined in the system. In the search, the model collision energy parameter y, which defines
the strength of the artificial force, was set as 1000 kJ/mol, the maximum number of fragment pairs to
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which the artificial force is applied was set as 2 (SC-AFIR2), and the NoBondRearrange option with
which the search from local minima having a different bond connectivity pattern from the initial structure
is omitted was used to limit the search area.? All obtained AFIR paths were reoptimized by the LUP3#
method until the highest energy point converged to the first-order saddle point or the number of iterations
exceeded 300. As the result, 288 equilibrium (EQ) structures, 309 transition state (TS) structures, and 380
LUP path top (PT) structures, were obtained, where PT is the highest energy structure along a LUP path
and regarded as an approximate TS structure.

The reaction path network for CFs~ + NH3z + CO» shown in Figure 4 (a) and (b) were obtained by the
SC-AFIR method combined with the kinetics-based navigation approach. In the search, y was set as 200
kJ/mol, and the maximum number of fragment pairs to which the artificial force is applied was set as 1
(SC-AFIR1). The kinetics-based navigation is an approach to decide an EQ to which the SC-AFIR
procedure is applied next, where the decision is made based on the so-called traffic volume evaluated by
the rete constant matrix contraction (RCMC) method. The traffic volume is an index representing the total
population influx and outflow that occur in each EQ under given conditions such as initial populations,
reaction temperature, and reaction time. Therefore, an EQ having a large traffic volume can be regarded
as one contributing to the kinetics significantly, and the kinetics-based navigation preferentially choose
such EQs. Further details on the kinetics-based navigation is available in Ref. 5. The search was initiated
from 100 initial structures generated by randomly giving mutual positions and orientations between CF3~
and a NHs---CO2 complex, where the most stable NHz---CO. complex prepared separately was used
assuming that the reagents for in situ generation of CF, was added after mixing NH3z and CO.. In the
Kinetics-based navigation, the initial population 1/100 was given to the 100 initial structures. Three
reaction temperatures, 200, 250, and 300 K, were considered, and the highest traffic volume among those
obtained with these three temperatures was regarded as the traffic volume of each EQ. The reaction time
was set as 1 hour. The search was terminated when a list of EQs with the 3N largest traffic volume values
was not updated in the last 10N path calculations, where N was the number of atoms and 11 in this system.
All obtained AFIR paths were reoptimized by the LUP method until the number of iterations exceeded 30.
Then, LUP paths for transitions taking more than 107%° second were further optimized by the LUP method
until the highest energy point converged to the first-order saddle point or the number of iterations
exceeded 60. It is known that such an approximate treatment of fast processes affects little on the overall
kinetics taking the longer timescale.® As the result, 460 EQ structures, 119 TS structures, and 1020 PT
structures, were obtained. Population of each EQ after the reaction time of 1 hour was regarded as the
yield of each EQ, and the product yield discussed in the main text was obtained by summing yields of all
EQs having the corresponding bond connectivity pattern.

The reaction path network for CF.Br~ + NH3z + CO> shown in Figure 4 (c) and (d) were obtained by the
same calculation as had done for CFs~ + NH3z + CO». As the result, 425 EQ structures, 178 TS structures,
and 795 PT structures, were obtained.

The reaction path network for CF.Br~ + NMes + CO2 shown in Figure 4 (e) and (f) were also obtained
by the same calculation as had done for CFz~ + NH3z + CO2, where N = 20 in this case. As the result, 839
EQ structures, 188 TS structures, and 2654 PT structures, were obtained.

1. Maeda, S., Harabuchi, Y., Takagi, M., Saita, K., Suzuki, K., Ichino, T., Sumiya, Y., Sugiyama, K. &
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Ono, Y. Implementation and performance of the artificial force induced reaction method in the
GRRM17 program. J. Comput. Chem. 39, 233-251 (2018).

2. For these options, see website of the AFIR method: https://afir.sci.hokudai.ac.jp/

3. Choi, C. & Elber, R. Reaction path study of helix formation in tetrapeptides: effect of side chains. J.
Chem. Phys. 94, 751-760 (1991).

4. Ayala, P. Y. & Schlegel, H. B. A combined method for determining reaction paths, minima, and
transition state geometries. J. Chem. Phys. 107, 375-384 (1997).

5. Sumiya, Y. & Maeda, S. A reaction path network for wohler's urea synthesis. Chem. Lett. 48, 47-50
(2019).

6. Maeda, S., Sugiyama, K., Sumiya, Y., Takagi, M. & Saita, K. Global reaction route mapping for

surface adsorbed molecules: a case study for H.O on Cu(111) surface. Chem. Lett. 47, 396-399
(2018).

(E) Predicted Reactant Candidates

Coordinates of difluoroglycine and obtained 30 reactants with the lowest energy shown in Figure 1.
Electronic energies on minima at the wB97XD/6-31+G* Int(Grid=FineGrid) level are indicated in atomic
units. The indices of minima, R1, R2, ... R30, correspond to those in Figure 1.

difluoroglycine

Energy = -482.793203469575 Hartree

C -0.400412817137 -0.358246729151 0.768814519728
O -0.565971386999 0.683907656513 1.574867643848
O -0.286744406301 -1.504359768219 1.124832827093
C -0.313379782600 0.055116002438 -0.713700941301

F 1.016478055913 0.413591241203 -0.919707073391
F -1.013078175109 1.189552787468 -0.956993867132

N -0.756809206676 -0.974227357103 -1.537426793681

H -0.565530052945 0.354727093862 2.488966630282
H -0.414616817502 -1.879732602779 -1.236200027428

H -0.561278039854 -0.797899206184 -2.516382059488

R1

Energy = -482.814626163586 Hartree

C 0.054775062131 -0.730481675845 2.049854523032

O -0.374468264226 0.348864468401 2.153452105640

O 0.493324770614 -1.807304812088 1.991696067817

C -0.356568476754 0.391760378657 -1.198872709965

F 0.990211514201 0.376242456575 -1.002678979730

F -0.528228915711 0.547438634315 -2.562689091529

N -0.904250203855 -0.802453340200 -0.700015677631

H -0.782893952661 1.271769489361 -0.715945019863
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-1.917112216418
-0.536131946529

-0.798948651573
-1.614457829578

-482.797075448367 Hartree

-0.389298812330
-0.133290114593
-0.631358259388
-0.100730461892

0.165442315955
-0.962446175435
-0.483528691829
-0.801326480480

0.051744715584
-0.576550664838

0.091190687955
-0.814515535074
0.959244847267
-1.355349059588
-2.279387041424
1.557112380791
-0.193719958377
0.951247625138
-1.724644727998
-0.008750100618

-482.794810441895 Hartree

-0.099328785630
-1.060769994497
0.347509505268
-1.381297942188
1.524111388048
-2.675240837503
-0.588313041126
0.624963197129
0.413730302051
-0.966706420734

-1.591755468299
1.010764647324
-1.575699815881
0.131896812838
0.828087643771
-0.166338201329
-0.631214980947
1.100399590284
-0.538101412090
-1.385609697627

-482.797213060850 Hartree

-0.137616486102
0.303423435204
0.190877538026
0.525383145977
1.423103608121

-1.475270226104

-1.054442047026

-0.807520169427

-1.303019710453

-1.526261717455

-1.402367452271
0.879461376724
-2.559630211884
-0.296270821448
-0.794455807170
1.974834028480
-0.932188017707
1.868669076050
0.048837468936
-1.604460521675

S10

-0.749964879150
-1.187765480095

2.428223389531
1.735452266404
3.160179808045
-1.480321168011
-2.410417121644
0.177942519148
-1.753415838156
-0.557188431882
-0.471068576937
-2.752315987964

1.880463185072
0.000234372758
2.922269912006
-0.767188356172
-0.093400710416
-0.952824107697
-1.524603326483
0.096837286874
-1.409503776766
-2.075213620657

-0.124622638376
0.705939737763
0.025673726107
0.731710088231
1.556628620070

-0.919206794542

-0.988913007284

-0.255126538405

-1.077863241079

-1.577149093969
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-482.781378055004 Hartree

-0.561501393410
-1.164932591453
-0.585940350595
0.066670227202
0.313642049238
0.173667833782
-0.653463928073
0.560002886696
-0.971486371676
-1.038000990925

-0.067347068459
-1.008439656546
0.144446491021
-0.017245780929
0.038033013044
0.730601100516
-0.894206339510
0.781350122461
-0.956389073158
-1.568373690412

-482.778812795010 Hartree

0.501569957861
-1.383211854247

1.286759227254
-0.558017283453

0.635061040323
-0.132799855675
-1.191094361357
-0.881170401896
-1.574941201250
-0.563497896808

-0.828706972148
-0.575175848335
-0.838164122086
-0.018686222385
-0.752274601388

1.223936805914

0.074951978009
-0.724879291237
-0.818660913143

0.440088304823

-482.776326585774 Hartree

-0.540183932677
-1.196003796297
-0.221297438725
0.435584266609
0.715244404812
-1.311573525307
-0.288907843501
-1.363450991730
0.882372795842
-0.973126568244

-0.597043050686
0.415672616183
-1.612315689170
-1.121876741821
-0.930521177453
1.954999412899
-0.287675445271
0.187643290373
-2.027062303451
1.200608206444

S11

2.001343652035
1.327350568849
3.167630090295
-1.912010248594
-3.224432080595
1.157158400616
-1.379795171047
-1.366827699000
0.349097445071
-2.042444099097

2.653968070911
0.120163514731
3.468705631164
-0.789463302188
-0.823886850449
-0.403890575700
-2.032496124781
0.939400565475
-2.316303496659
-2.739126573997

0.838955660570
1.395362951353
1.411177797862
-1.133331667116
-2.400581137496
-1.789638418796
-0.524085525707
2.323609019054
-0.722941790402
-1.321456030780
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R11
Energy =
C

-482.765214428561 Hartree

0.808980017438
-0.478597585198

1.362309509356
-0.302555122050

0.828609037604
-1.134801745369
-1.147121143155
-2.131432773103
-0.631886978217
-1.034845846509

-1.761679259423
1.116568112910
-1.485764454857
1.296606115979
1.084894246519
1.904698067607
-0.983458719510
-1.072410521716
-1.628553757055
-1.288470712412

-482.773952835216 Hartree

-0.851727089433
-1.184303962233
-0.903229604140
-0.374048863563

0.835916124882
-0.368059968260
-0.007805673752
-1.478574359933
-0.070298813779

0.540789580992

-0.462508740591
0.525433916037
-1.640092185930
0.032509988358
-0.082774918021
1.344999919865
-0.712303023042
0.136661307429
-1.695996510475
-0.263500635599

-482.760308196684 Hartree

0.399429503567
0.582257405049
0.235893771410
-0.639188824116
-1.398222273130
-0.681612827025
-0.286908288119
-0.968756828698
0.029720120398
-1.133954388542

-0.214519900336
0.366660669275
-0.840428773398
-1.391255623135
1.188141352187
1.992187115930
-2.496185458801
1.757799590282
-3.445456958323
0.265487104374

-482.765849885398 Hartree

0.691261994700

-1.306963296442

S12

1.679575351247

0.849941459184

2.629451767236
-0.302748973293
-0.948528826837
-1.123709539721
-1.143882991366
-0.906454649126
-0.549825876340
-2.106746862492

1.124719955388
1.945373422534
1.373414611051
-0.230077966745
-3.684697986057
-0.369763572402
-1.168126358914
2.786387057823
-0.903702446807
-2.796455857339

2.118443816533
3.108153621117
1.146350108469
-1.896944528381
-1.519047574379
0.840440750007
-1.987282477225
-0.035013780105
-2.027200353270
-1.670828724235

-0.235805425021
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-1.509144166900
0.394316124756
-2.363572777764
1.777480800617
-1.722875066649
0.049922438348
-0.413292637551
0.438081629694
-1.203520968366

2.105491194794
-0.395186932180
2.794582787315
-1.971149697613
0.223264821264
-1.544362540295
0.085022622073
-2.293282284925
-0.514987556006

-482.762355318733 Hartree

-0.551295903810
-0.741327122415
-0.382148765227
-0.204762771659
-0.063018192460

0.099345829973
-0.581062781376

0.021400499861
-0.724558479905
-0.733914942207

-0.245049708697
-1.077557865248
0.527125077023
-0.021546441771
0.133445281103
1.511363524468
-1.246295016604
1.046361459043
-1.496400676918
-1.949016514357

-482.764317151512 Hartree

-1.395414041104
-2.117869229846
-0.272449785029
0.764378251252
1.995099288622
0.582993589562
-0.097122955104
-1.584693337315
0.216216109713
-1.952480519862

-0.309922280105
-0.325084205208
-0.747827196699
-0.110641483798
-0.607264260972

0.303525425232
-0.029191409806
-0.741676174387
-0.400973030805

0.151483734534

-482.760568478488 Hartree

-0.816981391116
-0.808010134806
-1.047551017002

-1.160596524877
0.127867944959
-2.041370579930

S13

1.483979057983
0.653198148064
1.193969810115
0.129072175333
-0.972176454965
-1.303861436426
0.362120218981
-1.866617022392
-1.366808213069

2.331024414277
1.529619823546
3.178142403620
-1.722197690143
-3.040928711974
0.410043452971
-1.465621302741
-0.465231448617
-0.492090654709
-2.185689427710

1.375814057524
2.494887796226
1.282006193404
-2.470570775056
-2.377969011082
-3.705969031398
-1.583596111743
3.193985580778
-0.683775000391
0.552257160318

1.423057298049
1.697256413723
2.198773568165
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-0.501179154897
0.253377680349
-0.208027584064
-0.251811445992
-0.594355600348
0.130507814934
-0.017311796291

-1.471449676102
0.379864172193
1.599478651864

-1.673309378459
0.691400060973

-0.523791330117
1.254335777531

-482.762198666521 Hartree

0.350766125307
-0.732995526138
1.372106566208
0.412900729125
1.507289013152
-2.553857804915
-0.520647855375
-1.881966999624
-1.425517017168
-0.389419859772

-0.231720807310

0.316004195673
-0.483675804199
-0.700438353550
-1.268974179745

0.601846615464
-0.573751501032

0.551784516203
-0.120238256902
-0.908407306561

-482.753221614938 Hartree

0.572463353152
-0.734373857390

1.088032887577
-0.833094472349

1.218610784967
-1.224500793983
-1.589472858339
-1.005235260275
-1.132873366188
-0.220899046407

-0.711661517260
1.051203403213
-1.418438115369
-0.898106096797
0.294994377622
0.074729995583
-1.856556581199
1.905960868493
-2.502442142191
1.242744926012

-482.736998341643 Hartree

0.150379167545
-1.569674077547
-0.665485979621

0.514277429716

1.222381642640

2.533544693338
-2.373467214714
3.320683381372
-0.049384280226
-1.165256437937

S14

-0.003707225114
-2.721477120118
-0.508797091937
-1.113332869924

0.919169351736
-2.430369162909
-1.383502303125

1.016233445062
1.331621673749
1.623165685770
-0.498949984281
-0.902899474859
-0.231235442088
-1.372462214257
0.531710606661
-1.097046769795
-2.323066667429

-0.534380180783
0.972638706836
0.268365960751

-1.058065762162

-1.124665897248

-1.876465297370

-0.798978272448
0.617008855152

-0.154718036930
1.766330782913

1.099753803691
0.272759304340
1.055391715433
-1.290633294425
-1.089483466574
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1.312937106833
-0.675040725964
-2.218100924021
-0.819607008171
-1.113409260634

0.837716684259
0.158019537744
-2.483638294107
-2.933653881356
-0.662135070402

-482.748315896604 Hartree

-0.217277764187
-0.013641585634
-0.248899031223
-0.488213064179
-0.133442893058
-0.620592313953
-0.650083039152
-0.074803658190
-0.566062401116
-0.848326878510

-1.913727146999
-1.065231846257

1.201364645610

1.076411391976
-3.119354396966

2.167402893742
-0.048747512112
-0.155985766825
-0.935984552884
-0.023718591227

-482.737619100570 Hartree

-0.601052960466
-1.716230549422
0.102925637823
0.539771797652
1.437805114130
0.786806001508
-0.421634647358
-1.826152353691
-0.814660358274
-1.348920311129

0.091671279171
-0.646528521721
0.218958314390
0.504150866590
-0.446811522183
1.172466374703
0.760579968357
-1.048240296563
-1.968828286027
-1.454989058662

-482.741700046415 Hartree

0.652082911649
-2.449652283058
1.826578254132
0.379474404293
-0.142755539142
1.260826632474
0.028205635680

-0.055649567707
-0.223567168914
-0.158161327432
-0.352585349838
-0.927249809139

0.541271639640
-0.626890343549

S15

-1.845623271057
-1.018301639842
0.977626936865
0.505014400593
-0.589433630499

0.819647475506
1.760174238379
0.336141227727
-0.846151952591
1.368023462537
-1.618106890688
-1.539477453088
1.354870064980
-1.030536930974
-2.527512383266

1.121788797195
1.078785091981
2.090947671802
-0.837538751711
-0.693082589776
-1.932363302533
-0.095225023681
1.955118591010
-2.324512986746
-2.286846639016

0.609476787050
0.929676327933
0.845186483213
-1.689894259755
-2.744220243942
-2.074861150640
-0.528560030573
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-3.282828122157
-0.078340474278
-2.054934048803

-0.631868194862
0.419048347049
-0.801919107239

-482.744866113294 Hartree

-0.236101539365
-1.003477089662
-0.021612618484
-0.872449239855
-1.481900675882

0.398995122825
-0.093594844801
-0.991895288471

0.430771099147

0.009922445331

0.311548010933
0.959458237962
0.487778670203
-0.164608343514
0.153279892166
-0.740915001259
-1.196219667956
0.576330800073
-1.542391986979
-1.661831493598

-482.734701613681 Hartree

-0.084757338449
-1.279558976311

0.593488865186
-0.451174933706

0.887074396295
-0.020214864676
-0.919470853974
-1.273335765182

0.324449888899
-1.637843047291

0.298254718212
0.852046529661
0.031501104880
0.376321632578
-1.891573024271
1.393526086421
-0.669295931641
-1.448631810581
-1.412706829348
-0.347013357861

-482.732778807392 Hartree

-1.115116946685
-1.510913748947
-1.349699293917
0.248641567534
1.375860262247
0.106279467736
-0.365919018725
-2.023414880501
1.046463892088

0.140767370471
-0.877257369469
1.299736217515
0.184268313896
-1.773295005007
1.486316966908
-0.407514717207
-0.509173123283
-0.942266076391

S16

1.189540694180
1.278738460225
0.261987790860

1.866685134741
1.048923509189
3.019731612721
-1.464368704179
-2.608144024091
1.207012535441
-1.660510293002
0.092987401307
-0.865529509132
-2.559716804482

1.484551899565
1.223675118835
2.419084398502
0.080031701728
-2.394368594680
-0.671817550821
-0.723081130288
-0.175857006947
-1.795013323604
-1.370134653768

0.866418795530
1.641855650147
1.046836937013
-1.238705226295
-2.694397543683
-1.198449245650
-0.210397709713
2.379024739031
-2.307144212873
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