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The flash quench-flow kinetics of short-lived intermediates such as lithium halocarbenoids have revealed
precise kinetics even in subsecond-order reactions. Simple quantum calculations dealing with the bond
dissociation energies of the carbon-halogen bond in lithium carbenoid intermediates and their statistical

comparison with experimental kinetic data exhibited strong correlations, predicting the decomposition

rsc.li/reaction-engineering rates for various dihalomethanes.
Carbenoid species are highly valuable for organic synthesis
because they can be used in sequential reactions owing to
their ambivalent and bifunctional reactivity. The generation
of C1 carbenoid species from dihalomethanes with strong
bases is recognized as a universal method for C1 unit
elongation because it does not require the assistance of
transition metal catalysts with complex structures (eqn (1))."
Such methods for carbenoid generation display remarkably
high performance in sequential homologation reactions, such
as Matteson's method (eqn (2)).> Considering the extreme
instability of the lithium carbenoid intermediates, the usual
protocols for boronate homologation reactions are conducted
in the presence of a subsequent organoboron reagent under
cryogenic conditions. Despite the synthetic utility of the
carbenoid species, the aforementioned experimental
regulations for their manipulation using conventional

LiCHX'X* + R-B(OR), — R-B (OR),-CHX"'-X’Li" — R-CHX"-B(OR), + Li-X*

2 3

experimental approaches have made the elucidation of the
reactivity parameters difficult.

Recently, quantum calculations have been widely studied
for estimating the reactivity of active species that are unstable
in their isolated form. Transition-state energy calculations
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are typically employed to evaluate reactivities by obtaining
the energy diagram of each reaction pathway.® Generally, the
exploration of transition states and estimation of activation
energies reveal the Kkinetic reactivities of the active
intermediates in each pathway by using energy diagrams.
Many methods have been developed to date, and recent
studies have focused on more comprehensive and objective
exploration methodologies, such as the AFIR (artificial force
induced reaction) method, to elucidate the overall reactivities
of active species that are difficult to predict.* However, with
such methodologies, various difficulties remain in estimating
the stability of highly active species, such as metal
carbenoids.

CH,X'X? + LiNiPr, — LiCHX'X? + HNiPr,
1 2

(1)

(2)

4

First, the reactivities of carbenoids are too high to construct
comprehensive prediction models because of the many
decomposition pathways, including intermolecular
dimerisation or oligomerisation reactions, electron transfer,
and generation of radical species.” Second, even if a
nanoscale estimation of their reactivities at the unimolecular
level can be performed, the actual reactions of highly
polarised carbenoid species are strongly affected by
mesoscale interactions such as solvation and molecular
assembly.® Therefore, the estimation of such species is not
always clear in the current regime of prediction models.
Third, reliable calculation models for reactive intermediates
often incur huge computational costs because they should
include not only quantum calculations but also the essence
of molecular dynamics. Therefore, this approach hinders the
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construction of realistic calculation models that can be
expanded to a more generalized system for the estimation of
active species.

While many methods for measuring the kinetic rates of
active species have been developed, experimental elucidation
of reactivities for unstable intermediates is difficult, not
merely because these are the kinetically “fast” reactions. The
reactivity and stability of the active species are usually
complex, and their actual behaviour is composed of a
complex combination of very fast physical and/or chemical
processes, including premixing, generation, self-assembly,
decomposition, oligomerization, and the target reaction.
Conventional approaches utilising experimental kinetic
analyses are not sufficient to solve such complexities in
organic syntheses dealing with short-lived intermediates, and
a more integrated methodology combining calculation
chemistry and data science is desired. Hence, our research
target is to establish systematic and practical estimation
methodologies by merging experimental and theoretical
studies with statistical modelling.” Once flash and
continuous-flow organic chemistry are organically connected
to quantum chemistry calculations as well as mathematical
data analyses, this methodology will provide a new reaction
theory based on the digitalized reaction parameters obtained
by time-space separation on the order of subseconds, which
further leads to the accurate prediction of intermediate
reactivities.*°

In this study, we disclosed the comprehensive reactivities
and stabilities of lithium halocarbenoids by merging space-
time-separated fast-flow reaction systems and theoretical
correlations from ab initio quantum calculation models.'"
Notably, this study overcomes the limitations of both
experimental and theoretical investigations using statistical
evaluations based on simple calculation models.

At the beginning of this research, we hypothesised that a
very simple calculation model based on the homolytic
dissociation of a C-X bond in lithium carbenoid intermediate
2 (LiCHX'-X?) correlates to the kinetic decomposition rate of
2 in a very fast experimental system. To obtain high-quality
data on the kinetic decomposition rates over a short period
of time, we set up a microflow reaction system for

T(°C)

4.0 mL/min

R —

carbenoid

X1 x2 L kexp
dihalomethane — decomp
2.0 mL/min Xt X2
Li—NiPr;
LDA D
4.0 mL/min X1J\X2
CD;0—D product
quencher

Scheme 1 Reaction sequence of dihalomethane (2) based on a flash
quench-flow method using a flow microreactor. Standard reaction
conditions: dihalomethane (0.10 M in THF), LDA (0.42 M in THF), and
methanol-d, (0.30 M in THF).
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Fig. 1 Time-dependent generation/decomposition behaviours for
dihalomethyllithium from dihalomethanes with two identical halogen
atoms by plotting the yields of the corresponding deuterated products
7a-c. Conditions: T = -20 °C. t® = 0.069, 0.27, 0.98, 3.9, 7.9, 16 s.

deprotonation by LDA under rapid mixing conditions (flow
rate = 6.0 mL min '), followed by internal quenching with
methanol-d, (Scheme 1). Therefore, we obtained kinetic data
for the decomposition of 2 indirectly from the decrease in
the yield of the monodeuterated product 7 (eqn (3)). Our
investigations into the decomposition behaviour of lithium
carbenoids began with the measurement of the decrease in
deuteration yields at —20 °C during the time range of 0.069 to
15.7 s.

LiCHX'X? + CD;0D — CHDX'X? + CD;OLi
(3)
2 7

The reaction behaviors of dichloro- (2a), dibromo- (2b), and
diiodomethyl- (2¢) lithium reagents were quantified by
illustrating the yields of deuterated products 7a-c (Fig. 1).
While the amount of 7¢ exhibited a monotonic decrease with
an exponential curve for 7a and 7b, an increase in the yield
was observed at the early stage of the reaction, and the yields
decreased rapidly after reaching a maximum. We assumed
that the decrease in yields after the maximum was due to the

—log k.
€ Koo CH,CII CH,Brl
2
CH,Cl,
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CHBr,
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Fig. 2 Linear regression for experimental (-logkes) and theoretical
(~log Kyirtual) Kinetic rates for decomposition of lithium halocarbenoids
bearing two identical halogen atoms (X* = X = Cl, Br, I). Estimation of
the trend for the dihalomethyllithium species containing at lease one
iodine atom by assuming positive linear correlation. Vertical lines for
CH,Cll and CH,Brl demonstrate the virtual kinetic values (-log kyirtual)
for clarity.
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decomposition rate of lithium halocarbenoids 2, and then
investigated the correlation between the calculated
parameters closely related to the decomposition.

We employed the rate for the homolytic cleavage of
carbenoid 2 giving two separate radicals 5 and 6, obtained
simply by ab initio calculation, as the simplest parameter for
evaluating the correlation (eqn (4)). Structural optimization
of the molecules was performed at the MP2/6-311G(d,p)
level,"> which was further subjected to single-point
calculation to evaluate the zero-point corrected energy (AE,)
at the CCSD(T)/aug-cc-pVDZ level (aug-cc-pVDZ-PP for the I
atom).” The calculated energies (AE,, eqn (5)) were then
conveniently converted into virtual reaction rates (kyireual)
using the Eyring-Polanyi equation (eqn (6)) to evaluate the
correlation with the real kinetic rates (kex,) determined using
the flash quench-flow method (eqn (7)). Although the virtual
rates do not reflect the experimental rates because they are
not based on realistic models, surprisingly, a double
logarithmic plot of both reaction rates for the three types of
dihalomethanes bearing two identical halogen atoms showed
a strong linear correlation when fitted using the least-squares
approximation (R> = 0.998; Fig. 2). These observations
suggest that the kinetic stabilities of C1 carbenoids
composed of various halogen atoms can be explained by
statistical predictions based on simple calculations that do
not involve realistic molecular models.

LiCHX!-X? — LiCHX!- + -X?

4

2 5 6 ( )

AEq = Ezpg(5) + Ezpg(6) — Ezpr(2) (5)
kg T -AE

kvirtual = BT eXP( RTO) (6)

10g kexp o IOg kvirtual (7)

We hypothesise that the linear correlation tendency in eqn
(7) can be extended to a similar series of halocarbenoids.

—log Kexp
2
CH,Cl,
y=0.1077x - 3.5546
18 R?=0.9991
CH,Br; —
Ry
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Fig. 3 Linear regression for experimental (-logke.,) and theoretical
(-log kyirtua) kinetic rates for decomposition of lithium halocarbenoids
2a-e at 20 °C.
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Table 1 Bond dissociation energies and decomposition rates for the
dihalomethyllithium species at —20 °C

Carbenoid Caled AE, (kcal mol™) Kyirtaar (571) kexp (s71)

LiCHI-I 58.6 5.1x107* 2.9x107"
LiCHBr-Br 65.8 9.3 x107°° 6.7 x 1072
LiCHCI-Cl 72.6 4.2 x 107°° 1.5 x 1072
LiCHBr-I 80.3 2.7x10°% 1.7 x107"
LiCHCI-I 73.5 6.7 x 1077 1.9x 10"

Subsequent investigations began by predicting the order of
stability of the halocarbenoids (2d and 2e) derived from the
deprotonation of iodine-containing dihalomethanes (X*> = 1)
by calculating the energy of homolytic cleavage. The
predicted decomposition rates from the calculated C-I bond
dissociation energy are in the counterintuitive order of CH,I-
I (Eo = 58.6 keal mol™") > CH,CI-I (73.5 keal mol™") > CH,Br-
I (80.3 kcal mol™). Notably, this order does not follow the
intuitive ~stability of the C-X' bond, because the
decomposition of lithium halocarbenoids may be directly
related to the cleavage of the C-I (X*) bond. The actual
decomposition rates measured with quench-flow kinetics
have a strong positive correlation with those obtained by
calculation (R* = 0.994), which means that the binding energy
of the C-I bonds is also correlated with the actual kinetic
decomposition rates of iodine-containing halocarbenoids
(Fig. 3 and Table 1).

Based on this trend, we attempted to predict the reaction
rates at various temperatures solely based on the correlation
gradients and the kinetic data that we reported previously for
the diiodomethyl lithium intermediate (1.5 x 10° s™* at 0 °C
and 8.1 x 102 s™* at —40 °C).""" Predicting the reactivity of
active species in molecular systems with different constituent
elements is challenging. However, the reaction rates
predicted for other temperature ranges showed remarkably
accurate correlations with the actual measured rates (Table 2
and Fig. 4). This type of predictive approach can be highly
valuable for comprehensively and integratively understanding

Table 2 Prediction of decomposition rates for the dihalomethyllithium
species at different temperatures

Carbenoid T (°C) Epredice (s™) kexp (57

LiCHI-I -20 — 2.9x 107"
LiCHBr-Br -20 — 6.7 x 1072
LiCHCI-Cl -20 — 1.5 %1072
LiCHBr-I -20 — 1.7x10"
LiCHCI-I -20 — 1.9x 10"
LiCHI-I 0 — 1.5 x 10°

LiCHBr-Br 0 3.2x107" 2.8x107"
LiCHCI-C1 0 7.5%x1072 7.4x1072
LiCHBr-1I 0 8.6 x 107" 6.0x 107"
LiCHCI-I 0 1.0 x 10° 1.0 x 10°

LiCHI-I -40 — 8.1x1072
LiCHBr-Br -40 1.7 x 1072 1.1x1072
LiCHCI-C1 -40 4.0%x1073 2.1x107°
LiCHBr-I -40 4.6%x1072 21x1072
LiCHCI-I -40 5.5 %102 43 %1072
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Fig. 4 Prediction plot at different temperatures and comparison to
the experimentally determined values. Circle dot: Experimental kinetic
values compared to the corresponding virtual kinetic values. Outlined
triangle dot: Predicted values compared to the corresponding virtual
kinetic values. Red color: -40 °C, purple color: 0 °C.

the reactivity of closely related active species, potentially
contributing significantly to the advancement of active
species chemistry.

Furthermore, the fact that the same linear trend was
observed across different temperature ranges indicates that
the decomposition reaction in the present study correctly
obeyed first-order decay and fully conformed to the Eyring-

(a) LICHCI, (2a)
Ty(°C)

(b) LICHBr, (2b)
Ty(°0)
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Polanyi reaction rate theory. This interpretation is
supported by the reaction rates obtained from our flash
flow reaction system and represents true kinetic reactivity,
which is minimally influenced by physical factors such as
mixing and thermal/mass diffusion. This outcome suggests
a potentially new theoretical model that can provide a
rational explanation for the real reactivity of short-lived and
highly reactive species that exist only for extremely short
timeframes. Such a model would significantly enhance our
understanding of the disguised nature of active fleet
species.

Finally, we illustrate the fully analysed temperature-
residence time mapping for all dihalomethanes (Fig. 5). We
also performed an Arrhenius plot analysis of the reaction
rates observed across various temperature ranges. The
obtained activation energies E, exhibited a strong linear
correlation with the bond dissociation energy E,, similar to
the plots of the reaction rates (Fig. 6)."* These findings may
imply the involvement of homolytic characteristics in the
decomposition process of the active species, in which the
reaction rates have good correlation to those predicted in the
simplified models for the homolytic cleavage of C-X bonds.
This insight may also challenge the traditional interpretation
of the decomposition behaviours of lithium carbenoid
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43 54 54
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Fig. 5 Temperature-residence time contour mapping for the deuterium-quenching reaction of dihalomethyllithium intermediates 2a-e. The
designated number on the outlined circle dot: the yield for monodeuteration product (%).
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Fig. 6 Activation energy calculated using Arrhenius plot.

species as predominantly heterolytic, thereby casting new
light on their reactivity.

In summary, we developed calculation models for the
systematization of short-lived carbenoid reactivity by
combining theoretical and experimental approaches with
statistical ~correlation. The present methodology for
evaluating reaction rates from simple calculation models,
such as bonding energies, will provide reasonable and
reliable interpretations of unknown reactive species owing to
their ultrashort lifetimes. Further in silico and in vitro studies,
using more precise data on the reactivity of C1 carbenoids,
are currently ongoing.
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