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ABSTRACT: The Minisci reaction is one of the most valuable
methods for directly functionalizing basic heteroarenes to form
carbon—carbon bonds. Use of prochiral, heteroatom-substituted

radicals results in stereocenters being formed adjacent to the %\,,_l >
heteroaromatic system, generating motifs which are valuable in oy nN., E+

medicinal chemistry and chiral ligand design. Recently a highly
enantioselective and regioselective protocol for the Minisci reaction
was developed, using chiral phosphoric acid catalysis. However, the o
precise mechanism by which this process operated and the origin
of selectivity remained unclear, making it challenging to develop
the reaction more generally. Herein we report further experimental
mechanistic studies which feed into detailed DFT calculations that
probe the precise nature of the stereochemistry-determining step. Computational and experimental evidence together support
Curtin—Hammett control in this reaction, with initial radical addition being quick and reversible, and enantioselectivity being
achieved in the subsequent slower, irreversible deprotonation. A detailed survey via DFT calculations assessed a number of different
possibilities for selectivity-determining deprotonation of the radical cation intermediate. Computations point to a clear preference for
an initially unexpected mode of internal deprotonation enacted by the amide group, which is a crucial structural feature of the radical
precursor, with the assistance of the associated chiral phosphate. This unconventional stereodetermining step underpins the high
enantioselectivities and regioselectivities observed. The mechanistic model was further validated by applying it to a test set of
substrates possessing varied structural features.

Selectivity-determining deprotonation through unexpected internal deprotonation mode

1. INTRODUCTION electron reduction of amino acid-derived Redox Active Esters
(RAEs) using photoredox catalysis, a protocol that was first

Minisci-type reactions are one of the most direct and versatile i At RAnd ; X
applied to the Minisci reaction in a non-enantioselective

methods for forming new C—C bonds directly onto basic

heteroarenes and are widely used in particular by medicinal manner by Cheng, Shang, and Fu.’ In addition to the high
chemists." Initiated by the addition of nucleophilic radicals to levels of enantioselectivity achieved, it is of note that the CPA-
the heteroarene z-system, a new stereocenter is formed catalyzed Minisci reactions are also highly regioselective, even
adjacent to the heterocyclic framework if a prochiral radical when performed on substrates that would commonly give
is used. In 2018 one of our groups reported an enantioselective mixtures of regioisomers. While studies have been conducted
Minisci-type reaction whereby prochiral N-Ac-a-amino radicals that empirically develop guidelines to aid regioselectivity and
were oxidatively coupled with quinolines and pyridines with survey the effects of fine-tuning the reaction conditions, poor
high levels of enantiocontrol at the newly formed stereocenter regioselectivity remains one of the longstanding drawbacks of

(Figure la).” This was enabled by the use of a Chiral
Phosphoric Acid (CPA) catalyst in place of the typical achiral
Bronsted acid additives used in Minisci reactions.” The
scope of this transformation has recently been expanded to
diazines, together with the development of a predictive model
derived through multivariate statistical analysis.” Additionally,
isoquinolines have been shown to be viable substrates” and a
three-component enantioselective Minisci reaction has been
developed using the same catalytic system.” In all but the latter,
the initial N-Ac-a-amino radical is generated from the single

the Minisci reaction.'’ Several aspects appear to be crucial to
enable the unique enantio- and regioselectivity of this reaction.
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a) Overview of Enantioselective Minisci Reaction of Quinolines:
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b) Postulated Key Steps in Control of Enantioselectivity:
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Key Mechanistic Questions To Be Addressed:

°  What is the exact nature of the catalyst-substrate interactions involved in key
deprotonation step (Il to Il1)?

°  Are one or two phosphates involved? Non-Linear Effect previously observed.

° Can a DFT-based model be developed that is predictive across different substrate
classes?

° Can enantio- and regioselectivity be reconciled by a single mechanistic rationale?

c) This Work: Detailed DFT Analysis and Further Experiments
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Figure 1. Overview of the enantioselective Minisci reaction, general
mechanistic hypothesis, and key questions at the outset of this work.

Firstly, a BINOL-derived CPA catalyst is used to activate the
heteroarene to radical addition by protonation, and secondly,
the incoming radical nucleophile possesses hydrogen bond
donor functionality in the form of an amide, presumably
facilitating interaction with the chiral phosphate. Our initial
hypothesis was that a network of attractive noncovalent
interactions between the protonated heteroarene, bifunctional
chiral phosphate, and incoming radical may be conducive to
enantiocontrol in one of the ensuing steps of the mechanism.
Based on extensive precedent, this mechanism likely consists of
initial radical addition to the protonated substrate (Figure 1b, I
to II), deprotonation of the resulting radical cation (II to III),
and finally single electron oxidation of III to rearomatize the
heteroarene (not shown). In principle, enantioinduction could
plausibly be envisaged at either the radical addition step or the
deprotonation step.

Previous important studies from Minisci and co-workers
identified that, for stabilized radicals, the radical addition step
is often reversible, as implied by large primary kinetic isotope
effects (KIE) for the subsequent deprotonation step.'”* In our
original work we observed a primary KIE of 3.6 in an
intermolecular competition experiment between quinoline and
quinoline-d,.” While the outcome (Py/Pp,) of this experiment
did not provide information on the overall rate-determining
step, it strongly suggests a Curtin—Hammett situation, where
the enantiodetermining step of the process is deprotonation of

the radical cation by the chiral phosphate (Figure 1b, II to III),
which would presumably be associated with the quinolinium
radical cation through some combination of hydrogen bonding
and electrostatic interactions.'' The presence of the hydrogen
bond donor on the radical fragment was found to be crucial for
high ee, suggesting that this component may be interacting
with the phosphate during the enantiodetermining deprotona-
tion. While initial mechanistic probes provided some insight,
the precise nature of the interactions at the crucial
deprotonation step remained elusive. Association of the
anionic phosphate with the NH of the radical cation seemed
likely to be maintained throughout. But is it plausible that a
single phosphate could interact simultaneously with two
hydrogen bond donors (I, highlighted in red) in addition to
enacting the crucial deprotonation? To add to this conundrum,
we observed a significant, positive nonlinear effect. Although
this was just a single, preliminary study, it raised the possibility
of two phosphates being involved in the crucial deprotonation
event, which could more plausibly account for the multitude of
interactions that appeared to be taking place in order to
reconcile various observations.

In an attempt to provide answers to these questions we
embarked on a detailed study which consists of a full DFT
evaluation of the origin of selectivity in the reaction pathway,
prefaced by further mechanistic experiments to build on the
preliminary ones in our original report. The conclusions from
this combined computational and experimental study provide a
plausible and predictive mechanistic model for the reaction.
The DFT calculations reveal an initially unexpected mode of
deprotonation, a relay-deprotonation involving the amide,
which accounts excellently for the experimental evidence and
addresses many of the questions raised above, which
challenged us at the outset (Figure 1c). More broadly, we
anticipate that these insights might provide a framework for
future applications of chiral phosphate catalysis to radical
reactions. Most relevantly, there are now numerous examples
of processes where a radical cation, often accessed via
photocatalytic single-electron oxidation,'* undergoes deproto-
nation to form a reactive @-amino radical. Deprotonation using
a chiral base, such as a phosphate, is an emerging strategy for
enabling subsequent asymmetric radical chemistry and has
been recently showcased by Knowles, Miller and co-workers in
the context of a challenging deracemization reaction.™ We
anticipate that this detailed study of the origin of selectivity in
the CPA-catalyzed Minisci reaction will raise the awareness of
the opportunities afforded by this approach.

2. RESULTS AND DISCUSSION

Mechanistic Experiments. In our initial report we carried
out two preliminary mechanistic experiments.2 The first was an
intermolecular kinetic isotope effect (KIE) experiment to
interrogate whether deprotonation of the radical cation II is
playing a role in stereodetermination. We also carried out a
nonlinear effect (NLE) study under the standard reaction
conditions to probe the possibility of two molecules of catalyst
being involved in the enantiodetermining step. These
preliminary experiments were first expanded to provide a
firmer foundation for the DFT studies.

The KIE experiment originally reported consisted of an
intermolecular competition experiment between quinoline and
d’-quinoline under the standard reaction conditions but using
the phenylalanine-derived RAE as the limiting reagent. This
revealed a primary KIE of 3.6, suggesting that radical addition
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is likely reversible and that deprotonation of radical cation II is
selectivity-determining (Scheme 1, left-hand entry). This value

Scheme 1. Competition Experiments To Determine Primary
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O
o ? O
NG N\O)H/R N>R
2 equiv. 1 equiv. z
q (o] NHAc NHAc

x mol% (R)-TRIP
cat. Ir(dF(CF3)ppy)x(dtbpy)]PFe

+
B 0. Xr
D7 _ N/ 6T N/ R

1,4-dioxane, blue LEDs

2 equiv. IilHAc

6/Ue 1 6/Us 1 Gy _
ZINTN"ph FINTN PN
NHAc NHAc NHAc
5 mol% (R)-TRIP 5 mol% (R)-TRIP 1 mol% (R)-TRIP
[He] / [De] = 3.6 [Hel / [De] = 2.9 [He] / [De] = 2.7

was in agreement with prior studies from Minisci and co-
workers who had carried out related experiments examining
the addition of stabilized a-THF radicals to pyridine and
observed a primary KIE of 2.5 in THF for addition at the C2
position.'” Given that the a-amino radicals are also stabilized,
our observation of a similar outcome was unsurprising. In the
recent three-component CPA-catalyzed Minisci reaction
reported by Zheng and Studer, a similar KIE of 2.9 was
observed.® To provide further evidence that this was a general
feature of the reaction, we carried out an analogous KIE
experiment but using the RAE derived from valine, and this
gave a similar primary KIE of 2.9 (Scheme 1, middle entry).
We also performed the latter experiment but with a lower
catalyst loading of 1 mol %, which gave a similar primary KIE
value of 2.7 (Scheme 1, right-hand entry).

Our attention next turned to the NLE experiments and we
sought to expand on the single study that had been included in
our original report. In that case, a pronounced positive NLE
was obtained when the phenylalanine-derived RAE was used
with quinoline.” In considering the origin of enantioselectivity,
this was potentially a valuable piece of information as the
positive NLE could imply the presence of more than one
molecule of catalyst in the enantiodetermining step, although it
is well-established that there can be other causes for such an
observation (vide infra). To obtain a fuller picture we first
repeated the NLE experiment with a different radical
precursor, the RAE derived from valine (2). Under the same
conditions as in the previous study, using 5 mol % TRIP
catalyst, a positive NLE was again observed (Figure 2, crosses),
consistent with that obtained for the RAE derived from
phenylalanine. We next repeated the NLE experiment with the
valine-derived RAE but using a reduced loading of TRIP (1
mol % instead of S mol %). In contrast, the relationship now
displayed excellent linearity (Figure 2, diamonds). In light of
this we then repeated the phenylalanine-derived RAE at 1 mol
% and saw a similar outcome—the nonlinear effect
disappeared when this lower loading of CPA was used (see
Supporting Information (SI)).

Nonlinear effects in asymmetric catalysis can be caused by
solubility effects of heterochiral aggregates, giving rise to the
so-called “reservoir effect”.’” The reservoir effect gives rise to
positive NLEs and has been shown in the past to be
responsible for observed NLEs in several chiral phosphoric
acid catalyzed reactions whereby free phosphoric acid forms

e
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Figure 2. Nonlinear effect studies with the RAE derived from valine,

carried out with either 1 mol % or 5 mol % loading of TRIP. Data
points are average of two runs. See SI for full details.

heterochiral dimers which precipitate from nonpolar solvents,
such as toluene, provided that there was no basic functionality
present to break up such dimers."* It should be noted that in
our case the limited solubility of the RAEs meant that reaction
mixtures were often heterogeneous, precluding direct observa-
tion of any TRIP-dimer precipitates. To further investigate, we
sought to determine the extent of protonation of quinoline by
(R)-TRIP at typical reaction concentration to evaluate to what
extent the free phosphoric acid remains in solution and is thus
liable to form dimers. An NMR titration experiment in
dioxane-dg was performed in which the *'P NMR chemical
shift of the phosphorus atom of TRIP was monitored on
addition of aliquots of quinoline. The data were fitted
assuming a 1:1 binding ratio, and the obtained K of 27 M!
indicates that, at the concentration the reaction is run, one
would expect a 2.7:1 ratio of 1-TRIP/TRIP at the outset (see
SI Figure SS). In light of this indication that free phosphoric is
present to a significant degree, we stirred racemic TRIP in
dioxane at concentrations consistent with either a 1 mol % or S
mol % catalyst loading in our reactions. No precipitate was
observed in either case after 14 h, providing evidence against
the heterochiral dimer precipitation, which accounted for the
NLE observed in the previous studies."* We then repeated
these experiments with the addition of 1 equiv of quinoline to
each. In the 1 mol % case, precipitate did form but started to
slowly appear only after 2 h of stirring, a time frame in which
the CPA-catalyzed Minisci reaction on this substrate would
have proceeded to a significant degree. In contrast, with 5 mol
% rac-TRIP a precipitate was formed almost immediately.
When these latter two experiments were repeated with
enantiopure (R)-TRIP, no precipitate was formed in either
case, even after 14 h of stirring. These observations strongly
suggest that the quinoline-TRIP salt forms a heterochiral
aggregate with limited solubility in dioxane and that this is

https://dx.doi.org/10.1021/jacs.0c09668
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Figure 3. (a) Initial mechanistic hypothesis and four computationally identified deprotonation activation modes: QH, BH, AH, and IH. (b) Full
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SMD(1,4-dioxane)//B3LYP/6-31G**/SMD(1,4-dioxane).

responsible for the observed positive NLE when 5 mol % of
TRIP was used (see SI). Despite efforts, we have so far been
unable to obtain X-ray quality crystals of the salt in order to
identify its precise structure. Given the above findings it seems
unlikely that two molecules of catalyst are involved in the
enantiodetermining step of the process, although it cannot be
completely ruled out.'** We have attempted to obtain kinetic
data but have been unable to obtain the necessary
reproducibility, even under very carefully controlled conditions
and so were not able to explore this avenue further in an
experimental manner.

Computational Investigations. The mechanistic experi-
ments outlined above provided a solid foundation for
commencing computational studies, which we anticipated
would give a more fine-grained mechanistic understanding."
To understand the precise enantioinduction mechanism, the
stereochemically relevant steps in the reaction pathway were
explored in detail (Figure 3a). The focus of this study is on the

21094

origin of selectivity—the reductive fragmentation of RAEs to
generate radicals through photoredox catalysis and by other
means is well established, and this aspect will not be explored
in any detail herein.'® The starting point was chosen to be the
Quin-TRIP/amino acid derived radical complex I. All of the
structures of interest were first submitted to a thorough
conformational search. A selection of the resulting geometries
were optimized at the B3LYP''/6-31G**'®/SMD(1,4-diox-
ane)'? level with M06-2X*°/def2-TZVPD*' /SMD(1,4-diox-
ane) single-point energy corrections. While these computa-
tional methods have been shown to give reliable results in a
large variety of systems, we were mindful of the possibility for
systematic error in this particular case. It has been shown that
DFT methods can overestimate the stability of delocalized
radicals compared to localized radicals.”* This could impact
our results, as in the proposed reaction mechanism a localized
radical in I is transformed into a highly delocalized radical
cation in II. Hence we were aware that direct comparison of

https://dx.doi.org/10.1021/jacs.0c09668
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the QuinTRIP/radical complex I; M06-2X/def2-TZVPD/SMD(1,4-dioxane)//B3LYP/6-31G**/SMD(1,4-dioxane).

the energies of these intermediates or transition states
involving them should be approached with caution. The KIE
experiments strongly suggested that deprotonation of the
radical cation was the product-determining step, and so we
proceeded on the assumption of a Curtin—Hammett scenario,
where the relative barriers of this deprotonation would
determine the enantioselectivity outcome.

The radical addition (I-II) was found to have low barriers
of between 1.0 and 2.8 kcal/mol for the four diastereomeric
addition transition states (not shown), and the resulting radical
cation intermediates II were all 4—7 kcal/mol downhill from
the addition transition state of each.

A thorough exploration of the possible deprotonation (II—
III) modes was then undertaken, with the minimal assumption
that the TRIP-phosphate acts as the base. Four different modes
were identified: QH, BH, AH, and IH (Figure 3a). QH
features a strong hydrogen bond between the phosphate and
the NH of the quinolinum radical cation, but no interaction
with the amide. It was significantly higher than all other modes
in our preliminary studies and was not examined in further
detail. BH forms two hydrogen bonds between a single
phosphate oxygen and both the substrate amide and
quinolinium NH and was found to have activation energies
around 7 kcal/mol, relative to the starting complex. AH
features a strong hydrogen bond between the amide NH and
has a free energy of only 4.4 kcal/mol above the starting
complex I. This mode of deprotonation has been used to

explain the enantioselectivity in this reaction in a recently
reported concurrent DFT study of the same reaction.”
However, on further exploration we identified IH, which
features an internal hydrogen bond between the amide
carbonyl and the quinolinium NH, as the lowest energy
activation mode at 3.0 kcal/mol, leading to the experimentally
favored S product (R,S-IH, Figure 3b). The resulting reaction
profile was also consistent within DFT error margin with a
reversible addition and product-determining deprotonation.
However, the competing transition state S,R-IH leading to the
R product was found to be 0.9 kcal/mol lower than the S
transition state and, therefore, predicted the enantioselectivity
opposite to that which was experimentally observed, assuming
deprotonation is the product-determining step.

The failure of these four deprotonation modes prompted us
to reassess and consider more unconventional modes. After
laborious exploration (see SI for full details) we ultimately
discovered a lower energy deprotonation mode, INT, in which
the amide, itself activated by the phosphate, acts as an internal
base to perform the deprotonation (Figure 4). This effectively
constitutes a “switched” form of IH in which the amide and the
phosphate exchange roles. The resulting protonated amide IV
is then in turn deprotonated by an external quinoline base in a
barrierless and highly favorable process. The lowest R,S-INT
internal deprotonation transition state has free energy 3.6 kcal/
mol lower than the IH mode. Furthermore, it is 5.0 kcal/mol
lower than the AH-type activation mode that was invoked in
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the previously reported DFT study of this reaction.”” Upon full
exploration, this unexpected INT mode also gave an accurate
prediction of enantioselectivity. The enantiomeric S,R-INT
mode leading to the experimentally minor R product had a
relative free activation energy 1.2 kcal/mol higher, consistent
with the experimentally observed enantioselectivity of 94% ee,
if deprotonation is the product-determining step.

In fact, our computations predicted INT deprotonation to
be so low in energy relative to the starting complex and the
addition transition states that this raised doubts about whether
it could be the stereodetermining step (Figure 4). As this is
contrary to the results from the KIE experiments, this aspect
was investigated in more detail. First, computational prediction
of KIE outcomes for both addition and deprotonation steps
was performed, replacing quinoline with quinoline-d, to match
the experiments. While hybridization change at a deuterated
center can give measurable KIE,”* calculations clearly showed
that no KIE should be expected in the addition step. In
contrast, a KIE value of ~S was predicted for the
deprotonation via the INT mode, which is consistent with
the experimentally observed values (2.7—3.6).

Both experimental and computational KIE values pointed to
the deprotonation as being the stereodetermining step.
Similarly, the INT mechanism is so much lower in energy
than the alternatives that it seemed highly likely to be the
actual deprotonation mechanism. That left a systematic error
in DFT barrier heights for addition and deprotonation as a
possible explanation. In the reaction mechanism, a localized
radical in the starting complex I is converted into a highly
delocalized aromatic radical in the addition (II) and
deprotonation product (III, via IV). As mentioned previously,
DFT methods are known to overestimate the stability of
delocalized radicals compared to localized radicals.”* This
means that the energies of all of the deprotonation steps
should be trustworthy when compared with each other, but the
deprotonation process may require a systematic correction to
be applied in order to compare the calculated energies to those
for the addition process. To test this, we explored the reaction
mechanism using a higher level double-hybrid B2PLYPD3
method.”> B2PLYPD3 has been shown to be a general-
purpose, higher-accuracy, and more expensive computational
method and should exhibit much reduced artifacts of this
nature. As this is a significantly more expensive method with
worse scaling characteristics, a model system with a simplified
catalyst (biphenyl-2,2"-diyl phosphate; see SI section 3) was
used. The model system qualitatively reproduced the key
features of the full-system behavior, including the relative
energetic ordering of the addition I-II transition states,
intermediates II, and deprotonation II-III and II-IV
transition states. However, the higher level B2PLYPD3
single-point energies for the model system show a clear
systematic difference in energies at every step as the radical
delocalization increases (see SI Figure S3.2c). These
calculations confirmed low radical addition barriers, and even
lower barriers for the reverse reaction, strongly suggesting
equilibrating radical adducts. Notably, all of the deprotonation
transition states, including R,S-INT, are now higher in energy
than the addition transition states. This confirmed our
suspicion that the INT deprotonation mechanism is the
stereodetermining step, despite the initial DFT results
suggesting otherwise. Importantly, there is still close agreement
in relative energies within each step between the M06-2X and
B2PLYPD3 results for the two diastereomeric pathways and

the various activation modes. This enables us to use the much
more practical BALYP and M06-2X functionals to predict and
understand the enantioselectivity in CPA-catalyzed Minisci
reactions. It must also be noted that while INT is the
stereodetermining step, previous computational work indicates
that the overall rate-determining step of the reaction is the
radical generation with the highest barrier of 19.0 kcal/mol—
much higher than the INT deprotonation barriers identified
here.”

Understanding the INT Deprotonation Pathway. We
next examined the DFT results in more detail to understand
what makes the INT pathway so efficient and selective. While
the deprotonation can proceed via four different diastereo-
meric pathways, there is a clear preference for the R,S and S,R
pathways, which lead to the major and minor product
enantiomer, respectively. An explanation for this preference
can be deduced from the lowest energy INT transition state
geometries, which are half chair-like (Figure Sa). Both R,S and

5
H-O= I\?—H - Explains diastereoselectivity
a) J \ i - R group equatorial
‘;‘N_H”“'H'O/P.\”O) - N-H bonds approximately aligned
(0] to hydrogen bond with catalyst

b) iPr
el .
iPr HOr ..o\ iPr,, Pr
H N . )
Yo
/.N'iH iPr
R,S-INT S,R-INT
0.0 kcal/mol 1.2 kcal/mol

R,S-INT S,RINT

0.0 kecal/mol 1.2 kcal/mol

Figure S. Rationalizing the stereoselectivity in the INT deprotonation
mode. (a) Diastereoselectivity model, (b) enantioselectivity models
(front view), and (c) enantioselectivity models (top view).

S,R allow the substituent R to take the more favorable
equatorial position, while in the S,S and R,R pathways R is
forced to occupy the unfavorable axial position. The
enantioselectivity seems to be provided by the subtle
combination of steric and hydrogen bonding interactions
(Figure Sb). In the lowest energy, minor R enantiomer-
producing transition state S,R-INT, the hydrogen bond
between quinolinium NH and phosphate oxygen, is longer
(1.71 A vs 1.67 A in R,S-INT) and also the quinolinium N—H
bond is bent significantly more out of the quinolinium plane
(8.1° vs 3.1° in R,S-INT). Finally, in the S,R-INT transition
state a steric clash between the quinolinium ring and the large
3,3'-substituent on the CPA catalyst pushes the quinolinium
NH away from the phosphate, distorting the hydrogen bond
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and contributing to the energy difference between the two
transition states (Figure Sc).

While these considerations explain the catalyst selectivity for
only one of the four possible diastereomeric pathways, they do
not necessarily explain its activity. As the INT pathway is an
internal deprotonation, in principle it could occur outside of
the catalyst pocket. However, the uncatalyzed INT process has
a barrier 3.8 kcal/mol higher than the catalyzed version. In an
enzyme-like fashion, a major constituent of this catalytic effect
appears to be reactive conformation stabilization. For the
uncatalyzed pathway, the isolated radical cation intermediate
prefers to form an internal hydrogen bond between the amide
carbonyl and the quinolinium proton—this bent conformation
is favored by 4.0 kcal/mol compared to the INT-like extended
conformation (Figure 6a). In contrast, this preference is

a) uncatalyzed pathway

Ie) §5-=-0.71 o ¥
S
X H y H R R H §/
o+ N\ " & W N\
) Ho— Y N b H
R H. ~H R
H o H
4.0 kcal/mol 0.0 kcal/mol 8.1 kcal/mol
b) catalyzed pathway (Q) .
fo) 5-=-0.85 ‘P/ O
NH 0" Yo NH O
o+ N\ A H E N+ N\H
N H -+l R IR
H Ro < N 5 H.. /
-\O;PH H N~H “o-\ ,/0
™o 0;< R
) 29
0.0 kcal/mol 6.2 kcal/mol 4.3 kcal/mol

Figure 6. Comparing the conformational equilibria outside (a) and
inside (b) the catalyst pocket. All energies are free energies relative to
the lowest energy intermediate conformation; MO06-2X/def2-
TZVPD/SMD(1,4-dioxane)//B3LYP/6-31G**/SMD(1,4-dioxane).

completely reversed inside the catalyst pocket as the INT-like
conformation is stabilized by two strong hydrogen bonds with
the phosphate catalyst (Figure 6b). Another important effect is
that the hydrogen bonds between the substrate and the
phosphate catalyst also make the amide carbonyl more basic
through the inductive effect. This is clearly demonstrated by
Mulliken charges—the free intermediate carbonyl oxygen has a
charge of —0.71, while the catalyst bound intermediate has a
significantly more negative charge of —0.85 on the oxygen.”®

Regioselectivity. As mentioned previously, the CPA-
catalyzed Minisci reaction is notable for its outstanding
regioselectivity outcomes, particularly on quinolines, which
are notorious for giving mixtures of C2- and C4- products in
most protocols. The outcome of this study that the INT
pathway is highly favored also sheds revealing light on this
selectivity aspect. The very low energy of the internal
deprotonation pathway is contingent on two strong hydrogen
bonds being formed between the chiral phosphate and the
substrate. If radical addition occurs at the C4 position, such an
arrangement would simply be impossible to achieve due to the
distance to the quinolinium NH, meaning that only one
hydrogen bond would be feasible during the deprotonation
transition state. The energy of this could be expected to be
more akin to that of AH, the only mode considered herein in
which there is no hydrogen bond to the NH of the
quinolinium radical cation and whose energy was significantly
higher than both the INT and IH modes, which each contain

two. During the extensive scope studies on quinolines, we had
never observed even trace amounts of the C4 product under
the optimized conditions, an observation that correlates very
satisfactorily with the present mechanistic hypothesis.

Benchmarking of the Computational Model. Having
established a plausible origin of enantioselectivity for the CPA-
catalyzed Minisci reaction using a single substrate, we sought
to further test its generality and predictive ability when applied
to a range of substrates in which each component was varied.
The next lowest deprotonation mechanism IH was chosen for
comparison to the preferred INT pathway that emerged from
the detailed study. The two mechanisms exhibit very different
substrate orientations in the catalyst pocket, and therefore the
substrate tolerance would be presumed to be quite different
depending on which mode is at play. In addition, IH gave a
lower and opposite enantioselectivity prediction in our initial
studies.

Based on these substrate scope considerations, we selected
four additional substrates (5—8, Figure 7). These encompassed
several steric variations of the RAE as well as variations of the
heteroarene to include an extended 7 system (6) and a second
heteroatom (7, 8). For each substrate, deprotonation via both
the IH and INT mode was thoroughly explored using DFT
methods.

dU
/
N Observed:

N 73% ee
5 H” Y
[¢]

iPr iPr

Observed:
92% ee

0
iPr H'bw.F‘no iPr,

H N\\/Q, \ iPr
.

4 ;NHHI iPr

iPr

5-R,S-INT

AAG*/R=1 4 kcal/mol
Predicted: 75% ee

AAG¥SR=3.0 kcal/mol
Predicted: 86% ee

N7 N7
)l\ N7 Observed: u NG Observed:
N

94% ee N 69% ee
N . W NG
7 o o
iPr iPr
iPr. iPr
0 0
iPr HOwP mo\ iPr,, iPr  HOwP .uo\ iPr,,
H N A- ) iPr H N \- ) iPr
x® Yo
o O
H / . H / .
/ .N-H iPr / .N-H iPr
N 7-RSINT N/ 8-R,S-INT

AAG¥R=1.2 kcal/mol
Predicted: 47% ee

AAG*S/R=3 8 kcal/mol
Predicted: 99% ee

Figure 7. Additional substrates explored computationally with
experimentally observed enantioselectivities, and the computationally
located lowest energy deprotonation transition states. The energies
quoted are the difference between the lowest energy S and R
producing INT transition states, M06-2X/def2-TZVP/SMD(1,4-
dioxane)// B3LYP/6-31G**. The enantioselectivity predictions
take into account both INT and IH deprotonation modes.
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The results from the INT mode alone are depicted alongside
each substrate in Figure 7 and typically show very good
predictive capability. We specifically included in the selection
two substrates which had given somewhat lower ee values
experimentally (5 and 8), and indeed the modeling predicted
these effectively, in addition to the high ee examples (6 and 7).
The calculated ee values for the INT mode are shown
alongside those for the IH mode in Table 1 and emphasize

Table 1. Comparison of the Computational
Enantioselectivity Prediction Results from Different
Mechanisms on Various Substrates®

Predicted (% ee)

Number of TSs Experimental

Substrate explored IH INT IH+INT (% ee)
3 26 56 89 89 94
S 37 =50 83 75 73
6 40 —65 96 86 92
7 43 10 99 99 94
8 31 78 46 46 69
MAE 82 9 8

“Energies and enantioselectivity predictions based on results from
MO06-2X/def2-TZVP/SMD(1,4-dioxane)//B3LYP/6-31G**. MAE:
mean absolute enantioselectivity prediction error for each mechanism.

how poor the IH mode is in a predictive sense. The mean
absolute error (MAE) for enantioselectivity predictions across
substrates was 82% ee for IH, while INT was an order of
magnitude more accurate with an MAE of only 9% ee.
Furthermore, the energies with IH were always predicted to be
significantly higher than the INT mode. The predictions made
using INT could be slightly refined further by adjusting for the
fact that IH and INT deprotonation pathways may be
occurring concurrently.

The R,S-INT deprotonation mode was found to be the most
energetically favorable in all five substrates, providing further
support to the generality of this mechanistic model (Figure 7).

These computational studies, along with the extensive
previous experimental results,””> allow us to suggest general
guidelines about the substrate scope of enantioselective CPA-
catalyzed Minisci reactions (Figure 8). Quinolinium NH, the
amide NH, and the amide carbonyl functionality are all critical

RS-INTIHVTS

S,R-INT LIV TS
(favored)

(disfavored)

- K Ar
. .
.

\[ry'%\
o0 Acetyl group
fits well here

Ample space for further
substitution at positions

R ='Prand
R = Bn fit

neatly in this
position

X = Me has a steric clash,
similar to quinoline

2, 3 and 4; for highest
enantioselectivity
X must not be hydrogen

X = H reduces this
interaction which leads to
a lower ee

Figure 8. Rationalization of prior experimental observations relating
to scope, in the context of the new computational model.

for the efficient and selective INT activation mode, and
substrates lacking any of these showed worse reactivity and/or
selectivity. This accounts for the observation in our previous
study that a proline-derived RAE, lacking the amide NH, gave
poor selectivity. Similarly, N-Boc and N-Cbz a-amino radicals
gave very poor selectivity in our original optimization studies,
and this also is readily explained by the INT mechanism, as the
amide carbonyl should be significantly less basic in these
substrates.”

As the aromatic ring of the heteroarene is projecting out of
the CPA catalyst pocket, a broad range of substitution patterns
are typically tolerated on the heteroarene, particularly at
positions 2, 3, and 4 (Figure 8). A substituent larger than H is
beneficial at position 1 (X), as this leads to unfavorable steric
interactions with the lower (as depicted) aryl ring of TRIP in
the disfavored S,R-INT transition state, increasing enantiose-
lectivity. This interaction explains why quinolines are typically
excellent substrates for this reaction. Finally, for the substituent
R on the RAE both small and moderate steric bulk are
tolerated, as there is sufficient space between them and the
CPA 3,3'-substituent in the INT transition state. Larger
substituents, such as iPr and Bn, can also be tolerated if they
are flexible and are able to rotate out of the way of the CPA
3,3’-substituent. Indeed, the recently developed statistical
model describing enantioselectivity in this reaction contained
a negative term for the length of the substituent R on the RAE,
meaning that increasing the length of R leads to reduced
enantioselectivity. The origin of this trend now becomes clear.’

Overall Reaction Mechanism. In summary, the exper-
imental and computational studies reported here, taking into
account previous reported evidence, allow us to build a much
more detailed picture of selectivity control in the CPA-
catalyzed Minisci reaction (Figure 9). The radical generated
from reduction of the RAE interacts with the Quin-TRIP
complex in I and adds to the quinolinium via one of four
possible diastereomeric transition states (I-II TS). The
addition is reversible, allowing deprotonation of radical cation
IT to eventually proceed through the lowest energy R,S-INT
mechanism. In this unconventional deprotonation mechanism,
the carbonyl oxygen of the N-Acetyl group serves as an internal
base, assisted by the phosphate (II-IV TS). The protonated
carbonyl of IV is in turn deprotonated by an external quinoline
molecule, neutralizing the substrate and allowing its dissoci-
ation from the phosphate catalyst. Finally, the dissociated,
neutral radical III undergoes single-electron oxidation,
resulting in product formation after proton loss. While most
studies of Minisci reactions involving photoredox catalysis
propose that this oxidation step is part of the photoredox
cycle,”*” chain processes are also possible®® and direct HAT
has been proposed.”

3. CONCLUSIONS

Our computational and experimental investigation of the origin
of selectivity in the CPA-catalyzed Minisci reaction have
established that the Curtin—Hammett principle is in operation:
a fast and reversible radical addition is followed by a slower,
irreversible enantioselective deprotonation which determines
enantioselectivity in the product. The investigations led to the
discovery of a selectivity-determining pathway through an
initially unexpected internal mode of deprotonation, R,S-INT
II-III TS (Figure 9). DFT calculation of the energy of this
structure provides a quantitative insight into the selectivity of
the process, which is consistent with all of our experimental
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Figure 9. Overview of selectivity control in the CPA-catalyzed Minisci reaction.

and computational data. The structure also provides a
qualitative explanation for both the degree and the sense of
the high levels of regioselectivity and enantioselectivity that are
observed in the reaction. We anticipate that these findings may
allow a wider variety of enantioselective Minisci reaction types
to be developed. More broadly, we hope that they may
influence the design of future enantioselective radical reactions
using versatile chiral phosphoric acid catalysts.
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