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ABSTRACT: Metal-catalyzed propargylic transformations represents a powerful tool in organic synthesis to achieve new
carbon-carbon and carbon-heteroatom bonds. However, detailed knowledge about the mechanistic intricacies related to
the asymmetric formation of propargylic products featuring challenging heteroatom-substituted tertiary stereocenters is
scarce, and therefore provides an inspiring challenge. Here, we present a meticulous mechanistic analysis of a propargylic
sulfonylation reaction promoted by a chiral Cu catalyst through a combination of experimental techniques and computa-
tional studies. Surprisingly, the enantio-discriminating step is not the coupling between the nucleophile and the propargylic
precursor but rather the following proto-demetalation step, a scenario further validated by computing enantio-induction
levels under other previously reported experimental conditions. A full mechanistic scenario for this propargylic substitution
reaction is provided including a catalyst pre-activation stage, a productive catalytic cycle and an unanticipated non-linear

effect at the Cu(I) oxidation level.

INTRODUCTION

Asymmetric metal-catalyzed propargylic substitution re-
actions display high utility in synthetic chemistry allowing
to quickly diversify and functionalize a wide range of suit-
able achiral precursors with a broad range of nucleophiles.!
These transformations are useful toward the construction
of new stereogenic centers, which are conventionally
forged in the presence of transition metal catalysts derived
from ruthenium, rhodium and palladium. However, in the
last two decades, catalysts based on more abundant metals
such as copper and nickel have emerged as powerful alter-
natives thereby significantly expanding the chemical space
that can be accessed through propargylic activation pat-
terns.> During the 2000’s, both Nishibayashi3 and van
Maarseveen* independently reported on copper-catalyzed
enantioselective propargylic amination reactions employ-
ing bidentate phosphorus- and nitrogen-based ligands, re-
spectively (Scheme 1a). Ever since these seminal examples,
copper catalysts have been frequently used in asymmetric
propargylic substitution reactions exploring an increas-
ingly diverse set of (pro)nucleophiles®?25¢ and providing
in most cases products featuring a secondary carbon stere-
ocenter.

We have become interested in the catalytic asymmetric
formation of sterically congested carbon stereocenters? as

these are frequently encountered in many biologically ac-
tive molecules and pharmaceutical precursors.® In 2019, we
reported the enantioselective propargylic sulfonation of al-
kyne-substituted cyclic carbonates to afford compounds
with tertiary carbon stereocenters (Scheme 1b), with a clear
non-linear effect (NLE) observed between the enantiose-
lectivity of the transformation and the enantio-purity of
the chiral Cu catalyst. While mechanistic analysis of cata-
lytic propargylic substitution processes leading to either
tetrasubstituted tertiary or quaternary carbon stereocen-
ters remains rare,%4 Nishibayashi and coworkers reported
that Cu(PyBox) complexes form dinuclear species that ac-
count for the observed NLE in their propargylation proto-
col.® The intermediacy of a Cu,(Pybox), complex was also
suggested by the same authors in separate studies for the
formation of secondary carbon stereocenters,5>? and more
recently by Niu.>® The enantio-induction was explained by
catalyst control during the attack of the nucleophile onto
an intermediate Cu(allenylidene) species (Scheme 1c)."

With these typical characteristics in mind, we wondered
whether our propargylic sulfonylation propelled by Cu-ca-
talysis? and displaying a clear NLE would follow a similar
pathway involving dinuclear metal intermediates. Further-
more, in our original work a clear influence of the nature
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of the propargylic precursor on the level of enantio-dis-
crimination was noted, which prompted us to find a ra-
tionale for this peculiar observation. Here, we report on a
detailed experimental and computational analysis of this
propargylic substitution reaction.

Scheme 1. (a) Seminal Examples of Cu-Mediated Pro-
pargylic Substitution, (b) Previous Cu-Promoted Pro-
pargylic Sulfonylation, and (c) Established Mechanis-
tic Picture versus New Insights (This Work)
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The combined data reveal that this coupling manifold is
promoted by a mono-nuclear Cu'Box (Box = bisoxazoline)
complex, and the previously observed NLE is explained by
a significant difference in stability between homo- and het-
ero-chiral Cu'(Box), complexes, which is clearly distinct
from recently described NLE effects with similar com-
plexes at the Cu(Il) oxidation level." A theoretical model
was developed and validated against experimental findings
revealing an unexpected rationalization of the enantio-in-
duction. The latter occurs beyond the coupling step that
involves the sulfonate nucleophile, being a formal y-pro-
todemetalation of the Cu complex from the eventual prod-
uct.? The collected information (Scheme 1c) thus provides

a rather different mechanistic scenario compared to the
state of the art, and highlights a delicate structural balance
that may exist in the catalytic formation of sterically de-
manding carbon stereocenters.

RESULTS AND DISCUSSION

Order in [Cu] and Oxidation State of Active Species.
One of the aspects to address is the understanding of how
the copper precursor is promoted towards an active chiral
catalyst. We first performed kinetic studies to determine
the order in the Cu-complex derived from Cu(OTf), and
the chiral Box ligand (Lgg) previously used in this propar-
gylic sulfonylation reaction (Figure 1a).? We took ad-
vantage of the carbonate functional group present in the
propargylic surrogate A, whose fingerprint absorption is
easily followed by React-IR (Figure 1b). The kinetic data
that was obtained was analyzed by variable time normali-
zation analysis (VTNA), which provided a first order de-
pendency in Cu catalyst. This led us to consider a mono-
metallic copper complex as the active species in the rate-
limiting step of the process. The React-IR analysis also al-
lowed to detect and monitor the CO, band (cf., decarbox-
ylation of the substrate A), providing evidence for the grad-
ual formation of the target sulfone product B (Figure 1, and
the Supporting Information, SI).

Next, we examined the reaction described in Figure 1a by
Electron Paramagnetic Resonance (EPR) and followed the
catalytic process in time (Figure 1c) facilitated by the char-
acteristic bands of the Cu(IT)Box complex. A significant de-
crease of the Cu(Il) signal during the first 30 minutes of the
reaction was observed that did not change much after 24
h. These results suggest that the Cu(II) species is reduced
to an EPR-silent Cu(I) complex, which likely enters the
productive catalytic cycle. Intrigued by this observation,
we wondered which reaction component(s) is/are respon-
sible for the apparent reduction of the metal species and
conducted several control experiments (Figure 1d) by a
step-wise addition protocol using the same relative
amounts used under optimized conditions.?

The complexation between the copper salt and the chiral
ligand Lgr displayed the expected formation of a Cu(Il)
complex (turquoise color in solution) with a characteristic
EPR pattern different from the one observed in Figure 1c
after 2 min. However, upon addition of DIPEA, a dark blue
solution was formed with a distinctive EPR trace partially
matching the EPR spectrum at 2 min of the reaction mix-
ture (Figure 1d), suggesting that the base plays an impera-
tive role to advance the coupling process. Following base
addition, the next component supplied to the EPR probe
solution was the alkyne-substituted cyclic carbonate A. At
this stage, we observed a slight shift of the EPR band and a
concomitant color change of the mixture to red. The
change in the EPR behavior of the Cu complex is indicative
for a change in its coordination environment. Finally, upon
addition of the nucleophile (NaSO,Ph), the EPR signal be-
comes silent which is consistent with the
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Figure 1. a) Benchmark reaction, b) Order of catalyst by VTNA analysis plots and ¢) EPR monitoring of the catalysis (left) and EPR

analysis of catalyst evolution upon addition of reagents (right).

previous observation under the standard catalytic condi-
tions (Figure 1c). The experimental findings suggest that
both the substrate (with time) as well as the sulfonate salt
are capable reductants, with the latter being more potent.
These trends could be qualitatively reproduced by B3LYP-
D3 based DFT calculations (SI) with the investigated semi-
reduction and -oxidation reactions further promoted in
the presence of hexafluoro-iso-propanol (HFIP, the co-sol-
vent used). The gradual changes in the EPR spectrum after
sequential addition of the different reaction components
suggest that different intermediate species are formed dur-
ing the catalytic process, and thus their isolation and iden-
tification would shed further light on the catalyst pre-acti-
vation pathway.

Identification of Intermediate Cu-Complexes. We
initially examined the complexation between a 1:1 stoichi-
ometric ratio of Cu(OTf), and the chiral ligand Lgg in

THEF/HFIP (3:1 v/v), and the turquoise product 1 was crys-
tallized (62% of crystalline material) and characterized by
X-ray crystallography (Scheme 2a). The molecular struc-
ture of 1 (Scheme 2b) reveals an octahedral Cu-complex
with two water molecules coordinated in the equatorial
positions.”* The presence of coordinating water molecules
is in line with the experimental conditions that do not need
to be strictly anhydrous for productive catalysis. To sup-
port this view, we also carried out the same complexation
reaction between Cu(OTf), and Lgg under dry conditions.
Under anhydrous conditions, a different green-colored
Cu(Il) complex is formed and X-ray analysis revealed the
main product to be a Cu-complex (2, Scheme 2b) with a 2:1
ligand-to-metal ratio. Complex 2 could be independently
prepared by treatment of Cu(OTf), with 2 equiv of Lggr
providing the same product with a 95% yield (powder; 72%
yield of crystalline material).’s



Scheme 2. Synthesis and Characterization of Cu(II) and Cu(I) complexes 1-5 (a), and X-ray Analysis of Complexes
1-5 (Anions not shown) with Displacement Ellipsoids at the 50% Probability Level
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Since the sulfonylation process is carried out under basic
conditions (DIPEA) and using HFIP as a co-solvent, we
evaluated the role of both components. When DIPEA was
added into a THF/HFIP solution of 1, a new dark blue
Cu(Il) complex (3, 86% of crystalline material) could be
isolated. X-ray analysis of 3 (Scheme 2b) showed this Cu-
complex to be a distorted square-planar complex with two
deprotonated molecules of HFIP coordinating to the metal
center. The difference in the EPR spectra of both 1 and 3

N> uiph
v/

4: Cu'y(Lggr)3(OTf),

can thus be explained by a geometrical change from octa-
hedral to square planar (see also the SI). From the same
reaction, the salt DIPEA-HOTf was crystallographically
identified as an expected by-product (SI).

With two of the intermediate Cu(II) complexes being
structurally characterized, we then attempted to identify
the complex related to the third stage of the sequential EPR
study reported in Figure 1d (i.e., the red trace). Complex 2
was mixed with 1.5 equiv of substrate A and 2.5 equiv of
DIPEA in a 31 THF/HFIP solvent mixture. Unfortunately,



Scheme 3. Reported NLE effect in Propargylic Sulfonylation of Substrate A with NaSO.Ph giving Sulfone Product
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we could not isolate nor further characterize this last
Cu(II) intermediate due to its instable character. To under-
stand the observed in situ reduction of Cu(II) in the reac-
tion medium, efforts were made to isolate the assumed
Cu(I) complex by reacting complex 1 with substrate A in
the presence of DIPEA (Scheme 2a). Fortunately, a yellow-
colored complex (4) could be isolated in crystalline form
(72%), and its crystallographic analysis (Scheme 2b)
demonstrated an unexpected stoichiometry
[Cu,(Lgr);2OTf] with one Box ligand bridging between

-18.9 -19.1

two Cu(I)Box complexes having an unusual and rare T-
shaped coordination geometry.'® Interestingly, when the
green Cu(Il) complex 2 was treated with a deprotonated
version of alkynyl carbonate A under inert conditions, a
structurally related Cu(I) complex (5, 43%, Scheme 2a+b)
was isolated as a pale-brown crystalline solid.” The for-
mation of both Cu(I) complexes 4 and 5 are in line with the
reductive potential of the catalytic reaction mixture, and
together with the EPR studies (Figure 1d) and the first-



order dependence on CuLgg suggest that a mono-nu-
clear Cu(I) species enters the productive cycle.

Complexes 4 and 5 were used as potential pre-catalysts
for the propargylic sulfonylation reaction with A and
NaSO,Ph as substrates under the optimized reaction con-
ditions (Figure 1a; SI for details).> While the presence of
complex 4 did not lead to any observable conversion of
substrate, complex 5 showed catalytic potential with a 30%
yield noted for propargylic sulfone B and with a compara-
ble level of enantio-induction (97:3 er) as determined pre-
viously (96.5:3.5 er).> Whereas complex 4 should be merely
regarded as a structural model, 5 can be regarded as a real-
istic, functional model and further sustains the proposal of
an active Cu(I) species as catalyst. This aligns well with the
EPR observations that show a gradual decrease of the
Cu(II) species (Figure 1c+d) under the catalytic conditions,
and further corroborates with our previous experimental
findings that the presence of either a Cu(Il) or Cu(I) pre-
cursor barely influences the product yield or the level of
asymmetric induction.?

Non-Linear Effect (NLE). Previously we observed a
clear positive NLE for the sulfonylation reaction of sub-
strate A (Figure 1a and Scheme 3a). In order to explain this
behavior, we considered the possibility of in situ formation
of [CuL,] species following the model introduced by Ka-
gan.”® Relevant to our system are the detailed studies per-
formed by Franz and co-workers, who previously deter-
mined the origin of the NLE in a Cu(Box) catalyzed asym-
metric spiro-annulation reaction.” In these latter studies,
EPR spectroscopy was used to support the formation of an
inactive CuL, type species (based on the same Ph-Box ligand
L used in our studies) in the presence of scalemic ligand
mixtures, with heterochiral CuL, being more stable than
the homochiral one thus causing a positive NLE.

We therefore first assessed the relative stability of the
homo- (i.e., 2) and hetero-CuL, complexes. With homo-
complex Cu(Lgg), 2 already available (Scheme 2a), first an
attempt was made to prepare the heterochiral complex
Cu(LgrLss) from a 111 stoichiometric combination of
Cu(OTf),, Lrr and Lgs. The green product (rac-6, 64% of
crystalline product; see SI for details) was examined by X-
ray diffraction, and after careful refinement the measured
crystal was shown to be a mixture of Cu(Lggr), (42.5 %),
Cu(Lss) (42.5 %) and Cu(LgrLss) (15 %). The structural dif-
ferences between the homo- (complex 2) and heterochiral
complex (present in crystalline 6, Scheme 3b) could be
scrutinized, and both structures appeared to be rather sim-
ilar. To further evaluate the relative stabilities, several
other experiments were carried out. Both pre-isolated
homo- and rac-Cul, complexes 2 and 6 are converted into
their respective CuL(HFIP), derivatives in the presence of
DIPEA in TFH/HFIP (321) as evidenced by EPR (SI). Fur-
thermore, when homochiral 2 is EPR-titrated with Lss, a
clear dynamic ligand behavior is observed pointing at the
formation of a mixture of both homo- and heterochiral
CuL, reminiscent of the mixture found in crystalline 6 (see
the SI).

The preferred speciation of Cu(Il) complex 2 was then
studied by DFT (see the SI for details) using the X-ray data
of 1, 2 and 3 as input, and the relative free energies of the
homo- and heterochiral complex compared to those asso-
ciated with aquo-complex 1 and HFIP complex 3 (Scheme
3¢). While both homo/hetero CuL, complexes have fairly
similar energies (1.9 vs 1.7 kcal/mol, respectively), the
HFIP complex 3 is significantly more stable (0.0 kcal/mol,
used as reference state), which is in line with the experi-
mental observation of easy ligand dissociation from 2 in
the presence of HFIP. The aquo-complex 1 has a slightly
higher free energy (16.6 kcal/mol) than homo/heterochiral
2, and dissociation of the latter in the presence of (excess)
water could evolve into a mixture, which was indeed exper-
imentally observed by EPR titrations (see the SI).

The combined spectroscopic and computational data
collected for the Cu(II) complexes of type CuL, cannot ex-
plain the positive NLE that is noted in this propargylic sul-
fonylation process. Since stable Cu(I) complexes 4 and 5
could be identified, we then turned our focus on the possi-
bility that these species could function as relatively inac-
tive, off-cycle compounds and be responsible for the non-
linear relationship between the enantio-purity of the Cu
catalyst and the ee of the product B. The relative free ener-
gies of both kinds of Cu(I) derivatives were investigated by
DFT (Scheme 3c and SI), and notably a different trend was
observed within this series. Both homo- and heterodimers
of Cu(I) complex 5 are significant more stable (-16.6 and
—20.9 kcal/mol, respectively) than Cu(I)L(HFIP) or
Cu(I)L(H,O)(OTf) at 0.0 and 1.6 kcal/mol, respectively.
Similarly, for the bis-Cu(I) complex 4 with a T-shaped co-
ordination environment, the homo- and heterochiral de-
rivatives were also much more stable than the HFIP-
coordinated Cu(I) complex (Scheme 3¢, energies around 19
kcal/mol). These theoretical results match well with the
experimental notion that the addition of a large excess of
HFIP to either 4 or 5 in the presence of DIPEA did not alter
their UV-vis spectra (see SI). In addition, the above calcu-
lations combined with the observed NLE, the activity of
mononuclear 5 and inactivity noted for dinuclear 4 in the
coupling of carbonate substrate A and sodium sulfinate
suggest that a mononuclear Cu(I) complex is the dominant
active species.

At the Cu(I) oxidation level (i.e., for 5), the heterochiral
complex is more stable than the homochiral one by 4.3
kcal/mol, which rationalizes the origin of the observed
NLE with the Cu(I)LgrLss likely not participating as a pre-
catalyst in the asymmetric coupling reaction. Although
only a slight excess of ligand (10%) is used under the opti-
mized reaction conditions, we also examined homo- and
heterochiral Cu,L, type complexes of 4 as potential reser-
voirs, but we found that their computed energies are quite
similar (Scheme 3¢, bottom) within a range of 0.2 kcal/mol.
Therefore, the NLE cannot be justified by these data, and
is best explained by the formation of inactive Cu(I)LgrLss.
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Productive Catalytic Cycle. With the identification of
the key species involved, the order in Cu complex estab-
lished, and the NLE accounted for, a thorough computa-
tional analysis of the catalytic formation of propargylic sul-
fone B from substrate A and NaSO,Ph was conducted to
elucidate the origin of the chiral induction, and the role of
the propargylic precursor as previously we found that the
structural identity of the substrate plays an imperative role
(Figure 2) on the reactivity and enantio-induction,” with
lower enantiocontrol noted for other propargylic precur-
sors and a completely distinct reactivity for alkynyl epox-
ides.”

Inspired by the work of Nishibayashi, we calculated the
catalytic cycle (Figure 3 and SI) following the generally ac-
cepted overall steps.>*d After initial coordination of A to
the Cu(I) catalyst (Io) also the nucleophile may interact
(reversibly) with Io leading to the initial resting state of the
system (IoNu). Then, the first step onwards is a deproto-
metalation of substrate A assisted by the base (DIPEA)
leading to Cu-acetylide intermediate I3. I3 could in princi-
ple be directly attacked by the sulfinate, but we discarded
this option because of the high barrier associated to an Snx2
attack on a quaternary carbon. Such a mechanism might,
however, play a role when epoxides are used as starting
material leading to different products. The reaction in Fig-
ure 3 continues through the generation of a carbocation
(I8) that in the case of A comprises two consecutive steps.
The first is a ring opening of the cyclic carbonate leading
to intermediate I4. We could not locate the transition state
for this ring-opening, but the barrier is likely low as a result
of a scan performed (details reported in the SI). The pro-
cess consists mostly of the rotation of the carbonate frag-
ment away from the tertiary carbon center, a movement
which essentially involves rotation around a single bond.

This ring opening is followed by a decarboxylation step as-
sisted by a proton transfer from the protonated base
(Is—>1I7 via TS2) leading to I8. Obviously, intermediate I5
can be also depicted as a formal Cu-allenylidene species
providing as such resonance stabilization.5#°*< After the
formation of the adducts Igr and Igs (which can be inter-
converted without the need for full dissociation), the third
key step of the mechanism corresponds to C-S bond for-
mation through a nucleophilic attack of the SO,Ph anion
(Ig—T1o via TS3) on the carbocation in y-position. The fi-
nal step is a proto-demetalation of the product assisted by
a protonated base molecule (In2—I13 via TS4) followed by
the release of the base and the propargylic sulfone product
and the coordination of a new molecule of the substrate
(Ii3—>I14—10’) to induce subsequent turnover.

The energetic span of this manifold (18.0 kcal/mol) is
compatible with a reaction that occurs slowly at —30 °C
providing nonetheless a high yield of enantio-enriched
product B after 24 h. The highest point in the depicted free
energy profile corresponds to a zwitterionic product (I4)
after ring opening of the cyclic carbonate with the follow-
ing transition states and intermediates being downhill in
energy. Thus, from these calculations we conclude that the
deproto-metalation step and the carbonate ring opening
are part of the rate determining trajectory of the process
(i.e., Io to 14 in Figure 3).

Origin of the Enantioselectivity. Generally, the for-
mation of a stereogenic center during a propargylic substi-
tution process is considered to occur during the nucleo-
philic attack on a metal-acetylide or metal-allenylidene
species. Therefore, we initially believed that the enantio-
selection takes place during C—S bond formation (Ig—Iio
via TS3). DFT modeling of this step is challenging and we
were unable to find a transition state structure due to the
bimolecular and highly exergonic nature of this step when
considering the nucleophilic sulfinate alone (SI). We ini-
tially addressed this issue by performing relaxed scans of
the C-S bond dissociation (SI). The two lowest confor-
mations per each diastereomer with their respective disso-
ciations were calculated showing a potential energy profile
similar to that of a barrierless process. Fortunately, when
we considered the formation of an adduct between 18 and
an ion pair of the sulfinate anion and a protonated DIPEA,
we were able to find transition states TS3r and TS3s.These
transition states showed small imaginary frequencies that,
coupled with the non-covalent nature of intermediates Igs
and Igr lead to difficult to converge conformations. As a
consequence, we can only state that those transition states
provide an estimate of the upper limit of the barriers of the
nucleophilic attack.

According to the current results a kinetic competition
should happen between transition states TS4r and TS4s,
which would lead to the observed (S)-configured sulfone.
The proto-demetalation thus plays a key role to control the
enantiomeric ratio of the product. These computational
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findings provide an unanticipated rationale for the ob-
served enantio-induction that was experimentally ob-
served (vide infra).

Relevance of the Proto-Demetalation Step. The oc-
currence of enantio-controlling proto-demetalation has
thus far remained extremely rare in homogeneous cataly-
sis. In 2017, Ackermann and coworkers reported an exam-
ple related to Co-promoted C-H alkylation using DFT
analysis,'>*> whereas in the following year Matsunaga et al.
proposed the induction of enantioselectivity in the proto-
demetalation step of a Rh-mediated C—H functionalization
process.”? In line with these previous proposals, the two
profiles shown in Figure 3 show that the key differentiation
between the two pathways leading to (S) and (R) takes
place when the protonated base (DIPEA-H*) is in the coor-
dination sphere of the Cu-complex. Thus, there is a vital
role for the protonated base in the enantio-selection aris-
ing during the proto-demetalation step.

Origin of the Energy Difference at the TS4 Transi-
tion State. In order to explain why TS4s is more stable
than TS4r, we performed an energy decomposition follow-
ing a distortion/interaction model** as presented in Table
1. Full details of the computations are provided in the SI.
Importantly, the potential energies reported in Table 1 do
not exactly agree with the free energies listed in Figure 3,
but nonetheless both predict the (S)-diastereoisomer of
TS4 as the most stable and are of a similar order of magni-
tude.

Out of the 5.4 kcal/mol of potential energy difference
(with the (S)-diastereoisomer of TS4 being more stable),
5.3 kcal/mol corresponds to the difference in distortion en-
ergy of the complex, meaning that the (R)-diastereoisomer
undergoes a higher distortion when forming the complex-
base adduct compared to the corresponding (S)-diastereo-
isomer. The difference in distortion of the base is negligi-
ble. Finally, out of the 5.4 kcal/mol, 0.1 kcal/mol come from

Front view

interaction with the base with the (R)-diastereoisomer of
the complex-base adduct having a slightly weaker interac-
tion with the base than the (S)-diastereoisomer.

Table 1. Distortion/Interaction Analysis of the (R)-
and (S)-Diastereoisomers of Transition States TS4°

(R) (S)  AR-S)
E:-E, base + complex | -8.6 -14.0 5.4
base 13 13 0.0
distortion complex 29.8 24.5 5.3
total 311 25.8 5.3
interaction  base—complex | -39.7 -39.8 0.1

@ The energies (all values in kcal/mol) presented are poten-
tial energies in vacuum. The sub-index '1' refers to the original
geometries of TS4s and TS4r. The sub-index 'o’ stands for the
relaxed geometries of each fragment without the presence of
the other fragment. Base stands here for DIPEA.

To rationalize what causes the differences in the distor-
tion of the complex, we partitioned the transition state into
two fragments, viz. the ligand-Cu being one of the frag-
ments and the sulfone-DIPEA-H* as the second fragment.
We looked into their non-covalent interactions using the
reduced density gradient obtained using NCI PLOT 4.0
(Figure 4).% In both cases we can observe abundant inter-
actions with the DIPEA-H*, and both diastereoisomers fea-
ture n-7 interactions between the phenyl groups of the sul-
fone and of the ligand. None of these interactions seem to
cause the different stabilities of the TSs. However, a closer
inspection at the bottom views of Figure 4 demonstrates
that the (S)-diastereoisomer exhibits Cu-O interactions
that are virtually non-existent in the (R)-diastereoisomer.

Front view

Pro-R m m Pro-S
Bottom view Bottom view

Figure 4. Reduced density gradient isosurfaces, value of 0.35, between the Cu-Ligand (van der Waals spheres) and the product-
DIPEA-H* (ball and stick) obtained with NCI PLOTs for the TS4r (pro-R) and TS4s (pro-S). Isosurfaces are colored by the signed
density, sign(A,)p. The blue regions match with strong favorable interactions whereas the red regions correspond to repulsive
interactions.



Table 2. Comparison of Computationally and Experi-
mentally Determined Enantiomeric Ratios in the Syn-
thesis of Propargylic Sulfone B at —30 2C¢

Computational Exp.
Entry Base AAG  ee (%) S:R S:R
1 DIPEA 2.5 98.9

99.5:0.5 96.5:3.5

2 TEA 0.3 28.4 64.2:35.8 955
3 DABCO 0.3 28.2 64.1:35.9 85:15
4 NMM 0.5 48.9 74.5:25.5 8713

9All computed energies are in kcal/mol. TEA = triethyl
amine, DABCO =1,4-diazabicyclo[2.2.2]Joctane, NMM = N-me-
thyl-morpholine.

The enantio-induction levels computed with other bases
(using the AAG values) in this propargylic sulfonylation re-
action were calculated by DFT and compared against the
previously attained experimental data (Table 2).9 The
agreement of the computed behavior of these other bases
(TEA, DABCO and NMM) with experiment is not perfect,
a result that is associated to the low energy differences in-
volved. This may be related to different speciation of the
catalytic intermediates involved while interacting with
these potentially coordinating bases. Nevertheless, the
trend that lower enantio-induction is attained compared
to DIPEA under similar conditions is reproduced. These re-
sults suggest that the computational model used to de-
scribe the conversion of substrate A into propargylic sul-
fone B (Scheme 1b) is reasonable and allows to propose a
key relationship between the base and the enantiomeric
ratio.

CONCLUSIONS

With a combination of experimental and computational
efforts, we have been able to achieve detailed insight into
the mechanism of a previously reported Cu-promoted pro-
pargylic substitution reaction that leads to the formation
of a sterically hindered carbon stereocenter. Contrary to
previous paradigms in the asymmetric formation of elusive
stereogenic centers, here we demonstrate that the enantio-
control is exerted beyond the nucleophilic attack by the
sulfonate anion (i.e., C—S bond formation). A proto-
demetalation step is responsible for the enantio-discrimi-
nation of the process and we have been able to identify the
crucial role that the base plays in this coupling manifold.

Additionally, we describe a detailed analysis of the pre-
activation pathway starting from a Cu(Il) precursor, the
following intermediates and the eventual formation of a
catalytically competent Cu(I)Box complex. From the ki-
netic and DFT data, we conclude that a mono-nuclear Cu-
derivative is involved in the productive catalytic cycle, and
the previously observed NLE occurs at the Cu(I) oxidation
state level with a heterochiral Cu(I)(Box), as an off-cycle,
inactive species. Our findings shed important light on a
synthetically well-implemented C-heteroatom bond for-

mation process empowered by a metal-mediated propar-
gylic substitution, and offers novel mechanistic scenarios
to forge tetrasubstituted tertiary and related quaternary
carbon stereocenters.
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