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Abstract: The reaction mechanism of the Cu*-catalyzed introduction of two all-carbon-substituted
stereocenters in an ynamide system using a Grignard reagent, a zinc carbenoid, and an aldehyde,
was investigated using density-functional theory. In contrast to the formation of an organocopper(I)
compound and subsequent carbocupration reaction, previously postulated as the initial step, the
reaction proved to instead proceed through an initial complexation of the substrate alkyne bond by
the Cu*-catalyst, which primes this bond for reaction with the Grignard reagent. Subsequent
addition of the zinc carbenoid then enables the nucleophilic attack on the incoming aldehyde, which
is revealed as the rate-limiting step. Our computations have also identified the factors governing
the regio- and setereoselectivity of this interesting reaction, and suggest possible paths for its further
development
Keywords: reaction mechanism; DFT, zinc carbenoid;

carbocupration; stereochemistry

determinants

1. Introduction

Ten years ago, Chechik, Das, and Marek developed a simple method to generate
stereodefined quaternary all-carbon-substituted carbon centers in acyclic systems [1]. The
strategy relies on the initial formation of a novel C-C bond through the addition of an
organometallic compound to an ynamide 1, a reaction where the required stereocontrol
is postulated to be provided by the complexation of the metal atom by the carbonyl moiety
of the ynamide (Figure 1). Since the immediate addition of an aldehyde to provide the last
substituent in the quaternary carbon is strongly disfavored, the carbometallated ynamide
2 is instead reacted with the Simmons-Smith-Furukawa zinc carbenoid (ICH2ZnCHo:I),
yielding a much more reactive allylzinc compound 3 which is susceptible to addition of a
carbonyl compound to provide the last substituent at the quaternary center. This step is
stereocontrolled, presumably through the formation of a Zimmerman-Traxler transition
state (a six-membered ring transition state adopting a chair conformation) involving an
interaction between the carbonyl oxygen and the zinc atom.

This reaction has been extensively cited since, and was subsequently modified to
yield stereo-defined tri-substituted enolates [2]. In this contribution, we analyze the
proposed reaction mechanism using computational methods. Our computations
characterized the precise nature of the different transition states, identified the rate-
determining step, and showed that, instead of the proposed pathway, the initial carbo-
metalation event proceeds through the formation of a t-complex between Cul and the
alkyne, followed by direct methylation of the alkyne bond by the unmodified Grignard
reagent.
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Figure 1. Reaction mechanism proposed by Das et al. (adapted from [1]).

2. Materials and Methods

The reaction mechanism was investigated using the PBEPW91 functional [3,4], which
has been shown to afford good geometric and/or energetic agreement with high-level
CCSD(T) or MP2 benchmarking computations in similar Cu*-containing model systems
[5,6]. All geometry optimizations were performed using auto-generated delocalized
coordinates [7] with the Firefly quantum chemistry package [8], which is partially based
on the GAMESS (US) code [9]. The SBK] pseudo-potential (and associated basis set) [10]
was used for Cu, Zn, Br, and I. A medium-sized basis set, 6-31G(d), was used for all other
elements. Transition states were confirmed to contain a single imaginary frequency. IRC
computations confirmed that the obtained transition states did connect the relevant
reactant and product states. Zero-point and thermal effects on the free energies at 298.15
K were computed at the optimized geometries. DFT energies of the optimized geometries
obtained with each density functional were then computed using the same functional
using 6-311G(2d,p) for all elements except Cu and Zn (which used the s6-31G * basis set
developed by Swart et al. [11] and the halogens Br and I, which used 6-311G(d,p). Unless
otherwise noted, all energy values described in the text include solvation effects in
tetrahydrofuran (e = 7.6) computed using the Polarizable Continuum Model [12-14]
implemented in Firefly, as well as dispersion and repulsion interactions with the
continuum solvent, which were computed using the method developed by Amovili and
Mennucci [15]. Average local ionization energies [16] and distribution of electrostatic
potentials on the molecular surface [17] were computed using Multiwfn 3.6[18]. To
facilitate the exploration of a large number of possible pathways, we used a truncated
model of the reagent, where Risubstituent on the alkyne is a simple methyl group and the
bulky phenylmethyl substituent on the oxazolindinone ring was replaced by a methyl
group. Numerical simulation of the kinetic behavior predicted by the relative energies of
the pre-reactional complexes and transition states was performed using COPASI[19].

3. Results
3.1. Formation of Methylcopper(I)

In the mechanism proposed be Das et al., the reaction is carried out in tetrahydrofuran
(THF) solution. The ynamide first reacts with CuCHs prepared in situ through the reaction
of Cul with MgCHsBr. Our DFT computations showed that CuCHs synthesis from THEF-
complexed Cul and CHsMgBr is exergonic by 11.8 kcal-mol™ and that it proceeds readily
with a barrier of only 9.6 kcal-mol. It begins through the formation of a pre-reactional
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complex between the THF-solvated Cul and CHsMgBr, where the metals and halogens
form a quadrilateral arrangement with each halogen about equally bound to each metal
and a metal-metal distance of 2.85 A (Figure 2A). The ensuing electronic arrangement
allows the Mg—-CHs bond to easily vibrate out of the plane formed by the metals and
halogens and its distance from Cu to shorten from 4.64 A away to 3.02 A. At this point,
the transition state is reached and the methyl group effortlessly breaks its bond to Mg and
becomes solely bound to Cu (Figure 2B). The product of this step contains a CuCHs loosely
bound to the iodine, which then gets completely transferred to the Mg atom (Figure 2C)
at a cost of 1.9 kcal-mol-'.

Figure 2. Formation of CuCHs from Cul and MgCHsBr. (A) reactant state; (B) transition state; (C) separated products.
Several important bond distances (in A) are highlighted.

3.2. Carbocupration of the Alkyne Bond

Addition of the CuCHs to the ynamide triple bond may subsequently occur in two
distinct ways, depending on the orientation of the Cu atom relative to the ynamide
carbonyl (Figure 3). In conformation 1, no interaction between copper and the ynamide
oxygen exists, whereas in conformation 2, the metal atom initially interacts with oxygen
through a2.72 A bond. Conformation 1is only slightly more stable (by 2.3 kcal-mol) than
conformation 2. Methyl transfer from CuCHs to the alkyne may occur from either of these
conformations. In both cases, the transition state is reached when the methyl group lies
2.10 A from the receiving carbon atom. Distances between the methyl group and the Cu
atom hardly differ (by 0.01 A) in the transition states arising from each conformation.
Activation energies are, in both cases, extremely high (Figure 3C) and are incompatible
with an experimentally viable mechanism, since they translate to reaction rates between
3.5 x 102 and 2.1 x 10716 s at 298 K. The addition of the methyl group to the ynamide
must therefore follow a different mechanism.

(9]

38.8

Relative free energy
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N
o
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Figure 3. Carbocupration of the ynamide with THF-solvated CuCHs. (A) transition state (conformation 1); (B) transition
state (conformation 2); (C) potential energy surface of the carbocupration reaction arising from conformation 1 (blue) and
conformation 2 (red). Several important bond distances (in A) are highlighted.
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We therefore analyzed the pathways arising from direct complexation of the
ynamide substrate with THF-solvated Cul or MgCHsBr. Analysis of the solvation
energetics shows that the free energy change upon solvation of Cul by a single THF is
favorable by 16.3 kcal'mol™, and that the addition of a second THF molecule to the
complex is strongly disfavored because the small decrease in electronic energy afforded
by the formation of the new Cu-O bond is more than offset by the decrease of system
entropy caused by the decrease of molecularity of the system (Figure 4A). CHsMgBr, in
contrast, exists as a complex with two solvent molecules due to the comparable electronic
energy decreases entailed by the formation of each of the Mg—O bonds, which are in both
cases more than enough to offset the entropic losses. The complexation of MgCHsBr:2THF
with the substrate carbonyl (Figure 4B) proceeds through the ejection of one of the metal-
solvating THF molecules and therefore entails an increase in the entropy of the system.
The reaction is, however, slightly disfavored, by 4.8 kcal'mol?, showing that the
interaction of MgCHsBr with the ynamide carbonyl is weaker than its interaction with the
THF molecule that has been released. The mt-complexation of Cu* by the ynamine alkyne
bond (Figure 4C), in contrast, is exergonic by 10.0 kcal-mol™ and proceeds without a
barrier. It is therefore much more likely for Cul to complex the ynamide than to undergo
the metathesis described above to yield CuCHs. Subsequent addition of MgCH3Br to the
Cut-complexed ynamide (Figure 4D) then becomes exergonic (by 0.5 kcal'mol™ for
MgCH:Br:2THF and 7.1 kcal'-mol for MgCH3sBr:THF) and yields the reactive ynamide:
(Cul:THF):(MgCH:sBr:THF) complex where direct transfer of the methyl group from the
organomagnesium to the alkyne bond can occur. Interestingly, the energetics of the
addition of Cul:THF and MgCH:Br:THF to the ynamide show that the process is
cooperative: ynamide complexation by both metal compounds is exergonic by 17.1
kcal-mol, which is higher than the sum of each of the isolated additions of Cul:THF (10.0
kcal'mol') and MgCHsBr:THF (1.8 kcal'mol™) to the bare ynamide. Interaction of each
individual metal complex therefore facilitates the addition of the second complex, by
triggering an electronic distribution that either facilitates reaction of Cul with the alkyne
bond (in the case of an initial reaction with MgCH3Br) or else renders the carbonyl more
nucleophilic to facilitate its reaction with Mg? (when Cul adds to the alkyne bond).
Analysis of the geometry of the Cul-complexed (or Mg-complexed) ynamides (Figure
4B,C) suggests that this effect is at least partly due to the lower ability of the lone pair of
the nitrogen losing the ability to resonate with the alkyne m-bonds in both situations: in
the Cu*—alkyne complex, the m-bond which (in the free ynamide) partially overlaps with
the lone pair orbital now interacts mostly with Cul, and the remaining alkyne mt-bond lies
almost perpendicular to the nitrogen lone pair orbital. The lone pair can therefore resonate
more strongly with the carbonyl, leaving its oxygen atom more nucleophilic and enabling
a better bond with the Mg?*. Conversely, in the Mg*-complexed ynamide this electron pair
has partly delocalized into the N-C=0 moiety, which decreases the HOMO-LUMO gap
and facilitates subsequent attack by Cul.
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Figure 4. Addition of THF-solvated MgCH3Br or Cul to the ynamide. (A) potential energy surface (starting from infinitely
separated THF, Cul, MgCH3Br, and ynamide) of the solvation of each metallic reagent and subsequent reactions with
ynamide; (B) ynamide: (MgCH:Br:THF); (C) ynamide: (Cul:THF); (D) ynamide: (MgCHsBr:THF):(Cul:THF). Several
important bond distances (in A) are highlighted.

3.3. Analysis of the Regioselectivity of Methyl Transfer

The methyl group may be transferred to either end of the alkyne bond. To maintain
consistency with the nomenclature common in the field [20,21], we will refer to the methyl
addition to the heteroatom-substituted alkyne carbon as “the branched reaction”, and
refer to the methyl addition to the other end as “the linear reaction”. Analysis of the
potential energy surface reveals that the transition state (TS1) leading to the
experimentally-obtained “linear” intermediate Intl (Figure 5A) is 17.6 kcal'mol! more
stable than the transition state (TS1') leading to the “branched” isomer (Int1’) (Figure 5B).
The transition states differ most markedly in the length of the bonds between Cu* and the
alkyne bond atoms and in the presence or absence of a Mg?*—carbonyl bond (which is not
compatible with the short distance between the organometallic methyl and the ring-
proximal alkyne carbon atom in TS1’). The reaction products arising from these transition
states differ in energy by a non-negligible amount (8.6 kcal-mol™), in spite of having very
similar Mg-O and Cu*alkyne distances. This suggested that other factors govern the
relative stabilities of the “linear” and “branched” isomers. Analysis of the energies of the
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different fragments in these intermediates (the organic moiety, Cul-THF and MgBr-THF)
shows that most of the extra stability of the linear isomer is due to the higher stability of
the linear organic moiety, rather than (as postulated earlier) on the existence of more
favorable interactions between the organic portion and the metals in the linear isomer
(Table 1). Those interactions are, however, crucial in the kinetic preference of the “linear”
pathway over the pathway leading to the “branched” product.

C)

40 TS1'
30
20
10

Relative free energy (kcal/mol)

-10 branched
20 isomer
30 (Int1°)
-40

-50

-60 linear isomer (Int1)

Figure 5. Regioselectivity of addition of THF-solvated MgCH3Br to Cul:ynamide. (A) transition state (TS1) of the formation
of the linear isomer; (B) transition state (TS1') of the formation of the branched isomer; (C) potential energy surface of the
formation of each regioisomer. Several important bond distances (in A) are highlighted.

Table 1. Electronic energy (kcal'mol™) differences (including solvation effects in THF) between the individual fragments
of linear and branched isomers of intermediate 1, computed with the PBEPW91 density-functional. Computations of the
energies of the individual fragments have been performed at the same geometry as that in the full molecule. Negative
values denote preference for the “linear” over the “branched” isomer.

Reactant State Transition State Product
Mg moiety 0.6 5.8 -2.0
Cul moiety 0.0 -1.0 2.2
Mg-organic moiety -2.8 -21.6 4.8
Cul-organic moiety -0.2 7.1 -10.5
organic moiety -0.1 1.7 -10.1
Full complex -3.0 -17.7 -10.3

3.4. Homologation of Intermediate 1 with ICH2ZnCH:I

Intermediate 1 is very crowded around the C=C double bond (Figure 6A). Addition
of other substituents to this bond to generate the desired quaternary compound must
therefore await the ejection of the MgBr moiety. This step is performed through the
intervention of the THF solvent molecules, which will replace the carbonyl as Mg?
ligands. In a system containing a truncated model of Intermediate 1 (where the Cul-
complexed moiety has been removed to decrease computational cost) with four extra THF
molecules, MgBr removal proceeds readily through simple elongation of the Mg?—
carbonyl bond from 2.18 A t02.66 A. At this point (11.7 kcal'mol~ above the initial state)
the transition state is reached and the Mg?*-ynamide bond breaks, whereupon a hexagonal
Mg>Br:5THF species is released. This reaction is readily reversible because the end species
is only 0.5 kcal'mol~' more stable than the initial state.

The attack of this Mg-free intermediate (Intl) complexed by Cul by the Simmons—
Smith-Furukawa zinc carbenoid (ICH2ZnCH:I) may proceed from different directions,
which can be (roughly) defined by the position of the carbenoid relative to the
nucleophilic C=O moiety on the oxazolidinone ring and by the dihedral angle between
the C=C bond and the plane of the ring. Since this vast array of possibilities considerably
complicates the description of the results, we will first analyze the formation of
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intermediate 2 through each of the attack vectors, and then discuss the possible routes of
interconversion between the different forms of intermediate 2.

Relative free energy (kcal/mol)

Figure 6. Important structures in the pathway towards intermediate 2 (Int2). (A) Int1:(Cul: THF):(MgBr:THF); (B) Int1:Cul
+ ICH2ZnCHoI pre-reactional complex ; (C) TS2; (D) Int2; (E) Int2’; (F) Potential energy surface of the zinc homologation
of Mg-free Intl. The blue line refers to the attack from the “un-encumbered” direction (leading to isomer “a” of Int2),
whereas the red line describes homologation from the “encumbered” reaction, leading to isomer “f“ of Int2.

3.4.1. Attack through the Direction Opposite the Oxazolidinone Carbonyl

The pre-reactional complex arising from the attack through the face opposite the
oxazolidinone carbonyl (Figure 6B) is appreciably more stable (by 10.5 kcal'-mol™) than
the infinitely-separated reactants due to the electrostatic attraction between the positively-
charged Zn?* and the anionic intermediate 1. Surprisingly, our exploration of the
subsequent potential energy surface showed that the CH: transfer from the zinc carbenoid
to the C=C bond in this case takes place through the direct intervention of Cu* (Figure 6C).
This preference can be rationalized by examination of the average local ionization energies
(Figure 7A) of the Int2 intermediate, which feature an absolute minimum (i.e., highest
nucleophilic character) on the Cu, which will therefore be the location with the highest
propensity to attack the relatively electrophilic CH2group (Figure 7B) on ICH2ZnCHo:I. In
the transition state, located only 10.7 kcal-mol™ above the pre-reactional complex, the
bond order of the C-I bond has decreased to 0.45, and a half-bond has formed between
the CHz and Cu* group. The collapse of this transition state is then effected through
complete transfer of the loosely-bound iodine to the Zn?* and formation of a new C-C
bond between CH: and the hetero-substituted carbon in the C=C double bond. This is
accompanied by a partial migration of Cu* to the other carbon of the double bond and by
reduction of 0.5 in the total bond orders of each fragment. Analysis of Lowdin charge
variations shows that the ZnICH:I moiety present in the product now contains 0.69
electrons more than in the beginning, of which 0.46 electrons originate in the Int2 moiety
and 0.23 have come from the transferred CHo.

Examination of the evolution of the bond orders along the reaction coordinate
leading from the transition state to Int2 (Figure 8) shows that this rearrangement occurs
in three stages: first the bond order between CH: and I decreases, concurrently with a
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simultaneous increase of the bond orders of the Cu-CHz and Zn-I bonds. Then, as the
CH:-I bond completely disappears, the bond orders of both the Cu-CH: bond and the
bond between Cu and the heterosubstituted ynamide carbon decrease in similar amounts
to enable the formation of the bond between CHz and the heterosubstituted carbon. This
stage is accompanied by a decrease in the double-bond character of the formal C=C bond
in ynamide. Finally, the remnants of the Cu—CHz bond are replaced by the formation of a
half-bond between Cu and the non-heterosubstituted carbon of the C=C bond,
simultaneously with the further loss of some of its double-bond character. This complex
electronic rearrangement occurs spontaneously without additional transition states, and
yields a very stable intermediate (Int2) that lies 34.2 kcal-mol™ below the pre-reactional
complex. The alternative formation of an intermediate bearing the new CH: group on the
opposite carbon (Int2') is thermodynamically much less favored, since Int2' lies 22.3
kcal'mol! above Int2. Separate analysis of the energies of the individual fragments (Table
2) shows that the relative instability of Int2" is not due to geometric constrains that affect
the stabilization of the Zn-containing moiety by the oxazolidinone, but to the intrinsically
higher energy of the organic moiety of Int2’ (compared to that of Int2).

Zn(CH,l),

kcal/mo

25.00
20.00
15.00
10.00

5.00

0.00
-5.00
10.00
15.00

Figure 7. Electrostatic potentials mapped on the density isosurfaces of Int2 (0.001 a.u.) and ICH2ZnCHoI (0.001 a.u.). For
Int2, the minima (maxima) of the average localized ionization energy are shown as blue (red) dots superposed on the

density isosurface.

Table 2. Electronic energies including solvation effects in THF (in kcal-mol™) of individual fragments of intermediates 2
and 2', computed with the PBEPW91 density-functional. Computations of the energies of the individual fragments have
been performed at the same geometry as that in the full molecule. The electron pair in the severed bond between the
organic moiety and ZnI(CH:I) was divided symmetrically between the fragments.

Int2 Int2’ Int2-Int2’
organic moiety -348,955.2 -348,892.7 -62.5
organic moiety + Cul -478,913.8 -478,885.5 -28.3
ZnI(CH-I) -180,031.3 -180,030.3 -1.1
Full molecule -659,304.2 -659,283.0 -21.3

interaction between ZnI(CH2I) and organic-Cul -359.2 -367.2 8.1
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Figure 8. Electronic rearrangements from Intl to Int2. (A) Evolution of bond orders of key chemical bonds along the
reaction coordinate; (B) Schematic structures along the reaction coordinate. Each bond is colored according to the palette
in the graph in panel A. Structures A, B, and C are located (respectively) 2.5, 31.7, and 43.2 kcal-mol™ below the transition
state, on the reaction coordinate leading to Int2. Selected bond orders are shown.

Two products of the attack on Intl are possible (Int2a and Int2p3) depending on the
direction of approach of the Simmons-Smith-Furukawa zinc carbenoid relative to the
plane formed by the C=C bond and the coordinating Cul. Those attacks are not equally
favored because in one of them (which we will designate as “attack from below the plane
of the oxazolidine ring”, or “encumbered”) the attacking zinc carbenoid may clash with
the substituent on the oxazolidinone ring (methyl, in our models, or the bulkier
phenylmethyl in the experimental setup). Our computations reveal that, indeed, when the
attack proceeds from below the ring plane, the steric interaction of the ring substituent
with the zinc carbenoid increases the transition state energy by a modest amount (1.6
kcal'mol). Although the reaction is thermodynamically more favorable (by 1.8
kcal'mol™) than in the attack from the direction above the ring, the high spontaneity of the
reaction (exergonic by more than 34 kcal-mol™ in both cases) entails that the reverse
reactions will have too large an activation energy and the reaction outcome will therefore
be kinetically-controlled (rather than thermodynamically-controlled), leading to a non-
racemic mixture of the two products where the one arising from the attack of Int1 by the
zinc compound from the “un-encumbered” direction (Int2a) will be predominant (Figure
6F).

3.4.2. Attack Proceeding through Zn Coordination by the Oxazolidinone Carbonyl

The pre-reactional complex arising from complexation of the zinc carbenoid species
by the oxazolidinone ring (Figure 9A) is slightly less favored than the pre-reactional
complex described in the previous section. It affords, however a more favorable path to
the transfer of CHz to Intl, with barriers as low as 0.6 kcal-mol (when approaching from
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A)

C)

the direction above the plane of the ring) or 7.2 kcal'mol~ (when approaching from the
opposite direction). As in the path described in the previous section, CH: is attacked by
the excess electron density in Cu*, with concomitant weakening of the CHz-I bond and
migration of this iodide to Zn (Figure 9B). However, in contrast to that path, subsequent
CH: transfer to the N-heterosubstituted carbon in the C=C bond is now accompanied by
the detachment of Cu from this bond, and its reattachment to the transferred CHz (Figure
9C). A facile Cu-migration from CH: to the non-heterosubstituted carbon in the C=C bond
(Figure 10) quickly converts this intermediate (Int2cuct) into Int2 isomers where (as in the
Int2a and Int2(3 described above) Zn remains bound to the transferred CHz group and Cu
is bound to the C=C bonded atoms, and which can be distinguished from Int2a and Int2[3
by the existence of stabilizing interactions between Zn and the oxazolidinone ring.
Numerical simulation of the kinetic behavior predicted by the relative energies of the pre-
reactional complexes and transition states of their conversion into Int2 intermediates
confirmed that, despite their slightly higher energy, the pre-reactional complexes where
Zn? interacts with the carbonyl oxygen intermediates have a dominant kinetic role,
because of the very small barriers of their associated transition states. Accordingly, the
resulting products (Int20 and Int2y) will each be two to three times more abundant than
Int2a, and Int2p (which arises from the most stable pre-reactional complex) will be
residual due to its transition state having a larger energy than the one required for
complete reagent separation (and subsequent recombination into the pre-reactive
complexes leading to the other isomers).

=

256§ «

CH2 - heterosubstituded C

Cu - CH2

bond orders

\ —8——8 C=0 - Zn
) Zn - CH2

Cu ~ heterosubstituted C

Int1 «— TS > > » Int2

Figure 9. Important structures in the pathway towards intermediate 2 (Int2cuct2) arising from attack through the carbonyl
side of the ring. (A) pre-reactional complex; (B) TS2; (C) Int2cuctz; (D) changes in bond order on the pathway from pre-
reactional complex to Int2cucr2.
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Figure 10. Further structures on the pathway from Int2cuct2 to Int2. (A) Cu migration transition state; (B) Int2y; (C)
potential energy surface of the pathway from Int1 to Int2cuct2 to Int2. The blue line refers to the attack from above the ring
plane (leading to isomer vy of Int2), and the red line to an attack below the plane of the ring (leading to isomer 6 of Int2).

3.5. Simultaneous Generation of Two Stereocenters through Addition of Aldehyde to Int2

Each of the four possible Int2 species may now perform a nucleophilic attack on an
incoming aldehyde. This attack is aided by the Zn?* moiety, which binds to the carbony]l
in the incoming aldehyde, thereby increasing the electrophilicity of the carbonyl carbon
atom and stabilizing the negative charge that accumulates on the carbonyl oxygen atom:
in the absence of this coordination, the attack has an activation free energy of 32.2
kcal-mol-}, rather than the 18.8-27.9 kcal'mol-! observed otherwise (Table 3).

Table 3. Activation free energies in THF (in kcal-mol™) and key geometric parameters of the transition states linking the
different Int2 isoforms to products with two quaternary stereocenters. The configuration at the stereocenter arising from
the alkyne is shown first, followed by that of the stereocenter arising from the acetaldehyde. For the configuration
assignment of the alkyne carbon, (where, for computational expediency, we had two identical methyl groups) we assigned
the lowest priority to the methyl group originally present as the alkyne substituent and the second-lowest to the methyl
group donated by the organometallic reagent.

Int2 Isoform Reacting with Acetaldehyde P1:oduct' Activation Free Energy (kcal-mol) C=0O--Zn Distance (A) C--C=0 Distance (A)
Configuration
Int2a (5)(S) 20.2 2.07 2.29
Int2a S)(R) 20.7 2.04 2.30
Int2y (5)(S) 19.8 2.02 2.06
Int2y (S)(R) 18.8 2.02 2.02
Int23 (R)(R) 26.9 2.04 2.25
Int2B (R)(S) 27.9 2.04 2.28
Int20 (R)(R) 249 2.05 2.32
Int2d (R)(S) 23.1 2.04 2.33

Interestingly, the position of the Cu* ligand in the transition states arising from Int20
and Int2y is very similar to that in their Int2cucrz precursors (as shown in Figure 11, panels
C and E), because complexation of the acetaldehyde carbonyl by the Zn?* releases the Zn
atom from the =CH: group, and thereby favors the return of Cu* to =CHz. Overall, the
lowest activation energies are observed for the reactions starting from the abundant Int2y
and the (scarcer) Int2a, which lead to products with the (S) configuration in the carbon
originally present on the alkyne. Different preferences are seen for the orientation of the
acetaldehyde (and consequent configuration on the second stereocenter): the (5)(S) isomer
is preferred by 0.5 kcal'mol! when the reaction proceeds from Int2a, whereas (S)(R) is
preferred by 1.0 kcal'mol? when the reaction proceeds from Int2y. This preference
correlates with the orientation of the acetaldehyde relative to the substituents of the non-
heterosubstituted alkyne bond carbon: the isomer where the hydrogen of acetaldehyde
lies above them is consistently preferred due to diminished steric strain.
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Figure 11. Transition states leading to products with two stereocenters. (A) From Int2a to the (S)(S) product without Zn?*
complexation by carbonyl; (B) from Int2a to the (S)(R) product; (C) from Int2y to the (S)(R) product; (D) from Int2{ to the
(R)(S) product; (E) from Int2d to the (R)(S) product.

Production of the products bearing an (R) configuration on the stereocenter arising
from the alkyne carbon is much less favorable than those with the opposite configuration
(Table 3). The reasons for this behavior are varied: for the reactions starting from Int2f3,
the increase of the transition state energies by 5-7 kcal'mol™ correlates with the higher
proximity of the incoming acetaldehyde with the methyl substituent on the
oxazolindinone ring (Figure 11D), whereas for the reactions starting from Int20 the
transition state energy is identical to that of the (favored) reactions starting from Int2q,
and the large activation energies are instead due to the higher stability of Int20 relative to
the energy of the other isoforms.
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Figure 12. Revised reaction mechanism.

The mechanism arising from our density-functional studies (Figure 12) differs in
important respects from the previously postulated reaction sequence. First, the transition
state for the postulated carbocupration was shown to lie far above the energies compatible
with measurable reaction rates, and the alkylation of the alkyne instead proceeds through
direct alkylation of the Cu*-complexed alkyne by the Grignard reagent. Second, the
removal of the MgBr+* moiety left behind by the Grignard reagent requires the active
involvement of the solvent, which entails that eventual modifications of this method must
retain the use of a solvent with sufficient Mg?*-chelating ability. Third, the reaction with
the zinc carbenoid is not independent of the Cur catalyst but instead proceeds through
methylene transfer to Cu*. This reaction step may, against expectation, occur either with
(leading to Int2y/d) or without (leading to Int2«x) the assistance of a Zn?*-carbonyl
stabilizing interaction. Finally, the stereoselectivity of the carbonyl insertion does not arise
from interactions between the aldehyde sidechains and the bulky substituent on the
oxazolidinone ring: inspection of the transition states of the most favorable reactions
(Figure 11B,C, and Supplementary Materials) shows that the aldehyde actually lies quite
far from the oxazolidinone ring. Instead, in both cases (Int2a and Int2y), the disfavored
transition state is the one where the bulky substituent on the aldehyde lies immediately
above both of the Ri and Rz substituents present on the other, newly formed, stereocenter.
We expect these insights will prove useful for the continuing development of this
important methodology and to further increase its scope and stereoselectivity.

Supplementary Materials: Coordinates of all molecules described in the text, as well as individual
energetic data, are available online at www.mdpi.com/article/10.3390/app11115002/s1.
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