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ABSTRACT: The origin of stereodivergence between
copper- and gold-catalyzed cascade 1,3-phosphatyloxy and
1,3-halogen migration from a-halo-propargylic phosphates to
1,3-dienes is rationalized with density functional theory (DFT)
studies. Our studies reveal the significant role of the relative
hardness/softness of the metal centers in determining the
reaction mechanism and the stereoselectivity. The relative
harder Cu(I/III) center prefers an associative pathway with the
aid of a phosphate group, leading to the (Z)-1,3-dienes. In
contrast, the relative softer Au(I/III) center tends to undergo a
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dissociative pathway without coordination to a phosphate group, resulting in the (E)-1,3-dienes, where the E type of transition
state is favored due to the steric effect. Our findings indicate the intriguing role of hard—soft/acid—base (HSAB) theory in tuning
the stereoselectivity of metal-catalyzed transformations with functionalized substrates.

1. INTRODUCTION

The concept of hard and soft acids and bases (HSAB)'~” has
become a useful tool to analyze and predict the stability and
reactivity of metal complexes. The HSAB theory has been
widely used in various areas of chemistry,® "> like tuning the
interaction,'*™'? the reactivity,n’ls’zo_23 and the regioselectiv-
ity.'>****> However, the application of the HSAB concept to
control the reaction stereoselectivity is still underdeveloped.
Herein, we present a computational study to illustrate a rare
example that the HSAB theory plays a crucial role in controlling
the reaction stereoselectivity. In this example, the copper- and
gold-catalyzed 1,3-phosphatyloxy and 1,3-halogen migration
relay from a-halo-propargylic phosphates to stereodivergent
1,3-diene products.*®

Propargylic esters””*® have attracted much attention, since
they play an important part as highly valuable building blocks in
modern organic chemistry.”” > With various catalysts, many
new substances can be converted or functionalized from
propargylic esters by cycloaddition,*™>® cycloetherification,”
amination, or reelrrelngement38’39 reactions. Propagylic esters/
phosphates with an additional adjacent functional group can
undergo novel catalytic relay migrations, thereby producing
functionalized 1,3-dienes. These double migrations are worthy
in synthesis chemistry due to several merits:*® (a) these kinds
of double migratory processes can be catalyzed by simple and
available catalysts; (b) high regio- and stereoselectivity can be
achieved; (c) these cascade reactions show good compatibility
of a variety of functional groups under different conditions; (d)
the advantage for atom economy is that it allows one to build
more complicated molecules rapidly including synthetically
useful cyclic, acyclic, and polycyclic structures.**
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The primitive research for double migration reaction began
with a copper- or silver-catalyzed isomerization from
propargylic acetates to allenyl acetates or 1,3-dienes.”*
Thereafter, zinc-,*® palladium-*’ and platinum-** catalyzed
reactions were also developed. Recently, gold*~>'
also emerged as distinctive catalysts for migration reactions, so
this kind of catalysts is getting more and more attention.

The catalyzed double migration reaction can be started with
a 1,3-ester (OXO, X = C(O) or P(OEt),) group migration
from propargylic esters. Gevorgyan’s group reported the gold-
catalyzed cascade reaction of the propargylic esters and
propargylic phosphates which undergoes the gold-catalyzed
1,3-acetate/phosphate migration and 1,2-alkyl migration
sequence to produce 1,3-diene.> >* Interestingly, the gold-
mediated 1,3-diene intermediates can subsequently lead to
unsymmetrical naphthalenes by 6x-electrocyclization or
Friedel—Crafts reactions.”>>* Nevado and co-workers reported
a gold-catalyzed cascade 1,3-acyloxy/1,3-alkyl migration of
propargylic ester into cyclopentenylketone.>> More mechanistic
details on the reversibility of the 1,3-pivaloxy migration process
were provided by Toste’s group.56 Then, they reported a
method of gold-catalyzed enantioselective synthesis based on
1,3-pivaloxy/1,3-alkyl migration from propargylic pivalates to
chromenyl derivatives with high enantioselectivity.”” A copper-
catalyzed 1,3-phosphatyloxy/1,2-H shift reaction from prop-
argylic phosphates to five-membered heterocycles was reported
by Gevorgyan’s group.>®
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Besides 1,3-ester group migration, cascade migrations started
by 1,2-ester group mlgratlon were also reported, 1nc1ud1ng 1,2-
0XO0/1,2-H mlgratlon, 0 1,2-0X0/1,4- allyl migration, 6163
and 1,2-OX0/1,2-acyloxy migration.”” o4

Most interestingly, Gevorgyan and co-workers recently
reported a stereodivergent synthesis of highly functionalized
(Z)-1,3-dienes (highlighted in blue, Scheme 1) and (E)-1,3-

Scheme 1. Stereocontrolled 1,3-Phosphatyloxy and 1,3-
Halogen Migration Relay toward Highly Functionalized 1,3-
Dienes
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dienes (highlighted in red) from a-halo-propargylic phosphates
via a 1,3-phosphatyloxy and 1,3-halogen migratory cascade
reaction.” This reaction was suggested to start with an initial
1,3-OXO migration. Different from previous studies, after 1,3-
OXO migration, a 1,3-halogen migration instead of 1,2-halogen
migration underwent probably via a metal mediated carbon—
halogen bond activation. A variety of cyclic-, acyclic-, and
heterocyclic-containing substrates were converted into 1,3-
dienes with efficiency. More importantly, there is a
distinguished stereodivergence between copper and gold
catalysis, of which the mechanistic origin was still unclear. It
was found that the (Z)-dienes were obtained in the presence of
a catalytic amount of [CuOTf],-PhH, while the use of a gold
catalyst (p-CF;C4H,);PAuCl resulted in the formation of the
corresponding (E)-dienes.

The reactions above have a common point that the transition
metals play a role as Lewis acids to activate the alkynyl, and
then mediate the activation of the carbon—halogen bond for
subsequent migration. How does the character of the metal
center influence these migration steps and control the
stereochemistry of the catalysis? Herein, to address the
distinctive mechanism of 1,3-OXO/1,3-halogen migration and
the origin of stereodivergence between copper- and gold-
catalyzed a-halo-propargylic phosphate to 1,3-dienes, we
present a computational study with density functional theory
(DFT) based on Gevorgyan’s catalytic systems. This study
demonstrates the importance of the metal center character, i.e.,
the hardness and softness, in tuning the stereoselectivity.

2. COMPUTATIONAL MODEL AND DETAILS

We applied a density functional theory (DFT) to investigate
the reaction pathways of the Au- or Cu-catalyzed 1,3-
phosphatyloxy and 1,3-halogen migration relay to 1,3-dienes,
to study the geometries, electronic structures, and energetics
along the reaction potential energy surfaces (PES). The effect
of solvents (toluene for Au-catalyzed reaction and 1,2-
dichloroethane for Cu-catalyzed reaction) on the reactions
and stereoselectivities was considered V\nth the integral equation
formalism polarizable continuum medium® (IEF-PCM) model
based on the optimized structures. All calculations were
performed with the Gaussian 09 software package.®®

When locating stationary and transition state structures in
the gas phase, the DFT method with the B3LYP®”*® (Becke’s
three-parameter hybrid, LYP correlation functional) functional
was used. The relativistic LANL2DZ®~”" was used for copper
or gold. For the main-group atoms, the 6-311G(d) basis set was
used for bromine, while the 6-31G(d) basis set was used for
other elements (termed as BS1). Frequencies were calculated
analytically at the same level of theory to confirm whether the
structures were points on the local minima (no imaginary
frequencies) or the first-order saddle points (transition states,
only one imaginary frequency). Transition-state structures were

Scheme 2. Proposed Mechanism of Cascade Migratory Reaction
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Figure 1. Free energy profiles for 1,3-phosphatyloxy migration of propargylic ester with copper catalyst in DCE. Relative bond lengths in A, bond

angles in deg, and Gibbs free energies in kcal/mol.

verified by intrinsic reaction coordinate (IRC) calculations to
connect correct reactants and products.

In order to get better accuracy of the energetics, we further
refined the single-point energies of the optimized geometries
with a larger basis set, i.e., the LANL2DZ pseudopotential with
outer p functions’> and a set of f-polarization functions’ for
Cu or Au, and the 6-311+G(d,p) for the other atoms (called
BS2). The parameters for toluene (& = 2.379, for gold-catalyzed
reaction) and 1,2-dichloroethane (DCE, & = 10.36, for copper-
catalyzed reaction) correspond to the experimental conditions.
The radii from the UFF force field scaled by 1.1 with an explicit
hydrogen radius were used in these calculations. The solvation
free energies were obtained at the B3LYP/BS2/IEF-PCM//
B3LYP/BS1 level of theory.

3. RESULTS AND DISCUSSION

The entire reaction involves two cascade migration steps
(Scheme 2). The first one is metal-catalyzed 1,3-phosphatyloxy
migration, which can be categorized as direct 1,3-phosphatyloxy
migration (pathway 1A) and double 1,2-phosphatyloxy
migration (pathway 1B). On pathway 1A, the metal center
first coordinates to the alkynyl group of I, then undergoes a
[3,3]-rearrangement of propargylic phosphate to cyclic
intermediate II, followed by a C—O cleavage to form a
metal-coordinated a-halo-allenyl-phosphate VI/VIL Likewise
started from I, pathway 1B experiences a [2,3]-rearrangement
of propargylic phosphate to five-membered cyclic intermediate
III, leading to the formation of gold alkenyl carbenoid species
IV, which undergoes another [2,3]-rearrangement to the a-
halo-allenyl-phosphate  VI/VII via another five-membered
cyclic intermediate V. The second migration is metal-catalyzed
1,3-halogen migration initiated from VI/VIL According to the
proposed mechanism, the migration may process via either an
associative pathway (pathway 2A) or a dissociative pathway
(pathway 2B). On pathway 2A, the metal center activates the
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C—Hal bond with the association of a coordinated phosphate
group yielding the s-allyl intermediate VIII. A reductive
elimination from VIII leads to the (Z)-1,3-diene associated
by the phosphate group. On pathway 2B, the C—Hal bond
activation is mediated by the metal center which is dissociative
with respect to the phosphate group, to form s-allyl
intermediate X from which a reductive elimination of the C—
Hal bond leads to final products without the directing of the
phosphate group.

To elucidate the mechanism and selectivity of the titled
reactions, we chose the typical a-bromo-propargylic phosphate
as a model reactant for study. Throughout our computational
study, we chose the realistic P(p-CF;C¢H,); and OTf~
(CF5S0;7) ligands for the Au and the Cu catalysis, respectively.
It should be noted that all discussed Au species are named with
a capital A and Cu species with a capital C. As depicted in
Figure 1, the carbon which links to the bromine atom is named
CY% then, from left to right, the rest of the three carbon atoms
are named C!, C% and C% likewise, the oxygen atoms in
phosphate are named O' and O To avoid confusion, all the
given names of species are in bold.

3.1. 1,3-Phosphatyloxy Migration to a-Bromoallenyl
Phosphate. The free energy profiles for the copper-catalyzed
1,3-phosphatyloxy migration to a-bromoallenyl phosphate are
shown in Figure 1, via pathway 1A (C1 — Cts1 - C2 — Cts2
— C3-0) or pathway 1B (C1 - C'tsl » C'1 - C'ts2 —
C'2— C'ts3 - C'3 — C'ts4 — C3-0). From C1 to C2, the
activation free energy corresponding to the cyclization
transition state Ctsl is calculated to be 15.6 kcal/mol. Six-
membered heterocycle C2, which is 7.0 kcal/mol higher in free
energy than C1, undergoes a decyclization to the copper allenyl
intermediate C3-0 through transition state Cts2 (8.8 kcal/mol).
C3-0 is 9.6 kcal/mol lower in free energy than C1. On pathway
1B, a five-membered intermediate C’1, transformed from Cl1, is
highly unstable (18.8 kcal/mol higher in free energy than C1).
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Figure 2. Free energy profiles for 1,3-phosphatyloxy migration of propargylic phosphate with gold complex (L = P(p-C;H,CF;);) in toluene.
Relative bond lengths in A, bond angles in deg, and Gibbs free energies in kcal/mol.

Decyclization from intermediate C'1 to the copper alkenyl
carbenoid intermediate C'2 has to overcome a free energy
barrier of 23.8 kcal/mol through transition state C'ts2. C'2 is
8.2 kcal/mol higher in free energy than C1. C'2 proceeds
another cyclization step to a five-membered heterocyclic species
C’3 (12.2 kcal/mol) via transition state C'ts3 (15.5 kcal/mol).
Subsequently, C'3 proceeds to allenyl-coordinated species C3-
0 via transition state C’ts4 with a free energy barrier of 28.1
kcal/mol.

With respect to the gold-catalyzed reaction, the Au-
coordinated propargylic phosphate Al can also transform to
the gold coordinated allene A3-0 through the 1,3-phosphaty-
loxy migration pathway (pathway 1A: Al — Atsl — A2 —
Ats2 — A3-0) or the double 1,2-phosphatyloxy migration
pathway (pathway 1B: Al — A'ts] - A’l > A'ts2 > A'2 —
A'ts3 - A’3— A'ts4 — A3-0), as shown in Figure 2. Direct
1,3-phosphatyloxy migration (pathway 1A) starts from Al to
the six-membered cyclic intermediate A2 through transition
state Atsl with a free energy barrier of 6.3 kcal/mol
Intermediate A2, which is more stable than the copper-
mediated six-membered cyclic intermediate C2, since it is easier
to stabilize the alkenyl group by the Au(I) center, is 2.0 kcal/
mol lower in Gibbs free energy than Al. Subsequently, Al
proceeds to allene-coordinated species A3-0 via transition state
Ats2 with a free energy barrier of 5.7 kcal/mol. A3-0 is 3.7
kcal/mol lower in free energy than Al. Another pathway,
double 1,2-phosphatyloxy migration (pathway 1B), starts from
Al to a five-membered cyclic intermediate A'1. This cyclization
step goes through a higher transition state A’tsl with a free
energy barrier of 8.5 kcal/mol. Intermediate A1 is 2.8 kcal/mol
higher in Gibbs free energy than Al. Decyclization from A’l to
the gold alkenyl carbenoid intermediate A’2 goes through
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transition state A’ts2 with a free energy barrier of 12.8 kcal/
mol. A2 is 2.7 kcal/mol higher in free energy than Al
Through another cyclization step, A'2 proceeds to a five-
membered heterocyclic species A’3 (0.4 kcal/mol) via
transition state A’ts3 (7.8 kcal/mol). Subsequent ring-opening
of A’3 leads to the formation of the gold allenyl species A3-0
through transition state A’ts4 with a free energy barrier of 14.8
kcal/mol.

Analysis from the above free energy profiles suggests that the
direct 1,3-phosphatyloxy migration (pathway 1A) is more
highly preferred than the double 1,2-phosphatyloxy migration
pathway (pathway 1B) for both copper- and gold-catalyzed 1,3-
phosphatyloxy migration reactions. For the copper-catalyzed
1,3-phosphatyloxy migration, the rate-determining transition
state C'ts4 (28.1 kcal/mol) of pathway 1B is much higher in
free energy than that (Ctsl, 15.6 kcal/mol) of pathway 1A.
With respect to the gold-catalyzed 1,3-phosphatyloxy migra-
tion, the rate-determining transition state A’ts4 (14.8 kcal/mol)
of pathway 1B is also higher in free energy than that (Atsl, 6.3
kcal/mol) of pathway 1A. We can also see that nearly all the
five-membered ring transition states of pathway 1B are higher
in free energy than the six-membered ring transition states of
pathway 1A for both the copper- and gold-catalyzed 1,3-
phosphatyloxy migration reactions, as shown in Figures 1 and 2.

Insights can be seen from the transition state structures for
this mechanistic difference between direct 1,3-phosphatyloxy
migration (Figure 3) and double 1,2-phosphatyloxy migration
(Figure S1, Supporting Information). Ctsl and Atsl are six-
membered transition states, in which the phosphate oxygen
nucleophilically attacks the triple bond activated by Lewis acid
(copper or gold). The bond distances between the nucleophilic
oxygen atom and the terminal carbon atom in the propargylic

DOI: 10.1021/j0502600j
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Figure 3. Optimized structures of transition states for 1,3-
phosphatyloxy migration. Relative bond lengths in A. (Triflyl, ethyl,
and p-CF;C¢H, groups and hydrogen atoms are omitted for clarity.)

phosphate (C3—0?) are 1.899 A in Ctsl for copper catalysis
and 2.277 A in Atsl for gold catalysis. It can be seen from the
two figures above that Atsl is an early transition state, which is

structurally closer to the starting species Al of the reaction
coordinate than to the intermediate A2, whereas Ctsl is a late
transition state. According to the Hammond postulate,”* early
transition states are generally characteristic of rapid exothermic
reactions and late transition states are generally characteristic of
slow endothermic reactions; therefore, this postulate can
explain that gold-catalyzed reactivity is higher than that of the
copper-catalyzed reaction. In the following decyclization step,
C2 — Cts2 — C3-0 or A2 — Ats2 — A3-0, the cleavage of the
C!'-0! bond completes the 1,3-phosphatyloxy migration to the
allenyl intermediate via transition state Cts2 or Ats2. The C'—
O' bond distances are 1.809 A in Cts2 and 2.286 A in Ats2,
respectively, which are comparable to the C*-O? bond
distances in Ctsl and Atsl.

More specifically, bond angles O'—X—0? are 108.7° in C2
and 108.2° in A2, greater than that in C'1 and A’1 (102.5 and
100.6°, respectively); that is to say, pathway 1A is favored in
1,3-phosphatyloxy migration, because five-membered ring
structures are more strained than six-membered ring structures
so that five-membered ring structures are less stable.

3.2. Copper-Catalyzed 1,3-Bromine Migration. The
subsequent 1,3-bromine migration starts from the allenyl
intermediates yielded by 1,3-phosphatyloxy migration, A3-0
and C3-0. There will be two different reaction pathways, i.e.,
the associative pathway 2A and the dissociative pathway 2B for
copper mediated 1,3-bromine migration, as shown in Scheme 2.
The Z product is exclusively obtained along the associative
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Figure 5. Schematic diagrams of the selected optimized geometries for mechanisms in copper-catalytic 1,3-bromine migration. Relative bond lengths
in A. (Ethyl and trifluoromethyl groups and hydrogen atoms are omitted for clarity.)

pathway, while both E and Z products are accessible on the
dissociative pathway.

The copper-catalyzed 1,3-bromine migratory reaction starts
from two isomers of C3-0 and C3-1 which are calculated to be
—9.6 and —10.0 kcal/mol, respectively. C3-0 and C3-1 can be
isomerized between each other. This isomerization between
C3-0 and C3-1 involves Cu-double bond dissociation, Cu-
OXO association, Cu-OTf~ dissociation, and Cu-double bond
association. The rate-determining transition state for this
isomerization is —4.8 kcal/mol (Figure S2, Supporting
Information), suggesting that transformation between isomers
C3-0 and C3-1 is easy in the solution. The oxidative addition of
the C°—Br bond to the copper center can undergo two kinds of
transition states, Cts3 and CtsS. The Cts3 connects C3-1 to
the intermediate C4 with a small free energy barrier of 1.3 kcal/
mol, while the CtsS connects C3-0 to C7, overcoming a higher
activation free energy of 5.7 kcal/mol. The increased C°—Br
distances of 2.843 A in Cts3 and 3.487 A in Cts$ indicate the
dissociation of Br from C° while the Cu—Br distances of 2.372
Ain Cts3 and 2.301 A in CtsS$ indicate the formation of Cu—Br
bond to Cu(Ill) intermediate C4 and C7 (Figure S).

It is noteworthy that the triflate anion does not participate in
the associative pathway C3-1 — Cts3 — C4 due to the
association of the phosphate group to the copper center. The
high reaction temperature (80 °C) required in experiment may
entropically favor OTf dissociation. To further verify the
dissociation of this triflate anion, we tried to find a similar
associative pathway with coordinated OTf™ started from isomer
C3-2 via C'—Br cleavage, finding out that the free energy of
transition state Cts3-2 with coordinated OTf™ is much higher
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than that of Cts3 (see Figure S3 in the Supporting
Information).

The subsequent reductive elimination of the C*~Br bond
starts with the isomerization of #7°-allylic intermediate C4 to 7'-
allylic intermediate CS, which requires the recoordination of
the triflate anion onto the Cu center. CS can be converted to
the product C6 through a three-membered ring transition state
Cts4 with a small free energy barrier of 4.1 kcal/mol relative to
C4. On the other hand, starting from the dissociative Cu(III)
intermediate C7, a reductive elimination yields the (Z)-1,3-
diene product via a three-membered ring transition state Cts6.
The obtained Cts6 is higher in free energy than Cts4 by about
4.7 kecal/mol, although the distance of Cu—Br (2.378 A) in
Cts4 is quite similar to that of Cts6 (2.359 A) during reductive
elimination.

Throughout the entire free energy surface, we found that the
highest transition state of 1,3-bromine migration for the
associative pathway (Cts3) is lower in free energy than that
of the dissociative pathway (CtsS) by 4.4 kcal/mol, as depicted
in Figure 4. The associative reductive elimination transition
state (Cts4) is also calculated to be lower than Cts6 by 4.9
kcal/mol. These results indicate that the copper-catalyzed 1,3-
bromine migration will selectively produce the Z product via
the associative pathway with directing of the phosphate group,
well consistent with the experimental observations.

Cu(I)/Cu(ll) catalytic cycles, such as the single electron
transfer (SET) mechanism and the halogen atom transfer
(HAT) mechanism, are also considered as alternative path-
ways.”>’® However, compared with the oxidative addition/
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reductive elimination mechanism, these two pathways are not
favorable (see Figure S4, Supporting Information).

3.3. Gold-Catalyzed 1,3-Bromine Migration. With the
understanding of stereoselectivity of the copper-catalyzed 1,3-
bromine migration, we further illustrate the divergent stereo-
selective mechanism for the gold-catalyzed 1,3-bromine
migration, by studying both the associative pathway and the
dissociative pathway. The associative pathway to (Z)-1,3-diene
is started from an intermediate A3-0 (Figure 6). Structurally,

46 Au-C2=2.977
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Au-0'=2.265 Au-C2=2.141
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Figure 6. Free energy for gold-catalyzed associative 1,3-bromine
migration (path 2A) in solvent (toluene). Relative bond lengths in A,
Gibbs free energies in kcal/mol. (L = P(p-C(H,CF;);.)

the feature of this associative 1,3-migration is that the oxygen
O of phosphate coordinates to the Au center during oxidative
addition of the C°—Br bond, in contrast to the dissociative
pathway where there is no Au—O' interaction (discussed
below). The associative transition state, Ats3, is found to lead
to an Au(IlI) intermediate A4 with an activation free energy of
20.9 kcal/mol. Sequentially, another reductive elimination
transition state structure Ats4 (10.3 kcal/mol) is obtained for
the formation of the C>—Br bond to (Z)-1,3-diene AS.

On the other hand, the dissociative pathway of gold-catalyzed
1,3-bromine migration will lead to either Z type 1,3-diene or E
type 1,3-diene, as shown in Scheme 2. The dissociative 1,3-
bromine migration to (Z)-1,3-diene starts from intermediate
A3-1, an isomer of A3-0. As shown in Figure 7, Z-type
transition state AtsS connects A3-1 to the Au(III) intermediate
A6-1. The activation free energy of AtsS is 14.2 kcal/mol, lower
than that of Ats3 by 8.0 kcal/mol. First, the Au—Br distance
2.750 A in AtsS reveals the formation of Au—Br bonding
(Figure 8), while the increasing C’—Br distance of 2.829 A in
AtsS shows the dissociation of Br from C° Second, in the
process of A3-1 — Ats5 — A6-1, the gold center has changed
into the oxidation state of Au(III), with the coordinate number
of Au increasing to 4, and the value of bond angle C2—Au—Plis
decreasing (158.4, 134.3, and 116.1°, respectively, where Pt is
the phosphorus atom of the ligand). In another word, the 7>
allylic gold complex A3-1 is transformed to the ;*-allylic species
A6-1 throughout the oxidative addition from Au(I) to Au(III).
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The isomerization of A6-1 to intermediate A6-2 (uphill by 3.3
kcal/mol) initiates the final step for this dissociative 1,3-
migration, the C>—Br reductive elimination. Intermediate A6-2,
where the bromide is cis to the alkenyl group, goes through a
three-membered transition state Ats6 to the Z type product AS.
Ats6 processes a free energy barrier of 9.5 kcal/mol relative to
Al and a reverse activation free energy of 28.1 kcal/mol relative
to AS, respectively. After the reductive elimination, the Au(I)
catalytic center is regenerated in AS, where the Au(I) center is
linearly coordinated by phosphine and alkene.

To obtain the E type product (E)-1,3-diene, gold-catalyzed
1,3-bromine migration should undergo a stepwise dissociative
pathway, which is similar to the pathway for the formation of
(2)-1,3-diene, via A3-2 — Ats7 — A7-1 > A7-2 — Ats§ —
A8 (Figure 7). For the dissociative pathway to (E)-diene,
structural parameters in oxidative addition transition state Ats7
and reductive elimination transition state Ats8 are very close to
the ones of AtsS and Ats6, respectively. Relative to the starting
point Al, the free energy of Ats7 is 7.9 kcal/mol, which is lower
by 1.3 kcal/mol than that of AtsS (9.2 kcal/mol). Thus, the
oxidative addition of the C"—Br bond with the phosphate group
trans to the gold center (Ats7) is preferred over the one (AtsS)
with the phosphate group cis to the gold center. A7-2, an
isomer from A7-1, is calculated to be slightly less stable than
A7-1 by 3.4 kcal/mol in free energy. The three-membered
reductive elimination transition state Ats8, which connects
intermediate A7-2 and product A8, has a calculated free energy
of 7.5 kcal/mol, which is also lower than transition state Ats6
(9.5 keal/mol) with the gold center cis to the phosphate group.
Hence, the dissociative pathway to the E product is more
favorable than the dissociative pathway to the Z product. From
this PES analysis, this conclusion is in good agreement with the
experimental result that gold-catalyzed 1,3-bromine migration
produces (E)-1,3-diene.

Therefore, for the pathway of obtaining 1,3-diene by the
gold-catalyzed reaction, the dissociative pathways are more
favored than that of the associative one, which is in contrast to
the case of the copper-catalyzed reaction. The origin of this
distinctive mechanistic difference will be further discussed in
section 3.4 below.

3.4. The Origin of the Metal Effect on Stereo-
selectivity. As illustrated in sections 3.2 and 3.3, several
important findings can be found by our detailed studies: (a) for
copper-catalyzed 1,3-bromine migration, the associative path-
way is more favored, which produces Z type 1,3-diene; (b)
gold-catalyzed 1,3-bromine migration prefers the dissociative
pathway to the associative pathway; (c) in the dissociative
pathway of gold-catalyzed 1,3-bromine migration, the E
product is preferred over the Z product. Consequently, two
questions of interest require further illustration. First, why is the
associative mechanism more favored for copper catalysis,
whereas the dissociative pathway is more preferred for gold
catalysis? Second, what is the origin of the E product selectivity
for gold-catalyzed 1,3-bromine migration via the same
dissociative pathway?

To understand the origin of the mechanistic difference, i,
the associative or dissociative mechanism, that leads to the
stereodivergence for copper and gold catalysts, we further
analyze the coordination interaction between the Cu/Au center
and the phosphate group. For the copper-catalyzed pathways,
we found that the associative intermediate C4 coordinated with
the phosphate group is more stable than the dissociative one
C7 which is coordinated with a triflate anion by 6.7 kcal/mol.
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figure.

This fact indicates that the Cu(III) prefers to coordinate with intermediate A4 with the coordinated phosphate group is
the phosphate group during the catalyzed 1,3-bromine higher than dissociative intermediate A6-1 by 2.3 kcal/mol in
migration. However, in the gold-catalyzed pathways, associative free energy, which suggests that the Au(IIl) center dislikes
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interacting with phosphate during 1,3-bromine migration
reaction. These interesting discoveries can be rationalized by
the HSAB theory. As pointed out by Pearson, soft acids react
faster and form stronger bonds with soft bases, whereas hard
acids react faster and form stronger bonds with hard bases.” 167
A quantitative definition of the chemical hardness 5 can
describe how hard or how soft the species are (see Table SI,
Supporting Information).”” Harder molecules have a larger 7
value, and softer species have a smaller one. Therefore, we used
n to estimate the trend of coordinate energies relative to
chemical hardness for corresponding ligands of interest.

As expected, the calculated chemical hardness of Cu(l) ( =
649 eV) is higher than that of Au(l) (5 = S5.73 eV).
Furthermore, after oxidative addition, the difference in hardness
between these two metal centers in high oxidative states
increases. Our calculation clearly indicates that Cu(Ill) ( =
9.04 eV) is much harder as compared with Au(II) (7 = 5.97
eV). With respect to functional groups of reactants and ligands,
we found that the phosphate group (1 = 5.90 eV) is a harder
base as compared to OTf~ (1 = 5.00 eV) and phosphine ligand
(7 = 4.12 eV). In order to investigate the relationship between
chemical hardness and ligand coordinate priority, we calculated
several species of interest (Figure 9) at the B3LYP/BS2/IEF-

cl. ol
O

o el + phosphate === C'\Cu.phosphate + OTf AG =-0.6 kcal/mol
c” el
9.04 5.90 5.00
A B
it o phosphate o CmgPROSPRAe L 4G =17.1 kealimol
ClI" Cl cr ¢l
5.97 5.90 412
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Cl, c. L
Ad + phosphate === Au AG = 14.0 kcal/mol
phosphate
-
2.84 5.90
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Figure 9. Calculated ligand exchanges for copper and gold complexes.
Relative chemical hardness in eV. Values of chemical hardness are
calculated at B3LYP/BS2 in the gas phase. (Phosphate = P(O)(OEt),,
L = P(p-C¢H,CF;);, 7(Cu®*) = 9.04 eV, n(Au™) = 5.97 eV.)

PCM//B3LYP/BS1 level. As shown in Figure 9, the
replacement of triflate anion with phosphate for the copper
complex is exergonic by 0.6 kcal/mol. However, the
replacement of phosphine ligand with phosphate for the gold
complex is endergonic by 17.1 kcal/mol. We further compared
the coordinate priority between the allyl group (7 = 2.84 eV)
and phosphate (17 = 5.90 eV) for gold complexes. The results
suggest that the substitution of one arm of the allyl group by
phosphate is also endergonic by 14.0 kcal/mol. Obviously, the
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gold center prefers soft ligands to the hard phosphate ligand.
On the basis of our calculation, copper intermediate C4 with
phosphate coordinated is more stable than the one (G) without
phosphate by 5.8 kcal/mol. On the contrary, gold intermediate
A4 with phosphate coordinated is less stable than the one (A6-
1) without phosphate by 2.1 kcal/mol. These results well
support our hypothesis that the harder Cu(III) center prefers
binding to harder bases (phosphate), whereas the softer Au(III)
center disfavors binding to hard phosphate.

To further study the influence of ligand softness/hardness,
we performed calculations on Aul catalyst, which has a weak
coordinating iodide ligand. Our calculations (Figure SS,
Supporting Information) indicate that, due to the softness of
iodide, the Aul catalyst also prefers a dissociative pathway
without coordination of pendant phosphate, and produces (E)-
1,3-diene as the major product, which is in good agreement
with experimental observation.*®

3.5. The Origin of Stereoselectivity for Gold-Catalyzed
Dissociative 1,3-Bromine Migration. We have revealed that
the copper catalyst undergoes the associative pathway, leading
exclusively to (Z)-diene. However, how does gold catalysis
produce (E)-diene along the dissociative pathway without the
directing of phosphate? To answer this question, it is necessary
to analyze the features of the key transition states. As shown in
Figure 10, the cis AtsS has more repulsion between the

cis

trans +

+

~ OXO

Br-~ Au '\Trepulsmn

R
Ats5

Ats7

Figure 10. Steric effects on gold-catalyzed oxidative addition transition
states for 1,3-bromine migration.

phosphate group and phosphine ligand than the trans Ats7,
which leads to a free energy difference of 1.3 kcal/mol between
Ats7 and AtsS.

To further verify this hypothesis, we investigated model
reactions with ligands bearing different bulky environments.
Our results clearly suggest that the bulkier phosphine ligand
leads to higher stereoselectivity. As shown in Figure 11, for the
experimental studied ligand, P(p-CF;C4H,)s, the free energy of
the E type transition state Ets2 (Figure S6, Supporting
Information) is lower than that of the Z type transition state
Zts2 by 1.2 kcal/mol (calculated at B3LYP/BS2). When a
bulkier ligand like P(tBu), is introduced, the E- select1v1ty
increases with a calculated larger value of AAGH(AG,F —
AGgF) (2.3 kcal/mol). However, with a smaller phosphine
(PMe;) as the ligand, the E type oxidative addition transition
state Ets1 even becomes less stable than the Z type transition
state Zts1 by 1.1 kcal/mol. The trend of E:Z selectivity is well
reflected by the structural features of the optimized transition
states. The bond angle of Hn—Au—0? where Hn is the nearest
hydrogen atom of phosphine to O? is found to be 48.3, 44.4,
and 40.1° for Zts1, Zts2, and Zts3, respectively. In addition, we
observed that the bond distances Hn—O?> become shorter in Z
type transition states when changing with more bulky
phosphine (distances of Hn—O? are 2.908 A in Zts1, 2.650 A
in Zts2, and 2.487 A in Zts3, respectively). The smaller Hn—
Au—0? angle and shorter Hn—O? distance indicate stronger
repulsion between the phosphine ligand and the reactant, which
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Figure 11. Optimized cis transition states (CPK model) for the oxidative addition step of gold-catalyzed 1,3-Br migration at the B3LYP/BS2 level
with different bulky ligands (PMe;, P(p-CF;C4H,), and P(t-Bu);), AAG* = AG,F — AGgF. Relative bond lengths in A, and bond angles in deg.

results in a less stable Z type transition state and higher E:Z
selectivity. As a result, the steric effect plays an important role
in the gold-catalyzed 1,3-bromine migration to achieve E types
of stereoselectivity via the dissociative reaction pathway.

4. CONCLUSIONS

DFT studies have been performed to understand the
stereoselective reaction mechanisms of Cu-catalyzed and Au-
catalyzed 1,3-phosphatyloxy/1,3-bromine double migrations of
a-bromine-substituted propargylic phosphates to 1,3-dienes
with catalyst [CuOTf],-PhH and (p-CF;C¢H,);PAuCl, respec-
tively.

The 1,3-phosphatyloxy migration catalyzed by copper or gold
begins with the coordination of the metal to the triple bond of
the alkyne, undergoing a Lewis acid induced 1,3-migration of
the phosphatyloxy group to generate the six-membered cyclic
intermediate, which upon elimination from the metal center
produces allenyl phosphate. This 1,3-phosphatyloxy migration
pathway has a calculated activation free energy of 15.6 and 8.5
kcal/mol for copper and gold catalysis, respectively. In contrast,
a double 1,2-phosphatyloxy migration mechanism to allenyl
phosphate is found to be less favorable for both copper and
gold, of which the calculated activation free energies are 28.1
and 14.8 kcal/mol, respectively.

The 1,3-bromine migration step starts with the metal
coordinated allenyl phosphate formed by 1,3-phosphatyloxy
migration, and then undergoes an oxidative addition of the C—
Br bond on to the metal center to an alkenyl phosphate
intermediate, followed by a reductive elimination to selectively
produce the final 1,3-dienes products. The copper-catalyzed
1,3-bromine migration proceeds an associative pathway, where
the oxidative addition and reductive elimination are assisted
with the coordinated phosphate group, leading predominately
to the (Z)-1,3-diene. The calculated transition state energies for
oxidative addition and reductive elimination in the dissociative
pathway are both higher than those in the associative pathway
by 4—5 kcal/mol. This is in good agreement with the
experimental observation for copper catalyst.

In contrast, the Au-catalyzed 1,3-bromine migration prefers a
dissociative pathway. The transition state of oxidative addition
in the associative pathway is found to be 8.0 kcal/mol higher in
free energy than that in the dissociative pathway. The origin of
this stereodivergent mechanism can be well explained on the
basis of the HSAB theory. The gold catalyst is relatively softer,
while the copper catalyst is harder. During the 1,3-bromine
migration, copper tends to interact with phosphatyloxy,
whereas gold does not. The gold-catalyzed dissociative 1,3-
bromine migration which produces (E)-1,3-diene instead of
(Z)-1,3-diene is found to be controlled by the steric effect. The
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dissociative transition state of oxidative addition to (E)-1,3-
diene is 1.3 kcal/mol lower than the transition state leading to
(Z)-1,3-diene, which has strong repulsion between the
phosphine ligand and phosphate group. These results well
explain the opposite stereoselectivity of gold catalysis to copper
catalysis observed experimentally.

The HSAB theory is widely applied in developing various
catalytic reactivities and regioselectivities. Our study reveals the
intriguing role of HSAB interaction in the stereodivergence of
metal-catalyzed 1,3-phosphatyloxy/1,3-bromine double migra-
tions, implying a promising strategy to tune the stereoselectivity
of metal-catalyzed transformation based on the HSAB theory in
the future.
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