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ABSTRACT: The ring-opening cycloisomerization reactions of cyclo- cl ¥ "
propenyl ketones developed by S. Ma et al. [J. Am. Chem. Soc. 2003, 125, [M] = PdCl, O--Pd. 2 3R
12386—12387] provided an efficient method for the constructions of ’7 R;ﬂ%\\@(CI —, m s
trisubstituted furans in which an elegant control of the regiochemistry was R VIR R™07 R
achieved by using Cul or PdCl, catalyst. In the current report we aimed at  R2 s 2
uncovering the origin of the divergent regiochemistry of the reactions with X4 R
different metal halide catalysts using quantum chemical calculations. By R'1 2 NCMe ¥
comparing the energies of all possible pathways, we found that a novel ! R34 ,O—~—(i,lu R, . F
mechanism involving a formal 1,1-halometalation is the energetically most - \‘/&(\‘3/__/ — J \4

7 L SO [M] = Cul 2 | 2 3
favorable one. In this pathway, an organometallic intermediate is involved RTY,2 o” R
from addition of the metal atom and the halide ligand to the same sp2 carbon R? 3

of the cyclopropene moiety by sequential 1,5-addition and 1,5-rearrangement

steps, and the furan product is finally formed via an asynchronous intramolecular substitution/metal halide elimination process.
The initial 1,5-addition was found to be the rate- and regiochemistry-determining step. The calculations reproduced well the
experimentally observed selectivity. By analyzing the divergence of the Pd(II) and Cu(I) halides using the distortion/interaction
model, it was found that the interaction energy plays a more important role in determining the selectivity. The strong 7-affinity of
PdCl, enables its strong coordination with the C'=C? double bond in the TS, and the opening of the more substituted C'—C*
single bond is favored. On the other hand, the harder Lewis acid Cul is more sensitive to the steric effect and the opening of the
less substituted C*—C? single bond thus becomes predominant.
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B INTRODUCTION Scheme 1. Typical Pathways for the Activation of

Cyclopropenes are the smallest unsaturated carbocycles and Cyclopropene by Transition Metals

represent one class of highly reactive species due to their highly R{ R® R R3 RE M
strained structure.! As a result, these molecules readily undergo M\,K(X Path a A Path b RJ\)L R
rearrangement or cycloaddition reaction that leads to relief of R! R2 R R? R2
the ring strain.” With the development of efficient methods A oath B

ath c

toward facile preparation of cyclopropenes, they are widely

used as versatile building blocks for the construction of -

complex organic molecules.” While the rearrangements of RO 4
cyclopropenes under thermal and photochemical conditions —
were the topic of numerous studies,* considerable attention has R? o R

been paid to their isomerization reactions under transition

metal catalysis in recent years, and facile constructions of carbo- ) ) o
and heterocycles by ring-opening reaction of cyclopropene a mechanism has been widely employed for the functionaliza-
derivatives have been extensively studied.® tion of unsaturated molecules via hydrometalation, halometa-

Due to enhanced reactivity of both the C—C & and 7 bonds lation, carbometalation, and other related processes.7 With the
development of carbophilic noble metal catalysis in recent

in cyclopropenes,' generally three different es of organo-
Vi OPTOPERey 8 J 7P 8 years,® the carbenoid B has been found to be a key intermediate

metallic intermediates (A, B, and C) could be possibly formed
in transition metal-catalyzed reactions of cyclopropenes

(Scheme 1). Intermediate A is a metal-substituted cyclopropane Received: November 4, 2014
which could result from the addition of a metal and an anionic Revised:  December 21, 2014
ligand to the double bond of the cyclopropene (Path a).® Such Published: December 22, 2014
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in the ring-opening transformations of cyclopropene under gold
and platinum catalysis, resulting from the electrophilic
activation of the C=C double bond (Path b).? Besides these
processes, the oxidative addition with the insertion of a metal
into the C—C single bond of cyclopropene to form a 4-
membered ring intermediate C is commonly proposed for
reactions involving transition metal catalysts of relatively low
oxidation state (Path ¢)."°

As results of different modes of activation based on transition
metal catalysis, interesting issues of selectivity and reactivity
were observed in ring-opening reactions of cyclopropenes,
which are usually de{)endent on the substitution pattern and the
reaction condition.'! Thus, transformations based on selective
C—C o bond cleavage of cyclopropene derivatives are of great
synthetic and mechanistic interests when the C=C double
bond is unsymmetrically substituted.'> To this end, notable
catalyst-controlled C—C o bond cleavages were discovered by
S. Ma and co-workers in the metal halide-catalyzed rearrange-
ments of 3-acylcyclopropenes (Scheme 2),"* from which the

Scheme 2. Catalyst-Dependent Regioselectivity in the Metal
Halide-Catalyzed Ring-Opening Cycloisomerization
Reactions of Cyclopropenyl Ketones and Proposed
Mechanism by S. Ma et al."?
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2,3,5- or 2,3,4-trisubstituted furans were obtained selectively
when changing the catalyst from PdCl, to Cul'* This
methodology is alternative to a previous report by Padwa et
al,"> who found that the regioselectivity in the formations of
substituted furans from 3-acylcyclopropenes could be well
controlled by the oxidation state of the Rh catalyst, albeit only
very limited examples were presented (eq 1).'° In 2007, a
complementary work on the rearrangements of 3-iminocyclo-
propenes into fused pyrrole derivatives under the catalysis of
RhCI(PPh;); or Cul was reported by the Gevorgyan group.'”
Consistently, the regiochemistry is also catalyst-dependent and
the selective cleavage of the less substituted C—C single bond
of the cyclopropene was observed when Cul was used as the
catalyst (eq 2). In 2010, the S. Ma group reported the ring-
expansion of cyclopropenyl carboxylates to form 1-alkoxyfurans
(eq 3),'® which were obtained in a regiodivergent fashion by
change of the metal catalyst. Very recently, the catalyst-
controlled site-selective ring-opening of chroman-4-one motif
containing cyclopropenes was reported by the B. Ma group (eq
4)."° These elegant works demonstrate the long-lasting interest
of researchers in both the site selective C—C o bond cleavage of
cyclopropenes and the controllable synthesis of polysubstituted
furans®® and pyrroles,”' yet very little attention has been paid to
the detailed mechanism of related reactions. A regiodivergent
1,2-halometalation step (forming Al and A2, Scheme 2) was
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proposed to be responsible for the different selectivity in S.
Ma’s reactions using different metal halides,">*° to the best of
our knowledge, however, there is no literature precedent
available for an explicit understanding of the intri§uing metal-
dependent selectivity in the reactions concerned.”

In the current report, we carried out quantum chemical
calculations at the CCSD(T)//B3LYP level to study the
catalyst-dependent regiochemistry in the PdCl,- and Cul-
catalyzed ring-opening cycloisomerization reactions of cyclo-
propenyl ketones in Scheme 2."* Instead of undergoing the
previously known processes for ring-opening of cyclopropenes,
the results showed that a novel mechanism involving a formal
1,1-halometalation process is the most favorable and agrees well
with the experimental observations. The divergence between
Pd(1I) and Cu(I) halides in this unprecedented process was
analyzed theoretically.”***

B COMPUTATIONAL DETAILS

All calculations were carried out with the Gaussian 09 suite of
computational programs.*® The geometries of all stationary points
were optimized at the DFT level using the B3LYP functional.”® The 6-
31+G(d) basis set”” was applied for all atoms excespt for Pd, Cu, and I,
which were described by the SDD basis set.”® Frequencies were
analytically computed at the same level of theory to obtain the gas
phase free energies and to confirm whether the structures are minima
(no imaginary frequency) or transition states (only one imaginary
frequency). All transition state structures were confirmed to connect
the proposed reactants and products by intrinsic reaction coordinate
(IRC) calculations.” The effect of solvent was examined by
performing single-point self-consistent reaction field (SCRF) calcu-
lations based on the polarizable continuum model (PCM) for gas-
phase optimized structures.*® Acetonitrile (¢ = 35.688) and dichloro-
methane (& = 8.930) were respectively used as the solvents in Cul- and
PdCl,-catalyzed reactions, corresponding to original experimental
conditions, "> and the atomic radii used for the PCM calculations were
specified using the UFF keyword. To obtain more accurate
predictions, all energies were corrected by single-point calculations
at the CCSD(T) level with a larger basis set combined by def2-
TZVPPD for Pd, Cu, and I and 6-31+G(d,p) for all other atoms. The
final energies (kcal/mol) reported in the manuscript are relative free
energies including electronic energy from the CCSD(T) calculation,
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thermal correction at the B3LYP level, and solvation correction with
PCM model.

While the predictions from high level CCSD(T) calculations are in
good agreement with the experiments, consistent results were also
obtained from the B3LYP calculations as given in the Supporting
Information. This validated the B3LYP functional as a reliable method
for mechanistic investigation of related reactions.

In original experiments by S. Ma et al. despite the reacting carbonyl
functionality, another acyl group was generally contained at C* of the
cyclopropene precursors.’> Hence, the 3,3-diacetyl-1-methylcyclopro-
pene (la, Scheme 3) was used as a model substrate in our

Scheme 3. Formation of the Reactant Complexes
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computations. Both PdCl, and PdCL,(CH;CN), were effective
catalysts for the selective opening of the C'—C? single bond of 1
(Scheme 2), indicating the possible involvement of CH;CN as a
neutral ligand does not influence the catalytic activity of the Pd
complex. Consistently, the results in Scheme 3a show the displacement
of the two acetonitrile ligands of PdCl,(CH;CN), with la to form
chelate complex C1, in which the Pd atom is coordinated by both the
carbonyl oxygen and the C'=C? double bond, is an almost
energetically neutral process, while the formations of complexes C2
and C3 are endergonic. The formation of C1 from the ligand-free
PdCl, and 1a is much more favorable with an exergonicity of 30.1
kcal/mol. As all Cul-catalyzed reactions were carried out in the
acetonitrile solution, the possible complexation of Cul with the solvent
was considered. It was found the formations of solvated complexes C4
and CS (eq 2) are more favorable than the formations of reactant
complexes C6 and C7 (eq 3). Calculations indicated only one oxygen
atom is coordinated to the Cu atom in C6 and no complex could be
formed from C4 and la. Accordingly, the reactant complex C1 was
established as the starting point of the PdCl,-catalyzed reaction
whereas separated C4 and 1a were used for the simulation of the Cul-
catalyzed reaction in acetonitrile.

We included one acetonitrile solvent as a ligand to Cul not only
because C4 is the most stable complex in Scheme 3b, but also lower
energies were calculated for the TS when an explicit solvent is
contained. On the other hand, if one CH;CN ligand is involved in the
PdClL,(CH;CN),-catalyzed reaction, no chelate complex like C1 could
be formed due to the coordination saturation of the Pd center and a
different mechanism was suggested. The ligand free Cul-catalyzed and
the CH;CN-contained PdCl,-catalyzed reactions of 1a are given in the
Supporting Information.

B RESULTS AND DISCUSSION

Possible Initiations. As shown in Scheme 1, different types
of activation are possible for the ring-opening of cyclopropenes.
To disclose which pathway is the most favorable for the Pd(II)
and Cu(I)-catalyzed reactions of 1a, the relative energies for
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transition states (TSs) of all possible initiations were compared
in Scheme 4. First of all, the originally proposed 1,2-

Scheme 4. Relative Energies (kcal/mol) for the Key TS in
Possible Pathways
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(The energies for PdCl,-contained TS are relative to C1 and those
for Cul-contained TS are relative to the energy sum of C4 and 1a)

halometalation mechanism (Path a) was evaluated. Despite
higher activation energies were required for this pathway in
comparison with some of other possibilities (Scheme 4), the
additions of both Pd and Cu atoms to the less substituted sp”
carbon (C?) were found to be more favorable, as the aTS1’-Pd
is 8.3 kcal/mol lower in energy than aTS1-Pd and the aTS1'-
Cu is 2.0 kcal/mol lower than aTS1-Cu. The unfavorable
reactions via aTS1 could be attributed to the steric effect of the
methyl substituent at C', which prevents the addition of the
metal moiety to this carbon. Thus, the same regiochemistry will
be expected for both Pd- and Cu-catalyzed reactions if the 1,2-
halometalation is the selectivity-determining step.

In Path b, the metal-carbenoids could be formed via bTS1
and bTS1’ as results of the electrophilic activation of the C'=
C? double bond by the metal catalyst.” This pathway could be
excluded due to the relatively higher activation barriers.
Furthermore, the predicted selectivity is just opposite to that
observed in both reactions. Accordingly, when the PdCl, is
involved, the ring-opening of cyclopropene la occurs more
favorably via bTS1-Pd to cleave the less substituted C*—C?
single bond. This is 5.0 kcal/mol lower in energy than that via
bTS1’-Pd. On the other hand, the bTS1’-Cu is slightly lower in

DOI: 10.1021/cs501738p
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Figure 2. Geometries for selected stationary points in the PdCl,-catalyzed reaction (distances and angles are in angstroms and degrees, respectively).

energy (0.9 kcal/mol) than bTS1-Cu, suggesting cleavage of
the C'—C? single bond is more preferred in case of Cul catalyst.
The difference between PdCl, and Cul in this process was
analyzed in the Supporting Information.

Although the oxidative addition of organic electrophile to
PdCl, is quite rare (Path c), the insertions of PdCl, into the
C*-C? and C'-C’ single bonds of la were found to be
possible via ¢TS1-Pd and ¢TS1’-Pd with activation barriers of
222 and 25.8 kcal/mol, respectively. Despite the relatively
lower energy barrier, it seems to contradict with the
experimentally observed selectivity since ¢TS1-Pd is 3.6 kcal/
mol more favorable than ¢TS1'-Pd. In fact, a detailed analysis
of the full potential energy surface in the coming subsection
shows the oxidative additions via ¢TS1-Pd and c¢TS1'-Pd are
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reversible and thus are not the selectivity-determining step in
Path c. Calculations to uncover the energies for oxidative
addition of 1a to Cul or C4 were also conducted, however, all
attempts to locate the TS similar to ¢TS1-Pd and ¢TS1'-Pd
failed.

Besides the above processes for the activation of la with
PdCl, and Cul, a new pathway initiated by 1,5-addition of the
metal halide to 1a was disclosed by calculations (Path d). By
passing through transition states dTS1 and dTS1’, the metal
atom is adding to the carbonyl oxygen while the halide ligand is
adding to C? and C', respectively, with concurrent cleavage of
the C>*—C? and C'—C? bonds, generating the metal enolates as
intermediates. Albeit the details for the following steps in Path
d remain undisclosed, interestingly, for each metal halide, the
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required activation free energy is the lowest among all possible
pathways given in Scheme 4 and the predicted regioselectivity
agrees well with that in experiments (Scheme 2)." Therefore,
an in-depth analysis of this new approach for ring-opening of 3-
acylcyclopropene and the key factors governing the regiochem-
istry of the PdCl,- and Cul-catalyzed reactions will be
presented.

Details for the Pd(ll)-Catalyzed Reaction. According to
the above results, the initiation via dTS1’-Pd has the lowest
relative free energy of 21.5 kcal/mol among all possible TS
when PdCl, is the catalyst. The full potential energy surface is
depicted in Figure 1 to show how the 2,3,5-trisubstituted furan
is finally formed through this pathway. Except for the structure
of dTS1’-Pd, which will be compared more closely later with
dTS1-Pd and with the Cul-involved counterparts to highlight
the key difference between the reactions, the geometric
structures for all other TS and intermediates in this mechanism
are given in Figure 2.

From Figure 1, it can be concluded that the first step of the
1,5-addition is the rate- and selectivity-determining step of the
whole reaction and will lead to product complex IN4'-Pd
irreversibly, as all other transition states are lower in energies
than dTS1'-Pd. This further confirms that the 1,2-halometa-
lation in Path a is not possible. Upon the 1,5-addition, the
opening of the C'=C* & bond is achieved and the palladium
1,3-dienolate IN1'-Pd is formed endergonically by 3.4 kcal/
mol, in which the Pd atom is coordinated strongly by the
chloro-substituted C'=C? 7 bond (Pd—O = 1.99, Pd—C' =
2.16, and Pd—C?* = 2.21 A, Figure 2). In the following step,
isomerization of IN1'-Pd via a 1,5-Pd migration occurs facilely
via TS2'-Pd (Pd—O = 2.03, Pd—C' = 2.11, and Pd—C* = 2.26
A) with a barrier of less than 2.0 kcal/mol. The easiness for the
isomerization of IN1'-Pd is understandable as only marginal
structural change is required to reach the TS. Also, this step is
favored due to the thermodynamic preference of alkyl
palladium intermediate IN2'-Pd, which is 12.1 kcal/mol more
stable than the enolate form and is the global minimum of the
whole potential energy surface. Thus, the IN2'-Pd could be
viewed as the result of a formal 1,1-chloropalladation reaction
of 1a with PdCl,, from which both Pd and CI atoms of the
catalyst moiety are o-bonded to C' of the 3-acylcyclopropene
moiety.

In IN2’'-Pd, the Pd atom is still coordinated by the carbonyl
oxygen. Prior to the formation of the C'—=O ¢ bond that
required in the furan product, this intermediate should be first
transformed to its conformational isomer IN3'-Pd via
dissociation of the Pd--O interaction, which is realized by
passing through TS3’-Pd with an activation barrier of 16.5
kcal/mol. Due to the absence of the Pd::-O coordinative bond,
IN3'-Pd is 6.1 kcal/mol higher in energy than IN2'-Pd and
now the Pd atom is associated with the chloride on C*' (Pd—Cl
=2.51 A). From IN3'-Pd, the final intramolecular cyclization to
form the aromatic heterocycle occurs via TS4'-Pd with an
activation barrier of 9.0 kcal/mol. The cyclization via TS4'-Pd
could be described as a nucleophilic substitution process as the
TS adopts a trigonal bipyramidal geometry in which the
attacking of the oxygen atom to C' occurs from the backside of
the chloride atom (O—C' =2.57, CI-C' =221 A, and O—-C'—
Cl = 166.5°). The Pd—C" distance in TS4'-Pd (1.93 A) is even
slightly shorter than that in the preceding intermediate IN3'-Pd
(1.98 A); however, the elimination of PdCl, occurs
asynchronously with the leaving of the chloride atom from
C!, affording IN4'-Pd, the 7 complex of 2,3,5-trisubstituted
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furan product and PdCl,, exergonically. The results above
disclosed how the 2,3,5-trisubstituted furan is formed in the
PdCl,-catalyzed reaction from the 1,5-addition via dTS1'-Pd.
As expected, following a similar potential energy surface, the
regioisomeric 1,5-addition via dTS1-Pd will open C*-C* &
bond and lead irreversibly to a 2,3,4-trisubstituted furan
product (see the Supporting Information for details). The
energy for the latter TS is 3.6 kcal/mol higher than that of the
former one (Figure 1), in good agreement with the experiments
in which the 2,3,5-trisubstituted furan were formed predom-
inantly. However, the calculated energy for the oxidative
addition via cTS1-Pd for opening the C'—C? ¢ bond is only 0.7
kcal/mol higher than dTS1’-Pd but 2.9 kcal/mol lower than
dTS1-Pd, suggesting Path ¢ may be a more preferred pathway
than Path d (via dTS1-Pd) to generate the 2,3,4-trisubstituted
furan byproduct. To make clear how the very small amount of
2,3,4-trisubstituted furan was formed in the PdCl,-catalyzed
reactions, the full potential energy surface for the oxidative
addition pathways initiated by ¢TS1-Pd and ¢TS1’-Pd is shown

in Figure 3.
+
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Figure 3. Full energy profile for the PdCl,-catalyzed reaction via Path
c

In Path ¢, both the insertions of the Pd atom into C'—C? and
C>—C? o bonds via c¢TS1-Pd and c¢TS1'-Pd, respectively, are
reversible, with the former TS being lower in energy by 3.6
kcal/mol. As shown by the geometries depicted in the
Supporting Information, the carbonyl oxygen is coordinated
to the Pd atom in both TS and in the generated four-membered
palladacycle intermediates cIN1-Pd and cIN1'-Pd. Then the
reactions undergo the cleavage of the Pd—C? ¢ bonds via ¢TS2-
Pd and c¢TS2'-Pd with relative energies of 34.9 and 28.3 kcal/
mol, respectively, which are the highest values in both
pathways. As the rearrangement of the four-membered ring
organometallic intermediate is the regiochemistry-determining
step in Path ¢, the pathway initiated by ¢TS1-Pd for opening of
the C'=C® o bond becomes unfavorable. Therefore, the
generation of carbenoid intermediate ¢IN1'-Pd from cTS2’-
Pd is more favorable than cIN1-Pd, and finally, the formation
of complex IN4'-Pd will be predominant by a facile ring-closure
via ¢-TS3'-Pd. Thus, the PdCl,-catalyzed oxidative addition
pathway may actually lead to the main product of 2,3,5-
trisusbstituted furan, but it is kinetically less favorable than Path
d as cTS2'-Pd is 6.8 kcal/mol higher in energy than dTS1'-Pd.
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Figure 4. Full energy profile for the Cul-catalyzed reaction via the 1,5-addition pathway.

This also confirms that the 2,3,4-trisubstituted furan byproduct
is formed from the 1,5-addition via dTS1-Pd.

Details for the Cu(l)-Catalyzed Reaction. Although the
TS for the oxidative addition of 1a to Cul was not located, Path
c was excluded by calculations of the energies from the possible
intermediates of the oxidative addition, which showed the
cleavage of the Cu—C? bonds (similar to ¢TS2-Pd and cTS2'-
Pd) require relatively high energies (see the Supporting
Information for details). As dTS1-Cu in Path d has the lowest
energy among all possible initiations in Scheme 4 when
monoacetonitrile-ligated complex C4 is the catalyst, the
detailed potential energy surface for this pathway is given in
Figure 4 and selected geometric structures are depicted in
Figure S.

It was found that the Cul-catalyzed reaction follows a similar
mechanism as that for the PdCl,-catalyzed one. The 1,5-

5
~
TS2-Cu  Cu-C*=205 TS3-Cu Cu-l=2384
Cu-0 =2.08 C%-0=234
Cc%1=271
'
f{
(v 4
C/N

Cu-C?=3.06
Cu-C'=287
IN1-Cu Cu-0 =184 IN2-Cu
c2c'=1.34
ctc3-c'-c2=1013

Cu-C?=1.99
Cu-0=221
ctcicl-c?=193

Figure 5. Geometries for selected stationary points in the Cul-
catalyzed reaction (distances and angles are in angstroms and degrees,
respectively).

addition via dTS1-Cu has a highest energy value of 25.6 kcal/
mol in Figure 4 and leads to Cu(I) enolate IN1-Cu slight
endergonically. Distinguished from the Pd(II) enolate IN2'-Pd,
only very week interaction between Cu and C'=C? = bond
was calculated for IN1-Cu (Cu—O = 1.84, Cu—C! = 2.87, and
Cu—C? = 3.06 A), demonstrating the dramatic difference in
electronic properties between Pd(II) and Cu(I). In a following
step, the 1,5-rearrangement of IN1-Cu is realized via TS2-Cu
(Cu—0 =2.08, Cu—C' = 2.69, and Cu—C?* = 2.05 A), resulting
in the alkyl copper intermediate IN2-Cu with an activation
barrier of 10.3 kcal/mol. Although is still facile, this step
requires a much higher barrier than the rearrangement of its
counterpart with PdCl, (IN1'-Pd), because the formation of
IN2-Cu is an endergonic process. In this latter intermediate the
Cu--O coordinative bond is at a distance of 2.21 A and no
further rearrangement is required before the cyclization/
substitution via TS3-Cu. This final C—O bond formation
step requires an overall barrier of 17.3 kcal/mol from IN1-Cu
and gives rise to separated C4 and 2,3,4-trisubstituted furan
product 2a highly exergonically.

Similarly, the 2,3,S-trisubstituted furan product 3a could be
formed from Path d through the 1,5-addition via regioisomer
dTS1’-Cu. This is 3.3 kcal/mol higher in energy than dTS1-Cu
and thus is kinetically unfavorable in competition with the
pathway shown in Figure 4, accounting for the highly
regioselective cycloisomerization of la to 2,3,4-trisubstituted
furan under the catalysis of Cul in acetonitrile.

Divergence between the Two Metal Halides. Having
established the Path d as the lowest energy pathway and shown
how the 2,3,5- and 2,3,4-trisubstituted furans were respectively
formed in the PdCl,- and Cul-catalyzed reactions of 1a, we next
carried out a closer examination of the relationship between
structure and reactivity in the regioselectivity-determining 1,5-
addition step to better understand the computational results. As
shown by the geometric structures of the key TS in Figure 6, all
these 1,5-additions resemble the bimolecular nucleophilic
substitution processes, in which the addition of the halogen
atom to C' (or C?) and the opening of the C'—C* (or C*~C?)
o bond occur concertedly.>" A notable difference between TS
of different metal catalysts is that the Pd(II) has strong
interaction with the C'=C? 7 bond in the process of 1,5-
addition while such interaction is relatively weak in cases of
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Figure 6. Geometric structures for dTS1-Pd, dTS1’-Pd, dTS1-Cu,
and dTS1’-Pd (selected distances are in angstroms).

Cu(I). For example, in dTS1-Pd the Pd—C' and Pd-C*
distances are 2.22 and 2.02 A, respectively, and in dTS1'-Pd
these two distances are 2.03 and 2.16 A, respectively. On the
other hand, the Cu(I) only interacts unsymmetrically with the
C'=C? 7 bond in dTS1-Cu with the Cu—C' and Cu—C
distances being 2.76 and 2.06 A, respectively, whereas in
dTS1’-Cu almost no interaction was found (Cu—C' = 3.20 and
Cu—C? = 3.19 A). This difference in geometric structures
demonstrates the stronger Lewis acidity and z-affinity of PdCl,
than Cul,** especially when the latter catalyst is 6-coordinated
by the CH;CN solvent in reactions. The stronger Lewis acidity
and s#-affinity of PdCl, are also shown by the favorable
formation of chelate complex C1 over C2 and C3, while the
formation of z-complex C7 from Cul and la is the least
favorable compared with the o-complexes (Scheme 3). In
addition, in the generated 1,3-dienoclate intermediates from the
1,5-addition, the Pd atom is strongly associated with the Cl=
C? 7 bond in IN1'-Pd but no such interaction was found for
the Cul-containing counterpart IN1-Cu (or IN1'-Cu).

To gain more insights into the physical factors that control
the activation barriers of the 1,5-addition processes, the
distortion/interaction analysis of key transition states is given
in Table 1. The distortion/interaction model®® is also known as
the activation-strain model,** which has been applied to explain
the reactivities and selectivities in different systems including
the transition metal catalysis.*>** In bimolecular reaction, the
activation barrier (AE*) could be decomposed into two
contributions, the distortion energy (AEg,) which is the
energy required to deform the reactants from their equilibrium

Table 1. Distortion/Interaction Analysis of Key TS

TS AE'  AEg (MX,) AEg (1a) AEy,  AE,
dTS1-Pd 239 6.4 37.6 44.0 —20.1
dTS1’-Pd 21.6 5.9 44.8 50.7 —29.1
dTS1-Cu 10.9 16.5 282 44.7 —33.8
dTS1’-Cu 129 11.1 31.1 42.2 -29.3
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geometries to the geometries they adopt in the TS and the
interaction energy (AE,,) which is the energy of interaction
between the deformed fragments. Although the transformations
from reactant complex C1 is not a bimolecular reaction, the
distortion/interaction model should be still applicable here to
show the difference between dTS1-Pd and dTS1’-Pd by using
complex Cl 2 a reference, as suggested by Fernandez and
Bickelhaupt.>> According to Table 1, the energies for distortion
of the PACl, moiety (AEy,(MX,)) are quite close in dTS1-Pd
and dTS1’-Pd, but the distortion energy of la moiety
(AEg4(1a)) is 7.2 kecal/mol higher in the latter case than in
the former case. This is corresponding to the relatively longer
breaking C'—C?® distance in dTS1’-Pd (2.27 A) than the
breaking C>—C? distance in dTS1-Pd (2.14 A). Besides, the
stronger steric effect arising from the Pd moiety and the methyl
on C' also contributes to greater distortion of 1a in dTS1'-Pd.
Thus, the total distortion energy required for dTS1-Pd is 6.7
kcal/mol lower than dTS1'-Pd. However, the latter TS is
favored as its interaction energy is 9.0 kcal/mol lower than the
former one, implying the stronger coordination between PdClI,
and 1la in dTS1’-Pd than in dTS1-Pd is the major factor that
results in the observed selectivity. This conclusion is supported
by the Wiberg bond index calculations, which showed the sum
of bond orders for the Pd—0, Pd—C!, and Pd—C? distances in
dTS1’-Pd is 1.30, being slightly greater than the value of 1.22 in
dTS1-Pd.

While the PdCl,-catalyzed 1,5-addition is explained by the
distortion/interaction model, it should be noted that the
favorable opening of the more substituted C'—C? ¢ bond via
dTS1’-Pd is consistent with the bond strength. The calculated
bond dissociation enthalpy for the C*~C? ¢ bond i in lais 11.2
kcal/mol higher than that for the C'~C?® & bond,* indicating
the more substituted C'—C® & bond is intrinsically more
reactive.

In case of Cul, the catalyst moiety is more distorted (by 5.4
kcal/mol) in dTS1-Cu than in dTS1’-Cu, in line with the
slightly longer Cu—I distance (2.61 vs 2.58 A) and the smaller
N—Cu-I angle (112.5° vs 128.9°) in the former TS. On the
other hand, the 1a is more distorted in dTS1’-Cu with the
distortion energy being 2.9 kcal/mol higher than that in dTS1-
Cu, due to the longer opening C'—C? distance (2.12 vs 1.99 A)
and the steric effect between the iodide atom and the C' methyl
group in the former TS. In all, the AEy,, for dTS1-Cu is 2.5
kcal/mol higher than dTS1’-Cu. Similar to that found in the
PdCl, case, the interaction energy plays a more predominant
role in determining the selectivity and the dTS1-Cu is finally
more preferred with more energy compensation from the
stronger catalyst-substrate interaction. The calculated bond
orders for the Cu—0O, Cu—C!, and Cu—C? distances in dTS1-
Cu are 0.19, 0.10, and 0.28, respectively, while these values are
0.22, 0.02, and 0.01 in dTS1’-Cu. The selectivity is also in
accordance with the steric effect that the less substituted C*
atom is more accessible for the addition of the iodide atom.

B CONCLUSIONS

In summary, the mechanism for regiochemical-controlled
cycloisomerization of cyclopropenyl ketones was studied by
quantum chemical calculations and insights into the difference
between the catalysis of Pd(II) and Cu(I) halides were
provided. The results show that the previously known processes
for ring-opening of the cyclopropenes are higher in activation
energies and do not agree with observed selectivity. Instead, a
novel 1,1-halometalation mechanism initiated by the 1,5-
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addition was uncovered as the lowest energy pathway. This
pathway leads to an organometallic intermediate with both the
metal atom and the halide ligand being added to the same sp”
carbon of the cyclopropene moiety from sequential 1,5-addition
and 1,5-rearrangement steps, and finally, the furan product is
formed via an asynchronous intramolecular nucleophilic
substitution/metal halide elimination process.

The full potential energy surfaces indicated the initial 1,5-
addition is the regiochemistry-determining step. In this process,
the stronger z-affinity of PdCl, enables its strong coordination
with the C'=C? double bond in the TS, and the opening of the
more substituted C'—C? single bond is favored. On the other
hand, the harder Lewis acid Cul is more sensitive to the steric
effect and thus the opening of the less substituted C*—C?
becomes predominant. Analysis of the key TS by the
distortion/interaction model indicated the interaction between
the distorted catalyst and substrate fragments plays a major role
in determining the site of the ring-opening. The results here
provided a full understanding of the intriguing results by S. Ma
et al."”® and should have mechanistic implications in related
reactions, 1415171931
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