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ABSTRACT: Transition metal-catalyzed [4 + 2 + 1] cyclo-
addition of in situ generated ene/yne—ene—allenes (from ene/
yne—ene propargyl esters) and carbon monoxide (CO) gives the
[4 + 2 + 1] cycloadducts rather than [2 + 2 + 1] cycloadducts.
Investigating the mechanism of this [4 + 2 + 1] reaction and
understanding why the [2 + 2 + 1] reaction does not compete and
the role of the allene moiety in the substrates are important. This is
also helpful to guide the future design of new [4 + 2 + 1]
cycloadditions. Reported here are the kinetic and computed studies
of the [4 + 2 + 1] reactions of ene—ene propargyl esters and CO. A
quantum chemical study (at the DLPNO-CCSD(T)//BMK level)
revealed that the [4 + 2 + 1] reaction includes four key steps, which
are 1,3-acyloxy migration (rate-determining step), oxidative
cyclization, CO migratory insertion, and reductive elimination. The allene moiety in the substrates is critical for providing
additional coordination to the rhodium center in the final step of the catalytic cycle, which in turn favors the reductive elimination
transition state in the [4 + 2 + 1] rather than in the [2 + 2 + 1] pathway. The CO insertion step in the [4 + 2 + 1] reaction, which
could occur through either the UP (favored here) or DOWN CO insertion pathway, has also been deeply scrutinized, and some
guidance from this analysis has been provided to help the future design of new [4 + 2 + 1] reactions. Quantum chemical calculations
have also been applied to explain why [4 + 2] and [4 + 1] cycloadditions do not happen and how trienes as side products for some
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B INTRODUCTION

Transition metal-catalyzed cycloadditions have evolved as
powerful tools to access various ring skeletons that are widely
found in natural products and pharmaceutical compounds.’
Continuing efforts are required to develop more diverse
cycloadditions to access cyclic molecules, which are not
reachable, or need tedious transformations (for either substrate
preparation or cycloadduct elaboration) if applying the
reported known reactions. It is well known that seven-
membered carbocyclic rings, which are widely found in natural
products of biological activities, belong to the challenging
medium-sized rings for synthesis,” and synthetic chemists still
do not have many reactions and strategies at hand for choice
when they are planning their syntheses of these target
molecules and their analogs. For example, until now only a
limited number of transition metal-catalyzed cycloaddition
reactions can be used to synthesize seven-membered carbo-
cycles directly."”” Therefore, chemists have been endeavoring
to discover and develop new transition metal-catalyzed
cycloadditions for this purpose.

It is easily envisioned that a straightforward way to reach
seven-membered carbocycles is to develop transition metal-
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catalyzed [4 + 2 + 1] cycloadditions of ene/yne/allene—dienes
and carbon monoxide (CO), considering that the ene/yne/
allene—diene substrates are easily synthesized, while carbon
monoxide is cheap and abundant (Scheme 1la, yne/allene—
dienes are not shown here).”> However, these envisioned
reactions are not guaranteed to give [4 + 2 + 1] products since
either [4 + 2] or [2 + 2 + 1] products may be obtained from
the proposed intermediates involved in the [4 + 2 + 1]
reactions. The Wender group has investigated the reactions of
ene/yne/allene—dienes and CO under rhodium catalysts,
finding that these reactions mainly gave [2 + 2 + 1]
cycloadducts, and only a minor [4 + 2 + 1] cycloadduct was
obtained in one example (Scheme 1b).*

The abovementioned findings prompted us to hypothesize
that, employing rhodium (or other transition metals) catalysts,
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Scheme 1. (a) [4 + 2], [4 + 2 + 1], and [2 + 2 + 1] Cycloadditions and Two CO Insertion Pathways, (b) Wender’s [2 + 2 + 1]
Reactions of Ene/Yne/Allene—Dienes and Carbon Monoxide, Where [4 + 2 + 1] Was a Minor Product in One Example, and

(c) Our Previously Reported [4 + 2 + 1] Cycloaddition

a) [4+2], [4+2+1], [2+2+1] cycloadditions and two possible CO insertion pathways
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the reactions of ene/yne/allene—dienes and CO could
intrinsically favor affording their corresponding [2 + 2 + 1]
rather than [4 + 2 + 1] products. How can this “intrinsic”
hurdle be overcome? In our opinion, there are possibly two
strategies to realize the target [4 + 2 + 1] cycloadditions of
ene/yne/allene—dienes and CO. The first strategy, the so-
called catalyst searching strategy (CSS), is to find an
appropriate catalyst (a combination of a transition metal
(M) with/without a ligand (L)) to fulfill the goal; the second
strategy, so-called here as a substrate-designing strategy (SDS)
is to design some special but important substrates so that [4 +
2 + 1] cycloadditions, compared to their competing [2 + 2 +
1] cycloadditions, become preferred kinetically.

Adopting these two strategies to realize [4 + 2 + 1]
cycloadditions requires not only experimental tests, but also a
deep mechanistic understanding of successful [4 + 2 + 1]
reactions reported. Fortunately, our group discovered a
rhodium-catalyzed [4 + 2 + 1] cycloaddition of in situ
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generated ene/yne—ene—allenes from ene/yne—ene propargyl
esters with CO, which can be regarded as a [4 + 2 + 1]
cycloaddition using the SDS strategy (Schemes 1c and 2).°
This new [4 + 2 + 1] reaction is efficient to get access to 5/7
fused rings, and several selected examples are given in Scheme
2a. Therefore, it is crucial to understand how this [4 + 2 + 1]
cycloaddition takes place. It is also important to know the role
of allenes in the in situ generated substrates in affecting the
regiochemistry, considering that the ene/yne/allene—diene
substrates, favoring [2 + 2 + 1] reactions (reported by Wender
and co-workers), do not have this functional group in their
diene moieties. The insights from the mechanistic studies will
help the future development of new [4 + 2 + 1] cycloadditions
via either the CSS or SDS strategy.

The proposed mechanisms of the [4 + 2 + 1] and other side
reactions for ene/yne—ene—allenes and CO are shown in
Scheme 3. In the [4 + 2 + 1] cycloaddition, the propargyl ester
first undergoes Rh-catalyzed 1,3-acyloxy migration” to form

https://doi.org/10.1021/acs.joc.2c00406
J. Org. Chem. 2022, 87, 10576—10591


https://pubs.acs.org/doi/10.1021/acs.joc.2c00406?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.2c00406?fig=sch1&ref=pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.2c00406?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Organic Chemistry

pubs.acs.org/joc

Scheme 2. (a) Selected Examples of [4 + 2 + 1] Cycloadditions and Side Products and (b) Model Reactions for Calculations
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intermediate I with an allene moiety, which is followed by an
intramolecular diene oxidative cyclization to generate a five-
membered metallacycle, intermediate II. Then, the ene/yne
component in the substrate inserts into the Rh—C bond in II
to give intermediate III. In addition to this, intermediate I may
undergo oxidative cycloaddition to form intermediate III in
one step. Then, CO migratory insertion occurs to convert ITI
into an eight-membered rhodacycle, intermediate IV or IV’,
which subsequently undergoes reductive elimination to
generate the desired [4 + 2 + 1] product. Several possible
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side reactions might compete from all possible intermediates in
this [4 + 2 + 1] cycloaddition. For example, intermediate II
may undergo a CO migratory insertion, followed by reductive
elimination to give a [4 + 1] cycloaddition product.’
Intermediate III may directly undergo a reductive elimination
to produce a [4 + 2] cycloaddition product.”'” In addition, we
experimentally discovered that a side reaction occurred,
generating trienes when Z-ene—ene propargyl esters were
used (see more information below, together with the
correction of the stereochemistry of the side product in the

https://doi.org/10.1021/acs.joc.2c00406
J. Org. Chem. 2022, 87, 10576—10591
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Scheme 3. Proposed Mechanisms of [4 + 2 + 1] Cycloaddition and Possible Side Reactions
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Revision of the Geometry of the Triene Side Products
section). We previously postulated that the formation of
trienes involves C—H activation and reductive elimination
from the allene intermediate I. This needs to be supported or
disputed by further mechanistic study. In addition, inter-
mediate IV may be transformed into intermediate VI, which
could then undergo a different reductive elimination
(compared to that in the [4 + 2 + 1] cycle) to form a
Pauson—Khand [2 + 2 + 1] product.” Experimentally, [2 + 2 +
1] products were not observed, but some triene byproducts
and trace amounts of [4 + 2] cycloadducts were found. We
point out that another pathway® starting from ene—ene
oxidative cyclization, which is followed by several other steps
to the final [4 + 2 + 1] product, had also been studied
computationally, revealing that this pathway was disfavored
compared to that discussed in the main text, and therefore this
is discussed only in the Supporting Information.

In what follows, we report our experimental and computa-
tional study of the reaction mechanisms and understanding of
regiochemistry, the role of allenes in the [4 + 2 + 1] reaction,
together with some suggestions for the future design of new [4
+ 2 + 1] reactions.

B COMPUTATIONAL DETAILS

DFT calculations were performed using Gaussian 09 E.0L."
DLPNO-CCSD(T)"* single-point energy calculations were
performed using ORCA 42.1." Pruned integration grids with
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99 radial shells and 590 angular points per shell were used in
DFT calculations (int=ultrafine). Geometry optimization of all
of the minima and transition states was carried out with the
BMK functional'* at 298 K in the gas phase, and the def2-
SVP'® basis set was used for all atoms. The BMK functional
performed well in our previous benchmark study of the
[Rh(CO),Cl],-catalyzed [S + 2 + 1] cycloaddition of ene—
VCPs and CO and was chosen in the present study as well.'®
Vibrational frequencies were computed at the same level to
check whether each optimized structure was an energy
minimum or a transition state. Zero-point vibrational energies
were obtained through frequency calculations. Solvent effects
were considered based on gas-phase-optimized structures using
the same basis set and functional. Solvation energies in 1,2-
dichloroethane were evaluated by a self-consistent reaction
field employing an SMD model.'” Based on the optimized
structures, single-point energy refinements were performed at
the DLPNO-CCSD(T)/def2-TZVPP"® level (def2-TZVPP/C
auxiliary basis set) with TightSCF and TightPNO keywords. In
this paper, all discussed energies are Gibbs free energies in the
solution phase (AG,,, at 298 K) unless otherwise specified.
We have searched for all possible conformers for all
intermediates and transition states, and the discussed ones in
this paper are the most stable. The standard state for CO is 5.5
mM'® and the other species have standard states of 1.0 M."”
All 3D structures were prepared using CYLview20.”

https://doi.org/10.1021/acs.joc.2c00406
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Figure 1. Visual kinetic analysis on (a) the cycloaddition of substrate 1b and CO. Reaction conditions: (b) 1b (0.050 M), [Rh(CO),Cl], (5.0; 2.5
mol %), CO (1.0 atm), DCE, 40 °C. (c) 1b (0.050 M), [Rh(CO),Cl], (5.0 mol %), CO (0.2 atm; 1.0 atm), DCE, 40 °C. (d) 1b (0.030; 0.050;
0.070 M), [Rh(CO),Cl], (5.0 mol %), CO (1.0 atm), DCE, 40 °C. (e) 1b (0.030; 0.050; 0.070 M), [Rh(CO),Cl], (5.0 mol %), CO (1.0 atm),
DCE, 40 °C. (f) Proposed rate law and dimeric resting state based on experimental kinetic data and calculations.

B RESULTS AND DISCUSSION

Kinetic Study of the [4 + 2 + 1] Reaction.
Experimentally, our [4 + 2 + 1] cycloaddition had a broad
scope and the tethers of the substrates can be C(CO,Me), O,
and TsN. The catalyst for this reaction can be either
[Rh(COD)Cl],, [Rh(COE),Cl],, or [Rh(CO),Cl], because
all of them gave almost similar [4 + 2 + 1] cycloaddition
results® (83, 82, and 81% reaction yields, respectively, for one
substrate with the TsN-tether). Therefore, we proposed that
under a 1 atm CO atmosphere, all of these precatalysts may

undergo ligand exchange with CO to form [Rh(CO),Cl],
which could enter the catalytic cycle as a monomer (there are
also possibilities of the initiation of the catalytic cycle.
However, these details are not critical for understanding the
key [4 + 2 + 1] cycloaddition). Here, we report our measured
kinetic data for this reaction using the catalyst of [Rh-
(CO),Cl], to get more mechanistic information about the
reaction.

Employing an O-tether substrate 1b, visual kinetic analysis
was performed to investigate reaction orders in the catalyst,

10580 https://doi.org/10.1021/acs.joc.2c00406
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Figure 2. Gibbs free energy profile of the [4 + 2 + 1] cycloaddition of E-1c and CO (the generation of IN1 from the resting state is just

schematically presented for understanding).

substrate, and CO by monitoring 'H NMR spectroscopy in the
[4 + 2 + 1] reaction, which was then analyzed by a normalized
time scale method and variable time normalization analysis
(Figure 1).*' We found that the [4 + 2 + 1] cycloaddition is
the 0.5th order in [Rh(CO),Cl],, Oth order in CO, and 0.5th
order in the substrate (Figure 1b—d). The 0.5th order in the
catalyst suggests that there exists an equilibrium between a
dimeric off-cycle resting state and a monomeric catalytic
species. The 0.5th order in substrate 1b suggests that the
resting state contains two rhodium centers and one molecule
of the substrate, whereas the catalytic species includes one
rhodium center and one substrate. The Oth order in CO
indicates that the number of CO ligands in the resting state is
twice as many as that in the turnover-limiting transition state.
We also found that the catalyst was not deactivated during the
reaction (Figure le). Based on the kinetic data and calculations
shown below, we proposed the possible dimeric resting-state
Rh,(1b)(CO),Cl, (solvent or other species could also be
involved and the exact form of this is unknown) and another
substrate to give substrate-Rh(CO),Cl species, which then
directly undergo 1,3-acyloxy migration as the rate-determining
step of the catalytic cycle. Therefore, we proposed the rate law
of this [4 + 2 + 1] reaction for 1b and CO, shown in Figure 1f
(the [cat] is the concentration of [Rh(CO),Cl],). The plot of
different concentrations of 1b shows overlaid straight curves
with a slope of 0.0034 min™", which corresponds to k., for this
reaction (Figure 1d). This means that the present [4 + 2 + 1]
reaction behaves like a reaction with a Gibbs free energy of
activation of ca. 23.5 kcal/mol, estimated using the Eyring
equation. We cannot get the equilibrium constant K in Figure
1f, so we cannot compare this measured value with the
computed one, considering that ky, = k,K*°. The kinetic
process of the present [4 + 2 + 1] reaction is similar to the [S +
2 + 1] reaction reported by our group.'

Gibbs Free Energy Profile of the [4 + 2 + 1] Reaction
from Ab Initio Calculations. Simplified model reactions of 4
and S (Scheme 2b) were employed to answer the above-
mentioned mechanistic questions aided by quantum chemical
calculations. The difference between Z-1c and E-1c in these
model reactions is the configuration of the internal double
bond. Therefore, we can study the reactions of these two
substrates to understand how the geometry of the alkene in

ene—allene moieties affects the reaction. To better understand
the regiochemistry, reaction 6 with 1d as the substrate (shown
in Scheme 2) has also been investigated, where only the key
steps involving the regiochemistry issue had been computed
and discussed (see the Supporting Information).

Figure 2 describes the Gibbs free energy profile of the [4 + 2
+ 1] cycloaddition starting from the substrate-Rh(CO),Cl
complex, IN1, which is proposed to be generated by the
process shown in Figure 1f. The catalytic cycle of the [4 + 2 +
1] reaction constitutes four steps: 1,3-acyloxy migration of an
ester group, oxidative cyclization, CO migratory insertion, and
reductive elimination. We describe all steps in detail.

Ligand Exchange and 1,3-Acyloxy Migration. The 1,3-
acyloxy migration reaction transforms the studied substrate
complex IN1 into its corresponding allene intermediate IN3.
The carbonyl oxygen atom in complex INI1, acting as a
nucleophile, attacks the activated alkyne via TS1 to form
intermediate IN2. This step requires a Gibbs free energy of
activation of 19.3 kcal/mol. The second step in the 1,3-acyloxy
migration process is to break the C—O bond to give the
rhodium—allene complex IN3, requiring a Gibbs free energy of
activation of 8.5 kcal/mol via TS2. The whole process of 1,3-
acyloxy migration from intermediate IN1 to intermediate IN3
is endergonic by 2.9 kcal/mol in terms of Gibbs free energy.
TS1 is the rate-determining transition state in this migration
step. Similar DFT studies of 1,3-acyloxy migration have been
investigated.” We point out here that the direct 1,3-acyloxy
migration without a catalyst is difficult, requiring 42.5 kcal/mol
of activation free energy (see the Supporting Information).

CO Dissociation. Intermediate IN3 is a 16-electron
complex, which can be converted into a more stable 18-
electron complex IN4 through coordination of Rh by the diene
moiety. Intermediate IN4 can dissociate a CO molecule to
form intermediate INS, which subsequently can be coordi-
nated by a double bond in this intermediate, forming an 18-
electron complex IN6. We could not locate a transition state
for CO dissociation (TS3) because this is an uphill process
electronically. Therefore, we estimate this process through the
single-point energy calculation by scanning the Rh—CO bond
length, finding that the electronic energy for CO dissociation is
16.2 kcal/mol. Therefore, the upper value of TS3 is ca. 16.2
kcal/mol (the actual activation free energy should be lower
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Figure 4. Disfavored alkene insertion pathway and the corresponding transition state.

than this value if entropy contribution is considered).
Therefore, CO dissociation is an easy process in the present
reaction.

Oxidative Cyclization. The oxidative cyclization, which is
undertaken by intermediate IN6, then constructs the seven-
membered rhodacycle of intermediate IN7 via TS4, simulta-
neously setting two stereocenters at the bridgehead positions
(Figure 3). In TS4, the forming C2—C5 bond length is 1.79 A,
while the lengths of the forming C6—Rh and C1—Rh bonds
are 2.05 and 2.23 A, respectively. From intermediate IN6 to
intermediate IN7, the cis-oxidative cyclization reaction requires
17.1 kcal/mol of Gibbs free energy.

The trans-oxidative cyclization via the transition state TS7
requires 21.5 kcal/mol of Gibbs free energy (from IN6) to
generate intermediate IN14 (Figure 3). Two factors are
responsible for the higher Gibbs free energy of TS7 compared

with TS4. First, TS7 adopts a half-chair five-membered ring
conformation and experiences more distortion than the
corresponding five-membered ring with an envelope con-
formation in TS4. The dihedral angle of C2—C3—01-C4 in
TS7 is 24.3°, whereas this is 48.5° in TS4. The second factor is
the steric repulsion between the inner hydrogen atom in the
alkene and the chlorine ligand in TS7. This distance between
them is 2.55 A, much less than the sum of the van der Waals
radius of hydrogen and chlorine atoms, 2.95 A.

After the formation of intermediate IN7, a CO molecule
coordinates with the rhodium atom in intermediate IN7,
forming an 18-electron intermediate IN8. Intermediate IN8 is
less stable than intermediate IN7 by 7.4 kcal/mol in terms of
Gibbs free energy. However, it can then undergo a geometric
change by removing the coordination from a double bond,
giving a more stable 16-electron intermediate IN9.
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Scheme 4. Mechanistic Rationale to Understand CO Coordination and Regiochemistry of [4 + 2], [4 + 2 + 1], and [2 + 2 + 1]
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We have also considered another possible pathway to form
intermediate IN7 via oxidative cyclization and alkene insertion
(Figure 4). This alkene insertion pathway is kinetically
disfavored. Oxidative cyclization of vinyl allene forms the
five-membered rhodacycle intermediate IN1S, which has a
planar structure with two CO molecules coordinated. Then,
CO dissociation and coordination by the terminal alkene of the
substrate generate the 16-electron complex IN16. The alkene
insertion step via TS8 requires 34.9 kcal/mol in terms of Gibbs
free energy, higher than TS4 by 32.9 kcal/mol. As a result, this
pathway can be excluded from further consideration.

TS8 is disfavored for two reasons. The first reason is that
there are ring distortions in TS8. The four-membered
rhodacycle in TS8 is seriously distorted with a 52.2° dihedral
angle of Rh—C1—C2—C3. Usually, alkene insertion into the
C—M bond prefers to have a planar four—membered ring
transition state, as indicated by Morokuma.”> The second
reason is attributed to the coordination effect. Due to the five-
membered ring’s restriction, the bond length of Rh—CS5 is 1.98
A, whereas the Rh—C4 bond is 2.80 A. The 0.82 A difference
between these two bond lengths suggests that the alkene group
does not coordinate with rhodium tightly.

CO Insertion (UP CO Insertion vs DOWN CO Insertion)
and Reductive Elimination. In connection with intermediates
IN9, two CO migrative insertion transition states, TSS and
TS9 can be located, which belong to two pathways, named UP
and DOWN CO insertion pathways for easier description (see
these in Scheme 4). Intermediate IN8 with an #*-coordination
can isomerize into a more stable complex IN9 with an 7'-
coordination by removing the coordination of a double bond
(this step is exergonic by 12.6 kcal/mol due to a release of the
ring strain). In TSS, the carbonyl group is inserted into the
Csp>~Rh bond (UP CO insertion). The CO migratory
insertion via TSS requires a Gibbs free energy of activation
of 20.3 kcal/mol from intermediate IN9.

To realize the DOWN CO insertion via TS9, the carbonyl
group in IN9 is inserted into the Csp’~Rh bond, converting
intermediate IN9 into intermediate IN17 with a Gibbs free
energy of activation of 21.1 kcal/mol. TSS is lower than TS9
by 0.8 kcal/mol in terms of Gibbs free energy. It is important
to point out that the CO insertion reactions are irreversible in
the UP CO insertion pathway and reversible in the DOWN

CO insertion pathway. In the UP CO insertion pathway, the
followed step via TS6, corresponding to the reductive
elimination transition state to generate the 4 +2 + 1]
product, is lower in energy than TSS, indicating that this CO
insertion step is irreversible and TS4 is responsible for
determining whether CO insertion chooses the UP or DOWN
pathway. In the DOWN CO insertion pathway via TS10, the
reductive elimination transition state for the formation of the
[4 + 2 + 1] product (Figure S) is higher in Gibbs free energy
than TS9 by 4.1 kcal/mol, suggesting that this CO insertion
step is reversible and the reductive elimination transition state
TS10 is responsible for the regiochemistry of CO insertion.
Therefore, we have to compare the relative energies of TSS
(UP CO insertion pathway) and TS10 (in the DOWN CO
insertion pathway) to judge the regiochemistry. TSS is lower
than TS10 in terms of free energy by 4.9 kcal/mol, suggesting
that UP CO insertion is exclusively favored based on the
Curtin—Hammett principle. The UP CO insertion pathway
can give either [4 + 2 + 1] products or [2 + 2 + 1] products,
which will be analyzed in the subsequent session.

The major reason for the preference of the UP CO insertion
transition state TSS is that TS9 does not possess an 7°-
coordination by the allylic ligand and behaves as a 14-electron
complex, whereas TSS is a 16-electron complex due to the
existence of an allylic 7°-coordination. This selectivity can be
reflected by the thermodynamics of CO insertions. Inter-
mediate IN10 is thermodynamically more stable than
intermediate IN17 by 10.5 kcal/mol. In the intermediate
IN10, the rhodium atom has an #7*-coordination of the allylic
ligand, whereas intermediate IN17 does not have this type of
coordination.

The final step of the [4 + 2 + 1] cycloaddition in the major
UP CO insertion pathway is the reductive elimination. First,
CO coordinates with the 16-electron intermediate IN10 to
give again a l6-electron intermediate IN11, in which the
coordination mode of the allyl ligand changes from 7> to 7'.
Then, intermediate IN11 undergoes reductive elimination,
requiring a Gibbs free energy of activation of 3.1 kcal/mol via
TS6. In TS6, the forming C1—C2 bond length is 1.98 A
(Figure S). We also considered other modes of this reductive
elimination, which are all disfavored (see Figure S8).
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Figure 5. CO migratory insertion steps and the corresponding reductive elimination transition states.

Liberation of the [4 + 2 + 1] Product and Initiating the
Next Catalytic Cycle. Intermediate IN12, which is a complex
between the [4 + 2 + 1] cycloadduct and catalytic species of
Rh(CO),Cl, could then undergo ligand exchange to liberate
the cycloadduct, together with Rh(CO),Cl, which then forms
the resting state with another Rh(CO),Cl and substrate. With
another incoming substrate, the [4 + 2 + 1] reaction can then
continue a new catalytic cycle as shown in Figure 2.

Summary of the Mechanism of the [4 + 2 + 1]
Cycloaddition. To sum up, the catalytic cycle of the [4 + 2
+ 1] cycloaddition constitutes several elementary steps. It
starts from the ligand exchange, followed by 1,3-acyloxy
migration of an ester group to generate an ene—ene—allene

intermediate. Then, CO dissociation takes place, followed by
oxidative cyclization to generate a S5/7 rhodacyclic ring
intermediate. After that, CO migratory insertion into the
Csp>—Rh bond (UP CO insertions) and reductive elimination
from intermediate IN11 give the [4 + 2 + 1] cycloadduct. The
alkene insertion step determines the fused ring’s stereo-
chemistry. Two steps in the catalytic cycle are the most
difficult, one is 1,3-acyloxy migration via TS1 (19.3 kcal/mol)
and the other is CO insertion via TS5 (20.3 kcal/mol). The
exact form of the resting state of this reaction is not known, but
certain energy is required from the resting state to IN1. In this
case, the rate-determining step in the [4 + 2 + 1] reaction is
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Figure 7. Intrinsic Reaction Coordinate (IRC) pictures of TS6 and TS11 to understand the coordination mode of rhodium atoms.

the 1,3-acyloxy migration. This is also suggested by the kinetic
study mentioned above.

The computed overall activation free energy of the present
[4 + 2 + 1] reaction is more than 24.5 kcal/mol (because we
do not know how much free energy is needed from the resting
state to 1/2[Rh(CO),Cl],, which goes to TS1 with the
substrate requiring 24.5 kcal/mol). The calculation result can
reflect the experimental observation that the reaction of 1b
(the real reaction) took place at 40 °C (Scheme 2).

Why Is the [2 + 2 + 1] Cycloaddition Disfavored? We
also computed the potential energy surface of the [2 + 2 + 1]
cycloaddition (Figure 6) to understand why this pathway is not
favored. Intermediate IN11 can isomerize without a barrier to
intermediate IN18, indicated by quantum chemical calcu-
lations (see details in the Supporting Information). Inter-
mediate IN18 is a 16-electron complex, yet it is more stable

than intermediate IN11 by 7.2 kcal/mol in terms of Gibbs free
energy.

Intermediate IN18 can undergo a reductive elimination
reaction via TS11 to give the [2 + 2 + 1] product with an
activation free energy of 26.2 kcal/mol (from intermediate
IN10). TS11 is higher than TS6 in the [4 + 2 + 1] pathway,
suggesting that [2 + 2 + 1] cycloaddition is disfavored
according to the Curtin—Hammett principle. We also
considered other modes of this reductive elimination (see
Figure S10). This computational prediction is consistent with
our experimental observations. The major reason for this
regioselectivity is that the allene moiety in TS11 does not
coordinate with the rhodium atom, as indicated by the long
distance between Rh and C3 atoms (2.93 A). Therefore, in this
transition state, the rhodium atom does not experience an 7’
coordination (leading to a 14-electron complex), making this
process difficult. In contrast, the reductive elimination
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Scheme S. Reductive Elimination in the [4 + 2] Pathway Compared to the CO Insertion Step in the [4 + 2 + 1] Pathway
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transition state TS6 is a 16-electron complex, in which both
carbon atoms of the forming C—C bond are of sp’-
hybridization, which can promote reductive eliminations.
The intrinsic reaction coordinate (IRC) path results give
support to this interpretation (Figure 7).

The cycloadditions of ene—dienes with CO prefer to give [2
+ 2 + 1] products instead of [4 + 2 + 1] products, as indicated
by Wender’s report (Scheme 1b). Calculations were carried
out to understand why the ene—allene moiety in our case is
different from the diene moiety in Wender’s substrate. These
two situations were compared through hypothetic models

(Figure 8). In our in situ generated yne/ene—allene [4 + 2 + 1]
cycloadditions, TS11 is higher than TS6 by 12.6 kcal/mol in
terms of free energy of activation, indicating that the [4 + 2 +
1] pathway is favored. In the ene—diene substrates, however,
TS11-diene is lower than TS6-diene by 9.2 kcal/mol in terms
of the activation of Gibbs free energy, indicating that the [2 + 2
+ 1] cycloaddition pathway is favored for the mode system of
ene—diene. The bond lengths of Rh—C3 are 2.94 A in TS11
and 2.71 A in TS11-diene, indicating that an 77*-coordination
exists in TS11-diene and only an 7'-coordination exists in
TS11. This suggests that the allene in our case is very critical
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for adding extra coordination, which consequently helps the [4
+ 2 + 1] cycloaddition.

Here, we make two further comments. One is reductive
elimination in the [4 + 2 + 1] pathway for the ene—diene
system is more difficult than its counterpart in the ene—ene—
allene system, as shown in Figure 8. This is because the
reductive elimination transition state TS6-diene in the former
forms a C(sp?>)—C(sp®) bond and its rhodium is of a 14-
electron complex, while the reductive elimination transition
state TS6 in the latter forms a C(sp*)—C(sp®) bond and its
rhodium is of a 16-electron complex (one of the sp* carbon can
coordinate with rhodium).”> In contrast, the reductive
elimination in the [2 + 2 + 1] pathway for the ene—diene
system is easier than its counterpart in the ene—ene—allene
system, as shown in Figure 8. This is because the reductive
elimination transition state TS11-diene in the former benefits
coordination from the forming external alkene, but TS11 does
not have this coordination from the forming external allene.

Some Insights for Guiding the Design of [4 + 2 + 1]
Cycloadditions. The above mechanistic information is
helpful for designing [4 + 2 + 1] cycloadditions using the
aforementioned strategies of CDS and SDS. One suggestion is
to find appropriate catalysts or substrates to favor the DOWN
CO insertion, which will give [4 + 2 + 1] products rather than
[2 + 2 + 1] products. The second suggestion is to find
appropriate catalysts or substrates to prefer [4 + 2 + 1]
reductive elimination instead of [2 + 2 + 1] reductive
elimination if the DOWN CO insertion is not favored
compared to the UP CO insertion. In both cases, keeping
the rhodium centers to be 16-electron in the corresponding
transition states of the UP CO insertion pathway or reductive
elimination transition state in the DOWN CO insertion
pathway could be the most critical consideration. We are
currently following these insights to design new [4 + 2 + 1]
reactions.

Understanding Why the [4 + 2] Cycloaddition Is
Disfavored. Complex IN7 can undergo either the [4 + 2 + 1]
cycloaddition by CO migratory insertion and reductive

elimination (intermediate IN7 to intermediate IN8 and then
to intermediate IN10 via TS5) or the [4 + 2] reaction by
reductive elimination via TS12 (Scheme 5). The [4 + 2]
reaction is disfavored since TS12 is higher in terms of Gibbs
free energy than TSS by 2.3 kcal/mol. This implies that the [4
+ 2] reaction is not favored compared to [4 + 2 + 1], agreeing
with experimental observations that only a trace amount of the
[4 + 2] product was generated.

Here, we interpret this selectivity. The reductive elimination
reaction from intermediate IN7 requires a Gibbs free energy of
activation of 17.3 kcal/mol to give the [4 + 2] product.
However, this is disfavored compared to the direct
coordination of IN7 by CO (a diffusion-controlled process),
forming intermediate IN8 and then intermediate IN9. This
CO coordination and geometry reorganization is exergonic by
5.2 kcal/mol. Intermediate IN9 then undergoes CO insertion
with a Gibbs free energy of activation of 20.3 kcal/mol via
TSS. Certainly, intermediate IN9 can also go back to
intermediate IN7 and release a CO molecule, with a Gibbs
free energy of activation of 12.6 kcal/mol, which is estimated
by the direct free energy difference between intermediates IN8
and IN9. This suggests that intermediates IN7, INS8, and IN9
are in equilibrium, and the regiochemistry is determined by the
relative energy of TSS and TS12, according to the Curtin—
Hammett principle. Consequently, the [4 + 2 + 1] pathway is
preferred. Here, we point out that when CO was not added to
the reaction, the substrates could undergo the [4 + 2]
cycloaddition, as demonstrated by Tang.'’ The present study
provides an understanding of this [4 + 2] process as well.

Understanding the Mechanism of Generation of a
Side Product of the Triene by Model Reaction 5. In our
previous experimental study, we found that the triene side
product could be obtained when using a Z-configuration
substrate to synthesize the [4 + 2 + 1] product (Scheme 2a).
However, no triene side product was observed for the E-
configuration substrate. Why? We used the model reaction 5 of
Z-1c for a computational study to understand the possible
reasons (Scheme 2b).
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Figure 9 shows the computed free energy profiles for both
pathways of triene formation and [4 + 2 + 1] cycloaddition
(the resting state and generation of substrate-Rh(CO),Cl here
are proposed to be similar to those processes in Figure 2). The
1,3-acyloxy migration step for the formation of intermediate
IN23 is a little slower for complex IN21 compared to substrate
E-1c, 27.0 kcal/mol vs 24.5 kcal/mol (TS14 and TSI,
respectively). Then, intermediate IN23 undergoes oxidative
addition (via TS17) of the C—H bond adjacent to the oxygen
atom, giving Rh(III) intermediate IN27, which is a 16-electron
complex. In TS17, the corresponding H—Rh and C—Rh bonds
form, and the C—H bond breaks. This step needs 18.5 kcal/
mol of Gibbs free energy to deliver intermediate IN27. Finally,
intermediate IN27 produces the triene as the side product, via
a reductive elimination reaction. The reductive elimination via
TS18 requires an activation free energy of 7.2 kcal/mol. The
rate-determining step in triene production is the oxidative
addition of the C—H bond via TS17.

In the [4 + 2 + 1] pathway, intermediate IN23 (a 16-
electron intermediate) can form an 18-electron intermediate
IN24 through geometry changes. IN24 then dissociates a CO
molecule to generate intermediate IN2S. Subsequently,
intermediate IN2S will be converted to intermediate IN26,
which can undergo oxidative cyclization to form intermediate
IN7, which is the same intermediate for the [4 + 2 + 1]
reaction from E-1c shown in Figure 2. In Figure 9, TS1S of
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CO dissociation was also estimated, similar to that of TS3 in
Figure 2.

Unfortunately, the proposed pathway of the triene
generation in Figure 9 is disfavored compared to the [4 + 2
+ 1] reaction pathway, because TS17 is 5.8 kcal/mol higher
than TS1S, suggesting that no triene is generated. These
calculation results did not agree with the experiments. One
reason for the discrepancy could be the simplification of model
calculations. However, using the model reaction 6 with
substrate 1d (Scheme 2, 1d is different from the real substrate
by the Ns group, which is expected to be trivial for affecting the
computational results) gave a similar conclusion (see the
Supporting Information for more discussion).

Therefore, we proposed that once IN23 is generated, it can
then isomerize to IN24. Both IN23 and IN24 could undergo
ligand exchange with the solvent, substrate, or product to give
free ene—allene Z-Sc, which then can undergo a [1,5]-H shift,
with a computed activation free energy of 22.1 kcal/mol, to
deliver the triene (Scheme 6a). For 1d, the activation free
energy for free ene—allene Z-5d is 23.3 kcal/mol (Scheme 6b).
A similar [1,5]-H shift has been observed by Okamura*** and
Braverman”"" and the computed activation free energy for
their substrate in the present study is 27.7 kcal/mol
(experimentally, this reaction occurred at refluxed chloroform).
The details for the dissociation of the catalyst from IN23 are
not known and we, therefore, cannot compute its kinetic value
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to determine the ratio of the triene with respect to the [4 + 2 +
1] cycloadduct. But we can estimate that this process has an
activation free energy of 18.0 kcal/mol, close to the energy
difference of TS15 and IN24, considering that the ratio of the
triene and [4 + 2 + 1] product was 1/10 for reaction 1 in
Scheme 2. More discussions of reaction 6 are given in the
Supporting Information.

For the substrate E-1c, dissociation of Rh from intermediate
IN4 is also possible, but this will not generate the triene
because a [1,5]-H shift is not allowed geometrically: IN4 has a
trans configuration of its central ene. Therefore, for ene—ene—
propargylic ester substrates with an E-configuration, no triene
products were observed in these substrates. Based on these, we
propose that trienes are generated by (metal-free) direct [1,5]-
H shift reactions after 1,3-acyloxy migration.

The present [4 + 2 + 1] reaction of Z-1c has the 1,3-acyloxy
migration as the rate-determining step (26.8 kcal/mol from 1/
2[Rh(CO),Cl], and the substrate to TS14, Figure 9). The
overall activation energy is not known because we do not know
the exact form of the resting state.

Revision of the Geometry of the Triene Side
Products. Finally, we point out that we originally proposed
that trienes have an trans-configuration (with respect to the
connected two vinyl groups) in their middle alkene moieties.”*
From the present mechanistic study, we now revise the
structures of these trienes, which have a cis-configuration for
their middle alkenes, as shown in all related figures and
schemes in this paper. This correction is further supported by
the NOESY study of one triene product, which is present in
the Supporting Information.

B CONCLUSIONS

The mechanism of the rhodium-catalyzed [4 + 2 + 1]
cycloaddition of ene—ene—propargylic esters and CO has been
investigated by visual kinetics and quantum chemistry
calculations. This study is not only important to understand
how this reaction takes place, but is also helpful for guiding the
future design of new [4 + 2 + 1] reactions through designing
catalysts and/or substrates. Calculations showed that the [4 +
2 + 1] reaction starts with the 1,3-acyloxy migration of its ester
group to form an allene intermediate (rate-determining).
Then, CO dissociation and an oxidative cyclization into the
Rh—C bond give a 5/7 rhodacyclic ring, which is followed by a
CO migratory insertion step and reductive elimination (Figure
2).

There are two key steps influencing regiochemistry to give
either [4 + 2 + 1] or [2 + 2 + 1] products. The first step
affecting regiochemistry is the CO insertion into the seven-
membered rhodacycle intermediate. The UP CO insertion, in
which the CO insertion transition state has additional
coordination from the alkene double bond of the rhodacycle
intermediate, is favored compared to the DOWN CO
insertion, in which the CO insertion transition state is a 14-
electron complex and is disfavored energetically. The main
reason for excluding the DOWN CO insertion pathway is the
reductive elimination transition state to [4 + 2 + 1] product in
this pathway is energetically higher than the CO insertion
transition state in the UP CO insertion pathway. The DOWN
CO insertion would only give the [4 + 2 + 1] product.
Therefore, these regiochemistry insights imply that the future
design of new [4 + 2 + 1] reactions could select appropriate
catalysts or substrates by introducing additional groups to
coordinate with the transition metal and make DOWN CO

insertion become easier. In the reaction of ene—ene—allenes
and CO, there is no such substituent to achieve this
coordination and consequently, the UP CO insertion is
favored.

The second step affecting regiochemistry is the reductive
elimination step in the UP CO insertion pathway (in the case
of the DOWN CO insertion being impossible). The [4 + 2 +
1] formation transition state with additional allene coordina-
tion from the rhodacycle is a 16-electron complex, which is
more favored than the 14-electron complex of the [2 + 2 + 1]
transition state without allene coordination. Therefore, the
future design of the [4 + 2 + 1] reaction could introduce some
groups that help the [4 + 2 + 1] pathway by keeping the
reductive elimination transition state to be 16-electron. In the
reaction of ene—ene—allenes and CO, the allene group plays
such a role in coordination, which leads to the preference for
the [4 + 2 + 1] reaction.

Other side reactions of [4 + 2], [4 + 1], and the generation
of trienes have also been studied and many insights (for
example, trienes are generated through [1,5]-H shifts) have
been revealed in this study. We expect that these insights could
serve as mechanistic guidance for designing new [4 + 2 + 1]
cycloadditions and other reactions as well.
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