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The Mechanism of N—O Bond Cleavage in Rhodium-Catalyzed
C—H Bond Functionalization of Quinoline N-oxides with Alkynes:

A Computational Study

Yingzi Li,” Song Liu,” Zisong Qi,” Xiaotian Qi,”’ Xingwei Li,*®™ and Yu Lan*"

/Abstract: Metal-catalyzed C—H activation not only offers im-
portant strategies to construct new bonds, it also allows the
merge of important research areas. When quinoline N-oxide
is used as an arene source in C—H activation studies, the N—
O bond can act as a directing group as well as an O-atom
donor. The newly reported density functional theory
method, M11L, has been used to elucidate the mechanistic
details of the coupling between quinoline N—O bond and al-
kynes, which results in C—H activation and O-atom transfer.
The computational results indicated that the most favorable
pathway involves an electrophilic deprotonation, an inser-
tion of an acetylene group into a Rh—C bond, a reductive

-

elimination to form an oxazinoquinolinium-coordinated Rh'\
intermediate, an oxidative addition to break the N—O bond,
and a protonation reaction to regenerate the active catalyst.
The regioselectivity of the reaction has also been studied by
using prop-1-yn-1-ylbenzene as a model unsymmetrical sub-
strate. Theoretical calculations suggested that 1-phenyl-2-
quinolinylpropanone would be the major product because
of better conjugation between the phenyl group and eno-
late moiety in the corresponding transition state of the re-
gioselectivity-determining step. These calculated data are
consistent with the experimental observations.

Introduction

Transition-metal-catalyzed C—H bond cleavage and functionali-
zation reactions have been extensively explored over the past
three decades to provide advantageous strategies for the for-
mation of new C—X bonds (X=C, N, O, S) that are both atom-
economical and waste-reducing.! Numerous transition metals
have been employed to catalyze C—H functionalization reac-
tions, including palladium,”” nickel,® ruthenium,”” rhodium,”
and iron complexes.” The [Rh"Cp*] (Cp* = pentamethylcyclo-
pentadienyl) complex is of particular interest to serve this pur-
pose, and has been studied experimentally and theoretical-
ly.*M” Notably, Li etal.® and Chang et al.”’ independently re-
ported the [Rh"Cl,Cp*],-catalyzed C—H bond functionalization
of quinoline N-oxide with alkynes (Scheme 1), which represents
a powerful strategy that combines C—H activation and O-atom
transfer and leads to efficient synthesis of substituted aceto-
phenones. In this particular reaction, the N-oxide moiety
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Scheme 1. [Rh"Cl,Cp*],-catalyzed C—H bond functionalization and N—O
bond cleavage of quinoline N-oxide with alkynes.

served as a directing group, which led to the regioselective ac-
tivation of the C8—H bond."” Effects similar to this have also
been recently reported when using several other metal cata-
lysts."" Notably, the N-oxide moiety can also be used as an oxi-
dant to keep the reaction redox-neutral overall for the release
of the coupled product through the cleavage of the N-O
bond."

As part of our ongoing work towards elucidation of the
mechanisms of transition-metal-catalyzed reactions, we devel-
oped a keen interest in exploring the mechanism of this N—O
cleavage process.®? As shown in Scheme 1, following the ini-
tial C—H bond cleavage, the N—O bond of the quinoline N-
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oxide substrate might undergo an O-atom transfer to the C=C
triple bond to afford an a-oxo carbenoid species (red path-
way).®? It is worth noting that similar processes have been re-
ported with gold," iridium,"®' and ruthenium catalysts," al-
though this pathway is rare in rhodium-catalyzed reactions.'*!
Alternatively, the N—O cleavage may occur through oxidative
addition of Rh' to form a quinoline-tethered Rh" enolate inter-
mediate (blue pathway).!'?'® Given the complexity of the
[Rh"Cp*]-catalyzed C—H bond functionalization of quinoline N-
oxide with alkynes, we performed density functional theory
(DFT) calculations to elucidate the mechanism of this type of
reaction and provide greater clarity with regard to the function
and the fate of this polar N—O bond.

Computational Methods

All of the DFT calculations conducted in this study were carried out
by using the Gaussian 09 series of programs.'””’ DFT method
B3LYP"® with a standard 6-311G(d) basis set (lanl2dz basis set for
Rh) was used for the geometry optimizations. The M11L functional,
proposed by Truhlar etal.,"®! was used with a 6-311+G(d) basis
set (SDD basis set for Rh) to calculate the single-point energies be-
cause it was envisaged that this strategy would provide greater ac-
curacy with regard to the energetic information.” The solvent ef-
fects were taken into consideration by using single-point calcula-
tions based on the gas-phase stationary points with a SMD contin-
uum solvation model.?" The energies presented in this paper are
the M11L-calculated Gibbs free energies in a 1,4-dioxane solvent
with B3LYP-calculated thermodynamic corrections.

Results and Discussion

As shown in Scheme 2, four possible pathways were taken into
account during our computational modeling of this reaction
(i.e., paths a—d). All these four pathways begin with the coordi-
nation of quinoline N-oxide to Rh" precursor A,?? which is fol-
lowed by an N-oxide-directed electrophilic deprotonation by
acetate and coordination of acetylene substrate to give rhoda-
cycle B. The subsequent insertion of the acetylene substrate
into the Rh—C bond of intermediate B gives intermediate C,
which is a common intermediate for both pathsa and c. In
path a (blue pathway), complex C is proposed to undergo a re-
ductive elimination reaction to form a new C—O bond in m-co-
ordinated complex D. The N—O bond in complex D would
then oxidatively add back to Rh' to generate Rh" enolate inter-
mediate E. Protonolysis of intermediate E by acetic acid would
release one molecule of product F and regenerate complex A.
Product F could also be generated by the protonation of inter-
mediate G, which is an isomer of intermediate E. In path c
(green pathway), the migration of the oxygen atom from com-
plex C would lead to the formation of RhY oxo intermediate J.
A subsequent oxygen insertion reaction may give rise to inter-
mediate E, which is the common intermediate in path a. Alter-
natively, the insertion of the acetylene substrate into the Rh—O
bond of intermediate B would give rise to a common inter-
mediate H, which could proceed along path b or path d. For
path b (red pathway), cleavage of the N—O bond would lead
to the formation of a-oxo carbenoid species I, which could un-
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Scheme 2. Plausible mechanisms for the rhodium-catalyzed C—H bond func-
tionalization and N—O bond cleavage of quinoline N-oxide with alkynes.

dergo carbene insertion to give intermediate G. This intermedi-
ate is either protonated directly or isomerizes to intermediate
E, followed by protonolysis to afford product F together with
the regeneration of active catalyst A. Intermediate H could
also undergo reductive elimination through path d to give n-
complex D. All four of these different pathways have been
evaluated in the current study by using DFT calculations.

The free energy profiles for the initiation steps of the rhodi-
um-catalyzed C—H bond functionalization and N—O bond
cleavage of quinoline N-oxide with alkynes are shown in

AGM11L1 4-dioxane
(AGB3LyP/gas phase)
(kcal mol™)

Cp Cp* Cp*
Rh OAc O—Rh

KD Q@ @é
Acetylene I
= coordination

Figure 1. Free energy profiles for the initiation steps of the rhodium-cata-
lyzed C—H bond functionalization and N—O bond cleavage of quinoline N-
oxide with alkynes. Values are given in kcalmol™" and represent the relative
free energies calculated by the M11L method in 1,4-dioxane. The values
given in parentheses are the relative free energies calculated by using the
B3LYP method in the gas phase.
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Figure 1. Rhodium acetate complex 1 was set to a relative zero
value, and this complex could be generated from the
[RhCl,Cp*], catalyst through dissociation and ligand-exchange
reactions in the presence of acetic acid and AgSbF.*? The co-
ordination of quinoline N-oxide to the catalyst leads to the for-
mation of intermediate 3 in an exothermic process that releas-
es 10.2 kcalmol™" of free energy. The subsequent N-oxide-di-
rected, acetate-assisted electrophilic deprotonation reaction
takes place via transition state 4-ts with an activation free
energy of 23.3 kcalmol™'. This step results in the formation of
intermediate 5 together with the release of one molecule of
acetic acid. The subsequent coordination of diphenylethyne to
intermediate 5 gives complex 6, which is the key species in-
volved in all four possible pathways depicted in Scheme 2 (the
corresponding complex B).

The free energy profiles of the N—O bond cleavage and C—C
bond formation steps for all four possible pathways are given
in Figure 2, starting from common intermediate 6. For path a
(blue pathway), the insertion of the acetylene substrate into
the Rh—C bond takes place via transition state 7-ts with an en-
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ergetic span of 18.1 kcalmol™', which would lead to formation
of rhodacyclic intermediate 8. The overall process for the con-
version of 6 to 8 is exothermic and releases 3.8 kcalmol™" of
free energy. A subsequent reductive elimination reaction leads
to the reversible formation of oxazinoquinolinium-coordinated
rhodium complex 10 via transition state 9-ts. The energetic
span for this step was determined to be 24.6 kcalmol™', which
indicated that the reductive elimination would be the rate-lim-
iting step for the whole catalytic cycle. An oxidative addition
reaction would then lead to the cleavage of the N—O bond via
transition state 11-ts, which has an energetic span of as low as
2.1 kcalmol™". Transition state 11-ts would lead to the irreversi-
ble formation of rhodium m-enolate complex 12 in an exother-
mic reaction that releases 62.6 kcalmol™" of free energy. Com-
plex 12 could then isomerize to carbon-coordinated rhodium
complex 13. Path c (green pathway) also starts from intermedi-
ate 8. In this case, an oxygen transfer step would occur via
transition state 19-ts to form Rh" oxo species 20. The energetic
span for this process was calculated to be as high as 45.8 kcal
mol~', which is much higher than the energy required for the

Figure 2. Free energy profiles for the N-O bond cleavage and C—C bond formation steps of the rhodium-catalyzed C—H bond functionalization and N—-O
bond cleavage of quinoline N-oxide with alkynes. Values are given in kcalmol™" and represent the relative free energies calculated by using the M11L method
in 1,4-dioxane. The values given in parentheses are the relative free energies calculated by using the B3LYP method in the gas phase. Values for the bond

lengths given in the geometry information are reported in A.
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reductive elimination step via transition state 9-ts. AGM11L/1 4-dioxane 28.8
Based on these data, path c is unlikely because of its (AGB3LY”{$GSP““€) (:13.9)
. L (kcal mol )Ph * ' 30-ts +
extremely high activation energy. Ph / X
In path b (red pathway), the acetylene substrate Cp*\R\c*)} Ph ol (jgﬁ'g) '
would be reversibly inserted into the Rh—O bond via /

transition state 14-ts with an activation free energy
of 21.8 kcalmol ™', which would lead to the formation
of another rhodacyclic intermediate 15. The subse-
quent cleavage of the N—O bond would take place
via transition state 16-ts, which leads to the irreversi-
ble formation of a-oxo carbenoid intermediate 17. A
migratory insertion of the aryl group into the car-
bene moiety would then take place via transition
state 18-ts with an activation free energy of only
8.0 kcalmol™". Common intermediate 13 could also
be irreversibly generated by this pathway. A compari-
son of path b and path a revealed that the relative
free energy of transition state 16-ts was 11.9 kcal
mol™" higher than that of transition sate 9-ts. There-
fore, these results clearly show that path b is unfavor-
able. We also considered the reductive elimination of
intermediate 15 (i.e., path d, pink). However, the rela-
tive free energy of transition state 22-ts was deter-

[ p— \
/’ 29-ts v S

mined to be as high as 39.4 kcalmol™', which is I

much higher than that of transition state 9-ts. Taken
together, it follows that path a is the most favorable
pathway for this transformation.

Complex 12 and its isomer 13 are proposed to be
protonolyzed by acetic acid. As shown in Figure 3,
the coordination of acetic acid to complex 12 would
lead to the formation of intermediate 23. A subse-
quent intramolecular proton transfer from the ace-
tate moiety to the enolate moiety would take place
via transition state 24-ts with an activation energy of
17.1 kcalmol™', which ultimately affords enol-coordi-
nated rhodium intermediate 25. After releasing one
molecule of desired product 26, active catalyst
1 would be regenerated. Complex 13 could also be
protonated by acetic acid via transition state 28-ts.
The relative free energy for 28-ts was determined to be only
0.1 kcalmol™ higher than that of 24-ts, which indicated that
the protonation step could also occur via this pathway. The
protonolysis of the carbon atom was also considered as a possi-
ble pathway. As shown in Figure 3, two possible transition
states 29-ts and 30-ts were also located individually. However,
the relative free energies for these two transition states were
much higher than that of transition state 24-ts.

Thus, in our lowest-energy pathway, the rhodium-catalyzed
C—H bond functionalization and the redox-neutral coupling be-
tween quinoline N-oxide and alkynes proceeds through an
electrophilic deprotonation, followed by the insertion of the
acetylene substrate into a Rh—C bond, a reductive elimination
to form an oxazinoquinolinium-coordinated rhodium complex,
an oxidative addition to break the N—O bond, and protonolysis
to eventually regenerate the active catalyst.

As shown in Scheme 3, the use of the non-symmetrical
alkyne substrate such as prop-1-yn-1-ylbenzene (31) under typ-
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Figure 3. Free energy profiles for the protonation steps in the rhodium-catalyzed C—H
bond functionalization and N—O bond cleavage of quinoline N-oxide with alkynes. The
values are given in kcalmol™" and represent the relative free energies calculated by
using the M11L method in 1,4-dioxane. The values given in parentheses are the relative
free energies calculated by using the B3LYP method in the gas phase. Values for the
bond lengths in the geometry information are given in A.

ical reaction conditions might result in the formation of two
possible isomeric products 32 and 33. However, only product
32 was isolated under the conditions shown in the scheme in
a yield of 74%, whereas the other regioisomer (33) was not de-
tected.®® DFT calculations were also employed to study the re-
gioselectivity of this reaction.

As shown in Figure 4, intermediate 34 would be formed by
the coordination of prop-1-yn-1-ylbenzene (31) to common
starting intermediate 5. The insertion of the acetylene moiety
would occur via transition state 35-ts to give intermediate 36
with an energetic span of 18.5 kcalmol™". A subsequent reduc-
tive elimination reaction would then take place via transition
state 37-ts with an activation free energy of 25.3 kcalmol™,
and the following processes would afford compound 32 as the
major product. In contrast, the insertion of the acetylene sub-
strate could occur via transition state 41-ts. The corresponding
reductive elimination reaction would then proceed through
transition state 43-ts, with subsequent processes that lead to
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Scheme 3. [Rh"Cl,Cp*],-catalyzed C—H bond functionalization and N-O
bond cleavage of quinoline N-oxide with an asymmetric alkyne.

the formation of the other regioisomer 46 as the final product.
Notably, this product was not observed experimentally. A com-
parison of the relative free energies of transition states 37-ts
and 43-ts revealed that the latter was 8.0 kcal mol™" higher in
energy than the former. This result explains why complex 46
was not formed under the typical reaction conditions and is,
therefore, consistent with the experimental observations. Data
pertaining to the geometries of transition states 37-ts and 43-
ts are shown in Figure 4. In transition state 37-ts, the dihedral
angle of the phenyl group and enolate moiety (C1-C2-C3-C4)
was found to be 38.4°. However, in transition state 43-ts, the
phenyl group was almost perpendicular to the enolate moiety,
with a resulting lack of conjugation that leads to the higher
relative energy of transition state 43-ts. This explains why com-

B
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pound 32 was isolated as the major product of this transfor-
mation.

Conclusion

The newly reported DFT method, M11L, has been used to clari-
fy the mechanism of the rhodium-catalyzed C—H bond func-
tionalization and N—O bond cleavage of quinoline N-oxide
with acetylene reported by Li et al.® Our results show a clear
preference for path a, which involves an electrophilic deproto-
nation, followed by the insertion of an acetylene substrate into
a Rh—C bond, a reductive elimination to form an oxazinoquino-
linium-coordinated rhodium complex, an oxidative addition to
break the N—O bond, and a protonolysis to regenerate the
active catalyst. For this pathway, the rate-determining step was
found to be the reductive elimination, and the energetic span
of this process is comparable to that of the C—H cleavage. The
regioselectivity of the reaction with respect to the non-sym-
metrical substrate prop-1-yn-1-ylbenzene was also studied.
Theoretical calculations indicated that 1-phenyl-2-quinolinyl-
propanone would be formed as the major product because of
occurrence of better conjugation between the phenyl group
and the enolate moiety in the transition state of the regiose-

|[«—~Aikyne insertion Rh-C ——sje—Reductive elimination —=je—— Oxidative addition ——=|

Figure 4. Free energy profile for the regioselectivity of the rhodium-catalyzed C—H bond functionalization and N—O bond cleavage of quinoline N-oxide with
prop-1-yn-1-ylbenzene. Values are given in kcalmol™" and represent the relative free energies calculated by using the M11L method in 1,4-dioxane. The values
given in parentheses are the relative free energies calculated by using the B3LYP method in the gas phase. Values for the bond lengths in the geometry infor-

mation section are given in A.
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lectivity-determining step. This result was consistent with the
experimental observations.
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