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ABSTRACT: A highly regioselective C—C bond cleavage method Lo < o
of enones has been devised from the ruthenium-catalyzed m—ﬂj\ﬁw + R’/\H/\R”iH“. Rlu@Pdei
deaminative coupling reaction with simple amines. The analogous j\’ o [RuL & T
catalytic coupling reaction of enones with anilines has led to a RO R /L N R’Lff‘::[:g?!:::::,:
regioselective C,—C; bond cleavage of enones in forming N- \%R ”‘Ar + @ ; ' oi
alkylanilines and 2,4-disubstituted quinolines. The reaction profile [RulL T CI\“/\L o

study showed the formation of a #-aminoimine intermediate prior ,_ _ ) el

. Regioselective C«—Cp cleavage of enones via deaminative coupling with amines
to the C—C cleavage product formation. A Hammett plot from the * Efficient formation of ketone and quinoline derivatives
rerctionWoli (E)-Z-octen-4-0ne wiih & sores af para-substituted * Unstrained C—C cleavage via y-C—H activation and formation of Ru-carbene species
benzylamines established a strong promotional effect by an
electron-donating group (p = —0.77 + 0.1). The most significant carbon kinetic isotope effect was observed on the a-carbon of
the product (C, = 1.018). The DFT calculations revealed a detailed mechanism of the coupling reaction via consecutive C—H
activation and C—C cleavage steps, followed by enamine-to-imine rearrangement and hydrolysis steps. The catalytic method

combines hydrogen borrowing and deaminative coupling strategies to furnish a general C,—Cj bond cleavage protocol for enones.

B INTRODUCTION allylation methods have been shown to promote regioselective
C—C bond cleavage reactions for a variety of saturated and
unsaturated hydrocarbon substrates bearing a heteroatom
functional group.” Catalytic C—C cleavage methods for nitriles
and carboxylic acid derivatives as well as alcohols have been
successfully utilized for a variety of C—C and carbon-
heteroatom bond forming reactions.”® Catalytic C—C cleavage
reactions of unstrained hydrocarbon substrates have also been
achieved by harnessing the aromatization energy, as
exemplified by recent reports on synthesis of arene-containing
products.” In a seminal work, Dong and co-workers devised Ir-
catalyzed deacylative CO—C bond activation and trans-
formation method of ketones, which is driven by the formation
of heteroarenes (Scheme 1C)."” Dong group also reported a
series of catalytic “cut-n-sew” C—C bond insertion methods
that are driven by a relief of ring strain and are accompanied by
insertion reactions.’' Lautens and co-workers reported an
efficient synthesis of spiro-fused benzocyclobutene derivatives
by merging remote C—H functionalization and p-carbon
elimination protocols.'” A number of photoredox-catalytic C—
C bond cleavage methods have been achieved mainly for the

Designing selective C—C bond activation methods for
unstrained hydrocarbon compounds constitutes one of the
paramount challenges in catalysis research that has profound
implications in both the development of sustainable synthetic
protocols as well as for reforming biomass and petroleum
feedstocks." Since heterogeneous C—C bond cleavage
processes are inherently energy intensive and are often
unsuitable for fine chemical synthesis,” much research effort
has been devoted to develop selective C—C bond activation
methods by using soluble transition metal catalysts. Early on,
cyclopropanes and strained cyclic compounds have been found
to be versatile substrates for a variety of catalytic C—C bond
activation and insertion reactions where a release of ring strain
energy has been exploited for the synthesis of complex organic
molecules.” In sharp contrast, catalytic C—C bond activation
methods for unstrained hydrocarbon substrates have been
rarely utilized in the organic synthesis of natural products and
pharmacological agents.

Since Milstein’s pioneering report on arene C(sp*)—CH,
bond activation reaction in forming a Rh-PCP pincer complex
(Scheme 1A)," a number of innovative catalytic strategies have
been devised to promote regioselective C—C bond activation
and functionalization reactions of unreactive hydrocarbon
substrates.” Chelate assistance strategy has been proven to be
particularly effective for mediating regioselective carbonyl
CO—-C bond activation reactions of unstrained ketones
(Scheme 1B).° Catalytic f-carbon elimination and retro-

Received: July 19, 2023
Published: August 21, 2023

© 2023 American Chemical Society https://doi.org/10.1021/acs.organomet.3c00321

v ACS Pu b| ications 2867 Organometallics 2023, 42, 28672880


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dulanjali+S.+Thennakoon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marat+R.+Talipov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chae+S.+Yi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.organomet.3c00321&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.3c00321?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.3c00321?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.3c00321?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.3c00321?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.3c00321?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/orgnd7/42/19?ref=pdf
https://pubs.acs.org/toc/orgnd7/42/19?ref=pdf
https://pubs.acs.org/toc/orgnd7/42/19?ref=pdf
https://pubs.acs.org/toc/orgnd7/42/19?ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.organomet.3c00321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Organometallics?ref=pdf
https://pubs.acs.org/Organometallics?ref=pdf

Organometallics

pubs.acs.org/Organometallics

Scheme 1. Transition-Metal-Mediated Unstrained C—C
Bond Activation Methods
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hydrocarbon substrates bearing a heteroatom functional group
to form a diverse array of molecular scaffolds."? Notably, Levin
and co-workers devised a uniquely selective photocatalytic C—
C bond cleavage and ring contraction reaction of quinoline N-
oxides to N-acylindoles (Scheme 1D).'* Despite such
remarkable advances, the development of catalytic C(sp®)—
C(sp®) bond activation and functionalization methods for
unstrained aliphatic compounds still remains as a challenging
goal, as most of the current technologies either employ
strained and activated substrates or are limited to C(sp?)—
C(sp*) and C(sp*)—C(sp®) activation of unsaturated hydro-
carbon substrates.””"

Inspired by seminal reports on chelate-assisted C—C bond
activation strategy,6 we have been searching for suitable
coupling partners that would serve as a chelate directing group
for promoting the regioselective C—C bond activation reaction
of unstrained carbonyl substrates. We recently discovered that
the cationic Ru—H complex [(C4H,)(PCy;)(CO) RuH]*BE,~
(1) with 3,4,5,6-tetrachloro-1,2-benzoquinone (L1) is a highly
effective catalytic system for mediating the deaminative
coupling reaction of ketones with amines to form a-alkylated
ketone products.'® In a subsequent study, we found that the
same catalyst system 1/L1 selectively promotes the dehy-
drative coupling reaction of enones with indoles, in which a
regioselective C—C bond cleavage of the carbonyl substrates
has been achieved in forming 3-alkylindole products.'” We
hypothesized that a regioselective catalytic C—C activation
method for carbonyl compounds might be attainable by
merging the deaminative coupling protocol with ligand-
enabled hydrogen borrowing technology (Scheme 1E).'®
Herein, we report the substrate scope and synthetic utility of
a highly regioselective C,—Cjy cleavage method for enones,
which is enabled by the ruthenium-catalyzed deaminative
coupling reaction with simple amines and anilines. We also
delineate combined experimental and computational studies
for probing a detailed mechanism of the catalytic coupling
reaction as well as for uncovering deep insights on the C—C
bond cleavage process.

B RESULTS AND DISCUSSION

Reaction Development and Optimization. At the onset
of our investigation, we have been searching for a number of
different nitrogen-containing substrates that could serve as a
removable directing group for promoting the C—C cleavage
reactions carbonyl compounds. We initially discovered that the
coupling reaction of 1-octen-3-one with 4-methoxybenzyl-
amine led to a regioselective C,—Cy cleavage of the enone
substrate in forming the deaminative coupling product 2a (eq
1). The formation of both CH;NHCH,C¢H,-4-OMe and
ammonia byproducts was also detected in the crude mixture.
The subsequent optimization and screening efforts established
the cationic Ru—H complex 1 with 3,4,5,6-tetrachloro-1,2-
benzoquinone (L1) as the most effective catalytic system

Table 1. Selected Catalyst Screening and Optimization Study for the Coupling of 1-Octen-3-one with 4-Methoxybenzylamine

entry catalyst
1 1
2 1
3 1
4 1
s (PCy3),(CO)Ru(0-0)°
6 [(PCy;),(CO)(CH,CN),RuH]"BE,”
7 [(PCy;)(CO)RuH],(0)(OH),/HBF,-OEt,
8 (PCy;),(CO)RuHCI/HBF,-OFEt,
9 RuCl,(PPh,);/HBF,-OFt,
10 Ru,(CO),,/HBF,-OEt,
11 [(COD)RuCl,],/HBF,-OEt,
12 PCy,/HBF,-OEt,
13 AlCl,
14 HBE,-OEt,

deviation from standard conditions” 2a (%)

none 78
with H, (5 atm) 75
without L1 18
with 2,3-dihydroxynaphthalene (10 mol %) 66
without L1 66
19

64

25

0

S

0

0

0

0

“Standard conditions: 1-octen-3-one (0.5 mmol), 4-methoxybenzylamine (1.0 mmol), catalyst (S mol %), L1 (10 mol %), 2-propanol (1.0 mmol),
1,4-dioxane (1 mL), 135 °C, 20 h. ®The product yield was determined by GC-MS by using hexamethylbenzene as an internal standard. <0—0O =

3,5-di-tert-butylbenzene-1,2-bis(olate).

https://doi.org/10.1021/acs.organomet.3c00321
Organometallics 2023, 42, 2867—2880


https://pubs.acs.org/doi/10.1021/acs.organomet.3c00321?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.3c00321?fig=sch1&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.3c00321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Organometallics

pubs.acs.org/Organometallics

Table 2. Deaminative Coupling Reaction of Enones with Amines via C—C Cleavage”

entry enone amine product yield (%)
! 0 o 2aR=npentylR'=H 76
2 HeN 2b R =n-Bu R’=Me 80
’ R a OMe R 2cR=sBu R'=Me 74
OMe
4 Q o 2d Ar=Ph 64
5 o PO 2e Ar = CgHy-4-Me 80
6 ”'pe”ty')]\" FNT AT hopentyl )J\/\Ar 2f Ar = CgH,-4-Cl 60
! NH, 2g Ar = CgHy-4-F 50
i i R =H
8 . 2h R = n-pentyl 77
9 RJ\')F\R' OO RJ\/\Ar 2i R=Et R'=Me 74
(Ar = 1-naphthyl)
(0]
10 n=1 , 2j R=n-pentyl R”=Ph 70
1 Aoy 128 w0 )W 2kR=nBu R=Ph 75
12 3 7w Men-q T /\H/n 2l R=s-Bu R’ =Me 72
13 L n=1 HN@ 2m R=Ph 71
14 R™ N2 "=2 7 n 2n R=n-Bu 68
O N
15 N HN™ “Ph 20 43
n-BU)J\’/F\Me I\I/le n-Bu)J\/\
¥ j\, N> j\/\/Ph (h-2p R -Et 63
17 R 25 Me 2 : R - (+)-2q R=s-Bu 70
0 0
", N
18 A/m¢¢¢h H.N""Ph m)k/“ 2r Ar=CgHy4-OMe 53
19 i O/ O/ZSAF CgHy4-4-OMe 58
: eH4-
Ar)J\’)\?\ Me Ar)J\w
(trans cis = 4:1)
O
I 0 NH 0
20 = "Ph < 2 > 65
0 2t O
(0] (0]
21 (o] HN" > n-Bu O 2u 69
3 n-Bu
S jpr
22 @ij’ ZN/\O\ O 59
2v
2 S
23 o N 2w 63
n-pentyl )k" : /\E/) n- pentyl)k/\LS)
O
68

iﬁN/\T::j\
T>Co,H
OMe O
OMe

“Reaction conditions: enone (0.5 mmol), amine (1.0 mmol), 1 (5 mol %), L1 (10 mol %), 2-propanol (1.0 mmol), 1,4-dioxane (1.5 mL), 135 °C,

20 h.

among screened ruthenium catalysts and catechol and
benzoquinone ligands in forming the C—C cleavage product
2a (Table S1, Supporting Information). Both the in situ
formed Ru complex with an electron-deficient 1,2-catechol
ligand and a presynthesized Ru-catecholate complex were
found to exhibit a high catalytic activity (Table 1, entries
4,5).' Although both H, (S atm) and 2-propanol were found
to be equally effective as the hydrogen donor for the coupling
reaction (entries 1,2), we employed 2-propanol as the
hydrogen source in most catalytic reactions for the sake of
convenience, where 1,4-dioxane was found to be the most
suitable solvent among common organic solvents. The catalytic
method achieves a highly regioselective C,—Cj bond cleavage
of an unstrained enone substrate, in which the hydrogen
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borrowing protocol has been merged with the deaminative
coupling reaction of a simple amine in forming the coupling
product 2a.

lo) Ar 1 (5 mol %) o) H
L1 (10 mol %) N Al
? + 2HN— —————— + H.C° gl
npentyl)J\’ 2 2-propanol (1.0 mmol) n-pemyl/zua\/\Ar HoC™ > ()
(05mmol)  (1.0mmol)  dioxane, 185 °C ;---------.--. | + NH,
: i o Ol 1 (Ar=CgHyg4-OMe)
' 0ol !
' 1 BF4 1 1
I TR :
! Y3 1l i
1 0C 4 i Ol o
,,,,,,,,,,,,,,, & el .

Reaction Scope. We surveyed the scope of both enone
and amine substrates to probe the C—C cleavage pattern of the
coupling reaction under the standard conditions established in
Table 1 (Table 2). The coupling reaction of terminal and

https://doi.org/10.1021/acs.organomet.3c00321
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internal enones with benzylic amines cleanly formed ketone
products 2a—g (entries 1—7). The coupling reaction of
internal enones with both benzylic and aliphatic amines also
led to the ketone products 2h—l, which resulted from the
regioselective C,—Cj cleavage of the enones (entries 8—12).
The coupling reaction of enones with primary amines bearing a
cyclic group as well as a secondary benzylic amine predictively
formed the ketone products 2m—o (entries 13—15). The
reaction with a chiral amine (R)-(+)-#-methylphenethylamine
afforded the coupling products (+)-2p,q without any
measurable racemization (entries 16 and 17). In contrast, the
coupling reaction with trans-4-methylcyclohexylamine led to a
mixture of the product 2s (trans/cis = 4:1) resulting from a
significant cis/trans isomerization on the amino carbon (entry
19). The coupling of cyclic enones bearing an exo-alkenyl
group with both benzylic and aliphatic amines smoothly
yielded a-alkylated ketone products 2t—v (entries 20—22).
The couplings of heteroatom functionalized substrates, 1-
octen-3-one with 2-thiophenemethanamine and 3-(4-methyl-
benzoyl) acrylic acid with 4-methoxybenzylamine, yielded 2w
and 2x, respectively. Other conjugated carbonyl compounds,
such as alkenyl amides and esters as well as a,f-unsaturated
aldehydes, did not yield any C—C cleavage products under the
standard conditions, resulting in a mixture of simple 1,2- and
1,4-addition products. The catalytic method provides a
generally applicable C,—Cj cleavage protocol for enone
substrates, which has been enabled by merging the hydrogen
borrowing technology with the deaminative coupling protocol.

Since the arene C—N bond is considerably stronger than the
aliphatic ones, we reasoned that the coupling reaction with
aniline substrates might lead to simple C—C cleavage products
without the deamination reaction. We next explored the
reaction of enones with aniline substrates to examine the C—C
bond cleavage pattern in the formation of the coupling
products. Indeed, the treatment of a slight excess of $-
methylhept-2-en-4-one (0.75 mmol) with 4-methoxyaniline
(0.5 mmol) under otherwise the standard conditions as
stipulated in Table 1 led to the formation of a 3:1 mixture
of 3a and 4a in 93% combined yield (eq 2). The branched

1 (5 mol %)

j\; . NH2 | 4 L1 (10 mol %) _ TSB“
sBu” NFTN " 2-propanol __
MeO (0.5 mmol) MeO MeO
(0.75 mmol) (0.5 mmol) 3a

dioxane, 130 °C

alkyl moiety of the aniline product 3a clearly indicates a
regioselective C,—Cj cleavage of the enone substrate, while the
quinoline product 4a was apparently resulted from combining
two equiv of “ethylidene” moieties of the enone substrate.
We surveyed the enone and aniline substrates’ scope to
probe the C—C cleavage pattern in forming the coupling
products (Table 3). The coupling of internal enones with para-
substituted anilines formed a mixture of the aniline products
3a—d and quinoline products 4a—d in excellent combined
yields (entries 1—4). In contrast, the coupling of linear enones
bearing a terminal olefinic group with anilines formed the
aniline products 3e,f predominantly with <10% of quinoline
products in the crude mixture. The coupling of 1-octen-3-one
with 1-naphthylamine, 1-anthracenamine, and para-substituted
anilines formed the corresponding products 3g—i bearing the
branched aliphatic group. On the other hand, the coupling
reaction of enones bearing a long-chained p-aliphatic group
with para-substituted anilines predominantly formed 2,4-
disubstituted quinoline products 4k, in which two equiv of
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the fB-alkyl moieties have been selectively incorporated (entries
11 and 12). The coupling reaction of cyclic enones with the
exo-alkenyl group with anilines also formed the 2,4-
disubstituted quinoline products 4m—4o0 (entries 13—16).
The formation of these 2,4-disubstituted quinoline products 4
can be readily rationalized from the self-condensation and
deaminative annulation reactions of initially formed 3.

We performed the deaminative coupling reaction by using a
number of biologically active enone and amine substrates to
demonstrate the synthetic utility of the catalytic C—C cleavage
method (Table 4). For example, the treatment of 1-octen-3-
one with (—)-cis-myrtanylamine and (+)-dehydroabietylamine
led to diastereoselective formation of coupling products 2y and
2z, respectively. In contrast, the coupling reaction of 1-phenyl-
2-buten-1-one with geranylamine formed coupling product 2aa
with a partially hydrogenated proximal olefinic group. The
coupling reaction of 1-octen-3-one with heteroatom-containing
amino substrates such as (1)-tryptophan and 4-morpholino-
benzylamine smoothly afforded products 2bb and 2cc,
respectively. The coupling of a steroid derivative (E)-16-
benzyliden-3b-hydroxyestra-1,3,5(10)-trien-17-one with n-hex-
ylamine formed a diastereomeric mixture of the a-alkylated
ketone product 2dd, while the analogous treatment of (E)-21-
benzyliden-3-hydroxypregn-5-en-20-one with 1-amino-3-meth-
ylbutane predictively yielded the corresponding deaminative
coupling product 2ee. We also employed a number of biomass-
derived enone substrates for the deaminative coupling reaction
with simple amine and aniline substrates. Thus, the treatment
of icos-1-en-3-one with 4-methoxybenzylamine under the
standard conditions formed the ketone product 2ff and
resulted from the regioselective C,—C; cleavage of the
enone substrate. The analogous treatment of an internal
enone bearing a long aliphatic chain heptacos-12-en-14-one
with benzo[d][1,3]dioxol-5-amine led to a 1:2 mixture of
aniline and quinoline products 3p and 4p in a 33% combined
yield. These examples illustrate synthetic applicability of the
C—C cleavage method from harnessing biomass-derived enone
and amine substrates.

Reaction Profile and Deuterium Labeling Study. In an
effort to establish the reaction sequence, we monitored the
coupling reaction of an enone with an amine by using the
NMR spectroscopic method. We employed an enone substrate
having two different aryl groups in order to distinguish the
structure of the intermediate species. Thus, the treatment of 3-
(4-chlorophenyl)-1-(4-methoxyphenyl)prop-2-en-1-one (0.25
mmol) with benzylamine (0.25 mmol) in the presence of the
complex 1 (5 mol %), L1 (10 mol %), and 2-propanol (0.50
mmol) in toluene-dg (0.5 mL) in a resealable NMR tube was
immersed an oil bath set at 135 °C. The tube was periodically
taken out of the oil bath, and the 'H NMR spectrum was
recorded at an ambient temperature (Figure 1). Initially, rapid
formation of the f-aminoimine product Sa was observed,
which reached its maximum concentration at 40 min of the
reaction time. The formation of the C—C cleaved imine
product 6a was observed at the expense of Sa, and its
maximum concentration was reached at approximately 80 min
of the reaction time. The imine 6a was found to be gradually
converted to final ketone product 2r within 2 h under the
stipulated reaction conditions. The results clearly indicated
that the coupling reaction proceeds in a consecutive fashion via
first the formation of f-aminoimine Sa, which is formed from
the initial dehydrative coupling and conjugate addition of
amines, followed by the formation of imine 6a, which results

https://doi.org/10.1021/acs.organomet.3c00321
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Table 3. Coupling Reaction of Enones with Anilines via C,—Cj Cleavage”

entry enone aniline product(s) (%)
(0] NH \T/
: AT J@f ool
1 R = s-Bu X =OMe 3a (70%) 4a (23%)
2 R = s-Bu X =Me 3b (75%) 4b (20%)
3 R =n-Bu X=H 3c (65%) 4c (24%)
4 R =n-Bu X = OMe 3d (72% 4d (21%)
(o}
Lo O™ O
R .
5 R = Et 3e (68%)
6 R = n-pentyl (70%)
0 n-pentyl
7 2
n-pentyl . OO
3g ( 71%
NH, n-pentyl
*’
3h ( 62"/?_)|
o} NH, o N.__ n-pentyl
g gAY
0™ >
3i (69%2_|
10 L NH, N._Ph
Ph” 2 Me /©/ /©/ Y
MeO MeO™ .
3j (65%)
A o Y
A R
2% X X ¥z
R
11 R=n-Bu X = OMe 4k (85%)
12 R =n-pentyl X =Me 41 (80%)
e N
C i oo~ R e w "
N P>
MeO MeO R
13 R=n-Bu 4k (85%)
14 R = n-decyl 4m (60%)
0 NH, N
15 . Bn /©/ S Bn
‘ MeO MeO =
4n (79%) Bn
o \)SMe NH,

“Reaction conditions: enone (0.75S mmol), aniline (0.5 mmol), 1 (5 mol %), L1 (10 mol %), 2-propanol (0.5 mmol), 1,4-dioxane (1.5 mL), 130

°C, 20 h.

from the C—C bond hydrogenolysis of Sa, and the eventual
formation of the ketone product 2r.

In a separate experiment, the kinetics on the formation of 2r
was measured by using an independently synthesized imine
substrate N-(1-(4-methoxyphenyl) ethylidene)-1-phenylme-
thanamine (6a) under the standard conditions (Figure S8,
Supporting Information). The plot of initial rate as a function
of [6a] at four different concentrations (0.4, 0.6, 0.8, and 1.0
mM) showed the first-order dependence on the imine
substrate, which translates into the rate constant of k = 2.6
X 1073 s7'. The kinetics of catalyst dependence was similarly
measured at four different concentrations of 1 (0.06—0.012
mM), which also showed the first-order dependence on the Ru
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catalyst. Since water is needed for the conversion to the ketone
product when imine was used as the substrate, we also checked
its rate dependence under otherwise standard conditions. The
reaction rate was found to be independent of water
concentrations in the catalytically relevant range of [H,0] =
6—1.2 mM. The first-order dependence on [6a] suggests that
C—N cleavage is the turnover-limiting step of the coupling
reaction.

To examine the H/D exchange pattern, we performed the
coupling reaction of 2-octen-4-one (0.50 mmol) with a,a-
benzylamine-d, (0.70 mmol, 98% D) in the presence of
complex 1 (5 mol %)/L1 (10 mol %) and 2-propanol-dg
(99.5% D, 0.5 mmol) in 1,4-dioxane (1.5 mL) at 135 °C (eq
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Table 4. Coupling Reaction of Biologically Active Enones with Amines and Anilines via C,—Cj; Cleavage®

Bioactive amines

With (-)-cis-myrtanylamine
O

(-)-2y d.r. = 10:1 (70%)

With (L)-tryptophan
e} NH
/
2bb (40%)

Steroidal and biomass-derived enones

With (+)-dehydroabietylamine

(+)-2z (36%)

With geranylamine (59%)
(e}

2aa (59%)

With 4-morpholinobenzylamine
o

N/\

With (E)-16-benzyliden-3p-hydroxyestra
-1,3,5(10)-trien-17-one
e}

2dd d.r. = 1.5:1 (46%)

With icos-1-en-3-one
(0]

15
2ff (46%) OMe

ELT ¢
)

3p (12%

HO

(+)-2ee (35%)

With heptacos-12-en-14-one®

4p (20%)

“Reaction conditions: enone (0.5 mmol), amine (1.0 mmol), 1 (S mol %), L1 (10 mol %), 2-propanol (0.5 mmol), 1,4-dioxane (1.5 mL), 130 °C,

20 h. ®Enone (0.75 mmol) and aniline (0.5 mmol) were used.
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Figure 1. Reaction profile for the coupling of 3-(4-chlorophenyl)-1-(4-methoxyphenyl)prop-2-en-1-one with benzylamine. 3-(4-Chlorophenyl)-1-
(4-methoxyphenyl)prop-2-en-1-one (red @), Sa (purple W), 6a (blue #), and 2r (orange A).

3). The isolated product 20—d showed that only $5% of
deuterium still remains on the benzyl carbon, as a significant

(55% D)
\A)OJ\/\ X L:II (?(;nm T/oj i ¢
= + HeN (10 mol %) )
2-propanol (0.5 mmol) T f
(0.5 mmol) (0.7 mmol) dioxane, 135 °C (18% D) (21% D)
20-d

amount of deuterium has been incorporated into both a-CH,
alkyl groups (18—21% D) as analyzed by 'H and *H NMR
spectroscopy (Figure S2, Supporting Information). In a control
experiment, the heating of isolated product 20 (0.25 mmol)
with 2-propanol-dg (0.25 mmol) under otherwise standard
conditions led to nearly identical amounts of deuterium on
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both a-CH, groups without a significant deuterium incorpo-
ration on the benzylic carbon (Figure S3, Supporting
Information). The observation that nearly half of the
deuterium from the benzylamine substrate was spilled over
to the a-carbon of the coupling product 20 suggests a
reversible H/D exchange process possibly via an imine-
enamine tautomerization and the reversible exchange with 2-
propanol.

Hammett Correlation and Carbon Kinetic Isotope
Effect Study. We initially hypothesized that either C—C or
C—N cleavage would be the most energetically demanding
step of the coupling reaction. To probe the electronic influence
of the amine substrates on the C—N cleavage process, we
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compared the rate of the coupling reaction of (E)-2-octen-4-
one with a series of para-substituted benzylamines p-X-
C¢H,CH,NH, (X = OMe, Me, H, F, Cl, and CF;) under
the standard conditions (eq 4). The k, for each reaction was

1 (5 mol %) [e]
L1 (10 mol %)

— B 4
m 2-propanol (0.5 mmol) m U)k/\@ @
X dioxane, 135 °C 2 X

(0.7 mmol)
(X = OMe, Me, H, F, Cl, CF3)

(0]
n—BuJ\/\ + HN

(0.5 mmol)

determined from a first-order plot of —In[((E)-2-octen-4-
one),/((E)-2-octen-4-one),] versus time. The Hammett plot
of log(ky/ky;) versus o, showed a linear correlation, in which
the coupling reaction is promoted by benzylamines with an
electron-releasing group (p = —0.77 + 0.1) (Figure 2). The

0.2 q

OMe
p=-0.77%0.1
H R?=0.91
O 4

&
~
xx _02 4
k=)
L)

041 CF,

06 . . . . . .

0.3 0.15 0 0.15 0.3 0.45 0.6
c

Figure 2. Hammett plot from the coupling reaction of 2-octen-4-one
with p-X-C4H,CH,NH, (X = OMe, Me, H, F, Cl, and CF,).

Hammett data clearly indicate the C—N cleavage (not the C—
C cleavage) as the most likely slow step for the coupling
reaction. We previously observed a similar Hammett trend in
the deaminative alkylation reaction of ketones with amines,
where the C—N cleavage was found to be the turnover-limiting
step.'®*

To further discern between C—C versus C—N cleavage
turnover-limiting step of the coupling reaction, we measured
the carbon kinetic isotope effect (KIE) from the coupling
reaction of (E)-2-octen-4-one with 4-methoxybenzylamine by
employing Singleton’s high-precision NMR technique at
natural abundance (eq 5).”” A high conversion sample of 2b

1. 1 1.018
1 (5 mol %) 000 (ref)
L1 (10 mol %)

m 2 -propanol (1 equiv) T ®)
OMe dioxane, 130 °C 2b 0.996 OMe

was obtained from three separate treatments of (E)-2-octen-4-
one (0.50 mmol) with 4-methoxybenzylamine (1.0 mmol)
under the standard reaction conditions (average 82%
conversion). A low conversion sample of 2b was similarly
isolated from six separate reactions of (E)-2-octen-4-one (1.5
mmol) with 4-methoxybenzylamine (3.0 mmol) under the
standard reaction conditions after 2 h of the reaction time
(average 13% conversion). The most significant carbon KIE
was observed on the benzylic carbon of the product 2b when
the °C ratio of the product sample obtained from a high
conversion was compared with the sample obtained from a low
conversion ['*C(avg 82% conversion)/*C(avg 13% conver-
sion) at C(1) = 1.018; average of two runs; Table S2,
Supporting Information]. The observation of significant
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carbon KIE on the benzylic carbon further corroborates with
the Hammett data that the C—N bond cleavage is the most
likely turnover-limiting step of the coupling reaction.

DFT Computational Study. We performed density
functional theory (DFT) calculations to attain deeper
mechanistic insights into the coupling reaction. We previously
established an unsaturated Ru-catecholate complex as the
catalytically active species for the deaminantive coupling
reaction of ketones with amines.'** By using the same Ru-
catecholate framework, we initially explored a number of
plausible reaction sequences to identify a low energy pathway
for the entire catalytic cycle. Since the experimental reaction
profile study identified an f-aminoimine 5 as the initially
formed substrate, we employed the optimized structure of Ru-
catecholate-imine complex Al as the starting point to probe
various reaction pathways for the coupling reaction. The
calculations were performed at the PBE/ma-def2-TZVPP level
of theory with SMD solvent model and D4 model for the
dispersion interactions, and the computational details are
summarized in Supporting Information.”” To reduce the
computational time, we optimized the Ru complexes bearing
PMe; instead of PCy; and the catecholate ligand without Cl
atoms.

We first identified that the Ru-aminoimine complex Al
proceeds with a highly endergonic rearrangement step, which
essentially replaces the Ru-amine dative bond with an agostic
interaction between the Ru atom and the y-C—H bond in
forming A2 (Figure 3). The reaction step was found to have a
high energy barrier (AG* = 31.1 kcal/mol) with AG = 22.2
kcal/mol from A1l to A2. The Ru—N bond distance was found
to be considerably elongated (2.62 A) in transition state TSI,
while a significant Ru y-C—H agostic bonding interaction is
established, as indicated by a relatively short Ru—H bond
distance of 2.30 A. The geometrical parameters as indicated by
relatively short bond distances, Ru—N (3.15 A), Ru—H (1.80
A), and Ru—C (2.55 A), also suggest of a relatively strong
agostic interaction in A2. The agostic complex A2 readily
inserts the y-C—H bond to form five-membered metallacyclic
Ru—H species A3. The insertion process has a relatively low
energy barrier (AG* = 7.3 kcal/mol), with an overall uphill
process from A2 (AG = 7.8 kcal/mol) and corresponding
electronic energies (AE* = 8.4 and AE = 8.1 kcal/mol). In the
geometrically optimized transition state TS2, the y-C—H bond
is significantly elongated to 1.53 A, while both the Ru—H and
Ru—C bond distances are decreased to 1.58 and 2.23 A,
respectively. The resulting complex A3 readily proceeds via a
1,3-proton transfer with a relatively low activation barrier via
TS3 (AG* = 6.2 kecal/mol), and this step is energetically
downhill (AG —16.5 kcal/mol) in forming A4. It is
noteworthy that the activation barrier is further reduced in the
presence of an external acid (e.g., 1.2 kcal/mol lower with
NH,"), which alleviates the strain energy typically associated
with an intramolecular 1,3-proton transfer process. We also
investigated A2-A4 transformation by using the nudged elastic
band (NEB) method to differentiate between stepwise versus
concerted pathway. The calculations showed that the lowest—
energy profile is achieved via intermediate structure A3,
indicating that the two-step transformation via A2-A3-A4 is
energetically more favorable than the concerted pathway.

We reasoned that intermediate A4 could expedite the C—C
cleavage reaction via the formation of a stable Fischer-type Ru-
aminocarbene species bearing an enamine moiety. After
extensive exploratory efforts, we have been able to identify
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Figure 3. Free energy profile and optimized transition state structures for the transformation of the Ru-aminoimine complex Al into the imine

complex A4 [PBE-D4/ma-def2-TZVPP, SMD (1,4-dioxane)].

an energetically feasible C—C cleavage route via the formation
of a Ru-aminocarbene species (Figure 4). We computed the
energies for the pathway in which A4 first undergoes a direct
proton transfer between the two nitrogen atoms via TS4 (AG*
= 22.5 kcal/mol, AG = 18.5 kcal/mol), which is followed by a
conformational reorganization of AS via TSS (AG* = 4.2 kcal/
mol) to form a pivotal intermediate A8 (AS — A8, AG = —5.4
kcal/mol) (Path A). We subsequently found an alternate
pathway for the transformation of A4 — A8, which involves a
stepwise proton transfer to the catechol oxygen atom via TS4’
(AG* = 13.1 kcal/mol) with the overall AG = 10.8 kcal/mol
for A4 — A6 (Path B). The calculations showed that the latter
path has a considerably lower energy barrier on the first proton
transfer step (TS4 vs TS4' AAGYF = 9.4 kcal/mol) as well as
on the subsequent proton transfer steps (AAGF = 2.4 kcal/
mol) compared to the former pathway. We considered yet
another possible route via a direct proton transfer from Ru to
the oxygen atom of catechol ligand A4 — A7, but the
calculations showed that this direct proton transfer path has an
unreasonably high energy barrier (AG* = 47.1 kcal/mol),
probably due to a strained nature on the transition state. The
intermediate A6 smoothly undergoes a facile conformational
transformation to A7 via TS6 (AGF = 8.6 kcal/mol, AG = 7.8
kcal/mol), which is followed by the proton transfer from the
oxygen to the nitrogen atom via TS7 (AG* = 1.7 kcal/mol)
with an overall exergonic process A7 — A8 (AG = —5.5 kcal/
mol). We also considered a concerted path for the C—C bond
cleavage step, which occurs in a single elementary step from A6
to A9 via transition state TS6’ (AG¥ = 18.0 kcal/mol, AG =
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—13.7 kcal/mol) (Path C). We concluded that this concerted
pathway is highly unlikely because it has an energy barrier
much higher than either path A or B (AAG¥ = 6.1 and 8.5
kcal/mol, respectively).

The calculations revealed that intermediate A8 is highly
amenable to the C—C bond cleavage process via transition
state TS8. We were initially surprised to learn that the
formation of TS8 requires an exceptionally low free energy of
activation (AG* = 4.5 kcal/mol) with the highly exergonic step
A8 — A9 (AG = —16.0 kcal/mol), despite having a relatively
short C—C bond length in A8 (1.54 A). The optimized
structure of TS8 displays a smooth evolution of geometrical
parameters, as indicated by a lengthening of the C—C bond
from A8 to TS8 (1.54 to 1.99 A) as well as a shortening of the
Ru—C distance from A8 to TS8 and A9 (2.16, 2.05, and 1.95
A, respectively). At the same time, TS8 shows a somewhat
unexpected elongation of the Ru—N bond distance (2.83 A)
compared to both A8 and A9 (2.22 and 2.28 A) as well as a
significant contraction of the adjacent C—N bond distance
(1.34 A vs 1.39-1.44 A), which suggests a significant
contribution of the 7-C—N bond character in developing
enamine fragment on TS8.

To decipher the origin of the facile C—C bond cleavage
mechanism, we examined the frontier molecular orbitals for A8
and TS8 in detail (Figure SA). We observed an unusual feature
on the frontier orbitals of TS8 that the HOMO orbital of TS8
is mostly localized on the catechol fragment and Ru atom
without any significant expansion to the nitrogen or carbon
atoms involved in the C—C bond cleavage, while the LUMO of
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Figure 4. Free energy profiles and selected representative structures for the transformation of the Ru-aminoimine complex A4 into the imine

complex A9 [PBE-D4/ma-def2-TZVPP, SMD (1,4-dioxane)].

TS8 displays an expected z-type antibonding character on the
existing C=N bond. To explain a lack of involvement of
HOMO orbitals of TS8 in the C—C bond cleavage step, we
analyzed a corresponding uncatalyzed reaction, where a
protonated imine undergoes the C—C bond cleavage reaction
to form two double bonds (Figure S7a, Supporting
Information). The C—C bond cleavage reaction becomes a
highly endergonic process without the Ru catalyst (AG = 25.6
kcal/mol), and the NEB calculations on the C—C bond
cleavage step displayed a monotonic dissociation curve without
an activation barrier or visible shoulder.

We attribute an absence of significant energy barrier to the
stability of the intermediate structures along the dissociation
curve, resulting from a delocalized S-orbital 6-electron
structure. In fact, a visual inspection of the three highest
occupied and two lowest unoccupied molecular orbitals for a
representative intermediate structure along the dissociation
curve shows that the nodal composition is very similar to the
Hiickel orbitals of a generic linear S-orbital 6-electron system
(Figure S7b, Supporting Information). The LUMO orbital in
this system has a clearly discernible character of two
antibonding orbitals for the double bonds in the reactant,
whereas the HOMO is composed of three separated p-orbitals
with predominantly nonbonding character. Although a similar
set of molecular orbitals has been observed in TS8, these p-
orbitals are not directly involved in the chemical trans-
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formation because the structure of TS8 has a strong
contribution from Ru dz-atomic orbital, which has an extensive
orbital mixing with p-orbitals from the organic fragments (see
Figure S7c, Supporting Information). As a result, we believe
that the presence of the Ru moiety facilitates extended
delocalization of p-orbitals in the transition states, which
lowers the overall dissociation pathway and ultimately results
in a low activation barrier for C—C bond cleavage step A8 —
A9.

We utilized the intrinsic bond orbital (IBO) method to
further analyze the electronic transformation in the C—C bond
cleavage step. The IBO method has been well-recognized for
its capacity to produce interacting bond orbitals along the
reaction profile, which can be easily interpreted by using the
electron flow curly arrows.”’ The IBO analysis for the C—C
bond cleavage step from A8 to A9 yielded three interacting
orbitals, and their progression provides a clear interpretation
with the three resulting curly arrows, as shown in the structural
formula of A8 in Figure SB. Taken together, the IBO analysis
shows a smooth reorganization of the C—C ¢ bond into two 7-
bonds situated on two fragments in TS8, which is
accompanied by an electron transfer between the two nitrogen
atoms.

Fischer-type metal-aminocarbene complexes have been well-
known to undergo carbene-to-imine rearrangement to form
metal-imine complexes.”” To illustrate a viable mechanism for
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the carbene-to-imine isomerization reaction, we conducted
DFT calculations to establish a low energy pathway for the
rearrangement of Ru-carbene intermediate A9 to A12 (Scheme
2). We found that the carbene carbon of A9 is readily
protonated by an external proton donor such as NH,*, leading
to Ru-alkyl species A10 without any measurable activation
barrier (AG = —11.7 kcal/mol). The intermediate A10 then
undergoes an endergonic rearrangement process, leading to 7-
C=N bond coordination to the Ru center in forming All.
The NEB calculations showed a reasonable pathway with the
energy of activation approximately 20.0 kcal/mol; however, we
could not obtain an energy-minimized transition state, despite
numerous attempts to optimize the possible structures. Finally,
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the deprotonation (loss of NH,") and the formation of a dative
n-type Ru—N bond from A1l smoothly proceed without any
measurable energy barrier to form the imine complex Al12.
The last phase of the coupling reaction constitutes enamine-
to-imine isomerization and imine hydrolysis steps. In the
previously reported Ru-catalyzed deaminative alkylation of
ketones with amines, we showed that a Ru-catecholate
complex effectively mediates the enamine-to-imine rearrange-
ment via a stepwise 1,3-carbon shift mechanism.'®* The DFT
calculations for the enamine-to-imine rearrangement step (A13
— AlS) revealed that the enamine-to-imine rearrangement
also proceeds in a stepwise fashion with the calculated free
energies almost identical to the previously reported ones.
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Moreover, the calculations showed a substantially higher
energy barrier for the C—N bond cleavage step (AG* = 31.4
kcal/mol) (A13 — Al4), compared to the C—C bond
formation step (AG* = 16.2 kcal/mol) (A14 — A1S). These
computational results further validate experimental carbon KIE
and Hammett correlation data that the C—N bond cleavage is
one of the most energetically demanding steps for the coupling
reaction. The final imine hydrolysis from AlS forms the
observed ketone product 2 along with the regeneration of Al.

The DFT calculations predicted that the C—H and C—N
bond cleavage processes are the two most energetically
demanding steps in the coupling reaction. To conform to
the energetically demanding nature of the C—H bond
activation step, we measured a deuterium KIE from the
reaction of 4-methoxybenzylamine with 4-OMeC¢H,COCH=
CHPh versus 4-OMeC,H,COCH=CDPh under parallel
conditions. In two separate NMR tubes, each containing 4-
methoxybenzylamine (0.50 mmol), 4-OMeCH,COCH=
CHPh (0.13 mmol), or 4-OMeCH,COCH=CDPh (0.13
mmol), complex 1 (5 mol %), L1 (10 mol %), and 2-propanol
(0.50 mmol) in toluene-dg (0.5 mL) was heated in an oil bath
set at 135 °C. To ensure reliable rate measurement for the C—
H bond activation step, we began the rate measurement at 30
min for each reaction, at which time the formation of Sa has
reached its maximum concentration, as illustrated in the
reaction profile study. Each reaction tube was taken out of the
oil bath in 20 min intervals, and the reaction rate was measured
by monitoring the appearance of the product signals on 'H
NMR. The k., was determined from a first-order plot of
-In[(4-OMeC¢H,COCH=CHPh),/(4-OMeCcH,COCH=
CHPh),] versus time and repeated for the deuterated
substrate, which clearly showed a normal deuterium KIE
value (ky/kp = 1.8 + 0.1) (Figure 6). The experimental results

012 1 kylk,=1.8£0.1
0.1 4
Z;o.os 1 °
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(22
£ 004
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Figure 6. First order plots from the reaction of 4-OMeC,H,COCH=
CHPh (@) vs 4-OMeCH,COCH=CDPh (M) with 4-methox-
ybenzylamine.

further corroborate the computational prediction that the y-
C—H bond activation is one of the two most energetically
demanding steps for the coupling reaction.

Proposed Mechanism. We compiled a plausible mecha-
nistic pathway for the deaminative coupling reaction of an
enone with benzylamine on the basis of combined
experimental and computational results (Scheme 3). The
reaction profile experiment established that the f-aminoimine
substrate 5, which would be initially formed from the
dehydrative coupling and conjugate addition reactions of the
enone substrate with 2 equiv of benzylamine, is the actual
substrate for the Ru catalysis. In light of the previously
observed catalytic activity of the Ru-catecholate complex,'** we
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propose that unsaturated Ru-catecholate complex 7, which is
in situ generated from the reductive coupling of Ru—H
complex 1 with the benzoquinone ligand L1, is the catalytically
active species for the reaction. The coordination of f-
aminoimine substrate 5 to Ru-catecholate complex 7 would
form Ru-catecholate-imine complex 8, which mediates a highly
endergonic y-C—H insertion reaction to form five-membered
ruthenacyclic species 9. The DFT calculations predicted the
C—H insertion step as one of the two most energetically
demanding steps for the catalytic coupling reaction (AG¥ = 30
keal/mol). Such an energetically demanding nature of the C—
H insertion step has been validated experimentally by the
observation of a normal deuterium KIE from the coupling
reaction of an enone with benzylamine (ky/kp = 1.8 + 0.1).
The DFT calculations also revealed that the Ru—H species 9
proceeds with a series of proton transfer steps in which the
catecholate ligand of 9 facilitates a low energy pathway in
forming the zwitterionic Ru-iminyl species 10.

The resulting Ru-iminyl complex 10 is set to undergo the
key C—C cleavage reaction to form Ru-carbene species 11.
The DFT calculations established that the Ru-mediated y-C—
H activation and the subsequent proton transfer steps lead to a
substantially increased electrophilic character on the iminium
nitrogen, which translates into a facile C—C cleavage step with
an unusually low energy barrier. The IBO analysis further
provided deep mechanistic insight for such facile C—C
cleavage step that is characterized by having a smooth orbital
transformation of the C—C o-bond into two different 7-bond
fragments via the TS8. The DFT calculations further revealed a
mechanistic rationale where the redox-active catecholate ligand
serves as an effective facilitator for channeling a multistep
proton transfer process.

The resulting aminocarbene complex 11 rapidly undergoes a
carbene-to-imine isomerization reaction to form the Ru-
enamine-imine species 12. The resulting imine moiety would
undergo hydrogenation in a separate catalytic process to form
the secondary amine byproduct, while the remaining N-
alkylimine group of 12 proceeds with the 1,3-carbon shift to
form the Ru-imine complex 13. The DFT calculations
established that the enamine-to-imine rearrangement (C—N
bond cleavage step) occurs in a stepwise fashion via the
formation of Ru(IV)-alkyl species in forming Ru-imine
complex 13. The DFT calculations also predicted that the
enamine-to-imine rearrangement is one of the two most
energetically demanding steps of the coupling reaction (AG* =
31.4 kcal/mol). The observation of both pronounced carbon
KIE on the benzyl carbon as well as the Hammett data
provided complementary experimental support for such
energetically demanding nature on the C—N cleavage step.
Since both C—H cleavage and the 1,3-alkyl migration (C—N
cleavage) steps have nearly identical activation energies (AG*
= 31.1 kcal/mol for the C—H cleavage step vs AG* = 31.4
kcal/mol for the C—N cleavage step), it is likely that the
coupling reaction has two separate energetically demanding
and rate-determining steps. Finally, the resulting imine from 13
would be rapidly hydrolyzed to form the observed ketone
product 2 with the regeneration of the starting Ru-catecholate
catalyst 7.

Overall, the catalytic deaminative coupling method consists
of three consecutive reaction stages. The first stage involves the
formation of f-aminoimine substrate 5 from the dehydrative
coupling and conjugate addition of an enone with a simple
amine. In the main catalytic cycle, the Ru-mediated y-C—H
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Scheme 3. Proposed Mechanistic Pathway for the Deaminative Coupling Reaction of an Enone with Benzylamine via C—C
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activation and subsequent proton transfer steps facilitate a catalytic C—C cleavage method in the synthesis of target
facile C—C cleavage reaction in forming both enamine and molecules.
aminocarbene fragments. The resulting aminocarbene frag-
ment readily proceeds with the carbene-to-imine isomerization B EXPERIMENTAL SECTION
h i i f h . .
anc? sep;rate dydrogenatlonh.rleactlﬁns to lirrln t e'secondary General Procedure for the Coupling Reaction of an Enone
amine Dypro uFt. Meanw e the N-a ylenamine - group with an Amine. In a glovebox, complex 1 (15 mg S mol %),
undergoes a highly energetically demanding enamine-to- benzoquinone L1 (12 mg, 10 mol %), and 2-propanol (30 mg, 1
imine rearrangement, which is followed by the imine hydrolysis equiv) were dissolved in anhydrous 1,4-dioxane (1.0 mL) in a 25 mL
reaction to form the observed ketone product 2. Schlenk tube equipped with a Teflon screw cap stopcock and a
magnetic stirring bar. Both enone (0.50 mmol) and amine (1.0
mmol) substrates in 1,4-dioxane (0.5 mL) solution were added to the
B CONCLUSIONS tube. After the tube was sealed, it was brought out of the glovebox and
In summary, we have successfully developed a generally was stirred in an oil bath set at 135 °C for 20 h. The reaction tube was
applicable catalytic C—C bond cleavage method of unstrained taken out of the oil bath an.cl allowed to c.ool to room temperature.
- . . . . . After the tube was open to air, the crude mixture was filtered through
enones from the deaminative coupling reaction with amines in . ) )
formine the elaborated ketone products 2. The analogous a short silica gel column by eluting with CH,Cl, (10 mL) and the
ormlng - - p ) - g filtrate was analyzed by GC-MS. Analytically pure product 2 was
catalytic coupling reaction of enones with anilines produced a isolated by simple column chromatography on silica gel (40—63 ym
mixture of N-alkylaniline and 2,4-disubstituted quinoline particle size, hexanes/EtOAc) and was fully characterized by
products 3 and 4, both of which result from the regioselective spectroscopic methods.
Ca_cﬂ bond Cleavage of the enone substrates. The combined ComputationaIZMethod. Input models were constructed using
experimental and computational studies uncovered a detailed Avogadro  software™ azfld optimized using DFT with the Orca
mechanistic picture for the coupling reaction in which an SOft‘,’V are, version 5.0.3. c;fometr}f optimization Calcfﬂatlons were
1. . . carried out with the PBE™ functional combined with the D4
unsaturated Ru-catecholate catalyst facilitates y-C—H insertion di . . . .
o A ispersion correction for a more accurate treatment of the dispersion
of the initially formed ﬁ-amlnmmln? substrate' and Fhe interactions. Initially, the reaction mechanism was explored using a
subsequent proton transfer steps to achieve the regioselective smaller basis set, def2-SV(P), for computational efficiency.’’
C,—Cj cleavage reaction of enones. The overall mechanistic Subsequently, the obtained geometries were reoptimized using a
scheme of the coupling reaction is composed of three triple-{ quality basis set, ma-def2-TZVPP.*® The optimized structures
consecutive stages: (1) formation of f-aminoimine substrate obtained from different basis sets were quite similar to RMSD values
from the dehydrative coupling and conjugate addition of enone typically within 0.1 A. The relative electronic energies for the entire
. . . reaction mechanism, obtained with the double-{ versus triple-{ basis
with two equiv of amine substrate, (2) Ru-catalyzed ; S
p . ¢ ST b 1 set, showed an excellent linear correlation with slope of 1.0061 and
ragmentation of f-aminoimine _Su Str?te_ (C-C ¢ cavage intercept of 0.47 kcal/mol (R* = 0.995). The electronic flow in the
process) and the subsequent enamine-to-imine rearrangement reaction A8 — A9 was represented by using the IBO approach as
of N-alkylenamine (C—N cleavage process), and (3) hydrolysis implemented in IboView software.””
and hydrogenation reactions of the resulting imines to form Wave function stability calculations were performed to verify the
the ketone product 2 and the secondary amine byproduct. In absence of lower-energy numerical solutions. Additionally, single-
short, we have successfully developed a new catalytic C,—Cj point calculations for a triplet electronic state were carried out to
. . confirm that the singlet state was the ground electronic state.
bond cleavage method for unstrained enones by combining _ _ .
. . . . Harmonic frequency calculations were performed to determine the
hydrogen borrowing and deaminative coupling strategies to 7 ; s
. e nature of the optimized structures. Specifically, all positive frequency
form synthetically V.aluable ketone and quinoline products. We values signified that the structure represented a minimum on the
are currently devoting our efforts to further extend substrate potential energy surface, while a single negative frequency value
scope as well as for exploring synthetic applicability of the indicated a transition state. The Gibbs free energies were calculated
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based on the obtained geometries and frequencies at T = 298.15 K
and P = 1 atm. We used the geometries obtained from the
optimization with the triple- basis set in a vacuum as input for a
single-point calculation using the SMD solvation model.** The
parameters for the solvation model were set for the solvent 1,4
dioxane, and all geometries were reoptimized using a polarized
continuum solvent model (PCM) for the solvent THF. The free
energy profiles obtained from gas-phase, PCM and SMD calculations
were found to be very similar, as the inclusion of the PCM model into
calculations had only a minor influence on the optimized geometries.
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