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Abstract

Our DFT calculations provide the first theoretical investigation on Mn(l)-catalyzed direct addition of 8-methylquinoline to
aryl isocyanate. The reaction of Mn(CO),Br with Me,Zn forms Mn(CO),Me, the ligand exchange of which with 8-methylquino-
line generates active Me-Mn(l) species after the release of CO. Then Me-Mn(l) undergoes cyclomanganation by elimination
of methane giving manganacycle. Subsequently, under the activation of AICL,, the aryl isocyanate inserts into C-Mn bond
producing expanded seven membered manganacycle, the reaction of which with Me,Zn yields methyl manganese species via
open at Mn-N. The second ligand exchange regenerates active species for next catalytic cycle and forms precursor of product
a-quinolinyl amide via hydrolysis of N. Isocyanate insertion is determined to be rate-limiting. The positive solvation effect is
suggested by decreased absolute and activation energies in solution compared with in gas. These results are supported by
Multiwfn analysis on FMO composition of specific TSs, and MBO value of vital bonding, breaking.
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Introduction

Due to atom- and step—economy, Grignard-type nucleophilic
addition of C-H bonds to polar unsaturated bonds catalyzed by
transition-metal has become attracting and potential [1], espe-
cially direct addition to polar C-N bond of isocyanate provid-
ing amides [2]. The polar C=N bond is easy to integrate with
C(sp2)-H bonds with various transition metals, such as Geng’s
C-H aminocarbonylation of azobenzenes catalyzed by Re [3],
Khan’s spiroannulation of N-acyl ketimines with aryl isothio-
cyanates through aromatic C-H bond activation using Ru(ll) [4],
and Li’s aryl/alkenyl C-H aminocarbonylation with acyl azides
catalyzed by Co(lll) [5]. There are also Ir-catalyzed direct amida-
tion of imidazoles at C-2 leading to imidazole-2-carboxamides
of Fukumoto and functionalization of olefinic C-H bonds by
aryl-to-vinyl 1,4-Ni migration/reductive coupling sequence of
Yang [6,7]. However, only a few examples were reported about
addition of C(sp3)-H bonds to isocyanates [8-10].

As efficient transition metal catalysis, Manganese is appeal-
ing owing to favorable traits of low cost and low toxicity be-
sides its abundance. Much progress has been made over past
few decades in this aspect such as catalytic activation of C-H
bonds using Mn(CO),Br [11]. Liu reported Manganese-catalyzed
C(sp2)-H addition to polar unsaturated bonds [12]. Ali sum-
marized recent developments and perspectives in Manganese-
catalyzed C-H functionalization driven by weak coordination
[13]. Maayuri discovered Manganese-catalyzed hydroarylation
of multiple bonds [14]. The notable polar unsaturated bonds
are carbonyl compounds, nitriles, and imines. For instance, Liu
achieved dimeric Manganese-catalyzed direct nucleophilic ad-
dition of C(sp2)-H bonds to inert aldehydes [15]. Das developed
one-pot Manganese(l)-catalyzed oxidant-controlled divergent
functionalization of 2-arylindazoles [16]. Wang reported Man-
ganese/NaOPh co-catalyzed C2-selective C-H conjugate addi-
tion of indoles to a,3-unsaturated carbonyls [17]. Wang realized
redox-neutral C-H acylation of indole with ketene by manga-
nese catalysis [18]. Liang discovered sustainable Manganese-
catalyzed C-H activation/hydroarylation of imines [19]. Xu gave
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access to indole—purine hybrids in Manganese- and Rhenium-
catalyzed C-H enaminylation [20].

What we are interested in is the addition to polar C=N bond
of isocyanates. The previous progress included Mn(l)-catalyzed
C-Haminocarbonylation of heteroarene and [3 + 2] cyclization of
ketones and isocyanates via inert C-H activation [21,22]. In this
field, the contribution of Wang group is remarkable in particular
such as Mn(l)-catalyzed nucleophilic addition of C(sp3)-H bonds
to aldehydes yielding a-quinolinyl amide skeleton potential in
pharmaceutical compounds [23,24]. Recently, a breakthrough
was C(sp3)-H bond aminocarbonylation of 8-methylquinolines
with isocyanates catalyzed by Mn(l) [25]. Although 2-(Quino-
lin-8-yl)-N-(p-tolyl)acetamide was obtained in excellent yields,
many problems still puzzled and there was no report about de-
tailed mechanistic study explaining the exact rate-determining
step. How the active Me-Mn(l) species is generated via ligand
exchange of Mn(CO).Me with 8-methylquinoline after the re-
lease of CO? How methane is eliminated through cyclomanga-
nation giving manganacycle? What'’s specific activation process
for Lewis acid (AICL,) in insertion of isocyanate into C-Mn bond?
To solve these questions in experiment, an in-depth theoretical
study was necessary for this strategy also focusing on the po-
tential ofa-quinolinyl amide.

Computational details

The geometry optimizations were performed at the B3LYP/
BSI level with the Gaussian 09 package [26,27]. The mixed basis
set of LanL2DZ for Mn, Zn, Br and 6-31G(d) for other non-metal
atoms [28-32] was denoted as BSI. Different singlet and multi-
plet states were clarified with B3LYP and ROB3LYP approaches
including Becke’s three-parameter hybrid functional combined
with Lee-Yang—Parr correction for correlation [33,34]. The na-
ture of each structure was verified by performing harmonic vi-
brational frequency calculations. Intrinsic Reaction Coordinate
(IRC) calculations were examined to confirm the right connec-
tions among key transition-states and corresponding reactants
and products. Harmonic frequency calculations were carried
out at the B3LYP/BSI level to gain Zero-Point Vibrational Energy
(ZPVE) and thermodynamic corrections at 393 K and 1 atm for
each structure in 1,4-dioxane. The solvation-corrected free en-
ergies were obtained at the B3LYP/6-311++G(d,p) (LanL2DZ for
Mn, Zn, Br) level by using Integral Equation Formalism Polariz-
able Continuum Model (IEFPCM) in Truhlar’s “density” solvation
model [35-37] on the B3LYP/BSI-optimized geometries.

As an efficient method of obtaining bond and lone pair of
a molecule from modern ab initio wave functions, NBO pro-
cedure was performed with Natural Bond Orbital (NBO3.1) to
characterize electronic properties and bonding orbital interac-
tions [38,39]. The wave function analysis was provided using
Multiwfn_3.7_dev package [40] including research on Frontier
Molecular Orbital (FMO) and Mayer Bond Order (MBO).

Results and discussion

The mechanism was explored for Mn(l)-catalyzed direct
addition of 8-methylquinoline 1 to aryl isocyanate 2 affording
a-quinolinyl amide 3 (Scheme 1). lllustrated by black arrow of
Scheme 2, the process is initiated by reaction of Mn(CO).Br with
Me,Zn forming intermediate A Mn(CO).Me. After the release of
CO, ligand exchange of A with 8-methylquinoline 1 generates
active Me-Mn(l) species B, which undergoes cyclomanganation
by elimination of methane to give manganacycle intermediate
B-1. Then under the activation of AICI,, the aryl isocyanate 2

inserts into C-Mn bond of B-1 affording expanded seven mem-
bered manganacycle intermediate C. The reaction of C with
Me,Zn gives methyl manganese species D. Ligand exchange of
D with 1 forms intermediate E and regenerates active species B
for next catalytic cycle. The final product a-quinolinyl amide 3 is
produced via hydrolysis of E.

The schematic structures of optimized TSs in Scheme 2 were
listed by Figure 1. The activation energy was shown in Table 1
for all steps. Supplementary Table S1, Table S2 provided the
relative energies of all stationary points. According to experi-
ment, the Gibbs free energies in 1,4-dioxane solution phase are

discussed here.
NCO
= Mn(CO)SBr
\N
+ 1,4- Dloxane 120 °C HN
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Scheme 1: Mn(l)-catalyzed direct addition of 8-methylquinoline 1
to aryl isocyanate 2 affording a-quinolinyl amide 3.
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Scheme 2: Proposed reaction mechanism of Mn(l)-catalyzed direct
addition of C(sp3)-H bond of 1 to 2 affording 3. TS is named accord-
ing to the two intermediates it connects.
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Table 1: Frontal CT scan showing the mass an upper polar tissue
mass of the left kidney.

TS AG*,, a6,
ts-i12 26.3 25.8
ts-i34 27.7 24.4
ts-Bi5 26.4 23.1
ts-i6C 33.9 29.6
ts-i7D 9.1 8.6

ts-i89 19.8 17.5
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Mn(CO)_Me formation/ligand exchange/cyclomanganation

The reaction of Mn(CO),Br with Me,Zn proceeds via ts-i12 in
step 1 with the activation energy of 25.8 kcal mol™ relative to
the starting point i1 exothermic by -6.2 kcal mol™ producing i2.
The transition vector denotes coordination exchange between
Mn and Zn, that is cleavage of Mn---Br, bonding of it to Me and
consequent rapture of Zn---Me, linkage of it to Br (3.42, 3.17,
2.11, 2.78 A) (Figure S1a). After the release of MeZnBr, i2 turns
to be another stable intermediate A Mn(CO).Me with a relative
energy of -4.2 kcal mol™.

Then the participation of 8-methylquinoline 1 with A forms
i3, from which the ligand exchange occurs via ts-i34 as step 2
with activation energy of 24.4 kcal mol™ exothermic by -15.6
kcal mol™ giving intermediate i4. The transition vector includes
one CO ligand leaving from Mn and Mn approaching to N1 of
1 (2.48, 2.63 A). Once typical Mn-N1 is formed, an active Me-
Mn(l) species B is obtained after the removal of CO with a high
relative energy of 25.3 kcal mol™.

The next cyclomanganation is easy to be initiated from B in
step 3 via ts-Bi5 with activation energy of 23.1 kcal mol™ af-
fording i5 endothermic a little by 0.5 kcal mol™. This process
undergoes by elimination of methane to give five membered
manganacycle intermediate B-1. According to the transition
vector, one hydrogen H1 of 3CH, is given to 4CH, ligand of Mn
assembling methane molecule 4CH,, which prompts the break-
ing of Mn---C4 and bonding of Mn---C3 (1.42, 1.46, 2.27, 2.25 A)
(Figure S1b). B-1 involves a structure of five membered manga-
nacycle with same energy of il.

AICl_-activated isocyanate insertion/MeZZn insertion/Me-
Mn(1) recover

In step 4, under the activation of AICI, the aryl isocyanate 2
inserts into C-Mn bond of B-1 affording expanded seven mem-
bered manganacycle intermediate C. The initial complex bind-
ing AICI3, 2 and B-1 is denoted as i6, from which this insertion
takes place via ts-i6C with activation energy of 29.6 kcal mol™
exothermic huge by -43.6 kcal mol™. The transition vector cor-
responds to dissociation of Mn-C3, stretching of C5=N2 from
double to single and the resulting linkage of C3:--:C5, Mn---N2
(2.39, 1.23, 2.27, 2.81 A). Although the barrier is increased
compared with previous three steps, the resultant expanded
manganacycle C is rather stable favorable in thermodynamics.
Furthermore, the high temperature in experiment ensures the
barrier could be overcome completely [25].

Subsequently, the departure of AICI, and addition of Me,Zn
forms i7, the greatly increased relative energy of which (-2.7
kcal mol™?) suggests the enhanced reactivity of it from that of
C. The step 5 happens via ts-i7D with small activation energy
of 8.6 kcal mol™ exothermic by -32.6 kcal mol™ yielding methyl
manganese species D. The transition vector reveals breaking of
Mn--:N2, Zn--CH, and concert bonding of Mn-CH_, Zn- N2 (2.34,
2.43,2.09, 2.16 A). Therefore, the seven membered mangana-
cycle is opened at Mn-N2 binding one Me ligand and Zn iso-
lated.

At last, a second molecule of 1 is added to D generating i8
also with improved reactivity. The second ligand exchange of
D with 1 is readily to be initiate via ts-i89 in step 6 with medi-
ate activation energy of 17.5 kcal mol™ exothermic by -8.7 kcal
mol™ delivering intermediate i9 as a binary complexes of active

species B and intermediate E. The regenerated B was used for
next catalytic cycle. E was taken as precursor of final product
a-quinolinyl ethanol 5 via hydrolysis after removal of MeZn and
protonation of N2. The detailed atomic motion is illustrated ac-
cording to the transition vector about donation of H2 from C7 to
C3 faciliting the simultaneous broken of C3-C5 and connection
of C5-C7 (1.65, 1.64, 2.12, 2.15 A).

Comparatively, isocyanate insertion activated by AlCI, of step
4 is determined to be rate-limiting for the whole process. To
highlight the idea of feasibility for changes in electron density
and not molecular orbital interactions are responsible of the re-
activity of organic molecules, quantum chemical tool Multiwfn
was applied to analyze of electron density such as MBO results
of bonding atoms and contribution of atomic orbital to HOMO
of typical TSs (Table S3, Figure S2). These results all confirm the
above analysis.

Conclusions

Our DFT calculations provide the first theoretical investiga-
tion on Mn(l)-catalyzed direct addition of 8-methylquinoline
to aryl isocyanate affording a-quinolinyl amide. The reaction
of Mn(CO),Br with Me_Zn forms intermediate Mn(CO).Me, the
ligand exchange of which with 8-methylquinoline generates ac-
tive Me-Mn(l) species after the release of CO. Then Me-Mn(l)
undergoes cyclomanganation by elimination of methane to give
manganacycle intermediate. Subsequently, under the activation
of AICL,, the aryl isocyanate inserts into C-Mn bond producing
expanded seven membered manganacycle intermediate, the
reaction of which with Me,Zn yields methyl manganese spe-
cies via open at Mn-N binding Me ligand and Zn isolated. The
second ligand exchange with 8-methylquinoline regenerates ac-
tive species for next catalytic cycle and forms precursor of final
product via hydrolysis of N. Comparatively, isocyanate insertion
is determined to be rate-limiting for the whole process. The
positive solvation effect is suggested by decreased absolute and
activation energies in 1,4-dioxane solution compared with in
gas. These results are supported by Multiwfn analysis on FMO
composition of specific TSs, and MBO value of vital bonding,
breaking.
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