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ABSTRACT: The preparation of the complex MoTp(NO)- Stereoselective

(DMAP)(4,5-n*-(2-trifluoromethyl)pyridine) (DMAP = 4- Nucleophile Addition —_

(dimethylamino)pyridine; Tp = tris(pyrazolyl)borate) is described. ) R

The CF; substituent is found to preclude k-N coordination, allowing
for direct coordination without protection of the nitrogen. The
dihapto-coordinate complex can be isolated as a single diastereomer,
methylated, and reacted with a range of nucleophiles. Oxidative
decomplexation affords the free dihydropyridines in good yield (75—

90%). As a demonstration of synthetic utility, a series of novel
bridgehead CF;-substituted isoquinuclidines was prepared from these decomplexed dihydropyridines.

B INTRODUCTION

The coordination of an arene to a transition metal can have a
profound effect upon its reactivity, a feature which has often
been exploited in organic synthesis. Examples include
nucleophilic addition reactions to Cr(CO);(#%benzene) or
[Mn(CO);(7%benzene)]”, and electrophilic additions to
[Os(NH;);(n*benzene)]**, ReTp(CO)(Melm)(n*naphtha-
lene) (Melm = N-methylimidazole; Tp = tris(pyrazolyl)-
borate), or WTp(NO)(PMe;)(n*benzene).' > However,
transition-metal-promoted dearomatization has been much
less explored for aromatic heterocycles, with pyridines often
proving to be especially challenging due to the thermodynamic
preference for k-N coordination.” One exception has been the
m-basic dearomatization agent {WTp(NO)(PMe,)}, which has
been shown to promote tandem addition and cycloaddition
reactions to pyridine, following the dihapto-coordination of
this heterocycle.”® The success of this chemistry relies on the
blockage of nitrogen, either by substitution at the 2-position or
by boronation of the nitrogen prior to coordination. To date,
the functionalization of pyridines promoted by dihapto-
coordination has only been observed with tungsten. While
the molybdenum agent {MoTp(NO)(DMAP)} (DMAP = 4-
(dimethylamino)pyridine) can also bind benzene, the sub-
stitution halflife (~20 s at 25 °C) and susceptibility to
oxidation of the resulting complex has precluded its use in
organic synthesis.” However, the advantages of cost and scale
compared to its heavy metal analog, and the paucity of
examples of dihapto-coordinated heterocycles with other
transition metals compelled a deeper exploration.

Attempts to combine the {MoTp(NO)(DMAP)} synthon
MoTp(NO)(DMAP)(#*PhCF;) with [pyMe]OTf resulted in
immediate metal oxidation, signaled by formation of a green
paramagnetic material. Efforts to prepare a stable complex with
pyridine-borane were more promising, as a cyclic voltammo-
gram (CV) of the reaction solution (100 mV/s) showed an
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anodic peak at 0.05 V (NHE) (cf. WTp(NO)(PMe;)(pyBH,),
E,,=+047 V), but isolation of the desired complex could not
be accomplished free of impurities due to its thermal
instability. Attempts to bind 2-methyl-, 2-ethyl-, and 2-
isopropyl-pyridine were also unsuccessful. These reactions
resulted in species with E,/, values measured near —0.9 V,
consistent with the formation of k—N complexes. In contrast,
2-phenylpyridine produced a complex which appeared to be
dihapto-coordinate by cyclic voltammetry (E,, at —0.1 V) and
'"H NMR data, though this complex could not be isolated
cleanly, perhaps due to decomposition during isolation.

In earlier work with {MoTp(NO)(DMAP)} arene com-
plexes,” it was shown that while the benzene analog was
impractically fragile, the incorporation of a CF; arene
substituent dramatically enhanced the stability of the
corresponding molybdenum complex, enough to enable
organic modifications of the aromatic ring.” Thus, we posited
that a CF; group at the 2-position of pyridine (ie., 2-
(trifluoromethyl)pyridine) would not only block nitrogen
coordination but also might stabilize a purported molybdenum
n*-pyridine complex enough to carry out heterocycle-based
organic reactions (Figure 1). Further, given the significant role
fluorine plays in modern medicinal chemistry,” the anticipated
organic products could serve as novel precursors to
pharmacologically relevant compounds. Hence, the aim of
this initial phase of our investigation into molybdenum 7>
pyridine complexes is the metal-mediated stereoselective
conversion of an #?-(2-trifluoromethyl)pyridine) to novel
1,2-dihydropyridines, which in turn could be elaborated into
isoquinuclidines bearing an angular CF; group.
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Figure 1. Proposed stabilization of a dihapto-coordinated molybde-
num-pyridine complex by a CF; group and the enabled stereoselective
synthesis of novel isoquinuclidines.

B RESULTS AND DISCUSSION

Stirring the previously reported complex MoTp(NO)-
(DMAP)(#*-PhCF;) (1) in a THF solution of 2-
(trifluoromethyl)pyridine (TFP) generates two new com-
pounds, shown to be coordination diastereomers differentiated
by which face of the pyridine ligand is bound by the metal (2a
and 2b; coordination diastereomer ratio (cdr) = 3:2 Scheme
1). These diastereomers were characterized by 'H, BC, COsY,
and NOESY NMR data and were identified by NOE
correlations of the pyridine ring protons to the Tp ligand
(Scheme 1).” A cyclic voltammogram of this mix of
diastereomers (2) in MeCN solution shows an E_, of —0.08

pa
V (NHE) at 100 mV/s, and an IR absorption spectrum of 2

Scheme 1. Synthesis of TFP Complex 2, the NOE
Correlations That Differentiate the Two Diastereomers, 2a
and 2b, and the Selective Conversion to a Single
Diastereomer of the Methylated Pyridinium Complex 3
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indicates a #(NO) of 1584 cm™.. These features are consistent
with an n*-aromatic complex of {MoTp(NO)(DMAP)}.*’

The inability to selectively bind a single face of the pyridine
ring would limit the ability to control the absolute stereo-
chemistry of organic transformations to the heterocycle. This
problem was addressed by taking advantage of differential
stability of the two diastereomers (2a and 2b) in the solid state
(solid-state induced control of kinetically unstable stereo-
isomers (SICKUS)).'® Hence when this mixture of coordina-
tion diastereomers was stirred as a suspension in MeCN for 2
h, a single coordination diastereomer (2a) was recovered as the
precipitate in 70% percent yield (7.0 g scale). Although 2a/2b
isomerization occurs within seconds in solution at 20 °C ("H
NMR), the diastereomer present in crystalline form (2a) could
be selectively reacted by adding the solid to a solution of
MeOTf in MeCN. Once “trapped” through methylation, the
greatly strengthened back-bonding interaction of the molybde-
num with the pyridinium ion dramatically slows the interfacial
isomerization, and even heating 3 in MeCN for 24 h at 40 °C
fails to produce an observable coordination diastereomer of 3.

Methylation also was expected to increase the reactivity of
the complex toward nucleophiles, allowing for further
modification of the ligand. While similar pyridinium complexes
could be prepared via protonation (triflic acid in MeOH) or
Michael addition (MVK) to the nitrogen, these reactions were
subsequently found to be reversible in the presence of basic
nucleophiles (vide infra).

A wide range of Grignard reagents, including those with
pharmacologically relevant functionalities (e.g,, benzodioxole,
trifluoromethoxy),'"'* were found to add to pyridinium
complex 3 stereo- and regioselectively, and in good yields
(Scheme 2). As typically seen only for free pyridinium salts
reacting with hard nucleophiles,'>"* nucleophilic addition was
found to occur exclusively at C6, with no addition to C4
observed. The stereochemistry of nucleophilic addition was

Scheme 2. Addition of Various Nucleophiles to the
Methylated Pyridine Complex 3“

F, |isomeric purity
>20:1

“a: BnMgCl; b: C,H;O,MgBr; c: p-(trifluoromethoxy)benzylMgBr;
d: PhMgBr; e: MeMgBr; f: C;HBr, Zn; g: BrCH,COOEt, Zn; h:
KBH,.
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determined through NOESY data: in every case, addition was
found to take place anti to the metal, as indicated by an NOE
correlation between proton H2 and the H2/H6 protons of the
DMAP ligand. Subsequently, these results were confirmed by
single-crystal X-ray diffraction (SC-XRD) experiments (Sup-
porting Information). The attempted addition of a Grignard
reagent to the neutral TFP complex 2a resulted in no reaction,
and addition of BnMgCl to the organic methylated TFP gives
mostly C4 addition (vide infra). To our knowledge, there is
only one report of TFP (or its pyridinium analog) reacting
with an organometallic reagent to form a 1,2-dihydropyridine
(DHP); in that disclosure, t-BuLi reacted at C2 to form a
quaternary carbon,'® and this compound rapidly decomposed
at ambient temperature. In contrast, halogenated, trifluor-
omethylated pyridines have been used in coupling reactions to
make other pyridines.'®

Although further functionalization of the bound dihydropyr-
idine ligand may be achievable, efforts were directed toward
isolation of the free dihydropyridines (DHPs), with the goal of
using these compounds as precursors to novel isoquinucli-
dines.'” The phenyl and benzyl derivatives 4—7 were chosen as
models for further elaboration. It was found that the free
organic could be obtained in good yield (70—90%) via
oxidative decomplexation by treating complexes 4—7 with
[FeCp,]PF; in acetone (Scheme 3). Alternatively, I, could be

Scheme 3. Decomplexation of DHP and Its Elaboration to
Isoquinuclidines
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used, which afforded the recovery of MoTp(NO)(DMAP)(I)
(92%). In contrast to literature reports,” the resulting organic
trifluoromethylated DHPs were readily purified by chromatog-
raphy on silica under ambient conditions and characterized by
'H and "*C NMR data (Figure 2).

To demonstrate the potential utility of these novel
fluorinated DHPs in organic synthesis, the released dienes
12—15 were combined with a dienophile: over the course of
24 h, with mild heating, they reacted with N-methylmaleimide
to form endo cycloadducts 16—19. In addition, when
compound 15 was heated in the presence of fumaronitrile,
cycloadduct 20 was isolated as a 3:1 ratio of two diastereomers
(20A/B). A significantly weaker dienophile, acrylonitrile, was

Figure 2. ORTEP diagram (50% probability) of a single diastereomer
of the methylated TFP complex 3 (top) and its addition product 6
(bottom). For both structures, the anion and solvent are omitted for

clarity.

also found to undergo a Diels—Alder reaction with 13, at 77
°C, producing cycloadduct (21A/B) in 96% yield (dr = 95:5).
These novel isoquinuclidines were characterized by 2D NMR
techniques and high-resolution mass spectrometry. Further,
the structures of the cycloadducts 17, 19, and 20A were
confirmed with SC-XRD.

Control Experiments. Molybdenum-free reactions were
explored to establish whether the same reactivity occurs in the
absence of the metal. Hence free 2-(trifluoromethyl)pyridine
was methylated in good yield with MeOTf in Et,O. The
resulting methylpyridinium salt was then reacted with
benzylmagnesium chloride under a range of conditions varying
both in temperature (20 °C and —60 °C) and solvent (Et,O
and THF). In each case, the 1,2-dihydropyridine product was
produced as a minor species, with the 1,4-dihydropyridine
dominating (Figure 3). Ratios of 1,4-DHP to 1,2-DHP ranged
from 5:1 in Et,O at 20 °C to 3:1 in THF at 20 °C. Small
amounts (~5%) of two other unidentified minor species were
also produced.

To determine if the analogous tungsten system, {TpW-
(NO)(PMe,)}, would provide similar reactivity, TpW(NO)-
(PMe;) (4,5-n*(2-trifluoromethyl)pyridine) was prepared via
exchange from TpW(NO)(PMe3)(712—benzene).18 Methyla-
tion, Grignard addition, and oxidative decomplexation were

DOI: 10.1021/jacs.9b10781
J. Am. Chem. Soc. 2019, 141, 18890—18899


http://dx.doi.org/10.1021/jacs.9b10781

Journal of the American Chemical Society

COMPARISON

R2
1. Me*
M
| P o 'N©l\/ e CN\/Me
b +
_, =
Z N CF, Rq CFs Z>CF

MINOR PRODUCT
1. Me*
N 2.Ry , [Ox] ,
W] == W
CF3
NON-RECYCLABLE [W]
1 Me
SN ’ OX] -
o] || P ‘*, [Mo]ir: [ ] Q
1 CF3 Fs3
RECYCLABLE [MO] 70-90%

ENANTIOENRICHED

Figure 3. A comparison of several methods used to generate 6-
(trifluoromethyl)-1,2-dihydropyridines.

carried out, and the same products were isolated in comparable
yield (Figure 3). However, unlike with molybdenum, oxidative
decomplexation required FeCp,PF¢, with I, resulting in no
reaction. The tungsten byproducts were thus not recyclable
(vide infra).

Enantioenriched Variation. Previous studies have shown
the ability of molybdenum to promote enantioselective
dearomatization."” In this case, the complex must be
synthesized by reduction instead of ligand exchange, as the
pentacoordinate Mo(0) intermediate rapidly epimerizes.
Although it was feared that the required sodium metal would
react with the free pyridine ligand, preventing synthesis of a
molybdenum complex via reduction, a dihapto 2-
(trifluoromethyl)pyridine complex was successfully produced
from the a-pinene complex 23, via TpMo(NO)(DMAP)], (S)-
1, by reduction in neat ligand in usable yield (28%; Scheme 4).

Scheme 4. Enantioenriched Preparation of Isoquinuclidine
from a-Pinene Precursor
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The pyridine complex was methylated to generate (R)-3 (24%
overall), and this pyridinium salt was reacted with
benzylmagnesium chloride. Oxidative decomplexation with I,
released the enantioenriched DHP (R)-13 with almost
quantitative recovery of the molybdenum complex (92%).
Meanwhile, (R)-13 was allowed to undergo a Diels—Alder
reaction with NMM to form a cycloadduct (R)-17. The final
enantiomeric ratio of this product was determined to be 94:6
by 'H NMR in benzene at +6 °C using 5.0 equiv of a-
methoxy-a-(trifluoromethyl)phenylacetic acid (Mosher’s
acid).”® The absolute configuration of (R)-17 was confirmed
by X-ray crystallography (absolute structure parameter is
—0.02(15)). Thus, in principle any of the products
characterized herein may be be synthesized with high
enantioenrichment.

Dihydropyridines may be synthesized by several alternative
methods, the simplest of which is nucleophilic addition to acyl
or alkyl pyridinium salts.”"** 1,2 addition tends to predom-
inate with harder nucleophiles, such as Grignard reagents,
whereas 1,4 addition is generally favored for softer
nucleophiles (e.g, organocuprates). However, the products
are usually formed as a mixture of 1,2- and 1,4-isomers, the
ratio of which is highly dependent upon the nucleophile, the
N-substituent, and any additional functional groups on the
pyridine. Additionally, weaker nucleophiles often require acyl
activation or the presence of electron-withdrawing substituents
on the pyridine in order for addition to be successful. The use
of chiral auxiliaries at nitrogen, or more uncommonly at
another position of a substituted pyridine, allows for the
enantioselective synthesis.”®> An alternative approach utilizes a
rhodium-catalyzed C—H alkenylation/electrocyclization to
produce 1,2-dihydropyridines from a,f-unsaturated imines
and alkynes, and these products have also been employed in
the synthesis of isoquinuclidines.'”**** Furthermore, 1,2-
dihydropyridines have also been synthesized by rhodium-
catalyzed hydroboration.”®

Given the reaction scale and potential diversity of Grignard
nucleophiles, the chemistry demonstrated herein presents a
practical synthesis of molecules of potential pharmacological
interest, including isoquinuclidines with a CF;-subsituted
bridgehead position. Carbobicyclics and heterobicyclics of
any kind with CFj-subsitituted bridgehead positions are
uncommon, with only a few examples reported as being
formed via cycloaddition.””** Further, although isoquinucli-
dines constitute the structural nucleus of several classes of
biologically active natural products (e.g, iboga alkaloids,
dioscorine, and cannivonines) and are important in medicinal
chemistry,’® this appears to be the first report of an
isoquinuclidine with a bridgehead CF; group. Roughly one-
quarter of all drugs contain at least one fluorine,® with notable
CF;-containing examples including Sustiva, Prozac, and
Celebrex. Thus, the ability to prepare isoquinuclidines with a
bridgehead CF; group and alkene and carboxyl functional
groups for further elaboration creates exc1t1ng possibilities for
new druggable chemical space (Figure 4).”'

B CONCLUSIONS

Previous studies from our group have outlined the potential of
6,32-35
tungsten as an 7°-pyridine dearomatization agent, but
this is the first report that extends this concept to another
metal. The ability to prepare the precursor MoTp(NO)-
(DMAP)(*PhCF;) on a 37 g scale” and recycle the metal*®
are key advantages over its heavy metal cousin. We note that
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Figure 4. ORTEP diagram (50% probability) of isoquinuclidine
compounds 17 (top) and 20A (bottom) (50% probability).

the use of stoichiometric molybdenum in the synthesis of
pyridine-derived alkaloids was pioneered by the Liebeskind
group, who used enantioenriched 3-oxopyridinylmolybdenum
scaffolds to access biologically relevant heterocyclic cores.’”
The metal-mediated reactions described herein offer a
complementary reactivity manifold to explore.

B EXPERIMENTAL SECTION

General Methods. NMR spectra were obtained on a 600 or 800
MHz spectrometer (22—25 °C). All chemical shifts are reported in
ppm, and proton and carbon shifts are referenced to tetramethylsilane
(TMS) utilizing residual 1H or 13C signals of the deuterated solvents
as an internal standard. Coupling constants (J) are reported in hertz
(Hz). Infrared spectra (IR) were recorded as a glaze on a
spectrometer fitted with a horizontal attenuated total reflectance
(HATR) accessory or on a diamond anvil ATR assembly. Electro-
chemical experiments were performed under a nitrogen atmosphere.
Cyclic voltammetry data were taken at ambient temperature (22—25
°C) at 100 mV/s in a standard three-electrode cell with a glassy
carbon working electrode, N,N-dimethylacetamide (DMA) or
acetonitrile (MeCN) solvent, and tetrabutylammonium hexafluor-
ophosphate (TBAH) electrolyte (approximately 0.5 M). All potentials
are reported versus NHE (normal hydrogen electrode) using
cobaltocenium hexafluorophosphate (E;;, = —0.78 V), ferrocene
(Ey, = +0.55 V), or decamethylferrocene (E;;, = +0.04 V) as an
internal standard. The peak-to-peak separation was less than 100 mV
for all reversible couples. Unless otherwise noted, all synthetic
reactions were performed in a glovebox under a dry nitrogen
atmosphere. Deuterated solvents were used as received. Pyrazole (Pz)
protons of the (trispyrazolyl)borate (Tp) ligand were uniquely
assigned (e.g.,, “Pz3B”) using a combination of two-dimensional NMR
data and (dimethylamino)pyridine—proton NOE interactions. When
unambiguous assignments were not possible, Tp protons were labeled
as “Pz3/S or Pz4”. All J values for Pz protons are 2 (+0.2) Hz. BH 1H
NMR peaks (around 4—5 ppm) are not identified due to their

quadrupole broadening; IR data are used to confirm the presence of a
BH group (around 2500 cm™).

TpMo(NO)(DMAP)(3,4-1-2-(trifluoromethyl)pyridine) (2). Com-
pound 1, TpMo(NO)(DMAP)(#>-PhCF;) (8.28 g 13.6 mmol),
followed by 2-(trifluoromethyl)pyridine (31.9 g, 217 mmol) and THF
(85.0 mL) was added to a 250 mL round-bottom flask charged with a
stir bar. This orange mixture was stirred for 4 h. The resulting brown
heterogeneous mixture was added slowly to stirring pentane (900
mL). The resulting precipitate was isolated on a 150 mL fine porosity
fritted disc, washed with Et,0 (3 X 50 mL), and desiccated to yield a
tan solid, 2 (7.50 g, 90.4%). CV (MeCN) E,, = +0.08 V (NHE). IR:
Uno = 1584 cm™!. Two coordination diastereomers. A:B = 3:2 'H
NMR (dg-acetone, §): A 8.15 (d, ] = 3.4 Hz, 1H, H6), 8.09 (d, 1H,
PzCS5), 7.99 (d, 1H, PzAS), 7.93 (d, 1H, PzBS5), 7.88 (d, 1H, PzA3),
7.79 (broad s, 2H, DMAP A), 7.61 (d, 1H, PzC3), 7.24 (d, ] = 6.4 Hz,
1H, H3), 6.97 (d, 1H, PzB3), 6.74 (d, 2H, DMAP B), 6.41 (t, 1H,
PzC4), 6.41 (t, 1H, PzA4), 6.16 (t, 1H, PzB4), 3.68 (dd, 1H, HS),
3.11 (t, 1H, H4), 3.11 (s, 6H, DMAP Me). B 8.54 (d, ] = 3.5 Hz, 1H,
H6), 8.09 (d, 1H, Pz3/5), 7.98 (d, 1H, Pz3/5), 7.95 (d, 1H, Pz3/5),
7.93 (d, 1H, Pz3/5), 7.79 (broad s, 2H, DMAP A), 7.56 (d, 1H,
PzC3), 6.97 (d, 1H, Pz3/5), 6.89 (d, J = 6.3 Hz, 1H, H3), 6.74 (d,
2H, DMAP B), 6.41 (t, 1H, Pz4), 6.41 (t, 1H, Pz4), 6.16 (t, 1H, Pz4),
3.65 (m, 1H, HS), 3.17 (m, 1H, H4), 3.11 (s, 6H, DMAP Me). *C
NMR (dg-acetone, 5): A 165.3 (C6), 1554 (DMAP C), 150.3
(DMAP A), 142.6 (Tp3/Ss), 142.3 (Tp3/5), 141.7 (Tp3/S), 137.8
(Tp3/5), 137.1 (Tp3/s), 136.1 (Tp3/S), 130.5 (C2), 127.1 (C3),
123.5 (CF;), 108.5 (DMAP B), 107.1 (Tp4), 106.7 (Tp4), 106.5
(Tp4), 75.0 (CS), 73.5 (C4), 39.1 (DMAP Me). B 165.8 (C6), 155.1
(DMAP C), 150.8 (DMAP A), 144.0 (Pz3/5), 142.7 (Pz3/5), 141.7
(Pz3/5), 137.8 (Pz3/5), 137.0 (Pz3/5), 136.1 (Pz3/5), 130.1 (C2),
126.4 (C3), 108.5 (DMAP B), 107.1 (Pz4), 106.7 (Pz4), 106.6 (Pz4),
75.9 (C4), 72.8(CS), 39.1 (DMAP Me). Calculated for
C,H,,BF;MoN,,O: C, 43.44; H, 3.98; N, 23.03. Found: C, 43.15;
H, 4.09; N, 22.99.

Preparation of 2A. 2 (7.23 g, 11.9 mmol) and MeCN (70.0 mL)
were added to a 100 mL round-bottom flask charged with a stir bar.
The resulting suspension was stirred for 2 h at ambient temperature
and then filtered through a 60 mL fine porosity fritted funnel. The
isolated solid was washed with MeCN (10 mL) followed by Et,O (2
X 20 mL). The washed solid was desiccated to yield 2A as a light
orange solid (5.06 g, 70.0%).

Enantioenriched Preparation of 2. Compound 1, (S)-TpMo-
(NO)(DMAP)(I) (2.01 g, 3.42 mmol),"” followed by 2-
(trifluoromethyl)pyridine (25.0 g, 0.170 mol) was added to a 250
mL jacketed round-bottom flask cooled to +5 °C with circulating
chilled ethylene glycol and charged with a stir bar. This mixture was
stirred for 15 min to cool, and then sodium 35% (w/w) dispersion in
toluene, diameter < 0.1 mm (10.0 g, 0.152 mol), was added to the
reaction mixture. The reaction mixture was stirred vigorously for 16 h
and then filtered through a Celite plug in a 30 mL medium porosity
fritted funnel to remove sodium. The filtrate was loaded onto a
column of basic alumina (100 mL) prepared as a slurry with hexanes
in a 150 mL medium porosity fritted funnel. The free pyridine was
eluted with hexanes (500 mL), then a yellow-orange product was
eluted with Et,O (300 mL). The eluent was evaporated to dryness,
and the residue was redissolved in DCM (3 mL). EtOAc (6 mL) was
added until the complex was nearly saturated, followed by hexanes
(100 mL). The suspension was evaporated to half volume under
vacuum, and the precipitate was isolated on a 30 mL fine porosity
fritted funnel. The solid was washed with hexanes (3 X 20 mL) and
desiccated under vacuum to yield 2 as a pale orange solid (582 mg,
28%).

[TpMo(NO)(DMAP)(3,4-n>-2-(trifluoromethyl)-N-methylpyridi-
nium)J* (OTf) (3). MeOTf (1.72 g, 10.5 mmol) and MeCN (9.0 mL),
both of which had been cooled to —30 °C, were added to a 4-dram
vial charged with a stir bar. 2A (4.70 g 7.73 mmol) was then
immediately added to the reaction mixture. The resulting solution was
allowed to stir for 15 min and subsequently added dropwise to a
stirring mixture of Et,0 (350 mL) and pentane (150 mL). The
resulting precipitate was isolated on a 60 mL fine porosity fritted disc,
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washed with Et,0 (4 X 25 mL), and desiccated to yield a magenta
solid, 3 (5.01 g, 83.9%). CV (DMAc) E,, = +0.87 V (NHE). IR: vyq
= 1623 cm™". "H NMR (dg-acetone, 8): 8.42 (d, J = 5.2 Hz, 1H, H6),
8.03 (d, 1H, PzC3), 7.96 (d, 1H, PzAS), 7.85 (d, 1H, PzBS), 7.72
(broad s, 2H, DMAP A), 7.68 (d, 1H, PzA3), 7.63 (d, ] = 6.8 Hz, 1H,
H3),7.53 (d, 1H, PzC3), 7.17 (d, 1H, PzB3), 6.63 (d, 2H, DMAP B),
6.43 (t, 1H, PzC4), 6.41 (t, 1H, PzA4), 6.17 (t, 1H, PzB4), 4.10 (s,
3H, H7), 3.89 (dd, J = 7.0 Hz, 5.2 Hz, 1H, HS), 3.46 (dd, ] = 7.0 Hz,
6.8 Hz, 1H, H4), 3.02 (s, 6H, DMAP Me). *C NMR (d4-acetone, §):
172.3 (C6), 155.8 (DMAP C), 151.0 (DMAP A), 143.3 (PzB3),
142.5 (PzC3), 142.2 (PzA3), 138.8 (PzCS), 138.2 (PzAS), 137.0
(PzBS), 136.6 (C3), 109.3 (DMAP B), 108.0 (PzA4), 107.6 (PzC4),
107.2 (PzB4), 74.4 (C4), 73.3 (CS), 43.6 (C7), 39.5 (DMAP Me).
Calculated for C,,H,,BF;MoN,,0,S: C, 37.32; H, 3.52; N, 18.14.
Found: C, 37.61; H, 3.46; N, 18.00.
TpMo(NO)(DMAP)(3,4-1-2-(trifluoromethyl)-6-phenyl-N-methyl-
dihydropyridine) (4). Compound 3 (1.00 g, 1.29 mmol) and THF
(16.0 mL), which had previously been cooled to —40 °C, were added
to a 25 mL flame-dried round-bottom flask charged with a stir bar. A
1.0 M solution of phenylmagnesium bromide in THF (3.0 mL, 3.0
mmol) was added dropwise to the solution of 3. The reaction mixture
changed from vivid magenta to golden yellow over the course of the
addition. The reaction mixture was stirred for S min and subsequently
filtered through a 1 cm Celite column prepared in a 15 mL fine
porosity fritted disc. The filtrate was diluted with DCM (30 mL) and
extracted with saturated NaHCO; (2 X 20 mL). The organic layer
was dried with MgSO,, filtered, and evaporated in vacuo. The
resulting residue was dissolved in DCM (8 mL) and added dropwise
to stirring pentane (100 mL). The precipitate was isolated on a 30 mL
fine porosity fritted disc, washed with pentane (3 X 10 mL), and
desiccated to yield a yellow solid, 4 (633 mg, 70.0%). CV (MeCN)
E,, = +0.13 V (NHE). IR: vy = 1576 cm™". '"H NMR (ds-acetone,
55: 8.22 (bs, 2H, DMAP A), 8.01 (d, 1H, PzA3), 7.92 (d, 1H, PzCS),
7.86 (d, 1H, PzAS), 7.80 (d, 1H, PzB5), 7.51 (d, 1H, PzC3), 7.27 (d,
1H, PzB3), 7.23 (m, 2H, H8), 7.21 (m, 2H, H9), 7.13 (m, 1H, H10),
6.79 (d, 2H, DMAP B), 6.30 (t, 2H, PzC4/PzA4), 6.15 (t, 1H, PzB4),
5.96 (d, ] = 6.8 Hz, 1H, H3), 4.34 (s, 1H, H6), 3.11 (s, 3H, DMAP
Me), 2.98 (s, 3H, H7), 2.88 (d, ] = 9.7 Hz, 1H, HS), 2.47 (dd, ] = 9.7
Hz, 6.4 Hz, 1H, H4). 3C NMR (ds-acetone, 5): 155.1 (DMAP C),
151.1 (DMAP A), 148.8 (C8a), 143.9 (PzA3), 142.3 (PzB3), 141.4
(PzC3), 137.4 (PzAS), 136.6 (PzCS), 135.9 (PzBS), 128.9 (C8),
127.4 (C9), 127.0 (C10), 1244 (q,J = 28.6 Hz, C2), 124.0 (g, ] =
270 Hz, CF;), 109.4 (q, J = 7.0 Hz, C3), 108.7 (DMAP B), 106.8
(PzC4), 106.3 (PzA4), 106.2 (PzB4), 82.0 (CS), 67.7 (C6), 56.3
(C4), 39.2 (DMAP Me), 38.1 (C7). Calculated for
C,oH3,BFMoN,,0: C, 49.73; H, 4.61; N, 20.00. Found: C, 49.75;
H, 4.76; N, 19.82.
TpMo(NO)(DMAP)(3,4-r%-2-(trifluoromethyl)-6-benzyl-N-methyl-
dihydropyridine) (5). Compound 3 (2.57 g, 3.33 mmol) and THF
(45.0 mL), which had previously been cooled to —40 °C, were added
to a 100 mL flame-dried round-bottom flask charged with a stir bar. A
1.0 M solution of benzylmagnesium chloride in Et,O (3.50 mL, 3.50
mmol) was added dropwise to the solution of 3. The reaction mixture
changed from vivid magenta to golden yellow over the course of the
addition. The reaction mixture was stirred for S min and subsequently
filtered through a 1 cm Celite column prepared in a 30 mL fine
porosity fritted disc. The filtrate was diluted with DCM (50 mL) and
extracted with saturated NaHCO; (2 X SO mL). The organic layer
was dried with MgSO,, filtered, and evaporated in vacuo. The
resulting residue was dissolved in minimal DCM and added dropwise
to stirring pentane (250 mL). The precipitate was isolated on a 30 mL
fine porosity fritted disc, washed with pentane (3 X 15 mL), and
desiccated to yield a yellow solid, 5 (1.78 g, 75%). CV (MeCN) E,.=
+0.10 V (NHE). IR: vyo = 1567 cm ™. "TH NMR (dg-acetone, §): 7.96
(broad s, 2H, DMAP A), 7.95 (d, 1H, PzA3), 7.90 (d, 1H, PzCS),
7.83 (d, 1H, PzAS), 7.78 (d, 1H, PzBS), 7.30 (d, 1H, PzC3), 7.21 (d,
1H, PzB3), 7.19 (m, 2H, H10), 7.13 (m, 1H, H11), 7.05 (m, 2H,
H9), 6.64 (d, 2H, DMAP B), 6.30 (t, 1H, PzC4), 6.27 (t, 1H, PzA4),
6.12 (t, 1H, PzB4), 5.96 (d,] = 6.1 Hz, 1H, H3), 3.42 (dd, ] = 7.2 Hz,
6.4 Hz, 1H, H6), 3.11 (s, 3H, DMAP Me), 3.01 (dd, J = 12.7 Hz, 6.4

Hz, H8), 2.96 (s, 3H, H7), 2.87 (d, ] = 9.9 Hz, 1H, HS), 2.75 (dd,] =
12.7 Hz, 7.2 Hz, 1H, H8'), 2.34 (dd, ] = 9.9 Hz, 6.1 Hz, 1H, H4). °C
NMR (dg-acetone, §): 155.0 (DMAP C), 150.9 (DMAP A), 143.8
(PzA3), 142.2 (PzB3), 141.7 (H9a), 141.1 (PzC3), 137.4 (PzAS),
136.5 (PzCS), 135.8 (PzBS), 130.2 (H10), 128.8 (H9), 126.2 (H11),
124.1 (g, ] = 272 Hz, CF,), 124.0 (q, J = 28.7 Hz, C2), 110.3 (q,] =
6.6 Hz, C3), 108.5 (DMAP B), 106.6 (PzC4), 106.3 (PzA4), 106.1
(PzB4), 81.7 (CS), 66.2 (C6), 56.5 (C4), 42.1 (C8), 39.2 (DMAP
Me), 38.0 (C7). Calculated for C;,H;,BF;MoN,,0: C, 50.44; H,
4.80; N, 19.61. Found: C, 50.43; H, 4.83; N, 19.46.
TpMo(NO)(DMAP)(3,4-n2-2-(trifluoromethyl)-6-(4-
trifluoromethoxy)benzyl-N-methyldihydropyridine) (6). Compound
3 (1.00 g, 1.29 mmol) and THF (16.0 mL), which had previously
been cooled to —40 °C, were added to a 25 mL flame-dried round-
bottom flask charged with a stir bar. A 1.0 M solution of 4-
(trifluoromethoxy)benzylmagnesium bromide in Et,0 (3.0 mL, 3.0
mmol) was added dropwise to the solution of 3. The reaction mixture
changed from vivid magenta to golden yellow over the course of the
addition. The reaction mixture was stirred for S min and subsequently
filtered through a 1 cm Celite column prepared in a 1S mL fine
porosity fritted disc. The filtrate was diluted with DCM (30 mL) and
extracted with saturated NaHCO; (2 X 20 mL). The organic layer
was dried with MgSO,, filtered, and evaporated in vacuo. The
resulting residue was dissolved in minimal DCM and added dropwise
to stirring hexanes (100 mL). The precipitate was isolated on a 30 mL
fine porosity fritted disc, washed with hexanes (3 X 10 mL), and
desiccated to yield a yellow solid, 6 (754 mg, 72%). CV (MeCN) E,,
= +0.13 V (NHE). IR: vy = 1568 cm™. 'H NMR (d,-methylene
chloride, 5): 7.94 (broad s, 2H, DMAP A), 7.93 (d, 1H, PzA3), 7.74
(d, 1H, PzC53), 7.72 (d, 1H, PzAS), 7.64 (d, 1H, PzB3), 7.17 (d, 1H,
PzB3), 7.12 (d, 1H, PzC3), 7.10 (m, 2H, H9), 7.06 (m, 2H, H10),
6.42 (d, 2H, DMAP B), 6.24 (t, 1H, PzA4), 6.23 (t, 1H, PzC4), 6.07
(t, 1H, PzB4), 5.95 (d,] = 6.3 Hz, 1H, H3), 3.33 (dd, ] = 7.5 Hz, 6.1
Hz, 1H, H6), 3.05 (dd, J = 12.9 Hz, 6.1 Hz, H8), 3.03 (s, 6H, DMAP
Me), 2.98 (s, 3H, H7), 2.77 (dd, J = 12.9 Hz, 7.5 Hz, 1H, H8'), 2.67
(d,J = 9.7 Hz, 1H, HS), 2.38 (dd, ] = 9.7 Hz, 6.3 Hz, 1H, H4). 13C
NMR (d,-methylene chloride, §): 154.4 (DMAP C), 150.7 (DMAP
A), 147.6 (C10a), 143.7 (PzA3), 142.0 (PzB3), 140.7 (C9a), 140.5
(PzC3), 136.9 (PzAS), 1362 (PzCS), 135.5 (PzBS), 131.2 (C9),
123.9 (q,J = 29.3 Hz, C2), 123.6 (q, ] = 272 Hz, CF;), 121.3 (q, ] =
256 Hz, OCF;), 121.0 (C10), 109.9 (q, J] = 6.7 Hz, C3), 108.0
(DMAP B), 106.2 (PzC4), 106.0 (PzA4), 105.9 (PzB4), 81.0 (CS),
65.8 (C6), 56.6 (C4), 40.9 (C8), 39.5 (DMAP Me), 38.9 (C7).
Calculated for C;;H;3BF(MoN,,0,:1/3 C¢Hyy: C, 47.92; H, 4.59; N,
16.93. Found: C, 47.20; H, 4.20; N, 16.98.
TpMo(NO)(DMAP)(3,4-y2-2-(trifluoromethyl)-6-(3,4-
methylenedioxy)phenyl-N-methyldihydropyridine) (7). Compound
3 (1.00 g, 1.29 mmol) and THF (16.0 mL), which had previously
been cooled to —40 °C, were added to a 25 mL flame-dried round-
bottom flask charged with a stir bar. A 1.0 M solution of 3,4-
(methylenedioxy)phenylmagnesium bromide in 1:1 toluene/THF
(3.0 mL, 3.0 mmol) was added dropwise to the solution of 3. The
reaction mixture changed from vivid magenta to golden yellow over
the course of the addition. The reaction mixture was stirred for 5 min
and subsequently filtered through a 1 cm Celite column prepared in a
15 mL fine porosity fritted disc. The filtrate was diluted with DCM
(30 mL) and extracted with saturated NaHCO; (2 X 20 mL). The
organic layer was dried with MgSO,, filtered, and evaporated in vacuo.
The resulting residue was dissolved in DCM (8 mL) and added
dropwise to stirring Et,0 (100 mL). Half of the solvent was
evaporated under vacuum to yield a bright yellow precipitate. The
precipitate was isolated on a 30 mL fine porosity fritted disc, washed
with Et,0 (3 X 10 mL), and desiccated to yield a yellow solid, 7 (652
mg, 68%). CV (MeCN) E,, = +0.14 V (NHE). '"H NMR (d,-
methylene chloride, §): 8.14 (bs, 2H, DMAP A), 7.98 (d, 1H, PzA3),
7.76 (d, 1H, PzCS), 7.75 (d, 1H, PzAS), 7.67 (d, 1H, PzBS), 7.40 (d,
1H, PzC3), 7.21 (d, 1H, PzB3), 6.86 (s, 1H, H10), 6.69 (d, J = 8.2
Hz, 1H, H9), 6.61 (d, J = 8.2 Hz, 1H, H8), 6.54 (d, 2H, DMAP B),
6.26 (t, 2H, PzA4), 6.22 (t, 2H, PzC4), 6.10 (t, 1H, PzB4), 5.95 (d, ]
= 6.2 Hz, 1H, H3), 5.89 (s, 2H, H11), 4.21 (s, 1H, H6), 3.09 (s, 6H,
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DMAP Me), 2.97 (s, 3H, H7), 2.77 (d, ] = 9.7 Hz, 1H, HS), 2.53 (dd,
J = 9.7 Hz, 6.4 Hz, 1H, H4). C NMR (d,-methylene chloride, §):
154.5 (DMAP C), 150.8 (DMAP A), 148.2 (Cl10a), 146.6 (C9a),
143.8 (PzA3), 1427 (C8a), 142.0 (PzB3), 140.9 (PzC3), 136.9
(PzAS), 136.2 (PzCS), 135.5 (PzBS), 124.3 (q, ] = 28.9 Hz, C2),
123.7 (q, J = 272 Hz, CF,), 119.8 (C8), 108.8 (q, J = 6.7 Hz, C3),
108.2 (DMAP B), 108.0 (C9), 107.8 (C10), 106.2 (PzC4), 106.0
(PzA4), 105.9 (PzB4), 101.4 (C11), 81.7 (C5), 67.0 (C6), 56.4 (C4),
39.5 (DMAP Me), 38.0 (C7). Calculated for C;,H;,BF;MoN,;,05-1/
2 C,H,,0: C, 49.18; H, 4.77; N, 17.92. Found: C, 49.11; H, 4.66; N,
17.97.
TpMo(NO)(DMAP)(3,4—n2—2—(triﬂuoromethyl)—6—methyl—N—meth—
yldihydropyridine) (8). Compound 3 (1.00 g 1.29 mmol) and THF
(16.0 mL), which had previously been cooled to —40 °C, were added
to a 25 mL flame-dried round-bottom flask charged with a stir bar. A
1.4 M solution of methylmagnesium bromide in 1:3 THF/toluene
(2.10 mL, 2.94 mmol) was added dropwise to the solution of 3. The
reaction mixture changed from vivid magenta to golden yellow over
the course of the addition. The reaction mixture was stirred for 5 min
and subsequently filtered through a 1 cm Celite column prepared in a
15 mL fine porosity fritted disc. The filtrate was diluted with DCM
(30 mL) and extracted with saturated NaHCO; (2 X 20 mL). The
organic layer was dried with MgSO,, filtered, and evaporated in vacuo.
The resulting residue was dissolved in DCM (4 mL) and added
dropwise to stirring Et,0 (100 mL). The precipitate was isolated on a
30 mL fine porosity fritted disc, washed with Et,O (3 X 10 mL), and
desiccated to yield a yellow solid, 8 (432 mg, 52.5%). CV (DMAc)
E,, = +0.06 V (NHE). IR: 10 = 1568 cm™". "H NMR (d;-MeCN,
65: 7.97 (broad s, 2H, DMAP A), 7.90 (d, 1H, PzA3), 7.86 (d, 1H,
PzCS), 7.80 (d, 1H, PzAS), 7.75 (d, 1H, PzBS), 7.59 (d, 1H, PzC3),
7.15 (d, 1H, PzB3), 6.61 (d, 2H, DMAP B), 6.31 (t, 1H, PzC4), 6.27
(t, 1H, PzA4), 6.13 (t, 1H, PzB4), 5.96 (d, J = 6.1 Hz, 1H, H3), 3.28
(qd, J = 6.2 Hz, 1.7 Hz, 1H, H6), 3.00 (s, 6H, DMAP Me), 2.99 (s,
3H, H7), 2.76 (dd, J = 9.6 Hz, 1.7 Hz, 1H, HS), 2.29 (dd, ] = 9.6 Hz,
6.1 Hz, 1H, H4), 1.13 (d, ] = 6.2 Hz, 3H, H8). *C NMR (d;-MeCN,
5): 1550 (DMAP C), 151.1 (DMAP A), 144.0 (PzA3), 142.4
(PzB3), 141.9 (PzC3), 137.8 (PzCS), 137.0 (PzAS), 136.3 (PzBS),
124.5 (C2, Jcp = 28.5 Hz), 124.2 (CF;, Jog = 270.1 Hz), 109.6 (C3,
Jcr = 6.3 Hz), 108.7 (DMAP B), 107.0 (PzC4), 106.7 (PzA4), 106.6
(PzB4), 83.7 (C5), 59.1 (C6), 57.5 (C4), 39.4 (DMAP Me), 37.5
(C7), 19.6 (C8). Calculated for C,,H;BF;MoN;,0: C, 45.16; H,
4.74; N, 21.94. Found: C, 45.18; H, 4.85; N, 21.86.
TpMo(NO)(DMAP)(3,4--6-allyl-2-(trifluoromethyl)-N-methyldi-
hydropyridine) (9). Compound 3 (380 mg, 0.492 mmol), THF (3.0
mL), allyl bromide (100 mg, 0.826 mmol), and zinc dust (250 mg,
3.82 mmol) were added to a 4-dram vial charged with a stir bar. The
reaction mixture was stirred for 30 min and subsequently filtered
through a 1 cm Celite column prepared in a 15 mL fine porosity
fritted disc. The filtrate was diluted with DCM (10 mL) and extracted
with saturated NaHCO; (3 X 20 mL). The organic layer was dried
with MgSO,, filtered, and evaporated in vacuo. The resulting residue
was dissolved in DCM (1.0 mL) and added dropwise to stirring
pentane (S0 mL). The precipitate was isolated on a 15 mL fine
porosity fritted disc, washed with pentane (3 X 10 mL), and
desiccated to yield a yellow solid, 9 (130 mg, 41.0%). CV (DMAc)
E,, = +0.09 V (NHE). IR: vy = 1565 cm™". '"H NMR (d;-MeCN,
5‘)); 7.99 (broad s, 2H, DMAP A), 7.89 (d, 1H, PzA3), 7.86 (d, 1H,
PzCS$), 7.80 (d, 1H, PzAS), 7.75 (d, 1H, PzBS), 7.53 (d, 1H, PzC3),
7.18 (d, 1H, PzB3), 6.61 (d, 2H, DMAP B), 6.32 (t, 1H, PzC4), 6.27
(t, 1H, PzA4), 6.13 (t, 1H, PzB4), 5.94 (q, ] = 6.2 Hz, 1H, H3), 5.83
(m, 1H, H9), 4.97 (m, 1H, H10), 4.95 (m, 1H, H10'), 3.17 (td, ] =
6.4 Hz, 1.4 Hz, 1H, H6), 3.09 (s, 3H, H7), 3.00 (s, 6H, DMAP Me),
2.96 (dd, J = 9.6 Hz, 1.4 Hz, 1H, HS), 2.45 (m, 1H, H8), 2.28 (dd, J
= 9.6 Hz, 6.2 Hz, 1H, H4), 2.23 (m, 1H, H8’). 3*C NMR (d;-MeCN,
5): 155.1 (DMAP C), 151.0 (DMAP A), 144.0 (PzA3), 142.4
(PzB3), 141.8 (PzC3), 138.2 (C9), 137.8 (PzCS), 136.9 (PzAS),
136.3 (PzBS), 124.4 (C2, Jcr = 28.5 Hz), 124.2 (CF3, J¢ = 270.1
Hz), 116.2 (C10), 110.8 (C3, Jcr = 6.3 Hz), 108.7 (DMAP B), 107.0
(PzC4), 106.7 (PzA4), 106.6 (PzB4), 82.7 (CS), 64.0 (C6), 56.8
(C4), 40.7 (C8), 39.4 (DMAP Me), 39.1 (C7). Calculated for

Cy¢H3,BE;MoN,,0: C, 47.00; H, 4.86; N, 21.08. Found: C, 46.76; H,
4.95; N 20.96.

TpMo(NO)(DMAP)(3,4-n?-ethyl 6-(1-methyl-2-(trifluoromethyl)-
dihydropyridinyl)acetate) (10). Compound 3 (380 mg, 0.492
mmol), THF (2.5 mL), ethyl bromoacetate (201 mg, 1.20 mmol),
and zinc dust (250 mg, 3.82 mmol) were added to a 4-dram vial
charged with a stir bar. The reaction mixture was stirred for 45 min
and subsequently filtered through a 1 cm Celite column prepared in a
15 mL fine porosity fritted disc. The filtrate was diluted with DCM
(10 mL) and extracted with saturated NaHCO; (3 X 20 mL). The
organic layer was dried with MgSO,, filtered, and evaporated in vacuo.
The resulting residue was dissolved in DCM (1.0 mL) and added
dropwise to stirring Et,O (50 mL). The precipitate was isolated on a
15 mL fine porosity fritted disc, washed with Et,O (3 X 10 mL), and
desiccated to yield a yellow solid, 10 (140 mg, 40.0%). CV (DMAc)
E,, = +0.14 V (NHE). IR: 1yyo = 1576 cm™); 1o = 1719 em™. 'H
NMR (d;-MeCN, 8): 7.97 (broad s, 2H, DMAP A), 7.88 (d, 1H,
PzA3), 7.86 (d, 1H, PzCS), 7.80 (d, 1H, PzAS), 7.75 (d, 1H, PzBS),
7.48 (d, 1H, PzC3), 7.18 (d, 1H, PzB3), 6.64 (d, 2H, DMAP B), 6.32
(t, 1H, PzC4), 6.28 (t, 1H, PzA4), 6.14 (t, 1H, PzB4), 6.03 (d,] = 6.3
Hz, 1H, H3), 4.01 (m, 2H, H9), 3.60 (tdd, ] = 7.1 Hz, ] = 6.4 Hz, 1.4
Hz, 1H, H6), 3.08 (s, 3H, H7), 3.01 (s, 6H, DMAP Me), 2.93 (dd, ] =
9.8 Hz, 1.4 Hz, 1H, HS), 2.68 (dd, ] = 13.7 Hz, ] = 7.1 Hz, 1H, HS),
2.41(dd,J = 13.7 Hz, ] = 6.4 Hz, 1H, H8'), 2.28 (dd, ] = 9.8 Hz, 6.3
Hz, 1H, H4), 1.14 (t, ] = 7.2 Hz, 3H, H10). '*C NMR (d;-MeCN, §):
173.1 (Ester CO), 155.1 (DMAP C), 151.1 (DMAP A), 144.1
(PzA3), 142.5 (PzB3), 141.8 (PzC3), 137.9 (PzCS), 137.0 (PzAS),
136.4 (PzBS), 124.0 (CF,, Jop = 270.1 Hz), 123.6 (C2, Jor = 28.5
Hz), 111.7 (C3, Jo¢ = 6.0 Hz), 108.8 (DMAP B), 107.1 (PzC4),
106.7 (PzA4), 106.7 (PzB4), 83.0 (C5), 61.4 (C6), 60.8 (C9), 56.3
(C4), 403 (C8), 39.4 (DMAP Me), 389 (C7), 13.5 (C10).
Calculated for C,;H;,BF;MoN,,0;: C, 45.65; H, 4.82; N, 19.72.
Found: C, 45.39; H, 4.62; N 19.45.

TpMo(NO)(DMAP)(3,4-i>-2-(trifluoromethyl)-N-methyldihydro-
pyridine) (11). Compound 3 (496 mg, 0.642 mmol) and MeOH (2.0
mL) were added to a 4-dram vial charged with a stir bar. In a separate
4-dram vial, KBH, (105 mg, 1.95 mmol) was added to MeOH (2.0
mL). The KBH, suspension was immediately added to the solution of
3. The reaction mixture was stirred for 1S min and subsequently
filtered through a 1 cm Celite column prepared in a 15 mL fine
porosity fritted disc. The filtrate was diluted with DCM (10 mL) and
extracted with saturated NaHCO; (3 X 20 mL). The organic layer
was dried with MgSO,, filtered, and evaporated in vacuo. The
resulting residue was dissolved in DCM (2.0 mL) and added dropwise
to stirring Et,O (50 mL). The precipitate was isolated on a 30 mL fine
porosity fritted disc, washed with Et,0 (3 X 1S mL), and desiccated
to yield a yellow solid, 11 (231 mg, 57.6%). CV (DMAc) E,, = +0.12
V (NHE). IR: vy = 1570 cm’. 'H NMR (d;-MeCN, ): 7.94
(broad s, 2H, DMAP A), 7.88 (d, 1H, PzA3), 7.86 (d, 1H, PzCS),
7.81 (d, 1H, PzAS), 7.75 (d, 1H, PzBS), 7.56 (d, 1H, PzC3), 7.15 (d,
1H, PzB3), 6.62 (d, 2H, DMAP B), 6.31 (t, 1H, PzC4), 6.29 (t, 1H,
PzA4), 6.14 (t, 1H, PzB4), 6.04 (d, ] = 5.8 Hz, 1H, H3), 3.74 (dd, ] =
11.7 Hz, 3.4 Hz, 1H, Hé6b), 3.31 (dd, ] = 11.7 Hz, 2.0 Hz, 1H, Héa),
3.00 (s, 6H, DMAP Me), 2.83 (s, 3H, H7), 2.66 (ddd, ] = 9.5 Hz, 3.4
Hz, 2.0 Hz, 1H, HS), 2.27 (dd, J = 9.5 Hz, 5.8 Hz, 1H, H4). °C
NMR (d;-MeCN, 8): 155.1 (DMAP C), 151.0 (DMAP A), 144.1
(PzA3), 142.3 (PzB3), 141.6 (PzC3), 137.4 (PzCS), 136.5 (PzAS),
135.8 (PzBS), 1267, (C2, Jor = 28.5 Hz), 124.2 (CFy, Jop = 270.1
Hz), 112.3 (C3, Joz = 6.7 Hz), 108.5 (DMAP B), 106.7 (PzC4),
106.3 (PzA4), 1062 (PzB4), 72.5 (CS), 56.6 (C6), 56.0 (C4), 39.6
(DMAP Me), 39.1 (C7). Calculated for C,;H,sBF;MoN;,0: C,
44.25; H, 4.52; N, 22.44. Found: C, 43.83; H, 4.48; N 21.94.

1-Methyl-2-phenyl-6-(trifluoromethyl)-1,2-dihydropyridine (12).
Compound 4 (250 mg, 0.357 mmol) and acetone (7.5 mL) were
combined in a 4 dram vial containing a stir bar. FeCp,PF; (119 mg,
0.359 mmol) was dissolved in acetone (7.5 mL) in a separate 4 dram
vial, and then this solution was transferred to the vial containing 4.
The reaction mixture was stirred for 15 min. The reaction mixture was
then diluted with DCM (40 mL) and extracted with saturated
Na,COj; (2 X 30 mL). The organic layer was dried with Na,SO,, and
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the solids removed by filtration. The filtrate was evaporated onto silica
and purified by Combiflash flash chromatography on a 4 g silica
column, using a 100% hexanes mobile phase. The fractions containing
the desired product were evaporated in vacuo to yield 12 as a
colorless oil (65 mg, 76%). "H NMR (d;-acetonitrile, 5): 7.36 (m, 4H,
H8+H9), 7.30 (m, 1H, H10), 6.01 (ddt, J = 9.4 Hz, 5.9 Hz, 1.0 Hz,
1H, H4), 5.51 (ddt, J = 9.4 Hz, 5.8 Hz, 1.0 Hz, 1H, HS), 548 (dt, ] =
5.8 Hz, 1.0 Hz, 1H, H3), 5.00 (d, J = 5.9 Hz, 1H, H6), 2.89 (s, 3H,
H7). BC NMR (d;-Acetonitrile, 5): 143.2 (C8a), 133.8 (g, J = 30.2
Hz, C2), 129.6 (C8), 128.8 (C10), 127.1 (C9), 122.9 (q,] = 273 Hz,
CF,), 121.5 (CS), 121.4 (C4), 100.1 (q, ] = 6.9 Hz, C3), 65.2 (C6),
38.6 (C7).

2-Benzyl-1-methyl-6-(trifluoromethyl)-1,2-dihydropyridine (13).
Compound 5 (179 mg, 0.250 mmol) and acetone (5.0 mL) were
combined in a 4 dram vial containing a stir bar. FeCp,PF, (83 mg,
0.251 mmol) was dissolved in acetone (5.0 mL) in a separate 4 dram
vial, and then this solution was transferred to the vial containing S.
The reaction mixture was stirred for 15 min. The reaction mixture was
then diluted with DCM (30 mL) and extracted with saturated
Na,COj; (2 X 20 mL). The organic layer was dried with Na,SO, and
the solids removed by filtration. The filtrate was evaporated onto
silica, and purified by Combiflash flash chromatography on a 4 g silica
column, using a 100% hexanes mobile phase. The fractions containing
the desired product were evaporated in vacuo to yield 13 as a
colorless oil (51 mg, 80%). "H NMR (d-chloroform, §): 7.30 (m, 2H,
H10), 7.24 (m, 1H, H11), 7.20 (m, 2H, H9), 6.00 (dd, J = 9.1 Hz, 5.7
Hz, 1H, H4), 5.67 (d,] = 5.7 Hz, 1H, H3), 5.28 (dd, ] = 9.1 Hz, 6.1
Hz, 1H, HS), 391 (ddd, J = 7.9 Hz, 62 Hz, 6.1 Hz, 1H, H6), 2.80
(dd, J = 13.2 Hz, 7.9 Hz, 1H, HS8), 2.74 (s, 3H, H7), 2.61 (dd, J =
13.2 Hz, 6.2 Hz, 1H, H8'). '*C NMR (d-chloroform, §): 137.9 (C9a),
132.5 (g, J = 31.1 Hz, C2), 129.8 (C9), 128.4 (C10), 126.3 (C11),
121.7 (C4), 121.9 (q, ] = 274 Hz, CF;), 118.7 (CS), 101.7 (q, ] = 6.6
Hz, C3), 63.5 (C6), 39.6 (C7), 38.3 (C8).

1-Methyl-2-(4-(trifluoromethoxy)benzyl)-6-(trifluoromethyl)-1,2-
dihydropyridine (14). Compound 6 (195 mg, 0.244 mmol) and
acetone (5.0 mL) were combined in a 4 dram vial containing a stir
bar. FeCp,PF (81 mg, 0.245 mmol) was dissolved in acetone (5.0
mL) in a separate 4 dram vial, and then this solution was transferred
to the vial containing 6. The reaction mixture was stirred for 15 min.
The reaction mixture was then diluted with DCM (30 mL) and
extracted with saturated Na,CO; (2 X 20 mL). The organic layer was
dried with Na,SO,, and the solids removed by filtration. The filtrate
was evaporated onto silica, and purified by Combiflash flash
chromatography on a 4 g silica column, using a 100% hexanes
mobile phase. The fractions containing the desired product were
evaporated in vacuo to yield 14 as a colorless oil (68 mg, 83%). 'H
NMR (d;-acetonitrile, 5): 7.29 (m, 2H, H9), 7.21 (m, 2H, H10), 6.00
(dd, J = 9.0 Hz, 5.6 Hz, 1H, H4), 5.67 (d, ] = 5.6 Hz, 1H, H3), 5.32
(dd, J = 9.0 Hz, 6.0 Hz, 1H, HS), 4.01 (dt, ] = 7.9 Hz, 6.0 Hz, 1H,
H6), 2.72 (dd, ] = 132 Hz, 7.8 Hz, 1H, H8), 2.70 (s, 3H, H7), 2.64
(dd, J = 13.2 Hz, 6.0 Hz, 1H, H8’). 3C NMR (d;-acetonitrile, 5):
148.0 (C10a), 132.5 (g, J = 31.6 Hz, C2), 136.6 (C9a), 131.0 (C9),
122.0 (C4), 121.9 (q, J = 274 Hz, CF;), 120.9 (C10), 120.7 (g, J =
256 Hz, OCF,), 1183 (CS), 102.1 (g, J = 6.3 Hz, C3), 63.3 (C6),
39.8 (C7), 37.5 (C8).

2-(Benzo[d][1,3]dioxol-5-yl)- 1-methyl-6-(trifluoromethyl)-1,2-di-
hydropyridine (15). Compound 7 (316 mg, 0.424 mmol) and
acetone (4.0 mL) were combined in a 4 dram vial containing a stir
bar. FeCp,PF, (140 mg, 0.424 mmol) was dissolved in acetone (7.5
mL) in a separate 4 dram vial, and then this solution was transferred
to the vial containing 7. The reaction mixture was stirred for 15 min.
The reaction mixture was then diluted with DCM (30 mL) and
extracted with saturated Na,CO; (2 X 20 mL). The organic layer was
dried with Na,SO, and the solids removed by filtration. The filtrate
was evaporated onto silica and purified by Combiflash flash
chromatography on a 12 g silica column using a 100% hexanes
mobile phase. The fractions containing the desired product were
evaporated in vacuo to yield 15 as a colorless oil (81 mg, 67%). 'H
NMR (d;-chloroform, §): 6.91 (t, ] = 0.9 Hz, 1H, H10), 6.76 (d, ] =
0.9 Hz, 2H, H8+H9), 5.98 (dd, J = 9.4 Hz, 5.9 Hz, 1H, H4), 5.95 (m,

2H, H11), 5.39 (d,] = 5.9 Hz, 1H, H3), 5.38 (dd, ] = 9.4 Hz, 5.4 Hz,
1H, HS), 4.86 (d, ] = 5.4 Hz, 1H, H6), 2.85 (s, 3H, H7). *C NMR
(d;-chloroform, §): 148.3 (C10a), 147.5 (C9a), 136.8 (C8a), 133.5
(q,J = 30.4 Hz, C2), 123.0 (q, J = 273 Hz, CF,), 120.8 (C5), 120.2
(C4), 119.5 (C8), 108.2 (C9), 107.3 (C10), 101.2 (C11), 98.1 (C3),
65.5 (C6), 37.9 (C7).
2,9-Dimethyl-8-phenyl-4-(trifluoromethyl)-3a,4,7,7a-tetrahydro-
1H-4,7-(epiminomethano)isoindole-1,3(2H)-dione (16). Compound
12 (33.0 mg, 0.138 mmol) and NMM (250 mg, 2.25 mmol) were
dissolved in MeCN (1.5 mL) in a 1 dram vial. The reaction mixture
was heated at +80 °C in an oil bath for 16 h and then evaporated in
vacuo onto 1 g silica. The crude product was purified by Combiflash
flash chromatography on a 12 g silica column, using a 0—100%
EtOAC in hexanes gradient mobile phase. The fractions containing
the desired product were evaporated in vacuo to yield 16 as a
colorless oil, which spontaneously crystallized (41 mg, 85%). 'H
NMR (d-chloroform, §): 7.30 (m, 4H, H11 + H12), 7.24 (m, 1H,
H13), 6.45 (dd, ] = 8.4 Hz, 1.3 Hz, 1H, H7), 5.96 (dd, ] = 8.4 Hz, 6.5
Hz, 1H, H8), 3.73 (d,J = 8.2 Hz, 1H, H3), 3.55 (d, ] = 1.4 Hz, 1H,
H6), 3.43 (m, 1H, HS), 3.30 (dd, J = 8.2 Hz, 3.5 Hz, 1H, H4), 2.92
(s, 3H, H10), 2.46 (s, 3H, H9). *C NMR NMR (d-chloroform, &):
176.6 (Imide CO), 174.5 (Imide CO), 141.6 (Clla), 130.6 (C7),
130.5 (C8), 128.3 (C12), 127.6 (C13), 127.1 (C11), 1252 (q,J =
282 Hz, CF,), 67.8 (C6), 63.8 (q, J = 28.6 Hz, C2), 43.3 (C4), 39.5
(CS), 38.9 (C3), 37.3 (C9), 25.2 (C10).). ESI-MS: obsd (%), calcd
(%), ppm, (M + H)": 351.1318 (100), 351.1315(100), 0.8.
8-Benzyl-2,9-dimethyl-4-(trifluoromethyl)-3a,4,7,7a-tetrahydro-
1H-4,7-(epiminomethano)isoindole-1,3(2H)-dione (17). Compound
13 (50.0 mg, 0.197 mmol) and NMM (219 mg, 1.97 mmol) were
dissolved in MeCN (1.5 mL) in a 1 dram vial. The reaction mixture
was heated at +80 °C in an oil bath for 24 h and then evaporated in
vacuo onto 1 g silica. The crude product was purified by Combiflash
flash chromatography on a 12 g silica column, using a 0—100%
EtOAC in hexanes gradient mobile phase. The fractions containing
the desired product were evaporated in vacuo to yield 17 as a
colorless oil, which was crystallized by dissolution in minimal Et,O
followed by slow evaporation (67 mg, 91%). 'H NMR (d;-
acetonitrile, §): 7.32 (m, 2H, H13), 7.25 (m, 1H, H14), 7.21 (m,
2H, H12), 6.37 (dd, ] = 8.4 Hz, 1.6 Hz, 1H, H7), 6.33 (m, 1H, HS),
3.62 (d, ] = 8.0 Hz, 1H, H3), 3.01 (dd, J = 8.0 Hz, 3.4 Hz, 1H, H4),
2.89 (m, 1H, HS), 2.76 (s, 3H, H10), 2.69 (dd, J = 13.4 Hz, 5.0 Hz,
1H, H11), 2.56 (ddd, J = 8.9 Hz, 5.7 Hz, 1.2 Hz, 1H, H6), 2.35 (dd, ]
= 13.4 Hz, 8.9 Hz, 1H, H11’), 2.33 (s, 3H, H9). *C NMR (d;-
acetonitrile, §): 177.8 (imide CO), 175.9 (imide CO), 139.6 (C12a),
132.5 (C8), 1304 (q, J = 3.7 Hz, C7), 130.3 (C12), 129.4 (C13),
127.3 (C14), 126.5 (q, ] = 282 Hz, CF,), 68.0 (C6), 64.6 (q,] = 27.6
Hz, C2), 43.0 (C4), 42.2 (C11), 39.6 (C3), 37.8 (C9), 35.6 (CS),
25.1 (C10). ESI-MS: obsd (%), calcd (%), ppm, (M + H)*: 365.1475
(100), 365.1471 (100), 1.1.
2,9-Dimethyl-8-(4-(trifluoromethoxy)benzyl)-4-(trifluoromethyl)-
3a,4,7,7a-tetrahydro-1H-4,7-(epiminomethano)isoindole-1,3(2H)-
dione (18). Compound 14 (77.0 mg, 0.228 mmol) and NMM (254
mg, 2.29 mmol) were dissolved in MeCN (2.0 mL) in a 1 dram vial.
The reaction mixture was heated at +80 °C in an oil bath for 24 h and
then evaporated in vacuo onto 1 g silica. The crude product was
purified by Combiflash flash chromatography on a 12 g silica column,
using a 0—100% EtOAC in hexanes gradient mobile phase. The
fractions containing the desired product were evaporated in vacuo to
yield 18 as a colorless oil, which was crystallized by dissolution in
minimal Et,O followed by slow evaporation (101 mg, 98%). '"H NMR
(dg-acetone, §): 7.41 (m, 2H, H13), 7.29 (d, J = 8.0 Hz, 2H, H12),
6.41 (m, 2H, H7+HS8), 3.80 (d, ] = 8.1 Hz, 1H, H3), 3.18 (dd, J = 8.1
Hz, 3.4 Hz, 1H, H4), 3.04 (m, 1H, HS), 2.77 (s, 3H, H10), 2.74 (dd,
J = 12.8 Hz, 6.1 Hz, 1H, H11), 2.71 (m, 1H, H6), 2.51 (dd, J = 12.8
Hz, 7.8 Hz, 1H, H11’), 2.35 (s, 3H, H9). 3C NMR (d4-acetone, 6):
177.3 (imide CO), 175.2 (imide CO), 148.5 (C13a), 139.1 (C12a),
132.4 (C8), 132.0 (C12), 130.3 (q,J = 3.7 Hz, C7), 126.4 (q,] = 282
Hz, CF;), 121.9 (C13), 121.5 (q, J = 255 Hz, OCF;) 68.0 (C6), 64.5
(g, J = 27.6 Hz, C2), 42.9 (C4), 41.7 (C11), 39.6 (C3), 37.9 (C9),

DOI: 10.1021/jacs.9b10781
J. Am. Chem. Soc. 2019, 141, 18890—18899


http://dx.doi.org/10.1021/jacs.9b10781

Journal of the American Chemical Society

35.8 (CS), 24.9 (C10). ESI-MS: obsd (%), calcd (%), ppm, (M +
H)*: 449.1295 (100), 449.1294 (100), 0.2.

8-(Benzo[d][1,3]dioxol-5-yl)-2,9-dimethyl-4-(trifluoromethyl)-
3a,4,7,7a-tetrahydro-1H-4,7-(epiminomethano)isoindole-1,3(2H)-
dione (19). Compound 15 (56.0 mg, 0.198 mmol) and NMM (219
mg, 1.97 mmol) were dissolved in MeCN (1.5 mL) in a 1 dram vial.
The reaction mixture was heated at +80 °C in an oil bath for 24 h and
then evaporated in vacuo onto 1 g silica. The crude product was
purified by Combiflash flash chromatography on a 12 g silica column,
using a 0—100% EtOAC in hexanes gradient mobile phase. The
fractions containing the desired product were evaporated in vacuo to
yield 19 as a colorless oil, which was crystallized by dissolution in
minimal Et,O followed by slow evaporation. (68 mg, 87%). '"H NMR
(d,-methylene chloride, 8): 6.83 (d, J = 1.7 Hz, 1H, H11), 6.78 (dd, J
= 8.0 Hz, 1.7 Hz, 1H, H13), 6.73 (d, ] = 8.0 Hz, 1H, H12), 6.42 (dd, J
= 8.4 Hz, 1.4 Hz, 1H, H7), 598 (dd, ] = 8.4 Hz, 6.5 Hz, 1H, HS),
591 (m, 2H, H14), 3.68 (d, ] = 8.1 Hz, 1H, H3), 3.47 (d,] = 1.3 Hz,
1H, H6), 3.34 (m, 1H, HS), 3.27 (dd, ] = 8.1 Hz, 3.5 Hz, 1H, H4),
2.87 (s, 3H, H10), 2.42 (s, 3H, H9). *C NMR (d,-methylene
chloride, 5): 176.8 (imide CO), 174.8 (imide CO), 148.1 (Clla),
147.9 (C12a), 136.6 (C13a), 131.2 (C7), 130.8 (C8), 125.8 (g, ] =
282 Hz, CF;), 120.7 (C13), 108.3 (C11), 108.1 (C12), 101.7 (C14),
67.8 (C6), 642 (q, ] = 28.4 Hz, C2), 43.7 (C4), 40.1 (C3), 39.3
(C9), 37.4 (CS), 25.3 (C10). ESI-MS: obsd (%), calcd (%), ppm, (M
+ H)*: 395.1216 (100), 395.1213 (100), 0.8.

3-(Benzo[d][1,3]dioxol-5-yl)-2-methyl-1-(trifluoromethyl)-2-
azabicyclo[2.2.2]oct-7-ene-5,6-dicarbonitrile (20A). Compound 15
(81 mg, 0.286 mmol) and fumaronitrile (106 mg, 1.36 mmol) were
dissolved in MeCN (1.0 mL) in a small test tube containing a stir bar.
The reaction mixture was placed in an oil bath at +80 °C and heated
for 72 h. After heating, the reaction solution, containing a 2:1 mixture
of diastereomers, was evaporated onto silica and purified by
Combiflash flash chromatography on a 12 g silica column using 0—
100% EtOAc in hexanes gradient mobile phase. The fractions
containing the desired product were evaporated in vacuo to yield a
colorless oil, which was crystallized to yield exclusively 20A by
dissolution in minimal Et,O followed by slow evaporation. (48 mg,
46%). "H NMR (d,-methylene chloride, §): 6.79 (m, 1H, H10), 6.75
(m, 2H, H11/H12), 6.68 (dd, ] = 8.4 Hz, 1.3 Hz, 1H, H7), 6.28 (dd, ]
= 8.4 Hz, 6.5 Hz, 1H, H8), 5.93 (m, 2H, H13), 3.97 (d, ] = 1.9 Hz,
1H, H6), 3.74 (d,] = 5.2 Hz, 1H, H3), 3.17 (m, 1H, HS), 3.09 (dd, J
= 5.2 Hz, 2.9 Hz, 1H, H4), 2.49 (s, 3H, H9). 3C NMR (d,-
methylene chloride, 5): 148.3 (C10a), 147.8 (Cl12a), 134.9 (Cl1a),
132.7 (C8), 131.8 (C7), 125.0 (q, J = 283 Hz, CF;), 119.5 (C11),
118.3 (CN), 117.3 (CN), 108.5 (C10), 108.0 (C12), 101.9 (C13),
63.7 (C6), 64.2 (q, J = 27.5 Hz, C2), 40.6 (CS), 36.8 (C9), 33.9
(C4), 28.3 (C3). ESI-MS: obsd (%), caled (%), ppm, (M + H)":
362.1113 (100), 362.1111 (100), 0.6.

3-Benzyl-2-methyl-1-(trifluoromethyl)-2-azabicyclo[2.2.2]oct-7-
ene-6-carbonitrile (21A). Compound 13 (158 mg, 0.624 mmol) was
dissolved in neat acrylonitrile (850 mg, 16.0 mmol) in a small test
tube containing a stir bar. The reaction mixture was heated in an oil
bath at +77 °C for 96 h and then evaporated onto silica and purified
by Combiflash flash chromatography on a 12 g silica column using 0—
100% EtOAc in hexanes gradient mobile phase. The fractions
containing the desired product were evaporated in vacuo to yield 21A
as a colorless oil (118 mg, 62%). To obtain a crystal for X-ray
diffraction, the hydrochloride salt of 21A was prepared with HCL. 'H
NMR (d;-MeCN, §): 7.30 (m, 2H, H13), 7.22 (m, 1H, H14), 7.18
(m, 2H, H12), 6.63 (dd, J = 8.5 Hz, 1.4 Hz, 1H, HS), 6.53 (dd, J =
8.5 Hz, 6.9 Hz, 1H, H7), 3.56 (dd, J = 9.8 Hz, 4.3 Hz, 1H, H3), 2.53
(m, 1H, HS), 2.60 (dd, J = 13.2 Hz, 5.7 Hz, 1H, H11), 2.48 (m, 1H,
H6),2.33 (dd, ] = 13.4 Hz, 8.8 Hz, 1H, H11'), 2.28 (s, 3H, H9), 2.10
(ddd, J= 13.2 Hz, 9.8 Hz, 2.6 Hz, 1H, H4), 1.59 (ddd, J= 13.2 Hz, 4.3
Hz, 3.6 Hz, 1H, H4'). 3C NMR (d;-MeCN, 6): 139.7 (C12a), 136.0
(C8), 130.2 (C12), 129.6 (q, J = 3.4 Hz, C7), 129.3 (C13), 127.2
(C14), 126.6 (q,J = 283 Hz, CF;), 121.4 (C10), 69.1 (C6), 64.2 (q,]
= 26.4 Hz, C2), 42.6 (C11), 37.9 (C9), 32.8 (CS), 30.9 (C4), 23.2
(c3).

Methyl 3-benzyl-2-methyl-1-(trifluoromethyl)-2-
azabicyclo[2.2.2]oct-7-ene-6-carboxylate (22). Compound 13
(200 mg, 0.790 mmol) was dissolved in neat methyl acrylate (900
mg, 10.4 mmol) in a small test tube containing a stir bar. The reaction
mixture was heated in an oil bath at +77 °C for 96 h and then
evaporated onto silica and purified by Combiflash flash chromatog-
raphy on a 12 g silica column using 0—100% EtOAc in hexanes
gradient mobile phase. The fractions containing the desired product
were evaporated in vacuo to yield 22 as a colorless oil (188 mg, 70%).
To obtain a crystal for X-ray diffraction, the hydrochloride salt of 22
was prepared with HCI (dr = 97:3). "H NMR (d;-MeCN, §): 7.30
(m, 2H, H13), 7.21 (m, 1H, H14), 7.19 (m, 2H, H12), 6.49 (dd, ] =
8.5 Hz, 6.9 Hz, 1H, H8), 6.28 (dd, J = 8.5 Hz, 1.3 Hz, 1H, H7), 3.57
(s, 3H, H10), 3.36 (dd, J = 9.4 Hz, 5.0 Hz, 1H, H3), 2.64 (dd, ] =
13.1 Hz, 5.0 Hz, 1H, H11), 2.46 (m, 1H, HS), 2.40 (m, 1H, H6), 2.31
(dd, J = 13.1 Hz, 9.2 Hz, 1H, H11'), 2.35 (s, 3H, H9), 1.77 (ddd, J=
12.7 Hz, 9.4 Hz, 3.0 Hz, 1H, H4), 1.59 (ddd, J= 12.7 Hz, 5.0 Hz, 3.1
Hz, 1H, H4'). 3C NMR (d;-MeCN, §): 1742 (ester CO), 140.1
(C12a), 134.2 (C8), 130.2 (C12), 129.5 (q, ] = 3.2 Hz, C7), 129.3
(C13), 127.1 (C14), 127.1 (q, ] = 282 Hz, CF), 69.2 (C6), 64.8 (q, ]
= 26.7 Hz, C2), 52.4 (C10), 42.7 (C11), 37.2 (C9), 36.9 (C3), 33.0
(Cs), 302 (C4).

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/jacs.9b10781.

Compounds 3, 4, 6, 7, 8, 9, 10 (CIF)

Compounds 11, 17, (R)-17, 18, 19, 204, 21A-HCI, and
22-HCI (CIF)

'H and ®C NMR of all new compounds (PDF)

B AUTHOR INFORMATION

Corresponding Author
*wdhSz@virginia.edu

ORCID

Diane A. Dickie: 0000-0003-0939-3309
W. Dean Harman: 0000-0003-0939-6980

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Acknowledgement is made to the National Science Foundation
(CHE-1800051) for supporting this work.

B REFERENCES

(1) Kiindig, E. P. Sythesis of Transition Metal n6-Arene Complexes.
In Transition Metal Arene n-Complexes in Organic Synthesis and
Catalysis; Topics in Organometallic Chemistry; Springer, 2004; Vol.
7,p 3.

(2) Liebov, B. K;; Harman, W. D. Group 6 Dihapto-Coordinate
Dearomatization Agents for Organic Synthesis. Chem. Rev. 2017, 117
(22), 13721-13755.

(3) Valahovic, M. T.; Gunnoe, T. B.; Sabat, M.; Harman, W. D.
Ligand-Modulated Stereo- and Regioselective Tandem Addition
Reactions of Rhenium-Bound Naphthalene. J. Am. Chem. Soc. 2002,
124 (13), 3309-3315.

(4) Delafuente, D. A.; Kosturko, G. W.; Graham, P. M.; Harman, W.
H.; Myers, W. H.; Surendranath, Y.,; Klet, R. C; Welch, K. D;
Trindle, C. O.; Sabat, M.; Harman, W. D. Isomerization Dynamics
and Control of the #2/N Equilibrium for Pyridine Complexes. J. Am.
Chem. Soc. 2007, 129 (2), 406—416.

(5) Wilson, K. B,; Smith, J. A; Nedzbala, H. S; Pert, E. K;
Dakermanjj, S. J.; Dickie, D. A.; Harman, W. D. Highly Functionalized
Cyclohexenes Derived from Benzene: Sequential Tandem Addition

DOI: 10.1021/jacs.9b10781
J. Am. Chem. Soc. 2019, 141, 18890—18899


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/jacs.9b10781
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10781/suppl_file/ja9b10781_si_001.cif
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10781/suppl_file/ja9b10781_si_002.cif
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10781/suppl_file/ja9b10781_si_003.pdf
mailto:wdh5z@virginia.edu
http://orcid.org/0000-0003-0939-3309
http://orcid.org/0000-0003-0939-6980
http://dx.doi.org/10.1021/jacs.9b10781

Journal of the American Chemical Society

Reactions Promoted by Tungsten. J. Org. Chem. 2019, 84 (10),
6094—6116.

(6) Harrison, D. P.; Zottig, V. E.; Kosturko, G. W.; Welch, K. D.;
Sabat, M.; Myers, W. H.; Harman, W. D. Stereo- and Regioselective
Nucleophilic Addition to Dihapto-Coordinated Pyridine Complexes.
Organometallics 2009, 28 (19), 5682—5690.

(7) Myers, J. T.; Smith, J. A.; Dakermanji, S. J.; Wilde, J. H.; Wilson,
K. B; Shivokevich, P. J.; Harman, W. D. Molybdenum(0) Dihapto-
Coordination of Benzene and Trifluorotoluene: The Stabilizing and
Chemo-Directing Influence of a CF; Group. J. Am. Chem. Soc. 2017,
139 (33), 11392—11400.

(8) Miiller, K.; Faeh, C.; Diederich, F. Fluorine in Pharmaceuticals:
Looking Beyond Intuition. Science 2007, 317 (5846), 1881.

(9) Welch, K. D.; Harrison, D. P.; Lis, E. C., Jr.; Liu, W.; Salomon,
R. J.; Harman, W. D.; Myers, W. H. Large-Scale Syntheses of Several
Synthons to the Dearomatization Agent {TpW(NO)(PMe3)} and
Convenient Spectroscopic Tools for Product Analysis. Organometallics
2007, 26 (10), 2791-2794.

(10) Keane, J. M.; Ding, F.; Sabat, M.; Harman, W. D. Solid-State
Induced Control of Kinetically Unstable Stereoisomers. J. Am. Chem.
Soc. 2004, 126, 785—789.

(11) Orr, S. T. M; Ripp, S. L,; Ballard, T. E.; Henderson, J. L.; Scott,
D. O; Obach, R. S.; Sun, H; Kalgutkar, A. S. Mechanism-Based
Inactivation (MBI) of Cytochrome P450 Enzymes: Structure—
Activity Relationships and Discovery Strategies To Mitigate Drug—
Drug Interaction Risks. J. Med. Chem. 2012, 55 (11), 4896—4933.

(12) Leroux, F. R,; Manteau, B.; Vors, J.-P.; Pazenok, S.
Trifluoromethyl ethers—synthesis and properties of an unusual
substituent. Beilstein J. Org. Chem. 2008, 4, 13—13.

(13) Poddubnyi, L S. Regioselectivity of the reactions of pyridinium
and quinolinium salts with various nucleophiles (Review). Chem.
Heterocycl. Compd. 1995, 31 (6), 682—714.

(14) Sowmiah, S.; Esperanga, J. M. S. S.; Rebelo, L. P. N.; Afonso, C.
A. M. Pyridinium salts: from synthesis to reactivity and applications.
Org. Chem. Front. 2018, S (3), 453—493.

(15) Porwisiak, J.; Dmowski, W. Reactions of trifluoromethylpyr-
idines with alkyllithium reagents. Directing effects of the trifluor-
omethyl groups. Tetrahedron 1994, SO (42), 12259—12266.

(16) Gillman, K. W.; Parker, M. F.; Silva, M.; Degnan, A. P.; Tora,
G. O,; Lodge, N. J.; Li, Y.-W,; Lelas, S.; Taber, M,; Krause, R. G,;
Bertekap, R. L.; Newton, A. E.; Pieschl, R. L.; Lengyel, K. D.; Johnson,
K. A; Taylor, S. J.; Bronson, J. J.; Macor, J. E. Design, optimization,
and in vivo evaluation of a series of pyridine derivatives with dual
NK1 antagonism and SERT inhibition for the treatment of
depression. Bioorg. Med. Chem. Lett. 2013, 23 (2), 407—411.

(17) Martin, R. M.; Bergman, R. G.; Ellman, J. A. Synthesis of
Isoquinuclidines from Highly Substituted Dihydropyridines via the
Diels—Alder Reaction. Org. Lett. 2013, 15 (3), 444—447.

(18) Wilson, K. B.; Myers, J. T.; Nedzbala, H. S.; Combee, L. A;
Sabat, M.; Harman, W. D. Sequential Tandem Addition to a
Tungsten—Trifluorotoluene Complex: A Versatile Method for the
Preparation of Highly Functionalized Trifluoromethylated Cyclo-
hexenes. J. Am. Chem. Soc. 2017, 139 (33), 11401—11412.

(19) Shivokevich, P. J.; Myers, J. T.; Smith, J. A; Pienkos, J. A;
Dakermanjji, S. J.; Pert, E. K;; Welch, K. D.; Trindle, C. O.; Harman,
W. D. Enantioenriched Molybdenum Dearomatization: Dissociative
Substitution with Configurational Stability. Organometallics 2018, 37,
4446—4456.

(20) Villani, F. J.; Costanzo, M. J.; Inners, R. R;; Mutter, M. S.;
McClure, D. E. Determination of enantiomeric purity of tertiary
amines by proton NMR of.alpha.-methoxy-.alpha.-(trifluoromethyl)-
phenylacetic acid complexes. J. Org. Chem. 1986, S1 (19), 3715—
3718.

(21) Fowler, F. W. Synthesis of 1,2- and 1,4-dihydropyridines. J. Org.
Chem. 1972, 37 (9), 1321—1323.

(22) Sundberg, R. J; Bloom, J. D. Diels-Alder adducts of 1-
benzenesulfonylindole-2-acrylates and 1-(alkoxycarbonyl)-1,2-dihy-
dropyridines. Intermediates for synthesis of iboga alkaloid analogs.
J. Org. Chem. 1981, 46 (24), 4836—4842.

18899

(23) Bull, J. A; Mousseau, J. J.; Pelletier, G.; Charette, A. B.
Synthesis of Pyridine and Dihydropyridine Derivatives by Regio- and
Stereoselective Addition to N-Activated Pyridines. Chem. Rev. 2012,
112 (S), 2642—2713.

(24) Colby, D. A; Bergman, R. G.; Ellman, J. A. Synthesis of
Dihydropyridines and Pyridines from Imines and Alkynes via C—H
Activation. J. Am. Chem. Soc. 2008, 130 (11), 3645—3651.

(25) Duttwyler, S.; Lu, C.; Rheingold, A. L.; Bergman, R. G.; Ellman,
J. A. Highly Diastereoselective Synthesis of Tetrahydropyridines by a
C—H Activation—Cyclization—Reduction Cascade. J. Am. Chem. Soc.
2012, 134 (9), 4064—4067.

(26) Oshima, K; Ohmura, T.; Suginome, M. Regioselective
Synthesis of 1,2-Dihydropyridines by Rhodium-Catalyzed Hydro-
boration of Pyridines. J. Am. Chem. Soc. 2012, 134 (8), 3699—3702.

(27) Pittol, C. A,; Pryce, R. J.; Roberts, S. M.; Ryback, G; Sik, V,;
Williams, J. O. Diels-Alder reactions involving 1,2-isopropylidene-
dioxy-3-trifluoromethylcyclohexa-3,5-diene. J. Chem. Soc, Perkin
Trans. 1 1989, No. 6, 1160—1162.

(28) Szilagyi, S.; Ross, J. A;; Lemal, D. M. Perfluorotetramethylcy-
clopentadienone as a Diels-Alder diene. J. Am. Chem. Soc. 1975, 97
(19), 5586—5588.

(29) Baker, F. W,; Stock, L. M. Preparation of 4-substituted
bicyclo[2.2.2]oct-2-ene-1-carboxylic acids. J. Org. Chem. 1967, 32
(11), 3344—3348.

(30) Faisal, M.; Shahzad, D.; Saeed, A.; Lal, B.; Saeed, S.; Larik, F.
A.; Channar, P. A;; Mahesar, P. A.; Mahar, J. Review on asymmetric
synthetic methodologies for chiral isoquinuclidines; 2008 to date.
Tetrahedron: Asymmetry 2017, 28 (11), 1445—1461.

(31) Lovering, F.; Bikker, J; Humblet, C. Escape from Flatland:
Increasing Saturation as an Approach to Improving Clinical Success. J.
Med. Chem. 2009, 52 (21), 6752—6756.

(32) Harrison, D. P.; Welch, K. D.; Nichols-Nielander, A. C.; Sabat,
M.; Myers, W. H,; Harman, W. D. Efficient Synthesis of an 7>
Pyridine Complex and a Preliminary Investigation of the Bound
Heterocycle’s Reactivity. J. Am. Chem. Soc. 2008, 130 (50), 16844—
1684S.

(33) Harrison, D. P.; Iovan, D. A.; Myers, W. H.; Sabat, M.; Wang,
S.; Zottig, V. E.; Harman, W. D. [4 + 2] Cyclocondensation Reactions
of Tungsten—Dihydropyridine Complexes and the Generation of Tri-
and Tetrasubstituted Piperidines. J. Am. Chem. Soc. 2011, 133 (45),
18378—18387.

(34) Harrison, D. P,; Sabat, M,; Myers, W. H.; Harman, W. D.
Polarization of the Pyridine Ring: Highly Functionalized Piperidines
from Tungsten-Pyridine Complex. J. Am. Chem. Soc. 2010, 132 (48),
17282—17298S.

(35) Kosturko, G. W.; Harrison, D. P.; Sabat, M.; Myers, W. H,;
Harman, W. D. Selectfluor-Mediated Dialkoxylation of Tungsten 7’
Pyridinium Complexes. Organometallics 2009, 28 (2), 387—389.

(36) Myers, J. T.; Shivokevich, P. J.; Pienkos, J. A.; Sabat, M.; Myers,
W. H.; Harman, W. D. Synthesis of 2-Substituted 1,2-Dihydronaph-
thalenes and 1,2-Dihydroanthracenes Using a Recyclable Molybde-
num Dearomatization Agent. Organometallics 2015, 34 (14), 3648—
3657.

(37) Garnier, E. C.; Liebeskind, L. S. Organometallic Enantiomeric
Scaffolding: General Access to 2-Substituted Oxa- and
Azabicyclo[3.2.1]octenes via a Brensted Acid Catalyzed [S + 2]
Cycloaddition Reaction. J. Am. Chem. Soc. 2008, 130 (23), 7449—
74858.

DOI: 10.1021/jacs.9b10781
J. Am. Chem. Soc. 2019, 141, 18890—18899


http://dx.doi.org/10.1021/jacs.9b10781

