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ABSTRACT: An efficient protocol for the palladium-catalyzed Suzuki-Miyaura cross-coupling reaction of
unprotected haloimidazoles is reported. The relatively mild reaction conditions allow for ready access to
a wide array of functionalized imidazole derivatives in good to excellent yields. The synthetic utility of

this method is demonstrated by the total synthesis of Nortopsentin D.

The Suzuki-Miyaura cross-coupling (SMC) reaction is one of the most widely utilized coupling reactions
in the pharmaceutical industry due to the mild reaction conditions, functional group compatibility and
accessibility of the organoboron reagents.” The SMC reaction of heteroaryl halides is particularly useful
as heterocycles are ubiquitous in natural products and active pharmaceutical ingredients;*> however,
catalysis is sometimes inefficient due to competitive substrate and/or product inhibition, often requiring
laborious protecting group strategies to recover reactivity.’® In principle, SMC methods that can tolerate
the Lewis-basic functionality manifest in many heterocyclic motifs would be highly valued in parallel
synthesis in endeavors.* To this end, our laboratories have been focusing on the development of SMC

reactions of heterocyclic moieties.’
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Figure 1 Imidazole-containing bioactive molecules.
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Imidazoles are an important class of structural motifs in many bioactive natural products and medicines.

Based upon extensive research by medicinal chemists, many imidazole-containing molecules have
displayed promising pharmacological activities,® which makes them compelling targets for the synthetic
community.”*° For instance, Nortopsentin, a bis-indole alkaloids family isolated from the deep sea
sponge Spongosorites ruetzleri, possesses potent antitumor, antiviral and antiproliferative activities,™
whereas the antiviral reagent BMS-790052 is used to treat chronic Hepatitis C infections (Figure 1).**
Conventionally, imidazole derivatives can be synthesized from suitably functionalized acyclic
precursors.” While such de novo synthetic strategies are attractive for manufacturing route
development, they are sub-optimal for fast exploration of structure-activity relationships where time
cycle concerns are paramount.™ With these considerations in mind, we devised a SMC-based strategy
where installation of the pre-constructed imidazole ring could be accomplished in a single operation. At
the onset of this work, only a limited number of examples of SMC reactions with haloimidazoles had
been reported, many of which suffered from moderate yields, limited substrate scope, and in most

%12 To date, the unprotected haloimidazoles are

cases, required protection of the imidazole NH group.
recognized as a class of challenging substrates for transition metal-catalyzed coupling reactions.”
Undoubtedly, the lack of an efficient Pd-based catalyst has limited the employment of divergent SMC-
strategies towards functionalized imidazoles."” This apparent methodological gap prompted us to search

for a more generalized active catalyst. Herein, we report our efforts toward an efficient palladium-

catalyzed SMC protocol, which is amenable to unprotected haloimidazoles.
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Chart 1. Phosphine Ligands Screen”*

Pd(0AC), (2.5 mol%)

N
N
(HO):2B O_(l Ligand (6 mol%) m | RXN1
oF o) e SN NN

N N i
| Br K>CO3 (3 equiv.) eq. 1
N~ Boc M DME/H,0 Boc [
1a (1.25 equiv.) 2a 80 °C P1 N
N
N Pd(OAGC), (2.5 mol%)
(HO),B + Me—( l Ligand (6 mol%) 'V'e_</N |
NN KoCO; (3 equiv.) H RXN2
1b (1.25 equiv.) m  Goxane0 P9 ed.2
Solution Yields (%)

«
& Y Ligand

“2a/2b (10 umol), 1a/1b (1.25 equiv.), Pd(OAc), (2.5 mol%), ligand (6 mol%),
biphenyl (internal standard, 0.25 equiv.), ag. K,CO; solution (0.025 ml, 1.2 M)
and organic solvent (0.075 ml). bSolution yields. “Select ligands shown. For
details, see Supporting Information.

Our studies commenced with the evaluation of the SMC reactions of 3-pyridylboronic acid 1a and
phenylboronic acid 1b versus two imidazole halides viz. (S)-tert-butyl 2-(5-bromo-1H-imidazol-2-

2f (Chart 1, equation 1) and 2-methyl-4-iodoimidazole 2b, respectively

yl)pyrrolidine-1-carboxylate 2a
(equation 2). High-throughput experimentation protocols developed within our catalysis and
automation group were used to rapidly evaluate a series of electronically and sterically diverse
phosphine ligands.” Interestingly, XPhos, a highly efficient and general ligand for the SMC

2a,2d,133,15

reactions, gave moderate yields in both cases. In fact, of the 24 phosphine ligands evaluated,™

only A-®Phos"® and CataCXium A" provided the desired coupling products in excellent yields. The ligand
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1,1’-bis(diphenylphosphino)ferrocene (DPPF), which has been reported by Bellina et al. to catalyze the
reaction of bromoimidazole exclusively with aromatic boronic acids,’* gave lower yield than A-“Phos or
CataCXium A.

Table 1 Reaction condition optimization®

(HO),B PA(OAC), (2.5 mol%) N
j\/j D—< l A-2Phos (6 mol%) D—( |
N

Br  pase (3 equiv.) Boc H / N
1a(1.25 equw) 2a gglg/(:en:/\évﬁter o =
entry solvent base yield(%)°
1 DME K,CO5 98(95)°
2 DMF K,COs 94
3 PhMe K,COs5 3
4 CPMe K,CO; 21
5 2-MeTHF K,COs3 38
6 dioxane K,COs 97
/ DME KsPO, 93
8 DME Na,CO; 90
9 DME Cs,CO3 85
10° DME K,CO, 99

2a (10 pmol), 1a (1.25 equiv.), Pd(OAc), (2.5 mol%), A-“Phos (6 mol%),
base (3 equiv.), biphenyl (internal standard, 0.25 equiv.), ag. K,CO; (0.025
ml, 1.2M) and organic solvent (0.075 ml). “Solution vyields. “Yield in
parentheses is the isolated yield after column chromatography. Catalyst
loading: 1 mol%.

After identifying the most active ligand system for the SMC reaction of haloimidazoles, an extensive
survey of solvents and bases was conducted (Table 1). First, the reaction conditions for 1a and 2a were
validated at 0.2 mmol scale, giving the desired product P1 with 95% isolated yield (entry 1). Other
solvents, including toluene (PhMe), dimethylformamide (DMF), cyclopentyl methyl ether (CPME), 2-
methyltetrahydrofuran (2-MeTHF) and dioxane were investigated under otherwise identical reaction
conditions with only dioxane offering comparable results (entries 2-6). Evaluation of a series of inorganic

bases also failed to further improve the yield (entries 7-9). Notably, when the catalyst loading was
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reduced to 1.0 mol%, the reaction still performed comparably, providing the desired coupling product in
essentially the same yield (entry 10).*

Table 2 Substrate scope®”
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“Reaction performed on a 0.2 mmol scale. Yield determined by '*H NMR analysis of
unpurified reaction mixture using an 1S. "’Numbers in parentheses refer to isolated yields
after supercritical fluid chromatography. “Vinyl MIDA boronate used. “Reaction run in
dioxane at 115°C. “CataCXium A used instead.

A wide range of haloimidazoles and organoboron reagents were then examined to evaluate the scope
of the reaction (Table 2). In all reactions of aryl- and vinyl-boron reagents with 2a, the coupling products
(P2-P5) were obtained in good yield (Table 2, part a). It is notable that boronic acids with attenuated
nucleophilicity such as 1a and 4-(ethoxycarbonyl)phenylboronic acid 1c also provided the coupling
products P1 and P3 in 97 and 98% yields respectively. Subjection of Molander’s potassium
organotrifluoroborates (R-BF;K) to identical reaction conditions also led to the desired coupling products
(P1, P2, P5) in similar yields, highlighting the versatility of this methodology with respect to the
nucleophilic component.’® The utility of this methodology for medicinal chemistry applications was
further showcased by the coupling of various heteroaryl boronic acids.* Under the optimized reaction
conditions, the resultant products (P6-P8) were all obtained with good yields. Next, both 2-
methylimidazole bromides and iodides were examined with various organoboronic acids, all of which
underwent the SMC reaction to afford the desired products (P9-P11) in good vyields albeit a higher
reaction temperature was required.13a

Since the 2,4(5)-di-arylimidazoles had recently been identified as potential human sodium channel
inhibitors, we next focused our attention on the SMC reaction of 2-phenyl-5-bromoimidazoles (part b)."
The reactions proceeded in good yield (P12-P15) for both aryl- and heteroaryl-boronic acids. In addition,

4-bromo-2H-imidazoles were coupled with a variety of aryl and heteroaryl boronic acids under the

optimized reaction conditions to afford the corresponding SMC adducts (P16-P18) in good yields (part c).

Products such as these are suitable for further functionalization at the 2-position via direct arylation,**

thus providing orthogonal access to the 2,4(5)-di-substituted imidazoles. Although our initial studies
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focused on the arylation reaction of imidazoles, we next wondered whether other unprotected
nitrogen-rich heterocycles would be suitable substrates. In fact, the coupling reactions of
bromoindazoles and bromopyrazoles under similar reaction conditions also furnished the resultant

products (P19-P21) in good yields, increasing the substrate scope of our method (part d).

_<N Br N__Br
Ph— | Br— |
5 mol%

2i N7 UBr Pd(OAc); (2.5 mol%) N__Ph Pd‘iOAC)z 25 rrlol b) e N e

H A-=Phos (6 mol%) Ph— I A=Phos (6 mol%) A

BOH), KiCOs (6 equiv.) NTOPh | K,COs (9 equiv) *BOH),

DME/water Lophine dioxane/water
~s0C P22 125°C _

1b25equiv) i 9595 yield: 92%0 1b (5 equiv.)

Pd(OAc), (2.5 mol%)
B(OH
Br—¢ j\ @/ Oz p=pos (6 moi%) < > </N
KoCOj3 (6 equiv.) H
dioxane/water P12

125 °C
yield: 88%”

(2 5 equiv.)

Scheme 1 SMC reaction of multibromo-imidazoles.
“Reaction performed on a 0.3 mmol scale. “Yield determined
by 'H NMR of unpurified reaction mixture using an IS.

To further demonstrate the synthetic value of this protocol, we next sought to extend the reaction
scope to di- and tri-bromoimidazoles (Scheme 1). To our delight, the double- and triple-SMC reactions
proceeded efficiently to give the chemiluminescent molecule Lophine P22 in 96 and 92% yield from 4,5-
di- and 2,4,5-tri-bromoimidazole respectively.21 Next, we investigated the double-SMC reaction of 2,4-
di-bromoimidazole (2j) with 1b. In this case, a higher reaction temperature was required, resulting in a
slightly diminished yield (88% yield) of the desired coupling product P12.%

Finally, we implemented this methodology in a total synthesis of Nortopsentin D (Scheme 2).* The
desired bis-indole alkaloid P23 was prepared from commercially available 2j and N-Boc-indole-3-boronic
acid 11, using the conditions outlined in Scheme 2. Double-SMC reaction followed by in situ thermolysis
of the Boc group afforded P23 in 68% yield.> This concise synthesis represents the shortest route to

Nortopsentin D published to date, further underscoring the synthetic power of our protocol.
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Boc PA(OAC) @5mo1%) | pps N
N ta
A-"¥*Phos (6 mol%) \ l
/ N

Br K,CO3 (6 equiv.)
|-2|- 11 B(OH), dioxane/water \
) (25equiv) 125°C N
yield: 68%” H  Nortopsentin D

L

Scheme 2 Total synthesis of Nortopsentin D. “Reaction performed on a
0.3 mmol scale. *Yield determined by 'H NMR of unpurified reaction
mixture using an IS.

In conclusion, we have developed an efficient Pd-catalyzed Suzuki-Miyaura cross-coupling reaction of
unprotected haloimidazoles. The broad substrate scope with respect to various aryl and heteroaryl
boronic acids together with the mild reaction conditions enabled the rapid synthesis of a wide array of
functionalized imidazoles. The synthetic utility of this protocol was demonstrated by synthesizing
Nortopsentin D from commercially available reagents in a two-step, one-pot process. Compared to the
classical approaches for imidazole synthesis, we anticipate that our methodology will provide an

efficient alternative for divergent parallel synthesis efforts.

EXPERIMENTAL SECTION

General Methods. All reactions were carried out under nitrogen atmosphere in a glove box or using
standard Schlenk techniques. The reactions were monitored by either analytical thin-layer
chromatography using pre-coated silica gel plates with F254 indicator or reversed-phase UPLC MS.
Visualization was accomplished by UV light (254 nm). The crude product could be purified either using a
preparative thin layer chromatography (TLC) plate or preparative supercritical fluid chromatography
(SFC). The SFC conditions are optimized for purity consideration. Room temperature means 20+1 °C. *H
NMR spectra was recorded on a 400/500 MHz spectrometer at ambient temperature. Data is reported

as follows: 1) chemical shift in parts per million (8, ppm) from CDCl; (7.26 ppm), MeOH-d4 (3.31 ppm),
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DMSO-d6 (2.50 ppm) and acetone-d6 (2.05 ppm); 2) multiplicity (s = singlet, bs = broad singlet, d =
doublet, t = triplet, g = quartet, and m = multiplet); 3) coupling constants (Hz). *C NMR spectra was
recorded on a 100/125 MHz spectrometer at ambient temperature. Chemical shifts are reported in ppm
from CDCl; (77.16 ppm), MeOH-d4 (49.15 ppm), DMSO-d6 (39.51 ppm) and acetone-d6 (29.92 ppm).
Trifluroacetic acid (TFA) was occasionally used as the additive for NMR experiments. HRMS data was
obtained on a Q-TOF mass spectrometer. All commercial materials were used as received unless

otherwise noted."

General Procedures for SMC Reactions in Table 2.

To an oven-dried microwave vial was added heteroaryl halide (0.2 mmol, 1.00 equiv.), boronic acid (0.25
mmol, 1.25 equiv.) and 1.0 ml solvent (DME or dioxane) in a glove box. The pre-mixed solution of
Palladium(ll) acetate (0.0075 mmol, 2.5 mol%.) and ligand (A-*Phos or CataCXium A (0.0018 mmol, 6
mol%)) in 0.50 ml Dioxane or DME was then added followed by the final addition of the aqueous K,CO;
solution (0.50 ml, 1.2 M). At this point, the microwave vial was sealed and might bring out of the glove
box. The mixture was then heated to certain reaction temperature and stirred vigorously for 18-24 h.
After the UPLC-MS analysis indicated the complete consumption of starting materials, the reaction was
then cooled to room temperature and subsequently filtered through a short plug of Celite, the filter
cake was washed with ethyl acetate (25 mL), and the combined organic solvent was removed in vacuo.
The NMR vyield was then determined using 1,3,5-trimethoxybenzene as internal standard (D1 needs to
be set as 10 or 30). The crude product could be purified by either preparative SFC (MeOH/CO, or
MeOH+diethylamine/CO,) or preparative TLC plates (DCM/MeOH or EtOAc/MeOH). Compound P9, P12,

P16, P17, P18, P20 and P21 are known compounds.14

General Procedures for Reactions in Scheme 1 and 2
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To a microwave vial was added with the heteroaryl halide (0.3 mmol, 1.00 eq.), boronic acid (0.75 mmaol,
2.5 equiv. or 1.5 mmol, 5 equiv.) in 1.5 ml dioxane or DME. A solution of Palladium(ll) acetate (0.0075

mmol, 2.5 mol%.) and ligand (A-°Phos or CataCXium A, 0.0018 mmol, 6 mol%) in 0.75 ml 1,4-dioxane or

Page 10 of 18

DME was then added followed by the final addition of the aqueous K,CO; solution (0.75ml, 2.4 or 4.8 M).

The microwave vial was then sealed using a biotag cap equipped with a septum and might bring out of
the glove box. The reaction mixture was heated to certain reaction temperature and stirred vigorously.
After the UPLC-MS analysis indicated the complete consumption of starting materials, the reaction was
then cooled to room temperature and subsequently filtered through a short plug of Celite, the filter
cake was washed with ethyl acetate (25 mL), and the combined organic solvent was removed in vacuo.
The NMR vyield was then determined using 1,3,5-trimethoxybenzene as internal standard (D1 needs to
be set as 10 or 30). The crude products could be purified by either preparative SFC (MeOH/CO, or
MeOH+diethylamine/CO,) or preparative TLC plates (DCM/MeOH or EtOAc/MeOH). Compound P22 and

P23 are known compounds.*

(S)-tert-butyl 2-(5-(pyridin-3-yl)-1H-imidazol-2-yl)pyrrolidine-1-carboxylate (P1). For reaction with
boronic acids, 98% yield (62 mg). For reaction with potassium organotrifluoroborates, 97% yield (61 mg).
White solid. mp: 86-88 °C. "H NMR (400 MHz, CDCI3): 8.95 (s, 1H), 8.47 (s, 1H), 8.04 (d, J = 6.8 Hz, 1H), 7.31
(s, 2H) 4.99-4.98 (m, 2H), 3.44-3.43 (m, 1H), 2.99-2.96 (m, 1H), 2.34-1.95 (m, 3H), 1.49-1.37 (m, 9H); **C NMR
(100 MHz, CDCI3): 156.5, 150.2, 147.2, 146.1, 145.1, 132.2, 130.0, 123.7, 115.0, 80.5, 54.2,
47.4, 32.9, 28.5, 28.3, 24.8; Calculated for Cy7H;,N40, [M-H]+315.1816 found (ES+) 315.1826.

(S)-tert-butyl 2-(5-phenyl-1H-imidazol-2-yl)pyrrolidine-1-carboxylate (P2). Yield: 99% (61 mg). Light
yellow oil. "H NMR (400 MHz, MeOH-d4): 7.67 (d, 7.32 Hz, 2H), 7.36-7.19 (m, 4H), 4.98-4.85 (m, 1H), 3.69-
3.65 (m, 1H), 3.52-3.46 (m, 1H), 2.36-1.88 (m, 4H), 1.46-1.22 (m, 9H); **C NMR (100 MHz, MeOH-d4):

156.6, 156.2, 152.6, 152.1, 139.9, 134.7, 134.4, 129.8, 134.7, 134.4, 129.8, 128.7, 127.9, 125.9,
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1

2

2 116.9, 81.3,57.2, 56.7, 48.4, 47.9, 35.1, 33.8, 28.9, 28.6, 25.3, 24.8; Calculated for C;5H,5N30, [M-H]+
5

6 314.1863 found (ES+) 314.1860.

7

8 (S)-tert-butyl 2-(5-(4-(ethoxycarbonyl)phenyl)-1H-imidazol-2-yl)pyrrolidine-1-carboxylate (P3). NMR
9

12 yield: 98% (75 mg); isolated yield: 78% (60 mg). Yellow oil. *H NMR (500 MHz, DMSO-d6): 12.18 (s, 1H),
12

13 7.93-7.86 (m, 3H), 7.65 (m, 1H), 4.85-4.79 (m, 1H), 4.30 (q, J = 7.2 Hz, 2H), 3.55 (s, 1H), 3.36 (s, 1H),
14

15 2.25-2.18 (m, 1H), 1.98-1.84 (m, 3H), 1.39-1.15 (m, 12H); **C NMR (100 MHz, DMSO): 165.6, 153.8,
16

g 153.3, 151.3, 150.6, 138.8, 137.1, 134.2, 129.5, 127.8, 127.0, 123.9, 115.8, 78.6, 78.2, 60.4, 55.1, 54.6,
;g 46.5, 46.3, 33.2, 31.8, 28.1, 27.8, 23.8, 23.1, 14.2; Calculated for C,;H,;N30, [M-H]+ 386.2074 found (ES+)
21

22 386.2061.

23

24 (S)-tert-butyl 2-(5-(4-methoxyphenyl)-1H-imidazol-2-yl)pyrrolidine-1-carboxylate (P4). Yield: 98% (67
25

g? mg). Yellow oil. *H NMR (400 MHz, MeOH-d4): 7.59 (d, J = 8.2 Hz, 2H), 7.16-7.12 (m, 1H), 6.92 (d, J = 8.6
28

29 Hz, 2H), 4.86-4.83 (m, 1H), 3.79 (s, 1H), 3.70-3.64 (m, 1H), 3.52-3.46 (m, 1H), 2.37-2.27 (m, 1H), 2.02-
30

31 1.88 (m, 3H), 1.46-1.23 (m, 9H); *C NMR (100 MHz, MeOH-d4): 160.3, 156.6, 156.2, 152.2, 151.7,
32

22 127.2, 115.2, 81.3, 57.2, 56.7, 55.8, 48.4, 47.9, 35.1, 33.8, 28.9, 28.6, 25.3, 24.8; Calculated for
35

36 Ci9H5N303 [M-H]+ 344.1969 found (ES+) 344.1970.

37

38 (S)-tert-butyl  2-(5-vinyl-1H-imidazol-2-yl)pyrrolidine-1-carboxylate  (P5). For reaction with
39

22 organoboronate, yield: 93% (49 mg). For reaction with potassium organotrifluoroborates, NMR vyield:
jé 91% (48 mg); isolated yield: 66% (35 mg). Light brown oil. *H NMR (400 MHz, CDCl,): 9.59 (s, 1H), 7.02-6.89
44

45 (m 1H), 6.55 (dd, J = 17.6, 11.2 Hz, 1H), 5.52 (d, J = 17.6 Hz, 1H), 5.10 (d, J = 11.2 Hz, 1H), 4.95-4.94 (m,
46

j; 1H), 3.58-3.36 (m, 2H), 3.81 (m, 1H), 2.17-1.92 (m, 3H), 1.48-1.36 (m, 9H); **C NMR (100 MHz, CDCI3):
49

50 156.3, 149.4, 133.8, 125.9, 120.3, 111.8, 80.5, 54.0, 47.3, 32.7, 28.4, 24.8; Calculated for C;4,H,;N;0,
51

52 [M-H]+ 264.1707 found (ES+) 264.1696.

53

2‘51 (S)-tert-butyl 2-(5-(1H-indol-5-yl)-1H-imidazol-2-yl)pyrrolidine-1-carboxylate (P6). Yield: 97% (68 mg).
56

57 Yellow amorphous solid. *H NMR (400 MHz, MeOH-d4): 7.85 (s, 1H), 7.44-7.37 (m, 2H), 7.21-7.13 (m, 2H),
58

59

60
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6.45 (d, J = 2.9 Hz, 2H), 4.98-4.83 (m, 1H), 3.70-3.64 (m, 1H), 3.49-3.41 (m, 1H), 2.31-2.22 (m, 1H), 2.05-
1.85 (m, 3H), 1.44-1.21 (m, 9H); *C NMR (100 MHz, MeOH-d4): 156.7, 156.3, 151.8, 151.2, 139.3,
137.1, 129.9, 126.4, 125.0, 120.4, 117.6, 117.0, 112.5, 102.7, 81.3, 57.2, 56.6, 48.3, 47.9, 35.1,
33.6, 28.9, 28.7, 25.3, 24.8; Calculated for C,oH,4N,0, [M-H]+ 353.1972 found (ES+) 353.1975.

(S)-tert-butyl 2-(5-(furan-3-yl)-1H-imidazol-2-yl)pyrrolidine-1-carboxylate (P7). NMR Yield: 98% (59
mg); isolated yield: 87% (52 mg). Yellow oil. ‘H NMR (400 MHz, MeOH-d4): 7.79 (s, 1H), 7.49 (s, 1H), 7.09-
7.06 (m, 1H), 6.69 (s, 1H), 4.84-4.81 (m, 1H), 3.69-3.64 (m, 1H), 3.52-3.46 (m, 1H), 2.37-2.27 (m, 1H), 2.05-1.90 (m,
3H), 1.46-1.23 (m, 9H); **C NMR (100 MHz, MeOH-d4): 156.6, 156.2, 152.3, 151.7, 144.7, 139.3, 120.5,
109.7, 81.3, 57.2, 56.7, 48.4, 47.9, 35.1, 33.8, 28.9, 28.6, 25.3, 24.8; Calculated for CisH,;N305 [M-H]+
304.1656 found (ES+) 304.1664.

(S)-tert-butyl 2-(5-(quinolin-6-yl)-1H-imidazol-2-yl)pyrrolidine-1-carboxylate (P8). Yield: 99% (72 mg).
White Solid. mp:158-160 °C; *H NMR (400 MHz, MeOH-d4): 8.73, (s, 1H), 8.31-7.95 (m, 4H), 7.55-7.46 (m,
2H), 5.01-4.91 (m, 2H), 3.68 (s, 1H), 3.52-3.48 (m, 1H), 2.37-2.31 (m, 1H), 2.04-1.93 (m, 3H), 1.45-1.23 (m,
9H); *C NMR (100 MHz, MeOH-d4): 156.6, 156.1, 153.4, 152.9, 150.6, 148.0, 138.3, 134.5, 130.4,
129.5, 129.1, 123.5, 123.0, 114.7, 81.3, 57.3, 56.8, 48.4, 48.0, 35.1, 33.8, 28.9, 28.6, 27.5, 25.4, 24.8;
Calculated for C,;H,4N,0, [M-H]+ 365.1972 found (ES+) 365.1973.

6-(2-methyl-1H-imidazol-5-yl)quinoline (P10). For bromoimidazole, vyield: 96% (40 mg). For
iodoimidazole, NMR vyield: 95% (40 mg); isolated yield: 70% (29 mg). Yellow oil. *H NMR (500 MHz,
MeOH-d4): 8.74 (d, J = 4.5 Hz, 1H), 8.31 (d, J = 8.0 Hz, 1H), 8.16 (s, 1H), 8.08 (d, J = 8.5 Hz, 1H), 7.97 (d, J =
9.0 Hz, 1H), 7.49-7.47 (m, 2H), 2.44 (s, 1H); 3C NMR (125 MHz, MeOH-d4+TFA): 151.0, 148.1, 147.5,
138.4, 137.5, 131.9, 130.3, 129.7, 128.7, 123.8, 123.2, 117.2, 13.2; Calculated for CysHy;N5 [M-H]+
210.1026 found (ES+) 210.1027.

5-(2-methyl-1H-imidazol-4-yl)-1H-indole (P11). For bromoimidazole, vyield: 94% (37 mg). For

iodoimidazole, yield: 92% (36 mg). White solid. mp: 111-114 °C; ‘H NMR (400 MHz, MeOH-d4): 7.832-
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7.827 (dd, J=2.4,0.7 Hz 1H), 7.43-7.37 (m, 2H), 7.23 (d, J = 4.0 Hz, 1H), 7.12 (s, 1H), 6.46 (dd, J = 4.0, 0.5
Hz, 1H), 2.42 (s, 3H); *C NMR (100 MHz, MeOH-d4+TFA): 146.0, 139.2, 137.1, 129.9, 126.3, 125.0,
120.2,117.3,116.7,112.5,102.7, 13.2; Calculated for C;,H1;N3 [M-H]+ 198.1026 found (ES+) 198.1025.
3-(2-phenyl-1H-imidazol-5-yl)pyridine (P13). Yield: 97% (43 mg). Yellow solid. mp: 146-148 °C; ‘H NMR
(500 MHz, MeOH-d4): 8.98 (s, 1H), 8.41 (d, J = 4.0 Hz, 1H), 8.24 (d, J = 8.0 Hz, 1H), 7.93 (t, J = 7.0 Hz, 2H),
7.70 (s, 1H), 7.48-7.39 (m, 4H); *C NMR (100 MHz, MeOH-d4+TFA): 149.3, 147.5, 145.7, 136.5,
136.0, 131.3, 130.8, 130.4, 129.4, 127.3, 126.1, 118.8; Calculated for C;4H;;N3 [M-H]+ 222.1026 found
(ES+) 222.1031.

6-(2-phenyl-1H-imidazol-5-yl)quinoline (P14). NMR Yield: 98% (53 mg); isolated vyield: 77% (42 mg).
Yellow amorphous solid. *H NMR (400 MHz, MeOH-d4): 8.73 (dd, J = 4.3, 2.0 Hz, 1H), 8.32-8.27 (m, 2H),
8.16 (dd, J = 8.8, 1.9 Hz, 1H), 8.00-7.94 (m, 3H), 7.65 (s, 1H), 7.48-7.45 (m, 3H), 7.42-7.39 (m, 1H); 3C
NMR (100 MHz, MeOH-d4+TFA): 151.0, 148.8, 147.8, 138.9, 138.3, 131.5, 131.0, 130.4, 130.2, 129.5,
129.1,128.8,127.4,124.7, 123.3, 119.2; Calculated for C;gH,3N; [M-H]+272.1182 found (ES+) 272.1186.

5-(2-phenyl-1H-imidazol-5-yl)-1H-indole (P15). Yield: 95% (49 mg). Colorless oil."H NMR (400 MHz,
MeOH-d4): 7.96-7.94 (m, 3H), 7.52-7.50 (m, 13H), 7.47-7.34 (m, 5H), 7.24 (d, /= 3.1 Hz, 1H), 6.49 (dd, J =
3.2, 0.6 Hz, 1H); *C NMR (100 MHz, MeOH-d4): 148.2, 140.6, 137.3, 131.8, 130.0, 129.9, 129.7,
126.7, 126.5, 124.5, 120.7, 119.8, 118.1, 112.6, 102.8; Calculated for C;;H;3N; [M-H]+ 260.1182 found
(ES+) 260.1191.

3-(5-methyl-3-phenyl-1H-pyrazol-4-yl)pyridine (P19). Yield: 99% (46 mg). Brown oil. "H NMR (500 MHz,
MeOH-d4): 8.42 (dd, J = 4.8, 1.0 Hz, 1H), 8.32 (d, J = 1.2 Hz, 1H), 7.67-7.65 (dt, J = 7.9, 1.9 Hz,1H); 7.40
(dd, J = 7.9, 4.7 Hz, 1H), 7.300-7.297 (m, 4H), 2.30 (s, 3H); *C NMR (100 MHz, MeOH-d4+TFA): 148.5,
145.8, 143.8, 142.2, 133.3, 129.9, 129.6, 129.5, 126.4, 114.1, 10.9; Calculated for CysHy3sN5 [M-H]+

236.1182 found (ES+) 236.1177.
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