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Abstract

The regio- and stereo-selectivity of the photochemical [2+2] cycloaddition reaction of 2-(t-butyldimethyl-
silyloxy)-1H-pyrrole with enone derivatives are investigated. Regioselective formation of cyclobutanes was
found in the intermolecular photochemical [2+2] cycloaddition reaction of the pyrrole derivative with
cyclopentenone. In contrast, an oxetane rather than a cyclobutane product was selectively formed when 1,4-

naphthoquinone was used as the enone. The reaction conditions were optimized to obtain the cycloadducts in
high yields.
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Introduction

The strained cyclobutane®™® and oxetane??® structures are important in organic synthesis. After Ciamician
discovered the first example of photochemical [2+2] cycloaddition reaction,”* Paterno, following Ciamician,
reported the first photochemical [2+2] oxetane formation reaction using light irradiation.? Since then, many
chemists have contributed their efforts to the synthetic and mechanistic studies of photochemical [2+2]
cycloaddtion reactions.’® Generally, the photochemical [2+2] oxetane formation reactions are called Paterno—
Biichi (PB) reactions, in which furan derivatives have played their significant roles as alkene substrates.”?* To
our best knowledge, even though a series of work concerning intramolecular photochemical [2+2]
cycloaddition reaction of pyrrole derivatives have been achieved,?®%3 very few reports on the intermolecular
case have been found till now.”3* Besides pyrrole derivatives, many examples of the photochemical
cyclobutane formations have been reported from pyrrolone®>* and indole***! compounds. Recently, the
regioselective spirocyclic oxetane product (3) has been successfully isolated by us using the PB reaction of 2-
silyloxy-1H-pyrrole 1 with benzophenone (2) in high yields (Scheme 1). The regioselective formation of
oxetane 3 was rationalized by the intervention of the corresponding triplet diradical intermediate.*?

In the present study, the photochemical reactions of 1 with enone derivatives 4 and 5 were investigated to
understand their product selectivity, cyclobutane versus oxetane, their regioselectivity, and stereoselectivity
(Scheme 1). Interestingly, bicyclic cyclobutanes 6 and 7 were isolated in total 72% vyield in the reaction with
cyclopentenone 4. In contrast to the selective formation of cyclobutanes, oxetane 8 was formed in ~60% yield
in the photochemical reaction with 1,4-naphthoquinone (5). The regioselective bond formation at the C2
position was found to be different from the regioselectivity promoted by Lewis acid catalyzed thermal
reactions, in which the bond formation reaction occurs selectively at C5 position of the pyrrole derivative
(Scheme 1). ®®

O Ph pp
A, mX
Ph” “Ph -
2 B
N OTBS
0 ‘;’OC J. Phys. Org. Chem. 2017, 30, €3632.
HH O HH
OH @ / B Y :
J Lewis acid @\ hv 4 + !
N~ ~OTBS |\ N 5 b
N, PhCHO ) 0 Boc 9 H Boc 5 ™ O
I Boc Boc o w
1 ® @ this work
Adv. Synth. Catal. 2010, 352, 2011. 6 7
5

r OTBS

Boc

8 this work

Scheme 1. Regiselectivity of Lewis-acid promoted reactions and photochemical [2+2] cycloaddition reaction of
2-silyloxypyrrole 1 with carbonyl compounds.
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Results and Discussion

The pyrrole 2-(t-butyldimethylsilyloxy)-N-t-butoxycarbonylpyrrole (1) was prepared from the corresponding
lactam according to the literature.* Firstly, the reaction mixture of 1 (0.51 M) and 4 (0.34 M) was irradiated by
365 nm using light-emitting diode (LED) at room temperature in a sealed Pyrex NMR tube in acetone-ds after
the deoxygenation by 20 minutes nitrogen bubbling. According to the NMR spectroscopic analysis of the
reaction mixture after 24 hours irradiation (Figure 1e), newly appeared signals at 6 6.8, 3.5-2.0 were assigned
to the products 6 and 7. After removing the solvent under reduced pressure, the products 6 and 7 were
isolated in 12% vield with 64 : 36 isomer ratio by silica gel chromatography (entry 1 in Table 1).

(e) mixture after 24 hours . J LJ L L M‘UL“‘M w | F
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mixture before reaction | 3

(c) |

(b) 4 [ 1

L )L L ﬂl I

T T T T T T T T T T T T T T T T T T T T T T T T T T T
120 115 1.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1.0
1 (ppm)

Figure 1. 'H NMR (400 MHz, acetone-ds) spectroscopic analysis of the photochemical [2+2] cycloaddition
reaction of 1 and 4 under irradiation at 365 nm. (a) 1, (b) 4, (c) before irradiation at r. t., (d) after 12 hours of
irradiation, (e) after 24 hours of irradiation, (f) isolated compounds 6 and 7.

The structures of 6 and 7 were confirmed by 1D-NMR and 2D-NMR spectroscopic analyses, i.e. 'H, B3¢, H-H
COSY, H-C HSQC, H-C HMBC, H-H NOESY, and high-resolution mass spectroscopic analysis. The formation of
further regioisomers 9 and 10 was excluded by the observed two vinyl protons H, and H,, at 6.75, 6.60 ppm
and 5.15, 5.07 ppm, respectively, in the formed cycloadducts (Figures 2 and 3). Because the two protons, H, (&
6.75, 6.60) and H, (6 5.16, 5.09), were correlated with the sp2 carbons (6 132.34, 132.32, 107.4, 107.0), the
two protons at ~6.7 and ~5.1 ppm were assigned to the vinylic protons (Figure 3). In the H-C HMBC spectrum
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(Figure 4), the correlation of Hy (6 2.98) and the cyclic carbonyl carbon (6 219.7) was observed in the major
isomer of the products, indicating that the major product was the tricyclic cyclobutane 6.
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Figure 2. H-H COSY spectrum of a mixture of 6 and 7 (400 MHz, CDCls).
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Figure 3. H-C HSQC spectrum of a mixture of 6 and 7 (400 MHz, CDCls).
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Figure 4. H-C HMBC spectrum of a mixture of 6 and 7 (400 MHz, CDCls).
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The stereochemistry of compounds 6 and 7, exo versus endo, was determined by their 2D-NOESY
spectroscopic analyses (Figure 5). Thus, the correlations between H,, (6 5.20, 5.13) and H. (6 2.38, 2.37) were
observed in the H-H NOESY spectrum, indicating that both compounds 6 and 7 possess the exo-configuration

as shown in Figure 5.
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Figure 5. H-H NOESY spectrum of a mixture of 6 and 7 (400 MHz, CDCl3).
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The reaction conditions were optimized to obtain 6 and 7 in high vyields, because the large amount of
enone 4 was recovered under the conditions in entry 1 (Table 1). The ratio of compound 1 and 4 dramatically
influenced the conversion of compound 4 to give high yields of compounds 6 and 7 (entries 1-4, Table 1).
When a large excess of compound 1 (15 equiv) was used for the photochemical reaction with 4, 72% of
compounds 6 and 7 were obtained after 24 h using 365 nm-LED in acetone (entry 4). The yield of adducts 6

and 7 decreased when acetonitrile or benzene was used as a solvent. (entries 5 and 6, Table 1), indicating the
reaction occurs in the triplet excited state. The product ratio of 6 and 7, ~65:35, was not affected by the

concentration or solvent (Table 1).

Table 1. Photochemical reaction of 1 with cyclopentenone (4)?

Entry [A)/mM  [@)/mM  TEOVETed e o Vields of 6+7°
enone 4
1 510 340 73%  64:36 12%
2 213 425 31%  66:34 57%
3 425 42.5 30%  63:37 64%
4 638 425 16%  65:35 72%
5 638 425 58%  62:38 29%
6 638 42.5 27%  64:36 57%

® Acetone was used for the reaction solvent. A light-emitting diode lamp at 365 nm was used for 24

hours irradiation; °Isolation yield after silica gel chromatography; ©Acetonitrile was used for solvent;

Benzene was used for solvent.

Table 2. Optimization of the reaction conditions of 1 and 1,4-naphthoquinone (5)°

Yield of yield based on
Entry [1]/mM [5]/mM gb .
conversion
1¢ 1020 340 17% 26%
2 1020 340 29% 59%
3 510 340 22% 36%
4 340 340 24% 47%
5 227 340 26% 40%
6 113 340 13% 16%
7¢ 638 42.5 0 0
8° 510 340 0 0

d

® Benzene was used for the reaction solvent. A high pressure Hg lamp (300 W) was used for 6 hours
irradiation; ®|solation yield after silica gel chromatography; © The yield was calculated based on the
consumed naphthoquinone by *H NMR analysis using PhsCH as internal standard; d Light-emitting diode
lamp at 365 nm was used for light resource; ©Acetone was used as solvent.
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Next, the photochemical reaction of naphthoquinone (5) with 1 was conducted under the similar reaction
conditions (Scheme 1, Table 2). In general, regarding the product selectivity, cyclobutane versus oxetane,
mixtures of oxetane and cyclobutane were formed in the photochemical cycloaddition reactions reported
previously.***® However, on irradiation of 1 with 5 the formation of the oxetane product 8 was observed, and
the alternative possible cyclobutane products were not observed in the photo-reaction.

The high pressure Hg lamp (300W) through Pyrex filter was found to be better light source than the 365
nm LED lamp for the reaction (entries 1,2, Table 2). The chemical yield of compound 8 was largely dependent
upon the compound ratio of 1/5 and solvent. When the excess amount of compound 1 was used for the
reaction (entries 2-4), the conversion yield of 8 was higher than that for the reaction with excess amount of
compound 5 (entries 5,6). Acetone was inappropriate for this PB reaction of 1 and 5 (entry 8).
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Figure 6. H-C HSQC spectrum of 8 (400 MHz, CDCls).

The structure of oxetane 8 was confirmed by the measurement of 1D, 2D NMR and HRMS spectra. Except
the protons of the Boc and silyloxy groups, only one aliphatic proton Hs at  3.80 was observed in the isolated
product, which was correlated to the sp3 carbon at 6 64.19 according to H-C HSQC spectrum (Figure 6). In
addition, the findings of correlation of H; and H, and correlation of H; and Hs in H-H COSY spectrum could also
exclude the possibilities of regioisomers (Figure 7). The observation excludes the possibility of the formation of
cyclobutanes and the regioisomeric oxetane shown in Figure. 6. In addition to the spectroscopic evidence, only
one carbonyl carbon at 6 183.9 was found in the photochemical product which is correlated to Hyg (6 8.09) and
H1, (6 7.30) that also could exclude the possibility of a cyclobutane adduct (Figure 8).
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Figure 7. H-H COSY spectrum of 8 (400 MHz, CDCls)
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The stereochemistry of compound 8 was determined to be exo, because the correlation of Hs (6 3.80) and

H1s (6 8.39) was observed in the H-H NOESY spectrum (Figure 9).
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Figure 9. H-H NOESY spectrum of 8. (400 MHz, CDCls).

Conclusions

In the present study, regio- and stereoselectivity of photochemical reaction of the pyrrole derivative 1 with
two types of enone derivatives 4 or 5 were investigated in detail. In the reaction with cyclopentenone 4, exo-
selective formation of tricyclic cyclobutanes 5 and 6 was observed. In contrast to the selective formation of
cyclubutane formation, the selective formation of oxetane was found in the reaction with naphthoquinone (5),
although the reaction conversion was rather low. The mechanistic study based on the quantum chemical and
spectroscopic investigation is now ongoing to clarify the dramatic effect of the enone derivative on the
product selectivity.

Experimental Section

General. All the reagents and solvents were obtained at reagent grade and used without further purification.
Thin layer chromatography (TLC) analysis was performed on silica gel plates and imagined under ultraviolet
light. '"H NMR and **C NMR data were recorded with an 400 MHz NMR spectrometer. CDCl; (0.03% TMS) was
used as deuterated solvents. Chemical shifts were described in parts per million (ppm) relative to
trimethylsilane (6 = 0.00 ppm), and the coupling constants (J) was stated in Hertz (Hz). High-resolution Mass
(HRMS) spectroscopic analyses were conducted using a Orbitrap XL instrument using the positive ion mode.

Starting material 1 was prepared by the reported method.*?
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General procedure of the photoreaction of 1 and 4, 5

a. [4] or [5] was 340 mM

The solution of starting material in Pyrex NMR tube was bubbled with nitrogen for 20 minutes. After
irradiation (high pressure Hg lamp or 365 nm light-emitting diode), the reaction mixture was concentrated
under reduced pressure. The desired product was purified by silica gel column chromatography (elution of
EtOAc : Hexane = 1:8).

b. [4] or [5] was 42.5 mM

The solution of starting material in test tube was degassed by freeze/pump/thaw 5 times. After irradiation
(365 nm light-emitting diode), the reaction mixture was concentrated under reduced pressure. The desired
product was purified by silica gel column chromatography (elution of EtOAc : Hexane = 1:8).

tert-Butyl 6b-((tert-butyldimethylsilyl)oxy)-4-oxo-3b, 4, 5, 6, 6a, 6b hexahydrocyclopenta [3,4]cyclobuta[1,2-
blpyrrole-1(3aH)-carboxylate and tert-butyl 6b-((tert-butyldimethylsilyl)oxy)6-oxo-3b,4,5,6,6a,6b-hexa-
hydrocyclopenta[3,4]cyclobuta[1,2-b]pyrrole-1(3aH)-carboxylate (6 and 7). Colourless oil. '"H NMR (400 MHz,
CDCl3) 6 6.80 (d, J 4.4 Hz, 6-1H), 6.65 (d, J 4.4 Hz, 7-1H), 5.20 (t, J 3.9 Hz, 6-1H), 5.13 (s, 7-1H), 3.46 (t, J 7.7 Hz,
7-1H), 3.30 (t, J 7.9 Hz, 6-1H), 3.02 (t, J 2.9 Hz, 6-1H), 2.99 — 2.91 (m, 7-1H), 2.72 — 2.41 (m, 2H), 2.40 — 2.37 (m,
1H), 2.29 (dd, J 17.7, 9.2 Hz, 1H), 2.11 — 1.90 (m, 1H), 1.52 (s, 9H), 0.93 (s, 9H), 0.06 (d, J 13.4 Hz, 6H). *C NMR
(101 MHz, CDCls) 6 220.1 (7), 219.7 (6), 151.7 (6), 149.9 (7), 132.74 (6), 132.69 (7), 107.6 (6), 107.3 (7), 89.7
(7), 89.3 (6), 81.0 (7), 80.9 (6), 55.8 (6), 55.0 (7), 48.4 (6), 47.4 (7), 46.4 (6), 46.3 (7), 36.4, 28.4, 25.7, 21.8 (7),
21.3 (6), 17.9 (7), 17.8 (6), -3.9 (6), -3.98 (7), -4.02 (6), -4.3 (7). HRMS (ESI+) m/z: [M+Na]" anal. calcd for
Cy0H3304NNaSi 402.20711, found 402.20728.

tert-Butyl  1-((tert-butyldimethylsilyl)oxy)-4'-ox0-4'H-7-oxa-2-azaspiro[bicyclo[3.2.0]heptane-6,1'-naphth-
alen]-3-ene-2-carboxylate (8). Light yellow oil. *"H NMR (400 MHz, CDCl5) § 8.39 (d, J 7.5 Hz, 1H), 8.08 (dd, J
7.9, 1.5 Hz, 1H), 7.73 — 7.69 (m, 1H), 7.51 (dd, J 7.6, 1.3 Hz, 1H), 7.32 (s, 1H), 7.02 (d, J 11.4 Hz, 1H), 6.41 (d, J
10.4 Hz, 1H), 4.96 (s, 1H), 3.80 (s, 1H), 1.56 (s, 9H), 1.08 (s, 9H), 0.20 (s, 3H), 0.15 (s, 3H). *C NMR (101 MHz,
CDCls) 6 183.8, 148.4, 143.7, 138.6, 135.5, 133.9, 133.3, 129.5, 129.4, 128.7, 127.2, 126.4, 126.2, 101.9, 81.8,
64.3, 28.3, 25.6, 17.9, -4.15, -4.25. HRMS (ESI+) m/z: [M+Na]" anal. calcd for Cy5H330sNNaSi 478.20202, found
478.202009.

Supplementary Material

4, 3C and HRMS spectra of 6, 7 and 8 and UV spectra of 4 and 5.
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