Constructing four-membered heterocycles by cycloisomerization
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ABSTRACT: Four-membered heterocycles are highly sought after in modern drug discovery as they provide beneficial properties
to the target molecules. Despite tremendous efforts by the synthetic research community, there is a need for a simple and new method
to incorporate these motifs into the design molecules. Herein, we reveal a cycloisomerization strategy for the construction of oxetane
and azetidine rings via metal hydride hydrogen atom transfer/radical polar crossover, which is challenging both enthalpically and
entropically. This method is suitable for synthesizing polysubstituted four-membered heterocycles. This mild and functional-group
tolerant reaction has a broad substrate scope, including the spiro structure, which is an important motif in drug discovery research.
Various four-membered heterocyclic building blocks can be synthesized by product derivatization. We also discuss the reaction
mechanism, focusing on the four membered ring formation, by deuterium experiment and DFT studies.

INTRODUCTION

Four-membered rings can generally withstand practical appli-
cations despite their stereoelectronic distortion. Recently, they
have attracted particular attention in the field of drug discovery
because of their conformational rigidity. In particular, oxetane
and azetidine are known for their polarity, which arises from the
heteroatoms, i.e., oxygen and nitrogen, respectively. Bioactive
molecules designed to incorporate these motifs are expected to
show high selectivity for target proteins, as well as other bene-
ficial properties such as hydrophilicity, solubility, and meta-
bolic stability. Notably, following the milestone study by Car-
reira et al., who revealed that 3,3-disubstituted oxetanes are bi-
oisosteres of carbonyl or gem-dimethyl groups, the construction
and metabolism of the oxetane motif have been extensively ex-
plored (Figure 1A).2 Stepan et al. reported that gem-dime-
thyloxetane shows slightly higher metabolic stability than do
3,3-disubstituted oxetanes in a y-secretase inhibitor designed by
the researchers.® Fish et al. reported an ECso improvement by
azetidine incorporation into the 5-HT,c agonist.* The oxetane or
azetidine motif can be also found in the structure of biologically
active natural products and commercial drugs (e.g., paclitaxel
and azelnidipine).?>®

Recently, synthetic methods for four-membered heterocycles
have been reinvestigated to meet the high demand for these
compounds in drug discovery,?®>% and this places high priority
on the three dimensionality of small molecules (Figure 1B).” A
typical synthetic method applicable to both oxetane and azet-
idine is intramolecular displacement. This reaction is particu-
larly suitable for the synthesis of 3-substituted or 3,3-disubsti-
tuted compounds, and it has been widely exploited in drug dis-
covery. Other reactions have also been adopted to synthesize
four-membered heterocycles, with varying degrees of success.
Halocyclization of alkenes has not been extensively explored
for synthesizing polysubstituted four-membered heterocycles.®
Stepan et al. utilized halocyclization to synthesize their target

compound, and the product was obtained in a low yield.® While
Paterno-Biichi-type reactions are known to be suitable for pol-
ysubstituted four-membered heterocycles, structural require-
ments are necessary to facilitate photoactivation.® There are
other synthetic methods to construct oxetane and/or azetidine
such as ring-expansion using ylide,*° -lactam reduction,** C-H
bond amination,*? and TiV'-mediated spirocyclic azetidine syn-
thesis.® Overall, the synthesis of less hindered oxetanes or azet-
idines is facile owing to classical intramolecular displacement
reactions. However, new synthetic methods for sterically hin-
dered and polysubstituted products are required.

The recent trends in drug discovery encouraged us to develop
a simple and general synthetic method for four-membered het-
erocycles by harnessing the metal hydride hydrogen atom trans-
fer (MHAT)/radical polar crossover (RPC) reaction (Figure
1c). This catalytic process is realized by the combination of a
cobalt catalyst, an oxidant, and a silyl hydride that generates key
cobalt hydride and a highly reactive carbocationic intermediate
(cationic alkylcobalt(IV) complexes) from alkenes via carbon
radicals under near-neutral conditions. Following our report on
cobalt-catalyzed MHAT/RPC reactions,® this catalytic system
has been extensively utilized in cycloisomerizations,® depro-
tective cyclizations,” intermolecular additions,*® rearrange-
ments,® asymmetric variants,? and polymerizations.?* Notably,
our group,*®” Pronin,*® and Zhu? have reported various cy-
cloisomerizations to furnish numerous cyclic ethers and cyclic
amines except for the synthetically challenging four-membered
heterocycles. Four-membered heterocycles has not been formed
by cycloisomerization, even in other catalytic reactions.? Two
points must be considered when attempting oxetane or azetidine
formation via MHAT/RPC-mediated cycloisomerization. First,
the general rate of formation of saturated cyclic compounds by
intramolecular displacement reactions follows the order 5 > 6 >
3>7>4>8-10rings.?*



A. Four-membered heterocycles that are important scaffolds for current drug design and development
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C. This study: cycloisomerization affording four-membered heterocycles by MHAT/RPC mechanism
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Figure 1. Background. (A) Four-membered heterocycles that are important scaffolds for current drug design and development. (B)
Representative synthetic methods for four-membered heterocycles (C) This study: cycloisomerization affording four-membered het-

erocycles by MHAT/RPC and its mechanism

The ring-closure step in the MHAT/RPC process is an intramo-
lecular displacement reaction (Figure 1c); therefore, there
should be no significant deviation from the general order of the
reaction rate. One concern with oxetane is that ring formation
is more challenging than epoxide formation.%2%2 However, less
favored eight- and nine-membered ring formation has been
achieved, albeit with limited success.'” Therefore, there was an
opportunity to realize four-membered heterocycle formation via
the MHAT/RPC mechanism. Second, there was a concern that
the high ring strain of the product may stimulate ring opening
during product formation. However, this seemed unlikely con-
sidering the remarkable functional group tolerance observed
under MHAT/RPC conditions. For example, Pronin synthe-
sized epoxides with high ring strain (114 kcal/mol), similar to
those of oxetane (107 kcal/mol), under MHAT/RPC condi-
tions.1%22% Herein, we describe a method for the construction of
four-membered heterocycles via the MHAT/RPC process,
which is challenging both enthalpically and entropically. The
substrate scope, including the spiro structure, which is im-
portant in drug discovery research, was investigated.?® We also
examined the reaction mechanism on the basis of the results of
deuterium experiments and DFT calculations, focusing on the
four-membered ring formation. To the best of our knowledge,
this is the first example of cycloisomerization affording four-

membered heterocycles despite the numerous synthetic efforts
involving the intramolecular hydrofunctionalization of unacti-
vated alkenes.

RESULTS AND DISCUSSION Cycloisomerization afford-
ing oxetane. We first investigated whether energetically chal-
lenging four-membered heterocycles could be formed via
MHAT/RPC. We began by searching for a suitable homoallylic
alcohol for oxetane formation. Fortunately, the screening of
various homoallylic alcohols revealed that 1a could be cycloi-
somerized to provide the desired oxetane 2a in 42% yield by
using a cobalt Schiff base catalyst C1, N-fluoro-2,4,6-col-
lidinium trifluoromethanesulfonate, and 1,1,3,3-tetramethyl-
disiloxane (TMDSO); [Table 1, entry 1]. Screening of cobalt
catalysts C1-C4 revealed that a higher yield (70%) of 2a was
obtained with C4 bearing cyclohexanediamine (entries 2—-4).
The yield was slightly improved upon substituting a less bulky
group, the tert-amyl group (C5), for the tert-butyl group of the
ligand (C6 and C7; entries 5-7). Replacing the counteranion of
the oxidant was essential for an excellent yield: hexafluoro-
phosphate (PFs) performed better than trifluoromethanesul-
fonate (OTf) and tetrafluoroborate (BFs) (entries 8 and 9).
When 2 equivalents of the oxidant were used, the yield of 2a
decreased (entry 10). Alkenyl alcohol 1a appeared to favor in-
termolecular C-O bond formation. However, the yield de-
creased when the reaction mixture was diluted (entry 11). The



use of the common silane reagent, phenylsilane, did not afford
the desired product (entry 12). Other solvents such as tetrahy-
drofuran, toluene, dichloromethane, and acetone also afforded
the desired product, albeit in lower yields than that achieved
when using 4-methyltetrahydropyran (MTHP, entries 13-16), a
less commonly employed solvent.

Table 1. Optimization of oxetane formation?

cat (5 mol%)
Me3NFPY:-X (4 equiv)
silane (2.5 equiv)

Yy

Me

solvent (o)
OH
Me Me
1a 2a
entry cat X silyl hydride solvent yield (%)?
1 Cc1 OTf TMDSO MTHP 42
2 Cc2 OTf TMDSO MTHP 59
3 Cc3 oTf TMDSO MTHP 43
4 Cc4 OTf TMDSO MTHP 70
5 C5 OTf TMDSO MTHP 80
6 C6 oTf TMDSO MTHP 75
7 c7 oTf TMDSO MTHP 60
8 C5 BF, TMDSO MTHP 50
9 C5 PFg TMDSO MTHP 90, 88°
10 cs5 PFg (2eq) TMDSO MTHP 75
1" C5 PFg TMDSO MTHP (0.05 M) 68
12 C5 PFg PhSiH3 MTHP 0
13 C5 PFg TMDSO THF 54
14 C5 PFg TMDSO CH3Ph 28
15 c5 PFs TMDSO CH,Cl, 52
16 C5 PFg TMDSO Acetone 20
Nt /—\
_N\ /N_ _N\ /N_
Co Co
Bu o” Mo Bu Bu o Mo Bu
Bu Bu Bu Bu
Cc1 Cc2
Ph Ph
— 4
—N N= —N =
\Co/ \CO/N
Bu o Mo Bu R o” Yo R
Bu Bu R R
c3 C4: R =t-Butyl C6: R =t-Hexyl

C5:R=tAmyl C7:R = t-Heptyl
Conditions: starting material 1a (0.2 mmol), catalyst (0.01
mmol), MesNFPY-X (0.8 mmol), silyl hydride (0.5 mmol), sol-
vent (1.0 mL) under argon atmosphere at 0°C for 30 min. *®NMR
yield using 1,4-bis(trifluoromethyl)benzene as an internal
standard. Pisolation yield

With the optimal conditions in hand, we next examined the
substrate generality of oxetane formation (Table 2A). With re-
gard to the scope of homomethallyl alcohol derived from vari-
ous cyclic ketones, we could prepare various spiro-oxetanes,
which are attractive building blocks for drug discovery. For ex-
ample, substrates bearing piperidine (1b—1d) or the acid-sensi-
tive ketal (1e) afforded the desired products 2b—2e in excellent
yields. Notably, we observed a small quantity of the corre-
sponding ketone as a byproduct in some cases (10% from 1c

and 1d and 18% from 1e), probably via demethallylation (retro-
carbonyl-ene reaction) from cationic alkylcobalt complexes.
This undesired pathway was substrate dependent; the rigid
spiro-oxetane bearing adamantane (2f) and cyclobutene (2g,
2h), a proline derivative (2i), and an estrone derivative (2j) were
synthesized in excellent yields without the formation of the cor-
responding ketones. Compound 2j was synthesized from 1j on
the 1 g scale in almost the same yield. In contrast, a significant
amount of ketone was formed from the nortropane derivative
1k (>50% yield) during the formation of the oxetane product 2k
in 33% vyield. The structure of 2k was determined by X-ray
analysis of its derivative 2k’. Compound 2l bearing an azetidine
ring afforded a yield of only 31% in a complex product mixture,
which did not include the ketone. We also briefly investigated
the generality of the alkene moiety by replacing the methyl
group of la with an aryl group (1m-10) or a hydrogen atom
(1p). For the aryl group, we found that electron-withdrawing
chorine (10) and neutral hydrogen (1n) on the aromatic ring
produced a higher yield than the electron-donating methoxy
group (1m). When the methyl group was replaced with a hydro-
gen atom (1p), under the optimal conditions (Table 1), a trace
amount of the desired product 2p was obtained. Although the
yield improved slightly when the catalyst, oxidant, and solvent
were replaced, there was still room for improvement (Table S1).
Remarkably, monosubstituted alkenes were not suitable despite
the MHAT/RPC-mediated epoxide synthesis from a monosub-
stituted alkene reported by Pronin and coworkers.%2% Tertiary
benzyl alcohols 1q and 1r were not applicable under the optimal
conditions. The substrates derived from linear ketone afforded
the desired oxetanes 2s—2u with unavoidable demethallylation.
Various homomethallyl alcohols derived from aromatic or ali-
phatic aldehydes were suitable substrates that afforded the cor-
responding products in acceptable yields. The presence of an
electron-withdrawing group at the 4-position was preferable for
oxetane formation. For example, the 4-methoxycarbonyl-sub-
stituted product 2z was obtained in 58% vyield. In contrast, the
4-methoxylphenyl product 2v was not obtained. We obtained
demethallylated benzaldehydes in 9%-12% yield from 1w-1z.
However, this demethallylation does not fully explain the origin
of the electronic effect. The substrates bearing a nucleophile
(laa—1ad) potentially undergo a bifurcated competitive cy-
clization pathway, oxetane formation, or six-membered ring
formation. Despite the challenging 4-exo cyclization process,
the desired oxetanes 2aa—2ad were selectively synthesized
without six-membered-ring formation. Cinnamyl alcohol lae
was not applicable. Overall, this method is suitable for the syn-
thesis of polysubstituted oxetane.

To demonstrate the synthetic potential of this method, a spi-
rocyclic compound bearing an easily removable protective
group was subjected to deprotection (Table 2B). The conven-
tional palladium-catalyzed hydrogenation of 2d, 2I, and 2i af-
forded the oxalate salt of an amine (3d and 3I) or free amine (3i)
almost quantitatively. The same reaction conditions were appli-
cable for the synthesis of oxetane bearing carboxylic acid 3h
and an estrone derivative 3j. Again, the structure of 3j was un-
ambiguously confirmed by X-ray analysis.



Table 2. Substrate scope of oxetane formation and deprotection

A. Cycloisomerization affording oxetane

}
N (o) (0} Me
o Me
o
(o]
Me Me
Me” Me

2b, 80% (R = Ts)
2¢, 85% (R = Boc)
2d, 85% (R = Cbz)

2e, 80% (82%) 2f, 87% (90%)

29, 76% (80%)

Me Me Me

o—}we oj—Me 1=
4 T o

o
2h, 89% (94%)

CbzN
1. Pd/C, H, Me .
2. TsCI o Me
o]
o
o)
CbhzN Me'
e ®
BnO CCDC 2213527 R
2j, 82% 2k, 33% 2K 21, 31% 2m, 37% (R = OMe)
80% (1.0 g) >50% ketone 2n, 81% (R = H)
20, 75% (R = Cl)
Me Me Me
Me MeO Me 0
Me o o Me o Me
(o) MeO ° N
e
Me Me Me o Me
Me Me TBSO
2p, s% 129%)? 29, 0% 2r, 0% 2s, 50% (54%) 2t, 44% (57%) 2u, 69%
42% ketone 39% ketone <5% ketone
Me Me
Me 2v, 0% (R = OMe) Me Me o Me o Ve
° Me 2W.28% (R =Me) o Me o) Me oh
2x, 42% (R = H) Ph
2y, 59% (R = Cl) no CbzHN Ph o
22, 58% (R = CO,Me)
R
2aa, 45% (51%) 2ab, 68% 2ac, 67% (74%) 2ad, 62% (67%) 2ae, 0%

B. Deprotection

Me
Me
Me Me 204
C,0.*
3d, 98% 31, quant. 3i, 98%

3h, quant.

¢ o 7 ccDe 2213531

3j, 85%

(A) Cycloisomerization affording oxetane. Conditions: starting materials 1b—10, 1g—1ae (0.2 mmol), C5 (5 mol%), N-fluoro-2,4,6-
collidinium hexafluorophosphate (4.0 equiv), and 1,1,3,3-tetramethyldisiloxane (2.5 equiv) in 4-methyltetrahydropyran (1.0 mL) un-
der argon atmosphere at 0°C for 30 min; isolation yield is given. Yields in parentheses are NMR yields using 1,4-bis(trifluorome-
thyl)benzene as an internal standard. *Conditions: starting material 1p (0.5 mmol), C3 (5 mol%), N-fluoro-2,4,6-collidinium hex-
afluorophosphate (2.0 equiv), and 1,1,3,3-tetramethyldisiloxane (2.0 equiv) in toluene (2.5 mL) under argon atmosphere at room
temperature for 2 h; isolation yield is given. (B) Deprotection. Conditions: starting material and palladium on carbon in methanol
under hydrogen atmosphere (details in supporting information); isolation yields are given.

Cycloisomerization affording azetidine. We next ex-
plored the azetidine formation of homomethallylamine deriva-
tive 4a (Table 3A). First, the desired azetidine 5a was obtained
in 58% yield under the optimal oxetane formation conditions.
Solvent screening revealed that toluene was optimal (89%, en-
tries 1-3). Recently, the solvent effect on related reactions has
been discussed by considering polarity and viscosity.?2%% In our
study, the optimal solvents for four-membered heterocycles for-
mation were MTHP for oxetane and toluene for azetidine,

which reveals a clear dependency on the nucleophile. The opti-
mal counteranion of the oxidant was found to be hexafluoro-
phosphate (entries 3-5). Unlike in the case of oxetane formation,
the yield changed slightly during catalyst screening for azet-
idine formation. Typically, the desired product (5a) was formed
in excellent yields (entries 3, 6-9). When using C4 or C5 and
upon reducing the catalyst loading to 3 mol%, we achieved ex-
cellent yields (entries 10 and 11). We finally examined the ef-
fect of chirality of substrate and ligand on yield. Compared with



the result using C4 (entry 10), no significant difference was ob-
served using chiral (R)-4a or ent-C4 (entry 12). When using C5
(the optimal catalyst) and chiral (R)-4a, similar results were
achieved (entry 11 and 13). Therefore, the following experi-
ments were performed using a racemic substrate, unless other-
wise noted.

Table 3. Optimization of azetidine formation
A. Optimization of reaction conditions af'fording azetidine

cat. (x mol%)
TS\N,H Me MesNFPY-Y (4.0 equiv)

TMDSO (2 5 equiv)
solvent
0°C (30 min) then

CCDC 221 3532

4a rt (3.5 h)
entry cat. (x) Y solvent yield (%)?
1 C5(5) PFg MTHP 58
2 C5 (5) PF¢ acetone 43
3 C5(5) PFg CH3Ph 89
4 C5(5) BF, CH4Ph 55
5 C5(5) oTf CHsPh 75
6 c1(5) PFg CH4Ph 83
7 c2(5) PFg CH4Ph 87
8 C3(5) PFg CH4Ph 83
9 C4(5) PFg CH4Ph 88, 68°
10 c4(3) PFg CH4Ph 86
1 C5(3) PFg CH4Ph 89, 85°
12 c4(3) PFg CH4Ph 859, 86 ©
13 C5(3) PFg CH4Ph 90¢, 88°
B. Optimization of protective group
C5 (3 mol%) 9 e
R\N,H Me  MesNFPY-PFg (4.0 gquiv) HN’S.+ Ve y
H TMDSO (2.5 equiv) H “i j 9 ‘vg‘ :
/\/& > /\)< Me <o
Ph CHyPh Fh
4b - 4e 0°C (30 min) then rt (3.5 h) 5b, 36% CCDC 2213529
(o] OBn
4b (R = (S)-SO'Bu) )j\ )\
4c (R = Ns) HN” O N“ o
4e (R = Cbz) Ph me PN Me

5d, 65% 5e,32 %

(A) Optimization of reaction conditions affording azetidine.
Conditions: 4a (0.2 mmol), catalyst (0.01 or 0.006 mmol),
MesNFPY - X (0.8 mmol), silyl hydride (0.5 mmol), solvent (1.0
mL) under argon atmosphere at 0°C for 30 min then room tem-
perature for 3.5 h. ®NMR vyield using 1,4-bis(trifluorome-
thyl)benzene as an internal standard. "TMDSO (1.5 equiv) %iso-
lation yield ¢(R)-starring material was used. ®ent-C4 was used.
(B) Optimization of protective group. Isolation yield is given.

We next examined the scope of protective groups on the nu-
cleophilic nitrogen atom by replacing the tosyl group (Table
3B). This attempt revealed that only tosylamide enabled the for-
mation of azetidine rings under the optimal reaction conditions.
Sulfinamide 4b, the synthetic intermediate of chiral (R)-4a, was
selectively cyclized to five-membered sulfinamide 5b (X-ray
structure in Supporting Information) by the preferential nucle-
ophilic attack of a sulfur atom with stereochemical inversion.
Nosylamide 4c was not a suitable substrate for this reaction. The
use of common protective groups such as tert-butoxycarbonyl
(Boc) or carboxybenzyl (Cbz) led to the formation of six-mem-
bered products 5d or 5e respectively.

Under the optimal conditions, we examined the substrate
generality of azetidine formation by introducing a substituent
on the aromatic ring of substrates 4a (Table 4A). The formation
of 5f — 5h indicates that the electronic preference is similar to
that for oxetanes 2v — 2z. In contrast to unsuccessful 2v, azet-
idine 5f bearing p-methoxy phenyl could also be synthesized
using this method. Encouraged by these results, we performed
reactions yielding azetidines bearing sterically hindered mesityl
(51), 2-naphthyl (5j), and biphenyl (5k). Substrates derived
from aliphatic aldimine were also applicable. For example,
three azetidines 51 — 5n could be synthesized, regardless of ste-
ric hindrance. Dichloromethane was a better solvent than tolu-
ene for addressing the solubility issue (5n). Compared with the
case of oxetane 3ad (62%), azetidine 50 was formed in only
36% vyield along with tetraline 50" (45%; Supporting Infor-
mation). In contrast, the azetidine was selectively formed, re-
gardless of the possible deprotective cyclization (5p). We syn-
thesized two chiral bicyclic compounds bearing rotatable link-
ers 5q and 5r in acceptable yields. Both compounds were syn-
thesized on a larger scale in similar yields. Furthermore,
2,2,4,A-tetrasubstituted azetidines were synthesized by this
method. Again, we confirmed the requirement of the tosyl
group by using the substrate bearing an indane framework; the
yield of 5s bearing a tosyl group was higher than that of 5t bear-
ing a nosyl group. The substrate bearing a Cbz group afforded
six-membered 5s’ (see supporting information). The yields
were not satisfactory for every product 5u, 5v, 5w, and 5x; how-
ever, it should be noted that the practical synthesis of these azet-
idines has not yet been reported. Unfortunately, this cycloisom-
erization afforded 5y or 5z in insufficient yields. Less substi-
tuted azetidines 5aa and 5ab were also synthesized using this
method. Homoallylamine derivative 5ac could not be synthe-
sized by this method. Overall, this cycloisomerization was
found to be suitable for the synthesis of polysubstituted azet-
idines.



Table 4. Substrate scope of azetidine formation and deprotection

A. Cycloisomerization affording azetidine

Me
Me Me Me Me Me TSN "
TsN Me /©'j‘lj>Me /@ﬂj—Me /&“JjMe Tij—Me s e
MeO cl F4C Me Me g ‘ O
5f, 42% (44%) 59, 69% (75%) 5h, 88% (94%) 5i, 39% 5], 86% 5k, 81%
Me Me Me
Me Me
TsN Me TsN Me TsN Me

Ve TsN——Me /\j‘jMe
Me™ e BnO

51, 77% (80%) 5m, 70% (75%) 5n, 71% (DCM) 50, 36% 5p, 62% 5q, 79%

83% (1.0 g)
Me Me
Me Me Me Me Me
¢ NTs
we” N NTs " >(N><>
Me' N )
R Ts Ts
CbzN
5r, 49% (DCM) 55, 40% (R = Ts, DCM) CCDC 2213528 5u, 26% 5v, 43% 5w, 62%
5t, 31% (R = Ns, DCM) 5 (DCM) (DCM) (DCM)

48% (515 mg)

mod (YO Doy o O X0

Me” N Me Ts Ts Ts Ts
5x, 39% 5y, <10% 5z, 14% 5aa, 53% 5ab, 29% 5ac, 0%
(with complex mixture)

(with complex mixture)

B. Deprotections and synthesis of complex azetidine compound

MHAT/RPC Ts( PdIC
(DCM) N Me H,
"
E—— _—
26% (C5) 97%
32% (C8)
48% (C9)
Pd/C
Ha
—_—
60%
€8 (R =H), C9 (R = Me) BnO

(A) Cycloisomerization affording azetidine. Conditions: starting material 4f-4ac (0.2 mmol), C5 (3 mol%), N-fluoro-2,4,6-col-
lidinium hexafluorophosphate (4.0 equiv), and 1,1,3,3-tetramethyldisiloxane (2.5 equiv) in toluene (1.0 mL) under argon atmosphere
at 0°C for 30 min then room temperature for 3.5 h; isolation yields are given. Yields in parentheses are NMR vyields using 1,4-
bis(trifluoromethyl)benzene as an internal standard. (B) Deprotection. Conditions of MHAT/RPC: starting material (0.1 or 1.0 mmol),
catalyst (3 mol%), N-fluoro-2,4,6-collidinium hexafluorophosphate (4.0 equiv), and 1,1,3,3-tetramethyldisiloxane (2.5 equiv) in di-
chloromethane (0.5 mL) under argon atmosphere at 0°C for 30 min then room temperature for 3.5 h; isolation yields are given. Other
reactions: see supporting information in detailed procedures



To confirm the synthetic utility of the azetidine products,
we attempted a further transformation (Table 4B). Fortunately,
either of two differentiated protective groups, the tosyl or Cbz
group, could be selectively removed from bicyclic diamine 5r
by palladium-catalyzed hydrogenation (6r) or reduction with
magnesium metal (7r), respectively, thereby achieving excel-
lent yields. The same method was suitable for the synthesis of
bicyclic products bearing two azetidines (6s and 7s). Note that
the reduction with sodium naphthalenide resulted in a complex
product mixture for the purpose of detosylation of 5r and 5s.
We finally incorporated the azetidine unit into estrone, a bio-
logically relevant complex compound. The cycloisomerization
with C5 resulted in only 26% vyield of 9, along with the for-
mation of several isomeric byproducts (see supporting infor-
mation). However, the yield improved slightly when C9 was
used instead (48%), and the formation of the isomeric byprod-
uct was somewhat suppressed. The structure of azetidine 9 was
unambiguously determined after benzyl deprotection, followed
by the X-ray analysis of 10. Full deprotection was completed
by reduction with lithium aluminum hydride and palladium-cat-
alyzed hydrogenation. The use of magnesium metal led to the
full recovery of 9 after detosylation.

Deuterium experiments. To gain insight into the mecha-
nism, we performed a deuterium-labeling experiment with
TMDSO-d; in the cycloisomerization of 1a and its homo-analog
13 (Figure 2). The deuterium atom was incorporated into the
gem-dimethyl moiety for 2a-D (192%D) and 14-D (118%D).
These results indicate that the rate of the ring-closure step af-
fected product formation and the retro-reaction. After the
MHAT of alkene and the following steps, 2,4,6-collidine (de-
rived from oxidant) probably deprotonated the alkylcobalt(IV)
complex to reform the corresponding starting material (Figure
SI1). We assumed that this was the main reason for the excess
oxidant in this cycloisomerization. A similar phenomenon was
observed during the formation of azetidine 5s-D (214%D). No-
tably, the deuterium incorporation rate was 173%D in the for-
mation of 16-D despite rapid five-membered ring formation.

cs
Me;NFPY-PFg

TMDSO-d.
Me 2
OH MTHP o )n
n o
1a(n=0) Me 22D (n=0),83%, 192%D
13 (n= 1) 14-D (n = 1), 89%, 118%D
cs
Me;NFPY-PFg
TMDSO-d,
Me —_—
NHTs CH,Cl, D N_I_)n
n s
4s(n=0) Me 5s-D (n=0),40%, 214%D

15(n=1) 16-D (n = 1), 65%, 173%D

Figure 2. Deuterium experiments. Conditions A: starting mate-
rials 1a and 13 (0.1 mmol), C5 (5§ mol%), N-fluoro-2,4,6-col-
lidinium hexafluorophosphate (4.0 equiv), and 1,1,3,3-tetrame-
thyldisiloxane-d, (2.5 equiv) in 4-methyltetrahydropyran (1.0
mL) under argon atmosphere at 0 °C for 30 min; isolation yield
is given. Conditions B: starting materials 4s and 15 (0.1 mmol),
CS5 (3 mol%), N-fluoro-2,4,6-collidinium hexafluorophosphate
(4.0 equiv), and 1,1,3,3-tetramethyldisiloxane-d; (2.5 equiv) in
dichloromethane (1.0 mL) under argon atmosphere at 0 °C for
30 min, then room temperature for 3.5 h; isolation yields are
given.

DFT study. As aforementioned, a disubstituted alkene is
preferable to its monosubstituted counterpart in this four-mem-
bered heterocycle formation. From a mechanistic standpoint,
this preference merits discussion. For this purpose, we focused
on the cyclization of a cationic alkylcobalt(1VV) complex. Ac-
cording to the literature, a disubstituted alkene forms a sterically
hindered reactive carbon, which is generally unfavorable for
Sn2-type processes.?’ In classic nucleophilic substitution, this is
more likely to be an Sy1-type process, i.e., dissociation of the
Co—C bond, which generates a highly electrophilic tertiary car-
bocation intermediate, followed by ring formation. To verify
our hypothesis regarding the ring-formation step, we performed
DFT calculations by using a simple model with the minimum
structural requirements for oxetane synthesis to reduce the com-
putational cost (Figure 3). Activation energies were estimated
for three types of cyclizations with alkene (mono- or di-) sub-
stitution and ring size (four or five). As is intuitive, when reac-
tions with the same substituted alkene were compared, the en-
ergetic barrier for the four-membered ring formation was higher
than that for the five-membered ring formation (TSla and
TS1c). More importantly, when reactions involving the same
ring size were compared, the activation energies for disubsti-
tuted alkenes were clearly lower than those for monosubstituted
alkenes, which was consistent with the experimental results
(TSl1la and TS1b). A slight vibration of the cobalt atom in the
transition states of TS1a and TS1c was observed according to
the frequency analysis results. Notably, TS1a had the longest
Co—C bond distance (3.53 A) and had a transition state most
similar to an Sy1-type transition state. The orbital overlap,
which is required for Sy2-type transition states, may be struc-
turally restricted during the four-membered ring formation. In-
stead, the prior extension of the Co—C bond led to the formation
of a more electrophilic carbon atom (closer to a tertiary carbo-
cation), before enabling the following C—O bond formation. For
the monosubstituted alkenes, the C—O bond extension was even
more difficult due to the generation of the more unstable sec-
ondary carbocation, which suggested that product formation
was inefficient. The DFT calculations gave similar results for
azetidine formation (TS2a-TS2c).
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Figure 3. DFT study of ring-closure step using simplified models (A) Oxetane formation (B) Azetidine formation (kcal/mol).

In conclusion, we developed an unprecedented cycloisomeri-
zation for the synthesis of four-membered heterocycles via a
cobalt-catalyzed MHAT/RPC mechanism. The reaction condi-
tions were mild, and the starting materials (homomethallyl al-
cohol or homomethallyl amine derivatives) could be easily pre-
pared by conventional methods. This synthetic method success-
fully generated a broad range of polysubstituted four-membered
heterocycles. The products were derivatized to demonstrate the
applicability of our method. DFT studies confirmed that a four-
membered heterocycle could be formed via an Sn1 displace-
ment-like reaction. In the future, we hope to expand the sub-
strate scope to include monosubstituted alkenes by redesigning
the cobalt catalyst and optimizing the reaction conditions. Fur-
ther studies should focus on the design of enantioselective var-
iants. Additionally, from the standpoint of medicinal chemistry,
the physicochemical and metabolic properties of the oxetane
and azetidine modules produced by this method should be eval-
uated systematically.

Associated Content

Supporting Information. Experimental procedures and analytical
data (*H and 3C NMR) for all new compounds. This material is
available free of charge via the Internet at http://pubs.acs.org.
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