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ing expansion reactions: synthesis
of tetrahydrofuran derivatives and mechanism
studies†

Sripati Jana, a Zhen Yang, a Chao Pei,b Xinfang Xu *bc

and Rene M. Koenigs *a

The reaction mechanism of oxygen and sulfur ylide mediated rearrangements is even today a matter of

debate. In this report, we describe ring expansion reactions of oxetane and thietane heterocycles that

allow probing the underlying reaction mechanism under metal-free, photochemical conditions. This ring

expansion proves highly efficient and allows the synthesis of tetrahydrofuran and thiolane heterocycles

under mild and operationally simple reaction conditions. These studies reveal marked differences in the

stereoselectivity of the ring expansion of oxygen or sulfur ylides, which were further investigated

computationally. DFT calculations show that carbenes react under ylide formation and that the

corresponding ring expansion reactions proceed via a diradical pathway. The different bond lengths in

free oxygen or sulfur ylide intermediates cause the distinctive stereochemical outcome.
Introduction

Ylides are important reaction intermediates in sigmatropic
rearrangement reactions and serve as highly versatile synthons
for the construction of complex molecular scaffolds.1 Despite
signicant advances over the past decades,2,3 the basic under-
standing of the rearrangement process of oxygen or sulfur ylides
is still limited and currently available synthesis methods
underpin a substantial difference of the reaction mechanism of
sulfur vs. oxygen ylides.3,4 Both are typically accessed from
unsymmetrically substituted (thio)ethers in the presence of
a metal catalyst. The inuence of the ether substitution pattern
and the catalyst environment on the stereochemical outcome of
the rearrangement step can thus not be completely ruled out
and both metal-bound or free ylide reaction mechanisms are
currently under discussion.5 With the re-emergence of photo-
chemical carbene transfer reactions in the past years,6–8 free
ylides can now be efficiently accessed in a metal-free approach.
However, the reaction types with these in situ generated free
carbene intermediates are limited to X–H insertion, cyclo-
propanation, and few others.7,8 Substantially, the exploration
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and the development of stereoselective versions are challenging
and highly desirable with this reactive species.

We envisioned that the formation of ylides starting from 4-
membered ring heterocycles should provide achiral free ylide
intermediates, or ylide intermediates bearing a stereochemical
information in the proximity of the ylidic bond and may thus
serve as a tool to study differences in the reactivity of oxygen vs.
sulfur ylides and to obtain evidence on the underlying reaction
mechanism. Against this background, the rearrangement reac-
tion of 4-membered ring heterocycles9 under photochemical,
metal-free conditions is highly desirable as it provides an
experimental probe to elucidate the reaction mechanism of
rearrangement reactions. Combining these experimental nd-
ings with DFT calculations on this transformation would
provide important insight into the reaction mechanism of
photochemical Stevens rearrangements and allow the identi-
cation of differences between oxygen and sulfur ylides. More-
over, it opens up a pathway to selectively yield 5-membered,
saturated heterocycles in an expeditious fashion without over-
reaction to larger ring sizes.9–11 This approach would streamline
currently available multi-step protocols for tetrahydrofuran
synthesis following a de novo 2-step photochemical synthetic
strategy via Paternò Büchi and consecutive ring expansion
reaction (Scheme 1).
Results and discussion

We thus set out our investigations by studying the reaction of
3,3-dimethyl oxetane (4a) with methyl phenyldiazoacetate 5a
under metal-free photochemical conditions and aer a short
optimization the tetrahydrofuran product 6a was obtained in
Chem. Sci., 2019, 10, 10129–10134 | 10129
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Scheme 1 Photochemical ring expansion reactions.
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excellent isolated yield; the best yield was obtained when using
chloroform as solvent (Table 1, entry 2 and Table S1 in ESI†).12

Not even trace amounts of further ring-expanded products, such
as pyran or oxepane were observed. Importantly, when carrying
out the reaction in the absence of light, no reaction was
observed (Table 1, entry 3). When studying the parent oxetane
and thietane heterocycles, the respective ring expanded prod-
ucts were obtained in good yields. Importantly, for the parent
unsubstituted heterocycles the crude reaction mixture was
treated with KMnO4 for oxetane or Br2 for thietane to remove
alkene by-products resulting from ring opening reactions of the
heterocycle.12,13 The importance of light mediated carbene
transfer reactions is highlighted in studies using Rh2(OAc)4 as
catalyst, which provided the ring-expansion products 6a and 8a
in decreased yield, while for 7a a similar yield was observed.

In further studies, we examined the general applicability of
this transformation and studied different 4-membered ring
heterocycles as well as different diazoesters. In general, the
substitution pattern of the aromatic ring of the diazoester had
only little inuence on the ring expansion reaction of 3,3-
dimethyloxetane, oxetane and thietane and in all cases the
desired products (Scheme 2, 6–18) were isolated in high yields.
Investigations on different acceptor groups of the diazoalkane
reaction partner revealed that the nitrile group was well toler-
ated (6e), while the corresponding triuoromethyl substituted
diazoalkane only underwent a decomposition reaction.

Notably, unsymmetrically substituted oxetanes gave the ring
expansion product in a 1 : 1 mixture of both diastereoisomers
(10–15). This 1 : 1 mixture can be explained by an unselective
ylide formation due to missing side-differentiation by the
remote substituents leading to two diastereomeric ylides and
thus the reaction product is generated as a 1 : 1 mixture of both
diastereoisomers. To showcase the potential in functionaliza-
tion of drugs or drug-like molecules, we investigated more
10130 | Chem. Sci., 2019, 10, 10129–10134
complex oxetane heterocycles. The estrone derived furan 17 was
obtained in good yield as a single diastereoisomer. Despite
multiple ether functional groups, the PEG-ylated furan 16 was
obtained in a diastereoselective ring expansion in good yield.
This PEG-ylation is a common strategy to prevent drugs from
entering the central nervous system and thus prevent centrally
mediated side effects.14 We also investigated the ring expansion
of a spirocyclic oxetane that allows a high-yielding, unprece-
dented, access to rare 6-oxa-2-azaspiro[3.4]octane building
blocks (18) that nd applications as herbicides15a or S1P
modulating agents.15b Limitations of the present methodology
lie within amines (19) and free alcohols (22) that smoothly react
under ylide formation and subsequent Stevens rearrangement
(21) or cyclization (24).

Next, we studied the photochemical ring expansion reaction
of 2-phenyl oxetane with aryl diazoesters. This reaction pro-
ceeded in good to very good yields and gave exclusive formation
of the cis-2,2,3-trisubstituted furan heterocycle as the major
product (d.r. > 20 : 1, Scheme 3a, 25a–i). The high diaster-
eoselectivity of this rearrangement can be rationalized by dia-
stereoselective ylide formation followed by a stereospecic
rearrangement reaction that leads to the cis-substituted 5-
membered ring heterocycle. In this context, we also studied
different 2-phenyl substituted oxygen containing heterocycles,
yet no ring expansion was observed when using an epoxide,
tetrahydrofuran or pyran heterocycle.

Encouraged by the above observation, we set out to study the
reaction of chiral phenyldiazoacetates to render this process
diastereoselective and to enable an auxiliary-mediated stereo-
selective formation of the 5-membered heterocycles. In this
context, we investigated chiral phenyldiazoacetates, based on
(�)-borneol and (�)-menthol in the reaction with 3,3-dimethy-
loxetane. While only little selectivity was observed using the
borneol derived phenyldiazoester (29), almost exclusive forma-
tion of furan 30 (d.r. > 20 : 1) was observed when using the
(�)-menthol derived diazoester. This outcome can be rational-
ized by a highly diastereoselective ylide formation (33), which is
a result of steric shielding of one face of the carbene by the iso-
propyl group of the chiral auxiliary. Similarly, 2-phenyl oxetane
underwent a highly diastereoselective ring expansion reaction
with (�)-menthyl phenyldiazoacetate to yield 31 essentially as
a single isomer via 32 (Scheme 3c). In contrast to oxetane
heterocycles, thietanes did not undergo diastereoselective ring
expansion reactions. 2-Phenyl thietane underwent a chemo-
selective ring expansion reaction to yield the 2,2,3-trisubstituted
thiolane, yet only little diastereoselectivity was observed (37, d.r.
1 : 1). Notably, in the case of 2-phenyl oxetane and 2-phenyl
thietane oxidative workup procedures had to be performed to
remove ring-opened by-products.

Similarly, only a minor chiral induction was detected when
using (�)-menthyl phenyldiazoacetate (Scheme 3d, 38).
Intrigued by the high efficiency of this ring expansion reaction,
we looked into reactions involving multiple carbene transfer
events, which nd only rare examples in the literature.16 For this
purpose, we studied the reaction of methyl phenyldiazoacetate
5a with bis-oxetane 34 in a consecutive two-step protocol and
a one-pot protocol. Indeed, we could obtain the product of
This journal is © The Royal Society of Chemistry 2019
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Table 1 Reaction Optimization

Entrya Reaction conditions Solvent X, R Yieldb (%)

1 470 nm DCM O, Me (4a) 71 (6a)
2 470 nm CHCl3 O, Me (4a) 93 (6a)
3c Dark reaction CHCl3 O, Me (4a) No reaction
4d 470 nm CHCl3 O, Me (4a) 68 (6a)
5e 470 nm CHCl3 O, H (4b) 70 (7a)
6f 470 nm CHCl3 S, H (4c) 73 (8a)
7 Rh2(OAc)4 (1 mol%) CHCl3 O, Me (4a) 43 (6a)
8e Rh2(OAc)4 (1 mol%) CHCl3 O, H (4b) 61 (7a)
9f Rh2(OAc)4 (1 mol%) CHCl3 S, H (4c) 55 (8a)

a Reaction conditions: 4a–c (0.4 mmol, 2.0 eq.) was dissolved in 1.0 mL of solvent and 5a (0.2 mmol, 1.0 eq.) was added by syringe pump over
a period of 2 h and then stirred for another hour while irradiating with blue LEDs (3 W, 470 nm). b Yields refer to isolated products. c Reaction
in the dark. d Reaction with 1.0 eq. 4a and 2.0 eq. 5a. e The reaction mixture was treated with aq. KMnO4 aer completion of the reaction. f The
reaction mixture was treated with Br2 aer completion of the reaction.
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a single carbene transfer (35, 57%) when subjecting 5a with 2
eq. of 34 without formation of the double ring expanded
product. In a second, consecutive ring expansion the bis-
tetrahydrofuran 36 was obtained in good yield (72%). When
Scheme 2 Substrate scope, applications for drug discovery and limitation
methyl ester. Reaction conditions: oxetane/thietane (0.4 mmol, 2.0 eq.)
was added by syringe pump over a period of 2 h and then stirred for ano
isolated products. bTreatment with aq. KMnO4 after completion of the r

This journal is © The Royal Society of Chemistry 2019
subjecting 34 with an excess of diazoalkane (4 eq.) we could
obtain exclusively the double ring expanded product 36 in 46%
yield; in both cases only the meso-isomer was obtained in
a highly stereoselective manner (Scheme 3b).
s of the photochemical ring expansion reaction. aEthyl ester instead of
was dissolved in 1.0 mL of solvent and diazoalkane (0.2 mmol, 1.0 eq.)
ther hour while irradiating with blue LEDs (3 W, 470 nm). Yields refer to
eaction. cTreatment with Br2 after completion of the reaction.

Chem. Sci., 2019, 10, 10129–10134 | 10131
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Scheme 3 Diastereoselective ring expansion of 2-phenyl oxetane and 2-phenyl thietane and investigations on other oxygen-containing
heterocycles: (a) substrate scope of aryldiazoacetates; (b) multi-carbene transfer reactions for the synthesis of bis-tetrahydrofurans; (c) ring
expansion reactions with chiral diazoesters; (d) reactions of thietanes; (e) de novo photochemical synthesis of tetrahydrofurans. aTreatment with
aq. KMnO4 after completion of the reaction. bTreatment with Br2 after completion of the reaction.
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The synthesis of oxetane heterocycles might pose a chal-
lenge, for broader applications of this ring expansion reaction,
due to its lengthy and tedious synthesis.17 To overcome this
challenge, we studied a two-step approach towards furan
heterocycles via UV-light mediated Paternò–Büchi reaction of
benzaldehyde and styrene to yield in a rst photochemical
reaction the oxetane heterocycle 41 in moderate yield. When
subjecting 41 to the ring expansion reaction, we obtained the
tetra-substituted tetrahydrofuran 42 as a single diastereoisomer
and could thus showcase a convenient de novo synthesis of
substituted tetrahydrofuran heterocycles from cheap
commodity chemicals (Scheme 3e).

For a better understanding of the underlying reaction
mechanism, we explored different mechanistic pathways of this
ring expansion reaction by DFT calculations at the
SMD(chloroform)/(U)B3LYP/6-311+G(d,p)//SMD(chloroform)/
(U)B3LYP/6-31G(d) level. With regards to the blue-light-induced
carbene transfer reactions, a free singlet carbene should be the
core intermediate that participates in downstream trans-
formations. Besides, for simplication of the calculations, we
began our calculations with the free singlet carbene 43 and
oxetane as the model substrates.8a,18 As shown in Scheme 4, the
initial step involves the facile formation of an ylide intermediate
INT1 via transition states TS1 with an activation free energy of
15.5 kcal mol�1. Then we have located three distinct pathways
to account for the formation of the product. Firstly, we have
considered a concerted [1,2]-sigmatropic rearrangement, which
seems as an unfavorable pathway with a high energy barrier of
34.0 kcal mol�1 via transition state TScon2 (Scheme 4a, red).
Secondly, we considered a heterolytic cleavage of the C–O bond,
which would result in a stepwise, ionic process to give the nal
10132 | Chem. Sci., 2019, 10, 10129–10134
product. Yet, all attempts in locating a suitable transition state
led to other unfavorable transition states, which do not account
for product formation (for details, see Fig. S4†).12

Finally, we have located the transition state TSrad2 of the
homolytic dissociation of the C–O bond, which requires an
activation free energy of only 6.8 kcal mol�1. The generated
intermediate INT2 is a diradical species, which undergoes an
intramolecular radical–radical coupling and leads to the exer-
gonic formation of the nal tetrahydrofuran derivative via an
early transition state TS3 with an activation energy of
4.2 kcal mol�1 (Scheme 4a, black).5

Furthermore, we have considered the selectivity of the Stevens
rearrangement of methyl phenyldiazoacetate 5a with 2-phenyl-
oxetane and 2-phenylthietane.12 The detailed potential energy
surfaces are given in the ESI.† For the nal radical–radical
coupling step, we were able to locate two facile transition states
TSPh3 and TSPh30 in the case of the reaction of 5a with 2-phe-
nyloxetane (Scheme 4). The calculated results suggest that TSPh3
(the two phenyl groups in trans position) is favored by
1.7 kcal mol�1 compared to TSPh30 (the two phenyl groups in cis
position), and implies that the predicted diastereomeric ratio of
this process is about 18 : 1 at room temperature, which is
consistent with the experimental ndings (20 : 1). However, in
the reaction of 5a with 2-phenyl thietane, transition states TSthi3
and TSthi30 are very close in energy, which indicates cis-37 and
trans-37 should have similar reaction yields, which is in agree-
ment with the experimental results (d.r. ¼ 1 : 1). This selectivity
difference results from the transition state TSPh30 that suffers
steric repulsion between internal hydrogen atoms (the corre-
sponding H/H distance is 2.20 Å, within the sum of van der
Waals radii).19 In contrast, the transition state TSthi30 reduces the
This journal is © The Royal Society of Chemistry 2019
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Scheme 4 (a) Potential energy surface and 3D structures of key species of this ring expansion reaction. The bond lengths in the structures at the
bottom are given in Å. (b) DFT calculated 3D structures of intramolecular coupling transition states of this ring expansion reaction. The bond
lengths in the structures at the bottom are given in Å.
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steric repulsion due to the longer length of C–S bonds (1.86 Å and
1.76 Å) compared to C–O bonds (1.45 Å and 1.35 Å) in TSPh30.
Conclusions

In summary, we herein report on a simple photochemical carbene
transfer protocol that allows the diastereoselective synthesis of
valuable tetrahydrofuran and thiolane heterocycles via ylide
mediated ring expansion reactions of oxetane heterocycles,
includingmulti-carbene transfer reactions for the synthesis of bis-
oxetanes (61 examples, up to 96% yield, up to >20 : 1 d.r.). We
have demonstrated a two-step, photochemical approach via
Paternò–Büchi reaction and subsequent ring expansion that now
enables a simple, photochemical de novo access of tetrahydro-
furan heterocycles. Moreover, mechanistic studies based on DFT
calculations revealed that the reaction mechanism of both oxo-
nium and sulfur ylide mediated ring expansion reactions proceed
via a diradical pathway. Based on this strategy more applications
towards the synthesis of 5-membered rings, multi-carbene trans-
fer reactions and telescoped synthetic methodology are expected.
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