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non-aromatic heterocycles with
handles: 4-bromo-2,3-dihydrofurans from 1,2-
dibromohomoallylic alcohols†

Jason An, Jose Intano, Jr., Alissa Richard, Taehyun Kim, José A. Gascón *
and Amy R. Howell *

The first general preparation of 4-bromo-2,3-dihydrofurans is reported. These non-aromatic heterocycles

containing a useful coupling handle are accessed via Cu-catalyzed intramolecular cyclization of 1,2-

dibromohomoallylic alcohols, which are themselves available in just two steps from aromatic and

aliphatic aldehydes and ketones. Molecular dynamics simulations using the simple substrates and key

geometric parameters provide a rationale for the selectivities observed. The synthetic utility of the 4-

bromodihydrofurans is also demonstrated.
Introduction

Non-aromatic heterocycles are ubiquitous in nature and widely
targeted in synthetic methodology development.1,2 While the
ability to diversify aromatic heterocycles has exploded with the
development of a range of cross coupling methodologies
exploiting aromatic heterocycles with reactive handles,3–8 ready
access to non-aromatic heterocycles with such handles is lack-
ing. We have been interested in functionalized non-aromatic
heterocycles that can be used as templates for diversication.
For example, we have shown that a-methylene-b-lactones 1
undergo cross-metathesis or rhodium catalysed conjugate
addition, making them scaffolds with broad utility (Fig. 1A).9–11

It occurred to us that the cyclization of 1,2-dibromohomoallylic
alcohols 2 had the potential to provide either 4-bromo-2,3-
dihydrofurans 3 or 2-bromomethyleneoxetanes 4 (Fig. 1B).
While either outcome would satisfy our interest in diversiable
scaffolds, the utility of this method would be best served by
selectivity in the cyclization.

Metal-mediated intramolecular reactions using vinylhalides
have been used to prepare oxetanes.12 Intramolecular prepara-
tions of dihydrofurans have largely been limited to the cycliza-
tion of aryl halides to give dihydrobenzofurans.13,14 These
approaches, however, do not inherently provide a handle for
diversication subsequent to cyclization. Geminal dibromides
have been used extensively in the preparation of benzofurans.15

Although the cyclized products have a handle, the products are
almost exclusively aromatic heterocycles; our interest is in non-
necticut, Storrs, CT 06269, USA. E-mail:
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the Royal Society of Chemistry
aromatic heterocycles. To our knowledge, there is no literature
precedent using vicinal dihalides (as in 2). We anticipated that
the presence of two halogens on the double bond would impact
selectivity and yields (due to more competing potential
outcomes). Herein we report the results of our exploration of the
cyclization of 1,2-dibromohomoallylic alcohols and computa-
tional studies to understand the selectivities observed.

Results and discussion

The initially investigated dibromoalkenol 2a was prepared in
two steps, propargylation and dibromination (vide infra), from
benzaldehyde. It was treated with CuI under typical conditions14

for Ullmann-type cyclizations (Table 1, entry 1) and gave mainly
one product in 60% isolated yield. Proton/carbon NMR experi-
ments conrmed that it was dihydrofuran 3a. This result was
important because there are no literature reports of a general
preparation of 4-bromo-2,3-dihydrofurans. Such systems would
Fig. 1 Non-aromatic heterocycles with handles: (A) a-methylene-b-
lactones 1 can be used to access diverse b-lactone motifs; (B) 1,2-
dibromohomoallyic alcohols could provide non-aromatic heterocy-
cles 3 and/or 4 with a handle for functionalization.
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Table 1 Optimization of Cu(I)-catalyzed cyclization of 2a

Entry La, base (equiv.) Solvent Convb (yield)c

1d A, Cs2CO3 (2) CH3CN 86 (60)
2e A, Cs2CO3 (2) CH3CN 66
3f A, Cs2CO3 (2) CH3CN 100 (76)
4f,g A, Cs2CO3 (2) CH3CN 49
5f A, Cs2CO3 (1.2) CH3CN 100 (80)
6f A, Cs2CO3 (1.2) MeNO2 0
7f A, Cs2CO3 (1.2) DMF 29
8f A, Cs2CO3 (1.2) THF 100 (69)
9f B, Cs2CO3 (1.2) CH3CN 75
10f C, Cs2CO3 (1.2) CH3CN 12
11f D, Cs2CO3 (1.2) CH3CN 61
12f A, NaOtBu (1.2) CH3CN 58
13f A, TMSOK (1.2) CH3CN 22
14f No L, Cs2CO3 (1.2) CH3CN 12
15f No Cu/L, Cs2CO3 (1.2) CH3CN 0

a Ligands (L): A ¼ 1,10-phenanthroline; B ¼ L-proline; C ¼ BINOL; D ¼
BINAP. b Conversion was estimated from 1H NMR and is based on
relative amounts of starting material and dihydrofuran. c Isolated
yield of 3a. d Concentration of 2a ¼ 0.1 M; reaction time ¼ 8 h.
e Concentration of 2a ¼ 0.05 M; reaction time ¼ 8 h. f Concentration
of 2a ¼ 0.05 M; reaction time ¼ 16 h for entries 3–15. g CuBr
(10 mol%) rather than CuI.

Table 2 Dibromination of homopropargyl alcohols 5 and subsequent
Ullmann-type cyclization of 2

Compound R R0
Yield of
2 Yield of 3d Yield of 3c

a Ph H 89 78a 88
b p-Toly H 78 86a

c 4-t-BuPh H 89 74a 87
d 4-FPh H 86 67a 62
e 4-CF3Ph H 82 69a

f CH3(CH2)8CH2 H 85 63b 70
g Cyclohexyl H 80 65b 57
h PhCH2CH2 H 84 72b 74
i PhCH2OCH2 H 25 82b

j Ph CH3 85 79a

k CH3(CH2)7CH2 CH3 86 74b

l 85 68b 52

m 69 67b

n 61 80b 88

a Procedure A: CuI (10 mol%), 1,10-phenanthroline (20 mol%), Cs2CO3
(1.2 equiv.), CH3CN, 80 �C, 16 h, concentration ¼ 0.05 M. b Procedure B:
CuI (10 mol%), 1,10-phenanthroline (20 mol%), Cs2CO3 (1.2 equiv.), 1,4-
dioxane, 115 �C, 16 h, concentration ¼ 0.05 M. c Procedure C: CuBr
(10 mol%), 1,10-phenanthroline (20 mol%), Cs2CO3 (1.2 equiv.), 1,4-
dioxane, 115 �C, 16 h, concentration ¼ 0.05 M. d 2a–n cyclized with
procedure A or B contained 1–11% of the corresponding inseparable
iodide 6 (see discussion and ESI). Yields are based on just bromide 3.
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be valuable for coupling reactions, leading to functionalized
dihydrofurans. Our rst goals were to optimize the trans-
formation, then explore its scope. If the 5-endo-cyclization was
general, a related goal was to understand the preference for the
formation of bromodihydrofurans 3 over bromomethyleneox-
etanes 4.

Although the initial isolated yield was reasonable (Table 1,
entry 1), several byproducts were observed in the crude 1H NMR
spectrum. We anticipated that variations described in the
literature for intramolecular Ullmann-type coupling would lead
to improved yields.14 Decreasing the concentration (entry 2)
gave a cleaner reaction, but lower conversion. Doubling the
reaction time resulted in complete conversion (entry 3). CuBr
promoted clean formation of 3a, but the conversion was
signicantly lower over the same time period (entry 4).
Decreasing the base loading did not substantially change the
outcome for 2a (entry 5), but it was found to be critical for
ketone-derived substrates (e.g. 2j, Table 2), where the higher
base loading gave considerable return of initial ketone.
Changing the solvent (entries 6–8), the ligand (entries 9–11) and
the base (entries 12–13) did not improve the outcome. While
a little product was formed without the ligand (entry 14), no
conversion occurred without CuI (entry 15). Overall, the best
yield for the preparation of 2a resulted from the conditions
shown in entry 5 (Table 1).

In order to examine the scope of the cyclization, additional
dibromoalkenes 2b–n were prepared. This was achieved in two
straightforward and efficient steps. Homopropargyl alcohols 5
10348 | Chem. Sci., 2021, 12, 10347–10353
were readily prepared by zinc-mediated propargylation of the
corresponding aldehydes and ketones.16 These were efficiently
converted to E-dibromoalkenes 2 by treatment with CuBr2 in the
presence of activated molecular sieves.17 Of note, these latter
conditions were incompatible with highly electron rich
aromatic compounds (e.g., p-MeOPh, thiophene).

The dibromoalkenes 2b–e, derived from aromatic aldehydes,
were converted in very good yields to the corresponding 4-bro-
modihydrofurans 3b–e (Table 2) under the conditions opti-
mized for 2a (procedure A). In contrast, for dibromoalkene 2f,
which came from undecanal, procedure A provided only 37%
yield of 3f. Although heating in acetonitrile at 80 �C for a longer
period improved the conversion, a better outcome was realized
by switching to 1,4-dioxane (oil bath temperature 115 �C). Using
dioxane, 4-bromodihydrofurans 3f–i were prepared in very good
yields (procedure B, Table 2). With the exception of dibromide
2j, which cyclized efficiently under the milder conditions of
procedure A (Table 2), dibromoalkenes (2k–m) derived from
ketones also cyclized with improved yields when reuxing
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Ratio of 4-bromodihydrofurans 3 to 2-bromomethyleneox-
etanes 4 in cyclizations of homopropargylic alcohols derived from
aliphatic aldehydes/ketones.

Scheme 1 Cyclization of internal dibromoalkene 7 and of a dibro-
moalkene (10) with allylic substitution.
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dioxane was used. Ketone derived 2l and 2m provided inter-
esting spirocyclic bromodihydrofurans 3l and 3m while alcohol
3n, prepared in two steps from cyclohexane oxide, gave fused
bromodihyrofuran 3n (see Fig. 2). Overall, a wide range of easily
accessible trans-vinyldibromides was converted to 4-bromodi-
hydrofurans in very good to excellent yields.

Analysis of the 1H NMRs of spirocyclic furans 3l and 3m led
to an interesting observation. For both compounds there was
a small doublet just upeld from the doublet for the allylic CH2.
Assuming this might be an allylic signal of a related compound,
the integration for this unknown product represented �5–10%
yield in comparison to 3l or 3m. Distinct or shadow peaks in the
13C NMR spectra conrmed the presence of a related product.
Attempts to separate this impurity were unsuccessful. Exami-
nation of the 1H NMR spectra of other dihydrofurans 3 showed
at least hints of upeld allylic proton peaks in all of them. A
combination of the similarity of the NMR spectra and a faint
pink tinge in NMR solutions that had set for some time led us to
suspect that 4-bromo-2,3-dihydrofurans 3l and 3m contained 4-
iododihydrofurans 6l and 6m. This was conrmed by GC/MS,
which showed that all of the dihydrofurans contained some of
the corresponding iodides (from 1–11% – see ESI† for details).
The yields of 3 given in Table 2 are for just the bromides. It is
noteworthy that the attractiveness of the bromide lies in its
utility as a handle for subsequent coupling transformations,
and the iodides would be as or more reactive.

The fact that every 4-bromodihydrofuran prepared contained
at least some of the corresponding iodide 6 led us to reconsider
CuBr as a catalyst, although we had abandoned it because of the
slower conversion to product (Table 1, entry 4). When dibro-
mide 2a was heated in dioxane containing CuBr (10 mol%),
1,10-phenanthroline (20 mol%) and Cs2CO3 (1.2 equiv.)
(procedure C, Table 2, last column), 4-bromodihydrofuran 3a
was isolated in 88% yield. Gratifyingly, dibromides derived
from both aliphatic and aromatic aldehyde precursors could be
cyclized with yields similar to those realized with the CuI (Table
2, column 5).
© 2021 The Author(s). Published by the Royal Society of Chemistry
We decided to see if the cyclization strategy could be
extended to an internal dibromoalkene and one with substitu-
ents on the allylic carbon; so compounds 7 and 10 were
prepared (see ESI†). For internal alkene 7, both procedures A
and B (Table 2) resulted only in recovery of the starting material.
However, when alkene 7 was treated with CuI (20 mol%) in the
presence of Cs2CO3 (2 equiv.) without ligand in dioxane (oil
bath temperature 115 �C), 1H NMR showed starting material
(�50%) and two products, formed in an approximately 1 : 1
ratio. Through NMR experiments we deduced that one of the
products was 2-bromomethyleneoxetane 8; the other was the
expected bromodihydrofuran 9. In a related outcome, dibro-
moalkene 10 gave oxetane 11 and dihydrofuran 12, also in an
approximately 1 : 1 ratio. Interestingly, the combined yield of
11/12 was only 24% with some starting material remaining
under procedure A (Table 1). Moreover, the crude 1H NMR was
unusually messy. In contrast, with procedure C the combined
yield of the two products (11 : 12 ratio of 42 : 58) was 73%, and
the crude 1H NMR showed only the two products. The outcomes
with 7 and 10 were signicant in that they showed that the
preferential, and seemingly exclusive, formation of 5-endo
products was not straightforward.

The fact that 1H NMR chemical shis for bromomethyle-
neoxetanes 8 and 11 were generally downeld from those of
dihydrofurans 9 and 12 led us to recall earlier observations.
Crude 1H NMRs for the cyclizations of aliphatic systems 2f–h
and 2k–n had shown varying amounts of a proton signal
downeld from that of C2 of the dihydrofurans (see Scheme 1
for numbering). These byproducts were not seen in any frac-
tions from the columns. It occurred to us that this signal could
be associated with 2-bromomethyleneoxetanes 4. Our own
experience had shown that 2-methyleneoxetanes are generally
unstable to normal ash silica gel.18 Running the reactions of
2f–h and 2k–n again, followed by purication on deactivated
silica, providedmixtures that contained dihydrofurans 3f–h and
3k–n and the products associated with the signal appearing
downeld from the C2 signal of bromodihydrofurans 3. In the
case of the cyclization of 2h, running a second column on
deactivated silica provided a clean sample of 4h (see Fig. 2 and
ESI†). The isolation of 4h and 8 and 11 and comparison of their
NMR spectra with those of the mixtures isolated from deacti-
vated silica conrmed that varying amounts of brominated
methyleneoxetanes 4f–h and 4k–n were being formed as minor
products, along with dihydrofurans 3f–h and 3k–n. It should be
stressed that the yields in Table 2 for the formation of 3
Chem. Sci., 2021, 12, 10347–10353 | 10349
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Scheme 2 Competition studies.

Fig. 3 Electrostatic potential map of 2a showing ESP charges on O
and Br atoms.
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accurately reect those for the dihydrofurans, as bromomethy-
leneoxetanes 4f–h and 4k–n were destroyed on untreated silica.
No bromomethyleneoxetanes were seen in the cyclizations of
benzylic alcohols 2a–e and 2j or 2i. The ratios of dihydrofuran to
oxetane in the cyclizations of 2f–h and 2k–n (based on crude 1H
NMR) are shown in Fig. 2. Taken together, the results with 7 and
10 and with the aliphatic systems 2f–h and 2k–n made us
wonder if there is an inherent difference in 4-exo vs. 5-endo-
selectivity with these CuI/CuBr promoted reactions.

Fang and Li had conducted selectivity studies in their report
on the preparation of 2-methyleneoxetanes by Cu-mediated
cyclization of vinyl bromides.12 In their study, alcohols were
prepared that had two bromoalkene moieties that allowed for
competing product formation via 4-exo- or 5-exo-modes (see 13,
Scheme 2) or 4-exo- or 6-exo-modes (see 15). Only the 4-exo-
products 14 and 16 were isolated. Dienol 15, which allowed for
4-exo- or 6-endo-product formation, also gave exclusively 4-exo-
product (18). However, a 4-exo- vs. 5-endo-competition experi-
ment was not reported. We prepared 19 (see ESI†), and with
procedure A (Table 2), complete consumption of the starting
material was observed with conversion to both 4-exo-18 and 5-
endo-19 (in a 1 : 1 ratio based on crude 1H NMR). Thus, there is
no inherent preference for the formation of 5-endo- over a 4-exo-
product in a direct competition. Why, then, are we observing
either exclusive or major formation of 5-endo products with 1,2-
dibromoalkenes 2 (but not with 7 and 10)?

It was tempting to view the preference for the formation of 5-
endo-product as being a result of an electronic effect associated
with vicinal 1,2-dibromoalkenes in comparison to the mono-
bromo alkenes shown in Scheme 2. We investigated whether
there could be any difference in the electron distribution
around the proximal Br (BrP) atom (proximal to O) and the distal
Br (BrD) atom (distal to O) (see Fig. 4 for labeling) that could
affect selectivity. Fig. 3 shows the electrostatic maps of 2a at its
global energy minimum conformation, derived via a combina-
tion of force eld conformational search and Density Func-
tional Theory (DFT). The electrostatic potential charges (ESP) on
the Br atoms are a very small fraction of the unit electron
charge. They are an order of magnitude smaller than the charge
on the oxygen atom and very similar to each other. Moreover, at
10350 | Chem. Sci., 2021, 12, 10347–10353
nite temperature, we expect the two Br atoms to be electro-
statically indistinguishable, ruling out any electronic origin
affecting selectivity.

Considering Li's work and ours, it has been shown experi-
mentally that Cu, presumably “guided” by its interaction with
the alcohol oxygen, promotes the formation of 4-exo and/or 5-
endo products. In the 4-exo outcome, the Cu complex undergoes
oxidative addition of the proximal C–Br (see Fig. 4), while for the
5-endo product oxidative addition occurs with the distal C–Br.
The question is: what controls selectivity? From mechanistic
studies on related systems, we assume that Cu (ligated with
phenanthroline in most of the cases we consider) rst coordi-
nates to oxygen.19,20 Once this occurs, we hypothesize that
oxidative addition would, in general, occur with the Br atom
(taking into account a dynamical average) that is at an optimal
distance to the oxygen atom. If that distance is too large the
reaction will not occur. If such distance is too short, this will
hinder the activation by Cu. To test this hypothesis and to
address the impact of conformation and distance, we selected
ve representative compounds (13, 19, 2a, 7, 2k) that produce 4-
and 5-member rings to various extents. Since these molecules
exhibit several rotatable bonds, modeling conformational ex-
ibility via molecular dynamics (MD) is of key importance. Such
MD simulations should be at least a few orders of magnitude
longer than the slowest vibrational modes, which are typically of
the order of 1 ps. Thus, we performed a 10 ns MD simulation at
80 �C for all of these compounds, explicitly solvated by aceto-
nitrile. Since for such time scales a quantum mechanical-based
MD would be prohibited, we carried out MD simulations using
the OPLS3e force eld. This recently developed force eld21

represents the largest concerted parameterization effort aimed
at organic molecules. In particular, it provides extensive
parameterization of valence and torsional terms. MD simula-
tions were carried out with Desmond, within the Schrodinger
2019-4 suite.22 It is also important to note that we made no
attempt to model the mechanism of Cu-phenanthroline
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Representative compounds (13, 19, 2a, 7, 2k) for which 4-exo and 5-endo products were experimentally observed. The second column
presents a correlation map between dP and dD (annotated on compound 13). The vertical and horizonal black lines correspond to the average
value of these two distances. The third column shows typical snapshots of high-density regions in the correlation map, marked up with P
(proximal) or D (distal). That is, these snapshots reflect the most abundant configuration that leads to either the oxidative addition of BrP or BrD,
and the subsequent formation of either 4-exo or 5-endo, respectively. The ratio x : y (in red) corresponds to the 4-exo : 5-endo ratio at 80 �C.
Areas marked with X correspond to non-reactive configurations.
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binding and oxidative addition. Instead, we simply probed
whether there could be intrinsic conformations that may alone
account for the observed selectivity.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Two key geometric parameters were monitored throughout
the MD simulation: dP and dD, as shown in the rst structure in
Fig. 4. Although there are other internal coordinates that may
Chem. Sci., 2021, 12, 10347–10353 | 10351
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Scheme 3 Preparation of patented pesticide precursor 3o.
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correlate with oxidative addition selectivity, we found that these
two alone presented a simple, qualitative correlation with the
outcome of the reactions. The vertical and horizontal lines in
the correlation maps correspond to the average of dP and dD,
respectively. For instance, for 13, there is a large density of
occurrence of short distances in dP (marked with the letter P)
and long distances in dD. Those conformations would allow for
ready oxidative addition of C–BrP, consistent with the experi-
mental observation of oxetane formation. Notice that high
density of distances also occurs in the upper right quadrant
(marked as X). However, these points correspond to non-
reactive conformations as both dP and dD are clearly too large.
A similar map can be observed for 19, except that now there are
noticeable patches of short dD distances and long dP distances
(marked as D). Remarkably, this is consistent with the observed
1 : 1 ratio in the outcome of the reaction. For 2a, the highest
density of reactive conformations occurs for short dD distances
and relatively long dP distances. As a consequence, C–BrP
becomes, on average, less accessible to the Cu-complex, and
oxidative addition involving C–BrD becomes more probable,
consistent with the formation of dihydrofuran 3a. Areas with
too short distances are also non-reactive. The distribution of
distances for 7 and 2k are similar to 2a in that the larger
occurrence corresponds to C–BrD selectivity, also consistent
with major formation of dihydrofuran. Interestingly, the maps
for 7 and 2k are similar to each other in that the proportion of
non-reactive conformations (X) is larger than the reactive
conformations. This is consistent with the low conversions we
observed for each of these in acetonitrile at 80 �C.

Using MD simulations on just the substrates is attractive in
its simplicity. In these cases, where electronic effects can be
ruled out and where the two products are likely to result from
the same basic pathways, the outcome of the molecular
mechanics simulations provides a useful framework for
thinking about altering the product distributions.

While the simulations did not include anything related to
the catalyst system, it is clear that Cu, its counterion, and the
ligand could all inuence conformation populations of dP and
dD. Although it is not completely straightforward to predict how
changes in the catalyst system will affect the balance of prod-
ucts, the understanding that conformation populations play
a critical role gave us a clue. For example, 2a under the condi-
tions of procedure A gives solely 3a. The result was the same
using CuBr, rather than CuI (procedure C). However, in the
absence of a ligand (all other conditions same as procedure C),
CuBr provided 3a : 4a in a 70 : 30 ratio. The reaction was slower
(3 d), but conversion to the two products was clean. Clearly, the
presence or absence of a ligand would impact conformational
populations. While the MD simulations with just the starting
alcohols did not in themselves reveal how altering the catalyst/
ligand would shi the outcome, they did importantly reveal
factors to explore.

To illustrate the utility of the 4-bromodihydrofuran prod-
ucts, 3a was coupled with phenyl boronic acid and 3b with
phenyl acetylene under standard conditions for the Suzuki–
Miyaura and Sonogashira reactions, respectively. Coupled
products 22 (61%) and 23 (74%) were isolated in good yields. We
10352 | Chem. Sci., 2021, 12, 10347–10353
also prepared 4-bromodihydrofuran 3o, an intermediate from
the patent literature used to prepare pesticides via subsequent
coupling reactions (Scheme 3).23 Our three step process from
commercial ketone provided 3o in 31% overall yield. The cata-
lysts and ligand used in the sequence are inexpensive and
relatively innocuous. The ve step route to such tri-
uoromethylaryl ketone derived 4-bromo-2,3-dihydrofurans re-
ported in the patent literature used a relatively expensive Rh
catalyst and ligand and required the use of an autoclave, Br2 and
CO. The straightforward preparation of 3o illustrates the utility
of this three step preparation of 4-bromodihydrofurans.
Conclusions

In conclusion, we have developed a straightforward, efficient
three step approach to 4-bromo-2,3-dihydrofurans from alde-
hydes and ketones. These dihydrofurans are usefully function-
alized for subsequent coupling reactions and potential
reduction of the alkene to provide tetrahydrofurans. The key
transformation involved the possibility of a 4-exo or 5-endo Cu(I)
catalyzed O-vinylation of a dibromoalkene in which the latter
cyclization predominated. On the other hand, direct competi-
tion with divinylalcohol 19, containing appropriately positioned
vinylbromide moieties, demonstrated that the 4-exo and 5-endo
modes were essentially equally likely to occur. An electronic
explanation for the preference for 5-endo products was ruled out
via a combination of force eld conformational search and DFT.
On the other hand, MD simulations, using just the alcohols and
based on two key geometric parameters, dP and dD, provided
a qualitative rationalization for product distributions between
oxetane and dihydrofuran with key representative compounds.
These experimental and computational studies have provided
important clues for understanding and inuencing these useful
Ullmann-type cyclizations.
Author contributions

J. A., J. I. and T. K. contributed to the experimental work; J. A. G.
and A. R. contributed to the computational work. J. A., J. A. G.
and A. R. H. contributed to ideation and writing of the paper.
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc01013a


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

1/
19

/2
02

4 
10

:2
8:

08
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Conflicts of interest

There are no conicts to declare.

References

1 J. Cornil, L. Gonnard, C. Bensoussan, A. Serra-Muns,
C. Gnamm, C. Commandeur, M. Commandeur,
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