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Abstract

Herein, we describe the synthesis of substituted oxepane derivatives through the skeletal
remodeling of 4-hydroxy-2-cyclobutenones, which are readily prepared from commercially
available dialkyl squarates upon their reaction with acrylonitrile. Mechanistically, a Rh(l)-
catalyzed C-C bond formation and cleavage cascade is proposed. Specifically, a fused [3.2.0]
bicycle is proposed to form from dialkyl squarate-derived cyclobutenols via an unusual Rh(l)-
catalyzed intermolecular oxa-Michael addition of a tertiary alcohol with acrylonitrile, followed
by an intramolecular conjugate addition/migratory insertion. Subsequent C(sp3)—C(sp3) bond
cleavage through a Rh-catalyzed B-carbon elimination is then theorized to furnish the oxepane
scaffold. Computational studies support the formation of an intermediate [3.2.0] bicycle but

also point to an alternative pathway for the formation of the oxepane products involving a

Rh(111) intermediate. Additional studies have shown the overall process to be stereoretentive. The
functional groups that are introduced in this process can be leveraged to form fused or bridged ring
systems.
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INTRODUCTION

The oxepane moiety is a structural motif that is found in natural products, including those
isolated from marine invertebrates such as mollusks, sponges, algae, and marine fungi
(Figure 1).1 Because of the diverse biological properties of oxepane-containing molecules,
including anticancer, antibacterial, and antifungal activities, synthetic strategies and methods
for preparing these seven-membered cyclic ethers continue to be sought.2 However, the
relatively high enthalpic and entropic barriers associated with the syntheses of these
medium-sized cyclic ethers through ring closure3 have made this a challenging endeavor

— especially when compared to the methods available for the syntheses of either five- or
six-membered cyclic ethers.

Broadly, strategies for building seven-membered cyclic ethers have included direct
cyclization* and ring expansion involving three-membered rings such as cyclopropanes

or epoxides.29:> Six-membered vinyl cycloalkanols® or cyclohexanones’ have also been
employed to construct the oxepane core through one-atom ring expansion. Notably, there are
no reported examples using four-membered carbocycles as precursors to seven-membered
oxacycles.

As part of our group’s ongoing interest in devising C-C bond cleaving methods to
access unique scaffolds, we envisioned an approach to the oxepane scaffold using squaric
acid derivative—specifically, 4-hydroxy-2-cyclobutenones, which can be readily prepared
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from organolithium addition to commercially available dialkyl squarates. Owing to their
inherent ring-strain and reactive enone moiety, cyclobutenones have served for almost

a century as valuable building blocks in chemical synthesis.8 The use of squaric acid
derivatives as substrates can be categorized into four major reaction manifolds (Scheme 1).
The 4 electrocyclic ring opening of squaric acid derivatives to generate reactive ketene
intermediates under photochemical or thermal conditions? is perhaps the best known of these
transformations. Diels—Alder cycloadditions of squarate derivatives with dienes, driven by
the release in ring strain, to provide fused cyclohexene productsl® have also been reported.
1,2- and 1,4-additions have also been investigated using various nucleophiles.®11 More
recently, reactions involving transition metal-catalyzed C—C bond cleavage to provide either
five- or four-membered metallocycles (following decarbonylation) that can be engaged in
subsequent [4 + 2] or [3 + 2] cycloadditions have been reported.8:12

We hypothesized that an alternative transformation of 4-hydroxy-2-cyclobutenones (1,
Figure 2) could be realized through transition-metal-catalyzed C—C bond cleavage by
leveraging both the peripheral hydroxy functional group and the enone double bond of

the cyclobutenone system. Specifically, we theorized that the hydroxy group of 1 could
undergo an oxa-Michael addition in the presence of an electron-deficient electrophile to
provide adduct 2, which would undergo an intramolecular conjugate addition or migratory
insertion into the enone moiety to provide fused [3.2.0] bicycle 3. Subsequent C-C bond
cleavage through B-carbon elimination would then furnish the oxepane scaffold (3 — 4,
Figure 2) poised for further reactivity of the metal enolate. Overall, this skeletal framework
remodeling approach would provide access to a diverse array of oxepane-derived products
from 4-hydroxy-2-cyclobutenones.

RESULTS AND DISCUSSION

Reaction Discovery and Optimization.

We commenced our studies using cyclobutenol 1a (Table 1), which was easily prepared by
1,2-addition of phenyllithium into dimethyl squarate. Several challenges were anticipated
with our proposed transformation. Specifically, oxa-Michael reactions are not general
because of their reversibility — as evidenced by the lack of precedent for the conjugate
addition of tertiary alcohols to electron-deficient alkenes.13

In a reaction of 1a with [Rh(cod)(OH)],, Xantphos, and excess acrylonitrilel* at 100

°C (Table 1, entry 1), the desired oxepane derivative 6a was observed, albeit in low

yield along with a significant amount of enone 5. This enone side product presumably
arises from a gB-carbon elimination from a Rhalkoxide generated from 1a that undergoes
cleavage of the C—C bond distal to the alkene prior to oxa-Michael addition followed by
protodecarbonylation.1> We observed higher yields of 6a at lower temperatures (entries 2-4),
with the highest yield observed at 40 °C (61% yield, entry 3). Remarkably, reaction at

room temperature resulted in only slightly diminished yields (51% yield, entry 4). Control
experiments revealed the importance of both the Rh precatalyst as well as the ligand, as no
reaction was observed in the absence of either component (entries 5, 6, and 8). Interestingly,
the reaction did proceed in the absence of base, providing 6a in only slightly lower yield
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(56% vyield, entry 7). Lower yields were also observed when 1,4-dioxane was used as the
solvent instead of toluene (entry 9) or at higher concentrations (entry 10).

With the exception of [Rh(cod)(OMe)], (Table 2, entry 2), no reaction was observed with
other Rh(I), Rh(ll), or Rh(I11) complexes (Table 2), pointing to the importance of not only
the oxidation state of Rh to the reaction but also the identity of the X-type ligand on the
starting Rh complex.

After screening various ligands, we found that, with few exceptions, most other ligands,
including other bidentate phosphine and Buchwald-type ligands, did not lead to product
formation (Table 3, entries 2-8). On the basis of the relative success we encountered

with Xantphos, we screened other Xantphos-type ligands (entries 9-11). Overall, we found
that the more electron-rich Cy-Xantphos and DEA-Xantphos ligands provided a modest
increase in yield. The addition of one equivalent of anhydrous Na,SQO4 further increased
the yield to provide the desired product in 80% yield (entry 11). This latter observation
suggested that water adversely affects reaction progress, and therefore, the use of a drying
agent is important for obtaining high yields (see the Supporting Information for a more
comprehensive base and drying agent screen). When Bu-Xantphos, which has the largest
bite angle of the Xantphos-type ligands we investigated, was employed as a ligand, only
the O-alkylation product (7) and the starting material (1a) were obtained, indicating that
the proposed migratory insertion into the enone moiety of the cyclobutenone may be
challenging in this case due to the increased steric repulsion around the metal center.

Different side products, such as fused [3.2.0] bicycle 8, the result of 1,4-addition of Rh
species 3 (see Scheme 2a) into acrylonitrile, were observed when cataCXium A was used as
the ligand. Furthermore, 5H-furanone 9 was obtained, presumably through a Rh-catalyzed
B-carbon elimination and subsequent isomerization (see Scheme 3) rather than through the
well-established 47 electrocyclic ring opening of cyclobutenones.®f Differences in reactivity
imparted by the ligands became more pronounced when the reactions were carried out in
the absence of acrylonitrile (Scheme 2b). For example, only isomerization of 1a to 10 was
observed when cataCXium A was used as the ligand. However, when DEA-Xantphos was
used as a ligand, mostly unreacted 1a was recovered along with a relatively small amount of
butenolide 10.

Scope of Oxepane Scaffold Formation.

With the optimized conditions in hand, we investigated the scope of the Rh(l)-catalyzed
formation of oxepane derivatives from a-hydroxy cyclobutenones (Table 4). Substrates with
various aromatic groups were prepared first to probe the effect of varying the electronics

on the arene. With electron-donating substituents on the arene, such as methyl (6b, 6c),
methoxy (6e), alkylthio (6f), trimethylsilyl (6i), and alkynyl (6j) functionalities, moderate
to good yields of the oxepane-based products were obtained. Electron-withdrawing groups
such as trifluoromethyl (6d) and various halides (6g, 6h) also had minimal influence on

the efficiency of the Rh-catalyzed ring expansion, with the corresponding oxepane-type
products isolated in comparable yield. The aryl chloride functional group (6h) presents
opportunities for further functionalization through subsequent cross-coupling reactions. The
oxepane-forming reaction also tolerated a wide range of heterocycles, including thiophene

J Org Chem. Author manuscript; available in PMC 2024 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ham et al.

Page 5

(6k), furan (6l), benzofuran (6m), isoquinoline (60), and indole (6p). However, the yield
resulting from an isoquinoline-containing substrate was low (see 60), most likely due

to the strong binding of the nitrogen lone pair to the metal center, which impedes the
transformation. Finally, alkyne-substituted oxepane derivative 6q could also be prepared
through the Rh(1)-catalyzed cascade reaction.

Interestingly, in the case of 2-pyridyl bearing cyclobutyl alcohol 1r (Scheme 3), we observed
butenolide 14 as the sole product. We propose that in this case (as in the formation of

11), the pyridine nitrogen lone-pair directly binds the acyl rhodium intermediate, likely
preventing the oxa-Michael addition that would lead to the oxepane core. Instead (see 11

— 13), isomerization via ketene intermediates ultimately leads to butenolide derivative 14
following a terminating addition of the Rh-enolate into acrylonitrile. Alternatively, migratory
insertion of acyl-Rh intermediate 11 into the carbonyl group® will lead to the same organo-
Rh intermediate that can be accessed from 13 en route to 14.

We have also investigated the substrate scope with respect to different C1 and C2
substituents on the a-hydroxy-cyclobutenone core of the starting material (Table 5).
Changing the methoxy groups to ethoxy or isopropoxy yielded products 6r and 6s, which
were each accompanied by fused [3.2.0] bicyclic compounds 15 and 16, respectively. It
appears that increasing the size of the alkoxy groups in these cases slows the rate of the
proposed B-carbon elimination (i.e., from the metal enolate intermediates corresponding
to 3, Figure 2). As a result, 1,4-addition with acrylonitrile occurs competitively with the
4,5-fused bicyclic metal enolate intermediate to give 15 or 16. We observed the epimeric
1,4-adduct (see 6s) as the major product from the isopropoxy-substituted substrate. In this
case, we propose that the developing stereocenter resulting from acrylonitrile addition is
dictated by the larger OPr group adopting a disposition to avoid a steric clash with the
phenyl group from the resident stereocenter. Alkyl substituents in place of the alkoxy groups
also yielded competent substrates for oxacycle synthesis (6t—6v).

Mechanistic Studies and Diversification of the Oxepane-Based Products.

We performed additional studies to gain insight into the mechanism of the reaction
(Scheme 4). First, we demonstrated that the first conjugate addition is not merely a
base-promoted process. Oxa-Michael products (7 or 18) were not observed from either
hydroxycyclobutenone 1a (Scheme 4a) or cyclobutanol 17 (Scheme 4b) using conditions
typically employed in oxa-Michael additions (e.g., with potassium fert-butoxide).139
However, applying our standard conditions provided the desired C-alkylation of 17 to form
18 in good yield. This result suggests that the Rh alkoxide is critical for oxa-Michael
addition.

In addition, we found that the reaction was sensitive to the steric environment of the
substrate. For example, using fert-butyl adduct 1x (Scheme 5a) as a substrate, only the
starting material was recovered. In this case, it is likely that O-alkylation did not occur due
to the high steric demand associated with Rh alkoxide formation. With zert-butoxy groups
at C1 and C2, only the oxa-Michael adduct (19) formed, demonstrating that migratory
insertion into the cyclobutenone is heavily influenced by the steric environment around C2
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(Scheme 5b). Indirect evidence for the generation of the ring-expansion intermediate (i.e., 4;
see Figure 2) could be found by using vinyl-substituted substrate 1z (Scheme 5c¢). Exo-olefin
22 was isolated along with O-alkylation adduct 20 and oxepane derivative 21 under the
reaction conditions, supporting the likely intermediacy of an 77 adduct (see 23) from the
a-alkyl rhodium intermediate. Reaction using enantioenriched 1u (99% ee) provided 6t

in 92% ee, showing that the overall transformation has a high level of chirality transfer
(Scheme 5d).

Resubjecting either 6a or epi-6a to the reaction conditions did not lead to epimerization,
indicating that the C—C bond-forming conjugate additions to acrylonitrile are likely
irreversible under the reaction conditions (Scheme 6).

To gain insight into the proposed mechanism and feasibility of the outlined transformations,
a detailed computational study based on density functional theory (DFT)17 was conducted,
as described in Figure 3, with Xantphos as the model ligand. First, a pathway involving the
experimentally observed [3.2.0] intermediate was explored. As previously described,1® the
reaction is likely initiated by the deprotonation of cyclobutanol 1a by the Rh—OH complex
(Figure S1, Al), releasing water as the byproduct and forming intermediate A4. This step is
calculated to be very facile and has an estimated barrier of only 1.7 kcal/mol. The envisioned
oxa-Michael addition is calculated to proceed via A4-TS at 18.4 kcal/mol and should also
readily occur under the reaction conditions.

In order to form the [3.2.0] intermediate, A5 was calculated to rearrange to A5’ via six-
membered metallacyclic transition state A5-TS’ (barrier of 25.4 kcal/mol) to first form

the [3.2.0] intermediate scaffold in B1. If the reaction were to proceed directly from A5,

a four-membered transition state with a high barrier of 44.0 kcal/mol would be required
(Figure S2, A5-TS”). Therefore, the nitrile group of acrylonitrile and the methoxy group
of squaric acid are both important for the success of this reaction. While formation of

the [3.2.0] fused-ring intermediate has a plausible calculated barrier, calculations show that
the subsequent C—C bond cleavage has an associated transition state, B4-TS, that has a
prohibitively high barrier of 36.3 kcal/mol.

Therefore, we explored an alternative pathway from A5. The C-C bond of the squarate
moiety can be oxidatively cleaved via A5-TS located at 26.0 kcal/mol, forming Rh(lll)
intermediate A6.18 Reductive elimination via A6-TS, should result in the Rh(1) oxidation
state, forming the oxepane-based scaffold in A7. Notably, A5-TS and A5-TS” are practically
isoenergetic at 26.0 and 25.4 kcal/mol, respectively, implying that both transformations
are possible and that the [3.2.0] intermediate from B1 can readily be accessed. When

we compare the overall barrier of the two pathways, however, the barrier associated with
the Rh(lll) intermediate is 32.0 kcal/mol, whereas the barrier associated with the pathway
involving the [3.2.0] intermediate is 36.3 kcal/mol. Thus, calculations suggest that the
experimentally observed [3.2.0] intermediate might be an intermediate of an unproductive
side pathway that does not lead to the final product. Other pathways, such as a conrotatory
47t electrocyclic ring-opening of Rh-enolate intermediates such as B3 are not possible
because of the unfavorable geometry of the resulting double bonds in the seven-membered
ring (Figure S4). Thus, although the barrier of 32.0 kcal/mol seems somewhat high, given
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the experimental conditions, the suggested mechanism was found to be the lowest path that
could be obtained from the DFT calculations.

We also investigated diversifying the oxepane derivatives accessible using this method

by leveraging the rich functionalities present in these products (Scheme 7). For instance,

the primary nitrile groups can be easily converted into esters (see oxepane 24) using
trimethylsilyl chloride in a Pinner reaction (Scheme 7a).13d Hydride reduction of 6a
proceeded smoothly to furnish alcohol 25 as a single diastereomer, which upon esterification
gave acetate 26 in good yield (Scheme 7b). Starting from ep/6a, diastereoselective hydride
reduction and chain-end ester formation provided 28, which participated in an acid-catalyzed
lactonization to form fused lactone 29 (Scheme 7c). Finally, allylic bromination with
concomitant nucleophilic engagement by the methoxy group provided the [3.2.1] bridged
compound 30 in a single step (Scheme 7d).

CONCLUSIONS

In summary, we report a new approach for the synthesis of seven-membered oxepane
derivatives starting from four-membered cyclobutenones accessible from squarate esters
using a transition metal-catalyzed skeletal remodeling approach. Key to the success of these
transformations is the use of [Rh(OH)(cod)], and DEA-Xantphos as the ligands. A relatively
wide range of 4-hydroxy-cyclobutenol precursors were easily prepared by Grignard addition
to commercially available dialkyl squarate. The overall transformation, which proceeds
with acrylonitrile as a coupling partner, is robust, and the conditions tolerate a wide range
of functional groups. The functional groups on the oxepane derivatives thus accessed set

the stage for diversification. For example, conversion into a 6,7-fused ring or a bridged
oxabicycle is readily achieved. Our initially proposed mechanism involves Rh(l)-catalyzed
intermolecular and intramolecular conjugate additions to form a fused [3.2.0] bicycle,
followed by ring expansion through C—C bond cleavage, and finally conjugate additions to
install two alkyl substituents. Several empirical and computational studies partially support
the initially proposed Rh(l)-catalyzed reaction pathway. However, calculations also suggest
an alternative for the formation of the oxepane-based products through a C-C bond-cleaved
Rh(I1) intermediate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Selected examples of bioactive natural products featuring derivatized oxepane scaffolds.
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Figure 2.
Proposed cascade conjugate addition/C—C bond cleavage approach to oxepane derivatives.
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Free energy profile of the proposed mechanism.
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Some Established Transformations of the Squaric Acid-Derived Cyclobutenone Scaffold

J Org Chem. Author manuscript; available in PMC 2024 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ham et al.

[Rh(OH){(cod)], (10 mol %) CN
cataCXium A (25 mol %) J/ CN
. . O Ph CN
OH
MeO. acrylonitrile (3.5 equiv) [o)
Ph  KoCOj (1.5 equiv) MeO, Ph MeO PhMeO
- MeO—| | o
Toluene (0.1 M) (o}
1a 7 8 9
22% 25% 24%
b.
Meo. ©OH [Rh(OH)(cod)l, (10 mol %) Ph Meo. OH
)Etph K,COj (1.5 equiv) MeO Ph
o | o
Toluene (0.1 M)
MeO (¢} MeQ MeO’ (o}
[o]
1a 10 1a

cataCXium A (60 °C) 48% nd

DEA-Xantphos (60 °C) 1% 71%

DEA-Xantphos (40 °C) 6% 82%

Scheme 2.

Page 15

(a) Different Rearrangement Outcomes Observed Using cataCXium A; (b) Rearrangement
of 1a Using Rh Precatalyst and cataCXium A or DEA-Xantphos as Ligands without the
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standard condition : [Rh(OH)(cod)], 10 mol %, DEA-Xantphos 25 mol %,

acrylonitrile 3.5 equiv, K,CO3 1.5 equiv, Na,SO,4 1.0 equiv

Scheme 4.

Probing Oxa-Michael Addition: (a, b) No Oxa-Michael Products (7 or 18) Were Observed
under Basic Condition without the [Rh(OH)(cod)], Catalyst; (c) Formation of the Oxa-
Michael Product in the Presence of [Rh(OH)(cod)]»

J Org Chem. Author manuscript; available in PMC 2024 December 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ham et al. Page 18

a.
OH
MeO: " standard condition
Bu >
MeO (¢]
1x
b.
/\/CN
Buo M standard condition Buo ¢
'BuO 0o BuO’ ¢}
1y 19
89% (rsm:10%)
c.
OH Me
Meo: // standard condition
—_
MeO (6]
o Me
1z /
MeO.
e}
MeO N
NC
22
8% 2
d.
OH
MGOJE\L standard condition
-'Ph .
Me' O
99% ee
(+)-1u (-)-6t
83% dr81:19
92% ee

standard condition : [Rh(OH)(cod)], 10 mol %, DEA-Xantphos 25 mol %,
acrylonitrile 3.5 equiv, K,CO3 1.5 equiv, Na,SO4 1.0 equiv

Scheme 5.
Probing the Efficiency of Oxacycle Formation: (a) Steric Environment in Tertiary Alcohol;

(b) Steric Environment in Alkene Substituents; (c) Isomerization of the Ring Expansion
Intermediate; (d) Stereospecific Product Formation
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Lack of Interconversion of Observed Diastereomers
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Scheme 7.
Derivatizations of the Oxepane Scaffold: (a) Pinner Reaction to Convert Primary Cyano

Groups into Esters; (b) Stereoselective Reduction of a Carbonyl Group; (c) Formation of a
Fused Bicycle Structure through Multistep Manipulation of Existing Functional Groups; (d)
[3.2.1] Bridged Ring Formation
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Table 2.

Catalyst Screening for 6a Formation?

acrylonitrile (3.5 equiv)
Xantphos (25 mol %)

meo, SH KoCO3 (1.5 equiv)
N Ph >
) "
Toluene (0.1 M)
! 0
MeO o 40°C
"Rh source”
1a
entry catalyst yieldsb:C
1 [Rh(cod)OH], 6a 61%, dr65:35
2 [Rh(cod)OMe], 6a 40%, ar69:31
3 [Rh(cod)Cl], 1a 88%
4 Rh(C,H,),(acac) 1la 88%
5 Rh(cod)(MeCN),BF, 1a 87%
6 Rh,(OAC), 1a 95%
7 Rh,(TFA)4 1la >99%
8 Cp*(MeCN)3Rh(SbFg), la>99%

aThe reaction was performed with cyclobutenol 1a (0.10 mmol) and Rh catalyst, 10 mol %.
blH NMR conversion of 11a using trimethoxybenzene as the internal standard.

drwas determined by 14 NMR integration of resonances corresponding to diastereomers in the crude NMR mixture.
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Ligand Effects on 6a Formation?

Table 3.

[Rh(OH)(cod)], (10 mol %)
acrylonitrile (3.5 equiv) NC
OH Ligand (25 mol %)

MeO B K,COj4 (1.5 equiv}: MeO. MeO Ph
Toluene (0.1 M)
MeO (0] 40 °C MeO” N\ MeO o]
"Ligand” NC
1a 6a 7
entry ligand yieldP
entry ligand yieldb
1 Xantphos 6a 61%, dr 65:35
2 PPhg 6a 37%, dr58:42
3 rac-BINAP la 74%
4 Davephos la 24%
5 RuPhos la 46%
6 XPhos 1a 87%
7 (S)-DTBM-SEGPHOS 6a 20% ar48:52, 1a 28%
8 Cy-Xantphos 6a 66%, dr62:38
9 DEA-Xantphos 6a 72%, ar58:42
10¢ DEA-Xantphos 6a 81%, dr54:46
11 Bu-Xantphos 1a 31%, 7 40%

Me, Me

Me, Me 0

e A e

Cy Cy Me Me Me Me

Cy-Xantphos DEA-Xantphos

Me, Me

LIS

Bu-P FI'-‘Bu

|
'Bu 'Bu
'Bu-Xantphos

aThe reaction was performed with cyclobutenol 1a (0.10 mmol).

1H NMR yield using trimethoxybenzene as the internal standard. drwas determined by 14 NMR integration of resonances corresponding to

diastereomers in the crude NMR mixture.

‘10 equiv of anhydrous Na2SO4 was added.
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Table 5.
Variations of the C1 and C2 Substituents
>
c
= [Rh(OH)(cod)], (10 mol %)
Q DEA-Xantphos (25 mol %)
acrylonitrile (3.5 equiv)
> g ™ K,CO3 (1.5 equiv)
3 JEtPh Na,SO, (1.0 equiv)
8 3 Toluene (0.1 M)
= a 40°C
=
>
c
—*
-
o)
-
<
I
S
c
%)
o
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©
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6t 6u 6v
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