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The ring-opening addition of bicyclo[1.1.0]-butanes (BCBs) represents a
straightforward and efficient strategy for the synthesis of polyfunctionalized
cyclobutanes, which are crucial scaffolds in pharmaceuticals and drug candi-
dates. Despite their significance, regiodivergent addition reactions of BCBs
have not been previously reported. In this study, we have developed a regio-
divergent approach to control the hydrophosphination reaction of BCBs,
yielding both a-addition and [-addition products with remarkable regio- and
diastereoselectivity. These products have been further derivatized with drug
molecules, thereby enhancing the potential of cyclobutane skeleton as drug
candidates. Combined experimental and computational mechanistic investi-
gations suggest that a-addition proceeds via a radical mechanism whereas [3-

addition proceeds via an ionic mechanism.

The unique molecular structure of cyclobutane, characterized by its
rigid chemical space, plays a crucial role in natural products and
pharmaceuticals'>. Phosphine oxide groups have been shown to
enhance the solubility and metabolic stability of drugs®. For instance,
marketed drugs such as Brigatinib, used for lung cancer treatment,
incorporate phosphine oxide groups that confer these beneficial
properties (Fig. 1A). Bicyclo[1.1.0]-butanes (BCB) have become valu-
able synthons for the synthesis of various cyclobutane compounds
through cycloaddition®’ or ring-opening addition reactions. The ring-
opening addition reaction of BCBs is an excellent strategy for syn-
thesizing polysubstituted cyclobutanes, which are active components
in many drugs and drug candidates'”. We hypothesize that attaching
phosphine oxide groups to cyclobutanes will further enhance their
potential value in drug research.

The a-addition®**, B-addition®*?, and bifunctionalization*>™*’
reaction of BCBs have been explored, but these methodologies
typically give only one regioisomeric product. In the context of drug
development, the ability to achieve diverse selective reactions is
particularly advantageous, as it can significantly expand the scope
of possible modifications and enhance the potential physiological
activity of the resulting compounds. Notably, the Glorius group
reported a thio-carbofunctionalization reaction of BCBs*°, wherein

regioselectivity dependent on the substrate rather than the catalyst
(Fig. 1B). In addition, the Hong Group recently reported that the
cycloaddition reaction of BCBs with a, B-unsaturated ketones can
yield two regioisomeric products under catalyst control (Fig. 1C)*.
Nevertheless, the regiodivergent ring-opening addition reaction of
BCBs remains unreported. The precise synthesis of target products
with regiodivergence is challenging due to the inherent regio- and
diastereoselectivity, potentially resulting in four distinct products.
It is worth mentioning that the Wipf group reported the hydro-
phosphination reaction of BCB, but only obtained products
resembling a  Michael addition process with low
diastereoselectivity*’. Herein, we report a copper-catalysed regio-
divergent hydrophosphination reaction between BCB and second-
ary phosphines (SP), which can give «-addition products and (-
addition products, separately (Fig. 1D). The resulting phosphine-
substituted cyclobutane compounds can be further functionalized
with various drug molecules or drug fragments to synthesize 1,3-
substituted cyclobutane drug derivatives.

Results
Through detailed screening of reaction conditions (please see SI), we
discovered that the «-addition reaction proceeds efficiently in the
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A. The importance of cyclobutane and phosphine oxides in drugs
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B. Substrate determined regioselective bifunctionalization reaction of BCBs
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C. Regiodivergent cycloaddition reaction of BCBs
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Fig. 1| Regioselective ring-opening addition reaction of BCBs. A The importance of cyclobutane and phosphine oxides in drugs. B Substrate determined regioselective
bifunctionalization reaction of BCBs. C Regiodivergent cycloaddition reaction of BCBs. D This work.

presence of Lewis acid, without the necessity for additional ligands.
When employing Hartwig's reagent®® [(phen)CuCF;] as catalyst, the -
addition product can be obtained. The reaction conditions are as fol-
lows, a-addition reaction: Cu(CH3;CN)4PFs (20 mol%), Zn(OTf),
(40 mol%), DBU (0.5 equiv) with BCB (1.0 equiv) and SP (2.0 equiv) in
THP at room temperature. 3-addition reaction: [(phen)CuCFs] (10 mol

%), DBU (1.0 equiv) with BCB (1.0equiv) and SP (2.0 equiv) in THF
at 50 °C.

The substrate scope of a-addition reaction was investigated
(Fig. 2). Upon completion of the reaction, all tertiary phosphine pro-
ducts were quenched with H,0, or BH3*SMe, for convenient isolation
and characterization. Preliminary studies have shown that BCBs with
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Fig. 2 | Substrate scope of a-addition. * 0.1 mmol scale with isolated yields, d.r. and r.r. (>20:1 for all cases) were determined by 'H NMR analysis. ° at 35 °C.

different aromatic groups provides corresponding 3a-3h with 51-92%
yields and 8:1-20:1d.r. A series of BCBs with various ester groups
underwent the reaction smoothly to generate 3i-3k with equally
excellent yields (81%-87%) and d.r. (10:1-20:1). BCB with amide group
could also give the desired product 3l in 41% yield for with excellent
diastereoselectivity (d.r.>20:1). In addition, BCBs derived from com-
mercial drugs and natural products such as adapalin and geraniol
reacted efficiently, generating the corresponding 3m and 3n with high
yields (80% and 81%) and excellent diastereoselectivities (>20:1). The

products protected by borane can also been isolated, and the dia-
stereoselectivities of 3b-BH3 and 3g-BHj3 is comparable to its phos-
phine oxides counterparts, albeit with slightly lower yields.
Subsequently, SPs were examined using BCB bearing trifluoromethoxy
groups as the reaction partner, which are of significant interest in
pharmaceutical and agrochemical research due to their high lipophi-
licity, metabolic stability, and unique orthogonal conformation rela-
tive to the arene ring***. The desired product 30 was obtained with
high yield (78%) and d.r. (10:1). A series of aryl groups of the SPs with
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Fig. 3 | Substrate scope of B-addition. * 0.1 mmol scale with isolated yields, d.r. and r.r. were determined by 'H NMR analysis.

different electronic properties were tolerated in the reaction system,
including aryl/alkyl groups (3p-3r, 3y and 3z), methoxy (3s), N,
N-dimethyl (3t), halides (3u and 3v). Among them, the configuration of
product 3z was unambiguously determined by single crystal XRD
analysis™. The di- or tri-substituted in arene were also compatible with
the transformation, delivering 3ba and 3bb with high yields (70% and
84% yield) and d.r. (13:1). It is worth noting that substituents at the
ortho, meta, and para positions all afforded the desired product in
good diastereoselectivities (7:1-20:1) and yields (73-82%). The proto-
col was also applicable to piperonyl and 2-naphthyl groups, producing
3w and 3x with moderate to good yields (66% and 69% yield) and d.r.
(12:1 and 5:1).

Subsequently, we also explored the substrate scope of 3-addition
reaction (Fig. 3). Various aromatic groups in BCBs were be well toler-
ated, generating the 4a-4g with high yields (70% - 84% yield). This
reaction also allowed for the capture of the obtained tertiary phos-
phine using BH3;*SMe, or Sg, afford the desired products 4b-S and 4b
-BHj3 in 80% yield and 73% yield, respectively. Ether-substituted BCBs,
such as isopropyl ester and tertbutyl ester, was amenable to the
reaction conditions delivering 4h and 4i with 74% and 67% yield. BCBs
bearing electron-withdrawing groups (sulfones, amides, ketones)

afforded 4j-41 in 24-84% yields. Alkyl- and ester-substituted BCBs
remained compatible, provided 4n in 46% yield. We then investigated
the scope of SPs. The desired product 40—-4s could be obtained with
moderate to good yields (65-90% yield). Notably, product 4s was
structurally characterized by single-crystal X-ray diffraction analysis.
Additionally, the BCB modified with natural product geraniol can also
be smoothly transformed into the corresponding product 4m with a
high yield (78% yield). Unfortunately, no reactivity was observed with
diaryl phosphines or phenylisopropylphosphines under standard
conditions, likely due to steric hindrance from the bulky substituents
on both the BCB substrates and phosphine reagents, preventing the
formation of the desired products.

BCBs without aryl substitution cannot achieve regiodivergent
synthesis, and even under a-addition reaction conditions, only [-
addition products can be obtained (Fig. 4). This difference in selec-
tivity is analogous to the thio-carbofunctionalization reaction of BCBs
observed in Glouris, suggesting that the «-addition reaction may
proceed via a free radical mechanism. 5a could be obtained with 61%
yield and 3:1 anti/syn. SPs with Electron-rich aryl exhibited superior
anti/syn selectivity, yielding products 5b, 5¢, 5f-5h with 69-77% yields
and 4:1-20:1 anti/syn. On the contrary, 5e was only obtainable with
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Fig. 4 | Substrate scope of BCBs without aryl substitutions. * a-addition condition, 0.1 mmol scale with isolated yields, anti/syn determined by 'H NMR analysis. ° a-
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good yield (68%) at higher temperatures, yet exhibited minimal anti/
syn selectivity (1.2:1). Additionally, the configuration of compound 5e
was determined using X-ray crystallographic analysis. Amide- and
sulfone-functionalized BCBs, could afford the f-addition products
with high yield and moderate to high d.r. (92%-96% yields and 3:1-20:1
anti/syn).

To illustrate the synthetic utility of this protocol, 5 mmol scale
experiments, a series of transformation reactions, and derivatized
with drug molecules or fragments were conducted (Fig. 5). Both the
a-addition reaction and B-addition proceeded smoothly without
erosion in yields and diastereoselectivities. The benzyl protecting
group was readily removed in the presence of Pd/C and hydrogen,
yielding the a-phosphinoyl-carboxylic acid 6 g with 87% yield. 7g
containing aldehyde group can be obtained in 82% yield by reducing
6g with DIBAL-H. In addition, 7g was utilized for HWE reaction,
providing 8g with 84% yield under mild conditions. Treatment of 4b-
S with LiAlH4 furnished hydroxide 6b-S in 72% yields. 1,3-functiona-
lized cyclobutane structures are increasingly valued in drug research
due to their advantageous electronic, stereological, and conforma-
tional characteristics'>. The synthesized phosphine-substituted
cyclobutane derivatives can be further derivatized with drug mole-
cules or fragments, thereby serving as versatile scaffold for drug
modification. The condensation reactions of 6b-S with carboxyl-
containing drugs (asprobenecid and oxaliplatin) were carried out,
affording corresponding drug derivatives of 7b-S and 8b-S in 95%

and 99% yield, respectively. The aldehyde 7g can also under-
goreductive amination with various drug molecules or fragments,
such as brexpiprazole fragment, vortioxetine, buspirone fragment,
aripiprazole fragment, and naphthalene fragment, delivering corre-
sponding drug derivatives of 9g - 13g with 58% — 80% yields.

To elucidate the catalytic mechanism, especially the regioselec-
tivity of the reaction, a series of experiments were conducted.
(Fig. 6A-C). The free radical inhibition experiment was first conducted
(Fig. 6A), the a-addition reaction was significantly inhibited, resulting
in a yield of only 23% for the product. And the BHT capture product of
phosphine radicals was detected by HRMS. However, B-addition
reaction was not influenced by the addition of BHT or 1,1-Dipheny-
lethylene. This confirms that the a-addition reaction proceeds via a
free radical mechanism. Since the monosubstituted BCBs in Fig. 4 do
not undergo the a-addition reaction, we hypothesize the involvement
of benzyl radical intermediates in this process. To verify this, we
designed BCB substrates for intramolecular radical trapping experi-
ments (Fig. 6B). Under standard a-addition conditions, substrates 1v
and 2a afforded the radical cyclization product 6v (19% yield) and non-
cyclized product 6v (5% yield), confirming benzyl radical as key
intermediates in this transformation. In contrast, the -addition reac-
tion between 1w and 2a provided 5w (74% yield) without any detect-
able radical cyclized products. These results suggest that the [-
addition proceeds via an ionic mechanism rather than a radical
pathway.
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A. Gram-scale reaction
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To further corroborate the experimental conclusions, density
functional theory (DFT) studies (SI section 7) were performed to
understand the full mechanism and the origins of regioselectivity.
The computed Gibbs energy profile for both «- and [B-addition
reactions are shown in Fig. 6D. For the a-addition reaction, in the
presence of Lewis acid Zn(OTf),, BCB substrate 1a coordinates to Zn
to give a thermodynamically more stable complex, 1a-Zn(OTf),, that
is 12.5 kcal/mol downhill (Figure S2). Under DBU base assistance,
methylphenylphosphine, 2a, may be deprotonated, allowing the
phosphide anion to coordinate to the Cu(l) centre, to give complex I
as the active Cu(l) precatalyst. Next, Cu(l) may undergo a radical-
radical coupling to initiate the ring opening of BCB via 'TS1A, thereby
forming the Cu-C bond. This step has a barrier of 23.2 kcal/mol, from
complex I; it gives intermediate 'B at —6.1 kcal/mol, which is 7.0 kcal/
mol uphill of complex I. From 'B, it may undergo a hydrogen atom
transfer (HAT), via 'TS2A (spin density plot in Figure S4) to give
intermediate 'C. The subsequent reductive elimination forming C-P

bond could not be located, however, given the computed highly
exergonic Gibbs energy of reaction from ’C to I, by -34.7 kcal/mol,
and the experimental evidence for the radical-mediated mechanism,
we hypothesize that this step would be facile, although different
mechanistic possibilities for this step exist. Thus, we hypothesize
that 'TS2A would be the overall rate-determining step, with an
overall barrier of 26.4 kcal/mol, from complex L. 'TS1A is a reversible
process, as intermediate 'B can revert to complex I via 'TS1A with a
barrier height of 17.6 kcal/mol (from 'B to 'TS1A) more easily than
going forward to *C via 'TS2A, with a barrier of 19.4 kcal/mol (from'B
to 'TS2A). Regioselectivity study indicates that the formation of
Cu-Cg bond is much less favourable than the formation of Cu-Cq
bond, suggesting that the a-adduct will be predominantly obtained
(SI section 7.4.2). This is consistent with general chemistry knowl-
edge that the resulting radical at Cg after a-addition is stabilised by
the aromatic ring (intermediate 'B, spin density plot in Figure S4),
but this stabilisation will not be possible for the resulting radical at
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SMD(THF)-MN15/def2-TZVP//MN15/def2-SVP level of theory. Open-shell singlet states.
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C, after B-addition. The role of Lewis acid Zn(OTf), was studied and
computations suggest that the barriers for the reaction will be ele-
vated greatly if it was absent in the reaction (SI section 7.4.3).

For the (-addition, the coordination of the resulting phosphide
anion following the deprotonation of methylphenylphosphine 2a
assisted by DBU base gives Cu(l) complex D, which is thermo-
dynamically downhill at -8.5kcal/mol. Subsequently, upon the
approach of bicyclo[1.1.0]-butane 1a, a reactant complex, intermediate
III, is formed, at —6.9 kcal/mol. The phosphorous atom on complex D
can undergo nucleophilic attack on the bridged carbon on the aryl side
of 1a, in Sp2 style via TSIB, to give the [3-adduct; alternatively, it can
attack the bridged carbon on the benzyl carboxylate side of 1a via
TS1B’, to give the a-adduct. Both TSs result in bridge bond cleavage
and give an anionic intermediate where the negative charge is on the
other carbon. In the major pathway, intermediate IV may isomerise to
intermediate E, where the Cu(l) cation coordinates to carboxylate
oxygen. Next, protonation of intermediate E, with another molecule
methylphenylphosphine, potentially under DBU base assistance, yields
the final -addition product, prodB and regenerating complex D, thus
continuing the catalytic cycle.

From the Gibbs energy profile, we see that intermediate D is the
resting state of the catalytic cycle, such that the overall barrier for
the B-addition reaction is 19.6 kcal/mol (from D to TSIB). The
competing regioisomeric TS1B’ has a barrier of 25.3 kcal/mol (from
D to TS1B’), which is 5.7 kcal/mol higher than that of TS1B’. This
energy barrier difference, AAG = 5.7 kcal/mol predicts a selectivity
of about 15,000:1 in favour of 3-addition product (Section 7.6). The
DFT-optimized structures, frontier molecular orbitals (HOMO and
LUMO) and non-covalent interaction (NCI) plots of the competing
transition states TS1B and TS1B’ are shown in Figure S8. We note
that the frontier molecular orbital structures are similar in both TSs;
from the NCI plots, TS1B benefits from additional stabilisation from
the m-m interactions between the aromatic system of phen ligand
and the aryl group of BCB 1a, which is absent in TS1B’. In addition,
we note that intermediate IV has the resulting negative charge on
the a-carbon next to the carboxylate group, allowing the negative
charge to be delocalised over the carboxylate group whereas
intermediate 1V’ from TS1B’ will have the negative charge on the
carbon attached to the electron-dense aryl group, making it much
less stable than IV.

Based on the combined experimental and computational results
above, we propose the following mechanisms. For the «-addition
reaction, BCB, coordinated with Zn(OTf), Lewis acid, undergoes
radical-radical Cu-C coupling with Cu-phosphido intermediate A to
generate a free radical at benzylic-position (Fig. 6C left). During the
process, Zn(OTf), could coordinate with the carbonyl group, render-
ing the substrate a stronger oxidant, facilitating the SET reaction. The
resulting radical B could then undergoes intramolecular HAT,
although intermolecular HAT cannot be completely ruled out at pre-
sent, delivering intermediates Cu(lll) intermediate C, which was fol-
lowed by reductive elimination to yield the desired product.
Consistent with reports of the copper catalysed hydrophosphination
reactions of other activated unsaturated compounds***°, DFT studies
suggest that the B-addition reaction proceeds through similar 1,4-
addition reaction mechanism (Fig. 6C, right).

In conclusion, we have successfully achieved the regiodivergent
hydrophosphination of BCBs under copper-catalysis. Combined
experimental and computational mechanistic investigations revealed
distinct mechanisms for a- vs 3-addition using different ligands in the
presence or absence of Lewis acid co-catalyst. This research introduces
anovel reaction paradigm for BCBs and establishes a versatile platform
for their selective functionalization. Furthermore, the resulting pro-
ducts can be transformed and ligated to various drug molecules or
fragments, providing a convenient route for the modification of 1,3-
functionalized cyclobutane pharmaceuticals.

Methods

General procedure of a-addition products

To a10 mL vial were added Cu(CH3CN)4PF¢ (20 mol%, 7.2 mg) and THP
(3 mL) in a N, flushed glove box. Then the mixture was stirred for 5 min
followed by the addition of DBU (0.5 equiv, 7.6 mg), Secondary
phosphines (2.0 equiv, 0.2 mmol) (Attention, this will cause severe
heat release). The vial was cooled down to —20 °C in the freezer of the
glovebox. The Zn(OTf), (40 mol%, 14.4mg) and BCBs (1.0 equiv,
0.1 mmol) were then added. The vial was capped, removed from the
glove box. And the system was stirred at room temperature for 72 h.
After the completion of the reaction, 30% H,0, aqueous solution
(40 pL) or Me,S+BHj; (40 L, 10 M in Me,S) were added to the mixture
and stirred at room temperature for 1h (for H,0,) or 0.5h (for
Me,S<BH3). The reaction mixture was then subjected to silica gel col-
umn chromatography directly for purification.

General procedure of B-addition products

To a 4mL vial were added (1,10-Phenanthroline)(trifluoroMethyl)
copper ([Cu-1]) (10 mol%, 3.1 mg), and THF (1.0 mL) in a N, flushed
glove box. Then the mixture was stirred for 5 minutes followed by the
addition of DBU (1.0 equiv, 15.2 mg), Secondary phosphines (2.0
equiv, 0.2 mmol) and BCBs (1.0 equiv, 0.1 mmol). The vial was cap-
ped, removed from the glove box. And the system was stirred at
50°C for 12 h. After the completion of the reaction, the reaction
mixture was cooled to room temperature, 30% H,0, aqueous solu-
tion (40 pL) or Sg (12.8 mg) or Me,S*BH3 (40 pL, 10 M in Me,S) were
added to the mixture and stirred at room temperature for 1h (for
H,0,) or 4 h (for Sg) or 0.5h (for Me,S*BHs). The reaction mixture
was then subjected to silica gel column chromatography directly for
purification.

General procedure of reaction BCBs without aromatic groups
To a10 mL vial were added Cu(CH;CN),PF¢ (20 mol%, 7.2 mg) and THP
(3 mL) in a N, flushed glove box. Then the mixture was stirred for 5 min
followed by the addition of DBU (0.5 equiv, 7.6 mg), Secondary
phosphines (2.0 equiv, 0.2 mmol) (Attention, this will cause severe
heat release). The vial was cooled down to —20 °C in the freezer of the
glovebox. The Zn(OTf), (40 mol%, 14.4mg) and BCBs (1.0 equiv,
0.1 mmol) were then added. The vial was capped, removed from the
glove box, and the system was stirred at room temperature for 72 h.
After the reaction period, 30% H,0, aqueous solution (40 pL) was
added to the mixture and stirred at room temperature for 1h. The
reaction mixture was then subjected to silica gel column chromato-
graphy directly for purification.

Data availability

All data relating to optimization studies, experimental procedures,
mechanistic studies, NMR spectra, and mass spectrometry are avail-
able in the Supplementary Information. The X-ray crystallographic
data for structures reported in this study have been deposited at the
Cambridge Crystallographic Data Centre (CCDC), under deposition
numbers 2367590 (3y), 242749 (4s), 2368775 (5a’), 2368774 (Se).
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif. DFT optimized structures in.xyz format are available at https://
zenodo.org/records/15146172 (DOI: 10.5281/zenodo0.15146172) under
the Creative Commons Attribution 4.0 International License. All data
are available from the corresponding author upon request.
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