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Abstract: We report a difluorocarbene-enabled, diastereoselective synthesis of a-fluoro-y-lactams from readily accessible
B-aminoketones and inexpensive, commercially available ethyl bromodifluoroacetate (EBDFA). Compared to established
routes to this medicinally relevant motif, our strategy avoids the use of costly electrophilic fluorinating or deoxyfluorinating
reagents, highlighting difluorocarbene as a versatile C1 and F building block. Density functional theory (DFT) calculations
reveal that cyclization is the stereodetermining step, with observed diastereomeric ratios governed by Curtin-Hammett
kinetics. In addition to activating EBDFA, the K2CO3 base enables the favourable formation of a transient hemiaminal
epoxide intermediate, with subsequent C-F bond formation proceeding through a nucleophilic fluoride ring-opening
pathway. Overall, this work not only delivers a direct and modular route to stereodefined a-fluoro-y-lactams but more broadly
expands our mechanistic understanding of difluorocarbene-mediated amine-carbonyl coupling reactions.

Fluorinated compounds are prevalent in pharmaceuticals and agrochemicals owing to the ability of fluorine to fine-tune
essential physiochemical properties, including metabolic stability and bioavailability .['1 Accordingly, the field of
organofluorine chemistry has seen remarkable progress in the last decade, particularly towards the design and synthesis
of novel fluorinated motifs.l2 The y-lactam core is a privileged structure in medicinal chemistry,[34! with a-fluorinated
derivatives represented in several lead compounds and active pharmaceutical ingredients (APIs) (Scheme 1a).[5-9
Additionally, enantioenriched fluorinated y-lactams have been employed as starting materials for the preparation of chiral
NHCs and ligands for transition metal catalysts.['0."1 The a-fluorination of amides is typically carried out by generating the
corresponding enolate with an organolithium base, followed by treatment with an electrophilic fluorine source, under
cryogenic conditions. However, this approach often affords poor diastereoselectivities with sub stituted y-lactams, and over-
fluorination can occur, creating byproducts that require column chromatography and complicating purification on scale. [2
These challenges are exemplified in Pfizer's early discovery route towards the a-fluoro-y-lactam core of Zimlovisertib
bearing three contiguous stereocenters.!é! Specifically, the electrophilic fluorination step using N-fluorobenzensulfonimide
(NFSI) proceeded with less than 2:1 diastereomeric ratio (dr) in favour of the undesired isomer, thus necessitating an
additional epimerization step to access the targeted API intermediate, albeit in moderate yields (Scheme 1b). Despite the
broad utility of electrophilic N—F based reagents, many derivatives are costly, exhibit pooratom economy, and may be highly
oxidizing, thus limiting their application to densely functionalized targets in industry.['3 To address these issues, a process
chemistry team at Pfizer developed an alternative route to the Zimlovisertib precursor, which featured a highly
diastereoselective  electrophilic  hydroxylation step, followed by stereoinvertive deoxyfluorination with
perfluorobutanesulfonyl fluoride (PBSF)and NEt3-3HF.['4 A similar deoxyfluorination strategy was employed by researchers
at Bristol-Meyers-Squibb to access an advanced intermediate (BMT-415200) of an a-fluoro-y-lactam-containing drug
candidate currently under investigation.l’l Considering the recent regulatory challenges surrounding per- and
polyfluoroalkylsubstances (PFAS), such as PBSF, and the use of a corrosive HF source, '] there is certainly room for
improvement in the process.!'®l It is worth mentioning that other common deoxyfluorinating reagents present other
limitations, such as shock-sensitivity (e.g., DAST) and high costs (e.g., XtalFluor-E/M).['"] Overall, the presented issues
underscore the challenges of highly stereoselective, direct fluorination strategies that are amenable to industrially relevant
targets. Modern methods forthe synthesis of fluorinated y-lactams under photoredox or transition metal catalysis have been
disclosed, but most are only applicable to the synthesis of a,a-difluoro-derivatives.['8-24 Therefore, the development of an
efficient strategy that enables the stereoselective synthesis of a-fluoro-y-lactams under mild conditions with inexpensive
and easy-to-handle reagents is highly desirable.
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Scheme 1. Strategies for the Synthesis of a-Fluoro-y-Lactams.

In 2022, we reported that secondary amines react with difluorocarbene (DFC) precursors such as
(triphenylphosphonio)difluoroacetate (PDFA) in the presence of pyridine-N-oxides to deliver carbamoyl fluorides (Scheme
2a).[251 However, B-amino carbonyl derivatives showed no product formation, which prompted us to investigate the reaction
without the oxidant. To our surprise, when compound 1a was treated with PDFA under oxidant-free conditions, an
unexpected product was detected in the crude reaction mixture by ®F NMR spectroscopy with a notable signal at -142 ppm
(Scheme 2b). Subsequent purification and structural elucidation by 1D and 2D NMR, HRMS and X-ray analysis revealed
that the product was cis-a-fluoro-y-lactam 2a, obtained in moderate yield with good diastereoselectivity (CCDC 2515294,
see Sl for full details). Note that we have designated the relative “cis configuration” in reference to the stereogenic a-fluorine
atom at C3 and the B-substituent at C5 on the y-lactam core. The chemistry of DFC as a CF2 synthon is well-established,
and many precursors are commercially available or easily synthesized in the laboratory.[26.2"1Inrecent years, unconventional
reactions of DFC with tertiary amines have been reported, providing entry to novel fluorinated motifs via transient RaN-CF2
ylide species.[28-30 For example, Hu explored the fluorination-aminocarbonylation of aldehydes using DFC sources to fom
a-fluoroamides.[3"l Subsequently, Lan and Song reported the formation of fluorinated oxindoles from a-aminoarylketones
enabled by DFC and the reaction mechanism was explored using DFT studies. 321 However, to the best of our knowledge,
our observation represents the first diastereoselective synthesis of a-fluoro-y-lactams from DFC precursors. Importantly,
this approach introduces a fundamentally new disconnection that unites all parts of a-fluoro-y-lactam motif from readily
prepared or commercial building blocks in a highly modular fashion. Moreover, B-aminoketones are easily accessible



through well-established and even asymmetric routes (e.g., Mannich or aza-Michael reactions), allowing a wide variety of
derivatives to easily be prepared.[33-35]
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Scheme 2. Initial Observations on the Reactivity of Amines toward Difluorocarbene Precursors.

Our initial hit with PDFA revealed the presence of decompaosition products resulting from the retro -aza-Michael addition of
the starting material, leading to the formation of chalcone and 4-fluoroaniline, which largely accounted for the low efficiency.
In addition, minor amounts (£5%) of the corresponding gem-difluoroalkene (Wittig product) were detected, thus prompting
further optimization. We observed that cis-a-fluoro-y-lactam 2a can be obtained in markedly higher yields using
ethylbromodifluoroacetate (EBDFA) as the DFC source with K2COs at slightly elevated temperature (Table 1, entry 1).
Notably, these conditions reduced the formation of undesired byproducts and minimized the decomposition of the starting
material through the retro-aza Michael reaction, while preserving the high diastereoselectivity. EBDFA offers further benefits
as it is commercially available, stable, and less expensive than other DFC precursors, thus removing the necessity for
reagent preparation required with PDFA.[3¢] Deviation from these conditions, using alternative DFC sources, led to reduced
yields or a lack of reactivity (see Sl). High temperatures (>60 °C) and basic additives are essential for reactivity, as no
product was obtained at room temperature, consistent with the thermal activation requirement of DFC precursor (entries 4-
8). Differential scanning calorimetry (DSC) analysis revealed that EBDFA is thermally stable up to approximately 120 °C,
while in combination with K2CO3s, exothermic events occur above 80 °C, consistent with base-promoted generation of
DFC.[36] Notably, only alkali carbonate bases proved to be effective, and alternatives failed to promote the reaction (See S).
Finally, with an excess amount of EBDFA and K2COs, full conversion and yields of up to 95% were achieved (entry 9).

Table 1. Reaction Optimization for the Synthesis of a-fluoro-y-lactams.

E F o F o
\@L BrCF,CO,Et (2 equiv) F F
o K2CO3 (2 equiv) “Ph Ph
o +
Ph
2a 3a

MeCN (0.1 M), 80 °C, 24 h
Ph)\/u\Ph eCN (0.1M) Ph

1a Major Diastereomer Minor Diastereomer
cis isomer trans isomer
Entry Deviation from above Conversion of Yield of 2a (%)l d.r.
conditions 1a (%)
1 none 92 74 89:11

2 PDFA 81 51 94:6




3 BrCF2C0O2K 82 49 94:6

4 r.t. 64 0 -

5 60 °C 68 32 91:9

6 NaF 84 0 -

7 Cs2C03 65 24 96:4

8 No baselb! 57 0 -

9 BrCF2COzEt (3 eq), K2COs 100 95 90:10
(3 eq)

llConversions and yields acquired by '°F NMR spectroscopy using @,d,d-trifluorotoluene as an internal standard. PIBrCF,CO,Et (3
equiv). [M4-methylpyridine N-oxide (3 equiv).

As a comparison to our method, the lactam 1ab was synthesized according to a reported literature procedurel37l and then
subjected to standard electrophilic fluorination conditions to access the corresponding a-fluoro-y-lactam (Scheme 3). The
crude reaction mixture contained both a-fluoro-y-lactam 2ab and a,a-difluoro-y-lactam 3ab in low yields and without
stereocontrol for the former, underscoring the limitations of the conventional electrophilic fluorination protocols, such as
poor efficiency, stereoselectivity, and propensity for over-fluorination.
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Scheme 3. Comparison with Electrophilic Fluorination Conditions. P!Conversion and yields acquired by 'H and '°F NMR spectroscopy.

Having established the feasibility of our method, we proceeded to explore the scope of this reaction (Scheme 4). Changes
to the substituents on the aryl amine did not drastically impact the yields nor diastereoselectivities (2b, 2c, 2d, 2f), with the
exception of the low-yielding p-Br derivative (2e). Slightly improved reactivity was observed for other halogenated
compounds (2p, 2q), though the yields remained modest even with more forcing conditions. Notably, the diastereoselectivity
remained roughly the same with substrate 2s bearing a sterically hindered aryl ring (87:13) at the R3 position. Attempts to
introduce stronger electron-withdrawing groups (e.g., p-CN, p-NO2z or p-CF3) on either the aniline ring (R") or aryl ketone
(R® were unsuccessful, as these starting materials underwent facile retro-aza-Michael addition to the corresponding
chalcone and aniline (see Sl for a full list of incompatible or low-yielding substrates). With such substrates, this
decomposition pathway seems to be more accessible, likely due to the increased acidity of a-protons, which can initiate a
base-mediated elimination reaction (vide infra). In contrast, B-aminoketone bearing a p-NO2 aryl substituent at the R2
position reacted smoothly under the conditions to yield 2h. In general, aryl methoxy ethers were well tolerated (2g, 20, 2r)
at various positions. Whereas incorporation of 1-extended rings (2i, 2k) did not largely impact the reactivity or
stereoselectivity, thiophenyl (2j) and ester-containing (2n) substrates were formed with lower diastereoselectivities.
Nevertheless, the excellent reactivity of 1n effectively illustrates that the B-substituent is not limited to aromatic groups.
Remarkably, even simple alkyl groups at this position, such as methyl (21) and tert-butyl (2m), did not impact the reaction
efficiency, and in fact, even higher diastereoselectivities were observed. Notably, y-lactam 2m was formed as a single
diastereomer (99:1 d.r.), underscoring the importance of steric bulk at the S-positionin steering the diastereoselectivity of
the transformation. Unfortunately, introducing alkyl substituents at the amine R site, such as benzyl, or a methyl group at
the R® position, resulted in diminished reactivity (see Sl). Finally, the protocol was amenable to the gram-scale synthesis of
y-lactam 2d, providing the product in comparable yield (72% vs 80%) with the same stereoselectivity (94:6 d.r.).
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Scheme 4. Substrate Scope for the Synthesis of a-Fluoro-y-Lactams.

To explore the reaction mechanism and origin of selectivity, we turned to DFT calculations at the MO06-2X/aug-cc-
pVTZ/SMD(MeCN) level of theory (see Sl for full computational details). We used substrate 1bs) for our computational
model and explored its reactivity with free DFC (Scheme 5). Addition of the amine on DFC to form ylide INTOsR) is
barrierless, from which two cyclizations on the ketone carbonyl are possible. Of those, transition structure TS-1(srs)has a
minuscule free energy barrier of 3.0 kcal/mol, while diastereomeric TS-1(srr) is 1.5 kcal/mol higher in free energy. The
corresponding zwitterions INT1 are short-lived, as the formation of the neutral amino-alcohols INT2 is exergonic by 53.0
kcal/mol for INT2(ss) and -49.9 kcal/mol for INT2sr) (see Sl) compared to the reactants, and as such, irreversible. From the
ylide INTO, intramolecular deprotonation a to the carbonyl by the difluoromethyl anion is also possible, initiating
decomposition to the corresponding chalcone and difluoromethylaniline via concerted elimination process. While this
pathway is likely more accessible for substrates bearing electron-withdrawing groups at either R' and R3, the activation
barrier forthis proton exchange for electronically neutral 1b was calculated to be 17.8 kcal/mol—significantly higher than
the corresponding cyclization step and thus unfavourable (Figure S3).

From INT2ss), fluoride elimination would lead to iminium ion INT3(ss) (Scheme 5, grey pathway), which could undergo a
sequence of hydroxide and fluoride shifts to form INT5(sr) and then the lactam product upon deprotonation. However, this
pathway requires crossing a free energy barrier of 60.2 kcal/mol, from INT2ss) to TS-4, and is thus impossible even at
80 °C. Instead, a base-mediated pathway appears more likely. Assuming carbonate as base (purple pathway), alcohol
INT2(ss) can form alkoxide INT6ss), from which fluoride elimination leads to zwitterion INT7(ss) that can quickly cyclize to
fluorinated hemiaminal epoxide INT8(sss). Attempts to locate direct nucleophilic displacement of a fluoride from INT6ss)
were unsuccessful but this pathway would lead to the same diastereomer of INT8(sss). Epoxide ring-opening of INT8(sss) by
a fluoride ion leads to the rearranged INT9srs)via stereoinversion, from which a subsequent fluoride elimination leads to
the observed 2bsr)-product. In this base-promoted pathway, the largest barriers are 19.9 kcal/mol (from INT6ss)) and 22.1
kcal/mol (from INT8sss)), fully accessible at the reaction temperature.
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Of note, our proposed base-promoted pathway would proceed through the same intermediates by using any ejected fluoride
anion as base (blue pathway). However, its poorer basicity leads to higher barriers relative to INT2ss), making product
formation difficult. These computational data offer an explanation as to why carbonate bases are required in this reaction;
not only do they enable DFC formation from EBDFA, but they are also needed to promote the rearrangement from amino -
alcohol INT2(ss) to the lactam product. As the carbonate-promoted pathway is faster than the cationic pathway and proceeds
through stereospecific rearrangements, the final stereochemistry of the products is kinetically controlled in the initial
cyclization step (see Figure S2 forthe other diastereomeric pathways). The transition state TS-1(srs), which eventually leads
to the cis-2b(sr)-product, is favored by 1.5 kcal/mol. At 80 °C, this free energy difference is predicted to lead to an 89:11
selectivity in favor of the cis product, which is in excellent agreement with the experimental results. Geometric analysis of
TS(srs) reveals that cyclization occurs through a near-perfect envelope conformation, with all aromatic substituents in
pseudo-equatorial positions and low strain around the site of nucleophilic attack ( £ NCC = 96.9° and 2CCO = 101.9°, Figure
S4), while the minor TS-1(srr) displays an internal N-H---O=C hydrogen bond that distorts the 5-membered ring for attack
(¢NCC = 82.4° and 2CCO = 98.9°).

In conclusion, we have disclosed an efficient diastereoselective route to a-fluoro-y-lactams through DFC-mediated
cyclization and rearrangement. The method accommodates a wide range of famino ketones with diverse steric and
electronic profiles, and relies on a readily available DFC source, making it particularly amenable to industrial applications.
Overall, this work represents the first demonstration that these pharmaceutically relevant cis-a-fluoro-y-lactam motifs can
be accessed without using the harsh and multi-step protocols that have dominated prior syntheses.
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