(2-Fluoroallyl)pyridinium tetrafluoroborates: novel fluorinated
electrophiles for Pd-catalyzed allylic substitution
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An efficient two-step approach to 2-fluoroallyl amines was
developed that involves the synthesis of (2-fluoroallyl)pyridinium
tetrafluoroborates from readily available gem-
bromofluorocyclopropanes and the application of the former as
novel and stable 2-fluoroallyl electrophiles for Pd-catalyzed allylic
substitution.

Fluorinated bioisosteres have found a broad application in
the modern drug design.! In particular, a fluoroalkene moiety
can efficiently mimic an amide bond due to a similarity in the
electronic and steric parameters, thus increasing the hydrolytic
stability, lipophilicity, and permeability through membranes.2
As a result, by using such bioisosteric replacement, one could
substantially improve the efficiency of biologically active
compounds known to date (Scheme 1).
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Scheme 1. An example of bioisosteric replacement of an amide moiety by a fluoroalkene
that resulted in enhanced DPP-IV inhibition (potential treatment of type 2 diabetes) 3

Of the other approaches* ring opening in fluorinated
cyclopropanes has been known for a long time as a valuable
method for the preparation of fluoroalkenes and 2-fluoroallyl
derivatives (Scheme 2, A).> This fluorocyclopropane-based
strategy potentially allows one to obtain complex fluorinated
molecules from simple alkenes via the formal “insertion” of a C-
F moiety into a C=C double bond.® However, its real synthetic
applications were limited for a long time by the scarce scope of
substrates.” The most probable reason for that situation is the
inability to control the regio- and stereochemical outcome of
the non-selective nucleophile addition to 2-fluoroallyl cationic

structures that are the key intermediates in these processes
(Scheme 2, A).

In the past decade, the interest in the ring-opening
transformations of fluorinated cyclopropanes grew again.
However, despite the wide range of neighboring group assisted
rearrangements developed,® examples of ring-opening of non-
activated fluorocyclopropanes are rare.® Of these, palladium-
catalyzed 2-fluoroallylation of various nucleophiles with gem-
difluorocyclopropanes using Buchwald’s biarylphosphines as
the ligands were reported (Scheme 2, B).10 Processes of this
type can be applied to a wide range of nucleophiles and
represent a new mode of activation of a fluorinated
cyclopropane ring. However, the most significant limitation is
that only monosubstituted gem-difluorocyclopropanes can
react under these conditions. Moreover, diaryl-substituted
gem-difluorocyclopropyl stannanes that were used for the 2-
fluoroallylation of alcohols and some amides should be
mentioned (Scheme 2, C).1! The reaction occurs via generation
of fluorocyclopropenes that undergo a rearrangement to
fluoroalkenylcarbenes, followed by insertion into an acidic O-H
or N-H bond of nucleophiles.

Our team disclosed the  CuX-catalyzed
isomerization22 and nucleophilic substitution122c of gem-
chlorofluoro- and gem-bromofluorocyclopropanes to give
various 2-fluoroallylic derivatives, and particularly 2-fluoroallyl
amines.’2¢ (Scheme 2, D). These rearrangements are not so
sensitive to the number of substituents at the cyclopropane ring
as Pd-catalyzed ring-opening of gem-difluorocyclopropanes
mentioned above. However, these CuX-catalyzed processes
have all the issues known previously, i.e., low Z/E-selectivity in
many cases of the formation of 2-fluoroallyl derivatives, limited
scope of nucleophiles, and complications caused by side
dehydrohalogenation or polymerization.

recently
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A. General strategy. Transformation of alkenes to 2-fluoroallyl compounds with chain-elongation by one carbon atom
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D. Our CuX-catalyzed ring-opening of gem-chlorofluoro- and gem-bromofluorocyclopropanes
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E. Current work: Synthesis of (2-fluoroallyl)pyridium salts by CuBr-catalyzed ring-opening
of gem-bromofluorocyclopropanes and their use in Pd-catalyzed allylic amination
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Scheme 2. Synthesis of 2-fluoroallyl amines by ring-opening rearrangements of fluorinated cyclopropanes

In this work, we report an efficient two-step sequence for the
conversion of gem-bromofluorocyclopropanes!3 into 2-
fluoroallyl amines via intermediate formation of (2-
fluoroallyl)pyridinium salts as novel and stable 2-fluoroallyl
electrophiles for Pd-catalyzed allylic substitution (Scheme 2, E).

Initially, CuX-catalyzed ring-opening of gem-
bromofluorocyclopropanes was carried in the presence of
pyridine or using pyridine as the solvent to give (2-
fluoroallyl)pyridinium salts as the main products (Scheme 3).
The reaction required occurred at 100°C and took from 5 h to
several days of heating, depending on the substituents.

Though elevated temperatures and long reaction times are
required, this process can be used to obtain a wide range of aryl-
(2a, 2b) and alkyl-substituted (2c, 2f, 2g, 2j) 2-fluoroallyl
pyridinium salts, including those with ester substituents (2d, 2f),
a malonate moiety (2i), or a second fluorine atom (2k) in the 2-
fluoroallyl moiety. Moreover, the 2-fluoroallyl moiety can be
incorporated into the cyclic structure (2h), which is hardly
accessible by other methods.* In many cases, pyridinium salts
are formed as mixtures of Z/E- or even linear/branched isomers.
Although these pyridinium salts can be isolated by column
chromatography on NaBr-saturated silica gel or sometimes by
simple filtration (see ESI for details), the easiest way is to

convert them to tetrafluoroborate salts and extract the latter
with CH,Cl,.

Preliminary attempts to utilize salt 2a in nucleophilic
substitution or as a source of a 1,3-dipole revealed that 2a was
sensitive to bases such as primary, secondary, or tertiary
amines, MOH or M,COs3; (M = alkali metal), or LDA to give
complex mixtures of non-fluorinated products.

Surprisingly, pyridinium salts were found to be prone to the
fast oxidative addition of Pd°. In fact, when Pd,dbas/PPhs or
Pd,dbas/SPhos solutions in THF are added to excess pyridinium
salts 2a or 2h, the deep red or brown color of Pd%-complexes
disappeared in minutes at r.t. to give yellow mixtures as it is
typical if allyl palladium(ll) complexes are formed.15
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2 Procedure: gem-Bromofluorocyclopropane (1.0 equiv.), CuBr (0.20 equiv.) in pyridine
(1.0 mL/mmol) was heated at 100°C for 5-72 h. After work-up (see ESI), the product was
converted to a tetrafluoroborate salt with aqueous NH4BF, and extracted with CH,Cl,;
b CuBr (1.0 equiv.), pyridine (3.0 equiv.) in MeCN; ¢ CuBr (0.20 equiv.), pyridine (3.0
equiv.) in MeCN;

Scheme 3. Preparation of (2-fluoroallyl)pyridinium salts

Encouraged by these results, we decided to optimize the Pd-
catalyzed amination of salt 2h with model N-cyclohexyl-4-
methoxybenzylamine 3a (Table 1). It was found that XantPhos
was superior to PPhs (Entry 1 vs. 2), while NazPOs (Entry 3) was
much more efficient as the base than other alkali metal
phosphates (KsPOs — Entry 2; LisPOs, Rb3sPO4, and Cs3sPO4 gave
lower yields) and various tertiary amines (Entries 4—6). THF was
superior to DMSO as the solvent (Entries 2,3 vs. 8,9), while other
aprotic and protic solvents were found to be inefficient (MeCN,
1,2-dichloethane, toluene, MeOH, 1,1,1,3,3,3-
hexafluoroisopropanol). An excess of the amine is necessary,
and the reaction is best to perform using 2—-3 equiv. of the
amine (Entry 3 vs. 10 and 11). Screening for the Pd-source
indicated  that  pre-generated  n3-(2-fluorocyclohept-2-
enyl)palladium complex Pd-cat-ll gave superior results (Entry
11), but it is unsuitable for other pyridinium salts. Slightly
smaller yields were achieved with Pd(OAc); (Entry 13), Pd.dbas
(Entry 14) and Buchwald’s precatalyst Pd-G3 (Entry 15). Though
Pd(OAc), failed to give the highest yield, it was chosen for
further studies on the substrate scope because it adds no extra
organic impurity that would have to be separated.

With the optimized conditions at hand, we next tested the
scope of amines in this reaction (Scheme 4). Mild reaction
conditions allowed us to suggest that selective monoallylation
of primary amino groups is possible. Indeed, not only secondary
amines (products 4a—c), but also primary amines (products 5a—
e) were successfully allylated, with no evidence of side
diallylation. The reaction demonstrates good functional group
tolerance, and ester (4c), acetal (5c), dialkylamino (5e) groups
and furan ring (5d) can be used.

Table 1. Screening of the amination conditions @

. CY  5mol.% [PdlL N/Cy
_ L
Py'BF, ™ + HN\ Base (3.0 equiv.) \PMB
PMB Solvent F
2n F 3a so'C 4a
(1.2-3.0 equiv.)
3a Yield,
Entr Pd]/Ligand Base Solvent
Y [Pd]/Lig (equiv.) (%) °
1 Pd-cat-1¢ 1.2 K3POs THF 35
2 Pd-cat-ll¢ 1.2 K3POs THF 40
3 Pd-cat-1l 1.2 NasPO4 THF 75
4 Pd-cat-1l 1.2 DIPEA THF 10
5 Pd-cat-1l 1.2 BnsN THF 20
N-Ethyl-
6 Pd-cat-Il 1.2 ) THF 20
morpholine
7 Pd-cat-Il 1.2 — THF 30
Pd-cat-Il 1.2 K3POa DMSO 60
Pd-cat-Il 1.2 NasPO4 DMSO 60
10 Pd-cat-Il 2.0 NasPO4 THF 85
11 Pd-cat-Il 3.0 NazPO4 THF 90
PdCl,/
12 3.0 NasPOs THF 75
XantPhos
Pd(OAc):/
13 3.0 NazPO4 THF 80
XantPhos
Pd(dba)z.
14 (dba)s/ 3.0 NasPOs THF | 85
XantPhos
Pd-G3/
15 3.0 NasPO4 THF 80
XantPhos

a Procedure: A mixture of 2h (0.10 mmol), 3a (0.12—0.30 mmol), base (3.0 equiv.),
Ci9Ha40 (5—-10 mg, internal standard), and [Pd]/Ligand (5 mol%) in THF (1.0 mL) was
heated at 60°C for 4 h under argon; ® Calibrated GC yields are given to the nearest
5%; ¢ The batch solution was freshly prepared from n3-(2-fluorocyclohept-2-
enyl)palladium chloride dimer,> AgOTf (1.0 equiv.), Ligand (2.0 equiv. of PPhs or
1.0 equiv. of XantPhos) in THF (100 mL/mmol of Pd);
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Primary anilines with electron-donating or electron-
withdrawing groups can also be successfully allylated to give the
corresponding mono-adducts in high to moderate yields
(products 6a-e). However, electron-rich anilines are more
reactive than electron-poor ones. For example, in the case of
the para-nitro group, the target product 6f was obtained in a
low yield, whereas in the case of the ortho-nitro group, only
traces of the probable product 6g were detected by GC.
Unfortunately, N-substitution of aniline with a cyclohexyl group
makes it completely unreactive, apparently due to steric

hindrance (example 6h).

Additionally, N-(p-methoxyphenyl)tosylsulfamide and
phthalimide can also be successfully allylated under these
conditions to afford the corresponding products 7 and 8 in good
yields, whereas N-phenylacetamide gives only traces of the

probable product 9, presumably due to its too low acidity.
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Scheme 4. Scope of N-nucleophiles
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Scheme 5. Chemoselectivity (Calibrated GC yields are given to the nearest 5%)

The feasibility of selective allylation of only one amino group
in the presence of two or more groups in the target substrate is
an important feature of the reaction. To test it, we studied the
reaction of pyridinium salt 2h with pairs of two different
amines/anilines (Scheme 5). These experiments again showed
that primary amino group could be selectively allylated in the
presence of a secondary amino group (pair A). Moreover,
piperidine nitrogen can be selectively allylated in the presence
of an acyclic secondary amino group (pair B). Electron-rich
aniline nitrogen can be selectively allylated in the presence of
electron-poor aniline nitrogen (pair C). Interestingly, electron-
rich aniline nitrogen can be selectively allylated even in the
presence of a secondary amino group (pair D).



Table 2. Pyridinium salt scope

. 5 mol.% Pd(OAC), F R R* F
R%/ PYy*BF, HN/R 5 mol.% XantPhos R! N 5/l\‘J 3 R®
3 R® THF S "R K
R 2 3
2 3 equiv. " R® R R R
Conditions A, B, CorD 10,11 10,117
linear branched

Pyridinium salt

2-Fluoroallyl amine

Yield, Z/E, linear/branched

2a F *‘?4 10a, R* = Cy, R®> = PMB (Conditions A) 83% (Z/E =98/2) (I/b>20/1)
Ph\/yN\Rs 11a, R*= PMP, R® = H (Conditions A) 73% (Z/E = 99/1) (I/b > 20/1)
F R*
2b Ph. - ,\“ 10b, R* = Cy, R> = PMB (Conditions B) 78% (Z/E > 20/1) (I/b>20/1)
R® 11b, R* = PMP, R° = H (Conditions C) 59% (Z/E > 20/1) (I/b > 20/1)
Me
2 F 34 10c, R* = Cy, R° = PMB (Conditions B) Complex mixture
A\d\/N\Rs 11c, R* = PMP, R°> = H (Conditions D) Complex mixture
] F‘{4 * > / /2) (If /
2d 10d, R* = Cy, RS = PMB (Conditions B) 44% (Z/E = 98/2) (I/b > 20/1) ¢
BZO/\/VN\RS
F 34
2e Bzo/\)\/N‘Fﬁ 10e, R = Cy, R® = PMB (Conditions B) 56% (Z/E > 20/1) (I/b > 20/1)
Me
of F S“ 10f, R* = Cy, RS = PMB (Conditions B) 87% (Z/E = 91/9) (I/b > 20/1)
"'C6H13\/VN\R5 11f, R* = PMP, R’ = H (Conditions D) 90% (Z/E = 81/19)¢ (I/b = 75/25)
F R*
” EtOZCM’\“\ ; 10i, R* = Cy, RS = PMB (Conditions B) 70% (Z/E = 93/7) (I/b > 20/1)
R 11i, R* = PMP, R® = H (Conditions D) 67% (Z/E =87/13) (I/b>20/1) ¢
Et0,C
R4
- 10k, R* = Cy, RS = PMB (Conditions B) 36% (E/Z =74/26) (I/b> 20/1)

11k, R* = PMP, R® = H (Conditions D)

Complex mixture

a Reaction procedures: (A) NasPOs, 60°C, 4 h; (B) no base, r.t., 5 days; (C) NasPOas, DMSO instead of THF, 60°C, 4 h; (D) NasPOs, r.t., 5 days; ® Isolated yields are given. Z/E
and linear/branched ratios are the same before and after column chromatography, unless otherwise stated; ¢ Side product 12 was formed in 13% isolated yield (Z/E =

96/4); 4 Z/E ratio of linear isomer; ¢ Linear/branched ratio before chromatography was of 79/21.

Abbreviations: PMB = 4-methoxybenzyl-; PMP = 4-methoxyphenyl-.
F Cy

PMB. = N
N PMB

Cy 12

Next, the scope of pyridinium salts was studied using
secondary amine 3a or p-anisidine as the model nucleophiles
(Table 2). In most cases, the corresponding products were
obtained in moderate to high yields with excellent Z/E- and
linear/branched selectivity. In the case of amine 3a, only 2-
fluorocinnamyl salt 2a could be aminated under standard
conditions (e.g., at 60°C at the presence of NasPQO,). In the other
cases, room temperature and no additional base were required
to get good yields of the products, however, long reaction times
were needed (5 days). In this way, the corresponding 2-
fluoroallyl amines were obtained starting from pyridinium salts
containing alkyl substituents (2b, 2f), benzyloxy groups (2d, 2e),
or the malonate moiety (2i). Even difluorinated pyridinium salt
2k could be successfully aminated but gave a low yield of the

target product as a mixture of E/Z-isomers. Only cyclopropyl
substituted salt 2c failed to afford the target products but gave
a complex mixture, presumably due to easy opening of the
cyclopropyl group ring in the intermediate allyl palladium
complexes.

Notably, pyridinium salts 2d,e comprise two allylic scaffolds,
i.e., 2-fluroallyl pyridinium and 3-fluoroallyl benzoate. The first
one, 2-fluroallyl pyridinium, is more reactive in both cases.
However, benzoyloxypyridinium salt 2d gave a distinguishable
amount of side diamination product 12, while this side process
was suppressed by the additional methyl group in the case of
salt 2e and only target amine 10e was obtained.
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Scheme 8. Other synthetic transformations of 2a (isolated yields, not optimized)

In contrast to amine 3a, p-anisidine additionally required
NasPO;4 in all the cases. But again, room temperatures were
required for all the salts, except the cinnamyl one (2a). In the
case of phenyl methyl salt 2b, changing the solvent to DMSO
was required, otherwise substantial formation of a diene side
product was noted. In the case of salts 2h and 2i where double
bonds are not stabilized by conjugation with the aromatic ring,
issues with linear/branched selectivity were observed.
However, for malonate-containing salt 2i, the side branched
isomer could be easily separated off by ordinary column
chromatography. Unfortunately, cyclopropyl substituted salt 2c
and difluorinated salt 2k again failed to give the target products.

Not only amines or anilines could be used as nucleophiles in
the Pd-catalyzed allylic substitution in 2-fluoroallyl pyridinium
salts. 2-Fluorocinnamyl pyridinium salts 2a reacted with sodium
methylmalonate to afford the target 13 in a high yield and with
excellent Z/E-selectivity (Scheme 8). Also, Suzuki cross-coupling
with phenylboronic acid gave the corresponding product 14
(Scheme 8). However, the yield was not high, likely due to
aqueous basic conditions required to activate the boronic ester
for the transmetalation step.

Moreover, borylation of 2a could be successfully done under
non-optimized conditions® leading to the corresponding 2-
fluoroallyl boronate 15 (Scheme 8), but the yield was only
moderate (53% vs 88% in the similar borylation of 2-fluoro-3-
phenylallyl chloride®®). The isolated boronate 15 readily
reacted with benzaldehyde affording 16 exclusively as the anti-
isomer. Unusual results were obtained when boronate 15 was
subjected to the reaction with benzaldehyde without isolation.
In this case, linear alcohol 17 was obtained exclusively as the
(2)-isomer. The origin of such regioselectivity change is still
unclear, but probably reversible addition of a 2-fluoroallyl
moiety might take place under the latter conditions.16P

Conclusions

In summary, we have disclosed an efficient two-step
approach to 2-fluoroallyl amines using (2-fluoroallyl)pyridinium
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5 mol.%
[(2-MeAll)PdCI],/ OH F
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tmeda { PhCHO OH F
15 } >
DCE, 60°C one pot ph""J\)\/Ph
3h Z/E = 98/2
17
55%
Z/E > 20/1
tetrafluoroborates as novel and stable 2-fluoroallyl
electrophiles for the Pd-catalyzed allylic substitution. (2-

Fluoroallyl)pyridinium salts are prepared by CuBr catalyzed ring-
opening of readily available gem-bromofluorocyclopropanes in
the presence of pyridine. Further Pd-catalyzed amination
affords a wide range of 2-fluoroallyl amines and anilines with
high regio- and stereoselectivity. The mildness of the reaction
conditions allows one to perform the monoallylation of primary
amines and anilines selectively, with no evidence of side
diallylation. Malonates and arylboronic acids are also suitable
nucleophiles for the Pd-catalyzed allylic substitution in 2-
fluoroallyl pyridinium salts. Moreover, Pd-catalyzed borylation
with B,pin; gives access to 2-fluoroallyl boronates that can be
used for the 2-fluoroallylboration of carbonyl compounds, thus
demonstrating that 2-fluoroallyl pyridinium salts are not only
valuable electrophiles, but also umpolung of their standard
polarity can be easily performed, thus converting them to
synthetic equivalents of the 2-fluoroallyl anion.
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