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Abstract

Carbon-fluorine bond formation by transition metal catalysis is difficult and only few methods for
the synthesis of aryl fluorides have been developed. All reported transition metal-catalyzed
fluorination reactions for the synthesis of functionalized arenes are based on palladium. Here we
present silver catalysis for carbon—fluorine bond formation. Our report is the first example of the use
of the transition metal silver to form carbon—heteroatom bonds by cross-coupling catalysis. The
functional group tolerance and substrate scope presented here have not been demonstrated for any
other fluorination reaction to date.

Introduction

Fluorinated aromatic compounds are used as pharmaceuticals, agrochemicals, materials, and
tracers for positron emission tomography (PET).! Fluorine incorporation often improves the
properties of functional molecules; for example, fluorine substituents can increase the
metabolic stability and the rate and extent of blood-brain barrier penetration of
pharmaceuticals.2 Selective fluorination is important but challenging, especially when the
desired fluorinated molecules are complex, and carbon—fluorine bond formation must occur at
a late stage of their synthesis.3 In this manuscript we present a silver-catalyzed late-stage
fluorination reaction of complex small molecules, including polypeptides, polyketides, and
akaloids (eq 1). Our report is the first example of silver catalysis for carbon—heteroatom bond
formation by cross-coupling chemistry. We propose that silver-catalyzed late-stage
fluorination proceeds by a mechanism distinct from conventional cross-coupling chemistry.

Lain-Stage
Fluor nati on

(1)
BnBuy Me F
First C-X
Cross Coupling by Ho” 4
Ag Cufulysia HO OBzOAC

Correspondence to: Tobias Ritter, ri tt er @heni stry. harvard. edu.

Supporting Information Available: Experimental procedures and spectroscopic data for all new compounds. This material is available
free of charge via the Internet at http://pubs.acs.org.


http://pubs.acs.org

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tang et al.

Page 2

The synthesis of fluorinated arenes is challenging due to the properties of fluorine.
Electrophilic fluorination is often unselective.> Nucleophilic fluorination is complicated by
strong hydrogen bonding and the high hydration energy of the fluoride anion, which results in
low nucleophilicity of hydrated fluoride and high basicity of dry fluoride.6 Carbon—fluorine
bond formation by transition metal catalysis is difficult,” in part due to strong ionic metal—
fluoride bonding, and only few examples have been reported.8 Reductive elimination, the
product forming event in cross-coupling catalysis, becomes increasingly difficult and requires
harsher reaction conditions in the bond formation series C-C, C-N, C-O, C—F.8d.9
Sanford8? and Yu®¢ have reported directed palladium-catalyzed electrophilic aromatic
fluorination. The advantage of both transformations is the ability to convert C—H bonds into
C-F bonds. Challenges include the high reaction temperature (120-150 °C), and the need for
directing and blocking groups on the arene for regioselective fluorination. A breakthrough
discovery in 2009 by Buchwald8? extended palladium-catalyzed cross-coupling chemistry to
nucleophilic fluorination. The reaction temperature of 80-130 °C in combination with the
basicity of fluoride, is a current challenge for the synthesis of molecules with protic functional
groups and the synthesis of complex aryl fluorides by this method. In some cases, mixtures of
regioisomers were observed. A general, functional group-tolerant late-stage fluorination of
complex arenes has not yet been achieved by either nucleophilic or electrophilic fluorination
reactions.

Silver is used in heterogeneous oxidative catalysis on industrial scale.1% In homogeneous
catalysis, silver is typically used as non-redox active Lewis acid, and its redox catalysis is not
well understood.! Cross-coupling catalysis most commonly relies on mononuclear complexes
derived from transition metals like palladium, with predictable two-electron redox pathways.
Silver undergoes one-electron redox chemistry and previously has not been employed for
carbon-heteroatom bond formation by cross-coupling catalysis.

Results and Discussions

We have previously reported the electrophilic fluorination of arylsilver complexes, which
required two to three equivalents of silver salt to obtain synthetically useful yields of aryl
fluorides.12 Here, we address the conceptual disadvantage of our earlier results and present
silver catalysis. The development of silver catalysis was complicated by protodestannylation
as shown in Table 1. Addition of the electrophilic fluorinating reagent F-TEDA-PFg to
arylstannane 1 in the presence of 10 mol% silver catalyst produced 68% of the undesired
protodestannylated product 2a and only 30% of the desired fluorinated product 2.

We hypothesized that tributyltin triflate, generated by transmetallation from arylstannanes to
AgOTHf, is hydrolyzed in situ to form triflic acid (TfOH),13 which is responsible for
protodestannylation. Fluorination of purified arylsilver complexes, without tributyltin triflate
contamination, did not afford protodestannylated byproduct. Because common drying reagents
did not suppress protodestannylation, we evaluated bases to neutralize acids that may form
during catalysis and identified sodium bicarbonate (NaHCO3), which, unlike many other bases
(see Supporting Information), was compatible with F-TEDA-PFg under the reaction
conditions. The use of NaHCO3 had the additional, though unanticipated, benefit that most of
the formed tributyltin bicarbonate precipitated and could be conveniently removed by filtration.
Precipitation of the tin residue facilitated product purification, which is often cumbersome
when organotin reagents are used.14

Several soluble Ag(l) salts catalyzed fluorination with equal efficiency but silver oxide
(Ag,0) was selected as the catalyst of choice because it afforded the fluorinated products in
the same range of yields as other silver salts and, in contrast to many soluble Ag(l) salts, is
inexpensive ($1.0/g) and not hygroscopic. The addition of NaOTf to the Ag,O-catalyzed
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reaction increased the rate of fluorination, possibly due to the conversion of insoluble Ag,O
into a soluble Ag(l) compound under the reaction conditions. While Ag,0O is not soluble in
acetone itself, we confirmed the presence of an active, soluble silver catalyst: Upon filtration
of the reaction mixture after five hours, followed by addition of the same amount of all reagents
except silver source, 80% of fluorinated product was observed, based on total added stannane.
We determined gravimetrically by precipitation of AgCI that 92% of the silver remained in
solution as Ag(l) after fluorination. In the absence of silver catalyst, less than 5% fluorination
was observed at 90 °C. The catalyst loading could be reduced to 1 mol% Ag,0O with no loss
in yield; however, longer reaction time and higher reaction temperature were required.

Fluorination using 5 mol% of Ag,O afforded electron deficient (4), electron rich (5),
halogenated (6), and ortho, ortho disubstituted arenes (7). The addition of five equivalents of
methanol decreased the amount of protodestannylated product formed to 2-5% when 5 mol%
of Ag,0 was used; addition of MeOH reduced the yield of fluorinated product at 1 mol%
catalyst loading. The role of MeOH is currently not understood. All fluorination reactions were
performed under ambient atmosphere and in reagent grade acetone as solvent. The reaction
temperature of 65 °C is slightly above the boiling temperature of acetone and therefore,
reactions were performed in closed vessels. The reaction could also be performed at reflux
with yields decreased by about 10% and reaction times three hours longer.

We selected a group of small molecules that contain several functional groups and found that
the Ag,O-catalyzed fluorination reaction is general beyond simple arenes (Table 2).
Biologically active molecules such as carbohydrates, peptides, polyketides, and alkaloids are
compatible with fluorination, and molecules derived from complex natural products such as
taxol and rifamycin were successfully fluorinated. It is worth mentioning that fluorination can
proceed in the presence of several functional groups, including a vinyl ether, a dienone,
alcohols, an allylic alcohol, ethers and esters, and an oxetane. To date, no other fluorination
reaction has been shown to have a substrate scope as broad as shown in here. The practical
reaction conditions allowed for the gram-scale synthesis of dipeptide 15 in 92% yield. For all
fluorinated molecules shown in Table 2, carbon—fluorine bond formation was performed as
the final synthetic step. The yield of protodestannylated byproducts was less than 10% in all
cases, which simplified purification of the fluorinated molecules. Fluorination always occurred
regiospecifically; no other regioisomers were detected. General regiospecificity of the silver-
catalyzed fluorination is an additional advantage over the known palladium-catalyzed
fluorination reactions.

Limitations of the Ag-catalyzed fluorination reaction are shown in Chart 1. We identified that
basic functional groups that react with the electrophilic fluorinating reagent unproductively
are often not tolerated. Certain amines (19) may react with F-TEDA-PFg to form N-fluoro
compounds that subsequently eliminate HF. Amines that lack B-hydrogen atoms for E2
elimination of HF participate successfully in fluorination: For example, both the quinoline and
the bridgehead tertiary amine of quinine (11) did not impede aryl fluorination. In contrast to
sulfides, which likely react as nucleophiles with F-TEDA-PFg, sulfones are compatible with
the reaction conditions (20, 21). Fluorination of substrates with protic functional groups that
can be deprotonated by NaHCO3 proved problematic (22). Carboxylate anions generated by
the deprotonation of carboxylic acids may react with AgOTT to form silver carboxylates, which
are less effective silver salts for silver-mediated fluorination of arylstannanes. Alcohols, on the
other hand, did not affect successful fluorination (23).

Late-stage fluorination is valuable for complex target molecules that are otherwise more
challenging to obtain. We selected the pharmaceutical ezetimibe and the natural product
strychnine to illustrate the advantage of late-stage fluorination compared to conventional
synthesis to access complex fluorinated molecules. Fluoro-deoxy-ezetimibe (26) was prepared

J Am Chem Soc. Author manuscript; available in PMC 2011 September 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tang et al.

Page 4

in a three-step sequence from available ezetimibe as shown in Scheme 1. De novo synthesis
of the fluorinated molecule 26 would require several more synthetic steps.® The structure of
strychnine (27) is a challenge for the Ag-catalyzed fluorination reaction because it does not
possess a phenol functionality, which is a convenient functional group for late-stage
fluorination as shown for ezetimibe (24). In addition, strychnine is an alkaloid, which contains
atertiary amine that cannot be readily protected as an amide or carbamate. Indeed, fluorination
of strychnine-derived arylstannane 29, obtained via known iodination of strychninel6 followed
by stannylation, did not afford any fluoro-strychnine (30), likely due to competing N-
fluorination. However, in situ N-benzylation, followed by Ag-catalyzed fluorination of the
resulting strychnine-derived ammonium salt proceeded in 75% yield. Subsequent
hydrogenolysis yielded previously unknown fluoro-strychnine (30) in 60% overall yield from
29 by late-stage fluorination.

Mechanistically, silver redox catalysis is much less understood than, for example, palladium
redox catalysis, in part due to its scarcity.1! Cross-coupling catalysis most commonly relies on
mononuclear complexes derived from transition metals like palladium, which typically
undergoes predictable two-electron redox pathways during reductive elimination, while silver
undergoes one-electron redox chemistry.

We propose the catalytic cycle shown in Scheme 2 for silver-catalyzed fluorination: Aryl
transmetallation from tin to Ag(l) can afford arylsilver species such as 1,122.17 possibly
aggregated with additional Ag(l) under conditions of catalysis. We suggest that subsequent
Ag-based fluorination affords a high-valent arylsilver fluoride complex such as I1. A
multinuclear silver complex, such as dinuclear complex I1, may be responsible for carbon—
fluorine bond formation because two-electron redox processes can be facilitated by metal-metal
cooperation, in which more than one metal contributes to the redox process.8 Carbon—fluorine
reductive elimination from potential intermediate 11 provides aryl fluoride and regenerates the
Ag(l) catalyst.

Indirect evidence for the presence of a multinuclear arylsilver complex was obtained by
fluorination of complex 31 with and without additional Ag(l) (egs 2, 3). Fluorination of the
mononuclear arylsilver complex 31 afforded aryl fluoride 32 in 47% yield, while addition of
one additional equivalent of AgOTTf to 31 afforded 32 in 84% yield. We were unable to isolate
a high-valent Ag complex, but our results imply that a direct cleavage of the carbon-silver
bond of the aryl Ag(l) complex I by carbon fluorination does not occur: Addition of 25
equivalents of water to the fluorination reaction of tributylarylstannane afforded phenols as
byproduct, as shown in the dashed box in Scheme 2. The formation of phenols is consistent
with fluoride-hydroxide exchange at a high-valent silver complex, followed by carbon—-oxygen
reductive elimination. Addition of the radical inhibitor butylated hydroxytoluene (BHT) had
no effect on the yield of fluorination, which is also consistent with a high-valent silver
intermediate.
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Conclusion

We present a silver-catalyzed fluorination reaction, which can be applied to complex small
molecules. The functional group tolerance and substrate scope presented here has not been
demonstrated for any other fluorination reaction to date. A current disadvantage of the method
is the need for the preparation of arylstannanes as starting materials. In addition, the fluorination
reaction reported by Buchwald can afford aryl fluorides from triflates directly, while our
fluorination reaction requires an additional synthetic step from triflate or halide to stannane.
On the other hand, advantages of our fluorination reaction compared to the Buchwald method
are milder reaction conditions, stereospecificity, and tolerance toward protic functional groups,
which make our fluorination reaction particularly useful for late stage fluorination of complex
small molecules, which may not be suitable for other fluorination reactions.

The Ag-catalyzed fluorination reaction likely proceeds through a mechanism distinct from
traditional cross-coupling mechanisms. Noteworthy is the C—F bond formation under
comparatively mild reaction conditions, by reductive elimination from a putative multinuclear
high-valent silver fluoride complex. Silver catalysis, with potential redox synergy between two
or more metals, is a new avenue for carbon-heteroatom cross-coupling chemistry.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.

Late-stage fluorination of ezetimibe and strychnine. a: i) PhNTf,, EtsN, DMAP, CH,Cl>, 23
°C, 95%; ii) LiCl, 5 mol% Pd(PPhg)4, (n-Bu3Sn),, dioxane, 100 °C, 50%; b: Ag,0 (5 mol%),
NaHCO3, NaOTf, F-TEDA-PFg, acetone, 65 °C, 90%; c: EtgN, 5 mol% Pd(PPh3),, (n-
Bu3zSn),, dioxane, 100 °C, 34%; d: BnBr, acetone; AgOTf; Ag,0 (5 mol%), NaHCO3, NaOTf,
F-TEDA-PFg, 65 °C; e: 1,4-cyclohexadiene, Pd/C, MeOH, 40 °C, 60% for two steps.
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Proposed mechanism for silver-catalyzed fluorination.
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Chart 1.

Limitations of the presented fluorination reaction.? a) The fluorination was attempted from the
corresponding arylstannane: 5.0 mol% Ag,0, 1.5 equiv F-TEDA-PFg, 2.0 equiv NaHCO3, 1.0
equiv NaOTf, 5.0 equiv MeOH, acetoneg, 65 °C, 4 h. b) 20 mol% of AgOTf, 2 equiv of NaOTf
and 2 equiv of F-TEDA-PFg were used at 90 °C.

J Am Chem Soc. Author manuscript; available in PMC 2011 September 1.



Page 10

Tang et al.

U ¥ ‘D, G9 ‘8U0IBIE ‘HOBIN AINb3 G ‘JLOBN AINba 0'T ‘€0DHEN AINbB 0°Z *94d-v a3 L-4 AInba G'T '0ChY %plow o_mA

‘sasatuased uy uaAIb ale sjonpoid pate|AULEISaPOI0Id JO SPISIA “PIBPUEIS  SE BUSZUBGOINU-E-010N|)-T UM HIAIN Hy PUB HIAIN dg7 AQ PAUILLISIAP 315M SPIAIA

q

(e

(%8) q'%8L L (%8) q'%LL *9 (%E) ¢'%9L :S (%2) §'%68 ¥ (%P) q'%88 ‘€

N o
op 3 4 g 4

N e
(%2) %26 %ow%m J10eN AInba O'T £0DHEN o\mwmc,qﬁ
)
(%5) %06 o,H mo JLOBN AINb3 0°T £0DHEN Q\Mu_mmc,qm
(%6) %L.8 u_.w mw auou £00HEN QMV_Mm:<m
(%89) %0 ufu mw auou auou &ﬁmwwﬁ
%w; %_w; %%m_w PPy EMMM% 9 Hﬂwmmo
“4d-va m._. ; Bg [ auoleoe L
) 8
g _ 2 z dd-¥0dl-d
.fln_n_ 4 BZ m 2“0id el = anba g | = L8 E|
10—z K | 1sferen ())By | | >
i ngus

"UOINBLLIOJ PUOQ 8ULION[J—U0gJed 10J SISA[e1ed JA|IS

T 3lqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Am Chem Soc. Author manuscript; available in PMC 2011 September 1.



Tang et al. Page 11

Table 2

J Am Chem Soc. Author manuscript; available in PMC 2011 September 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey Joyiny vd-HIN

Tang et al. Page 12

Ag,0O-catalyzed fluorination of complex small molecules.

R’ = Me, Bu

0

flavanone 90%, 8
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R’"=Me, Bu

estrone 81%, 13
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R’ =Me, Bu
estrol-17-B-D-lactosde heptabenzoate 80%, 16
a)

20 mol% of AgOTHf, 2 equiv of NaOTf and 2 equiv of F-TEDA-PFg were used at 90 °C.
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b)zo mol% of AgOTHf, 2 equiv of NaOTf, and 5 equiv of MeOH was used. The names under the molecules in Table 2 refer to the parent molecules

and not to fluorinated analogs shown.
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