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Abstract: How much fluoride is good for a strong
electron-withdrawing effect? In this review we sum-
marize recent results on the use of perfluoroalkane-
sulfonates, in particular of the cost effective nona-
fluorobutanesulfonates (nonaflates), in transition
metal-catalyzed reactions and a few other typical
transformations. During the last decade many advan-
tages over the commonly used triflates have been
discovered. The generation of alkenyl and (het)aryl
nonaflates and their applications in metal-catalyzed
processes such as Heck, Suzuki, Sonogashira, Stille,
and Negishi couplings or amination reactions are de-
scribed. Although far from a systematic investiga-
tion, all the presented results clearly demonstrate the
many advantages of nonaflates and of similar higher

fluorinated sulfonates in laboratory and industrial
scale organic synthesis.
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1 Introduction

Sulfonylating reagents are of great importance in or-
ganic synthesis. The simple preparation of sulfonates
is achieved by trapping nucleophiles such as alkoxides
or enolates with suitable sulfonylating agents
(Scheme 1). Mesylates or tosylates are frequently
used intermediates, but for a variety of synthetic ap-
plications perfluoroalkanesulfonates are particularly
useful as their strongly electron-withdrawing per-
fluorinated alkyl chain dramatically enhances the re-
activity.

Alkanesulfonates:
Q Q Q
H:C~$-OR' F:C—S-OR' C,F¢S—OR'
"
(0] 0 (0]
Mesylate Triflate Nonaflate

Scheme 1. (Perfluoro)alkanesulfonates commonly used in
synthesis.
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Hydroxy groups are frequently converted into sul-
fonates because of two reasons: a) the sulfonate ion
(RSO;7) is an excellent leaving group, and b) the
strong electron-withdrawing effect of the perfluoro-
alkyl chain reduces the electron density at the adja-
cent carbon atom considerably. This makes sulfonates
not only ideal substrates for many nucleophilic dis-
placement reactions, but it also allows for a smooth
transition metal insertion into the carbon-oxygen
bond. Consequently, sulfonates are very valuable and
versatile alternatives to halides in metal-catalyzed
coupling reactions (Scheme 2).

Among the perfluoroalkanesulfonates the triflates
(CF3S0,0-) are the most popular derivatives and
have been studied in countless applications. At the
time of Hanack’s review!!! on perfluoroalkanesulfo-
nates most known reactions dealt with triflates. Later
Ritter summarized synthesis and use of alkenyl and
aryl triflates.”) Very commonly perfluoroalkanesulfo-
nates can be found as silyl sulfonates that are used for
different purposes. Their synthetic applications have
been reviewed by Simchen®" and Vorbriiggen.™"!
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Scheme 2. Possible reactions of alkane-, alkene- and arene-
sulfonates.

Nonaflates (nonafluorobutanesulfonates, NfO~),
which are the C, homologues of triflates, did not re-
ceive so much attention until recently. However,
during the last years many very useful applications of
nonaflates have been published emphasizing their tre-
mendous synthetic advantages. In this review we
therefore summarize new developments in synthetic
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applications of nonaflates and related compounds em-
phasizing metal-catalyzed reactions.
Nonafluorobutanesulfonyl fluoride (nonaflyl fluo-
ride, C,F,SO,F, NfF) is the most widely used commer-
cially available reagent for the synthesis of nonaflates.
Early applications of this reagent have been re-
viewed.! NfF is prepared on the industrial scale by
anodic fluorination of a cyclic sulfolene precursor.”
Nowadays NfF is a bulk product and commercially
available. It is remarkable that NfF is cheaper than
any of the common reagents for triflating reactions.
The reagent is bench stable and storable for years.
The two-fold reactivity of NfF is of great interest
for its synthetic applications (Scheme 3). As a sulfo-
nylating reagent it can be used as a transfer agent for
the nonaflyl group. In addition, it can be employed as
a fluoride anion carrier for the nucleophilic introduc-

‘ Sulfonylating agent R™SQ," -carrier

twofold
reactivity

R™-SO,F

| Fluorinating agent ~ F--carrier

Scheme 3. Reactivity of nonafluorobutanesulfonyl fluoride
(INfF).

Adpv. Synth. Catal. 2009, 351, 2747-2763


http://asc.wiley-vch.de

Nine Times Fluoride can be Good for your Syntheses

tion of fluorine. Although this very useful chemistry
has recently been reviewed by Vorbriiggen® a few ap-
plications will be presented in section 2.

In general hydroxy groups connected to alkyl, al-
kenyl and aryl groups can react with nonaflating
agents to create the corresponding nonaflates. In the
following sections we summarize the reactions for the
synthesis and use of alkyl (section 2), alkenyl (section
3), and aryl nonaflates (section 4). Miscellaneous re-
actions of nonaflates and related species are treated
in section 5.

2 Alkyl Nonaflates

Fluorinated compounds have received much attention
as potential pharmacologically active compounds and
hence mild fluorination methods are of extreme im-
portance. The strong electron-withdrawing property
of the nonafluorobutyl chain in combination with the
SO, moiety is an ideal tool for creating a good leaving
group. The reagent NfF additionally provides a fluo-
ride anion and can therefore elegantly be used as flu-
orination reagent for alcohols (Scheme 4). With NfF
alcohols 1 are converted into alkyl nonaflates 2 that
can directly react under Sy2 displacement with in situ
generated fluoride to give the corresponding fluori-
nated products 3 under inversion of configuration.

OH NfF ONf F- E
R1J\R2 Base R1/LR2 R1/;\R2
1 2 3

Scheme 4. Nucleophilic fluorination of alcohols via alkyl
nonaflates employing NfF as reagent.

This transformation was carefully studied by Vor-
briiggen et al. who demonstrated that NfF in the pres-
ence of DMAP served as an excellent fluorinating
agent for primary alcohols. However, with secondary
alcohols the formation of a mixture of the fluoroal-
kane, the corresponding olefin and the N-alkyl-4-di-
alkylaminopyridinium nonaflate salts was observed."”
The method was strongly improved using a combina-
tion of DBU and NfF allowing the conversion of pri-
mary alcohols 4 and secondary alcohols 6 into the cor-
responding alkyl fluorides (Scheme 5).[® This method
was applied to the synthesis of fluorinated derivatives
of androst-5-enes and pregnenes as well as to the
preparation of fluorinated progestins for breast tumor
imaging and radiotherapy.'”

This simple and highly efficient method was suc-
cessfully used for the preparation of fluorinated nu-
cleosides."""?! The synthesis of lodenosine demon-
strates the applicability on the industrial scale.* A
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t-BuOMe, 1 h
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NfF, DBU F
H £BuOMe, 2 h H
30 °C

o 66% o

6 7

Scheme 5. Vorbriiggen method for the synthesis of alkyl flu-
orides employing NfF.

closely related method for the fluorination of primary,
secondary and even tertiary alcohols was disclosed by
Yin and co-workers.!®! This group demonstrated that
a combination of NfF, NR;(HF); and NR; can effi-
ciently be employed for this type of conversion fur-
nishing the corresponding alkyl fluorides in very good
yields.

The excellent leaving group characteristic of alkyl
nonaflates was also exploited by Klar and Vorbriiggen
to prepare epoxides from diols. The combination of
DBU and NfF allowed this direct conversion in good
yields.'"" Another example was reported by Kemp
and his group. For an S\2 displacement of hydroxy
groups of penicillin and cephalosporine derivatives
they included an example of a nonaflate that was dis-
placed with iodide in good yield.™ Although the
number of examples for the application of alkyl nona-
flates present in the literature is still limited it is evi-
dent that these intermediates have a high potential
for laboratory and industrial processes.

3 Alkenyl Nonaflates

Nonaflyl fluoride is also an excellent reagent for the
conversion of carbonyl compounds into alkenyl nona-
flates. Their applications in metal-catalyzed coupling
reactions are summarized in the two major sections of
this review. From a synthetic point of view the trans-
formation of a carbonyl function into an alkenyl sul-
fonate is of vital importance since these intermediates
are very frequently used in metal-promoted reactions.
Although alkenyl bromides and iodides are common-
ly and efficiently employed in metal-catalyzed cou-
plings they are not always easily available. The intro-
duction of halogen substituents during a complex syn-
thesis can be tedious and unselective. The transforma-
tion of a carbonyl group into an alkenyl sulfonate,
however, can be achieved with fairly simple and
highly selective methods.

asc.wiley-vch.de 2749


http://asc.wiley-vch.de

Jens Hogermeier and Hans-Ulrich Reissig

In general the synthesis of alkenyl sulfonates is ach-
ieved by deprotonation with a suitable base and sub-
sequent addition of an appropriate sulfonylating re-
agent (Scheme 6, 8 to 9). The trapping of an in situ

o NfF, Base DN
RAH _ RS
R? R'= alkyl, alkenyl, aryl R?
8 9
TMSCI cat. F~
R'= alkyl, alkenN\ase Nf'/
aryl, orR'=H OTMS
RS
R2
10

Scheme 6. Fluoride-catalyzed synthesis of alkenyl nonaflates
via trimethylsilyl enol ethers employing NfF.

generated enolate can be problematic in some cases:
in particular aldehyde-derived sulfonyl enol ethers
can usually not be synthesized by simple deprotona-
tion and quenching. The early work of Reissig and
Hiinig opens an easy access to these alkenyl sulfo-
nates.'”! They discovered, that these compounds can
easily be prepared from the corresponding trimethyl-
silyl enol ethers 10 and NfF by using a catalytic
amount of fluoride to initiate the reaction. As NfF
corresponds to a fluoride source it is able to keep the
catalytic cycle ongoing. Detailed investigations re-
vealed that the counter-ion of the fluoride catalyst
has a crucial influence on the selectivity of O- and C-
sulfonylation. “Bigger” counter-ions such as cesium or
tetraalkylammonium ions were preferably used for
the selective synthesis of alkenyl nonaflates.

This work was the origin for a broad exploration of
our group in the synthetic use of alkenyl nonaflates. It
allows for the conversion of ketones and aldehydes
into alkenyl nonaflates via TMS-enol ethers 10 using
NfF and catalytic amounts of tetrabutylammonium
fluoride (TBAF) (Scheme 6). Specific examples are
depicted in Scheme 7.'""! Under these conditions sev-
eral alkenyl nonaflates 12 were synthesized from alde-
hyde-derived TMS-enol ethers 11. The method was
further extended to a variety of compounds testing
different fluoride sources that led to the development
of a method using either TBAF or a combination of
TBAF and KF as promoters."8! Alkenyl nonaflates 12
were synthesized in up to 90% yields. Alkenyl nona-
flates derived from acyclic and cyclic ketones were
also available in up to 99% yield. The “detour” via
trimethylsilyl enol ethers permits that all advantages
of their regio- or stereoselective generation are trans-
ferred to the resulting alkenyl nonaflates.
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cat. TBAF, THF

OTMS NfF, rt. ONf
H xR’ - = R’
R? 63 - 94% R?
1 12

R'=H, R?=CH,
R'=CH;, R?=CH,
R" = (CH,)sCH,;, R>=H

ONf
5” “ @

80% > 99% 1%

63% (E/Z = 77:23)
90%
87% (E/Z = 8:92)

Scheme 7. Synthesis of alkenyl nonaflates via TMS-enol
ethers employing NfF and catalytic amounts (0.15-
0.29 equiv.) of fluoride.

Ketone-derived alkenyl nonaflates can also be pre-
pared by direct base treatment and trapping of the
enolate with a suitable nonaflating reagent (e.g., NfF
or NfONf).['® Recently Lyapkalo et al. published an
interesting general method for the synthesis of alken-
yl nonaflates using phosphazene bases.!"’!

In the case of Cg-symmetrical prochiral ketones the
synthesis of alkenyl nonaflates offers an excellent
option to desymmetrize ketones by deprotonation.
This was proved by showing that the nonaflate de-
rived from 4-tert-butylcyclohexanone is available in
fair yield and with good enantiomeric excess using a
chiral base for deprotonation.’” Similarly, the TMS-
enol ether was enantioselectively prepared and then
transformed by fluoride catalysis into the nonaflate
utilizing the above-mentioned method. It proceeded
without degradation of the enantiomeric excess of the
starting silyl enol ether.*"!

Since alkenyl nonaflates are readily available with
these methods several examples of palladium-cata-
lyzed coupling reactions have been explored. Our
group provided the first investigations on Heck reac-
tions. Alkenyl nonaflates were successfully coupled in
the presence of palladium(Il) acetate giving the ex-
pected 1,3-dienes. Further exploration of the method
finally led to the development of a one-pot procedure
for the synthesis of 1,3-dienes 13 starting from TMS-
enol ethers 11 (Scheme 8)."?! The Heck reactions
were also carried out with alkenyl nonaflates directly
generated from ketones finally giving 1,3-dienes in
good yields. Recently, Lyapkalo et al. published an in-
teresting room temperature protocol for Heck reac-
tions of alkenyl nonaflates. They discovered that this
transformation can be carried out using only
Pd(OAc),, a base and DMF thus allowing for very
mild conditions in the coupling step.?

Bicyclic alkenyl nonaflates 14 derived from tropi-
none, oxa- or thia-analogues were successfully con-
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one-pot protocol:
1) TBAF, NfF, THF, r.t. N
2) Pd(OAc),, K,CO3;, KOAc or

OTMS n-BuyNCI, DMF, rt., 2 >pa X
. _R! 1
H H xR
R2 23 - 85% R?
11 13
e.g.,

= CH,, R* = CH,, R*=CO,Me; 70%
R'=H, RZ—(CH2)6CH3, R®=CO,Me; 82% (E,E:E,Z = 955)

75% 61% 34% 63%

Scheme 8. One pot syntheses of 1,3-dienes 13 from TMS-
enol ethers and NfF via alkenyl nonaflates and subsequent
Heck reaction.

verted into the corresponding coupling products using
Heck and Sonogashira reactions (Scheme 9). The re-
sulting 1,3-dienes 15 were transformed by Diels—
Alder reactions creating highly substituted new tetra-
cyclic skeletons 16 in stereoselective fashion.?!!
Further exploration of bicyclic alkenyl nonaflates
14 led to the development of efficient protocols for
Suzuki reactions leading to 17! or Sonogashira reac-
tions®! furnishing 18 (Scheme 10). Under conditions
originally reported by Miyaura for alkenyl triflates®”!
the bicyclic alkenyl nonaflates were coupled with bis-
pinacolatodiboron to provide bicyclic alkenyl boronic

(0]
R2 R® LDA, THF, -78 °C R2
y. then NfF, -78 °C to r.t.
R’ R 1
5y 27 - 94% R

Y =0, S, NCO,R
Z=CH,, CH, CHOR

esters. This method was successfully applied to the
preparation of an epibatidine-atropine hybrid.*!

An intriguing one-pot procedure for the synthesis
of conjugated enynes based on readily available car-
bonyl compounds involving a Sonogashira reaction
was recently disclosed by Lyapkalo et al.”*® Enoliza-
ble ketones or aldehydes were transformed in situ
into the corresponding alkenyl nonaflates 19 by treat-
ing them with a first equivalent of phosphazene P1 or
P2 base (Scheme 11). Upon exposure to a second
equivalent of this strong base elimination gave the
corresponding alkyne 20! that can then readily
react in a Sonogashira reaction with a second alkenyl
nonaflate 21 created from a cyclic precursor ketone
efficiently providing the desired enynes 22.

It was early demonstrated by de Meijere’s group
that alkenyl nonaflates can smoothly be employed in
Heck reactions. During the exploration of the reactiv-
ity of methylenecyclopropanes this group reported
one example of a successful coupling of these interest-
ing olefins with cyclohexenyl nonaflate.’") Further
studies on the synthetic potential of alkenyl nona-
flates 23 led to their use in a double Heck reaction
creating 1,3,5-hexatrienes such as 25a.5' These 1,3,5-
triene building blocks can undergo a subsequent elec-
trocyclization and aromatization generating com-
pounds of type 26 (Scheme 12). This group also ex-
ploited the higher reactivity of alkenyl nonaflates
compared to alkenyl chlorides for the introduction of
two different alkenes allowing the preparation of
triene 25b.

Wada and co-workers explored cross-couplings of
dienyl nonaflates (Scheme 13).2/ They were able to

COzMe

ONF Zco,Me

R®  Pd(OAc), Et;N
DMF, 70 °C

R1

25 - 99%

for

e | NPh A
OMe

toluene

Nonaflation: 73% 79% 62%
Heck reaction: 25% 69% 75%
|
Nonaflation: 92% 95% 16 69%
Heck reaction: 97% 57%

Scheme 9. Synthesis and Heck reactions of bicyclic alkenyl nonaflates 14 derived from 8-heterobicyclo[3.2.1]octanone deriva-
tives followed by Diels—Alder reaction to tetracyclic compounds 16.
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ONf
R? R®
NS
R*-B(CH), 1 1 R*
Pd(OAc),, PPh, RTNL/7R 5% Pd(OAc),, Cul
KoCO;, 70 °C PPhs, (i-Pr),NH, DMF
14
0,
R* R'=H. Me 56 - 93%
R, AR R? = H, Me, OMe, OBn
1Y ; R®=H, Me
RN/ R Y=0,S
Z = CH,, CH, CHOR
17 ,
R*= Ph, C{H,OMe R* = Ph, TMS, CH,OH
%S ph

Scheme 10. Suzuki and Sonogashira reactions of bicyclic alkenyl nonaflates 14 leading to compounds 17 or enynes 18.

H,C._.0 H\EO

R

NfF, P-base

AND
o
N
N

NfF, P-base yONf ONf
ey

By
O
21

P-base

_ =

\\

R

or
19 20

Pd(OAC),, PPh;
(i-Pr),NH, Cul, LiCl
24 h, rt

==

22
67 -97 %

Scheme 11. One-pot protocol for the in situ synthesis of alkynes 20 and their couplings to alkenyl nonaflates 21 furnishing

enynes 22.

develop efficient protocols for Sonogashira and Stille
reactions giving products 29 and 30 in good to excel-
lent yields. The required nonaflate 28 was prepared
from aldehyde 27 using -BuOK and NfF. They also
applied triflates and stated that not only the high
costs of triflating reagents but also the troublesome
preparation of several triflates in their opinion strong-
ly favours nonaflates for synthetic applications. They
demonstrated the efficacy of their method during the
synthesis of a “C-labelled retinal.l’” Labelled nona-
flate 31 was converted into triene 32 that was further
transformed. Briickner et al. also used alkenyl nona-
flates and different alkenes in efficient Sonogashira
couplings.**!

In the syntheses of guanacastepenes A and E, Sor-
ensen has shown that alkenyl nonaflates can efficient-
ly be converted into the corresponding stannane re-
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agents with hexamethyldistannane as the tin source.*”!
Again nonaflates showed superior reactivity com-
pared to the corresponding triflates.

Similar to Heck, Sonogashira, and Suzuki reactions
cross-couplings with zinc- or copper-derived organo-
metallics were successfully explored. Cross-couplings
of alkenyl nonaflates derived from (-keto esters, B-di-
ketones, and a-diketones with organozinc halides
were reported by Rossi and Bellina.’®! The required
alkenyl nonaflates were synthesized by using NaH
and NfF and they were then coupled with alkyl-, alk-
ynyl-, and arylzinc chlorides furnishing the desired
products in good to excellent yields. Dieter et al. re-
ported on the reactions of alkyl cuprates with alkenyl
halides and triflates.’”) In these publications they en-
closed one example of an alkenyl nonaflate that was
successfully coupled with an N-Boc-pyrrolidine-de-

Adpv. Synth. Catal. 2009, 351, 2747-2763
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Pd(OAc),, PPh, CO;Me
o LIHMDS ONf LiCl, NEt;, DMF N
- X NfF, 30 min : X 60-90°C ol
. - /\ M
ROR R R CO,Me
23 24
X =Cl, Br X =Br 47 - 56%
X =Cl 55%

Pd(OAc),, PPh,

A ph | Pd(OAc), PPh,

LiCI, NEt, DMF CH.CN/THE
R 3
60 - 90 °C N 16 - 42% | 10 kbar
Z SCO,t-Bu
CO,-t-Bu R" CO,Me
= R N Ph
~ X CO,-t-Bu > |
R R R" R
25a 26 25b

X=Br 71 -86%

Scheme 12. Synthesis of 1,3,5-trienes 25 and benzene derivatives 26 via alkenyl nonaflates 23.

t-BuOK, NfF, THF = _ONf
6/\ CHO éA/
52% R

RZ
27 BU3Sn

Pd(PPh,),, Et:N Pd,(dba)s, CHCI,
Cul, CeHs AsPh,, DMF
=R
ij/\/ ijA\AHRZ
30

33% - quant. 47% - quant.
/L\\/CH OH
ONf Bu,Sn 5 xCH,OH
I I
Pd,(dba)s, CHCl, s
AsPh,, DMF D = "C-label
31 67% 32

8,18-"*C-labelled retinal

Scheme 13. Sonogashira and Stille reactions of dienyl nonaflates and their use in the synthesis of *C-labelled retinal.

rived cuprate. Not surprisingly, the nonaflate gave nicely be coupled with alkyl cuprates under iron catal-

better yields than the corresponding triflate. Similarly,  ysis.**
Knochel recently showed that alkenyl nonaflates can The first synthesis and coupling reaction of bisno-
naflates prepared from dimedone derivatives 33 was
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R / R 7
o) o  TMSCLELN TMSO oTMs
DMF, 80 °C, 24 h
90 - 92 %
33 34
R=Bnorallyl NfF, CsF, THF
rt,24h
91-95%
Bn Pd(OAC),, PPh, R /
NfO NEt;, DMF, 80 °C  NfO ONf
12h
R = Bn: 56%
36 35

further coupling
reactions

Scheme 14. Synthesis and coupling reactions of bis-alkenyl
nonaflates 35 leading to bicyclic compound 36.

P(O)OEt), DBU, THF, NfF P(O)(OEt)
—~ ®  45°C.4h —~ ?
1 - = 1
R'" © 35 _ 93% R'"  ONf
37 38
R' = H. Me, Ph R"=H, Me, Ph
Stille reaction HP(O)(OR?),, Pd(PPh,),

Sonogashira reaction (i-Pr),NEt, DMF, 110 °C

61% - quant. 35 - 93%
P(O)(OEY), P(O)(OEY),
R R R'  PO)ORY),
39 40
R®= CH=CH,, C=CR R? = Et, Bn

Scheme 15. Synthesis and reactions of phosphoalkenyl nona-
flates 38.

reported by Brise (Scheme 14).*") The bisnonaflates
35 were synthesized from 34 using the Reissig—Hiinig
method with CsF as fluoride source. Subsequent intra-
molecular Heck reaction involves a 4-exo-trig cycliza-
tion leading to the interesting highly strained product
36. This group also included an example of a Sonoga-
shira reaction.

Minami et al. focussed on the synthesis of phos-
phoalkenyl nonaflates 38 (Scheme 15)" which were
synthesized from 37 by applying DBU and NfF.
Nonaflates 38 were then used in Stille and Sonoga-
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shira reactions leading to products 39. A subsequent
report also shows a C—P coupling reaction under pal-
ladium catalysis giving geminal (bis)phosphoalkenyl
compounds 40.1*!!

4 Aryl and Hetaryl Nonaflates

Similarly to alkenyl nonaflates the related aryl com-
pounds 42 have been generated and successfully used
in metal-catalyzed couplings. These nonaflates are
readily available from phenols 41 by base treatment
and quenching with NfF (Scheme 16). Typical exam-
ples of numerous synthetic applications of aryl nona-
flates leading to coupling products 43 are discussed in
this section.

OH ONf R
5 L L e
RU__ Base R__ RU
a1 42 43

Scheme 16. Generation of aryl nonaflates 42 and coupling to
43.

The Stille coupling of aryl nonaflates has been stud-
ied by Corey and co-workers!*?) who employed CuCl/
LiCl to promote the reactions of aryl nonaflates 44
with sterically demanding stannanes 45 leading to aryl
ketones 46 (Scheme 17). Corey states that the nona-
flates are similar in reactivity but less prone to O—
SO, bond cleavage processes compared to the corre-
sponding triflates.

This Stille coupling protocol was successfully ap-
plied to the total synthesis of nicandrenones.[*"! Vinyl-
stannane 48 was coupled to polycyclic aryl nonaflate
47 which was generated from the corresponding
phenol with triethylamine and NfF (Scheme 18). Sub-
sequent reactions of product 49 led to nicandrenones.

Aryl nonaflates have successfully been used in So-
nogashira reactions as disclosed by Maleczka et al.
who demonstrated that CsF in the presence of PMHS
(polymethylhydrosiloxane) facilitates the coupling
with several alkynes (Scheme 19).*! Aryl nonaflates
50 were coupled with alkynes 51 furnishing the ex-
pected products 52 in good to excellent yields. This
group also included one example of a cyclic alkenyl
nonaflate giving a cyclohexenyne in 82% yield.

An aryl nonaflate coupling with an alkyne was re-
ported by Swager et al.®! in their approach to new
poly(phenylene ethynylenes). A bisnonaflate was gen-
erated with triethylamine and then coupled with
TMS-acetylene giving the desired product in excellent
yield. Aryl nonaflates can also be coupled under Pd
catalysis with alkynes in the presence of the bulky
Cp*Li (pentamethylcyclopentadienide lithium) as
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Scheme 17. Aryl nonaflates 44 in LiCl/CuCl promoted Stille couplings with acylstannanes 45 leading to aryl ketones 46.

Pd(PPh,),, LiCl
CuCl, DMSO, 60 °C

74%

Nicandrenones

Scheme 18. Synthesis of a nicandrenone precursor 49 by Stille coupling of aryl nonaflate 47 with vinylstannane 48.

PMHS, CsF, CuCl
PdCL(PPhs),, NMP
_—

52 - 96%

52

R*Oom + =—R?
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Scheme 19. PMHS-mediated Sonogashira reactions of aryl
nonaflates 50 to arylalkynes 52.

base. Again nonaflates gave much better results than
the corresponding triflates.*!

Negishi couplings of arylzinc compounds with aryl
nonaflates were thoroughly investigated by Knochel
and his group.*”! Arylzinc compounds 54 were reacted
with aryl nonaflates 53 giving the desired coupling
products 55 in very good yields (Scheme 20). This
group also included an example of a high-yielding
Suzuki coupling of functionalized aryl nonaflate 56 to
give product 57. The Stille reaction of this aryl nona-
flate provided compound 58 with similar efficacy. Fur-
ther experiments showed that iodoaryl nonaflate 59
can smoothly be converted into the corresponding ar-
ylzinc compound 60 which was then coupled under
palladium catalysis without affecting the nonaflate
moiety to give biaryl product 61 in 89% yield. A com-
petition reaction of an aryl nonaflate and the corre-
sponding aryl triflate with 4-chlorophenylzinc bro-
mide shows that the nonaflate reacts approximately
1.4 times faster than the triflate. This result of Kno-

Adv. Synth. Catal. 2009, 351, 2747 -2763

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

chel et al. clearly demonstrates that nonaflates are not
only superior in stability during synthesis and han-
dling, but are generally slightly more reactive in palla-
dium-catalyzed reactions.

Further investigations of the Knochel group
showed that alkylzinc iodides can be successfully cou-
pled with aryl iodides and nonaflates under nickel cat-
alysis.!*®! This method was later extended to arylzinc
halides using a nickel dichloride-diethyl phosphite
catalyst system.*! Alkynylzinc reagents can be used
as alternative to alkynes in palladium-catalyzed cou-
plings to form aryl-alkynyl bonds. Rossi demonstrated
that aryl nonaflates are excellent coupling partners in
this type of reaction.”

Coupling reactions of alkenylsilanols with nona-
flates were introduced by Denmark (Scheme 21).
Under palladium catalysis employing ligand 64 differ-
ent aryl nonaflates 62 were converted into products
65 by coupling with alkenylsilanols 63.5"

Other examples of C—C coupling reactions were
disclosed by Reiser who used aryl nonaflates in Heck
reactions with 2,3-dihydrofuran at high pressure.’”
An aryl nonaflate as component for reductive hydro-
phenylation was described by Kaufmann.*’!

Similarly to C—C coupling reactions, aryl nonaflates
were also employed in C—N bond formations. Where-
as Thang and Sui reported one example®! Buchwald
and his group systematically investigated the use of
aryl nonaflates (Scheme 22).°5! Aryl nonaflates 66
were coupled in the presence of ligand 67 to give the
corresponding aniline derivatives 68 in good yields.
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Scheme 20. Palladium-catalyzed couplings of arylzinc compounds with aryl nonaflates.

ONf R? PdBr,, TBAF-n H,0 g2 [2,3-b]pyrroles and estrieno[3,4-b]pyrroles™ as well

‘ — I'fa"d’ dioxane/DMF ~—=<_, as in the synthesis of new cyclo-NOBIN ligands."™
R _J * Mesi R = R R™  Bolm et al. coupled aryl nonaflates with sulfoximines
OH 82-93% Z under palladium or nickel catalysis to yield N-aryl-

62 63 P(t-Bu), 65 sulfoximines.® The reaction of a bromoaryl nonaflate

_ " with n-butyllithium led to an aryne intermediate

Ligand: O O which was regioselectively trapped by the lithium salt

6 of a secondary amine to provide an aminated benzene

Scheme 21. Coupling of aryl nonaflates 62 with alkenylsila-
nols 63.

derivative. The product was required for the synthesis
of oxaza-adamantyl cannabinoids.*"!

Several examples of C—P and C—As coupling reac-
tions utilizing aryl nonaflates are known. Hiemstra
and his group prepared a series of dibenzofuran- or

ONf Pd cat,, ligand, base R? carbazole-based diphosphine ligands 70 or 72 by pal-

AN+ pnReRe Jouene, it - 110 °C, N ladium- or nickel-catalyzed couplings of nonaflates 69
R or MW RU or 71 (Scheme 23).16"

66 59 - 97% 68 In an attempted synthesis of PN ligands the cou-

pling of binaphthyl-derived aryl nonaflate 73 with

P(t-Bu), morpholine failed to give product 74 (Scheme 24).°%

An alternative Staudinger approach was developed

Pd(dbal; or Pd(OAC),. best ligand: allowing introduction of the amino group via different

Me,N azides. They form iminophosphorane 76 which rear-

67 ranges to an aminophosphonium salt finally affording

Scheme 22. Aryl nonaflates 66 in C—N coupling reactions
leading to aniline derivatives 68.

These reactions were considerably accelerated by mi-
crowave irradiation.**7!

Palladium-catalyzed C—N couplings of aryl nona-
flates were also utilized in the synthesis of estrieno-
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the desired product 77.

The group of Chan reported the synthesis of aryl-
phosphines or arylarsines by palladium-catalyzed
phosphination and arsination including examples with
nonaflates.***! Another palladium and copper co-cat-
alyzed C—P coupling reaction was examined by Liv-
inghouse etal. who showed that Ph(Me)PH-BH;
could be coupled in good yields to aryl halides and
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Scheme 23. C—P coupling reactions of dibenzofuran- or car-
bazole-derived aryl nonaflates.

phenyl nonaflate.®) The reaction of Ph,PH-BH; with
aryl nonaflates 78 was studied by Lipshutz et al.
Under palladium catalysis aryl nonaflates were con-
verted into the BH;-stabilized triarylphosphines 79
(Scheme 25).1! Masuda and his group investigated
the coupling of pinacolborane with different aryl hal-
ides and triflates. They included one example of an
aryl nonaflate.["”)

Stara and Stary used triflates and nonaflates for the
conversion of 3-hexahelicenol to the C, N, P and S an-
alogues.[®® Reaction of a 3-hexahelicenol-based nona-
flate under a CO atmosphere and with palladium cat-
alysis [Pd(OAc),/dppe] in DMSO/MeOH afforded the
methoxycarbonylated product in 89% yield, whereas
the corresponding triflate provided only 59%, again
showing the superior behaviour of the aryl nonaflate.

Aryl nonaflates and aryl triflates can be reduced in
the presence of palladium to provide the correspond-
ing arenes. Subramanian and Martinez used palladium
on charcoal and hydrogen for this transformation re-
ducing several aryl nonaflates in excellent yields.[”) A
similar example was disclosed by Horwitz et al. who

_—

(R)-Binol

73

N;-R, THF/toluene
sealed vessel
110 °C

.,
9O

75

39 - 99%

g
PPh,
™

(I e

' ~Ph

PLs OH-
~NR
o™

76

R BH, Pd(PPhy),, K,CO, R
B ' o, 40°C ‘ ]Cj\sm
+
— Ph,PH 4
ONf ? 68% - quant. . Z PPh,
78 79

Scheme 25. Synthesis of BH;-stabilized triarylphosphines 79.

successfully applied H,/Pd to the reduction of an aryl
nonaflate during the synthesis of an estratrienol deriv-
ative.™ An interesting alternative method was devel-
oped by Lipshutz etal. They employed dimethyla-
mine borane complexes under palladium catalysis for
the reduction of several aryl nonaflates. The products
were obtained in very good yields."!

So far only a limited number of hetaryl nonaflates
has been used in synthetic transformations. Our group
prepared highly substituted pyridyl nonaflates that
were successfully used for different palladium-cata-
lyzed coupling reactions such as Heck, Suzuki and So-
nogashira reactions as well as reductions with H,/Pd/
C.["J Starting from 4-pyridinol derivatives such as 80
NaH/NfF  furnished 4-pyridyl nonaflates 81
(Scheme 26). The regioisomeric 3-pyridinol deriva-
tives 82 were similarly converted into 3-pyridyl nona-
flates 83 and subjected to coupling reactions.”*

A pyrimidinyl nonaflate was prepared under stan-
dard conditions from compound 84 and a Sonogashira
reaction with phenylacetylene provided the coupling
product 85 in good yield.”™ Quinoline-derived nona-
flates were used in Heck reactions with homoallyl al-
cohols which provided products required for Sml,-in-
duced syntheses of new azasteroid analogues.”* Col-
lins etal. prepared 1-methyl-3,5-diarylpyrazoles via
Suzuki reactions.” The nonaflate 87 was synthesized
using the combination NaHMDS/NFF and then cou-
pled to products 88 in moderate to good yields
(Scheme 27).

e e
[Pl PPh,
ﬁz—y
L™

different ligands

HN 0O
/

DL
PPh,

NHR

77

Scheme 24. Staudinger approach for the synthesis of binaphthyl-based PN ligands 77.
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/
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Sonogashira coupling
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Scheme 26. Synthesis of 4- and 3-pyridyl nonaflates 81 and 83 as versatile precursors for coupling reactions and conversion

of 4-pyrimidinol 84 into disubstituted alkyne derivative 85.

Me NaHMDS, NfF Me

THF,0°C N-N
Y | F

HO 88% NfO
86 87

ArB(OH),,
Pd(PPh,),
Na,CO,, DMF
100 °C

leN

10 -37%

Scheme 27. Preparation of diarylpyrazoles 88 via palladium-
catalyzed couplings of pyrazolyl nonaflates.

An example of a C—N coupling of a hetaryl sulfo-
nate was reported by Cacchi et al. who aminated 2-
pyridyl nonaflate with morpholine in 52% yield."®

S Miscellaneous Reactions Including other
Perfluorosulfonylated Reagents or
Intermediates

Nonafluorobutanesulfonates have been used in a vari-
ety of other reactions that do not fit into the above
categories. Therefore all these miscellaneous reactions
are briefly summarized in this section. A new ap-
proach to highly functionalized azo compounds utiliz-
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ing nonafluorobutanesulfonylbenzotriazoles (BtNf)
has been reported by Subramanian and Ziegler.”)
BtNf can easily be prepared from lithiated benzotri-
azole and NfF in 89% yield. Treatment of phenols
with this reagent led to ortho-substituted azobenzenes
in good vyields. Similarly, BtNf reacts with active
methylene compounds such as diethyl malonates to
furnish a-functionalized arylhydrazones. Wakselman
et al. prepared aliphatic fluorinated sulfoximines by
treatment of sulfoximines with NaH/NfF.8!

The higher homologues of nonaflates, for example,
C¢F,;-sulfonates, have also been used in Suzuki cou-
plings. The group of Zhang demonstrated that these
longer chain aryl perfluoroalkanesulfonates behave
like aryl nonaflates providing the desired products in
good yields.” Aryl perfluorooctanesulfonates were
successfully employed in Buchwald—Hartig-type ami-
nations.® This perfluoroalkanesulfonate reagent was
explored by Lipshutz etal. for room temperature
Suzuki couplings in water which is facilitated by non-
ionic amphiphiles. This group found that the CgF;SO;
derivatives displayed a considerably better reactivity
than the corresponding triflates.®!) Compound 89 was
coupled with boronic acid 90 under aqueous condi-
tions giving 91 in 95% yield (Scheme 28). The corre-
sponding triflate provided 91 with inferior efficacy.
The lower homologues of nonaflates, tetraflates
(C,F,HSO,-OR) were also applied to Suzuki and
Heck couplings as well as Pd-catalyzed amination re-
actions.®”!

Recently examples of solid phase-supported
chemistry involving perfluoroalkanesulfonates have
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Scheme 28. 2-Naphthyl perfluorooctanesulfonate 89 as pre-
cursor in a palladium-catalyzed reaction.
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been reported. The group of Holmes developed a per-
fluoroalkanesulfonyl linker for the deoxygenation of
phenols.®  This reactive ~R-(CF,),0(CF,),SO,F
moiety 92 is linked via the R group to a resin and it
was reacted with phenols using K,CO; as base provid-
ing perfluoroalkanesulfonates 93 attached to the solid
support (Scheme 29). Subsequent treatment with
formic acid as hydrogen source in the presence of pal-
ladium furnished the deoxygenated products 94,
whereas the perfluoroalkyl moiety was removed
traceless by filtering off the resin. In the same fashion
this group also demonstrated that they were able to
perform Suzuki reactions. The perfluoroalkanesulfo-
nates 93 were coupled with boronic acids to furnish
biaryls 95 in good yields.

Another solid phase-supported reaction of an aryl
nonaflate was disclosed by Konig.® A PEG 6000-
connected phenol linked via an ester moiety to the
solid phase support was converted into the corre-
sponding nonaflate with triethylamine/NfF. This aryl
nonaflate was then subjected to Suzuki reactions with
arylboronic acids to afford the desired products in

good yields. This report reveals that couplings on
solid phase support with aryl nonaflates can easily be
carried out.

A solid phase supported synthesis of '*F-labelled 2-
fluoro-2-deoxy-D-glucose using a perfluorinated linker
[-(CF,),0(CF,),S0O5-] was reported by Brown and co-
workers.®™ They developed an efficient protocol that
involved the synthesis of a solid support-bound glu-
cose derivative which was then treated with K'*F in
the presence of kryptofix[2.2.2] in CH;CN to give the
fluorinated carbohydrate derivative in very short time
with an "F incorporation of 70-91%. The carbohy-
drate moiety is elegantly cleaved by nucleophilic dis-
placement of the linker sulfonate with K'F during
the reaction. The radio-labelled compound can be ob-
tained without effort as the perfluorinated reagent is
still connected to the resin.

1,3-Dipolar cycloadditions of nonaflyl azides were
investigated by Zhu et al. Reactions of NfN; and 1,2-
dihydropyridines did not give the expected cycload-
ducts but rather tetrahydropyridylidene fluoroalkane-
sulfonylamides.®® Similarly, cyclic vinyl ethers gave
tetrahydropyran- and tetrahydrofuran-2-imines.*®! In
the case of simple vinyl ethers the primary triazolines
could be isolated.®™! Yamamoto used Nf-protected
amines for the asymmetric hydroamination of alkynes.
The linear alkynylamines were cyclized using chiral
palladium complexes.[*"!

Besides NfF recently an alternative nonaflyl trans-
fer reagent has been reported: the group of Zhu
found that (like 4-nitrophenyl triflate) 4-nitrophenyl
nonaflate acts as potent perfluoroalkanesulfonyl
transfer agent, providing a number of aryl nonaflates
in good to excellent yields.® This group included the-
oretical calculations on the mechanism of the sulfony-
lation reaction.

An application employing a fluorous separation
technique was reported by Wang et al.® who synthe-

Pd(OAc),, dppp

RC4H,OH DMF, Et;N
Q2 Kcouour O;SO it ~
F "OCeH,R - g
FF FgE ~°F 63 - 90% &
92 93 94
R'CGHJ:;(M
[PACly(dppf)] 7
H RFRFo o Et,N, DMF iR
N g7 SN
O o ‘F 62 - 89% gl
ofF F FF P
95

Scheme 29. Solid supported palladium-catalyzed reactions with R-(CF,),0(CF,),SOs-linked aryl groups.
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sized (§)-pyrrolidine-sulfonamides tagged with CF;,
C,Fy and CsF;; moieties. The pyrrolidines were used
in organocatalytic enantioselective Michael additions
of ketones and aldehydes to nitroolefins®®* and for
aldol reactions®™"! in water. All fluorous tagged cata-
lysts gave good ees and excellent yields. The C,Fy-
tagged sulfonamide was separated using fluorous
silica gel separation techniques and recovered by
washing the flash gel subsequently. The catalyst was
reused for six subsequent cycles showing that nona-
fluorobutanesulfonyl-derived compounds can nicely
be employed with fluorous separation techniques.”!
An N-nonafluorobutanesulfonylproline-Rh(IT) com-
plex was used by Corey et al. for the enantioselective
insertion of carbenoids into silicon-hydrogen bonds
efficiently leading to silylated cyclohexenones and cy-
clopentenones.”!)

6 Conclusion

Triflates are still the commonly employed reactive in-
termediates for most of the synthetically important
coupling reactions starting from carbonyl compounds
or aryl systems derived from phenols and their
(hetero)analogues. This may be a matter of conven-
ience since triflating reagents are readily available in
a synthetic laboratory and several compounds can be
purchased. Teaching habits may also support this. The
many examples presented in this review witness that
alkenyl, aryl, or heteroaryl nonaflates display remark-
able advantages and are often clearly superior to tri-
flates: 1) nonaflates are more stable, for example, to
hydrolysis, and thus they can be purified by chroma-
tography or other methods and stored for longer peri-
ods without decomposition; 2) in spite of this higher
stability nonaflates are slightly more reactive®” in
most of the coupling reactions employed; 3) nona-
flates are less prone to side reactions such as O—SO,
bond cleavage processes.

All these advantageous properties generally lead to
higher yields for the nonaflation and the coupling
steps. The most commonly employed nonaflation re-
agent NfF is commercially available for a fair prize
also in a large scale. If its moderate reactivity is not
sufficient in the nonaflation step or if the released
counter-ion fluoride is not desired, the corresponding
anhydride (NfONf) can be purchased. For higher se-
lectivity in the nonaflation alternatives such as the
above mentioned 4-nitrophenyl nonaflate are already
known or they should be easily available (e.g., the an-
alogue of Comins reagents).'””! Not surprisingly, there
are currently many attempts to substitute perfluori-
nated sulfonates in metal-catalyzed reactions by more
cost effective alternatives such as tosylates,”! mesy-
lates!™ or imidazolylsulfonates.”® Nevertheless, we
are convinced that nonaflates (or their higher homo-
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logues) will be employed more frequently in laborato-
ry or industrial scale once researchers have fully rec-
ognized the remarkable superiority of these perfluor-
oalkanesulfonates in metal promoted transforma-
tions.”’!

7 Supplement Added in Proof

Two palladium-catalyzed processes under formation
of C—C and C—N bonds involving aryl nonaflates
have been reported. The modular indole synthesis of
Barluenga, Valdés et al. starts from imines and o-
chlorononaflates.”® A conversion of aryl nonaflates
into nitroaromatic compounds was recently described
by Fors and Buchwald.
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