THE REAGENT

Copper(ll) Triflate in Organic Synthesis

Christian Hertweck*
Seattle/USA, University of Washington, Department of Chemistry

Received January 28th, 2000

Keywords: Asymmetric synthesis, C—C coupling, Copper, Cyclizations, Catalysts

Contents acylation and alkylation reactions. When compared with oth-
er Lewis acids, it was found to be the most successful cata-

1. Alkylations and Acylations lyst for generating acyliminium ions in acylaminoalkylation

2. Carbonyl Reactions and Michael Additions reactions. As an example, in the presence of a catalytic amount

3. Electrophilic Additions of Cu(OTf),, a-methoxyisoindolond gavef-carboline de-

4. Cycloadditions rivative 2 in 94% yield at ambient temperatures [4]. Siegh

5. Radical Reactions al. reported that Cu(OTJ)is also a highly efficient catalyst

(2 mol%) for acylation of alcohols, thiols and amines using
In contemporary organic synthesis, Lewis acid catalyzed re@cetic anhydride/acetate at room temperature. Even hindered
actions have gained increasing interest because of the unig§ePstrates and secondary alcohols can be efficiently acylat-
reactivity and selectivity that can be achieved under mild con€d. albeit at slightly elevated temperatures [5].
ditions [1]. During the past few years, the outstanding poten-
tial of a variety of metal triflates (trifluoromethylsulfonates)

. . . O
has been discovered, thus triggering much research endeav: /' 10 mol% Cu(OTh, N
our. The triflate anion is both weakly nucleophilic and coor- ©f\> o e oan N
dinating, rendering the metal counter ion more cationic and N o Y N
Me H
1 2

thus a stronger Lewis acid. In many cases, solely exchanging "
the anion from a halide to a triflate makes it possible to pro-

mote the desired reaction or improve turnover, reaction tim&cheme 1Copper(ll) triflate mediated acylaminoalkylation
and yield. In addition, the solubility of catalyst may also be

enhanced. Among the various metal triflates, copper(ll) tri- ] ] )

flate [Cu(OTf)] plays an indispensable role in the discovery ~Copper(ll) triflate mediated alkylations have also been suc-
of novel and improved reaction processes. Cu(Qfigs long ~ cessfully applied in carbohydrate chemistry. Promoted by
been known to promote elimination reactions, oxidative cou-Cu(OTf),, a variety of alcohols and sugars have been glyco-
pling reactions, and reactions of diazo compounds [2], but itgylated with glycosyl 2-pyridinecarboxylae The reaction

full synthetic capacity has long remained unveiled. Recentlymechanism is based on remote activation, initiated by a bi-
copper(ll) triflate has been used in a battery of extended aglentate coordination of the pyridine moietyfo Cu(ll),
p|ications7 inc|uding numerous examp|es where Cu(QTf) WhICh results in a generatlon of a reactive oxonlum Spe.CleS.
overcomes the limitations of othen voguemetal triflates ~ While copper(l) triflate generally afford products with high
such as Sc(OTf)and Yb(OTf) [3]. Readily handled on the _a—selectlwty, Sn(OTf)_compIements the reaction by provid-
benchtop, Cu(OTf)may also be aim situ catalyst precursor  ing a route tg-glycosides (Scheme 2) [6].
for use with a variety of chiral ligands, offering a great poten- »

tial for asymmetric catalysis. In addition, a salient feature of

copper(ll) triflate is its inherent stability in aqueous solvents,  BnQ z M(OT BnQ
which opens the door to environmentally chemistry. In this@%ﬁ&om/@ Ho-“‘g Mo Bé'r%‘ﬁ\%/x
review, the unique properties of copper(ll) triflate and some o o 2h Bno
copper(ll) triflate derived asymmetric catalysts shall be high- 3 4

.,

5

lighted.
H_,:"" D) Z | X;f catalyst solvent  yield a:p
. . NO \N — A f 6 .
1. Alkylations and Acylations BnO Vo'DM‘Ln Br0 | SnoT Heon . apo6 1789

Numerous Lewis acids are known that effectively catalyze L i

Friedel-Crafts and related reactions, however a shortcomingcneme 2Remote activation for glycosylation

of most reagents is associated with quenching the reaction;

catalysts cannot be reused, causing problems with waste dis- Copper(ll) triflate catalyzed ring opening of epoxides, such
posal. Like many rare earth salts, copper(ll) triflate has thes6, with amines gives rise {8-amino alcohols, an impor-
advantage of being recyclable from aqueous solutions aftdant class of organic compounds, especially in medicinal
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chemistry. The use of Cu(OTfhot only provides good to in hydrophobic micellar systems formed by SDS in water, in
excellent yields, but also overcomes the limitations of previwhich copper triflate (5—10 mol%) catalyzes the imination
ously known catalysts that failed to promote ring openingof aldehydes, prior to alkylation of the resulting imines with
with deactivated aromatic amines [7]. Likewise it has beerhydrophobic silyl enolatest (76 —86%). With a wide range
reported that in the presence of 5 mol% Cu(QTéyen un-  of substrates the three component coupling proceeds without
activated aziridines, such 8scould be opened with aromat- side reactions, while similar reactions in organic solvents
ic amines under very mild conditions (Scheme 3) [8]. Withsometimes tend to form deamination products [14]. For the
suitable ligands, an asymmetric version of the reaction is tapreparation ofr-amino ketones, copper(ll) triflate and azo
geted, providing valuable nonracemic amino alcohols andliester compounds may be used to aminate silyl enol ethers
diamines. Interestingly, as a result of the azaphilic propertiefl5]. a,a-Difluoro carbonyls19 represent valuable com-
of Cu(OTf),, N-acylaziridines undergo oxazoline rearrange- pounds in medicinal chemistry due to their unique proper-
ment giving access t®ynconfigurated amino alcohols [9].  ties, but their synthesis is often hampered byirtsitu gen-
eration of unstable intermediates such as fluorinated metal
enolates or silyl enol ethers. Difluorovinyl methyl etht8s

. ::/ZI\(IZPhOTf oH however, are readily obtainable and stable, but less reactive
o mol% Cu(eT2 in carbonyl reactions. With copper(ll) triflate as Lewis cata-
Et,0, 20 h it N HPh lyst, this drawback can be c[rcumvented &ndlkylated al-
6 95 % 7 dol-type productd 9 are readily obtained [16].
H,NPh OH
NHPh
ONph 5 mol% Cu(OTf)z‘ O/ Rl)\/\
Et,0, 1h 1t ”NHPh 1
8 84 % 9
Sn
. . . - Z N )a H,0
Scheme 3Ring-opening of epoxides and aziridines EtOH/ToI oH o
HO. N 12 R2 = OSiMes Mph
. . " , \/\Ph
2. Carbonyl Reactions and Michael Additions RUOR \ M 15
11 H, O
. . . TMSCN Et H/
Recently, copper(ll) triflate has found a variety of highly useful 0 R2=H
applications in carbonyl chemistry, as displayed in scheme 4. RIJ\RZ
Singhet al reported an unprecedented method for thioacetyla- + OSiMe,
tion of aldehydes and ketones in a solvent free condition. Sim- SH Cu©Th, Ra\%\Rs
ple mixing of the carbonyl compound with ethanedithiol and ws— _ R 16
SiO, — supported Cu(OTf)at ambient temperatures provid- si‘)‘;g " AN R
ed the corresponding thioacetal in excellent yields (75—98%) S H,0, SDS AN o
[10]. Copper(ll) triflate was also found to effectively cata- g~ k. OMe R2=H RIMRS
lyze trimethylsilyl cyanide addition to aromatic and aliphatic 1 F\%\Rf* RS R4
aldehydes and even aromatic ketones. Although a variety of F 1g o
Lewis acids are known for cyanohydrin formation, Cu(QTf) Re=w Y
is more versatile and moreover has great potential for exten- ¢
sion into an asymmetric version of this reaction [11]. In this RO R

context, Yamamotet al explored a new catalytic enantio-
and diastereoselective Mukayama aldol reaction with tin eno-
lates and aldehydes using a chiral pybox copper triflate comScheme 4Copper(ll) triflate catalyzed reactions of carbo-
plex [12]. Several unique properties of copper(ll) triflate in nyl compounds

aldol and allylation reactions in agqueous media were found

by Kobayashet al Goodsynselectivity was observed when

the reaction of silyl enol ethéd with aldehydes was carried Much effort has been devoted to the asymmetric conjugate
out in toluene—ethanol-water, and the catalyst could be readdition of organocopper reagents, derived from Grignard or
covered quantitatively. In addition, it was observed that aldediorgano zinc reagents, to enones. Although for a long time
hydes are allylated with tetraallylti® in the presence of a Cul was used as a source of the reactive organocopper inter-
catalytic amount (5—20 mol%) of Cu(OTfh toluene—etha- mediate, it was found that Cu(OTfs a superior catalyst,
nol-water [13]. An amazing example of this transformationand that addition of trivalent phosphorous ligands had an ac-
is the copper(ll) triflate mediated allylation of unprotected 2-celerating effect [17]. Alexakist al revealed that 0.5% of
deoxyb-ribose in aqueous medium, yielding 75% of the al- copper catalyst and 1% of TADDOL phosphorous ligand were
kylated product [13]. Copper(ll) triflate catalysis also offers sufficient for obtaining conjugate addu2t in high yield

an environmentally friendly version of the Mannich reaction, (95%) with excellent enantiomeric excess (%8q18]. The

one of the most useful methods for the synthesidarhino  chiral organocopper approach using copper(ll) triflatgtu
ketones and estefls’, which could be carried out in water has found many applications [19], culminating in an unprece-
without using any organic solvents. The reaction takes placdented asymmetric Michael addition of zincorganyls,®-
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unsaturated lactones and esters [20]. Copper(ll) triflate wamated by steric repulsiortrans-29 predominating) or elec-
also used in the first enantioselective Michael addition of 24ronic attraction ¢is-31 predominating) between the allylic
trimethylsilyloxyfurane®2 to oxazolidinone enoat@8, pro-  substituent and Se in cationic seleniranium intermediates
viding anti-24in 89% yield and 95%e As demonstrated by (Scheme 7) [23]. Accordingly, a bridged chloronium ion is
Katsuki and coworkers, this elegant conjugate addition is anticipated in a Cu(OT§)catalyzed aminochlorination pro-
convenient pathway to butenolides sucB4svhich existas  cess. WithN,N-dichloro-4-toluenesulfonamide as an oxida-
subunits of a series of natural products (Scheme 5) [21]. tive nitrogen source, cinnamate est@2sare regio- and ster-
eoselectively aminated, leading to versdtidgms-haloamine
building blocks33in good to excellent yields (Scheme 7).

0.5 mol% Cu(OTf) o ) . . : .
ij Euzn 1% TADDOLigand An asymmetric process is under investigation [24].
+ 2 - >
Tol, -30 °C, 1h
20 21
95 %96 % ee (\( Cu(OTf), / PhSeCN (j/
—_—
Q, A ~ ., SePh
R1 ° 2
ﬂ R? L smomecuomy, S NS 028 Tol, 50°C, 1h ©
* Z R1 29,95 %
TMSO™ N V\rg I DCM, 0 °C H @ © 70{ trans:cis = 96:4
22 23 Ry =H, Ry =Me 24 oM
ithout additives: 38 %, i >98:2 e 8
With bisoxazoline / HFIP: 89 %, gg['g/:ye’; (\E Cu©T), / PhSeCN’ O\\ OMe
OH X Tol,50°C, 1 h o “n-SEPh
Scheme 5Asymmetric Michael reactions 30 31,78 %

trans:cis = 13:87

3. Electrophilic Additions

TsNCl, cl
. . . COOMe 9
Besides being an excellent catalyst for reactions of carboAr” " 8 mol% Cu(OThy Ar)V;COOMe
nyls, copper(ll) triflate is also well suited for activation of " MeCN, 1t, 22 h NHTs
olefins. The soft Lewis acid catalyst forms electron rich Cu(l)- 33
olefin-rrcomplexes that profoundly enhance the nucleophilic (Ts = p-toluenesulfonyl) 71-91%

property of olefins. Hanaost al reported that nonaflyl sul-

fonium ylide26 readily attacks a preformed complex of alkene Scheme 7Copper(ll) triflate promoted electrophilic additions

25 and Cu(OTf) with elimination of iodobenzene. The car- to olefins

bonyl oxygen substitutes the copper catalyst upon lactoniza-

tion and subsequent elimination of ethene from the ethyl es- |4 is \vell known that copper-catalysis is advantageous for

ter moiety (Scheme 6). Tiesubstitutedrlactone27yielded g preparation of cycloprggyl key st¥uctures of orggnic com-

are important intermediates in the synthesis of natural COMaounds. Numerous protocois for asymmetric cyclopropana-

pounds [22]. tion using copper catalysts with chiral and achiral nitrogen
ligands have been published over the last two decades [25].

0.4 mol% While Cu(l) catalysts are most abundantly employed, the use
R Nf.— COOEt . Mmoo 1 Nfw—_COOE i i i
Y Cu(OTf), R t of Cu(OTf), in the presence of a reducing activator such as
[ P — L.Cu— |\_//|:) phenyl hydrazine offers advantages, such as benchtop han-
e Ph™+ R?  Ph”+ dling [25]. Evans and coworkers discovered that Cu(9i%f)
25 26 an efficient catalyst for the analogous olefin aziridination, and

determined the oxidation state of the active catalyst as Cu(ll).
With catalytic copper(ll) triflate and tosylated phenyliodinanes

H
Nf Q Os_0
. Ri.A O j;)MRz as nitrene precursors, aziridines are conveniently prepared in
- Phi LnCu—Z/*o - 82T4 N7 % high yield, leading to valuable precursors for a variety of ni-
-cu R1
R? n

trogen compoundsvide supra [26]. Recently, the Evans

27 aziridination has been accomplished with substituted cinna-
(Nf = nonafluorobutanesulfonyl) ~ 55-60 % mates34. The aziridine carboxylat@$ obtained may be trans-

Scheme 60lefin activation by means of copper(ll) triflate; NH,
synthesis oftlactones . COCR?

. . PhI=NR® R " 36

In contrast, seleniumorganyls can be activated by Cu§OTf)R1A\rCOOR2 10 mol% Cu(0Tf), N coore

to form highly electrophilic organoselenium copper complexes MeCN, 1t 2d g~ \ \ N
that easily undergo electrophilic additions to double bonds. A~ 3 35 Nu COCR?
reagent derived from phenyl selenocyanate and Cuf@as$) Rlﬁ
been successfully applied to a regio- and stereoselective cyc- 7o

lization of unsaturated alcohd@8and30, giving cyclic ethers
29and31, respectively. The stereochemical outcome is dom-Scheme 8Copper(ll) triflate catalyzed aziridination
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formed intoa-substituted3-amino acids36 and a,a-disub-  heterocyclic compounds [36, 37]. The intramolecular cycload-
stituted amino acid87, respectively (Scheme 8) [27]. The dition of 2-cyano-1-azadier® represents an unprecedented
latter serve as valuable source of intermediates especially f@xample of a metal catalyzed 1-azadiene Diels—Alder reac-
making amides resistant to enzymatic degradation. It shoultion. While under thermal conditions partial degradation of
be mentioned that the copper(ll) triflate catalyzed reaction othe fragile system was observed, with Cu(QTife highly
imines with ethyl diazoacetate is an optional route for theversatile compoun81 for the construction of a wide range
synthesis of aziridines [28]. of alkaloids was readily accomplished (Scheme 10) [38].

Copper(ll) triflate/bisoxazoline complexes have also been

successfully applied to 1,3-dipolar cycloadditions forming
4. Cycloadditions isoazolidine adducts [39].

The Diels—Alder reaction is one of the most fundamental re-

actions for the preparation of both carbo- and heterocycles. o ig mg:zfz ff(OTf)Z o
This utility is unambiguously enhanced by the use of Lewis +HJ\COOEt 0% 92% e 2 H
acid catalysts such as copper(ll) triflate and its complexes, o Jev0ee COOEt

which both render these cycloadditions possible at lower tem- 44 45 46
peratures and with shorter reaction times. In addition, both

regio- and stereoselectivity may be significantly improved. o

For example, Cu(OT§)complexes of Gsymmetric bisoxa- OEt _OEt L10mol% Cu(0Th), ~o
zoline41 (Evanset al) [29], phosphino-oxazoline ligar? /\)S( W 1l0mol%41 | o
(Helmchen and Sagasser) [30] and quinoline-phosphine lig- o * 89 %, > 99 % ee NS t
and43 (Buonoet al) [31] are effective chiral Lewis acids 47 48

that catalyze Diels—Alder additions of 3-acryloyl-1,3-oxazo-

lidinones 89) with cyclopentadiene3g) to give adduct0in

very good yields (75—-92%) and with excellent enantioselec- Nc__N 0O

49 ©
Ay 10 mol% Cu(0Tf), NC~ N 40
tivities (up to 99%ee scheme 9) [32—-34]. W Mﬂ U
N 78 % .
Ph

trans.cis = >6:1

Ph
o O cat. 7 Rl
g 50 51
xR, cuoT, o
+ T i i i ic i
ligand 0o Lo Scheme 10Hetero Diels—Alder reactions catalytic in
38 39 endo:exo >90:10 40 CU(OTf)Z

5 O . .
07O OW/Q F,”}/j 5. Radical Reactions
S/N NJ g/N PAr, N AN

BU A !

With both the ability of expanding its coordination sphere by
one and promoting single electron transfers, the use of cop-
85 %, 99 % ee 92 %, 97 % ee 75 %, 99 % ee per(ll) triflate in radical reactions is an attractive option.
Cu(OTf), proves to be beneficial for atom transfer radical
polymerization [40], and many applications in organic syn-
thesis have been established. For example, in the Kharash
reaction allylic C—H bonds are functionalized by means of
The great synthetic potential of the Diels—Alder reaction isperoxyesters and a catalytic amount of Cu(l) salts. As a draw-
augmented by employing hetero dienes and dienophiles, whidpack, this highly useful transformation is sluggish and re-
provide a direct and convergent strategy for the constructiofuires activation temperatures of around 80—-120 °C. Singh
of a variety of heterocyclic compounds. Jorgensen and cowet al found that the treatment of cyclic olefins wiiint-butyl
orkers have explored copper(ll) triflate catalyzed asymmegperbenzoate in the presence of a complex of copper(ll) tri-
tric oxa Diels—Alder reactions utilizing chiral bisoxazoline flate and DBU or DBN (10 mol%) made the reaction feasible
ligands. For example, cyclohexa-1,3-diedd) (reacts with  at ambient temperatures, providing allylic benzoagia up
ethyl glyoxylate45 to give adduc#6, which can be easily to 80% yield [41]. In view of the importance of homochiral
transformed into a useful chiral lactone building block [32]. allylic alcohols in asymmetric synthesis, a variety of chiral
In a similar Cu(OTf) catalyzed [4+2] cycloaddition with in-  chelating ligands have been explored [42]. For cyclic olefins,
verse electron demand, adductsagB-unsaturatedr-keto copper (ll) triflate in the presence of a chiral trisoxazoline
esters47 and electron rich alkends are obtained in excel- ligand developed by Katsuét al, turned out to be most suc-
lent yield and optical purity (> 99 %6). Substituted dihydro-  cessful, giving enantioselectivities up to 98%43]. As an
pyrans such a49 are appreciated as excellent precursors forextension of this method, benzylic amination viétt-butyl
synthesis of carbohydrates [35]. Asymmetric copper(ll) cat-N-tosyl peroxycarbamate has also been explored, but unfor-
alyzed aza anthia Diels—Alder reactions also proved to be tunately the enantioselectivity of the asymmetric amination
synthetically useful, giving convenient accesNtcand S was poor (Scheme 11) [45].

41 42 43

Scheme 9Asymmetric Diels—Alder reaction
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10 mol% Cu(OTf),

®

'BuOOCOPh / DBU

52 acetone, rt, 80 % 53
NHTos
10 mol% Cu(OTf),
(;O ‘BUOOCONHTOs
DCM, rt, 56 %
54 55
7 Cu(OTf)
u
o~ O
S DBN, MeCN N
120°C, 53 % o)
O 56 57

| |
0x — oR

one-pot
30 %

Cu(OTf),
"Fe", 0,

Scheme 120ne-pot synthesis of ginghaosu

titude of asymmetric reaction processes. Since the full poten-
tial of copper(ll) triflate in organic synthesis still remains to
be explored, further investigations should yield many excit-
ing contributions to this field.
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Besides being capable of catalyzing allylic oxidations, the

Cu(OTf),/DBN system was also found to promote a tandemgeferences

cyclization of amidyl radicals derived from hydroxamic acid
derivatives6. In a single step a tricyclic framewdk, prev- [1]
alent in the lycorane family of alkaloids was furnished
(Scheme 11) [45]. Other synthetically useful applications in- [2]
clude the Cu(OTf)promoted photooxidative cleavage of cyc-

lic olefins providingw-cyano ketones [46]. Fatty acid hy-
droperoxides are converted into hydroperoxydioxolanes with [3]
oxygen and Cu(OT$)[47]. As a highlight, copper(ll) triflate
played a crucial role in the semisynthesis of trioxane qingha-[s]
osu63, which is known as highly active antimalarial com- 6]
pound for treatment of chloroquine-resistant falciparium ma-
laria. Haynes, Vonwiller and coworkers demonstrated that
treatment of hydroperoxide9, obtained by photooxidation

of naturally occurring ginghao aci8, with catalytic Cu(OTH)
under an oxygen atmosphere results in a novel cleavage-oxylt8]
genation process, providing an equilibrium mixture of the [°]
ketoaldehydeés1 and peroxyhemiacet&®2 This mixture is [10]
cleanly convertable into ginghao88 Under optimized con- [11]
ditions, ginghaos@3and a variety of structurally related com-
pounds were prepared in a one-pot, biomimetic process if 2]
>30% directly from ginghao acti8 (Scheme 12) [47].

In conclusion, it is obvious that copper(ll) triflate is a sig- [13]
nificant and versatile reagent in contemporary organic che-
mistry. Mild, efficient and easy to carry out procedures with[14]
this unique Lewis acid provide some remarkable new chemil15]
stry. Due to its stability in aqgueous media, Cu(QTntrib- 16
utes to efficient catalyst recycling and thus to the evolution o¥ ]
benign chemistry. The most fundamentally import aspect 0[17]
Cu(OTf), chemistry is the ability to incorporate the reagent
into chiral catalysts, in which Cu(OTf)emains an integral
component of the active complex, permitting entry to a mul-

(7]
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