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ABSTRACT: Aryl triflates were transformed to aryl
bromides/iodides simply by treating them with LiBr/Nal
and [Cp*Ru(MeCN),]OTf. The ruthenium complex also
catalyzed the transformation of alkenyl sulfonates and
phosphates to alkenyl halides under mild conditions. Aryl
and alkenyl triflates undergo oxidative addition to a
ruthenium(IT) complex to form #'-arylruthenium and 1-
ruthenacyclopropene intermediates, respectively, which are
transformed to the corresponding halides.

ryl halides are versatile substrates under transition-metal

catalysis' and convenient precursors for arylmagnesium/
lithium reagents” and aryl radicals.® Simple aryl halides are
conventionally prepared by electrophilic aromatic substitution
with halogens” or the Sandmeyer reaction® under relatively harsh
conditions. For the synthesis of relatively complicated ones, a
three-step scheme starting from phenols and consisting of
trifluoromethanesulfonylation,® palladium-catalyzed stannyla-
tion/borylation, and halogenolysis has been widely used as a
reliable method.” *° As a straightforward method, Buchwald and
co-workers have recently developed a palladium-catalyzed direct
transformation of aryl and alkenyl triflates to the corresponding
bromides and chlorides."" However, it is not applicable to the
synthesis of aryl iodides. On the other hand, we had already
reported that low-valent ruthenium complexes generated, for
example, from Ru(acac); and EtMgBr catalyze the trans-
formation of alkenyl triflates to halides, though aryl triflates are
unreactive under the ruthenium catalysis.'* Here we report that
Cp*Ru (Cp* = CsMe;™) complexes efficiently catalyze the
transformation of aryl triflates to aryl bromides and iodides. The
Cp*Ru complexes were found to be much more catalytically
active than the low-valent ruthenium complexes in the
transformation of alkenyl triflates to halides.

Treatment of 4-acetylphenyl triflate (la) with [Cp*Ru-
(MeCN);]OTf (5 mol %) and LiBr (1.5 equiv) in 1,3-
dimethyl-2-imidazolidinone (DMI) at 100 °C for 12 h gave a
98% yield of 4'-bromoacetophenone (2a) (Table 1, entry 1)."?
The reaction also proceeded in high yield in N-methyl-2-
pyrrolidone (NMP) and N,N-dimethylformamide (DMF)
(entries 2 and 3). In contrast, almost no reaction took place in
1,4-dioxane or dimethyl sulfoxide (DMSO) (entries 4 and $).
NaBr and Bu,NBr also worked as bromide sources, whereas KBr
was less effective (entries 6—8). The use of [(CsMe,CF;)Ru-
(MeCN),]OTf as the catalyst, in which C;Me,CF; has steric and
electronic effects similar to those of Cp* and Cp, respectively,"*
resulted in slow conversion (entry 9), indicating that strong
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Table 1. Ruthenium-Catalyzed Transformation of 4-
Acetylphenyl Triflate to 4’-Bromoacetophenone

o] O,

[Ru] (5 mol % Ru)
- 7
solvent, 100 °C

1a 1.5 equiv 2a
time
entry [Ru] solvent mBr (h)  yield (%)”
1 [Cp*Ru(MeCN),]OTf DMI LiBr 12 98
2 [Cp*Ru(MeCN);]OTf NMP LiBr 12 97
3  [Cp*Ru(MeCN);]JOTf DMF LiBr 12 89
4 [Cp*Ru(MeCN),]OTf DMSO LiBr 12 0
S [Cp*Ru(MeCN),]OTf 14- LiBr 12
dioxane
6 [Cp*Ru(MeCN),]JOTf DMI NaBr 12 98
7  [Cp*Ru(MeCN);]OTf DMI Bu,NBr 12 98
8 [Cp*Ru(MeCN);]OTf DMI KBr 12 56
9  [(CsMe,CF;) DMI LiBr 12 36
Ru(MeCN);]PFq
10  [Cp*RuCl], DMI LiBr 12 96 (2)°
11 [Cp*RuCl], DMI LiBr 12 95 (1)°
12 [Cp*Ru(MeCN),]OTf DMI LiBr 2 74
13 [Cp*RuCl], DMI LiBr 2 48 (<1)°
14 [Cp*RuClL], DMI LiBr 2 5 (<1)°

“The reaction was carried out in a solvent (1.0 mL) under a nitrogen
atmosphere using la (0.25 mmol) and mBr (0.38 mmol) in the
presence of a ruthenium complex (12.5 ymol of Ru). “Determined by
"H NMR analysis. “The yield of 4'-chloroacetophenone is shown in
parentheses.

electron-donating character of the Cp* ligand is crucial.
[Cp*RuCl], and [Cp*RuCl,], also catalyzed the bromination,
though contamination with 4'-chloroacetophenone was ob-
served (entries 10 and 11). The catalytic activities of the Cp*Ru
complexes were compared using the yields of 2a in a short
reaction period (2 h) (entries 12—14). Moderate conversion was
observed with [Cp*Ru(MeCN);]OTf or [Cp*RuCl],, whereas
only a 5% yield of 2a was produced with [Cp*RuCl, ],. It is likely
that the catalytically active species is a Ru(Il) complex and that
reluctant reduction of Ru(IIl) to Ru(II) caused the induction
period with [Cp*RuCl,],.

A wide variety of aryl triflates were converted into the
corresponding bromides under the conditions for entry 1 of
Table 1. Phenyl triflates having an electron-withdrawing group
such as acetyl, ethoxycarbonyl, nitro, or cyano at the para
position reacted in high yields (Table 2, entries 1—4). Electron-
rich aryl triflates were less reactive. The use of twice the amounts
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Table 2. Transformation of Aryl Triflates to Halides”

[Cp*RU(MeCN)3]OT? (5 mol %)

Table 3. Transformation of Alkenyl Esters to Halides”
[Cp*Ru(MeCN)3]OTF (5 mol %)

R R
AOTE + mx oo os ArX i>,x1 +omxe o5 oG \':‘},Xz
1 1.5 equiv 2(X=Bnor3X=1) Oori . ’ Oor1
. . 4-6 1.5 equiv 7-9
entry  ArOTf mX time (h) yield  prod.
%Y’ entry 4-6 mX®  time yield (%)°  prod.
(%0)
1 1a LiBr 12 96 2a 1 t—Bu—O—OTf (4a) LiBr  10min 97 7a
. 2° 4a LiBr 12h 99 Ta
2 b LiBr 12 97 Zb 3 4a Nal  10min 96 8a
3 1e LiBr 12 91 2¢ 4 4a LiCl  10min 98 9a
5 f-Bu—O—OTS LiBr 10min 94 7a
4 1d  LiBr 12 9 2d (5a)
a +Bu OPO(OPh), ;
5o le  LiBr 48 8  2e 6 “(ow) HBT 12RO T Ta
Q,
6% 1f  LiBr 24 70 2f 7 EOO—OW (4b) LiBr  10min 94 7b
OTf
7 ¢  LiBr 12 83 20
8 LiBr 2h 97 Te
8 th  LiBr 6 91 2h (4¢)
_ “The reaction was carried out in DMI (1.0 mL) at 25 °C under a
9 1i LiBr 6 90 2i nitrogen atmosphere using 4—6 (0.25 mmol) and mX (0.38 mmol) in
the presence of [Cp*Ru(MeCN);]OTf (12.5 gmol). “Isolated yields.
“The reaction was carried out in THF (1.0 mL) at 60 °C using
10°%¢ 1j LiBr 24 93 2j Ru(acac); (12.5 umol), EtMgBr (50 ymol), and 1,10-phenanthroline
(12.5 pmol). “LiBr (1.5 mmol) was used.
1 Ik LiBr 12 o4 2k were converted to —Br (entries S and 6). These leaving groups
y _ have economical advantages over triflate. Cyclic alkenyl
12 1 LibBr 24 88 A bromides having an acetal or steroidal moiety also were obtained
. _ (entries 7 and 8).
137 Im  LiBr 24 91 2m Interestingly, both (E)- and (Z)-1-octen-1-yl triflate (4d) were
_ transformed to (E)-1-bromo-1-octene (7d) upon reaction at
14 In  LiBr 24 9%  In —20 °C for 1 h (Table 4, entries 1 and 2). At 25 °C, E/Z
157 la Nal 12 95 3a
c,de
167 1z Nal 24 84 3g Table 4. Stereoselective Transformation of Acyclic Alkenyl
17 1h Nal 3 94 3h . . a
187 1e Nal 48 56 3e Triflates to Halides

“The reaction was carried out in DMI (1.0 mL) at 100 °C under a
nitrogen atmosphere using 1 (0.25 mmol) and mX (0.38 mmol) in the
presence of [Cp*Ru(MeCN),]OTf (12.5 umol). “Isolated yields. “At
120 °C. “[Cp*Ru(MeCN),]OTf (25 umol) was used. “mX (0.75
mmol) was used.”[Cp*Ru(MeCN);]OTf (37.5 ymol) was used. mX
(1.5 mmol) was used.

of the ruthenium catalyst and LiBr was required to convert tert-
butyl- and methoxy-substituted triflates to bromides within
acceptable reaction periods (entries S and 6). 0-Cyanophenyl
triflate (1g) underwent the bromination (entry 7). Naphthyl
triflates were readily transformed to naphthyl bromides (entries 8
and 9). Chloroarene, ketone, and acetal moieties remained intact
(entries 9—11). Heteroaryl triflates were converted into
bromides (entries 12—14). In contrast to the observation that
the palladium catalysis does not afford aryl iodides,"**" the
ruthenium catalysis gave aryl iodides when Nal was used instead
of LiBr (entries 15—18). Electron-rich aryl triflates also showed
low reactivities for the iodination (entry 18).

Alkenyl triflates were transformed to halides much more
smoothly than in our previous report.'”® In the presence of
[Cp*Ru(MeCN);]OTf (S mol %), 4-tert-butylcyclohexen-1-yl
triflate (4a) was transformed to bromide 7a in 10 min at 25 °C
(Table 3, entry 1). In contrast, 12 h was required when a low-
valent ruthenium complex was used, even at 60 °C (entry 2).'*
Transformations of 4a to the iodide and chloride also took place
in high yields (entries 3 and 4). In addition, —OTs and
—OPO(OPh),, which are poorer leaving groups than —OTf,

14761

[Cp*Ru{MeCN)3]OT! (5 mol %)

R LiB Br
ot (Lich THF, -20 °C R/\/(Cl)
4 1.5 equiv 79)
entry E/Zof4 time yield (%) E/Zof7
Hept™y

1 bre(4q) 17/83 1h 90 97/3
2 Hept " STqqy  95/5 lh 91 97/3

¢ Hept” ™ .
3 bre(4q) 17/83 10min 92 90/10

¢ Hept” ™
4 bre(4q) 17/83 4d 98 37/63

e Hept™ ™
5 bre(4q) 17/83 7d 9 36/64

s
6 mﬂ (4e) 20/80 lh 98 99/1
Ph N .
7 Srr(an 13/87 20 min 92 97/3
= S
8 TUY, (ag) 16/34 Ih 94 99/1
Cl =
9 bramy 3664 lh 89 95/5
d = = e e
07 o by Y2869 1h 93 96/4/<1
f = . .

11 i @j) 3802 15h 96 (9)) 97/3 (9))

“The reaction was carried out in THF (1.0 mL) at —20 °C under a
nitrogen atmosphere using 4 (0.25 mmol) and LiBr (0.38 mmol) in
the presence of [Cp*Ru(MeCN);]OTf (12.5 pmol). “Isolated yields.
“At 25 °C. “LiBr (0.75 mmol) and [Cp*Ru(MeCN);]OTf (25 umol)
were used. °(E,E)/(E,Z)/(2,Z).”LiCl (0.38 mmol) was used instead of
LiBr, and the alkenyl chloride (9j) was obtained.
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isomerization of 7d occurred, and the E/Z ratio became constant
at 36/64 (entries 3—5). These results indicate that (E)-7d is the
kinetically favored product and that it is generated from the same
intermediate in the reactions of both (E)-4d and (Z)-4d. The
isomerization is ascribed to reentry of the product into the
ruthenium catalysis. 1-Alken-1-yl triflates are much more easily
prepared as mixtures of the stereoisomers than in an E-pure
form."® Thus, this transformation is especially useful for the
preparation of (E)-haloalkenes. Stereoisomeric mixtures of
alkenyl triflates having a cycloalkane, benzene, alkene, or
chloroalkane moiety were transformed to (E)-alkenyl bromides
in the reaction at —20 °C (entries 6—9). A ditriflate underwent
dibromination (entry 10). An a,f-disubstituted (E)-vinyl
chloride also was obtained (entry 11).

A similar characteristic stereochemical outcome has been
reported in osmium-mediated substitution reactions of alkenyl
ethers."® Thus, both (E)- and (2)-1- ethoxypropenes coordinated
to osmium undergo acid-promoted substitution of EtO with
PPh; to give (E)-propenylphosphonium salts (Scheme 1). The

Scheme 1. Osmium-Mediated Substitution Reaction of
Alkenyl Ethers

2+ H
B0, e e @ Ppha Phap\r
Os—Ll‘1 —_— Os=;
—EtOH o
Ez=11 HM
Os = Os(NH3)s E-selective
MeO__Me |° meo_ |** TfOH M 2 2
° cD0._Me | | | CD;0
os-] os-] | cp;00 os-] 05

relative rate of substitution >100: 1

Scheme 2. Competition Reaction of Alkenyl Phosphates

() ()

15" N 5';0/1 0 LiBr (6.0 equiv) 7k o 7%
equiv = CsMe4CFo)RU(MeCN),]PF nv.
{é mol 34,) R WPFe 4% yield (7k/7k' 90/10)
rot DMI, 25 °C, 12 h Er\[
TI\ R = PO(OPh),
Hept Hept
6d 7d
1 equiv (£/Z = 93/7) 12% conv.
5% yield

exclusive formation of the E isomer is ascribed to the
intermediacy of 1-osmacyclopropene A, which accepts attack
of PPh; at cationic C2 selectively from the opposite site of Me on
C3. The result that 2-methoxypropene was much more reactive
than methoxyethene in substitution in the coordination sphere of
osmium can also be rationally understood by the involvement of
a l-osmacyclopropene, which would be stabilized by an a-alkyl
substituent. A similar substituent effect was observed in the
ruthenium-catalyzed transformation of alkenyl triflates to halides
(Scheme 2). a-Alkyl vinyl phosphate 6k was preferentially
consumed over non-a-substituted vinyl phosphate 6d in a
competition reaction.

The observed similarities prompt us to propose that the
present reaction also proceeds through a 1-metallacyclopropene
intermediate, as shown in Scheme 3. Coordination of alkenyl
triflate 4 to ruthenium to give C followed by oxidative addition
upon elimination of “OTf gives 1-ruthenacyclopropene D.
Attack on D by an outer sphere X~ or a 1,2-shift of X~ from Ru to
C within D gives ruthenium—haloalkene complex E, which
undergoes elimination to give alkenyl halide 7—9, regenerating
B. For cyclic alkenyl triflates, 7*-alkenylruthenium(IV) complex

Scheme 3. Plausible Mechanism for the Transformation of
Alkenyl Triflates to Halides

H _1,

X
Cp*Ru-
Tfo/%R O \g’ oTt
4 c H
4
+ +

Cp*RuX Cp’Rlﬁx a X
p*Ru o/

B << Cp*Ru==2%

D H

D’ rather than D is considered to be the intermediate,'” taking
into account high ring strain probably induced in a form of D.
On the other hand, the transformation of aryl triflates is
unlikely to include D or D’ because the loss of aromaticity upon
its formation would be unsuitable.'® Alternatively, activation of
aryl triflates through a different mode of oxidative addition to
Ru(Il) could possibly be operative. Thus, a catalytic cycle
including 7'-arylruthenium(IV) triflate F (Scheme 4) is a

Scheme 4. Plausible Mechanism for the Transformation of
Aryl Triflates to Halides

o |
\_/ cw—m@ o
1
w/

R
F
Cp*RuX X
-OTf
G R
R— P uX
20r3

possibility."” Oxidative addition of ArOTf 1 to Cp*RuX B
generates F2%2! After coordination of X~ to F, reductive
elimination of aryl halide 2/3 from #5'-arylruthenium(IV)
complex G regenerates B. The higher reactivities of electron-
deficient aryl triflates compared with electron-rich ones (Table
2) are consistent with this type of oxidative addition. The result
that aryl iodide 30 was more reactive than triflate 1p in the
competition reaction (Scheme $) is in good agreement with the

Scheme S. Effect of Leaving Groups

LiBr (6.0 equiv)
[Cp*Ru(MeCN)a]OTf

(5 mol /o)
| + Bu Br + Bu Br
DMI 120°C,1h

20 2p
31% conv. 2% conv.
29% yield 1% yield
LiBr (6.0 equiv)
[Cp*Ru(MeCN)3]OTf
2 mol %) Bi Bi
P A, -OTE ( A BN+ AR B
Hex Hept DMI. 25 °C. 30 min Hex Hept
8l 71 7d
(EIZ=99/1) (E/IZ=98/2) 17% conv. 85% conv.
16% vyield 82% yield

general reactivity order observed in oxidative addition of aryl
electrophiles to transition-metal complexes such as palladium(0)
complexes.”* The opposite reactivity order was observed with
alkenyl electrophlles, where alkenyl iodide 81 was less reactive
than triflate 4d.>> These results support the conclusion that the
reaction mechanism with aryl triflates is different from that with
alkenyl triflates.
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In conclusion, we have developed a ruthenium-catalyzed
transformation of aryl and alkenyl triflates to the corresponding
bromides and iodides. The strong electron-donating character of
the Cp* ligand likely contributes to the high catalytic activity by
facilitating oxidative addition of aryl and alkenyl triflates to
ruthenium(II) complexes to give arylruthenium(IV) and 1-
ruthenacyclopropene complexes, respectively.
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