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Abstract

This review deals with new synthetic methods for introducing Group 16 elements into organic molecules, especially, synthetic
reactions based on the activation of Group 16 heteroatom compounds by transition metal catalysts. In these transition-metal-cat-
alyzed reactions, metal chalcogenides (RY-ML,, Y =S, Se) play an important role. Chalcogen compounds with inter-element
linkage such as S-S, Se—Se, Se-Si, etc. add to terminal alkynes regio- and stereoselectively in the presence of palladium(0) catalyst.
The addition of thiols and selenols to alkynes can be catalyzed by a lot of transition metal catalysts. In the presence of Pd(OAc),,
alkynes undergo Markovnikov addition with thiols, whereas the RhCI(PPh;);-catalyzed reaction of alkynes provides anti-
Markovnikov adducts regio- and stereoselectively. Moreover, the introduction of carbon monoxide into these transition-metal
catalyzed addition reaction systems leads to the development of novel carbonylation reactions with simultaneous introduction of
chalcogen functions. © 2000 Elsevier Science S.A. All rights reserved.

Keywords: Group 16 inter-element linkage; Regio- and stereoselective addition; Carbonylation; Transition metal catalyst; Thiol; Selenol;
Carbon—carbon unsaturated bond

1. Introduction X —
XX i X-ML, A= R>r-\
Transition-metal-catalyzed addition of heteroatom I
compounds bearing heteroatom—heteroatom linkage
(X=X) or heteroatom—hydrogen linkage (X-H) to car- M)
bon—carbon unsaturated bonds such as alkynes, alkenes,
allenes, etc. is one of the most useful methods for
introducing heteroatom functions into organic mole-
cules [1]. A possible catalytic pathway for these reac-
tions may involve the inter-element species bearing a
heteroatom—metal linkage as a key intermediate, which
can be formed from the oxidative addition of het-
eroatom compounds to transition metals. The subse-
quent heterometallation of unsaturated compounds,
followed by the reductive elimination leads to the corre-
sponding hetero-functionalized organic molecules (Eq.

1.1. Group 16—Group 16 inter-element linkage

Along this line, a series of bismetallations of car-
bon-carbon unsaturated compounds such as bissilyla-
tion [2], bisgermylation [3], bisstannation [4],
bisboration [5], etc. have been developed as transition-
metal-catalyzed reactions. In contrast, transition-metal-
catalyzed reactions of Group 16 inter-element
compounds with carbon—carbon unsaturated com-
pounds has remained largely undeveloped very recently.
This might be partly due to the widespread prejudice

1)). . .

() that Group 16 inter-element compounds often bind
* Fax: -+ 81-742-203979. strongly to the catalysts, thus poisoning them and
E-mail address: a.ogawa@cc.nara-wu.ac.jp (A. Ogawa). making the catalytic reactions ineffective. On the con-
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trary, we have recently revealed a series of reactions
made up of such mismatched combinations of transi-
tion metal catalysts and Group 16 inter-element com-
pounds like organic disulfides and diselenides. For
example, diphenyl disulfide and selenide are found to
add to alkynes in the presence of a catalytic amount of
tetrakis(triphenylphosphine)palladium(0), giving the
corresponding  vic-bis(phenylthio)alkenes and wvic-
bis(phenylseleno)alkenes, respectively, with  high
stereoselectivity (Eq. (2)) [6]. The procedure can be
employed with a variety of alkynes'. However,
Pd(PPh,), exhibits no catalytic activity toward the addi-
tion to alkenes. Recently, Cp*RuCl(cod) is reported to
work as an excellent catalyst for the vicinal dithiolation
of alkenes [8].

cat. Pd(PPhg)4 R

R—= + (PhY), >=
Y=8,Se Phy” YPh
Pd(YPh),Ly, R
‘_—— >—;\
Phy” CPd(YPh)L, - PdL,

2)

Diphenyl disulfide is reported to add oxidatively to

Pd(PPh;), generating the complex (1) formulated as a

dimer bearing both terminal and bridged sulfide groups

[9]. The stoichiometric reaction of the complex (1)

isolated with 1-octyne affords vic-1,2-bis(phenylthio)-1-
octene in moderate yields (Eq. (3)).

Ph
PhP. S, ,SPh "CeHys
P +CeHia PhH. 65 °C PhS: ~ “spPh
PhS PPh, :
Ph 65%
1
(3)

These results strongly suggest that the Pd(PPh;),-cat-
alyzed bisthiolation of alkynes proceeds via (i) oxida-
tive addition of (PhS), to Pd(PPh,),; (ii) insertion of
alkynes to the Pd-S inter-element linkage of Pd(SPh),-
L,; (i) reductive elimination of wvic-bis(phenylthio)-
alkenes with regeneration of the catalyst.

Since the Pd(PPh,),-catalyzed bisthiolation of alky-
nes involves vinylpalladium species as a key intermedi-
ate, the same reaction in the presence of carbon
monoxide may lead to the carbonylative bisthiolation
of alkynes. Indeed, the Pd(PPh,),-catalyzed reaction of
alkynes with diphenyl disulfide under pressurized car-
bon monoxide gives rise to the corresponding car-
bonylative bisthiolation products in high yields with
excellent stereoselectivity (Eq. (4)) [6]. The method can
be also employed with diphenyl diselenide. In both

"' With dialkyl disulfides in place of diaryl ones, the palladium-cata-
lyzed dithiolation of alkynes results in lower yield of the desired
vic-dithiolation products. For an improved method, see [7].

cases, carbon monoxide is introduced into the terminal
carbon of alkynes regioselectively.

cat. Pd(PPhg), R %\H/th

R—== + (PhY), + CO
Y =8, 8Se PhY O )

When the palladium-catalyzed carbonylation with
(PhY), (Y=S, Se) and CO is applied to propargyl
alcohols, carbonylative lactonization takes place under
higher pressure of CO to provide the corresponding

v-lactone in good yields (Eq. (5)) [10].
R O
Hﬂﬁo

PhY

R

R\ R? - PhYH
Pd(YPh)sL, HOMPd(YPh)Ln PhY._~_.0 —PdL,
co PhY O IY

HO, cat. Pd(PPhg)y
Ci - -

ﬁ—-_ + PhY’ +
R? 2 ( )2 Y= S, Se

R! o Pd(YPh)L,
RZ Y

)

The reaction may involve double bond isomerization
process of a,B-unsaturated acylpalladium species, fol-
lowed by intramolecular cyclization to give the corre-
sponding lactones. Considering that the carbonylative
addition of disulfides (or diselenides) to alkynes bearing
no hydroxy group provides (Z)-carbonylative addition
products with excellent stereoselectivity (Eq. (4)), the
result may indicate that the presence of a hydroxyl
group in alkynes is crucial for the double bond isomer-
ization. Probably, intramolecular coordination of the
hydroxyl group to the palladium may contribute to the
double bond isomerization.

Isocyanides is known to have an isoelectronic struc-
ture with carbon monoxide. Recently, insertion reaction
of isocyanides into the sulfur—sulfur inter-element link-
age of organic disulfides is reported to proceed in the
presence of Pd(PPh;),, as exemplified in Eq. (6) [11].

cat. Pd(PPhg), NAr NAr NAr NAr
(ArS) + ANC —————— + SAr +
Ar = p-MeO-CgH, ArS”~ "SAr  ArS ArS SAr
NAr NAr
1 equiv 41% 23% 4%
4 equiv 3% 81% 10%
(6)

The equimolar reaction of (ArS), with ArNC pro-
vides the mono-insertion product as the major product,
whereas the use of 4 equiv of ArNC leads to the
formation of the corresponding double-insertion prod-
ucts in 81% yield.

1.2. Group 16—Group 13 inter-element linkage

Although the reactions mentioned above include the
activation of Group 16—Group 16 inter-element linkage
by transition-metal catalysts, one of the most interest-
ing application of this methodology is the simultaneous
introduction of two different heteroatoms into unsatu-
rated compounds. A highly seclective thioboration of
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alkynes with 9-(alkylthio)-9-borabicyclo[3.3.1]nonanes,
which bear a Group 16—Group 13 inter-element link-
age, is reported to take place in the presence of
Pd(PPh;), catalyst (Eq. (7)). The reaction is regio- and
stereoselective, and the subsequent protonolysis with
methanol produces the Markovnikov adducts of thiols
to alkynes [12].

cat. Pd(PPhy), MeOH R
R—==+ R'S- B\D ——~———»[ LY) \(

cat. Pd, R"X H%\R"

NaOH R'S
(7

The palladium-catalyzed thioboration, followed by
the palladium-catalyzed cross-coupling with organic
halides leads to the regio- and stereoselective one-pot
synthesis of vinyl sulfides.

1.3. Group 16—Group 14 inter-element linkage

The first example of the transition-metal-catalyzed
addition of Group 16—Group 14 inter-element linkage
to alkynes is shown by using thia- and selena-digermi-
ranes as strained molecules (Eq. (8)) [13].

Y.

Y,
/\ cat. Pd(PPhg) -
MesGe —~GeM > MesGe\ J

= MesGe
Y =S8, Se (8)

= +

The regio- and stereoselective addition of Group
16—Group 14 inter-element linkage to alkynes is
demonstrated by the Pd(PPhs),-catalyzed reaction of
PhSeSiMe; and PhSeGeMe; with aromatic acetylenes,
but the yields of the adducts are relatively low (e.g.
(Z)-Ar(PhSe)C=CH(GeMe,), 35%) [14].

Very recently, a novel mixed system of (ArS), and
(CL3Si), in the presence of Pt(PPh;),(CH,=CH,) is re-
ported to work well for the regio- and stereoselective
thiosilylation of various alkynes (Eq. (9)) [15]. At the
initial stage, platinum-catalyzed disproportionation of
(ArS), with (Cl;Si), may take place to form ArSSiCl,,
which adds oxidatively to the low-valent platinum.
Thus formed ArS—[{Pt]-SiCl; then reacts with alkynes.

cat. Pt(PPh3 2(CH2 CH2 j/\
SiCly
ArS

R

= + (ArS); +(Cl3Si),

EtOHl EtsN
R\/\suoens
ArS
©)
1.4. Group 16—Group 15 inter-element linkage

Palladium complexes such as Pd(PPh;),, Me,Pd-
(PPh;),, and Pd(PPh,),(CH,=CH,) efficiently catalyze

the addition of O0,0,S-triphenyl phosphorothioate,
which bears a Group 16—Group 15 inter-element link-
age, to terminal alkynes to produce (Z)-1-(diphe-
noxyphosphinyl)-2-(phenylthio)alkenes in high yields
with high regio- and stereoselectivity (Eq. (10)) [16].
The procedure can be applied to the regio- and
stereoselective selenophosphorylation of alkynes with
PhSeP(O)(OPh), [17].
(0]

I cat. Pd(PPhg),
R—==+ PhYP(OPh),

j/\ P(OPH),

Y =S§, Se

PhY
[
PhY-[Pd]-P(OPh), \I/\[P o P (OPh),
PhY —[Pd]

(10)

As mentioned in this introduction, activation of in-
ter-element linkage involving Group 16 elements by
transition metal catalysts and highly selective addition
to alkynes based on this activation have been devel-
oped. These new reactions clearly indicate the utility of
transition metal catalysts in the synthetic reactions of
Group 16 heteroatom compounds.

In this review, we wish to describe a series of transi-
tion-metal-catalyzed reactions of thiols and selenols, as
a Group 16 element—hydrogen bond compounds, with
carbon—carbon unsaturated compounds.

2. Transition-metal-catalyzed hydrochalcogenation of
alkynes

Transition metal-catalyzed addition reaction of com-
pounds bearing a main group element—hydrogen link-
age to carbon—carbon unsaturated bonds is an
important methodology for the synthesis of main group
compounds, as represented by the hydrosilylation [18§],
hydrostannation [19], and hydroboration [5] of olefins,
acetylenes, and conjugated dienes. In these reactions,
the hydrogen of silanes, stannanes, and boranes is more
electronegative than the heteroatoms. On the other
hand, thiols and selenols have an acidic proton, and it
is of much interest to investigate the reactivity of these
chalcogenol toward transition metal catalysts in the
presence of carbon—carbon unsaturated bonds.

Thiols and selenols have been widely employed as the
sources of ligands for various transition metals [20]. In
the stoichiometric reactions of thiols (or selenols) with
transition metal complexes, two types of processes are
generally operative. One is the ligand-exchange reaction
between high-valent transition metals and thiols (or
selenols) to give the complexes bearing only thiolate (or
selenolate) ligands (Scheme 1). The other is the oxida-
tive addition of thiols (or selenols) to low-valent transi-
tion metals to give the corresponding complexes
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M™2 R—== R RS-H R
- Rs-M™2L,, S L s
_HL R M™ et _ Rs-mreaL,
RS-H —
ML, R——= R 2L R
RS- M"+2L > = =
n+2|
_aL ’ RS Mo e, RS H
2L R
n+2| H - R
M L L, s
RS
Scheme 1.

bearing both hydride and thiolate (or selenolate)
ligands.

The reaction of the former complexes (RS-M"+2L__ )
with alkynes may proceed via thiometallation, in which
relatively more bulky M"*2L__, is bonded at the
terminal carbon of alkynes. On the other hand, both
hydrometallation and thiometallation processes are
possible in the reaction of the latter complexes (RS-
HM"*2L__,) with alkynes.

Thus, the reaction of benzenethiol with 1-octyne is
examined by using a variety of transition metal cata-
lysts and the results are summarized in Table 1 [21]. It
is well-known that thiols add to alkynes under radical
conditions to afford anti-Markovnikov-type vinylic
sulfides with excellent regioselectivity usually as a
stereoisomeric mixture [22]. Indeed, the reaction of
benzenethiol with 1-octyne in the absence of transition
metal catalyst (entry 12) or in the presence of acetic
acid (entry 2) provides anti-Markovnikov adduct (4a)
regioselectively with the E/Z ratio of ca. 1:1, most
probably via the radical process induced by trace
amounts of oxygen existed in the reaction system. The
radical addition of thiols to alkynes sometimes seems to
proceed even in the presence of transition metal cata-
lysts. Accordingly, when the anti-Markovnikov adducts
are obtained with approximately equal amounts of (E)-
and (Z)-isomers, the following possibility is present: the
anti-Markovnikov adducts are formed by the radical
process, regardless of the presence of transition metal
catalysts.

As indicated in Table 1, a variety of transition metal
complexes do catalyze the hydrothiolation of 1-octyne
with PhSH. Among them, palladium acetate exhibits
excellent catalytic activity toward the Markovnikov-
type hydrothiolation of 1-octynes (entry 1).

When PdCIL(PhCN), is used as a catalyst, a novel
Markovnikov addition and double bond isomerization
reaction of benzenethiol with terminal alkynes is found
to take place sequentially to give the corresponding
internal vinylic sulfides (3a) (entry 3). More interest-
ingly, switching the catalyst simply from Pd(OAc), to

RhCI(PPh;); leads to a sharp reversal of regioselectivity
in the addition of PhSH to alkynes providing anti-
Markovnikov-type vinylic sulfides (4a) with the trans
configuration (entry 11).

2.1. Pd(OAc),-catalyzed hydrothiolation

The results of the Pd(OAc),-catalyzed hydrothiola-
tion of several alkynes with PhSH are shown in Table 2
[21a]. Functionalities such as hydroxy, amino, and
alkenyl groups [21c] are tolerant toward the regioselec-
tive hydrothiolation (entries 1, 2 and 4). The hydrothio-

Table 1
Transition-metal-catalyzed addition of PhSH to 1-octyne *
e @M r N, R, R
PhSH PhS PhS
(R = "CsH41) 2a 3a 4a
Entry  Catalyst Yield (%) ®
2a 3a [E/Z] 4a [E/Z]

1e Pd(OAc), 85  Trace Trace

2 AcOH 0 0 78 [53/47]
3 PdClL,(PhCN), 1 66 [56/44] 0

4 PdCl,(MeCN), 2 58[64/36] 23 [51/49]
5 Pd(PPh,), 17 2 16 [91/9]
6 Pt(PPh;),(CH,=CH,) 19 38 [63/37] 17 [50/50]
7 Pt(PPh;),(CH,=CH,) 41 10 [76/24] 5 [40/60]
8 RhH(CO)(PPh;); 49 0 16 [76/24]
94d RhH(CO)(PPhy), 19 26 [61/39] 14 [89/11]
10¢ RhH(CO)(PPh;); 2 58 [67/33] 7 [43/57]
11 RhCI(PPh;), 29 0 50 [100/0]
12f 0 0 65 [48/52]

2 Reaction conditions: 1-octyne (1 mmol), PhSH (1 mmol), catalyst
(5 mol%), benzene (0.5 ml), 80°C, 20 h.

® Determined by 'H-NMR.

¢ Catalyst (2 mol%), THF (0.5 ml), 40°C.

d Catalyst (3 mol%).

¢ Catalyst (0.5 mol%).

“In the absence of catalyst.



A. Ogawa / Journal of Organometallic Chemistry 611 (2000) 463—474 467

Table 2
Pd(OAc),- or PdCIL,(PhCN),-catalyzed regioselective hydrothiola-
tion ¢

entry alkyne catalyst yield, %° [82°

HO,
1 %——E Pd(OAC) HO 86

SPh

product, 2

H,N
29 N — Pd(OAC) HN T 65
3 PAClo(PhCN); SPh 69
El0,C_CO,E Et0,C COEt
4 Pd(OAG) 70
Z 7
f PhS
o
5 "pr—==—P"  Pd(OAC) P'\/““Pr" 72 (34/66]
6 SPh [92/8]°
HO
7 | PA(OAG)2 HO™ 29 [48/52]
- SPh
Ho"‘*/'\sph 53 [63/37)
coH
8 ACgH,—==—-CO,H Pd(OAc), ”Can\K/) 87  [98/2]

9 \[/\—: PACI,(PhCN), A 77 [58/42]
SPh
10 N = paciPncny, NCTTSYT 63 [40/60]
SPh
nooPh PdCIo(PhCN), Phﬂl\éfh 70 [45/55]
Ph
12 Ph—= PACIp(PhCN), ~ 68

SPh

2Condition A: alkyne (1.0 mmof), Pd(OAc), (2 mol%), PhSH (1.0-1.3 mmol), THF (0.5 mL),
67 °C, 12-16 h. Condition B: alkyne (1.0 mmol), PdCl,(PhCN); (5 mol%), PhSH (1.0 mmol),
PhH (0.5 mL), 80 °C, 20 h. Yisolated yield. Determined by 'H NMR. %24 h. ®10 min.

Pd(OAC),

2 PhSH
2 AcOH

R\/\ H Pd(SPh)sLn
PhS R—=
PhSH

R——=

A7 PasphiL, ;
PhS Pd(SPh)sLa

Scheme 2.

lation also proceeds smoothly with internal acetylenes
to give a mixture of stereoisomers (entry 5), although
the (E)-isomer is predominantly formed at the begin-
ning of the reaction (entry 6). Interestingly, the addition
to 2-octynoic acid affords the corresponding adduct
with high regio- and stereoselectivity (entry 8).

To obtain some insight of active catalyst of the
Pd(OAc),-catalyzed hydrothiolation, the reaction of

Pd(OAc), with 2 equivalents of PhSH in THF-d; in the
presence or absence of l-octyne is monitored by 'H-
NMR spectroscopy. In both cases (in the presence or
absence of 1l-octyne), the mixture immediately de-
posited dark brown precipitates (A or B) with the
formation of ca. 2 equivalents of AcOH. The elemental
analysis of the dark brown precipitates (A or B)
strongly suggests the formation of [Pd(SPh),], from the
ligand-exchange reaction between Pd(OAc), and PhSH
(Eq. (11)). The catalytic hydrothiolation of 1-octyne
with PhSH is examined by using the dark brown pre-
cipitates (A or B) prepared by the reaction in the
presence or absence of 1-octyne. Interestingly, the dark
brown precipitates (A) exhibits good catalytic activity
toward the hydrothiolation, whereas the catalytic activ-
ity of the dark brown precipitates (B) is less effective

(Eq. (12)).
Pd(OAc), + 2PhSH

[Pd(SPh)o]l, + 2AcOH
dark brown soflid

in the presence of 1-octyne A
in the absence of 1-octyne B (1 1)
catalyst n
POgHi—= + PhSH —m  Coang?
SPh
catalyst: dark brown solid A 62%

B 32% ( 1 2)

A possible explanation for these results is as follows:
palladium sulfide ([Pd(SPh),],) has a polymeric struc-
ture bearing both terminal and bridged sulfide groups
[23], and therefore insoluble in most of organic sol-
vents. This strongly suggests that the Pd(OAc),-cata-
lyzed hydrothiolation of alkynes with PhSH proceeds
on the surface of the precipitated palladium sulfide.
Probably, the palladium sulfide (B) prepared by the
reaction in the absence of l-octyne might be much
more polymeric than the palladium sulfide (A) prepared
by the reaction in the presence of 1-octyne, because the
polymerization by the sulfur bridging may be retarded
by the coordination of 1-octyne to the palladium. If the
terminal sulfide groups are more reactive than the
bridged sulfide groups, the palladium sulfide (A), which
has much terminal sulfide groups compared with the
palladium sulfide (B), is expected to be catalytically
more active than the palladium sulfide (B).

To ascertain the stereochemistry of this Pd(OAc),-
catalyzed hydrothiolation, the reaction of PhSH with
l1-octyne-1-d (containing > 93% d) is followed by 'H-
NMR spectroscopy. The E/Z ratio of the thiolation
products changes from 100/0 (6% conversion) after 15
min to 86/14 (81% conversion) after 8 h. Thus, (E)-iso-
mer can be accepted as the kinetic product, which
gradually isomerized to (Z)-isomer. This clearly indi-
cated that syn-addition of PhSH to 1-octyne proceeds
at least at the initial stage (Scheme 2).
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Thus, a mechanistic proposal includes: (1) ligand-
exchange reaction of AcO ligand with PhS group in the
presence of alkyne to give AcOH and the active
catalyst; (2) coordination of alkyne to the palladium,;
(3) syn-thiopalladation to alkyne to form cis-vinylpalla-
dium; (4) trapping of the vinyl group by PhSH or
AcOH with retention of the stereochemistry to give the
product with regeneration of the catalyst.

2.2. PACI(PhCN ),-catalyzed hydrothiolation

Table 2 also represents the sequential addition/iso-
merization reactions of terminal alkynes in the presence
of PdCIL(PhCN), [21b]. In general, alkynes bearing
propargylic protons (R'CH,C=CH) undergo sequential
addition/isomerization reaction to provide the internal
vinylic sulfides (R"CH=C(SAr)CH,) regioselectively (en-
tries 9-11). However, hydrothiolation of propar-
gyldimethylamine provides only Markovnikov adduct
regioselectively in 69% yield; namely, this indicates that
the presence of a basic amino group inhibits the double
bond isomerization entirely (entry 3). Phenylacetylene,
which bears no propargylic protons, undergoes regiose-
lective hydrothiolation to provide Markovnikov adduct
in good yield (entry 12). On the other hand, the hy-
drothiolation of inner alkynes is not regioselective.

To get some information about the real catalyst in
this sequential addition/isomerization reaction, stoi-
chiometric reaction using PdClL,(PhCN), is conducted,
as shown in Eq. (13). The reaction of PdCl,(PhCN),
with PhSH (2 equiv) in benzene at room temperature
provides brown solid (A), which is insoluble in most
organic solvents such as THF, CHCI,;, CH;CN, etc. but
slightly soluble in DMF. The elemental analysis and
measurement of the molecular weight of A by using
GPC suggests that A is monomeric or dimeric but does
not have a polymeric (or oligomeric) structure.

PdCIz(PhCN), + PhSH [PACH(SPh)(PhSH)]
2 equiv (n=10r2)

Complex A (13)

"Can\_:_ . Pnsh cat. complex A nCeH, 14’\3‘;]

1 equiv 3a, 42%

(14)

The reaction of benzenethiol with 1-octyne by using
the complex A as a catalyst affords the corresponding
addition/isomerization product in 41% yield (Eq. (14)).
Furthermore, upon treatment of the Markovnikov ad-
duct ("C¢H,5(PhS)C=CH,, 2a) with a catalytic amount
of complex A, double bond isomerization takes place to
give 3a in almost quantitative yield.

On the other hand, the reaction of PdCL(PhCN),
with 3 equiv of PhSH provides the complex B, the

PdCI,(PhCN),

PhSH
R»"\( HCI R, —
PhS )/(pd(sPh)Can

RNy Pd(SPhL, RN PdclL,

PhS + HCI PhS

\ PhSH

R PA(SPh)L,e CIF R _
PhS ~_ PhS  pd(sPh)CIL,

Scheme 3.

elemental analysis of which indicates oligomeric struc-
ture such as [Pd,(SPh);(PhSH)],. Compared with the
complex A, the complex B exhibits lower catalytic
activity toward the present sequential addition/isomer-
ization reaction of 1-octyne with PhSH (the yield of 3a,
28%).

Scheme 3 illustrates a possible reaction pathway for
the PdCI,(PhCN),-catalyzed hydrothiolation of alky-
nes, which includes the following: (i) ligand-exchange
reaction of PdCL(PhCN), with PhSH forms Pd(SPh)-
CIL,, which adds to alkyne, providing vinylic palladium
intermediate; (i) protonation of the vinylic palladium
intermediate with PhSH leads to Markovnikov type
adduct; (iii)) double bond isomerization of the
Markovnikov type adduct takes place via cationic inter-
mediate [24], followed by deprotonation to give allyl-
palladium intermediate; (iv) protonation of the allyl-
palladium intermediate with HCI provides the sequen-
tial addition/isomerization product with regeneration of
the catalyst.

2.3. RhCI(PPh;);-catalyzed hydrothiolation

As the results of the detailed investigation on the
RhCI(PPh;);-catalyzed hydrothiolation of alkynes with
PhSH, the best regio- and stereoselectivities are ob-
served, when slightly excess PhSH is added dropwise at
25°C over 1 h to the solution of Il-octyne and
RhCI(PPh;); (5 mol%) in EtOH (Eq. (15)). To rule out
the possibility that radical mechanism contributes to
this anti-Markovnikov addition process, the rhodium-
catalyzed reaction of PhSH to alkynes is examined in
the presence of a radical inhibitor such as Galvinoxyl,
which proceeds smoothly to provide the anti-
Markovnikov adduct regio- and stereoselectively. In the
absence of the rhodium catalyst, the reaction of PhSH
with alkynes in EtOH resulted in only recovery of the
starting materials. These observations clearly indicate
that the present anti-Markovnikov addition proceeds as
a catalytic reaction of RhCI(PPh,);.
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Table 3
RhCI(PPh;);-catalyzed selective hydrothiolation*

vinyl sulfide  yield, %°

T
A~ gph

entry alkyne

x—@—z

temp, °C

1 40 X=H 97

2 20 X =Me 94
20 X=F 75

4 CioHy—= 25 nC1oH21\/\SPh 80°¢

X
"C1oH21\/\S/©/

59 30 X = MeO 72¢
6° 40 X=Cl 86°

7 \(;: 25 )\/\/\sph 66°
8 PO~ = 2 H " s w

9 I = 0 N gpn 60

10 Q——: 20 ©\/\ 73
A~ sph

c
\/\/(S;l 80
c
Ph \)\ sph 97

4Reaction conditions: alkyne (1 mmol), PhSH (1.1 mmol), RhCI(PPhg)s
(1-3 mol%), EtOH (1 mL}, 20 h. bisolated yield based on the thiol used.
°Thiol was added dropwise over 1h.  9-MeO-CgH,SH was used.
©p-Cl-CgH4SH was used.

12 Ph——= 20

5 mol% RhCI(PPhg)s

EtOH (0.5 mL)
1.1equiv 25°C,20h

nC6H13 = + PhSH nC6H13\/\Sph

80% [E/Z = 100/0}
in the presence of Galvinoxyl  73% [E/Z = 100/0}

in the absence of RhCI(PPhg3)3 no reaction

(15)

Table 3 represents the results of the RhCI(PPh;);-cat-
alyzed hydrothiolation of a series of alkynes with ArSH
[21b]. The procedure can be applied to both aromatic
and aliphatic alkynes. Functionalities such as fluoro,
chloro, hydroxy, methoxy, and olefinic groups tolerate
the reaction conditions (entries 3, 5, 6, 8, 9, and 10). In
all cases listed in Table 3, the hydrothiolation proceeds
with excellent regio- and stereoselectivity to provide
only (E)-isomer of anti-Markovnikov adduct.

To explore the reaction pathway for this
RhCI(PPh;);-catalyzed hydrothiolation, the stoichio-
metric reaction of RhCI(PPh;); with benzenethiol is
examined. The equimolar reaction of RhCI(PPh;); with

PhSH at 20°C in dichloromethane under argon atmo-
sphere affords a yellow solid, which can be identified
unambiguously with zrans-HRhCI(SPh)(PPh,), re-
ported in the literature [25].

The catalytic reaction of 1-dodecyne with PhSH in
the presence of 3 mol% of trans-HRhCI(SPh)(PPh;),
affords the anti-Markovnikov adduct in a good yield
(Eq. (10)).

3 mol% HRhCI(SPh)(PPhg)s

nCyoH
1C gz —==+ PhSH 10721 gpn

1.1 equiv 55%
(16)

Furthermore, the RhCI(PPh,);-catalyzed hydrothio-
lation of 1-dodecyne with PhSH is monitored by 'H-
NMR spectrometer: the reaction of HRCI(SPh)-
(PPh;), with equimolar amount of 1-dodecyne at room
temperature results in disappearance of both Rh—H (¢
—16.4) and acetylenic H, and instead, a new doublet
peak appears at J 5.1 (probably as the vinylic proton).
The new peak disappears by the addition of PhSH (1
equiv) to the solution, producing vinylic sulfide after
standing for 6 h.

Based on these results, a possible catalytic cycle for
this rhodium-catalyzed hydrothiolation of alkynes is
shown in Scheme 4. Formation of HRh(SPh)CIL, via
the oxidative addition of PhSH to RhCIL,, followed by
the stereoselective insertion of alkynes into the Rh—-H
bond to form trans-vinylrhodium intermediate. The
subsequent reductive elimination of the anti-
Markovnikov adduct in the presence of excess PhSH,
regenerates HRh(SPh)CIL,,.

2.4. Transition-metal-catalyzed hydroselenation

The hydroselenation of alkynes with PhSeH provides
the simple route to produce vinyl selenides, and there-
fore the hydroselenation is attempted using transition
metal catalysts. Compared with the transition-metal-
catalyzed hydrothiolation, the corresponding hydrosele-
nation is less selective. For example, the hydro-

RhCIL,,
PhSH

HRh(SPh)CIL,

R\/\sph
H

PhSH

I

Hj/\ Rh(SPh)CIL, R
H

HRh(SPh)CIL,,

Scheme 4.
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selenation of I-octyne with PhSeH in the presence of
Pd(OAc), at 80°C for 15 h gives rise to 2-(phenylse-
leno)-1-octene as the major product along with some
other addition products (Eq. (17)) [26]. Sequential addi-
tion/isomerization reaction takes place in the presence
of PdCL,(PhCN),, whereas RhCI(PPh;); does not ex-
hibit good catalytic activity toward the selective anti-
Markovnikov addition reaction.

R —_ PhSeH _ g LR . R, R sepn
(R="CsHi1) PhSe  PhSe SePh  PhSe
catalyst : Pd(OAc)o 62% 13% 7% 3%
PdCI(PhCN), 4% - 68% -
RhCIPPhg);  15% - 7% 15%
(17)

3. Palladium acetate-catalyzed hydrochalcogenation of
allenes

The addition reaction of organic chalcogenols to
allenes is one of the most straightforward access to
vinylic and/or allylic chalcogenides, and the radical
addition of thiols and selenols is already known to
produce the corresponding regioisomeric mixtures as
illustrated in Eq. (18) [27].

By PhYH YPh YPh
\e== 'Bu\/g + 'BU,L/\ + Bu 2, YPh
Y=S [0} 38% 37% 25%
Se Oy 8% 70% -
S cat. Pd(OAc), 85% - -

Se cat. Pd(OAc); 74% -
(18)

In contrast, palladium acetate exhibits excellent cata-
Iytic activity toward the highly regioselective hydrothio-
lation [28] and hydroselenation [29] of ¢-butylallene.

R cat. Pd(OAc), YPh YPh
S===+ PhYH ——~ Rﬁ/g +R %
"
R’ R’
Y=S8 R="Bu R'=H 86%

S cyclohexyl H 76% -
s Ph H 8% 36% [50/50]
S Me Me 67% -
Se "Bu H 63% 16% [44/56]
Se cyclohexyl H 69% 20% [50/50]

(19)

Similarly, n-butyl-, cyclohexyl-, and 1,1-dimetylal-
lenes undergo regioselective addition of benzenethiol
successfully to provide the corresponding terminal
vinylic sulfides in high yields (Eq. (19)). With phenylal-
lene as an aromatic allene, however, the hydrothiola-
tion affords regioisomeric mixtures. Since no double
bond isomerization reaction is observed under the reac-
tion conditions, the formation of the regioisomers may
be account for by the preferential coordination of more

electron-rich terminal double bond, compared with the
inner one, to palladium(II) species. On the other hand,
the Pd(OAc),-catalyzed hydroselenation of n-butyl- and
cyclohexylallenes proceeds preferentially via the inter-
nal addition, but the reaction is accompanied by the
formation of small amounts of the regioisomers.

A mechanistic proposal includes the following (see
Scheme 5): (i) ligand-exchange reaction of the acetoxyl
groups of Pd(OAc), with PhS groups to give the palla-
dium sulfide complex (as an active catalyst) with the
concomitant formation of AcOH; (ii) coordination to
the palladium species, of the allene double bond bear-
ing higher electron density; (iii) syn-thiopalladation to
form c-allylpalladium; (iv) without changing into m-al-
lylpalladium, the c-allylpalladium intermediate is im-
mediately quenched by PhSH [30], giving the desired
adduct with regeneration of the catalyst. As shown in
Scheme 5, the addition to alkyl-substituted allenes takes
place selectively at the inner double bond of allenes,
because the inner double bond is more electron-rich
than the terminal one.

4. Rhodium-catalyzed thioformylation of alkynes with
thiols and carbon monoxide

As mentioned already, the transition-metal-catalyzed
hydrothiolation of alkynes may involve the formation
of vinylic metal complexes as a key intermediates.
Therefore, it is of great interest to examine the catalytic
hydrothiolation in the presence of carbon monoxide,
because a novel carbonylative hydrothiolation is ex-
pected to take place.

2 mol% catalyst

R—= + PhSH + CO ——mm
) MeCN, 100 °C, 15 h
1 equiv 30 atm (R = "CgHya)
R H R SPh
W + %\ﬂ/ + vinyl sulfides

PhS O PhSs O
catalyst : Pd(OAc)z - 7% 22%
PdCly(PhCN), - 7% 9%
RhCI(PPhg)s 24% 3% 7%

(20)

Thus, the reaction of 1-octyne with benzenethiol and
carbon monoxide in the presence of Pd(OAc), or
PdClL,(PhCN), is conducted, but the both reactions
afford only small amounts of the carbonylated product
along with the hydrothiolation products (Eq. (20)). On
the other hand, the rhodium(I) catalyst is found to
permit simultaneous introduction of a formyl and a
sulfide units into alkynes. Moreover, several rhodium
catalysts is examined for this ‘thioformylation’ reaction,
and rhodium(I) complexes bearing phosphine ligands
work well as the catalysts. In particular, RhH(CO)-
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R
Se—=
— R
Pd(SPh),
R Pd(SPh
~— (SPh)2
'R
R
==
— ;

Pld(SPh)z

SPh SPh
R 3‘/& PhSH R \'/J\
R _— .
pa-sph  PUSPN) R
X SPh
R
7N
R
/< Pd-SPh
SPh SPh
PhSH
AN o A
R Pd-gp P2 R

Scheme 5.

Table 4
Rhodium-catalyzed thioformylation of alkynes with thiols and CO?*

entry acetylene product

A= Y YNcho s 137
PhS

2 Y;: )\/Y\CHO 80  14/86

PhS

yield, % E/Z

3 HON—= HO MY NcHo 76 864
PhS
Ph

4 Ph—= Y cHo a5 2om1
PhS

Ph ;

5 ~—= Ph" Y CHO 63 54/46
PhS

6 NCn—= NN NcHo 61 2377
PhS

\A/Y\
7 = = CHO 57 199

PhS

2 Reaction were conducted under the condition of 7.5 mmol of
acetylene, 5.0 mmol of PhSH and CO (30 atm) in the presence of 3
mol% of catalyst at 120°C for 5 h in acetonitrile (5 ml).

(PPh;); is the most effective catalyst: the reaction of
1-octyne with PhSH and CO (30 atm) in the presence of
3 mol% of RhH(CO)(PPh;); at 120°C for 5 h leads to
the high yield formation of the thioformylation product
(82%). RhCI(PPh;); is also a good catalyst for the
thioformylation, although prolonged reaction time is
required (20 h, 70%).

Table 4 represents the RhH(CO)(PPh;);-catalyzed
thioformylation of various alkynes [31,32]. The reac-
tions are highly regioselective, and CO is incorporated
predominantly at the terminal carbon of alkynes.

To explore the mechanistic pathway of this thio-
formylation, equimolar reaction of RhH(CO)(PPhs;);
with PhSH at 15°C in acetonitrile under argon atmo-
sphere is attempted, which affords a yellow solid with

the evolution of molecular hydrogen. The measurement
of '"H-NMR spectra indicate the disappearance of the
signal at 6 —9.71 assigned to the hydride of
RhH(CO)(PPh;); [33]. The IR spectra of the yellow
solid shows that the CO absorption (1922 cm ~') [33] of
RhH(CO)(PPh,); disappears and a new carbonyl ab-
sorption appears at 1969 cm ~!. These results and ele-
mental analysis of the yellow solid suggest the
formation of Rh(SPh)(CO)(PPh;), (Eq. (21)).

CHACN
15°C, 2h

HRh(CO)(PPhg)s + PhSH [Rh(SPh)(CO)(PPha)2]n + Hy

yellow solid

21)

A possible catalytic cycle for this thioformylation is
shown in Scheme 6. The rhodium sulfide complex
(PhS—RhL,) formed in situ according to Eq. (21), may
add regioselectively to alkyne to give vinylrhodium
intermediate. After CO insertion to the vinyl-rhodium
bond, oxidative addition of thiol to acylrhodium spe-
cies, followed by reductive eclimination of the thio-
formylation product may regenerate the catalyst.

HRhL,,

PhSH
H2 R—=

PhS-RhL,

R
Phs>=;¢-|-|

A H R—==
PhSW— RhL ;
O s

n .
Ph PhS-RhL,

PhSH R
PhSWHth PhS RhL,
O \<

co

Scheme 6.
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Table 5
Pt(0)-catalyzed hydrothiocarboxylation of alkynes with thiols and
CO(l

entry acetylene thiol  molar ratio product yield, %P

(RSH) of alkynef/thiol

1 CeHys—= PhSH 75 NCgH,a 83

2 "CgH47;SH 7.5 f 87
817 RS [0}

3 o 78 94

4 1.0 99

5 w/;: PhSH 7.5 )\/f 70

6 <:>—SH 1.0 RS™ "0 87

7 Noa~—= PhSH 7.5 NC/\/f 75

8 <:>—SH 1.0 RS™ 0 62

Ph

9 Ph — PhSH 7.5 /f 63

PhS” S0

SH 1.0

i]
.

Ph
L =
O+t

®Reaction conditions: PhSH (5 mmol), CO (30 atm), Pi(PPhg)4 (3 mol%), CHaCN
(5 mL), 120 °C, 1-7 h. bBased on the thiols employed.

R PiL,,
R'SH
RS0
R
f\ PHL,

R'SPtHL,
RSO
R—=
R‘S([i-F"tHL,, R— + CO
o)
Scheme 7.

5. Platinum-catalyzed hydrothiocarbonylation of
alkynes with thiols and carbon monoxide

Organic thiols are known to add oxidatively to low-
valent platinum complex forming platinum hydride
complex bearing a sulfide ligand [34]. Detailed investi-
gation on the reactions between thiols, alkynes, and
carbon monoxide in the presence of platinum(0) cata-
lysts leads to an interesting finding that switching the
catalyst simply from RhH(CO)(PPh,); to Pt(PPh,),
leads to a sharp reversal of regioselectivity of CO

introduction (Eq. (22)).
cat. Pt(PPha)s R f

Phs”0
(22)

R—= + PhSH + CO

Table 5 represents the ‘hydrothiocarboxylation’ of
alkynes, in which hydride and thiocarboxyl groups are
introduced into the terminal and internal positions of
alkynes, respectively [35]. The hydrothiocarboxylation
product, which has an o,f-unsaturated carbonyl unit, is
subject to conjugate addition of PhSH. However, the
use of excess alkyne prevents the conjugate addition
entirely. The procedure for this hydrothiocarboxylation
can be employed with a variety of aromatic and
aliphatic thiols, giving the corresponding o,B-unsatu-
rated thioesters regioselectively in good to excellent
yields (entries 1-10). In particular, the hydrothiocar-
boxylation with aliphatic thiols proceeds smoothly
without using excess amounts of alkynes (entries 4, 6, 8
and 10). In the case of aromatic thiols, the higher
acidity of aromatic thiols (compared with aliphatic
ones) probably causes the competitive conjugate addi-
tion of thiols to o,f-unsaturated thioesters.

According to the literature [34], trans-PtH-
(SPh)(PPhs,), is prepared from the equimolar reaction
of Pt(PPh,), with PhSH at 20°C in acetonitrile under
argon atmosphere. Moreover, the catalytic reaction of
1-octyne with PhSH and CO (30 atm) in the presence of
3 mol% of trans-PtH(SPh)(PPh;), in CH;CN at 120°C
for 1 h affords the hydrothiocarboxylation product in
77% yield. Although elucidation of the precise mecha-
nism requires further detailed investigation, a possible
reaction pathway for this hydrothiocarboxylation may
include CO insertion to the Pt-S bond of PtH-
(SPh)(PPhs,),, followed by regioselective acylplatination
of alkyne and reductive elimination of the product, as
shown in Scheme 7.

The hydrothiocarbonylation with PhSH and CO (27
atm) can also proceed by using a palladium catalyst in
THF at 110°C for 6 h, when 3 equiv of conjugated
enynes are employed as the substrates (Eq. (23)) [36a].
A key step for this carbonylation is considered to be
regioselective thiocarboxypalladation of enynes with
PhSC(O)-PdL,—H.

4 Pd(OAc); (3 mol%) SPh
dppp (6 mol%)
+ PhSH + CO 0

(23)

The procedure is applicable to the regioselective hy-
drothiocarbonylation of allenes [36b] and allylic alco-
hols [36¢] (Eq. (24)).

>== 7 PhSH, CO o
HO _l cat. PA(OAC)z, PPhg Y\)LSPh
x
X\ (24)

In the presence of Pd(PPh,),, propargyl alcohols
undergo carbonylative lactonization with PhSH and
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CO to give B-thio-o,B-unsaturated-y-lactone [37] (Eq.
(25)). On the other hand, the Pt(PPh;),-catalyzed car-
bonylative lactonization of 5-hydroxy-1-pentyne with
CO proceeds in the presence of thiols to give a-methyl-
ene-d-lactone [38] (Eq. (26)).

0.

HO cat. Pd(PPhy)g o
>—=+ PMSH + CO —— \g

PhS
(25)

0._.0
cat. Pt(PPhg)
HO\/¥:_ +PhSH + CO e LL
(26)

6. Conclusion

Highly selective methods using transition metal cata-
lysts for introduction of Group 16 functions into car-
bon-carbon unsaturated bonds have been developed,
which make it possible to synthesize various types of
vinylic chalcogen compounds. A series of addition and
carbonylation reactions mentioned in this review in-
volve the formation of key species bearing a Group
16-transition metal inter-element linkage. These cata-
lytic reactions are expected to open up a new field in
transition-metal chemistry of organic chalcogen
compounds.
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