5210 Chem. Rev. 2007, 107, 5210-5278

Use of Lawesson’s Reagent in Organic Syntheses

Turan Ozturk,* Erdal Ertas,® and Olcay Mert*

Istanbul Technical University, Science Faculty, Chemistry Department, Organic Chemistry, 34469 Maslak, Istanbul, Turkey,
Tubitak, Marmara Research Centre, Fl, 41470 Gebze-Kocaeli, Turkey, and Middle East Technical University,
Department of Chemistry, Organic Chemistry, Ankara, Turkey

Received April 2, 2007
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5. References 5273 pose to the corresponding thioketorfgScheme 2). Initially,
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Transformation of a carbonyl functional group into thio- g
carbonyl has been an important interest to synthetic organic s//P\S s
chemists for many years. Two reagents, phosphorus penta- KS: | 2 “p_s_p\’\”
sulfide (RS10) 1 and Lawesson’s reagent (LR)are the most \\P\|£S\/P:S
widely used agents for such a transformation as well as for s//fi\s/ ‘
the synthesis of wide range of heterocyclic compounds S U os s
having sulfur atoms. On the other hand, LR has been the /\p®—s—p/i

most widely used reagent since the beginning of the last 1 g ©® S

quarter of the 20th Century, and due to its important 3

applications in synthetic organic chemistry, it has regularly

been reviewed:® S, s S
From the second half of the 19th Century until the H3C°@P\§R@ OCHs 2 HsCOQP\\S

initiation of systematic study of the use of LR in 1978 by 2 [
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Scheme 4. Synthesis of 1,3,2-Dithiaphosphetane 2-Sulfides
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and 13, of the intermediate 1,3,2-oxathiaphosphetdne

groups, including us, isolated the trimgimethoxyphenyl-  (Scheme 2) were isolated as a result of the reaction of
metathiophosphonagof LR, which is a side product & the ketone® and 12 with LR in refluxing CDCE (Scheme
(Scheme 3j:*°It could be evidence for such a mechanism. 4). This is an important indication that the thionation reac-

Obviously, the P-O bond is much stronger than the-B  tion of LR goes through such a Witting-type interme-
bond, which results in the thermodynamically more stable djate1?

product6. This could be concluded as one of the important | this review, considering the more widespread use
driVing forces behind the mechanisms of both reagéﬁts. of LR in Organic SyntheseS, LR has been reviewed in

Recently, during an in-depth study of the mechanism of depth starting from 1985 as some reviews appeared in that
LR, the analogues, 1,3,2-dithiaphosphetane 2-sulfide$1, year.
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2. Lawesson’s Reagent (LR) polymeric materiall 7,5° which demonstrated that, in contrast
to its monothioquinone analogue,>! dithioquinone is too
reactive and polymerizes to the polydisulfide. On the other
hand, it was reported by a separate group that 9,10-
anthraquinond9 was transformed to 9,10-dithioanthraquino-

First synthesis of LR2 appeared in 1956 along with a
number of aryl thionophosphinesulfidég which were the
products of the reactions betweesBR and some aromatic

14,18 . K . . .
groups. ne 20 by reacting with LR in refluxing toluene, although it
s s A gave low vyield, 13%, along wit1 (Scheme 652
\\P/ \P/
A S s 4\
14 S o
R
Ar= Ph, 4-EtOCgHy, 3,4-diMeCgHs, O‘O C‘e
1-napthyl, 2-i-Pr-napthyl R
. . S S
In the following decade, the chemistry of these compounds +
did not receive much attention. In 1967, a report appeared 17" 18 R=H, MeO

that LR could convert benzophenone to thiobenzophenone
in acetonitrile:® However, it remained unexplored for a  The same group reported that the reaction of 1,8-

further 10 years. In 1978, Lawesson and co-workers Sys- gihydroxyanthraquinon@2 with LR in refluxing toluene

tematically studied the use & (now commonly called  ,roquced the dime23 in 30% vyield, probably through an
Lawesson’s reagent) in organic syntheses, particularly for jitial thionation reaction (Scheme .

the conversion of carbonyl groups to thiocarborfyls. The reaction of 9-benzanthrone oxin2d with LR in
LR is now commercially available and widely used in refjyxing benzene yielded 9-benzanthronethi@Ben 36%
organic synth_e5|s. It can easily be synthesized with the yield, along with polymeric materials (Scheme®8).
reaction of anisole andiBy, (150°C, 6 h,~70%)2*®Also, Treatment of indanon&6 with LR in refluxing toluene
the reaction of anisole with elemental sulfur and red gaye27in 95% yield, the structure of which was determined

phosphorus (156155°C, 6 h, 76%) produces LR.Itwas  after g single-crystal X-ray analysis (Schemé).
indicated that LR is not stable in solution at temperatures

over 110°C, and it decomposes or polymerizes slowh? Scheme 6. Synthesis of 9,10-Dithioanthraquinone
Single-crystal structures, obtained from 1,2-dichloroethane
and toluene, were disclosed to be monocliRi2;/c1 and

P12L22respectively, along with its solid-state NMR studfés. o i S~\P(©/
Nishio et al. reported the reactivity order of LR toward ‘O O‘O oS
hydroxyl and carboxyl group®.The authors indicated that
hydroxyl groups are the most and esters are the least reactive s ‘OO
9

X . o]
functional groups among hydroxyl, amide, ketone, and esters.
Amides come second and the ketones third. Their order is 1 20 OH
as follows: 21

OCH;

e} o o Scheme 7. Formation of the Dimer of
R-OH > R-CNHR' > R-CR' > R-COR' 1,8-Hydroxyanthraquinone
OH S OH

2.1. Ketones OH O OH
LR 2 effectively converts the oxo groups of ketoriésto LR, toluene (dry) O‘O
thionesl6 even in the presence of various functional groups O‘O |
o)
22

such as aromatic and heterocyclic rings, halogen, nitro, nitrile, refiux, 5 h, 30% O‘O
alkyl, alkylamine, and ester functional groups (Scheme 5 and

Table 1). OH S OH
Scheme 5. General Reaction of LR with Ketones 23
0] LR, toluene (dry) j‘:\ Scheme 8. Thionation of 9-Benzanthone Oxime
R™ R! reflux R™ R’ )
15 16

LR, benzene (dry) “O
Although toluene (dry) is the most widely used solvent, reflux, 0.5 h, 36% O
there are examples where other solvents such as benzene,
pyridine, THF, dimethoxyethane, GBI, and C$ are used.
The reaction is generally conducted at the refluxing tem-
perature of the solvents under inert atmosphere. On the othelscheme 9. Dimerization of Indanone 26
hand, there are examples where the reaction was performed

at room temperature, open to atmosphere, (Table 1, entries o

8,9, 12, 22, 25)- . LR, toluene (dry)
The use of LR to convert ketone functional groups to —_——
thione sometimes results in unexpected products. Attempts reflux, 95%, 8 h

to convert anthraquinone to dithioanthraquinone yielded the 26

25
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Table 1. Products of the Corresponding Ketones with LR

Chemical Reviews, 2007, Vol. 107, No. 11 5213

Entry Product Conditions Yield (%) ref
R'" s
S | R
X
1 CSz, A, Ny, ~5h 48-88 24,25
R= Ph, 4—C|CeH4, 4-MeOCGH4,
2-Thienyl, 2-furyl
R'= Ph, Me, H
S
2 /@ﬁ‘\Ph CSz, A, Ns,~5h 60 24
Ph Ph
EtO,
S S
3 0 )Jph toluene, A, 10 min 64 26
S
CH3
EtO
EtO S s
o 3 o UPh
4 s =/"Ph 4+ To=\ = toluene, A, 2 h A= 48, B= 52 26
CHg CHs
A B
R1
R” “NH,
5 R=Me, Ph, 4-MeOCegH, benzene, A, N, 45-78 27
R'= Me, 4-MeOCgH,4, 4-NO,CgHy,
2-furyl, 2-thienyl, (CH=CH),-Ph, C=C-C¢H,
6 - ~65 28
i-Pr S
i-Pr O i—Pr R
R= H, OMe
R S
R
Me
Me
7 Rl toluene, N2, 1 h 65-70 29
Me Me
S R!
R= Et, CH,CH,CO,Me
R'= CH,CH,CO,Me
R
R R
8 NN Re dimethoxyethane, rt, 1.5 h 70-90 30

R= H, Me, R'= H, Ph, 4-CICgH,, 4-FCgH,

R2= t-C4Hg, i-C3H7, PhCHz, 4-C|CGH4, 3-Py, 4-Py
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Table 1 (Continued)

Ozturk et al.

Entry Product Conditions Yield (%) ref
R=0,18
9 toluene, rt, 21 h 31
R=S,78
/Y A
10 S 1 S toluene, reflux, 1 h - 32
S
O S
NH,
1 benzene, reflux, 2 h 97 33
Ar Ar
Ar
S
Fc)J\SiR
12 THF, rt, 5-30 min 60-80 34
Fc= Ferrocenyl
R= Mej, Me,Ph, Ph,
13 i b flux, 3 h, N 71 35
enzene, reflux, 3 h,
Fc)J\Fc :
)SL S
14 FCYFC + FC#FC toluene, reflux, 2 h, N, 13-46 35
S o]
15 / toluene, reflux, 2 h 25 36
S
{ R=H, 20
16 R toluene, reflux, 5 h 36
R S R = Me, 16
R =H, Me
17 @ THF 85 37
S
Rl R
R
R
S
toluene, reflux 82-98,
18 R=Me, R'=H 38, 39
xylene quantitative
R=H, R'=Me

R=R=- (CHp)s -, R'=Me

R= R= - CHy(0-CgH4)CH; -, R'= Me
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Table 1 (Continued)

Entry Product Conditions Yield (%) ref
19 ; éS toluene, reflux, N2, 2.5 h 84 40
S
S
Ph
/\ B
S X
20 S benzene, reflux, 4 h S:40,0:40 41
S OEt
X=8§,0
RIO RIS
57 NMe, S” “NMe,
21 toluene / DME, reflux, 2 -16 h 63-87 42

R= t-Bu, Ph, 4-MeOCgHy, 4-CICgH,
4-NO,CgHy, 2-thienyl

R2 R_R'
34:E

22 THF, rt,1h 32-96 43
R= 0O, = CHCO,Et, CH(Me)CH,OAc,
CH(Me)CO,Me, OAc, CECH
R'=H, OAc, OH

R2?= H, OCH,OMe

S
Ph Ph
23 toluene, reflux, 1 h 58 44
Ph Ph
(o]
S
Ph Ph
24 toluene, reflux, 3-4 h 37 44
Ph Ph
S

25 CH,Cl,, rt, overnight 33-76 45
R= O - i-Pr, NEt, NBry, N(CH,)O

R'= Ph, Bu, 4-MeCgH, 4-Me;NCgH, Ph, OEt

S
26 toluene, reflux, 1 h quant. 46
MeO OMe

S
27 A toluene, reflux, 3 min 74 47
PH Ph
S
Ph)LR mw, 3 min 97 48

28

29 O'O mw, 3 min 86 48
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Table 1 (Continued)

Entry Product Conditions Yield (%) ref
S
30 )l\ toluene, reflux, 15 min 94 (HPLC) 49
Ph” ~Ph
S
31 xylene, 110 °C, 1.5 h 96 (HPLC) 49

4- M62N06H4)LCGH4NM62—4

32 s% toluene, reflux, 7 h 95 (HPLC) 49

Scheme 10. Reaction of 1,3-Cyclohexadione 28 with LR Scheme 14. Reaction of.f-Unsaturated Ketones Having
Ar Ar 4-Oxothiazolidine Rings
o|o ols }SOLRA S s-s
LR, toluene | — .
it (o) N)\)LR toluene R\)J\NMW
H 1h
28 29 38 4
LR R=H, Me, CH,CO,Et
toluene Ar= Ph, CICgH, R'= CgHs
reflux s
S-S
LR, A
O Ar O == . ~
39 toluene, 1.5 h /A\N)\)L’\“'K'\‘GH5
R= H, R'= NHCeHs 42
S
30
w R2 iZ—S o
Scheme 11. Reaction of Bicyclodione 31 with LR toluene, 2.5 h Hs /N/)\)Lw
R R . R_ .. SH R= CH,CO,Et, R'= OEt 43
o \N—sH = , ,
R o g R S ~ R S Scheme 15. Synthesis of Ethenethiols
32 SH 9 LR, toluene S,H
31 33 PhHC-C-R — ———> Ph,C=C-R
refiux
R=H, CH3 48-50 h
R'=H, CH3, CoHs
44 R=Ph 46 R= Ph, 15%
Scheme 12. Reaction off-Unsaturated Ketone 34 with LR 45 R= Ar 47 R=Ar, 34%

SAr SAr

SAr
/C/ LR /(k@\ + /(\&\ Treatment ofa,(-unsaturated keton®4 with LR in
0 CSz2Nyreflux | s S SAr Ph NS SAr refluxing CS under N resulted in dimerization to produce
34 35 3,4-dihydro-1,2-dithiins35 (Scheme 12)?
Similarly, a,-unsaturated ketone, 2-(phenylthio)methyl-

Ar= Ph, 4-MeCqHy, 4-CICeH, ene-1-tetralon&6, following the same reaction path gave
the analogue of 3,4-dihydro-1,2-dithiiBg (Scheme 13j42°

Recently, formation of interesting products from the
reactions ofo,f-unsaturated ketone38—40 (each having a
4-oxothiazolidine ring) with LR was reporté@® Produc-
tion of the new 1,2-dithiole4l, dithiazole 42, and thia-
zole 43 rings could be attributed to the presence of dif-
ferent functional groups next to the carbonyl group (Scheme
14). Amide or ester characters of the groups led to the
formation of dithiazole42 or thiazole 43 heterocycles,

When 1,3-cyclohexadior28 was treated with LR at room ~ respectively.
temperature in toluene, its thione derivatR@was obtained An attempt to synthesize ethenethiel6 and 47, from
(Scheme 103%570n the other hand, when the same reaction ketones44 and45, respectively, resulted in the production
was performed in refluxing toluene, a dimerized prodd@t  of expected products (Scheme £5).
was reported to be isolated. Treatment of the naphthalenod8 with LR in refluxing
The reaction of bicyclic dion&1 with LR yielded 33, toluene gave the dimeric addusf, the mechanism of which
having a cage-like structure, the reaction path of which is possibly went thought a thione intermediat® (Scheme
likely to involve the thiol intermediat&2 (Scheme 118 16)8?

Ph

Scheme 13. Dimerization ofo,f-Unsaturated Ketone 36
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Scheme 16. Dimerization of Naphthalenone 48

Ph Ph

Ph._Ph Ph. Ph |
| | 9@

O‘ toluene (dry)

reflux, 5 h “ SN

- 0D

S

48 49 |
Ph Ph

50

2.2. Thionoesters, Dithioesters, Thionolactones,
Dithiolactone, Thiolactones, and Dithiolethiones

Exchange of one or more oxygen atoms of esters and
lactones with a sulfur atom using LR has been demonstrated

by various examples, although such conversions are reported

to be the most difficult ones due to the generally low
reactivity of the ester functional group toward thionation
reagents$?

thionoester

thiolactone  dithiolethione

dithioester thionolactone dithiolactone

The reaction may require prolonged reaction time, gener-
ally refluxing in usual LR solvents such as toluene and xylene
(Table 2). On the other hand, employment of microwave
shortened the reaction time to a few minutes (Table 2, entries
2,18-21, 44)*89.97Not only were conversions of carbonyl
groups of the esters to thiones (entries3] 21, 22) reported,
but synthesis of dithioesters (entries B2) was reported to
be successful as well.

Replacement of the carbonyl oxygen of lactones, having
various ring sizes (entries 321, 23-45) was disclosed.
Ring sizes varied from five (entry 13) to seventeen (entry
26) some of which included conversion of two (entry 23),
three and five (entry 28) carbonyl groups of lactones at the
same time.

Installment of sulfurs in place of carbonyl and the ring

oxygens to synthesize dithiolactones (entries 46, 47) was also

reported.

Oxidation of thioketen&1 with mCPBA to form thioketene
Soxide52 and then treatment with LR at room temperature
in CH.Cl, for 12 h led to the formation of dithiolactor&S
having a three-membered ring (Scheme %7).

An interesting reaction aii-methylenes-lactone54 with
LR yielded thiolacton&5, the possible mechanism of which
was reported to include ring opening and formation of a new
ring (Scheme 1801102

It was reported that treatment of 1,3-diest&rgo®
56—58 with LR could yield dithiolethione$9—61, respec-
tively (Scheme 19).

Moderate to high yields (6187%) of a,-unsaturated
dithioester63 were obtained frona-hydroxyketene dithio-

Chemical Reviews, 2007, Vol. 107, No. 11 5217

Scheme 17. Reaction of Keten&-Oxide 52 with LR

51 52

Scheme 18. Possible Mechanism of the Formation of 55

LR
CH,Cl,
ft, 12h

S
53

ol
“Ps
S 7S Ar g
© ‘2
,S/—P\ Ar‘
O =
~N O _ g/P S
0 0 4
o}
54 S
7 o

55

Scheme 19. Formation of Dithiolethiones 5961 from
1,3-Diesters 56, 57, and 1,3-Diketone 58

6 o OEt OEt
A 3
R= CH3(CHy)3 , CH3(CH>)11 07 Okt
CsHo, Ph, (CH3)sC, PhCH;
57 R= (CH3),, (CHy)s,

56

o |
I

S

Me, PhCH,
58

S

Scheme 20. Reaction of,f-Unsaturated Dithoesters with
LR

OH SCH; R' s
R LR/CgH
= 6'l6
R SCH;3 TR RMSCW
Rz retiux, R2
62 63
R= Ph, 4-MeCgHy, 4-CICgHy, 4-BrCgH,
R'=H, Me o,
R2=Hor R'=R2 = O
Scheme 21. Reaction of Acylketene Dithioacetal with LR
H3CS._S._LCH
O SCHj 1) NaBH, 3 U 3
= ,
HsC SCH;  2)LR, CgHg v~ "CS,CHj,
64 CHs
65

acetals62 upon treatment with LR in refluxing benzene
(Scheme 203%

Contrary to the result obtained wi2, the reaction of
acylketene dithioacet&4 initially with NaBH,, which yields
the corresponding,5-unsaturated alcohol, and then with LR
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Table 2. Products of the Corresponding Esters and Lactones

Entry Product Reaction conditions Yield (%) ref
S
R)J\OR1
1 R= Ph, 4-NO2CgH,, 1-naphthyl xylene, toluene,? ethylbenzene,” reflux 4-95 (HPLC) 49

n-CgHy3, Ph;_]a CHg‘b E:F/CN

R'= Me, Et, i-Pr, t-Bu, 2-naphthyl

S
1
L r
2 R= Ph, 4-i-PrCgHy4, PhCHj, Ph_ MW, 3-4 min 76-96 48
2-furyl, 2-thienyl
R'= Me, Et
3 i | 30 23 46
toluene, min
Ph)]\OBu
b
O0-C-R
S
4 o-t-r neat, N,, 150 °C 99 63
i
O-C-R
S
l;i O)J\/\Me
5 [ Me xylene/tetramethylthiourea, 160 °C, ~2 h 47 64, 65
o ) OMe
S
S
R)J\OR1
R= n-C;Hys, cyclohexyl, 1-adamantyl, °
6 PhCHCH, Me, a-benzyl-y-butyrolactone toluene, 110 °C, 12-36 h 29-88 66
R'= Me, Et, CH,SiMes, 2-naphthyl,
a-benzyl-y-butyrolactone
7 xylene, reflux - 67
3
8 s glyme 35-48 46
R)J\O
R= Ph, Me
A
9 Ph” °S” "R toluene, reflux, 4 h 82-91 68
R= Ph, 4-MeCgHy, 4-MeOCgHy, 4-BrCgH,
(e} S
10 Ps ~ A, toluene, 80-100 °C, Ar, 7-12 h 1223 69

tBuO™ N
H
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Table 2 (Continued)

Entry Product Reaction conditions Yield (%) ref
RR'T
S | SPh
N
11 toluene, N, reflux, 7-10 h 50-72 70
R=H, Me, Ph
R'= H, Me
A
[x R
X._R
12 \[Zr toluene, reflux, N, 4-72 71
X=Y=0,Z=8
X=0,Y=Z=8
X=Y=2Z=S
R = Me, Ph
13 [X toluene, reflux, 3 h 85 (HPLC) 49
HsC™ ~0” S
14 (l MeCN, reflux, 4 h 71 (HPLC) 49
(O}
15 Q toluene, reflux, 1h 73 (HPLC) 49
0" Vs
58 (HPLC) 49
16 toluene, reflux, 1 h
o S 60 (HPLC) 46
17 <{E> xylene, reflux, 5 h 84 (HPLC) 49
o S
BSOS
18 R o s neat, MW, 3 min 94-98 48
R=H, OMe
g |
19 7o o neat, MW, 3 min 92 48
0.
20 neat, MW, 4 min 96 48
S
R! O._R
T
S
21 R= H, Ph, 4-MeOCgH, neat, MW, 3 min 92-95 48

R'=H, OMe, OAc

R2= H, Ph, 4-MeOCgH,4
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Table 2 (Continued)
Entry Product Reaction conditions Yield (%) ref
22 xylene, 175 °C, 1.5 h, 4 eq. S=C(NMe), 49 65
Ho
23 % toluene, reflux, 16 h 78 72
24 toluene, 110 °C, 3 h 82 65
OBn
25 toluene, reflux, 3.5 h 60 73
S
(o]
26 toluene, reflux, 14 h 60 73
NH g
s)\ﬁ(
27 N o) dioxane, reflux, 48 h ~70 74
CgHsMe - 4
Y
o O z
forn=1
O -
! n=1,3 A= 2542
28 xylene, reflux, ~17 h 75
forn=1 B =13-29
A=X=8,Y=0,Z=0
C=2-29
B=X=Y=S,Z=0
C=X=Y=2=S
S
O. R
29 toluene, reflux 47-77 76
R "R
R=H, Me, R'= H, Me
S
30 Cg toluene, reflux 10 77
N
\ S
O \
0
31 toluene, reflux, 2 h 55-60 78
R

R=H, Me, OMe, CI
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Table 2 (Continued)

Entry Product Reaction conditions Yield (%) ref
S
o
32 ';_:{ toluene, reflux, N,, 4 h 65-91 79
R= Me, Et, n-Pr,

n-Bu, n-pent, n-Hex

X

Y’\
R A=12-37
33 benzene, reflux, 24 h 80
R = Ph, 4-BrCgHy, 4-MeOCgH, B=1-10
A=X=S§,X=0
B=X=0,Y=S
S
34 iéo toluene, reflux, 3 h 75.5 81
H Br
O S
ZoH
35 toluene, reflux, 2 h 80 82

Q Q

(o]
[}

S
(o]
X \ / Ph
36 toluene, reflux, 3 h - 83
Ph

X= OH, CI, OMe, CN, NEt,

S ;—N
37 G A\ toluene, reflux, 15 h - 84

S
(@)
38 . benzene, reflux, 24 h 50 85

O
39 O toluene, reflux, 20 h ~75 86-88
R

40 Bnoy\lf@\ toluene, reflux, crushed mol. sieves, 4 h 62 89
BnO
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Table 2 (Continued)

Ozturk et al.

Entry

Product

Reaction conditions

Yield (%) ref

41

42

43

44

45

46

47

o_R'
R 1
R2
S
R= H, 7-MeO, 7-AcO
R'=H, Me, Ph
R2= 2,4-(MeO),-CgHg, 3,4-(Me0),CgHs,
4-NO,CgHj, Ph, 4-MeOCgHy, 2-CIPhCHj, 3-CIPhCHy,

4-CIPhCH,, 2-BrPhCHj, 3-BrPhCHj, 4-BrPhCHj,, 4-NO,PhCHy,
4-CNPhCH,

RO. 0. S
@1;
CHs

R= PhCHj, 2-MePhCH,, 3-MePhCH,, 4-MePhCHj, 2-FPhCH,,
3-FPhCH,, 4-FPhCHy, 2-CIPhCH, 4-CIPhCH,, 4-NO,PhCH,,
PhSO,", 4-MeSO,

R4
R3 o.__S

R? R

R=H

R'= Me, H, CH,CO,CH3
R%=H, OH

R%= OH

R*= COCHjg, CHp-CH=CH,, H,
CSCHj, CSCH;4

R'=H, Me

R2= Me, C,Hs, C4Ho,
CeHy3, C7H1s, CgHyz

toluene, reflux, 3 h

toluene (dry), reflux, 3 h

toluene, reflux, N,

hexamethyldisiloxane,

N2, Schlenk tube, MW

toluene, reflux, N, 5 h

dioxane, reflux, ~1 h

chlorobenzene, reflux, 3 h

67-91 90-93

75-91 94

61-70 95

73-96 96, 97

65 96, 97

39 98

resulted in the production of a dimerized prod@6tn 57% 2.3. Amides

(Scheme 21).

phene67 was accomplished by treatment@8 with LR in

boiling xylene in the presence of $5cheme 223%7

Conversion of the oxo group of amides into the corre-
Formation of two dithiolethione rings fused to thienothio- sponding thio derivatives is a well-established and selective

process in the presence of ketone, ester, and lactone groups

due to its high reactivity (Table 3§. Moreover, in the
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Scheme 22. Formation of Bisdithiolethione Rings

HO  OH RS, s-S S-g
EtOzcmcozEt A, xylene sWs
sTs 20% sTS
66 67

Scheme 23. Reaction of,y- and k-Hydroxy Amides with
LR

OH ©O /\)SJ\ SH O
N
Ph NRR' Ph™ " "NRR! Ph)\)J\NRR1
68 69 70
R= Ph, PhCH, 48-97% 8- 9%
R'=H, Ph, PhCH,
OH
oo o Oy o O
Ph)\/\g/ Ph"Ng”SNR  Ph™ g8
71 72 73

R= Ph, 4-MeCgH,, 4-CICgH,4

I A AL
Ph)\/YNHCSHACl-“ Ph™Ng~ “NCgH,Cl-4 * Ph S

S

o)
74 75 76
33% 39%
‘ 112 LR T

80%

OH o
Ph)\/\)J\NHPh — /(l
- P s s

78
48%

Scheme 24. Formation of Thiazole fromB-Hydroxy Amide
)i/ﬁ R Ph\[3>—R
Ph bl N

79
R= Ph, 4-MeCgH,, (22-60%)

PhCH,, adamantyl

Scheme 25. Reactions of 2-Acylbenzamides with LR

NHRR1 @Eﬁ
toluene

reflux
82
R= H (19 -66%)
R'= t-Bu
R?= Me, Ph, PhCH,
o]
LR
83 T’ N-Ad
oluene
R=H reflux |
R'= 2-Adamantyl Ph
R?= PhCH, 84
(22%)
85
LR >
R= H, PhCH, _—
RI=Et PhcH, ~ !olene S
R%= Ph, PhCH, 2
86
(22-52%)

Chemical Reviews, 2007, Vol. 107, No. 11 5223

Scheme 26. Reactions of 3-Hydroxyisoindolin-1-one with LR

R OH R SH
87 o 88 (o]
R= CH,
90 ©
R=H, Me, Ph

R'= Me, Ph, 4-MeCgHy, 4-CICgH,, n-Pr

Scheme 27. Reaction of Imidazole 91 with LR or 5
NH LR or

_</N N _NHR
Ph— _ ——= " P
N P4S10 — ;[/\y R

NHR NN F
Cl 92 N
R= 4-MeCgHy, I H—Ph

CsH5("*N-labelled aniline), HoN
4-t-BuCgHy4 -H,S

N\
Ph— I
NN

|
Nﬁ/NHR

\
Ph)_glz;l

NHR

derivative in relatively high yiel& Similar selectivities were
demonstrated in various examples (Table 3). Reactions were,
in general, performed in refluxing dry toluene or benzene
under inert atmosphere. On the other hand, there are reactions
where THF, HMPA, DME, dioxane, xylene, etc. were used
as solvent, and also some reactions were conducted at room
temperature.

Nishio et al. investigated the thionation reactionsfef
y- andx-hydroxy amides8, 71, 74, 77, which resulted in
the formation of various products such ag-unsaturated
thioamide69, mercaptoamid@&0, thiopheneiming2, 75, and
thiones73, 76, 78 (Scheme 23}°1.153.154

On the other hand, when the position of the nitrogen of
the amide was changed, a different product, thiazole, was
obtained (Scheme 24). That is, treatment of the anii@le
with LR gave the thiazol®0 in moderate yield.

2.4. Lactams

Lactams, like amides, react readily with LR, giving
corresponding thiolactams, even in the presence of various
functional groups (Table 4).

It was reported that the reaction of 2-acylbenzamigtes
83, 85 with LR yielded various product82, 84, and 86,
depending on the groups attached to the starting material
(Scheme 25)%

The same group reported the result of the reaction of
3-hydroxyisoindolin-1-on8&7 with LR (Scheme 26)° The
reaction was performed with 0.5 equiv of LR in refluxing
toluene yielding 3-mercaptoisoindolino@8, further reaction
of which with 0.5 equiv of LR gave isoindolinethior&9.

presence of a carbamate group, without affecting it, the oxo In the case of R= CHjs, an elimination product, methyli-
group of the amide was successfully converted to the thio deneisoindolinon®0, was obtained.
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Table 3. Thionation Products of the Corresponding Amides
Entry Product Reaction conditions Yield (%) ref
S
1 THF, 20 °C, Ar, 24 h 70 69
BocHN/\)J\NHZ
2 HMPA, 90-95 °C, 10 min 19 108
3 toluene, 60 °C, 4 h ~7 109
4 THF, rt,2 h 83-86 110
R=H, Me
R.R' RZ R?
X f X8
BocHN N OMe
5 H THF, rt, 2.5-4 h 93-95 111
R=R'=Me, R?>=H
R= i-Pr, R'= H, R = Me
S
6 BocHN\)LH/\COZBn THF, reflux - 112
N
[ BN
N S
7 ] toluene, 3-40 h, reflux 44-98 113
NRR
R =H, i-Pr, R" = Me, t-Bu, i-Pr
Ph,, OTPS
\“[F(NHZ
8 BocHN DME, overnight, rt quantitative 114
S
TPS: tert-butyldiphenylsilyl
Ph., OTPS
BocHN“‘[(S
° N_Y dioxane, 3 h, 70 °C 92 114
NH,
S
S
N(CH3), xylene, HMPA,
10 | 75-93 115
X several hours, 100 °C
X=0,8
Me, s
"?Q\N)J\R
1 + H toluene (dry), 5 h, 80 °C 60-77 116

R= H, Et, n-Pr, 4-BrCgHj, 4-CICqH,
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Table 3 (Continued)

Entry Product Reaction conditions Yield (%) ref
@ HN—OCH;
R
12 S benzene, N, 12 h, reflux - 117
R= H, OMe, NO,

R i
13 | I I toluene, reflux 23-69 118
H

0 ]
14 MEOWN/ toluene, reflux 93 119
Ph
Sy -N(R)z
R= Me, THF, rt
R
15 R=i-Pr, 1,2,4,-Cl:CsH,, 165°C , 90-98 120
19h-24h

R= Me, i-Pr, R'= Me, Et

S~_-N(i-Pr)s
R
16 G 1,2,4,-ClaCgHz, 100 - 144 h, 165 °C 40-48 120
e, Et

R=M

S
| /N\
rBuHNh o
17 N MW, 3x2 min 88 121
o}

S

oA

R: 8

18 R, B, M (] B /\(f;Q toluene, 5 h, 75°C ~ 68 (HPLC) }gg
0 Hi |+

<

/\,5-._' /\)LOAPh_ 0" Ph

R'= Ph, 2-furyl, 2-thiophenyl, 4-t-BuCgH,

S
stT\Nj)-LNH2
19 R1TNT toluene (dry), 4 h, reflux 20-94 124

R= Me, C;Hs, CaHy, C4Hg, Ph
R'= C3Hy, C4Hg, C(CHa)s

5 S
1
RJ', i _QRZ i : }—'F,"N _(RZ

rsd R’ Rs¢ R
Major isomer Minor isomer
20 THF, 1.5-6 h, reflux 17-72 125
R= ;&\
o]

R'= CyHs, C3H7, C4Hg, Ph, H
RZ= Me, n-Pr, Ph
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Table 3 (Continued)
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Entry Product Reaction conditions Yield (%) ref
21 toluene (dry), 2 h, 90 °C 945 128,
X
N
22 ,{j P toluene, 8- 46 h, reflux 16-97 128
S NHt-Bu
X=Cl, H, SMe
X SH
N N Ul S
Il —_—
N~ =
23 toluene, 5-24 h, reflux 23-76 128
(0] NH¢-Bu o] NH¢-Bu
X=Cl, OMe
S
24 \HLNI:I\\‘COZMS toluene, reflux 93 129
S CZZOZMe
25 N: 7 toluene, reflux 70 129
S
26 >O);:\E> : toluene, 25 min, reflux 81 130
OMe
(0]
\kaH
N So
DMTrO R = j-Pr; THF 30 min, rt 22
2 0 %
R H R = FmocNH(CH,)s: THF/ Pyr, 30 min, rt 50
S
R= i-Pr, FmocNH(CH,)s
S
28 @\NJLCHB THF (dry), t, 21 h 56 133
H
OAc OAc
Ao NHR
29 OAc OAc S benzene, reflux, ~48 h 60-97 134

R = Me, 02H5, I7-C3H7, /-C3H7, CGH11, CGH5,

4-MeOCgH,, 4-BrCgH,
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Table 3 (Continued)

Entry Product Reaction conditions Yield (%) ref
o s OH S
AN rire e e
A B
+ toluene, A+B=233-65
30 - RS 135
RePh e E{\s A, reflux, 30 min C =3-51
R'= Ph, PhCH,
S
R2= H, PhCH, c
3 @ 408 HMPA (dry), 100 °C, N, 5 h 38-69 136
S NRR

R= Et, (CH,)4, CH3CH,CH,
By

R
t 1
WL e

32 E toluene, 85-90 °C, overnight 48-90 137
Bu

R= R2= OCH,C(S)N(CH3),, R'= R3%= OH
R= R'= OCH,C(S)N(CH3), R?= R®= OH
R= R'= R?= R3= OCH,CH,OCH,C(S)N(CH3),

R= R'= OCH,C(S)N(CHs),, R?= R%= OH

s

(@)

33 xylene (dry), 140 °C, 2 h > 95 138

HNZ/I/S
@ (@)
(e
4
CiqHzs  CyqHzs

G= DMF, DMA, NMP
Ethyl methyl sulfoxide, 2-Butanone

=

Fe S toluene(dry), 4 h, reflux 66 139

S

R.__OCH,CNR'R?
e
Cod

R=H,; C3H7

34

35 toluene, ~10 h, reflux 32-85 140

R'=H, Cy.gHz.13

R?=H, C1gHa13
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Table 3 (Continued)
Entry Product Reaction conditions Yield (%) ref
S NH
v M
36 CbzHN >Ny N~ “NHCbz toluene, 80 °C, 1.5 h 63 141
(Ilbz NHCbz CIJbz
S
mINj)kNHZ
37 RN toluene (dry), reflux, 4 h 69-86 142
R= CH3(CHy), 3, (H3),CH,
(CH3),CHCH,, (CH3)3C
S
N NRR'
| 143
38 toluene, 80-100 °C, 2 h 55-85 144’
I—BuPhQS|—O\/\S
R=R'= H; R=H, R'= Me; R= R'= Me
S
R)J\NR1R2
39 R=H, Me, Ph MW, 2 min 87-97 48
R'=H, Me
R2= H, Me, Ph
S
N
R= Ph, 2-MeCgH,, 3-MeCgH,
40 2-Thiophene, 4-FCgH,CH, MW, 8 min 35-100 145
rie NN g NN,
(CH3)2N(CHR)oNH, (i-Pr)aN(CHa),NH,
prr N_NNH
) petroleum ether/toluene (8/2)
M PhHN—4 14 46
Ph heat, 90 min
S
R)J\NH
42 THF, reflux, 4 h - 146
A= Rink resin
R= Et, 4-t-BuCgHy, 4-CICgH,
2'MeOC6H4CH2'Q‘CHZCH2
S Ph
R)J\N/\H/NHZ
43 H S toluene, 100°C, Ny, 40 min - 147
R= Ph, 4-MeOCgH,, 2-thienyl,
cyclohexyl, i-propyl
44 toluene (dry), 100°C, Ar, 2 h quant. 148
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Table 3 (Continued)

Entry Product Reaction conditions Yield (%) ref
S
HoN | ,T‘H
N
BnO~ . Unstable
45 n dioxane (dry), reflux, 2 h product 149
AcO (o)
OAc OAc
R O
L
NH
S)\RZ .
46 toluene, reflux, Ar, 15 min. 39-98 150
R=H, Ph

R'= 4-MeCgHy4, Me, t-Bu, 2-Furyl
2-Thienyl

R2= 4-MeCgHy, t-Bu, 2-Furyl, 2-Thienyl

S
o] HN)LRZ
R R’
47 R= EtO, Ph, 4-MeCgH, toluene, Ar, reflux, 15 min-5 h 4-95 151

R'= Ph, 4-MeCgH,, Me

R?= Me, Ph, 4-MeCgH,,

Bu, 4-C|CGH4
9 N(CHs)
48 PhH,CO-C—N 872 toluene, reflux, 14 h 52 152
H s
X
49 R™ "NH, CH,Cl,, reflux, 1 h 96 (HPLC) 49
R= Ph, 3-Pyr
S
50 CH.Cl,, 1t, 9 h 98(HPLC 49
Ph)J\NHCHs o ( )
S
51 )J\ benzene, reflux, 1 h 96 (HPLC) 49
Ph”” “NHPh
S / \
52 N o CHoCl,, 1t, 6 h 100 (HPLC) 49
ch /
S, CHs
53 N CH,Cly, 1t, 0.5 h 100 (HPLC) 49
H  CH,
Treatment of the imidazol@l with LR or P,S;, to obtain A surprising epimerization was observed in an attempt to

its thioxo derivative resulted in dimerization (Scheme 27).  convert the lactam carbonyl to a thiolactam group (Scheme
Its possible mechanism involved formation of thiolactam 29)2°2 |t was assumed that treatment®f with LR caused
moiety 92, which was subsequently reacted with the amine a ring opening on the fused pyrrolidine ring. The final closure
group of the imidazol®1 to yield the dimer93. yielded the epimerized produ@s.

Tetrathiacino derivative85 were reported to be isolated The reaction oN-methyl barbituric acid®9a with LR in
upon treatment of imidazolidine-2-thior@ with LR in refluxing toluene (dry) yielded enethiold0in 20% along
refluxing toluene (Scheme 28} On the other hand, addition ~ with the dimer101in 62% vyield, which is a result of the
of NiCl,*6H,O to the reaction mixture resulted in the loss of S from 100 (Scheme 30j4 On the other hand,
formation of Ni-complexe®6. when unsubstituted barbituric acd®b was subjected to the
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Scheme 28. Reaction of 94 with LR and Its Ni-Complex
R
N__O
s=( :]i
N™So

IS _S\

S S
TNy
NN
s Rg s
95
R= Et, i-Pr, Bu

R R
NS S-N
o= TSN s
NS SN
R R

96

Scheme 29. Epimerization of 97 using LR

CO,Et
0772

Bu

Me. =N LR, toluene, reflux
62-79%
97 Me
R= Me, CH,=CH

98 Me

Scheme 30. Reaction of Barbituric Acid with LR

O (0]

LR, toluene (dry)

RN\H/NR reflux, 3 h T H3CN\n/NCH3
(e} (o} o)
99 a= Me 0,
b= H 100 (20%)
J - st

.N__N NN
H3C \ ! CH
U o g
101 (62%)
Scheme 31. Reactions of Pyrazolones 102 and 105 with LR

LR, toluene (dry)
reflux, 3 h

Ph~ N\ g SNy "Ph Ph~ N\ N Ph

103 104

WS Sﬂ

-N
Ph~N.\ =0
H

102

CHj

ﬂ LR, toluene ( dry
o) N

N reﬂux 3h
H

105

Ozturk et al.

similar reaction with LR, starting material was recovered
partially unchanged.

Similarly, the reaction of pyrazolon&02 and 3-meth-
ylpyrazole-5-onel05 with LR under the same conditions,
i.e., refluxing toluene (dry), 3 h, produced the dimé&g3
(75%),104(20%), andL06 (60%) respectively (Scheme 31).

2.5. Imides

Conversion of the oxo group of imides to the correspond-
ing thio group has been performed successfully. Its high
reactivity led the conversion to be achieved even in the
presence of various functional groups such as ketones, esters,
SO, CN, and amines (Table 5).

Thionation of the imidel07 produced thionation on the
less hindered side (Table 5, entry 15). On the other hand
treatment of the amid&08 with LR yielded thionation on
the other sidel09 (Scheme 3251° Similar ring closure to
give the imidel11 was observed with the corresponding
amide110.

Treatment of the thioimide94 with LR led to the
dimerization to giveds, the structure of which was explained
by X-ray crystallography (Scheme 33).219

2.6. Thiophenes

Synthesis of thiophenes, particularly from 1,4-diketones,
is now a well-established strategy. Its possible mechanism

Scheme 32. Formation of Thioimide from
1-Amide-6-carboxylic Acid

o)
LR, A o
OH toluene NH
(o] NH, 30% s
108 109
Ph Ph
A
of Lo ma. [
oluene g” >N"0
HoN OH  56% H
110 111

Scheme 33. Dimerization of the Imide 94 with LR
/S_S\
(0] (0] S S
R v

R-N_ N-R
T tquAene )\N | /&
S R
94 95

R= Me, Et, i-Pr, n-Bu

Scheme 34. General Scheme for the Synthesis of Thiophene

Ring
LR .
SO NSGEIE
00 _st /Q\R
112 113 114
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Table 4. Thionation Products of the Corresponding Lactams
Entry Product Reaction conditions Yield (%) ref

1 benzene, reflux, Np, 2 h 55-70 78

R =H, Me, OMe, CI

S
2 NH
2 R’ toluene (dry) or dioxane (dry), 6 h 46-77 155

R =H, Me
R' = H, CgHs-NMe, 4-MeNHCgH,
HaC N
NH
3 O toluene (dry) or dioxane (dry), 6 h 46-87 155

S
Hs
NH )
4 Y toluene (dry) or dioxane (dry), 6 h 46-87 155
RGOS
Ha
.
246
Method A: Silica gel, MW, 15 min A: 84-89
(0] (@]
5 156
H H Method B: toluene, reflux, 2-3 h B: 83-90
N N
S S
6 \ /' \n toluene (dry), 24 h, N, reflux 73 157
>sL
0" "o
S
7 /R NH toluene (dry), 2 h, Ny, reflux 88 157
S=0
s 4
O\\ /O O
s/ OCHjg
8 N dioxane, reflux, 2 h 90 158
CHg
S
BocHN
9 N toluene, 80 °C, 50 min 17 159
s OoMe
R R
u
@ L °
10 oo toluene (dry), N, 95°C, 2 h - 160
W= Wang resin
R= 4-CICgHj, 4-MeCgHy, Ph, 4-BrCgH,,
2-BrCgH,

R'=PhO, MeO, Me, Ph(CH,)3



5232 Chemical Reviews, 2007, Vol. 107, No. 11

Table 4 (Continued)

Ozturk et al.

Entry Product Reaction conditions Yield (%) ref
S
H |
NR
1 PR, toluene, reflux, 6-8 h 43-50 161
o]
R= Me, CHMej,, CH,Ph
R1 R RZ
N\
12 s CeHs toluene, reflux, 2 h 47-62 162
R=R'=MeorH
R?= H, CgHs
S
HsC CHs
13 >§FN—N toluene, reflux, 2 h 53 162
HaC CH3
S
S
HsC N—X CH3
14 >§ . toluene, reflux, 2 h 61 162
HsC N CHs
S
X
S | N/ S
1 1
R\[N\R R,Nj/R
15 (o) toluene (dry), reflux, Ar, 9 h 88-90 163
Lot
R=H, Me
R'= PhCH,, Ph
X
| Z
X
o) o)
16 @iﬁs SﬁD toluene, reflux, 3 h 50-72 164
HN_ N
(CH2)54
X =N, CH
S
988
17 o H o benzene (dry), reflux, 8 h 64 165
L)
Lo/
|
N
18 Q DME, 20 °C, 30 min 85 166
S
R1
o T
L
19 | O toluene, reflux, 16 h 41-71 167
S
R=H, OMe, CF3

R'=H, OMe
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Table 4 (Continued)
Entry Product Reaction conditions Yield (%) ref

HsC
20 N—, toluene, reflux, 3 h 50-60 168
N\
S
R1
R Me R2
R
N N
\/§S
21 toluene, reflux, 2 h 50-60 169

R=H, Me
R' + R?= CH,CH,CH,CH,

R3= H, Et

R
22 Me % 32 169

toluene, reflux, 1.5 h

R
NC
|
Me N~ °S
H

23 R= Ph, Me, 2-MeOCgH,, 4-MeOCqH, benzene (dry), reflux, N, 75-94 170

4-MeCgH,, 4-NO,CgHa, Me(CHy),,
2-Furyl, 4-CICgH,

R'=H, Me
Ph,
™\
24 SiNj/O benzene (dry), reflux, 1 h 81 171
25 / toluene (dry), 100 °C, 5 h 69 172
s%Q‘COZCHZPh
Ph)
C2HsCOS,
. .
26 qxs toluene , 95 °C, 20 min 87 173
H

27 benzene, reflux, Ar 67-81 174

R= CH,CH,CO,Me

R'= CH,CO,Me

R2= CO,Bn, CH,CBrs, CN
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Table 4 (Continued)
Entry Product Reaction conditions Yield (%) ref
R1
80-90
28 57 N4 CHCly, 1t, 8-10 h except 175
R
R=H, Me R=0H, 30
R'= CONHt-Bu, COCHj, OH, =0, COOCHj3
CONHCH(CH,CH(CH3),)CSNHCH;
L0
29 R g S THF (dry), reflux, 10 min 48, 52 176
n
R = Me, Ph
S
30 THF (dry), reflux, 24 h 82-87 177
31 THF (dry), reflux, 24 h 75-91 177
A=85
32 THF (dry), rt,24 h 178
B=5
33 THF (dry), rt,24 h 40-62 176
R1\r/N\
N4 N
/C[ 0 , 179,
34 R N Dowtherm A, 150 °C, 30-60 min 75-87 180
Ph S
R=H, CI
R'=H, Me, Ph
5 R'
R oL
R4 |
3 N
R® ¢ R
R = Me, C2Hs, (CHz)3CH3, CH,Ph, H 181
35 toluene(dry), reflux, 4 h 56-84 182’

R'=R?=Me; Ry =H,R?=Ph

R? = H, Me
R*=H, Me

R® = MeO, CgH4CH,0, 2-CICgH,CH,0, 4-CICgH,CH,0
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Table 4 (Continued)

Entry Product Reaction conditions Yield (%) ref
R? R?2
o--R?
R4
N
R H 'S
R=H, Me
36 R'= H, MeO, PhCH,0, 2-CICgH,CH0 toluene(dry), reflux, 4 h 63-89 ey

4-N0206H4CH20

R2= H, Me, Ph, 4-MeOCgH,, 3,4-(CH30),CgHs,
3,4,5-(CH3)3CgH,, 2-naphthyl, 2-furyl, 2-thienyl

R3= H, Me
R4=H

37 s | |

BN N\ CH, THF(dry), Ny, reflux, 12 h 82, 83 184
H H

R=H, C020H3

s N
38 WOR DME (dry), rt or toluene (dry), 80 °C 46 -94 185

R=H, Me, t-Bu
R s
jo
OzN N By
R! CH

R=H, Me

H toluene, 70-115 °C, 2-6 h 72-95 186
3

39

R'=H, Me

N
CLL
40 N s toluene, reflux, 2 h 56-85 187

pp

24

R
|

N._Y
L,
R1‘>\0 CHj
R2
A =27-58

4 A=X=Y=8 THF (abs), reflux, 24 h 188
b5 v-0 B = 38-60

X

R= CH,Ph, Ph
R'=H, Ph, CH,Ph
R?= H, Ph

R
| |

N

N—NH
S S>>
Y

42 X=Y=S; R=Me, R'= Ph toluene (dry), reflux,~ 30 min - 189
X=0, Y= 0; R= Me, R'= Ph
X=S, Y= 0; R= Me, R'= Ph
X=Y=S;R=H, R'=Ph

43 toluene (dry), reflux, ~ 30 min - 189
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Table 4 (Continued)

Ozturk et al.

Entry Product Reaction conditions Yield (%) ref
l\I/le
44 PhINfS toluene (dry), reflux, 4 h 57 190
Ph N7
RZ R®
g
R
s
H R!
R= H, Fluorenylidene -(9)
45 R'= Ph, 4-CICgH,4, 4-MeOCgH,, 4-i-PrCgHy, CH.Cl, (dry) or benzene, 20-40 °C - 191
fluorenylidene-(9)
R2= H, Me
R3= H, Me
R%= H, Me
TMSO, HO,
TMSO HO.
NH NH - -
46 TMSCS,L* - H&* 192
™SO S HO S
BnO
BnO.
47 R R'"S benzene (dry), reflux, 6 h 99 193
R=OBn, R'=H
R=H, R'= OBn
(o]
Cl N§<
48 > toluene, reflux, 5 h 93 194
N-P=S
H OEt
X
CH
cl N/ 3
>_ A (45 %)
49 ”’?‘Y toluene, reflux, 3.5 h 194
OEt B (16 %)
A=X=Y=8
B=X=0,Y=8
S
HN
50 toluene, BHT, reflux, 2 h 24 195
CH;
NH
H S
N
51 O MW, 2 min 88 45
S
52 @[ L MW, 3 min MW, 3 min 45
N~ °8
H
R__R'
NC
T
HC” N7 s
53 H benzene (dry), Ny, reflux, 4 -10 h 75- 94 196

R= Ph, Me, 4-MeOCgH,, 2-MeOCgH,, 4-MeCgH,

4-N0206H4‘ Me(CH2)4' 4-Furyl, 4-C|C6H4
R'=H, Me
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Table 4 (Continued)
Entry Product Reaction conditions Yield (%) ref

54 DME(dry), rt, 2.5 h 63 197
55 toluene, reflux, 2 h 24,43 198
56 CH.Cly, rt. 1 h 100 (HPLC) 49
57 N CHClp, rt. 1 h 100 (HPLC) 49
S
H

0.0 O:/[/O
58 \;NH HN ( benzene, N,, reflux, 3 h Quant. 203
S

Scheme 35. Reaction of 1,4-, 1,5-, 1,6-, 1,7-Diketones with LR

e =

116 (23-30%) 117 (7-13%) 118 ( 0-70%)
119 120 (99%)
Pﬁ @ih Ph%Q\L
121 122 X= Y= S (42%) 124 (2%) 125 (5%)

123 X= 0, Y= S (13%)

KL= L

127 X= Y= S (78%)
128 X= O, Y= S (48%)

was proposed to involve initial conversion of the 1,4-oxo and thioester led to the formation of a thiophene ring (Table

groupsl12?to 1,4-thioned 13 which is a known replacement  6). Oxygen atoms of polycyclic cage compounds were

of carbonyl by thione (Scheme 34). It subsequently undergoessuccessfully replaced with sulfur (entry 37 Polymerization

in situ cyclization and elimination of §$ to give thiophene  of the 1,4-ketone array to obtain polythiophene systems was

114 reported (entries 8 and 25). Diketone systems such as 1,4-
1,4-Dicarbonyls with different functional groups including 115 1,5-119, 1,6-121, and 1,7-126, having fully alkylated

carboxylic acid, aldehyde, ester, hydroxyl, amide, epoxide, a-positions, produced various compounds including disulfide
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Scheme 36. General Reactions of Thiazole and Thiazine Scheme 41. Reactions of 1-Carbonyl-5-chlorides with LR
Formations Ph Ph
R H . N_N/§<S
T )/,\ /QB\ h/< )\ Ph/QN/)\/
g R s 143 144
129 130
R O 0
Wl )
R_NH O ——» N-N
g R >s7 R I O — NN 4
o Ph/kN)\ oL Py
131 132 H cl N
. . 145 146
Scheme 37. Reaction of 1-Chloro-4-oxo Compound 133 with
LR
H
o NP N HoQ
CCL— OO0 o
~
S NO. P
N “gi N 2 N)\Ph
133 NO, (m or p) 134 147 148
Scheme 38. Reaction of 1,4-Diamides 135 with LR
OH;C R L HC R
Ph” "N NH2 “oluene u
H reflux.  Ph™ g
(6]
135 136

R=Me, ~~

. ) ) Scheme 42. Reaction of System Having
Scheme 39. Reaction oN-Acrylthreonines 137 with LR 1-Dialkylamino-4-carbony! with LR

HO Me R1 R2 R1 RZ R3
R+ R
j/\[( J s ‘;ji pR )k /;(OH RN AR
138 (26-63%) 130 (3-24%) 140 - 13%) “—{ “/J\

R= Ph, 4-MeCgH,, ‘ COCF3 COCF;
4-C|CsH4 LR 138 0, 0,
, 138 (12%), 139 (2%) 152

Scheme 40. Reaction of Methylester dN-Acrylthreonine R=H, Me
141 with LR R'=H, Ry= Ry= ~«(CHy)-, -(CHy)s-

HO_ Me Me., s R?= H, Me

o) LR 439 (11- 37%) + I )R R%= H, Me
R)J\N OMe MeO,c” N
Ho g 142 Treatment of 3- or 4-nitrobenzamid&33 having a

141 2-chloro-3-pyridyl group on amide nitrogen, with LR in the

. - presence of hexamethylphosphoric-triamide gave success-
116 trithiolane117, 125 and 1,3-dithietan@18 120 124 ful cyclization to thiazolesl34 in around 70% (Scheme
(Scheme 355°22%% |t appears that ring formation decreased 37y271

with the increase of conversion of oxo groups to thiones, 1,4-Diamides135 were reported to give thiazolethiones

122,123 127, 128 136 upon reacting with LR in refluxing toluene (Scheme
38)_2727274
2.7. Thiazoles and Thiazines Reactions of LR with N-acrylthreonines137 in re-

: . . fluxing toluene resulted in isolation of a mixture of prod-
Treatment of the 1,4-dicarboxgP9system having amide ucts, oxazolones38 thiazolones139, and olefins 140,

functionality successfully gave the thiazdid0heterocycle  eaction of which with LR yielded.38 and 139 (Scheme
(Scheme 36, Table 7). 39)275

When the system was extended to 1,5-dicarbonyl com- On the other hand treatment of methyl esteNehcryl-
pound 131, a six-membered heterocycle thiazirk32 threonine141 with LR in refluxing toluene gave thiazo-
was obtained. The presence of a hydroxyl group in place lone 139 and 4-methoxycarbonyl thiazolink42 (Scheme
of the carbonyl at either the 4- or 5- position did not 40).
alter the reaction product. Having a cyanide group next 1-Carbonyl-5-chlorined443 145and 1-amide-5-unsatur-
to the amide nitrogen in the 1,4-dicarbonyl system, gave ated 147, 149 systems produced six-membered thiazine
cyclization through cyanide carbon rather than the car- heterocycles144, 14676 and 148 1507277 respectively
bonyl group, producing 2-aminothiazole (Table 7, entry (Scheme 41). The yields of the latter two spiro products were
16)269.270 reported to be 63 and 93%, respectively.
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Table 5. Synthesis of Thioimides from Corresponding Imides Using LR
Entry Product Reaction conditions Yield (%) ref

R

X=< jli >=Y A=3eqlLR;B=1eqlLR
N N

RIR |y C=1.3eqLR, 60°C,

]
zZ-2

A =60

B=83
A: X=Y=S, R=Me, R'=H D= 1.3 eq LR, reflux

1 ; C=47 204
B: X= S, Y= O, R= Me,R =H E= 12 eq LR, 60 OC

D =22
C: X=0, Y= 8, R= Me, R'= CH;0
D: X= 0, Y= 8, R= Me, R'= CH3CS 16h E=74
E: X= 0, Y= S, R= Me, R'= CH3(CH,),CO

2 THF, N, reflux, 12 h A(45) + B (10) + C (15) 205

CHs
A:X=8,Y=0
B:X=Y=8

C:X=0,Y=8§

3 THF, Ng, reflux, 5-7 h A(15) + B(12) + C (32) 205

A:X=8,Y=0 CH,
B:X=Y=S
C:X=0,Y=8

S
HN—
N

4 c/CE \ﬁR

sN-R! dioxane (dry), 100 °C, 10-22 h 29-93 206
[ONe)
R=H, Me

R'= H, CH,CHs, CH,CHC(CHa),
H_s
5 2-5.9(HZCD<C/NH toluene, reflux, 6 h 82-96 207
1

6 R toluene, reflux, 2 h 62 208
R= Me, Ph, i-Pr

R'=H, Me

H
7 (jii’t‘ toluene, reflux, 2 h - 208
= S
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Table 5 (Continued)
Entry Product Reaction conditions Yield (%) ref
S
8 toluene, reflux, 2 h - 208
NH
S
X
@Q_w
Y
9 R=H, Ph, 1,4-Cl2CeHs, 4,5-ClCeHs toluene (dry), reflux, 1 h A(0-98) + B(0-53) 209
R'=H, CHg, Ph, t-Bu, 1-adamantyl
A=X=Y=S
B=X=S,Y=0
=
=
10 Y toluene (dry), reflux, 1 h A(88-98) + B(0-10) 209
R=H, Me
A=X=Y=S
B=X=S,Y=0
rRR'G
\QN_R
11 S toluene, reflux, 0.5-1 h 51, 57 210
R=H, Ph
R'=H, Me
0
12 O::N_Me toluene, reflux, 1 h 80 210
S
0
N-Me toluene, reflux, 0.5 h 58 210
13
S
o0
Y7UNTTX
R
14 R=Ph R'=H.X=0,Y=S toluene, reflux, 0.5-3 h 56-65 210
R=H,R'=Ph,X=0,Y=8
R=H,R'=Ph,X=S,Y=0
15 S toluene, reflux, 3 h 30, 64 210
NH
o
S
NC
| N-Me
16 Y toluene, reflux 50, 72 211
RoN

R= Me, Et
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Table 5 (Continued)

Entry Product Reaction conditions Yield (%) ref
S
N
N
( N—CgH4(4-R)
17 AN toluene - 212
ph ©
R=H, Me
Ph o
Ph.
18 N \N—ph toluene - 212
S
o]
X
—R1
o]
19 R=H, CN, C1oH10, C11H30 toluene (dry), reflux, 1 h A(10 - 30) +B(10 - 35) +C(10 - 25) g]i
R'= CH(CHa)C;Hs, CH,CH(CH3)CoHs, CeHys
A=X=0,Y=$S
B=X=S,Y=0
C=X=S,Y=S
H
Ya NN
[ >
reN N
x R
R=H, Me
20 MW, 5-10 min 90-99 215
R'=H, Me
R?= H, Me
A:X=S,Y=0
B:X=Y=8§
H H
SN NYS
21 o A toluene (dry), reflux, 4 h 93 216
Ph” s7 s “Ph
S S
Scheme 43. Suggested Reaction Mechanism of Scheme 44. Reaction oN-Acylamino Ketones with LR
1-Dialkylamino-4-carbonyl System with LR R
i)Ri R' R2 g3 o R' O /ﬁ\S 0R1j\
3 — +
RTONTTR R*ﬁ%“’s@ R/U\)\NJ\R2 R! N/)\RZ R/U\/kN R2
S H H H
CFs 152 154 155 (5-86%) 156 (4-79%)
CFs 4 |
R = Ph, 4-MeCgH, LR, R=R?= Ph, R'=Me, 44%
COCF; COCF; R'= Ph, 4-MeCgH,4, Me
153 R2= Ph, 4-MeCgHy, t-Bu, 4-CICgH,

Different from the systems above, the 1-dialkylamino-4- Scheme 45. Suggested Reaction Mechanism of
carbonyl systeml51 yielded the similar thiazine hetero- N-Acrylamino Ketones with LR
cycle 152in refluxing toluene in 36-81% yields (Scheme

1
42)278 |ts possible mechanism was suggested to involve 154 (/lU\ 5 155
initially the usual conversion of the oxo group to thione R N R2 - H,S
153 which was followed by a hydride migration from the 156 H

carbon next to the nitrogen atom to the thione carbon
(Scheme 43). The ring closure then forms the thiazine ring noketonesl56 following the reaction of which with LR
152 converted it to thiazind 55 (Scheme 4435t

Treatment of IN-acylamino ketonesl54 with LR in The reaction mechanism of thiazilé5 was suggested
refluxing toluene produced thiazinkb5 and thiacrylami- to involve the initial thionation of the amide groulb6
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Table 6. Synthesis of Thiophene Rings from the Corresponding Diketones unless Otherwise Stated

Entry Product Reaction conditions Yield (%) ref
3%1 =
1 CcoH toluene, Ny, reflux 61 220
o] S0
2eq
/|
S
(0] S
OH \
2 J | i | toluene, N, reflux 56 220
S 0 S
(0] S \
3 OH N toluene, N, reflux 44 220
o —
OCH,Ph OCH,Ph
(o]
4 —_— toluene, N, reflux 34 220
OH 74 [
S S
OH
5 (I\N/ — Of\> toluene, N, reflux 8 220
o s
O
OH
6 <I\f( . O'\/\> toluene, N, reflux 10 220
0 s
(0]
(0]
R
7 \(f)W/\)J\OH R/Q toluene, Ar, reflux, 30 min 11-13 220
R = Ph, 2-thienyl
7\
8 ) dichlorobenzene, 190 °C, 48 h - 221

n
9 Q' 'O toluene, reflux, 2.5 h 90 222
S

10 O O toluene, reflux, 2.5 h 94 222

1 toluene (dry), reflux, 4 -6 h 65-76 223
R= H, PhSO,, MeSO,

R'=R%=H
R'= EtO,C, R?= Me

R

ThyﬂThy

S
R= C4Hg, C12H2s

12 toluene, reflux 58-77 224

Thy= 2-thienyl
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Table 6 (Continued)

Entry Product Reaction conditions Yield (%) ref
[Thy]—z/ \%Thy]
n S n
13 n=12 toluene (dry), reflux, 2 h 87-90 225
Thy= 2-thienyl
0 Q H g H
Thy Thy Thy Thy
14 Thy Thy thy— D—Thy  xylene (dry), reflux, 3 h 60 226
0 O S
Thy= 2-thienyl
Bf@ﬂanZn+1
15 S - 76- 87 227
n=3-11
CO,Et CO,Et
16 LY s ) toluene, N, reflux, 4 h 55 228
NH HN
EtO,C CO,Et
I\ g
R R
S A=70
17 A:R=R'= 2-Furyl toluene, reflux, overnight 229
B=75

B : R= 2-Thienyl, R'= 2-Furyl

18 H3C—4:§—CH3 chlorobenzene (dry), N, 135 °C 65 230
19 O B toluene, reflux 64 231
S
R=
9, Wil
CHO S
\
20 O‘ —_— toluene (dry), N2, 110 °C, 30 min 61 232
a &
o) @)
CHO S
\
21 O Q toluene (dry), N2, 110 °C, 30 min 68 232
MeO,C CO,Me MeO,C CO,Me

22 Cl O /S\ © Cl toluene (dry), reflux, 2 h 65-73 233

n=3,917
o

LI

o s R
\
23 )J\/\/\VTR 0 EtOH or BF3/ CH.Cl, 2-93 234

0 A AN

s R

R= Me, Ph, EtO, 4-Me0,CCgH,, 4-MeOCgH,
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Table 6 (Continued)
Entry Product Reaction conditions Yield (%) ref

H
o /s
Cry— O
24 N N O dioxane, reflux, 4 h 63 235
Me Q Me Me
Me

R—€CH2)1o—fThV)s—Q—(Thy)s—Q—(Thy‘)—(CHz‘)WR

R= polystyrene
Thy= 2,5-thienyl

25 toluene, Ar, 80 °C, 5 h 30 236

o]

O HN ch
26 ST N toluene, Ar, reflux, 2 h 81 237

Fc= ferrocenyl

NC(CH,)3
Th <Z/ \B—Th
27 Yy S y toluene(dry), reflux, 6 h 82 238

Thy= 2-thienyl

7\
28 //Q\\ toluene, 3 h, t — 1 h reflux 74 239
BnO OBn
4BrCeH4—<_>/—OR 4Bm6H4~QOR
[e]Ne)

—_—

29 R= Cy15Hys, CH(CH3)CeH1s, 4-MeOCH,, toluene (dry), Ar, reflux, 1.5-48 h 35-94 240

6-Br-2-naphthyl

/d*CI
o)

o —— |\
R%C' R g

R= 4-FCgHg, 3,4-CICgHy, 4- BrCgH,
4'FC6H4CHQCH2,4 -FCeH4

241,

30 benzene, p-TSA, reflux, ~1.5 h 20-32 242

O o}

R\< j/R
s s \S S/
31 2/ \S S—m toluene, Ny, LR or P4So, reflux, ~3 h 50-58 243

S
S R R

R= Ph, 4-MeOCgHj, 4-BrCgHj, 4-NO,CgH,

R. OH
0 RS _R
| -\ /
32 R toluene, reflux 8-22 244

R= Ph, 2-thienyl, 5-Me-2-thienyl

7\

N
—/"R

R=H, 2-MeO, 4-MeO, 2,4-diMeO,
2-Me, 2-F, 4-F, 2-Cl, 3-Cl, 4-Cl, 2-Br,
4-Br, 2,4-diBr, 2-1, 3-NO,, 4-CO,Me, 4-CN

33 toluene, reflux, 15 -30 min 7-55 245

Thy= 2-Thienyl
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Entry Product Reaction conditions Yield (%) ref
R2
I\
34 R'= furyl, hexyl, heptyl Bi(OTf)s/[bmim]BF4, 90°C, 4.5- 5 h 80-87 246
R2= Ph, 2-thienyl
R3= Ph, 3-hydroxyphenyl
0
35 J — THF (dry), N, - 247
(0]
o
H3CO
%"C“S \\@' 9|
36 OCH, toluene, sonication, rt, 12h 25 248
S@s
S
@ % A =46
37 l CHCI;, sonication, reflux, 12 h 249
R@W
R= Ph, 4- BrCgHs, 4- MeOCgH,4 .
38 MW, 3,4 min 65 - 94 250
R'= Phoosz, OC4H9, OC6H13,
OCgH17, OCH(CH3)CgH13, OC1oHa1,
OC12H25, 4- BrC¢H4O
S _s
L3
R \
S R!
39 R= Ph, 4- MeCgHj, 2- thienyl, xylene, reflux, 4 h 89-95 251

4- BrPh, 4- MeCgH,4

R'= Ph, 4- MeCgH,, 4- CICgH.,
PhCH,

followed by thionation of the ketone functionality; subse- porating thiadiazole groups were successfully obtained by
guent attack from the amide thione to the thioketone finally treatment of 1,4-diamide systems in the polymer chain with

gavel55 after a HS elimination (Scheme 45).

2.8. Thiadiazoles and Thiadiazines

Similar to thiophenes, thiadiazol&88 were successfully
synthesized upon treatment of 1,4- diamidg systems with

LR (Scheme 46).

Cyclization was achieved in the presence of various func-

LR.

1,2,4-Thiadiazolesl60, 162 having various functional
groups were reported to be obtained from acyl or aroylami-
nooxazoled59 161 (Scheme 4731 Its possible mechanism

involved initial conversion of amide oxo to thione, and then
the attack from the nitrogen next to the ring oxygen resulted

in the rearrangement of the system to thiadiazole.

Synthesis of 1,2,3-thiadiazolé$4 from o-diazo-keto-

tional groups such as ester, pyridyl, and nitro (Table 8). Use estersl63after treatment with LR in refluxing benzene was

of MW, in place of a high-boiling-point solvent such as tol-

reported (Scheme 48 Its possible mechanism involves

uene, resulted in a high yield of the product. Polymers incor- initial conversion of the oxo group to thion&65 the
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Table 7. Synthesis of Thiazole and Thiazine Rings from the Corresponding 1,4-Dicarboxyl 129 and 1,5- Dicarboxyl 131 Systems or
from the Compounds Stated in the Table

Entry Product Reaction conditions Yield (%) ref

0
s N
_NH S [ "o
R R2
1 R=CBz, BOC THF, N, reflux, 6 h 66-76 256
R'= 3-indolyl, Ph

R2= Ph, 2-naphthyl, 3-pyridyl,
isopropyl, Me

Hsc\N S/\>
=N

2 toluene, Ny, reflux, 5 h 30 257

Cl

H3CO OCHj;
N
3 (I \>—: pyridine, 100°C, 4 h 53 258
N S
H

N
e T

N
4 H pyridine, 100°C, 4 h 23,39 258
n=1-8

R= Me, Ph, 4- MeOCgH,

N
5 @(H};)\R pyridine, 100°C, 4 h 66, 69 258

R = 4-MeOCgH,, PhCH=CH
H3C N
Lo
R\l\\l S
R1

6 R= Ph, Et, 4-Picolyl pyridine, 100°C, 5 h 35-86

258,
259

R'=H, Et

R2= Me, Ph

N
R_</SI

R= H, CgHyq, Ph, 2-thienyl,
7 2-Bn0-5-MeO-CgH3, N-Boc-piperidin-4-yl, THF (dry), reflux, 4-6 h 34-89 260
5-(4-Cl-CgH4)oxazol-4-yl

R!

R2

R'= Ph, CO,Me

R2= Me, Ph, 4-CI-CgH,, 4-MeO,CCgHy4

R s,
Lo+
RN

8 R=Ph, Me toluene, Ar, reflux, 15 h 12-92
261
R'= H, Me, PhCH,

R2= Ph, t-Bu, 2-adamantyl, 2-furyl, 2-thienyl
[o] R
o] HNJ\RZ _»f\s + O HN
RnAm rRR SR
A B

R= Ph, 4-MeCgH,

R2

A (trace-86)
toluene, Ar, reflux, 15 min 261
B (trace-79)

R'= Me, Ph, 4-MeCgH,

R2= Ph, 4-MeCgHg, 4-CICgH,, t-Bu
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Table 7 (Continued)

Entry Product Reaction conditions Yield (%) ref
OH R JOJ\ R, S\|/R2
ANy e —]
=
OH R' © R, S\rRZ
10 R NJJ\RZ K‘/lN 1 mol LR, toluene, Ar, reflux, 15 min 40-88 262
H
R1

R= Ph, 4-MeCgH,
R'= Me, Ph, 4-MeCgH,4

R2= 4-MeCgHj, 4-CICgH,

OH ) R
R)\KN\”/R I\ R2
R' s R'” TS
11 R=Ph, Me toluene, Ar, 15-30 min 34-91 208
Ry= H, Me, PhCH,
R2= Ph, 2-furyl, 1-adamantyl,
4-MeCgHy, a-naphthyl, PhCH,
OOy, OO
+
NH R NH . A (trace-31)
12 )\ )\ toluene, Ar, 15 min 263
0 R A 07 R B (13-54)
R= 4-MeCgHj, t-Bu, 2-Furyl B
s
I - «
13 HCHN_~on Nj Mineral oil, 110-120°C, 45 min 30 265
A /T
OH
; s
*_NHCOR YR
= =
14 Fe . Fe THF (dry), reflux, N 65, 84 e
R= Ph, ferrocenyl
N xR
HO Y Yy Y Y oH
R (o] J O R
S XS -
15 0 |\) toluene, reflux Quantitative 268
S/N N~
R R
X= C(Me)y, CHoCH,, OL 131
R= Ph, PhCH,, i-Pr
o}
w0
16 R N%oa e b dry), reflux, 24 h 10-70 269,
hd R Ng”NH, enzene (dry), reflux, - 270
O CN
R= H, Me, Ph
N
17 erca— | MW, 5-8 min. 1-9.3 mol LR 83-90 250

OC1zH2s
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Table 8. Synthesis of Thiadiazoles from the Corresponding 1,4-Diamides
Entry Product Reaction conditions Yield (%) ref
N-N
R/QS»\W
1 R= Ph, 4-MeOCqH, 4-NO;CgHa, 2-Pyr, toluene (dry), reflux, 15 h 54- 96 279
3-Pyr, 4-Pyr, pentyl
R'= Ph, 4-NO,CgHg, 2-Pyr, 3-Pyr, 4-Pyr,
pentyl, F5C, Ph-NH-, PhCHCH-
N-N N-N
N
2 R=Ph, 2-Pyr toluene (dry), N, reflux, 1-10 h 80-95 279
R'=1,4-Ph, -(CHy)g-, 1,6-Pyr
R2= Ph, 2-Pyr
N—N IS
3 ! S)—(CHZ)8 {)Ph toluene (dry), N, reflux, 10 h 90 279
10 N-N
N-N
/@As)ﬁ(oa
4 R o THF, rt 79,77 280
R = CgH470, C42H250
T,
N \
\ S R R N-x
5 Ar n dichlorobenzene, POCIs, N,, 130-170 °C, 6 h 81, 91 281
OR
ENewsVN s
\ R R / \ OR
R= 2-ethylhexyl
N-N
6 eOO_(S )—@om toluene (dry), POCIs, reflux, 2 h 67 282
N-N —
R — s7 R
7 MW, 6-16 min 74-91 283
R= 3-Me, 4-Me, 4-Br, 2-EtO
R'= 3-Me, 4-Me, 2-Cl, 4-EtO
B
R
8 RJ\S s)_ dioxane, reflux, 3 h 48 284
R= 4-MeOCgH,
RO
N-N >:< J
I\
9 s n dioxane, reflux, 8 h 97 285
OR
R= CryHam+1
m=28,10,12,16
N-N
S
10 R= CHaC(0)O(CHz)yms,6.410- THF, reflux, 1 h 64 286
R'= PhCH(CH3)CH,0-
H3CO. N\N
1 CH I( \/)_<S)\ toluene (dry), reflux, 45 min. 34 287
2015

CHa
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Table 8 (Continued)
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Entry Product Reaction conditions Yield (%) ref

N—-N Q
R—<S>—©*OC—CH3

12 toluene (dry), reflux - 288

R= C7,9,1,15M15,19.23,31. Cs.89H11,17,19 -0 )—

CmHz1_©, CSH13_©_
"
R/QS)\R1
13 R =H, CHj, i-Pr, t-Bu, Ph
R'=H, CHg, i-Pr, t-Bu, Ph

H3C\N S/\\N

\N'

44 - 100

xylene, reflux, 1-3.5h 289

R= R;= t-Bu, trace

14 toluene, Ny, reflux, 4 h 51, 58 257

R=Cl, Me

Cl
S

N—N
16 [N MW, 7 min
P'BfCeHa/ks)\Can

81% 290

95% 250

Scheme 46. General Reaction Scheme of Thiadiazoles with
LR

HN—N;_ -N

R R — 7\

=< 4 -
157 158

Scheme 47. Synthesis of Thiadiazoles from
Acyl/Aroylaminooxazoles

H R! R H
N N
55— T
! N R
R/QO,N s
159 160
X=CH, N
R= Ph, Me
R'= Ph, Me, 4-MeOCgH,4
H R1 R
R N
/ \\g HosN;S/*N
N. _N W\ R
o Nig 3R
161 162
R= Me, Ph

R'= Me, Ph, 4-MeOCgH,

intramoleculer reaction of which with azide resulted in the

production of164 (Scheme 49).

Reactions of dialkylhydrazond$6 with LR in refluxing
benzene were reported to produce 1,3,4-thiadiaziiés
(Scheme 50393.294

Scheme 48. Reaction ofi-Diazoff-ketoesters with LR

o o R CO.R'
[
R)%OR S7—<\ gt
N, N
163 164 (84-92%)
R= Me, Et

R'= butyl, pentyl

Scheme 49. Possible Reaction Mechanism of 164

using LR. An example appeared that refluxing the aldehyde
168with LR in dry benzene under argon in dark for 45 min
yielded the thioaldehyd&69in 75% (Scheme 523
Similarly, refluxing the aldehydel 70 with LR in dry
benzene under argon gave the thioformyl pyibid in 53%,
together with thioformyl pyrolel72in 24% (Scheme 53).
The aldehyde moiety of the porphyritv3 was reported
to be converted to the thioaldehyd&4 in 78% (Scheme
54)32 The reaction was performed in refluxing degassed
benzene under argon for 10 min.
Pentafluorobenzaldehyd&’5was observed to react with
anthracene in refluxing benzene in the presence of LR to

Its proposed mechanism included initial production of give 176in 59% along with177in 3.5% (Scheme 55F°
thione from the oxo groups, and then the rearrangement gave |t was claimed that when benzaldehytiZ8 was allowed

167 (Scheme 51).
2.9. Aldehydes

to react with LR in refluxing toluene, formation of a
polymeric material was observé¥.On the other hand, when
the reaction was repeated in the presence of trimethyl or

Contrary to ketones, esters, and amides, there are fewtriethyl phosphite and ethyl acrylaté79, 180 and 181,
examples of conversion of oxo groups of aldehydes to thione respectively, were isolated (Scheme 56).
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Scheme 50. Reaction of LR with Dialkylhydrazones 166 Scheme 54. Conversion of the Aldehyde Moiety of the
Porphyrin 173 to Thioaldehyde 174

Y
O &
RVSNTRZ R SNoR2 NH NH
166 167

CHO CHS
R= F4C, Ph o R o
R'= 4-MeCgH,, 4-NO,CgH,, Et, H, Ph Ph Ph
R2= Me, Et, i-Pr, t-Bu
R3=H, Me > >

Ph Ph

or hydrazones = NN_J, NN ) NN O N:)’ N-N

OCH;, 173 174
Scheme 51. Possible Reaction Mechanism of 167 Scheme 55. Reaction of 175 with Anthracene in the
Presence of LR
R s R? ¢ S') R3 OCH;
Nr — f Y - I 167
R'”SNW R2 N’ @ "R2
FsCor /¥ s
Scheme 52. Conversion of the Aldehyde 168 to the CeFsCHO + Anthracene LR P\
Thioaldehyde 169 U c% )\C
MeO,C MeO,C 175 Fs S oFs
CO,Me CO,Me 177
LR, benzene (dry), reflux, . . .
° /N\ Me @ S /N\ Me Scheme 56. Reaction of Benzaldehyde with LR in the
H Ar, dark, 75% H Presence of Alkyl Phosphite and Ethyl Acrylate
168 169 HaCO s
(RO);P |I:;/S CgHs
Scheme 53. Conversion of the Aldehyde 170 to Thioformyl CeHsCHO R Y
Pyrole 171 and Thioformyl Thiopyrole 172 178 SYS
COzMe + 180 C5H5
H,C=C-CO,Et
179
MeO,C
LR, benzene (dry),
reflux, Ar C6H5 YSY06H5
SYS
CeHs
181

Scheme 57. Self-Coupling Reactions of the Aldehydes

\g\,S H

182

NC t
171, 53% 172, 24% N
S
S P P D—on
Self-coupling of the aldehyde%82, 184, and 185 was 2 NC~S\/ A 2 e
achieved by treatment with LR in refluxing toluene, which S

yielded highly conjugated systemi83 (11%), 186 (16%),
and 187 (17%), respectively (Scheme 7.

Unexpected products were obtained in an attempt to o\ WN
synthesize ethenethiols from ketorkbsand45 (see section @ nH——
2.1., Ketones, Scheme 15), and the aldehy88 which 184 n=0 186 n=0
resulted in the production of divinyl sulfide89 and a ring
formation product90of two molecules of the thioaldehyde
and 4-MeOGH4PS (Scheme 58§

185 n=1 187 n=1

the other hand, there are many examples showing that
2.10. Alcohols hydroxyl groups react with LR to give -38-membered
heterocycles incorporating part of the LR if they have
Some examples in the literature indicate that the conver- nucleophilic or electrophilic centers in proper proximity to
sion of the hydroxyl groups to thiol, even in the presence of the hydroxyl group (see section 2.11. Heterocyclic Rings
ketone, amide, and ester moieties, is possible (Table 9). Onincorporating Part of LR, Table 11).
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Scheme 58. Reaction of the Aldehyde 188 with LR

9 LR, toluene
PhgHC-CH —(—

188

reflux

CHPh,

_ s s
(Ph,C=CH),S + .
189 F’hz‘3HJ\S/F‘>‘S_<i>_OCH3

190

Scheme 59. Formation of Bis-anisyldithiophosphonic Acids
1) LR, rt
THF

S\\ JAr
OH
o
2) t-BuNH,

Q®
/P\SNH4Bu‘
191 S

q 08
P

_SNH,Bu!
/1\

Ar
192

I OH

w0 X
101 =
OH
: OH,

Scheme 60. Reaction of Ribofuranose 194 with Alcohols in
the Presence of LR

e e ®
BnO XS BnO
| ——
OBn OBn SAg OBn OBn
194 195
196 = pp >"0oH j196
OH BnO
Q O—__oR
3p—cholestanol
oH OBn OBn
% 197
BnO
BnO OBn OMe
Scheme 61. Reaction of 1,2-Diol 198 with LR
N
F’||-‘|o Ph HS Ph H,s \0) gH
1 ——
OH PH  SH th [P
198 199 200
HS—>1_<3h
Ph
201

It was reported that when the didl91were reacted with

Chemical Reviews, 2007, Vol. 107, No. 11 5251
Scheme 62. Reaction of 1,4-Diols with LR

OH $ R Ph
Ph+(CH2)2 Ph— C=C-C=C
R R pf HH R
202 203
R= H, Me, Ph

Scheme 63. Reaction of 1,2-Dihydroxymethylbenzene with

LR
R_ _R! R R
[I iOH [ If
OH S
RZ R2
204 205

R= Me, Ph, 4-MeCgH,
R'=H, Me, Ph
R2=H, Ph, 4-MeCgH,4

Ph  Ph R. R
SH
206 207 R= Me, Ph

Scheme 64. Reaction of a Tertiary Alcohol with LR
Ph g Ph
Ph —
208 209

combination in 79-97% yields (Scheme 6693 Its mecha-
nism was claimed to involve the intermediat®5 which
underwent a nucleophilic attack by alcohol to yidl@?.

Treatment of 1,2198 and 1,4-202, diols with LR gave
an unexpected produ@01 and the expected produ203
respectively (Schemes 61 and 8®An explanation for the
possible mechanism of the former was that hydroxyl groups
were initially converted to thiol499. Then, elimination of
H,S yielded 200 rearrangement of which resulted in the
formation of201 (Scheme 61).

Formation of rings205 were observed whero-bis-
(hyroxymethyl)benzene derivativé®4, two hydroxyl groups
of which were located on the same side as 1,4- to each other,
were treated with LR (Scheme 63).In the case when R
and R are Ph and Ris H, 206 was obtained. Finally the
reaction of207 with LR yielded the corresponding com-
pounds205.

Treatment of tertiary alcoho208 having two phenyl
groups, with LR resulted in the elimination reaction to give
the olefin209 (Scheme 643°

2.11. Heterocyclic Rings Incorporating Part of LR

Reaction of LR with the compounds having nucleophilic
centers such as hydroxyl, amine, and thiol may lead to
heterocyclic rings having “S” and “P” atoms introduced by
LR itself. The size of the rings varies from 4 to 8, although
the sizes concentrate at 5- and 6-membered rings (Tables
10 and 11). It appears that the mechanisms of the formation

LR at room temperature, rather than the heterocyclic products2f such rings mainly follow two paths. One of them involves

193 as suggested earligf;**5corresponding bis-anisyldithio-

two nucleophilic center®210 which sequentially attack

phosphonic acids were formed, which were isolated as theirPhosphorus to yield a heterocycd 1 consisting of phos-

tert-butylammonium salt492 (Scheme 5951
Ribofuranosidel97 was reported to be synthesized by

treatment of 2,3,5-tr@-benzylo-ribofuranose 194 with

various alcoholsl96 in the presence of LR and AgCIO

phorus of LR in the ring (Scheme 65).

In the second mechanism, the compog@id, which reacts
with LR, involves a nucleophilic center and an electrophilic
center/a leaving group. An initial attack to the phosphorus
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Table 9. Conversion of the Corresponding Hydroxyl Groups to Thiols

Ozturk et al.

Entry Product Reaction conditions Yield (%) ref
SH R'" 0O
R N~ oR2 A
1 H
SH R'" O
X , B A 20-52
R H R 0.5 mol LR, toluene, Ar, reflux, 15 min 262
R= Ph, 4-MeCgHy B 3249
2 R' = Ph, 4-MeCgH,, Me
R?= 4-MeCgHy, p-CICgH,
R
L
NH
3 0 R! 0.5 mol LR, toluene, Ar, reflux 15-30 min 59-87 264
R= Ph, Me
R'= t-Bu, 4-MeCgHy, a-napthyl
Ph._SH  Ph__SH
-
4 toluene, Ar, reflux, 15-30 min EqLR 76 trace 264
HN R HN\“/R
\[sr o 0.5LR 10 54
A B
R
SH R=Ph= 94
5 toluene, Ar, reflux, 15-30 min 264
NHCO,Et R=M =64
R =Ph, Me
Ph SH S
6 Phj\/\NJ\Ph toluene, Ar, reflux, 30 min 26 264
H
SH
e
7 R=Ph, PhCH,, PhCH=CH DME, rt or toluene, reflux, Ar, 0.2-48 h 9-100 298
R'= H, Ph, Me, Et
R2= H, Ph, Me
SH
8 l‘ toluene, reflux, Ar, 0.5 h - 298
SH
9 0.0 toluene, Ar, reflux, 0.5 h 18 298
SH n=1 67
10 toluene, Ar, reflux, 3 h 298
@jc'*”" n=2 65
SH
1 toluene, Ar, reflux, 3 h 23 298

g
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Table 9 (Continued)
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Entry Product Reaction conditions Yield (%) ref
SH
12 $ toluene, Ar, reflux, 0.5 h 20 299
R- C SH
R= Me, 17
13 toluene, Ar, reflux, 0.5 h 299
R— C SH Ri=Ph, 52
R= Me, Ph
SH
1 Ph)\©\ THF or DME, Ar, tt, 24 h quant. 300
OCH,CO,H
Me
o\
L
15 i toluene (dry), 3.5 h 58 302
Me Me
3 3
0N . HsTy
toluene (dry), 3-5 h 62 302

C ¥ g

Scheme 65. Possible Reaction Mechanism of the Phosphorus

Heterocycle 211
—3) SH
XH NP-ar -Ar
¢ )
YH YH
210
X=0,NH, S \
Y=0,NH, S
H
x{s”
P—AI’
Y “Ar Y CsH
211

Scheme 66. Possible Reaction Mechanism of the Phosphorus

Heterocycle 213
P Ar X s
\’
213

X=0,NH, S

Y= leaving group (Br, Cl, etc)

of LR is followed by a nucleophilic attack from sulfur of
LR to the electrophilic center to yield the heterocy2lE3

having phosphorus and sulfur atoms of LR (Scheme 66).

Scheme 67. Possible Reaction Mechanism of the
o, f-Unsaturated Compounds 214 with LR Leading to the
Heterocycle 215

S, //
\

215

S
|;\PA
S

R

o,B-Unsaturated compoun@44could have a mechanism
similar to the one which has nucleophilic and an electrophilic
centers, although its initial step is replacement of the oxo
group by thione which act as a nucleophile while sulfur of
LR attacks thea,S-unsaturated bond (Michael addition).
Elimination of elemental sulfur could result in the formation
of five-membered rin@15, incorporating sulfur and phos-
phorus atoms of LR (Scheme 67).

The smallest rings possessing part of LR were obtained
as 4-membered heterocycl2$8 upon the reaction oft,S-
unsaturated nitrile216with LR as minor products (Scheme
68) 33 Thioamide217 was the major product.
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Table 10. Formation of Phosphorus Heterocycles (Ar= 4-MeOPh)

Ozturk et al.

Entry Reaction Reference
S\\P,A"
0 R SN _R
1 Me HsC O‘ 304
R= Aryl
s
N-N w—N P—Ar
7\
2 N x)\SH—> N X)_S 305
N __ N __
X=0,8
N—-N
N—N 7\
T\ N )\
N N)\SH —_— N/ N\ 7
N | = HN-P=S
3 = \H, . 305
Ar
0
t-B t-Bu
4 uj)j\NHMe NMe 306
cl S~R=s
Ar
t-Bu
Ph @ t-Bu Ph
5 =N = — 0 307
H 0e S~R=8
Ar
R R._N.
=Ny —— \g/ NR
6 R “R=S 307
Ar
R= Me3Sn, (i-ProN),P
R—%—ﬁ—N—R‘ — R
- S\P\/:S
7 Ar 307
R= (i-ProN),P=S, (i-Pr,N),B
R'= (-ProN),P, Me(i-ProN),P®
H
NH, N s
— L
8 R NH, H’ Ar 308
R=H, CHj, Cl
H
NH, N._s
9 S ©: T 308
Y CAr
OH o
NH, H
N
10 >[ — >[ o 308
¢ SAr
OH o]
R
2 ~ R2
R-p a R R?
SPCHC-CH — 7
R N R2 N\N’R:S
NHR! rt
1 R= Anyl, 309, 310
R'=H, Alkyl, Aryl
R2= H, Alkyl, Aryl

X=0,8



Use of Lawesson’s Reagent in Organic Syntheses Chemical Reviews, 2007, Vol. 107, No. 11 5255

Table 10 (Continued)

Entry Reaction Reference
R
: . @m
NHCH,CNH, —» ) s
12 @ St S‘Fl’\N 311
ArH
R= H, 2-Me, 3-Me, 4-Me,
2-Cl, 2,4-Cl, 2-Br, 4-Br
2-NO,, 3-NO,, 4-NO,, 2,4-NO,
RN SINe
I ‘N-R! —— S=F “Negt
R ONe A NTTN
N-p1 R1R ©
~R
13 © 312
R= Ph, R,R= (CH,),
R'= Ph, 4-MeCgH,,
4-BI'C6H4, 4'N0206H4
N-NHTs W
lr N—N
R-C - /« b//S
NHR! RSN A
14 R 313
R= Me, CH,CHj
R'= Aryl, alkyl
R
R H A
C=N-N-R! — Ar] N
Cl/ S/P\N\
15 R 314
R= CO,Me, CO,Et
R'= Aryl
NX-H N-X
R-C —_— b
16 OMe SECE 315
X=N-Ph, O
R=H, Alkyl
HC s
NH, R
17 Me——CN —— HN,__NH 316
R INd \\S
R= Alkyl
HC s
OH R
18 Me——cN —— S NH 316
R A \\S
R= Alkyl
H
X Noy, S(\P S /N\,NkH
— Ar—
DS Poen
19 Ar 317
R
X=0,8
R= Aryl
0 R,
R—NHCH,C—NHR" —— Ssp s
20 R= Alkyl, aryl Ar” Nh1 318-320
R'= Alkyl, aryl
N-N N N”S‘Ff’SAr
21 - — - ,_ 321
Ph/<o>\SH Ph /o S
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Table 10 (Continued)

Ozturk et al.

Entry Reaction Reference
LN RTSN"s
g SH \
22 N HN-B=s 321
NH, Ar
R= Me, Et, Ph
s. H
.S
YN Ar—\ls\ =N
-N — _
23 HoN /S\ HN-N_ [\ 322
X 2 N S "2
X=0,S
Ph
N
24 N _AReN 322
N HN-N_ / \
H,N
2 s 2
o] o]
HoN S
o Ar—p-N
25 N /N N/ 323
<_Kl S E/ s 2
o]
R
(0] N, 7
NHR S,P\Ar
26 O‘ — I r 324
NS
! L o
R= Alkyl, aryl s
yl, ary o
Ph.__0O Ph_s, S
I > I P~ar
27 Ph SN P N 325
& R
R= Alkyl
S
R X R - P-Ar
28 — _NH 326
O N. O N
R=H, Me NH;
Ph
NP Ph s
29 . 1:( ’Ss 56
NH X N—P=
PR PPN D
o S
OEt —— S
S~ NH, STUNT A
Ar
| R R S\l?f:S
o o] O A O
0._0 0._0
31 R1><R1 R1><R1 56
R= Ayl )
R'= Me, Cyclopentyl
R s
NH, R’
R+CN — = HN___NH
1 N
32 R A S 327
R=H, Me

R'= Alkyl
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Table 10 (Continued)

Entry Reaction Reference
)
NH, NH
33 ®< — @2\_ 327
n CN n”’RéAr
n=1-3
H3CS H3CS NH
v Ar
34 n — ¥\ R 327
N7 NH, N N
|
Ph Ph
H s
NH2 N\P//_Ar
35 NH, NH 328
o) S
R._CN 3
| R NH
36 . — | iog 329
R 1 -PC
RZ R N Ar
R2
S
CN s
37 _ V.S 329
\ ) Plar
H3C (o] NH, H3C o H
s
CN
o O — QU
- =
N" N0 %%
Et H Et NT O
N R
Ph:IiN Pho_N.g
39 - :[ \=S 331
PR N Ph N/FKAr
R R
R= Aryl
RCH,CH,CN —— x/_>:s
40 R= AryINH, OH i:P—NH 33
X=AryIN, O
S, Ar

_PS
o X

XH
 CO0— 000

NCOMe
S
MeS_  CO,Et VoS
N‘N NH; N. N\ Y
42 § — NH 334
Cr,
EH °© NS0
3 CHg
N-N -N
| Y—sr NTH—sR
N N
43 xn VPR NPh 335, 336
x~-R=S
X= NH, NMe Ar
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Table 10 (Continued)

Ozturk et al.

Entry Reaction Reference
\Ar
44 —__+~ NC 337
s
X NS _R
Ar".D A |
NH,
45 337
n
n=1,2
R= CO,H, CN, CO5Et Y=0 NH
46 337

Scheme 68. Formation of the Smallest Ring 218

R
R_H S RNON S
I . P-Ar —= * Ne_f-s

NG eN S HN™ S ne” ar
216 217,50-70% 218, 20-30%

R= 2-HOPh, 4-MeOPh,
4-NO,Ph, thienyl

Scheme 69. Conversion of £O to P=S

ol >4
Cl N
toluene >
P/OEt reflux N-RoOEt
H S
220

Scheme 70. Reaction of 221 with LR

222 45%
Scheme 71. Treatment of 1,5-Diketone with LR
0y
S S

224
R= @\ /S\ /s\ , 2,4,6-triMeCgH,

65-70% 60% 80%

The biggest ring, which is an 8-membered ring, was
obtained with 1,6- and 1,3-dinucleophilic systems. While the
first one possessed half of LR, the latter had the whole LR
in the ring (Table 11, entries 24 and 25, respectively).

2.12. P=0to P=S

Use of LR for the replacement of the oxo group of
phosphorus (#O) with the thio (P=S) is commonly applied

toluene
reflux

223 (16%)

Scheme 72. Reaction of 226 with LR

R (ng

227 (42%)

s

3%

(Table 12). It appears that such a conversion can be
accomplished without affecting the other functional groups

such as imide, amide, lactam, and ester so that the Nighio’s

relative reactivity order toward LR can be reorganized as
follows.

2 2 e
R-OH>P=0 > R-C-NHR' > R-C-R' >R-C-OR’

The reaction is carried out in general fashion, i.e., refluxing
toluene, xylene, benzene, or acetonitrile. In some cases, in
CH.CI; at room temperature and a prolonged reaction time
(~12 h) gave the resutf?

Thionation 0of219using LR in refluxing toluene smoothly
produced220 in high yield (Scheme 698 On the other
hand, when thé&-Bu group was replaced with a small group,
methyl,221, two product®222and223in 45 and 16% yields,
respectively, were obtained (Scheme 70).

2.13. Dithiins

Similar to the synthesis of thiophenes from 1,4-diketones,
treatment of the 1,5-diketone24, with LR in refluxing
benzene, toluene, or chlorobenzene smoothly produced the
1,4-dithiins 225 as the sole products (Scheme 76)368

However, replacement of aromatic groupRafiwith t-Bu
(226) and refluxing in toluene was reported to result in a
mixture of product27, 228 and229 (Scheme 7258

An interesting reaction, which led to the production of
1,4-dithiins as major and thiophenes as minor products,
appeared as a result of the reaction of 1,8-diket@3€swith
either LR or BSy in refluxing toluene (Scheme 73737
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Table 11. Formation of Phosphorus Heterocycles (A+ 4-MeOPh)

Chemical Reviews, 2007, Vol. 107, No. 11 5259

Entry Reaction Reference
0 S
NHR NHR
1 — s 339, 340
NH N-pZ,
\ r
L_oH Co
R s
OH R’
R—CoN — S NH
2 R AC S 341, 342
R= Alkyl, H
R'= Alkyl
Ar
LS
s-R”
o OH X
X=0,S
NOH
/0 o
4 WPl 343
HON
$
R N R N BOAT
5 — _ 0 336
0~ > NOH o~ N
R=H, Me
R R N,
C=N-OH — 770
6 cl S$-R=S 54
Ar
R=H, 2-Me,
3-Me, 4-Me
OR OR
OH O\ //S
7 e P-Ar 53
OH o
R=H, Me
S
poAr E,Ar
0" “OMe 0" “oMe
8 OH o8 >
P—Ar
OH d
Iﬁ,Ar
OH OH OH OH 07 O
oR oR
__ .08
10 EOH E \P//—Ar 344
OH (¢
R= Alkyl
—_— —Ar
11 R OH R o 345

R= alkyl, aryl
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Table 11 (Continued)

Ozturk et al.

Entry Reaction Reference
R
R‘j:OH RO S
R2 - R2 P—Ar 4
12 R3 OH R3 (o] 3 6
R, R', R?, R3= H, alkyl
R S
RjiOH R1Rji°‘F{:Ar
1 R? R?2 ; 346
3 R3 OH R3 O—P\\_SAI'
R, R', R2, R3= H, alkyl
HO OH Ar O Q s
14 — R X K 347
HO OH S o S Ar
0 OH 0 s
R~ X — R—< X P
15 o) OH o Ar 347
R=Ph, 4-MeCgH,
N s.f
~ F’\Ar
16 OH 348
17 \/@(j K@(j 348
/ \\
II
A
18 /©i d o O 349
R= Hz,—c’O
S Ar
O OH
19 I ' ' 333
5 i
N)\SR N)\SR
20 H — p=S 335, 336
OH 0" M\,
R= H, Alkyl
i) e
N)\ N
21 OH 5 335, 336
OH O~p=g
R= H, Alkyl A
Y o Y s
R CH, R
‘l\ —_— _Ar
22 ‘R OH R 0" s 350
R' R'

R=H, Furyl

R'= H, OMe
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Table 11 (Continued)
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Entry Reaction Reference
. O @ L, @
// \
S AT
H HO. " /P—O
. — -\ N
24 N )/“K/\@ NCT \I\ ) 351
)N )N
R R
R=H, CO,Me
R ;
X% {O"’/ )
(P
o ar RS Ar
25 R= Ph, Furyl, 4-CIC4H,, 2-CICgHy, 3- N0206H4 362
4—MeCeH4, 4-FC6H4
OH O\ /S
26 — 24 346
OH o Ar

Scheme 73. Reaction of 1,8-Diketone with LR and 45,0
R

//§o
SN S_R R
s s
o) S
230 \\/( 231 232

R

R= Ph, Me, 4-MeCgH,
4-BI’CGH4, 4-N0206H4

LR (5-40%) (17-27%)

P4S10 (40-52%) (2-15%)

Scheme 74. Possible Reaction Mechanism of Formation of
Dithiins 231 and Thiophenes 232

S
S/_<R s R
230 + %j[ “HeS i()
s R \/(
234
233 S
¢
Cs
© s‘) @i j/
235 231

Scheme 75. Formation of 5-Aminopyrazole 237

R' R2 R2 R®
| 4
R’NWRB RANHNH, HCI ; l—(
THF/Pyr, LR, 50-55°C °N N
O O N
~12h R pe
236
R = Et Bn. Ph 237 (13-95%)
R'=H, Et, Me
R2= H, Me, Ph
R3= Me, Ph
R*= Ph, Bn

The success of this synthesis was based on the use of the
advantages of the faster reaction of ketones with hydrazines
compared with that of amides, and faster oxygen exchange
with sulfur of amides compared to that with ketones.

The same group applied a similar reaction to the solid-
phase synthesis of N-arylamino pyrazole40 (Scheme
76) 37" Treatment of resin-immobilizef-ketoamide238 with
the same reagent mixture (arylhydrazine/LR/THF/Pyr) at
50-55 °C for 40 h gave resin-bound intermedia289
hydrolysis of which with trifluoroacetic acid yielde240Q.

2.15. Reduction

There are a few examples available in the literature

Its possible reaction mechanism was suggested to involveindicating that treatment of sulfoxides with LR in solvents

a nine-membered ring34 formed after initial thionation of
carbonyl group®33 and elimination of HS (Scheme 74).
The formed dithiin ring231 then rearranges throug?B85
and after elimination of elemental sulfur forms the thiophene
heterocycle232

2.14. Pyrazoles

Synthesis of 5-aminopyrazol@87 having various alkyl
and aryl groups was achieved by reactifgetoamide236
with an alkyl or aryl hydrazine and LR combination in dry
THF/pyridine (95/5) mixture at 5560 °C (Scheme 75j7®

such as ChCl, or THF at room temperature or in some cases

even in lower temperatures in a shorter reaction time

(15—30 min) produces sulfides (Table 13). Such a conversion

was achieved in the presence of functional groups such as
esters, hydroxides, tosyl, nitro, and halogens, which were
not affected.

In a few special cases reductions of lactam carbonyl and
benzoyl carbonyl to alkyl groups were reported. Treatment
of the tetrahydroindol-2-on€41 with LR in refluxing
benzene-DME mixture for 15 min gave the tetrahydroindol
242 (Scheme 77§%
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Table 12. Conversion of P=O Group of the Corresponding Compound to P=S

Entry Product Reaction conditions Yield (%) ref
MeO ISI
1 “P—H 46 353
MeO benzene, heat, 85-90 °C, 45 min
i
RF,C-P—SR'
SR’
2 354,355,
R= H, Br, C45Hps, ¢.CeH1q toluene (dry), Ar, reflux, 2 h 68-93 356

CgH49(CH3)CH, PPhCH,0CgH,CO

R'= CH3CH,, PhCHy, (CH3)sC, Ph, Me

S
||/R1
RFC—PC

3 R= ¢CeHi1, CoH1gCHCH, toluene, 100 °C, 120 min 91-96 356
R'= Me, CgHs

R2= OCZH5, CGH5

o
v
[ NI
DMTO— o HN)E

N

O

)
NCCH,CH,0—P-0 °
s k J

OCPG

DMT = 4,4'-dimethoxytrityl
CPG = Solid-phase controlled pore glass

CH3CN, rt, 5 min - 357

X=0, S75-90
5 X= 0, S, NH, NBu", NMe, , NPr xylene (dry), 135 QC, 15 h 358
X=N, no rxn

R= Me, t-Bu, i-Pr, Ph, Et, i-Bu, Bn, n-Pr,
CH3(CHy)4, CH3(CH3)7

S NO,
Phel

2

RO
7\

6 —JR! toluene (dry), 95°C, 15 h 76-88 359
R= n-Bu, n-Pr,i-Pr, Et

R'=H, 4-MeO, 4-Me,N, 3-PhO

7 MeO—II'TI’—C—OMe acetonitrile, Ar, reflux, 6 h good yield 360, 361
OMe

Ph—P—SMe
8 R toluene, reflux 90, 76 362

R = t-Bu, 1-naphthyl

BQ s

P
Me Me
9 4 T benzene (dry), rt, 2 days 63 363
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Table 12 (Continued)
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Entry Product Reaction conditions Yield (%) ref
S
P/
Me Me
10 ij % LR, benzene (dry), it, 7 h 76 363
_P
O bkt
e
EtO-p
Me Me
11 m CHCl, 1t, 12 h - 363
_P
SOkt
.\R
OAOEt
12 (o8 \\S toluene, reflux, 3 h 20-68 364
R= Me, Ph, PhCH,
R
mAOEt
13 oK toluene, reflux, 3 h 17-68 364
S
R= Me, Ph, PhCH,
S
Ol O
N
14 §° NEt toluene (dry), Ny, reflux 60 365
R=H, Me, Cl, Br
R'=H, Me, CI, Br
Scheme 76. Solid-State Synthesis of 5-Amino Pyrazoles Scheme 78. Reduction of 243
e allllllie R3 cl
I A M a §O
N R? —— N Cl
Q. ,@f\é R / R? NH LR, pyridine
(o] R R o = EPTT EE
238 239 refiux
g
R=Bn, Ph TFA/DCE
R'=H, Me the Al 243 cl
Rzz Me, Ph R1 R2
R3= Ph, Bn Cl
/Ef § NH
i ¢
R R NN
240 (15-90%)
244 (68%)

Scheme 77. Reaction of Indolone to Indol

R R
Swi-—J0u|
benzene-DME
21 0 reflux, 15 min 21

241

242 (30-80%)
R= Ph, 4-MeCgH,,

4-MeOCeH4, 4-C|06H4

R'=H, Me

Reduction of the benzoyl carbonyl functional group to
alkyl was achieved upon reactirg3 with LR in refluxing
pyridine for 3.5 h to yield244in 68% (Scheme 783

An example of the removal of disulfide with the action of
LR or P;S;p was reported® The reaction o245 with LR
or P,Syo in toluene at room temperature ga246 in 44%

yield (Scheme 79). Interestingly, the prodet6 indicated
that, rather than breaking the-S bond, C-S bond breaking
takes place. Moreover, the disulfide in the ring was not
affected.

While the reduction of dithiirane 1-oxide with LR was
successfully achieved (Table 13, entry’#)an attempt to
reduce247 and 248 yielded thea-dithiones249 and 250,
respectively (Scheme 863

2.16. Peptides

LR was widely employed particularly for the selective
transformation of amide groups of aminoacids and peptides
to thioamides using the advantage of easier transformation
of amides compared with other functional groups such as
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Table 13. Reduction of Sulfoxides to Sulfides with LR

Ozturk et al.

Entry Reaction reference
I —.LR R/S\R1
RS RITHRE 1 guant.
1 R= Ph, Bz 378
CH3SCH,,
R'= Ph, Bz, Me
CH,CH, CH,CO,Me
® R
S LR THF _
2 or CH20|2 378
N 0,
N "% rt or -5°C
R=H, Ph
‘?\S R
LR, CHyCly
3 -20°C 378
N
H O
R=H, Ph
RCOHN LR, CH.Cl, RCOHN
rt, 15 -30 min
WJ\R2
CO,R’
4 2 379
R= Bz, PhOCH,
R'= 4-NO,CgH4CO, Bz
R2= Cl, Me, OH
Q
RCOHN s LR, CH,Cl, RCOHN
N rt, 15 -30 min
o] CHy
5 CO,R’ 379
R= Bz, PhOCH,
R'= 4-NO,CgH,CO,
T s oW
N~ % | LR, CHCl,
6 M 1t, 15 min M 380
o N
Ts
2 LR, CH,CI
\\.S , %12 \\,S
RONS Teain RNE
7 20-75% 381
R = 1-Adamantyl, t-Bu, Ph
R'= t-Bu, 1- Adamantyl
LR N
8 o ——— $ 382
S/ CH2C|2, S
75%
LR, benzene
9 1,3 h 39
SO S
quantitative
R
LR, benzene R
10 rt, few days s 39
R-R= -(CH

R-R= -CH(2-CgHa)CH,-
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Scheme 79. Reaction of Disulfide 245 with LR

Ph. S-g
\ Ph
X
OM LRorP,S;y  Ph S-g
Q 52 Toluene, reflux MPh
PhW ph 12N °
5-¢ 246 (40%)
245

Scheme 80. Synthesis ai-Dithiones 249 and 250

& LR CHeCL, R 8
A r.t. 15 min )/ 2
R R S R

247 R= 1-adamantyl 249 R= 1-adamantyl

248 R= t-Bu 250 R= t-Bu
ketones and esters, as Nishio et al. repottddue to the

presence of various functional groups, peptide chains require
adequate protection before the transformation is initiated. In
most cases the thionation with LR was conducted in the

presence of urethane, ketone, ester, and hydroxyl groups.

Such a selective study was reported on protected, short,
model peptide chains Boc-S-Ala-Aib-S-Ala-OM51 and
Ac-S-Ala-Aib-S-Ala-OMe25238” Reaction of251with LR
in toluene at 100C for 45 min gave a mixture &f53(27%)
and254(14%). On the other hand replacing teet-butoxy

Chemical Reviews, 2007, Vol. 107, No. 11 5265

cyclic peptides could be thionated as well. Indepth studies
on the thionation of cyclosporine R60 were reported
wherein selective thionation of lactam amides was achieved

either by refluxing in xylene for 30 mirRG1—263)3%3%°or

in DMPU (3,4,5,6-tetrahydro-1,3-dimethylpyrimidin-2k{}-
one) for 2-4 days which yielded various thionated products
including the hydroxyl group®

260 R=OH, R'=R?=H,X=Y=0

261 R= OAc, R'=R%=H, X=Y=S
262 R= OAc,R'=R%=H, X=S,Y=0
263 R=0OAc, R'=R%=H,X=0,Y=S
264 R=SH, R'=R%=H,X=Y=0

Selective conversion of the hydroxyl group of cyclosporin

group with methyP52and then subjecting it to the thionation A to thiol 264 was achieved by refluxing in toluene with

reaction with LR in THF at room temperature for overnight
yielded the thionation of peripheral amide grazfb. In all

LR for 30 min#01
Thionation of cyclic peptides astins 265 B 266, C 267,

cases ester and urethane groups remained untouched. Similggngd a cyclic astin R71was performed in dioxane at 3C
reactions of LR with peptides having different chain lengths for 12 'h which resulted in the formation of thionated

were reportedé 3%

analogue68 269, 270, and272, respectively02:403

X  CHj Z CHs o cl
H 1 H
. N
RJ\N Coy OCH, N\)‘ |
H Y HaC CH3H o) — ~, Cl

251 R= (CH3)3C-0, X=Y=2=0
252 R= CHa, X= Y= Z= O

253 R= (CH3)3C-0, X=2=0,Y=S
254 R= (CH;);C-O, X= 0, Y= 2= S
255 R=CHj, X=S, Y=2= 0

In the synthesis for elongation of peptides, LR was
used as a coupling reagéfit.It was reported that at-15
°C LR was added td\-protected amino acid or peptide
256 dissolved in a triethylamine/Ci€l, mixture (Scheme
81). It was then reacted with amino acid ester hydrochlor-
ide 258 to yield the peptide259 through the intermediate
257.

OR1 o H
HNL X NH
H

N—‘(g/
\§/ o g
OH

o
(0]

265 R=H, R'= OH, X
266 R= OH, R'=H, X
267 R=R'=H, X=0
268 R=H, R'=0H, X=8
269 R=OH, R'=H, X=8
270 R=R'=H,X=$S

Thionation of peptides is not limited only to the short- CHZ0H
chain peptides. There are examples indicating that macro- / \ H Q H H
N N N NWNYcozH
Scheme 81. Use of LR as a Coupling Reagent in Peptide H o H X pPh O Et
Synthesis HO
271 X=0
LR § 212X=$
Z-AA"-AAZ-OH NEL Z-M1-M2-O—OPOOCH3 . . .
256 t3 (Et)sNHSH In a similar fashion, the same group reacted the cyclic
® O peptides RA-VII273'94405and Segatalins 74and B275'¢
257 with LR in dioxane at 50°C for 72 h and 30 min,
HCIH-AA3-O'Bu respectively, to produce their thionated analog?iés-281

258

|

Z-AAT-AAZ-AA3-O'Bu
259
AA'-AAZ-AAS = Pro-Val-Pro, Leu-Phe-Val

2.17. Nucleosides, Purines, and Pyrimidines

Thionation of nucleosides, purines, and pyrimidines with
LR is widely applied to obtain their sulfur analogues, mainly
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5/?\ OCHs
N
HN ! X N z
2:0 HN N N
e Hopun H Y
NH O O HN
Y N—
NH X
| o o NH
N
o) O
OCHs 274X=Y=2=0
273 X=Y=0 278 X=7=8S,Y=0

276 X= S, Y= O (80%) 2719X=Y=8,2=0

277 X=Y=8 (3%)

for biological purposes (Table 14). To avoid the side

reactions, the hydroxyl groups are properly protected as
ethers or esters. It appears that when two oxo groups are

present in pyrimidine at the 2- and 4-positions, the use of
LR as a thionating agent for the oxo group at the 4-position
is quite convenient. An excess of LR helps for thionation of
both oxo groups (Table 14, entry 9). It is also applicable to
purines that, in the presence of two oxo groups, thionation
of one of them is widespread.

Treatment of the imidazol282, having ester and amide
groups, with LR vyielded the purine analog@83 with a
dithiolactone ring (Scheme 823t

Scheme 82. Reaction of the Imidazole 282 with LR
O

N N
EtO LR, xylene
)ty? reﬂu: j\\)ﬁ; \>
RCHN™ N 1516n R NN
282 283 (60-86%)

R= Me, Ph, NHBn

The reaction of the nucleosid284 with LR resulted in
some interesting products (Scheme &3)The reaction was
performed in dioxane at 85C which yielded a mixture of
products285—287in 30 min. On the other hand extension
of the reaction time resulted in the complete conversion to
287. A possible mechanism f@&85and286 was suggested
as the following. An initial attack from oxygen to the LR
formed the288 which caused ring-opening produ289
Then, the nucleophilic attack of the sulfur ion to the imine
yielded the product285 and 286 (Scheme 84).

2.18. Miscellaneous

Phenanthrene rings were introduced into polyr2é8
chains through cyclization of 2:2libenzoylbiphenyl290
units using LR (Scheme 8%3%4%" The reactions were either

Ozturk et al.

Scheme 83. Reaction of 284 with LR

o}
Cy
N0
o LR
TDMSO dioxane
: 85°C
TDMSO
284
HsCO b
9 o
£ NS0
TDMSO o)
VNW x + TDMSO
TDMSO o SSMDT
285 X=S
286 X=0 287

Scheme 84. Possible Reaction Mechanism of 284

HaCO
P-SO©

o

TDMSO;@__N/_>=

) NH
TDMSO
288

S
ff\” sO

|
/ mﬁy_r}; — - 285+286
“‘*\ O
289

performed in refluxing toluene or 1,1,2,2-tetrachloroethane
under N atmosphere. The possible reaction mechanism was
suggested to involve an initial conversion of oxo groups to
thiones291, which was followed by intramolecular cycliza-
tion to give292 and then elimination of sulfur to produce
the phenanthrene ring in the polymer chain.

Thionation of polyamides was carried out to obtain poly-
(N,N'-didecyldodecanedithioamide) (PTA-12.10), pbly\'-
didecyl-4,9-dioxadodecanedithioamide) (PTA-dioxal2.10),
and poly(\,N'-didecyl-4,7,10-trioxatridecanedithioamide (PTA-
trioxal3.10)*?8 It was reported that complete thionation was
achieved in toluene at 100C when the polymer samples
were finely divided. Etheramide block copolymer, poly-
(etherblockamide), PEBA, could be used as pellets for
partial modification.

During the synthesis of a poteatadrenergic agent, LR
was used to construct its imidazole riff§ Treatment of the
aminolactan?94 with LR in the presence of d-10 camphor-
sulfonic acid in refluxing xylene for 72 h under nitrogen
atmosphere afforded the imidazole ri2g@5in 38% (Scheme
86).

Conversion of oxathiazin&-oxides into dithiazoles upon
reaction with LR was reporteti® Reaction ofS-oxides296
with LR in refluxing toluene fo 1 h produced the dithiazoles
297, the possible reaction mechanism of which is depicted
in Scheme 87.

An interesting reaction of LR together with elemental
sulfur was reported in which the unsaturated carbonyl
compound®98or 299produce trithiapentaler00(Scheme
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Scheme 85. Suggested Reaction Mechanism for 293

CLrO)on

(IZI) 0]
o~

290 n

- O- Ar r
— 293

O' —H

Scheme 86. Construction of Imidazole Ring Using LR

OCHj; OCHjy

H;CO H;CO
3 LR 3

xylene/d-10-CSA

N
0 ) N\)
H2N

295

Scheme 87. Conversion of Oxathiazin&-oxides into
Dithiazoles

OCHjg
el OO%

P
\

OCH,
?J ‘ \PQ
s R1 °

P

W
\
S o8
\r R é,\rR R.CS™ -S
N T~
o) NI (O N
Y Y "N
R R!
296
J PSOAnis
R= Ph, 4-CICgHy4, 4-FCgH,, a-napthyl, Me \[/S\
R1= t-C4H9, CH3, n-C4Hg N| S
R

297 (32-66%)

Scheme 88. Formation of Trithiapentalene 300

Ph._~_ -~ Ph
o)
298 — Ph—m—Ph
or S/S\S
thph 300
299 o

-S,

OQ
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- O)omm
1] S
BT ®

291 n

w

(0] O S-S O O-Ar

QO
G0

n

Scheme 89. Thionation of 301 and 302

S Ph
\>_N/ LR or \>>N S>—N'Ph

S O —— S + S S
| P4S10 N-Ph |
R S‘J
R

R

301 R= Ph 303 305
302 R= 3-Br-4-MeOCgH; 304

Scheme 90. Synthesis of Diferrocenyl Disulfide 307
LR

=y e
re _C_N\Q\l benzene FC\H/S\S Fc

. rt, 20 days o)
306
= 307

88)*31 The carbonyl compounds were initially allowed to
react with LR in acetonitrile at room temperature for 30 min,
and then addition of sulfur and TEA led to the formation of
300

Thionation reaction 0801 and 302 with either RS;, or
LR in refluxing xylene fo 2 h yielded unexpected spiro-
type products303 and 304, respectively, along witt805
(Scheme 8932

Treatment of ferrocenoyl imidazol806 with LR in
benzene at room temperature for 20 days resulted in the
production of the dimer diferrocenoyl disulfi®7in 52%
(Scheme 9033

Synthesis of poly(ferrocenylanthracene), having disulfide
units, was reportetf* Reaction of 2-ferrocenylanthraquinone
308 and 2,6-diferrocenylanthraquinor&09 with LR in
refluxing chlorobenzene for-15 h yielded the polymer310
and311in 45 and 81% yields, respectively.

Dimerization of furan-2,3-dione812 and pyrrole-2,3-
diones313 was observed when they were reacted with LR
in xylene at 66-70 °C for 2 h inbetween 46-50 and 36-
45% vyields, respectively (Scheme 93).

Thioanalogues of squarylium dyes (SQ) were obtained
upon treatment of SQ&L4with LR (or P4S,0) in the presence
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Table 14. Thionation Products of the Corresponding Nucleosides, Purines, and Pyrimidines
Entry Product Reaction conditions Yield (%) ref
S
;
HN)j/R
O)\N
1 RO—| 0 toluene, 80 °C, N2, 12 h 75-94 407
R=Bz, H
R'= Me, H
S
HN | R
2 o;\N i- HMPA (dry), Ar, 100-120 °C, 1-4 h i- 64-78 408
H
R=H.F Me ii- pyridine, Ar, 140 °C, 2-8 h ii- 69-78
S
8l
3 o” N dioxane (dry), reflux,1 h 94 409
AcO o
OAc
S
O)\N R!
BzO o
4 toluene, reflux, 20 h 57-99 410
OBz OBz
R= H, Me, OMe, Cl, Br
R'=H, Me, OMe
S
HN)jAPh
O)\N
5 RO o 1,2-dichloroethane, reflux, Ar, 5-8 h 65-81 411
OR OR
R= Bz, Tol
NH,
6 j\/ | dioxane, 100 °C, 16 h 80 412
S 'N
S
7 HN | dioxane, 100 °C, 0.5 h 74 412
PN
HoN™ N7 “CH,
S
;
R\NJTLR
0)\N R
R
8 R=H, Me 2 eq LR, dioxane, 100 °C, 0.5-3 h 80-90 412
R'=H, F, Me, CI

R2= H, Me, Et, Pr, i-Pr,
CF3, CH,Cl, CHoF
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Table 14 (Continued)
Entry Product Reaction conditions Yield (%) ref

HN
9 )\)j/ 2 eq (or excess) LR, dioxane, 100 °C, 16 h 90 412

S
HN)ﬁ
10 )\N THF, 1t, 16 h 83-88 412

R
HNT Y
1 )\Jj\ THF(dry), rt, 36 h 61-69 413
H

R= Me, Et, propyl

Py

O
Zz

12 AcO—| o benzene (dry), reflux, overnight 52-90 414

OAc OAc

R= CH,Ph, CH(CH3)Ph
COCH,Ph, CHy-3,4-diMeCgHj

BzO O\OBZ
OBz
N.__O o
13 /E’(Y toluene, N, 80 °C, 4-15 h 43-84 415
NH
R
S
R=Cl, Me, N N-8n
S
ph—{
BzO O\OBZ o) O\OBZ
14 08z * o8z tol N2, 80 °C, 24 h An29 415
N S N S oluene, N, ,
Y | \l‘//H B= 14
Cl NH Cl
S S
A B
S
HNJ] i- CH3CN, Ac;0, 4-(dimethylamino)pyridine,
rt, 30 min
15 Ho— O° N 34 416
HO o ii-evaporate  all the solvent, LR,
dichloroethane, reflux, 45 min
N3
o
N
—~ 1T
N N{
! 417,
16 R s toluene, reflux 70

418
R= B-D-(2,3,4,6-tetra-O-acetyl)
glucopyranosyl
p-D-(2,3,4,6-tetra-O-acetyl)
glacto pyranosyl
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Ozturk et al.
Table 14 (Continued)
Entry Product Reaction conditions Yield (%) ref
S
N
NH
&1
N N/AR »
17 BzO o pyridine, reflux, 6 h 90,86 419
OBz OBz
R= H, NHBz
S
HN R
;\)ji/)
18 o~ N toluene, reflux, 24 h 62 420
PhOCO

PhOCO OCOPh

Table 15. Thionation of Mesoionic Olates with LR

Ph £
-N N'N
N@)—O@ 1D H>—SO
NS NN
Ph N Ph
316 322 (93%)
N’S NE_DS e
|
oo N~
Ph Ph
317 323 (98%)
-S N=S
)00 D)—se
N2 -N-N
Ph N Ph
318 324 (93%)
s
S®)»—o00 )-89
N\N \N‘
519 CeHaOCH -4 CeH4OCH;-4
325 (16%)
-0
N ~,,-Ph
1 >—00 N“ N
N Ph’NVN
320
326 (100%)
Ph.-N Ph
! N=N
PN S
321 HN-NH
PH

327 (100%)

308

310R=H
311 R= Ferrocenyl

Scheme 91. Dimerization Reactions of 312 and 313

o 0]
/s LR, xylene
Ph o~ O

60°C
312
R= Ph, OEt

N
X
wo LR, xylene
l}l 60°C

Ph* "V Ph
313

X= CH2, (CH2)2, (CH2)3 Ph” “Ph

Scheme 92. Thionation of SQ Dyes

o
0

N H H N

| |
0

R 9 R

314
R= H, Me, 02H5

LR, xylene
HMPA, 5 h

S
S

N H H N

| |
S

R g R

315

of HMPA in refluxing xylene for 5 h, which yielded the
analogue315in 32—46% yield (Scheme 92¥¢

Reaction of mesoionic olate816—-319 with LR in
refluxing toluene from 30 min to 18 h produced their thiolate
analogues322—-325 (Table 15)*3” On the other hand the
reactions o320and321with LR did not give the expected
products. They yielde@26 and 327, respectively.

Combinations of LR and silver salts such as Agg#nd
AgOTf were successfully applied for the synthesisseb-
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Scheme 93. Synthesis of Ribonucleosides Using Combination

of Silver Salts and LR
o)

PN

BzO 0§ ©OCHs AgX, X=OTf or ClO, BzO o. Base

LR, CH3CN
+ (TMS),Base

OBz OBz

OBz OBz
328 329
o) NH, NHBz
Base: Jj )ﬁ/ )j |
O | O
NH2 NHBz
N
«f) e R
N N” NHAc N

Scheme 94. Synthesis of Ribofuranosides Using LR/AgCIO
Combination

o

B20— o. >/ Bz0— o
d LRIAGCIO, O(CH,)Ph
+ TMSO-(CH,)sPh — %~
OBn OBn 331 3h OBn OBn
330 332
BnO BzO
0 0
LRIAGCIO
OBn OBn 234 2h OBn OBn
333 335

Scheme 95. Aldol Reactions Using LR/AgCIQCombination

OTMS
Ph
PhCHO
CHO @OTMS
P O LRIAGCIO, \‘%M y
CaHr O OTMS 78°C
ju /=< 338
CyclohexylCHO SEt Corresponding
336 OTMS products
/ OMe
337

Scheme 96. Synthesis of Olefins from Phosphates or
Thiophosphates

R 1
j/\ LR, xylene R\ __
reflux R
X 341

o
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Scheme 97. Synthesis of Metal Dithiolanes

reflux
S 2 min-1h
94 96 M= Ni
342 M= Pd
R = Me, Et 343 M= Pt

R'= Et,i-Pr, n-pentyl,
Ph, 4-CICgHa, 4-MeOCqH,,
n-nonyl, 4-NO,CgH,4

90 R=Et, R'=Ph
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Scheme 98. Thionation of the Complexes 345 and 346

/Bu /Bu
CN_7 LR, CHsCN /;N//'
But-NC N By n—3> But-NC N By
o’ 6\0 s* g\s
345 M= Mo 347 M= Mo (52%)

346 M= W 348 M= W (51%)

Scheme 99. Synthesis of Thioketenyl Complexes 350

Tp LR Tp
ocMsL Eoey OC(':,M\(‘:L
C o s
349 350

L= PPhz, P(OMe); PMe;Ph
R= 4-MeCgH,
Tp=k3-HB(pz);

M= W(PPh)s, Mo(PPh);
W(PMe,Ph), Mo{P(OMe);}

Scheme 100. Synthesis of Spirotellurane Having Sulfur
Atoms

S (0]
0 s
LR, toluene Tle Te
—_— i
“Ho0ec o S
32 383 o

ribonucleoside$®4%and in aldat*°and Diels-Alder** reac-
tions. Reaction of ribofuranosyl carbon&28 with various
trimethylsilylated bases such as uracil, thymine, theophylline,
N*-N*-benzoylcytosinel®-benzoyladenine, ans?-acetylgua-
nine at 66-80 °C for 4—6.5 h yielded the ribonucleosides
329 from 81% to quantitative yields (Scheme 9%).

Syntheses ofi-D- andj-p-ribofuranoside832, 335were
achieved from the reaction of ribofurano889and333with
trimethylsilylated nucleophile831 and 334, respectively,
applying the same LR/AgClgrombination (Scheme 943°
The reaction was performed in various solvents such as
CH.CI,, 1,2-dichloroethane, benzene, toluene, A&t)and
CHsCN at room temperature, which yielded the products in
between 7793% (Scheme 94).

Aldol reactions of various aldehyd&86 with trimethyl-
silyl enol ethers337, using the LR/AgCIQ combination in
CH.Cl,, toluene, or EtCN at-78 °C gave the corresponding
products338in 59—89% vyields (Scheme 95}°

LR was applied for the synthesis of olefirggtl from
phosphate839and thiophosphate®10in refluxing xylene,
toluene, or benzene in 509% vyields (Scheme 9632

On the way to synthesize new metal dithiole®&s342
343from imidazolidine-2-thione-4,5-dionéxl, treatment of
94 with LR in the presence of desired metals as powder or

R"‘?j_]//{“‘w toluene S_ﬂ/ I)MQE >:S + M QS S\ d

R1 R1 RO’ \S S \©
oM

344 M=Ni, Pd, R= Et

e
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in chloride form in refluxing toluene between 20 minto 1 h
yielded 96, 342 and 343 along with 90 and 344 (Scheme
97)443

Conversion of the oxo groups of various ligands to thio
with LR was reported. Treatment of the complegd$ and
346 with LR in acetonitrile at room temperature gave the
fully thionated product847and348in 52 and 51% yields,
respectively (Scheme 98¥%

Thioketenyl complexes350 were synthesized in high
yields upon reactin®49 with LR in THF (Scheme 99)%

Synthesis of spirotellurene having two sulfur atoms was
reported wherein the reaction 861 with LR in toluene at
100°C for 2 days gave the unexpected prod8s8in 17%
yield. It was believed that the product was obtained through
the intermediate52 (Scheme 100j%¢

Cleavage of LR was observed during the preparation of
metal complexes. Treatment of LR with bis[bis(trimethyl-
silyl)lamino]germanium(ll) and bis[bis(trimethylsilyl)amino]-
tin(Il) produced the complexed54and355447 On the other
hand, the reaction with 1,3-dért-butyl-1,3,2-diazagermol-
2-ylidene yielded a spiro produ8b6.

H3CO OCHs
Qo
N 0
Me38|—N\M,S\ /; P-S S-P
N/

MesSi—N" S’ \CL I|3—SG(?S |l:

SiMe3 OCH3
354 M= Ge
355 M= Sn H,CO 56 OCH,

It was reported that the reaction of LR with bis-phosphine-
dihalide complexes of Ni, Pd, and B67 resulted in the
cleavage of LR to producg58 (Scheme 101)*8

In some cases, preparation of metal complexes of LR was
performed after cleavage of LR with bases and nuclephiles.
Treatment of LR with alcohol$}® amine, and bade’*5!
resulted in the production of dithiophosphonic acBE9,
phosphonodithioate360, and amidophosphonodithioate

Scheme 101. Reaction of Bis-phosphine-dihalide Complexes
with LR

R3P\ ,S\ _\S
/M\ /P\

R S” R
358

(R3P)2~M—(Cl)2 + LR —>
357

M(PR3),= Pt(PPhz),
Pt(dppe), P{(PEts),,

Pt(PMe,Ph),, Pd(dppe)
Pd(PMe,Ph),, Ni(dppe)

Scheme 102. Cleavage of LR with Bases and Nucleophiles

AI'/,_ /SH
LR + R-OH —— 1N
R= Me, Et, i-Pr RO S
T 359
iprin, S°
+ -PrNHy, — RO \\S
360
[CS)
MeO,, /SNa
+ MeONa —— Ar’P\\S
361

Ar= 4-MeOC5H4

Ozturk et al.

Scheme 103. Formation of Metal Complexes of 359, 360,
and 361

. CeH
1/2 [NBug]INi(CgF5)2(n-OH)]» R s, OR
[NBu,] NI p;
CeHs™ " NAr
362
Nichor "M% s g A R=Me, Et, i-Pr
300 —2——= R M p.
KzMC'Z S S/ ‘OMe
363
NiClor  PrHN, g s Ar
%1 — P S
K2MC[2 Ar S’ \S/ VNHI’-PI’
364

361 (Scheme 102). Their reactions with chelating agents
yielded the metal complexe362, 363 and 364 (Scheme
103).

Various analogues of LR were reported to be synthesized.
Modification was performed with the replacement of the
anisole moiety of LR with some groups such as MeS (Davy’s
reagent365°2453PhS (Yokoyama's reagerg 6305453455
4-CsHsOCsH,4 367,456457 Ph, t-Bu, i-BuS, EtS, 4-EtO€H:s,
EtN, CHsCH,, 3,5-ditert-butyl-4-hydroxyphenyl368452
ferrocenyl 369 369h%8459 and naphthalenyl 370
371a-371c¢4%0

S
\ S
R-P, PR
’ \\
S s

365 R= MeS (Davy's reagent)
366 R= PhS (Yokoyama's reagent)

367 R= 4-CgHsOCgH, S Fe
368 R= Ferrocenyl, Ph, {-Bu, i-BuS, @
4-EtOCgH,, EN, EtS, CHaCHa,
s 369a
Ho{ >§
o~
@) R
Fe S
\\P’S\PAC\/
\S/ \\ Q /S\
S Fe ’/P\ /P\\
© e
369b 370 (R= H, MeO)
s 3T g
S=p—S§ S=P—S§ S=P—S
371a
371b 371c

A selenium analogue of LR, which is called Woollins
reagen372 was reported to be synthesized by the reaction
of (PhP} with selenium in refluxing toluen®47 It was
successfully applied for the synthesis of seleno amfgé®
and benzoselenophents.
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Recently, two fluorous analogues of 1335 and374'6¢
were reported. They were indicated to be successfully use
for the thionation of carbonyl compounds.

S
\\ S,
F(F2C)s(H2C)40 N ,P\\ O(CHa)4(CF2)eF
S s
373
s R
\\ /S\
H,CO PR OCH,
S
R 374

R= (CH3)5(CF5);CF3;

3. Conclusion
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(27) Mishra, M.; Chowdhury, S. K. D.; Mahalanabis, K. iSynth.
Commun2004 34, 2681.

(28) Fu, T. Y.; Scheffer, J. R.; Trotter, Jetrahedron Lett1996 37,
2125.

(29) Pandey, R. K.; Isaac, M.; MacDonald, |.; Medforth C. J.; Senge, M.
O.; Dougherty, T. S.; Smith, K. MJ. Org. Chem1997, 62, 1463.
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Lawesson’s reagent has now been an indispensable reagen€33) Richeter, S.; Jeandon, C.; Gisselbrecht, J. P.; Graff, R.; Ruppert, R.;

for sulfur chemistry particularly for converting almost all
kinds of oxo groups to thios, which are important functional

groups to perform various organic reactions or to use them

as end products in material, medicinal, etc. chemistry.

Callot, H. J.Inorg. Chem.2004 43, 251.

(34) Bonini, B. F.; Comes-Franchini, M.; Fochi, M.; Mazzanti, G.; Ricci,
A.; Varchi, G. Tetrahedron Lett1999 40, 6473.

(35) Sato, M.; Asai, MJ. Organomet. Chen1992 430, 105.

(36) Vallee, Y.; Masson, S.; Ripoll, J. LTetrahedron199Q 46, 3921.

Lawesson’s reagent fast and slow reactions toward the (37) Read, C. E.; Martins, F. J. C.; Viljoen, A. NMetrahedron Lett2004

functional groups such as alcohols=0s, amides, ketones,

and esters provide the synthetic chemists with a tool of

designing their synthetic methodology accordingly. More-
over, LR is widely applied for the synthesis of almost all
kinds of heterocyclic compounds incorporating sulfur atom-
(s). Its range varies form thiophene to thiazole, thiazine,
thiadiazole, thiadiazine, dithiin and pyrazoles. It finds

widespread application in thionation reactions of peptides,
nucleosides, purines and pyrimidines. Reduction of sulfoxides
to sulfides could be concluded as another useful reaction of

LR.
LR is a reagent that can make surprises by giving

unexpected reactions, results of which lead the chemists to

new methodologies and reactions.
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