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Received: 24.06.2024 In addition to its role as a selenium donor to carbonyl compounds, W.R. has found applications
Accepted after revision: 23.08.2024 in various other reactions, including the formation of heterocycles containing phosphorus
E‘g’l!'T;ffoc’sns"/’;i;8161_?'722%21‘;(6\_":;'"’3Osf(f_ezcoc’zri)%_oozS_GR and/or selenium, macrocycle formation, stereospecific generation of (E)-olefins, and regiose-
T ' ’ lective reduction of unsaturated bonds, among others. The synthesis of the reagent employs
it (s @@ recent and optimized methodologies, resulting in a high level of purity and excellent yields
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e ”;‘.r“t”“ed U, d'SIF”b”t"’”ba”j (r)e"“’d”c“"”’ SOl e 1R e e e Ry B Gl ek It is noteworthy that selenium compounds have diverse applications across various industrial
A e i sectors, contributing to their economic value. These applications span multiple fields, such as
the pharmaceutical sector,!™ including veterinary pharmacology;! agricultural practices us-

Abstract Woollins’ reagent (W.R.) was initially used for the selenation of carbonyl compounds. However, various

synthetic applications utilizing this reagent have since been discovered, making it increasingly useful. Examples in- ing selenium compounds in fertiliz.ers,. pesticides and fu.ngicides;‘l t.he synthesis (_)f natU@l
clude the formation of heterocycles, the stereospecific reduction of olefins, and the synthesis of selenoic acids, products and their analogs;'* modification of the mechanical properties of polymeric materi-
among others. Consequently, synthetic studies of W.R. derivatives have become increasingly relevant due to the als;" and cosmetics.'™ Hence, the synthetic exploration of selenium-derived compounds as-
growing demand for selenated compounds in various applications. Two notable examples are the agricultural sec- sumes increasing importance and necessity.

tor, with the development of pesticides, and the pharmaceutical sector, with the development of antivirals, antioxi-
dants, and neuroprotectors, among others. Hence, this graphical review aims to address the synthetic diversity
that W.R. can provide, presenting examples of its main synthetic uses.

Key words carbonyl selenation, cyclization, stereoselectivity, heterocycles, macrocycles, (E)-olefination, regiose-
lective reduction, selenoamide

Woollins’ reagent (W.R.; C;,H;oP,Se,) is a dark red solid with an unpleasant odor. While this
compound poses no inherent risks during handling, it should be stored at approximately 2 °Cin
an inert environment to maintain its integrity due to its hygroscopic nature.' W.R. has
emerged as an analogue to Lawesson’s reagent (LR), both functioning as chalcogen-donating
agents for carbonyl compounds, with selenium replacing the oxygen and sulfur in LW.!><
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2. Carbonyl Selenation
1. Formation of Woollin's Reagent (W.R.)

a) Selenation of amides
¢ Formation of W.R. via two high-yielding methodologies.

» Both methods yield excellent results but differ primarily in the first stage: one faces challenges with

liquid ammonia but has a fast reaction time, while the other uses milder conditions but requires a j\ Se 0 s
longer reaction time. R" W.R. " ©
i -R
RTON RJ\N RJ\N W.R. P§
cl Se R Benzene, r.t. L Q — R™ 'N
\H CI\P’ 5 1220 h R Toluene, 130 °C
3 Toluene 7
a® + Segacy —— > MNaSe + ——— S5 R, R', R" = H or alkyl 21-85% Bl
-78°C Reflux P~ W.R. 13 examples

20 min 64 h 2 7 & (99%)

Se
= : ( ! N <:: \ISI,—N b N
' 1
(1d) Holler, Inorg. Chem. 2017, 56, 12670. ; &O __WR (& ‘:> © Q
; N
: Se

I\I/Ie Benzene rt. N N
Gl Cl Se 00 92% 88%
Naphthalene Toluene R
a® + Se, ————> NagSe + . Sé 2b) Saha, J. Org. Chem. 2022, 87, 613.
®) TIHE Tt Reflux ¢ WR. &SG (D) Sana J. Org o
24h 60 h & (96%) N N se
Me Me Further examples:
(1e) Woollins, ACS Omega 2021, 6, 31226. 74% 61%
(2c) Szostak, Angew. Chem. Int. Ed. 2022, 61, €202207346.
"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" ' (2a) Wessjohann, Tetrahedron Lett. 2003, 44, 6911. (2d) Maruyama, J. Org. Chem. 2014, 79, 4930.
b) Selenation of ketones e e e e e e e e e e e
i 3. Nitrile Reduct
e : itrile Reduction Ry— . o R.—=
W.R. ' \ 7/ — N
/A —_— /A ! (3a) Woollins, Org. Lett. 2006, 8, 5251. chiencleflin el
O O CH,Clp, 100 °C O O : ii. HoO, reflux, 1 h
12-20 h H
R R -
R R Se Se Se
; CI
Se Se E NH; NH; NH, Ha
1 100% 91% 100% 95% 68% 1 00%
/A /A YA :
i Cl
Se Se
H Cl cl HoOC COOH | Br~©—/( F@—/(
32% 65% 54% : NH NH
i 92% 89% 87% o 98°/ b
' Cl 34% OMe ° 100% OMe
(2€) Yi, J. Am. Chem. Soc. 2022, 144, 3957. : =\ ,° Se O
' \ / F5C- < > { Se O
Further examples: : Med . OM NHz NH, Q
: O 83% ome 90% go% NH2 86%
(2f) Woollins, Chem. Eur. J. 2005, 11, 6221. !
e e e MeO
. Se Se
Further examples: @_{ W @_( OgN@
(3b) Procter, Org. Lett. 2017, 19, 50. 1000 NHe 5% 50% oo N2 pi)

Figure 1 Formation of Woollins’ reagent and carbonyl selenylation
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4. Preparation of heterocycles containing Se/N/O from carbonyl compounds

a) Heterocycles containing only selenium

W R.
Toluene reflux O O
20 h
R =H or alkyl 83-99%
7 examples

(4a) Woollins, Org. Biomol. Chem. 2010, 8, 1655.

W.R.

Toluene, r.t.
2h

(4b) Zhang, Asian J. Org. Chem. 2018, 7, 2213.

Further examples:

(4c) Hamura, Chem. Lett. 2017, 46, 703.
(4d) Takashi, JP Patent 2016160239, 2016.

o) o
Z R e} R W.R. R-_O_R R
R or H — U + R
5 = MeOH, r.t.
1-2h 15-18% 42-68%
R, R' = Aryl or alkyl 12 examples

(4j) Jaisankar, Synlett2012, 23, 2615.

Figure 2 Formation of heterocycles containing selenium, nitrogen, and oxygen atoms
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b) Heterocycles containing nitrogen and selenium

(4e) Wool
Chem. 20

(j/( )\O
99%
(0]
e/\
Ph_Se_ S R)I\)N st o oS

e ol .
P' ,P \ Se—llj 0} |
s& 7% Phn R._NH Se NH-NH—|—Se

(0]
W.R.
lins, Eur. J. Org. RJ\ NH__R' e —
09, 1612. NH ;[)f TOIuer;e';ref|ux

R, R' = ethoxy, furanyl,
pyridyl, thiophenyl, aryl

Selected examples:

o
PhUPh

16%

* i
Ph
Ph)W !
e} 1
61% :
The expected product, the heterocycle, is formed, but in low

yield compared to the co-product of double bond reduction.
This issue will be addressed in Section 5 (Figure 3).

(€] @
O--P=Se

Se '
R R
\« W/
N—N

51-99%
36 examples

Cre

51%
t
P Ph
P Se
Dl Q NH- NH+
9
2(PhP:Se)
NH NH

 Further examples:

(49) Murineddu, Eur. J. Med. Chem.
2022, 238, 114440.

(4h) Woollins, Synlett 2015, 26, 839.
(4i) Frafski, J. Heterocycl. Chem. 2012,
49, 1266.
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5. Chemoselective reduction of conjugated 1,4-dicarbonyl compounds Generical mechanistic proposal for this reduction
Ph, Se&_ Se
. . ) . . . . NI Se
As observed in Section 4c (Figure 2), the heterocycle is not the major product when a conjugated dicarbonyl //P\ /P\ = 2 }':',\
structure is present; rather, a chemoselective reduction product of unsaturation predominates. S¢ Sé Ph Ph “Se
Se
This section presents various examples validating this observation and a mechanistic proposal. 4 /\.S% Ph\;:',,.‘\‘
AL R B Se) “OH
. . . R ' N —_— . _—
Previous reaction: Section 4c Ph} Se P Y R'
R
¢
' R’ W.R. ' 9 /“O“\ ®
R™ A or ( @ —— = B -R - _R 1%
=7 MeOH, r.t. G
1-2h 15-18% 42-68% Both references 4j and 5 provide corroborative mechanistic proposals.
14 examples
= el
)@ Q/ /©/ 6. Stereoselective synthesis of (E)-olefins by a reductive coupling reaction

Cr or oy
67% Z 64% Br 68%

carbonyl compound. This forms a betaine
intermediate that rearranges and eliminates

(5) Mahler, Tetrahedron Lett. 2017, 58, 1445. PhP(Se)(0), resulting in the olefin.

+  Sel
R
R™ 1 o)
1
* Ps
Ph "Se

An additional interesting application:

(6a) Woollins, Dalton Trans. 2007, 1477.

5 o W.R R i
' 2 8 _ /C:C\ 1 A recent study demonstrated that it is possible to
(4j) Jaisankar, Synlett2012, 23, 2615. E R™R Toluene. reflux R R' E perform coupling (in this case, symmetric) to form
E R = Aryl 20 h (53-100%) E highly electron-deficient structures, leading to the
/OMe - /OMe E R = Aryl, alkyl or H 15 examples E formation of novel stable radical ions, as shown below.
R" H |
h o
YN xe W.R. NN xe ; Me H O >
R' N:<N/ Toluene, r.t. R N_<N/ ; N 0 N d i
g overnight 2 25-89% . O Ve O 63% <O H 60% .
16 examples H ]
X=SorSe H Me .
R, R'=Hor Me : :
R" = Aryl or thiophenyl ! 100% 1
= cl. Cl : :
\ _OMe g _OMe 5 ‘
OMe : . " H
e + Proposed mechanism for the formation of (E)-olefins '
_N‘ S— —N S— !
mé N mé N=( =N se. ; Se,_Se__Ph
N~ N ve N= ] : o o Pse P\\S R @ph R Ph
1 e o— ~—p—
55% Me 77% Me 67% HN ! R,&':\R. - R{Ce F{\Se - RF—P-SG —_—
- = : /
5 / _-OMe MeO—\ _OMe : RZC=O
1 The reaction involves a Wittig-like R /
" _N\N=<S\ MeO =N S : intermediate. An arylketone or aldehyde o = This trans intermediate is favored
N— H N_< _ : reacts with the W.R. to form a phosphorus o I =l due t? less .sterlcvhmdrance than
50% | 89% }-iN E ylide, which then reacts with another Se” *  prYge * o 4 the cis configuration.

Figure 3 Chemoselective reduction of conjugated 1,4-dicarbonyl compounds, stereoselective synthesis of (E)-olefins by a reductive coupling reaction and the respective mechanistic proposals
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7. Preparation of heterocycles containing phosphorus b) Formation of macrocyclic compounds

HO
a) Cyclization using Schiff bases Q Se Se N\l/o\,:\/NaH @\
PP, i
7 ot i. THF,50°C, 1 h
R W.R. Se¢” ‘Se : ~p—-O o\P\/ij
on,, T w Trscen e A
R" Reflux, 7 h , . : ’ >
R, R, R" = H, OMe, aryl or alkyl i 34-67%
7 examples
OMe
oue £ e W j}(ﬁ
S P.
Q\g_/N Se///P Rese 4"3 O‘ﬁ’t
% 67% S Se
H 66% H 88% 53%

. (7b) Woollins, Chem. Eur. J. 2016, 22, 7782.
Two exceptions were observed:

OMe
OM
MeO OMe W.R. e 2
N - > H | HO OH

é Toluene N N !
Reflux, 7 h . 43% :
H erlux, Se:[p\ /P\:Se 1eq. :
/ Ph S€ Pph Ph. Se Se >
s PGPS Toluene or '
©\)\/ W.R. se. Ph S¢” 'Se Ph Reflux, 7 h :
—_— > N\, N
o~ N Toluene P\S / WR - i
Reflux, 7 h €8 :
61% \

HN

(7a) Woollins, Eur. J. Inorg. Chem. 2019, 2019, 4682.

E SGQ/SG

Mechanistic proposal describing the correlation between the increase in equivalents and the onset of macrocycle decomposition

HO. 4 ™ = naphthacene-2,3-diyl 29%
1eq. -
HO

Isolated macrocycle was
treated with 1 more
arenediol equivalent

Decomposition

4 examples

1,2-CHyCgHaCHy (57%)
_1,3-CH,CgH4CH (49%)
= 1,4-CH,CgH4CH, (88%)

CHoCH,CH, (53%)

These macrocycles do not have a long lifetime due to their low stability and can decompose into a five-membered heterocycle. Another
study by this same group aimed to demonstrate this decomposition with two different arenediols, and reported the involved mechanism:

7N\
o 0
Decomposition s \Ph
3M =1,2-CgHs 42%
or
4 ™ = naphthacene-2,3-diyl
53%
VRS
°N /O
s¢ “ph
3™ =1,2-CgH4 98%
or

4 ™ = naphthacene-2,3-diyl 99%

. on
N OH Se Y .
OH :OH Se\\(‘/Se\ Ph ®(|)H | _Ph  H*transfer 9 SeH i+ transfer Q O‘C/SeH S‘QQ i Ph
- PR — = SesP RT - Se=P /p\\’-ph ——>  Seil /P\—Ph — \/P\’\/P< 1 equivalent product
Ph Sé Se Ph Sé Se Ph S6 (Se Ph 56 Cgen —HpSe h Sé )\Se
o H* transfer
—~ OH :OH
Intermolecular /‘\OO Ph_Se HSe 0O O,)/ph ~—

H* transfer ;
~—————— HSe—P=Se *+ O/P\OH I — Ph/// /A >Se
. o N

se O\,
" \_0H
2 equivalent product 2 equivalent product

Figure 4 Preparation of heterocycles containing phosphorus, and the formation of macrocyclic compounds along with mechanistic proposals

(7c) Woollins, Eur. J. Org. Chem. 2010, 2010, 2607.
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8. Selenoic acid formation 10. Replacement of hydrogen within hydroxy, amino, and/or mercapto groups

Further examples: a) Alcohol substrate b) Amine substrate c) Mercapto substrate

)OI\ W.R. o) (8b) Yamamoto, J. Med. Chem. 2012, 55, |
> 7696. : Se
OH Vacuum SeH . H _ W.R. n R W.R. Se R Se
70°C, 24 h 6o (8c) Yamamoto, Bioinorg. Chem. Appl. : R-OH W |I::_o R-NH lIDI—N'\ HS/O\SH W.R. i
o 2018, 28, 2256. : poA SeH THF I H Toluene R
(8d) Ellman, ACS Cent. Sci. 2017, 3, 1322. ! 60°C rt,2h SeH 130°C, 6 h §o
. 15-60 min 83-91% — )
(8a) Védova, Angew. Chem. Int. Ed. 2008, 47, 10114, ; 3 examples 997 24-87%
------------------------------------------------------------------------------------------ ! R = Me, Et, i-Pr R = Alkyl or aryl 7 examples < = Alkyl or aryl 5 examples
9. Sulfoxide deoxygenation to sulfides . .
(10i) Woollins, ARKIVOC 2016, (iii), 9.

637, 1800.
Further examples:

2 W.R. s (42) Woollins, Org. Biomol. Chem. 2010, §, 1655, | Further examples:
S\R m R7TOR 81-99% 10b) Woollins, Tetrahedron Lett. 2015, 71, 1792. (10f) Woollins, Phosphorus, Sulfur Silicon

(
12 examples (10c) Woollins, Tetrahedron Lett. 2008, 64, 5442. Relat. Elem. 2016, 1917, 341.
(

R, R'= Alkyl oraryl  Reflux,20 h

ortn IO e O O

10d) Woollins, Chem. Commun. 2024, 50, 6214. (10g) Woollins, Tetrahedron 2013, 69,
5299.

(10a) Woollins, Dalton Trans. 2005, 2188. (10e) Woollins, Z. Anorg. Allg. Chem. 2011,
(10h) Woollins, Eur. J. Org. Chem. 2013,

99% 99% 99% 99%

@@@@r@

b) Organometallic formation
99% 99% 93% oc, 0

! oc ,'Cr---@

a 1,9 W.R. Q/P—Se + 1 more

11. Organometallic transformations

a) Ligand substitution

Further examples:
(11b) Robinson, Inorg. Chim. Acta 2016, 440,1.

(11d) Rothenberger, Dalton Trans. 2007, 4255.

(9) Woollins, Tetrahedron Lett. 2007, 48, 3677. (11e) Rothenberger, Z. Anorg. Allg. Chem. 2007, 633, 440.

: W.R.
<O7 AcOK
\ Toluene
. wCO : Reflux, 3 h
Proposed mechanism: \Cr Cr S ——— - ' !
P & Toluene L .S_\‘érxp @ product rt, 4w
s o = rah od ‘co 58% :
€, H
Ph N8 Se se_ N\ R . ;
//P\ /P\ — 2 ":',\ - F@ 0§ —> g ‘S’R !
s¢ s¢ Ph PR "Se PIENSe VR s& o) R :
@ : . i. W.R.
8 + rt,3h
o=g| o & 7o Q 2N AOE SeNa _ii. NiCl e
Q R Ph (se) I or-c”o WR N Se Se r2more | ©® 60°C 3h RZSNIL P
Py, —  SS ph’P\\o oc’ i Toluene Se Se p products ! J Og¢ Ogg¢ 36
PN 7S o4 R Co u NV : NZ@
60°C,3h Cr—O ' Na:
8 (®) CI) O
o @R o7 e R 18% : ( 7 70%
Se—siﬂ —_— R/S\R. B — Se—SiR . . E
(11a) Ooi, Inorg. Chim. Acta 2011, 366, 350. ! (11c) Rothenberger, Chem. Eur. J. 2006, 13, 598.
. :
Sef i Further examples:

Figure 5 Selenoic acid formation, sulfoxide reduction (with a mechanistic proposal), hydrogen replacement and organometallic transformations/formation
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12. Natural product applications

a) Selenocysteine and derivatives

X L
i. W.R.
0N MeCN, reflux, 2 h rHN" "0
_—_— Se
WO ii. NaBH,4, MeOH \X(O
2
O-g RO 11-82%
R = Me, Et, i-Pr 10 examples
R =Me, H
R" = Me, i-Pr, t-Bu, Ph, Bn
Me tBu Bn
HHNAO HHNAO HHN/&O
Se o Se o Se 0
2 2 2
_0 0
Me Me/o Me
82% 39% 44%
Me Me
Me HNAO Me HNAO
Se\)%o Se\)%o
2 2
o)
Et” i-Pr/o
37% 22%

This study also demonstrates the possibility of obtaining one of the
diastereomers (L-selenocysteine and its derivatives) with up to 99%
diastereomeric excess, highlighting significant synthetic potential.

(12a) Miyazaki, Proc. Natl. Acad. Sci., India, Sect. A Phys. Sci. 2016, 86, 499.

Figure 6 Natural product applications
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b) 6-Selenocaffeine

O / Se /
~ ) N W.R. ~ ) N
j\ | /> p-xylene, 170 °C j\ | />
O ’i‘ N MW, 3 h O ’i‘ N

42%

(12b) Antunes, Molecules 2013, 18, 5251.

W.R.

D ——
MeCN, 150 °C
MW, 5 min

HO

OH Se

(12c) Antunes, J. Med. Chem. 2015, 58, 4250.
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