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Diethyl 2-nitro-(pentafluorosulfanyl)benzylphosphonates, available by the vicarious nucleophilic substitution reaction of meta- and

para-nitro-(pentafluorosulfanyl)benzenes and diethyl chloromethylphosphonate, undergo Horner—-Wadsworth—Emmons reaction

with aldehydes in the presence of potassium hydroxide in acetonitrile at ambient temperature to give (£)-2-nitro-1-alkenyl-(penta-

fluorosulfanyl)benzenes in good yields and high stereoselectivities. Follow-up transformations of the primary products provided

(E)-1-alkenyl-(pentafluorosulfanyl)benzenes and 2-(2-arylethyl)-(pentafluorosulfanyl)anilines.

Introduction

Although the pentafluorosulfanyl (SF5) containing compounds
have been known for more than half a century [1-4], they
remain a relatively underdeveloped class of compounds. This is
so despite the unusual combination of properties that the SF5
group possesses, such as high thermal and chemical stability,
high electronegativity and strong lipophilic character [2-7]. The
availability of SFs-containing compounds is very limited. Ali-
phatic SFs-containing compounds are available through free-
radical addition of toxic and expensive SF5Cl to unsaturated
compounds [8,9], and aromatic meta- and para-nitro-(penta-

fluorosufanyl)benzenes (1 and 2) are made by direct fluorin-

ation of the corresponding bis(nitrophenyl)disulfides [10-12].
A recent report also described a two step synthesis of SFs-
benzenes from diaryl disulfides avoiding the use of elemental
fluorine [13]. While the only known SgAr of 1 or 2 is the nitra-
tion of 2 under harsh conditions and in low yield [14], we have
recently described SNAr of the nitro group in compounds 1 and
2 with alkoxides and thiolates [15], vicarious nucleophilic
substitution (VNS) of the hydrogen with carbon [16], oxygen
[17] and nitrogen [18] nucleophiles, and the oxidative nucleo-
philic substitution with Grignard and alkyllithium reagents [19].
Reduction of the nitro group in 1 or 2 to (pentafluorosul-
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fanyl)anilines followed by acylation, SgAr halogenation or
diazotization (with follow-up reactions) has also been described
[11,20-22].

Alkenyl substituted SFs-benzenes or SFs-containing stilbene
derivatives are not known and would represent basic synthetic
intermediates towards more elaborate structures. We envi-
sioned a synthetic route towards these compounds through
Horner—Wadsworth—-Emmons (HWE) reaction of phosphonates
3 and 4, which are available by vicarious nucleophilic substitu-
tion (VNS) of commercial nitrobenzenes 1 and 2 with diethyl
chloromethylphosphonate [16]. If required, the nitro group can
be removed by a reduction/diazotization/reduction sequence
before or after the HWE reaction (Scheme 1).

The HWE reaction is a modification of the Wittig olefination in
which a phosphoryl-stabilized carbanion reacts with an alde-
hyde or ketone to form an alkene and a water-soluble phos-
phate ester [23-25]. In general, this reaction preferentially gives
more stable E-disubstituted alkenes, although several successful

attempts have been made to favor Z-alkenes [26-28].

Results and Discussion

The HWE reaction of phosphonate 3 with benzaldehyde in the
presence of a base giving stilbene derivative 5a was investi-
gated. At first, attempts were made to form Sa directly from 1
and diethyl chloromethylphosphonate by a two-step one-pot
process, involving VNS reaction in DMF with a three-fold
excess of -BuOK (—60 °C, 10 min), followed by the addition of
benzaldehyde (1.5 equiv) and warming of the reaction mixture
to 50 °C (Table 1, entry 1). These conditions provided the
expected 5a in good GCMS yield and high E/Z selectivity, but
called for rather long reaction time. By changing the solvent
from DMF to THF, we observed a less efficient first step (the
VNS reaction) with many unidentified side products being
formed (Table 1, entry 2). Therefore, all other experiments were
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carried out starting from isolated phosphonate 3. We found that
various bases mediate the HWE reaction. #~-BuOK in THF gave
good results; however, the reaction required heating to 50 °C
for at least one hour. With n-BulLi the reaction is complete at
ambient temperature in about half an hour. By using an
extended reaction time, much less basic potassium or caesium
carbonate in acetonitrile could also be used successfully.
Finally, we have identified potassium hydroxide as a very inex-
pensive and convenient base. The best results were obtained by
using 1.8 equiv of KOH in acetonitrile. The addition of small
amounts of water increased the reaction rate, presumably by
better solubilization of KOH and the formed potassium
diethylphosphate, and gave the required product Sa in 84%
isolated yield and high E/Z selectivity (Table 1, entry 13).

Using optimized reaction conditions (Table 1, entry 13), the
scope of the HWE reaction of various aldehydes with phospho-
nate 3 was explored (Table 2). Aromatic aldehydes with elec-
tron-donating groups required longer reaction times than those
with electron-acceptor groups. All tested aromatic aldehydes
provided compounds 5 in high isolated yields and selectivities.
Application of (E)-cinnamaldehyde (3f) led to the formation of
5f in only 43% yield. Compound 5f was configurationally stable
in solid form; however, we observed slow isomerization in solu-
tion (CDClj) at ambient temperature and in daylight (from E/Z
93:7 to 66:33 after 10 days). Reactions with ketones, even elec-
trophilic and non-enolizable ones such as 4,4'-dichlorobenzo-
phenone or 2,2,2-trifluoroacetophenone, did not provide the
expected alkene products.

Next, we investigated analogous HWE reactions of isomeric
phosphonate 4 with various aldehydes. Good yields of products
6 were obtained with both aromatic and aliphatic aldehydes. In
contrast to most of the reactions with 3, phosphonate 4 gave
exclusively E-isomers of 6 (Table 3). This improved selectivity
can be explained by relative differences in the stabilities and

NO2 1. t-BUOK (3-4 equiv) N NO2 <
A I DMF, -60 °C, 10 min pL base A
| ) + ciCHy—P-OEt - i OEt . 23%° _ |//
FoS OEt  2.HsO* FsF RCHO g
1 para-SFs ref [16] 13 para-SFs, 84% l .
2 meta-SF 5 1. reduction ' 4 meta-SF 5, 69% | 1. reduction
2.HNO, | 2. HNO,
HPO, ¥ HPO,
OEt R
7 X
S fom L (YY
= A
Fos” RCHO  f.g

Scheme 1: Proposed synthesis of alkenyl-(pentafluorosulfanyl)benzenes.
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Table 1: Optimization of HWE reaction of phosphonate 3 with benzaldehyde.

NO,
JOEt
P~
u OEt , PhcHO

SF5 (1.5 equiv)

3
Entry  Base (equiv) Solvent T(°C)
1¢ t-BuOK (3.0) DMF 50
2¢ t-BuOK (3.0) THF 50
3 t-BuOK (3.0) THF 50
4 t-BuOK (1.8) THF 50
5 t-BuOK (1.3) THF 50
6 n-BulLi (2.0) THF rt
7 LIHMDS (2.0) THF rt
8 K2CO3 (3.0) MeCN 60
9 CsyCO3 (1.8) MeCN rt
10 KOH (1.3) THF rt
11 KOH (1.9) THF rt
12 KOH (1.8) MeCN rt
13 KOH (1.8) MeCNd rt
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NO,
base X Ph
—_—

SFs

5a
t (min) 5a, Yield (%)?  E/Z°
960 83 97:3
120 58 >98:2
240 98 95:5
60 98 94:6
60 94 (68) 95:5
30 93 92:8
60 59 92:8
960 81 91:9
360 97 93:7
7 89 95:5
7 92 95:5
60 90 (67) 97:3
30 98 (84) 98:2

aDetermined by GCMS analysis (in brackets isolated yield). PDetermined by GCMS analysis of the crude reaction mixture. °Phosphonate 3 was
prepared in situ from 1 and diethyl chloromethylphosphonate (-60 °C, 10 min). 9Water (8 equiv) was added.

Table 2: HWE reactions of phosphonate 3 with aldehydes.

NO, NO,
o OE KOH (1.8 equiv) R
1 ~OEt + RCHO ——— >
0 H,O (8 equiv)
MeCN, rt
SFs SFs
3 5

Entry R (equiv) t(min) 5, Yield (%) 5, E/Z°

1 Ph (1.5) 30 5a, 84 98:2
2 4-NO,CgHs (17) 5 5b, 84 >99:1
3 4-CICgHa (1.1) 30 5¢, 85 98:2
4 4-MeOCgH,4 (1.5) 90 5d, 86 99:1
5 1-Naphthyl (1.2) 30 5e, 80 92:8
6 (E)-PhCH=CH (1.2) 40 5f, 43¢ 93:7d
7 Et (1.5) 90 5g, 67 94:6

8lsolated yield refers to the pure E-isomer unless noted otherwise.
bDetermined by GCMS analysis of the crude reaction mixture.
CIsolated yield referring to the 93:7 £/Z mixture. 9This ratio changed to
66:33 upon storage in CDClj3 solution at rt for 10 d.

reactivities of carbanions derived from phosphonates and reac-
tive intermediates. In reactions of phosphoryl-stabilized carban-
ions with aldehydes, several intermediates are formed
reversibly. Less-hindered intermediates A and A’, which elimi-

nate to E-alkene, exist in equilibrium with more-hindered inter-

Table 3: HWE reactions of phosphonate 4 with aldehydes.

NO,
_OEt NO,

F~ogt KOH R

fe) (1.8 equiv) X
ST ;0 (8 equiv)

2 equiv
MeCN, rt FsS
+ RCHO 6, E only

Entry R (equiv) t(min) 6, Yield (%)?
1 4-NO5CgHg (1.2) 30 6b, 97
2 4-CICgHg4 (1.1) 80 6c, 85
3 4-MeOCgHy (1.1) 260 6d, 76
4 n-CgH1z (1.1) 90 6h, 84

8lsolated yield.

mediates B and B’ giving Z-alkene (Scheme 2). In our reac-
tions, the stabilization of the negative charge in the deproto-
nated phosphonate is higher for 4 than for 3 due to conjugation
of the negative charge with the SF5 group in the former case
(o1(SF5) = 0.55, or(SF5) = 0.11 [5]). Consequently, 4~ is more
stable and less nucleophilic than 37, and therefore, in compari-
son to the A-to-B equilibrium the A’-to-B’ equilibrium is
shifted more towards A’ providing only (£)-6 product
(Scheme 2).
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Scheme 2: Reactive intermediates involved in HWE reactions to alkenes 5 and 6.

To demonstrate the versatility of this methodology leading to
new carbon-substituted SFs-benzenes, several transformations
of primary products 5 and 6 were performed. Reduction with
hydrogen (1 atm) in the presence of catalytic Raney nickel did
not provide full conversion to the respective anilines. Further-
more, the reaction mixtures contained products 7 and 8. At
higher pressure (20 atm), complete nitro group and C=C reduc-
tion of stilbenes 5 and 6 to compounds 7 and 8, respectively,
took place (Table 4). Several other conditions were tested, but
no system for selective reduction of the nitro group was found.

Diazotization was carried out with the aim to prepare 1,2-
diarylethane 9d from aniline 8d (Scheme 3). A combination of
sodium nitrite and phosphoric acid was used. (With HCI, substi-
tution of the amino function by a chlorine atom was observed,
and the use of HySOy4 resulted in low solubility of the formed
anilinium in water.) An ether cosolvent (Et,O or +-BuOMe) im-
proved the yield compared to aqueous or aqueous/THF
mixtures. The presence of reducing hypophosphorous acid
provided a mixture of the expected 9d and the cyclized product
10d resulting from electrophilic aromatic substitution of the

Table 4: Hydrogenation of stilbene derivatives 5 and 6.

NO, NH,
R Ra (et R
v EOH, i, 1-2h
X 50r6 X Tors

Entry 50or6 X Y R 7 or 8, Yield (%)@

1 5a SFs H Ph 7a, 87
2 6c H SFs 4-CiCgHs  8c, 64
3 6d H SFs 4-MeOCgHs 8d, 82

3lsolated yield.

substituted phenyl cation intermediate (formed by the decompo-
sition of the diazonium salt), to the electron-rich anisole ring in
an unusual mefa-position relative to the methoxy group. The
more activated para-position is unavailable, and the reaction in
ortho-positions would give too strained a product. The forma-

tion of the cyclized side product is not restricted to compounds
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MeO
Nty OMe OMe O
conditions
® — O *
FsS FsS O
FsS
8d 9d 10d
conditions 9d, yield 10d, yield
NaNO, (3 equiv), H3PO4 (15 equiv), H3PO, (30 equiv),
H,0, Et,0,-5°Ctort, 15h 50% 239,
NaNO, (3 equiv), H3PO4 (15 equiv),
H,O, t-BuOMe, -5 °C to 50 °C, 15 h 5% 51%

Scheme 3: Diazotization/reduction of 8d to 9d and the formation of unexpected cyclized product 10d.

with an electron-donor substituent on the aromatic ring. Simi-
larly to 8d, the cyclic product was detected by GCMS in diazo-
tization of compound 8c (product not isolated). Compound 10d
was fully characterized by spectroscopic methods, and the yield
was increased to 51% by performing the diazotization reaction
in the absence of a reducing reagent (Scheme 3). Aromatization
of 10d by oxidation using CAN was performed to give SFs-
substituted phenanthrene 11d in good yield (Scheme 4).

MeO. ! MeO !
F5S O FsS O

10d 11d, 77%

CAN (2.5 equiv)
MeOH, rt, 16 h

Scheme 4: Synthesis of substituted phenanthrene 11d.

To avoid problems with alkene reduction and electrophilic
aromatic substitution during nitro group removal, we decided to
try a different approach to the general synthesis of SFs-
containing stilbene derivatives, as demonstrated in the syn-
thesis of 13d shown in Scheme 5. The nitro group in phospho-

nate 4 was removed by a reduction/diazotization/reduction
sequence to give phosphonate 12 in good yield. The following
HWE reaction with 4-methoxybenzaldehyde afforded 13d in
good yield, exclusively as the E-isomer.

Conclusion

In conclusion, we have shown access to (£)-2-nitro-1-alkenyl-
(pentafluorosulfanyl)benzenes from nitro-(pentafluoro-
sulfonyl)benzenes by VNS reaction with diethyl chloromethyl-
phosphonate followed by stereoselective HWE reaction with
aldehydes. Reduction of (E)-2-nitro-1-alkenyl-(pentafluorosul-
fanyl)benzenes provided 2-(2-arylethyl)-(pentafluoro-
sulfanyl)anilines, and the formation of (£)-1-alkenyl-4-(penta-
fluorosulfanyl)benzenes was demonstrated from diethyl
4-(pentafluorosulfanyl)benzylphosphonates.

Supporting Information

Supporting Information File 1

Experimental details and characterization data for all new
compounds.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-8-131-S1.pdf]

NG 1. Hp (1 atm), Ra-Ni (cat.) OMe
JOEt 1. H; (1 atm), Ra-Ni (cat. _OFEt )
Pl EtOH.1t 35 h plor, 4MeOCGHLCHO (1 equiv), O
I > Il - AN
(0] 2. NaNO,, (5 equiv) (0] KOH (1.8 equiv),
FsS HCI (63 equiv) FsS H,O (8 equiv), Fes
4 H3PO, (41 equiv) 12, 79% MeCN, rt, 1 h 13d, 72%, E only

H,0, 0 °C to rt; rt, 20 min

Scheme 5: Synthesis of phosphonate 12 and SF5-stilbene derivative 13d.
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