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Introduction

Due to their high atom economy and versatility, conjugate
additions have long been recognised as efficient carbon-
carbon and carbon-heteroatom bond forming reactions.’
Thiourea catalysts have been used to catalyse a wide range of
conjugate addition reactions wvia hydrogen bonding
catalysis.”>” Although vinylphosphoryl compounds have been
used as substrates in other organocatalysed reactions,®® to
the best of our knowledge, there are no examples of thioureas
being used to catalyse conjugate additions to unactivated vinyl-
phosphoryl compounds. There is evidence that phosphoryl
compounds are significantly stronger H-bond acceptors than
similar carbonyl compounds (Fig. 1A)."” We hypothesised that
this H-bond acceptor ability could make «o,f-unsaturated
phosph(in/on)ates suitable substrates for H-bonding catalysis.
However, o,f-unsaturated phosphoryl compounds show lower
reactivity compared to other more commonly used conjugated
electrophiles. Their reduced ability to stabilise a-anionic
charges can be inferred from the relatively high pK, of the
a-protons in phosphoryl compounds compared to similar
nitro and carbonyl compounds (including esters) (Fig. 1B).
Indeed, Alexakis and co-workers have noted that diethyl vinyl-
phosphonate was an unsuitable substrate in enamine-cata-
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was used to synthesise 15 f-aminophosphonates and -phosphinates in yields up to 99%. A gram-scale
example furnished the corresponding p-aminophosphonate in an isolated yield of 99% with 97% catalyst
recovery. Based on mechanistic experiments, hydrogen bonding between the phosphoryl oxygen and
thiourea are proposed to play a crucial role in substrate activation.

lysed conjugate additions."® We hypothesised that the strong
H-bonding interaction between phosphoryl compounds and
thioureas could help to stabilise negative charge build up on
the a-carbon during C-Nu bond formation and in the inter-
mediate species formed (Fig. 1C). This would increase reactiv-
ity toward conjugate addition and enable the synthesis of valu-
able compounds in an efficient manner.

f-Aminophosphonic acids and their esters are medicinally
relevant molecules. They are bioisoteres of f-amino acids and
can act as mimics of the tetrahedral intermediate formed
during enzyme-catalysed hydrolysis of esters.”> These pro-
perties lead to a wide variety of biological activities.”® They
have found wuse as drugs, such as receptor antagonist

A. H-Bond acceptor ability of phosphoryl and carbonyl groups
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Fig. 1 (A) Phosphonates make stronger H-bonds with phenol com-

pared to carboxylic esters.’” (B) pK, of protons « to functional groups
found in conjugate addition electrophiles.*®=* (C) Hypothesis for the
activation of o,p-unsaturated phosphonates toward conjugate additions.
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Perzinfotel which has been investigated as an anti-stroke
agent,” antibacterial agents,”® and as enzyme inhibitors®®
(Fig. 2). Existing syntheses of these compounds include:
Arbuzov reactions between phosphites and f-aminoalkyl
halides®”® and  nucleophilic  substitution  between
B-halophosphonates and amines.”*?° Both of these routes
suffer from poor yields, a requirement for high temperatures
and generation of stoichiometric waste products. Conjugate
addition of H-phosphonates to a,p-unsaturated nitro com-
pounds,*! followed by reduction could also be used. However,
this route requires multiple steps and only gives primary
amines. Routes involving nucleophilic addition to
N-heterocycles have also been reported.’>** However, these
methods require the synthesis of complex starting materials.

In principle, conjugate additions of amines to
a,f-unsaturated phosph(in/on)ates could provide efficient
access to f-aminophosph(in/on)ates. However the efficiency of
this approach is often reduced due to the poor electrophilicity
of a,f-unsaturated phosph(in/on)ates. Excess of one reaction
partner, stoichiometric additives, high temperatures or a com-
bination of these drawbacks are usually required to compen-
sate for the low electrophilicity.>*° Use of water as solvent
has been reported to give shorter reaction times in the conju-
gate addition of amines to o,f-unsaturated phosphonates.*®™*?
However sometimes higher temperatures (up to 100 °C) and/or
extended reaction times are still required, and other literature
reports using water as solvent sometimes require very long
times and/or significant heating.**"** This renders sensitive
substrates incompatible with the methodology.

Reports of amines being used as nucleophiles in thiourea-
catalysed conjugate additions are mostly limited to intra-
molecular versions or sp*-hybridised N-nucleophiles.*®™°
Thiourea-catalysed intermolecular conjugate additions using
other amines as nucleophiles are rare in the literature.’™>
Seidel and co-workers recently reported thiourea-catalysed con-
jugate additions of amines to o,p-unsaturated esters.>> They
identified both reaction partners as challenging substrates and
found that simple, more established thiourea catalysts were
not suitable for this transformation. To achieve high yield and
enantioselectivity, a complex bifunctional selenourea-thiourea
catalyst was required. They attributed the need for a more
complex catalyst to the low reactivity of the substrates.

To-date an efficient conjugate addition of amines to
a,p-unsaturated phosphonates compatible with a variety of
organic solvents has not been reported. Based on the strong
hydrogen bonding acceptor ability of phosphoryl bonds and
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Fig. 2 Examples of biologically active p-aminophosph(in/on)ates.?*~2¢
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Fig. 3 Target: an equimolar thiourea-catalysed conjugate addition of
amines to a,f-unsaturated phosph(in/on)ates at ambient temperatures in
organic solvents.

the hypothesis that water catalyses this reaction via
H-bonding,**>* we hypothesised that thiourea catalysts could
be used to efficiently synthesise f-aminophosphonates via con-
jugate additions. To maximise the efficiency of the process, we
aimed to avoid the use of high temperatures, and to use an

equimolar amount of each staring material (Fig. 3).

Results and discussion

We began by establishing that Schreiner’s catalyst 1 could
accelerate the reaction of benzylamine with diethyl vinylphos-
phonate 2. In the presence of catalyst 1, 2 was converted to the
corresponding f-aminophosphonate 3a in 73% yield, com-
pared to 43% in the absence of catalyst (Scheme 1).

Following on from this initial hit, optimisation of the reac-
tion conditions was carried out. In the absence of catalyst, at
room temperature in toluene, a yield of less than 1% of 3a was
observed after 20 h (Table 1, entry 1). With 10 mol% of catalyst
1, the yield improved to 33% (Table 1, entry 2). Next, a range of
different thiourea catalysts were tested in the reaction. Catalyst
1 proved to be the most efficient in a screen (Table 1, entries
2-6). Increasing catalyst loading to 20 mol% brought the yield
to 46% (Table 1, entries 7 and 8). A solvent screen showed
Et,O to be the best solvent tested (Table 1, entry 11). Slightly
increasing the temperature to 30 °C gave 3a in 78% yield after
20 h (Table 1, entry 14). Crucially these reactions were all
carried out using a 1:1 molar ratio of amine: phosphonate
and did not require high temperatures.

With suitable conditions in hand, a range of different
amines were tested as nucleophiles (Table 2). Cyclic and
acyclic secondary amines were well tolerated with pyrrolidine,
piperidine, morpholine and diethylamine all giving excellent
yields of the corresponding p-aminophosphonates (3b-e).
Primary amines other than benzylamine were also well toler-
ated; 2-aminoethanol underwent conjugate addition with good

Q s Cat. 1 (0 or 10 mol%) Q
- P\% + Ph NH, - P\/\ S
EtO” | o EtO” | N Ph
OEt THF, 67 °C,18 h OEt H
2 3a
10 mol%: 73%

no catalyst: 43%

Scheme 1 Proof-of-concept for thiourea-catalysed conjugate addition
of amines to a,f-unsaturated phosphonates. Reaction conditions: diethyl
vinylphosphonate (0.2 mmol), catalyst (0 or 0.02 mmol), benzylamine
(0.2 mmol) and THF (0.25 mL). Yields measured by 3!P NMR analysis
based on conversion of starting material.

This journal is © The Royal Society of Chemistry 2023
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Table 1 Optimisation of thiourea-catalysed addition of benzylamine to 27

~ Catalyst (x mol%)

1 1
Ph NH. + X P P
2 " NT0R T sovent i 20h Ph” N Rt
OEt H OFEt
2 3a
S ‘ g—Bu S
Ar J\ _Ar X ) s Ph _N A NJ\N,N
NN Sorie TN
Ar—NH HN—Ar PR O
1 4: X=S 5
8:X=0

X
N~ NH CFy
. , A e
Catalyst loading ~ Temp Yield”

Entry  Catalyst  (mol%) (°C) Solvent (%)
1 — — rt Toluene <1
2 1 10 rt Toluene 33
3 1 10 rt Toluene 20
4 5 10 t Toluene 10
5 6 10 rt Toluene 12
6 7 10 It Toluene 24
7 1 5 rt Toluene 29
8 1 20 t Toluene 46
9 1 10 rt THF 45
10 1 10 rt CH,Cl, 30
11 1 10 rt Et,O 48
12 1 10 rt MeCN 2
13 1 20 rt Et,O 73
14 1 20 30 Et,0 78
15 — 20 30 Et,O0 4

“Reaction conditions: diethyl Vinylghosphonate (0.1 mmol), amine
(0.1 mmol) and solvent (0.2 mL). “Measured by *'P NMR analysis
based on conversion of starting material.

Table 2 Scope of thiourea-catalysed conjugate additions of amines to
vinylphosphoryl compounds

R! Cat 1 (20 mol%)

1l
ii/T\/\N*R‘
s |

R Et,0 (0.5 M), 30°C, 20 h &

2° Amines
o

0
i i
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o
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o
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e o
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P P K/o " k/o

9a 9b 9c

79%F 86%!8 83%!8

>99%M! >99%M 93%!

Reaction conditions: phosph(in/fon)ate (0.1 mmol), catalyst

(0.02 mmol), amine (0.1 mmol) and Et,0 (0.2 mL). “Isolated by
column chromatography. ?Measured by *'P NMR analysis based on
conversion of starting material. “Isolated using liquid/liquid
extractions.
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yield and excellent site-selectivity for N-alkylation (based on 'H
NMR spectroscopic analysis of the crude material). The more
sterically encumbered cyclohexylamine, a-methylbenzylamine
and tert-butylamine gave moderate yields of 3g-3i, respectively.
We noted that when primary amines were used, double
addition products were not observed by *'P NMR analysis.
Even when excess equivalents of 2 were used dialkylation was
not observed although yields of the monoalkylated product
were increased. To investigate this observation, isolated 3a was
resubjected to standard reaction conditions, again no dialkyla-
tion was observed. Addition of diethylamine to 2 was also
attempted in the presence of 1 equiv. of 3a. A reduced yield of
62% of 3e was obtained. This result is consistent with product
inhibition of catalysis. The presence of a H-bond accepting
phosphoryl group in 3a could lead to non-constructive off-
cycle catalyst-substrate interactions which reduce the rate of
conjugate addition. Next the use of a,p-unsaturated phosphi-
nates was investigated. Ethyl phenylvinylphosphinate reacted
with pyrrolidine and morpholine to give 9a and 9b, respect-
ively, in excellent yields. n-Butyl phenylphosphinate was also
well tolerated furnishing 9c in excellent yield. Anilines were
not tolerated and no product was observed by '"H NMR analysis
even when the reaction was carried out in refluxing toluene
using aniline or p-methoxyaniline.

The robustness of the reaction was demonstrated on a 1 g
scale (Scheme 2). The addition of pyrrolidine to diethyl vinyl-
phosphonate 2 gave 3b in a 99% isolated yield using only
liquid/liquid extractions. Avoiding column chromatography
was particularly useful as the f-aminophosph(in/on)ate pro-
ducts were typically challenging substrates for column chrom-
atography. The catalyst could also be recovered in 97% yield
using only liquid/liquid extractions and was used in sub-
sequent reactions without compromising the yield. A portion
of 3b synthesised using this methodology was then converted
to phosphonic acid 10 using TMSBr (Scheme 2).>> This route
provides access to 10 in 99% yield over three steps, using com-
mercially available starting materials and avoiding column
chromatography.

Thiourea catalysts are known to act as both hydrogen
bonding and Brensted acid catalysts.>*™® For example, in
Seidel’s selenourea-thiourea-catalysed conjugate addition of
amines to a,p-unsaturated esters, the catalyst is proposed to
act as a Brgnsted acid, protonating the a-carbon after addition

9 N Cat 1 (10 mol%) i 1429, 99%

P~ + Q B PLNFaN catalyst recovery: 97%

B0 | a/ g0t 20n O g NQ column chromatography free
2 3b

1.00g

1. TMSBY, CH,Cly, 1t, 20 h
2.MeOH, t, 2h

I
_P.
HO™ I "N 82mg
OH quantitative yield

10

Scheme 2 Gram-scale synthesis of 3b and synthesis of phosphonic
acid 10.
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Table 3 Investigation into the effect of p-nitrobenzoic acid on
thiourea-catalysed conjugate additions?

Cat. 1 (x mol%)

ﬂ PN p-nitrobenzoic acid (x mol%) ﬂ
P~ + Ph NH, R EEEE—— PO NN
Eo 6;/ ’ Et,0,30°C, 20 h BOTLT N Ph
2 3a
Catalyst 1 p-Nitrobenzoic Yield”
Entry (mol%) acid (mol%) (%)
1 0 0 <1
2 20 0 78
3 0 20 27
4 20 20 79

“Diethyl vinylphosphonate (0.1 mmol) benzylamine (0.1 mmol) Et,O
(0.2 mmol). ® Measured by *'P NMR based on conversion of starting
material.

of the amine.>® A control experiment was designed to elucidate
the mode of catalysis occurring under our reaction conditions
(Table 3). p-Nitrobenzoic acid, which has a pK, similar to cata-
lyst 1 (9.1 vs. 8.5 in DMSO0),>'” was tested as a catalyst in the
addition of benzylamine to diethyl vinylphosphonate 2. Some
catalysis was observed, however yields were significantly lower
than those obtained using catalyst 1. When p-nitrobenzoic
acid and catalyst 1 were used as co-catalysts, the yield was com-
parable to the yield obtained when just catalyst 1 was used
(Table 3, entry 4). These results suggest that catalyst 1 has a
mode of action beyond simply acting as a Brgnsted acid cata-
lyst. The dual H-bonding ability of catalyst 1 is likely the cause
of the significantly increased yield compared to a similarly
acidic single H-bond donor such as p-nitrobenzoic acid.

Next a series of NMR experiments were carried out to probe
the nature of the catalyst-substrate interactions. NMR analysis
has previously been used to provide evidence for H-bonding
interactions between thiourea catalysts and substrates.’*®' We
noted that the solubility of catalyst 1 in CDCl; was increased
dramatically in the presence of diethyl vinylphosphonate
which is consistent with formation of an H-bonded complex
between the two species. H-Bonding interactions between
thioureas and phosphoryl compounds have been studied
using *'P NMR and used to create a scale of catalyst
H-bonding ability.®>®* As expected, a downfield shift was
observed in the *'P NMR spectrum of diethyl vinylphosphonate
with increasing amounts of catalyst 1 (Fig. S41). >C NMR spectra
were also recorded as the proposed mechanism requires acti-
vation of the alkene of the vinylphosphoryl compounds (Fig. 4).
Consistent with a reduction in electron density, the signal for the
B-carbon was shifted downfield with increasing catalyst 1 loading.
Meanwhile the a-carbon signal was shifted upfield, consistent
with a more polarised alkene. Similar changes in chemical shift
were observed when a *C NMR spectrum was taken in the pres-
ence of benzylamine (Fig. S67), suggesting that the proposed
H-bonding interaction is not disrupted by the presence of amine.
These experiments are consistent with literature studies on
N-crotonylpyrrolidinone complexes with Schreiner’s thiourea®
and our own results obtained using methyl acrylate (Fig. S57).
With the latter, the same pattern in shift changes was observed
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Fig. 4 Changes in *C NMR spectra of 2 (CDCls, 101 MHz) with increas-
ing equivalents of catalyst 1: 0 mol% (bottom), 20 mol% (middle),
50 mol% (top).

however the A§ was smaller — which is in line with evidence
suggesting phosphoryl bonds are significantly stronger H-bond
acceptors than carbonyl bonds."”

Based on these mechanistic results, we propose the follow-
ing catalytic cycle (Scheme 3). Firstly, the thiourea catalyst will
H-bond with the phosphoryl oxygen of diethyl vinylphos-
phonate forming catalyst substrate complex I. This interaction
increases the polarity of the alkene, activating the phospho-
nate toward conjugate addition. Next the amine adds to the
p-carbon forming a zwitterionic intermediate II which again is
stabilized by electron-withdrawing H-bonding interactions
with the catalyst. Proton exchange then occurs to give the
f-aminophosphonate which dissociates from the catalyst. The
catalyst may also be involved in these proton shuttling steps in
line with Seidel’s observations using a,p-unsaturated esters.>”

Thiourea-catalysed additions to prochiral phosphonates
were also attempted. A range of o- or f-substituted phosph(in/

CFy CFy
F,3C N N CF.
3 N N 3

i
E10)F R EOZ
(EtO),l \/\,}l/
R
CF; CF; CFy CF3
FiC NN CFy F3C V\‘IJI\V\‘I CFy
H, H L,
ﬁ’ Ho gt
® 1
(EtO)zP\@/\N::: (Et0),P =~

|
1 H

Scheme 3 Proposed catalytic cycle for thiourea-catalysed addition of
amines to diethyl vinylphosphonate.

This journal is © The Royal Society of Chemistry 2023
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19% yield®
22% eel!

Et,0,-20°C, 64 h 3

s s
>~NH HN%
Ar—NH HN—Ar

o
Cat. 4 (10 mol%) A)\ n
P
O/ I\/\N
Ph
9%
37% yield!?!
14% del®l

toluene, 0°C, 2 h

Scheme 4 Top: attempted asymmetric addition of benzylamine to 11.
Bottom: attempted kinetic resolution of racemic vinyl phosphinates.
“measured by *'P NMR analysis. °Measured by chiral phase HPLC.

on)ates were synthesised and tested as electrophiles (Fig. S17).
Of the electrophiles tested only 11 underwent conjugate
addition. Following optimisation studies (Table S2t) the best
result found was wusing catalyst 8 at —20 °C gave
B-aminophosphonate 12 in 22% ee (Scheme 4, top). Kinetic
resolution of chiral vinylphosphinates via conjugate addition
was also attempted. Following screening (Table S3t), 9e was
synthesised in 37% yield and 14% de (Scheme 4, bottom).
Given the disappointing selectivities for both asymmetric vari-
ations of the methodology, asymmetric studies were ceased.

Conclusions

In conclusion, thiourea catalysts have been used for the first
time to catalyse conjugate additions to a,f-unsaturated phosph
(in/on)ates. This novel catalysis was used to synthesise 15
B-aminophosph(on/in)ates using a simple, commercially avail-
able, thiourea catalyst in yields up to 99%. The methodology
does not require an excess of either reaction partner, high
temperatures or strong bases and is compatible with several
commonly used organic solvents. On larger scales column
chromatography is not required and the catalyst can easily be
recovered and reused. A f-aminophosphonate synthesised on
gram  scale converted to the corresponding
f-aminophosphonic acid using TMSBr with a 99% yield over
three steps. Additional mechanistic experiments suggest that
H-bonding interactions play a key role in the catalysis.
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