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Discussion Addendum for:

Palladium-Catalyzed Dehydrative Allylation of
Hypophosphorous Acid with Allylic Alcohols.
Preparation of Cinnamyl-H-Phosphinic acid

Karla Bravo-Altamirano and Jean-Luc Montchamp™
Department of Chemistry and Biochemistry, TCU Box 298860, Texas
Christian University, Fort Worth, Texas 76129 (USA).

Original Article: Bravo-Altamirano, K.; Montchamp, ].-L. Org. Synth. 2008, 85,
96-105.

H3PO,

Ph _~~_OH cat. Pd(OAc)./xantphos th/\/E:OH + H,0
DMF, 85 °C H

A review on the dehydrative functionalization of various phosphorus
species with alcohols was published in 2019.2 Various methods exist for the
preparation of allylic H-phosphinates, including allylation of a
hypophosphorous acid (HsPO,) equivalent with allylic halides.> However,
this approach is not atom-economical, requires a base, and the yields are
generally moderate. In 2006, we introduced the palladium-catalyzed direct
dehydrative allylation of hypophosphorous acid with allylic alcohols,* on
which was based the 2008 Organic Syntheses article® Also in 2008 was
published a full paper, which dealt in part with this reaction.® A great feature
of the original reaction is since the product is an acid, a simple extractive
work-up can be employed to give products of generally high purity.
However, in many instances the H-phosphinate ester product may be more
desirable for subsequent reactions. Whereas the Dean-Stark esterification of
H-phosphinic acids proceeds well, it is limited in terms of the ester moiety
and is less convenient on small scales. On the other hand, we showed that H-
phosphinic acids can be esterified with alkoxysilanes.® Thus, direct treatment
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of the crude allylation reaction mixtures in DMF with tetrabutoxysilane for
10-16 h at 85 °C gave the corresponding butyl esters, which were isolated by
chromatography over silica gel in good to excellent yields. Nonetheless, the
yields of the allylation/ esterification sequence® are a little lower than with the
direct extraction.” In the simplest case of allyl alcohol, a 43% yield of allyl H-
phosphinic acid was isolated after extractive work-up. This is likely due to
the more difficult handling and lower hydrolytic stability of the more polar,
low molecular weight product. In this case, DBU-promoted alkylation of
alkyl phosphinates with allyl bromide was superior.’

The 2008 full paper also examined the mechanism of the reaction and the
related allylation with allylic acetates, benzoates, and carbonates.® It is
interesting to note that these substrates performed well, and that DMF could
be substituted with CH;CN.

In this addendum to our original article, we summarize recent extensions
in the scope of the methodology, which include replacing hypophosphorous
acid with H-phosphinic acids and their esters, using allylic amines or benzylic
alcohols instead of allylic alcohols. Some synthetic applications are also
included.

Extension to the Synthesis of Disubstituted Phosphinic Acids

The Pd-catalyzed allylation of hypophosphorous acid (H:PO,) with
allylic alcohols*® was subsequently extended to the less reactive H-
phosphinic acids (RPO,H) as shown in Scheme 1. The reactivity of
phosphinylidene compounds R'R?P(=O)H correlates with the ease of - or
rather the less difficult - tautomerization to R'R*P-OH, and this can be
experimentally determined by measuring the rate of deuteration of
R'R2P(=O)H into R'R2P(=O)D."°

Reactivity /rate of tautomerization increases from electron-donating to
less electron-donating, to electron—withdrawing substituents.!” For example,
the half-life of deuteration of H;POs;, OctPO,H,, PhPO,H,, and H;PO,, are: 49
h, 5.4 h, 55 min, and 3 min, respectively. Thus, the Pd-catalyzed allylation of
H-phosphinic acids is intrinsically more difficult than of hypophosphorous
acid and requires more forcing conditions.” First, the reaction solvent and
temperature were changed from DMF* at 85 °C to --AmOH at reflux (102 °C)
in the presence of molecular sieves (34, 1 g/mmol) or a Dean-Stark trap. Part
of the success of f-amyl alcohol is attributed to the stabilization of the
RP(OH), tautomer via hydrogen-bonding. Second, the catalyst loading
required was generally 2 mol% Pd/xantphos (versus 0.5 mol% when H;PO,
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was the reaction partner). With these modifications, a variety of
disubstituted phosphinic acids could be obtained in good to moderate yield
after esterification (BnBr/Ag,0).” Again, cinnamyl alcohol proved to be a
superb allylating agent.

R3 Pd/xantphos R® Or |Rézn
Rl OH QR (2 mol%) R B BnBr
= T OH-R "OR* |Ré = Ag20
R2 OH t-AmOH, 102 °C, N, R2 R*=Bn
) ] (+ 3AMS)
(1 -2 equiv) (1 equiv) R* = H, Bn; 17 examples, 32 -100%
Opp Oph Opn o _ E,')/\/Npht
Ph. -~ P, = P, _— P, NN
NN \OH s \OBn \OBn OH
98 % 69 % 32 % 73%
Ph
QA Ph P E,')/”'Od 0/ X\\/ 2 O
Ph._~ P N NN Ph_~ P Ph. ~_-P Q
NN \OBn OH NN \OH \OBn
67 % 91 % 38 % 74 %

Scheme 1. Palladium-catalyzed allylation of H-phosphinic acids.

Extension to Allylic Amines

In 2014, Tian and coworkers published the analogous allylation of
hypophosphorous acid and H-phosphinic acids with (protonated) allylic
amines.”? As in our reactions, H;PO» is much more reactive than RPO,H,, so
Pd/xantphos loadings of 0.2 mol% in CH;CN and 2 mol% in --AmOH were
used respectively. Scheme 2 shows some of the results.
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R? Pd/xantphos R O
R@\KNHZ + aq. H_E,OH (0.2 mol%) RWB\/OH
N —_— H
RS H  CH4CN, 85°C, N, I
(1 equiv) (3 equiv)
Pd/xantphos
R 2.0H (2 more) RZ  Oqpe [RY=H \ pnpr
RWNH ¥ H=R —_— Rk/\/ P\/ Ag,0
2 R H3PO, (1.2 equiv) R R*=Bn
+-AmOH, 100 °C, N,
(1.1 equiv) (1 equiv)
0 0
on @ oH O\/\/?/OH QO oH L o
V/\/P\H = P\H /\rP\H \Ph
Ph
98 % 71% 91% 73%
o QoH Qon . (,F?’ -
= P, N AL < % ~ K
NN \Ph \H-Oct \ OH -
91 % 90 % 95 % 69 %

Scheme 2. Palladium-catalyzed allylation of hypophosphorous acid and H-
phosphinic acids with primary allylic amines (22 examples, 68-98 %).

Extension to Benzylation

Having developed the successful allylation of the less reactive H-
phosphinic acids, we then turned our attention to replacing allylic alcohols
with benzylic ones. Since the palladium insertion into a benzylic electrophile
is significantly more difficult than into an allylic one, more demanding
reaction conditions were expected. Higher loadings were necessary as well
as higher reaction temperature (Scheme 3)."

Two examples of benzylation of H-phosphinic acid were also provided.
Finally, the benzylation of (R)-1-(2-naphthyl)ethanol (97% ee) proceeded in
good yield but with significant erosion of the ee to 77%.

Org. Synth. 2024, Vol, 295-308 298 DOI: 10.15227 / orgsyn.101.295



0 rganic

yntheses
Pd-xantphos
(1 or 2 mol%) 0 oR |R=H
PN H-PO AN = (BuO)4Si
Het/Ar” ~OH + H3PO2 4
euAr DMF, 110 °C HeUAr™ "P< ) > heat
or R=H,NH, Bu |R7BUY

t-AmOH, Dean-Stark, reflux 18 examples, 32-93 %

o
~ oH O
QoBu g 9, 0Bu O P Qo
K AN r P
H H 0 H

56 % 38 % 66 % 53 %
9,0H ‘ o /@\/.Q/OH @\/g,OH
" O BT coznH " S H
H
93 % 82% 79% 84 %

Scheme 3. Direct, palladium-catalyzed benzylation of hypophosphorous acid
with benzylic and heterobenzylic alcohols.

Extension to H-Phosphinate Esters and Related Compounds

Exactly ten years after the publication of our original reaction,* we
decided to investigate the reaction of H-phosphinate esters. Based on
mechanistic studies and the resulting postulated mechanism of the
allylation/benzylation, esterification of hypophosphorous acid or H-
phosphinic acid is the first step of the transformation. Thus, we did not think
that H-phosphinate esters could give the desired product. However, this
assumption was wrong and both allylation and benzylation were
accomplished with somewhat narrower scope than those described above.™
This could be explained by the generally more electron donating nature of
the R ester group compared to R=H in the acid, and therefore the ester is less
reactive than the acid. Indeed, the half-life of deuteration of n-
OctP(O)(OEt)H, OctPO,H,, PAP(O)(OEt)H and PhPO,H,, are: 8.2 h, 5.4 h, 1.4
h, and 55 min, respectively.”” With cinnamyl alcohol, even rather unreactive
phosphorus compounds like diethyl H-phosphonate gave good results
(Scheme 4).14
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Pd/Xantphos

0 2 mol % 9 2
N-"NoH + Hep R _ (@mol%) ~pcR
R'  t-AmOH, reflux R!

Dean-Stark trap

N2

1 equiv 1 equiv 12 examples, 77-100 %

Q oBu Q oBn Q oc 9
Ph "R, PRN"TRT PR TR Y <Ph/\/>\P\
Ph Ph n-Oct 2

99 % 77 % 87 % 100 %

%o
0 Ph"X""F O

Q oBu Q0B Srn
PR X"P” Ph™ XX P Ph™ XX P

\—OAc OFt Ph O

77 % 94 % 92 % 96 %
Scheme 4. Palladium-catalyzed reaction of various phosphorus compounds

with cinnamyl alcohol.

OBu

Additional results with different allylic and benzylic alcohols are
summarized in Scheme 5."* Not shown in Scheme 5 is the reaction between
diethyl H-phosphonate and benzyl alcohol, which gives only 23% of product
('P-NMR yield). Fortunately, Arbuzov-type reactions have been described
to prepare phosphonate diesters from the corresponding benzylic and allylic
alcohols.’>

Pd/Xantphos

o] o o _
2 (2 mol /) . 11 _OR
N oH + popORF T " NTRC
U R'  +-AmOH, reflux v R
e Dean-Stark trap e
1-2 equiv 1 equiv N2 11 examples, 49-98 %
O (o} 0]
11_OBu
T ”:OBU Ph/Y\ lg\/ocy Y\P dv&/\?,OBu
Ph Ph NN\ ph R
98 % 93 % 51 % 74 %
Q,OCy (I?,OBu o
Pl P 'F;/OCy
n-Oct \/\/Ph O “ph
65 % 57 % 49 %

Scheme 5. Palladium-catalyzed reaction of various H-phosphinate esters
with allylic and benzylic alcohols.
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Synthetic Applications

If the original conditions are followed by heating in air at 110 °C, the
product can be directly converted into the corresponding phosphonic acid
(Scheme 6)."”

H3PO (2 equiv) _ o
Ph _~_OH cat. Pd/xantphos open to air Phe |g':(;I:'
DMF, 85 °C DMF, 110 °C
89 %
Scheme 6. One-pot allylation/oxidation preparation of cinnamyl phosphonic
acid.

The reaction can also be used to prepare various P-heterocycles (Scheme
7). In 2008, butyl cinnamyl-H-phosphinate 1 was allylated through a sila-
Arbuzov reaction to 2 or esterified using the Atherton-Todd reaction to
produce 3. Both intermediates were cyclized via Grubbs' ring-closing
metathesis using catalyst 4, to P-heterocycles 5 and 6, respectively.®

The same year, the allylation of H-phosphinic acids became available and
symmetrical bis(cinnamyl)phosphinic acid 7 could be synthesized directly in
quantitative yield.” Silver-promoted esterification gave 8, which was
submitted to ring-closing metathesis. Because of the alkene substitution, the
reaction required a higher catalyst loading and the yield was lower. From
intermediate 8, a different type of heterocycle 10 could be prepared via
ozonolysis and double reductive amination.

Later on, once we discovered that H-phosphinate esters could also be
allylated, an improved synthesis of heterocycle 5 became possible (Scheme 7,
Montchamp 2016)."* Monoallylation of hypophosphorous acid to prepare 11
proceeded in excellent yield.*® Because H-phosphinic acids like 11 can be
esterified via azeotropic distillation but disubstituted phosphinic acids like 7
cannot, this allows an inexpensive and efficient access to 1. Allylation of 1
with allylic alcohol produces intermediate 2, this time in a very efficient
sequence with only water as a byproduct in each step. Ring closing
metathesis forms heterocycle 5 and the yield was improved over the initial
cyclization of 2. This streamlined synthesis produces 5 in 4 steps and 70%
overall yield.
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Montchamp 2008 /\/C| (3 equiv) 2
1) conc. H3PO; (2 equiv) BSA(1.2 equiv)
Pd/xantphos (1 mol %) o CH3CN reflux
o ,OBu 82 %
Ph _~_OH DMF, -85 C . Ph\/\/lg\
2) (BuO),4Si (2.5 equiv) H
DMF, 85 °C 1
98 % AOH @2equiv)
CCls-EtsN (2 equiv),
CH4CN, rt
9 0Bu 0. ,OBu 45%
Ph o~ _F. 2mol% 4 P
k CH,Cly, reflux Q e
62 % es es
2 5 \(CI
Q oBu 0, JOBu o | =
Pra~_ P~ P<
(0] 2mol% 4 (@) P(C-HGX)3
H CH,Cly, reflux &
0,
3 | 84 % 6 4
Montchamp 2008
oH HsPO; (1 equiv) OH
Pd,dbas (1 mol %) S BnBr (2 equiv) O, ,OBn
- Xantphos (2 mol %) H/ — Ag,0 (1 equiv) H/ _\—\ 5mol% 4 P
Ph—
Ph tAmOH, reflux [~ CHCl3, reflux CHZCIZ
(2equiv) N, 24h,3AMs Ph 77% 51 %
100 %
BnNH,-HCI (3 equiv)
O3, CH,Cl, 2 -
then Me,S EtsN (3 equiv) O\\p/_\NBn
NaBH,CN (4.8 equi) B0 \—/
CH3CN, AcOH to pH 4-5 10
59 % (2 steps)
Montchamp 2016 allyl alcohol
(2 equiv)
OH _ H3POz (1 equiv) o OH Pd/xantphos o OBuU
Pd(OAc), (0.5 mol %) SP-H BuOH (2 equiv) (2 mol%) *p
Xantphos (0.5 mol %) toluene, reflux N\
Ph DMF, 85 °C ~ Dean-Stark trap EAMOH, reflux 2~
95 % Ph 16 h N, 3AMS  pp
1 96 % 91 % 2
2mol% 4
CH,Cly, reflux
85 %
5

Scheme 7. Preparation of P-heterocycles using the synthesis of allylic

precursors.
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In connection with studies aiming at the preparation of aspartate
transcarbamoylase (ATCase) inhibitors, ozonolysis of allylated precursors
was a key step (Scheme 8). Ozonolysis of 8 as in Scheme 7, but this time using
benzylated aspartic acid in the reductive amination step, gave heterocycle 12.
Straightforward debenzylation gave 13, which unfortunately showed no
inhibition."

Cinnamyl-H-phosphinic acid 11 was protected with triethylorthoacetate
and the resulting 14 was ozonolyzed and oxidized to carboxylic acid 15.
Simple carbodiimide amidation gave 16, which was subsequently
deprotected to give 17. Compound 17 is a competitive inhibitor with an
inhibition constant of 420 nM, which is approximately 25 times less potent
than the known phosphonic acid and anticancer agent PALA."

1) O3, CH,Cl,
then Me,S
2) BnOZC
NH,+TsOH o o
. BnOC~ (3 equiv) N L R AN _\_ 2
EtsN (3 equiv) BnO" \/ _\—00an THFH,0 HO p-— CO,H
NaBH;CN (7.7 equiv) 85 %
CH3CN, AcOH to pH 4-6 12 13
54 %
OEt 1) Og, CHoClp o
CH3C(OE)s (6 equiv) 0\~,'=jLOEt 2)NaCIO, (15equiv) o QFt
BF; OEt; (4 mol%) OEt NaH,PO,4+H,0 (1.5 equiv) °P OEt
" [ OEt
rt, Ny = 2-methyl-2-butene (2 equiv)  COOH
80 % Ph tBUOH/H,0, 0 °C then rt 15
14
BI’]OZC
NHQ‘TSOH o (I)Et o QH
BnO2C— (1.8 equiv) °P4éOEt SP—H
DMAP (2.5 equiv) L OEt 1) H, PdIC J;
. i THF/H,0
EDC-HCI (3.5 equiv) N Yo > NS0
EtsN ( 2 equiv) H 2) Amberlite H* H
THF, tt, N, COOBn THF/H,0 80 °C COOH
70 % from 14 COOBn 57 % after ion COOH
16 exchange 17

Scheme 8. Preparation of potential inhibitors of aspartate transcarbamoylase.

In another application, menthyl (hydroxymethyl)-H-phosphinate 18 of
high diastereoisomeric excess® was elaborated into chiral heterocycle 22
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(Scheme 9). Dehydrative allylation of 18 under the usual conditions
proceeded stereospecifically and gave 19 in nearly quantitative yield. It
should be noted that the half-life of deuteration for 18 is remarkably short at
only 7 min,” thus indicating an unusual reactivity. Reduction of the double-
bond to 20 followed by Corey-Kim oxidation delivered menthyl H-
phosphinate 21 in excellent yield and very slight erosion of the
diastereoselectivity. Cyclization then gave heterocycle 22, stereospecifically
and in excellent yield.

Ph " 0H
(1 equiv) o
Pd,dbas (1 mol %) iOMen (50 psi
psi)
" ('P?AOM o Xantphos (2mol %) HO~P Zpae N (.P?,\CHZOH
T £-AmOH, reflux, N, N EtOH, 1,200 > > “OMen
Dean-Stark trap Ph 100 %
18 97 % 19 20
(Rp) >99 % de (Rp) >99 % de (Rp) 98 % de
1 equiv
1) N-chlorosuccinimide (3 equiv)
MesS (3 equiv) o) Mn(OAc); (5 mol %) O‘\P.\OMen
CH,Cl,, - 78 °C . MnO, (3 equiv)
Ph o~ P
2) EtsN (5 equiv) OMen  AcONa (3 equiv)
CH,Cly, -78°Ctort 21 AcOH, 70 °C, N, 22
96 % (Rp) 96 % de slow addition (Rp) 96 % de

94 %
Scheme 9. Preparation of a chiral P-heterocycle.

Additionally, the reaction below has been used for the preparation of a
corrosion inhibitor.”* Palladium-catalyzed allylation of geraniol and
oxidation gave geranylphosphonic acid in 60% overall yield (Scheme 10).

aq. H3PO, (2 equiv)
cat. Pd/xantphos

(2 mol %) cat. |
W DMF, 80 °C — ME/OH
X N-"0H ’ DMSO, 60 °C “oH
60 %

Scheme 10. Preparation of geranylphosphonic acid.
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