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Dimethyl (B-substituted) vinylphosphonates do not readily undergo cross metathesis reactions with Grubbs catalyst and terminal

alkenes. However, the corresponding mono- or diallyl vinylphosphonate esters undergo facile cross metathesis reactions. The im-

proved reactivity is attributed to a relay step in the cross metathesis reaction mechanism.

Introduction

Over the last two decades, we have developed reactions for the
formation of chiral non-racemic y-substituted vinylphospho-
nates [1-9]. In particular, carbonate derivatives 1 (phosphono
allylic carbonates) of allylic hydroxy phosphonates undergo
palladium-catalyzed addition of nucleophiles to give y-substi-
tuted vinylphosphonates 2 in high yield (Scheme 1). The
nucleophile adds exclusively to the 3-position, with migration
of the double bond into “conjugation” with phosphoryl group.
As expected, the reactions generally proceed with complete
chirality transfer. Various carbon, nitrogen, and oxygen nucleo-
philes participate in the palladium-catalyzed substitution reac-
tions of phosphono allylic carbonates 1. Vinylphosphonates
formed in this way, for example 2a—e (Figure 1), have been
used in the synthesis of the natural products turmerone [4] and
enterolactone [5], the phosphonate derivatives of the natural
product cyclophostin [6], the C18—C34 fragment of amphidino-
lide C [7], and the oxylipids from Australian brown algae [8].

O o)
MeO-p R THF,NuH  MeOgp
MeOQ” X |v|eo’P\/\(R
4 OCOMe PdL, ) Nu

Scheme 1: Palladium catalysed reaction of phosphono allylic carbon-
ates.

The potential of vinylphosphonates as intermediates in organic
synthesis is limited by their chemistry. Unlike the parent com-
pound, vinylphosphonates substituted with an aryl or alkyl
group on the alkene appear to have somewhat limited reactivity.
This lack of reactivity is exemplified by the Grubbs cross
metathesis reaction [10]. Grubbs and co-workers classified
terminal vinylphosphonates as type 111 substrates [11]. Type III
alkenes do not homodimerize, but will engage in alkene cross

metathesis reactions. However, we have observed that -substi-
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Figure 1: Natural products prepared using vinyl phosphonate intermediates.

tuted vinylphosphonates are unreactive towards cross
metathesis and are therefore type IV substrates. Since alkene
cross metathesis is a powerful method of combing organic frag-
ments in natural product synthesis, the value of vinylphospho-
nates as synthetic intermediates would increase if their reactiv-
ity could be enhanced to a level where they would participate in
cross metathesis reactions.

X

U
Me0,CO F~OMe
OMe

Grubbs II, Cul, CH,Cl,
60%

MeO

MeO

03, MeOH, CH2C|2

77% | then Me,S ref [17,18]

MeO

Scheme 2: Approaches to the synthesis of centrolobine.
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cyclophostin phosphonate

analog
enterolactone

oxylipids from brown algae

As an example, we recently described a method for the formal
synthesis of centrolobine (8) [9], an antileishmananial com-
pound isolated from the heartwood of various Centrolobium
species [12-16] (Scheme 2). The cis-THP substituted vinylphos-
phonate 5, formed by a stereospecific palladium-catalyzed
cyclization of phosphono allylic carbonate 4, was cleaved via
ozonolysis to the aldehyde 6, a known intermediate [17,18] on

Pd,(dba)s, dppe

iProNiEt, THF, 60 °C
85%

ref[17,18]

OBn MeO
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route to (—)-centrolobine (8). An alternative approach could
involve an alkene cross metathesis reaction between the

vinylphosphonate and a styrene (5 to 7).

Since substituted vinylphosphonates are reluctant to participate
in cross metathesis reactions (Scheme 3), this approach to the
synthesis of cetrolobine appeared to have little merit. However,
Hoye et al. reported the concept of “relay ring closing
metathesis (RRCM)”, wherein typically unreactive a,o-dienes
bearing 1,1-disubstituted ethylene moieties 9 would react via
the intermediacy of an additional terminal alkene 11 (Scheme 3)
[19-21]. Similarly, Hansen and Lee employed an allyl ether to
activate enynes toward cross metathesis [22]. Furthermore,
there are several examples of vinylphosphonates participating in

ring closing metathesis (RCM) reactions [23-25]. Therefore,

Beilstein J. Org. Chem. 2014, 10, 1933-1941.

given the propensity for vinylphosphonates to undergo RCM, it
was proposed that an allyl phosphonate ester 14 would act as an
initial site of metathesis, which would lead to a relay cross
metathesis and thus render vinylphosphonates reactive.

Results and Discussion

A series of cross metathesis reactions were performed to estab-
lish the baseline reactivity of vinylphosphonates (Scheme 4).
Not surprisingly, the terminal vinylphosphonate 15 underwent
smooth cross metathesis with either 1-hexene or 1-heptene
using our standard conditions (2% Grubbs II, 4% Cul, CH,Cl,
reflux) [2,26,27] to give the substituted vinylphosphonates 12a
or 12b in good yield. In contrast, when vinylphosphonate 12a
was subjected to a cross metathesis reaction with methyl acry-

late, the cross metathesis product 16a was formed in low yield

m Grubbs |, CH2C|2 Grubbs |, CH2C|2 _ E E
(no reaction) (reaction)
9, E = CO,Me 10 | 11
Q o~ A 0
MeO_i P CHyCl, Z "R’ PN CHClp R MeO\'g
MeO” > SR oo ____ -~ YR D —— o SR
12 Grubbs Il, Cul Grubbs II, Cul K/
. —
(no reaction) 13 (reaction) 14
Scheme 3: Relay ring closing metathesis and relay cross metathesis.
NS (T equiv) 9/o|\/|e
MP\
O OMe
Meo"ﬁ 2.2 mol % Grubbs Il 12a
MeO" N  4.4mol % Cul o
15 CH,Cly, reflux, 3 h i1_OMe
P N LN
. OMe
NN (7 equiv)
12b (89%)
10 mol % Grubbs Il
_OMe 10 mol % Cul o~ COMe -
PZ N a9
SN \OMe o~ . 16a 1 C4H9
= ~COyMe (2 equiv) o 7
12a CH,Cly, reflux, 18h  MeO_Ti
2Clp, reflux, e0. MeO,C
MO N #025 P co,Me
15 18
(IP?,OMe
O/\V “~OMe mes~N_N~mes
MeO 0 Cl~Ry— Grubbs I
19 )" ph
P(Cy)s

Scheme 4: Cross metathesis reactions of vinyl phosphonates.
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(~11%) as part of a complex mixture. More highly substituted
vinylphosphonates (5 and 19) failed to react at all with methyl
acrylate under similar conditions, even with higher catalyst

loading and extended reaction times.

Initially, the synthesis of the allyl vinylphosphonate esters was
achieved using a transesterification reaction catalysed by tetra
n-butylammonium iodide (TBAI) (Scheme 5) [28]. A solution
of the vinylphosphonate 12b, 1.1 equivalents of allyl bromide
and 5 mol % TBALI in toluene was heated at reflux for 7 hours
to give a 53% conversion to both the mono- and diallyl
vinylphosphonates 14a and 14b in a 10:1 ratio. The overall
conversion could be improved with excess allyl bromide,
increasing the amount of TBAI and prolonged heating times,
either at reflux or in a microwave reactor. The ratio of di- to
mono-allyl phosphonate esters increases with the duration of
reaction. A subsequent reaction of vinylphosphonate 12b
employing 5 equivalents of allyl bromide, 5 mol % TBAI and
18 hours at reflux resulted in 87% conversion with 1.2:1 ratio of
mono- to diallyl ester (14a and 14b). The products were
isolated by silica gel chromatography to give 31% yield of
mono-allyl and 25% yield of diallyl phosphonate esters.

Similarly, THF-substituted vinylphosphonate 19 was treated
with 5 equivalents of allyl bromide and 5 mol % TBAI in
refluxing toluene for 36 hours to give a 76% conversion with

1.8:1 ratio of mono- to diallylated vinyl phosphonates 20a and

Beilstein J. Org. Chem. 2014, 10, 1933-1941.

20b (Scheme 5). The products were isolated by silica gel chro-
matography to give 46% yield of mono-allyl and 27% yield of
diallyl phosphonate esters. Finally, THP-vinylphosphonate 5§
was subjected to transesterification by reaction with 20 mol %
of TBAI and 5 equivalents of allyl bromide in toluene solution
and heating in a microwave reactor for 5.5 hours. The reaction
proceeded to 96% conversion and gave 1:1.8 ratio of mono- and
diallyl vinylphosphonates 21a and 21b. The products were
isolated by silica gel chromatography to give 27% yield of the
mono-allyl and 36% yield of the diallyl phosphonate esters.

With the mono- and diallyl vinylphosphonates in hand, the
cross metathesis reactions with methyl acrylate (a type II olefin)
were examined (Scheme 6). The mono-allyl vinylphosphonate
14a was treated with methyl acrylate, 10 mol % Grubbs cata-
lyst and 10 mol % Cul in refluxing CH,Cl,. The unsaturated
ester 16b [29] was formed in 78% yield (estimated from NMR).
However, ester 16b is volatile and isolation by column chroma-
tography resulted in some loss of material leading to an isolated
yield of 45%. In addition, the 3'P NMR spectrum of the crude
reaction mixture indicated the formation of a new phosphorus-
containing product with a signal at 43 ppm, consistent with for-
mation of the oxaphosphole 22 [25]. An impure sample of the
oxaphosphole 22 was isolated by column chromatography, but
it decomposed during attempts of further purification [23].
However, the 3!P NMR signal and the chemical shifts, multi-
plicities and coupling constants for the vinylic protons [Ha 7.16

0 o _NF 0 N\F
i_OMe TBAI PhMe n.0 n_0O
PP LN /\/\/\/P\OM /\/\/\/P\O
OMe Br 14 \/\
Z a 14b
12b
5% TBAI, 1.1 equiv allyl bromide reflux 7 h, 53% conversion, mono:di = 10:1
10% TBAI, 5 equiv allyl bromide pW, 5.5 h, 62% conversion, mono:di = 3:1
10% TBAI, 5 equiv allyl bromide, uW, 5.5 h, 78% conversion, mono:di = 1.8:1
5% TBAI, 5 equiv allyl bromide reflux 18 h, 87% conversion, mono:di = 1.2:1 (31% & 25%)
O 9 o/\/ 9,0/\/
i_OMe 5% TBAI, PhMe ~ P -0
P O/v OMe d N
B .
Q/\:g Bl (1.5 equiv) o) 20a 20b

MeO

reflux 36 h, 76% conversion, mono:di = 1.8:1 (46% & 27%)

20% TBAI, Y
OMe PhMe /\/
p_
OMe
o B

(3 equiv) MeO MeO

uW, 5.5 h, 96% conversion, mono:di = 1:1.8 (27% & 36%)

Scheme 5: Transesterification of phosphonate esters.
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10 mol % Grubbs I
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o _NF 0 0
NP 10 mol % Cul AN COME e0-po0
OM o~ + S
14a Z~ "COzMe (2 equiv) 16b (78%)
CH,Cl,, reflux, 16 h 22
0 A~ 10 mol % Grubbs I 9
i O 10 mol % Cul MeO-P—0
< x_-CO,Me
Cy o T D S
o 20 = ~CO,Me (2 equiv) o)
a

CH,Cl,, reflux, 2 h

10 mol % Cul

10 mol % Grubbs I

23 (73%)

/\COZMe (2 equiv)
CH,Cl,, reflux, 2 h

MeO

24 (73%)

Scheme 6: Relay cross metathesis of mono-allyl vinylphosphonates with methyl acrylate.

(ddt, Jyp = 8.6, ~1 Hz, Jyp = 46.9 Hz, 1H) and HB, 6.2 (ddt,
Jyu = 8.6, 2.3 Hz, Jyp = 33.9 Hz, 1H] in the 'H NMR spec-
trum were very similar to those reported for similar structures
[25] giving confidence in the structural assignment. The THF-
substituted allyl vinylphosphonate 20a and THP-substituted
allyl vinylphosphonate 21a reacted under similar conditions to

yield the unsaturated esters 23 [30] and 24, respectively.

The proposed synthesis of centrolobine (and analogs)
(Scheme 2) required the cross metathesis reaction of the THP-
substituted allyl vinylphosphonate 21a with substituted
styrenes. p-Substituted styrenes are type I substrates and should
readily engage in the metathesis reaction. Thus, reaction of the
mono-allyl vinylphosphonate 21a with 5 equivalents of styrene
using 10 mol % Grubbs second generation catalyst and
10 mol % Cul in refluxing CH,Cl; for two hours gave tetra-

/\/
O

10 mol % Grubbs I

hydropyran 25 in 82% isolated yield (Scheme 7). Similarly,
reaction of vinylphosphonate 21a with 4-fluorostyrene and
4-benzyloxystyrene gave the tetrahydropyrans 26 and 7, res-
pectively. Tetrahydropyran 7 is a known intermediate and can
be converted to centrolobine by hydrogenation [17].

Surprisingly, the dimer 27 was isolated in small amounts
(~20%) from the reaction of vinylphosphonate 21a with
styrenes. The dimeric product 27 was not observed during the
cross metathesis of the vinylphosphonate 21a with methyl acry-
late.

Diallyl vinylphosphonates (28) are reported to undergo ring
closing metathesis to give either 7-membered (29) or
5-membered (30) phosphorus heterocycles (Scheme 8) [23,24].
The mode of cyclization depends upon the geometry and substi-

MeO
25, R =H (82%)
26, R =F (53%)
7, R = OBn (50%)

10 mol % Cul
E\OMe CH,Cl, reflux, 2 h
R /
(5 equiv)
MeO H

OMe

Scheme 7: Relay cross metathesis of mono-allyl vinylphosphonates with styrenes.
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(0)
PN
28 RTS
relay cross
metathesis

Scheme 8: Ring closing vs relay cross metathesis.

tution of the vinylphosphonate. It was proposed that (£) diallyl
vinylphosphonates would prefer to form the 5-membered ring
oxaphosphole 30 and therefore, like the corresponding mono-
allyl phosphonates, should engage in relay cross metathesis
reactions.

To test the hypothesis, the diallyl vinylphosphonate 14b was
subjected to cross metathesis with methyl acrylate using stan-
dard conditions (Scheme 9). The corresponding cross
metathesis product, unstaurated ester 16b, was obtained with
45% conversion. Again, isolation resulted in some loss of prod-
uct. 3'P NMR measurements also confirmed the formation of
the 5-membered phosphate heterocycle 32. Similarly, diallyl
phosphonate 21b was reacted with methyl acrylate to give the

10 mol % Grubbs I
10 mol % Cul

0 O/\/
ANSAPG

~ X
N /\Cone (2 equiv)

CH,Cl,, reflux, 16 h

14b

10 mol % Grubbs I

/\/\/\/C02Me

Beilstein J. Org. Chem. 2014, 10, 1933-1941.

corresponding unsaturated ester 24 in good yield along with the
phosphonate heterocycle 32. In general, reaction of either
mono- allyl or diallyl vinylphosphonates with methyl acrylate
proceeded with comparable yields.

The mono- and diallyl vinylphosphonates were first synthe-
sized and then chromatographically separated before they were
subjected to the cross metathesis reaction. In an ideal case, a
single cross metathesis product would be formed from a crude
mixture of mono-allyl and diallyl vinylphosphonates, avoiding
the inefficiencies of chromatographic separation. A mixture of
mono- and diallyl vinylphosphonates 14a and 14b was
subjected to cross metathesis reaction with methyl acrylate
(Scheme 10). The reaction progress was monitored by

Q
O‘P—O/\/\COZMG
+ =
16b (45%)
32

0]

10 mol % Cul 1l _
A coMe  PTR=OTF"ScoMe
Z>CoMe H + (S
MeO (2 equiv) MeO
24 (58%
CH,Cly, reflux, 2 h (58%) 32
Scheme 9: Relay cross metathesis of diallyl vinylphosphonates with methyl acrylate.
0,
e OM 10 mol /ooGrubbs Il C P
/\/\/\/F( 10 mol % Cul M/Cone O‘P—O/\/\COzMe
O o~ ) =z
14b 7~ "COMe (2 equiv) 16b (86%)
CHyCly, reflux, 16 h o 32
=
0o 0-P-owe
P N L
OMe k)
14a 22

Scheme 10: A cross metathesis reaction of both mono- and diallyl vinylphosphonates with methyl acrylate.
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31p NMR spectroscopy. After the reaction was complete, the
31p NMR spectrum showed the formation of the two oxaphos-
pholes 22 and 32 in a ratio corresponding to the amount of
vinylphosphonates 14a and 14b in the starting material.
Chromatographic separation of the crude product gave the
unsaturated ester 16b in 86% isolated yield.

It is proposed that the Grubbs catalyst first reacts with the
terminal alkene (Scheme 11) of the allyl phosphonate ester 21a
to give the metal alkylidene 33. The metal alkylidene then
reacts with the vinylphosphonate in a ring closing metathesis
(RCM) to generate the oxaphosphole 22 and a new metal alkyli-
dene 34. The sequence is completed by reaction of the metal
alkylidene 34 with the metathesis partner (styrene) to give the
tetrahydropyran 25. The formation of the dimeric product 27 is
probably the result of a competitive cross metathesis reaction
between the tetrahydropyran 25 and the metal alkylidene 34
[31].

Once the activation of vinylphosphonates toward cross
metathesis was established, it became clear that the overall
success of this method would depend on a selective, high
yielding synthesis of mono-allyl phosphonates. The proposed
mechanism of the TBAI catalyzed allylation (Scheme 12)
involves cleavage of the Me—O bond to form a phosphonate
anion 35. The anion is re-alkylated with allyl bromide to

produce the mono-allyl phosphonate 14a. The major weakness

25

Beilstein J. Org. Chem. 2014, 10, 1933-1941.

of this approach is that the mono-allyl phosphonate can further
react with iodide leading ultimately to the diallyl phosphonate
14b. Early in the reaction, the mono-allyl phosphonate is the
dominant product. However, attempts to force the reaction with
longer reaction times, increased TBAI, or increased ally bro-
mide, leads to an increase in diallyl phosphonate 14b.

Analysis of the TBAI allylation mechanism suggested that a
good approach to mono-allyl phosphonate 14a would be a stoi-
chiometric demethylation followed by a rapid allylation under
ambient conditions. During the synthesis of phosphonate based
ionic liquids, Sachnov et al. showed that ethylimidazole would
reacted with dimethyl methylphosphonate to give ethylimida-
zolium methylphosphonate in quantitative yield [32]. We were
pleased to observe [3'P NMR] that dimethyl vinylphosphonate
12b reacted with neat methylimidazole at 100 °C to give the
imidazolium salt 37 (Scheme 13). Treatment of the salt with
5 equivalents of allyl bromide at room temperature for two days
gave the mono-allyl phosphonate in 71% isolated yield (two
steps). It is probable that this transesterification reaction can be
further optimized to both increase yields and decrease the reac-

tion time.

Conclusion
The experiments presented above have demonstrated that
whereas the dimethyl esters of substituted vinylphosphonates

are characterized as type IV substrates in alkene cross

RCM

T

mes’N N‘mes

= CRu=
cr |u\Ph
P(Cy)s
Grubbs Il

Scheme 11: A proposed mechanism for the relay cross metathesis reaction of allyl vinylphosphonates.
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Q oMe BugN* I- Q o- BusN*
/\/\/\/P< Pl
OMe AN 0Me Ml
12b Mel 35
/\/Br % BU4N+ I~
- (IP)I/O/\/
/\/\/\/ \OMe Vel
BusN* I ©
4 14a
o) O/\/ BT 0 OM
[} -
/\/\/\/P< _ . /\/\/\/F’\
O BU4N O\/\
BusN* I 14b N
36 Mel
Scheme 12: A proposed mechanism for the TBAI catalysed transesterification.
/ /
N N
0 [y o L2
S lg/OMe N IIZI)/O_ N\+
NN ~OM P NG NN
® 100 °C, neat, 18 h OMe
12b 37
=
CD4CN 0o
AM/P\OMG
B 5 equiv
71% (two steps) 14a
Scheme 13: A selective synthesis of mono-allyl phosphonates.
metathesis reactions and are unreactive, the corresponding allyl ~ 3. Yan, B.; Spilling, C. D. J. Org. Chem. 2008, 73, 5385-5396.

esters show significantly improved reactivity. The improved re-
activity is attributed to relay step in the cross metathesis reac-
tion mechanism.

Supporting Information

Supporting Information File 1

Experimental procedures, characterization data, 'H and 13C
spectra for all new compounds.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-10-201-S1.pdf]
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