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Phenylphosphoric Acid as a New Additive to Inhibit Olefin Isomerisation in
Ruthenium-Catalysed Metathesis Reactions
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A systematic study of the ruthenium-catalysed metathesis of
alkenes containing hydrogen-bonding substituents (namely
urea and thiourea groups) is presented. Under standard me-
tathesis conditions, several of the substrates under study un-
dergo alkene isomerisation instead of the targeted metathe-
sis. However, in the course of these investigations it has been
established that this unwanted isomerisation process can be
suppressed by addition of phenylphosphoric acid to the reac-
tion mixture. Some other potential isomerisation inhibitors
(e.g. benzoic acid and salts of phosphoric acid) have been

studied and their performance compared to that of phenyl-
phosphoric acid. To extend the scope of phenylphosphoric
acid, we also studied the metathesis of 1,3-diallylurea. Inter-
estingly, not only did we observe the complete suppression of
the isomerisation process, but also that it is possible to obtain
instead of the ring-closing metathesis (RCM) product,
ADMET oligomers resulting from the cross-metathesis of di-
allylurea at higher concentrations.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Metal-catalysed alkene metathesis has been established
as one of the most widely used organometallic transforma-
tions for carbon—carbon bond formation.!'-'" Initially, the
scope and applications of this type of reaction was limited
by the poor functional group tolerance that the catalysts
had. However, over the past few years more robust, func-
tionality-tolerant and highly reactive metathesis catalysts
have been developed extending the scope of this transfor-
mation to a wide range of olefinic substrates. In particular,
ruthenium-based catalysts developed by Grubbs!!>16l (e.g.
1 and 2 in Figure 1) and more recently by Hoveydal!”-18l
(e.g. 3 in Figure 1) combine high-reactivity with very good
tolerance to a wide range of functional groups.
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Figure 1. Selected examples of ruthenium-based catalysts for olefin
metathesis.
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With the increased use of these ruthenium complexes in
alkene metathesis, it has been found that several of
them also catalyze other non-metathetic reactions
(Scheme 1).1+19-231 Although these reactions broaden the
synthetic scope of the ruthenium-alkylidene catalysts, they
can be troublesome if the metathesis products are the ones
being sought.

For example, Snapper has reported that complex 1 catal-
yses the addition of chloroform to alkenes [see reaction (a)
in Scheme 1],*4 while Hoye and Zhao have shown that in
the presence of ruthenium catalysts allyl alcohols are de-
graded to ketones [see reaction (b) in Scheme 1].1>°]

One of the most common non-metathetic reactions cata-
lysed by ruthenium-carbene complexes is the isomerisation
of alkenes [see reactions (c) and (d) in Scheme 1]. Although
this type of reaction has been successfully used to synthesise
a wide range of organic products?®2% and as a means for
deprotecting allylic amines?®-3% and amides!3!l [see reaction
(c) in Scheme 1], it is a problem when the product targeted
is the one resulting from metathesis. Although the exact
mechanism of this side-reaction has not yet been estab-
lished, several studies indicate that ruthenium hydride spe-
cies, either formed in situ by decomposition of the catalyst
or present as impurities in the original catalyst, are respon-
sible for the isomerisation process.?!>>32-3%] Due to the
problems that this reaction can pose, several studies have
been carried out to find ways to suppress it. For example,
Nolan and Prunet reported in 2002 that tricyclohexylphos-
phane oxide inhibits isomerisation of specific olefinic sub-
strates.l*>] More recently, Grubbs has compared the effect
that different additives have in the distribution of products
from metathesis and isomerisation. For example, species
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Scheme 1. Non-metathetic reactions catalysed by ruthenium com-
plexes.

such as 2,6-dichloro-1,4-benzoquinone and tetrafluoro-1,4-
benzoquinone were shown to suppress completely olefin
isomerisation of various olefins.[*¥! Acetic acid has also
shown to prevent isomerisation of alkenes but its scope
seems to be limited to specific substrates. In a recent paper
Meyer has reported that tin(II) chloride and bromide salts
enhance the metathesis performance of catalyst 1 inhibiting,
as well, the isomerisation.?”)

We have particular interest in using alkene metathesis to
synthesise compounds that have hydrogen-bonding groups

which can potentially act as molecular receptors for anionic
species. Consequently we have engaged in studying the best
catalysts and experimental conditions required to perform
this transformation on urea- and amide-substituted alkenes
(see Figure 2).
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Figure 2. Functionalized alkene substrates under study.

As we reported in a preliminary communication, under
previously reported “standard” experimental conditions for
alkene metathesis, 1 and 2 catalyze mainly the isomerisation
of the urea- and amide-substituted alkenes and not their
metathesis.[*8! Since for our aims this is an unwanted reac-
tion, we investigated conditions under which the reaction
would mainly give the metathesis products. Interestingly, we
found that upon addition of phenylphosphoric acid,
P(=0)(OPh)(OH),, the course of the reaction changes fav-
ouring the formation of the metathesis products while the
isomerisation process is completely suppressed (Scheme 2).

Herein, we report a more detailed study on the use of
phenylphosphoric acid as isomerisation inhibitor probing
the influence of reaction time, temperature and stoichiome-
try and nature of the additive (salt form, counterion effects)
on product distribution. Furthermore we have extended the
scope of this compound as an additive to favour metathesis
using a wider range of substrates.
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Scheme 2. Reactions showing isomerisation vs. metathesis for 1-allyl-3-(phenyl)urea (4).
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Results and Discussion

Phenylphosphoric Acid as An Isomerisation Inhibitor in
Olefin Metathesis

In order to gain a deeper insight into the competition
between isomerisation and metathesis of substituted olefins,
the reaction shown in Scheme 2 was investigated. The re-
sults of these investigations are summarised in Table 1. Un-
der standard metathesis conditions the reaction of 4 with
10 mol-% of 2 yields a mixture of isomerisation (55%) and
metathesis (33 %) products (compound 5 and 6 respectively,
see Entry 1 in Table 1). However, upon addition of
P(=0)(OPh)(OH), (see Entry 2) the isomerisation is com-
pletely suppressed and the only product obtained is 6
(cross-metathesis product). To investigate whether the
amount of additive or the temperature of the reaction
would have an effect on the product distribution, the above
reaction was repeated with ten times less phenylphosphoric
acid (5%) and at a lower temperature (10 °C). As can be
seen in Entry 3, the reduction in both temperature and
amount of additive had very little effect on the distribution
of products. This indicates that the isomerisation process
can be inhibited completely (and hence only the cross-me-
tathesis product obtained) by carrying out the reaction at
low temperature and with as little as 5% of phenylphospho-
ric acid additive.

As indicated above, the exact mechanism by which
Grubbs’ catalyst 2 promotes alkene isomerisation is not yet
known. Several studies have shown that ruthenium hydride
species, either formed in situ by decomposition of the cata-
lyst or present as impurities in the original catalyst, are re-
sponsible for the isomerisation. Consequently, species cap-
able of reacting with the ruthenium hydride complexes
could in principle be effective additives to inhibit this un-
wanted process. It is then possible that P(=O)(OPh)(OH),
inhibits the isomerisation process of allyl(phenyl)urea (and
other allylic substrates as shown in our preliminary com-
munication®l) by reacting with any potential ruthenium
hydride species present in the reaction mixture.

In order to have a better understanding of the isomeri-
sation-inhibition process, several reactions were carried out.
We first studied whether the mono-triethyl ammonium salt

of phenylphosphoric acid (see Entries 4 and 5) would still
inhibit alkene isomerisation. To our surprise, this additive
not only inhibited isomerisation but also alkene metathesis
(at both 10 and 40 °C). It has been shown by others*? that
some hydrochloride salts of amines are compatible with ru-
thenium-based metathesis catalysts. It was hence surprising
that in the current study complete de-activation of the cata-
lytic species was observed. A possible explanation for this
could be that under the experimental conditions of this spe-
cific reaction, the amine/ammonium equilibrium plays a
role in the deactivation of the catalyst (e.g. presence of free
amine). In order to investigate this hypothesis, the reaction
was repeated using the mono-tetracthyl ammonium salt
[P(=0)(OPh)(OH)(O)][NEt,] as additive (see Entry 6). In
this case, no metathesis product was obtained while 80%
alkene isomerisation was observed. These observations sug-
gest that P(=0)(OPh)(OH), inhibits olefin isomerisation by
acting as an acidic additive and also that catalyst 2 is not
tolerant to [HNEts]*.

To explore whether the isomerisation of allyl(phenyl)urea
would be inhibited by a different acid, the reaction was re-
peated in the presence of benzoic acid (see Entry 7). As
expected, alkene isomerisation was suppressed and the me-
tathesis product 6 was formed in a reasonable yield of 43 %.
This is also consistent with previous reports in which acetic
acid has shown to inhibit the isomerisation of certain al-
kenes.13¢!

Once we had shown the importance of the acidic protons
of the additives for the inhibition of alkene isomerisation,
it was of interest to evaluate whether or not other known
inhibitors would work for our substrate [i.e. allyl(phenyl)-
urea]. Grubbs has recently shown that quinones can act as
effective additives in ruthenium-catalysed metathesis reac-
tions.*¥) Consequently, 2,6-dichloro-1,4-benzoquinone was
added to the reaction of 2 with substrate 4. This reaction
yielded the metathesis product 6 in 54% yield and no iso-
merisation product was formed. This result shows that 2,6-
dichloro-1,4-benzoquinone (Entry 8 in Table 1) and our
phosphate monoester P(=O)(OPh)(OH), (Entries 2 and 3
in Table 1) are essentially equally effective as isomerisation
inhibitor; an interesting result given the high effectiveness
of the former as demonstrated by Grubbs*®! for other sub-
strates.

Table 1. Summary of the conditions employed and the results obtained for the different ruthenium-catalysed reactions of 1-allyl-3-

phenylurea 4.

Entryl  Additive Amount of additive Temp. [°C] % yield® of 6 % yield™ of 5 (E/Z)I1 % yield® of 4
(% with respect to the urea)
1 - - 40 33 55 (1:1) 10
2 P(=0)(OPh)(OH), 50 40 56 - 30
3 P(=0)(OPh)(OH), 5 10 50 - 50
4 [P(=0)(OPh)(OH)(O)|[NHEL;] 50 40 - - 100
5 [P(=0)(OPh)(OH)(O)|[NHEL;] 50 10 - - 100
6 [P(=0)(OPh)(OH)(O)][NEt] 50 10 - 80 (1:15) 20
7 PhCOOH 5 10 43 - 57
8 2,6-dichloro-1,4-benzoquinone 10 40 54 - 46

[a] All reactions were carried out in CH,Cl, using 10 mol-% of 2. [b] Reaction time 16 h. [c] Isomerisation product 5 was obtained as an

E/Z mixture. The proportions of each isomer are shown in brackets.
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Reactions of Complex 2 with 1-Allyl-3-(phenyl)thiourea (7)

In order to potentially expand the scope of phenylphos-
phoric acid as inhibitor for olefin isomerisation when using
Grubbs’ catalyst, olefinic substrates carrying other types of
hydrogen bonding receptor groups were studied. Interest-
ingly, when 2 was added to a solution of allyl(phenyl)thio-
urea in the absence of phenylphosphoric acid (using analo-
gous conditions to the ones described for the urea sub-
strate — Entry 1 in Table 1) no reaction was observed even
after 18 h (Scheme 3).
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Scheme 3. Attempted reaction between 2 and 1-allyl-3-(phenyl)-
thiourea.

Analysis of the reaction mixture by 'H NMR spec-
troscopy indicated that the only species present was starting
material. The same result was obtained when the reaction
was repeated in the presence of 50% phenylphosphoric acid
at 40 °C. These observations suggest that the thiourea
group somehow interferes with the catalytic ruthenium spe-
cies for both metathesis and isomerisation of the alkene. A
possible explanation for this behaviour could be the strong
coordinating ability of thiourea groups towards the metal
centre. There are several examples previously reported of
ruthenium complexes with thiourea groups as ligands.#0-41]

To elucidate whether the thiourea was indeed coordinat-
ing to the metal centre, a 1:1 mixture of 2 and allyl(phenyl)-
thiourea was prepared and monitored by *'P NMR spec-
troscopy. After ca. 1 h it was observed that 7 new dominant
singlets (plus several more small peaks) appeared between
0 = 25.3 and 33.9 ppm; although one of these resonances
could be associated with the original Grubbs’ catalyst (0 =
31.4 ppm) the appearance of so many new >'P NMR sig-
nals, indicates that 2 readily reacts with allyl(phenyl)thio-
urea to yield a wide range of phosphorus-containing prod-
ucts. Due to the large amount of products in this mixture
and the fact that no alkene metathesis (or even isomeri-
sation) was observed when using 7 as substrate, it was de-
cided not to continue the investigation of metathesis with
thiourea-containing alkenes.

Reaction of Complex 2 with 1,3-Diallylurea (8)

As a further determinant for the scope of our additive
we investigated the ability of phenylphosphoric acid to act
as isomerisation inhibitor and potential reaction template.
We chose the conversion of 1,3-diallylurea (8) to either the
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cyclic urea 9 or potentially leading to an ADMET-type
oligomerisation 11 using 2 as metathesis catalyst (see
Scheme 4).

[Ru]/
O
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| >:o AN N/U\N = N\H/N\/\
NH H H o

9 1

Scheme 4. Using Grubbs’ catalyst 2, the 1,3-diallylurea (8) could in
principle give the ring-closing metathesis product 9 or the AD-
MET-type oligomerisation 11.

The reaction was first carried out in the absence of phen-
ylphosphoric acid under analogous conditions to those
used for allyl(phenyl)urea (see Entry 1, Table 1). 1,3-Dial-
lylurea (8) was dissolved in CH,Cl, and complex 2 added
to the solution. The reaction mixture was stirred overnight
at 40 °C after which time the solvent was evaporated under
reduced pressure. The 'H NMR spectrum of the crude mix-
ture showed signals at = 5.86, 5.17 and 3.79 ppm corre-
sponding to the starting material plus a series of resonances
at 0 = 6.56, 4.97 and 4.57 ppm which can be assigned to
product 10 (see Scheme 5). This species, resulting from iso-
merisation of 8, has itself three different cis-trans isomers
(namely EE, EZ and ZZ) which have been previously char-
acterised by 'H NMR spectroscopy.*?! On the basis of this,
it was possible to assign the resonances corresponding to
the olefinic protons of 10 and calculate that the proportion
of 8 which isomerised to 10 was ca. 50% (by 'H NMR
spectroscopy). Since the latter di-olefinic species has been
previously characterised and our main interest is on metath-
esis processes (not observed here), we decided not to isolate
the isomerisation product 10. It should also be mentioned
that no traces of the RCM product 9 (which has been pre-
viously synthesised via a different route and its '"H NMR
spectrum reported) could be detected.

The reaction of 8 with catalyst 2 was then repeated in
the presence of phenylphosphoric acid to suppress the iso-
merisation process. When a 3.6 mm solution of 8 was stirred
for about 12 h at 40 °C neither isomerisation nor any me-
tathesis product occurred, the starting material was com-
pletely recovered. However, when the reaction was repeated
(under identical reaction conditions), with a 10-times higher
concentration of diallylurea, a white precipitate formed
(23 mg corresponding to 50% conversion of the starting
material). This product was isolated by filtration and
washed with dichloromethane. The 'H NMR spectrum of
both the precipitate and the solution showed that no alkene
isomerisation to 10 or RCM of the di-olefin to yield 9 had
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Scheme 5. In the presence of catalyst 2, 1,3-diallylurea (8) isomerises to 10. When the same reaction is carried out in the presence of
phenylphosphoric acid, the isomerisation is suppressed favouring a metathetical process to yield the oligomeric urea species 11. The
formation of the ring-closing metathesis product 9, was not observed in any of these experiments.

taken place. Instead, the characterisation of the isolated so-
lid was consistent with a cross-metathesis process (AD-
MET) (see Scheme 5).

The 'H NMR spectrum of the isolated precipitate
showed it to be a mixture of oligomeric species with the
general formula shown in Scheme 5 (species 11). Two broad
signals at 0 = 5.96 (3.5 H) and 5.49 (2.5 H) ppm, a multiplet
at o = 5.79 (1 H) ppm and a doublet of doublets at 6 = 5.04
(2 H) ppm were present in the 'H NMR spectrum. The two
broad signals are consistent with a mixture of oligomers
where the signal at 6 = 5.96 ppm corresponds to the urea
NH protons and the one at 6 = 5.49 ppm corresponds to
the olefinic protons resulting from cross-metathesis (for
comparison, the -CH=CH- protons in 6 — see Scheme 2 —
appear at 6 = 5.62 ppm). The two double doublets at ¢ =
5.01 and 5.09 ppm, respectively, are consistent with the
H,C=CHR protons and the doublet of doublet of triplets
at 0 = 5.79 ppm corresponds to the single vinylic end-group
proton (H,C=CHR) which would be expected for a linear
oligomeric species 11. The relative integration between the
terminal olefinic protons and those corresponding to the
central 1,2-disubstituted double bond, were suitable for
end-group analysis and indicate that the average degree of
oligomerisation of 11 is 4. The '3C NMR spectroscopic
data also confirmed the proposed oligomeric structure, with
resonances corresponding to terminal and 1,2-disubstituted
allyl groups and a carbonyl peak at 6 = 158.09 ppm
(163.2 ppm for 8).

The presence of different oligomers in the product 11 (see
Scheme 5) was confirmed by FAB(+) mass spectrometry
which showed peaks at 253 a.m.u. (species with n = 1),
365 a.m.u. (species with n = 2) and 477 a.m.u. (species with
n = 3). No evidence for the formation of cyclic species was
found by neither mass spectrometry nor NMR spec-
troscopy.

Interestingly, the 3'P{'H} NMR spectrum of a DMSO
solution of the isolated solid (that contains 11) showed a
singlet at 6 = —5.6 ppm indicating the presence of phenyl-
phosphoric acid in the sample. Further inspection of the 'H
NMR spectrum of 11 revealed signals in the aromatic re-
gion (three broad resonances at 6 = 7.29, 7.14 and 7.07 ppm
with a relative integration ratio of 2:2:1) which we also asso-
922
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ciated to phenylphosphoric acid. The relative integration
between these signals and those corresponding to the ter-
minal olefinic protons of 11 is approximately 1:4. The pres-
ence of phenylphosphoric acid in the precipitate (even if
in relatively small amounts) suggests a strong association
between this compound and the oligourea species 11. It is
well established that urea groups and phosphate groups in-
teract strongly via hydrogen bonding,™*#4 hence it is not
unexpected that 11 binds phenylphosphoric acid, though it
does not explain the complete lack of reactivity under more
dilute reaction conditions. Further studies will need to be
carried out to determine the extent of interaction between
these two species and whether this can be used more generi-
cally to guide the outcome of the metathesis reaction of 1,3-
diallylurea and related hydrogen bonding receptor motifs.

Conclusions

We have identified in more detail the scope of phenyl-
phosphoric acid acting as an effective inhibitor of unwanted
alkene isomerisation using Grubbs’ catalyst 2 for metatheti-
cal reactions. Our data supports a likely mechanism of ac-
tion involving the reaction between the most acidic proton
of the additive and hydrido ruthenium complexes (which
could catalyse isomerisation) present in the reaction mix-
ture. We have also shown that phenylphosphoric acid in-
hibits the isomerisation of diallylurea groups. This has al-
lowed us to prepare oligomeric polyureas in an ADMET
process using Grubbs’ catalyst 2. Interestingly the phenyl-
phosphoric additive co-precipitates with the oligomers
which may be the result of a strong association between the
phosphoric acid group and the urea receptor motif and
could have implications for hydrogen bond-controlled tem-
plating of metathesis processes. Experiments to clarify the
levels of involvement of the additive are being targeted.

Experimental Section

General: All manipulations were carried out under purified and dry
nitrogen or argon using standard Schlenk-line techniques unless
otherwise stated. Solvents were dried from the appropriate drying
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agent, degassed and stored under nitrogen. All commercially avail-
able solid starting materials were not further purified. All liquid
starting materials were dried with molecular sieves and thoroughly
degassed by freeze pump thaw prior to use. 'H, '3C and *'P NMR
spectra were recorded with a Bruker Avance 400 or Bruker Avance
500 spectrometer and referenced to residual 'H and '*C signals
of the solvents or 85% H;PO, as an external standard (*'P). 1,3-
diallylurea and 2,6-dichloro-1,4-benzoquinone were purchased
from Sigma Aldrich. Phenylphosphoric acid was purchased from
TCI Europe. 1-Allyl-3-phenylurea (4)[*% and 1-allyl-3-(phenyl)thio-
urea (7)1 were synthesised following reported procedures.

Cross Metathesis of Allyl(phenyl)urea: The following general pro-
cedure was employed for the metathesis of the allylurea (further
details regarding some of the experimental conditions are provided
in Table 1). To a solution of allyl(phenyl)urea (61.5 mg, 0.4 mmol)
in dry and degassed CH,Cl,, a solution of Grubbs’ catalyst 2
(37.3 mg, 0.04 mmol, 10 mol-% corresponding to a concentration
of catalyst of 2 mM) in the same solvent was added. The resulting
mixture was stirred overnight at the corresponding temperature (see
Table 1). The formation of a white precipitate (corresponding to
the metathesis product 6) was observed in the course of the reac-
tions. This solid was isolated by filtration and washed several times
with hexane. The solvent from the remaining filtrate was evapo-
rated under reduced pressure to yield a brown oil. This crude was
purified by silica gel column chromatography using CH,Cl,/ethyl
acetate [9:1 (v/v)] as eluent.

For the reactions carried out in the presence of P(=O)(OPh)-
(OH),, [P(=O)(OPh)(O)(OH)]INHEt;], [P(=O)(OPh)(O)(OH)]-
[NEt], benzoic acid or 2,6-dichloro-1,4-benzoquinone, the additive
was mixed with the corresponding olefinic substrate in CH,Cl, and
the catalyst was then added to this mixture. For additive/alkene
ratios employed, see Table 1 and sections 2.2-2.3.

Reaction of 1,3-Diallylurea with 2 and Phenylphosphoric Acid. Low
Concentration: To a solution of 1,3-diallylurea (50.0 mg, 0.4 mmol)
and phenylphosphoric acid (31.3 mg, 0.2 mmol) in 100 mL of dry
and degassed CH,Cl,, a solution of Grubbs’ catalyst 2 (30.5 mg,
0.04 mmol, 10 mol-% corresponding to a concentration of catalyst
of 2 mm) in the same solvent was added. The resulting mixture was
stirred overnight at 40 °C. The organic solvent was evaporated after
this time and an orange oil obtained. Only starting material was
recovered.

Reaction of 1,3-Diallylurea with 2 and Phenylphosphoric Acid. High
Concentration: To a solution of 1,3-diallylurea (50.0 mg, 0.4 mmol)
and phenylphosphoric acid (31.3 mg, 0.2 mmol) in 10 mL of dry
and degassed CH,Cl,, a solution of Grubbs’ catalyst 2 (30.5 mg,
0.04 mmol, 10 mol-% corresponding to a concentration of catalyst
of 2 mm) in the same solvent was added. The resulting mixture was
stirred overnight at 40 °C. The formation of a white precipitate
(corresponding to the metathesis oligomeric product 11) was ob-
served in the course of the reaction. This solid was isolated by
filtration and washed several times with dichloromethane. Yield:
(23 mg corresponding to 50% conversion of the starting material).
'"H NMR ([Dg]DMSO, 400 MHz): 6 = 3.60 (m, 6 H, CH,), 5.04
(m, 2 H, CH=CH,), 549 (br. s, 2 H, CH=), 579 (m, 1 H,
CH=CH,), 5.96 (br. s, 3 H, NH) ppm. *C NMR ([D¢]DMSO,
400 MHz): 0 = 41.02 (NH-CH,-CH=CH), 42.12 (NH-CH,-
CH=CH,), 114.75 (CH,=CH), 128.89 [CH=CH (trans)], 129.60
(CH=CH cis), 137.31 (NH-CH,~CH=CH,), 158.09 [NHC(O)NH]
ppm. {MS (FAB+): 253 a.m.u. (species where n = 1), 365 a.m.u.
(species where n = 2) and 477 a.m.u. (species where n = 3)}.
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