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Synthesis of 2-Phosphonopyrroles via a One-Pot  example was presented in which a BOC-protected 3-0x0-2-
RCM/Oxidation Sequence phosphonopyrrolidine was converted to the corresponding
3-hydroxy-2-phosphonopyrrole by treatment with trifluoroacetic
acid’ On the other hand, addition of enolates and enamines to
phosphonoazoalkerfesr addition of cyano methylphosphonate
Research Group SynBioC, Department of Organic Chemistry, anion to azoalken&svas shown to lead to 3-phosphonopyrroles.
Faculty of Bioscience Engineering, Ghent Werisity, Finally, only one example of a meta-mediated ring closure
Coupure links 653, B-9000 Ghent, Belgium between an alkyne and a-®l double bond using Pd has been
reported'® However, since the discovery and development of
practical useful ruthenium-based metathesis catalysts in the past
decenniunt! ring-closing metathesis (RCM) has found wide
application in the synthesis of complex (hetero)cyclic com-
pounds!? Furthermore, an increasing interest exists in combining
ring-closing metathesis with a second reaction step in order to
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,\( obtain complex, highly functionalized molecules in a one-pot
N/\Ff N R Ph/\N/\ﬁ reaction!3 The use of RCM to form heteroaromatic compounds,
R1YLH - R“\a\,ﬁ’(OMe)z R P(OMe),; however, has only recently appeared in the literatfita. this
R ° R? O paper, we present the synthesisbenzyl-2-phosphono-3-
ROMI[ox] l @\0*\ pyrrolines via RCM star_tir]g fr_om functior_lalizeﬁaminoalkenyl _
&€ J RCM phosphonates and their in situ conversion to the corresponding
o 2-phosphonopyrroles by tetrachloroquinone (TCQ).
R

X0 o o,f-UnsaturatedN-allylaldiminesl are phosphonylated with
QP(OM% -~ QZJ‘:(OMe)Z complete regioselectivity using a modified Pudovik reaction
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TABLE 1. Synthesis of Phosphonates25
R! R? RS 22(%) 3°(%) 4(%) 5°(%)
a Ph H H 95 61 44 75
b Ph Me H 90 50 58 84
c Me Bn H 27 50 62 72
d Ph isoamyl H 88 54¢ 70 70
e Me Ph H 80 35 54d 75
f Me CHCH.,Ph H 44 92 71
g Ph H Me 74 86

aYield after acid/base extractioA.Yield after column chromatography.
¢ Mixture of E andZ isomers 9 Spontaneous oxidation to pyrrdie using
air was observed during workup.

(Scheme 138 The a-aminoalkenyl phosphonates are obtained
in high yield and purity after a simple acid/base extraction (Table
1). Benzylation was performed using 1.5 equiv of benzyl
bromide in acetone and an excess o€k as a base. Complete
conversion usually occurs in #20 h at reflux temperature,
giving clean mixtures ofN-benzylated phosphonatés and

JOCNote

amides, carbamates, sulfonamided?}.¢ Failure of RCM
reactions with substrates containing a nucleophilic nitrogen atom
adjacent to the metathesized alkene is often attributed to
poisoning of the catalyst or to disfavored conformation of the
substraté? The poisoning of the catalyst was possibly avoided
in our case because of the presence of the electron-withdrawing
phosphonate group, which reduced the nucleophilic properties
of the amine.

Furthermore, in case ofiphenyl, styrene is formed during
the ring-closing reaction, which unlike ethene does not boil off
from the reaction mixture. Liberation of ethene from the reaction
mixture is often indicated as the driving force in RCM reactions.
A closer look to the crudéH NMR spectrum revealed, however,
the presence of stilbene, which could also be obtained as
colorless crystals from the reaction mixture. Stilbene is probably
formed together with ethene via cross-metathesis of styrene in
a second catalytic cycle (Scheme 2) and is easily removed during
the subsequent chromatographic purification. It should be noted
that two active species of the catalyst are present in the reaction
mixture: carbened, which is presented as the propagating
species in the general Chauvin mechani8nand Grubbs’
carbene8, which is regenerated during the catalytic cycle in
this case. While substituted double bounds are often not well
tolerated by ruthenium-based cataly$t®! (Ph or Me) and R
groups are very well tolerated in our case, even under very mild
conditions. However, when phosphon&g (R® = Me) was
selected as a substrate in the RCM reaction, no reaction occurred
at all and the starting material was recovered, even under reflux
in CHCI, or benzene. When switching to refluxing in chlo-
robenzene as a solvedtP NMR showed the disappearance of
the starting material and the simultaneous appearance of a signal
at 10.4 ppm. Upon workup, this signal proved to be the
corresponding enaminophosphonate resulting from the migration
of the double bond toward the phosphonate. These observations
indicated that the RCM reaction is most likely initiated via the
least hindered double bond and that the following intramolecular
conversions are less dependent on the steric bulk of the olefin.
When two substituted double bonds are present in the molecule,
the initiation seems to be delayed to such a large extent that no
reaction is possible anymote.

After complete conversion of the starting amino phosphonates
3 (3—5 h at room temperaturéy,the phosphonopyrroline$
could be obtained in pure form as a colorless oil via an acid/
base extraction of the reaction mixture, which illustrated the
basic properties of the pyrroline. Pyrrolifé could not be

benzyl bromide. The reaction speed can be increased by addingsolated. Instead, 1-benzyl-3-(2-phenylethyB-pyrrole was

catalytic amounts of sodium iodide 30 h) or by using
microwave heating. Opposite to phosphon&gs-benzylami-
noalkenyl phosphonate&scould not be isolated using an acid/

formed due to aromatization through elimination of the phos-
phonate group during workup. This side reaction was not
observed in any of the other cases.

base extraction, probably indicating decreased base character- To obtain phosphonopyrrol&sthe use of tetrachloroquinone

istics of the substrate. The phosphona@esould be obtained

in pure form via column chromatography; however, considerable

product losses resulted.

The obtained aminoalkenyl phosphonaesgere treated with
Grubbs’ second-generation catalg§sand the reaction was easily
monitored using®P NMR. Pyrrolines4 were formed very

smoothly at room temperature in dichloromethane as a single

reaction product P = 24.58-24.91 ppm). Most examples
of azaheterocyclic ring formation via RCM presented in the
literature deal with non-nucleophilic nitrogen groups (e.g.,

(16) Van Meenen, E.; Moonen, K.; Acke, D.; Stevens, C.Avkivoc
2006 i, 31.

(TCQ) has already proven effective in combination with catalyst

(17) (a) Yang, Q.; Xiao, W.-J.; Yu, Z0rg. Lett.2005 7, 871. (b) Le
Flohic, A.; Meyer, C.; Cossy, J.; Desmurs, J.7Retrahedron Lett2003
44, 8577. (c) Briot, A.; Bujard, M.; Gouverneur, V.; Nolan, S. P
Mioskowski, C.Org. Lett.200Q 2, 1517. (d) Fustner, A.; Thiel, O. R.;
Ackermann, L.; Schanz, H.-J.; Nolan, S.POrg. Chem200Q 65, 2204.
(e) Campagne, J.-M.; Ghosez, Tetrahedron Lett1998 39, 6175. (f)
Rutjes, F. P.; Schoemaker, H. Eetrahedron Lett1997, 38, 677. (g) Shon,
Y.-S.; Lee, T. RTetrahedron Lett1997 38, 1283.

(18) Haisson, J.-L.; Chauvin, YMacromol. Chem1971, 141, 161.

(19) Wallace, D. JAngew. Chem., Int. EQ005 44, 1912 and references
therein.

(20) In case of phosphonaB®, complete conversion to pyrrolinge
neede 3 h atreflux temperature. Complete conversion to pyrreéewvas
obtained afte5 h atreflux followed by 12 h at room temperature.
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6.21 When phosphonatéksare treated with cataly$tand 1 equiv
of TCQ, the expected pyrrolésare formed as a single reaction
product §31P = 13—15 ppm) after stirring for up to 16 h at
room temperature. By monitoring the reaction usitg)NMR,

a minor decrease of the RCM reaction rate was observed by

the action of TCQ. When cataly6twas allowed to react for 2

h with the substrate (giving approximately 60% conversion to
the pyrroline) before the addition of TCQ, the pyrroles were

obtained after 57 h at room temperaturé.

A mechanism for this ring-closing metathesis with in situ
oxidative aromatization has already been proposed bé¥fdie.
ruthenium is really required for the oxidatiéhas puretb and
4c are also converted to the corresponding pyrrdibg by
stirring with TCQ at room temperature for 22 h. However, this
is considerably slower than in the presence of catdy3two

reaction pathways may be considered to explain these results
(a) hydrogen atoms are transferred in the process of oxidative

addition and reductive elimination which involves hydride

complexes or (b) hydrogen donor and acceptor are brought
together by simultaneous coordination to the central metal of
the catalyst, followed by direct transfer of the hydrogen atoms

from the pyrroline to the TC@ In light of the mild reaction
conditions in combination with the fact that no pyrrole formation

is observed in the absence of TCQ, the assumption that
hydrogens are transferred via pathway (b) seems to be reason

able.
With these excellent RCM results in hand, we tried to ring
close phosphonate3a and 3d possessing a free NH group.

(21) Dieltiens, N.; Stevens, C. V.; Allaert, B.; Verpoort,Atkivoc 2005
i, 92.

(22) (a) Dieltiens, N.; Stevens, C. V.; De Vos, D.; Allaert, B.; Drozdzak,
R.; Verpoort, F.Tetrahedron Lett2004 45, 8995. (b) Cren, S.; Wilson,
C.; Thomas, N. ROrg. Lett.2005 7, 3521.

(23) Nishiguchi, T.; Kurooka, A.; Fukuzumi, K1. Org. Chem.1974
39, 2403.

(24) % conversion to the pyrrole was observed usigNMR. Yields
reported are isolated yields (after column chromatography). Pyfi@de
could only be obtained in 90% purity.

(25) Takabe, K.; Fujiwara, H.; Katagiri, T.; Tanaka;T&trahedron Lett.
1975 1237.
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SCHEME 3
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€)2
—_— (e .
WE(OMS)z CHCl, \—
2a (R ?H) ° ’ R 10ad
= 30% i
2d (R = isoamyl) (30% conversion)
6, TCQ N i N9
, P(OMe), » NS _P(OMe),
CH20|2, A — 10a.d w

R R
100% conversion

11a (39% isolated yield)
11d (27% isolated yield)

When the reaction was monitored usit#§ NMR, decreasing
reaction rates were observed in connection to reaction time, and
a maximum conversion of only 30% was reached. This kind of
behavior suggests catalyst inhibition by the pyrrolit@ad
rather than by the starting materd,d (Scheme 3). When TCQ
was added together with catalygtthe formed pyrroline was
oxidized immediately in the reaction mixture, and 100%
conversion to the pyrrolélad took place at reflux temperature

in dichloromethane in 23 h or in benzene in 7 h. The reaction
mixture was much less clean than in the case ofNHzenzyl
substrates3, and pyrrolesll could only be obtained in low
yields after a laborious chromatographic purification. Neverthe-
less, the reaction sequence clearly illustrates the synergism
between ruthenium mediated ring-closing metathesis and oxida-
tion by TCQ. Furthermore, the failure of RCM reactions with
substrates containing a NH functionality should be attributed
to its nucleophilic properties rather than to the need of a proper
conformation for ring closure.

In conclusion, we have presented an interesting pathway
toward functionalized 2-phosphonopyrroles and pyrrolines.
Phenyl-substituted alkenes can be used in the RCM reaction,
giving rise to the formation of styrene and stilbene as side
products. The nucleophilic nitrogen atom in the substratiss
very well tolerated by the catalyst. Furthermore, an opportunistic
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synergism exists between catalgsand oxidant TCQ, which aqueous layer was washed twice with 2 mL of dichloromethane,
allows the conversion of NH containing substrates to the neutralized until slightly alkaline, and extracted twice with 4 mL
corresponding pyrroles. To the best of our knowledge, this is of dichloromethane. The .combinedlorganic phases were dried using
the first example of RCM using the second-generation Grubbs’ MgSQ:. The corresponding pyrroline$ were obtained as clear,
catalyst on secondary free amines without the need to COI’]VGI’tCOlO.rless oils after flltratlon.and evaporation of the solvent.

them to a hydrochloride salt. We are currently planning to Dimethy! 1-Benzyl-2,5-dihydro-1H-pyrrol-2-ylphosphonate

. . . 4 4a).'H NMR 6 (300 MHz, : 3.29:3.43 (1H, multiplet); 3.65
broaden the scope of this reaction to include substrates SU|tabIe§1a) d, Jag = 1§_5 Hz): g?lp_rg')so (1H mu(mp|eg-u3fg§ ()SH d

for enyne metathesis. Ju_p = 10.2 Hz); 3.83 (3H, dJy_p = 10.2 Hz); 4.09-4.16 (1H,
multiplet); 5.74-5.92 (1H, multiplet); 5.875.92 (1H, multiplet);
Experimental Section 7.22-7.38 (5H, multiplet).*3C NMR 6 (75 MHz, ppm): 53.1 (d,

. ) Je-p = 8.1 Hz); 53.7 (dJc—p = 6.9 Hz); 60.1 (d Jc—p = 5.8 HZ);
SynthesisN-Benzyl a-Aminoalkenyl Phosphonates 3.To a 6% 23 (d chp)z 8.1 §_|Z'])C 88 4 (d ch)p — 17% éCHPZ). 124.0 ()d
round-bottom flask was added 3.1 mmol ofaminoalkenyl Jop=58 Hz): 127.0: 128.3: 128.6: 130.2 @_P =112.7'Hz)',
phOSphOﬂatQ together wih 3 g of KzCOg,, 0.23 g (15 mmol) of 139.2.3'P NMR O (121 MHz, ppm) 24.58. IR/max (cm‘l): 1246

Nal, and 4 mL of acetone. Then, 0.79 g (4.65 mmol) of benzyl (p—)- 1058 1031 (PO). MS m/z 268 (100. [M+ HI+. 158
bromide was added, and the mixture was refluxed fot8 h. The 218 [,2/] TH- PO(O(Me))]'+). Yield: 44%(. 3 I"

course of the reaction was conveniently monitored %aNMR Synthesis of 2-Phosphonopyrroles 5To an oven-dried round-
spectra directly from the reaction mixture. After complete conver- pq116m flask was added 0.39 mmol of aminoalkenyl phosphonate
sion of the starting material, the solids were removed by filtration o together with 4 mL of dry dichloromethane. The solution was
and the solvent by evaporation under reduced pressure. Thegied under a nitrogen atmosphere, and 16.4 mg (5 mol %) of
corresponding\-benzyl a-aminoalkenyl phosphonat@ was ob- Grubbs’ second-generation cataly&twas added. The reaction
tained in pure form as a pale yellow oil after column chromatog- ixture was then stirred fo2 h at room temperature, giving

raphy over silica gel using a hexane/ethyl acetate mixture as aanroximately 60% conversion to the pyrroline. Then 94.8 mg (0.39

mobjle phase. . mmol) of TCQ was added, and stirring was continued feisah
Dimethyl (2E)-1-(Allyl(benzyl)amino)-3-phenylprop-2-enylphos- 4t yoom temperature. The course of the reaction was conveniently

phonate (3a).*H NMR ¢ (300 MHz, ppm): 3.10 (1H, ddxs = monitored via3P NMR spectra of samples directly from the
140 Hz,J = 7.7 Hz); 3.51 (1H, dJag = 13.8 Hz); 3.63-3.68 reaction mixture. In case of phosphon&t complete conversion
(1H, multiplet); 3.68 (3H, dJu—p = 10.5 Hz); 3.85 (3H, dJu—p = to pyrrole5ewas only obtained aftés h atreflux. When complete
10.7 Hz); 3.85 (1H, ddjy—p = 24.2 Hz,J = 9.1 Hz); 4.22 (dd,  copyersion was obtained, the solvent was removed under reduced
Jag = 13.8 Hz,J = 1.9 Hz); 5.19-5.29 (2H, multiplet); 5.79 pressure. The pyrroléswere obtained in pure form as brownish

5.93 (1H, multiplet); 6.37 (1H, dddlans= 16.7 Hz,J = 9.1 Hz, oils using column chromatograph o, :
y on silica gel with a hexane/
Jh-p= 6.3 Hz); 6.60 (1HJyrans= 15.7 Hz,Jy-p = 3.03 Hz); 7.20- ethyl acetate mixture as a mobile phase.

7.45 (10H, multiplet).13C_NMR o (75 MHz, pp”l): 52.7 (dJc—p Dimethyl 1-Benzyl-1H-pyrrol-2-ylphosphonate (5a).*H NMR
= 6.9 Hz); 53.7 (dJc—p = 6.9 H2); 54.3 (dJcp = 6.9 H2); 55.2 5 (300 MHz, ppm): 3.60 (6H, dJy_p = 11.6 Hz): 5.36 (2H, S);

(d, Je-p=8.4Hz); 59.5 (dJop=160.4 Hz); 117.7, 119.8, 126.7,  § 556,26 (1H, multiplet); 6.86:6.89 (1H, multiplet); 6.96-6.94
127.1;128.1; 128.3; 128.5, 128.7; 128.8; 129.0; 136.3; 136.4; 137.0 ([ multiplet): 7.10-7.34 (5H, multiplet) °C NMR 3 (75 MHz.

vmax (CMY): 1642, 1601 (€C); 1243 (P=0); 1039 (br, P-O). 117.6 (d,Je_p = 227.3 Hz): 122.5 (dJc_p = 17.3 Hz); 127.2;
MS m/z. 262 (13); 372 ([NH- H]*, 100). Chromatography: Hex/ 127.7; 128.7; 129.0 (dlc_p = 11.5 Hz); 137.93P NMR 6 (121
EtOAc (3/4)R; = 0.26. Yield: 61%. MHz, ppm): 13.63. IR/max (cm™2): 1250 (R=0); 1029 (br, P-O).

Synthesis of 2-Phosphono-3-pyrrolines 4To an oven-dried MS nVz 266 (100. [M+ H1+). Chromatography: Hex/EtOAC (2/
round-bottom flask was added 0.34 mmol of aminoalkenyl phos- 3)R =Z'0.26. (Yiela:[ 75%.] ) graphy: Hex (

phonate3 together with 4 mL of dry dichloromethane. The solution
was stirred under a nitrogen atmosphere, and 14.4 mg (5 mol %) Acknowledgment. We thank the Fund for Scientific Re-

of Grubbs’ second-generation catalgisvas added. The reaction  ge4rch Flanders (FWO Viaanderen) and Ghent University (BOF)
mixture was then stirred for-35 h at room temperature, depending for financial support

on the derivative used. The course of the reaction was conveniently
monitored via®!P NMR spectra of samples directly from the
reaction mixture. Only in the case of phosphorzgelid complete
conversion to pyrrolingle require 3 h atreflux temperature. The
reaction mixture was then poured into a separatory funnel containing
5 mL of 1 N HClaq) After vigorous shaking and phase separation,
the organic layer was removed from the funnel. The remaining JO060160E

Supporting Information Available: Spectral data of com-
pounds2b—g, 3b—g, 4b—e, 5b—f, and1lad are reported together
with copies of theif'3C spectra. This material is available free of
charge via the Internet at http://pubs.acs.org.
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