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Abstract—Triphenylphosphine and tributylphosphine are excellent catalysts for Michael additions. Many B-dicarbonyl compounds and
electron-poor olefins, including sterically demanding partners, react successfully. The Michael addition catalyzed by phosphines deserves

attention in its own right as a useful synthetic method.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Organocatalysis induced by phosphines is a topic of
increasing interest.' The most generally applied phos-
phine-based catalysis is also known as nucleophilic
phosphine catalysis (NPC) and is initiated by the nucleo-
philic attack of the phosphine to the B-position of an
electronically poor alkene or alkyne. The generated
a-carbanion reacts as a nucleophile or as a base in many
different ways. A common feature is a final step, in which
phosphine is recovered thanks to its excellent leaving group
properties, thus, permitting a catalytic cycle (Scheme 1,
Eq. 1). The Morita—Baylis—Hillman a-hydroxyalkylation of
activated olefins is perhaps the best known reaction
catalyzed by nucleophilic phosphines (Eq. 2).'® Moreover,
many different electrophiles have been used in the place of
aldehydes. Thus, a,B-unsaturated ketones in intermolecu-
lar*® and intramolecular’® manners; T-allylpalladium
complexes in intramolecular reaction;*® aldehydes® and
ketones®" in the intramolecular version of the Morita—
Baylis—Hillman reaction; and intramolecular attack on
vinylsulfones.”® A related reaction is the phosphine-
catalyzed nucleophilic substitution of acetoxy in allylic
systems.”" If Z=CO-R in Scheme 1 still another possibility
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arises: oxygen acting as nucleophile instead of carbon. At
least one reaction has been described fulfilling this
condition, although, in this case the phosphine was used
stoichiometrically.”

The stabilized o-carbanion can also react as a base. This
basicity is the origin of the isomerization of acetylenic
ketones into dienyl ketones under triphenylphosphine
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Scheme 1. Nucleophilic phosphine catalysis (NPC).
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catalysis, pioneered by Trost®® and reinvestigated by Lu.*
Moreover, basicity at C-2 or C-a has been fundamental for
the, in princigle, unexpected introduction of nucleophiles at
C—oc,4 at C-v,” or at both® in activated acetylenes and allenes.

This wealth of data is in sharp contrast with the attention
paid to a conceptually more simple reaction, the conjugate
addition to the B-position of activated alkenes or alkynes
(Eq. 3). Thus, activated monosubstituted acetylenes (Z=
COOR, COMe) react with thiols,” with alcohols,® and with
oximes’ to afford the products on conjugate addition at C-p.
Heavily fluorinated phosphines were tested for addition of
alcohols to acetylenes with the aim of recovering the
catalyst in fluorous solvents.?™

Some other reactions have been recently described: the
conjugate addition of water and alcohols to activated olefins
under phosphine catalysis,'” the additions of oximes to
simple activated monosubstituted olefins catalyzed by
triphenylphosphine,'' and the aza-Michael addition of
carbamates to unsaturated ketones, albeit in this case the
presence of trimethylsilyl chloride, together with the
phosphine, was essential for the outcome of the reaction.'”

The use of phosphines as catalysts for the conventional
Michael addition of compounds with active methylene
groups has not been universally recognized as an interesting
synthetic method. However, White and Baizer described, in
a 1973 note, the reactions of sterically non-demanding
nucleophiles (nitromethane, methyl malonate, acetylace-
tone) to simple activated olefins catalyzed by tertiary
phosphines."® In 1982, Yoshida and Saito described the
examination of the effect of several catalysts in the Michael
addition of methyl (phenylsulfinyl)acetate to 1-octen-3-
one.'* Among the tested catalysts, tributylphosphine as well
as triphenylphosphine gave good results.

Since then, it seems that phosphines have been forgotten in
as far as Michael additions are concerned. This situation is
in sharp contrast with the attention paid to transition metals
and lanthanides species as catalysts for the same type of
reaction'” in spite of the inherent advantages of phosphines
over metals (vide infra).

A few years ago, when examining ruthenium(II) species as
possible catalysts for the Michael reaction, we rediscovered
that triphenylphosphine, used as a metal stabilizing agent,
was active enough to deserve attention in its own right.'®
We now want to describe a full study on the use of tertiary
phosphines as excellent catalysts in the Michael addition.

2. Results and discussion

We have tested two phosphines, triphenylphosphine and
tributylphosphine, in the Michael additions of Scheme 2.
Both phosphines have nucleophilicity parameters N differ-
ing by slightly more than one unit: Ph3P (14.33) and BusP
(15.49)."" However, this apparently minimal difference is
not trivial since the scale is logarithmic. Nucleophiles 1
were chosen as to embrace a broad diversity of structural
types: diesters, ketoesters, diketones, ketoamides, substi-
tuted and not substituted at the intercarbonylic position, as
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Scheme 2. Michael addition catalyzed by phosphines.

well as cyclic and open-chain compounds. Similar ideas
decided the selection of electrophiles 2: olefins activated by
ketone, ester, nitrile, pyridine, phosphonate, as well as
disubstituted olefins, and two azodicarboxylates. We
considered a priori that if phosphines were successful in
reactions combining both selections, they should be
considered as general catalysts in their own right.

Indeed, this was the result (Table 1). Some general trends
emerge from a perusal of the Table.

First, tributylphosphine is more active than triphenylphos-
phine as evidenced in entries 2 and 3 as well as in entries 8
and 9. The reactions of entries 2 and 3 failed in the presence
of triphenylphosphine, whereas reaction 8 catalyzed with
triphenylphosphine and gave total polymerization of the
acrylate 2c. On the contrary, tributylphosphine gave a
practically quantitative yield of 3bc (entry 9).

Second, in some cases the product was unstable, and
reverted back to the starting materials on purification
(entries 1, 6, and 11). Obviously, this does not imply a
violation of the principle of microscopic reversibility, since
some compounds 3 decompose in the absence of catalysts
by a non-catalyzed process probably involving a six-
membered cyclic transition state, whereas Michael addition
is initiated by nucleophilic addition of the phosphine to the
olefin (Scheme 3). However, the formation of unstable
products 3 proves that the method works well even for
intrinsically unstable Michael adducts.

Third, the reaction is quite general as is evidenced by the
more than 20 different combinations of Table 1. This is in
sharp contrast with the limited performances of transition
metals and lanthanides in the same type of reactions.'” In
our opinion, phosphines are a better choice than metals.

Whereas some results with metals are remarkable,’> our
attempts to induce enantioselectivity failed. Thus, reaction
of 1-adamantyl ester of 2-oxocyclopentanecarboxylic acid
with 2-butenone catalyzed by (R)-Tol-BINAP gave the
Michael adduct in 82% yield and 0% ee. Although negative,
this result reinforces our mechanistic hypothesis since
according to it (vide infra), the phosphine does not act in the
key step when formation of the new chiral center occurs.
Catalysis by metals can be a better alternative for induction
of enantioselectivity.

Better results were produced when inducing diastereoselec-
tivity. Thus, diastereomeric excesses (de) were sometimes
moderate (entries 18, 19, and 21-23), but for product 3gb,
for which an interesting de of 86% was determined (entry 20).

Mechanistically, the phosphine-catalyzed Michael addition
probably requires initiation and propagation steps
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Table 1. Preparation of products 3 (Scheme 2)

Entry Nucleophile Electrophile R;P Product
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Table 1 (continued)

Entry Nucleophile Electrophile R;P Product
11 1b M"‘/\CN PhsP (@] (0]
2e
MeO OMe
Bu
CN
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x MeO OMe
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P(O)(OEt),
3bf
13 1b /]\ BusP (0] (0]
COOEt MeO%OMe
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COOEt 2b
COOEt
1c
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Entry Nucleophile Electrophile R;P Product
21 (@] (0] Ph;P (0] (0]
o Z>COCH, 3 o
Me — Me Yant
O, 0 CH5CO 050
Me" Me
the Me 3hb
22 1h E—N=N-E Ph;P o O
2h:E=CO,Et o
EN me
NHE o. o
Me" Me
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23 1h E—N=N-E Ph;P O O
2i:E=Bzl o /\/_Of o
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NHE o>(‘o
Me  Me

3hi:E=CO,Bzl

(Scheme 3). Initial attack of the phosphine on the olefin
generates a phosphonium f-ylid that deprotonates a
molecule of the active dicarbonyl compound. The conjugate
base of the dicarbonyl triggers the propagation steps as
indicated. Another possibility can be envisaged; thus, the
B-ylid can be converted into the a-ylid (Wittig reagent, not

represented), that can give rise to side reactions. No
attempts have been made to obtain more mechanistic
information.

Retro-Michael reaction is probably a non-catalyzed
process, particularly favorable in some cases as with

®
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Scheme 3. Possible mechanisms for the Michael addition catalyzed by phosphines and for the non-catalyzed retro-Michael reaction.
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Table 2. Experimental conditions for the preparation of compounds 3 in CH;CN

Entry 3 Molar ratio 2:1  [1] R3P (Molar%)  Temperature °C Time (h)* Yield%

1 3aa 6.0 33 Ph;P (10) 120° 44 ¢

2 3ae 5.0 2.9 BusP (10) Room temperature 38 90

3 3af 1.1 2.9 BusP (10) Room temperature 4 60

4 3aff 2.0 2.9 BusP (10) Room temperature 46 78

5 3ag 1.1 2.9 BusP (10) Room temperature 21 73

6 3ba 2.2 2.7 Ph;P (20) 100° 300 42°

7 3bb 4.0 2.5 PhsP (18) Room temperature 24 62

8 3be 1.4 2.7 PhsP (10) 100° 96 0

9 3bc 1.5 2.2 BusP (10) Room temperature 15.5 99

10 3bd 6.3 2.5 PhsP (18) Room temperature 72 78

11 3be 5.0 22 PhsP (10) Room temperature 165 ¢

12 3bf 1.1 2.2 BusP (10) Room temperature 6.5 82

13 3bg 1.3 2.2 BusP (10) Room temperature 12.5 60

14 3cb 3.0 3.8 Ph;P (10) Room temperature 5.5 89

15 3ce 3.0 4.0 Ph3P (10) Reflux 21 89

16 3cd 3.0 3.8 Ph;P (10) Reflux 5.5 71

17 3dh 1.5 2.5 Ph3P (10) Reflux 24 100

18 3eb 1.5 2.5 Ph;P (10) Room temperature 24 57 de 36%
19 3fi 1.2 0.6 PhsP (18) Reflux 24 86 de 22%
20 3gb 24 2.0 Ph3P (18) Room temperature 24 63 de 86%°
21 3hb 2.4 2.0 PhsP (9-18) Room temperature 24 90-100 de 30-42%
22 3hh 1.2 2.0 Ph;P (9) Room temperature 24 83 de 48%
23 3hi 1.2 2.0 Ph3P (9) Room temperature 24 65 de 0%

4 Not optimized.

® Closed reactor.

¢ Product 3 reverted to starting materials upon purification.

4 Diastereoisomer R in the new stereocenter was predominant.'®

4-vinylpyridine, 2a, and sterically encumbered Michael
adducts.

3. Conclusion

Phosphine-catalyzed Michael additions are a useful and
general alternative to reactions catalyzed by bases and by
metals. The scope is broader than for the metal-catalyzed
variant, the yields are generally good, and the process
occurs in neutral media.

4. Experimental
4.1. General remarks

Melting points were determined with a Kofler apparatus and
are uncorrected. IR Spectra were recorded either by
transmission or by attenuated total reflectance mode
(ATR). NMR Spectra were recorded with a Brucker
AC250 or a Brucker AM400; '"H NMR chemical shifts are
reported relative to tetramethylsilane at 6=0.00; coupling
constants are reported in Hz. °C NMR chemical shifts are
expressed relative to tetramethylsilane at 6=0.0. Mass
spectra (EIMS) were obtained with a Hewlett-Packard
5989A spectrometer and determined at an ionizing voltage
of 70 eV; relevant data are listed as m/z (%). Elemental
analyses were performed at ‘Servei d’ Analisi Quimica de la
Universitat Autonoma de Barcelona’. The given data are the
average of two satisfactory determinations.

Compounds 3cb, 3cec, and 3ed were prepared by ourselves
under copper catalysis and fully described.'® Compounds
3bb, 3bd, 3dh, 3eb, 3fi, 3gh, 3hb, 3hh, and 3hi have been
previously reported.'®

4.1.1. Dimethyl butyl-(2-diethoxyphosphoryl)ethylmalo-
nate (3bf, entry 12); general method. A mixture of
dimethyl 2-butylmalonate (1b) (1.02 g, 5.4 mmol), diethyl
vinylphosphonate (2f) (0.9 mL, 5.5 mmol), tributylphos-
phine (140 pL, 0.6 mmol), and anhydrous acetonitrile
(2.5 mL) was magnetically stirred in a Schlenk tube under
nitrogen atmosphere at room temperature for 6.5 h. The
solvent was evaporated and the residue was chromato-
graphed through silica gel with diethyl ether as eluent. Pure
3bf (187 mg) and 3bf contaminated with 2f were isolated.
The last fraction was distilled at 80-90 °C/1.1-1.5 mmHg
(oven temperature) to afford more pure 3bf as an oil, 1.5 g,
82%; IR (ATR): 1729, 1260, 1205, 1161, 1058, 1018,
964 cm™'; '"H NMR (250 MHz, CDCls): 6=0.85 (t, J=
7.2 Hz, 3H), 1.03-1.31 (m, 4H), 1.28 (t, J/=7.0 Hz, 6H),
1.53-1.68 (m, 2H), 1.78-1.85 (m, 2H), 2.07-2.15 (m, 2H),
3.68 (s, 6H), 4.004.12 (m, 4H); °C NMR (62.5 MHz,
CDCl;3): o6=14.1, 16.7 (d, J=5.7Hz), 21.3 d, J=
142.1 Hz), 23.1, 26.1 (d, J=3.8 Hz), 26.4, 32.8, 52.7, 57.8
(d, J=18.1 Hz), 62.0 (d, J=6.7 Hz), 171.8; HRMS: m/z
calcd for [M]: 352.1651 Da; found: 352.1655 Da.

All other compounds were prepared by the same general
method under the specific experimental conditions of
Table 2.

4.1.2. Dimethyl(4-pyridyl)ethylmalonate (3aa, entry 1).
"H NMR (250 MHz, CDCls): 6=2.24 (m, 2H), 2.66 (m,
2H), 3.37 (t, J=7 Hz, 1H), 3.75 (s, 6H), 7.12 (dd, J=4.5,
1.6 Hz, 2H), 8.51 (dd, /=4.5, 1.6 Hz, 2H). NMR data were
taken from the crude and practically pure product that
reverted to starting materials upon attempted purification.

4.1.3. Dimethyl(2-cyano-1-methyl)ethylmalonate (3ae,
entry 2)."° Bp 60-75°C/1.5-1.7 mmHg (oven tempera-
ture); IR (ATR): 2247, 1729 cm™'; '"H NMR (250 MHz,
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CDCly): 6=1.15 (d, J=6.9 Hz, 3H), 2.44-2.65 (m, 1H),
2.56 (d, J=7.0 Hz, 2H), 3.40 (d, J=7.2 Hz, 1H), 3.73 (s,
6H); '3C NMR (62.5 MHz, CDCly): 6=16.6, 21.4, 29.6,
51.9, 54.5, 117.1, 167.3. Anal. caled for CoH;304N: C
54.26, H 6.58, N 7.03; found: C 54.21, H 6.72, N 7.12.

4.1.4. Dimethyl(diethoxyphosphoryl)ethylmalonate (3af,
entry 3). Bp 150 °C (1.7 mmHg, oven temperature); IR
(ATR): 2987, 2953, 1730, 1241, 1145, 1018,959 cm ™ '; 'H
NMR (250 MHz, CDCl3): 6 =1.32 (t, /=7.2 Hz, 6H), 1.70—
1.87 (m, 2H), 2.12-2.26 (m, 2H), 3.50 (t, J="7.4 Hz, 1H),
3.74 (s, 6H), 4.10 (broad dq, J=9.3, 7.2 Hz, 4H); '*C NMR
(62.5 MHz, CDCly): 6=16.5 (d, J=5.7 Hz), 22.4, 23.5 (d,
J=147.3 Hz), 51.7 (d, J=16.2 Hz), 52.9, 62.0 (d, J=
6.7 Hz), 169.4. Anal. calcd for C{H,;0,P: C 44.60, H 7.14;
found: C 44.63, H 7.43.

4.1.5. Dimethyl bis-[(diethoxyphosphoryl)ethyl]malo-
nate (3aff, entry 4). Oil; IR (ATR): 2984, 1730, 1243,
1164, 1017, 940 cm ™~ '; 'H NMR (250 MHz, CD;0D): 6 =
1.37 (t, J=7.0 Hz, 12H), 1.67-1.82 (m, 4H), 2.10-2.20 (m,
4H), 3.79 (s, 6H), 4.15 (broad dq, /=38.9, 7.0 Hz, 8H); B¢
NMR (62.5 MHz, CD;0D): 6=17.6 (d, J=6.7 Hz), 22.0 (d,
J=142.1 Hz), 27.6 (d, J=2.9 Hz), 54.2, 59.2 (apparent t,
J=17.6 Hz), 172.8; HRMS: m/z calcd for [M]:
460.1627 Da; found: 460.1639 Da.

4.1.6. Dimethyl 2-(ethoxycarbonyl)propylmalonate (3ag,
entry 5). Bp 75-90 °C/0.9-1.2 mmHg (oven temperature);
IR (ATR): 1728 cm~'; 'H NMR (250 MHz, CDCl5): 6=
1.18 (d, J/=7.0 Hz, 3H), 1.24 (t, J="7.1 Hz, 3H), 2.01 (ddd,
J=144, 8.8, 6.0 Hz, 1H), 2.23 (ddd, /J=14.4, 8.8, 6.3 Hz,
1H), 2.46 (apparent sextet, J=7.1 Hz, 1H), 3.47 (dd, J=
8.8, 6.3 Hz, 1H), 3.72 (s, 3H), 4.12 (q, J=7.1 Hz, 2H); "°C
NMR (62.5 MHz, CDCly): 6=14.4, 17.7, 32.5, 37.6, 49.8,
52.8, 529, 60.8, 169.7, 169.8, 175.7. Anal. calcd for
C1H 30¢: C 53.65, H 7.37; found: C 53.47, H 7.50.

4.1.7. Dimethyl butyl-[2-(4-pyridyl)ethyl]malonate (3ba,
entry 6). Oil; IR (ATR): 1729, 1205, 1125, 807 cm™ 'H
NMR (250 MHz, CDCl53): 6=0.90 (t, /=7.2 Hz, 3H), 1.12—
1.38 (m, 4H), 1.91-1.98 (m, 2H), 2.14-2.21 (m, 2H), 2.47-
2.54 (m, 2H), 3.74 (s, 6H), 7.10 (d, J=5.2 Hz, 2H), 8.49 (d,
J=5.2Hz, 2H); 3C NMR (62.5 MHz, CDCl;): 6=13.9,
23.0,26.4,30.2,32.8,33.5,57.6,123.9, 149.8, 150.4, 171.9;
MS (70 eV): m/z (%)=294 (M+1, 6), 262 (11), 234 (22),
202 (23), 188 (69), 146 (22), 145 (100), 128 (31); HRMS:
miz calcd for [M+H]: 294.1705 Da; found: 294.1721 Da.

4.1.8. Dimethyl butyl-(2-ethoxycarbonyl)ethylmalonate
(3bc, entry 9). Bp 120-150°C (0.4-0.5 mmHg, oven
temperature); IR (ATR): 1730 cm ™~ '; 'H NMR (250 MHz,
CDCl3): 6=0.87 (t, J=7.2 Hz, 3H), 1.06-1.34 (m, 4H),
1.24 (t, J=17.1 Hz, 3H), 1.82-1.88 (m, 2H), 2.15-2.30 (m,
4H), 3.70 (s, 6H), 4.11 (q, J=7.1 Hz, 2H); '*C NMR
(62.5 MHz, CDCl3): 6=14.1, 14.5, 23.1, 26.5, 28.1, 29.9,
33.2,52.6,57.2,60.8, 172.1, 173.0; MS (70 eV): m/z (%)=
288 (M, 8), 257 (51), 243 (81), 232 (94), 188 (43), 183 (66),
172 (61), 158 (34), 145 (100), 141 (39); HRMS: m/z calcd
for [M]: 288.1537 Da; found: 288.1614 Da.

4.1.9. Dimethyl butyl-(2-cyano-1-methyl)ethylmalonate
(3be, entry 11). Oil; IR (ATR): 2246, 1727, 1209 cm ™ '; 'H

NMR (250 MHz, CDCls): 6=0.85 (t, J=7.2 Hz, 3H), 1.07
(d, J=6.9 Hz, 3H), 1.00-131 (m, 4H), 1.86 (t, J=8.3 Hz,
2H), 2.30 (dd, J=16.5, 9.3 Hz, 1H), 2.44-2.58 (m, 1H),
2.70 (dd, J=16.5, 3.7 Hz, 1H), 3.69 (s, 3H), 3.70 (s, 3H);
13C NMR (62.5 MHz, CDCl5): 6=13.9, 15.0, 21.9, 23.0,
26.5, 33.4, 33.6, 52.5, 52.6, 60.8, 119.1, 170.4, 171.2; MS
(70 eV): mlz (%) =256 (M+ 1, 22), 224 (61), 196 (34), 188
(40), 171 (26), 159 (100), 145 (51), 127 (53); HRMS: m/z
calcd for [M+H]: 256.1549 Da; found: 256.1517 Da.

4.1.10. Dimethyl butyl-(2-ethoxycarbonyl)propylmalo-
nate (3bg, entry 13). Oil; IR (ATR): 1729 cm™'; 'H
NMR (250 MHz, CDCl;): 6=0.85 (t, J=7.2 Hz, 3H), 0.93—
1.35 (m, 4H), 1.13 (d, J=6.9 Hz, 3H), 1.22 (t, J=7.1 Hz,
3H), 1.71-1.98 (m, 3H), 2.34-2.48 (m, 2H), 3.65 (s, 6H),
4.05 (q, J=17.1 Hz, 2H); >*C NMR (62.5 MHz, CDCl,): 6=
13.9, 14.2, 19.6, 23.0, 26.4, 33.1, 35.9, 36.2, 52.3, 52.4,
57.1, 60.5, 171.9, 172.0, 176.3.
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