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Spirocyclic amides are easily obtained from primary amines,
cycloenones and acrylic acid methyl ester. The key step is a
two-component domino process that includes the formation

of an amide followed by a Michael addition in the presence
of trimethylaluminum.

Introduction

The domino concept has proven to be an elegant and
highly efficient approach in organic synthesis.['l These one-
pot processes have been demonstrated to allow the forma-
tion of complex molecules from simple substrates in an
short and efficient manner.>~# Domino reactions are not
only economically beneficial since they save time and re-
sources but they also reduce the waste formed in the syn-
thesis and thus preserve our environment.

We recently developed a highly efficient access to the
unique pentacyclic alkaloid cephalotaxine based on two
transition-metal-catalyzed transformations.[>! In order to
improve the pharmacological activity we have also synthe-
sized several analogs of this natural product with varying
ring sizes.[#! In our further efforts towards oxo-cephalotax-
ine systems we are currently investigating several com-
pounds containing lactam structures.!

In 1977, Weinreb et al. reported a mild method for the
preparation of amides from carboxylic esters using
AlMes.['% In this reaction trimethylaluminum reacts with
ammonia, or primary or secondary amines with evolution
of methane to give highly reactive dimethyl aluminum
amides.['!] These reagents react readily with esters to form
the corresponding carboxylic acid amides at room temper-
ature, or at slightly elevated temperatures, in dichlorome-
thane. This methodology has also been extended to the
formation of carboxylic acid hydrazides from esters and hy-
drazine derivatives.'”! The carboxylic acid amide formation
using aluminium amides has been used in several total syn-
theses of natural products.t'!-13!

We now report the efficient formation of spirocyclic lac-
tams such as 4 by a two compound domino process from
primary dimethylaluminum amides and esters containing
an enone moiety.
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Results and Discussion

Retrosynthetically, the spirocyclic lactams such as 4 were
envisioned to be synthesized from substrates containing an
ester moiety as well as an a,B-unsaturated cyclic ketone. In
this investigation we used cyclopentenones and cyclohex-
enones with a propionate side chain as starting material
since Kim et al. have demonstrated a facile one-step syn-
thesis of the desired 3-(3-oxo-cyclopent-1-enyl)propionic
acid methyl ester 3a by a phosphasilylation reaction from
2-cyclopentenone and acrylic acid methyl ester.'Y] We were
delighted to find that the previously synthesized, func-
tionalized primary amine 15! could be activated by trime-
thylaluminum to give the dimethyl aluminum amide 2,
which reacts with 3a in benzene at 80 °C to form the spiro-
cyclic lactam 4 in 81% yield (Scheme 1).
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Scheme 1. Synthesis of spiro lactam 4

We investigated the generality of this domino process
with various primary amines and variations of the cycloen-
one ring size. The results are summarized in Table 1.

The reaction proceeds with high yields when benzyl- or
(2-phenylethyl)amine are used (entries 2, 3). As expected,
aniline reacts much slower under the same reaction condi-
tions to give only 23% of the desired spirocycle 7 and 35%
of the open amide 8 (entry 4). The reaction is also sensitive
towards steric hindrance. This fact is emphasized by the re-
action of aliphatic amines: 1-Butylamine reacts with an ac-
ceptable yield, whereas 2-butylamine gives only a low yield
and no reaction was observed when tert-butylamine was
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Table 1. Results of the domino spirocyclization

R—NH, + Meo%o 07N dn
on R
3a,b

4-7,9-14

Entry Amine Product R n Yield, [%)]
1 1 4 1 81
2 phenethylamine 5 C¢HsCH,CH, 171
3 benzylamine 6 C¢HsCH, 179
4 aniline 7 C¢Hs 123
+ 8 35
5 n-butylamine 9 n-C4Hyq 153
6 sec-butylamine 10 CH;CHCH,CH; 1 21
7 tert-butylamine 11 (CH;3)C 1 -
8 6-aminohexan-1-ol 12 HO(CH,)s 1 34
9 benzylamine 13 C¢HsCH, 2 80
10 phenethylamine 14 CesHsCH,CH, 2 41

used (entries 5—7). The reaction tolerates other functional
groups such as an unprotected alcohol or aryl halide (ent-
ries 8, 1). In order to investigate the importance of the ring
size of the enone moiety, 3-(3-oxocyclohex-1-enyl)propionic
acid methyl ester (3b), obtained from cyclohexenone and
methyl acrylate in 71% yield, was used as substrate. In the
domino process with benzylamine 80% of the desired 6,5-
spirocycle 13 was obtained (entry 9). In a similar reaction,
phenethylamine gave the spiro compound 14, although in
lower yield.

We propose the following mechanism. In the first step,
the dimethylaluminum amide reacts with the ester moiety,
forming an open chain amide such as 8. The amide nitrogen
then acts as a nucleophile which adds to the Michael sys-
tem, probably assisted by the aluminum species. The reac-
tion of aniline and 3a giving the open amide 8 in consider-
able amounts is an indication of this path, and furthermore
the isolated amide 8 could be cyclized to form the spiro-
cyclic lactam 7 by heating in benzene at 80 °C, although
only with a low rate. This low rate is reasonable, since the
intermediate aluminum carboxylic acid amide should have
a much higher nucleophilicity than the amide itself. How-
ever, addition of trimethylaluminum or aluminum trichlor-
ide to 8 to form such an intermediate only led to decom-
position of the starting material.

The structure of the spirolactams was mainly determined
by 13C NMR spectroscopy. In the spectra of the 5,5-spiro-
cycles signals are found for C-7 at &6 = 213.6—214.0,
whereas the amide carbons C-2 resonate at & =
174.7—174.9 and the spirocyclic C-5 at & = 66.53—68.25.
For the 6,5-spirocycles 13 and 14 the corresponding reson-
ances are observed at 6 = 208.0—208.1, 1744 and
65.73—-66.00.

Conclusion

We were able to demonstrate a highly efficient entry into
spirocyclic lactam systems from primary amines, cycloalk-
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enones and acrylic acid methyl ester. The involved domino
process is proposed to include the formation of an carb-
oxylic acid amide followed by a Michael addition. We are
currently extending this methodology towards acyclic en-
ones and are also applying it in the total synthesis of nat-
ural products and analogs containing a spirocycle.

Experimental Section

All reactions were performed under a nitrogen or argon atmo-
sphere in flame-dried flasks, and the reactants were introduced by
syringe. All solvents were dried by standard methods. All reagents
obtained from commercial sources were used without further puri-
fication. Thin-layer chromatography was performed on precoated
silica gel SIL G/UV,s4 plates (Macherey—Nagel GmbH & Co.
KG), and silica gel 32—63 (0.032—0.064 mm) (Macherey—Nagel
GmbH & Co. KG) was used for column chromatography. IR spec-
tra were recorded as KBr pellets or as films with a Bruker IFS 25
or Vector 22 spectrometer. 'H and '3C NMR spectra were recorded
with a Varian XL 200, VXR 200 and VXR 500 or a Bruker AM-
300 with tetramethylsilane (TMS) as internal standard in [D]chlor-
oform or [Dg]benzene. Mass spectra were measured at 70 eV with
a Varian MAT 311A, high-resolution mass spectra with a Varian
MAT 731 instrument.

General Procedure for the Synthesis of the Spirocyclic Lactams from
Primary Amines and Esters: A 2 M solution of trimethylaluminum
(2.05 equiv.) in toluene at 0 °C was added dropwise to a 1 M solu-
tion of the amine (2.0 equiv.) in benzene. The mixture was stirred
at room temperature for 1h followed by addition of the ester
(1 equiv., 0.3 M solution in benzene) and then heated to 80 °C for
18 h. After cooling to 0 °C, HCI was added (5 mL per mmol ester)
and the mixture stirred for 30 min. The aqueous layer was extracted
four times with ethyl acetate. The combined organic layers were
washed with brine, dried with Na,SO, and the solvents evaporated
in vacuo. The crude product was purified by column chromato-
graphy (ethyl acetate/pentane, 5:1).

1-|2-(6-Bromobenzo|1,3]dioxol-5-yl)ethyl]-1-azaspiro[4.4|nonane-2,7-
dione (4): According to the general procedure, amine 1 (288 mg,
1.18 mmol) was reacted with trimethylaluminum (0.60 mL, 2 M so-
lution in toluene, 1.21 mmol) and 3-(3-oxocyclopent-1-enyl)pro-
pionic acid methyl ester (3a; 100 mg, 0.59 mmol) to give 4 (181 mg,
0.48 mmol, 81%). IR (neat): Vv = 3041, 2935, 1747, 1684, 1475
cm~!. — '"H NMR (300 MHz, CDCl5): § = 1.75—2.49 (m, 10 H),
293 (t, J = 7.5Hz, 2 H), 3.20—3.59 (m, 2 H), 5.93 (s, 2 H), 6.72
(s, 1 H), 6.94 (s, 1 H). — 3C NMR (75 MHz, CDCl5): & = 29.10,
32.51, 32.52, 34.90, 36.66, 39.73, 47.95, 66.58, 101.7, 110.8, 112.6,
114.4, 131.0, 145.5, 147.5, 174.9, 213.9. — MS (70 eV): m/z (%) =
379.0/381.0 (14), 300.1 (45), 228.0/226.0 (100), 213.0/215.0 (15),
166.1 (46). — C17H;sBrNO, (379.0): calcd. C 53.70, H 4.77; found
C 53.44, H 4.73. — HRMS calcd. 379.0419; found 379.0419.

1-Phenethyl-1-aza-spiro[4.4|nonane-2,7-dione (5): According to the
general procedure, phenethylamine (142 mg, 1.18 mmol) was re-
acted with trimethylaluminum (0.60 mL, 2 M solution in toluene,
1.21 mmol) and 3-(3-oxocyclopent-1-enyl)propionic acid methyl es-
ter (3a; 100 mg, 0.59 mmol) to give 5 (108 mg, 0.42 mmol, 71%).
IR (neat): v = 3025, 2942, 1745, 1675 cm !. — 'H NMR
(300 MHz, CDCl;): 6 = 1.78—2.49 (m, 10 H), 2.91 (t, J/ = 7.7 Hz,
2 H), 3.29-3.44 (m, 2H), 7.19-7.33 (m, 5H). — 3C NMR
(75 MHz, CDCly): 6 = 29.09, 32.48, 32.56, 34.95, 36.61, 41.74,
47.83, 66.54, 126.6, 128.5, 128.9, 138.7, 174.7, 213.9. — MS (70 eV):
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mlz (%) = 257.2 (42), 166.1 (100), 104.0 (46). — C;sH;9NO,
(257.1): caled. C 74.68, H 7.44; found C 74.44, H 7.64. — HRMS
calcd. 257.1415; found 257.1415.

1-Benzyl-1-aza-spiro[4.4lnonane-2,7-dione (6): According to the
general procedure, benzylamine (126 mg, 1.18 mmol) was reacted
with trimethylaluminum (0.60 mL, 2 M solution in toluene,
1.21 mmol) and 3-(3-oxocyclopent-1-enyl)propionic acid methyl es-
ter (3a; 100 mg, 0.59 mmol) to give 6 (113 mg, 0.46 mmol, 79%).
IR (neat): v = 3035, 2964, 1740, 1673 cm '. — 'H NMR
(300 MHz, CDCls): 6 = 1.83—2.42 (m, 8 H), 2.47—2.65 (m, 2 H),
4.51 (s, 2 H), 7.22—7.33 (m, 5 H). — '3C NMR (75 MHz, CDCl;):
8 =29.12, 32.48, 3291, 36.62, 42.67, 47.87, 66.75, 126.9, 127.4,
128.7, 137.7, 174.8, 213.9. — MS (70 eV): m/z (%) = 243.1 (95),
214.1 (37), 186.1 (35), 91.0 (100). — C;5sH{;NO, (243.1): caled. C
74.05, H 7.04; found C 74.08, H 7.20. — HRMS calcd. 243.1259;
found 243.1259.

1-Phenyl-1-azaspiro|4.4]nonane-2,7-dione (7) and 3-(3-Oxocyclo-
pent-1-enyl)-N-phenylpropionamide (8): According to the general
procedure, aniline (110 mg, 1.18 mmol) was reacted with trimethyl-
aluminum (0.60 mL, 2 M solution in toluene, 1.21 mmol) and 3-(3-
oxocyclopent-1-enyl)propionic acid methyl ester (3a; 100 mg,
0.59 mmol) to give 7 (31 mg, 0.14 mmol, 23%) and 8 (47 mg,
0.20 mmol, 35%).

7: IR (neat): ¥ = 3310, 3061, 2926, 1743, 1693, 1598 cm~!. — 'H
NMR (300 MHz, CDCl;): § = 2.18—2.55 (m, 8 H), 2.61—2.67 (m,
2H), 7.10—7.13 (m, 2 H), 7.23-7.30 (m, 2 H), 7.39-7.48 (m, 2
H). — 3C NMR (75 MHz, CDCls): § = 29.57, 29.64, 32.93, 32.27,
36.52, 48.94, 68.25, 128.7, 129.2, 129.7, 129.9, 135.0, 174.7, 213.6.
— MS (70 eV): m/z (%) = 229.1 (100), 200.0 (58), 186.0 (39), 173.0
(40), 172.0 (39). — C;4HsNO, (229.1). — HRMS caled. 229.1102;
found 229.1102.

8: IR (neat): ¥ = 3309, 3057, 2929, 1737, 1669, 1600 cm™!. — 'H
NMR (300 MHz, CDCls): 6 = 2.36—2.41 (m, 1 H), 2.58—2.65 (m,
4 H),2.79 (t, J=69Hz 2 H), 595 (s, | H), 7.08 (t, J = 7.2 Hz, 1
H), 7.25-7.30 (m, 2 H), 7.52 (d, J = 7.3 Hz), 8.10 (br. s, | H). —
13C NMR (75 MHz, CDCl): § = 28.65, 31.90, 34.09, 35.32, 119.8,
124.2, 128.9, 137.9, 169.6, 182.3, 210.3. — MS (70 eV): m/z (%) =
229.1 (42), 109.0 (22), 93.0 (100). — C4H;5sNO, (229.1). — HRMS
caled. 229.1102; found 229.1102.

1-Butyl-1-azaspiro[4.4|nonane-2,7-dione (9): According to the gen-
eral procedure, butylamine (86 mg, 1.18 mmol) was reacted with
trimethylaluminum (0.60 mL, 2 M solution in toluene, 1.21 mmol)
and 3-(3-oxocyclopent-1-enyl)propionic acid methyl ester (3a;
100 mg, 0.59 mmol) to give 9 (65 mg, 0.31 mmol, 53%). IR (neat):
v = 2959, 2873, 1745, 1682 cm™!. — 'H NMR (300 MHz, CDCl;):
8=10.89 (t, J=72Hz 3H), 1.25-1.37 (m, 2 H), 1.45—1.55 (m,
2 H), 1.86—2.50 (m, 10 H), 3.04—3.19 (m, 2 H). — 3C NMR
(75 MHz, CDCly): 6 = 13.70, 20.35, 29.14, 31.68, 32.68, 32.91,
36.73, 39.49, 48.05, 66.53, 174.3, 213.9. — MS (70 eV): m/z (%) =
209.2 (100), 180.1 (88), 166.1 (82), 152.1 (32), 138.1 (43), 111.1 (71),
98.1 (35). — C;5H9NO; (209.1): caled. C 68.87, H 9.15; found C
68.64, H 9.03. — HRMS calcd. 209.1416; found 209.1416.

1-sec-Butyl-1-azaspiro[4.4]nonane-2,7-dione (10): According to the
general procedure, racemic sec-butylamine (86 mg, 1.18 mmol) was
reacted with trimethylaluminum (0.60 mL, 2 M solution in toluene,
1.21 mmol) and 3-(3-oxocyclopent-1-enyl)propionic acid methyl es-
ter (3a; 100 mg, 0.59 mmol) to give 10 (26 mg, 0.12 mmol, 21%) as
a 1:1 mixture of the two possible diastereomers. IR (neat): Vv =
2966, 1744, 1679, 1505 cm™~!. — 'H NMR (300 MHz, CDCls): 6 =
0.85, 0.90 (t, J = 7.6 Hz, 3H), 1.36, 143 (d, J=7.0Hz, 3 H),
1.47—1.57 (m, 2 H), 1.86—2.56 (m, 10 H), 3.66—3.72 (m, 1 H). —
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13C NMR (75 MHz, CDCls): § = 10.28, 11.79, 18.20, 18.47, 26.40,
26.53, 29.68, 29.70, 32.78, 33.01, 36.63, 36.72, 38.18, 38.03, 46.83,
48.31, 48.90, 50.91, 67.18, 67.43, 174.4, 214.1. — MS (70 eV): mlz
(%) = 209.2 (13), 194.2 (18), 180.2 (45), 179.2 (100), 154.2 (18),
119.1 (20), 98.1 (31). — C;,H{9yNO, (209.1): HRMS calcd.
209.1416; found 209.1416.

1-(6-Hydroxyhexyl)-1-azaspiro[4.4]nonane-2,7-dione (12): Accord-
ing to the general procedure, 6-aminohexan-1-ol (138 mg,
1.18 mmol) was reacted with trimethylaluminum (0.60 mL, 2 m so-
lution in toluene, 1.21 mmol) and 3-(3-oxocyclopent-1-enyl)pro-
pionic acid methyl ester (3a; 100 mg, 0.59 mmol) to give 12 (51 mg,
0.20 mmol, 34%). IR (neat): v = 3402, 2932, 2859, 1744, 1672
cm~!. — '"H NMR (300 MHz, CDCl;): § = 1.29—2.46 (m, 4 H),
1.51-1.61 (m, 4 H), 1.85 (br. s, 1 H), 1.90-2.53 (m, 10 H), 3.14-3.19
(m, 2 H), 3.63 (t, J = 6.3 Hz, 2 H). — '*C NMR (75 MHz, CDCl;):
8 =25.23, 26.73, 29.17, 29.57, 32.47, 37.70, 32.97, 36.78, 39.51,
48.08, 62.52, 66.63, 174.5, 214.0. — MS (70 eV): m/z (%) = 253.3
(53), 235.2 (23), 224.2 (97), 210.2 (96), 196.2 (91), 182.2 (51), 166.1
(100), 111.1 (97), 98.1 (72). — C14H»3NO; (253.1): caled. C 66.37,
H 9.15; found C 66.20, H 8.98. — HRMS calcd. 253.1678; found
253.1678.

1-Benzyl-1-azaspiro[4.5]decane-2,7-dione (13): According to the
general procedure, benzylamine (117 mg, 1.10 mmol) was reacted
with trimethylaluminum (0.56 mL, 2 M solution in toluene,
1.13 mmol) and 3-(3-oxocyclohex-1-enyl)propionic acid methyl es-
ter (3b; 100 mg, 0.55 mmol) to give 13 (113 mg, 0.44 mmol, 80%).
IR (neat): V= 3031, 2947, 1711, 1684 cm~!. — 'H NMR
(300 MHz, CDCly): 6 = 1.53—2.54 (m, 12 H), 4.42, 4.61 (AB sys-
tem, J = 15.8 Hz, 2 H), 7.26—7.30 (m, 5 H). — '3C NMR (75 MHz,
CDCl;): 6 = 19.90, 28.74, 29.94, 35.17, 40.07, 42.66, 50.59, 66.00,
127.2, 127.3, 128.6, 138.1, 174.4, 208.1. — MS (70 eV): m/z (%) =
257.1 (84), 214.1 (43), 200.1 (61), 91.0 (100). — C17H,NO, (271.1):
caled. C 74.68, H 7.44; found C 74.55, H 7.30. — HRMS calcd.
257.1415; found 257.1415.

1-Phenethyl-1-azaspiro[4.5]decane-2,7-dione (14): According to the
general procedure, phenethylamine (133 mg, 1.10 mmol) was re-
acted with trimethylaluminum (0.56 mL, 2 M solution in toluene,
1.13 mmol) and 3-(3-oxocyclohex-1-enyl)propionic acid methyl es-
ter (3b; 100 mg, 0.55 mmol) to give 14 (61 mg, 0.23 mmol, 41%).
IR (neat): V= 3027, 2934, 1710, 1681 cm~'. — 'H NMR
(300 MHz, CDCl;): 8 = 1.53—2.47 (m, 12 H), 2.81-3.01 (m, 2 H),
3.19-3.29 (m, 1 H), 3.44—3.54 (m, 1 H), 7.18—7.34 (m, 5H). —
I3C NMR (75 MHz, CDCly): § = 19.59, 28.75, 29.63, 34.94, 35.34,
40.09, 41.73, 50.01, 65.73, 126.5, 128.4, 128.7, 138.8, 174.4, 208.0.
— MS (70 eV): m/z (%) = 271.2 (31), 180.2 (100), 104.1 (56), 55.1
(36), 41 (35). — C7H;NO, (271.1): caled. C 75.25, H 7.80; found
C 75.01, H 7.70. — HRMS caled. 271.1572; found 271.1572.

Thermal Cyclization of 8: A solution of amide 8 (25 mg, 0.08 mmol)
in benzene (0.5 mL) was heated at 80 °C for 18 h. After chromato-
graphy 1-phenyl-1-azaspiro[4.4Jnonane-2,7-dione (7) was obtained
(3mg, 0.013 mmol, 12%) and 8 reisolated (12 mg, 0.05 mmol,
64%).
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