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Summary

The synthesis of 1-(2-13C)-cyclopropyl-4-phenyl-1,2,3,6-tetrahydropyridine (8)

is reported. Attempts were first made to prepare labeled cyclopropylamine via

a cyclopropanation/Curtius rearrangement sequence, but the yields were too

modest to be suitable for the synthesis of a labeled compound. The preparation

of 8 was achieved via cyclopropanation of the N-formyl tetrahydropyridine

derivative 21 using the Grignard reagent of ethyl bromide and Ti(O-iPr)4 as a

catalyst. The synthesis proceeded in high yield (82%). The method has a wide

potential for the synthesis of other cyclopropyl ring labeled and substituted

cyclopropyl ring labeled tetrahydropyridine dervatives which can be used

in Monoamine Oxidase (MAO) and Cyt P450 enzymes mechanistic studies.
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Introduction

In our ongoing efforts to investigate the enzymatic mechanism and

inactivation of the flavin (FAD) containing enzymes monoamine

oxidases A and B (MAO-A and MAO-B)1–4, we have focused on the

use of 1,4-disubstituted-1, 2, 3, 6-tetrahydropyridines as useful probes.5–9

Two principal pathways have been proposed to account for the MAO-B

catalytic pathway. The first involves an a-hydrogen atom transfer

(HAT) in the initial step to directly generate 3 from 1 which

subsequently goes to 4.10–12 The alternative pathway involves an initial

single electron transfer (SET) leading to the aminyl radical cation 2

followed by deprotonation and a second electron transfer to yield 4

(Scheme 1).13–16

Studies with various cyclopropylamines have been offered as evidence

in support of the SET pathway for the inactivation of both the

Cytochrome P-450 family of enzymes17–21 and the flavoenzymes

Monoamine Oxidases (MAO) A and B.22,23

The inactivating properties of 1-cyclopropyl-4-phenyl-1,2,3,6 tetra-

hydropyridine 5 and other analogs6,8,9,24 are consistent with the SET

pathway. The inactivation may be considered to proceed via the

cyclopropylaminyl radical cation 6 and the subsequent bioalkylation of

the enzyme active site by the ring opened carbon centered radical 7

(Scheme 2), leading to loss of catalytic activity.

As part of our mechanistic studies, we have initiated efforts to

synthesize various labeled cyclopropyl tetrahydropyridrine derivatives

to enable us to characterize the inactivation pathway of MAO-B using

various techniques and model reactions. To this aim, the synthesis of the
13C labeled analog 8 was initially targeted with the labeling at the C2

Scheme 1. SET and HAT pathways proposed for the MAO-B catalysed
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carbon of the cyclopropyl ring in an effort to characterize the

inactivation pathway of MAO-B by 8 using NMR spectroscopy.

Results and discussion

Our initial synthetic approach, described by the retrosynthetic path

shown in Scheme 3, was to proceed via reaction of labeled

cyclopropylamine 9 with the Zincke salt 1016,24 to produce the

N-cyclopropylpyridinium intermediate 11. Reduction of 11 with NaBH4

in MeOH25,26 yields 8.16,27,28

A Simon–Smith type cyclopropanation of allylic alcohol 12 with

labeled diiodomethane 13, and a Curtius rearrangement of the acid 14

were the key steps of the synthesis of labeled cyclopropylamine 9. The

Curtius rearrangement first was studied in detail (Table 1). Because of

the low boiling point (508C) of 9, the t-Boc derivative 15 was prepared

first (Scheme 4). The carbamate 15 was then efficiently (>98% yield)

deprotected using trifluoroacetic acid (TFA), and cyclopropylamine was

isolated as its non volatile TFA salt.29

Scheme 2. SET pathway proposed for the inactivation of MAO-B by 5

Scheme 3. Retrosynthesis to 8
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The in situ formation of the isocyanate intermediate 16 using

diphenylphosphoryl azide (DPPA), and reaction with t-BuOH gave

the best yields (Table 1. Entries 1 and 3). 1,3-Dicyclopropylurea was

obtained as a side product when the reaction was not performed under

rigorously anhydrous conditions.29,30 A slightly higher yield was

obtained using toluene as a solvent (Entry 3). The higher temperature

reached in toluene might favor the rearrangement. The use of CuCl

(Entry 2) as well as running the two steps of the reaction sequentially

(Entry 4)31 results in a dramatic decrease in yield. Other methods

(Entries 532,33, and 634) gave much poorer yields presumably due to the

low boiling point of the intermediates.

The preparation of cyclopropanecarboxylic acid 14 was examined

next. Cyclopropanation of the TBDMS derivative 17 of allylic alcohol

12 is reported to proceed efficiently with ClCH2I to yield the

silyloxymethylcyclopropane 18, (Scheme 5).35,36 We examined the

deprotection/oxidation sequence from 18 to the carboxylic acid 14. As

expected, the silyl group could be easily removed using TBAF (91%

yield). The intermediate alcohol 19 was oxidized to 14 with RuO2 and

NaIO4 in 48% yield32,35 and with RuCl3 and NaIO4 in 62% yield.37 It

occurred to us, however, that the conditions used for the oxidation

Table 1 Curtius rearrangement of Cylopropanecarboxylic acid 14

Entry Conditions Yield (%)

1 DPPA, Net3, t-BuOH, D, 5 h 73
2 DPPA, Net3, t-BuOH, CuCl, D, 3h 5
3 DPPA, NET3, t-BuOH, Toluene, D, 6 h 81
4 1- DPPA, NET3, Toluene, D, 2-t-BuOH, D, 5 h 47
5 1-NEt3, ClO2Et, H2O/Acetone, 08C; 2-NaN3; 3-t-BuOH, D, 14 h 22
6 1-SOCl2, D, 1 h; 2-NaN3, H2O/Acetone, 08C; 3-t-BuOH, D, 8 h 7

Scheme 4. Synthesis of Cyclopropylamine 9 from Cylopropane- carboxylic

acid 14
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should also allow for the deprotection of the silyloxy group to the

alcohol. The compound 18 indeed was converted in one step and 78%

yield to 14 using RuO2 and NaIO4. The efficient cyclopropanation

reagent ClCH2I is not commercially available as a labeled compound,

but 13CH2I2 can be purchased. Catalysis with ZnEt2 was shown to be an

efficient method to prepare a variety of cyclopropyl derivatives.38–42

However, using one equivalent of CH2I2 only (instead of the usual 5–10

equivalents relative to the alkene) and an excess of alkene 17 led to

modest yields of 18 and therefore this pathway was considered

unsuitable for the synthesis of labeled 9.

An alternative synthetic approach was considered based on a recent

literature report describing the synthesis of N-cyclopropyl dervatives

from amides and Grignard reagents with a Ti(O-i-Pr)4 catalyst.43 The

synthetic scheme (Scheme 6) is reduced to two steps from the

commercially available tetrahydropyridine 20, and offers the advantage

of being able to efficiently introduce the label in the last step.

Various reagents were used to prepare the key intermediate 1-formyl-

4-phenyl-1,2,3,6-tetrahydropyridine 21: ZrO2, DMF (47% yield),44

silicic acid, DMF (18%)44 (The major product of this reaction was

the 1-methyl-4-plenyl-1,2,3,6-tetrahydropyridine(52%)), carboxydiimi-

dazole, formic acid (72% yield),45 and ethyl formate in CH3CN (93%

Scheme 5. Cyclopropanation of 17

Scheme 6. Synthesis of 8 from the Tetrahydropyridine 20
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yield). The last method proved to be the simplest and the most efficient

in our hands. Two 1H NMR signals, in a ratio 2:1 are observed for the

formyl hydrogen of 21. The major isomer exhibited a higher chemical

shift (4.19 vs 4.07 for the minor rotamer) for the signals of hydrogen

atoms at the C6 position, and a lower chemical shift (3.63 vs 3.79 for the

minor rotamer) for the signals of the hydrogen atoms at the C2 position.

This trend is consistent with an arrangement of the carbonyl group syn

to the C6 position. The upfield chemical shifts are due to the deshielding

effect of the carbonyl group.46 The 13C labeled 1-cyclopropyl-4-phenyl-

1,2,3,6-tertrahydropyridine (8) was obtained in 82% yield by reaction of

21 with the ethyl Grignard reagent prepared from the labeled ethyl

bromide, using Ti(O-i-Pr)4 as a catalyst. The tetrahydropyridine 8 was

isolated as its stable oxalate salt. The synthesis of 21 and its subsequent

relatively facile conversion to the cyclopropyl ring substituted tetra-

hydropyridine dervative as described above broadens the range of

synthetically accessible cyclopropyl ring labeled and substituted

cyclopropyl ring labeled tetrahydropyridine derivatives at more than

one position which can be used in Monoamine Oxidase (MAO) or

Cyt P450 enzyme mechanistic studies. Efforts in this direction are

currently underway.

Experimental

General procedures can be found in Reference 16. The spectroscopic

data of the following compounds were consistent with literature reports:

88, 1147, 1548, 1749, and 1850. The 13C labeled ethyl bromide (99%

enrichment) was purchased from Cambridge Isotope Laboratories.

Tert-butoxycarbonyl aminocyclopropane 15

The acid 14 (860mg, 10mmol) was dissolved in anhydrous t-BuOH and

anhydrous toluene (20ml). The NEt3 (2ml, 10.5mmol) and diphenyl-

phosphoryl azide (2.5ml, 11.5mmol) were added and the reaction

mixture was heated up to reflux for 6 h. After cooling, the solvents were

evaporated under reduced pressure and the crude residue was taken up

in CHCl3 (50ml), washed with a solution of citric acid (10%, 40ml),

a solution of NaOH (2%, 25ml), and water. After drying over MgSO4

and evaporation of the solvents under reduced pressure, the crude

product was purified by Al2O3 column chromatography (CHCl3) to
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give 15 as a white solid (1.25 g, 8.1mmol, 81% yield), which was further

purified by recrystallization from Hex/Et2O at �208C. 1H NMR

(CDCl3, 360MHz) d 4.7 (1H, bs) 2.53 (1H, m), 1.44 (9H, s), 0.67

(2H, m); 13C NMR (CDCl3, 90MHz) d 79.4, 28.4, 22.9, 6.7; EIMS m/z

(rel intensities %) 157 (M+2), 142(2), 101(17), 57(100), 41 (62). Anal.

Calcd for C8H15NO2; C, 61.12; H, 9.62; N, 8.91. Found: C, 61.21;

H, 9.58; N, 8.97.

1-Formyl-4-phenyl-1,2,3,6-tetrahydropyridine 21

The freshly prepared free base 20 (2.54 g, 16mmol) was dissolved in dry

CH3CN in a 50ml round bottomed flask fitted with a reflux condenser.

Ethyl formate (1.6 g, 21.8mmol) was added and the reaction mixture

was heated under nitrogen at 65–708C for 48 h. The solvent was

removed in vacuo and the thick, yellowish oily residue was dissolved in

CH2Cl2 (30ml). This solution was washed with dilute HCl (10%,

3� 20ml), dried over Na2SO4 and the solvent removed in vacuo to yield

a yellowish solid, which was purified by SiO2 column chromatography

(CH2Cl2/MeOH 95:5) to give 21 as pale yellow crystals (2.6 g, 14mmol,

88% yield), mp: 77–788C. 1H NMR (CDCl3, 360MHz, mixture of the

two rotamers) d 8.21 (1H, s), 8.15 (1H, s, ratio 1:2), 7.34 (5H, m),

6.05 (1H, m), 4.2 (2H, m), 4.06 (2H, m, ratio 2:1), 3.79 (2H,

t, j ¼ 6:2Hz), 3.63 (2H, t, j ¼ 6:2Hz, ratio 1:2), 2.62 (2H, m),

2.57(2H, m, ratio 2:1); 1H NMR (DMSO-d6, 360MHz, mixture of the

two rotamers, ratio 1:2), d 8.17 (1H, s), 8.12 (1H, s, ratio 1:2)), 7.30

(5H, m), 6.19 (1H, m), 6.14 (1H, m, ratio 1:2) 4.08 (2H, m), 4.04 (2H, m,

ratio 1:2), 3.62 (2H, m) 2.52 (2H, m); 13C NMR (DMSO-d6, 90MHz,

mixture of the two rotamers)d 161.4, 160.9, 139.8, 134.8, 134.6, 128.4,

127.6, 124.7, 120.6, 119.9, 44.2, 41.7, 36.1, 27.2, 25.9; GC-EIMS m/z

(rel intensities %) 187 (M+100), 158 (20), 143 (17), 130(24), 115(30),

91(26); UV (nm, MeOH) 208, 245. Anal. Calcd for C12H13NO: C, 76.96;

H, 7.00; N, 7.48. Found: C, 76.89; H, 7.08; N, 7.55.

1-[2-13C]-Cyclopropyl-4-phenyl-1,2,3, 6-tertrahydropyridine 8

Ethyl bromide 2-13C (1.0 g, 9.17mmol) was added slowly via a dropping

funnel to magnesium turnings in dry THF under nitrogen. The reaction

was heated under reflux for 3 h. Into a flame dried three-necked round

bottomed flask fitted with a reflux condenser, a dropping funnel,

a septum, and a magnetic stirrer, was added a solution of 21(0.68 g,
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3.67mmol) in dry THF. Titanium isopropoxide (1.14 g, 4.03mmol) was

added via the dropping funnel and the resulting ethyl magnesium

bromide was immediately transferred via a syringe. The reaction

mixture, which slowly turned black, was warmed (oil bath 608C) and left

to stir overnight (18 h). The reaction was cooled to 258C and a saturated

aqueous solution of ammonium chloride was added with stirring.

A precipitate of titanium hydroxide formed. The reaction mixture was

filtered through a sintered glass funnel and the filtrate extracted with

ether (3� 20ml). The ether layer was washed with brine (2� 20ml),

dried over Na2SO4 and evaporated to yield a yellowish solid. After

column chromatography on Al2O3 (Hex/AcOEt 97:3) the desired

product 8 was obtained as a white crystalline solid (82%): mp

63–648C; 1H NMR (CDCl3) d 7.30 (5H, m), 6.05 (1H, m), 3.31 (2H,

m), 2.87 (2H, m), 2.55 (2H, bs), 1.73 (1H, m), 0.74 (1H, m), 0.49 (1H,

m), 0.29 (1H, m); 13C NMR (CDCl3) d 128, 126, 124, 122.53, 51.37, 29,

22, 20, 5.5; EIMS (m/z, rel int) 200 (71), 185 (100), 184 (76), 156 (15),

128(45), 115(61), 91(22), 69(36). The free base was then converted to the

oxalate salt and recrystallized from MeOH/Et2O(mp 175–1768C).
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