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Abstract — An enantioselective synthesis of (R)-1-azaspiro[4.4]nonane-2,6-dione
ethylene ketal (4), chiral relay in the elaboration of (-)-cephalotaxine (1b), starting
from (R)-1-(2-methoxycarbonylethyl)-2-oxo-cyclopentanecarboxylic acid methyl
ester ((R)-10) (8 chemical operations, 26% overall yield, ee > 95%) is described.
The Curtius rearrangement of acyl azide (12) was used as the key strategic
element to install with a perfect stereochemical fidelity and a high efficiency an

a-nitrogen substituent at the quaternary carbon center in 10.

INTRODUCTION

Besides highly promising antileukemic properties exhibited by several naturally occurring esters
exemplified by homoharringtonine, HHT, 1a,' (-)-cephalotaxine (1b) has become an attractive target for
the development of new synthetic methodology because of its unique backbone architecture, consisting of a
1-azaspiro[4.4]nonane unit fused to a benzazepine nucleus.” As a result of more than 30 years of intensive
research, numerous approaches to (+)-1b have been developed.” However, structure-activity relationships
of esters of cephalotaxine have demonstrated the stringent stereospecificity requirements for their
antitumor potency. Regarding the cephalotaxine moiety, it has been established that esters of “unnatural”
(+)-cephalotaxine (ent-1b) are devoid of antileukemic activity,* a factor that has stimulated interest in the
enantioselective synthesis of 1b.” One of the most efficient strategies in the area has featured the use of
derivatives of (R)-1-azaspiro[4.4]nonane-2,6-dione (2) harboring the future stereogenic center C-5 of 1b.
Since the correct stereochemistry at the two further stereogenic centers C-3 and C-4 in 1b has been readily

secured during the completion of the synthesis,’ the elaboration of CD subunit (R)-2 constitutes an enantio-
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and diastereoselective approach to (-)-cephalotaxine in a formal sense. However, as the implementation of
the synthesis requires the coupling of a N-metallated derivative of 2 with an arylethyl tosylate (installation
of ring Atogether with two carbon atoms of future ring B), the very reactive cyclopentanone carbonyl of 2
needs to be protected. For that reason, the two strategies already reported for the synthesis of (R)-2 have
both focused on its ketal derivatives: ketal (3) was elaborated via HPLC separation of diastercomeric ketals
of racemic ketone (2),° and ketal ((R)-4) was synthesized according to a semipinacolic
rearrangement-based enantioselective approach, employing (S)-1-(1-naphthyl)ethylamine as the chiral

inducer*® (Chart 1).

Chart 1. Structures of homoharringtonine (1a), cephalotaxine (1b) and key chiral spiro subunits 2-4.
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RESULTS AND DISCUSSION

In this paper, we report an efficient enantioselective synthesis of cornerstone ketal ((R)-4), founded on the
asymmetric Michael reaction involving chiral imines/secondary enamines derived from enantiopure
1-phenylethylamine. This methodology, outlined in Scheme 1, has played a paramount role in asymmetric

synthesis, particularly for the enantioselective elaboration of quaternary carbon centers.’
Scheme 1. Asymmetric Michael reaction involving chiral imines/ secondary enamines.
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However, while this reaction tolerates the presence of a-alkoxy® or o-phenylthio’ substituents in starting
imine (5), all efforts devoted to the synthesis of adducts of type (6) bearing an a-nitrogen linkage at the
quaternary carbon center, utilizing either a variety of a-nitrogen substituents in imine (5) or DEAD as the

7> I light of this vexing outcome, we turned to an alternative “indirect”

Michael acceptor, were fruitless.
route based on the Curtius rearrangement of an acyl azide.'’
The starting material in the present approach, keto diester ((R)-10), was elaborated in 85% yield and an ee

> 95% through Michael addition of enamino ester ((R)-9) to methyl acrylate.'' Our initial synthetic efforts
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were focused on the key Curtius rearrangement. However, since the planned rearrangement sequence
necessarily proceeds via the intermediacy of a carboxylic acid linked to the quaternary carbon center, two
critical problems should first be resolved: the discrimination between the two carbomethoxy groups of 10
and the masking of its carbonyl group to circumvent the generation of a B-keto acid species, of notorious
thermal instability.

These two prerequisites were simultaneously satisfied through subjection of 10 to sequential reduction
(NaBH,, CeCl;.7H,0 in MeOH, -78 °C)'? and saponification (LiOH in MeOH/H,O, followed by acidic
treatment) to provide an intermediary hydroxy diacid, the spontaneous lactonization of which furnished in
75% yield diastereomerically pure lactone acid (11), a stereochemical homogeneity revealed by the
presence of a single set of nine resonance peaks in its proton-decoupled *C NMR spectrum. It should be
pointed out that the above lactonization process achieved the concomitant “internal protection” of the
secondary hydroxyl function and propanoic carboxyl group of the transient hydroxy diacid, hence
implicitly ensuring a clear-cut chemoselective discrimination between the ester groups of adduct (10).
Although the configuration of the newly created stereogenic center in bicyclic lactone (11) could not be
ascertained spectroscopically, the depicted Cis ring junction may be reasonably assigned, assuming that
the reduction step involves a transition state structure based on a cerium' -coordinated B-keto ester
complex, in which the incoming hydride ion is delivered on the less hindered n-face of the carbonyl group,
anti to the vicinal propanoate appendage.”” The unusually facile cyclization of the hydroxy diacid
precursor of lactone (11), which occurred at 20 °C, furnishes an additional argument in favor of the cis
ring junction assignment. Several compelling reports in the field have indeed established that the ease of
formation of fused bicyclic lactones of type (11) from parent hydroxy acids is strongly dependent on the
stereochemistry of their ring junction. By way of illustration, the hydroxy acid progenitor of cis-fused
dihydronepetalactone cyclized at 25 °C, while elaboration of the related trans-isomer required prolonged
heating in refluxing xylene.14

At this juncture, we stood ready to perform the critical Curtius rearrangement sequence. In the event, acid
(11) was first converted into acyl azide (12) [(PhO),PONs, Na,COs, cat. DMAP]" which was directly
rearranged into benzyl carbamate (13) (BnOH in refluxing toluene, 75% yield from 11). Conversion of
fused bicyclic lactone (13) into a derivative possessing the requisite 1-azaspiro[4.4]nonane core was
examined next.

It was our original hope that amine (14), issuing from the hydrogenolysis of 13, might undergo an
intramolecular nucleophilic rearrangement to provide spiro lactam (15). However, hydrogenolysis of 13
(5 bar of H,, 10% Pd/C, MeOH) produced 15 in only meager yield (<10%), along with high molecular
weight material. Although there was no firm evidence that self-condensation of transient amine (14),

leading to polyamides, competes with the formation of spiro lactam (15), the low efficiency of conversion
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[13 — 15] may be reasonably interpreted on this basis, invoking that the expected transannular
lactamization process [14 — 15] suffers from unfavorable steric factor, on account of a severely
constrained transition state structure, in which the angle of attack of the amino group with respect to the
plane of the lactone carbonyl (ca. 90 °)'® markedly differs from “ideal” Biirgi-Dunitz trajectory (109 °©)."”
In view of the above result, an alternative plan was devised, in which the order of reactions was inverted,
so that the lactone ring of 13 would be opened prior to the hydrogenolysis of the benzyl carbamate moiety.
To achieve this aim, 13 was subjected to sequential oxidation (1 equiv. of aqueous NaOH/cat.
Ru0,/NalOy, followed by acidic work-up)'® and esterification (CH,N>) to afford keto ester ((R)-16) (70%
yield from 13). This was then converted into ketal ((R)-17) upon reaction with (TMSOCH,), in the
presence of a catalytic amount of TMSOTf (THF, -78 °C — 20 °C)."

Finally, hydrogenolysis of crude 17 (5 bar of H,, Pd(OH),, MeOH, 50 °C) delivered our goal (R)-4 (65%
yield from 16): mp 79-80 °C, [a]p -48.6 (c 1.4, CHCly); lit.,”*: mp 75-76 °C, [a]p -49.4 (¢ 1.0, CHCl))
(Scheme 2).

Scheme 2. Synthesis of spiro lactam (4).
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Reagents and conditions: (a) cyclohexane, 80 °C, 12 h, 90%. (b) (i) 1.05 equiv. MgBr; (0.5 M in Et,0),
1.5 equiv. methyl acrylate, THF, 20 °C, 24 h; (ii) 20% aq. AcOH, THF, 40 °C, 24 h (85%, ee >95%). (c)
(i) CeCl3.7H,0, MeOH 20 °C, then NaBH4 -78 °C; (ii) 6 M HCI, 20 °C; (iii) LiOH, H,0, 50 °C; (iv) 6 M
HCI (75 % for four steps). (d) Na,COs, cat. DMAP, (PhO),PON;, CH,Cl,, 20 °C (crude 12 was used in
the next step). (¢) BnOH, refluxing toluene (75% for steps d and e). (f) 5 bar of H, 10% Pd/C, MeOH,
20 °C (<10%). (g) (1) 1 equiv. 0.5 M NaOH, 50 °C; (ii) cat. RuO,, NalOy4, 20 °C; (iii) 6 M HCI; (iv)
CH:N, (70% for four steps). (h) (TMSOCH;),, cat. TMSOTY, CH,Cl,, -78 °C — 20 °C (crude 17 was
used in the next step). (i) 5 bar of H,, Pd(OH),, MeOH, 50 °C (65% for steps h and 1).
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To conclude, the synthesis of ketal ((R)-4), crucial relay in the elaboration of natural (-)-cephalotaxine
(1b), has been completed in 26% overall yield and with an ee > 95% from Michael adduct ((R)-10) by a
linear sequence of eight chemical operations (mean yield per step: 85%). Critical to the success of this
endeavor was the demonstration of the viability of the Curtius rearrangement as the key tactical element
to install with a perfect stereochemical fidelity and a high efficiency an a-nitrogen substituent at the
quaternary carbon center in Michael adducts of type (6). Also of major significance was the use of readily
available and inexpensive (R)-1-phenylethylamine (8) as the chiral auxiliary,”® which was easily and
nearly quantitatively recovered without any alteration of its stereochemical integrity. Regarding the
economical viewpoint, it should be emphasized that the present synthesis takes precedence over the
previously published approaches to CD subunits (3) and (4),”' thereby offering a decisive advantage for a

potential development of therapeutically important esters of (-)-cephalotaxine and analogs.
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