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Ortho ester aminals (compounds with two nitrogen
atoms and an oxygen atom bonded to a sp® carbon) are
occasionally encountered as side products or intermedi-
ates in heterocycle syntheses,! in nucleotide chemistry,?
and in flavonoid chemistry.® Open-chain ortho ester
aminals are prone to disproportionation and further hy-
drolysis by water or alcohols, but the corresponding
polycyclic ortho ester aminals are often stable enough to
be isolated. In contrast to the ortho esters, which are
rapidly gaining importance in organic synthesis,* the
corresponding aminals have only scarcely been used,
possibly due to their instability.

The reasons for the hydrolytic stability of the polycyclic
ortho ester aminals relative to their open-chain counter-
parts have not been discussed in detail in the literature,
although stereoelectronic effects are likely to play a
central role.> The exo-anomeric effect has been invoked
as an explanation for the stability of three simpler
derivatives, a monocyclic ortho ester aminal and two
spirocyclic analogues.® Herein, we report the facile for-
mation of stable spirocyclic [4.4] ortho ester aminals and
characterization of one isomer (4b) with X-ray crystal-
lography. These compounds cannot benefit from anomeric
stabilization (vide infra), and an alternative explanation
for their stability as well as the lability of the open-chain
derivatives is therefore required and presented.

The final step of the synthesis of the Cy—Cg3, 0xazole
fragment (2a) of calyculin C (1)7 (Scheme 1) requires the
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oxidation of the oxazolines 3a/3b to the corresponding
oxazoles 2a/2b (Scheme 2).2 Along with the desired
oxazoles, another set of diastereomeric compounds were
formed in up to 52% yield (Table 1). To our surprise, these
compounds proved to be the isomeric spirocyclic ortho
ester aminals (diastereomeric due to the presence of an
additional chiral spiro atom) (4a, pure diastereomer; 4b:
4b', 2:1 ratio).® Recrystallization afforded the pure dia-
stereomer 4b from the mixture 4b/4b’.

Both oxidation methods employed!® depend on the
generation of the ester enolate and subsequent oxidative
removal of the oxazoline ring hydrogen.*! The formation
of ortho ester aminals 4a/4b in both cases indicates that
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Table 1. Oxidation of Oxazolines 3a—c to the Oxazoles
2a—c and the Spiro Compounds 4a—c

yield of oxazole yield of 4a,
substrate conditions? (%) 4b/4b' or 4c
2a A 29 52
2a B 42 25
2b A 42 40
2b BP 30 30
2c A 30 35

a See Scheme 2. » NaHMDS was employed instead of LIHMDS
in the first step.
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the carbamate proton can also be removed under these
conditions, accompanied by ring closure and oxidation.

A detailed investigation into the mechanism is not
possible at this time. We did, however, study the effect
of the two methyl substituents (which were thought to
facilitate the ring closure by the reactive rotamer effect!?)
by conducting the oxidation with the straight-chain
oxazoline 3c (Scheme 2), readily available from N-Boc-
y-aminobutyric acid 5 (N-Boc-GABA) (Scheme 3). Again,
both the oxazole (2c¢) and the spirocyclic side product (4c)
were formed in nearly equal amounts (Table 1), demon-
strating that the 5-exo-trig ring closure leading to the
spirocyclic structure occurs quite readily.

The compounds 4a—c are remarkably stable to hy-
drolysis. They were isolated after normal aqueous work-
up® and could be readily purified by standard silica gel
chromatography. However, examination of the possible
anomeric n-o* interactions within the spiro[4.4] system
indicates that very little anomeric stabilization is ex-
pected. The only lone pairs available for the anomeric
n-o* interaction are the lone pairs of the ring oxygen
(O(1), see Figure 1) and the sp? lone pair at N(1). No
antiperiplanar orientation between the O(1) lone pairs
and the two C—N o bonds can be attained. The X-ray
structure of 4b (Figure 1)3 substantiates this interpreta-
tion. The measured bond lengths of the two C(3)—N bonds
are almost identical (1.439(7) A and 1.435(6) A). These
values fit fairly well with the average C(sp®—N(sp?) bond
length of 1.454(11) A of acyclic amides.}*15 The relative
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Figure 1. ORTEP plot of molecular structure of 4b. Only one
of the two crystallographically independent molecules is
shown.

elongation of the C(3)—0O(1) bond (bond length 1.453(7)
A) compared to the C(1)—0(1) bond (bond length 1.404-
(6) A) can be explained by a weak n-o* interaction
between the N(1) lone pair and the C(3)—0(1) bond.

Structures having three geminal heteroatoms, such as
ortho ester aminals, react by the pathway that cleaves
the weakest bond. In aminodihydroxymethane, ab initio
calculations indicate that the most stable conformer does
not possess maximal anomeric antiperiplanar interac-
tions, resulting in comparatively unreactive bonds.’67 In
the case of acyclic ortho ester aminals and aminodihy-
droxymethane, the stabilization of two C—X bonds gives
rise to extreme polarization of the remaining C—X bond,
thus lowering the activation energy for its cleavage.
Acyclic ortho ester aminals typically react to give alkoxide
and amidinium ions (eq 1):*®

NR, HX or H X Ry
R-C-OR" ——— R—(+ +XorHX (1)
NR," -R'OH R2

The relative stability of 4a—c and related polycyclic
ortho ester aminals'~2 is attributed to geometric and
stereoelectronic constraint—a diminished anomeric effect—
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imposed by the rigid spirocyclic structure. This reduction
in the ionic character of the C—X bonds stabilizes the
structure.

Experimental Section

General Methods. For the description of general experi-
mental procedures, the solvents used, and for the preparation
of compounds 2a,b, 3a,b, and 4a,b, see ref 8.

(2S)-Methyl-2-[(4-((tert-Butoxycarbonyl)amino)-1-oxobu-
tyl)amino]-3-hydroxypropionate (6). To a solution of 5 (2.03
g, 10.0 mmol, 100 mol %) in THF (150 mL) at —23 °C was added
N-methylmorpholine (1.15 mL, 1.06 g, 10.5 mmol, 105 mol %),
followed by isobutyl chloroformate (1.36 mL, 1.43 g, 10.5 mmol,
105 mol %). The resultant cloudy mixture was stirred at —23
°C for 15 min, and I-serine methyl ester hydrochloride (1.63 g,
10.5 mmol, 105 mol %) was then added, followed by N-
methylmorpholine (1.15 mL, 1.06 g, 10.5 mmol, 105 mol %). The
mixture was then allowed to warm slowly to room temperature.
After 18 h, the mixture was quenched with 5% NaHCO;3 solution
(300 mL) and extracted with EtOAc (6 x 100 mL). The combined
extracts were dried (Na;SO,) and concentrated to afford 6 as a
glass (3.03 g, 100%): [a]p = —5.3 (c = 1.00, MeOH); IR (CDCls3)
3447, 2980, 1743, 1696, 1517, 1439, 1368, 1252, 1170, 1065 cm™;
1H NMR (400 MHz) 6 6.96 (br d, 1 H, 3 = 7.3 Hz), 4.97 (m, 1 H),
4.62 (brd, 1 H,J=7.3Hz),3.93(m, 3H),3.74 (s, 3 H), 3.20 (m,
1 H), 3.11 (m, 1 H), 2.28 (app dt, 2 H, J = 2.5, 6.8 Hz), 1.87
(septet, 1 H, J = 6.7 Hz), 1.74 (br septet, 1 H, J = 6.7 Hz), 1.40
(s, 9 H); 13C NMR (100 MHz) ¢ 172.8, 171.0, 156.7, 79.7, 62.7,
54.8, 52.5, 39.1, 32.9, 28.3, 26.1. Anal. Calcd for Ci3H24N206:
C, 51.30; H, 7.95; N, 9.20. Found: C, 51.13; H, 8.23; N, 8.82.

(4S)-2-[3-((tert-Butoxycarbonyl)amino)propyl]-2-oxazo-
line-4-carboxylic Acid, Methyl Ester (3c). To a solution of
dipeptide 6 (1.00 g, 3.29 mmol, 100 mol %) in THF (40 mL) at 0
°C was added Burgess reagent (1.02 g, 4.28 mmol, 130 mol %)
over a period of 10 min, and the resulting solution was then
allowed to warm to room temperature. After 1 h, the solution
was heated to reflux for 3 h and allowed to cool. Evaporation of
the solvent gave a residue that was partitioned between 10%
MTBE/toluene (50 mL) and saturated NH4CI (50 mL). The layers
were separated, and the aqueous layer was extracted with 10%
MTBE/toluene (2 x 50 mL). The combined organic extracts were
dried (Na,;SO,4) and concentrated. The resulting oil was purified
by flash chromatography (4 x 16 cm silica, 100% EtOAc) to give
3c as acolorless oil (0.53 g, 56%): [o]p = +95.1 (c = 1.00, MeOH);
IR (CDCls) 3455, 2980, 1740, 1710, 1660, 1507, 1368, 1249, 1173
cm~1; 'H NMR (200 MHz) 6 4.74 (ddt, 1 H, J = 1.1, 7.6, 10.7
Hz), 4.49 (dd, 1 H, J = 7.6, 8.6 Hz), 4.40 (dd, 1 H, J = 8.6, 10.7
Hz), 3.79 (s, 3 H), 3.18 (g, 2 H, J = 6.4 Hz), 2.38 (dt, 2 H, J =
1.1, 7.0 Hz), 1.85 (gn, 2 H, J = 7.0 Hz), 1.44 (s, 9 H); 13C NMR
(100 MHz) 6 171.7, 170.3, 155.9, 79.2, 69.4, 68.0, 52.6, 39.8, 28.4,
261, 253, HRMS (Cl, NH3) calcd for MH* (C13H23N205) 2871607,
found 287.1602, A = 1.7 ppm.

2-[3-((tert-Butoxycarbonyl)amino)propyl]-2-oxazole-4-
carboxylic Acid, Methyl Ester (2c) and (£)-6-(1,1-Dimeth-
ylethyl) 3-Methyl-1-oxa-4,6-diazaspiro[4.4]non-3-ene-3,6-
dicarboxylate (4c). To a suspension of CuBr, (1.47 g, 6.56
mmol, 400 mol %) in degassed CH.Cl, (50 mL) at room tem-
perature was added hexamethylenetetramine (920 mg, 6.56
mmol, 400 mol %) as a solid, followed by addition of DBU (980
ul, 1.00 g, 6.56 mmol, 400 mol %). The reaction mixture turned
dark brown. After the mixture was cooled to 0 °C, a solution
of oxazoline 3c (470 mg, 1.64 mmol, 100 mol %) in degassed
CHCl, (15 mL) was added via cannula. The reaction mixture
was allowed to warm to room temperature. After 2 h, a 1:1
solution of saturated NH4Cl and 25% aqueous NH3 (50 mL) was
added, and the blue mixture was extracted with EtOAc (4 x 60
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mL). The combined organic extracts were washed with brine (30
mL), dried (Na;SO,), and concentrated. The crude product thus
obtained was purified by flash chromatography (3 x 17 cm of
silica, linear gradient of 50% EtOAc/hexanes to 100% EtOAc)
to afford the spirocyclic (+)-4c as an oil (138 mg, 30%), followed
by oxazole 2c as a colorless oil (162 mg, 35%). Data for 2c: IR
(CDCls) 3456, 2980, 1712, 1698, 1588, 1511, 1439, 1368, 1326,
1170, 1113 cm~%; 'H NMR (200 MHz) 0 8.16 (s, 1 H), 4.67 (m, 1
H), 3.20 (9, 2 H, 3 = 6.6 Hz), 2.87 (t, 2 H, 3 = 7.5 Hz), 1.99 (gn,
2 H,J=17.1Hz), 1.43 (s, 9 H); 13C NMR (100 MHz) ¢ 168.9,
161.8, 155.0, 143.6, 133.1, 79.1, 52.0, 44.7, 41.8, 30.9, 28.3, 21.0,
18.8; HRMS (EI) calcd for M* (C13H20N20s) 284.1372, found
284.1369, A = 1.1 ppm. Data for (+)-4c: IR (CDCl3) 2981, 1734,
1699, 1442, 1368, 1285, 1166, 1050 cm~1; 'H NMR ((CDCly),,
365 K, 400 MHz) 6 5.00, (br d, 1 H, J = 15.0 Hz), 4.71 (d, 1 H,
J =15.0 Hz), 3.93 (s, 3 H), 3.67 (br dt, 1 H, 3 = 10.5, 6.4 Hz),
3.56 (dt, 1 H, 3 = 10.5, 7.1 Hz), 2.38 (dt, 1 H, J = 13.2, 7.9 Hz),
2.20 (gn, 1 H, J = 6.4 Hz), 1.99 (m, 2 H), 1.43 (s, 9 H); 23C NMR
((CDCly),, 365 K, 100 MHz) 6 163.6, 160.8, 152.4, 122.4, 79.9,
74.9, 52.4, 47.9, 39.6, 28.1, 21.0; HRMS (EI) calcd for MH*
(C13H21N205) 285.1450, found 285.1401, A = 17 ppm.

Data for 4a. (5R/S,7R,9S)-6-(1,1-Dimethylethyl) 3-methyl
7,9-dimethyl-1-oxa-4,6-diazaspiro[4.4]non-3-ene-3,6-dicar-
boxylate: colorless oil; [a]o = —30.7 (c = 0.65, MeOH); IR
(CDCl3) 2977, 1732, 1695, 1443, 1393, 1368, 1333, 1276, 1140,
1076 cm~%; TH NMR (400 MHz, (CDCly),, 365 K) 6 5.00 (d, 1 H,
J =15.0 Hz), 4.66 (d, 1 H, 3 = 15.0 Hz), 3.95 (obs ddq, 1 H, J =
9.1,5.9 Hz), 3.92 (s, 3 H), 2.36 (ddg, 1 H, 3 = 12.0, 7.0, 6.7 Hz),
2.20 (app dt, 1 H, J = 12.0, 6.7 Hz), 1.47 (obs ddd, J = 12.0, 9.1
Hz), 1.43 (s,9H),1.37(d,3H,J=5.9Hz),0.89(d,3H,J=7.0
Hz); 33C NMR (100 MHz, (CDCly),, 365 K) ¢ 163.4, 160.9, 152.7,
124.8, 79.6, 75.3, 53.6, 52.4, 43.3, 37.6, 28.2, 21.6, 12.4; HRMS
(El) calcd for M* (C15H24N20s) 312.1685, found 312.1662, A =
7.4 ppm.

Data for recrystallized, pure diastereomer 4b.
(5R,7S,95)-6-(1,1-Dimethylethyl) 3-methyl 7,9-dimethyl-1-
oxa-4,6-diazaspiro[4.4]non-3-ene-3,6-dicarboxylate: [o]p =
+37.1 (c = 0.64, MeOH); mp 93—-95 °C (from Et,Ol/isooctane);
IR (CDCls, for a mixture of 4b/4b') 2977, 1732, 1697, 1442, 1393,
1367, 1295, 1147, 1070 cm~1; 1H NMR (400 MHz, (CDCly),, 370
K) 6 4.96 (d, 1 H, J = 15.0 Hz), 4.65 (d, 1 H, J = 15.0 Hz), 4.12
(app gqn, 1 H, J = 6.9 Hz), 3.94 (s, 3 H), 2.81 (septet, 1 H, J =
6.7 Hz), 1.88 (dt, 1 H, J = 8.1, 12.0 Hz), 1.67 (dd, J = 12.0, 6.7
Hz), 1.42 (s, 9 H), 1.32 (d, 3 H, J = 6.4 Hz each), 0.87 (d, 3H, J
= 6.7 Hz); 13C NMR (100 MHz, (CDCl,),, 370 K) 6 164.0, 160.7,
152.7, 123.4, 79.7, 75.6, 53.6, 52.4, 41.3, 36.2, 28.1, 20.2, 11.2.
Anal. Calcd for C15H24N20s: C, 57.68; H, 7.74; N, 8.97. Found:
C, 57.40; H, 7.72; N, 8.84.
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