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The tetrahedral intermediate RC(OH)XY (3) formed in
reactions of carboxylic acid derivatives RC(O)X (1) with
nucleophiles YH (2) to give RC(O)Y (4 ; Reaction a in
Scheme 1) is of continued interest, for example, because of its
significance for in vivo acylation rections.[1] Only recently, the
solid-state structure of the (protonated) intramolecular amine
adduct of a carboxylic acid was determined in a rather special
case.[2]

Similarly, reactions of 1 with organometallic compounds
R'M (5) proceed via a tetrahedral intermediate 6 (Reaction b
in Scheme 1). In the case of X�Hal, SR, and OR, 6

Scheme 1. Reaction of carboxylic acid derivatives 1 with nucleophiles YH
(2 ; a) and R'M (5 ; b). R�H, alkyl, aryl; X�Hal, SR, OR, NR2; YH�
R''SH, R''OH, R''NH2; R''�H, alkyl, aryl; R'� alkyl, aryl; M�Li, MgX,
etc.

undergoes a very fast 1,2-elimination of MX to give aldehyde
or ketone 7, which may react further with 5. In the case of X�
NR2, 6 is more stable, a fact that has been utilized for the
preparation of ketones 7 (1� 5!6 ; 6�H3O�!7)[3] as well as
for the protection of aldehydes and ketones (7�
MNR2!6).[4] What is the structure of a compound of type
6, and in particular what is the environment at the new
tetrahedral carbon atom? The X-ray crystal structure of
[(Ph)2(NMe2)C(OLi) ´ THF]2 (10),[5] which is prepared from
N,N-dimethylbenzamide (8) and phenyllithium (9) and crys-
tallized from tetrahydrofuran/diethyl ether [Eq. (1)], gives an
answer to these questions (Figure 1).

Figure 1. Crystal structure of 10. Important bond lengths [pm] and bond
angles [8]: C1ÿO1 137.1(2), C1ÿN1 150.0(3), C1ÿC4 154.8(3), C1ÿC10
154.9(3), Li1ÿN1 375.1(4), Li1ÿN1A 373.7(4); O1-C1-N1-C2ÿ58.4(2), O1-
C1-N1-C3 63.8(2), C4-C1-N1-C2 65.3(2), C10-C1-N1-C3 ÿ60.8(2).

In the dimeric structure the Li atoms Li1 and Li1A are
bound to the anionic O atoms O1 and O1A and to the O atom
of a THF molecule (O2 and O2A, respectively), leading to
three-coordinate Li cations, which is rarely observed. The
C1ÿO1 bond is 137.1(2) pm long, which corresponds to the
CÿO bond length in an a-alkoxyamine (137 pm).[6] In
(CH3)3CÿOLi a length of 139.2 pm has been determined for
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the CÿO bond.[7] In amides such as 8 the C�O bond measures
123.1 pm,[8] and in aromatic ketones 123.0 pm.[8] The C1ÿN1
bond is 150.0(3) pm long, which corresponds to the value of
149 pm determined for the above-mentioned a-alkoxy-
amine.[6] The mean value for Csp3ÿN bonds is 146.9 pm.[8] In
carboxamides the CÿN bond is even shorter (134.6 pm).[8] The
bonds from C1 to C4 and C10 of the phenyl rings are 154.8(3)
and 154.9(3) pm long. The mean value for Csp3ÿCaryl bonds
amounts to 151.3 pm.[8] Thus, the bonds C1ÿC4, C1ÿC10, and
C1ÿN1 are slightly elongated, whereas the C1ÿO1 bond is
somewhat shortened.

Dunitz, Bürgi, and Shefter investigated the geometrical
reaction coordinates of the intramolecular addition of amine
and alcohol nucleophiles to carbonyl groups finally leading to
the tetrahedral intermediate (e.g. 1� 2 > 3).[9] In agreement
with their investigations, the structure of 10 indicates the
beginning of the decomposition of an analogous tetrahedral
intermediate, namely, the 1,2-elimination of LiNMe2 (the best
leaving group in 10) to give benzophenone. This is shown by
the bond lengths C1ÿN1 and C1ÿO1 discussed above. It is also
in agreement with the angles between the C1-C4-C10 plane
and the vectors C1ÿN1 (60.38) and C1ÿO1 (52.88): O1 is on
the way towards the C1-C4-C10 plane, whereas N1 is removed
from 10 along the trajectory.

A further point of interest is the conformation of the
dimethylamino groups; their N atoms are not coordinated to
the Li cations, which is normally very favorable.[10] In 10 the
distances Li1 ´´ ´ N1 and Li1 ´´´ N1A are 375.1(4) and
373.7(4) pm, whereas normal LiÿN bonds are approximately
200 pm long.[11] Bonding of N1 and N1A to Li1 and Li1A
would require a rotation of the amino groups in 10 by about
1808, as shown by the torsional angles O1-C1-N1-C2
ÿ58.4(2)8, O1-C1-N1-C3 63.8(2)8, C4-C1-N1-C2 65.3(2)8,
and C10-C1-N1-C3 ÿ60.8(2)8. This, however, would lead to
unfavorable ecliptic conformations of the methyl groups at N1
and N1A with the phenyl groups at C1 and C1A. Furthermore,
the electron lone pairs at the N atoms in 10 are perfectly
placed for an interaction with the s* orbitals of the CÿO bonds
(anomeric effect[12]). The balance between N ´´´ Li complex-

ation, conformational strain, and anomeric effect is shown by
the data in Table 1, which summarizes the calculated bond
lengths, bond angles, and relative energies of the compounds
11 ± 15 in the conformations A and B.

Thus, 11 B is 8.0 kcal molÿ1 higher in energy than 11 A,
whose conformation at the CÿN bond corresponds to that in
10. The anomeric effect in 11 A is nicely shown by the bond
lengths: The CÿO bond is longer (137.0 pm) and the CÿN
bond is shorter (153.2 pm) than in 11 B (135.9 and 159.0 pm,
respectively). A similar effect is observed in compounds 12 ±
15.[13] Interestingly the torsional angles O-C-N-R3 (ÿ158.08)
and O-C-N-R4 (73.38) in 11 B are almost equal to the
corresponding angles in a recently investigated a-amino-
lithium alkoxide (158.9/ÿ71.78 and 154.9/ÿ 73.98, respective-
ly).[14] Apparently, to avoid ecliptic interactions, rotation
about the CÿN bond takes place if a Li-O-C-N four-
membered ring is formed. A decrease in conformational strain
(11!12!13!14) provides a reduction in the destabilization
of conformers B from 4.3 kcal molÿ1 (12 B) to 1.5 kcal molÿ1

(13 B). In the case of 14 the B isomer is ÿ2.7 kcal molÿ1 more
stable than 14 A, and the torsional angles O-C-N-R3 and
O-C-N-R4 ideally amount to ÿ120.18 and 121.18. Isomer 15 B
is even more stable than 15 A (ÿ4.5 kcal molÿ1). In the case of
15 the energies and geometries of the conformers A and B
were also determined by the MP2 method, and the results
confirm the tendency shown in Table 1.

In conclusion, the bond lengths and bond angles at the
tetrahedral C1(C1A) atom in 10 indicate the tendency for 1,2-
elimination of LiNMe2 to give benzophenone, even though
the anomeric effect stabilizes 10.

Experimental Section

10 : A solution of N,N-dimethylbenzamide (500 mg, 3.35 mmol) in diethyl
ether (60 mL) was allowed to react with 1.8n phenyllithium in cyclohexane/
diethyl ether (1.86 mL, 3.35 mmol) at room temperature under an argon
atmosphere. The white precipitate was washed with diethyl ether (2�
10 mL) under argon and dissolved in THF (10 mL). A 4-mL aliquot
of this solution was treated with diethyl ether (2 mL) and kept at ÿ16 8C
for 8 h. Colorless rhombic crystals were obtained (121 mg, 44% yield).

Table 1. Calculated bond lengths [pm], torsion angles [8], and relative energies [kcal molÿ1] of the conformers A and B of compounds 11 ± 15 (RHF/3 ± 21G//
PM3). The MP2/6-31�G*//MP2/6-31�G* values of 15 are given in parentheses.

Compd R1 R2 R3 R4 CÿO CÿN O-C-N-R3 O-C-N-R4 Erel

11A Ph Ph Me Me 137.0 153.2 58.4 ÿ 70.9 0.0
11B Ph Ph Me Me 135.9 159.0 ÿ 158.0 73.3 8.0
12A Ph H Me Me 136.7 152.0 59.2 ÿ 71.1 0.0
12B Ph H Me Me 135.4 157.2 ÿ 146.4 86.0 4.3
13A H H Me Me 136.5 150.4 64.9 ÿ 65.8 0.0
13B H H Me Me 134.9 156.7 ÿ 117.3 116.6 1.5
14A H H H H 136.9 148.4 58.7 ÿ 61.3 0.0
14B H H H H 135.2 154.5 ÿ 120.1 121.1 ÿ 2.7
15A Me Me H H 138.3 150.4 59.9 ÿ 60.2 0.0

(139.3) (147.1) (56.7) (ÿ56.7) (0.0)
15B Me Me H H 136.2 155.9 ÿ 126.0 115.2 ÿ 4.5

(137.3) (154.8) (ÿ129.7) (112.5) (ÿ6.0)
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The acetogenins of Annonaceae are characterized by their
variety in structure and their potent biological features, for
example, as antitumor agents or immunosuppressants.[1]

Therefore, this class of compounds is subject to intensive
synthetic efforts.[2] Within the acetogenins a group of com-
pounds exists that also bear a tetrahydropyran (THP) ring
additional to the usual tetrahydrofuran rings in the molecular
scaffold. A representative member of that group is (ÿ)-
mucocin, which was isolated from Rollinia Mucosa.[3] The
molecule shows a highly selective inhibitory effect against
A-549 (lung cancer) and PACA-2 (pancreatic cancer) cell
lines with a selectivity up to 10 000 times that of the known
antitumor agent adriamycin. A blockage of the mitochondrial
complex I is discussed as the mode of action.[1]

Here we report on a total synthesis of (ÿ)-mucocin that
follows a highly convergent synthetic strategy.[4] According to
our retrosynthetic analysis (disconnection at C16ÿC17) mu-
cocin could be constructed by the addition of a THP
organometallic compound 1 to a THF aldehyde 2 (Scheme 1).

1H NMR (200 MHz, [D8]THF, 298 K): d� 7.78 (4 H), 7.12 (4H), 6.93 (2H),
2.20 (6H); 13C NMR (50 MHz, [D8]THF, 298 K): d� 154.6, 128.0, 127.6,
125.2, 94.3,[16] 39.7.
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