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(s, 6 H), 3.82 (s, 3 H), 3.93 (brd, J= 6.2 Hz, | H), 450 (d, J = 6.2
Hz, 1 H), 4.58 (brd, J = 1.5 Hz), 4.80 (d, J = 7.9 Hz, 1 H), 5.95 (s,
1 H), 5.97 (s, 1 H), 6.37 (s, 2 H), 6.48 (s, 1 H), 6.93 (s, 1 H).

(-)-Podophylotoxin (1). A solution of 4.7 mg (0.009 06 mmol) of silyl
ether (-)-22 in 0.45 mL of acetonitrile was treated at room temperature
under argon with 27 uL (0.054 mmol) of a 2.0 M solution of triethyl-
ammonium fluoride in acetonitrile. The mixture was stirred at room
temperature for 3 days, at which time the mixture was concentrated
under reduced pressure. Chromatography of the residue on 3 g of silica
gel (elution with 30% ethyl acetate—hexane followed by 70% ethyl ace-
tate-hexane) gave 2.9 mg (79%) of crystalline (-)-podophyllotoxin (1):
mp 157-160 °C; [a]®p -85° (¢ 0.29, EtOH); IR (KBr) » 3450, 2900,
1769, 1580, 1472, 1225, 1112 cm™; '"H NMR (CDCl,) é 2.80 (m, 2 H),
3.76 (s, 6 H), 3.82 (s, 3 H), 4.10 (brt, J = 9.4 Hz, 1 H), 4.61 (m, 2 H),
479 (brd, J = 6.6 Hz, 1 H), 597 (d,J = 1.1 Hz, 1 H), 599 d, J =
1.1 Hz, 1 H), 6.37 (s, 2 H), 6.52 (s, | H), 7.12 (s, 1 H).

Recrystallization of a sample of 5.2 mg of synthetic (-)-podophyllo-
toxin from 1:5 CH,Cl,-hexanes gave 4.4 mg of crystalline (-)-1: mp
158-159.5 °C; [a]?' —97° (¢ 0.33, EtOH).

A sample of authentic (-)-podophyllotoxin recrystallized in the same
manner gave crystalline (-)-1: mp 158.5-159.5 °C; [a]®2, -104° (c 0.36,
EtOH).
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Abstract: The solid-state conformations of nine 14-membered-ring macrolides were determined by X-ray crystallography.
In each conformation, the geometry of the lactone group was s-trans and the lactone C—-O-C-H torsional angle was within
a 0-40° arc. Geminally disubstituted atoms were found to occupy the corner positions. These trends greatly simplified the
conformational analysis of the large-ring lactones. Two macrolides crystallized in a previously unreported low-energy conformation
for 14-membered lactones. A modified nomenclature for the conformations of large rings is proposed which is based upon
the number of bonds separating corner and pseudocorner atoms.

For the last 30 years chemists have shown that the confor-
mational analysis of small ring compounds can be a powerful tool
in understanding the physical and chemical properties of these
systems. Simple pictorial representations, such as the cyclohexane
chair, have demonstrated the potential of graphical representations
of molecular conformation to rationalize known results and suggest
new reactions.

Recently, Still and Galynker! described the profound effects
of conformational control on the reactivity of medium and large
rings. Following this pioneering work, several other research
groups? have elegantly used conformational control to introduce
new asymmetric centers on medium and large rings. Since the
stereochemical outcome of a reaction in a large ring compound
is usually not obvious, the planning of a synthesis of complex large
rings must include a careful conformational analysis. Invariably
researchers have relied on the use of computer calculations? to
determine the important conformations controlling these reactions.

For some time we have been intrigued with the possibility of
developing a simple pictorial model for the conformation of large
rings with the hope that this model might be useful in under-
standing the chemistry of these systems. Some of these chemical
findings have been published.® In this paper, we outline our efforts

(1) Still, W. C.; Galynker, l. Tetrahedron 1981, 37, 3981.

(2) (a) Still, W. C.; Novack, V. J. J. Am. Chem. Soc. 1984, /06, 1148.
(b) Schreiber, S. L.; Sammakia, T.; Hulin, B.; Schulte, G. J. Am. Chem. Soc.
1986, /08, 2106. (c) Still, W. C.; Romero, A. G. J. Am. Chem. Soc. 1986,
108, 2105. (d) Still, W. C. J. Am. Chem. Soc. 1979, 101, 2493. (e) Still,
W. C.; MacPherson, L. J.; Harada, T.; Callahan, J. F.; Rheingold, A. L.
Tetrahedron 1984, 40, 2275. (f) Vedejs, E.; Dent, W. H.; Gapinski, D. M.;
McClure, C. K. J. Am. Chem. Soc. 1987, 109, 5437. (g) Still, W. C. Curr.
Trends Org. Synth., Proc. 4% Int. Conf. 1983, 233.

(3) (a) Neeland, E. G.; Ounsworth, J. P.; Sims, R. J.; Weiler, L. Tetra-
hedron Lett. 1987, 28, 35. (b) Keller, T. H.; Neeland, E. G.; Weiler, L. J.
Org. Chem. 1987, 52, 1870. (c) Ferreira, J. T. B,; Neeland, E. G.; Weiler,
L. Can. J. Chem. 1987, 65, 2314.
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to determine the principles of conformational analysis governing
the stereochemistry of reactions in 14-membered lactones. The
macrolide antibiotics* are well represented by 14-membered
lactones, and these compounds have been popular targets for
synthetic chemists over the past decade.’

At first glance, the conformational analysis of 14-membered
rings seems to be overwhelmingly complex. Although large rings
can exist in a number of stable conformations, only a few of these
are of low enough energy to be appreciably populated at room
temperature. In his pioneering work, Dale® showed that con-
formations of 14-membered rings that are superimposable on a
diamond lattice framework are of lower energy. He found that
the minimum energy conformation was the [3434]7 conformation.®
Later calculations on cyclotetradecane, however, revealed two
low-energy conformations that were not superimposable on the
diamond lattice.® These were the [3344] conformation, with a
strain energy of 1.1 kcal/mol relative to the [3434] conformation,
and the [3335] conformation, with a strain energy of 2.4 kcal/mol
relative to the [3434] conformation. These two nondiamond lattice

(4) (a) Paterson, 1.; Mansuri, M. M. Tetrahedron 1985, 4/, 3569. (b)
Masamune, S.; Bates, G. S.;Corocan, J. W. Angew. Chem., Int. Ed. Engl.
1977, 16, 585.

(5) (a) Kinoshita, M.; Arai, M.; Oshawa, N.; Nakata, M. Tetrahedron
Lett. 1986, 27, 1815. (b) Ziebuck, R.; Liverton, N. J.; Smith, A. B. J. Am.
Chem. Soc. 1986, 108, 2451. (c) Bernet, B.; Bishop, P. M,; Caron, M;
Kawamata, T.; Roy, B. L.; Ruest, L.; Sauve, G.; Soucy, P.; Deslongchamps,
P. Can. J. Chem. 1985, 63, 2818. (d) Stork, G.; Rychnorsky, S. D. J. Am.
Chem. Soc. 1987, 109, 1565. (e) Tanner, D.; Somfai, P. Tetrahedron 1987,
43, 4395. (f) Suzuki, K.; Tomooka, K.; Katayama, E.; Matsumoto, T.;
Tsuchihashi, G. J. Am. Chem. Soc. 1986, /08, 5221.

(6) (a) Dale, J. J. Chem. Soc. 1963, 93. (b) Dale, J. Angew. Chem., Int.
Ed. Engl. 1966, 5, 1000.

(7) The number of bonds found between corner atoms is indicated in the
square brackets.?

(8) Dale, J. Acta Chem. Scand. 1973, 27, 1115,
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Table I. Six Lowest Energy Conformations of Cyclotetradecane

J. Am. Chem. Soc., Vol. 110, No. 23, 1988 7859

strain energy,

conformation side view top view polar map kcal/mol
[3434]2¢ B 13- +10 0.0
10 - +
-
6
- +
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Figure 1. [3434] conformation of cyclotetradecane.

conformations were found to be lower in energy than every dia-
mond lattice conformation with the exception of the [3434]
conformation.® According to Dale’s analysis, the 14-mem-
bered-ring compounds should exist predominantly in the [3434]
conformation, and indeed, X-ray crystal structures of cyclo-
tetradecane® and the structurally equivalent 1,8-diazacyclotet-
radecane dihydrobromide!® support this prediction. NMR data
on cyclotetradecane!! and cyclotetradecanone!? also show that in
solution these 14-membered-ring compounds adopt the [3434]
conformation.

The substituents of a macrolide can only occupy exterior
positions; otherwise the transannular interactions are prohibitively
large.!> The introduction of a geminally substituted atom should

(9) Groth, P. Acta Chem. Scand., Ser. A 1976, A30, 155.
(10) Dunitz, J. A.; Meyer, E. F. Helv. Chim. Acta 1965, 48, 1441.
0 (11) Anet, F. A. L.; Cheng, A. K,; Wagner, . J. J. Am. Chem. Soc. 1972,
4, 9250.
(12) Anet, F. A. L; Cheng, A. K.; Krane, J. J. Am. Chem. Soc. 1973, 95,
7877.

7.13 = Comer Position
10, 3 = Pseudocorner Position

Figure 3. Comparison of the two corner positions in the C conformation
of cyclotetradecane.

force the molecule to adopt a conformation in which the fully
substituted atom occupies a corner position!# (vide infra). The
corner position (starred atoms in Figure 1) is the only position
in the [3434] conformation where both substituents are exterior
to the ring and do not experience severe transannular interactions.

(13) Dale, J. Stereochemistry and Conformational Analysis; Verlag
Chemie: New York, 1978.

(14) (a) Dale, J. Acta Chem. Scand. 1973, 27, 1149. (b) Bjornstad, S. L.;
Borgen, G.; Dale, J.; Gaupset, G. Acta Chem. Scand., Ser. B 1975, B29, 320.
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Table II. oRTEP Diagram and Polar Maps of Macrolides 1-4

Keller et al.

Table IV, orRTEP Diagram and Polar Maps of Macrolides 8 and 923¢

(18) Quinkert, G.; Heim, N.; Bats, J. W.; Oschkinat, H.; Kessler, H.

conforma- conforma-
macrolide ORTEP diagram polar map tion macrolide ORTEP diagram polar map tion
o [3/3/4/4s]a ROy [3335]
0,
!
1
®0., [3344]
60, [3434)¢ rr\fo
2
1 o [3434]
(3434
o]
R R e
4R = BrCH,CO. ®Diamond lattice conformations.
OH (34347 is ~3.0 kcal/mol more stable than the s-cis isomer.'* The
uo,,‘('\%, 14-membered ring is large enough to accommodate an s-trans
K o . linkage, and therefore, conformations that contain s-cis lactones
4 } are energetically disfavored and can usually be ignored. Moreover,
N Schweizer and Dunitz!®® observed a preference for the esters of
- secondary alcohols to exist in a conformation where the C-O-C-H
“ Diamond lattice conformations. dihedral angle is within the range 0-40° (Figure 2). It was
anticipated that this finding might also apply to large-ring lac-
Table III. ORTEP Diagram and Polar Maps of Geminally tones, 160
Disubstituted Macrolides 5-7 Efforts to probe the conformations of large rings have included
macrolide ORTEP diagram polar map  conformation the use of °C and 'H NMR spectroscopy,!” NOEDS,!® and
o [3434]° IR 14019202 Byt the most successful technique has been X-ray
) crystallography.?!’ Dunitz has concluded that “any conformation
sa ~ observed in a molecular crystal cannot be far from an equilibrium
~ H structure of the isolated molecule. X-ray analysis thus provides
\L/\ information about the preferred conformations of molecules al-
H though it has nothing to say about the energy differences between
them,” 22
[3335] To aid in the conformational analysis of the 13-tetradecanolide
sb series, we therefore employed X-ray crystallography studies in
conjunction with molecular mechanics calculations. The crystal
structures of nine compounds were determined.”? We were
interested in determining whether the conformational preferences
o, \7 [3434]° calculated by Dale could be applied to our modestly substituted
; ° m lactones. Furthermore, this was a welcome opportunity to in-
. S og/ Q@/Z% K vestigate if the Schweizer-Dunitz observation applied to lactones,
- namely, that in s-trans lactones the C-O-C-H angle is limited
) to 0-40°, and to examine the suggestion that substituents will
[3344) - - - -
(15) (a) Deslongchamps, P. Sterecelectronic Effects in Organic Chemistry;
m Permagon: New York, 1983. (b) Pinkus, A. G.; Lin, E. Y. J. Mol. Struct.
1975, 24, 9.
6b (16) (a) Schweizer, W. B.; Dunitz, J. D. Helv. Chim. Acta 1982, 65. 1547.
[ (b) Dale, J.; Groth, P.; Schwartz, J. E. 4cta Chem. Scand., Ser. B 1986, B40,
568.
0 [3344] (17) (a) Egan, R. S;; Perun, T. J.; Martin, J. R.; Mitscher, L. A. Tetra-
S 0\/ W hedron 1973, 29, 2525. (b) Egan, R. S,; Martin, J. R; Perun, T. J.; Mitscher,
7 L. A. J. Am. Chem. Soc. 1975, 97, 4578. (c) Nourse, J. G.; Roberts, J. D.
™ \/C J. Am. Chem. Soc. 1975, 97, 4584.
o

2Diamond lattice conformations.

Results and Discussion

General. Dale’s findings considerably simplified the confor-
mational analysis of 14-membered-ring compounds. Many
large-ring natural products contain a lactone group, frequently
a lactone of a secondary alcohol (e.g., erythromycin, pikromycin,
methymycin).> The introduction of a lactone functionality into
a large ring should further reduce the number of possible con-
formations. It is well-known that the s-trans geometry in esters

Angew. Chem., Int. Ed. Engl. 1985, 24, 987.

(19) (a) Borgen, G.; Dale, J. Chem. Soc., Chem. Commun. 1970, 1340.
(b) Meyer, W. L.; Schweizer, W. B,; Beck, A. K.; Scheifele, W.; Seebach, D.;
Schreiber, S. L.; Kelly, S. E. Helv. Chim. Acta 1987, 70, 281.

(20) (a) Ogura, H,; Furuhata, K.; Kuwano, H.; Suzuki, M. Tetrakedron
1981, 37, 165. (b) Ogura, H.; Furuhata, K.; Harada, Y ; litaka, Y. J. Am.
Chem. Soc. 1978, 100, 6733. (c) Ogura, H.; Furuhata, K.; Kuwano, H.;
Harada, N. J. Am. Chem. Soc. 1975, 97, 1930, (d) Ogura, H.; Furuhata, K,;
Harada, Y; litaka, Y. Chem. Pharm. Bull. 1977, 25, 2385.

(21) Hauske, J. R.; Gaudliana, M.; Kostek, G.; Schulte, G. J. Org. Chem.
1987, 52, 4622.

(22) Dunitz, J. D. X-Ray Analysis and the Structure of Organic Mole-
cules, Cornell University Press: Ithaca, New York, 1979.

(23) The crystal structures of two of these macrolides have been reported
previously. See: Ponnuswamy, M. N; Trotter, J. Acta Crystallogr., Sect.
C: Cryst. Struct. Commun. 1985, C4/, 1109.
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Figure 4. Stereoscopic view of compounds 1-4.

prefer to be outside of the ring and geminal substituents on corner
positions.

During the early stages of this work, the recognition and
comparison of conformations was time consuming and prone to
error. This task was greatly simplified by the use of polar
maps.2%2* A polar map is a graph of the sign and magnitude of

(24) Ounsworth, J. P.; Weiler, L. J. Chem. Educ. 1987, 64, 568,
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the dihedral angles versus the bond number in a conformation
plotted in polar coordinates. A polar map, which is unique for
each conformation, can then be generated,” and the comparison
of polar maps allows for the facile identification of a conforma-
tion.2*

In our studies, we found that the (£)-9-oxo-7-tetradecen-13-
olide (1) adopted a C conformation® in solid state and the two
alcohols, 2-methyl-3-hydroxy-13-tetradecanolide (4) and 9-
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Figure 5. Stereoscopic view of compounds 5-7.

hydroxy-13-tetradecanolide (3), crystallized in a previously un-
recognized “twist” conformation. During this work, Schreiber
and Liew published the crystal structure of a 14-membered ma-

(23) To generate the characteristic polar map of a conformation the anti
dihedral angles, which are derived from X-ray or MM2 data, must be formed
within the ring.? If not, the sign of the anti dihedral angle is to be reversed
and this value used. We realize this method introduces a slight error in the
value of the dihedral angle, e.g., a value of 178.5° formed outside the ring
becomes —178.5° when in fact it should be —181.5°, The resulting polar map
however is not significantly different.

Keller et al.

crolide, (E)-5,9-dimethoxy-6-oxo-10-tridecen-13-olide (1),%® and
we also obtained unpublished crystallographic data on one of the
intermediates Il in the Woodward synthesis of erythromycin.?’
From the ORTEP diagrams we suspected that both macrolides
crystallized in the same twist conformation as 3 and 4, and this
was confirmed by a comparison of their polar maps.

(26) Schreiber, S. L.; Liew, W. J. 4Am. Chem. Soc. 1985, 107, 2980,
(27} Bothner-By, A. A., Carnegie Mellon University, personal communi-
cation, 1987.
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Table V. Intraannular Torsion Angles®

J. Am. Chem. Soc.. Vol. 110, No. 23. 1988 7863

atoms value, deg atoms value, deg atoms value, deg

1
C(14)-0(1)-C(2)—C(3) -113.2(3) C(5)-C(6)-C(7)-C(8) -15.6 (5) C(10)-C(11)-C(12)-C(13) 69.1 (4)
O(1)-C(2)-C(3)-C(4) 68.7 (3) C(6)-C(7)-C(8)-C(9) 174.3 (3) C(11)-C(12)-C(13)-C(14) 63.1 (4)
C(2)-C(3)-C(4)-C(5) -169.1 (2) C(7)-C(8)-C(9)-C(10) -122.6 (3) C(12)-C(13)-C(14)-0(1) -137.4 (3)
C(3)-C(4)-C(5)-C(6) 170.3 (3) C(8)-C(9)-C(10)-C(11) 68.3 (3) C(2)-0(1)-C(14)-C(13) 179.5 (2)
C(4)-C(5)-C(6)-C(7) -66.6 (3) C(9)-C(10)-C(11)-C(12) -172.4 (3)

2
C(14)-0(1)-C(2)-C(3) -81.5 (2) C(5)-C(6)-C(7)-C(8) 172.10 (15) C(10)-C(11)-C(12)-C(13) 65.3 (2)
0(1)-C(2)-C(3)-C(4) -62.4 (2) C(6)-C(7)-C(8)-C(9) -168.77 (15) C(11)-C(12)-C(13)-C(14) 64.0 (2)
C(2)-C(3)-C(4)-C(5) 170.15 (13) C(7)-C(8)-C(9)-C(10) 62.3(2) C(12)-C(13)-C(14)-0O(1) -159.47 (14)
C(3)-C(4)-C(5)-C(6) -57.8 (2) C(8)-C(9)-C(10)-C(11) 61.4 (2) C(2)-0O(1)-C(14)-C(13) 177.02 (12)
C(4)-C(5)-C(6)-C(7) -66.9 (2) C(9)-C(10)-C(11)-C(12) -174.34 (14)

3
C(14)-0(1)-C(2)-C(3) -179.6 (5) C(5)-C(6)-C(7)-C(8) 56.0 (9) C(10)-C(11)-C(12)-C(13) -178.3 (5)
0O(1)-C(2)-C(3)-C(4) 112.5(7) C(6)-C(7)-C(8)-C(9) 60.1 (8) C(11)-C(12)-C(13)-C(14) 170.3 (5)
C(2)-C(3)-C(4)-C(5) -73.1. (M) C(7)-C(8)-C(9)-C(10) -175.9 (5) C(12)-C(13)-C(14)-0(1) -71.2 (6)
C(3)-C(4)-C(5)-C(6) 162.9 (6) C(8)-C(9)-C(10)-C(11) 58.4 (7) C(2)~0(1)-C(14)-C(13) 123.0 (5)
C(4)-C(5)-C(6)-C(7) -178.8 (6) C(9)-C(10)-C(11)-C(12) 58.4 (7)
C(14)-0O(1)-C(2)-C(3) -179.5(5) C(5)-C(6')-C(7")-C(8") 56.1 (11) C(10)-C(11)-C(12)-C(13") -179.8 (5)
O(1)-C(2)-C(3)-C(4) 109.7 (7) C(6")-C(7")-C(8")-C(9") 63.7 (10) C(11)-C(12)-C(13")-C(14)  170.0 (5)
C(2)-C(3')-C(4")-C(5") =729 (7) C(7)-C(8)-C(9")-C(10") -174.1 (6) C(12)-C(13)-C(14)-0(1") -71.2 (6)
C(3)-C(4')-C(5")-C(6") 163.0 (6) C(8)-C(9)-C(10)-C(119) 55.4 (7) C(2H)-0(1)-C(14')-C(13") 125.3 (5)
C(4)-C(5')-C(6")-C(7) -179.1 (1) C(9)-C(10")-C(11")-C(12%) 57.5(7)

4
C(14)-0(1)-C(2)-C(3) 176.13 (13) C(5)-C(6)-C(7)-C(8) 58.2 (3) C(10)-C(11)-C(12)-C(13) -172.2 (2)
O(1)-C(2)-C(3)-C(4) 89.00 (15) C(6)-C(7)-C(8)-C(9) 60.4 (3) C(11)-C(12)-C(13)-C(14) 166.8 (2)
C(2)-C(3)-C(4)-C(5) -75.0 (2) C(7)-C(8)-C(9)-C(10) -176.3 (2) C(12)-C(13)-C(14)-0(1) -68.9 (2)
C(3)-C(4)-C(5)-C(6) 168.37 (15) C(8)-C(9)-C(10)-C(11) 58.3 (3) C(2)~-0O(1)-C(14)-C(13) 142.78 (14)
C(4)-C(5)-C(6)-C(7) -179.5 (2) C(9)-C(10)-C(11)-C(12) 56.6 (3)

5
C(14)-0(1)-C(2)-C(3) -178.1 (4) C(5)-C(6)-C(7)-C(8) -62.0 (9) C(10)-C(11)-C(12)-C(13) 57.1 (4)
O(1)-C(2)-C(3)-C(4) 127.9 (7) C(6)-C(7)-C(8)-C(9) -41.7 (9) C(11)-C(12)-C(13)—-C(14) -170.2 (3)
C(2)-C(3)-C(4)-C(5) -50.3 (9) C(7)-C(8)-C(9)-C(10) 178.9 (4) C(12)-C(13)-C(14)-0O(1) 61.1 (4)
C(3)-C(4)-C(5)-C(6) -90.2 (8) C(8)-C(9)-C(10)-C(11) -179.0 (4) C(2)-0(1)-C(14)-C(13) 113.6 (4)
C(4)-C(5)-C(6)-C(7) 173.5 (6) C(9)-C(10)-C(11)-C(12) 51.6 (4)
C(14)-0(1)-C(2)-C(3) -178.1 (4) C(5)-C(6")-C(7)-C(8) 54,7 (14) C(10)-C(11)-C(12)-C(13) 57.1 (4)
O(1)-C(2)-C(3)-C(4") 759 (7) C(6')-C(7)-C(8)-C(9) -97.3 (10) C(11)-C(12)-C(13)-C(14) -170.2 (3)
C(2)-C(3)-C(4)-C(5) 58.3 (8) C(7)-C(8)-C(9)-C(10) 178.9 (4) C(12)-C(13)-C(14)-0(1) 61.1 (4)
C(3)-C(4")-C(5)-C(6") -179.2 (6) C(8)-C(9)-C(10)-C(11) -179.0 (4) C(2)-0(1)-C(14)-C(13) 113.6 (4)
C(4)-C(5)-C(6")-C(7) 56.3 (13) C(9)-C(10)-C(11)-C(12) 51.6 (4)

6
C(14)-0(1)-C(2)-C(3) 176.2 (2) C(5)-C(6)-C(7)-C(8) 67.7 (4) C(10)-C(11)-C(12)-C(13) -173.3 (3)
0(1)-C(2)-C(3)-C(4) -49.3 (3) C(6)-C(7)-C(8)-C(9) 66.1 (4) C(11)-C(12)-C(13)-C(14) 172.8 (3)
C(2)-C(3)-C(4)-C(5) -63.1 (3) C(7)-C(8)-C(9)-C(10) -167.1 (3) C(12)-C(13)-C(14)-0(1) -60.2 (4)
C(3)-C(4)-C(5)-C(6) 172.0 2) C(8)-C(9)-C(10)-C(11) 58.0 (5) C(2)-0(1)-C(14)-C(13) -82.1 (3)
C(4)-C(5)-C(6)-C(7) -174.3 (3) C(9)-C(10)-C(11)-C(12) 55.8 (5)
C(14)-0(1")-C(2)-C(3") -1778(2) C(5')-C(6')-C(7")-C(8") -67.8 (4) C(10)-C(111)-C(12)-C(13)  169.5 (4)
O(1)-C(2)-C(3)-C(4") 60.0 (3) C(6')-C(7")-C(8")-C(9") =70.6 (5) C(11)-C(12)-C(13)-C(14") -64.1 (5)
C(2))-C(3")-C(4")-C(5") 57.0 (3) C(7)-C(8")-C(9)-C(10") 161.8 (3) C(12)-C(13")-C(14")-0O(1") -63.9 (5)
C(3')-C(4)-C(5)-C(6’) -168.4 (3) C(8)-C(9)-C(10")-C(11") -66.4 (6) C(2)-0(1")-C(14)-C(13) 153.2 (3)
C(4)-C(5)-C(6")-C(7") 171.0 (3) C(9)-C(10)-C(11")-C(12) -61.5(7)

7
C(14)-0(1)-C(2)-C(3) -174.5 (5) C(5)-C(6)-C(7)-C(8) -171.5 (5) C(10)-C(11)-C(12)-C(13) 64.3 (6)
O(1)-C(2)-C(3)-C(4) 116.9 (5) C(6)-C(7)-C(8)-C(9) 66.1 (7) C(11)-C(12)-C(13)-C(14) -173.2 (5)
C(2)-C(3)-C(4)-C(5) -54.2 (6) C(7)-C(8)-C(9)-C(10) 71.1 (6) C(12)-C(13)-C(14)-0(1) 64.9 (6)
C(3)-C(4)-C(5)-C(6) -62.3 (6) C(8)-C(9)-C(10)-C(11) -163.7 (4) C(2)-0O(1)-C(14)-C(13) 129.4 (5)
C(4)-C(5)-C(6)-C(7) 177.3 (4) C(9)-C(10)-C(11)-C(12) 66.7 (6)

9Standard deviations in parentheses.

With the discovery of these additional twist conformations, we
became interested in determining the energy of the twist and C
conformations relative to the low-energy conformations calculated
by Dale. With cyclotetradecane as a model, MM2 calculations were
carried out on the twist, [3344], and [3335] conformations and
the 13 possible?® diameond lattice conformations. The six lowest
energy conformations from these calculations are shown in Table
I. Itis interesting to note that the twist conformation was found
to be lower in energy than every diamond lattice conformation
except for the [3434] and the D conformations.

(28) Saunders, M. Tetrahedron 1967, 23, 2105.

The pattern of a polar map (Figure 3) can be used to locate
the corner positions of a conformation by recognizing its char-
acteristic sequence of dihedral angles. Initially, the corner position
was defined as an atom having two contiguous gauche dihedral
angles each followed by an anti dihedral angle.®® As can easily
be seen from the polar map of the C conformation (Figure 3),
two types of corner atoms can exist in a macrolide that satisfy
this definition. Both corner positions can be differentiated in the
sign of their respective dihedral angles. Originally, Dale defined
the corner (classical corner) position as having gauche angles of
equal sign and an anti dihedral angle on each side'* (e.g., 180,
+60, +60, 180). The other possible corner position (pseudo-
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Table VI. Hydrogen Bond and C-H...O Interaction (H...O < 2.50
A) Data

Keller et al.

Table VIII. Example of Molecular Mechanics Calculations for 6 and
1

H.-A, D...A, D-H...A,
atoms (D-H::.A)? A A deg compd
C(5)-H(5b)---O(3)* 2.47 3.436 (4) 167 1
0O(3)-H(03).--0(3")*  2.11(7) 2.820(8) 168 (8) k}

O(3)-H(03)--:0(3)° 1.91 (9) 2.795(8) 177 (8) 3

O(3)-H(03)---0(2) 1.92(2) 2799 (2) 175(2) 4

O(3)-H(03)---0(3)* 198 (3) 2.766 (3) 164 (3) 6

0O(3)-H(03"):--0(3)° 1.92 (4) 2.770 (3) 170 (4) 6

C(13)-H(13b)---O(3)f 2.49 3373 (7) 149 7

“Superscripts refer to symmetry operations: ®x, !/, -y, z =1/ %/,
+x'y-ynxynl-xl-pl-z%x-pl-z1-x1/+
Vs l/Z -z

Table VII. Geometry of the Lactone Linkages in 1-7°
O..:H, C-H...0, C=0..:H, C-0-C-H, C...0,

compd A deg deg deg A
1 2.31 105 82 6.3 2.727 (4)
2 2,40 96 80 37.5 2.686 (2)
3a 2.28 104 84 4.5 2.685 (7)
3b 2.29 103 84 6.5 2.691 (8)
4 2272 107(1) 8154 225(11) 2712(2)
5a 2.30 104 80 4.2 2.716 (9)
5b 2.27 102 83 4.2 2.647 (9)
6a 2.42 (3) 96 (2) 79.4 (6) 38 (2) 2.694 (4)
6b 2.39 (2) 97 (2) 79.4 (6) 38.1 (15) 2.707 (5)
7 2.28 104 82 14.1 2.696 (7)
av 2.32 102 82 18.0 2.696

20(3),C(14),0(1),C(2),H(2) for 1 and 2; 0(2),C(2),0(1),C(14),-
H(14) for 3-7.

Chart I

corner?®) exists with the same anti-gauche-gauche-anti ar-
rangement, but having gauche bonds with opposite signs. No
mention was made regarding the signs of the 180° angles on either
side of the gauche angles in the original definition by Dale.® With
our modification,?*25 these anti angles consistently possessed
torsional angles of opposite sign relative to the gauche angles, for
example, a —180, +60, —-60, +180 arrangement for the pseudo-
corner.

The corner position can accommodate a geminally substituted
atom with the least amount of steric crowding within the ma-
crolide.!* Using MM2 calculations,’® we investigated the effect
of geminal dimethyl substitution on these two types of corner
positions and compared the results with substitution at a noncorner
position. Calculations on both the C and D conformations show
geminal substitution of the corner to be the lowest energy, followed
by substitution of the pseudocorner (0.6 kcal/mol). Predictably,
geminal substitution of the noncorner position was a high-energy
situation and disfavored. Therefore, in geminally substituted
systems, the quaternary carbon atom should greatly favor the

| (29) Borgen, B.; Dale, J.; Teien, G. Acta Chem. Scand., Ser. B 1979, B33,
5

'(30) Strain energies were calculated by using W. C. Still’s MACROMODEL
(1986) or N. L. Allinger’s MMP2 (1982) computer program.

conforma- strain energy,
tion side view polar map kcal/mol
[3434)° \5 . pOH /,’?x{?\\\ 0.0
s zetl]
0] (Y% N7
N
N2
[3344)] o 0.7
0
7

0

[3434]¢ 0 1.3
N
o
[3335] 9 0.0
(L_}<

%

[343°4') /° 0.1
Z,—Z N\ _L/ )

o

[373'4'4)2 ° 0.7

9Diamond lattice conformations.

corner position over a noncorner position. This result agrees with
Dale’s qualitative prediction.!* However, if the corner position
cannot be geminally substituted, for whatever reasons, then
geminal substitution at the pseudocorner position should be the
next lowest energy situation (Figure 3).

Dale’s system for naming conformations is based on the number
of bonds between corner atoms,’ but it is impossible to describe
a conformation adequately that has only one or two corner pos-
itions by using this convention. Ogura?® recognized this and
turned to an arbitrary system which designates each conforma-
tional type with a letter. However, the use of the A, C, or D
classifications for naming conformations is not a general one that
could be applied to other ring systems. Ogura designated two of
the 14-membered conformations as the D and C conformations
which, under Dale’s system, are classified as the {311} and [68]
conformations, respectively. Neither of these designations are as
informative as, for example, the [3434] conformation, and as a
possible solution, the pseudocorners could be included. Main-
taining the spirit of Dale’s nomenclature, we suggest that it be
extended to include pseudocorners as the basis for naming con-
formations. With polar maps, both corner and pseudocorner
positions can be identified with ease. The number of bonds be-
tween a corner and pseudocorner atom or between two pseudo-
corner atoms shall be denoted with a primed number. As before,
the smallest number of bonds should begin the sequence in the
square brackets, but unprimed numbers shall have priority over
primed ones, i.e., the starting value should represent the smallest
number of bonds between two corner atoms, if possible. The
combination of unprimed and primed numbers provides a more
informative definition of a conformation. The C conformation
would be renamed the [3’3’4’4’] conformation and the D the
[34’7] conformation. With Dale’s system, the newly discovered
twist conformation and Ogura's D conformation would both be
designated as the [311] conformation.?! Under this new proposed
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Table IX. Crystallographic Data®
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compd 1 2 k}

formula C14H2203 C14H2403 C14H26O3

fw 238.33 240.34 242.36

cryst syst monoclinic monoclinic orthorhombic

space group P2,/c P2,/n Pna2,

a, 10.465 (1) 10.723 (2) 10.1909 (6)

b A 13.322 (1) 25.707 (3) 8.2033 (4)

¢, A 10.005 (1) 5.0807 (7) 34425 (1)

a, deg 90 90 90

8, deg 90.957 (6) 96.144 (7) 90

v, deg 90 90 90

v, A3 1394.6 (3) 1392.4 (3) 2877.9 (2)

zZ 4 4 8

Degredr 8/cm? 1.135 1.148 1.119

F (000) 520 528 1072

radiation Mo Mo Cu

u, cm™! 0.73 0.74 5.77

crystal dimens, mm 0.08 X 0.19 X 0.50 X 0.50 X 0.20 X 0.43 %
0.60 0.56 0.55

transmsn factors 0.771-0.896

scan type w=28 w=9 w=28

scan range, deg in w 0.60 + 0.35 0.65 + 0.35 0.70 + 0.14
tan tan 6 tan

scan speed, deg/min 0.8-6.7 0.8-10.0 1.2-10.0

data collected +h+k+! +h,+k+1 +h,+k+1

26,45, deg 55 55 150

crystal decay, % 3.3 4.0 negligible

no. of unique reflens 3185 3180 3007

no. of obsd. reflens, 1011 1606 1892

IZ3q(])

no. of variables 154 154 315

R 0.040 0.041 0.048

R, 0.042 0.045 0.054

S 1.534 1.832 1.048

mean A/e (final cycle) 0.04 0.003 0.04

max A/¢ (final cycle) 0.16 0.02 0.20

resid density, e/A? 0.16 0.15 0.34

4 5 6 7

CysHy0; Ci6H2605 Ci6H300; CisHz0;
256.38 266.38 270.41 268.40
triclinic monoclinic triclinic orthorhombic
P1 P2/c P1 P2,2,2,
9.0281 (4) 14.4318 (8) 11.8391 (6) 9.6077 (5)
15.4752 (6) 5.7145 (3) 13.0018 (8) 10.9778 (8)
6.0162 (3) 19.339 (1) 11.4904 (5) 15.2503 (9)
95.563 (4) 90 95.913 (4) 90

109.424 (4) 99.568 (4) 91.869 (4) 90

91.751 (4) 90 107.492 (4) 90

787.19 (6) 1572.7 (2) 1674.2 (2) 1608.5 (2)

2 4 4 4

1.082 1.125 1.073 1.108

284 584 600 592

Cu Cu Cu Cu

5.49 5.70 5.36 5.58

0.25 X043 X 0.13 X 0.23 X 0.30 X 0.38 X 0.25 X 0.34 x
0.48 0.40 0.40 0.38

0.816-0.908 0.836-0.936

w=20 w—26 w—=260 w=20

0.65 + 0.14 0.70 + 0.14 0.65 + 0.14 0.85+0.14
tan 6 tan 8 tan 6 tan 6

1.3-10.0 1.1-10.0 1.2-10.0 1.3-10.0

+h,xk,+] +h,+k,+! -hxk,+l +h,+k,+1

150 150 150 150

43 0-4.4, nonuniform negligible negligible

3268 3212 6882 1890

2249 1348 3192 1083

276 200 584 173

0.039 0.050 0.040 0.051

0.044 0.062 0.043 0.057

2.428 2.276 1.669 1.058

0.008 0.002 0.04 0.001

0.10 0.01 0.42 0.006

0.15 0.16 0.16 0.35

¢ Temperature 295 K, Enraf-Nonius CAD4-F diffractometer, graphite monochromatized Mo Ke radiation (Ag,, = 0.709 30, Ag, = 0.713 59 A),
or nickel-filtered Cu Ka radiation (Ag,, = 1.540562, A, = 1.544 390 A), takeoff angle 2.7°, aperture (2.0 + tan 6) X 4.0 mm at a distance of 173
mm from the crystal, scan range extended by 25% on both sides for background measurement, o%(/) = C + 2B + [0.04(C - B)]? (C = scan count,
B = normalized background count), function minimized: > w(|F,| — |F.|)? where w = 1/a¢¥(F), R = %||F,| = |Fll/ ZIFol, Rw = LW(F,| = |Fe|)?/
Y WIF D2, S = (Cw(|F,| = |F:)}/(m = n))}/2. Values given for R, R,, and S are based on those reflections with I > 3a(J).

nomenclature, the twist conformation is uniquely described as the
[343’4’] conformation.

In keeping with Dale’s system, this new naming procedure
remains descriptive and is not dependent on memorizing a letter
with a corresponding conformation. This system of naming could
prove useful in other ring systems and shall be followed from this
point on throughout this paper.

X-ray Data. The results of the X-ray crystallographic study
of 1-7 are summarized in Tables II-V and Figures 4 and 5. In
some cases (see Table VI), molecules are associated by hydrogen
bonds or weak C-H-+O interactions. All other intermolecular
distances correspond to normal van der Waals contacts. In
compounds 3 and 6, there are two molecules in the asymmetric
unit; these are virtually identical in the former but have different
conformations in the latter. Compound 5 was found to be con-
formationally disordered. Bond lengths and angles in 1-7 are
normal with the exception of the disordered portion of compound
5. Departures from normal geometry in 5 are most likely a result
of imperfect modeling of the disorder.

Not unexpectedly, the geometry of the lactone linkage was
s-trans in every molecule. In addition, the C-O-C-H dihedral
angle was consistently within a 0~40° arc (see Table VII), which
agrees with the range reported for the open chain ester count-
erpart.!'$

Weak C-H-~O interactions involving the carbonyl oxygen atom
may be at least partially responsible for the stability of this
particular arrangement of the lactone linkage. Details of the
geometry of these interactions in compounds 1-7 are summarized

(31) Note thai these conformaitions are 3-11 conformaitions not 3-.-1
conformations. The sum of the numbers in the square brackets must equal
the number of bonds in the ring.

in Table VII. The H.O distances are at least 0.18 A less than
the sum of the van der Waals radii. The C=0--H angles (which
average 82°) are smaller than the “ideal” 120°, but this does not
preclude a net attractive interaction. It should be pointed out that
use of a C—H distance of 1.08 A rather than the X-ray distance
of 0.98 A would result in shorter H-~O distances and larger
C=0-+H angles.

Without exception, the geminal methyls were found occupying
the corner positions in structures 5-7, and these compounds
represent one of the first examples confirming Dale's predictions
for geminally substituted carbon atoms occupying a corner pos-
ition.3 The future use of these constraints should considerably
simplify the conformational analysis in these systems.

Suitable crystals of compounds 1-7 were obtained by slow
evaporation of hexane or heptane solutions of the purified com-
pounds.

Molecular Mechanics Calculations. The plethora of confor-
mations from the X-ray studies was unexpected. Of the 12 crystal
structures determined, only four were [3434] conformations. The
remainder crystallized in the [3344] (three structures), the [3335]
(two structures), the [3’3'4’4’] (one structure), and the previously
unknown [3473/4’] conformation (two structures). In order to
determine whether conformations found in the solid state would
be significantly populated in solution, the nine molecules were
analyzed by MM2/MMP2 calculations.°

(32) Previously, the only reported examples were Groth's®* crystal structure
of 1,1,9,9-tetramethylcyclohexadecane and a few organometallic compounds
with either geminally substituted nitrogen or phosphorus atoms.>*

(33) Groth, P. Acta Chem. Scand., Ser. A 1974, A28, 808.

(34) Al-Salem, N. A; McDonald, W. S; Markham, R,; Norton, M. C;;
Shaw, B. L. J. Chem. Soc., Dalton Trans. 1980, 59, and references therein.
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Table X. Final Positional (Fractional X 10*) and Isotropic Thermal Parameters (U X 10° A2)

Keller et al.

atom X y z Ueg atom x y z Uy
o(1) 4703 (2) 1467 (1) 3429 (2) 57 c 1132 (3) 4146 (2) 3621 (3) 53
0(2) 1973 (2) 5484 (2) 4370 (2) 86 C(8) 1217 (3) 3498 (2) 2624 (3) 54
0(@3) 3839 (2) 988 (2) 5358 (2) 85 C(9) 212 (3) 2774 (3) 2182 (3) 66
C(1) 6929 (3) 1836 (3) 3649 (4) 87 C(10) 722 (3) 1699 (3) 2230 (3) 75
C(2) 5610 (3) 2138 (2) 4105 (3) 56 C(11) 985 (3) 1316 (3) 3630 (3) 70
C@3) 5260 (3) 3201 (2) 3721 (3) 54 C(12) 1650 (3) 307 (3) 3733 3) 74
C(4) 4005 (3) 3553 (2) 4295 (3) 55 C(13) 3039 (3) 290 (2) 3299 (3) 70
C(5) 3532 (3) 4545 (2) 3698 (3) 56 C(14) 3886 (3) 943 (2) 4154 (4) 56
C(6) 2193 (3) 4789 (3) 4104 (3) 56

O(1) 4823 (1) 796 (<1) 2860 (2) 53 C(7) 7934 (2) 1827 (1) 6207 (4) 67
0(2) 7542 (1) 2473 (1) 2909 (3) 88 C(8) 9134 (2) 1677 (1) 5096 (4) 65
0(3) 6023 (1) 740 (<1) -457 (2) 72 C(9) 9742 (2) 1191 (1) 6352 (4) 69
C(1) 2826 (2) 1204 (1) 2503 (4) 75 C(10) 8958 (2) 698 (1) 5950 (3) 59
C(2) 4112 (2) 1223 (1) 1536 (3) 53 C(11) 8657 (2) 543 (1) 3087 (3) 57
C@3) 4813 (2) 1728 (1) 2123 (3) 49 C(12) 7772 (2) 83 (1) 2606 (3) 62
C(4) 4989 (2) 1881 (1) 5029 (3) 53 C(13) 6450 (2) 184 (1) 3333 (3) 54
C(5) 5890 (2) 2341 (1) 5584 (3) 61 C(14) 5770 (2) 598 (1) 1681 (3) 49
C(6) 7161 (2) 2237 (1) 4735 (4) 57

o(1) 4732 (4) -280 (4) 7399 53 O(1") 2507 (4) 5273 (4) 3635 (1) 56
0(2) 6684 (6) -589 (7) 7653 (3) 169 0(2) 4424 (6) 5573 (7) 3360 (3) 164
0(Q3) 6537 (5) 2149 (7) 5689 (2) 73 0(3) 4082 (5) 2845 (7) 5368 (2) 77
C(1) 3766 (7) 2092 (9) 7693 (2) 69 C(1) 1534 (7) 2933 (10) 3334 (3) 72
C(2) 5712 (7) -1165 (9) 7528 (2) 69 C(2) 3457 (7) 6168 (9) 3503 (2) 68
C@3) 5481 (6) -2950 (9) 7481 (2) 65 C@3") 3248 (6) 7968 (9) 3545 (2) 67
C(4) 6421 (6) -3687 (8) 7183 (2) 71 C4) 4168 (6) 8655 (8) 3848 (3) 74
C(5) 6092 (7) -3230 (8) 6768 (3) 69 C(5) 3798 (7) 8203 (8) 4259 (2) 69
C(6) 7200 (7) -3512 (8) 6486 (2) 79 C(6) 4896 (8) 8445 (9) 4552 (3) 93
C() 6872 (8) -3088 (13) 6064 (3) 96 C(7) 4534 (10) 8022 (12) 4967 (3) 111
C(8) 6393 (7) -1330 (10) 6002 (2) 74 C(8") 4030 (8) 6329 (11) 5033 (3) 87
C9) 7359 (6) =11 (7) 6120 (2) 57 C(9) 4984 (7) 4970 (9) 4949 (2) 68
C(10) 6853 (5) 1735 (8) 6086 (2) 55 C(10) 4456 (5) 3241 (8) 4974 (2) 57
C(11) 5624 (6) 2075 (8) 6325 (2) 55 C(11%) 3266 (5) 2882 (8) 4722 (2) 55
C(12) 5825 (5) 1749 (7) 6755 (2) 53 C(12%) 3531 (5) 3220 (8) 4290 (2) 54
C(13) 4641 (5) 2114 (8) 7010 (2) 50 C(13") 2368 (5) 2872 (8) 4028 (2) 51
C(14) 4814 (5) 1503 (7) 7423 (2) 50 C(14) 2577 (5) 3491 (7) 3617 (2) 52
Oo(l) 1288 (1) 3449 (1) 3643 (2) 59 C() 5299 (3) 1065 (1) 3158 (5) 85
0(2) 2141 (1) 4660 (1) 2651 (2) 67 C(8) 3611 (3) 772 (1) 1635 (4) 77
0(@3) 6539 (1) 3654 (1) 7046 (2) 64 C(9) 3087 (3) 1052 (1) -804 (4) 78
C(1) 3522 (3) 3755 (2) 8182 (3) 72 C(10) 1357 (3) 807 (2) -2278 (4) 93
C(2) 2341 (2) 4096 (1) 3942 (2) 47 cy 173 (3) 1160 (1) -1193 (5) 90
C@3) 3822 (2) 4044 (1) 6027 (2) 50 C(12) 317 (2) 2144 (1) -621 (4) 69
C(4) 5032 (2) 3508 (1) 5265 (3) 49 C(13) =707 (2) 2502 (1) 760 (4) 66
C(5) 4648 (2) 2531 (1) 4841 (3) 58 C(14) =266 (2) 3440 (1) 1765 (3) 59
C(6) 5665 (2) 2050 (1) 3631 (4) 72 C(15) -1367 (3) 3853 (2) 2887 (5) 82
o(1) 8576 (2) 5626 (5) 1671 (1) 95 C(6') 5211 (7) 3867 (25) 1727 (6) 101
o) 8873 (6) 5252 (18) 2826 (5) 102 C(7) 5075 (3) 3496 (11) 1030 (3) 110
o) 8361 (7) 4055 (19) 2637 (6) 120 C(8) 5687 (3) 1870 (7) 717 (2) 75
0Q3) 6819 (2) -1425 (5) 158 (1) 84 C9) 6419 (3) 2394 (7) 428 (2) 83
C(1) 10102 (3) 5212 (8) 1354 (2) 97 C(10) 7003 (3) 645 (7) 138 (2) 66
C(2) 8291 (3) 5787 (9) 2264 (3) 84 C(11) 7822 (2) 1519 (6) -193 (2) 57
C@3) 7539 (4) 7579 (8) 2278 (3) 102 C(12) 8437 (2) 3180 (6) 316 (2) 57
Cc(4)y 6705 (6) 7012 (16) 2505 (5) 86 C(13) 8824 (2) 2132 (1) 1033 (2) 67
c@y 6616 (6) 6793 (17) 1914 (4) 75 C(14) 9288 (3) 3904 (8) 1566 (2) 75
C(5) 6191 (3) 4674 (10) 2133 (2) 99 C(15) 8393 (3) =539 (7) -394 (2) 81
C(6)* 5505 (6) 5392 (17) 1458 (6) 79 C(16) 7398 (3) 2892 (7) -861 (2) 80
O(1) 4901 (1) 2798 (1) 5458 (2) 54 C(8) 3385 (3) 109 (3) 8510 (3) 67
0(Q2) 5806 (2) 1718 (2) 4508 (2) 73 C(9) 3472 (3) 1162 (3) 9275 (3) 71
0(3) 1592 (1) 780 (2) 4374 (2) 49 C(10) 4707 (3) 1777 (4) 9829 (3) 78
C(1) 3742 (4) 350 (3) 3328 (3) 65 c(11) 5661 (3) 2091 (3) 8962 (3) 74
CQ) 4922 (2) 1955 (2) 4684 (2) 47 C(12) 5403 (3) 2754 (3) 8031 (3) 67
C@3) 3707 (2) 1389 (2) 4056 (2) 43 C(13) 6306 (3) 2934 (3) 7110 (3) 65
C(4) 2755 (2) 1150 (2) 4967 (2) 41 C(14) 6026 (3) 3467 (2) 6076 (3) 60
C(5) 2903 (3) 381 (2) 5823 (3) 51 C(15) 5892 (4) 4576 (3) 6362 (5) 88
C(6) 2054 (3) 298 (3) 6796 (3) 60 C(16) 3446 (3) 2168 (3) 3244 (3) 61
C(7) 2239 (3) =375 (3) 7749 (3) 71 o(1) 1774 (2) 4423 (1) 7223 (2) 63
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Table X (Continued)
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atom x y z Uy atom x y z Uy
0(2) 123 (2) 4898 (2) 6992 (2) 87 C(8") -518 (4) 2263 (3) 10204 (3) 75
0(3) -156 (2) 1333 (1) 5604 (2) 51 C(9) 981 (4) 2363 (3) 10780 (4) 86
C(1) -931 (3) 3209 (3) 5261 (4) 70 C(10) 1368 (6) 3492 (3) 11354 (3) 100
C() 696 (3) 4301 (2) 6733 (2) 55 C(117) 1758 (5) 4331 (3) 10492 (4) 96
C@3) 290 (2) 3307 (2) 5809 (2) 45 C(12) 2590 (4) 4098 (3) 9595 (4) 90
C(4) 257 (2) 2293 (2) 6426 (2) 43 C(13) 3150 (4) 5030 (3) 8885 (4) 90
C(5) -528 (3) 2132 (2) 7449 (3) 54 C(14) 2303 (4) 5361 (2) 8094 (3) 77
C(6) =372 (3) 1286 (3) 8197 (3) 59 C(15%) 2931 (7) 6313 (4) 7456 (5) 128
C(7) -1024 (4) 1259 (3) 9327 (3) 73 C(16%) 1192 (3) 3448 (3) 4870 (3) 61
o(1) 2434 (3) 4038 (4) 4708 (2) 72 C(8) 2445 (7) -399 (6) 3714 (3) 85
0(2) 3804 (4) 4590 (4) 5811 (3) 103 C(9) 1832 (6) 578 (5) 3130 (3) 76
0@3) 4026 (4) 769 (4) 2422 (2) 94 C(10) 2888 (6) 1227 (5) 2551 (3) 64
C(1) 2676 (8) 5854 (7) 3862 (4) 102 C(11) 2480 (6) 2439 (5) 2124 (3) 64
C(Q) 2814 (6) 4016 (5) 5538 (3) 64 C(12) 2274 (6) 3447 (5) 2811 (3) 76
C@3) 1905 (6) 3236 (6) 6089 (3) 68 C(13) 3561 (6) 3783 (6) 3310 (4) 81
C(4) 2693 (6) 2174 (6) 6481 (3) 77 C(14) 3315 (6) 4685 (6) 4071 (3) 72
C(5) 3468 (6) 1391 (5) 5800 (4) 72 C(15) 1077 (6) 2302 (6) 1652 (4) 93
C(6) 2532 (6) 793 (5) 5150 (3) 72 C(16) 3601 (7) 2789 (6) 1447 (4) 90
C(7) 3314 (6) 69 (5) 4455 (4) 77

4 Estimated standard deviations in parentheses. ®Occupancy factor 0.5.

The inherent high-strain energy of most conformations allowed
us to focus on the six structures in Table I. To avoid any bias
toward the X-ray crystal structure, we used the coordinates of
the carbon skeletons in Table I as starting points with the ap-
propriate functional groups and substituents.

By use of the constraints of an s-trans lactone linkage, a C-
O-C-H dihedral angle of 0-40° and, where applicable, geminal
substituents occupying corner positions, all possible combinations
of each molecule were calculated. The results in every case showed
the conformation found in the crystal to be one of the three lowest
energy conformations, except in alcohols 3 and 4 which exhibited
strong intermolecular H bonding.

These calculations show that the order of stability calculated
for cyclotetradecane, i.e., [3434] < [3344] < [3335] < [34'7']
< [343'4’] < [3'3'4’'4’], is not maintained in molecules of higher
complexity. We should also note that more than one substitution
pattern can exist for the same conformation; for example, com-
pound 6 can exist in two different [3434] conformations (see Table
VIII). The calculations show that the [3434] arrangement is
the major conformation for saturated macrolides. In seven out
of nine molecules, the [3434] is the lowest energy calculated
conformation. Of the two exceptions, 2 and 4, all possible [3434]
conformations in 4 have unfavorable transannular interactions
(i.e., OH or Me pointing into the ring) and the keto lactone 2 has
three [3434] conformations within a 0.7 kcal/mol spread of the
lowest energy conformation, in this case the [3344].

The two «,(3-unsaturated ketones 1 and 5 behave very differ-
ently. The lowest energy conformation for both compounds is the
[3335] (see Table VIII) with distorted [34/3/4’] and [3/3/4'4']
conformations becoming much more important according to MMP2
calculations. The [3434] conformation of these unsaturated
lactones is considerably higher energy than the above-mentioned
conformations. The conformational analysis for these systems
is less clear cut, and investigation into this area is continuing.

Therefore, we conclude that X-ray crystallography is useful
in finding low-energy structures, but our calculations show that
the crystal structures may not be the major conformation in
solution. We have successfully used the [3434] conformation as
a model to rationalize the stereochemical outcome of reactions
in 14-membered rings,® and our calculations support this approach.

Conclusion. Our results show that the use of X-ray crystal-
lography and molecular mechanics calculations on 14-membered
macrolides provides a detailed analysis of the low-energy con-
formations available to these macrolides. The X-ray data suggest
that the conformational analysis of macrolides can be simplified
considerably by applying two principles that are well-known for

(35) Similarly, if two conformations cocrystallized in the unit cell, both
conformations were within the three lowest energy conformations as well.

open-chain esters, namely, the lactone group exists in the s-trans
geometry, and the C-O-C-H dihedral angle of a secondary
lactone is within a 0-40° arc. Furthermore, sterically bulky
substituents are most easily accommodated outside the ring in
monosubstituted macrolides or corner positions for geminal sub-
stitution. As a general trend, it seems that a [3434] conformation
having exterior substituents should be the lowest energy confor-
mation of a 14-membered macrolide. Consequently, the [3434]
conformation by itself may be sufficient to understand the regio-
and stereochemical outcome of many reactions in 14-mem-
bered-ring lactones. The conformational analysis of «,8-unsat-
urated lactones seems to be more complex. In both examples,
the [3434] conformation exhibits a higher strain energy than the
[3335], [3473/4’], or the [3/3/4’4’] conformation.

It is noteworthy that a new twisted conformation [34/3/4/] is
seen in four separate instances of 14-membered lactones. Very
recently, the crystal structure of an erythromycin A derivative
was reported?! which we recognized as a fifth example of a
[34/3'4’] conformation. The [34/3'4’] conformation undoubtedly
reflects a low-energy situation in the crystal lattice and may have
greater significance in solution for highly substituted macrolides.

Experimental Section

X-ray Crystallographic Analyses. Crystallographic data for com-
pounds 1-7 are presented in Table IX. The final unit-cell parameters
were obtained by least squares on 2 sin 8/ values for 25 reflections with
20 = 25 - 40° (Mo Ko radiation) for 1 and 2 and 26 = 50 — 95° (Cu
Ko radiation) for 3-7. The intensities of three check reflections were
measured each hour of X-ray exposure time throughout the data col-
lections. For 3, 6, and 7 only small random variations in intensity were
noted, while a small linear decay occurred for compounds 1, 2, and 4.
Compound 8 exhibited a small but nonuniform crystal decay, the three
approximately orthogonal check reflections decaying by 0, 4.2, and 4.4%.
Data were processed,? scaled for crystal decay?” where appropriate and,
for compounds 3-5, corrected for absorption (numerical integration).

For compounds 3, 4, and 6, the choice between centrosymmetric and
noncentrosymmetric space groups having the same systematic absences
was based on the E statistics and verified by subsequent calculations. All
seven structures were solved by direct methods, the coordinates of all
non-hydrogen atoms being determined from E maps. Conformational
disorder was found for compound 5; with atoms O(2), C(4), and C(6)
being well resolved. Other atoms in this portion of the molecule are

(36) The computer programs used include locally written programs for
data processing and locally modified versions of the following: ORFLS, full-
matrix least-squares, and ORFFE, function and errors, by W. R. Busing, K. O.
Martin, and H. A. Levy; FORDAP, Patterson and Fourier syntheses, by A.
Zalkin; ORTEP 11, illustrations, by C. K. Johnson; AGNOST, absorption cor-
rections by J. A. Ibers; MULTAN 80, multisolution program by P. Main, S. J.
Fiske, S. E. Hull, L. Lessinger, G. Germain, J. P. Declercq, and M. M.
Woolfson.

(37) lbers, J. A. Acta Crystallogr., Sect. B: Struct. Crystallogr. Cryst.
Chem. 1969, B25, 1667.
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probably subject to minor, unresolvable disorder [in particular: O(1),
C(3), C(5), and C(7)] which results in some anomalous bond lengths and
angles. Fourier peak heights indicated 1:1 disordering in 8. Occupancy
factors were fixed at 0.5 for the resolved atoms.

In the final stages of full matrix least-squares refinement, all non-
hydrogen atoms were refined with anisotropic thermal parameters.
Hydrogen atoms were refined (isotropic thermal parameters) for 4 and
6 and were fixed in positions idealized from observed positions [C(sp*)-H
=0.98 A, C(sp?)-H = 0.97 A, thermal parameters proportional to that
of the bound atom] for the remaining compounds with the exception of
the hydroxyl hydrogen atoms in 3 which were refined. Neutral atom
scattering factors and anomalous scattering corrections (O and C for
those structures solved with Cu radiation) were taken from ref 38.
Parallel refinements of mirror-image structures were carried out for
compounds 3 and 7, which crystallize in noncentrosymmetric space
groups. In each case, the model with the lower value of R, was retained
(R,, ratios are 1.0005 for 3 and 1.0023 for 7). Isotropic type I extinction
corrections®**! were applied for compounds 3-7, the final values of g
being 0.33 (6), 0.22 (9), 1.6 (2), 0.49 (9), and 0.32 (6) (all X 10%),
respectively.

Final positional and equivalent isotropic thermal parameters (Ug =
1/5 trace diagonalized U) for the non-hydrogen atoms are given in Table

(38) International Tables for X-Ray Crystallography. Kynoch: Bir-
mingham, 1974; Vol. 1V, pp 99-102, 149.
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Synthesis of 0s,(CO)4(u-CHCH;) from 2 Geminal
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A number of reactions' may be explained by the insertion of
CO into the M—C bonds of dimetallacyclopropanes, but the
formation of a dimetallacyclobutanone by such a process has never
been directly observed.®” In view of (1) the suggestion®!2 that

(1) (a) Keim, W.; Réper, W. R.; Strutz, H. J. Organomet. Chem. 1981,
219, C5. (b) Navarre, D.; Rose-Munch, F.; Rudler, H. J. Organomet. Chem.
1985, 284, C15. (c) Puddephatt, R. J.; Laws, W. J. Inorg. Chim. Acta 1986,
113, L23. (d) Nucciarone, D.; Taylor, N.J.; Carty, A. J.; Tiripicchio, A.;
Camellini, M. T.; Sappa, E. Organometallics 1988, 7, 118. (e) Holmgren,
J. S.; Shapley, J. R.; Wilson, S. R.; Pennington, W. T. J. Am. Chem. Soc.
1986, /08, 508. (f) Curtis, M. D.; Messerle, L.; D’Errico, J. J.; Solis, H. E,;
Barcelo, 1. D.; Butler, W. M. J. Am. Chem. Soc. 1987, 109, 3603.

(2) The formation of C—C bonds by the insertion of alkenes,’ alkynes,* and
CS,* into the M—C bond of dimetallacyclopropanes has been either directly
observed or implied by other experimental results.

(3) (a) Davies, D. L.; Knox, S. A. R.; Mead, K. A.; Morris, M. J;
Woodward, P. J. Chem. Soc., Dalton Trans. 1984, 2293. (b) Motyl, K. M.;
Norton, J. R,; Schauer, C. K.; Anderson, O. P. J. Am. Chem. Soc. 1982, 104,
7325. (c) Sumner, C. E.; Collier, J. A ; Pettit, R. Organometallics 1982, [,
1350. (d) Kao, S. C.; Lu, P. P. Y; Pettit, R. Organometallics 1982, |, 911.
(e) Rudler, H.; Rudler, R. M.; Alvarez, C. J. Mol. Catal. 1982, 15, 81. (f)
Theopold, K. H.; Bergman, R. G. J. Am. Chem. Soc. 1981, 103, 2489.

(4) (a) Rudler, H,; Daran, J. C.; Jeanin, Y. J. Organomet. Chem. 1985,
279, 413. (b) Adams, P. Q,; Davies, D. L.; Dyke, A. F.; Knox, S. A. R.; Mead,
K. A,; Woodward, P. J. Chem. Soc., Chem. Commun. 1983, 222 and refer-
ences therein. (c) Colborn, R, E.; Dyke, A. F.; Knox, S. A. R.; MacPherson,
K. A,; Mead, K. A; Orpen, A. G.; Roué, J.; Woodward, P. Philos. Trans. R.
Soc. London A 1982, 308, 67. (d) Jeffreys, J. A. D. J. Chem. Soc., Dalton
Trans. 1980, 435.

(5) Aumann, R.; Henkel, G.; Krebs, B. Angew. Chem. Suppl. 1982, 506.
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CO and C,H, compete for the M—C bonds of surface alkylidenes
in the Fischer-Tropsch reaction and (2) our previous success in
observing the insertion of ethylene into the Os—C bonds of Os,-
(CO)g(u-CH,) (1),*® we have investigated the reactivity of 1 and
other diosmacyclopropanes toward CO. We now report the
preparation of Os,(CO)g(u-CHCH,;) (2) from ethylidene ditriflate
and the reversible carbonylation of 2 to a dimetallacyclobutanone.

Our earlier success in preparing Os,(CO)g(u-CH,CH,) from
TfOCH,CH,OTf* suggested alkylidene ditriflates as precursors
to alkylidene-bridged Os,(CQO); derivatives. However, acylic
geminal ditriflates containing a-hydrogens are thermally unstable
and have not previously been isolated.!*!> We have now found

(6) The carbonylation of a methylene bridge to a ketene bridge has been
observed in several cases in which there is no metal-metal bond between the
centers bridged by the ketene: (a) Bassner, S. L.; Geoffroy, G. L.; Rheingold,
A. L. Polyhedron 1988, 7, 791. (b) Bassner, S. L.; Morrison, E. D.; Geoffroy,
G. L,; Rheingold, A. L. Organometallics 1987, 6, 2207. (c) Morrison, E. D,;
Geoffroy, G. L. J. Am. Chem. Soc. 1985, 107, 3541. (d) Lin, Y.-C.; Cala-
brese, J. C.; Wreford, S. S. J. Am. Chem. Soc. 1983, 105, 1680.

(7) A dimetallacyclobutanone has been prepared by the rearrangement of
[CpRu(CO),)»(u-CH,) without added CO: Lin, Y.-C. J. Chin. Chem. Soc.
1985, 32, 295.

(8) Such CO/C,H, competition may determine the oxygenate/hydro-
carbon product ratio in Fischer-Tropsch chemistry: (a) Lapidus, A. L.;
Savel’ev, N. M. Russ. Chem. Rev. 1984, 53, 535. (b) Herrmann, W. A.
Angew. Chem., Int. Ed. Engl. 1982, 21, 117. (c) Biloen, P.; Sachtler, M. H.
Adv. Catal. 1981, 30, 165. (d) Masters, C. Adv. Organomet. Chem. 1979,
17,61.

(9) Recent studies by lchikawa'® show that molecularly adsorbed CO is
incorporated into oxygenates formed from '*C-labeled surface carbide. These
results suggest that CO insertion processes!! have a role in the formation of
surface acyl species!'? under Fischer—Tropsch conditions.

(10) lchikawa, M. J. Chem. Soc., Chem. Commun. 1986, 148.

(11) (a) Van der Lee, G.; Ponec, V. J. Catal. 1986, 99, 511. (b) Sachtler,
W. M. H,; Shriver, D. F.; Hollenberg, W. B.; Lang, A. F. J. Catal. 1985, 92,
429. (c) Henrici-Olivé, G.; Olivé, S. J. Mol. Catal. 1984, 24, 7.

(12) Fukushima, T.; Arakawa, H.; Ichikawa, M. J. Chem. Soc., Chem.
Commun. 1988, 729,

(13) Hembre, R. T.; Scott, C. P.; Norton, J. R. J. Am. Chem. Soc. 1987,
109, 3468.

(14) A few geminal ditriflates without a-hydrogens have been reported:
(a) Katsuhara, Y.; Desmarteau, D. D. J. Fluorine Chem. 1980, 16, 257. (b)
Martinez, A. G.; Rios, L. E; Vilar, E. T. Synthesis 1979, 382.
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