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Studies by the ab initio MO methods indicate a rather flat ring system and a small barrier for ring 
inversion in 4-tetrahydropyranone (CTHPN). The crystal structure of syn-6-(p-bromophenyl)-2- 
methoxy-5-methyl-4-THPN determined by X-ray diffraction supports the flattened ring structure 
predicted by the ab initio calculations. The relationship between the endocyclic torsional angle 4 
and the bond length C-X (X = 0, N, C, and S) in a 4-X-cyclohexanone system was studied by ab 
initio MO methods. The size of 4 is in the order of 4-THPN (4 = 44.5") < 4-piperidinone (4 = 
47.1") < cyclohexanone (4 = 49.1") < 4H-thiopyran-Cone (4 = 53.6"). The flattening of the ring is 
inversely proportional to the C-X bond distance. 

Introduction 

Recently we reported a computational study of the 
conformations of 4-tetrahydropyranones (4-THPN).' It 
was found that the diaxial conformer l a  is more st?ble 
than the diequatorial form l e  by -0.5 kcal/mol according 
to molecular mechanics. Although such a small energy 
difference by MM2 should not be taken literally, it did 
indicate that there is little energy difference between 
these two conformers. This finding was important since 
l e  had been assumed by Danishefsky to be the only 
conformer,2 which formed the basis for the interpretation 
of the diastereofacial selectivity ("100% axial attack") in 
hydride reduction of 4-THPNs using the Cieplak model.3 
If our computational results were reasonable, the inter- 
pretation for the origin of the n-facial selectivity needs 
to be revised. The observed product stereochemistry 
could have come from equatorial attack on la. 

le  It l a  

In order to evaluate the quality of the predictions of 
the molecular mechanics, we have performed variable 
temperature NMR studies4 and obtained the crystal 
structure of a bromo derivative of 1 (vide infra) .  The 
X-ray diffraction analysis shows that the phenyl and the 
methoxy groups in 1 assume the diequatorial orientation 
in the crystal. However, a rapid equilibrium among all 
conformers occurs in s ~ l u t i o n . ~  In order to understand 
the divergence of the experimental results we have 
performed ab initio calculations on related six-membered- 
ring ketones. In this report, we will show that the 
44etrahydropyranones have a flattened ring system. 
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Consequently, the barrier for ring inversion is small and 
the population of the diaxial isomer is substantial in 
solution. Both the flattened ring and the substantial 
population of la can have significant consequences on 
the n-facial selectivity of 1. 

Computational Methods 

Ab initio calculations were performed with the GAUSSL4N 
92 program6 implemented on the IBM mainframe ESl9000- 
480 computer. All initial conformations were generated by 
interactive computer graphics6 and then were fully optimized 
with the 3-21G, and the 6-31G* basis sets. Harmonic frequen- 
cies were calculated for each conformer at the 6-31G* level. 
The optimized structures other than the transition states for 
ring inversion have all positive frequencies, which is an 
indication of true minima on the 6-31G* potential surface. The 
barrier for ring inversion was studied by constraining the 
endocyclic CC(=O)CC torsion angle in cyclohexanone or the 
endocyclic C2C3C4C5 torsion angle in THP at 0 "C. 

Results and Discussion 

A. Conformational Trend in Six-Membered-Ring 
Compounds: Comparison of Computational and 
Experimental Results. The calculated total and rela- 
tive energies (in parentheses) for the chair and the twist 
conformers and the ring inversion barrier of cyclohex- 
anone, THP, and 2-hydroxy-4-THPN are listed in Table 
1 along with the experimental values when they are 
available. The calculated structures (6-31G") are shown 
in Figure 1. For convenience of the discussion, the 
endocyclic torsional angle 4, which has direct conse- 
quence on n-facial selectivity, is defined as shown below. 

2 
' X A  

It involves the four consecutive carbon atoms around the 
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Table 1. Gaussian 92 Compound Energies, au (kcdmol) 
conformation 3-21Gll3-21G 6-31G*//3-21G 6-31G*//6-31G* exp (kcaVm01)~~* 

Cyclohexanone (2) 
chair -306.1916217 (0.00) -307.9045971 (0.00) -307.9059163 (0.00) 0.0 
twist -306.1852887 (3.97) -307.8985319 (3.81) -307.8997880 (3.85) 
barrier -306.1826603 (5.62) -307.8985633 (3.79) -307.8995844 (3.97) 4.0 -f 0.1 

Tetrahydropyran (3) 
chair -268.5256008 (0.00) -270.0154349 (0.00) -270.0179072 (0.00) 0.0 

barrier -268.5079881 (11.05) -269.9991809 (10.20) -270.0016963 (10.17) 10.1 & 1.2 

chaiP 

twist -268.5175789 (5.03) -270.0056675 (6.13) -270.0084758 (5.92) 

2-Hydroxy-4-THPN (4) 

(axial-OH) -416.2509141 (0.00) -418.5789945 (0.00) 
(eq-OH) -416.2454384 (3.44) -418.5767289 (1.42) 

twista -416.2453278 (3.51) -418.5746557 (2.72) 

(eq-OH) -416.2375006 (8.42) -418.5713429 (4.80) 
(axial OH) -416.2443783 (4.10) -418.5743297 (2.93) 

barrier 

Data from ref 1. 

Cyclohexanone 2 w 3  
e =  49.0 (52.7)la 51.3 

& 
4e 4s 

2-Hydroxy-4-THPN, equatorial-OH axial-OH (reference 1) 
o =  43.3 47.1 

Figure 1. Optimized structures (6-31G*) for cyclohexanone 
(2), THP (3), and 2-hydroxy-4-THPN (4). 

carbonyl carbon. By comparing the structures in Figure 
1, a trend in the torsional angle 9 becomes obvious. First, 
all the structures in Figure 1 have smaller values of 9 
than a normal cyclohexane ring. The endocyclic torsional 
angle in the ring of cyclohexane is about 55" (gas-phase 
electron diffraction and low-temperature X-ray struc- 
t u e h g  Ab initio calculations at various levels of theory 
(STO-3G, DZ, and DZP) agree with this value.1° The 
calculated and experimental values for the torsional 
angle 9 of cyclohexanone are 49" (6-31G*, Figure 1) and 
52.7" (microwave),ll respectively. The calculated 9 in- 
volving the C2C3C4C5 of the THP cycle is 51" (Figure 
1). Although we have not found experimental values for 
THP itself, two X-ray diffraction studies show an average 

(7)Anet, F. A. L.; Chmurny, G. N.; Krane, J. J. Am. Chem. SOC. 

(8) Pickett, H. M.; Strauss, H. L. J. Am. Chem. SOC. 1970,92, 7281 
1973,95,4423. 
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(9)(a) Bastiansen, 0.; Fernholt, L.; Seip, H. M.; Kambara, H.; 
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q5 value of 52.7" for the crystals of the 2-phenoxy deriva- 
tives of THP.12 Thus, the incorporation of a sp2 carbon 
atom in the cyclohexane cycle will cause a flattening of 
the ring and the incorporation of an oxygen atom causes 
a flattening of the part of the ring involving the C2C3C4C5 
torsional angle, 4. 

Second, the ring-flattening effect appears to be addi- 
tive, i.e., 4-THPN is flatter than either cyclohexanone or 
THP. The calculated torsional angles 4 of 2-hydroxy-4- 
THPN are only 43" for the equatorial OH isomer and 47" 
for the axial OH isomer. The calculated flattening of the 
4-THPN ring system (Figure 1 and Table 2) is supported 
by the X-ray structure of the bromo derivative of 4-THPN 
(5) (Figure 2 and Table 2).13 The torsional angles (4) in 
this crystalline compound are 37.4" (C2C3C4C5) and 
-42.0" (C3C4C5C6). The conformation of this compound 
in the crystalline state is diequatorial. 

The corresponding parameters from the X-ray analysis 
of 5 are listed in Table 2 along with the ab initio (6-31G*) 
parameters for 4e. Keeping in mind that the 4-bro- 
mophenyl and the methyl groups in 5 are replaced with 
hydrogen atoms in 4e, the pyranone skeletons compare 

(12)(a) Jones, P. G.; Sheldrick, G. M.; Kirby, A. J.; Glenn, R. 2. 
Kristallogr. 1982, 161, 253. (b) Jones, P. G.; Sheldrick, G. M.; Kirby, 
A. J.; Glenn, R.; Ramaswamy, P.; Halstenberg, M. 2. Kristallogr. 1982, 
159, 265. 

(13) X-ray crystallographic analysis of eynS-(p-bmmophenyl)- 
2-methoxy-S-methyl-4-TAPN (6): C13H1503Br, orthobromic, space 
group Pbca, a = 9.195(3) A, b = 31.103(6) A, c = 9.091(3) A, 2 = 8, 
MW = 299.2 g/mol, $Mo Ka) = 33.5 cm-I , d,  = 1.53 glcm3. A clear 
colorless crystal, whch showed sharp extinction under crossed polar- 
izers, was selected from a batch of crystals grown from a solution in 
ethanol. Unit cell dimensions and intensity data were measwed using 
Mo Ka radiation (A = 0.71069 A) at 293 K on an Enraf-Nonius CAD4 
dif€ractometer equipped with a graphite monochromator. Three control 
reflections monitored every 250 measurements showed no significant 
variation in intensity over the course of the data collection. A total of 
2655 unique reflections were collected using the w/20 method out to 
20 = 50.00" (sin @/A = 0.5947). Of these, 1493 reflections had non-zero 
intensities and 1043 had FO =. 1.5dF0), which were used in the 
structure analysis and refinement. Empirical absorption corrections 
were applied using information from +scans. The structure was solved 
using a combination of direct and difference Fourier methods and 
refined (154 variable parameters) by a full-matrix least-squares 
procedure. Hydrogen atom parameters were included in the structure 
factor calculations but were not refined. Anisotropic refinement for all 
non-hydrogen atoms converged to R = 0.091 and R, = 0.079 and 
'goodness of fit" = 2.34. The weighting of scheme used was w = [u- 
( F o ) ~  + (0.015F0)~1-~, where dF0)  for each reflection was estimated from 
counting statistics. The maximum shiftlesd for any parameter in the 
final least-squares refinement cycle wm 0.01. A h a l  difference Fourier 
synthesis showed no significant residual electron density. The author 
has deposited atomic coordinates for this structure with the Cambridge 
Crystallographic Data Centre. The coordinates can be obtained, on 
request, from the director, Cambridge Crystallographic Data Centre, 
12 Union Road, Cambridge, CB2 lEZ, U.K. 
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Table 2. Structural Parameters from the X-ray 
Diffraction Analysis of 

syn-(6-p-Bromophenyl)-2-methoxy-5-methyl-4-THPN (5)13 
and from ab Initio (6-31G*) Calculations for 

2-Hydroxy-4-THPN (4e) 
5 (X-ray) 4e (6-31G*) 

Torsional Angles (deg) 
Ol-C2-C3-C4 -44.7 -50.3 
c2-c3-c4-c5 37.4 42.7 
C3-C4-C5-C6 -42.0 -43.3 
C4-C5-C6-01 57.1 51.8 
C5-C6-01-C2 -69.4 -63.9 
C6-01-C2-C3 61.2 63.0 

c2-01 
C2-07 
C2-C3 
c3-c4 
C4-08 
c4-c5 
C6-01 
C5-C6 

C6-01-C2 
01-C2-07 
01-C2-C3 
C3-C2-07 
c2-c3-c4 
c3-c4-c5 
C3-C4-08 
C5-C4-08 
C4-C5-C6 
C5-C6-01 

Bond Distances (A) 
1.42 (2) 
1.39 (2) 
1.51 (2) 
1.50 (2) 
1.21 (2) 
1.50 (2) 
1.42 (1) 
1.53 (2) 

110.3 (1.1) 
107.0 (1.2) 
111.2 (1.3) 
107.6 (1.3) 
113.4 (1.3) 
117.0 (1.3) 
122.2 (1.6) 
120.8 (1.6) 
107.6 (1.2) 
111.0 (1.1) 

Bond Angles (deg) 

1.40 
1.37 
1.52 
1.52 
1.19 
1.52 
1.40 
1.53 

113.6 
108.6 
110.9 
108.2 
111.3 
114.6 
122.6 
122.8 
110.5 
110.7 

reasonably well between the theory and the experiment. 
Because of the three substituents on 5,  its structure is 
more distorted from a standard chair conformation than 
the 2-hydroxypyranone 4e. The result is a still flatter 
ring system. 

The consequence of a flat ring becomes apparent when 
the ring-inversion barriers are considered. Theoretical 
predictions for the barriers of ring-inversion at the 
6-31G* level of theory are in excellent accord with the 
experimental values. The calculated barrier for ring 
inversion in cyclohexanone is 3.97 kcaVmol (Table l), and 
the reported experimental (NMR) value was 4.0 kcaV 
mol.7 The calculated barrier for THP ring inversion is 
10.17 kcaVmo1, and the reported experimental value was 
10.1 f 1.2 kcaVmol.8 The energy required for ring-flip 
in 2-hydroxy-4-THPN is only 2.93 kcaVmo1 according to  
calculations using the 6-31G* basis set. Judged by the 
quality of the calculated barriers for cyclohexanone and 
THP ring inversion, confidence can be placed upon the 
computational results for the 2-hydroxy-4-THPN. Thus, 
the ring-inversion barrier for the phenyl-substituted 
4-THPNs, such as 4, should be even lower. It is not 
surprising that there is a rapid equilibrium among 
conformational isomers even at  low  temperature^.^ 

B. Direct Relationship between the Endocyclic 
Torsional Angle @ and the C-X Distance in 4-X- 
Cyclohexanone Systems. It is easy to understand why 
the incorporation of an sp2 carbon atom into a six- 
membered cycle flattens the ring since the sp2 carbon is 
trigonal ~ 1 a n a r . l ~  However, the reasons why an oxygen 
atom causes the flattening of the ring are less obvious. 
It has been suggested that the difference between the 

(14) For an early observation of the flattened 4,4-diphenylcyclohex- 
anone, see: Lambert, J. B.; Carhart, R. E.; Cofiield, P. W. R. J.  Am. 
Chem. SOC. 1969,91, 3567. 
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Br 

C3 y,o 0 7  

Figure 2. X-ray structure of aZZ-cis-2-(p-bromophenyl)-6- 
methoxy-5-methyl-4-THPN (5).  Hydrogen atoms are omitted 
for clarity. The torsional angles, 4, are 37.4" (C2C3C4C5) and 
-42.0' (C3C4C5C6). 

C-0 and the C-C bond lengths (1.40 for C-0 vs 1.53 
A for C-C) might be responsible for this di~torti0n.l~ 

To explore the relationship between the endocyclic 
torsional angle 4 and the bond lengths C-X in a 4-X- 
cyclohexanone, we have carried out ab initio calculations 
on the nitrogen and sulfur analogs of 4-THPN (Table 3). 
The bond lengths are in the order of C-0 < C-N < C-C 
< C-S, and the flattening of the ring is in the same 
order: 4-THPN (4 = 44.5') < 4-piperidinone (4 = 47.1') 
< cyclohexanone (4 = 49.1') < 4H-thiopyran-4-one (4 = 
53.6'). Thus the 4-THPN with the shortest bond (C-0 
= 1.40 A) has the flattest ring and the 4H-thiopyran-4- 
one with the longest bond (C-S = 1.81 A) has the most 
puckered ring. 

C. Why High Ratio of Axial Attack Occurs in a 
Flattened Ring? The flattening or puckering of the ring 
measured by 4 is of significant interest in that it directly 
influences the diastereofacial selection in nucleophilic 
addition to  the carbonyl gr0up.16J7 A small 4 indicates 
a flat ring, which suffers from high axial nucleophilic 
attack.16J7 Currently, there are two explanations for the 
experimental observation. When Anh first summarized 
the ring-flattening rule more than 20 years ago, he 
attributed the preferential axial attack on flat rings to 
the antiperiplanarity of the nucleophile and the Ca-H 
bond in the transition state.16 Based on their ab initio 
calculations, Anh believes that the nucleophile should be 
in the antiperiplanar orientation relative to the Ca-H 
bond, i.e., stereoelectronic control. This antiperiplanarity 
cannot be achieved when nucleophilic attack occurs in a 
puckered ring. More recently, Houk explained the dif- 
ference in nucleophilic additions on a flattened ring or 
on a puckered ring emphasizing the torsional strain 
during an equatorial attack.I7 The equatorial attack on 
a puckered ring does not suffer from as much torsional 
strain as it would on a flattened ring. Therefore puck- 
ered rings give more equatorial attack product and flat- 
tened rings lead to more axial addition. 

However, in the search for the origin of the axial 
prefereme displayed by small nucleophile, we feel that 
the steric effect, which is the most important factor in 
the outcome of n-facial selectivity, seems to  have been 
overlooked. It is generally agreed that a bulky nucleo- 
phile gives preferentially equatorial attack and that the 
reason for this is the steric interactions between the 

(15) Terasawa, T.; Okada, T. J .  Chem. SOC., Perkin Trans. 1 1978, 
1252. For similar studies of 1,3-dioxa- and 1,3-dithian-5-one, see: 
Kobayashi, Y. M.; Lambrecht, J.; Jochims, J. C.; Burkert, U. Chem. 
Ber. 1978, 111, 3442. 

(16)Anh, N. T. Top. Curr. Chem. 1980,88, 145. 
(17) (a) Mukherjee, D.; Wu, Y.-D.; Fronczek, F. R.; Houk, K. N. J .  

Am. Chem. SOC. 1988, 110, 3328. (b) Wu, Y.-D.; Houk, K. N. J.  Am. 
Chem. SOC. 1987,109, 908. 
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Table 3. Structural (6-31G*) Relationship between the Bond Length C-X (A) and the Endocyclic Torsional Angle (4)) in 
4-X-Cyclohexanone System 

Entry X Structure # Name c-x(A) @ (") L612 

t 

6 4-THPN 1.40 44.5 113.2 1 0 

2 7a 4-Pipendinone 1.45 47.1 

45.2 

49.1 

53.6 

112.7 

112.3 

1 1  1 . 1  

97.7 

n 

N-H (axial) 

t 

3 N-H (eq.) 7e 4-Piperidinone 1.45 

2 Cyclohexanone 1.53 4 CH2 

Y 
5 S 

8 4H- thiopyran-4-one 1.8 1 

0 & k 

nucleophile and the 3,5-diaxial substituents. l8 The tra- 
jectory of a nucleophilic attack on an acyclic carbonyl 
compound has been recognized as extremely important. l9 

As shown in Figure 3, when the cyclohexanone ring is 
puckered or flattened, the optimal trajectory of the 
attacking nucleophile is also changed. The result of the 
ring-flattening is that the trajectory of the axial attack 
moves away from the 3,5-diaxial substituents. Conse- 
quently, less steric interaction is experienced by the 
nucleophile. The result of ring-puckering has the op- 
posite effect, i.e., more steric interaction between the 
nucleophile and the 3,Ei-disubstituents (Figure 3). Con- 
sequently, equatorial attack is favored. In our opinion, 
the "flattening rule (the more flattened the ring, the more 
axial attack)" described by Anh should be the result of 
all three factors described above. The order of their 

Aa 

flat ring 
Ha 

puckered ring 

Figure 3. Axial attack on a flattened cyclohexanone 
ring suffers less steric hindrance at optimal trajectory. 

relative importance should be steric > torsional > ste- 
reoelectronic. 

Summary 

Ab initio calculations reveal a direct relationship 
between the C-X distance and the endocyclic torsional 
angle 4 in 4-X-cyclohexanones-the 4 angle decreases as 
the C-X bond length becomes shorter. Thus, the fol- 
lowing order of 4 is found: 4-THPN (4 = 44.5') < 
4-piperidinone (4  = 47.1') < cyclohexanone (4 = 49.1') 
< 4H-thiopyran-4-one (4  = 53.6'). A small 4 indicates a 
flatter ring. A flattened ring reduces the barrier for ring 
inversion and the difference in energy between axial and 
equatorial additions on the basis of nucleophile trajectory. 
Consequently, the high ratio of axial vs equatorial attack 

(18) (a) Barton, D. H. R. J .  Chem. SOC. 1953,1027. (b) Dauben, W. 
C.; Fonken, G. J.; Noyce, D. S. J. Am. Chem. SOC. 1956, 78, 2579. (c) 
Marshall, J. A.; Carroll, R. D. J. Org. Chem., 1965, 30, 2748. (d) 
Cherest, M.; Felkin, H. Tetrahedron Lett. 1968, 2205; 1971, 383. (e) 
Karabatsos, G. T. J. Am. Chem. SOC. 1967, 89, 1367. (0 Klein, J. 
Tetrahedron Lett. 1973,4367. ( g )  Liotta, C. L. Tetrahedron Lett. 1975, 
519, 523. (h) Wipke, W. T.; Gund, P. J. J. Am. Chem. SOC. 1976, 98, 
8107. 

(19) (a) Mori, I.; Bartlett, P. A.; Heathcock, C. H. J. Am. Chem. SOC. 
1987,109, 7199. (b) Lodge, E. P.; Heathcock, C. H. J. Am. Chem. SOC. 
1987, 109, 2819. (c) Burgi, H. B.; Dunitz, J .  D.; Shefter, E. J.J. Am. 
Chem. SOC. 1973,95, 5065. 
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in the hydride reduction of 4-THPN can be explained on 
the basis of its conformation and structure. 
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