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Abstract: Geometrical parameters in the C(OC)3 moiety of a series of orthoesters in X-ray diffraction structures were retrieved 
from the Cambridge Structural Database (CSD) and analyzed in the context of stereoelectronic effects. The seven independent 
conformers of trimethyl orthoformate (3) were calculated both ab initio, using the 3-21G basis set, and with the MM2 force 
field suitably parametrized to include structural manifestations of the anomeric effect (MM2-AE). Selected orthoesters were 
calculated using this force field, and good agreement was obtained. The structure and conformation of the title compound 
HOP (4), a unique Z)3 orthooxalate, were investigated. The geometrical parameters of the anomeric moieties and the ring 
conformation were scrutinized in the crystal using X-ray diffraction analysis and by MM2-AE computation: very good agreement 
between the two methods was obtained. The kinetics of the ring-inversion (enantiomer interconversion) process of the system 
were interrogated in a variable temperature 1H-NMR spectroscopic study of HOP-^11, yielding AG* = 11.8 kcal/mol. This 
result is discussed in the framework of a MM3 computational study of the minima and transition states encountered in the 
inversion process of HOP. 

Introduction 
In the framework of our studies on saturated polyheterocycles 

with stereoelectronic effects, we have studied some time ago 
cw-l,4,5,8-tetraoxadecalin (1, X = H)2 and its substituted de-

7 8 

rivatives,3,4 as well as various aspects of the anomeric effect* in 
0-C-O-containing systems.6"8 In the course of these efforts, we 
have reparametrized the MM2 force field10,11 to account for the 
structural manifestations of the anomeric effect (MM2-AE).7'17 

Earlier, we had also described30,9 the preparation and properties 
of various 9,10-annelated c/s-l,4,5,8-tetraoxadecalins (2) (i.e., 
2,5,7,10-tetraoxa[n.4.4]propellanes), and recently1 we investigated 
the structure and conformation of a series of such interesting 
compounds. 

Results and Discussion 
As a sequel to the above, we focused our attention on a group 

of compounds featuring overlapping anomeric COCOC units, 

* The School of Chemistry at Tel-Aviv University is part of the Raymond 
and Beverly Sackler Faculty of Exact Sciences. 

namely, orthoesters. The seven independent, nondegenerate ideal 
conformations of the smallest prototype, trimethyl orthoformate 
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Table I. Relevant Structural Parameters of Five Independent (Out of Seven) Trimethyl Orthoformate Conformations" 

L 
C1-02 
Cl-04 
Cl-06 
02-C3 
04-C5 
06-C7 
Cl-H* 

A 
02-C1-04 
0 2 - 0 - 0 6 
04-Cl-06 
C3-02-C1 
C5-04-C1 
C7-06-C1 

D 
C3-02-C1-04 
02-C1-04-C5 
C3-02-C1-06 
02-C1-06-C7 
C5-04-C1-06 
04-C1-06-C7 
C3-02-C1-H 
C5-04-C1-H 
C7-06-C1-H 

g-a;ag+;g'g-
3-21G (MM2) 

0.00 (0.00) 

1.394(1.394) 
1.413(1.410) 
1.390 (1.399) 
1.443 (1.445) 
1.441 (1.440) 
1.451 (1.445) 
1.082(1.117) 

[2] 

107.5 (108.1) 
109.5 (109.0) 
111.7(109.9) 
116.3 (112.6) 
115.0(112.3) 
116.0(114.7) 

-54.5 (-89.4) 
176.7 (152.1) 
175.9(151.1) 

49.4 (54.1) 
-63.2 (-89.0) 
-69.5 (-64.2) 

66.5 (33.0) 
54.5 (30.5) 

170.6 (173.9) 

aa;g+g+;g-g* 
3-21G (MM2) 

1.80(0.44) 

1.395 (1.396) 
1.395 (1.396) 
1.408 (1.411) 
1.442(1.445) 
1.442(1.445) 
1.450 (1.441) 
1.082(1.117) 

[2] 

105.4 (106.7) 
111.8 (110.3) 
111.8 (110.4) 
114.9(112.6) 
114.9(112.6) 
115.6(115.3) 

-171.8 (-153.2) 
171.8 (153.6) 

66.5 (86.9) 
58.9 (59.0) 

-66.5 (-86.5) 
-58.9 (-58.6) 
-50.2 (-33.9) 

50.2 (34.3) 
180.0 (-179.8) 

g'a;ag';g-a 
3-21G (MM2) 

3.19 (0.62) 

1.396(1.402) 
1.396(1.402) 
1.396 (1.402) 
1.442 (1.443) 
1.442 (1.443) 
1.442 (1.443) 
1.090(1.117) 

[3] 

109.1 (106.5) 
109.1 (106.5) 
109.1 (106.5) 
116.2(112.1) 
116.2(112.1) 
116.2(112.1) 

-52.7 (-88.3) 
-171.8 (158.4) 
-171.8 (158.3) 
-52.7 (-88.3) 
-52.7 (-88.2) 

-171.8(158.3) 
67.7 (35.0) 
67.7 (35.1) 
67.7 (35.0) 

g-g+;aa;ag+' 
3-21G (MM2) 

9.16(1.60) 

1.389 (1.398) 
1.417(1.414) 
1.389 (1.403) 
1.438 (1.445) 
1.439 (1.440) 
1.439 (1.441) 
1.089 (1.116) 

111.0(107.7) 
105.2 (105.0) 
110.7(107.9) 
116.3 (112.7) 
118.1 (112.4) 
116.2(112.4) 

-52.7 (-106.1) 
120.2(116.8) 

-172.5 (139.1) 
173.7 (-163.3) 

-123.2 (-130.3) 
53.6 (82.0) 
67.6 (19.5) 
-1.6 (-7.7) 

-66.4 (-42.7) 

Aped et al. 

g*g'\g'g+;g*g*c 

3-21G (MM2) 
4.77 (9.12) 

1.407 (1.402) 
1.407 (1.402) 
1.407 (1.402) 
1.444 (1.442) 
1.444 (1.442) 
1.444 (1.442) 
1.074(1.121) 

[0] 

110.5 (115.0) 
110.6(115.0) 
110.5(115.0) 
119.5(116.8) 
119.5 (116.8) 
119.5(116.8) 

6.2 (36.2) 
-117.5 (-100.9) 
-116.5 (-100.9) 

5.6 (36.2) 
5.3 (36.2) 

-117.1 (-100.9) 
124.8 (147.7) . 
124.0 (147.7) 
124.2 (147.7) 

0Cf. formula 3 and Figure 1. As calculated ab initio with the 3-21G basis set and by MM2-AE (results in parentheses): bond lengths (L, A), bond 
angles (A, deg), and dihedral angles (D, deg). The headings represent idealized input geometries (cf. Figure 1) while the numerical values are output 
results. 'Numbe 's in brackets give the number of lp's antiperiplanar to the CH bond in each conformer. This high-energy conformer is presented 
here only to display its highly distorted final geometry. 

(3), are shown in Figure 1, along with their relative energies as 
calculated ab initio, using GAUSSIAN 82 with the 3-21G basis set 
(and later also GAUSSIAN 90, to confirm minima and transition 
states) and MM2-AE7,17 calculations. Relevant geometrical 
parameters of these calculated output structures are presented 
in Table I. It should be pointed out that an early infrared 
spectroscopic study in the vapor and solid phases and in solution, 
as well as a Raman study in the liquid,13 led to the conclusion 
that trimethyl orthoformate assumes in the solid the g~a\ag~\g~a 
(C3) conformation, but in solution it exists as a mixture of the 
aa;g+g+\g~g~ (C1) and g~a;ag*;g~g~ conformations (cf. Figure 1). 
These three conformations are indeed calculated to be the most 
stable ones. 

Clearly, the energies of the different conformers are governed 
by steric and anomeric interactions, and both computational 
methods yield a similar order of conformer stability, the ab initio 
energy differences being somewhat higher but the geometries being 
reasonably similar. Of the four high-energy forms, two converged 
to the lowest g~a;ag+;g~g~ form, while the two remaining forms 
show considerable discrepancy in their MO vs MM-calculated 
geometries (Table I) as well as energies. Indeed, these are not 
viable conformations (along with many others on this flexible 
system's potential surface) and deserve no further consideration 
in the present context. We include them, nevertheless, because 
they may occur in large, geometrically constrained molecules, as 
shown below. 

Turning now to a closer scrutiny of the ab initio results, the 
following observations and rationalizations can be made: 

1. Both g~g~;ag+\g+g~ and g~g+;ag+;ag~ conformers converge 
to g~a;ag+;g~g~, the g'g+;aa;ag+ conformer goes over into one with 
a highly distorted final geometry and high energy, and the unstable 
C31, form g+g~;g~g*;g+g~ ends up with a C3 final geometry (as can 
be deduced from their dihedral angles; cf. Table I), which is, 
moreover, not a thermodynamic minimum. Hence, only three 
viable conformers are left for a meaningful analysis. 

2. Concerning the C-O and C-H bond lengths: (i) The inner 
C-O bonds are consistently shorter than the outer ones (see also 
below), (ii) The length of a C l -H bond increases as the number 
of lp's (lone pairs) antiperiplanar to it increases (cf. Table I), in 

H 

"'^Y5""0 

D i h e d r a l a n g l e s ' R e l a t i v e E n e r g i e s 

D1D2:D3D4:D5D6 a £ j j U i i c ml 

converged to 
S'f.ag ;g~g~ 

converged to 
g'a.ag ;g'g" 

converged to 
g"a;ag ;g"g" 

g a:ag :g g 

IT conformers are defined through 3 pairs of dihedral angles as follows: 
D1-C3-02-C1-04; D2-02-C1-04-C5; D3-C3-02-C1-06 ; D4-02-C1-06-C7 ; 
D5-C5-04-C1-06; D6-04-C1-06-C7; g-gauche (synclinal); a-anti(periplanar). 

' the MM2 optimized structure of this conformer differs considerably from the 
one calculated ab lnicio, hence, the energy difference discrepancy. 

Figure 1. The seven independent, nondegenerate conformers (see note 
a) of trimethyl orthoformate (3). Relative energies as obtained from ab 
initio (3-21G) and MM2717 calculations are given in kcal/mol. 

line with the lp0-<r*c-H anomeric interaction, (iii) In the 
aa;g+g+;g~g~ low-energy conformer, L(Cl-06) is larger than any 
of the other two, £ (Cl -02) and ! ( C l - 0 4 ) (1.408 A vs 1.395 
A, respectively). Since 0 6 participates in two gg anomeric units 
while 0 2 and 04 each participate in one gg and one aa anomeric 
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Table II. Comparative X-ray (MM2-AE) Data for Selected Structural Parameters of the Orthoesters 5-8" 

orthoester geometry' 

g+g~\g~g+\g+g~ g'a;ag-;g-a ag';g+g+;g+g- ag-;g+g*;g*g-
5 6 7 8 

L 
C l - 0 2 
C l - 0 4 
C l - 0 6 
02-C3 
04-C5 
06-C7 

0 2 - C l - 0 4 
0 2 - C 1 - 0 6 
0 4 - C 1 - 0 6 
C1-02-C3 
C1-04-C5 
C1-06-C7 

C3-02-C1-04 
02-C1-04-C5 
C3-02-C1-06 
02-C1-06-C7 
C5-04-C1-06 
04-C1-06-C7 
C3-02-C1-R 
C5-04-C1-R 
C7-06-C1-R 

1.401 (1.402) 
1.401 (1.402) 
1.401 (1.402) 
1.462 (1.442) 
1.462 (1.442) 
1.462 (1.442) 

111.0(111.2) 
111.0 (111.2) 
111.0 (111.2) 
111.0(111.0) 
111.0(111.0) 
111.0 (111.0) 

61.1 (62.3) 
-63.0 (-62.3) 
-63.0 (-62.3) 

61.1 (62.3) 
61.0 (62.3) 

-63.0 (-62.3) 
179.0 (180.0) 
179.0 (180.0) 
179.0 (180.0) 

1.406(1.406) 
1.406 (1.406) 
1.406(1.406) 
1.437 (1.443) 
1.437 (1.443) 
1.437 (1.443) 

105.6 (105.6) 
106.1 (105.6) 
106.4 (105.6) 
113.9 (114.1) 
113.9 (114.1) 
113.9 (114.1) 

-65.4 (-65.7) 
-178.5 (-177.3) 
-178.1 (-177.3) 

-65.1 (-65.7) 
-66.1 (-65.7) 

-177.2 (-177.3) 
58.1 (58.4) 
57.9 (58.5) 
58.8 (58.5) 

1.407 (1.421) 
1.403 (1.385) 
1.405 (1.397) 
1.428 (1.436) 
1.423 (1.449) 
1.442 (1.443) 

105.8 (107.1) 
111.2 (110.6) 
105.3 (105.4) 
115.6 (114.5) 
107.1 (108.2) 
108.1 (108.3) 

166.3 (-173.3) 
-80.1 (-84.8) 

52.4 (72.3) 
80.1 (83.7) 
37.7 (33.0) 

-34.2 (-31.7) 
-72.6 (-52.8) 
157.1 (152.3) 

-153.6 (-149.8) 

1.437 (1.406) 
1.400 (1.396) 
1.407(1.405) 
1.437 (1.441) 
1.455 (1.457) 
1.409 (1.441) 

103.7 (107.3) 
108.7 (112.6) 
111.6 (107.7) 
116.9(115.9) 
116.8 (116.2) 
112.2(112.8) 

-177.2 (-165.3) 
-63.4 (-64.6) 

63.9 (76.4) 
47.5 (46.3) 
53.4 (56.7) 

-66.3 (-71.7) 
-57.9 (-47.9) 
173.7 (174.1) 
172.9 (172.5) 

"See refs. 16a-d, respectively. Bond lengths (L, A), bond angles (A, deg), and dihedral angles (D, deg). 4See atom numbering in the orthoester 
moiety of each formula, to match the atom numbering in 3 (cf. also Figure 1). 

unit, this can be understood as two bond shortenings and two bond 
elongations suffered by L(C 1-06) vs one bond shortening and 
one bond elongation suffered by both L(C 1-02) and L(Cl-04). 
One may recall that, within the structural manifestation of the 
anomeric effect, bond shortening is known to exceed the bond 
elongation effect.11 Likewise, in the most stable g~a;ag+;g~g~ 
conformer (Figure 1), £(Cl-04) > L(Cl-02) =* L(Cl-06) 
(1.413,1.394, and 1.390 A), in accord with two bond elongations 
and one bond shortening for £(Cl-04), one bond shortening and 
one bond elongation for L(Cl-02), and one bond elongation and 
two bond shortenings for 1 ( 0 - 0 6 ) . 

3. Similar considerations may be applied to the C-O-C 
anomeric bond angles. In the g+g~;g~g+;g+g~ conformer, they are 
larger than in the g~a\ag~\g~a conformer (119.5° vs 116.2°, re
spectively), corresponding with the two anomeric interactions 
experienced by each oxygen atom in the former conformer vs one 
anomeric interaction in the latter. 

As to the fit of the MM2 with the ab initio results (Table I), 
it is very good for the bond lengths and bond angles, but only 
moderately so for the dihedral angles. Taking into consideration, 
however, that the latter are the most sensitive conformational 
feature, especially in this exceedingly flexible molecule, the fit 
is satisfactory for the three viable (lowest energy) conformations. 
For the high-energy forms it expectedly fails, since the output 
geometries are considerably distorted from the initial, ideal forms, 
and each method seems to arrive at different structures in that 
region of the potential surface (e.g., the starting C3„ conformation 
is distorted into a high-energy C3 form while it is taken ab initio 
to a peculiar saddle point). 

Next, a group of 37 crystallographic structures, which include 
an orthoester moiety, was retrieved from the Cambridge Structural 
Database1415 (CSD; January 1990 version). Since most of those 
showed considerable deviations from the ideal conformations as 
well as severe geometrical constraints due to small or condensed 
ring systems, no statistical analysis was performed on their 
structural parameters. Instead, four least biased structures be
longing to the g+g~;g'g+;g+g- (5),16a g-a\ag-\g-a (6),16b and 
Qg~'<g+g+\g+g~ (7, 8)16c'd conformers were chosen for comparison 
of their structural parameters with the corresponding calculated 
ones, using MM2-AE.7'17 The results are given in Table II and 
show good agreement between the observed and calculated data. 
It should be mentioned that the orthocarbonate problem has also 
been examined most recently." 

°\ /° ° ° 

-8- ~ & 
Figure 2. Inversion process of 2,5,7,10,1 l,14-hexaoxa[4.4.4]propellane 
(HOP) (4), in Newman projection. 

In this context, a very interesting orthooxalate member of the 
group, namely, 2,5,7,10,1 l,14-hexaoxa[4.4.4]propellane (HOP, 
4), which we had prepared a long time ago,9b became the object 
of special scrutiny. The orthooxalate 4 was probed by two ex
perimental techniques, in solution using NMR spectroscopy, and 
in the solid, using X-ray diffraction analysis, as well as by com
putation, using MM2-AE. The combined crystallographic and 
computational results for the most relevant structural parameters 
in HOP are given in Table III and show gratifyingly good 
agreement. The general crystallographic data are given in the 
Experimental Section, and the pertinent data from the X-ray 
diffraction analysis are assembled in Tables IV and V and depicted 
in Figure 3. 

Critical examination of the structural data in Table III indicates 
a deceptive uniformity of, e.g., the internal C-O bond lengths in 
the COCOC units of 4. This is obviously due to the overlap 
between the anomeric units in this double g~a;ag~;g~a system (cf. 
4 and Figure 1). This overlap causes a peculiar cross-hyper-
conjugation which levels off the magnitude of the internal C-O 
bond lengths and the C-O-C bond angles. However, the internal 
C-O bond lengths are still outstandingly short, and the C-O-C 
bond angles are wide, indicating that the anomeric effect is fully 
operative, together with the intrinsic C-O bond shortening in the 

(18) (a) The new MM3 program181" is also available from QCPE (public 
version). The official distributors are Technical Utilization Corporation, Inc., 
235 Glen Village Court, Powell, OH 43065, and Tripos Associates, 1699 S. 
Hanley Road, St. Louis, MO 63144. (b) Allinger, N. L.; Yuh, Y. H.; Lii, 
J.-H. J. Am. Chem. Soc. 1989, / / / , 8551 and subsequent articles, in particular 
that on alcohols and ethers.18' (c) Allinger, N. L.; Rahman, M.; Lii, J.-H. 
J. Am. Chem. Soc. 1990, 112, 8293. 

(19) Narasimhamurthy, N.; Manohar, H.; Samuelson, A. G.; Chandra-
sekhar, J. J. Am. Chem. Soc. 1990, 112, 2937. 
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Table III. Observed vs Calculated Bond Lengths," Bond Angles,' 
and Dihedral Angleŝ  within the COCOC Moieties of HOP (4) 

Table V. Bond Distances," Bond Angles,4 and Torsion Angles' of 
HOP (4) 

parameter 

I 
C1-02 
Cl-OlO 
C l - O I l 
02-C3 
C4-05 
C6-05 
C6-07 
07-C8 

C9-O10 
011-C12 
C13-014 
C6-014 

A 
C1-02-C3 
C4-05-C6 
02-C1-011 
O2-C1-O10 
O10-C1-O11 
05-C6-014 
05-C6-07 
0 7 - C 6 - O U 
C1-O10-C9 
C6-07-C8 
Cl -Ol 1-C12 
C6-014-C13 

D 

obsd, X-ray calcd, MM2 

O2-C1-O10-C9 
0 2 - C 1 - 0 1 1 -
0 1 0 - C l - 0 2 -
O10-C1-O11 
O10-C1-C6-I 
O10-C1-C6-I 
O10-C1-C6-I 
O10-C9-C8-I 
O l l - C l - 0 2 - ' 

C12 
C3 
-C12 
014 
07 
05 
07 
C3 

O11-C1-O10-C9 

"Lin A. *A in deg. CD in deg. 

1.386 
1.389 
1.394 
1.438 
1.443 
1.390 
1.397 
1.437 

1.450 
1.444 
1.444 
1.395 

114.0 
112.7 
107.3 
107.1 
107.3 
107.5 
107.7 
107.0 
112.7 
113.5 
112.7 
113.5 

-68.8 
176.5 
172.4 
-68.6 

70.5 
-49.1 

-169.5 
58.9 

-72.6 
176.2 

1.403 
1.403 
1.403 
1.441 
1.441 
1.403 
1.403 
1.441 

1.441 
1.441 
1.441 
1.403 

112.3 
112.4 
105.9 
105.9 
105.9 
105.9 
105.9 
105.9 
112.4 
112.3 
112.4 
112.4 

-72.6 
175.2 
175.2 
-72.6 

71.7 
-48.2 

-168.3 
58.9 

-72.6 
175.1 

Table IV. Atomic Coordinates and Thermal Parameters of HOP (4) 

atom xja 

Cl 0.2878 (2) 
02 0.2578 (2) 
C3 0.1239 (3) 
C4 0.0436 (2) 
05 0.0708 (2) 
C6 0.1993 (2) 
07 0.2255 (2) 
C8 0.3589 (3) 
C9 0.4369 (2) 
010 0.4156 (2) 
O i l 0.2782(2) 
C12 0.2999 (3) 
C13 0.2034 (3) 
014 0.2152 (2) 

y/b 

-0.0316 (3) 
-0.0286 (2) 
-0.0014 (4) 
-0.1356 (4) 
-0.1276 (2) 
-0.1579 (3) 
-0.3347 (2) 
-0.3794 (4) 
-0.2636 (4) 
-0.0813 (2) 

0.1411 (2) 
0.1543 (4) 
0.0446 (4) 

-0.1363 (2) 

ZjC 

0.7984 (2) 
0.6721 (1) 
0.6362 (2) 
0.6956 (2) 
0.8275 (1) 
0.8645 (2) 
0.8403 (2) 
0.8616 (3) 
0.7853 (2) 
0.8184 (2) 
0.8408 (1) 
0.9731 (2) 
1.0310(2) 
0.9920 (1) 

V " 

0.0283 (8) 
0.0329 (6) 
0.0397 (9) 
0.0418 (9) 
0.0367 (6) 
0.0288 (8) 
0.0372 (7) 
0.0433 (10) 
0.0394 (9) 
0.0344 (6) 
0.0339 (5) 
0.0426 (10) 
0.0442 (10) 
0.0398 (6) 

C l - 0 2 
C1-C6 
02-C3 
C3-C4 
C4-05 
05-C6 
C1-O10 
C l -O l 1 

OlO-Cl -Ol l 
C6-C1-011 
C6-C1-O10 
02-C1-011 
O2-C1-O10 
0 2 - C l - C 6 
C1-02-C3 
02-C3-C4 
C3-C4-05 
C4-05-C6 
C1-C6-05 
05-C6-014 

C1-02-C3-C4 
02-C3-C4-05 
C3-C4-05-C6 
O2-C1-O10-C9 
C6-C1-O10-C9 
02-C1-C6-07 
02-C1-C6-014 
011-C1-C6-05 
O10-C1-C6-O5 
02-C1-C6-05 
C6-C1-02-C3 
O10-C1-O2-C3 
011-C1-02-C3 
O10-C1-C6-O14 

O10-C1-C6-O7 
OH-C1-C6-OH 
011-C1-C6-07 
O11-C1-O10-CS 

"In A. 4In deg. 

O C l . A. X X ^ 

O V̂  

(a) Bond Distances 
1.386(2) C6-07 
1.551 (3) 
1.438 (3) 
1.501 (4) 
1.443 (2) 
1.390(2) 
1.389 (3) 
1.394(2) 

C6-014 
C8-07 
011-C12 
C12-C13 
C13-014 
O10-C9 
C9-C8 

(b) Bond Angles 
107.3 (2) 
111.3 (2) 
111.4(2) 
107.3 (2) 
107.1 (2) 
112.2 (2) 
114.0(2) 
110.7(2) 
109.3 (2) 
112.7(2) 
111.4(2) 
107.5 (2) 

05 -C6-07 
C1-C6-014 
C1-C6-07 
07-C6-014 
C1-O10-C9 
O10-C9-C8 
C9-C8-07 
C6-07-C8 
C l -O l 1-C12 
011-C12-C13 
C12-C13-014 
C6-014-C13 

(c) Torsion Angles 
-54.6 (3) 

56.4 (3) 
-58.5 (3) 
-68.8 (2) 

54.2 (3) 
71.0(2) 

-169.4 (2) 
70.8 (2) 

-169.5 (2) 
-49.4 (2) 

49.9 (3) 
172.4 (2) 
-72.6 (2) 

\ 70.5 (2) 

-49.1 (3) 
\ -49.2 (2) 

-168.8 (2) 
I 176.2 (2) 

o 
y - / 

\J\ 
^ 
- \ 

\ 

-^ V^v V) fV) 
^L V^s 

ŵ 
r\*)f 

1.397 (2) 
1.395(2) 
1.437(3) 
1.444(2) 
1.489(4) 
1.444 (3) 
1.450 (3) 
1.498 (4) 

107.7 (2) 
111.4(2) 
111.7 (2) 
107.0 (2) 
112.7 (2) 
108.5 (2) 
109.9 (2) 
113.5 (2) 
112.7 (2) 
109.2 (2) 
109.1 (2) 
113.5 (2) 

O10-C1-O11-C12 -68.6(2) 
02-C1-011-C12 
C6-C1-OH-C12 
C4-05-C6-07 
C4-05-C6-C1 
C4-05-C6-014 
05-C6-014-C13 
C1-C6-014-C13 
05-C6-07-C8 
C1-C6-07-C8 
07-C6-014-C13 
014-C6-07-C8 
C1-O10-C9-C8 
O10-C9-C8-O7 

C9-C8-07-C6 
Cl -Ol 1-C12-C1: 

176.5 (2) 
53.5 (2) 

-68.6 (2) 
54.2 (2) 

176.5 (2) 
-70.2 (2) 

52.1 (3) 
173.5 (2) 
50.9 (3) 

174.3 (2) 
-71.2 (3) 
-59.8 (3) 

58.9 (3) 

-57.1 (3) 
I -59.6 (3) 

011-C12-C13-014 59.2 13) 
C12-C13-014-0 

Q )̂l 
\2$* y£ 

». /}\)f Yr* >=̂ > 
J^ S ^ X X 

i -58.0 (3) 

,/•—S. 

O / ^ 
***r/ 
j£v) *Q<J 

s-T\ 
XJ V O 

' t/j, is one-third of the trace of the orthogonalized U11 tensor. 

C(OR)3 fragment, i.e., a carbon triply substituted with electro
negative OR substituents.20 Altogether, the related data of the 
calculated g~a;ag~;g~a conformer (Figure 1) and the observed and 
calculated data of 4 (Table III) and 6 (Table II) are in excellent 
agreement. 

Another subject of considerable interest was the dynamic be
havior of HOP (4), a D1 molecule, occurring as two rapidly 
interconverting triple-chair enantiomers (Figure 2) at room tem
perature. Hence, its 12 protons are all isochronous and appear 
in its NMR spectrum as one singlet at 3.98 ppm. We had at
tempted to analyze the kinetics of inversion (racemization) in a 
variable temperature study of the CH2-CH2 moiety. To simplify 

(20) Allinger, N. L.; Imam, M. R.; Frierson, M. R.; Young, Y.; Schafer, 
L. In Mathematics and Computational Concepts in Chemistry; Trinajstic, N., 
Ed.; Horwood: London, 1986; pp 8-17. 

.a 

*^ob 
Figure 3. ORTEP drawing of the molecular structure of 2,5,7,10,11,14-
hexaoxa[4.4.4]propellane (HOP) (4). 

the calculation at the time,9 this AA'BB' system was treated as 
a two-coupled-sites problem, to give an approximate result of AG* 
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Table VI. Calculated (MM3) Dihedral Angles" of the Ground-State and 
Itinerary4 

dihedral angle (D) 

0 2 - C 3 - 0 4 - 0 5 
C3-C4-05-C6 
C4-05-C6-C1 
05-C6-C1-02 
C6-C1-02-C3 
C1-02-C3-C4 

C6-07-C8-C9 
O7-C8-C9-O10 
C8-C9-O10-C1 
C9-O10-C1-C6 
O10-C1-C6-O7 
C1-C6-07-C8 

Cl -Ol 1-C12-C13 
011-C12-C13-014 
C12-C13-014-C6 
C13-014-C6-C1 
014-C6-C1-OH 
C6-C1-011-C12 

CCC 

62.61 
-59.59 

51.42 
-47.00 

51.42 
-59.59 

-59.59 
62.61 

-59.59 
51.42 

-47.00 
51.42 

-59.59 
62.61 

-59.59 
51.42 

-47.00 
51.42 

tsl 
(hc)cc 

9.00 
-49.56 

67.03 
-43.17 

3.35 
13.42 

-59.01 
62.88 

-60.09 
51.69 

-46.72 
50.74 

-61.03 
62.15 

-58.27 
51.13 

-47.44 
52.73 

(tb)cc 

-69.66 
38.85 
15.71 

-46.71 
15.71 
38.84 

-59.37 
61.39 

-60.05 
53.77 

-50.36 
53.75 

-59.37 
61.39 

-60.05 
53.77 

-50.36 
53.75 

°£>indeg. * Cf. Figure 4. Cf. formula 4 for atom numbering. 

= 11.9 kcal/mol (the old result9" was 12.6, mainly due to a 
transmission coefficient of 1, which we revised now to '/2, vide 
infra). 

We reinvestigated this problem by another approach,21 namely, 
a variable temperature 1H-NMR study of 2,5,7,10,11,14-hexa-
oxa[4.4.4]propellane-du (4-^11), prepared from 2,2,3,3-tetra-
chlorodioxane and l,2-dihydroxyethane-rf4, following our original 
procedure.9 In the variable temperature NMR spectrum of 
HOP-^11 (4-dn), the residual proton appears as a singlet at room 
temperature and is split at lower temperature into two singlets 
which coalesce at 30 0C. This was treated as an intramolecular 
exchange of two uncoupled sites: an axial and equatorial proton, 
with 6„ = 28 Hz and Tc = 243 K. This gave kc = ir5/2'/2 = 62 
s"1 and a value of AG* = 11.8 kcal/mol, in very good agreement 
with the old value. 

This free energy difference of activation for ring inversion of 
our 2,5,7,10,1 l,14-hexaoxa[4.4.4]propellane (4) should be com
pared with that of the carbocyclic analogue, i.e., [4.4.4]propellane 
(4, O = CH2), or rather of its 3,3-difluoro derivative, which has 
been studied223 and exhibits a value of AG* = 15.6 kcal/mol 
(recalculated at 243 K for this purpose). In its turn, this AAG* 
difference (15.6 - 11.8 = 3.8 kcal/mol) can be instructively 
compared with those of cw-decalin vs cw-l,4,5,8-tetraoxadecalin 
(1, X = H)23'24 (12.8 - 9.8 = 3.0 kcal/mol) and of their 9,10-
bis(bromomethyl) derivatives (X = CH2Br) (14.7 - 11.7 = 3.0 
kcal/mol) .2'22b All these, when juxtaposed to the AAG* value for 
cyclohexane-l,4-dioxane (10.3 - 9.7 = 0.6 kcal/mol),21b'c show 
an interesting behavior, in that the monocyclic systems differ only 
slightly, but there is an appreciable increase of the energy dif
ference in going from the mono- to the di- and tricyclic systems. 

The question was now, in essence, what are the conformational 
stations (ground and transition states) on the ring inversion 
itinerary of HOP? We looked for an answer by calculating the 
minimum conformations of HOP and the corresponding transition 
states on the inversion path, using the MM3 force field18 (which 
includes the parametrization for the anomeric effect). The driver 
option was used to sleuth after energy minima and, in particular, 
the transition states (where full matrix energy minimization gave 
one negative eigenvalue and an imaginary vibrational frequency). 

(21) (a) Anet, F. A. L.; Bourn, A. J. R. J. Am. Chem. Soc. 1967, 89, 760. 
(b) Anet, F. A. L.; Sandstrom, J. Chem. Commun. 1971, 1558. (c) Jensen, 
F. R.; Neese, R. A. J. Am. Chem. Soc. 1971, 93, 6329; 1975, 97, 4345. 

(22) (a) Gilboa, H.; Altman, J.; Loewenstein, A. J. Am. Chem. Soc. 1969, 
91, 6062. (b) Altman, J.; Gilboa, H.; Ginsburg, D.; Loewenstein, A. Tetra
hedron Lett. 1967, 1329. 

(23) Anet, F. A. L.; Anet, R. In Dynamic NMR Spectroscopy; Jackman, 
L. M., Cotton, F. A., Eds.; Academic Press; New York, 1975; Chapter 14, 
Tables VIII and X. 

(24) Fraser, R. R.; Reyes-Zamora, C. Can. J. Chem. 1967, 45, 1012. 
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Transition-State Conformations of HOP (4) on Its Ring Inversion 

ts2 
(tb)(hc)c 

-68.70 
39.40 
15.96 

-48.56 
18.62 
36.33 

-45.93 
5.17 

11.08 
10.02 

-49.51 
68.08 

-60.34 
61.07 

-58.62 
53.90 

-51.35 
54.63 

(tb)2c 

-68.06 
33.74 
22.08 

-51.10 
16.65 
39.32 

39.32 
-68.06 

33.74 
22.08 

-51.10 
16.65 

-59.62 
60.12 

-59.62 
55.78 

-53.37 
55.78 

ts3 
(tb)2(hc) 

-66.25 
34.99 
21.77 

-54.73 
23.11 
33.86 

34.07 
-66.46 

34.91 
22.11 

-54.56 
22.25 

-36.20 
-2.59 
10.13 
18.66 

-56.57 
65.62 

(tb)t 

-66.15 
34.03 
23.02 

-55.35 
23.02 
34.03 

34.03 
-66.15 

34.03 
23.02 

-55.35 
23.02 

34.03 
-66.15 

34.03 
23.02 

-55.35 
23.02 

TS 
bbb 

0.00 
-53.45 

53.65 
0.00 

-53.65 
53.45 

-53.45 
0.00 

53.45 
-53.65 

0.00 
53.65 

53.45 
0.00 

-53.45 
53.65 
0.00 

-53.65 

Figure 4. ORTEP drawings and the calculated (MM3) energy differences 
of transition state and minimum conformations of HOP (4), shown on 
its tentative ring inversion itinerary. 

The results, namely, the relative energies and ORTEP drawings of 
the minima and transition states, are depicted on the potential 
curve in Figure 4, and the dihedral angles are given in Table VI. 
The global minimum is, of course, the triple-chair (ccc) form, 
which starts the inversion process by going to the next minimum, 
the twist-boat/double chair ((ri)cc),29 through the first, half-

(25) Carothers, W. H.; Arvin, J. A.; Dorough, G. L. J. Am. Chem. Soc. 
1930, 52, 3292. 

(26) Sheldrick, G. M. In Crystallography Computing 3; Sheldrick, G. M., 
Kruger, C, Goddard, R., Eds.; Oxford University Press: New York, 1985; 
pp 175-189. 

(27) Sheldrick, G. M. SHELX-76, Program for Crystal Structure De
termination; University of Cambridge: England, 1976. 

(28) Senderowitz, H.; Golender, L.; Fuchs, B. Manuscript in preparation. 
(29) There are actually more than one such conformation, with lower 

symmetry and of similar energy. We ignore them deliberately, for the sake 
of clarity and brevity. 
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chair/double chair ((hc)cc),29 transition state. The third minimum, 
the double twist-boat/chair ((tb)2c),29 is attained through the 
second transition state, the twist-boat/half-chair/chair ((tb)-
(hc)c).19 The last, highest minimum is, as anticipated, the triple 
twist-boat ((Zi)3).

29 It librates copiously but can consummate its 
twist-boat pseudorotation dynamics only by inverting its helicity 
(around the C1-C6 bond) through the fourth and last transition 
state, having the triple-boat (bbb) conformation.30 From there 
on, the potential curve is the mirror image of that shown in Figure 
4 with enantiomeric conformational ground and transition states, 
leading eventually to the inverted triple chair (c*c*c*). The 
rate-determining step in the entire process appears to be repre
sented by the third transition state, but the earlier two are very 
close and each requires ca. 12 kcal/mol. This is a rather high 
value compared with the above quoted literature values for 1,4-
dioxane (9.7) and 1,4,5,8-tetraoxadecalin (9.8) as well as with 
our experimental overall AG* value. It is difficult at this point 
to be more accurate, both because MM3 is currently not so well 
parametrized for the gauche effect180 and because we cannot assess 
accurately enough the solvent and entropy effects (the calculated 
energies are of enthalpic nature in the gas phase). 

As to the central barrier (bbb transition state), it is well below 
the last barrier, and this justifies taking a transmission coefficient 
of '/2 i n t n e evaluation of the AG* value using the Eyring equation 
(vide supra). A more comprehensive treatment would have to 
include all the above mentioned carbocyclic analogues and some 
mixed analogues and is beyond the scope of this work. It will be, 
however, taken up in a forthcoming study.28 

Experimental Section 
2,5,7,10,11,14-Hexaoxa [4.4.4] propellane (HOP, 4) was prepared as 

reported previously' and recrystallized from ethyl ether. Its per-
deuterated derivative, HOP-(Z12, was analogously obtained from the re
action of ethylene glycol-rf4 (99% 2H), first with oxalyl chloride to give 
l,4-dioxane-2,3-dione-</4.

25 The latter (570 mg), ethylene glycol-^, (1.2 
g), and a catalytic amount of p-toluenesulfonic acid were dissolved in dry 
toluene and refluxed overnight with a Dean-Stark adapter. Evaporation 
of the solvent and chromatography on basic alumina (petroleum 
ether/chloroform 2:3) gave 35 mg of HOP-^12, containing ca. 1% residual 
1H. 

NMR spectra were taken on a Varian HA 100 spectrometer; chemical 
shifts are given in parts per million downfield from TMS and coupling 

(30) There are also other, higher transition states for inversion which, 
however, need not be considered here. 

constants in hertz. In the variable temperature 1H-NMR spectrum of 
HOP-(Z11, coalescence is observed at 243 K, and a chemical shift dif
ference of 28 Hz was measured at 163 K and down. 

Crystal Structure Analysis. X-ray diffraction data for HOP (4) were 
measured at ca. 20 0C on a CAD4 diffractometer equipped with a gra
phite monochromator, using Mo Ka (X = 0.7107 A) radiation and the 
di scan technique with a scan range of 0.9 + tan 9°. The cell constants 
and pertinent details of the experimental conditions are summarized 
below. Possible deterioration of the analyzed crystals was tested by 
frequently detecting the intensities of three standard reflections from 
different zones of the reciprocal space and was found negligible during 
the measurements. The data were not corrected for absorption or sec
ondary extinction effects. A very strong reflection which appeared to 
suffer from extinction (2,0,0) was excluded from the final calculations. 

The structure was solved by direct methods (SHELXS-86).26 Its re
finement was carried out by large-block least squares (SHELX-76),27 in
cluding the positional and anisotropic thermal parameters of all the 
non-hydrogen atoms. The hydrogens were included in the structure 
factor computations in calculated positions and were assigned a fixed 
isotropic temperature factor of U = 0.05 A2. The final refinements were 
based only on those observations that satisfied the condition F0

2 > Ia(F1), 
using experimental weights [w = a'2(F0)] and minimizing w(AF)2. They 
converged smoothly at relatively low discrepancy factors of R = 0.04. 
Final atomic coordinates of 4, bond lengths, bond angles, and torsion 
angles are listed in Tables IV and V, and its ORTEP drawing is shown in 
Figure 3. The crystallographic atom-labeling scheme is that commonly 
used for propellanes, as shown in formula 4. 

Summary of Crystal Data and Experimental Parameters. C8H12O6: 
M 204.18; space group PlxJc; Z = 4; a = 10.469 (4) A; b = 7.578 (4) 
A; c= 10.901 (3) A; /3 = 94.85 (3)°; V = 861.7 A3; d^ = 1.574 g cm"3; 
M = 1.28 cm"1; 20 limits = 54°; scan rate = 3°/min; 1709 unique data 
> 0, 1099 data with / > 3ff(7), F(OOO) = 432 e; R = 0.041; R„ = 0.043; 
|Ap|maj = 0.23; "goodness of fit" = 1.15 e. 
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