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nm, (+) CE near 385 nm; UV A_,, ~ 415 nm] of Figure 4 and
Table IV are in accord with selective complexation of cyclodextrin
with the left-handed chiral conformation, viz., 1A/C (Figure 1).

Similar conclusions favoring predominance of the left-handed
chiral conformation (Figure 1) are in accord with the following:
(1) the previously reported ICD bisignate CE [Aeggs ~ =4.7, Aeyyq
~ +3.0] of 3.4 X 1075 M bilirubin IX« in 7.24 X 1072 M sodium
deoxycholate at pH 8.0,' and (2) the CD data of Harmatz and
Blauer®® for selected albumin-bilirubin complexes, e.g., the
powerful bisignate CE [Ae,g; ~ =80, A¢yys ~ +21] for 2.5 X 107
M bilirubin IXe in 5.0 X 10~ M goat albumin at pH 9.8.
However, a predominance of a right-handed chiral conformation
appears to be indicated [bisignate ICD CE: Aeg0 ~ +53, A¢yyp
~ -33] for bilirubin IX« (2.5 X 107° M) bound to human serum
albumin (5.0 X 10 M) at pH 9.8. The order of magnitude larger
ICDs associated with the protein-bound bilirubin suggest a rel-
atively larger enantiomeric excess of pigment in the aqueous
albumin solutions than in the cyclodextrin or sodium deoxycholate
solutions. The stereochemical facets of the interaction of bilirubins
and pyrromethenones with protein (chiral solute), sodium deox-
ycholate (chiral micelle), and similar systems are currently under
further investigation in our laboratory.

The major, bisignate CEs observed for chiral conformations
of bilirubin and discussed above are not the only CEs observed
in bilirubin—cyclodextrin solutions. Other weak CEs can be seen
near 520 nm for solutions of 1 with C7A and C8A, but not C6A
(Tables I-III). These data suggest weak intermolecular electric
dipole coupling with other bilirubin pyrromethenone
chromophores—possibly the presence of dimers or higher ag-
gregates?¢ complexed with the larger cyclodextrins. Compared
with the aqueous solution data, however, complexation of bilirubin
to cyclodextrins in Me,SO solvent gives relatively weak mono-

signate ICDs with CE A, nearly coincident with the UV-vis A,,.
It thus appears that in Me,SO well-defined minimum-energy
conformers of 1 are not available for complexation with cyclo-
dextrin or complexation is more limited or less discerning than
in aqueous buffers.’® Curiously, when the Me,SO solutions are
slightly basified, weak ICDs that have signs opposite to those in
aqueous buffers can be detected.

Conclusion

Our CD studies show that enantiomeric intramolecularly hy-
drogen-bonded conformations of bilirubin can be complexed se-
lectively with cyclodextrins, with the left-handed chirality enan-
tiomer (1A/C) complexed preferentially. These results find close
parallels with and can explain the previously observed ICD of
bilirubin in sodium deoxycholate solution.!* Similar parallels may
be drawn to the complexation of bilirubin to albumin,!* where
bisignate ICDs are also found, and where selective association of
the protein with enantiomeric conformations of bilirubin is
probably also important.
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Abstract: The structure of |,6-diaza-3,4,8,9,12,13-hexaoxabicyclo[4.4.4]tetradecane (hexamethylene triperoxide diamine or
HMTD) has been determined. The compound has a most unusual, exactly planar 3-fold coordination about the two bridgehead
nitrogen atoms, with N-C distances of 1.421 (8) A. It crystallizes in the trigonal space group R3m: a = 10.417 (5) A, ¢
= 6.975 (3) A, z = 3. The structure was refined by least squares to an R index of 0.034.

1,6-Diaza-3,4,8,9,12,13-hexaoxabicyclo[4.4.4]tetradecane
(hexamethylene triperoxide diamine or HMTD) was first syn-
thesized in 1885 by Legler.! It was soon found to be a powerful
initiating explosive and as such was studied by Taylor and
Rinkenbach of the Bureau of Mines.2 Although it is inexpensive,
easy to synthesize, relatively insensitive to shock (it requires a 3-cm
drop of a 2-kg weight to detonate, as compared to 0.25 cm for
mercury fulminate), and more powerful than most initiating ex-
plosives, HMTD slowly decomposes when stored and so is not now
of commercial or military importance.

We were first attracted to HMTD by a stick model of the
molecule that suggested there might be a central cavity toward
which some lone pair electrons from the oxygen atoms were
pointing (Figure 1). The possibility of capturing protons in the
cavity, as is known for 1,6-diazabicyclo[4.4.4]tetradecane,’ im-
mediately came to mind. We began a crystallographic study to

(1) Legler, L. Ber. 1885, 18, 3343-3351.

(2) Taylor, C. A; Rinkenbach, W. H. Army Ordnance 1924, 5, 463-466.

(3) Alder, R. W, Orpen, A. G.; Sessions, R. B. J. Chem. Soc., Chem.
Commun. 1983, 999-1000.
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Table I Crystal Data for Hexamethylene Triperoxide Diamine
N(CH,0,CH,);N (C¢H;N,O¢)
M, 208.17
space group R3m No. 160
a= 10417 (5) A
c=6975(3) A

rhombohedral axes
a=6448 3) A

V = 655.5 (12) A? a = 107.76 (3)°

F(000) = 330e V= 2185 (4) A?

Z=3 Z=1

p(caled) = 1.58 g cm™ pobsd) = 1.57 g cm™ (ref 2)

Mo K&, 0.71073 A w(Mo Ka&), 1.53 cm™!

T =21°C (Urmax = 0.03)

determine the size and configuration of the cavity; our results are
reported in this paper.

Expermental Section
Caution: HMTD is a powerful explosive, The synthesis of HMTD
itself is quite facile.* Fourteen grams of hexamethylenetetramine is

(4) Davis, T. L. “The Chemistry of Powders and Explosives”; Angriff Press:
Hollywood, CA, 1943.
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Figure 1, Stereoview of HMTD prepared by oRTEP.* Thermal ellipsoids enclose 60% of the electron probability; hydrogen atoms were assigned an

arbitrary, small thermal parameter.

Table I, Final Heavy-Atom Parameters for HMTD
atom X y z U POP®

N() 0 0 ~0.2309 0.0410 (10) 3.0
C(1) 0.1156 (6) 0.1512 (7) -0.2301 (11) 0.0518 (16) 9.0
O(1) 0.1864 (4) 0.2090 (4) -0.0531 (10) 0.0525 (11) 9.0
O(2) 0.0829 (%) 0.2281 (4) 0.0673 (11) 0.0511 (12) 9.0
C(2) 0.0785(2) -x 0.2448 (8)  0.0420 (8) 9.0
N@2) 0 0 0.2413 (10) 0.0337 (9) 3.0
Uy = l/JZiZj[Uij(ai*aj*)al‘aj]' oUy = (1/61/2)(0Uii/Uii>Ueq'
®The number of atoms in the unit cell.

dissolved in 45 g of 30% hydrogen peroxide and stirred mechanically at
0 °C. Twenty one grams of powdered citric acid is slowly added while
the stirring continues. The mixture is stirred for 3 h at 0 °C and then
is allowed to warm to room temperature and stand for 2 h. The white
crystalline product is filtered off, washed thoroughly with water, rinsed
with methanol, and air dried. Yield is 50-70%. If larger portions are
made (greater than double the recommended amount), the product will
decompose exothermally while the solution warms. HMTD may be
stored under water with no risk of explosion and no increase in the rate
of decomposition. The rate of decomposition may be lowered by refrig-
eration. Anal. (C4H;)N,O() C, H, N.

A crystal (0.16 X 0.19 X 0.21 mm) that appeared satisfactory from
oscillation photographs was centered on a CAD-4 diffractometer and a
rhombohedral cell was found (Table 1). Unit cell dimensions were
calculated from the setting angles of 25 strong reflections with 22° < 24
(Mo Ka) < 36°; data were collected with graphite-monochromatized Mo
Ka radiation for all £4, £k, £/ with 268 < 50°, giving 1620 reflections.
The possible space groups (no systematic absences) were R32, R3m, and
R3m. The structure was solved by Patterson and structure factor-
Fourier techniques. The nitrogen atoms were located from a Patterson
map; attempts to find an ordered solution in space group R32 failed, but
a model in R3m refined to a final R index of 0.034 (R = ¥ |F, -
|FJ|/ZF.) and a goodness of fit of 2.84 (GOF = [Lw(F.2 - F2)?/(n~
)12, where n = number of independent reflections = 155 and p =
number of parameters = 39). The molecule was positioned with the two

e

107 3(5)’

Figure 2. View of the HMTD molecule showing some important dis-
tances and angles.

nitrogen atoms on a 3-fold axis and one carbon atom on a mirror plane.
The other carbon atom and the two oxygen atoms are disordered across
this mirror plane. All six atoms were refined with anisotropic thermal
parameters. The four hydrogen atoms were introduced at calculated
positions 0.95 A from the carbon atoms; they were repositioned twice but
their positions and assigned isotropic thermal parameters were never
refined. Final parameters are given in Table 11, bond lengths and angles
are in Table III or are shown in Figure 2, and the structure factors,
hydrogen parameters, and anisotropic thermal parameters are in the
supplementary material.

Bicyclic diaza compounds are conventionally described as having the
nitrogen atoms out or in, depending on whether the nitrogen lone pair
points away from or toward the “cavity” of the compound. HMTD, with
planar nitrogen atoms, cannot be described as out or in. We considered
the possibility that the planar geometry observed was the result of the
nitrogen atom being disordered between the in and out conformations.
Even though the anisotropic thermal parameters did not support such a
model, we positioned isotropic half-nitrogen atoms on either side of the
carbon atom planes and refined the entire structure; at convergence the
half-nitrogen atoms were only 0.26 (3) [N(1)] and 0.30 (3) A [N(2)]
apart or about 0.15 A from the carbon atom plane. This is the maximum

Table III. Bond distances (A) and Angles (deg) in HMTD and Some Related Compounds

compound
tricyclo- macrobicyclic
bond or angle HMTD carbon analogue® tetradecane® cryptand®
N(1)-C(1) 1.426 (8) 1.443 (3) 1.434 (1) 1.442 (2)
N(2)-C(2) 1.416 (8) 1.443 (3) 1.459 (1)
O(1)-0(2) 1.456 (8) 1.472 (1)
C(1)-O0(1) 1.432 (8) 1.520 (4) (C-C) 1.445 (1)
C(2)-0(2) 1.410 (9) 1.428 (1)
C(1)-N(1)-C(1) 120.0 (5) 115.5(2) 120.0 (1)
C(2)-N(2)-C(2) 120.0 (5)
N(D)-C(1)-0(1) 116.6 (5) 114.1 (2) (N-C-C) 115.5 (1) 112.8 (1) (N-C-C)
C(1)-0(1)~-0(2) 107.3 (5) 116.4 (2) (C-C-C) 106.0 (1)
O(1)-0(2)-C(2) 105.2 (5) 109.2 (1)
0(2)-C(2)-N(2) 115.7 (5) 1115 (1)
N(1)-N(2) 3.193 (7) 2.806 (3)
C(1)-0(1)-0(2)-C(2) 129.3 (5) 90.1 (2) (C-C-C-C) 100

2Reference 3. %1,2,7,8-Tetraaza-4,5,10,11-tetraoxatricyclo[6.4.1.137]tetradecane.” *N[(CH,),0(2,6-CsH;N)O(CH,),],N.3
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Figure 3. Drawings of the compounds mentioned in Table III.

separation we would expect based on the refinement with anisotropic
therma] parameters; we conclude that the appropriate model is the one
with single nitrogen atoms and a planar arrangement of carbon atoms
about each of them.

Results and Discussion

The unexpected finding of this structural analysis is the unusual
geometry about the two nitrogen atoms: each is planar within
experimental error. N(1) is only 0.006 (7) A out of the plane
of the C(1) atoms, while N(2) is 0.025 (8) A from the C(2) planeg;
the angles C-N-C are all 120.0 (5)°. A normal tetrahedral
nitrogen atom with N-C bonds of 1.47 A would be 0.49 A out
of the carbon atom plane. The best examples we have found of
similar geometries are in the closely related carbon analogues of
HMTD that have an in,in configuration? and the planar macro-
bicyclic cryptand prepared by Newkome® (see Figure 3). Other
compounds with out,in or out,out configurations or with the co-
ordination about nitrogen approaching planarity are known.® In
1,6-diazabicyclo[4.4.4]tetradecane (the “carbon analogue™) the
nitrogen atom is 0.311 (3) A from the carbon atom plane and the
C-N-C angles average 115.5 (2)°. While these values are far
from normal, the 120.0° angles found for the cryptand and HMTD
are even more unusual.

We can seek an explanation for this geometry in either steric
or electronic factors. Table III offers some insight into possible
steric differences among HMTD, the carbon analogue, and other
compounds with comparable structural features. If the explanation
is steric, one might expect that the strain that forces the nitrogen
atoms to be planar would evidence itself in other bond length or
angle distortions. But bond lengths, where directly comparable,
are shorter in HMTD than in the carbon analogue,’® and they are
everywhere shorter than in the relatively unconstrained tri-
cyclotetradecane.” Moreover, the bond lengths in the cryptand
are all close to normal values. The C—~O-O angles in HMTD are
normal, whereas the C-C~C angles in the carbon analogue are
7° larger than expected (and 10° larger than the HMTD angles).
We may partially rationalize this in terms of qualitative molecular
orbital models,”!® which suggest that the lone pair-lone pair
interactions between oxygen atoms in HMTD make enlarging the
bond angle more difficult than do the methylene bond pair-bond
pair interactions in the carbon analogue. Models show that de-

(5) Newkome, G. R.; Majestic, V.; Fronczek, F. R.; Atwood, J. L. J. Am.
Chem. Soc. 1979, 101, 1047-1048.

(6) See: Alder, R. W. Acc. Chem. Res. 1983, 16, 321-327.

(7) Whittleton, S. N,; Seiler, P.; Dunitz, J. D. Helv. Chim. Acta 1981, 64,
2614-1616.

(8) Johnson, C. K. orTEP Report ORNL-5138, Oak Ridge National
Laboratory, TN, 1965.

(9) Gimarc, B. M. J. Am. Chem. Soc. 1971, 93, 593-599.

(10) Deb, B. M. J. Am. Chem. Soc. 1974, 96, 2030-2044.
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creasing this angle moves the nitrogen atoms closer together, which
should be energetically unfavorable. The nitrogen atoms of the
carbon analogue are much closer together than those of HMTD,
however, an indication that it is not simply a nitrogen—nitrogen
repulsion that determines the geometry about the nitrogen atom.

The largest difference between HMTD and the comparable
compounds is found in the torsion angle C—-O—-O—C (or C-C-C-C
in the carbon analogue). In HMTD this angle is 130°, 30° larger
than expected in the absence of other effects. Closing this angle
down forces the two nitrogen atoms closer together and also
decreases the nonbonded O(1).--O(2) distance; both of these
interactions are unfavorable. In HMTD there is an additional
electrostatic repulsion between nitrogen atoms and oxygen atoms
that is not present in the carbon analogue, tending to keep the
torsion angle large. It takes little energy to open this angle!!!?
so this cannot be a major steric factor.

Electronic effects must represent some balance between the loss
in energy caused by the sp? hybridization of the nitrogen atoms
(rather than sp®) and the gain obtained by shorter C~N bonds.
Since isolated C3N systems are not planar, this balance must be
net negative, but it is more than compensated for by the other
factors. Considering only the differences between the carbon
analogue and HMTD, any electronic effects are limited to those
caused by a substitution of electronegative oxygen atoms for carbon
atoms in the bridges. The oxygen atoms would tend to withdraw
electron density from the region of the nitrogen atoms; if these
are sp? hybridized, the effect of the oxygen atoms is to lower the
energy of the electron pair in the p orbital. The N-C distances
are what one would expect for this situation; they are so short that
any pure sp’ hybridization is ruled out. Evidently the loss of
stabilization in changing from sp’® to sp? hybridization at the
nitrogen atoms is more than made up for by this effect and by
a decrease in unfavorable steric effects, primarily lone pair-lone
pair interactions. The fact that this planar arrangement has been
observed once before, in the macrobicyclic cryptand,’ leads us to
believe that it is a stable electronic arrangement for an attached
C;N fragment.

There is still the question of inserting a proton in the central
cavity of HMTD. The carbon analogue is protonated not by a
simple proton insertion but by a complicated transfer of a proton
from an a-carbon atom to the cavity, followed by protonation of
the carbon atom.!* Such a mechanism may not work for HMTD
because the lone pairs on the oxygen atoms will behave differently
than will the protons on carbon atoms, making the deprotonation
of the a-carbon atom more difficult. Evidently direct protonation
is not effective either; the material was synthesized in acidic
solution, but no evidence for a proton between the nitrogen atoms
can be found in the electron density maps. Thus, although the
cavity appears to be large enough to contain a proton, because
we have not been able to protonate it we infer that the oxygen
atoms protect the cavity well.
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