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It's a mystery to me-—-the game commences
For the usual fee-—-plus expenses
Confidential information——it’'s in a diary

This is my investigation——it’'s not a public inquiry

I go checking out the reports——-digging up the dirt
You get to meet all sorts i1n this line of work
Treachery and treason—-—there’'s always an excuse for it

And when 1 find a reason 1 still can’'t get used to 1t

And what have you got at the end aof the day?
What have vou got to take awavy?
A bottle of whiskey and a new set of lies

Elinds on the window and a pain behind the eyes

Scarred for life—-—no compensation

Frivate investigation

—-~-Mark Knopfler



—i11i-

ACENOWL EDGEMENTS

As has been told a thousand times before, there are too
many people I'm indebted to to ever have any hope of thank-
ing all of them here. I'11 try to cover the most important
(or perhaps the most pertinent) ones here, and my sincerest
apologies to those many deserving souls who have been
omitted.

The first person on the list has to be William .
Schaeter, who has helped me with my research (not to mention
many other things) from the moment I decided to try a crys—
tal structure. He has been a constant souwrce of encourage-
ment, and has given me many a kick in the pants when it was
sorely needed. I also must thank Richard E. Marsh, who has
an amazing flair for +finding my errors when I am at a loss
to do so. I could have never waded through all of these
structures without his helpf

Sunney I. Chan was of invaluable assistance with the
NMR experiments, and with research in general. Dennis A.
Dougherty gave me much needed help with NMR, molecul ar
mechanics, and MNDO. I also must thank Ken Houk and David
Spellmeyer at UCLA for running MMZ and MNDO programs for me
and giving valuable assistance in interpreting the results.

Man cannot live on research alone, and I would like to

thank all of the people who have made this other 10% of the



_._1 V-

day possible. First and foremost, I would like to thank
Denise Worthen, who gave me encouragement and companionship
throughout this venture, not to mention doing the dishes
once in a while. I could not have done all of this without
her. I would also like to thank all of the Chan group for
providing & great atmosphere in which to work and to not
work. I also want to thank the guys in the band, Dave
Blair, Alex Zorrilla, and Rill Banks, for helping me to f111
up my spare time and do something I 've always wanted to do.
Last but by no means least, I would like to thank my
parernts, who have spent endless time and money putting me
through Caltech. I could not have made it through college

without their suppori, monetary and otherwise.



ABSTRACT

l.6-di1aza~2,4,8,9,12,13-herxaoxabicyclol4.4.4]
tetradecane (hexamethylene triperoxide diamine or HMTD) was
found, by a single crystal x-ray study, to have planar
bridgehead nitrogen atoms. In order to study this
planarity, a synthesis was developed for HMTD analogs.
Crvstals structures were obtained for three of these
analogs, 1,6-diaza-3,4,8,%9-tetraotabenzo-
tricyclol4.4.2]Jdodec~11-ene (benzene tetramethylene
diperoxide diamine or BTDD), 1,8-diaza-10,11,14,15-
tetraoxatricyclolé6.4.4.027jhexadecane (cyclohexyl
tetramethylene diperoxide diamine or CTDD), and 1,4-diara-
2,4,8,9-heraoxabicyclol4.4.2]ldodecane (hexamethylene
diperoxide diamine o+ HMDD). These structures show that the
planarity at the bridgehead nitrogen atoms of HMTD is no
coincidence. MMZ, a molecular mechanics program, was used
to show that this planarityvis not expected from simple
force considerations. MNDO was used to model the molecule
considering molecular orbitals. Finally, nuclear magnetic
resonance techniqgues were used to obtain the energy of ac-
tivation for inversion of HMTD and to determine the nuclear
quadrupole coupling constants of the bridgehead nitrogen

atoms at different temperatwes, and thus their relative

planarity.
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CHAFTER I. INTRODUCTION

Medium—-+ring bicvyclic compounds are of great interest to
chemists at the present time. These substancees are ideal for
studying the effects of severe strainm upon organic molecules,
especially the configurations which these molecules will adopt.
This theszis presents the results of experiments on a rare sub-
ctlass of medium—-ring bicyclic molecules: those with several
peroxide qroups in the bridges and nitrogen atoms in the
bridaoeheads.

The: only one of the compounds discussed i1n this thesis that
has been known for a long time is HMTD. EBefore the experiments
reported 1n this thesis were performed, there had been no serious
attempt to obtain information pertaining to the structure of HMTD
(with the sole exception of one NMR spectrum: see Chapter 1I).
Since few crystal structures have been obtained for medium ring
bicyclic compounds (theivr conformations have been studied using
computers, for the most part), doing a crystal structure of HMTD
was an attractive idea. On the basis of the interesting results
of this experiment (that the bridgehead nitrogen atoms were
planar), and the fact the these results were poorly understood, a
synthesis was developed for similar compounds. Three of these
compounds were made (BTDD, CTDD, and HMDD), and a crystal struc-
ture was solved for each.

These crystal structures confirmed the fact that the
preferred angle between peroxide containing bridges as measured

at the bridgehead nitrogen atoms is 120°. Furthermore, the trend
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of short bond lengths, first seen in HMTD, continued in each of
these molecules. At this point, it seemed appropriate to further
investigate the effects that cause the planar nitrogen
phenomenorn. Computers were used to predict the structure of HMTD
both classically and with semi-quantitative molecular orbital
theory (in order to study electronic effects). These calcula-
tions suggested that both steric and electronic effects play a
part in determining the structure of HMTD.

Once the static, solid state structure of these molecules
had been determined, an obvious problem to tackle was the confor-
mation of HMTD in solution. A proton NMR study was undertaken to
determine the rate constant for ring flipping in HMTD, which
could be expected to provide information concerning its conforma-
tion in solution. This process was in fact found to have two
rate constants, which suggested that HMTD adopts different con-
formations at different temperatures in solution. Finally, a ®*4n
linewidth study was performed in order to get information about
the relative planarity of the bridgehead nitrogen atoms at dif-
ferent temperatures, and to ‘see how well this information was
correlated with the proton NMR results. The bridgehead nitrogen
atoms were found to be planar at low temperature and to move away
from planarity at a higher temperature, with the same sharp break

in slope seen in the proton experiments.



CHAFTER 11. HMTD

A. Introduction

1,6-diara-%,4,8,9,12,13-hexaorabicycliol4.4.4]ltetradecane
(hexamethylene triperoxide diamine or HMTD; see Figure 1I1-1) was
first synthesized in 1885 by Legler?. It was soon found to be a
powerful initiating explosive and as such it was studied by
Taylor and Rinkenbach of the Bureau of Mines2. Although it is
inexpencsive, easy to synthesize, relatively insensitive to shock
(1t regquires a Z-cm drop of a 2-kg weight to detonate it, as com-
pared to 0.25 cm for mercury fulminate), and more powerful than
most initiating explosives, HMTD slowly decomposes when stored
arnd so 1s not now of any commercial or military importance. HMTD

has gone largely unnoticed since this study.

NE——0-0~__N
0-O

HMTD

HMTD.

Figure II-1
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HMTD belongs to the group of compounds known as medium ring
bicyclic compounds: bicyclic systems containing only 8-11 mem-—
bered rings. There are only 10 possible basic skeletorns for such
compounde-—[3.3.33, [4.4.21, [4.3.31, [5.4.23, [S.2.33, [4.3.31,
[6.32.27, (524031, [4.4.43, and [5.4.43. There are three
properties which make medium ring bicyclic compounds especially
interesting: (1) high strain and unusual structures; (2) inside-
outside isomerism; and (3F) encapsulation of small species such as
H+. =

Creating a new bridge in an already strained medium ring
monocycle is perhaps the most strain-enhancing trick one could
play on it. For example, the strain energy per carbon atom in
cyclodecane is S kJ mol~*4  and the average C~-C-C bond angle is
116.7=> 1f a four—-member bridge is added to form the out,out
isomer of bicyclol4.4.4]1tetradecane, the strain per carbon atom
leaps up to 17 kJ mol~* and the average C-C-C bond angle becomes
119= =,

Another interesting facet of strain in these systems is that
any process which allows outwardly pyramidalized bridgehead atoms
to move toward planarity or pyramidalize inward brings con-
siderable relief of strain. For example, l-chlorebicyclol3.3.31]
undecane solvolyzes about 102 times faster than t—~BuCl in aqueous
alcohol, corresponding to the relief of 28 kJ mol—?* of strain
energy, while t-chlorobicyclol4.4.41tetradecane, it has been es-

timated, will solvolyze about 107 times faster than the t-Eull,

for a relief of 62 kJ mol—2 of strain.®

Inside-outside isomerism refers to the orientation of the
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bridgeliead atoms with respect to the central cavity ot the
molecule. A molecule in which both of the bridgehead atoms point
into the cavity 18 termed in,in. I{f both of the bridgehead atoms
point away from the cavity, the molecule is termed out,out, and
1f one bridgehead pointe inward and one outward the molecule is
termed 1n,out Figure 11-2). The bridgehead isomerism plays an
important role in determining the strain of the molecule. A case
in point is bicyclol4.4.41tetradecane. The out,out isomer of
this molecule has a 4Hy of -41 kJ mol~?, whereas the in,out
isomer has at Hye of —91 kI mol~2 and the in,in isomer has a 4H,
of -32 kJ mol~* (which is only slightly worse than the out,out

isomer despite close hydrogen contacts).=

out,out in,out in,in

Fossible nitrogen bridgehead conformations for bicyclic

molecules.

Figure 11-2
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A question of great interest to many chemists is the iden-
tity of the smallest system that can encapsulate a proton, the
smallest ion. Many medium ring bicyclic compound studies have
been aimed at solving this question”.®.,¥.10,11,12 The smallest
known encapsulating agent to date is 1,4-diazabicyclol4.4.4]
tetradecane”, the "carbon analog"” of HMTD. The fact that these
two systems are almost egual in size suggests that HMTD also
might be able to encapsulate protons. The conditions under which
the carbon analog can be protonated, however, are too strenuous
to use with HMTD.

Another great problem in the study of medium ring bicyclic
compounds 1s the relative difficulty of their synthesis. It is
clearly rather unfavorable thermodynamically to create such
strained systems, and reaction sequences must be carefully
designed to allow no alternate pathways™>. In general, medium
ring bicyclic compounds are generated in vigorous, relatively
low-yield reactions. The synthesis for HMTD, on the other hand,
is guite facile?®, which raised questions as to the proposed
structure®“. Although the séructure was investigated by means of
infrared spectroscopy®®, no conclusive structural evidence was
presented until Urbanski took a proton NMR spectrum showing a
singlet at a chemical shift of 4.83 parts per million®., X-ray
crystallography seemed the perfect tool to further investigate

this question.



K. Experimental

Fourteen grams of hexamethylenetetramine (HMTA) is dissolved
in 45 g of I0% hydrogen peroxide and stirred mechanically at O°C,
Twenty-one grams of powdered citric acid is slowly added while
the stirring continues. The mixture is stirred for three houre
at 0=C and then is allowed to warm to room temperature and stand
for two bhours. The white crystallimne product is filtered off,
washed thoroughly with water, rinsed with methanol, and air
drried. Yield is S50-70%. If larger portions are made (greater
than double the recommended amount), the product will decompose
exothermally while the solution warms. The progduct may be
recrystallized from amyl acetate. HMTD may be stored under water
with no risk of explosion and no increase in the rate of decom-
position.

An elemental analysis of the product showed the following

percentage composition:

Element Expected % Observed %
(8 34,62 24.67
H 5.81 5.88
N 13.46 13.40

A proton nuclear magnetic resonance spectrum was taken at

500 MHz on a Bruker WM-500 machine. The spectrum showed a single

peak at a chemical shift of 4.8 parts per million, in agreement

with Urbanski ‘s experiment!®, There was little evidence of the
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peal being anything other tham a singlet. In addition,

frared spectrum was taken showing peaks at 141%9cm™—?

[] 1365Cm—1

an in-

?

13258em™*, 128%cm~, 1257cm™1, 1234cm~1, 105Zcm™', 102icm~?,

F47cm—*, B&Bcm~™*, 771cm™', and 71Bcm—* (Figure I1I1-3).

CHC1, HMTD
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A crystal (0.16 x 0.19 x O.21 mm) that appeared satistactory
from oscillation photographs was centered on a CAD-4 diffrac-—
tometer amd a rhombohedral cell was found (Table II-1). Unit
cell dimensions were calculated from the setting angles of 25
strong reflections with 222426 (Mo ko) 236®. Data were collected
with graphite-monochromated Mo Ko radiation (A=0.710724), 6-26
scans, 2°minT? in 2@ for all +h, +k, +1 with 204{50®, giving 1620
reflections. (5in8/ X)) man Was 0.59. Backgrounds were measured
tor each reflection at the end of each scan, and the average
background as a function of 28 was calculated and used to correct
measwred scan counts. Three high-intensity reflections were
monitored every 10,000 seconds for decay. A linear decay correc-—
tion was applied, amounting to a total crystal decay of 8.6% over
the time of the experiment. The possible space groups (no sys-
tematic absences) were R3IZ2, R3im, and R3Im. The structure was
solved by Fatterson and structure factor-Fourier techniques using
the programs of the CRYM system? (form factors from Interna-

tional Tables for X-ray Crystallography®® ) minimizing IZw(Fo2-

Fe=)=, No absorption correction was applied, Since Urpax wWas
0.03. There were 155 unique reflections. The goodness—of-fit

for the merging of this data was 1.99 (Sint=(2w(F°=;F;2)2/(n—
1))2*72) 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 (RdﬂFm—lFCH

/IF.) and a goodness-of—-fit of 2.84 (S=[Iw(F,T-F.%)Z/(p-p)1r’ =,
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Table II-1

Crystal Data for_Herxamethylenetriperoxidediamine

CbH b ZN;’Dé;
N(CH-0oCH=2) <N
M, =208.17

Space group R3m No. 160

Trigonal cell Rhombohedral cell
a=10.417(5H R a=6.448(3 R
c=6.975 () R a=107.76() e
V=655.5(12) &= V=218.5(4) A=

2=3 =1

FLOOO) =330

=

Dpm=1.37 g cm™= (ref. 2)
De=1.58 g cm™=
Mo Ka, *=0.719774

¥ (Mo ko )=1.83 cm™?
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where n= number of independent reflections=155 and p=number of
parameters=39). Individual reflections were assigned a weight w
based on counting statistics plus a factor (0.0141)2 to account
for errors proportional to intensity (0.014 chosen by considering
duplicate measuremente). The weights of merged reflections were
obtained by standard propagation of error plus an additional
term, (O.OI4T)2, to account for instrumental and other errors.
(A0 man wWas 0.0, The molecule was positioned with the two
nitrogen atoms on a I-fold axis and one carbon atom on a mirror
plane. The other carbon atom and the two oxygen atoms are disor-—
dered across this mirror plane. All six atoms were refined with
anisotropic thermal parameters. The four hydrogen atoms were in-
troduced at calculated positions 0.95% from the carbon atoms;
they were repositioned twice, but their positions and assigned
isotropic thermal parameters were never refined. These hydrogen
positions suggest that the proton NMR spectrum ought to show an
AB pattern, implying that in solution at room temperature the two
chiral forms of HMTD interconvert rapidly to converge the signal

into one singlet peak.
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C. Structural Results and Discussion

The most important finding of this x-ray study is that the
bridgehead nitrogen atoms cannot be described as "in" or "out'":
each 1= plamar within experimental error. The possibility that
the planar geometry observed was the result of the nitrogen atoms
being disordered between the in and out conformations was con-
sidered, even though the anisotropic thermal parameters did not
support such a model. Isotropic half-nitrogen atoms were placed
on either side of the carbon atom planes and the entire structure
was refined again; at convergence the half-nitrogens were only
0.26(0 A IN(1)] and O.20((3)A [N(2)1 apart or about 0.158 from the
carbon plane. This is the maximum separation expected based on
the anisotropic thermal parameters, so one must conclude that the
appropriate model is the one with single nitrogen atoms and a
planar arrangement of carbon atoms about each of them.

The bond lengths and angles in the molecule are also of in-
tereszt. The nitrogen-carbon bond lengths average 1.421(8)&, in-
dicative of an sp® hybridization at the nitrogen atoms. The
carbon—-oxygen bond lengths average 1.421(9)&, a bit shorter than
the 1.432& one would expect based upon the structures of other
organic peroxidesi®.20,.21,22.23,24,28,26,27,208.27, The peroxide
bond lengths are also short at 1.456 ()& (as compared to the
1.479& expected from the same structures). The carbon—oxygen-
oxygen bond angles average 106.3(5)e, slightly smaller than the

107.8 expected from these studies. The peroxide torsion angle is

129.3(5)=: although this angle is 292 larger than expected in the
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absence of other effects, it takes little energy to open this
angleS®.s1

Final parameters are given in Table I1I1-2, Bond lengths and
angles 1in Table 11-3, anisotropic thermal parameters in Table II-
4, hydrogen positions in Table I1-5, and structure factors in
Table I11-6. A stereoview of HMTD drawn with ORTEF®2 is presented
in Figure 1I1-4; Figure II-5 shows some important distances and
arigl es.

A few other compounds exist with planar or nearly planar
nitrogen atoms (the "expected" out of plane distance, if
trimethylamine is & representative compound, is 0.528==), pA1-
though the geometry of the carbon analog is similar to that of
HMTD®**, the bridgehead nitrogen atoms can definitely be termed
ingirm. The nmitrogen atoms in this molecule are 0.711 (3R from
the carbon plane and the carbon-nitrogen—carbon angles average
115.5(2)e,. While these values are far from normal, the 120.0<
argles in HMTD are even more unusual. Newkome=®¢ has prepared a
macro-bicyclic cryptand with planar bridgehead nitrogens (Figure
1I1-6). Unfortunately, however, this compound is not very similar
to HMTD, which limits its usefulness in this investigation.

Other compounds with in,out or out,out configurations or with the
coordination about nitrogen approaching planarity are also

known™=.
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A stereoview of HMTD.

Figure 1I-4

Important distances and angles.

Figure 1I-5
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The macrobicyclic cryptand. The tricyclo tetradecane.
Figure 1I~6 Figure II1-7

An explanation for this unusual geometry may be sought in either
steric or electronic factors. Table II-T offers some insights
irto possible steric differences among HMTD, the carbon analog,
Newhome ' 's macrobicyclic cryptand, and a compound similar to HMTD,
1,2,7,8-tetraaza-4,5,10,11-tetraoxa-
tricycloléb.4.1.1=.7Jtetradecane™® (henceforth called the

"tricyclotetradecane"; see Figure I11-7). 1f 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. Bond lengths, where directly comparable,
however, are shorter in HMTD than in the carbon analog*?!, and
they are everywhere shorter than in the relatively unconstrained
tricyclotetradecane®®. Moreover, the bond lengths in the crypt-

and are all close to normal values, although space-filling models

of this compound show why the planar geometry may be sterically

favorable. The carbon-oxygen—-oxygen angles in HMTD are normal,
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whereas the carbon-carbon-carbon angles in the carbon analog are
7% larger than expected (and 10 larger than the HMTD angles).
This may be rationalized partially in terms of qualitative
molecular orbital models™®.37, which suggest that the lone pair-—
lone pailr interactions between oxygen atoms in HMTD make enlarg-
ing the bond angle more difficult than do the methylene bond
pair—-bond pair interactions in the carbon analog. Models show
that decreasing this angle moves the nitrogen atoms closer
together, which should be energetically unfavorable. The
nitrogen atoms of the carbon analog 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 com-
pounds is found in the torsion angle about the peroxide bond (or
the carbon-carbon-carbon-carbon torsion angle in the carbon
analog). As mentioned above, this angle is 129°, 30® larger than
expected in the absence of other effects. Closing this angle
down from 129° forces the two nitrogen atoms together and also
decreases the nonbonded 0(1)---0(2) distance; both of these in-
teractions are unfavorable. In HMTD there is an additional
electrostatic repulsion between nitrogen atoms and oxygen atoms
that is not present in the carbon analog, tending to keep the
torsion angle large.

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 carbon-
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nitrogen bonds. Since isolated CsN systems are not planar, this
balance must be net negative, but it 1s more than compensated for
by other factors. Considering only the differences between the
carbon analog and HMTD, any electronic effects are limited to
those caused by a substitution of electronegative oxygen atoms
for carbon atoms in the bridges. It 1s hard to imagine, however,
Jjust what type of electronic effects could make all of the bonds
short. The anomeric effect could be invoked for shortening the
nitrogen—carbon bonds (i.e., the nitrogen p orbital could be
donating electron density to the low-lying carbon-oxygen o*
orbital). This could do a lot as far as accounting for the ob-
served geometry: the nitrogen atoms might planarize in order to
achieve better overlap with the * orbital. This argument is
wealk, haowever, in that the anomeric effect would be expected to
lengthen the carborn—oxygen bonds, since electron density would be
pumped into an antibonding orbital. Furthermore, it is difficult
to imagine just what type of electronic effect could cause the
shortening of the peroxide bond, since any effect that works on
one oxygen atom muset work on the other. If electron density is
being pumped into each of the oxygen atoms, they should take on a
partial negative charge and repel each other, lengthening the
bond. There is a slightly better case for the withdrawal of
electron density, in that making the oxygen lone pairs "smaller"
might allow the atoms to move closer together to achieve better
overlap despite their electrostatic repulsion. Oxygen being the

most electronegative atom in the molecule, however, the

withdrawal of electron density would seem rather unlikely. Fur-—
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thermore, the nitrogen—-carbon bond lengths are extremely short,
rendering this explanation unlikely also.

It seems from these considerations that neither steric nor
electronic effects can entirely explain the observed effects.
Thus, three major points need to be addressed: (1) Is the unusual
geometry of HMTD simply coincidental? (2) What role do steric ef-
fects play in this geometry? and (3) What role do electronic ef-

fects play in this geometry?
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Table II1I-3

Final Heavy-Atom Farameters for HMTD

atom 3 v z Ve a® FOFP
N{1) O 0 ~-0. 2309 0.0410(10) 3.0
Ccn) 0.1136(6) 0.1512(7) —-0.2301(11) 0.051B((16) .0
0¢1) 0.1864(4) 0.2090(4) —-0.03310(10) 0.03525(11) 2.0
O{z2) 0.0B29(3) 0.2281((4) 0.0&673(11) 0.0511(12) .0
C2) 0.0785(2) -x 0.2448(8) 0.0420(8) 9.0
N(2) 0 0 0.2413(10) 0.0337(9) .0
a. Uaag=1/3L4 LLU,,(a,"a,")ay a,l Claaq=(1/6272) 00 /Usgaq

b. The number of atoms in the unit cell.
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Table I1-3
Bond Distances (8) and Angles in HMTD and Related Compounds
bond or carbon tricyclo-
angle HMTD analog tetradecane cryptand
N(1)Y-C(1) 1.426(8) 1.443(3) 1.474 (1) 1.442(2)
N(Z)-C(2) 1.416(8) 1.44%(%) 1.459 (1)
01 -0 1.456(8) 1.472(1)
cCaH -0 1.472(8) L S20(4) 1.445(1)
(c—-0

C(2)-0() 1.410(9) 1.428(1)
C1Y-N1)Y~-C (1) 120.0(3) 115.5(2) 120.01)
C(2)-N(2)-C(2D) 120.0(5)
N{1Y-C(1)-0(1) 116.6(5) 114.1(2) 115.5(1) 112.8(1)

(N-C-C) (N-C-C)
C(1)-0(1)~-0(2) 107.3(5) 116.4¢(¢2) 106.0(1)

(C-C-C)

C(1)-0(2)~-C(2)

O -C2)-NZ)

N(1)-N(2)

C(1)-001)~-0(2)-C(2)

105, 2(5)

115.7(5)

3.193(7)

129.3(9)

2.806(3)

Q0.1(2)
(C-C-C-C)

109.2((1)

111.5(1)

100
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Table 11-4
Anisotropic Thermal Farameters (x 104) for HMTD
Atom Uyr s Uzz Uz Uzz Uss Ugs
N{1) I59(20) Uisa 514(32) 1/2U . 0 0
ca) S08 (%) 447 (Z0) S580(473) 201(14) 77(24) 106(273)
01 417 (22D IGO0 S85(27) 65(21) 71(20) 4(19)
D2 SR7(47) 3T U18) 6H10(21) 2T2(18) 29 (273 6(18)
C 421 (17 Uyx 482 (235) 258 (Z20) -40(8) Uz
N(2) 268(17) Urs 476 (Z4) 1/2U s O o]

The form of the anisotropic

thermal parameter is

e;-:p[~'2'.72(U,,h‘-a"'*’+.... +2U;.;k1b"c")]
Table II-5
Hydrogen Farameters for HMTD
Atoin Y pod E
H(1A) 0.0743= 0.2096 -0.2719 4.0
H(1R) 0.1891 0.1606 -0.3%187 4.0
H2a) 0.1777 0.1888 0.2821 4.0
H((2B) 0.03731 0.1880 0.32379 4.0
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Table II-6

Structure Factors {for HMTD

The columns contain, in order, 1, 10Ff.,, 10F.,

and 10{(F L T=F =)/ olF,=)}.
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CHAFTER III. BTDD, CTDD, and HMDD

A. Introduction

Ferhapes the most sensible way to investigate whether or not
the geometry found in HMTD is accidental is to synthesize and
study similar compounds. A few similar compounds had already
been synthesized at the time the crystal structure of HMTD was
completed: the tricyclotetradecane™S, a peroxide—-containing urea
adduct, and a similar ethylamine adduct™®®. The tricyclo
tetradecane is the only one of these compounds which has been
characterized; the other two exist as oils which decompose
rapidly. Since these last two compounds are of little crystal-
lographic use, a synthesis had to be developed in order to make
new analogs.

The synthesis of HMTD, for all intents and purposes, makes
use of only two substances: HMTA and hydrogen peroxide. HMTA,
however, is simply an adduct of formaldehyde and ammonia (Figure
I1I-1), suggesting that similar reactions may be run using other
nitrogen—-containing compoundsl It 1 reasonable to assume that
the mechanism of the HMTD reaction revolves around ammonia con-
densing with formaldehyde followed by a nucleophilic attack by
peroxide. This ig borne out by the synthesis of the
tricyclotetradecane and the other adducts. In the former case
the reagents are hydrazine, hydrogen peroxide, and formaldehyde;
in the latter cases, the amines are reacted with hydrogen

peroxide and formaldehyde. The only constraint on these reac-
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tions is that the reaction mixture not be too basic (which ap-
parently catalyres peroxide decomposition).

It thus seemed reasonable to attempt similar reactions on
other amines. Monoamines are not of too much use in this
problem, however, as it does not appear that they would react to
produce polyovclic structures. The cbvious class of compounds to
try, then, was diamines. In particular, viscinal diamines seemed
to be an appropriate starting point, as these compounds are
gacily obtained and the close prodimity of the amine groups might
make the reaction more favorable than in other cases (i.e.,
geminal diamines and 1,n diamines where rn is greater than 2).
Furthermore, space-filling models showed that the sought after
structures were sterically reasonable (Figure II1I1-2 shows the
proposed reaction schemel. When the reaction was proven viable
with ortho-phenvlene-diamine, it was decided to synthesize a
series of compounds with varying degrees of freedom of rotation
in the two carbon bridge containing the two amine groups. The
reaction indeed proved viable in all non-hindered viscinal
diamines which were tested. .Thus, crystal studies were done on
the adducts of ortho-phenylene-diamine, 1,2-trars—-diamino
cyclohexane, and ethylene diamine, a series in which the bridge
in guestion went from being utterly rigid to being more or less

free to rotate.
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H,C=0

NH, >  HMTD

- HCit

A general reaction scheme for HMTD.

Figure III-1

R<NH,
I +H,0;+H,CO —>

R” “NH,

RIN@O
00
R’ N</

Reaction scheme for viscinal diamines.

Figure III-2
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1. ETDD

45g H=0= and 60ml formaldehyde solution (37%) are mixed and
cooled to 0<C. One gram of ortho-phenylene-diamine is added, and
the solution is stirred for one houwr. The fine white crystals
are collected and washed with ethanol. The compound may be
recrystallized from amyl acetate.

An elemental analyeis showed the following percentage

composition:

Element Expected % Observed %4
C 53.56 57,61
H 5.40 5.35
N 12.50 12.57

These data are consistent with those expected for 1,6-diaza-
3,4,8,9-tetraoxabenzo-tricyclol4.4.2]ldodec~11-ene (which has been
named benzene tetramethylene diperoxide diamine, or BTDD; see
Figure III-3). The density, measured by flotation, was 1.46(3)g
cm—=,

An irregular crystal, 0.33 x 0.33 x 0.44mm that appeared
satisfactory from oscillation photographs was centered on a CAD-4

diffractometer and an orthorhombic unit cell was {found
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Table III-1}

Crystal Data for Benzene Tetramethylene Diperoxide Diamine

C 1 OH 1 zN;_an
Mo=224. 20

Space aroup Pbca No. 61

Orthorhombic cell
a=7.635(1 R
h=11.041 (1) A
c=24.249(2) &
V=2044.1(6) R
=8

FOO0)=944e

Dp=1.46(3)g cm™=

D.=1.46g cm™=

Mo Ka, A =0.710738
(Mo Kal)=1.2Zcm™?
UE masnr=0. 079

T=21=C
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(Table III-1). Unit cell dimensions were calculated from the
setting angles of 25 strong reflections with 19<26<21° and
refined by least sqguares. Data were collected with graphite-
monochromated Mo Ka radiation (A=0.71073A), 0-28 scans, Z2°min—?
in 26, with 4<26150°, (2iNB/ ) max Was 0,59, Backgrounds were
measured {for each reflection at the end of each scan, and the
average background as a function of 29 was calculated and used to
correct measured scan counts. 3950 reflections were collected in
the +h, ky, 1 octants (h -9 to 2, k O to 13, 1 0 to 28). Three
high-intensity reflections were monitored every 10,000 seconds
for decay, showing a linear decay of 0.14%/hour (7.29% total) in
F magnitudes. The systematic absences, Okl, k odd, hOl1, 1 odd,
and hk0O, h odd, and the unit cell dimensions indicated orthorhom—
bic space group Pbca. 1785 unique reflections were used in the
structure refinement with no reflections deleted. No absorption
correction was applied, since Urmaex Was 0.039. The goodness—-of-
fit for the data merging (S;n~e is the RMS value of (Iw(Fs=-
Fo2)2=/(rn—-1))172) was 1.03. The structure was solved with MULTAN-
78=%. H atoms were placed at calculated positions and not
refined (a 0.958 bond length was used). 143 parameters were
refined minimizing IZw(Fa=-F<2)= with the programs of the CRYM

system?®? (form factors from International Tables for X-ray Crys—

tallography ®). The final R factor for Fo30 (R=0F. +Fdl /3F)

was 0.0707, and the final goodness—of-fit (8§=F w(FoZ-Fc2)=/(n-
p)1i72) was 2.97 (both from the final converged least squares
fit). Individual reflections were assigned a weight w based on

counting statistics plus a factor (0.0141)% to account for errors
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proportional to intensity (0.014 chosen by considering duplicate
measuwremente). The weights of merged reflections were obtained
by standard propagation of error plus an additional term,
(O-Oqu)z, to account for instrumental and other errors.
(L/2 ) meax Was 0,07, ( 29 ) man was 0.3IBe/B~ and ( LD Vs was
-0.52e/8".

Orygens 1 and 2 were disordered between two orientations
with populations 0.835(8) and 1-0.825. Ouygens 3 arnd 4 were

similarly disordered with populations 0.588(7) and 1-0.58B.

N==< \
OO0

| \
OO
N___/

Benzene Tetramethylene Diperoxide Diamine

Figure I11-3
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ii. C7TDD

459 H=0> and &60ml formaldehyde solution (37%) are mixed and
cooled to O®C. Two milliliters of trans—1,2-diaminocyclohexane
is added, and the solution is stirred for one hour. The crystals
are collected and washed with ethanol. Recrystallization is from
amyl acetate.

An elemental analysis showed the following percentage

composition:

Element Expected % Observed %
C 52.16 52.48
H 7.88 7.75
0 12.17 12.2

These data agree well with the expected percentages for 1,B-
diara-10,11,14,15-tetraoxatricyclolé.4.4,.0=2-7Jheradecane (which
has been named cyclohexyl tetramethylene diperoxide diamine or
CTDD; see Figure III-4). The density, measured by flotation, was
1.33(4)g cm—=.

Two irregular crystals, 0.41 x 0.26 x 0.30 mm and 0.33 x
0.26 % 0.26 mm, were studied, due to decay problems. The crys-—
tals were coated with epoxy and oscillation photos were taken and
appeared satisfactory. The crystals were each centered on a CAD-

4 diffractometer, and a triclinic unit cell was found in each
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Table III-2

Crystal Data for Cyclohexyl Tetramethylene Diperoxide Diamine

Cl OH1 EN;_qu
Me=230.26

Space group F1 No. 2

Triclinic cell
a=b.948 (1) A
b=B.15% () &
c=11.124(2) 8
a=73.88(2)e
B=74.28(1)e
Y=68.97() e

V=559, 2 (4)R=

ry

—
-

FO00) =248e

Dm=1.33(4)g cm™™
D,=1.36g cm™=
Mo Ka, A =0.710738

ui{Mo Ka)=1.13cm™12



-35-

case (Table III-2). Unit cell dimensions were calculated from
the setting angles of 25 strong reflections (of each crystal)
with 19221, Each unit cell was refined by least squares, and
the final cell dimensions were averaged. Data were collected
with graphite-monochromated Mo Ko radiation (A=O.710735), -6
scans, £° min~! in 26, with 4<{26<50°. (5inB/ )) nan was 0.59,
Baclkagrounds were measured for each reflection at the end of each
scan, and the average background as a function of 26 was calcu-
lated and used to correct measuwred scan counts. 2110 and 2112
reflections were collected in the +h, +k, 1 and +h, +k, -1 hemi-
spheres (h -8 to 8, k -2 to 92, 1 O to 12 and -13 to O). Three
high-intensity reflections were monitored for decay every 10,000
seconde, showing linear decays of 0.3Z2%/hour (9.4% total) and

0. 40%/houwr (12,074 total) in F magnitudes. Two reflections were
deleted and 1961 unique reflections were used in structure solu-
tion and refinement. No absorption correction was applied, as p°
Fmax wWas 0.032, The goodness-of~-fit for the data merging (Sine
is the RMS value of ( W (Fo®-Fe2)2/(r-1))1/2) was 2.47. The
structure was solved with MULTAN-783®, H atoms were placed at
calculated positions and not refined (a 0.958 bond length was
used). 145 parameters were refined minimizing Iw(FoT=-F=)% with
the programs of the CRYM system®? (form factors from Interna-

tional Tables for X—ray Crystallography®). The final R factor

for For0 (R=IFo 4F=“/EF,) was 0.0732, and the final goodness-of-
fit (8=[ W(FoE-F=)2/(n—-p)I27=) was 3.60 (both from the final
converged least squares fit). Individual reflections were as-—

signed a weight w based on counting statistics plus a factor
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(0.0141)= to account for errors proportional to intensity (0.014

chosen by considering duplicate measurements). The weights of

merged reflections were obtained by standard propagation of error
plus an additional term, (0.0147)=, to account for instrumental
and other errors. (AO) man Was 0.0, (A0 Vmax was 0.64e/8= and

(C 32 ) mirm Was -0.3Be/R>.

Cyclohexyl Tetramethylene Diperoxide Diamine

Figure II1I-4
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iii. HMDD

45g H=20- and 60ml formaldehyde solution (3I7%) are mixed and
cooled to O=(. Two milliliters of ethylenediamine is added, and
the solution is stirred for one hour. The fine white crystals
are collected and washed with ethanol. The compound may be
recrystallized from amyl acetate.

An elemental analysis showed the following percentage

compaosition:

Element Expected % Observed %
C 40.91 40.95
H 6.82 6.69
| N 15.90 15.68

These data are consistent with those expected for 1,é6-diaza-
%,4,8,9-tetraoxabicyclol4.4.21ldodecane (which has been named
Hexamethylene diperoxide diamine, or HMDD; see Figure III-3).
The density, measured by flotation, was 1.44(2)g cm™=.

An irregular crystal 0.48 x 0.37 x 0.33 mm was mounted and
coated with epoxy. An oscillation photograph appeared satisfac-—
tory, so the crystal was mounted on a CAD-4 diffractometer and a
c-centered monoclinic cell was found (Table III-4). Unit cell
dimensions were calculated from the setting angles of 25 strong

reflections with 15<26<25° and refined by least squares. Data
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Table 111-4

Crystal Data for Hexamethylene Diperoxide Diamine

CoeHi2N=04
M-=176.17

Space Group C2/c No. 15

Monoclinic cell
a=11.937(1 &
b=5.864 (1) &
c=11.890(1)8
B=110.00(1)=
v=782.1(3) &=
=4

FAOOO) =27 6e

Dp=1.44(2)g cm™=

D,=1.50g cm™=

Mo ka, A=0.719738
WMo keo)=1.35cm™2
U man=0. 093

T=21°C
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Data were collected with graphite-monochromated Mo K radiation
(A=0.710738), ©-20 scans, 2°min—1 in 26, with 4{26<50°.
(8in®/ }) man was 0.5%. Hackgrounds were measured for each reflec-
tion at the end of each scan, and the average background acs a
function of 29 was calculated and used to correct measured scan
counts. 2767 reflections were collected over an entire sphere
with h -14 to 14, k -6 to 6, and 1 -14 to 14. Three high-
intensity reflections were monitored every 10,000 seconds for
decay, showing a linear decay of 7.5% in F magnitudes. The sys-—
tematic absences, hkl, h + k odd, and hOl, 1 odd, indicated space
group C2/c. 681 unique reflections were used in the structure

refinement with no reflections deleted. No absorption correction

N==< \
Q@ Q
OO

N___/

Hexamethylene Diperoxide Diamine

Figure 11I-5
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was applied, since W maeax was 0.093. The goodness—of-fit for the
data merging (8;,.¢ is the RMS value of (ZN(Faz—Ecz)z/(n—i))ifz)
was 1.15. The structure was solved with MULTAN-783®, The final
R factor for Fer0 (R=$tFg ~Fe /3Fs) was 0.0305, and the final
goodness—-of—fit (S=LIw(Fo=-F=)/(n—-p)12 =) was 3.7 (both from
final converged least squares fit). Individual reflections were
assigned a weight w based on counting statistics plus a factor
(0.0141)= to account for errors proportional to intensity (0.014
chosen by considering duplicate measurements). The weights of
merged reflections were obtained by standard propagation of error
plus an additional term, (0.014T)2, to account for instrumental
arnd other errors. (D/0 ) max Was 0O.06. ( AD Vmax Was 0.16 e/R&= and

(A0 Vmim wWas —0.19 e/R=.
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C. Structural Results and Discussion

Following are tables of data on BTDD, CTDD, and HMDD.
Tables 11I-3 through III-10 relate to BTDD. These Tables con-
tain, in order, final parameters, distances, angles, anisotropic
thermal parameters, and structure factors. Tables III-11 through
I11-16 give the same information on CTDD, and Tables II1I-17
through 1I1I-Z1 give the same informatiorn for HMDD (except for
hydrogern positions:; the hydrogens in HMDD were refined, so thece
parameters will be found in Table II1I1-15 rather than a separate
Table). In addition, Table II1I-22 compares important distances
and angles in HWHMTD, BTDD, CTDD, HMDD, and the tricyclo
tetr adecane.

Figure I11-6 is an ORTEF®= drawing of ETDD. Figure I1I1-7 is
an ORTEF drawing of CTDD. Finally, Figure I1II-8 is an ORTEF

drawing of HMDD.
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Table I1I1-S

Atomic parameters +for EBTDD

(X,y,%2 X 10%; U and Umg in 82 X 109)

atom X Yy z U or Uegq
Cy 7935 C3) 2485 () &0798(1) I8B6 (LY ™
C(2) @150 () 1555 () S986¢(¢1) RICIRETY R
£ 888Z(4) B20G () SSE7(1)  484(7)*
C4) 7442 (5) 6P () S201(1) 5778~
Ci3) 62494 1866 (3) SX15(1) 5858y~
Cis) 6507 (4) 2615(3) S761 (1) 497(7)*
(7 7778(4) 28683 7093(1) 8728
c8) 2415(4) 4262 (%) 6424 (3) 572(8)~
C(2) 107244 (4) 624 (3) 6817 (1) S20(7)»*
Cc1an) 12141 (4) 2084 (%) 6287(1) S86(7) ™
NC1) 8207 (3) 3286 (2) 6556 (9) 426 (5)
N(2) 10614 (3) 1358(2) 6Z41(9) 4245~
OC1a) QOS5I (3 2124(3) 73I6T(1)  S513(10)
O« 7944 (27) 1494 (14) T7174(6) T08B(&2)
O(2A) 8824 (2 874 (3) 71Z21<¢1) 493(10)
O(ZR) G671 (245 1475(15) 7302(6)  T712(56)
0(3A) 11011 (5) 4027 (%) 6210(2) S41(15)
O(3ZR) 11229(7) 3852(5) 6655 (3)  SBI(20)
0¢4R) 12017(5) 3254 (4) 6586(2) S51(14)
D(4R) 11905(7) 3IZ05(5) 6144 (2) 597(22)

* Uaq=1/3Is 30U, s(a"as™)asa,l.

OUaag=(1/6272){oU,y 4 /Uy s Uaqg-



Ce1)-C (&)

C1)y-C{&)

Ci1)-N1)

Ce2y=-C )

C(2)-N2)

C{Z3y-—-C4)

C{4)-C(3)

C(S) ~C &)

C{7)-0014A)

C(7)-0C1ED)

C(7)—-N({1)

C(B)Y-N(1)

C(8)-0(3A)

C(8)-0CIm

C(2)-0(¢2A)

C(9)-D(2E)

C(9)-NZ)

C(10)-N(2)

C(10)-0(4A)

C(10)-DB(4R)

0(1A)-02A)

O(1R)-D(2R)

0(ZA) -0<4A)

O((ZR)-D(4R)
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TABLE I1I-6

Complete distances

-

for BTDD

1.%97(4)
1.285(4)
1.425(%)
1.377(4)
1.427(%)
1.378(4)
1.373(4)
1.3276(4)
1.433(4)
1.535(16)
1.421(4)
1.427(4)
1.423(5)
1.509 (&)
1.420(4)
1.591(17)
1.426(7)
1.421(4)
1.484(5)
1.403(6)

1.481(4)

v

2}

1.3552

{

1.466(5)

1.472(8)
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TABLE III-7

Complete anqgles (®) 4or EBTIDD

C(&)Y-C(1)-C(E)

N{1)-C(1)-C(2)

N{1)-C{1)~-C(&)

CezH)-C2)y-C (1)

N(2)-C(2)-C(1)

N2 -C2)-C(3)

C4)-C(Z)y-C()

CE)-C4)-C ()

Ce)-C(S) -C(4)

CEHY-C6)-Co(1)

N(1)-C(7)-0(1A)

N(1)-C(7)-0(1R)

O(ZA)-C(8)-N(1)

OD(ZR)-C(8)—-N(1)

N{(2)-C(9)-0(2AR)

N(2)-C(9) -0 (2ER)

0¢4A)-C(10)~N(2)

ODEB)-C(10)=N(2)

02A)-001A)~C(7)

D(2E)-0(1B)-C (7)

001A)-0(2A)-C(9)

O(1B)-0(2B)-C(9)

1192.0(2)

121.0(2)

120.0(2)

119.4 (2

120.6(2)

120.1(2)

121.003)

119.7 (2D

119.9¢3)

120.9(3)

116.7¢(2)

114.8(4)

117.8(3)

109.9(3)

108.1(6)

1135.2(3)

117.3(3)

105.8(2)

97.20(12)

107.5(2)

98.9(12)



C(7)-NCLY-C (1)

CBY-N(1)Y-C (1)

CEI=-N{1)~C(7)

CE) N2 -0

C1Oo)=N2)-C()

CO1OY =N -UCA()

04 -0 (ZA) -C(8)

O4p) -0 (2R -C(8)

DEA)Y -0 4/ ~-C (1)

O 04 —-C (1)
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TABLE II1I1-7 Continued

118.6((2)
118.2(2)
119.4(2)
117.6(2)
120.002)
120.9(2)
104.8(3)
107.1(4)
103.7 (3)

107%.4(4)



Adnisotropic thermal parameters

atom

Ci1)

CZ

Cea)

C3)

Ci6)

C7y

O

C

Ce1o

N{1)

N2

The form

-46-

TABLE I11-8

for BTDD (in A= X 10°)

Ui
97 (1S)
2B6(14)
HOO(19)
725(21)
59T (20)
457 (17)
LETO20)
509G (1%)
545(19)
T67(17)

43513

UZZ

404 (159)

47T (16)

484(17)

617 (21)

638(21)

479(18)

615 (20)

464 ¢17)

S3I3(19)

729 (22)

424 (173)

911(14)

Ux=
357(14)
I29(14)
67 (15)
I0(15)
517(19)
554 19)
472(17)
654 (20)
481 (17)
661 (20)
421 (13)

408(173)

U=
-41(13)
-14(12)

200135)
~119(17)
-74<17)
26(14)
79 (16)
-8(15)
111015
J0(15)
-11(11)

34(10)

of the anisotropic parameter is

expl-212 U, h=a*=+,. ... +2U==klb"c™) 1.

Uy =
19¢12)
IB(12)
I2(14)

-71¢(16)
-176(15)
~56(14)
114(15)
6(16)
~75(14)
40(14)
49 (10)

-10(10)

Uz

24 (12)

IE(13)

~53(14)
~65(15)
97(18)

S5 (15)

~S51(16)

—93(16)

2¢18)

=3I

Z6(11)
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TABLE III-9

Hydrogen_ parameters for RBTDD (x,y. %z X10%)

atom X Y z B
HD) 5660 3228 5840 4.9
HA(Z) 559 1966 5087 5.2
H{Z) 7274 457 4891 5.7
H{4) Q707 198 5457 4.8
H(SA) 6724 2414 7064 3.6
H{SE) 6600 3094 7166 5.6
H(&6A) 7587 561 7317 S.6
H(6R) 854 3259 7347 5.6
H(7&) 9714 4534 6855 5.6
H(7ER) Q069 4314 6726 S.4
H<(8A) 8829 4892 6302 5.6
H(8E) 4273 452 6122 S.4
H(9A) 11376 717 7050 4.9
H(R) 11417 248 6918 4.9
H{10A) 10265 -195 6699 4.9
H({10R) 9494 20 6739 4.9
H(11AR) 123721 2244 5909 4.9
H(11R) 12860 1723 6015 5.4
H{12A) 13106 16473 64733 4.9

H(1Z2R) 12729 2066 66354 5.4



-48-

Table I111-10

Structure Factors for BTDD

The columns contain, in order, 1, 10F,., 10F ..,

and 10{(F . . *—¥F_T)/ o(F,.T)}.
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Table 8. Struecture Factors for BIID.
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Structure Factors for BIOID.

Table 8.
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Table 8. Structure Factors for BIID.
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1 209 199 33 10 58 57 2
3 114 111 10 11 35 34 3
$ 126 116 42 12 89 97 -23
4 40 40 13 13 58 1.} 3
5 115 119 19 14 67 62 12
6 1324 133 $ 15 35 46 -18
7 79 78 32 16 -} b4 34
8 107 103 17
9 9 3 3 s 11 1
10 150 188 40
11 151 151 0 1 40 57 -42
12 174 176 -6 2 -23 $ -20
18 1156 1186 -3 s .11 ] -5
14 109 110 -4 4 36 41 -10
15 38 42 -7 5 37 53 -3¢0
16 93 109 -52 6 44 48 -8
17 -81 9 -37 7 44 48 -10
18 0 19 -11 8 30 30 13
19 9 24 -15 9 3¢ $2 b
20 -21 12 -18 10 31 45 -28
31 10 12 -1 11 32 25 9
32 -5 7 -2 12 .13 31 -17
S 8 1 s 12 1
1 84 60 11 1 28 28 o
2 282 1271 S0 2 53 €2 -22
$ 3156 1211 13 S 73 68 14
4 85 35 19 4 14 12 1
5 92 8¢ 9 b -14 7 -7
8 134 135 S$2 ] 39 34 8
7 112 107 16
8 104 100 11 4 0 1
® 85 85 -87
10 194 194 1 0 469 473 -9
11 279 1270 24 2 15 18 2
12 87 72 -18 4 87 92 -25
13 $2 2e 10 6 480 451 2]
14 33 15 8 8 176 161 56
15 181 1127 15 10 211 205 322
16 -4 27 -23 12 15 22 -10
17 90 109 -33 14 -21 14 -28¢
18 -19 16 -20 16 113 113 2
19 -2 6 -1 18 74 81 -24
20 20 23 -8 20 -19 31 -3¢
22 -28 19 -88
S $ 1 ¢ 67 7¢ -3¢
1 180 128 ] 4 1 1
2 78 8% -85
$ 124 133 3 0 98 111 -67
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Structure Factors for BIID.
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SO~ AMNOVOMNNRI- e dab A L J"1 ¥ -ToTe% ")
S OPOD vl vt et v ) GO vy oy g Lol 1N 0 10N
. [ [ ) ] [} '
VRO RNA W IORCE e - AW R ©O O 0 2 a0
WEVO © v W 4 = © B Ot~ N OCONMYY™mIONIDL-"

g vf oy g ol o N g g -y
-
N NCNOWVPOR =D ™0 WA IR NCNW I DM
Gt OMNMNA~OOOO MNENOO® MNNONwIw
st odongog oy onf ooy »n [ R -y g -y
NN IYMO~00RO ~ NN NN VRO~V RO NN
Ol ol =4 o o=t o4 ot =t o=t 0 6N €8 04 lalal ok ]
WVISNBWVBNMNONI-A™~O NARWAOVDIWPI~ORNO
Lt 0D ety O 1D ™NE 8 w0
) . . [ [ ]
VOO ~MONUORWMN -~ PWWOWAPBDNRRO v
b SHOr-TveYrrOoOOnew HNMOVOORPNI~DO
~n " eded ety -t e Lol Lo L]
L]
O e 10 A0 © 8 = 4 O WD WD N O N —ADNOOMNND
MVRBMNOOVTPNOO~nmn " W O 0 I~ G0 P ¥ €0 80 vt
[, ] " e ey oy oy D MY . etewe b
NVPODVONYOLOOsw MNN VDO~ RO ~NNM
lala kol R Y Y . 1, ] V=4 v =t vy
RO OVVONOOFRTOONEOI~MMNMNN
¢ s WO |+ Dty " L MNMHNN I ey
' ] . [ ' [ I I} [
Oraen =~ NMNONI FHOV I~ CYRNEN
~oOw HOOTOVTWVVOWMNNOI WO N
€ vy [
[ -] »
NnOMmee TOWOWLVNBV~-RONINOMNO MW TN
~0© NANONPVIEO™NNOENNEO M
A [ €% 4 vy -y ) (] -«
[oF ¥+ Yol O™NMNNPVO~DBRO =~ " WO I~0
ot =t o 4 94 v vt vt v oo p=d ped of
O©rir-=00 WOANEVOONNONO-VWINW RN OID
o I R T S I CPNNrIO i NN NN | NN
L] [} [ I ] ) ) )
OCvOr~© — 903514‘79081335150533
Ww 0 WD WO~ CLM M N O © ¢ 0= 0 ¢I0 D N
[, ] -4 [ Ko ] ok <] ” ey
w
[l <R XoF 77651800‘885734038‘43
@ P = 00D WOeOONYm PNV O NN TN PO N
s - [ B R Y] X ] [ ] ’ L] ]
Qe w O AN PVUOIWARAO™MMUINO~W0RC
R Y ¥, ¥ lalala kol o R o R o R R Ty

NRWDN=NOMNO ™ O RN WAOMNMVOOORDMN PO NI - WWENOWLODO W P~
NNNNe~e »n 0D 0D ¢ [, 31 T NENY Y. ] (R O WD DTN
LI T ) L] [ I } [ ] 40 L] [ ] [ ] L LI ]
QAU MNYORY WrMONRWONRIARMMNOVOBPOONMTD I~ O "= 8¢ 80 ¥ 0710 I~ @0 € ¢
D wWWWOND -G RN PENIYYONTMNN RNANBBVOVONO NN
-y et =4 Vot =y v 08 o
[v-1
NI~ W= O Nk~ TR WOIRA I O MDD 02 © WD v 03 i I~ I~ P 8D ARANMONRNTOBORO
N CMNMNWBON® ANVt PRO vt 80 ¢ ¢ O 0408 00 08 oy NNNOBVO 09O 9
-4 ] w [} €S vt ;o ) [ B B ] [ ] " 0N w
WO RO M MANNTVOrFROARAOMMNNITVBOrOARAO ~t ol L A 1 ¥ -1 ¥ ¥ Y2 0 ¥
[l e L T Y Y. ) o vl o=d omd wod od oud 9ud oug o4 OQ OQ ol o g
OB HMAND 967‘061346513139150‘1‘7 el LI - Y- Y
€Avrd 1At = s 00 e Nt CNEMIPEE WM™ 08 L] TN PN i
L] L ] LI } LI | [ ] ] [} L | L] L} [}
W rd VN~ O W R+t OV VOO- VOO~ —rAODBNOR =~ €0 © v vd o @4 v b= Y &
A AT T - % KoY YO VO -HMONNMORAEmMr-OWWRDENn NN MeR L L LT Y Y. ¥
vt oy v OP et vy ey vt oy ] PN [ ] e
~ (]
OO W~WRN~O 032600‘80903086036811‘3 L lal=1 I . 8 L Y Y- X
DO P~ 6636’169617139241"11‘9 (=i 33 AL T
' -y M) s dvd v o oy oy g W0 eunn (o] [
WO~ RO =N HNAVROrOOO=MNNTVONROARAO ~MNN ol 1 2 1 -1 Y T. 7.
vt vt vt ved vt v 4N €N €N €0 lalalal L L T Y V.Y, ) .
YO ™MONWAOCVO=-IONAMN WONL ™ORN EO 0O Py BOr-nONBNI-©
MO rivivi P tN=M» [, ] RriNEt v Pe @ ¢+ Cotoi @O0 ¢ 3 2
LI I B R ] L] LI I T | [ LI I ) & 8 s 4 8 LI
ORI OO WWOMNDWL COr=CALD  wm VOOV COO™NMN Rt BVPOOPNOO~NO ~
€A 80 02 80 »4 4§ w4 ¥ A0 €D W 4D ) FO A0 0¢ RO MMN »n o =440 0 000 © =4 80 00 mi 00 00
-y L - vy
o -y C
(] oy
OWNNISNNONDAOFOORMO N CUES R i 0D v O 1D W =D \D €8 © 0 © i wd i > =40 D
"0 CVED ON vt v €4 W W 40 0D = €N €N AD v WO =t NN - o NYNBNNN 6
- -4 ¢ - [ ’ [ - ] [] o
QOrMNNITVONDAO ~MNNTIDO OtV RO 0RO ~ten (=L T . L 3 1" Y -1 ¥ 1.1
L ala Lo LT Rt o4 ot ot vy
N Y ‘0664105150053895053’61 NANMANYN YNNG Y
oo v ©OMNO 19 NEMNMO™~MY o e FUEVoiod s W 100 =W ¢ eS¢
] [ (R ] [ . . [ '} [] ] ¢ 9
L]
[ R X T NNNONI=SVRRNVRALWND~AONAON P~ = OBROROMNNDNBOYARY
-0 ndahaelalaled LT T 1 T T T 1 - T T™ QUMNDOPRNN~NPRRAO O v
lodotod et e L] -y @ viod @O
© *~
- - 96741354071565076384060 WO OO W i 03 ©O v €N 83 = 80 00 ¥
L ] O ERNAIBNNON IS i O M s we 4 04 OCOHMONVBDN~AETVOOOMNNN
s W et et g " e ey . . ¢ @ - €% 4 vnd vug o) @4 o4
lala g 01234567890123456789013 OO VOO I~WRO ~MINIDO
Lo X . X ] lllllllllll‘” =l ot o ood od g v=d



Page 54

Structure Factors for BITD.

Table 8.
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Table 8. Structure Factors for BIID.
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Table III-11

Atomic_parameters for CIDD (X 10%: U,. in B X 109%)

atom X Yy z Ua g

C( 7891 (4) 4108(4) 2117303 Z48(7)
C 5570 (4) 4645 (7)) 2L9TE) T2 &)
T 4274 (5) 6095 (4) 17329(%) 52489
C{4) S067 (6) T77254) 1244 (2 51009
Co TI79 (&) TIAEF(4) B64 (32 S14(2)
(&) BOETIA(D) 5745 (4) 1797 (3) 440(7)
Ce7 Q7TO(S) 840 (4) 256 4) 550(10)
C8) 9416 (5) 2565 (5) 4085 (4) 541 (9)
Cto) 4746561(5) 2001 (%) 2529 (4) S23(9)
Co1o 4553 (5) 2555 (4) 44611 (7)) 458 (&)
N(1) 9214 (4) 2517 (3 2R70(T) 418(7)
N2 4765 (4) I136 (3D I2ET () 262 (5
Gl BOF4 (4) 29 (%) 2807 () 642 (7))
O L7 IE(4) 1125¢3) 1868 () 702(7)
Q) 75684, 2897(3) 4988 () 608 (&)
(SRS 6579 (4) 1551 (3) 5099 () 537 (6)

Uaea=1/32:7 4LU, y(as"as™)as-ayl. Uaa=(1/6272)<n Uy 4y /Uy 4 U g



City—-Ccoy
Cair—0 &y
Cil)y—-N{D)
ey -0
C(rs—-NAID)
C(Ty T4y
Cid:-0{5
CoSy—Cibs
CA73-MN1)
730010
Ci8y-N1)
Coey -0l
Ci2) N2
C(wy=0{2)
CC10) —-NZ)
Coro)-04)
Q1) -02

0z -0wa)

1.5%7(4)

1.507008)

1.447(4)

1.516¢

15

1.46004)

1.5207 03

1.509 (%)

1.511 (5

1.4156(5)

1.444 (5)

1.405(3)

1.421(5)

1.39804)

1.425(5)

1.427(4)

1.4684)

1.458(4)

1.452(4)

Table III-12

R
in

-58-



C(H)-C(1)-C(2)

N1 -C(1)-C(2)

N(1)-C(1)-C(6)

CE-CH-C1)

N(2y-C(2)-C(1)

N(2)~-C () -C ()

C(4)-C(Z)-C(D)

C(SH)-C4y-C(Z)

C{&3-C(S)-C4)

C(5)-C(6)—-C(1)

8(1)-C(7)-N(1)

0(GH)—-C(B)-N((1)

023 —C()-N(2)

0(4)-C(10)~-N(2)

C(7)-N(1)-C (1)

C(8)Y-N(1)-C(1)

C(8)-N(1)-C(7)

C(R)—N(2)-C(2)

C(10)=N(2)-C(2)

C(10)-N(2)-C(?)

02)-0(1)Y-C(7)

0(1)-0(2HY-C(D)

0(4)-0(3)-C(8)

0 -04)-C(10)
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Table III-13

Complete angles

(=)

for CTDD

108.7(2)

114.3(2)

113.5¢C3)

109.9(2)

114.35(2)

114.0¢2)

109.8(3)

112.4(3)

112.0(3)

110.1 (33

117.203

117.3(3)

116.7 (%)

{1

115.5(3)
118.1 (%)
119.4 (3)
119.7¢3)

120.3(3)

G4

116.8(2)

120.2(3)

104.0(2)

107.7(3)

108.5(2)

105.3(2)

)]
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Table 1I1I-14

Anisotropic thermal parameters for CTDD (in 53~X 109)

atom Uia
Co1o z87017)
Cod) 256 (1&)

C ) 47918)

Ci4) &E45 (270

C5) 71324
C{&) 452018)
C{7) 4355 (20)
ca) 42020
C(9) 494 (21)
(R R 428(15)
N(1) I51014)
N 8L (14)
019 741¢17)
0 87&(20)
03 &S0C1T)
04) 611(15)

Uz
295015
287 (150
419(18)
S05(17)
I52017
422018)
77418y
S1821)
4735(20)
412017
2401(14)
I42(173)
401 (13
641(17)
667 (16)

464 (125

U-'!-B

256 (16)

60 (16D

476(19)

504 (21)

475 (20)

487 (19)

&678(24)

627 (24)

&76(24)

511¢21)

S16017)

401015

77719

725019)

S89(16)

D37 (15)

UIZ

-117(1Z)

=122(13)

-21(1%)

-100(13)

—245017)

-201(15)

{

-33(15)

IJ

~134(16)

-2120(1&6)

-189(15)

-63(11)

-182(11)

-190(12)

—322(015)

272013

-2z28(11)

U13

—-70(13)

-10Z(173)

-173(15)

-175(17)

-85(17)

-29(15)

-41(18)

=215(18)

-113{18)

—-65 (167

-82(12)

-82(11)

-152(14)

-154(16)

~-245(13)

-218(12)

The form of the anisotropic thermal parameter is

expl-212 (U, hTa%“=2+....+2U=sklb*c™) 1.

Ues
~37(12)
~29(12)

-33(15)

-32017)

617D
-138(18)
-10(1%)
-925012)
-28{11)
=72(13)
=217 (14)
-53(13)

81(11)
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Table I1II-15

Hydrogen parameters for CTDD (x,y,%z X10%; B in A%)

atom > Y z B
H1) =872 6442 2105 2.0
ROy 4447 5629 1014 Z. 0
H{Z) 4761 8251 2057Z W
FE(4) 47351 8365 687 3.0
H(5) 7784 8281 724 Z.0
H&D 7654 6878 1 Z.0
H{7) 8360 61328 2550 2.0

H &) 10067 54001 1428 3.0

Hi9) 8018 1729 1354 L0
H{10) 5479 5159 397 .0
H(11) 10847 14 2972 3.0
H(12) 10214 1002 1646 3.0
H(13) 9585 TS05 T996 .0
H(14) 10747 1451 4424 .0
H(15) %877 24698 1917 3.0
H(1é) 4222 1091 IOT70 I.0

H(17) I7I4 1802 4880 3.0

H(18) 3956 589 4972 .0
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Table I1I-16

CIDD

Structure Factors for

The columns contain, in order, 1, 10F., 10Ff_,

and LOU(GF,B~F )/ C{F," 01},
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An DORTEF drawing of CTDD.

Figure III-8
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Table III-17

Atomic parameters for HMDD (X _10%. U and Ueg in R= x 10%)

atom X Yy z Uag or U
Cc1) 10659 (1) SSOZ(2) 2533 (1) 27 (Z) =
BRG] 10747 (1) Z2L22( 1115(1)  ZF23(2)*
C{%) 8315(1) 1851 () 1728((1) ZI4(3) %
N(1) 111734 (1) IE45() DEIOSL) 2752y *
oc1) 9482(1) 232601 546¢(1) I55(2) =
02 QO71(1) 624 (1) 1219(1) I64(2)*
H(1) 11138013 60O28(22) T298((14) =181(27)
H2) 10772012 GLTH(R2Z)Y 1940 (12) Z11(27)
H {3 11108012 1065 (22) 1096(12) 296 (26)
H{4) 10947 (12) IHHP(22) 5BD(12) 3I1628)
H(S) 7745 (173 2729(24) 1069(12) 278(25)
H (&) 7928(11) GO5(22) 2002(10) 255 (25)

* U-q=1/3)3, ZJ[U;J(&;'BJ')&;'&_’]-

cUaq=(1/6*7Z)<{qUs 4 /U1 4 2Uaq
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Table III-18

omplete Distances (R) for HMDD

C(1)-N({1)

COyi—HOI2

CC1Yy—-H{Z)

cay-Cal

C{2)—-N{1)

C2y=0(01)

C2)-H )

Ci2)-H{4)

C(3)-02)

C(3)y—-H(S

C(Z)~-H (&)

C{Z3)-N(1)

0{1)-0{2)

#* These atoms are related by symmetry

1.449 (2}

0.245(15)

1.010014)

1.550{2)

1.415(1)

1.4322(1)

0.260(14)

0.9266(14)

1.440(1)

0.988014)

0.978(13)

1.417<¢2)

1.465(1)

(a

2-fold axis).



H(l)—;(l)—N(l)
HEY-C(1)-N((1)
C(1)-C(1)—-N({1)
H2)-C(1)-H<1)
C-Ca1)-HL
Co)=-C1)~HLZ)
O(1)-C(2)-N(1)
HZ)-C(2)-N((1)
H(4)-C(2)~-N(1)
H{Z -C2)-01)
H(4)-C{2)-0<(1)
H{4)-U(2)Y-H{Z)
H(5)-C(Z)-02)
H(6)Y-C(Z)-0(2)
N(1)-C(3) -0
H(6)-C (3)-H(S)
N(1)-C(Z)-H(5)
N(1)-C(3)-H((&)
C(2)-N(1)-C(1)
C(3)-N(1)-C (1)
CO3)-N(1)-C(2)
O(2)-0(1)-C (L)

C(1)-0(2)-C(3)
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Table II1I-19

108.6(9)
106.9(8)
116.5(1) »
106.0012)
108.5(9)
109.9(8)
115.5¢(1)
109.4(8)
111.5(8)
109.0(8)
101.4(8)
102.8(12)
106.7(8)
101.7(8)
117.8(1)
112.3(11)
108.9(8)
109.4(8)
118.1(1)
119.4(1)
120.2(1)
107.0(01)

105.3(1)



atom

Coh

C)

Ce

N{1)

0d1)

0

The form of the anisotropic thermal parameter
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Table III-20

Anisotropic_thermal parameters for HMDD (in &2mx 104)

Ull
I66(7)
J21 (&
2446 (6)
2655
Z48(3)

407 (5)

Uzz

241 (&)

I74(7)

404(7)

277 ()

451 (5)

J29 (5

Uxx
IQ7(7)
309 (6)
T45(6)

200 (5)

Uz
-S1(4)
-7 (%)
-41(5)
-9 (3

=35(3)

U=

162(5)

110(5)
96(4)

176 (4)

is

e:~:p[-—2w2 (U, 1hza~2+ “-ww .+2U2.—_-;k1b"’c") J.

=-24(5)

-15(5)

—-31(3)

-1Z(3)

13¢5

=69 (2D
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Table III-21

Structure Factors for HMDD

The columns contain, in order, 1, 10F,, 10F.,

and 10{(F . T—-F.2)/ O(F,.=)}.



-4 75 76 -5 -13 3 4
h 0 0 -2 11 7 20 h 1 4 -11 102 104
0 153 153 4 -9 112 112
2 865 816 65 2 211 217 -27 -13 -5 5 -20 -7 120 117
4 751 T8l -47 4 21 19 16 -11 96 92 39 -5 212 218
6 692 670 37 -9 41 41 -1 -3 806 807
8 815 820 .17 h 0 12 -7 233 234 -3 -1 169 168
10 -6 8 -85 -5 881 876 19 1 207 214
12 90 79 88 -10 165 165 -1 -3 45 44 15 3 202 1207
-8 48 45 30 -1 553 545 17 5 12 11
h 0 2 -6 344 338 26 1 705 680 44 7 66 61
-4 170 169 5 $ 113 115 ~-18
-12 86 - 82 30 -2 99 100 -10 5 388 386 6 h 1 10
-10 53 52 10 0 45 49 -44 7 116 119 -24
-8 179 176 18 2 56 58 12 9 27 2] 63 -11 63 e6
-6 123 121 14 11 54 50 43 -9 50 52
-4 518 5169 -1 h 0 14 -1 93 95
-2 348 339 28 h 1 5 -5 94 92
0 538 584 -103 -6 3 35 8 -3 148 150
2 590 619 -57 -4 170 158 61 -13 129 125 38 -1 31 28
4 407 403 10 -11 824 321 11 1 122 121
6 104 108 -41 h 1 v -9 32 85 -383 S 89 88
8 28 31 -3%4 -7 153 147 42 5 4 32
10 134 133 1 1 16 17 -34 -5 117 117 -1
12 8 4 9 $ 170 181 -83 -3 181 167 -41 h 1 11
5 35 82 51 -1 292 288 15
h 0 4 7 3 3 1 1 205 194 62 -11 119 116
9 17 17 0 3 165 170 -31 -9 43 48
-14 98 90 60 11 87 91 -87 5 90 94 -47 -7 178 177
-12 167 172 -25 18 20 22 -25 7 128 128 1 -5 282 282
-10 254 255 -5 9 84 87 -38 -3 20 22
-8 97 102 -45 h 1 1 -1 87 73
-6 5 0 14 h 1 6 1 39 39
-4 429 427 7 -13 29 29 -7 3 46 42
-2 17 12 62 -11 35 $7 -29 -13 76 70 65
0 171 190 -133 -9 70 69 22 -11 23 286 -42 h 1 12
2 121 110 91 -7 187 187 0 -9 197 198 -5
4 451 455 -12 -5 68 70 -19 -7 183 177 44 -9 18 17
6 158 155 17 -3 291 297 -29 -5 19 16 42 -7 76 74
8 37 42 -56 -1 942 871 92 -8 116 119 -26 -5 104 101
10 45 46 -8 1 511 553 -110 -1 232 230 8 -8 8
S 495 480 38 1 159 146 94 -1 99 99
h 0 6 5 400 388 45 3 149 156 -60 1 93 92
7 238 235 13 5 87 85 18
-14 -7 7 -28 9 57 56 12 7 15 12 21 h 1 13
-12 287 289 -6 11 81 76 58 9 16 14 13
-10 119 124 -40 -9 26 25
-8 223 221 9 h 1 2 h 1 7 -7 128 128
-6 15 15 4 -5 75 76
-4 16 0 90 -13 83 87 -42 -13 69 66 30 -3 130 130
-2 338 343 -19 -11 10 20 -105 -11 18 11 57 -1 85 91
0 463 440 66 -9 131 131 1 -9 280 281 -4
2 401 390 35 -7 12 9 35 -7 144 140 29 h 2 0
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An ORTEFP drawing of HMDD.

Figure 111-9
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Table 11122 compares average bond lengths, angles, torsion
angles, and out-of-plane distances among HMTD, BTDD, CTDD, HMDD,
the tricyclotetradecane, and "normal” values. The most striking
thiné that this table makes apparent is that the C-N-C angles of
HMTD, BTDD, CTDD, and HMDD are all 120° within two esd’'s. Fur-
thermore, the out-of-plane distances for BTDD, CTDD, armd HMDD are
all 0.13—0.145, much smaller than would be otherwise expected.
This 1s a strong argument that the planarity about the bridgehead
nitrogern atoms in HMTD (and the near planarity in the other three
compounds) i1s intimately associated with the peroxide groups.
Further inspection of the data for these fow compounds shows
that the 0-0 distances are all short (suggesting that electron
density is being withdrawn from the peroxides), all of the N-C
bormds are of approximately the same length (and all very short),
and the N-C-0 and C-D-0 angles are all quite similar. The only
major differences arise in the C-0 bond distances and the C-0-0-C
torsion angle. As stated above, it takes little energy, as far
as the C-0-0-C groups are concerned, to rotate about the 0-0
bond. Furthermore, the torsion angles in BTDD, CTDD, and HMDD
are very close to one another. With this in mind, one might pos-
tulate that the differences in this torsion angle are due to the
length of the third bridge. In order to better investigate this
theory, compounds with different bridge lengths must be syn-—
thesized and studied. Meanwhile, the qgquestion of the differences

in C-0 bond lengths remains to be answered.
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Table I11-22

Important Average Distances (&) and Angles (=)

1in Several Compounds.

HMTD | BTDD CTDDlHMDDITCTD Normal

0-O [1.456(8)[1.464(10)[1.455(4)11.465(1)[1.472(1)[1.479(2)
C-O [1.421(9)[1.452(17)[1 .440(5)[1.437(1){1.437(1)|1.432(3)
N-C [1.421(8)| 1.424(4)[1.412(5)]1.416(1)1.447(1)] ——
C-N-C [120.0(5){ 120.2(2){120.0(3)}120.2(1} —— 108
N-C-O [116.2(5)] 115.1(6)[116.7(3Y116.6(1)}113.5(1)] —
C-O-O [106.3(5)[105.1(12)|106.4(2)1 06.2(1){1 07.6(1)[107.8(3)
C-O-O-C [129.3(5)] 115.8(4)[114.7(3)}115.4(1) —
ool 0.0 0.13| 0.1 0.13] — 0.52
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The C-0 bond lengths in EBTDD, CTDD, and HMDD are slightly
longer thamn "expected"” from other organic peroxides (the bond
length in BTDD is apparently much longer than expected, although
the anertainty 1in this length is also rather large). In CTDD,
HMDD. and the tricyclotetradecane, however, this difference ics
b L e the order 0f a twocchundredth of are angstron. Althouag!
the anomeric etfect creates no “"standard"” amount of bond
lerncthening, 0.0058 is too small of a difference in length to
make the anomeric effect alone a credible explanation for the
strange geometries observed in BTDD, CTDD, and HMDD. Neverthe-
less, these lengthenings do suggest that the anomeric effect per-
haps should be invoked as one factor in any explanation of this
phenomenon.

The structures of BTDD, CTDD, and HMDD do make one thing
certain: the geometry observed in HMTD does not arise out of any
kind of accident or coincidence. The C-N-C bond angles between
peroxide bridges are invariably 120®, and the same bond lengths
(with the exception of C-0) are short in these moleculez and
HMTD. Thus, the remaining structural puzzle is determining to
what degree steric and electrénic effects influence the geometry

of these molecules.
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CHAFTER IV. MM2 and MNDO Models

A. Introduction

One wes to investigate steric and electronic effecte in
relatively simple molecules is through computer simulations.
Steric effects and the like may be investigated with a purely
classical force-field approach, whereas reasonable studies of
electronic effects need to take molecular orbitals into con-
sideration. One first attempts to make a classical model, and if
this model is not accurate then guantum—mechanical (or semi-
quantum-mechanical) methods may be applied.

Classical molecular mechanics programs look at molecules as
sets of space-filling "balls" (atoms) which are connected with
"eprings". By adjusting the parameters for these "springs', one
can specify desired bond lengths, angles, and torsion angles all
with their accompanying force constants). Furthermore, electros-
tatic and non—-bonded interactions are taken into consideration.
The programs calculate total séeric energies for the molecule,
and then set about changing configurations in such a way as to
minimire this total energy.

fuantum-mechanical molecular modeling programs work in a
similar manner, in that the total energy is minimized in order to
find a preferred conformation. The major difference is in the
method used to minimize the energy; these programs calculate
molecular orbitals and use these for the minimization procedure.

Theoretically, a much more complete model of a molecule can be
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fashioned 1n this way. One major drawback with this method,
however, 1s that it can be very difficult to understand why cer-
tain effects arise. In cases such as this, it is helpful to
simul ate similar compounds alsc; with luck, the differences be-
tweer. thi bnowrn propertiee and the calculated properties of tho
molecule being studied and the similar molecules can make evident
just what types of electronic effects are coming into play and

what they are doing to the molecular conformations.
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HMTD was modeled using a molecular mechanics program, MMZee
*41 The program’s standard bond lengths and force constants
were used where available. In addition, parameters were added
for 0-0 and N~C bondes. For the 0-0 bonds, a Ro of 1.47A and a kg
of 7.81 were used. For the N-C bonds, a Ro of 1.45A and a ko of
9.1 were used. Standard parameters were also used for bond angle
and bending and stretch—-bend energy calculations, with the excep—
tion of the C-N-C, N-C-0, and C~0-0 bond angles. The parameters
for these were: C-N-C, @o=107.7<, KB=0.6%, KSE=0.12; N-0G~-0, &
o=110.0°, KE=0.45, EBB=0.12; C-0-0, ©o=104.0°, KBE=0.62, KSE=0.1Z.

The program ran through sixteen iterations, for a final to-
tal energy of 34.48(1) kcal/mol. Of this energy, 1.31 kcal/mol
arises trom compression, 10.52 kcal/mol from bending, .91
kcal/mol from stretch-bend, 15.69 kcal/mol from 1,4 Van der
Waals, —-Z2.64 kcal/mol from other Van der Waals, 2.97 kcal/mol
from torsion, and 5.70 kcal/mol from dipole interactions. The
final atomic coordinates are givén in Table IV-1, the bond
lengths and stretching energies in Table IV-2, the non-bonded
distances and Van der Waals energies in Table IV-3, and the bond
angles and bending and stretch-bend energies in Table IV-4.

As the Tables show, MM2 predicted a geometry for HMTD that
is rather different from the observed geometry. The C-N-C bond
angles predicted by MMZ average to 1162, and the bridgehead
nitrogen atoms are 0.298 and 0.308 out of the respective carbon

planes. Bond lengths were increased, if anything (although this
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is not unexpected-—-there are few purely mechanical forces which
would shorten a bond). The program predicts that instead of
being planar or out—-out, the bridgehead nitrogen atoms prefer the
in,in configuration despite a 1.39 kKcal/mole non—-bonded interac-
tion between them.

These MMZ resultse would seem to imply that there are
electronic effects involved in the HMTD geometry. One must be a
bit cautious about this conclusion, however. The eguilibrium
bond lengths used for the peroxide bonds may have been large, for
instance (as the studies of organic peroxides mentioned above
would seem to indicate). If the equilibrium bond length
parameters for these bonds were to be made smaller, it is quite
conceivable that MM2 would predict the observed geometry; shorter
bornds would bring the bridgehead nitrogen atoms even closer
together, and it is likely that they would move toward planarity
to avoid a strong positive Van der Waals interaction. Whether or
not MM2 would then predict that they should favor the out,out
conformation in this case is not known.

One can still make a strong argument that there is at least
some validity in these MMZ results; after all, if it is hard to
postulate mechanical forces that would shorten a bond, then there
are probably some electronic forces involved in this shortening.
MMZ showed that the electronic forces which shorten bond lengths
in the molecule are also involved in determining the molecular

geometry. Thus, quantitative molecular mechanics calculations

were called for to help resolve this problem.
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Table IV-1
FINAL ATOMIC COORDINATES

ATOM " i 2
Ni{ 1) @.80166 0. 11691 1.28797
Ct &3 1. ZiEEB 0.527467 1.39378
ol 2 i.307%5 1.52896 @. 38467
Ot 4) 1. 83409 1.36132 -3 . EE243
C({ 5) @.7&516 i1.87z223 -41.782514
N( &) @ @z&72 -9. 14359 -1.2:0877
C( 71 -1. ZEEED -9. 23539 - . EB&7
oi &) -2.18943 -@.13872 -0. 41250
i 53 -1.90c414 1.12E&3 B.z1114
cCiien -1. 25254 @. Eced7 1.52842
Citis @.@2747 -1. 24887 1.7%c1iz
C{iz) d. 545 =5 -2 24249 @. 58545
Diiz ®. 31742 -2.332€E4 -0. 23101
Ciids D. 74055 -1.411¢48 ~-1.3210z
HiiE} i 24cE1 1.429%0 2.35010
H{ié) 2.1z8c8 @.zE9572 1. 22445
LF(17) 1.754%3 2.25141 P.546119
LFiig) @.74127 2. 06198 ®.249=%
LF(19)- 2.112:0 1.68z330 -1.13762
LFiz®) 2. 857 @.EZB7@ -0.708%91
Hi{z1) 1.18209 @.S1220 -2.746746
Hizz1 ®.108247 i1.91844 -41.8z244
H{ZZ) -1 &£5EZH . L2428 -2. 24574
Hiz4: -1. 43966 -1.4é1&4 -2.12374
LFi{ZE} -1.56225 -9. 54504 -@. 24341
LP(2&) ~2.7E74&E -8 2729 -®. 2121
LF(Z7) -1.4B774 1. 25241 -9. Q3363
LP(zZE) -2. 45287 1.z:307 @. 45745
H(Z29) -1.072%4 1.75120 2.04c08
H{zZ®} -31.95441 ® ZZBEY 2.16793
Hi{31) @. 48270 -1 24257 2.E3828
H(32) -9.91174 -1.746714 1.7983¢9
LF(33) @. 56199 -2.5E432 1.24874
LP(34) 1.39918e ~-1.4E203 @ 83871
LP(35) @ E45L4 -2.E4145 -0.47%944
LFPi{zé) -@.c5E18 -2.19745 -9.23817
H(Z7) 1.85473 -1 Z5E&56 -1.1e@78
H(2E) @.£19L9 -1.E£78¢%2 -2. 32482
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Table IV-3

WIN-BORTEZD TZIZTANCES, VAN DER WaALS ENERGY
554 VDW INTERACTIONS (1,3 EXCLUDED)
ENERGY = KEVk(Z2. Q(1@®#¥5)IEXF{-32 . 5E0@/F) - 2.25(F%kt) ]
RV RYDW({I} + RVDWIiK]
Y CORTI(EFS(I)*EFS(H )
P {(kV/R) OKR (RV/R#&:
(IF P.GT.3.211, ENERGY = KVI{Z22&.176) (Phizl ]

"nin

2 IN THE VDW CALCULATIONS THE HYDROGEN ATOMI AFE RELOCZATED
30 THAT THE ATTACHED HVDROGEN DISTANCE IS REDUCED BY @.915

INTERACTIONS OF LESS THAN @.1 KCAL ARE NOT PRINTED &

<
{.
fo

TIM FAIR R K Rv Y ENERSY  (1,4)
NT 1Y, NU &} 2.58531 3.4642 ©.2352 1. 3987
NT 1), Oi Fi 2.7837 3.542 Q. 2524 2. =452 *
Wi 13, G013 2.3833 3.548 2. Q5E4 g.13i:c2 ¥
Hi 1d)LFitdi 2. 32587 3.8z @. 2257 @.247% *
NT 1y.LRiZT 2. 3574 3.8z@ 23 D277 @.ca2i *
Ni o 1ti,LFizal 2.32:% 3.823 2. .2277 V. =5:% *
21 o2hy NDo=) 3.2532 3.722 2. das2 @ 1223
26 2 3012 3.@12% 3,548 & 8437 R.11&7 *
Ci 2 .Lpiz2: Z =738 31283 . 2z£% Q.42 % #*
D6 2y HIZTS E.8ETY 2. -iz4 3.4 & 2449 @.52:za *
i 23y Hiznd =737y 2.56718 3.349 ¢ 24:&3 @.211i> #
Si Zie NU oo = ¥zza 3. 342 Q.2524 . 1357 #
i Zhy LDHiE 3. 813 2.548 T 8447 R &
i iy Higo 2. 5121 c. . &xz? I Zad D ga3k Q. ii=4 ®
Taoddy Dilas 2.e2-4 I.oe4€ D.D457 & 1i1at #
Giodys Hilh . 475 2. daz7 3 Zad D I435 g.582%7 EJ
ol &k, HIZY = &2 .7 2 +£:221 3. z48% 2. 2435 Q. 1453
Cf By, LFidzs 2 =3 3.138 A.2255 Q. 4574 W
1 Sy HiZ: 2.54a7s A t£Izt 3.340 ©.34:90 d.5al4 *
£1 By, BHiZ7, &.5%z% 2 Tz3 3.3248 g T1:2 2. 4dz4 w
Ni &)Y, O1 %) 2. 3BZES 3.550 9. .3534 Q. 3124 &
NI Sy LP iz 2. 322% 3.228 9. 2277 B 2523 *
N{ &),LFiZ3) e.37:7 3.220 R.2257 @.1753 *
NI &)1 PiZ51 2. 31%1 3.228 3. 2257 @. 2542 *
Co 7hy Gidzi 2.8823 3. 548 3. Qds% 3.1177 W
C{ 71y HiZE 2. Adz4 2.5775 3.342 0 34s:3 g2.37=% *
Ce 7V, LPiz7: 2.2231 3.132 D.32£8 @.54%3 *
21 iy HiZ3 2.7125 2. 47571 3.343 & daiD B =dii ®
SO0 2y HizZE 2.5173 2.5738 3.242 @ 2435 @. 24t *
ZioFi, HIZZ 2 £Zad 2.374% 3.=42 23 2435 Q.21324 ¥
Cizdly Hilz) 2 Trz2 2 =731 3 G432 @ Q440 @ 2121 *
CiidiaLRIE% . g.212 3,138 D 3243 & 57t4 #
Citdry HI32) 2 E2T3 g.57+2 3.338 9. .34:9 Q. 2553 #
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Table IV-3 (continued)

ATIM FAIF R Ra RV 3y ENERSY
Tiiiie Hits 3 .- 3 €3iTE& 2343 D 24D e IET
Coiii. HO3D 2 €277 & ouiiE 0 3:id @ fasd 2 cas:
ToiiilLPL3sr & o2 I 132 @ I4s @ 4z7Z
TiiEi. Ri- 2 £3:v: 2 23S 3 Zad 3 eIl 2 1a:z.
Griio, HOIT. 0 E aTTZ E 4523 3 24 d Ra:zs 2 5177
D13ty HiIZ: Z 2272 2 4375 3.5ad @ dazs 2 2331
Ciidi, HEZti @ =IEF 2 sTd1 3,343 D 22:9 g 24:zc
Iot4, HIE3T 2 33TR 0 2 £42% 3. 349 Q. Zasd d 3273
L1431 LFi2a. 2 EhaG 3130 @ 9zi: ? 4312
SILEYLLRILTE X @E2I 2 2ID2 2. TeD @ D274 e I17
~i18h, K OZrr E BETI00: ITES I @@ D 2aT R Zii:
Hils1,LFi17)  2.1754 2. 1154 2.7@3 @.2274 @. 1771
Hii&), LFI22) 2.1831 2.1024 2.7%2 ©.8274 2.1973
H{i&))LF{32; 2.1532 2.1847 2.702 &.0274 @.1021
LF(17},LP {17  1.7951 2.400 @214 @. 1951
LF(18), H{22) 2.1735 2.1574 2.700 ©.2274 ®. 1233
LPi17), Hi21) 2.1345 2.0752 2.702 @.2274 @.2a72
LP(19), H(22) 2.1224 2. @453 2.702 Q.2274 @. 2523
LP(22), H(21) 2. 2423 2 1752 2.782 Q.0z274 @ 1032
LP(23), HI{37) 2.1421 2 18464 2.733 @ 0274 @ 1027
HIZ2), H(23) 2.2832 2 2734 3.003 ©.2473 @. 4522
HIZ23),LP(22) 2 @987 2.8342 2.722 ©.23274 e. 3052
HiZ41,LF723) 2 .173% 2 1134  2.733 @.2:=7 @ 1733
HI24),LPi2s) 2 1571 2 1257 2.722 2. 2274 @.1843
H{24), H(33) 2 3303 2 3313 3.032 9Q.247d D. 245
LPi2s),LP(23)  1.7316 2.402 2.2150 T.2159
LP(27): H{2?1 2.1513 2 1225 2.783 P.0z74 2.1725
LF(28), H(2¥)  2.1723 2 1112 2.793 O @=74 P 1323
LF{E5), HI{32) 2 3923 2.2315 2.78® & 2274 9 z3a7
HI3@), Hi32) 2 2542  2.2753 3.229 ©.2473 P 4243
H131),LF(33) 2 1344 2 3749 2.7382 @ .2:z7s 2.2335
H{31),LFi33) 2 2427 &.4733 2.7¢3 ¥ 2274 B 1375
Hi32),LF133) 2 1247 2,873 2 722 2. 337 ®. 2474
Hi32),LPiZ21 2 1553 2.172% 2. .7@2 D 3274 Q. 13473
LFi33,LPI3S) 1. 7345 2. 472 9. .01s2 ? i73%
LP{24), H{37) 2. 1135 2.1942 2.732 2 2274 e.1532
LE{35), HE37) 2 <734  2.118s 2733 9 2274 @ 1732
LFi35), H(33) & 2vi3 2. 9343 2.798% D &Z7a @. 3235

A % X ¥ * ¥ E

* ¥
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Table IV-4
BCND ANGLES, EENDING AND STRETCH-BERD ENEFSTIES
EB = @ @Ci514(KEI (LT (DT {i+SF+DTH x4
DT = THETA-TZEZRO
EF = D @dTOVE-5
ESBIJ) = 2. 81124 {58/ T))11DT)1Dri+DFR3)
DRII) = RII} - RO:{I)
HZRi1 = @ 129 K-F=-%¥ F = 1%
E3Bic = 3.259 ~-5-%Y &5 = ¥
FSRIZ) = D352 H-F-H (DRZ2 =
FSBid4) =-0. 422 H-3-H {DR2 =
{0, = F OR 9
AT OME THETA TIER HE EE
Cl 23~ N{ 21— C(i@y 14 t@4 1Q@7.732 2. 62 @.54ii
Cl 2¥= NIl 11— {{i3) 1i&. 352 17 70D & +#Z2 1.3244%
C{4@)~ N{ d31= C{i4) 1ii1& %5 1Q7.7Q083 @ L@ 1. D341
N{ 2= C( 2Y= 0O 2} 241z Qidéd 110 202 2 452 @ 2327
N{ 11— €l 21— H{1E) 42% &3 198 . E2B @ .E02 3. G@7T4
MU 31— CU 2= H{1é) 11D 9@ 1D . EOD 2 . EG82 @ ZR2&
O{ 21= C{ Z1= M{i%}) i2c 21T 1@+ . 7088 J.E43 @ Z=id
O( 31= C1{ Z1= H(iéy 127 . EzZE 124 702 B. 543 @ 2itz
H{1E) = Cl 2= H({14) 1Q& EQP4 107.400 0. 320 ©.047Z
€0 21= O Zi= C{ &4y 141 . 3z1 104 Q00 @ .&£20 Q. &BF1
C{ 2)- 0 Z!-LF{17) 1@t CS45 i@t 142 B.ZEd D 20il
C( 2v—= O Z1-LFPi{1E) 35 . @S54 1DS. 143 @ ZE2 2. 2294
O( 47— CU Z'-LPI(37) 102 5@ 12z 248 ©.Z53 2 2284
Ol 43— C{ Z:-LP{ig) 222 204 102z 240 8. 252 0. 38&Z
LP{17i= O Z:-LPIl18) 15 Ez24 121 . 322 @ . z242 @.21&&
Df 2= 0 4= C 5) 1.2 Z44 124 P20 P L22 @& 532373
S0 3= 00 &i~-LP{17?) i33.035 1@83. 253 ©.353 9. 2324
D1 3)= Di &1-LPIiz2}) 122.374 103.268 @.352 0. 2010
i 8)— 0{ 4:-LP(17) 105.723 125 .1460 @.358 Q.02024
T1 5)= 0( 4i-LP(20) 135.213 105.1490 ©.350 @Q.g029
LPFid9)- O( 4} -LP(2@) 127.851 131 .020 @.240 0. 02029
0f 4)= CC 8)- N{ &) 111.195 112 . 0290 @.459 @.0120
0f 4)=- Cl )Y~ H{21) 1903.7537 1@4.783 0.542 0. 0501
0! 4)~ C{ S~ H{c2) 127 .0%% 1d5.702 ©O.542 9. 0015
‘N &)= C({ S5)Y- H(21) 112 .915 183.809 .52 0@.0816é2
Nf &)= €C( S)~ H(Z22) 111.444 128 . 800 0QO.5090 @.0764
Hi21)= €{ S1- H(22) 103.353 127.4Q90 @.3290 ©.0277
C1 8)= N{ 51— C( 7) 114.4%56 107 . 700 Q.430 1.@0584%
L 8)= N{ 5)- C(14) 115.5874 1@7.700 9. .4630 @.8542
Ct 71= N{ 5)— C(14) 115.7A7 127.780 0.6323 Q. 383v%2
N( &)= C( 7i= D 8) 111 .257 112. 203 Q.45 @. 8156
N{ &)= Ct 7)- H(23) 111.923 1283. 8302 @.528 ©0.1059
N( &)= C{ 7)- H(24) 111.9075 123.3023 Q.520 Q. @547
Ot 8)= € 7i- H{23) 103. 040 125.720 @.540 @.2219
Ot 8= C{ 7)- HI24) 107.2345 1235.70@8 O.540 Q. 0041

WO ke e e ke i

I (N I R SO (O R (RO LTI (o

-
(LE]

¥ o
(1))

.12
. 99
.89
.87
.09

.12
.1
.12
.12
. 89
. @7
. 89
.09

T

I

i 12

o

]

89S0 8S0808 HIBHS

LI SN I LN

LA T 4}

UL BN

Rir-N

£

P IR N I O R
PR

-4t

sy

LU 4
RN

L T I

i

LOURE S

<
rr
r
£f

it}
i
4
n

. @075
. Q0ss
.ee1itl
. @023
. @051

. 9587
.@514
.04a54
. 81079
. Q78
. 9R79
. 9046
. 2029



-93-

Table IV~-4 (continued)

AT O® THETA  TIEFD HE EE bEET  ETE
Hi23)= € Ti- H(24) 127.@3: 107 420 2 320 @ 2374
Ci 7i= 00 3i- 0 9) 42%.454 104.209 ©.530 @ 4244 @ .12 0 2517
CC 7)- 01 3)-LFi25) 105 232 105 153 ©.352 ©. 2301
€ 7)- 01 S:-LPi2&) 125. 234 105,150 ©.330 @ 228
O §)- 00 T:-LP{25) 102 285 103 242 @.350 ©.0273
O Fi- 90 3,-LP(34) 123 585 123 242 9 252 @ 2295
LFI25) - Tf 3:-LPiZ%) 137 233 131 Q32 2.2i0 0 2I2a
Cif 3)= Di Fi- Cf1@) 1235.852 124 222 D 422 @ 3333 ©.12 2. 2477
00 8- D0 Fi-LFI27) 192,383 193.253 2.35@8 @ F2L7
DO 8y= 01 FI-LPUES) 183.537 133 252 2.2:0 @ 2297
Ci1@i=- Di F1-LFi27) 185.414 135,153 ©.35D @ 3495
Ciidi- 01 7:-uPi238: 185 247 183 1437 D.330 @ 2374
LFi27i= 0 =:-LPi33) 13% 131 131 282 2 349 Q2.2150
Ni d)— ©iili- 90 5! 113,442 110 222 © 450 . B331 .12 ¢ 0240
N 1)- ©:320- HIZ9) 111 257 122,223 9.522 @ 2562 .97 2.2071
N 13- C6129— Hi2@) 112 82 185 923 2.340 2.1123 9.7 ?.0275
Di §i— CiiZi- HiZF) 187.437 12:. 782 $.342 @ 323:4 ©.25 @.232
Of 91~ Cii1Z:- HiZ®) 123.1:% id= 723 2.522 @ 2355 @.25 ©0.2952
HI291— Cii2y- Hi3@; 1@7. 239 139,402 3.322 9. 2333
NC 1)- Cid2i- Di32) 113 932 112,282 2.433 2 2115 9.12 Q.2239
Nf 13- Citii- Hi3i) 187 397 135 332 ©.532 2.2i32 28.05 ©.0223
Ni 1)- CHiti— HI32) 111.472 1223 332 2.532 2.3721 9.07 0.08257
Dit2i- C{11i- HiZi) 1@5. 732 :95.700 ©.542 2.2i33 0.05 2. 0249
Df12)- Citii— HI32) 127.933 12d5.722 9.5:2 2.3213 Q.07 ?.99i1
Hi31)- Ci1ii- HI33) 133 537 127.400 0.222 @ 2353
Citi)- D01Zi- Gi13) 114,975 104.323 5.432 Q. 5547 .12 @.02574
Cii1)= DI12:-LPi33) 125.61% 125.1£2 ©. 332 @ 3214
Cf11)- D131 ~LPi34) 1235.137 135.143 2. 353 . 2200
Df13i- Di13i-LP(33) 107 393 122 282 &.350 & 3210
Gf13)- DitZ.-LPi34) 122.773 122 263 @.352 9 2014
LP33)- D(iZi-LPi34) 135 913 131 2% 2 222 Q. 2228
Df12)- Di13i- C(14) 114,971 104. 232 8.420 Q.5504 @.12 @ 2592
Df12)- Ji13i-1.P(35) 132 437 193 242 2.359 @ 2252
0f12)- Di13)-LP(346) 192.532 133. 3220 D 350 o 2204
C(14)- C(1Z5-LP(3E) 185 . EL7 125 168 @ 352 ©.2012
Cl14}~ O(1Zi-LF(34) 185 127 105. 140 @ 358 ©.b220
LF{35)~ D(431-LP(36) 129 259 131.000 ©.248 ©.015%
N( 6)- Citdi- O(13) 112 Z€4 110. 200 D.45¢ ©.0515 ©.12 @ 0z04
N( &3- Ci1di- H(27) 111 DS 12E.EC3 ©.58@ @.0435 0.5 8. 22872
N( &)- Ci2i7- H(ZB) 127 754 105. 270 D.500 @ 2100 ©.85 @ 2228
0(13)~ Cidai- HiZ7) 127.5@:¢ 10&.700 ©. 540 @.2174 ©.05 @ 0244
Di13)- Cid4i- HiZE) 10E 354 1D&.700 ©.542 0.8336 .07 8. 08s1
H(Z73- C(147- H(ZE} 107.129 109.400 ©.320 ©.8362
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E. MNDO

1. Introduction

Semi-quantitative molecular orbital calculations were per-
formed using the program MNDO2=, In order to better understand
the results of this program for HMTD, calculations were first
per formed on several test compounds: methyl amine,
hydroperoxymethylamine, di (hydroperoxymethyl)amine, and
tri (hydroperoxymethyl)amine (where the hydroperoxymethyl group is

—CH=00H) . Following are the results of these calculations.

11. Methylamine

The final data from the methylamine calculations is given in
Tables IV-5 through IV-7. The Tables contain, respectively,
final atomic parameters, final bond lengths, and final bond

angles.
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Table IV-5

Final MNDO Atomic Farameters for Methylamine.

1
g
13

N1

C1

H1

1.00347

1.50586%

0.0

L 27945

1.15680

2.61842

1.180327

Y.

0,0

—-0.65216

Q.0

0.97114

~0. 18025

—-0.62797

—-1.71730

i3]

0.0
1.20809
0.0
0.0
2.15840
1.21212

1.21794
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Table IV-6

Final MNDO Eond Lengths (8) for Methylamine

H1-N1 1.0085
HZ2-N1 1.008%
Ci-N1 1.4606
C1-H3 1.1173
Ci-H4 1.1131
C1-HS 1.1126

Table 1V-7

Final MNDO Angles (®) for Methvylamine

H2-N1-H1 105,59

Cl-N1-H1 109.90

C1-N1-H2 109.872

HZ-C1-N1 114.08

H4-C1-N1 109.46

H5-C1-N1 109.60

H4-C1-HZ 107.435

HS-C1-HZ 107.82

HS-C1-H4 108.29



1i1.
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Hydroperoxymethylamine

The data for hydroperoxymethylamine calculations are given

in Tables

fimal atomic parameters,

IV-& through

IV—-10.

The Tables contain,

bond lenagths,

Table IV-8

respectively,

and bond angles.

Final MNDO Atomic Farameters for Hydroperoxymethylamine

atom
N1
Ci

01

H1

s
-

1.00754

1.55101

1.29092

2.671858

1.24920

1.73277

Y.

0.0

—~0, 7E0O6T
~0.29974
0.76589
G.O
0.96631
~-0.6793%
-1.81029

0.61069

iM

Q.0
1.141326
2.39570
2.87906
Q0.0
0.0

1.10961

Z.81454



N1i-H1

N1-HZ

N1-C1

Ci-01

Ci1-H2:

Ci1-H4

-98-

Table IV-9

Final MNDO EBond Lengths

(&)

for Hydroperoxymethylamine

1.0075

1.0070

1.4601

1.4201

1.1222

1.1241

1.2928

0.9629
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Table IV-10

Final MNDO Eond Anqgles (<)

+or

Hydr operozymethyl amine

H2-N1-H1

C1-N1-H1

C1-N1-H2

01-Ci1-N1

HZ-C1-N1

H4-C1-N1

HZ-C1-01

H4-C1-01

H4-C1-HZ

0Z2-01-C1

HE-02-01

C1~-01-02-H5

106. 24

111.85

112,08

11320320

105.07

108.688

112,62

104. 65

108.06

114.66

107.71

1734.96
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1v. Di (hydroperoxymethyl)amine

The data for di(hydroperoxymethyl)amine are given 1in Tables
IV-11 throuoh IV-1Z. The Tables contain, respectively, final

atomic parameters, bond lengths, and bond angles.

Table IV-11

Fimnal MNDO Atomic Farameters for Di (hydroperoxymethyl)amine

atom Y z
N1 1.00618 0.0 0.0

C1 1.570%8 1.324638 0.0

Ccz 1.56715  —-1.102352 0.77289
01 0.943685  —-1.2378% 2.08506%
oz 1.5455%9 ~0.63958  3.02427
0z 1.4665% 2.01665 1.29237
04 0.Z0587 2.52447 1.49218
H1 0.0 0.0 0.0

HZ 2.68305 -1.01989 0.82155
HZ 1.21951 -2.05861 0.231%24
H4 1.62600 —1.26855 3.74959
HS 1.08884 1.92318 ~0.83465
H6 2.67420 L 29620 -0,20508
H7 0.10614 2.38403% 2.42184



Final MNDO Rond Lengths
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Table IV-12

-3

for Di (hydroperoxymethyl)amine

N1-H1

N1-C1

p1-C2

Ci-H&

cC2-01

Co-HD

C2-HZ

01-0%

0z-H4

0z-04

04-H7

1.0062

1.4600

1.4555

1.424%

1.1233

1.1233

1.4282

1.1200

1.1263

1.25916

0.9674

1.2934

0.9627




C1-N1-H1
Co—-N1-H1
C1-N1-CZ
0% L1-N1
HS-C1-N1
H6-C1-N1
5-C1-07
Ha-01-07
Ho—-C1-HS
01-C2-N1
H2-C2-N1
HZ-Co—11
HZ-C2-01
HI-C2-01
HI-C2-H2
01-02-C2
H4-02-01
04-03-C1

H7-0Z-04

£1-0%3-04-H7

C2-01-02-H

4
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Table IV-13

0 EBond Angles (2) for Di (hydroperoxymethyl)amine

112.76

112, 62

122,24

1152095

107.91

109.80

112,325

104.71

107.97

110.81

107.62

113.26

104.66

107.85

107.70

114,66

107.62

140,10

LA

171.36
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V. Tri (hydroperoxymethyl)amine

The data for tri(hydroperoxymethyl)amine are given in Tables
IV-14 through 1V-16. The Tables contain, respectively, final

atomic parameters, bornd lengths, and bond angles.



Hé&

H7

HB

HY

1.4610s

O

2419080

£.19118

2.15%61

2.13972

2.48959

1.71725

—-0.52677

~-0.76215

Z.23685

1.68%5%5

1.62707

Z.18706

1.35876

~-1.64267

~-0.39277

-0,3%7841
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Table IV-1i4

1.27318

—1.2634C

—-1.74284

-1.3719¢%

1.6983%

2.61847

—2.06454

-0.99780

2.03926

1.132957

£.31578

—0.49320

-0.98595

0.78994

Final MNDOQ Atomic Farameters for Tri(hydroperoxymethyl)amine

i

0.0

1.49060

2.23608

1.322654

1.796465

1.27314

2.07424

-0, 23985

-0. 45729

2.048660

-0.594%73

—0.50307

2.6Z808

2.443%27

-0, 36431

-0.70681



Final MNDO Bond Lengths

N1-C1

N1 -2

N1-C5

C1-0%

Ci1-HE

Ci-H?

CZ-HZ

01-0%

02-H3

03-04

04-H6

05-06

06-H7

1.461%

1.464679

1.4248

1.1217

1.124%

1.4222

1.1223

1.1249

. 2509

0.96320

1.2900

Q.96%4

. 2926

0.926%5
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Table IV-15

&)

for dri(hydroperoxymethyl)amine




Final MNDO Rond Angles

Ci-N1-C2

C1-N1-{.3

C2-N1-C=

N1-C1--0%

N1-C1-H8

N1-C1-H®

05-C1—-HB8

05-C1-H9

HE-~C1-H9

N1-CZ-0%

N1-C2-H4

Ni1-C2-HS

0z-C2-H4

0Z-C2-HS

H4~-C2-HS

N1-C3E-01

Ni-CZ-H1

N1-C3-HZ2

01-C=Z-H1

01-CZ-H2

H1-CZ-HZ2

02-01-C3

01-0Z-H1

04-0Z-C2

119.78

119.82

120.04

111.70

110.4%

109.65%

112,63

104.94

107.16

111.30

110.08

109.70

117,29

105.47%

106.80

112,07

110.04

109.99

112.75

104.93%

107.20

115.20

108.15
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Table IV-16

(=)

+or Tri(hydroperoxymethyl)amine




03-04-Hs6
0&6-00-T1
05-06—-H7
Cr-TE=-N&=H7
Cu-035-04-Hb

CZ~-01 —0&-HZ

108. 48

115.2

107.50

122,81

126.16

128.72
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Table IV-1é6(continued)
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vi. HMTD

1he data for HMID are given in Tables IV-17 through IV-1%.
The Tables contain, respectivelv, final atomic parameters, bond

lengthe, and bond angles.



Ci

~

P

C3

C4

H6

H7

HB

H9

Final MNDO Atomic Farameters for HMTD
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Table IV-17

0.0

~0.07723

1.45606

1.32771

—-1.10811

—-0.723%68

—-0.715%3%

~0.49225

2.013%74

2.12672

-1.61548

—-0.75042

-0.52874

~1.24477

1.84872

-2.01779

-1.75556

-0.19767

-0.29988

Q.0

2.72909

0.0

F.06365

I.35409

0.578%4

~-0.70490

2.12852

1.90652

2.49429

2.00026

-0.10164

0.9413%6

—0.44996

—-0. 62588

-r | ~olangl =g
2053531

3.80200

4.31217

3.62177

0.14230

0.34030

—-1.74368

it

0.74801

-1.133=

1.05808

2.84776

—-0.27091

-1.09130

2.59979

T =0.95710

0.84181

2.27042

0.29689

1.35246

—-1.20706

—-2.09%930

1.18967
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Table IV-17 (continued)

atom s Y z
Hi1O -1.801072 ~-0.81471 (. 79568
Hil -1.19727 2.80I280 T.4087%

by G, 28o0on 1.95849 2.591976
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Table IV-1i8

Final MNDO Eond Lengths (R) for HMTD

N1--C1 1.4561
N1 - 1.46728
N1-5 1.458%
N 1.4608
N2-C3 1.44610
Nz- L6 1.4&687
C1-01 1.4:28649
Cl-Hi 1.1281
C1-H2 1.1224
Cz-02 1.425%2
C2-HZ 1.126%
Cz-H4 1.1228
C=Z-0% 1.4265
CI-HD 1.125%
CEZ-H6 1.1245
C4-04 1.4224
C4--H7 1.1225
C4-HB 1.1253
C5-0% 1.4226
CS-H9 1.1265
C5-H10 1.1224
Co6-06 1.427%
C6—-H11t 1.1254

C6&—-H12 1.1215
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Table IV-1B8 (continued)
01-02 1.2857%
0zZ-04 1.2905

05-06 1.2871



Ci1-N1-C4

C1-N1-C%

C4-N1-C%

N1-C1-01

N1-C1-H1

N1-C1-HZ

01-C1-H1

01-Ci-HZ2

H1-C1-—-HZ

Ci1-01-02

01-02-C2

02-C2-NZ

02~C2-H3

02-C2-H4

NZ-C2-HZ

NZ-CZ-H4

HZ-CZ-H4

C2-N2-C3

C2-N2-Cé6

CZ-N2-Cé

N2-CZ-03

N2-C3EZ-HS

N2-CZ-Hbé

OZ-C3-HS
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Table IV-19

Final MNDO Eond Angles () for HMTD

119.65%

119, 26

120.67

112,01

110,37

110.84

103,326

111.97

106.86

117.3%4

117.51

112.14

107.87

111.47

111.16

110.77

107.12

119.72

119.73

117.76

113.37

110.61

111.65

110.31



HO-CZ-He

CZ-0IZ-04

07 -04-04

04-C4-N1

N1-C4-H7

N1-C4-HG

04-C4-H7

04-C4-H8

H7-C4-HB

N1-C5-05

Ni1-CS-HS

N1-CS-H1O

05-CE5-HS

05-C5-H10

HZ-CS-H10

C5-05-06

08-06-C6

N2-C46-06

N2-C6—-H11

N2-C6-H12Z

06-C6-H11

06-C6-H12

H11-C6-H12

102.87

106065

116.31

114.4%

112.41

110.589

110.48

111.89

104,22

106.92

112.64

110.46

110.61

102,91

111.80G

107.08

117.42

114.88

109.78

111.738

111. 60

104.76

112.07

107.04
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Table IV-19(continued)



C1-01-02-C2
C3-03-04-C4

CH--05-06-C6
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TJable IV-19 (continued)

112.71
122,03

118.18
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vil. Discussion

The data above make some interesting predictions. Firet of
ail, one hvdroperoxymethyl group i1s not any more bulky to a
central nitrogen atom than is a methyl group, according to MNDO;
1 tact, 1t is predicted to be less bulbky. The H-MN-H bornd angle
in methylamine was predicted to be 105.59°, whereas the H-N-H
arngle in hyvdroperoxymethylamine was predicted to be 106.7I34°,
This i1mmediately suggests that there may be some electronic ef-
ferte at play. Another indication of electronic effects 1 the
shortening of the average N-H bond length from 1.0084A in
methylamirne to 1.0073A in hydroperoxymethylamine.

This trend continues in di(hydroperoxymethyl)amine, for
which the N-H bord length is predicted to be 1.0062A4. The C-N-C
bond angle in this compound is predicted to be 127.24<, showing
that the hvdroperosymethyl groups do indeed look bulky to each
other. The C-WN-H bond angles average 112.69<, slightly larger
than the 111.9%= in hydroperoxymethylamine.

Tri(hydroperoxymethyl)amine shows a dramatic effect: the
nitrogen atom is predicted to be almost planar. The average C-N-
C bond angle is 119.88<, and the nitrogen atom is a mere 0.05A
out of the plane of the carbon atoms. This suggests that the
planar configuration is indeed a stable one for nitrogen. Also
of interest is the fact that MNDO predicts that each

hydroperoxymethyl group points in the same direction relative to

the nitrogen atom. It would seem that a conformation in which

one group points in a different direction might be less steri-
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cally hindered; this again may point to the involvement of
electronic effects.

The average (C-N-C bond angle predicted for HMTD is 119.48<
(the average angles for the two bridgehead nitrogen atoms are
119.8%9< and 11%9.07<). The nitrogen atoms are nearly planar; the
nitrogen atoms are 3.0498 and 0.1428 out of their respective
carbon planes, much closer than the 0.29% and 0.30& predicted by
MM, Again, there are indications that electronic effects are
involved in this strange geometry. It also seems that the
bicyclic structure of HMTD may actually push the nitrogen atoms
away from the planar configuration that they seem to faveor in
tri thydroperoxymethyl)amine; thus, MNDUO also seems to predict
some steric interactions.

The structure that MNDD predicts for HMID is not in full
agreement with that observed. MNDQO predicts larger N-C and C-0
bond lengths, but smaller 0-0 bond lengths. These differences
may be important; in fact, with MNDO might predict planar
nitrogen atoms given the observed bond lengths.

One must be careful in interpreting these MNDO results. For
instance, it might be that MNDO would incorrectly predict a
planar nitrogen atom in all NRs compounds for purely steric
reasons. Thus, calculations must be done on several NRs com—
pounds before any definitive conclusions are drawn from the cal-

culations on HMTD and similar hydroperoxymethyl amines.
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CHAFTER V. NMR

A. Froton NMR

1. Introduction

The experimente described so far have investigated the solid
structuwre of HMTD, for the most part. The dynamic structure of
HMTD could be iuset as interesting as the static structure,
howewver . One interesting question is how fast HMTD changes con-
formation in solution. The perfect tool for studying this rate
is a temperature dependent proton NMR study.

s noted above, the room temperature proton NMR spectrum of

HMTD showed an apparent singlet peak. The »-ray structure,

A schematic representation of an AR pattern<s,

Figure V-1
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however, indicates that the two geminal protons of the methylene
groups ought not to be equivalent, and thus should show what is
called an AR pattern in their proton NMR.

AN AR pattern arises from two "isolated" 1nteracting nucle:
{i.e., nNuctle:r which are not strongly coupled to any other
nuclel), dencted by A and B, which are not NMRE equivalent but
which have similar chemical shifts (if the eshifts diftered
greatly, the pattern would be called an AM or an AX pattern). A
full AR pattern has four lines, which I will denote (from lett tg
right) as 1, through la (see Figure V-1). Lines 1, and la are of
the same intensity. Lines 1= and 1lx are also of the same
intensityv: these lines are always more intense than the other
two. The separation between lines 13 and l= (and lines 1x and
la) 12 given by the absolute value of the coupling constant, J.

It is convenient to define a variable €, such that

2C = [(Va — wa)® + J2]2/2

(where Va and Ve are the respective resonance frequencies of
nuclel A and B). The separation between lines l= and ls is then
the absolute value of 2C - J.

The w-ray structure of HMTD suggests that it exists in two
enantiomeric forms. A given molecule of HMTD may exchange be-
tween these two conformations. Such a chemical exchange can have
an effect on an NMR spectrum. Imagine a chemical system which
exchanges between two conformations, C and D, where each confor-

mation shows a single, singlet NMR resonance. The rate of this
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exchange 1s R, where R = 1/2 71 (1 is the exchange lifetime).
Figure V-2 illucstrates this situa£1on for different exchange
rates.- When exchange 1s extremely slow or non-existent (a),
there are two separate peaks corresponding to each form of the
molecule. Ae the enchange rate 1ncreases, the two peaks broaden
armnd begin to coalecce. At an extremely fast exchange rate (),
the spectrum showse one sharp einglet peak.

Since the two exchanging forms of HMTD are enantiomeric, and
therefore of the same energy (and thus are equally populated),
its proton NMR spectrum should have a rather simple temperature

dependence. The ratio of the apparent difference in resonance

o1 052 1.2%

R/ (V- Vp)
(@) (e) (f)
22 63 31
| oo ||
W Vs LA Ve Va Vs

Calculated line shapes for various values of the exchange
lifetime relative to the difference in frequency of two egually
popul ated sites®=,

Figure V-2
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frequencies, (Va — V)., to the true difference is given by

the equation:

MVa = Va)epe i 1/=
______________ = 1 e e o i n em
(\)p - \)5) ETTZTE(\/(\ et \)B):'-

Thus, T 15 a function of (Va = V) ape aiid (Vo — Va). This meanc
tr=t 1, and therefore R, may be derived +rom an AR pattern, since
C i a function of (Va — Vm)apss the separation between lz and 1lx
ie given by 2C - J, and J is the the separation between 1, and
1. (Va = vm) may be determined from an NMR spectrum taken at a

temperature low ernough that the chemical exchange process is not
observed, and (va — Va)apns may be determined at temperatures at
which the exchange is being observed. As the temperature in-—
creaces. the separation between lz and lx decreases until they
coalesce, but the separation between l1; and 1z remains the same;
the only effect on 1, and la is that they lose intensity until
coalescence of 1z and lx, at which time 1, and 1a have disap-
peared.

Given the exchange rate at various temperatures, one can

apply Arrhenius’ equation,

In(RY = 1n(A) — Ea/RT

in order to determine the Arrhenius temperature-independent ac-
tivation energy, Ea, and the Arrhenius parameter, In(4A). A graph

of 1n(R) vs. 1/T will have a slope of -Ea/R and an intercept of

In(A).
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11. Results and Discussion

Since chloroform freezes at about 210 F and HMTD is about
equally soluble in methylerne chloride, which freezes at a sig-
nificantly lower temperature, spectra were run with a saturated
solution of freshly recrystallized HMTD in CD=2Cl.. Spectra were
taken every 10© from 200 kE to Z20 k. These spectra showed an AR
pattern at lower temperatures: this pattern was effectively
frozen (i.e., there was virtually no exchange taking place) up to
250 K. The temperature was not takern high enough to make the
pealk coalesce entirely, due to the volatility of methylene
chloride.

From this preliminary experiment, it appeared that the
region of interest in this solvent was from 250 kK to 320 K.
Spectra were taken at 5° intervals in this region (Figure V-3I).
The separation between 1; and lz was found to be the same at all
temperatures, as expected, giving an absolute value of J of 13.6.
An Arrhenius plot was made, and it showed an interesting
phenomenon: the rate of exchange has different activation
energies at different temperatures (Figure V-4). From 250 K to
270 K, the exchange process has an activation energy of 13,95
kcal/mol and a 1n(A4) of 32.06. From 270 K up to 320 K, the ac-
tivation energy is 4.76 kcal/mol and 1n(A) is 14.99. Since the
higher activation energy process is favored at lower temperature,
one must conclude that some sort of conformational change takes
place at 270 ¥ (in solution). It seems likely that the low tem-

perature conformation is that seen in the crystal structure; the
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Proton NMR spectra of HMTD in CD2Cla from 250 K to 320 K.
Figure V-3
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Table V-1

Temperature and Rate Data for HMTD

Temperature 2C—7 (H=) R (HD) 1n(R)
250 9.81
255 ?.61 F2.17 4.52
260 9.41 183.5% 5.21
265 G.21 274.1% S.61
270 8.81 452.97% 6.12
275 8.61 S41.14 6. 29
280 8.41 628.57 6.44
285 8.21 715.20 6.57
290 7.81 886. 09 6.79
295 7.61 P70.34 6-.B8
00 7.21 11346.48 7.04
05 6.81 1299.46 7.17
310 6.41 1459.27 7.29
315 6,01 1615.92 7.39

I20 5.61 176%9.40 7.49
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An Arrhenius plot for HMTD from NMR data.

Figure V-4
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The eiact nature of the high temperature conformation is of great
interest. Any large conformational change (which this must be,
in order to change the activation energy so much) stands a good
chance of having a different nitrogen geumetry. The structures
of the carbon anaiog and other molecules of course suggest that
it the nitrogen configuration changes, it will probably be to
some sort of in,in structure. I+ this nitrogen puckering is
necessary to the exchange process in the first place, the much
lower activation energy would be reasonable. Models do suggest
that a concerted exchange process may indeed be more sterically
tavorable with in,in bridgehead nitrogens than with planar ones,
although there must be some tradeoff with the unfavorable non-
bonded distance between the nitrogen atoms in the in,in conforma-
tioni. Atoany rate, some method is needed to study the tempera-

ture dependence of the conformation of HMTD rather than simply

the exchange rate. 14r NMR was used to invecstigate just this.
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B. iﬁm Linewidth Studies

i. Introduction

In order to further study the dynamics of HMTD in solution,
some method was needed which could monitor the planarity of the
bridgehead nitrogen atoms at different temperatures. 14pn NMR ig
the perfect tool for such an experiment, as the 29N linewidth of
an HMTD spectrum should be sensitive to the relative planarity of
the nitrogen atoms.

Nuclei with Ix1/2 possess guadrupole moments. These guad-
rupole moments give rise to energy level splittings in non-
spherically symmetrical environments. The separation between
these energy levels is proportional to X, the guadrupole coupling

constant, which is expressed as

I}
[§

X = e2ql/h

In liguids, rapid reorientations of the molecules or ions average
the guadrupole coupling energy to zero. There is an interesting
effect related to the quadrupole coupling constant, however,
which still allows it to be measuwed in sclution: it is an impor-
tant relaxation mechanism. In fact, in the extreme narrowing

limit, we find that

R (1+1/3n2) (e=2qR/M) = T,
Tz 40 I2(2I-1)
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in which Te is the rotational correlation time and (e®qgl/fi) is
the coupling constant in Hertz multiplied by 2. For *4N, in

which I=1, this formula reduces to:

1/Te = /8 (1 + 1/3 =) (e®ql/f) =1

where n 1s the asymmetry parameter. This motional narrowing ap-
proximation requires that (e@qglfl/f) t.7<1. This is indeed true for
14 in almost every case, as the coupling constant is on the or-
der of 107 rad sec™? while 1. is on the order of 1071% gec.®%
Given this equation, it is simple to find the coupling con-
stant, assuming that the asymmetry parameter is zero (which it is
in the case of HMTD, due to its 3F-fold symmetry). Since the
half~height linewidth under these conditions should be 1/77T=, the
linewidth of an *4N pealk at a given temperature should along with
a known correlation time should be sufficient to determine the
coupling constant. I+ the correlation time is not known, it may

be estimated using the formula

Te = 4/3 o0 a% n/kT

where a is the radius of the molecule in guestion and nis the

solvent viscosity.4® Thus, a *“N linewidth study of HMTD was un-

dertaken.
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1i. Resultes and Discussion

24N NMR spectra of HMTD were taken i1n chloroform at three
temperatures: 233 K, 273 kK, and I1I kK. The linewidths at half
heilght were measwed 1n each cace. An average radius of HMTD was
ralculated from the crystal data (radii were measured in the dif-
ferent. representative directions and averaaged)., and chloroform
viscosities at each temperature were found.®® The results are
tabulated in Table V-2. The coupling constants varied from 3.073
MH> at 233 K to 4.14 MHz at 217 kK. These numbers are fairly
reasonable when compared to those from similar compoundse?;

=

trimethylamine has a coupling constant of 5.194, triethylamine
one of 5.02, ammonia one of F.161, and ammonia-d. one of 3.231.
These numbers are suggestive of several things. First of all,
the coupling constants for HMTD tend to be small compared to NR«
coupling constants where R is not hydrogen. Ammonia is known to
invert rapidly, however, and so averages 1nto a more closely
planar state than might be suggested by its ditfraction—derived
structure. ammonia-d= is of rourse harder to invert, and it has
a larger coupling constant. On the other hand, the trend seen in
trimethyl—- and triethyl- amines is that the bulkier the R group
(and thus the more planar the nitrogen), the smaller the quad-
rupole coupling constant. This information fits nicely with the
observed coupling constants for HMTD; at low temperature, the

bridgehead nitrogen atoms are basically planar, whereas at higher

temperatures they have a more puckered configuration. Further-
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more, these data correlates well with the proton NMR data. The
temperature variation of the *4N coupling constant decreases
martedly above 270 K, just as the activation constant for the
ring +tlipping decreases markedly. A 19N coupling constant ex—
periment needs to be done at temperature increments of 5 in or-—-
der to ses how much of a correlation there really is betwesn
these processes. I will mention some other possible NMR experi-

mente in the final chapter.

Table V-2

HMID 9N NMR Linewidth and Coupling Constant Data

T lep). elsec x 102*) 1/Ta(Hz) e=qb/h
2 1.173 .25 117 T.07
27 0.70 1.72 96.9 .80

313 0.50 1.07 71.8 4.14



-131-

CHAFTER VI. SUMMARY AND FUTURE EXFERIMENTS

Since the original crystal structure was done on HMTD, many
clues have been obtained which hint at the origins of the strange
geometry ot the bridgehead nitrogen atoms. No definitive answer
hasz been found, however:; many more experimentz will be necessary
beftore HMTD and ite analogs can be fully understood. Reasonable
headway has been made towardes answering the three questions posed
in Chapter I1: (1) Is the unusual geometry of HMID simply
coincidental™ (2) What role do steric effects play in this
geometrv? () What role do electronic effects play in this
geometry?

The crystal structures of BTDD, CTDD, and HMDD have shown
fairly conclusively that the planarity of the bridgehead nitrogen
atoms in HMTD is not a coincidence, since the angles between the
peroxide-containing bridges was 120° and the nitrogen atoms were
nearly planar in each of these compounds. These systems are very
crowded, however, and looking at slightly less crowded systems
would be a good idea. To investigate a similar series of com-
poundes with three-membered bridges, for instance, the analogous
reaction might be performed upon 1,3-diaminopropane, cis—-1,4-
diaminocyclohexane, and 1,B-diaminonaphthalene. These reactions
will not be as facile as those for EBTDD, CTDD, and HMDD. 1,8~
diaminonaphthalene is highly reactive, and in a test synthesis
unwanted side reactions seemed to predominate. Furthermore, the
desired product in this reaction may also be air sensitive. The

reaction with cis-1,4-diaminocyclohexane would probably be slow
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it 1t occured at all, since the molecule would probably need to
react in the boat conformation to produce the desired product.
No solid product was obtained in a test reaction between 1,3
diaminopropane, formaldehyde, and hyvdrogen peroxide; this may be
because the reaction solution was too basic and therefore the
hydrogen peroside was decomposed before i1t could react:; this
reaction needs to be run again atr neutral pH. A similar reaction
could be run with 1,4-diaminobutane. The expected product of
this reaction, 1,é-diaminc~-3,4,8,9-hexaoxabicyclol4.4.4]
tetradecane, is quite similar to HMTD (in that all bridges have
fouwr members) and could be quite informative.

The MMZ2 calculations have shown that some steric efftects are
indeed involved in determining the geometry of HMTD, but that
these are not the only effects at plavy. The bridgehead nitrogen
atoms were predicted to be in a configuration very similar to
that found in the carbon analog. The MMI model might be i1improved
by changing the bond and angle parameters for peroxide groups.
The peroxide bond lengths used in this model were on the long
side, and shortening them might have a profound effect on the
predicted geometry. Making these bonds shorter 1s likely to
force the bridgehead nitrogen atoms closer to each other, an in-
teraction that could be escaped only by moving more towards
planarity. This may indeed be a major reason for the disparity
between the MM2 and MNDO predictions, since the MNDO peroxide
bond lengths were on the short side, if anything. At any rate,
another MM2 calculation should should be done using the average

peroxide bond length found in other organic peroxides. Further-
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more, it would be instructive to do MMZ calculations on the
series ot hydroperoxymethyl amines studied with MNDO; in fact,
all molecules studied with MNDO should also be studied with MM2
in order to better separate the steric and electronic forces at
play.

The MNDD calculations have pointed to the involvement of
electronic factors in the structure of HMTD. The exact nature of
these eftects is still not entirely clear, and more calculations
need to be done. For instance, calculations on BTDD, CTDD, and
HMDD could be helpful (of course, these should be done with MMZ
also). As mentioned in the MNDO section, calculations must also
be dorme on various NRx compounds to ensure the validity of the
calculations that have already been done.

Some of the most interesting results obtained in this study
were those concerning the solution dynamics of HMTD. More ex-—
periments must be done in this area in order to understand the
exact nature of the two observed conformations. First of all,
14 NMR spectra must be taken at five degree intervals in the
same region as the proton spectra, as mentioned above. The tem-
perature dependence of the quadruple couwpling constant should
show a some definite change around the temperature that the Ar-
rhenius plot shows a turning point. Also, HMTD could be syn-—
thesized with 2®N and *=C in order to study the temperature de-
pendence of the *®N-13({ coupling: this could give a good indica-
tion as to the geometry of the carbon atoms. It would be inter-
esting to see if there is a change observed in this coupling at

the temperature of the conformational change observed with proton
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NMF .

There are some other facets of HMTD which merit investiga-
tion.. For instance, why does HMTD have a large, negative heat of
crystallization™ A careful look at several unit cells in the
HMTD crystal structure might help to provide an answer to this
question, and also might help to indicate why HMTD prefers thie
particular conformation in the solid state (since the NMR
evidence suggests that two conformatioris are possible). It would
also be helpful to devise some method of taking a photoelectron
spectrum of HMTD (it is difficult to do, since HMTD cannot be
sublimated;. FES5 could reveal quite a bit of information about
the electronic structure of the bridgehead nitrogen atoms™, A
neutron crystal structure could be useful, in that the true posi-
tionse of the hydrogen atoms in HMTD could be found. These posi-—
tions should be able to give some information about the carbon-
nitrogen bonds. Ancther interesting experiment would be to
measuwe the thermal decomposition rate of HMTD at differernt tem-—
peratures. This experiment could be done conveniently using NMR;
samples of HMTD and a reference compound could be placed in heat
baths of varying temperatures for a given amount of time. A com-
parison of the integrated intensities of the HMMTD pealk and the
reference peak would indicate the decomposition rate at that par-—
ticular temperature. An activation energy for decomposition
could be derived from this experiment; this energy might be able
to give intormation about the relative strength of the peroxide

bonds, which should be the weakest in the molecule.

Although the experimental results described in this thesis
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have provided a great deal of information about HMTD and its
analogs, they really only scratch the surface of a complicated
problgm. Many more experiments, such as those mentioned above,
must be performed before a real understanding of HMTD can be

achieved.



-136-

CHAFTER VII. REFERENCES

1. Legler, L. Ber. 18BS, 18, ZZ43-3351.

2. Tavior, C.A.3;Rinkenbach, W.H. Army Ordnance 1924, 5, 467-46b66.

. Alder, R.W. Acc. Chem. Res. 1983, f¢é, =21-32

4. Cox, J.D.; Filcher, G. "Thermochemistry of Organic and 0Or-—

ganometallic Compounds", Academic FPress, London, 1970.

5. Hilderbrandt, R.L.:; Wieser, J.D.; Montgomery, L.E. J. Am.

Chern. Soc., 1973, 25, B8598.

6. Farker, W.3 Tranter, R.L.:; Watt, C.I.F.3; Chang, L.W.k.;

Schleyer, F.v.R. J. Am. Chem. Zoc., 1974, ¢, 7121,

7. Fark, C.k.; Simmons, H.E. J. Am. Chem. Soc., 1968, 0, Z2431.

8. Lehn, J.-M. Acc. Chem. Res., 1978, 11, 49.

9. Alder, R.W.; Sessions, R.B. J. Am. Chem. Soc., 1979, 101,

10. Alder, R.W.; Casson, A.: Sessions, R.EB. J. Am. Chem. Soc.,

1979, 101, 3652.



-137-

11. Alder, R.W.; Orpen, A.B.:; Sessions, R.B. J. Chem. Soc. Chen.

Comm., 1983, 999.

12. Alder, R.W.; Moss, R.E.; Sescions, R.E. J. Chem. Zoc. Chem.

Comnm., 1983, 1000,

13. Davie, T.L. "1l Chemisiry ot Fowders and Euplosivez',

Angritf Fress, Hollwywood, CA, 19473,

14. Schmitz, E. Ann., 1960, €35, 73.

15. Ferroni, F.3; Ciampelli, G.; Seboli, G. Proc. 4th Intern.

fleet. Mol. Spec., 1959, 2, 762-9.

16. Urbanski, T. paper presented at International Symposium on

the Chemistry of Organic Feromides, Berlin-Adlershof, Sept. 19647.

17. Duchamp, D.J. "CRYM crystallographic computing system" Am.

Crystallog. Assoc. Meet., Boreman, Montana, 1964 Faper Bl14, 29.

18. "International Tables for X-ray Crystallography", Vol. IV,

Kynoch Fress, Birmingham, England. 1974.

19. Groth, F. Acta Chem. SZcand., 1964, 18, 1301.

20. Groth, F. Acta Chem. Scand., 1964, 18, 1801.



-138-

21. Groth, F. Acta Chem. Scand., 1965, 17, 1497.

22. Groth, F. Acta Chem. Scand., 1967, 21, 2608.

27, Groth,

n

Acta Chem. Zcand., 1967, 21, 2631,

24. Groth, F. Acta Chem. Scand., 1967, i, 2655,

25. Groth, F. Acta Chem. Scand., 1967, 21, 2711.

26. Groth, F. Acta Chem. =Scand., 1969, 23, 1311,

27. Groth, F. Acta Chem. Scand., 1969, 23, 2277.

28. Groth, F. Acta CHem. &Scand., 1975, 2?, 783.

29. Schulz, F. Ber., 1967, 100, 2242,

Z0. Gimarc, B.M. J. Am. Chem. So0c., 1970, ?2, 266-275.

31. Hunt, R.H.; Leacock, R.A.; Feters, C.W.3; Hecht, K.T. J. Chen.

Phys., 1965, 42, 1931-1946.

32. Johnson, C.Fk. ORTEF Report ORNL-5128, Oak Ridge National

Laboratory, TN, 19&5.

33. Allen, P. W.; Sutton, L.E. Acta Cryst., 1950, 3, 46 (per V.



-139-

Schomaker).

34. Newkome, G.R.: Majestic, V.; Fronczek, F.R.; Atwood, J.L. J.

Am. Chem. Soc., 1979, 101, 1047-1046.

25, Whittleton, S.N.; Seiler, F.; Dunitz, J.D. Helv. Chim. Acta,

1981, o4, 26i4- 241

Z6. Gimarc, B.M. J. Am. Chem. Soc., 1974, ?3, 593-599.

37. Deb, B.M. J. Am. Chem. Soc., 1974, 7¢&, 20720-2044,

8. Von Birsewald, C.3; Siegens, H. Ber., 1921, , 492-498.

39. Main, F.3; Hull, S.E.; Lessinger, L.; Germain, G.3; Declercgqg,
J-F; Woolfson, M.M. MULTAN-78. University of York, York,
England. 1978.

40. Allinger, N.L.:; Yuhy, Y. @CPE, 12, 1980, 395.

41. Burkert, U.3; Allinger, N.L. "Molecular Mechanics", American

Chemical Society, Washington, D.C., 198Z.

42. Dewar, M.J.S.:; Thiel, W. J. Am. Chem. Soc., 1977, 99, 4899,

4907,

4%. Becker, E.D. "High Resolution NMR Spectroscopy—--Theory and



-140-

Chemical Applications" Academic Fress, 0Orlando, FL. 1980G.

44, toraz, W.F.3: Gutowsky, H.5. J. Chem. Phys. 1963, 35, 1155.

45, Burke, T.t.3; Chan, S.I. J. Mag. Res., 1970, 3, S5.

44, “"Fervy s Chemical Engineer’s Handbook" S50 ed., Mcbraw—-Hill,

Ny 1984.

47. Lehn, J.M.s Kintzinger, J.F. from "Nuclear CGuadrupole Cou-—

pling Constants", Academic Fress, NY, 1969.



