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ABSTRACT

Because non-covalent contacts are important to the design and
construction of materials with functional applications, efforts that seek to uncover
chemical features responsible for the assembly of multimolecular arrays hold
current interest. The building-block approach is one strategy that has been
successfully employed for the construction of molecular assemblies. By
designing molecular components with complementary functional groups, the
construction of predictable supramolecular motifs is possible. Although various
modes of molecular alignment have been generated using this strategy, the
extension of low dimensional motifs (discrete and 1-D patterns) to 2- and 3-D
patterns remain a current challenge.

Hexamethylenetetramine (HMTA) holds promise as a component for
forming useful supramolecular architectures. Due to the hydrogen bond potential
and tetrahedral arrangement of the four nitrogen atoms of HMTA, we envisioned
that cocrystalization with various hydrogen bond donors could form extended
molecular networks. As a means to explore the supramolecular behavior of
HMTA, a search of the Cambridge Structural Database (CSD) for neutral HMTA
complexes unveiled a diverse set of 42 crystal structures. The majority of
examples in this collection include components with alcohol functions followed by
carboxyl groups with only rare occurrences of amines, amides, and halides. This
investigation also inspected the structures of molecular salts with

hexamethylenetetraminium cations (17 structures) and uncovered a trend that
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Section1: Introduction

1.1 Supramolecular Chemistry

The chemistry of covalent bonding has been explored in depth over the
last century. To the contrary, the chemistry of non-covalent bonding has only
been the center of serious attention over the past few decades.’ Supramolecular
chemistry*? is the science of non-covalent interactions that may be described by
two vital structural attributes - molecular recognition and assembly. The design,
construction, and prediction of molecular assemblies via non-covalent
interactions constitute crystal engineering.* The key forces involved in the
construction of molecular assemblies are largely governed by electrostatic
interactions such as hydrogen bonding, n-n Stacking, Halogen--Halogen,
Hydrogen---Halogen, and Hydrogen-- = Interactions.

A. Hydrogen bonding

Donor-H::-Acceptor

Donor = ROH, RCO3H, R,NH, R,CH
Acceptor = R3N, C=0, ROR, RSR

Among the most exploited molecular interactions in supramolecular
chemistry is hydrogen bonding.® This mode of molecular assembly has shed
considerable light on the role of functional groups as an effective tool for
fabricating predetermined supramolecular entities. The construction of hydrogen
bonds requires at least two chemical species; the proton donor and acceptor.
The proton donor is a molecule that contains an acidic H atom that is often

attached to a highly electronegative element such as oxygen. The proton
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acceptor is also constructed of electronegative species that participate in
hydrogen bond interactions via lone pair electrons. Hydrogen bond strengths are
related to the electrostatic attraction of the two groups. It then follows that the
majority of hydrogen bonds provide a cohesive force that is often stronger than
such weak interactions as van der Waals forces, but weaker than covalent
bonding. Although the existence of hydrogen bonds have been experimentally
and computationally determined,®® a clear comprehensive definition that
describes this type of interaction is not yet possible due to the subjective
interpretation of this interaction. The pursuit of understanding the hydrogen bond
can be traced as far back as the 1920s.° One of its early investigators, Linus
Pauling, defined a hydrogen bond as “an interaction that directs the association
of a covalently bound hydrogen atom with one or more other atoms, groups of
atoms, or molecules into an aggregate structure that is sufficiently stable to make
it convenient for the chemist to consider it as an independent chemical

species”.’” This description has been elaborated over the years'™"® with one of

the most significant contributions by Etter and coworkers on the systematic
treatment of the identification of hydrogen bonds in the 1980s™. Aakerdy and
Seddon™ in 1993 gave a historic account of hydrogen bond patterns and

provided key insight to the predictability and application of numerous hydrogen

bond connections.

B. n-n Stacking
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The interaction of neighboring aromatic rings occurs both biological
systems e.g. DNA and in crystalline materials due to the favorable overiap of p-
orbitals that leads to stabilization of molecular motifs.”® The overall impact of
such m-stacking modes to crystal organization is dependent on the relative
orientation and distance of aromatic rings. In an ideal case, the two interacting
rings would be positioned such that the sum of the van der Waals radii is less
than 3.4 A with all p-orbitals involved in the stabilization process."” This distance
criteria produces maximum p-orbital overlap. Too short of a distance results in
repulsive forces while very long distances between rings result in very weak
ineffective interactions. Even if these interactions are more pronounced in

18,19

biomolecules, they have been extensively used in crystal engineering to

produce different types of molecular frameworks.2%2’

C. Halogen-:-Halogen interactions

R-X-X-R

X=F,Cl Br,and |

The use of halogens in crystal engineering was first reported by Schmidt
and coworkers at the Weizmann Institute.?? Although their work detailed the
consequence of chlorine-chlorine interactions to solid-state photodimerization
processes, Desiraju more recently argued that halogen-halogen contacts could
be systematically used as weak attractive forces to manipulate and organize
supramolecular synthons in a predictable fashion.® Investigations of the

geometric preferences of halogen-halogen interactions revealed that Cl---Cl
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contacts were often shorter than the sum of the van der Waals radii. Price?® has
shown through computational and experimental data that halogen atoms
participate in these attractive interactions via non-spherical electron density
distribution.  Additional literature reports cite the importance of triangular
halogen-halogen-halogen interactions for controlling crystal packing.??* Though
the halogen-halogen interaction was first disputed by a large cross section of the
scientific community, data collected over the last several decades suggests the
close assembly of halogen atoms is not a structural anomaly, but rather a bona
fide electrostatic contact that has been developed as a viable supramolecular
27,28

synthon.

D. Hydrogen---Halogen interactions

R-H-X-R

X=F,Cl, Br,and |

The unpaired electrons on halogens have been shown to participate in
weak hydrogen-halogen interactions.*** In this scenario, the halogen is a
proton acceptor and the hydrogen atoms connected to N (amines and amides), O
(alcohols and carboxylic acids), and C (alkenes and alkynes) atoms often serve
as the proton donor.*’

Using the C-H---F motif as a model, hydrogen-halogen interactions have
been investigated extensively and identified as a weak intermolecular interaction
that holds tremendous potential in different chemistry disciplines.3*3 A number
of crystal structures have been reported in which the hydrogen-halogen

interaction furnishes the primary organizational force for the construction of




—

- specific molecular motifs.  For example, Moorthy et al.®® investigated the
homologous family of 4-formylcoumarins (1) and reported on the effects of fluoro
substitution to crystal packing. Unlike the structure of 1a where C-H---O contacts
predominate as the major directional force for determining the crystal packing,
the structures of the analogous fluoro derivatives 1b and 1¢ showed strikingly

different motifs due to the occurrence of C-H--F interactions.

H CHO
X 1a:X=H,Y=H
N 1b:X=HY=F
X=F, Y=
y oo T1EX=FY=H
H 1

E. Hydrogen- n Interactions

D—Hmuuu

D=0O,N,S,andC

Because n systems in aromatic compounds are rich in electrons, these
species often participate in intermolecular contacts. The most common modes of
association of aryl groups are n-n stacking and n--H contacts. Unlike
conventional hydrogen bonds that are essentially derived from electrostatic
interactions, n--H interactions occur due to a mixture of dispersion, charge
transfer as well as electrostatic forces.® Malone ef al.*® showed through
theoretical and crystallographic studies that the cohesive energy associated with

this interaction decreases proportionally with the electronegativity of the donor




atom. It follows then that such information is inherently useful for the design of

particular supramolecular assemblies based on 7--H interactions.3%4°

Molecular Assembly

Taking advantage of the different weak noncovalent interactions described
in the preceding sections, one can imagine the construction of a vast array of 1D
- 3D molecular patterns from both organic and metal-organic building blocks.
The schemes in Figure 1 provide possible scenarios of molecular recognition and
assembly. These approaches illustrate the use of complementary synthons for
the construction of predictable intermolecular interactions. In situations where
single moieties with many sites for non-bonded contacts are desired, transition
metal centers have often been utilized for this purpose due to their versatility in
coordination.

Although the use of both organic and metal-organic strategies have
helped advance the field of crystal engineering, these methods of molecular
organization are not interchangeable.*’ For instance, metal-organic frameworks
tend to form compounds with high thermal stability while the collection of known
organic-based materials contain crystal packing patterns of greater diversity.
The variety of structures classified as organic may be partially attributed to the
ease of derivatization of organic molecules. Ishikawa et al.*? illustrated this
principle by cocrystalizing an o-bisguanidinobenzene derivative with several
monosubstituted aromatic compounds (2). By systematically varying the X group

on the OH containing component, a wide range of structural patterns were







structures that exhibit different physical properties.®**  Additionally, organic
compounds possess unfavorable thermal and mechanical properties, which in
most cases render them useless as materials for devices. In contrast, metal
organic frameworks (MOFs) have high thermal and mechanical stability due to
rigid metal-ligand bonds. The strength of these frameworks is reflected in shorter
bond distances between atoms and other parameters such as higher oxidation
states and coordination numbers.*® The disadvantage posed by the rigidity of the
metal-ligand bond is that they tend to be irreversible and thus materials that !
utilize reversibility as a key feature are not compatible with MOFs. More
importantly, the irreversible nature of the metal-ligand bonds affects kinetics
during crystal growth resulting in formation of many nucleation sites and

consequently the products formed are microcrystalline powders.*®

1.2 Crystal Engineering Goals and Strategies

Prior to the 1980’s only modest attention was given to furthering the field
of solid-state organic chemistry. One of the first practitioners, Gerhard Schmidt,
published extensively in the 1960’s on the photochemistry of cinnamic acids.*’
This work led Schmidt to formulate the topochemical postulate which described
the parameters necessary for the production of [2+2] photodimerization products
in the solid-state. Arguably one of the most significant turning points in the field
occurred in 1988 when the first systematic analysis of an interpenetrated
structure was performed on adamantane-1,3,5,7-tetracarboxylic acid.* The

nanoporous ‘diamondoid’ crystalline lattice of this material demonstrated for the




—

first time that crystal engineering had the potential to aid the design of industrial
relevant applications (e.g. the construction of host-guest compounds). This study
provided an important structural model that fostered the design and preparation
of novel polymeric materials that possess high thermal stability. Further
indication of the growth of this area occurred the following year with Gautum
Desiraju’s monograph on Crystal Engineering *° that highlighted significant trends
and discoveries in the field. The first direct application to Crystal Engineering
was demonstrated in 2000 by the use of a crystalline sensor to detect SO, at
ppm level.®® An organoplatinum complex consisting of key chloro and phenolic
groups self-assembled via intermolecular noncovalent Pt-Cl---H-O contacts to
form a crystalline network. This molecular assemblage selectively bound SO,
reversibly without degradation. The tight fixation of SO, to the platinum complex
was attributed to Pt---SO,---Cl interactions.

Interestingly, the objectives of researchers in the field of Crystal
Engineering remain the same today as they were two decades ago. These goals
are to understand the packing preferences of specific chemical features and
exploit known supramolecular synthons for the formation of predictable crystal
structure packing. In addition to developing design strategies for the construction
of new crystalline architectures, the success of such studies is often dependent

on the availability of X-ray quality samples for crystallographic assessment.

Several common crystal growing techniques are provided in Table 1.




Table 1. Crystal Growing Techniques

Crystal growing Procedure

technique
Slow Dissolution of solute components in a compatible solvent
evaporation system and allowed to evaporate over a period of time. This

process is usually conducted at room temperature, but can be
performed under various conditions.

Slow cooling

Crystallization sample prepared similar to slow evaporation
technique, but solute should be sparingly soluble in solvent
system. Dissolution occurs with heat and upon slow cooling
crystals form. Frequently the rate of cooling is controlled by

storing the recrystallization experiment by use of a warm
Dewar flask.

Vapor Diffusion

Solute components are dissolved in solvent A. The vial
containing this solution is then enclosed in a larger vial with a
small portion of solvent B. Solvents A and B should be
miscible, however, the solutes should be relatively insoluble in
solvent B. Also, solvent B should possess a lower vapor
pressure (boiling point). Diffusion of solvent B into the solution
containing A promotes crystal growth by decreasing the
solubility of the solutes in the solvent mixture.

Solvent Similar to vapor diffusion, samples are dissolved in solvent A.
Diffusion Solvent B (less dense and partially soluble in solvent A, solute
(Layering insoluble in solvent B) is then layered on the solution
Technique containing solvent A. Liquid-liquid diffusion of the solutions

results in the formation crystalline materials.

Solvothermal

Solvent and solute components sealed in a Teflon-lined high-
pressure vessel. The vessel is heated at high temperatures
(200-400°C) and then allowed to slowly cool to room
temperature over a period of days.

Sublimation Volatile materials are heated under reduced pressure and
subsequently condensed on a cold finger to produce crystalline
samples.

Using the principles outlined above, the literature contains examples in

which crystal engineers have created reliable and reproducible organic networks

that possess interesting properties. For example, Shimizu et al. generated self-

assembled nanotubes from 3 using a simple synthetic procedure (Figure 2).%

These materials include acetic acid guests that are only liberated at temperatures

>180°C and thus show similar inclusion behavior to zeolitic compounds.
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Figure 2. Synthetic scheme and nanotube self-assembly of bis-urea 3.
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Recrystallization of 3 in glacial acetic acid produced X-ray quality crystals
that were assessed via crystallographic methods (Figure 3a). An inspection of
the crystal structure shows molecules of 3 involved in n-n stacking of the
biphenyl ether fragments involved in extensive N-H:--O hydrogen bonding
between the urea groups. These weak noncovalent interactions produce self-
assembled nanotubes with each molecule of 3 translationally organized with
neighboring molecules (Figures 2 & 3b). As shown in Figure 4, the acetic acid
components are incorporated into these channels without the use of strong

directional forces such as hydrogen bonding.
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organic compounds are conformationally flexible and therefore possess large
degrees of freedom compared to rigid organometallic counterparts. Due to this
flexibility one substance can easily exhibit different crystal packing patterns
forming polymorphs,® that show different physical and chemical properties.® To
overcome this problem one strategy has been to use rigid building blocks
consisting of transition metals in generating predictable frameworks. 555

I.57

Beatty et al>" generated metal-containing dicarboxylic acids as building

blocks for Metal Organic Frameworks (MOFs) in a reliable, reproducible and
predicted manner. The procedure followed was the reaction of cobalt with
dicarboxylic acids forming complexes which were the primary supramolecular
building blocks. These inert neutral metal complexes designed with peripheral
carboxyl groups (4) were cocrystalized with four different primary amines;
benzylamine, 3,4-dimethylaniline, isopropylamine, and 1-octylamine. The crystal
structures obtained (Figure 5) of each bimolecular compound were then

assessed for any structural trends.

0
COH o
OH,
CoCl,.6H,0 — _ .
= e \/ Amines
[ ————» HO,C \ N———Co—-N\ Y, CO,H v Cocrystals
eOH
N CO,H HZO/ \o
4 o}
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coordinated strands via weak amine---water and amine---carboxylate interactions
as shown in Figure 5.

With this information Beatty suggested that these MOFs form motifs that
are constructed from robust interactions and thus may provide a suitable avenue
to predictable supramolecular synthons. More significantly, a strategic
modification of the cocrystallization components (i.e., in the case of Beatty the
amine and metal center) allows for fine tuning of motifs. For example, the
distance between the metal coordinated strands and the strength of the
interactions involved in the formation of the lamellar inorganic-organic hybrid
networks can be exploited at will. Such treatments will result in facile

manipulation of the electronic,® magnetic,” and optical® properties of the

generated materials.

1.3. Usefulness of HMTA as a Supramolecular Building Block

g ("W
LNN\\//N

5

Hexamethylenetetramine (HMTA)

The strategies of crystal engineering requires not only an intimate
understanding of conformational dynamics of a vast array of molecular
frameworks and functional groups, but also the complementary nature of non-
bonded contacts that are necessary to construct supramolecular assembilies.

The challenge of predicting molecular arrays stems from our inability to identify

15
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all factors responsible for crystal packing. By exploring new supramolecular

motifs (patterns generated via non-bonded contacts) and the transferability of
known electrostatic contacts, the field of crystal engineering has progressed at a
rapid pace over the last decade.

One area that has experienced considerable attention is the formation of
3-D crystalline architectures assembled via predetermined molecular contacts.
Recent successful strategies utilize building-blocks that consist of multiple
functional groups capable of complementary non-bonded contacts.
Hexamethylenetetramine (5) in many ways is a model candidate for this purpose
due to the presence of the four equivalent nitrogen atoms that are tetrahedrally
arranged. In principle, since HMTA is able to participate in four contacts, use of
this precursor with other Lewis acid components (e.g. hydrogen bond donors and
metal centers) should allow the development of multidimensional molecular
motifs.

HMTA is a white crystalline solid with a melting point of 280°C that was
first reported some 130 years ago.”’ HMTA was the first organic molecule that
was assessed by single-crystal X-ray crystallography and found to have nitrogen
atoms with tetrahedral geometry.*? It has been a versatile reagent in organic
synthetic procedures, e.g. the Duff's reaction.®® The initial synthesis of HMTA
followed the condensation of ammonia and formaldehyde. 4

Scheme A

6NH; + 6CH,O0 —— HMTA + 6H,0

16
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’ Under strongly acidic conditions it decomposes to ammonium salts and
’ formaldehyde 5

Scheme B

HMTA + 4HCI+ 6H,0

4NH,CI + 6CH,0

Despite its importance in X-ray crystallography development, its potential
as a supramolecular synthon has not been fully realized. Neutral HMTA behaves
as an electron donor and cocrystalizes with a wide variety of organic compounds
that possess labile protons for hydrogen bonding.®”®° Cocrystals are also known
in which one of the HMTA N atoms is protonated.”’" On very rare occasions
hexamethylenetetramine-oxide cocrystals™™® and HMTA-halide™ cocrystals
have been reported. Taking advantage of the four equivalent nitrogen atoms on

HMTA, there has been extensive reports that detail the ability of HMTA to act as

a ligand in coordinating transition metals and forming diverse supramolecular
architectures.”’® Even if the coordination of HMTA to metals in many instances
is either monodendate or bidentate resulting in the formation of different metal
organic frameworks with varying scaffolds, in almost all of these cocrystals
HMTA provides a surface on which weak noncovalent intermolecular interactions

take place to stabilize the complex. It is important to note that in both organic
Suffice to say that despite all the nitrogen atoms on HMTA being chemically

equivalent, not all are involved in coordination. There are many bicoordination

| and organometallic crystals, we see a wide variety of crystal packing patterns.
: and very few tetracoordination compounds. Another striking feature is that in

most HMTA cocrystals, there exists a high incidence of weak HMTA---HMTA

17
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interactions. This is not very surprising because these interactions were first

observed in the single X-ray crystal structure of pure HMTA.®® Unfortunately,
these weak interactions have not been well reported in the literature although C-
H---N interactions are crucial in many crystal growth processes.””’®

The overall objective of this research was to explore the supramolecular
tendencies of HMTA. This was first accomplished by exploring the Cambridge
Structure Database™ (CSD) for the trends and features present in HMTA
structures. Secondly, molecular modeling strategies using simple molecules like
acetic acid and methanol as models for proton donors were performed to help
explain the supramolecular behavior of HMTA. And lastly, a diverse collection of
compounds derived from both organic and metal containing HMTA compounds
were synthesized. The goal of this work is to clarify the role of HMTA in
molecular assemblies and determine the supramolecular usefuiness in

constructing predictable molecular arrays.

| 18
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Section 2: Cambridge Structural Database Assessment of

Hexamethylenetetramine Structures

2.1. HMTA and purely organic crystalline structures

Hexamethylenetetramine (HMTA) may be characterized by tetrahedral
geometry by virtue of four chemically equivalent N atoms affixed at the corners of
a rigid tetrahedral framework. In spite of having an attractive spatial arrangement

of donor moieties for applications in crystal engineering, we were somewhat

surprised to discover that a search of the Cambridge Structural Database
(CSD),” an extensive collection of small molecule organic and organometallic
| crystal structures, for HMTA cocrystalline compounds revealed relatively few
structures that involve all four HMTA nitrogen atoms in intermolecular contacts.
Of the 42 reported structures (Table 2) that contain neutral HMTA cocrystals,
only seven adopt motifs that involve all four nitrogen atoms. Inspection of these
structures and components reveals no clear trend that would suggest a preferred
functional group or molecular framework for constructing tetracoordinated
systems. The inclusion of alkyl halides, phenols, and carboxylic acids in this
group provide a diverse set of components that do not readily offer a logical
explanation for their tetracoordination behavior. Even so, the entire collection of
42 structures in this study shows a preference for alcohol components (21
structures) and crystal organization with dicoordinated HMTA molecules (20
structures).

A parallel search for protonated HMTA molecular salts with N*-H donor

groups uncovered an additional 17 (Table 3) structures of which none exhibited

19




R R R R RSPRNS=SSESSSESSSSESEERESSE

tri- or tetracoordination via N---H-Z or N*-H--Z intermolecular contacts. The
structures of these organic salts also consist of a chemically broad selection of
building blocks that seem to favor carboxylate containing components (7

structures) and monocoordination of HMTA (12 structures).

20
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2.2. HMTA-Metal Organic Frameworks

This research also investigated the role of metal centers on the
coordination environment of HMTA. Data mining of the CSD for structures
containing transition metals and HMTA uncovered 94 such examples that
contained 159 HMTA fragments connected by covalent or non-bonded
interactions (hydrogen bonds). Closer examination of this data revealed several
notable trends as presented in Figures 6-8. A plot showing the correlation of the
number of structures with HMTA connectivity reveals a high tendency of HMTA
to exist in tetracoordination environments whereas relatively few of these
structures participate with a coordination of zero or one i.e. HMTA not covalently
bonded to a transition metal. Since this study surveyed metal-HMTA complexes
for both electrostatic non-bonded contacts and covalent bonds to HMTA, we
wondered about the contribution of each type of connection to the patterns
observed in Figure 6. Sorting the data to only include metal-HMTA contacts
results in Figure 7 and shows a drastically different pattern. In these cases, few
structures exist with three or four metal centers covalently bonded to a HMTA.
The vast majority of metal/lHMTA complexes presented in Figure 7 show that
HMTA in most cases is either di-, monocoordinated, or lack metal participation at
all. In these same systems, the role of non-bonded contacts to HTMA shows a
somewhat even distribution of structures with one to four HMTA connections
(Figure 8). Inspection of this data also shows a somewhat weak penchant for

forming compounds with no HMTA contacts. There are several patterns that

emerge from this study. When considering all contacts to HMTA (covalent and

——— .




non-bonded interactions), the HMTA moieties prefer tetracoordination. These

four contacts rarely consist of only metal or nonmetal groups, but rather a blend

of the two. The metal centers seem to have a greater proportion of HTMA

contacts that likely originate from the strength of the HMTA-M bond.
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2.3. Structure correlation of HMTA and number of proton donors

To further probe the supramolecular behavior of HMTA, the CSD was
evaluated to understand the correlation between HMTA---donor distance to the
degree of HMTA coordination. Our search of the CSD consisted of organic
structures containing alcohol and carboxylic acid moieties with N-+-O and N---H
distances less than van der Waals radii + 0.1 angstroms. This search retrieved
39 structures (11 carboxylic acids) with 97 N---H-O fragments. A comparison of
the number of HMTA contacts to the N---O distance (Figure 9) shows that as the
number of HMTA contacts increases the hydrogen bond distance also increases.
This observation is in agreement with our molecular modeling calculations
(Section 3) that showed the hydrogen bond affinity of the HMTA N atoms
decrease with an increase in number of attached groups. This suggests that
there is a greater probability of forming tetracoordinated HMTA species using
weak hydrogen bond donors. This view is supported by further inspection of
Figure 9. The cluster of data points associated with the carboxylic acid
structures (blue) show a notable decrease in N---O distances (and coordination
number) compared to the alcohol counterparts (orange). The reason for this may
be attributed to the stronger hydrogen bond donor character of carboxylic acids
as compared to alcohols. Although this study is based on a logical strategy for
understanding such structural behavior, a database with a larger sampling of

related structures is needed to assess the validity of these findings.
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Section 3: HMTA Molecular Modeling

Molecular modeling calculations are becoming increasingly popular
due to advances and user-friendly piatforms available with current software
packages. The combination of computational and X-ray crystaliographic
methods provides a powerful tool for understanding molecular structure behavior.
Numerous reports show the benefit of bringing together both experimental and
computational methods to assess specific structural parameters and provide
important insight to fundamental chemical features responsible for
conformational preferences 88

The extant database of crystal structures that contain HMTA reveals a
large collection of examples with HMTA either hydrogen bonded to organic
compounds or covalently bonded to transition metals. Since the supramolecular
assemblies involving HMTA often do not utilize each N atom in bonding or follow
a predictable pattern, we set out to study the structural trends of HMTA using the
Spartan04 computational package.** The hydrogen bond ability of HMTA was
investigated by successive addition of donor molecules (i.e., methanol and acetic
acid) with subsequent point charge assessment of each free N atom. We wish to
clarify such questions as i) does the construction of hydrogen bonds to HMTA
influence the hydrogen bond ability of the remaining N atoms and ii) do strong
and weak contacts to HMTA influence the number of interactions to HMTA

equally?
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level. Electrostatic potential maps shown in Figure 11 were inspected and the
values tabulated in Table 4 for each N atom not involved in hydrogen bonding

(i.e., the spatial region of molecules that are susceptible to electrophilic attack -

the more negative the value the higher the susceptibility).

Table 4. Electrostatic potential values showing HMTA and methanol/acetic acid
complexes. Single point energy calculation at AM1 levels.

Electrostatic Potential

Hydrogen bond Number of

donor connections AM1 PM3

None 0 -65 -56

MeOH 1 -61 -51
2 -57 -47
3 -54 -43

AcOH 1 -64 -56
2 -58 -48
3 -55 -45

HA

r Qb Figure 12. Cartoon representation of the

—~——— anomeric effect showing the close proximity of
LN\/ sp” N orbitals.

Inspection of Table 4 reveals a trend of decreasing electrostatic
potential (values become less negative) with the successive addition of hydrogen

bond groups. With the addition of each donor group to HMTA, the calculations
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show the hydrogen bond ability of each free N atom diminishes. This result may
be explained using the anomeric effect where the sp® lobes of the N atoms
participate in through space interactions (Figure 12).2” Since the formation of
hydrogen bonds displace the electron density of the acceptor group, the back
lobe of the sp® N atom becomes more electrophilic. ~ Also, increasing the
hydrogen bond strength of this interaction enhances the electrophilic character of
the back lobe, thus influencing the other neighboring HMTA N atoms via through
space interactions. This information provides a reasonable explanation why few
tri- or tetracoordinated HMTA cocrystalline structures have been reported.
Furthermore, our calculations show that protonating HMTA to give HMTA'-H
affords an electrostatic potential of +28.9. Although hexamethylenetetraminium
cations readily form N*-H--acceptor interactions as shown via crystallography
studies, the three remaining N atoms do not often form additional intermolecular
contacts. This can be attributed to the fact that N*-H is a strong proton donor
forming a short and strong N*-H---acceptor interaction that also influences the
hydrogen bond ability of the free HMTA N atoms via an anomeric effect. This
phenomenon is also experimentally observed in crystal structures as indicated by
the general trend of decreasing the number of HMTA contacts results in shorter
N--O distances (Figure 9). In fact, this might explain why no tri- and
tetracoordinated hexamethylenetetraminium species have been reported to date.

It is important to note that these calculations serve as an initial effort to
understand the trends observed in the crystal structures of HMTA. Since these

calculations were performed on isolated molecules (gas phase) with




approximations that exclude the influences of sterically encumbered systems and
crystal forces, additional calculations are likely needed that explore models of
greater complexity, and methods that account for all forces responsible for the

observed supramolecular trends.
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Section 4: Co Crystallization of HMTA and Organic Compounds

Reagents: Chemicals were purchased from the Aldrich Chemical
Company, Acros Chemicals, Eastman Organic Company, ALFA Inorganics and
Fisher Chemicals and used without further purification.

Instruments: Melting points were determined using a Mel-Temp apparatus
and are uncorrected. Infrared spectra were obtained using a Nicolet Avatar 360
FT-IR, Bio-Rad Excalibur series FTS 30000MX FT-IR spectrometer as either a
KBr pellet or nujol mull. IR transmittance maxima are reported in wavenumbers
(em™) with spectra provided as supplementary material in the appendix (pp. 128-
134). "H NMR and proton decoupled *C NMR spectra were collected using a
400 MHz Bruker Avance FT-NMR Spectrometer. All chemical shifts are reported
in parts per million (ppm) relative to TMS or the residual solvent peak. The
coupling constants (J) are reported in hertz (Hz) and the following abbreviations
are used in assigning signal multiplicity: s = singlet, d = doublet, t = triplet, dd =

doublet of doublets, and df = doublet of triplets. Crystal structures were

determined using a Bruker single-crystal P4 X-ray Diffractometer.

4.1.1. Bis(1,2-dihydroxybenzene)hexamethylenetetramine®®

7 M
E»Cz“ zﬂoj@
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We present the crystal structure of bis(1,2-dihydroxybenzene)
hexamethylenetetramine in detailed chronological sequence. The procedures
and operations discussed for intensity data collection, refinement and structure
solution are meant to serve as a reference for the other crystal structure

determinations in this thesis.

4.1.2. Crystal growth, selection, and mounting

Crystals of bis(1,2-dihydroxybenzene)hexamethylenetetramine were
obtained by slow evaporation of a 10mL 1:2 methanolic solution of
hexamethylenetetramine (0.250 g, 1.79 mmoles) and 1,2-dihydroxybenzene
(0.393 g, 3.60 mmoles). A recrystallization dish covered with a watchglass was

used to grow crystals. Colorless crystals with block morphology were harvested

425K; "H NMR (acetone-dg): 8 = 4.63 (s, 12H, HMTA-CH,), 6.62 (dd, J = 5.8 and
3.5 Hz, 4H, H-2, 5) 6.78 (dd, J = 5.8 and 3.5 Hz, 4H, H-3, 4); C NMR (acetone-
ds) 5 = 145.6 (C7-C10), 119.4 (C3, 4), 115.7 (C2, 5), 74.4 (C1, 6); IR (KBr)
2995.15 (broad, -OH), 1464.15(C=C), 1101.64 (C-O), 1003.56 (C-N) cm™.
Crystal quality of 6 was assessed by polarized light microscopy and a crystal with
dimensions 0.41 x 0.41 x 0.20 mm was mounted on a glass fiber and affixed to a

|

|

|

|

‘ after a few days. The crystals exhibited the following analytical data; mp 422-
|

|

|

|

|

|

} brass pin then onto the goniometer head as shown in Figure 13A and B.
|

|







</ <13. During the data collection, variable scan speeds (5-15°-min'1) and a
symmetrical scan range (-0.5 to 0.5°) were employed. Standard reflections, (10,
2,-3), (2, 2, -4), and (1, 3, 4) were monitored after every 97 reflections to assess
crystal degradation, alignment, and instrument fluctuations. For reflections (10,

2,-3),(2,2,-4), and (1, 3, 4) the variation in intensity was < 3%.

4.1.4. Intensity Data Reduction

Data was reduced using the XSCANS software package. The analytical
scattering factors of Cromer and Waber®® were used: real and imaginary
components of anomalous scattering for nonhydrogen atoms were included in

the calculations. The data were reduced (/ — |F, |) by applying Lorents-

Polarization (Lp) corrections. The structure factor had the form | FJ = (1/Lp)"?

where Lp is defined as follows:

_ 1+ cos? 26
2sin 26

Data were sorted and equivalent reflections averaged using the XPREP
program. The agreement factors, Ry, for the equivalent reflections was

calculated using:

2

F? - F? (mean)l
2

572 reflections for which I/o(l) < 2 were rejected as unobserved. Structure factors

R =
int F02

were computed and assigned standard deviations (o(F,)) calculated by the

method of finite differences:
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4.1.5. Structure Solution and Refinement

The structure of 1 was solved using the X-Seedplatform with the
SHELXL97%2 module; the coordinates of all nonhydrogen atoms were located on
an E-map from the first trial solution. Least-squares full-matrix refinement of the
scale factor, positional, and isotropic displacement parameters for al|
nonhydrogen atoms led to R = 0.094 and R, = 0.119. The atoms were then
assigned anisotropic displacement parameters and refinement converged to R =

0.051 and R, = 0.102. Where R and wR are defined as follows:

o ZIEI-I7]

2 |Fy|
coQFO2 — Ff)2
WwR = -
Y olr2f
The function minimized in the least-squares procedure was co[lFo! - chl]2

where o is a constant weighting scheme®™. At convergence, the largest
parameter shift was 0.001 times the corresponding estimated standard deviation.
The residual values were 0.051 and 0.0119. At the end of the analysis, a
difference Fourier map was calculated, which revealed random residual density
from 0.15 to -0.25 e-A’>. The details of this data collection and structure
determination procedure, atomic coordinates, atomic displacement parameters,

bond geometries, and hydrogen bond parameters are summarized in Tables 5 -
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11. These tables, including data from other structures investigated, are located

in the appendix section of this thesis.

4.1.6. Crystal structure assessment

The asymmetric unit of 6 comprises a molecule of 1,2-dihydroxybenzene
and half molecule of HMTA positioned on a two fold rotational axis. The bond
angles/lengths and the torsion angles for the complex are shown in Tables 5 and
6, and are consistent with typical bond geometries. Both hydroxyl groups
participate in hydrogen bonding (Figure 14). Hydroxyl group O2 forms an
intramolecular interaction, whereas O1 forms an intermolecular hydrogen bond
connecting neighboring HMTA molecules.

The remaining N atoms on HMTA also interact with the neighboring
dihydroxybenzene via hydrogen bonds. These collections of non-bonded
contacts involve all four HMTA N atoms and form molecular strands that
propagate along the c-axis (Figure 15). The projection of the unit cell and the 3D
packing pattern are shown in Figures 16 and 17. The influence of HMTA-HMTA
contacts are ruled out since the shortest distance between these groups is 4.48

A which is significantly beyond the sum of their van der Waals radii.
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4.2.1. Bis(2-hydroxybenzylalcohol) hexamethylenetetramine

N HO

OH
7

4.2.2. Crystal growth, selection, and mounting

Crystals of bis(2-hydroxybenzylalcoho|)hexamethylenetetramine 7 were
obtained by slow evaporation of a 15mL methanolic solution of
hexamethylenetetramine (0.250 g, 1.78 mmoles) and 2-hydroxybenzylalcohol
(0.442 g, 3.55 mmoles). A recrystallization dish covered with a watch glass was
used to grow crystals. Colorless crystals with needle like morphology were
harvested after a few days. The crystals exhibited the following analytical data:
mp 342-344K; 'H NMR (DMSO-de/D,0): & = 4.60 (s, 2H, Ar-CHy), 4.75 (s, 12H,
HMTA-CHy), 6.88 (d, J = 8.05 Hz, 1H, Ar-H), 6.94 (dt, J = 7.44 and 7.48 Hz, 1H,
Ar-H), 7.23 (dt, J = 7.48 and 7.96 Hz, 1H, Ar-H), 7.31 (d, J = 7.48Hz, 1H, Ar-H);
°C NMR (DMSO-de/D;0): & = 56.0 (C3) (2-hydroxybenzylalcohol), 73.35 (HMTA-
CH), 130.62 (2), 130.53 (C7) 128.33 (C6) 121.77 (C5), 116.77 (C4), 60.61 (C1);

IR (nujol). 2934.50 (broad), 1451.62 (C=C), 1107.5 (C-O), 1000.98 (C-N) cm"".

Crystal quality of 7 was assessed by polarized light microscopy.
X-ray data collection, data reduction, structure solution and refinement

processes were performed as described for structure 6 (Sections 4.1.3 - 4.1.5)

with details of the data collection and structure determination procedure, atomic
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coordinates, atomic displacements parameters, bond geometries and hydrogen

bond parameters summarized in Tables 12 - 18.

4.2.3. Crystal structure assessment

The asymmetric unit of 7 consists of a molecule of 2-
hydroxybenzylalcohol and one-half molecule of HMTA positioned on a mirror
symmetry plane (Figure 18). Both hydroxyl groups on 2-hydroxybenzylalcohol
participate in hydrogen bonding (Table 17). The phenolic hydroxyl group of one
molecule participates in a catemeric motif by O-H---O contacts to neighboring
benzyl hydroxyl group of the adjacent molecule (Figure 19). This generates a
continuous array of 2-hydroxybenzylalcohol molecules along the a-axis linked to
each other via hydrogen bonds. These motifs are further connected by 2-
hydroxybenzyl---HMTA interactions along the b-axis. Each HMTA forms two
contacts to give ‘ladder’ like motifs. The arrangement of molecules in the unit cell
is provided in Figure 20. As shown in Figure 21, the 3D packing pattern reveals
that the 2-hydroxybenzylalcohol molecules between the ‘ladder like motifs
arranged with 3.54 A between aryl rings, suggesting the presence of n-stacking
and C-H--r interactions. There are no HMTA-HMTA interactions as the shortest

distance between them is 3.925 A which exceeds the distance of any meaningful

contact (Figure 21).
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4.3.1. Bis(hexamethylenetetramminium) sulfate

4.3.2. Crystal growth, selection, and mounting
Bis(hexamethylenetetramminium) sulfate (8) was prepared by dissolution
of hexamethylenetetramine (0.125 g, 0.893 mmoles) and sodium sulfate (0.25 g,
1.761 mmoles) in 15mL of water. The resulting clear homogenous solution was
adjusted to pH 6 with 0.005M sulfuric acid and allowed to recrystallize via room-
temperature slow evaporation. Colorless plate-shaped crystals were collected
after 7 days and assessed for quality by polarized light microscopy. The crystals
exhibited the following analytical data: mp > 523K: 'H NMR (DMSO-de/D,0): & =
4.62 (s, HMTA-NH), 4.69 (s, 12H, HMTA-CH,); "*C NMR (DMSO-de/D,0): & =

73.34 (HMTA-CH,); IR (nujol): 36.08.15 (N*-H ), 1236.29 (broad, S=0 and C-N)
cm™,

Intensity data collection, data reduction, structure solution and refinement
processes were performed as described previously for compound 6 (Sections
4.1.3 - 4.1.5) with details of the data collection and structure determination

procedure, atomic coordinates, atomic displacements parameters, bond

geometries and hydrogen bond parameters summarized in Tables 19 — 25.










4.4.1. Bis(5-nitroisophthalic acid)hexamethylenetetramine dihydrate

N NO,

N (\/N 2

LN/ HOOC COOH
9

4.4.2. Crystal growth, selection, and mounting

Crystals of hexamethylenetetramine and S-nitroisophthalic acid (9) were
grown by slow evaporation of a 10mL 1:4 water/methanol solution of
hexamethylenetetramine (0.05 g, 0.357 mmoles) and 5-nitroisophthalic acid (0.15
g, 0.711 mmoles). A recrystallization dish covered with a watch glass was used
to grow crystals. Colorless crystals with needle like morphology were harvested
after one week. The crystals exhibited the following analytical data: mp 481-
483K; 'H NMR (DMSO-ds): § = 4.38 (s, 12H, HMTA-CH,), 8.749 (s), 8.752 (s) (5-
Nitroisophthalic acid); C NMR (DMSO-d): & = 72.50 (HMTA-CH,), 165.26 (C1,
C8, C15, C22), 148.09 (C4, 18), 135.10 (C7, C21), 134.37 (C2, C6, C16, C22),
126.79 (C3, C5, C17, C19) (5-nitroisophthalic acid); IR (nujol): 3434.66 (OH),
1703.9 (C=0), 1545.18 and 1257.09 (N=0), 1462.92 (C=C), 1200 (C-0), 1027.58
(C-N) cm™. Crystal quality of 9 was assessed by polarized light microscopy and

an appropriate crystal was mounted on a glass fiber and affixed to a brass pin

then onto the goniometer head.
X-ray data collection, data reduction, structure solution and refinement

processes were performed as described for structure 6 (Sections 4.1.3 - 4.1.5)
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with details of the data collection and structure determination procedure, atomic
coordinates, atomic displacements parameters, bond geometries and hydrogen

bond parameters summarized in Tables 26 - 32.

4.4.3. Crystal structure assessment

I The asymmetric unit of 9 consists of a molecule of HMTA, two molecules
of 5-nitroisophthalic acid, and two water molecules. Each of these components
link via hydrogen bonding (Figure 25). The two symmetry independent 5-
nitroisophthalic acids are linked by O-H---O contacts that are further connected to
adjacent HMTA and water moieties each (Figure 26). These intermolecular
interactions generate a zigzag pattern arrangement of acids along the c-axis.
These noncovalent interactions generate supramolecular patterns in which only
two HMTA nitrogen atoms are involved in hydrogen bonding. A perspective of
the unit cell contents and some symmetry generated atoms are shown in Figure
27. Close inspection of the crystal structure (Figure 28) reveals the presence of
HMTA-HMTA (C-H--N, 3.353 A) interactions; even so, all aromatic-aromatic
stacking (5.638 A) and HMTA-nitro contact (C-H---O-N, 3.351 A) distances are

too long for any meaningful interactions between them.
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4.5.1. Hexamethylenetetramine terephthalic acid

boroL

AN
10

4.5.2. Crystal growth, selection, and mounting

Crystals of hexamethylenetetramine terephthalic acid 10 were obtained by
slow evaporation of a 15 mL 2:1 water/methanol solution of
hexamethylenetetramine (0.0250 g, 1.78 mmoles) and terephthalic acid (0.0592
g, 0.357 mmoles) . Colorless crystals with block like morphology were harvested
after one week whose quality was assessed by polarized light microscopy. The
crystals exhibited the following analytical data: mp > 523K; '"H NMR ( DMSO-ds):
8 = 4.29 (s5,12H, HMTA-CHjy), 7.97 (s, 4H, Ar-H); *C NMR (DMSO-d¢/D,0): & =
73.11 (HMTA-CHy), 8 = 130.03 (C1, C8), 137.56 (C2, C5), 169.89 (C3, C4, C8,
C7) (terephthalic acid); IR (nujol): 2847.36 (broad, OH), 1685.76 (C=0), 1456.3
(C=C), 1241.4 (C-0O), 1006.8 (C-N) cm™.

X-ray data collection, data reduction, structure solution and refinement
processes were performed as described for structure 6 (Sections 4.1.3 - 4.1.5)
with details of the data collection and structure determination procedure, atomic

coordinates, atomic displacements parameters, bond geometries and hydrogen

bond parameters summarized in Tables 33 - 39.




4.5.3. Crystal structure assessment

The asymmetric unit of 10 comprises three molecules of HMTA and three
molecules of terephthalic acid, one of the terephthalic moieties is disordered over
two positions (Figure 29). The HMTA and terephthalic acids are linked to each
other via hydrogen bonding. These weak intermolecular interactions generate an
array of molecules that extend along the b-axis in an alternating fashion between
HMTA and terephthalic acid (Figure 30). Inspection of the 2D network along the
ac plane reveals undulating patterns that are stuck on top of each other (Figure
31). We also note that the spaces between disordered terephthalic acids strands
along the ac plane are occupied by two ordered terephthalic acid strands. This
collection of non-bonded contacts involve only two HMTA N atoms and forms
molecular strands that propagate along the b axis. A projection of the unit cell is
shown in Figure 32. HMTA---HMTA contacts and n-stacking interactions are
ruled out as the shortest distance between them are 4.17 A and 12 A,

respectively, which is beyond van der Waals forces of radii for any meaningful

interaction.
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Section 5: Metal Organic Frameworks of HMTA

5.1.1. Bis(pz-terephthaIato)-(hexamethy|enetetramino)-diaqua-dinicke|(II)
dihydrate

' o L)1
7 DMSO %—@—{ N (OH,
2N|__ N+ 2 *NiBr.3H0  reflux O 0‘7Ni' o o
N o gL~
(e -

5.1.2. Crystal growth, selection, and mounting

Crystals  of catena—[bis(uz-terephthalato)—(hexamethylenetetramino)-
diaqua-dinickel () dihydrate] (11) were prepared by dissolution of
hexamethylenetetramine (0.25 g, 1.79 mmoles), nickel (ll) bromide trihydrate
(0.081 g, 0.273 mmoles), and terephthalic acid (0.25 g, 1.506 mmoles) in 15 mL
DMSO. The mixture was heated at 60°C for thirty minutes with continuous
stirring in a roundbottom flask until all solids dissolved. The clear green solution
was filtered and allowed to crystallize at room temperature by slow evaporation.
Green transparent crystals were harvested after two weeks with rod morphology.
Crystal quality was assessed by polarized light microscopy and they exhibited a
mp > 523K; IR (nujol): 3444.48 (OH), 1557.06 (C=0), 1228.41, 1250 (C-0)

(C=C), 1000.06 (C-N) cm™. X-ray diffraction data were collected at 208K
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Intensity data collection, data reduction, structure solution and refinement

processes were performed as described previously for compound 6 (Sections

4.1.3 - 4.1.5) with details of the data collection and structure determination
procedure, atomic coordinates, atomic displacements parameters, bond

geometries and hydrogen bond parameters summarized in Tables 40—46.

5.1.3. Crystal structure assessment

The asymmetric unit of 11 consists of a nickel atom, HMTA, one
coordinated water, two DMSO molecules and a half part of the terephthalate. The
Ni atom is positioned on a crystallographic inversion center (Figure 33). These
components assemble to generate a distorted octahedron around the nickel
atom. The nickel atoms are connected by the bidentate terephthalate moieties,
while as HMTA molecules are stabilized by weak HMTA--HMTA interactions
generating a 2-D network (Figure 34). A further view of this network along the c-
axis reveals that adjacent molecular sheets are connected to each other via a
series of O-H---O bonds involving coordinated water and DMSO molecules
(Figure 35). Additional DMSO---DMSO (C-H--O) contacts exist and provide

further crystal stabilization (Figure 35).
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5.2.1. Bis(pz-terephthalato)—(hexamethylenetetramino)diaqua-zinc (i)
dihydrate
/N7
O.__OH N )N,
N ---0 o] ‘\N
(( N X DMSO >/._©__< | <OH,
NI__N+ ZnBr,.3H,0 Theat 4 o— 7z 0 o
S LSO
HO" | J
HO” Yo (( M 0
N\/N
£-N-/
12

5.2.2. Crystal growth, selection, and mounting

Preparation of [bis(pz-terephthalato)—(hexamethylenetetramino)-diaqua-
dizinc (ll) dihydrate] crystals (12) was prepared by dissolution of
hexamethylenetetramine (0.25 g, 1.8 mmoles), zinc (Il) bromide trihydrate (0.34
g, 1.23 mmoles) and terephthalic acid (0.25 g, 1.301 mmoles) in 15 mL DMSO.
The mixture was heated at 60°C for thirty minutes with continuous stirring in a
round bottom flask until all the solids dissolved. A clear homogenoUs solution
was formed which was filtered and allowed to crystallize by slow evaporation at
room temperature. Colorless crystals with rod morphology were harvested after
three weeks. Crystal quality was assessed by polarized light microscopy and
exhibited the following analytical data: mp > 523K; IR (nujol): 2879.95 (broad,
OH), 1547.66 (C=0), 1239.9 (C-0), 1025.9 (C-N)cm'™.

Intensity data collection, data reduction, structure solution and refinement

processes were performed as described previously for compound 6
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(Sections 4.1.3 - 4.1.5) with details of the data collection and structure
determination procedure, atomic coordinates, atomic displacements parameters,

bond geometries and hydrogen bond parameters summarized in Tables 47—53.

5.2.3. Crystal structure assessment

The asymmetric unit of 12 contains two Zn atoms, one and a half
terephthalate, one HMTA, two coordinated water, and two uncoordinated water
molecules. Zn2 and one of the terephthalate anions are positioned on an
inversion center and uncoordinated water molecule O10 is positioned on a mirror
plane (Figure 36). The two Zn atoms exist in different coordination environments
with Zn1 being trigonal bipyramidal with two HMTA, two terephthalate groups,
and a coordinated water molecule, and Zn2 octahedrally coordinated with two
HMTA, two terephthalate, and two coordinated water molecules. The Zn atoms
are connected by Zn-N bonds with bridging HMTA molecules to give an
undulating pattern. This is further joined to bidentate terephthalate groups
(Figure 37).  Further inspection of Figure 37 reveals weak water-water
interactions that participates in O-H--O hydrogen bonds with these undulating
patterns. These hydrogen bonds, along with HMTA-HMTA contacts, assemble

adjacent coordination polymer motifs to give 3-D networks (Figures 38 and 39).
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CONCLUSION

To investigate the supramolecular behavior of HMTA, seven diverse
compounds that possess the common chemical feature of HMTA were prepared.
Of these, four were purely organic-based, one was a hexamethylenetetraminium
salt, and two consisted of metal-coordinated frameworks. An inspection of the
crystal structure of each of these compounds revealed a wide sampling of
molecular associations and crystal motifs. These structural patterns were
compared to the trends observed from studies of the Cambridge Structural
Database (CSD) and molecular modeling calculations of HMTA.

The four HMTA organic-based cocrystalline materials consisted of
components with either carboxylic acid or alcoholic proton donor groups. As
expected, each of these systems readily cocrystalize due to the complementary
interaction of the lone pair of electrons on the HMTA N atom and OH (alcohol or
carboxyl moiety) group of the second component. This mode of molecular
association agreed with our search of the CSD for neutral HMTA multimolecular
structures. Of the 42 structures retrieved from the CSD, 26 consisted of either
alcohol or carboxyl containing components. Although the small set of
compounds prepared and structures determined in this thesis preclude us from
formulating specific criteria for predicting the organization of HMTA structures,
the ease with which these cocrystals form clearly demonstrate and complement
the high population of alcohol and carboxyl containing components we observed

in the CSD search. One logical approach to constructing predictable HMTA
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molecular assemblies is to use strong hydrogen bond donors such as carboxylic
acids. This tactic has been applied by us and others and often leads to an
acid/base reaction to form a molecular salt or possibly the degradation of HMTA
to produce ammonia and formaldehyde®. Although structures of the former (i.e.,

hexamethyleneaminium cations) are not plentiful in the literature, the

coordination behavior of the HMTA™-H does not exceed two. In comparison,
weaker cocrystalizing agents such as alcohols form a wide range of connections
to HTMA (0-4), suggesting that strong hydrogen bond donors adversely affect the
coordination ability of HTMA.

Surprisingly, despite amines and amides being relatively strong proton

donors, our search of the CSD retrieved very few structures that contain either of

these species. Further assessment of our four organic cocrystalline systems
indicate the predominance of mono- and dicoordinated HMTA. This observation
parallels our CSD study that showed most structures tend to only form one or two
contacts to HMTA. This lack of coordination behavior of HMTA led us to study ‘
this phenomena using ab initio calculations. Data gleaned from electrostatic

potential calculations supported the trends observed from our studies and CSD

searches and suggested a cooperative through-space electronic affect of the
HMTA N atoms. Itis proposed that the formation of hydrogen bonds displace the
electron density of the HMTA N lone pair. The back lobe of the sp® N orbital
likely becomes more electrophilic, that in turn, affects the electronic character of
nearby N atoms of HMTA via an intramolecular through space interaction. This

phenomenon drastically reduces the hydrogen bond ability of the uncoordinated
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N atoms. This idea of a cooperative electronic effect was supported by our
crystallographic and CSD studies that showed increasing the strength of
hydrogen bonds results in fewer connections to HMTA (Figure 9).

Extending our CSD studies to include HMTA*-H salts reinforced the notion
that HMTA participates in an anomeric effect as explained above. The addition
of a proton to HMTA reduces the electron density on the back sp® lobe of the
corresponding nitrogen atom. This in turn decreases the electron density of the
other three nitrogen HTMA atoms and thus reducing the donor ability of these
groups. A CSD search for HMTA'-H revealed 17 such crystal structures with
none exhibiting tri- or tetracoordination. The protonation of HMTA to give an
amminium cation produces a drastic shift of electron density. Several indications
of this is the elongation of the C-N HMTA bonds as shown in the structure of 8
and the lack of reported tri- and tetracoordinated HMTA*-H salts (Table 3).

We then shifted our attention to the study of crystal structures of metal
organic frameworks (MOFs). Two HMTA materials consisting of either zinc or
nickel centers were synthesized, crystal structures determined, and structural
trends assessed. Although these structures possessed many similar chemical
features the crystal structures showed markedly different patterns in coordination
environment and molecular packing. This diversity of MOFs generated was also
observed in the CSD where we uncovered 92 structures with varying packing
patterns. Another notable feature of metal-containing HTMA structures was the
existence of weak HMTA:--HMTA interactions that provided additional crystal

stabilization.
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Although the versatility of HMTA as a supramolecular building-block has
been demonstrated through the synthesis and crystal chemistry of seven
samples, motif prediction remains a difficult task that requires further study. The
underlying reason for this lack of crystal engineering is due to an incomplete list
of all known molecular contacts that contribute to crystal packing. One of the
goals of this thesis was to exploit the favorable structural features of HTMA for
the construction of 3D supramolecular networks. Although we were successful at
synthesizing a tetracoordinated HTMA hydrogen bonded complex, the overall
objective of molecular assemblies with tetracoordinated HMTAs is still in its
infancy. Some structures suggest that generation of such frameworks is possible
especially when moderately strong proton donor moieties like alcohols are used.
This is counterintuitive to current practices in the field that seek to develop new
molecular associations and motifs based on strong intermolecular interactions.
This approach proved ineffective in our pursuit to generate highly ordered HMTA
motifs.

Apart from the reasons outlined above, the incompatibility of component
solubility’s can serve as a significant fimiting factor in the generation of HTMA
complexes or salts. Although designing components with complementary
features for specific supramolecular interactions is the first step in the generation
of predictable motifs, studies of cocrystalline systems are often fraught with
problems owing to the difference in physical properties of the components.

Solvent-free crystallization methods seem like a logical answer to this problem;
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however, the list available solvent-free procedures tend to be complicated and
somewhat unreliable.

The ultimate goal of crystal engineering practitioners centers on full
prediction of crystal structures starting with only the knowledge of chemical
connectivity and composition. Though the development of this Holy Grail has
been a long standing objective, recent advances in the field continue to make
steady progress towards this goal. In many instances, progress has only been
realized by small incremental successes that when viewed as isolated
discoveries seem insignificant. The collection of such findings though provide
significant impact on this area of science and thus the contributions presented in
this thesis will hopefully add to the already growing body of data towards
structure prediction.  Discoveries in this field continue to make real-life
connections with applications in such areas as catalysis,** gas storage " host

guest chemistry,”® and nanotechnology®
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APPENDIX

Table 5. Crystal data and structure refinement for bis(1,2-dihydroxybenzene)
hexamethylenetetramine (6)

Formula weight 360.41gmol™’
Temperature 298(2) K
Empirical formula Cis Ha4 N4 O4
Wavelength 0.71073 A
Crystal system Monoclinic
Space group C2/c

b=6.8422(5) A B=123.135(6)°
c=13.244(1)A 5 =90°

‘ Unit cell dimensions a=23.7942)A «=90°
| Volume1805.5(3) A3

4 4
Density (calculated) 1.326 mg/m3
Absorption coefficient 0.095 mm-1
i F(000) 768
| Crystal size 0.41 x 0.41 x 0.20 mm3
Theta range for data collection 2.0to 25.4°
| Index ranges 1 <h <28, -1 <k <8, -14 </ <13
Reflections collected 1921
| Independent reflections 1626 [R(int) = 0.022]
| Completeness to theta = 25.4 99.2 %
Absorption correction None
| Refinement method Full-matrix least-squares on F2
“ Data / restraints / parameters 1626 /0/127
| Goodness-of-fit on F2 1.04
| Final R indices [I>2sigma(l)] R1=0.051, wR2 =0.102
’ R indices (all data) R1=0.094, wR2 =0.119

Table 6. Atomic coordinates (x 10%) and equivalent isotropic displacement

parameters (A x 10°) for bis(1 ,2-dihydroxybenzene)hexamethylenetetramine. U
(eq) is defined as one third of the trace of the orthogonalized Uil tensor.

X y z U(eq)
o(1) 890(1) 7382(3) 1361(2) 62(1)
0(2) 1133(1) 4389(3) 301(2) 64(1)
N(1) 457(1) 10108(3) 2332(2) 39(1)
N(2) 409(1) 12620(3) 3590(2) 39(1)
c(1) 1376(1) 6071(4) 2089(2) 41(1)
C(2) 1746(1) 6174(4) 3328(2) 47(1)
C(3) 2240(1) 4820(4) 4012(2) 56(1)
C(4) 2361(1) 3361(4) 3459(2) 61(1)
C(5) 1989(1) 3225(4) 2220(2) 56(1)
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C(6) 1496(1) 4572(4) 1527(2) 43(1)
C(7) 845(1) 11372(4) 3404(2) 44(1)
C(8) 0 13817(5) 2500 41(1)
C(9) -44(1) 11370(3) 3727(2) 42(1)
C(10) 8920(5) 2500 2500 45(1)

Table 7. Hydrogen coordinates ( x 104) and isotropic displacement parameters

(A2 X 103) for bis(1,2-dihydroxybenzene) hexamethylenetetramine (6)

X y z U(eq)
H(2) 1662 7169 3707 56
H(3) 2489 4903 4849 67
H(4) 2696 2450 3919 74
H(5) 2072 2215 1849 67
H(7A) 1115 10560 4111 53
H(7B) 1146 12188 3309 53
H(8A) -293 14652 2606 49
H(8B) 293 14652 2394 49
H(9A) -335 12183 3849 50
H(9B) 219 10558 4437 50
H(10A) - =263 8085 1802 54
H(10B) 263 8085 3198 54
H(10) 839(15) 8270(40) 1820(30) 86(10)
H(20) 902(15) 5300(50) -30(30) 77(11)

Table 8. Anisotropic displacement parameters (A2 X 103) for bis(1,2

dihydroxybenzene) hexamethylenetetramine (6). The anisotropic displacement
factor exponent takes the form: -2p2 [h2 a*2U11 + . +2 hk a* b* U12]

y11 ul2 y33 u23 yl13 yl12
O(1) 70(1) 65(1) 41(1) 5(1) 24(1) 36(1)
0(2) 91(2) 55(1) 49(1) 8(1) 39(1) 32(1)
N(1) 42(1) 36(1) 40(1) 2(1) 23(1) 7(1)
N(2) 47(1) 34(1) 40(1) -7(1) 27(1) -10(1)
C(1) 39(1) 43(1) 46(1) 8(1) 26(1) 9(1)
C(2) 47(2) 50(2) 45(1) 1(1) 26(1) 1(1)
C(3) 44(2) 70(2) 46(2) 15(1) 21(1) 2(2)
C(4) 51(2) 71(2) 64(2) 32(2) 33(2) 23(2)
C(5) 68(2) 49(2) 70(2) 17(1) 50(2) 22(1)
C(6) 49(1) 46(2) 46(1) 10(1) 32(1) 10(1)
C(7) 38(1) 46(2) 44(1) 1(1) 20(1) 0(1)
C(8) 55(2) 28(2) 52(2) 0 36(2) 0
C(9) 54(1) 38(1) 39(1) -3(1) 29(1) -8(1)
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C(10) 58(2) 24(2) 0 0
Table 9. Bond lengths [A] and angles [°] for bis(1,2-dihydroxybenzene)
hexamethylenetetramine (6)

O(1)-C(1)-C(6) 116.8(2)
O(1)-C(1) 1.361(3) C(2)-C(1)-C(6) 119.6(2)
O(1)-H(10) 0.91(3) C(1)-C(2)-C(3) 120.6(3)
0(2)-C(6) 1.365(3) C(1)-C(2)-H(2) 119.7
0O(2)-H(20) 0.79(3) C(3)-C(2)-H(2) 119.7
N(1)-C(10) 1.470(3) C(4)-C(3)-C(2) 119.7(2)
N(1)-C(9)1 1.473(3) C(4)-C(3)-H(3) 120.1
N(1)-C(7) 1.478(3) C(2)-C(3)-H(3) 120.1
N(2)-C(9) 1.462(3) C(3)-C(4)-C(5) 120.3(2)
N(2)-C(7) 1.464(3) C(3)-C(4)-H(4) 119.9
N(2)-C(8) 1.472(2) C(5)-C(4)-H(4) 119.9
C(1)-C(2) 1.376(3) C(6)-C(5)-C(4) 120.5(3)
C(1)-C(6) 1.386(3) C(6)-C(5)-H(5) 119.7
C(2)-C(3) 1.376(3) C(4)-C(5)-H(5) 119.7
C(2)-H(2) 0.9300 0(2)-C(6)-C(5) 119.1(2)
C(3)-C(4) 1.360(4) O(2)-C(6)-C(1) 121.6(2)
C(3)-H(3) 0.9300 C(5)-C(6)-C(1) 119.3(2)
C(4)-C(5) 1.377(4) N(2)-C(7)-N(1) 112.12(17)
C(4)-H(4) 0.9300 N(2)-C(7)-H(7A) 109.2
C(5)-C(6) 1.375(3) N(1)-C(7)-H(7A) 109.2
C(5)-H(5) 0.9300 N(2)-C(7)-H(7B) 109.2
C(7)-H(7A) 0.9700 N(1)-C(7)-H(7B) 109.2
C(7)-H(7B) 0.9700 H(7A)-C(7)-H(7B) 107.9
C(8)-N(2)#1 1.472(2) N(2)#1-C(8)-N(2) 112.4(2)
C(8)-H(8A) 0.9700 N(2)#1-C(8)-H(8A) 109.1
C(8)-H(8B) 0.9700 N(2)-C(8)-H(8A) 109.1
C(9)-N(1)#1 1.473(3) N(2)#1-C(8)-H(8B) 109.1
C(9)-H(9A) 0.9700 N(2)-C(8)-H(8B) 109.1
C(9)-H(9B) 0.9700 H(8A)-C(8)-H(8B) 107.9
C(10)-N(1)#1 1.470(3) N(2)-C(9)-N(1)#1 112.35(7)
C(10)-H(10A) 0.9700 N(2)-C(9)-H(9A) 109.1
C(10)-H(10B) 0.9700 N(1)#1-C(9)-H(9A) 109.1
C(1)-O(1)-H(10) 109.7(18) N(2)-C(9)-H(9B) 109.1

C(6)-O(2}-H(20)  112(2)

C(10)-N(1)-C(9}#1  107.64(16)
C(10)-N(1)-C(7) 107.58(16)
C(O#1-N(1-C(7)  108.21(17)

N(1)#1-C(9)-H(9B)  109.1
H(9A)-C(9)-H(9B) 107.9
N(1)#1-C(10}-N(1)  112.8(3)
N(1)#1-C(10)-H(10A) 109.0

C(9)-N(2)-C(7) 108.47(18) N(1)-C(10)-H(10A)  109.0
C(9)-N(2)-C(8) 108.04(16) N(1)#1-C(10)-H(10B) 109.0
C(7)-N(2)-C(8) 107.97(15) N(1)-C(10)-H(10B) 109.0

O(1)-C(1)-C(2) 123.6(2) H(10A)-C(10)-H(10B) 107
Symmetry transformations used to generate equivalent atoms: #1 -x, y,-z+1/2
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Table 10. Torsion angles [°] for bis(1 ,2-dihydroxybenzene)

hexamethylenetetramine (6)

S

O(1)-C(1)-C(2)-C(3)
C(6)-C(1)-C(2)-C(3)
C(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-C(5)
C(3)-C(4)-C(5)-C(6)
C(4)-C(5)-C(6)-0(2)
C(4)-C(5)-C(6)-C(1)
O(1)-C(1)-C(6)-0(2)
C(2)-C(1)-C(6)-O(2)
O(1)-C(1)-C(6)-C(5)
C(2)-C(1)-C(6)-C(5)
C(9)-N(2)-C(7)-N(1)
C(8)-N(2)-C(7)-N(1)
C(10)-N(1)-C(7)-N(2)
C(9#1-N(1)-C(7)-N(2)
C(9)-N(2)-C(8)-N(2)#1
C(7)-N(2)-C(8)-N(2)#1
C(7)-N(2)-C(9)-N(1)#1
C(8)-N(2)-C(9)-N(1 )#1
C(9)#1-N(1)-C(10)-N(1)#1
C(7)-N(1)-C(10)-N(1)#1

-178.7(2)
0.9(4)
-0.3(4)
-0.5(4)
0.6(4)
-179.5(2)
0.0(4)
-1.6(4)
178.8(2)
178.9(2)
-0.8(4)
58.6(2)
-58.2(2)
-58.0(2)
58.0(2)
-58.50(13)
58.63(13)
-58.7(2)
58.1(2)
-58.19(13)
58.22(13)

Table 11. Hydrogen bonds for bis(1 ,2-dihydroxybenzene)
hexamethylenetetramine (6) [A and °]

D-H-—A d(D-H) d(H-—A) d(D-A) <(DHA)

O(1)-H(1) --N(1) 0.91(3) 1.89(3) 2.764(3) 162(3)
O(2)-H(2) --0(1) 0.79(3) 2.34(3) 2.717(3) 111(2)
O(2)-H(2) ~N(2#2  0.79(3) 2.10(3) 2.832(3) 155(3)

Symmetry transformations used to generate equivalent atoms:
#1-xy,-z+1/2  #2 x,-y+2,z-1/2

Table 12. Crystal data and structure refinement for bis(2-hydroxybenzylalcohol)
hexamethylenetetramine, (7).

Empirical formula
Formula weight

C10H14N20;
194.23 g.mol™
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Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.49°
Absorption correction

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

298(2) K

0.71073 A
Orthorhombic
Pnma
a=12.6831(13) A
b =23.960(2) A

c = 6.5009(7) A
1975.6(3) A3

8

1.306 mg/m3

0.092 mm-1

832

3.21 to 27.49°
“M1<=h<=1,-31<=k<=1, -1
2317

1708 [R(int) = 0.0255]

73.3 %

None

Full-matrix least-squares on F2
1708 /0/ 141

1.062

R=0.0518, wR2 = 0.0968
R=0.1089, wR2=0.1216

0.218 and -0.306 e.A-3

a=90.0°
£ =90.0°
y =90.0°

<=8

Table 13. Atomic coordinates (x 104) and equivalent isotropic displacement
parameters (A2 x 103) for bis(2-hydroxybenzylalcohol) hexamethylenetetramine,
(7). U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

X y z U(eq)
0(1) 9559(2) 3873(1) 10755(3) 39(1)
0(2) 6469(2) 3883(1) 12678(3) 39(1)
N(1) 10000(2) 3012(1) 8127(3) 31(1)
N(2) 11585(3) 2500 7080(5) 33(1)
N(3) 10021(3) 2500 4868(5) 37(1)
C(1) 8511(2) 3826(1) 11530(5) 36(1)
C(2) 7709(2) 4084(1) 10126(4) 25(1)
C(3) 6672(2) 4123(1) 10820(4) 25(1)
C(4) 5915(2) 4385(1) 9647(4) 32(1)
C(5) 6184(3) 4604(1) 7744(5) 36(1)
C(6) 7197(3) 4555(1) 7010(5) 36(1)
C(7) 7949(2) 4301(1) 8213(4) 31(1)
C(8) 9638(3) 2996(1) 5964(4) 38(1)
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C(9) 9617(3) 2500 9137(6) 35(1)
C(10) 11163(2) 2992(1) 8128(5) 34(1) |
Cc(11) 11178(4) 2500 4958(6) 41(1) |

Table 14. Hydrogen coordinates ( x 104) and isotropic displacement parameters
(A2 x 103)for bis(2-hydroxybenzylalcohol) hexamethylenetetramine, (7).

X y z U(eq)
H(1A) 8474 4007 12863 44
H(1B) 8343 3435 11723 44
H(1) 9630(30)  3594(14) 9800(50) 67(12)
H(2) 5770(30)  3918(17) 13070(60) 100(16)
H(4) 5227 4415 10128 38
H(5) 5676 4785 6958 43
H(6) 7371 4692 5716 43
H(7) 8637 4274 7725 37
H(8A) 8873 2998 5937 45
H(8B) 9883 3328 5259 45
H(9A) 8852 2500 9125 42
H(9B) 9845 2500 10561 42
H(10A) 11432 3325 7459 41
H(10B) 11412 2994 9538 41
H(11A) 11442 2827 4246 49
H(11B) 11442 2173 4246 49

Table 15. Anisotropic displacement parameters (A2 X 103) for bis(2-
hydroxybenzylalcohol) hexamethylenetetramine, (7). The anisotropic
displacement factor exponent takes the form: -2p2[ h2 a*2U11 + . +2 h k a* b*
ul12j

K 22 U33 U23 u13 U12
o(1)  20(1) 53(1) 46(1)  -21(1) -2(1) 2(1)
0@2) 29(2) 57(1) 31(1) 8(1) 6(1) 2(1)
N(1)  26(2) 34(1) 32(1) 0(1) 3(1) 1(1)
N(2)  33(2) 29(2) 37(2) 0 7(2) 0
N(3)  47(3) 38(2) 27(2) 0 0(2) 0
c(1)  27(2) 45(2) 38(2) -6(2) 1(2) 4(2)
C(2) 23(2) 27(1) 27(1) -4(1) -3(1) 0(1)
C(3)  25(2) 23(1) 26(1) -2(1) -1(1) 2(1)
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C(1)-0O(1)-H(1) 106(2) C(5)-C(6)-C(7) 119.2(3)
C(2)-C(1)-H(1A) 109.1 C(5)-C(6)-H(6) 120.4
C(2)-C(7)-H(7) 119.2 C(6)-C(5)-H(5) 119.7
C(2)-C(1)-H(1B) 109.1 C(6)-C(5)-C(4) 120.5(3)
C(3)-0(2)-H(2) 113(2) C(6)-C(5)-H(5) 119.7
C(3)-C(4)-C(5) 119.7(3) C(6)-C(7)-C(2) 121.7(3)
C(3)-C(4)-H(4) 120.2 C(7)-C(2)-C(3) 118.3(3)
C(3)-C(2)-C(1) 118.1(2) C(7)-C(6)-H(6) 120.4
C(4)-C(3)-C(2) 120.6(3) C(8)-N(3)-C(8)#1 108.0(3)
C(4)-C(5)-H(5) 119.7 C(8)-N(3)-C(11) 108.2(2)
C(5)-C(4)-H(4) 120.2 C(8)#1-N(3)-C(11) 108.2(2)
C(9)-N(1)-C(8) 107.4(2) H(8A)-C(8)-H(8B) 107.9
C(9)-N(1)-C(10) 107.7(3) H(1A)-C(1)-H(1B) 107.8
C(10)#1-N(2)-C(10)  107.4(3) H(9A)-C(9)-H(9B) 107.8
C(10)-N(1)-C(8) 108.1(2) H(10A)-C(10)-H(10B)  107.8
C(10)}#1-N(2)-C(11)  107.9(2) H(11A)-C(11)-H(11B) 107.8
Table 17. Hydrogen bonds for bis(2- -hydroxybenzylaicohol)
hexamethylenetetramine, (7) [A and °]
D-H---A d(D-H) d(H---A) d(D--A) <(DHA)
O (1)-H(1) --N(1) 0.91(3) 1.83(4) 2.736(3) 170(3)
O (2)-H(2) --O(1)#2  0.93(4) 1.71(4) 2.628(3) 166(4)

Symmetry transformations used to generate equivalent atoms:
#1 x,-y+1/12,z  #2 x-1/2,y,-z+5/2
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Table 18. Torsion angles [°] for bis(2-hydroxybenzylalcohol)
hexamethylenetetramine (7).

O(1)-C(1)-C(2)-C(7) 5.0(4)
O(1)-C(1)-C(2)-C(3) -172.7(2)
0(2)-C(3)-C(4)-C(5) -178.1(3)
C(1)-C(2)-C(7)-C(6) 177.1(3)
C(1)-C(2)-C(3)-0(2) -4.7(4)
C(1)-C(2)-C(3)-C(4) 176.1(2)
C(2)-C(3)-C(4)-C(5) 1.1(4)
C(3)-C(2)-C(7)-C(6) 0.6(4)
C(3)-C(4)-C(5)-C(6) 0.8(4)
C(4)-C(5)-C(6)-C(7) -1.9(4)
C(5)-C(6)-C(7)-C(2) 1.2(4)
C(7)-C(2)-C(3)-0(2) 177.5(2)
C(7)-C(2)-C(3)-C(4) -1.7(4)
C(8)-N(1)-C(9)-N(1)#1 58.7(4)
C(8)-N(1)-C(10)-N(2) -57.4(3)
C(8)#1-N(3)-C(8)-N(1) 58.9(4)
C(8)-N(3)-C(11)-N(2) 58.4(2)
C(8)#1-N(3)-C(11)-N(2) -58.4(2)
C(9)-N(1)-C(8)-N(3) -58.6(3)
C(9)-N(1)-C(10)-N(2) 58.3(3)
C(10)-N(1)-C(9)-N(1)#1 -57.5(4)
C(10)-N(1)-C(8)-N(3) 57.4(3)
C(10)#1-N(2)-C(11)-N(3) 57.9(2)
C(10)#1-N(2)-C(10)-N(1) -58.7(4)
C(10)-N(2)-C(11)-N(3) -57.9(2)
C(11)-N(2)-C(10)-N(1) 57.5(3)
C(11)-N(3)-C(8)-N(1) -57.9(3)

Symmetry transformations used to generate equivalent atoms:
#1 x,-y+1/2,z

Table 19. Crystal data and structure refinement for hexamethylenetetramminium

sulfate (8)

Empirical formula Ci2Hyp Ng O4 S
Formula weight 378.47gmol™
Temperature 298(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2./c

Unit cell dimensions a=12.060(3) A

b =12.021(2) A
c=12.428(2) A

&5

o= 90°
B=108.727(11)°
y=90°




Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.49°
Max. and min. transmission

1706.4(6) A3
4

1.473 mg/m3

0.228 mm-1
808

0.72 x 0.40 x 0.36 mm3

2.42 t0 27.49°

-1 <h <7, -1 <k <15, -16 </ <15
3168

2364 [R(int) = 0.0136]

60.2 %

0.9224 and 0.8530

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 2364 /0/230

Goodness-of-fit on F2 1.008

Final R indices [I>2sigma(l)] R1 =0.0369, wR2 = 0.0895
R indices (all data) R1=0.0524, wR2 = 0.0976
Largest diff. peak and hole 0.158 and -0.270 e.A-3

Table 20. Atomic coordinates (x 104) and equivalent isotropic displacement
parameters (A2 x 103) for Hexamethylenetetramminium sulfate (8). U(eq)is
defined as one third of the trace of the orthogonalized Ul tensor.

X y z U(eq)
S(1) 2647(1) 6073(1) 343(1) 28(1)
0(1) 1328(2) 6019(1) -74(1) 37(1)
0(2) 3060(2) 5741(1) -632(1) 40(1)
0O(3) 3101(2) 5302(2) 1299(1) 52(1)
0(4) 3018(2) 7222(1) 686(1) 44(1)
N(1) 377(2) 4776(2) -1910(1) 31(1)
N(2) -1420(2) 4162(1) -3334(1) 30(1)
N(3) 12(2) 2786(2) -2241(2) 32(1)
N(4) 478(2) 3958(2) -3672(1) 32(1)
N(5) 4707(2) 7217(2) -873(2) 30(1)
N(6) 5382(2) 9131(2) -823(2) 33(1)
N(7) 6079(2) 7703(2) -1868(2) 36(1)
N(8) 6721(2) 7667(2) 223(1) 32(1)
C(1) 980(3) 4804(2) -2809(2) 35(1)
C(2) -919(3) 5004(2) -2471(2) 31(1)
C(3) -803(3) 4175(2) -4185(2) 35(1)
C(4) -1252(3) 3047(2) -2783(2) 33(1)
C(5) 609(3) 2850(2) -3114(2) 36(1)
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C(6) 522(3) 3622(2)  -1376(2) 37(1)
C(7) 5084(3) 70002)  -1910(2) 40(1)
C(8) 4376(3) 8449(2) -864(2) 36(1)
C(9) 5731(3)  8885(2)  -1831(2) 41(1)
C(10) 6362(3) 8846(2) 215(2) 40(1)
c(11) 7049(3) 7454(2) -813(2) 37(1)
C(12) 5732(3) 6963(2) 192(2) 34(1)

Table 21. Bond lengths [A] and angles [°] for hexamethylenetetramminium

sulfate (8).
S(1)-0(3) 1.4667(16) N(5)-C(7) 1.520(3)
S(1)-0(4) 1.4727(16) N(5)-C(12) 1.523(3)
S(1)-0(2) 1.5032(19) N(5)-C(8) 1.534(3)
S(1)-0(1) 1.508(2) N(5)-H(2) 0.92(3)
N(1)-C(1) 1.517(3) N(6)-C(8) 1.452(3)
N(1)-C(2) 1.517(3) N(6)-C(9) 1.474(3)
N(1)-C(6) 1.524(3) N(6)-C(10) 1.483(3)
N(1)-H(1) 0.9100 N(7)-C(7) 1.455(4)
N(2)-C(2) 1.458(3) N(7)-C(11) 1.481(3)
N(2)-C(3) 1.477(3) N(7)-C(9) 1.486(3)
N(2)-C(4) 1.489(3) N(8)-C(12) 1.453(3)
N(3)-C(6) 1.456(3) N(8)-C(10) 1.481(3)
N(3)-C(5) 1.484(3) N(8)-C(11) 1.485(3)
N(3)-C(4) 1.488(4) C(1)-H(1A) 0.9700
N(4)-C(1) 1.462(3) C(1)-H(1B) 0.9700
N(4)-C(5) 1.486(3) C(2)-H(2A) 0.9700
N(4)-C(3) 1.492(4)
C(2)-H(2B) 0.9700 C(8)-H(8A) 0.9700
C(3)-H(3A) 0.9700 C(8)-H(8B) 0.9700
C(3)-H(3B) 0.9700 C(9)-H(9A) 0.9700
C(4)-H(4A) 0.9700 C(9)-H(9B) 0.9700
C(4)-H(4B) 0.9700 C(10)-H(10A) 0.9700
C(5)-H(5A) 0.9700 C(10)-H(10B) 0.9700
C(5)-H(5B) 0.9700 C(11)-H(11A) 0.9700
C(6)-H(6A) 0.9700 C(11)-H(11B) 0.9700
C(6)-H(6B) 0.9700 C(12)-H(12A) 0.9700
C(7)-H(7A) 0.9700 C(12)-H(12B) 0.9700
C(7)-H(7B) 0.9700
O(3)-S(1)-0(4) 110.98(10) 0O(2)-S(1)-0(1) 107.33(10)
O(3)-S(1)-0(2) 110.57(12) C(1)-N(1)-C(2) 108.90(18)
O(4)-S(1)-0(2) 109.53(11) C(1)-N(1)-C(6) 109.01(19)
O(3)-S(1)-0(1) 109.22(12) C(2)-N(1)-C(6) 108.8(2)
O(4)-S(1)-0(1) 109.12(11) C(1)-N(1)-H(1) 110.0
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2)-N(1)-H(1)
6)-N(1)-H(1)
2)-N(2)-C(3)
2)-N(2)-C(4)
C(3)-N(2)-C(4)
C(6)-N(3)-C(5)
C(6)-N(3)-C(4)
C(5)-N(3)-C(4)
C(1)-N(4)-C(5)
C(1)-N(4)-C(3)
C(5)-N(4)-C(3)
C(7)-N(5)-C(12)
C(7)-N(5)-C(8)
C(12)-N(5)-C(8)
C(7)-N(5)-H(2)
C(12)-N(5)-H(2)
C(8)-N(5)-H(2)
C(8)-N(6)-C(9)
C(8)-N(6)-C(10)
C(9)-N(6)-C(10)
C(7)-N(7)-C(11)
C(7)-N(7)-C(9)
C(11)-N(7)-C(9)
C(12)-N(8)-C(10)
C(12)-N(8)-C(11)
C(10)-N(8)-C(11)
N(4)-C(1)-N(1)
N(4)-C(1)-H(1A)
N(1)-C(1)-H(1A)
N(4)-C(1)-H(1B)
N(1)-C(1)-H(1B)
H(1A)-C(1)-H(1B)
N(2)-C(2)-N(1)
N(2)-C(2)-H(2A)
N(1)-C(2)-H(2A)
N(2)-C(2)-H(2B)
N(1)-C(2)-H(2B)
H(2A)-C(2)-H(2B)
N(2)-C(3)-N(4)
N(2)-C(3)-H(3A)
N(4)-C(3)-H(3A)
N(2)-C(3)-H(3B)
N(4)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
N(3)-C(4)-N(2)
N(3)-C(4)-H(4A)

110.0
110.0
109.5(2)
108.89(16)
108.2(2)
108.3(2)
108.50(19)
109.0(2)
108.89(17)
108.7(2)
107.2(2)
108.8(2)
108.73(19)
109.10(18)
114.2(16)
108.1(16)
107.8(18)
108.7(2)
108.8(2)
109.1(2)
108.77(19)
108.6(2)
108.45(19)
108.7(2)
108.79(19)
108.50(19)
110.0(2)
109.7
109.7
109.7
109.7
108.2
109.6(2)
109.7
109.7
109.7
109.7
108.2
112.52(18)
109.1
109.1
109.1
109.1
107.8
111.5(2)
109.3

N(2)-C(4)-H(4A)
N(3)-C(4)-H(4B)
N(2)-C(4)-H(4B)
H(4A)-C(4)-H(4B)
N(3)-C(5)-N(4)
N(3)-C(5)-H(5A)
N(4)-C(5)-H(5A)
N(3)-C(5)-H(5B)
N(4)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
N(3)-C(6)-N(1)
N(3)-C(6)-H(6A)
N(1)-C(6)-H(6A)
N(3)-C(6)-H(6B)
N(1)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
N(7)-C(7)-N(5)
N(7)-C(7)-H(7A)
N(5)-C(7)-H(7A)
N(7)-C(7)-H(7B)
N(5)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
N(6)-C(8)-N(5)
N(6)-C(8)-H(8A)
N(5)-C(8)-H(8A)
N(6)-C(8)-H(8B)
N(5)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
N(6)-C(9)-N(7)
N(6)-C(9)-H(9A)
N(7)-C(9)-H(9A)
N(6)-C(9)-H(9B)
N(7)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
N(8)-C(10)-N(6)
N(8)-C(10)-H(10A)
N(6)-C(10)-H(10A)
N(8)-C(10)-H(10B)
N(6)-C(10)-H(10B)

H(10A)-C(10)-H(10B)

N(7)-C(11)-N(8)

N(7)-C(11)-H(11A)
N(8)-C(11)-H(11A)
N(7)-C(11)-H(11B)
N(8)-C(11)-H(11B)

109.3
109.3
109.3
108.0
112.6(2)
109.1
109.1
109.1
109.1
107.8
110.16(16)
109.6
109.6
109.6
109.6
108.1
109.73(19)
109.7
109.7
109.7
109.7
108.2
109.2(2)
109.8
109.8
109.8
109.8
108.3
112.24(18)
109.2
109.2
109.2
109.2
107.9
112.14(17)
109.2
109.2
109.2
109.2
107.9
112.3(2)
109.2
109.2
109.2
109.2

H(11A)-C(11)-H(11B) 107.9




N(8)-C(12)-N(5) 109.66(18) N(8)-C(12)-H(12B) 109.7
N(8)-C(12)-H(12A) 109.7 N(5)-C(12)-H(12B) 109.7
N(5)-C(12)-H(12A) 109.7 H(12A)-C(12)-H(12B) 108.2
Table 22. Anisotropic displacement parameters (A2 X 103) for
hexamethylenetetramminium sulfate (8), the anisotropic displacement factor
exponent takes the form: -2p2[ h2 a*2U11 + _ + 2 h k a* b* U12 ]
yi y22 u33 u23 yl13 ul2

S(1) 25(1) 29(1) 27(1) -1(1) 4(1) -3(1)
O(1) 16(2) 59(1) 36(1) -13(1) 8(1) -8(1)
0O(2) 34(2) 47(1) 45(1) -11(1) 21(1) -8(1)
O(3) 53(2) 50(1) 46(1) 18(1) 6(1) 5(1)
O(4) 45(2) 36(1) 46(1) -11(1) 10(1) -14(1)
N(1) 22(2) 38(1) 31(1) -10(1) 7(1) -6(1)
N(2) 23(2) 32(1) 31(1) -1(1) 4(1) -2(1)
N(3) 28(2) 32(1) 40(1) 6(1) 17(1) 6(1)
N(4) 33(2) 32(1) 30(1) -1(1) 11(1) -1(1)
N(5) 22(2) 28(1) 38(1) 2(1) 7(1) -3(1)
N(6) 23(2) 31(1) 47(1) 0(1) 11(1) 0(1)
N(7) 37(2) 43(1) 31(1) 6(1) 14(1) 5(1)
N(8) 20(2) 44(1) 30(1) 2(1) 5(1) 1(1)
C(1) 26(3) 40(1) 42(1) -4(1) 16(1) -7(1)
C(2) 26(3) 27(1) 39(1) -4(1) 10(1) 3(1)
C(3) 37(3) 37(1) 27(1) 2(1) 5(1) 0(1)

[ C(4) 29(3) 30(1) 43(1) -2(1) 14(1) -4(1)
C(5) 35(3) 33(1) 44(1) 2(1) 20(1) 6(1)
C(6) 32(3) 50(1) 27(1) 8(1) 5(1) 8(1)
C(7) 47(3) 38(1) 28(1) -4(1) 1(1) 3(2)

[ C(8) 23(3) 34(1) 49(1) 3(1) 9(1) 5(1)

‘ C(9) 40(3) 40(1) 44(1) 14(1) 16(1) 0(1)
C(10) 31(3) 41(1) 43(1) -12(1) 5(1) -10(1)

’ C(11) 24(3) 46(1) 43(1) 4(1) 14(1) 4(1)

’ C(12) 33(3) 41(1) 27(1) 7(1) 9(1) 7(1)

|

|

|

|

|
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Table 23. Hydrogen coordinates (x 104) and isotropic displacement parameters
(A2 x 103) for Hexamethylenetetramminium sulfate (8).

X y z U(eq)
H(1) 694 5297 -1367 37
H(1A) 884 5534 -3161 42
H(1B) 1811 4668 -2458 42
H(2A) 1315 4991 1904 37
H(2B) -1025 5736 -2818 37
H(3A) -916 4894 -4559 42
H(3B) 1142 3614 -4758 42
H(4A) -1642 3028 -2212 40
H(4B) -1607 2484 -3348 40
H(5A) 288 2285 -3687 43
H(5B) 1435 2693 -2759 43
H(6A) 1347 3465 1014 45
H(6B) 139 3596 -798 45
H(7A) 5208 6224 -1927 48
H(7B) 4439 7157 -2595 48
H(8A) 3729 8622 -1542 43
H(8B) 4132 8602 -207 43
H(9A) 6382 9361 -1827 49
H(9B) 5083 9052 2511 49
H(10A) 7026 9321 263 48
H(10B) 6125 8988 878 48
H(11A) 7721 7909 -788 44
H(11B) 7274 6680 -822 44
H(12A) 5504 7097 862 41
H(12B) 5952 6187 192 41
H(2) 4080(30)  6800(20)  -850(20) 39(9)
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Table 24. Torsion angles [°] for hexamethylenetetramminium sulfate (8).
C(6)-N(3)-C(5)-N(4) -60.0(3) C(5)-N(3)-C(6)-N(1) 59.0(3)
C(4)-N(3)-C(5)-N(4) 57.8(3) C(4)-N(3)-C(6)-N(1) -59.2(3)
C(1)-N(4)-C(5)-N(3) 59.7(3) C(1)-N(1)-C(6)-N(3) -59.4(3)
C(3)-N(4)-C(5)-N(3) -57.7(2) C(2)-N(1)-C(6)-N(3) 59.3(3)
C(3)-N(2)-C(2)-N(1) -58.6(2) N(5)-C(7)-N(7)-C(11) 59.0(3)
C(4)-N(2)-C(2)-N(1) 59.6(3) N(5)-C(7)-N(7)-C(9) -58.8(2)
C(1)-N(1)-C(2)-N(2) 59.6(2) N(6)-C(9)-N(7)-C(7) 60.6(3)
C(6)-N(1)-C(2)-N(2) -59.1(2) N(6)-C(9)-N(7)-C(11) -57.4(3)
C(2)-N(2)-C(3)-N(4) 58.9(2) C(12)-N(8)-C(10)-N(6) -60.9(3)
C(4)-N(2)-C(3)-N(4) -59.6(2) C(11)-N(8)-C(10)-N(6) 57.3(3)

{ C(1)-N(4)-C(3)-N(2) -58.6(2) C(8)-N(6)-C(10)-N(8) 61.1(3)

‘ C(5)-N(4)-C(3)-N(2) 59.0(2) C(9)-N(6)-C(10)-N(8) -57.3(3)
C(8)-N(6)-C(9)-N(7) -61.3(3) C(6)-N(3)-C(4)-N(2) 60.5(2)

’ C(10)-N(6)-C(9)-N(7) 57.3(3) C(5)-N(3)-C(4)-N(2) -57.3(2)
C(5)-N(4)-C(1)-N(1) -58.1(3) C(2)-N(2)-C(4)-N(3) -60.9(3)

| C(3)-N(4)-C(1)-N(1) 58.4(2) C(3)-N(2)-C(4)-N(3) 58.1(2)
C(2)-N(1)-C(1)-N(4) -60.0(2) C(9)-N(6)-C(8)-N(5) 59.7(2)
C(6)-N(1)-C(1)-N(4) 58.6(3) C(10)-N(6)-C(8)-N(5) -59.0(2)
C(10)-N(8)-C(12)-N(5) 59.0(2) C(7)-N(5)-C(8)-N(6) -59.6(3)
C(11)-N(8)-C(12)-N(5) -59.0(3) C(12)-N(5)-C(8)-N(6) 59.0(3)
C(7)-N(5)-C(12)-N(8) 59.5(2) C(7)-N(7)-C(11)-N(8) -60.1(3)
C(8)-N(5)-C(12)-N(8) -59.0(3) C(9)-N(7)-C(11)-N(8) 57.8(3)
C(12)-N(5)-C(7)-N(7) -59.4(2) C(12)-N(8)-C(11)-N(7) 60.1(3)
C(8)-N(5)-C(7)-N(7) 59.3(3) C(10)-N(8)-C(11)-N(7) -58.0(3)

Table 25. Hydrogen bonds for hexamethylenetetramminium sulfate (8)

[A and °].
N(5)-H(2) -—-O(2) 0.92(3) 1.85(3) 2.751(3) 167(3)
N(1)-H(1) ---O(1) 0.91 1.77 2.660(2) 165.2

Table 26. Crystal data and structure refinement for bis (5-nitroisophthalic acid)

|
: D-H---A d(D-H) d(H---A) d(D--A) <(DHA)
|
|
|
|
’ hexamethylenetetramine (9).

Empirical formula 021 H24 Ng 014
‘ Formula weight 321.27gmol™
! Temperature 163(2) K
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Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.04°
Max & min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

0.71073 A
Triclinic

P-1

a =6.5629(8) A

b =12.8399(12) A
c=15.8571(17) A
1260.3(2) A3

4

1.693 mg/m3

0.132 mm-1

666

0.20 x 0.06 x 0.04 mm3

3.24 to 25.04°

-6 <h <7,-15 <k <13, -18 <| 47
6482

4242 [R(int) = 0.0727]

95.3 %

0.9947 and 0.9741

Full-matrix least-squares on F2
4242 /0/ 379

1.214

R1=0.1497, wR2 = 0.3556
R1=0.2559, wR2 = 0.4085

1.019 and -0.465 e.A-3

o= 106.580(4) °
B =90.995(4) °
y =99.475(7) °

Table 27. Atomic coordinates (x 104) and equivalent isotropic displacement
parameters (A2 x 103) for bis(5-nitroisophthalic acid)hexamethylenetetramine
(9). U(eq) is defined as one third of the trace of the orthogonalized Uil tensor

X

o(1) 3146(11)
0(2) 3360(11)
0(3) 2070(12)
0(4) 2166(12)
0(5) 3007(13)
0(6) 3104(11)
o(7) 2871(10)
0(8) 3548(12)
0(9) 1576(12)
0(10) 1347(12)
o(11) 1951(11)
0(12) 2142(12)
0(13) 1901(11)

y z U(eq)
3147(5) 8669(4) 42(2)
3632(6) 7432(4) 48(2)
5711(6)  11417(4) 53(2)
7453(7)  11534(4) 56(2)
8795(6) 8948(4) 58(2)
7547(6) 7649(4) 49(2)
4353(6) 6104(4) 43(2)
2735(6) 5291(4) 48(2)
7120(6) 4792(4) 51(2)
6781(6) 3368(4) 51(2)
3180(6) 1428(4) 46(2)
1803(6) 2023(4) 55(2)
1899(6) 0833(4) 51(2)
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Table 28. Bond lengths [A] and angles [°] for bis(5-nitroisophthalic

acid)hexamethylenetetramine (9).

O(1)-C(1)
O(1)-H(1)
0(2)-C(1)
O(3)-N(5)
O(4)-N(5)
O(5)-C(8)
O(6)-C(8)
O(6)-H(6)
O(7)-C(15)
O(7)-H(7)
O(8)-C(15)
O(9)-N(6)
O(10)-N(6)
0(11)-C(22)
0(12)-C(22)
O(12)-H(12)
N(1)-C(10)
N(1)-C(11)
N(1)-C(9)
N(2)-C(13)
N(2)-C(9)
N(2)-C(14)
N(3)-C(12)
N(3)-C(10)
N(3)-C(14)
N(4)-C(13)
N(4)-C(11)
N(4)-C(12)
N(5)-C(4)
N(6)-C(18)
C(1)-C(2)
C(2)-C(7)
C(2)-C(3)
C(3)-C(4)
C(3)-H(15)
C(4)-C(5)
C(5)-C(6)
C(5)-H(13)
C(6)-C(7)
C(6)-C(8)
C(7)-H(11)
C(9)-H(32A)

1.269(11)
0.8400

1.260(11)
1.237(10)
1.223(10)
1.220(11)
1.327(11)
0.8400

1.323(11)
0.8400

1.201(11)
1.239(10)
1.228(10)
1.317(12)
1.208(11)
0.8400

1.499(13)
1.506(12)
1.513(12)
1.445(12)
1.462(12)
1.463(13)
1.443(12)
1.453(13)
1.474(13)
1.453(13)
1.475(12)
1.496(13)
1.467(12)
1.441(12)
1.495(14)
1.397(14)
1.403(13)
1.379(13)
0.9500

1.378(13)
1.423(13)
0.9500

1.361(14)
1.459(14)
0.9500

0.9900

C(9)-H(32B)
C(10)-H(34A)
C(10)-H(34B)
C(11)-H(41A)
C(11)-H(41B)
C(12)-H(40A)
C(12)-H(40B)
C(13)-H(38A)
C(13)-H(38B)
C(14)-H(36A)
C(14)-H(36B)
C(15)-C(16)
C(16)-C(17)
C(16)-C(21)
C(17)-C(18)
C(17)-H(30)
C(18)-C(19)
C(19)-C(20)
C(19)-H(28)
C(20)-C(21)
C(20)-C(22)
C(21)-H(26)

C(1)-0(1)-H(1)
C(8)-O(6)-H(6)
C(15)-O(7)-H(7)
C(22)-0(12)-H(12)
C(10)-N(1)-C(11)
C(10)-N(1)-C(9)
C(11)-N(1)-C(9)
C(13)-N(2)-C(9)
C(13)-N(2)-C(14)
C(9)-N(2)-C(14)
C(12)-N(3)-C(10)
C(12)-N(3)-C(14)
C(10)-N(3)-C(14)
C(13)-N(4)-C(11)
C(13)-N(4)-C(12)
C(11)-N(4)-C(12)
O(4)-N(5)-O(3)
O(4)-N(5)-C(4)
O(3)-N(5)-C(4)

0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
1.495(13)
1.372(13)
1.406(13)
1.404(13)
0.9500
1.369(12)
1.397(13)
0.9500
1.385(13)
1.508(14)
0.9500

109.5

109.5

109.5

109.5

110.8(8)
108.4(7)
108.0(8)
108.4(7)
109.7(8)
109.3(8)
108.1(8)
107.8(8)
108.7(8)
107.4(8)
108.4(7)
108.7(7)
124.7(8)
117.8(8)
117.5(9)




O(10)-N(6)-O(9)
O(10)-N(6)-C(18)
O(9)-N(6)-C(18)
O(2)-C(1)-0(1)
O(2)-C(1)-C(2)
O(1)-C(1)-C(2)
C(7)-C(2)-C(3)
C(7)-C(2)-C(1)
C(3)-C(2)-C(1)
C(4)-C(3)-C(2)
C(4)-C(3)-H(15)
C(2)-C(3)-H(15)
C(5)-C(4)-C(3)
C(5)-C(4)-N(5)
C(3)-C(4)-N(5)
C(4)-C(5)-C(6)
C(4)-C(5)-H(13)
C(6)-C(5)-H(13)
C(7)-C(6)-C(5)
C(7)-C(6)-C(8)
C(5)-C(6)-C(8)
C(6)-C(7)-C(2)
C(6)-C(7)-H(11)
C(2)-C(7)-H(11)
O(5)-C(8)-0(6)
O(5)-C(8)-C(6)

O(6)-C(8)-C(6)
N(2)-C(9)-N(1)
N(2)-C(9)-H(32A)
N(1)-C(9)-H(32A)
N(2)-C(9)-H(32B)
N(1)-C(9)-H(32B)
H(32A)-C(9)-H(32B)
N(3)-C(10)-N(1)
N(3)-C(10)-H(34A)
N(1)-C(10)-H(34A)
N(3)-C(10)-H(34B)
N(1)-C(10)-H(34B)

H(34A)-C(10)-H(34B)

N(4)-C(11)-N(1)

4)-C(11)-H(41A)
}-C(11)-H(41A)
)-C(11)-H(41B)
)-C(

N(
N(1
N(4
N(1)-C(11)-H(41B)

123. 4(8)

122.1(9)
125.0(9)
112.8(9)
108.9(8)
109.9
109.9
109.9
109.9
108.3
110.8(8)
109.5
109.5
109.5
109.5
108.1
108.6(7)
110.0
110.0
110.0
110.0

95

(12)-N(4)

(12)-H(40A)
(12)-H(40A)
(12)-H(40B)
(12)-H(40B)

£££=sl
SELSR

1
)-
)-
)-
)-

C
C
C
C
)>-C
A

)-C(13)-N(4)
)-C(13)-H(38A)
)-C(13)-H(38A)
)-C(13)-H(38B)
)-C(13)-H(38B)
8A
)-C(14)-N(3)
)-C(14)-H(36A)
)-C(14)-H(36A)
)-C(14)-H(36B)
)-C(14)-H(36B)
A)-C(14)-

6
-0(7)
-C(16)
-C(16)
7)-C(16)-C(21)
)-C(16)-C(15)
C(21)-C(16)-C(15)
C(16)-C(17)-C(18)
C(16)-C(17)-H(30)
C(18)-C(17)-H(30)
C(19)-C(18)-C(17)
C(19)-C(18)-N(6)
C(17)-C(18)-N(6)
C(18)-C(19)-C(20)
C(18)-C(19)—H(28)
C(20)-C(19)-H(28)

1
(1
(1
C(
C(1

\loooooawmoammoa-hm-hmm-h-h

)>-

)-
)-C(1
)-C(15)-
)-C(15)-
)-C(15)-
1

QQO00O0XZzzzzTIzzz22T2Z

-
\'

C(21)-C(20)-C(19)
C(21)-C(20)-C(22)
C(19)-C(20)-C(22)
C(20)-C(21)-C(16)
C(20)-C(21)-H(26)
C(16)-C(21)-H(26)
O(12)-C(22)-0(11)
0(12)-C(22)-C(20)
O(11)-C(22)-C(20)

A)-C(11)-H(41B)

0A)-C(12)-H(40B)

)-C(13)-H(38B)

H(36B)

121.4(8)
118.4(8)
119.7(8)
120.1

120.1

120.3(9)
120.8(8)
118.9(8)
120.3(8)
119.9

119.9

119.8(9)
118.6(9)
121.7(9)
119.6(9)
120.2

120.2

125.7(9)
120.2(9)
114.1(9)




Table 29. Anisotropic displacement parameters (A2 x 103) for bis(5-
nitroisophthalic acid)hexamethylenetetramine (9). The anisotropic displacement
factor exponent takes the form: -2p2[h2 a*2U11 + _ + 2 h k a* b* ul?,

ull u22 u33 u23 ul3 ut2
O(1) 73(5) 37(4) 23(3) 14(3) 8(3) 17(3)
0(2) 78(6) 46(5) 24(4) 13(3) 3(3) 16(4)
O(3) 81(6) 57(5) 28(4) 20(4) 12(4) 19(4)
O(4) 85(6) 54(5) 25(4) 5(4) 3(4) 14(4)
O(5) 106(7) 43(5) 34(4) 19(4) 20(4) 23(4)
O(6) 76(6) 43(4) 35(4) 19(3) 12(4) 15(4)
o(7) 57(5) 51(5) 20(3) 11(3) 2(3) 8(4)
O(8) 82(6) 37(5) 26(4) 8(3) 8(3) 15(4)
0(9) 88(6) 39(4) 22(4) 2(3) 4(3) 13(4)
O(10) 77(6) 46(5) 38(4) 24(4) 11(4) 16(4)
O(11) 64(5) 42(4) 35(4) 20(3) 5(3) 8(4)
0O(12) 87(6) 53(6) 25(4) 12(4) 5(4) 12(4)
O(13) 68(5) 53(5) 31(4) 12(3) 9(3) 10(4)
O(14) 80(6) 42(5) 42(4) 8(4) 12(4) 11(4)
N(1) 62(6) 38(5) 33(4) 21(4) 1(4) 9(4)
N(2) 64(6) 31(5) 32(4) 10(4) 6(4) 11(4)
N(3) 56(6) 36(5) 26(4) 2(4) 1(4) 0(4)
N(4) 71(6) 32(5) 24(4) 6(4) 9(4) 15(4)
N(5) 62(6) 44(6) 25(4) 14(5) 8(4) 16(5)
N(6) 48(6) 36(5) 37(5) 12(4) -2(4) -2(4)
C(1) 57(7) 45(7) 29(6) 22(5) 18(5) 20(5)
C(2) 58(7) 38(6) 19(5) 9(4) 6(4) 12(5)
C(3) 55(7) 37(6) 29(5) 22(5) -2(5) -1(5)
C(4) 42(6) 42(7) 28(5) 11(5) -8(4) 8(5)
C(5) 42(6) 31(6) 26(5) 5(4) 2(4) 8(4)
C(6) 51(7) 25(6) 36(6) 16(5) 1(5) 1(5)
C(7) 45(7) 52(7) 27(5) 16(5) 2(4) -1(5)
C(8) 52(7) 47(8) 24(5) 6(5) 12(5) 14(5)
C(9) 49(7) 39(6) 31(5) 9(5) 1(5) 2(5)
C(10) 69(8) 48(7) 38(6) 14(5) 4(6) 12(6)
C(11) 66(8) 48(7) 24(5) 17(5) 6(5) 11(6)
C(12) 52(7) 28(6) 44(6) 7(5) 3(5) 2(5)
C(13) 53(7) 41(7) 26(5) 2(5) 5(5) 9(5)
C(14) 66(8) 45(7) 34(6) 18(5) -3(5) 0(6)
C(15) 46(7) 46(7) 23(5) 7(5) 6(4) 12(5)
C(16) 41(6) 30(6) 20(5) 3(4) 7(4) 14(4)
C(17) 38(6) 41(7) 26(5) 10(5) 5(4) 1(5)
C(18) 59(7) 24(6) 24(5) 6(4) 11(4) 2(5)
C(19) 36(6) 39(6) 26(5) 8(4) -2(4) 0(5)
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45(7) 46(7) 31(5) 11(5) 12(5) 11(5)

C(20)
C(21) 44(6) 36(6) 34(6) 18(5) 2(4) 9(5)
C(22) 54(7) 27(6) 38(6) 1(5) 8(5) 8(5)

Table 30. Hydrogen coordinates (x 104) and isotropic displacement parameters
(A2 x 103) for bis(5-nitroisophthalic acid)hexamethylenetetramine (9)

X y z U(eq)
H(1) 3281 2537 8319 51
H(6) 3119 8101 7467 59
H(7) 3108 4104 6524 51
H(12) 2051 1440 1487 66
H(15) 2494 4638 9941 47
H(13) 2631 7875 10161 40
H(11) 3170 5718 7781 50
H(32A) 4682 1964 6467 49
H(32B) 6283 1495 6977 49
H(34A) 145 1009 7411 62
H(34B) 982 1672 6734 62
H(41A) 5094 488 8016 54
H(41B) 2699 292 8222 54
H(40A) 876 -1557 6136 51
H(40B) 134 -901 7062 51
H(38A) 6179 -417 6652 50
H(38B) 4597 -1274 5894 50
H(36A) 2154 -591 5115 58
H(36B) 2208 713 5356 58
H(30) 2339 5556 5240 43
H(28) 1700 4907 2588 42
H(26) 2993 2552 3652 44
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Table 31. Torsion angles [°] for bis(5-nitroisophthalic
acid)hexamethylenetetramine (9).

O(1)-C(1)-C(2-C(7) _ 177.6(10)
O(2)-C(1)-C(2)-C(7)  -2.0(16)
O(1)-C(1)-C(2)-C(3)  -3.6(15)
O(2)-C(1)-C(2)-C(3)  176.7(9)
C(3)-C(2)-C(7)-C(6)  4.2(15)
C(1)-C(2)}-C(7)-C(6)  -177.1(10)
C(2)-C(7)-C(6)-C(5)  -2.0(15)
C(2)-C(7)-C(6)-C(8)  -178.7(10)
O(5)-C(8)-C(6)}-C(7)  -176.2(10)
O(6)-C(8)-C(6)-C(7)  0.4(15)
O(5)-C(8)-C(6)-C(5)  7.1(16)
O(6)-C(8)-C(6)-C(5)  -176.3(8)
C(7)-C(6)-C(5)-C(4)  0.1(14)
C(8)-C(6)-C(5)-C(4)  177.0(9)
C(6)-C(5)-C(4)-C(3)  -0.4(15)
C(6)-C(5)-C(4)-N(5)  -177.9(8)
O(4)-N(5)-C(4)-C(5)  -2.4(13)
O(3)-N(5)-C(4)-C(5)  178.4(9)
O(4)-N(5)}-C(4}-C(3)  -180.0(9)
O(3)-N(5)}-C(4)}-C(3)  0.8(13)
C(5)-C(4)-C(3)-C(2)  2.6(15)
N(5)-C(4)-C(3)-C(2)  -179.9(9)
C(7)-C(2)-C(3)-C(4)  -4.4(15)
C(1)}-C(2)-C(3)-C(4)  176.9(9)
0(8)-C(15)-C(16)-C(17) -174.1(10)
O(7)-C(15)-C(16)-C(17) 6.1(13)
O(8)-C(15)-C(16)-C(21) 4.4(15)

O(7)-C(15)-C(16)-C(21) -175.4(8)
C(17)-C(16)-C(21)-C(20) -3.2(14)
C(15)-C(16)-C(21)-C(20) 178.3(9)
C(16)-C(21)-C(20)-C(19) 4.2(14)
C(16)-C(21)-C(20)-C(22) -175.2(9)
0(12)-C(22)-C(20)-C(21) 8.3(15)
0(11)-C(22)-C(20)-C(21) -171.8(9)
0(12)-C(22)-C(20)-C(19) -171.0(9)
O(11)-C(22)-C(20)-C(19) 8.9(14)
C(21)-C(20)-C(19)-C(18) -3.4(14)
C(22)-C(20)-C(19)-C(18) 175.9(9)
C(20)-C(19)-C(18)-C(17) 1.7(14)
C(20)-C(19)-C(18)-N(6) -180.0(9)
O(10)-N(6)-C(18)-C(19) -1.1(14)
O(9)-N(6)-C(18)-C(19)  178.6(9)
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O(10)-N(6)-C(18)-C(17) 177.2(9)

O(9)-N(6)-C(18)-C(17)

-3.1(14)

C(21)-C(16)-C(17)-C(18) 1.5(14)
C(15)-C(16)-C(17)-C(18) 180.0(9)
C(19)-C(18)-C(17)-C(16) -0.8(15)
N(6)-C(18)-C(17)-C(16) -179.1(8)

N(2)-C(9)-N(1)-C(10)
N(2)-C(9)-N(1)-C(11)
C(11)-N(1)-C(10)-N(3)
C(9)-N(1)-C(10)-N(3)
N(1)-C(10)-N(3)-C(12)
N(1)-C(10)-N(3)-C(14)
C(12)-N(3)-C(14)-N(2)
C(10)-N(3)-C(14)-N(2)
N(3)-C(14)-N(2)-C(13)
N(3)-C(14)-N(2)-C(9)
N(1)-C(9)-N(2)-C(13)
N(1)-C(9)-N(2)-C(14)
C(14)-N(2)-C(13)-N(4)
C(9)-N(2)-C(13)-N(4)
N(2)-C(13)-N(4)-C(11)
N(2)-C(13)-N(4)-C(12)
C(10)-N(3)-C(12)-N(4)
C(14)-N(3)-C(12)-N(4)
C(13)-N(4)-C(12)-N(3)
C(11)-N(4)-C(12)-N(3)
C(13)-N(4)-C(11)-N(1)
C(12)-N(4)-C(11)-N(1)
C(10)-N(1)-C(11)-N(4)
C(9)-N(1)-C(11)-N(4)

-59.6(10)
60.6(10)
-58.8(10)
59.6(10)
58.3(11)
-58.4(10)
-57.9(10)
59.0(11)
58.3(11)
-60.5(10)
-59.6(10)
59.9(10)
-57.4(10)
62.0(11)
-62.2(10)
55.1(10)
-60.1(11)
57.2(10)
-56.2(10)
60.3(10)
60.8(10)
-56.3(10)
57.3(10)
-61.3(10)




Table 32. Hydrogen bonds for bis(5-nitroisophthalic acid)
hexamethylenetetramine (9) [A and °]

D-H--A d(D-H)  d(H-A) d(D-A) < (DHA)
O (1)-H (1--)N (1) 0.84 1.85 2.680(10) 169.5
O (7)-H (7)-0 (2) 0.84 1.73 2.565(8) 174.1
O (12)-H (12)--0 (14)#1 0.84 2.21 2.872(10) 136.2
O (11)-H (6)--O(13)  0.84 1.86 2.700(10) 176.7

Symmetry transformations used to generate equivalent atoms:
#1 -x+1,-y,-z+1. #2 x, y+1, z

Table 33. Crystal data and structure refinement for hexamethylenetetramine
terephthalic acid (10).

Empirical formula Cas Has Ng Og

Formula weight 612.65g. mol™

Temperature 173(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)

Unit cell dimensions a =6.2820(6) A a =90°

b =19.2870(19) A B =90.577(6)°
c=17.2470(17) A 7=90°

Volume 2089.6(4) A3
Z 2
Density (calculated) 0.974 mg/m3
Absorption coefficient 0.073 mm-1
F(000) 648
Theta range for data collection 1.58 to 29.25°
Index ranges -8 <h <8, -26 <k <25, -23 <| <23
Reflections coliected 38639
Independent reflections 10980 [R(int) = 0.0694]
Completeness to theta = 29.25° 99.4 %
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 10980/ 139 /727
Goodness-of-fit on F2 1.054
Final R indices [I>2sigma(l)] R1=0.0798, wR2 = 0.2375
R indices (all data) R1=0.1044, wR2 = 0.2655
Absolute structure parameter 0.7(15)
Largest diff. peak and hole 0.547 and -0.654 e.A-3
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Table 34. Atomic coordinates (x 104) and equivalent isotropic displacement
parameters (A2 x 103) for hexamethylenetetramine terephthalic acid, (10). U(eq)
is defined as one third of the trace of the orthogonalized Ul tensor.
X y z U(eq) |
0(1) 3299(5) 5363(2) 8112(2) 20(1)
0(2) 6733(5) 5633(2) 8375(2) 28(1)
0O(3) 9857(4) 3496(2) 5352(2) 19(1)
l O(4) 6488(4) 3230(2) 5092(2) 22(1)
0O(5) 1990(5) 5345(2) 5180(2) 22(1)
0O(6) -1078(5) 5173(2) 4541(2) 27(1)
o(7) 4516(5) 3498(2) 1614(2) 29(1)
' O(8) 7570(5) 3657(2) 2258(2) 30(1)
0(9) -1029(9) 5375(3) 1666(3) 21(1)
! 0(10) -4086(13) 5179(4) 1056(4) 38(2)
, O(11) 1286(12) 3450(4) -1847(5) 37(2)
0(12) 4493(9) 3656(3) -1247(3) 20(1)
0(13) -3177(9) 5323(3) 1242(3) 14(1)
0O(14) 227(9) 5558(3) 1522(3) 24(1)
0O(15) 3525(8) 3471(3) -1521(3) 14(1)
0(16) 100(7) 3233(2) -1843(3) 8(1)
N(1) 2586(6) 6365(2) 9093(2) 17(1)
N(2) 3228(6) 6878(2) 10370(2) 24(1)
N(3) 3239(6) 7609(2) 9208(2) 16(1)
N(4) -102(6) 7147(2) 9660(2) 25(1)
N(5) -121(5) 6293(2) 5923(2) 15(1)
N(6) -94(6) 7099(2) 7016(2) 20(1)
N(7) -623(5) 7532(2) 5697(2) 14(1)
N(8) -3452(5) 6847(2) 6297(2) 22(1)
N(9) -3614(7) 6216(2) 2425(3) 34(1)
N(10) -3420(6) 6786(3) 3688(2) 34(1)
N(11) -3948(8) 7459(2) 2533(2) 30(1)
N(12) -6749(6) 6748(3) 2993(2) 43(1)
c(1) 5379(6) 5306(2) 8002(2) 15(1)
' C(2) 6019(6) 4843(2) 7360(2) 12(1)
C(3) 8132(6) 4650(2) 7269(2) 15(1)
' C(4) 8747(6) 4229(2) 6659(2) 16(1)
C(5) 7223(6) 4010(2) 6123(2) 12(1)
‘ C(6) 5065(6) 4209(2) 6202(2) 13(1)
| C(7) 4476(6) 4619(2) 6819(2) 12(1)
C(8) 7823(6) 3547(2) 5470(2) 13(1)
C(9) 257(7) 6525(2) 9181(3) 23(1)
C(10) 3584(7) 6984(2) 8736(2) 16(1)
C(11) 3568(6) 6274(2) 9880(2) 18(1)
C(12) 4165(6) 7478(2) 9998(2) 19(1)
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C(13) 912(7) 7016(4)  10425(3) 39(1)
C(14) 916(7) 7724(2) 9280(2) 22(1)
C(15) 852(6) 5094(2) 4588(2) 14(1)
C(16) 2128(7)  4741(2) 3990(2) 17(1)
c(17) 4253(6) 4573(2) 4106(2) 15(1)
C(18) 5369(6)  4239(2) 3536(2) 15(1)
c(19) 4405(6)  4080(2) 2814(2) 15(1)
C(20) 2248(7)  4254(2) 2681(3) 20(1)
c(21) 1130(7)  4574(2) 3274(3) 19(1)
C(22) 5667(7) 3719(2) 2207(2) 20(1)
C(23) -2483(6) 6226(2) 5999(2) 20(1)
C(24) 279(6) 6881(2) 5399(2) 17(1)
C(25) 759(7)  6456(2) 6698(2) 21(1)
C(26) 357(7) 7674(2) 6471(2) 21(1)
c(27) -2439(7) 7012(3) 7063(2) 31(1)
C(28) -2938(6) 7436(2) 5786(2) 18(1)
C(29) -2228(14)  5126(4) 1101(5) 20(2)
C(30) -883(17)  4759(5) 459(6) 11(2)
C(31) 1184(14)  4604(4) 595(5) 10(2)
C(32) 2315(11)  4249(4) 15(5) 5(1)
C(33) 1306(12)  4078(4) -672(4) 5(1)
C(34) -871(14)  4235(4) -794(5) 8(2)
C(35) -1960(20)  4579(7) -52(8) 19(3)
C(36) 2534(13)  3698(4)  -1301(5) 18(1)
C(37) -2603(10)  6229(3) 3222(3) 58(2)
C(38) -3110(6) 6884(2) 2064(2) 18(1)
C(39) -5972(10)  6172(4) 2511(4) 74(3)
C(40) -2969(10)  7431(3) 3301(3) 45(2)
C(41) -5698(7) 6719(2) 3749(2) 21(1)
C(42) -6232(11)  7384(4) 2622(3) 64(2)
C(43) -1094(11)  5255(3) 1129(4) 10(1)
C(44) -404(16)  4787(5) 490(5) 8(2)
C(45) 1669(13)  4564(4) 425(5) 11(2)
C(46) 2269(12)  4147(4) -221(5) 13(2)
C(47) 803(13)  3973(4) -780(4) 9(2)
C(48) -1386(16)  4197(5) -700(6) 15(2)
C(49) -1916(17)  4603(5) -194(6) 7(2)
C(50) 1440(10)  3527(3)  -1432(4) 6(1)

Table 35. Bond lengths [A] and angles [°] for hexamethylenetetramine
terephthalic acid (10).

O(1)-C(1)
O(1)-H(1)
0(2)-C(1)
0(3)-C(8)

1.327(5)
0.8400

1.234(5)
1.300(4)
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O(3)-HO3
O(4)-C(8)

O(5)-C(15)

O(5)-H(5)

0.8400
1.221(5)
1.332(5)
0.8400




P

11)
36)
43)
13)

12)
13)-C
13)-H
14)-C(43)
O(15)-C(50)
O(15)-H(15)
0(16)-C(50)
N(1)-C(10)
N(1)-C(11)
N(1)-C(9)
N(2)-C(12)
N(2)-C(11)
N(2)-C(13)
3)-C(10)
-C(14)
C(12)
(14)
(9)
3)
25)
24)
2
27

ROOV000000000

,\,\,\,\,\,\,\

(
(3)
(3)
N(3)-
N(4)-
N(4)-
N(4)-C(1
N(5)-C(
N(5)-C(
N(5)-C(2
N(6)-C(
N(8)-C(
N(8)-C(
N(7)-C(
N(7)-C(24)
N(7)-C(26)
N(8)-C(23)
N(8)-C(28)
N(8)-C(27)
N(9)-C(38)
N(9)-C(39)
N(9)-C(37)
N(10)-C(41)
N(10)-C(40)
N(10)-C(37)

3)

C
-C
C(9
C
C
-C
c(2
-C(25)
-C(27)
-C(26)
C(28)

1.224(5)
1.318(5)
0.8400
1.204(5)
1.317(10)
0.8400
1.174(11)
1.309(11)
0.8400
1.236(10)
1.332(8)
0.8400
1.216(9)
1.325(8)
0.8400
1.234(8)
1.485(5)
1.495(5)
1.504(8)
1.450(6)
1.456(6)
1.483(6)
1.472(5)
1.483(5)
1.497(5)
1.444(6)
1.475(6)
1.482(6)
1.476(5)
1.474(5)
1.496(5)
1.460(6)
1.485(6)
1.484(5)
1.475(5)
1.471(6)
1.489(5)
1.441(5)
1.477(5)
1.494(6)
1.467(6)
1.493(7)
1.509(8)
1.442(6)
1.441(7)
1.440(8)
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C(5)-C(6)
C(5)-C(8)
C(6)-C(7)
C(6)-H(6)
C(7)-H(7)
C(9)-H(9A)
C(9)-H(9B)
C(10)-H(10A)
C(10)-H(10B)
C(11)-H(11A)
C(11)-H(11B)
C(12)-H(12A)
C(12)-H(12B)
C(13)-H(13A)
C(13)-H(13B)
C(14)-H(14A)
C(14)-H(14B)
C(15)-C(16)
C(16)-C(17)
C(16)-C(21)
C(17)-C(18)
C(17)-H(17)
C(18)-C(19)
C(18)-H(18)
C(19)-C(20)
C(19)-C(22)
C(20)-C(21)
C(20)-H(20)
C(21)-H(21)
C(23)-H(23A)
C(23)-H(23B)
C(24)-H(24A)
C(24)-H(24B)

1
1
1
1
1.
1
1
1
1

PWAMRMNMDDNRN

1.388(5)
0.9500
1.390(5)
1.05(4)
1.417(5)
1.488(5)
1.379(5)
1.01(4)
0.91(4)
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
1.478(5)
1.386(6)
1.416(6)
1.373(5)
1.17(4)
1.413(5)
1.02(4)
1.413(5)
1.491(6)
1.391(6)
0.95(4)
0.99(6)
0.9900
0.9900
0.9900
0.9900




(25A)
(25B)
)-H(26A)
C(26)-H(26B)
C(27)-H(27A)
C(27)-H(27B)
C(28)-H(28A)
C(28)-H(28B)
C(29)-C(30)
C(30)-C(35)
C(30)-C(31)
C(31)-C(32)
C(31)-H(31)
C(32)-C(33)
C(32)-H(32)
C(33)-C(34)
C(33)-C(36)
C(34)-C(35)
C(34)-H(34)
C(35)-H(35)
C(37)-H(37A)
C(37)-H(37B)
C(38)-H(38A)
C(1)-0(1)-H(1)
C(8)-O(3)-HO3
C(15)-O(5)-H(5)
C(22)-O(7)-H#7
C(29)-0(9)-H(9)
C(36)-0(11)-H(11)
C(43)-0(13)-H(13)
C(50)-0(15)-H(15)
C(10)-N(1)-C(11)
C(10)-N(1)-C(9)
C(11)-N(1)-C(9)
C(12)-N(2)-C(11)
C(12)-N(2)-C(13)
C(11)-N(2)-C(13)
C(10)-N(3)-C(14)
C(10)-N(3)-C(12)
C(14)-N(3)-C(12)
C(14)-N(4)-C(9)
C(14)-N(4)-C(13)
C(9)-N(4)-C(13)
C(25)-N(5)-C(24)
C(25)-N(5)-C(23)
C(24)-N(5)-C(23)

C(25)-H
C(25)-H
C(26

0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
1.568(13)
1.157(17)
1.351(13)
1.410(11)
0.9500
1.378(10)
0.9682
1.414(11)
1.524(10)
1.600(17)
0.9500
0.9500
0.9900
0.9900
0.9900

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

107.4(3)

107.0(3)

109.0(3)

108.6(3)

106.7(4)

109.3(4)

108.6(3)

107.9(3)

108.9(3)

©107.8(3)

110.3(4)
107.1(4)
109.0(3)
107.6(3)
107.2(3)
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C(38)-H(38B)
C(39)-H(39A)
C(39)-H(39B)
C(40)-H(40A)
C(40)-H(40B)
C(41)-H(41A)
C(41)-H(41B)
C(42)-H(42A)
C(42)-H(42B)
C(43)-C(44)
C(44)-C(45)
C(44)-C(49)
C(45)-C(46)
C(45)-H(45)
C(46)-C(47)
C(46)-H(32)
C(46)-H(46)
C(47)-C(48)
C(47)-C(50)
C(48)-C(49)
C(48)-H(48)
C(49)-H(49)

C(25)-N(B)-C(27)
C(25)-N(6)-C(26)
C(27)-N(6)-C(26)
C(28)-N(7)-C(24)
C(28)-N(7)-C(26)
C(24)-N(7)-C(26)
C(23)-N(8)-C(28)
C(23)-N(8)-C(27)
C(28)-N(8)-C(27)
C(38)-N(9)-C(39)
C(38)-N(9)-C(37)
C(39)-N(9)-C(37)
C(41)-N(10)-C(40)
C(41)-N(10)-C(37)
C(40)-N(10)-C(37)
C(42)-N(11)-C(40)
C(42)-N(11)-C(38)
C(40)-N(11)-C(38)
C(42)-N(12)-C(41)
C(42)-N(12)-C(39)
C(41)-N(12)-C(39)
0(2)-C(1)-0(1)
0(2)-C(1)-C(2)

0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
1.492(11)
1.377(12)
1.548(14)
1.429(12)
0.9500
1.369(11)
1.0872
0.9500
1.449(12)
1.473(10)
1.222(15)
0.9500
0.9500

107.0(4)
108.9(3)
108.3(3)
108.3(3)
109.3(3)
108.2(3)
109.3(3)
108.4(3)
105.7(4)
108.1(5)
106.4(4)
108.6(4)
108.2(4)
109.5(5)
108.2(4)
108.0(4)
109.9(5)
108.7(4)
109.4(5)
108.5(5)
109.1(5)
123.9(3)
120.4(4)




o(1

C(s))-cm)c

C(2)‘C(3)_C(1 ) 1 19.6(3)
C(4)‘C(3)-C(4) 120'7(4)

| C(3§IC<3)IH<3> 43 :
0(3)_0(4)-0(3) 121.1(3) N(z)-cm

J i o (5) 119 (4) N )-C( 3)-N

| C )-C( H(4 11 2 (4)-C13)- (4)

C(4)-c 4)-H( ) ] 9.5 i : -

| C(4)-c(5)-c 4) 119'2(4 N(4)-C(13)-H(13 ) :

| c§?§c§§§c§33 1;?18) ) HEG/S)(E’;:HE”/B\; 189:1(3)

: C(7 -C(6 -C(8) 120 ) N4)-C' (13 st 109.1

I ggg;ggggﬁggg ﬁgggig mgg;ggmﬁ(gﬁss) 1888

| - | . - _ .

. ng_gwg-gw) 1 19&3) Ngg)-c&i)-ngA) s
85)-&;;“% égg) ) gmﬁf)(m;ﬂﬁuéi 18924<3)
8(4;@(8)—2(7) 120-0()4 o§2>-c(f§14)_1,j‘s> 108-3
N(s)-C(s)-C(s) 123(3)) 0(5)-C(15)-O(5(14B) 109.
N(4)-C(8)-C(5) ] 17(3) C(1 ;C“ 5)-Cm)3 108.4
N<4)-C(9)-N(5) 123_4(3 c(1 7)-0(1 5 6) ; -O
N(1)-C<9)-H<1) 121_7(3> 0(21)'C(16)-C(2) 123.9(3)

| N(4)-C(9)-H(9A) ] 14,9(3) c(1 8)—0(1 orct 1) | 14'7(4)
H(1 )—0(9)-H(9A) 1 12_2(3) C(1 8)-0(1 it 5) : 9.3(3)
N(QA) (9)-H(QB) 109.2 ) C(16)-C(17)-C(15) 122.3(4)

| N<3)—<§C<9)—f§s> 1002 0(17)_0(17)“(16) 5
N(3)-C(1O)-N(QB) 109.2 0(17)_0(17)“(17) 120-3(4)

| N(1)-C<10)-H<1) 108.2 0(19)-0(18)-0(17) .
N(3)-C( 1 0)-H(1 0A) 107.9 <« 8)-C(1 g)-H“ g) | 7§2)
H(1)-C(1O)-H(1OA 111'4(3 C<18)_C(1g)-H(18) 121 2)

< (1OA(10)_H(1OB) 109.4 ) 0(20)-0(1 )-0(28) 118&0(4)

r N(2)-C)'C(1 0 (1 OB) 109.4 e : g)-C(ZO) 121 (2)

| N(2)-C(11)-N)'H(1()) 109.4 0(21)-0(29)-0(22) 119 2)
N(1)-C(11)-H(1) B) 109.3 Cmg)_C(zO)-C“z) 119-6(4)

| N(z)—c<1 1 )—H<1 1A 108.0 0(20)-0(28)“(29) 120.6(3)
N(1)- (11)- (11A> 11.8 o 2 )-H O) 118-8(3)
H(11 E (11 ;-H(1 18) }09.3(3) o g)-C(? )—CE?O) 125.5(4)
N(2)- )-C( H(11 ) 00.3 : - : | 116(2)

| N )-C 11). B) 10 8)-C ot 8 :

(2)-0(12)_ )-H(1 1 9.2 % : : ) 121 )
I mg)-cgz)-”g?) o) 183.3 (,3(7;:8222;_8(7)1) 1?58()4)
' )_C : 2A 1 : (8)- 22: (19 3(3
H(B)-C§12)-H(12A; 1(1)2'4(3) N(Bg-gm))—cmgg 124.1()
- 12)-H(128) 109.1 N(5)- (23) N(5) 22.0 4)
. 5 109.1 N(8)-g(23):H(23A 1 13:854)
)-H(12B 109.1 N(s)-c(zs)-:(zsA) 112'5(4)
) 109.1 H(23A(23)-H(238) 109.1 |

7.9 mg;)'C)(-zc(zs)(ZH\gB; 188.1

= _ 1

E<s§-8<z4§-ﬂ(5)(238) 109'1

(7)-0(24)-H(24A) 107'8
(24)—H84A) 18;.9(3)

104 4B) 109'2

109'2

2




N(5)-C(24)-H(24B)
H(24A)-C(24)-H(24B)
N(6)-C(25)-N(5)
N(6)-C(25)-H(25A)
N(5)-C(25)-H(25A)
N(6)-C(25)-H(25B)
N(5)-C(25)-H(25B)
H(25A)-C(25)-H(25B)
N(6)-C(26)-N(7)
N(6)-C(26)-H(26A)
N(7)-C(26)-H(26A)
N(6)-C(26)-H(26B)
N(7)-C(26)-H(26B)
H(26A)-C(26)-H(26B)
N(6)-C(27)-N(8)
N(6)-C(27)-H(27A)
N(8)-C(27)-H(27A)
N(6)-C(27)-H(278B)
N(8)-C(27)-H(27B)
H(27A)-C(27)-H(27B)
N(7)-C(28)-N(8)
N(7)-C(28)-H(28A)
N(8)-C(28)-H(28A)
N(7)-C(28)-H(28B)
N(8)-C(28)-H(28B)
H(28A)-C(28)-H(28B)
O(10)-C(29)-0(9)
0O(10)-C(29)-C(30)
0(9)-C(29)-C(30)
C(35)-C(30)-C(31)
C(35)-C(30)-C(29)
C(31)-C(30)-C(29)
C(30)-C(31)-C(32)
C(30)-C(31)-H(31)
C(32)-C(31)-H(31)
C(33)-C(32)-C(31)
C(33)-C(32)-H(32)
C(31)-C(32)-H(32)
C(32)-C(33)-C(34)
C(32)-C(33)-C(36)
C(34)-C(33)-C(36)
C(33)-C(34)-C(35)
C(33)-C(34)-H(34)
C(35)-C(34)-H(34)
C(30)-C(35)-C(34)
C(30)-C(35)-H(35)

N~~~ p—

109.2
107.9
112.7(3)
109.1
109.1
109.1
109.0
107.8
110.5(3)
109.6
109.6
109.5
109.5
108.1
112.9(3)
109.0
109.0
109.0
109.0
107.8
112.3(3)
109.1
109.1
109.1
109.1
107.9
125.3(9)
122.4(8)
112.3(8)
128.1(12)
111.0(11)
120.1(9)
118.3(8)
120.8
120.8
119.7(7)
118.1
122.2
120.8(7)
119.6(7)
119.5(7)
112.9(8)
123.5
123.6
118.9(12)
120.5
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C(34)-C(35)-H(35)
0(12)-C(36)-0(11)
0(12)-C(36)-C(33)
O(11)-C(36)-C(33)
N(10)-C(37)-N(9)
N(10)-C(37)-H(37A)
N(9)-C(37)-H(37A)
N(10)-C(37)-H(37B)
N(9)-C(37)-H(37B)
H(37A)-C(37)-H(37B)
N(9)-C(38)-N(11)
N(9)-C(38)-H(38A)
N(11)-C(38)-H(38A)
N(9)-C(38)-H(38B)
N(11)-C(38)-H(38B)
H(38A)-C(38)-H(38B)
N(12)-C(39)-N(9)
N(12)-C(39)-H(39A)
N(9)-C(39)-H(39A)
N(12)-C(39)-H(39B)
N(9)-C(39)-H(39B)
H(39A)-C(39)-H(39B)
N(10)-C(40)-N(11)
N(10)-C(40)-H(40A)
N(11)-C(40)-H(40A)
N(10)-C(40)-H(40B)
N(11)-C(40)-H(40B)
H(40A)-C(40)-H(40B)
N(10)-C(41)-N(12)
N(10)-C(41)-H(41A)
N(12)-C(41)-H(41A)
N(10)-C(41)-H(41B)
N(12)-C(41)-H(41B)
H(41A)-C(41)-H(41B)
N(12)-C(42)-N(11)
N(12)-C(42)-H(42A)
N(11)-C(42)-H(42A)
N(12)-C(42)-H(42B)
N(11)-C(42)-H(42B)
H(42A)-C(42)-H(42B)
O(14)-C(43)-0(13)
O(14)-C(43)-C(44)
O(13)-C(43)-C(44)
C(45)-C(44)-C(43)
C(45)-C(44)-C(49)
C(43)-C(44)-C(49)

120.5
128.2(8)
119.3(7)
112.5(7)
111.8(4)
109.3
109.3
109.2
109.2
107.9
110.4(3)
109.6
109.6
109.6
109.6
108.1
110.3(4)
109.6
109.6
109.6
109.6
108.1
111.8(4)
109.3
109.3
109.3
109.3
107.9
111.9(3)
109.2
109.2
109.2
109.2
107.9
111.4(4)
109.4
109.4
109.3
109.3
108.0
122.5(6)
120.1(7)
117.4(7)
122.1(8)
116.1(8)
121.4(8)




C(44)-C(45)-C(46)  119.8(8) C(48)-C(47)-C(50)  120.8(7)
C(44)-C(45)-H(45)  120.1 C(49)-C(48)-C(47)  121.7(9)
C(46)-C(45)-H(45)  120.1 C(49)-C(48)-H(48) 1191
C(47)-C(46)-C(45)  120.5(7) C(47)-C(48)-H(48)  119.2
C(47)-C(46)}-H(32)  155.5 C(48)-C(49)-C(44)  121.4(10)
C(45)-C(46)-H(32) 83.8 C(48)-C(49)-H(49)  119.3
C(47)-C(46)-H(46)  119.8 C(44)-C(49)-H(49)  119.3
C(45)-C(46)-H(46)  119.8 O(16)-C(50)-0(15)  124.4(6)
H(32)-C(46)-H(46) 36.2 O(16)-C(50)-C(47)  121.2(6)
C(46)-C(47)-C(48)  119.4(8) O(15)-C(50%-C(47)  114.4

C(46)-C(47)-C(50)  119.6(7)

Table 36. Anisotropic displacement parameters (A2 x 103) for
hexamethylenetetramine terephthalic acid, (10). the anisotropic displacement
factor exponent takes the form: -2p2[h2 a2U1t+  +2hka*b* U12].

ul1 u22 u33 u23 ul3 ul2
O(1) 21(1) 20(1) 19(1) -13(1) 3(1) -1(1)
0(2) 23(1) 19(1) 42(2) -18(1) -15(1) 4(1)
O(3) 12(1) 23(1) 23(1) -14(1) 2(1) -3(1)
O(4) 15(1) 31(2) 20(1) -12(1) -4(1) -1(1)
O(5) 20(1) 25(1) 19(1) -6(1) 3(1) 11(1)
O(6) 15(1) 32(2) 34(2) -5(1) -1(1) 5(1)
O(7) 24(2) 28(2) 34(2) -24(1) -11(1) 10(1)
O(8) 17(1) 44(2) 30(2) -19(1) -6(1) 10(1)
0(9) 20(1) 22(1) 21(1) -1(1) 0(1) -1(1)
O(10) 38(2) 39(2) 38(2) -1(1) 1(1) 2(1)
O(11) 38(2) 37(2) 37(2) -1(1) 0(1) 2(1)
0(12) 19(1) 21(1) 20(1) 1(1) 1(1) 0(1)
O(13) 12(1) 14(1) 16(1) -3(1) 1(1) -1(1)
0(14) 24(1) 25(1) 23(1) -2(1) -1(1) 0(1)
O(15) 14(1) 14(1) 13(1) -2(1) 2(1) 0(1)
o(16) 7(1) 9(1) 8(1) -3(1) -1(1) 0(1)
N(1) 22(2) 16(2) 14(1) -1(1) -1(1) -7(1)
N(2) 22(2) 39(2) 11(1) 2(1) 0(1) 1(2)
N(3) 22(2) 14(2) 13(1) -2(1) -1(1) 2(1)
N(4) 14(2) 44(2) 18(2) 0(1) 7(1) 6(1)
N(5) 11(1) 19(2) 17(1) 5(1) 0(1) 1(1)
N(6) 25(2) 25(2) 10(1) 3(1) 1(1) 3(1)
N(7) 11(1) 21(2) 9(1) 3(1) 0(1) 0(1)
N(8) 14(2) 30(2) 21(2) 10(1) 8(1) 2(1)
N(9) 45(2) 12(2) 47(2) -7(2) 41(2) -5(2)
N(10) 25(2) 59(3) 17(2) 19(2) -4(1) -4(2)
N(11) 61(3) 14(2) 16(2) 6(1) 18(2) 5(2)
N(12) 14(2) 87(4) 27(2) -22(2) 2(1) 1(2)
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C(1)

C(2)

C(3)

C(4)

C(5)

C(6)

C(7)

C(8)

C(9)

C(10)
c(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(42)
C(43)
C(44)
C(45)
C(46)
C(47)

22(2)
13(2)
13(2)
12(2)
18(2)
11(2)
13(2)

16(2)

17(2)
24(2)
19(2)
17(2)
23(2)
22(2)
13(2)
21(2)
15(2)
14(2)
10(2)
16(2)
15(2)
21(2)
11(2)
15(2)
23(2)
29(2)
28(2)
13(2)
20(2)
11(2)
10(2)
5(2)
9(2)
19(3)
19(2)
61(4)
19(2)
55(4)
66(4)
27(2)
57(4)
11(1)
8(2)
10(2)
13(2)
9(2)

10(2)
8(1)
13(2)
12(2)
7(1)
15(2)
13(2)
12(2)
24(2)
15(2)
16(2)
24(2)
81(4)
29(2)
13(2)
9(2)
13(2)
15(2)
10(2)
15(2)
14(2)
16(2)
20(2)
24(2)
30(2)
21(2)
51(3)
19(2)
19(2)
11(2)
10(2)
5(2)
9(2)
19(3)
18(2)
55(4)
19(2)
109(6)
48(3)
17(2)
112(6)
10(1)
9(2)
12(2)
13(2)
9(2)

14(2)
16(2)
20(2)
24(2)
11(2)
11(2)
11(2)
10(2)
27(2)
9(2)
20(2)
15(2)
14(2)
16(2)
18(2)
21(2)
17(2)
16(2)
23(2)
27(2)
29(2)
24(2)
28(2)
12(2)
11(2)
12(2)
14(2)
21(2)
20(2)
11(2)
9(2)
5(2)
7(2)
19(3)
18(2)
60(4)
16(2)
59(4)
22(2)
18(2)
23(2)
10(1)
8(2)
11(2)
13(2)
9(2)

-3(1)
0(1)
1(1)
-1(1)
0(1)
-3(1)
-1(1)
-1(1)
4(2)
-1(1)
4(1)
-3(1)
0(2)
-4(1)
4(1)
1(1)
1(1)
6(1)
-5(1)
-5(1)
-1(1)
-4(1)
10(1)
4(2)
7(1)
1(1)
6(2)
2(1)
0(1)
1(1)
-1(1)
0(1)
-1(1)
0(1)
1(1)
45(3)
-2(2)
-74(4)
-12(2)
-4(1)
11(3)
0(1)
0(1)
0(1)
0(1)
0(1)
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-8(1)
-3(1)
-6(1)
-5(1)
-3(1)
2(1)
0(1)
3(1)
1(2)
9(1)
-2(1)
-5(1)
10(2)
-2(1)
4(1)
-1(1)
0(1)
-3(1)
-6(1)
-9(2)
-6(1)
-10(2)
1(1)
4(1)
0(1)
-2(1)
14(2)
-1(1)
0(1)
1(1)
0(1)
1(1)
0(1)
0(1)
1(1)
40(3)
4(1)
45(3)
11(2)
9(1)
4(2)
-1(1)
-1(1)
-1(1)
1(1)
0(1)

1(1)
-4(1)
-1(1)
-1(1)
-4(1)
-1(1)
-3(1)
-5(1)
-8(2)
5(2)
-6(1)
5(1)
3(2)
12(2)
4(1)
-1(1)
0(1)
1(1)
3(1)
2(1)
-1(1)
0(1)
4(1)
4(2)
4(2)
-2(2)
9(2)
1(1)
1(1)
0(1)
0(1)
0(1)
-1(1)
0(1)
0(1)
49(3)
6(2)
-65(4)
-48(3)
-5(1)
68(4)
0(1)
-1(1)
0(1)
0(1)
-1(1)




C(48) 14(2) 15(2) 15(2) 0(1) -1(1)
C(49) 7(2) 7(2) 8(2) 0(1) 0(1)
C(50)  7(1) 5(1) 5(1) 0(1) 0(1)

0(1)
0(1)
0(1)

Table 37. Hydrogen coordinates (x 104) and isotropic displacement parameters

(A2 x 103) for hexamethylenetetramine terephthalic acid (10).

X y z
H(1) 3073 5635 8482
HO3 10073 3230 4976
H(5) 1174 5538 5497
H#7 5309 3301 1293
H(9) -1805 5564 1999
H(11) 2023 3245 2179
H(13) -3384 5591 1618
H(15) 3776 3215 -1904
H(3) 9173 4808 7631
H(9A) -389 6597 8661
H(9B) -459 6123 9423
H(10A) 5131 6903 8682
H(10B) 2971 7056 8211
H(11A) 2945 5861 10131
H(11B) 5116 6194 9826
H(12A) 5719 7406 9954
H(12B) 3936 7891 10327
H(13A) 687 7425 10763
H(13B) 213 6613 10671
H(14A) 664 8153 9581
H(14B) 280 7787 8757
H(23A) -3114 6119 5484
H(23B) -2804 5834 6349
H(24A) 1834 6938 5334
H(24B) -353 6780 4883
H(25A) 435 6069 7056
H(25B) 2327 6495 6664
H(26A) 1916 7728 6416
H(26B) -220 8112 6680
H(27A) -3070 7444 7268
H(27B) -2758 6634 7433
H(28A) -3593 7357 5269
H(28B) -3560 7865 6002
H(31) 1859 4731 1069
H(32) 3802 4127 76
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U(eq)

24
23
26
35
25
45
17
17
18
27
27
19
19
22
22
23
23
47
47
26
26
23
23
20
20
25
25
25
25
37
37
21
21
12
12




H(34)
H(35)
H(37A)
H(37B)
H(38A)
H(38B)
H(39A)
H(39B)
H(40A)
H(40B)
H(41A)
H(41B)
H(42A)
H(42B)
H(45)
H(46)
H(48)
H(49)
H(4)
H(6)
H(7)
H(17)
H(18)
H(20)
H(21)

1611
-3457
-2878
-1044
-3744
-1548
-6663
-6351
-1409
-3505
-6250
-6039
-6783
-6931
2696
3696
-2435
-3286
10320(70)
3920(60)
3100(70)
5110(70)
6950(60)
1710(60)
-360(100)

4146 -1267 10
4635 -31 23
5782 3485 70
6282 3172 70
6902 1537 22
6932 2017 22
6191 1993 89
5724 2754 89
7486 3253 55
7821 3617 55
7097 4080 25
6273 4002 25
7775 2933 77
7400 2106 77
4687 809 13
3990 -263 16
4023 -1049 18
4811 -221 9
4040(20)  6690(30) 18(11)
4130(20)  5800(20) 6(8)
4730(20)  6920(20) 11(9)
4810(20)  4650(20) 19(11)
4143(19)  3630(20) 2(8)
4160(20)  2170(20) 8(9)
4730(30)  3240(30) 51(17)

Table 38. Torsion angles [°] for hexamethylenetetramine terephthalic acid (10).

0(2)-C(1)-C(2)-C(3)
O(1)-C(1)-C(2)-C(3)
0(2)-C(1)-C(2)-C(7)
O(1)-C(1)-C(2)-C(7)
C(7)-C(2)-C(3)-C(4)
C(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-C(5)
C(3)-C(4)-C(5)-C(6)
C(3)-C(4)-C(5)-C(8)
C(4)-C(5)-C(6)-C(7)
C(8)-C(5)-C(6)-C(7)
C(5)-C(6)-C(7)-C(2)
C(3)-C(2)-C(7)-C(6)
C(1)-C(2)-C(7)-C(6)
C(4)-C(5)-C(8)-O(4)
C(6)-C(5)-C(8)-O(4)
C(4)-C(5)-C(8)-0(3)

13.9(6)
-169.2(3)
-163.6(4)
13.4(5)
-1.0(5)
-178.4(4)
1.2(6)
-0.4(6)
-178.8(3)
-0.6(5)
177.8(3)
0.8(5)
0.0(5)
177.5(3)
164.1(4)
-14.2(5)
-14.1(5)

109

C(6)-C(5)-C(8)-0(3) 167.6(3)
C(14)-N(4)-C(9)-N(1) 60.3(4)
C(13)-N(4)-C(9)-N(1) -58.2(4)
C(10)-N(1)-C(9)-N(4) -58.4(4)
C(11)-N(1)-C(9)-N(4)  57.4(4)
C(14)-N(3)-C(10)-N(1) -59.4(4)
C(12)-N(3)-C(10)-N(1) 58.5(4)
C(11)-N(1)-C(10)-N(3) -59.3(4)
C(9)-N(1)-C(10)-N(3) " 57.5(4)
C(12)-N(2)-C(11)-N(1) -59.4(4)
C(13)-N(2)-C(11)-N(1) 56.7(4)
C(10)-N(1)-C(11)-N(2) 59.6(4)
C(9)-N(1)-C(11)-N(2) " -55.9(4)
C(11)-N(2)-C(12)-N(3) 58.6(4)
C(13)-N(2)-C(12)-N(3) -59.2(4)
C(10)-N(3)-C(12)-N(2) -58.2(4)
C(14)-N(3)-C(12)-N(2) 59.5(4)
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C(12)-N(2)-C(13)-N(4)  58.0(6)
C(11)-N(2)-C(13)-N(4) -59.3(6)
C(14)-N(4)-C(13}-N(2) -57.6(6)
C(9)-N(4)-C(13}-N(2)  59.2(6)
C(9)-N(4)-C(14)-N(3)  -60.7(4)
C(13)-N(4)-C(14)-N(3)  55.8(4)
C(10)-N(3)-C(14)-N(4)  61.0(4)
C(12)-N(3)-C(14)-N(4) -56.2(4)
O(6)-C(15)-C(16)-C(17) -170.8(4)
O(5)-C(15)-C(16)-C(17) 11.5(5)
0(6)-C(15)-C(16)-C(21) 9.5(6)
O(5)-C(15)-C(16)-C(21) -168.2(3)
C(21)-C(16)-C(17)-C(18) -1.0(6)
C(15)-C(16)-C(17)-C(18)179.3(4)
C(16)-C(17)-C(18)-C(19) 2.1(6)
C(17)-C(18)-C(19)-C(20) -1.3(6)
C(17)-C(18)-C(19)-C(22)179.7(4)
C(18)-C(19)-C(20)-C(21) -0.6(6)
C(22)-C(19)-C(20)-C(21)178.4(4)
C(19)-C(20)-C(21)-C(16) 1.7(6)
C(17)-C(16)-C(21)-C(20) -0.9(6)
C(15)-C(16)-C(21)-C(20)178.8(4)
C(18)-C(19)-C(22)-0(8) -12.2(6)
C(20)-C(19)-C(22)-0(8) 168.8(4)
C(18)-C(19)-C(22)-O(7) 169.5(4)
C(20)-C(19)-C(22)-O(7) -9.5(6)
C(28)-N(8)-C(23)-N(5) 57.6(4)
C(27)-N(8)-C(23)-N(5) -57.2(4)
C(25)-N(5)-C(23)-N(8)  58.5(4)
C(24)-N(5)-C(23)-N(8) -58.7(4)
C(28)-N(7)-C(24)-N(5) -59.2(4)
C(26)-N(7)-C(24)-N(5)  59.1(4)
C(25)-N(5)-C(24)-N(7) -57.0(4)
C(23)-N(5)-C(24)-N(7) 59.2(4)
C(27)-N(6)-C(25)-N(5)  59.3(4)
C(26)-N(6)-C(25)-N(5) -57.6(4)
C(24)-N(5)-C(25)-N(6)  56.3(4)
C(23)-N(5)-C(25)-N(6) -59.6(4)
C(25)-N(6)-C(26)-N(7)  59.0(4)
C(27)-N(6)-C(26)-N(7) -57.0(4)
C(28)-N(7)-C(26)-N(6)  58.0(4)
C(24)-N(7)-C(26)-N(6) -59.7(4)
C(25)-N(6)-C(27)-N(8) -57.6(5)
C(26)-N(6)-C(27)-N(8)  59.7(5)
C(23)-N(8)-C(27)-N(6)  57.4(5)
C(28)-N(8)-C(27)-N(6) -59.7(5)

110

C(24)-N(7)-C(28)-N(8)  57.0(4)
C(26)-N(7)-C(28)-N(8) -60.7(4)
C(23)-N(8)-C(28)-N(7) -56.8(4)
C(27)-N(8)-C(28)-N(7)  59.7(4)
0(10)-C(29)-C(30)-C(35)2.1(15)
0(9)-C(29)-C(30)-C(35)-175.9(10)
0(10)-C(29)-C(30)-C(31)-168.6(9)
0(9)-C(29)-C(30)-C(31) 13.3(12)
C(35)-C(30)-C(31)-C(32) 8.4(17)
C(29)-C(30)-C(31)-C(32)177.4(7)
C(30)-C(31)-C(32)-C(33)0.9(12)
C(31)-C(32)-C(33)-C(34)-2.1(11)
C(31)-C(32)-C(33)-C(36)179.6(7)
C(32)-C(33)-C(34)-C(35)-2.9(11)
C(36)-C(33)-C(34)-C(35)175.4(8)
C(31)-C(30)-C(35)-C(34) -14(2)
C(29)-C(30)-C(35)-C(34)176.2(9)
C(33)-C(34)-C(35)-C(30)10.8(16)
C(32)-C(33)-C(36)-0(12)-12.7(11)
C(34)-C(33)-C(36)-0(12)168.9(7)
C(32)-C(33)-C(36)-0(11)167.1(7)
C(34)-C(33)-C(36)-0(11)-11.2(10)
C(41)-N(10)-C(37)-N(9) 57.7(5)
C(40)-N(10)-C(37)-N(9) -60.0(6)
C(38)-N(9)-C(37)-N(10) 60.1(5)
C(39)-N(9)-C(37)-N(10) -56.1(6)
C(39)-N(9)-C(38)-N(11) 57.4(5)
C(37)-N(9)-C(38)-N(11) -59.1(4)
C(42)-N(11)-C(38)-N(9) -57.8(5)
C(40)-N(11)-C(38)-N(9) 60.2(5)
C(42)-N(12)-C(39)-N(9) 60.7(7)
C(41)-N(12)-C(39)-N(9) -58.4(7)
C(38)-N(9)-C(39)-N(12) -59.2(7)
C(37)-N(9)-C(39)-N(12) 55.9(7)
C(41)-N(10)-C(40)-N(11)-58.9(6)
C(37)-N(10)-C(40)-N(11) 59.6(6)
C(42)-N(11)-C(40)-N(10) 59.4(7)
C(38)-N(11)-C(40)-N(10)-59.9(6)
C(40)-N(10)-C(41)-N(12) 57.5(5)
C(37)-N(10)-C(41)-N(12)-60.2(5)
C(42)-N(12)-C(41)-N(10)-57.9(5)
C(39)-N(12)-C(41)-N(10) 60.7(5)
C(41)-N(12)-C(42)-N(11) 58.3(6)
C(39)-N(12)-C(42)-N(11)-60.6(6)
C(40)-N(11)-C(42)-N(12)-58.8(6)
C(38)-N(11)-C(42)-N(12) 59.6(5)




14)-C
13)-C
14)-C
13)-C
43)-C
49)-C
44)-C
45)-C
45)-C
46)-C
50)-C
47)-C
45)-C
43)-C
46)-C
48)-C
46)-C
48)-C

43)-C
43)-C
43)-C
43)-C
44)-C
44)-C
45)-C
46)-C
46)-C
47)-C
47)-C
48)-C
44)-C
44)-C
47)-C
47)-C
47)-C
47)-C

44)-C
44)-C
44)-C
44)-C
45)-C
45)-C
46)-C
47)-C
47)-C
48)-C
48)-C
49)-C
49)-C
49)-C
50)-0O
50)-0
50)-0
50)-0

45)14.3(12)
45)-165.9(7)
49)-157.9(8)
49)22.0(11)
46)-176.7(7)
46)-4.1(12)
47)0.6(12)
48)-1.9(12)
50)-178.4(7)
49)8.5(14)
49)-175.0(9)
44)-12.7(16)
48)10.7(15)
48)-176.7(9)
16)163.4(7)
16)-13.0(11)
15)-15.9(10)
15)167.6(7)
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Table 39. Hydrogen bonds for hexamethylenetetramine terephthalic acid (10) [A

and °]

D-H---A d(D-H) d(H---A) d(D---A) <(DHA)
O(1)-H(1)---N(1) 0.84 1.79 2.611(4) 166.4

O(3)-HO3:--N(7)#1 0.84 1.81 2.643(4) 169.1

O(5)-H(5) ---N(5) 0.84 1.83 2.602(4) 153.1

O(7)-H#7---N(3)#1 0.84 1.84 2.643(4) 160.1

O(9)-H(9) --N(9) 0.84 1.85 2.650(7) 158.3

O(13)-H(13---)N(9) 0.84 1.85 2.687(7) 175.0

O(15)-H(15) --N(11#2 0.84 1.82 2.633(6) 162.0

O(11)-H(11) --N(11)#2 0.84 2.04 2.808(8) 152.7

Symmetry transformations used to generate equivalent atoms:
#1 -x+1,y-1/2,-z+1  #2 -X,y-1/2,-z

Table 40. Crystal data and structure refinement for [bis(po-terephthalato)-(p,-
hexamethylenetetramino)-diaqua-dinickel (Il) dihydrate] (11).

Empirical formula ng H56 Ng Ni 010 S4

Formula weight . 795.31 g.mol™

Temperature 208(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=10.1851(9) A a = 67.589(5)°
b =10.4428(8) A B =74.153(6)°
¢=10.9767(8) A y=67.140(7)°

Volume 983.78(14) A3

Z 1

Density (calculated) 1.342 mg/m3

Absorption coefficient 0.763 mm-1

F(000) 396

Theta range for data collection 2.03to 27.50°

Index ranges -1 <h <8,-12 <k <12, -13 < <14

Reflections collected 3882

Independent reflections 3238 [R(int) = 0.0242]

Completeness to theta = 27.50° 71.4 %

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 3238/0/244
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Goodness-of-fit on F2 1.025

Final R indices [I>2sigma(l)] R1=0.0408, wR2 = 0.0886
R indices (all data) R1=0.0579, wR2 =0.0964
Largest diff. peak and hole 0.576 and -0.570 e.A-3

Table 41. Atomic coordinates (x 104) and equivalent isotropic displacement

parameters (A2 x 103) for [bis (pz-terephthalato)—(pz-hexamethylenetetramino)—
diaqua-dinickel (Il) dihydrate] (11). U(eq) is defined as one third of the trace of
the orthogonalized Ul tensor.

X y z U(eq)

| Ni(1) 0 0 0 16(1)

s(1) 2135(1)  2156(1)  -4510(1) 43(1)

| S(2) 2374(1)  2078(1)  -4815(1) 55(1)

0(1) 517(3)  -750(2)  2025(2) 22(1)

| 0(2) 1808(2)  -1809(2) 84(2) 20(1)

0(3) 2646(2)  -1658(2)  -2056(2) 37(1)

| o(4) -1004(3)  2411(3)  -4088(2) 50(1)

o(5) 3742(4)  3337(4)  -5161(3) 78(1)

N(1) 1307(3)  -1261(2) -51(2) 18(1)

N(2) 2124(3)  -2070(3)  -1463(3) 27(1)

N(3) -3716(3)  -1535(3) 515(3) 27(1)

N(4) 1584(3)  -3705(3) 762(3) 26(1)

c(1) 2687(3)  -2264(3)  -841(3) 20(1)

c(2) 3800(3)  -3686(3)  -402(3) 16(1)

c(3) 3041(3)  -4467(3) 939(3) 19(1)

o) 20523 ey a2

i . 5 23(1)

| C(6) -3086(4)  -3067(3)  1297(3) 28(1)

| c(7) 3612(3)  -1480(3)  -867(3) 29(1)

c(8) -1541(4)  -3592(3)  -626(3) 29(1)

| C(9) -750(3)  -2835(3) 755(3) 24(1)

| C(10) 1275(3)  -1237(3)  -1425(3) 24(1)

c(11) 2403(5)  3453(5)  -6107(4) 60(1)

| c(12) -3775(5)  2074(5)  -3628(4) 63(1)

c(13) 1405(5)  4102(5)  -6170(4) 54(1)

| C(14) 2816(5)  1270(5)  -5088(4) 66(1)
|
|

Table 42. Bond iengths [A] and angles [°] for [bis (u2-terephthalato)-( -
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hexamethylenetetramino)-diaqua-dinickel (I1) dihydrate] (11).

Ni(1)-O(1) 2.046(2) C(2)-C(4)
Ni(1)-O(1)#1 2.046(2) C(3)-C(4)#2
Ni(1)-0(2) 2.0556(18) C(3)-H(3)
Ni(1)-O(2)#1 2.0556(18) C(4)-C(3)#2
Ni(1)-N(1) 2.229(2) C(4)-H(4)
Ni(1)-N(1)#1 2.229(2) C(5)-H(5A)
S(1)-0(4) 1.495(3) C(5)-H(5B)
S(1)-C(12) 1.759(4) C(6)-H(BA)
S(1)-C(11) 1.774(4) C(6)-H(6B)
S(2)-0(5) 1.495(3) C(7)-H(7A)
S(2)-C(13) 1.770(4) C(7)-H(7B)
S(2)-C(14) 1.783(5) C(8)-H(8A)
O(1)-H(1) 0.76(4) C(8)-H(8B)
O(1)-H(2) 0.77(4) C(9)-H(9A)
0(2)-C(1) 1.264(3) C(9)-H(9B)
0(3)-C(1) 1.244(3) C(10)-H(10A)
N(1)-C(10) 1.490(3) C(10)-H(10B)
N(1)-C(5) 1.493(4) C(11)-H(11A)
N(1)-C(9) 1.499(3) C(11)-H(11B)
N(2)-C(10) 1.462(4) C(11)-H(11C)
N(2)-C(7) 1.465(4) C(12)-H(12A)
N(2)-C(8) 1.474(4) C(12)-H(12B)
N(3)-C(5) 1.460(4) C(12)-H(12C)
N(3)-C(6) 1.471(4) C(13)-H(13A)
N(3)-C(7) 1.471(4) C(13)-H(13B)
N(4)-C(9) 1.462(4) C(13)-H(13C)
N(4)-C(8) 1.465(4) C(14)-H(14A)
N(4)-C(8) 1.472(4) C(14)-H(14B)
C(1)-C(2) 1.517(4) C(14)-H(14C)
C(2)-C(3) 1.388(4)
O(1)-Ni(1)-O(1)#1 180.0(2) O(2)#1-Ni(1)-N(1)#1
O(1)-Ni(1)-0(2) 89.77(8) N(1)-Ni(1)-N(1)#1
O(1)#1-Ni(1)-0(2) 90.23(8) O(4)-S(1)-C(12)
O(1)-Ni(1)-O(2)#1 90.23(8) O(4)-S(1)-C(11)
O(1)#1-Ni(1)-0(2#1  89.77(8) C(12)-S(1)-C(11)
O(2)-Ni(1)-O(2)#1 180.00(15) O(5)-S(2)-C(13)
O(1)-Ni(1)-N(1) 85.18(9) O(5)-S(2)-C(14)
O(1)#1-Ni(1)-N(1) 94.82(9) C(13)-S(2)-C(14)
O(2)-Ni(1)-N(1) 90.02(8) Ni(1)-O(1)-H(1)
O(2)#1-Ni(1)-N(1) 89.98(8) Ni(1)-O(1)-H(2)
O(1)-Ni(1)-N(1)#1 94.82(9) H(1)-O(1)-H(2)
O(1)#1-Ni(1-N(1)#1  85.18(9) C(1)-0(2)-Ni(1)
O(2)-Ni(1)-N(1)#1 89.98(8) C(10)-N(1)-C(5)
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130.31(18)
107.1(2)




C(10)-N(1)-C(9)
C(5)-N(1)-C(9)
C(10)-N(1)-Ni(1)
C(5)-N(1)-Ni(1)
C(9)-N(1)-Ni(1)
C(10)-N(2)-C(7)
C(10)-N(2)-C(8)
C(7)-N(2)-C(8)
C(5)-N(3)-C(6)
C(5)-N(3)-C(7)
C(6)-N(3)-C(7)
C(9)-N(4)-C(6)
C(9)-N(4)-C(8)
C(6)-N(4)-C(8)
O(3)-C(1)-0(2)
O(3)-C(1)-C(2)
0(2)-C(1)-C(2)
C(3)-C(2)-C(4)
C(3)-C(2)-C(1)
C(4)-C(2)-C(1)
C(4)#2-C(3)-C(2)
C(4)#2-C(3)-H(3)
C(2)-C(3)-H(3)
C(3)#2-C(4)-C(2)
C(3)#2-C(4)-H(4)
C(2)-C(4)-H(4)
N(3)-C(5)-N(1)
N(3)-C(5)-H(5A)
N(1)-C(5)-H(5A)
N(3)-C(5)-H(5B)
N(1)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
N(4)-C(6)-N(3)
N(4)-C(6)-H(6A)
N(3)-C(6)-H(6A)
N(4)-C(6)-H(6B)
N(3)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
N(2)-C(7)-N(3)
N(2)-C(7)-H(7A)
N(3)-C(7)-H(7A)
N(2)-C(7)-H(7B)
N(3)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
N(4)-C(8)-N(2)
N(4)-C(8)-H(8A)

| 106.8(2)

106.9(2)
112.71(18)
112.34(16)
110.70(17)
108.8(2)

119.4
119.4
119.9(3)
120.0
120.0
113.0(2)
109.0
109.0
109.0
109.0
107.8
112.4(3)
109.1
109.1
109.1
109.1
107.8
112.4(2)
109.1
109.1
109.1
109.1
107.9
112.6(2)
109.1
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B)-C(11)-H(11C)
}-C(12)-H(12A)
}-C(12)-H(128B)
12A)-C(12)-H(12B)
1)-C(12)-H(12C)
(12A)-C(12)-H(12C)
(12B)-C(12)-H(12C)
(2)-C(13)-H(13A)
(2)-C(13)-H(13B)
(13A)-C(13)-H(13B)
(2)-C(13)-H(13C)
(13A)-C(13)-H(13C)
(13B)-C(13)-H(13C)
2)-C(14)-H(14A)
2)-C(14)-H(14B)
14A)-C(14)-H(14B)
2)-C(14)-H(14C)
14A)-C(14)-H(14C)
14B)-C(14)-H(14C)

109.1
109.1
109.1
107.8
112.7(2)
109.1
109.1
109.1
109.1
107.8
112.9(2)
109.0
109.0
109.0
109.0
107.8
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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Table 44. Hydrogen coordinates (x 104) and isotropic displacement parameters

‘ (A2 x 103) for [bis (uz-terephthalato)-(pz-hexamethylenetetramino)—Diaqua—
‘ Dinickel (II) dihydrate] (11).

X y z U(eq)
H(3) 3220 -4105 1581 23
H(4) 4951 -3718 -2259 24
H(5A) -2909 -728 1427 27
H(5B) -3258 324 -12 27
H(6A) -3137 -3118 2219 34
H(6B) -3656 -3643 1308 34
H(7A) -4184 -2041 -883 34
H(7B) -4021 -464 -1403 34
H(8A) -2098 -4168 -638 35
H(8B) -542 -4008 -1005 35
H(9A) 256 -3250 391 29
H(9B) -774 -2895 1673 29
H(10A) -1646 -221 -1979 29
H(10B) -274 -1640 -1808 29
H(11A) -2644 4428 -6056 90
H(11B) -3185 3394 -6405 90
H(11C) -1528 3247 -6732 90
H(12A) -3779 2465 -2682 95
H(12B) -4566 2918 -3915 95
H(12C) -3884 3991 -3803 95
H(13A) 1226 5121 -6283 81
H(13B) 494 3923 -5993 81
H(13C) 1964 3878 -6976 81
H(14A) 3420 1286 -5943 99
H(14B) 1939 1108 -5082 99
H(14C) 3329 489 -4386 99
H(1) -1120(40) -120(40) 2220(40) 39(11)
H(2) -70(50)  -1160(40) 2610(40) 53(13)
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Table 45. Torsion angles [°] for [bis (no-terephthalato)-(ju,-

hexamethylenetetramino)-diaqua-dinickel (1) dihydrate], (11).

O(1)-Ni(1)-0(2)-C(1)
O(1)#1-Ni(1)-0(2)-C(1)
O(2)#1-Ni(1)-0(2)-C(1)
N(1)-Ni(1)-O(2)-C(1)
N(1)#1-Ni(1)-O(2)-C(1)
O(1)-Ni(1)-N(1)-C(10)
O(1)#1-Ni(1)-N(1)-C(10)
O(2)-Ni(1)-N(1)-C(10)
O(2)#1-Ni(1)-N(1)-C(10)
N(1)#1-Ni(1)-N(1)-C(10)
O(1)-Ni(1)-N(1)-C(5)
O(1)#1-Ni(1)-N(1)-C(5)
O(2)-Ni(1)-N(1)-C(5)
O(2)#1-Ni(1)-N(1)-C(5)
N(1)#1-Ni(1)-N(1)-C(5)
O(1)-Ni(1)-N(1)-C(9)
O(1)#1-Ni(1)-N(1)-C(9)
O(2)-Ni(1)-N(1)-C(9)
O(2)#1-Ni(1)-N(1)-C(9)
N(1)#1-Ni(1)-N(1)-C(9)
Ni(1)-O(2)-C(1)-O(3)
Ni(1)-0(2)-C(1)-C(2)
O(3)-C(1)-C(2)-C(3)
0O(2)-C(1)-C(2)-C(3)
O(3)-C(1)-C(2)-C(4)
0(2)-C(1)-C(2)-C(4)
C(4)-C(2)-C(3)-C(4)#2
C(1)-C(2)-C(3)-C(4)#2
C(3)-C(2)-C(4)-C(3)#2
C(1)-C(2)-C(4)-C(3)#2
C(6)-N(3)-C(5)-N(1)
C(7)-N(3)-C(5)-N(1)
C(10)-N(1)-C(5)-N(3)
C(9)-N(1)-C(5)-N(3)
Ni(1)-N(1)-C(5)-N(3)
C(9)-N(4)-C(6)-N(3)
C(8)-N(4)-C(6)-N(3)
C(5)-N(3)-C(6)-N(4)
C(7)-N(3)-C(6)-N(4)
C(10)-N(2)-C(7)-N(3)
C(8)-N(2)-C(7)-N(3)
C(5)-N(3)-C(7)-N(2)
C(6)-N(3)-C(7)-N(2)
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171.0(3)
-9.0(3)
-109(100)
85.9(3)
-94.1(3)
-175.77(18)
4.23(18)
-86.01(17)
93.99(17)
136(100)
63.15(18)
-116.85(18)
152.91(18)
-27.09(18)
15(100)
-56.27(18)
123.73(18)
33.49(18)
-146.51(18)
-104(100)
1.6(5)
-178.13(18)
-175.6(3)
4.1(4)
4.3(4)
-175.9(3)
-0.1(5)
179.9(3)
0.1(5)
-179.9(3)
58.4(3)
-58.5(3)
57.1(3)
-57.0(3)
-178.64(18)
58.9(3)
-58.0(3)
-58.8(3)
58.1(3)
-58.3(3)
58.3(3)
58.6(3)
-58.3(3)




ﬁ

C(9)-N(4)-C(8)-N(2) -58.6(3)
C(6)-N(4)-C(8)-N(2) 58.4(3)
C(10)-N(2)-C(8)-N(4) 58.7(3)
C(7)-N(2)-C(8)-N(4) -58.6(3)
C(6)-N(4)-C(9)-N(1) -58.3(3)
C(8)-N(4)-C(9)-N(1) 58.4(3)
C(10)-N(1)-C(9)-N(4) -57.6(3)
C(5)-N(1)-C(9)-N(4) 56.8(3)
Ni(1)-N(1)-C(9)-N(4) 179.42(18)
C(7)-N(2)-C(10)-N(1) 57.7(3)
C(8)-N(2)-C(10)-N(1) -58.8(3)
C(5)-N(1)-C(10)-N(2) -56.3(3)
C(9)-N(1)-C(10)-N(2) 57.9(3)
Ni(1)-N(1)-C(10)-N(2) 179.66(17)

Symmetry transformations used to generate equivalent atoms:
#1 -X,-y,-z #2 -x+1,-y-1,-z

Table 46. Hydrogen bonds for [bis (u-terephthalato)-(p,-
hexamethylenetetramino)-diaqua-dinickel (11) dihydrate] (11) [A and °].

D-H-—A d(D-H) d(H-—A) d(D--A) <(DHA)
O(1)-H(1) -~O(3#1  0.76(4) 1.88(4) 2.610(3) 159(4)
O(1)-H(2) --O(4#1  0.77(4) 1.94(4) 2.715(3) 173(4)
C(12)-H(12B--)O(5 %3 0.97 2.30 3.234(5) 162.3

Symmetry transformations used to generate equivalent atoms:
#1 -x,-y,-z. #2 -x+1,-y-1,-z. #3 x-1,y,z

Table 47. Crystal data and structure refinement for—[bis (p2-terephthalato) - (ueo-
hexamethylenetetramino)-diagua-dizinc (11) dihydrate] (12).

Empirical formula Cas Ha2 Ng O43 Zn,

Formula weight 829.44g mol™

Temperature 298(2)K

Wavelength 0.71073 A

Crystal system monoclinic

Space group P2y/m

Unit cell dimensions a=10.0437(15) A a = 90°
b =16.964(3) A B =114123(11)°
c =10.6795(15) A v =90°

Volume 1660.7(4) A3

Z 2
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Density (calculated) 1.659 mg/m3

Absorption coefficient 1.523 mm-1

F(000) 860

Crystal size ?x?x?mm3

Theta range for data collection 2.09 to 25.35°.

Index ranges -1 <h €12, -1 <k <20, -12 <1 <12
Reflections collected 3981

Independent reflections 3152 [R(int) = 0.0375]
Completeness to theta = 25.35° 100.0 %

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 3152/4/276

Goodness-of-fit on F2 1.051

Final R indices [I>2sigma(l)] R1=0.0526, wR2 =0.1011

R indices (all data) R1=0.0931, wR2=0.1148
Largest diff. peak and hole 0.737 and -0.482 e.A-3

Table 48. Atomic coordinates (x 104) and equivalent isotropic displacement

parameters (A2 X 103)for [bis (no-terephthalato)-(p2-hexamethylenetetramino)-
diaqua-dizinc (ll) dihydrate] (12). U(eq) is defined as one third of the trace of the
orthogonalized Ul tensor.

X y z U(eq)
Zn(1) 2471(1) 2500 2410(1) 25(1)
Zn(2) 0 5000 5000 24(1)
o(1) 1867(3)  5061(2)  6724(3) 27(1)
| 0(2) 2445(4)  3798(2)  7212(3) 50(1)
0(3) 3945(5) 2500 4424(4) 27(1)
0(4) 5863(5) 2500 3891(5) 46(2)

|
| o(5) 8609(8) 2500 11363(6) 94(3)
| 0(6) 10498(6) 2500 10854(5) 39(1)
| o(7) 235(4)  6197(2)  4680(4) 31(1)
0(8) 3695(8) 2500 1365(7) 53(2)
{ N(1) 2321(4)  3793(2)  2619(4) 22(1)
N(2) 3645(4)  5032(2)  3502(4) 28(1)
| N(3) 1406(4)  5048(2)  1418(4) 28(1)
!: N(4) 1295(4)  4791(2)  3637(4) 23(1)
| c(1) 5200(7) 2500 4733(7) 24(2)
i c(2) 6301(7) 2500 6254(6) 22(2)
j c(3) 7795(7) 2500 6691(6) 23(2)
C(4) 8729(7) 2500 8057(7) 29(2)
C(5) 8151(7) 2500 9047(6) 23(2)
C(6) 9153(9) 2500 10550(7) 33(2)




C(7) 6665(7) 2500 8614(7) 27(2)
C(8) 5738(7) 2500 7241(7) 27(2)
C(9) 1567(6)  4197(3) 1263(5) 29(1)
C(10) 3776(5)  4191(3) 3327(5) 28(1)
C(11) 1470(5) 3944(3) 3441(4) 22(1)
C(12) 2775(5) 5147(3) 4303(5) 26(1)
C(13) 572(5) 5156(3)  2241(5) 29(1)
C(14) 2861(5) 5390(3) 2145(5) 33(1)
C(15) 2637(5)  4514(3) 7485(5) 29(1)
C(186) 3860(5)  4765(3) 8784(5) 24(1)
C(17) 4795(4)  4214(3) 9674(3) 29(1)
0(9) 8568(4)  2500(3)  13780(3) 37(1)
O(10) 2801(4)  2500(3)  -1231(3) 67(2)
C(18) 4072(5) 5552(3) 9142(5) 30(1)

Table 49. Bond lengths [A] and angles [°] for [bis (nz-terephthalato )-( Uo-
hexamethylenetetramino)—diaqua-dizinc (I) dihydrate] (12).

Zn(1)-0(8) 1.968(7) N(1)-C(10) 1.503(6)
Zn(1)-0(6)#1 1.999(5) N(2)-C(10) 1.453(6)
Zn(1)-0(3) 2.053(4) N(2)-C(12) 1.464(6)
Zn(1)-N(1) 2.216(4) N(2)-C(14) 1.468(6)
Zn(1)-N(1)#2 2.216(4) N(3)-C(13) 1.452(6)
Zn(2)-0(1)#3 2.024(3) N(3)-C(14) 1.466(6)
Zn(2)-0(1) 2.024(3) N(3)-C(9) 1.470(6)
Zn(2)-0(7)#3 2.089(4) N(4)-C(11) 1.474(5)
Zn(2)-0(7) 2.089(4) N(4)-C(12) 1.488(5)
Zn(2)-N(4)#3 2.342(4) N(4)-C(13) 1.499(5)
Zn(2)-N(4) 2.342(4) C(1)-C(2) 1.521(9)
| O(1)-C(15) 1.266(6) C(2)-C(3) 1.377(9)
[ 0(2)-C(15) 1.247(6) C(2)-C(8) 1.386(9)
O(3)-C(1) 1.262(8) C(3)-C(4) 1.374(8)
I O(4)-C(1) 1.243(8) C(3)-H(3) 0.9300
| O(5)-C(6) 1.200(9) C(4)-C(5) 1.399(9)
| O(6)-C(6) 1.253(9) C(4)-H(4) 0.9300
| O(6)-Zn(1)#4 1.999(5) C(5)-C(7) 1.370(9)
| O(7)-HO7A 0.810(19) C(5)-C(6) 1.507(9)
O(7)-HO7B 0.80(2) C(7)-C(8) 1.378(9)
O(8)-HO8A 0.84(10) C(7)-H(7) 0.9300
0(8)-HO8B 0.62(7) C(8)-H(8) 0.9300
N(1)-C(11) 1.476(5) C(9)-H(9A) 0.9700
N(1)-C(9) 1.498(5) C(9)-H(9B) 0.9700
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C(10)-H(10A)
C(10)-H(10B)
C(11)-H(11A)
C(11)-H(11B)
C(12)-H(12A)
C(12)-H(12B)
C(13)-H(13A)
C(13)-H(13B)
C(14)-H(14A)
C(14)-H(14B)

o(8
o8
o(6
o(8
o(6
o3
o(8
o(6
o3
N(1
o(1
o(1
o(1
o(1
o(1
o(7
o(1
o(1
o(7
o7
o(1
o(1

S—

-Zn(1)-O(6)#1
-Zn(1)-0(3)
1-Zn(1)-0(3)
-Zn(1)-N(1)
#1-Zn(1)-N(1)
-Zn(1)-N(1)
-Zn(1)-N(1)#2
#1-Zn(1)-N(1)#2
-Zn(1)-N(1)#2
-Zn(1)-N(1)#2
#3-Zn(2)-0(1)
#3-Zn(2)-O(7)#3
-Zn(2)-O(7)#3
#3-Zn(2)-0(7)
-Zn(2)-0(7)
#3-Zn(2)-0(7)
#3-Zn(2)-N(4)#3
-Zn(2)-N(4)#3
#3-Zn(2)-N(4)#3
-Zn(2)-N(4)#3
#3-Zn(2)-N(4)
-Zn(2)-N(4)
O(7)#3-Zn(2)-N(4)
O(7)-Zn(2)-N(4)
N(4)#3-Zn(2)-N(4)
C(15)-0(1)-Zn(2)
C(1)-0(3)-Zn(1)
C(6)-0(6)-Zn(1 )#4
Zn(2)-0(7)-HO7A
Zn(2)-0(7)-HO7B
HO7A-O(7)-HO7B
Zn(1)-O(8)-HO8A
Zn(1)-0(8)-HO8B
HOBA-O(8)-HO8B
C(11)-N(1)-C(9)

R N N N N R N

S’

N N Nt N

R i e e N N N e e g

0.9700
0.9700
0.9700
0.9700
0.9700
0.9700
0.9700
0.9700
0.9700
0.9700

99.5(3)
104.1(2)
156.3(2)

98.12(10)

89.92(10)

86.79(10)

98.12(10)

89.92(10)

86.79(9)
163.57(19)
180.000(1)

88.56(14)

91.44(13)

91.44(13)

88.56(14)
180.000(1)

91.68(13)

88.32(13)

85.22(14)

94.78(14)

88.32(13)

91.68(13)

94.78(14)

85.22(14)
180.000(1)
130.0(3)
120.8(4)
144.3(5)
102(4)
133(4)
116(6)
138(7)
113(8)
110(10)
108.0(3)
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C(15)-C(16)
C(16)-C(18)
C(16)-C(17)
C(17)-C(18)#5
C(17)-H(17)
O(9)-HO9A
O(9)-HO9B
O(10)-HO10
C(18)-C(17)#5
C(18)-H(18)

C(11)-N(1)-C(10)
C(9)-N(1)-C(10)

C(11)-N(1)-Zn(1)
C(9)-N(1)-Zn(1)

C(10)-N(1)-zn(1)
C(10)-N(2)-C(12)
C(10)-N(2)-C(14)
c(12 -C(14)
C(13 -C(14)
C(13 -C(9)
C(14 -C(9)
C(11 -C(12
-C(13
-C(13
-Zn(2
C(12 -Zn(2
C(13 )>-Zn(2
0O(4)-C(1)-0O(3)

C(11
c(12
C(11

)
)
)
)
)
)
)
)
)
)
)

N e e N N e e N N e e N’

N(
N(
N(
N(
N(
N(
N(
N(
N(
N(

2
4
4
4
4
4
4

N’ N e

3
3
3
)_
O(4)-C(1)-C(2)
O(3)-C(1)-C(2)
C(3)-C(2)-C(8)
C(3)-C(2)-C(1)
C(8)-C(2)-C(1)
C(4)-C(3)-C(2)
C(4)-C(3)-H(3)
C(2)-C(3)-H(3)
C(3)-C(4)-C(5)
C(3)-C(4)-H(4)
C(5)-C(4)-H(4)
C(7)-C(5)-C(4)
C(7)-C(5)-C(6)
C(4)-C(5)-C(6)
O(5)-C(6)-O(6)
O(5)-C(6)-C(5)
)-C(3)

o(6
)-C(6)-C(5
O(6)-C(6)-C(5

N

1.490(6)
1.381(7)
1.391(6)
1.369(6)
0.9300
0.80(2)
0.77(2)
0.73(6)
1.369(6)
0.9300

107.7(3)
106.5(4)
108.1(3)
112.6(3)
113.7(3)
108.2(4)
108.6(4)
108.3(4)
109.1(4)
108.1(4)
108.5(4)
108.0(3)
107.4(3)
106.9(4)
111.4(3)
110.0(3)
112.9(3)
124.9(6)
118.2(6)
116.8(6)
117.9(6)
121.1(6)
121.0(6)
122.4(6)
118.8

118.8

119.2(6)
120.4

120.4

118.4(6)
121.4(6)
120.1(6)
125.1(7)
117.8(7)
117.1(7)




C(5)-C(7)-C(8) 121.9(6) N(4)-C(12)}-H(12B)  109.1
C(5)-C(7)-H(7) 119.0 H(12A)-C(12)-H(12B) 107.8
C(8)-C(7)-H(7) 119.0 N(3)-C(13)-N(4) 112.6(4)
C(7)-C(8)-C(2) 120.1(6) N(3)-C(13)-H(13A)  109.1
C(7)-C(8)-H(8) 120.0 N(4)-C(13)}-H(13A)  109.1
C(2)-C(8)-H(8) 120.0 N(3)-C(13)-H(13B)  109.1
N(3)-C(9)-N(1) 112.1(4) N(4)-C(13)-H(13B)  109.1
N(3)-C(9)-H(9A) 109.2 H(13A)-C(13)-H(13B) 107.8
N(1)-C(9)-H(9A) 109.2 N(3)-C(14)-N(2) 112.0(4)
N(3)-C(9)-H(9B) 109.2 N(3)-C(14)-H(14A)  109.2
N(1)-C(9)-H(9B) 109.2 N(2)-C(14)-H(14A)  109.2
H(9A)-C(9)-H(9B) 107.9 N(3)-C(14)-H(14B)  109.2
N(2)-C(10)-N(1) 112.6(4) N(2)-C(14)-H(14B)  109.2
N(2)-C(10)}-H(10A)  109.1 H(14A)-C(14)-H(14B) 107.9
N(1)-C(10)-H(10A)  109.1 0(2)-C(15)-0(1) 124.6(4)
N(2)-C(10)-H(10B)  109.1 O(2)-C(15)-C(16) 119.1(4)
N(1)-C(10)-H(10B)  109.1 O(1)-C(15)-C(16) 116.3(4)
H(10A)-C(10)-H(10B) 107.8 C(18)-C(16)}-C(17)  118.5(4)
N(4)-C(11)-N(1) 112.6(4) C(18)-C(16)-C(15)  120.6(4)
N(4)-C(11)-H(11A)  109.1 C(17)-C(16)-C(15)  120.9(4)
N(1)-C(11)-H(11A)  109.1 C(18#5-C(17)-C(16) 120.7(4)
N(4)-C(11)-H(11B)  109.1 C(18)#5-C(17)-H(17) 119.7
N(1)-C(11)-H(11B)  109.1 C(16)-C(17)-H(17) =~ 119.7
H(11A)-C(11)-H(11B) 107.8 HO9A-0(9)-HO9B 93(8)
N(2)-C(12)-N(4) 112.7(4) C(17)#5-C(18)-C(16) 120.8(4)
N(2)-C(12)-H(12A)  109.1 C(17)#5-C(18)-H(18) 119.6
N(4)-C(12)-H(12A)  109.1 C(16)-C(18)-H(18)  119.6

N(2)-C(12)-H(12B)  109.1

Symmetry transformations used to generate equivalent atoms:
#1 x-1,y,z-1. #2 X,-y+1/2,z. #3 -x,-y+1,-z+1. #4 x+1 ¥,z #5 -x+1,-y+1,-z+2
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Table 50. Anisotropic displacement parameters (A2 x 103) for [bis (u.-
terephthalato)-(pz-hexamethylenetetramino)—diaqua-dizinc (I) dihydrate] (12)

. The anisotropic displacement factor exponent takes the form: —2p2[h2 a*2y11
+..+2hka*b*Ul12],

yl1 u22 u33 u23 ul3 ul2
Zn(1) 23(1) 28(1) 20(1) 0 4(1) 0
Zn(2) 22(1) 21(1) 19(1) 1(1) -2(1) -1(1)
O(1) 19(2) 31(2) 19(2) 2(2) -4(1) 0(2)
0(2) 47(2) 29(2) 38(2) -3(2) 20(2) 5(2)
O(3) 26(3) 28(3) 19(2) 0 3(2) 0
O(4) 29(3) 86(4) 21(3) 0 7(2) 0
O(5) 66(5) 195(9) 20(3) 0 15(3) 0
O(6) 33(3) 35(3) 30(3) 0 -7(2) 0
O(7) 31(2) 25(2) 30(2) -1(2) 4(2) -3(2)
O(8) 32(4) 98(6) 26(3) 0 8(3) 0
N(1) 23(2) 19(2) 22(2) 2(2) 7(2) 2(2)
N(2) 27(2) 26(2) 30(2) -2(2) 9(2) -4(2)
N(3) 31(2) 24(2) 24(2) 3(2) 8(2) 2(2)
N(4) 19(2) 21(2) 24(2) -1(2) 5(2) 0(2)
C(1) 21(4) 17(3) 30(4) 0 5(3) 0
C(2) 24(4) 16(3) 20(3) 0 3(3) 0
C(3) 22(4) 24(4) 24(3) 0 10(3) 0
C(4) 19(4) 30(4) 29(4) 0 2(3) 0
C(5) 29(4) 18(3) 21(3) 0 8(3) 0
C(6) 36(5) 32(4) 28(4) 0 10(4) 0
C(7) 26(4) 32(4) 25(3) 0 11(3) 0
C(8) 19(4) 35(4) 27(4) 0 10(3) 0
C(9) 34(3) 27(3) 25(2) 4(2) 10(2) 7(2)
C(10) 21(3) 33(3) 27(3) 4(2) 8(2) 3(2)
C(11) 20(2) 22(2) 21(2) 1(2) 7(2) 0(2)
C(12) 22(3) 20(3) 31(3) 1(2) 8(2) -2(2)
C(13) 28(3) 27(3) 31(3) 3(2) 10(2) 5(2)
C(14) 35(3) 33(3) 33(3) 4(2) 16(2) -5(2)
C(15) 23(3) 39(3) 20(2) -1(2) 5(2) 2(2)
C(16) 19(3) 30(3) 19(2) 3(2) 5(2) -1(2)
C(17) 27(3) 26(3) 25(3) -1(2) 2(2) 1(2)
0(9) 30(3) 47(3) 34(3) 0 14(3) 0
O(10) 118(7) 44(4) 32(3) 0 24(4) 0
C(18) 25(3) 31(3) 23(2) 7(2) -1(2) 7(2)
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Table 51. Hydrogen coordinates (x 104) and isotropic displacement parameters

(A2 x 103) for [bis (uz—terephthalato)—(pg-hexamethylenetetramino)-diaqua-dizinc
(II) dihydrate] (12).

X y z U(eq)
H(3) 8187 2500 6038 28
H(4) 9733 2500 8320 34
H(7) 6270 2500 9264 33
H(8) 4733 2500 6978 32
H(9A) 2122 4113 715 35
H(9B) 610 3064 778 35
H(10A) 4295 3950 4220 33
H(10B) 4349 4107 2795 33
H(11A) 513 3706 2087 26
H(11B) 1954 3695 4331 26
H(12A) 2679 5707 4427 31
H(12B) 3283 4913 5203 31
H(13A) -387 4924 1766 35
H(13B) 442 5716 2341 35
H(14A) 2768 5053 2252 40
H(14B) 3422 5315 1600 40
H(17) 4650 3680 9464 35
H(18) 3437 5027 8572 36
HO10 2810(60)  2150(40)  -1620(60) 80(20)
HO7A -550(30) 6300(30) 4070(40) 36(16)
HO7B 650(60)  6550(20)  5180(50) 60(20)
HOS8A 3580(100) 2500 540(100) 80(40)
HO8B 4350(80) 2500 1740(80) 30(30)
HOQ9A 8350(100) 2500 12970(30) 90(40)
HO9B 7760(30) 2500 13690(50) 0(15)
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Table 52. Torsion angles [°] for [bis (p-terephthalato)-( Lo-
hexamethylenetetramino)-diaqua-dizinc (I1) dihydrate] (12).

O(1)#3-Zn(2)-0(1)-C(15) -55(94)
O(7)#3-Zn(2)-0(1)-C(15) 10.7(4)
O(7)-Zn(2)-0(1)-C(15)  -169.3(4)
N(4)#3-Zn(2)-O(1)-C(15) 95.9(4)
N(4)-Zn(2)-0(1)-C(15)  -84.1(4)
0(8)-Zn(1)-0(3)-C(1)  0.00(1)

O(1)-Zn(2)-N(4)-C(11)  93.0(3)
O(7)#3-Zn(2)-N(4)-C(11) 1.4(3)
O(7)-Zn(2)-N(4)-C(11)  -178.6(3)
N(4)#3-Zn(2)-N(4)-C(11) 13(73)
O(1)#3-Zn(2)-N(4)-C(12) 153.2(3)
O(1)-Zn(2)-N(4)-C(12) ~ -26.8(3)

O(6)#1-Zn(1)-0(3)-C(1) 180.00(1)
N(1)-Zn(1)-0(3)-C(1) ~ -97.57(10)
N(1)#2-Zn(1)-O(3)-C(1) 97.57(10)
O(8)-Zn(1)-N(1)-C(11)  -177.9(3)
O(6)#1-Zn(1)-N(1)-C(11) 82.5(3)
O(3)-Zn(1)-N(1)-C(11) ~ -74.1(3)
N(1)#2-Zn(1)-N(1)-C(11) -6.9(8)
O(8)-Zn(1)-N(1)-C(9)  62.9(4)

O(7)#3-Zn(2)-N(4)-C(12) -118.4(3)

O(7)-Zn(2)-N(4)-C(12)

61.6(3)

N(4)#3-Zn(2)-N(4)-C(12) -107(73)
O(1)#3-Zn(2)-N(4)-C(13) 33.9(3)

O(1)-Zn(2)-N(4)-C(13)

-146.1(3)

O(7)#3-Zn(2)-N(4)-C(13) 122.3(3)

O(7)-Zn(2)-N(4)-C(13)

-57.7(3)

N(4)#3-Zn(2)-N(4)-C(13) 134(74)

O(6)#1-Zn(1)-N(1)-C(9) -36.7(3) Zn(1)-0(3)-C(1)-0(4)  0.000(2)
O(3)-Zn(1)-N(1)-C(9)  166.7(3) Zn(1)-0(3)-C(1)-C(2)  180.000(2)
N(1)#2-Zn(1)-N(1)-C(9) -126.1(6) O(4)-C(1}-C(2)-C(3)  0.000(2)
O(8)-Zn(1)-N(1)-C(10)  -58.3(4) O(3)-C(1)-C(2)-C(3)  180.000(2)
O(6)#1-Zn(1)-N(1)-C(10) -157.9(3) O(4)-C(1)-C(2)-C(8)  180.000(3)
O(3)-Zn(1)-N(1)-C(10) ~ 45.5(3) O(3)-C(1}-C(2)-C(8)  0.000(2)
N(1)#2-Zn(1)-N(1)-C(10) 112.6(7) C(8)-C(2)-C(3)-C(4)  0.000(2)
O(1)#3-Zn(2)-N(4)-C(11) -87.0(3) C(1)-C(2)-C(3)-C(4)  180.000(3)
C(2)-C(3)-C(4)-C(5)  0.000(3) C(14)-N(2)-C(10)-N(1)  -58.8(5)
C(3)-C(4)-C(5)-C(7)  0.000(4) C(11)-N(1)-C(10)-N(2)  -57.8(5)
C(3)-C(4)-C(5)-C(6)  180.000(4) C(9)-N(1)-C(10%-N(2)  57.9(5)
Zn(1)#4-0(6)-C(6)-O(5) 0.000(6) Zn(1)-N(1)-C(10)-N2)  -177.6(3)
Zn(1)#4-0(6)-C(6)-C(5) 180.000(4) C(12)-N(4)-C(11):-N(1)  -57.4(4)
C(7)-C(5)-C(6)-O(5)  0.000(4) C(13)-N(4)-C(11)-N(1)  57.6(5)
C(4)-C(5)-C(6)-0(5)  180.000(3) Zn(2)-N(4)-C(11)-N(1)  -178.3(2)
C(7)-C(5)-C(6)-O(6)  180.000(3) C(9»-N(1)-C(11)-N(4)  -57.6(4)
C(4)-C(5)-C(6)-O(6)  0.000(4) C(10)-N(1)-C(11)-N(4)  57.0(4)
C(4)-C(5)-C(7)-C(8)  0.000(3) Zn(1)-N(1)-C(11)-N(4)  -179.7(3)
C(6)-C(5)-C(7)-C(8)  180.000(3) C(10)-N(2)-C(12)-N(4)  -58.8(5)
C(5)-C(7)-C(8)-C(2)  0.000(3) C(14)-N(2)-C(12)-N(4)  58.8(5)
C(3)-C(2)-C(8)-C(7)  0.000(3) C(11)-N(4)-C(12)-N(2)  57.9(5)
C(1)-C(2)-C(8)-C(7)  180.000(3) C(13)-N(4)-C(12)-N(2)  -57.4(5)
C(13)-N(3)-C(9)-N(1)  -58.9(5) Zn(2)-N(4)-C(12)-N(2)  179.7(3)
C(14)-N(3)-C(9)-N(1)  59.2(5) C(14)-N(3)-C(13)-N(4)  -58.1(5)
C(11)-N(1)-C(9)-N(3)  57.7(5) C(9)-N(3)-C(13}-N(4)  59.7(5)
C(10)-N(1)-C(9)}-N(3)  -57.7(5) C(11)-N(4)-C(13)-N(3)  -58.8(5)
Zn(1)-N(1-C(9)-N(3)  177.0(3) C(12)-N(4)-C(13)-N(3)  56.9(5)
C(12)-N(2)-C(10%-N(1)  58.6(5) Zn(2)-N(4)-C(13)-N(3)  178.0(3)




C(13)-N(3)-C(14)-N(2)  58.5(5)

C(9)-N(3)-C(14)-N(2)  -59.0(5) C(17)-C(16)-C(18)-C(17)#5 2.0(8)
C(10)-N(2)-C(14)-N(3)  58.9(5) C(15)-C(16)-C(18)-C(17)#5 179.2(4)
C(12)-N(2)-C(14)-N(3)  -58.5(5)

Zn(2)-0(1)-C(15)-0(2)  8.0(8)

Zn(2)-O(1)-C(15)-C(16) -172.7(3) Symmetry transformations used to
O(2)-C(15)-C(16)-C(18) -177.6(5) generate equivalent atoms:
O(1)-C(15)-C(16)-C(18) 3.0(7) #1x-1,y,2-1 #2 x,-y+1/2,z #3 x -
O(2)-C(15)-C(16)-C(17) 1.2(8) y+1,-z+1 #4 x+1,y,z+1  #5 -x+1 -
O(1)-C(15)-C(16)-C(17) -178.2(4) y+1,-z+2

C(18)-C(16)-C(17)-C(18)#5 -2.0(8)
C(15)-C(16)-C(17)-C(18#5 179.2(4)

Table 53. Hydrogen bonds for [bis (pn2-terephthalato)-(po-
hexamethylenetetramino)-diaqua-diZinc (1) dihydrate] (12) [A and °].

D-H--A d(D-H)  d(H-A)  d(D-A)  <(DHA)

O(8)-HOBA--O(10)  0.84(10)  1.73(10)  2.541(7)  163(10)
O(8)-HO8B--O(4)  0.62(7) 2.18(8)  2.687(8)  142(10)
O(9)-HO9A-O(5)  0.80(2) 1.84(4)  2.598(7)  158(10)
O(7-HO7A--O(2)#3 0.810(19)  1.84(3)  2.623(5) 161(5)
O(7)-HO7A--O(2)#3 0.810(19)  1.84(3)  2.623(5) 161(5)

Symmetry transformation used to generate equivalent atoms

#1 x-1,y,2-1. #2 x,-y+1/2,2. #3 -x,-y+1,-z+1. #4 x+1,y,z+1. #5 -x+1,-y+1,-z+2
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