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Abstracf This paper describes the single-crystal X-ray structures of four l: I complexes between N,.n/.di(/err-butyl)-
melamine and S,S-disubstituted barbituric acids (substituents = CHzCHi, CH2CF3, CH3, and CoHs). These complexes
crystallize as infinite *crinkled' tapes having components joined by a triad of hydrogen bonds. The tapes are prevented
from adopting a linear motif due to steric repulsion between tert-butylgroups on adjacent melamines; the criniled motif
avoids such repulsion. The tape backbones deviate from planarity to permit close packing of the crinkled tapes.
Crystals of these complexes of a size and shape suitable for single-crystal X-ray diffraction analysis are readily grown;
this system therefore seems well-suited for systematic study of the relationships between molecular and crystalline
structure.

lntroduction

We are studying the solid-state structures of I : I cocrystals of
derivatives of melamine and of barbituric acid.r-3 These cocrystals
consist of crystallographically infinite hydrogen-bonded tapes
that pack with their long axes parallel. By varying the steric
properties of the substituents on the melamine component, we
have prepared examples of linear tapes3 and crinkled tapes.2,a
We have also obtained one cyclic pseudo-C3 structure (a
'rosette';.2 These three structural motifs are the simplest ones
that can be derived from the complex between cyanuric acid and
melamine (CA.M).

Our previous work has kept the barbiturate component constant
(as barbital, Bar(Et)z), and varied the structure of the melamine.
In the research reported in this paper, by contrast, we held the
melamine component constant (as I{,Nrdi(lerr-butyl)melamine,
Mel(tBu)z) and varied the barbiturate. One goal of this work
was to test the hypothesis that sterically hindered substituents on
the melamine would yield crinkled tapes. We chose Met(tBu)2
because it is a truncated version of the melamine-f{,N,-bis(4-
rerl-butylphenyl)melamine-that produced a rosette; we have
rationalized the formation of the cyclic structure on the basis of
the steric demands of the /err-butyl group.2 We also wished
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Figure l. Top: Hypothetical linear tape of the Mel(tBu)u.Bar(CHl)z
complex, with regions of steric repulsion indicated by arrows. Bottom:
The observed crinkled format of this complex, which relieves the steric
hindrance.

simply to explore the influence of the substituents on the
barbiturate on the solid-state structure: we are still surveying
the range of solid-state structures accessible through manipulation
of variants of CA.M, and we expect these data to complement
those obtained in other studies.

Results

Formation and Features of Crinkled Tapes. The bulky rerr-
butyl substituent makes formation of linear tapes impossible for
steric reasons. Figure I (top) shows regions of steric repulsion
between the lerl-butyl groups of adjacent melamines in a
hypothetical linear tape incorporating Mel(tBu)2. The bottom
of the figure shows that the crinkled format avoids such steric
repulsion: the rerl-butyl groups are separated and are disposed
on opposite sides of the tape.5 One crystallographic axis
(underlined in Table I ) is the repeat distance in a crinkled tape.
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Table l. Crystallographic Data for Mel(tBu)z-Bar(R)(R') Complexes
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R,R' space group a (A) b (A) c (A) P" (deg)
solvente of deviation from

Ck*. pd (glcm3) crystall ization planarity/(A)Rt

Et, Et
Et, CH2CF3
Me, Me
Ph, Ph

PnaT1
P2Q12t
P2r l  c
P2r l  c

1 . 1 4 9
1.214
t.2t7
1.254

MeOH
EtOH
MeOH
MeOH

0.54
0.78
0.29
0.58

13.634 l1.708 8J398
12.975 15.709 t2.796
l  l .451 16.285 I  1 .665
15.103 15.829 12.642

0.037 0.62
0.089 0.61

98.23 0.052 0.66
114.6s 0 .060 0.68

o A blank indicates that the angle is constrained ro be 9Oo. , R = tlFo - FJ/LFo. " This value is th€ packing cocfficient boscd on molccular volumcs
calculated with MacroModcl (s€€ the Rcsults section for the definition of Cr and ref 3 for a discussion of the rclationship betwctn Ck .nd Cr'). d This
value is the calculated density. . No solvent is included in the crystal lattice in any of these complcxes. / Tbis value is the averagc deviation of the atoms
in the tape backbonc from the mean plan€ of the backbone. s The underlined cell dimensions repr€sent lhe rcpeat di.stance in a tape (sec the R.sults
seqlon),

<-

Figure 2. Side vicws of crinklcd tapcs of Mel(tBu)2 complcxes showing th.ir dcviation from plana ty: (A) Bxr(Et)(CHrCft) comFlcx: t B t Ber( Ph):
cornplex; (C) Bsr(Et)2 complex; (D) Bar(CHth complex. The deviation decreasas from A toD (see Table l). Thc arro* indicetcs rbe Ct.cction of

A

B

c

a view down the long tape axes. The filled-in rerl-butyl groups are on

This distance is the length of a screw-related pair of Mel.Bar
dimers along the tape axis, illustrated, for example, by the distance
between symmetry-equivalent fi lled-in tert-butylgroups in Figure
2. Figure 2 also shows that the crinkled tapes deviate from
planarity in a direction perpendicular to the infinite hydrogen-
bonded axis. This deformation, or *waviness", turns the crinkled
tapes into quasi-three-dimensional structures. To a first ap-
proximation, there is a rough trend between the degree of waviness
and the size of the axis underlined in Table i. The tape with the
greatest deviation from planarity (the complex with Bar(Et)-
(CH2CF3)) has the shortest unit projection (l 5.709 A) along the
tape axis.

At the macroscopic level, crystals of these crinkled tapes are
blocky chunks or plates. Crystals of linear tapes, by contrast,
were most frequently obtained as fine needles, a morphology that
reflected the parallel packing of the linear tapes.3 In addition,
crystals of crinkled tapes were on average larger than crystals of
linear tapes. A fixed-tube X-ray source, rather than a rotating
anode generator, could therefore have been used for single-crystal
X-ray analysis. Equally importantly, the crystals of these Mel-

(5) Steric repulsion was also responsible for crinkling in the complex between
N,N'-bis(4-methoxycarbonylphenyl)melamine and barbital that we reported
previously.2

the edges of the tapes that are nearer to the viewer.

(tBu)z complexes were easier to gro\r '  than crvstals of conpiexes
of  para-subst i tu ted d ipheny ' lmelamines and barb i ta l . r '

Solid-State Structures of Complexe of \tel('Bu)r'Bsr(R) (R').

To convey the important points of intermolecular orientat ion. u e
have constructed conglomerate pictures (Figures 3-6) sho*rng
several views of tape packing at once. The deviation from pla n ari t i'
of these crinkled tapes makes them appear *thicker' than linear
tapes in an end-on view. Nonetheless, such a view (looking down
the crystallographically infinite hydrogen-bonded axis) is still

useful in showing the relative orientation, or the tertiary
architecture, of tapes. Table I lists crystallographic data and

some geometric parameters of tape packing.

NJV.Di(rerr-butyl)melaminei Barbital, Mel(tBu)2'Bar(Et)z (ng-

ure 3). This complex was investigated to provide a comparison

to our previous work on systems that contained Bar(Et)2 and

substituted diphenylmelamines. The only variable structural unit

in these cocrystals is thus the melamine, and crinkling can be

attributed to its characteristics. The backbone of this tape is
wavy (Table l and Figures 2and 3): the averagedisplacement
of the atoms in the tape backbone from their own mean plane is

(6) This ready crystallization is attested to by the fact that the single crystals
of Mel(tBu) z.Bar(Et)z and Mel(tBu)rBar(Et) (CHzCFr) used for diffraction
were obtained frorn the very first crystallization attempts made on these
complexes.
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Figure 3. Views of the Mel(tBu)2.Bar(Et)2 complex. Alkyl hydrogens
have been omitted from the central and bottom views. In this and the
following figures, tapes that appear in more than oneview are drawn with
thermal ellipsoids in the central, end-on view and are connected with
vertical dotted lines, In the bottom view, the highlighted tapes are nearer
to the viewer.

0.54 A.? By contrast, the seven linear tapes of complexes of
pcra-substituted diphenylmelamines with barbital that we re-

Figure 4. Views of the Mel(tBu)2.Brr(Et)(CH2CF3) complex. Alkyl
hydrogens have been omitted from the central and bottom views.

ported previously are less wavy, with an average deviation from
planarity of 0.t3 A.t

(7) We dcfine the mean plane of a tapc as the six ring atoms of each
heterocycle plus the threc hydrogen-bonding exocyclic heteroatoms, thrce
nitrogcns for thc melamine and thrce oxygcns for the barbituratc.
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Figure 5. Views of the Mel(rBu)r.Bar(CHg)z complex. Alkyl hydrogens

N,N'-Di( ferf-butyl) melamine/ aEth yl-S- (2,2,2-trifluoroethyl ) -

barbituric Acid, Mel(tBu)z/Bar(Et)(CH2CFg) (Figure 4). This
complex represents a minimal steric perturbation on the Bar-
(Et)2 complex. We are also interested in studying the packing
of compounds containing lluorocarbon units, to see if the fluorines
segregate away from hydrocarbon regions or exhibit other patterns
of behavior that might be used to control solid-state structure.
The stacking of the Mel(tBu)z.Bar(Et)(CH2CF3) crinkled tapes
is similar to that of the Mel(tBu)z.Bar(Et)z tapes. In this solid-
state structure, there are also no fluorine-rich regions and no
contacts under the sums of van der Waals radii involving
fluorines.

ff NrDi(ferf-butyl) rnelamine/5,$Dimethyharbituric Aci4 Mel-
(tBu)r.Bar(CHr)z (Figure 5). We investigated this complex

have been omitted from the central view.

because it is an abbreviated analogue of the Bar(Et)2 complex:
that is. the size ofthe barbiturate substituent has been decreased.
The tape backbones are less wavy than in the structures
incorporating Bar(Et)z and Bar(Et)(CHzCFr) (Table l).

l{,N'-Di( ferf-butyl)melamine/5'$Diphenylbarbituric Aci{ Mel-
(tBu)2.Bar(Ph)z (Figure 6). In this complex, the steric perturba-
tion of the barbiturate substituent is in the opposite direction
from Bar(CHt)z: the phenyl groups are larger and more rigid
than the ethyl groups. The phenyl rings are not packed in either
edge-to-face or face-to-face orientations. There is, however, a
CH--O contact (2.5 A, Iuaw - 2.7 L) between a barbiturate
oxygen on one tape and an o-phenyl proton in an overlapping
tape (e.g. tapes A and D in Figure 6).8

Packing Fractions (Table 1). The packing fraction Cr is a
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Figure 6. Views of the Mel(tBu)z.Bar(Ph)2 complex. Alkyl and aryl hydrogens have been omitted from the central view.

measure of the completeness with which the molecules of a crystal
fill space;e our modified value Cp* is based on molecular volumes
calculated using MacroModel.ro The Cr* values for the two

Zerkowski and lYhitesides

herringbone complexes, Mel(tBu)z.Bar(Et)z and Mel(tBu )2'Bar-
(EIXCH2CF3), are at the lower end of the normal range.rr
Nonetheless, there are no discrete cavities large enough to allow
inclusion of solvent molecules. The mean value for these four
crinkled tape complexes, 0,64, is lower than that (0.69) for the

(8 ) We do not know if this contact is attractive or repulsive.
of CH-.O contacts, see: Desiraju, G. R. Acc. Chem. Res.

Fora discussion
t99t, 24,290,
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linear tape complexes ofpara-substituted diphenylmelamines with
barbital.:

Discussion

The results presented here confirm our hypothesis that steric
hindrance involving the /erl-butyl substituents of the melamine
would force hydrogen-bonded tapes to pack in a crinkled motif
rather than in a linear motif. The most important result of this
work, therefore, is that the secondary crystalline architecture
(the tape motif: linear, crinkled, or cyclic) of complexes of
melamines and barbiturates can be predicted and controlled using
steric effects. We have not yet searched for polymorphism in
these complexes, but we do believe that Mel(tBu)2 will reliably
yield crinkled tapes.

At the level of tertiary architecture (the stacking of tapes in
the crystal), we propose that the deviation of crinkled tapes from
planarity to produce a wavy shape (Figure 2) occurs to maximize
packing efficiency. This observation is consistent with the broad
guideline that, in crystals in general, intermolecular contact of
van der Waals surfaces tends toward a maximum.e'll In these
crystals of crinkled tapes, regions of space that would otherwise
be voids are filled by the deformation of the hydrogen-bonded
backbone of tapes from planarity. The views at the bottoms of
Figures 3 and 4 illustrate this increased packing efficiency for the
twocomplexes (those with Bar(Et)z and Bar(Et)(CHrCFr)) that
adopt the herringbone pattern. Two adjacent, perpendicular
tapes fit together cornpactly, by matching the crinkling of one
and the waviness of the other. Figure 7 presents a closeup view
of these relationships.

In wavy tapes, the hydrogen bonds are bent from linearity.
For the N-H...O bonds, the angles at hydrogen are 1670, 1450,
175", and l57o , and for the N-H...N bonds, the angles are 17 40
and 173o. The hydrogen atoms involved in these hydrogen bonds
were located crystallographically from electron density maps.
Bent hydrogen bonds are frequently observed in crystal structures
and do not appear to be energetically unfavorable (although there
must be a level of deformation beyond which the tapes would not
hold together).r2'r3

Conclusions

The four crystal structures of complexes of Mel(tBu)2 with
barbiturates show that the triad of hydrogen bonds that holds
together crystallographically infinite tapes is robust to substitu-
tions that cause unfavorable intratape steric interactions. The
formation of crinkled tapes can be rationalized using steric argu-
ments: bulky substituents on the melamines (here, tert-butyl
groups) prevent adoption of a linear format and force tapes to
crinkle. In terms of designing organic solids, we expect to be able
to use this effect to obtain crystals built from the crinkied structural
motif. In fact, the ease of crystallization of these crinkled tapes
recommends their use in systematic physical<rganic studies of
the solid state. Another result instructive for future work is that
tapes are tolerant of different classes of substituents (alkyl and
aryl groups) on both melamine and barbiturate components.
Systematic variation on either component is a valid approach to
crystal engineering.

(9) Cy = N-Vn6f Vqn, where N is the number of moleculcs in a unit cell,
I/ro1 is the molecular volume, and Yoy is the volume of the unit cell.
Kitaigorodsky, A. L Oganic Chemical Crystallograplry; Consultants Bu-
reau: New York. 1961.

(10) See ref 3 for a discussion of the relationship of Cr' to Cr.
(l l) Values of C1 usually range from roughly 0.65 to 0.77. Desiraju, G.

R. Crystal Engineering The Design of Organic Solids; Elsevier: New York,
1989 .

(12) Taylor, R.; Kennard, O. Acc. Chem. Res. 1984, 17,320.
(13) Gas-phase studics have shown that lincar hydrogcn bonds are the

most stablc (Legon, A. C. ; Miller, D, J . A c c. C he m. Re s. 19t1, 20, 39). Crystals,
however, necd to balance a number of intcrmolecular forccs, and bydrogen
bonds secm to be ablc to dcform to somc extent to p€rmit closc packing betwccn
other parts of molccules,ll'12
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Figure 7. View of two adjacent, roughly perpendicular tapes of Mel-
(tBu)2-Bar(Et)z showing the steric complementarity of their fit. The
tape on the right is viewed from the side; the tap€ on the left is tilted
approximately 25" out of the plane of the page (see Figure 3). The
deviations from planarity of the tape viewed perpendicularly to the mean
plane of its hydrogen bond network (right) clearly are complementary
to the protuberances and indentations of the quasiperpendicular tape
(left).

While we still have no clear rationalization of intertape packing,

we note that it is possible to relate the waviness of a tape-that

is, the deviation of its hydrogen-bonded backbone from

planarity-to the minimization of voids (and the maximization

of the packing fraction, CJ in the crystal. Crinkled tapes appear

to deviate from planarity in order to pack as closely as possible

to neighboring tapes. Since our system of tapes appears to be
robust enough to tolerate a range of substitutional modifications,
we believe that experiments designed to examine theconsequences
of steric perturbations on packing can be performed in a controlled
and consistent fashion.

This system provides another model with which to study the
physical<rganic chemistry of the solid state. It should provide
a consistent molecular framework-parallel, crinkled tapes-with
which to probe relations between molecular and crystalline
structure.

Experimental Section

General. tert-Butylamine was obtained from Aldrich Chemicals. Both
S,5-dimethylbarbituric acidra and 5,5-diphenylbarbituric acidr5 were
prepared by literature procedures. Gcneral techniques were as previously
published.3

(la) (a) Organlc Syntleses; Blatt, A. H., Ed.; Wiley and Sons: Ncw York,
19431 Collect. Vol. II, p 60, (b) Thornc, J,T. J. Chem.,Soc. 1881, 39,543,

(15) McElvain, S, M, J, Am. Chem.,Soc. 1935, 57, 1303.
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2-Amino 4,Gbis( rerr-butylamino ) - l,3,Striazine ( Mel ('Bu ) u ). A solu-
tion of cyanuric chloride (2.0 g, 10.8 mmol) was prepared in 100 mL of
freshly distilled THF in a round-bottomed flask and cooled in an ice-
water bath. A solution of terl-butylamine (1.14 mL, 10.8 mmol) and
diisopropylethylamine ( I .88 mL, 10.8 mmol) in 20 mL of THFwas added
from a dropping funnel over the course of 15 min with magnetic stirring.
When addition was complete. the ice-water bath was removed and stirring
was continued for another hour. The mixture was heated to reflux in an
oil bath and another equivalent each of tert-butylamine and diiso-
propylethylamine (in 20 mL of THF) was added. Since the boiling point
of terl-butylamine is 46 oC, some of this compound was lost to the
atmosphere, even with a water-cooled condenser affixed to the reaction
flask. Over the course of another 3 h, additional portions of a tert-
butylamine solution in THF were added to the reaction, amounting to
an additional 0.4 equiv. This amount was sufficient to produce primarily
one product (2-chloro-4,6-bis(tert-butylamino)-1,3,5-triazine) as deter-
mined by TLC. The reaction was cooled to room temperature, and solvent
was removed by rotary evaporation at aspirator pressure. The residue
was slurried in 100 mL of diethyl ether and solids were removed by
filtration at aspirator pressure through a short plug of silica gel, which
was then washed with more diethyl ether (3 x 30 mL). The ether solutions
were combined, and solvent was removed by rotary evaporation at aspirator
pressure.

The 2-chloro-4,6-bis(tert-butylamino)- 1,3,5-triazine was placed in a
l5-mL pressure bottle along with a magnetic stirring bar, approximately
8 mL of 2:1 1,4-dioxane/H2O, and 3 mL of 30% NH4OH. The pressure
bottle was capped and heated in an oil bath to 100-105 oC (CAUTION:

behind a safety shield). Heating was continued for 5 h, after which the
pressure bottle was cooled to room temperature and opened. TLC
indicated that some starting material remained, but the most intense spot
was the prduct di(tert-butyl)melamine. The reaction mixture was poured
into 150 mL of HzO and stirred well. The precipitated product was
collected byvacuum filtration, washed with H20 (2x 25 mL). and dried
on a vacuum line at 0.1 Torr for several hours. It was then purified by
chromatography on sil ica gel with ethyl acetate as eluant (Rr = 0.3). The
product, after rotary evaporation of solvent, was a white solid (1.57 g,

6l7o): melting point 166-7 'C; rH NMR (300 MHz, CDCI3) d a.85 (br

s,2 H),4.5 (br  s,  2H),L4 (s,  l8 H);  HRMS-EI (M+) calcd for  C11H22N6
238 .1906 ,  found  238 .1913 .

5-Ethyl-5- (2,2,2-trifluoroethyl)barbituric acid. The precurs or 2,2,2-
trifluoroethyl trifluoromethanesulfonate was prepared by a literature
procedure from 2,2,2-trifluoroethanol, (CF3SOz)zO, and pyridine in
CFCIT. I 6 A solution of this trifl uoromethanesulfo nate (2.46 g, I 0.6 mmol)
in l0 mL of freshly distilled diethyl ether was added over the course of
30 min from a dropping funnel to a refluxing solution of diethyi malonate
(1.52 mL, l0 mmol)  and NaH (80Voby weight ,0.30 g,  l0 mmol)  in 100
mL of EIOH. Reflux was continued for 3 h, at which point an aliquot
was removed, concentrated by rotary evaporation at aspirator pressure,

and dried on a vacuum line at 0.1 Torr. The desired diethyl 2,2,2-
trifluoroethylmalonate had been formed, as determined by tH NMR
spectroscopy and comparison to literature chemical shifts.lT Refluxing
was continued for another 2h, after which ethyl iodide (1.2 mL, 15
mmol) and powdered anhydrous KzCOI (1.66 g, l2 mmol) were added
to the mixture. Reflux was continued for 3 days. The reaction mixture
was cooled to room temperature and solids were removed by filtration
at aspirator pressure. Solvent and excess ethyliodide were removed from

(16) Gassman, P. G.; Harrington, C. K. J. Org. Chem. 1984. 49,2765.
(17) Muller, N. "I Org. Chem. 1986, 5i,, 263.
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the filtrate by rotary evaporation at aspirator pressure. The resulting
colorless oil was judged by tH NMR spectroscopy to be sufficiently pure
diethyl ethyl(2,2,2-trifiuoroethyl)malonate to proceed to the next step.

A solution of the malonate (1.5 g, 5.6 mmol) in 20 mL of dry EIOH
was added in one portion to a gently refluxing homogeneous solution of
urea (0.53 g, 8.8 mmol) and sodium (0.37 g, l6 mmol) in 100 mL of dry

EIOH in a round-bottomed flask in an oil bath. The temperature of the
bath was increased to 105 oC, and reflux was continued overnight. The
reaction was then cooled to room temperature and solvent was removed
by rotary evaporation at aspirator pressure. The yellow residue thus
obtained was dissolved in 50 mL of HzO and washed with Et2O (3 x 50
mL). The aqueous layer was neutralized by dropwise addition of
concentrated HCl. The resulting white precipitate was collected by
vacuum filtration at aspirator pressure and was recrystallized from hot
water, giving 0.73 g (55Vo) of the barbituric acid. Chemical shifts of the
tH NMR spectrum (300 MHz, aceton e-d) agrerAwith literature values.lT

Preparation of Complexes. Equimolar amounts of Mel(tBu)z and the

barbiturate were dissolved together (in one flask) in THF. The solvent
was removed by rotary evaporation at aspirator pressure, and the
composition of the complex was checked by tH NMR spectroscopy. If
integration of peaks indicated that one component was present in excess,
the other component was added to bring their ratio to l:1. The melting
points of the complexes were the following: Mel(tBu)rBar(Et)2, 236-8
oC; Mel(tBu)z.Bar(Et)(CHzCFg), 245-i oC; Mel(tBu)z.Bar(CHt)2,
248-50 oC; Mel(tBu)z.Bar(Ph)u,2644 oC dec.

Crystallization of Complexes. Mel(tBu)z.Bar(Et)z and Mel(tBu)r-
Bar(Ph)z: Crystals were grown by room-temperature evaporation of a
solution of the complex in MeOH in a 5-mL screw-top vial with the lid
resting loosely on top of the vial.

Mel(tBu)z.Bar(Et) (CHzCFr) and Mel(tBu)rBar(CHr)u: Crystals were
grown by allowing a solution of the complex in boiling EIOH or MeOH,
respectively, to cool to room temperature by enclosing a round-bottomed
flask containing the solution in a corked Dewar flask. The Dewar flask
was ailowed to rest undisturbed for 24 h before opening it to check on
the progress of crystal growth.

X-ray Crystallography. For details of X-ray data collection, structure
solution, and refinement, see the supplementary material. Data were
collected on Mel(tBu)z.Bar(CHr)r, Mel(tBu)u.Bar(Et) (CHuCFr), and
Mel(tBu)2.Bar(Ph)u by Molecular Structure Corp., The Woodlands, TX,
on a Rigaku AFC5R diffractometer equipped with a rotating anode
generator. These structures were solved and refined at Harvard using
the Siemens SHELXTL-PLUS package of programs. Data collection,
structure solution, and refinement for Mel(tBu)2.Bar(Et)z were performed
by Crystalytics Co., Lincoln, NE.
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