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Abst ract :  React ion o f  the t r is (melamine)  der ivat ives hubMr (CnHr-  1 ,3 ,5- [CONHC6H4-3-N(9ryrCnHo-4-C(CHr) r )COC6-

H , -2 -NHC. ,N r (NHr ) (NHCHTCHTC(CHr ) r ) - 5 -B r l . )  and  f l exM.  (CoHr -1 ,3 ,5  [CO: (CHr ) ,OCOC6HI -2 -NHCTN] (NH2) (N -
HCHTCHT(CU,lrltJ with R,CA (neohexyl isocyanuiate) and R"CA (3,3,3-triphenylpropyt isocy-anurate) in CHClr, respectively,

yields ,truitural i .r-  wel l-defined supramolecul ir  aggregates hubMq(R'CA)3 and f lexM3(R"CA)3. These structures were

characterized using ,H NMR, rlC NMR, and UV spectroscopy, gel permeation chromatography, and vapor pressure osmometry.

f lexM, is a confor-mational ly f lexible analog of hubM.,. The greater degree of preorganization that is bui l t  into the molecular

structure of hubM3 compaied to f lexM., t t iuk.r hubMr(R'Cn)i a more stable aggregate than f lexMr(R"CA)r. These self-

assembling structuies arethe first step in a program to design, synthesize. and develop methods to characterize supramolecular

complexes that are held together by networks of noncovalent interactions

Introduction
Molecular self-assembly is the spontaneous association of

molecules under equilibrium conditions into stable aggregates,
joined by noncovalent bonds, with well-defined composition and

itructure.:'2 We are developing a program whose objective is to

design, synthesize, and characterrze macromolecular aggregates

thatlre ihe products of molecular self-assembly, using network

of hydrogen bonds to form these aggregates.3'a Molecular

self-issembly is a principle demonstrated in many biological

systems: the hierarchy of interactions in nucleic acids and proteins

provides examples.5 The backbone of IRNA is composed of

fovalent bonds; secondary structure (the arms of the cloverleaf

structure of tRNA), tertiary structure, and interactions between

tRNA and proteins rest on noncovalent interactions (hydrogen

bonds and van der Waals, hydrophobic, and Coulombic interac-

tions). A feature common to many self-assembled biological

structures is cooperativi ty. An init iat ion event is fol lowed by

subsequent steps that lead to the completed assembly without

accumulation of intermediates'6
A strategy for forming structure through molecular self-as-

sembly difiers fundamentally from tl'at most highly developed

in organic synthesis-the formation of covalent bonds-in several

important respects. In self-assembly, enthalpy and entropy are

approximately balanced and structures are at equilibrium; in

covalent synthesis, enthalpy dominates and the structures are

formed in irreversible processes.'
We limited our initial studies to structures based on hydrogen

bonds because these interactions have a strong directional com-

ponent that should simplify the design of complementary subunits
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Scheme I .  Sel f -Assembly of  hubM.,  wi th R'CA and f lexM, wi th R"CA To Give Supramolecular  Aggregates

CA.M
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flexM3(R"CA)3

Objective. Our f irst objective was to design molecules rhar
would spontaneouslr assemble into an aggregate comprising three
M uni ts  and three CA uni ts  ar ranged in  the cyc l ic  heramer
geometry, CA,.M, (see the boldfaced section of CA.M) .{ ;nsul
structure of the I : l  complex between l / , I / ' -bis(4-rerr- 'burr i-
phenyl)melamine and barbital shows that this hydrogen-bonceC
complex adopts the cycl ic geometry in the sol id state. '  \ \ 'e aiso
wished to develop analytical methods that could be used ro
characterize the solution structure of supramolecular aggregarer

Strategy. Our strategy to synthesize an assembll' based r-rn the
cycl ic hexamer was to l ink covalently three M units ro a cen:rai
"hub' using 'spokes' that are compatible with the geome:r\
necessary for forming molecular aggregates based on C.{,. \{ ,
(Scheme I).  Linking the three M units together increaseC lhe
formation constant by reducing the loss of translat ional enrropr
on assembly of the desired hydrogen-bonded network (one hub\{,
unit  and three CA units assemble into one part icle rather than
three M units and three CA units); proper design of the spokes
reduces the loss of conformational entropy associated with as-
sembly.

Scope of This Article. This article describes two molecules with
the hub-and-spoke architecture: hubMj and flexM3. Complex-
ation of these molecules with 3 equiv of alkyl isocyanurates gives
the molecu lar  aggregates-hubM3(R'CA)1 and f lexM3-
(R"CA)r-that are CHCI3-soluble derivatives of the CA3.M3
cycl ic hexamer (Scheme I).  The aggregate based on hubM3 is
more stable than that based on flexM3 because (we presume) the
rigid spokes of hubMs preorganize this molecule for complexation
to a greater extent than do the flexible spokes of flexM3.

In this article, we ( I ) examine the design and synthesis of these
complexes, (2) detail the structural features that correlate with
stability in them, and (3) discuss the techniques that are used to
characterize these types of molecular aggregates. Chloroform,
methylene chloride, and o-dichlorobenzene have been the only
solvents used for the aggregates.

Design of Self-Assembling Structures. (a) hubM3. We con-
structed the hub and spokes of hubM3 with aromatic spacers
connected through amide linkages (see the structure of hubM3

(13) Wang, Y.; Wei, B.; Wang, Q. J. Crystallogr. Spectrosc. Res. 1990,
20 .  79 .

qn
*skllFg*h cHzcHzc cH3 3 -$s{i-r5s*r:

1-" c>q R" = cHzcHrc(c.;;. J*--s:::Fh"'"
hubM3(R'CA)3

othersrr have studied hydrogen bonding in organic media and
provided a basis for understanding molecular recognition via
hydrogen bonds.

CA.M. The template on which we are building supramolecular
aggregates is the l:l complex (CA.M) between cyanuric acid (CA)
and melamine (M).r2 This complex has a high density of hy-
drogen bonds, so that any structure based on CA.M will have a
large enthalpic driving force for self-assembly. The crystal
structure of CA.M.3HCl has been reported.rs
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Cyanuric Acid.Melamine Lattice Based Aggregates

Scheme IL Four Der ivat ives of  hubMr That Have Varying Degrees
of Flexibil ity in the Spokeso

J.  Am. Chem. Soc. ,  Vo l .  115,  No.  3 ,  1993 907

formations. The combination of the entropic price (due to re-
striction of bond rotations) and the enthalpic price (due to in-
troduction of unfavorable steric interactions associated with the
gauche and eclipsed conformations) paid for this l80o turn makes
the [ * 3] complex less stable than hydrogen-bonded polymeric
structures.

(c) hubMr vs flexM1. Rigid vs Flexible Spokes. While hubM3
and f lexM, have similar structural components, the spoke of
hubM ' is much more rigid than that of flexMr. The more rigid
spoke of hubM, makes hubM3(R'CA)l a more stable cornplex
than f lexM,(R"CA), because hubM3 loses less conformational
freedorr than flexM r upon complexation. The greater stability
of the hubM., complex, compared to the flexM3 complex, is
demonstrated in a competition experiment in wtrich I equiv of
hubM, and I equiv of f lexM3 are mixed with 3 equiv of R"CA.
The R'CA complexes only with hubMr: by 'H NMR spectrmcopy
we cannot detect any f lexMr(R"CA)j in this mixture.

(d) Cooperativity. We believe that complexation of hubM, with
3 equiv of R'CA is a cooperative process. rH NMR experiments
monitoring the t i trat ion of hubM, with R'CA show that, in a
solution of hubM, that has less than 3 equiv of R'CA, the hubM3
is present only as free hubM3 and ful ly formed hubM3(R'CA)r
complex and rs not present as partiaily formed complexes with
stoichiometries of hubM3(R'CA)1 or hubM3(R'CA)2.

Characterization of Hydrogen-Bonded Molecular Aggregates.
Characterization of molecular aggregates that are held together
by noncovalent interactions requires a different approach than
characterization of fully covalent organic compounds. We have
already established the molecular structure of the individual
components of the aggregate, and our main interest lies in un-
derstanding how these components fit together in the overall
three-dimensional structure. rH NMR spectroscopy is useful to
gain information about the structure and conformation of self-
assembled aggregates. Intermolecular NOE measurements pro-
vide information about the spacial relationships between com-
ponents in these complexes. Gel permeation chromatography
(GPC) assesses the monodispersity of the complexes and non-
specific interactions between complexes. Tailing of peaks in the
GPC traces gives a qualitative measure of the stability of the
aggregates. Molecular weight measurements made by vapor
pressure osmometry (VPO) reflect the stoichiometry of the con-
stituent subunits that are present in the self-assembled aggregates.

Results

hubM3(R'CA)3. (a) Synthesis of hubM3. The synthesis of
hubMl is outl ined in Scheme II I .

(b) Qualitative Evidence for Formation of hubM3(R'CA)3. The
complex between hubM3 and R'CA is formed by combining the
two components in chloroform and stirring the mixture for ap-
proximately 5 min. During this time the solution, which initially
contains a suspension of R'CA, becomes homogeneous. R'CA
alone has a low solubi l i ty in chloroform (<0.1 mM), but
hubMr(R'CA)r is very soluble (>20 rnM). Adding hubM3 to a
suspension of R'CA in chloroform solubilizes up to, but not more
than, 3 equiv of the suspended R'CA. This observation provides
qualitative evidence that the stoichiometry of the complex between
hubM, and R'CA is  l :3 .

Reversed-phase TLC (eluted with 5Vo 2-propanol in CH2CI2)
gives two spots that are visible under a UV lamp: a major spot
for hubMr(R'CA)3(R/0.35-0.45) and a minor spot for uncom-
plexed hubMr (Rr0.l5-0.30). R'CA is not visible by UV irra-
diation.

(c) Titration of hubM3 with R'CA Monitored by tH NMR
Spectroscopy. We monitored the titration of hubM, with R'CA
by 'H NMR spectroscopy in CDCI3 (Figure l) .  The only dis-
tinguishing features that appear in the spectrum of uncomplexed
hubM3 in CDCI3 are the broad resonances at 0.8 and 1.4 ppm
corresponding to the terl-butyl protons of the neohexyl and
lert-butylbenzyl groups and the broad peak centered at 7.2 ppm
corresponding to the aromatic protons. hubM3 has a broad
spectrum due to self-association and restricted rotation around
the amide and RNH-triazine bonds. In more polar solvents such
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u The asterisks indicate the orientat ion of the spokes in the structure.
Schematic diagram A shows a side view and schematic B shows a top
view of hubM3(R'CA),.

in Scheme I). Molecular models suggested that this type of
construction would preorganize hubMr into the conformation
necessary for hydrogen bonding with 3 equiv of a cyanuric acid
derivative, and yet provide enough flexibility for the complex, once
formed, to settle into the geometry that maximized the strength
of the hydrogen-bonding interactions. The neohexyl and tert'
butylbenzyl substituents of hubMl are necessary to increase the
solubility of the molecule in organic solvents (an earlier version
of hubM3 that lacked these groups was not soluble in chloroform).
The choice of neohexyl isocyanurate (R'CA) as a component of
the aggregate was also based on the solubility conferred by the
neohexyl groups. The bromine atoms on hubM3 were added as
heavy atom markers to facilitate X-ray crystallographic analysis
of hubM3(R'CA)3 in the event that we could obtain dif fract ion
quality single crystals. To date, we have not been able to grow
crystals of the complex.

(b) Analogs of hubM3: Preorganization of the Spokes. We
wanted to investigate how much preorganization is ne"ded in the
hub and spokes of hubM3 to maintain the [ * 3] complex as the
most stable, ihermodynamically favored structure. Put another
way, we wished to determine the unfavorable conformational
entropy we could tolerate during the assembly process and still
maintain the [ * 3] complex (1 equiv of hubM3 or an analog
thereof and 3 equiv of an alkyl isocyanurate) as the most favored
species, as opposed to hydrogen-bonded oligomers or polymers.
To investigate this issue we synthesized four analogs of hubM3
that had varying degrees of conformational freedom in the spoke
regions (Scheme II). The three compounds with spokes based
on triethylene glycol, heptamethylene, and 1,3-diethylbenzene
moieties each formed what we believe are insoluble hydrogen-
bonded polymers when complexed with alkyl isocyanurates, rather
than discrete [ + 3] complexes. Only flexM3 formed a soluble,
well-defined complex. We have rationalized this result as follows.
In order for a [l + 3] complex to form, the spoke must make a
l80o turn between the hub and the melamine units (indicated by
the arrow in Scheme II). hubM3 and flexM, both have this turn

already built into their spokes by the ortho-substituted benzene
ring; the other three molecules do not. In order to accommodate

the l80o turn, the other three compounds must restrict several

conformationally unrestrained bonds to gauche or eclipsed con-
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Scheme I I I .  Synthesis of  hubM3'
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Figure 2.
complex

\MR spec t ra  o i  hubM,  a lone  and  the  hubM. , (R 'CA) .
\ 1 F l z ,  l 9  4  m M  i n  C D C I , ) .

servation emphasrzes thar ihe forrnaticn of this aggregate is a
cooperati i 'e process. Exchangc betwe en these species is slow on
the NMR time ssale: we obeen'e drstinct rq;onanc€s for complexed
and uncomplexed hubM, rather than a spectrum that is an average
of  the two

Beyond  the  1 . - i  r a l r o  o f  hubM, /R 'CA  the  spec t rum does  no i
change,  and fur ther  a l iquots  o f  R 'CA do not  d isso lve in  the so-
lu t ion.  Th is  observat ion conf i rms lhc  ,  '  . . i r , r r ;1 , ,o te t r \  o f  the
comp lex .  The  t op  spec t rum, r i  F rgu rc  sho \ \ r  hub \ ' 1 ,1R 'CA  i n
a ra t io  o f  l : '6 " .  The sarnp l€  con ' . l rn :  -1  equt t  t r f  unso lub i l ized
R 'CA .

(d) Characterist ic Features of the rt l  \ \ lR Spectrum of
hubMr(R'CA) . , .  ( i )  D iastereotop ic  Protons.  T ' , r . . ,  5g1t  o f  meth-
y lene protons (g ,g '  and q.q ' i  o f  hub\1,  5ecc.me d iastereotop ic  in
hubMl (R 'CA) ,  and  t hus  appea r  as  seF i r l l e  r esonances  The
benzy l ic  protons (g  and g ' )  are  o l  specta r t r lc  oc i ;uS€ ther  are
separated by almost I  ? ppm.e\en thrruqh lhe' '  -rre ixrnded to the
same carbon. Moiecular models of the clrr.r .Fie\ sugSest that one
of  these protons (g ' )  is  p t ts i t ioned in  lhe shre i i : r !  Ct r r l€  o f  the
a roma t i c  r i ng  t ha . t  i s  de r r red  i r t rm  l  . l - d r - r r , : r obenzene .  The
shie ld ing ef fec t  o i  th is  ar ( )mat1c r rns shr i : .  g  ur : le ic  *  r lh  respect
t o  g .  The  magn i t ude  o i  t h r s  sh ie l d i ng  e f f ec t  : r j pp€S l :  t ha t  t he
hubMr component  o f  the hubM,(R'CA ) ,  compier  r :  conf ined to
a single, well-defined geometrr

( l)  Hydrogen-Bonded Protom. The imrde \H protons r* 3nd
w' )  are  equiva lent  by sy 'mmetry  in  uncomplered R C. ' \  rnote  the
single resonan€ for these protons in the sp€ctrum of un,,-ornpiexed
R'CA in  DMSO-do) .  but  appear  as separate  resonances rn  the
complex because they occupl '  di f ferent hydrogen-bondrng srtes
cn the tr iazine r ing. The downfield posit ion of these resonances
( -14 .8  ppm)  i nd i ca tes  t ha t  t he  p ro tons  pa r t i c i pa te  i n  s t r ong
hydrogen bonds. r '

(e) t'C NMR Spectra of Free hubM3 and hubM3(R'CA)3. The
rrC and IH NMR spectra of free hubM', and hubMs(R'CA)3 in
CDCI, have similar characteristics (Figure 2). The r3C sp€ctrum
of free hubM, has only a few dist inct resonances in the alkane
(*30 ppm) and aromat ic  ( , -130 pprn)  reg ions (F igure 2) .  The
majority of the resonances are broad and are difficult to distinguish
from the base line. The IiC spectrum of hubM3(R'CA): has many
sharp resonances that indicate that the complex has adopted a
well-defined geometry. The changes that occur in the r3C NMR
spectrum of hubM, upon complexation with R'CA mirror the
behavior in the corresponding rH NMR spectrum.

(f) Nuclear Overhauser Effects. The triad pattern of hydrogen
bonds between M and CA places the NH protons of melamine
in close proximity to the imide NH protons of cyanuric acid (-2.5
A), and we expected strong intermolecular NOEs among these

( I 4) A better indication of hydrogen bond strength than the absolute value
of the chemical shift rs the change in chemical shift that occurs upon hydrogen
bondrng.  In th is system, the chemicai  shi f t  of  uncomplexed R'CA cannot be
determined because of  the low solubi l r tv  of  R'CA in CDCl, .  In DMSO-d.
the imide protons of  uncomplexed R'CA appear at  I1.4 ppm.
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Figure l. Spectra of the 'H NMR titration of hubM, (500 MHz, 10 mM
in CDCIr) with R'CA. The peak assignments are shown at the top of
the figure. The bottom two spectra show hubM. and R'CA alone rn
DMSO-d^ for reference.

as DMSO that break up association due to hydrogen bonding,
the spectrum has sharper resonances. In the spectrum of hubM3
and R'CA at the 1: l  stoichiometry, there are many sharp reso-
nances that correspond to hubM3(R'CA)j that appear against a
broad background of uncomplexed hubM3. At the l : l  stoi-
chiometry, two-thirds of the hubM3 remains uncomplexed while
one-third is present as fully formed hubM3(R'CA)r. This ob-
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shown are ei ther weak or  the NOE signal  is  obscured b-""  incomplete
subtract ion of  other resonances rn the di f ierence sDectrum.
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Figure 5. Gel permeation chromatograms of complexed and free hubM,
and f lexM,.  Free R'CA and R"CA are too insoluble to examine sepa-
rately ' .  The eluents are indicated to the lef t  of  the plots.  The peaks at
l l . 0  ( i n  CHCI r )  and  11 .3  m in  ( i n  CH,C l r )  a re  p -xy lene  used  as  an
internal standard. The top chromatogram shows polystyrene for refer-
ence.

molecular weight of a solute (by using a suitable reference) and
i ts d ist r ibut ion of  molecular  weights.  We examined hubM3-
(R'CA)r by GPC in CHCI, and CH2CI2; Figure 5 shows repre-
sentative results. We infer that hubM, alone in solution is highly
self-associated: its GPC chromatogram shows a broad distribution
of molecular weights with no well-defined peak. Uncomplexed
hubMl also has a weaker absorbance at 254 nm than complexed
hubM3 (Figure 4), and thus the UV detector is less sensit ive to
the uncomplexed species. In contrast, hubM3(R'CA)r shows a
sharp peak (8.5 min in CHCI3, 9,0 min in CH2CI2), suggesting
that it is a discrete structure with little self-association. This peak
shows tailing that is, we believe, due to slow dissociation of the
complex on the GPC column. The top trace in Figure 5 shows
polystyrene (no tai l ing) for comparison.r6

(i) Vapor hessure Osmometry. We also determined the mo-
lecular weight of hubMr(R'CA)r by vapor pressure osmometry
(VPO) in CHCI3 solut ion (Figure 6).r7 This technique requires
calibration with a molecular weight standard; the experimentally
determined molecular weight of the unknown is dependent on the
choice of standard. The standard and the unknown are related
by

|  , u  I  r  1
MW,r.rnderd l im | -{ |  = Mw"'1no*n l im I 

On 
I t t f

' - o  
I c s t a n d a r d I  

"  
L c u n t n o * n I

(15) Johnson. J.  F. ,  ed.  J.  Pol , -m. Sci .  Part  C:  Polym Symp. 196f '21,
|  -344 .

( l6) Other more stable hydrogen-bonded complexes show no tail ing in their
GPC traces:  their  peaks are symmetr ical  wi th a peak width at  a hal f -height
of  0.25 min.  Sero.  C.  T. ;  Whi tesides,  G. M, J.  Am. Chem. Soc. ,  in press.

(17) Sol ie,  T.  N.  Methods Enzymol,  1972, 26,50.  Burge,  D.  E.  J.  Phys.
Chem.1963 ,67 .2590 .  Loa t t ,  P .  F . ;  M i l l i ch ,  F .  J .  Chem.  Educ .1966 ,43 ,
A l9 l -A208 .  A295-A312 .  A rne t ,  E .  M. ;  F i she r ,  F .  J . ;  N icho is ,  M .  A . ;  R i -
be i ro ,  A .  A .  J .  Am.  Chem.  Soc .  1990 .  1 /2 .  801 .
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monitored by UV spectroscopy (0.1 mM in CH.Clz) .  The inset  graphs
show plots of  absorbance vs equivalents of  cyanurate for  two separate
runs  (A  and  B) .

protons. Figure 3,{ summarizes the observed NOEs in hubM,-
(R'CA)j.  These NOEs confirm the geometry of the hydrogen-
bonding network and support our proposed structure of hubMr-
(R',CA)r.

(g) UV Spectroscopy. We also followed the formation of the
hubM.,(R'CA)3 complex by UV spectroscopy. Figure 4 shows
the changes in the UV spectrum of hubM, as al iquots of R'CA
are added. Beyond the 1:3 stoichiometry'  of hubMl:R'CA the
spectrum does not change with added al iquots of R'CA.

(g) Gel Permeation Chromatography. Gel permeation chro-
matography (GPC) separates molecules according to hydrody-
namic radi i .rs This technique is useful for est imating both the
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hubM3 (R'CA)3

2733

PS PC

Standards

Figure 6.  Exper imental  molecular  weights of  hubM.(R'CA),  (O) and
flexM3(R"CA)r (O) determined by vapor pressure osmometry using four
di f ferent  molecular  weight  standards.  The sol id and dashed hor izontal
l ines correspond to the calculated N{Ws of  hubM,(R'CA),  and f lerM,-
(R"CA)r ,  respect ively.  The four MW standards were GS = N, ' \ -b is-
( l -Boc)gramicid in S (MW 1342),  SO = sucrose octaacetate (MW 679).
p5 = polystyrene (average MW 5050, polydispersi ty  = 1.05).  and PC
= perbenzoyl p-cyclodextrin (MW 3321). The error bars correspond to
the sum of  the standard deviat ions of  the VPO measurements of  the
standard and unknown. These exper iments were performed at  37 oC in
CHCIr over the concentrat ion range 2-16 mM of  complex.

where AVlc ( in the l imit that c - 0) for the standard and un-
known are values that are determined by VPO.r8 With bis-r-
Boc-derivatized gramicidin S as a standard,re the experimental
molecular weight of the complex is close to the expected value
for the structure hubMr(R'CA)r, while the sucrose octaacetate.
polystyrene, and perbenzoyl p-cyclodextrin as standards the
molecular weight of the complex inferred from VPO is l5-35%
high. We hypothesize that hubMr(R'CA)r may experience weak
intercomplex hydrogen-bonding interactions that are not evident
by NMR speclroscopy or GPC and that these interactions increase
the effective molecular weight sensed in VPO. This weak ag-
gregation would be mimicked by the gramicidin standard
(gramicidin S is a cyclic decapeptide with many hydrogen-bonding
sites), and the similar aggregation of the two would produce
compensating errors in VPO. The values of molecular weight
measured relative to sucrose octaacetate, polystyrene, and per-
benzoyl p-cyclodextrin are all high. These molecules are all
hydrophobic, have no sites for hydrogen bonding, and might be
exp€cted to be less associated in CHCI3 solution than the gram-
icidin standard. Using these standards, the experimental molecular
weight for the [ + 3] complex would be high.

N,N'-b is( t -Boc)gramrcid in S

flexM3(R"CA)r. (a) Synthesis of flexM3. flexM., is based on
the same hub-and-spoke architecture as hubM3 although the
spokes of flexM3 are derived from a flexible 1.3-propanediol spacer.

(18) In eq l, c = conc€ntration, and Afzis proportional to the temperature
change that  is  measured in VPO.

(19) We converted the f ree amino groups of  gramicid in S to,V-r-Boc
groups in orcier to decrease the amount of hydrogen bonding associated with
the ornithine residues.
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'Reagents :  (a)  HO(CHz)rOH,  DCC, e ther /THF,  25 oC,  32Vo;  {b)
cyanur ic  ch lor ic ie .  THF,  0  'C;  (c )  NHr.  T t {F,  0  'C;  (d)  H.N(CH2) : -
C(CH.) . .  THF,  re f lux . '75Vo (3  s teps) ;  (e)  1 ,3 ,5-CnHr(COCI) ,  (0 .33
equ i v ) .  THF .  25  "C ,67Vo .
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Figwe 7. Spectra of the 'H NMR ti trat ion of f lexM, (500 MHz, l0 mM
in CDCI, )  w i th  R"CA.  The peak ass ignments  are shown at  the top of
the f igure The dashed l ines are provided as a guide for the eye.

The synthesis of f lexM, is outl ined in Scheme IV.20
(b) Charscterization of flexM1(R"CA)j by tH NMR Spec-

troscopy. The rH NMR titration of flexM3 with R"CA is shown
in Figure 7. Unlike hubMi, the spectrum of uncomplexed flexM3
in CDCI.. has sharp resonances: this molecule has fewer con-
formationally restrained bonds and fewer sites for self-association
through intermolecular hydrogen bonding than hubM3. These
sharp resonances allow us to observe both the disappearance of
peaks for uncomplexed flexM3 and the appearance of those
corresponding to f lexM1(R"CA)r during the t i trat ion. These
spectra clearly demonstrate that exchange between free and
complexed flexM1 is slow on the NMR time scale. The absence
of resonances for part ial ly formed complexes emphasizes the
cooperative nature of this self-assembly process.

(20 )  We comp lexed  f l exM,  w i th  1 ,3 ,3 - t r i pheny lp ropy l  i socyanura te
(R"CA) because R"CA is more soluble in organic solvents than is  neohexvl
cyanurate.  Kel ly .  T.  R. ;  Maguirc,  M. P.  / .  Am.Chem. Soc.  19t7,  109,6549
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C3 Symmetrical

Cyanuric Acid.Melamine Lattice Based Aggregates

Scheme V. Schematic Representation of the Four Possible

Geometrical Isomers of These Supramolecular Aggregates
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Unsymmetr ica l

The methylene protons of flexM3 and protons o and o' of R"CA
become diastereotopic in the complex. The'imide protons of R"CA
appear as separate resonances in the flexM1(R"CA): complex
because they occupy different hydrogen-bonding environments.
The melamine protons j, j ', and k shift downfield upon com-
plexation, as expected for hydrogen bonding. Proton i is shifted
upfield on complexation because the intramolecular hydrogen bond
that this proton forms with the benzoate carbonyl group in un-
complexed flexM3 is disrupted. NOE studies of flexMr(R"CA):
(Figure 38) show intermolecular NOEs among the melamine
protons of flexM, and the imide protons of R"CA, in analogy with
those seen in the hubM3(R'CA), complex.

(c) UV Spectroscopy. Titration of flexM, with R"CA mon-
itored by UV spectroscopy (Figure 4) confirms that this complex
also has a l:3 stoichiometry between flexM3 and R"CA.

(d) C'el Permeation Chromatography. Figure 5 shows the GPC
traces of free flexM3 and flexM3(R"CA)3 eluted with CHrCl,
and CHCI3. The traces of free flexM3 show no well-defined peaks,
reflecting the fact that this compound is self-associated and has
a broad distribution of molecular weights in these solvents. The
trace of f lexM1(R"CA)r shows peaks at 10.2 min (CHCI3) and
10.8 min (CH2CI2) for the complex. These peaks show tailing
similar to that of hubM3(R'CA)r caused by decomplexation of
the aggregate during the analysis. The leading edge of these peak
is broader than the leading edge of the hubMr(R'CA)r peaks,
suggesting that flexMr(R"CA)3 may have a broader molecular
weight distribution in solution than hubM3(R'CA)r.

(e) Vapor Pressure Osmometry. The VPO analysis of
flexM3(R"CA)r has the same basic trends as seen for the
hubM3(R'CA), complex (Figure 6). In this case, however, al l
of the molecular weight standards give an experimental molecular
weight for flexM3(R"CA)r that is 35-80Vo too high. These results
suggest a degree of intercomplex association not anticipated from
our molecular design and that is not evident by our other analytical
methods. One possible explanation is that there is an interaction
between the carbonyl groups of the benzene 1,3,5-triester hub of
one complex with the plane of the hydrogen-bonding network of
a second complex.2r

(0 Unsymmetrical Structures Obtsined by Complexing hubM-1
with Derivatives of R'CA. There are four possible geometrical
isomers of hubM3(R'CA)3 (Scheme VA-D) because the spokes
of hubM3 are not symmetrically attached to the M units. These
gmmetrical isomers correspond to structures in which one or more
of the M units has flipped l80o with respect to the plane of the
CA3.M3 cyclic hexamer. Enantiomers A and B are C3 symmetrical

(21 ) Most of the self-assembling structures based on the CA'M lattice that
we have synthesized give molecular weights, as determined by VPO, that are
higher than the calculated values.
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Chart  I .  Complexat ion of  hubM, wi th Var ious Isocyanur ic and

Barbrtur ic  Acid Der ivat ives
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structures. Enantiomers C and D have only the identity element
( C ' ) .

Complexation of hubM3 with R'CA might, in principle, yield
a mixture of isomers A-D: a mixture is entropically favorable
compared to a single isomer. In practice, we observe only the C3
symmetrical species A and B by rH NMR spectroscoPy (we

observe only one set of resonances) for the three spokes of hubMr).
We infer that the absence of unsymmetrical structures indicates
that the C., enantiomers A and B are enthalpically favored ovcr
the unsymmetrical enantiomers and that the C3 symmetry is not
caused by kinetic averaging of the structures in the NMR spec-
trometer (an average of A-D would also have effective C. sYm-
metry). We estimate that the symmetrical isomers of hubM3-
(R'CA)r are at least2. l  kcal/moi more stable than the unsym-
metrical isomers. This estimate is based on the fact that we do
not observe any unsymmetrical isomers in the rH NMR spectrum
of hubMr(R'CA).,1 we should be able to detect lTc of these species.

Complexation of hubMl with aryl isocyanurates or barbituric
acid derivatives rather than alkyl isocyanurates does lead to what
we believe to be a mixtures of isomers A-D, although in all cases
the C, symmetrical structures are the major components (>90Vo)

of the mixtures. Chart I  shows the percent of unsymmetrical
isomers that are present in these mixtures (as determined by 'H

NMR spectroscopy). The alkyl isocyanurates give complexes with
hubMr that are free of unsymmetrical isomers; the aryl iso-
cyanurates and the barbiturates have up to 107o of these unsym-
metrical species. We do not understand the details of the in-
teractions that cause some complexes to be mixtures of isomers
while others are not.

(g) hubMr(bsrbitsl)-1. Since isomers C and D (Scheme V) have
a dissymmetric arrangement of their spokes, the rH NMR
spectrum of these isomers should have separate resonances for
each of the three spokes because each spoke is in a slightly different
chemical environment. Figure 8 shows the spectrum of
hubMr(barbital)-. .  The minor resonances of the unsymmetrical
isomers are clearly resolved from the major resonances of the C
symmetrical isomers. We assigned the resonances of symmetrical
hubM-.(barbital)j in analogy to those of hubM.(R'CA)3, but we
have not assigned the resonances of the unsymmetrical isomers.
We cannot completely rule out the possibility that the minor
resonances correspond to dimers of hubMr(R'CA)3 rather than
unsymmetrical isomers (see the Discussion section).

Discussion
Preorganization. The molecular aggregates hubMi(R'CA)3

and flexM1(R"CA)r establish the hydrogen-bonded CA.M lattice
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Figure 8. rH NMR spectrum of hubM,(barbital)r (500 MHz. CDCIr).
The major resonances in the spectrum correspond to the C1 symmetrrcai
isomers and are assigned. The minor resonances, some of which are
indicated with l ines above the scale ( -5Vc, of the material),  mar* corre-
spond to the unsymmetrical isomers. These resonances are nol caused
by impurities in the sample.

as a template for building supramolecular assemblies. Substantial
preorganization of the molecules is necessary in order to form
discrete assemblies rather than hydrogen-bonded oligomers or
polymers. Without the preorganizing hub-and-spoke scaffold, CA
and M derivatives associate in solution to form hydrogen-bonded
oligorners that exchange rapidly at room temperature.:.1

Covalently linking the three M units together via the hub-
and-spoke architecture using flexible triethylene glycol, hepra-
methylene, or 1,3-diethylbenzene spokes (Scheme II) does not
provide enough preorganization to make the [1 * 3] complexes
stable. A higher level of preorganization (the ortho-substituted
benzene ring in flexM3) is necessary to make complexation en-
ergetically more favorable than polymerization. The [ + 3]
aggregates are further stabilized by using the semirigid spokes
of hubM3: the aromatic rings and amide linkages in these spokes
minimize the loss of conformational entropy that is lost upon
complexation.

Solvent Effects. In these initial studies, we limited our inves-
tigation of solvent effects to the chlorinated hydrocarbons chlo-
roform, methylene chloride, and o-dichlorobenzene. hubM3 and
R'CA self-assemble into the same, structurally well-defined
molecular aggregate hubM3(R'CA)3 in all three of these solvents.
Qualitative 

rH NMR data suggest that the hydrogen bonds that
hold the aggregate together are stronger in a'dichlorobnzene than
in chloroform as a result of less competition from the solvent in
hydrogen-bonding.2r The rH NMR spectrum of hubMr(R'CA):
is similar in CDCI, and o-dichlorobenzene-da except that the
hydrogen-bonded protons appear approximately 0.4 ppm farther
downfield in adichlorobnzene-dathan in CDCI3. These molecular
aggregates are not stable in polar solvent mixtures such as
CHCI3/MeOH and CHCI3/DMSO that compete for hydrogen-
bonding sites.

Ambiguities in the Structures of the U + 3l Complexes. The
solubility studies, and the UV and rH NMR titration data,
demonstrate that the stoichiometry in the molecular aggregates
composed of hubM3/R'CA and flexM3/R'CA is l:3. The VPO

(22) Variable-temp€rature rH NMR studies on a mixture of N,N'-bis(4-
lerl-butylphenyl)melamine and barbital (BA) showed that, as the temperature
is lowered. the molecules reach a slow exchange regime at -60 oC. The
resonances for the hydrogen-bonded NH protons that are broad at room
temperature shift downfield and become sharp at -60 oC. These observations
are consistent with the interpretation that the molecules are present in one
predominant geometry at -60 oC. We do not know whether this geometry
corresponds to a BA3.M, cyclic hexamer, although we believe that the cyclic
hexamer is the most plausible structure. Seto, C. T.; Whitesides, G. M.
Unpublished results.

(23) Shaw has performed calorimetric studies that show that the enthalpy
of a hydrogen bond is more favorable in a.dichlorobenzene than in chloroform.
Wi l l iams, L.  D. ;  Chawla,  B. ;  Shaw, B.  R.  Biopolymers 1987,26,591.
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data indicate that the N' lWs of these aggregates are hrgher rh;n
the theoret ica l  M\L 's  expected for  hubM,(R'CA) .  and r - ler \1 , -
(R"CA)r. Although we trelieve that this result is caused br * sda
and nonspecif ic associat ion between aggregates, we har e nerr
entirely ruled out the possibi l i ty that some fract ion of these ag-
gregates exist as dirners or higher ol igomers of complexes with
stoichiometries such as [hubM3(R'CA)3]2. (Chart I I  shows one
possible structure for a dimer.) The rH NMR data do not support
the existence of '  these discrete dimers as signif icant (>10%)
components of the ponuiat ion of aggregares. In the structure
shown in Chart l l .  two of the spokes of one hubMj molecule are
hydrogen-bonded rn one CAr.M, unit ,  whi le the third spoke is
extended out rn order to hydrogen bond in the other CA,.M3 unit.
The rH N M R spectrum of the dimer should reflect the difierent
chemical environments of these spokes; our experimental obser-
vation shows that ali three spokes of hubM3 are in indistinguishable
environments. Given the large error that is associated with our
osmometry measurements and the dependence of the measurement
on the choice oi molecular weight standard, we do not consider
our VPO results as conclusive evidence for or against the existence
of such dimers or higher ol igomers.

The most stable molecular aggregate that we have made to date
is shown schematical ly in the r ight side of Chart I I .  This stable
structure is a I  : l  complex between an analog of hubM3 and
hubCA,. hubCA, consists of three CA units that are covalently
l inked through the hub-and-spoke architecture.2a The VPO-
determined MW of hubMr.hubCA3 is also 35-807o higher than
the expected theoretical MW. This result is similar to that ob-
tained with flerM,(P."CA) , and suggests that molecular weights
by VPO that are higher than expected reflect some exp€rimental
artifact (plausibly interaggregate hydrogen bonding) and do not
require the formation of aggregates such as [hubM3(R'CA):]2.

Other Met hods for Cha racteri zing Self-Assembling Structures.
The methods that we have used to characterize hubM3(R'CA):
and f lexMr(R"CA)r (with the exception of VPO) support the
stoichiometries and structures that we proposed for these com-
plexes in Scheme I, although all of these methods require inference.
Unequivocal proof of the these structures may not be attainable
unti l  we grow single crystals of the complexes that are suitable
for X-ray diffraction studies. Even then it is not certain that the
sol id-state structures would accurately ref lect the solut ion
structures of these complexes. As noted earlier, we have obtained
a crystal structure of monomeric melamine and monomeric
barbituric acid derivatives that do form the cyclic hexamer in the
solid state.l

We have not been able to obtain mass spectrometry evidence
for the [ * 3] complexes. Fast atom bombardment mass
sp€ctrometry (FAB-MS) gives ions corresponding to the individual
components, but none corresponding to either hubM3(R'CA)3 or
flexM3(R"CA): from a variety of FAB matrices.

The thermodynamics of self-assembly in these systems is an
important topic that we have not addressed in this paper. A
thermodynamic analysis of the complexation of hubM, with R'CA
will be presented in a future publication.

Experimental Section

General Methods. NOE experiments were performed with a Bruker
AM 500 instrument. Elemental analyses were performed by Galbraith
Laboratories, lnc. THF was distilled from sodium benzophenone ketyl.
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(24) Seto,  C.  T. ;  Whi tesides,  G. M. J.  Am. Chem. Soc. ,  in press.
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Methy lene  ch lo r ide  and  t r i e thy lamine  were  d i s t i l i ed  f rom ca lc ium h .v -
dr ide Dimethyl iormamide was dr ied and stored over 4-A moiecular
s ieves.  The compcunds that  have a t r iaz ine uni t  in their  chemical
structures show doubl ing of  several  resonanc€s in their rH and 'C NMR
spectra due to s low exchange cf  conformers around the NHR-tr iaz ine
bonds.

N -[( l, I -Dimethylethoxy )carbonyll- 1.3-diaminobenzene ( 2). A : 50-
mL round-bot torned f lask was charged wi th 9.05 (50.0 mrnolr  o i  1.- l -
d iaminobenzene  d ihyd roch lo r ide ,  25  3  g  (34  9  mL.  250  mmol )  o i  t r i -
ethylamine,  I  3.6 g (  55.0 mmol )  of  2-  [  [  [ ( ler l -buty ' loxy)carbonyl ]oxyl  im-
inc l -2 -ohenv lace ton i t r i l e  (BOC-ON) .  and  60  m[ -  o f  DMF.  The  so lu t ron
was  hea ted  rc  50  oC i i :  an  o i i  ca th  under  a  n i t rogen  a tmosphere  fo r  J
h and ccnied to room tempera'.ure. and the solvent was removed bl rotari
evapora t ion  a t  0 .1  To r r .  The  res idue  uas  pa r t i t i oned  be tween  200  m i ,
o f  I  N  aqueous  sod ium h ld rox ide  and  150  m[ .  t c luene .  The  r rgan ic
layer was separated,  washed twice wrth 150-mL rnr t ions oi  I  N aqueous
sodium hydroxide.  three t imes wi th 100-mt-  port ions of  water.  and once
with 50 mL of bnne, and dried over \1gSO.,. and the solvent was removed
by  ro ta ry  evapora t ion  a t  asp i ra to r  p re \su re .  The  c lea r  redd ish  o i l  was
pur i f i ed  by  f l ash  ch romatographr  l e lu ted  u i th  l 0 :80  e thy lace ta te /hex -
anes ) ,  g i v ing  6 .61  g  ( -12 .0  mmot .6 {? )  o f  t he  p rc -nduc t  as  a  wh i te  so l i d :
R ,0 .37  (50 :50  e thy lace ta te , ' he ranes ) :  H  \MR (300  l v {Hz ,  DMSO-d , . )
D  9 . 0 1  ( s ,  I  H ) . 6 l l r - 6 , i 1  ( m .  I  H 1 . 6 . - s 3  ( d ,  J  =  7 . 9  t l z . , I  H ) . 6 . 1 6  ( d .

. /  =  8 . 0  H z .  I  t l t .  J  9 .  i s .  I  H ) .  1 . 4 5  ( s , 9  H ) :  r r c  N M R  ( 1 2 5  M H z .
D M S O - d ^ )  '  1 5 : 6 6 .  r 1 8  8 9 .  i 4 0 . 0 2 ,  1 2 8 . 7 1 .  1 0 8 . 2 1 .  1 0 6 . 1 1 .  1 0 3  q . 1 .

1 8 . 4 7 . 1 8  l 1 :  H R \ 1 S - C I  ( M  +  H * )  c a l c d  2 0 9 . 1 2 8 s .  i o u n d  2 0 9 . 1 3 0 8 .
A n a l  C ' a i c d  f o r  C  H , n N . O . ;  C , 6 - 1 . 4 4 :  H . i . 1 4 .  F o u n d :  C , 6 3 . 6 1 ; H ,
' ]  

l l l
\ ' - [ (  l . l  -  Dimethylethoxy )carbonyl l -  N' - [4-  (  l . l  -d imethylethyl )benzyl l -

1.3-diaminobenzene (3) .  A 250-mL round-bot tomed f lask u 'as charged
' * i t h  5 . 2 1  g  ( 2 5 . 0  m m o l )  o f  2 , 8 . 8 3  g  ( 7 . 1 5  m L ,  3 5 . 0  m m o l )  t t f  4 - t e r r
buty lbenzyl  bromide.  5.06 g (6.97 m[. .  50.0 mmol)  of  t r iethylamine.  and
50 mL of  dry THF. The solut ion was heated at  ref lux under a n i t rogen
atmosphere ior l2 h and cooled to room temperaturc, and the solvent and
residual  t r iethylamine were removed by rotarv evaporat ion at  aspirator
pressure. The residue was partit ioned between -3C0 mL of ether and 300
mL of  water.  The organic layer was separated.  washed three t imes wi th
300-mL portions of water and onct with I -50 mL of brine, and dried over
MgSO,,  and the solvent  was removed bv rotar l  evaporat ion at  aspirator
pressure. The product was purified bv flash chromatography' (eluted with
5 :95  e thy l  ace ta te lhexanes) .  g i v ing  6 .00  g  (16 .9  mmol ,68" /n )  o f  3  as  a
wh i te  so l i d :  R ,0 .50  (25 :75  e thy l  ac€ ta te /hexanes) :  rH  NMR {100  MHz,
D M S O - d 6 )  D  9 . 0 2  ( s .  I  H ) , 7 . 3 2 - 1 . 2 4  ( r n .  a  H ) , 6 . 4 8  ( t .  - /  =  8 . 0  H z ,  I
H ) . 6 . 8 1  ( s .  I  H ) , 6 . 6 0  ( d " - /  =  8 . 0  H z ,  I  H ) , 6 . 1 6  ( t .  /  =  6 . 8  H z . 2 l ' l ) .
4 . 1 5  ( d ,  J  =  5 . 5  H 2 , 2  H ) ,  1 . 4 4  ( s , 9 I l ) ,  1 . 2 5  ( s . 9  H ) ;  ' C  N M R  ( 1 0 0

M H z ,  D M S O - d o )  d  1 , 5 2 . 6 1  .  1 4 9 . 0 6 .  1 4 8 . 8 3 ,  1 4 0 .  i 2 .  1 1 7 . 2 8 .  1 2 8 . 1 9 .
12699 .  t24 .93 .  i  06 .47 .  I  06 .27 .  r  02  29 .  78 .53 .  46 .08 ,  34 . t2 ,  3  I  .  I  9 ,  28 .  I  6 ;
HRMS-C l  (M +  H* )  ca l cd  fo r  C . .H , 'N .O,  - l - s5 .2334 ,  found  355 .2398

5-Bromo-2-( 1,3-dihydro-1,3-dioxo-2H-isoindol-2-yl)benzoic acid (5).

A 250-mL round-bot tomed f lask was charged wi th 1.08 g (5.0 mmol)  of
2 -amino-5 -b romobenzo ic  ac id .  i . 01  e  (1 .39  mL,  10 .0  mmol )  o f  t r i -
e thy lamine .  and  50  mL o i  d ry  me thy lene  ch lo r ide .  The  so lu t ton  was
cooled in an ice bath under a n i t rogen atmosphere.  and 1.02 g (0.72 mL.
5.0 mmol)  of  phthaloyl  d ichlor ide was added dropwise.  Af ter  the ad-
di t ion was complete,  the reactron was heated at  ref lux ior  I  h.  d i luted
w i th  100  mL o f  me thy lene  ch lo r ide ,  washed  th ree  t imes  w i th  100-mL

fxl r t lons of  l .0 r -  aqueous hydrochlor ic  acid,  twice wi th !00-mL port ions
of  wat€r.  and once wi th 50 mL of  br ine.  and dr ied over MgSO..  The
solvent  was removed by rotary evaporat ion at  aspirator  pressure.  and the
product  uas pur i f ied b1" f lash chromatography (e luted wi th 50:50 ethyl
acetate/heranes followed by ethy'l acetate. loaded on column preadsorbed
to  s i l i ca ) ,  g i v ing  1 .26  g  (3 .63  mmol ,  13Va)  o f  t he  p roduc t  as  an  o f f -wh i te
crystal l ine solrd 1as an al ternate workup.  the crude product  ma.v be
rec rys ta l l i zed  f rom to luene) :  R /  0 .16  ( l : l  e thy l  ace ta te /hexanes) ;  rH

N M R  ( 3 0 0  l \ { H z .  D M S O - d 6 )  6  1 3 . 7 - 1 3 . - 1  ( b r  s ,  I  H ) . 8 . 1 5  ( d ,  J  =  2 . 3
H z ,  I  H ) . 8 . 0 2 - 7 . 9 8  ( m .  I  H ) .  1 . 9 4 - 1 . 9 2  ( m , 2  H ) . 7 . 5 4  ( d ,  - /  =  8 . 3  H z - ,
l H ) :  ' ' C  N M R  ( 1 2 5  M H z .  D M S O - d ^ )  6 1 6 6 . 8 1 ,  1 6 . 1 . 9 0 ,  1 3 5 . 7 7 .
r  3 4 . 8 9 .  1 3 3 . 4 7  ,  ! 3 2 . 6 5 .  l 3 l  . 6 8 ,  r 3 1 . 3 0 .  1 3 0 . 6 6 ,  1 2 8 . 1 8 ,  1 2 3 . 6 0 ,  1 2 2 . 0 8 ;
H R M S - F A B  ( M  +  H * )  c a l c d  f o r  C , . H q B r N O '  3 4 5 . 9 7 1 4 .  i o u n d
345.9684.

[3-UV-[2- ( 1,3- Dihydro- 1,3-dioxo- 2H-isoindol-2-yl ) -5- bromobenzoyl]-
l { - [ [4-  (  I ,  I  -d imethylethyl )phenyl ]methyl laminolphenyl lcarbamic Acid
l,l-Dimethylethyl Ester (7). A 250-mL round-bottomed flask equipped
w i th  a  s t i r r i ng  ba r  was  charged  w i th  5 .61  g  (16 .2  mmol )  o f  5  and  10 .0
mL of  th ionyl  chlor ide.  The solut ion was heated at  ref lux under a n i -
trogen atmosphere for 2 h. cooled to room temperature. and diluted with
75 mL of  to luene. and the solvent  contain ing excess th ionyl  chlor ide was
removed by rotary evaporat ion at  aspirator  pressure.  The residue was
again dissolved in 75 mL of  to luene, and the solvent  was removed b,v"
rotary evaporat icn at  aspirator  pr€ssure to ensure that  a l l  of  the residual

J  A m  C h e m .  S o c ,  V o l .  l 1 5 .  N o "  3 ,  1 9 9 3  9 1 3

t h iony l  ch lo r rde  and  h -v . ' d rogen  ch lo r ide  was  removed .  The  c rude  ac id
ch lo r ide  was  d r red  b r ie f l y  a t  0 .1  To r r  and  then  d i sso lved  in  20  mL o f
nrethvlene chlor ide and LsO mL of  to luene. The solut ion was cooled in
an ice bath.  and 6.58 g (9 06 mL.55.0 mmol)  of  t r iethylamine was added
io l l owed  b i  -1  t l  g  (12 .2  mmol )  o f  3 .  The  so lu t i on  was  s t i r red  a t  r ' Jon ' t
t empera tu rc  t ' o r  I  h .  d i l u ted  w i th  i 50  mL o f  to luene .  and  washcd  rv i th

250 mL of  water.  200 mL of  saturated aqueous sodtum carbonaie.  t* ice
w i th  250-mL por t i ons  o f  ua te r ,  and  100  m[ .  o f  b r ine .  The  so lu t i on  was

dr ied over MgSO, and the solvent  removed by rotary evaporai , ion at
aspirator  pressure.  The crude product  was pur i f ied bi  f lash chroma-
tog raphy  (e lu ted  w i th  2 ,s :7 -s  e thy ' !  ace ta te /hcxanes ) ,  g rv ing  7 . .19  g  i i l . 0
mmoi ,90%)  o f  the  p roduc t  as  a  wh i te  foam:  R ,0 .23  ( - l -1 :66  e thy i  ace -
t a t e / h e x a n e s ) ;  r F l  \ \ { R  ( 3 0 0  M H z ,  D M S O - d 6 )  6  9 . 3 ' l  ( s ,  1  H ) ,
E . 0 l - 7 . 9 2  { m . 4  H ) .  r . l l  ( d . . /  =  8 . 5  H z ,  l  H ) . 7 . - 5 2  ( s ,  I  H ) , 7 . - r 8  ( m ,

2 H \ . 1 . 2 2 ( d .  J  =  8  I  H z .  :  H ) .  7  1 5  ( d , /  =  8 . 0  H z ,  i  H ) ,  7 . 0 6  ( d . . /
=  8 . 1  H z ,  I  H ) .  6 . 9 7  ( t .  J  =  8 0  H z ,  I  H ) .  6 8 2  ( d ,  J  = 1 . 7  H z ,  I  t l ) ,
4 . 8 8  ( s . 2  t - t ) .  1 4 6  ( s . 9  F { ) ,  1 . 2 3  ( s . 9  H ) :  r ' C  N M R  ( 1 2 5  M H z "
D M S O - d 6 )  6  r 6 5  . 5 0 .  r 6 4 . 8 6 ,  1 5 2 . 4 3 '  l 4 9 , l l .  t 4 2 . 0 2 ,  1 4 0 . 2 8 '  1 3 8 . 4 9 .
1 3 5 . 0 6 .  t . r 4  r { 6 ,  r , 1 3  7 8 .  1 3 3 . 0 3 ,  1 3 2 . 4 4 ,  1 3 1 . 7 5 ,  i l l . 4 8 ,  i 2 9  6 1 ,  1 2 8 . 7 2 .
1 2 6 9 3 .  r 2 4 8 8 .  r 2 1 . 5 4 .  n i  - 1 7 .  1 2 0 6 8 ,  1 1 6 . 6 8 .  1 1 6 . 5 7 . 7 9  1 7 , 5 1 . 9 5 .
3 4 . 0 5 .  - l l  0 - .  1 8  0 6 :  I j R M S - F A I I  ( M  +  H * )  c a l c d  f o r  C , - H , . B r N 1 0 .
6 8 2 . 1  9  l  4 .  f o u n d  6 8 2 .  !  9 0 J

[3- [ .V- (  2-  Amino-5-bromobenzoyl) - l / - [ [4-  (  I ,  t  -d imethylethyl )phenyl ] -

methyl laminolphenyl lcarbemic Acid l . l -Dimethylethyl  Ester  (E).  A
'00-ml-  round-bot i r ' rmed i lask equipped wi th a st i r r ing bar was charged
w i th , i . t t . - r  g  (8  5 .1  mmol )o f  7 ,0 .41  g  (0 .a i  mL ,  12 .8  mmol )  o f  hyd raz ine .
and 150 ml-  o i  methan,r l  The solut ion was heated and ref luxed gent l ) '

for  4 h undc: 'a nr t rogen atmosphere.  The solut ion was then coolcd to
room tcmperaturc.  dr luted wrth 250 mL of  to luene and 250 mL of  ethvl
acetate.  and st i r reci  ior  l2 h.  The precip i tated phthalhydrazide was
f i l tered of f  and washed wi th 50 mL of  ethyi  acetate.  and the combined
filtrates were washed three times with 300-mL portions of water and once
with 200 mL of  bnne and dr ied over MgSO., ,  and the solvent  was re-
moved by rotarv evaporat lon at  r isptrator  pressure.  The product  was
pur i f ied by f lash chromatography le luted wi th 25:7-5 ethyl  acetatelhex'
a n e s )  t o  g i v e  4  5 i  g  ( 1 8 . 6  m m o l . 9 5 % )  o i 8  a s  a  w h i t e  f o a m :  R /  0 . 3 1
(33 :66  e thv l  : r ce ta te /hexanes) ;  rH  NMR (300  l v {Hz ,  DMSO-d6)  6  9 .34
( s .  I  H ) .  

- . i :  ( a p p d . - / =  8 . 3  H z .  I  H ) ,  7 . 2 1  ( a p p d , J  =  8 . 1  H z ,  I  H ) .
" i . A 1 - ' i . 0 1  ( m .  I  H ) .  6 . 9 1  ( d .  , /  =  2 . J  H t .  I  H ) .  6 . 6 4  ( d ,  " l  =  7  9  H z ,  I
H ) , 6 . _ i 9  ( d .  " /  =  8 . 8  H z .  I  t { ) . 5 . 6 1  ( s . 2  H ) , 4 . 9 8  ( s , 2  H ) ,  1 . 4 4  ( s , 9

H ) .  I  : 5  ( s . 9  H ) .  " C  \ M R  ( 1 2 5  M H z .  D M S O - d n )  6  1 i 0 . 2 2 . 1 6 8 . 4 8 .
I 5 2 . 4 : .  t 4 9 . 2 6 .  r 4 6 . 4 1 .  r 4 l . l l .  1 4 0 . 0 8 ,  I 3 4 . 3 4 ,  i 3 2 . 4 9 , l - 1 0 . 8 7 .  1 2 8 . 7 - s .
l : -  t 6 .  1 2 5 . 0 4 .  l : 0  6 1 .  1 1 0 . 5 7 ,  I 1 7 . 6 C ,  1 1 6 . 2 9 ,  I 1 6 . 0 9 ,  7 9 . 1 i .  t 2  1 3 .
l 4  1 0 . 3 1 . 0 7 . 2 8 . 0 - 1 :  H R M S - F A B  ( M  +  H * )  c a l c d  f o r  C l u H , o B r N , O ,
- . f  5  l .  I  784 .  i ound  551 .1 '7  52 .

l3 - tN  - t2 - l  (4 -Amino-6 -ch lo ro -  1 .3 ,5 - t r i az in -2 -y l )amino l -5 -b romo.
benzoyll- N-[[a- ( l. l -dimethylethyl) phenyl]methyllaminolphenyllcarbamic
Acid l , l -Dimethylethyl  Ester  (9) .  .A 250-mL round-bot tomed f lask
equ ipped  w i th  a  s t i r r i ng  L ra r  was  charged  w i th  2 .77  g  1 l -5 .0  mmo! )  c i
cyanur ic chlor idc,  I  88 g (5.23 mL. 30.0 mmol)  of  d i tsopropylethylaminc.
and 100 rn l .  of  IF{F The solut ion was cooled in an ice bath under a
n i t rogen  a tmosphere .  and  5 .53  g  (10 .0  mmol )  o f  8  was  added  in  severa i
portions. The solution was stirred in the ice bath for I h and then gaseous

ammonia was passed over the solution in a gentle stream fur an additionai
t h. The solution was then warmed to room temp€rature, and the solvent
was removed bv rotary evaporat ion at  aspirator  pressure The residue
was taken up to 300 mL of  to luene, washed three t imes wi th I  50-mL
port ions of  watcr  and once wi th 50 rn[-  of  br ine,  and dr ied over MgSOr.
and the solvent  u 'as removed by ' rotary evaporat ion at  aspirator  pressure

The product  was pur i f red by '  f lash chromatography (e luted wi th 33:6tr
e thy l  ace ta te / ' hexanes )  to  g i ve  5 .79  g  (8 .5  mmol ,857o)  o f  t he  p roduc t  as
a  w h i t e  f o a m :  R ,  0 . 1 1  t 3 l : 6 6  e t h y l  a c e t a t e / h e x a n e s ) ;  r H  N M R  ( 2 5 C

M H z .  D M S O - d h )  6  9  3 2  ( s ,  I  H ) .  9 . 2 6  ( s .  I  F I ) ,  1 . 6 ' i  ( d ,  J  =  8 . 4  H z ,  I
H ) , 7 . 6 1  ( s .  I  H ) . 7 . 5 3 - 7 . 4 0  ( n r . 2 H ) , 7 . - 1 6 * 7 . 2 4  ( m . 4  H ) ,  I 2 l - ? . 1 3
( m ,  3  H ) .  7  0 l  ( t .  - /  =  r . i (  H z ,  I  H ) , 5 . 1 4  ( d ,  " r  

=  6 . 6  H t . , l  H ) ,  4 . 9 7  ( s ,

2  H ) .  l 4 l  ( s . 9  H ) ,  i . l 5  ( s , 9  H ) ;  ' r C  N M R  ( 1 2 5  M H z ,  D M S O - d . )  d
r 6 8  6 t .  r 6 6 . 8 4 ,  1 6 6 . 7 9 ,  1 6 4 . 3 6 ,  1 5 2 . 3 8 ,  1 4 9 . 3 4 ,  1 4 2 . 3 5 ,  1 4 0 . 0 4 ,  1 3 5  2 : .
[ 4 . 0 6 .  i  - ] 2  - 1 6 .  1  1 1  . 2 6 ,  1 3 0 . 3 8 ,  1 2 8 . ' 7 9 .  1  2 7 . 1  8 ,  1  2 6 . 5 7 ,  1 2 5 . 0 7 ,  1  2 0 . 8 8 ,
I  1 6 . 4 4 .  1  1 6 . 2 8 .  i  1 , s . 3 0 ,  1 9  1 9 ,  5 2 . 4 1 , 3 4 . 1  1 ,  3 1 . 1 0 ,  2 8 . 0 5 ;  H R M S - F A B
( M  +  H * )  c a l c d  6 8 0 . 1 7 4 9 ,  i o u n d  6 8 0 . 1 7 1 2 .  A n a l .  C a l c d  l o r

C , l H , . B r C l N - O , :  C ,  5 6  4 4 :  H .  5 . 1 8 ;  B r ,  1 1 . 7 3 :  C l ,  5 . 2 1 .  F o u n d :  i l "
5 6 . 4 0 ;  H ,  5 . 2 4 ;  B r .  I  1 . 6 6 r  C l .  5 . 2 7

l3- tN-t2- t t4-Amino-6-[ (3,3-dimethylbuty l )aminol-  1,3,5- t r iaz in-2-y l ] -
aminol-5-bromobenzoyll-N -[[4-( I, l-dimethylethyl)phenylimethylpminoi-
phenyl lcarbamic Acid I , l -Dimethylethyl  Ester  (10).  A 250-mL round-
bot tomed f lask equipped wi th a st i r r ing bar was charged wi th 2.72 g (4.0

m m o l )  o f  9 ,  1 . 6 2 g ( 2 . 1 5 m L ,  1 6 . 0 m m o l )  o f  n e o h e x y l a m i n e , 0 . 7 8 g ( 1 . 0 5
mL.  6 .0  mnro l )  o f  d i i sop ropy le thy lamine ,  and  50  mL o f  d r , v  THF.  The
solut ion was heated at  ref lux for  4 h under a n i t rogen atmosphere and
cooied to room temperature.  and the solvent  was removed by rotary
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evaporat ion ar  asplrator  pressure.  The residue was taken up in 200 mL
of to luene, washed three t imes wi th 150-mL porr ions of  water and once
wrth -50 mL of brine, and dried over MgSOo, and the soivent was removed
br rotary evaporat ion at  asplrator  pressure.  The product  was pur i f ied
by f iash chromatography (e luted wi th 45:55 ethyl  acetare/hexanes.
ioaded  on  co lumn as  a  so lu t i on  in  to iuene)  to  g i ve  2 .55  g  (3 .42  mmol ,
86 ( t )o f  l 0  as  a  wh i te  l oam:  R /  0 .28  150 :50  e thy l  ace ta te i  hexanes) :  rH

\ M R  ( 2 5 0  M I l z .  D M S O - d n )  6  9 . 3 3  ( s ,  I  H ) . 8 . 5 0 - 8 . 1 _ s  t m ,  I  H ) .
7 . 3 6 - 7 . 2 8  ( m , 3  H ) , 7 . 2 8 - 7 . 0 3  ( m , 6  H ) , 6 . 9 2  ( r , , /  =  5 , \  H z .  I  H ) . 6 . 6 6
( d ,  " /  

=  5 . 9  H z ,  I  H ) . 6 . 5 9  ( s ,  I  H ) , 6 . 4 4  ( s .  I  H t ,  S . O :  ( s ,  I  H ) . 3 . 3 2 _ 3 . 2 0
( m , 2  H ) .  1 . 4 8 - 1 . 3 8  ( m ,  i l  H ) ,  1 . 2 5  ( s , 9  H ) , 0 . 9 2  ( s . 9  H ) ;  , , C  N M R
( 1 2 5  M H z ,  D M S O - d ^ )  6 1 6 7 . 8 7 ,  i 6 7 . 0 6 ,  1 6 6 . 7 0 ,  1 6 5 . 8 6 .  1 6 4 . 0 8 ,  1 6 J . 7 3 ,
I  5 2 . 3 5 .  1 4 9 . 4 4 ,  1 4 2 . 6 1 ,  t 4 0 . 2 3 .  1 3 8 . 2 8 .  I  3 3 . 9 1  ,  1 3 2 . 2 2 ,  I  3  I  . 0 0 .  I  2 9 . 0 4 .
1 2 7 . 2 9 .  1 2 5 . t 2 ,  1 2 2 . 9 4 .  1 2 0 . 4 6 ,  i l 6 . 3 0 ,  1 1 1 . 4 0 ,  7 9 . 2 0 , 5 2 . 5 6 .  , 1 3 . 0 9 .
4 2 . 6 8 , 3 6 . 5 3 , 3 4 . 1 0 ,  1 1 . 0 4 , 2 9 . 3 0 , 2 " 7 . 9 8 ;  H R M S - F A B  ( M  *  H * )  c a l c d
fo r  C . rH , , ,B rNxO,  745 .3  i 90 ,  found  7  45 .3192 .

t3- t , \  - t2- [ t4-Amino-6-[ (3,3-dimethylbuty l )aminol-  1.3,5- t r iaz in-2-yt  j -
aminol-5-bromobenzoyll-fV-[[4-( I,I -dimethylethyl)phenylJmethyl]aminol-
phenyl lamine ( l l ) .  A 250-mL round-bortomed f lask was charged wi th
6.  l2 g (8.2 mmol)  o i  l0 and 100 mL of  methylene chlor ide.  The solut ion
was cooled in an ice bath,  and 20 mL of  t r i f luoroacet ic  acid was added
dropwise.  Af ter  the addi t ion was complete.  the solut ion was st i r red for
2 h at  room temperature and di lured wi th 100 mL ol  to luene, and the
solvent and excess trif luoroacetic acid were removed by rotary evapora-
t ion at  aspirator  pressure.  The residue was taken up in 400 mL of
to luene, washed twice wi th 300-mL port ions of  l : l  water /saturated
aqueous sodium carbonate,  twice wi th 300-mL port ions of  warer.  and
once wi th 100 mL of  br ine,  and dr ied over MgSOo, and the solvenr * .as
removed by rotary evaporat ion at  aspirator  pressure.  The product  was
pur i f ied by f lash chromatography (e luted wi th 66:33 ethyl  acetate/hex-
anes .  l oaded  on  co lumn as  a  so lu t i on  in  to luene)  to  g i ve  a .75  g  (7 .36
m m o l . 9 0 % )  o f  t h e  p r o d u c t  a s  a  w h i t e  f o a m :  R , 0 . l j  ( 5 0 : 5 0  e t h r l a c e -
( a r c  h e x a n e s ) :  H  N M R  ( 5 0 0  M H z .  D M S O - d o )  6  U . 5 E - 8 . . 1 6  r n l . :  t t l .
' 3 - 1  ( s .  2 H ) . 7 . 2 7  ( d , . /  =  8 . 7  H z ,  I  H ) , 7 . 2 0  ( d ,  

" r  
=  7 . 9  H z . 2 H ) .  j . t 1

( s .  I  H ) ,  6 . 9 8 - 6 . 9 2  ( m .  I  H ) , 6 . 8 5  ( m ,  I  H ) , 6 . 6 1  ( s ,  I  H ) , 6 . 4 7  t s ,  I  H ) .
6 . 3 1  ( d d ,  - /  =  8 . 0 .  1 . 5  H z ,  I  H ) , 6 . 2 6  ( d , . /  =  5 . 1  H z ,  I  H t ,  O . l 9  ( d .  /
=  , 1 . 3 H 2 , 1  H ) , 5 . 1 4  ( s , 2  H ) , 4 . 9 9  ( s , 2  H ) ,  3 . 3 4 - 3 . 2 4  ( m , 2  H ) ,  l . a 3
( r ,  - /  =  1 . 8  H z , 2  H ) ,  1 . 2 5  ( s , 9  H ) , 0 . 9 2  ( s , 9  H ) ;  r r C  N M R  ( 1 2 5  M H z .
D M S O - d 6 )  6  1 6 7 . 7 4 ,  1 6 7 . 0 8 ,  1 6 6 . 7 2 ,  1 6 5 . 8 7 ,  1 6 4 . 0 1 , 1 6 3 . 7 3 ,  i 4 9 . 3 6 .
1 1 3 . 2 3 ,  1 3 8 . 3 4 ,  1 3 4 . 1 8 ,  1 3 2 . 1 3 .  1 3 0 . 9 0 ,  1 2 9 . 3 0 ,  1 2 7 . 1 6 .  l : 5 . 0 9 .  1 2 2 . 1 9 .
]  l  3 . 9 8 ,  1 1 2 . 6 4 .  I  I  1 . 7 5 .  I  I  1 . 4 2 .  5 2 . 6 1 .  4 3 . 1 0 ,  4 2 . 6 8 ,  3 6 . , s  l ,  3 4 .  I  l .  3  1 . 0 9 ,
19  32 ;  HRMS-FAB (M +  H* )  ca l cd  fo r  C , ,Ho .BrNrO 645 .2665 .  found
6 4 5 . 2 6 2 6 .

.\ '.N',,V"-Trisf3-[,\ -[2-[[4-amino-6-[(3,3-dimethylbutyl)amino]- 1,3,5-
t r iaz in-  2-y l laminol-5-bromobenzoyl l - lV- t t4-  (  l , l  -d imethylethyl )  phenyl l -
methyl jaminoJphenyll- 1,3,5-benzenetricarboxamide (hubMr ). A 2 50- m L
round-bo t tomed  f l ask  was  charged  w i th  1 .94  g  (a .0  mmol )  o f  l l . 0 .7g
g  ( l  05  mL.6 .0  mmol )  o f  d i i sop ropy le thy lamine ,  and  100  n rL  o f  merh -
r lene chlor ide.  The solut ion was cooled in an ice bath under a n i t rogen
a tmosphere ,  and  0 .27  g  (1 .0  mmol )  o f  1 ,3 .5 -benzener r i ca rboxv l i c  ac id
chlor ide was added and the solut ion st i r red for  r  h at  room temperature.
The solvent was removed by rotary evaporation at aspirator presiure, and
the residue was taken up in 250 mL of  ethyl  acetate.  The organic layer
was washed wi th 125 mL of  water,  125 mL of  saturated aqueous sodium
carbonate solut ion,  twice wi th 125-mL port ions of  water,  and once wi th
75 mL of  br ine and dr ied over lugSor.  The sorvenr was removed bv
rotarv evaporatlon at aspirator pressure. and the product was purified by
f lash chromatography le luted wi th 5:95 methanor lchloroform) ro g ive
1 .05  g  (0 .98  mmol ,  98%)  o f  hubM,  as  an  o f f -wh i re  foam:  R ,0 .1 I  (5 :95
methano l / ch lo ro fo rm) ;  rH  NMR (500  MHz.  DMSO-do)  d  10 .57  (s ,  3
H ) , 8 . 6 2  ( s ,  3  H ) . 8 . 5 3  ( b r  d ,  - /  =  i 8 . 8  H z ,  3  H ) , 8 . 4 4  ( s ,  3  H ) ,  7 . 7 4  ( b r
d ,  /  =  1 0 . 4  H z , 3  H ) . 7 , 6 4  ( b r  d ,  /  =  j . 3  H z . 3  H ) , 7 . 3 7 - 7 . 2 g  ( b r  m .
9  H ) , 7 . 2 8 - 7 . 1 6  ( b r  m .  l 2  H ) . 6 . 9 1  ( b r  s . 3  H ) , 6 . 7 8  ( b r  d . , /  =  t 4 . , "  H z .
3  H ) . 6 . 6 0  ( b r  s , 3  H ) , 6 . 4 5  ( b r  s , 3  H ) , 5 . 0 9  ( s . 6  H ) , 3 . 2 5  ( b r  s . 6  H ) ,
1 . . 1 1  ( b r  s . 6  H ) .  1 . 2 4  ( s ,  2 7  H ) , 0 . 8 9  ( s ,  2 j  H ) :  r r C  N M R  ( 1 0 0  M H z ,
D M S O - d 6 )  6  1 6 7 . 9 2 .  1 6 7 . t 2 ,  1 6 6 . 7 5 ,  1 6 5 . 9 5 ,  1 6 5 . 8 5 ,  1 6 4 . 4 t ,  1 6 4 . 1 9 .
1 6 1 . 8 3 .  1 4 9 . 5 6 ,  t 4 2 . 8 3 ,  t 4 2 . 6 9 , 1 3 9 . 7 3 ,  1 3 8 . 5 3 ,  1 3 8 . 3 1 ,  1 3 5 . t 7 ,  1 3 3 . 9 5 ,
l  3 2 . 3 7 .  I I 1  . 3 l  ,  I  2 9 . 9 9 ,  \ 2 9 . 2 1 .  1 2 7  . 2 1  .  1 2 5 . 2 5 .  t 2 2 . 8 9 ,  I  I 8 . 7 I ,  I  I 8 . 3 7 ,
l  l  I  7 3 ,  5 2 . 8 5 ,  4 3 . 1  3 ,  4 2 . 6 9 , 3 6 . 6 5 ,  3 4 . 1  8 ,  3 l  .  i  4 .  2 9 . 5 3 ,  2 9 . 3 6 :  H R M S _
FAB ( l v1  +  H* )  ca l cd  2089 .7678 .  found  2089 . i63 i .  Ana l .  Ca lcd  fo r
C , , , r H , . . , B r 1 N . r O n :  C , 6 1 . 9 8 ;  H , 5 . 9 2 ;  B r ,  1 1 . 4 5 .  F o u n d :  C , 6 1 . 9 1 :  H .
6 . 1 5 ;  B r .  I  1 . 1 3 .

l -Ni t robiuret . : f  A r00-mL beaker equipped wi th a st i r r ing bar was
charged wi th 12.5 mL of  967o sul fur ic  acid and 3.0 mL of  TTvcni t r ic  acid,
and the mixture was cooled in an ice bath.  (caut ion:  N-Ni t ro com-
pounds are potenrially explosive. Although we have not had difficulties,
th is procedure was carr ied our behind a safety shie ld.)  To th is mixrure

( 2 5 )  D a v r s , T .  L . :  B l a n c h a r d .  K .  C . J . A n . C h e m . S o c . l g 2 g . 5 t .  r g 0 r  a n d
ref 'erences therein.

Seto and Whitesides

w a s  a d d e d  5 . i , \  g  ( 5 0 . 0  n r r n o i ) o f  b r u r e t  i n  s m a l l  p o r t i o n s  o v e r  0 . 5  h .
A l ' t e r  rhc  uddr t ron  *as  comp ie te .  the  beaker  was  removed  f rom the  i ce
ba th  and  the  m ix tu re  a i i u rued  ro  s t l r  l c r  j . - . r  h  un t i l  a l l  o f  t he  so l i d  had
d isso lved .  The  rc . r c t i on  \+15  poured  ove r  100  g  o f  i ce  and  s t i r red  un t i l
the rce had meited. ancj tnc orer.:rprtated product was collected by uacuum
i i l t ra t ron  and  *ashec i  on  rhe  r r l t e r -  u r rh  . i 00  

mL o i  !+a te r  The  so l rd  was
then  suspended  tn  i t lO  mL o f  \ ra te r  r coo ied  rn  an  l ce  ba th ) ,  and  I  N
aqueous  sod ium h rd ro r ide  *as  added  un r r i  a l l  o i  rhc  so l i d  d i sso lved  and
the  pH was  13 . . ' .  Thc . ' ; i d  \ ( - r i u t l on  *as  f i l t e red  anc i  t he  f i l t r a te  ac id i f i ed
wr th  i l ?  h r t l r i xh io r rc  r c r i  l ' ' . r  pH  o f ' l 0  The  p rec rp i ta ted  p roduc t  was
coi iected bl  racuum l l l t rarrr rn.  *ashcd on the f i l ter  wi th 100 mL of  water,
and dr ied at  0.1 

' l r r r r  
lLr  gr lc  . r  - l t i  g r ] i . ,s  mmol.  47vo) of  the product  as

a  wh i re  so l i d :  H  \ \ {R  ( t_s t )  \ {Hz .  D \ , t so -d^ )  d  1 t .53  (b r  s ,  I  H ) ,9 .45
( s ,  I  H ) ,  1 . 4 2  ( b r  s .  i  H ) .  -  0 e  ( b r  s .  1  F { ) :  m p  l 6 l - 1 6 2  o C  d e c  ( l i t .  m p
i 6 5  " C ) : 1 ' C  \ M R  ( 1 0 0  \ { H z .  D ! { S O - t l ^ t , j  t . s l . : 6 .  I a 8 . j a :  H R M S - C I
( \ { * )  ca l cd  fo r  C .HoNaOr  148 .023 : .  f ound  118 .0 : l , s

l-(3,3-Dimethylbutyl)biuret. A 100-mL round-botromed flask equip
ped wi th a st i r r ing bar was charged wi th I  48 g (10.0 mmol)  of  n i t ro-
b iu re t .  l . 0 l  g  (  1 .35  mL.  10 .0  mmol )  o f  (3 ,3 -d ime thy lbu ty l )amine ,  and
20 mL of  water.  The react ion was heated to ref lux under a n i t rogen
atmosphere for  1.5 h and cooled in an ice bath,  and the precip i tated
product  was col lected by vacuum f i l t rat ion and washed wi th 75 mL of
water.  The product  was dr ied at  0.1 Torr ,  g iv ing 1.21 g (6.5 mmol.  65%)
of  the product  as a whi te solrd:  rH NMR (500 MHz, DMSO-d6) 6 8.53
( s ,  I  H ) , 7 . 4 1  ( b r  s ,  I  H ) . 6  7 0  ( s . 2  H ) , 3 . 1 0  ( m , 2  H ) ,  1 . 3 3  ( m , 2  H ) ,
0 .88  (s ,  9  H) ,  ' 'C  NMR (  125  MHz,  DMSO-d6)  6  155 .54 ,  t54 .26 ,  43 .14 .
3 5 . 3 1 ,  2 9 . - s 3 .  2 9 . 2 1 .  H R M S - E I  ( M  +  H * )  c a l c d  f o r  c r H , r N , O ,
I  88 I  199.  l 'ounC i  Et i  I  -178

,\'-(3.3-Dimethylbutyl)isocyanuric Acid (R'CA). A 100-mL round-
bottomed flask equipped with a stirring bar was charged with l5 mL of
ethanoland cooled in an ice bath under a nitrogen atmosphere, and 0.41
g (18.0 mmol)  of  sodium was added. The solut ion was st i r red at  0 oC

unt i l  a l l  of  the sodium had dissolved,  and then I  .12 g (6.0 mmol)  of
neohexy lb iu re t  and  i . 42  g  (  |  . 45  mL,  12 .0  mmol )  o f  d ie thy l  ca rbona te
were added. The reactron was heated at  ref lux ior  l2 h.  cooled to room
temp€rature, and diluted wrth 75 mL of roluene. The precipitated sodium
sal t  of  the producr was col lected by vacuum f i l t rat ion and washed wi th
50 mL cr l  to lucne.  The rvhrte sol id was dissolved in 30 mL of  water,
f i l tered.  cooled rn an ice bath,  and acid i f ied to pH 2 wi th 37Vo hydro-
chloric acid. The precrpitated product was collected by vacuum filtration,
w a s h e d  w r t h  1 0 0  m l -  o l w a t e r ,  a n d  d r i e d  a r  0 . 1  T o r r ,  g i v i n g  0 . 7 7  g ( 3 . 6
mmol,  60%) of  R'CA as a whrte sol id:  mp 266-268 oC; rH NMR (500
M H z ,  D M S O - d 6 )  d  t  1 . 3 9  ( s .  2  H ) ,  3 . 6 5  ( m .  2  H ) .  1 . 4 0  ( m ,  2  H ) ,  0 . 9 1
( s , 9  H ) ;  I r C  N M R  ( 1 2 5  M H z .  D M S O - d 6 )  6  1 4 9 . 6 3 ,  1 4 8 . 5 6 , 4 0 . 5 0 ,
37 .22 .29 .49 ,28 .96 :  HRfv IS -FAB (M +  H* )  ca l cd  2 t4 . t t9 t .  f ound
2 l 4 . l l 0 i  A n a l .  C a l c d  f o r  C e H i . N , O r :  C , 5 0 . 6 9 ;  H , 7 . 0 9 .  F o u n d :
- 5 0 . 9 4 :  H .  l l l

lHydroxypropvl 2-Aminobenzoate (13). A l-L round-bottomed flask
equrpped wi th a str r r ing bar was charged wi th 6.86 g (50.0 mmol)  of
an th ran i l i c  ac id .  19 .03  g  (18 .07  mL,250  mmol )o f  1 ,3 -p ropaned io l ,  12 .38
g (60.0 mmol)  of  d icyclohexylcarbodi imide,  0.61 g (5.0 mmol)  of  4-
(d ime thy lamino)py r id ine ,  250  mL o f  e rhe r .  and  150  mL o f  THF.  The
solut ion was st i r red in an ice bath for  i  h and at  room temperature for
l2 h under a nitrogen atmosphere and then fi ltered to remove precipitated
dicyclohexylurea.  Af ter  the solvent  was removed by rotary evaporat ion
at asplrator pressure, the residue was taken up in 400 mL of ethyl ac€tate,
and the solut ion was f i l tered again to remove precip i tared dicyclo-
hexylurea. The fi ltrate was washed twice with 300-mL portions of water,
three times with 300-mL portlons of l: l water/saturated aqueous sodium
carbonate, three times with 100-mL portions of water, and once with 150
mL of  br ine and dr ied over MgSOo, and the solvent  was removed by
rotary evaporatlon at aspirator pressure. The crude product was purified
by f lash chromatography te luted wi th 50:50 ethyl  acetate/hexanes),
g i v r n g  3 . 1 2  g  ( 1 6 . 0  m m o l ,  3 2 % \  o f  l 3  a s  a  y e l l o w  s o l i d :  R , 0 . 2 1  ( 5 0 : 5 0
e thy l  ace ta te /hexanes) ;  rH  NMR (250  MHz,  DMSO-d6)  b  j . j t  (dd ,  /
=  7 . 9 ,  l . 2 H z ,  I  H ) , 1 . 2 4  ( d t .  " r  

=  1 . 7 .  t . 4  H z ,  I  H ) , 6 . 7 6  ( d , , /  =  8 . 5
H z ,  I  H ) , 6 . 6 4  ( s , 2  H ) , 6 . 5 3  ( a p p  t ,  J  = " 7 . 5  H z ,  I  H ) , 4 . 5 9  ( t ,  " /  =  5 . 1
Hz ,  I  H ) ,  4 .27  ( t .  J  =  6 .1H2 ,  2  H) ,  3 .55  (d t ,  " /  =  6 .0 ,  5 .5  Hz ,2  H) ,  l . g4
( t t ,  " t  

=  6 . 3 , 6 . 3  H z , 2  H ) ;  ' r C  N M R  ( 1 0 0  M H z ,  D M S O - d 6 )  6  1 6 7 . 5 9 ,
l 5 l . 4 l ,  1 3 4 . 0 0 ,  l l 0 . 7 l ,  1 1 6 . 6 0 ,  l l 4 . 8 l .  1 0 9 . 1 3 .  6 1 . 2 9 ,  5 7 . 5 5 ,  3 l . 7 l l
HRMS-FAB (M +  Na* )  ca l cd  fo r  C ,6H, ,NO1Na 218 .0792 ,  found
2  1  8 . 1  7 9 8 .

2- [ [4-Amino-6-[  (  3,3-dimethylbuty l )aminol-  1,3,5- t r iaz in-2-y l ]aminol-
benzoic Acid 3-Hydroxypropyl  Ester  (14).  A 250-mL round-botromed
f lask equipped wi th a sr i r r ing bar was charged wi th 2.02 g (9.65 mmol)
of  13.  I  37 e (1.85 mL, 10.6 mmol)  of  d i isopropylethylamine,  and 75 mL
oi  THF. The solut ion was cooled in an ice bath under a n i t rogen at-
mosphere,  and 1.96 g (10.6 mmol)  of  cyanur ic chlor ide was added in one
portion. The solution was stirred in the ice bath for I h, and then gaseous
ammonia was passed over the solution in a gentle stream for an additional
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I h. The solution was then warmed to room temperature, and the solvent
was removed by rotary evaporation at aspirator pressure. The residue
was taken up in !500 mL of  ethyl  acetate(  the product  is  not  very solu-

ble) ,  washed three t imes wi th 400-mL port ions of  water and once wi th

300 mL of  br ine,  and dr ied over MgSOo. The solvent  was removed bv

rotary evaporat ion at  aspirator  pressure,  g iv ing the intermediate chlo-

rotriazine as a white solid. This crude chlorotriazine was combined with

I  95  e  (2 .60  mL,  19 .3  mmol )  o f  neohexy lamine ,2 .50  g  (3 .36  m[ . ,  19 .3

mmol) of diisopropylethylamine, and 100 mL of THF. The solution *'as

heated at reflux for 4 h under a nitrogen atmosphere and cooled to room

temperature, and the solvent was removed by rotary evaporation at as-
pi rator  pressure.  The residue was taken up in 1000 mL oIethyl  acetate
(the product is not very soluble), washed four times with 500 mL portions

of water and once with 200 mL of brine, and dried over MgSOo, and the

solvent was removed by rotary evaporation. The product was purified

by f lash chromatography (e luted wi th ethyl  acetate,  loaded on column
preadsorbed to s i l ica)  to g ive 2.80 g (7.21 mmol,  757o) o l  l4 as a whi te

sol id:  R,  0.1 3 (eth; ' l  acctate) :  rH NMR (400 MHz. DMSO-4) 6 10.3 I  '
i0 .25 ( two s,  two conformers,  I  H),  9.00.  8.96 ( two d,  two conformers.

" /  =  8 .5  Hz ,  I  H ) ,  7 .96  ( t ,  J  =  6 .2  Hz ,  I  H ) ,  7 .53 .  7 .48  ( two  t ,  two

c o n f o r m e r s .  J  = ' 7 . 5  H z ,  I  H ) , 7 . 0 0  ( m , 2 H ) , 6 . 6 4  ( b r s ,  I  H ) , 6 . 4 8  ( b r

s ,  I  H ) ,  4 . 6 2  ( t ,  J  =  5 . 1  H z ,  I  H ) ,  4 . 3 5  ( t ,  J  =  6 . 3  H z ,  2  H ) ,  3 . 5 6  ( d t ,

J  =  5 . 9 , 5 . " 1  H z , 2 H ) , 3 . 2 9  ( m , 2  H ) ,  1 . 8 7  ( t t ,  J  =  6 . 2 , 6 . 2 H 2 , 2 H ) .
i . 4 4  ( m , 2  H ) , 0 . 9 3  ( d , , /  =  9 . 8  H z , 9  H ) ,  ' r C  N M R  ( 1 0 0  M H z ,

D M S O - d ^ )  6 1 6 7 . 6 3 ,  1 6 7 . 0 4 ,  1 6 6 . 6 9 ,  1 6 5 . 9 5 ,  1 6 5 . 7 4 .  1 6 4 . 2 8 .  1 6 3 , 9 5 ,
1 4 3 . 0 2 ,  1 4 2 . 8 5 .  1 3 4 . 0 1  , 1 1 3 . 7 7 , 1 3 0 . 6 2 ,  1 2 0 . 1 9 ,  I 1 9 . 9 8 ,  I 1 4 . 0 3 ,  I 1 3 . 6 6 ,
6 2 . 3 1 .  5 1 . 2 7 . 4 3 , 1 3 ,  4 2 . 6 5 ,  3 6 . 5 6 ,  3 t . 4 0 ,  2 9 . 3 4 :  H R M S - F A B  ( M  +  H * )

ca lcd  fo r  C 'eH.eN6O,  389 .2299 .  found  389 .2325 .

1,3,5-Benzenetr icarbox-v l ic  Acid Tr is[3- [ [2- [ [4-amino-6-[ (3,3-di -
methylbutyl)aminol-1,3.5-triazin-2-yllaminolbenzoylloxylpropyll Ester
(flexM3). A 100-mL round-bottomed flask equipped with a stirring bar
w a s  c h a r g e d  w i t h  l . l 7  g  ( 1 . 0  m m o l )  o f  1 4 , 0 . 4 5  g  ( 0 . 6 1  m L , 3 . 5  m m o l )

of  d i isopropylethylamine.  and 40 mL of  THF. The solut ion was cooled
in  an  i ce  ba th  under  a  n i t rogen  a tmosphere ,0 .27  g  (1 .0  mmol )  o f
1,3,5-benzenetricarboxylic acid chloride was added, and the solution was

stirred at 0 oC for 2 h and room temperature for 10 h. The solvent was

removed by rotary evaporat ion at  aspirator  pressure,  and the residue was

taken up in 300 mL oieth i lac€tate.  The organic layer was washed twice
with 150-mL port ions ol  water ,  twice wi th 100-ml-  port ions of  saturated
aqueous sodium carbonate,  t* ' ice wi th 150-mL port ions of  wi i ter ,  and
once wi th 100 mL of  br ine and dr ied over MgSOo, and the solvent  was

removed by rotary evaporation at aspirator pressure. The crude product
was purified by flash chromatography (eluted with ethyl acetate followed
by 9?:3 ethyl acetate/methanol, loaded on column preadsorbed to sil ica)
to give 0.88 g (0.67 mmol. 67Vo) of flexMl as a white foam: R, 0.1 3 (97:3

e thy l  ace ta te /methano l ) ;  rH  NMR (400  MHz,  DMSO-d6)  6  10 .19  (d ,

J  =  7 .2  Hz .  3  H) ,  8 .93 ,  8 ,85  ( two  d ,  two  con fo rmers ,  , I  =  8 .5  Hz .  3  H) ,
8 . 4 2  ( t ,  J  =  l A . 2  H z ,  3  H ) .  7 . 8 9  ( d ,  J  = ' 7 . 8  H z .  3  F l ) ,  7 . 4 3 ,  7 . 3 4  ( t w o

t .  t w o c o n l ' o r m e r s . , /  = ' 7 . ' l  H z . 3  H ) . 6 . 9 5  ( 1 , , /  =  5 . 3  H z , 3  H ) , 6 . 8 5  ( m .

i  H ) , 6 . 6 2  ( b r  s . 3  H ) . 6 . 4 5  ( b r  s . 3  H ) . 4 . 4 6  ( m ,  l 2  H ) . 3 . 2 5  ( q t , 6  H ) ,
2 . 2 2 r m , 6  H ) .  1 . 4 3  ( m , 6  H ) . 0 . 9 0  ( s , 2 7  H ) ;  r r C  N M R  ( 1 0 0  M H z ,
D M S O - d . )  6  1 6 7 . 4 9 ,  1 6 7 . 0 0 ,  1 6 6 . 6 4 ,  1 6 5 . 8 8 ,  1 6 5 . 7 1 ,  1 6 4 . 1 3 ,  1 6 3 . 8 5 ,
1 4 3 . 0 5 .  1 4 2 . 8 8 .  1 3 3 . 9 6 ,  1 3 3 . 6 7 ,  1 3 3 . 2 8 ,  1 3 0 . 5 9 .  1 3 0 . , 1 0 .  l l 9 . 8 l ,  1 1 9 . 6 9 ,
I  1 3 . 4 8 .  l  1 3 . 2 4 .  6 3 . 1 0 .  6 2 , 4 3 ,  6 2 . 2 9 . 4 3 . 0 8 ,  4 2 . 6 2 , 3 6 . 5 3 ,  2 9 . 2 7  ,  2 ' 7  . 4 4
H R M S - F A B  ( M  +  H * )  c a l c d  1 3 2 1 . 6 5 8 9 ,  i o u n d  1 3 2 1 . 6 5 8 3 .  A n a l .
Ca lcd  fo r  C66HE.N13011 :  C .  55 .99 ;  H ,6 ,41 ;  N ,  19 .08 .  Found :  C ,60 .07 ;
H ,  6 . 2 8 ;  N ,  1 9 . 1 7 .

3,3,3-Triphenylpropionamide. A 100-mL round-bottomed flask
equipped wi th a st i r r ing bar was charged wi th 1.00 g (3.31 mmol)  of
3,3,3-triphenylpropanoic acid and 5 mL of thionyl chloride. The mixture
was heated at reflux under a nitrogen atmosphere for 2 h, cooled to room
temp€rature, and diluted with 50 mL of toluene. The solvent and excess
thionylchloride were removed by rotary evaporation at aspirator pressure.
The residue was again diluted with 50 mL of toluene, and the solvent was
removed by rotary evaporation. The resulting acid chloride was taken
up in 50 mL of  to luene and cooled in an ice bath,  and a gent le stream
of gaseous ammonia was bubbled into the solut ion for  l5 min.  The
solvent was removed by rotary evaporation at aspirator pressure. and the
residue was taken up in 150 mL oi  ethyl  acetate,  washed once wi th 75
mL of  water,  twice wi th 50-mL port ions of  saturated aqueous sodium
carbonate, twice with 75-mL portions of water, and once with 50 mL of
brine and dried over MgSOo. The solvent was removed by rotary evap-
oration at aspirator pressure, and the crude product was purified by flash
chrornatography (eluted with 66:33 ethyl acetate/hexanes, loaded on
coiumn preadsorbed to s i l ica)  to g ive 0.89 g (3.0 mmol.  89%) of  the
product  as a whi te sol id:  Rt  0.2 '7 (66:33 ethyl  acetate/hexanes);  rH

NMR (400  MHz,  DMSO-d6)  67 .26 -7 .14  (m,  l 5  H) ,  7 .05  (s ,  I  H ) ,6 .54
( s ,  I  H ) , 3 , 5 8  ( s , 2  H ) ;  r r C  N M R  ( 1 0 0  M H z ,  D M S O - d 6 )  6 1 7 1 . 7 6 ,
l  4 '7 .41,  1 29.21,  l2 '1 .43,  125.7 0,  5 5.4 '1,  46.  1 9;  HR MS-EI (  M*)  calcd for
C 2 r H r e N O  3 0 1 . 1 4 6 6 ,  f o u n d  3 0 1 . 1 4 8 7 .
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(3,3,3-Tr iphenylpropyl)amine.  A 200-mL round-bot tomed f iask

equipped wi th a st i r r ing bar was charged wi th 60 mL of  THF and 0.76
g (35.0 mmol)  of  l i th ium bor"ohydr ide.  To th is soiut ion was added 7.60
g (8.88 mL. 70.0 mmol)  o i  t r i rnethylchlorosi lane vra syr inge io l lowed b;"-
4.69 g (  15.5 mmol)  of  3.-1.3- t r iphenvlpropionamide,  which was added in
several  port ions The react ion was heated at  ref lux under a n i t rogen

atmosphere for l2 h. cooled in an ice bath, and quenched by the dr-cpwise

addi t ion of  l5 mL of  rnethanol ,  The solvents were removed b" ' rotary

evaporat ion at  aspirator  pressure.  and the residue was taken up in I  50

mL of I N aqueous sodium hydroxide. The aquecus phase was extracted

three t imes wi th l -50-mL port ions of  methylene chlor ide.  the combined
organic phases were dr ted over MgSO..  and the solvents were removetJ

by rotary evaporat ion at  aspirator  pressure.  The crude product  was
pur i f ied by f lash chromatograph;-  (e luted wi th 97:3 me' .hylene chlo-

r i de / t r i e thy lamine)  to  g i ve  3 .61  g  (12 .6  mmol .  8 l7o )  o f  t he  p roduc t  as

a s l ight ly  yel low glass:  R,  0 20 (97:3 methylene chlor ide/ t r iethyiarnine).
r H  N M R  ( 4 0 0  M H z .  D M S O - d 6 )  6 7 . 3 0 - 1 . 1 6  ( m ,  1 5  H ) , 4 . 2 2  ( b r s ,  l .

H ) .  2 . 6 5  ( m ,  2  H ) ,  2 . 1 7  ( m .  2  H ) ;  ' ' C  N M R  ( 1 0 0  M H z ,  D M S O - C .  )  ,

1 4 5 . 3 8 "  1 2 8 . 5 6 .  1 2 8 . 0 ? .  1 2 6 . 0 8 .  - s 5 . 0 3 ,  3 8 . ' 7 2 ,  3 ' 7  . 2 1  H R  M S - E I  ( M *  i

ca l cd  fo r  C :  H : ,N  28 ' i  1611 .  found  287 .1666 .

I  (3.3,3-Tr iphenylpropyl)b iuret .  A 250-mL round-bot tomed f lask

equ ipped  w i th  a  s t i r r i ng  ba r  was  charged  w i th  1 .94  g  (6 .8  mmol )  c f
(3 .3 ,3 - t r i pheny lp ropy l )amine  d i sso lved  in  40  mL o i  d ioxane .  To  th i s
solut ion was added 1.0 g (6.8 mmol)  of  n i t robiuret  fo l lowed bv 40 mL

of water. The reaction was heated at reflux under a nitrogen atmosphere
for 2 h and cooled to room temperature, and the solvents were rernoveC

by rotary '  evaporat ion at  aspirator  pressure.  The residue was dissolvecj

in 250 mL of  warm TI IF,  adsorbed to s i l ica,  and pur i f ied by f lash

chromatograph; (e luted wi th eth-v l  acetate fo l lowed bv 50:50 ethl ' l  ace-
la ie /THF fo l l owed  by  T I IF )  to  g i ve  2 .20  g  (5 .87  mmol ,9 - ] c i c , )  o i  t he
product  as a whi te sol id:  R,  0.45 (90:10 methylene chlor idef  methanol) ,
r H  N M R  ( 4 0 0  M t l z ,  D M S O - d ^ )  6  8 . 5 6  ( s ,  l H ) , 7 . 5 2  ( s ,  I  I { ) .
7 . 3 2 - 7 . 1 8  ( m ,  l 5  H ) , 6 . 7 2  ( s . 2 H ) , 2 1 4  ( s , 4  H ) ;  ' ' C  N M R  ( 1 0 0  M H z .
D M S O - d 6 )  d  1 5 5 . 4 7 ,  1 5 4 , 5 0 '  1 4 6 . 6 8 '  1 2 8 , 6 7 '  1 2 7 . 9 8 '  1 2 5 . 9 6 '  ' 5 5 . 0 0 .

3 9 . 3 8 , 3 6 . 6 4 :  H R M S - F A B  ( M  +  H * ) c a l c d  1 7 4 . 1 8 6 8 ,  i o u n d  3 7 4 . 1 8 6 6 .
A n a l .  C ' a l c d  f o r  C . , H : , N , O . :  C .  1 7  9 7 .  H , 6  2 1 .  F o u n d :  C . 7 4 . 1 2 ;  H .

6 . 3  2 .
N-(3,3,3-Tr iphenylpropvl) isocyanur ic Acid (R"CA).  A 250-ml

round-bottomed flask equipped wtth a strrring bar was r:hargeci with lOtl

mL of  ethanol  and cocled in an ice bath under a n i t rogen atmosphere,
and  0 .45  g  (19 .5  mmol )  o f  sod ium was  added .  Ihe  so lu t i on  was  s t i r red

at  0 oC unt i l  a l l  of  the sodium had dissolved,  and then 2.08 g (5 58 mmol)

o f  ( t r i pheny lp ropy l )b iu re t  and  1 .32  g  (  1 .35  mL,  I  1 .2  mmoi )  o f  d ie thy t

carbonate were added. Thc react ion rvas heated at  ref lux for  l2 h and
cooled to room temperature.  and the solvent  was removed by rotar ; , '

evapcrat ion at  aspirator  pressure.  The residue was taken up in -100 ml-

of  ethyl  acetate and 150 mL oi  I  \ -  aqueous hydrochlor ic  acid.  and the

organic phase was washed three time.s with 150-mL portions of water and

once wi th 100 mL of  br ine and dr ied cver MgSOo. The solvent  wa:

removed by rotar,v evaporation at asoirator pressure. The crude prodr.rct
was pur i f ied by f lash chromatography (e luted wi th 25:7-5 ethyl  ace-

tate/methylene chlor ide,  loaded on column preadsorbed to s i l ica)  to g ive

1 . 5 5  g  ( 3 . 8 8  m m o l . ' 7 0 V o )  o f  R " C A  a s  a  w h i t e  s o l i d :  R ,  0 . 5 1  ( 9 0 : 1 0

methylene chlor ide/methanol) :  IH NMR (300 MHz. DMSO-d6) ,  I  l .3d
( s , 2  H ) , 7 . 3 5 - ' t . 1 5  ( m .  l 5  H ) , 3 . 3 3  ( m .  2 H ) . 2 . 2 5  ( m , 2  H ) :  r r C  N M R
(100  MHz,  DMSO-d6)  6149 .82 ,148 .80 .  146 .51 ,128 .67 .  127 .99 .  126 .08 ,
54 .85 .  38 .43 .  36 .851  HRMS-FAB (M +  H* )  ca l cd  400 .1660 .  found
400 .1670 .  Ana l .  Ca lcd  fo r  C ,oH2 ,N1O, :  C .  72 .16 ;  H ,  5 .10 .  Found :  C  '
' 7 2 . 5 6 ;  

H ,  5 . 1 7 .

l{,N'- Bis( terf -butyloxycarbonyl ) grrmicidin S. G ra m icid i n S' 2 H C !
(S igma)  (0 .50  g ,0 .41  mmol )  and  t r i e thy lamine  (0 .20  g ,0 .28  rn l - ,2 . ( . '

m m o l ) w e r e d i s s o l v e d i n  l 0 m L o f  d i o x a n e a n d  l 0 m L  o f  w a t e r ,  T o t h e
solut ion was added 2- [ [ ( t  e r t  -buty loxycarbonyl  )cxy]  iminol  -  2-phen y i -

acetoni t r i le  (BOC-ON) (0.a9 g,2.0 mmol) ,  and the mixture was s i i r ret j

for  l2 h at  room temperature.  The solvents were removed by rotary

evaporation at aspirator pressure, and the residue was partit ioned between
150 mL of  ethyl  acetate and 75 ml.  of  water .  The organic layer was

washed twice wrth 75-mL portions of I N aqueous NaOt{ solution, twice
with 75-mL port ions of  water,  and 50 mL of  br ine and dr ied over

MgSOa, and the solvent was removed by rotary evaporation at aspirator
pressure. The crude material was purified by flash chromatograph-v-
(e luted wi th ethyl  acetate) ,  g iv ing the product  as a whi te sol id:  iH NMR
(500  MHz,  DMSO-d6)  6  8 .95  (s ,  2  H) ,  8 .57  (d ,  J  =  9 .0  Hz ,  4  H) ,  8 '38
( s .  , /  =  9 . 0  H z ,  4  H \ . - 1 . 2 5  ( s ,  l 6  H ) ,  7 . 2 1  ( m ,  2  H ) ,  6 . 9 1  ( s ,  2  H ) ,  4 . 7 4
( m ,  2  H ) ,  4 . 5 8  ( m .  2  H ) ,  4 . 5 0  ( d ,  " l  =  7 . 6  H z , 2  H ) , 4 . 4 3  ( m ,  2  H ) .  a . 3 a
( m , 2  H ) , 3  5 2  ( b r  s . 2  H ) , 2 " 9 5  ( m , 2  H ) , 2 . 8 9  ( m ,  l 0  H ) , 2 . 1 2 ( m , 2
H ) , 2 . 0 0  ( m . 4  H ) .  1 . 6 7  ( m , 2  H ) ,  1 . 4 8  ( b r  s , 4  H ) ,  1 , 3 8  ( m ,  l 8  H ) , 0  8 l
( m , 2 4  H ) ;  ' t C  N M R  ( 1 0 0  M H z ,  D M S O - d 6 )  6 1 7 1 . 7 2 , 1 7 0 . 7 4 . 1 7 0 . 6 1 .
1 7 0 . 3 3 ,  1 6 9  5 5 ,  1 5 5 . 3 5 ,  I 3 6 . 3 9 ,  1 2 9 , 3 6 ,  1 2 8 . 1 3 .  I 2 6 . 8 9 ,  

' ! 7 . 1 1 , 5 9  
5 1 ,

5 6 . 5 8 . 5 3 . 7 9 .  5 1 . 3 8 , 4 9 . 5 5 , 4 5 . 6 6 , 4 1 . 1 0 ,  3 5 . 8 2 .  3 L J 6 .  2 9 . 9 6 ,  2 9 . 0 1 .  2 8  2 3 ,
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25 ,26 ,24 .03 .  21 .02 ,  22 .19 ,22 .49 ,  19 .05 ,  17 .95 ;  HRMS-FAB (M +  H* )
c a l c d  f o r  C . , r H , u q N r : O r r  1 3 6 3 . 8 0 1 0 ,  i o u n d  1 3 6 3 . 8 0 0 0 .

Titration of hubM, with R'CA or flexM3 with R"CA Monitored by rH

NMR Spectroscopy.  An NMR tube was charged wi th hubM, (0.0196
g , 0 . 0 0 9 4  m m o l )  o r  f l e x M l  ( 0 . 0 1 3 2  g . 0 . 0 1 0 0  m m o l )  a n d  C D C I ,  ( 1 . 0
mL.) .  Sol id a l iquots of  neohexyl  c) 'anurate (R'CA) (0.0010 g,  0.0047
mmol )  o r  t r i pheny lp ropy l  cyanura te  (R"CA)  (0 .0020  g ,  0 .0050  mmol )
were  added  to  the  NMR tube .  and  the  tube  was  shaken  un t i l  a l l  o f  t he
sol id had dissolved.  The rH NMR spectrum was recorded af ter  each
al iquot  was added. Af ter  the s ixth a l iquot  was added there was no
fur ther change in the spectrum. Addi t ional  a i iquots o i  R'ClA or  R"CA
d id  no t  go  in to  so lu t i on .

NOE Spectra of the hubMr(R'CA)3 and flexM3(R"CA).r Complexes.
The NOE spectra of  the l :3 complexes were recorded at  25 oC. The
procedures for  both complexes were ident ical .  The complex (0.0100
mmol )  was  d i sso lved  in  1 .0  mL  o iCDCl r ,  and  the  samp le  was  degassed
wirh f ive f reeze-pum5thaw cycles.  The NOE spectra were col lected
with an evolut ion per iod of  3.0 s and a re laxat ion delay of  6.0 s.

Gel Permeation Chromatogrephy. Gel permation chromatography was
performed using a Waters 600E HPLC with a Waters 484 UV detector
(set  at  254 nm) and Waters analyt ical  gel  permeat ion column (Ul t ra-
styragel ,  1000 A pore s ize).  Elut ions were performed at  room temper-
ature using HPLC grade chloroform and methylene chlor ide as the
solvents at  a f low rate of  I  .0 mL/min.  The samples were prepared at
concentrations of 1.0 mM for hubM, samples and 2.0 mM for the flexM,
sarnples in solvent  that  contained p-xylene (3.0 mM) as an internal
reference.  The in ject ion volume was 20 pL.

Molecular Weight Determinations of the hubMr(R'CA)j and flexM,-
(R"CA)l Complexes by Vapor Pressure Osmometry. Molecular weight
determinat ions were made wi th a Wescan Model  233 vapor pressure
osmometer operated at  35 oC. The molecular  weights of  the complexes
were measured in HPLC grade glass-dist i l led chloroform at  concentra-
t rons  o f  2 ,4 ,8 ,  and  l6  mM.  A t  each  concen t ra t i on .  J -4  measurements
were taken. Calibration curves were generated using sucrose octaacetate.
perbenzoyl  B-cyclodextr in,  polystyrene (N,fW 5050. polydispersi t -v-  =

1.05).  and a gramacidin S der ivat ive in which the orni th ine amino groups
had been converted to the ter l -but l ' l  carbamates ( lv lW 1342) as molec-

u la r  we igh t  s tandards .
Titration of hubMl with R'CA and flexM.j with R"CA Monitored by

UV Spectroscopy. UV spectra were recorded on a Perkin-Elmer Model
551 spectrophotometer.  A 125-mL Er lenmeyer f lask equipped wi th a
st i r r ing bar was charged wi th hubMs (0.0209 g,  0.0100 mmol)  or  f lexM3
(0 .0112  g .  0 .0100  mmol )  and  100  mL o i  CH:C l : .  So l i d  a l i quo ts  o f
neohexyl  cyanurate (0.001I  g,  0.0050 mmol)  or  t r iphenylpropyl  cyanu-
rate (0.0020 g.  0.0050 mmol)  were added to the f lask,  and the solut ion
was st i r red unt i l  a l l  of  the sol id had dissolved.  Af ter  each al iquot  was
added .  a  0 .30 -mL samp le  o f  the  so lu t i on  was  t rans fe r red  to  a  1 .O-mm
quartz cuvet te and the lV spectrum was recorded f rom 390 to 190 nm.
The sample was t ransferred back to the Er lenmeyer f lask and the next
al iquot  was added. Af ter  the s ixth a l iquot  was added there was no
fur ther change in the spectrum. The quartz cuvet te was r insed thor-
oughly wi th THF and dr ied in a stream of  n i t rogen between each mea-
su rement .

Acknowledgment. This work was supported by the National

Science Foundation (Grants CHE-91-22331 to G.M.W. and DMR
89-20490 to the Harvard University Materials Research Labo-
ratory). C.T.S. was an El i  Li l ly Predoctoral Fel low, 1991. NMR
instrumentation was supported by National Science Foundation
Grant  CHE-88-14019 and Nat iona l  Ins t i tu tes o f  Heai th  Grant
I Sl0 RR4870. Mass spectra were obtained by Dr. Andrew Tyler.
The Harvard University Chemistry Department Mass Spec-
trometry Facility was supported by National Science Foundation
Grant CHE-90-20043 and National lnst i tutes of Health Grant
I Sl0 RR067l6-01. We thank Professor Robert Cohen (MIT,
Chemical Engineering) for lending us his vapor pressure os-
mometer.

Supplementary Materid Available: Details of the synthesis of
compounds other than hubM., and f1exM1 that are shown in
Scheme II (9 pages). Ordenng information is given on any current
masthead page.
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