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Wc  a re  des ign ing  and  syn thes i z i ng  t h r cc -d imens iona l  sup ra -
molecu lar  assembl ies  bascd on the pat tcrn  o i  h l ,drogen bonds
p resen t  i n  t he  l : l  comp lex  be tw 'een  c l , anu r i c  ac id  and  me lam ine
(CA .M) .  We  havc  p rcv ious l y '  sho rvn  t ha t  hubM,  (Scheme I )
organizes three melamine un i ts  in to  a  geometrv  compat ib le  wi th
the CA.M la t t ice  and forms a l :3  complex wi th  neohexv l  cyan-
urate.2 Herc we report that hubMl reacts with the bis(cyanuric
ac id)  R(CA)2 (Scheme I )  in  CHCI j  and forms a 2 :3  complex,
(hubM:) : (R(CA)2)r ,  that  incorporates two layers  o f  the CA.M
lat t ice in to  a  wel l -def ined three-d imensional  s t ructure. l .a

We  mon i t o red  t he  t i t r a t i on  o f  hubM,  i n  CDCI ,  w i t h  a l i ouo t s
o i  R(CA ) ,  by  'H N MR spect roscopy (F igurc  I  ) .  The spec i rum
of  uncomplexed hubM3 (bot tom t race)  has rcsonances that  are
broadened bv self-associat ion and restr icted rotat ion around the
amide and RNH-t r iaz ine bonds.  At  in termediate  po in ts  in  the
ti trat ion. the spectrum shows resonances for (hubM3)2(R(cA)2)3
against  a  background of  uncomplexed hubM3.  The complex
appears to be predominantly a single conformation. and exchange
between (hublv{r)r(R(CA):):  and uncomplexed hubM3 in solut ion
is  s low on the NMR t ime sca le .  Beyond the 2:3  s to ich iometry ,
there is  no fur ther  change in  the spect rum.  The hubM3 uni ts  in
(hubM3)2 (R(CA)2 ) ,  a re  ch i ra l .  F rom the  rH  NMR spec t rum,
we cannot  te l l  whether  the complex ex is ts  as a  racemic mix ture
of  R,R and S.S spec ies or  as a  meso compound.  R.S.  The s im-
pl ici ty of the spectrum suggests, however, that only racemic or
meso complexes are present, and not a mixture of the two.

Two features of Figure I support the assigned structure for
(hubMr)r (R(CA)2)q:  F i rs t .  severa l  equ iva lent  protons of  hubM,

(9,  g ' ;  Q.  q ' ;  and r ,  r ' )  and R(CA)2 (w,  w '  and x ,  x ' )  are  d iaste-
reotop ic  in  (hubM1)2(R(CA)2) :  and thus appear  as separate
resonanccs. Second, the two sets of imide NH protons (y, y ')  of
R(CA)2 are in dif ferent hydrogen-bonding environments and thus
appear as separate resonances in the complex, even though they
a re  equ i va l cn t  by  svmnre t r \  i n  uncomp lexed  R (CA)2 .  NOE
studies also support our proposed structure . We observed several
pos i t rve rn lermi r lecu lar  NOEs between hubM3 and R(CA),  that
i r f c  r ons i s t cn t  \ \ r t h  a  ( -PK  mode l  o f  t he  (hubMl ) z (R (CA)2 ) l
conrp lcr  (Schcrnc l ) .  l 'he \OEs between the imide NH protons
( ) , 1 ' )  o f  R (CA) r  and  t he  me lam ine  i r -H  p ro tons  (n ,  o ,  o ' ,  p )  o f
hubMl conl irm the 3-fold nature of the hydrogen-bonded network.

Tuo other  anal ; - ' t i ca l  methods suppor t  the 2 :3  s to ich iometry
of  (hubl \ ' l r ) : (R(C, , \ )2) i .  Vapor  pressure osmometry  (VPO) of  the
comp lex  i nd i ca ted  MW =  5300  ( ca l cd  f o r  ( hubMr ) r (R (CA) r )3 :
5519)  over  the concent ra t ion range 2-16 mM in  CHCI3 at  37 oC

wi th  a  sucrose octaacetate  s tandard.5  T i t ra t ion o f  hubM, (0 .1
mM in CH2CI2) with R(CA)2 monitored by UV sp€ctroscopy also
rnd icated a 2 : -1  complex.6
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(3) For other supramolecular assemblies, see: Rebek, J., Jr. Angew. Chem.,
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(4)  Al l  new compounds gave sat is factory rH NMR (500 MHz),  r rc NMR
(125  MHz) ,  and  e lemen ta l  ana lyses .

(5)  The molecular  weight  of  the complex est imated by using other stand-
ards was as lollows (MW"o,pr.,, standard MWr,"n6",6): 5890, perbenzoyl
/ l -cyclodextr in 3321; 5390, polystyrene 5050 (polydispersi ty  = t .05);4430,
1V,N'-b is( ler t -buty loxycarbonyl)gramicid in S 1342. We suggest  that  the
gramicid in S der ivat ive was associated in solut ion and.  hence,  unsui table as
a  s tandard .
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Scheme I. Self-Assembly of hubM3 with
Supramolecular  2:3 Complex
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o ln te rmo lecu la r  NOEs be tween  hubM3 and  R(CA)2  in  rhe  2 :3
complex are given in the table.  The complex (10 mM) in CDCI3 was
degassed with five freeze-pumpthaw cycles, and the NOE difference
spectra were taken at  500 MHz wi th a presaturat ion t ime of  3.0 s.
6hubMr*p(CA)z represents i r radiat ion of  the proton on hubMl and
observat ion of  an NOE at  the proton of  R(CA)2.

Format ion  o f  the  (hubM3)2 (R(CA)2 ) ,  comp lex  i s  an  un fa -
vorable process entropical ly :  f ive part ic les combine into a s ingle
particle; the spokes of hubM3 are constrained to one conformation.
The complex is stable only because the enthalpy gained by forming
the 36 hydrogen bonds in the complex is  large enough to com-
pensate for  the entropic factor .

(6) UV data: uncomplexed hubMs tr,", = 269 nm (e
(hubMr)z(R(CA)z):  t r ,u,  = 255 nm (e = 100200 M-r

=  94050  M- r  cm- r ) ;
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F igu re  I  rH  NMR t i t r a t ron  o f  hubMl  (500  MHz .  l 0  mM in  CDCI , )
with R(CA)2. The peak assignments are shown at the top of the f igure.
We be l ieve that  the smal l  peaks in  the base i ine o f  thc  upper  spect rum
corresp<lnd to  conformal iona l  isomers o f  the 2 .3  complex.  Thcse minor
peaks are not  impur i t ies  in  e i ther  o f  the ind iv idua l  components .  R(CA):
a lone  i s  t oo  rn r t l l ub l c  l o  p i ve  a  de tec tab ie  spec t rum r r t  sa tu ra t i t r n  (<0 .  I
mNI  )  i n  CD(  i ,  l t  l l i r  r n : t r un t cn [  p . r i n  uscd  hc re .

This proc.edure floints the wav to the synthesis of large molecular
assembl ics  bv a  process based c 'n  se l t ' -assenrb l l  o f  s tab lc  hydro-
gen-bonding ncnvorks.  rx ther  than format ion of  cova lent  bonds.
In that sensc. rt \  \ tnrteg\ is more closelt rncxleled on the principles
tha t  de t c rm i r i e  scconda r l  and  t e r t i a r l  s t r uc tu re  i n  p ro te ins  and
nuc le i c  ac ids  t han  on  t he  rnc thods  used  rn  c l ass i ca l  o rgan i c  syn -
thesis. Future papers u' i l l  describe the svnthesis of structurqs more
c ( ) m p l c x  t h a n  (  h u b M , ) . (  R ( C . A ) r ) r
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