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Abst ract

The rat ional design of complex, self-assembling, non-covalent ag-sregatcs l 'eqLtires a
workable understanding of association phenomena, a reliable rule-based mcchanism to predict and
compare the stabi l i t ies of potential target structures, and straightforward synthetic routes to the
molecular colnponents o1'the aggregatcs. Systens based on thc cyanuric acid-nlclamine latt ice
satisty manv of these cri teria. This paper rer. ' ieu's thc dcsign. synthesis. and characterization ol
thrce related aggrcgates. and summarizcs inrt ial  rcsuits ot ' tno ntodcls: i)  a computatronal n-rodel
that  pred ic ts  re la t ive s tab i l i t ies  o f  aggregates:  i inc l  i i )  a  thcorc t ica l  n toc le l  that  asscsscs t 'c l l t t i ve
entropies of aggregation.

In t roduct ion.

This paper describes: i)  the s;- 'nthcsis and characterization of three experimental systems

basec i  on networks o f  hydrogen bonds:  i i t  thc  appl icat ion o f  a  r in tp lc  n toc lc l  t t l  adc l ress the

thcorctrcal bases that govern non-covalent aggregation, ancl i i i t  thc cievclopntcnt o1'u col l lpl l tat ionai

rnodel to aid in the design of these systems. The goal of our prosrant is thc rat ional t le stgrt ol-non-

covalent organic a-qgre gates.

Hyclrogcn bonds are characterizcd by signif icant bond cnthalpies. high di lcct ional i ty, and

wel l -def ined donor  and acceptor  groups.  The substant ia l  c f for t  invcstcr l  rn  unders tanding

hyclrogen bonding makes i t  onc choice for the dcvelopment of a rt t le-based system o1' sclf-

assemblv.2 The cycl ic hexamer (rosette) of the cyanuric acid-melamine (CA.M) latt ice3 (Figure l1

was selected as the basis for our systems becausc i t  has high symmetry, i t  ge nerates a largc number

of hydrogen bonds, and the synthesis of i ts tr iaz. inc components is straightlbrward.

The models used in this study are shown (in atomic detai l  and schematical l-v"t in Scheme L

Each aggregate incorporates the rosette motif  and is, therefore. held togethcr hy 18 hydrogen

boncls. Aggregate I comprises six free monome rs.4 Both 2 ancl3 are asscmblies that comprise
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608 E. E. SttranNpr er a/.

four molecules, the three melamines are attached to a central hub by spokes.-5 Aggregates 2 and 3

diffcr in the consti tut ion of their spokes: 2 incorporates a f lexihle t ,3-propanediol into the spoke

whilc 3 Lrt i l izes a more r igid l l -phenvlcncdiamine. We ref-er to thc tr ismelanrine components of 2
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F' igure  l .  
' l ' hc  

la t t i cc  conr l ' r t ' i s in !  cvanur ic  ac ic l  a r rd  rne lanr ine  cx is ts  as  an  ex tenc le i l  shce t  (u  i th
- lH( - l  in  thc  X- ray  s t ruc tL r re ) .  Wc rc fe r  to  the  h igh l igh tcd  por t ion  i l s  the  " rose t te . "  Th is  cvc l i c
hexanrer  i s  he lc l  together  by  l8  hydrogen bonds anc l  i s  the  bas is  t i r r  a l l  the  s t ruc tu res  bascr j  on
hydrogen-bond ing  assernb l ies  tha t  l ve  havc  rcpor ted  to  da te .  N ' le lamines  lnd  isocvanur ic  ae  ids  a rc
represented  w i th  darkened ba l l s  and u 'h i te  ba l l s .  respecr ive l r .

a n d  3  a s  l l e x ( M ) 3  a n d  h u b ( M ) 3 ,  r c s p e c t i v e h ' .  W c  c h a r a c t e r i z c d  t h e s c  a g s r e g a t e s  b y  l g  u n 6  1 3 6

NMR spectroscopies. geI permeation chromotographv (GPC), \ ,apor phase osmometr\ '  (VPO),

and t i trat ion/solubi l izat ion expelinrents. These results and techniques are reviewed in thc tbl lowing

sections. Wc rccognized in the course of our studies that these aggregates have markcdll' different

stabi l i t ies. This observation prompted r-rs to der. 'elop thcoretical and colnpututional approaches to

optirnize the process of design of new aggregate s.

S c h c m c  l .  S c l r e r r u t t i c  l r n t l  l r t t ' r r i .  r ' r J r r - c \ c l r t r r l l o n r  o 1  l .  2 .  r n d  3 .  T h c  r e  l u t i v e  r i g i t l i t i c s  o f  t h c
s p t t k e s  t c t h c r r n r :  r r c l l r n r i n c :  l ( )  l r . L ' n t r r r l  h i r l .  i n  2  a n d  3  u r - e  r e p r e s e n t c d  b , \ ' r l ' l v r , ( f ' l e x i b l e )  a n r l
s t r . r r i l l r l  ( r i u i t l t  l i n c ' .  r . c \ n c ( t i \ c l \  t t =  ( ' F l . ( ' H r ( ' ( ( - H r , ) 1 .  X = C l l t t .  R ' = n - r - B u P h  Y = N I t

^ \,r._ ,\/--'--lil_; Flil 5._1:F
iF; ' ,  , i '*1=, r-
,',,;lI^i_:i: i*;, .'-\ tr

3)



Hydrogen-bonded aggregates

Experiment

Scheme 2 out l ines the syntheses of  1 ,2 ,  and 3.  The sequent ia l  add i t ion o f  amines to

cyanuric chloride generates trisubstituted melamines.6 Yields were typically high for this three-

step, one-flask, 24 h reaction sequence. Reaction of nitrobiuretT with the desired aryl/alkyl amine

yielded an intermediate biuret adduct. After isolation, the alkylbiuret adduct was allowed to react

with a carbonyl source--typically carbonyldiimidazole or diethylcarbonate-- to generate the desired

cyanuric acid.8 The overal l  yield for this sequence was greater than 50Vc, and varied with the

amine used. Barbiturates were prepared by the condensation of urea with the appropriately

substi tuted diethyl malonates.9 This sequence produced barbiturates in high yields; the crude

products were purified through simple recrystallization. Many barbiturates are also commercially

available.
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Titrat ion/Solutr i l izat ion. Monomeric derivatives of M or CA have low solubi l i t ies in organic

so lvents .  Hub(M)3 or  f lex(M) j  are  so lub le  in  ch lorotorm and most  o ther  or -qanic  so lvents .

T i t ra t ion o f  CA in to  so lLr t ions (or  for  I ,  suspens ions of  M)  ind icates that  the rc la t ive

stoichiometries of melamine and cyanuric acrd groLrps in these aggregates is l :  fbr l .  M3:CA3; for

2 ,  f lex(M): :3CA;  for  3 ,  hub(M)3:3CA.  No s ign i l icant  amount  o f  CA d isso lves a f ter  three

equivalents of i t  havc been added to f lex(M): or hub(M):.

NMR Spect roscopy.  The lH and l3C XHAR spect ra  o1 '  thc  uncomplcxec l  t r ismelamine

components of 2 and 3 in CDCI: arc broacl and featureless due to irgsregation and slow

interconversion of ditferent conformations of these molecuies. Sharp linc-s appcar upon addition of

CA. The intensity of these l ines increases unti l  thrce eqir ivalents of CA have been added per

eq r - r i va len to f f l ex (M) to rhub (M) t ;  t he  ac ld i t i ono fmoreCAdoesno ta f t ' c c t t hc rn tens i t yo rshape

of the l ines. Al l  l ines of these spectracan hc assigned. The assignmcnt indicates that each spoke is

in an indist ingLrishable environment.

(]el Permeation Chromatographl '  (GPC). Clel pcrmeation chnrmatographr'  (GPC) is a size

exc lus ion technique,  The poroLrs  nrat r ix  a l lous snra l l  molecu lcs  to  penc l r r r tc  thc  s t r r t ionarv  phase

and causes them to  rcmain on the co lumn longcr  than largcr  nro lcc i r lc -s  th l i t  l r rc  crc lud, : r l  l l 'o r l  thc

sta t ionary  phase.  GPC t races suggest  the re la t i rc  s izcs unt l  s tuh i l i t i c r  o l  . rggrcsu lc \ :  loss o l '

componcnts  f rom an aggregate on the co lunn is  i r rc rcrsr l ' r lc  ur r r l  cur r  a l lcet  thc  shapc o l ' thc  GPC

trace.  For  a  cova lent  molccu ic  l ikc  1 . r -xy lcne ,  thc  peak is  s l tarp  lack ing lc l t l ing anc l  t ra i l ing cdges.

We interprct the extent of trai l ing of a peak as being c1r-ral i tat ir  clr  rnr crsclr rclatcri  to the stabi l i ty o1'

the aggregate. Figure 2 shows the GPC traccs tor 1,2, anc' l  3.

Vapor  Phase Osmometr l '  (VPO).  VPO prov ides an est imate o f  molecu lar  weight ;

measurenrcnts i . i rc rccorclcci; ls a roltagc. This voltagc rcl- lects the amount of current required tcr

heat  a  so lu t ion o t -knoun conccnt r i i t ion o l ' l rgsrcgatc  to  nra in ta in  a  lernperatLr rc  cqu iv i i lent  to  pure

so l ven t ,  wh i l e  bo th  a r c  cxpe r i enc ing  c \ap ( ) ru t i r r ' coo l i ng .  ( ' on i1 ' r r r l i nu  t hcsc  ro l t ages  t o  t he

voltages recorded lbr solut ions ol an internal standurcl ol 'srnri lur n.r; .rss prorir lcs a number-avcrage

molecular weight of the aggregate. These r,alLrcs arc trpical lr  uithin l0ft  ol ' thc- calcr-r lated weight

of the aggregate. Figr-rre 3 shows the VPO results lbr 1,2. ancl 3. We use tbr-rr standards in order

to  obta in  a  est imate o f  the non- idea l i ty  o1 '  thc  s tanc lards,  and to  pnrv ic le  an est imate o l '  thc

uncertaintv in the MW values.
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Figure  2 .  The GPC t races  o f  p -xy lenes .  l+  2 -x1 ' le 'nes  ( l  i s  no t  s tub lc  to  ( iPC ' ) .  2+  7r - r1 ' lencs .
a n d  3 +  p - x 1 , l e n e s .  T h e  e x t e n t  o f  t a i l i n g  o f  t h c ' s c  p e l k s  i s  i n r c r . c l \  l r ( ) p ( ) r t i ( ) l r i r l  t o  t h c  s t r r h i l i t i r r :

of the corresponding aggregate.
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F igure  3 .  Mo lecu la r  we igh l '  d r ' t c rmined by  VPO agree w i th  lhe  sur r . r  o f  the  molecu la r  rvc igh ts

expec ted  based on  the  components  to  w i th in  20%.  Standards :  ,Q i  Gr i ,mac id in  s  ( I rW 13,12) ;  tO
sucrose oc taaceta te  (FW 679) :  (E t  po lys tv renc  (FW 5050.  po lyd ispers i t l '  1 .05) :  r I t  c1 , ' c loc lex t r in

{ I r w  3 3 2 1 ) .

Stabi l i ty  decreases in  the order  3>2>1.  
' fhe 

re la t ive s tab i l i t i cs  o l ' these aggrcgates can be

inf-erred frorn NMR competit ion experirrents: aggregatc 3 is morc stable than 2 in chloroforrn.

Three equivalents of neo-hexylCA fbrm one aggregatc.3, when dissolvcd in a solut ion containing

hub(M) j  and l ' lex(M)r .  (When hub(M):  is  mixed wi th  2 ,  aggregate 3  is  fbrmed leav ing

Llncomplexed f lex(M)t in soh-rt ion. When l lex(M): is mixed with 3, aggrcgate 3 remains leaving

uncomplexed f lex(M)3 in  so lu t ion) .  Upon addi t ion o f  three more equiva lents  o f 'nero-he xy lCA,
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both 2 and 3 are visible. Competition experiments between 2 or 3 and the components of I were

unsuccessful.  The tH Ntf, lR spectra of hub(M)3 or f lex(M)j with the melamine component of I

with three equivalents of CA were complicated. Broadened resonances attributed to an undefined

aggregate(s) were observed. We bel ieve that the l imited solubi l i ty of the components of I

necessitates association with the soluble components of 2 or 3, and make this experiment difficult

to interpret.

Aggregate I is less stable than2 or 3. Evidence to support this assertion comes from the

concentration dependence ofthe stability of I (and lack of a concentration dependence for 2 or 3)

as observed by lH NMR. We fbund that I is stable only at concentrations greater than >4 mM.

Aggregates 2 and 3 are stable at <1 mM.

We can inf-er relative stabilities of these aggregates from the shape of the GPC traces.

Dissociation of the aggregate on the GPC column leads to tailing of the peak. Stable aggregates

show sharp peaks, while tailing peaks suggest less stable aggregates. The GPC trace of 3 shows

less tailing than the trace of 2, and is consistent with the observation that 3 is more stable than 2.

Aggregate I does not show a peak by GPC. We infer that aggregate I dissociates over the course

of the experiment. Thc drt-fbrences in stabi l i t ics b1' GPC sl lgscsts that stabi l i tv of the aggregates

decreases in the order 3>2>1.

The lheoretical Basis for the Design of Non-covalent Aggregates.

The ro le  o f  ent ropy '  can be addressed qual i ta t ive l l '  rv i th  a  s imple model

system:  ba l ls  and s t r ings.  The thermodvnamic s tab i l in  o1 'anr  norr -cuva lcnt  assembly  rs  a

balancc of entropy and enthaipr,.  The enthalpv of associat ion can be maxrrrr izecl by increasing the

number  o f  favorab le  entha lp ic  in tcract ions between molecu les.  Thesc in teract ions inc lude

hydrogen bonds. and hy'drophobic, ionrc, and polar interactions. Hydrogen honcls arc strong (1-5

kcal/mol) and relat ively direct ional with specif ic donor-acceptor rolcs: thcv arc. thcrcfbre, a well-

def ined system for  the examinat ion o f  the ro les o1 '  ent ropv and cntha lpv in  non-covalent

assemblies. Each of the aggregates I -  3 forms l8 hydrogen bonds. I f  r .r 'e assume a common

enthalpic contr ibution to the free ener,{y, then we have an opportunity to examine the role of

entropy in these aggregates. The total entropic cost of bringing six recognition domains together to

torm one wel l -def ined assembly  can be d iscussed in  tc rnrs  o f  the components  o f  ent rop l , :

t rans la t iona l ,  ro ta t iona l .  and conformat iona l  (v ibra t iona l ) .  Thc d i f ferent  s t ructure s  o f  thc

aggregates under consideration of-fer a start ing point for the examination of these three entropic

terms.



Hydrogen-bonded aggregates

Translational entropy, Strans, reflects the freedom of motion of a particle--the "ball"--in space.

Under standard conditions, Strans is a function of the logarithm of the molecular weight, ln(MW).

The translational entropy of a single ball in solution, at concentration of I M, can be approximated

T S t r a n s = 3 + l n ( M W ) ( c q  l )

(in kcal/mol) at 300 K with equation 1.10 Bringing N particles together to form a single aggregate

occurs at great entropic cost: N-1 part icles lose their ini t ial  translat ional entropy. This change in

entropy can be estimated (in kcal/mol) using equation 2 (for balls of MW = 300 at T = 300 K;

forming an aggregate at I M concentration from components at I M concentration). Covalently

TAS11nn5 = 8(N- l )  (eq2)

stringing two or more balls together significantly reduces the magnitude of this loss of translational

ent ropy.  Table  I  inc ludes approx imate va lues o l 'TAS11nns for  1 ,2 ,  and 3.  Aggregat ion o f

componen ts toy ie l d2and3 requ i res tha t f ou rpa r t i c l es fo rmoneagg rega te :  t ha t i s , t ha tN - l  =3

part icles losc thcir ini t ial  translat ional entropv. Aggregation to form I requires that N-1 = 5

part icles lose their inrt ial  translat ionalentropv. As aresult of thc dit tcrcncc in losses of translat ional

entropy, aggregation of fbur molecules is f 'avored over aggregation ot 'six nrolccules.

6 1 3

Table I. Approximate Entropic Contributions
to Aggregation."

Complex TAS,.rn. TAS.., TAS."., TAS,u,

-tt0
least
stable

-58

-4tt

most
stable

a)  T  =  300K Va lues  in  kca l / rno l .

Rotational entropy, S1s1, reflects the freedom of a particle to rotate in space. The magnitude of

rotational entropy is proporlional to both the molecular weight and dimensions of the ball. Thc

-.10
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magnitudes of rotational and translational entropy are comparable for our molecules, and we can

use equation 3 to estimate these values. The cost of bringing N balls together is estimated with

T S r o t = 3 + l n ( M W )

TA5161 = 8(N- l)

equation 4. The values relevant to 1,2, and 3 are summarized in Table I.

Conformational entropy.l l  In the context of this paper, conformational entroPY, Sconf,

re f- lects the abi l i ty of a molecule or an aggregate to move rts consti tuent parts with respect to each

other (primari ly though rotat ions of single bonds). One estimate of conlbrnlat ional entropy can be

obtained by counting the number of bonds that are (or are close to) free [vo- orthree-fbld rotors in

the molecule. Aggregate 3 has three f 'ewer such bonds than cloes 2 and we hypothesize that this

difference is the origin of the relatively high stability of 3.

We are investigating a geometric lormalism for counting rotors based on the volume of

space that the "ball" can sweep. A rigid string (f'ew f ree rotors) of a given length 1 onlv allows the

TSconf  =  0 '6 lnV (eq 5)

bal l  to swecp out a shel l  with radiLrs l .  Al ler ible str ing (nranv l l 'ec rotors)al lous thc bal l  to sweep

though a majori tv of the entire sphcrc of radir-rs / .  
- l 'he 

valuc's t t t 'Sc'6n1'c\t i l l latcd using equation 5

are shown in  Table  I  (MW = 300. 'n ' t t luntc  =  100; t , .12

To examine the role of AS66nf rn the s) 'stcnrs that i . 'n 'e have svnthesized, we pursued a

strategv in which the central hub and terminal melamine units were conscrved, while the spokes

wcrc \ 'zrned. Aromatic spacers and amidc l inkages in hub(M)r replace rnore f icely rotat ing single

bonc ls  in  1 ' lex( lVI ) - r .  Thc in i t ia l  vo lumc swept  out  by f lex(M)t  is  much greater  than that  l 'o r

hub(M): .  Thc vo luntcs swept  out  for  both 2  and 3 are s imi lar  and srua l ler .  Tht ts  thc  changc tn

accessible volumcs up()n i .rssre-gation is ntucl-t  grcatcr l i rr  2 than for 3. this t l i l ' t 'cr-ct lcc translates

in to  a  greater  ent rop ic  cr ts t  o f  asscrnb lv  lor  2  than 1 'or  3 .  I lascd on th i '  : rn lp lc  t l l t l c ic l ,  we expect

that  thc  format ion of  3  wi l l  be morc favorab lc  than 2.  Cor lpet i t ion crpcr imcnts  Inon i toredby lH

NMR spectroscopy suppofi  this expectat ion o1'greater stabi l i t .-r  fbr 3 relat ive to 2.

Computat ion

Computer simulat ions. The design of large aggregates can be made more eff ictent by

using molecular mechanics and dvnamics calculat ions. Trvo issues complicate this use. First,

(eq 3)

(eq 4)



Hydrogen-bonded aggregates

molecular dynamics simulat ions arc not appropriate (due primari ly to l imitat ions in computation

speed and time) for sampling all of the relevant conlormations of reactants, tntermediates, and

products that occur during the process of assembly of an aggregate. Equil ibr ium constants,

therefore, are not available and a surrogate measure of stabilities must be developed. Second, the

role of solvent in aggregates is cr i t ical;  solvent must be incorporated into any calculat ion at some

level.

Finding a surrogate for relative stablilities can be achieved by combining concepts from

physical-organic chemistry with the tools of computational chemistry. We know, from the work

of Cram13 and others, that preorganization strongly inf ' luences strengths of binding in non-

covalent compounds. This rat ionale is usually reserved for host-guest systems that have a

structural ly obvious "complementari ty of f i t ."  Unl ike these systems, aggregates 1-3 are not

highly preorganized for binding init ial ly: thev must adopt the appropiatc conformation on

aggregation. The "organization" in 2 and 3 entai ls: i )  or ienting the CA and M groups so that they

form a planar rosette structure; and i i)  minimizing the magnitude of osci l lat ions from planarity of

the CA and M groups in the rosette. Our goals in implementing molecular dynamics were to

establ ish a method that provided a quanti tat ive value--although not necessari ly the value of f iee

energy--related to the stability of the aggregatel and ii) to develop a rapid and accurate strategy for

obtaining these values.

Procedure for the Construction of Aggregates. The' ini t ial  conl irrnrat ion of the

aggregates examincd with rnolccr-r lar dvnamics calculat ions u'as based on inf 'erences irom the lH

and l3C spectra of the agsregates in CDClr. The CA.M rosette was initially constrained to a planar

geometr.v. and the arms 01'the trismelamines (of 2 and 3) were attached to the rosette and rotated to

preserve the C.l symmetry observed in the lH and i3C spectra. Amides were constrained to atrans

configuration. The constraints were removed, and the potential energv of the aggregate was

minimized. The resulting structure served as the starting point tor furthcr rcf incnrcnts and analyses

r-rsing molecular dvnamrcs.

Solvent  p lays a  cr i t ica l  ro le  in  the s t ructure o f  the modeled complexes.

Vl inimizations of 3 with and without solvent ga'n'e drastical ly dif ferent results (Scheme 3). In the

abscnce of solvent, the C-r symmetry of the aggregate was destroyed as the rosette bowed inward

to l- i l l  the empty central cavity. In the presence of solvent (84 molecules of CHCIT), the rosette

remained coplanar, and a molecule of solvent was confined within the central cavity of the

aggregate. The structure incorporating a solvent molecule maintained the coplanarity of i ts

CAj.M3 rosette throughout the minimizations and a 60 ps simulation. The three-fbld symmetry of

the complex rnferred tiom IH NMR data was also maintained.

In the simulat ion of 3.84CHClj,  we observed that fbur molecules of chloroform are most

strongly associated with the complex; the remaining molecules of solvent behaved as bulk solvent

6 1 5
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and appeared not to interact strongly with the aggregate.l4 The results of a simulation with these

four molecules of solvent suggested that the equilibrium geometries and dynamic behavior of

3.4CHCI3 and 3.84CHCI3 are very similar. This comparison, along with our desire to reduce

computational times, provided the motivation to continue the simulations with the reduced system:

(2 or  3) .4CHCl3.

The deviation from planarity of the rosettes offers a quantitative metric for

stability. The extent of the deviation from planarity (DP) of the rosette of an aggregate is easily

measured in CHARMm by calculat ing the root mean square (RMS) deviat ion, in angstroms,

between non-hydrogen atoms in the CAj.M3 rosette and a plane fitted to these atoms by a least-

a)

b)

c )

<>

{ooF ^'f-f-

d)DP=t(Pl"'

Scheme 3. The origin of the DP calculat ion f irr  two rosettes of dif f 'erent shape. (a) The rosette

on the  le f t  i s  f la t te r  than the  one on  thc  r igh t .  I t  w i l l  have a  smal le r  DP va lue  and shou ld  be  more

s tab le .  (b )  To  ca lcu la te  DP.  a  p lane is  f i t  th rough the  rose t te .  Th is  p lane is  represented  as  a  l ine .

One melarn ine  group is  shown f rom cach r ( )se t te  lo r  con tpar ison .  l io r  a  t la t  rose l te .  a l i  a tonrs  o f

the  s ing le  d isk  a re  common to  the  p lane (c )  The posr t ions  o t  thc '  non-hr t l r t rsen  a toms o f  the

d isks  in  (b )  a re  shown as  ( . )  and the  d is tance Ar  o f  each a tom l rom the  p lane is  ca lcu la ted .  For  a

f la t  rose t te  Ar  =  DP =  0 .  (d )  The equat ion  shown y ie lds  the  DP va lue .  \  =  thc  number  o f  a toms.

squares method.lT This calculation is represented pictorially in Schcme 3. The values of DP from

the minimized structure and from the simulat ions for 1, 2, and 3 arc shown in Table II .15 Based

on a limited data set, we suggest that the relative magnitudes of DP are inversely proportional to the

relative experimental thermodynamic stabilities of the aggregates: that is, 3 has a smaller value of

DP than 2 and is more stable.
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Table II .  Values of DP for Aggregates l ,  2, and 3.15

DP
Minimization Dynamics

Conc lus ions

We are making progress toward our goal of the rational design of aggregates. This

progress is a result of:  i )  a systematic program of synthesis, and evaluation of stabi l i t ies using

physical-organic techniques; ii) the application of molecular mechanics and dynamics calculations

to design and evaluate these aggregates prior to synthesis; and iii) an increasingly sophisticated

understanding of the thermodynamic parameters governing aggregation. We have generated a

series of aggregates that will serve as a basis set for refining theory and computation.

Experimental evidence indicates that solvent plays a critical role in the stability of these

aggregates; this conclusion is supported by molecular mechanics and molecular dynamics

calculations. The role of solvent remains to be incorporated fully in the theoretical model that we

are developing. The theoretical model assumes that the enthalpies of formation of al l  of these

aggregates are the same--a result of the conserved rosette motif. This assumption is not necessarily

correct. It is unlikely that the equilibrium geometry of the CA and M groups are identical in

different aggregates, and geometry influences the enthalpv of hydrogen bonds. Steric interactions

between groups within the linker arms can also affect the total enthalpy of the system. The model

does, however, off 'er a convenient start ing point for the consideration of entropic components

involved in association events. and vields estimates of these components.
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Methods

Synthesis and characterization. The synthesis and characterization of 1.2, and 3 have been

reported.4'5

Molecular Modelling and Simulation. All simulations and energy calculations were done

using the CHARMm program.l6 The parameters used in the calculations are from the CHARMm

22 force field.\7 We constructed the neo-hexyl isocyanurate and trismelamines using standard

valence geometries, with the QUANTA 3.3 molecular modeling program.lS Polar hydrogens

were included and an extended atom representation was used for all non-polar alkyl groups. The

melamine and isocyanurate groups of the complex were initially set to a planar geometry with a

distance of 1.8 A assigned to hydrogen bonds.19 The complexes were assembled around the

CA3.M3 rosette (Scheme I),  and the torsional angles in the spokes of the tr ipods (excluding

-CONH- torsional angles) were rotated so that the center of the tripod was at its maximum distance

from the plane of the CA3.M3 rosette. The torsional angles were also rotated to maintain the

average C3 symmetry of the complexes inferred from NMR experiments. Energetical ly

unfavorable steric interactions in the complexes were relaxed by perlbrming 1000 steps of the

Conjugate Gradient energy-minimizing algori thm; the result ing configurations served as the

starting points for further structural refinements.

References

l .  Th is  work  was suppor ted by NSF grant  CHE-19988321.  I { .M is  an t l l i  L i l l l 'Predoctora l

Fe l low (1993-) .  D.M.G.  is  an NIH Post -doctora l  Fe l low (1992-199-11.  i .P.M.  was a SERC-

NATO Post-doctoral Fel low (1991-1993). C.T.S. was an El i  Li l ly Predoctoral Fel low (1991).

2. See, for example: Wyler, R.; de Mendoza, J.; Rebek, J. Angew. Clrcrn., Int. Ed. Eng. 1993,

32, 1699. Geib, S.J.;  Vicent, C., Fan, E.; Hamilton, A.D. Ang,ex'.  () lrcnr.,  Int.  Ed. Eng. 1993,

3 2 ,  8 0 .  W e b b ,  T . H . ;  S u h ,  H . ;  W i l c o x ,  C . S .  J .  A m .  C h e m .  5 o r ' .  1 9 9 1 ,  I l 3 ,  8 5 5 4 .

Zimmerman, S.C.; Saionz, K.W ; Zeng, Z. Proc. Nutl .  At 'ud Sr' i .  U..t .A. [993, 90, 1190.

3. Rosette in the sol id state: Zerkowski, J.A.; Whitesides, G. M. J. Arn. Chem. Soc.1992,

114,5413.  Roset te  in  so lu t ion:  Math ias,  J .  P. ;  S imanek,  E.  E. ;  Zerkowski ,  J .  A. ,  Seto,  C.T;

Whitesides, G. M. J. Am. Chem. Soc. 1994,In Press. X-ray structure of CA.M: Wang. Y.:

Wei, B.; Wang, Q. . / .  Cr,v.rtol logr. Spec'troc. Res. 1990,79.

4. See, ref 3. "Rosettes in the solution" for more details of this svstem.



Hydrogen-bonded aggregates

5 .  S e t o , C . T . ;  W h i t e s i d e s , G . M .  " r .  A m . C h e r n . S o c .  1 9 9 3 ,  1 1 5 , 9 0 5 .

6. Comprehensive Heterocl'clic Chemistr,v, J. M. E. Quirke, Pergamon Press, NY. 1984, vol 3,

t 5 l .

7. Davis, T. L.;  Blanchard, K. C. / .  Am. Chem. Soc. 1929,51, 1801 and references therein.

8 .  C lose,  W.  J .  Am.  Chem. Soc.  1953,  75,3611.

9. Organic Sy-ntheses. Collect ive Volume II .  A.H. Blatt,  ed., 1943, p 60. John Wiley & Sons.

N Y .

10. Solution corrections for the gas phase translational entropy calculated using the Sackur-

Tetrode equation (Statistical Mechanics, D. A. McQuarrie. Harper and Row Publishers, NY.

1913,86). employ an interpretaion of Trouton's rule for entropy of vaporization previously

employed by Wil l iams (Doig, A. J.;  Wil l iames D. H. J. Am. Chem. Soc. 1992, 114,338-343).

I 1. True vibrational entropy--high freqency lR-active motions such as bond stretches and bends--

contribute negligibly to the overall change in entropy. Go, N.; Scheraga, H.A. Macromolecules,

1976 ,9 ,  s3s .
12. Unpublished results, Mammen, M.; Deutch, J.;  Whitesides, G. M.

13. Cram, D. J. Ansew. Chem., Int.  Ed. Ens. 1988, 27,1009.

14. The choice to represent only the four molecules of solvent expl ici t ly is arbitrary, to some

extent. The four molecules of chlorofbrm were chosen since the energy of interaction with the

aggregate of this set was significantlv larger than that of other molecules of solvent.

15. The DP value for I was calculated usins the crvstal structure. It serves as onlv a reference

point to a known. real structure.

16. Brooks, B. R.; Bruccoleri ,  R. E.; Olafson, B. D.; States, D. J.;  Swaminathan, S.; Karplus,

M.  J .  Contp.  C l tent . l983,  1 .  l8 l .

l l .  QUANTA Purumeter HtutdbooA', MSI: Burl ington. MA, USA. 1992.

18.  QUANTA 3.3 molecu lar  model l ing program.  MSI ,  1992.

19.  Pranata,  J . ;  Wierschke.  S.  G. ;  Jorgenson,  W.  L .  J .  Am.  Chent .  Soc.  1991,  113,2810.

(Received 5 Mat 1994)

619


	436(1).PDF
	436(2).PDF
	436(3).PDF
	436(4).PDF
	436(5).PDF
	436(6).PDF
	436(7).PDF
	436(8).PDF
	436(9).PDF
	436(10).PDF
	436(11).PDF
	436(12).PDF
	436(13).PDF

