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Theoretical modeling of the dynamics of complexation and decomplexation of guest 
molecules by container molecules reveals that gating has a critical influence on the ease 
of formation and stability of host-guest complexes. Hosts equipped with gates can form 
very stable complexes with a variety of guests under readily achievable conditions. 
Gating involves conformational processes of the host molecule that alter the size of the 
portals through which guest molecules pass. "French door" and "sliding door" mech- 
anisms of gate opening are identified. 

C r a m  anil co-~vorkers identifled "cc~nstric- 
t11-e hindlng" as ,I factor controlling the 
str~hlllties of C O I I I P ~ C ~ C ' S  ~il \-ol\-ing guest 
m ~ ~ l e c ~ ~ l e s  ~n carceraniis ,mil hemic,lrcer- 
anils ( 1 ) .  Constrictive l-~nding is ileilneil 
ilnantit,~tivelv as the difierence l-etwean the 
acti\,ation c n e q y  tor ~ lccomylesa t~on  and 
the complexation energy o i  a guest mole- 
cule. It  rises i r o ~ n  physical 1-arriers to Lie- 
complcsation. W e  have fonnil that tlie 
mxgnitude of constrictive hlniling and the  
passage of most guest molecules ~ n t o  or out 
of hemlcarceranils is ci~ntrolled hy "q t ing , "  
a c~)nformational process temporar~ly leail- 
ing to a11 opening large enough to pcrniit 
ready- Ingress and egress o i  guests. T h e  s i x  
of the gate is contri)lled b\- motlons related 
tc3 "French ~loors" or "sliiling doors" (Fig. 
1) .  T h e  phenomenon of gating explains 
~ O \ V  co~ i s t r~c t l \ - e  l - ~ ~ i ~ l i l l g  I,\ hemlcarcer- 
aiids can lead to the fc>rm,~t~on of stahle 
compleses ~ v ~ t l i  a variety- of guest molec~~ lcs  
anid, ~t the  s'lrne time, reversible complex 
formation a t  moilerate temyeratures (acti- 
\.ation energies of i l e c o ~ ~ i ~ l e s a t i o n  of 15 to 
25 ltcall~nol at  25" to 10Q°C). LVitliout 
, I r ing ,  carceran~ls with s111,111 portals \voul,l 
onl\- he able to f ( ~ r m  complexes d~lr lng s\-n- 
thesis, and guests c o ~ ~ l i i  ne\-cr lea1.e the 
host. If tlie por t ,~ l  [vere large, constrlcti~.e 
binding n o ~ ~ l i l  he al3.;eiit, and the  comyles- 
es \ v o ~ ~ l d  liar-e r-erl- lo\\- stahillt~es. Confor- 
n la t~onal  changes r e s~~ l t lng  111 g;lting are 
important ti) the  passage of s~11-strates anii 
~nhihltorb to the  acti\,e sltes of sonic en-  
zymes; g,~tliig may i:acllitate cataly-t~c pro- 
cesses In some elizvnles (2 ) .  Flex~hle chcla- ~, 

ti011 1i;ls heen proiioseii for l ios t -g~~est  com- 
plexes ( 3 ) ,  a n ~ l  the effect on the kinetics of 
hindlng has heen e s t~ l~ la t ed  (4 ) .  LVe slio\v 
liere that iratinc is a crucial iiesiirn feature 
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of c o n t a ~ n e r  molecules. 
W e  recently reporteil the mechanism tor 

tlie loss of ,lceton~trile from liemicarceples 
1, ~vliich coiitains t\vo aceton~trile m ~ ) l e -  
cules (Flg. 2) .  T h e  rate-iletermining step is 
?ate opeiiiiig, \\.hicli we 11cnv ileiinc a> tlie 
Frcncli door type, \vhicli involves two 
chair-to-hoar intercon\,ersions of ~ l l o ~ l c y -  
clooctadlene rlngs ( 2 ,  Fig. 2) ( 5 ) .  

Tlie rinq inversion harrier was estim,ltrii 
(5) to he al-out 20 lical/~nol \\.it11 use of the 
AbtBER':' force held ( 6 ) .  T o  ol-tali1 a better 
estimate for tlie in\-ersion 1-arrler, we f ~ ~ l l y  
optinlized tlie transition stare for the in1,er- 
sloli i)f cal~x[9]resorcin,1relie (3) ~vltl i  the  
Ah11 m e t h o ~ l  (7) using the  GAUSSIAK94  
p ~ ) g r , ~ m  (8). T h e  , ~ c t i v a t ~ o n  energy- \vaa 
calcul,~teil to he 17.5 kcal/mol and the tran- 
sition state is nunplanar (Fig. 3) .  T h e  hoar 
structure 1s 8.5 kcal/mol less stahle than tlie 
chair structure, mainly l > e c a ~ ~ s c  o i  tlie repul- 
sion hetween tlie l io\~sprit  (HI.) ,111~1 ilng- 
pole (H,) 11)-cirogenh. 

I11 tlie <~hsence of gating, the loss of 
acetonitrile fl-om 1 coulii occur only with 
an acti\.atlon energy- on the  order of 52 
kc,il/mol, \ ~ h ~ c l i  1s the  energy (AbtRER':') 
required to force an acetonitrile fro111 1 (5). 
W i t h  tlie gate closed, the  portal ill~lmeter 
(eiluivalent to [lie slnallest H-H transportal 
ilistance) 1s 2.2 A .  LVith>he gate open, tlic 
portal iiialneter is 3.9 A ,  anii the I3,irrler 
i l r o p  to 26 kcal/mol. Tlie conbtrlctivc h in~ l -  
ing energ\- is 25 kcal/mol n i t h  yati~ig he- 
cause the hlndlng energy- is only- 1 lic,~l/mol. 
I f  the  gate c o ~ ~ l d  not open, constrict~ve 
h~ni i ing \\-oulii he 5 1 kc,~l/mol, too large for 
guest loss except ~ l n ~ l e r  severe condltlons. 

W e  l i ,~ve ~iivestigated a \.,lrlety ot' carc- 
craniis and carceyleses n-lth Ah'lRER':: 111 

MACROIMODEL, using a reaction coorJl- 
nate procedure to s t ~ ~ d y  the  reactions (5), a> 
\\.ell as free energ\- pe r t~~rha t ion  ca l c~~ la t lons  
or tlie generalizeil Born-bol\,ent accessible 
surface area sol\r,~tion 11-io~lel to calcul,lte 
sc>l \ -a t~(>~l  energies (9 ) .  W e  ha1.e iilentifii.ii 
three illstiiict types of l-iost-guest ci)mplcxes 

anil lia\-e estahlishe~l the impor- 
tance of gatlng in the  determination of 
complex,lt~on propen>ltle\. 

1 )  Sonle host$ have portals to<, small for 
tlie passage of sol\.ent or gL1eat miilecules 
in tc~ a n ~ l  o ~ ~ t  o i  the  ca\-lt\-. T h e  thoroi~ghl\-  
. ; t ~ ~ ~ l l e ~ l  carcenlese. 4 isl ionn 111 Sclienle 1 
\\-it11 p\-r,lllne ~ns lde )  liave heen prepareil 
with 1-ariet\- of guests tli,lt ,Ire ne\-er lost 
( 1  2 ,  11 ). Calc~~ la t ions  n-1t1i AhjtBER':' inili- 
c,lte t h ~ t  e \ , c ~ i ~  with ,ln open gate (portal 
iliameter, 2.1 A ) ,  the Iiarrier to loss of ili- 
~llctliyl s ~ ~ l i o s ~ J e  ih much greater than the  
90 kcal/mol req~~lrecl t ~ )  lircak a C:-C hond. 
H o s t - c ~ ~ e s t  comyleses like 4 ~1re true c,lrce- 
plexes. T h e  h y p o t h e t ~ c ~ ~ l  comlilea of cam- 
jphor with hemicarcer,in~l 5 ( . ; l i o \ \ ~ ~  in 
Schelnc 1 \vith tlie slnaller hen:ene inhide) 
also helon:s 111 thls category: T h e  encrpy 
harriers for cc)~nplex;ltlon, 1-or11 \\,it11 (36 
kcal/mol) anil ~ v ~ t h o u t  (50 kcal/mol) gate 
opening, are too hiyh to form ,I complex 
(1C). If fi>rmcJ 1-y sy-nthesis of the  host 
,~rounil  the guest, tlie carceplcs \ \ . n~~ l i l  he 
stahle. 

2)  Sollle hosts have ~3ortals ao laree t l i ,~ t  
g.1ting iioes not ~ni luence the entry o i  most 
gLle\tb. In sucli c;lse\, constricti\-e I~inillng 1s 
%mall, and stal-lc comnlexes are not  iormeii. 
Hemlc,lrcer;rnii 5 lias a 1;lrge c n o ~ ~ q l i  pi)rt,~l 
( p o r t ~ l  ~ l ~ a n ~ e t e r ,  4.4 to 3.Q A in different 
conform,lt~ons) th,lt ,mall ,~romatic,  mono- 
cyclic a n J  hlcy-clic guests j3,iss I I I ~ ( J  I ~ n ~ l  o ~ ~ t  
o i  the Iiost c<~\.i ty n.itlii)nt :rating (12) .  In 
tliis c,~sc,  s t<~hle  complexc  c;lnnot be iso- 
lated; there 1s 110 harrier to complesatlon, 
 nil the harrier to ilecomi3lcsat1on is ~le ter -  
~ l i i ~ i e ~ i  only liy tlie comples,ltion energy. A 
typical es;lmlple i.; the comylexatlon of 
l i em~c~i rce ran~ l  5 \vith benzene (Scheme 1 ) ;  
the  c , ~ l c ~ ~ l , ~ t c i l  complex s t ;~l~~l l :a t lon enerr\- 
is 15 kcal/~nol 111 thi. gas phase allL] 7 .7  
kcal/~liol ,liter correction for solv,ltlon of 
benzene in neat hcnzcne i 1.3). Otlier s ~ ~ n u l c  , , 

he~izelie cicr1vatl1.e~ such ,IS iotlohenzene 
>o >1-5-.  nil 11-xvlene also fa11 ~ n t o  this cati-c 

3 ,  - ,  

These mi)lecules iic) not  form ~solahle corn- 
plexes (1 2) .  

3 )  Some hobts l i a ~ e  portals that are too 

( O '  G -- I :! G + 'Lil French doors ",- 

doors 

Gates closed Gates open 

Fig. 1. Two types of gatng n hemcarceplexes: 
the Frelich door and s d n g  door nieciia~i~sms. G. 
guest ~nolecule. 
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small to admit most guests, but upon a 
conformational change leading to gating, a 
variety of guests can pass into and out of the 
host. Such hosts form stable. but reversible. 
complexes with a large number of guests. In 
such cases, the energy barrier for the com- 
plexation process is approximately equal to 
the energy barrier for gate opening, and the 
decomplexation barrier is equal to the com- 
plexation energy plus the activation energy 
for gate opening. One example is the com- 
plexation of norbornane with hemicarcer- 
and 5: The com~lexation and decom~lex- 
ation energy barriers (including solvation 
energy) are calculated by AMBER* to be 35 
and 42 kcal/mol when the gate is kept 
closed; when the gate is held open, these 
energies are only 4 and 11 kcal/mol; and 
when combined with the gating process, the 
barriers are 18 and 25 kcal/mol, respectively 
(5). With gating, a large variety of hemi- 
carce~lexes can be made and isolated. 

~ k a r i e t ~  of phenomena observed by the 
Cram group can be interpreted in terms of 
gating. For the hemicarcerand 6 with three 
-O-CH,-O- linkers, the activation enthal- 
pies for the escape of N,N-dimethylform- 
amide (DMF) and N,N-dimethylacetamide 
(DMA) have been measured to be 23.9 and 
20.1 kcal/mol, respectively (14). Surprising- 
ly, the larger guest molecule (DMA) has the 
lower activation energy for passage through 
the portal of the hemicarcerand. Because 
one linker is missing in the hemicarcerand, 
there are four methylene groups forming a 
double French door in the largest cavity of 6. 
Without gate opening, the activation ener- 
gies for DMF and DMA escape are calculat- 
ed to be 60.5 and 55.4 kcal/mol, respectively. 
These values are in the same order as those 
found by experiment, but they are much 
higher than the experimental values. Open- 
ing two of the doors of the double French 
door causes the overall barriers to drop to 
32.4 kcal/mol for DMF and 27.7 kcal/mol for 
the larger DMA. A combination of French 
and sliding door gating is involved in the 
escape (structure 7). The difference in bar- 
riers is in accord with experiment; the cal- 

Scheme 1. 

culated barriers are too high, probably be- 
cause of the neglect of solvation of the 
emerging guest molecule (15). 

Why is the loss of DMA easier than that 
of the less bulky DMF? The complexation 
energies for DMF and DMA are calculated 
to be 18.0 and 13.3 kcal/mol, respectively. 
Because DMA is too bulky to fit well inside 
the carcerand, its complexation energy is 
4.7 kcal/mol less favorable. The barriers for 
the inward passage of DMF and DMA 
through the open gate are virtually identi- 
cal because they have similar cross sections, 
but the escaDe barrier for DMA is smaller 
because its complex is less stable. In the 
absence of gating, the decomplexation and 
complexation energies would be on the or- 
der of the guest size and too high to be 
readily achievable. 

The hemicarcerand with o-xylyl linkers, 
8 (shown in Scheme 1 with ethvl acetate 
inside), demonstrates how sliding door and 
French door gating both contribute to the 

control of guest loss from a hemicarceplex. 
Experimental activation enthalpies for loss 
of guest molecules toluene, DMA, 2-bu- 
tanone, and ethyl acetate are 14.3, 20.5, 
20.8, and 22.2 kcal/mol, respectively (16). 
These molecules have two types of exit 
routes from the hemicarceplex. Our simula- 
tions indicate that the favored process in- 
volves exit of the guest into an antecham- 
ber formed by the xylyl linkers, rather than 
directly to the exterior. Structure 9 shows 
ethvl acetate in this chamber: the com~lex 
must undergo a second conformational pro- 
cess to free the guest from interactions with 
the benzene rings, allowing complete es- 
cape. For all guests, sliding door gating was 
an important mechanism for decomplex- 
ation. The extent to which French door 
gating affects the escape barriers depends on 
the nature of the guest. For toluene, which 
is flat, French door gating plays a small role, 
lowering the barrier for escape by only 
about 1 kcal/mol; for ethyl acetate, howev- 

Fig. 2 (left). Equilibrium structure of hemicarceplex 1 incorporating two acetonitriles. 
French door gating has enlarged the portal to form conformation 2. Fig. 3 (above). 
Conformational processes involved in gate opening. Compound 3 is a resorcinarene 
model compound. TS, transition state. 
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er, our ca lc~~la t ions  preciict that opel-iil-ig of 
the French door gate lo~vers the barrier from 
26 to 29 l i c a l / ~ ~ l ~ l .  Both French iioi~r and 
sliding doi)r gating are e~.lciel-it in 9, ~vl-iicl~ 
showh the l-iighest energy po111t 111 the  ehti- 
mated escape trajectory of 5tl1yl acetate. 
T h e  portal iilameters are 3.5 L4 In 8 allci 7.6 
A 111 9. Both DhlA a n ~ i  2- l~utanone are 

kcal~niol  for DMF and 21 9 kcal l n o  for DMA. 
These values are close to the experlnenta values, 
col isderng that (i) s o v a t o ~ i  effects at tile transtion 
states are less than tliose of free guest molec~iles 
and ( i )  the solvent used n the experment (ntro- 
benzene) IS Inore polar than that ~ i s e d  1 7  the cacu-  
a t o n  (cliloroforni). 

16 D. J. Cram. M T. Banda. K Paek, C. B. Knobel. J. 
A117 Cheiii. Scc 114, 7765 (1 992). 

17. R S Meissner, J Rebek JI- , J de Mendoza, Sci- 

e i~ce 270. 1485 (1 995). 
18 We are yratef~il to D. J Craw alid his research g~oup  

for he lp f~~ l  and nsp i r~ i y  d~scuss~o~is .  \.Ye tliank tlie 
Natona Center f o ~  Supercolnp~itng Appcatons at 
tile Un~\jersity of l l l~no~s at Urbana-Chanipa~gn and 
tlie UCLA Offce of Academc C o m p ~ i t ~ i g  for c o n -  
p~iter faci tes. Suppoqed by N H  ancl a NSF graclu- 
ate research fello\vsli~p (A.E.K.). 

22 Jan~iary 1996, accepted 23 May 1996 

~nte rme~i l a t e  cases sl-io\ving small efkcts 
fro111 Frei-ic1-i door pating of al3out 1.5 ai-iii 
2.5 kcal/mol, respectively. 

Gating is ;I general pllel-iome~-ion that 
c o l - i t r ~ h ~ ~ t e ~  ti) the st ,~l~ll i t les anti rates ot 
complesatlon of hem~carceraniis. 111 the ah- 
rei-ice ofgating, onl\- guests of nearly exactly 
the si:e of the portal c,ln enter the host 
~ll-iiier llornlal conLditiolls and still form sta- 
hle colllpleses due to constrlctlve hiniiing. 
T h e  container molec~~ les  r e c e i ~ t l ~  reported 
by Meissner et 01. (1 7) m ~ ~ s t  p r t i a l ly  ilis- 
~111ite the complementary halves either by 
sliding iioor gating or full iiissociatiol~ to 
allow the pissage of molec~~ les  Into or O L I ~  of 
the c ,~v l t \ .  Gating makes ~t possil-ile for a 
hlllgle h o ~ t  to form stahle complexes ~ v l t h  
guests \ ~ i t h  a mi-ige of sizes. This concept 
p r o v ~ ~ i e s  ,I new dehign criterion for cc~m- 
pleses ai-i~l catalysts. 
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Photoinduced Chemical Dynamics 
of High-Spin Alkali Trimers 
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Nanometer-sized helium droplets, each containing about 1 O4 helium atoms, were used 
as an inert substrate on which to form previously unobserved, spin-3/2 (quartet state) 
alkali trimers. Dispersed fluorescence measurements reveal that, upon electronic exci- 
tation, the quartet trimers undergo intersystem crossing to the doublet manifold, followed 
by dissociation of the doublet trimer into an atom and a covalently bound singlet dimer. 
As shown by this work, aggregates of spin-polarized alkali metals represent ideal species 
for the optical study of fundamental chemical dynamics processes including nonadia- 
batic spin conversion, change of bonding nature, and unimolecular dissociation. 

SpectroscolTic stuiiies of nl-iimolecular reac- 
tions pri~\, ide detailed ~ns~yl- i t  into the 
mecl-ianism of fc)rmat~on and ciecay cif reac- 
tion coml-ileses ( 1 ). For esample, electrc~nlc 
excitation of a van der Waalh com~-ilex fol- 
lo\veii hy ~ ~ ~ - i i m o l e c ~ ~ l , ~ r  dissoci,~tlon allo~vs 
the observation of different decay channels. 
These channels yield i n f o r m a t i o ~ ~  on l)otll 
the  ~veakly hound conlples anti the dishocl- 
ation p r~ecss .  This J~ssociation call he par- 
t~cularly interesting ~f it 1s accolnpanieLd hy 
a chanpe in the  l-ionciii-ig nature c>f the prod- 
[lets. S ~ n a l l  a l k a l ~  clu\ters are gooci candi- 
ciates for this kii-ici of study hecaube they call 
exhihit m ~ ~ l t l p l e  honciinp conf lg~~rat ions  
t h , ~ t  are ciependellt on  the  aligllment of the 
spills of the valence electrons ill the mole- 
c ~ ~ l e .  In  the  ahsel-ice of s p ~ n  L-iolari:cltl~~l~, the  
unpa~red  valence electron of the group I 4  
,~lkali  atollls c,ln participate in the forma- 
tion of chemical honiis In the dimer, trimer, 
ai-iii larger clusters of these atoms. Aggre- 
gates of atoms with parallel electroll spil-ih 
exhihit illstead o11ly \-an der LVaalc hiincl- 

J. H~ggins. C. Caleyari. J Reho. K K Lehniann G. 
Scoes. Department of Chenistly Prnceton Unversty, 
Princeton NJ 08544. USA 
F Stenkenieier, Fakuat f ~ i r  Physk, Unverstat Beefecl 
D-33615. B~elefeld Germany. 
\!V. E Ernst. Deuafinient of Plivs~cs. Pennsv\~ana State 

ing, resulting from the  lxllance bet\i.een the 
,~ t t rac t i~ .e  Jispersioll (correlat~<,n) forces 
anci the Pauli repulsion het~veen the  l-iighly 
iieformahle \-alenee e1ectrol-i ciistrlh~~tlons. 
W i t h  the esceptiol-i of the nohle gas tri- 
mers, sy111-3/2 alkali trimers are the simplest 
three-atom van der Waals aggregates. In  
,~cidi t~on to ~lleiiiling light on the  cl-iemical 
ilyn,imlcs exl-ierlments reporteii helow, 
these svstems are likely to he useful for the 
investigation of three-l~oiiy il-itermolec~~lar 
ti~rceh. 

N ~ ~ m e r o ~ ~ s  experimental (2-1C) anid 
comp~~ta t iona l  (1 1-13) s t u ~ i ~ e s  11a1.e heen 
cc~l-iii~~cteci o n  the  structure and spectrosco- 
py of the iii)ul)let states of the  N a  trlnler 
( N a , ) ,  hut the  quartet electronic states of 
N a ,  l-i,~ve not yet 13eei-i prol~eci. Using H e  
nanoLiroplets ,IS an inert substrate, n.e pre- 
parmi Na ,  aygregates in their l o ~ ~ . e s t  quartet 
state and ~lseil the111 to 1nvestlp;lte one ot 
the  simplest three-hociy nonacli,~batic iiy- 
11a1111c processes ava~lahle  ill nature. W e  
f o ~ ~ n c i  hy iiihperseii fluorescel-ice measL1re- 
mel-its that laser exeltation ti, an excited 
uuartet electrol~ic state ot a11 alkali triiner 
may leaii ti) a curve-crosslny into the iiou- 
lilet manifold. This is follo\ved hv a dishoci- 
at1011 of the ciouhlet trllller ~ n t o  an ,1to111 
anii <I covalel-itly boui-id siilelet dimer. After 

Unversty, unvkrsty Park. PA i 6802, USA: the  ~ll ters\stem crohsiny ~ n t o  the i i o ~ ~ b l e t  
M Gutowsk~. E~ivronlnelital Molecular Scences Labora- 
tory Paclflc Noqll,,!est Natlollal Rlchland ~ n ~ ~ n ~ f o l ~ i ,  tlw molecule n.ill he 111 a n  excited 
\bJA99352. USA, and Depaliment of Chemstry Univer- state that is expected to iiissociate (3 ) .  
sty  of Gdansk, 80-952 Gdansk. Poland. h lieam of large H e  nano~iroplets,  each 
To whon  correspondence sl io~i ld be addressed droplet col~ta ininy --lot H e  atoms, rvas 
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