
T h e  nature of the  tube wall resulting 
from the  staggered graphitic layers of ei- 
ther a scroll or a cone structure ~vou ld  
provide a continuous path  between the  
layers through which A r  may diffuse into 
the  cavity. No lan  e t  al. (26) have pointed 
out tha t  cone type tubes and  fibers would 
have ~ ~ n s a t u r a t e d  valences a t  their edges. 
Mordkovich e t  al. (29) have also proposed 
a model for K intercalation in to  multi- 
walled nanotubes i n  which t h e  nano t~ tbes  
are assumed to  have a scroll structure, 
allowing the  K atoms to  pass inward by 
attack of the  helicoid o n  the  outside edge 
of the  scroll. I n  our case, amornhization as 
a result of the  HIPing process may be 
responsible for sealing the  gas within the  
tube. If a tube contains Ar ,  its ends must 
be effectively sealed. T h e  HIPing temper- 
ature was too low to  melt  anv of the  Fe- or 
Zn-based materials (assuming no Zn metal 
was present after reaction with C O ? ) ,  
which suggests tha t  the  ends of t h e  Ar-  
containing tubes were sealed before HIP-  
ing. If this requirement 1s no t  met,  A r  will 
no t  be retained in  the  tube. A similar 
HIPing experiment performed at  the  lower 
temperature of 40C°C showed n o  evidence 
of tubes with A r  trapped i n  them,  nor was 
any amorphization of the  outer wall ob- 
served under these conditions. Brunaer- 
Emmett-Teller nleasurements o n  tubes of 
this type by Tibbetts e t  n l .  (25) gave a 
value of 9.91 rn2 for nitrogen gas absorp- 
t ion a t  room temperature. This  is about 
half the  actual physical value calculated 
geometrically and indicates that  the  tubes 
have little porosity. T h e  Ar-filled tubes 
imply tha t  the  porosity must increase 
greatly a t  higher temperatures, t ha t  gas is 
more freely able to  pass between the  slant- 
ing graphitic layers and the  inside of the  
tube, and  that  a t  t he  higher temperature, 
the  amorphous crust formation prevents 
the  gas from leaving. 

A second C sample contaming catalyt- 
ically grown tubes prepared by the  same 
synthesis route was HIPed under the  same 
conditions as before to  confirm our results. 
A further T E M  study was carried out on 
the  second HIPed samnle, and we indis- 
criminately selected 30 tubes with a n  out- 
er diameter in  the  range of 2C t o  150 n m  
(Table 1 ). W e  found tha t  a total  of 11 
iubes had  A r  trapped in  them a t  high 
uressures. I n  t h e  maioritv of these filled 
;Ltbes, we were able th fin2 a t  least one  of 
the  ends of the  tube, which was, as expect- 
ed, sealed. W e  also found tha t  out of t h e  
19 empty tubes, 9 clearly had  a n  open end. 
A couple of the  tubes appeared to  be 
sealed a t  both  ends but contained n o  gas. 
It  armears tha t  the  number of filled tubes 

L L 

is dictated largely by how many tubes have 
both  ends sealed; there is n o  indication 

tha t  t ~ t b e  diameter is a n  important factor 
in  the  diameter ranee studied. 

u 

T h e  filled tubes were found to  retain 
their A r  content  with little change over 
several months  a t  room temperature. Car-  
bon  tubes of the  structure shown in  this 
paper and  those of o ther  authors (25) thus 
show possibilities for gas storage. It is clear 
tha t  if t he  t~ tbes  have a scroll structure 
(29) and  are sealed a t  bo th  ends, t h e n  it 
should also be possible to  fill nanotubes of 
smaller dimensions with gases, whereas 
conventional nanot~tbes  wi th  a parallel 
wall structure may need to  be filled 
through a n  open end  before the  end is 
sealed. 
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Asymmetric Catalysis with Water: Efficient 
Kinetic Resolution of Terminal Epoxides by 

Means of Catalytic Hydrolysis 
Makoto Tokunaga, Jay F. Larrow, Fumitoshi Kakiuchi, 

Eric N. Jacobsen* 

Epoxides are versatile building blocks for organic synthesis. However, terminal epoxides 
are arguably the most important subclass of these compounds, and no general and 
practical method exists for their production in enantiomerically pure form. Terminal 
epoxides are available very inexpensively as racemic mixtures, and kinetic resolution is 
an attractive strategy forthe production of optically active epoxides, given an economical 
and operationally simple method. Readily accessible synthetic catalysts (chiral cobalt- 
based salen complexes) have been used for the efficient asymmetric hydrolysis of 
terminal epoxides. This process uses water as the only reagent, no added'solvent, and 
low loadings of a recyclable catalyst (<0.5 mole percent), and it affords highly valuable 
terminal epoxides and 1,2-diols in high yield with high enantiomeric enrichment. 

Asymmetr ic  catalysis provides access to  addition to carbonyl compounds (2). Both 
optically active epoxides either by oxygen- strategies have been developed to  varying 
atom transfer to alkenes ( J ) or by carbene degrees, but significant gaps still exist in  the  

scope of these methodologies. For example, 

Department of Chemlstri, and Chemical Biology, Haward there are still n o  effective enantioselective 
Unversty, Cambrdge, MA 02138, USA epoxidation methods k n o ~ v n  for the  synthe- 
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sl.; ot te rml~la l  t ? ~ ~ ~ l l l t ? b  such as l-rnp:-lene 
osicle ( 3 ) .  S ~ i c h  el?c)slLles are readily avail- 
able as racemic mixr~ires,  so the  yossihlllr>- 
of using a lcinetic resolution urrarzgy to 
kiciess the  ena~ l t~omer lca l lv  pLire materials 
i> atrracrlve ( 4 ) .  For klnetlc resolutions in  
w h ~ c h  recny-erv ot ~ i n r e ~ c t e i i  substrate is 
targeteil, a c h e ~ p  anii easil\- hanL1leL1 re- 
agent 1 i>i>viouslr- ilziiral-le tor effectl~lg 
the  rrsol~iti i>n. I J e a l l ~ ,  t he  ~ r o d u c t  i>t re- 
acrlon l11ighr also he of synthetic value. Ti> 
thebe enils. .i\-ater is a n  exrremzly a~t7edl-  , A L  

in. reagent for e p o s i ~ l e  rzsolutiims. K o t  
onl\-  l a  it cost-etfectlve. sate. c~nL1 environ- 
mentall\- i~en ign ,  but  t he  l,2-L11i>ls qener- 
aced by epoxide hy-Jrol\-sl  are ~ a l u a l ? l e  
chiral bulliling block> ot demonsrrateL1 
~i t l l l tv  tor i)r:anic s\-nthesls (5). 1X;e J e -  
<crlbe a rractical  route to enanriomeri-  
call\. e n r i c l ~ e ~ l  t e r m ~ n a l  ey:osiLles i>\- \yay of 
a hy-ilrolytic lilnetlc resolution ( H K R )  LI,- 

ing \imyle clllral catal\.st\ (Scheme 1; R ,  
alkyli (6). This  process proviL1ei d ~ r e c t  
access to hot11 ~ n r e ~ ~ c t e d  e~3oslde and 1.3- 
J ~ o l  yroLl~icts i n  high enan t~omer ic  excess 
(ee)  c~l ld  yielLl. 

T h e  HKR \\-A\ d~icoverecl ~inexcectedlv  
Lluring ii~.i-e>ti:~itions of the  re,ictioni of 
epos~ i l e s  .ivitll cc~r l~os \ - l i c  aciL1>. L 7 e  llacl 
founLl 1:re.i.iouilv tllnt the  (salen)Co(II!  
ci)mplex 1 1s osiLl~:eil 1-T. air i n  the  pres- 
ellce of' 1-en1i.1~ aciL1, pe~leraring the  cor- 
resPnnJing (>a len)Co( I I I ) (he l~~ i>a te )  corn- 
pies 2a ,  anLl t11,it complex 2a c,lt,~l\-:e\ the  
ring-openill at mesc epos~ i l e s  \ . i - ~ r h  hen-  
:<)IC ac111 .ivitl~ ~ l ~ ~ i l e l . d t e - t ~ > - ~ ~ ) ~ ) L l  enc~n t io -  
se lec t~r  it: (7). I11 eftorts t o  extend t h ~ s  
metlloLloli)gy to the  l;~netlc r e s o l ~ ~ t i o n  o t  
racenllc e ~ o ~ l i l e s  (81. n.e obierveil tha t  a 
slgniticant ley-el i)f eposide 11:-c1ri)l~-si 
com13eteLl n.irl1 r ing-c~peni~lg  17:- henzoii  
acid (Scheme 3;  P h ,  l-henyl: Et,  erhl-1; I-PI., 
isorropYl: B:, I ~ n : o y l ) .  T h e  fact that  ;liol 
\ \as l ~ e i n g  generateJ in  1-erl- hi,l cr I ee auo- 
?esteil t he  pa r t i c~p ,~ t ion  of ,I hiYhly enail- 
t1ocelect11.e HKR 1nr.ol1.1ng a i l ~ . e n t i t ~ i ~ l l i  
n-ater i n  the  reaction meidium. 

Indeeil, terllilnal epoxiiles reacted reaililr- 
\\-it11 \\-,Iter , ~ l i ~ n c  in tile presence o t  
(q ,~len)Cc cat,~l\sts. The  sol~c.nt-free rc.ac- 
tlon (it raiemlc prol>ylene oxide (1.2 11101) 
n.ith G.55 eilu~valent of water ~n the prc'z- 
ence of 11.2 m i ~ l  '?o of ( ~ , ~ l e n ) C c > ( I I I ~ ( O . . i c )  
ciimplex 2b  ( 9 )  proceeileil n- i thm 12 hours 
a t  room temyc.rature to  ,~fforii ,I misturc. oi 
unreactecl elloside mil yropr-lene gl!-col 
i 1 ; ) .  Fractio~ial  L l i~ t i l l c~ t lon  proviileL1 L~oth 
ii>111pi)u11il> 111 11ii.11 cliemical and enantlo- 
llierlc purity (295"11 ee )  and in nearlr 
quantitati \  e 1-ielil ( 1  1 , i 2 ) .  T h e  nonr-ol ,~-  
t ~ l e  rcslL1ue obt,~inc.il after .llstillat~on con- 
talneil r e ~ l u c e ~ l  comyles  1: ,~ctlr-e c,~talyst  
2b \\-as reirenerateil fri>m t 1 1 ~  mater1~11 by 
rreatnlenr with ,Icetlc aclil i n  alr, s ~ ~ c l i  tha t  
the  catalyst ci~ulil  I-e recvcleil \\it11 n o  

Table 1. - l jdroytic k n e i c  resoI,.tioti of tern-na epoxces w t l i  'water catajzed by 2b. The values 'or 
k m e I  ,;,)ere calc~tatec ,.sing the ec.uation k , .  = In.(* - c)l,l - ee)j!ln[(l - c): l  eel], where ee IS the 
enanio?ier c excess of the epoxide anc c 1s the 'ract on or epoxice ,ernati,ig in the f n a  react 3n 
n3xtL.re :4) 

Concentraton Epox de D 0 1  

En ty  R T ~ n e  
2b CYater :ho,:s~ ee Isolated ee Isolated k"l 

\n io 03)  :eqL,i\l; I : ~ c )  yield ( O O )  i3c'1 j eld :33) 

1 C-l, 0.2 ,3 5 5 ;2 >98 44 98 50 >400 
2 CH2Cl 0 3 ir 33 8 38 53 ,n - -  98 4i 86 
3 (CH,I,C-l, 0 42 0.55 5 98 46 98 48 290 
4 \CH,),Ch, 0 42 0.55 6 99 45 97 4 7 260 
5 Ph 0 8 0 70 44 98 38 98' 39' 20 
6 CH=C-12 0.64 3 50 2 0 84 44 94 49 30 
7 CH=CH, 0 85 3 70 58 54 30 99 29 88 

ohser~.ahle loss in act~r-it \-  or selectivitr. 
(Scheme 3 1. 

T h e  HKR n-as also ~ L ) L I I I ~ ~  to be alq:lica- 
ble to a series of other rer~nillal e ~ x ) x ~ d e a .  
T h e  substrates sh~>\ \ -n  in Table 1 are repre- 
sentati1.e of epoxides that are inexpensir-e 
as racemates anLd nrevio~isly have not  been 
readily ,~ccessil.le in opticc~lly pure torm. 
U ~ ~ b r a n c h e d  alkyl-s~~i.srir~ireJ eposiJe> 
( 1  3 1 > ~ l c h  as 1-hesene oside allid 1-octene 
os i Je  (entries 3 and 4! n-ere super17 5uh- 
strates fin the  HKR (relati\-e rate c i>nstc~nt  
k,,, > 7SC?1. E l ~ i c l ~ l o ~ - ~ l ~ ~ d r ~ ~ i  (entry 3 )  also 
unLler\\-ent e d i c ~ e n t  resolut i i )~~,  altho~1~11 

(56';). Conj~ lga te~ l  epoxidea s ~ i c h  as sty-rzne 
oxide and butadiene monoepos~i le  (entrles 
5 to i! \\-ere resol\-ed n.ir11 lo\\-er selectivity. 
but highly enantiomerically enriclleil ey7- 
osiiie or diol coulil still lie ol~taineii  i n  
usef~il y-ield 1.y silnyly aiijusting the amount 
of \vclter useLl in the  reclction (such as en-  
tries 6 anii 7 ) .  

P re l~m~nary -  liinetic >t~idiea 11-ere carried 
our o n  tile HKR o t  1-c>crene oxide.  A l -  
r h o ~ ~ q h  this epoxiile is illlllliscible .ivith 
\I-arer, the  reaction 111isr~ire 'iyas renilereil 
11omi)geneous hy aLliiition of 70 11101 ''L 
( ? ) -  1,2-hexaneJlol.  Th i s  a J d l t l ~ e  had no 
measurclble etfect on tlie e~la~l t ioselect iv i -  

OH 
HKR HKR + LOH 

R 
Y 

S-epoxcle Racemic mixture R - e ~ c x ~ d e  
Scheme 4. 

Scheme 2. 

CH,CO,H (0 4 m o  ',) 

D 

H3C 5' to 25°C 
12 hours 

H3C 

1 mol 0.55 mol 

Scheme 3. 

Cycle I 44% yield 
98.6% ee 

Cycle 2 46% yield 
98.5% ee 

Cycle 3 48% yield 
98.5O/0 ee 

50% yield 
98% ee 
50% yield 
98% ee 
50% yield 
98% ee 
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tv of the  reactlon but did alloal the  acuui- 
s ~ t l o n  of reproducible ilata for the  rate 
constant.  T h e  reactloll follolveil a second- 
oriler dependence o n  the  concentration of 
2b, consistent with a mechanism wherein 
two dlscrete catalyst molecules cooperate 
to  activate both  the  e lect roph~le  (ep- 
oxide) and the  nucleor~hile (water).  C o n -  
pelling eviilence for a s ~ ~ n i l a r  bi~lletallic 
~llechanisnl has been obtained in  the  
asymmetric ring-opening of epoxliles by 
azide n ~ ~ c l e o ~ l i i l e s  catalyzed by relateil 
chromium-contai~l l~lg  catalysts (14) .  I t  1s 
noteworthy that  bimetallic catalys~s is 
apparently operative with sucli Lllstlnct 
classes of reactions. anil it h ~ n t s  a t  t he  
possil~le generalit\- of such a mechanism. 

The HKR is a n  attractlve r~rocedure for 
the  preparation of optically e n r ~ c h e d  ter- 
mlnal eCosiiles a~nil l,2-iliols. T h e  criteria 
fol- evaluating the  Cractlcalit\; of chenlical 
processes such as this one  have become 
i n c r e a s ~ n g l ~  stringent. High stanilarils ot 
yield and selectil-lty in product for~llatlon 
must be met,  but additional issues s ~ l c h  as 
reagent cost, v o l ~ u n e t r ~ c  product~vi ty ,  
waste generatLon, reagent toxicity, and 
hanilling risks welgh more heavily than  
ever before. With these criteria pos~tively 
met,  t he  HKR appears to  holi? significant 
potential for large-scale application (15) .  
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laboration with the lumenal Kar2 protein (Kar2p). A translocation substrate was initially 
bound to the cytosolic face of the purified Sec complex in a signal-sequence-dependent 
but Kar2p- and nucleotide-independent manner. In a subsequent reaction, in which 
Kar2p interacted with the lumenal face of the Sec complex and hydrolyzed adenosine 
triphosphate, the substrate moved through a channel formed by the Sec complex and 
was released at the lumenal end. Movement through the channel occurred in detergent 
solution in the absence of a lipid bilayer. 

P r o t e i n  tralnsport across the  l l le~nbra~ne of 
the  endoplaimic reticulum (ER) occurs 
throuirh a n  airueous c h a n ~ l e l  i 1 ) whose 
major component is the  Sec6 lp  complex 
(2-6). I n  'osttranslational protell1 trans- 
port in  yeast, t he  S e c 6 l p  complex 
(SecGlp, S b h l p ,  anLl Sss ly)  associates 
with the  tetrameric Sec62-63 complex 
(Sec62p, - 6 3 ~ .  -71p. and - ' i2p) to  for111 the  
Sec co~np lex  (7 ,  8 ) .  A lumenal dolllain of 
Sec63p ( the  J domain)  interacts with the  
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adenosine triPhosphatase (ATPase)  Kar2p 
(Rip)  ( 9 ) .  Posttranslatio~lal protein trans- 
port occurs in  distinct steps ( 2 ,  3 ,  10, 1 1 ) 
and can  be reproduced with reconstituted 
proteol~posomes that  contaln only the  pu- 
rified Sec complex and KarZp (8 ) .  W e  
have now developed a sol~tble system 
made up of these components that  e l i m -  
nates many of the  problems inherent i n  
reactions tha t  involve membranes and al- 
lows in-denth analysis of t h e  molecular 
mechanism of the  translocation process. 

T o  develop a soluble system, we first 
tested ~vhe the r  a n  interaction between 
t ranslocat~on substrates and the  Sec com- 
plex vlould be rna i~ l t a i~ led  In detergent 




