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The format ion of  the cyc lohexadienone 4a is  the resu l t  o f  an

unprecedenter i  *para"-6vo-a lkyne annula t ion.  Rcduct ion o f  4a

wirh zinc and acetic acid gave the phenoi 9a rvhich was found not

to be identicai with the phenol 2a also isoiated from this reaction-

Although phenoi producs resuiting from the incorporation of two

molecu jes o f  a lkyne.  e  carbon monoxide and a carbene l igand,

have been observed before, they have only been reported with the

reg iochemisr ry  ind icated by 2  in  which the carbene and carbon

monoxide ligands are introduced in adjacent positions in the newly

formed aromatic nuclei. l0 The *para'-two-alkyne phenol (and

dienone) products were observed for the reactions in entr ies a,

b. c and f in Table I. The assignment of their structures was made

for the phenols 2b and 9b on the basis of NOE experiments and
l3C iabeiing experiments which are discussed in the Supplemennry
Material.  

-Possible 
mechanisms to account for the formation of

para-two-alkyne phenols inciucie e [4 + 2] cycloaddit ion of an

alkyne to the vinyicarbene compiex intermediate 1l and a [4 +

2] iycloaddit ion to the vinylkerene complexed intermediate 17.

Current srudies are directed to determine how the reaction con-

dit ions can ieaci to ci i f ferentiat ion between *para'- and *ortho'-

nvo-alkyne annuiated products.
The uniqueness of the transformations leading to the 2-

vinylcyclopentene- 1,3-diones and para-two-aikyne phenols should

promote further. study of the mechanist ic issues and synthetic

opportunit ies raiseci by these init iai  observations.

Acknowledgment. This work was supported by a grant from

the Nat iona l  Sc ience Foundat ion (CHE-8517103)  awarded to

W.D.W. and by a  grant  f rom the Nat iona l  Ins t i tu tes o f  Heai th
(CA 01330) awarded to P.G.W. The Nadonal Inst i tute of Heaith

has provided a predoctoral training grent for C..\ .C. (No. GM

07183) .  Some of  the mass specrra l  dara were obta ined at  the

Midrvest Center for Mass Spectrometry and NSF Regional In-

s t rumenl  Fac i i i ty  (CHE-8211164) .  The NMR inst ruments  used

were funded in part by the NSF Chemicai Instrumentation

Program and by the NCI via the University of Chicago Cancer

Resea rch  Cen te r  (CA-14599 ) .

Supplementary Material r \vai lable: Spectral data for ai l  new

compounds,  s t ructura i  ass ignment  o f  the phenols  2  and 9,  and

X-ray d i f f rac t ion data for  compound 3a (21 pages) .  Order ing

information is given on any current masthead page.

Combining Spontaneous Molecular Assembly with

iVl icrofabrication to Pattern Surfaces: Selective Binding

of Isonitr i les to Plat inum Microwires and

Characterization by Electrochemistry and Surface

Spectroscopy

James J. Hickman, Chaofeng Zou. David Ofer,
Pierre D. Harvey, and Mark S. Wrighton'

Department of ChemistrY
M assachusel ts I ns titute of Technology

Cambridge, ll[assachusetts 021 39

Paul E. Laibinis, Colin D. Bain, and George M. Whitesides'

Department of Chemistry, Haruard Unioersity
Cambridge,,Vassachusetts 02 I 38

Receiued May I, 1989

We wish to report select ive modif icat ion of the Pt microelec-
trodes of a microfabricated array by using redox reagents I and

II having an isonitrile. -NC, functional group, Scheme i. Buiiding

t , {ddrcss  cor respondence to  th is  au thor .
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on studies of macroscnpic surface chemistry,l selective coordination

chemistry of RSH and RCOOH has been recently used to as-

semble monolayers of long chain hydrocarbons or pertluoroalrbons

onto mixed-metal microwire arrays.: Our new results demonstrate

the ability to combine microfabrication and surface coordination

chemistry to pattern a surface with redox actiDe molecular

reagenls.
The rat ionale for investigating the binding of RNC reagents

to Pt is that RNC is isoelectronic rvith CO which is known to binci

firmly to Pt.l It has already been shown that gas-phase CH3NC

wi l l  b i nd  t o  ( l l i )  P to  and  (111 )  Rh5  i n  t he  manne r  imp i i ed  i n

Scheme I.  A iarge number of RNC transit ion metal compiexes

are known.6 and these can be viewed as derivatives of CO com-

plexes. Imporrantly, ,RNC l igands offer considerable diversity

in propenies via variation in R.7 While a few functional grouDs.

e.g., -SH or olef in, have been used to bind reciox reagents to

electrode surfaces,l" 'd ' t  the use of the -NC group for surface

attachment has not been exPlored.

Electrochemrcai and suriace sp€ctroscopic techniques have been

used to establ ish the binding of I  and II  to Pt electrode surfaces.

I and II were preDared from the corresponding ferrocenyianiiiness

and incorporate the reversible redox function (the ferrocenyl

grouo) and unique eiements (e.g., Fe in i  or Cl in I I)  to faci l i tate

Iurfac. anaiysi i  by X-ray photoelectron spectroscopy, XPS,8 or

Auger electron spectroscopy, /\ES.' Typicaily, pretreated Pte rvas

exposed ro - I  mM I or I I  in CH3CN solvent for 5 min at 298

K uncier.{r, removed, and washed thoroughly with CH3CN. prior

to analysis. XPS shows the Fe 2ptn, i07.9 ev, and N is signais.

398 eV, at intensities consistent with about one monoiayer of intact

RNC. The same modif icat ion and analysis procedure using

phenyiferrocene, containing no -NC grouP, shows no surface-

confjned Fe-containing material.  Fourier transform infrared

sDectroscopy, FTIR, tliotnt the -NC vibration at 2137 cm-r for

I bound to Ptr0 vs 212'7 cm-l for I  in CH2CI2. For comparison'
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F igu re  l .  Four  AES e lemen t  l i ne  scans  (C .  C l .  p t .  S i )  ac ross  a  p t
microelectrode arrav der ivat ized rv i rh I I .  Scans are ai igneci  wi th a scale
showing posir ions of  microelecrrodes.  The c iata show Cl  f rom I I  to be
found on the Pt  microwires nor on the Si .Na. The eiecrrochemicar
character izat ion shown in Figure 2 is  for  rhe same array bur pr ior  ro
ana lvs i s  by  AES.

Scheme I .  cross Sect ional  v iew of  Pt  Microwire Array serect ively
Modi f ied wi th RNC

P r

c i  r l

J 9

we f ind the -NC v ibrat ion in  W(CO)5(CNR) (CNR = I )  to  be
at 2113 cm-l in CHrCl2. Thus, XPS, FTIR, and comparison of
behav ior  o f  I  and I I  w i th  pheny l fer rocene show that  the -NC
group does yield surface-confined material.  Linear sweep cycl ic
vo l tammetry  in  CH3CN/0.1 M [n-BuaN]PF5 at  258 K shorvs a
reversible, persistent (> I h) wave at +0.6 V vs Ag and coverage
of 2.1 * 0.2 x l0-10 mol/cm2. Therefore, the data are consistent
wi th  spontaneous at tachment  o f  about  one monolayer  o f  I  or  I I
to  Pt  sur faces v ia  the -NC-Pt  l inkaee.

Patterning in two dimensions using ihe sponraneous atrachment
of  I I  to  Pt  has been demonst ra ted by us ing pt  microe lecr rode
arravs. Each microfabricatedrl arrav consisrs of eieht. individuallv

.  
(  I  0) Specrra were taken for I  bound ro the surface of pt part iclcs dispersed

in  a  v io logen-based rcdox  po lymcr  us ing  methods  s imi ia r  io  those descr ibed
for  P I -CO in :  Andrc .  J . -F . :  wr igh ton .  M.  S .  Inorg .  Chem. I9g6.  2J ,  532.

( l l )  K i t t lesen,  C.  P . :  Whi te .  f i .  g . ;  Wr igh ton ,  I , l .  S .  J .  Am.  Chem.  Soc .
1 9 8 4 .  t 0 6 . 7 3 8 9 .
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Figure 2. C-r 'cl ic voltammerry (500 mV/s) of I I  adsorbed to eighr pt
microe lect rodes in  CH3CN/O.1 M [n-BuoN]PF6 at  258 K.

addressable ,  Pt  microe iect roc ies ( -2  pm wide.  -90 prm long,
-0 . i  pm th ick)  separated f rom each other  bv 1 .4  pm on a f la r
S i3N4 subsrra te .  Immers ion of  a  pret reated Pt  microe lect rode
array into a I mM CH3CN solurion of I i  for 5 min. fol iowed b1'
thorough washing wi th  CH3CN. resu l ts  in  a  sur face where rh :
fer rocenv l  un i rs  are in  p lace on Pt  but  no l  on S i ,No.  XPS anr ;
AES prov ic ie  ev ic ience for  se lect ive (a t  least  100: i )  a t tachmenr
of I and II to Pt vs Si'Na. XPS shows no detectable Fe 2p371 signal
in  S i3Na reg ions of  the ch ip ,  whereas Pt  reg ions have an eas i iy
observed Fe 2p372 s ignai .

AES is  a  h igher  la tera i  reso lu t ion ( -50 nm) technique than
XPS ( -  150 pm) and a i lows c je tecr ion o f  rhe un ique e lement  Cl
from II onlv on the Pt. Figure i .  In part icular. the Cl from II
is shown ro be in registrat ion with the Pt in an eiement l ine scan.
* 'hereas no Cl from II is detected in the Si3N4 region. The C i ine
scan shows substantial enrichment of C on the Pt. consistent with
uprake of I I  on the Pt. Like XPS, AES shows a strong seiectivir; .
(> i 00: I ) of II for Pt vs Si3Na. Linear sweep cvciic voirammerrl,.
Figure 2. as on macros@pic h electrodes, shows a reversible. cyclic
voltammetry wave at +0.6 V vs Ag. The eight Pt microelectrocies
each show electroactive molecules, -2.4 + 0.3 x l0-10 mol/cm2,
or about one monoiayer.

Our results show that i t  is possible to coorci inare isonitr i ies
seiectively to the microfabricated microwires on an insuiat ing
substrate. Such selective l igation may prove useful in studies and
appiications of tai lored surfaces. Our selective coordination
chemistry is a kind of spontaneous molecular self-assembly method
which can be combined with microfabrication techniques, having
a reso lu t ion down to  -5-10 nm,12 to  pat tern sur faces wi th  a
monolayer of moiecuiar redox reagents.
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Figure l .  Four AES eiemenr i ine scans (C. Cl .  Pt .  Si)  across a Pr
microelectrode arrav der ivat ized wi th I I .  Scans are al igned wi th a scale
showing Dosi t ions of  microeiecrrodes.  The dara show Cl  f rom I I  to be
found on the Pt  microwires nor on the Si3No. The eiectrochemicai
character izat ion shown in Fi_sure 2 is  for  the same array bur pr ior  to
analvsis by AES.

Scheme I .  Cross Sect ional  View of  Pt  Microwire Array Seiect ively
Modi f ied wi th RNC

, r t t \

we f ind the -NC vibrat ion in W(CO)5(CNR) (CNR = I) to be
at 2143 cm-r in CH2CI?. Thus, XPS. FTIR. and comparison of
behavior of I  and II  with phenylferrocene show that the -NC
group does yieid surface-confined marerial. Linear sweep cyclic
voltammetry in CH.,CN/0.1 M [n-BuaN]PF6 at 258 K shows a
reversible, persistent (> I h) wave at +0.6 V vs Ag and coverage
of 2.4 + 0.2 X l0-10 mol/cm2. Therefore, the data are consisrent
with spontaneous attachment of about one monoiayer of I  or I I
to Pt surfaces via the -NC-PI l inkage.

Patterning in two dimensions using the spontaneous atrachment
of I I  to Pt has been demonstrated by using Pt microelectrode
arrays. Each microfabricaredrr array consists of eight. individually

( l0) spectra were taken for I bound to the surface of Pt particles dispersed
in a vioiogen-based redox oolymer using mcthods similar io those described
for Pt-CO in: Andre. J.-F.; Wrighron. M. S. Inorg. Chem.l986. ?-{, 532.

(  I  l )  Ki t t lesen,  G. P. :  Whi te.  l { .  g. ;  Wrighton,  M. S.  J.  em. Chem. Soc.
1984 ,  t06 .7389 .
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Figure 2. Cyci ic voitammerry (500 mV/s) of I I  adsorbed to eight Pt
microe iect rodes in  CH3CN/0.1 M [n-BuaN]PF6 ar  158 K.

addressable ,  Pt  microe iect rodes ( -2  prm wide.  -90 sm long.
-0.1 /rm thick) separated from each other b,"" i . ,1 pm on a f lat
Si3N4 substrate. Immersion of a pretreated Pt microelectrode
arrav into a I mM CH3CN soiurion of I I  for 5 min. fol iowed bv
thorough washing with CH3CN. results in a surface where rhr-
ferrocenvi units are in piace on Pt but not on Si3No. XPS ant.
AES prov ide ev idence for  se lect ive (a t  ieast  100:1 )  a t tachment
of I and II to Pt vs Si.Na. XPS shows no detectable Fe 2p372 signal
in Si3Na regions of the chip, whereas Pt regions have an easi iy
observed Fe 2p372 signal.

AES is  a  h igher  la tera i  reso lu t ion ( -50 nm) technique than
XPS ( -  150 pm) anc i  a i iows detect ion o f  the un ique e lement  Cl
from II oniy on the Pt. Figure f .  in part icuiar. the Cl from iI
is shown to be in registrat ion with the Pt in an element l ine scan.
whereas no Cl from II is detected in the Si3N4 region. The C line
scan shows substantiai enrichment of C on the Pt. consistent with
uptake of II on the Pt. Like XPS. AES shows a strong seiecrivir;
(> 100: I ) of II for Pt vs Si3Na. Linear sweep cvciic voitammetrl.
Figure 2. as on macroscopic Pt electrodes, shows a reversible. cvciic
voltammetrv wave at +0.6 V vs Ag. The eight Pt microeiectrodes
each show electroactive moiecuies, -2.4 + 0.3 x l0-10 mol/cm2,
or about one monolayer.

Our resuits show that i t  is possible to coordinate isonitr i ies
seiectively to the microfabricated microwires on an insuiat ing
substrate. Such selective ligation may prove useful in studies and
applications of tai lored surfaces. Our selective coordination
chemistry is a kind of sponuneous molecular self-assembiy method
which can be combined with microfabrication techniques, having
a resoiut ion down to -5-10 nm,l2 to pattern surfaces with a
monoiayer of moiecuiar redox reagents.
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