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Figure 3. Angle resolved XPS data for a bilayer of w-mercapto-
hexadecanoic acid. Note that S~Cu and Cu track each other in I:} ratio
at all angles, suggesting their close proximity in the bilayer.

Usually, a thiolate is the preferred ligand, even when a carboxylate
group is present,!’®!* Furthermore, weakly bound short chain
carboxylic acid species have been used in self-assembly to “protect”
gold surfaces from unwanted adventitious contaminants. The acid
is removed easily during the subsequent thiol adsorption. From
angle-resolved XPS studies to determine whether there is any
competitive adsorption between the carboxylate and the thiol
functionalities on gold surfaces, we have found that there is, within
the detectable limits, no carboxylate-substrate binding and that
the thiolate-substrate reaction is dominant.!* Finally, it has been
found that the binding energies of alkanethiols to copper and to
gold surfaces are similar.'¢

The structure emerging from the data presented so far is that
multilayer formation occurs via the formation of copper(II)
thiolate adsorbed on an acid surface. Figure 2 shows an XPS
spectrum indicating the two types of sulfur species in the system,
one bonded to gold (161.8 eV) and one to the Cu(Il) (163.5 eV).
We note that the interlayer bonding is not clear, however, given
the surface stoichiometry, it is unlikely that we have a simple
—CO,~Cu~S~ connection. From the wetting data it is concluded
that the w-mercaptoalkanoic acid is attached to the copper car-
boxylate surface through the thiol end (the advancing contact angle
on an SH surface is 71 & 3°).17 As a control reaction, we exposed
the Cu?* surface to a | mM solution of arachidic acid in an
ethanol-dodecane mixture. No adsorption of the arachidic acid
could be detected. Figure 3 presents the XPS as a function of
electron takeoff angle (ETOA) for the two sulfur species and
copper, clearly indicating that the second monolayer is adsorbed
through the Cu-S bonding mode.!* However, there are two
disturbing points in Figure 3. The first is the S—Cu and Cu that
track each other in 1:1 to 1.1:1 ratio at all angles, thus suggesting
their close proximity in the bilayer, but in disagreement with an
expected 2:1 ratio. Note that if the ratio of 1:1 is correct, the
number of molecules in the second layer should be half of that
in the first one, and so on. This sharp decrease in monolayer
density is in complete disagreement with both the ellipsometric
and the IR data. The second is that the angle-dependent XPS
data are inconsistent with a structure in which the copper and
the sulfur bound to it are buried beneath ~ 16 A of hydrocarbon
and may suggest a chemisorption of the carboxylic group on the
Cu®* surface. This, however, is in disagreement with the fact that

(14) Nigam, H. L.; Srivastava, U. C, Inorg. Chim. Acta 1971, 5, 338.

(15) Evans, S. D.: Ulman, A., unpublished results.

(16) Nuzzo, R. G., private communication.

(17) Balachander, N.; Sukenik, C. N. Langmuir 1990, 6, 1621.

(18) Long exposure of samples to X-rays results in the apparent reduction
of the Cu(II) and disorption of material. Therefore, it is recommended to use
a new sample for every takeoff angle.
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arachidic acid does not adsorb on these Cu?* surfaces. Thus, while
all evidence suggests the formation of complete monolayers, the
XPS data suggest otherwise. We believe that complete monolayers
are formed with thiol adsorption and with a 2:1 S/Cu ratio and
that XPS is not a quantitative analytical tool in this case. A careful
examination of many XPS spectra shows that even in the “best”
cases, the Cu?* peak is skewed, suggesting some reduction of the
copper, even upon very short exposure to X-rays. Such reduction,
for example to Cu'!*, results immediately in the formation of
disulfides that would desorb in the ultrahigh vacuum, leaving a
partial monolayer. If this is correct—we could not find any
evidence in the XPS data to dispute it—both the S/Cu ratio and
the takeoff angle results can be understood. Still, we cannot
explain why we could not produce complete monolayers from
simple alkanethiols (e.g., octadecanethiol CH;(CH,),,SH) on the
copper carboxylate surface. The only speculation we can provide
is that since there is only one Cu?* ion for two alkyl chains, the
carboxylic groups play an important role in the adsorption,
probably through H-bond stabilization of molecular dimers.

While full structural characterization of these films awaits
detailed study, ellipsometry, XPS, and preliminary IR spectra
indicate that water-stable multilayers of uniform thickness can
be self-assembled via sequential adsorption of w-mercaptoalkanoic
acid and Cu?* ions.

Supplementary Material Available: FTIR reflection absorption
spectrum vs number of layers for multilayers of I and an XPS
Cu 2p;, spectrum (2 pages). Ordering information is given on
any current masthead page.
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As a part of our continuing investigations of biomimetic Cu',/O,
reactivity,>? we recently described the reversible reaction of the
mononuclear cuprous complex [LCu(RCN)1* (1, L = tris[2-
pyridyl)methyl]amine, R = CH; or C,H;) with O, to give the
trans-u-1,2-peroxo-bridged dicopper(11) complex, [{LCu},(0,)]**
(3) (Cu~Cu = 4.36 A).22 Copper-dioxygen interactions are of
fundamental importance in Cu(l) autoxidation and chemical/
biological oxidation processes.*® One-to-one Cu-O, adducts are
implicated in these processes, while recent studies reveal the
presence of such entities as important intermediates in the action
of copper phenylalanine hydroxylase’ and amine oxidases.?
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Scheme [
kI|
[LCU'RCN)* + O, T/ [LCu(Oy]' + RCN eq 1
1 k,y 2
; k
[LCu'(RCN))* + [LCu{Oz)]" eq 2
1 2 K,
[{LCu},(0*
[{LCu},(0p)1** irreversible decay eq 3
3
Table I. Summary of Calculated and Derived Kinetic and Thermodynamic Parameters for [Cu(TMPA)RCN]**
kb (s") = koo (M2571) = K (M) = Kt (M?)=
ky (M™'s™) ki /K, ky (M's™) k(s Kk, K, (M™) ka/k- KK,
(-90 °C) 1.8 x 10* 13 43 x 10* 1.9 % 1074« 6.0 x 107 1.4 x 10° 2.3 % 10%¢ 3.2 x 10"¢
(25 °C) 9.0 X 107 32X 10% 1.5x 10 1.7 x 10° 44 x 10° 0.285¢ 890 2.5 % 102
AH* (kJ/mol)  31.7%33 652+£40 122+£04 61.3£32 213 % 1.1
AS* (J/mol K) 1417 137 + 21 -86 + 2 23+ 13 209 £ 6
AH® (kJ/mol) -335+07 -49.1%36 -826%43
AS? (J/mol K) -123+ 4 -109 £ 15 -232£ 19

“The results presented here are based on the analysis of 118 kinetics runs (50 spectra each) obtained with initial concentrations of [LCu(RCN)]*

of (1.9-6.8) X 107* M and [O,] = (0.92-4.4) X 107 M between -91 and -1

2 °C. Activation and thermodynamic parameters were obtained from

log versus 1/T plots with standard linear regression analyses. ®Derived values, from equations shown. ¢Relatively uncertain values calculated from

activation parameters determined in a different temperature range.

Dioxygen interactions with di- or trinuclear copper centers also
occur in proteins such as hemocyanin (O, carrier),’ tyrosinase
(monooxygenase),'® and multicopper oxidases (e.g. laccase,'
ascorbate oxidase'?). In this report, we provide the first kinetic,
thermodynamic, and spectral parameters for a primary adduct
[LCu(Oy)]* (2), i.e., the intermediate in the formation of
[ILCu},(0,)]** (3)."* With the structural characterization of
3,2 we are thus afforded an excellent opportunity to study the
kinetics and thermodynamics of formation of this well-defined
Cu,0, species, and these data are also provided.

Upon rapid mixing solutions of O, and [LCu(RCN)]* (1) in
EtCN,'* temperature-dependent UV-vis spectral changes occur.'%
Between —90 and -75 °C, there is rapid formation of a species
(2, eq 1, vide infra) with A, at 410 and 747 nm; this quickly
decays and is transformed into the stable complex [{LCu},(0,)]**

(9) (a) Volbeda, A.; Hol, W. G. J. J. Mol. Biol. 1989, 209, 249-279.

(10) Wilcox, D. E.; Porras, A. G.; Hwang, Y. T.; Lerch, K.; Winkler, M.
E.; Solomon, E. 1. J. Am. Chem. Soc. 1985, 107, 4015-4027.

(11) Cole, J. L;; Tan, G. O.; Yang, E. K.; Hodgson, K. O.; Solomon, E.
1. J. Am. Chem. Soc. 1990, 112, 2243-2249,

(12) Messerschmidt, A.; Rossi, A.; Ladenstein, R.; Huber, R.; Bolognesi,
M.; Gatti, G.; Marchesini, A.; Petruzzelli, R.; Finazzi-Agrd, A. J. Mol. Biol.
1989, 206, 513-529.

(13) There is only one other rate constant known for formation of an
unstable and uncharacterized primary O, adduct of cuprous ion: k =1 X 10%
M-' 57! (20 °C) for formation of Cu-O, from Cu'(,;). See: Zuberbiihler, A.
D. Helv. Chim. Acta 1970, 53, 473-485 and ref 5.

(14) (a) A multiwavelength (360-750 nm) and variable-temperature
stopped-flow kinetics technique was used to study the reaction of O, with
Cu(l) complexes. A Canterbury SF-3A stopped-flow system was coupled with
a Zeiss MCS 512 diode-array detector and a Hewlett Packard 300-series
computer for data collection. (b) Data reduction by factor analysis and
nonlinear least-squares refinement for the rate constants was performed with
the program package KINFIT (to be published). The underlying mathematics
are closely analogous to those described previously for spectroscopic equilib-
rium studies (Gampp, H.; Maeder, M.; Meyer, C. J.; Zuberbihler, A. D.
Talanta 1985, 32, 95-101), the evolution of species concentrations being
calculated by numerical integration based on the predictor—corrector method
for stiff differential equations. (Gear, C. W. Numerical Initial Value Prob-
lems in Ordinary Differential Equations, Prentice Hall: Englewood, NJ,
1971.) (c) A figure showing the UV-vis spectral changes during the oxy-
genation of 1 is given in the supplementary material.
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Figure 1. Spectra calculated from the kinetic data analysis for (a) Cu(l)
precursor [LCu(RCN)]* (1), (b) 1:1 Cu—O, adduct [LCu(O,)]* (2), and
(c) peroxo complex [[LCu}y(0,)]?* (3). Absorptivity units were calcu-
lated per mol of copper ion.

(3, eq 2), having 525 and 595 (sh) nm absorptions.* Above -75
°C the rate of formation of the 410-nm band is beyond the in-
strumental limit, and the thermodynamic stability of the inter-
mediate decreases with increasing temperature. Above -50 °C,
formation of 3 is also incomplete. In addition, irreversible decay
to secondary products becomes significant and the 410 nm in-
termediate is reduced to a steady state concentration at higher
temperature.

Complete analyses'*® provide kinetic and thermodynamic pa-
rameters for the O,-binding process (eqs 1 and 2). The 410 nm
(e = 4000 M~ cm™) and 747 (e = 1000 M~! cm™) nm absorptions
are attributed to the primary Cu-0O, adduct [LCu(O,)]* (2),
generated initially (eq 1) with k; = 1.8 X 10* M~ 57! at -90 °C
(Table 1).'"* The equilibrium constant for formation of 2 is K,
=k,/k, =1.4x10* M at -90 °C. Above —-50 °C, in place

(15) In accordance with the X-ray structural study of 3 along with coor-
dination chemical considerations, we presently have to assume that RCN is
lost upon dioxygen binding to 1.
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of the individual rate constants k;, k_, and k,, a composite rate
constant k,, = k,k,/k_, = Kk, can be calculated directly (Table
I) to describe the formation of the final 2:1 adduct [{L.Cu},(0,)]**
(3). This has a negative temperature dependence (i.e., AH* =
=21 kJ mol™), clearly explained by the fact that k_; has a stronger
temperature dependence than k; and k, combined; thus binding
of O, to form the 2:1 adduct (3) is slower at higher temperatures.
The overall data analysis leads to the calculated final spectra shown
in Figure 1; the spectrum of 3 agrees very closely with that ob-
served under “synthetic” conditions.?

It is interesting to compare the results here with the limited
data available in other copper-containing systems? as well as for
iron and cobalt.!*!® The present study provides the first full data
for 1:1 Cu(l)-dioxygen adduct development, either in protein or
synthetic systems. The formation of [LCu(O5)1* (2) (k, ~ 108
M-1s71 caled at 25 °C, Table 1) is faster than the rates seen for
most LCo(I1) 1:1 oxygenation reactions (k, = 10°~10° M1 57,
25 °C).!'6 The molecularity of the reaction of O, with 1 precludes
meaningful comparisons of k,, with other Cu,0, complexes derived
from discrete dinuclear precursors.? However, k,, = 4.4 X 105
M2 57! at 25 °C for 3 (6.0 X 107 at =90 °C) parallels ligand-
dependent values seen for peroxo—dicobalt(III) (Co,0,) complexes
analogously derived from mononuclear LCo(I1) species.!® For
heme—proteins or porphyrin-Fe! model complexes, the O, on-rates
(k; ~ 10%-10° M~ s71) are similar to that seen for formation of
2. However, it appears that off-rates for iron species are much
smaller, giving rise to larger K, values (K; ~ 10%-10¢, 20 °C).1¢

For 1 and other nonprotein Cu(I) complexes,’ the strong low-
temperature O, binding for either 1:1 or 2:1 adducts is enthalpic
in origin.’ Large negative AS® values preclude room-temperature
stability of the Cu,0, synthetic complexes; this effect is not present
in the multisubunit protein hemocyanin.31® Co,0, complexes
also exhibit large negative AS® values, but considerable room-
temperature stabilities (log K., ~ 6~15)!%1718 are derived from
much larger negative AH®maion Values (e.g., ~120 to ~150
kJ/mol).16.17

The 1:1 Cu/O, species is of considerable interest as the im-
portant primary cuprous ion—dioxygen adduct, since its further
reduction leads to O, activation in both chemical and biological
systems, 462021 Chemical investigations of Valentine and co-
workers?? and Thompson?? lead to the formulation of such species
as superoxo—cupric complexes (e.g., Cu'-0,7), and Thompson
was able to isolate a stable solid compound [LCu(O,)] (L =
hydrotrls(3 5-dimethyl-1-pyrazolyl)borate, vg o = 1015 cm™! for
180, Amex = 524 nm (e = 600 M~! cm™). The structure of this
complex was suggested to contain an unsymmetrical terminally
coordinated O, ligand, but a symmetric side-on n’-superoxo
ligation probably merits consideration.?® Further efforts will be
aimed at the characterization and reactivity studies of stable
analogues of [LCu(0,)1* (2).

(16) (a) Niederhoffer, E. C.; Timmons, J. H.; Martell, A. E. Chem. Rev.
1984, 84, 137-203. (b) Wilkens, R. G. In Oxygen Complexes and Oxygen
Activation by Transition Metals; Martell, A. E.,, Sawyer, D. T., Eds.; Plenum:
New York, 1988; pp 49-60. (c) Fallab, S.; Mitchell, P. R. Adv. Inorg.
Bioinorg. Mech. 1984, 3, 311-377. (d) Jones. R. D.; Sommerville, D. A.:
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J.; Wilkins, R. G. J. Am. Chem. Soc. 1967, 89, 6092-6095. (b) For Co!!
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Switzer, J. A.; Balakrishnan, K. P.; Endicott, J. F. J. Am. Chem. Soc. 1980,
102, 5511-5518.
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(21) Superoxide dismutation reactions also involve Cu-0, intermediates:
Cabelli, D. E.; Bielski, B. H. J.; Holeman, J. J. Am. Chem. Soc. 1987, 109,
3665-3669, and references cited therein.

(22) Nappa, M,; Valentine, J. S.; Miksztal, A. R.; Schugar, H. G.; Isied,
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Alkynyliodonium species, 1, have become useful reagents for
the preparation of monofunctionalized acetylenes and other
valuable synthetic transformations.'”> However, to date, with

RCEC11+Ph X"

the exception of the 8-Me;Si-substituted system (1: R = Me,Si),
no B-functionalized alkynyliodonium species are known,* the full
synthetic potential of these novel tricoordinate iodine species®
thereby being limited.

Hence in this communication, we report the preparation of a
variety of hitherto unknown S-functionalized alkynyl(phenyl)-
iodonium triflates via a new, unique iodonium-transfer process
involving the readily available® PhI*CN -OTf as the transfer
agent.’

A variety of functionalized alkynyliodonium salts may be
prepared in good yields in a single step by the interaction of the
appropriate alkynylstannanes® 2 with PhI*CN -OTf (Scheme I)
in CH,Cl, at low temperature. Compounds 4a-~f are isolated by
low-temperature filtration under a N, atmosphere and are re-
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1990, 9, 3191. Stang, P. J.; Kitamura, T.; Boehshar, M.; Wingert, H. J. Am.
Chem. Soc. 1989, 111, 2225. Kitamura, T.; Stang, P. J. Tetrahedron Lett.
1988, 29, 1887. Stang, P. J.; Boehshar, M.; Wingert, H. J. Am. Chem. Soc.
1988, 710, 3272. Stang, P. J.; Kitamura, T. J. Am. Chem. Soc. 1987, 109,
7561. Stang, P. J.; Surber, B. W.; Chen, Z. C.; Roberts, K. A.; Anderson,
A. G. J. Am. Chem. Soc. 1987, 109, 228.

(2) Lodaya, J. S.; Koser, G. F. J. Org. Chem. 1990, 55, 1513, Margida,
A.J.; Koser, G. F. J. Org. Chem. 1984, 49, 4707. Carman, C. S.; Koser, G.
F. J. Org. Chem. 1983, 48, 2534,

(3) Ochiai, M,; Ho, T.; Takaoka, M.; Masaki, Y.; Kunishima, M.; Tanis,
S.; Nagao, Y. J. Chem. Soc., Chem. Commun. 1990, 118. Ochiai, M.;
Kunishima, M.; Nagao, Y.; Fuji, K.; Shiro, M.; Fujita, E. J. Am. Chem. Soc.
1986, /08, 8281. Ochiai, M.; Kunishima, M.; Suni, K.; Nagao, Y.; Fujita,
E.; Arimoto, M.; Yamaguchi, H. Tetrahedron Lett. 1985, 4501.

(4) Stang, P. J.; Arif, A. M,; Crittell, C. M. Angew. Chem., Int. Ed. Engl.
1990, 29, 287. Kitamura, T.; Stang, P. J. J. Org. Chem. 1988, 53, 4105.

(5) Reviews: Moriarty, R. M,; Vaid, R. K.; Koser, G. F. Synlert 1990, 365.
Merkushev, E. B. Russ. Chem. Rev. 1987, 56, 826. Moriarty, R. M.; Prakash,
O. Acc. Chem. Res. 1986, 19, 244. Ochiai, M,; Nagao, Y. Yuki Gosei Kagaku
Kyokaishi 1986, 44, 660. Varvoglis, A. Synthesis 1984, 7099. Koser, G. F.
In The Chemistry of Funclional Groups; Patai, S., Rappoport, Z., Eds.;
Wiley-Interscience: New York, 1983; Suppl. D, Chapters 18 and 25, pp
721-811, 1265-1351. Umenoto, T. Yuki Gosei Kagaku Kyokaishi 1983, 41,
251, Varvoglis, A. Chem. Soc. Rev. 1982, [0, 377.

(6) Zhdankin, V. V,; Crittell, C. M,; Stang, P. J.; Zefirov, N. S. Telra-
hedron Lett. 1990, 4828,

(7) Stang, P. J.; Zhdankin, V. V. J. Am. Chem. Soc. 1990, 112, 6437.
Stang, P. J.; Zhdankin, V. V. J. Am. Chem. Soc. 1991, 113, 4571.

(8) Cauletti, C.; Furlani, C.; Sebald, A. Gazz. Chim. Ital. 1988, /18, 1.
Kleiner, F. G.; Neumann, W, P. Justus Leibigs Ann. Chem. 1968, 716, 19.
Davidsohn, W. E.; Henry, M. C. Chem. Rev. 1967, 67, 73.

0002-7863/91/1513-5870802.50/0 © 1991 American Chemical Society



