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Abstract: Despite its generally poor catalytic properties,

bulk gold metal is observed to catalyze reactions

of isocyanides (C=N—R) with primary amines (H.N—R') and O; to give carbodiimides (R—N=C=N-—R’) at
room temperature and above. Detailed infrared reflection absorption spectroscopic (IRRAS) and kinetic
studies show that the reaction occurs by initial 7*-adsorption of the isocyanide on the Au surface, which
activates the isocyanide to attack by the amine. This attack is the rate-determining step in the catalytic
cycle and has characteristics very similar to those of amine reactions with coordinated isocyanides in
transition metal complexes. However, the metallic Au surface provides a pathway involving O, to give the
carbodiimide product whereas homogeneous metal ion catalysts give formamidines [HC(=NR)(NHR")].

Introduction

Organic isocyanides (RN=C) adsorb on the surfaces of the
following metals: nickel, rhodium? palladium? platinum?
silver? and gold in different forms (filn§, powder’ or nano-
particle§). Some modes of isocyanide adsorption on these
different metals are shown in Scheme 1. On Au and #gs
the observed &N—R adsorption mod&l® The bonding
interaction between Au and the isocyanide primarily involves
o donation of the lone pair of electrons from carbon to gold.
Bulk gold metal is a very poorr donor, as evidenced by its
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Scheme 1. Modes of Isocyanide Adsorption on Metal Surfaces
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very weak interaction with carbon monoxi#fewhich suggests
that there is little if anyr back-donation from the metal to the
isocyanide.

Diisocyanides, &EN—R—N=C, with a flexible alkyl carbon
chain (R), adsorb to the gold surface through both isocyano
groups’d12130n the other hand, when R is a rigid aromatic
unit and the isocyano groups gpara to each other, only one
isocyano group adsor§&214The free NC group has been used
to bond other moleculé’$, metal clusterd® nanoparticled®1”
and to form multilayers on gold surfacEsThe adsorption of
1,4 phenylenediisocyanide on gold nanoparticles is of special
interest because the diisocyanide is proposed to bind to two
different nanopatrticles, with potential applications as a molecular
wire 82 8b

Despite the large number of studies of adsorbed isocyanides
on gold surfaces, there are no reports of reactions of adsorbed
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isocyanides or attempts to determine whether these moleculeswith primary amines as is observed for isocyanide ligands in
are activated to react when adsorbed to gold; however, themetal complexes. Additional goals were to explore the pos-
addition of a hydrogen atom to the nitrogen atom eEXC— sibility that diaminocarbene groups are detectable on the gold
CHs adsorbed on Pt(111) has been repoftglt is well-known surface, to determine whether formamidine or some other
that »*-coordinated isocyanides in transition metal complexes products are formed in the reactions, and to determine whether
are activated to attack by nucleophiles such as amines (eq l)reactions of isocyanides and primary amines are catalyzed by

and alcohold8-20

NHR
LaM-C=N-R + HoN-R' ——= LM~-C{ 1)
NHR'

An indicator of the susceptibility of such isocyanide ligands
to nucleophilic attack is the magnitude of the increase of the
N=C infrared stretching frequency(NC), of the coordinated
isocyanide as compared to that of the freeNR=C molecule.

A value of Av(NC) = »(NC)coora — ¥(NC)ree greater than 40
cm™! in some systems indicates that a coordinated isocyanide
is capable of reacting with nucleophilic agents such as artiies.
Diaminocarbene complexes resulting from such a reaction have
been isolated for complexes of Pt, Pd, Au, Ag, and'¥&.
Isocyanide complexes of Au(l) and Au(lll) that have been
reported to undergo such reactions argFJXp-CH3;CgHsN=
C)Au 2t (p-CH3CsH4N=C)AUCI 22[(RN=C),Au] " (R = CgH13,
p-CH3CgH.),2% and (GFs)3(p-CH3CsH4sN=C)Au.2* The isocya-
nide ligand in the gold clusters [A(PPh);(CNR)] (R = tert-
butyl; i-propyl) also reacts with primary amines to form
diaminocarbene cluster complexX&she adsorption of isocya-
nides on metallic gold surfaces is also accompanied by an
increase inv(NC) to give Av(NC) valueg?® between 55 and

90 cn1?, which suggests that adsorbed isocyanides should be
susceptible to attack by nucleophiles.

Reactions between isocyanides and primary amines to give
formamidines (eq 2) are sometimeatalyzedby metal ions.

NR
/)
¢’

[ 2)
NHR'

C=N-R + R'-NH, —

Such is the case for group 11 and 12 metals{(@w™, Zrét,
Cd?*, and Hg™). It was proposed that these catalytic reactions
proceed by a mechanism that involves initial coordinatigh) (
of the isocyanide to the metal ion followed by attack of the
amine on the isocyanide carbon atom, and then elimination of
the product formamidin& For Au(l) and Au(lll) complexes,
the formamidine is liberated from the diaminocarbene complex
only upon displacement by other ligands such assPPEN—.26

In the present study, we sought to determine whether
isocyanides adsorbed on bulk gold metal are activated to reac

(18) Vogler, A.lsonitrile Chemistry Ugi, ., Ed.; Academic Press: New York,
1971; p 217.

(19) (a) Michelin, R. A.; Pombeiro, A. J. L.; Guedes da silva, M.Gaord.
Chem. Re 2001, 218,75. (b) Chatt, J.; Richards, R. L.; Royston, G. H. D.
J. Chem. Soc., Dalton Tran3973 1433.

(20) Crociani, BReactions of Coordinated Ligandgol. 1; Braterman, P., Ed.;
Plenum Press: New York, 1986; p 553.

(21) Uson, R.; Laguna, A.; Vicente, J.; Garcia, L.; Bergarechd, Brganomet.
Chem 1979 173 349.

(22) Bonati, F.; Minghetti, TJ. Organomet. Chen1973 59, 403.

(23) Minghetti, G.; Baratto, LJ. Organomet. Cheni975 102, 397.

(24) Uson, R.; Laguna, A.; Laguna, M.; Fernandez, E.; Jones, B. Ghem.
Soc., Dalton Trans.: Inorg. Cheni982 10, 1971.

(25) Bos, W.; Kanters, R. P. F.; Van Halen, C. J.; Bosman, W. P.; Behm, H,;
Smits, J. M. M.; Beurskens, P. T.; Bour, J. J.; Pignolet, LJHOrganomet.
Chem.1986 307, 385.

(26) (a) Parks, J. El. Organomet. Cheni974 71453. (b) Minghetti, G.; Bonati,
F.; Banditelli, G.Inorg. Chem 1976 15, 1718.

10614 J. AM. CHEM. SOC. = VOL. 128, NO. 32, 2006

t

gold metal, even though bulk gold metal is known to be a poor
catalyst; however, it is noted that supported gold nanoparticles
are very active catalyst:28 Through these investigations, we
sought to understand the similarities and differences between
reactions of isocyanides in transition metal complexes and on
bulk gold metal surfaces.

Experimental Section

Except where stated otherwise, all experiments were performed in
air, at room temperature. The isocyanidesutyl isocyaniderf-BuNC),
1,1,3,3-tetramethylbutyl isocyanide (TMBNC), and cyclohexyl isocya-
nide (CyNC) were purchased from Sigma Aldrich and Strem Chemicals
and kept in a freezer at-20 °C. (Although isocyanides have a
penetrating odor, the quantities used in these studies were so small
that odors were avoided by performing all manipulations and reactions
in the hood. Glassware was washed with KOH/ethanol solutions. Gold
films containing adsorbed isocyanides have a slight odor when handled
outside the hood.) The aminesiodecylaminer{-DoNH,), cyclohexyl-
amine (CyNH), benzylamine (BzNH), obtained from Sigma Aldrich,
andn-butylamine -BuNH,) obtained from Alfa Aesar, were used as
received. The solvents 1,2-dichloroethane (DCE), ethanol (EtOH) and
hexane are spectrophotometric grade and were obtained from Sigma
Aldrich.

Gold Substrate Preparation. The gold films were prepared on glass
slides (25 mm/75 mm) by physical vapor deposition. First, a 15 nm Cr
layer was deposited and then 300 nm of ¢SldEvaporation and
deposition were performed in a cryopumped E306A Edwards Coating
System, maintaining the pressure during evaporation belowl® ¢
Torr and a deposition rate of 0.2 nm/s. Gold slides were stored in dry
air, in a desiccator. The gold powder was prepared from HAbEI
reduction with hydroquinone according to a published procéflarel
had a surface area of 0.35/gand a particle diameter of approximately
1 um.”2 The gold powder was washed with methanol in a Soxhlet
extractor for 24 h and dried in air in the oven at I’ for 1 h.

Gold Surface Cleaning.Clean gold surfaces for isocyanide mono-
layer formation were obtained by treating previously used gold
substrates with “piranha” solution (a 3:1 mixture of concentrats®ii
and 30% aqueousi,; CAUTION: Add H,SO, to H,O,, manipulate
carefully and neutralize everything with b@0O; immediately after
finishing the experiment). The gold slides were placed in 50 mL of
freshly prepared “piranha” solution for 5 min. Then the slides were
washed thoroughly with deionized water and methanol and dried in an
oven at 125°C for 2 h. The gold powder was cleaned in a similar
manner using our previously published methid8oth the gold film
and the gold powder, when treated in this way, gave clean surfaces
that exhibited no absorption peaks in their IR spetti@uch cleaned
Au surfaces adsorbed isocyanide like the freshly prepared Au substrates.

Monolayer Preparation. Monolayers were formed by immersing
the gold slides for 24 h into 50 mL of 5 mM isocyanide solution in
DCE. Upon removal from the isocyanide solution, the slides were rinsed
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with ethanol for 5 s, to remove the unadsorbed isocyanide, and dried 100

in an air flow for about 10 s. The following procedure was used to -\ ——hexane

create an isocyanide monolayer on gold powdet:mL of 5 mM 75 :DCE |

isocyanide solution in DCE was added to a Pyrex test tube containing
1.00 g of gold powder. The test tube was capped with a Teflon-lined
screw cap, shaken for 30 s, and then allowed to settle for 24 h. The
isocyanide solution was decanted, and the gold powder was allowed
to dry in air for 24 h.

Infrared Reflection Absorption Spectroscopy (IRRAS).IRRAS
measurements were performed on a Nicolet 850 FT-IR spectrometer
with a liquid nitrogen cooled HgCdTe detector amgbolarized light
incident at 82. During the analysis, the spectrometer was purged with

nitrogen. The spectra were collected by referencing 512 sample scans

to 512 reference scans at a resolution of 2 tmith Happ—Genzel
apodization and reported adog(R/Ry), whereR is the reflectivity of
the sample andR; is the reflectivity of the reference. The reference
was a monolayer ofi-octadecanethiol prepared on the same type of
gold slide by immersing the slide for 12 h in a 1 mM solution of
n-octadecanethiol in ethan®32The spectra were processed to remove
absorptions due to traces of water and,@@d baseline corrected using
OMNIC software.

Reactions of Adsorbed Isocyanides on Au with AminesA gold

peak intensity (%)

time (h)
Figure 1. Decrease of the(NC) peak intensity oh-BuNC adsorbed on
a Au film with time, upon immersion in solvents. On thaxis is the percent
of the peak intensity expressed &% x 100, wherdy is the initial intensity
of the peak and is the peak intensity at time

of the reaction solution and analyzing it by GC using the experimental
conditions described above and standard solutionsBifNC and Bl
N=C=N-Bu' for quantitation of then-BUNC and Bll—N=C=N-—

Bu" present in the reaction solutions. The rate of the reaction of 0.5
mM n-BuNC with 50 mMn-BuNH, under a pure @atmosphere at 60

slide prepared with adsorbed isocyanide on its surface, as described®C was the same as the same reaction performed under an air

above, was placed in 25 mlf @ 5 mM amine solution in hexane for
a specific period of time in air. Then the slide was removed from the
solution, rinsed in an ethanol flow for 3 s, dried in a nitrogen flow for
30 s, and placed directly in the IRRAS spectrophotometer for the
spectral measurements.

To 1.00 g of gold powder with isocyanide adsorbed on the surface
was added 1 mL of 5 mM amine solution in hexane in air. The test

atmosphere, and the yield (68%) of BtN=C=N-—Bu" was nearly

the same as that (76%) achieved under an air atomosphere. When the
same reaction was performed under an argon atmosphere, the reaction
gave small amounts of the BuN=C=N-—Bu" product, but only 4%

of then-BuNC had reacted after 2 h, whereas 100% of the isocyanide
reacted after the same time when the reaction was conducted in air or
O.. The small amount of reaction observed under argon was presumably

tube was capped, and the contents were stirred with a magnetic bar fordue to adventitious oxygen. These results show thas @ reactant in

5 min in the case of-BuNH, and for 10 min for the rest of the amines.
A sample of this solution was analyzed by GC-MS to identify the
reaction products RN=C=N-R'

GC-MS Analyses.These analyses were performed on a Micromass
GCT gas chromatograph mass spectrometer from Waters Corporation
Beverly, MA. The instrument includes an Agilent 7683 series autosam-
pler, an Agilent 6890 gas chromatograph, and a Micromass time-of-

’

these reactions.
Results and Discussion

Adsorption/Desorption of Isocyanides on Gold Films.
IRRAS spectra of isocyanide monolayers on gold slides, formed
by placing the slides in 50 mL of 5 mM isocyanide in DCE for

flight mass spectrometer. Instrument control, data acquisition, and data24 h at room temperature, showed a stroiyC) absorption

processing used a Compaq Deskpro PC workstation with a Windows
XP operating system. The application software was MassLynx 4.0 from
Waters. The computerized libraries include the NIST 2002 from the
National Institute of Standards and Technology (147 198 entries), and
the Wiley Registry of Mass Spectral Data, 7th Edition, from John Wiley
& Sons, Inc. (329 171 entries). A Varian VS-5MS capillary column
(30 m length, 0.25 mm internal diameter, 02% film thickness, 5%
phenyl, 95% methyl silicone polymer) was used to determine product
yields. The GC analysis conditions were as follows: carrier gas (He);
mode (constant flow); initial column temperature (4%); temperature
program: time at initial temperature (2 min)/heating rate {@&min)/
final temperature (280C).

Kinetic Studies of the Reaction betweem-BuNC, n-BuNH,, and
O, Catalyzed by Gold Powder.In a 10 mL round-bottom flask was
placed 1.00 g of clean gold powder. A mixturereBuNC, n-BuNH,
andn-decane in hexane solution was added to the geldecane was
the internal standard for quantitative GC analysis. The flask was
thermostated at the desired temperature using an oil bath. The
experiments were performed in air at room temperature af€6&a@th

at 2200-2225 cn1?. In this region of the spectra, no other peaks
of the analyzed molecules are present. On the gold film, the
»(NC) absorptions shift to higher wavenumbers as compared
with those of the free isocyanides. For example iNC) value

for n-BuNC in DCE is 2148 cm!, whereas that fon-BUNC
adsorbed on gold film is 2224 1 cnr L. Values ofv(NC) for

the free and adsorbed isocyanide for the other two isocyanides
used in this study are: TMBNC, 2133 cn(in DCE), 2205
cm ! (adsorbed); CyNC, 2140 cmh (in DCE), 2216 cm?
(adsorbed). The IRRAS spectra show that the isocyanide
monolayers on the Au film are stable for at least 2 or 3 weeks,
if the gold slides are kept in a desiccator (in air) at room
temperature.

To determine the stability of the-BuNC isocyanide mono-
layer toward desorption in a solvent, the Au slides were placed
in 25 mL of hexane at room temperature. Periodically the slides
were removed from the hexane, rinsed with ethanol, dried in

continuous stirring with a stirbar. One set of experiments was made an N flow, and the IRRAS spectra were recorded. The decrease

with 0.5 mM isocyanide, and the amine concentration was varied from N intensity of thev(NC) peak was used to determine the

5 to 50 mM. Another experiment was made with 4.5 mM isocyanide approximate rate at which the isocyanide was removed from
and 45 mM amine. For all experiments, the total solution volume was the surface. By repeated immersions of the slide in hexane, it
3.0 mL. The reaction was monitored by periodically removing a sample was possible to determine an approximate rate for the desorption
process (Figure 1). During the desorption, t{IC) value of

the remaining adsorbed isocyanide shifts to higher values (for
example, 2225 cmt initially, but 2232 cm? after ~40% of

(31) Walczak, M. M.; Alves, A. A.; Lamp B. D.; Porter, M. D. Electroanal.
Chem.1995 396, 103.
(32) zZhong C.-J.; Zak, J.; Porter, M. D. Electroanal. Chem1997, 421, 9.
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2then-BuNC had been removed); this shift suggests that there 100

are different types of adsorption sites on the gold surface. Within I
the first minute, approximately 55% of the adsoreBuNC —=-onNC |
is removed from the surface. After that, slow desorption removes

& —A—TMBNC

another 10% in approximately 2 h, whereas the remaining 35% \\\
does not desorb even afté h (Figure 1). These IRRAS and
rate of desorption studies indicate that there are two categories
of adsorbed-BuNC: (1) weakly adsorbed with(NC) = 2225 25
cm~t and (2) strongly adsorbed with(NC) = 2232 cntl.

In a series of STM studies performed on gold films that were Q\‘\.\
prepared in the same way as those described in the present work, 0 ' N iy
Porter et al. demonstrated that the Au surface of evaporated

films, with a predominant Au(111) component, has a *rolling Figure 2. Decrease of the(NC) peak intensity of isocyanides adsorbed

hills” topography with a high step densiﬂﬁ?zThe surface can on gold slides immersed in 5 mkM-DoNH,/hexane solutions.
be modeled as densely packed arrays of hemispheres on which

about 55% of the surface atoms are located on terraces and 45% ﬁfiﬁefﬂeszfrﬁss(gllﬁi%%amde Removal from RNC/Au Film in
on step edges. For alkanethiol monolayers, the molecules

peakintensity (%)
8
7

time (s)

adsorbed on step sites are more strongly bonded than those opn_s°%yanide amine fie s) l1(9) amine pk,
the terrace sites. Our isocyanide desorption results are consistent ,.gunC hexane 50 _

with approximately 55% of the sites (terrace sites) being weakly n-BuNH, 3 5 10.62
adsorbing; the--BuNC molecules adsorbed on these sites are E'D'\m"'z 3-5 22-5 118-662
quickly desorbed in the first minutes of immersion in hexane. BgNHj 13 87 034
Our previous DRIFT (diffuse reflectance IR Fourier transform) c _

. S . . . yNC hexane 70

spectroscopic investigatioffof the adsorption of isocyanides n-BuNH, 5 17 10.62
on gold powder also showed two types of adsorption regimes, n-DoNH;, 4 13 10.63
as characterized by(NC) values of 2225 cmi at saturation CyNH, 1 28 10.64
coverage and 2233 crhfor strongly adsorbed-BuNC; these BzNH, 16 60 9.34
values are the same as those feBUNC on gold film as TMBNC Ef}é(j,’\‘leH 190 o 1062
described above. For Au powder, approximately 30% was n_DoNHz 75 17 10.63
weakly adsorbed, whereas 70% of the isocyanmEBy{NC and CyNH, 12 27 10.64
C1gH37/NC) was strongly adsorbed. The difference between 70% BzNH, 8 20 9.34

strongly adsorbed isocyanide on gold powder and 45% on gold

R/lvm |fs Ilkelyfduektjo differences in surface topography of these intensity decreased drastically. Figure 2 presents the change in
0 forms ot goid. ) ) v(NC) intensity when a slide containing an adsorbed isocyanide
Two other solvents, DCE and EtOH, were used in studies of j5 immersed in 5 mMVh-DoNH, solution. Forn-BuNC, after

the desorption oh-BuNC fron_w Au fllm. These polar solvents only 20 s of immersion, the(NC) adsorption peak completely

removeall of the adsorbed isocyanide from the Au surface disappeared. For CyNC and TMBNC, théNC) intensity is

within abou 5 h (Figure 1). In these cases, an inflection in the - zero after 40 and 50 s, respectively. Similar results were obtained
plot occurs at the point where approximately 60% of the \ith all amines 6-BuNH,, CyNH,, and BzNH) used in this
isocyanide is removed from the surface. The weakly adsorbed study.

molecules are desorbed in a few minutes, followed by slower  The time required for the disappearance of #IC) peak

desorption of the remaining isocyanide within about 5 h. The s very short compared with that in the desorption experiments

v(NC) value of adsorbed molecules shifts from 2225 ¢rim with the hexane solvent only (Figure 1). The faster rate of

the initial monolayer to 2234 cr after 60% of the-BuNC is isocyanide removal from the surface in the presence of the amine
removed with DCE; this shift is from 2224 to 2229 chwith may be due to a reaction of the adsorbed isocyanide with the
EtOH. Thus, in all of the isocyanide desorption experiments, amine and/or an amine promoted desorption of the isocyanide;
the strongly adsorbed isocyanide has a high@C) value,  these possibilities are discussed in detail in the next section. In

which is consistent with the observation in transition metal Figure 2, it can be seen that there are two different parts of the
complexes in which a greaterdonation of the isocyanide to a  process. In the first part, the(NC) peak intensity decreases

metal center is correlated with a highefNC) valuei® this  rapidly; this is followed by a slower decrease to zero. This
greatero-donation typically occurs in complexes where the pehavior also indicates the existence of two types of isocyanides
metal has a higher positive charge. and adsorption sites on the gold surface, as was observed in

Reaction/Desorption of Isocyanides on Au Films in Amine the solvent desorption studies (Figure 1).
Solutions in Air. In a series of experiments, gold slides with Table 1 summarizes semiquantitative rate data for the removal
an isocyanide monolayer on the surface were immersed in 250f the isocyanides from the gold film in the presence of amines.
mL of 5 mM amine in hexane solution for a specific period of The third column presents the timg/§) in which half of the
time, in air, at room temperature. After being removed from initial amount of adsorbed isocyanide is removed from the
solution, the slide was rinsed with ethanol for 3 s, dried iba N surface, which is the time at which th¢NC) peak intensityt
flow, and placed in the IR spectrometer for analysis. After being is half that of the initialo. Considering that approximately 45%
immersed in the amine solution for 10 s, théNC) peak of the total isocyanide is strongly bonded to the surface, column

10616 J. AM. CHEM. SOC. = VOL. 128, NO. 32, 2006
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100 3.72 9.44
00—
302
/
M 12.76
6.86
1 6.26 8.53 10.89 12.33M
W UL JL L ek AAMMLM
4.00 6.00 8.00 10.00 12.00 14.00
min.

Figure 3. GC chromatogram of the solution from the reactiomeéBuNC adsorbed on powdered gold witFBuNH,. The peak at 3.72 min is-BuNC,
whereas that at 9.44 min iBu-N=C=N-n-Bu.

four presents the timet'{(;;) at which half of this strongly ability to use a smaller volume of solution, allowed us to
adsorbed isocyanide is removed from the surface; thusyas determine the product(s) formed when isocyanides adsorbed on
obtained by plottind/lo versus time considering driy value gold powder were reacted with primary amines. The isocyanide
of 0.45 as the starting point and measurifag at /1o = 0.225. was first adsorbed on 1.00 g of gold powder by immersing it in
There are several general trends that are evident in the data ira 5.00 mM isocyanide solution in DCE After decanting the
Table 1. For the same isocyanide, the rate of the process (bothsolution and air-drying, the RNC/Au powder was immersed in
ty2 andt'yyp) is influenced by the nature of the amine. Itis faster 1 mL of a 5 mMamine solution in hexane, and the mixture

for those amines with a linear carbon chamBuNH, and was stirred for 5 min in the case afBuNH, and for 10 min
n-DoNH,) and slower for the more bulky amines (Cyb&nd for the other amines. According to the Au film studies, all of
BzNH,). The slower rates for BzNjlas compared with CyNj1 the isocyanide should be removed from the gold surface during

are probably due to its lower basicity/nucleophilicity. For these times (Figure 2). The solution was analyzed by GC-MS
reactions using the same amine (ergBuNH,) but different to identify the free isocyanide and/or reaction product. For the
adsorbed isocyanides, the rates decreadgu(NC > CyNC > reaction of adsorbed-BuNC with n-BuNH,, the GC chromato-
TMBNC) as the bulkiness of the isocyanide increases, which gram (Figure 3) shows two new peaks (beside those of amine
is consistent with a lower accessibility of bulky isocyanides to and solvent) with retention timedg] of 3.72 and 9.44 min.
attack by the amine. These two peaks were identified aBuNC (at 3.72 min) and

In these studies, there is no IRRAS evidence imtfié—H) N,N'-dibutylcarbodiimide (at 9.44 min) by comparing their mass
region (3100-3500 cntl) for adsorbed amine on the gold Spectra with those of known compounds in the computer
surface, even in the absence of isocyanide. Also, there is nolibraries described in the Experimental Section. TRBUNC
evidence for a diaminocarbene group (see eq 1) on the surfaceWwas also identified by comparing its GC-MS spectrum to that
such a species should give/tN—C=N) absorption near 1550  of an authentic sample. On the basis of this product identifica-
cm L, which is characteristic of diaminocarbene groups in tion, the reaction of the adsorbedBuNC with n-BuNH; is
transition metal complexé8.Likewise, there is no IR band in ~ described by eq 3
the region~2130 cnt?! that is characteristic of an adsorbed
carbodiimide (R-N=C=N—R) product. Because of their low N"BUNC+n-BuNH, + O, —
concentrations, it was not possible to detect desorbeN=RC Bu"-N=C=N-Bu" + “H,0" (3)
or reaction products in the Au film immersion solutions.

Reaction/Desorption of Isocyanide on Au Powder in The observation oh-BuNC in the GC chromatogram (Figure
Amine Solutions.Because the amount of desorbed isocyanide 4) shows that some of the isocyanide simply desorbs from the
and/or product was too small to be detected by GC-MS in Au surface, without reacting with the amine. To determine whether
film experiments, we performed a series of experiments using the desorbed isocyanide reacts with amine in solution, we
gold powder, which has a larger surface area than gold film: 3 reacted a 0.5 mM solution aFBUNC with 5 mMn-BuNH in
x 107! m?g for gold powdef* and 3 x 103 m?slide hexane, in the absence of gold. GC-MS studies of this solution
(calculated from refs 31 and 32). So, one gram of gold powder showed no evidence fod,N'-dibutylcarbodiimide after 5 days
is capable of adsorbing 100 times as much isocyanide as a goldof stirring at room temperature. This result is consistent with
slide. This larger amount of isocyanide, combined with the an earlier report that stated that aliphatic isocyanides do not
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react with primary amines in the absence of a catalyst even atTable 2. Isocyanide Conversion and Product Yield for the
temperatures as high as 12032 Thus, in the present studies, Au-Catalyzed Reaction of -BuNC with n-BuNH,

the reaction between the isocyanide and the amine must occur_exp 1-BUNC (mmol) 7(°C) co) (%) Q)
on the gold. 1 1.6x 1073 20 97 42 72
Similar GC-MS analyses of solutions obtained from reactions g 17x 10; 6 103 28 1‘8?(3) ‘% 12g

. . . O X
of other adsorbed isocyanides and amines were also performed 17% 103 60 100 73 40

for the following reactants: (1jp-BuNC andn-DoNH;y; (2)
n-BuNC and BzNH; (3) CyNC and CyNH; (4) CyNC and aConversion after: 8 days for (1), 19 days for (2), 12 h for (3), and 90
n-BuNH,. In all cases, the GC-MS spectra showed two new h for (4). P Yield of carbodiimide.® Time at which the conversion is 50%.
peaks, further identified to be the desorbed isocyanide and the

corresponding carbodiimide RN=C=N—R', where the R and N,N'-n-butylurea was identified as a minor product in the GC-

R’ groups originated from the reacting isocyanide and amine. MS spectra of all of the reaction solutions. Unidentified products

. The parb_odiimio!e reaction product is su_rprisin_g because with higher molecular weights>300) were also observed.
isocyanide ligands in metal complexes react with amines to form The HO product of this reaction (eq 3) could not be

diaminocarbene complexes (eq 1), and in some cases the Carbenp‘?ositively identified in the reaction solutions by GC-MS.

ligand can be displaced as the formamidine (e€°®). Although it was possible to identify ¥ in water-saturated
hexane solutions, the @ peak in the GC chromatogram of

+
. i A C!\"HR +PPhy these solutions was only marginally distinguishable from that
[AU(CNR),]" + 2HN-R' ——= Au \‘NHR' - of the background. The extremely low solubility of water in

2 hexane is well-documentéfl. Although HO could not be

//NR [!HR * positively identified as a product of the reaction, it seems to be
H-C_  *(PhsP)AU—TTCE 4 the most likely product of the reaction of,OHowever, it is

NHR' NHR' possible that the two hydrogen atoms released from the amine
in the reaction (eq 3) combine with,Cand some of the

As noted in the Introduction (eq 2), some metal icatalyze isocyanide or amine to give other products. The involvement

the reaction of isocyanides with amines to give formamidines. of O, in the reaction is essential because"BN=C=N—-Bu"
However, there are no catalytic reactions of isocyanides andis not formed in the reaction af-BuNC andn-BuNH; in the
amines to give carbodiimides. Although a reaction (eq 5) of a absence of @

Pd diaminocarbene complex with AQ gives a carbodiimidé} The presence of both the carbodiimide and water in the
the AgO reactant makes this a reaction that is very different product solution suggests the possibility that they could react
than the reactions of isocyanides adsorbed on gold metal in theto form N,N'-di-n-butylurea. As noted above, small amounts of

current study. N,N'-di-n-butylurea are observed in the reaction solutions.
However, this small amount is not sufficient to account for all
JRNG + RINH, P9Ck, ¢ (RNC)Pd—c/.’NHR Ag,0 of the HO that wom_J_Id_be produced in the reaction. To determ_ine

2 HR -H0 whether a carbodiimide and.B could react under the condi-

tions (Table 2) of reaction 3, amounts ob® (0.030 mmaol,
0.54uL) and BU—N=C=N-Bu' (0.030 mmol) comparable to
those produced in the Au-catalyzed reaction (eq 3) were stirred
by Gold Metal. In the previous section we showed that a in 20 mL of hexane. Even after 48 h at room temperature, there

reaction takes place on the Au surface betwpezadsorbed WS no decrease in the amount of BN=C=N-Bu, which
isocyanide and amine in solution. To determine whether gold Indicates that it is unlikely tha,N'-di-n-butylurea would form
catalyzeghe reaction of isocyanides with amines, we performed under the conditions in Table 2, asgumlng thaf-BI}l=C='

a series of experiments in which clean Au powder (1.00 g) was N—Bu"and Bd—N=C=N—Bu‘ have similar reactivities. This
stirred with a solution oh-BUNC (0.5 mM),n-BuNH, (5 mM), lack of reaction between BuN=C=N—Bu' and HO may be

and 0.10 mg of decane (internal standard) in hexane at roomdu€ 1o the very low solubility of water in hexane. o
temperature (2C°C) in air. Periodically, the solution was On the basis of the present studies and previous investigations

analyzed by GC to determine the quantities of isocyanide and of reactions of isocyanide ligands in r_neta}l complexes with
carbodiimide product. The initial amount of isocyanide was &MNes (eq 1), we propose the mechanism in Scheme 2 for the

selected to be similar to that used in previous experiments, which/AU-catalyzed reactions of isocyanides with primary amines to
would give saturation coverage of the gold powder at room form carbodiimides. Initially, the isocyanide adsorbs to a Au
temperatur® (1.6 x 10~ mmol n-BuNC). For other experi- atom on the surface, which creates a more positive isocyanide

o o X .
ments, the initial concentration of isocyanide was increased by €abon atom? making it susceptible to attack by nucleophiles.
a factor of approximately 10. In every case, the amine Attack of the amine on this carbon (step 1) leads to intermediate

concentration was 10 times that of the isocyanide. As shown in & Which can transfer both hydrogen atoms to the gold surface
Table 2, the reactions were much faster at 60 than atC20 while releasing the carbodum|de_prpduct (stt_ep 2). Alte_matlvely,
and the yield of B&—N=C=N—Bu" was higher (76-73%) at one of the NH hydrogen atoms in intermediagecan migrate
60°C. In addition to the Bi—~N=C=N—Bu" carbodiimide. di- to the other nitrogen to give a diaminocarbene intermedate

’ (step 3) comparable to diaminocarbene complexes formed in

RN=C=NR'  (5)

Reactions ofn-BuNC with n-BuNH; and O, Catalyzed

(33) Saegusa, T.; Ito, Yisonitrile Chemistry Ugi, I., Ed.; Academic Press:
New York, 1971; p 67. (35) IUPAC—NIST Solubility Database. NIST Standard Reference Database
(34) Ito, Y.; Hirao, T.; Saegusa, T. Org. Chem1975 40, 2981. 106: http://srdata.nist.gov/solubility/sol_detail.asp?sys=3D_252.
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Scheme 2. Mechanism for the Au-Catalyzed Reaction of
Isocyanides (R—N=C) with Primary Amines (H2NR') and O;

Table 3. Au-Catalyzed Reaction of n-BuNC with n-BuNH; in
Hexane at 60 °C

R R amine concentration (mM)
N=C=N N=C=N
R R 5 124 2438 375 50
@) @) Kobs (h™1) 0.13 0.34 0.72 1.07 1.39
Oy |- H,0 02 |- H,0 tu2 (h) 5.25 2.01 0.96 0.64 0.49
7 (%) 70 78 74 76 76
? ROR R R
N <~ N—" N 2Yield at end of reaction.
u %. N\C/N*l-;i _® |;|’N\C’N‘|I71
| ’ R il 16
Au Au Au Au u u Au i —
@) (b) 14 4)#-9*@%
12 o
reactions of isocyanide metal complexes with amines (eq 1). -~ 1
This intermediateb could form the carbodiimide product by g 08
transferring the two N-H hydrogen atoms to the gold surface x gg /
(step 4). Both carbodiimide-producing steps (2 and 4) are 04
proposed to involve transfer of the two hydrogen atoms to /
: A 02—
oxygen to give HO. Because the rate of reaction 3 is the same
in air and in pure @ the participation of @in the overall Y ' ' ' ' '
reaction must occur after the rate-determining step. This means 0 10 2 30 40 50 60
that we have no information about the details of steps 2 or 4. anine concertration (mV))

An unlikely pathway for steps 2 and 4 involves the formation
of free Hy; bulk gold powder is reportéds® to catalyze the
reaction of H and Q at a significant rate only at temperatures
above 13C°C. It might be noted that supported gaidnopar-
ticles catalyze the reaction of Hand Q to give HO, even
below room temperaturg:38

IRRAS studies of the gold film did not reveahdN—C=N)
absorption for intermediateb) or (a); however, it is possible
that their absorptions are too weak to be observed. If it is
assumed that these intermediates are not present in significan
concentration, it means that the intermediate is rapidly converted
to product and that step 1, amine attack on the adsorbed
isocyanide, is the rate-controlling step in the catalysis. A kinetic
study?®-3°of amine attack on the isocyanide ligand in@hsP)-
Pd(C=N—R) (eq 6) shows that the reaction follows a rate law,

NHR

/.’
Clo(Ph3P)PA(C=N-R) + HoN-R' —=Cly(PhgP)Pd—C{

NHR'

(6)
R = MeOCgH4, MeCgHj or Ph; R' = MeOCgHs, MeCgH,, Ph, and CICgH,

Rate= K[Cl,(PhP)Pd(CNR)] [BNR'], which is first order
in the amine concentration. It was also noted that the rates of
reaction increase as the basicity of the amine increases from
p-CICgH4NH; to p-MeOGH4NHo>. If the rate-determining step
in the Au-catalyzed reaction (eq 3) were amine attack on the
adsorbed isocyanide (step 1 in Scheme 2), the overall rate of
conversion of isocyanide to the carbodiimide product should
also be first order in the amine concentration.

To examine the amine concentration dependence of this
reaction (eq 3), a series of experiments was performed in which
1.6 x 1072 mmol of n-BuUNC in 3 mL of hexane was reacted
with excess amine (30100 amine/isocyanide ratio) in the

(36) Benton, A. F.; Elgin, J. CJ. Am. Chem. S0d.927, 49, 2426.

(37) Landon, P.; Collier, P. J.; Papworth, A. J.; Kiely, C. J.; Hutchings, G. J.
Chem. Commur2002 2058.

(38) Edwards, J. K.; Solsona, B.; Landon, P.; Carley, A. F.; Herzing, A.
Watanabe, M.; Kiely, C. J.; Hutchings, G. J. Mater. Chem2005 15,
4595,

(39) Crociani, B.; Boschi T.; Nicolini M.; Belluco Unorg. Chem 1972 11,
1292,

1

Figure 4. Plot of kops VS [n-BuNH;] for the Au-catalyzed reaction of
n-BuNC with n-BuNH, at 60°C in hexane.

presence of 1.00 g of Au powder at 8C in air. The large
excess of amine allows one to obtain pseudo first-order rate
constants K,p9 from plots of Injp-BuNC] vs time, wherekops

= K[n-BuNH,] (Table 3). The plot okgpsVs [N-BuNH;] is linear
(Figure 4) demonstrating that the reaction is first order in the
amine concentration and that the overall rate law in the presence
pf 1.00 g Au powder is Rate= k[n-BuNC][n-BuNH]. This

rate law, and especially the first order dependence on the amine
concentration, supports the proposal that step 1 in the mechanism
(Scheme 2) is rate-determining. In studies of the removal of
n-BuNC from a gold film upon reaction with amines in hexane
solution, it was observed (Table 1) that the less sterically bulky
and more basic amines removed the isocyanide more rapidly.
This is also consistent with amine attack (step 1) being the rate-
determining step. Because the steps beyond step 1 occur rapidly,
it is not possible to define the subsequent steps that lead to the
carbodiimide product. However, these results indicate that the
initial step in the Au-catalyzed reaction of isocyanide with
amines is very similar to that of isocyanide reactions in transition
metal complexes.

Conclusions

Except for supported nanosized particlé3® gold metal is
generally a poor catalyst. However, we find that Au particles
of even 1um size catalyze reactions of isocyanides with primary
amines and @to form carbodiimides (eq 3) at room temper-
ature. IRRAS and DRIFT studies show that isocyanides adsorb
in any?! fashion (Scheme 1) onto the surfaces of Au films and
powders and are thereby activated to react with amines. An
indication of this activation is the-75 cn1? increase in the
isocyanide v(NC) value upon adsorption. Previous studies
suggest that an increase #NC) greater than 40 cm upon
coordination in a metal complex is sufficient to activate an
isocyanide to attack by amines to give a diaminocarbene ligand
(egs 1 and 6). As for reactions of metal compteoordinated
isocyanides, the Au-catalyzed reaction of isocyanides is first
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