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This study begins with the question of whether ionic liquids (ILs), such as 1-butyl-3-methylimidazolium
hexafluorophosphate, [bmim][PF¢], can be catalyst poisons for transition-metal catalysts rather than a preferred
stabilizing media as typically assumed in the literature. The test case of acetone (propanone) hydrogenation is
picked for two reasons: (i) acetone hydrogenation is important for its applications in heat pumps, H, storage
schemes, and fuel cells and for the commercial value of the resultant product, propan-2-ol, and (ii) two recent,
independent studies have reported putative Ir(0), nanocluster-catalyzed hydrogenations of acetone beginning in
each case with the identical precursor, [{ (COD)IrCI} ;] (where COD = 1,5-cyclooctadiene) (1). A close comparison
of the results of those two literature studies and their related, but different, experimental conditions (vide infra)
suggests the hypothesis that the IL is actually a catalyst poison. Indeed, the investigations herein (i) find that 1.0
equiv of added IL, [bmim][PFg], completely inhibits the formation of Ir(0), nanoclusters under conditions 1 in Table
1 in the main text (namely, 3.6 mM precatalyst 1, 22 °C, and 2.76 bar H,) and (ii) demonstrate that 0.1 and 1.0
equivs of this same IL, [omim][PF¢], poisons 74 and 90%, respectively, of the acetone hydrogenation activity of
premade, previously catalytically active nanoclusters. The above results in turn compelled a reinvestigation of the
claim that Ir(0), nanoclusters are the catalyst in what was reported as a colloidal suspension prepared under
conditions 2 in Table 1 of the main text (namely, 52 mM precursor 1, 92 equiv of IL, 75 °C, and 4.05 bar of Hy).
We further (jii) find that the colloidal suspension prepared under conditions 2 is a mixture of unreacted precursor,
1, some nanoclusters, and isolable bulk metal, and we also (iv) find, somewhat surprisingly, in light of the IL-
poisoning results found under conditions 1, that the Ir(0) catalyst prepared under conditions 2 is active, precisely
as reported, for acetone hydrogenation. This, in turn, further demanded that we go on to (v) investigate the nature
of the true catalyst under conditions 2, the results of which we are able to interpret only by the hypothesis that bulk
metal is the dominant, true catalyst under conditions 2. Overall, the results provide strong evidence that ILs can
be potent inhibitors of metal(0)/nanocluster catalysis, rather than the often-assumed superior solvent for nanocluster
catalysis. The results also fortify our recent report that, under conditions where stoichiometrically high amounts of
coordinating ligands are present (vs the amount of surface metal atoms), bulk-metal catalysts can actually be
superior to nanocluster catalysts of the same metal, a seemingly heretical finding prior to our recent experimental
evidence for this (Besson, C.; Finney, E. E.; Finke, R. G. J. Am. Chem. Soc. 2005, 127, 8179; Besson, C.; Finney,
E. E.; Finke, R. G. Chem. Mater. 2005, 17, 4925).

Introduction range of properties that can be tailored to suit their applica-
tions; as a result, they have been dubbed “designer sohients”.
Among the key properties of ILs are their negligible vapor
pressure at room temperature (RTheir wide range of
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Over the past decade, interest in the field of ionic liquids
has grown enormoushy lonic liquids (ILs) possess a wide
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Scheme 1. Reactions Established in the StudyJsing Conditions 1 of Table 1, Which Are Important to the Present Studies
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“green alternatives” to volatile organic solvents, although Table 1. Reported Literature Conditiots' and Results for Two

their toxicity and biodegradability are not yet well investi-
gated. lonic liquids are currently being investigated for use
in several fields, including but not limited to solvents for
catalysis} biocatalysis;” and analytical applicatiors,in-
cluding chromatography, extraction, and spectrométry.

Catalysis by nanocluste?sncluding high selectivity and
mild temperature acetone hydrogenatidis also of con-
siderable interest. Acetone hydrogenation is interesting
because of its use in heat pumps, storage schemes, and
fuel cells, as well as to satisfy the general demand for the
end product, propan-2-é&t.

Two recent literature reports detail Ir(@atalyzed hy-
drogenation of acetori&!! Both studies use the identical
precursor,{(COD)IrCl};], 1. However, one formation reac-

Studies of Acetone Hydrogenation Beginning wiffGOD)IrCl} 2], (1)

conditions 10 u
solvent acetone [bmim][RF
reaction time 2h 2h
yield 95% 95%

T(°C) 22 75

Hz P (bar) 2.76 4.05

[1] (mM) 3.6 52

av TOR 1.92 0.033
selectivity 95% not reported

aTurn-over frequency, TOR (mol product)/[(mol total catalyst loading)
x sec].

Scrutiny of the two sets of conditions and catalytic activity
catches one’s eye: conditions 2 from the IL-prepared catalyst
employ a 53°C higher temperature, a 1.29 bar higher H

tion and subsequent acetone hydrogenation was carried ouPréssure, and a 14.4-fold higher initial concentratiord,of
in neat acetone and under the conditions of 3.6 mM precursorY®t achieve &8-fold slowe TOF. The implied>835 (i.e,

1, 22°C, and 2.76 bar of KH(hereafter, conditions 1 of Table
1).1° The nanocluster formation reaction and subsequent
acetone hydrogenation established from the first Stlidy
shown in Scheme 1.

The second study pregenerated what was termed a “col-

loidal suspensiort* in the ionic liquid (hereafter, IL) 1-butyl-
3-methylimidazolium hexafluorophosphate, [bmim]fPF
Figure 1, at 52 mM precursor, 7%, and 4.05 bar of K

2
10
VLR

=

Figure 1. lonic liquid 1-butyl 3-methyl imidazolium hexafluorophosphate,
[bmim][PFe], used previously! as well as herein.

6 8
1 7 o PFe

That suspension was isolated, redissolved in acetone, and

then studied for its acetone hydrogenation catalytic activity
at 75°C and 4.05 bar of H (conditions 2, Tablet)Table

1 summarizes the two sets of reaction conditions used for
acetone hydrogenation in the two studies.

(1) Some recent review articles include the following: (a) Anderson, J.
L.; Armstrong, D. W.; Wei, G.-TAnal. Chem200§ 78, 2892. (b)
Deetlefs, M.; Seddon, K. RChem. Today00§ 24, 16. (c) Dupont,
J.; de Souza, R. F.; Suarez, P. A.Ghem. Re. 2002 102 3667. (d)
Earle, M. J.; Seddon, K. RPure Appl. Chem200Q 72, 1391. (e)
Wassercheid, P.; Keim, WAngew. Chem., Int. E®00Q 39, 3772.
(f) Welton, T.Chem. Re. 1999 99, 2071.

(2) Endres, F.; Zein El Abedin, S2hys. Chem. Chem. Phy200§ 8,
2101.

(3) Freemantle, MChem. Eng. New2001, 79, 21.

(4) Seddon, K. RKinet. Catal.1996 37, 693.

(5) Muzart, J. Adv. Synth. Catal2006 348 275.

(6) Zhao, H.J. Mol. Catal. B: Enzyme005 37, 16.

(7) Yang, Z.; Pan, W. BEnzyme Microb. TechnoR005 27, 19.

(8) Pandey, SAnal. Chim. Acta2006 556, 38.
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>58 x 14.4) timesslower catalytic activity of conditions 2

in Table 1 suggests that (i) the Ihhibits catalysis, (ii) the
nature of the catalyst in the two systems is different, or (iii)
both (or (iv) possibly some other, at present unseen,
explanation). Evidence was provided that at least the initial
catalysis under conditions 1 is caused by nanoclusiers.
However, convincing evidence is lacking for the claim that
nanoclusters are the true catalyst under conditiots 2.

The above data demands a test of the implied, repeated

claim, one rigorously untested until now, that ILs are a

(9) For reviews of nanoclusters, see: (a) Astruc, D.; Lu, F.; Aranzes, J.
R. Angew. Chem., Int. EQ005 44, 7852. (b) Burda, C.; Chen, X.;
Narayanan, R.; El-Sayed, M. AChem. Re. 2005 105 1025. (c)
Murphy, C. J.; Sau, T. K.; Gole, A. M.; Orendorff, C. J.; Gao, J,;
Gou, L.; Hunyadi, S. E.; Li, TJ. Phys. Chem. B005 109, 13857.

(d) Green, M.Chem. Commuur2005 24, 3002. (e) Narayanan, R.;
El-Sayed, M. AJ. Phys. Chem. B005 109, 12663. (f) Cushing, B.
L.; Kolesnichenko, V. L.; O’Connor, C. hem. Re. 2004 104,
3893. (g) Shenhar, R.; Rotello, V. Micc. Chem. Re2003 36, 549.
(h) Roucoux, A.; Schulz, J.; Patin, KEhem. Re. 2002 102, 3757.

(i) Kralik, M.; Biffis, A. J. Mol. Catal. A2001, 177, 113. (j) Rao, C.
N. R.; Kulkarni, G. U.; Thomas, P. J.; Edwards, P.Ghem. Soc.
Rev. 200Q 29, 27. (k) Schmid, G.; Baumle, M.; Geerkens, M.; Heim,
I.; Osemann, C.; Sawitowski, Them. Soc. Re 1999 28, 179. (l)
Schmid, G.; Chi, L. FAdv. Mater. 1998 10, 515. (m) Fendler, J. H.,
Ed. Nanoparticles and Nanostructured FilmWiley-VCH: Weinheim,
Germany, 1998. (n) Fetner, A., Ed.Active Metals: Preparation,
Characterization, and Application¥CH: Weinheim, Germany, 1996.
(o) Bradley, J. S. IrClusters and Colloids. From Theory to Applica-
tions Schmid, G., Ed.; VCH: New York, 1994; pp 45%44. (p)
Schmid, GChem. Re. 1992 92, 1709. (q) A superb series of papers
is available inFaraday Discuss1991 92, 1—300. (r) Schmid, G. In
Aspects of Homogeneous Catalysigo, R., Ed.; Kluwer: Dordrecht,
The Netherlands, 1990; Chapter 1. (s) Andres, R. P.; Averback, R.
S.; Brown, W. L.; Brus, L. E.; Goddard, W. A., Ill; Kaldor, A.; Louie
S. G.; Moscovits, M.; Peercy, P. S.; Riley, S. J.; Siegel, R. W.;
Spaepen, F.; Wang, Y. Mater. Res1989 4, 704. (t) Henglein, A.
Chem. Re. 1989 89, 1861. (u) Thomas, J. MPure Appl. Chem1988

60, 1517. (v) Jena, P.; Rao B. K.; Khanna, S Rtysics and Chemistry
of Small ClustersPlenum: New York, 1987.
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superior medium for nanocluster synthesis and catalysis.
The results in Table 1 offer an important, alternative
hypothesis to be tested, nametpat ILs can be potent
poisons of nanocluster catalyst least at lower tempera-
tures and H pressures (e.g., in conditions 1 in Table 1).
Further support for the hypothesis that ILs can be
nanocluster poisons is the report that ILs with hydrogens in
the 2-position such as [bmim][BF Figure 1, can form
N-heterocyclic carbenes (NHCs) atop I{@anoclusters?
This fact was demonstrated by dabeling studies that
exchange D for H at the 2-position, along with kinetic
evidence that the true olefin hydrogenation catalyst in that
study!® is not the precatalystl, but, instead, is both

mmHg) at 60°C for =5 h and stored in the drybox. [NBPFg]
(Aldrich, 98%) was dried under vacuunz {00 mmHg) at 22C
for 12 h and stored in the drybox.

IH NMR spectroscopy was performed on a Varian Inova 300
spectrometer. Spectra were obtained in,CB(Cambridge Isotope
Laboratories, 99%) in predriec=(60 °C for =24 h) 5 mm o.d.
NMR tubes. Spectra were referenced to the residuabGTH
impurity. 2H NMR spectroscopy was performed on a Varian Inova
400 spectrometer; spectra were obtained in,@H (Aldrich,
99+%). XPS spectra were collected using a Physical Electronics
(PHI) Model 5800XPS system equipped with a monochromator
(Al K oe source operating at 1486.8 eV; system pressifrex 1078
Torr) and a hemispherical analyzer to detect the ejected electrons.
An Eppendorf 5415¢ 18-well centrifuge was used for nanocluster

nanoclusters and then probably also some bulk-metal ca-iSolation.

talysis late in the reaction (see the Supporting Information
for a summary of the evidence for the true catalyst under
conditions 1). The alternative hypothesis of “IL-derived

Hydrogenation Apparatus. Hydrogenation experiments were
carried out in a previously descrit&§2” apparatus designed to
continuously monitor Kl pressure loss. This apparatus consists of
a Fisher-Porter (FP) bottle, which connects via Swagelok quick-

nanocluster poisoning” is also quite _reasonable in light of connects to both a dihydrogen line and an Omega PX621 pressure
the fact that NHCs are well established to be strongly transducer. The pressure transducer is interfaced with a PC by means
coordinating ligands, at least for single transition-metal of an Omega D1131 5V A/D converter with a RS-232 connection.
centers’o-24 The pressure uptake data is collected using LabView 7.1. The FP
Herein, we begin by testing the hypothesis that the bottle is placed in an oil-filled jacketed reaction flask with
prototype 1,3-substituted imidazolium-based IL, temperature control by means of a recirculating water bath. The
[bmim][PFs], can be a catalyst poison for Ir(@¢atalyzed reaction solution is stirred by a Fisher Jumbo ma'lgnetic stirrer with
acetone hydrogenation. This led us in turn to a re-examina-2 /8" x 5/16" Teflon-coated octagon shaped spin bar at speeds of
tion of the literature catalyst under conditions 2, with the =600 Pm to avoid H gas-to-solution mass-transfer limitatictis.
finding that the reportéd colloidal suspension is actually a Catalyst Formation Under Conditions 1 in Table 1 (3.6 mM

i f i | us bulk r(y L 22°C. 276 bar Hy in Neat Acetone)!® In the drybox,1 (1.2
mixture of precursod, some nanoclusters, plus bulk I1(0) mg, 3.6umol Ir) was weighed into a predried 2 dram glass vial.

metal. A deeper probing of the true catalyst in the case of acetone (1.0 mL, 13 mmol) was added with a 1.0 mL gastight
that mixture led to evidence that the bulk metal is @ syringe. The reaction solution was then agitated with a disposable
kinetically significant catalyst in the IL system and that polyethylene pipet until the precursor had dissolved (approximately
catalysis is not just by the nanoclusters. The insights from 5 min), resulting in a clear, bright-yellow solution. Next, the reaction
the studies herein and their expected impact on IL, nano- solution was transferred with the pipet into a new culture tube with
cluster, and IL/nanocluster catalysis are summarized anda new stir bar. The culture tube was sealed in the FP bottle, brought

briefly discussed.

Experimental Section

Materials. All reaction solutions were prepared under oxygen-
and moisture-free conditions in a Vacuum Atmospheres drykiéx (
ppm Q as continuously monitored by a Vacuum Atmosphergs O
monitor). [ (COD)IrCl} ;] (1, Strem, 99%) was stored in the drybox
and used as received. Acetone (Burdick and Jackson, 0.26% H
was purged with Ar for 30 min and transferred into the drybox.
The IL 1-butyl-3-methylimidazolium hexafluorophosphate ([bmim]-
[PFe]) was prepared at the Queen’s University lonic Liquid
Laboratories (QUILLY® The IL was dried under vacuunx 00

(10) Qzkar, S.; Finke, R. GJ. Am. Chem. So2005 127, 4800. This paper
details the mildest acetone hydrogenation conditions yet reported in
the literature in comparison to the 14 prior best acetone hydrogenation
catalysts selected from a thorough literature survey documented therein
of more than 340 citations.

(11) Fonseca, G. S.; Scholten, J. D.; DupontSynlett2004 9, 1525.

(12) Dupont, J.; Fonseca, G. S.; Umpierre, A. P.; Fichtner, P. F. P.; Teixeira,
S. R.J. Am. Chem. So002 124, 4228.

(13) Scheeren, C. W.; Machado, G.; Dupont, J.; Fichtner, P. F. P.; Teixeira,
S. R.Inorg. Chem.2003 42, 4738.

(14) Fonseca, G. S.; Umpierre, A. P.; Fichtner, P. F. P.; Teixeira, S. R;;
Dupont, J.Chem—Eur. J.2003 9, 3263.

(15) Calq V.; Nacci, A.; Monopoli, A.; Laera, S.; Cioffi, NJ. Org. Chem.
2003 68, 2929.

(16) Huang, J.; Jiang, B.; Gao, H.; Chang, Y.; Zhao, G.; Wu,GNem.
Commun2003 14, 1654.

out of the drybox, and attached to the khe. To initiate the
reaction, the FP bottle was purged 13 times with(B176 + 0.07

bar, 15 s/purge). Five min after the first purge, the pressure was
set at 2.76+ 0.07 bart = 0 was noted, and pressure vs time data
was collected at 2.5 min intervals.

Acetone/IL Stock Solutions.Stock solutions of IL in acetone
were prepared containing both 1 and 5 equiv of IL in predried 25
mL volumetric flasks. For each solution, approximately half the
acetone was first transferred into the flask with a disposable
polyethylene pipet. The necessary volume of IL (@L.5or 1 equiv,
37.6uL for 5 equiv) was added next with a 10 or &Q gastight

(17) Kim, K.-S.; Demberelnyamba, D.; Lee, Hangmuir2004 20, 556.

(18) Huang, J.; Jiang, T.; Gao, H.; Han, B.; Liu, Z.; Weize, W.; Chang,
Y.; Zhao, G.Angew. Chem., Int. EQR004 43, 1397.

(19) Ott, L. S.; Cline, M. L.; Deetlefs, M.; Seddon, K. R.; Finke, R.JG.
Am. Chem. SoQ005 127, 5758.

(20) Hermann, R.; Ugi, IAngew. Chem., Int. EA.982 21, 788.

(21) Zhang, C.; Huang, J.; Trudell, M. L.; Nolan, S.JPOrg. Chem1999
64, 3804.

(22) Lee, H. M,; Jiang, T.; Stevens, E. D.; Nolan, SQrganometallics
2001, 20, 1255.

(23) Vazquez-Serrano, L. D.; Owens, B. T.; Buriak, J. @hem. Commun.
2002 21, 2518.

(24) Mas-Marzak.; Poyatos, M.; Sariail.; Peris, EInorg. Chem2004
43, 2213.

(25) Seddon, K. R.; Stark, A.; Torres, M.Bure Appl. Chem200Q 72,
2275.

(26) Watzky, M. A.; Finke, R. GChem. Mater1997, 9, 3083.

(27) Aiken, J. D, lll; Finke, R. GChem. Mater1999 11, 1035.

(28) Aiken, J. D., llI; Finke, R. GJ. Am. Chem. S0d.998 120, 9545.
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syringe. The solution was swirled, and the remaining acetone wasteristic of 1 dissolved in acetone) was removed with a new
added with the same polyethylene pipet to reach 25 mL. The polyethylene pipet, leaving a brown-black powder at the bottom
volumetric flask was then capped with a lightly greased, ground of the vial. Acetone (1.5 mL) was added to the powder at the bottom
glass stopper and sealed with Parafilm. All IL stock solutions were of the vial. The solution was shaken vigorously, producing a brown-
used within 2 days of being prepared. black solution. This cycle of centrifugation and addition of fresh
Catalyst Formation Under Conditions 1 in Table 1 in Acetone acetone was repeated twice more, after which the brown-black
with Added [bmim][PF ¢]. These experiments were carried out powder was dried under vacuum overnight. The yield, beginning
exactly as described for conditions 1 with the following excep- from 35 mg of [ (COD)IrCl};], was 5.5 mg of brown/black powder.
tion: instead of neat acetone, a stock solution containing the desired Next, the dark brown powder (still in the centrifuge tube) was
number of equivalents of [bmim][RFin acetone was used. dissolved in 1.0 mL of acetone and agitated with a polyethylene
Acetone Hydrogenation Under Conditions 1 in Table 1 in pipet until the solution was brown and apparently homogeneous.

Acetone with Added [bmim][PFg] or [NBu 4][PFg]. These experi- With the same polyet_hylene pipe_t, the solution was transferred into
ments were initiated exactly as described for conditions 1, except & New culture tube with a new stir bar. The culture tube was sealed

this time only 0.8 mL acetone was used to dissolize A into the FP bottle, and the bottle brought out of the drybox. The

hydrogenation experiment was initiated exactly as described in the FP bottle was attached via its Swagelok quick-connects to the H
section titled Catalyst Formation Under Conditions 1 in Neat line, and the mixture was again stirred underfdr 10 min in the
Acetone. After approximately 0.3 bar of,Hiad been consumed, Oil-filled jacketed reaction flask to raise the temperature of the
the FP bottle was sealed and removed from thérie. The pressure ~ feaction solution. First, under conditions chosen to repeat the
in the line was adjusted to 2.46 bar, and the bottle then re-attachedoriginally reported conditions as closely as possible (see ref 39),

to the line. Under this adjusted, reduced flow of 8.2 mL of a the FP bottle was maintained at a constappkessure of 4.05 bar
solution of [bmim][PR] or [NBu,][PFg] in acetone (86 mM, 1 by opening the valve between the FP bottle and theark but
equiv) was added to the culture tube for a total reaction volume of keeping the valve between the FP bottle and the pressure transducer

1.0 mL. The FP bottle was then purged 3 times, and data collection ¢losed. This ensures a constant pressure of 4.05 bar, but
was reinitiated. eliminates the valuable kinetic information normally gath&téd28

Catalyst Formation Under Conditions 2 in Table 1 (52 mM via the pressure transducer. The reaction was maintained at 4.05

1, 75°C, 4.05 bar H, in Neat [bmim][PF¢]). Repeating the bar and 75°C for 2 h, during which time the reaction solution

X . S
'(‘)%ergt“re "TS Prec'sgl{] ag .Poss'blé'dm th gryboxl’l (35.'0| MY (30) Watzky, M. A.; Finke, R. GJ. Am. Chem. Sod997, 119, 10382.

05 mmo)V\_/as_ weighed into a predrie ram glass vial. Because 1) widegren, J. A.; Aiken, Ill, J. D.: gkar, S.; Finke, R. GChem. Mater
this complex is insoluble at room temperature in the ionic liquid 2001, 13, 312. _ _ o
[bmim][PFg], the red crystalline complex was transferred as a solid (32) Finke, R. G. Ir'Metal Nanoparticles: Synthesis, Characterization, and
into a new borosilicate culture tube (22 175 mm) with a new Qge\y%agxnségglzqh&rgbtlje.r Ié ESS;BE A Jr., Eds.; Marcel Dekker:
5/8 x 5/16 in. Teflon-coated octagon-shaped spin bar. Next, [bmim]- (33) Umpierre, A. P.; Machado, G.; Fecher, G. H.; Morais, J.; Dupont, J.
[PRg] (1.0 mL) was added to the culture tube with a 1.0 mL gastight Adp. Synth. Catal2005 347, 1404. N
syringe. The culture tube was placed in the FP bottle, and the bottle(34) Complete acetone hydrogenation was observed after the addition of 1
was sealed and brought out of the drybox. The reaction solution equiv of [BUNI[PFe: however, the timescale for complete hydro-

’ ) A ; " genation was increased to 24 h if [Bl[PF¢] dissolved in 0.2 mL of
was stirred in the oil-filled, jacketed reaction flask at %G for
>10 min before being exposed ta kb raise the reaction solution
temperature to the reported literature temperature o@5(a

acetone was added to the reaction (vs 10 h without it). As detailed in
the Supporting Information, a control experiment repeating the acetone
hydrogenation reaction, but with the addition of 0.2 mL of acetone,

also increased the hydrogenation timescale to 24 h. This control

necessary step in our hands, albeit one not reported in the prior
study)!! At the end of the=10 min of stirring,1 had dissolved,
resulting in a clear yellow-orange solution.

Next, the reaction solution was exposed to 4.05 bar ool 10
min. After approximately 2 min, the reaction solution turned brown.
At the end of the 10 min exposure, the reaction solution was opaque
and black, withbulk metalvisible on the sides of the culture tube
[this mixture is, apparently, the colloidal suspensiarited in the
literature, namely, unreactdga browr? Ir(0),, nanocluster solution
(as judged by TEM, vide infra) and bulk metal, as confirmed by
XPS, vide infra]. The FP bottle was disconnected from théir¢,
vented, sealed, and brought back into the drybox. Once the FP bottle
was opened in the drybox, visual examination of the stir bar revealed
that it was also coated with bulk metal.

Isolation of the nanoclusters was carried out as closely as possible
to the literature repoff In the drybox, the 1.0 mL solution of
nanoclusters in IL was decanted into a 1.5 mL shap-cap centrifuge
tube. Acetone (0.5 mL) was added with a polyethylene pipet, and
the brown-black solution was shaken vigorously. The tube was
sealed with Parafilm and brought out of the drybox. Next, the tube
was centrifuged for 10 min at 10 000 rpm and brought back into
the drybox. The bright-yellow supernatant liquid (a color charac-

experiment shows that the longer timescale can be attributed to the
added volume of acetone and not to the added,N\B&Fg).
(35) Platt, J. RSciencel964 146, 347.
(36) (a) The reasons to expect that the such a direct spectroscopic detection
of surface-coordinated IL-derived NHCs will be challenging and
therefore worthy of its own, separate effort and study, are several-
fold: (i) There are only a small number of active sites on nanoclusters
in the few cases where they have been titrated (esd.8% for
polyoxoanion-stabilized Ir(0) nanoclusté®®)c so that one will
presumably be trying to detect a small number of surface-coordinated
NHCs. The findings herein confirm this prediction since even 0.1 equiv
of IL poisons acetone hydrogenation catalysis. Second, (ii) in previous
experiments we were not able to detect any surface-coordinated NHC
even when 100 equiv of IL per equiv of Ir was added, despite the fact
that H/D exchange studies demonstrate that they are formed, and third
(iii) the literature of, for example, NMR studies of ligands atop
nanoclusters indicates that such signals are often broadened, subject
to facile ligand exchange, or simply not observ&dIn short,
considerably more development of surface-ligation studies of transi-
tion-metal nanoclusters, by whatever proves to be the best physical
methods, will be required before low levels of surface-coordinated
poisons can be routinely detected. (b) SchmidStuct. Bondind 985
62, 51. (c) (i) Pelzer, K.; Philippot, K.; Chaudret, B. Phys. Chem.
2003 217, 1539. (ii) Pery, T.; Pelzer, K.; Buntkowsky, G.; Philippot,
K.; Limbach, H.-H.; Chaudret, BChemPhysCher005 6, 605. (d)
(i) Foos E. E.; Snow A. W.; Twigg M. EJ. Cluster Sci2002 13,
543. (ii) Fu, X.; Wang, Y.; Wu, N.; Gui, L.; Tang, YJ. Colloid
Interface Sci2001, 243 326.
(37) (a) Hornstein, B. J.; Aiken, J. D., llI; Finke, R. Gorg. Chem2002
41, 1625. (b) Vargaftik, M. N.; Zargorodnikov, V. P.; Stolarov, I. P.;
Moiseev, I. |.; Kochubey, D. I.; Likholobov, V. A.; Chuvilin, A. L.;
Zamaraev, K. |.J. Mol. Catal.1989 53, 315.

(29) Creighton, J. A.; Eadon, D. @. Chem. Soc., Faraday Trank991,
87, 3881.
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changed from an apparently homogeneous brown to clear with  Catalyst Formation Under Conditions 2 in Neat [bmim][PF¢]
suspended bulk metal visible to the naked eye. Additionally, a bulk- with D, in Place of H,.1!1 This reaction was carried out exactly as
metal mirror formed on the side of the culture tube. described for conditions &, except B was used in place of H

A second reaction solution was prepared exactly as described
above (i.e., the brown colloidal suspension was generated andResults and Discussion
centrifuged, and the brown powder was isolated under vacuum).
However, this time a reaction was carried out to monitor to kinetics  Initial Control Experiment: Repeating Conditions 1
of acetone hydrogenation. In this procedure, the valve between theof Table 1 (3.6 mM Precatalyst 1, 22C, and 2.76 bar of
H; line and the FP bottle is closed, and the valve between the FPH, in Neat Acetone)!® A control experiment was performed

bottle and the pressure transducer is opened. Hence.{kesbure-  repeating the results obtained under conditions 1 in Table 1

loss kinetigs can now be measured. To initiate .the ac.etonein 1.0 mL of acetond? After the expected induction perid8,
hydrogenation reaction, the FP bottle was purged 5 times with H

o . known to be caused by the nucleation and initial growth of

(4.05+ 0.07 bar, 5 s/purge; this shorter purging cycle was employed . .
to minimize the loss of the acetone); 1.5 min after the first purge, Ir(_o)” nanoparticles; acetone hydrogenation tof"‘ off smoothly
the pressure was set at 4.850.07 bar,t = 0 was noted, and with the same generalHiptake curve as previously reported
pressure versus time data were collected at 2.5 min intervals. ~ (See Figure 2 herein, which is similar to Figure S1 of our

Separately, under the literature’s biphasic conditireszetone prior work)° The solution acquired a brown color charac-
was added (1.0 mL, 13 mmol) to the same culture tube used for teristic of Ir(O), nanoclusters as the catalysis ensued and the
the nanocluster formation reaction, resulting in a total volume of solution remained homogeneous to the eye for at least the
2.0 mL. (In our hands, [bmim][Rffand acetone are miscible, and  first 2 h. The kinetic and TEM evidence presented previously
we only observe one phase.) The culture tube used is the one which(and which is summarized in the Supporting Information
already contained the nanocluster solution, in 1.0 mL of IL, with o -o\vith for the convenience of the interested reader),

bulk metal present both on the sides of the culture tube and on the . . : .
stir bar. The culture tube was sealed in the FP bottle, and the bottleprowdfa evidence for na.nocluster catalysis, &.‘t least initiélly.
The visual homogeneity throughout the fir8 h of the

was brought out of the drybox. The FP bottle was attached via its o . . i .
Swagelok quick-connects to the kine, and the mixture was again catalysis is also consistent with catalysis by a soluble species.
stirred under Mfor 10 min in the oil-filled, jacketed reaction flask ~ An overall 95% complete hydrogenation was observed after
to raise the temperature of the reaction solution. To initiate the 2 h, with 100% hydrogenation after approximately 10 h.
acetone hydrogenation reaction, the FP bottle was purged 13 timesHowever, and as reported earlirafter the 10 h period,
with H, (4.05=+ 0.07 bar, 15 s/purge). Five minutes after the first the final reaction solution becomes clear, with non-redis-
purge, the pressure was set at 49%.07 bart = 0 was noted,  persable bulk metal present as the final metal product. It
and pressure versus time data were collected at 2.5 min intervals ¢5)1ows that some bulk-metal catalysis is almost surely part

v X-ralyf Photgelzc_:_r on Szp_ect’\rlosciogy _(XPF?) OfAthe ReIaCttion of the high, 164 000 total turnovers for acetone hydrogenation
essel from Conditions 2 in Neat [omim][PF]. A nanocluster seen after 10 h, a point noted previously.

formation reaction was carried out exactly as described under o ) )
conditions 2. After the 10 min reaction time, bulk metal was visible ~ Poisoning of Nanocluster Formation and Catalysis

on the sides of the culture tube. The FP bottle was vented, resealedUnder Conditions 1 of Table 1 by the Addition of [bmim]-

and brought into the drybox. In the drybox, the FP bottle was [PF¢] IL. In a series of separate experiments with 0, 1, and
opened, and the culture tube was removed. After the IL was 5 equiv of added [bmim][P4, we observed that just equi
decanted from the culture tube into a beaker, the culture tube wasof added IL per Ir atom irl poisons>90% of the acetone

rinsed three times with acetone to remove any remaining IL/ hydrogenation catalysis, Figure 2. Only 10% conversion after

nanocluster golutlon. Next, the culture.tube W(’:.IS. broken WIFh a 25 his observed with 1 equiv of added IL (in comparison to
hammer. A piece of the culture tube with the visible metal film

was sealed in an oven-dried glass scintillation vial, and the vial

was sealed with electrical tape before being removed from the

drybox. Under flowing N, the metal-coated glass was mounted

onto a XPS sample holder with Scotch tape. After the sample

chamber was thoroughly evacuatettLl(0—° Torr), sample analysis

was initiated. Bulk Ir(0) metal was confirmed in a high-resolution

XPS scan (see the Supporting Information for further details).

Testing the Kinetic Competence of the Bulk-Metal Film

Produced Under Conditions 2 in Neat [bmim][PRK]. A nano-

cluster formation reaction was carried out exactly as described for

conditions 2. The resultant colloidal suspension was decanted, and

the bulk-metal film inside the culture tube was washed with acetone

exactly as described above with the exception that the stir bar was

kept in the culture tube. (Washing the culture tube to remove any

remaining IL following the decanting procedure is necessary to

avoid an ill-determined, variable amount of remaining IL between

experiments, especially since we find that even 0.1 equiv of IL is Figure 2. Hydrogen uptake curves for 3.6 mMunder 2.76 bar of biin

a catalyst poison, vide infra). Next, acetone (1.0 mL) was added to acetone with 0, 1, and 5 equiv of added [bmimkRFThe results
! ' - demonstrate that even 1 equiv of [bmim]gPks a strong poison of the

the culture tube. The culture tube was then sealed in the FP bottle,acetone hydrogenation catalysis derived from 3.6 it 22°C and 2.76

and hydrogenation was initiated exactly as described. bar of H, (conditions 1, Table 1).
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100% conversion in less than half the time (10 h) in neat
acetone with no added IL). Five equivalents of added IL
further poisons the hydrogenation activity; even after a 7-fold
longer reaction time (70 h), only one-tenth the previous
conversion (i.e., just 10% conversion) is observed. Addition-
ally, the solutions with 1 or 5 equiv of added IL remain the
brilliant-yellow color characteristic of the precataly&t

dissolved in acetone; no change to a brown solution
characteristic of Ir(Q) nanoclusters is observédllt seems

clear that the added IL is poisoning the formation of

nanoclusters; an educated guess is that the added IL poison

the critical nuclef® which otherwise lead to the formation
of larger, catalytically active nanoclusters.
Next, an experiment with just 0.1 equiv of IL addedlto

Ott et al.

anions can coordinate surprisingly strongly to electrophilic
nanocluster surfaces;specifically, recent XPS evidence
shows that P§ is present on the surface of dried Pg(0)
nanoclusters prepared in [bmim][RF3

Hence, we carried out a control experiment in which 1
equiv of [NBw][PFs] was added in place of the previous 1
equiv of [bmim][PK] (but with the other conditions identical
to the poisoning experiment just described). Acetone hydro-
genation continued uninhibited to completion (Figure S1 of
the Supporting Informatior? Hence, given that added

mim][PFs] poisons catalysis (Figure 3), but [NB[PFs]~

oes not (Figure S1), it follows that the poisoning is caused
by the presence of the [bmirmtounterion portion of the IL
(or, conceivably and to keep the logic complete, that both
components are necessary for the poisoning or, also conceiv-

was tried under conditions 1 of Table 1. Significant poisoning aply, that some impurity in the IL is the true posion). How-
of the acetone hydrogenation catalysis was again observedgyer, given our recent work showing that I(@pnoclusters
only 26% conversion of acetone to 2-propanol occurred evenoxidatively add to the cationic component of ILs such as

after a 2.4-fold longer period (24 h) than is normally required
for 100% conversion.

In short, 1,3-substituted imidazolium-based ILs are a
potent poison of the formation of Ir(danocluster-catalyzed
acetone hydrogenation initiated with under the specific
conditions of 22°C and 2.76 bar of kK

Poisoning of a Preformed, Active Ir(0), Nanocluster
Catalyst by 1 equiv of IL at 22 °C and 2.76 bar of H..
Next, we hypothesized that added IL would also poison a

preformed, active nanocluster catalyst. To test this hypothesis

we started by initiating a normal nanocluster formation and

concomitant acetone hydrogenation experiment in neat

acetone under conditions 1 of Table 1 (i.e., with no added
IL). Once the solution became catalytically active, 5 equiv
of [bmim][PF] was added. Acetone hydrogenation was
completely arrested. In the next experiment, 1 equiv of
[bmim][PFs] was added. As Figure 2 shows, just 1 equiv of
IL also completely halts the catalytic activity of preformed,

otherwise record, activity and selectivity acetone hydrogena-

tion catalysi&® at 22 °C and 2.76 bar of K (specifically,
<5% activity was seen after 24 h following the addition of
the IL). No bulk metal was visible at the end of either of
these experiments.

[bmim]* to form surface-coordinated-heterocyclic carbenes
(NHCs), Scheme 2, the most plausible, precedented, and
simplest (i.e., the Ockham'’s razor) interpretation is that the
actual poison derived from the IL is a surface-coordinated
NHC derived from the cationic, [bmim],component of the
IL.

To summarize to this point, the results demonstrate that
the cationic component of the IL, [bmim][EFis a poison
to the otherwise recot®l catalytic activity and selectivity
acetone hydrogenation under conditions 1 in Table 1 of 22

°C and 2.76 bar of b This finding of IL cation-derived

poisoning is a non-trivial insight in contrast to prior studies
of nanoclusters in IL, where the typical starting hypothesis,
of “ionic liquids are a superior solvent for nanocluster
catalysis” is assumed, but never subjected to an attempt at
its disproof as science requirdsRemaining to be ac-
complished, however, is the challenging géaf the direct
detection of the expected sn¥linumber of nanocluster
surface active sites with coordinated NHC ligands by, say,
NMR, IR, or other spectroscopies.

These results demonstrate that added 1,3-substituted imi-

dazolium-based IL is a poison and therefore is not a preferred

solvent, for at least Ir(Q) nanocluster-catalyzed acetone
hydrogenation under the milder conditions 1 in Table 1. This
is an important, previously unreported result, one which
likely has broader implications for putative nanocluster
catalysis in ILs. Elsewhere we have shown that added IL
poisons Ir(0) nanocluster catalysis of (in that study) cyclo-
hexene hydrogenatidii We conclude, therefore, that at least
hydrogenation catalysis by Ir(0) is probably generally
poisoned by added ILs such as [bmim]fRFat least at
22°C and<2.7 bar H.

Control Experiments Testing If It is the Cationic or
Anionic Component of the IL that Leads to the Observed
Poisoning.There are two limiting sub-hypotheses for what
is actually key to the poisoning: (@) the cationic, [brmim]
component of the IL or (b) the anionic, [FJF, component
of the IL. Relevent to the second limiting hypothesis is
literature showing that even traditionally weakly coordinating

10340 Inorganic Chemistry, Vol. 46, No. 24, 2007

Figure 3. Acetone hydrogenation with no added IL (squares) and then
with 1 equiv [bmim][PF] added (circles) after the formation of nanoclusters
under conditions 1 of Table 1 (the IL was added where arrow indicates;
the barely visible rise in pressure after the lowest circle just below 35 psig
(2.46 bar) is caused by the acetone vapor re-equilibration with the gas-
phase post flushing the system with té restart the reactiorf}.



ILs as Metal(0O)/Nanocluster Catalyst Poisons
Scheme 2. Precedented\-heterocyclic Carbene Formation on Ir{®yanoclusters
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Reinvestigation of the Literature Conditions 2 of Table
1 (Namely, 52 mM Precursor 1 in [bmim][PFg] at 75 °C
and 4.05 bar of H). Initial Control Experiment.  Given
our finding that even 0.1 equiv of IL completely poisons
acetone hydrogenation catalysis under conditions 1 in Table
1, an important question is why is any acetone hydrogenation
seen at all under conditions 2?
Under conditions 2 in Table 1, the literature reports
formation of a colloidal suspension after an initial, “around
10 min™? reaction time. In our hands (i.e., repeating the
literature conditions as exactly as we could), we were able
to repeat the literature’s report of acetone hydrogenation
under conditions 2. Moreover, after just 10 min, the sides
of the reaction vessel were covered with a metal film (this
bulk-metal mirror was verified as Ir metal by XPS; a
spectrum is supplied in the Supporting Information); the stir
bar was also coated with appreciable quantities of bulk metal,
and the dark brown solution contained bulk metal particles
visible to the naked eye. In the course of 9 repetitions, a
bulk metal film was always formed, although the amount of
bulk metal varied somewhat from run to run. The observation
of visible bulk metal means that the amount of nanoclusters/
colloids in the suspended material must be variable as well.
The brown-black suspended material was isolated after the
10 min reduction according to the reported centrifugation
method!! Shaking of the dark-brown reaction IL solution
with 0.5 mL of acetone in a 1.5 mL centrifuge tube yielded
a dark-brown, apparently homogeneous solution. After
centrifugation, a brown-black material collected at the bottom
of the tube along with a bright-yellow supernatant liquid,
the latter the coloof remaining, unreacted precursdt, in Figure 4. Two TEM micrographs o$olubleportion of a reaction solution
acetone (alH NMR spectrum confirmed that unreacted _generated from 52 mM, 75°C, and 4.05 bar I_ﬂ_in neat IL (condition_s 2
precursor was in solution). Hence, the 10 min initial reaction " Table 1). The results reveal the formation of some polydisperse
time detailed in the literatutéis insufficient to completely  panociustors (vonom TEM). Reoal it bulk, magldie () mecd is amra
reduce the precursor, at least in our hands. After removal of product under conditions 2 as demonstrated herein. Hence, these (ex situ)
the yelow supernatant iquid, the brown-black solaed soid [EHSe 10 PRESeiale 1 1 Sl S S 0% e
}Ir\:asa r%%!:f%';/oilv):]e IQJLZTQn%SetﬁS;(\)’\S;hnSQSSngc’)llﬁiwtlgg \?vhich a);e present in the 3-co?npongntycollgidal éuggension. '

1 ) . ; .
reported:” Two identical, subsequent centrifugation cycles as reported and consists of an Ir bulk-metal mirror (plus some

yielded equivalent results: each time a bright-yellow super- suspended bulk metal visible to the naked eye), agglomerated

natant liquid containing the precatalysivas formed (and, . )
hence squbsequently rgemovzd by dﬁantation) an(d a dark_r1anoclusters by TEM, and unreacted hat is, a catalytically

brown material collected at the bottom of the tube. Trans- 2S0Ve: 3-detectable-compo_nent mixture Is forrr_led from
mission electron microscopy (TEM) images of the dark- [{(COD)IrCl} 4], 1, under the literature conditions 2 in Table

brown material redissolved in acetone and then placed on al' It follows that the product is not solely "iridium nano-

el . . .
TEM grid, Figure 4, reveal that agglomerated, polydisperse particles®! as previously claimed, at least in our hands.
colloids are a third product of the above synthesis and

isolation procedure. (38) For an example the history and complexity of the “is it homogeneous
. . . . or heterogeneous catalysis?” question, see: Widegren, J. A.; Finke,
To summarize this section, the literature Ir(0) catalyst, R. G.J. Mol. Catal. A: Chem2003 198 317-341.

prepared under conditions 2 in Table 1, is active in our hands (39) Dupont, J. Personal communication. October, 2006.
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Figure 6. Hydrogen uptake kinetic curve for acetone hydrogenation after
1 mL of acetone was added to the 3-component mixture formed under
conditions 2 in Table 1. These kinetic data were qualitatively reproducible

Figure 5. Acetone hydrogenation beginning with acetone-washed bulk in 4 independent experiments. An induction period-@0 min is observed
metal, the bulk metal being collected from the sides of the culture tube and Pefore catalysis begins, an important observation which indicates that the
stir bar after decanting off the soluble part of the catalyst and any unreacted MOst active catalyst is not the dominant species present in the 3 component
1, then washing the bulk-metal film to remove any remaining (acetone Mixture, but rather is being generated as a function of time from one or
soluble) IL. Note the lack of any discernible induction period; note also More of the 3 components. However, the hydrogenation rate, measured after

that the initial rate of acetone hydrogenation by the acetone-washed bulk the induction period (so as to favor the rate reported for the 3-component
metal is 4.5+ 0.2 bar H/h for ~190-fold larger than the initial rate in material), still produces a factor ef1/19 of that for the acetone-washed

Figure 5 (vide infra) for the 3-component mixture of @20.01 bar H/h. bulk metal, Figure 5, vide supra. The rate after the second increase in activity
(i.e., after the second downturn in the figure) is still only 092.05 bar

Ha/h or 1/5 that of the 4.5 0.2 bar H/h seen for the acetone-washed bulk

. .. metal, Figure 5, vide supra. An overall 95% hydrogenation is achieved after
The reader probably has already realized that remaining, approximatey 2 h (as reportetd), followed by complete hydrogenation after

unreactedl is just what is expected in light of the IL- approximately 10 h. Overall, the evidence indicates that at least the acetone-
poisoning of the formation of nanoclusters frahfound washed bulk metal is a superior acetone hydrogenation catalyst.

above. It also follows that (i) the poisoning by the NHC is
reversed under conditions 2 (e.g., under the°63higher
temperature and 1.3 bar higheg pressure), (ii) there is a
different catalyst from the two, seemingly close sets of
conditions, or (iii) some other explanation (such as both i
and ii are occurring). This demanded that we determine the
true catalyst in the 3-component system under conditions 2.
Relevant here is that the literature teaches that the identifica-

tion of the “true catalyst® is a challenging venture even precedent in our recent work. Specifically, we found that
for a 1-component system. Ir(0) bulk metal is a superior cyclohexene hydrogenation
Investigation of the Acetone Hydrogenation Catalysis  catalyst, in comparison to an Ir{@anocluster catalyst, when
by Particles Isolated from the 3-Component SystemiThe an excess of coordinating ligands are preéefi.
isolated, agglomerated (by TEM, vide supra) particles can  Tg test the hypothesis that the bulk metal prepared under
be redispersed in 1.0 mL of fresh acetone with vigorous conditions 2 is an active, if not superior catalyst, we carried
shaking or sonication as reportédo yield an apparently  out an acetone hydrogenation reaction using only the bulk
homogeneous brown solution (note that we did not purify metal that is formed on the sides of the culture tube and stir
the particles further, as our goal was to reinvestigate the par after the synthesis under conditions 2. (Note that it is
literature report of acetone hydrogenation; note also, there-this source of bulk metal that we want to test and not, for
fore, that the particles are also likely still contaminated with example, commercial or other, unknown surface area or
some residual). Following the original report) an acetone  unknown surface ligation bulk metal.) The in situ-produced
hydrogenation reaction was carried out under the specifiedbulk metal was isolated by decanting the soluble portion
conditions® of 75 °C and a constant pressure of 4.05 bar containing the colloidal suspensiér(including any nano-
H,. The acetone was 995% hydrogenated after the clusters) and unreactet] followed by washing the bulk-
reported reaction tinté of 2 h (as verified by'H NMR). metal mirror with acetone to reme any excess IL present
The final metal product from starting with the isolated This washing step is crucial to achieve a reproducible
particles is bulk metal visible on the stir bar and the culture experiment, in which the amount of IL present is more
tube plus a clear and colorless solution. This experiment controlled. Experiments with this bulk metal under conditions
shows that the system beginning with agglomerated particles2 of Table 1 had variable and irreproducible kinetics (3
(plus some unreactet vide supra) is a competent catalyst

Evidence That the Bulk Metal Formed Under the
Reaction Conditions is An Excellent Catalyst under
Conditions 2. Given that visible, suspended bulk metal plus
a bulk-metal mirror are formed under conditions 2, it is
important to test whether or not bulk metal is an active
catalyst under conditions 2. Noteworthy here is that the idea
that bulk metal can be a good, if not superior, catalyst to
even the smaller, higher-surface area nanoclusters has

but that the IL-derived particles are not stable under the ¥ gf?gf)”’ C.; Finney, E. E.; Finke, R. &Am. Chem. S0@005 127,
reaction conditions. (41) Besson, C.; Finney, E. E.; Finke, R. Ghem. Mater2005 17, 4925.
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experiments), but each proceeded without an induction period
and at a kinetically competent rate (i.e., at around the same
rate seen for the catalysis at 7& and 4.05 bar of b
following correction for the fact that not all the Ir is present \3N/+\Nl/\7/\9
as bulk metal). The additional difference in these experiments \=/
versus those in the literature is that the valve to thdihé
was closed, and the valve to the pressure transducer was left |
open, to enable monitoring of the hydrogenation kinetics,
—that is, a constant pressure of 4.05 bar of & used
originally*! is not repeated (cannot be repeated) in these
kinetic experiments. C

s Cyo

The results of control experiment reusing the bulk metal AN J
formed in the catalysis proved telling: as noted above, 15 10 p 0
acetone hydrogenation commenced immediately (i.e., without ppm
an induction period), as Figure 5 demonstrates. In addition, i ) . .

. igure 7. 2H NMR spectrum of the reaction solution prepared from
the observed initial rate for the acetone-washed bulk metal congitions 2 with B substituted for K The peak ab 8.5 is attributable to
is ~19-fold higher than the initial rate of hydrogenation substitution at & indicative of NHC formation atop the Ir(@)atalyst.
observed when beginning with the 3-component mixture, The peaks ad 1.0 and 10 are attributable to deuteration of the methyl
Figure 6, vide infra (see also Figure S3 of the Supporting groups and the alcohol group, respectively, of propan-2-ol.
Information where the rate data is coplotted for an easy visual
comparison). Note that the rate enhancement for bulk metal  To investigate whether or not surface-coordinated NHCs
is underestimated because the catalysis in Figure 6 using theyre also formed under conditions 2, we performed a catalyst
3-component mixture involves all the Ir, whereas that in formation and subsequent acetone hydrogenation reaction
Figure 5 involves just the Ir(0) bulk-metal component. under conditions 2 (i.e., 52 mNj, 75°C, 4.05 bar pressure,

In separate experiments designed to assay the catalytidor 10 min), except that we substituted r H,. The key
effectiveness of the 3-component mixtdteacetone was  result from the?’H NMR, taken after the 10 min reaction
added to the culture tube containing the 3-component time, shown in Figure 7, is the incorporation of deuterium
mixture, and the loss of Hpressure was monitored versus into the C2-position (as well as at the other positions of the
time, Figure 6. [bmim]* counterion exactly as seen previously). These NMR

The observation of an induction period in Figure 6, even data indicate the reversible formation of NHCs under

when beginning with the 3-component mixture, is important conditions 2. o .
and requires that generation of the true catalyst must occur | n€ observed H/D exchange is prima facie evidence that
prior to kinetically competent catalysis. the IL has undergone-€H cleavage at its acidic 2-positioh.

In short, the above studies indicate that bulk metal is not The H/D exchange at the C6 and C10 positions is also highly

onlv a kineticallv competent catalvst but also a fast. powerful suggestive evidence that the NHC sits atop a polymetallic
y a Kinetically P ystbu » POWeriu catalyst able to do such facile H/D exchange at relatively

catalyst in the absence of excess IL. The 19-fold slower rateunactivated CH bonds

sta:uln_g from tr;e 3—comtp;10rt1ent m'XtL‘.re’ ,'[E which the”t_)l]flk Although the above experiment detects onéypersible

tmheab |Iskprester|1f, mter?ns a purwtashlng 1 (I:Qxcess% rotmNHC formation (i.e, poisoning is presumably a largely
€ bulk metal for the experiment Shown In FIgure 5 mus irreversibleprocess), four lines of evidence all suggest that

have enhanced its ability to do catalysis. This is independent

id hat the IL i | X N thi ; d NHCs are the nanocluster poison herein for both sets of
evidence that the IL is a catalyst poison in this reaction (and, ¢4\t conditions. That evidence is (i) the formation of

thus, in the conditions 2 system). In ad_dition, the prior claim NHCs under conditions 2, (ii) our earlier finditighat NHCs
that nanoclusters are the sole catalystin the IL system wouldy g formed and inhibit nanocluster catalysis of cyclohexene

seem, therefore, to be hereby refuted. Most important for hydrogenation under conditions (1.2 mM Ir precursor,
the focal point of the present paper is thd9-fold higher 22 °C, and 2.76 bar k(D,)) very similar to the acetone
rate by the acetone-washed, excess IL depleted, bulk metaly,y qrqgenation conditions 1 in Table 1, and (ijii) the poisoning
which provides further confirming evidence that [omim]gPF  ghserved with added IL herein under conditions 1. The
leads to catalyst poisoning of at least Ir(0) acetone hydro- ¢oncjusion that the NHCs are the relevant nanocluster poison
genation. is also supported by (iv) the exclusion of P#s the only
D2-Labeling Evidence for the Formation of Surface other possible poison derived from [bmim][gFand (v) the
Coordinated N-Heterocyclic Carbenes Under Conditions  deduction that the poison must, therefore, be derived from
2. The above evidence strongly suggests that NHC formation, the only remaining component of [bmim][ElFthe [bmim}
as shown back in Scheme 2, is occurring on the catalystcation (or, conceivably but unlikely, some impurity in the
prepared under conditions 2 in Table 1. This, therefore, is alL). In short, NHCs are the only obvious, the only prece-
prediction that needed to be tested using thedbeling/ dented, as well as the simplest (Ockham'’s razor) explanation
exchange experiment that we developed previously. The for the observed poisoning of cataly$is\everthless, further
expected (precedentétijesult is D incorporation into several — studies, ideally employing direct detection of the surface-
positions of the [bmim] counterion of the IL (those previous bound poison, are needed. Such studies promise to be
experiments being similar to those under condition®1).  challenging® however.

Inorganic Chemistry, Vol. 46, No. 24, 2007 10343



Ott et al.

Literature Indicating Why Bulk Metal Can Be a acetone-washed (and thus less IL-containing) bulk metal is
Superior Catalyst to the Smaller Nanoclusters, Even >19 times more reactive than the 3-component mixture
Though the Nanoclusters Have a Greater Number of  provides further evidence that the IL hinders catalysis under
Exposed Surface Sites, as Well as a Greater Number of  conditions 2 (75°C and 4.05 bar of b).

Lower Metal Coordination Number Active Sites. It was (4) H/ID exchange studies under conditions 2, along with
recently found that Ir(0) bulk metal can be a superior catalyst jiterature precedent,provide highly suggestive evidence that
compared to Ir(0) nanoclusters present in the same systeme polymetallic Ir(0) catalyst poison is a NHC formed from
(in that case cyclohexene hydrogenatititff.The key is that  he 2_poisition of the IL. Control experiments rule out the
strongly coordlnatln.g I|gar_1ds must be present (amines arepr- component of the IL as the catalyst poison, a result
the ligands present in the literature exampfe}f.The reader which provides further evidence that the cationic component

is probably wondering how can bulk metal be a superior of the IL is responsible for the observed poisoning. An

catalyst in such systems when the smaller nanoclusters have .
y 1Sy N . important hypothesis for future research also appears here,
more surface sites (and often intrinsically more active, lower

metal coordination number edge, kink, and other highly namely, to test whether other ILs, notabhalkyl-ILs that

active sites)? The recently given ansfdtis that metat have a blocked 2—position, are more-inert superior ILs for
ligand bond-dissociation energies in nanoclusters can be aéwanogluster catalysis. At present we have no plans to do such
high as 2-fold stronger than those in the same bulk nfétal, €XPeriments and therefore invite others that might be
thereby rendering more coordinatively unsaturated sites andinterested to test this hypothedfs. o
thus faster catalysis in the bulk-metal case at least when (5) The results also offer additional support for the finding
higher concentrations of coordinating ligands are also that bulk metal can be a superior catalyst in comparison to
present! This important finding, which is counter to the €ven the smaller, greater surface area nanocluster cata-
“nanoclusters will always be superior catalysts” hypothesis, lysts**#!This insight stands in direct opposition to the current
is noteworthy. Indeed, elsewhere it has been noted that thiswidely held belief that smaller nanoclusters will almost
observation of garticle-size-dependent fractional erage always be the kinetically superior, dominant catalyst. The
of a nanocluster catalyst’s surfaggomises to be a signi- reason that bulk metal can be a superior catalyst, if larger
ficant insight for future nanocluster catalysis studf8.The amounts of coordinating ligands are present, is because of
53 °C higher temperature of the conditions 2 catalyst system the lower fractional surface coverage on the bulk metal in
is also probably a factor in the catalytic activity seen for the comparison to that of a nanocluster catafJ$t.This in turn
3-component system because reductive elimination of theresults in more coordinative unsaturation, typically a pre-
NHC from the catalyst surface probably is endothermic and requisite for transition-metal catalysis, in part, resulting from
thus probably favored thermodynamically by higher tem- {he yp to 2-fold weaker metaligand bond energies for the
peratures. bulk metal versus that of nanoclusters of that same r&tal.
Conclusions As discussed elsewhere, this size-dependent fraction surface
The main findings of this contribution are the following: coverage of nanoclusters promises to be a very important

(1) Added [omim][PF] IL at even the 0.1 equiv level poisons  insight from (and for) the study of nanocluster cataly8i.
the formation of catalytically active nanoclusters formed from ) ) )
[{(COD)IrCl},] in neat acetone at 3.6 mNl, 22 °C, and Acknowledgment. Dr. C. Rithner assisted with thi

2.76 bar of H. Moreover, the otherwise record activity and NMR spectroscopy, and Dr. P. McCurdy collected the XPS
selectivity of acetone hydrogenation nanocluster catafysts SPectra. We thank Professor J. Dupont for sharing valuable
preformed under conditions 1 are poisonedsty equiv of ~ €xPerimental informatiof This work was supported by

[bmim][PFg] IL. DOE grant DE-FG02-03ER15453 and the EPSRC (Porfolio
(2) The system produced under conditions 2 in Table 1 Partnership Scheme, Grant EP/D029538/1) for funding.
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agglomerated nanoclusters, and bulk metal either suspendedatalyst in the 3.6 mM, 22°C, and 2.76 bar of kisystem in neat

or present as a metal mirror coating the reaction vessel angacetone; Figure S1 showing the kinetics of acetone hydrogenation
stir bar. at 3.6 mM1, 22°C, and 2.76 bar of Hfit by the 2-step and 3-stép

(3) Both the agglomerated particles and the bulk metal mechanisms; investigations of the metal film and the reaction

. . solution prepared from 52 mM, 75 °C, and 4.05 bar of Hin
are acetone hydrogenation catalysts. In addition, the fact that IL; Figure S2 showing the XPS spectrum of the metal film

(42) We considered the potentially useful experiment of studying NHCs dfer;:/ei_fror_n 5”2 rgl\/ll,_75 C, an:j 4.05 t:jar b t:e rem\(lfst'gatéofn
with butyl and methyl substitutions at the 1- and 3-positions, Of the kinetically dominant catalyst made under conditions 2 from
respectively. However, the preparation of such unbound NHCs is the literature; Figure S3 showing a comparison of the initial rates
difficult and can usually only be accomplished when bulky ligands, of cyclohexene hydrogenation by the bulk metal isolated from the
such as mesitylene or norbornene, are present at the 1- and 3-positionss> mM 1. 75 °C. 4.05 bar of H conditions; Figure S4 showing
of the imidazolium ring. Binding to the nanoclusters’ surfaces and . L . . : .
the subsequent nanocluster catalyst poisoning by these NHCs would acetone hydrogenation with 1 equiv of [Nﬁ[lPFG_] In .0'2 mL of .
presumably be hindered by these bulky ligands, complicating the added acetone; attempted nanocluster formation in neat [omim]-
interpretation of the results. Additionally, these bulky ligands might [PFs] with varying temperature and pressure; and a probe of the
also hinder substrate access to the nanoclusters’ surface, furthe"possible temperature dependence of IL poisoning of a conditions

complicating interpretation of the data. Hence, we decided not to -,_ . S . .
pursue such experiments. 2-prepared catalyst. This material is available free of charge via

(43) Parks, E. K.; Nieman, G. C.; Kerns, K. P.; Riley, SI Lhem. Phys. the Internet at http://pubs.acs.org.
1998 108 3731.
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